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ABSTRACT 

Theoretical and structural analysis through the PM3 and DFT procedures were used to 

investigate the geometries, energies, vibrational frequencies and NMR spectra of derivatives 

of metal β-diketonate complexes, [M(β-dike)3] and their mixed complexes. 

 The β-diketones studied are,Hacac, Htfac, Hhfac, Htbd, Htftbd, Hfbd, Htffbd, Hbzac, 

Htfbzac, Hfpa, Htpd, Hdbm and Hdhfpd; and their metal complexes with M = Al, Cr, Mn, Fe, 

and Co. Among the complexes studied, the symmetry point group D3 was observed for 

acetylacetonate and hexafluoroacetylacetonate chelates and C1 was observed for all other 

complexes. The region 3500 – 300cm-1 were studied for the IR vibrations. The carbonyl band  

assigned to asymmetric C = O (υasC = O) stretching mode appears at the 1869-1764cm-1 

region for all the complexes except for the chromium complex which band fell below 

1700cm-1. The M – O frequencies for all the chelates are weak and fall below 600cm-

1.Qualitatively, the calculated frequencies agree with the expterimental results. However, on 

the quantitative aspects, the calculated frequencies differ by about 160 – 30cm-1 from the 

expterimental results. The NMR spectral analysis using the B3LYP/6-31G* basis set reveals 

that an increase in fluorine substitution deshields the attached protons and carbons thereby 

causing them to be shifted downfield. These findings are consistent with experimental results. 

The UV spectra of the cobalt derivatives of the complexes examined in the gaseous phase 

exhibited two broad bands with different λmaxvalues which are higher in energy than are 

found in the corresponding Aluminium compounds.  

The general trend of the complexes in terms of stability with respect to the heat of formation 

irrespective of the central metal is M(hfac)3> M(tfac)3> M(Htffbd)3> M(Htfbzac)3 > 

M(Htftbd)3> M(acac)3> M(Hfbd)3> M(Hbzac)3> M(Hfpa)3> M(Htbd)3> M(Hftpd)3> 

M(Hdbm)3> M(Htpd)3> M(Htbzac)3> M(Dhfpd)3. The order gives an indication of the 

electron withdrawing ability of CF3 groups relative to the positive mesomeric effects of the 
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aromatic substituents. It is also observed that increasing CF3 substitution opens up the 

O…C…C bond angle and closes up that of C…C…C, C…O…M and O…M…O. 

PM3 studies on β–diketonate, β-ketoiminate, β-diiminate, β-ketothiolate, β- dithiolate and β- 

imithiolate complexes of 4,4,4-trifluoro-1-(2-furyl)-1,3-butanedione (htffbd) reveals that the 

M-S bonds (2.306 Å average) are significantly longer than the M-O bonds (1.895 Å average) 

which  are also longer than the M-N bonds (1.758 Å average).The C = C bonds on the keto 

(O) side of the ring is longer than the C = C bonds on the imine (N) side with the C = C 

bonds on the thio (S) side of the ring having the shortest bond distance (ie C = C(O) > C = 

C(N) > C = C(S) in bond length). Analysis of the HOMO and LUMO energy gap of these 

complexes gives the order; β–Diketonate< β–Ketothiolate< β–Ketoiminate< β– Diiminate< 

β–Thioiminate< β–Dithiolate. 

Considering the calculated bond lengths for the N6- tetradentatemacrocyclic complexes for 

cobalt, the two Co–Cl bonds were on the average 2.2245Å for trifluoro substituents, 2.2265Å 

for phenyl substituents and 2.2365Å for methyl substituents. The Co–N bond lengths on the 

average for the CF3, phenyl and CH3 substituents are respectively 2.040Å, 2.041Å and 

1.989Å.  
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τ                                                                    Out of plane bending twisting 

ω                                                                   Out of plane bending wagging 

γ                                                                    Out of plane bending 

Δ ring                                                            Inplane ring deformations 

Γring Out of plane ring deformations 

v                                                                    Very 

s                                                                     Strong 

m                                                                   Medium 

w                                                                   Weak 
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1.0 CHAPTER ONE 
 

1.1 INTRODUCTION 

Historically, most fundamental research in many of the physical sciences could be 

categorized as either theoretical or expterimental or a combination of both. Often the 

theoretician attempted to predict or exptlainexpterimental observations by constructing 

models and solving the resulting mathematical equations. However, in many instances the 

systems that the theoreticians could investigate and solve fully were much smaller or more 

“idealized” than the “real” chemical systems that the expterimentalist could observe. 

As the science of theoretical chemistry has matured, its focus has shifted from analytically 

solvable problems, such as the atomic structure of hydrogen, to more complex problems for 

which analytical solutions are difficult or impossible to specify. The powerful, highly-parallel 

supercomputers that have evolved from recent advances in computing technology are ideally 

suited to the mathematical modeling of these complex chemical phenomena.  

 

Computational chemistry methods encompass a variety of mathematical methods which fall 

into two broad categories: molecular mechanics and quantum mechanics. Many aspects of 

molecular structure and dynamics can be modeled using classical methods in the form of 

molecular mechanics and dynamics. 

 

Ab initio, quantum chemistry is capable of calculating a wide range of chemical and physical 

phenomena of interest to a scientist. These methods can be used both to predict the results of 

future expteriments and to assist in the interpretation of existing observations. Quantum 

chemical calculations can also be a fast and inexptensive guide to the expterimental necessity. 

Although calculations will never exclude the need for expteriment, they can be a valuable 
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tool to provide insight into chemical and physical problems that may be unavailable to the 

expterimentalist. By starting from first-principle and treating the molecule as a collection of 

positive nuclei and negative electrons moving under the influence of coulumbic potentials, 

the computational ab initio Quantum Chemistry enables the structure, energy and other 

related properties of a molecule or molecular systems to be obtained by solving the 

Schrodinger equation: 

                                                     HΨ = EΨ 

Where H, E, and Ψ are the Hamiltonian operator, energy and wavefunction of the molecular 

system respectively. 

While it is not possible to solve the Schrödinger equation for a many electron system, it may 

be assumed that where it is possible the resulting molecular properties would exactly 

reproduce the corresponding expterimental quantities. 

 

Quantum Chemistry through mathematical equations has now made it possible to treat many-

electron systems like transition metal compounds with accuracy that may be most challenging 

to the expterimentalists. Geometries, bond energies, vibrational frequencies and even NMR 

chemical shifts of transition metal compounds can be predicted reliably by Quantum 

chemical methods [Frenkinget al., 1996]. 

Qualitative electronic structural methods based on electron counting rules and theories of 

bonding have deepened our understanding of the properties of inorganic and organometallic 

transition metal complexes. This is justified by their ability to interpret expterimentally 

known physical and chemical properties [Asare, 1999]. 

A major attractiveness of various self consistent field (SCF) schemes based on the Kohn-

Sham density functional method [Kohn and Sham, 1965, Ballhausen and Gray, 1962, 



3 
 

Driezler and da Providentia, 1984] in organometallic modeling [Salahub and Zerner, 1989, 

Sasaet al., 1992] is its ability to handle larger systems of interest.  

 

The computational effort of conventional ab initio methods increases as n4 (and n7 for post 

Hartree- Fock), compared to the n3 for DFT methods of similar accuracy (n is the number of 

basis functions) [Ziegler and Tom, 1995]. The density functional approximation solves the 

electron exchange and correlation problem through a gradient correction. Results for 

organometallic [Ziegler and Tom, 1995] and cluster compounds [Salahub and Zerner, 1989] 

with DFT methods are generally in better agreement with expteriment compared to HF 

results for geometries, vibrational frequencies, photoelectron and spectra, and other 

properties that depend on the orbitals or on the density itself.  

1.20 LIGAND AND METAL INTERACTIONS 

For many years the search for new ligands has been a prevailing goal in coordination 

chemistry. Through the appropriate choice of ligands, it is possible generally to design and 

synthesize coordination compounds having particular specified properties. However, because 

of the intrinsic complexity of many of the bridging-group derivatized ligands, unexptected 

modes of coordination may sometimes occur, and reactions may follow undesired routes 

[Sylvester Burton, 2006].With the development of self-assembly supramolecular chemistry, 

the rational design and synthesis of supramolecular architectures based on covalent or 

supermolecular interactions have been an important content of coordination chemistry and 

have  found applications in searching fornovel materials with catalytic, biological, and 

photophysical properties such as luminescent and nonlinear optical properties [Braga et al., 

2005]. Careful selection of a suitable, multifunctional, organic ligand with certain features, 

such as flexibility, versatile bonding modes, and the ability to undergo hydrogen bonding, is 
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helpful for constructing and tailoring the metal-organic supramolecular architectures. The 

properties, effectiveness and selectivity of transition metal catalysts are individual to each 

catalyst and determined by the inherent characteristics of the metal centre. The effect of the 

ligands and substituents bonded to the metal centre is profound and very near to limitless.  

 

Weakly interacting systems remain a challenging class of materials to describe accurately 

within the DFT approaches in practice [Perdewet al., 2005]. The difficulty has been attributed 

primarily to the dominant role of nonlocal correlation in describing weak interactions such as 

the van der Waals interaction, which is absent or incorrectly accounted for within many 

exchange-correlation (XC) approximations. Because the properties and stabilities of metal 

complexes are highly tunable through variation of the metal ion, the ligand set, and other 

molecular parameters, this makes the coordinate bond a remarkably versatile platform for 

macromolecular assembly. 

 

Molecular manufacturing of advanced materials with specific properties and functions has 

become the major challenge that faces modern supramolecular nanotechnology. These 

properties and functions are determined by controlling the form, shape and distribution of 

each individual building block subunit and their precise placement within the supramolecule. 

Such intermolecular control imposes strict requirements on the nature, type and directionality 

of the bonding forces that operate within the entire aggregated structure. The chemical 

bonding of the subunits must be relatively weak, thermodynamically stable, and yet 

kinetically labile to allow the self arrangement of the subunits within the entire structure, 

thereby enabling the self-correction of possible defects. Another important requirement is the 

conformational rigidity of the building blocks in order to reduce entropic factors upon self-

organization. 
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The more recently developed synthetic protocol, namely self-assembly, relies on critical 

information about the shape and properties of the target structures being preprogrammed into 

each individual building block, in order to construct nanoscopic assemblies from multiple 

building blocks in a single step. The rational design and construction of new polymeric 

compounds based upon assembly of metal ions and multifunctional organic ligands are an 

increasingly interesting research field due to their intriguing structural diversities and 

potential applications in functional materials [Lu et al., 2003].  

1.30 BETA-DIKETONE AS A LIGAND 

1.31 COORDINATION CHEMISTRY 

Coordination of organic molecules to metal ions frequently modifies the nature of the 

chemical reactions they can undergo. 

The β-diketones or 1, 3-diketones bear two carbonyl groups that are separated by one carbon 

atom. This carbon atom is the α-carbon. In most β-diketones, the substituents on the α- 

carbon are hydrogen atoms. Only very few examples of rare-earth complexes of α-substituted 

β-diketonates are known. The substituent on the carbonyl function can be an alkyl group, a 

fluorinated alkyl group, an aromatic or a heteroaromatic group. Beta-diketonates form anions 

as a result of enolization and ionization after α-proton extraction by base [Maverick et al., 

1990]. These β -ketoenolate ions form very stable chelate complexes with most metal ions. 

The simplest β-diketone is acetylacetone (Hacac) (Scheme 1.1), where the substituents on 

both carbonyl groups are methyl groups. All other β-diketones can be considered as derived 

from acetylacetone by substitution of the CH3 groups by other groups.   
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Scheme 1.1   

CH3

OO

H3C
acetylacetone

 

 1.32 METALLIC β-DIKETONATES 

Metallic β-diketonates are amongst the most widely studied coordination compounds, and 

their chemistry has been investigated for most of the metals in the periodic table [Mehrotra et 

al., 1978]. Metal acetylacetonates are used in chemical transformations such as 

oligomerization, polymerization, hydrogenation, isomerization of alkynes, coupling of 

organic halides and transesterification reactions, which require metal acetylacetonates as 

catalyst, as latent accelerators, which increase selectivity and formation of catalytically active 

sites [Sorokin et al., 1986; Takimoto et al., 2002, 2004].   

β -diketones exist as equilibrium of keto-enol tautomers in solution with a higher percentage 

of the enol than the keto form [Eshraq, 2007]. The enolic hydrogen atom can be replaced by 

metal cation under appropriate conditions. The ligands normally form chelates with metals 

through two oxygen atoms and delocalize the negative charge over a six-membered 

metallocycle (Scheme 1.2a), while bonding to the γ-carbon (Scheme 1.2b) is also observed in 

some complexes [Garnovskii et al., 1999] of soft Lewis acids, such as Pt2+, Pd2+, Hg2+, Au+, 

and Ag+, in accord with the Hard Soft Acid Base(HSAB) principle. Metal β -diketonate 

chelate compounds are invaluable precursors for the chemical vapour deposition (CVD) of 

metal and non-metal thin films [Kodas and Hampdem- Smith, 1996; Rees, 1996]. In general, 

these compounds are favoured since they are relatively volatile, non-toxic and in the case of 

the parent acetylacetonate complexes, inexptensive [Samuels et al., 1996].  
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Scheme 1.2 

a                                        b  

 

The properties of metallic β-diketonates, such as solubility, volatility, Lewis acidity, etc., can 

be tuned by changing R1, R2, and R3 substituents. Replacing the substituent methyl groups of 

the parent derivative with other moieties has been demonstrated to influence the volatility of 

these complexes [Bradley and Andrew, 2000].  

Apart from the bonding and structural aspects, research interests in metal β-diketonates 

include their applications in gas-liquid chromatographic techniques [Moshier and Sievers, 

1975], contact shift reagents for the enhanced resolution of nuclear magnetic resonance 

spectra, laser technology, polymer industry [Mehrotra et al., 1978], as well as fuels [Poonia 

and Bajaj, 1979]. More recently, a range of homometallic β-diketonates have been used to 

produce metal oxides upon thermal decomposition, and in most cases these species can 

function as precursors for CVD [Ozawa, 1991]. Specifically, Bi, Pb, and alkaline earth β-

diketonates are widely used as CVD precursors for high-Tc superconductors [Ozawa, 1997]. 

Lanthanide β-diketonates are known as precursors for dopants and codopants in 

electroluminescent device thin films [Pasko et al., 2004]. Some transition metal β-

diketonates, such as Co [Pasko et al., 2004], Cu [Wilson and Houl, 1985] Ni, Fe, and Zn [Itoh 

et al., 1986] have been reported as oxide precursors for CVD as well. At the same time, many 

β-diketonates are also used as precursors to produce metal films or alloys [Igumenov, 1995] 
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and have been found to act as the most suitable precursors for deposition of noble metal 

films, including Pt, Rh, Ru, Pd, Ir, and Au. 

 

In comparison with alkoxides, β-diketonates provide certain advantages for molecular 

precursors. Many metal diketonates have structures where the coordination number of the 

metal exceeds the valence of the metal. This makes the metal less accessible to nucleophilic 

attack, thus reducing the tendency of compounds to oligomerize and making the species more 

robust to hydrolysis [Otway et al., 2000]. Metal β-diketonates can be dimeric, trimeric, 

tetrameric, or a higher complexity with various melting points. These organometallics have 

high vapor pressures and can be sublimed or volatilized under reduced pressure. 

1.33 HETEROMETALLIC β-DIKETONATES 

Most transition metals require octahedral coordination in their complexes. Therefore, the 

divalent transition metal unsolvated β -diketonates are capable of providing coordinatively 

unsaturated fragments M(β -dik)2 (M = transition metal) in vapor phase, and thus are 

prospective starting materials for the preparation of heterometallic β -diketonates, which are 

built on Lewis acid-base interactions [Haitao Zhang, 2010]. Most of the unsolvated M(β -

dik)2 are found among the first row transition metal compounds. The second and third row 

transition metal species are relatively limited. 

Bifunctional ligands based on acetylacetonates are attractive for use in construction of mixed-

metal networks. The chelating nature of the bidentate O,O-donor ensures relatively low 

lability, and the negative charge on the ligand allows access to neutral complexes [Andrew et 

al.,  2010]in which the ligand is bonded to the metal through both oxygen atoms to form a 

six-membered ring as illustrated in scheme 1.2a.  
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β -diketonates are not generally considered as proper ligands for the formation of 

heterometallic species due to their chelating character. Only a few examples of heterometallic 

β -diketonate complexes have been reported to date. Cotton and co-workers were first to 

report [Bennett et al., 1968] the synthesis of bimetallic β -diketonate, CsY(hfac)4 from the 

reaction between Cs(hfac) and YCl3 in aqueous ethanol. Structural study of this compound 

revealed an infinite motif in which Cs+ cations are coordinated by the β -diketonate oxygen 

and fluorine atoms from [Y(hfac)4]- anions. Shortly after that, two other similar β -

diketonates, CsM(hfac)4 (M = Eu, Am), were also isolated [Burns and Danford, 1969]. 

 

Research shows that polymeric KMn(hfac)3 has been obtained [Troyanov et al., 1999] from 

the reaction of K(hfac) with Mn(NO3)2.6H2O in aqueous ethanol. The latter heterometallic β - 

diketonate was shown to be volatile and, therefore, can hardly be regarded as an “ionic” 

compound. The other reported heterometallic β -diketonates include Co(acac)3Eu(fod)3 

[Lindoy et al., 1977] and a number of Pb-Cu compounds[Baidina et al., 2006] such as 

PbCu(hfac)4, PbCu(hfac)2(acac)2, PbCu(hfac)2(tfac)2, and PbCu(hfac)2(zis)2 (zis = 2-

methoxy-2,6,6-trimethylheptan-3,5-dionato). These compounds were synthesized by the 

reactions of the corresponding homometallic β - diketonates in chloroform or toluene 

solutions. 

Like metalloproteins, polymeric metal complexes feature site-isolated metal centers with 

responsive properties, and offer many opportunities for modification; they can form higher 

order assemblies, and function as soluble agents, films and coatings, or bulk materials. Beta-

diketonates such as dibenzoylmethane for metals also serves as a UV absorber in sunscreens 

and has exhibited cancer preventive and therapeutic properties in model systems [Cassandra, 

2006]. 
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1.40 SPECTROSCOPIC ASPECTS OF β- DIKETONATES 

1.41 INFRARED SPECTROSCOPY 

A useful method for assigning the exact mode of bonding in metal-acetylacetonate complexes 

is based on infrared spectroscopy [Jackman, 1969]. The frequency of the stretching vibration 

of the C-O bond gives an idea of the strength and, therefore, the nature of that bond. Simple 

ketonic species, e.g., acetone, generally exhibit υ(C=O) at around 1700cm-1, whereas esters 

show υ(C=O) at approximately 1300cm-1. It is exptected that the nature of the ligand in the 

keto form and bonding through the γ- carbon would lead to higher υ(C=O) than in the enol 

form. Studies on many complexes shows that when acetylacetonate is bound in the enol form, 

υ(C=O) falls below 1600 cm-1, whereas in the ketonic form and through the γ- carbon, 

υ(C=O) is found above 1600cm-1. 

