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Abstract

:

The DNA photocleavage effect of halogenated O-carbamoyl derivatives of 4-MeO-benzamidoxime under UVB and UVA irradiation was studied in order to identify the nature, position, and number of halogens on the carbamoyl moiety that ensure photoactivity. F, Cl, and Br-phenyl carbamate esters (PCME) exhibited activity with the p-Cl-phenyl derivative to show excellent photocleavage against pBR322 plasmid DNA. m-Cl-PCME has diminished activity, whereas the presence of two halogen atoms reduced DNA photocleavage. The substitution on the benzamidoxime scaffold was irrelevant to the activity. The mechanism of action indicated function in the absence of oxygen, probably via radicals derived from the N-O bond homolysis of the carbamates and in air via hydroxyl radicals and partially singlet oxygen. The UVA-vis area of absorption of the nitro-benzamidoxime p-Cl-PCMEs allowed for the investigation of their potential efficacy as photopesticides under UVA irradiation against the whitefly Bemisia tabaci, a major pest of numerous crops. The m-nitro derivative exhibited a moderate specificity against the adult population. Nymphs were not affected. The compound was inactive in the dark. This result may allow for the development of lead compounds for the control of agricultural insect pests that can cause significant economic damage in crop production.
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1. Introduction


O-carbamoyl oximes, or otherwise oxime carbamates, are compounds that contain a –CO-N(R4R5) group connected to the OH group of an oxime (R1X-C=N-OH) (Figure 1(AI,AII)). X usually corresponds to H, an alkyl (or aryl), or an NR2R3, namely, aldoximes, ketoximes, and amidoximes. All these derivatives contain a light-vulnerable N-O bond that dissociates under irradiation at a proper wavelength to provide, under a well-studied and known photochemistry, two radical residues: [R1X-C=N·] and [R4R5N-CO-O·] (Figure 1(AIIa and AIIb), respectively). The fast decarboxylation of the carbamoyloxyl group allows for the generation of nitrogen-centered radicals (IIc), categorizing this class of compounds as photoreactive photobase generators (PBGs) [1,2]. PBGs have many applications in material and polymer chemistry. Representatively, thioxanthone amidines [3,4], o-nitrobenzyl based tetramethylguanidines [5], simple carbamates [6], and trans-o-coumaric acid [7] find uses as UVA and visible light polymer photoinitiators in coatings, photoresists, etc. [8]. The same applies for oxime carboxylates and sulphonates [2,8,9,10], which on the other hand, act as photoacid generators releasing, upon irradiation, oxygen-centered radicals. In general, oximes are considered as functional molecules that provide nitrogen, oxygen, and carbon radicals [11] with interesting synthetic applications [10,12,13].



O-carbamoyl oximes exhibit diverse biological activities. Benzoxazole and benzothiazole oxime carbamates were found to be active against Mycobacterium tuberculosis via a novel mode of action [14], benzoxadiazoles and analogs showed activity against Leishmania donovani [15], and some simple aromatic ones exhibited insecticidal activity against Heliothis armigera and Plutella xylostella [16]. Additionally, carbamates consist of a class of pesticides with widespread use that seem to decompose easier compared with other pesticides [17]. Pesticides that contain an oxime carbamate fragment, such as aldicarb, methomyl, and oxamyl (Figure 1B), along with others, are available in the market for use as insecticides, herbicides, etc. in the agriculture and food supply industries, although several restrictions and adverse effects accompany their use [17,18,19,20,21].



Pest control has great economic and social interest due to the fact that pests and insects are blamed for annual damage to enormous quantities of human and livestock’s edible materials. Photodynamic inactivation derived from photopesticides seems to be an eco-friendly next-generation tool for the development of new and non-toxic pesticides for the control of pests and insect vectors, alternative to the conventional marketed products. A limited number of photosensitizers have been investigated for such purposes, and the results were promising, as the compounds were able to reduce the population of various species of agricultural pests such as Ceratitis capitata, Bactocera oleae, Colletotrichum acutatum, and Botrytis cinerea [22].



Natural or synthetic scaffolds that include classical photosensitizers, such as xanthenes, porphyrin, phenothiazine, phthalocyanine, and curcumin derivatives, have been investigated [22]. A recent publication on porphyrin revealed the inactivation of Botrytis cinerea, a necrotic plant fungus that causes gray mold disease in over 200 crops [23], whereas the role of the photoreceptors for UVA-visible light of plant microbiota that influence infectivity, reproductive trails, and growth patterns is of great interest [24]. The xanthenes family of photosensitizers was the first to be used, and as has been mentioned, halogen substituents have positively affected their photodynamic effect, increasing the intersystem crossing (ISC) yield for the triplet state and the formation of singlet oxygen, with the parallel radical production due to bond homolysis between halogens and aromatic rings [25]. This phenomenon was found also in other cases for the halogen substituted arenes [26,27,28], exemplifying their probably positive influence in photoapplications.



All kinds of oxime carboxylates and sulfonates were found to be activated by light and to efficiently photocleave DNA, providing reactive radicals derived from their N-O bond homolysis [29,30,31,32,33,34,35,36,37]. Studies to date have shown that oxime carboxylates allow for photoreactivity when the carboxylate group is aromatic, whereas for the sulfonate ones, both the aryl and alkyl groups seemed to efficiently yield DNA photo-scissions. Very recently, the activity of oxime carbamates towards DNA exhibited an interesting selectivity, showing the N-O bond dissociation, only when arylcarbamoyl groups were loaded onto a fluorine or a chlorine in the p-position (Figure 1(BIII)) [38].



