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Abstract 

Previously, a systematic study of the properties of combined catalysts on the 

base of transition metal was carried out, and the methods for the synthesis of 

binary metal complex systems were developed, their physiсalchemical and 

catalytic properties in the reaction of liquid-phase oxidation of alkenes by 

molecular oxygen were studied. The synthesized systems made it possible to 

obtain oxygen containing compounds-ketones with high yields and selectivity 

under mild conditions and atmospheric pressure. The effect of complex 

formation on the reactivity of alkenes and molecular oxygen is clarified, and 

the fact of their significant activation is established. This work presents the 

results of further studies to establish the reason for the activation of substrates 

during complex formation with transition metals, to reveal the structure of 

intermediates, and to elucidate the mechanism of the oxidation of unsaturated 

hydrocarbons. As a result of the spectral studies, the nature of the 

coordination between the metal ion and the solvent – hexametilphosphor-

amid, the composition and the geometry of the complexes and the location of 

the substrates – molecular oxygen and alkene in the inner or outer sphere of 

the complex compound and the types of their reversibility were established. It 

has been established that the mechanism of action of a binary complex 

catalyst consisting of monovalent copper chloride and divalent palladium is 

accompanied by the formation of a hydroperoxide structural complex, which, 

as a result of the redistribution of bonds, transforms into an intermediate 

complex with the formation of a free ketone and the initial complex 

Keywords: reactivity of coordinated oxygen and alkene, liquid-phase oxidation, combined 

catalyst, transition metals 

Introduction 

Earlier [1, 2], we have developed combined catalytic systems based on transition metal 

complexes dissolved in organic solvents-hmpa (hexamethylphosphoramide), PhCN 

(benzonitrile), allowing the oxidation of alkenes (ethylene, propylene and butene-1) to the 

corresponding oxygen-containing organic compounds - ketones, under mild conditions at low 

temperatures and atmospheric pressure with high selectivity and the yield of the target     

product. 

Proposed catalytic systems by coordinating molecular oxygen and alkene are able to 

activate them and carry out the oxidation reaction not directly between the alkene and O2, but 
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with the help of a specific complex catalyst system, which allows reacting with each other in an 

activated coordinated state. 

The proposed catalysts have several advantages: 

–   one-step process; 

–  mild reaction conditions reduce the yield of by-products and simplify the production 

step, including subsequent purification; 

–   the use of air as an oxygen source allows to achieve the same efficiency as in the case 

of pure oxygen; 

–  irreversible absorption of oxygen allows easy removal of the excess amount of free 

oxygen after the formation of the oxygen complex, which avoids explosion upon 

contact of O2 and alkene.  

The relevance of the work lies in the creation of new catalytic systems allowing the 

alkenes to be oxidized under mild conditions and atmospheric pressure and to clarify the 

mechanism of the oxidation reaction through the complex formation of reactive substrates of 

molecular and alkene with 3d- transition metal salts. Such stable oxygen complex systems are 

very promising in terms of the possibility of their use as oxidizing agents and oxygen carriers. 

Experimental Part 

In this paper, some aspects of the mechanism of oxygen and alkene activation in the 

reaction of oxidation of alkenes by molecular oxygen in the liquid phase, which occur during the 

complex formation of the initial reagents with transition metal salts are considered. 

The oxidation reaction mechanism is considered on the most efficient combined catalyst in 

the case of butene-1 oxidation by molecular oxygen. The catalyst for producing methyl ethyl 

ketone is a binary system containing complexes of monovalent copper chloride Cu2 (I)Cl2 and 

divalent palladium chloride Pd (II) Cl2 at a molar ratio of 2:1. 

IR spectra were recorded on a spectrometer SPECORD - M80 in the region of                      

4000-400 cm
-1

 in tablets KBr. 

To record the EPR spectra a JES – PE – 3X Jeol radio spectrometer with an operating 

frequency of 9.3 GHz have been used. 

Fig. 1 shows the results of an IR spectroscopic study of a pure solvent - 

hexamethylphosphoramide, a complex of copper chloride Cu2Cl2 ∙ hmpa and an oxygen complex 

of Cu (I) chloride – [Cu2Cl2·hmpa]·O2. 

As can be seen, the absorption bands in the IR spectra differ both in intensity and in the 

absorption field. 

