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ABSTRACT

In this research, a novel approach for the epoxidation of alkene derivatives was constructed. Based on this fact, the appropriate
ligand was provided from the reaction of hydrazine hydrate and 5-methyl-1,3,4-thiadiazole-2-thiol. Then, after preparation of the
intermediate compound, the treatment of the pointed compound and 4-hydroxy-3,5-dimethoxybenzaldehyde in the presence of a
few drops of glacial acetic acid for 3h was done in order to a final ligand. Then, the synthesized ligand was metallated using Cr,
Fe, Co, and Cu to obtain a series of organometallic catalysts. The synthesized organometallic catalysts were analyzed using
CHNS analysis, FT-IR spectroscopy, and magnetic susceptibility. Then, the organometallic complexes containing (Chromium,
Iron, Cobalt, and Copper) are applied in the epoxidation of various alkenes to provide corresponding target products and provide
moderate to good yields. The prepared organometallic complexes were investigated relative to the reusability and loss of metal
into the medium of the reaction. In addition, the optimized chemical structures of organometallic complexes were investigated
using DFT calculation.
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1. Introduction catalysts), are efficient and robust catalysts in

heterogeneous and homogeneous organic reactions.
Among them, organometallic catalysts, especially the
transition metal Schiff base complex, are well-known

Schiff base ligands (Imine) are simply synthesized and
produced into metal complexes involving all metal ions
[1]. Some of the Schiff base complexes exhibit excellent

catalytic activity in different organic reactions. In
general, Schiff base ligands are provided using the
condensation reaction of amine derivatives, especially
primary amines, and aldehydes. The resultant products
share in binding with metal ions through nitrogen lone
pair electrons [2]. It is notable that the Schiff base
ligands with ketones are produced less readily than with
aldehydes [3]. Based on the binding environments of
metal ions, the mono-, di-, and tri-, as well as multi-
dentate chelating of Schiff base, are designed [4]. Schiff
base complexes, including metal ions (Organometallic

“Corresponding author:
E-mail address: rasha_shaker@uomisan.edu.ig (R. S.
Mahmaood);

and obvious catalysts for the oxidation of different
organic compounds using various oxidation agents [5-
12]. The last two decades have seen a rise in interest in
the varied applications of Schiff base catalysts, which
include chelating carrying nitrogen and oxygen donor
atoms, in the domains of catalysis and organic
transformations in both academia and industry [13-23].
As we may know, epoxides are efficient and important
intermediate substrates in organic transformations [24-
28]. Scheme 1 exhibits different catalysts and
conditions for the oxidation of styrene. The
organometallic  catalysts, especially Schiff base
containing metal ions, are known as powerful
organometallic catalysts for the epoxidation of alkenes
using different oxidation agents such as oxygen,
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Scheme 1. Different methodology for oxidation of styrene:
A) SnO,@2D-graphitic carbon nitride, room temperature, O,
Yield: 98.1% [32]. B) PdsCuglLs cage, Room temperature,
NalO4, Yield: 89.3% [33]. C) Nanoscale CuO, TBHP as
oxidation agent, more than 95% conversion, 6h, 6 runs
reusability [34]. D) Schiff base condensation of p-terphenyl-
4.4"-dialdehyde  and  3-aminopropyl-trimethoxysilane
containing Ag nanoparticles, CO;, as mild oxidation, 24 h,
86% [35]. E) Cu/Co-Co PBA-250, 99% conversion of
styrene, 6 h [36]. F) GF-CoS,/CaoS heterostructures anchored
on graphite felt and bromine, 3.5 h, Yield: 97% [37]. G)
Br/Br;, acid and heat-modified graphite felt (AHGF)
electrodes, 95% conversion, 6 h [38]. H) MnOy nanocatalysts
with abundant oxygen vacancies, 90.0% selectivity towards
styrene oxide, and a turnover frequency of 581 h™! [39].

hydrogen peroxide, Sodium hypochlorite, Sodium
periodate, lodosobenzene, and Potassium
peroxymonosulfate, as single atom oxygen donors [29-
31]. However, metal inactivation and leaching to the
reaction medium have been shown to reduce the
applicability of these organometallic complexes. Based
on the importance of the oxidation of alkenes, we
designed a series of novel organometallic catalysts
containing Cr, Fe, Co, and Cu for high epoxidation of
alkenes using oxidation agent s such as NalQOa.

