Ternary transition metal complexes with an azo-imine ligand and 2,2’-bipyridine: characterization, computational calculations, and acetylcholinesterase inhibition activities 
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Abstract
New mononuclear ternary transition metal complexes: [M(HL)(bipy)2]ClO4, (M: Mn(II) for 1, Ni(II) for 2), [M(HL)(bipy) (ClO4)], (M: Ni(II) for 3, Cu(II) for 4, Zn(II) for 5) with M(II), 2-[(E)-(hydroxyimino)methyl]-4-[(E)-phenyldiazenyl]phenol, H2L, and 2,2ˈ-bipyridine were synthesized. The structures of the complexes were investigated by using various analytical, spectroscopic techniques such as elemental analysis, FTIR, UV-Vis, NMR, MALDI-TOF mass spectrometry, thermal analysis, and computational studies containing geometric optimizations and theoretical calculations of vibrations and electronic transitions. IR and thermal analysis data verifies the proposed structure of the complexes. The inhibition activities of the complexes against acetylcholinesterase (AChE) extracted from Ricania simulans adults and nymphs were examined and all the complexes were found to be active. Among the complexes studied, the most inhibition activity was exhibited by complex 5 with the lowest IC50 value (3.2±0.8) for AChE of adults, complex 3 with the lowest IC50 value (4.6±0.8) for AChE of nymphs.
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Introduction
Coordination compounds with the azo-imine ligands have gained significant importance related to their applications in several high technology areas such as liquid crystalline displays (LCD), optical storage, laser and inkjet printers as well as in leather, textile and plastic industries.1–3 They have attracted the attention of researchers because of their biological activities such as anti-microbial, antitumor, anticancer, anti-fungicidal.4 Numerous azo compounds are used in pharmaceuticals and cosmetics although some of them have been reported to be toxic.1 Coordination compounds have also been investigated for the treatment of Alzheimer’s disease (AD), Parkinson’s disease, aging, and those showing inhibitor activity of AChE promise in the use of therapeutic applications.5–7 Some Co(II), Cu(II), Ni(II), Zn(II) complexes were reported as acetylcholinesterase inhibitors (AChEIs) and they also have the potential of using agricultural struggle because they are associated with excitation, tremors, and death in insects.5,8 
The agricultural areas located on the coastal part of the Eastern Black Sea Region have recently been exposed to the damage caused by a different type of insect known as Ricania simulans (Walker, 1851). It has been seen in this region for the past 9 years, despite the motherland which is known to be China.9,10 R. simulans is seen to be the type of pest where the population and the extended range of which are on the increase with each passing day around this region.10,11 The Ricaniidae family, which belongs to the group of hemipteran insects, is represented by 40 stripes (types) and 400 species. Although the species of this family show general propagation in tropical regions, Ricania species can also be seen in Palearctic regions.10,12–14 It has a broad population in Japan, Southern China, Korea, Ukraine, Russia, and Georgia.10,15 Included in the quarantine list due to the harm it caused in Korea where R. simulans was brought from Southern Asia to Russia in the 1900s and to Georgia in the 1950s and also to the Eastern Black Sea Region of Turkey in 2006 along with the young trees with eggs and with bush saplings.10 Nymphs and adults of this pest that feed on vegetables, bushes, and trees without making a distinction of hosts rather harmful by absorbing the juice sap in the plant stems, leaves, and fruit. Tea gardens, which are among the most important product places of the coastline of the Eastern Black Sea Region, are under the threat of this pest, as well.10
Acetylcholinesterase (AChE, EC3.1.1.7) plays an important role in neurotransmission by hydrolyzing the neurotransmitter acetylcholine and is the target site of most insecticides. Vertebrates have both AChE and BuChE, whereas insects only have AChE.16,17. With the importance of AChE in neurotransmission and insect resistance, much attention has been paid to AChE studies from both mammals and insects. Most of these studies use non-purified AChE from homogenates of body parts or the whole body.18 There is no study on the inhibition of acetylcholinesterase of R. Simulans with such complexes in the literature. 
The study presents the synthesis, characterization, DFT calculation for the assignment of experimental IR and UV–Vis spectra and acetylcholinesterase inhibition effects of mononuclear ternary transition metal complexes (1-5) derived from azo-imine ligand 2-[(E)-(hydroxyimino)methyl]-4-[(E)-phenyldiazenyl]phenol, H2L and 2,2’-bipyridine (bipy) as co-ligand (Figure 1) on AChEs of adults and nymphs of Ricania simulans. Because cell extract provides the closest composition to the cell medium, R. simulans extracts were used in the inhibition studies. This study is expected to be a starting point and of great importance in the exploration of metal-based insecticide.


Figure 1: The proposed structures of the complexes (1-5) in the solid-state.

Results and discussion
NMR spectra
Zn(II) complex, 5 has no solubility in common organic solvents, low solubility just in DMSO, and so the proton NMR spectra were taken with difficulty (Figure 2). The proton NMR spectral data of the Zn(II) complex given in the experimental section was compared with the ligands, and the data clearly proved the formation of mixed ligand Zn(II) complex. Phenolic and oxime hydroxyl group proton was observed as a singlet at 10.98 and 11.60 ppm, respectively. The oxime hydroxyl proton signal was very broadened and shifted to 11.15 ppm, while the phenolic hydroxyl proton signal disappeared. The singlet of imine proton was also slightly shifted to 8.44 ppm. The absence of phenolic OH proton and the low-field shift of the imine proton signal shows that the coordination of primary azo-oxime type ligand to Zn(II) ion is through the nitrogen of imine and phenolic oxygen atoms. The integrated intensities of the aromatic protons were also confirmed that Zn(II) complex contains a bipyridine molecule as co-ligand.
 


Figure 2: 1H NMR spectra of Zn(II) complex, 5 in DMSO-d6.