Hexamethylphosphoramide is an ambidentate ligand, since there can be bonds with a metal 

ion in several ways: either through oxygen – P = O groups, either via nitrogen, combined 

coordination with a metal ion is not excluded (Fig. 2). 
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Fig. 1. IR spectra of  solvent-hmpa and synthezied complexes: а – Hmpa – pure solvent,                      

b – Cu2Cl2 ∙ hmpa complex, c –  [Cu2Cl2 ∙ hmpa] O2  oxygen complex 

 

                         
                               a                                            b                                         с 

Fig. 2. Possible types of coordination during the formation of complex compounds between salts 

of transition metals and solvent hmpa: a – Through oxygen –P = O group; b – Through 

nitrogen; c – Combined coordination with a metal ion  though oxygen and nitrogen 
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A comparison of the IR spectra of molecular hmpa and transition metal chloride complexes 

shows that, as a result of the coordination of hmpa under the influence of Co(II) and Fe(II), 

ν(P=O) - and  δ(PN) frequencies shift (with a difference of 5 cm
-1

). This indicates the formation 

of a dative bond between nitrogen and a metal ion. On the other hand, the ν(P=O) frequencies are 

higher than that of molecular hmpa (with a difference of 25 and 20 cm
-1

 for Co(II) and Fe(II), 

respectively), which confirms the absence of a dative O-M bond, formed due to the overlap of π 

orbitals of oxygen with free d-orbitals of the metal. Chlorides of d-elements are coordinated with 

hmpa at a ratio of 1:2. 

Results and Discussion 
The interest of the IR spectrum of the oxygen complexes Co(II) and Fe(II), where new 

stripes of a weak vibration frequency are observed at 1132 and 1148 cm
-1

, respectively, which is 
similar to the IR spectrum of the free superoxide ion ν(O2) = 1145 cm

-1
. As can be seen from 

Table 1, the absorption shift ν(P=O) of bonds in the Pd(II) Cl2∙hmpa complex corresponds to the 
minimum Δ(P=O) = + 3 ÷ 5 cm

-1
, the absence of the M-O dative bond indicates that that the 

binding of Pd(II)Cl2 and hmpa occurs through a nitrogen atom (Tab. 1). 

Table 1. IR spectra of intermediate complexes of the B-1 oxidation reaction in the region of 

4000-400 cm
-1

 

№ Compounds δ(PN) ν(P=O) ν(O2) ν(C≡N) 

1 Hmpa 715 cm
-1

 1201 cm
-1 

- - 

2 Cu2Cl2∙ hmpa 755 cm
-1

 1226 cm
-1

 - - 

3 FeCl2∙ 2 hmpa  770 cm
-1

 1221 cm
-1

 - - 

4 Cu2Cl2∙ hmpa ∙O2 760 cm
-1

 1216 cm
-1

 1132 cm
-1

 - 

5 FeCl2∙2 hmpa ∙O2 765 cm
-1

 1213 cm
-1

 1148 cm
-1

 - 

6 PdCl2∙2 hmpa 765 cm
-1

 1205 cm
-1

 - - 

7 PdCl2∙ hmpa ∙ C6H5CN 740 cm
-1

 1201 cm
-1

 - 2258 cm
-1 

8 PdCl2∙ B-1∙ hmpa C6H5CN 715 cm
-1

 1226 cm
-1

 - 2255 cm
-1

 

The results of the EPR studies of the oxygen complexes of a number of transition metals 

are shown in Tab. 2. 

Table 2. The EPR parameters of the spectra of oxygen complexes of transition metals 

Complex compounds A0, g-factors 

[FeCl2∙hmpa]∙O2 15 1.988 

[CoCl2∙hmpa]∙O2 16 1.985 

[MnCl2∙hmpa]∙O2 14 1.986 

[NiCl2∙hmpa]∙O2 15 1.985 

The nature of the spectrums changes significantly after the oxygenation of low-spin 

complexes of 3d transition metals. The g-2,3 signal disappears in the spectra and a new g-factor 

signal appears, which is close to two in magnitude. 

These changes in the EPR spectra are associated with delocalization and transfer of 

electron density from 3d-metal ion to a coordinated oxygen molecule. Thus, the EPR spectra of 
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the oxygen complexes of 3d-metals indicate their one-center structure, the unpaired electron in 

the subsequent paramagnetic complexes is mainly localized on molecular oxygen. The electron 

density in a coordinated oxygen molecule arises due to the presence of an unpaired electron 

spectron in the molecule, and this, in turn, is formed after filling in metal ion of oxygen complex 

one dz electron and one 1π* g electron in the O2. 

