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Abstract: The synthesis of new insecticidal gem-dimethyspiro-cyclopropanes derived from pyrrolidine-
2,3-dione have been described, and their biological effect against different insect species has been
evaluated. The presented results demonstrate the excellent insecticidal activity of cyclopropane 5¢
against Aedes aegypti and Musca domestica. Cyclopropane 5¢ showed the quickest knockdown and
the best killing against Aedes aegypti and Musca domestica compared to trans-chrysanthemic acid and
pyrethrin. The biological results of the high insecticidal activity were confirmed by the results of
docking. This is evident in the binding affinity obtained for cyclopropane 5¢, indicating good binding
with an important active amino acid residue of the 5FT3 protein.
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1. Introduction

Cyclopropanes are one of the best-known strained rings, having attracted the attention
of major researchers for over a century due to their powerful and unique reactivity. They
not only exist in many natural products [1-4], but have also been frequently used in many
disciplines such as organic synthesis, materials science and biology and as building blocks
for general-purpose materials. During the last decade, much research has been carried
out to advance original regio-chemo and stereoselective approaches for the preparation
and conversions of cyclopropane derivatives [5-10]. This research has generated consid-
erable interest since fragments of cyclopropane are present in the structures of numerous
biologically active substances, such as anticancer, antibiotics and antimycotic arrange-
ments, regulators of plant development and maturation of fruits and insecticides [11,12].
Chrysanthemic acid and pyrethrins, insecticides isolated from the flower Chrysanthemum
cinerariaefolium, are traditionally cited as examples of natural bioactive cyclopropanes.
Their 2-vinylcyclopropanecarboxylic structural unit has been a good source of inspiration
for the development of other synthetic cyclopropane insecticides for phytopharmaceutical
use, such as deltamethrin (Roussel-Uclaf) (Figure 1) [13-15].
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Figure 1. Structures of the most active cyclopropane derivatives.

The application of spiro-cyclopropane structures in drug discovery has seen a dramatic
increase in attention in recent years, alongside major developments in their synthetic chem-
istry [16]. Various biological activities have also been described for spiro-cyclopropane
derivatives, such as anti-inflammatory and cytotoxic activity [17]. The consideration of com-
pounds that include this structure has not been limited to molecules of synthetic origin but
rather has been focused on natural products because this functionality has been described
in numerous naturally occurring compounds. In the case of spiro-cyclopropanes destined
for heterocycles, there are few reports of biological activity, especially the cyclopropane
derivatives, which have been used as fungicides, pesticides and insecticides [18,19].

Photochemical diazotization of 1-pyrazoline derivatives is a widely used process in or-
ganic preparation to synthesize cyclopropane derivatives [20,21]. Pyrazoline derivatives are
presently formed by 1,3-dipolar cycloaddition reactions of diazoalkanes to electron-deficient
alkenes [22-25]. The current work describes the synthesis of spiro-cyclopropane derivatives
via the photolysis of pyrazolines obtained by the cycloaddition of diazopropane with (E)-4-
arylidene-pyrrolidine-2,3-dione derivatives. This reaction is based on the cycloaddition of
diazopropane, generated in the initial oxidative addition step with iodosylbenzene.

2. Results and Discussion
2.1. Synthesis of New Spiro-Cyclopropane

The starting materials 1 was prepared by condensing acetone azine with hydrazine [26],
and (E)-4-benzylidene-1-phenylpyrrolidine-2,3-dione derivatives 3a—d were synthesized
by the reaction between 1-arylpyrrolidine-2,3-diones and aldehydes, as described in the
literature [27-30]. Diazopropane 2 was prepared in situ by oxidizing acetone azine using
iodosylbenzene according to the literature procedure [31]. 1,3-dipolar cycloadditions of
2-diazopropane 2 to (E)-4-benzylidene-1-phenylpyrrolidine-2,3-dione derivatives 3a-d
readily occur in dichloromethane at —40 °C. The reaction medium is left stirring for one
hour at this temperature, then brought back to 0 °C gradually in a cryostat (Scheme 1) [32].
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Scheme 1. Synthesis and evolution of spiro pyrazole derivatives by cycloaddition of (E)-4-arylidene-
pyrrolidine-2,3-dione derivatives with 2-diazopropane prepared by oxidizing with iodosylbenzene.