Theoretical calculations 
Molecular Structures
Geometry optimizations of the ligand and its corresponding complexes were performed using the Gaussian 09 program in the gas phase. The optimized geometry with numbering and some of the optimized bond lengths, overlap populations, and bond orders around the metal center obtained from DFT calculations were given in Fig. 3-8.
Complexes 1, 2, form six-coordinated octahedral while complexes 3, 4, and 5 have five-coordinated distorted trigonal bipyramidal structures.
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		Bond
	Length
(A)
	Overlap Population
	Bond 
Order

	Mn69-N2
	2.00
	0.11
	0.35

	Mn69-O4
	1.94
	0.23
	0.60

	Mn69-N20
	2.03
	0.09
	0.33

	Mn69-N25
	2.05
	0.08
	0.31

	Mn69-N32
	2.03
	0.07
	0.33

	Mn69-N37
	2.04
	0.08
	0.33





Figure 3: Optimized molecular structure of complex 1.
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		Bond
	Length
(A)
	Overlap Population
	Bond 
Order

	Ni1-N3
	2.08
	0.18
	0.45

	Ni1-O5
	2.01
	0.24
	0.59

	Ni1-N21
	2.12
	0.14
	0.41

	Ni1-N26
	2.18
	0.12
	0.37

	Ni1-N33
	2.12
	0.12
	0.38

	Ni1-N38
	2.12
	0.13
	0.40





Figure 4: Optimized molecular structure of complex 2. 
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	    Length(A)
	Overlap Population
	Bond order

	Ni50-N25
	2.02
	0.17
	0.43

	Ni50-O26
	1.96
	0.20
	0.56

	Ni50-N48
	2.05
	0.12
	0.40

	Ni50-N49
	2.04
	0.15
	0.46

	Ni50-O27
	2.00
	0.12
	0.43





Figure 5: Optimized molecular structure of complex 3. 
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		Bond
	    Length(A)
	Overlap Population
	Bond order

	Cu27-N25
	2.04
	0.18
	0.44

	Cu27-O26
	1.94
	0.19
	0.55

	Cu27-N28
	2.05
	0.16
	0.44

	Cu27-O48
	2.17
	0.12
	0.32

	Cu27-N38
	2.04
	0.16
	0.43

	
	
	
	





Figure 6: Optimized molecular structure of 4.
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		Bond
	Length(A)
	Overlap Population
	Bond order

	Zn54-N25
	2.16
	0.15
	0.31

	Zn54-O26
	2.00
	0.18
	0.40

	Zn54-N27
	2.28
	0.09
	0.23

	Zn54-N37
	2.16
	0.12
	0.28

	Zn54-O47
	2.23
	0.13
	0.28





[bookmark: _Ref37684328]Figure 7: Optimized molecular structure of 5.

Figure 8 shows the frontier orbitals’ shape and the values of energies and energy gap. The energies of FMOs are important in several pharmacological and chemical fields. The electron-donating ability of a molecule is related to EHOMO. The electron-accepting character of a molecule can be measured via ELUMO values. The greater the EHOMO is, the greater the electron donor capability, and the smaller the ELUMO is the smaller the resistance to accept electrons.
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	5
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-7.059 
	3.456
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-3.603 

	4 (Alpha)
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-6.067
	1.755
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-4.312

	4 (Beta)
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-6.032
	1.712
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-4.320

	3 (Alpha)
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-5.908
	1.089
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-4.819

	3 (Beta)
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-5.933
	1.198
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-4.735

	2 (Alpha)
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-6.996
	5.609
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-1.387

	2 (Beta)
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-6.954
	5.57
	[image: ]
-1.384

	1 (Alpha)
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-6.972
	5.519
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-1.453

	1 (Beta)
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-6.676
	5.145
	[image: ]
-1.531


Figure 8: The frontier orbitals, energies, and energy gap of complexes in eV.

The conceptual density functional theory-based descriptors can be useful to estimate the biological properties. The computed quantum chemical reactivity descriptors were illustrated in Table 1. The reactivity descriptors including dipole moment, highest occupied molecular orbital energy (EHOMO), lowest unoccupied molecular orbital energy (ELUMO), chemical potential (μ), electronegativity (χ), hardness (η), softness (S), ionization potential (I), electron affinity (A), Electro-donating power (ω-), electro-accepting power (ω+), and net electrophilicity (Δω) were calculated using the following formulas.
, , , , 
, , , , 
The chemical reactivity increases with increasing softness and according to the calculated softness values, complex 3 is more reactive than the other complexes. It is also expected that complex 2 has more activity due to biological activity is related to increased hardness. The hardness value of complex 2 (5.57) is higher than that of other complexes and indicates that this complex is more stable. It is also known that stable molecules should have lower electrophilicity values. The net electrophilicity of complex 2 is lower than that of other complexes.19,20
Table 1. The calculated quantum chemical descriptors.
	Comp.
	HOMO 
	LUMO
	μ
	χ
	ɳ
	I
	A
	S
	ω
	ω-
	ω+
	Δω

