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a b s t r a c t 

Three mononuclear di-valent VO 

2 + , ZrO 

2 + and Zn 2 + -complexes (VOL, ZrOL and ZnL, respectively) 

were prepared from asymmetrical di-basic tetradentate di-imine ligand (6,6 ′ -((1 E ,1 ′ E )-((4-chloro- 

1,2-phenylene)bis(azaneylylidene))bis(methaneylylidene))bis(2-ethoxy phenol, H 2 L). To confirm the M- 

complexes compositions, various spectral tools (FT-IR, EI/M and UV-Vis. spectra), molar conductance, 

thermal, elemental analysis and pXRD analyses were accomplished. Distorted octahedral geometry was 

confirmed for ZnL and square pyramidal geometry was elucidated for VOL and ZrOL. Their catalytic effi- 

ciency was investigated in the epoxidation of 1,2-cyclohexene by H 2 O 2 . They exhibited moderate to ex- 

cellent catalytic control. The effect of temperature, time, solvent, type of oxidant and amount of catalysts 

were studied in order to determine the optimal catalytic atmosphere. The catalysts screening for epoxida- 

tion of alternative cyclic and acyclic olefins at optimization was reported. The variation of central metal 

ions from high to low valents (Zr 4 + , V 

4 + and Zn 2 + ions) and their capability for oxidation control their 

catalytic potential are the most effective aspects in the epoxidation reaction. The catalytic oxidation of 

2-aminothiophene within VOL, ZrOL and ZnL, as a first trial, by H 2 O 2 was examined. Also, QSAR param- 

eters and DFT studies were performed to predict the catalytic properties of VOL, ZrOL and ZnL, to assert 

on chosen application. Effective surface properties of VO(II) complex were promoted for progressing its 

catalytic activity, which already happened. The catalytic mechanism was supported by the sequenced 

stability difference between proposed intermediates based on the difference in their recorded formation 

energy from the DFT study. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Imines are characterized by azo-methine moiety, in which the 

mino-group (C = N) could be formed within simple one-pot con- 

ensation of the substitutes C = O group of aldehyde or ketone 

ith amines [1] . For more than a century, M-imine complexes 

ained a distinguished attentiveness by the inorganic chemists 
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ue to their remarkable easy synthesis, high biological poten- 

ial [2] , variable catalytic performance [3] , considerable electro- 

uminescent properties [4] , remarkable fluorescence features [5] , 

onlinear optical properties (NLO) [6] , applicable sensors [7] and 

rganic photovoltaic material application [8] . According to their 

igh tenability, most imines form high stable M-chelating com- 

lexes with most of the transition metals [9] . d -Block element 

omplexes with imines as homogeneous [10] and heterogeneous 

11] catalysts possess fascinating reactivity in various chemical 

rganic syntheses [12] . Indeed, the epoxidation of C = C dou- 

le bands of unsaturated hydrocarbons, which achieved catalyt- 

cally by transition metal complex catalysts, is of interest in 
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any transmetalations of organic substrates [10-12] . The produced 

poxides of the epoxidation processes, which considered indus- 

rial intermediates, are highly applicable in the synthetic organic 

echnology [10] . 

For that purpose, numerous reported works were promoted in 

he synthesis and catalytic epoxidation studies of alternative tran- 

ition metal complex catalysts to reach the optimization with less 

equired temperature and time [12] . Oxo and/or dioxo-vanadium 

IV)/(V) imine complexes are appreciated as the most favored 

hoice and the promising effective catalysts for such redox sys- 

ems with different usable oxidants [ 13 , 14 ]. On the other hand,

inc (II)-complexes were not so the preferable catalysts in the ox- 

dation of organic compounds, e.g. olefins, due to their high stable 

xidation state [15] . However, the catalytic reactivity of zinc (II) 

omplexes, as sufficient catalysts, was studied recently by Nunes 

t al. in the epoxidation of olefins using H 2 O 2 [16] . The immo-

ilization of Mn(II)-salen complex on the modified alkoxyl-ZnPS- 

VPA considerably improved the catalytic potential of both Mn(III) 

nd Zn(II) ions in the asymmetric epoxidation of olefins [17] , in 

hich Zn 

2 + ions improved the catalytic efficiency of the Mn 

2 + - 
omplexes. Additionally, it is so far in the literature to report 

uch catalytic susceptibility of oxo-zirconium complexes in the 

poxidation of olefins. The high electrophilic character of Zr 4 + 

on in its reagents motivated its catalytic reactivity toward or- 

anic syntheses, such as ZrCl 4 [18] . The catalytic ring-opening 

olymerization of lactide was assessed by Zr 4 + -complex of phos- 

hasalen [19] , by Zr 4 + -amino-benzotriazole phenolate complexes 

20] and by some Zr-salen complexes [21] , affording high poten- 

iation. This could encourage us here to investigate the catalytic 

otential of a new oxo-zirconium complex, as a homogeneous cat- 

lyst in some epoxidation protocols. The strong Lewis acidity and 

he high valent of V 

4 + /5 + ions in their complex catalysts could pro- 

ote remarkably their catalytic potential over those catalysts of 

ery high stable low valent metal ions, i.e. Zn 

2 + -catalysts [22] . As 

ell documented, the most favorable oxidizing agent, as a green 

eagent, is H 2 O 2 . It is classified as a safely stored, high effective,

heap oxygen source and highly environmentally attractive because 

f the green by-products of its oxidation processes, oxygen and 

ater [23] . 

The coordinated ligands as the organic backbone show a re- 

pectable influence in the catalytic activity of their metal com- 

lexes [24] . The chelating, electronic and steric effects of the coor- 

inated ligand are of interest in the measuring of the M-complexes 

eactivity in catalysis [25] . This could be beneficial here to present 

he role of the coordinated imine ligand in the catalytic epoxida- 

ion of olefins with various metal ions. 

Although, the high applicability of 2-aminothiophene 

n biological and industrial proposes [26] , its catalytic ox- 

dation was not yet reported in the literature. Depend- 

ng on those effort s, we report here the preparation of 

hree imine complexes from 6,6 ′ -((1 E ,1 ′ E )-((4-chloro-1,2- 

henylene)bis(azaneylylidene))bis(methaneylylidene))bis(2- 

thoxyphenol with different metal ions (ZrO 

2 + , VO 

2 + and Zn 

2 + 

ons) with achievement of their physicochemical characteristics. 

he catalytic evaluation of the three M-imine complexes was 

xamined here in redox processes of some unsaturated hydrocar- 

ons. The effect of the oxidation state of the central metal ion 

ZrO 

2 + , VO 

2 + and Zn 

2 + ions) was also evaluated, comparatively. 

arious parameters (temperature, time, oxidant and solvent) were 

tudied to get the optimization of the catalytic reactions. Inter- 

stingly, we present all possible products of 2-aminothiophene 

xidation catalyzed by the current M-complexes. Computerized 

tudies were done to prove the steric-structures as well as to 

evelop theoretical controls for the catalytic behavior and confirm 

he previously proposed mechanism. 
2 
. Experimental 

.1. Chemicals and Solvents 

The involving starting materials, reagents and organic solvents, 

hich benefit in the syntheses and catalytic studies are commer- 

ially available with high purity form without specific purification 

Sigma Aldrich, Acros, Fluka and Merck). 

.2. Physical methods 

1 H and 

13 C NMR spectra of H 2 L and ZrOL were scanned by 

tilizing a Bruker Advance DPX-500 spectrometer. pXRD powder, 

V–Visible, FT-IR, mass spectra and CHN analyses of the studied 

ompounds were determined by Bruker D8 Advance, UV-Vis spec- 

rophotometer Q50 0 0, a Shimadzu FTIR-830 0 spectrophotometer, 

I analysis Shimadzu Qp-2010 plus and a PerkinElmer 240c ele- 

ental analyzer, respectively. Thermogravimetric analysis was con- 

ucted with a heating rate of 10 °C min 

−1 with DTG 60H Detector. 

agnetic and conductivity measurement was measured utilizing a 

ouy balance and a Jenway 4510 conductivity meter, respectively. 

.3. Preparation of H 2 L ligand and its M-complexes 

Depending on the previous synthesis of the cur- 

ent H 2 L ligand [27] , 6,6 ′ -((1 E ,1 ′ E )-((4-chloro-1,2- 

henylene)bis(azaneylylidene))bis(methaneylylidene))bis(2- 

thoxyphenol) (H 2 L) ligand was prepared by heating an ethanol so- 

ution (20 mL) of 4-chloro- o -phenylenediamine (0.71 g, 5.0 mmol) 

ith an ethanol solution (20 mL) of 3-ethoxy-salicylaldehyde (1.66 

, 10 mmol) for 2 h at 70 °C. The resulting deep orange solid was

ltered, washed with ether and recrystallized in ethanol. 

