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a b s t r a c t 

Based on the bridge alkyl chain length between the two azomethine linkages of the bis ortho naphtholim- 

ine ligands, two synthetic techniques were used to prepare a novel series of palladium(II) complexes. The 

molecular formulae of the isolated metal chelates were assigned based on thermal analysis (TGA and 

DTA) and analytical data. In addition comprehensive spectroscopic studies such as UV-Vis, IR, PXRD and 

X-ray single crystal have completed the structural formulations of the newly synthesized palladium(II) 

complexes in question. The best description of the overall molecular geometry of the palladium(II) cen- 

ter is the square planar as expected for the d 8 center of palladium(II). DFT calculations were performed 

to correlate the structural properties of the present palladium(II) complexes with their catalytic activity 

towards the hydrogenation of cyclohexene. In addition, the optimized geometrical parameters deduced 

from the X-ray measurements for structural analysis are compared with the corresponding ones obtained 

by DFT calculations. Regarding complex 3 , DFT calculations were carried out to decide the most appropri- 

ate molecular structure. The current square planar diimine palladium(II) complexes have been evaluated 

for the catalytic hydrogenation of mono olefin cyclohexene. The catalytic activity was studied in relation 

to the effect of catalyst structure, catalysis type, nature and amount of the solvents and co-solvents. The 

results obtained indicated that these complexes are pre-catalysts that efficiently catalyze hydrogenation 

of cyclohexene by H 2 at mild conditions. 

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

Among the most frequently used reactions in the synthesis 

f biological materials, pharmaceuticals, dyestuffs, plastics, petro- 

hemicals, fine chemicals and commodities is the catalytic hy- 

rogenation of the unsaturated hydrocarbons by transition metal 

omplexes [1] . Therefore renewed interest in developing catalysts 

or hydrogenation of alkenes has been emerged over the current 

ecade [2] . In this regard, catalytic hydrogenation of an inactive 

lefin is one of the most promising methods for developing a ro- 

ust synthetic method with low economic and environmental im- 

acts. Previous reports have shown that higher activity, sulfur re- 

istance and working under milder reaction conditions are the ad- 
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antages of metal complex over the metal itself [3] . As a result, 

 broad range of metal complexes derived from electron rich di- 

alent metal ions of group 10 metals now are known to function 

s hydrogenation catalysts under moderate conditions [4] . To date, 

alladium(II)-based catalysts have received great interest in the hy- 

rogenation of alkenes as a result of their stability, highly catalytic 

nd selective activities [5] . 

Metal complexes of Schiff base have occupied a central role in 

he development of coordination chemistry. This situation is evi- 

enced by the sheer number of publications that showered from 

ure physical chemistry to modern physical chemistry and studies 

elated to the biochemistry of these metal complexes. Among of 

hese Schiff base metal complexes deserve mention as hydrogena- 

ion catalysts, the palladium(II) with square-planar chelating Schiff

ase ligand (salen), [N,N-ethylene bis -(salicyldeneiminato)Pd(II)] 

hich has been suggested as model for the natural hydrogenat- 

ng system (hydrogenases) due to the mechanistic similarity [6] . 

https://doi.org/10.1016/j.jorganchem.2021.121764
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jorganchem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2021.121764&domain=pdf
mailto:Ramadanss@hotmail.com
https://doi.org/10.1016/j.jorganchem.2021.121764


M.M. Ibrahim, A.M. Fathy, S.A. Al-Harbi et al. Journal of Organometallic Chemistry 939 (2021) 121764 

I

m

b

d

b

v

m

t

c

t

q

d

v

p

b

1

c

t

d

t  

H  

b

f

w

t

d

n

A

c

d

p

l

2

2

a

a

h

c

c

t

2

a

r

K

w

g

d

m

h

e

c  

r

o

g

r

w

o

c

n the catalytic hydrogenation reactions of alkenes, by transition 

etal complexes, the substantial processes of breaking and making 

onds, such as oxidative addition and reductive elimination, often 

epend on the flexibility of the central metal ion that is adjusted 

y the coordinated ligand. Thus ligand design and coordination en- 

ironment around the metal ion are key to the catalytic perfor- 

ance of metal complexes that catalyze the hydrogenation reac- 

ions of alkenes. In this regard, diimine tetradentate based metal 

omplexes have been shown to be more operative in catalysis of 

he alkenes hydrogenation [ 6 , 7 ] Palladium(II) complexes containing 

uadridentate diimine ligands derived from salicylaldehyde have 

emonstrated their inclination to catalyze the hydrogenation of 

arious alkenes by molecular hydrogen [6] . Related to metal com- 

lexes of Schiff bases derived from salicylaldehyde, M(salens), are 

is ortho naphtholimine metal complexes derived from 2-hydroxy- 

-naphthaldehyde. A series of nickel(II) bis ortho naphtholimine 

omplexes was synthesized and used for the catalytic hydrogena- 

ion of cyclohexene [8] . 

Hydrogenation of the unsaturated bond by the molecular hy- 

rogen occurs by the molecular orbitals interaction between ei- 

her the LUMO of C = C ( π ∗) with the HOMO of H 2 or LUMO of

 2 ( σ ∗) with HOMO of the C = C ( π ). However, these molecular or-

itals have no net overlap, and therefore this reaction is "symmetry 

orbidden" and these symmetry limitations can only be overcome 

ith the presence of a suitable catalyst. 

Given the promising results in the hydrogenation of alkenes by 

hese aforementioned palladium(II) complexes, the current work 

escribes the synthesis and spectroscopic characterization of a 

ovel series of bis ortho naphtholimine palladium(II) complexes. 

s well as study the catalytic hydrogenation of the mono olefin cy- 

lohexene by the molecular hydrogen in presence of the prepared 

iimine palladium(II) chelates. Moreover, DFT calculations will be 

erformed to correlate the structural properties of the existing pal- 

adium(II) complexes with their catalytic activity. 
Pd
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For PdL1, n = 2; PdL2, n = 3; PdL3, n =
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Scheme 1. Structures of pal

2 
. Experimental 

.1. Chemicals and Materials 

The chemicals used in this work include organic materials 

nd reagents, organic solvents and palladium(II) salt K 2 [PdCl 4 ] 

re highly pure and were purchased from Sigma and Merck. 2- 

ydroxy1-naphthaldehyde was purchased from Aldrich and was re- 

rystallized from water before being used in the synthesis pro- 

esses. The current Schiff base ligands were synthesized according 

o the method described in literature [9] . 

.2. Synthesis of bis ortho naphtholimine palladium(II) complexes 1 

nd 2 

The used ligand (0.01 mole) was suspended in ethanol and 

efluxed for 1 hour, then aqueous solution of palladium(II) salt, 

 2 [PdCl 4 ], 0.01 mole was added slowly and the reaction mixture 

as refluxed with stirring for about 24 hours. After cooling, the 

reen precipitate was filtered washed with ethanol, ether and then 

ried in vacuum. The dried green powder was further refluxed in a 

ixture of solvent (methanol and pyridine) in ratio (1:1) for about 

alf hour. The cooling reaction mixture was filtered, washed with 

thanol and finally dried in vacuum for one week. In the case of 

omplex 1 , PdL 1 , (see Scheme 1 ) the very fine green powder was

ecrystallized from nitrobenzene. Concerning complex 2 , (PdL 2 ) the 

range red crystal was obtained through recrystallization from the 

reen powder in DMF. Concerning complexes 3, 4 and 5 the di- 

ect interaction with palladium(II) ion and the Schiff base ligand 

as not convenient and the synthesis was achieved by reaction 

f the different diamines with bis -(2-OH-1-naphthaldehyde)-Pd(II) 

omplex which was prepared as described below. 
O

O O

O
Pd

 4                               Complex 6, PdL2

N ONO

NO N O

Pd Pd

(CH2)n

(CH2)n

Dimer

ladium(II) complexes. 
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Table 1 

Molecular formulae, physical prosperities, and elemental analysis of metal complexes 1 - 6. 

Complex Color Crystal form Solubility Found (Calcd.) 

%C %H %N %M 

1 PdL 1 Brownish red Plates Nitrobenzene 60.93 (60.96) 3.81 (3.81) 5.93 (5.93) 22.60 (22.51) 

2 PdL 2 Orange red Needle DMF 61.75 (61.67) 3.71 (4.11) 5.76 (5.76) 21.46 (21.87) 

3 PdL 3 Canary yellow Micocrystaline powder CHCl 3 , CH 2 Cl 2 62.93 (62.35) 5.00 (4.40) 6.40 (6.46) 21.15 (21.26) 

4 PdL 4 Canary yellow Micocrystaline powder CHCl 3 , CH 2 Cl 2 62.96 (62.98) 5.59 (4.67) 6.29 (5.45) 20.35 (20.68) 

5 PdL 5 Canary yellow Micocrystaline powder CHCl 3 , CH 2 Cl 2 63.17 (63.58) 5.25 (4.92) 5.58 (5.30) 19.83 (20.13) 

6 PdL 2 
∗ Reddish yellow Micocrystaline powder CHCl 3 , CH 2 Cl 2 58.34 (58.82) 3.38 (3.56) − − 23.79 (23.72) 

∗L is 2-hydroxy-1-naphthaldehyde 
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.3. Preparation of (2-OH-1- naphthaldehyde) palladium(II) complex 

 

To a cold aqueous solution (30 ml) containing (0.006 mole) 

 2 [PdCl 4 ] 0.5 ml of concentrated HCl was added, and the solution 

as adjusted to pH = 5 - 6 by addition of 20 % aqueous solution

f sodium acetate. Alcoholic solution of the recrystallized (several 

imes) 2-OH-1-naphthaldehyde (0.012 mole) was added to the so- 

ution of palladium(II) ions and stirred. Yellow brown precipitate 

as formed immediately, which filtered, washed with (ethanol and 

 2 O) mixture and finally dried in vacuum. The crude yellow brown 

roduct was recrystallized from chloroform as yellow orange nee- 

les. The analytical results of bis -(naphthaldehyde) palladium(II) 

re reported in Table 1 . 

