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COD 1,5-cyclooctadiene 
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d doublet 
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dme 1,2-dimethoxyethane 

dmpe 1,2-bis(dimethylphosphino)ethane 

dppBz 1,2-bis(diphenylphosphino)benzene 

dppe 1,2-bis(diphenylphosphino)ethane 

DSC differential scanning calorimetry 

EPR electron paramagnetic resonance 

eq. equivalent 

Eq. equation 

Et ethyl 

et al. et alii (lat.: and others) 

Et2O diethylether 

eV electronvolt 
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GC gas chromatography  

GC/MS gas chromatography-mass spectrometry 

GPC gel permeation chromatography 

h hour(s) 

H2 dihydrogen 

HDPE high-density polyethylene 

HOMO highest occupied molecular orbital 

hs high-spin 

HSQC heteronuclear single quantum correlation 

-I negative inductive effect 

i.e. id est (lat.), that is 

IAd 1,3-bis(1-adamantyl)imidazolin-2-ylidene 

IDipp2 1,3-bis(2,6-di-iso-propylphenyl)imidazolin-2-ylidene 

IEt2Me2 1,3-diethyl-4,5-dimethylimidazolin-2-ylidene 

IMes2 1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene 

IR infrared spectroscopy 

ItBu2 1,3-di-tert-butylimidazolin-2-ylidene 

ItBu2Me2 1,3-di-tert-butyl-4,5-dimethylimidazolin-2-ylidene 

IiPr2Me2 1,3-di-iso-propyl-4,5-dimethylimidazolin-2-ylidene 

IiPr2 1,3-di-iso-propylimidazolin-2-ylidene 

J coupling constant 

K Kelvin 

KOtBu potassium tert-butoxide 

L liter 

LLDPE linear low-density polyethylene 

ls low-spin 

LUMO lowest unoccupied molecular orbital 

m multiplet 

m- meta 

-M negative mesomeric effect 

M.p. melting point 

MAO methylaluminoxane 

Me methyl 

Mes mesitylene 

MHz megahertz 

min minute(s) 
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MO molecular orbital 

MS mass spectrometry 

MW molecular weight 

MWD molecular weight distribution 

N2 dinitrogen 

NB norbornene 

NHC N-heterocyclic carbene 

nm nanometer 

NMR nuclear magnetic resonance 

o- ortho 

OMe methoxy 

ORTEP Oak Ridge Thermal Ellipsoid Plot 

p- para 

PDI polydispersity index 

PE polyethylene 

Ph phenyl 

ppm parts per million  

Pr propyl 

py pyridine 

q quartet 

R unspecified organic group 

(R, R)-iPr-Duphos (+)-1,2-bis[(2R,5R)-2,5-di-iso-propylphospholano]benzene 

ROMP ring-opening metathesis polymerization 

s singlet 

sept. septet 

sh shoulder 

SHOP Shell higher olefin process 

SIDipp2 1,3-bis(2,6-di-iso-propylphenyl)imidazolidin-2-ylidene 

SIiPr2 1,3-bis-(iso-propyl)imidazolidin-2-ylidene 

SIMes2 1,3-bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene 

SItBu2 1,3-bis-(tert-butyl)imidazolidin-2-ylidene 
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THF tetrahydrofuran 

tmeda N,N,N′,N′-tetramethyl-1,2-ethylenediamine 
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tolane diphenylacetylene 

TTMPP tris(2,4,6-trimethoxyphenyl)phosphine; P(C6H2(OMe)3-2,4,6)3 

UV/vis ultraviolet–visible spectroscopy 

VE valence electron 

VT variable temperature 

vide infra (lat.) see below 

vide supra (lat.) see above 

 chemical shift in ppm 

4 geometry index 

 heat 
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Clarifications 

• Solvent molecules and ligands, coordinated to a metal atom, are written in 

small letters (e.g. [Ni(cod)2]). 

 

• The literature known complexes/compounds are labelled with Roman 

numerals and Latin small letters, whereas new complexes/compounds 

synthesized during the PhD thesis are labelled with Arabic numerals. 

 

• Abbreviations of English words/names are written in capital letters (e.g. 

SQUID - Superconducting Quantum Interference Device). 

 

• Abbreviations of Latin words are written cursive in small letters (e.g. “i.e.”). 

 

• The compounds synthesized during this work are expressed (in the 

Experimental section) with abbreviated forms of the common ligands or of 

those with complicated chemical formula (e.g. [(ItBu2)Co(CH2SiMe3)2]). 
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1. Introduction 

1.1 Carbenes – general considerations 

Discovery and history 

Since the revolutionary work of Doering1 in the mid-1950s, carbenes were considered 

to have similar characteristic features to trivalent carbon free radicals. The interest for 

this new substance class rose significantly as it was demonstrated that those highly 

reactive species produced in solution reacted with olefins. Initially, the isolation of 

such species was presumed to be impossible because of the high reactivity. 

The first attempts in the synthesis and isolation of subvalent carbon compounds were 

conducted since 1895 by Nef2 and 60 years later by the group of Skell.3 Early 

examples emerged from the working groups of Fischer4 and Schrock5, who were able 

to synthesize and characterize the first transition metal carbene complexes 

(Figure 1). Because of the different electronic configurations these are until today 

divided in Fischer and Schrock carbenes. Fischer carbenes are electrophilic, count 

as neutral two-electron donor ligands and form a strong -backbonding with the metal 

atom attributed to a formally empty  orbital which can accept electron density from 

the metal filled HOMO. In contrast, Schrock carbenes are nucleophilic and form with 

a metal found in a high oxidation state two covalent bonds, each polarized toward the 

carbon atom. 

 

Figure 1. Examples of Fischer Ia and Schrock Ib carbene complexes. 

In the early 1960s Wanzlick6 investigated for the first time the reactivity and stability 

of N-heterocyclic carbenes (NHCs). He tried to prepare a stable NHC by -

elimination of chloroform from IIa. Instead of the free NHC, its dimer, the 

entetraamine IIb always formed. Furthermore, cleavage of the entetraamine could 

not be demonstrated conclusively. Cross metathesis experiments with differently 

substituted entetraamines failed, excluding an equilibrium between monomer IIc and 

the dimer IIb (Scheme 1). 
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Scheme 1. Wanzelick’s dimerized carbene.6 

However, shortly after, he reported (almost at the same time with Öfele7), the first 

application of NHCs as ligands in metal complexes.8 

In the reaction of 1,3-diphenylimidazoliumperchlorate (IIIa) with Hg(II) acetate, the 

1,3-diphenylimidazolin-2-ylidene formed in situ in an acid-base reaction between the 

imidazolium ion and the acetate. Once formed, the carbene was able to coordinate to 

Hg(II) allowing the isolation of complex IIIb (Scheme 2). 

 

Scheme 2. One of the first metal carbene complexes.8 

Öfele was able to eliminate dihydrogen by warming up a solution of IVa, taking 

advantage of the nucleophilicity of the pentacarbonyl chromium hydride anion and 

the easy abstraction of the acidic proton of the imidazolium ring precursor 

(Scheme 3).7 

 

Scheme 3. Öfele’s first metal carbene complex.7 

Surprisingly, the field of NHCs as ligands in transition metal chemistry remained 

dormant for 23 years, until a report on the synthesis of the extraordinarily stable 

crystalline N-heterocyclic carbene IAd (Vb) by Arduengo et al. ignited a rapidly 

growing research field (Scheme 4).9  
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Scheme 4. First isolated stable free carbene.9 

General characterization of carbenes 

Carbenes are neutral carbon species which possess a divalent carbon atom bearing 

six valence electrons. Both non-bonding orbitals at the carbon atom can be occupied 

in two different ways. In the singlet carbene, the two spin-paired electrons are in the 

sp2 orbital as a result of lower energy level compared to the py orbital (Figure 2, A). 

On the other hand, in the triplet carbene, the two electrons with parallel spin reside in 

different orbitals (Figure 2, B). 

 

Figure 2. Singlet (A) and triplet (B) carbene. 

In the linear carbene, the carbon atom is sp hybridized with two nonbonding 

degenerate orbitals, px and py. Once this degeneracy is broken (Figure 3), the C atom 

adopts a sp2 hybridization, the py orbital (usually called p) remains almost 

unchanged, while the px acquires s character (usually called p).10,11 

 

Figure 3. Qualitative representation of the relationship between carbene bond angle, the 

nature of the frontier orbitals and singlet-triplet separation.12 
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The energy of the frontier orbitals ( and p) is related to the carbene multiplicity: A 

large HOMO-LUMO gap (> 2 eV) is necessary to inflict the singlet state, whereas an 

energy lower than 1.5 eV induces the triplet state (where HOMO = highest occupied 

molecular orbital and LUMO = lowest unoccupied molecular orbital).13 

The linear structure is found in the case of the triplet carbene or for the excited singlet 

state.14 Actually, most carbenes are nonlinear and the ground-state multiplicity varies 

depending on the Ccarbene adjacent substituents. Electron withdrawing (-I) substituents 

induce the singlet state by inductive stabilization of the  orbital increasing its s 

character (big HOMO-LUMO gap). Meanwhile, electron-donating substituents (+I) 

promote the triplet state by reducing the HOMO-LUMO gap. 

Although inductive effects dictate the ground-state spin multiplicity of carbenes, 

mesomeric effects of the R substituents play a more significant role by influencing the 

degree of bending in singlet carbenes. Substituents interacting with the C carbene 

center can be classified in (i) -electron withdrawing groups (-M effect) such as COR, 

CN, CF3, BR2, SiR3 and (ii) -electron donating groups (+M effect), for example N, O, 

P, S and halogens. For the first category a linear or quasi-linear geometry is 

predicted, since the degeneracy of px and py orbitals is broken by  interactions with 

the adjacent substituents, therefore allowing an unusual linear singlet state. On the 

other hand, -electron donating substituents increase the energy of the p orbitals of 

the Ccarbene and therefore a larger -p gap results which favors a bent singlet state. 

Singlet carbenes 

Singlet carbenes can be stabilized through electronic and steric effects. The 

electronic factor contributes most to the stabilization of different types of singlet 

carbenes (Figure 4). 

 

Figure 4. Types of singlet carbenes.11 
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These can be classified in three main classes:11,15 

• Carbenes with two -donor--acceptor substituents (C). The electron 

deficiency on the carbene site is eliminated through a  interaction between 

the free electron pair of the donating atom and the empty p orbital of the 

Ccarbene atom (+M effect). Simultaneously, the  orbital is inductively stabilized 

by electron withdrawing substituents (-I). The combination of these two effects 

is known as the “push-pull” effect. Representative examples are 

diaminocarbenes. 

• Carbenes with two -acceptor--donor substituents (D). They adopt a linear 

geometry and zwitterionic (dipolar) structure with a formal positive charge at 

the Ccarbene atom (i.e. diborylcarbenes). 

• Carbenes with one -donor and a -acceptor substituent (E). These carbenes 

are in a quasi-linear zwitterionic state with a negative Ccarbene atom (i.e. 

phosphanylcarbenes. 
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N-heterocyclic carbenes 

NHCs are typical singlet carbenes with the two paired electrons located in the  

orbital and a formally vacant p orbital perpendicular to the carbene plane. Their 

stability is attributed to the negative inductive effect (-I) and the positive mesomeric 

effect (+M) of the two nitrogen substituents adjacent to the Ccarbene atom. 

The electron withdrawing nitrogen atom (-I effect) stabilizes the  orbital by removing 

electron density from the Ccarbene center (“pull” effect). On the other hand, the positive 

mesomeric effect (+M), due to the lone electron pair at the nitrogen atoms, promotes 

delocalization and -donation (“push” effect) into the formally vacant p orbital of the 

Ccarbene atom and therefore a higher electron density results. Consequently, the 

energy of the p orbital increases. The combination of these effects (-I and +M) 

known as the “push-pull” effect expands the energy gap between -p, and therefore 

stabilizes the singlet state. The bent geometry of the five-membered ring is given by 

these effects in association with the sp2 hybridized Ccarbene atom (Figure 5). 

 

Figure 5. “Push-pull” effect of the NHCs. 

The interaction of the free electron pair of the nitrogen with the p orbital of the 

carbene was determined by the N-C bond distance of 1.365 Å which is in the region 

of a double bond. An estimation regarding the -backdonation was found by 

measuring a variable temperature (VT) 1H NMR spectrum of the bis(di-iso-

propylamino)carbene. Since the major part of this process is represented by the 

rotation around the N-C bond, the measured rotation barrier of 53 kJ/mol is assigned 

to the  part of this bond.16 

Properties of carbene ligands 

The properties and chemical behavior of the Schrock and Fischer carbenes can be 

explained by the energy difference between the d orbital of the metal and the 

carbene p orbital. Part of the MO diagram, illustrated in Figure 6, describes the 

bonds in Schrock and Fischer carbene complexes. 

The metal in a Schrock alkylidene complex is electrophilic and can be stabilized by 

ligands with electron donating properties (such as alkyl and H), as well as by -

donation from the occupied p orbital of the Ccarbene atom into an empty d orbital of 

the metal. Therefore, the interaction of two triplet fragments with the metal center is 

described as a covalent metal carbon double bond. 
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The -donation effect makes the carbon atom nucleophilic; therefore, these carbenes 

tend to bind to transition metals in high oxidation states. Better -donation properties 

from the filled p orbital of the carbene in the d orbital of the metal can be achieved 

through empty d orbitals, which can reduce the electron repulsion in the overlapped 

orbitals. The repulsions effects reduce the -donation properties and lead to 

destabilization of the Schrock complex. Good Schrock carbenes carry no -donor 

substituents, for example alkyl groups.  

 

Figure 6. Orbital interactions in transition metal Schrock and Fischer carbene complexes.11,17 

On the other side, Fischer carbene complexes present the opposite properties. The 

metal is electron rich because of the donor properties of the carbene’s electron pair 

(-donation). These complexes are stabilized by the overlap of the metal d orbital 

with an empty p orbital of the Ccarbene atom. Further stabilization of the formally 

empty p orbital is offered by good -donor substituents on the carbene moiety. The 

resulting C=M bond is weak and has a low rotation barrier. Stable complexes are 

obtained when Fischer carbenes coordinate to middle or late transition metals in low 

oxidation state as a consequence of the -backbonding between the filled metal d 

orbital and the vacant carbene p orbital.11,17 

The stability of NHC complexes is mainly attributed to the transfer of the lone electron 

pairs of the nitrogen atoms to the empty p orbital of the Ccarbene atom (+M effect). IR 

measurements of NHC carbonyl metal complexes and of the phosphine analogues 

showed a significant donor capability of the NHC compared with the trialkylphosphine 

adducts.18–20  
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Historically, NHCs have been considered to behave like typical -donor ligands with 

negligible -acceptor properties. Whereas this assumption can be discussed and 

questioned, the conclusion that the -backdonation of the NHC is smaller than that of 

the Fischer carbene is clear.21 Attempts have also been made to quantify the 

acceptor properties of these ligands by spectroscopic studies performed on their 

phosphinidene adducts or selenoureas, where 31P or 77Se NMR chemical shifts 

showed to be sensitive to the double-bond character of the NHC-adduct.22 

Various working groups established that the Ccarbene chemical shift determined by 
13C{1H} NMR spectroscopy is also sensitive to the Lewis acidity of the metal center 

as well as to the donor abilities of the co-ligands.23–25 Hence, the 13C{1H} NMR 

chemical shift of the Ccarbene atom decreases as the Lewis acidity of the metal 

increases. 

Elaborate studies were made by Huynh et al. on complexes of the type [trans-

(PdBr2(IiPr2-bimy)L]n- (where IiPr2-bimy = 1,3-diisopropylbenzimidazolin-2-ylidene; 

L = ligand in question) (Figure 7) as an inexpensive and safe alternative for the NHC-

carbonyl complexes such as [Ni(CO)3(NHC)]26 or [IrX(CO)2(NHC)] (where 

X = halide)27–29. Using 13C{1H} NMR spectroscopy as a tool to determine the -

donation ability of different trans NHC co-ligands, it was shown that the weakest -

donor ligand results in the largest up-field shift, whereas the strongest -donor leads 

to the most pronounced low-field shift. However, this method depends on the electron 

density of the ligand in question and it cannot be used to quantify the degree of -

donation and -backdonation.30 

 

Figure 7. Correlation of the -donation ability of different trans NHC co-ligands and the 

Ccarbene chemical shift in 13C{1H} NMR spectroscopy.30 

NHCs are strong -donors and by coordination to a transition metal, a strong metal-

carbon bond forms (Figure 8). The presence of a lone electron pair in a high energy  

orbital induces the strong basicity (Figure 8 a), whereas the low energy * orbital can 

accept electron density from a filled d orbital of the metal (-acidity) in a typical d-*-

backdonation (Figure 8 b). 

Nolan et al. showed in 2005 that 14 electron metal complexes stabilized by NHCs 

can also form -d bonds with electron poor metals. Electron density is being 

transferred from a suitable combination of the filled and empty  orbitals of the NHC 

to the empty d orbitals of the metal (-basicity) (Figure 8 c).31  
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Figure 8. Representation of the a) -d, b) d-* and c) -d bonding mode between a NHC and 

a transition metal.31 

The high thermal and chemical stability of NHC stabilized complexes made these 

ligands suitable for catalytic reactions, opening an interesting new research field. 

