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Abstract: Tailored reaction of Schiff base ligands with palladium(IT) chloride
and imidazole afford three complexes of formula [Pd®(L)(imdz),]Cl, which
are L = 2-((E)-(p-lylimino)methyl)-6-methoxyphenol (complex 1), 2-methoxy-
-6-((E)-(phenylimine)methyl)phenol (complex 2) and 2-((E)-(4-chlorophenyl-
imino)methyl)-6-methoxyphenol (complex 3). Compounds were characterized
with elemental analysis, molar conductance, electronic spectroscopy, ESI-MS,
FT-IR, TGA, 'H-NMR and 13C-NMR. Molecular structure and different quan-
tum chemical parameters were calculated using the B3LYP basis set of density
functional theory with the standard 6-311+G (d, 2p) level. The catalytic poten-
tial of 1-3 was examined over Heck-Mizoroki reaction and found in order of
1>2>3.

Keywords: Schiff base Pd(II) derivative; spectroscopic characterization; mole-
cular modeling; thermogravimetric analysis; cross-coupling reaction.

INTRODUCTION

The cross-coupling reactions leading to C—C bond formation have emerged
recently as a remarkably significant preparative strategy for the synthesis of vari-
ous class of organic compounds.! The catalytic introduction of C—C bond to any
organic moiety is one of the most popular methods for the synthesis of large
complex organic molecules.2 These methods have been successfully employed in
the synthesis of many natural products, bioactive compounds and materials.
Despite the presence of several other C—C bond formation reactions, like Suzuki,
Sonogashira, Tsuji-Trost, Negishi and Hiyama-coupling reactions, Heck—Mizo-
roki reaction has attained significant position during the last ten years due to vari-
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270 SHUKLA et al.

ous applications, viz. pharmaceuticals, agrochemicals, synthetic fragrances, cos-
metics, detergents, and other commercial derivatives.3—¢

The palladium-catalyzed Heck—Mizoroki cross-coupling reaction has drawn
much attention due to high efficiency, chemoselectivity and mild reaction con-
ditions.” The remarkable ability of palladium complexes to assemble C—C bonds
between suitable functionalized substrates remain a growing area of research.8
The well-accepted mechanism for this reaction (Fig. 1) is based on the intermedi-
ate species involving Pd(0)/Pd(Il); however, other possibilities cannot be ruled
out.? Schiff base metal-derivatives have displayed a wide range of applications,
i.e., pharmaceutical, industrial and catalysis.!0 Anchoring of a Schiff base com-
plex by a suitable ligand may be used as a strategy to tune the catalytic activity of
complexes.!! Since, imidazole is an electron-rich heterocyclic nucleus with a
wide range of applications in medicinal chemistry, non-linear optics and as a cat-
alyst in industrial uses, it was selected as an anchoring ligand.!2

Oxidative
R—X addmon

Carbo-
metallation

L2Pd(0) Heck-Mizoroki R/\/
Mechanism L—- Pd L
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Fig. 1. General mechanism of Heck—Mizoroki
f-Hydride .
elimination reaction.

The present study is an attempt to synthesize an efficient catalyst and inves-
tigate the role of palladium intermediates formed in the Heck-Mizoroki mech-
anism.13 Although some studies have been done in the field, a lot still remains to
be investigated.!4 Therefore, we have synthesized Schiff base ligands through
condensation of 4-hydroxy-3-methoxy-benzaldehyde popularly known as o-van-
illin with selected amines. The resulting ligands in combination with imidazole as
a complementary ligand yielded the novel three Pd(Il) derivatives. Thus, we
herein, report new palladium(Il) Schiff base complex as an efficient catalyst in
Heck-Mizoroki cross-coupling reaction. Density functional theory (DFT) is a
computational quantum mechanical modelling method used to investigate the
electronic structure of many-body systems, in a particular molecules. DFT was
used to optimize the geometry of synthesized compounds in the gaseous phase.
The probable mechanism of the catalysis and energy profile diagram was also
elucidated. A general scheme for the synthesis of ligands and complexes is given
in Fig. 2.
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Fig. 2. Scheme for the synthesis of ligands and complexes