2. Experimental
2.1. General

Without additional purification, we purchased all of our
ingredients, solvents, and reagents from Fluka, Sigma-
aldrich, BDH, and Merck. Capillary tube melting point
measurements using an Electro thermal 1A9000
instrument were used to acquire the uncorrected melting
points of the produced complexes and ligands.
Shimadzu model (Kyoto, Japan) spectrophotometer was
used to record FT-IR spectra on a KBr disk in the range
of 400-4000 cm%, and thin-layer chromatography (TLC)
was performed on silica gel (60) F254 Merck. Euro
EA3000 elemental analyzer (Carlo Erba, Milan, Italy)
was used for the CHNS analysis's measuring. Using
tetramethylsilane (TMS) as a standard, *H-NMR and
13C-NMR spectra were acquired using an Inova model
Ultra shield 500MHz spectrometer. Solvent DMSO-d6
was employed, and the chemical shift was denoted in
parts per million (6=ppm).
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2.2. Preparation of Ligand

A mixture of (99%) hydrazine hydrate (0.1 mol,
4.85mL), 5-methyl-1,3,4-thiadiazole-2-thiol (1) (0.1
mol, 13.2 g) in 50 mL of ethanol was heated for 10 h.
The reaction was followed by TLC. Then, the overplus
solvent was decanted off, and the mixture was filtered,
and a dark yellow solid was remained from C,HsOH.
m.p: 162-164 °C, yield=98% compound (2). After
preparation of compound (2), 0.02 mol, (2.6 g) of
compound 2 and 4-hydroxy-3,5-
dimethoxybenzaldehyde (3) (0.02 mol, 3.64 g) was
heated in 20 mL of absolute ethanol in the presence of
few drops of glacial acetic acid for 3h. The reaction was
monitored by TLC. At the end of the reaction, the
reaction mixture was made cold to ambient temperature.
The dark yellow solid result was filtered off and washed
with water, and recrystallized from C;HsOH. m.p:
(d>180) °C, yield 95%.

2.3. Preparation of organometallic complexes

The organometallic catalysts were synthesized by the
mixing (0.001 mol) of a ligand with (0.001 mol) of the
different metal salts including (CrCls.6H,0,
FeCls;.6H,0, CoCl,.6H-0, and CuCl,.2H;0) in 15mL
absolute ethanol for 2h. Then, the precipitate was
filtered and washed many times with C,HsOH or
(H20:C2HsOH) to remove remained salts or ligand; then
the precipitated catalysts were dried.

2.4. Typical Approach for the Epoxidation of Alkenes
using organometallic catalysts

In a 25 mL round-bottom flask equipped with a magnet
and condenser, a mixture of alkene (2.0 mmol), NalO,
(2.0 mmol), and complexes (I-1V) (240 mg) in 5 mL of
water: ethanol (2:1) was heated. The monitoring of the
reaction was performed using GC. After the end of the
reaction, the organometallic catalysts were filtered and
washed using CHCI; and CH)Cl; (3x5 mL). The
resultant compound was refined on a (SiO>) silica-gel
plate or column chromatography to receive the pure
compound.

3. Results and Discussion

Scheme 2 exhibits the general approach for the
epoxidation of alkenes by sodium periodate using the
synthesized organometallic catalysts (I-1V). The
synthesized organometallic complexes were identified
using FT-IR spectroscopy, Mass spectroscopy, melting
point, magnetic momentum, and CHN analyzer.
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Scheme 2. Epoxidation of alkenes using NalO4

Initially, the desired ligand was synthesized from the
reaction of hydrazine hydrate and 5-methyl-1,3,4-
thiadiazole-2-thiol (1) in 50 mL of ethanol 10 h under
reflux conditions. Then 0.02 mol of compound (2) and
4-hydroxy-3,5-dimethoxybenzaldehyde (3) was heated
in 20 mL of absolute ethanol in the presence of acetic
acid for 3h. The dark yellow solid result (Ligand) was
filtered off and washed with water and recrystallized
from C,HsOH. (Scheme 3). The structure of the ligand
was identified and approved using FT-IR spectroscopy,
'H NMR, #¥C NMR, mass spectroscopy, and CHNS
analyzer.