The 1,3-dipoar cycloaddition of 2-diazopropane is, in each case, regiospecific. The
chemical shifts of C5 (99.4 to 99.7 ppm) are in excellent agreement with those usually
obtained when this quaternary carbon is attached to the nitrogen atom [25]. The FT-IR
spectra of all the synthesized pyrazolines 4a—d showed absorption bands in the range
of 1525-1530 cm ™! for the azo group (N=N). The formation of the five-membered ring
cycle was confirmed by the presence of two methylene protons for the pyrazoline ring.
The chemical shifts of two methylene protons of the compounds 4a—d were observed
between 1.26 and 129 ppm and 1.72-1.79 ppm. One prominent doublet 6 = 2.90-3.25 ppm,
] = 18.3 Hz appeared in the 'H-NMR spectra of pyrazolines 4a-d, which corresponds to
the hydrogen atoms H-9. The chemical shifts of the singlet corresponding to the hydrogen
atom H-4 appeared at 3.54-3.59 ppm. The chemical shifts of the aromatic protons were
found between 6.87 and 7.50 ppm. The 3C-NMR of pyrazolines 4a—d revealed carbonyl
carbon peaks at 114.2-160.1 ppm. Aromatic carbon atom chemical shifts appeared in the
range of 73.1-200.9 ppm. Under stationary irradiations, pyrazolines 4a—d yield the discount
cyclopropanes 5a—-d. Pyrazoline solutions contained in Pyrex reactors were irradiated with
a high-pressure mercury lamp (125 W). The formation of spiro-cyclopropanes 5a—d was
confirmed by '*C-NMR. The C-3 spiranic carbon chemical shifts of compounds 5a-d were
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observed between 34.0 and 34.3 ppm, confirming that the carbon is not attached to the
nitrogen atom. In all cases, we used benzophenone as a sensitizer and dichloromethane as
the solvent. Yields were excellent for the breakdown of all pyrazolines (Scheme 1) [25,31].

2.2. Biological Activity

The preliminary screening is shown in Table 1. As presented, a number of four spiro-
cyclopropanes derivatives were tested against Aedes aegypti using acetone as solvent at
different concentrations (0.01, 0.005 and 0.001%) and compared to trans-chrysanthemic
acid and pyrethrin. Cyclopropane derivatives 5a—d exhibit a knockdown and killing effect
similar to or even superior to that of trans-chrysanthemic acid and pyrethrin (Table 1).

Table 1. Effects of cyclopropanes 5a—d, trans-chrysanthemic acid and pyrethrin at contact action
against Aedes aegypti at three concentrations.

Number of Mosquitoes that Fell on the Ground

Products Concentration 1 min 10 min 30 min 60 min M(lizﬁlilzsz:: f]?eerazi h
Acetone n/a 8.3 0.3 0 0 0.6
0.001 7.6 8.3 10 10 9.3
Trans-chrysanthemic acid 0.005 3 93 10 10 10

(Reference)

0.01 9.3 10 10 10 10
0.001 8.3 8.9 10 10 10
(IEZ;::;Z) 0.005 9.3 9.5 10 10 10
0.01 9.5 10 10 10 10
0.001 7.3 8.3 8.9 10 10
Cyclopropane 5a 0.005 7.8 8.5 8.9 10 10
0.01 8.5 8.9 10 10 10
0.001 7.6 8.3 8.9 10 10
Cyclopropane 5b 0.005 8.3 8.9 9.8 10 10
0.01 8.6 9.3 10 10 10
0.001 8.9 9.5 10 10 10
Cyclopropane 5¢ 0.005 9.3 10 10 10 10
0.01 9.8 10 10 10 10
0.001 7.3 7.6 8.3 9.3 10
Cyclopropane 5d 0.005 7.6 8.3 8.9 9.8 10
0.01 8.3 8.9 9.5 10 10

Table 2 summarizes the activity results of cyclopropane derivatives 5a—c against
Aedes aegypti in the vapor phase. As revealed, cyclopropane 5¢ exhibits higher activity
than trans-chrysanthemic acid and pyrethrin. In fact, the achievement of T90 using trans-
chrysanthemic acid and pyrethrin required, respectively, 40 min and 38 min, while it just
needed 24 min using cyclopropane 5c.
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Table 2. Effects of cyclopropanes 5a-d versus trans-chrysanthemic acid and pyrethrin in the vapor
phase against Aedes aegypti.