This high specificity that was also verified via computational studies has prompted us to expand the study and to investigate the possible role of the aromatic imino group (R with various electronic effects in different positions on the ring), and the role of the nature, number, and position of the halogen group(s), as well as their DNA photodisruption efficacy. The compounds were designed in a way to absorb light under UVA irradiation in order to extend the study to “more friendly” irradiation wavelengths than UVB, which also has, although much limited, applications in phototherapies [39,40,41,42,43,44,45,46], compared to UVA.



Finding carbamates that may be photoexcited and absorbed in the UVA area, a first preliminary approach to investigating qualitatively possible pesticidal activity (Figure 1C) against a major insect (Bemisia tabaci), has, thus, been attempted. B. tabaci ((Genadius) Homoptera: Aleyrodidae) is one of the most devastating pests of numerous crops worldwide. Its small size, extreme pace of reproduction, large host range, induction of phytotoxic reactions, and virus transmission, in conjunction with the ability to adapt to various climatic conditions, make controlling the population of this pest difficult to achieve [47,48,49]. Furthermore, it has lately been evident that this organism has developed resistance to major chemical classes of insecticides [50]. In particular, high levels of resistance have been reported for numerous substances with different modes of action [51], including ketoenols, neonicotinoids, organophosphates, etc. [52,53,54]. Therefore, new active ingredients with novel modes of action are needed in order to overcome this resistance and to apply management programs to efficiently control B. tabaci.




2. Materials and Methods


All commercially available reagent-grade chemicals and solvents were used without further purification. pB322 supercoiled plasmid was purchased from New England Biolabs (Ipswich, MA, USA). UV–visible (UV–vis) spectra were recorded on a Hitachi U–2001 (Hitachi, Tokyo, Japan) dual beam UV–Vis spectrophotometer. NMR spectra were recorded on an Agilent 500/54 (Agilent Technologies, Santa Clara, CA, USA) (500 MHz and 125 MHz for 1H and 13C, respectively) spectrometer using CDCl3 and/or DMSO−d6 as a solvent. J values were reported in Hz. High-resolution mass spectra were measured with a Q−TOF (Time of Flight Mass Spectrometry) Maxis Impact (Bruker Daltonics, Bremen, Germany) with ESI source and U−HPLC Thermo Dionex UltiMate 3000 RSLC (ThermoFisher Scientific, Dreieich, Germany) pump and autosampler. N2 was used as the collision gas, and electrospray ionization (ESI) was used for the MS experiments. The data acquisition was carried out with a data analysis from Bruker Daltonics (Bremen, Germany) (version 4.1). All samples containing the pBR322 plasmid were irradiated at pH 6.8 with Philips 2 × 9W/01/2P UV−B narrowband lamps at 312 nm (Pila, Poland) and Philips 2 × 9W/10/2P UV−A broad band lamps at 365 nm. All reactions were monitored on commercially available pre-coated TLC plates (layer thickness 0.25 mm) of Kieselgel 60 F254 (Merck, Darmstadt, Germany). Melting points were measured on GallenKamp MFB-595 (USA) melting point apparatuses and were used uncorrected. Calculations of yields were based on the amount of crystallized product collected.



2.1. Synthesis of Chemical Compounds


General method for the synthesis of amidoxime carbamates (16−29): Isocyanates 6–15 (1.1 mmol) were individually added in a solution of the corresponding 1, 2, 4, 5 [55], or 3 [56] (1 mmol) in chloroform (15 mL, 0.7 M) at 0 °C. The mixture was stirred for 30 min and then refluxed for 1–6 h. The reaction was monitored by TLC. After cooling the reaction mixture to room temperature, the solvent was removed in a rotary evaporator and the resulting solid was recrystallized to give the pure product. Only in the case of compound 18 was purification performed using column chromatography over a silica gel with hexanes (hex) and ethyl acetate (E.A.) as the eluents. (Copies of the NMR spectra and HRMS analysis of all compounds are found in the Supplementary Materials, Section S1A and S1B, respectively, and those of the UV-vis spectra are found in the Supplementary Materials, Section S2A, whereas representative UV-vis spectra of four compounds with increasing amounts of CT-DNA are found in Section S2B).



	
(Z)-N′-(4-chlorophenylcarbamoyloxy)-4-nitrobenzimidamide (16): reflux: 1 h; orange amorphous solid; mp: 196–198 °C (E.A./EtOH); yield: 91%; 1H−NMR (DMSO−d6, 500 MHz) δ 9.58 (s, 1H, NH), 8.31 (d, J = 8.5 Hz, 2H), 8.10 (d, J = 8.3 Hz, 2H), 7.57 (d, J = 8.5, 2H), 7.38 (d, J = 8.4 Hz, 2H), 7.09 (brs, 2H, NH2) ppm; 13C−NMR (DMSO−d6, 125 MHz) δ 154.2, 152.3, 148.7, 137.5, 137.4, 128.7, 128.2, 126.7, 123.5, 120.7 ppm; HRMS(ESI) m/z [M+Na]+: C14H11ClN4O4Na+, calc: 357.0361; found: 357.0361.