EXPERIMENTAL
Materials and methods

Palladium(II) chloride and other starting materials were purchased from E. Merck, India/
/Sigma Aldrich and used as received. Analytical reagent grade solvents were used. Conduct-
ivity measurements were carried out at 25 °C on an EI-181 conductivity bridge with dipping
type cell. ESI-MS spectra were recorded on Agilent-6520(QTOF) mass spectrometer. FT-IR
spectra were recorded in KBr pellets on Shimadzu-8400 PC. Electronic absorption spectra
were recorded with EI-2305, double beam spectrophotometer equipped with a PC. "H-NMR
and 13C-NMR spectra were recorded in DMSO-d on Agilent-700-vnmrs 700. The metal con-
tents were analyzed gravimetrically by the literature procedure.!> For the catalytic investig-
ation, degassed solvents were used with bubbling nitrogen for 50 min.

Synthesis of Schiff base ligands 2-((E)-(p-tolylimino)methyl)-6-methoxyphenol (L ;)/2-meth-
oxy-6-((E)-(phenylimino)methyl)phenol (L,)/2-((E)-(4-chlorophenylimino)methyl)-6-methoxy
phenol (L3)

Ligands were prepared according to the method reported in the literature.!¢-18 The solids
obtained in each case were filtered off, washed several times with ethanol and recrystallized
with hot methanol to yield orange/yellow crystals which were dried over anhydrous calcium
chloride in desiccators under vacuum.

Synthesis of complexes[Pd(L)(imdz),] Cl; where L = Schiff base ligand L;/Ly/L;

Palladium(II) chloride (0.177 g, 0.001 mol) and imidazole (0.136 g, 0.002 mol) were
mixed in 25 mL methanol and stirred at room temperature for 30 min to 1 h. Schiff base
ligand, SB (0.001 mol) dissolved in 25 mL hot methanol was added to the above reaction
mixture. The resulting reaction mixture was stirred for 2-3 h in an inert atmosphere. A brown/
/light brown/dark brown solid was separated after refluxing the reaction mixture for 6-8 h,
which was filtered, washed with diethyl ether, and dried in vacuum. Unfortunately, after sev-
eral attempts, we did not find any crystal suitable for single-crystal XRD.

DFT calculation

Density functional theory (DFT) was employed to achieve more insight into the mole-
cular structure. It was carried out using the method of B3LYP with 6-311++G(d,p) basis set
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for all nonmetallic atoms and Los Alamos National Laboratory 2 double zeta (LANL2DZ)
basic set for the central metal atoms in the gas phase.!® Gaussian-09 software package was
employed to carry out all the quantum chemical calculations.2? Optimized structural parameter
of the compounds such as bond lengths, bond angles and dihedral angles were calculated with
the atom numbering scheme of the molecule. Several quantum chemical parameters have been
calculated.?! The 'H-NMR and '3C-NMR Chemical Shifts of the molecule were calculated by
the gauge-independent atomic orbital (GIAO) method and compared with the experimental
results. DFT was employed to study the energy profiles of the full catalytic cycle of complex
1 for the Heck- Mizoroki reaction.

Catalytic activity over Heck—Mizoroki reaction

The solvent mixture (DMF:H,O in 1:1 ratio) used in reaction was degassed through the
Freeze-pump-claw method.2? A three-neck round bottom flask equipped with water conden-
ser, magnetic stir bar and Nj-inlet was charged with degassed DMF: H,O (100 mL), potas-
sium carbonate (0.75 mmol) and complex (1-3, 0.4 umol). The styrene (0.6 mmol) and aryl
halide (0.5 mmol) were added by glass syringe through a rubber septum. The mixture was
allowed to stir at ~80 °C for 8 h and then cooled to room temperature. It was further filtered
through the bed of silica. The reaction progress was monitored periodically by TLC. The pro-
duct was extracted with ethyl acetate (3x10 mL). The combined organic phase was washed
with brine (2x10 mL) and dried over Na,SOy4. The solvent was removed under reduced pres-
sure to afford impure residue. The residue obtained was purified through column chromato-
graphy on silica gel eluting with ethyl acetate. Column chromatography was performed to
obtain a purified product. The pure compound was obtained by eluting the column by ethyl
acetate:hexane (5:95 volume ratio) solvent mixture.

