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I. Introduction 
 

     The catalytic activation of dioxygen by metal complexes is a subject of considerable 

importance in view of its close connection to the study and modeling of natural oxygen 

carriers (e.g. hemoglobin, myoglobin), heme type monooxygenases (e.g. cytochrome P-450) 

and non-heme type dioxygenases using transition metal complexes.  

 The activation of dioxygen is necessary because of its triplet ground state. As organic 

molecules have singlet ground states, spin conservation requires that their reaction with 

dioxygen is a spin-forbidden process, which can only take place very slowly. Complex 

formation with transition metal ions having unpaired electrons this obstacle is eliminated, 

because the dioxygen complex can react with singlet organic molecules so that the number of 

unpaired electrons does not change and spin conservation is observed. Consequently, 

reactions with dioxygen are no longer spin-forbidden and the catalytic activation of dioxygen 

may take place. 

If metalloenzymes are regarded as metal complexes embedded in proteins, the active sites 

associated with catalytic activity can be modeled with low-molecular metal complexes 

(biomimetic catalysis). Enzyme models may be of two kinds, viz. structural or functional. 

Structural models mimic enzyme structure, whereas functional models mimic the mechanism 

of enzyme action. 

This research was concerned primarily with functional modeling of iron-containing 

enzymes, therefore, I studied the catalytic activity of iron complexes. Iron-containing 

enzymes are of heme type and non-heme type. In heme type enzymes iron is coordinated to 

porphyrin type ligands, whereas in non-heme type enzymes iron coordinates other types of 

ligands. Important representatives of the second group are catechol oxidases and catechol 

dioxygenases.  

The direct background of my doctoral work has been research conducted in the Biomimetic 

Catalysis group on two functional catecholase models viz. [bis(dimethylglyoximato)-

bis(triphenylphosphine)cobalt(II)], in short, cobaloxime(II), and [bis(dimethylglyoximato)-

bis(N-methylimidazole)iron(II)], also known as ferroxime(II). In methanol solution both of 

these octahedral complexes lose one of their axial ligands, generating 5-coordinate, square-

pyramidal catalyst complexes which exhibit catechol oxidase activity.   
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The objective  of  my work was to synthesize 3 new complexes with structures similar to  

ferroxime(II) and to investigate the effect of changes on the kinetic parameters of catechol 

oxidase activity. The two dimethylglyoximato ligands of ferroxime(II) were replaced by 3 

kinds of  dioximato ligands with  longer chains and have studied the catechol oxidase activity 

of the new model catalysts. 

 

II. Objectives 

 

1. Extension of the information obtained earlier on the functional catechol oxidase models 

cobaloxime(II) and ferroxime(II) to the new dioximatoiron(II) models with special 

reference to the mechanism of their operation. 

2. Synthesis and characterization of the three new dioximatoiron(II) complexes 

[Fe(H2dmdt)]2+, [Fe(Hdmpd)]+ and [Fe(Hdmed)]+ by X-ray scattering in solution, as well 

as by Mössbauer, ESR and UV-Vis spectroscopy and mass spectrometry.  

3. Detailed kinetic investigation of the catalytic activities of the new complexes using 3,5-di-

terc-butyl-1,2-catechol as model substrate. Determination of the empirical kinetic law by 

varying the concentration of catalyst complexes, substrate, dioxygen and added 

triethylamine (TEA).  

4. Elaboration of suitable reaction mechanisms for the catecholase reaction consistent with 

the results of structural and kinetic studies.   

5. Determination of the rate coefficients for the proposed reaction mechanisms and 

interpretation of the reactivity trends observed as a function of catalyst structure and effect 

of added TEA.   

 

III. New scientific results 
 

1. We have synthesized 3 dioxime type ligands by condensation of diacetyl monoxime 

(dm) with diethylene triamine (dt), propylenediamine (pd) and ethylenediamine (ed). Using 

these abbreviations, the ligands synthesized are denoted by H2dmdt, H2dmpd and H2dmed.  

2. We have synthesized the new iron(II) complexes of these ligands as formates, and 

characterized them for the first time by elemental analysis, mass spectrometry, Mössbauer 
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spectroscopy, UV-Vis spectrophotometry, X-ray scattering in solution and quantum-chemical 

calculations. No single crystal X-ray diffraction was carried out due to the very large 

solubility of the new complexes in all available solvents, preventing crystallization.  

i) According to elemental analysis, the complexes had the composition: 

[FeII(H2dmdt)](HCOO)2, [FeII(Hdmpd)](HCOO) and [FeII(Hdmed)](HCOO). 

ii) X-ray scattering results in solution revealed that in [Fe(H2dmdt)]2+ all of the 5 ligand N-

atoms are coordinated to the iron(II) ion. The iron to nitrogen distance for the central, 

secondary N-atom is longer than for the other four N-atoms. In [Fe(Hdmed)]+ and 

[Fe(Hdmpd)]+ the average N-Fe distance for the four coordinate bonds is 1.87 Å, whereas that 

for [Fe(H2dmdt)]2+ is 1,92 Å. 

iii) Theoretical calculations carried out for the gas-phase species (BLYP exchange 

functional on TZP basis, program ADF 2004.0114) are fully consistent with the X-ray 

scattering results.  

iv) The IS and QS values determined from the Mössbauer spectra are nearly identical in the 

case of the 4N coordination sphere of [Fe(Hdmed)]+ and [Fe(Hdmpd)]+, whereas those for the 

5N type [Fe(H2dmdt)]2+ complex are significantly greater. The greater isomer shift indicates 

that in the latter complex the ‘5th' secondary N-atom is also coordinated to the central iron 

atom, thereby increasing the electron density at the nucleus.  The larger quadrupole splitting 

reflects the less symmetrical structure of this iron complex. Both conclusions are consistent 

with the results of X-ray scattering studies and quantum-chemical calculations. 