Knockdown Time (min)

Trans-chrysanthemic 0 2 31 40 100 100
acid 2 6 10 13 100 100
(reference) 4 5 9 12 100 100

0 21 27 38 100 100

(Ezfre(ﬁféz) 2 9 11 100 100

4 4 8 10 100 100

0 22 33 41 100 100

Cyclopropane 5a 2 14 23 33 100 100
4 12 19 21 100 100

0 22 32 40 100 100

Cyclopropane 5b 2 15 22 34 100 100
4 12 18 19 100 100

0 19 21 24 100 100

Cyclopropane 5¢ 2 4 8 10 100 100
4 7 9 100 100

0 25 36 45 100 100

Cyclopropane 5d 2 16 26 35 100 100
4 14 21 26 100 100

Cyclopropanes 5a-d conferred a complete knockdown after 8 h and mortality after
24 h against Aedes aegypti. Additionally, the biological results registered for cyclopropanes
5b-d (Table 2) showed a slower knockdown in terms of K10, K50 and T90. In order to
estimate the insecticidal activity of cyclopropane 5a—d as space spray against Aedes aegypti
and Musca domestica, supplementary evaluations were conducted, and the results are
shown in Table 3. All cyclopropane derivatives conferred complete knockdown against
Aedes aegypti within 1 h and mortality after 24 h. Particularly, cyclopropane 5¢ showed a
better knockdown effect than that of trans-chrysanthemic acid and pyrethrin (Table 3).

Table 3. Biological efficacy of cyclopropanes 5a-d versus trans-chrysanthemic acid and pyrethrin as
a space spray in 22.5 m® chambers against Aedes aegypti.

Knockdown Time (min)

Products (0.05 mg m ) T10 T50 T90 Kn(f:ll;ile;::gfl h) Knoiil‘;f)lxig(; h)
Trans-chrysanthemic acid 0min 46 s 1min15s 1min 37 s 100 100
Pyrethrin 0Omin40s 1min10s 1min25s 100 100
Cyclopropane 5a O min 54 s 1min40s 2min35s 100 100
Cyclopropane 5b 1min02s 1min55s 2min44s 100 100
Cyclopropane 5¢ 0min 37 s 1min 00s 1min20s 100 100
Cyclopropane 5d 1min20s 1min50s 3min 07 s 100 99

Cyclopropane 5¢ achieved the quickest knockdown and the best killing effect against
Musca domestica (Table 4).
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Table 4. The biological efficacy of cyclopropanes 5a-d versus trans-chrysanthemic acid and pyrethrin
as a space spray in 22.5 m3 chambers against Musca domestica.

Knockdown Time (min)

Products (0.05 mg m ™) T10 T50 T90 anfliile;lv:rar:g(el h) Knolzellrc:(e)lxralg(; h)
Trans-chrysanthemic acid 5 min 36 s 7 min 20 s 10 min 07 s 100 78
Pyrethrin 5min 13 s 6 min 30 s 8 min 09 s 100 96
Cyclopropane 5a 0min 54 s 1min40s 2min 35s 100 61
Cyclopropane 5b 1min 02s 1min55s 2min 44 s 100 63
Cyclopropane 5¢ 0 min 37 s 1min00s 1min20s 100 100
Cyclopropane 5d 1min20s 1min50s 3 min 07 s 100 54

2.3. Docking Studies

The objective of this part is the application of molecular docking of spiro-cyclopropane
derivatives in order to find possible protein targets in which they present insecticidal
activity. We examine how cyclopropanes derivatives might approach the active site of the
main protease of mosquitoes (Aedes aegypti PDB: 5FT3) (Figure 2). The results showed
that all selected inhibitors and drugs were in the pocket of the target proteins. Interaction
results were evaluated with the docking score (S). The scoring function is used to predict
the binding affinity of both ligand and target once it is docked. Inhibitors with the lowest S
score tend to establish a strong interaction with proteins. The docking scores for the drugs
approved antiviral activity against 5FT3 proteases were calculated using MOE, applying
the same parameters as those used for computing the docking scores for the 5a—d against
5FT3 proteases in this study.

(A) (B)

Figure 2. Protein 5FT3 (A); largest pocket 5FT3 (B).

Trans-chrysanthemic acid and pyrethrin proved to be very attractive thanks to the
small doses needed to kill insects. Both trans-chrysanthemic acid and pyrethrin exhibited a
good interaction with protein 5FT3. The docking of trans-chrysanthemic acid with protein
5FT3 shows two polar interactions of the oxygens of carboxylic acid with the Arg112 active



Molecules 2022, 27, 2470

7 of 14

amino acid residue (Figure 3A). The pyrethrin docking with protein 5FT3 presents two
arene-H interactions of cyclopentane with the His41 and Phe120 active amino acid residues.
In this case, the docking score was —6.6755 kcal/mol (Figure 3B).

(A) (B)

Figure 3. Two-dimensional interaction images of docking conformations of trans-chrysanthemic acid
and pyrethrin with the active proteins: (A) interaction trans-chrysanthemic acid and protein 5FT3;
(B) interactions pyrethrin and protein 5FT3.

