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Abstract 

The results of the ESR spectroscopic studies of catalytic systems based on 

Ni(0) complexes and a number of C-H acids are presented. It is shown that 

the interaction of Ni(COD)2 and Ni(PPh3)4 with β-diketones and 1,3-

cyclopentadiene (Cp-H) produces Ni(I) paramagnetic complexes that are 

sufficiently stable at room temperature with characteristic Ni-C σ-bonds. 

Schemes of interaction of Ni(COD)2 and Ni(PPh3)4 with β-diketones (C–H 

acid) and stabilization of Ni(I) in these systems are proposed. It is shown that 

reactions of Ni(COD)2 and Ni(PPh3)4 with β-diketones (C–H acid) occur 

stepwise: in the first stage, Ni(0) is oxidized to Ni(II), in the second stage, a 

disproportionation reaction takes place Ni(II) + Ni(0) = 2Ni(I), as a result of 

which the paramagnetic nickel(I) complex is formed. The paramagnetic Ni(I) 

complexes with coordinated ethylene are identified. It is shown that during 

the evacuation of the system, ethylene is eliminated with the formation of the 

initial complex Ni(I) and the subsequent effecting of ethylene again leads to 

the formation of a complex of nickel(1) with coordinated ethylene. After 

ethylene interaction with nickel(I) complexes bearing  in their composition 

two molecules of the triphenylphosphine ligand, one of the 

triphenylphosphine ligands is replaced by an ethylene molecule. It has been 

established that nickel(I) complexes with two triphenylphosphine ligands 

have a square-planar  structure and, when one of the phosphine ligands is 

replaced by an ethylene molecule, the resulting Ni(I) complex  is 

characterized by a tetrahedrally distorted local structure of the Ni(I) ion. The 

values of the magnetic resonance parameters of the identified Ni(I) 

complexes are specified  by comparing the calculated and experimental 

spectra using the “Easy spin” program module 
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Introduction 

The chemistry of the Ni(I) complexes attracts attention because of its role, primarily in the 

catalytic reactions of di-, oligo- and polymerization of olefins [1-6], as well as in biological 

systems [7,8]. The numerous Ni(I) complexes of various compositions were obtained by 

chemical, radiolytic, electrochemical oxidation / reduction of zero-valent / divalent nickel 

compounds and characterized by UV-VIS and ESR spectroscopy [9-13]. Such factors as pH, 
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nature of solvents, composition and structure of ligands, type of anion coordinated with  Ni(I) 

ions have a noticeable effect on the stability of nickel(I) complexes in the catalytic systems. 

In this paper, we present the data obtained by the ESR spectroscopy of the Ni (I) 

complexes formed during the interaction of the bis-1,5-cycloooctadiene (Ni(COD)2) and tetra-

triphenylphosphine (Ni(PPh3)4) complexes of zero-valent nickel(0) with a number of C-H acids 

(β-diketones and 1,3-cyclopentadiene) and the characteristics of their reactions with ethylene. 

Experimental Part 

Bis-1,5-cyclooctadiene Nickel(0) Ni(COD)2 was obtained by reducing of anhydrous 

nickel(II) acetylacetonate Ni(acac)2 with triethylaluminum in the presence of 1,5-cyclooctadiene. 

 

2.6 g of Ni (acac)2 was dissolved in 120 ml of toluene, heating it to the boiling point, then 

the heating was turned off and evacuated by cooling it to 20-25° C to remove traces of moisture 

(azeotrope) and oxygen. Next, argon was injected into the system and first added 6.2 ml of 1,5-

cyclooctadiene COD, and then 0.82 ml of isoprene immediately. The resulting mixture was 

cooled to -10 ° C and 20 ml of a 1M solution of AlEt3 in n-heptane was added dropwise at the 

same temperature over 30 minutes. At the beginning of the reaction, the color of the solution was 

brown, which then passed through a red-brown to yellow or yellow-red color. The reaction 

resulted in the precipitation of yellow crystals of the compound Ni (COD)2. The resulting yellow 

crystals were stored in a refrigerator in a sealed ampoule. 