The obtained H 2 L ligand (deep orange) gave yield 85% with 

.p. 200 °C. FT-IR (KBr, cm 

−1 ): 1612 (C = N), 3423 (—OH). 1 H NMR

DMSO-d 6 , δ, ppm): 12.78-12.71 (s, 2H, 2OH), 8.96 and 8.91 (s, 

H, 2CH = N), 7.60-6.89 (m, 9H, 9CHar), 4.10-4.04 (q, 4 J = 1.8 Hz,
 J = 5.9 Hz, 4H, 2OCH 2 ), 1.38-1.33 (t, 3 J = 5.4 Hz, 6H, 2CH 3 ).
3 C NMR (DMSO-d 6 , δ, ppm): 15.00 (CH 3 ), 15.23(CH 3 ), 64.32(CH 2 ), 

4.62 (CH 2 ), 112.97 (CH), 116.29 (CH), 118.44 (CH), 119.16 (CH), 

19.33(CH), 119.46 (CH), 119.75 (CH), 121.17 (CH), 122.94 (CH), 

23.55 (CH), 146.42 (CH), 146.99 (CH), 147.50 (C q ), 147.91 (C q ), 

48.20 (C q ), 149.07 (C q ), 151.39 (C q ), 153.61 (C q ), 193.06 (CH,

CH = N). Anal. Calc. for C 24 H 23 ClO 4 N 2 (%); N, 6.38; C, 65.60; H,

.23, found (%): N, 6.30; C, 65.70; H, 5.30. 

A facile preparation method was employed for metal complex- 

tion within mixing of an equimolar ratio (3.0 mmol) of H 2 L 

1.32 g, 5 mmol) in ethanol (20 mL) with H 2 O/EtOH solution (20 

L) of 5 mmol of ZrOCl 2 �8H 2 O (0.97 g), VO(acac) 2 (0.79 g) or

n(acac) 2 �2H 2 O (0.66 g) with heating for at 70 °C 2 h. The result-

ng precipitate was filtered, washed with ether and recrystallized 

n ethanol. The purity of prepared complexes was monitored by 

LC. 

The obtained ZrOL complex (orange) gave yield 74% with m.p. 

 300 °C. FT-IR (KBr, cm 

−1 ): 1608 (C = N), 434 (M—N), 504 (M—O).

nal. Calc. for C 24 H 25 ClN 2 O 7 Zr (%): N, 4.83; C, 49.66; H, 4.31, found

%): N, 4.90; C, 49.74; H, 4.22. μeff (B.M.): diamagnetic. 1 H NMR 

DMSO-d 6 , δ, ppm): 9.53 and 9.27 (s, 2H, 2CH = N), 7.84-7.46 (m, 

H, 9CHar), 4.88-4.51 (q, 4 J = 1.3 Hz, 3 J = 5.5 Hz, 4H, 2OCH 2 ), 1.58-

.42 (t, 3 J = 5.1 Hz, 6H, 2CH 3 ). 

The obtained VOL complex (olive-green) gave yield 70% with 

.p. < 300 °C. FT-IR (KBr, cm 

−1 ): 1574 (C = N), 452 (M—N), 532 (M—

). Anal. Calc. for C 24 H 21 ClN 2 O 5 V (%): N, 5.55; C, 57.14; H, 4.16,

ound (%): N, 5.62; C, 57.06; H, 4.10. μeff (B.M.): 1.76, �m 

: 3.9 �−1 

ol −1 cm 

2 . 

https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-diffraction.html
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The obtained ZnL complex (brown) gave yield 71% with m.p. 

 300 °C. FT-IR (KBr, cm 

−1 ): 1578 (C = N), 436 (M—N), 519 (M—O).

nal. Calc. for C 24 H 29 ClN 2 O 8 Zn (%): N, 4.87; C, 50.17; H, 5.05, found

%): N, 4.80; C, 50.25; H, 5.12. μeff (B.M.): diamagnetic. 

.4. Kinetic and thermodynamic parameters 

The thermal decomposition of the studied M-chelates was ex- 

mined kinetically by applying Coats–Redfern relation, as shown in 

q. 1 [28] : 

og 

[
log ( w ∞ 

/ ( w ∞ 

− w ) ) 

T 

2 

]
= log 

[
RA 

E 

∗∅ 
(

1 − 2 RT 

E 

� = 

)]
− E 

� = 

2 . 303R 

1 

T 

(1) 

here, W and W ∞ are the mass loss at a defined temperature 

 of the studied compounds and the mass loss after their com- 

lete decomposition, respectively. R and φ are the general constant 

f gases and the heating rate, respectively. The graph was plotted 

rom the left side of Eq. 1 against 1/T, since ( 2 RT 
E ∗ ) ≈ 0. Moreover,

he kinetic parameters namely frequency factor (A) and activation 

nergy (E � = ) were calculated from the intercept and the slope, re- 

pectively. The thermodynamic parameters of the activation en- 

halpy, �H, and the activation entropy, �S, were determined from 

he activation energy, E � = , using the well knowing Arrhenius rela- 

ions [29] . 

.5. Studies in solution 

The VO, ZrO- and Zn-complexes stoichiometry was studied in 

he solution using continuous variation (Jobs method) and molar 

atio methods [28] . Sequenced alternating changes in concentra- 

ions between metal and ligand solutions (1 × 10 −2 mol dm 

−3 

n DMF) were kept in balance for 2 h. Then, the absorbance was 

ecorded at λmax for each solution of corresponded M-complex. 

he plot was drawn between absorbance and mole fraction of 

igand for each M-complex. The forming constants (K f ) of M- 

omplexes were gained by utilizing continuous variation curves ac- 

ording to Eq. 2 : 

 f = 

(
A 

A m 

)
(1 −

(
A 

A m 

)2 
C 

(2) 

here, A and A m 

are arbitrarily chosen from absorbance values 

ither a part from absorbance peak or maximum absorbance, re- 

pectively and C is the primary molar concentration of metal ion 

olution. Also, Gibb’s free energy of each M-complex ( �G 

� = ) was 

alculated from this equation: �G 

� = = -RTlnK f . 

.6. Catalytic procedures 

In a round glass flask (100 mL) with two-neck (connected 

ith a capacity of 100 mL, equipped with fitted glass water 

irculated condenser), the 1,2-cyclohexene epoxidation or the 2- 

minothiophene oxidation was accomplished within (0.02 mmol) 

-complex catalyst (VOL, ZrOL or ZnL) in 10mL acetonitrile (stan- 

ard solvent or other used solvents), homogeneously, at various re- 

ction temperature (from 50 to 100 °C) with continuous stirring at 

he given time. Each catalytic reaction was started by adding the 

xidant (3.0 mmol of 30% H 2 O 2 , 1.7 mmol of 70% t BuOOH or 1.7

mol of solid NaClO 4 ) to the reaction solution. The progress of the 

eaction was monitored kinetically by withdrawing ~ 10.0 μL from 

eaction contents. The taken samples were mixed with solid MnO 2 

0.2 g) destroying the excess amounts of H 2 O 2 or t BuOOH and also

ith anhydrous CaCl 2 to absorb water from treated samples. Then, 

he resulted samples were filtrated through 0.3 g celite and then 
3 
iluted with acetonitrile. The obtained sample (1 μL) was delivered 

o the GC/MS apparatus. The chemoselective products were deter- 

ined with retention time and also compared with those of au- 

hentic stored compounds. For the catalytic reaction in water, the 

btained products were extracted using Et 2 O (diethyl ether). 

The yield percentages of desired products of epoxy-1,2- 

yclohexane for the 1,2-cyclohexene epoxidation were monitored 

y GC/MS, Shimadzu (Gas Chromatography mass spectrometer) of 

P2010 SE model with Rxi-5 Sil mass spectroscopy. The characteri- 

ation of the capillary column was considered as 0.25 mm ID × 30 

 length × 025 um film thickness. The withdrawing samples were 

njected into the GC/MS within an auto-sampler. The temperature 

f the provided oven was kept at 40 °C for 1 min. The oven tem-

erature was increased with a rate of 10 °C per 1 min to 200 °C. At

00 °C, the inlet process was operated with the splitless mode of 

he transfer line. The carrier gas was He (Helium) with a purity of 

9.999%. Its flow rate was carried out with 1 mL per 1 min. The 

igh-performance quadrupole mass filter and Shimadzu’s propri- 

tary Optdesign simulation program with high-quality mass spec- 

ra were supplied. EI is the ionization method for the molecular 

eight information. EI with selectively measuring, high sensitivity, 

hemical substances and an electron affinity were used in the GC- 

S. The Lab solution software was used to emphasize the amount 

f product yield percentage for each sample from the desired prod- 

cts. 

.7. Computational study 

All computations were accomplished using the Gaussian09W 

oftware package [30] . The geometry of studied compounds was 

ully optimized using DFT/B3LYP method [31] without symme- 

ry constraints. Using Becke3–Lee–Yang–Parr (B3LYP) exchange- 

orrelation functional under 6-311G 

++ basis set. The suitability of 

nal optimized forms was confirmed by positive values of fre- 

uency calculated. The time-dependent DFT (TD-DFT) was con- 

ucted by utilizing the polarizable continuum model by apply- 

ng an integral equation formalism variant (IEF-PCM) at the same 

3LYP level, to study properties of the ground and excited states 

32] . All computational files (log, chk and fchk) were visualized 

ver Gauss-View version 5.0.9 [33] to extract all displayed fea- 

ures. Among that, the optimized structures, frontier orbitals and 

lectrostatic potential maps that built over new cubic contours. 

oreover, essential physical parameters were calculated by using 

o easy method [34] . 

