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Abstract: A significant proportion of the world’s population remains at risk frommalaria, and whilst great progress
has been made in reducing the number of malaria cases globally through the use of vector control insecticides,
these gains are under threat from the emergence of insecticide resistance. The spread of resistance in the vector
populations, principally to pyrethroids, is driving the need for the development of new tools for malaria vector
control. In order to identify new leads 30,000 compounds from the Syngenta corporate chemical collection were
tested in a newly developed screening platform. More than 3000 compounds (10%) showed activity at <200
mg active ingredient (AI) litre–1 against Anopheles stephensi. Further evaluation resulted in the identification of
12 viable leads for the control of adult mosquitoes, most originating from current or former insecticide projects.
Surprisingly, one of these leads emerged from a former PPO herbicide project and one from a former complex
III fungicide project. This indicates that representatives of certain herbicide and fungicide projects and modes of
action can also represent a valuable source of leads for malaria vector control. Optimization of the diphenyl ether
lead 1 resulted in the identification of the cyano-pyridyl compound 31. This compound 31 exhibits good activity
against mosquito species including rdl resistant Anopheles. It is only slightly weaker than permethrin and does
not show relevant levels of cross-resistance to the organochlorine insecticide dieldrin.

Keywords: Adult mosquito screening · Aedes · Anopheles · Diphenyl ether · Malaria · New leads ·
Vector control

1. Introduction

Malaria is a life-threatening disease
caused by parasites that are transmitted to
humans through the bites of infected fe-
male mosquitoes of the Anopheles genus,
the so-called ‘malaria vectors’. Today, a
significant proportion of the world’s pop-
ulation remains at risk from vector-borne
disease.Vector control is a key intervention
of disease prevention and is included as a
major component of global initiatives such
as the Roll Back Malaria Global Strategic
Plan 2005–2015[1,2] and is addressed in
the WHO Global Plan for Insecticide
Resistance Management (2012).[3]

In 2009 Syngenta started an R&D part-
nership with the Innovative Vector Control
Consortium (IVCC) aiming to deliver a
new insecticide for malaria vector con-
trol. The IVCC is a Product Development
Partnership that aims to bring new malar-

ia vector control solutions to the market,
with funding and support frommany of the
world’s leading innovation funders, includ-
ing the Bill & Melinda Gates Foundation.

Currently, the primary interventions in
malaria vector control are indoor residual
wall sprays (IRS) and insecticide treated
nets (ITNs) within coordinated malaria
control campaigns. These campaigns are
being compromised by insecticide resist-
ance in the vector populations, principally
to pyrethroids.[4] It is notable that the most
recent active ingredient used in ITNs,
the pyrethroid etofenprox, was launched
29 years ago in 1987. Since then no new
active ingredients have been developed
for this malaria vector control market.
Furthermore, current ITN and IRS mar-
ket products belong to only four chemical
classes, representing two distinct modes of
actions (acetylcholine esterase inhibitors
and voltage-gated sodium channels mod-
ulaters), and as a result resistance to these
compounds is increasing.

Our research program was designed to
deliver a novel adulticide for Anopheles
mosquito control with the following prod-
uct characteristics:
· Novel chemical class for malaria vector

control with a distinct mode of action
· Activity against all relevant mosquito

species
· Low or no cross-resistance with exist-

ing metabolic and altered target-site
resistance mechanisms

· Applicable as IRS and in ITNs

· Potential to deliver cost-effective con-
trol and an affordable and accessible
solution in malaria endemic countries

· Acceptable toxicological and environ-
mental properties
In this article we describe our research

approach which started with the develop-
ment and validation of a screening platform
which was subsequently used to perform a
smart screening of the Syngenta corporate
chemical compound library building on the
experience of a range of chemists and biol-
ogists and supported by in-depth in-house
knowledge on the chemistries, chemo-in-
formatics searches and docking studies.
This screening campaign resulted in nu-
merous leads which were analysed and
characterised against our target product
characteristics. An overview of the subse-
quent optimization of one of the identified
leads is also included in this paper.

2. Development and Validation of
a Screening Platform

A novel product for the control of
Anopheles mosquitoes, applicable for IRS
treatment and in ITNs, needs to be active
against adult mosquitoes, to possess con-
tact activity and to provide knockdown ef-
fects and long-lasting control. These key
requirements needed to be considered in
the development of the screening platform.