RESULTS AND DISCUSSION
Spectral characterization of complexes

Stoichiometries of the complexes were in agreement with elemental analyses
data. Molar conductance (Ap) for complexes in 10-3 M concentration in DMSO
was in the range 16719 Q-1 cm? mol~! indicative of their 1:1 electrolytic nat-
ure.23 ESI-MS spectra of complexes exhibit several peaks. However, a pseudo-
molecular ion peak for [M+H™] was inevitably present in each case, which indi-
cates the molecular mass. ESI-MS spectrum of complex 1 is shown in Supple-
mentary material to this paper, Fig. S-1. This shows a signal for [M*], confirming
1:1 electrolytic nature of complex 1, probably due to dissociation in solution as
below:

[PA!IL;(imdz);]Cl — [PAUIL;(imdz),]" + C1

In the FT-IR spectra of complexes, the band observed at ~3217 cm!,
assigned for —OH vibration in ligands completely vanished and a new band at
lower frequency appeared at ~534 cm~!, which was assigned to Pd-0.24 The
appearance of this band indicates the bonding of metal with phenolic oxygen.
The band due to azomethine HC=N groups was shifted downwards in complexes
and observed at ~1602 cm~!, which confirms the coordination of azomethine nit-
rogen with metal. The coordination of azomethine nitrogen with metal was
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further ascertained by the appearance of a band at a lower frequency at ~450 cm !,
assign to Pd—N vibration stretching.25 The experimental FT-IR spectrum of com-
plex 1 was compared with the theoretical I.R. spectrum and presented in Table S-I
(Supplementary material). Since the DFT calculation generally overestimates the
vibrational frequencies due to the neglect of crystal packing effects and anhar-
monicity, as well as incompleteness of the basis set and dynamic electronic cor-
relation, the calculated frequencies slightly deviated from the experimental
values of the normal vibrations. Therefore, we have derived scaling factors and
applied to the theoretical data to get a satisfactory value. On comparison, it was
observed that the in the theoretical spectra after scaling peak for v(C-H),
V(HC=N), V(C-O)sym, V(C-O)asym, V(C-H3)in plane> V(C—H3)out plane, V(Pd-O)
and v(Pd—N) were observed with a deviation of 0.1 %. The calculated scaling
factor for complex 1 is 1.000 (R2 = 0.999) over a complete range of the spectrum.
From Table S-I, it can be observed that most of the unscaled vibrations become
closer to the experimental value after scaling. The experimental and theoretical
FT-IR spectrum of complex 1 is shown in Fig. S-2 of the Supplementary material.

Complexes are diamagnetic as expected for d8 configuration.2¢ In electronic
spectra, the lowest energy band at ~703 nm was assigned to lAlg - 3A2g 1)
transition. However, bands at ~605, ~440 and ~400 nm were attributed to
TA1g = 1A2g (2), 'A1g = 1Eg (v3) and TA g — 1By (v4) transitions, indicating
square-planar geometry around Pd(II) ion.2” The spectrum of complex 1 is given
in Fig. S-3 of the Supplementary material.