. Results and discussion 

.1. Practical characterization for synthesizes 

The synthesis of the current H 2 L ligand was already reported 

lsewhere [27] , whereas the VO-, Zn- and ZrO-complexes are the 

ubject presented in this work. They are characterized by alterna- 

ive spectral tools, NMR, IR, MS and UV-Vis., as well as, EA (micro- 

nalysis), TGA (thermogravimetric analyses) and magnetic features. 

ynthesis VOL complex was already reported with studying its bi- 

logical reactivity elsewhere [27] . The free ligand H 2 L and its solid 

omplexes (ZnL, ZrOL and VOL) are highly stable in air and mois- 

ure ( Table 1 ) for a long time. The obtained results of molecular 

ormula, melting/decomposition points, molar conductivity, mag- 

etic moment measurements and elemental analysis are registered 

 Table 1 ) . ZnL, ZrOL and VOL are intensely amorphous colored ma- 

erial and decomposes above 300 °C. The stoichiometry results in- 

icated that H 2 L behaves as a dibasic tetra-dentate ligand and co- 

rdinates with the metals ions through 1: 1 (M: L) stoichiometry 

 Scheme 1 ). 
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Scheme 1. Preparation strategy for the H 2 L ligand and its VO-, ZrO- and Zn-complexes. 
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.1.1. Microanalysis, magnetic and conductivity features 

The obtained elemental CHN analyses of the studied com- 

ounds are agreed with the calculated ones for their experimental 

ormula, which suggests 1: 1 molar ratio based on bibasic tetra- 

entate ligand with each metal ion. Magnetic measurements of 

omplexes agree with a d 

0 electronic configuration of ZrOL and 

nL complexes that have a square pyramid and octahedral geome- 

ries, respectively. VOL complex is paramagnetic (1.76 B.M.) with d 

1 

lectronic configuration and has square pyramidal geometry [13] . 

olar conductance of M(II)-complexes (1 × 10 −3 M in DMF) re- 

eals low values (1.9-8.0 �−1 cm 

2 mol −1 ), which indicating non- 

lectrolytic features of them [35] . 

.1.2. 1 H & 

13 C-NMR spectra of the ligand 

The 1 H-NMR spectrum of H 2 L ligand exhibits singlet signals at 

2.78 and 12.71 ppm for two hydroxyl protons, which disappeared 

hen D 2 O was added to its deuterated solution ( Fig. S1a ). For the
 HNMR spectra of ZrOL complex, the two distinguished OH-proton 

ignals are completely disappeared. The two hydroxy groups coor- 

inated to ZrO 

2 + ion within the negative charge of the deproto- 

ated group. Two azo-methine protons offer two singlet peaks at 

.96 and 8.91 ppm and the aromatic protons present multiple sig- 

als in the area from 7.60 to 6.89 ppm for H 2 L. Both signals for

he two azo-methine protons were strongly shifted to be located 

t 9.53 and 9.27 ppm, referring to their coordination to ZrO 

2 + ion 

hrough the nitrogen lone pair of electrons, as observed elsewhere 

or similar Zr-chelating complexes [20] . Additionally, the two –

CH 2 groups show multiple signals at 4.10-4.04 ppm for H 2 L and 

t 4.88-4.51 ppm for ZrOL complex. The two –CH 3 chains of the 

thoxyl groups display multiple signals at 1.38-1.33 ppm for H 2 L 

 Fig. S1a ) and at 1.58-1.42 ppm for ZrOL complex. 13 C-NMR spec- 

rum assigns signals in the aliphatic region for CH 3 carbon atoms 

t δ 15.00-15.23 ppm and —OCH 2 carbon atoms at 6 4.62-6 4.93 

pm. The carbon atoms assign 

13 C-NMR signals at 112.97-153.61 
4 
pm for the aryl rings and 193.06 ppm for the imino groups, as 

resented in Fig. S1b . 

.1.3. Comparative IR-vibrations 

To distinguish the characteristic mode of bonding of the lig- 

nd towards Zn 

2 + , ZrO 

2 + or VO 

2 + ion to form the corresponded 

-chelating complexes, the ligand’s IR spectrum of its functional 

roups was compared to those of its M-complexes spectra. The 

haracteristic IR frequencies of the prepared H 2 L ligand and its 

-imine chelates are showed in Table 1 and displayed in Figs. 

2a,b,c,d . A sharp strong band of the azo-methine groups appears 

t 1612 cm 

−1 in the spectrum of the H 2 L ligand, in which its 

requency was decreased (1608, 1578 and 1579 cm 

−1 ) after com- 

lexation with ZrO 

2 + , VO 

2 + and Zn 

2 + ions, respectively. This in- 

icates the two azo-methine coordination through the two nitro- 

en atoms in the complex formation [36] . Also and regarding the 

-complexes spectra, obscure of broad weak v̄ (OH) band, which 

ppeared for the H 2 L ligand’s spectrum (3423 cm 

−1 ), indicates 

he participation of two ionized deprotonated hydroxyl groups to 

rO 

2 + , VO 

2 + and Zn 

2 + ions [36] . This proposed a dibasic tetraden- 

ate mode of bonding for imine ligand within all M-complexes. Re- 

arkably, the water molecules reveal ρr (H 2 O) and ρw 

(H 2 O) bands 

t 854.61 and 738.39 cm 

−1 , respectively, besides, v̄ (OH) 3315 cm 

−1 

n ZrOL spectrum [37] . In ZnL complex, such bands were appeared 

t 823.88, 734.7 and 3418 cm 

−1 , sequentially. New bands that ap- 

eared at the lower wavenumber region (532–504 cm 

−1 ) were 

ssigned for v̄ (M –O) and v̄ (M –N) vibrations and confirm coordinat- 

ng NO donors ( Table 1 ) [13] . The phenolic v̄ (C –O) band, which 

ppeared at 1080 cm 

−1 , was shifted to the higher frequency at 

082, 1087 and 1094 cm 

−1 in ZrOL, VOL and ZnL spectra, respec- 

ively, due to coordination after its ionization. Moreover, v̄ (V = O) and 

¯
 (Zr = O) bands appeared at 979 and 995 cm 

−1 in their correspond- 

ng spectra, indicate their vibrational mode in square-pyramidal 

eometry [13] . 
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Fig. 1. UV–Vis spectra of the ligand H 2 L, ZrOL, VOL and ZnL complexes dissolved 

in methanol with ~ 1 × 10 −5 M at the wavelength range 20 0-80 0 nm at ambient 

temperature. 
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.1.4. UV–Vis spectra and optical band gap 

UV–Vis spectra are the most effective technique implemented 

o study the structural forms of the tested transition metal com- 

lexes [37] . The concentration 1 × 10 −3 M was prepared from each 

ompound in methanol and scanned over 20 0–80 0 nm range, at 

oom temperature. Molar absorptivity ( εmax ) and the maximum 

f absorption peaks ( λmax ), were obtained from UV-Vis spectra 

 Fig. 1 ) and tabulated in Table S1 . The ligand spectrum displayed

→ π ∗ and n → π ∗ transitions, which suffer shift due to the coor- 

ination of azomethine and enolized hydroxyl groups. Remarkable 

harge transfer bands (L → M) were recorded at 636, 479 and 524 

m in ZrOL, VOL and ZnL complexes, respectively. This feature is 

he main cause for the color depicted on such a diamagnetic octa- 

edral complex. Moreover, VOL spectrum displayed a d → d tran- 

ition band at 570 nm that attributes to 2 B 2 → 

2 B 1 transition in 

quare-pyramidal geometry. Also, square-pyramidal geometry was 

roposed for ZrOL complex, as the favorable configuration for oxy- 

etals of the d 

0 system. 

The optical band gap ( E g ) measures the magnitude of separa- 

ion between the ground and excited states under influence of UV- 

is spectra. Consequently, E g value is the lowest photon energy 

eeded to release an electron from the ground to an excited state 

nd leave a positive hole through the attraction force. Therefore, a 

educed band gap denotes the near the conduction with the optical 

and and the excitation is carried out at low energy. Elastic elec- 

ronic transition is preferable in different fields, as semiconductors- 

ike and catalytic proposes [38] . The role of catalyst in the reaction 

s mainly focused on lowering the required activation energy as 

he preliminary step in the catalytic cycle. Also, the energy of 3d 

rbitals, which found in three metal ions, have a great impact on 

he activation energy and the catalytic efficiency. The values of E g 
ould be estimated from these relations Eqs. 3 and (4) ; 

= 1 / d ln A (3) 

here, d is the width of the cell. 

hυ = A ( hυ − E g ) 
m 

(4) 

here, α is the absorption coefficient factor and A is a constant 

ndependent of energy. The values of m are 0.5 or 2, which at- 

ributed to the direct or indirect transition, respectively. The values 

f the absorption coefficient factor ( α) were gained from Eq. 1 and 

sed to calculated ( αh υ) 2 . A relation between ( αh υ) 2 and h υ
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Fig. 2. Optical band gap for H 2 L ligand and its VO-, ZrO- and Zn-complexes. 
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 Fig. 2 ) was drawn, a line was extrapolated to interact x-axis in

hich ( αh υ) 2 = 0, this point is the E g value. The calculated values

f the three complexes were appeared close to each other’s, while 

ower than that of their free ligand (H 2 L). This refers to the closest

ptical properties of the three current complexes. So, we couldn’t 

ifferentiate between them in their catalytic feature, but we expect 

 slight priority of VOL due to its E g value affording the lowest one

39] . 