	
(Z)-N′-(4-chlorophenylcarbamoyloxy)-3-nitrobenzimidamide (17): reflux: 1 h; yellow amorphous solid; mp: 210–212 °C (E.A.); yield: 89%; 1H−NMR (DMSO−d6, 500 MHz) δ 9.62 (s, 1H, NH), 8.63 (s, 1H), 8.36 (d, J = 7.8 Hz, 1H), 8.27 (d, J = 7.6 Hz, 1H), 7.78 (t, J = 7.9 Hz, 1H), 7.56 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H), 7.11 (brs, 2H, NH2) ppm; 13C−NMR (DMSO−d6, 125 MHz) δ 154.1, 152.4, 147.8, 137.6, 133.2, 132.9, 130.2, 128.7, 126.7, 125.3, 121.6, 120.7 ppm; HRMS(ESI) m/z [M+Na]+: C14H11ClN4O4Na+, calc: 357.0361; found: 357.0366.



	
(Z)-N′-(4-chlorophenylcarbamoyloxy)-2-nitrobenzimidamide (18): reflux: 1 h; beige amorphous solid; mp: 142–145 °C (E.A./hex); yield: 50%; 1H−NMR (DMSO−d6, 500 MHz) δ 9.41 (s, 1H, NH), 8.08 (d, J = 8 Hz, 1H), 7.84 (t, J = 7.5 Hz, 1H), 7.78–7.70 (m, 2H), 7.53 (d, J = 8.7 Hz, 2H), 7.35 (d, J = 8.7 Hz, 2H), 7.08 (brs, 2H, NH2) ppm; 13C−NMR (DMSO−d6, 125 MHz) δ 154.8, 152.2, 148.4, 137.6, 133.4, 131.4, 131.3, 128.6, 126.7, 126.5, 124.2, 120.4 ppm; HRMS(ESI) m/z [M+Na]+: C14H11ClN4O4Na+, calc: 357.0361; found: 357.0367.



	
(Z)-2-nitro-N′-(4-nitrophenylcarbamoyloxy)benzimidamide (19): reflux: 1 h; yellow amorphous solid; mp: 142–145 °C (EtOH/THF); yield: 75%; 1H−NMR (DMSO−d6, 500 MHz) δ 10.14 (s, 1H, NH), 9.32 (s, 1H, NH), 9.00 (s, 1H, NH), 8.15 (d, J = 8.5 Hz, 2H), 8.13 (d, J = 8.3 Hz, 1H), 7.87–7.78 (m, 3H), 7.73 (dt, J = 8.2, 1.3 Hz, 1H), 7.67 (d, J = 7.5 Hz, 1H) ppm; 13C−NMR (DMSO−d6, 125 MHz) δ 165.7, 162.3, 147.0, 146.9, 141.1, 133.9, 132.0, 130.7, 129.9, 125.0, 124.2, 117.7 ppm; HRMS(ESI) m/z [M+Na]+: C14H11N5O6Na+, calc: 368.0607; found: 368.0564.



	
(Z)-N′-(4-methoxyphenylcarbamoyloxy)-2-nitrobenzimidamide (20): reflux: 1 h; pale yellow amorphous solid; mp: 129–131 °C (E.A./EtOH); yield: 82%; 1H−NMR (DMSO−d6, 500 MHz) δ 9.03 (s, 1H, NH), 8.08 (d, J = 8 Hz, 1H), 7.83 (t, J = 7.3 Hz, 1H), 7.79–7.70 (m, 2H), 7.39 (d, J = 8.9 Hz, 2H), 7.08 (brs, 2H, NH2), 6.88 (d, J = 9.0 Hz, 2H), 3.71 (s, 3H) ppm; 13C−NMR (DMSO−d6, 125 MHz) δ 155.2, 154.3, 152.6, 148.5, 133.4, 131.5, 131.4, 131.3, 126.8, 124.2, 120.7, 114.0, 55.2 ppm; HRMS(ESI) m/z [M+Na]+: C15H14N4O5Na+, calc: 353.0856; found: 353.0871.



	
(Z)-N′-(4-chlorophenylcarbamoyloxy)benzimidamide (21): reflux: 1 h; White amorphous solid; mp: 155–156 °C (hex/E.A.); yield: 90%; 1H−NMR (CDCl3, 500 MHz) δ 8.67 (s, 1H, NH), 7.68 (d, J = 7.5 Hz, 2H), 7.54 (t, J = 7.3 Hz, 1H), 7.50–7.43 (m, 4H), 7.29 (d, J = 8.6 Hz, 2H), 5.34 (brs, 2H, NH2) ppm; 13C−NMR (CDCl3, 125 MHz) δ 154.8, 152.7, 136.0, 131.5, 130.9, 129.2, 129.2, 129.1, 126.7, 121.0 ppm; HRMS(ESI) m/z [M+Na]+: C14H12ClN3O2Na+, calc: 312.0510; found: 312.0510.



	
(Z)-N′-(4-chlorophenylcarbamoyloxy)-4-methoxybenzimidamide (22): reflux: 1 h; White amorphous solid; mp: 175–177 °C (hex/E.A.); yield: 88%; 1H−NMR (CDCl3, 500 MHz) δ 8.68 (brs, 1H, NH), 7.62 (d, J = 8.7 Hz, 2H), 7.46 (d, J = 8.7 Hz, 2H), 7.29 (d, J = 8.7 Hz, 2H), 6.97 (d, J = 8.7 Hz, 2H), 5.27 (brs, 2H, NH2), 3.86 (s, 3H) ppm; 13C−NMR (CDCl3, 125 MHz) δ 162.2, 154.5, 152.8, 136.1, 129.2, 128.2, 123.0, 121.0, 114.4, 55.6 ppm; HRMS(ESI) m/z [M+Na]+: C15H14ClN3O3Na+, calc: 342.0616; found: 342.0613.



