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Abstract: Vector-borne diseases have appeared or re-emerged in many Southern Europe countries
making the transmission of infectious diseases by mosquitoes (vectors) one of the greatest world-
wide health threats. Larvicides have been used extensively for the control of Aedes (Stegomyia)
albopictus (Skuse, 1895) (Diptera: Culicidae) and Culex pipiens Linnaeus, 1758 (Diptera: Culicidae)
mosquitoes in urban and semi-urban environments, causing the increasing resistance of mosquitoes
to commercial insecticides. In this study, 27 curcuminoids and monocarbonyl curcumin derivatives
were synthesised and evaluated as potential larvicidal agents against Cx. pipiens and Ae. albopictus.
Most of the compounds were more effective against larvae of both mosquito species. Four of the
tested compounds, curcumin, demethoxycurcumin, curcumin-BF, complex and a monocarbonyl
tetramethoxy curcumin derivative exhibited high activity against both species. In Cx. pipiens the
recorded LCs values were 6.0, 9.4, 5.0 and 32.5 ppm, respectively, whereas in Ae. albopictus they
exhibited LCy( values of 9.2, 36.0, 5.5 and 23.6 ppm, respectively. No conclusive structure activity
relationship was evident from the results and the variety of descriptors values generated in silico
provided some insight to this end.

Keywords: curcumin; curcuminoids; larvicidal; common house mosquito; Asian tiger mosquito; in
silico descriptors

1. Introduction

Diseases caused from vector bites such as mosquitos, ticks and fleas have more than
tripled in the United States from 2004-2016 [1]. Among them, mosquito-borne diseases
(MBDs) present a major challenge and concern of global public health and safety. Travel
and trade globalization, unplanned urbanization and environmental change have had
a significant impact on disease transmission in recent years [2,3]. Regarding diseases
caused by Aedes-borne viruses, more than one million Zika virus (ZIKV) infections and
thousands of infants with birth defects were reported from 2015-2016 and similarly Dengue
fever (DENV) which infects over one hundred million people in over 100 countries every
year [4,5]. In 1999, the West Nile Virus (WNV) crisis across the United States with hundreds
of deaths annually are some further examples of MBDs transmitted to humans usually
through the bite of an infected mosquito of the genus Culex [6]. Finally, except human
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activities, the climate change has also caused mosquitoes to move globally, facilitating the
transmission of MBDs [7].

Aedes albopictus, commonly known as the Asian tiger mosquito, is an endemic species
of Africa, Asia and South America. In Europe is considered as an invasive mosquito
species but it has already been established in many countries [8]. This mosquito species
is anthropophilic, a day biting mosquito species, highly adaptable in the environment
and can survive in both rural and urban areas. Consequently, it is a species which lives
in close proximity to humans, developing preferably in urban and suburban areas where
human hosts are readily available [9,10]. On the other hand, Culex pipiens, also known as
the common house mosquito, is a widespread mosquito species which plays an important
role in transmitting many human pathogens such as WNV [11-13] and it fits the stereotype
of the “domestic” mosquito. This mosquito species thrives in highly contaminated sewers,
mates in confined spaces that often enter homes and feeds easily on mammals, especially
humans. Moreover, many researchers have attributed its global distribution and abundance
to its ability to exploit different modes of human transport [12,13].

For many of the aforementioned MBDs the integrated vector control strategy includes
the use of synthetic chemicals as a primary approach while new alternative strategies have
been proposed and evaluated mainly for invasive species [14]. Despite the quick action
killing of these chemicals, their repeated use has led to the development of resistance
and adverse effects to non-target organisms and the environment [15]. As an alternative
strategy the use of plant-derived products has been suggested as an additional group of
potential larvicidal agents due to their rapid biodegradability, eco-friendliness and superior
safety profile [16].

To this end, the essential oils from the Dai medicinal plant Zingiber cassumunar against
Ae. albopictus exhibited interesting repellent, larvicidal and adulticidal activity. The activity
observed was primarily attributed to the presence of the (—)-terpinen-4-ol of the extract [17].
Additionally, the work by Zhu et al. presented the evaluation of the larvicidal activity of
four plant essential oils—cinnamon oil, lemon eucalyptus oil, sandalwood oil and turmeric
oil—against 4th instars of Ae. albopictus, Ae. aegypti and Cx. pipiens. They also evaluated
the activity of some individual oil components. Despite the promising larvicidal activities
some acute toxicity was observed [18]. Based on the thorough review on natural products
as leads to potential mosquitocides by Koshore et al. [19] a wide variety of naturally
derived compounds have been evaluated for their larvicidal and mosquitocidal activities.
In order to highlight any possible mechanism-based activity it collectively organized the
compounds according to the chemical structural classes they belong including alkanes,
alkenes, alkynes and simple aromatics, essential oils and fatty acids, terpenoids, steroids,
alkaloids, naphthoquinones, lignans, coumarins, retinoids, flavonoids and isoflavonoids
and finally, phenolic acids and curcuminoid.

Regarding curcuminoids, Curcuma longa is a traditional Chinese herb belonging to
the Zingiberaceae family and curcumin is the active ingredient of its rhizome extract.
Many literature reports have previously presented and discussed the larvicidal activities
against Ae. aegypti, Ae. albopictus, Anopheles gambiae and others of the essential oil, various
extracts and some of their constituents of this plant [18,20-25]. More specifically, our
group has previously evaluated the larvicidal activity of the 3 curcuminoids, curcumin,
demethoxycurcumin and bis-demethoxycurcumin, isolated from the natural mixture and
three synthetic derivatives against Cx. pipiens. Curcumin and di-O-demethylcurcumin
exhibited significant potency with LCs( value of 19.07 and 12.42 mg/L, respectively [26].

Aiming to improve the larvicidal activity against Cx. pipiens as well as evaluate their
potential activity against an invasive mosquito species (Ae. albopictus), we would like to
report herein the synthesis of a small library of curcumin derivatives. A variety of structural
modifications of the original curcumin skeleton were made, including the removal of one of
the two carbonyl moieties, resulting in monocarbonyl derivatives, the removal of one half
of the molecule, polyhydroxylated aromatic substitution, following our previous results,
the addition of double bonds and the boron-coordination of the diketone moiety with
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BF,. Figure 1 summarises the general structural modification of the curcumin derivatives
studied herein as potential larvicidals against Ae. albopictus and Cx. pipiens.

Figure 1. Generalised structures of the synthetic curcumin derivatives studied herein.

2. Results and Discussion
2.1. Synthesis

The general synthetic routes to symmetric dicarbonyl analogues of curcumin 1a-i,
along with the rigid cyclized pyrazole 2 and BF, analogues 3f-i are depicted in Scheme 1.
Compounds 1a—i were prepared according to well-established curcumin synthetic protocols
with slight modifications. Boron trioxide (B,O3) was added in a mixture of tributyl borate
B[(OBu)3], acetylacetonate and the appropriate substituted benzaldehyde to form a complex
with the acetylacetone, thus ensuring that the aldol condensation occurs only at the terminal
methyl groups. The reactions took place in the absence of any organic solvent and after
the addition of n-butylamine (nBuNH,), the boron complexes of the final products were
hydrolyzed by aqueous hydrochloric acid.

Pyrazole 2 was prepared from compound 1b using threefold excess of hydrazine
hydrate in a 1:1 acetic acid /ethanol mixture as solvent. The product was obtained as a
precipitated solid in satisfactory yield and high purity without any additional purifica-
tion steps.

Difluoroboron curcumin derivatives 3f-i were prepared by the addition of boron
trifluoride diethyletherate to the corresponding curcumins 1f-i. The formation of the
complexes was evidenced by the higher frequency shifts of the S-diketone unit active
methylene proton (0.33-0.50 ppm).

Non-symmetric curcuminoid 5 (known as curcumin III) was prepared from condensa-
tion of the monoarylidene curcumin analogue 4 with 4-hydroxybenzaldehyde (Scheme 2).
4 was synthesized using an excess of acetylacetone in ethyl acetate in order to avoid
significant formation of the symmetric diarylidene derivative (1f).

Compounds 6a-h were obtained by Claisen-Schmidt condensation of the appropriate
aromatic aldehydes and cyclohexanone or acetone using a ratio of 1:2 of ketone to alde-
hyde under alkaline or acidic conditions (Scheme 3). Thiophenyl and furanyl derivatives
6a,b were obtained in best purity and yields using solid potassium hydroxide, while for
methoxy-substituted phenyl derivatives 6c—e, a dispersion of sodium hydroxide in ethanol
was added instead. Dihydroxybenzaldehyde and vanillin derived analogues 6f~h were
prepared under acidic conditions using concentrated hydrochloric acid. Finally, polyhy-
droxylated compound 6i was obtained by demethylation of 6e with boron tribromide in
anhydrous dichloromethane (DCM).
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1b: n =1, R®= OCH,;, R* =OCH;, R®=H 1g/3g: n=1, R®=H, R* = N(CH,),, R®=H
1c: n=1, R® = OCHj;, R* = OCHj3, R% = OCHj 1h/3h:n=2, R3=H, R*=H,R5=H
1d:n=1,R®*=H,R*=0H,R5=H 1i/3i: n =2, R®=OCH;, R*=0H,R>=H

1e:n=1,R®*=0H,R*=0H, R®=H

Scheme 1. Synthesis of symmetric dicarbonyl analogues of curcumin 1a—i, pyrazole derivative 2 and boron difluoride
complexes 3f-i. Reagents and conditions: (i) B,O3, B[(OBu)3], 90 °C, 30 min; then, addition of nBuNH,, 70-100 °C, 24 h; (ii)
NH;NH,-H,0, CH3COOH, EtOH, reflux, 24 h; (iii) BF3-OEty, toluene, 65 °C, 5 h.

o o o o
H3COD/CHO I | Haco]@/\)l\)k ii H3CO
+ — —_—
HO AN HO HO OH

4 5

Scheme 2. Synthesis of monoarylidene dicarbonyl derivative 4 and curcumin II (demethoxycurcumin) 5. Reagents and
conditions. (i) (excess of acetylacetone), vanillin, B,O3, B[(OBu)s], EtOAc, 80 °C, 30 min; then, addition of nBuNH,, room
temperature, 24 h; (ii) 4-hydroxybenzaldehyde, B,O3, B[(OBu)s], 50 °C, 30 min; then, addition of nBulNH,, 50 °C, 24 h.