A reasonable comparative study was conducted between the spiro-cyclopropane
derivatives 5a—d, trans-chrysanthemic acid and pyrethrin. Docking scores were detected
for 5a-d, ranging from —5.1607 kcal/mol to —6.1161 kcal/mol. The most potent ligand,
cyclopropane 5¢ docking with protein 5FT3, formed one polar interaction with the Arg112
active amino acid residue. Lys136 and Phe120 exhibited arene-H bonds with the proton of
the benzene group and cyclopropane ring, respectively. In this case, the docking score was
—6.1161 kcal/mol (Figure 4).

The 3D image of the molecular docking of cyclopropane 5¢ against protein 5ft3 is
shown in Figure 5. Cyclopropanes 5a and 5b formed three hydrogens bonds with the
Glul16, Phel20 and His41 active amino acid residues and one H-arene interaction with
His4. Cyclopropane 5d formed two H-arene interactions with His53 and Lys136 active
amino acid residues.
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© (D)

Figure 4. Two-dimensional interaction images of docking conformations of the cyclopropanes 5a-d
with the active protein 5FT3. (A) Interaction cyclopropane 5a and protein 5FT3, (B) Interactions
cyclopropane 5b and protein 5FT3, (C) Interaction cyclopropane 5¢ and protein 5FT3, (D) Interaction
cyclopropane 5d and protein 5FT3.

Figure 5. The molecular docking of cyclopropane 5c against protein 5FT3.
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3. Conclusions

In summary, we have established an efficient, facile and safe batch preparation of
gem-dimethyl spiro-cyclopropanes through the photodenitrogenation of spiro-pyrazolines
obtained by 1,3-dipolar cycloaddition of highly unstable 2-diazopropane starting from
acetone hydrazone and using iodosylbenzene as a perfect oxidizing agent. The reaction
of 2-diazopropane with (E)-4-benzylidene-1-phenylpyrrolidine-2,3-dione derivatives 3a—d
is regiospecific. The presented results demonstrate an excellent insecticidal activity of
cyclopropane 5¢ against mosquitoes (Aedes aegypti) and house flies (Musca domestica). This
result is confirmed by virtual screening established using molecular docking, and we
believe that the sipro-cyclopropane derivatives could aid in insecticidal drug discovery.
This is clearly manifested in the bond affinity obtained for cyclopropane 5c¢, indicating
good binding with the important active amino acid residue of the 5FT3 protein.

4. Experimental Section
4.1. General Information

Commercially obtainable reagents were used as-supplied or purified by standard
methods where required. Non-commercial starting materials were synthesized according
to literature procedures. All (E)-4-benzylidene-1-phenylpyrrolidine-2,3-dione derivatives
and acetone hydrazone preparation, along with cyclopropanation reactions, were run
under a nitrogen atmosphere with oven-dried glassware by means of the usual methods
for manipulating air-sensitive product. Dry dichloromethane was prepared by filtration
under nitrogen concluded an alumina drying column on a purification system. Thin-
layer chromatography was performed on silica gel 254 plates (Merck) with UV (254 nm)
visualization, whereas chromatographic separations were conducted on silica gel Si-60-
7734. IR spectra (KBr) were recorded on an FTIR 5300 spectrometer. Electrospray Ionization
(E.S.I.) mass spectra were measured on a Bruker MicroToF 2. NMR spectra were obtained
on a Bruker AV 300 spectrometer operating at 300 MHz for 'H and at 75.47 MHz for
13C. Melting points were determined on a Buchi-510 capillary melting point apparatus.
The coupling constants ] are given in Hertz. The spectra were recorded in CDClj as
solvent at room temperature. Elemental analysis was recorded on a PERKIN-ELMER
240B microanalyzer.

4.2. Synthesis of lodosylbenzene

Iodosylbenzene diacetate (3.0 g, 9.2 mmol, 1.0 equiv) was located in a 100 mL round-
bottom flask, and 55 mL of NaOH (3M, 165 mmol, 18.0 equiv) was added. The reaction
mixture was stirred for 1 h. The crude product was filtered using a funnel and rinsed with
water, and the residual product was then abundantly rinsed with chloroform (200 mL).
After dried under reduced pressure immediate, the solid was grounded and place back
under vacuum for an additional 1 h. The iodosylbenzene was therefore isolated as a yellow
solid (1.6 g, 80%) [28].