The *H NMR Spectrum of the ligand in DMSO-ds peak
assignments is characterized by the presence of signal at
d (1H, 12.85) ppm due to (NH) protons near to the ring
of thiadiazole, 6 (1H, 10.19) ppm due to (O-H) phenolic
proton, azomethine group (N=CH) appeared signal at &
(1H, 8.44) ppm, signal at 6 (2H, 7.15) ppm belong to
aromatic protons, (O-CHs) protons seemed at & (6H,
3.92) ppm, while a peak at & (3H, 2.65) ppm due to the
proton of methyl group near to the ring of thiadiazole.
All of the peaks are shown in Fig. 1.

The C NMR Spectrum of the ligand peaks assignments
of chemical shifts are characterized by the peak at &
(19.00) ppm due to the carbon of methyl group,
chemical shifts for (OCH3) methoxy group appeared at
o (56.6) ppm, peak associated to 6 (N = C) of
azomethine group that appeared at 6 (156.40) ppm. In
addition, the aromatic carbon rings appeared at a range
& (118. -122) ppm. The spectrum performs peaks at
lower fields at & (192) ppm due to the carbon of the ring
near to (NH) group. All of the peaks are shown in Fig.
2.

The mass spectrum of the ligand exhibited (Fig. 3) a
peak [M]*at 294 m/z, which is in adaptation with the
molecular formula [C12H14N4OsS]*. Other signals are
due to the subsequent fragments such as
[Cle14N402S]+=278m/Z, [C11H11N4OZS]+=263m/2,
[C11H12N4OS]+=248m/z, [C10H10N4S]+=218m/z,
[CoH12NOs]"=182m/z, [CsHsN4S]*=168m/z base peak,
[CsH1003]"=154m/z, [CoHN4S]*=113m/z.

H
S S
H3C SH N-H, H,O H,;C N
\« »/ oHy H,O \«_D/ \NHZ
N—N Ethanol, Reflux N—N
5-methyl-1,3,4-thiadiazole 2-hydrazineyl-5-methyl
-2-thiol -1,3,4-thiadiazole
1 2
HsCO
GHO N—NH
H,C \«S»/n\ N Ethanol, Acetic acid‘ HO / >/ s
NH o
N—N 2 H,CO OCH;,3 Reflux N\ /)\
OH H,CO N CHs

2-hydrazineyl-5-methyl 4-hydroxy-3,5-
-1,3,4-thiadiazole  dimethoxybenzaldehyde

2 3

(E)-2,6-dimethoxy-4-((2-(5-methyl-1,3,4-
thiadiazol-2-yl)hydrazineylidene)methyl)phenol

Ligand

Scheme 3. Synthesis of novel ligand for production of an organometallic catalyst
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Fig. 1. 'H NMR spectra of synthesized ligand
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Fig. 2. 13C NMR spectra of synthesized ligand
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Fig. 3. Mass spectrum of synthesized ligand

After the preparation of the ligand, the organometallic
catalyst containing Cr, Fe, Co, and Cu were produced as
following: The mixture of ligand and (0.001 mol) of the
different metal salts including (CrCls.6H.0,
FeCls.6H,0, CoCl,.6H,0, and CuCl,.2H,0) in 15 mL
absolute ethanol for 2 h was heated. Then, the
precipitate was smoothed down and washed many times
with C2HsOH or (H20: C2HsOH) to eliminate unreacted
salts or ligand, then precipitated catalyst was dried. The
Chemical structure of the organometallic complexes is
shown in Fig. 4. In addition, the physical, magnetic
moment, molar quality in DMF, and elemental analysis
of synthesized ligand and metallic complexes are shown
in Table 1. The magnetic momentum of each metal

HsCO

Complex (IIT)
Fig. 4. The chemical structure of the synthesized organometallic catalyst.

nlbovdu'ﬂoﬂnvénzsoadcma&amaéaamﬁom:.eo

complex was measured. These magnetic measurements
give a good idea about the electronic state of the
transition metal ion of these complexes. The measured
magnetic momentum amount of the Chromium (I1I)
complex was 3.7 BM and 2.9 BM for Fe (I11) complex;
therefor it is expected octahedral geometry. The
magnetic momentum amount was 4.5 BM for Co (1)
complex, which is expected for tetrahedral geometry.
The magnetic momentum amount of Cu (Il) was 1.76
BM so that suggesting square planar geometry Cu (I1).
These amount are agreeing with the theoretical
calculation of hyperchem by using the PM3 method.