A significant difference between the
delivery of insecticidal treatments for the
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projects. For the selection of the specific
compounds for biological testing against
mosquitoes analysis of Syngenta screening
data, including legacy company screening
data as well as information from corporate
projects documents and physical chemical
properties together with knowledge-based
judgement of chemists and biologists with-
in Syngenta were applied.

3.1 Results
More than 3000 compounds (10%) of

the compounds tested showed biological
activity at 200 mg AI litre–1. The actives
were clustered by chemistry and the most
efficacious compound(s) by cluster evalu-
ated against a set of criteria defined for a
viable lead:
· Novel chemistry with a new mode of

action for malaria vector control.
· Activity at ≤20 mg AI litre–1 against

both mosquito species Aedes aegypti
and Anopheles stephensi. Knockdown
activity was regarded as desirable but
not a requirement.

· Several close analogues found to be ac-
tive at ≤200 mg AI litre–1.

· Resistance risks considered to be man-
ageable.

· Physical-chemical properties in the re-
quired range considering contact activ-
ity and potential uses in IRS or as ITNs
including thermostablility for polymer
incorporation.

· Chemical scope for optimization and
new innovations.

· Potential to develop intellectual prop-
erty at least for the intended vector con-
trol uses and no detrimental freedom to
operate issues.

· Cost of goods vs. efficacy likely in an
acceptable range.

· Favourable initial view on human safe-
ty based on preliminary mode of action
knowledge.
Our evaluation of the Syngenta corpo-

rate compounds collection resulted in the
identification of a series of viable leads
for the control of adult mosquitoes. Fig. 1
shows a selection of the identified leads,
and their detailed biological results against
Aedes aegypti and Anopheles stephensi are
shown in Table 1.

It is remarkable and unexpected that
our screening efforts resulted in such a
large number of diverse leads, each of-
fering a good starting point for the search
of new malaria vector control agents. The
lead structures shown in Fig. 1 represent
twelve chemical classes and belong to six
knownmode of action classes, namely pro-
toporphyrinogen oxidase (PPO) inhibitors,
GABA-gated chloride channel blockers,
sodium channel modulators, uncouplers of
oxidative phosphorylation, mitochondrial
complex I electron transport inhibitors,
mitochondrial complex III electron trans-

also recorded. To facilitate an evaluation
of the relative insecticidal activity of the
experimental compounds, a dose response
was utilised. Each compound was applied
at four rates with a logarithmic dilution,
namely at concentrations of 200, 20, 2
and 0.2 mg active ingredient (AI) litre–1.
Results were recorded as LC

80
values in-

dicating the lowest concentration where at
least 80% of the mosquitoes were dead.

During assay development it was
found that the lowest application rate
of the alpha-cyano pyrethroids, such as
lambda-cyhalothrin or deltamethrin,which
consistently caused 100% mortality, was
0.2 mg AI litre–1 in the applied solution,
whilst DDT was found to require a rate of
20 mg AI litre–1. It was decided that com-
pounds less potent than DDT would not be
suitable for further development. However,
a rate of 200 mg AI litre–1 was included in
order to ensure that weak actives from po-
tentially fruitful areas of chemistry were
not excluded.

A series of validation studies were
undertaken using a range of insecticides
chosen to provide a spectrum of fast, e.g.
lambda-cyhalothrin, and slow, e.g. chlor-
fenapyr, activity. To ensure that the assay
system provided consistent results both
within and between studies, each insecti-
cide was replicated ten times in a given as-
say, and the assay was repeated in each of
six consecutive weeks. Analysis of the da-
ta generated showed that the method pro-
vided a consistent ranking of insecticides,
both within a study, and between studies.
The control mortality was minimal with
<1% observed over the entire study.

A tiered approach to screening the in-
put collection was taken. All compounds
were initially evaluated against an insec-
ticide susceptible strain of Aedes aegypti.
Any compounds that caused 100% knock-
down or mortality at the 200 mg AI litre–1

rate were retested against a pyrethroid sus-
ceptible strain of Anopheles stephensi.

The design of the plate-based assay
facilitated automation of the chemical
application. Together with the ease of in-
festation and assessment, more than 400
experimental compounds per week could
be evaluated.