.1.5. TGA and kinetic studies 

Thermal analysis is widely used to study the thermophysical 

nd kinetic properties of the M-complexes. Thermograms have 

een executed from 25 to 750 °C under nitrogen and heating rate 

f 10 °C/min, the decomposed mass verify molecular formulae sug- 

ested ( Fig. S3 ). 

TGA of ZrOL chelate shows lower thermal stability and full 

egradation reveals four steps. The first one starts at 38 °C in agree- 

ent with the presence of two hydrated water molecules by 6.3% 

ass loss (calc. 6.3%). The second one at 150-300 °C range at- 

ributes to the removal of C 8 H 8 O 2 with 23.4% mass loss (calc. 

3.5%). The third stage at 300-450 °C range refers to the C 8 H 8 O 2 

emoval with 23.5% mass loss (calc. 23.4%). The fourth stage at 

50-730 °C range assigns to the C 8 H 5 N 2 Cl loss with 28.4% mass

oss (calc. 28.3%) leaving behind ZrO. TGA of VOL complex shows 

hree degradation steps starting at 150 °C, which indicates the lack 

f water presence with a loss of C 8 H 8 O 2 by mass loss of 26.9%

calc. 27.1%). The second step at 240-465 °C range displays the re- 

oval of C H O with 27.1% mass loss (calc. 27.0%). The third stage
8 8 2 

6 
t 465-740 °C range refers to the C 8 H 5 N 2 Cl loss with 32.5% (calc.

2.6%) leaving behind VO species. The thermogram of ZnL complex 

resents lower thermal stability and full degradation reveals five 

teps. The first and second steps located at 25-110 and 110–230 °C 

anges, respectively, corresponded to the loss of two hydrated and 

wo coordinated water molecules with 6.3% (calc. 6.2%) mass loss, 

espectively. The third step is found at the 230-390 °C range, which 

s attributed to the C 8 H 8 O 2 removal with a mass loss of 23.6%

calc. 23.7%). The fourth step is recorded at 390-545 °C range, which 

isplayed for the C 8 H 8 O moiety loss with 21.0% mass loss (calc. 

0.9%). The last step is presented in the range 550-710 °C, which 

onsidered for the removed C 8 H 5 N 2 Cl part of the complex with a 

ass loss of 28.5% (Calc. 28.6%). The residual is ZnO. 

Using Coats-Redfern relation, kinetic and thermodynamic pa- 

ameters as, frequency factor (A), the energy of activation (E ∗), en- 

halpy energy ( �H 

∗), entropy change ( �S ∗) and free energy change

 �G 

∗) were estimated from TGA curves [40] ( Table S3a-c ). The 

ositive values of activation energy reflect that the degradation 

rocesses are endothermic. The negative values of entropy con- 

ider that the prepared M-complexes are more ordered than the 

eactant and the reaction is slow. In the activated state, the po- 

arization of bonds and electronic transitions may cause a slow 

eaction rate [41] . The high positive values of Gibbs free en- 

rgy ( �G 

∗) reflect that the decomposition steps are nonsponta- 

eous processes, where the free energy of the initial compound 

s lower than that of the final residue. The low values of A im- 

lied a slow rate of pyrolysis. The great positive values of E ∗ indi- 

ate the presence of rotational, translational and vibrational states, 
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Fig. 3. Powder X-ray diffraction (pXRD) of the VOL complex. 
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nd the variable mechanical potential energies for the current 

-complexes. 

.1.6. Mass spectra of metal complexes 

Mass spectra were accomplished for the studied VO-, ZrO- and 

n-complexes at 250 °C and 70 eV within the electron ionization 

ode. Consequently, the resulted molecular ion peaks, [M 

+ ] were 

isplayed at m/z = 544 (for ZrOL), m/z = 505/503 (for VOL) and 

/z = 579 a. m. u. (for ZnL). The obtained mass spectra ensure the 

hemical structure of the current M-complexes, as shown in Figs. 

5a,c,b , for VOL, ZrOL and ZnL, respectively. Besides, the peaks of 

etal isotopes were noticed in spectra at m/z = 50-90 range. 

.1.7. Powder X-ray diffraction 

Powder XRD patterns for H 2 L ligand and its M-complex were 

aken over 5 o < 2 θ < 60 o range using Cu/K α radiation (1.54060 
˚ ), as shown in Fig. 3 and Figs. S5a,b,c (in the supplementary 

aterials). All patterns reflect relatively perfect nano-crystalline 

articles with polycrystalline or monoclinic nature where a � = b 

 c and α = β = 90 � = γ . The pattern of H 2 L ligand showed

haracteristic diffraction peaks with a maximum at 2 θ = 24.8 ◦, 

hich corresponded to inter-planar spacing (d) value of 3.58940 
˚ . The unit cell of H 2 L ligand has lattice constants of a = 7.15800,

 = 30.88600 and c = 7.37330 Å with volume 1542 Å. pXRD pat-

ern of VOL complex showed characteristic diffraction peaks with 

 maximum at 2 θ = 6.9 ◦, which related to the d-spacing value 

f 13.4007 Å. The unit cell of the complex has lattice constants 

f a = 12.87200, b = 7.61300 and c = 20.69500 Å with volume

003.41 Å, as shown previously for other similar VO-complexes 

42] . pXRD pattern of ZrOL complex showed characteristic diffrac- 

ion peaks with a maximum at 2 θ = 12.9 ◦, which exhibited a d-

pacing value of 6.85380 Å. Unit cell of the complex has lattice 

onstants of a = 15.56100, b = 19.63600, c = 13.77600 Å with vol-

me 4188.45 A 

◦. pXRD pattern of ZnL complex showed character- 

stic diffraction peaks with a maximum at 2 θ = 6.2 ◦, which dis- 

layed a d-spacing value of 12.88640 Å. Unit cell of complex has 

attice constants of a = 23.3650 0, b = 12.7460 0, c = 17.9040 0 Å

ith volume 5224.71 A 

◦. 

.2. Studies in solution 

.2.1. Stoichiometry of complexes 

Significant studies for M-chelating complexes in solution are 

ompletely different from those in solid-state. However, the stoi- 

hiometry of the formed complex in solution may agree with that 
7 
n the solid phase. Consequently, this study takes some importance 

o reflect a shadow on the credibility of complexes-stoichiometry 

n their solid-state. Using spectrophotometer to execute the con- 

inuous variation and the molar ratio routes for investigation in 

olution. The obtained relations ( Figs. S6a,b ) proposed 1: 1 ratio 

or the obtained complexes. This is due to the continuous varia- 

ion curves offered maximum absorbance at a mole fraction of lig- 

nd X = 0.48–0.51 and molar ratio curves assure 1: 1 ratio. The 

orming constants ( K f ) of complexes are recorded ( Table 1 ) indicat-

ng high stability of 1: 1 ratio of the studied chelates. Moreover, 

he negative values of Gibb’s free energy reflect the spontaneous 

eature of reactions [40] . 

.2.2. Effect of pH on the M-complex stability 

As seen, the dissociation curves for metal ion complexes in DMF 

 Fig. S7 ) indicate high stability of VO-, ZrO- and Zn-complexes over 

H = 5-11 range. Therefore and regarding complex implementa- 

ions, the appropriate pH range is wide enough for safe applica- 

ions. 

.3. Catalytic epoxidation of 1,2-cyclohexene 

Fundamentally, the catalytic efficiency of VO-, ZrO- and Zn- 

omplexes was examined in the catalytic system of olefins epoxi- 

ation by a convenient oxidizing reagent under aerobic conditions. 

,2-cyclohexene is one of the most widespread standard examples 

f olefins for such systems. 

Optimized homogeneous conditions for VOL, ZrOL and ZnL cata- 

ysts were estimated as a function of time at various temperatures, 

s reported previously [43] . Also, alternative reaction parameters, 

hich could influence the selectivity and conversion, were stud- 

ed. As reported, the percentages of conversion and selectivity of 

lefins epoxidation to corresponded epoxy-product, depend mainly 

n catalyst type, oxidant nature and reaction atmosphere (solvent, 

emperature and time) [ 12 , 44 ]. 

The catalytic reactions started by injection of 1,2-cyclohexene 

1.0 mmol) by VOL, ZrOL or ZnL catalyst (0.02 mmol) and H 2 O 2 

3.0 mmol) (the oxidant) at different reaction temperatures in ace- 

onitrile (10 mL). Various catalytic control and chemoselectivity for 

he conversion of 1,2-cyclohexene were shown in Tables S4-S6 . The 

poxidation process took place in a concerted one step with an ex- 

lanation of the catalytic mechanistic pathway [45] . In the absence 

f a significant catalyst, there was no distinguished progress in the 

edox process even at high reaction temperatures. 

.3.1. Temperature Effect 

At various temperatures, 50, 60, 70, 80, 90 or 100 °C, the epox- 

dation reaction was investigated and percentages of the product 

ields were evaluated by GC/MS and listed ( Tables S4-S6) . At 50 °C, 

 low temperature, the catalytic potential of all M-complexes was 

ow even by prolongation of reaction time up to 6 h, as recorded 

n conversion and chemoselectivity percentages of the epoxy target 

entries 1-4). The percentages of conversion were increased grad- 

ally with VOL (21, 34, 50 and 60%), ZrOL (9, 15, 28 and 40%) and

nL (8, 13, 20 and 32%) during the running times, i.e. 1, 2, 4 to

 h, respectively ( Tables S4, S5 and S6 ). Considerably, the conver- 

ion percentages were enhanced gradually within the time for all 

atalysts with little reduction of the selectivity at 50 °C ( Fig. 6 a-c ). 