	
(Z)-N′-(4-fluorophenylcarbamoyloxy)-4-methoxybenzimidamide (23): reflux: 3 h; White amorphous solid; mp: 179–181 °C (hex/E.A.); yield: 89%; 1H−NMR (DMSO−d6, 500 MHz) δ 9.04 (s, 1H, NH), 7.77 (d, J = 8.9 Hz, 2H), 7.55 (dd, J = 9.0, 5.0 Hz, 2H), 7.16 (t, J = 8.9 Hz, 2H), 6.99 (d, J = 8.9 Hz, 2H), 6.74 (brs, 2H, NH2), 3.81 (s, 3H) ppm; 13C−NMR (DMSO−d6, 125 MHz) δ 161.0, 158.0 (d, 1JC-F = 238 Hz), 155.2, 152.9, 134.9 (d, 4JC-F = 2.5 Hz), 128.3, 123.4, 122.1 (d, 3JC-F = 7.8 Hz), 115.3 (d, 2JC-F = 28 Hz), 113.7, 55.4 ppm; HRMS(ESI) m/z [M+Na]+: C15H14FN3O3Na+, calc: 326.0917; found: 326.0910.



	
(Z)-N′-(4-bromophenylcarbamoyloxy)-4-methoxybenzimidamide (24): reflux: 1 h; White amorphous solid; mp: 150–152 °C (hex/E.A.); yield: 80%; 1H−NMR (CDCl3, DMSO−d6, calibration on CDCl3, 500 MHz) δ 8.70 (s, 1H, NH), 7.58 (d, J = 8.7 Hz, 2H), 7.35 (s, 4H), 6.88 (d, J = 8.7 Hz, 2H), 5.63 (brs, 2H, NH2), 3.78 (s, 3H) ppm; 13C−NMR (CDCl3, DMSO−d6, calibration on CDCl3, 125 MHz) δ 161.8, 154.8, 152.7, 136.7, 131.8, 128.1, 123.0, 121.1, 116.34, 113.9, 55.4 ppm; HRMS(ESI) m/z [M+Na]+: C15H14BrN3O3Na+, calc: 386.0116; found: 386.0111.



	
(Z)-N′-(4-iodophenylcarbamoyloxy)-4-methoxybenzimidamide (25): reflux: 2 h; pale white amorphous solid; mp: 180–182 °C (hex/E.A.); yield: 85%; 1H−NMR (CDCl3, 500 MHz) δ 8.67 (s, 1H, NH), 7.62 (d, J = 8.6 Hz, 2H), 7.61 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.6 Hz, 2H), 6.97 (d, J = 8.7 Hz, 2H), 5.26 (brs, 2H, NH2), 3.86 (s, 3H) ppm; 13C−NMR (CDCl3, 125 MHz) δ 162.2, 154.5, 152.6, 138.1, 137.3, 128.2, 123.0, 121.6, 114.5, 87.2, 55.6 ppm; HRMS(ESI) m/z [M+Na]+: C15H14IN3O3Na+, calc: 433.9972; found: 433.9970.



	
(Z)-N′-(3-chlorophenylcarbamoyloxy)-4-methoxybenzimidamide (26): reflux: 3 h; White amorphous solid; mp: 162–165 °C (E.A./hex); yield: 90%; 1H−NMR (CDCl3, DMSO−d6, calibration on CDCl3, 500 MHz) δ 8.73 (s, 1H, NH), 7.41 (d, J = 8.5 Hz, 2H), 7.37 (s, 1H), 7.07 (d, J = 8.2 Hz, 1H), 6.94 (t, J = 8.0 Hz, 1H), 6.73 (d, J = 8.0 Hz, 1H), 6.64 (d, J = 8.5 Hz, 2H), 5.85 (brs, 2H, NH2), 3.54 (s, 3H) ppm; 13C−NMR (CDCl3, DMSO−d6, calibration on CDCl3, 125 MHz) δ 161.0, 154.6, 152.1, 138.7, 133.7, 129.4, 127.8, 122.8, 122.6, 118.6, 116.9, 113.3, 54.8 ppm; HRMS(ESI) m/z [M+Na]+: C15H14ClN3O3Na+, calc: 342.0616; found: 342.0621.



	
(Z)-N′-(2-chlorophenylcarbamoyloxy)-4-methoxybenzimidamide (27): reflux: 6 h; White amorphous solid; mp: 133–135 °C (E.A./hex); yield: 82%; 1H−NMR (CDCl3, 500 MHz) δ 9.47 (s, 1H, NH), 8.30 (d, J = 8.2 Hz, 1H), 7.66 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.0 Hz, 1H), 7.30 (t, J = 7.6 Hz, 1H), 7.03 (t, J = 7.6 Hz, 1H), 6.97 (d, J = 8.5 Hz, 2H), 5.29 (brs, 2H, NH2), 3.85 (s, 3H) ppm; 13C−NMR (CDCl3, 125 MHz) δ 162.1, 154.1, 152.6, 134.6, 129.2, 127.9, 127.9, 124.2, 123.2, 122.8, 120.5, 114.4, 55.5 ppm; HRMS(ESI) m/z [M+Na]+: C15H14ClN3O3Na+, calc: 342.0616; found: 342.0619.