4.3. Synthesis of 1,2,7-Triazaspiro[4.4]non-1-ene-8,9-Dione Derivatives (4a—d)

In a round-bottom, a threaded inlet 25 mL glass vial equipped with a magnetic bar
stirrer was balanced iodosylbenzene (400.0 mg, 1.80 mmol, 1.5 equiv). The bottom was
then covered and blushed with nitrogen for five minutes, after which dichloromethane
(6 mL) was added. A freshly distillated 6 mL acetone hydrazone (1.80 mmol, 1.5 equiv)
dichloromethane was then added over 60 min. The selected alkenes (1.20 mmol, 1.0 equiv)
were added. The reaction mixture was vigorously stirred for an additional 30 min at
—40 °C. The resulting mixture was then filtrated over celite® and abundantly rinsed with
dichloromethane, trailed by evaporation under reduced pressure. The mixture was dried
over anhydrous sodium sulfate, filtered and concentrated. The crude cycloadduct was then
purified by silica gel chromatography to give the pyrazolines 4a—d.
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4.3.1. 3,3-Dimethyl-4,7-Diphenyl-1,2,7-Triazaspiro[4.4]non-1-ene-8,9-Dione (4a)

Yield (85%), white solid. Mp = 139-140 °C, Rf = 0.27 (cyclohexane/EtOAc 3:7). IR
(KBr) Vmax/cm~1: 1530 (N=N). 'H NMR (300 MHz, CDCl3) 5 1.28 (s, 3H, CH3), 1.75 (s, 3H,
CH3), 2.91 and 3.25 (AA’, Hy, ] = 18.3 Hz), 3.58 (s, 1H, Hy), 6.92-7.49 (m, 10H, Harom). 2C
NMR (75.47 MHz, CDCl3) 6 24.2 and 28.3 (CHj3), 37.5 (Cg), 52.8 (C4), 97.4 (C3), 99.4 (Cs),
126.4-135.5 (Carom), 173.1 (Cg), 200.2 (Cy). HRMS (ESI) Calcd for CyoH19N30, 333.1477
[M*]. Found: 333.1480. Elemental analysis: CpoH;9N3O, requires C, 72.05, H, 5.74, N,
12.60%; found C, 72.01, H, 5.77, N, 12.57%.

4.3.2. 4-(4-Methoxyphenyl)-3,3-Dimethyl-7-Phenyl-1,2,7-Triazaspiro[4.4]Jnon-1-ene-8,
9-Dione (4b)

Yield (80%), white solid. Mp =112-113 °C, Rf = 0.27 (cyclohexane/EtOAc 3:7). IR (KBr)
Vmax/cm~1: 1525 (N=N). 'TH NMR (300 MHz, CDCl3) § 1.26 (s, 3H, CH3), 1.72 (s, 3H, CH3),
2.92 and 3.20 (AA’, Hg, ] = 18.3 Hz), 3.54 (s, 1H, Hy), 3.80 (s, 3H, OCH3), 6.87-7.50 (m, 9H,
Harom). *C NMR (75.47 MHz, CDCl3) & 24.1 and 28.1 (CH3), 37.3 (Cg), 52.1 (Cy), 97.0 (C3),
99.2 (C5), 114.2-159.2 (Carom)/ 173.1 (Cg), 200.3 (Cg) HRMS (ESI) Calcd for C21H21N303
363.1583 [M*]. Found: 363.1590. Elemental analysis: Cp1H1N3O3 requires C, 69.41; H, 5.82;
N, 11.56%; found C, 69.38; H, 5.88; N, 11.51%.

4.3.3. 7-(4-Methoxyphenyl)-3,3-Dimethyl-4-Phenyl-1,2,7-Triazaspiro[4.4]non-1-ene-8,
9-Dione (4c)

Yield (75%), white solid. Mp = 123-124 °C, Rf = 0.29 (cyclohexane/EtOAc 3:7). IR
(KBr) Vimax/cm™1: 1530 (N=N). 'H NMR (300 MHz, CDCl3) § 1.29 (s, 3H, CH3), 1.76 (s, 3H,
CHj,), 2.90 and 3.25 (AA’, Ho, ] = 18.3 Hz), 3.59 (s, 1H, Hy), 3.84 (s, 3H, OCHj), 6.93-7.37
(m, 9H, Harom). °C NMR (CDCls; 75.47 MHz) 6 23.5 and 28,6 (CH3), 37.8 (Cg), 53.1 (Cy),
55.9 (OCH3s), 97.7 (C3), 99.7 (Cs), 114.9-160.1 (Carom), 173.7 (Cg) and 200.8 (Cy). HRMS (ESI)
Calcd for Cp1Hp1N303 363.1583 [M*]. Found: 363.1580. Elemental analysis: Cp1Hp1N303
requires C, 69.41; H, 5.82; N, 11.56%; found C, 69.39; H, 5.85; N, 11.52%.