1.42 UV-VIS SPECTROSCOPY 

UV and visible absorption spectroscopy is a simple expterimental method for the 

investigation of the electronic structures of chemical compounds, although it provides little 

information on the state of occupation of electron levels. In the case of transition metal 

complexes with organic ligands containing a partially occupied d level, multiple intraligand 

π-π* and n- π* transitions, M - L and L - M charge transfer transitions, and d-d* transitions 

make the spectra in the UV and visible regions very complicated, such that their 

unambiguous interpretation becomes impossible. Additional information helpful in the 

assignment of absorption bands can be provided by quantum- chemical simulation depending 

on the approximation chosen. 

1.43 NMR SPECTROSCOPY 

The importance of NMR spectroscopy in chemistry is based on the fact that the resonance 

frequency is dependent on the chemical environment in which the nucleus is situated. The 
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dependence of magnetic resonance frequency on the chemical environment of the nucleus 

leads to a chemical shift. The theory of NMR chemical shift implies that all factors 

contributing to the electron density of the nucleus will influence its chemical shift [Weber 

and Thiele, 1998]. 

 1H-NMR spectrum of acetylacetone shows that the tautomeric interconversion of 

acetylacetone at room temperature is slow enough that the absorption peaks of both forms can 

be observed [Eshraq, 2007]. 

1.50 PHYSICAL AND CHEMICAL PROPERTIES OF METAL β -DIKETONATES 

1.51 VOLATILITY 

Transition metal β-diketonates have attracted considerable attention as CVD precursors to 

produce metal oxides or metal films due to their volatility and low temperature clean 

decomposition patterns [Pasko et al., 2004]. A number of divalent transition metal β - 

diketonates have been reported as starting materials in the synthesis of supramolecular 

aggregates [Tabellion et al., 2001], cubane-type metallic clusters [Ahmed et al., 2007] and 

heterometallic complexes [Kessler et al., 2003]. In addition, it has also been shown that these 

compounds may play an important role in catalysis [O’Neill et al., 2003]. 

Much attention is given to the investigation of such an important property as volatility, which 

is necessary to optimize the parameters of coating deposition, to choose the precursors and to 

get the materials with adjusted properties. 

β -diketonates have rigid structures, which make it easier to control the structures of 

precursors compared to coordinatively-versatile alkoxides. The enhanced observation in 

volatility may be rationalized either by an increased amount of intermolecular repulsion due 

to the additional lone pairs or that the reduced polarizability of fluorine (relative to hydrogen) 

causes fluorinated ligands to have less intermolecular attractive interactions [Reed, 1964]. 
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Chemical vapour deposition (CVD) is the most versatile and promising technique for the 

deposition of oxide films and nanomaterials. A key requirement in this technology is the 

availability of precursors with adequate volatility [Jones, 2002] which allows achievement of 

acceptable oxide growth rates at moderate evaporation temperatures and a sufficiently large 

temperature ‘‘window’’ between evaporation and thermal decomposition. High volatility is 

also preferred for decreasing the nucleation of the precursor in the gas phase, as well as 

avoiding undesirable non-conformal granular coating. The low volatility or even nonvolatility 

of alkoxides has significantly limited their applications in this field.  

1.52 AGGREGATION STATE AND MELTING POINT 

Rare-earth β-diketonates are crystalline solids or viscous liquids. The compounds that are the 

easiest to obtain as crystalline solids are those of β-diketones with aromatic substituents. On 

the other hand, complexes of β-diketones with highly branched aliphatic groups have a strong 

tendency to form viscous oils. In general, the β-diketonate complexes are obtained as fine 

powders. Slow evaporation of a solution containing a complex can yield single crystals of a 

quality suitable for structure determination by X-ray diffraction.  

For some complexes no melting point can be observed, because these complexes decompose 

before the melting point is reached. Typical examples of thermally unstable complexes are 

the acetylacetonate complexes and complexes of perfluorinated β-diketonates. Complexes of 

β-diketonates with long alkyl chains have lower melting points than complexes of β-

diketonates with short alkyl chains [Koen, 2005]. 

1.53 COLOUR 

Most solid rare-earth β-diketonates are white, yellow or brown, and in general their colour is 

determined by the colour of the β-diketonate ligands. Only in the case of white β-diketonate 

ligands, the typical colour of the lanthanide ion can be observed, for instance a greenish color 

for praseodymium (III) compounds and a blue-violet colour for neodymium (III) compounds. 
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Some europium (III) β-diketonates show a pink colour in daylight, because of the intense 

photoluminescence of these compounds [Koen, 2005].  

1.60 MACROCYCLIC COMPLEXES 

The field of macrocyclic chemistry of metals is developing very rapidly because of its variety 

of applications [Izan et al., 1985] and importance in the areas of coordination chemistry. 

Efforts made in the last decades to the design and synthesis of macrocyclic or macroacyclic 

complexes and to study their physico-chemical properties [Fenton et al., 1984] emphasized 

the great relevance of these systems in basic and applied chemistry. Many macrocyclic or 

macroacyclic systems containing an appropriate set of donor atoms and a suitable structural 

configuration are capable of producing new macromolecules which have been used in 

numerous chemical processes and technologies. Based on this concept many macrocyclic 

systems are available and are already applied in the fields of activation and catalysis, 

molecular materials, microelectronics, sensors, and so on [Lehn, 1978]. 

 There has been a spectacular growth in the interest in metal complexes with 

tetraazamacrocyclic ligands followed by extensive work on the metal controlled template 

synthesis of macrocyclic species [Herlinger et al., 1994]. Macrocyclic ligand systems often 

exhibit unusual properties and sometimes mimic related natural macrocyclic compounds 

because of their resemblance to many naturalmacrocycles, such as metalloproteins, 

porphyrins and cobalamine. 

The complexes of polydentate macrocyclic ligands are at the fore front of bioinorganic 

chemistry due to their variety of geometrical forms available and the possible encapsulation 

of the metal ion [Adams et al., 1987]. A number of nitrogen donor macrocyclic derivatives 

have long been used in analytical, industrial and medical applications. Macrocyclic 

compounds and their derivatives are interesting ligand systems because they are good hosts 

for metal ions, neutral molecules and organic guest ions. Template reactions have been 
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widely used for the synthesis ofmacrocyclic complexes, where, generally, transition metal 

ions areused as the templating agents.The metal ions direct the reactionpreferentially towards 

cyclic rather than oligomeric or polymericproducts. 

 Macrocyclic complexes have also received special attention because of their mixed soft–hard 

donor character and versatile coordination behaviour and their pharmacological properties, 

i.e., toxicity against bacterial growth (Collen et al., 1997; Rosu et al., 2006; Ritu et al., 2010; 

Chandra et. al, 2009; Adimado et al., 1991; Anant Prakash et al., 2011).   

1.61 PORPHYRIN AS A LIGAND 

The synthesis of new structures of porphyrins hydrophilic / hydrophobic balance represents 

an important purpose in order to design new biomimetic substances. Porphyrins are 

molecules capable of drastically changing or adjusting their properties by reconfiguring the 

electron distribution of the aromatic ring due to the character and number of peripheral 

substitution groups.  

In the realm of chemistry, it is fundamental that the shape of the molecules helps to determine 

their properties such as optical, coordination, host-guest behavior, etc. Porphyrin is a widely 

studied functional pigment that can coordinate a variety of metals with four pyrrolic nitrogens 

in a square-planar arrangement in the core. In the biotic system, porphyrin plays an essential 

role as a reaction center like chlorophyll, photosynthetic reaction center in the plants, and 

hemoglobin, oxygen carrier in a red hemocyte of vertebrates. It also acts as a useful 

biomimetic molecule in the artificial system [Maeda, 2005]. 

The porphyrins and metalloporphyrins have a huge potential number of applications like 

sensors, corrosion inhibitors and in catalysis. It is well-known the impact of porphyrins in the 

pharmaceutical domain, as colorimetric sensors and in medicine treatments in photodynamic 

cancer treatment (PDT), based on the fact that some porphyrins can fix in cancerous tissues, 
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and by their controlled light irradiation, photochemical changes occur, destroying the tumour, 

but leaving the healthy tissue unharmed.  

The preparation and study of inorganic compounds containing biologically important ligands 

are made easier because certain metal ions are active in many biological processes. The fact 

that copper, together with magnesium, calcium, iron, zinc, chromium, vanadium and 

manganese are essential metallic elements and exhibit sufficient biological activity when 

associated with certain metal-protein complexes, participating in oxygen transport, electronic 

transfer reactions or the storage of ions [Albertin et al., 1975], has created enormous interest 

in the study of systems containing these metals [Karlin and Zubieta, 1983].Thus, porphyrin- 

like molecules, structural variants of tetrapyrrolic macrocycles possessing (4n + 2)πelectron 

delocalization, have been the favourite hunting ground for synthetic chemists in anticipation 

of their special properties. Therefore, there is a major thrust in designing and synthesizing 

structural variants of basic tetrapyrrole macrocycles in contemporary research [Furuta et al., 

2000]. 

1.70 APPLICATIONS OF SOME METALS 

Metal ions, either alone or in complexes, have been used to disinfect fluids, solids and tissues 

for centuries. The potential antimicrobial activities of different metals and metal compounds 

have been under special interest during the recent years. For instance, copper is used today as 

a water purifier, algaecide, fungicide, nematocide, molluscide as well as antibacterial and 

anti-fouling agent.  

In chrysotherapy, the Chinese used elemental gold for the treatment of diseases, 2500 BC 

[Merchant, 1998]. Recently, cisplatin has become the most well known of all metal based 

drugs leading to synthesis of its derivatives. Many more examples of metal- containing drugs 

have been reported in literature following the discovery of cisplatin by Rosenberg in 1969 

[Rosenberg, 1998]. Gold containing complexes such as auranofin are commonly used to treat 
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rheumatoid arthritis [Sadler, 2010], radiopharmaceuticals based on metals such as technetium 

and rhenium are used in imaging and radiotherapy [Cowan, 1997], and ruthenium complexes 

have had some success as anticancer drugs [Clark, 1989]. Complexes containing gadolinium, 

cobalt, lithium, bismuth, iron, calcium, lanthanum, gallium, tin, arsenic, rhodium, copper, 

zinc, aluminium and lutetium have all been used in medicine [Bertini et al., 2007]. 

1.71 COBALT AND COBALT COMPOUNDS 

1.711 Co (III) IONS IN BIOLOGICAL SYSTEM 

 Cobalt is one of the most important trace elements in the world of animals and humans. The 

properties of cobalt oxides such as high catalytic activity at low cost, antiferromagnetism 

[Fischer et al., 2001], electrochromism [Granquist, 1995] offer a great potential for their 

applications. In the form of vitamin B12 (cobalamin), this metal plays a number of crucial 

roles in many biological functions. Cobalamin is necessary for DNA synthesis, formation of 

red blood cells, and maintenance of the nervous system, growth and development of children. 

The Co3+ ion in vitamin B12 is stabilized by a chelating tetradentate macrocycle known as a 

corrin in which the four nitrogen atoms are located in equatorial positions in the octahedral 

geometry. The remaining ligands in the axial positions are a labile adenosyl residue in which 

the 5' carbon is directly bonded to cobalt and an N-bonded dimethylbenzimidazole ligand. 

Vitamin B12 is a cofactor for a number of enzymes, virtually all of which are isomerases, 

methyl transferases or dehalogenases. Other examples of cobalt containing enzymes in 

biology include nitrile hydratase, prolidase, glucose isomerase, methylmalonyl-CoA 

carboxytransferase, aldehyde decarbonylase, lysine-2,3-aminomutase,bromoperoxidase and 

methionine aminopeptidase but only nitrile hydratase possesses cobalt in oxidation state 3+ 

[Kobayashi, 1999]. Co (III) is also found in certain cobalt-porphyrin containing proteins 

[Hatchikian, 1981]. 
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1.712 ANTIVIRAL ACTIVITY OF COBALT (III) COMPLEXES 

The simple Co3+ ion is unstable in water, but can be stabilized against reduction to Co2+ by 

coordination to ligands or chelators. By far the most common ligand type used to stabilize the 

Cobalt (III) ion in aqueous solution is the chelating N, O donor ligand. These cobalt (III) 

complexes derived from this ligand donor set have found application as antibacterial or 

antiviral agents [Eddie et al., 2010]. In 1998, Epstein and coworkers reported that the cobalt 

complex CTC-96 was effective in the treatment of epithelial herpetic keratitis, one of the 

major causes of blindness in industrial nations [Epstein, 1998]. 

1.713 ANTIBACTERIAL ACTIVITY OF COBALT (III) COMPLEXES 

Co (II) complexes are most studied on the antibacterial properties of cobalt complexes. This 

is presumably due to their aqueous stability, availability, and ease of synthesis agents [Eddie 

et al., 2010]. However, a number of examples of stable Co (III) complexes have also been 

reported. Although polydentate ligands with N, O and S donor atoms in the coordination 

sphere of cobalt are the most common ligands used to stabilize Co3+ ion in aqueous solution, 

a striking exception to this rule is the homoleptic hexammine cobalt (III) complex which 

possesses high kinetic inertness in water. Reports on the antibacterial properties of cobalt (III) 

complexes frequently emphasize the increased effectiveness of cobalt ion coordination to a 

particular ligand when compared to the free ligand itself.   

1.714 TOXICITY OF COBALT (III) COMPLEXES 

The toxicity of metal-ion based therapeutics is a concern due to the intrinsic toxicity of some 

metal ions themselves. Cobalt is generally not considered to be a very toxic element. Most 

toxicity studies have been concerned with Co(II) metal ions, surgical implants, or cobalt 

metal dust [Keegan et al., 2008], with one notable example of cobalt-induced mortality from 

drinking large quantities of beer that contained cobalt chloride or cobalt sulfate as a foam 

stabilizer [Barceloux, 1999]. There is much less known about toxicity of Co (III) complexes. 
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In general, it does not appear that Co (III) complexes are toxic at moderate levels of 

exposure, although some adverse effects on kidney function were reported [Eddie et al., 

2010].  

1.720 CHROMIUM AND CHROMIUM COMPOUNDS 

Chromium is probably the most controversial of the transition metal ions in terms of its 

toxicity and nutritional value [Katz and Salem, 1994] and so is the subject of growing interest 

in the public and scientific communities. The properties of cobalt oxides such as high 

catalytic activity at low cost, antiferromagnetism [Fischer et al., 2001], electrochromism 

[Granquist, 1995] offer a great potential for their applications. Mammals need trivalent 

chromium to maintain balanced glucose metabolism [Mert, 1975], and thus chromium may 

facilitate insulin action [Nielsen et al., 1993, Vincent, 1999]. This insulinogenic characteristic 

of chromium has prompted the hypothesis by Evans that chromium has an anabolic function 

[Evans, 1989].  

 

1.80 OBJECTIVES 

This study seeks to investigate the structural features(spectroscopic and bonding parameters) 

of the diketonates and macrocyclic systems through computational techniques. The objectives 

of the study are in three folds;  

1) To determine the effect of different substituents on the structural and bonding 

parameters at different positions in some β-diketone metal complexes and their 

derivatives. 

2) To determine the effect of changing the metal centre on the structural and bonding 

parameters in a β-diketone complex and its derivatives. 

3) To study the changes in the spectroscopic properties and other bonding parameters of 

some macrocyclic complexes with varying central metals and substituents.  
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1.90 JUSTIFICATION 

Density-functional theory (DFT) [Hohenberg et al., 1964]  and semi-empirical methods are  

promising methods for describing the electronic structure of realistic systems because of their 

applicability to a large class of materials ranging from molecules to solids, in terms of both 

accuracy and computational affordability. Since Chemistry which is a largely expterimental 

science, progresses by the development of models to exptlain expterimental observations, 

chemists have used molecular structural models as a foundation for understanding chemical 

and physical properties [Riddell and Robinson, 1974]. Since vibrational spectra supports the 

existence of a strong intramolecular bond of chelating nature of β-diketones, it leads to an 

enhancement of the resonance conjugation of the π-electrons, which causes a marked 

tendency for equalization of the bond orders of the valence bonds in the resulting chelated 

ring. It is exptected that any substituent or metal ion that affects the electron density ofthe 

chelated ring will also change the bond strength.Even though literature is extensive on the 

synthesis, structural characterization, and applications of metal complexes of derivatives of β-

diketones [Krishnankutty and Rema, 1995; Krishnankutty et al., 2008], scanty reports to the 

best of our knowledge are given on the computational aspects of the derivatives of these 

complexes. It is importanttherefore to explore a number of substituent's and metal ions and 

determine their effects on the spectroscopic and bonding parameters on β-diketones and 

macrocyclic complexes using computational techniques. 

 

 



20 
 

CHAPTER TWO 

2.10 GENERAL LITERATURE REVIEW 

2.11 β–DIKETONE METAL COMPLEXES AND THEIR DERIVATIVES 

The spectroscopic and magnetic properties of trivalent metal complexes of 1-(2-thienyl)-1,3-

butanedione (Htbd) and 4,4,4 - trifluoro - 1 - (2 - thienyl) - 1,3 - butanedione (Htftbd) (where 

M(III) = (Al, Cr, Mn, Fe, Co) have been examined [Patel and Adimado, 1980]. The IR band 

assignments suggested that substitution of a trifluoromethyl group in thenoylacetone for a 

methyl group increases the C = O and C = C bond strengths and decreases that of M---O 

bond of the chelate ring. The spectral and magnetic properties of these two series of 

complexes revealed that they are very similar to the corresponding tris-(2,4-pentanedionato) 

M(III) complexes [Pateland Adimado, 1980]. 

 

Wexler and Zink [Wexler and Zink, 1996] showed, when they studied luminescence and 

resonance of molecular distortions caused by ligand-centered transitions in metal 

acetylacetonate complexes, that the low temperature emission spectra of the β -diketonate 

complexes give direct support for the ligand-centered π to π * assignment of the emission 

band. The most important general supporting feature is that, for a given ligand, the energy of 

the emission is not very sensitive to the metal. In the case of the hexafluoroacetylacetone 

(hfac) complexes, no change in energy was observed when the metal was changed from gold 

to zinc. In the case of the acetylacetone (acac) complexes, changing the metal from gold to 

aluminium changes the value of energy by only 700cm-1. The onset of the emission bands 

move only slightly in energy with changes in fluorine content in the acetylacetonate ligand. 

These small shifts are caused by the perturbations on the π orbital energies by the substitute 

CF3 groups. 
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Do Couto et al., performed a study on the enthalpy of formation of acetylacetone (acac) 

radical using a complete basis set approach [Do Couto et al., 2006]. They found that, when 

the thermochemical properties of acetylacetone and its radical were investigated using DFT 

and ab- initio calculations, the most stable acac radical conformer is generated by a C-H bond 

homolysis. Their study was based on the complete basis set (CBS) extrapolation procedures, 

including CBS-QB3 and a modified CBS procedure that they named CBSQBS-tz. The 

enthalpy of formation of gaseous acac,ΔHθf (acac,g) was estimated at -228.3 kJ/mol (CBS-

QB3) and -226.7 kJ/mol (CBS-QB3-tz). Based on these results the ΔHθf (acac,g)is -227 ± 8 

KJ/mol.  

 

In a study by Oluwatola [Oluwatola, 2011], some 2-substituted-1-phenyl-1,3-butanedionato 

nickel(II) complexes and their 2,2'-bipyridine (bipy) and 1,10-phenanthroline (phen) adducts 

were synthesized and characterized by elemental analyses, infrared, electronic spectral 

studies, conductance, and magnetic susceptibility measurements. The electronic spectral data 

were interpreted in terms of the π3 → π4* and other transitions and the effect of the 

substituents at β-position on the different transitions determined. The infrared spectra of the 

nickel(II) complexes showed that the frequencies of the asymmetric C = O + C = C stretching 

vibrations were lowered from their ligand values.   