	
(Z)-N′-(((3,4-dichlorophenyl)carbamoyl)oxy)-4-methoxybenzimidamide (28): reflux: 3 h; White amorphous solid; mp: 153–155 °C (E.A./hex); yield: 80%; 1H−NMR (CDCl3, 500 MHz) δ 8.72 (s, 1H, NH), 7.72 (s, 1H), 7.61 (d, J = 8.7 Hz, 2H), 7.37 (brs, 2H), 6.97 (d, J = 8.7 Hz, 2H), 5.23 (brs, 2H, NH2), 3.86 (s, 3H) ppm; 13C−NMR (CDCl3, 125 MHz) δ 162.2, 154.7, 152.5, 137.1, 133.0, 130.7, 128.2, 127.3, 122.8, 121.3, 118.9, 114.5, 55.6 ppm; HRMS(ESI) m/z [M+Na]+: C15H13Cl2N3O3Na+, calc: 376.0226; found: 376.0223.



	
(Z)-N′-(2,4-dichlorophenylcarbamoyloxy)-4-methoxybenzimidamide (29): reflux: 3 h; White amorphous solid; mp: 154–157 °C (E.A./hex); yield: 79%; 1H−NMR (CDCl3, 500 MHz) δ 9.40 (s, 1H, NH), 8.15 (d, J = 9.0 Hz, 1H), 7.70 (d, J = 8.9 Hz, 2H), 7.48 (d, J = 2.2 Hz, 1H), 7.31 (dd, J = 8.9, 2.2 Hz, 1H), 6.94 (d, J = 8.8 Hz, 2H), 6.85 (brs, 2H, NH2), 3.79 (s, 3H) ppm; 13C−NMR (CDCl3, 125 MHz) δ 161.0, 154.7, 151.8, 133.5, 128.3, 127.8, 127.5, 127.4, 123.3, 122.7, 121.2, 113.5, 55.0 ppm; HRMS(ESI) m/z [M+Na]+: C15H13Cl2N3O3Na+, calc: 376.0226; found: 376.0224.






Synthesis of (E)-1-(4-chlorophenyl)-2-(1-(4-nitrophenyl)ethylidene)hydrazine (32) [57]: 4-chlorophenylhydrazine hydrochloride 31 (179 mg, 1 mmol) was added in a mixture of ethanol (15 mL) and NaHCO3 (138 mg, 1 mmol) at 0 °C and stirred for 5 min. Then, 4-nitroacetophenone 30 (165 mg, 1 mmol) and a few drops of acetic acid were added. After stirring the mixture for 1 h at the same temperature, the reaction mixture was heated at reflux for 1 h. Upon cooling, the formed precipitate was collected and recrystallized. Dark red amorphous solid; mp: 168–170 °C (E.A./EtOH); yield: 89%; 1H−NMR (DMSO−d6, 500 MHz) δ 9.81 (s, 1H, NH), 8.21 (d, J = 8.7 Hz, 2H), 8.02 (d, J = 8.7 Hz, 2H), 7.30 (s, 4H), 2.30 (s, 3H) ppm; 13C−NMR (DMSO−d6, 125 MHz) δ 146.2, 145.3, 144.3, 139.0, 128.8, 125.9, 123.6, 123.2, 114.7, 12.7 ppm; HRMS(ESI) m/z [M+Na]+: C14H12ClN3O2Na+, calc: 312.0516; found: 312.0514.




2.2. Supercoiled Circular pB322 DNA Photo-Cleavage Experiments


The compounds were irradiated at various concentrations with UV−visible light (312 nm, narrow band—18 W; 365 nm, broad band—18 W; or visible light 400−700 nm—18W) under aerobic conditions at room temperature for 30 min and at a 15 cm distance (312 nm), or for 2 h and at a 10 cm distance (365 nm or visible light). The conditions of the gel preparation and quantification of the DNA-cleaving activity have been provided earlier [35]. Briefly, the reaction mixtures (20 µL) containing the supercoiled circular pB322 plasmid DNA stock solution (Form I, 500 ng), compounds, and Tris buffer (25 µM, pH 6.8) in Pyrex vials were incubated for 30 min at 37 °C, centrifuged, and then irradiated.




2.3. Toxicological Bioassays of Bemisia tabaci


The B. tabaci population tested in this study was collected in 2021 from a greenhouse of melon crops in the region of Tympaki, Crete (35°5′12.78″ N, 24°45′7.86″ E), and was provided with the code name TYM 21-3, which will be used hereafter. The population was maintained in a laboratory culture on cotton plants under controlled environmental conditions (24 ± 1 °C, 16 hL: 8h D).



The toxicological bioassays used here were based on approved IRAC method protocols (https://irac-online.org/ accessed on 30 March 2023). More specifically, the bioassay methods IRAC 015 and IRAC 016 were employed for testing the lethal effects of compound 17 on B. tabaci adults and nymphs (L2 instar), respectively [58,59]. The substance was used at a concentration of 400 mgL−1. In order to perform the toxicological assays, the compound was dissolved in dimethylformamide (DMF) and an emulsifier (EM) in a ratio of 3:1. The mixture was subsequently dissolved in water, providing a homogenous emulsion.



2.3.1. Bioassays of Bemisia tabaci


The leaf dip bioassay method on whitefly nymphs was performed based on protocol IRAC016 described in Bielza et al. [53]. Briefly, two cotton plants with two true leaves were used during the experimental process. Approximately, 50 adult whiteflies from the TYM 21-3 were caged on individual cotton leaves in small clip cages for a 24 h oviposition period to allow for synchronization of the developing nymphal stages. After oviposition, the adults were removed. Each treatment was performed in four replicates. The tested plants were maintained at 25 (±2) °C, 60% RH. Upon a period of nine days, when the majority of the nymphs had reached the second instar (L2), the leaves were immersed in an emulsion of 400 mgL−1 of 17 for 10 s. For the control, the leaves were immersed in an emulsion that contained only the solvents DMF and EM. Finally, the mortality was assessed approximately after 15 days, when the nymphs reached the final instars on the infested leaves. An insect was considered dead if the nymphs were dried-out or/and did not develop further than the initial second instar.