H,CO

Complex (IV)
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Table 1. Physical, magnetic moment, molar quality in DMF, and elemental analysis of synthesized ligand and metallic complexes

CHN Analyzed A Scm?.

Complex/Ligand M. P.(°C)  Color Carbon Hydrogen Nitrogen mol: peff B.M
HaCO
N—NH 20.12 Exp.  3.93 48.35 Exp.
HO >/-\s d>170 yellow Exp.4.79 - -
NG 19.04 Cal. Cal. 48.97 Cal.
HaCO N™  "CHs
green N.D. N. D. N. D. 24.3 3.8
brown N.D. N. D. N. D. 38.6 2.3
dark b, N. D. N. D. 14.65 47
grey
green
d>265 N. D. N. D. N. D. 12.7 1.7
ellow
\N/)\CHs y

d: Decompose, N.D.: Not Done

The FT-IR spectra of the ligand and organometallic
complexes were recorded using the KBr disc for the
ligand and Csl for the complexes (Table 2) (Fig. 5). The
infrared spectrum of the ligand exhibited stretching
vibration bonds at the following frequencies (cm) and
their identical assignments at v (O-H 3300), v (NH
3254), v (C=N 1660 imine and 1519 ring), v (C-S-C
1357 asymm., 1292 symm.) [40, 41]. The ligand binds
the nitrogen of azomethine with the metal ion to make a

stable chelate ring. The stretching vibration of the
complexes demonstrates the shift of azomethine groups
(v C =N) [42] to the lower or higher frequencies, as
shown in Table 2. This is due to the coordination of the
metal ion with the ligand. The spectra of complexes
demonstrated new band vibrational modes for the M-N
and M-CI group frequencies as a result of bonding the
metal ion with the ligand. This indicates that the
coordination occurred through the (N) and (CI) atoms.
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Table 2. FT.IR spectral data of the ligand and their metal complexes

Complex/Ligand Metal N Structure €-S-C - C-S-C C=N e &N \H O-H
Movement (sym.) (Asym.) ring imine
HsCO
/N—NH
HO s - 1024 1292 1357 1519 1608 1660 3254 3300
N
HaCO \N/)\CHB
H5CO
N—NH
HO /"u ) S
PN /)\ 451 1026 1292 1358 1520 1608 1659 3255 3301
H3CO Cl_——CF’ N CH3
ci
H;CO
/l:l—NH
HO i s
v
1N
AN /)\
n- CH
phco o JEe N ocH, 460 1029 1283 1355 1517 1606 1661 3190 3299
3 \( ’I
H;CO
N—NH
HO /'/' >~s
: _N/ )\ 453 1022 1291 1356 1519 1608 1660 3186 3298
e N~
.- N CH
H,CO CI ; 3
¢
H;CO
/E\I—NH
HO / >\S
/ / 454 1024 1290 1356 1519 1609 1660 3188 3299

H,CO

The mass spectra of synthesized organometallic
catalysts are shown in Fig. 6. The mass spectrum of the
complex [Cr(L)Cls] showed a molecular ion peak [M]*
(470) m/z, which is equivalent to the molecular mass of
the complex. This complex showed another fragment
ion peak with loss of aqua and three chlorine atoms at
m/z (452,417,381,346) due to [Cr(L)Cls] ¥, [Cr(L)CI2] ¥,
[Cr(L)CI] " and [Cr(L)], respectively (Fig. 6a).The mass
spectrum of the complex [Fe(L).Cl>]JCl showed a
molecular ion peak [M]* (750) m/z which is equivalent
to the molecular mass of the complex. This complex
showed another fragment ion peak with loss of three
chlorine atoms at m/z (714,679, 644) due to [Fe(L)2Cl]