These properties together with a large number of variations regarding the structural 

and electronic abilities led to a comprehensive knowledge on this ligand class, 

necessary for a successful catalyst design.32–35 
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1.1.1 N-heterocyclic carbenes vs. phosphines 

Like phosphines, the HOMO of the NHCs can interact with an empty d orbital of the 

metal (represented in blue in Figure 9). According to MO theory, two hybrid orbitals 

are formed, a bonding and an antibonding orbital. The energy of the bonding orbital 

is for both species similar and the bonding is described as a -bond from the ligand 

to the metal. A difference, however, can be observed for the phosphine, whose 

empty * orbital (LUMO) can interact with an occupied d orbital of the metal, leading 

to an energetically favorable -backdonation. In the case of the NHC, because of the 

orbital geometry, the backdonation is unfavorable since the * orbital is localized on 

the nitrogen atoms (Figure 9).36 

 

Figure 9. Simplified bonding description of the frontier orbitals of NHCs and tertiary 

phosphines and their interaction with d orbitals of a transition metal atom.36 

NHCs have proven their utility in stabilizing the metal site in complexes as well as in 

organic transformations. Since ligand tuning is of interest for the chemical 

community, efforts have been made to unite these two ligand classes overcoming the 

phosphine oxidation and taking advantage of the different bonding modes. This 

endeavor lead to a wide range of NHC-phosphorus-based derivatives. These 

derivatives are classified into four main groups: (1) NHC-phosphenium salts, (2) 4-

phosphino or 4,5-diphosphino-substituted imidazolium salts, (3) N-phosphorylated-

imidazolium salts and (4) phosphino substituents tethered at different positions on the 

imidazolium salts (see Figure 10).37 
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Figure 10. Phosphorus based NHC derivatives. 

NHC and phosphine donors are considered strong -donors, nonetheless evidence 

uncovered subtle difference in the -donating and -accepting properties are across 

the periodic table.38 The complementary roles of the two combined donor classes 

engaged in the coordination sphere of a metal may enhance synergism if the hetero 

donors are part of a hybrid ligand. 

The introduction of new phosphine functionalized NHC derivatives led to a very -

acidic ligand instead of a strong -donor, opening new possibilities for applications in 

catalytic transformations. Reports presented the successful introduction of this new 

type of ligands in C-C coupling reactions39,40, amination of aryl chlorides41 and 

transfer hydrogenation of ketones42. 
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1.1.2 N-heterocyclic carbenes in catalysis 

NHCs in organocatalysis 

Historically, the first benzoin reaction (assembly of two molecules of aromatic 

aldehydes) was reported by Wöhler and Liebig in 1832.43 They discovered the 

catalytic feature of the cyanide anion which catalyzed the formation of an -hydroxy 

ketone by condensation of two molecules of aromatic aldehydes. More than a century 

later, Ukai et al. demonstrated, that a thiazolium salt can catalyze benzoin reactions. 

Almost two decades later, Breslow proposed the mechanism where the catalytically 

active species is the thiazolium zwitterion and postulated that the reaction proceeds 

through an enaminol intermediate (Scheme 5). The latter is known today as Breslow 

intermediate.44,45 

 

Scheme 5. Breslow´s mechanism of the benzoin condensation.45 

In addition, Miyashita et al. investigated the catalytic activity of the NHC in 

nucleophilic aromatic substitution reactions.46,47 In their work, they showed the 

catalytic acylation of halogenated aryl substrates such as VIIa by the 1H-imidazol-2-

ylidene VIIb (Scheme 6). 
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Scheme 6. NHC catalyzed nucleophilic aromatic substitution reaction. 

The introduction of acyl groups in electron deficient positions of the benzene rings 

with classic Friedel-Crafts reactions is not possible. This challenge was overcome by 

the catalytic activity of the imidazolidenyl carbene, which enables the substitution via 

an addition-elimination mechanism.46 

NHCs in organometallic catalysis 

The pioneering work of Herrmann et al. who were the first to demonstrate the 

catalytic activity of NHC transition metal complexes led to a boom of new interesting 

reports regarding the versatile utility of NHCs in catalysis.48 They showed that NHC 

stabilized palladium complexes are excellent catalysts for Heck reactions (C-C 

coupling reactions between aryl or vinyl halides and activated alkenes) with high 

catalyst activity and a remarkably long catalyst lifetime. This was the beginning of a 

series of new applications where NHCs replaced phosphines in the area of transition 

metal catalysis.49 

Catalyst VIII was obtained in situ upon reduction of the Pd(II) species [(IMe2)2PdX2] 

(where X =  Cl, Br, I) with formiate or hydrazine, generating the active Pd(0) species. 

Catalyst loadings as low as ca. 10-3 mol% were sufficient to obtain yields > 99% in 

the case of brominated substrates (Scheme 7), whereas for chlorinated ones 

between 0.1 – 1 mol% were required.48 

 

Scheme 7. First application of NHCs in transition metal catalysis. 

The increased demand for olefin metathesis products in the pharmaceutical 

chemistry and for specialty chemicals manufacturing spurred the development of new 

metathesis catalysts. Ru-NHC complexes were found to be the most efficient and 

active catalysts in this type of reactions. The breakthrough was achieved in 1999 by 
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the substitution of a phosphine ligand with a NHC in the complex IXa, which 

expanded substantially the catalyst scope and performance in ring-closing 

metathesis (RCM) and cross-metathesis (CM) reactions.50 

In the same year, Grubbs et al. presented a new generation of air- and water-tolerant 

complexes of the type IXc which showed increased ring-closing metathesis activity 

compared to the parent complex IXa51 or the previously developed complex IXb 

(Figure 11).52,53 Later on, complex IXc was found to be also highly active in ring-

opening metathesis polymerization (ROMP) of 1,5-cyclooctadiene (COD) with 

comparable results of electrophilic early transition metal based catalysts.54 

 

Figure 11. Efficient metathesis catalysts: Grubbs-I (IXa) and Grubbs-II (IXb and IXc). 

A selection of NHC based catalysts that have found applications in catalysis over the 

last decade are illustrated in Figure 12. Among the most popular is the second-

generation ruthenium metathesis catalyst Hoveyda-Grubbs II (Xa) which, in 

comparison to the first-generation catalyst based on phosphine ligands, is typically 

active at much lower catalyst loadings and thermally more stable. Attributed to the 

high stability offered by the strongly coordinated NHC ligand, the formation of the 

coordinatively unsaturated active intermediate is promoted with subsequent 

enhancement of the catalytic activity.53,55,56 

 

Figure 12. Selected examples of NHC transition metal catalysts. 

NHCs were also successfully employed by the group of Organ, who developed cross-

coupling catalysts based on palladium or other transition metals. Palladium 

imidazolylidene species such as Xb are widely applied in organic synthesis. The 

electron richness of the carbene promotes challenging oxidative addition reactions, 

while their steric bulk prevents reductive elimination.36,57 
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Even complexes of late transition metals, such as the gold(I) complex Xc, were found 

by Nolan et al. to act as catalysts in other organic transformations. The NHC bearing 

complex mediates the nucleophilic addition reaction to carbon-carbon multiple 

bonds.58,59 

1.2 Phosphines 

General considerations 

The first tertiary phosphines to be discovered were trimethylphosphine (PMe3) and 

poly(dimethylphosphane) [P(CH3)2]n. In 1847, Paul Thénard isolated them by passing 

methyl chloride over impure calcium phosphide at elevated temperatures (180-

300 °C).60 Almost 10 years later, Ferdinand Bérle prepared, in a similar manner, 

triethylphosphine (PEt3) from ethyl iodide and an impure sodium phosphide.61 These 

new substances remained forgotten until A. W. Hofmann and A. Cahours devoted 

themselves to the synthesis and isolation of such reactive species. An improved 

method was presented by the reaction between methyl iodide and sodium 

phosphide, but still with an uncontrollable outcome as described in the same 

publication: 

“On the application of heat these substances act on one another with great energy, 

producing combustible and detonating compounds, so that the experiment is not 

without danger. Often the product of the operation is lost; and if the reaction takes 

place without explosion the separation of the constituents of the very complicated 

mixture which results can be effected only with the greatest difficulty.”62–64  

Nevertheless, the interest was awakened and at the end of the last century, aryl 

substituted phosphines emerged from the laboratories of A. Michaelis, one of them, 

triphenylphosphine (PPh3), becoming years later one of the most important ligands in 

the development of homogeneous catalysis.65–70 

Still a whole century passed until the first tertiary phosphine complexes emerged. 

The main reason for this delay was the difficulty of accessing such reactive species. 

In 1965, Wilkinson and co-workers introduced a phosphine stabilized catalyst, 

[RhCl(PPh3)3], for the hydrogenation of simple olefins.71 Shortly afterwards, Horner 

and Knowles opened new horizons in catalytic asymmetric hydrogenation reactions 

with a minimal modification of the Wilkinson catalyst by exchanging the PPh3 with a 

chiral phosphine.72,73 Nowadays, phosphine-based ligands have found various 

applications not only for synthetic purposes, but also in industrial applications 

reflected in countless publications.51,74–77 
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Properties 

Phosphine ligands are often described as spectator or ancillary ligands with easily 

controlled steric attributes. The bonding to a transition metal site involves two main 

components. One component is the -donation of the phosphine lone electron pair to 

an empty orbital of the metal; the second one is the backdonation from a filled metal 

orbital to an empty antibonding  orbital of the phosphine with similar  symmetry, 

favoring electron acceptance from the metal center (Figure 13). 

 

Figure 13. MO diagram of the bonding situation in phosphine transition metal complexes. 

The two contributions can be tuned by modifying the substituents at the phosphorus 

atom. Bulky alkyl or aryl groups will induce a positive inductive effect, which will 

enhance the donor properties and decrease the acceptor abilities. In contrast, 

electron withdrawing groups will increase the -accepting character but reduce the -

donation ability. Electronegative substituents at the P atom (e.g. PF3) lead to a highly 

polarized P-X bond which implies a low energy for the * orbital (Table 1) being 

localized mainly on the P atom, favoring the backdonation, but weakening the -

donor ability (low  orbital). 

Table 1. Frontier orbitals of some PX3. 

PX3 HOMO (eV) LUMO (eV) 

PMe3 −8.8 5.5 

PH3 −10.3 4.6 

PF3 −12.5 4.1 

The -basicity and -acidity of tertiary phosphines can be quantified by examining the 

stretching frequencies of the coordinated carbon monoxide (CO) ligands in 

complexes of the type [LNi(CO)3] and [LCr(CO)5] in which L is a phosphine ligand. 

Strong -donor ligands increase the electron density on the metal center and 

therefore a substantial backdonation to the CO ligand is expected, which implies 

lowered IR frequencies for the C-O stretching frequency. However, strong -acceptor 

ligands will compete with CO for the electron backdonation and the CO stretching 

frequencies will remain high. Such extensive studies have been made by Strohmeier 
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et al.78 using [LCr(CO)5] (where L is a phosphorus containing ligand) and by Horrocks 

et al. on [Co(CO)3(NO)] and phosphine derivatives of this.79 

These studies allowed an empirical ordering of phosphorus containing ligands by 

comparing the CO stretching frequencies in complexes different only in the nature of 

the phosphine ligand (Figure 14). 

 

Figure 14. -acidity and -donation properties of phosphines. 

Phosphorus containing ligands are easily tunable and their electronic and steric 

properties can be modulated to enhance the reactivity and selectivity of metal 

centered homogeneous catalysis. Nowadays, a whole library is available to fit the 

high demand on “good” ligands. Selected examples are mono- and bidentate chiral 

or achiral phosphines, phosphinines, pincer systems, phosphorus clusters etc. Within 

the wide range of applications one can mention small molecule activation, 

hydrofunctionalization,80 (de-)hydrogenation81 and cross-coupling reactions82–84. 
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2. Cobalt(II) chemistry 

2.1 Introduction 

Over the last two decades, NHC ligands (NHCs) have proven their utility as spectator 

ligands in transition metal compounds.85,86 Complexes stabilized by these ligands 

showed high catalytic activity in different processes as well as the ability to activate 

small molecules. The most widely known examples are the ruthenium catalysts used 

in olefin metathesis reactions and palladium catalysts in cross-coupling 

reactions.50,87–94  

NHC stabilized complexes demonstrated their superiority in catalytic activity 

compared with their phosphine analogues. The difference is well delimited by 

comparing the second-generation of Grubbs catalysts with the parent phosphine 

substituted ones in olefin metathesis reactions. One of the reasons why their catalytic 

potential surpasses that of the phosphine-containing complexes is the ability of the 

NHC ligands to stabilize sub- and high-valent metal species.95–97 Among numerous 

examples, most remarkable are the palladium complexes used in Mizoroki-Heck- and 

Suzuki-Miyaura cross-coupling reactions.98–103 

Late 3d transition metals – iron, cobalt and nickel – represent promising alternatives 

for precious metal-based catalysts and their potential “predicted” around 60 years 

ago is still part of the contemporary endeavor to find new substituents between the 

earth-abundant, inexpensive and low-toxic metals.104,105 Furthermore, NHC stabilized 

Co complexes are still scarce, but lately, progress has been made and a 

considerable number of cobalt based catalyst systems has been introduced. 

One of the early examples is constituted by the work of Tonzetich et al. using 

common starting materials, such as CoCl2, IMes2 and IDipp2, with which the dinuclear 

complex [{Co(IDipp2)Cl}2(μ-Cl)] (XI) and the mononuclear compound [Co(IMes2)2Cl2] 

(XII) were isolated (Scheme 8), and the latter proved to be active in Kumada cross-

coupling reactions.106  
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Scheme 8. NHC stabilized Co(II) complexes.106 

The group of Deng has showed also great interest in NHC stabilized Co(I) and Co(II) 

compounds. For example, tetrasubstituted Co(I) complexes were synthesized by 

substitution of the phosphine ligands with different imidazolin-2-ylidenes followed by 

chloride abstraction (Scheme 9). 

 

Scheme 9. NHC stabilized Co(I) complexes.107 

A divalent species of the type [Co(IEt2Me2)4]2+ was isolated either by oxidation using 

[Cp2Fe][BF4] or direct interaction of CoCl2 with 4 eq. IEt2Me2 and 2 eq. NaBF4 

(Scheme 10). 

Scheme 10. Synthesis of Co(II)-NHC complex XIV.107 

These compounds can successfully mediate oxidative homocoupling reactions 

between aryl Grignard reagents, featuring an unique radical type mechanism via a 

Co(I)/Co(II) redox shuttle.107 
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Notable results in the field of catalysis with earth abundant transition metals (mainly 

iron and cobalt) have been achieved by the Chirik group. New catalysts introduced by 

this group are successfully employed in many catalytic transformations, for instance, 

in asymmetric hydrogenation108–110 and hydrosilylation111 reactions. One example is 

the outstanding development and tuning of a cobalt based pre-catalyst for the multi-

gram asymmetric hydrogenation of the dehydro-levetiracetam to levetiracetam 

(Keppra®) widely used as medication for epilepsy.112 Using only 0.084 mol% of 

(R,R)-Ph-BPE and CoCl2∙6H2O in MeOH and 0.8 mol% Zn as activator resulted in an 

isolated yield of 97% [98% ee] on a 200 g scale hydrogenation reaction 

(Scheme 11) (where (R,R)-Ph-BPE = (2R,2'R,5R,5'R)-1,1'-(1,2-ethanediyl)bis[2,5-

diphenylphospholane]).109 

 

Scheme 11. Cobalt-catalyzed asymmetric hydrogenation for levetiracetam synthesis. 

  



Cobalt chemistry – introduction and motivation 

40 

 

2.2 Motivation 

We aim to introduce new catalysts based on earth-abundant 3d-transition metals 

such as Ni and Co. This is motivated by the fact that these metals are more 

functional group tolerant and less oxophilic than their early transition metal 

counterparts. Furthermore, they have been successfully utilized by various research 

groups for hydrogenation113,114, hydrofunctionalization115,116 and cross-coupling 

reactions117,118. Alternatively, low-valent Co(I) species such as [(4-anthracene)2Co]-, 

[( 4-naphthalene)-Co(4-cod) and [(4-cod)2Co]- may also be used.114 

Recently, Chirik et al. presented efficient olefin hydrogenation catalysts based on 

dialkyl cobalt complexes stabilized by bidentate phosphines such as 

[(P−P)Co(CH2SiMe3)2] (where P−P = dppe (1,2-bis(diphenylphosphino)ethane), depe 

(1,2-bis(diethylphosphino)ethane), dmpe (1,2-bis(dimethylphosphino)ethane), dppBz 

(1,2-bis(diphenylphosphino)benzene)).109,113,119,120 

Nevertheless, in our work we focus on low-coordinate Co(II) compounds, in which the 

metal atom is stabilized by good -donors with tuneable steric properties such as N-

heterocyclic carbenes (NHCs) and phosphines. In our contribution to the research 

field, we present a novel and high-purity synthesis of [(tmeda)CoR2], where 

R = CH2SiMe3, CH2CMe3, CH2CMe2Ph, which serve as excellent starting materials 

for ligand substitution reactions when treated with NHCs (ItBu2 = 1,3-di-tert-

butylimidazolin-2-ylidene; ItBu2Me2 = 1,3-di-tert-butyl-4,5-dimethylimidazolin-2-

ylidene) or bidentate phosphines (dippe = 1,2-bis(di-iso-propylphosphino)ethane; 

depe). The three-coordinate NHC-adducts [(NHC)CoR2] were probed in 

hydrogenation reactions. As a representative for the series, complex 

[(ItBu2)Co(CH2SiMe3)2] was tested in olefin and alkyne hydrogenation reactions. 

Hydrogenation of various substrates can successfully be achieved at ambient 

temperature under moderate H2 pressure (4 bar) and, for the liquid substrates, even 

in the absence of a solvent. 
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Interpretation of magnetic data121,122 

In the following section, a short description is given for a better understanding of the 

different magnetic studies conducted on the paramagnetic Co2+ (d7) systems: 

magnetic susceptibility measurements using a SQUID spectrometer 

(superconducting quantum interference device) and EPR analyses (electron 

paramagnetic resonance). 

Molecular magnetism 

The magnetic susceptibility () of a material is a physical quantity describing material 

properties in the presence of an external magnetic field.  is the scalar ratio of the 

material magnetization (M) and the magnitude of the magnetic field (H). 

