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Abstract 
Conversion of carbon dioxide to useable commodity chemicals or fuels in an efficient and inexpensive 

way potentially forms a partial solution to the energy problem. However, it is still a challenge in 

chemistry. The catalytic polar bond hydrogenation of the gas has been found to be catalysed by 

second- and third-row transition metal complexes[1,2]. Advances towards the use of first-row transition 

metals instead are being made. Recently, the hydrogenation of CO2 has been reported catalysed by an 

organometallic cobalt complex[3]. The process would be more attractive using the more abundant and 

less costly first-row transition metal based complexes. One of the possibly useful metals for this role is 

nickel.  

In this research, the synthesis of bis(2-diphenylphosphinophenyl)methanone (DPK) and complexations 

between DPK and nickel salts were attempted with as goal the synthesis of various nickel based 

complexes. The chelating ketone-diphosphine ligand system in this complex is an electron-donating 

system, yet it is also able to accept electrons via back donation. The combination of these electronic 

effects is meant to aid in facilitating the heterolytic hydrogenation of polar bonds. Eventually, synthesis 

of this DPK ligand was successful as well as the complexations to various nickel salts to yield four 

different isolatable complex systems, ranging from Ni(0) to Ni(II) complexes.  

Analysis of the formed compounds and complexes was performed by use of Nuclear Magnetic 

Resonance (NMR), Fourier Transform - Infra Red spectroscopy (FT-IR), Ultraviolet - visible spectroscopy 

(UV-Vis), Cyclic Voltammetry (CV), Electron Paramagnetic Resonance (EPR), Electron Spray Ionization - 

Mass Spectrometry (ESI-MS), X-Ray Diffraction (XRD) and Elemental analysis (EA). In addition, Density 

Functional Theory (DFT) calculations were used to support hypotheses on the formation of desired 

compounds and complexes and effects of modification of functionalities therein. 

 

 

 

 

 

 

 

 

 

 

 

Title page image: XRD crystal structure of the Ni(0) complex with a benzophenone-based tridentate diphosphine-ketone 

(DPK) ligand and triphenylphosphine (PPh3) (complex 8). 
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List of abbreviations 

General  
VE  Valence Electron(s) 
ppm  parts per million 
kg  kilogram 
mg  milligram 
(M)Hz  (mega)hertz 
J  coupling constant 
s  singlet/second 
d  doublet 
t  triplet 
dd  doublet of doublets 
dt  doublet of triplets 
m  multiplet 
B3LYP  Becke, three-parameter, Lee-Yang-Parr 
HOMO  Highest Occupied Molecular Orbital 
LUMO  Lowest Unoccupied Molecular Orbital 
SOMO   Singly Occupied Molecular Orbital 
 
Analysis methods 
1H-NMR  Proton Nuclear Magnetic Resonance 
13C-NMR Carbon Nuclear Magnetic Resonance 
31P-NMR  Phosphorus Nuclear Magnetic Resonance 
VT-NMR  Variable Temperature Nuclear Magnetic Resonance 
ESI-MS  Electron Spray Ionization - Mass Spectrometry 
FT-IR  Fourier Transform - Infra Red  
XRD  X-Ray Diffraction 
EA  Elemental Analysis 
EPR  Electron Paramagnetic Resonance 
CV  Cyclic Voltammetry 
GC-MS  Gas Chromatography - Mass Spectrometry 
DFT  Density Functional Theory 
 
Chemicals 
DPK  diphosphine ketone ligand (5); bis(2-diphenylphosphinophenyl)methanone 
CO2  carbon dioxide 
H2  hydrogen gas 
(CD3)CO  deuterated acetone 
CDCl3  deuterated chloroform 
C6D6  deuterated benzene 
C7H8(/C7D8) toluene (deuterated) 
COD  1,5-cyclooctadiene 
DME  dimethoxy ethane 
dppp  1,3-bis(diphenylphosphino)propane 
dppe  1,2-bis(diphenylphosphino)ethane 
THF  tetrahydrofuran 
Et2O  diethylether 
DMF  N,N-dimethylformamide 
DCM  dichloromethane 
Et3N  triethylamine 
i-PrEt2N  N-isopropyldiethylamine 
(CF3SO2)2O  trifluoromethanesulfonic anhydride 
HPPh2  diphenylphosphine 
PPh3  triphenylphosphine 
Ph  phenyl(group) 
Ar  aryl(group) 
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1. Background 

1.1. Hydrogenation of carbon dioxide 
In our current global energy balance, fossil fuels are popular. About 90 per cent of our energy demand 

is generated through the combustion of different fossil fuels such as natural gas, oil and coal[4]. The 

combustion of those fuels comes at a high price, however: for each kilogram (kg) of carbon present in 

the fuel, 3.5 kg of carbon dioxide (CO2) is released. These vast amounts of gases being generated 

tremendously increase the concentration of CO2 in the atmosphere. Being a major greenhouse gas, 

this increase of CO2 concentration will induce a climate change through global warming. So why do 

fossil fuels retain such popularity? Their convenience is multifarious: aside being relatively inexpensive, 

widely available and only mildly dangerous to users who handle them with care, they are easily 

adaptable to applications, easily transported and without equal in use for transportation itself. Used 

for transport, they are portable in a convenient way and contain tremendous amounts of stored 

chemical energy. On top of that, their easy accessibility throughout the world has cooperated in 

generating an interest in the optimization of the effective use of fossil fuels: combustion of these fuels 

has been studied for several centuries, ranging from the fundamental ideas[5] such as those originally 

proposed by Carnot, Stirling and other founding pioneers to the constant development of application 

guided research.  

An efficient and cheap catalytic conversion method from CO2 to useful products would not only provide 

a ‘green’ process for the chemical synthesis of fuel, but would also assume an important role in tackling 

the major problem of the combustion of fossil fuels: the vast issue of global CO2 emissions. By following 

a sequence of hydrogenation and dehydration steps summarized in Figure 1, a range of products can 

be obtained which are either useful as commodity chemicals, as sustainable fuels or both[1].  

Figure 1: Reduction of CO2 as a source for industrially important products[1]. 

Ultimately, the overall process could lead to an advantageous combination of the capture of carbon 

dioxide and the production of sustainable fuels and commodity chemicals. Moreover, there is yet 

another advantage of this process with regard to alternative sustainable evolutions, as conveniently 

expressed by Z. Jiang et al[4]: 

‘Its real attraction is that this approach offers the prospect of decarbonizing transport without the 

paradigm shift in infrastructure required by electrification of the vehicle fleet or by conversion to a 

hydrogen economy.’ 
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1.2. Organometallic catalysed hydrogenations 
The homogeneously catalysed hydrogenation of unsaturated substrates, among them CO2, has been 

established to be viable at low pressures under homogeneous catalysis. Examples of hydrogenation 

include work performed on the Noyori asymmetric hydrogenation[6,7] with Ru(II)-BINAP complexes, 

work with Ru(II)-pincer complexes[1,8] and other works using catalysts which make use of rhodium[9] or 

palladium[10]. These catalytic hydrogenation reactions are highly efficient. The hydrogenation reactions 

are in principle always atom-economical and proceed under mild temperatures and pressures possibly 

in the absence of solvent with no waste generation. Attributing these characteristics, they are classified 

as so-called ‘green’ reactions. However, these reactions require the use of costly and scarcely available 

metals. Partly due to the high costs of these catalyst materials, the direct hydrogenation of CO2 to 

methanol under mild conditions has not yet been developed as a practical homogeneous catalytic 

process[2].   

As an alternative to those high cost rare metals, cheaper metals can be modified to have resembling 

properties. During recent years, a multitude of catalytic processes have been developed based on 

abundant and cheap first-row transition metals, such as nickel, often with the goal to replace earlier 

developed, costlier catalysts. Examples include the work done on amination of aryl and heteroaryl 

chlorides and bromides catalysed by a BINAP-ligated single-component Ni(0) complex by Hartwig et 

al[11,12], oxygen-atom insertion from nitrous oxide into nickel(II) alkyls by Figg et al[13] and Hillhouse et 

al[14-16]
, the insertion of carbon monoxide and ethylene into to nickel(II) alkyls Hillhouse et al[17] and the 

activation of water and ammonia by phosphorus-carbene-phosphorus nickel(II) pincer complexes by 

Piers et al[18]. 

Work towards syntheses of first-row transition metal based complexes suitable for polar bond 

hydrogenation is in progress. One of the promising functionalities for such complexes is the inclusion 

of a η2 nickel-bound polar unsaturation such as a ketone, imine or alkene. The reason why these 

functionalities are promising, are discussed later. Examples of nickel complexes with such a 

functionality exist[19-22]. In some works, homogeneous nickel-catalysed hydrogenation is included. The 

hydrogenation of ketones still requires high temperatures (150°C) and long reaction times (±80 hours) 

using 4 bar of H2 pressure[23]. Hydrogenation of imines occurs under milder conditions (100°C, 15 bar 

H2) and only hydrogenates specific substrates[20]. Hydrogenation and isomerization of 1-octene has 

been shown to occur catalysed by Ni(II) complexes with bidentate diarylphosphane ligands[24]. 

Activation of molecular hydrogen (H2) and its reversible addition across a nickel-borane unit has been 

observed by J.C. Peters et al[25]. CO2 hydrogenation has been shown to occur catalysed by the 

[Co(dmpe)2] complex under mild conditions (21°C, 1 bar 50:50 H2/CO2)[1]. 

1.3. Polar bond hydrogenation 
The polarity of the carbon-oxygen bond in the gaseous CO2 substrate molecule has an immense effect 

on the chemistry of the reaction. In general, the chemical properties of the hydrogen atoms which are 

added to the substrate should match the polarity of the bond to be hydrogenated. Whilst for 

hydrogenation of apolar bonds, the hydrogen atoms which are added should be chemically near-

equivalent, the hydrogen atoms should be chemically different for hydrogenation of polar bonds. 

Therefore, for an efficient catalysis to happen, the hydrogen atoms should be chemically non-

equivalent after activation by the catalyst. Examples of the non-equivalent activation of hydrogen 

include the work done by Noyori[5,6] and Milstein[26,27], and the work done by Huff[28] who proceeded 

on the work of Milstein.  
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Figure 2: H-H σ -bond activation types. 

The requirement of chemically different activated hydrogen atoms also affects the hydrogen bond 

activation reaction type by the metal centred catalyst. Different H-H σ-bond activation types have been 

established[29,30], as can be seen in Figure 2.  

In the homolytic pathway ((A) in Figure 2), the two hydrogen atoms are both oxidatively added to the 

metal centre, yielding two chemically near-equivalent hydrogen atoms bound to the metal centre. The 

chemical properties of the two hydrogen atoms can still vary through influences of other ligands bound 

to the metal and their respective coordination with regards to the metal-bonded hydrogen atoms (for 

example, through the trans-effect in square-planar, trigonal bipyramidal or octahedral complexes). 

Important to note in this reaction type is the fact that the oxidation state of the metal centre is 

increased by two during the addition. 

Through the heterolytic hydrogen activation ((B) in Figure 2), the hydrogen is split up into a hydride, 

which binds to the metal, and a proton, which is adsorbed by a present base. In this reaction type it is 

important to note that the oxidation state of the metal does not change during the reaction. This type 

of reaction generally happens under the cooperative functions of an electron-deficient transition-

metal and an electron-rich Lewis base[29]. The hydride is accepted by the metal centre whilst the proton 

is trapped by a Lewis base nearby, which might be incorporated in the metal complex as a ligand. 

Heterolytic cleavage is generally more facile than homolytic cleavage because the formal oxidation 

state and coordination number of the metal centre do not change during the reaction. Non-innocent 

auxiliary ligand rearrangement may influence the geometry of the complex during the reaction, 

causing a slight distortion around the metal centre throughout the process. The intramolecular 

heterolytic cleavage where the generated hydride and proton both coordinate to the ligand-non-

innocent organometallic complex through a reaction incorporating one single transition state can be 

regarded to be a metathesis. If the metathesis only rearranges bonds with σ-character throughout the 

reaction, the reaction is called a σ-bond metathesis ((C) in Figure 2). This type of hydrogen activation 

is probably the most promising for use in homogeneous catalytic polar bond hydrogenation. The 

reason that this is the most promising activation type during this reaction, is twofold. Firstly, both 

hydrogen atoms will be kept in close proximity to each other in the hydrogenated catalyst complex 

once coordinated to the metal. Secondly, they will be different in terms of chemical properties.  
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1.4. Catalyst design 

1.4.1. Possible nickel-based polar bond hydrogenation catalysts 

A general structure for a possible nickel-based diphosphine-ketone (DPK) catalyst is proposed in Figure 

3. The catalyst design is based on considerations as proposed in various sources of literature and the 

functionalities of this complex structure will be discussed in this chapter.  

Figure 3: General structure for possible DPK ligated 18/17 VE Ni(0)/Ni(I)/Ni(II) based polar bond hydrogenation catalysts 
and their hydrogenation reactions. 

In this structure, the two phosphine groups coordinated to the nickel provide the first-row transition 

metal centre with additional electron-richness. Chelation of the phosphine residues combined with 

the constrained rotation of the molecule is to orient the ligand to the metal in such a way that the 

carbonyl entity will be pushed towards the metal, resulting in stable nickel(0/I/II)complexes. In this 

system the complex conformation is locked throughout the reaction through multiple chelation by the 

ligand. 

A key feature of the ligand will be the cooperative character deriving from the carbonyl moiety. Upon 

hydrogenation of the nickel metal centre by molecular hydrogen, the Lewis basic to-the-metal 

coordinated carbonyl functionality can rehybridize to coordinate its electrons from the carbonyl-nickel 

bond to the hydrogen, polarizing the hydrogen-hydrogen bond in the to-the-metal η2-σ-coordinated 

hydrogen molecule. Ultimately, the carbonyl oxygen can abstract a proton from the η2-σ-coordinated 

hydrogen molecule and partake in the stabilization of the hydrogen coordination to the complex.  

Comparable nickel complexes have been synthesized by Tsou et al[19] incorporating a diphosphine and 

separate η2-bound benzophenone ligand, by Kuang et al[31] which incorporates an oxydibenzene-

derived structure instead of a benzophenone-derived structure, by Flores-Gaspar et al[23] where the 

nickel is η2-bound to the C=O of a di-2-pyridyl ketone and by Arévalo et al[22] who also use the 

oxydibenzene ligand (amongst others) and show that this complex can bind to alkenes with a η2 

hapticity. Overall in these works, the nickel shows a preference for η2(π)-bonding rather than η1(σ)-

bonding to either the carbon or the oxygen of the carbonyl moiety. A general preference for the η2-

coordination is known for various metal-carbonyl complexes[32]. In some of the by Huang discussed 

complexes, the η2-coordination is shown to activate the carbonyl for further reactions, such as 

reactions with electro- or nucleophiles, insertion reactions or thermal reactions.  
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The orbital diagram corresponding to a general 18 VE tetrahedral Ni(0) complex is shown in Figure 4.  

Figure 4: Orbital splitting diagram for a general tetrahedral 18 valence electron (VE) nickel(0) complex. 

The use of nickel as a first-row transition metal is currently less prevalent than the use of other first-

row transition metals such as iron or cobalt. However, nickel has certain advantages. Ni(0)- and square 

planar Ni(II)-complexes are diamagnetic because of the even filling of the organometallic molecular 

orbitals, causing no uncoupled electrons to be present in those complexes. This simplifies analysis by 

Nuclear Magnetic Resonance (NMR). Use of nickel in organometallic chemistry also has another 

practical advantage: nickel precursors with weakly coordinating ligands are widely available for 

different oxidation states of nickel. For example, as a source of Ni(0), bis(1,5-cyclooctadiene)nickel(0) 

([Ni(COD)2])  can be used whilst the nickel(II) chloride ethylene glycol dimethyl ether complex 

([NiCl2(DME)]) is a convenient precursor in nickel(II) chloride complex syntheses.  

1.4.2. Considerations derived from literature 

In order to be able to catalytically hydrogenate polar bond substrates in the heterolytic way as 

described in chapter 1, section 3, it is crucial for the catalyst design to make use of previous work done 

on relating subjects. In literature, several chemical considerations have been reported.  