*, [Fe(L)CI]* and [Fe(L).],* respectively (Fig. 6b). The
mass spectrum of the complex [Co(L)Cl;] showed a
molecular ion peak [M]™at 424 m/z, which is equivalent
to the molecular mass of the complex. This complex
showed fragment ion peaks with loss of two chlorine
atoms at (389 m/z and 353) m/z due to [Co(L)CI]* and
[Co(L) ] respectively (Fig. 6¢). The mass spectrum of
the complex [Cu(L)CI;] showed a molecular ion peak
[M]™ at (431) m/z, which is equivalent to the molecular
mass of the complex. This complex showed fragment
ion peaks with loss of chlorine atoms at m/z (393, 357)
due to [Cu(L)CI]" and [Cu(L)]* respectively (Fig. 6d).
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Fig. 5. FT-IR spectra of a) ligand b) Cr-complex c) Fe-complex d) Co-complex e) Cu-complex

After the production and identification of
organometallic complexes containing (Cr, Fe, Co, and
Cu), firstly, the oxidation of styrene compound using an
oxidation agent such as sodium periodate using complex
I (Cr-Complex) was chosen as the model reaction for the
improvment of the reaction conditions such as solvent,
oxidant, type of complex, and catalytic amount (Table
3). The pointed reaction was investigated using various
solvents, including water, CH3CN, ethanol, methanol,
and different ratio of water and
C2HsOH/CH30OH/CH3CN (Table 3, entries 1-10). The
obtained yield showed that the mixture of water and
ethanol with ration (2:1) was found to be the best solvent
for the reaction. Then, the model reaction was
investigated using various oxidants, such as sodium
periodate, hydrogen peroxide, sodium hypochlorite, and
tert-butOOH as oxidants (Table 3, entries 11-13).
Among the oxidant agents, NalO4 was chosen as the best
oxidant. Also, the amount of organometallic catalyst

was investigated, and the 240 mg of complex I (Cr-
complex) was obtained as the optimum amount of the
organometallic catalyst (Table 3, entries 14-16).
Moreover, for another catalysts, the optimization
reaction conditions were performed (Table 3, entries
17-19).

With the optimization reaction condition in hands, the
scope and generality of the present approach were
checked in the epoxidation of various alkenes (Table 4).
As shown in Table 4, the taget products were produced
72-91% from the epoxidation of various alkenes,
including electron-withdrawing (EWG), electron-
donating (EDG), and terminal alkenes with long-chain.
Other products, such as carboxylic acids, aldehydes, and
alcohols, may be produced during epoxidation of
alkenes, as has been previously documented in the
literature.
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Fig. 6. Mass spectra of a) Cr-complex b) Fe-complex ¢) Co-complex d) Cu-complex
Table 3. Optimization of reaction conditions for epoxidation of styrene?
(0}
h/\ Catalyst o
Oxidation agent, Solvent
Entry Oxidant Solvent Catalyst Catalyst amount (mg) Time (h) Yield (%)°
1 NalO4 H,0O Complex | 140 15 66
2 NalO4 CH3CN Complex | 140 15 62
3 NalO. EtOH Complex | 140 15 51
4 NalO4 MeOH Complex | 140 15 58
5 NalO4 H,0/ CH;CN Complex | 140 1.5 74
(1:1)
6 NalO4 H,0/ CH;CN Complex | 140 1.5 76
(2:1)
7 NalO4 H>O/ EtOH Complex | 140 1.5 78
(1:1)
8 NalO4 H>O/ EtOH Complex | 140 1.5 80
(2:1)
9 NalO4 H,O/ MeOH Complex | 140 15 59
(1:1)
10 NalO. H,O/ MeOH Complex | 140 15 63
(2:1)
11 H20; H,O/ EtOH Complex | 140 1.5 52
(2:1)
12 NaOCl H,O/ EtOH Complex | 140 15 59
(2:1)
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13 tert- H,O/ EtOH Complex | 140 1.5 56
ButOOH (2:1)

14 NalO4 H.O/ EtOH Complex | 190 15 83
(2:1)

15 NalO, H>0/ EtOH Complex | 240 15 89
(2:1)

16 NalO4 H>0/ EtOH Complex | 300 15 86
(2:2)

17 NalO, H>0/ EtOH Complex 11 240 15 86
(2:1)

18 NalO4 H.O/ EtOH Complex 111 240 15 85
(2:1)

19 NalO4 H.O/ EtOH Complex IV 240 15 88
(2:1)

a) Reaction conditions: Styrene (2 mmol), oxidant (2 mmol), Solvent (5 mL). Room temperature b) GC Yields based
on the starting compound.