𝜒 =  
𝑀

𝐻
       (𝐀) 

Regarding the value of the magnetic susceptibility, all materials can be classified into 

three groups: 

• diamagnetic materials: −1<  < 0, 

• paramagnetic materials: 0 <  << 1, 

• ferromagnetic materials:  >> 1. 

Generally, nonmagnetic materials are either para- or diamagnetic since they do not 

possess a permanent magnetization without an external field. Materials with a 

permanent magnetization (even without an external magnetic field) are divided in 

ferrimagnetic, ferromagnetic or antiferromagnetic materials. The susceptibility  is the 

sum of the two contributions associated with different phenomena: 

𝜒 =  𝜒𝑑𝑖𝑎 +  𝜒𝑝𝑎𝑟𝑎     (𝐁) 

where dia and para are the diamagnetic and the paramagnetic susceptibilities.  

Transition metals have by definition at least one oxidation state with an incompletely 

filled d or f subshell and are thereby paramagnetic. The magnetic moment () is the 

result of two contributions of these unpaired electrons: the spin and orbital  

contribution, respectively. The orbital contribution is strongly dependent of the 

presence of coordinated ligands at the metal which quenches it to a greater or lesser 

degree, making the spin contribution most important. As an approximation, the 

expected magnetic moment for an ion with a certain number of unpaired electrons 

can be estimated from the spin-only magnetic moment, s, which neglects the orbital 

contributions: 

𝜇𝑠 = 𝑔√[𝑆(𝑆 + 1)] 𝜇𝐵     (𝐂) 
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where g is the gyromagnetic ratio (g = 2.00023), S = (1/2)n, where n is the number of 

unpaired electrons and 𝜇𝐵 is the Bohr magneton (magnetic moment of the electron). 

Hence, the spin-only moment can be expressed in terms of the number of unpaired 

electrons: 

𝜇𝑠 =  √[𝑛(𝑛 + 2)]  𝜇𝐵 (𝐃) 

For transition metal complexes with n = 1-5 unpaired electrons the expected values 

of 𝜇𝑠 are as follows: 

n S 𝝁𝒔(𝝁𝑩) 
1 1/2 1.73 

2 2 2.83 
3 3/2 3.87 
4 3 4.90 

5 5/2 5.92 

The paramagnetism is generated by the tendency of the magnetic angular moment to 

orient itself in the magnetic field. The paramagnetic material will be in its magnetic 

state only when it is above a specific temperature (Curie temperature). Pierre Curie 

established empirically that the magnetic susceptibility of a sample is inversely 

proportional to the temperature: 

𝜒 =  
𝐶

𝑇
     (𝐄) 

It was further established that the Curie constant, C, for an orbitally quenched ion 

depends on the number of unpaired electrons and the g value of the compound: 

𝐶 = 𝜇0

𝑁𝐴𝜇𝐵 
2 𝜇𝑒𝑓𝑓

2

3𝑘𝐵
     (𝐅)  𝑜𝑟   𝐶 =

𝑁𝐴 𝑔2𝜇𝐵 
2 𝑆(𝑆 + 1)

3𝑘𝐵
     (𝐅) 

C = Curie constant for the spin-only magnetic susceptibility. 

Weak magnetic interactions between neighboring spins can be approximated as a 

perturbation of the Curie law, which can be taken into consideration by replacing the 

temperature parameter with a (T-) term, giving the Curie-Weiss law: 

𝜒𝑚 =  
𝑁𝐴𝑔2𝜇𝐵

2 𝑆(𝑆 + 1)

3𝑘𝐵(𝑇 − 𝜃)
      (𝐆) 

  (Weiss constant) depends on the strength of interaction between the magnetic 

moments of the ions in the crystal and their coordination with respect to the 

surrounding neighbors. By plotting 1/ over temperature for a system that obeys the 

Curie-Weiss law, a straight line should be obtained. The Curie constant can be 

directly obtained from the graph by inverting the slope; further on, the value can be 

used to calculate the size of eff. 
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Thus, for a d7 configuration such as trigonal-planar Co2+, values of s = 1.73 (ls) or 

3.87 (hs) 𝜇𝐵 are obtained. However, the experimental magnetic moments tend to be 

larger than the spin-only values obtained from the equations (C) or (D) since the 

orbital contribution is incompletely quenched. Nonetheless, the experimental value of 

eff taken as approximately the spin-only value often serves as a useful tool in 

determining the number of unpaired electrons in a transition metal complex. Further 

on, information about the spin state of the metal, oxidation state or mode of binding 

can also be obtained.  

Magnetic moments are not measured directly; instead, they are calculated from the 

measured magnetic susceptibility (). Usually various plots are used as 

representations for the magnetic moment as a function of temperature, frequency, 

magnetic field, time and sample orientation with respect to the field direction. 

The SQUID devices are used as an extremely sensitive detector of magnetic flux. Its 

sensitivity is determined by changes in magnetic field related to one flux quantum. 

The interaction of the external magnetic field with the paramagnetic probe results in a 

difference in potential which is quantified by the SQUID spectrometer. Obtained data 

are further used to determine  (Eq. E) and 𝜇𝑒𝑓𝑓 (Eq. F). 

Electron paramagnetic resonance spectroscopy (EPR) 

EPR represents a spectroscopic method widely used to study free radicals and 

paramagnetic compounds (e.g. transition metal complexes). Commonly used are 

EPR spectrometers in the range 9-10 GHz (X-band). A requirement for this particular 

analysis is the presence of an uneven spin quantum number (S = 1/2, 3/2, 5/2,...). In 

the simplest case (S = 1/2), only one electron interacts with the applied magnetic field 

and the electron’s magnetic moment aligns itself parallel (ms = +1/2) or antiparallel 

(ms = −1/2) to the field. As a result of the Zeeman effect each new state has a 

specific energy. The difference between the levels is quantified as E and it is 

directly proportional to the strength of the magnetic field (B0). 

∆E = 𝑔𝑒𝜇𝐵𝐵0      (𝐇) 

where ge = the electron’s g-factor; ge = 2.0023; 𝜇𝐵 = the Bohr magneton. 

In an EPR experiment, the g-factor offers information about the electronic structure of 

the paramagnetic center. It is determined (Eq. I) by measuring the field (B0) and the 

frequency () at which the resonance occurs: 

ℎ𝜐 = 𝑔𝜇𝐵𝐵0      (𝐈) 

where h = Planck’s constant. For transition metal complexes, the experimental g 

value is strongly influenced by spin-orbit coupling and zero-field splitting and as a 

result, it is higher than the spin-only value. 
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As for Co2+(d7) systems (with ls, S = 1/2 and hs, S = 3/2), a hyperfine coupling to 
59Co isotope (I = 7/2) is expected as an eight lines splitting pattern. In some cases, 

further coupling with EPR active nuclei, for example to the 31P (I = 1/2) in 

phosphorus-based ligands, can be observed. 

Four-coordinate geometry index, 4
123 

Houser et al. introduced the 4-parameter to describe the distortion from the ideal 

ligand arrangements in four-coordinate compounds, i.e., square-planar vs. 

tetrahedral. The values of 4 are readily computed using the equation J, in which  

and  are defined as the largest angles within the four-coordinate species. Hence, 

the values of 4 are 1.0 and 0 for ideal tetrahedral and square-planar coordination, 

respectively. 

 

Molecular structures in between these ideal geometries, including those adopting a 

trigonal-pyramidal or see-saw coordination environment, adopt values of 0 < 4< 1.0 

(Figure 15). 

 

Figure 15. The geometry index,4, for four-coordinate compounds. 
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2.3 Results and discussion124 

2.3.1 Synthesis of dialkyl complexes of the type [(tmeda)CoR2] 

[Co(acac)2] and [(tmeda)Co(acac)2] (acac = acetylacetonate) were synthesized using 

slightly modified literature procedures.125,126 The following method is rapid and can be 

conducted in a multi-gram scale, with a reasonable yield and high purity. 

Acetylacetone was added dropwise to a suspension of cobalt(II) chloride 

hexahydrate in distilled water. The addition of an aqueous solution of NaOH to the 

vigorously stirred reaction mixture led to the formation of a pink precipitate. The 

mixture was stirred under reflux for 30 min and at ambient temperature overnight. 

The product was isolated by filtration, washed thoroughly with distilled water and pre-

dried in an oven (70 °C) overnight (79% yield). The following procedures were 

conducted under strict Schlenk techniques. A suspension of the pre-dried product in 

toluene was stirred at reflux for at least 48 hours. During this time the water was 

azeotropically removed using a Dean-Stark apparatus. The dark purple solution was 

filtered over a pad of Celite and the solvent removed under dynamic oil pump 

vacuum until a gel was obtained. The anhydrous product was precipitated with diethyl 

ether, isolated on a frit, washed further with diethyl ether and dried in dynamic 

vacuum for at least 6 h. The compound was used without any additional purification 

in the next step. [Co(acac)2] was suspended in toluene and TMEDA (10% excess) 

was added at ambient temperature. The dark red reaction mixture was stirred for 2 h 

and after this time the volatiles were removed in dynamic oil pump vacuum. The 

product was purified by sublimation (static oil pump vacuum, 70 °C, 88% yield) 

(Scheme 12). 

 

Scheme 12. Synthesis of [(tmeda)Co(acac)2]. 

The replacement of the acetylacetonate ligands in [(tmeda)Co(acac)2] was realized 

using magnesium dialkyls, MgR2 (R = CH2SiMe3, CH2CMe3, CH2CMe2Ph) as alkyl 

transfer reagents. The base-free organomagnesium reagents are readily prepared by 

shifting the Schlenk equilibrium on 1,4-dioxane addition to the homoleptic 

species.127,128 The insoluble 1,4-dioxane adduct of MgX2 was removed by 

centrifugation and the magnesium dialkyls were isolated from the Et2O solution. The 

products may be contaminated with halide traces (chloride/bromide) and 1,4-dioxane. 

To reduce the contamination to a minimum, long reaction times, exclusion of 
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moisture and air, as well as attention during purification of the chemicals used in the 

reaction were required. 

For the base-free [Mg(CH2CMe2Ph)2], crystals suitable for X-ray diffraction were 

obtained by storing a n-hexane solution at ambient temperature for 4 days. The 

molecular structure is dimeric, each magnesium atom is bound to a terminal alkyl 

group and to a bridging carbon (see Figure 16). In contrast, the [Mg(CH2CMe3)2] 

could only be crystallized as a chain polymer, with a molecule of 1,4-dioxane as 

linker between the dimeric units (see Figure 17). 

 

Figure 16. ORTEP representation of [Mg(CH2CMe2Ph)2] (thermal ellipsoids drawn with 30% 

probability). Hydrogen atoms have been omitted for clarity. Representative bond lengths (Å) 

and angles (°): Mg-C1 2.2820(9), Mg-C11 2.1170(9), Mg-C1 2.2609(8); C1-Mg-C(11) 

129.32(4), C1-Mg-C1 105.42(3), C11-Mg-C1 119.65(4), Mg-C1-Mg 74.58(3). 

 

Figure 17. ORTEP representation of {[Mg(CH2CMe3)2]2[-1,4-dioxane]}∞ (thermal ellipsoids 

drawn with 30% probability). Hydrogen atoms have been omitted for clarity. Only the O-

atoms from the 1,4-dioxane linker are shown. Representative bonds (Å) and angles (°): Mg-

C1 2.1453(26), Mg-C6 2.3692(16), Mg-O 2.1189(11); C1-Mg-C(6) 114.72(6), C6-Mg-C6# 

104.52(5). 
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Both organomagnesium compounds crystallize in the triclinic space group P1̅. The 

Mg-Mg distances of 2.7525(5) Å in the case of [Mg(CH2CMe2Ph)2] and 2.8359(7) Å 

for the [Mg(CH2CMe3)2] reflect the slight difference in steric demand of the neopentyl 

over the neophyl ligand. The terminal and bridging Cneophyl-Mg distances are very 

similar with 2.2609(8) and 2.2820(9) Å, respectively. In contrast, the Cneopentyl-Mg 

distances differ significantly with 2.1453(26) and 2.3692(16) Å for the terminal and 

bridging neopentyl groups, respectively. 

The alkyllithium compounds LiR (where R = CH2SiMe3, CH2CMe2Ph) have also been 

synthesized corresponding to literature procedures.129,130 These organolithium 

compounds are highly reactive and suitable alkyl transfering reagents, but their 

usefulness is limited since they posses a higher reduction potential compared to the 

magnesium counterpart, which increases the probability of undesired decomposition 

pathways. Crystals suitable for X-ray diffraction analysis have been obtained by 

storing a saturated solution of [LiCH2CMe2Ph] in n-hexane at −30 °C for several 

days. The solid-state molecular structure of the base-free [LiCH2CMe2Ph] is depicted 

in Figure 18. The compound crystallizes in the tetragonal space group I41/a, in which 

the monomeric units are connected via a crystallographic inversion axis 4̅, generating 

S4 symmetry in the tetramers. Each face of the tetramer is capped by one neophyl 

moiety. 

The structural parameters are consistent with those determined for related structures. 

For comparison, average distances for Li-Li and Li-C are in [LiCH2CMe2Ph] 2.47 and 

2.26 Å, similar with those in tBuLi131 2.41 and 2.25 Å, in EtLi132 2.55 and 2.25 Å and 

in MeLi133 2.56 and 2.27 Å. 

 

Figure 18. ORTEP representation of [LiCH2CMe2Ph] (thermal ellipsoids drawn with 50% 

probability). Hydrogen atoms have been omitted for clarity. Representative bonds (Å) and 

angles (°): Li1-C11 2.251(3), Li1-C31 2.274(3), Li1-C1 2.220(3), Li2-C21 2.249(2), Li2-C31 

2.210(3), Li2-C11 2.272(3), Li3-C1 2.247(3), Li3-C11 2.302(3), Li3-C21 2.253(3), Li4-C1 
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2.329(3), Li4-C21 2.265(3), Li4-C31 2.265(3); Li4-Li1-Li2 60.30(9), Li4-Li1-Li3 60.43(9), Li4-

Li2-Li3 59.82(9), Li1-Li2-Li3 59.52(9), Li1-Li3-Li4 59.77(9), Li1-Li3-Li2 59.63(9), Li2-Li4-Li3 

60.50(9), Li1-Li4-Li2 59.92(9), Li1-Li4-Li3 59.80(9). 

The salt metathesis reactions between [(tmeda)Co(acac)2] and MgR2 dialkyls 

proceeded smoothly at −30 °C, with good and reproducible yields compared to the 

thermally sensitive pyridine derivative [(py)2Co(CH2SiMe3)2]134. This new synthetic 

method afforded the dialkyl Co(II) complexes, [(tmeda)CoR2] (R = CH2SiMe3 (1-Si), 

CH2CMe3 (1-P), CH2CMe2Ph (1-Ph))124, in high purity (Scheme 13), surpassing the 

previously reported procedure for [(tmeda)Co(CH2SiMe3)2] starting from 

[(py)2Co(CH2SiMe3)2]. The pyridine adduct is not only thermally sensitive, but also the 

yield in which it is obtained strongly depends on the quality and purity of the CoCl2 

starting material.134,135 

 

Scheme 13. Synthesis of [(tmeda)CoR2] complexes. 

Complexes 1-Si and 1-P were prepared by Motherwell and Wilkinson using CoCl2 as 

Co(II) source and alkyllithium compounds as alkyl transferring reagents. The 

procedure strongly depended on the purity of CoCl2, but even so yields of only 23% 

for 1-Si and 33% for 1-P were achieved. One possible reason may be the high 

reduction potential of the alkyllithium reagents which can induce further 

decomposition pathways. Nevertheless, the tmeda Co(II) dialkyl adducts 1-Si and 1-

P were fully characterized, including X-ray diffraction studies.135  

The molecular structures in the solid-state are, as expected, very similar. A 

representative ORTEP diagram is given in Figure 19. The geometry around the 

cobalt center is described as distorted tetrahedral since the two planes around the 

metal center (C-Co-C and N-Co-N) interact at angles of 84.1(2)° (1-Si) and 82.1(2)° 

(1-P), close to 90°. The expanded C-Co-C angles of 122.3(2)° (1-Si) and 132.3(4)° 

(1-P) reflect the difference in steric size of the alkyl substituents. The increased steric 

bulk in the neopentyl derivative is reflected in the slightly longer Co-C and Co-N 

distances compared with the neosilyl analogue (Table 2). 
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Figure 19. ORTEP representation of 1-Si (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms have been omitted for clarity. Representative bonds (Å) and angles (°): 

C10-Co 2.025(7), N1-Co 2.179(7); C20-Co-C10 122.3(3), N1-Co-C10 113.4(3), N1-Co-C20 

106.5(3), N2-Co-C10 108.1(3), N2-Co-C20 116.0(3), N2-Co-N1 84.0(3), C1-N1-Co 111.9(6). 

Table 2. Selected bond lengths (Å) and angles(°) for the tmeda Co(II) dialkyl complexes 1-Si 

and 1-P.135 

 1-Si 1-P 

C10-Co 2.025(7) 2.039(6) 
C20-Co 2.2024(7)  
N1-Co 2.179(7) 2.213(5) 

N2-Co 2.170(7)  
   

C20-Co-C10 122.3(3) 132.2(4) 

N1-Co-C10 113.4(3) 112.7(3) 
N1-Co-C20 106.5(3)  
N2-Co-C10 108.1(3)  

N2-Co-C20 116.0(3) 83-2(3) 
N2-Co-N1 84.0(3)  

4 0.86 0.82 
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The 1H NMR spectra of the tetrahedral Co(II) alkyl complexes 1-Si, 1-P and 1-Ph are 

shown in Figure 20. The sixteen protons of the tmeda ligand overlap, and for all three 

compounds broad peaks were found in the low-field region between  = 66 and 

80 ppm. The resonances for the alkyl groups are high-field shifted: The aliphatic 

protons were observed between  = 9 and 25 ppm, whereas the aromatic ones were 

located between  = 2.8 and 6 ppm (see Table 3). 