The coordination of the azomethine HC=N group was confirmed by the
downfield shifting of the azomethine proton signal in complexes by o 0.08—
—0.09 ppm. This downfield shifting of azomethine proton in Pd(I) complex was
attributed to the discharge of the electronic cloud towards the Pd(II) ion. The
hydroxyl OH proton signal at 6= 13.30 ppm in the ligands disappeared in the
spectra of Pd(Il) complexes, indicating the deprotonation and the coordination of
oxygen with the metal ion. The TH-NMR spectrum of the complexes shows
doublet centred at o= 10.85 ppm for two protons attributed to the —-NH of two
imidazole ring. A doublet at 0= 7.30 ppm for two C—H protons and a multiplet
centred at o= 7.25 ppm for four protons were assigned to other C-H protons of
the imidazole ring.30 The two double doublets centred at = 7.10 ppm, 5= 6.90
ppm (J = 8 and = 2.5 Hz) and a triplet centred at = 6.77 ppm (J = 8.0 Hz) were
attributed to aromatic protons of vanillin moiety. However, in complex 1 and 3, a
multiplet centred at 0= 7.20 ppm for four protons was attributed to toluidine/
/chloroaniline moiety. In complex 2, a multipletcentred at o= 7.22 ppm for five
protons was assigned for aniline moiety. In addition to this, in complexes, a sig-
nal at 0= 3.45 ppm was assigned for protons of methoxy group. In complex 1, a
signal at 0= 2.22 ppm was assigned for methyl proton. The theoretical chemical
shift values were calculated by the GIAO method using TMS-HF/6-31G(d)
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GIAO and TMS-B3LYP/6-311+G(2d, p) GIAO level theory. The correlation
coefficients of ITH-NMR were determined as 0.979 and 0.985 as given in Fig. S-
-4A and B of the Supplementary material. For Lq, H-NMR &, = 1.135 Oexp -
1.193 (R? = 0.979). For complex 1, TH-NMR &, = 0.987dxp - 0.196 (R? =
= 0.985). It was evident from the correlation graph that a good correlation exists
in theoretical and experimental & values. 'H-NMR of the spectrum of complex 1
is shown in Fig. S-5 of the Supplementary material.

In 13C-NMR spectrum signal at = 160.0 ppm in ligand assigned for azo-
methine group was downfield shifted by 0= 3.4 - 6.2 ppm in the complexes con-
firming the transfer of one lone pair electron from nitrogen to metal and coordin-
ation of azomethine-N to metal. In complexes, the two signals appeared at
0= 135.0 ppm were assigned for the two imidazole ring carbon atom. The rem-
aining four imidazole carbon resonate at J = 120.0 ppm. In complex 1 and 3, the
six signals observed between 0 = 156.6 - 130.0 ppm were attributed to vanillin
moiety of the ligand. In complex 2, the six signals of vanillin carbon appeared
between o= 153.1 - 126.6 ppm. However, the remaining six signals observed
between 0= 129.0 - 111.1 ppm were ascribed for six-carbon of toluidine/aniline/
/p-chloroaniline ring moiety. A signal in complexes observed between = 55.8 -
- 52.6 ppm was assigned for methoxy carbon. In complex 1, a signal at = 20.5
ppm was due to methyl carbon of vanillin moiety. The correlation coefficients of
I3C-NMR for L; and complex 1 were determined as 0.977 and 0.999, as shown
in Fig. S-6A and B of the Supplementary material. It was evident from the cor-
relation graph that a good correlation exists in theoretical and experimental &
values. The 13C-NMR spectrum of complex 1 is shown in Fig. S-7 of the
Supplementary material.