1.4.2.1. Hydride addition versus H2 σ-complex generation 

Two different metal-hydrogen adducts can be formed by addition of molecular hydrogen (H2) to a 

metal centre in an organometallic complex[29,30,33]. The two possible products obtained after hydrogen 

addition to the metal-centred complex are depicted in Figure 5. Following the mechanism of the 

heterolytic cleavage of H2, out of these two different conformers, stabilization of the H2 σ-complex is 

desired. This geometry is favoured as from this state, the system can be further converted to the 

product after heterolytic cleavage of the hydrogen. 

Figure 5: Structural representation of the metal-hydride and σ -bound hydrogen complexes. 
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Factors that play a crucial role in stabilizing H2 σ-complex generation over generation of a metal-

hydride complex are[30]: 

 presence of electron-withdrawing auxiliary ligands  

 cationic character of the metal centre in the complex 

 use of less electron-rich metal centres  

 high orbital hybridization, for example, d6 metals in an octahedral coordination 

Opposed to this, the use of ligand-metal systems which are in full contrast to the above-mentioned 

factors promotes formation of the metal-hydride complex. The generation of a metal hydride complex 

can also be achieved through use of highly electron-donating ligands coordinated to the metal centre. 

The reason for this is that when back donation becomes strong enough, the H-H bond can be broken 

to form a dihydride because of overpopulation of the antibonding σ*-orbital[34]. The choice of 3d-nickel 

metal centre rather than 4d-Pd or 5d-Pt also has an effect on this preference for either of the hydrogen 

adducts. As the basicity of the metal centres increases going from first-row transition metals down to 

second-row and third-row transition metals[34], electron donation occurs more easily and the system 

favours formation of the metal-hydride complex. In the proposed catalyst structure, the empty 

phosphorus σ* orbitals and C=O π* orbitals serve as acceptors from the nickel. By accepting the nickel 

electrons from back donation the nickel centre becomes more electron-poor. A preference for a H2 σ-

complex over the metal-hydride complex is to be generated by the use of those electron withdrawing 

ligands. Depending on the oxidation state of the nickel, the system might still favour hydride complex 

generation for the most reduced [Ni(0)]-complexes. 

1.4.2.2. Facilitation of the carbon dioxide insertion 

Conversely, the addition of hydrogen to the catalyst is not the only process for which the system should 

be suited. Followed by the coordination of the hydrogen, substrate molecules such as CO2 should insert 

into the metal-hydride bond to be able to sequentially form the hydrogenated end product. For Ru(II) 

pincer complexes, it is stated that strong donor ligands facilitate the insertion of CO2 into the 

ruthenium-hydride bond[35]. This is in sharp contrast to the statement that electron-withdrawing 

ligands should be preferred[30] as they aid in giving preference for the formation of a H2 σ-complex 

rather than the metal-hydride complex. A compromise between both extremes should be made for 

catalytic polar bond hydrogenation to occur.  

1.4.2.3. η2-CO coordination and two electron process facilitation 

One of the challenges in using first-row transition metals rather than noble metals, is their tendency 

to undergo one-electron redox processes rather than two-electron redox processes[33]. Regarding this 

challenge, P.J. Chirik and K. Wieghardt[36] state:  

‘To mimic noble metals, one-electron redox changes must be suppressed and two-electron redox events 

facilitated.’  

One way to circumvent this problem is to turn the two-electron redox process into a one-electron 

redox process through the use of a redox non-innocent ligand. The metal-supporting organic 

framework should be able to participate in the redox reaction occurring upon coordination of 

hydrogen to the catalyst. Suitable for such a chemical reaction is a η2-coordinated carbonyl where 

reduction of this unsaturated carbon-oxygen functionality yields the corresponding alcohol.     
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Figure 6: Representation of the unbound unsaturated ligand (A), the formal L-type Dewar-Chatt-Duncanson π-bound 
ligand (B) and the formal X2-type metalacycle extreme (C). 

Coordination of a ketone ligand to a NiL3 centre in a η2–coordination yields an 18-VE complex. The 

formal oxidation state of the nickel in this proposed complex is an object open for discussion. In theory, 

the mutual bonding between the metal and the carbonyl moiety involves donation of the C=O π 

electrons to an empty dσ orbital on the metal which is accompanied by back donation from a metal dπ 

orbital into the ligand lowest unoccupied molecular orbital (LUMO), which is in this case the C=O π* 

orbital[33]. Caused by a combination of these two interactions, the C=O bond is lengthened on 

coordination to the metal. In addition, the substituents present on the to-the-metal coordinated atoms 

bend away as a combined result of rehybridization of the ligand atoms and steric interactions between 

the metal centre and substituents ((B) in Figure 6). A strongly π-basic metal can push this elongation 

thus far, that the bond is almost reduced to a single bond. In the most extreme cases, for example for 

various platinum based organometallic complexes[37], the bond is in fact reduced to a single bond and 

the coordination process is best described as an oxidative addition to the metal centre creating a three-

coordinate metalacycle. An additional effect of this extreme is the full rehybridization of the to-the-

metal bound carbons from a sp2 hybridization to a sp3 hybridization ((C) in Figure 6).  

If this metalacycle extreme is applicable to the proposed Ni(0)L3(η2-CO) complex, the complex should 

rather be regarded to be a Ni(II)L3X2 complex. To distinguish between the two plausible oxidations is 

complex: both conformations have a full filling of the bonding metal-carbonyl orbital and it is a matter 

of formalism to regard the orbital occupying electrons as belonging to the carbonyl residue or to the 

metal.  

The hydrogenation of the catalyst structure as proposed in Figure 3 can be regarded in two ways based 

on the two resonance structures of the η2 carbonyl-nickel complexes. These two reaction pathways 

are shown in Figure 7. 

Figure 7: Proposed hydrogenation reactions I and II for the two resonance structures for the DPK-nickel complexes. 

In both pathways, the redox non-innocent carbonyl accepts the proton generated in the heterolytic H-

H σ-bond activation. Whether the addition of hydrogen to the complex is an oxidative addition which 

changes the oxidation state of the metal by two (pathway I) or a σ-metathesis with the nickel-oxygen 

bond in a Ni(II)-complex which rearranges its electrons to accept the incoming hydrogen (pathway II), 

the result is the same: a Ni(II) complex where the carbonyl functionality has been reduced to an alcohol 

and the now saturated, sp3-hybridized carbon is bound to the metal. In both pathways, the metal-

supporting organic framework is able to participate in the redox reaction occurring upon coordination 

of hydrogen to the catalyst.   
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2. Aim of the project 
The overall aim of the project is to design a novel benzophenone-derived diphosphine-ketone 

chelating ligand ligated nickel-based homogeneous catalyst for use in polar bond hydrogenation 

reactions, under which specifically in the hydrogenation of CO2.  

The first subgoal is to synthesize a ligand suitable for the synthesis of nickel based complexes as 

depicted in Figure 3. This benzophenone derived ligand molecule is depicted in Figure 8. Synthesized 

ligand products will be analysed using 1H-NMR, 13C-NMR, 31P-NMR, FT-IR spectroscopy and EPR. 

 

Figure 8: The bis(2-diphenylphosphinophenyl)methanone ligand (DPK) molecule.  

The second sub goal is to complexate this diphosphino-ketone (DPK) ligand molecule to a variation of 

nickel sources to form a scope of chelating phosphorus-bridged carbonyl-ligated Ni(0)-, Ni(I)- and Ni(II)-

complexes and full analysis of such complexes by 1H-NMR,13C-NMR, 31P-NMR, FT-IR, EA, UV-Vis, EPR, 

CV and XRD.  

After the synthesis of such a scope of complexes, the analyses can be used to determine the binding 

mode of the carbonyl moiety of the DPK ligand to the different nickel metal centres. First of all, it 

should be determined if the carbon-oxygen moiety is in any way coordinated to the metal centres in 

differently oxidized nickel(0)-, nickel(I)- and nickel(II)-complexes.  

In case of η2-coordination to the nickel centres, it should be determined if the L-type Dewar-Chatt-

Duncanson model or X2-type metalacycle extreme is more applicable. 

If it proves to be successful to synthesize the proposed potential polar bond hydrogenation catalysts, 

their susceptibility towards hydrogen coordination and activation and activity in homogeneous 

hydrogenation can be tested. The consecutive catalysis experiments can be monitored by NMR 

techniques and GC-MS measurements.  
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*This cross-coupling reaction was discussed[38] to proceed under catalysis by NiCl2(dppe). The experimental section of the paper 
however specifies that NiCl2(dppp) was used instead. The corresponding author of the paper was contacted and it was claimed that 
the NiCl2(dppp) complex was the correct catalyst. No successful synthesis was perceived using this catalyst however.  

 

3. Results and Discussion 

3.1. The diphosphine-ketone ligand 

3.1.1. Diphosphine-ketone synthesis 

Initial attempts at the synthesis of the bis(2-diphenylphosphinophenyl)methanone chelating ligand 

(DPK, (5)) were based on work done by K. Ding et al[38]. Their procedure is summarized in Figure 9. 1H-

NMR was used to follow the progression of the reactions. The pathway includes constant modification 

of functionalities in the molecules which are distinctive in NMR analysis. On account of this, NMR 

proved to be a convenient analysis method. For syntheses of the intermediates, the yields in which 

they were isolated as pure compounds have been included in Figure 9.  

 

Figure 9: Reaction pathway for the synthesis of the bis(2-diphenylphosphinophenyl)methanone ligand. 

The first step in the synthesis is the generation of a Grignard reagent at room temperature using an 

excess of magnesium and a small amount of I2 to activate the magnesium. After the generation of this 

intermediate, the aryl group of the reagent is able to perform a nucleophilic attack on the carbonyl 

functionality on the 2-methoxybenzaldehyde. The mixture of aldehyde and Grignard reagent was 

heated to reflux temperature in THF (66 °C) to speed up the reaction. The synthesized intermediate (1) 

was then oxidized using MnO2 in toluene at an elevated reflux temperature of 110°C. Isolation of the 

pure compound 2 from the black solid MnO2 and derivate salts proceeded easily. The next step was 

the deprotection of the methoxy functionalities using BBr3 at -78°C (product (3)). This intermediate 

step was needed in order to enable subsequent conversion of the methoxy groups into triflate 

(CF3SO2O-/TfO-) groups, which are good leaving groups. This was done using trifluoromethanesulfonic 

anhydride ((CF3SO2)2O) in the step thereafter under mild basic conditions at room temperature (rt). In 

order to afford this desired product (4), it is important to work under inert (N2) conditions. Otherwise, 

(CF3SO2)2O reacts with moisture in the atmosphere, generating the corresponding acid, harshly limiting 

the reactivity of the molecule and thereby the progression of the reaction. The final step in the 

synthesis of the ligand would be the cross-coupling between HPPh2 and the TfO-substituted 

intermediate (4) catalysed by [1,3-bis(diphenylphosphino)ethane]dichloronickel(II) ([NiCl2(dppe)]) or 

[1,3-bis(diphenylphosphino)propane]dichloronickel(II) ([NiCl2(dppp)])*. This reaction would, according 

to the literature, occur in presence of mild base at a temperature of 100°C. Various attempts were 

made, varying the amount as well as type of catalyst and base. Also, temperature and reaction time 

were varied for the reaction. All attempts were unfruitful except for one of the experiments for which 
31P-NMR showed a minor singlet peak around -7.3 ppm, the reported shift[38] for the end product of 

the procedure (5). This singlet peak indicated plausible generation of the desired product, though 

isolation of the final product 5 was unsuccessful.  
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As after several attempts the final product could not be isolated using the procedure as described in 

the literature, an alternative two-step synthesis route was devised. Synthesis of the DPK product (5) 

was eventually successful in an overall reaction yield of 48%. This reaction pathway can be found in 

Figure 10. 

 

Figure 10: Alternative reaction pathway for the synthesis of the DPK ligand. 

Once again, 1H-NMR techniques proved to be useful in following the reaction progress. For both 

reactions, pure product was isolated. This synthesis pathway is based on different sources of 

literature[39-41]. The first step in this reaction pathway was performed under inert atmosphere (N2) to 

prevent oxidation of the diphenylphosphine, tetrakis(triphenylphosphine)palladium(0) catalyst and o-

bromophenyldiphenyl-phosphine product. The second step was carried out at low temperature to 

prevent a second, consecutive addition of the o-bromotriphenylphosphine (6) to the desired end 

product 5 to generate the tris(2-diphenylphosphinophenyl)methanol as shown on the right in Figure 

10.  

3.1.2. Diphosphine-ketone analysis 

Ligand 5 was analysed by 1H-NMR, 13C-NMR, 31P-NMR, FT-IR, UV-Vis, ESI-MS and EPR. An X-ray 

diffraction measurement on this compound in its yellow crystalline form had already been done by K. 

Ding et al[38]. As combination of the experimental results of the various analysis methods gave clear 

confirmation that the synthesized material was the DPK, it was decided that an X-ray geometry 

determination was redundant. For all of the used analysis methods, spectra have been included in the 

addendum section.   

3.1.2.1. Ligand 1H-NMR analysis 

In 1H-NMR, the protons of the ligand only resonate in the aromatic region. This is also what is to be 

theoretically expected, as all of the protons available on the molecule are bound to phenyl rings. 

However, minor differences between the chemical environments around the protons attached to the 

phenyl rings cause them to resonate at slightly different frequencies. The 1H-NMR spectrum as 

obtained for the ligand could be fully assigned because of this. A zoom of this spectrum is shown in 

Figure 11. 

Figure 11: Zoom of the aromatic region of the 1H-NMR spectrum of DPK in C6D6. Relative values for the areas integrated 
under the peaks have been included in red.  
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Unfortunately, it is not convenient to use the phenyl region of this 1H-NMR spectrum to determine 

whether the desired product has been formed in a reaction: in the different syntheses performed 

during this work, a number of compounds with resemblance to this ligand molecule have been 

synthesized. Besides substrate and product molecules in such a synthesis, minor side products are 

often formed whose chemical composition is derived from the substrate or which resembles the 

product. The substrate and all those (side) products resonate in the region from 7-8 ppm in 1H-NMR. 

As this gives rise to a lot of overlap in the aromatic regions of these spectra, it is not useful in monitoring 

the reaction progress. 

For phosphorus containing diamagnetic compounds, 31P-NMR provides a quick and easy way to follow 

the reaction progress. As can be seen in Figure 12, the signal originating from the phosphori in the 

ligand (5) is a sharp singlet in 31P-NMR. Any generated diamagnetic phosphorus containing (side) 

products can be easily detected in 31P-NMR.  

  

Figure 12: 31P-NMR spectrum of DPK ligand 5. As can be seen, a sharp singlet is obtained around -8.2 ppm. 
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3.1.2.2. Ligand ESI-MS analysis 

In order to be able to perform Electron Spray Ionization – Mass Spectrometry (ESI-MS) analysis, the 

DPK ligand 5 was complexated with Ag+ from AgNO3 in water/acetonitrile to form [Agx(DPK)y] 

complexes. Signals for these silver-ligand complexes were observed at 675-680 m/z and at 1243-1248 

m/z. Both signals had an isotope pattern corresponding to a carbon-rich monosilver complex. The 

signal patterns could be described with the empirical chemical formulas C37H30AgO2P2 and 

C74H60AgO4P4 respectively. These empirical formulas can be assigned to the composition of the clusters 

that caused those signals. As compound 5 contains exactly 37 carbon atoms, it is plain to conclude that 

the cluster causing the first signal contains one ligand molecule, whilst the cluster that caused the 

second signal contains two ligand molecules. Water, which is also included in the clusters, completes 

the chemical formulas. The isotope patterns as calculated using the aforementioned chemical 

compositions are consistent with the isotope pattern as obtained from the measurements as can be 

seen in Figure 13.  A summary on the analysis of these clusters is given in table 1. Apart from providing 

a confirmation on the success in the synthesis of 5, this also indicates that 5 forms clusters with Ag(I) 

either in a 1 : 1 or 2 : 1 ratio.  

Figure 13: Ligand-derived signals obtained from ESI-MS. The obtained signal is indicated by a green solid line, the 
calculated values are indicated by red lines. 