3. Lead Identification

Our primary screens as described
above were used to test more than 30,000
compounds selected from the Syngenta
corporate chemical collection. A holistic
and inclusive approach was used in gen-
erating prospective inputs for our vector
control screens with compounds selected
from all current and terminated insecticide
projects, legacy insecticide projects and
selected historic fungicide and herbicide

control of phytophagous insects and mos-
quitoes is in the potential routes of uptake
of insecticidal compounds. Insecticides
can reach their target site within a phy-
tophagous insect via the oral and dermal
routes. However, our initial work indicated
that many chemistries previously thought
to be effective via both routes of uptake
were in reality largely dependent on oral
uptake.

2.1 Bioassays Using Adult Aedes
aegypti and Anopheles stephensi

To evaluate a large number of com-
pounds for mosquito adulticidal activity, a
bioassay must have a number of features:
· The bioassay should expose adult mos-

quitoes to the compounds in a realistic
fashion. The fact that in the prevention
of malaria transmission, adult mos-
quitoes are generally exposed to in-
secticides via tarsal contact when they
alight upon treated nets or walls needs
to be considered.

· The assay system should not intrinsi-
cally impact the health or behaviour of
the mosquitoes for the duration of the
study.

· The biological results should be repro-
ducible.

· The assay should be amenable to high
throughput techniques and technolo-
gies.
Amethodology was developed to mim-

ic the tarsal contact route of exposure in
which adult mosquitoes were retained in
the wells of 12-well PVC tissue culture
plates, where the base of the wells had
been treated with the compounds under
evaluation. Five adult female mosquitoes,
three to five days old and non-blood fed,
were lightly anaesthetised with carbon di-
oxide and placed in a treated well. A re-
taining lid was used to prevent escape once
the mosquitoes had recovered from the
anaesthetic. The infested plates were held
with the base at an angle of 60° to the hori-
zontal, to encourage mosquitoes to rest on
the treated surface. The mosquitoes were
assessed for knockdown one hour after
introduction by looking through the clear
base of the treated tissue culture plate. A
mosquito was said to be knocked down if
it was unable to right itself when lying on
its back or side.After mosquitoes had been
assessed for knockdown, a small quantity
of 10% sucrose solution was provided as
source of food and water. The plates were
then placed at an angle of 60° to the hori-
zontal in a controlled environment cham-
ber at 26 °C and 60% relative humidity.
Mortality was assessed 24 and 48 h after
introduction of the mosquitoes. A mosqui-
to was recorded as ‘dead’ if it was unable
to right itself when knocked onto its back
or side. Any behavioural or physiological
changes at each assessment interval were
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port inhibitors and acetylcholinesterase
(AChE) inhibitors. The modes of action
of two of the leads are not yet known, and
could be potentially novel.

It is noteworthy to mention that lead 1
was originally prepared as part of a PPO
herbicide project (diphenyl ethers) and
lead 9 was synthesised as part of a com-
plex III fungicide project (strobilurins).
This indicates that representatives of cer-
tain herbicide and fungicide projects and
modes of action can also be considered as
valuable sources for leads for malaria vec-
tor control.

As a first lead for further optimization
we selected the diphenyl ether compound
1. Lead 1 and several analogues showed in
the lead identification phase very high po-
tency against Aedes aegypti and Anopheles
stephensi, including knockdown effect
(Table 1).

4. Optimization of Diphenyl Ether
Lead 1

The diphenyl ethers are a class of her-
bicides introduced to the market in the late
1970s and 1980s. These compounds act via
inhibition of protoporphyrinogen oxidase
(PPO), an enzyme involved in chlorophyll

Table 1. Activity of lead compounds against Aedes aegypti and Anopheles stephensi

Compound Aedes aegypti Anopheles stephensi

KD80
a

Adult
knockdown

LC80
b

Adult mortality,
24 h

LC80
b

Adult mortality,
48 h

KD80
a

Adult
knockdown

LC80
b

Adult mortality,
24 h

LC80
b

Adult mortality,
48 h

Lead 1 200 2 2 20 2 2

Lead 2 > 200 20 20 200 ≤ 0.2 ≤ 0.2

Lead 3 20 2 2 20 ≤ 0.2 ≤ 0.2

Lead 4 200 20 20 20 2 2

Lead 5 20 20 2 2 2 2

Lead 6 > 200 20 20 > 200 20 20

Lead 7 > 200 20 2 > 200 20 2

Lead 8 200 20 20 200 20 2

Lead 9 > 200 20 20 > 200 20 20

Lead 10 > 200 20 2 > 200 2 2

Lead 11 > 200 20 20 > 200 20 20

Lead 12 > 200 20 20 > 200 200 20

aKD80 in mg AI litre–1 after 1 h – lowest measured concentration at which at least 80% of the mosquitoes showed knocked-down effects; bLC80 in mg
AI litre–1 after 24 h or 48 h – lowest measured concentration at which at least 80% of the mosquitoes were killed.