TGA of complexes (Fig. 3A, B and C) were carried out in the temperature
range of 30-900 °C at the heating rate of 10 °C/min in a nitrogen atmosphere.
The TGA curves of these complex displayed a similar two steps degradation pat-
tern. In each case, the first step was the partial decomposition of ligand and one
imidazole unit along with one Cl . In the second step, the loss of the remaining
one imidazole unit occurs. In complex 1, a weight loss of 64 % (calcd. 63.34
wt.%) in the temperature range ~255-350 °C was attributed to the first step of
decomposition. In second step the loss of remaining one imidazole unit occurs in
the temperature range of 350-530 °C, with a weight loss of 13 % (caled. 12.45
wt.%). In complex 2, a weight loss of 62.52 % (calcd. 62.22 wt.%) in the tempe-
rature range ~330-370 °C was attributed for the first step decomposition. In the
second step the loss of remaining one imidazole unit occurs in the temperature
range of 370-500 °C with a weight loss of 13.46 % (calcd. 13.51 wt.%). In
complex 3, a weight loss of 64.93 % (calcd. 64.64 wt.%) in the temperature range
~330-390 °C was the first step of decomposition. In the second step loss of rem-
aining one imidazole unit occurs in the temperature range of 390-500 °C, with a
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weight loss of 12.38 % (calcd. 12.61 wt.%). A very unusual gain of weight in
complex 1 between 500-600 °C is ascribed to the oxidation of the remaining Pd
to PdO. In the end, a metallic oxide residue was formed as PdO (calcd. 22.45
wt.%).28-30
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Fig. 3. TGA curve of complexes: A) 1, B) 2 and C) complex 3.

Quantum chemical calculations

Mulliken atomic charge and molecular electrostatic potential analysis (MEP).
The calculated Mulliken atomic charge values of selected atoms were listed in
Table S-1I of the Supplementary material. Mulliken atomic charge plots of rest of
the ligands and complexes were given in Fig. S-8 of the Supplementary material.
From results, it was observed that in ligands the hydrogen attached with the elec-
tronegative oxygen exhibits the highest positive charge of ~+0.4000. However,
the highest negative charge of ~—0.6800 was present on highly shielded oxygen.
However, in complexes 1-3, the highest positive charge of ~ +0.4700 was pre-
sent at Pd metal centre. The other electronegative atoms such as phenolic oxygen
and azomethine nitrogen consist of a negative Mulliken charge because of high
electron density on these atoms. The imidazole ring is an electron-rich moiety,
and its N atoms possess the negative Mulliken charge. The Mulliken charge
values of electropositive carbon and electronegative oxygen/nitrogen are also
higher than ligand, probably due to the occurrence of back bonding of w-electrons
during complexation. This result is consistent with the molecular electrostatic po-
tential map.31The molecular electrostatic potential (MEP) is a particularly useful
descriptor in understanding sites for electrophilic and nucleophilic reactions as
well as hydrogen-bonding interactions. The molecular electrostatic potential, (7),
at a given point 7 (x, y, z) in the vicinity of a molecule is defined in terms of the
interaction energy between the electrical charge generated from the molecule
electrons and nuclei. To predict the electrophilic and nucleophilic reactive sites
for the title molecule, MEP was calculated using the B3LYP/LanL2DZ method
with the 6-31++G(d,p) basis set and optimized geometries. The negative (red)
regions of MEP were related to electrophilic reactivity and the positive (blue)
regions to nucleophilic reactivity. The MEP maps of ligands and complexes were
shown in Fig. S-9 of the Supplementary material. The electrostatic potential in L

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



276 SHUKLA et al.

ranges between —5.7x1072 to 5.7x10-2 a.u. and in L it ranges from —5.6x10~2 to
5.6x10~2 a.u. Similarly, in L3, potential value is found between —6.1x102 to
6.1x1072 a.u. The electrostatic potential in complex 1 range between —9.2x10-2
to 9.2x1072 a.u. and in complex 2_it ranges from -9.7x1072 to 9.7x10-2 a.u.
Similarly, in complex 3, potential value is found between -9.8x102 to 9.8x10~2
a.u. Different colours represent the different values of the electrostatic potential
at the surface. The potential increases in the order: red<orange<yellow<green<
<blue.32 It was observed that the positive areas are present on less electronegati-
ve atom such as hydrogen, carbon, and central metal atoms. On the other hand,
the negative areas are confined on more electronegative O, and N. These electro-
negative moieties worked as a donor atom of the ligand.