	1
	-6.68
	-1.53
	-4.10
	4.10
	5.15
	6.68
	1.53
	0.10
	1.64
	5.65
	1.54
	7.19

	2
	-6.95
	-1.38
	-4.17
	4.17
	5.57
	6.95
	1.38
	0.09
	1.56
	5.55
	1.38
	6.94

	3
	-5.91
	-4.82
	-5.36
	5.36
	1.09
	5.91
	4.82
	0.46
	13.21
	29.17
	23.80
	52.97

	4
	-6.03
	-4.32
	-5.18
	5.18
	1.71
	6.03
	4.32
	0.29
	7.82
	18.34
	13.17
	31.51

	5
	-7.06
	-3.60
	-5.33
	5.33
	3.46
	7.06
	3.60
	0.14
	4.11
	11.10
	5.77
	16.88



[bookmark: _Ref482653307]Vibrational assignments
All the IR spectra of the compounds were obtained using the FT-ATR technique in the region of 4000-650 cm-1. The IR spectra of the mixed ligand complexes were compared with the starting ligands primary azo-oxime type ligand and bipyridine to determine the coordination sites that might be involved in chelation. All the vibrational signals of metal complexes (1-5) and primary ligand were calculated by using the DFT / B3LYP method to assign the experimental signals. Some selected vibrations and corresponding functional groups were summarized in Table 2. 
In the IR spectrum of the azo-oxime ligand, signals of oxime protons (C=N―OH), ―N=N― and C―O stretchings were observed at 3403, 1393, and 1265 cm-1, respectively. The primary ligand has two OH groups which are oxime and phenolic OH. The primary ligand has two OH groups which are oxime and phenolic. But, the phenolic OH signal, which is expected to appear at a lower frequency than oxime OH, could not be observed due to possible intramolecular or intermolecular hydrogen bonding. In addition to the absence of phenolic OH stretching in the IR spectrum of the complexes, the broad bands observed at approximately 3440-3190 cm-1 were attributed to oxime OH stretchings. The intense C―O vibration of the primary ligand observed at 1265 cm-1 was shifted to the upper wave number in the complexes (1314-1287 cm-1) and the intensity was also decreased compared to the free ligand. The medium intensity imine (C=N) vibration at 1621 cm-1 in the spectrum of the azo-oxime ligand shifted to the upper/lower wavenumber (1603-1645 cm-1) and the intensity of this band increased/decreased usually in the complexes. These can be interpreted as the coordination of the metal ion to the primary ligand via the phenolic oxygen and nitrogen of imine.21,22 
Free 2,2’-bipyridine has a signal at 1577 cm-1 belonging to ν(C=N) imine group. That the signal is observed at 1544 cm-1 for 5 and shifted to upper frequencies in the other complexes in the range of 1595-1606 cm-1 shows that the secondary bidentate ligand is coordinated to the metal center through nitrogen atoms of imine. Several bands belonging to the C=C vibrations were observed in the range of 1575-1437 cm-1 in the complexes. In addition, the characteristic out-of-plane C―H bending observed in 761-764 cm-1 was attributed to the bipyridine unit. Briefly, the obtained spectral data of the complexes confirm the coordination of the primary ligand to the central metal ion via the imine and phenolic oxygen while 2,2’-bipyridine is coordinated through the nitrogen atoms.
IR spectra present evidence of the metal-perchlorate bond in solid-state. The perchlorate anion has a tetrahedral geometry, its point group is Td, and it has four normal vibrational modes (ν1-ν4) of the nine vibrational degrees of freedom of perchlorate, of which only two modes, the asymmetrical stretching (ν3, 1110 cm-1) and asymmetrical bending (ν4, 626 cm-1) are IR active.1,23 But, the ATR technique does not allow us to see the lower frequencies from 650 cm-1. The diagnostic asymmetrical stretching band (ν3) of ionic perchlorate is very broad and strong which is occasionally split. The minor shift and weak splitting of this band may be occurred because of the lattice effects as in 2.23 The Raman active symmetrical stretching band (ν1) is theoretically forbidden in IR and observed as a weak band at 925-940 cm-1. The diagnostic asymmetrical stretching band (ν3) was observed at 1107 for 1 and 1082, 1071 cm-1 for 2 (See the supplementary file, Fig. S12, S13).24
The asymmetrical stretching band (ν3, 1110 cm-1) of the perchlorate group splits when a coordination bonding is formed between one of its oxygen atoms and central metal ion, so the symmetry of the perchlorate is lowered to C3v. and vibrations increases. The bands are 1115,1085, 1071 for 3, 1158, 1113, 1071 for 4 and 1145, 1111, 1070 cm-1 for 5 (Fig. S14-16).  The splittings confirm the monodentate coordination of the perchlorate ion in solid-state complexes (Table 2).25 Based on IR data of 3, perchlorate is coordinated monodentately. However, the conductivity data shows that complex 3, which is compatible with the 1:1 electrolyte type, is solvolized in DMF.


26

Table 2. Selected vibrational frequencies (observed and calculated) of synthesized compounds.
	Comp.
	
	ν(C═N―OH)
	ν(C―H)
	ν(C═N)
	Bipy
	ν(C═C)
	ν(N═N)
	ν(C─O)
	ν(ClO4)

	H2L
	Exp.
	3403
	3150-3000
	1621
	_
	1569
	1393
	1265
	_

	
	Theo.
	3291(Ph), 3666
	3074-2982
	1654*
	_
	1621-1590
	1514
	1289
	_

	1
	Exp.
	-b
	3100-3050
	1623, 1595*
	762
	1519,1468,1439
	1397
	1300
	1107(ν3); 922(ν1)

	
	Theo.
	3501
	3113-3022
	1611, 1593*
	755
	1545-1610
	1422
	1299
	-

	2
	Exp.
	3416a
	3150-3000
	1644,1602*
	763
	1575,1494,1472,1440
	1409
	1314
	1082,1071(ν3); 945(ν1)

	
	Theo.
	3503
	3095-3002
	1620, 1613*
	761
	1458-1567
	1387
	1283
	-

	3
	Exp.
	3408a
	3100-3000
	1644,1606*
	763
	1548,1476,1440
	1409
	1310
	1115,1085,1071(ν1,ν4); 933(ν2)

	
	Theo.
	3225
	3126-3034
	1632,1620*
	762
	1507-1620
	1412,1420
	1301
	-

	4
	Exp.
	3440a
	3185-3050
	1645,1602*
	764
	1541, 1476,1437
	1406
	1313
	1158,1113, 1071(ν1,ν4); 924(ν2)

	
	Theo.
	3505
	3146-3040
	1603,1629*
	789
	1508-1621
	1420
	1310
	-

	5

	Exp.
	3190a
	3100-3000
	1603, 1544 *
	761
	1477,1441
	1405
	1287
	1145,1111, 1070(ν1,ν4); 920(ν2)