Fig. 1. Selection of identified leads for the con-
trol of adult mosquitoes with activity against
Aedes aegypti and Anopeles stephensi. a) LC80

in mg AI. litre–1 against Anopheles stephensi
after 48 h – lowest measured concentration
at which at least 80% of the mosquitoes were
killed. b) Knockdown against Anopheles ste-
phensi determined after 1h; concentration ≤
200 mg AI litre–1 at which at least 80% of the
mosquitoes showed knocked-down.

Origin: Wellcome Foundation
University of California, Berkley
EP 294229, 1988 [6]

LC80 An. stephensia): < 0.2
Knockdown activityb)
MoA: GABA

Origin: Sumitomo
JP 61015886, 1986 [7]

LC80 An. stephensia): < 0.2
Knockdown activityb)
MoA: GABA

Origin: ICI
EP 355049 1990 [5]

LC80 An. stephensia): 2
Knockdown activityb)
MoA: GABA and PPO

Lead 2Lead 1 Lead 3

Origin: N. V. Philips' Gloeilampenfabrieken
DE 2529689 1976 [10]

LC80 An. stephensia): 20
No knockdown activityb)
MoA: Na channel modulator

Origin: Ciba-Geigy A.-G.
DE 2404914, 1974 [8]

LC80 An. stephensia): 2
Knockdown activityb)
MoA: Na channel modulator

Origin: ICI
EP 194064, 1986 [9]

LC80 An. stephensia): 2
Knockdown activityb)
MoA: Na channel modulator

Lead 5Lead 4 Lead 6

Lead 7

Origin: Novartis
WO 9803475 [11]

LC80 An. stephensia): 2
No knockdown activityb)
MoA: Uncoupler of oxidative

phosphorylation

Lead 9Lead 8
Origin: ICI

DE 2654090, 1977 [12]
LC80 An. stephensia): 2
Knockdown activityb)
MoA: Mitochondrial complex I

electron transport inhibitor

Origin: Novartis
WO 9720809 [13]

LC80 An. stephensia): 20
No knockdown activityb)
MoA: Mitochondrial complex III

electron transport inhibitor

Lead 10

Origin: ICI
GB 2222157, 1990 [14]

LC80 An. stephensia): 2
No knockdown activityb)
MoA: Acetylcholine esterase inhibitor

Lead 11 Lead 12

Origin: Ciba-Geigy A.-G
DE 2459413, 1975 [15]

LC80 An. stephensia): 20
No knockdown activityb)
MoA: Unknown

Origin: Meiji Seika Kaisha
WO 2002060901 [16]

LC80 An. stephensia): 20
No knockdown activityb)
MoA: Unknown
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steep (Fig. 4). Best biological activity was
obtained with halogen atoms, chlorine or
fluorine, in the 2- and 6-positions and a
trifluoromethyl group in the 4-position of
the B-ring. Other modifications led to a re-
duction or a loss of mosquitocidal activity,
for example the replacement of the trif-
luoromethyl group by a trifluoromethoxy
group, a chlorine, a bromine, a methoxy
group or other substituents. Compounds
containing only one ortho-chloro substit-
uent showed significantly reduced mos-
quitocidal activity. Compounds with no
substituents in the ortho-positions were in-
active against mosquitoes. Methyl groups
or bromine substituents in the 2,6-position
of the B-ring resulted in a loss of biologi-
cal activity.Analogues in which the phenyl
ring was replaced by a pyridyl or a pyridyl
N-oxide were inactive.

Compounds containing an oxy-
gen-bridge generally showed greatest bi-
ological activity, although the compounds
containing a carbonyl-bridge – depending
on the substitution pattern – sometimes
showed comparable biological activity.
Other bridges led to a reduction or a loss
of the mosquitocidal activity (Fig. 5).