4.3.4. 4,7-bis(4-Methoxyphenyl)-3,3-Dimethyl-1,2,7-Triazaspiro[4.4]non-1-ene-8,
9-Dione (4d)

Yield (65%), white solid. Mp = 97-98 °C, Rf = 0.26 (cyclohexane/EtOAc 3:7). IR (KBr)
Vmax/cm~1: 1530 (N=N). 'H NMR (300 MHz, CDCl3) & 1.27 (s, 3H, CH3), 1.74 (s, 3H,
CHj3), 2.92 and 3.21 (AA’, Hy, ] = 18.3 Hz), 3.55 (s, 1H, Hy), 3.83 (s, 3H, OCHj3), 3.82 (s, 3H,
OCHy3), 6.87-7.28 (m, 8H, Harom). *°C NMR (CDCls; 75.47 MHz) § 24.5 and 28.5 (CH3), 37.6
(Cp), 52.5 (Cy), 55.7 (OCH3), 55.9 (OCH3), 97.3 (C3), 99.4 (Cs), 114.5-160.1 (Carom), 173.6
(Cg) and 200.9 (Cy). HRMS (ESI) Calcd for CpoHy3N304 393.1689 [M*]. Found: 393.1685.
Elemental analysis: CyHp3N304 requires C, 67.16; H, 5.89; N, 10.68%; found C, 67.19; H,
5.91; N, 10.64%.

4.4. General Procedure for the Irradiation of the Spiro-Pyrazolines (4a,b)

All irradiations were carried out using similar conditions. Five moles of pyrazoline
were dissolved in ether pretreated by stirring with solid (NaCQ3), filtered and flushed
with nitrogen and irradiated at 5 °C for a total of 30 min or until the starting material was
consumed (TLC). After this period, the solvent was removed in a vacuum without heating
to give a brown oil, which was subjected to rapid silica filtration. Recrystallization from
dichloromethane/light petroleum.

4.4.1. 1,1-Dimethyl-2,5-Diphenyl-5-Azaspiro[2.4]heptane-6,7-Dione (5a)

Yield (85%), white solid. Mp = 186-187 °C, Rf = 0.32 (cyclohexane/EtOAc 3:7). H
NMR (300 MHz, CDCl3) 4 1.20 (s, 3H, CHj3), 1.64 (s, 3H, CHj3), 2.59 and 2.74 (AA’, Hy,
J =19.2 Hz), 3.04 (s, 1H, Hy), 7.14-7.53 (m, 10H, Harom). *C NMR (CDClg; 75.47 MHz) &
20.7 and 20.9 (CH3), 31.3 (Cy4), 31.9 (Cy), 34.1 (C3), 40.3 (Cy), 126.7-134.3 (Carom), 175.2 (Cg)
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200.5 (C7). HRMS (ESI) Caled for CooH19NO, 305.1416 [M*]. Found: 305.1410. Elemental
analysis: CoHi9NO, requires C, 78.66; H, 6.27; N, 4.59%; found C, 78.68; H, 6.25; N, 4.55%.

4.42. 5-(4-Methoxyphenyl)-1,1-Dimethyl-2-Phenyl-5-Azaspiro[2.4]heptane-6,7-Dione (5b)

Yield (90%), white solid. Mp = 145-146 °C, Rf = 0.31 (cyclohexane/EtOAc 3:7). H
NMR (300 MHz, CDCl3) 6 1.12 (s, 3H, CH3), 1.64 (s, 3H, CH3), 2.59 and 2.74 (AA’, Hy4
] =19.2 Hz), 3.04 (s, 1H, H,), 3.85 (s, 3H, OCHj3), 7.00-7.40 (m, 9H, Harom). 3C NMR
(CDCl3; 75.47 MHz) 6 21.1 and 21.2 (CHj3), 31.6 (Cy4), 32.1 (Cq), 34.3 (C3), 40.5 (Cy), 55.9
(OCH3), 114.8-159.8 (Carom), 175.9 (Cg) 200.2 (Cy). HRMS (ESI) Calcd for Cy1Hy1NO;3
335.1521 [M*]. Found: 335.1525. Elemental analysis: Cy1 Hp1 NOj3 requires C, 75.20; H, 6.31;
N, 4.18%,; found C, C, 75.18; H, 6.29; N, 4.20%.