Concerning the adults’ tests, aqueous emulsions of compound 17 were used in a leaf dip bioassay protocol (IRAC015) previously described by Roditakis et al. [50]. Briefly, three cotton leaf discs were cut to fit 39 mm diameter Petri dishes per treatment. The leaves were immersed in 400 mgL−1 of 17 for 5 s. For the control, the leaves were immersed in an emulsion that contained only the solvents DMF and EM. Treated leaf discs were allowed to dry and placed with the abaxial surface in Petri dishes embedded with a thin sterile water agar layer (20 g L−1). Two ventilation holes covered with thin meshes had been opened on the side walls of the dish to allow for adequate ventilation. Then, whiteflies adults were restrained using carbon dioxide, and 25 females were placed on each leaf dish. Handling mortality was estimated within 1 h. The corrected mortality was assessed after 72 h. An insect was considered dead if no movement was observed after disturbance of the insect with a fine brush.



The aforementioned bioassays were conducted with (UVA 365 nm, 18W, 24 h exposure) and without UVA irradiation (24 h in the dark) in order to evaluate the effect of UVA irradiation on compound’s lethal activity on whiteflies. Subsequently, the bioassay dishes were transferred under typical environmental conditions (24 ± 1 °C, 16 hL: 8 h D) up to the time point that insect mortality was evaluated, as previously described.




2.3.2. Data Analysis and Statistics


Mortality % was corrected for control mortality using Abbott’s formula [60]. The analyses were performed using IBM SPSS statistics version 28.0. The corrected mortality between UVA and no UVA treatments were compared with one-way analyses of variance (ANOVA). Before statistical analyses were performed, homogeneity and the normality of error of variances were evaluated for all data groups.






3. Results and Discussion


3.1. Chemistry


A selection of appropriate parent aromatic amidoximes 1, 2, 4, 5 [55], and 3 [56] bearing substituents of the electron donating and withdrawing effects were reacted initially with commercially available p-Cl-phenylisocyanate 6 in chloroform reflux for 1–6 h to afford good to excellent yields of carbamoyl derivatives diversified on the aromatic ring of the amidoxime moiety (Scheme 1, 16–18 and 21–22). In our previous work on the DNA photocleavage activity of oxime carbamates, along with the experimental proof, computational calculations showed that only a p-Cl (compared with a p-NO2)-substituted phenylcarbamoyl conjugate had the capacity to react under light, giving a populated excitation triplet state, whereas other moieties such as p-MeO-phenyl, p-NO2-phenyl, phenyl, or benzyl were found to become photo-reacting towards DNA only after the addition of a triplet state activator [38]. In order to obtain another experimental proof for this concept, o-nitrophelyl amidoxime (3) was reacted with commercially available p-NO2-phenyl (7) and p-MeO-phenyl isocyanate (8), furnishing two additional carbamate esters (19,20).



After performing DNA photocleavage experiments at 312 nm, all derivatives, except 19 and 20, were found to be very active, a result that verified again the findings of previous studies. The correlation of the DNA-photocleaving ability to the existence of a halogenated carbamoyl motif was further investigated. Taking into account the very good photocleaving activity of the compounds at 312 nm, the MeO derivative 22 was chosen as a lead for a second stage of studies, which were designed in order to identify the effect of the nature, the number, and the position of halogens on the carbamoyl group. Thus, along with the p-Cl-phenyl conjugate, the p-F; p-Br; p-I; m-Cl; o-Cl; 3,4-di-Cl; and finally, 2,4-di-Cl-phenyl derivatives were prepared. Under similar reaction conditions, compounds 23–29 were uneventfully obtained in good to excellent yields (Scheme 1).



All nitro-phenyl amidoxime carbamates (16–18) were found to absorb light in the UVA area. Therefore, the opportunity to compare their reactivity to a hydrazone derivative lacking the –O-CO- linker of the carbamates (Scheme 2 compound 32 [57]) was important for the completion of the comparative studies.



Besides 32 [57], all compounds are new and were fully characterized. For 16–29, a single geometric isomer (Z) was isolated in all cases. Moreover, as for amidoxime carbamates with quite similar structures [38], the oxyimino moiety was being identified by the existence of a broad singlet peak, integrated for two protons, at 5.2–7.7 ppm (NH2). The singlet sharp peak in the area of 8.7–10.1 ppm in the 1H-NMR spectrum corresponds to the NH moiety of the carbamate group.




3.2. DNA Photocleavage Experiments


Plasmid DNA exists in three conformations. The first one, the supercoiled form (called Form I) is the basis for the calculations of DNA damage. When it is nicked at a single strand (ss), it gives the relaxed or open circular form (Form II). For the same size, the supercoiled DNA runs faster in gel electrophoresis than relaxed DNA and provides a second discrete band. When both strands are cut, this double strand (ds) damage provides the linear form of the plasmid that sustains less friction than relaxed circular DNA, but more than supercoiled DNA. By staining the irradiated DNA with EB, the latter band is found in between Form I and Form II and is called Form III. All those bands can be measured based on the control plasmid DNA and give the % ss and % ds DNA damage.