  

 Signal 1 Signal 2 
m/z range 675-680 m/z 1243-1248 m/z 

chemical formula C37H30AgO2P2 C74H60AgO4P4 

composition · one silver centre (Ag) 
· one ligand molecule (C37H28OP2) 
· one water molecule (H2O) 

· one silver centre (Ag) 
· two ligand molecules (2 x C37H28OP2) 
· two water molecules (2 x H2O) 

Table 1: ESI-MS signals and their interpretation in terms of chemical composition based on m/z values.  
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3.1.2.3. Ligand EPR analysis 

To test the competence of the ligand molecule to accommodate an additional electron, an attempt 

was made to reduce the DPK ligand to the anionic DPK. Sample preparation was done in the glovebox 

under inert atmosphere. First, 1 mg of Na(s) was submerged and stirred in 0.5 ml of THF. The reaction 

of the sodium with THF generated a very dark blue solution to which 1 mg of 5 was added. The resulting 

mixture was filtered. Electron Paramagnetic Resonance (EPR) analysis was used to analyse the sample, 

so the sample was transferred into a quartz EPR tube.  

The EPR measurement can be seen in Figure 14 and shows that the reduction of the ligand molecule 

yields an organic radical stable in THF with a g-factor value of 2.004. The peak width amounts to a g-

factor value of about 0.013. The obtained signal shows a multitude of hyperfine couplings, though 

retains the general curved shape corresponding to a singlet peak. Allocation of the peaks to the 

corresponding electron-nucleus couplings is complicated: due to overlap, the signals are heavily 

distorted. The observed hyperfine couplings arise from couplings of the uncoupled electron to nuclei 

with non-zero nuclear spin, which are in this case the both phosphorus atoms, the 13C carbon isotope 

atoms and all of the hydrogen nuclei. The isotope abundance of 13C is however low (±1.1%[42]), so no 

hyperfine couplings originating from these nuclei are distinguishable from the noise in the EPR 

spectrum.  

Theoretically, it would be possible to simulate the spectrum and approximate the couplings as 

generated by the EPR-active nuclei. For now, this measurement provides us with a fingerprint of the 

synthesized ligand.   

  

3490 3495 3500 3505 3510 3515 3520 3525

Gauss

Reduced DPK ligand 5 EPR spectrum at 300 K

Figure 14: EPR spectrum of the radical anion form of ligand molecule 5 measured in C7H8 at 300 K. 
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Density Functional Theory (DFT) calculations have been used to optimize the geometries of the 

uncharged and radical anion form of ligand molecule 5. From the calculation on the radical anion, a 

spin density plot could be generated. This plot shows differences in spin density in the molecule. Also, 

plots were calculated for the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied 

Molecular Orbital (LUMO) both of the uncharged and radical anion forms of 5. The spin density plot 

for the radical anion shows correlation with both the LUMO plot obtained for the uncharged DPK 

molecule and with the HOMO plot obtained for the radical anion form. Conclusively, the additional 

electron in the radical anion form of the ligand occupies the LUMO of the uncharged molecule, turning 

this orbital into a Singly Occupied Molecular Orbital (SOMO). In the radical anion calculation, this singly 

occupied orbital can be regarded to be the HOMO of the molecule. The HOMO plot and spin density 

plot are shown in Figure 15. As can be seen, the free electron is mostly present around the carbonyl 

functionality and adjacent phenyl groups. This local presence shows that the uncoupled electron 

predominantly couples with the zero-spin abundant carbon and oxygen nuclei. 

 

Figure 15: HOMO plot (left) and spin density plot (right) for the radical anion form of the DPK ligand (5) as generated 
after DFT calculations using Gaussian 09 and the GaussView 5.0.8 software. Calculations were performed using the Becke 

three- parameter Lee-Yang-Parr (B3LYP) functional and the 631-G** basis set. Phenyl rings on the phosphori are 
represented as wireframe to improve clarity. Hydrogen is shown in white, carbon in grey, phosphorus in orange. HOMO 

plot isovalues: MO=0.06; Density=0.004. LUMO plot isovalues: MO=0.02; Density =0.004. Pictures generated using 
GaussView 5.0.8. 
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3.2. Complexation reactions 
Common synthesis procedures for the generated nickel-based complexes included working under inert 

N2(g) atmosphere in the glovebox and with dried and degassed solvent and reagents. More detailed 

synthesis procedures can be found in the experimental section. 

3.2.1. Ni(0) complex synthesis 

The DPK ligand as previously shown in Figure 8 was complexated with [Ni(COD)2] to generate two 

different complexes. Addition of the ligand to [Ni(COD)2] generates a dinickel-trisligand complex which 

can be converted to a monomeric Ni(0) complex by addition of triphenylphosphine. The bridging ligand 

molecule is then replaced by PPh3. The monomeric complex can also be generated directly by 1:1:1 

combination of [Ni(COD)2], 5 and PPh3. Figure 16 shows these various complexation reactions more 

clearly.  

Figure 16: Summary of the different complexation reactions using [Ni(COD)2], DPK ligand 5 and PPh3. The pathway from 7 
to 8 generates two equivalents of complex 8 per equivalent of complex 7. 

The synthesis of 7 was monitored in an in-situ NMR experiment; the DPK ligand was dissolved in C6D6 

and added to solid [Ni(COD)2] at room temperature. 31P-NMR was used to follow the progress of the 

reaction over time. No precipitation was observed in the NMR sample over time. A first measurement 

was performed 15 minutes after combination of the ligand solution and [Ni(COD)2], later 

measurements were performed at one hour after combination and at 18 hours after combination. In 

between and during the measurements, the sample was left unmodified under inert conditions at 

room temperature. Analysis showed that two different main products were being formed. Results of 

the NMR measurements have been compiled in table 2. 

Reaction time (h) Ratio 7 : main side product(s) 

0.25 1.0 : 1 
1 0.5 : 1 

18 0.0 : 1 

 Over time, the amount of complex 7 in the air-tight sealed J. Young NMR tube diminished whilst the 

amount of main side product(s) increased. As there had not been made any (externally originating) 

change to the sample composition, it was concluded that complex 7 could and would undergo 

decomposition and be converted to the observed side product(s) under the applied conditions. 

Isolation and further analysis of this/these decomposition product(s) was not performed.  

  

Table 2: Reaction times and corresponding ratios between the generated compound 7 and the main side products. 
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A consecutive experiment with the goal to provide an easy purification method for the compound was 

performed using Et2O as solvent. Because of low solubility of both the [Ni(COD)2] and 5 in this solvent, 

the reaction was proceeded under stirring in a suspension. The immediate colour change from brightly 

yellow to intense dark brown upon addition of the DPK (5) suspended in Et2O to [Ni(COD)2] indicated 

that some form of quick chemical reaction, presumably complexation, did occur. This reaction occurred 

despite that the reagents were only sparingly soluble. After 15 minutes of stirring, two different phases 

were synthesized and isolated (solid and liquid). 31P-NMR analysis showed that by using this synthesis 

method, complex 7 could be isolated as the solid and that main side product as observed in the 

previous experiment remained dissolved in the Et2O together with other by products such as the COD 

that had dissociated from the Ni(0). Isolated as a solid, complex 7 degrades only slowly and is stable 

over the course of days under inert conditions at room temperature.   

3.2.2. Ni(0) complex analysis 

3.2.2.1. [Ni(0)2(DPK)3] NMR analysis 

The 31P-NMR of 7, as seen in Figure 17, shows three peaks with different chemical shifts. The integrals 

of the signals relate to each other as 1:1:1. As the ketone ligand 5 only has two phosphorus atoms, 

either two or one signal would be expected in 31P-NMR for any complex incorporating one ligand 

molecule. The presence of three peaks corresponding to the complex indicates that there must be 

three chemically different phosphorus atoms present in a 1:1:1 ratio that do not exchange on the 31P-

NMR time scale. Three different signals for a complex based on a biphosphorus ligand could indicate 

the formation of a complex with six phosphorus atoms. This requires three molecules of 5 to be present 

in the complex.   

Figure 17: 31P-NMR of the solid material (7) obtained after reaction of [Ni(COD)2] with 5 in Et2O measured at 100°C.  

The spectrum shows a doublet of a doublet (A) and two pairs of doublets (B and C). The couplings of A 

amount to 27.7 Hz and 30.6 Hz. The doublets as obtained for B and C show couplings of respectively 

27.7 Hz and 30.6 Hz. It can thus be concluded that A corresponds to phosphori which couple with both 

B and C whilst the phosphori which cause the signals B and C only couple to A and not to each other. 

In addition, it can be seen that signals B and C are composed of pairs of doublets rather than single 

doublets. The relative shifts between the doublets in the signals are big (±60 Hz). The splitting into 

doublets of doublets can arise from a coupling between B and C. The combined results indicate that 

three chemically significant different phosphori which all couple with each other are present in the 

complex and that there are some small differences to be found giving rise to the double nature of 

signals B and C.  
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The four doublet peaks could arise from a constrained rotational barrier in the molecule. Because of 

this barrier, the chemical environment of the phosphorus atoms from which peaks B and C originate 

could be different, causing a difference in chemical shift in NMR. If this were the case, two different 

isomers of the complex had been formed. This would also mean, that modification of either of the 

phenyl groups in the molecule might impose a preference for either the syn- or anti-conformation of 

the ligand, imposing chirality on the ligand.  An approximation of the two different conformations can 

be seen in Figure 18. Such a constrained configuration could arise from coordination to a metal centre. 

In order to test the hypothesis of the existence of such a conformational equilibrium, a series of 

variable temperature NMR (VT-NMR) measurements were done. By increasing the temperature, the 

equilibration is expected to go faster, decreasing the degree of distinctiveness of the two peaks 

belonging to the interchanging phosphori. By the same reasoning, the distance between the two 

doublet signals hypothetically increases upon lowering the temperature of the sample.  

As the chemical properties of the phosphori are expected to become more alike, the signals B and C 

are expected to approach each other, with the extreme at the temperature where both signals 

resonate at an identical frequency right between the doublets as obtained in the 31P-NMR spectrum 

earlier shown in Figure 17. When the thermal energy is high enough, the multiplicity of this signal 

would, theoretically, through quick interchange between the phosphori, be reduced to a triplet signal 

and be expected around 18 ppm. The expected sharpening arises from the fact that at higher 

temperatures, the reaction equilibration can be faster than the time scale at which NMR 

measurements are done and intermediate conformations are not detected anymore.  

These intermediate conformations are what are expected to cause broadening of the signals. Lower 

temperatures would eventually freeze the equilibrium in place and in this way also lead to peak 

sharpening. Experimental work shows that this temperature has not yet been reached at -75°C.   

  

Figure 18: The syn- and anti- conformations of the benzophenone derived ligand molecules which could 
be converted into each other over a rotational energy barrier. The hydrogen atoms and phenyl groups on 
phosphorus atoms have been omitted to improve clarity. Phosphorus is shown in orange, oxygen in red, 

carbon in grey. Picture generated using GaussView 5.0.8. 



 

25 
 

The 31P-VT-NMR was measured using purified dimer complex 7. Obtained spectra have been compiled 

in Figure 19 and chemical shift and coupling results have been gathered in table 3. As expected, the 

peak sharpness is increased upon heating the sample; at 50°C and higher temperatures the signals split 

up in a pair of distinctive doublets. These doublets of doublets could indicate that the posphori from 

which those signals originate, couple with two other phosphori. This way, the system contains three 

different phosphorus centres which all couple to each other.  

Considering this alltogether, the complex would include four phosphorus atoms that are 

interchangeable. All in all, this would result in two near-identical sets of three phosphori that all couple 

to each other within their own set. 

 

Signal A Signal B Signal C 

Temp 
(°C) 

Shift 
(ppm) 

JAB 

(Hz) 
JAC 

(Hz) 

-75 42.9 - - 
-50 43.9 - - 
-25 43.8 - - 
0 43.8 - - 

20 44.0 21 36 
50 44.1 23 36 
75 44.2 25 35 

100 44.4 28 31 
 

Temp 
(°C) 

Shift 
(ppm) 

JBC 

(Hz) 
 

-75 27.6 -  
-50 26.1 -  
-25 25.1 -  
0 24.0 -  

20 23.2 60  
50 22.4 62  
75 21.7 64  

100 21.3 62  
 

Temp 
(°C) 

Shift 
(ppm) 

-75 5.6 
-50 8.7 
-25 10.0 
0 10.4 

20 10.9 
50 11.5 
75 11.9 

100 12.5 
 

Table 3: Chemical shifts and couplings for the three isolated signals obtained for the 31P-VT-NMR of complex 7. Indicated 
by - are values where the peak resolution is too low in quality to allow for a reliable coupling determination. 

 

Figure 19: Zooms in the 31P-NMR spectra of dimer compound 7 measured at a variety of temperatures. 
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It can be assumed that all of the six phosphorus atoms would not find enough space around one nickel 

centre to coordinate on it. For nickel-triphenylphosphine complexes, of which the stereochemistry to 

some extent resembles that of the possibly formed complexes out of [Ni(COD)2] and 5, it is known that 

the maximum amount of nickel-coordinating triphenylphosphine ligands is four. This four-coordination 

yields the [Ni(PPh3)4] complex[43,44]. Based on this information, the structure as depicted in Figure 20 

could be proposed. In this structure, the [Ni(COD)2] and DPK ligand (5) have reacted in a 2:3 ratio. At 

the outward fringe of the molecule, the ligand molecules are expected to coordinate to the nickel in a 

tridentate way with both phosphori and the carbonyl moiety. The two identical residues are connected 

to each other by a bridging ligand. The carbonyl function of this molecule is not coordinated to a nickel 

centre.  

Figure 20: Representation of a possible structure of the formed complex 7. The Ni-coordinating carbonyl functionalities 
are coloured blue, the uncoordinating carbonyl moiety is green. 

However, the spectra shown in Figure 19 also show a change in chemical shifts for the signals B and C. 

In theory, the raise of temperature would only lead to sharpening of the peaks and not to a change in 

chemical shift. This change in shift might indicate that the system undergoes change in conformation 

upon temperature modification. It is difficult to correlate this result to the proposed static structure. 

Possibly, the formed structure on combination of [Ni(COD)2] and the DPK ligand (5) is more complex. 

To test the hypothetical structure, different analysis methods were used. 

3.2.2.2. [Ni(0)2(DPK)3] FT-IR analysis 

KBr FT-IR spectroscopy was used to measure the frequencies associated to the ketone entities in the 

formed [Ni(0)2(DPK)3] complex. This measurement showed three peaks that are interesting; the first 

of those peaks is the one at 1679 cm-1, which corresponds to a non-metal coordinated carbonyl 

functionality. This carbonyl moiety is coloured green in Figure 20. For reference, the free ligand shows 

a sharp carbonyl peak at 1652 cm-1[38]. Besides this carbonyl peak, the spectrum also shows two small 

peaks at 1309 and 1292 cm-1, which are not present in the spectrum of the uncomplexated ligand. This 

result confirms the theory that the isolated product contains a ligand molecule from which the 

carbonyl moiety is not coordinated to a metal centre. The two peaks at 1309 cm-1 and 1292 cm-1 might 

correspond to nickel-coordinated carbonyl stretch vibrations. Once again, a slight difference is 

observable for the two ligand molecules in tridentate coordination to the nickel. The two coordinated 

carbonyl functionalities are coloured blue in Figure 20. By linking the two nickel centres in Figure 20 

together, the green coloured ketone functionality in the bridging ligand molecule would not be 

coordinated to nickel and would therefore give rise to a carbonyl peak in IR closely matching to the 

carbonyl vibration found for the uncomplexated ligand. The presence of these three peaks is in 

accordance with the hypothetical structure of the complex.  
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3.2.2.3. [Ni(0)2(DPK)3] synthesis and NMR analysis 

As the bridging ligand has close resemblance with triphenylphosphine (PPh3) to the nickel centres to 

which it was supposed to be coordinated, a consecutive experiment was performed.  In this 

experiment, PPh3 was added to complex 7 to generate a monomeric complex. Theoretically, one 

equivalent of 7 could react with two equivalents of PPh3 to generate two monomeric nickel(0)-complex 

molecules together with one free molecule of 5. This reaction has been schematically summed in 

Figure 21.  

Figure 21: The synthetic route from complex 7 to complex 8 by use of PPh3. 