4.4.3. 2-(4-Methoxyphenyl)-1,1-Dimethyl-5-Phenyl-5-Azaspiro[2.4]heptane-6,7-Dione (5¢)

Yield (75%), white solid. Mp = 151-153 °C, Rf = 0.31 (cyclohexane/EtOAc 3:7). H
NMR (300 MHz, CDCl3) 6 1.18 (s, 3H, CH3), 1.62 (s, 3H, CHj3), 2.63 and 2.79 (AA’, Hy4
] =19.2 Hz), 3.03 (s, 1H, H,), 3.84 (s, 3H, OCHj3), 6.99-7.39 (m, 9H, Harom). *C NMR
(CDCl3; 75.47 MHz) 6 20.8 and 20.9 (CHj3), 31.3 (Cy4), 31.8 (Cq), 34.0 (C3), 40.2 (Cy), 55.6
(OCH3), 114.5-159.4 (Carom), 175.6 (Cg) 200.8 (Cy). HRMS (ESI) Calcd for Cy1Hy1NO;3
335.1521 [M*]. Found: 335.1516. Elemental analysis: Cy1Hy1 NOj3 requires C, 75.20; H, 6.31;
N, 4.18%; found C, C, 75.17; H, 6.28; N, 4.17%.

4.4.4. 2,5-bis(4-Methoxyphenyl)-1,1-Dimethyl-5-Azaspiro[2.4]heptane-6,7-Dione (5d)

Yield (70%), white solid. Mp = 163-164 °C, Rf = 0.29 (cyclohexane/EtOAc 3:7). H
NMR (300 MHz, CDCl3) 6 1.17 (s, 3H, CH3), 1.61 (s, 3H, CH3), 2.61 and 2.76 (AA’, H74
J =19.2 Hz), 2.95 (s, 1H, H;), 3.81 (s, 3H, OCH3), 3.84 (s, 3H, OCHj3), 6.87-8.04 (m, 8H,
Harom). *C NMR (CDCl3; 75.47 MHz) & 20.7 and 20.9 (CH3), 31.3 (Cy), 31.9 (Cy), 34.0 (C3),
39.7 (Cyp), 55.4 (OCH3), 55.6 (OCH3), 113.8-159.4 (Carom), 175.6 (Cg) 200.9 (C7). HRMS (ESI)
Calcd for CpoHp3NO4 365.1627 [M*]. Found: 365.1630. Elemental analysis: CpyHp3NO4
requires C, 72.31; H, 6.34; N, 3.83%; found C, 72.29; H, 6.31; N, 3.81%.

4.5. Study of the Insecticidal Activity of Spiro-Cyclopropane 5a—d, the Trans-Chrysanthemic Acid
and Pyrethrin

Biological laboratory tests have been carried out to screen new products for their
effectiveness against mosquitoes (Aedes aegypti) and house flies (Musca domestica). Detailed
rearing procedures for each insect are provided in the Supplementary Material.

4.5.1. Effects of Cyclopropanes 5a—d at Contact Action against Aedes aegypti

The mosquitoes were obtained in the egg state and subsequently stored at a tempera-
ture of 30 °C and relative humidity of 47%. Each test was performed in a test tube and was
repeated 3 times. Acetone was used as the dilution solvent. The spiro-cyclopropanes 5a—d,
the trans-chrysanthemic acid and pyrethrin were dissolved in acetone at different concen-
trations (C = 0.001, 0.005 and 0.01%). The sheets of cellulose paper were immersed with
the solutions prepared at the rate of 0.12 pL. of mm 2 solution and then dried and placed
in the test tubes. The tests were carried out with ten female mosquitoes aged 1 to 3 days.
The mosquitoes were released inside the tube, and then the cap was closed. Knockdown
of Aedes aegypti was observed at the indicated intervals up to 60 min. Subsequently, the
mosquitoes were placed in untreated glass (250 mL) containing cotton soaked in firm sugar
water. Rollover and mortality were observed for 24 h (Table 1).

4.5.2. Effects of Cyclopropanes 5a—d in the Vapor Phase against Aedes aegypti

This test was carried out in a stainless-steel enclosure with three doors, with a volume
of 22.5 m3 and the following dimensions: length 3 m; width 3 m; height 2.5 m. The
temperature inside the chamber was maintained at 21-25 °C and the relative humidity
at 50-60%. The mosquitoes were introduced into mesh polyester cages of dimensions:
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length 8 cm, diameter 8 cm and mesh 2 mm. Then, they were suspended from the ceiling
of the stainless-steel enclosure at a height of 1.5 and 0.5 m from the walls (see Figure 1).
The insecticidal effect was studied by keeping 20 mixed-sex mosquitoes for 3 days in each
wire cage. Cellulose papers (10 x 10 cm) immersed in a solution of each cyclopropane,
trans-chrysanthemic acid and pyrethrin (5 mg) were placed above the fans for 8 h. Let T10,
T50 and T90 represent the times required to kill 10, 50 and 90% of mosquitoes, respectively.
Results were recorded every 2 h. The insects were removed from the cages after 12 h and
transferred to glasses (250 mL) provided with cellulose pads soaked in a 10% sugar solution.
Mortality was recorded 24 h after treatment (Table 2).