A broad range of compounds with

atom in substituted benzenes with a phe-
nol. For example, treatment of 15 with the
phenol 14 inDMFat 100 °C in the presence
of K

2
CO

3
, afforded the lead compound 1 in

57 % yield (Scheme 1).[5,18]
Alternatively certain diphenyl ethers,

such as compound 19, were prepared by
reacting the phenol 17with the boronic ac-
id 18 using modified Chan-Lam coupling
conditions (Scheme 2).[19,20]

The carbon-bridged compounds
were synthesised as shown in Scheme 3.
Deprotonation of compound 20 and reac-
tion of the resulting anion with carbon di-
oxide delivered the acid 21,[21] which was
transformed into the acid chloride. Friedel-
Crafts acylation gave the ketone 22 which
was subsequently nitrated in the meta-po-
sition. Reduction of the ketone delivered
the alcohol 24 which could be methylated
or transformed into the fluoro analogue 26.

4.3 Results
All compounds were tested first against

Aedes aegypti and if they showed activity
at 200 mg AI litre–1 or at lower concentra-
tions they were tested against Anopheles
stephensi. The structure–activity relation-
ship of the B-ring was found to be very

biosynthesis. The leading product in this
chemical class is fomesafen 13 (Fig. 2),
which originated from a research program
performed by ICI and was introduced to
the market by Zeneca (now Syngenta) in
1982 for the post-emergence control of
broadleaved weeds in soybeans. Research
was undertaken in this herbicidal chemi-
cal class by many agrochemical compa-
nies until the mid 1990s, however, no new
products have been introduced since 1992.
The diphenyl ether chemical class was also
of interest to the public health insecticide
research team at ICI during the 1980s, al-
though again, no products were developed.

13

Fig. 2. Structure of Syngenta’s diphenyl ether
herbicide fomesafen 13.

Fomesafen 13 did not show activity
against adult Aedes aegypti at the highest
tested concentration (200 mg AI litre–1).
However, some analogues prepared in the
course of ICI’s optimization program on
diphenyl ethers, such as compound 1, dis-
played good activity against Aedes aegypti
and Anopheles stephensi (Table 1). Initial
resistance testing performed with lead 1
indicated some cross resistance risks and
suggested that 1 and some analogues have
activity at the GABA receptor, beyond
binding to the herbicidal PPO target site.
This dual mode of action was later con-
firmed by further studies.

In recent years Sumitomo has also
investigated diphenyl ethers as mosquito-
cides. They focused on oxime substituents
on the A-ring showing biological activity
against Culex pipiens pallens.[17]

4.1 Optimization Design
In order to improve the biological ac-

tivity and to clarify the resistance risk we
started an optimization program to evalu-
ate the influence of the substituents on the
phenyl rings, the replacement of the phe-
nyl rings by heterocycles and modifica-
tions of the oxygen ether linkage (Fig. 3).
Following this design approach a series of
new analogues were synthesised for testing
against mosquitoes. Furthermore, selected
additional historic analogues from our
in-house collection were included in our
evaluation to secure best coverage of the
intended chemical scope.

4.2 Synthesis
In general the diphenyl ethers could be

prepared by the replacement of one fluoro

a)

14 15 Lead 1

Scheme 1. General
synthesis of diphenyl
ethers – Method 1.
Reagents and condi-
tions: a) K2CO3, DMF,
100 °C, 20 h (57%).

A B

Novel of substituents on the B ring

Modification of the bridge

Novel substituents on the A ring

Replacement of phenyl by heterocyclesReplacement of phenyl by heterocycles

Fig. 3. Design of novel diphenyl ethers.

a)

b)

16 17

18

19

Scheme 2. General synthesis of diphenyl ethers - Method 2. Reagents and conditions: a) Cl2,
CHCl3, 0 °C, 1.5 h (91%); b) oxygen, 0.05 equiv. Cu powder, 2 equiv. pyridine, CH2Cl2, rt, 16 h
(21%).
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different substituents in the A-ring were
investigated. Many different substitution
patterns with electron-withdrawing sub-
stituents or electron-donating substituents
resulted in biological activity against mos-
quitoes. On the other hand many substi-
tution patterns led to inactive molecules.
The greatest activity against susceptible
Aedes aegypti and Anopheles stephensi
was observed with compounds containing
a nitro group in the 3- or in the 4-posi-
tion. Also some compounds with 4-cyano
groups showed good mosquitocidal activ-
ity (Fig. 6).