	
	Theo.
	3499
	3093-2999
	1612, 1594*
	761
	1542-1610
	1418
	1326, 1339
	-


(a: broad, b: not observed, Exp.: observed experimentally, Theo.: Theoretically calculated, *: Bipy ν(C=N)

UV-Vis spectra
In order to evaluate experimental absorption bands, UV–Vis characteristics of the metal complexes were interpreted using the TDDFT/CPCM method in the implicit solvent of DMSO. The observed and predicted electronic spectra and their characters were summarized in Table 3-7. The calculated electronic transitions and FMO transitions that contribute to the formation of these bands are depicted in Table S1–S5. Experimentally observed bands were characterized according to contributions of molecular orbital transition and location of FMO on molecules.
The manganese(II) complex, 1 which has a distorted octahedral geometry shows three bands at 291, 398, and 461 nm in the electronic spectrum. Considering the oscillator powers, the first dense band consists of π→π* and d→π* transitions, with a predominance of π→π* transitions. The second band observed at 398 nm is mainly composed of d→n transitions, and attributed to metal-to-ligand charge transfer (MLCT) transition. According to the theoretical calculations, the third absorbance observed at 461 nm is attributed to d→π* transitions. the bands observed experimentally at 461 nm originate mainly in the HOMO(B)→ LUMO(B)/L+2(B) transition and can be interpreted as intra-ligand charge transfer according to the orbital character. Magnetic moment values of Mn(II) complex (1) were measured as 5.80 BM on the Gouy balance. Magnetic moment values measured at room temperature are compatible with S=5/2. 

Table 3. The calculated electronic transitions of complex 1 and their contributions.
	Wavelength (nm)
	Osc. Strength
	Major contributions

	251
	0.07
	H-2(A)→L+4(A) (18%), HOMO(A)→L+4(A) (19%)

	265
	0.33
	H-8(A)→LUMO(A) (12%), HOMO(A)→L+5(A) (10%)

	266
	0.12
	H-5(A)→L+2(A) (12%)

	269
	0.13
	H-8(A)→LUMO(A) (14%), H-1(A)→L+4(A) (14%)

	374
	0.11
	H-1(A)→L+2(A) (18%)

	375
	0.73
	HOMO(A)→L+1(A) (38%)

	406
	0.13
	H-1(A)→LUMO(A) (21%), HOMO(A)→L+3(A) (18%)

	501
	0,02
	HOMO(B)→L+2(B) (23%)

	570
	0,02
	HOMO(B)→LUMO(B) (28%), HOMO(B)→L+2(B) (24%) 



The nickel(II) complex, 2 which has a distorted octahedral geometry shows two bands, at 290 and 433 nm. The first intense band is formed by the contribution of π→π*, n→π* and ligand-to-metal charge transfer (LMCT) transitions, with a predominance of π→π* transitions. Considering the second broadband, the contribution of π→π* transitions is dominant. LMCT and d-d transitions were also contributed to the formation of this band. The measured magnetic moments of the synthesized Ni(II) complex, 2 are 2.89 B.M.

Table 4. The calculated electronic transitions of complex 2 and their contributions.
	Wavelength (nm)
	Osc. Strength
	Major contributions

	212
	0,15
	H-1(B)→L+2(B) (12%)

	218
	0,19
	H-7(B)→L+9(B) (32%)

	238
	0,22
	H-2(B)→L+3(B) (13%), H-3(A)→L+3(A) (11%) 

	251
	0,12
	H-3(B)→LUMO(B) (17%)

	264
	0,59
	H-4(B)→L+2(B) (18%), H-5(A)→L+2(A) (15%)

	266
	0,23
	H-4(B)→L+2(B) (19%), H-8(A)→LUMO(A) (15%) 

	331
	0,23
	HOMO(A)→L+3(A) (40%), HOMO(B)→L+3(B) (41%)

	377
	1,05
	HOMO(B)→LUMO(B) (35%), HOMO(A)→L+1(A) (24%)

	436
	0,03
	H-8(B)→L+8(B) (10%)

	447
	0,02
	H-9(B)→L+8(B) (27%)



The distorted trigonal bipyramid nickel(II) complex, 3 shows two absorbance bands at 362 and 429 nm. Considering the oscillatory power of the observed transitions for both bands, the contribution of π→π* transitions is predominant, with the contribution of π→π*, n→π* and d→π*(MLCT) transitions. It can be said that the contribution of d→π* transitions is very small. The measured magnetic moments of the synthesized Ni(II) complex, 3 are 2.60 BM.

Table 5. The calculated electronic transitions of complex 3 and their contributions.
	Wavelength (nm)
	Osc. Strength
	Major contributions

	329
	0,03
	H-21(A)→LUMO(A) (42%)

	344
	0,02
	H-2(A)→L+3(A) (17%), H-4(B)→L+1(B) (15%)

	366
	0,02
	H-16(B)→LUMO(B) (20%), H-1(B)→L+4(B) (13%)

	368
	0,07
	HOMO(B)→L+7(B) (28%), H-16(B)→LUMO(B) (15%)

	378
	0,02
	H-6(A)→L+1(A) (37%), HOMO(B)→L+6(B) (13%)

	381
	0,03
	HOMO(B)→L+6(B) (18%), HOMO(A)→L+5(A) (13%) 

	418
	0,37
	HOMO(B)→L+4(B) (20%), HOMO(A)→L+2(A) (17%) 

	421
	0,22
	HOMO(B)→L+4(B) (15%)

	480
	0,16
	HOMO(B)→L+2(B) (25%), HOMO(B)→L+4(B) (11%) 



Three bands were observed in the electronic spectrum of the copper(II) complex, 4, which has a distorted trigonal bipyramidal geometry, at 290, 367, and 459 nm. The first dense band is attributed to π→π* transitions, the second band is attributed to π→π* and n→π* transitions, and the third band is attributed to the weighted contribution of π→π*, n→π* and ligand-to-metal charge transfer transitions (LMCTs). The magnetic moments of the Cu(II) complex were measured as 2.14 BM. This observed value is consistent with the spin value of the Cu(II) ion containing an unpaired electron.