Before irradiation, all compounds were incubated with plasmid DNA pBR322 for 30 min at 37 °C. Compared with compound 18, negligible activity has been shown by the p-NO2-Ph and p-OMe-Ph carbamates, 19 and 20, respectively, at 500 μM concentration and at 312 nm irradiation (Supplementary Materials, Figure S3A), a fact that verifies the necessity of a halogen atom on the carbamate moiety. To go further into these studies, the concentration dependence of the DNA photocleavage has been studied for phenyl amidoximes bearing (i) an electron donor group (OMe), (ii) no substituent, and (iii) electron withdrawing groups (NO2) (i) 22, (ii) 21, and (iii) 16 and 18). Thus, those derivatives have been exposed to UVB irradiation at concentrations of 1, 50, and 100 μM. As it can be seen, a concentration of 50 μM was already sufficient for effective photocleavage (Figure 2).



This study on the concentration/DNA photocleavage dependence for compound 22 indicated a progressive increase in the double strand photocleavage with concentration. About 50% of the plasmid was found to be cleaved between 1 and 10 μM (Supplementary Materials, Figure S3B). All four tested amidoximes seemed to be good candidates as substrates for the study of carbamates and the role of the halogens on DNA photocleavage. There was no specific reason to choose one derivative over the other, and thus, the MeO-Ph-amidoxime scaffold was, finally, chosen.



Therefore, derivatives 23–25 were exposed to UVB irradiation under the same conditions applied to 22. It is obvious from the results (Figure 3) that the p-F, p-Cl, and p-Br-Ph conjugates yield to an extensive DNA photocleavage, which at 100 μM, has the ability to cause ss as well as ds damages. The best activity was observed for the p-Cl derivative (22), and the worst was observed for the p-I-Ph one (25). Finding chlorine as the halogen atom with the best activity, another set of derivatives (26–29) have been designed, synthesized, and exposed to UVB irradiation. Changing the position of the chlorine atom from p- to m- (26) led to a dramatic drop in activity. However, a small percentage of activity was preserved when comparing the p- to o-substituted analogue (27).



As for the bis-Cl substituted compounds, the 3,4-di-Cl (28) and 2,4-di-Cl-Ph (29) derivatives, the second chlorine atom at the p-position (28) increased the activity compared with the mono m-derivative 26; nevertheless, the existence of a chlorine atom on the m-position seemed to be crucial for activity loss. On the other hand, two chlorine atoms at the o- and p-positions (29) showed activity in between the o- and p-derivatives, 27 and 22, respectively; nevertheless, the superiority of compound 22 among all derivatives was more than obvious (Figure 3). All these model compounds were inactive in the dark (Supplementary Materials, Figure S3C).



The mechanism of action has been studied for derivatives 21 and 22 (100 μM concentration) in the absence of oxygen, as well as in air with a variety of radical and singlet oxygen scavengers. Both compounds showed similar activities that involved functioning under argon, which means that the N-O bond homolysis allows the oxime carbamates to create their nitrogen centered radicals [38] (Figure 4).



In air, a radical scavenger such as L-cyst does not influence the photocleavage, whereas KI decreased the activity. The same has been observed with excess NaN3. In the presence of D2O, the activity compared to the one in the presence of NaN3 was increased, and this verifies the formation of singlet oxygen (type II mechanism [22]). Finally, the most drastic change was observed when excess DMSO was used. DMSO scavenges ·OH radicals, and this experiment indicated the formation of those radicals under the type I mechanism [22] (Figure 4).



Although derivatives 21–29 in DMSO solutions show low absorption in UVA areas above 350 nm (Supplementary Materials, Section S2A), their complexes with DNA seem to respond to those irradiations. Representatively, the UV-vis spectra of compounds 17, 22, 26, and 28 with increasing amounts of CT-DNA have been recorded, and their Kb values have been calculated (Supplementary Materials, Section S2B and Table S1). According to the DNA-binding constants of the four studied derivatives, compound 17 showed the best affinity. The interaction with plasmid DNA and irradiation under a broad-band UVA lamp gave results similar to those obtained at 312 nm as far as the nature of the halogen atom concerns. Thus, for the 4-MeO-Ph derivatives, active were the F, Cl, and Br at the p-position (22–24). Derivative 21 was also found to be as active as 22 (Figure 5). All three p-, m-, and o-nitro-phenyl derivatives (16–18) were almost equally active, and hydrazone derivative 32 showed some activity too (Figure 5 and Supplementary Materials Figure S3D. All gels are provided in Supplementary Materials, Section S4).



The results of the DNA photocleavage provided the activity of the complexes that the compounds themselves form with DNA as a result of their affinity to the macromolecule. In order to expand studies to other molecules and/or organisms, one has to rely, initially, on the ability of the compounds to absorb light in the area of irradiation that is going to be used. Therefore, only derivatives 16–18 fulfill this prerequisite. Based on the fact that 16 and 17 were more easily obtained (18 was obtained in a lower yield and required column chromatography purification) and their high UVA absorption, those two were selected for the pesticidal activity studies. Among those two compounds, compound 17 exhibited some activity, and the primitive results are presented below.




3.3. Pesticidal Activity


The effects of compound 17 have been evaluated against B. tabaci, a devastating crop pest all over the world. The mortality levels exhibited by 17 on whitefly nymphs were of low levels and were not affected by the 24 h exposure to UVA irradiation at 365 nm. The response of TYM 21-3 to 17 is shown in Figure 6. The corrected mortality for larvae of B. tabaci was 7% and 5.14% without and under UVA irradiation, respectively. Statistical analysis was performed (one-way ANOVA, p > 0.05, n = 4), indicating that the activation of compound 17 by UVA irradiation had no significant effects on the % mortality of whitefly nymphs. In contrast, the % mortality of adult whiteflies by 17 was 25% under UVA irradiation at 365 nm, whereas it was almost zero (0.2%) when 17 was inactive in the absence of UVA irradiation, suggesting that the activation of 17 was implicated in vital functions of the insect (one-way ANOVA indicated a significant increase in the % mortality levels under UVA irradiation (p < 0.05, n = 3), Figure 6).