Molecular modelling and computational study. The quantum chemical para-
meters were calculated and listed in Table S-III. The highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are
named as frontier molecular orbitals (FMO). The HOMO and LUMO of L; and
complex 1 is shown in supplementary Fig. S-10 of the Supplementary material.
The HOMO and LUMO energies and energy gap, AE of ligands and complexes
were given above in Table S-III. From the calculated energies of the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), it may be concluded that:

1. The difference of FMOg energies in complexes are for Erjomo is in the
order L3>L,>L{>3>1>2 and for E1 yvo the order is 3>2>1>L3>L>L,.

2. Complex 2 has low values of the energy gap (AE) suggesting high react-
ivity.

3. Complex 1 exhibit a high value of the dipole moment, which may favour
their dipole-dipole interactions between molecules.

Bond length and bond angle. The optimized structures of the complexes with
the atomic numbering scheme were determined. The bond lengths (A) and bond
angles (in degree) obtained from the geometry optimized structures are given in
Tables S-IV and S-V. The molecular structure of complexes exhibits almost
square planar geometry around the metal centre, as revealed from the calculated
bond lengths and bond angles. The C=N, C-O and C—C bond lengths become
slightly longer in complexes than the bonds formed with ligands. Ligands were
coordinated via imine nitrogen by the shifting of electron density of imine and
phenolic oxygen because of the removal of phenolic hydrogen. Formation of two
new bonds Pd—N and Pd-O takes place. The C—O bond distance in all complexes
becomes longer due to the formation of Pd—O bond, which makes the C—O bond
weaker. This elongation in Pd-N and Pd—O bond lengths caused a slight distort-
ion from the regular square planar geometry.
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Thus, based on the elemental analysis, ESI-MS, molar conductance, electro-
nic spectra, FT-IR, H-NMR, 13C-NMR, TGA and DFT studies, the optimized
structures of the ligands and complexes are given in Fig. 4A-F.

Fig. 4. DFT optimized structure of: A) L, B) L,, C) L3, and complexes: D) 1, E) 2 and F) 3.

Catalytic activity

Catalytic potential for the synthesized complexes was examined over Heck—
—Mizoroki C—C cross-coupling reaction (Fig. 5) at various reaction conditions of
temperature, base, solvent and catalyst loading. The results obtained are sum-
marized in Table S-VI.

X=CLBr,I

Fig. 5. Scheme for catalytic activity optimization.

Effect of catalyst loading/base/solvent and temperature. It is ideal to have
good yields using a minimal amount of catalysts. Hence, this study examined the
effect of catalyst loading (0.1-0.6 umol). It was observed that the highest yield of
a coupling product was obtained when 0.4 pmol of the complex 1 was employed
as a catalyst. Higher product conversion with an increased amount of catalyst
may probably due to the increased availability of more basic sites, which can be
linked to the dispersion of more active species.33> However, with the increasing
catalyst concentration above 0.4 umol, no appreciable increase in product yield
was observed. The yield of products at different catalyst concentration is shown
in Fig. 6A.

The role of a base is to neutralize the acid and consequently the exchange of
a hydrogen atom with an aryl or vinyl group occurs. Hence, to study the effect of
the base in Heck—Mizoroki reaction, the reaction was carried out in the presence
of different bases such as K,CO3, Na,CO3, CH3COONa, NaOH and KOH. It
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was observed from Fig. 6B that K,COj3 is the most effective base in the catalytic
conversion, probably due to its higher solubility in comparison to others.
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Fig. 6. Heck—Mizoroki reaction; A) effect of catalyst loadings, B) effect of different base,
C) effect of different solvents, D) effect of temperature.