Table 6. The calculated electronic transitions of complex 4 and their contributions.
	Wavelength (nm)
	Osc. Strength
	Major contributions

	311
	0,02
	H-6(A)→L+5(A) (14%), H-2(A)→L+5(A) (14%)

	325
	0,01
	H-5(A)→L+1(A) (17%)

	343
	0,02
	H-2(A)→L+1(A) (21%)

	346
	0,01
	H-1(A)→L+3(A) (18%), H-2(A)→L+1(A) (14%) 

	376
	0,05
	HOMO(A)→L+4(A) (63%), HOMO(A)→L+5(A) (10%)

	380
	0,16
	HOMO(A)→L+4(A) (24%), HOMO(B)→L+6(B) (23%)

	410
	0,08
	HOMO(A)→L+3(A) (73%)

	416
	0,60
	HOMO(A)→L+2(A) (28%), HOMO(B)→L+3(B) (29%)

	421
	0,04
	H-5(B)→L+1(B) (39%), H-4(B)→L+1(B) (15%)

	462
	0,05
	H-3(B)→LUMO(B) (12%), HOMO(B)→L+2(B) (43%)

	468
	0,04
	HOMO(A)→L+1(A) (23%), H-3(A)→LUMO(A) (13%) 

	478
	0,01
	HOMO(B)→L+2(B) (39%)

	522
	0,01
	H-1(B)→L+1(B) (16%), HOMO(B)→L+1(B) (10%)



The zinc(II) complex, 5, which has a distorted trigonal bipyramidal geometry, two bands were observed at 288 and 352 nm in the electronic spectrum of and attributed to π→π* and n→π* transitions. The Zn(II) complex is diamagnetic because the zinc ion is in the d10 structure.





Table 7. The calculated electronic transitions of complex 5 and their contributions.
	Wavelength (nm)
	Osc. Strength
	Major contributions

	234
	0,20
	H-2→L+6 (24%)

	236
	0,17
	H-2→L+6 (21%), HOMO→L+7 (12%)

	250
	0,09
	H-3→L+3 (28%), H-10→LUMO (25%) 

	265
	0,28
	H-5→L+4 (43%), H-5→L+2 (11%) 

	267
	0,10
	H-5→L+4 (14%), H-11→LUMO (10%) 

	314
	0,03
	H-6→L+1 (75%), HOMO→L+6 (10%)

	322
	0,16
	HOMO→L+6 (68%), H-6→L+1 (13%)

	368
	1,09
	HOMO→L+3 (87%)

	385
	0,01
	H-2→LUMO (71%)

	413
	0,02
	H-18→LUMO (33%)



Thermal stabilities
In order to determine the metal/ligand ratio and to get information about their thermal stabilities of the ternary transition metal complexes (1-5) from ambient temperature to 1000 °C in the O2 atmosphere, their thermal decomposition processes were investigated by TG/DTG/DTA techniques. All the complexes studied are air-stable and have very high thermal stability from thermal data in Table 8. The TG curves of the complexes were given in Figure 9 (see Supplementary, Fig. S1-S5 for the DTAmax). The metal oxide residues in thermograms of the complexes are compatible with the proposed structures and their stoichiometry. 
From the TG curve of [Mn(HL)(bipy)2] ClO4, 1 has one step decomposition stage was observed within the temperature range of 150-507 °C and the DTA curve shows three exothermic peaks at 173, 285 and 473 °C. All of the organic moiety was removed from the structure above 507 °C and the final residue was attributed to MnO, its percentage was 10.0% (calc.10.0%).  
In case of [Ni(HL)(bipy)2] ClO4, 2, TG curve has three exothermic decomposition steps within the range of 25-629°C. A rapid first step decomposition was observed at 245-360°C (with exothermic DTA peaks at 285 and 358 °C) assigned to removal HL and a bipyridine with a mass loss of 56.0% (calc. 55.9%). The exothermic second step at 360-458°C (with exothermic DTA peaks at 410 °C) is assigned to removal ClO4-O with a mass loss of 11.6% (calc. 11.7%). The second bipyridine molecule was removed at 459-630°C (with exothermic DTA peaks at 505 °C) with a mass loss of 22.8% (calc. 22.8%) in the third step and final residue was assigned to NiO with a mass of 8.6% (calc. 9.51%).
In case of [Ni(HL)(bipy)(ClO4)], 3, TG curve has three step decomposition stages within the range of 25-700°C. The endothermic dehydration of 0.5 mol adsorbed water with a mass loss of 1.6% (calc. 1.6%) was observed at 25-55°C (DTAmax at 41.2 °C) in the first step. The exothermic second step at 154-299°C (DTAmax at 291 and 305 °C) is assigned to remove a bipyridine molecule with a mass loss of 29.5 (27.7). The primary ligand, HL, and ClO4-O was removed at 299-691°C (DTAmax at 422 and 520 °C) with a mass loss of 57.6 (58.4) in the third step and final residue was assigned to NiO with a mass of 11.3% (calc. 13.5%).
In case of [Cu(HL)(bipy) (ClO4)], 4, TG curve has three step decomposition stages within the range of 25-647°C. The endothermic dehydration of 0.6 mol adsorbed water with a mass loss of 1.9% (calc. 1.9%) was observed at 25-56°C (DTAmax at 47 °C) in the first step. The exothermic second step at 180-342°C (DTAmax at 231 °C) is assigned to remove a bipyridine molecule with a mass loss of 27.3 (27.3). The primary ligand, HL and ClO4-O was removed at 342-647°C (DTAmax at 370, 383, and 448 °C) with a mass loss of 54.2 (56.8) in the third step, and the final residue was assigned to NiO with a mass of 16.6% (calc. 14.2%).
From the TG curve of [Zn(HL)(bipy)]ClO4, 5 has one step decomposition stage was observed within the temperature range of 131-599 °C and the DTA curve shows four exothermic peaks at 187, 301, 368, 456 °C. All of the organic moiety was removed from the structure above 599 °C and the final residue was assigned to ZnO, its percentage was 15.70% (calc.14.5%).  
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Figure 9: TG curves of the complexes (1-5).
Table 8. Thermal analysis data of the complexes.
	Comp.
	Decom. Step(s)
	Decom. Temp., °C
	DTAmax, µV
	Group lost,
mass loss %, exp.  (calc.)
	Residue formula,
Residue %, exp. (calc.)