 
 

The molecular geometries of various 3-substituted malondialdehyde and acetylacetone 

derivatives, in their chelate, open and H-centered conformations, have been optimized by 

Buemiand Felice [Buemiand Felice, 1997]. They evaluated the hydrogen bond energies, in 

order to estimate the effect of 3-substitution steric hindrance on the hydrogen bond strength. 

Calculations were performed at the abinitio3–21G and 6–31G** level, with and without 

correlation energy inclusion, using the Møller–Plesset approach (where possible) and the 
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B3LYP functional. The frequencies of the O–H stretching mode were evaluated too. The 

resultsobtained indicate that the Cs chelate conformations are the most stable structures. The 

O---O distances are rather longer than the values typical of the H-centered conformers, at 

least in gas phase. The strengthening of the hydrogen bridge, on passing from the parent to 

the 3-substituted derivatives, is not so relevant as exptected on the ground of literature data, 

the maximum increase being about 21 KJ mol−1 (in 3-t-butyl-acetylacetone). An increase of 

the steric effect to stress the O---O distance caused the breaking of the hydrogen bridge 

instead of strengthening, so indicating that the literature X-ray geometries (in particular the 

O---O distances) are governed, at least partially, by crystalline forces.  

 

In a work done by the group of Natalia [Natalia et al., 2001],tris-(acetylacetonato) 

chromium (III), Cr(acac)3,  was chosing as the object of investigation for study of kinetic 

features of mass transfer. On the basis of expterimental data the dependences of mass transfer 

rate versus carrier gas flow rate (0.5–40 l·h−1), temperature (162–242°C), aggregated 

condition of precursor (powder, crystal, melt) and size of evaporation surface were obtained. 

The processes of sublimation of film samples of tris-(acetylacetonato) chromium (III) were 

analyzed in detail. The features of sublimation of films were exptlained by nature of rate 

profile of gas flow in the expterimental reactor. Activation parameters of 

sublimation/evaporation processes were estimated (the enthalpy of sublimation process of Cr 

(acac)3 was equal to 133.8 ± 4.2 KJmol−1 and the enthalpy of evaporation process is equal to 

79.4 ± 4.2 KJmol−1). 

  

DFT B3LYP method was employed to calculate the second-order nonlinear optical (NLO) 

responses of the derivatives of disubstituted seven-vertex cobaltacarborane metallocenyl. The 

results showed that cobaltacarborane metallocenyl plays a pushing/pulling role and a bridge 
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role to transfer electron in these molecules. The five-membered ring of cyclopentadiene is 

more beneficial to increase second-order NLO response than the five-membered ring 

composed of two C atoms and three B atoms in cobaltacarborane. Moreover, the second-

order NLO response is more powerful when one substituent containing electron donor group 

and one substituent containing electron acceptor group are located at meta position [Liu et al., 

2009]. 

Camerman and co-workers [Camerman et al., 1983] found from an X-ray crystal structure on 

a drug complex crystallized from acetylacetone (2,4-pentanedione) that the drug contains one 

molecule of acetylacetone per asymmetric unit in the crystal lattice. The acetylacetone does 

not interact with the other molecules in the crystal but displays a keto-enol configuration 

stabilized by an intramolecular hydrogen bond. Comparison of bond lengths for acetylacetone 

in the solid state, together with that postulated for the molecule from the electron diffraction 

radial distribution curves, and which were obtained in substituted β-diketones, suggested that 

the apparent acetylacetone keto-enol ratio in liquid and gas phase may be in error if they 

include an assumption of symmetry of bond lengths for the enol form.  

 

Liang and his group [Liang et al., 2009] performed systematic and extensive conformational 

search of neutral aspartic acid in gas phase. Possible 1296 structures were optimized at the 

B3LYP/6-311++G** level and a total of 122 stable conformers were determined. Single-

point energy computations were done at the MP2/aug-cc-pvdz level. The discussion shed 

light on the influences of the arrangements of α- and β-carboxyls, intramolecular hydrogen 

bond interactions and the intramolecular ring tension on the molecular stabilities. 

 

Özgur and Cemal have studied the possible stable conformers of 1-pentylamine (1-pa) 

molecule expterimentally and theoretically by FT-IR and Raman spectroscopy in the region 
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of 4000–400 cm-1. The optimized geometric structures concerning the minimum on the 

potential energy surface were investigated by Becke-3–Lee –Yang–Parr (B3LYP) density 

functional method together with 6-31G (d) basis set. Optimized energies of the possible 

conformers were obtained in the gas phase and within the chloroform, carbon tetrachloride, 

methanol and water solvent environments with different polarities. Comparison between the 

expterimental and theoretical results indicates that density functional B3LYP method is able 

to provide satisfactory results for predicting vibrational wavenumbers [Özgur and Cemal, 

2010]. 

 

Work done by Raissi [Raissi et al., 2006] has investigated the molecular structure and 

vibrational assignment of trifluoroacetylacetone (tfac) using density functional theory 

calculations and vibrational spectroscopy. Both theoretical and expterimental methods 

showed that tfac has an asymmetric double minimum potential energy surface with a low 

barrier, about 11.0 KJ/mol. The geometrical equilibrium parameters in the most stable 

structure at different levels of density functional theorem was compared to the corresponding 

non-fluorinated acetylacetone and showed that hydrogen bond strength of chelated ring was 

about 66 KJ/mol less than its value in acetylacetone.  

The geometry, frequency and intensity of the vibrational bands of aluminium(III) tris–

acetylacetone Al(acac)3 and its 1, 3, 5-13C derivative were obtained by the Hartree-Fock (HF) 

and Density Functional Theory (DFT) with the B3LYP, B1LYP, and G96LYP functional and 

using the 6-31G* basis set [Tayyari et al., 2002]. The calculated frequencies were compared 

with the solid IR and Raman spectra. All of the measured IR and Raman bands were 

interpreted in terms of the calculated vibrational modes. Most of the computed bands were 

predicted to be at higher wavenumbers than the expterimental bands. The calculated bond 

lengths and bond angles were in good agreement with the expterimental results. Analysis of 
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the vibrational spectra indicated a strong coupling between the chelated ring modes. Four 

bands in the 500–390cm−1 frequency range were assigned to the vibrations of metal---ligand 

bonds. 

 

In another study, [Tayyari et al., 2002] investigated the molecular and vibrational structure of 

1,1,1,6,6,6-hexafluoropentane-2,4-dione (hexafluoro-acetylacetone) by means of density 

functional theory (DFT) calculations and compared them with those of acetylacetone, the 

parent molecule. According to the theoretical calculations hfac has an asymmetric structure 

with hydrogen bond strength of about 12 Kcalmol-1, about 6 Kcalmol-1 less than that of 

acetylacetone. The weakening of hydrogen bond was consistent with frequency shifts for 

OH/OD stretching, OH/OD out of plane bends and O...O stretching modes upon substitution 

of methyl hydrogen atoms with fluorine atoms. The symmetric structure based on electron 

diffraction data is interpreted as superposition of two asymmetric structures.  

 

Téllezs and co-workers [Téllezs et al., 2001]tried to understand the metal-ligand regain 

spectra of bis(acetylacetonato) tin(IV) by employing density functional theorem B3LYP/6-

31+G* calculations and Fourier transform infrared and Raman spectra. The percentage of 

deviation of the bond lengths and bond angles gave a good picture of the normal modes.  

 

Work done by Bradley and Andrew [Bradley and Andrew, 2000] established the volatile 

trends for a series of M (β-diketonate)n complexes, where M = Cu (n = 2); Al, Sc, Cr, Fe, Co, 

Ga (n = 3); Zr (n = 4) and β-diketonate = acetylacetonate (acac), trifluoroacetylacetonate 

(tfac), hexafluoroacetylacetonate (hfac) and 2,2,6,6-tetramethyl-3,5-heptanedionate (tmhd). 

From the sublimation enthalpies (ΔHsub) calculated from thermogravimetric analysis (TGA) 

data, it was shown that the dependence of ΔHsub on the number and type of intermolecular 
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interactions appears to be more substantial than molecular mass effects. The relationship 

between the ΔHsub and Tsub of the substituted β-diketonate derivatives as compared with the 

values for parent M(acac)n may be used to predict either quantity for a range of M(β-

diketonate)n complexes where the values for M(acac)n are known.  

 

The molecular structure of bis (acetylacetonato) beryllium using gas electron diffraction 

technique has been determined [Shibata et al., 1980]. This study showed that the complex has 

a D2d symmetry in which oxygen atoms are arranged tetrahedrally around the central 

beryllium atom, and Cmethyl-H bond is eclipsed with C-O bond.  

 

Optimized geometries and vibrational frequencies of polydiacetylenes (PDAs) and their 

derivatives were studied by density functional calculations at the B3LYP/6-31G* level by 

Bin et al.[Bin et al., 2008]. They used time-dependent density functional theory to determine 

the vertical transition energies and corresponding oscillator strengths. Calculations showed 

that different side groups in these linear carbon chains can significantly modify their 

structural and electronic properties, whereas the effect of terminal substitution is negligible.  

 

Density functional theory (DFT) calculations were performed by Maryam and co-workers at 

the B3LYP/6-311++G(d, p) level to determine coordination geometries, absolute metal ion 

affinities, and free energies for all possible complexation stable products formed by 

monovalent metal cations including Li+, Na+, K+ with the nucleoside 2′-deoxyguanosine. All 

computations indicate that the metal ion affinity (MIA) decreases on going from Li+ to Na+ 

and K+ for 2′-deoxyguanosine. It was found that metal binding significantly change the 

values of the phase angle of pseudorotation (P) in the sugar unit of these nucleosides but, O6-
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protonation do not significantly change the values of the torsion angles and angle of 

pseudorotation (P) [Maryam et al., 2010].  

Brittain studied magnesium acetylacetonate in chloroform-d using proton magnetic resonance 

spectroscopy [Brittain, 1975]. The spectra gave evidence for conformational equilibrium. 

The 1H NMR chemical shifts of Mg(acac)2, Be(acac)2, Zn(acac)2, Ca(acac)2 and Ba(acac)2 in 

various solvents showed that the shifts tend to cluster in two groups: one occurring from 1.70 

ppm to 1.83 ppm downfield from TMS and other from 1.93 ppm to 2.02 ppm up field. All bis 

complexes exhibit one methyl resonance in one group or the other, but only Mg(acac)2 in 

CDCl3 shows resonances in both groups.  

 

Acetylacetonato ion can form other types of complexes in which the metal is bonded to the γ 

-carbon atom of acetylacetonato ion [Macklin et al., 1976]. Macklin found, when he studied 

mercury β-diketonato complexes, that the metal to ligand ratios is 1:1, 1:2 and 2:3 from the 

result of elemental analysis. The vibrational spectra show that mercury is always bound to the 

γ -carbon of acetylacetone and is not chelated through the oxygen atoms in any of the 

compounds. The generation of compounds with various ligands to metal ratios depends on 

replacing one or both hydrogen atoms on the γ -carbon of acetylacetone by mercury. 

 

Afsharidescribed [Afshari et al.., 2010] a theoretical investigation of the geometrical 

parameters and the 17O and 33S nuclear quadrupole resonance (NQR), parameters of phenacyl 

phenyl sulfide derivatives. The calculations were carried out using Gaussian 98 package by 

applying the Hartree–Fock method (HF), the second-order Møller–Plesset perturbation theory 

(MP2), and the density functional theory (DFT) and by employing the 3-21G, 6-31G, and 6-

311G basis sets in the Townes–Daily approximation. It was shown that all of the methods can 

be used to predict the NQR parameters. 
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2.12 MACROCYCLIC METAL COMPLEXES AND THEIR DERIVATIVES 

Theoretical research on porphyrins, like other aspects of porphyrin chemistry, is driven by 

considerations of great biological importance of these molecules, their extensive coordination 

chemistry, and growing number of applications [Lecomte et al., 2000]. 

Wu [Wu et al., 1997] carried out density functional calculations using both the BLYP/3-21G 

and BLYP/6-31G** methods on free-base porphyrins and their possible isomers with an N4-

metal coordination core. Ghosh and Jynge reported BLYP/6-31G** calculations on cis and 

trans- porphyrin isomers having [3:0:1:0], [3:1:0:0] and [4:0:0:0] connectivity [Ghosh and 

Jynge, 1997]. Core modification in the skeleton by replacing one or two pyrrole nitrogens by 

other heteroatoms such as O and S alters the electronic structure and results in the formation 

of modified porphyrins. Introducing other heteroatoms yields new classes of compounds 

containing novel chelating properties. 

 

Adimado and co-workers [Adimado et al., 1991] studied two series of metal complexes 

obtained by reacting CoCl2·6H2O, NiCl2·6H2O, CuCl2·2H2O with 2,6-diaminopyridine 

(Dapy) and, either acetylacetone (Hacac) or benzoylacetone (HBzac), which yielded the 

HADMCl2 and HBDMCl2 (M = CoII, NiII and CuII) complexes. Each of the HAD and HBD 

moieties in the complexes contained a 16-member N6-tetradentate macrocyclic ligand derived 

from acac: Dapy (1∶1) or HBzac: Dapy(1∶1) respectively. The ligands were found to 

coordinate through all the four azomethine nitrogen atoms which are bridged by the 1,3-

diketone moieties. 

The antimicrobial efficiencies of HADMCl2 and HBDMCl2 and of their precursors, with 

special reference to Staphylococcus aureus, Escherichia coli, Salmonella 

typhiandPseudomonas aeruginosahave been evaluated. P. aeruginosa was found to be the 

most resistant, while S. aureus appeared to be the most susceptible to the test compounds.   
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Ashu et al. [Ashu et al., 2002] have studied some antifertility inhibitors of 18 to 24-

membered tetraazamacrocyclic complexes of iron(II) and manganese(II). The complexes 

were synthesized by template condensation using 1,3 phenylenediamine with malonic acid, 

succinic acid, glutaric acid and adipic acid. The complexes were characterized by elemental 

analyses, molecular weight determinations, infrared, electronic, magnetic moment, 

Mossbauer and mass spectral studies. The elemental analyses were consistent with the 

formation of the complexes [M(N4Ln)Cl2] (M = Fe(II) or Mn(ll)). The spectral studies 

confirm the octahedral geometry around the central metal atom. The complexes were 

screened in vitro against a number of fungi and bacteria to assess their growth inhibiting 

potential.  

 

Raman and his group [Raman et al., 2006] prepared four copper(II) complexes using 

macrocyclic ligands which were  synthesized by the condensation reaction of diethyl 

phthalate with Schiff bases derived from o-phenylene diamine and Knoevenagel condensed 

β-ketoanilides (obtained by the condensation of acetoacetanilide and substituted 

benzaldehydes). On the basis of spectral studies, a square-planar geometry for the copper 

complexes was proposed. 

The in vitro antifungal activities of the compounds were tested against fungi such as 

Aspergillus niger, Rhizopus stolonifer,Aspergillus flavus, Rhizoctonia bataicola and Candida 

albicans. All the synthesized copper complexes showed stronger antifungal activities than 

free ligands. The minimum inhibitory concentrations (MIC) of the copper complexes were 

found in the range of 8~28 μg/ml.  

 

A phenol-based novel macrocyclic binucleating compartmental ligand N,N-bis(2,6-

diiminomethyl-4-methyl-1-hydroxyphenyl) malonoyldicarboxamide has been prepared 
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[Mruthyunjayaswamy et al., 2005] by template method by reacting 2,6-diformyl-4-

methylphenol,  malonoyl dihydrazide and the metal chlorides of Cu(II), Ni(II), Co(II), Cd(II), 

Zn(II) and Hg(II) in methanol to get a series of dinuclear complexes. The complexes were 

characterized by elemental analyses, conductivity measurements, magnetic susceptibility 

data, IR, UV-Vis, ESR, NMR and FAB mass spectral data. The compounds were tested for 

their antibacterial and antifungal properties against Escherichia coli, Staphyloccocusaureus, 

Aspergillus niger and Fusarium oxysporum. Magnetic susceptibility measurements of Cu(II), 

Ni(II) and Co(II) complexes reveal that these complexes exhibit antiferromagnetic coupling 

behavior due to the presence of two metal ions in close proximity. FAB mass spectrum of the 

Cu(II) complex gave a clear evidence for the dinuclear nature. The ligand and the complexes 

were found to be less active against the tested bacteria, but the ligand alone was found active 

against the fungus Fusarium oxysporum.  

 

 Tetraaza Macrocyclic complexes of transition metals of Ni(II), Cu(II), Cr(III), Fe(III), 

Mn(II) have been synthesized  and characterized by elemental analysis using, UV-Vis, 

Infrared spectroscopy by  Ritu et al. [Ritu et al., 2010]. In vitro antibacterial activity of 

macrocyclic complexes against five bacteria i.e. Streptococcus mutans, Escherichia coli, 

Staphylococcus aureus, Streptococcus pyogenes, Streptococcus pneumoniae were tested to 

assess their inhibiting activities and compared with standard ampicilline.  

 

The macrocyclic complexes of Co(II) and Ni(II) having chloride or thiocyanate ions in the 

axial position have been synthesized and characterized by Gaber et al. [Gaber et al., 2008]. 

The complexes were synthesized by the template condensation of o-phenylenediamine or 2, 

3-butanedionedihydrazone with the appropriate aldehydes in NH4OH solution in the presence 
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of the metal ions, Co(II) and Ni(II). Spectral studies indicated that the complexes have an 

octahedral structure.  

 

The metal chelates inhibit the growth of microorganisms. It is assumed that production of the 

enzymes is being affected as the microorganisms are unable to utilize food for themselves or 

intake of nutrient decreases and consequently growth ceases. The greater toxicity of metal 

complexes than the starting ligand can also be exptlained on the basis of the chelation theory 

[Lehninger, 1975; Srivastava, 1981]. Chelation reduces the polarity of metal ion mainly 

because of partial sharing of its positive charge with the donor group and possible electron- 

delocalization over the whole chelate ring. This increases the lipophilic character of the metal 

complex, which subsequently favours its permeation through the lipid layers of the organism 

cell membrane and the normal cell process being impaired. 
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CHAPTER THREE 
 

3.0 METHODOLOGY 

Derivatives of acetylacetonate complexes were constructed from the parent structure and 

subjected to computational calculations. Examples of other substituted betadiketonates are 

shown in scheme 1.3 below; 

Scheme 1.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

The metal ions considered in this study included Al, Co, Cr, Fe, and Mn. 

 

3.1 COMPUTATIONAL DETAILS 

All theoretical calculations of the complexes were performed using SPARTAN' 

08[SPARTAN, 2008] 132V4 Molecular Modeling Package. Due to size considerations, single 

point energy calculations at DFT B3LYP/6-31G* level of theory were performed on PM3 
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optimized geometries (B3LYP/6-31G* //PM3). The relative energies of all the isomers were 

computed considering the parent structures and the corresponding analogues. 

• In view of the open-shell system and the electron configuration of the metals (+III 

states), spin unrestricted calculations were carried out. 

• The charge assignments of the geometry-optimized structures and dipole moments 

were derived from the Mulliken population analysis [Mulliken, 1955].  

• The starting geometries of the molecular systems were constructed using 

SPARTAN’S graphical model builder and minimized interactively using the Sybyl 

[Clark et al., 1989] force field.   