 

Figure 20. 1H NMR spectra (300 MHz, C6D6, 300 K) of the tetrahedral Co(II) alkyl complexes 

1-Si, 1-P and 1-Ph. 

Table 3. Comparison of 1H NMR shifts (ppm) for tmeda Co(II) dialkyl complexes. 

 1-Si 1-P 1-Ph 

tmeda 79.60 (1/2 = 744 Hz) 66.73 (1/2 = 520 Hz) 69.3 (1/2 = 1126 Hz) 

R (Me) 9.57 (1/2 = 62 Hz) 23.26 (1/2 = 170 Hz) 24.9 (1/2 = 187 Hz) 

Ho-Ar - - 5.56 ( 1/2 = 187 Hz) 

Hm/p-Ar - - 2.82 ( 1/2 = 39 Hz) 

Hm/p-Ar - - 4.25 (1/2 = 32 Hz) 
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Magnetic studies 

Taking advantage of the paramagnetic nature of the d7 Co(II) metal site, the magnetic 

properties were investigated by solid-state magnetic susceptibility measurements 

using a SQUID magnetometer (SQUID – superconducting quantum interference 

device). Consistent with previous studies on four-coordinate tetrahedral dialkyl Co(II) 

species, the complexes 1-Si, 1-P and 1-Ph adopt a high-spin configuration (S = 3/2) 

with effective magnetic moments (eff) that range between eff(300 K)  = 4.74 and 

5.72 B (Figure 21 and 40). The values are significantly higher than the S = 3/2 spin-

only value of 3.87 B implying substantial orbital contributions to eff, which is, 

however, commonly observed for high-spin Co(II) complexes.122  

Figure 21. Effective magnetic moment (μeff) vs. T plots for 1-Si, 1-P and 1-Ph recorded at 

temperatures between T = 2.6 and 300 K with an applied magnetic field of Hext = 1 kOe. 

Symbols: experimental data. Line: fit based on a simplified spin-Hamiltonian approach with 

parameters that are summarized in Table 9. 

The X-band EPR spectra for compounds 1-P and 1-Ph were simulated as slightly 

rhombic (S = 3/2) systems with three different cobalt couplings (Figures 23 and 44). It 

should be noted that the line-shape of the spectrum of 1-Si (Figure 22) differs from 

those observed for 1-P and 1-Ph which might suggest the presence of a second 

component. However, it was not possible to confirm this hypothesis, since the 

presence of an impurity was neither reliably identified, nor observed by other 

spectroscopic or analytical techniques. 
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Figure 22. X-band EPR spectrum for 1-Si recorded in frozen toluene solution at T = 14.0 K 

( = 9.458603 GHz). Black line: experimental data; red line: simulation as S = 3/2 system 

with parameters: gx = 1.9250; gy = 2.3300; gz = 1.9100, ACo,x = 0.0357 mT; ACo,y = 7.14 mT; 

ACo,z = 0.0357 mT; using D = 15 cm-1, E/D = 0.30 and gstrain =  [0.6500, 0.1250, 0.3750] as 

line broadening parameters. 

Figure 23. X-band EPR spectrum for 1-P recorded in frozen toluene solution at T = 5.7 K 

( = 9.453982 GHz). Black line: experimental data; red line: simulation as a S = 3/2 system 

with parameters: gx = 2.0060; gy = 2.0664, gz = 2.3937; ACo,x = 0.6066 mT; 

ACo,y = 1.6057 mT; ACo,z = 6.1176 mT; using gstrain = [0.0099, 0.0085, 0.0183] and 

Astrain = [1.9672, 1.0000, 3.0000]  MHz as line broadening parameters, the strains were 

anticorrelated.  
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2.3.2 Synthesis of trigonal-planar complexes of the type [(NHC)CoR2] 

The dialkyl Co(II) complexes 1-Si, 1-P and 1-Ph were treated with bulky NHCs (ItBu2, 

ItBu2Me2) and bidentate phosphines (dippe, depe). In the reaction between 1-Si, 1-P 

and ItBu2 or ItBu2Me2, tmeda replacement proceeded smoothly at ambient 

temperature with formation of the three-coordinate complexes 2H/Me-Si and 2H/Me-

P, which were isolated in good yields and high purity (Scheme 14 and Table 4). The 

reactions were carried out in Et2O and the products were purified by crystallization 

from saturated solutions in n-hexane at −30 °C. From the mother liquors, side 

products were isolated (vide infra). 

Tmeda displacement was found to be non-trivial in the reaction of 1-Ph and ItBu2. 

The paramagnetic 1H NMR spectrum of the raw product (2H-Ph) showed the 

formation of the desired complex, along with degradation (tert-butylbenzene) through 

reductive elimination of the alkyl ligands. Because of its fast decomposition and 

thermal instability, the isolation and complete characterization was not possible. 

 

Scheme 14. Synthesis of the trigonal-planar complexes of the type [(NHC)CoR2]. 

Table 4 lists some physical properties of the trigonal Co(II) dialkyl complexes along 

with their decomposition points in solid-state. It is worth mentioning that the 

complexes stabilized by the less sterically demanding ItBu2 have the lowest thermal 

stability. 

Table 4. Selected physical properties and yields for the three-coordinate Co(II) complexes. 

Complex Color M.p. (°C)a Yield (%) 

2H-Si green 78 89 

2Me-Si green 106-108 82 

2H-P yellow-brown 95 84 

2Me-P yellow-brown 101 43 
a with decomposition. 

The 1H NMR spectra of 2H-Si, 2H-P and 2H-Ph are presented in Figure 24. The 

protons of the tert-butyl substituents of the NHC appear as a broad singlet upfield-

shifted with chemical shifts between  = −80 and −60 ppm. The backbone protons of 

the NHC resonate in the downfield region, in the interval  = 43 to 56 ppm. The alkyl 
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protons are found in the deshielded region, with  = 24.26 (2H-Si), 45.28 (2H-P) and 

51.12 (2H-Ph) ppm, respectively. The CH2 groups directly bound to the Co(II) site, 

could not be located, most likely because of short relaxation times of these protons. 

 

Figure 24. 1H NMR spectra (300 MHz, C6D6, 300 K) of the trigonal Co(II) alkyl complexes 

2H-Si, 2H-P and 2H-Ph. 

The ORTEP representations of the complexes 2H-Si, 2H-P and 2H-Ph are illustrated 

in Figure 25. Complex 2H-Si crystallizes in the triclinic space group P1̅, whereas the 

monoclinic space groups P21/n (2H-P) and P21/c (2H-Ph) are adopted by the other 

two analogues.  

The geometry at the cobalt site is described as trigonal-planar with the NHC ligand 

situated orthogonally to the R-Co-R plane. The torsion angles formed between the N-

C1-N and R-Co-R planes are 84.24° (2H-Si), 79.55° (2H-P) and 79.14° (2H-Ph), 

pointing out the different steric sizes of the dialkyl substituents. All three complexes 

have comparable bond lengths around the Co(II) center with C1-Co bond lengths 

identical in all cases: 2.057(2) (2H-Si), 2.059(2) (2H-P) and 2.058(1) (2H-Ph) Å. The 

neosilyl complex shows slightly elongated bonds (0.3 Å longer) compared to the 

neopentyl and neophyl derivatives (Figure 25). This bond elongation in the neosilyl 

compound reduces the sterical congestion around the cobalt atom resulting in the 

smallest C-Co-C angle within the three derivatives: 119.83(8) (2H-Si), 122.67(11) 

(2H-P) and 122.64(7)° (2H-Ph), respectively. 
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Figure 25. ORTEP representation of 2H-Si, 2H-P and 2H-Ph (thermal ellipsoids drawn with 

50% probability). Hydrogen atoms have been omitted for clarity. Representative bonds (Å) 

and angles (°): Complex 2H-Si: Co-C1 2.0569(16), Co-C12 2.0438(19), Co-16 2.0308(19); 

C1-Co-C12 111.73(8), C12-Co-C16 119.82(8), C1-Co-C16 126.79(7). Complex 2H-P. One 

tBu group and one neopentyl group are disordered over two positions, only one position is 

shown: Co-C1 2.059(2), Co-C12 2.045(2), Co-C17 2.045(3); C1-Co-C12 113.75(9), C12-Co-

C17 120.93(11), C1-Co-C17 122.67(11). Complex 2H-Ph: Co-C1 2.0582(13), Co-C12 

2.0431(15), Co-C22 2.0435(18); C1-Co-C12 127.02(6), C12-Co-C22 122.64(6), C1-Co-C22 

110.08(6). 

  

2H-Si 2H-P 

2H-Ph 
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Ligand exchange reactions of 1-Si and 1-P with ItBu2Me2 

The substitution of the tmeda ligand in 1-Si and 1-P with the bulkier NHC, ItBu2Me2, 

took place in Et2O at ambient temperature with the formation of 2Me-Si and 2Me-P in 

good to moderate yields (Table 4). The compounds were purified by crystallization 

from concentrated n-hexane solutions at −30 °C. 

The paramagnetic 1H NMR spectra of the two complexes are, as expected, similar 

and they are presented in Figure 26 along with the assigned integrals summarized in 

Table 5. The protons of the NHC ligand have in both cases comparable chemical 

shifts: The eighteen protons of the tert-butyl groups appear at  = −44.86 (2Me-Si) 

and −47.77 (2Me-P) ppm, whereas the methyl groups of the backbone display 

chemical shifts in the downfield region,  = 51.74 (2Me-Si) and 47.54 (2Me-P) ppm, 

respectively. The alkyl protons emerge as a broad singlet at  = 21.35 (2Me-Si) and 

41.80 (2Me-P) ppm. 

 

Figure 26. 1H NMR spectra (300 MHz, C6D6, 300 K) of the trigonal Co(II) alkyl complexes 

2Me-Si and 2Me-P. 

Table 5. Comparison of 1H NMR chemical shifts (ppm) for NHC-Co(II) dialkyl complexes. 

 2H-Si 2Me-Si 2H-P 2Me-P 2H-Ph 

NHC-

CMe3 

−77.64 

(1/2 = 233 Hz) 

−44.86 

(1/2 = 502 Hz) 

−73.52 

(1/2 = 234 Hz) 

−47.77 

(1/2 = 575 Hz) 

−61.90 

(1/2 = 271 Hz) 

R1 

(H/Me) 

55.99 

(1/2 = 27 Hz) 

51.74 

(1/2 = 16 Hz) 

46.59 

(1/2 = 28 Hz) 

47.54 

(1/2 = 22 Hz) 

42.90 

(1/2 = 23 Hz) 

Me 
24.26 

(1/2 = 45 Hz) 

21.35 

(1/2 = 47 Hz) 

45.28 

(1/2 = 76 Hz) 

41.80 

(1/2 = 105 Hz) 

51.12 

(1/2 = 97 Hz) 

HAr - - -  
19.47 

( 1/2 = 92 Hz) 
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The molecular structures of 2Me-Si and 2Me-P in solid-state were determined by X-

ray diffraction analysis and their ORTEP representations are shown in Figure 27. The 

two complexes crystallize in the monoclinic space groups P21/n and P21/c, 

respectively. The geometry around the cobalt center can be described as trigonal-

planar with angles close to the ideal one of 120°. The plane formed by the imidazolin-

2-ylidene ring of the bulky NHC is orthogonal to the R-Co-R plane, forming torsion 

angles of 89.95° (2Me-Si) and 80.49° (81.46° for the second molecule in the 

asymmetric unit) (2Me-P). 

The CH2 groups of both alkyl ligands are pointing away from the tert-butyl groups of 

the NHC to avoid steric repulsion. Attributed to the larger size of Si vs. C the H2C-Si 

bonds (1.839(3) and 1.840(3) Å) are significantly elongated compared to the H2C-C 

distances in the neopentyl derivative (1.547(4) and 1.540(4) Å). Therefore, the angle 

is 2° larger in the case of the neosilyl complex (112.00(11)°) than in the neopentyl 

derivative 109.87(13)° (108.76(14)° for the second molecule in the asymmetric unit). 

Figure 27. ORTEP representation of 2Me-Si (left) and 2Me-P (right) (thermal ellipsoids 

drawn with 50% probability). Hydrogen atoms have been omitted for clarity. Representative 

bonds (Å) and angles (°). Complex 2Me-Si: Co-C1 2.057(3), Co-C14 2.048(3), Co-C18 

2.061(3); C1-Co-C18 124.63(11), C1-Co-C14 122.33(12), C14-Co-C18 112.00(11). Complex 

2Me-P: Two independent molecules are found in the asymmetric unit. Values provided in 

parentheses are those of the second molecule in the asymmetric unit. C1-Co 2.057(3) 

[2.058(3)], Co-C14 2.056(3) [2.054(3)], Co-C19 2.061(3) [2.061(3)]; C1-Co-C14 123.68(12) 

[124.74(13)], C14-Co-C19 109.87(13) [108.76(14)], C1-Co-C19 126.44(12) [126.48(12)]. 

The increased steric effect of the ItBu2Me2 over ItBu2 can be easily proved by 

comparing the size of the angles formed by C1-N-tBu for the pair of complexes 2H-Si 

vs. 2Me-Si and 2H-P vs. 2Me-P (Table 6) .The influence of two methyl groups in the 

backbone of the ItBu2Me2 carbene is reflected in the angles formed by the C1-N-tBu 

which are 2-3.5° smaller than in the unsubstituted carbene. 
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Table 6. Angles (°) formed by the C1-N-tBu in the NHCs moiety. 

 2H-Si  2Me-Si 2H-P 2Me-P 

C1-N1-CtBu 126.43(13) 124.30(2) 127.74(18) 
124.10(3) 

[124.90(3)]b 

C1-N2-CtBu 126.60(14) 124.50(2) 126.51(19) 
124.40(3) 

[124.50(3)]b 

H2C-Co-CH2 119.82(8) 112.00(11) 
120.913(11) 

[122.50(2)]a 

109.87(13) 

[108.76(14)]b 
a value of the disordered neopentyl group; b value of the second molecule in the asymmetric unit. 

Magnetic studies 

SQUID measurements were conducted at temperatures between 2.6 and 300 K with 

an applied external magnetic field of 1 kOe. The plots of the effective magnetic 

moments vs. temperature are presented in Figure 28. The displacement of tmeda 

with a bulky NHC in the complexes 1-Si, 1-P and 1-Ph does not change the spin-

state of the Co(II) atom in the trigonal-planar dialkyl adducts. The effective magnetic 

moments, eff(300 K), for the complexes of the type 2H/Me-Si and 2H/Me-P are in the 

range between 4.47 and 5.04 B (see Figure 28). Overall, the observed values are 

higher than the S = 3/2 spin-only value of 3.87 B, which suggests significant orbital 

contribution to eff through spin-orbit coupling, which is commonly observed for high-

spin Co(II) complexes.122 

Figure 28. Effective magnetic moment (μeff) vs. T plots for 2H/Me-Si and 2H/Me-P recorded 

at temperatures between T = 2.6 and 300 K with an applied magnetic field of Hext = 1 kOe. 

Symbols: experimental data. Line: fit based on a simplified spin-Hamiltonian approach with 

parameters that are summarized in Table 9. 
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The X-band EPR measurements of 2H/Me-Si and 2H/Me-P are also consistent with 

the SQUID data, confirming S = 3/2 systems (see Figure 29 and 45, 46, 47). In each 

case one large g value was observed at gz = 5.98 – 5.45, split into eight lines as a 

result of the hyperfine coupling to the 59Co nucleus (I = 7/2, 100% natural 

abundance) and two smaller g values (gy = 3.85 – 4.2 and gx = 1.89 – 1.97) which, 

however, do not exhibit any well resolved hyperfine coupling. Nishida and co-workers 

demonstrated theoretically, that g and A values are highly sensitive to small changes 

in energy of the low-lying d orbitals in the planar ligand field.136,137 Usually, a large g 

anisotropy is a result of strong spin-orbit coupling caused by a nearly degenerate set 

of d orbitals in a planar ligand field, which results in large orbital contributions to the 

electronic g values. 

Figure 29. X-band EPR spectrum for 2H-Si recorded in frozen toluene solution at T = 4.4 K 

( = 9.459854 GHz). Black line: experimental data; red line: simulation as a S = 3/2 system 

with parameters: geff,x = 1.8900; geff,y = 3.8450; geff,z = 5.9800, ACo,x = 1.25 mT; 

ACo,y = 19.63 mT; ACo,z = 35.69 mT; and gstrain =  [0.03, 0.25, 0.30] as line broadening 

parameters and gFrame = ([0,2,14]*pi/180). 

For the S = 3/2 systems 2H/Me-Si and 2H/Me-P a fitting procedure including zero-

field splitting parameters would be required (Figures 29, 45, 46, 47). However, 

because of the large number of simulation parameters (gx,y,z, ACox,y,z, gStrain, AStrain, 

E/D, D), these simulations would require significantly longer computational time and 

also a careful evaluation whether the resulting fitting parameters indeed represent a 

global minimum. Furthermore, since our EPR data are very similar to those found in 

the literature, we decided to simulate these EPR spectra only with effective g-values, 

cobalt couplings and line broadening parameters similar to those of the rhombic 

S = 3/2 systems in 1-P and 1-Ph. 
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2.3.3 Side products in the substitution reaction of tmeda from [(tmeda)CoR2] 

complexes 

During the displacement of the labile tmeda ligand in [(tmeda)CoR2] by ItBu2, 

occasionally side products (dark green crystals) were observed in less than 10% 

yield (Scheme 15). These resulted from incomplete acac substitution in the reaction 

of [(tmeda)Co(acac)2] with MgR2. The by-products were readily removed upon 

crystallization. Furthermore, complexes 3H-Si and 3H-Ph could easily be avoided, 

when a slight excess of MgR2 during the synthesis of [(tmeda)CoR2] was used. These 

new compounds were fully characterized, including 1H NMR spectroscopy and X-ray 

diffraction analysis. 