It was observed that the mixed solvent such as DMF+H,0 (1:1) gives good
quantitative yield. The polar aprotic solvents such as the DMF give a lower yield.
However, in acetonitrile solvent, lowest yield of product was obtained, as shown
in Fig. 6C. Heck—Mizoroki reaction is a temperature-sensitive reaction, and
therefore it is necessary to study the reaction at different temperature ranges from
25-100 °C. It was observed that, at room temperature, very little catalytic con-
version takes place, and with the rise of temperature the yield increases. The
maximum yield was observed at an optimum temperature of 80 °C. With further
increase of the temperature, no appreciable increase in yield was observed. The
temperature effect can be explained by the influence on the equilibrium between
different forms of Pd participating in the reaction. For example, the low-tempe-
rature decrease provides the increase of the stability of palladium complexes in
solution. In contrast, higher temperature increases the rate of Pd reduction. The
percentage yield at different reaction temperature is shown in Fig. 6D.

With the optimized reaction conditions in hand, the scope of the Heck—
—Mizoroki reaction was extended to a variety of substituted aryl halides (XCgH4Y;
where X = Br/Cl/I and Y = H/ CHO/OCH3). It was interesting to observe that the
yield of the product is almost the same in the case of bromo and iodobenzene.
However, in the case of aryl bromide substituted with electron-withdrawing alde-
hydes group (Table S-VII, entry 4) higher yield was observed in comparison to a
substrate with an electron-donating methoxy group (Table S-VII, entry 5). The
reaction of chlorobenzene, in comparison to bromobenzene/iodobenzene, failed
in providing good yield under optimized conditions presumably owing to less
reactivity of C—Cl bond due to higher bond energy. Turn over frequency (7TOF)
of catalysts was also calculated, and it ranges between 36.3-302.5h"l. TOF
values are higher than the reported TOF values in similar complexes.34 The cat-
alytic activity of the complex 1 was quite good in comparison to previously rep-
orted catalysts for Heck—Mizoroki coupling reaction in terms of temperature, cat-
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alyst loading, base and solvents.35 In our case catalyst gave better yields at mod-
erate temperature using less amount of catalyst in the DMF-water medium. !H-
-NMR and !3C-NMR characterized the resulting products.

Energy profile diagram. DFT calculations were performed at the B3LYP/6-
-31G level of theory to evaluate the formation of alkene via C—C cross-coupling
reaction using chelated palladium Schiff base complex 1 as a catalyst. The over-
all computed energy profile diagram of this reaction is displayed in Fig. 7. The
energy profile diagram shows that the complete Heck—Mizoroki reaction pro-
ceeds via four major steps, viz. reductive elimination, oxidative addition, migra-
tory insertion and S-hydride elimination. The first step involves the elimination
followed by the reduction of Pd(I) to Pd(0). Reductive elimination is a facile
step with an energy barrier of 2.0116 eV. The next step involves the addition of
Ph-Br and oxidation of metal center Pd(0) to Pd(Il) with the energy of 2.4116 eV.
After that, the formation of high energy n-complex TS; takes place which later
gets stabilized by 1.0386 eV and forms a stable sigma intermediate TS,. Sigma
complex further changes into a new higher energy state TS3 by the migratory ins-
ertion mechanism. In the last step, f-hydride elimination occurs, and a final
cross-coupled product was obtained. The energy profile of reaction obtained
from the DFT calculation clearly shows that t-complex TSy is situated at the top
in comparison to TS, and TS3. The less stable energetically TS3 is more favour-
able for easy conversion into the product. There has been considerable evidence
that oxidative addition does not limit the rate of Heck-Mizoroki reactions.3¢
Further evidence from the gas-phase computational studies indicates that the rate-
determining step in a palladium (II/IV) cycle involving iodobenzene would be
the oxidative addition of iodobenzene to palladium. Since the actual rate-deter-
mining step in the Heck—Mizoroki reaction of aryl iodides is not oxidative addit-
ion, this indicates that palladium (II/IV) cycle is not running. In the present situ-
ation, we suggest olefin coordination as a rate-limiting step, due to wide energy
gap in between 3 and 4 in the energy profile diagram of the catalytic cycle. The
probable mechanism of Heck-Mizoroki reaction is shown in Fig. S-11 of the
Supplementary material.