The reaction was monitored in an in situ 31P-NMR experiment. Instead of the generally used relaxation 

time of 1 second for 31P-NMR measurements, a relaxation time of 23 seconds was used. This way, all 

of the chemically different phosphorus nuclei would have had enough time to relaxate back again to a 

collection with an overall random orientation; in other words, this change would omit the truncation 

usually encountered for 31P-NMR measurements. Because of this, the NMR spectrum could be used in 

a quantitative way.  

Figure 22: 31P-NMR spectrum of the product in the reaction of 7 with PPh3. Peak assignment and integral values have 
been included below the peaks. The shifts of the signals vary slightly from the shifts acquired during earlier experiments; 
this is due to the fact that non-deuterated toluene had been used for the experiment making it impossible to fully tone 

the probe to the solvent. The spectrum has been referenced to the signal of H3PO4 which was recorded in a separate 
measurement using the exact same settings as for the obtained spectrum. 

In the spectrum (Figure 22), no peaks originating from complex 7 can be observed. The peaks at 38.7 

ppm (I) and 18.3 ppm (II) are peaks which have not been observed in earlier measurements. However, 

the triplet-doublet pattern and 1:2 integral ratio correlate well to the spectrum as expected for a 

monomeric complex: the triplet (I) has about the same chemical shift as the triplet in complex 7 and 

the two broad signals B and C in the spectrum of complex 7 seem to have converged to a single doublet 

(II). In addition, an excess of PPh3 (III) is observed. The singlet peak at -7.9 ppm (IV) is close to the value 

of 8.2 ppm as observed for the free ligand molecule 5. However, the integrals do not fully fit to the 
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expected values. Synthesis of a monomeric species out of 7 would yield two monomer molecules and 

one molecule of 5. The ratio between the peaks I, II and IV was therefore expected to be 1:2:1 as peak 

I would correspond to the triphenylphosphine ligands in the two formed monomer molecules, peak II 

to the total of four phosphori in the nickel-coordinated DPK ligands in the monomers and peak IV to 

the two unbound DPK ligand phosphori. Whilst the experimental ratio between I and II fits to this 

theory, the ratio between signals I and II to IV does not. The reason for this may be artificial because 

of, for example, the aforementioned problem of truncation. Though, it is also all possible that complex 

7 is in fact a more complicated cluster which decomposes into complex 8 and ligand 5 in a 4:3 ratio.   

What is curious about this result is that the reaction leads to full conversion of the dimer into the 

monomer species. DFT calculations were performed on the compositions of the starting materials and 

product materials in this reaction. The performed reaction and related relative energies as calculated 

can be found in Figure 23. It should be realized that the calculated energy for complex 7 is to be 

regarded as an indication only; out of all the possible geometries of the complex, only one was 

optimized to a local minimum in energy. Besides, the proposed structure might not be the correct one 

for the complex. However, the relative energy is significantly lower for the products than that of the 

combined starting materials. Although the DFT calculations can axiomatically only provide an 

indication, it is not surprising that the reaction goes to full completion; according to the calculation, 

the reaction is energetically favourable. 

Figure 23: The reaction for the decomposition of 7 into 8 by PPh3 and calculated relative energies in kJ/mol. 

To verify the structure of complex 8, an attempt was made to synthesise the PPh3-including monomer 

form of the complex directly by combination of [Ni(COD)2], DPK ligand 5 and PPh3 in a 1:1:1 ratio in 

C6D6 in an in-situ 31P-NMR experiment. After a reaction time of 15 minutes at room temperature under 

inert conditions, 31P-NMR was measured and the spectrum is shown in Figure 24. In subsequent 

synthesis experiments, the complex was formed by 1:1:1 combination of [Ni(COD)2], compound 5 and 

PPh3 in Et2O to form a suspension. This suspension was then stirred for 15 minutes and the synthesised 

brown solid was isolated, washed with hexane and dried in vacuum to produce complex 8 as a brown 

powder in a 72% yield. 

Figure 24: 31P-NMR of the in-situ reaction with [Ni(COD)2], compound 5 and PPh3 in C6D6. 
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The NMR spectrum shows two signals: one triplet at 38.2 ppm with a coupling of 25 Hz and an integral 

value of 1 and one doublet at 17.9 ppm also with a couling of 25 Hz but an integral value of 2. The 

spectrum shows that the complex contains three phosphori of which two phosphori are equivalent. All 

of the phosphori couple with each other. The peaks in this spectrum correspond to the peaks shown 

earlier in Figure 22. For comparable Ni(0) complexes with a chelating biphosphine, similar chemical 

shifts are found[45]. In addition, the two doublet peaks found in the spectrum for the coordination 

experiment with [Ni(COD)2] and 5, have merged to form a doublet peak at 17.9 ppm, which is in 

accordance with the expected shift of ±17 ppm for this signal at an elevated temperature where the 

measuring time exceeds the equilibration time. These results support the formation of complex 8 as 

shown earlier in Figures 21 and 23. 

3.2.2.4. [Ni(0)(DPK)(PPh3)] XRD & IR analysis 

In order to further ascertain the structure of complex 8, attempts were performed to grow crystals 

suited for an X-ray Diffraction (XRD) measurement. Dark red crystals of adequate quality were obtained 

through solution of the complex in Et2O and subsequent vapour diffusion of hexane into the solution 

to grow crystals steadily.  

Figure 25: Picture of the crystal structure of [Ni(0)(DPK)(PPh3)] complex 8 as measured of the obtained dark red crystals. 
Hydrogen atoms have been omitted for clarity. Carbon is shown in black, oxygen in red, phosphorus in violet and nickel 

in yellow.  

As can be observed in Figure 25, the nickel assumes a tetrahedral geometry where ligand 5 is a 

tridentate ligand and the nickel centre is provided with an additional L-type ligand (PPh3) to get to a 

total of 18 valence electrons. Comparison of this crystal structure to other crystal structures and more 

discussion can be found in chapter 3, subsection 2.5.1. 

Also FT-IR supports the formation of a monomeric Ni(0) complex with coordinated ketone; the IR 

spectrum shows no carbonyl peak around 1650 cm-1 but does show a peak which could correspond to 

a coordinated ketone at 1309 cm-1, just as for one of the coordinated carbonyl moieties in the dimeric 

complex.  
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3.2.2. Ni(I) and Ni(II) synthesis 

After the syntheses of the two Ni(0) complexes, several attempts were made at making Ni-based 

complexes with a different oxidation state on nickel. Initial attempts using dried NiCl2 or NiBr2 salts in 

various solvents (THF, Et2O, DCM/MeOH) did not yield any product. When the salts were combined 

with [Ni(COD)2] and ligand 5, only the dimeric complex 7 was formed. As an alternative nickel(II) source 

[NiCl2(DME)] was investigated. In presence of this coordinated dimethoxy ethylene, the 

nickel(II)chloride did dissolve in THF as well as in DCM. Conclusively, nickel sources with weakly 

coordinating organic ligands that improve solubility are more reactive towards complexation with 5. 

The reaction equations for the syntheses of the Ni(I)- and Ni(II)- complex can be found in Figure 26.   

The complexation reactions were performed under stirring at room temperature. Both the direct 

complexation from [NiCl2(DME)] and the comproportionation reaction with [NiCl2(DME)] and 

[Ni(COD)2] occurred quickly after combination of the substrates; upon combination the colours of both 

reaction mixtures turned from yellow/orange to brown and NMR analysis indicated full conversion 

after 15 minutes of reaction time already. Crystals of both complexes were obtained by vapour 

diffusion crystallization where the Ni(I) and Ni(II) complexes were dissolved in C6D6 or C7H8 in the case 

of complex 9 and in DCM in the case of complex 10. In both cases the used precipitant was hexane. 

The crystal structures will be discussed in the corresponding chapters and comparisons between the 

different structures will be made in chapter 3, subsection 5.2.1. 

  

Figure 26: The two complexation reactions between ligand 5 and [NiCl2(DME)] to generate the Ni(II) complex 10 and 
between ligand 5, [Ni(COD)2] and [NiCl2(DME)] to yield the Ni(I) complex 9. The two reactions were performed at 

room temperature under inert (N2(g)) conditions.  
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3.2.3. Ni(I) analysis 

Analysis of the Ni(I) complex was composed of a multitude of methods. As can be seen in the crystal 

structure in Figure 27, the comproportionation of [Ni(COD)2] and [NiCl2(DME)] with the ligand yields 

together with ligand 5 a tetrahedral complex where the ketone is coordinated to the nickel metal 

centre.  

Figure 27: Picture of the crystal structure of [Ni(I)Cl(DPK)] complex 9 as measured of the obtained red crystals. Hydrogen 
atoms have been omitted for clarity. Carbon is shown in black, oxygen in red, phosphorus in violet, chlorine in green and 

nickel in yellow.  

3.2.3.1. [Ni(I)Cl(DPK)] NMR analysis 

Initial 1H-NMR experiments showed that product material of the comproportionation of [Ni(COD)2] 

and [NiCl2(DME)] with ligand 5 contained paramagnetic material. This property of paramagnetism is 

expected for a Ni(I) complex, as both in the tetrahedral and square planar configuration the 

nickel(I)chloride complex possesses an uncoupled electron which causes the complex to be 

paramagnetic. However, the complex was expected to contain nothing but paramagnetic material 

aside from residual solvent peaks. Once the complex had been isolated in its crystalline form, some 

additional 1H-NMR measurements were performed on dissolved crystals. One of the obtained spectra 

is shown in Figure 28. As can be observed, the spectrum also shows diamagnetic material apart from 

the residual THF solvent peaks at 1.8 ppm and 3.6 ppm and the laboratory grease peak at 0.2 ppm. 

Figure 28: 1H-NMR of crystalline [Ni(I)Cl(DPK)] material. Used for the measurement are an acquisition time of 0.2 s and a 
relaxation time of 0.1 s to improve spectrum quality. 
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Possibly, the diamagnetic signals in the phenyl region originate from dimerization of the monomeric 

Ni(I) complex. As the coordination of the ligand to nickel(I)chloride yields a 17 VE complex, it would 

not be very surprising if the molecule reacts with another Ni(I)-monomer to equilibrate with an 18 VE 

dimer complex which is diamagnetic because of the trigonal bipyramidal geometry around the Ni(II) 

centres (11). It is known for some Ni(I)-complexes to form Ni(II) dimers[21,23]. The monomer-dimer 

equilibrium has been visualized in Figure 29.   

Figure 29: The 17 VE Ni(I)chloride diphosphine-ketone complex and its possible structure after dimerization to yield the 
18 VE dinickel complex 11. 

Another result that supports the presence of diamagnetic material in the solution of the crystalline 

material is found in the 31P-NMR spectrum of the compound. Although no signals should be observed 

in this spectrum because of extreme peak broadening due to the paramagnetism of the complex, a 

sharp singlet peak is observed at a chemical shift of 32.2 ppm. Were it that only paramagnetic material 

was present in the sample, no peaks had been observed in the 31P-NMR spectrum. The fact that a 

singlet signal is present indicates that there is diamagnetic material present, which is in accordance 

with the 1H-spectrum. 

In order to establish this hypothesis further, 1H-VT-NMR measurements were done on a sample that 

contained complex 9 dissolved in d-THF. If the dimerization happens spontaneously and the mixture is 

continually equilibrated, variation of the temperature would lead to variation in the composition of 

the mixture. This variation could then be observed by comparing the integrals of the corresponding 

peaks in the 1H-NMR spectrum. The ratios between the diamagnetic and paramagnetic material at 

diverse temperatures have been compiled in table 4. An overlay of the measurements which were 

done at -75°C, -50°C and -30°C is shown in Figure 30  

The relative amount of paramagnetic material increases as the temperature goes up. This observation 

was expected, as the paramagnetic part of the spectrum corresponds to the monomeric form of the 

complex. Not only does this measurement show that upon increasing the temperature more 

monomeric material is generated, it also shows that the paramagnetic material can be converted to 

diamagnetic material and vice versa. 

Table 4: Relative integral values for the dia- and paramagnetic material present during the 1H-VT-NMR experiment. 
Values for relative integrals correspond to the areas span the region from 6-8 ppm for the diamagnetic material shown in 

red in Figure 28 and from 10-26 ppm for the paramagnetic material shown in green in Figure 28. For these 
measurements, d-THF was used as solvent and measurement parameters were optimized for paramagnetic sample 

material (acquisition time 0.2 s, relaxation delay 0.1 s). 

Temperature (°C) Diamagnetic material Paramagnetic material 
-75 1.00 1.13 
-50 1.00 1.19 
-30 1.00 1.24 
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Figure 30: 1H-NMR spectrum overlay of the VT-NMR experiment done on a d-THF solution of complex 9. The 
measurement at -75°C is shown in green, the measurement at -50°C in red and the measurement at -30°C in blue. As can 
be seen, the spectrum remains mostly the same except for the paramagnetic signals from 12 to 18 ppm and -8 to -2 ppm. 

3.2.3.2. [Ni(I)Cl(DPK)] IR analysis 

Preparation of the sample for the FT-IR measurement was performed by grinding several milligrams 

into dried KBr and pressing a pellet out of this mixture under inert atmosphere. The IR measurement 

yielded a spectrum which does not include a sharp peak around 1650 cm-1 corresponding to an 

uncoordinated carbonyl vibration. The spectrum contains a broad peak around 1642 cm-1, however. 

This peak may be caused by moisture present in the KBr or might arise from the diamagnetic complex 

formed. The spectrum also includes several peaks around 1300 cm-1 all of which may correspond to 

the energy of the C=O stretch vibration of a nickel-coordinated ketone.  The peak at 1297 cm-1 may 

correspond to the carbonyl functionality, though the spectrum also shows two peaks close to each 

other at 1332 cm-1 and 1340 cm-1. Possibly, the peak at 1297 cm-1 might correspond to the monomeric 

paramagnetic complex whilst the peaks at 1332 cm-1 and 1340 cm-1 might correspond to the two 

carbonyl stretch vibrations found in the dimeric diamagnetic form of the complex. However, this is all 

speculation; the most important information which can be extracted from the IR measurement is that 

the carbonyl moiety lies coordinated to the nickel centre. Other than that, the spectrum serves as a 

fingerprint of the complex. 

3.2.3.3. [Ni(I)Cl(DPK)] EPR analysis 

About 1 mg of 9 was dissolved in dry degassed C7H8 under inert conditions and the resulting solution 

was filtered to ensure no solid particles remained in the mixture. This sample was transferred to a 

quartz EPR tube and an EPR measurement was performed. The first measurement was done at room 

temperature (300 K). Thereafter, the sample was taken out of the EPR machine, the measurement 

cavity was cooled down to 100 K and the sample reinserted so that a frozen glassy toluene sample 

would be obtained. Under these conditions, another measurement was done. Both measurements and 

simulations can be seen in Figure 31.  
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The general shapes of the measurements at different temperatures differ greatly; this is due to 

anisotropy introduced by freezing the sample. The measurement at room temperature shows a broad 

doublet peak at a g-factor value of 2.17 (3075 Gauss) with a broadness of about 400 Gauss. The 

broadness and upward shift with regard to organic radical molecules correspond to an electron hosted 

in a metal d-orbital. The doublet multiplicity indicates that the free electron couples heavily with one 

of the present EPR-active nuclei. The nucleus to which the electron couples, is most likely a 31P-nucleus.  

DFT calculations were performed to rationalize the result of the electron only heavily coupling to one 

of the two phosphori. After Gibbs free energy opitimization of the complex structure, the isotropic and 

anisotropic Fermi contacts were calculated for the atoms present in the molecule. Results of this 

calculation for the phosphorus nuclei are shown in table 5. 

Nucleus 31P1 31P2 

Isotropic Fermi contact (MHz) 419 45 

Anisotropic spin dipole couplings (MHz) x y z 
-12 -12 24 

 

X y z 
-7 -5 12 

 

Table 5: Isotropic Fermi contacts and anisotropic spin dipole couplings for the two phosphorus nuclei in Ni(I) complex 9 
as calculated by means of DFT. 