Similarly, to 6g and 6i, half curcuminoids (monoarylidene) 7a and 7b were prepared
by Claisen-Schmidt condensation between 3,4-dihydroxybenzaldehyde and acetone (7a)
and by demethylating the intermediate trimethoxy half curcuminoid following the boron
tribromide protocol (7b) (Scheme 4). In both cases, excess of acetone for the Claisen-Schmidt
reaction was used to minimize the production of bisarylidene molecules.
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6a:X=0 6e: n =0, R® = OCHj;, R* = OCHj3, R5 = OCHj,4
6b: X=S 6f:n=0,R®*=0CH;, R*=0H,R°=H
6c:n=0,R®=H, R*=0OCHj R5=H 6g:n=0,R®=0OH,R*=0H,R°=H

6d: n =0, R®= OCHj, R* = OCH;, R®=H 6h:n=1,R®=0OH, R*=0H,R=H

Scheme 3. Synthesis of monocarbonyl analogues of curcumin 6a-h. Reagents and conditions: (i) cyclohexanone, KOH powder,
EtOH, room temperature., 2 h; (ii) acetone, NaOH/EtOH 10%, room temperature, 2 h (6c—e) or acetone (or cyclopentanone), c.
HCl, EtOH, room temperature, 24 h (6f-h); (iii) BBr3, DCM (dry), —20 °C to 0 °C to room temperature, 3 h.

o)
HO CHO o HO
- AN
o A
HO HO
7a
o) o)
H,CO CHO o H,CO HO
. )J\ ] mn
H,CO H,CO HO
OCH, OCH,4 OH
methoxy protected 7b

intermediate

Scheme 4. Synthesis of monoarylidene dicarbonyl derivatives 7a and 7b. Reagents and conditions: (i) c. HCl, EtOH, r.t., 24
h; (ii) aq. NaOH 1M, r.t., 24 h; (iii) BBr3, DCM (dry), —20 °Cto 0 °C to r.t.,, 3 h.



Int. J. Mol. Sci. 2021, 22, 8915

6 of 19

The purity and structure of all synthesized compounds were determined by 'H NMR
spectroscopy and elemental analyses. Novel derivative 3i was further characterized by 1*C
and 2D NMR experiments.

2.2. Larvicidal Activity

Initially, all compounds were screened at a concentration of 20 ppm against Ae. albopic-
tus and Cx. pipiens for 24 h (Figure 2). No mortality was observed in the control experiments
of tap water and 2% DMSO in water. Among the tested compounds, in both species, the
same 4 compounds (1f, 3f, 5 and 6d) exhibited mortality > 10%, regardless of the observed
difference in the overall mortality effect. For the rest of the tested compounds 11 and 6
caused <10% mortality against the larvae of Cx. pipiens and Ae. albopictus, respectively,
while the other derivatives were completely inactive against larvae of both species. The
results were not altered at all after a 48 h incubation time with the only exception of 3f
which exhibited a very slight increase in activity.

Il Cx. pipiens
[ Ae. albopictus

Compounds
ea(ﬁma‘angﬁ’@@%’&

Mortality %

Figure 2. Larvae mortality against third- to fourth-instar larvae of Aedes albopictus and Culex pipiens
biotype molestus was recorded at 20 ppm after 24 h. The dashed line shows the 10% mortality level.
No mortality was observed in the control experiments. Error bars = standard error of the mortality
mean value.

Consequently, the 4 most active compounds revealed from the 20 ppm screening
experiment, namely 1f, 3f, 5 and 6d, were further evaluated for larvicidal activity using
various concentrations for 24 h incubation. In that way, a dose-response bioassay was able
to be drawn enabling the estimation of their respective LCsy and LCyg values (Table 1).

In the case of larvicidal activity against Cx. pipiens compound 3f, the BF,-curcumin
complex, exhibited the highest activity with an LCs) value of 5 ppm whereas curcumin
itself (1f) was almost equipotent with LCsg value of 6 (5.4-6.6) ppm. The activity of 3f was
also very slightly increased upon 48 h treatment showing an LCs( value of 4.2 against Cx.
pipiens. The second curcuminoid, demethoxycurcumin, 5, was also highly active with an
LCsq value of 9.4 (8.2-10.6) ppm while the monocarbonyl curcumin analogue 6d was the
least active of all. Similarly, when Ae. albopictus larvae were incubated with 3f the highest
activity was observed followed by that of 1f, exhibiting LCs( values of 5.5 (4.6-6.3) ppm
and 9.2 (8.5-9.9) ppm, respectively. As before the LCsj value of 3f was slightly smaller
at the range of 4.8 ppm. The other two compounds, 5 and 6d, were less active against
Ae. albopictus larvae compared to their effect against Cx. pipiens, with LCs values of 36
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(32.6-39.5) ppm and 23.6 (21.3-26.2) ppm, respectively. Moreover, in both cases LCqj values
follow the same order of activity.

Table 1. LCsp and LCqg values of four compounds against the third- to fourth-instar larvae of Aedes albopictus and Culex

pipiens biotype molestus after 24 h exposure (SE: standard error; d.f.: degrees of freedom).

LCso LCoo 2
Compound Slope (+SE) (95% CL) @ (95% CL) @ X df
9.2 14.5
1f 6.4+0.6 8.5-9.9 12.8-17.8 37.064 20
36.0 48.8
5 97+ 1.1 26.174b 10
Aedes albopictus 32'%_59'5 43'266620'9
3f 23402 vy 16.4.96.9 14.302 22
23.6 47.38
6d 42405 213262 105508 14.013 10
6.0 12.5
1f 40404 5466 11.0015.0 10.395 14
9.4 24.0
5 31403 10.194 13
Culex pipiens 8.25—%)0.6 20.12;%0.5
3f 24 +0.2 4457 143-212 15.977 24
32.5 4293
6d 10.6 +09. 314337 108459 12193 17

2 LC values are expressed in ppm (mg/L) and they are considered significantly different when 95% CL fail to overlap;  Since goodness—offit
test is significant (p < 0.05), a heterogeneity factor is used in the calculation of confidence limits (CL).

2.3. Calculations of Molecular Descriptors

The larvicidal activity results against Ae. albopictus and Cx. pipiens clearly indicate
that curcumin (1f) and their synthesized derivatives 3f, 5 and 6d possessed a remarkable
activity, compared to their structural similar compounds. Based on the results obtained a
better understanding of their structure-activity relationships was attempted by generating
a plethora of descriptors the values of which are presented in Table 2.

There is no clear rationalization within the ALogP, whereas the active molecules seem
to have a number of 5 or 6 hydrogen bond acceptors. Interestingly, the molar refractivity
(MR) values of all active compounds fall within the range between 96.77 and 107.61 in
addition to their very narrow range of molecular polarizability (Polar) which characterizes
them ranging between 43.0 and 45.74. The almost equipotent compounds 1f and 3f seem
to present a great difference in their lipophilicity values, share the same hydrogen bond
donor and acceptor values and they have very close molar polarisability results.

The analysis of the calculated descriptors values revealed that the replacement of the
dicarbonyl group of 1f by cyclized pyrazole ring (compound 2) has a negative contribution
to the larvicidal activity. Particularly, the lipophilicity value (ALogP) of derivative 2 is in-
creased (ALogP = 3.85) compared to the lipophilicity value of curcumin (1f) (ALogP = 3.01)
and the opposite phenomenon is regarded for the electrotopological state index (E-state)
value, which describes the influential molecular fragments. Especially, the E-state values
for compounds 1f and 2 are 71.84 and 63.84, respectively.

In the case of compound 1g the methoxy (-OMe) and the hydroxyl (-OH) groups of
curcumin (1f) have been replaced by hydrogen (-H) and amine (-NRy) groups, respectively.
The comparison of the calculated descriptors’ values between the active compound 1f and
the inactive compound 1g indicated greater values for the lipophilicity (ALogP = 3.90)
and a reduction of hydrogen bond donors and acceptors. Furthermore, the Polar Surface
Area (PSA) value of compound 1g, which describes the van der Waals surface area of
polar nitrogen and oxygen atoms, is significantly reduced (PSA = 40.62) compared to 1f
(PSA =93.06). Comparison between curcumin (1f) and its symmetric dicarbonyl analogue
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1i displayed higher values for lipophilicity (ALogP = 3.94), Molar Refractivity (MR = 123.87)
and Polarizability (Polar = 53.43) for 1i.

Table 2. Predictive physicochemical descriptors values of the tested compounds.

Compound AlogP HBA HBD RB PSA Estate MR Polar
la 3.54 4 0 8 52.6 60.50 99.85 44.20
1b 3.51 6 0 10 71.06 70.84 112.77 49.14
1lc 3.48 8 0 12 89.52 81.17 125.70 54.09
1d 3.04 4 2 6 74.6 61.50 90.31 40.53
le 2.51 6 4 6 115.06 72.84 93.69 41.80
1f 3.01 6 2 8 93.06 71.84 103.2 45.47
1g 3.90 2 0 8 40.62 61.50 115.78 49.30
1h 451 2 0 8 34.14 58.17 107.56 46.21
1i 3.94 6 2 10 93.06 79.84 123.87 52.43
3f 4.53 6 2 6 85.22 78.84 107.61 45.74
3g 5.42 2 0 6 32.78 68.50 120.15 49.57
3h 6.03 2 0 6 26.3 65.17 111.93 46.48
3i 5.46 6 2 8 85.22 86.87 128.25 52.70
2 3.85 5 3 6 87.6 63.84 106.70 48.32
4 1.27 4 1 5 63.6 47.33 64.66 27.80

3.03 5 2 7 83.83 66.67 96.77 43.00
6a 3.12 3 0 2 43.35 42.83 69.08 31.65
6b 4.24 1 0 2 73.55 39.50 81.97 37.10
6c 3.77 3 0 6 35.53 50.33 89.95 40.44
6d 3.74 5 0 8 53.99 60.67 102.88 45.39
6e 3.71 7 0 10 72.45 71.00 115.81 50.33
of 3.24 5 2 6 75.99 61.67 93.34 41.72
6g 2.74 5 4 4 97.99 66.67 83.80 38.05
6h 3.47 5 4 2 97.99 65.00 90.72 40.94
6i 2.20 7 6 4 138.45 74.00 87.19 39.32
7a 1.25 3 2 2 57.53 37.67 49.99 22.21
7b 0.98 4 3 2 77.76 43.33 51.69 22.84

Note: ALogP =logarithm of the octanol-water partition coefficient, HBA = number of hydrogen bond acceptors, HBD = number of hydrogen
bond donors, RB = number of rotatable bonds PSA = Polar Surface Area, E-state = Electrotopological state, MR = Molar Refractivity, Polar =
Molecular Polarizability.