All geometries were fully optimized without any symmetry constraints and then subjected to 

full frequency calculations to verify the nature of stationary points 
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CHAPTER FOUR 

4.10 SEMI-EMPIRICAL PM3 AND DENSITY FUNCTIONAL  THEORY (DFT) 
 STUDIES OF METAL BETADIKETONE  AND ITS STEPWISE FLUORINATED 
 DERIVATIVES. 

4.11 RESULTS AND DISCUSSION 

Semi-empirical PM3 and density functional theorem (DFT) methods were used to investigate 

the geometries, energies, vibrational frequencies and NMR spectra of acetylacetone and its 

complexes with some metals. The molecular vibrational modes can be classified based on 

their behavior under the effect of symmetry operations. The symmetry point group D3 was 

observed for acetylacetonate and hexafluoroacetylacetonate chelates as C1 was observed for 

the other stepwise fluorinated complexes. Vibrational frequency assignments reported in this 

work using the Semi-empirical PM3 and density functional theorem (DFT) methods were not 

based only on the band wave numbers, but also on the frequency intensities. There are several 

vibrational modes for chelates of acetylacetone corresponding to their internal vibrations. 

These vibrational modes are calculated for the lowest minima of the chelates at the PM3 and 

the B3LYP levels of theory using the standard 6-31G* basis set. The calculated frequencies 

which were computed with these methods were not scaled. The recommended scale factor for 

B3LYP frequency calculations however is 0.9614 [Jeffrey et al., 2007]. Figure 4.10 below 

shows a sample of the optimized β-diketonates complex displaying the atomic numbering.  
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Figure4.10 DFT optimized structure of [Al(acac)3] as derivative of the other metal β-
 diketonates showing atom numbering. 

 

Table 4.10 Calculated Bond lengths (Å) and Bond angles (degrees) of Aluminium 
 trisacetylacetonate [Al(acac)3] at the B3LYP/6-31G* level of theory. 

 Bond lengths (Å) Bond angles (degree) 
Al1 - O1 1.854 O2 - Al1-O1 104.60 
O1 - C3 1.266 O3- Al1- O4 104.60 
O3 - C8 1.266 O5- Al1- O6 104.60 
C1 = C2 1.401 O1 – C3 – C1 126.14 
C7 = C8 1.401 C2 – C1 – C3 127.01 
C3 – C4 1.501   
C6 – C9 1.510   

 

Table 4.11 Calculated Bond lengths (Å) and Bond angles (degrees) of Aluminium tris-1-
 fluoro- 2,4-pentanedione [Al(fpd)3] at the  B3LYP/6-31G* level of theory.  

  Bond lengths (Å)     Bond angles (degree) 
Al1 - O1 1.882   
O1  -  C3 1.166 O2 - Al1-O1 91.89 
O3  -  C8 1.189 O3- Al1- O4 91.76 
C1 = C2 1.402 O3 – C3 – C1 123.32 
C7 = C8 1.403 O3 – C8 – C7 123.63 
C3 - C9 1.502 C2 – C1 – C3 128.70 
C4 - C6 1.498 C6 – C7 – C8 128.75 
C4 - F1 1.362   
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Table 4.12 Calculated Bond lengths (Å) and Bond angles (degrees) of  Aluminium tris- 
 1,5-difluoro-2,4-pentanedione [Al(dfpd)3] at the  B3LYP/6-31G* level of theory. 

  Bond lengths (Å) Bond angles (degree) 
Al1 - O1 1.982 O1-Al1-O2 91.89 
O1 = C3 1.189 O1-C3=C1 123.32 
C1 = C2 1.402 C2=C1=C3 128.75 
C2 - C5 1.498 Al1-O1=C3 117.58 
C5 - F5 1.383   

 

Table 4.13 Calculated Bond lengths (Å) and Bond angles (degrees) of Aluminium tris- 
 1,1,1,5,5-pentafluoro-2,4-pentanedione [Al(pfpd)3] at the B3LYP/6-31G* level of 
 theory. 

  Bond lengths (Å)    Bond angles (degree) 
Al1-O1 1.978 O1-Al1-O2 91.16 
Al1-O2 1.985 Al1-O1-C3 116.88 
O1=C3 1.191 O7=C1=C17 125.96 
C3=C1 1.410 O1=C3=C1 122.80 
C1=C2 1.405 C3=C1=C2 128.57 
C2-C5 1.504   
C5-F5 1.363   

 

Table 4.14 Calculated Bond lengths (Å) and Bond angles (degrees) of mixed Aluminium 
 bisacetylacetonate and 1-fluoro-2,4-pentanedione [Al(acac)2(fpd)] at the B3LYP/6-
 31G*  level of theory. 

 Bond lengths (Å)   Bond angles (degree) 
Al1 - O1 1.915 O4 – Al1- O3 91.07 
O1 -  C3 1.275 O2 – Al1- O1 90.25 
O3 -  C8 1.271 O3 – C3 – C1 124.41 
C1 =  C2 1.406 O2 – C2 – C1 125.78 
C7 =  C8 1.402 C8 – C7 – C6 122.57 
C3 -  C9 1.510 C6 – C7 – C8 125.45 
C4 -  C6 1.510   
C2 -  O2 1.271   
C5 -  F8 1.381   
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Table 4.15 Calculated Bond lengths (Å) and Bond angles (degrees) of mixed Aluminium  
  acetylacetonate, 1-fluoro-2,4-pentanedione and1,5-difluoro-2,4-pentanedione 
  [Al(acac)(fpd)(dfpd)] at the B3LYP/6-31G* level of theory. 

  Bond lengths (Å)  Bond angles (degrees) 
Al1 - O1 1.849 O2- Al1-O1 104.85 
O1 -  C3 1.268 O3- Al1- O4 102.77 
O3 - C8 1.264 O3 – C3 – C1 126.10 
C1 = C2 1.402 O3 – C8 – C7 126.63 
C7 = C8 1.398 C2 – C1 – C3 127.13 
C3 - C9 1.510 C6 – C7 – C8 125.45 
C4 - C6 1.539   
C2 - O2 1.266   
C4 - F1 1.358   

Table 4.16 Calculated Bond lengths (Å) and Bond angles (degrees) of Aluminium 
 bisacetylacetonate and 1,1,5,5-tetrafluoro-2,4-pentanedione [Al(acac)2(ttfpd)] at the 
 B3LYP/6-31G* level of theory. 

                   Bond lengths (Å)   Bond angles (degree) 
Al1 - O1 1.848 O2 - Al1-O1 104.95 
O1 -  C3 1.268 O3- Al1- O4 103.04 
O3 - C8 1.264 O3 = C3 = C1 125.99 
O2 - C2   1.268 O3 = C8 = C7 126.78 
C1 = C2 1.402 C2 = C1 = C3 127.20 
C7 = C8 1.398 C6 = C7 = C8 126.60 
C3 - C9 1.510   
C4 - C6 1.539   
C4 - F1 1.358   

 

 

Table 4.17 Calculated Bond lengths (Å) and Bond angles (degrees) of Aluminium tris(1-
 fluoro- 2,4-pentanedione) [Al(tfpd)3] at the B3LYP/6-31G* level of theory. 

                   Bond lengths (Å)                    Bond angles (degrees) 
Al1 - O1 1.982 O2 - Al1- O1 91.89 
O1  -  C3 1.188 O3- Al1- O4 91.76 
O3 - C8 1.189 O3 – C3 – C1 123.32 
C1 = C2 1.404 O3 – C8 – C7 123.63 
C7 = C8 1.403 C2 – C1 – C3 128.70 
C3 - C9 1.502 C6 – C7 – C8 128.75 
C4 - F1 1.364   
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4.12 INFRARED SPECTROSCOPIC ANALYSIS 

The IR spectra of M(acac)3, M(fpd)3, M(dfac)3, M(dfpd)3, M(tfpd)3, M(ttfpd)3, M(tfac)3, 

M(ttfac)3, M(pfpd)3 and M(hfac)3 (M = Al or Co)together with their mixedligandcomplexes 

have been computed at the B3LYP level of theory on PM3 optimized structures between 300-

3500cm-1 region. Vibrational assignments were carried out with the aid of the density 

functional theory (DFT) [Becke, 1993: Parr and Yang, 1989] calculations with B3LYP/6-

31G  basis sets. 

From calculations, symmetric and asymmetric stretching band frequencies of methyne and 

methyl groups are exptected to be observed. The IR spectra of all the chelates are 

characterized by the presence of weak bands in the range 2992-3232cm-1 which indicates the 

various symmetric CH vibrations (υsC-H).  

The region 1550-1750cm-1  is characterized by the presence of two strong bands assignable to 

the symmetric C = O and C = C stretching vibrations for all the chelates except for M(fpd)3, 

M(dfpd)3 andM(pfpd)3 which appearedbeyond 1900cm-1. These carbonyl bands observed are 

all lower than are recorded in the free ligands indicating the involvement of the carbonyl 

groups in bonding. The C = O stretching frequency of Al(fpd)3 and Co(fpd)3 are much 

stronger than are found in the other complexes and appears respectively at 1965 cm-1and 

2012cm-1. 

The medium intensity bands observed between 1496-1536cm-1in all the chelates are 

assignable to the in plane and out of plane combination bands due to CH and CH3 groups. 

The CH2-F stretching vibrations are observed at 1203-1441cm-1 for all the complexes. The 

weak vibrational bands at 1037-1073cm-1are due to the deformations of the C-O and CH3 

groups. 
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The characteristic out of plane bending and deformation vibrations of the CH2F groups are 

observed at 784-893cm-1 region. The υsM – O vibrational frequencies are very weak and are 

observed below 600cm-1 region of the spectrum. The observed infrared bands are displayed in 

tables 4.18 - 4.22 below. 

 

Table 4.18 Calculated vibrational frequencies (cm-1) of Aluminium tris-1,1- difluoro-2,4-
 pentanedione [Al(dfac)3] at the B3LYP/6-31G* level of theory. 

IR(cm-1)                           assignment                     IR(cm-1)                           assignment    
3112w υsC-H  1303s δC – O + C-C  
2967m υas CF2-H  1260s δCH  
1744vs υsC=O  1185s ωCH-F2 
1620vs υsC=C  1066w τC-CH3 
1585m υasCH2-F + CH3 992w τC-O + C-C  
1518w δsCH3  751w δO - C=C  
1498w δCH3 688m υsM – O + CH3 
1421s υasC - F  489w υsM – O  

υs = symmetric stretch, υas = asymmetric stretch, δ = in plane bending, ω = out of plane 
bending (wagging), τ = out of plane bending (twisting), δs = in plane scissoring, Γring = Out 
of plane ring deformations, Δ ring = in plane ring deformations. 

 

Table 4.19 Calculated vibrational frequencies (cm-1) of Aluminium tris(1-fluoro- 2,4-
 pentanedione) [Al(fpd)3] at the B3LYP/6-31G* level of theory. 

 
IR(cm-1)             assignment                     IR(cm-1)                       assignment    
3145w υsC-H  1053w Δ ring 
2987w υsCH2-F 884m τCH  
1965vs υsC=O  664w ωC-O + C-C  
1610vs υsC=C  624w ωM-O + C=C  
1516w υasCH+CH3 563m δM-O + C=C  
1495m δCH2-F + CH3 483m υM – O  
1319w υC=C- CH3 432w υM – O  
1191m υasC - F    
1073w τC – O + CH3    

υs = symmetric stretch, υas = asymmetric stretch, δ = in plane bending, ω = out of plane 
bending (wagging), τ = out of plane bending (twisting), δs = in plane scissoring, Γring = Out 
of plane ring deformations, Δ ring = in plane ring deformation. 
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Table 4.20 Calculated vibrational frequencies (cm-1) of Aluminium bisacetylacetonate  and 
 1-fluoro-2,4-pentanedione [Al(acac)2(fpd)] at the B3LYP/6-31G* level of  theory. 

IR(cm-1) Assignment IR(cm-1) Assignment 

3039w υsC-H + CH3 1113m δCH2-F  

2067vs υsCH2-F 1062w ωCH3 

1651vs υsC=O   796w τCH  

1574w υsC=C 630w τC-C-C 

1527w υsC-CH3 499m υsM-O 

1497m υsO-C-CH3 397m υsM-O  

1427vw δsCH3   

1309w υasC-C-C    

υs = symmetric stretch, υas = asymmetric stretch, δ = in plane bending, ω = out of plane 
bending (wagging), τ = out of plane bending (twisting), δs = in plane scissoring, Γring = Out 
of plane ring deformations, Δ ring = in plane ring deformations. 
 
 
 
Table 4.21 Calculated vibrational frequencies (cm-1) of  Aluminium acetylacetonate,1-fluoro-
 2,4-pentanedione and1,5-difluoro-2,4-pentanedione [Al(acac)(fpd)(dfpd)] at the 
 B3LYP/6-31G* level of theory. 
 
IR(cm-1)                      assignment                         IR(cm-1)                  assignment    
3108w υsC-H  1323m δCH3 
1706vs υsC=O  1293w ωCH2-F  
1608vs υsC=C  1266m τ CH  
1532m υasC-CH3 1067w ωCH3 
1520m υsO-C-CH3 977w υM-O  
1497w υsCH3 889w τCH  
1441w δsCH2-F  731m  υasM – O + CH3 
1429w ωCH3 412w υsM – O  
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Table 4.22 Calculated vibrational frequencies (cm-1) of  Aluminium bisacetylacetonate and 
 1,1,5,5-tetrafluoro-2,4-pentanedione [Al(acac)2(ttfpd)] at the B3LYP/6-31G* level of 
 theory. 

IR(cm-1) Assignment IR(cm-1) Assignment 

3110w υsC-H + CH3 980w Δch 

2992s υsCF2-H 865w Ωch 

1732vs υsC=O 738m υasM – O + CH3 

1534vs υsC=C 699w δC-O + C-C 

1519m δ C-CH3 521w δM-O  

1445m δsCF2-H 405w υsM – O  

1322m δCH3   

1249w τCH2-F     

1051w υasCH3   

υs = symmetric stretch, υas = asymmetric stretch, δ = in plane bending, ω = out of plane 
bending (wagging), τ = out of plane bending (twisting), δs = in plane scissoring, Γring = Out 
of plane ring deformations, Δ ring = in plane ring deformations. 
 

 
Figure4.11 Infrared spectrum of [Al(acac)3] in the gas phase showing the ball and spoke 
 module computed at the B3LYP/6-31G* level of theory. 
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Figure4.12 Infrared spectrum of [Al(dfac)3] in the gas phase computed at the B3LYP/6-31G* 
 level of theory. 
 

Figure4.13 Infrared spectrum of [Al(dfpd)3] in the gas phase computed at the B3LYP/6-31G* 
 level of theory. 
 

 

Figure4.14 Infrared spectrum of [Al(pfpd)3] in the gas phase computed at the B3LYP/6-31G* 
level of theory. 
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Figure4.15 Infrared spectrum of [Al(acac)2(fpd)] in the gas computed at the B3LYP/6-31G* 
 level of theory. 

 

Figure4.16 Infrared spectrum of [Al(acac)(fpd)(dfpd)] in the gas phase  module computed 
 at the B3LYP/6-31G* level of theory.  
 

Figure4.17 Infrared spectrum of [Al(fpd)3] in the gas phase showing computed at the 
 B3LYP/6-31G* level of theory. 
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Figure4.18 Infrared spectrum of [Al(acac)(fpd)(dfpd)] in the gas phase  module computed 
 at the B3LYP/6-31G* level of theory. 
 

 Figure4.19 Infrared spectrum of [Al(acac)2(fpd)] in the gas phase computed at the B3LYP/6-
 31G* level of theory.  
 

 

 

4.13 NMR SPECTROSCOPIC ANALYSIS 

4.131 1H-NMR SPECTRA 

When the 1H-NMR spectra of the ligands in the gas phase were examined, peaks 

corresponding to CH3CHCH3 were observed at 5.10 to 5.04ppm (s, 1H) for Al(acac)2(fpd) 

complex and 5.53-5.13ppm(s, 1H)  for Al(acac)(fpd)(dfpd).  Al(ttfpd)(acac)2  and Al(fpd)3 

had their peaks at 4.70-4.79ppm(s,1H) and 4.53-4.54ppm(s,1H) respectively. The deshielded 

CH2FCCHCCH2F proton of Al(ttfpd)(acac)2  is observed at 5.56ppm(s, 1H). The peak of 

CH3CHCH2F proton of the ligand appears at 4.83ppm (s,1H) for Al(acac)2(fpd), 4.71-

4.80ppm(s,1H) for Al(acac)(fpd)(dfpd), 4.64-4.68ppm(s, 1H) for Al(acac)2(ttfpd)  and 4.45-

4.48ppm(s, 1H) for Al(fpd)3. The signals observed at 4.53-4.67ppm(s, 2H) for 
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Al(acac)(fpd)(dfpd), 4.53ppm(s, 2H) for Al(ttfpd)(acac)2  and 4.06-4.13ppm(s,2H) for 

Al(fpd)3 are assigned respectively to CH2F protons. The peak of CH protons neighbouring to 

fluoro groups were observed between 4.76 and 4.42ppm (s, 1H) for Al(acac)2(fpd).  The 

appearance of two peaks is an indication that the two protons are stereochemically 

inequivalent. The peak corresponding to the terminal CH3 groups in Al(acac)3, Al(acac)2(fpd) 

and the other analogues  are very intensive and are observed at 1.39ppm to 2.00ppm (s, 15H). 

The intensity of the peak is as a result of the overlap of the spectra of the several protons at 

the same position in the spectrum. That of Al(acac)(fpd)(dfpd), Al(ttfpd)(acac)2  and Al(fpd)3 

protons appear at 1.19-1.91ppm(s, 9H), 1.13-1.82ppm(s, H) and 0.93-1.92ppm(s, 12H) 

respectively. These primary protons are well shielded by the more electronegative atoms and 

hence they are shifted upfield. 

 

The observation is that an increase in fluorine substitution deshields the attached protons 

thereby causing them to be shifted downfield. 

Similar results of these complexes recorded for cobalt derivatives were observed rather at 

higher frequencies. The unusual shifts of these protons and the inability of Cr, Fe and Mn 

complexes to converge might be as a result of the introduction of the dn- electrons in the 

transition series which perturbs the electronic distribution and interaction.  

 Figure 4.20 1H-NMR spectrum of [Al(acac)2(fpd)] in the gas phase  module computed 
 at the B3LYP/6-31G* level of theory. 
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 Figure 4.21 1H-NMR spectrum of [Co(acac)2(fpd)] in the gas phase module computed 
 at the B3LYP/6-31G* level of theory. 
 
 

 Figure 4.22 1H-NMR spectrum of [Al(acac)(fpd)(dfpd)] in the gas phase of the molecule 
 computed at the B3LYP/6-31G* level of theory. 
 
 
 

 
Figure 4.23 1H-NMR spectrum of [Al(ttfpd)(acac)2] in the gas phase  module computed 
 at the B3LYP/6-31G* level of theory. 
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 Figure 4.24 1H-NMR spectrum of [Al(fpd)3] in the gas computed at the B3LYP/6-31G* level 
 of theory. 
 
 
 
 

 

4.132 13C-NMR SPECTRA 

In the 13C-NMR spectra of chelates, seven different peaks were observed for Al(acac)2(fpd), 

eleven for Al(acac)(fpd)(dfpd), six for Al(ttfpd)(acac)2 and five for Al(fpd)3 complexes. 