The reaction between bis-1,5-cyclooctadiene nickel(0) (Ni(COD)2) and  β –diketones  

(СF3COCH2COCF3, С6Н5СОСН2СОСН3, and C6H5COCH2COC6H5) were carried out in 

ampoules specifically designed for ESR - spectroscopic studies. 

1,1,1,5,5,5-hexafluoroacetylacetone, acetylacetone and benzoylacetone produced by 

“Merck” were used without prior purification. The method of producing of dibenzoylmethane 

(DBM) included the following stages: carrying out the condensation reaction of the raw material 

containing acetophenone and methylbenzoate in a xylene solvent in a nitrogen atmosphere by 

treating of sodium methoxide as a catalyst and activated carbon as a bleaching agent, etching 

after the end of the reaction, filtering, washing with alkalis, washing with water and 

recrystallization to obtain a pale-white crystalline powder (Tm.p...=81-82
0
C). Tetra-

triphenylphosphine nickel (0) was obtained by reduction of anhydrous nickel(II) acetylacetonate 

with triethylaluminum in the presence of triphenylphosphine using the procedure described in 

[14]. 2.8 g of Et3Al in an inert gas atmosphere (nitrogen) at a temperature of 0 °C were slowly 

added to 2.3 g of anhydrous Ni(acac)2 and 4.32 g of PPh3 in 100 ml of diethyl ether. The reddish 

brown precipitate was filtered, washed with diethyl ether, dissolved in benzene, and n-heptane 

was added in the reprecipitated state. The yield was ~ 2.69 g (55%) Ni(PPh3)4.  

Toluene and benzene were used as solvents. These solvents are prewashed with sulfuric 

acid to remove unsaturated compounds, which are often contained as impurities. The solvents 

were stored over sodium in the presence of benzophenone. 
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 1,3-cyclopentadiene (Cp-H) was obtained from dicyclopentadiene by a known procedure 

[14]. The reaction between Ni(COD)2 and Cp-H was carried out immediately after the 

distillation of dicyclopentadiene. A solution of Ni(COD)2 in toluene was used. The ratio of Ni 

(COD)2:CpH = 1:1. 

The triethylaluminium used was industrial production. Before use, it was purified by 

distillation in vacuum Tb.p = 48-49
0
С. All operations with triethylaluminium were performed in 

an argon atmosphere. Triethylaluminium was used in the form of 40% solutions in n-heptane, 

which was stored in an argon atmosphere sealed in ampoules. 

ESR measurements were carried out using a JES PE-3X ESR spectrometer, Jeol, Japan, 

with a working frequency of a microwave source of 9.3 GHz. The concentration of paramagnetic 

complexes in the samples was calculated by double integration of the first derivative of the ESR 

spectrum. The magnetic field was calibrated with Mn
2 +

/ MgO and diphenylpycrylhydrazyl 

(DPPH) was used as a standard for measuring g-factor values. EPR spectra were recorded at 77 

and 300 K. For EPR measurements, a pyrex glass system was used with 3 processes for filling 

with reagent solutions. This system also had a 4
th

 quartz process, which was directly inserted into 

the resonator of the EPR spectrometer for measurements, as well as a vacuum valve for 

evacuating and letting in various gases. All operations were carried out in an argon atmosphere. 

By using the “Easy spin” software module, the values of magnetic resonance parameters were 

refined by comparing the calculated and experimental spectra [15]. 

Results and Discussion 

The reactions of nickel(0) bis-1,5-cyclooctadiene with β-diketones at 300K are 

accompanied with the formation of the Ni(I) paramagnetic complex. The ESR spectra of the 

registered paramagnetic complexes are shown in Fig. 1. 