 

Scheme 15. Side products in the substitution reaction of tmeda from [(tmeda)CoR2] 

complexes. 

In their paramagnetic 1H NMR spectra all protons were identified and assigned 

(Figures 30 and 31); with exception of the CH2 protons directly bound to the metal 

atom. A pattern within the chemical shifts was established for both complexes as 

follows: The shielded protons at  = −6.16 (3H-Si) and at −6.81 ppm (3H-Ph) were 

identified as those of the tert-butyl groups, whereas those of the acac ligand were 

found at  = −21.77 (CH3) and −52.44 (CH) ppm for 3H-Si and  = −20.92 (CH3), 

−49.5 (CH) ppm for complex 3H-Ph (Figure 30). 

 

Figure 30. 1H NMR spectra (300 MHz, C6D6, 300 K) of the complexes 3H-Si and 3H-Ph 

(high-field region) (*resonance corresponding to 2H-Ph). 

The deshielded protons of the carbene backbone appeared in the low-field region at 

 = 37.72 (3H-Si) and 36.24 (3H-Ph) ppm, as well as the protons of the dialkyl 

groups: at  = 14.54 ppm the SiMe3 groups, at  = 11.07 those of the phenyl groups 

and at  = 22.7 ppm the methyl groups in CMe2Ph (Figure 31). With * were marked 
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the chemical shifts belonging to the 2H-Ph since a pure sample of 3H-Ph could not 

be obtained because of similar solubility properties in common solvents. 

 

Figure 31. 1H NMR spectra (300 MHz, C6D6, 300 K) of the 3H-Si and 3H-Ph complexes 

(low-field region) (*resonances corresponding to 2H-Ph). 

X-ray diffraction analyses were conducted and the molecular structures in solid-state 

were determined. The ORTEP representations are depicted in Figure 32. While the 

neosilyl substituted complex crystallizes in the monoclinic space group P21/c, the 

neophyl compound adopts the triclinic space group P1̅. 

Figure 32. ORTEP representation of 3H-Si (left) and 3H-Ph (right) (thermal ellipsoids drawn 

with 50% probability). Hydrogen atoms have been omitted for clarity. Representative bonds 

(Å) and angles (°). Complex 3H-Si: Co-C1 2.0833(15), Co-C12 2.0417(16), Co-O1 

1.9909(11), Co-O2 1.9849(12); O2-Co-O1 91.36(5), O2-Co-C12 109.67(6), O1-Co-C12 

114.68(6), C1-Co-C12 112.55(6). Complex 3H-Ph: Co-C1 2.0872(11), Co-C12 2.0470(12), 

Co-O1 1.9961(8), Co-O2 2.0040(9); O2-Co-O1 90.57(3), O2-Co-C12 107.44(4), O1-Co-C12 

117.46(4), C1-Co-C12 115.26(4). 

The geometry around the Co(II) site can be described as distorted tetrahedral since 

the planes defined by the metal with the oxygen atoms and the Calkyl-Co-C1 interact 

at angles of 86.33° (3H-Si) and 84.08° (3H-Ph) close to 90°. Moreover, the proximity 

to the ideal tetrahedron (4 = 1) is reflected also by the 4 values of 0.92 (3H-Si) and 

0.90 (3H-Ph). Nevertheless, there are also significant distortions away from the ideal 

angle of 109.5° caused by the bidentate acac ligand which constrains the angle O1-

Co-O2 to ca. 91°, whilst the angle H2C-Co-C1 expands to 112.55(6)° for 3H-Si and 
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115.26(4)° in the case of 3H-Ph. A direct comparison with the disubstituted 

complexes 2H-Si and 2H-Ph evidences a slightly elongated Co-C1 bond length for 

the 3H-Si and 3H-Ph, but identical Co-C12 distances (Table 7). The angles Ccarbene-

Co-Calkyl differ because of the acac ligand and the different steric influence of the 

alkyl moieties. Nevertheless, a closer look showed that the angles which include the 

alkyl group pointing away from the ItBu2 plane have similar values (marked with * in 

Table 7). 

Table 7. Selected bond lengths (Å) and angles (°) for the mono-and disubstituted NHC-Co(II) 

complexes. 

 2H-Si 2H-Ph 3H-Si 3H-Ph 

Co-C1 2.0569(16) 2.0582(13) 2.0833(15) 2.0872(11) 

Co-C12alkyl 
2.0438(19) 

2.0308(19) 

2.0431(15) 

2.0435(18) 
2.0417(16) 2.0470(12) 

C1-Co-C12alkyl 
111.73(8)* 

126.79(7) 

110.08(6)* 

127.02(6) 
112.55(6)* 115.26(4)* 

  *alkyl groups which are pointing away from the ItBu2 plane. 
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EPR spectroscopy 

X-band EPR measurements for complexes 3H-Si and 3H-Ph recorded in frozen 

toluene solution at T = 4.3 K showed S = 3/2 spin systems with unresolved hyperfine 

couplings to the 59Co nucleus (I = 7/2, 100% natural abundance). An exception is 

observed at lower field, where the absorption-shaped component indicates possible 

ill-defined hyperfine transitions. Zero-field splitting parameters were included in the 

simulation (Figure 33 and 48). The spectra display a distorted axial pattern for high-

spin d7 Co(II) complexes with three resonances, with the perpendicular signal being 

split into two components as a consequence of rhombic distortion. The effective g 

values are 1.665 (gx), 2.46 (gy) and 5.95 (gz). 

Figure 33. X-band EPR spectrum for 3H-Ph recorded in frozen toluene solution at T = 4.3 K 

( = 9.458711 GHz). Black line: experimental data; red line: simulation as a S = 3/2 system 

with parameters: gx = 2.2500; gy = 2.2200, gz = 2.1500; ACo,x = 0.0357 mT; ACo,y = 3.5682 mT; 

ACo,z = 0.0357 mT; using D = 15 cm-1, E/D = 0.30 and gstrain = [0.2250, 0.0650, 0.2000] as line 

broadening parameters. Simulation with effective g-values: geff,x = 1.665; geff,y = 2.46; 

geff,z = 5.95, ACo,x = 0.0357 mT; ACo,y = 3.5682 mT; ACo,z = 0.0357 mT; and gstrain =  [0.15, 0.35, 

0.45] as line broadening parameters. 
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2.3.4 Synthesis of Co(II) alkyl complexes bearing bidentate phosphine ligands 

The tmeda replacement in complexes 1-Si and 1-Ph by bidentate phosphines 

proceeded smoothly in Et2O at ambient temperature. The new diphosphine adducts, 

4-Si and 4-Ph, were isolated as orange crystalline material in high yields and high 

purity. The bidentate nature of the ligand dippe led to the formation of the four-

coordinate neosilyl derivative (4-Si), whereas in case of the neophyl species, the 

formation of a five-membered metallacycle (4-Ph) was observed after CH bond 

activation of the phenyl moiety and subsequent elimination of the protonated neophyl 

ligand (Scheme 16). 

 

Scheme 16. Synthesis of the square-planar bidentate phosphine complexes 4-Si and 4-Ph. 

The 1H NMR spectra are illustrated in Figure 34. Attributed to the paramagnetism of 

these complexes, the signals are broad, and integration or assignment were not 

possible because of short relaxation times of the protons. Nevertheless, it is evident 

that complex 4-Si possesses a higher symmetry compared with 4-Ph by comparing 

the number of chemically inequivalent protons. The protons of the tms groups are 

high-field shifted,  = −5.32 ppm, whereas the chemical shifts of the dippe ligand are 

found at  = −21.88 and 36.69 ppm, respectively. For the CH bond activated 

complex, the shifts of the bidentate phosphine ligand appear at  = −10.89, −6.91 

and 25.51 ppm, while those of the neophyl ligand are in the range of  = −1.71 to 

19.32 ppm. 



Cobalt chemistry – results and discussion 

65 

 

 

Figure 34. 1H NMR spectra (300 MHz, C6D6, 300 K) of the bidentate phosphine Co(II) 

complexes 4-Si and 4-Ph. 

The solid-state structures of 4-Si and 4-Ph were determined by X-ray diffraction 

analysis. Complex 4-Si crystallizes in the monoclinic space group C2/c, whereas 4-

Ph adopts the orthorhombic space group Pbca. Representations of the two 

complexes are depicted in Figure 35. In each case, geometries close to the idealized 

planar structure were observed (4 values of 0.10 for 4-Si and 0.08 for 4-Ph, vide 

infra) with the bulky SiMe3 groups pointing in opposite directions, out of the metal-

ligand idealized plane. The P-Co-P plane interacts with the C-Co-C plane at angles of 

10.00° and 1.67°, respectively. A similar bite angle of the bidentate phosphine ligand 

was observed in both cases (86.98(2)° (4-Si) and 86.08(2)° (4-Ph)). A larger C1-Co-

C1´ angle is observed in the case of 4-Si (88.73(9)°) compared with C1-Co-C8 in the 

case of 4-Ph (82.82(9)°), as a result of the steric congestion imposed by the CH bond 

activated phenyl moiety. 

Figure 35. ORTEP representation of 4-Si and 4-Ph (thermal ellipsoids drawn with 50% 

probability). Hydrogen atoms have been omitted for clarity. Representative bonds (Å) and 

angles (°). Complex 4-Si: Co-P 2.2152(4), Co-C1 2.0359(15); P-Co-P´ 86.98(2), P´-Co-C1´ 

92.57(5), C1-Co-C1´ 88.73(9), P-Co-C1 92.57(5); 4 = 0.10. Complex 4-Ph: Co-P1 2.2181(6), 

Co-P2 2.1938(6), Co-C1 1.970(2), Co-C8 2.003(2); P1-Co-P2 86.08(2), P2-Co-C8 90.43(7), 

C1-Co-C8 82.82(9); 4 = 0.08. 
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The comparison of the two complexes with literature known examples113,138 

establishes some similarities in their solid-state molecular structures. The geometry 

of each complex is nearly square-planar with angles close to the ideal 90° and 4 

values between 0.02 and 0.19 (see Table 8). The angles formed by the bidentate 

phosphine ligands around the Co(II) site are slightly different depending on the steric 

size of the substituents at the phosphorus atom. However, the angles between the 

alkyl groups are indistinguishable, differing less than 1°, except for the metallacycle 

4-Ph. For the latter, the CH bond activation to the phenyl moiety and the formation of 

the five-membered cycle constrains the Calkyl-Co-C angle to 82.82(9)°, 6-7° smaller 

than analogues Co(II) dialkyl complexes. 

Table 8. Angles (°) of different complexes bearing bidentate phosphines. 

Complex 4 P-Co-P Calkyl-Co-Calkyl 

[(depe)Co(CH2SiMe3)2]a 0.11 86.35 90.42 

[(dmpe)Co(CH2SiMe3)2]a 0.10 86.44 90.20 

[(dppBz)Co(CH2SiMe3)2]a 0.04 85.01 90.15 

[(dppe)Co(CH2SiMe3)2]a 0.19 84.75 88.89 

[(R,R-iPr-Duphos)Co(CH2SiMe3)2]b 0.02 87.67 88.58 

4-Si 0.10 86.98(2) 88.73(9) 

4-Ph 0.08 86.08(2) 82.82(9) 
a Chirik et al.113; b Chirik et al.138 
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Magnetic studies 

While in the case of tmeda substitution by the bulky NHCs the spin state of the cobalt 

atom was not affected, spin pairing for the bidentate phosphine complexes was 

established by SQUID measurements. The new square-planar compounds, 4-Si and 

4-Ph, exhibit an S = 1/2 (low spin) with effective magnetic moments of 

eff(300 K) = 2.63 and 2.68 B, unexceptional for low-spin Co(II) compounds. 

Nevertheless, to account for the dramatic decrease in the effective magnetic 

moments at low temperatures for 4-Ph, the fit of temperature dependence of eff of 

this complex was based on a spin-Hamiltonian approach, assuming an 

(intermolecular) antiferromagnetic exchange coupling between two S = 1/2 spin 

centers (see Figure 36 and Table 9). Further experiments, however, on magnetically 

diluted samples would be necessary to prove the presence of an intermolecular 

antiferromagnetic interaction suggested by the simulated model. 

Figure 36. Effective magnetic moment (μeff) vs. T plots for 4-Si, 4-Ph and 5 recorded at 

temperatures between T = 2.6 and 300 K with an applied magnetic field of Hext = 1 kOe. 

Symbols: experimental data. Line: fit based on a spin-Hamiltonian approach assuming an 

antiferromagnetic exchange coupling (with coupling strength J) between two S = 1/2 spin 

centers with parameters: gav = 2.610; J = -2.0 cm-1; TIP = 15.1 x 10-4 cm3 mol-1. 
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X-band EPR spectroscopy confirmed the formation of low-spin Co(II) d7 systems. The 

recorded spectra are presented in Figures 37 and 49 where a rhombic signal with 

large g anisotropy (4-Si: gx = 1.73; gy = 2.10, gz = 3.79; 4-Ph: gx = 1.85; gy = 2.24, 

gz = 3.39) can be observed. This large anisotropy is expected for planar Co(II) 

complexes as a consequence of strong spin-orbit coupling from a nearly degenerate 

set of d orbitals.106,136,139,140 Though the coupling to the 59Co (I = 7/2, 100% natural 

abundance) is observed (4-Si: ACo,x = 12.13 mT; ACo,y = 13.23 mT; ACo,z = 40.78 mT; 

4-Ph: ACo,x = 14.77 mT; ACo,y = 15.34 mT; ACo,z = 34.79 mT), the coupling to 31P 

nuclei remains unresolved. 

Figure 37. X-band EPR spectrum for 4-Si recorded in frozen toluene solution at T = 6.8 K 

( = 9.451641 GHz). Black line: experimental data; red line: simulation as S = 1/2 system 

with parameters: gx = 1.7345; gy = 2.1002, gz = 3.7868; ACo,x = 12.13 mT; ACo,y = 13.23 mT; 

ACo,z = 40.78 mT and gstrain = [0.0279, 0.0382, 0.0839] as line broadening parameters. 
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The photoreaction between 2H-Si and a donor-acceptor substituted 

cyclopropane 

In order to test the liability of the alkyl groups, complex 2H-Si was allowed to react 

with dimethyl 2-phenylcyclopropane-1,1-dicarboxylate (CP) in a photo reactor (16 Hg 

lamps: 8 RPR 3000 Å and 8 RPR 3500 Å) for 6 h. After work-up, the raw 1H NMR 

spectrum showed starting material and formation of a new species which was later 

identified as complex 5-CP (Scheme 17). Compound 2H-Si proved to be able to 

reduce the ester groups of the cyclopropane with SiMe4 elimination and concomitant 

opening of the three-membered ring system. 

Scheme 17. Reaction of 2H-Si with dimethyl 2-phenylcyclopropane-1,1-dicarboxylate. 

The molecular structure of 5-CP is illustrated in Figure 38 as an ORTEP 

representation. 

 

Figure 38. ORTEP representation of 5-CP (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms have been omitted for clarity. Representative bonds (Å) and angles (°): 

C21-C22 1.327(2) Co-O1 2.0185(9), Co-O3 2.0286(9), Co-C12 2.0338(12), Co-C1 

2.0828(12); O1-Co-O3 84.59(4), C1-Co-C12 115.37(5), C12-Co-O1 112.94 (4), C1-Co-O3 

108.25(4); 4 = 0.89. 

The complex crystallizes in the monoclinic space group P21/c having a distorted 

tetrahedral geometry around the Co(II) site with angles strongly influenced by the 
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bidentate nature of the 2 coordinated ligand. The Co-Ccarbene and Co-Calkyl bond 

lengths of 2.0828(12) Å and 2.0338(12) Å are comparable with other Co(II)-NHC 

adducts, for example the acac derivatives 3H-Si (2.0833(15) Å, 2.0417(6) Å) and 3H-

Ph (2.0872(11) Å, 2.0470(12) Å). On the other hand, the angle O-Co-O is in direct 

comparison ca. 6° smaller [84.59(4)° (5-CP), 91.36(5)° (3H-Si) and 90.57(3)° (3H-

Ph)] because of the steric bulk of the methoxy groups pointing towards the metal 

center. 

X-band EPR spectroscopy confirmed the formation of a high-spin Co(II) d7 system 

with S = 3/2, a depiction of the spectrum measured in frozen toluene solution at 

T = 4.5 K is illustrated in Figure 39. 

Figure 39. X-band EPR spectrum for 5-CP recorded in frozen toluene solution at T = 4.5 K 

( = 9.461371 GHz). Black line: experimental data; red line: simulation as S = 3/2 system 

with parameters: gx = 1.8000; gy = 2.4042, gz = 1.18816; ACo,x = 0 mT; ACo,y = 4.9703 mT; 

ACo,z = 0.0568 mT using D = 29.3 cm-1, E/D = 0.178 and gstrain = [0.0279, 0.0382, 0.0839] as 

line broadening parameters.  
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Magnetic measurements 

SQUID studies 

Figure 40. Inverse magnetic susceptibility (χ-1) vs. T plots for compounds 1-Si, 1-P and 1-Ph 

recorded at temperatures between T = 2.6 and 300 K with an applied magnetic field of 

Hext = 1 kOe. Symbols: experimental data. Lines: adaptation of a modified Curie-Weiss law 

with parameters that are summarized in Table 10. 