Unfortunately the highly active com-
pounds containing a nitro-group at the 3- or
4-position, for example compounds 1 and
27 or a 3-acetyloxy group, such as com-
pound 28, showed high levels of cross-re-
sistance against an rdl-resistant Anopheles
gambiae strain (Kisumu rdl). As hypothe-
sised, we could identify subclasses which
show reduced or no cross-resistance, for
example the 4-methylthio subclass with
compound 29 as prominent example, or
the 4-cyano subclass, as exemplified by
compound 30. However, their potency
was generally lower. The exception and
best compound identified during our op-
timization program was the cyano-pyridyl
compound 31 which exhibited good ac-
tivity against all tested mosquito species
including rdl-resistant Anopheles gambi-
ae (Fig. 7, Table 2). Compound 31 was
only slightly weaker than permethrin and
did not show relevant cross-resistance to
the organochlorine insecticide dieldrin, a
compound acting, like our diphenyl ethers,
at the GABA-chloride receptor channel
complex.

5. Summary and Conclusions

Malaria occurs in approximately 100
countries worldwide and today, a signifi-
cant proportion of the world’s population
still remains at risk from malaria vector
borne disease. Current tools and treatments
are not yet sufficient to achieve the desired
goal of malaria elimination. Furthermore
resistance in the vector populations, prin-
cipally to pyrethroids, is developing, re-
questing the development of new tools for
malaria vector control.

In order to identify new leads for ma-
laria vector control we have started a re-
search program in collaboration with the
Innovative Vector Control Consortium
(IVCC). A new screening platform involv-26

25

21 22 23

24

a) b,c) d)

e)f)

g)

20

Scheme 3. Synthesis of carbon-bridged com-
pounds. Reagents and conditions: a) BuLi,
THF, dry ice (82%); b) oxalylchloride, CH2Cl2,
DMFcat.; c) benzene, AlCl3 (69%, 2 steps);
d) guanidine nitrite, H2SO4 (79%); e) NaBH4,
MeOH (92%); f) NaH, MeI, DMF (49%);
g) [Bis(2-methoxyethyl)amino] sulfur trifluoride,
CH2Cl2 (40%).

Y

2

46

Substituents on the B ring leading to activity against Aedes aegypti
and against Anopheles stephensi:

Y = 2,6-F2,4-CF3 > 2-Cl,6-F,4-CF3 ~ 2,6-Cl2,4-CF3 >> 2,6-Cl2,4-OCF3
~ 2-Cl,4-CF3

Substituents on the B ring leading to inactivity against Aedes aegypti:

Analogues with no activity against Aedes aegypti:

A B Y = 2,6-Br2,4-CF3, 2,6-(CH3)2,4-CF3, 2,4,6-Cl3, 2,4,6-(CH3)3,
2,6-F2,4-OCH3, 2,6-Cl2,4-Br, 2,6-Cl2,4-CN, 2,6-Cl,4-SO2CH3,
2,6-Cl2,4-SCF3, 2,6-Cl2,4-S(O)CF3, 2,6-Cl,4-SO2CF3, 2,6-Cl2,
3,5-Cl2, H, 2-Cl, 4-Cl, 4-CF3

Fig. 4. Modifications in the B-ring – Structure–activity relationships.

Analogue with no activity
against Aedes aegypti:

A

X

B

2

64

Substituents on the A ring leading to activity against
Aedes aegypti and against Anopheles stephensi:

Substituents on the A ring leading to inactivity against
Aedes aegypti:

Analogues with activity
against Aedes aegypti and
against Anopheles stephensi:

X = H, 2-Cl, 2-CH3, 2-OCH3,
3-CH3, 3-SCF3, 3-SO2CF3, 3-C(O)NCH3, 3-NHC(O)CH3,
4-F, 4-Cl, 4-S(CH2)2CH3, 4-OCH3, 4-SCF3, 4-C(O)NH2,
4-SO2NH2, 4-C(O)OCH3, 4-NHC(O)CH3,2,4-F2, 2,4-Cl2,
2,4-Br2, 2,4-(CH3)2, 4-Cl,3-CH3