Table 4. Epoxidation of alkenes with NalO4 in the presence of organometallic complexes

Other products

Entry Alkene Type of complex  Yield (%)° Yield (%)° Time (h) TOF (hY)
I 89 4 25 993
) ‘/\ I 86 6 28 857
1 88 7 3.0 781
v 88 8 2.4 1012
| 89 8 2.0 1428
) c 1 87 9 22 1223
n 86 1 1.8 1214
v 90 5 24 1139
| ) 2 1.8 1317
3 /‘/\ I 88 8 1.9 992
1 89 8 2.0 938
H,CO \V 85 9 2.2 912
| 83 1 1.8 931
. /h/\ I 84 5 2.4 878
1 88 9 3.0 890
HO IV 91 3 3.2 837
| 88 3 2.7 580
! /C/\ 1 79 9 2.9 566
ON n 83 5 3.0 646
2 v 86 3 3.1 686
| 83 6 25 1270
5 h 1 85 5 25 1173
1 88 3 24 1157
\Y; 01 4 2.0 964
| 79¢ 2 34 1217
1 720 8 38 967
7 M 1 750 6 3.4 888
Y, 730 7 37 836
__ | 84¢ 2 18 838
5 W 1 82¢ 6 19 952
n 86° 9 2.0 928
\V; 86° 16 24 987
| 83 3 22 993
o 1 85 9 26 847
1 88 5 27 781
v 91 3 2.7 1012
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| 83 2 18 1438
10 w I 85 8 1.9 1323
I 88 6 2.0 1114
Y, 01 7 2.4 1039
| 86 3 2.2 1317
" NP I 88 4 26 892
1 84 8 2.7 838
Y, 79 6 2.7 812
| 88 2 3.0 931
” o~ I 90 9 2.7 878
I 78 7 2.4 890
v 76 6 2.2 892

a) General conditions: Alkene substrate (2.0 mmol), NalO4 (2.0 mmol), Ambient temperature, Organometallic Catalyst: (240
mg), Solvent: (H.0: EtOH) (2:1) (5 mL), b) GC vyield. ¢) Other products such as RCHO, ROH, RCOOH. d) Yields refer
to Trans product based on *H NMR spectra. €) Yields refer to cis products.

In order to complete our study, the leaching of metals These findings demonstrated that Cr, Fe, Co, and Cu
such as Cr, Fe, Co, and Cu was checked during the organometallic catalysts for the epoxidation of alkenes
recoverability tests. The observation tests revealed that are effective and valuable (Table 5). In addition, after

after the fourth catalytic cycle, the level of Cr, Fe, Co, 4th recovery, the prepared catalysts were investigated
and Cu reduced by only 2.1, 3.5, 5.0, and 4.7 ppm by FT-IR spectroscopy, and the spectra showed that the
(mg.L?), respectively, for Complex I, Il, I, and IV. functional groups were exist present yet (Fig. 7).

Table 5. The reusability of the organometallic catalysts in the epoxidation of styrene. A:(metal leaching) (mg.L™), B: Yield
(%), C: %Recovered catalyst, N.D.: Not Detected)

Run 1st 2nd 3rd 4th

I
&

Q

(e}

ND, 1.0, ND, 31, ND, 10, ND, 31, ND, 1.0, ND, 31,
86% 86% 85% 80% 86% 86% 85% 80% 86% 86% 85% 80%

NS
R
“ |
z
I

HO

99% 99% 97% 99% 99% 99% 97% 99% 99% 99% 97% 99%

|
HsCO CI—--CI’/ N CH3

(2}

H;CO 0.6, ND, ND, 45, 06, ND, ND, 45, 0.6, ND, ND, 45,
83% 83% 82% 79% 83% 83% 82% 79% 83% 83% 82% 79%
Ho il il L il 1 1 L 1 1 1 1 1
98% 99% 99% 99% 98% 99% 99% 99% 98% 99% 99% 99%
H,CO
H3C\(/
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ND, ND, 09, 6.0, ND, ND, 09, 6.0, ND, ND, 09, 6.0,
82% 82% 80% 73% 82% 82% 80% 73% 82% 82% 80% 73%
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Fig. 7. FT-IR of a) Cr-complex b) Fe-complex c) Co-complex d) Cu-complex after 4™ recovery