In continuation, the comparison of the physicochemical profile of the most active
difluorocurcumin derivative 3f and its structural similar inactive compound 3g showed
that the replacement of methoxy (-OMe) and hydroxyl (-OH) groups causes an increase in
lipophilicity (ALogP), Molar Refractivity (MR) and Polarizability values and a decrease
in Polar Surface Area (PSA) and Electrotopological state index (E-state) values. In the
described case, the greatest difference is identified in Polar Surface Area values, which are
85.22 and 32.78 for compounds 3f and 3g, respectively. Moreover, similar physicochemical
pattern is followed for compound 3i, in which the aliphatic chain contains one additional
carbon double bonds at each side of the diketone moiety.

From compounds bearing mono-carbonyl substitution, compound 6d presents larvici-
dal activity against Ae. albopictus and Cx. pipiens. Physicochemical profile comparison of
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derivative 6d with its structurally similar compounds 6¢, 1b, 6e and 6f indicates a notable
difference in Polar Surface Area values. Indicatively, for 6d the value is 53.99 while for
compound 6¢, which bears only one methoxy group is 35.53. In addition, for compounds
1b, 6e and 6f an increase is regarded.

There has been, for years, a significant amount of research efforts trying to identify
the most potent larvicidal extract of various sources of Curcuma spices but only very few
of them isolated, identified and evaluated the activity of individual compounds. The crude
methanolic extract of C. longa gave an LCsg value against the 4th-instar larvae of Cx. pipiens
pallens of 355.06 ppm [25]. This study revealed the larvicidal activity of ar-turmerone
and 8-hydroxyl-ar-turmerone. The two compounds exhibited larvicidal activities against
the 4th-instar larvae of Cx. pipiens pallens after 24 h of treatment with LCsy values of
138.86 and 257.68 ppm, respectively. The petroleum ether extract of C. aromatic eliminated
Cx. quinquefasciatus at an LCsy value of 11.42 ppm [23]. Further investigation of the
extract lead to the isolation of two larvicidal compounds namely 9-oxoneoprocurcumenol
and neoprocurcumenol. The former exerted significant toxicity (p < 0.01) on mosquito
larvae with LCsy value of 5.81 ppm compared to the latter with 13.69 ppm. However,
bearing in mind that active phytochemicals can be influenced by multiple factors, such
as the type of solvent used for the extraction and the extraction process, the plant genus,
the conditions under which the plants were harvested and the target mosquito species
used for the tests [27] it is important to identify more synthetic derivatives of such active
natural products.

In the present study, 27 synthetic analogues and derivatives of curcumin were eval-
uated against Cx. pipiens and Ae. albopictus larvae and only 4 of them exerted significant
larvicidal activity one of them being curcumin itself, 1f. Its activity against Cx. pipiens larvae
was found to have a small deviation from our previous results [26], showing an increased
activity with an LCsq value of 6 ppm compared to 19 ppm. Additionally, demethoxycur-
cumin, 5, had been previously found inactive against Cx. pipiens whereas an exciting LCsq
value of 9.4 ppm was exerted in this study further to the equally significant LCsq value of
36.0 ppm against Ae. albopictus. The small discrepancies from our previous results may be
related to the relative differences in the developmental stage of the mosquitoes in the two
studies. It has been reported that certain biochemical changes to some target molecules
from the first to the fourth instar, such as sterol carrier protein-2, acetylcholinesterase,
detoxification and resistance mechanisms and others, may affect treatment results [28].
The same was observed for the methanol crude extract of Artemisia nilagirica (Clarke) with
reported LCsg values of 272.50, 311.40, 361.51 and 442.51 ppm, respectively, against the
first to fourth instar larvae of An. stephensi and 300.84, 338.79, 394.69 and 470.74 ppm,
respectively, against the first to fourth instar larvae of Ae. aegypti. [29] Moreover, our overall
observation for the lower activity exhibited by all tested compounds against Ae. albopictus
compared with Cx. pipiens may also be related to analogous interspecies variations. Similar
results have been reported for the natural compound palmitic acid, extracted from Millettia
pinnata (L.) seeds, which showed LCs values of 34.50, 42.96 and 85.61 ppm against the
third instar larvae of Cx. pipiens pallens, Ae. aegypti and Ae. albopictus, respectively [30].

To our surprise any change to the curcumin skeleton eliminated larvicidal effect against
both species. This was found to be the case regardless if the change was at the substitution
pattern or functional group substituent or the presence of additional double bond. The only
structural transformation which benefited the activity of the molecule was the formation of
the BF, complex, 3f, which increased larval mortality even more compared to its mother
compound, 1f. It is noteworthy that none of the inactive diketonic curcuminoids exerted
higher activity when converted to its corresponding BF, complex which implies that the
curcumin part dictates the degree of activity. In the case of 3f, therefore, the anticipated
increased chemical, photo- and pH stability and improved solubility compared to 1f may
certainly account for the increased larvicidal effect observed, especially in the case of Ae.
albopictus, as well as the slightly higher activity exerted after the 48-h exposure.
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Based on our previous work in which the tetrahydroxycurcumin, 1e exerted significant
larvicidal effect it was part of our initial hypothesis to investigate the activity of some
polyhydroxylated monocarbonyl analogues of curcumin of the type of 6a,b and 7a,b in
comparison to 1d and 1e. [26]. The lack of chemical stability, the rapid degradation and poor
bioavailability of curcuminoids has been strongly related to the (3-diketone moiety [31,32].
In recent years, the solution to the aforementioned limitations has been intensely explored
in the synthesis and application of monocarbonyl derivatives which have shown indeed
improved biological and pharmacological profile [33,34]. In our case, however, neither the
polyhydroxylated monocarbonyl derivatives showed any activity at all nor the diketone
counterparts. On the contrary, significant larvicidal activity was recorded against both
mosquito species by the tetramethoxy monocarbonyl curcumin derivative, 6d. To the best
of our knowledge, only the work by Anstrom [35] has searched into similar monocarbonyl
curcumin derivatives as potential mosquitocidal agents and more specifically it made an
effort to relate the inhibitory potential against sterol carrier protein-2, although a clear
correlation was not found. This type of monocarbonyl derivatives, due to the ease of
preparation and low production cost, should be, therefore, investigated further aiming to
elucidate some more mechanistic information on the mode of their larvicidal action. The
structurally related chalcones have also been investigated as mosquito larvicides and the
compound (E)-3-(4-bromophenyl)-1-(furan-2-yl) prop- 2-en-1-one exhibited an LCs; value
of 6.66 mg/L at 24 h against Ae. aegypti larvae [36]. Additionally, 28 compounds, chalcones
and some derived products, were synthesized and tested for mosquito larvicidal activity
against the third instar larvae of Cx. quinquefasciatus. Four of them exhibited outstanding
activity of 5-55 uM and some structure-activity relationship was derived [37]. Finally, the
increased larvicidal activities of some chalcones against Ae. albopictus with LCqg values of 5
ppm after 72 h of exposure have been related to their high activity as juvenile hormone
antagonist (JHAN) [38]. From a mechanistic point of view, acetylcholinesterase (AChE) is
considered as the most interesting molecular target because it is a critical nervous system
enzyme responsible for synaptic transmission and is the target site for organophosphoate
and carbamate insecticides [31,39]. Additionally, interference with the octopaminergic
system has been related to the insecticidal activity of natural products [30]. Finally, the
larvicidal mechanism of ar-turmerone has been attributed to stomach poisoning and
the active sites might be the muscle and digestive tissues [40]. Further investigation is
necessary and currently underway to provide some evidence on the mode of action of
our compounds.

In conclusion, in our hands 4 out of 27 curcuminoids exhibited highly promising
larvicidal activity against Ae. albopictus and Cx. pipiens. Further chemical derivatisation
of curcumin skeleton is underway to optimize physicochemical properties and larvicidal
activity in laboratory and field conditions as well as to provide further understanding of
their mechanism of action.

3. Methods and Materials
3.1. General

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA), Alfa Aesar
(Lancaster, UK) and TCI (Tokyo, Japan) and used without further purification. NMR
spectra were recorded with a Bruker Avance 500 MHz spectrometer (Bruker, Rheinstetten,
Germany) operating at 500 MHz (H) and 125 MHz (*3C). Chemical shifts are reported in
ppm relative to DMSO-dg (‘H: § = 2.50 ppm, 3C: & = 39.52 4 0.06 ppm). The following are
included in the Supplementary Information file; Figures $1-513, S13-519: 'H NMR spectra
of known compounds, Figures 514-518: 1D and 2D NMR spectra of novel compound 3i.
Elemental analyses were performed using a PerkinElmer 2400 CHNS Organic Elemental
Analyzer 100 V (PerkinElmer Inc., Boston, MA, USA).
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3.2. Synthesis
3.2.1. Synthesis of Compounds 1a-i

Boron trioxide (0.35 g, 5.0 mmol), tributyl borate (10.8 mL, 40 mmol), acetylacetonate
(1.03 mL, 10.0 mmol) and the appropriate aromatic aldehyde (20 mmol) were added in a 50
mL round-bottom flask. The mixture was stirred at 90 °C for 30 min. n-Butylamine (0.4 mL,
4.0 mmol) was added dropwise over 30 min at 70 °C. After the addition, the mixture was
stirred at 100 °C for 90 min and then at 70 °C for 16 h. Hydrochloric acid (30 mL, 1 M) was
added and the mixture was stirred at 60 °C for 2 h. The mixture was extracted with ethyl
acetate (3 x 30 mL). The combined organic extracts were washed with brine, dried with
NapSOy4 and concentrated under vacuum. The crude products were purified by MeOH
(la—c,g), EtOH (1d,£,h) or flash chromatography (CHCl3:MeOH = 100/0 to 90/10).

(1E,6E)-1,7-bis (4-methoxyphenyl) hepta-1,6-diene-3,5-dione 1a [41]

Orange solid, Yield: 1.46 g (44%); IH NMR (500 MHz, DMSO-d,): 5 3.81 (s, 6H), 6.09 (s,
1H), 6.80 (d, 2H, ] =15.9 Hz), 7.01 (d, 4H, ] = 8.6 Hz), 7.60 (d, 2H, ] = 159 Hz), 7.69 (d, 4H, |
= 8.5 Hz); Anal. Calcd for Cy1Hy¢O4: C, 74.98, H, 5.99. Found C, 74.93, H, 6.05.