	1
	1
	150-507
	173(+), 285(+) 473(+)
	HL+2 bipy+ ClO4-O 
90.0 (90.0)
	MnO, 
10.0 (10.0)

	2
	1
	245-360
	285(+), 358(+)
	HL+bipy
56.0 (55.9)
	[Ni(bipy)] ClO4,
 43.1 (44.0)

	
	2
	360-458
	410(+)
	ClO4-O 
11.6 (11.7)
	[Ni(bipy)]O,
31.5 (32.6)

	
	3
	459-630
	505(+)
	Bipy
22.8 (22.8)
	NiO, 
8.6 (9.51)

	3
	1
	25-55
	41.2(-)
	0.5H2O, 
1.6, (1.6)
	[Ni(HL)(bipy)(ClO4)],
 98.4 (98.4)

	
	2
	154-299
	291(+), 305(+)
	Bipy
29.5 (27.7)
	[Ni(bipy)(ClO4)],
68.9 (98.4)

	
	3
	299-691
	422(+), 520(+)
	HL+ ClO4-O 
57.6 (58.4)
	NiO, 
11.3 (13,5)

	4
	1
	25-56
	47(-)
	0.6H2O, 
1.9, (1.9)
	[Ni(HL)bipy] ClO4,
98.1 (98.1)

	
	2
	180-342
	231(+)
	Bipy
27.3 (27.3)
	[Cu(HL)] ClO4,
70.8 (70.8)

	
	3
	342-647
	370(+), 383(+), 448(+)
	HL+ ClO4-O
54.2 (56.8)
	CuO, 
16.6 (14.2)

	5
	1
	131-599
	187(+), 301(+), 368(+), 456(+)
	HL+ bipy+ ClO4-O 
84.3 (85.5)
	ZnO, 
15.7 (14.5)



AChE inhibition studies
The synthesized complexes of Mn(II), Ni(II), Cu(II), and Zn(II) with mixed ligands exhibited inhibition profiles against the AChEs of adults and nymphs of R. simulans (Table 9). 
On AChE of adults of R. simulans, the [Zn(HL)(bipy)(OClO3)], 5 (IC50=3.2±0.8 µM) showed an inhibition effect close to edrophonium chloride (IC50=2.4±0.3 µM) known as a competitive inhibitor of AChE. The [Mn(HL)(bipy)2]ClO4, 1 showed inhibition close to tacrine as an inhibitor of AChE, while the other complexes showed better inhibition than tacrine.
Although the inhibitory effect of these complexes on the AChE of nymphs was not as much as edrophonium and tacrine, their effect on the AChE was quite high. Especially these were [Ni(HL)(bipy)(OClO3)] (3) (IC50=4.6±0.8 µM), [Mn(HL)(bipy)2](ClO4) (1) (IC50=5.6±1.2 µM) and [Cu(HL)(bipy)(OClO3)] (4) (IC50=6.4±0.7 µM) complexes, and their inhibition concentrations were close to each other. It was observed that while [Zn(HL)(bipy)(OClO3)] (5) (IC50=3.2±0.8 µM) was more effective on adults, it had less effect on nymphs (IC50=10.1±2.4 µM). The inhibition effect of the [Ni(HL)(bipy)2](ClO4) (2) complex on both stages of R. simulans was realized at higher concentrations than the others. As a result of inhibition studies, it was determined that the [Zn(HL)(bipy)(OClO3)] complex was more effective in the inhibition of AChE of the adults, and the [Ni(HL)(bipy)(OClO3)] complex was more effective in the inhibition of AChE of the nymphs.
The inhibition effect of some copper complexes synthesized on acetylcholinesterase from  Electrophorus electricus (eeAChE) was investigated and IC50 values were determined between 5.45±0.70 and 64.67±2.20  µM.26 
The effects of [Cu(naringin)2], [Cu(naringenin)2], Cu(hesperetin)2, Cu(naringin)(2,2′-bipyridine), Cu(naringin)(phenanthroline), Cu(naringenin)(2,2′-bipyridine), Cu(hesperidin)(phenanthroline), Cu(hesperetin)(2,2′-bipyridine) and Cu(hesperetin) (phenanthroline) complexes on the activities of acetylcholinesterases obtained from human serum and electric eel were investigated. In this reported study, it was determined that the synthesized complexes have different effects on AChEs in different organisms. Also in this reported study, IC50 values for huAChE were 1.73 ± 0.3, 0.66 ± 0.2, 0.33 ± 0.02, 0.012 ± 0.002, 0.87 ± 0.1, 0.25 ± 0.03, 0.32 ± 0.05, 0.33 ± 0.05, 0.36 ± 0.07 µM and IC50 values for for eeAChE were 0.16 ± 0.03, 1.41 ± 0.4, 2.55 ± 0.5, 0.17 ± 0.02, 1.4 ± 0.3, 0.46 ± 0.2, 1.77 ± 0.4, 0.94 ± 0.09, 0.33 ± 0.06 µM.8 







Table 9. IC50 values of acetylcholinesterase of R. simulans in the presence of the complexes (1-5).
	Complex
	IC50 (µM)
For adults
	IC50 (µM)
For nymphs