X= 3-NO2 ~ 4-NO2 ~ 2-NO2,3-CH3 ~ 3-CH3,4-NO2 ~ 2-F,4-NO2

~ 2-Cl,4-NO2 ~ 2-F,4-CN ~ 3-F,4-CN ~ 3-OCH2CºCH,4-Cl
~ 3-OC(O)CH3,4-Cl
> 3-OH ~ 3-SCH3 ~ 4-CN ~ 2-NO2,4-F ~ 2-NO2,4-Cl ~ 2-NO2,5-F
~ 2-Cl,3-NO2 ~ 3-NO2,4-Cl ~ 3-NO2,4-Me ~ 4-SCH2CH3 ~ 2-F,4-SCH3
~ 2-OCH3,4-CN ~ 3-OCH3,4-CN ~ 3-CH3,4-CN ~ 3,4-(CN)2
~ 3-OCH3,4-Br ~ 3-OCH3,4-NO2 ~ 3-OCH2CH3,4-Cl
> 4-OH ~ 4-SCH3 ~ 3-S(O)CH3 ~ 4-S(O)CH3 ~ 4-S(O)CF3
~ 4-S(O)CH2CH3 ~ 4-C(O)OCH3 ~ 4-C(O)OCH3 ~ 2-Cl,4-CN
~ 3-Cl,4-CN ~ 3-OCH3,4-Cl ~ 3-SCH3,4-Cl ~ 2-CH3,4-SCH3
~ 2-Br,4-SCH3 ~ 3-F,4-NO2

Fig. 6. Modifications of the A-ring – Structure–activity relationships.

A B O ~ C(O) >> CH(OCH3) ~ CHF
>> S, S(O), SO2

Fig. 5. Modifications
in the bridge –
Structure–activity
relationships.
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31 was identified as the best compound
resulting from our diphenyl ether optimi-
zation program. 31 exhibited good activity
against all mosquitos evaluated, including
rdl resistant Anopheles. It was only slight-
ly less potent than permethrin and did not
show cross-resistance to the organochlo-
rine insecticide dieldrin. Additional work
would be necessary to improve potency
and to further understand the potential for
cross-resistance risks, before this chemical
class could deliver a new tool for malaria
vector control. Progress on our research on
other leads will be reported elsewhere.
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ing bioassays against adult Aedes aegypti
and Anopheles stephensi has been devel-
oped and more that 30,000 compounds
from the Syngenta corporate chemical col-
lection were tested. More than 3000 com-
pounds (10%) were found to be active at
≤200 mg AI litre–1 against adult Aedes ae-
gypti. Clustering of the actives and evaluat-
ing them against a set of criteria defined for
a viable lead, resulted in the identification
of 12 viable leads for the control of adult
mosquitoes, most originating from current
or former insecticides projects. It is note-
worthy to mention that one lead emerged
from a PPO herbicide project (chemi-
cal class: diphenyl ethers) and another
one from a complex III fungicide project
(chemical class: strobilurins). This indi-
cates that representatives of certain herbi-
cide and fungicide projects and modes of
action can also represent a valuable source
for leads for malaria vector control.

Furthermore, the optimization of the
diphenyl ether lead 1 is described. A se-
ries of diphenyl ethers with good activity
against malaria mosquito vectors were pre-
pared applying standard synthetic meth-
odology. The cyano-pyridyl compound

Table 2. Activity of diphenyl ether compounds against Anopheles stephensi and against rdl-resistant Anopheles gambiae Kisumu strain

Compound Anopheles stephensi rdl-resistant Anopheles gambiae Kisumu Resistance
FactorKD80

a

Adult
knockdown

LC80
b

Adult
mortality,

24 h

LC80
b

Adult
mortality,

48 h

KD80
a

Adult
knockdown

LC80
b

Adult
mortality,

24 h

LC80
b

Adult
mortality,

48 h

Lead 1 200 20 20 > 200 > 200 200 ~10

27 200 20 20 > 200 > 200 > 200 >10

28 > 200 2 2 > 200 200 200 100

29 > 200 200 200 > 200 200 200 1

30 200 20 200 200 20 20 1

31 200 2 2 50 6.25 6.25 ~4

Permethrin > 200 2.5 1.25 > 200 1.25 1.25 ~1

Dieldrin > 200 0.2 0.2 > 200 20 20 100

aKD80 in mg AI litre–1 after 1 h – lowest measured concentration at which at least 80% of the mosquitoes showed knocked-down effects; bLC80 in mg
a.i. litre–1 after 24 h or 48 h – lowest measured concentration at which at least 80% of the mosquitoes were killed.

Fig. 7. Best diphenyl ethers identified during the optimization program.