(1E,6E)-1,7-bis (3,4-dimethoxyphenyl) hepta-1,6-diene-3,5-dione 1b [26]

Orange powder, Yield: 2.18 g (55%); 'H NMR (500 MHz, DMSO-dg): & 3.81 (s, 6H), 3.83 (s,
6H), 6.11 (s, 1H), 6.84 (d, 2H, ] =159 Hz), 7.02 (d, 2H, ] = 8.3 Hz), 7.27 (d, 2H, ] = 8.3 Hz),
7.35 (s, 2H), 7.59 (d, 2H, ] = 15.9 Hz); Anal. Calcd for Co3H404: C, 69.68, H, 6.10. Found C,
69.62, H, 6.14.

(1E,6E)-1,7-bis(3,4,5-trimethoxyphenyl) hepta-1,6-diene-3,5-dione 1c [42]

Orange solid, Yield: 1.87 mg (40%); IH NMR (500 MHz, DMSO-dg): 6§ 3.71 (s, 6H), 3.84
(s, 12H), 6.18 (s, 1H), 6.94 (d, ] = 16.0 Hz, 2H), 7.01 (s, 4H), 7.59 (d, ] = 16.0 Hz, 2H); Anal.
Calcd for CosHpg0g: C, 65.78, H, 6.18. Found C, 65.84, H, 6.24.

(1E,6E)-1,7-bis (4-hydroxyphenyl) hepta-1,6-diene-3,5-dione 1d [43]

Orange solid, Yield: 1.61 g (52%); 'H NMR (500 MHz, DMSO-dg): 6 6.04 (s, 1H), 6.70 (d,
] =15.8 Hz, 2H), 6.82 (d, ] = 8.3 Hz, 4H), 7.55-7.57 (m, 4H), 10.05 (br, 2H); Anal. Calcd for
Ci9H1604: C, 74.01, H, 5.23. Found C, 73.94, H, 5.26.

(1E,6E)-1,7-bis (3,4-dihydroxyphenyl) hepta-1,6-diene-3,5-dione 1e [26]

Orange to red solid, Yield: 1.60 g (47%); TH NMR (500 MHz, DMSO-d,): § 6.04 (1H), 6.56
(J = 15.6 Hz, 2H), 6.77 (] = 8.3 Hz, 2H), 7.00 (] = 1.7 Hz, 2H), 7.07 (] = 8.3, 1.7 Hz, 2H), 7.46
(J =15.6 Hz, 2H), 10.08 (br, 4H); Anal. Calcd for C19H1604: C, 67.06, H, 4.74. Found C,
67.01, H, 4.71.

(1E,6E)-1,7-bis (4-hydroxy-3-methoxyphenyl) hepta-1,6-diene-3,5-dione 1f [43]

Orange solid, Yield: 2.34 g (64%); 'H NMR (500 MHz, DMSO-d,): 5 3.83 (s, 6H), 6.06 (s,
2H), 6.76 (d, ] =15.8 Hz, 2H), 6.82 (d, ] = 8.0 Hz, 2H), 7.15 (d, ] = 8.0 Hz, 2H), 7.32 (s, 2H),
7.55 (d, | = 15.8 Hz, 2H), 9.65 (s, 4H); Anal. Calcd for Cy1Hy¢Og: C, 68.47, H, 5.47. Found C,
68.41,H, 5.51.

(1E,6E)-1,7-bis (4-(dimethylamino)phenyl) hepta-1,6-diene-3,5-dione 1g [43]

Dark red solid, Yield: 2.42g (67%); 'H NMR (500 MHz, DMSO-dg): 5.96 (s, 1H), 6.60 (d,
] =15.8 Hz, 2H), 6.73 (d, | = 8.8 Hz, 4H), 7.49-7.54 (m, 6H); Anal. Calcd for Cy3Hy¢N»O5:
C,76.21,H,7.23,N, 7.73. Found C, 76.23, H, 7.16, N, 7.69.

(1E,3E,8E,10E)-1,11-diphenylundeca-1,3,8,10-tetraene-5,7-dione 1h [43]

Yellow to orange solid, Yield: 2.05 g (63%); H NMR (500 MHz, DMSO-d;): & 6.09 (s, 2H),
6.38 (d, ] = 15.1 Hz, 2H), 7.23-7.07 (m, 4H), 7.50-7.30 (m, 8H), 7.59 (d, | = 7.4 Hz, 4H); Anal.
Calcd for C23H20021 C, 84.12, H, 6.14. Found C, 84.16, H, 6.09.

(1E,3E,8E,10E)-1,11-bis(4-hydroxy-3-methoxyphenyl)undeca-1,3,8,10-tetraene-5,7-dione 1i [44]
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Deep red solid, Yield: 1.75 mg (42%); 'H NMR (500 MHz, DMSO-dy): 6 3.82 (s, 6H), 6.00
(s, 2H), 6.26 (d, | = 15.1 Hz, 2H), 6.78 (d, | = 7.8 Hz, 2H), 6.98-7.01 (m, 6H), 7.19 (s, 2H),
7.38-7.42 (m, 2H), 9.47 (s, 2H); Anal. Calcd for Cp5sHp4O4: C, 71.42, H, 5.75. Found C, 71.39,
H, 5.80.

3.2.2. Synthesis of Compound 2

To a solution of compound 1b (0.99 g, 2.5 mmol) in acetic acid (10 mL) and ethanol
(12 mL), hydrazine hydrate (0.24 g, 7.5 mmol) was added. The solution was stirred under
reflux for 24 h. Ethanol was evaporated under vacuum and the resulting solution was
added to a mixture of ice and water (50 mL). The precipitate was filtered, washed with
water (3 X 5 mL) and dried under vacuum and P,Os.

3,5-bis ((E)-3,4-dimethoxystyryl)-1H-pyrazole 2 [45]

White to light pink solid, Yield: 905 mg (92%); 'H NMR (500 MHz, DMSO-d): § 3.77 (s,
3H), 3.82 (s, 3H), 6.65 (s, 1H), 6.91-6.99 (m, 3H), 7.03-7.09 (m, 5H), 7.15-7.21 (m, 2H), 12.88
(s, 1H); Anal. Calcd for Co3Hp4N»>Oy: C, 70.39, H, 6.16, N, 7.14. Found C, 70.43, H, 6.10,
N, 7.17.

3.2.3. Synthesis of Compounds 3f-i

To a solution of compound 1f-i (0.6 mmol) in toluene (5 mL), boron trifluoride diethyl
etherate (0.11 mL, 0.9 mmol) was added. The solution was stirred at 65 °C for 5 h. The
formed precipitate was filtered, washed with toluene (2 x 5 mL) and n-hexane (2 x 5 mL)
and dried under vacuum and P,Os.

(1E,6E)-1,7-bis (4-hydroxy-3-methoxyphenyl) hepta-1,6-diene-3,5-dione-BF, complex 3f [46]
Dark red solid, Yield: 117 mg (47%); TH NMR (500 MHz, DMSO-dyg): 6 3.85 (s, 6H), 6.45 (s,
1H), 6.88 (d, ] = 8.1 Hz, 2H), 7.02 (d, | = 15.6 Hz, 2H), 7.34 (d, ] = 8.1 Hz 2H), 7.47 (s, 2H),
7.92 (d, ] = 15.6 Hz, 2H), 10.09 (s, 2 H); Anal. Calcd for C1H;9BF,;O4: C, 60.61, H, 4.60.
Found C, 60.63, H, 4.55.

(1E,6E)-1,7-bis (4-(dimethylamino)phenyl) hepta-1,6-diene-3,5-dione-BF, complex 3g [46]
Black solid, Yield: 88 mg (36%); 'H NMR (500 MHz, DMSO-dy): & 3.07 (s, 12H), 6.29 (s, 2H),
6.75(d, ] =154 Hz, 2H), 6.79 (d, ] = 8.9 Hz, 4H), 7.70 (d, ] = 8.0 Hz, 4H), 8.01 (d, ] = 15.4 Hz,
2H); Anal. Calcd for Cp3Ho5BF,N»O5: C, 67.33, H, 6.14, N, 6.83. Found C, 67.36, H, 6.10,
N, 6.87.

(1E,3E,8E,10E)-1,11-diphenylundeca-1,3,8,10-tetraene-5,7-dione-BF, complex 3h [46]
Black solid, Yield: 96 mg (42%); 'H NMR (500 MHz, DMSO-dq): 5 6.59 (d, ] = 15.0 Hz,
2H), 6.62 (s, 1H), 7.30-7.46 (m, 11H), 8.21 (2 x d, ] = 7.1 Hz, 4H), 7.84 (dd, | = 10.6 Hz,
J =15.0 Hz, 2H); Anal. Calcd for Co,3H19BF,0,: C, 73.43, H, 5.09. Found C, 73.39, H, 5.12.

(1E,3E,8E,10E)-1,11-bis (4-hydroxy-3-methoxyphenyl) undeca-1,3,8,10-tetraene-5,7-dione-
BF, complex 3i

Black solid, Yield: 128 mg (45%); 'H NMR (500 MHz, DMSO-dq): & 3.84 (s, 6H), 6.43 (d,
J =14.8 Hz, 2H), 6.49 (s, 1H), 8.10 (d, | = 8.1 Hz, 2H), 6.97 (s, 2H), 7.07-7.30 (m, 12H), 7.77
(dd, ] = 11.2 Hz, ] = 15.8 Hz, 2H); 13C NMR (125 MHz, DMSO-dg): § 55.7, 110.8, 115.8,
122.3,123.2,124.5,127.5,127.6, 127.5, 127.6, 146.1, 147.9, 148.0, 149.5, 178.0. Anal. Calcd for
Cys5Hy3BF,Og: C, 64.13, H, 4.95. Found C, 64.15, H, 4.90.