Similarly, at 60 °C, the yield percentages of the welcomed prod- 

ct were not highly promoted by time rising up to 6 h with all 

-complexes. Remarkably, the yield percentages were promoted to 

6, 62 and 64% within VOL catalyst after 6 h (entry 8, Table S4 ).

lso, with ZrOL catalyst, the reaction afforded 53 % of the epoxy 

roduct. With ZnL catalyst, it affords 50 % from the selective prod- 

ct after 6 h. Hence, the TONs values were incremented gradually 
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Fig. 4. Frontier orbitals for VO-, ZrO- and Zn-complexes. 
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ith the lessening of TOFs values. Conclusively, the low tempera- 

ures, i.e. 50 and 60 °C, are not enough to progress such epoxida- 

ion protocols and to optimize the reaction conditions. 

Particularly, at 70 °C, the yield percentages, conversion and se- 

ectivity were increased to high percentages specifically after a 

ong time (6 h). In the beginning, the amount of the epoxy prod- 
8 
ct was low to moderate after 1 h with all M-catalysts. The re- 

ction showed 68, 38 and 36% with VOL, ZrOL and ZnL (entry 9, 

ables S4, S5 and S6 ), respectively. The highest percentages were 

ecorded after 6 h, as 87, 73 and 76% from epoxy-1,2-cyclohexane 

ith VOL, ZrOL and ZnL (entry 12, Tables S4, S5 and S6 ), respec- 

ively. 
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Fig. 5. Molecular electrostatic maps of VO-, ZrO- and Zn-complexes. 
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At the favored temperature in acetonitrile (80 °C) for most re- 

orted epoxidation systems [46] , ~100% was the recorded conver- 

ion for VOL, ZrOL and ZnL after 4 to 6 h (entries 15 and 16).

eanwhile, the selectivity was observed as the highest percentage 

fter 1-2 h (entries 13 and 14, Tables S4-S6 ), and then it reduced

y running time to 4-6 h (entries 15 and 16). After 1 h, the pre-

ented percentages were acceptable to be 81, 61 and 56% with VOL, 

rOL and ZnL (entry 10, Tables S4, S5 and S6 ), respectively. With 

 h, the yield percentages of the desired product was improved 

emarkably to be 87 (with VOL), 75 (with ZrOL) and 72% (with 

nL) (entry 14). Similarly and after 4 h, the yielding percentages of 

he welcomed product were also improved gradually as 90 (with 

OL), 82 (with ZrOL) and 81% (with ZnL) (entry 15, Tables S4- 

6 ). But, after 6 h, the catalytic system gave less product amounts 

ith VOL (81%), ZrOL (82%) and ZnL (81%), as shown in Fig. 6 a-c ,

ntry 16. 

Moreover, at 90 °C more than the boiling point of acetonitrile, 

he conversion percentages increased fairly to 100% (entries 19 and 

0) by the time. The selectivity was oppositely reduced notably af- 

er 1 h (93%, entry 17) up to 6 h (64%, entry 20) with VOL. Sim-

lar behavior was detected for ZrO-catalysts and Zn-catalysts (en- 

ries 17-20). The yield of the desired product was detected after 

 h with percentages of 84% with ZrOL ( Table S5 , entry 19), as

hown from the TONs and TOFs values. For ZnL, the yield percent- 

ges were 86%, as reported in Table S6 , entry 19. 
9 
At 100 °C, a strong improvement in the yields of unwelcomed 

ide products [ 11 , 12 ], which minimized the targeted yield of 

poxy-1,2-cyclohexane (entries 21-24) with all M-catalysts, was 

eatly recorded. Also, excellent conversion and low selectivity per- 

entages were observed at that temperature. Consequently, the 

vaporation of reaction components at 100 °C, could take place and 

ence, could cause reducing in catalytic sufficiency. High temper- 

ture with an excess oxidant, could progress further oxidation of 

poxy-1,2-cyclohexane in presence of M-catalysts to give other un- 

elcomed side products (see TONs and TOFs values, Tables S4-S6 ), 

s reported elsewhere [15] . 

Conclusively, catalytic reactivity of VOL, ZrOL and ZnL was pro- 

oted remarkably as a function of reaction temperature, Fig. 6 a-c . 

n which, the best temperature depends on the percentages of con- 

ersion, selectivity and yield [ 10 , 15 ] and is considered as one of the

ptimized conditions. Here, VOL showed the optimal temperature 

t 80 °C with 90% yield from the selective product after 3 h (entry 

5, Table S4 ). On the other hand, ZrOL afforded the optimal tem- 

erature after 4 h, with 84 % of the target product at 90 °C (entry

9, Table S5 ). Similarly, the reactions catalyzed by ZnL, awarded 

he best yield from the targeted product at 90 °C after 4 h (86%), 

ith very good selectivity (88%), (entry 19, Table S6 ). Finally, the 

atalyzed reactions with all M-complexes could be progressed with 

eaction temperatures from 70 to 90 °C, referring to the high stabil- 

ty of complex catalysts in reaction media. 
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Fig. 6. The yield percentages of epoxy-1,2-cyclohexane of the epoxidation of 1,2- 

cyclohexene by H 2 O 2 catalyzed by (a) VOL, (b) ZrOL and (c) ZnL. 

Table 2 

Solvent type effect on epoxidation of 1,2-cyclohexene by H 2 O 2 . 

Catalyst a Solvent 

Yield (%) b Conversion 

(%) 

Selectivity 

(%) 
R P Side products 

VOL AN 0 90 10 100 90 

EtOH 1 83 16 99 84 

H 2 O 22 50 28 78 64 

DMSO 0 60 40 100 60 

CHCl 3 0 81 19 100 81 

ZrOL AN 0 84 16 100 84 

EtOH 11 57 32 89 64 

H 2 O 27 41 32 73 56 

DMSO 2 58 40 98 59 

CHCl 3 0 72 28 100 72 

ZnL AN 6 85 9 94 90 

EtOH 10 70 20 90 78 

H 2 O 27 44 29 73 60 

DMSO 0 67 33 100 67 

CHCl 3 0 77 23 100 77 

a The epoxidation of 1,2-cyclohexene (R) (1.0 mmol) by an aqueous H 2 O 2 (3.00 

mmol), catalyst (0.02 mmol) in 10 mL solvent at the optimized reaction time and 

temperature. 
b The percentages derived from GC results, selectivity control of P, epoxy-1,2- 

cyclohexane, and the other side products. 

3

p

s

b

c  

8  

Z

i

r

t

c

e  

a

t

c

3

l

c

e

(

t

T

h

a

Z

a  

v

C

e

o

r

s

t

c

v

c

t

8

r

10 
.3.2. Time Effect 

The effect of time was considered in Figs. 6 a-c , which present 

lotting of yield percentages for the chemoselective product ver- 

us time. The optimized time catalyzed by each M-catalyst could 

e determined by circulating at the best reaction time in Figs. 6 a- 

 . From Figs. 6 a-c , the optimized time was 4 h (90%, with VOL) at

0 °C. For ZrOL, it recorded 84% after 4 h and 86% after 4 h with

nL at 90 °C. Conclusively, the high reactivity of VOL with V 

4 + - 
ons, high-valent oxy-metal ions, could be interpreted with high 

eversible electrochemical behavior, more valid oxidation states in- 

erchange and strong Lewis acid character. While, Zr 4 + - and Zn 

2 + - 
atalysts have their high and stable valence and couldn’t display 

xtra-oxidation [ 25 , 45 , 47 ]. As well reported that the catalytic re-

ctivity of the involved M-complex catalyst could be processed 

hrough electron and/or oxygen transfer mechanisms [48] . This 

ould be taken place easily within VO-catalyst [45] . 

.3.3. Solvent Effect 

The catalytic potential of VO-, ZrO- and Zn-complex cata- 

ysts was influenced markedly by the nature of solvent in 1,2- 

yclohexene epoxidation, as shown pervioulsy [43] . The solvent 

ffect was studied by acetonitrile, ethanol, chloroform, DMSO 

dimethyl sulfoxide) or water in the epoxidation reactions under 

he optimized conditions for each M-catalyst, which presented in 

able 2 . The results in Table 2 showed that acetonitrile is the 

ighest effective solvent in such a catalytic system (90 % cat- 

lyzed by VOL, 84% catalyzed by ZrOL and 85 % catalyzed by 

nL). Although acetonitrile is considered a labile coordinated lig- 

nd with various metal ions [ 4 8 , 4 9 ], it is a highly effective sol-

ent for such epoxidation processes with aqueous H 2 O 2 , Table 2 . 

ommonly, at high temperatures, acetonitrile is strongly stable in 

poxidation processes compared to other applicable solvents with- 

ut any observable reactivity towards any catalytic component, i.e. 

eactant and oxidant [44] . Acetonitrile with a high dielectric con- 

tant could progress the catalytic efficiency of H 2 O 2 within elec- 

ron and oxygen transfer cycles [50] . In chloroform, the selectivity, 

onversion and yielding percentages of the targeted product were 

ery good referring to the high catalytic reactivity of current M- 

atalysts at their optimized conditions. The yielding percentages of 

he chemoselective product with VOL, ZrOL and ZnL catalysts were 

1, 72 and 77%, respectively. Due to strong organic nature and cur- 

ent M-complexes with less charge distribution in their molecules 
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Scheme 2. The aqueous hydrolysis of the epoxy product in H 2 O in the catalytic 

system. 
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Table 3 

Oxidant type effect on the epoxidation of 1,2-cyclohexene by H 2 O 2 . 