.4. Synthesis of naphthaldiimine palladium(II) complexes 3, 4 and 5 

An equimolar amount of the different diamines dissolved in 

hloroform were added dropwise to the stirred solution of the 

rude product of bis -(naphthaldehyde) palladium(II) complex (0.2 

ole) dissolved in chloroform. The reaction mixture was refluxed 

ith stirring until the reactants were completely soluble. To sepa- 

ate the black powder palladium formed the reaction mixture solu- 

ion was filtered. The resulting filtrate was evaporated under vac- 

um to reduce the volume of the solvent. On cooling and slow 

vaporation of solvent a yellow precipitate was formed. Addition 

f ether or petroleum ether was sometimes necessary to achieve 

omplete precipitation. The yellow crude precipitate was recrystal- 

ized from chloroform to give pure canary yellow microcrystalline 

olid. 

.5. Conductometric Titration 

The conductometric titrations carried out at room temperature 

y titrating 50 ml of 1 × 10 −4 M of the palladium(II) ion solution 

sing 0.5 ml increments of 1 × 10 −3 M ligand solution. The elec- 

rical conductance values of the solutions were recorded after each 

ddition and stirring the solutions for three minutes to allowing 

he equilibrium attainment. The specific conductivity of the solu- 

ion was then corrected for volume change due to dilution effect, 

y multiplying the specific conductance, K, by the dilution factor, 

V 1 + V 2 /V 1 ) where V 1 is the initial volume of the metal ion so-

ution and V 2 is the ligand solution added. The obtained results 

ere presented as XY curves as shown in supplementary material 

S1). The stoichiometric ratios of the formed palladium(II) com- 

lexes in solution were determined from the breaks observed in 

he obtained curves. 

.6. Physical measurements 

The physical measurements employed during the current study 

ere performed as reported previously [ 8 , 10 ]. 
3 
.7. Catalytic hydrogenation study 

.7.1. Hydrogenation apparatus 

The hydrogenation apparatus designed by Ohl [11] was used 

n the present study and described in the supplementary mate- 

ial (S2). This apparatus has the advantage, that it contains no mo- 

ile mechanical parts may be an undefined source of danger espe- 

ially for long time reactions. In addition, all constructions can be 

chieved under the same conditions and also the sample can be 

hange easily and fast. The total volume of the apparatus depends 

n the hydrogenation flask used and is about 30 0 0 cm 

3 . 

.7.2. Hydrogenation experiments 

The current hydrogenation reactions were carried out using the 

pparatus described in S2. To remove the atmospheric oxygen, the 

ydrogenation apparatus containing the solution or suspension of 

he catalyst (2.6 × 10 −3 M) in distilled DMF (80 ml) was flushed 

ith argon for five minutes before each hydrogenation run. There- 

fter, vacuum was applied until the mercury manometer read a 

eight of 640 mm Hg. The pressure of the remaining argon was 

bout 120 mm Hg. The hydrogen was then allowed to enter the 

pparatus until the total pressure of mercury was equal to 150 

m Hg. Then the cyclohexene (0.04 M) was added to the reaction 

edium from the storage container. Magnetic rapid stirring was 

pplied to keep the reaction mixture mobile and to allow contact 

etween the reactants. All the hydrogenation runs were carried out 

t room temperature in a time period of 150 hours. At the end of 

he reaction, argon was allowed again to enter the apparatus so 

hat the pressure was equalized to the atmospheric one and then 

he sample required for analysis was taken out. 

.7.3. Analytical Process 

At the end of each hydrogenation run, a 0.5 ml sample of the 

eaction mixture was taken for analysis. This 0.5 ml volume con- 

ained solvent, catalyst, cyclohexene and cyclohexane. The cyclo- 

exene and the cyclohexane were separated from the other com- 

onents by using a 2 cm Pasteur pipette filled with silica gel 60 

grain range 0.04 to 0.062 mm). In advance, the silica gel was acti- 

ated in high vacuum for 4 hours at 220 °C. 0.5 ml n-pentane was 

rst allowed to pass through the Pasteur pipette, then, the 0.5 ml 

ample (taken directly from the hydrogenation flask) was feeded 

n the pipette and thereafter the pipette was flushed again with 

.5 ml n-pentane. The eluated solution contained a mixture of n- 

entane, cyclohexene and cyclohexane. From this mixture 5 μl was 

irectly injected in the gas chromatograph device. 

The quantitative analysis of the mixture was carried out using 

 Carlo Erba Instrument type 4200 connected with an integrator 

ype SP 4100. The used detector was a flame ionization detector 

FID), connected to the integrator through an electrometer (Carlo 

rba Mod 180). 

For the analysis, a 5 meter glass column was packed with alu- 

ina GC 80 to 100 MESH and conditioned for five days at 180 °C 

n nitrogen stream (2.8 kg/cm 

2 ). Several runs of pure cyclohex- 

ne, cyclohexane, n-pentane and also their mixture with definite 
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Table 2 

Thermogravimetric analysis of palladium(II) complexes 1 - 6. 

Complex T °C DTA peaks % Mass loss Found (Calcd.) Species formed 

1 PdL 1 330 - 520 Exothermic 26.00(25.91) PdO 

2 PdL 2 340 – 370 370 – 570 Exothermic Exothermic 39.32(39.06) 25.79(25.16) PdL 0.5 PdO 

3.PdL 3 280 – 330 330 – 540 Exothermic Exothermic 40.60(39.56) 21.50(24.45) PdL 0.5 PdO 

4 PdL 4 190 – 355 355 – 545 Exothermic Exothermic 43.10(43.62) 22.50(23.79) PdL 0.45 PdO 

5 PdL 5 290 – 359 395 – 570 Exothermic Exothermic 42.62(40.12) 20.50(23.16) PdL 0.5 PdO 

6 PdL 2 
∗ 170 – 290 290 – 340 340 - 400 Exothermic Exothermic Exothermic 49.31(49.57) 07.08(07.63) 28.75(27.29) PdL (1.35) PdL (0.75) PdO 

∗L is 2-hydroxy-1-naphthaldehyde. 
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oncentrations were carried out in order to find out the optimum 

onditions for the analysis. According to these results the follow- 

ng conditions were: injector temperature 240 °C, oven temperature 

00 °C, detector temperature 240 °C, carrier gas N 2 , and pressure of 

 2 at working temperature is 2.8 kg/cm 

2 . Under these conditions, 

he total retention time of cyclohexane is 18 minutes and of cy- 

lohexene 28 minutes. The injected 5 μL amount of the sample 

as small enough to prevent mutual influence of the components 

f the mixture, thus, constant retention times were observed in all 

easurements. 

. Results and Discussion 

.1. Characterization of palladium(II) Schiff base complexes 

Two methods were employed to synthesize the current palla- 

ium(II) complexes based on the number of carbon atoms (n) of 

he methylene bridge (CH 2 ) n between the diimine donor sites of 

he Schiff base ligands ( Scheme 1 ). In the case of n = 2 or 3, the

omplexes were prepared through the direct interaction between 

chiff base ligand and palladium(II) ion. Regarding Schiff base lig- 

nds with n = 4 - 6 the direct interaction with palladium(II) 

on was inappropriate and the synthesis was achieved by reac- 

ion of the different diamines with the binary palladium(II) com- 

lex [PdL 2 ]; L is the ionized form of 2-OH-1-naphthaldehyde (HL). 

he molecular formulae of the pure isolated palladium(II) chelates 

re principally assigned in light of the results of the elemental and 

hermal analysis ( Tables 1 and 2 ). 

Comprehensive spectroscopic studies that include UV-Vis, IR, 

XRD and X-ray single crystal completed the formulation of struc- 

ures of the newly synthesized palladium(II) diimine complexes in 

uestion. Analytical results showed that the present metal chelates 

re free of water (coordination or surface) indicating that the co- 

rdination chromophore (N 2 O 2 ) is provided entirely from existing 

onor sites of the diimine bases. In addition, the data in Table 1 in-

icate that the molar ratio for the reaction of palladium(II) ion 

ith various Schiff bases is 1:1 (Pd:Schiff base). As shown in 

able 1 the palladium(II) complexes obtained display varied sol- 

bility in organic solvents. All the complexes are also free of chlo- 

ide anions in an indication that the existing Schiff bases are diba- 

ic and the two phenolic protons of the ligand molecule are re- 

laced by the palladium(II) ion during the complex formation. 

The stoichiometry of the current diimine palladium(II) com- 

lexes formed under the prevailing experimental conditions is fur- 

her supported by the results of conductometric titration of repre- 

entative Schiff base ligands (H 2 L) with palladium(II) ion solution. 

he conductance mole ratio curves (S1) display one break near the 

ole values of unity denoting the probable formation of one type 

f complexes (PdL). The conductometric titration curves are char- 

cterized by a marked increase of conductance with increasing the 

igand concentration. This is due to the liberation of H 

+ from the 

henolic groups of the ligand molecule, which replaced the much 

ess conductive palladium(II) species in solution. A similar behavior 

as obtained in the case of 2-OH-1-naphthaldehyde as ligand but 
4 
he conductometric titration curve displays the break at the molar 

atio of 1:2, which corresponds to the analytical data. 

The melting point measurements of the present palladium(II) 

iimine complexes showed that these metal chelates were charred 

rior decomposition, indicating their thermal degradation without 

elting. 