3.2.4. Synthesis of Compound 4

Boron trioxide (0.69 g, 10.0 mmol) and acetylacetone (4.12 mL, 40 mmol) were dis-
solved in EtOAc (30 mL) and stirred at 50 °C for 30 min. To this mixture, tributyl borate
(5.4 mL, 20 mmol) and vanillin (1.52 g, 10 mmol) were added. After stirring for 15 min,
n-butylamine (0.73 mL, 10.0 mmol) solution in EtOAc (5 mL) was added dropwise. The
mixture was stirred at 50 °C for 24 h. Hydrochloric acid (30 mL, 1 M) was added and the
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mixture was stirred at 50 °C for 3 h. The mixture was extracted with ethyl acetate (3 x
30 mL). The combined organic extracts were washed with brine, dried with Na,SO, and
concentrated under vacuum. The crude product was purified by flash chromatography
(CHCI3) and then by recrystallization (CHCl3 and n-hexane).

(E)-6-(4-hydroxy-3-methoxyphenyl) hex-5-ene-2,4-dione 4 [47]

Pale yellow solid, Yield: 730 mg (35%); 'H NMR (500 MHz, DMSO-de): & 2.12 (s, 3H), 3.82
(s, 3H), 5.84 (s, 1H), 6.65 (d, ] = 15.8 Hz, 1H), 6.80 (d, | = 8.1 Hz, 1H), 7.11 (d, ] = 8.1 Hz, 1H),
7.29 (s, 1H), 7.49 (d, ] = 15.9 Hz, 1H), 9.61 (s, 1H); Anal. Calcd for C13H1404: C, 66.66, H,
6.02. Found C, 66.71, H, 5.97.

3.2.5. Synthesis of Compound 5

Boron trioxide (0.06 g, 0.085 mmol) and compound 4 (0.4 mL, 1.71 mmol) were
dissolved in EtOAc (15 mL) and stirred at 50 °C for 1 h. To this mixture, tributyl borate (0.46
mL, 1.71 mmol) and 4-hydroxybenzaldehyde (0.21 g, 1.71 mmol) were added. After stirring
for 1 h, n-butylamine (0.169 mL, 1.71 mmol) solution in EtOAc (5 mL) was added dropwise.
The mixture was stirred at 50 °C for 24 h. Hydrochloric acid (30 mL, 1 M) was added and
the mixture was stirred at 60 °C for 2 h. The mixture was extracted with ethyl acetate (3 x
30 mL). The combined organic extracts were washed with brine, dried with Na;SO4 and
concentrated under vacuum. The crude product was purified by recrystallization from
EtOAc and n-hexane and then by flash chromatography (MeOH/CHCls3 = 5/95).

(1E,6E)-1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl) hepta-1,6-diene-3,5-dione
5 [26]

Orange solid, Yield: 245 mg (42%); IH NMR (500 MHz, DMSO-dq): 5 3.83 (s, 3H), 6.04 (s,
1H), 6.70 (d, ] = 15.8 Hz, 1H), 6.75 (d, | = 15.8 Hz, 1H), 6.82 (m, 3H), 7.14 (d, ] = 7.8 Hz, 1H),
7.32 (s, 1H), 7.52-7.57 (m, 4H), 9.68 (br, 1H), 10.05 (br, 1H); Anal. Calcd for CyyH;30s: C,
71.00, H, 5.36. Found C, 70.91, H, 5.42.

3.2.6. Synthesis of Compounds 6a,b

To a solution of cyclohexanone (0.98 g, 10 mmol) in EtOH (40 mL), were added KOH
(1.12 g, 20 mmol) and furfural (1.92 g, 20 mmol) or 2-thiophenecarboxaldehyde (2.24 g,
20 mmol). The mixture was stirred at r.t. for 2 h. The yellow precipitate was filtered and
washed with water (x 3). The crude product was purified by recrystallization from EtOH.

(2E,6E)-2,6-bis (furan-2-ylmethylene)cyclohexan-1-one 6a [48]

Orange needles, Yield: 2.26 g (89%); 'H NMR (500 MHz, DMSO-dg): 5 1.81 (quintet, ] = 6.2
Hz, 2H), 2.95 (t, ] = 6.2 Hz, 4H), 6.69 (dd, ] = 1.8 Hz, | = 3.6 Hz, 2H), 6.95 (d, ] = 3.6 Hz, 2H),
7.40 (s, 2H), 7.92 (d, ] = 1.8 Hz, 2H); Anal. Calcd for C14H1403: C, 75.58, H, 5.55. Found C,
75.68, H, 5.49.

(2E,6E)-2,6-bis (thiophen-2-ylmethylene)cyclohexan-1-one 6b [48]

Yellow needles, Yield: 2.10 g (73%); 'H NMR (500 MHz, DMSO-dg): & 1.90 (quintet,
J=62Hz, 2H), 2.88 (t, ] = 6.2 Hz, 4H), 7.15 (dd, ] = 3.6 Hz, ] = 5.0 Hz, 2H), 7.60 (d,
] =3.6 Hz, 2H), 7.86 (s, 2H), 7.90 (d, ] = 5.0, 2H); Anal. Calcd for C;4H140S;,: C, 67.10, H,
4.93,5,22.39. Found C, 67.17, H, 4.99, S, 22.34.

3.2.7. Synthesis of Compounds 6c—e

To a solution of the appropriate aromatic aldehyde (20 mmol) in EtOH (10 mL), were
added acetone (0.73 mL, 10 mmol) and a dispersion of NaOH (5 g, 125 mmol) in EtOH
(40 mL). The mixture was stirred at r.t. for 3 h. Upon completion of the reaction, water (30
mL) was added and the precipitate was filtered, washed with water (x 3) and recrystallized
from EtOH.
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(1E,4E)-1,5-bis (4-methoxyphenyl) penta-1,4-dien-3-one 6c [49]

Light yellow needles, Yield: 1.84 mg (63%); H NMR (500 MHz, DMSO-d,): §; 3.82 (s, 6H),
7.02(d, ] =8.6 Hz,4H),7.19 (d, ] =15.8 Hz, 2H), 7.73 (d, ] = 15.8, 2H), 7.74 (d, | = 8.6 Hz,
4H); Anal. Calcd for C19H1503: C, 77.53, H, 6.16. Found C, 77.45, H, 6.14.

(1E 4AE)-1,5-bis (3,4-dimethoxyphenyl) penta-1,4-dien-3-one 6d [50]

Yellow neeedles, Yield: 2.84 mg (72%); IH NMR (500 MHz, DMSO-d): 6 3.82 (s, 6H), 3.84
(s, 6H), 7.03 (d, ] = 8.3 Hz, 2H), 7.23 (d, ] = 15.9 Hz, 2H), 7.33 (d, ] = 8.3 Hz, 2H), 7.41 (s,
2H), 7.70 (d, ] = 15.9 Hz, 2H); Anal. Calcd for C;H»Os: C, 71.17, H, 6.26. Found C, 71.11,
H, 6.31.

(1E,AE)-1,5-bis (3,4,5-trimethoxyphenyl) penta-1,4-dien-3-one 6e [51]

Yellow needles, Yield: 1.92 mg (46%); H NMR (500 MHz, DMSO-dg): 6 3.71 (s, 6H), 3.85
(s, 12H), 7.13 (s, 4H), 7.31 (d, ] = 16.0 Hz, 2H), 7.71 (d, ] = 16.0 Hz, 4H); Anal. Calcd for
C23H26072 C, 66.65, H, 6.32. Found C, 66.71, H, 6.27.

3.2.8. Synthesis of Compounds 6f-h

To a solution of vanillin (3.04g, 20 mmol) or 3,4-dihydroxybenzaldehyde (2.76 g,
20 mmol) in EtOH (3 mL), were added acetone (0.72 mL, 10 mmol) or cyclopentanone
(0.84 g and concentrated HCl (0.2 mL, 37%). The mixture was stirred at r.t. for 24 h. Upon
completion of the rection, the solvent was concentrated to a volume of 0.5 mL approximately
and the solution is added to ice-cold water. Aqueous KOH (1%) was added until pH 6-7
and the precipitate was filtered and washed with water (x2) and then with warm water
(~60 °C). The crude product is purified by recrystallization from EtOH and water.

(1E,4E)-1,5-bis (4-hydroxy-3-methoxyphenyl) penta-1,4-dien-3-one 6f [52]

Orange solid, Yield: 2.15 g (66%), I'H NMR (500 MHz, DMSO-dg): 3.85 (s, 6H), 6.83 (d,
J =82Hz, 2H), 7.15 (d, ] = 16.0 Hz, 2H), 7.20 (d, ] = 8.2 Hz, 2H), 7.37 (s, 2H), 7.65 (d, ] =
16.0 Hz, 2H), 9.65 (2H, s, OH); Anal. Calc. for C19H1gOs5: C 69.93, H 5.56. Found: C 69.82,
H 5.50.

(1E4AE)-1,5-bis (3,4-dihydroxyphenyl) penta-1,4-dien-3-one 6g [52]

Dark green solid, Yield: 1.45 g (49%); 'H NMR (500 MHz, DMSO-d): § 6.79 (d, ] = 8.2 Hz,
2H), 6.99 (d, ] = 16.0 Hz, 2H), 7.07 (d, ] = 8.2 Hz, 2H), 7.14 (s, 2H), 7.56 (d, ] = 16.0 Hz, 2H),
9.38 (br, 4H); Anal. Calcd for C17H1405: C, 68.45, H, 4.73. Found C, 68.38, H, 4.79.

2,5-bis ((E)-3,4-dihydroxybenzylidene) cyclopentan-1-one 6h [53]

Brown solid, Yield: 1.75 g (54%); H NMR (500 MHz, DMSO-d): 6 3.00 (s, 4H), 6.83 (d, ] =
8.2 Hz, 2H), 7.01 (d, ] = 8.2 Hz, 2H), 7.11 (s, 2H), 7.24 (d, 2H), 9.39 (brs, 4H); Anal. Calcd for
C19H160s5: C, 70.36, H, 4.97. Found C, 70.30, H, 5.06.