Figure 31: EPR spectra and simulations for the [Ni(I)Cl(DPK)] complex at 100 K and 300 K.  
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[Ni(I)Cl(DPK)] (9) at 100 K 

Measurement Simulation

2600 2700 2800 2900 3000 3100 3200 3300 3400 3500 3600

Frequency (Gauss)

[Ni(I)Cl(DPK)] (9) at 300 K

Measurement Simulation
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The results show a difference between the two phosphori. The order of magnitude with which the 

phosphori differ with regard to the isotropic Fermi contact is about 10. For the anisotropic spin dipole 

couplings, this order of magnitude equals approximately two. Clearly, the phosphori are chemically 

different. 

Visualization of this difference was done by mapping a spin density plot of the complex. This plot can 

be seen in Figure 32. The plot shows that only one of the two phosphori has a strong interaction with 

the single electron occupying the SOMO of the complex. This explains the doublet structure as 

experimentally observed, as phosphorus is the only element in the complex that has a naturally 

abundant EPR-active isotope. 

The data acquired by doing the calculation could be used as initial values for simulations of the spectra. 

The EPR spectra and corresponding simulations can be found in the addendum. The simulated values 

for the g-factor of the signal, isotropic Fermi contacts and anisotropic spin dipole couplings through 

consequent optimization of the simulation are shown in table 6. 

Temperature (K) 100 300 
g-factor g(x) g(y) g(z) 

2.325 2.175 2.026 
 

2.177 

Coupling 31P1 (MHz) A(x,x) A(y,y) A(z,z) 
360 300 500 

 

380 

Coupling 31P2 (MHz) A(x,x) A(y,y) A(z,z) 
210 100 95 

 

- 

Table 6: Isotropic Fermi contacts and anisotropic spin dipole couplings for the two phosphorus nuclei in Ni(I) complex 9 
as experimentally derived by means of optimization of simulated spectra. For the measurement at 100 K, where the 

sample is encapsulated in glassy toluene, the coupling specifies the anisotropic spin dipole coupling. For the 
measurement at 300 K, the coupling specifies the isotropic Fermi contact.   

3.2.3.4. [Ni(I)Cl(DPK)] CV analysis 

The cyclic voltammogram of 9 shows a quasi-reversible Ni(0)/Ni(I) couple with E1/2 at -1.38 V versus 

[Cp2Fe]+/[Cp2Fe] with an oxidation-reduction distance of 0.33 V. The oxidation peak of this species is 

much less intense than the reduction feature, which possibly implies that the Ni(0) species reacts to 

redox non-active products. No other reduction or oxidation process was observed for complex 9.  

Figure 32: Surface density plot of Ni(I) complex 9 after optimization of the geometry by DFT. MO=0.02, Isovalue =0.004. 
To the plot non-relevant phenyl groups have been shown in wireframe and hydrogen atoms have been omitted for 
clarity. Carbon is shown in grey, oxygen in red, phosphorus in orange and nickel in green. Picture generated using 

GaussView 5.0.8. 
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3.2.4. Ni(II) analysis 

Besides using [NiCl2(DME)] in a comproportionation with [Ni(COD)2] and ligand 5, the [NiCl2(DME)] was 

also used on its own in a complexation with the diphosphine-ketone 5. This reaction was proceeded in 

DCM and yielded the complex as shown earlier in Figure 26. The geometry as obtained from an X-ray 

diffraction measurement can be seen in Figure 33. The tetrahedral nickel(II)-complex 10 incorporates 

the ligand 5 as a bidentate ligand from which the carbonyl moiety is not coordinated to the nickel. This 

structure stands in sharp contrast to the structures of complexes 8 and 9 where the ketone function is 

coordinated to the nickel metal centre. Further results of this analysis can be found in chapter 3, 

subsection 5.2.1. Results of other analyses are discussed in this chapter. 

Figure 33: Picture of the crystal structure of [Ni(II)Cl2(DPK)] complex 10 as measured of the obtained brown crystals. 
Hydrogen atoms have been omitted for clarity. Carbon is shown in black, oxygen in red, phosphorus in violet, chlorine in 

green and nickel in yellow. 

3.2.4.1. [Ni(II)Cl2(DPK)] 1H-NMR analysis 

Analysis by 1H-NMR showed that the generated Ni(II) complex was paramagnetic. The 1H-NMR of the 

complex is shown in Figure 34.  For a Ni(II) d8 complex, it is possible to access paramagnetic behaviour 

by assuming a tetrahedral or octahedral geometry. Of these geometries, the octahedral geometry can 

be considered implausible for the complex to assume because of the bulkiness of the ligand and small 

size of the nickel metal centre. Other than this observation, no other conclusions could be drawn from 

the paramagnetic NMR spectrum: the resonance signals have shifted significantly and have been 

broadened to such an extent that multiplicity is badly resolved. A tetrahedral configuration around the 

nickel centre would give a four-coordinate complex. As the [NiCl2(DME)] contains two nickel(II)-bound 

chlorines, the ligand would provide two coordination sites. So, four-coordination implies that either 

one of the phosphori, one of the chlorines or the ketone C=O would not be coordinated to the nickel 

centre. Due to the paramagnetism of the complex, no signals corresponding to 10 were found in the 
31P- and 13C-NMR spectra.  
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Figure 34: 1H-NMR of the [Ni(II)Cl2(DPK)] complex. For this measurement, 7.7 mg of complex was dissolved in 0.38 g 1:50 
DCM/d-DCM solvent and measurement parameters were optimized for paramagnetic sample material (acquisition time 

0.2 s, relaxation delay 0.1 s). 

3.2.4.2. [Ni(II)Cl2(DPK)] Evans Method 

The amount of uncoupled electrons in a complex can be determined using the 

Evans Method. The sample from which the 1H-NMR spectrum was recorded, was 

the same sample as used for this method. As the sample had been made with 1:50 

DCM/d-DCM, it was supplied with a capillary filled with the same 1:50 DCM/d-

DCM solution. 

From the difference in chemical shifts between the solvent residual signals for the 

solvents inside and outside of the capillary, the magnetic susceptibility could be 

calculated using formulas (2) and (3)[45]: 

𝜒𝑀 =
3∙𝛥𝑓

1000∙𝑓∙𝑐
   (2) 𝜇𝑒𝑓𝑓 = √

3𝑘

𝑁0∙𝜇0∙𝜇𝐵
2 ∙ 𝑇 ∙ 𝜒𝑀 = 798√𝑇 ∙ 𝜒𝑀   (3) 

where χM is the molar susceptibility of the sample in m3 mol, Δf is the difference in chemical shift of 

a set of protons in Hz, f is the frequency of operation of the spectrometer in Hz, c is the 

concentration of the sample in mol dm-3 and T is the temperature of the sample in K. 

The chemical shift difference between the DCM signals of the inner and outer 

tubes was measured at room temperature. A zoom of the spectrum used for the 

Evans Method is shown in Figure 35. The difference in chemical shift for the two 

DCM solvent residue signals is 217 Hz. Using these formulas, the effective 

magnetic susceptibility for the complex was calculated and found to have a value 

of 2.8. The value of 2.8 corresponds to the theoretical value of 2.82 for complexes 

with two unpaired electrons.  

3.2.4.3. [Ni(II)Cl2(DPK)] IR analysis 

As had been established that either one of the phosphori or the ketone is not 

coordinated to the nickel metal centre if the system is tetrahedral, a FT-IR analysis 

was performed. If a peak had been found at the vibrational frequency of about 

1650 cm-1 and no peak corresponding to a coordinated ketone, as observed for 

the Ni(I) complex 9 around 1300 cm-1, the ketone would have been the 

uncoordinated ligand part. Were it that the spectrum had not contained this 

distinctive vibration at about 1650 cm-1 but that it had contained a peak around 

1300 cm-1, it could have been concluded that the ketone was coordinated to the 

metal centre. This would require, for the complex to be in a tetrahedral 

configuration, that one of the phosphine groups was unbound to the nickel centre.  

Figure 35: Zoom 
of the DCM 

solvent residual 
signals in the 

inner and outer 
tubes in the Evans 
Method 1H-NMR 
measurement of 

complex 10.  
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The FT-IR spectrum showed a sharp peak at 1634 cm-1 in accordance with a non-metal-coordinated 

carbonyl vibration. This is a clear indication that the carbonyl functionality of the ligand is not 

coordinated to the nickel metal centre. However, based on the addition of this result alone, it cannot 

be concluded that the complex has a tetrahedral 16 VE structure where both phosphori and the 

chlorines are coordinated to the Ni(II) centre. The XRD geometry determination provides the decisive 

conclusion on the true geometry around the metal centre in the crystals.  

It might be surprising that a 16 VE Ni(II) species can exist whilst an additional ligand is within close 

proximity and can be coordinated to the nickel-centre without too much effort in a relatively 

uncrowded complex. But even though normally it is expected for organometallic complexes to prefer 

an 18 VE coordination, it has been established that d8 Pd(II) and d8 Pt(II) tend to avoid the 18 VE 

configuration[33]. Also, the available carbonyl ligand is only a weak ligand which will mostly accept the 

electrons provided by the metal centre. For an oxidized Ni(II) centre whose electrons have already 

been withdrawn by other ligands, the energy gained from binding the carbonyl moiety might not be a 

lot. Amongst that line, it is not very surprising that the d8 Ni(II) centre prefers the four-coordinate 16 

VE configuration over the 18 VE configuration under the by the chelating ligand imposed geometrical 

constraints.  

3.2.4.4. [Ni(II)Cl2(DPK)] CV analysis 

Besides the proof obtained from the Evans Method measurement, another proof of complex 10 being 

a Ni(II) complex was found in Cyclic Voltammetry analysis. The cyclic voltammogram of 10 shows two 

redox couples within the solvent limit. The presence of the two subsequent redox couples indicates 

that the solution contains compounds that can be reduced at two different potentials. As it is very rare 

for nickel to access the Ni(III) or higher oxidation states, it can be assumed that the complex contains 

utmost Ni(II) and not any further oxidized nickel centres. Starting from Ni(II), quasi-reversible redox 

couple found with E1/2 at -1.50 V versus [Cp2Fe]+/[Cp2Fe] with an oxidation-reduction distance of 0.18 

V can tentatively be assigned to a Ni(II)/Ni(I) couple. At a lower potential than that of the Ni(I)/Ni(II) 

couple, a non-reversible couple is found with E1/2 at -2.41 V versus [Cp2Fe]+/[Cp2Fe] with an oxidation-

reduction distance of 0.70 V. This couple can tentatively be assigned to a Ni(I)/Ni(0) couple. Once again, 

the couples are at most only quasi-reversible leading to the conclusion that during the reaction formed 

products are being trapped in redox-non-active states. For the Ni(I) complex which is being generated, 

one of these redox-non-active products might be the dimerization product.  

3.2.4.5. [Ni(II)Cl2(DPK)] Elemental analysis 

For Elemental Analysis, 10 mg of crystalline Ni(II) complex was placed in a small vial which was placed 

in a round-bottomed flask and put under vacuum overnight. Results are shown in table 7. 

Element Calculated content (%) Experimental content (%) 
C 65.46 65.21 

H 4.77 4.19 
Table 7: Calculated and experimental values for the carbon and hydrogen contents of the crystalline sample of complex 

10 sent for Elemental Analysis. 
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3.2.5. Comparison between the various nickel-based complexes 

The different synthesized nickel-based complexes make for a good comparison. Earlier discussed 

results already provide information for a comparison between the three synthesized complexes.  

When compared using NMR, the complexes differ greatly from each other. Whilst the diamagnetic 8 

and dimer form of 9 (11) both give signals in the phenyl region in1H-NMR, it is difficult to compare the 

complexes based on the peaks found in this region. The peaks in the phenyl region are ill-defined for 

11 and do not allow for a reliable comparison. Comparison between the 31P-NMR measurements 

shows that it is possible that the phosphori in the complexes can be chemically distinct or equivalent 

on the NMR timescale. The 1H-NMR spectra of complexes 9 and 10 can also be related to each other, 

but as the spectra do not yield a lot of information on the geometry or chemistry of the complexes by 

themselves, similarities between the spectra might not even be correlated to structural or chemical 

similarities between the Ni(I)- and Ni(II)-complexes.  

IR analysis provides one distinct feature that can be compared throughout the complexes, however. 

Presence of an intense sharp peak around 1650 cm-1 in the spectrum of [Ni(II)Cl2(DPK)] and the DPK 

indicates presence of an uncoordinated carbonyl functionality Absence of this peak in the spectra of 

[Ni(0)(DPK)(PPh3)] and [Ni(I)Cl(DPK)] indicates that in complexes 8 and 9 the carbonyl group is not 

uncoordinated to the metal centre. In addition, the spectra of compounds 7, 8 and 9 all show peaks at 

±1300 cm-1. These peaks have been tentatively assigned to the stretch vibrations of the nickel-

coordinated ketones.  

More comparative commentary can be given on the XRD crystal structures and UV-Vis spectra of the 

complexes and the free ligand.   

3.2.5.1. Crystal structure comparison 

Crystal structures of the three different complexes are shown in Figure 36. Relevant bond lengths 

and angles have been provided in table 8. More information has been provided in the addendum.  

Figure 36: XRD crystal structures for the [Ni(0)(DPK)(PPh3)], [Ni(I)Cl(DPK)] and [Ni(II)Cl2(DPK)] complexes. Hydrogen 
atoms have been omitted for clarity.  Carbon is shown in grey, oxygen in red, phosphorus in violet, chlorine in green 

nickel in yellow. The deviation value for the structure determinations are respectively R=0.04; R=0.04; R=0.02. 



 

40 
 

Complex [Ni(0)(DPK)(PPh3)] [Ni(I)Cl(DPK)] [Ni(II)Cl2(DPK)] 
Bonds (Å) Complex 8 Complex 9 Complex 10 

Ni-P1 2.158 2.257 2.346 
Ni-P2 2.239 2.236 2.337 

Ni-X/L 2.205 2.226 2.210 
Ni-Cl2 - - 2.234 

Ni-C 2.000 2.005 3.403 
Ni-O 2.009 1.973 3.101 
C=O 1.330 1.309 1.230 

Angles (°) Complex 8 Complex 9 Complex 10 
P1-Ni-P2 120.6 107.6 113.0 

P1-Ni-X/L 110.1 115.5 108.5 
P2-Ni-X/L 111.7 109.9 103.6 
P1-Ni-Cl2 - - 97.6 
P2-Ni-Cl2 - - 100.6 

Cl1-Ni-Cl2 - - 133.3 
P1-Ni-CO 101.1 102.1 59.2 
P2-Ni-CO 91.2 91.5 58.5 

X/L-Ni-CO 120.8 126.3 88.9 
Cl2-Ni-CO - - 137.7 

P1-C-P2 82.3 76.6 79.5 
O-Ni-C 38.7 38.4 21.1 

Table 8: Comparison of several relevant bond lengths and angles for the comparison of the three crystal structures of the 
formed nickel-based monomers. C specifies the ketone carbon. X/L specifies the third ligand in the complex; for 

[Ni(0)(DPK)(PPh3)], this specifies the P3 atom, for [Ni(I)Cl(DPK)] and [Ni(II)Cl2(DPK)] this specifies the Cl1 atom. 

For the three different complexes, the nickel-phosphorus bonds deviate slightly; increased oxidation 

of the nickel metal centre increases the nickel-phosphorus bond distance. The nickel-phosphorus bond 

lengths are also dependant on other modifications that change the electronic structure around the 

nickel centre. For example, the presence of chlorine will also have an effect on the nickel-phosphorus 

bond lengths.  

The change in oxidation state of the nickel seems to have another effect. In the Ni(0)- and Ni(I)-

complexes the ketone function of the biphosphino-ketone ligand is coordinated to the nickel creating 

18 VE and 17 VE complexes. It could be expected for the Ni(II)-complex that the ketone would also be 

coordinated to the metal centre to create an 18 VE complex. However, in line with the results from FT-

IR, the XRD results show that the ketone is not coordinated to the nickel and that the Ni(II) complex 

assumes a tetrahedral coordination, just like the monomeric Ni(0)- and Ni(I) complexes.  