.2. Thermal analysis (TGA and DTA) 

The study of thermal analysis of metal complexes confirms the 

roposed molecular formulae based on the results of elemental 

nalysis. The study of thermal analysis becomes important as it 

onfirms the presence or absence of the water content in metal 

omplexes and it also helps in identifying the nature of this con- 

ent if it exists. In addition, the thermal investigation of metal 

omplexes determines their thermal stability, especially if these 

etal chelates are used in catalytic processes at variable tempera- 

ures. Accordingly, the thermogravimetric and differential thermal 

nalysis (TGA and DTA) of the palladium(II) diimine complexes 

nder study was performed. Nitrogen is the inert atmosphere in 

hich pyrolysis of palladium(II) complexes were measured. The 

emperature range in Celsius ( °C) of the sequential thermal degra- 

ation steps with the weight loss percentage, and assignment the 

hermal fragments in addition to the corresponding DTA peaks are 

hown in Table 2 . The corresponding TGA and DTA thermograms 

re present in Supplementary Material S3-S8. 

With the exception of palladium(II) complex 1 , it is observed 

hat the pyrolysis patterns are very similar in the case of the other 

iimine palladium(II) complexes under investigation. Complex 1 is 

hermally degraded in one step to the corresponding metal oxide 

PdO) while the other metal chelates degraded to the metal oxide 

n more than one step. In this context, the single-step pyrolysis of 

omplex 1 occurs within the temperature range of 330 and 520 °C 

ssociated with very weak endothermic peak at 335 and a large 

ne at 411 °C. Pyrolysis of complex 2 was performed in two steps 

etween 334 and 565 °C accompanied by three exothermic peaks, 

wo weak at 334 and 362 and the other is strong and large at 495

C. Typical pyrolysis pattern for complexes 3, 4 and 5 are as in 

he case of complex 2 but at lower temperature ranges. The ther- 

ograms of complexes 3, 4 and 5 exhibit two degradation steps 

ith the temperature range of 240 to 540 °C associated with three 

xothermic peaks, located between 294 and 540 °C. 

The existence of two steps as shown in S3-S9 denotes that the 

rganic portion is first partially removed, giving an intermediate 

roduct, which is further decomposed to PdO. Despite the fact that 

he weight loss data ( Table 2 ) indicate that the intermediate com- 

ound formed seems to contain half of the ligand, a clear under- 

tanding of the nature of this intermediate cannot be derived from 

hese results of the TG analysis. This point would need further 

tudy. 

For the binary complex, naphthaldehyde palladium(II) (PdL 2 ), 

he mode of pyrolysis seems to be even more complicated. Pyroly- 

is occurs in three decomposition stages in the temperature range 

rom 180 to 400 °C. The first stage begins at 180 °C and the corre-
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Table 3 

FTIR spectra (cm 

−1 ) of Schiff base ligands and their palladium(II) complexes(II). 

Compound ∗ υ(OH) υ(C = N) δ(OH) υ(C-O) υ(M-N) υ(M-O) 

1 PdL 1 L 1 3440 1592 1616 - 1358 1392 1415 470 390 

2 PdL 2 L 2 3430 1593 1616 - 1355 1390 1415 480 - 405 - 

3 PdL 3 L 3 3420 1590 1620 - 1360 1493 1420 495 - 402 

4 PdL 4 L 4 3410 1575 1614 - 1373 1405 1435 480 - 380 - 

5 PdL 5 L 5 3420 1590 1614 - 1370 1410 1450 478 - 383 - 

υ(OH) υ(C = O) δ(OH) υ(C-O) - υ(M-O) 

6 PdL 2 
∗ L ∗ - 3440 1560 1631 - 1377 1407 1445 - - 385 - 

∗L is 2-hydroxy-1-naphthaldehyde. 
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ponding exothermic peak is located at the same value, 180 °C. In 

iew of the significant mass loss value of 49.31% (Calcd. 49.57%), 

n this pyrolysis step, the initial removal of the organic portion be- 

ins early as compared to the corresponding Schiff base ligands. 

wo consecutive steps in the temperature range ranging from 290 

o 410 °C accompanied by two exothermic peaks located at 304 

nd 381 that lead to volatilization of the rest of the organic part 

ith the concomitant formation of PdO. 

Some observations can be noted from the results of thermal 

easurements, which can be summarized as follows: 

1- Although complexes 2 - 5 show similarity in their pyrolysis 

attern the first step in the case of complex 2 begins at temper- 

ture values higher than in the case of complexes 3, 4 and 5 . This

nding is in line with the increased length of the carbon chain 

etween the two Schiff base linkages of the diimine ligands. The 

irection of the temperature value for the start of the first step 

ollows the order 5 < 4 < 3 < 2 ≈ 1 as shown in Table 2 . 

2- The values of the palladium content calculated from PdO 

esidue are in a good agreement with the experimental metal val- 

es for the molecular formulas recorded in Table 1 . 

3- The DT curves shown in (S3-S9) contain obvious exothermic 

eaks corresponding to the various decomposition steps of the TG 

urves. The absence of endothermic peaks in the DT curves de- 

otes that the proposed complexes do not undergo melting or suf- 

er any lattice changes before decomposition. This is in agreement 

ith the observation that all the prepared complexes in this work 

ecompose without melting. 

.3. Infra red spectra and mode of bonding 

The mode of bonding of the present diimine ligands to the pal- 

adium(II) ion is best easily verified by studying the IR spectra of 

he complexes in comparison with those of the ligands. In this re- 

ard the spectral interpretation data is included in Table 3 as they 

re obtained from the corresponding charts given in S9-S20. The 

pecific symmetric and asymmetric vibrations of υ(OH) appears 

s a medium broad peak within the wavenumber range of 3410 - 

440 cm 

−1 , while the other types of the characteristics frequencies 

f OH group such as δ(OH) and γ (OH) appeared as intense peaks 

t 1355 - 1373 and 820 - 850 cm 

−1 respectively [12] . The data

n Table 3 indicate that the characteristics frequencies of the OH- 

roup of the current diimine ligands are vanished in the spectra of 

he corresponding palladium(II) complexes [8] . This indicates the 

limination of the hydrogen of the OH groups when the ligands in- 

eracted with the palladium(II) ion to form the metal complex. The 

isappearance of the different characteristics frequencies of the OH 

roup from spectra of palladium(II) complexes is similar to those 

reviously reported for the corresponding nickel(II) diimine com- 

lexes [8] . The bonding of the phenolic oxygen to palladium(II) ion 

s also inferred from the shift of the υ(C–O) band at 1415 – 1450 

m 

−1 to lower wavenumbers (1390 – 1405 cm 

−1 ) in the spectra of 

he complexes as a result of the increased mass of the group at- 

ached to the carbon atom being now C −O −Pd instead of C −O −H

12] . This lowering of the band frequency indicates also obvious co- 

alent bonding between the oxygen and palladium(II) ion. It should 
5 
e noted that the consistent spectral data confirm that the palla- 

ium(II) complexes are free of solvent molecules, which is consis- 

ent with assigned molecular formulae based on the results of ele- 

ental and thermal analysis. 

The participation of the azomethine nitrogen in coordination to 

alladium(II) ion is evident from the observed shift of υ(C = N) to 

ower wavenumbers with values from 23 to 30 cm 

−1 in the spec- 

ra of the metal complexes ( Table 3 ) [13] . Accordingly, the current 

iimine ligands are coordinate to the palladium(II) ion, as dibasic 

etradentate ligands [13] . Bonds involving the azomethine nitro- 

en and the phenolic oxygen to palladium(II) center are confirmed 

y the appearance of the two new bands within the wavenumber 

anges of 470 - 495 and 380 - 405 cm 

−1 designated for υ(M-N) 

nd υ(M-O) respectively [12] . 

With respect to complexes 1 and 2 the coordination chro- 

ophore sites, N 2 O 2 , are provided by only one naphthaldiimine 

olecule, since this type of interaction leads to formation of five 

r six membered chelate rings. As regards diimine palladium(II) 

helates with more than three carbon atoms in the bridged chelate 

ing would be rather unstable ( Scheme 1 ). This is because the four 

onor sites, N 2 O 2 , cannot be provided by only one ligand molecule 

o the palladium(II) ion. Thus complexes 3 - 5 can only be formed 

s dimeric or polymeric complexes as shown in Scheme 1 . 

Comparing the spectra of both the free 2-OH-1-naphthaldehyde 

nd its palladium(II) complex (PdL 2 ), revealed some changes that 

nclude: disappearance of the various OH bands at 3440, 1377 and 

30 cm 

−1 assignable to υ(OH), δ(OH), and γ (OH) respectively [12] . 

s well the shift of the υ(C = O) band at 1631 cm 

−1 in the spectrum

f the free 2-OH-1-naphthaldehyde to lower wavenumber (1560 

m 

−1 ) in the spectrum of PdL 2 confirms coordination of the car- 

onyl oxygen to palladium(II) ion. These spectral features are a 

lear reference to the bonding of 2-OH-1-naphthaldehyde ligand 

o palladium(II) ion through the deprotonated phenolic oxygen and 

he aldehydic carbonyl oxygen [12] . 

In light of the above-mentioned results, which include elemen- 

al and thermal analysis, as well as spectral investigations, the di- 

mine palladium(II) complexes under study can be formulated as 

hown in Scheme 1 . 

.4. Electronic absorption spectra 

Magnetic moment determinations at room temperature demon- 

trated that the current palladium(II) complexes are diamagnetic 

nd hence they must be in the low-spin state of the square pla- 

ar configuration. Metal complexes of d 

8 – elements of the coordi- 

ation number four in the low spin configuration are square pla- 

ar stereochemistry characterized by three spin-allowed d-d tran- 

itions that are: d xy (b 2 g ) → d x 
2 - y 

2 (b 1g ), d Z 
2 (a 1 g ) → d x 

2 - y 
2 (b 1g ),

nd d xz,yz (e g ) → d x 
2 - y 

2 (b 1g ) related to 1 A 1 g → 

1 A 2 g , 
1 A 1 g → 

1 B g ,
 A 1 g → 

1 E 1 g respectively [14] . 

A suitable single crystal for X-ray structural analysis was suc- 

essfully obtained only in the case of complex 2 . Accordingly com- 

arative spectral measurements were carried out and linked to 

omplex 2 (see section 3.5 .) to elucidate the stereochemistry of the 

ther palladium(II) complexes under study. In this regard, the spec- 
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Table 4 

Electronic absorption spectra of palladium(II) complexes 1-6 . 