3.2.9. Synthesis of Compound 6i

Compound 6e (207 mg, 0.5 mmol) was dissolved in anhydrous DCM (10 mL) in a 50
mL two-necked round bottom flask under N;. The solution was cooled to —20 °C using
ice/NaCl bath. Boron tribromide (3.5 mmol) was injected carefully with a syringe. The
reaction mixture was stirred for 1 h at —20 °C, then for 1 h at 0 °C and then for 1 h at rt.
Upon completion of the reaction, ice-water mixture was poured into the reaction mixture
and the flask was shaken for a few minutes. The precipitated was filtered and washed with
small volumes of water (2 x 5mL).
(1E AE)-1,5-bis (3,4,5-trihydroxyphenyl) penta-1,4-dien-3-one 6i [52]
Dark green solid, Yield: 74 mg (45%); 'H NMR (500 MHz, DMSO-d): & 6.69 (s, 4H), 6.91
(d, ] = 8.4 Hz, 2H), 7.45 (d, ] = 8.4 Hz, 2H), 8.86 (br, 2H), 9.09 (br, 4H); Anal. Calcd for
C17H1407: C, 61.82, H, 4.27. Found C, 61.75, H, 4.33.
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3.2.10. Synthesis of Compound 7a

To a solution of the 3,4-dihydroxybenzaldehyde (1.38 g, 10 mmol) in EtOH (2 mL),
were added acetone (10 mL) and concentrated HCI (1 mL, 37%). The mixture was stirred at
r.t. for 24 h. Upon completion of the reaction, the solvent was concentrated to a volume
of 0.5 mL approximately and the solution is added to a small volume of ice-cold water.
Aqueous KOH (1%) was added until pH 6-7 and the precipitate was filtered and washed
with small amounts of water (2 x 3 mL).

(E)-4-(3,4-dihydroxyphenyl) but-3-en-2-one 7a [54]

Yellow solid, Yield: 1.18 g (66%); 'H NMR (500 MHz, DMSO-de): & 2.27 (s, 3H), 6.48
(d,J=16.4Hz, 1H), 6.77 (d, ] = 8.2 Hz, 1H), 7.01 (dd, ] = 1.5 Hz, | = 8.2 Hz, 1H), 7.06 (d,
J=15Hz, 1H), 7.45 (d, ] = 16.4 Hz, 1H), 9.37 (s, 1H, OH); Anal. Calcd for C19H;¢O3: C,
67.41, H, 5.66. Found C, 67.46, H, 5.60.

3.2.11. Synthesis of Compound 7b

A solution of 3,4,5-trimethoxybenzaldehyde (1.96 g, 10 mmol) and NaOH 1 M (1 mL,
1 mmol) in acetone (30 mL) is stirred at r.t. for 24 h. The solution was concentrated to a
volume of 10 mL and water (30 mLO was added). The formed brown oil was separated
from the aqueous solution and after drying under vacuum, it was purified by flash chro-
matography (CHCl3). An appropriate quantity of the resulting off-white solid (118 mg, 0.5
mmol) was dissolved in anhydrous DCM (10 mL) in a 50 mL two-necked round bottom
flask under Nj. The solution was cooled to —20 °C using ice/NaCl bath. Boron tribromide
(2.0 mmol) was injected carefully with a syringe. The reaction mixture was stirred for 1
h at —20 °C, then for 1 h at 0 °C and then for 1 h at rt. Upon completion of the reaction,
ice-water mixture was poured into the reaction mixture and the flask was shaken for a
few minutes. The crude product was extracted with EtOAc (x3). The organic solvent was
evaporated under vacuum and the oily product was purified by flash chromatography
(DCM/MeOH = 95:5).

(E)-4-(3,4,5-trihydroxyphenyl) but-3-en-2-one 7b [52]

Yellow solid, Yield: 52 mg (54% calculated from 3,4,5-trimethoxy intermediate); 'H NMR
(500 MHz, DMSO-dg): 6 2.27 (s, 3H), 6.38 (d, ] = 16.2 Hz, 1H), 6.61 (s, 2H), 7.36 (d, | = 16.2
Hz, 1H), 8.95 (br, 3H); Anal. Calcd for C19H1(O4: C, 61.85, H, 5.19. Found C, 61.89, H, 5.12.

3.3. Larvicidal Evaluation
3.3.1. Mosquito Rearing

Mosquito larvae were obtained from laboratory colonies of Ae. albopictus and Cx.
p. biotype molestus, which were maintained at 25 £ 2 °C, 80% relative humidity and
photoperiod of LD 16:8h in the laboratory of Benaki Phytopathological Institute, Kifissia,
Greece. Wood-framed cages (33 x 33 x 33 cm®) covered by a 32 x 32 mesh were used
to keep adult mosquitoes of each species separately, ensuring easy access to 10% sucrose
solution through a cotton wick. They have not been treated with any product prior to the
tests to avoid establishment of resistance.

Aedes albopictus females were chicken blood fed by using the Hemotek membrane
feeding system (Hemotek). Larvae were reared in tap water-filled cylindrical enamel pans
and fed ad libitum with powdered fish food (JBL Novo Tom 10% Artemia) until the adults
emerged. Plastic beakers with 100 mL water and strips of moistened filter paper were
provided in the cage for oviposition. The eggs were kept wet for a few days and then
placed in the pans for hatching.

Culex pipiens biotype molestus females were not blood-fed since this biotype is an
autogenous biotype, i.e., female mosquitoes are able to produce their first egg-batch
without a blood meal. Mosquito larvae were reared in tap-water-filled cylindrical enamel
pans and were fed ad libitum with powdered fish food (JBL Novo Tom 10% Artemia).
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Cages containing Cx. p. biotype molestus adults were provided with containers filled with
tap water for oviposition [55,56].

3.3.2. Larvicidal Bioassays

The larval mortality bioassays were carried out according to the test method of larval
susceptibility as suggested by the World Health Organization [56] with modifications.
Stock solutions of 10% (w/v) in dimethyl sulfoxide (DMSO) were prepared for each testing
material. Twenty late-third- to early-fourth-instar mosquito larvae of Ae. albopictus and Cx.
pipiens were exposed to different doses of the tested materials, expressed as ppm (mg/L),
under laboratory conditions. Four replicates per dose were made and treatments with only
tap water and 2% water solution of DMSO were included in each bioassay as control. The
number of dead larvae was recorded after 24 h of exposure and the respective mortality
percentage calculated.

All compounds were initially tested at 20 ppm. For compounds exhibiting mortality
>10% after 24 h, various concentrations were used for larvicidal activity assessment,
leading to a dose-response curve to determine their respective LCsp and LCqg values. For
compounds with mortality percentages <10% after 24 h, only the % mortality at 20 ppm
was recorded [55-57].

3.3.3. Data Analysis

Data obtained from each dose-larvicidal bioassay (total mortality per milligram
per liter of concentration in water) were subjected to probit analysis in which probit-
transformed mortality was regressed against log10-transformed dose; LCsg, LCqg values
and slopes were generated. All analyses were conducted using the statistical package SPSS
14.0 [58].

3.4. In Silico Molecular Properties and Descriptors Predictions

The cheminformatics program Canvas [59] of Schrodinger software was utilized to
generate molecular descriptors and properties for the synthesized compounds. Particularly,
Canvas computes a wide range of properties, including Topological, Physicochemical and
Ligfilter descriptors. In total, more than 100 descriptors were calculated for all the examined
compounds. Their values were used in an effort to compare the relationship between their
experimental repellent activity and their descriptors profile. For this scope, all synthesized
compounds were sketched in 2D form and then were subjected to energy minimization with
OPLS2005 force field, using MacroModel program [60]. Minimization was performed with
Powell-Reeves Conjugate Gradient (PRCG) method, using 1000 iterations and convergence
threshold of 0.001 kcal/mol A.

Supplementary Materials: Supplementary Materials can be found at https://www.mdpi.com/
article/10.3390/ijms22168915/s1.

Author Contributions: Conceptualization, M.S. and A.M.; methodology, P.G.V.L., D.PP, G.B., D.M.
and N.T,; data curation, PG.V.L.,, D.PP, G.B.,, DM,, N.T,, EK. and P.Z,; writing—original draft
preparation, AM., M.S.,, DM., N.T.,, PG.V.L,, EK,; writing—review and editing, A.M., M.S., D.P.P.
and P.Z.; supervision, M.S. and A.M.; project administration, A.M.; funding acquisition, A.M., M.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research is co-financed by Greece and the European Union (European Social Fund—
ESF) through the Operational Programme «Human Resources Development, Education and Lifelong
Learning 2014-2020» in the context of the project “Monocarbonyl curcumin derivatives as larvicidal
agents against Culex pipiens” (Support for researchers with emphasis on young researchers, EDULL-
103, MIS 5050593).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/ijms22168915/s1
https://www.mdpi.com/article/10.3390/ijms22168915/s1

Int. J. Mol. Sci. 2021, 22, 8915 17 of 19

Data Availability Statement: The data presented in this study are available in the supplementary
information file.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

U.S. Department of Health and Human Services: Centers for Disease Control and Prevention (CDC). Illnesses on the Rise:
From Mosquito, Tick and Flea Bites. Available online: https://www.cdc.gov/vitalsigns/vector-borne/index.html (accessed on
10 June 2021).

Gascon, ].; Bern, C.; Pinazo, M.]. Chagas disease in Spain, the United States and other non-endemic countries. Acta Trop. 2010,
115, 22-27. [CrossRef]

Reiter, P.; Sprenger, D. The used tire trade: A mechanism for the worldwide dispersal of container breeding mosquitoes. J. Am.
Mosq. Control. Assoc. 1987, 3, 494-501.

World Health Organization: Dengue and Severe Dengue. Available online: https://www.who.int/news-room/fact-sheets/
detail /dengue-and-severe-dengue (accessed on 10 June 2021).

European Centre for Disease Prevention and Control: Zika Virus Disease. Available online: https://www.ecdc.europa.eu/en/
zika-virus-disease (accessed on 10 June 2021).

World Health Organization: West Nile Virus. Available online: https://www.who.int/news-room/fact-sheets/detail /west-nile-
virus (accessed on 10 June 2021).

Franklinos, L.H.V.; Jones, K.E.; Redding, D.W.; Abubakar, I. The effect of global change on mosquito-borne disease. Lancet Infect.
Dis. 2019, 19, €302—e312. [CrossRef]

Bellini, R.; Michaelakis, A.; Petri¢, D.; Schaffner, F.; Alten, B.; Angelini, P.; Aranda, C.; Becker, N.; Carrieri, M.; di Luca, M.; et al.
Practical management plan for invasive mosquito species in Europe: 1. Asian tiger mosquito (Aedes albopictus). Travel Med. Infect.
Dis. 2020, 35, 101691. [CrossRef]

Stefopoulou, A.; LaDeau, S.L.; Syrigou, N.; Balatsos, G.; Karras, V.; Lytra, I.; Boukouvala, E.; Papachristos, D.P.; Milonas, P.G.;
Kapranas, A.; et al. Knowledge, attitude and practices survey in greece before the implementation of sterile insect technique
against Aedes albopictus. Insects 2021, 12, 212. [CrossRef]

Manica, M.; Cobre, P; Rosa, R.; Caputo, B. Not in my backyard: Effectiveness of outdoor residual spraying from hand-held
sprayers against the mosquito Aedes albopictus in Rome, Italy. Pest Manag. Sci. 2017, 73, 138-145. [CrossRef]

Vinogradova, E.B. Culex pipiens Pipiens Mosquitoes: Taxonomy, Distribution, Ecology, Physiology, Genetics, Applied Importance and
Control; Pensoft: Sofia, Bulgaria, 2000.