Catalyst a Oxidant 

Yield (%) b Conversion 

(%) 

Selectivity 

(%) 
R P Side products 

VOL H 2 O 2 0 90 10 100 90 

t BuOOH 0 94 6 100 94 

NaClO 4 10 53 37 90 59 

ZrOL H 2 O 2 0 84 16 100 84 

t BuOOH 0 88 12 100 88 

NaClO 4 21 59 20 79 75 

ZnL H 2 O 2 6 85 9 94 90 

t BuOOH 3 89 8 97 92 

NaClO 4 14 50 36 86 58 

a The epoxidation of 1,2-cyclohexene (R) (1.0 mmol) by an aqueous H 2 O 2 (3.00 

mmol), t BuOOH (1.7 mmol) or NaClO 4 (1.7 mmol), catalyst (0.02 mmol) in 10 mL 

acetonitrile at the optimized reaction time and temperature. 
b The percentages derived from GC results, selectivity control of P, epoxy-1,2- 

cyclohexane, and the other side products. 

Fig. 7. The yield percentages of epoxy-1,2-cyclohexane of the epoxidation of 1,2- 

cyclohexene by an aqueous H 2 O 2 depending on the loaded amount (0.01, 0.02m 

0.05 or 0.1 mmol) of the M-catalyst VOL, ZrOL or ZnL. 

t

p  

5

r

o  

a

t  

p

Z

3

c

c

t  

0

a

m

a

t

ould be the reason for their less reactivity compared to that in 

cetonitrile. So, the less polarity of the reaction media in chloro- 

orm could reduce their catalytic progress within electron and/or 

xygen transfer [51] . In ethanol, the conversion was close to 100%, 

ut the selectivity was very good with VOL, ZrOL and ZnL cata- 

yst (85, 60 and 77%, respectively). The reactivity of the catalytic 

ystems was progressed in ethanol compared to that in chloro- 

orm. The recorded amount percentages of epoxy-1,2-cyclohexane 

ere found 83, 57 and 70% using VOL, ZrOl and ZnL catalysts, re- 

pectively. Consequently, the catalytic reactions in chloroform and 

thanol awarded close amounts of the chemoselective products 

ith all M-catalysts. 

In particular, dimethyl sulfoxide, DMSO, which is considered a 

igh coordinated solvent, could bond to the central metal ion of 

he catalyst complex. This caused a high improvement in conver- 

ion percentages in catalyzed reactions within all M-catalysts (95- 

00%, Table 2 ). On the other hand, the selectivity and yielding per- 

entages were low. Interestingly, the high coordination features of 

MSO diminished also the catalytic efficiency of M-catalysts to- 

ard the oxidation selectivity [52] awarding 50, 58 and 67% of the 

poxy product with VOL, ZrOL and ZnL, respectively. The high co- 

rdination ability of DMSO towards central metal ion in catalysts 

ould bond and capsulate the catalyst and, hence, reduce the prob- 

bility of a selective catalytic epoxidation [44] . 

In H 2 O, the catalytic systems gave a moderate amount of the 

elective product ( Table 2 ), 50, 41 and 44% with VOL, ZrOL and

nL, respectively. The reactant is not soluble in water, hence, the 

eaction contents are not miscible enough in the epoxidation re- 

ction to being activated. So, under an eco-friendly atmosphere (in 

ater), the low polarity of M-catalyst and non-polar substrate (1,2- 

yclohexene), may reduce notably their miscibility and then pro- 

ibit their catalytic reactivity [ 11 , 48 ]. Also, as well reported that

he aqueous hydrolysis of the reactant and/or epoxy-product gave 

igh amounts of undesired side products [53] . The aqueous hydrol- 

sis of chemoselective products could improve the yield of the un- 

elcome side product (cyclohexane-1,2-diol), Scheme 2 . 

.3.4. Oxidant Effect 

With H 2 O 2 , t BuOOH or NaClO 4 , as an oxygen source, the cat-

lytic reactivity of the current VOL, ZrOL and ZnL catalysts toward 

poxidation of 1,2-cyclohexene was examined and documented 

 Table 3 ). The obtained results illustrated that the 1,2-cyclohexene 

poxidation processes could be controlled by the type of oxidant 

t optimized atmospheres in acetonitrile for each M-catalyst. From 

able 3 , t BuOOH afforded the best yield of epoxy-1,2-cyclohexane. 

 BuOOH is found to be the best oxidant for epoxidation under 

he applied catalysts that superior H 2 O 2 . The yields of epoxy-1,2- 

yclohexane catalyzed by such catalysts with H 2 O 2 close to those 

ith t BuOOH. Using t BuOOH, the catalytic processes afforded 94, 

8 and 89% of epoxy-1,2-cyclohexane catalyzed by VOL, ZrOL and 

nL, respectively. With H 2 O 2 , the catalytic processes gave 90, 84 

nd 85% of chemoselective by VOL, ZrOL and ZnL, respectively. It 

s documented recently that t BuOOH is a more convenient oxidiz- 

ng agent than the aqueous H 2 O 2 especially, in olefins epoxidation 

rocesses, due to its similar organic nature with the substrate in 

he reaction media [54] . To establish this behavior, NaClO 4 oxidant 

ith its high polarity was probed at the optimal atmosphere and 
11 
he results were listed in Table 3 . NaClO 4 gave less reactivity com- 

ared to those with t BuOOH or H 2 O 2 . The yields were found 53,

9 and 50% VOL, ZrOL and ZnL, respectively ( Table 3 ). 

It is noted that the processes with aqueous H 2 O 2 consumed 

elatively large stoichiometry, i.e. the excess amount of an aque- 

us H 2 O 2 compared to that of t BuOOH, because of a lot of water

mounts inside (70% water). It could relatively reduce the poten- 

iality of aqueous H 2 O 2 in comparison with t BuOOH [55] . The low

otential of NaClO 4 could reduce the catalytic reactivity of the VO-, 

rO- and Zn-catalysts due to less solubility in reaction media [54] . 

.3.5. Effect of the M-catalyst amount 

The catalytic activity of VOL, ZrOl and ZnL catalysts toward the 

urrent epoxidation reaction was examined as a function of the 

harged amount of M-catalysts, which listed ( Table S7 ) and plot- 

ed ( Fig. 7 ). The effect of VOL, ZrOl and ZnL amounts (0.01, 0.02,

.05 and 0.1 mmol) was observed by the yield, conversion control 

nd selectivity percentages ( Fig. 7 ). 

From Table S7 , when the amount of catalyst was low, i.e. 0.01 

mol, the catalytic reactivity was moderate to good within 75, 78 

nd 79% using VOL, ZrOL and ZnL, respectively. The reaction sys- 

em gave closed yield percentages when the loaded amount from 
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Fig. 8. The kinetic plots of the 1,2-cyclohexene epoxidation by H 2 O 2 catalyzed by 

ZnL as a function of temperature and time. 
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Table 4 

Kinetic parameters for 1,2-cyclohexene epoxida- 

tion by H 2 O 2 catalyzed M-complexes at opti- 

mized reaction conditions. 

Complex A x 10 8 E a , kJ mol −1 �G # 

VOL 0.97 53.0 42.6 

ZrOL 1.93 56.4 69.7 

ZnL 2.36 57.2 70.1 
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omogeneous catalysts was 0.02 and 0.05 mmol, as the optimized 

mount to produce the targeted product. The percentages of prod- 

ct were 90 and 91% (with 0.02 and 0.05 mmol of VOL), 84 and

3% (with 0.02 and 0.05 mmol of ZrOL) and 85 and 83% (with 0.02 

nd 0.05 mmol of ZnL), respectively. Conclusively, the best-loaded 

mount from homogeneous catalysts could be 0.02 and 0.05 mmol. 

owever, the less loaded amount of catalysts, i.e. 0.01 mmol, was 

ot enough to proceed. The overloaded amount of M-catalysts, 

.e. 0.1 mmol, could strongly increase conversion but diminish the 

hemoselectivity percentages, as observed elsewhere [56] . 

.3.6. Kinetics of epoxidation 

The kinetic parameters of epoxidation for 1,2-cyclohexene at 

arious temperatures (50, 60, 70, 80, 90 and 100 °C) catalyzed 

y VO-, ZrO- or Zn-complex, as a pseudo-first-order reaction, 

ere evaluated. The rate of catalytic reaction was evaluated from 

q. 5 and plotted in Fig. 8 (for ZnL) and Figs. S12a,b (for VOL and

rOl, respectively). 

ln 

(
C 

C o 

)
= kt (5) 

here, the initial concentration of 1,2-cyclohexene is C o , the time 

s t , the catalytic rate constant is k and the residual concentration 

f 1,2-cyclohexene is C . The values of the rate constant were ob- 

ained from the slope in Figs. S13a,b,c . Additionally, within the Ar- 

henius equation, Eq. 6 , E a , the activation energy for catalytic epox- 

dation, was obtained by plotting ln k against 1/T, T is the temper- 

ture in kelvin ( Eq. 6 ). 

nk = ln A − E a 

RT 
(6) 

here, the gas constant is R and the pre-exponential factor is A 

57] . The obtained magnitudes of E a and A for epoxidation of 1,2- 

yclooctene are listed in Table 4 for 50, 60, 70, 80, 90 and 100 °C.