Figure 41. Inverse magnetic susceptibility (-1) vs. T plots for compounds 2H/Me-Si and 

2H/Me-P recorded at temperatures between T = 2.6 and 300 K with an applied magnetic field 

of Hext = 1 kOe. Symbols: experimental data. Lines: adaptation of a modified Curie-Weiss law 

with parameters that are summarized in Table 10. 
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Figure 42. Inverse magnetic susceptibility (χ-1) vs. T plots for compounds 4-Si, 4-Ph and 5 

recorded at temperatures between T = 2.6 and 300 K with an applied magnetic field of 

Hext = 1 kOe. Symbols: experimental data. Lines: adaptation of a modified Curie-Weiss law 

with parameters that are summarized in Table 10. 

Figure 43. Isothermal magnetization (M) vs. magnetic field (H) plot (in terms of H T-1) for 

complexes 4-Si, 4-Ph and 5 recorded at a temperature of T = 2.1 (for 4-Ph and 5) or 2.6 K 

(for 4-Si) with externally applied magnetic fields between Hext = 0.5 and 70 kOe. The 

observation of a linear dependency of M(H) for 4-Ph (instead of a Brioullin function) also 

points to the presence of antiferromagnetic correlations in 4-Ph at low temperature (see also 

Figure 36). However, further experiments on magnetically diluted compounds would still be 

necessary to confirm this conjecture. 
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Table 9. Results of a fit for complexes 1-Si/P/Ph, 2H/Me-Si and 2H/Me-P, that was based on 

a simplified spin-Hamiltonian approach,141 assuming a S = 3/2 spin center with E/D = 0 and 

gx = gy < gz. Furthermore, a (phenomenological) temperature-independent contribution (𝜒TIP) 

to the magnetic susceptibility was considered, suggesting substantial mixing of electronic 

states by the external field (second order Zeeman effect). The values of μeff,g were calculated 

based on the spin-only formula with the determined average g-value (gav = 1/3 [gx + gy + gz]), 

while the value of μeff,300 K originates from the experimental data point measured at T = 300 K. 

The negative D values observed for 2H-Si/P and 2Me-Si/P are consistent with previous 

reports on three-coordinate Co(II), S = 3/2 systems, with approximate C2 symmetry and an 

unusual ground-state configuration of (3dz2)2(3dyz)2(3xz)1(3dx2-y2)1(3dxy)1, for which the 

absolute value of D inversely correlates to the energy separation between the 3dyz and 3dxz 

orbitals.142–145 

Complex gx=gy gz gav D (cm-1) 𝜇eff,g (𝜇B) 𝜇eff,300K (𝜇B) 𝜒TIP (10-4 cm3 mol-1) 

1-Si 2.105 2.775 2.328 +16.8 4.51 4.74 7.9 

1-P 1.903 4.296 2.701 +9.6 5.23 5.72 4.3 

1-Ph 2.262 2.906 2.477 +13.6 4.80 4.98 5.8 

  

2H-Si 2.344 2.407 2.365 -39.7 4.58 4.74 5.2 

2Me-Si 2.459 2.366 2.428 -35.9 4.70 4.90 7.9 

2H-P 2.402 2.598 2.467 -38.1 4.78 5.04 9.3 

2Me-P 2.128 2.231 2.162 -37.3 4.19 4.47 9.6 

Table 10. Results of a fit for the complexes 1-Si/P/Ph, 2H/Me-Si, 2H/Me-P and 4H-Si, 4H-

Ph, 5, that was based on a modified Curie-Weiss model and that also considers a 

(phenomenological) temperature-independent contribution (𝜒TIP) to the magnetic 

susceptibility. The values of μeff, C were calculated on the basis of the determined Curie 

constant C, while the value of μeff, 300 K originates from the experimental data point measured 

at T = 300 K. 

Complex C (K cm3 mol-1) 𝜃 (K) 𝜒TIP (10-4 cm3 mol-1) 𝜇eff,C (𝜇B) 𝜇eff,300K (𝜇B) 

1-Si 2.57(1) -4.7(1) 9.1(3) 4.53(1) 4.74 

1-P 4.03(1) -7.5(2) 4.6(5) 5.68(1) 5.72 

1-Ph 2.91(1) -3.6(1) 7.1(2) 4.82(1) 4.98 

 

2H-Si 2.66(1) -5.4(2) 6.6(4) 4.61(1) 4.74 

2Me-Si 2.80(1) -6.5(2) 8.4(4) 4.73(1) 4.90 

2H-P 2.90(1) -4.0(2) 11.0(5) 4.82(1) 5.04 

2Me-P 2.27(1) -5.2(2) 9.1(2) 4.26(1) 4.47 

 

4-Ph 0.662(2) -2.6(1) 6.8(1) 2.30(1) 2.63 

4-Si 0.722(1) 0.1(1) 5.8(1) 2.40(1) 2.68 

 

5 0.518(1) 0.3(1) 6.5(1) 2.04(1) 2.38 
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EPR spectroscopy 

Figure 44. X-band EPR spectrum for 1-Ph recorded in frozen toluene solution at T = 4.0 K 

( = 9.454862 GHz). Black line: experimental data; red line: simulation as a S = 3/2 system 

with parameters: gx = 2.0048; gy = 2.0680; gz = 2.3937, ACo,x = 0.80 mT; ACo,y = 1.66 mT; 

ACo,z = 6.07 mT; and gstrain = [0.0104, 0.0100, 0.0190] as line broadening parameters. 

Figure 45. X-band EPR spectrum for 2Me-Si recorded in frozen toluene solution at 

T = 11.0 K ( = 9.457940 GHz). Black line: experimental data; red line: simulation as a 

S = 3/2 system with parameters: geff,x = 1.9500; geff,y = 3.9777; geff,z = 5.6000, ACo,x = 3.57 mT; 

ACo,y = 17.84 mT; ACo,z = 28.37 mT; and gstrain = [0.0150, 0.2200, 0.3000] as line broadening 

parameters and gFrame ([17.5, 0, 0]*pi/180). 
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Figure 46. X-band EPR spectrum for 2H-P recorded in frozen toluene solution at T = 4.3 K 

( = 9.459585 GHz). Black line: experimental data; red line: simulation as a S = 3/2 system 

with parameters: geff,x = 1.9000; geff,y = 4.0600; geff,z = 5.8520, ACo,x = 3.57 mT; 

ACo,y = 22.30 mT; ACo,z = 37.47 mT; and gstrain = [0.0250, 0.3000, 0.4000] as line broadening 

parameters and gFrame ([4.0, 4.0, 2.0]*pi/180). 

Figure 47. X-band EPR spectrum for 2Me-P recorded in frozen toluene solution at 

T = 10.5 K ( = 9.458964 GHz). Black line: experimental data; red line: simulation as a 

S = 3/2 system with parameters: geff,x = 1.9700; geff,y = 4.2000; geff,z = 5.4500, ACo,x = 4.46 mT; 

ACo,y = 20.52 mT; ACo,z = 27.30 mT; and gstrain = [0.0300, 0.2750, 0.3500] as line broadening 

parameters and gFrame ([4.0, 4.5, 2.0]*pi/180). 
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Figure 48. X-band EPR spectrum for 3H-Si recorded in frozen toluene solution at T = 6.2 K 

( = 9.459717 GHz). Black line: experimental data; red line: simulation as a S = 3/2 system 

with parameters: gx = 2.445; gy = 2.16; gz = 2.25; ACo,x = 0.0357 mT; ACo,y = 3.0330 mT; 

ACo,z = 0.0357 mT; using D = 15 cm-1, E/D = 0.30 and gstrain = [0.425, 0.100, 0.250] as line 

broadening parameters. Simulation with effective g-values: geff,x = 1.75; geff,y = 2.66; 

geff,z = 5.80, ACo,x = 0.0357 mT; ACo,y = 3.0330 mT; ACo,z = 0.0357 mT; and gstrain = [0.15, 0.45, 

0.40] as line broadening parameters. 

Figure 49. X-band EPR spectrum for 4-Ph recorded in frozen toluene solution at T = 6.2 K 

( = 9.449803 GHz). Black line: experimental data; red line: simulation as a S = 1/2 system 

with parameters: gx = 1.8468; gy = 2.2428, gz = 3.3866; ACo,x = 14.77 mT; ACo,y = 15.34 mT; 

ACo,z = 34.79 mT and gstrain = [0.0325, 0.0478, 0.1262] as line broadening parameters. 
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2.4 Catalytic hydrogenation reactions 

2.4.1 Introduction 

Nowadays, 80-90% of all industrial processes are performed using catalysts.146 

Some precious metals became so frequently used in catalytic transformations that 

they are linked to particular processes, for example Pd, Ni, Rh to hydrogenations and 

Pd, Ni, Cu to cross-coupling reactions.147,148 

Homogeneous catalysts for alkene hydrogenation, unlike their heterogeneous 

counterparts, offer the opportunity to promote site selective reactions through rational 

ligand design. Cobalt pre-catalysts employed in reactions like (de)hydrogenations149–

151, hydrosilylations152–154 and CH functionalizations155,156 can be divided into two 

classes: (i) low-spin 16 or 18 VE (valance electrons) complexes usually based on 

carbonyl ligands and (ii) high-spin pre-catalysts which are coordinatively unsaturated. 

From the latter category, halide or alkyl complexes succeed as pre-catalysts due to 

facile conversion into the corresponding hydride systems. However, there are only a 

few examples of characterized Co(II) hydride complexes149, compared to the larger 

number of reports on Co(I) hydrides.150,155,157,158 At this point it should be mentioned 

that the Co(II)/(I)-H chemistry is based on pincer type ligands with good donor 

properties and high steric demand based on redox-active and/or innocent tridentate 

pincer systems.139,159,160 However, the low thermal stability of this type of complexes 

allowed their characterization neither in situ nor at low temperature. 

Until this date, Co(II) dihydride species based either on bidentate phosphines or NHC 

ligands are presumed to be unstable. In this field, the reports are scarce and 

proposed mechanisms have been calculated based on theoretical premises and on 

more stable intermediates from the catalytic cycle.119,161 
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2.4.2 NHC Co(II) dialkyl complexes as hydrogenation pre-catalysts 

Results presented in this chapter were published, see Walter et al.124 

Transition metal alkyl complexes are among the most reactive species in 

organometallic chemistry. Precisely because of this ability, isolating such species can 

constitute a challenge. The utility of alkyl ligands relies on their property to be easily 

cleaved in the presence of a proton source to access the metal site allowing small 

molecules to coordinate. 

The performance of the NHC Co(II) dialkyl complexes in catalytic olefin and alkyne 

hydrogenation was evaluated, specifically that of complex 2H-Si. Initial studies 

focused on the spectroscopic characterization of the active species, a NHC Co(II) 

dihydride. Preliminary tests established that the complex reacted with dihydrogen at 

ambient temperature forming Co(0) nanoparticles and free alkane. Upon cooling to 

−50 °C and slow warming to room temperature, a “window” was observed between 

−20 °C and −10 °C, in which the complexes reacted with H2 without formation of 

Co(0) nanoparticles. However, every attempt to characterize the species being 

formed failed, since no spectroscopic method could be applied either to indisputably 

rule out or to prove the formation of a NHC stabilized Co(II) dihydride. 

The addition of H2 to 2H-Si or 2H-P leads to hydrogenation of the alkyl groups and 

formation of Me4Si or Me4C, identified by NMR spectroscopy (Figure 50) and GC/MS 

investigations. 

 

Figure 50. The 1H and 13C{1H} NMR spectra (C6D6, 300 K) spectra of Me4C as identified in 

the volatile material produced in the reaction of 2H-P in the presence of H2. 

Furthermore, in the presence of unsaturated substrates such as styrene or tolane 

(= diphenylacetylene), spectroscopic evidence for the formation of the respective 

olefin and alkyne adducts was collected. In the initial tests of these substrates, partial 

hydrogenation was observed (Table 11). The adducts have been isolated and 
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characterized, they can be considered as models for the catalyst resting states 

(Scheme 18). 

 

Scheme 18. Reaction of 2H-Si with styrene in the presence of H2. 

For both substrates, a general procedure was applied (see General procedure for 

hydrogenation reactions). The reaction vessel was charged with the pre-catalyst, 

substrate, and an internal standard (n-decane). The flask was sealed, attached to a 

Schlenk line and the reaction mixture was frozen in liquid dinitrogen. The reaction 

vessel was evacuated and then pressurized with H2 (1 bar) at 77 K. After thawing 

(ca. 4 bar of H2), the reaction mixture was stirred at room temperature for the desired 

period. After venting the vessel, probes were taken for GC/MS analysis and/or NMR 

spectroscopy. 

In the case of tolane, the volatile material was removed in dynamic oil pump vacuum. 

Excess tolane was sublimed in the upper part of the flask (50 °C, dynamic vacuum) 

and the red residue purified by crystallization from Et2O at −30 °C. The product 

crystallized as dark red prisms. The paramagnetic 1H NMR spectrum of the 

bis(diphenylacetylene) complex exhibits sharp signals corresponding to the NHC: At 

 = −8.7 ppm the tert-butyl groups and at  = 19.56 ppm the two backbone protons. 

The resonances of the phenyl groups are broad, partially overlapping in the range of  

 = −4.6 to 14.85 ppm. The bis(alkyne) adduct 5 can be prepared both from 2H-Si 

and 2H-P. 

The solid-state structure was recorded by X-ray diffraction and the ORTEP 

representation is depicted in Figure 51. Complex 5 crystallizes in the monoclinic 

space group C2/c with the NHC plane orientated orthogonally (83.05°) with respect to 

the alkyne-Co-alkyne plane. The geometry around the cobalt site is pseudo-trigonal 

planar given by the three ligands. Significant backdonation from the metal atom into 

the * orbitals of the acetylenic ligands is indicated by the very elongated C≡C bonds 
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of 1.282(2) Å in complex 5 versus 1.198(3) Å in free tolane162, approaching the value 

of a typical C=C double bond of 1.331 Å163. Another indication for the backbonding 

can be inferred from the degree of rehybridization expressed by the angle formed 

between the ipso-C atom of the phenyl ring and carbon atoms C7 and C8 of 

150.03(14)° and 145.16(13)°. Additionally, the two coordinated alkynes are slightly 

twisted against each other, most likely because of the geometric strain imposed by 

the sterically demanding ItBu2 ligand. 

The Co-C1 bond length with 1.9678(19) Å (5) is also considerably shorter (0.10 Å) 

than the corresponding one in the parent complexes [ItBu2Co(CH2SiMe3)2] (2H-Si) 

and [ItBu2Co(CH2CMe3)2] (2H-P). 

 

Figure 51. ORTEP representation of 5 (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms have been omitted for clarity. Representative bonds (Å) and angles (°): Co-

C1 1.9678(19), Co-C7 1.9470(14), Co-C8 1.9196(13), C7-C8 1.282(2); C8-Co-C8# 98.54(8), 

C8-Co-C7 38.71(6), C7-Co-C1 92.79 (4). 

The effect of the additional -donation is reflected in the observation that alkynes do 

not coordinate to a transition metal atom in a linear fashion. The chemical bonding in 

transition metal alkyne complexes can be discussed by considering the bonding 

either arising from the donor-acceptor interactions between the two involved 

components or as a metallacyclic, similar to the bonding concept in alkene 

complexes. Thus, several resonance structures can be drawn that depict the 

interaction of an alkyne with a metal atom (see Figure 52). The metallacyclopropene 

resonance form II is favored over the simple two electron donor I by comparing the 

C−C bond distances as well as the R-C-C-R angles of the coordinated alkyne 

compared to those in the free alkyne. As expected from the decreased C-C bond 

order, the C-C bond distances for the coordinated alkyne are usually larger (1.25 to 

1.35 Å) than in the free ligand (1.10 to 1.15 Å), approaching the value of a typical 

C−C double bond of 1.33 Å.  
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Figure 52. Resonance structures depicting the bonding of an alkyne to a transition metal. 

Alkynes tend to be more electrophilic than alkenes and therefore bind more tightly to 

a transition metal atom, hence they can often displace olefins. The bonding mode of 

an alkyne to a transition metal is depicted in Figure 53. The -type donation arises 

from the occupied  MO of the alkyne, which has a -symmetry in the complex, while 

the -backdonation occurs through charge donation from the occupied dxz MO of the 

metal in the vacant * orbital of the alkyne. Alkyne ligands have two  orbitals 

orthogonal to the transition metal CC plane which may engage in metal-alkyne 

bonding. Only the parallel orbital has the proper symmetry to act as a -acceptor 

orbital, since there is no d function which has the proper symmetry to interact with the 

perpendicular * orbital. 

 

Figure 53. Dewar-Chatt-Duncanson model of metal-alkyne bonding. 
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EPR studies 

The bis(alkyne) complex 5 adopts a low-spin configuration with eff(300 K) = 2.38 B 

(see Figure 34), which is significantly higher than the S = 1/2 spin-only value of 

1.73 B implying substantial orbital contributions to eff. The X-band EPR 

measurement of complex 5 (Figure 54) is consistent with the SQUID measurement, 

showing a spin-state change from S = 3/2 (2H-Si) to S = 1/2 with relative small g 

anisotropy (gx = 1.9213; gy = 2.0044, gz = 2.4000) and A-values (ACo,x = 0.0357 mT; 

ACo,y = 0.0357 mT; ACo,z = 14.2730 mT). 

 

Figure 54. X-band EPR spectrum for 5 recorded in frozen toluene solution at T = 6.2 K 

( = 9.459349 GHz). Black line: experimental data; red line: simulation as a S = 1/2 system 

with the parameters: gx = 1.9213; gy = 2.0044, gz = 2.4000; ACo,x = 0.0357 mT; 

ACo,y = 0.0357 mT; ACo,z = 14.2730 mT; and gstrain = [0.0338, 0.1145, 1.0000] and 

Astrain = [0.0000, 0.0000, 1750.0000] MHz as line broadening parameters, the strains were 

anticorrelated. 