Barr, A.R. The distribution of Culex p. pipiens and Culex p. quinquefasciatus in North America. Am. . Trop. Med. Hyg. 1957, 6,
153-165. [CrossRef]

European Centre for Disease Prevention and Control: Culex pipiens Group—Current Known Distribution: March 2021. Avail-
able online: https:/ /www.ecdc.europa.eu/en/publications-data/culex-pipiens-group-current-known-distribution-march-2021
(accessed on 10 June 2021).

Oliva, C.F; Benedict, M.Q.; Collins, C.M.; Baldet, T.; Bellini, R.; Bossin, H.; Bouyer, J.; Corbel, V.; Facchinelli, L.; Fouque, E,; et al.
Sterile Insect Technique (SIT) against Aedes species mosquitoes: A roadmap and good practice framework for designing,
implementing and evaluating pilot field trials. Insects 2021, 12, 191. [CrossRef]

Marcombe, S.; Farajollahi, A.; Healy, S.P.; Clark, G.G.; Fonseca, D.M. Insecticide resistance status of United States populations of
Aedes albopictus and mechanisms involved. PLoS ONE 2014, 9, e101992. [CrossRef]

Bedini, S.; Flamini, G.; Ascrizzi, R.; Venturi, F.; Bader, A.; Girardi, J.; Conti, B. Essential oils sensory quality and their bioactivity
against the mosquito Aedes albopictus. Sci. Rep. 2018, 8, 17857. [CrossRef]

Li, M.-X;; Ma, Y.-P; Zhang, H.-X_; Sun, H.-Z.; Su, H.-H.; Pei, S.-].; Du, Z.-Z. Repellent, larvicidal and adulticidal activities of
essential oil from Dai medicinal plant Zingiber cassumunar against Aedes albopictus. Plant Divers. 2020, 2. [CrossRef]

Zhu, J.; Zeng, X.; O'neal, M.; Schultz, G.; Tucker, B.; Coats, J.; Bartholomay, L.; Xue, R.-D. Mosquito larvicidal activity of
botanical-based mosquito repellents. . Am. Mosq. Control Assoc. 2008, 24, 161-168. [CrossRef]

Kishore, N.; Mishra, B.B.; Tiwari, V.K; Tripathi, V.; Lall, N. Natural products as leads to potential mosquitocides. Phytochem. Rev.
2014, 13, 587-627. [CrossRef]

Khattak, S.; ur-Rehman, S.; Shah, H.U.; Ahmad, W.; Ahmad, M. Biological effects of indigenous medicinal plants Curcuma longa
and Alpinia galanga. Fitoterapia 2005, 76, 254-257. [CrossRef] [PubMed]

Ajaiyeoba, E.O.; Sama, W.; Essien, E.E.; Olayemi, J.O.; Ekundayo, O.; Walker, T.M.; Setzer, W.N. Larvicidal activity of turmerone-
rich essential oils of Curcuma longa. Leaf and rhizome from Nigeria on Anopheles gambiae. Pharm. Biol. 2008, 46, 279-282.
[CrossRef]

Lacoma, A.; Garcia-Sierra, N.; Prat, C.; Ruiz-Manzano, J.; Haba, L.; Rosés, S.; Dominguez, J. Synergistic mosquito-repellent
activity of Curcuma longa, Pogostemon heyneanus and Zanthoxylum limonella essential oils. J. Infect. Public Health 2015, 8, 323-328.
[CrossRef]

Madhu, S.K.; Shaukath, A.K; Vijayan, V.A. Efficacy of bioactive compounds from Curcuma aromatica against mosquito larvae.
Acta Trop. 2010, 113, 7-11. [CrossRef]


https://www.cdc.gov/vitalsigns/vector-borne/index.html
http://doi.org/10.1016/j.actatropica.2009.07.019
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://www.ecdc.europa.eu/en/zika-virus-disease
https://www.ecdc.europa.eu/en/zika-virus-disease
https://www.who.int/news-room/fact-sheets/detail/west-nile-virus
https://www.who.int/news-room/fact-sheets/detail/west-nile-virus
http://doi.org/10.1016/S1473-3099(19)30161-6
http://doi.org/10.1016/j.tmaid.2020.101691
http://doi.org/10.3390/insects12030212
http://doi.org/10.1002/ps.4315
http://doi.org/10.4269/ajtmh.1957.6.153
https://www.ecdc.europa.eu/en/publications-data/culex-pipiens-group-current-known-distribution-march-2021
http://doi.org/10.3390/insects12030191
http://doi.org/10.1371/journal.pone.0101992
http://doi.org/10.1038/s41598-018-36158-w
http://doi.org/10.1016/j.pld.2020.11.008
http://doi.org/10.2987/8756-971X(2008)24[161:MLAOBM]2.0.CO;2
http://doi.org/10.1007/s11101-013-9316-2
http://doi.org/10.1016/j.fitote.2004.12.012
http://www.ncbi.nlm.nih.gov/pubmed/15810156
http://doi.org/10.1080/13880200701741138
http://doi.org/10.1016/j.jiph.2015.02.005
http://doi.org/10.1016/j.actatropica.2009.08.023

Int. J. Mol. Sci. 2021, 22, 8915 18 of 19

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Singha, S.; Chandra, G. Mosquito larvicidal activity of some common spices and vegetable waste on Culex quinquefasciatus and
Anopheles stephensi. Asian Pac. |. Trop. Med. 2011, 4, 288-293. [CrossRef]

Liu, ].; Zhang, M.; Fu, W.-].; Hu, J.-F; Dai, G.-H. Efficacy of bioactive compounds from Curcuma longa L. against mosquito larvae.
J. Appl. Entomol. 2018, 142, 1-8. [CrossRef]

Sagnou, M.; Mitsopoulou, K.P,; Koliopoulos, G.; Pelecanou, M.; Couladouros, E.A.; Michaelakis, A. Evaluation of naturally
occurring curcuminoids and related compounds against mosquito larvae. Acta Trop. 2012, 123, 190-195. [CrossRef]

Shaalan, E.A.; Canyon, D.; Younes, M.W.; Abdel-Wahab, H.; Mansour, A.H. A review of botanical phytochemicals with
mosquitocidal potential. Environ. Int. 2005, 31, 1149-1166. [CrossRef]

Larson, R.T.; Wessely, V.; Jiang, Z.; Lan, Q. Larvicidal activity of sterol carrier protein-2 inhibitor in four species of mosquitoes.
J. Med. Entomol. 2008, 45, 439-444. [CrossRef]

Chellasamy, P.; Kadarkarai, M.; Kalimuthu, K.; Mahesh, K.P. Mosquito larvicidal, pupicidal, adulticidal, and repellent activity
of Artemisia nilagirica (Family: Compositae) against Anopheles stephensi and Aedes aegypti. Parasitol. Res. 2012, 111, 2241-2251.
[CrossRef]

Perumalsamy, H.; Jang, M.].; Kim, J.R.; Kadarkarai, M.; Ahn, Y.-]. Larvicidal activity and possible mode of action of four flavonoids
and two fatty acids identified in Millettia pinnata seed toward three mosquito species. Parasites Vectors 2015, 8, 237. [CrossRef]
Singh, A ; Singh, ].V.; Rana, A.; Bhagat, K; Gulati, H.V.; Kumar, R.; Salwan, R.; Bhagat, K.; Kaur, G.; Singh, N.; et al. Monocarbonyl
curcumin-based molecular hybrids as potent antibacterial agents. ACS Omega 2019, 4, 11673-11684. [CrossRef]

Wiggers, H.].; Zaioncz, S.; Cheleski, J.; Mainardes, R.M.; Khalil, N.M. Chapter 7-Curcumin, a multitarget phytochemical:
Challenges and perspectives. Stud. Nat. Prod. Chem. 2017, 53, 243-276. [CrossRef]

Hotsumi, M.; Tajiri, M.; Nikaido, Y.; Sato, T.; Makabe, K.; Konno, H. Design, synthesis, and evaluation of a water soluble
C5-monoketone type curcumin analogue as a potent amyloid (3 aggregation inhibitor. Bioorg. Med. Chem. Lett. 2019, 29, 2157-2161.
[CrossRef] [PubMed]

Qudjani, E.; Iman, M.; Davood, A.; Ramandi, M.F; Shafiee, A. Design and synthesis of curcumin-like diarylpentanoid analogues
as potential anticancer agents. Recent Pat. Anticancer Drug Discov. 2016, 11, 342-351. [CrossRef] [PubMed]

Anstrom, D.M.; Zhou, X,; Kalk, C.N.; Song, B.; Lan, Q. Mosquitocidal properties of natural product compounds isolated from
Chinese herbs and synthetic analogs of curcumin. J. Med. Entomol. 2012, 49, 350-355. [CrossRef] [PubMed]

Targanski, S.K.; Sousa, ].R.; de Paddua, G.M.; de Sousa, ].M.; Vieira, L.C.; Soares, M.A. Larvicidal activity of substituted chalcones
against Aedes aegypti (Diptera: Culicidae) and non-target organisms. Pest Manag. Sci. 2021, 77, 325-334. [CrossRef] [PubMed]
Begum, N.A.; Roy, N.; Laskar, R.A.; Roy, K. Mosquito larvicidal studies of some chalcone analogues and their derived products:
Structure—activity relationship analysis. Med. Chem. Res. 2011, 20, 184-191. [CrossRef]

Lee, S.-H.; Choi, ].Y.; Lee, B.R.; Fang, Y.; Kim, ].H.; Park, D.H.; Park, M.G.; Woo, RM.; Kim, W.].; Je, Y.H. Insect growth regulatory
and larvicidal activity of chalcones against Aedes albopictus. Entomol. Res. 2018, 48, 55-59. [CrossRef]

Arshia, H.; Yee, L.S.; Lim, C.W.,; Sofian, A.M.; Sanghiran, L.V.; Khalijah, A. Inhibition and larvicidal activity of phenylpropanoids
from piper sarmentosum on acetylcholinesterase against mosquito vectors and their binding mode of interaction. PLoS ONE
2016, 11, e0155265.