Complex Observed band (cm 

−1 ) Assignments 

PdL 1 16400 1 A 1 g → 

1 A 2 g 
18000 1 A 1 g → 

1 B g 
19400 1 A 1 g → 

1 E 1 g 
PdL 1 , PdL 2 , PdL 3 , PdL 4 , PdL 5 , PdL 2 

∗ 22727 Ligand and c.t. 

26315 

28200 

33898 

40000 Aromatic transition π → π ∗

22727 – 24096 Ligand and c.t. 

25974 – 26300 

31250 – 37037 Aromatic transition π → π ∗

40000 - 42553 

∗L is 2-hydroxy-1-naphthaldehyde 
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Table 5 

Crystal data and structure refinement of naphthaldiimine palladium(II) complex 

2. 

Empirical formula C 25 H 20 N 2 O 2 Pd 

Formula weight 486.83 

Temperature/K 150.00(10) 

Crystal system monoclinic 

Space group P2 1 /n 

a/ ̊A 14.4372(4) 

b/ ̊A 8.2588(2) 

c/ ̊A 16.4604(5) 

α/ ° 90 

β/ ° 101.122(3) 

γ / ° 90 

Volume/ ̊A 3 1925.78(9) 

Z 4 

ρcalc g/cm 

3 1.679 

μ/mm 

-1 0.990 

F(000) 984.0 

Crystal size/mm 

3 1.042 × 0.375 × 0.312 

Radiation Mo K α ( λ = 0.71073) 

2 � range for data collection/ ° 7.058 to 60.666 

Index ranges -20 ≤ h ≤ 20, -9 ≤ k ≤ 11, -23 ≤ l ≤ 23 

Reflections collected 18625 

Independent reflections 5105 [R int = 0.0318, R sigma = 0.0364] 

Data/restraints/parameters 5105/0/271 

Goodness-of-fit on F 2 1.052 

Final R indexes [I > = 2 σ (I)] R 1 = 0.0276, wR 2 = 0.0548 

Final R indexes [all data] R 1 = 0.0355, wR 2 = 0.0581 

Largest diff. peak/hole / e Å −3 0.45/-0.39 

Table 6 

Bond angles ( °) experimental and theoretical of palladium(II) complex 2 , 

(PdL 2 ). 

Experimental ( τ 4 = 0.126) Theoretical ∗ ( τ 4 = 0.118) �

O1 − Pd − O2 80.42 O1 − Pd − O2 80.4822 0.0622 

O1 − Pd − N1 90.83 O1 − Pd − N1 90.8497 0.01970 

O1 − Pd − N2 171.30 O1 − Pd − N2 171.7242 0.4242 

O2 − Pd − N1 171.02 O2 − Pd − N1 171.7127 0.6927 

O2 − Pd − N2 91.20 O2 − Pd − N2 90.8937 0.3063 

N1 − Pd − N2 97.63 N1 − Pd − N2 97.5393 0.0907 

∗Values determined from DFT calculations (see section 3.7 .). The labeling 

of the atoms in the third column can be related to those of S26 as follows: 

O1, O2, N1 and N2 correspond to O41, O19, N40 and N20 respectively. 

b

p

a

i  

p

t  

α
s

ra of the current palladium(II) complexes were measured in the 

olid state as KBr disc in the ultra violet and visible region. The 

ecorded spectra of the palladium(II) complexes shown in S21-S22 

re similar indicating that their stereochemistries are alike. Since 

-ray structural analysis of complex 2 confirms square planar en- 

ironment around palladium(II) ion therefore we suggest square- 

lanar stereochemistry for the other palladium(II) complexes under 

tudy. 

The bands related to the excitation of the d-electrons on the 

alladium(II) ion are observed with satisfactory intensity only in 

he case of complex 1 . The highest energy d-d band at 19400 cm 

−1 

an be assigned to d xz,yz (e g ) → d x 
2 - y 

2 (b 1g ) transition corresponding 

o the 1 A 1 g → 

1 E 1 g state. The band at 180 0 0 cm 

−1 is due to the

 Z 
2 (a 1 g ) → d x 

2 - y 
2 (b 1g ) transition represented by the 1 A 1 g → 

1 B g 
 υ2 ) state, while the shoulder at 16400 cm 

−1 originates from the 

 xy (b 2 g ) → d x 
2 - y 

2 (b 1g ) transition corresponding to the 1 A 1 g → 

1 A 2 g 

 υ l ). 

The values of orbital energy differences �l , �2 and �3 are 

810 0, 320 0 and 110 0 cm 

−1 respectively have been evaluated us- 

ng the assumption that: F 2 = 10F 4 = 600 cm 

−1 for a Salter 

ondon interelectronic repulsion [15] . The separation �l was the 

argest which indicated that the d x 
2 - y 

2 was strongly antibonding. 

lso from the observed spectral data of complex 1 , the υ2 /( υ l ) ra-

io is (1.09), which is in close agreement with that reported for 

quare planar complexes [16] . The spectrum of naphthaldehyde 

alladium(II) complex 6 displays only one d-d band at 21500 cm 

−l 

ould be due to the 1 A 1 g → 

1 E 1 g transition while other bands of 

-d transitions are too weak to be observed. 

The observed strong and intense bands within the 

7037 −42553 cm 

−1 rang are assignable to the π → π ∗ tran- 

itions of the aromatic ring and the intermolecular charge transfer 

c.t.) interaction while the d - d transitions of the palladium(II) 

on are rather poor. In addition week new absorption bands 

ttributable to ligand to metal interaction appeared within the 

avenumber range of 22727 −33898 cm 

−1 , Table 4 . 

The origin of the poor electronic absorption spectra of the cur- 

ent palladium(II) complexes may arise from the fact that the 

ands due to d-d transitions of the palladium(II) ion interact 

trongly with those of the internal ligand c.t. and metal to ligand 

.t. bands. This can be confirmed by the observation that complex 

ormation between palladium(II) ions and the diimine or naph- 

haldehyde ligands does not lead to pronounced changes in color, 

ence the electronic visible spectra would not be much different. 

he same finding was reported for the d-d bands of palladium(II) 

chiff bases that are masked by the intense ligand c.t. bands [17] . 

.5. X-ray single crystal structural analysis 

For the diimine palladium(II) complex 2 ( Scheme 1 ), proper sin- 

le crystals were obtained for a complete structure determination 
6 
y X-ray diffraction. The obtained crystallographic information are 

resented in Table 5 , and the more relevant bond lengths and bond 

ngles are given in Tables 6 and 7 , respectively while the number- 

ng scheme adopted is shown in Fig. 1 . The data in Table 5 dis-

lay that crystals belong to the monoclinic space group P2 1 /n with 

he lattice data a = 14.34426 Å, b = 12.96501 Å, c = 5.50817 Å,

= 90 °, β = 95.293 ° and γ = 90 °. The molecular structure con- 

ists of discrete molecules of which four are in the unit cell as 
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Fig. 1. Presentation of the single crystal X-ray structure of palladium(II) complex 2 , showing the labeling scheme of non-hydrogen atoms. 

Table 7 

Bond lengths ( ̊A) experimental and theoretical of palla- 

dium(II) complex 2 , (PdL 2 ). 

Experimental Theoretical ∗ �

Pd1 − O1 1.9828 Pd1 − O1 2.027 0.0442 

Pd1 − O2 1.9905 Pd1 − O2 2.0271 0.0366 

Pd1 − N1 2.0073 Pd1 − N1 2.0213 0.0140 

Pd1 − N2 2.0021 Pd1 − N2 2.0212 0.0191 

∗Values determined from DFT calculations (see section 3.7 .). 

The labeling of the atoms in the third column can be related 

to those of S26 as follows: O1, O2, N1 and N2 correspond to 

O41, O19, N40 and N20 respectively. 

Fig. 2. A packing diagram of the complex 2. 
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hown in Fig. 2 ; accordingly no atoms are required to be in spe-

ial position. 

Except for the middle carbon atom of the propylene bridge 

he molecules are nearly planar, with the tetra coordinated pal- 

adium(II) ion in the center. The coordination polyhedron around 

alladium(II) center is occupied by the quadridentate chromophore 

 2 O 2 , provided by the donor atoms O(1), O(2), N(3) and N(4) 

f the diimine ligand. The question that arises now is how the 

resent X-ray data distinguish between the tetrahedral and square 

lanar stereochemistry of the four-coordinated palladium(II) com- 

lex. The answer to this question comes from defining the four- 

oordinate geometrical index τ = [360 − ( α + β)]/141 ( α and β
4 

7 
re the two largest angles around the metal center) [18] . In this 

ontext, if τ 4 is 1 the hybridization of palladium(II) ion is sp 

3 for 

 perfect tetrahedron geometry while for a perfect square planar 

tereochemistry τ 4 equals zero and the corresponding hybridiza- 

ion is dsp 

2 [18] . 

The specific value of τ 4 is 0.126 that indicates square planar 

eometry slightly distorted in consistency with magnetic and spec- 

roscopic investigations. 