The fact that the ketone is not coordinated to the nickel in 10 can be concluded from the significantly 

longer Ni-C and Ni-O distances (respectively 3.40 Å and 3.10 Å in [Ni(II)Cl2(DPK)] with respect to 2.00 Å 

and 2.01 Å in [Ni(0)(DPK)(PPh3)]) and from the carbon-oxygen bond length in the different complexes: 

for the coordinated ketone, this distance has increased to 1.33 Å for complex 8 and to 1.31 Å for 

complex 9. In complex 10 where the carbonyl functionality is not coordinated to the nickel, the 

distance is about 10% shorter, with a bond length of 1.230 Å. This value is closer to the value of 1.213 

Å found by K. Ding et al[38] for the uncomplexated DPK molecule. As an example, compared to the bond 

length of 1.43 Å of the single-bonded carbon-oxygen in ethanol, the observed length of 1.33 Å lies just 

in between the two values.  
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It is known for fully tetrahedral compound, such as methane, that these angles have a value of 109.5°. 

The crystal structures show good correlation with this value and it can be assumed that the nickel 

centres have assumed a (distorted) tetrahedral configuration. The complexes can be regarded to be in 

a distorted tetrahedral configuration. For complex 8, the crystal structure shows that the angle 

between the phosphori of the DPK ligand (120.6°) is larger than the angles between the 

triphenylphosphine phosphorus and the DPK ligand phosphori (110.1°; 111.7°). In contrast, the angle 

between the phosphorus and ketone is larger for the phosphorus in the PPh3 ligand (120.8°) than for 

the phosphori of the DPK ligand (101.1°; 91.2°). This is a logical result, as the phosphori in ligand 5 are 

being pushed towards the ketone by being indirectly bound to it. Overall, this collection of angles 

approximates a distorted tetrahedral configuration. As the complex contains three different ligands, 

this result is in agreement with expectations.  

In complex 9 the angle between the DPK phosphori (107.6°) is smaller than the phosphorus-nickel-

chlorine angles (109.9°; 115.5°). This is in sharp contrast to the situation in complex 8 where the 

opposite was observed. An explanation for this is found in the difference in character between the L-

type PPh3 ligand and the X-type Cl ligand. Whereas the weakly bound PPh3 ligand can accept electrons 

in its unoccupied σ* orbital, the Cl ligand will bind more strongly and withdraw electrons from the 

nickel centre[33]. Because of the presence of the chlorine, the DPK phosphori are bent away and the 

angle between them is decreased. It is remarkable that the angles between the DPK phosphori and the 

ketone remains about the same with the exchange of the PPh3 ligand for a Cl ligand (91.5° and 102.1° 

for complex 9 compared to 91.2° and 101.1° respectively for complex 8).  

Complex 10 seems to be the tetrahedral complex with the strongest distortion. In this Ni(II)-complex, 

the two DPK phosphori and two chlorines are coordinated to the metal centre. Whilst this complex 

only includes two different ligands coordinated to nickel, the deviation in angles in this complex is 

greater than in the other complexes. The angle between the DPK phosphori (113.0°) is a bit larger than 

the value for a non-distorted tetrahedral geometry. The angle between the two chlorine ligands 

(133.3°) is extremely big for a tetrahedral configuration. This big angle shows that the chlorines repel 

each other significantly. The two big angles are compensated by the smaller angles between the 

phosphori and the chlorines which range from 97.6° to 108.5°. 

The bond angles can also be used to determine whether the ketone is coordinated to the nickel in the 

complexes. Upon coordination, the carbonyl carbon rehybridizes from a trigonal planar sp2 

hybridization where the angles between three substituents are about 120° and the total sum of angles 

is 360° towards a tetrahedral sp3 hybridization where the angles between the same three is 109.5° and 

the total sum of the angles is 328.5°. Angle magnitudes for the carbonyl functionality in the synthesized 

complexes can be found in table 9. For complex 10, the sum of these angles equals 360°. In the other 

complexes, these angles are slightly smaller summing up to a total of 350.5° and 353.5° for the Ni(0)- 

and Ni(I)-complexes respectively. As the sums of the angles are somewhere in between the angle sums 

for sp2- and sp3-hybridization, it can be concluded that the carbon is neither sp2- or sp3-hybridized. This 

conclusion confirms that the coordination of the carbonyl moiety of the ligand in complexes 8 and 9 is 

in an intermediate state between the Dewar-Chatt-Duncanson π-bound and metalacycle extremes. As 

of such the nickel metal centres, formally regarded as Ni(0) and Ni(I) centres for the respective 

complexes, are in terms of chemical properties perhaps better approximated as Ni(I) and Ni(II) 

complexes instead. 
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 Table 9: Angles ,  and  for the carbonyl moiety in sp2 and sp3 fragments and their values for 5,8,9 and 10. 

The P1-Ni-P2 angle is of interest in another perspective too. The angle deviates significantly between 

the three complexes varying from 105.8° to 113.0° to 120.6°. The accessible variety in this angle is 

convenient in complex synthesis as the phosphori can not only adapt to one specific geometry like 

tetrahedral but can also be conFigured towards a range of geometries. It is important that the ligand 

allows for this geometrical accessibility, as it is possible that stabilization of modification of geometries 

is required to undergo the catalytic polar bond hydrogenation cycle. This configurational property 

generated in the ligand eight-membered ring can also be expressed in terms of the dihedral angle 

between the two ligand phenyl groups. An image with this specified dihedral angle (α, going from 1-2-

3-4) is supplied in Figure 38. 

Figure 38: Specification of the dihedral angles and between the benzophenone chelating ligand's phenyl rings in Ni(I) 
complex 9. The phenyl rings of the ligand have been depicted in tubes, the other phenyl rings in wireframe. Hydrogen 
atoms have been omitted for clarity. Carbon is shown in grey, oxygen in red, phosphorus in orange, chlorine in green, 
nickel in blue. The same angles were investigated in compounds 5, 8 and 10 Picture generated using GaussView 5.0.8. 

Molecule Angle (°) Angle β1(°) Angle β2(°) Average β1β2 (°) 

5 73.7 128.2 143.4 135.8 

8 31.5 68.0 108.0 88.0 

9 35.7 69.5 115.4 92.5 

10 9.1 138.4 148.9 143.7 
Table 10: Values for dihedral angles α  and β in molecules 5, 8, 9 and 10. 

 

This dihedral angle varies significantly in the obtained crystal structures. Values for this angle in 

complexes 8, 9 and 10 have been compiled in table 10. Important to note is that the uncomplexated 

ligand molecule only has a minor constraint on rotation around the ketone carbon-phenyl bonds. Angle 

Fragment Angle α (°) Angle β (°) Angle γ (°) Sum of angles (°) 

 
Figure 37: The 

annotation of the 
angles around the 

carbonyl 
functionality. 

sp2 carbon 120 120 120 360 
5 119.3 120.5 120.0 359.8 
8 117.7 116.8 116.0 350.5 
9 119.2 117.5 116.8 353.5 

10 126.1 117.4 116.1 359.6 
sp3 carbon 109.5 109.5 109.5 328.5 
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α is not fixed in solution for this molecule as all angle values will be accessible. Therefore, ligand 5 on 

its own has not been included in table 10. As can be seen from the data in table 10, the angle shows a 

significant difference between the complexes. Coordination to the nickel fixes the angle to ± 34°, but 

this angle drops to 9° when the ketone is not coordinated to the nickel. For a dihedral angle in an eight-

membered ring, this shift of 25° is significant. Conclusively, a ligand was been synthesised that binds 

to the nickel through the phosphori and, depending on the chemistry of the nickel centre, can opt to 

coordinate its ketone to the nickel or to refrain from carbonyl coordination.    

However, the size of this angle for complexes 8 and 9 dictates that severe rearrangement of the 

molecule is needed to interchange between the anti- to the syn- conformations as described in chapter 

3, subsection 2.2.1. By use of another ligand framework or introducing substituents on the phenyl 

rings, transposition between the two conformers at elevated temperatures can be locked and chiral 

catalysts can be synthesised.  

Besides from the dihedral angle α, the dihedral angles β1 and β2 (going from 1-2-3-4) are also of 

interest. In the compound, two of these structurally similar angles are present; one on either side of 

the ketone. The reason of interest in this angle is that it describes how well developed the conjugated 

π-system of the benzophenone derived residue is. In a completely flat molecule where these dihedral 

angles both have a value of 180°, π-orbital overlap and conjugation are maximized. The flat 

configuration is restrained by the protons attached to the carbons labelled 1 in Figure 38. In a fully flat 

geometry, the nuclei of these protons would overlap.  

In complexes 8 and 9 the values for angles β1 and β2 are approximately 70° and 110° respectively. In 

complex 10 where the ketone is not coordinated to the nickel and in the free ligand, these angles have 

values of 138° and 149° respectively for complex 10 and of 128° and 143° respectively for ligand 5. 

These results show that the ketone, if not coordinated to the metal, maintains the conjugated π-

system to some extent. In contrast, the nickel-coordinated ketones of complexes 8 and 9 seem to have 

broken up the π-system completely. The oxygen atoms of the carbonyls in these molecules stand 

nearly perpendicular to the phenyl rings, which is another indication that the carbonyl carbon atoms 

have shifted away from sp2-hybridizations towards sp3-hybridizations when coordinated to the nickel.  
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3.2.5.2. UV-Vis comparison 

The complexes and ligand were compared in UV-Vis analysis as can be seen in Figure 39. For these 

measurements, a minor amount (1-4 mg) of complex/compound was dissolved in dried degassed C7H8 

under inert conditions and the sample diluted to a concentration in the order of ±50 μM. The 

concentrations have been expressed in the extinction coefficient so that the spectra are normalized 

against each other. As can be observed, all of the molecules adsorb light in the visual part of the 

spectrum. Their adsorbance ranging from 350-450 nm explains their common yellow/orange/brown 

shade.  

Ligand 5 and complexes 7 and 10 all show a peak at around 390 nm, which might be partially caused 

by the uncoordinated ketone moiety. This supports the earlier obtained results, which show that the 

[Ni(0)2(DPK)3] complex 7 and the [NiCl2(DPK)] complex 10 both contain an uncoordinated ketone. The 

[Ni(II)Cl2(DPK)] complex shows a sharp peak at 390 nm compared to the peaks of molecules 5 and 7. 

This distinctive peak might originate from a charge-transfer transition from the organometallic d-

electrons to unfilled higher bands in the molecule. If so, the band should be subject to concentration, 

temperature and solvent dependencies. Strikingly, this distinct transition is only observed for the Ni(II)-

complex 10 and not for complex 9 which also contains an uncoupled electron in its ligand-hybridized 

d-orbital set. Possibly, this band requires the carbonyl functionality not to be coordinated to the nickel 

metal centre. Further research towards the origin of this band has not been performed. 

It is remarkable that this result was obtained for in specific the Ni(II) complex 10 in combination with 

the results obtained from XRD showing that the metal assumes a tetrahedral configuration. This is 

because it is described in literature that in the chemistry of nickel(II) complexes with four ligands that 

orange and red complexes are square planar and diamagnetic, whilst the green and blue complexes 

are tetrahedral and paramagnetic[46].  

Figure 39: UV-Vis spectra of the synthesised ligand molecule and the isolated complexes 7,8,9 and 10. The extinction 
coefficient is expressed in units of L mol-1 m-1, the wavelength in nm. 
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4. Conclusions 
A convenient method for the synthesis of the benzophenone derived chelating ketone-diphosphine 

ligand 5 has been developed with an overall reaction yield of 48%. The product could be isolated 

successfully and was analysed by means of NMR, FT-IR, EPR, UV-Vis and ESI-MS. Elemental composition 

and structural configuration corresponded to the ligand structure as it was to be synthesised. 

Ligand 5 was combined with various nickel sources in order to form three monomeric tetrahedral 

nickel-based diphosphine-ketone complexes. In addition, the dimeric complex 7 was isolated. The 

structures of these complexes were, where applicable, elucidated by means of various NMR 

techniques, FT-IR, UV-Vis, EPR, CV, EA and XRD.  The complexations between [Ni(COD)2] and 5 yielded 

two complexes (complexes 7 and 8), depending on whether PPh3 was present in the reaction mixture 

or not. The complexes were established to have the chemical formulas C111H84Ni2O3P6 and C55H43NiOP3 

respectively. Addition of PPh3 to complex 7 allows for conversion to complex 8. Use of the [NiCl2(DME)] 

salt in comproportionation to [Ni(COD)2] gave paramagnetic Ni(I)-complex 9  with the chemical formula 

C37H28ClNiOP2 which is believed to be in equilibrium with its dimeric form 11. The equilibrium between 

the monomer and dimer is believed to be reliant on the generation of an 18 VE Ni(I) dimer opposed to 

a monomeric 17 VE Ni(I)-complex. This equilibrium has been shown to exist by means of VT-1H-NMR. 

Use of [NiCl2(DME)] alone instead of the [Ni(COD)2] resulted in synthesis of Ni(II)-complex 10 with the 

chemical formula C37H28Cl2NiOP2. This is the only complex for which it is observed through various 

analysis techniques that the carbonyl function is not coordinated to the nickel centre. Coordination of 

the ligand to the nickel metal centre seems to be oxidation-state dependant. The carbonyl functionality 

in the ketone is the most labile ligand to the nickel in complexes: oxidation of the nickel metal centre 

to Ni(II) causes the carbonyl functionality to shift away from the nickel centre.  

As of yet, attempts at the hydrogenation of polar bonds in substrate molecules have not been 

performed. An investigation of the catalytic activity of the synthesised complexes in polar bond 

hydrogenation should be the next step in this research. Even though the direct hydrogenation of CO2 

has not been achieved, a foundation for the synthesis of variously oxidized diphosphine-ketone ligated 

nickel complexes and conceivable polar bond hydrogenation catalysts based on a first-row transition 

metal has been established.  
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5. Future Outlook 
The application of the synthesized Ni(0)- Ni(I)- and Ni(II)- complexes in (polar bond) hydrogenation has 

to be further investigated. Addition of H2 to the complexes could show in NMR if the complexes are to 

be hydrogenated if a stable species is generated through hydrogenation. A substrate scope can be 

tested to see to what extent the synthesized complexes are useful for hydrogenation of different 

functional groups. Possible unsaturated model substrates are simple ketones, imines, aldehydes or 

alkenes containing polar or non-polar bonds with varying extents of steric hindrance around the 

unsaturated reaction site. In this context, table 12 shows exemplary usable model substrates for 

functional groups which can be examined. Ultimately, carbon dioxide should be used as a substrate to 

fulfil the goal of CO2 conversion to commodity chemicals and fuel catalysed by a cheap and abundant 

first-row transition metal based catalyst system. 

Substrate Functionality Structure 
acetophenone ketone 

 
benzophenone ketone 

 
4-methoxybenzaldehyde aldehyde 

 
tetrahydrofuran-2-

carbaldehyde 

aldehyde 

 

N,1-diphenylmethanimine 
 

imine 

 
(E)-N-(4-

Chlorobenzylidene)aniline 
 

imine 

 

 (1-isopropylvinyl)benzene alkene 

 
cyclooctene alkene 

 
Table 11: Various substrates to probe in hydrogenation reactions with corresponding functionalities and structures. 

If catalytic conversion of these substrates is unsuccessful, the catalyst structure may need to be 

modified to improve catalytic hydrogenation capabilities. Catalytic test results might more specifically 

point out which direction to take. In general, the effect on the carbonyl coordination to the nickel 

should play a significant part in catalyst modification. Options to keep in mind are the inclusion of 

atoms or molecules that either vastly or finely change the electronic structure around the supposedly 

active site of the catalyst.  

Ventures towards useful catalysis might also be enhanced by improvement of knowledge about the 

hydrogen coordination to the complexes. Combination of the synthesised complexes with polar σ-

bonded diatomic molecules like HCl or HBr rather than the non-polar diatomic H2 can show the effect 

of heterolytic coordination and allows for distinguishability between the anionic and cationic species. 

The information obtained through this experiment could also serve as being a model in establishing 

the reaction mechanism of optionally encountered hydrogenation reactions. 
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Also, it could be useful to synthesize the alcohol obtained from reduction of the ketone 5. 

Complexation of this alcohol to the [Ni(COD)2] and [NiCl2(DME)] salts might yield the structure as 

earlier proposed in Figures 3 and 7 and depicted in Figure 40. Analysis of this structure in its isolated 

form might provide information very useful in the research towards an efficient catalyst. 