A slightly different work-up procedure was applied for the reaction with styrene as 

substrate. After stirring the reaction mixture for the desired time, the flask was 

vented, brought into the glove box and filtered through a pad of Celite. GC/MS 

analysis showed only 13% yield of the hydrogenated product. To analyze the 

organometallic part, the purple filtrate was concentrated to ca. 0.2-0.3 mL, a small 

aliquot was diluted in toluene and the X-band EPR spectrum was recorded (Figure 

55). The X-band EPR spectrum of the proposed styrene adduct 6 showed a S = 1/2 

low-spin system which sustains the proposed mechanism depicted in Chart 1. 
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Figure 55. X-band EPR for the reaction of 2H-Si with styrene in the presence of H2 recorded 

in frozen toluene solution at T = 9.9 K ( = 9.459699 GHz). Black line: experimental data; red 

line: simulation as a S = 1/2 system with the parameters: gx = 1.9590; gy = gz = 2.5800, 

ACo,x = 13.02 mT; ACo,y = 19.27 mT; ACo,z = 19.27 mT; and gstrain = [0.0200, 0.0524, 0.0450] 

and Astrain = [0.0000, 18.8134, 50.0000]  MHz as line broadening parameters. 
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Proposed catalytic cycle for olefin hydrogenation reactions 

In the proposed catalytic cycle, the initial step involves the hydrogenolysis of the Co-

alkyl bonds. These have been identified in the volatile material and characterized by 
1H and 13C{1H} NMR spectroscopy. At this point a highly reactive [(NHC)CoH2] 

species is formed, which readily undergoes olefin insertion and reductive elimination 

to form [(NHC)Co], which can either coordinate a new olefin or undergoes H2 

addition. In the case of tolane and styrene, the olefin insertion is favored and the 

formed adduct is too stable to further react with H2. 

 

Chart 1. Proposed catalytic cycle for the hydrogenation of olefins using pre-catalyst 2H-Si. 

Similar to the reactivity of the related complexes [(P-P)CoR2] (P-P = dppe, depe, 

dmpe)113, the trigonal-planar NHC-adducts [(NHC)CoR2] were tested in 

hydrogenation reactions. Complex 2H-Si was exposed to H2 in the presence of 

different olefins at ambient temperature and moderate H2 pressure (~ 4 bar). 

Moreover, substrates which proved to be difficult to hydrogenate by the four-

coordinate complexes [(P-P)Co(CH2SiMe3)2] were deliberately included (see entries 

1, 2 and 6 in Table 11). For entries 1-5 efficient hydrogenation was achieved and for 

substrates 2, 6-8 improved conversions and yields compared with the bidentate 

phosphine analogues were obtained. 

The catalysis was run using the standard general procedure A or B (see 

Experimental section). For the liquid substrates no solvent was used, and the 

reactions were conducted neat, meanwhile for the solid substrates Et2O or toluene 

was used. The hydrogenations proceeded at ambient temperature, under mild H2 

pressure (~ 4 bar). A simple work-up consisting in filtration (in the air) over a pad of 

Celite to remove the organometallic part was applied. 
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Table 11. Olefin hydrogenation using 2H-Si as pre-catalyst. 

[a]Determined by GC. [b]Determined by 1H NMR spectroscopy. [c]Product distribution 

determined by 1H and 13C{1H} NMR spectroscopy. 

A direct comparison between [(dppe)Co(CH2SiMe3)2] and 2H-Si in the hydrogenation 

of 1,5-cyclooctadiene (COD) revealed that the NHC pre-catalyst can fully 

hydrogenate COD to cyclooctane in 6 h at only 0.5 mol% catalyst loading. The first 

hydrogenation step of COD to yield cyclooctene (COE) is significantly slower than the 

second one, and only after complete consumption of COD rapid hydrogenation of 

COE occurs. This observation sustains the catalytic cycle (Chart 1) where a relatively 

stable COD adduct can form and obstruct further hydrogenation, acting as a dormant 

species outside the catalytic cycle. Nevertheless, using the phosphorus counterpart 

only a 10% conversion to cyclooctane was observed after 24 h at 5 mol% loading, 

suggesting that the diene inhibited the catalytic hydrogenation, most likely through 

catalyst inactivation by coordination. It is noteworthy that after complete substrate 

consumption, magnetic cobalt particles precipitate from the reaction mixture. To 

exclude heterogeneous hydrogenation, poisoning experiments were required (vide 

infra).  
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Experimental section [(NHC)Co(CH2SiMe3)2] as pre-catalyst in olefin and alkyne 

hydrogenation reactions 

General comments: The following alkenes were purchased from commercial 

vendors: 1,5-cyclooctadiene, 1-methyl-1-cyclohexene, 2,3-dimethyl-2-butene, 

styrene, α-pinene, β-pinene, dicyclopentadiene, diphenylacetylene. Liquid substrates 

were refluxed over Na (1,5-cyclooctadiene, dicyclopentadiene) or CaH2 (1-methyl-1-

cyclohexene, 2,3-dimethyl-2-butene, styrene, α-pinene, β-pinene), vacuum 

transferred to a Teflon sealable Schlenk flask and degassed via freeze-pump-thaw 

cycles. Diphenylacetylene was sublimed at 50 °C under dynamic oil pump vacuum. 

Gas chromatography with FID:  

Table 12. GC/MS column settings and description. 

Column name Zebron ZB-5 MS 

Detector channel FID 

Injection mode Split 

Carrier gas He 

Column flow 1.32 mL/min 

Linear velocity 30.0 cm/sec 

Split ratio 10.0 

Column oven 
temperature program 

Rate (°C/min) Temperature (°C) Hold time (min) 

 - 30.0 3.00 

 5.0 100.0 0.00 

 20.0 300.0 7.00 

General procedure for hydrogenation reactions. 

Standard catalytic procedure A (sealed Schlenk flask, ~4 bar). An oven-dried 

sealable Schlenk flask was charged with the pre-catalyst and the respective 

substrate (neat) as well as n-decane (as an internal standard) using a Hamilton 

syringe. The vessel was sealed and attached to a Schlenk line and the contents were 

frozen in liquid dinitrogen. Following evacuation of the nitrogen atmosphere, the flask 

was pressurized with H2 (1 bar) at 77 K. After thawing, the reaction mixture was 

stirred at room temperature for the desired reaction time. The reaction vessel was 

then vented, a small aliquot of the reaction mixture was taken, diluted and passed 

through a pad of silica/Celite and analyzed by gas chromatography. At the end of the 

reaction, the final mixture was passed through a pad of silica/Celite and NMR spectra 

were recorded. 

Standard catalytic procedure B (sealed Schlenk flask, ~4 bar). The 

hydrogenation was run following standard catalytic procedure A using diethyl ether 

(toluene) as a solvent. The solid substrates were used as a 0.05 M diethyl ether 

(toluene) solution. 
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Table 13. GC retention times and molecular ion in GC/MS. 

Entry Compound 
GC 

tR (min) 
GC/MS (m/z) 

1 1,5-Cyclooctadiene 11.77a 108 (M+) 

2 cis-Cyclooctene 10.74a 110 (M+) 

3 Cyclooctane 11.35a 112 (M+) 

4 1-Methylcyclohexene 6.10b - 

5 Methylcyclohexane 4.81b - 

6 α-Pinene 11.36b 136 (M+) 

7 β-Pinene 13.18b 136 (M+) 

8 cis-Pinane 13.33b 138 (M+) 

9 trans-Pinane 12.38b 138 (M+) 

10 endo-Dicyclopentadiene 14.79a 132 (M+) 

11 endo‐Tricyclo[5.3.1.02,6]decane 17.03a 136 (M+) 

12 Styrene 10.19b 104 (M+) 

13 Ethylbenzene 9.02 b 106 (M+) 

14 2,3-Dimethyl-2-butene 2.91b - 

15 2,3-Dimethylbutane 2.24b - 

16 Diphenylacetylene 17.90b 178(M+) 

17 1,2-Diphenylethane 16.18b 182(M+) 

Solvent: a toluene; b diethylether 

1H and 13C{1H} NMR spectra of: 

1,5-Cyclooctadiene:1H NMR (300 MHz, C6D6, 300 K): δ 2.2 (m, 8H), 5.57 (m, 4H) 

ppm. 
 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 28.97 (s), 129.38 (s) ppm. 

cis-Cyclooctene: 1H NMR (300 MHz, C6D6, 300 K): δ 1.44 (m, 8H), 2.07 (m, 4H), 

5.65 (m, 2H) ppm.
 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 26.36 (s), 27.04 (s), 30.11 

(s), 130.92 (s) ppm. 

Cyclooctane: 1H NMR (300 MHz, C6D6, 300 K): δ 1.5 (s, 18H, CH2) ppm. 
13C{1H} NMR (75 MHz, C6D6, 300 K): δ 27.58 (s, CH2) ppm. 

1-Methylcyclohexene: 1H NMR (300 MHz, C6D6, 300 K): δ 1.51 (m, 4H), 1.6 (m, 

3H), 1.8 (m, 2H), 1.95 (m, 2H), 5.42 (m, 1H) ppm. 13C{1H} NMR (75 MHz, C6D6, 

300 K): δ 23.37, 23.99, 24.72, 26.26, 30.9, 122.15, 134.36 ppm. 

Methylcyclohexane: 1H NMR (300 MHz, C6D6, 300 K): δ 0.87 (m, 3H), 1.19 (m), 

1.635 (m) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 23.7 (s), 27.24 (s), 27.4 (s), 

33.6 (s), 36.3 (s) ppm.  

α-Pinene: 1H NMR (300 MHz, C6D6, 300 K): δ 0.91 (s, 3H), 1.24 (s, 3H), 1.26 (d, JH-

H = 8.54 Hz, 1H), 1.64 (m, 3H), 1.9 (td, 1JH-H = 5.54 Hz, 2JH-H = 1.52 Hz, 1H), 2.03 (m, 

1H), 2.18 (m, 1H), 2.2 (m, 1H), 2.3 (m, 1H), 5.2(m, 1H, CH=CCH3) ppm. 

13C{1H} NMR (75 MHz, C6D6, 300 K): δ 21.6 (s, CH3), 23.75 (s, CH3), 27.1 (s, CH3), 

32.2 (s, CH2), 32.4 (s, CH2), 38.77 (s, CH3CqCH3), 41.73 (s, CH), 47.98 (s, CH), 

117.17 (s, CH=CCH3), 145.13 (s, CH=CCH3) ppm.  
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β-Pinene:
 
1H NMR (300 MHz, C6D6, 300 K): δ 0.74 (s, 3H), 1.15 (s, 3H), 1.36 (d, JH-

H = 9.95 Hz, 1H), 1.7 (m, 2H), 1.84 (m, 1H), 2.17 (m, 2H), 2.46 (m, 2H), 4.7 (m, 1H), 

4.74 (m, 1H) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 22.57 (s, CH3), 24.41(s, 

CH2), 24.44 (s, CH2), 26.78 (s, CH3), 27.78 (s, CH2), 41.38 (s, CH), 52.68 (s, CH), 

107.2 (s, C=CH2), 152.4 (s, C=CH2) ppm. 

cis-Pinane: 1H NMR (300 MHz, C6D6, 300 K): δ 1.01 (s, 3H, CH3), 1.03 (s, 3H, CH3), 

1.19 (s, 3H, CH3), 1.30-1.46 (m, 3H, CH), 1.73-2.17 (m, 6H CH2) ppm. 13C{1H} NMR 

(75 MHz, C6D6, 300 K): δ 24.00 (s, CH3), 24.74 (s, CH3), 27.50 (s, CH2), 29.12 (s, 

CH2), 34.96 (s, Cq), 36.93 (s, CH), 39.62 (s, CH2), 42.40 (s, CH), 49.06 (s, CH) ppm. 

trans-Pinane: 1H NMR (600 MHz, CDCl3, 300 K): δ 0.82 (s, 3H), 0.85 (d, 1H, JH-

H = 6.7 Hz), 1.19 (s, 3H), 1.21 (m, 1H), 1.33 (d, 3H, JH-H = 7.4 Hz), 1.61 (t, 1H, JH-

H = 6.0 Hz), 1.65 (m, 1H), 1.72 (m, 1H), 1.75 (m, 1H), 1.84 (m, 1H), 2.00 (dt, 1H, 2JH-

H = 9.9 Hz, 3JH-H = 5.9 Hz), 2.06 (m, 1H, JH-H = 7.4 Hz) ppm. 13C{1H} NMR (150 MHz, 

CDCl3, 300 K): δ 20.9, 21.6 (CH3), 23.0 (CH2), 23.9 (CH2), 24.6 (CH2), 26.8 (CH3), 

29.3 (CH), 39.5 (C), 40.9 (CH), 47.6 (CH) ppm  

endo-Dicyclopentadiene: 1H NMR (300 MHz, C6D6, 300 K): δ 1.17 (d, JH-

H = 8.05 Hz, 1H), 1.53 (d, JH-H = 8.65 Hz, 1H), 1.64 (d, JH-H = 13 Hz, 1H), 2.12 (m, 

1H), 2.58 (m, 1H) ppm. 

endo‐Tricyclo[5.3.1.02,6]decane: 1H NMR (300 MHz, C6D6, 300 K): δ 2.27 (2H, bs, 

H ‐2 and 6), 2.04 (2H, bs, H ‐1 and 7), 1.57 (1H, m, exo ‐H‐4), 1.56 (1H, m, 

endo‐H‐4), 1.47 (3H, m, H‐5, H‐3, and H ‐10a), 1.40 (4H, m, H‐5 and 3 and exo‐H‐8 

and 9), 1.33 (1H, m, H‐10b), 1.23 (2H, m, endo‐ H-8 and 9) ppm. 

Styrene: 1H NMR (300 MHz, C6D6, 300 K): δ 5.07 (dd, 1H, 1JH-H = 10.9 Hz, 2JH-

H = 1.12 Hz, CH=CH2-cis), 5.59 (dd, 1H, 1JH-H = 17.68 Hz, 2 JH-H = 1.07 Hz, CH=CH2-

trans), 6.57 (m, 1H, CH=CH2), 7.03 (m, 1H, HAr-p), 7.1 (m, 2H, HAr-m), 7.23 (m, 2H, HAr-o) 

ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 114.2 (s, CH=CH2), 127.2 (s, CAr-o), 

129.36 (s, CAr-m), 137.93 (s, CAr-p), 138.55 (s, Cq) ppm. 

Ethylbenzene: 1H NMR (300 MHz, C6D6, 300 K): δ 1.07 (t, 3H, JH-H = 7.6 Hz, CH3), 

2.43 (q, 2H, JH-H = 7.6 Hz, CH2), 7.06 (m, 3H, HAr), 7.15 (m, 2H, HAr) ppm. 
13C{1H} NMR (75 MHz, C6D6, 300 K): δ 16.44, 29.8, 126.55, 128.73, 129.22, 144.9 

ppm. 

Diphenylacetylene: 1H NMR (300 MHz, C6D6, 300 K): δ 7.00 (m, 6H, HAr-m, -p), 7.52 

(m, 4H, HAr-o) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 90.75 (s, PhCCPh), 

124.51, 129.01, 129.21, 132.54 ppm. 

Biphenyl: 1H NMR (300 MHz, C6D6, 300 K): δ 2.73 (s, 4H, CH2), 6.98 (m, 4H, HAr), 

7.05 (m, 2H, HAr), 7.13 (m, 4H, HAr) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 

38.76 (s, CH2), 126.78(s, CAr-p), 129.17 (s, CAr-o), 129.37 (s, CAr-m), 142.55 (s, CAr-q) 

ppm.  
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Homogeneous vs. heterogeneous 

A common problem in transition metal catalysis is to distinguish between truly 

homogeneous catalysis and heterogeneous reactions. Finely divided metal particles 

produced by decomposition of the originally homogeneous organometallic species  

can also show catalytic activity. Even if the catalysis starts with a well-defined soluble 

metal complex, under the reaction conditions the metal can precipitate as powder, as 

film or in polar solvents building even colloidal metal. A number of methods have 

been proposed for detecting heterogeneous components in a complex mechanism, 

but additional complementary methods are still required.114,164,165 Although there are 

various techniques to characterize well-defined metal complexes, nanoparticles and 

colloids, the identification of the true active catalyst in a reaction mixture remains 

challenging. The borderline between a homogeneous and heterogeneous catalysis is 

hard to delimit so that several independent and different methods must be applied. 

The investigation methods can be classified into operando (in situ) or post operando, 

while the most valuable conclusions can be obtained from the tests applied in situ. 

Hydrogenation of 1,5-COD – reaction progress analyses 

Reaction progress analyses and kinetic studies are relevant in situ techniques to 

determine the active catalyst system. Usually, reproducible kinetics indicate a 

homogeneous catalysis.166 The activity and formation of nanoparticles is strongly 

dependent on conditions such as temperature, solvent, concentration etc. and 

therefore reactions catalyzed this way are not easily reproducible. 

In general, transition metal complexes are not the active catalytic species by 

themselves, but rather a pre-catalyst that forms the active species under the reaction 

conditions. For a reaction catalyzed by a heterogeneous catalyst, the reaction curve 

can be divided in three phases: initiation, catalysis and completion, whereas for a 

homogeneous catalysis the initiation phase is expected to be absent since the 

activation of the catalyst is normally a fast process. Because of the nucleation and 

growth phase, extended induction periods are typical for heterogeneous catalysts. 

To rule out the performance of 2H-Si as heterogeneous catalyst in hydrogenation 

reactions, complementary tests have been performed. First in line was the reaction 

progress analysis. The reaction was analyzed progressively by quantitative GC 

measurements of all reaction components (Figure 56). Individual experiments were 

run and stopped after the desired time since the catalysis proved to have a very 

significant pressure dependency not allowing to plot the reaction progress within the 

same experiment. The early reaction phase in the hydrogenation of COD showed no 

induction period and no sigmoidal curvature, which would indicate a nucleation step 

for the formation of nanoparticles or nanoclusters. 
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Scheme 19. COD hydrogenation reaction using 2H-Si as pre-catalyst. 