The results of the X-ray single crystal structural analy- 

is of [N,N’-propylene- bis -(naphthaldimine)] palladium(II) com- 

lex (PdL 2 ), are compared with data obtained for the anal- 

gous salens complexes. These complexes are [N,N’-ethylene- 

is -(salicyaldimine)] nickel(II) (NiL 1 ) [19] [N,N’-propylene- bis - 

salicyaldimine)] nickel(II) (NiL 2 ) [20] and [N,N’-ethylene- bis - 

salicyaldimine)] platinum(II) (PtL 1 ) [21] . For both salen complexes, 

NiL 1 ) and (PtL 1 ), the overall structure is nearly planar, as in the 

ase of (PdL 2 ). On the other hand, for the brown crystal of NiL 2 

he coordination geometry is tetrahedral in consistency with the 

p 

3 hybridization of the paramagnetic d 

8 nickel(II) ion while PtL 1 

s diamagnetic with dsp 

2 hybridization of d 

8 platinum(II) center in 

he square planar environment. In the same vein, for the reported 

wo salen nickel(II) complexes NiL 1 and NiL 2 the later (NiL 2 ) is 

rown and paramagnetic with tetrahedral geometry while NiL 1 is 

reen and diamagnetic with square planar structure. These find- 

ngs indicate that, despite the overall structural similarity between 

hese diimine metal complexes nevertheless, there are quite char- 

cteristic differences in the geometrical environment of the central 

etal ions, dependent on the length of the alkane bridge between 

he two nitrogen donors. 

For the present palladium(II) complex 2 the metal oxygen dis- 

ances, Pd1 −O1 and Pd1 −O2, are 1.9828 and 1.9905 Å respec- 

ively. As well the palladium(II) nitrogen bond lengths, Pd1 −N1 

nd Pd1 −N2, are 2.0073 and 2.0021 Å respectively. These lengths 

f bonding between the metal and both oxygen and nitrogen 

toms are in the normal values for these types of metal complexes 

s shown in Table 8 and others [22] . 

For the metal complexes with the ethylene bridge, NiL 1 and 

tL 1 , the O −M −N angle is widened to be about 94.4 °, to re-

uce the strain in the six membered chelate rings N −C −C −C −O, 

hereas a N −M −N angle of 84.6 - 85.0 ° is enough to fit with nor-

al tetrahedral angles at the bridging carbon atoms. But in the 

ase of NiL 2 and PdL 2 complexes that contain the three carbon 

toms of the propylene bridge the bond angle N −M −N has ex- 

anded to over 90 ° at the expense of compression the bond an- 
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Table 8 

Bond angles ( °) and lengths ( ̊A) of Ni(II), Pd(II) and Pt(II) of diimine complexes. 

Bond angles ( °) PdL 2 NiL 2 NiL 1 PtL 1 

O-M-O 80.42 83.0 85.5 86.8 

N-M-N 97.63 92.4 85.0 84.6 

O-M-N 91.20, 90.83 93.4, 94.1 94.3, 94.5 94.3 

M-O-C R 128.83, 128.30 125.5, 126.8 129, 128 123.8 

M-N-C R 123.51, 123.11 126.2, 125.1 126, 126 127.0 

M-N-C B 121.11, 121.15 116.7, 117.0 116, 113 113.7 

N-C B -C B 113.23, 113.46 110.2, 114.0 107 109.7 

C B -C B -C B 113.03 113.6 ... ... 

N-C-C R 130.09, 130.15 123.1, 124.6 125, 127 124.1 

O-C R -C R 125.55, 125.44 122.3, 122.5 123, 124 125.1 

C-C R -C R 120.93, 121.13 124.2, 124.1 122, 119 125.5 

Bond lengths ( ̊A) 

M-O1, M-O2 1.9828, 1.9905 1.868, 1.838 1.89, 1.830 1.989 

M-N1, M-N2 2.0073, 2.0021 1.854, 1.868 1.870, 1.850 1.934 

N-C B 1.477, 1.478 1.508, 1.468 1.500, 1.460 1.502 

C B -C B 1.502, 1.508 1.512, 1.530 1.520, 1.520 1.474 

C-O 1.290, 1.299 1.312, 1.310 1.300, 1.310 1.319 

N = C 1.294, 1.301 1.307, 1.288 1.290, 1.280 1.287 

C R -C R 1.431, 1.430 1.400, 1.371 1.440, 1.440 1.442 

C R -C R 1.431, 1.407 1.391, 1.383 1.440, 1.440 1.429 

PdL 2 is [N,N’-propylene- bis -(naphthaldimine)]palladium(II); NiL 2 is 

[N,N’-propylene- bis -(salicyaldimine)]nickel(II); NiL 1 is [N,N’-ethylene- bis - 

(salicyaldimine)] nickel(II); PtL 1 is [N,N’-ethylene- bis -(salicyaldimine)] platinum(II), 

B = bridge; R = chelate ring 
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le O-M-O to 80.42 - 83 °. In the same regard the O −M −N angles

end to be reduced, exerting additional strain in the six membered 

helate ring (N −C −C −C −O) containing the alkyl propylene bridge. 

With the smaller nickel(II) center, a considerable tetrahedral 

istortion was observed [20] , reducing this strain with the propy- 

ene chain connecting the two nitrogen atoms. With the largest 

alladium(II) ion present, the system remains almost flat, but the 

ngles between both the oxygen atoms bound to the naphtha- 

ene carbon atoms are opened up to 128.30 and 128.83 °. In the 

ame context the bond angles between the nitrogen atoms and 

he linked carbon atoms of the propylene bridge are widened to 

23.11 − 126.20 °. In this case even the bridging carbon linked to 

itrogen stay in the plane, and only the middle carbon atom of 

he propylene bridge is tilted to one side. However, even with all 

hese distortions, the ring angles on all carbon atoms of the bridge 

n both the nickel(II) and the palladium(II) complexes are widened 

o 116.7 − 121.15 ° which will cause additional strain for the whole 

ystem. 

With respect to the naphthyl group, the findings are very sim- 

lar to naphthalene itself with respect to the carbon and carbon 

toms distances and angles. As regards the C = N bond distance 

1.287 - 1.294 Å) it is somewhat longer than expected for a nor- 

al double bond. In the same regard the C −O distance (1.220 - 

.319 Å) is considerable shorter than for the phenolic OH group. 

he same thing is observed in the case of the linkage of the imine

arbon atom to the phenyl ring (1.431 Å) indicating some double 

ond character as well. 

This is consistent with the participation of the oxygen atom and 

he C = N group in the resonance of the aromatic system, and with

ll findings for this type of metal complexes. For both C −O and 

 = N, the differences in the lengths of these bonds for the metal

omplexes being examined are minimal and can be ignored, as is 

vident from the data in Table 8 . 

.6. PXRD structural analysis 

With the exception of complex 2 , several attempts were made 

o develop single crystals suitable for X-ray diffraction measure- 

ents to determine the exact structure of the existing diimine pal- 

adium(II) complexes, but they were unsuccessful. Otherwise, an 
8 
ppropriate reddish-orange microcrystalline samples were isolated 

y recrystallization of the palladium(II) complex 1 , PdL 1 , from ni- 

robenzene. In the case of the naphthaldehyde palladium(II) com- 

lex 6 , PdL 2 , radish-yellow microcrystalline powder was obtained 

y recrystallization from chloroform. 

Recently, treatment of the results of X-ray powder diffraction 

easurements using some computer programs to prove the final 

nd accurate structure of the metal complexes is a scientific ap- 

roach that has proven to be applicable [ 10 , 23 ]. In this context, the

xpo 2014 program is the most applied in treating the results of X- 

ay powder diffraction measurements to demonstrate the accurate 

nd final structure of metal complexes depending on the Rietveld 

ethodology [24] . Strong verification of the crystal structure of the 

etal chelates can be obtained from PXRD data processing through 

he Rietveld approach [ 23 , 24 ]. 

PXRD spectral patterns for the palladium(II) complexes 1 and 

 are illustrated in Fig. 3 and S23. The accuracy of the compati- 

ility between theoretical calculations and the experimental data 

f measuring X-ray diffraction for the microcrystalline powder of 

omplexes 1 and 6 in the final Rietveld Refinement is shown in 

ig. 4 and S24 respectively. Crystalline data, the most relevant cho- 

en bond distances, and bond angles of the palladium(II) com- 

lexes 1 and 6 are found in Tables 9 , 10 and 11 while the approved

umbering schemes are shown in Figs. 5 and 6 . 

The data in Table 9 reveals that the crystalline system of both 

omplexes 1 and 6 is triclinic and the corresponding space group 

s P-1. With respect to complex 1 , the dimensions of the unit cell 

, b and c are 11.48254, 9.45613, and 5.28965 Å respectively with 

he corresponding α = 90.911 °, β = 90.671 ° and γ = 95.216 °. 
n the case of complex 6 the characteristic unit cell dimensions 

re 13.38400, 7.88922 and 6.87570 Å for a, b and c respectively 

long with the α, β and γ angles in the order values of 107.701 °, 
04.851 ° and 75.357 °. 

Figs. 5 and 6 demonstrate that the coordination chromophore 

round the palladium(II) center consists of N 2 O 2 and O 4 in the case 

f complexes 1 and 6 respectively. 

The coordination polyhedron of these palladium(II) centers was 

educed from the geometrical index τ 4 . As mentioned previously 

or palladium(II) 2 , τ 4 was determined to be 0.126 while in the 

ase of complexes 1 and 6 the determined values of τ 4 were 

.0539 and 0.0027, respectively (see Tables 10 and 12 ). These val- 

es of the geometrical index refer to square planar stereochemistry 

or the four coordinated palladium(II) complexes in question. This 

nding is further confirmed from the values of bond angles and 

istances between the d 

8 -metal(II) center and both oxygen and ni- 

rogen donor atoms which are in the normal values for these types 

f square planar metal complexes [ 11 , 19 , 25 ]. 