CONCLUSION

Three novel mixed ligand complexes of Pd(II) containing imidazole as
anchoring ligand and Schiff base as N, O donor, have been synthesized by the
tailored synthesis and characterized. For a better insight into molecular structure,
quantum chemical calculations have been performed. The geometry of com-
pounds was optimized by DFT. The complexes have square planar complexes
geometry with slight distortion in both bond length and bond angle. The theor-
etical parameters have shown an excellent agreement with the experimental
results and hence proved the reliability of the employed level of theory. The
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resulting complexes exhibit quite good catalytic activity in comparison to those
reported in the literature. The complex 1 exhibited excellent catalytic activity
with the substrate containing bromo/iodo substituent. However, when the bromo
substituent is in combination with aldehydes in the substrate, it exhibits higher
catalytic activity in comparison to the combination of bromo and methoxy group.
It was also observed from the DFT that the proposed intermediate is the n-com-
plex which exhibit higher energy than c-intermediate and it is situated at the top
of the energy profile. Hence, it can be concluded that this catalytic system toler-
ates various functional group on the phenyl ring and could be further exploited
for the design of promising catalytic material.

SUPPLEMENTARY MATERIAL

Physical, analytical and spectral data for the synthesized compounds are available elec-
tronically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOL
KATAJTUTUYKA UCITUTHBAA Pd(11) KOMIUVIEKCA TIOMORY HECK-MIZOROKI
PEAKIIUJE: CHHTE3A, KAPAKTEPU3AIINJA U TEOPUJA ®YHKIIMOHAJIA TYCTUHE

SATYENDRA N. SHUKLA', PRATIKSHA GAUR', SANJAY S. BAGRI', RIPUL MEHROTRA®
1 BHASKAR CHAURASIA!

!Coordination Chemistry Research Lab, Department of Chemistry, Government Science College, Jabalpur
(M.P.) 482001, India u *Instituto de Quimica Rosario Area Inorganica Facultad de Cs. Bioquimicas y
Farmaceuticas Universidad Nacional de Rosario Suipacha 531 S2002LRK Rosario, Argentina

Y peakuujama IIudosux 6a3a kao nuraHaga ca nanagujym(Il)-xmopunom u ummunaso-
7I0M JobujeHa cy Tpu koMIuiekca onuire ¢popmyse [PA(IT)(L)(imdz),]Cl; L je 2-((E)-(p-anunu-
MHHO)MeTH)-6-MeTokcudeHon (xkommiekc 1), 2-meTokcu-6-((E)-(dbenunumuH)merun)de-
HoN (kommekc 2) u 2-((E)-(4-x1opodeHUTUMUHO)MEeTH )-6-MeToKCH@eHo (koMIeke 3).
Kommuiekcu €y okapakTEpPHUCAaHU Ha Da3u pesynTara eJIeMEeHTalHe MUKPOAHa/lIW3e, MONapHe
MTPOBOJI/BUBOCTH, eneKTpoHcKke cnekTpockonuje, ESI-MS, FT-IR, TGA, TH-NMR u 13C-NMR
crniektapa. Mosnekysncka CTpyKTypa ¥ pa3THYWTH KBAaHTHOXEMHjCKHM MapameTpH cy onpeheHu
nomohy B3LYP GasucHor cera TeopHje GyHKIHOHANa TyCTHHEe Ca CTaHOAPIHUM
6-311+G(d,2p) HuBOOM. KaTanuTuuka cocodHOCT KoMIUlekca 1-3 HUCITHBaHa je Ha OCHOBY
Heck—Mizoroki peaxnuje, mpu yemMy je HaheHO Ia ce HHUX0Ba KaTaJIUTHYKa CIIOCODHOCT Mema
y Huzy 1>2>3.

(ITpummeno 2. centembpa, pesuaupano 18 Hosemdpa, npuxsaheno 20. Hosemdpa 2020)
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