 

Figure 40: Structure of the complexes derived from complexation between the alcohol as possibly obtained from 
reduction of DPK ligand 5 and various nickel salts. 

As has been investigated by R. Langer et al[47] for iridium and by B. J. Coe et al[48] for octahedral 

transition metal complexes based on Cr(0), Fe(II) and Co(II) amongst others and as calculated and 

shown for Ru(III) complexes[35], the trans-influence of the ligand opposite the hydride has a major 

effect on the favourability of CO2 insertion into M-H bonds. If CO2 insertion into the metal-hydride 

bonds proves to be the challenging step in the homogeneously catalysed hydrogenation of CO2, 

research can be directed to the trans-influence of the ligand opposite the hydride and the complex 

structure can be modified to promote CO2 insertion.   

Catalytic hydrogenation by first-row transition metal complexes is not only of interest for CO2 

conversion. Selective hydrogenation steps are useful in fields like medicine synthesis as well, where 

selectivity and chirality may play important roles. The formed complexes can also be modified and be 

useful in such fields of study; the two ketone-bound phenyl rings in the ligand are chemically non-

equivalent, but may interchange their chemical properties in a small timescale. NMR shows splitting 

of signals for the protons bound to these phenyl rings for complexes 7 and 8, EPR shows a distinct 

difference between the nickel-bound phosphori in complex 9, and XRD exhibits a twist in the nickel-

incorporating eight-membered ring. Modification of the functional group as shown in Figure 41 could 

lead to preference for either one of both conformers. This way, a possibility for synthesis of a chiral 

catalyst has opened up. Synthesis of such a catalyst requires a considerable amount of additional 

research however not only towards synthesis, but also isolation through stereo selective synthesis or 

resolution of a racemic mixture of the produced catalyst. 

 

Figure 41: The general DPK ligand and indication of the ring position where modification of functionality leads to a 
prochiral ligand. X = -Me/-OMe/-OH/-NH 

For future syntheses, modification of the biphenyl functionality on the ligand might be possible by 

using a different phosphine during the first reaction step. Alternative substituents on the phosphine 

can be used to alter the stereochemistry near the nickel metal centre, thereby altering the chemical 

properties around the nascent active site of the complex. Interesting substituents which can be 

considered are, for example, more the bulky -P(tert-butyl)2 or -P(C6H11)2. Use of such bulky substituents 

is meant to disallow the dimerization of complexes, generating less saturated complexes which are 

higher in energy and conceivably more prone to additions of small molecules like H2.  
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6. Experimental 

6.1. General working procedures  
All reagents were purchased from commercial sources and used as received unless stated otherwise. 

Dichloromethane (DCM), triethylamine (Et3N), N-isopropyldimethylamine (i-PrEt2N) and N,N-

dimethylformamide (DMF) were degassed by bubbling N2(g) through the liquid for at least 30 minutes 

and subsequently stored over molecular sieves. The trifluoromethanesulfonic anhydride ((CF3SO2)2O), 

deuterated benzene (C6D6) and deuterated toluene (C7D8) were degassed using the freeze-thaw-pump 

cycle according to the procedure found in literature[49] and subsequently stored over molecular sieves. 

Tetrahydrofuran (THF) was distilled over sodium/benzophenone before use, degassed by bubbling N2(g) 

through it and stored over molecular sieves. Dry diethylether (Et2O) and toluene (C7H8) were acquired 

from a MBRAUN MB SPS-80 solvent purification system and dried before use using N2(g). Diphenyl- and 

triphenylphosphine (HPPh2/PPh3) were checked for oxidation by use of 31-P NMR before use.  

6.2. Analysis methods 
1H-, 13C-, 17F- and 31P-NMR-spectra (resp. 400, 100, 400 and 161 MHz) were recorded on an Agilent 

MRF400 spectrometer at 25°C. Chemical shifts are reported relative to TMS using the residual solvent 

resonance as internal standard. Infrared spectra were recorded using a Perkin Elmer Spectrum One FT-

IR spectrometer equipped with a general liquid cell accessory. For air-sensitive complexes, KBr-FT-IR 

was used. The KBr used for making pellets was predried in the oven for at least 72 hours at 140°C and 

stored under inert atmosphere. UV-Vis spectra were measured using a Lambda 35 UV-Vis 

spectrometer. The UV-Vis samples were synthesised in the glovebox under N2(g) and sealed with a 

Teflon cap. Thereafter, the samples were expressed from the glovebox and the spectra recorded. 

Toluene (C7H8) was used as solvent for all spectra to generate solutions with compound/complex 

concentrations of ±50 μM. CV measurements were performed using a reference 0.1M TBAPF6 (tetra-

n-butylammonium hexafluorophosphate) electrolyte in dried and degassed THF under inert 

atmosphere. A three-electrode cell connected to an external IVIUM Standard 100mA/10V Vertex 

potentiostat run by a personal computer with IVIUMsoft software. A glassy carbon electrode (0.5 mm 

diameter) was employed as the working electrode, with a 0.01M Ag/AgNO3 reference electrode and 

Pt wire as the counter electrode. The working electrode was cleaned between experiments using a dry 

tissue. The potentials are reported versus the [Cp2Fe]/[Cp2Fe]+ reference potential. EPR analyses were 

carried out by dissolving several milligrams of substrate in an appropriate solvent under inert 

conditions followed by filtration of the sample to ensure no solids were present. The sample was 

transferred to a quartz EPR tube and spectra were recorded on a Bruker EMX Plus 6000 Gauss machine 

with ER 041 XG X-Band Microwave Bridge. In X-ray diffraction, reflections were measured on a Bruker 

Kappa ApexII diffractometer with sealed tube and Triumph monochromator ( = 0.71073Å). X-ray 

intensities were integrated using the Eval15 software[50]. Absorption correction was performed with 

SADABS[51]. The structures were solved with direct methods using SHELXS-97[52] ([Ni(0)(DPK)(PPh3)], 

complex 8) or with Patterson overlay methods using SHELXT[53] ([Ni(I)Cl(DPK)] complex 9, and the two 

measurements on [Ni(II)Cl2(DPK)], complex 10).  Least-squares refinement was performed with 

SHELXL-2014[52] against F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 

displacement parameters. Hydrogen atoms of the metal complex molecules were located in difference 

Fourier maps. Hydrogen atoms of the solvent molecules were included in calculated positions. All 

hydrogen atoms were refined with a riding model. Structure calculations and checking for higher 

symmetry were performed with PLATON[54].  
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6.3. DFT  
DFT results were obtained using the Gaussian 09 software package[55], using the B3LYP (Becke, three-

parameter, Lee-Yang-Parr) functional and the 6-31g(d,p) basis set on all atoms. For EPR calculations, 

IGLO III basis sets were obtained from the EMSL basis set exchange[56]. The structures were optimized 

without any symmetry restrains. Frequency analyses were performed on all calculations. DFT 

calculation-derived pictures have been generated using the GaussView 5.0.8. software. 

6.4 Syntheses procedures 
Bis(2-methoxyphenyl)methanol (1) 

Procedure based on literature[57]. Magnesium (2.01 g, 82.59 mmol) was 

suspended in THF (100 ml). A small amount of I2 was added to activate the 

magnesium giving the suspension an orange colour, which faded away. The 

mixture was heated to 70°C up to reflux. To this suspension, 2-bromo-anisole 

(14.82 g, 79.21 mmol) dissolved in THF (50 ml) was added drop wise over 1 hour. The solution became 

black and contained solid Mg. After having refluxed for 1 hour, o-anisaldehyde (10.79 g, 79.218 mmol) 

dissolved in THF (25 ml) was added in 1 hour at room temperature. This addition gave a white 

precipitate. After the mixture had been stirred overnight, the suspension was pale white and turbid. 

The resulting suspension was poured out over an ice bath. HCl (4M, 30 ml) was added until the mixture 

was acidic. DCM (30 ml) was used to extract the product. The product was dried with anhydrous MgSO4 

and, filtered, the solvent evaporated. The crude product was recrystallized from hexane/toluene 1:20 

(10 ml), filtered, washed and concentrated in vacuum. The resulting white crystals were obtained in 

14.9 g (60.95 mmol, 77%) yield, and was pure enough for further reactions. 1H-NMR (400 MHz, 

(CD3)2CO): δ 7.27 (d, 2H, JHH=7.4 Hz, Ar), 7.20 (t, 2H, JHH=8.2 Hz, Ar), 6.92 (d, 2H, JHH=8.2 Hz, Ar), 6.87 (t, 

2H, JHH=7.4 Hz, Ar), 6.39 (d, 1H, JHH=5.9 Hz), 4.25 (d, 1H, JHH=4.7, -OH), 3.76 (s, 6H, -OMe). FT-IR: ν= 

3554, 3003, 2938, 2837, 1601, 1588, 1489, 1463, 1438, 1391, 1289, 1239, 1185, 1162, 1108, 1050, 

1027, 937, 869, 794, 753 cm-1. 

Bis(2-methoxyphenyl)methanone (2) 

Procedure based on literature[58]. Bis(2-methoxyphenyl)methanol (14.89 g, 

60.95 mmol) was dissolved in toluene (125 ml). MnO2 (6.19 g, 71.22 mmol) was 

added resulting in a black suspension. The mixture was heated to reflux (110°C) 

and stirred for six hours. Purification was done by filtration over celite and 

removal of solvent. This afforded 11.7 g (48.17 mmol, 79%) of white crystalline product pure enough 

for further reactions. 1H-NMR (400 MHz, (CD3)2CO): δ 7.49 (d, 2H, JHH=7.4 Hz, Ar), 7.46 (t, 2H, JHH=7.8 

Hz, Ar), 7.04 (d, 2H, JHH=7.8 Hz, Ar), 7.00 (t, 2H, JHH=7.4 Hz, Ar), 3.61 (s, 6H, -OMe). FT-IR ν: 2964, 1641, 

1596, 1485, 1463, 1435, 1306, 1284, 1259, 1154, 1104, 1045, 119, 926, 796, 751 cm-1. 

Bis(2-hydroxyphenyl)methanone (3) 

Procedure based on literature[59,60]. Bis(2-methoxyphenyl)methanone (118 mg, 

0.49 mmol) was dissolved in dry DCM (1 ml) under inert atmosphere. Boron 

tribromide (1.5 ml of an orange 1M solution in DCM) was added drop wise 

under constant stirring turning the solution orange brown. The mixture was 
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stirred overnight at room temperature. The solution was poured out on ice generating gas fumes. The 

organic layer was isolated and solvent evaporated. Further purification of the now yellow solution was 

done using silica gel column chromatography using hexane as eluent. The product was obtained as 

yellow crystalline powder (106 mg, 0.49 mmol, >99%). 1H-NMR (400 MHz, CDCl3): δ 10.57 (s, 2H, -OH), 

7.61 (d, 2H, JHH=8.2 Hz, Ar), 7.50 (dd, 2H, JHH=8.2 Hz, JHH=7.4 Hz, Ar), 7.08 (d, 2H, JHH=8.2 Hz, Ar), 6.93 

(dd, 2H, JHH=8.2 Hz, JHH=7.4 Hz, Ar). FT-IR: ν= 3277, 2963, 1612, 1572, 1479, 1`456, 1438, 1337, 1307, 

1220, 1146, 1036, 952, 934, 860, 840, 796, 755, 701 cm-1. 

Bis(2-trifluoromethanesulfoxyphenyl)methanone (4) 

Procedure based on literature[38]. Before use, the (CF3SO2)2O was degassed 

using the freeze-pump-thaw technique. Bis(2-hydroxyphenyl)methanone (2.40 

g, 11,20 mmol) was dissolved in dry anhydrous DCM (66 ml) and dry anhydrous 

Et3N (6.6 ml) giving a yellow solution which was cooled down to -84°C using an 

EtOAc ice bath. Degassed (CF3SO2)2O (8 ml) was added drop wise over the course of 1 hour turning the 

solution red brown. The product was heated to room temperature and extracted in EtOAc (40 ml) and 

washed with 1M HCl (15 ml), saturated HCO3
- in water (15 ml) and brine (15 ml). Anhydrous MgSO4 

was used to dry the organic phase. The solvent was removed at the rotary evaporator and the product 

concentrated. Silica gel column chromatography was used to further purify the product using a 1:5 

EtOAc / hexane eluent to afford 3.1 g (6.57 mmol, 59%) pure yellow product crystals. 1H-NMR (400 

MHz, CDCl3): δ 7.67 (m, 4H, Ar), 7.49 (t, 2H, JHH=7.4 Hz, Ar), 7.38 (d, 2H, JHH=8.6 Hz, Ar). 19F-NMR (376 

MHz, CDCl3): δ -73.18 (s, 6F, -OTf). FT-IR ν: 2988, 1678, 1609, 1486, 1421, 1303, 1269, 1249, 1210, 

1194, 1142, 1108, 1084, 946, 859, 766, 687 cm-1.   

DPK (bis(2-diphenylphosphinophenyl)methanone) (5) 

O-bromophenyldiphenylphosphine (4.0 g, 11.72 mmol) was combined with 

dry Et2O (40 ml). The yellow suspension was cooled down to -50°C using an 

acetone ice bath. A 1.6 M n-BuLi in hexane solution (0.77 g, 12 mmol, 7.5 ml) 

was added drop wise under stirring. Over 30 minutes of stirring, the reaction 

mixture was heated up to room temperature. The reaction mixture became red and turbid upon the 

addition. This red colour faded away to become a less intense red terracotta-like colour. Then, after 

cooling down the reaction mixture again to -50°C a 0.3 M N,N-dimethylcarbamoylchloride in dry Et2O 

solution (20 ml, 672.5 mg, 6.24 mmol) was added drop wise over 5-10 minutes. During the addition, 

the temperature of the bath was kept between -30°C and -40°C. Then the bath was brought to -50°C 

again and the suspension stirred overnight, allowing the mixture to heat up to room temperature. The 

reaction was then cooled down again and treated at 0°C with 2.5M NH4Cl solution in water (30 ml, 4.00 

g, 90 mmol NH4Cl) turning the suspension yellow. Various Et2O washes were used to further purify the 

product, obtaining it as a yellow powder (2.5 g, 4.54 mmol, 77%).1H-NMR (400 MHz, C6D6): δ 7.33 (t, 

4H, JHH=7.4 Hz, Ph), 7.32 (t, 4H, JHH=7.0 Hz, Ph), 7.21 (t, 2H, JHH=7.4 Hz, Ph), 7.20 (t, 2H, JHH=7.0 Hz, Ph), 

7.00 (m, 14H, Ar/Ph), 6.84 (t, 1H, JHH=7.8 Hz, Ar), 6.84 (t, 1H, JHH=7.4 Hz, Ar), 6.74 (t, 1H, JHH=7.4 Hz, Ar), 

6.74 (t, 1H, JHH=7.4 Hz, Ar). 13C-NMR (100 MHz, C6D6): δ 196.8 (t, 1C, JCC=3.1 Hz, C=O), 144.2 (s, 

unassigned), 144.0 (s, unassigned), 139.7 (d, JCC=2.3 Hz, unassigned), 139.5 (d, JCC=3.1 Hz, unassigned), 

138.3 (t, JCC=3.1 Hz, unassigned), 138.2 (t, JCC=3.8 Hz, unassigned), 134.7 (s, unassigned), 133.9 (d, 

JCC=21.4 Hz, unassigned), 130.6 (t, JCC=3.1 Hz, unassigned), 130.4 (s, unassigned), 128.2 (m, 
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unassigned), 127.7 (s, unassigned). 31P- NMR (161 MHz, C6D6): δ -8.3 (s, 1P). FT-IR ν: 3051, 1734, 1657, 

1584, 1478, 1433, 1298, 1245, 1089, 1026, 928, 740, 693 cm-1. ESI-MS m/z: 657 [M+], 657.  

o-bromophenyldiphenylphosphine (6) 

Procedure based on literature[41]. Dry Et3N (3.1 ml, 22 mmol), Pd(PPh3)4 (100.2 mg, 0.09 

mmol), o-bromo-iodobenzene (2 ml, 15.4 mmol), diphenylphosphine (2.85 ml, 15.4 

mmol) and dry degassed toluene (40 ml) were combined under inert conditions giving 

an orange solution. After the mixture had been heated to 80°C for 12 hours, the deep red organic layer 

was washed with brine (2 x 20 ml). The aqueous phase was washed twice with Et2O and the Et2O 

fractions were combined. The solvent was evaporated on the rotary evaporator. Cold MeOH (3 x 4 ml) 

was used to wash the crude product. The product was dried in vacuo and isolated as pale yellow 

powder (3.0 g, 8.8 mmol, 57%). 1H-NMR (400 MHz, C6D6): δ 7.29 (m, 5H, Ar), 6.98, (m, 6H, Ar), 6.83 (dt, 

1H, JHH=7.8 Hz; JHH=2.2 Hz, Ar), 6.70 (dt, 1H, JHH=7.4 Hz; JHH=1.2 Hz, Ar), 6.61 (dt, 1H, JHH=7.8 Hz; JHH=2.0 

Hz, Ar). 31P-NMR (161 MHz, C6D6): δ -4.83 (s, 1P). FT-IR ν: 3049, 1554, 1475, 1423, 1248, 1094, 1014, 

750, 742, 693 cm-1. 