 

                                      
 

a)                                                               b) 
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c) 

Fig. 1. ESR spectra at 77 K of paramagnetic Ni (I) complexes formed upon interaction at 300 

K of bis-1,5-cyclooctadiene of nickel (0) with: a) hexafluoroacetylacetone(hfacac), b) 

dibenzoylmethane(dbm)  in toluene solution.(c)the EPR spectra at 300K of Ni(I) and 

Nin products of Ni(COD)2 interaction  with DBM in toluene 

 
Fig. 2. ESR spectra at 77 K of the paramagnetic Ni (I) complex after ethylene injection for 2 

min. at 300 K on the Ni (I) complex, the ESR spectrum of which is shown in Fig. 1 

(the blue lines are the EPR spectra of the original Ni (I) and its complex with ethylene, 

simulated using the “Easy spin” software module) 

When 1,3-cyclopentadiene(СрН) is added to a toluene solution of Ni (COD)2 (in a ratio of  
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Ni (COD)2: CpH = 1: 1, mol per mole), the initial light yellow color of the solution turns a 
yellow-red color and an intense signal appears in the EPR spectra (Fig. 3.), characteristic of 
square-plane Ni (I) complexes with the 3d

9
 electron configuration and the ground state │x

2
-y

2
˃. 

                               
Fig. 3. ESR spectra at 77 K of the paramagnetic Ni (I) complex - the reaction product at 300 K 

of bis-1,5-cyclooctadiene  nickel (0) with 1,3-cyclopentadiene in n-heptane solution (blue 
EPR spectrum - calculated) 

The mechanism of formation of paramagnetic Ni (I) complexes in the interaction of Ni 
(COD)2 with C – H acids, for example, with β - diketones, can be represented as follows: 

 
Scheme 1. Ni (COD)2 oxidation reaction with β - diketone 
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From the above scheme, it follows that, in the interaction of Ni(COD)2 with the β-diketone, 
the zero-valent nickel in the initial compound is oxidized to the divalent state, i.e. two-electron 
oxidation takes place as a result of the formation of an H-Ni hydride bond and a valence bond 
between the oxygen of β-diketone and nickel after the proton H

+
 transitions from the enolic form 

of the β-diketone to nickel in the Ni(COD)2 compound. Note that the reaction between                      
β-diketone and Ni(COD)2 occurs exclusively between the enol form of β-diketone and Ni(COD)2 
and the reaction rate of the formation of H-Ni (CH3OCHCOCH3) is determined by the rate of 
keto-enol transformation of β - diketone in solution. Note also that in the non-polar solvents 
medium, keto-enol tautomerization is directed towards enolization. 

Tab. 1 shows the force values (pKa) for some C – H acids. 

Table 1. The values of the acidity constants of some С-Н-acids [16,17] 

С-Н acid  Formula рКа 

1,3-diketone СН3СОСН2СОСН3 9 

3-ketoester СН3СОСН2СООСН3 11 

1,3-diester СН3ОСОСН2СООСН3 13 

1,3-diketone in water СН3СОСН2СОСН3 8.75 

1,3-cyclopentadiene С5Н6 15 

DBM (30% in alcohol solutions)  С6Н5СОСН2СОС6Н5 13.75 

 There is no information in the literature about the values of the acidity constants pKa for 

1,1,1,5,5,5-hexafluoroacetylacetonate, benzoyl acetone and a number of other acetylacetone 

derivatives. However, there are data for the pKa of the di-anionic form in solutions with different 

pH medium (2.5 11). Among acetylacetone derivatives, 1,1,1,5,5,5-hexafluoroacetylacetone is 

the most reactive. It should be noted that nickel(I) complexes with different β-diketones and 1,3-

cyclopentadiene differ markedly in stability. Among the studied  C–H acids, the most stable 

complex was Ni(I) with Cp – H. 