Using the Agar diffusion technique, the antibacterial
activity of 1, 3, and 4-Thiadiazole derivatives was tested
against Staphylococcus aureas (Gram-positive) and
Escherichia coli (Gram-negative). Ampicillin was used
as a standard drug for testing. Bacterial stock cultures
were first revived by inoculating in broth media and

growing for 18 hours at 37°C. Wells were formed in the
prepared agar plates containing the aforementioned
medium. The wells were filled with various amounts of
chemicals and antibiotics after 20 minutes. The diameter
of the inhibitory zone (mm) on each plate was measured
after 24 hours of incubation at 37°C (Table 6) (Fig. 8).
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Table 6. The antibacterial activity of the ligand and organometallic catalysts

Ligand/ Catalyst E-coli Staph.aurens
Inhibition zone (mm) Inhibition zone (mm)
HsCO
20 15
18 17
16 15
15 18
16 14
RN
H,CO  Cl--" 1 N)\CHa
¢
Ampicillin 20 25

Molecular orbital calculations with DFT for the ligand
have been done. The geometry of investigated
compound was completely optimized by the DFT
method using the 6-311++g(d,p) basis set (Fig. 9). The
examination of a set of organic molecules using this
theoretical model yields excellent results. Without
imposing symmetry requirements, all geometries were
optimized. Potential surface minima were verified by
vibrational frequency calculations. Frontier molecular
orbital (FMO) energies were determined in the same
way and using the same starting point—the energy gap
(AE =ELumo-Enomo), which separates the energies of the
highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). Global
reactivity descriptors as the chemical hardness (1)),
Chemical softness (S), electronegativity (y), chemical
potential (i), and the electrophilicity index (w) of were

obtained from the ionization potential (I) and the
electron affinity(A) of the ligand following the
Koopmans’ theorem. All calculations were performed
using the Materials studio (2017) software package
program (Tables 7-8). | = -Exomo and A = -ELumo, N =
(1-A)/2= (ELumo - EHomo)/2, S= 1/, x= (T +A)/2, p=-
% W= p?/2n

The experimental FTIR spectrum has been recorded in
the solid state shown in Figure (6). Theoretically,
frequencies are predicted by DFT/B3LYP method using
6-311++G(d,p) basis set presented in Fig. 10. The
selected experimental and theoretical vibrational
frequencies of the ligand with their assignments are
listed in Table 9. There is a linear correlation between
the theoretical data and practical data of vibrational
frequencies, and the value of the correlation coefficient
equals 0.997, which proves them in agreement.
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Fig. 8. Diagram activity of the ligand and its complexes against E-coli & Staph.aurens

Fig. 9. DFT calculation of ligand a) optimized chemical structure of ligand, b) HOMO of ligand c¢) LUMO of ligand
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Table 7. Electronic parameters

Etotal (a.u.) Exomo (EV) ELumo (EV) AE (CV) | (EV) A (eV)
-1299.9044 -4.9738 -2.3054 2.6684 4.9738 2.3054
Table 8. Global reactivity parameters

n (eV) c (eV?) 1 (eV) u (eV) o (eV) Dipole moment (Debye)
1.3342 0.7495 3.6391 -3.6391 2.3409 6.3802

Table 9. Selected experimental and theoretical vibrational assignments of the ligand

Assignment Practical frequencies (cm™) theoretical frequencies (cm™)
O-H str. 3300 3496

N-H str. 3254 3227

C-H aromatic str. 3047 3037

C-H aliphatic str. 2979 2973

C=N imine str. 1660 1654

C=C str. 1608 1634

C=N endo str. 1591 1519

C-S-Cstr. 1389 1340

N-N str. 1128 1200

Wavenumber (1/cm)

300 %00 #0000 000 2600 2600 2400 200 2000 1800 1600 1400 1200 1000 800 600 400 20 0 200
r “7 ‘ Y “|v \,‘ ”’1‘ lp"‘ r_l”w( Y “I. ,"y«,]« '\”ﬁ ".r'w Yrwy
T
g
o )
g
0
S0
b)
4000 <
: g
Y- 300
S
2000 ¥
®0-¢ m
: 1 I—r v >0 1000 &
correlation cofficient=0.997 0
-
W0 30 300 250 200 1500 1000 500 0
PRATICAL DATA