	[Mn(HL)(bipy)2] (ClO4), 1
	22.0±1.8
	5.6±1.2

	[Ni(HL)( bipy)2] (ClO4), 2
	14.0±1.2
	16.5±1.9

	[Ni(HL)(bipy)(OClO3)], 3
	16.0±2.1
	4.6±0.8

	[Cu(HL)( bipy) (OClO3)], 4
	7.2±1.4
	6.4±0.7

	[Zn(HL)( bipy) (OClO3)], 5
	3.2±0.8
	10.1±2.4

	Edrophonium cloride
	2.4±0.3
	0.6±0.09

	Tacrine
	18.0±1.9
	1.2±0.4



Conclusions
The agricultural areas located on the coastal part of the Eastern Black Sea Region have recently been exposed to the damage caused by a different type of insect known as Ricania simulans. The acetylcholine esterase is the target site of most insecticides. So, mixed ligand metal complexes with azo-oxime ligand and 2,2’-bipyridine as co-ligand were prepared, theoretical calculations were performed to provide information about molecular geometry, electronic structure, molecular and spectroscopic properties, and it was reported the use of screening assays to evaluate their inhibitory activities against the AChEs of adults and nymphs of R. simulans in this study. All the complexes were found to have inhibitor activities. Interestingly, complexes 4 and 5 showed better inhibitor activity than the other complexes tested and the most active of the complex has found to be complex, 5 with IC50 value of 2.4±0.3 µM for adults, and complex 3 with the lowest IC50 value (4.6±0.8) exhibited the most inhibition activity for nymphs. Here, it has been shown that these complexes may be used potentially as metal-based insecticides in the agricultural struggle for R. simulans.
Experimental
Materials and Methods
2,2’-Bipyridine (Bipy) and perchlorate salts of Mn(II), Ni(II), Cu(II), and Zn(II) were purchased from Merck. All chemical and solvents were analytical grade and used without any purification. 2-[(E)-(hydroxyimino)methyl]-4-[(E)-phenyldiazenyl]phenol, H2L was prepared according to the reported literature.4 
Preparation of crude extract
About 5 g of adults or nymphs of R. simulans collected in July were homogenized in 20 mL phosphate buffer (pH 7.4, 0.05 M, containing 1 mM EDTA, 0.5 % Triton X-100, 0.5 M NaCl) in the ice bath. The homogenates were centrifuged at 22,000xg for 30 min at 4°C. After the supernatant was filtered via syringe filter units (pore size 0.45 μm). The supernatant was used as a crude extract.27
Measurements
Elemental analyses were measured with a LECO truspect analyzer and 1H NMR spectra were measured with an Agilent Technologies 400/54 spectrometer at the Central Research Laboratory of Recep Tayyip Erdogan (RTE) University. MALDI-TOF mass spectra in a DHB matrix were recorded on a Bruker Microflex LT at the Gebze Institute of Technology for the complexes. IR spectra were recorded on a Perkin Elmer Spectrum 100 FT IR infrared spectrophotometer equipped with an ATR apparatus. UV–Vis spectra were recorded on a Perkin Elmer Lambda-35 spectrophotometer. Magnetic susceptibility and thermogravimetric data were collected by using Sherwood MK-1 and SII 6300 TG/DTA, respectively. Molar conductivity measurements of the complexes were measured with a Hanna EC 215 conductivity meter by using 0.01 M KCl water solution as a calibrant.

Enzyme assay
The activity of AChE was determined by the spectrophotometric method using acetylthiocholine iodide (ATC) as the substrate.26 The reaction mixture, in a final volume of 3 ml contained 60 µL of 75.0 mM ATC, 60 µL of 10.0 mM 5,5’-dithiobis(2-nitrobenzoic acid), 2.780 mL of 0.1 M potassium phosphate buffer, pH 8.0 and 100 µL of enzyme solution. The enzymatic reaction was initiated by adding the enzyme solution to the sample cuvette. Absorbance was read after 10 min incubation at 37°C at 412 nm. Each activity value was taken from an average of 3–5 measurements. The inhibition effect was investigated by adding different volumes of 1 mM stock inhibitor solutions to the reaction mixtures which is here the buffer volume was reduced by the volume of inhibitor solution added. One unit of AChE (EU) was defined as the amount which catalyzed the hydrolysis of 1.0 µM of ATC per minute at room temperature, which was calculated based on an extinction coefficient of 13.6 mM−1 cm−1.27,28
The inhibition studies were performed with tacrine and edrophonium chloride, known specific inhibitors of acetylcholinesterase, and the synthesized complexes at pH 8.0 in the presence of ATC substrate. The inhibitory concentration (IC50), which inhibits the AChE activity by 50%, was determined by using the % inhibition graph drawn against the inhibitory concentration. Inhibitors and their concentration ranges were as follows: tacrine 0.1–20.0 μM, edrophonium chloride 0.1–4.0 μM, and the complexes 2.0-30.0 μM.  Each inhibitor was used in at least six concentrations.29 

Theoretical Methodology
Quantum chemical calculations were performed to provide information about molecular geometry, electronic structure, molecular and spectroscopic properties. Fully optimized structural parameters of the ligands (H2L and bipy) and their metal (Mn(II), Ni(II), Cu(II), Zn(II)) complexes were calculated at the DFT level (B3LYP) with basis sets 6–311++ G(d,p) for nonmetal atoms, LANL2DZ and the effective core potential (ECP) for metal atoms. Since the CAM-B3LYP method gives a better definition of the excited state transitions compared to the B3LYP function, the electronic excitations were calculated using TD-CAM B3LYP methods combined with a conductor-like polarizable continuum model (CPCM) in the implicit solvent of DMSO.30 All calculations were done using the Gaussian 09 platform.31 The optimized geometries and frontier molecular orbital (FMO) densities were visualized using the Gauss View 5 software. GAUSSSUM 3.032 to interpret the UV-Vis bands and analyze fractional contributions, and the VEDA4X33 for analysis of elementary vibration modes were used.