Literature analysis shows that the patterns of molecular oxygen binding, activation of small 

molecules, and homogeneous catalytic oxidation are considered in works [3-8]. But despite this, 

it should be noted that the nature of activated binding, molecular oxygen fixation, and activation 

principles still require further study. 

Clarification of the nature of the chemical bond in the oxygen complex with the central 

copper atom Cu
+
 is the key to establishing the structures of such complexes with all d-elements 

and predicting the patterns of alkenes oxidation taking into account the property factor (size, 

charge, coordination number, polarizability and polarizing ability, spin state, type of 

hybridization, etc.) of the complexformer agent–d element. 

The coordination number 2 (two) corresponds to sp-type hybridization. Ions such as Cu
+
, 

Ag
+
, Zn

2+,
 and Cd

2+
 have an electronic configuration of d

10
, all d-orbitals are filled, and the 

transfer of electrons from d∑ to dν orbital is impossible (that’s why they are colorless), and Cu
+
 is 

colored. sp-hybridization corresponds to a linear configuration, then for the complex (fig. 3). 

 

Fig. 3. Linear configuration of CuCl∙hmpa complex 

If the nitrogen orbitals in the hmpa- molecule are sp
3
 hybridized (as in the ammonia 

molecule), then its free pair of electrons becomes quite accessible. Then in molecule is not 

excluded also combined coordination with the metal ion. Further, this complex coordinates 

molecular oxygen and is assigned the formula (CuCl·hmpa)2·O2. The main result of this study is 

the unchanged oxidation state of the central copper complexformer atom. 

The mechanism of this reaction is not precisely established, since the complexes are not 

thermodynamically stable. In addition, due to the low strength of the complex and the degree of 

covalency of the oxygen ligand with the metal, it is impossible to study their physical properties 

by PMR and X-ray diffraction analysis [9-11]. 

The reaction mechanism can be described as follows: A binary system consisting of salts 

of monovalent copper chloride Cu(I)Cl and divalent palladium chloride Pd(II)Cl2 are dissolved 

in solvents hmpa and PhCN which acts as an additional complexing agent are formed two 

complexes Cu(I)Cl·hmpa and Pd(II)Cl2·hmpa·PhCN. By passing air or pure molecular oxygen 

through the solution in such a way as to obtain an adequate concentration of the oxygen 

complex, we get the oxygen complex copper- [Cu (I)Cl·hmpa]·O2. Further, by removing excess 

free O2 by heating, degassing, we avoid the danger of explosion due to direct mixing of O2 and 

B-1. Next, we pass butene-1 as a reaction substrate through the resulting solution. An activated 

butene-1 complex of the following composition Pd(II)Cl2·PhCN·CH2=CH-CH2-CH3 is formed. 

Then, activated B-1 is oxidized by bounding oxygen from the oxygen complex, forming methyl 

ethyl ketone (Fig.4). 
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Fig. 4. Alkenes oxidation reaction mechanism 

Thus, coordinated by Pd (II) buten-1 is oxidized by an O2 molecule coordinated by the Cu 

(I) complex. In this case, the valencies of metal ions in the complexes do not change and H2O 

does not participate in the formation of MEK. 

Even in this regard, the process of obtaining MEK is completely different from the well-

known Waker oxidation, which uses oxidation by the metal ion Pd(II) and H2O. 

Regarding the used complexes, when the MEK is separated and after that air or O2 is 

passed through the formed catalytic solution, the oxygen complex is formed again and it is 

therefore possible to use this complex again as a B-1 oxidation catalyst. 

 Conclusions 

In the interaction of Pd and Cu chlorides with an alkene supplied to the system, the 

chlorine atom is replaced by hydrogen to form complex II, which is oxidized by the oxygen 

supplied to the system to the hydroperoxide  complex (III). Complex III under these conditions is 

transformed through the redistribution of bonds into a new complex and the transition to 

complex IV with the formation of a free keton. In turn, complex IV under these conditions is 

transformed, it also releases ketone and, coordinating the alkene present in the system, turns into 

the initial complex II. Then the cycle of transformations II → III → IV → II  is repeated. 
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