Liu, J.; Fernandez, D.; Gao, Y,; Silvie, P; Gao, Y.; Dai, G. Enzymology, histological and ultrastructural effects of ar-turmerone on
Culex pipiens pallens larvae. Insects 2020, 11, 336. [CrossRef] [PubMed]

Mazumder, A.; Neamati, N.; Sunder, S.; Schulz, J.; Pertz, H.; Eich, E.; Pommier, Y. Curcumin analogs with altered potencies
against HIV-1 integrase as probes for biochemical mechanisms of drug action. . Med. Chem. 1997, 40, 3057-3063. [CrossRef]
Laali, KK.; Greves, W.J.; Correa-Smits, S.J.; Zwarycz, A.T.; Bunge, S.D.; Borosky, G.L.; Manna, A.; Paulus, A.; Chanan-Khan,
A. Novel fluorinated curcuminoids and their pyrazole and isoxazole derivatives: Synthesis, structural studies, Computa-
tional /Docking and in-vitro bioassay. J. Fluor. Chem. 2018, 206, 82-98. [CrossRef]

Kazantzis, K.T.; Koutsonikoli, K.; Mavroidi, B.; Zachariadis, M.; Alexiou, P.; Pelecanou, M.; Politopoulos, K.; Alexandratou, E.;
Sagnou, M. Curcumin derivatives as photosensitizers in photodynamic therapy: Photophysical properties and in vitro studies
with prostate cancer cells. Photochem. Photobiol. Sci. 2020, 19, 193-206. [CrossRef]

Lin, L.; Nyarko, A.K,; Bastow, K.F.; Wu, C.-C.; Su, C.-Y;; Shih, C.C.-Y,; Lee, K.-H. Antitumor agents. 250. Design and synthesis of
new curcumin analogues as potential anti-prostate cancer agents. J. Med. Chem. 2006, 49, 3963-3972. [CrossRef]

Dong, H.-H.; Wang, Y.-H.; Peng, X.-M.; Zhou, H.-Y,; Zhao, F; Jiang, Y.-Y,; Zhang, D.-Z,; Jin, Y.-S. Synergistic antifungal effects of
curcumin derivatives as fungal biofilm inhibitors with fluconazole. Chem. Biol. Drug Des. 2021, 97, 1079-1088. [CrossRef]

Liu, K.; Chen, J.; Chojnacki, J.; Zhang, S. BF3-OEt,-promoted concise synthesis of difluoroboron-derivatized curcumins from
aldehydes and 2,4-pentanedione. Tetrahedron Lett. 2013, 54, 2070-2073. [CrossRef]

Feng, J.-Y,; Liu, Z.-Q. Feruloylacetone as the model compound of half-curcumin: Synthesis and antioxidant properties. Eur. ].
Med. Chem. 2011, 46, 1198-1206. [CrossRef]

Kar, S.; Ramamoorthy, G.; Sinha, S.; Ramanan, M.; Pola, J.K.; Golakoti, N.R.; Nanubolu, J.B.; Sahoo, S.K.; Dandamudi, R.B.;
Doble, M. Synthesis of diarylidenecyclohexanone derivatives as potential anti-inflammatory leads against COX-2/mPGES1 and
5-LOX. New J. Chem. 2019, 43, 9012-9020. [CrossRef]

Youssef, K.M.; El-Sherbeny, M.A.; El-Shafie, F.S.; Farag, H.A.; Al-Deeb, O.A.; Awadalla, S.A.A. Synthesis of curcumin analogues
as potential antioxidant, cancer chemopreventive agents. Arch. Pharm. 2004, 337, 42-54. [CrossRef]


http://doi.org/10.1016/S1995-7645(11)60088-6
http://doi.org/10.1111/jen.12527
http://doi.org/10.1016/j.actatropica.2012.05.006
http://doi.org/10.1016/j.envint.2005.03.003
http://doi.org/10.1603/0022-2585(2008)45[439:LAOSCP]2.0.CO;2
http://doi.org/10.1007/s00436-012-3073-9
http://doi.org/10.1186/s13071-015-0848-8
http://doi.org/10.1021/acsomega.9b01109
http://doi.org/10.1016/B978-0-444-63930-1.00007-7
http://doi.org/10.1016/j.bmcl.2019.06.052
http://www.ncbi.nlm.nih.gov/pubmed/31262559
http://doi.org/10.2174/1574892811666160420141613
http://www.ncbi.nlm.nih.gov/pubmed/27094172
http://doi.org/10.1603/ME11117
http://www.ncbi.nlm.nih.gov/pubmed/22493854
http://doi.org/10.1002/ps.6021
http://www.ncbi.nlm.nih.gov/pubmed/32729190
http://doi.org/10.1007/s00044-010-9305-6
http://doi.org/10.1111/1748-5967.12288
http://doi.org/10.3390/insects11060336
http://www.ncbi.nlm.nih.gov/pubmed/32486189
http://doi.org/10.1021/jm970190x
http://doi.org/10.1016/j.jfluchem.2017.11.013
http://doi.org/10.1039/C9PP00375D
http://doi.org/10.1021/jm051043z
http://doi.org/10.1111/cbdd.13827
http://doi.org/10.1016/j.tetlet.2013.02.015
http://doi.org/10.1016/j.ejmech.2011.01.039
http://doi.org/10.1039/C9NJ00726A
http://doi.org/10.1002/ardp.200300763

Int. J. Mol. Sci. 2021, 22, 8915 19 of 19

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

Matiadis, D.; Mavroidi, B.; Panagiotopoulou, A.; Methenitis, C.; Pelecanou, M.; Sagnou, M. (E)-(1-(4-Ethoxycarbonylphenyl)-5-
(3,4-dimethoxyphenyl)-3-(3,4-dimethoxystyryl)-2-pyrazoline: Synthesis, characterization, DNA-interaction, and evaluation of
activity against drug-resistant cell lines. Molbank 2020, 2020, M1114. [CrossRef]

Yamakoshi, H.; Ohori, H.; Kudo, C.; Sato, A.; Kanoh, N.; Ishioka, C.; Shibata, H.; Iwabuchi, Y. Structure-activity relationship of
Cs-curcuminoids and synthesis of their molecular probes thereof. Bioorg. Med. Chem. 2010, 18, 1083-1092. [CrossRef]

Matiadis, D.; Ng, S.-T.; Chen, E.H.-L.; Nigianni, G.; Vidali, V.P.; Canko, A.; Chen, R.P-Y.; Sagnou, M. Synthesis and biological
evaluation of hydroxylated monocarbonyl curcumin derivatives as potential inducers of neprilysin activity. Biomedicines 2021, 9,
955. [CrossRef]

Du, Z.-Y,; Liu, R-R.; Shao, W.-Y;; Mao, Z.-P.; Ma, L.; Gu, L.-P,; Huang, Z.-S.; Chan, A.S.C. «-Glucosidase inhibition of natural
curcuminoids and curcumin analogues. Eur. J. Med. Chem. 2006, 41, 213-218. [CrossRef]

Chao, W,; Deng, ].-S.; Li, P-Y,; Liang, Y.-C.; Huang, G.-J. 3,4-Dihydroxybenzalactone suppresses human non-small cell lung
carcinoma cells metastasis via suppression of epithelial to mesenchymal transition, ROS-mediated PI3K/AKT/MAPK/MMP and
NF«B signaling pathways. Molecules 2017, 22, 537. [CrossRef]

Giatropoulos, A.; Papachristos, D.P; Kimbaris, A.; Koliopoulos, G.; Polissiou, M.G.; Emmanouel, N.; Michaelakis, A. Evaluation
of bioefficacy of three Citrus essential oils against the dengue vector Aedes albopictus (Diptera: Culicidae) in correlation to their
components enantiomeric distribution. Parasitol. Res. 2012, 111, 2253-2263. [CrossRef]

Theochari, I.; Giatropoulos, A.; Papadimitriou, V.; Karras, V.; Balatsos, G.; Papachristos, D.; Michaelakis, A. Physicochemical
characteristics of four limonene-based nanoemulsions and their larvicidal properties against two mosquito species, Aedes albopictus
and Culex pipiens molestus. Insects 2020, 11, 740. [CrossRef] [PubMed]

World Health Organization: Guidelines for Laboratory and Field Testing of Mosquito Larvicides. Available online: https:
/ /apps.who.int/iris/handle/10665/69101 (accessed on 10 June 2021).

SPSS Inc. SPSS 14 for Windows Users Guide; SPSS Inc.: Chicago, IL, USA, 2004.

Schrodinger LLC. Schrodinger Release 2020-3: Canvas; Schrodinger, LLC: New York, NY, USA, 2020.

Schrodinger LLC. Schrodinger Release 2020-3: MacroModel; Schrodinger, LLC: New York, NY, USA, 2020.


http://doi.org/10.3390/M1114
http://doi.org/10.1016/j.bmc.2009.12.045
http://doi.org/10.3390/biomedicines9080955
http://doi.org/10.1016/j.ejmech.2005.10.012
http://doi.org/10.3390/molecules22040537
http://doi.org/10.1007/s00436-012-3074-8
http://doi.org/10.3390/insects11110740
http://www.ncbi.nlm.nih.gov/pubmed/33126682
https://apps.who.int/iris/handle/10665/69101
https://apps.who.int/iris/handle/10665/69101

	Introduction 
	Results and Discussion 
	Synthesis 
	Larvicidal Activity 
	Calculations of Molecular Descriptors 

	Methods and Materials 
	General 
	Synthesis 
	Synthesis of Compounds 1a–i 
	Synthesis of Compound 2 
	Synthesis of Compounds 3f–i 
	Synthesis of Compound 4 
	Synthesis of Compound 5 
	Synthesis of Compounds 6a,b 
	Synthesis of Compounds 6c–e 
	Synthesis of Compounds 6f–h 
	Synthesis of Compound 6i 
	Synthesis of Compound 7a 
	Synthesis of Compound 7b 

	Larvicidal Evaluation 
	Mosquito Rearing 
	Larvicidal Bioassays 
	Data Analysis 

	In Silico Molecular Properties and Descriptors Predictions 

	References