4.5.3. Aerosols Effects of Cyclopropanes 5a—d Liquid Formulation against Aedes aegypti and
Musca Domestica

This test was carried out in a stainless-steel enclosure with three doors, with a volume
of 22.5 m3 and the following dimensions: length 3 m; width 3 m; height 2.5 m. The
temperature inside the chamber was maintained at 21-25 °C and the relative humidity at
50-60%. The mosquitoes were introduced into mesh polyester cages (length 8 cm, diameter
8 cm, mesh 2 mm) and were suspended from the ceiling of the stainless-steel enclosure at a
height of 1.5 and 0.5 m from the walls. The prepared solution was sprayed vertically at a
height of 1 m in the center of the enceinte. A fan placed on the floor operated for 5 min.
The times T10, T50 and T90 were recorded every 2 h. The insects were removed from the
cages after 12 h and transferred to glasses (250 mL) provided with cellulose pads soaked in
a 10% sugar solution. Mortality was recorded 24 h after treatment (Tables 3 and 4).

4.6. Docking
4.6.1. Preparation of Cyclopropanes 5a—d and Trans-Chrysanthemic Acid for
Docking Analysis

All these molecular structures were reproduced in Chem-drawn ultra-version, and
then all ligands were saved in mol format, with the aim of opening these files in MOE after
structure preparation, and these were protonated 3D with energy minimized through MOE
using default parameters.

4.6.2. Preparation of Protein and Molecular Docking

The crystal structure of the protein (PDB: 5FT3) was obtained from the RSCB data
bank (https://www.rcsb.org, accessed on 8 January 2021). The protein was prepared by
removing the complexed inhibitor ligand and water molecules. Then, the polar hydrogens
were added, followed by appending Kollman charges. Hence, the grid box with dimensions
of 40 x 40 x 40 points, spacing of 1.0 A and centered with coordinates x: —11.993, y: 15.425,
and z: 65.951, was generated based on the N3 binding position in the target protein binding
site. While performing docking, the ligand atom was selected, and rescoring1 was set at
London dG and rescoring?2 at GBVI/WSA dG, running to note the ligand interaction with
protein. Protein-ligand docking score, ligand properties and 2D and 3D structures were
saved. The docking calculations have been carried out using an Intel (R) Core (TM) CPU @
3.4 GHz Workstation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules27082470/s1, Figure S1: 1H-NMR spectrum of compound
4a recorded in CDCI3, Figure S2: 13C-NMR spectrum of compound 4a recorded in CDCI3, Figure S3:
HRMS mass spectrum of compound 4a, Figure S4: 1TH-NMR spectrum of compound 4b recorded in
CDCI3, Figure S5: 13C-NMR spectrum of compound 4b recorded in CDCI3, Figure S6: HRMS mass
spectrum of compound 4b, Figure S7: 1H-NMR spectrum of compound 4c recorded in CDCI3, Figure
S8: 13C-NMR spectrum of compound 4c recorded in CDCI3, Figure S9: HRMS mass spectrum of
compound 4c, Figure S10: 1H-NMR spectrum of compound 4d recorded in CDCI3, Figure S11: 13C-
NMR spectrum of compound 4d recorded in CDCI3, Figure S12: HRMS mass spectrum of compound
4d, Figure S13: 1TH-NMR spectrum of compound 5a recorded in CDCI3, Figure S14: 13C-NMR
spectrum of compound 5a recorded in CDCI3, Figure S15: HRMS mass spectrum of compound 5a,
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Figure S16: 1H-NMR spectrum of compound 5b recorded in CDCI3, Figure S17: 13C-NMR spectrum
of compound 5b recorded in CDCI3, Figure S18: HRMS mass spectrum of compound 5b, Figure 519:
1H-NMR spectrum of compound 5c¢ recorded in CDCI3, Figure S20: 13C-NMR spectrum of compound
5¢ recorded in CDCI3, Figure 521: HRMS mass spectrum of compound 5¢, Figure 522: 1TH-NMR
spectrum of compound 5d recorded in CDCI3, Figure S23: 13C-NMR spectrum of compound 5d
recorded in CDCI3, Figure 524: HRMS mass spectrum of compound 5d.
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