There is variation in the spectra of the complexes because the substituted fluorine groups alter 

the electronic distribution of neighbouring atoms. The peak found between 26.62 to 

26.71ppm is assigned to the methyl carbons (CH3) in Al(acac)2(fpd). These peaks are shifted 

downfield to 20.92-21.65ppm, 20.86-20.94ppm and 20.87-20.88ppm for Al(acac)(fpd)(dfpd), 

Al(ttfpd)(acac)2  and Al(fpd)3 respectively upon fluorine substitutions. The peak of CH2F 

appears at 80.94ppm, 76.17-77.21ppm, 76.26-77.18ppm and 72.94-73.05ppm for 

Al(acac)2(fpd), Al(acac)(fpd)(dfpd), Al(ttfpd)(acac)2  and Al(fpd)3 in that order. The CH 

carbon peaks are observed at 93.87-97.52ppm for Al(acac)2(fpd), 83.61-87.83ppm for 

Al(acac)(fpd)(dfpd), 83.45-87.73ppm for Al (ttfpd)(acac)2  and 81.08-81.43ppm for Al(fpd)3. 

The peak corresponding to the CCH2F carbon appears at 176.57ppm and that of the OCCH3 

carbons are observed at 179.40-181.10ppm for Al(acac)2(fpd), 168.18ppm and 170.14-

173.54ppm for Al(acac)(fpd)(dfpd), 169.76-169.79ppm and 170.04-172.02ppm for 
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Al(ttfpd)(acac)2  and 161.14-163.48ppm for Al(fpd)3. The proximity of the carbonyl carbon 

peaks in the complexes is an indication that the electronic environments of these groups are 

not very different. The most intense spectra are observed for Al(ttfpd)(acac)2.  

 

It is worth noting that the 13C-NMR spectra of the cobalt derivatives of these complexes had 

most of the peaks going beyond 225ppm and in some cases below 0ppm which is the range 

usually found and reported. Again attempts made to compute the 13C-NMR for Cr, Fe and 

Mn at the B3LYP/6-31G* level of theory failed to converge.  

 

 Figure 4.25 13C -NMR spectrum of [Al(acac)2(fpd)] in the gas phase computed at the 
 B3LYP/6-31G* level of theory. 

 

 Figure 4.26 13C -NMR spectrum of [Co(acac)2(fpd)] in the gas phase computed at the 
 B3LYP/6-31G* level of theory. 
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 Figure 4.27 13C -NMR spectrum of [Al(acac)(fpd)(dfpd)] in the gas phase computed at the 
 B3LYP/6-31G* level of theory. 
 
 
 

 Figure 4.28  13C -NMR spectrum of [Al(ttfpd)(acac)2]  in the gas phase computed at the 
 B3LYP/6-31G* level of theory. 
 

 Figure 4.29  13C -NMR spectrum of [Al(fpd)3] in the gas phase computed at the B3LYP/6-
  31G* level of theory. 
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4.133 19F-NMR SPECTRA 

The 19F-NMR output of Al(acac)2(fpd)  shows the fluorine resonance signal at δ-244.42ppm 

and δ-700.75 for Co(acac)2(fpd). The three fluorine atoms in Al(acac)(fpd)(dfpd) are 

observed at δ-269.93ppm, δ-270.22ppm and δ-270.70ppm displaying the similitude in their 

chemical environment. Al(ttfpd)(acac)2 signals appear at δ-269.00ppm and δ-270.08ppm 

which are virtually the same as found in the complex Al(acac)(fpd)(dfpd). The peaks 

corresponding to Al(fpd)3 complex were observed between δ-275.77 and δ-275.85ppm. 

 

4.140 UV SPECTRA 

The electronic spectra of the stepwise fluorinated aluminium betadiketonates examined in 

vacuum using the B3LYP method exhibited a single broad band with different λmax values. 

The spectral bands ranged between 276.63 and 303.59nm for Al(acac)2(fpd), 266.08 and 

321.00nm for Al(acac)(fpd)(dfpd), 268.90 and 323.54nm for Al(ttfpd)(acac)2 and 274.25 and 

282.22nm for Al(fpd)3. The λmax for Al(acac)2(fpd), Al(acac)(fpd)(dfpd), Al(ttfpd)(acac)2  and 

Al(fpd)3 are found respectively at 276.63nm, 289.13nm, 294.92nm and 276.03nm. These 

bands can be assigned to the charge transfer transitions from the metal to anti-bonding 

orbitals of the ligand. 
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Figure 4.30. UV spectrum of [Al(ttfpd)(acac)2]  in the gas phase as representative of the 
 other Al stepwise fluorinated complexes computed at  the B3LYP/6-31G* level 
 of theory. 
 
 
The UV spectra of the cobalt derivatives of the complexes examined in the gas phase 

exhibited two broad bands with different λmax values which are higher than are found in the 

corresponding Aluminium compounds. The spectra ranged between 361.38 and 508.05nm for 

Co(acac)2(fpd), 361.66 and 510.15nm for Co(acac)(fpd)(dfpd), 361.38 and 508.05nm for 

Co(ttfpd)(acac)2 and 364.02 and 511.49nm for Co(fpd)3. The λmax for Co(acac)2(fpd), 

Co(acac)(fpd)(dfpd), Co(ttfpd)(acac)2  and Co(fpd)3 are situated respectively at 362.78 and 

494.57 nm, 362.78 and 494.57nm, 361.66 and 490.77nm, and 370.05 and 495.08nm. 
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 Figure 4.31 UV spectrum of [Co(acac)2(fpd)] in the gas phase as representative of the other  
 stepwise fluorinated cobalt (III) complexes  computed at the B3LYP/6-31G* level of 
 theory. 
 
 
SEMI-EMPIRICAL PM3 AND DENSITY FUNCTIONAL THEORY (DFT) STUDIES OF 

METAL BETADIKETONE, ITS FLUORINATED AND AROMATIC DERIVATIVES. 

4.20 RESULTS AND DISCUSSION 

4.21 1-(2-Thienyl)-1,3-butanedione (Htbd), 1-(2-furyl)-1,3-butanedione (Hfbd) and 1-

 phenyl-1,3-butanedione (Hbzac) Metal Complexes. 

4.211 IR vibrational frequencies (cm-1) 

The IR spectra of the complexes of thienyl, furyl and phenyl substituted betadiketonates with 

some trivalent metals were studied in the range 3500- 300cm-1. From the calculations in this 

work and the expterimental vibrational frequencies reported by other workers [Hancock and 

Thornton, 1969; Patel and Adimado, 1980], principal infrared spectra of tris(acetylacetonato) 

metal complexes are presented in Table 3.23 below. Infrared studies on diketones have 

shown that electron releasing substituents give rise to low υas(C = O) + υas(C = C) [Hancock 

and Thornton, 1969; Patel and Adimado, 1980]. 
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Comparing the IR spectra of the metal chelates with those of organic ligands themselves, 

Table 4.23 would elucidate the structure of bonding between the ligands and metal ions. 

There exist some quantitative variations in the calculated and expterimental vibrational 

frequencies in the infrared spectra of Htbd, Hfbd and Hbzac complexes. The theoretical 

results of the different metal complexes however appear around similar characteristic 

frequency range for all the chelates.  

 

The carbonyl band which is assigned to asymmetric C = O (υasC = O) stretching mode 

appears at the 1869-1764cm-1 region for all the complexes except for the chromium complex 

which had its vibrational frequency band falling below 1700cm-1. The asymmetric C = C 

(υasC = C) stretch appears in the 1680-1581cm-1 region of the spectra of the complexes. The 

asymmetric stretches of C = O shows considerable shifts of about 128 - 68cm-1 to lower 

frequencies on complexation with the intensity of the bands also becoming stronger on 

complexation. The weakening or lower frequency shifts in the chelates is an indication that 

the carbonyl groups (C = O) of the ligand moieties participate in chelate formation. 

 

 The asymmetric C = C stretching frequencies in the free ligands spectra were either 

weakened or shifted to lower frequencies in all the chelates. These frequencies show much of 

a shift on complexation in all the metals to about 47- 40cm-1. The expterimental results 

[Adimado, 1980, 1981] however, could not observe the bands beyond 1650cm-1. The peaks 

that were found between 3180-2860cm-1 theoretically and are assigned to the CH3 + CH 

vibrations were not found expterimentally and this may be accounted for due to impurities 

and the medium in which the expteriment was carried out.  
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For most part of the spectrum, it is safe to assume that the expterimental and theoretical 

separations in the observed vibrational spectra are in fact minimal and do coincide on many 

observed fundamental bands. The absorption bands in the 1570-1390cm-1 region are assigned 

to the aromatic rings stretching modes. The coupled vibrations of the asymmetric C = O and 

CH bands of Htbd, Hfbd and Hbzac are observed at 1389-1351cm-1 on complex formation. 

 The symmetric C = O stretching vibrations appear at a higher frequency in the complexes of 

all the metals. The calculated values were however, quite higher than the expterimental 

results. The symmetric C = C = C bands are observed between 1233-1211cm-1 which are 

below the expterimental values of 1242-1230cm-1.  

 The 1200cm-1 band assigned to the coupled υC = C + υC-R modes shift to a higher 

frequency by about 47-21cm-1 on complexation.  

The chelate ring deformation bands are observed at 1205-1075cm-1 on complexation.  

 The IR spectra of all the chelates exhibited a band in the range 818-706cm-1, assigned to the 

metal-ligand stretches (combination bands). The chelate ring deformation bands coupled with 

the metal –oxygen bands are observed at 650-535cm-1. The weak M-O vibrational bands 

observed below 600cm-1 region are poorly resolved in all the complexes.  

Our results correlate well with the findings by Tayyari and co-workers [Tayyari et al., 2002]. 

They used HF and DFT methods with the B3LYP, B1LYP, and G96LYP functionals and 

using the 6-31G* basis set to investigate the geometry, frequency and intensity of vibrational 

bands of Al(acac)3 and its derivatives. The calculated frequencies were compared with the 

solid IR and Raman spectra. All of the measured IR and Raman bands were interpreted in 

terms of the calculated vibrational modes. Most of the computed bands were predicted to be 

at higher wavenumbers than the expterimental bands. The calculated bond lengths and bond 

angles were in good agreement with the expterimental results. 



55 
 

Table 4.23 Assignment of the observed vibrational frequencies (cm-1) of  1-(2-  thienyl) – 

 1,3-butanedione (Htbd) and its metal complexes at the PM3 level  of theory. 

Ligand      Al      Cr    Mn    Fe    Co  
Cal. Expt. Cal. Expt. Cal. Expt. Cal. Expt. Cal. Expt Cal. Expt. 
1764vs 1620vs 1832vs 

 
1600s 1636s 1598s 1841vs 1600m 1727vs 1600m 1769vs 1595s 

1635s 1615vs 1642vs 
 

1575s 1594s 1570s 1619vs 1572m 1582vs 1570m 1568s 1568m 

1541vs 1525sh 1536 s    1535s 1561m 1535s 1506s 1530s 1543s 1535s 1522s 1530s 

1485s 1465s 1461s 1500s 1502m 1500s 1501s 1505s 1505m 1510s 1463s 1508s 

1456s 1418s 1452m 1450sh 
 

1443w 1422sh 1487s 1420m 1444m 1422m 1413m 1420sh 

1408m 1382w 1398s 1400s 1393w 
 

1390s 1425s 1395s 1406s 1395s 1405m 1390s 

1378m 1360m 1363s 1352s 1351w 1350s 
 

1392s 1350s 1389s 1350s 1387s 1354s 

1322m 1280s 1354m 1315m 1331w 1309m 1353m 
 

1286m 1358m 1302m 1372w 1290vs 

1206m 1240m 1213m 1238m 1233w 1242s 1214w 1230m 1333m 1240m 1211w 1240s 

1179w 1210w 1200w 1200w 1226m 1202w 1208w 1200w 1220m 1200w 1205m 1205w 

1140w 1090m 1092m 1098s 1205w 1100s 1098m 1098s 1186m    - 1175s 1100m 

1095m 1075s 1078m 1080sh 1106w 1080w 1077w 1080w 1100m 1100s 1100m 1078w 

1072m 1035m 1040m 1042sh 1085w 1042w 1039w 1044w 1079s 1080w 1078w 1045w 

1001s 998s 1004s 1005vs 1042w 1005s 1009s 1005m 1047m 1042w 980m 1005m 

997m 945s 981s 980s 1008w 964s 918m 958m 1005s 1004m 958m 965m 

962m 868s 865s 865s 981m 868s 863m 
 

868m 967m 965m 896s 865s 

884m   - 825m 825m 873w 834m 820s 
 

830m 874m 868m    - 812m 

843s 800s 806s 804vs 802w 804vs 
 

800m 800s 823s 818m 784m 800m 

803s 780s 776s 775vs 785w 778vs 777w 780s 803s 800s 770m 764s 

786s 720vs 712s 730vs 
 

718w     - 725w 730s 780m 780s 706w 724s 

754m 665w 690m 684m 687w 682m 681m 678m 730m 730s 664m 670w 

692w   - 651w 650w 628w 650w 639w 645w 688w 678m 650m 650w 

620m 605w     - 610w 616w 618s 614w 610w 650w 645w   - 625w 
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595m   - 602m 600s 602w 600s 583m 580m 603w 
 

608w 
 

593w 
 

585w 

    -   -    - - 551w 555m 535w - 
 

583w 580vs 558w 560w 

  -   - 536w 532sh 475w 470m 456w 468w 539w 535m 465w 460w 

  -   - 456s 452vs 445w 444vs 449w 
 

438s 462w 468w 448w 454s 

  -   - 418w 420s 379w 374s 397w 370w 
 

438w 430vs 421w 428w 

All experimental results are from [Adimado et al] 

 Figure 4.32 Infrared spectrum of [Al(Htbd)3]in the gas as representative of M(Htbd)3 

 computed at the B3LYP/6-31G* level of  theory. 
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Table4.24 Assignment of the observed vibrational frequencies (cm-1) of  4,4,4 – trifluoro - 
 1-(2-furyl)-1,3-butanedione (Htftbd) and its  metal complexes at the PM3 level of 
 theory. 

  Al  Cr  Mn  Fe  Co  
Cal. Expt. Cal. Expt. Cal. expt. Cal. Expt. Cal. Expt. Cal. Expt. 
1765vs    - 1746s      - 1746s     - 1673vs 1604s 1678vs     - 1635vs 1598vs 

1694vs 1655s 1658vs 1600s 1658vs 1600s 1631vs 1595s 1647vs 1603vs    - 1580vs 

    - 1620s 1630s 1595s 1630s 1575s 1605s 1540s 1574s 1575vs 1544vs 1540s 

1551s 1525m 1587vs     - 1587vs 1542s 1567m - 1565m 1548m 1542s 1518w 

1534s     - 1507s 1550s 1507s 1515w 1545m 1460m 1548m 1520w 1522s      - 

1526s 1450w 1481m 1515w 1581s 1444m 1481s 1410vs 1493w 1435w 1450m 1435w 

1461vs 1420s 1437w 1450m 1464vs 1410vs 1457s - 1413m 1410vs 1413m 1420vs 

1439m    - 1400s 1412vs 1421s 1390sh    - 1358m 1408m 1390w 1405m 1390w 

1385m 1365m 1371s 1390m 1379m 1360m 1396 m 1300m 1398s 1360s 1387m 1355s 

1315m 1350w 1360s 1365m 1355s 1320s 1356m    - 1370s 1310vs 1383s 1315vs 

   - 1282w 1329s 1330m 1333m 1264m     - 1260m 1356s 1260m 1372s 1260m 

1182m 1260w 1268m 1263s 1260m 1240s     - 1240s      - 1240m   - 1240m 

1177w 1200m 1190m 1200s 1247w 1205s 1202m 1200m 1145m 1204m 1211w    - 

   - 1130w 1151m 1150s 1150w 1140s 1144m 1140m 1114s 1145s 1205w 1202s 

1108s 1100m 1095m 1090w 1088m 1090w 1091w 1090w 1086m 1088w 1200w 1145s 

1074m 1070w 1073m 1072s 1101s 1072s 1085s   1060s 1079w 1072s 1166w 1088w 

1054w    - 1034w 1045w 1079m 1045w 1076m    - 1008w 1045w 1078w 1072s 

   -    - 1029w 1028w 1001w 1022w    - 1005m 1005w 1020m 1076m 1045w 

   - 984s 934s 950vs 989s 944vs 936s 938vs    -   - 1016w 1022w 

885m 940m 928s    -    -    - 927s    - 948m 942vs 958s 950vs 

860vs 862vs 858s 867s 864s 868s 892m 868s 851s 865s 881s 865s 

830m 805m 797w 798vs 796s 795vs 822m 800vs 818m 800vs 843m 795vs 

796m 765sh 781w 780m 786m 780m 800m 778m 778w 778m 784w 785vs 

775s 740s 756s 758m 767m 758w 779m 758w    - 758w 770m 758w 
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Figure 4.33 Infrared spectrum of [Al(Htftbd)3] in the gas phase as representative of 
 M(Htftbd)3computed at the PM3 level of theory. 

  

4.30 Acetylacetonate (acac), trifluoroacetylacetonate (tfac) and  hexafluoroacetylacetonate 

 (hfac)  metal complexes. 

One of the most powerful ways of dealing with normal modes, especially of complex 

molecules, is to classify them according to their symmetries. For the above complexes 

studied, acetylacetonate (acac) and hexafluoroacetylacetonate (hfac) chelates had D3 

symmetry whilst trifluoroacetylacetonate (tfac) chelate had a symmetry point group of C1. 

There exists only a slight change in energy with changes in fluorine content in the 

acetylacetonate ligand. Wexler and Zink [Wexler and Zink, 1996] explained these small 

shifts to be caused by the perturbations on the π orbital energies by the substitutes CF3 

groups. 

  -    - 730m 730m 749m 732m 706m 735s 733w 735vs 706s 728vs 

692s 680m 691m 695m 697m 695m 697m 690m 694m 692m 703m 700m 

670m 635s 637s 660s 672s 668s 658m 655s 650m 650vs 650m 630w 

565m 610w 607s 604s 604s 604vs 599s 600vs 597w 598vs 603m 605s 

   - 580w 559m 565w 559s 552m 546s 542s 551m 540m 549w 550w 

   -   - 473m 465w 469w 468vw 466w 465vw 461 w 465vw 464w    - 

   -   - 429w 428vs 444w    -     -   -    -    - 465m 465vw 

   -   - 415w     -   - 410s 408w 392m 379m 382m 421m 435m 

   -   - 375w 375s 374w 350m 340w 340m 340w 342m 348w 352m 
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4.31 Relevant IR vibrational frequencies (cm-1) 

Table4.25 Assignment of the observed vibrational frequencies (cm-1) of 
 Hexafluoroacetylacetone (hfac) and its metal complexes. 