 = 

k B T 

h 

e 
−�G 

# 
/ RT (7) 

here, h is Planck’s constant and k B is Boltzmann’s constant. From 

q. 7 , the average Gibb’s free energy for epoxidation processes 

ould be derived and then listed ( Table 4 ). Hence, the E a values

ssigned that VOL is the most effective catalyst compared to ZrOL 

nd ZnL with the lowest E a value (53.0 kJmol −1 ). Also, the E a value
12 
f ZrOL catalyst (56.4 KJmol −1 ) refers to higher catalytic potential 

f ZrOL compared to ZnL (57.2 KJmol −1 ) with its high electrophilic 

haracter of Zr 4 + ion in its complex catalyst over the low valent of 

n 

2 + ion in ZnL [12] . 

.3.7. Epoxidation of other olefins 

Screening of catalytic epoxidation for alternative olefins as 

yclic and acyclic derivatives at the optimized atmosphere was ex- 

mined and the obtained percentages of epoxy-target products are 

isted in Table 5 . VO-, ZrO- and Zn-catalysts were used for such 

poxidation reaction with aqueous H 2 O 2 . 1,2-Cyclohexene, 1,2- 

yclooctene and styrene (as cyclic olefins with the strong electron- 

onating ability of the C = C group) presented high reactivity more 

han those of aliphatic or acyclic olefins ( Table 5 ) [58] . The inner

ouble-bonded C = C group could improve the reactivity of cyclic 

lefins compared to aliphatic olefins with terminal C = C double 

ond [58] . 

.3.8. The proposed mechanism 

Geometrical characteristics of applied M-catalyst species with 

etra -dentate coordinated H 2 L ligand could help to understand the 

echanistic pathway [ 25 , 55 ]. In the catalytic cycle, VOL with a 

quare pyramidal geometry has an active vacant site capable of 

he coordination of oxidant molecule (H 2 O 2 or t BuOOH). This could 

ause an electron transfer process within oxidation of VO 

2 + to 

ighly reactive intermediate VO 

3 + species (V 

5 + , as strong elec- 

rophile) [ 23 , 59 ]. Another interaction of a new H 2 O 2 molecule

ith the electrophile A formed new active intermediate species 

 B ) [60] . Then, within an oxygen transfer step from another H 2 O 2 

o electrophile V 

5 + ion in B could give an active oxo- or peroxo- 

ntermediate ( C ) with bridged O—O bonding, and liberating H 2 O or 

 BuOH molecule [61] . The substrate molecule, R’ (1,2-cyclohexene), 

ould attract and bond to a strong electrophile V 

5 + ion in C to give

 new intermediate ( D ) [ 11 , 12 ]. Formation of new intermediate

pecies D caused oxidation for 1,2-cyclohexene to desired epoxy- 

,2-cyclohexane (RO) with liberating and recycling of A ( Scheme 3 ). 

he electron and oxygen transfer processes could be established 

ractically by changing in characteristic VOL color in the reaction 

edia when H 2 O 2 or t BuOOH was added. The observable repeated 

pectral changes of characteristic absorption spectra of VOL in ace- 

onitrile (from 570 to 475 nm) were presented in Fig. 9 , which was

ssigned for the formation of new intermediates. 

The above mechanism could be not convenient for homoge- 

eous catalytic systems for ZrOL and ZnL catalysts [ 47 , 62 ]. In par-

icular, the electron transfer promotion could not be happened for 

rOL and ZnL due to the high stability of their valence as Zr 4 + and

n 

2 + ions (of d 

0 and d 

10 electronic configurations, respectively). 

his could be proven by UV-Vis spectral data. Spectral scans of 

rOL catalyst in reaction media, which did not show any significant 

hanges in characteristic λmax at 418 nm ( Fig. 10 ). Consequently, 

nother suggestion concerning ZrOL and ZnL catalytic mechanisms 

ould be proposed [15] . The heterolytic or homolytic cleavage of 

xidizing agent O–O bond could cause direct oxygen transfer to 

 

2 + -catalyst awarding oxo-catalyst without an electron transfer 

rocess. The formed oxo-catalyst could transfer oxygen to the reac- 

ants to produce the target oxide-products, as shown in Scheme 4 . 
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Table 5 

Epoxidation of some cyclic and acyclic alkenes catalyzed. 

Scheme 3. The proposed mechanism for the epoxidation of 1,2-cyclohexene by aqueous H 2 O 2 under VO-catalysis, homogeneously. 
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The proposed mechanism described an attack of the oxidant 

olecule to central metal ion Zr 4 + or Zn 

2 + and bonds then form 

ntermediate I . The second step demonstrates the interaction of 

xidant with intermediate I to form intermediate II , with liberat- 

ng H 2 O or t BuOH molecule [ 18 , 21 ]. In which, bridged μ-dioxygen

f the intermediate could be formed within an oxygen transfer 

rom oxidant to the central metal ion. Then, the substrate molecule 

rings close to each bridged μ-dioxygen of the intermediate II by 

orming a new intermediate ( III ), which liberate the epoxy prod- 

ct ( Scheme 4 ). The suggested mechanism is compatible with that 

f reported catalytic epoxidation of olefins by MoO 2 -complex cat- 

lysts [ 48 , 63 ]. 

From the mechanistic pathway, VOL catalyst exhibited the high- 

st catalytic reactivity compared to those of other studied M- 

atalysts (ZrOL and ZnL). The electron transfer process improves 

ignificantly the reactivity of VOL with the highest chemoselectiv- 
13 
ty as less consumed time and less required temperature compared 

o those of ZrOL and ZnL catalysts ( Tables S4-S6 ) [ 12 , 15 , 52 ]. 

The catalytic potential of the current M-complex catalysts 

VOL, ZrOL and ZnL) could be estimated compared to other sim- 

lar reported catalysts. VO(II)-dihydroindolone chelate showed re- 

pectable catalytic potential in the 1,2-cyclooctene epoxidation 

ith aqueous H 2 O 2 yielding 87% of epoxy-1,2-cyclooctane after 

 h at 85 °C [12] . Similar Zn 

2 + - and VO 

2 + -Schiff base complexes 

ssigned high catalytic performance in the epoxidation of 1,2–

yclohexene awarding 82 and 92% of the selective product (in ab- 

ence of Na + SO 

3 −-group) after 7 and 5 h at 85 °C, respectively,

nd also 85 and 94% yields (in the presence of Na + SO 

3 −-group) 

fter 6 and 4 h at 85 °C, respectively [15] . VO-naphthalenylimino- 

henolate complex catalyst displayed high reactivity for the 1,2- 

yclohexene epoxidation with H 2 O 2 , which reported 93% yielding 

f the target product at 85 °C after 1.5 h [38] . Hence, the current
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Scheme 4. Catalytic cycle of the epoxidation of 1,2-cyclohexene catalyzed by ZrO- 

and Zn-catalysts. 

Fig. 9. Electronic spectral scans for VOL, as a catalyst for the epoxidation of 1,2- 

cyclohexene before and after addition of H 2 O 2 at the optimized conditions with 

interval time 10 min. 
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Fig. 10. Electronic spectral scans for ZrOL, as a catalyst for the epoxidation of 1,2- 

cyclohexene before and after addition of H 2 O 2 at the optimized conditions with 

interval time 10 min. 

Scheme 5. All possible products of the oxidation of 2-aminothiophene using H 2 O 2 
catalyzed by VOL, ZrOL or ZnL at their optimized reaction conditions. 
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atalysts, specifically VOL, are considered active with convenient 

eaction conditions. 

.4. Oxidation of 2-aminothiophene 

Oxidation of thiophenes is well documented with an alternative 

xidizing agent under various atmospheres [48] to give two paral- 

el main products, namely thiophene oxide and thiophene dioxide. 

ence, the first attempt to identify all possible products for the 

xidation of 2-aminothiophene (1.0 mmol), which carried out by 

sing H 2 O 2 (3.0 mmol) and catalyzed by VOL, ZrOL or ZnL (0.02 

mol) under optimum conditions as 1,2-cyclohexene epoxidation. 

ypes of detectable products and their yielding percentages were 

etermined by GC/MS and shown in Table 6 . Scheme 5 displays all 

ossible products of 2-aminothiophene oxidation by H O and cat- 
2 2 

14 
lyzed by VOL, ZrOL or ZnL at their optimization. Additionally, the 

eaction in absence of a considered catalyst gave low conversion 

15%) without a specific selective product. 

The catalytic oxidation of 2-aminothiophene was an unse- 

ective reaction, however, it gave some main products depend- 

ng on the type of catalysts. With VOL, the highest yield per- 

entages was the dioxy-dimeric form (2-((1,1-dioxidothiophen-2- 

l)diazenyl)thiophene-1,1-dioxide) with 26%. On the other hand, 
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Table 6 

2-Aminothiophene oxidation catalyzed by VOL, ZrOL or ZnL using an aqueous H 2 O 2 . 