.7. Density function theory (DFT) study 

Computer chemistry calculations allow access to the ideal 

olecular stereochemistry for a metal complex molecule compa- 

able to those obtained by X-ray measurements. All calculations 

ere carried out using DFT as performed with Gaussian 09 [26] . 

or this purpose, the B3LYP hybrid approach [27] was used for the 

olecular geometrical optimization determinations in the case of 

alladium(II) complexes 1, 2, 3 and 6 under study. All the calcu- 

ations were carried out with applying the LANL2DZ effective core 

otential basis set on Pd, and 6-31G basis set on all other elements. 

ith regard to complexes 1, 2 , and 6 , their geometrical optimiza- 

ion determination was already achieved by X-ray structural anal- 

sis measurements as discussed in the previous section. 

The purpose of the DFT study of these palladium(II) complexes 

s to correlate their structural properties and the catalytic activ- 

ty towards the hydrogenation of cyclohexene and the obtained re- 

ults are summarized in Table 18 . In addition, the optimized ge- 
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Fig. 3. The powder XRD pattern of complex 1. 

Fig. 4. The good match between the practical and calculated data of PXRD patterns based on Rietveld Refinement of complex 1. 
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metrical parameters deduced from the X-ray measurements for 

tructural analysis are compared with the corresponding ones ob- 

ained by DFT calculations in the case of complexes 1, 2 and 6 . 

n this regard the relevant bond lengths and bond angles in addi- 

ion to the geometrical index τ 4 are compared with computation- 

lly optimized parameters as shown in Tables 6 , 7 , 10-13 , while the

pproved numbering schemes are given in the S25-S28. The data 
9 
n Tables 6 , 7 , 10-13 display excellent matches between the exper- 

mental and calculated values of the optimized geometric param- 

ters. This finding provides a reliable test for the accuracy of the 

urrent computationally geometrical optimization of palladium(II) 

omplexes. 

With respect to complex 3 , DFT calculations were carried out 

o decide the most appropriate molecular structure as well as to 
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Table 9 

Crystallographic data of palladium(II) complexes 1 and 6. 

Complex PdL 1 (1) PdL 2 
∗ (6) 

Empirical formula PdC 24 H 18 N 2 O 2 PdC 22 H 14 O 4 

Formula weight 472.42 448.4 

T (K) 295 295 

λ ( ̊A) 1.52904 1.529040 

Crystal system Triclinic Triclinic 

Space group P -1 P -1 

Centro symmetry Centric Centric 

Space Group Number 2 2 

Unit cell dimensions: 

a ( ̊A), b ( ̊A), c ( ̊A) 11.48254; 9.45613, 5.28965 13.38400, 7.88922, 6.87570 

α ( °), β 90.911, 107.701, 104.851, 75.357 

( °), γ ( °) Cell volume ( ̊A 3 ) 

Volume per atom ( ̊A 3 ) 

Calculated density (g/cm 

3 ) θ

range for data collection ( °) 
Total reflection Rietveld 

90.671, 95.216 571.85 22.87 0.87 

5.342 – 42.172 731 8.726 

24.381 1.044 1.240 

results: Rp Rwp R-Bragg R-F 

∗L is 2-hydroxy-1-naphthaldehyde 

Table 10 

Bond angles ( °) of palladium(II) complex 1 , (PdL 1 ) experimental and theo- 

retical. 

Experimental ( τ 4 = 0.0539) Theoretical ∗ ( τ 4 = 0.0545) �

N1 − Pd1 − O1 91.45 N1 − Pd − O1 91.313 0.137 

N1 − Pd1 − N2 84.93 N1 − Pd – N2 85.0896 0.1596 

N1 − Pd1 − O2 176.33 N1 − Pd – O2 176.1822 0.1478 

N2 − Pd1 − O1 176.12 N2 − Pd − O1 176.1819 0.0619 

O1 − Pd1 − O2 91.49 O1 − Pd – O2 91.3129 0.1771 

N2 − Pd1 − O2 92.17 N2 − Pd – O2 92.3113 0.1413 

∗Values determined from DFT calculations (see section 3.7 .). The labeling 

of the atoms in the third column can be related to those of S25 as follows: 

O1, O2, N1 and N2 correspond to O19, O41, N20 and N40 respectively. 

Table 11 

Bond lengths ( ̊A) of palladium(II) complex 1 , (PdL 1 ) experi- 

mental and theoretical. 

Experimental Theoretical ∗ �

O1 – Pd 1.895775 O1 − Pd 2.0282 0.1324 

O2 – Pd 1.893685 O2 − Pd 2.0282 0.1345 

N1 – Pd 1.970088 N1 − Pd 1.9873 0.1172 

N2 – Pd 1.946273 N2 − Pd 1.9873 0.0410 

∗Values determined from DFT calculations (see section 3.7 .). 

The labeling of the atoms in the third column can be re- 

lated to those of S25 as follows: O1, O2, O3 and O4 corre- 

spond to O19, O41, N20 and N40 respectively. 

Fig. 5. The optimized structure of naphthaldiimine palladium(II) complex 1. 
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o

Fig. 6. The optimized structure of 2-hydroxy-1-naphthaldehyde palladium(II) com- 

plex 6. 
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etermine its optimized geometry. In this context computationally 

eometrical optimization were performed for both the monomeric 

see S27) and dimeric structure ( Fig. 7 ) of this metal chelate. 

The total energy calculated by DFT method which composed 

f the internal, potential, and kinetic energy is a profitable pa- 
10 
ameter. The total energy (E) values calculated for dimeric struc- 

ure for complex 3 is – 1745218.13123139 Kcal/mole, while for 

he monomer structure is – 872617.258729406 Kcal/mole. The dif- 

erence in bonding energy of the monomer from the dimer = –

745218.13123139 – 2 × – 872617.258729406 = 16.4 Kcal/mole. 

his finding can be attributed to the fact that, for the monomer 

tructure, the chelating ring of the alkyl bridge between two 

onors of azomethines is greater than six, and this causes the 

ompound to become strained. The most stable optimized dimeric 

tructure of the palladium(II) chelate 3 is illustrated in Fig. 7 and 

elected bond angles and bond distances are listed in Tables 14 

nd 15 . Based on the calculated values of the geometrical index 

4 the coordination polyhedrons around both palladium(II) centers 

re square planar environment. 
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Fig. 7. The optimized geometry of the diimine palladium(II) complex 3 based on DFT calculations, the dimer structure. 

Table 12 

Bond angles ( °) of palladium(II) complex 6 , (PdL 2 
∗) experimental and theo- 

retical. 

Experimental ( τ 4 = 0.0027) Theoretical ∗∗ ( τ 4 = 0.0067) �

O3 − Pd1 − O4 90.44 O3 − Pd1 − O4 90.4261 0.0139 

O2 − Pd1 − O4 179.86 O2 − Pd1 − O4 179.5245 0.3355 

O1 − Pd1 − O4 90.040 O1 − Pd1 − O4 90.04600 0.0060 

O3 − Pd1 − O2 89.120 O3 − Pd1 − O2 89.1032 0.0168 

O3 − Pd1 − O1 179.75 O3 − Pd1 − O1 179.5256 0.2244 

O2 − Pd1 − O1 90.400 O2 − Pd1 − O1 90.4247 0.0247 

∗L is 2-hydroxy-1-naphthaldehyde; ∗∗Values determined from DFT calcula- 

tions (see section 3.7 .). The labeling of the atoms in the third column can 

be related to those of S28 as follows: O1, O2, O3 and O4 correspond to O19, 

O41, O40 and O39 respectively. 

3

g

u

c

Table 13 

Bond lengths ( ̊A) of palladium(II) complex 6 , (PdL 2 
∗) experi- 

mental and theoretical. 

Experimental Theoretical ∗∗ �

O4 − Pd1 1.959533 O4 − Pd1 2.0236 0.0641 

O3 − Pd1 1.997629 O3 − Pd1 2.0110 0.0134 

O2 − Pd1 1.993967 O2 − Pd1 2.0109 0.0170 

O1 − Pd1 1.958379 O1 − Pd1 2.0237 0.0654 

∗L is 2-hydroxy-1-naphthaldehyde; ∗∗Values determined from 

DFT calculations (see section 3.7 .). The labeling of the atoms 

in the third column can be related to those of S28 as follows: 

O1, O2, O3 and O4 correspond to O19, O41, O40 and O39 re- 

spectively. 

b

m

q

l

h

m

.8. Catalytic hydrogenation of cyclohexene 

Hydrogenation of the unsaturated bonds by molecular hydro- 

en involves a flow of electrons from the highest occupied molec- 

lar orbital (HOMO) of one reaction partner to the lowest unoc- 

upied molecular orbital (LUMO) of the other. Electron movement 
11 
etween orbitals cannot occur unless the orbitals meet the sym- 

etry requirement. For a bimolecular reaction, H 2 + C = C, the re- 

uirement is simply, that the two orbitals should have a net over- 

ap. 

For the current case, the direct reaction between C = C of cyclo- 

exene and H 2 could be achieved either by the interaction of the 

olecular orbital LUMO of H ( σ ∗) with the corresponding molec- 
2 
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Table 14 

Bond angles ( °) of palladium(II) complex 3 , (PdL 3 ). 

Pd27; ( τ 4 = 0.1476) Pd56; ( τ 4 = 0.1476) 

N7 - Pd27 - O9 86.4515 N40 - Pd56 - O42 85.497 

N7 - Pd27 - N24 103.5371 N40 - Pd56 - N49 103.539 

N7 - Pd27 - O26 169.6727 N40 - Pd56 - O51 169.6616 

O9 - Pd27 - N24 169.6583 O42 - Pd56 - N49 169.6734 

O9 - Pd27 - O26 84.3238 O42 - Pd56 - O51 84.3279 

N24 - Pd27 - O26 85.4969 N49 - Pd56 - O51 86.4455 

Table 15 

Bond lengths ( ̊A) of palladium(II) complex 3 (PdL 3 ). 