This is not the first time that stage-specific differentiations to an insecticidal compound have been identified. Differences in response to xenobiotics in B. tabaci have been associated with genes that are differently expressed in different developmental stage. For example, resistance to the neonicotinoid insecticide imidacloprid can be detected in whitefly adults but not in the nymphal stages of individuals of the same population due to the stage-specific expression of P450s, metabolic enzymes associated with the resistance to neonicotinoids [61,62,63].



The consequences of the implementation of compound 17 remain a knowledge gap. However, this is the first report on carbamates or oxime esters that act photochemically on insects. The results are preliminary but indicative of the direction that investigations on such applications should take. It could be further investigated for longer periods of exposure under UVA and/or visible light and evaluated on the population’s development in a long term. Furthermore, for an assessment of the actions of this substance, more experiments using wider ranges of doses must be carried out in order to precisely define the optimal dose that could be potentially be used for the formulation of a novel insecticidal product.





4. Conclusions


A number of halogenated O-carbamoyl derivatives of 4-MeO-benzamidoxime derivatives have been designed in order to study their DNA photocleavage effect under UVB and UVA irradiation, with an emphasis on the nature, position, and number of halogens on the carbamoyl moiety that ensure photoactivity. After the efficient synthesis of all aryl carbamoyl esters bearing halogens in p-position (F, Cl, Br, and I), the most effective derivative towards DNA photocleavage was found to be the chlorinated one (22), in concentrations below 10 μΜ. This result led to the investigation of the existence of the chlorine atom in other positions on the aryl moiety, meaning at the m- and o-position, as well as of the existence of two chlorine atoms on the aromatic ring that links the -NH-CO-O fragment. It was clear that the activity had been diminished not only at the m-chloro derivative (26) but also at the bis-chloro substituted ones (28 and 29). The substitution on the benzamidoxime scaffold seemed to be irrelevant to the outcome of the photocleavage. The ability of the compounds to react even in the absence of oxygen, probably via radicals derived from the N-O bond homolysis of the carbamates, is found to be important for the use of such compounds in hypoxic environments. Additionally, mechanistic studies for two compounds have shown that, in air, the formation of hydroxyl radicals and partially singlet oxygen is possible. The response of nitro-benzamidoxime p-Cl-PCMEs under UVA irradiation at 365 nm allowed for the investigation of their potential efficacy against the whitefly B. tabaci. The m-nitro derivative exhibited a moderate but significant specific activity against the adult stage of the pest only under UVA irradiation. Whitefly nymphs were not affected. This result, although very preliminary, may allow for the development of lead compounds for the control of agricultural insect pests that can cause significant economic damage in crop production.
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Figure 1. (A) Chemical structure of oximes (I) and their carbamate derivatives (II). Photochemical N-O homolysis of carbamates (II) that generate two nitrogen-centered radicals (IIa,IIc). (B) Chemical structures of commercially available oxime carbamates used as pesticides. (C) Present work. 
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Scheme 1. Synthesis of carbamates: 1/1.1 equivalents of amidoximes and isocyanate esters, respectively, refluxed in CHCl3 for 1–6 h. 
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Scheme 2. Synthesis of hydrazone 32. 
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Figure 2. (a) Gel electrophoresis image depicting one experimental picture for the DNA photocleavage caused by selected amidoxime p-Cl-Ph carbamates 16, 18, 21, and 22 at concentrations 1, 50, and 100 μM, 312 nm (F I: Form I; F II: Form II; F III: Form III); (Form II%: % ss; Form III%: % ds); (b) plots that depict all values derived from all (at least two) experiments for the same compounds. For each compound for the three concentrations the same color has been chosen (for example: blue for the % ss damage caused by compound 22; For all compounds on the top of % ss damage the % ds damage is found in red color). 
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Figure 3. (a) Gel electrophoresis image depicting one experimental picture for the DNA photocleavage caused by all methoxy-amidoxime halogenated carbamate derivatives 22–29 at concentration 100 μM and 312 nm irradiation (F I: Form I; F II: Form II; F III: Form III); (Form II%: % ss; Form III%: % ds); (b) plots that depict all values derived from all (at least three) experiments for the same compounds. (Plots on the bottom in blue color: % ss; plots on the top in red color: % ds). 
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Figure 4. Gel electrophoresis pictures for the investigation of the mechanism of action in the presence of various scavengers: L-cyst: 1500 μM; KI: 250 μM; NaN3: 20 mM; DMSO 20%. (a) Amidoxime carbamate 21; (b) amidoxime carbamate 22. 
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Figure 5. Plots that depict all values derived from all experiments for the same compounds, UV-A irradiation, 365 nm. (Plots on the bottom in blue color: % ss; plots on the top in red color: % ds). 
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Figure 6. Estimated corrected mortality of L2 nymphs and adults of TYM 21-3 at dose 400 mgL−1, under the exposure of 24 h of UVA irradiation at 365 nm and without UVA. Different Latin characters indicate significant differences in the responses (p < 0.05, one-way ANOVA, lowercase characters for nymph, and capital letters for adult comparisons). 
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