Scheme 6. Profile for activated intermediates corresponds to the epoxidation of 1,2-cyclohexene by aqueous H 2 O 2 under VO-catalysis, homogeneously. 
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Table 7 

QSAR parameters for VO, ZrO and Zn-complexes. 

The parameters Complexes 

VOL ZnL ZrOL 

Surface area (grid) ( ̊A) 633.40 642.82 625.78 

Volume( ̊A) 1204.04 1213.40 1185.66 

Hydration energy (k cal/mol) -12.65 -12.88 -13.83 

Log p -1.88 -3.67 1.88 

Reactivity ( ̊A) 129.47 131.19 129.47 

Polarizability ( ̊A) 46.05 46.95 46.04 
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he main product of oxidation reaction with ZrOL and ZnL was 2- 

itrothiophene-1-oxide. The central metal ion in its catalyst com- 

lex played a prominent role in the selectivity of the oxidation 

roduct. 

.5. Supporting computations 

.5.1. Quantitative Structural Activity relationships (QSAR) 

QSAR indexes were achieved for the current complexes us- 

ng HyperChem (8.1) software through successive steps required 

or energy minimization. Such steps were, adding H-atoms, setup 

f semi-empirical (AM1), setup force-field Molecular Mechanics 

MM 

+ ) and then minimization was proceeded. This study was ac- 

omplished without fixing any parameter and finished over the 

olake-Ribiere conjugated gradient algorithm method [64] . The re- 

ctivity, polarizability, surface area, hydration energy and partition 

oefficient (log p), were calculated for the investigated complexes 

nd reported in Table 7 . The factors that reflect surface character- 

stics of the M-complexes are what give an impression of the ex- 

ected catalytic behavior. Such factors are the reactivity, polariz- 

bility and surface area. The superiority of the ZnL complex was 

ecorded, while VOL and ZrOL appeared with similar and moder- 

te characteristics. Although this superiority may not be useful in 

he current catalytic epoxidation systems, due to the lack of zinc’s 

bility to oxidize and enter into a catalytic cycle that requires its 

xidation as a first stage. 
15 
.5.2. Global reactivity of optimized geometries 

DFT was applied using Becke3–Lee–Yang–Parr (B3LYP) 

xchange-correlation functional under 6-311G 

++ basis set due 

o the accuracy, flexibility and consistency. Better performance 

as progressed by valence double-zeta polarized basis set (6- 

11G 

++ ), which adds to 6-31G set five functions known as d -type 

artesian-Gaussian polarization, on each atom. This computation 

ims to demonstrate the best structural forms for VOL, ZrOL 

nd ZnL complexes and calculate important parameters. Many 

haracteristics could appear that favor the best for the catalytic 

pplication, as well as, obtaining electrostatic maps to know 

he extent of the susceptibility to acquiring electrons from the 

xternal environment. All extracted files were visualized to obtain 
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uch requirements and studied to distinguish the main differences 

etween the M-complexes. The optimized structures ( Fig. S8 ) 

howed natural bonds without strain and two central metals (VO 

 ZrO) appeared not crowded, which may allow them to add an 

xtra bond. Also, electrophilicity ( ω), absolute-softness ( σ ), global 

oftness ( S ) and electronegativity ( χ ) indexes were calculated 

o set an expectation for closest characteristics for complexes 

 Table S3 ) [65] . High electronegativity and global softness coupled 

ith low electrophilicity of VOL complex, reflect its inability to 

cquire electrons from surrounding acquiring but has high ability 

or binding with any donor atom, the small size of vanadium is 

 supporter. Dipole moment (D debye ), formation energy ( E , a.u.) 

nd oscillator strength ( ʄ) were taken from log files. Low dipole 

oment and formation energy reflect low polarity over the com- 

lex surface and high stability recorded with VOL, respectively. 

lso, the high oscillator strength value of VOL complex reflects the 

abile nature of the d 

1 electron, which relocated from its orbital 

asily ( Fig. S9 ). 

.5.2.1. Electrostatic potential features. Using fchk file and upon 

ew cubic contours, HOMO & LUMO, MEP and iso-surface maps 

ere created, to distinguish electron density distribution on the 

hole complexes. HOMO and LUMO levels ( Fig. 4 ) were appeared 

xtending over the entire complexes and the highly concentrated 

round the environment of the central atom. This verifies the im- 

act of metal ions on electronic transitions inside the complex 

66] . The charges on atoms of each M-complex were calculated and 

raphed ( Fig. S10 ), to identify the changes on coordinating atoms 

N8, N9, O24, O28 & M) after bonding. Regarding VOL, the charges 

n N8, N9, O24 & O28 were enhanced due to M-LCT, while in other 

omplexes, such atoms suffer minimization in their negativity, due 

o L-MCT. This indicates the flexibility of the vanadium electron 

loud, which exerted from the labile electron at the Fermi level. 

Molecular electrostatic potential maps (MEP) were created 

 Fig. 5 ) to evaluate electron density features over functional 

roups. Electrophilic (electron-poor), nucleophilic or neutral poten- 

ial zones were clearly differentiated chromatically by blue, red and 

reen colors, respectively. Nucleophilicity as the electron-rich zone 

as remarked around VO, while ZrOL and ZnL complexes such fea- 

ure has slightly appeared with prevailing neutrality one [67] . This 

ndicates that the vanadium surrounding is electron-rich and could 

asily lose electrons. Furthermore, iso -surface maps were created 

ith the presence of electron distribution array plots ( Fig. S11 ). 

his map type was obtained by determining electron density over 

ulti-points on the surface grid and then connected to build the 

lectrostatic contour. Yellow lines in the array plot point to the 

lectron-rich area (inner contour) and the red lines point to the 

lectrons-poor area (outer contour). The surface boundary of VOL 

isplayed broad red lines, which denotes its unsaturated surface 

ompared to that of the others [68] . 

.5.3. DFT studies support catalytic feature 

Commonly, the catalytic process oxidation-based systems are 

ontrolled by different features that belong to the electronic con- 

guration and its distribution over the applied catalyst. So, the 

omputation studies achieve importance in supporting of the sug- 

ested mechanism, which based mainly on the logical assump- 

ion of how the catalytic process will happen. All suggested in- 

ermediates faced geometry optimization under 6-31G 

++ basis set, 

o put a suitable view for catalytic behavior. VOL catalyst ( E = - 

815.806 a.u., D = 3.37 Debye), which activated initially under op- 

imal conditions, raises the energy level of the stabilized catalyst. 

n intermediate A ( E = -2817.111 a.u., D = 7.51 Debye) appeared 

ith the closest stability with initial VO(II) form, but has a high 

olarity that facilitates its coordination with H O . Conformer B 
2 2 

16 
 E = -2968.394 a.u., D = 15.0 6 6 Debye) displayed with high sta-

ility, which pushed to proceed in the catalytic cycle, further its 

olarity is remarkably increased. Conformer C ( E = -2892.177 a.u., 

 = 8.806 Debye) appeared with reduced stability and polarity, 

hich denotes its faster conversion. Conformer D ( E = -2881.177 

.u., D = 8.776 Debye) appeared close in the stability and polar- 

ty of conformer C , which also has the same ability for faster con- 

ersion to intermediate A , conducting to the original free catalyst. 

he success of VOL complex in oxidation-based catalytic reactions 

ainly depends on different factors as follows; i) Ease of V 

4 + ion 

xidation. ii) Free z-axis for extra-bonds and removal of crystal wa- 

er molecules, which happened under the optimal conditions (up 

o 80 °C). This may evacuate sites inside the molecular building and 

hen adsorb H 2 O 2 molecule, as an introductory step before bond- 

ng. 

. Conclusions 

In this work, ZrO(II), VO(II) and Zn(II) complexes have been suc- 

essfully synthesized from an asymmetrical tetra-dentate ligand. 

hese compounds were characterized by all available tools (analyt- 

cal, spectral and theoretical). Distorted octahedral geometry was 

roposed for Zn(II) complex, while square pyramidal geometries 

ere proposed for ZrO(II) and VO(II) complexes. In a catalytic ap- 

lication using M-complexes under H 2 O 2 , as an oxidant, for the 

poxidation of 1,2-cyclohexene, we found that our three complexes 

xhibited moderate to very good catalytic control. Parameters such 

s temperature, time, solvent, oxidant and amount of M-catalysts 

ere changed to show different catalytic effects on both activity 

nd selectivity of the oxidative process. The catalysts screening for 

he epoxidation of various alkenes within cyclic and acyclic chains 

t optimization was studied. All M-catalysts were efficiently capa- 

le of catalyzing epoxidation of those alkenes to their correspond- 

ng epoxy products by aqueous H 2 O 2 . But the superiority of VO(II) 

omplex in the catalytic role in studied epoxidation reactions, was 

learly noticed. Also, the first attempt for catalytic oxidation of 2- 

minothiophene using H 2 O 2 and catalyzed by VOL, ZrOL and ZnL, 

as reported. Various products with high conversion and less se- 

ectivity were obtained and defined by GC/MS. Moreover, it is wor- 

hy to note that the computational implementations as QSAR and 

FT study, mostly throw a shadow on distinguishing characteris- 

ics of VO(II) complex in comparison with the others. The catalytic 

athways proposed were confirmed by DFT studies. 
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