The reaction of tetratriphenylphosphine complex of nickel (0) Ni(PPh3)4 with β-diketones 

is also accompanied by the formation of a paramagnetic complex Ni(I). The EPR spectra of the 

registered complexes are shown in Fig.4. 

 
Fig.4.  The EPR spectra at 77K of the products of the reactions of Ni (PPh3)4 with acetylacetone 

in heptane + toluene solution after: a) 2 min. reactions at 300K, b) ethylene adding at 

300K on (a) 
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Tab. 2 shows the values of magnetic resonance parameters of nickel (1)  triphenylphosphine 

complexes. 

Table 2. Values of magnetic resonance parameters of nickel(1) phosphine complexes  

Phosphine complexes of 

Ni(I) 

          g-factor       A-factor(mT) 

g1 g2 g3 gav A1 A2 A3 Aav 

1 2.326 2.173 2.033 2.177 10 5 11.5 8.83 

2 2.287  2.019 2.109 4.73  7.89 6.83 

3 2.271  2.079 2.143 5.92  9.21 8.12 

where 1 - (PPh3)(C2H4) Ni
I
(acac); 2 - (PPh3)2Ni

I
(acac); 3 - (PPh3)2Ni

I
(dbm) 

The formation of the above triphenylphosphine complexes of nickel(I) most likely occurs 

because of the same mechanism as for the nickel(I) complexes formed in the reaction of 

Ni(COD)2 with β - diketones. Scheme 2 shows the mechanism for the formation of nickel(I) 

complexes during the interaction of the nickel(0) phosphine complex with β - diketones and the 

formation of the Ni(I) ethylene complex. 

 

 
Scheme 2. Formation of paramagnetic triphenylphosphine complexes of nickel (I) 

We assume that the formation of paramagnetic nickel(1) complexes in the reactions of 

nickel(0) complexes with C – H acids, for example, the nickel (0)  phosphine complex Ni(PPh3)4 

with acetylacetone occurs stepwise: in the first stage, Ni(0) is oxidized to Ni(II), in the second 

stage, a disproportionation reaction takes place, as a result of which the paramagnetic nickel(1)  

complex is formed. 

However, this scheme also suggests the formation of two different nickel(1) complexes - 

acetylacetonate Ni
I
(PPh3)2(acac) and hydride HNi

I
 (PPh3)4, although the ESR spectra strongly 

indicate the formation of only one type of complex Ni(I). When a diphosphine-acetylacetonate 
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complex of nickel(1) interacts with ethylene, one of the phosphine ligands coordinating nickel(1) 

is replaced by an ethylene molecule. Note that if the diphosphine-acetylacetonate complex of 

nickel(1) is characterized by square-planar structure, then when one of the phosphine ligands is 

replaced with an ethylene molecule, the resulting nickel-paramagnetic complex (1) is 

characterized by a tetrahedrally distorted structure of  local field of nickel(+1) ion. 

Conclusion 

Thus, the above experimental data show that the interaction of nickel(0) complexes with 

C–H acids produces paramagnetic nickel(1) complexes, magnetic resonance characteristics, 

structure, and stability, which depend on the ligand composition of the coordination sphere 

nickel(+1) ion. It is assumed that the paramagnetic complexes of nickel(1) in these systems form 

on stepwise scheme - in the first stage, two-electron oxidation of nickel(0) to nickel(II) takes 

place and in the second stage, the paramagnetic nickel(1) complexes are formed. At the same 

time, the process of disproportionation in this case should occur with the formation of two nickel 

complexes (1) differing in composition. The ESR spectra strictly indicate the presence in the 

system of only one type of the nickel complex. The absence of the second nickel(1) complex, 

most likely the nickel(1) hydride complex, may be due to its high reactivity to form the clusters. 

It is noteworthy that in a lot of the studied systems along with the ESR spectra of nickel(1) 

complexes, there are broad, slightly asymmetric single signals characteristic of superpara-

/ferromagnetic nickel particles, the intensity of which increases as the reaction proceeds. 
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