Ligand Al Cr Mn Fe Co 
1978s 1870vs 1712s 1815vs 1740w 1809vs 
1864vs 1653vs 1632s 1655s 1686vs 1634vs 

- 1606s 1586s 1617m 1588s 1575s 
1565m 1572w 1571w 1575m 1574m 1573m 
1537s 1569w 1569w 1567m 1568m 1554m 
1535w 1548w - 1555w 1566w 1552w 
1517m 1545w - 1501w 1491w 1524w 

- - - 1487w 1486w 1490w 
- 1392m 1395m 1423m 1466m 1409m 
- 1375w 1391m 1380w 1382w 1380w 

1389w - 1348m 1364m 1371w 1377w 
1386s 1318w 1324w 1303m 1320w 1320w 
1286m - 1249s 1255m 1295m 1311w 
1212s - - 1248m 1278m - 

- 1196w 1128w 1197w 1181w 1168w 
- - 1104w 1176w 1173w 1008w 
- - 1000w - 1024w 994w 
- - 986w 978w 984w 978w 
- 960w 949w 960w 977w 908w 
- 868m 901w 898w 900w 898w 
- 861w 888w 877w 888w 875w 

837m 778m 833w 827w 878w - 
769m 738w 703w 757w 797w 697w 
721w 704w 696w 702w 702w 693w 
697w 699w 691w 699w 695w 613w 
658m 657w 625w 661w 676w 609w 
620w 630w 578w 643w 631w 561w 
549w 589w 553w 604w 613w 553w 

- 512w 511w 579w 574w 529w 
- 477w 468w 547w 486w 472w 
- 405w 427w 426w 465w 414w 
- 340w 342w 353w 365w 355w 
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Figure 4.34. Infrared spectrum of Al(hfac)3 in the gas phase as representative of M(hfac)3 

 computed at the B3LYP/6-31G* level of theory. 
 

 

4.32 UV SPECTRA 

The UV spectrum of the Hexafluoroacetylacetone ligand show two broad bands with maxima 

at 175.35 and 267.51nm due to the various n → π* and π → π* transitions. 

Trifluoroacetylacetone (tfac) has its maxima at 222.36 and a shoulder around 310nm. These 

absorption maxima on complexation shifted appreciably to higher wavenumbers. 

Trifluoroacetylacetone on complexation showed two distinct bands that had shifted both 

bathochromically and hypochromically with their absorption maxima at 365.95nm and 

371.89nm.  

 

 Figure 4.35 UV spectrum of free tfac in the gas phase computed at the B3LYP/6-31G* level 
 of theory. 
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 Figure 4.36 UV spectrum of Co(hfac)3 in the gas phase computed at the B3LYP/6-31G* 
 level of theory. 
 

4.40 4,4,4-trifluoro -1- (2-thienyl)-1,3-butanedione (Htftbd), 4,4,4 - trifluoro-1-(2- furyl)-1,3-

 butanedione (Htffbd), 4,4,4-trifluoro- 1-phenyl-1,3-butanedione  (Hbztfac) and 

 4,4,4 - trifluoro –1-(3- pyridyl) -1,3 - butanedione  (tfpybd)  metal  complexes. 

4.41 Relevant IR vibrational frequencies (cm-1) 

The IR spectra of the complexes in the region 1850-1500cm-1 is characterized by the presence 

of  three strong bands at ≈ 1720, 1654 and 1587cm-1 assignable respectively to the 

asymmetric stretching modes of C = O, C = C = C and that from  the aromatic rings. Eshraq 

found that the calculated vibrational modes at 1601cm-1 and 1581cm-1 at the HF and the 

B3LYP levels of theory, respectively, can be attributed to the stretching mode of the C = C 

and the C = O groups, υ(C = C), υ(C = O), in the enolic form [Eshraq, 2007].The coupled 

vibrations of C = O and C = C are observed between 1581-1540cm-1 for all the complexes. 

The weak bands that appeared between 1377-1340cm-1 and 1333-1324cm-1 are assigned to 

the symmetric stretches of the C = O and C = C = C respectively. 

Between 1322-1236cm-1 and 1222-1216cm-1 are assigned respectively to the coupled 

vibrations from the in-plane and out-of- plane C-CF3 and C-C + C-R. The in-plane pyridine 

stretching modes of vibrations are observed at 1109-1021cm-1 region of the spectrum. 
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The CH out-of-plane, CF3 in-plane and C-R stretching vibrations respectively appear at 940-

827 cm-1, 807-791cm-1 and 786-691cm-1. Deformations of the chelate ring and M - O bands 

are observed at 682-589cm-1and the vibrations of the chelate ring appear at 539-510cm-1. 

The M-O stretching vibrations are weak and are observed between 476-321cm-1 regions of 

the spectra.  For comparison, the fundamental expterimental frequencies and corresponding 

calculated vibrational frequencies at the PM3 level of theory are given in Table 4.26. 

 

Table 4.26 Assignment of the observed vibrational frequencies (cm-1) of 4, 4, 4 - trifluoro –1-
(3-pyridyl) -1,3 - butanedione  (tfpybd) and its metal complexes. 

Ligand Al  Cr  Mn  Fe  Co  
Cal. Expt Cal. Expt Cal. Expt Cal. Expt Cal. Expt Cal Expt 

1654s 1645s 1618s 1620m 1587vs 1600s 1639vs 1620s 1618s 1615s 1647s 1618s 
1615vs 1615s 1570vs 1580m 1556s 1570s 1580vs 1580m 1581vs 1575m 1581vs 1580m 
1570vs 1540m 1539s 1550m 1535m 1545m 1545s 1542s 1542m 1542m 1543s 1542m 
1532vs 1524s 1516vs 1515w 1488m 1485m 1487m 1480s    - 1485w 1495m 1480m 
1461s 1444s 1422vs 1475s 1428m 1446vs 1465m 1425m 1447s 1450s 1413s 1428m 
1430s 1390w 1396s 1390w 1390s 1390w 1397s 1390w 1392m 1390w 1391m 1390w 
1372m 1322m   - 1320s 1315s 1315vs   - 1305vs 1359m 1310s   - 1305vs 
1334s 1300vs 1264vs 1265s 1234vs 1265s 1245m 1265m 1271s 1260m 1266m 1262m 
1204vs 1230s 1215vs 1205s 1220s 1210s 1195s 1205s 1209s 1200s 1219m 1210s 
1183s 1185m 1159s 1150s 1157m 1155s 1147vs 1148vs 1150vs 1150s 1146s 1145s 
1142m 1140s 1100m 1100m 1142m 1130w 1102m 1105w    - 1125sh   -   - 
1095m 1068m 1080m 1080m 1093m 1085m 1078s 1082s 1094m 1090w 1079m 1082m 
1005m 1010w 1053s 962s 1037s 1028m   - 1048s   - 1025w 1045w 1050m 
943m 948m 965w 940w 955m 955s 1039s 1038s 949m 950m 1040m 1035sh 
891m 925m 943w 830sh 850m 818sh 953m 950m 845m 840m 956m 950m 
831w 835m 825m 815m 813w   - 810m 810m 817m 812m 824w 835w 
799m 790m 790m 790m 788s 795vs 807s 795s 777s 788s 819s 790vs 
735s 775vs 743w 760m 747m 740m 736m 740m 749m 736m   - 740sh 
710vs 730s 722m 728m 730m 724m 725m 730m    - 724m   - 725m 
674m 720vs 700m 702m 707m 700m 668s 705s 705s 700m 707m 705s 
653m 670m 664s 664s 670s 670s   - 658vs 660s 656s 690s 660s 
637m 645vs 632s 608m 605m 605vs 643s 642m 619m 620w 643m 645m 
598s 620vs 587m 570sh 587m 570m 594vs 585vs 615s 594m 605m 590m 
  - 575s 530w 530w 533m 530w 519m 525m 528m 535m 548m 530m 
498m 485m 428w 425m 451w 460w 476m 480w 472m 480w 484m 450m 
  -   - 394w 398m 420m 420m 427w 442m 443w 405w 410w 415m 
  -   - 376w 375m 371w 365m 385w 380m 333w 330w 404w 405w 
  -   - 347w 350m 347w 342m 341w 340m    - 310w 348w 350m 
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 Figure 4.37.Infrared spectrum of Cr(tfpybd)3 in the gas phase as representative of M(tfpybd)3 
computed at the PM3 level of theory. 

 

4.50 1-phenyl-3-(2-thienyl)-1,3-propanedione (Htbzac), 1-(2-furyl)-3-phenyl-1,3-

 propanedione (Hfpa) and dibenzoylmethane (Hdbm) metal complexes. 

4.51 Relevant IR vibrational frequencies (cm-1) 

These compounds have aromatic substituents with one arm having either O or S as a 

heteroatom in the ring and the other side been a phenyl group. The calculated frequencies at 

the PM3 level of theory show the C = O and C = C stretching modes, ν(C = O) and ν(C = C) 

at 1678cm-1 in the IR spectrum. The movement of the stretching mode of the C = O group 

appears at 1635 for asymmetric stretching mode and at 1536cm-1 for symmetric stretching 

mode for the aluminium complexes. The vibrational mode at 1322cm-1 is assigned to the in 

plane bending of the methyne group, δ (CH). The band at 986cm-1 is assigned to the inplane 

bending of the C = CH - C group, δ (C = CH - C). The vibrational mode at 645cm-1 is 

assigned to the inplane deformation of the ring, Δring. The M – O frequencies are weak and 

observed at 399cm-1. 
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Table4.27 Assignment of the observed vibrational frequencies (cm-1) of dibenzoylmethane 

 (Hdbm) and its metal complexes. 

 

Ligand Al          Cr         Mn         Fe          Co 
1689vs 1678vs 1662vs 1660vs 1680vs 1665vs 
1586vs 1635vs 1647vs 1614vs 1641s 1621vs 
1573vs 1605vs 1604vs 1609s 1605vs 1579s 
1536vs 1595vs 1578s 1597s 1580vs 1575m 
1351m 1581vs 1572s 1541s 1552m 1544m 
1336w 1538s 1539vs 1538m 1538m 1538m 
1312w 1533m 1485s 1534m 1512m - 
1300w 1455m 1442m 1452m 1453m 1470m 
1228vw 1373w 1340m 1377m 1345m 1344w 
1166vw 1330w 1332m 1333m 1324m 1332w 
1156w 1322m 1320m 1320m 1320m 1323w 
1127w 1255vw 1237m 1237w 1251w 1255w 
1113w 1227vw 1224m 1227w 1227w 1229w 
1032w 1224vw 1217w 1225w 1216w 1222w 
1007w 1107vw 1101w 1106w 1104w 1109w 
940m 1044vw 1043w 1041w 1043w 1044w 
928m 1029vw 1021w 1030w 1022w 1029w 
842m 986w 984w 988w 985w 986w 
828m 872m 864m 869m 870m 877m 
751m 830m 829m 827m 854m 830m 
648m 803m 807s 801m 791m 800m 
636m 763s 774m 786m 781m 785m 
611m 709s 722m 706m 705m 709m 

- 700m 691m 701m 700m 703m 
- 678s 676m 668m 678m 673m 
- 646m 645m 65m 655m 650m 
- 617m 589w 618w 595w 610w 
- 539m 520w 536w 526w 537w 
- 509w 509w 501w 516w 510w 
- 437w 456w 440w 476w 446w 
- 399w 

 
401w 391w 321w 394w 
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Figure 4.38.Infrared spectrum of Al(Hdbm)3 in the gas phase as representative of 
M(Hdbm)3computed at the PM3 level of theory. 

4.60 COMPARISON BETWEEN PM3 AND DFT OPTIMIZED ENERGIES OF SOME 

 COMPLEXES. 

The enthalpy of formation values can reveal information about the stability of a compound. 

In general, compounds having high energy content tend to be unstable due to increased 

motion of constituent particles. Such systems tend to lose energy in order to attain stability. 

Tables 4.28(a and b) below presents the relative formation energies and dipole moments for 

the structures studied in kJ/mol. On CF3 substitution, the transitions occur at lower energies 

[Patel and Adimado, 1981].The results from the tables show that the lowest energy structures 

are the M(hfac)3. As can be seen from table 4.28a and table 4.28b, the PM3 and B3LYP 

results are substantially different. It is known [Jalbout et al., 2004] that PM3 and B3LYP 

methods give similar geometries, but rather different energies, as is apparent from the tables 

4.28(a and b).It is logical since the DFT method has electron correlation which exceeds PM3 

in energetic computations. Therefore, it can be expected that differences should exist which 

are observed as such. The general trend of the complexes in terms of stability with respect to 

the heat of formation irrespective of the central metal is M(hfac)3> M(tfac)3> M(Htffbd)3> 

M(Htfbzac)3 > M(Htftbd)3> M(acac)3> M(Hfbd)3> M(Hbzac)3> M(Hfpa)3> M(Htbd)3> 

M(Hftpd)3> M(Hdbm)3> M(Htpd)3> M(Htbzac)3> M(Dhfpd)3. The order clearly shows that 

the fluorinated derivatives of the betadiketonates studied form the most stable complexes.  

 



66 
 

For the aromatic substituents, the furyl groups form more stable compounds than the phenyl 

groups which are also more stable than the thienyl ring complexes. This could probably be 

attributed to a more electronegative oxygen atom in the furyl ring than sulphur in the thienyl 

ring.It was exptected that an increase in the dipole moment of the compounds should lead to 

the formation of a less stable structure but the observed moments and the associated energies 

do not exhibit a regular trend for some of the complexes. 

Table 4.28a Calculated Enthalpy of formation (kJmol-1) and dipole moment (Debye, D) of 
 Aluminium, Iron and Manganese complexes at the PM3 and B3LYP/6-31G* level of 
 theory. 
 

Comp. 

             ΔHθf  

PM3          B3LYP               

 

μ(D) 

 

Comp. 

ΔHθf  

PM3 

 

μ(D) 

 

Comp. 

ΔHθf  
 
PM3 

 
 
µ(D) 

Al(acac)3 -1560 -3355559 0.00 Fe(acac)3 -1740 0.72 Mn(acac)3 -1396 0.01 

Al(tfac)3 -3377 -5673302 4.35 Fe(tfac)3 -3433 3.90 Mn(tfac)3 -3116 3.65 

Al(Htbd)3 -983 - 1.04 Fe(Htbd)3 -1266 3.86 Mn(Htbd)3 -724 1.07 

Al(Hfbd)3 -3243 -4821760 9.23 Fe(Hfbd)3 -1702 5.17 Mn(Hfbd)3 -1173 1.06 

Al(Hbzac)3 -1104 -4838103 0.11 Fe (Hbzac)3 -1394 3.62 Mn(Hbzac)3 -850 0.92 

Al(hfac)3 -5133 -8008691 0.00 Fe(hfac)3 -5098 0.63 Mn(hfac)3 -4840 0.64 

Al(Htftbd)3 -2794 -9696984 5.15 Fe(Htftbd)3 -2995 9.34 Mn(Htftbd)3 -2549 4.52 

Al(Htffbd)3 -3243 - 9.23 Fe(Htffbd)3 -3444 10.92 Mn(Htffbd)3 -2995 9.63 

Al(Htfbzac)3 -1104 -4838103 0.11 Fe(Htfbzac)3 -3106 7.44 Mn(Htfbzac)3 -2678 4.83 

Al(Hftpd)3 -856 - 1.13 Fe(Hftbd)3 -1143 5.57 Mn(Hftpd)3 -615 1.74 

Al(Htbzac)3 -511 - 2.20 Fe(Htbzac)3 128 14.44 Mn(Htbzac)3 -290 2.17 

Al(Hfpa)3 -976 - 0.60 Fe(Hfpa)3 -1266 6.27 Mn(Hfpa)3 -736 1.29 

Al(Htpd)3 -3 - 0.36 Fe(Htba)3 460 6.45 Mn(Htpd)3 -197 2.24 

Al(Dhfpd)3 -1304 -6305667 0.58 Fe(DHfbd)3 466 3.40 Mn(Dhfpd)3 -1058 1.54 

Al(Hdbm)3 -649 - 0.36 Fe(Hdbm)3 -965 5.23 Mn(Hdbm)3 -414 1.38 
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Table 4.28b Calculated Enthalpy of formation (kJmol-1) and dipole moment (Debye, D) of 
 the  complexes at the PM3 and B3LYP/6-31G* level of theory. 
 

Comp. 

           ΔHθf  

PM3             B3LYP      

 

μ(D) 

 

Comp. 

ΔHθf  

PM3 

 

μ(D) 

Co(acac)3 -7975 -3080613 0.00 Cr(acac)3 -347 0.00 

Co(tfac)3 -9786 - 4.28 Cr(tfac)3 -2070 5.00 

Co(Htbd)3 -7405 - 1.42 Cr(Htbd)3 186 1.29 

Co(Hfbd)3 -7856 - 0.75 Cr(Hfbd)3 -270 0.94 

Co(Hbzac)3 -7531 - 0.11 Cr (Hbzac)3 63 1.32 

Co(hfac)3 -11537 - 0.00 Cr(hfac)3 -3686 0.00 

Co(Htftbd)3 -9213 - 5.62 Cr(Htftbd)3 -1530 4.23 

Co(Htffbd)3 -9663 - 10.07 Cr(Htffbd)3 -1984 10.49 

Co(Htfbzac)3 -9341 - 4.80 Cr(Htfbzac)3 -1656 2.31 

Co(Hftpd)3 -7289 - 0.83 Cr(Hftbd)3   289 1.24 

Co(Htbzac)3 -6204 - 18.31 Cr(Htbzac)3 276 7.92 

Co(Hfpa)3 -7411 - 0.55 Cr(Hfpa)3 -170 2.79 

Co(Htpd)3 -6840 - 0.90 Cr(Htba)3 753 1.00 

Co(Dhfpd)3 -6065 - 9.08 Cr(DHfbd)3 -161 0.68 

Co(Hdbm)3 -7089 - 0.03 Cr(Hdbm)3 503 0.65 
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4.70 A Plot Of Molecular Weight Against ΔHθ
f forM(Betadiketonate)3 Complexes With 

 Different Metal Centers 
 

 

 Figure 4.39 M(Hbd)3. 

 

 

 

Figure 4.40 M(Hfac)3       
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Figure 4.41 M(Hdbm)3 

 

 

 Figure 4.42 M (Dhtbd)3 
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4.80 A Plot of Molecular Weight of Metal Complexes against ΔHθf for Different Substituents 

 with the Same Metal Centre. 

 

Figure 4.43 Al complexes 

 

 

Figure 4. 44 Fe complexes 
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 Figure 4.45 Mn complexes 

 

Figure 4.46 Cr complexes 
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∆Hθ
f is more negative). In table 4.28b, it is seen that the ∆Hθ

f for the acac, tfac and hfac 

complexes are -7975 kjmol-1,-9785 kjmol-1and -11537 kjmol-1 respectively at the PM3 

level of theory. Thus hfac > tfac > acac in volatility [Bradley and Andrew, 2000]. The 

number of d-electrons for the transition metals studied are d3, d4, d5 and d6 for Cr(III), 

Mn(III), Fe(III) and Co(III) respectively. The complexes with aromatic substituent’s 

furyl, thienyl, and phenyl rather have a lower ∆Hθ
f values (less exothermic) when 

compared to the fluorinated substituent’s. This could be explained based on the electron 

withdrawing ability of fluorine and the resonance effect by the aromatic rings. 

Replacement of one CH3 (per ligand) with CF3 results in an increase in ∆Hθ
f by an 

appreciable amount irrespective of the metal at the centre. There is a further increase in 

∆Hθ
f upon substitution of the second CH3 group. It may be seen clearly that the oxidation 

state of the metal determines the quantum of decrease in ∆Hθ
f.   