Synthesis of the complexes- general procedure
Firstly, ethanolic solution of NaOH was added to the solution of the ligand, H2L (1 mmol) in 15 mL ethyl alcohol to neutralize. To this solution was added the solution of metal(II) perchlorate (Mn(ClO4)2·6H2O, Ni(ClO4)2·6H2O, Cu(ClO4)2·6H2O or Zn(ClO4)2·6H2O) (1 mmol) in 10 mL ethyl alcohol. 2,2’-bipyridine (2.0 mmol for 1 and 2; 1.0 mmol for 3-5) in 10 mL ethyl alcohol was added to the solution, after the solution was stirred for 30 min at room temperature. The mixture was stirred for six hours at room temperature and then allowed to stand for two days at room temperature. solid precipitate was filtered and washed with water and ethyl alcohol, respectively. Finally, the resulting solid powders were filtered, recrystallized from a hot DMSO-H2O mixture and dried in vacuo over CaCl2. Single crystals couldn’t be obtained for X-ray diffraction studies though our great efforts.

[Mn(HL)(bipy)2](ClO4), (1)
Yield 0.25 g (35%). mp 290-296 °C (dec.). Color: Brownish khaki. FT-IR (cm-1): 3100-3050 ν(C-H); 1623, 1595 ν(C=N); 1519, 1468, 1439 ν(-C═C-); 1397 ν(N═N);  1300 ν(C-O); 1141, 1107 ν3(ClO4)-; 922 ν1(ClO4)-; 762 (bipy). UV-Vis. λmax, nm (ε, M-1 cm-1) in DMF: 291 (13880); 398 (8900); 461 (7300. Molar conductivity (Ω−1cm2mol−1) 60. μeff B.M. (298 K): 5.80. MALDI-TOF MS (m/z): Calc. for C33H26ClN7O6Mn: 707.0; Found: 607.9  [M-ClO4]+. Anal. Calc.: C, 56.06; H, 3.71; N, 13.87. Found: C, 56.27; H, 3.62; N, 13.81.

[Ni(HL)(bipy)2](ClO4), (2)   
Yield 0.39 g (55%). mp 252-259 °C (dec.). Color: Greenish yellow. FT-IR (cm-1): 3416 ν(OH); 1644, 1602 ν(C=N); 1575, 1495,1472, 1440 ν(-C═C-); 1409 ν(N═N);  1314 ν(C-O); 1082, 1071 ν3(ClO4)-; 945 ν1(ClO4)-; 763 (bipy). UV-Vis. λmax, nm (ε, M-1 cm-1) in DMF:  290 (16420); 433 (5740). Molar conductivity (Ω−1cm2mol−1) 61. μeff B.M. (298 K): 2.60. MALDI-TOF MS (m/z): Calc. for C33H26ClN7O6Ni: 710.7; Found: 592.7 [M-(ClO4+H2O)]+. Anal. Calc.: C, 55.77; H, 3.69; N, 13.79. Found: C, 55.54; H, 3.52; N, 13.88.

[Ni(HL)(bipy)(ClO4)], (3)   
Yield 0.24 g (43%). mp 248-257 °C (dec.). Color: Khaki. FT-IR (cm-1): 3408 ν(OH); 1644, 1606 ν(C=N); 1548, 1476, 1440 ν(-C═C-); 1409 ν(N═N);  1310 ν(C-O); 1157, 1115, 1085, 1071 ν1,ν4(OClO3)-; 933 ν2(OClO3)-; 763 (bipy). UV-Vis. λmax, nm (ε, M-1 cm-1) in DMF: 362 (15080); 429 (22350). Molar conductivity (Ω−1cm2mol−1) 82. μeff B.M. (298 K): 1.81. MALDI-TOF MS (m/z): Calc. for C23H18ClN5O6Ni: 554.6; Found: 453.6 [M-ClO4]+. Anal. Calc.: C, 49.81: H, 3.27; N, 12.63. Found: C, 50.02; H, 3.33; N, 12.47.  
[Cu(HL)(bipy)(ClO4)], (4)  
Yield 0.26 g (46%). mp 209-215 °C (dec.). Color: Brown. FT-IR (cm-1): 3440 ν(OH); 1645, 1602 ν(C=N); 1541, 1476, 1437 ν(-C═C-); 1406 ν(N═N);  1313 ν(C-O); 1158, 1113, 1071 ν1,ν4(OClO3)-; 924 ν2(OClO3)-; 764 (bipy). UV-Vis. λmax, nm (ε, M-1 cm-1) in DMF: 290 (19760); 367 (39130); 459 (32540). Molar conductivity (Ω−1cm2mol−1) 5. μeff B.M. (298 K): 2.1. MALDI-TOF MS (m/z): Calc. for C23H18ClN5O6Cu: 559.4; Found: 459.7 [M-ClO4]+. Anal. Calc.: C, 49.38; H, 3.24; N, 12.52. Found: C, 49.63.74; H, 3.39 N, 12.43.

[Zn(HL)(bipy)(ClO4)], (5) 
Yield 0.16 g (29%). mp 281-289 °C (dec.). Color: Light orange. FT-IR (cm-1): 3190 ν(OH); 1603, 1544 ν(C=N); 1477, 1441 ν(-C═C-); 1405 ν(N═N); 1287 ν(C-O); 1145, 1111, 1070 ν1,ν4(OClO3)-; 920 ν2(OClO3)-; 763 (bipy). UV-Vis. λmax, nm (ε, M-1 cm-1) in DMF: 288 (22000); 352 (36270). 1H NMR δ (400 MHz, DMSO-d6): 11.15 bs. (1H, OH), 8.68 s. (1H, HC=N), 8.44 s. (2H, Ar), 8.07-7.429 m. (13H, Ar), 6.87 s. (1H, Ar). Molar conductivity (Ω−1cm2mol−1) 4. μeff B.M. (298 K): dia. MALDI-TOF MS (m/z): Calc. for C23H18ClN5O6Zn: 561.3; Found: 461.3 [M-ClO4]+. Anal. Calc.: C, 49.22; H, 3.23; N, 12.48. Found C, 49.08; H, 3.32; N, 12.44.
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