Fig. 10. a) Theoretical IR spectrum of the synthesized ligand, b) Linear correlation between experimental and theoretical
frequencies

The geometries of the investigated complexes were fully of alkenes, we have compared the epoxidation of styrene
optimized by using the PM3 method using the with those of some scientific works in the literature
hyperchem 8 program (Fig. 11). The geometries were (Table 10). The present results reveal that the present
in agreement with the experimental result of magnetic new method was worthwhile in terms of catalyst
susceptibility. In order to show the advantage and amount, reaction temperature, and time of the reaction,
efficiency of the present methodology in the epoxidation product yield, and reusability of the catalysts.
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Fig. 11. The DFT calculation of the optimized synthesized complexes

Table 10. Comparison of the results obtained for the epoxidation of styrene

Entry Catalyst Catalyst T (°C) Time Yield (%) Ref.
amount
1 Cu/Co-Co PBA-250 12 mol% 250 3h 89 [36]
2 MnL1-MnL7 8 mol% 100 4h 90 [43]
3 Vanadium Schiff base 10 mol% 75 4h 88 [44]
4 V20s5/FeVO4 11 mol% 90 2.5h 87 [45]
5 MCM-41@CP@PAL@Cu 8.5 mol% 100 15h 82 [46]
6 Complex | 5 mol% RT 2.5 89 This work

In accordance with the previous suggested catalytic
cycle of organometallic complex catalyzed epoxidation
of alkenes [47], the reaction mechanism pathway for this
method is proposed, as illustrated in Scheme 4. In the
proposed mechanism, the catalyst was activated using
NalO,4 in water and ethanol to generate catalyst-oxide

(). In the next step, the catalyst-oxide was reacted with
styrene to produce an intermediate (I11). Afterward, the
intermediate (111) was converted to intermediate (I1V),
and subsequently styrene oxide was produced, and the
catalyst was recovered and moved to the next catalytic
cycle.

H,CO
_N-NH H3CO NN
HO g =
R NalO HO 7
M—’N P 4 ) /i
H,CO CI-§  N” "CHs > & -N. )
’ M CH
él H,0, EtOH H,CO CI- //: N 3
O ¢l
o) @ an ©/\
: . P d Mechani
Styrene Oxide ropose ecnanism Styrene
H;CO
N-NH H;CO
HO (I N-NH
-N. A HO s
H,CO cr-"‘l"\ N”~CH, I\;I__N).r,)\
o ¢ H,CO CI--§K_ N~ "CH;
/\ el
av)
(111)

Scheme 4. Proposed reaction pathway for the epoxidation of styrene
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4. Conclusions

In summary, the organometallic catalysts were highly
efficient and robust organometallic systems for the
epoxidation of various alkenes with NalO,4 at ambient
temperature. The synthesized catalysts were analyzed
by FT-IR spectroscopy, CHN analysis, and magnetic
susceptibility. The magnetic momentum of each metal
complexes was measured. These  magnetic
measurements give good idea about the electronic state
of the transition metal ion of these complexes. The
observed magnetic momentum value of Cr (111) complex
was 3.7 BM and 2.9 BM for Fe (111) complex, therefor
it is expected octahedral geometry. In addition, the
spectra of complexes demonstrated new band
vibrational modes for the M-N, and M-CI group
frequencies as a result of bonding the metal ion with the
ligand. The produced organometallic catalysts are then
utilized in the epoxidation of various alkenes, affording
the desired epoxides in good to very good yields.
Epoxidation of various alkenes, including electron-
withdrawing (EWG), electron-donating (EDG), and
long-chain terminal alkenes, yielded 72-91% of the end
products. Metal recovery and metal leaching from the
produced complexes into the reaction medium were
evaluated. Moreover, using the Agar diffusion
technique, the antibacterial activity of 1, 3, 4-
Thiadiazole  derivatives was  tested  against
Staphylococcus  aureas (Gram-positive) and
Escherichia coli (Gram-negative). Finally, the geometry
of investigated compound was fully optimized by using
the DFT method using the 6-311++g(d,p) basis set.
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