The Tables4.24-4.30below containing the results of intramolecular distances and bond angles 

reveal that for the fluorinated complexes, the bond distance increases with increasing fluorine 

content and this causes a decrease in the bond angles of the complexes. Increasing CF3 

substitution opens up the O…C…C bond angle and closes up that of C…C…C, C…O…M 

and O…M…O. However, the extent of closure is not as appreciable as the angle opening. 

∆Hθf values for the M(β - dike)3 complexes indicates that Co(acac)3 should have the greatest 

intramolecular interactions. For the Co(acac)3complex, the closest interaction is the C…O = 

1.310 Å and an O…C…C bond angle of 124.04°. For the Fe(acac)3 complex, the closest 

C…O distance is 1.307Å with an O…C…C angle of 122.60°.  

The large inductive effect created by CF3 groups should give rise to a significantly different 

charge distribution in the chelate ring and a correspondingly different co-ordination sphere in 

fluorinated derivatives relative to acac complexes [Watkins, 1978].  
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Since the structures of the Al, Fe, Mn, Cr, and Co acetylacetonate complexes are 

isomorphous, it would be exptected that their behavior should be related to the molecular 

weight of the complex [Bradley and Andrew, 2000]. The trend of the molecular weight and 

∆Hθ
f displayed in figures 4.8- 4.20 above shows that the dn transition metal complexes exhibit 

a non-linear correlation. Since similar molecular weights give very different ∆Hθ
f values, it 

indicates that molecular weight is relatively unimportant, but the nature and degree of the 

intermolecular interactions are likely to be predominant factors in the ∆Hθ
f for these 

complexes. Because the properties and stabilities of metal complexes are highly tunable 

through variation of the metal ion, the ligand set, and other molecular parameters [Felipe et 

al., 2008], it makes the coordinate bond a remarkably versatile platform for macromolecular 

assembly. 

Table 4.29 Calculated Average bond distances (Å) and molecular  weight of Aluminium (III) 
 and Manganese (III) complexes. 
 

Complex C=O C=C M-O Mweight Complex C=O C=C M-O Mweight 
Al(acac)3 1.266 1.401 1.854 324.309 Mn(acac)3 1.282 1.401 1.974 352.265 
Al(tfac)3 1.262 1.414 1.854 648.129 Mn(tfac)3 1.283 1.398 1.975 514.175 
Al(Htbd)3 1.267 1.403 1.560 486.219 Mn(Htbd)3 1.293 1.406 1.978 556.562 
Al(Hfbd)3 1.264 1.387 1.854 480.405 Mn(Hfbd)3 1.291 1.400 1.924 508.361 
Al(Hbzac)3 1.267 1.402 1.852 510.522 Mn(Hbzac)3 1.294 1.406 1.979 538.478 
Al(hfac)3 1.258 1.396 1.858 648.129 Mn(hfac)3 1.274 1.394 1.955 676.085 
Al(Htftbd)3 1.262 1.384 1.856 691.524 Mn(Htftbd)3 1.286 1.400 1.924 718.472 
Al(Htffbd)3 1.264 1.387 1.854 642.315 Mn(Htffbd)3 1.289 1.400 1.975 670.271 
Al(Htfbzac)3 1.267 1.402 1.852 672.432 Mn(Htfbzac)3 1.286 1.398 1.924 700.388 
Al(Hftpd)3 1.267 1.267 1.850 734.919 Mn(Hftpd)3 1.291 1.401 1.921 712.658 
Al(Htbzac)3 1.266 1.403 1.852 715.827 Mn(Htbzac)3 1.293 1.405 1.953 743.783 
Al(Hfpa)3 1.268 1.405 1.851 666.618 Mn(Hfpa)3 1.293 1.401 1.922 694.574 
Al(Htpd)3 1.275 1.402 1.844 736.935 Mn(Htpd)3 1.281 1.402 1.970 764.891 
Al(Dhfpd)3 1.266 1.404 1.854 636.501 Mn(Dhfpd)3 1.298 1.406 1.976 664.457 
Al(Hdbm)3 1.266 1.401 1.853 696.735 Mn(Hdbm)3 1.289 1.400 1.923 724.691 
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Table 4.30 Calculated Average bond distances (Å) and molecular  weight of Cobalt (III)  and 
 Chromium (III) complexes. 
Complex C=O C=C M-O Mweight Complex C=O C=C M-O Mweight 
Co(acac)3 1.310 1.396 1.871 356.260 Cr(acac)3 1.310 1.396 1.871 349.323 
Co(tfac)3 1.559 1.400 1.894 518.170 Cr(tfac)3 1.309 1.400 1.873 511.233 
Co(Htbd)3 1.284 1.402 1.894 560.557 Cr(Htbd)3 1.325 1.400 1.876 553.620 
Co(Hfbd)3 1.287 1.402 1.893 512.356 Cr(Hfbd)3 1.326 1.400 1.876 505.419 
Co(Hbzac)3 1.285 1.402 1.893 542.473 Cr(Hbzac)3 1.322 1.400 1.878 535.536 
Co(hfac)3 1.277 1.396 1.894 680.080 Cr(hfac)3 1.301 1.393 1.871 673.143 
Co(Htftbd)3 1.283 1.401 1.894 722.467 Cr(Htftbd)3 1.323 1.402 1.874 715.530 
Co(Htffbd)3 1.284 1.400 1.893 674.266 Cr(Htffbd)3 1.325 1.400 1.877 667.329 
Co(Htfbzac)3 1.281 1.400 1.895 704.383 Cr(Htfbzac)3 1.320 1.403 1.880 697.446 
Co(Hftbd)3 1.289 1.403 1.891 716.653 Cr(Hftbd)3 1.329 1.401 1.875 709.716 
Co(Htbzac)3 1.291 1.402 1.888 747.778 Cr(Htbzac)3 1.301 1.403 1.894 740.841 
Co(Hfpa)3 1.285 1.403 1.892 698.569 Cr(Hfpa)3 1.324 1.401 1.879 691.632 
Co(Htpd)3 1.287 1.404 1.892 764.854 Cr(Htpd)3 1.325 1.402 1.876 757.917 
Co(Dhfpd)3 1.271 1.401 1.887 668.452 Cr(Dhfpd)3 1.325 1.402 1.879 661.515 
Co(Hdbm)3 1.286 1.401 1.893 728.686 

 
Cr(Hdbm)3 1.324 1.400 1.873 721.749 

 

 

Table 4.31 Calculated Average bond distance (Å) and molecular  weight of Iron (III) 
 complexes. 
Complex C=O C=C M-O Mweight 
Fe(acac)3 1.307 1.399 1.853 353.174 
Fe(tfac)3 1.304 1.400 1.850 515.084 
Fe(Htbd)3 1.263 1.500 1.974 557.471 
Fe(Hfbd)3 1.307 1.404 1.878 509.270 
Fe(Hbzac)3 1.261 1.500 1.979 539.387 
Fe(hfac)3 1.287  2.674  1.856 676.994 
Fe(Htftbd)3 1.308  1.407 1.878 719.381 
Fe(Htffbd)3 1.305 1.400  1.868 671.180 
Fe(Htfbzac)3 1.291 1.390 1.862 701.297 
Fe(Hftbd)3 1.290 1.471 1.943 713.567 
Fe(Htbzac)3 1.274 1.500 1.950 744.692 
Fe(Hfpa)3 1.289 1.464 1.941 695.483 
Fe(Htpd)3 1.273 1.406 1.887 764.792 
Fe(Dhfpd)3 1.306 1.502 1.911 665.366 
Fe(Hdbm)3 1.289 1.395 1.874 725.600 
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Table 4.32 Calculated Average Bond Angles (°) of Aluminium (III) and Manganese 
 (III)  complexes. 
 
Comp.             

 
O=C=C 

 
C=C=C 

 
C=O-
M 

O-M-O 
 
Comp.        

 
O=C=C 

 
C=C=C 

 
C=O-
M 

O-M-O 

Al(acac)3 126.93 125.04 119.06          97.66 Mn(acac)3 128.98 128.87 114.18 104.63 

Al(tfac)3 119.03 109.42 109.47 87.94 Mn(tfac)3 127.85 123.75 117.39 95.02 
Al(Htbd)3 125.75 127.31 118.40 92.07 Mn(Htbd)3 125.40 122.88 116.01 91.56 

Al(Hfbd)3 127.67 124.02 119.24 91.73 Mn(Hfbd)3 128.64 127.60 114.68 96.96 

Al(Hbzac)3 126.99 125.19 118.85 93.33 Mn(Hbzac)3 125.33 122.86 115.60  97.12 

Al(hfac)3 125.72 127.31 118.40 92.79, Mn(hfac)3 128.87 124.13 114.06 99.82 

Al(Htftbd)3 126.14 127.01 117.98 92.23 Mn(Htftbd)3  129.59 126.72 113.98 96.73 

Al(Htffbd)3 129.91 126.65 118.85 92.71 Mn(Htffbd)3 127.29 123.05 116.19 97.01 

Al(Htfbzac)3 125.75 126.66 119.17 92.56 Mn(Htfbzac)3   
129.53 

126.72 114.08 96.53 

Al(Hftbd)3 126.37 127.11 119.07 86.51 Mn(Hftbd)3 128.65 127.54 114.46 95.92 

Al(Htbzac)3 125.00 126.96 118.23 92.15, Mn(Htbzac)3 126.55 125.71 110.05 100.89 

Al(Hfpa)3 126.21 126.49 118.41 92.61 Mn(Hfpa)3 127.08 124.66 117.18  96.22 
Al(Htpd)3 126.25 126.93 118.24 91.65 Mn(Htpd)3 128.92 128.51 114.75 104.76 

Al(Dhfpd)3 126.21 126.30 118.74 86.65, Mn(Dhfpd)3 125.25 122.28 115.37 96.34 

Al(Hdbm)3 125.39 125.56 119.63 92.09, Mn(Hdbm)3 128.71 127.36 114.17 95.44 
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Table 4.33 Calculated Average Bond Angles (°) of Cobalt (III) and Chromium (III)  
 complexes. 
 
Complex 

 
O=C=C 

 
C=C=C 

 
C=O-M 

 
O-M-O 

 
Complex 

 
O=C=C 

 
C=C=C 

 
C=O-M 

 
O-M-O 

Co(acac)3 124.04 120.93 130.26 101.42 Cr(acac)3 122.54 119.77 127.33 89.80 

Co(tfac)3 128.65 123.61 118.68 101.54 Cr(tfac)3 124.49 120.76 128.80 90.43 
Co(Htbd)3 127.91 124.48 119.05 101.57 Cr(Htbd)3 124.01 122.43 124.22 91.89 

Co(Hfbd)3 128.81 124.35 119.22 101.41 Cr(Hfbd)3 124.20 122.10 124.10 91.72 

Co(Hbzac)3  127.80 124.44   119.02 101.49 Cr(Hbzac)3  124.09 122.29   124.38 91.58 

Co(hfac)3 129.52 122.65 118.49 101.33 Cr(hfac)3 125.40 119.33 130.02 89.59 

Co(Htftbd)3 129.52 123.62 118.68 101.60 Cr(Htftbd)3 124.58 121.58 124.25 91.93 

Co (Htffbd)3 128.76 123.39 118.76 101.52 Cr(Htffbd)3 124.80 121.08 124.08 91.32 

Co(Htfbzac)
3 

 128.69 123.63 118.69 101.58 Cr(Htfbzac)3   124.87 121.47 125.03 92.43 

Co(Hftbd)3 127.78 124.23 119.16 101.46 Cr(Hftbd)3 124.05 122.25 124.19 91.80 

Co(Htbzac)3 127.46 124.70 119.18 101.66 Cr(Htbzac)3 124.29 121.25 130.18 92.04 

Co(Hfpa)3 127.95 124.37   119.03 101.63 Cr(Hfpa)3 124.24 122.27   123.87 91.92 
Co(Htpd)3 127.56 124.44 119.22 101.67 Cr(Htpd)3 123.93 122.42 124.17 91.83 

Co(Dhfpd)3 126.13 124.74 120.38 101.70 Cr(Dhfpd)3 124.09 122.19 124.07 92.02 

Co(Hdbm)3 127.71 124.19 118.66 101.54 Cr(Hdbm)3 123.98 122.39 124.48 91.72 
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Table 4.34 Calculated Average Bond Angles (°) of Iron (III)  complexes. 

 

Complex O=C=C C=C=C C=O-M O-M-O 
Fe(acac)3 122.60 123.42 114.87 98.54 

Fe(tfac)3 122.92 122.12 115.44 98.94 
Fe(Htbd)3 125.22 129.37 108.82 107.30 

Fe(Hfbd)3 121.48 121.10 108.83 95.97 

Fe(Hbzac)3 107.6 121.40 96.25 107.47 

Fe(hfac)3 127.2 126.60 116.34 98.28 

Fe(Htftbd)3 114.17 121.33 90.71  97.65 

Fe (Htffbd)3  123.17 120.77 111.57 95.28 

Fe(Htfbzac)3 126.09 126.17 119.78 97.34 

Fe(Hftbd)3 111.96 119.54 91.07 95.51 

Fe(Htbzac)3 248.42 126.53 117.69 107.49 

Fe(Hfpa)3 112.57 120.43 90.67 95.92 
Fe(Htpd)3 120.415 112.64 91.69 102.25 

Fe(Dhfpd)3 106.000 114.82 97.155 94.85 

Fe(Hdbm)3 124.900 125.64 120.06 104.89 
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4.90 SEMI-EMPIRICAL PM3 AND DENSITY FUNCTIONAL  THEORY (DFT) 
STUDIES OF MIXED METAL  BETADIKETONATES. 

 4.91 MIXED IRON (III) BETADIKETONATES 

4.911 RESULTS AND DISCUSSION 

More light has been thrown on the bonding and structural aspects of trivalent metal β-

diketonate complexes of Al(III) [Case, 1971, Fortman et al., 1967], Cr(III), Co(III) [Palmer, 

1964] and Fe(III) [Adimado,1983]. The bis (acac)2 complexes have been reported to exhibit 

all the features present in the IR spectra [Gupta and Theriot., 1979]. However, the tris 

complexes of mixed ligands do not strictly behave in the same manner but with a broadening 

of bands in the 1600-1550cm-1 region for all the complexes [Adimado and Patel, 1983]. The 

broadening has been exptlained to be due to strong multiple absorptions and the probable 

superimposition of bands in the region. The theoretical results from this study shown in table 

4.34 below for mixed iron (III) betadiketonates, however, reveals the C - O and C - C bands 

from 1780-1580cm-1 region of the spectrum showing some marked differences in IR. The 

spectra of the complexes with substituents containing a higher number of fluoro groups are 

well resolved than those without or with fewer fluoro groups. These findings are consistent 

with experiment. 
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Table 4.35 some relevant infra red bands (cm-1) for mixed Iron (III) metal  betadiketonates 
 computed at the PM3 level of theory. 
 

Compound   υas C-O      υas C-C        υsM-O  
 Ext Cal Expt Cal Expt Cal 
Fe(fbd)2(bzac) 1583 1774 1550 1633 467;430 426 
Fe(fbd)(bzac)2 1590 1760 1550 1620 458;427 432 
Fe(tbd)2(fbd) 1571 1704 1550 1625 450;432 407 
Fe(tbd)(fbd)2 1583 1583 1544 1642 463;430 462;431 
Fe(bzac)2(tftbd) 1592 1668 1541 1641 504;433 506;437 
Fe(bzac)(tftbd)2 1588 1772 1542 1644 550;458 512 
Fe(bztfac)2(tftbd) 1588 1586 1571 1676 538;444 541;445 
Fe(bztfac)(tftbd)2 1592 1591 1575 1645 525;429 541;425 
Fe(tfnac)2(tbd) 1574 1739 1550 1649 475;429 455;430 
Fe(tfnac)(tbd)2 1583 1584 1567 1644 475;417 454;417 
Fe(tfnac)2(bzac) 1575 1726 1550 1654 535;467 544; 470 
Fe(bzac)(fbd)(tbd) 1588 1588 1560 1617 446;429 438; 428 
Fe(tfnac)(bzac)(tbd) 1580 1588 1562 1622 470;417 454; 407 

 

 

Figure 4.47 IR spectrum of Fe(Bztfac) (tftbd)2 in the gas phase of the molecule. 
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4.912 MIXED ALUMINIUM (III) BETADIKETONATES 

Table 4.36 some relevant infra red bands (cm-1) for mixed Aluminium  (III) metal 
 betadiketonates computed at the PM3 level of theory. 
 

Compound υas C-O  υas C-C     υsM-O 
Al(fbd)2(bzac) 1833 1646 510,474 
Al(fbd)(bzac)2 1834 1644 471,448 
Al(tbd)2(fbd) 1829 1646 464,432 
Al(tbd)(fbd)2 1834 1648 478,458 
Al(bzac)2(tftbd) 1825 1646 516,434 
Al(bzac)(tftbd)2 1825 1644 500,435 
Al(bztfac)2(tftbd) 1843 1658 549,458 
Al(bztfac)(tftbd)2 1854 1648 546,410 
Al(tfnac)2(tbd) 1850 1650 489,470 
Al(tfnac)(tbd)2 1854 1648 546,447 
Al(tfnac)2(bzac) 1849 1655 549,492 
Al(bzac)(fbd)(tbd) 1833 1647 478,458 
Al(tfnac)(bzac)(tbd) 1850 1631 483,456 
 

4.913 MIXED COBALT (III) BETADIKETONATES 

Table 4.37 some relevant infra red bands (cm-1) for mixed Cobalt (III)  metal 
betadiketonates computed at the PM3 level of theory. 
Compound υas C-O  υas C-C     υM-O 
Co(fbd)2(bzac) 1800 1658 517,367 
Co(fbd)(bzac)2 1801 1659 512,403 
Co(tbd)2(fbd) 1769 1646 504,365 
Co(tbd)(fbd)2 1770 1644 465,367 
Co(bzac)2(tftbd) 1789 1658 483,401 
Co(bzac)(tftbd)2 1786 1632 408, 372 
Co(bztfac)2(tftbd) 1788 1648 486,376 
Co(bztfac)(tftbd)2 1785 1632 450,378 
Co(tfnac)2(tbd) 1793 1646 401,370 
Co(tfnac)(tbd)2 1793 1647 483,370 
Co(tfnac)2(bzac) 1789 1647 398,371 
Co(bzac)(fbd)(tbd) 1767 1643 493,368 
Co(tfnac)(bzac)(tbd) 1795 1643 407,368 
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4.914 MIXED CHROMIUM (III) BETADIKETONATES 

Table 4.38 some relevant infra red bands (cm-1) for mixed Chromium  (III) metal 
 betadiketonates computed at the PM3 level of theory. 
Compound υas C-O  υas C-C      υM-O 
Cr(fbd)2(bzac) 1800 1658 517,367 
Cr(fbd)(bzac)2 1701 1660 429,343 
Cr(tbd)2(fbd) 1666 1562 490,426 
Cr(tbd)(fbd)2 1770 1644 465,367 
Cr(bzac)2(tftbd) 1789 1658 483,401 
Cr(bzac)(tftbd)2 1712 1630 434, 369 
Cr(bztfac)2(tftbd) 1729 1677 445,332 
Cr(bztfac)(tftbd)2 1746 1595 480,386 
Cr(tfnac)2(tbd) 1790 1664 424,365 
Cr(tfnac)(tbd)2 1793 1647 483,370 
Cr(tfnac)2(bzac) 1717 1647 435,377 
Cr(bzac)(fbd)(tbd) 1736 1673 432,416 
Cr(tfnac)(bzac)(tbd) 1717 1647 436,410 

 

 

 

4.915 MIXED MANGANESE (III) BETADIKETONATES 

Table 4.39 some relevant infra red bands (cm-1) for mixed Manganese (III) metal 
 betadiketonates computed at the PM3 level of theory. 
Compound υas C-O     υas C-C         υM-O 
Mn(fbd)2(bzac) 1835 1705 480,411 
Mn(fbd)(bzac)2 1701 1660 429,343 
Mn(tbd)2(fbd) 1666 1562 490,426 
Mn(tbd)(fbd)2 1770 1644 465,367 
Mn(bzac)2(tftbd) 1789 1658 483,401 
Mn(bzac)(tftbd)2 1712 1630 434, 369 
Mn(bztfac)2(tftbd) 1729 1677 445,332 
Mn(bztfac)(tftbd)2 1746 1595 480,386 
Mn(tfnac)2(tbd) 1790 1664 424,365 
Mn(tfnac)(tbd)2 1851 1687 455,411 
Mn(tfnac)2(bzac) 1717 1647 435,377 
Mn(bzac)(fbd)(tbd) 1736 1673 432,416 
Mn(tfnac)(bzac)(tbd) 1717 1647 436,410 
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The spectra of mixed aluminium (III), cobalt (III), chromium (III) and manganese (III) 

betadiketonates had their C = O and C = C bands appearing at higher wavenumbers than are 

found in the corresponding iron (III) complexes. These frequencies appear between 1860- 

1700cm-1for the C = O group and between 1680-1562cm-1 for the C = C group. The carbonyl 

frequencies of mixed aluminium betadiketonates showed the highest shift in band frequencies 

possibly due to the absence of d-electrons in its configuration. 