[Ni(0)2(DPK)3] (7) 

[Ni(COD)2] (26.3 mg, 0.096 mmol) and DPK (5, 78.8 mg, 0.143 

mmol) were combined in a vial under inert atmosphere. Et2O (3 

ml) was added and the created dark brown suspension was stirred 

for 15 minutes. The suspension was filtered and the light brown 

solid phase washed with Et2O (3 ml). Toluene (4 ml) was used to dissolve the solid phase and the dark 

brown solution was concentrated and dried under vacuum to yield the product as a light brown 

powder (54 mg, 0.03 mmol, 65%). 1H-NMR (400 MHz, C6D6): δ 8.78 (s, broad, 3H), 7.79 (d, 3H, JHH=7.0 

Hz), 7.57 (m, 6H), 7.28 (m, 3H), 7.20 (t, 6H, JHH=8.2 Hz), 7.07-6.73 (m, broad, 34H), 6.68 (t, 12H, JHH=7.4 

Hz), 6.54 (t, 6H, JHH=7.4 Hz), 6.48 (d, 2H, JHH=7.4 Hz), 6.34 (t, 4H, JHH=7.0 Hz), 6.18 (d, 2H, JHH=7.4 Hz). 
31P-NMR (100 MHz, 300 K, C6D6): δ 44.06 (dd, 2P, JPP=36.9 Hz, JPP=22.2 Hz, Ni-P), 22.93 (broad d, 2P, 

JPP=36.9 Hz, 5-PNiP-5), 11.22 (broad d, 2P, JPP=35.6 Hz, 5-PNiP-5). 31P-NMR (100 MHz, 373 K, C7D8): δ 

44.4 (dd, 2P, JPP=28 Hz, JPP=31 Hz, Ni-P), 21.3 (dd, 2P, JPP=28 Hz, JPP=62 Hz, 5-PNiP-5), 5.6 (dd, 2P, JPP=31 

Hz, JPP=62 Hz, 5-PNiP-5). FT-IR (KBr pellet) ν: 3437, 3051, 1679, 1585, 1481, 1459, 1433, 1261, 1184, 

1157, 1092, 1027, 921, 802, 775, 739, 691, 658, 626, 514 cm-1.  

[Ni(0)(DPK)(PPh3)] (8) 

PPh3 (120.9 mg, 0.46 mmol), DPK (5, 250.0 mg, 0.45 mmol) and [Ni(COD)2] (124.9 mg, 

0.45 mmol) were combined in one vial and 3 ml dry degassed Et2O was added. The 

obtained suspension immediately turned brown. After 45 minutes of stirring, the 

solid was separated from the liquid, dissolved in THF and concentrated in vacuo to 

obtain the product 8 as a brown powder (284 mg, 0.33 mmol, 72%). 1H-NMR (400 MHz, C6D6): δ 7.84 

(d, 2H, JHH=7.8 Hz, Ar), 7.59 (t, 6H, JHH=8.2 Hz, Ph), 7.21-7.31 (broad m, 10H, JHH=19.2 ), 6.98 (t, 3H, 

JHH=7.4, Ph), 6.85-6.95 (m, 7H, Ph/Ar), 6.77-6.85 (m, 11H, Ph/Ar), 6.72 (t, 4H, JHH=7.4 Hz, Ph). 13C-NMR 

(100 MHz, C6D6): δ 154.6 (dd, 2C, JCC=19.1 Hz, JCC=16.0 Hz, CCOAr), 141.6 (dt, 2C, JCC=8.4 Hz, JCC=16.8 Hz, 

CPAr), 137.9 (t, 4C, JCC=14.5 Hz, PCPh2), 137.0 (dt, 2C, JCC=29.8 Hz, JCC=4.6 Hz, CCPAr), 136.2 (t, 3C, JCC=11.4 

Hz, PCPh3), 133.8 (d, 8C, JCC=13.7 Hz, PCCPPh2), 133.4 (t, ?C, JCC=7.6 Hz), 132.3 (t, ?C, J=6.1 Hz), 132.0 (s, 

?C), 128.5- 127 (m, ?C), 126.5 (s, ?C), 120.4 (dt, 1C, Jdt=13.7 Hz, Jt=9.2 Hz, COAr). 31P-NMR (161 MHz, 
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C6D6): δ 38.2 (t, 1P, JPP=25 Hz, PPh3), 17.9 (d, 2P, JPP=25 Hz, P-5-P). FT-IR (KBr pellet) ν: 3447, 3052, 2346, 

1585, 1480, 1459, 1434, 1309, 1262, 1092, 1027, 914, 777, 740, 680, 660, 625, 517 cm-1.    

Synthesis out of 7 

[Ni(0)2(DPK)3] (7, 5.7 mg, 3.22 μmol) and PPh3 (3.4 mg, 12.96 μmol) were combined in the glovebox 

and dissolved in C7H8 at room temperature. In situ NMR showed full conversion to 9¸ generation of 1 

eq of 5 with regard to the amount of 7 and an excess of PPh3.  

[Ni(I)Cl(DPK)] (9) 

[Ni(COD)2] (25.0 mg, 0.09 mmol), [NiCl2(DME)] (20.0 mg, 0.09 mmol) and DPK (5, 100.0 

mg, 0.18 mmol) were combined in a vial in the glovebox at room temperature. Dry 

degassed THF (3 ml) was added and the brown solution with yellow solids was stirred 

for 45 minutes. The mixture was filtered and the solid phase washed with THF (2 x 0.3 

ml). The light brown solid was washed with hexane (3 x 0.3 ml) and the solid dried under vacuum. The 

solid (±100 mg) was again dissolved in THF (3 ml), the mixture stirred for 30 minutes and insoluble 

particles filtered off. To initiate precipitation from the solvent, hexane (5 ml) was added and the 

suspension was kept in the freezer for 3 days. The solid was filtered off and dried in vacuo to obtain 

the product as a dark brown powder (45 mg, 0.07 mmol, 38%). 1H-NMR (400 MHz, d8-THF): δ 16.32 (s, 

broad), 14.41 (s, broad), 12.71 (s, broad), 7.25 (m, diamagnetic material), -0.36 (s, broad), -3.00 (s, 

broad). 31P-NMR (161 MHz, d8-THF): δ 32.4 (s, 2P). FT-IR (KBr-Pellet) ν: 3421, 3053, 1643, 1481, 1459, 

1435, 1340, 1332,1298, 1262, 1240, 1098, 1028, 919, 778, 746, 694, 520, 505 cm-1  

[Ni(II)Cl2(DPK)] (10) 

[NiCl2(DME)] (101.4 mg, 0.46 mmol) and DPK (5, 260.4 mg, 0.47 mmol) were mixed 

together in a vial in the glovebox at room temperature. Dry degassed DCM (2ml) was 

added and the obtained solution was stirred for 1 hour. From this solution, the product 

was obtained as dark brown crystalline material from crystallization against hexane 

(259 mg, 0.38 mmol, 83%).  

1H-NMR (400 MHz, d2-DCM): δ 20.67 (s, sharp), 19.38 (s, broad), 9.25 (s, sharp), 7.37 (s, sharp), 5.88 (s, 

sharp), 5.01 (s, sharp), -0.47 (s, sharp), -6.63 (s, broad). 1H-NMR Evans Method (400 MHz, d2-DCM): 

Δδ=217 Hz.  FT-IR (KBr-Pellet) ν: 3394, 3058, 1963, 1634, 1579, 1560, 1482, 1455, 1435, 1294, 1185, 

1163, 1132, 1094, 1029, 998, 932, 805, 753, 744, 693, 641, 529, 504 cm-1 EA: calculated: 65.46% C; 

4.77% H. experimentally found: 65.21% C; 4.19% H. 
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ATR-FT-IR - bis(2-methoxyphenyl)methanole (1) 

 

ATR-FT-IR - bis(2-methoxyphenyl)methanone (2) 
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ATR-FT-IR - bis(2-hydroxyphenyl)methanone (3) 

 

ATR-FT-IR - bis(2-triflatephenyl)methanone (4) 
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ATR-FT-IR - DPK (5) 

 

ATR-FT-IR - o-bromophenyldiphenylphosphine (6) 
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KBr-FT-IR - [Ni2(DPK)3] (7)  

 

KBr-FT-IR - [Ni(0)(DPK)(PPh3)] (8) 
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KBr-FT-IR - [Ni(I)Cl(DPK)] (9) 

 

KBr-FT-IR - [Ni(II)Cl2(DPK)] (10) 
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1H-NMR - bis(2-methoxyphenyl)methanole (1) 

 

1H-NMR - bis(2-methoxyphenyl)methanone (2) 
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1H-NMR - bis(2-hydroxyphenyl)methanone (3) 

 

1H-NMR - bis(2-triflatephenyl)methanone (4) 
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17F-NMR - bis(2-triflatephenyl)methanone (4) 

 

 

1H-NMR - DPK (5) 
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13C-NMR - DPK (5)  

 

13C-NMR - DPK zoom (5) 
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31P-NMR - DPK (5) 

 

1H-NMR - o-bromophenyldiphenylphosphine (6) 
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31P-NMR - o-bromophenyldiphenylphosphine (6) 

1H-NMR - [Ni2(DPK)3] (7) 
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1H-NMR - [Ni2(DPK)3] (7) zoom 

 13C-NMR - [Ni2(DPK)3] (7) 
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31P-NMR - [Ni2(DPK)3] (7) 
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31P-VT-NMR - [Ni2(DPK)3] (7) 
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1H-NMR - [Ni(0)(DPK)(PPh3)] (8)  

 

1H-NMR - [Ni(0)(DPK)(PPh3)] (8) zoom 
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13C-NMR - [Ni(0)(DPK)(PPh3)] (8) 

  

 

 

31P-NMR - [Ni(0)(DPK)(PPh3)] (8) 
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1H-NMR - [Ni(I)Cl(DPK)] (9) 

1H-NMR, Paramagnetic measurement settings - [Ni(I)Cl(DPK)] (9) 
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1H-VT-NMR, Paramagnetic measurement settings - [Ni(I)Cl(DPK)] (9) 
 

31P-NMR - [Ni(I)Cl(DPK)] (9) 
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1H-NMR - [Ni(II)Cl2(DPK)] (10) 

 

1H-NMR, Paramagnetic measurement settings - [Ni(II)Cl2(DPK)] (10) 
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1H-NMR, Evans method - [Ni(II)Cl2(DPK)] (10) 

UV-Vis - DPK (5), [Ni2(DPK)3] (7), [Ni(0)(DPK)(PPh3)] (8), [Ni(I)Cl(DPK)] (9), 

[Ni(II)Cl2(DPK)] (10) 
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CV - NBu4PF6 in THF electrolyte reference spectrum 

Vertex 1: -4 V; Vertex 2: 2 V; Estart: -1 V; Scanrate: 50 mV/s; 2 cycles.  

CV - [Ni(I)Cl(DPK)] (9)  

Vertex 1: 2 V; Vertex 2: -4 V; Estart: -1 V; Scanrate: 200 mV/s; 2 cycles.  
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CV - [Ni(I)Cl(DPK)] (9) zoom -1.8V to -0.75V 

Vertex 1: -0.75 V; Vertex 2: -1.8 V; Estart: -1 V; Scanrate: 100 mV/s; 2 cycles.  

CV - [Ni(II)Cl2(DPK)] (10) 

Vertex 1: 2 V; Vertex 2: -4 V; Estart: -1 V; Scanrate: 200 mV/s; 2 cycles.  
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CV - [Ni(II)Cl2(DPK)] (10) zoom -1.5 V to -0.5 V 

Vertex 1: -1.5 V; Vertex 2: -0.5 V; Estart: -0.5 V; Scanrate: 100 mV/s; 2 cycles.  

CV - [Ni(II)Cl2(DPK)] (10) zoom -3 V to -1.5 V 

Vertex 1: -3 V; Vertex 2: -1.5 V; Estart: -1.5 V; Scanrate: 100 mV/s; 2 cycles.  
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EPR - bis(2-diphenylphosphinophenyl)methanone (DPK, 5) 

EPR - [Ni(I)Cl(DPK)] – 300 K (9) 
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EPR - [Ni(I)Cl(DPK)] – 100 K (9) 
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XRD - Crystallographic results for complexes 8, 9 and 10 

 

parameter 8 9 10 10 
chemical formula C55H43NiOP3·½ 

C4H10O 
C37H28ClNiOP2 C37H28Cl2NiOP2 C37H28Cl2NiOP2·CH2Cl2 

molecular weight 908.57 644.69 680.14 765.07 

crystal colour dark red red brown  brown 

crystal size [mm3] 0.20 x 0.12 x 0.07 0.12 x 0.12 x 
0.04 

0.29 x 0.29 x 0.06 0.39 x 0.11 x 0.06 

T [K] 150(2) 150(2) 150(2) 150(2) 

crystal structure monoclinic monoclinic monoclinic orthorhombic 

space group P21/c (no. 14) P21/n (no. 14) P21/c (no. 14) P212121 (no. 19) 

a [Å] 13.5071(5) 9.8635(3) 18.7117(7) 9.62126(17) 

b [Å] 17.8465(6) 35.4023(14) 11.2342(4) 18.4902(4) 

c [Å] 19.8676(6) 17.3720(5) 15.8601(5) 20.0628(5) 

 [º] 108.318(2) 93.340(1) 110.302(2) - 

V [Å3] 4546.5(3) 6055.8(4) 3126.83(19) 3569.16(13) 

Z 4 8 4 4 

Dcalc [g/cm3] 1.327 1.414 1.445 1.424 

(sin /)max [Å-1] 0.65 0.65 0.65 0.65 

 [mm-1] 0.58 0.86 0.92 0.96 

abs. corr. multi-scan numerical multi-scan numerical 

abs. corr. range 0.65-0.75 0.79-1.00 0.68-0.75 0.73-0.95 

refl. measured/unique 54739 /10440 63999 / 13906 47086 / 7186 87198 / 8203 

parameters / restraints 586 / 37 757 / 0 388 / 0 415 / 0 

R1/wR2 [I>2(I)] 0.0385 / 0.0877 0.0356 / 0.0749 0.0222 / 0.0561 0.0292 / 0.0831 

R1/wR2 [all refl.)] 0.0614 / 0.0965 0.0640 / 0.0832 0.0255 / 0.0576 0.0314 / 0.0846 

Flack x parameter[61] - - - -0.003(2) 

S 1.037 1.028 1.039 1.044 

(min/max) [eÅ-3] -0.28 / 0.64 -0.43 / 0.43 -0.31 / 0.34 -0.72 / 1.01 
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XRD - [Ni(0)(DPK)(PPh3)] (8) 

The crystal structure is affected by a small contribution of whole-molecule disorder. This has been 

ignored in the refinement. The co-crystallized diethyl ether molecule is disordered on an inversion 

center. Restraints have been used for 1,2 and 1,3 distances of the diethyl ether molecule. 
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XRD - [Ni(I)Cl(DPK)] (9) 

The crystal structure was obtained from C6D6. 
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XRD - [Ni(II)Cl2(DPK)] (10) 

Two crystal forms were obtained from the same crystallization batch. 