These results point to the existence of structures a and b. Structure a reflects the nearly 

square-pyramidal geometry of [Fe(Hdmed)]+ and [Fe(Hdmpd)]+, whereas structure b shows 

the distorted tetragonal pyramidal structure of [Fe(H2dmdt)]2+  
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3. We have established that all of the three iron complexes exhibit catalytic activity in the 

biomimetic oxidation of 3,5-ditert-butylcatechol (H2dtbc) to 3,5-ditert-butyl-o-benzoquinone 

(dtbq) with dioxygen. Consequently, they are functional models of catechol oxidase enzymes. 

The stoichiometric equation of the reaction, established by the gas-volumetric technique is 

H2dtbc + 0,5 O2   ⎯→  dtbq + H2O. 

4. For establishing  the underlying mechanism, we have carried out detailed kinetic studies 

of the catalytic oxidation. By measuring the initial rate of O2 absorption under pseudo-first 

order conditions (O2 uptake at constant pressure) we have established the partial kinetic orders 

with respect to the individual reactants (catalyst, substrate and O2) and determined the 

empirical rate law. For all of the three catalysts ([Fe(H2dmdt)]2+, [Fe(Hdmpd)]+ and 

[Fe(Hdmed)]+), the rate is of first order with respect to catalyst and O2, and shows saturation 

behavior with respect to the substrate concentration.  

5. Based on the empirical rate law, we have proposed a reaction mechanism, which 

involves two cases depending on whether the number of free coordination sites is two 

([Fe(Hdmpd)]+  and [Fe(Hdmed)]+) or one ([Fe(H2dmdt)]2+)  

In Case I the first step is binding of the substrate (H2dtbc) and the second step is O2 

coordination to the catalyst complex. The proton released in the first step is bonded in an OH 

group of the opening H-bond. The O2 is bonded thereafter to the second vacant site.  

In Case II   the H2dtbc is bonded as the monoanion to the only vacant site and the proton 

released is tied up by the imine ligand, which is thereby released. The incoming O2 molecule 

is then bonded to the free site  thus generated.          

 The two kinds of active ternary complexes have the following structures: 
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In the rate-limiting step these active intermediates eliminate a semiquinone anion radical 

(dbsq•-), which has been detected by ESR spectroscopy. In a subsequent fast step dbsq•- is 

oxidized to the final product dtbq by O2. 

6. The proposed reaction mechanism is consistent with the observed kinetic behavior and 

leads to the following kinetic equation:  

 

                                         k3K1K2[Fe]o[O2][H2dtbc]o
                           Vin  =   
                                               1 + K1[H2dtbc]o 
 
Where k3K1K2 is the effective rate coefficient. For the three investigated iron complexes is 

assumes the values shown in the following Table:  

 

Catalyst k3K2K1 / M-2s-1

  [Fe(H2dmdt)]2+ 55.6±1.1 

[Fe(Hdmpd)]+ 93.6±1.9 

[Fe(Hdmed)]+ 350±7.0 
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The catalytic activity increases with the rigidity of the iron complex used. The highest 

activity is associated with [Fe(Hdmed)]+,  having the most rigid structure due to the most 

favorable hydrogen bonding in the equatorial plane. [Fe(Hdmg)2 (N-MeIm)], studied earlier 

by us, exhibits even higher activity due to the presence of two H-bonds in the equatorial 

plane. 

 7. We have established that triethylamine (TEA) significantly accelerates H2dtbc oxidation. 

This is due to deprotonation of the substrate to the monoanion Hdtbc-, which binds O2, 

generating the hydroperoxide HdtbcO2
-. The latter is capable of coordinating to the iron 

complex via its peroxo group, thereby opening up a new reaction path,  which we termed 

“iron-enhanced base catalysis”:   

 

                       

O

O2FeIII(HL)

But

But

O

But

But

OH

(HdtbcO2
-) [(HL)FeIII(O2dtbcH)]

[Fe(HL)]++
Hdtbc- + O2

O2
-

OH

 
  

This path was first observed in our research group for a Mn-complex.   

  

 8. We have established that the kinetic equation of iron-enhanced base catalysis can be 

given as the contribution of both reactions paths in the following form   

 

                                    (kB + kFeK1
T[Fe]o)KB[Hdtbc-]o[O2]o 

                                    Vin  =  ─────────────────────  
                                        1 +  KC[H2dtbc]o /KT[TEA]o
 

9. The cumulative rate coefficient in iron-enhanced base catalysis (kFeK2K1
T) in the 

presence of TEA has been determined using the above kinetic equation. The values found for 

the three iron complexes studied are listed in the following table together with the relative 

acceleration relative to the TEA-free runs.   
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Catalyst 10-3 kFeK2K1
T      

/ M-2s-1

Accelerationdue 

to  TEA  

[Fe(H2dmdt)]2+  3.79±0.1 68.1 

[Fe(Hdmpd)]+ 3.29±0.1 35.1 

[Fe(Hdmed)]+ 6.75±0.1 19,3 
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