The M-O vibrational frequencies for all the metal complexes studied were observed below 

550cm-1 exhibiting all the features present in the corresponding tris-chelates [Adimado and 

Patel, 1983]. It is observed from the IR bands that, methyl substitution in place of an aromatic 

group shifts the C = O and C = C vibrational stretches to lower frequencies. This effect could 

be due to the mesomeric interactions of these aromatic groups by a methyl one (ie inductive 

effect). There is also an irregular shift in metal- ligand (M - O) bands as a result of unequal 

metal to ligand back bonding.  

4.920 β–DIKETONATE, β-KETOIMINATE, β-DIIMINATE, β- KETOTHIOLATE, β- 
 DITHIOLATE AND β- IMITHIOLATE  COMPLEXES OF 4,4,4-TRIFLUORO-
 1-(2-FURYL)-1,3-BUTANEDIONE (htffbd). 

4.921 RESULTS AND DISCUSSION. 

The molecular structures of a representative β–Diketonate, β-ketoiminate, β- Diiminate, β- 

ketothiolate, β-Dithiolate and β-Imithiolate are given in, Figure 4.40 and Figure 4.41. 

Selected features of the intramolecular geometry of each derivative studied are presented in 

table 4.40and table 4.41 

 

The M-S bonds (2.306 Å average) are significantly longer than the M-O bonds (1.895 Å 

average) which in turn is longer than the M-N bond (1.758 Å average). The M-O bonds are 

shorter in diketonates than in ketothiolates which are also shorter than the ketoiminates while 
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the M-S distance is longer in the thioiminate than the ketothiolate. The M-N bonds also show 

shorter distances in the thioiminates than the ketoiminates. The C = C bonds on the keto (O) 

side of the ring is longer than the C = C bonds on the imine (N) side with the C = C bonds on 

the thio (S) side of the ring having the shortest bond distance (ie C = C(O) > C = C(N) > C = 

C(S) in bond length). Perusal of the C-O, C-N and C-S bond lengths also reveals the order C-

S > C-N > C-O which reverses the trend in C = C bond distances.  

Substitution of the central metal influenced the bond distances with the Mn complexes mostly 

given the longest distances and the Al complexes the shortest. This might be as a result of the 

change in electron distribution within the compounds which distorts the shape of the chelate 

ring and subsequently influencing the bond lengths. It could also be as a result of the labile 

nature of Al as compared to the inert dn metal ions. 
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Table 4.40 Selected bond distances of intramolecular geometry of  structurally characterized 
 4,4,4-trifluoro-1-(2-furyl)-1,3 butanedione(Htffbd). 
Compound M-O M-S M-N C-O C-N C-S C=C(O) C=C(S) C=C(N) 
Diketonate 
Al(Htffbd) 1.854 - - 1.264 - - 1.387 - - 
Co(Htffbd) 1.894 - - 1.282 - - 1.400 - - 
Cr(Htffbd) 1.883 - - 1.325 - - 1.400 - - 
Fe(Htffbd) 1.868 - - 1.305 - - 1.400 - - 
Mn(Htffbd) 1.975 - - 1.400 - - 1.400 - - 
Ketothiolate 
Al(Htffbd) 1.834 2.514 - 1.261 - 1.676 1.436 1.374 - 
Co(Htffbd) 1.918 2.233 - 1.274 - 1.723 1.444 1.366 - 
Cr(Htffbd) 1.909 2.243 - 1.297 - 2.243 1.446 1.357 - 
Fe(Htffbd) 1.865 2.305 - 1.283 - 1.715 1.453 1.350 - 
Mn(Htffbd) 1.889 2.234 - 1.299 - 1.658 1.411 1.383 - 
Ketoiminates 
Al(Htffbd) 1.813 - 1.838 1.268 1.361 - 1.441 - 1.366 
Co(Htffbd) 1.937 - 1.797 1.267 1.368 - 1.476 - 1.368 
Cr(Htffbd) 1.931 - 1.788 1.313 1.325 - 1.406 - 1.401 
Fe(Htffbd) 1.998 - 1.701 1.248 1.388 - 1.354 - 1.464 
Mn(Htffbd) 2.098 - 1.667 1.262 1.413 - 1.481 - 1.354 
Thioiminates 
Al(Htffbd) - 2.620 1.793 - 1.268 1.755 - 1.367 1.472 
Co(Htffbd) - 2.267 1.815 - 1.289 1.811 - 1.360 1.467 
Cr(Htffbd) - 2.404 1.773 - 1.316 1.731 - 1.382 1.421 
Fe(Htffbd) - 2.440 1.803 - 1.277 1.752 - 1.348 1.453 
Mn(Htffbd) - 2.440 1.641 - 1.389 1.670 - 1.450 1.360 

Table 4.41 Selected bond angles of intramolecular geometry of  structurally characterized 
 4,4,4-trifluoro-1-(2-furyl)-1,3- butanedione(Htffbd). 
Compound S-M-O N-M-O S-M-N S-M-S N-M-N O-M-O M-S=C M-N=C M-O=C C=C=C 
Diketonate           
Al(Htffbd) - - - - - 97.66 - - 119.0

6 
125.04 

Co(Htffbd) - - - - - 101.55 - - 118.7
6 

123.39 

Cr(Htffbd) - - - - - 90.60 - - 131.0
6 

119.14 

Fe(Htffbd) - - - - - 97.65 - - 90.71 121.33 
Mn(Htffbd) - - - - - 97.01 - - 116.1

9 
123.05 

Ketothiolate 
Al(Htffbd) 90.16 - - - - - 108.50 - 138.82 127.20 
Co(Htffbd) 97.55 - - - - - 108.83 - 130.33 125.92 
Cr(Htffbd) 92.66 - - - - - 109.06 - 132.70 124.11 
Fe(Htffbd) 101.09 - - - - - 92.27 - 119.69 126.61 
Mn(Htffbd) 102.63 - - - - - 104.53 - 123.72 127.83 
Ketoiminates 
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Al(Htffbd) - 106.45 - - - - - 116.78 116.43 128.76 
Co(Htffbd) - 92.18 - - - - - 126.38 125.93 120.61 
Cr(Htffbd) - 88.10 - - - - - 137.06 128.14 120.26 
Fe(Htffbd) - 93.27 - - - - - 116.94 118.00 123.31 
Mn(Htffbd) - 91.52 - - - - - 117.07 114.20 123.92 
Thioiminates 
Al(Htffbd) - - 81.58 - - - 108.78 145.76 - 126.09 
Co(Htffbd) - - 91.25 - - - 113.21 137.44 - 125.76 
Cr(Htffbd) - - 85.84 - - - 110.50 150.05 - 124.08 
Fe(Htffbd) - - 94.08 - - - 104.65 133.92 - 126.47 
Mn(Htffbd) - - 86.76 - - - 112.51 146.93 - 124.78 
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  HOMO                                                                                LUMO 

    

Ketoiminate (-1131.66)                                                                (-656.70) 

    

Ketothiolate (-1154.39)                                                                 (-515.15) 

    

Thioiminate (-890.78)                                                                       (-339.66) 

    

Diketonate (-1194.70)                                                                      (-496.30) 

     

Dithiolate (-534.85)                                                                             (76.10) 

     

Diiminate (-1123.59)                                                                          (-496.30) 

Figure4.48 Frontier orbitals and their associated energies (in parenthesis) in kJ/mol for 
 ketoiminate,  ketothiolate, thioiminates, dithiolate and diiminate from PM3 
 calculations. 
 

Figure 4.48 provides the relative HOMO and LUMO energies of a series of compounds with 

varying substitution patterns of heteroatom but with the same chelate ring substituents from 

which a number of features can be extracted. From the energy values shown in figure 4.48, 
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the HOMO and LUMO energies increase along the series: β– Diketonate < β– Ketothiolate < 

β– Ketoiminate < β– Diiminate < β– Thioiminate < β– Dithiolate, presumably due to the 

electron donating nature of sulphur compared to nitrogen and oxygen.  

 

Substitution along the chelate ring backbone is greatest for the diketonates and smallest for 

the dithiolates. For chelate rings with only aliphatic substituents on the carbon backbone, the 

energy of the HOMO varies more than the LUMO on increasing the thiolate substitution. 

Replacing aliphatic groups on the carbon backbone of the chelate ring with aromatic groups 

is sufficient to substantially lower the HOMO-LUMO energy gap in the β– Diketonate series 

of compounds. Substitution of oxygen for an electron donating aniline group allows for fine-

tuning of the absorption spectrum, since the HOMO and LUMO energies are destabilized by 

approximately the same extent [Felipe et al., 2008]. Thus, within a series of chelates derived 

from the same diketonate, there is only a slight blue-shift in the absorption  spectra with 

increasing aniline substitution, if it can be detected [Felipe et al., 2008]. 

 

4.930 SEMI-EMPIRICAL PM3 STUDIES OF N6-TETRADENTATE MACROCYCLIC 
METAL COMPLEXES AND THEIR DERIVATIVES 

4.931 IR Spectra 

The spectra of all the complexes show a single band in the region 3031-3253cm-1 which is 

associated with the N-H stretching mode of amide group [Nakamato, 1978]. The amide I, 

amide II, amide III and amide IV groups [Ashu et al., 2002] present in plane deformations are 

indicated by the bands at 1561-1785, 1441-1555, 1215-1271 and 632-674cm-1, respectively. 

A clear identification of the metal–ligand vibrations is not straightforward due to the higher 

mixture of the different internal coordinates which take part in the description of the normal 

mode. The far infrared spectra show bands in the region 405- 515cm-1 corresponding to ν(M–



88 
 

N) vibrations [Shakir et al., 1996, 1999: Chandra and Kumar, 2004]. The presence of bands 

in all complexes in the region 405- 515cm-1, originating from (M–N) azomethine vibrational 

modes, identifies coordination of the azomethine nitrogen [Rana et al., 1982]. The bands 

present in the range 300–450cm–1 may be assigned to ν(M–Cl) vibration [Shakir et al., 1996, 

1999: Chandra and Kumar, 2004]. The infrared spectral data of the complexes are given in 

Tables 4.42 and 4.43 below.  

Table4.42 Relevant IR bands (cm–1) 
 
Complex 

 
υs(C=N) 

  
υas(C=N)  υ(C=C)  + υ(C=N) 

 
υ(M-N)  

 

    
 Skeletal   vibrations 

 
Azomethine 

 

 Expt Cal Expt Cal Expt Cal Expt Cal 
HADCoCl2 1615 1697 1596 1556 1576,1560 1544,1476 510 514 
     1464,1412 1428,1412  

 
 

HADNiCl2 1630 1651 1608 1606 1590,1565 1593,1575 488 486 
      1480,1450 1490,1457  

 
 

HADCuCl2 1620 1664 1600 1586 1588,1548 1576,1543 456 475 
     1492,1460 1494,1458  

 
 

HBDCoCl2 1625 1701 1605 1606 1580,1560 1557,1546 504 508 
     1496,1464 1473,1465  

 
 

HBDNiCl2 1635 1657 1605 1606 1590,1576 1569,1538 460 460 
     1492,1464 1496,1464  

 
 

HBDCuCl2 1615 1718 1600 1604 1588,1580 1580,1572 425 417 
     1490,1462 1510,1434   
 

Table4.43 Relevant IR bands (cm–1) for CoR1R3 = CF3 
 IR frequencies          assignment                          IR frequencies              assignment 
3031-3253w CH3 + NH  1419-1423w Δ ring 
1832-1837m C=C-C  1405-1407w CF3 + CH3 
1780-1785s C=N  1371-1387w CH3 
1758-1760w C=Nring  634w Co-N 
1711-1715vs C=N+ Δ ring  522w Co-N 
1561-1581w Δ ring  495w Co-Cl 
1540-1555w Γring  443w Co-N 
1441-1463w C-C    
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Table4.44 Relevant bond lengths (Å) and bond angles (degrees) for CoR1R3 = CF3 
  Bond distance                                   Bond angles 
Co1-Cl1 2.206 N7-C8 1.483 N7-Co1-N6 107.24 Co1-N7-C2 103.58 
Co1-Cl2 2.243 N7-C2 1.465 N3-Co1-N4 107.15 Co1-N6-C6 102.30 
Co1-N6 2.052 N6-C6 1.443 N4-Co1-N7 74.16 N6=C15-C16 120.20 
Co1-N7 2.016 N6=C15 1.325 N3-Co1-N6 72.44 N3-C14=C16 117.12 
Co1-N4 2.025 N4=C1 1.330 Cl1-Co1-Cl2 179.01 N4=C1-C13 117.39 
Co1-N3 2.067 N-Cpy 1.349 Co1-N6-C15 135.45 N7=C8-C13 118.81 
N3-C11 1.465 N=Cpy 1.345 Co1-N3-C14 121.71 C1-C13=C8 117.91 
N4-C12 1.441 C1-C20 1.483 Co1-N3-C11 102.80 C15-C16=C14 119.30 
C8-C19 1.537 C15-C18 1.558 Co1-N4-C12 103.27   
C1-C13 1.471       

 

Table4.45 Relevant bond lengths (Å) and bond angles (degrees) for CoR1R3 = Phe 
  Bond distance                                   Bond angles 
Co1-Cl1 2.210 N7-C8 1.496 N7-Co1-N6 107.42 Co1-N7-C8 122.98 
Co1-Cl2 2.243 N7-C2 1.464 N3-Co1-N4 107.43 Co1-N6-C14 120.39 
Co1-N4 2.033 N6-C6 1.441 N4-Co1-N7 74.16 N6=C15-C16 118.77 
Co1-N7 2.061 N6=C15 1.333 N3-Co1-N6 73.49 N3-C14=C16 118.01 
Co1-N6 2.032 N4=C1 1.331 Cl1-Co1-Cl2 179.88 N4=C1-C13 117.39 
Co1-N3 2.038 N-Cpy 1.464 Co1-N6-C15 136.23 N7=C8-C13 118.81 
N3-C11 1.464 N=Cpy 1.464 Co1-N3-C14 120.39 C1-C13=C8 119.69 
N4-C12 1.441 C1-C25 1.472 Co1-N3-C11 103.26 C15-C16=C14 119.31 
C8-C19 1.479 C15-C16 1.462 Co1-N4-C12 103.13   
C1-C13 1.461       

Table4.46 Relevant bond lengths (Å) and bond angles (degrees) for CoR1R3 = CH3 
  Bond distance                      Bond angles 
Co1-Cl1 2.229 N3-C11 1.339 N5-Co1-N4 79.57   
Co1-Cl2 2.244 N5-C2 1.418 N6-Co1-N3 77.74   
Co1-N4 1.962 N5-C8 1.367 N3-Co1-N4 97.82   
Co1-N5 1.991 N6=C15 1.391 N6-Co1-N5 104.94   
Co1-N6 2.047 N4=C1 1.377 Cl1-Co1-Cl2 177.36   
Co1-N3 1.957 C8=C13 1.398 Co1-N5-C8 138.00   
N3-C14 1.447 N=Cpy 1.464 Co1-N4-C1 138.24   
N4-C12 1.418 C1-C25 1.472 Co1-N4-C12 105.62   
C8-C19 1.479 C15-C18 1.486 Co1-N3-C1 116.93   
C1-C13 1.391   Co1-N6=C15 134.80   
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4.940 Optimization of the Geometrical Parameters 

A semi-empirical optimization of the geometrical parameters, and hence a structural analysis 

for the N6- tetradentate macrocyclic metal complexes were studied at the PM3 level of 

theory.  The calculated bond lengths for the two Co–Cl were on the average 2.2245Å for 

trifluoro substituents, 2.2265Å for phenyl substituents and 2.2365Å for methyl substituents. 

The Co – N bond lengths on the average for the CF3, phenyl and CH3 substituents are 

respectively 2.040Å, 2.041Å and 1.989Å.  

 

 Figure 4.49 PM3 optimized structure of Co N6 macrocycle with CF3 substituents as 
 derivative of the other metal β-ketoiminates showing atomic numbering. 
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CHAPTER FIVE 

 

5.0 CONCLUSION AND RECOMMENDATION 

5.1 CONCLUSION 

Theoretical structural analysis through the PM3 and DFT procedures have shown that the 

most probable and stable structures for the [M(acac)3] (where M =  Al, Co, Cr, Fe, or Mn) 

complexes and their derivatives are the fluorinated ones. The vibrational spectra were 

calculated starting from the most probable structure, with the aim of assisting in the 

vibrational assignment. 

For the best interpretation of the PM3 and DFT vibrational analysis through the Spartan 

program, we thought that the visual computerized picture of each normal mode gives only a 

rough approach of its own characterization, and hence we studied relevant bonds and angles 

of the structures for a best indication of which bond or angle within the definition of an 

internal coordinate has a higher participation in the molecular vibration. The results of the 

bonding studies show that both methods, B3LYP and PM3, overestimate bond lengths 

compared to X-ray crystal structure data because of Coulomb repulsion in the gas phase. 

 

The results of this study exhibit that the increase in the size of metal atom from the main 

group (Al) to the first role transition metals (Co, Fe, Cr and Mn) leads to an increase in the 

M-O bond length and a decrease in O-M-O bond angle. However, all other geometry 

parameters of the complexes remain almost unaffected. 

The fundamental vibrational modes of acetylacetone and each of its complexes with the main 

group and first role transition metals together with the substituted derivatives have been 

successfully assigned based on the expterimentally observed IR vibrational spectra and the 

calculated frequencies and intensities. 
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5.2 RECOMMENDATIONS 

1. From our work, all spectroscopic determinations were done in the gas phase. We 

suggest studies of the behaviour of these complexes in different solvents to ascertain 

the solvent effect on the spectroscopic and other bonding parameters. 

2. Future work on these interesting complexes should include alternate computational 

treatments such as MP2 and MO6. 
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