Pd27 Pd56 

N7 - Pd27 2.0755 N40 - Pd56 2.0927 

O9 - Pd27 2.0269 O42 - Pd56 2.0314 

N24 - Pd27 2.0927 N49 - Pd56 2.0755 

O26 - Pd27 2.0315 O51 - Pd56 2.0269 
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lar orbital HOMO of the C = C ( π ); in this case electrons flow from

orbital of C = C to σ ∗ of H 2 . On the other hand, molecular or-

ital interaction can occur between the LUMO of C = C ( π ∗) with

he HOMO of H 2 ( σ ) and here the electrons flow from σ orbital of

 2 to π ∗ of C = C. But neither the molecular orbitals σ of H 2 and
∗ of C = C nor π of C = C and σ ∗ of H 2 have not any net overlap,

ence the reaction is "symmetry forbidden". 

Generally, the role of the present palladium(II) Schiff base com- 

lexes (catalysts) is to circumvent these symmetry restrictions. The 

atalytic role played by the metal center is likely due to the for- 

ation of an olefin metal bond in one of two ways. The first 

ay includes bond formation via the back donation from filled d- 

rbital to the empty molecular orbital LUMO ( π ∗) of the olefin. 

he transferring of the electron density to the LUMO orbital, π ∗, 

f the olefin, will lead to that this orbital becomes now, partially, 

 HOMO; obviously has the correct symmetry to interact with 

he LUMO orbital σ ∗ of H 2 molecule. The second route may pass 

hrough the flow of electrons from the olefin bonding orbit π to 

n empty orbital of the metal. The loss of the electron density of 

orbital of olefin in the metal - olefin σ bond makes this orbital 

 π ), in part a LUMO, has the suitable symmetry to accept the elec- 

rons flow from the HOMO σ orbit of H 2 . 

One may express these effects of the transition metal center are 

ue to the exchange of electrons with incorrect symmetries across 

ts orbital system to change them into right symmetries. 

As a part of this work, the existing palladium(II) complexes 

ere employed as catalysts for cyclohexene hydrogenation by H 2 . 

nitial ratings for the palladium(II) complexes in the cyclohexene 

ydrogenation were carried out at hydrogen pressure of 490 mm 

g, 22 °C, catalyst and cyclohexene concentrations are 0.0026 and 

.04 M respectively. Under these conditions, the current complexes 

howed catalytic activities to afford 100% cyclohexane with conver- 

ions ranging from 80.34% to 99% within 150 h. In order to confirm 

he catalytic potential of the examined palladium(II) complexes in 

ully observed catalytic hydrogenation reactions, blank experiments 

ere performed without using the catalysts under the prevailing 

xperimental conditions. The absence of cyclohexane formation in 

hese blank trials confirmed the catalytic tendency of palladium(II) 

omplexes in question. The catalytic activity of hydrogenation cat- 

lysts candidates is represented in two terms using the relations: 

Yield percentage = [product / (reactants + product)] × 100 

The catalytic activity was studied in relation to the effect of cat- 

lyst structure, catalysis type, nature and amount of the solvents 

nd co-solvents. 
12 
.8.1. Effect of the catalysis type 

Under prevailing catalytic experimental conditions and with ex- 

eption of [PdL 2 ] in DMF, it is difficult to achieve a specific catalysis

ype since in other solvents used a certain amount of the catalysts 

s always soluble. However, the yield percentage ( Table 16 ) remains 

airly constant indicating that the candidate palladium(II) com- 

lexes can catalyze the hydrogenation of cyclohexene by both ho- 

ogenous and heterogeneous catalysis. It is assumed that during 

he catalytic hydrogenation cycle of alkene by a transition metal, 

oth H 2 and olefin must exist together in the coordination sphere 

f the transition metal center to achieve effective hydrogenation. 

egarding the precedence for entry of reaction partners in the co- 

rdination sphere of the transition metal center, there are two pos- 

ibilities namely the hydride route and the olefin route. 

The hydride route includes activation of H 2 on the metal center 

s a primary step, with subsequent coordination and hydrogena- 

ion of alkene. 

Catalyst + H 2 ǭǃǃ � Catalyst(H)H + alkene → Alkane + Catalyst 

In the olefin route, the olefinic substrate molecule first coordi- 

atively bonded to the catalyst 

Catalyst + olefin � Catalyst-olefin + H 2 → Alkane + Catalyst 

For the hydride route, approaching H 2 to the square planar pal- 

adium(II) center must proceed in the Z-direction since the equa- 

orial xy-plane is occupied by the diimine ligand molecule. In this 

ituation the 4d Z 
2 orbital must be lifted energetically and the 

hange in the energy state of this orbital is reached through the 

ddition of a suitable electron donor in the axial position, and the 

ddition could proceed through the 5p Z orbital, which acts as an 

lectron acceptor. The alkene coordination with palladium(II) oc- 

urs without barriers in the similarity to a reported case where 

he stabilizing energy resulting from this coordination was calcu- 

ated to be 35.1 kJ/mol [28] . Therefore the initiation step is coordi- 

ation of cyclohexene to the palladium(II) center to lift the doubly 

ccupied 4d Z 
2 orbital. Consequently, the five coordinated cyclohex- 

ne palladium(II) complex is the key intermediate in the catalytic 

ycle. The orbital interaction between the palladium(II) center and 

he H 2 molecule can be explained by the proper geometrical inter- 

ction of the energetically lifted 4d Z 
2 orbital with the LUMO of the 

 2 molecule, which can be achieved by the "end on" overlapping 

f both orbitals, σ ∗ (LUMO) of H 2 and 4d Z 
2 of palladium(II) center. 

This discussion explains that the running diimine palladium(II) 

omplexes, whether completely or partially insoluble, are pre- 

atalysts that acquire their catalytic effectiveness in the reaction 

edium by binding to cyclohexene. 

.8.2. Effect of the catalyst structure 

The values of cyclohexane yield ( Table 16 ) demonstrate that, 

he alkyl bridge length between the two azomethine nitrogens has 

o effect on the catalytic activity of studied palladium(II) com- 

lexes. This can be attributed to the fact that all the examined 

alladium(II) complexes have the same square planar geometry. 

ince the Schiff base ligand molecule in these complexes is in 

he xy plane, the atoms within the bridge are not too far off this 

lan. This means that they do not present any substantial steric 

indrance for the coordination of the central metal ion with the 

ydrogen molecule or with cyclohexene. This is also in a good 

greement with the above discussion in which it is supposed that 

he catalytic role of the current palladium(II) complexes is mainly 

chieved through the interaction of the energetically lifted 4d Z 
2 or- 

ital (HOMO) of the metal with the LUMO of the H 2 molecule. 

In the same context, quantitative comparison of the hydro- 

enation of cyclohexene using three naphthaldiimine palladium(II) 

omplexes is represented in Fig. 8 . It can be seen that there is a

light difference in the catalytic activity of the three represented 

omplexes over a period of time 150 hours. Fig. 8 shows also, that 

he current catalytic hydrogenation reactions are kinetically very 
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Table 16 

Yield % of cyclohexane in presence of palladium(II) or nickel(II) complexes. 

Yield % 

Solvent PdL 1 (NiL 1 ) PdL 2 (NiL 2 ) PdL 3 (NiL 3 ) PdL 4 (NiL 4 ) PdL 5 (NiL 5 ) PdL 2 
∗

50 ml DMF 85.63 88.09 81.70 81.75 82.50 80.34 

80 ml DMF (6.76) (69.19) (9.31) (3.42) (6.39) 82.89 

80 ml EtOH 90.51 92.75 85.42 84.62 89.89 84.65 

DMF/EtOH (6.10) (6.75) (8.38) (6.75) (5.31) 87.89 

50 ml/30 ml 89.04 94.28 87.22 89.92 87.78 76.74 

DMF/H 2 O (1.79) (10.38) (7.52) (2.06) (2.80) 76.42 

92.42 96.59 93.40 94.40 92.68 

50 ml/30 ml (11.39) (6.85) (3.79) (3.19) (6.39) 

EtOH/H 2 O 80.39 89.59 79.06 79.06 84.54 

50 ml/30 ml (42.49) (56.69) (53.39) (30.18) (66.30) 

88.39 92.75 90.40 91.40 92.00 

(17.14) (27.31) (16.67) (30.73) (11.22) 

The values in parentheses are related to nickel(II) complexes of the current diimine ligands as reported 

in reference 8; ∗L is 2-hydroxy-1-naphthaldehyde 
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Fig. 8. Catalytic hydrogenation of cyclohexene by palladium(II) complexes. 
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Table 17 

Solubility of H 2 in different solvents and co-solvents. 

Solvent Amount of dissolved H 2 (cm 

3 ) 

50 ml DMF 1.26 

80 ml DMF 2.02 

80 ml EtOH 3.97 

80 ml H 2 O 0.94 

50 ml DMF + 30 ml EtOH 1.61 

50 ml DMF + 30 ml H 2 O 2.75 

These values are taken from reference [8] 
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low in comparison to other transition metal complexes such as 

ilkinson’s catalyst [RhCl 2 (PPh 3 ) 3 ] in which hydrogenation of cy- 

lohexene was completely achieved within a few minutes [29] . The 

ata in Table 16 display that the alkyl bridge length has no in- 

uence on the hydrogenation yield for complexes of both palla- 

ium(II) and nickel(II) with the present diimine ligands. 

.8.3. Solvent effects 

Early studies have shown that the nature and quantity of the 

olvent and the co-solvent have a significant effect on the conver- 

ion of alkene to alkane by H 2 in catalytic hydrogenation reactions 

n presence of metal complexes [ 8 , 11 , 21 ]. DMF was the major sol-

ent during current catalytic hydrogenation measurements because 

t is widely used for these types of reactions [30] . Additionally, it 

s assumed to be an important parameter in some catalytic hydro- 

enation pathways [30] . The different types and quantities of sol- 

ents and co-solvents used during the catalytic hydrogenation of 

yclohexene by H 2 using the running diimine palladium(II) com- 

lexes are given in Table 17 . 

Table 16 shows that diimine palladium(II) complexes with high 

fficiency catalyze the hydrogenation of cyclohexene by H 2 . Ad- 

itionally, the data in Table 16 indicate that palladium(II) com- 

lexes are much more active than the analogous nickel(II) com- 

lexes where the yields of hydrogenation values are more than 10 

imes higher. It can be seen that on this higher level, the volume 

f the solvent and the composition of the solvent mixture slightly 

nhance the efficiency of the catalytic process. 
13 
It is noted that the use of ethanol alone or as a co-solvent 

mproves the production of cyclohexane. This perhaps due to in- 

rease the solubility of hydrogen in ethanol compared to other sol- 

ents used as indicated in the table 16 . On the other hand, ad- 

ition of water as co-solvent in the case of nickel(II) complexes 

reatly enhances the production of cyclohexane up to 10 times. 

ice versa occurs in the case of palladium(II) complexes, which in- 

icates the difference in the mechanism of the hydrogenation re- 

ction for these two types of metal complexes. This finding con- 

rms the proposed olefin route for the catalytic role of the present 

alladium(II) catalysts and excluded the hydride route which de- 

ends to a large extent on the polarity of the reaction medium. 

n the same regard, it seems even that the most effective mix- 

ure (DMF/H 2 O) found for the nickel complexes, gives a slight de- 

rease with palladium complexes, but the differences are so small, 

hat they are in the area of the accuracies of measurements. Under 

imilar reaction conditions, the same drastic superiority of the cat- 

lytic activity of salicyaldiimine palladium(II) complexes was com- 

ared with the analogous nickel(II) complexes in the catalytic hy- 

rogenation of 1- hexene [11] . 

.8.4. Reaction mechanism 

Since the current palladium(II) complexes are square planar, 

hey cannot activate neither the substrate nor H 2 due to symme- 

ry restrictions. The results in Table 16 support independence of 

he catalytic activity of palladium(II) complexes on the coordinat- 

ng capability of the solvents used. Therefore the induction step 

s coordination of cyclohexene to the palladium(II) center to lift 

he doubly occupied 4d Z 
2 orbital. Consequently, the current pal- 

adium(II) complexes are pre-catalysts and gain their catalytic po- 

ential during the catalytic hydrogenation process. 

Based on these facts, the catalytic hydrogenation mechanism of 

yclohexene is working across the olefinic pathway. In this case, 

he sequence of relevant steps should be as follows: i) Binding of 

lkene to the central palladium(II) ion. 

LPd + −HC = CH − → LPd − ( −HC = CH −) ii) Binding of H 
2 
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Table 18 

Global reactivity descriptors of palladium(II) complexes and cyclohexane percentage. 

Compound E LUMO (eV) E HOMO (eV) �E(eV) μ η ω 

∗Yield % 

PdL 1 -1.90810 -5.22710 3.319048 -3.56762 1.659524 3.834829 92.42 

PdL 2 -1.87899 -5.21219 3.333190 -3.54558 1.666599 3.771511 96.59 

PdL 3 -1.91518 -5.20647 3.291290 -3.5608o 1.645640 3.852430 93.40 

PdL 2 -2.45724 -5.85140 3.394153 -4.15430 1.697076 5.084737 87.89 

Cyclohexene 1.17038 -6.25114 7.42152 3.71076 -2.54038 0.869570 - 

∗The catalytic hydrogenation reactions were carried out in a mixture of DMF (50 ml) and EtOH (30 ml); 

T = 22 °C; P = 490 mm Hg H 2 ; time = 150 h 

Pd

Pd

Pd

Pd
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H H

Scheme 2. Catalytic hydrogenation cycle of cyclohexene by palladium(II) com- 

plexes. 
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Binding of H 2 to palladium(II) center via oxidative addition re- 

ults in the formation of di-hydride complex. 

LPd −( −HC = CH −) + H 2 → LPd(H) 2 −( −HC = CH −). 

After cyclohexene coordination, binding of H 2 to form 

Pd(H) 2 (HC = CH) is strongly exothermic and thus thermodynami- 

ally favorable. Once this complex has been formed, both alkene 

nsertion and subsequent reductive alkane elimination have low 

arriers. In order to facilitate the transferring of hydrides to the 

arbon atoms of the double bond, H 2 binding must be in the suit- 

ble cis position to the coordinated alkene in the formed interme- 

iate, LPd(H) 2 -(-HC = CH-). At this stage, a one of the ligand arms 

n the equatorial plan can be opened to allow H 2 to be bonded 

n the cis position to cyclohexane. iii) In successive steps the two 

ydrogen atoms transfer from the palladium center to the carbon 

toms of the double bond with the simultaneous dissociation of 

lkane (reductive elimination) and the catalyst returns to its origi- 

al form. 

LPd(H) 2 − ( −HC = CH −) → LPd + −CH 2 −CH 2 −
The catalytic cycle which takes into account the relevant steps 

entioned above is shown in Scheme 2 . 

.8.5. Theoretical insights of the hydrogenation reactions of 

yclohexene 

Because of the high efficiency and accuracy of the DFT tech- 

ique, it is widely used to estimate a variety of molecular proper- 

ies [31] . To further understand the catalyst structure influence on 

he hydrogenation efficiency of cyclohexene, DFT study was per- 

ormed. Based on B3LYP/Lanl2DZ level, DFT calculations were used 

o determine the energy of the frontier molecular orbitals, E HOMO 

nd E LUMO , and the relevant chemical reactivity parameters like 

he energy gap ( �E), chemical hardness ( η), electronic chemical 

otential ( μ), and electrophilicity indicator ( ω). The obtained re- 

ults in the case of palladium(II) complexes 1, 2, 3 and 6 in ad- 

ition to cyclohexene are summarized in Table 18 along with the 
14 
atalytic activity of the studied metal chelates. The first concept 

rom the data recorded in a Table 18 is the observed stability of 

he palladium(II) complexes in question because the energy val- 

es of frontier molecular orbitals (E HOMO and E LUMO ) are all neg- 

tive. As we see in Table 18 the alkyl bridge length between the 

wo donors nitrogen atoms of the azomethine linkage has slight 

ffect on the energies of the frontier molecular orbitals of the pal- 

adium(II) complexes in question. It is well known that the ener- 

ies of both HOMO and LUMO are often used as indicators of a 

olecule’s readiness to donate and accept electrons [32] . As well, 

he values of the energies of HOMO and LUMO for both cyclohex- 

ne and palladium(II) complexes indicate that the HOMO for cyclo- 

exene is a good donor and the LUMO of palladium(II) complexes 

s a good acceptor of electrons [33] . This finding is consistent with 

he aforementioned that the catalytic hydrogenation mechanism of 

yclohexene is working across the olefinic pathway and that the 

urrent palladium(II) complexes are pre-catalysts acquire their cat- 

lytic activity in the reaction medium by binding to the cyclohex- 

ne. 

In a similar study, it was established that there was a rela- 

ionship between the catalytic activity of palladium(II) complexes 

or alkene hydrogenation and HOMO-LUMO energy gaps ( �E) that 

romote coordination of alkene to the palladium(II) center [34] . 

he data in Table 18 indicate that the differences in �E values are 

light and comparable with the slight differences in the catalytic 

ctivity of the palladium(II) chelates in question. Other promoters 

or the catalytic activity of the examined palladium(II) complexes 

re the global reactivity descriptors η, μ, and ω. The results in 

able 18 show slight differences in the determined values of these 

romoters of reactivity and stability in conformity with that re- 

orted for the correlation between �E values and trend in the cat- 

lytic activity. The results in Table 18 show slight differences in the 

alues specified for these promoters of activity and the stability of 

he metal chelates in line with those reported for the relationship 

etween the values of �E and the trend in the catalytic activity. 

In light of the above and considering that the palladium(II) 

omplexes under study are similar in their molecular structural 

roperties, this has been reflected on the energies of the HOMO 

nd LUMO orbitals and consequently on their catalytic activity. 

. Conclusion 

In the present work a new series of palladium(II) complexes 

ith quadridentate bis ortho naphtholimine ligands derived from 

-hydroxy-1-naphthaldehyde were synthesized and fully described 

tructurally. Two methods were used to prepare this series of pal- 

adium(II) chelates based on the length of the alkyl bridge between 

he donor sites of the diimine ligands ( Scheme 1 ). Based on spec- 

roscopic and computer studies, the overall molecular geometry of 

he palladium(II) ion is the square planar, as expected for the d 

8 

etal centers. At room temperature and 490 mm Hg of H 2 pres- 

ure, the current palladium(II) complexes are effective pre-catalysts 

or the hydrogenation of the mono olefin cyclohexene. The catalytic 

ctivity was studied in relation to the effect of catalyst structure, 
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atalysis type, nature and amount of the solvents and co-solvents. 

he current palladium(II) complexes, whether fully or partially sol- 

ble, are pre-catalysts whose catalytic activity is acquired in the 

eaction medium by binding to cyclohexene. Consequently, the five 

oordinated cyclohexene palladium(II) complex is the key interme- 

iate in the catalytic cycle. In the light of the obtained results, 

he catalytic hydrogenation mechanism of cyclohexene is working 

cross the olefinic pathway. DFT calculation demonstrated that: as 

 result of the fact that the palladium(II) complexes under study 

ave similar structural properties, this was reflected in the ener- 

ies of the HOMO and LUMO orbitals and consequently on their 

atalytic activity. 
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