Figure 56. Conversion vs. time plot for the hydrogenation of COD (left) and 

consumption/formation plot for COD/COE (right) at ambient temperature using 2H-Si as pre-

catalyst (0.5 mol% loading, neat substrate). Reaction mixture was charged with H2 (1 bar) at 

77 K. 

A significant pressure dependence with respect to the catalytic activity was detected 

by running two parallel reactions. The first hydrogenation reaction was carried out at 

atmospheric pressure for 210 min. After 30 min the conversion vs. time curve 

flattened (Figure 57), presumably because of the poor H2 solubility and insufficient H2 

concentration to shift the active species out of the proposed equilibrium (Chart 1). In 

a different experiment, after the reaction was run for 30 min at atmospheric pressure, 

the contents were frozen, and the flask sealed under H2. After thawing (~ 4 bar of H2) 

the reaction was stopped after 6 h to afford COE in approx. 70% yield. The lower 

conversion compared to a normal run under 4 bar of H2 can be attributed to catalyst 

inactivation/decomposition in the first 30 min. 
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Figure 57. Yield vs. time diagram for the hydrogenation of COD to COE at ambient 

temperature using 2H-Si as pre-catalyst (0.5 mol% loading, neat substrate). Reaction 

mixture was charged with H2 at atmospheric pressure. 

Hydrogenation of 1,5-COD – poisoning experiments 

Processes that inhibit catalysis are normally unwanted and usually related to catalyst 

deactivation. There are different types of deactivation, most common ones are: (i) 

poisoning, (ii) thermal degradation and (iii) formation of deposits. Chemically seen, 

deactivation of a catalyst describes a strong chemisorption of substrates, additives, 

cocatalysts or impurities on the active site of a catalyst.167 Such unwanted poisonings 

can occur naturally through substrates, additives or impurities, or deliberately for 

control purposes. Selective inhibition studies, together with reaction kinetics, are an 

important tool to distinguish between homogeneous and heterogeneous catalysts. 

The most widely used methods are amalgamation of the catalyst with Hg, phosphine 

poisoning and selective scavenger addition. In a typical experiment, the catalyst 

poison must be added after the active species has been formed, otherwise it can 

influence the catalyst formation. To guarantee that the active catalyst has been 

formed, poisons are usually added to the reaction after 50% conversion. A 

classification of the poisons splits them in quantitative and qualitative. From the 

former category phosphines, thiophenes and CS2 are widely used as strongly binding 

ligands, therefore they can react as well with molecular systems, as with 

heterogeneous ones. Partial poisoning experiments are conducted to gather 

information about the nature of the active catalyst. Less than one equivalent of 

poison is enough to completely stop heterogeneous catalysts since they have only a 

fraction of active metal atoms on their surface, whereas molecular catalysts should 

require at least one equivalent. 
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Qualitative poisons can interact selectively either with homogeneous or with 

heterogeneous catalysts. In this situation, not the quantity of the additive is relevant, 

but the outcome. For this purpose, the tests are run parallel with a standard reaction 

where the poison was not added, and the differences are analyzed. Especially useful 

are complementary tests with one additive special for hetero- and one for 

homogeneous catalysts, where the results should be different: inhibition with poison 

and no effect for the other one. For 3d metals, the mercury test is a popular example 

for selective heterotopic poisoning experiments. It is generally known that mercury 

can interact with other metals, either by adsorption or by formation of amalgams. 

Molecular systems should not be affected since they are surrounded by shielding 

ligands, therefore an interaction with mercury should be prohibited. Although mercury 

poisoning tests have been widely used, its validity is a subject of dispute and many 

false negative results are reported in literature. 

To gain further information with respect to the homogeneous versus heterogeneous 

nature of the catalyst, kinetic poisoning studies with a scavenger reagent, dct 

(dibenzo[a,e]cyclooctatetraene), selective for mononuclear late transition metal 

species in low oxidation states were conducted.165,168 Once more, parallel reactions 

were performed, in neat substrate, ~ 4 bar of H2 and at ambient temperature. 

Addition of dct (6 equiv.) to the reaction mixture prior to H2, lead to minimal COE 

formation, whereas addition of dct (6 equiv.) after running the hydrogenation for 

40 min showed efficient catalyst deactivation and prevented any further conversion 

(Figure 58). Nevertheless, dct acts as strongly chelating ligand and shifts the 

equilibrium to the catalytically inactive [(ItBu)Co(η4-dct)] species. This is a premise 

based upon similar observations by Chirik’s group in the case of [(dppe)Co(η4-cod)] 

which seems to be the catalyst dormant species outside the catalytic cycle.113 

 

Scheme 20. COD hydrogenation reaction. 
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Figure 58. Poisoning studies performed with pre-catalyst 2H-Si in the hydrogenation of COD 

by addition of dct (6 equiv.). Lines are only drawn as visual guides. 

Hg addition to 2H-Si under an inert atmosphere (N2) induces no degradation, but in 

the presence of Hg and H2 the catalytic efficiency in COD hydrogenation is 

significantly reduced. While this observation may imply heterogeneous catalysis, we 

instead propose that the catalytically active (homogeneous) species formed after H2 

addition to 2H-Si is sensitive to Hg (Chart 1). Rapid formation of cobalt particles was 

observed by exposing 2H-Si to H2 in the absence of olefins, but these particles are 

no longer active in olefin hydrogenation, since no conversion was observed by 

testing them in COD hydrogenation. 
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3. Nickel(II) chemistry 

3.1 Motivation  

Nickel, as a group 10 metal, has a similar reactivity as palladium and platinum and 

can perform many of the same elementary reactions. Therefore, nickel was 

commonly considered to be an inexpensive replacement for Pd and Pt in catalysis 

except for cross-coupling reactions. However, this misconception was readily erased 

by numerous and diverse Ni-catalyzed reactions reported in the literature.169 

Recently, pioneering work by Brookhart,170,171 Carmona172 and Cámpora173 has 

triggered a wide interest in the use of late transition metal catalysts for olefin 

polymerization, CO insertion, CH bond activation and cross-coupling reactions. 

Therefore, it is not surprising that the synthesis and reactivity of bis(alkyl) Ni(II) 

complexes of the type [L2NiR2] have been extensively investigated along with their 

behavior in small molecule activation. In spite of the high reactivity and instability 

often associated with -bonded organonickel(II) compounds, a large number of alkyl 

and acyl derivatives have been prepared. Significant contributions originated from the 

group of Carmona and co-workers which resulted in numerous publications.172–178  

Nickel complexes have also been widely used as catalysts in olefin polymerizations. 

Major players in this field are Brookhart et al. who introduced highly efficient nickel 

catalysts for the synthesis of branched polyethylenes (PE) based on substituted 1,4-

di-azabutadiene or -diimine ligands containing sterically demanding 2,6-di-iso-

propylphenyl substituents at the imine nitrogen atoms.179 Recently, the same group 

reported a tris-1-adamantylphosphine-nickel complex of the type [Ad3PNiBr3]-

[Ad3PH]+, which can polymerize ethylene to ultrahigh-molecular weight PE when 

exposed to alkyl aluminum activators.170 
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3.2 Tmeda Ni(II) dialkyl complexes180 

Metal β-diketonates (M = Mn, Co, Ni, Cu and Zn) have been known for many years 

and have been widely investigated.181 These studies revealed that in the presence of 

additional ligands the metal will frequently expand its coordination number from 4 to 

6. In the case of nickel this is usually accompanied by a spin-state change from low-

spin to high-spin. 

[Ni(acac)2] was prepared using a literature known procedure.182 In solid-state, the 

molecule is trimeric with octahedral coordination of each nickel ion with Ni-Ni 

distances of 2.882 and 2.896 Å.183 By addition of the bidentate TMEDA ligand, the 

monomeric adduct was obtained (Scheme 21). [(tmeda)Ni(acac)2] was prepared 

following a slightly modified work-up procedure.184 Addition of a slight excess of 

TMEDA (10%) in n-hexane to [Ni(acac)2] led to a color change from green to blue. 

After removal of the volatile materials, the product was sublimed (70 °C, 10-3 mbar, 

static vacuum) to allow the isolation of the purified product. As a starting material, 

[(tmeda)Ni(acac)2] offers many advantages: it can be prepared on a multi-gram scale, 

it is easy to purify either by crystallization or sublimation and it is thermally robust. 

 

Scheme 21. Synthesis of [(tmeda)Ni(acac)2]. 

Transition metal dialkyl complexes with the two alkyl groups in cis arrangement have 

received a great deal of attention, especially concerning the mechanistic aspects of 

their thermal decomposition. A common decay route is the reductive elimination of 

the ligands, however in special cases distal H-activation processes (- or -

eliminations) can lead to the formation of metallacycles.185,186 It is known that hard 

nitrogen based ligands possess a lower stabilizing ability than the phosphine 

counterparts187,188 and therefore, exhibit low thermal stability and high sensitivity to 

oxygen and moisture. Another drawback is represented by the lithium or magnesium 

reagents used for the transfer of the alkyl groups to the desired metal center. Lithium 

alkyls possess a higher reductive potential than their magnesium analogues and 

often lead to undesired side reactions, whereas the magnesium analogues may 

result in incomplete substitution reactions. 

The synthetic procedure applied in the case of [(tmeda)CoR2] (R = CH2SiMe3, 

CH2CMe3, CH2CMe2Ph)124 was extended to nickel. The [(tmeda)NiR2] (R = Me (7-

Me), CH2SiMe3 (7-Si), CH2CMe3 (7-P), CH2CMe2Ph (7-Ph)) compounds were 

isolated by reacting [(tmeda)Ni(acac)2] with dialkyl magnesium reagents (MgR2) in 

Et2O at low temperatures (Scheme 22 and Experimental section). The products were 

purified through crystallization at −30 °C from concentrated n-hexane solutions for 7-
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Me, 7-Si, 7-P and THF for 7-Ph. Complex 7-Me is literature known,184 and the 

synthesis was reproduced with a comparable yield using a slightly modified work-up 

procedure (see Experimental section). 

Compound 7-Si was previously prepared starting from [(py)2NiCl2] and 

[Mg(CH2SiMe3)Cl] followed by TMEDA addition since the labile monodentate pyridine 

(py) ligands were unable to stabilize the dialkyl complex.175 Moreover, in the same 

publication it was notably mentioned that the same protocol gave unsatisfactory 

results for the neophyl substituted complex, which was attributed to its thermal 

instability. With the new route presented in Scheme 22, not only that a similar yield 

for compound 7-Si was achieved, but it also allowed the isolation of two new adducts 

(7-P and 7-Ph) which until this day was considered impossible. 

 

Scheme 22. Synthesis of [(tmeda)NiR2] dialky complexes. 

However, the preparations of [(tmeda)NiR2] were more tedious compared with the 

Co(II) derivatives. For instance, 7-P and 7-Ph were only isolated when a slight 

excess of tmeda, in the form of free TMEDA or as [(tmeda)MgR2] was used. A reason 

for this could be traced to the fact that besides the desired product also the tmeda 

adduct of [Mg(acac)2] was formed. Hence, in the absence of an excess of TMEDA 

the Ni(II)R2 lacked an stabilizing ligand and reductive elimination reactions were 

induced. Long exposure to dynamic oil pump vacuum ensured the elimination of 

TMEDA from the magnesium by-product exclusively. Nevertheless, the thermal 

stability of [(tmeda)NiR2] complexes was observed to be strongly dependent on the 

alkyl substituent, with 7-P the least stable within the series (Table 14). However, the 

isolation of the Ni(II) dialkyl complexes was achieved in moderate to good yields 

(Table 14). 

Table 14. Yields and selected physical properties of the (tmeda)Ni(II) adducts. 

Complex Color M.p. (°C) Yield (%) 

7-Me yellow-brown 79 (dec) 80 
7-Si brown 87-88 (dec.) 81 [61]a 
7-P red-brown 57-61 (dec.) 56 

7-Ph red 102-104 (dec.) 51 
8-Ph brown-orange 152-155 (dec.) 43 

aTwo synthetic protocols were used (See Experimental section). 
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The diamagnetic 1H NMR spectra of the four Ni(II) dialkyl complexes are depicted in 

figures 59 and 60. All resonances were identified and assigned. With respect to the 

chemical shifts of the methylene groups bound directly to Ni(II), these show 

characteristic high-field shifts (in both 1H- and 13C{1H} NMR), in agreement with other 

-alkyl derivatives of transition metals.175,189 This high-field shift was correlated with 

the electronegativity of the metal and the surrounding atoms.190 

 

Figure 59. The 1H NMR spectra (C6D6, 300 K) of 7-Me and 7-Si. 

 

Figure 60. The 1H NMR spectra (C6D6, 300 K) of 7-P and 7-Ph. 

The two signals corresponding to the tmeda ligand appear for all compounds in the 

region between  = 1 and 2 ppm. On the NMR time scale no exchange was observed 

when free TMEDA was added. The CH2, respectively CH3 groups directly bound to 

the Ni center are high-field shifted with resonances at  = −1.52 (7-Si), −0.52 (7-Me), 

0.00 (7-P) and 0.30 ppm (7-Ph), respectively. The upfield-shift of the -protons in the 

dialkyl ligands is strongly influenced by the inductive effect of the nearby atoms. The 

deshielding effect of electron withdrawing groups is roughly proportional to their 

electronegativity, i.e. since silicon is less electronegative than carbon, the electron 

density about the methylene group is larger than in neopentyl, and as a result the 

CH2 chemical resonance is further upfield shifted.  
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A single chemical resonance was identified for the alkyl groups (R) in the neosilyl and 

neopentyl derivatives, whereas the neophyl groups have, as expected, additional 

sets in the aromatic region (Table 15). An overview of the 1H- and 13C{1H} NMR 

collected data is given in Table 15 and 16. 

Table 15. 1H NMR data of the tmeda Ni(II) dialkyl complexes. 

 
1H NMR 

(ppm) 

 Ni-CH2 R 
CH2 

(tmeda) 

CH3 

(tmeda) 

7-Me - −0.52 1.46 1.97 

7-Si −1.52 0.60 1.23 1.86 

7-P 0.00 1.63 1.29 2.00 

7-Ph 0.30 

1.62 (CH3) 

7.10 (HAr-p) 

7.21 (HAr-m) 

8.30 (HAr-o) 

1.25 1.73 

Table 16. 13C{1H} NMR data of the tmeda Ni(II) dialkyl complexes. 

 
13C{1H} NMR 

(ppm) 

 Ni-CH2 R 
CH2 

(tmeda) 

CH3 

(tmeda) 

7-Me - -11.84 59.00 47.65 

7-Si −15.14 5.47 58.34 47.66 

7-P 13.26 
35.73 (CMe3) 

36.65 (CMe3) 
58.12 47.91 

7-Ph 14.82 

42.10 (Cq) 

35.30 (CH3) 

124.75 (CAr) 

127.70 (CAr) 

128.10 (CAr) 

154.77 (CAr-q) 

58.12 47.51 

Complexes 7-Si and 7-P were crystallized from cool (−30 °C) saturated n-hexane 

solutions, whereas THF was required for 7-Ph, allowing X-ray diffraction analysis to 

be conducted. ORTEP representations are shown in Figure 61. Compounds 7-Si and 

7-P crystallize in the monoclinic space groups C2/c and P21/n, while the 

orthorhombic space group Pbcn was adopted for 7-Ph. 

These structures display a slightly distorted square-planar geometry with the dialkyls 

orientated in a cis arrangement because of the bidentate nature of the tmeda ligand. 

To minimize steric interactions, the alkyl groups are orientated in opposite directions 

regarding the plane formed by N-Ni-N. The square-planar geometry around the Ni 
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site is emphasized by the angles between metal and alkyl groups 87.82° (7-Si), 

89.60° (7-P) and 92.74° (7-Ph). Furthermore, the 4 parameter revealed the neosilyl 

derivative closer to the square-planar geometry with a value of only 4 = 0.07 than the 

neopentyl (4 = 0.29) and neophyl (4 = 0.26) compounds (see Table 17). With 

respect to the Ni-Calkyl bond lengths of ca. 1.95 Å, these are common for such 

compounds and fit within the range found for other alkyl complexes of Ni(II), e.g. 

1.89(1) Å in [(py)2Ni(CH2SiMe3)2]175, 2.08(2) Å in [trans-(PMe3)2Ni(CH2SiMe3)2]174 and 

1.95(2) Å in [Ni(CH2SiMe3)2Cl(PMe3)2]189. Selected bond distances and angles are 

collected in Table 17 as well as in the figure caption of the ORTEP representations. 

 

 

 

 

 

 

 

Figure 61. Molecular structures of 7-Si, 7-P and 7-Ph (thermal ellipsoids drawn with 50% 

probability). Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles 

(°): Complex 7-Si: Ni-C1 1.9486(13), Ni-N 2.0641(11); C1#-Ni-C1 87.82(8), C1-Ni-N 

175.07(5), C1-Ni-N1# 93.62(5), N-Ni-N1# 85.34(7). Complex 7-P: Ni-C6 1.9505(16), Ni-C1 

1.9550(16), Ni-N1 2.1066 (15), Ni-N2 2.1194(16); C6-Ni-C1 89.60(7), C6-Ni-N1 159.10(7), 

C1-Ni-N1 97.22(7), C6-Ni-N2 97.06(6), C1-Ni-N2 159.71(7), N1-Ni-N2 83.31(6). Complex 7-

Ph: Ni-C1 1.9543(12), Ni-N1 2.1112(11); C1#-Ni-C1 92.75(7), C1-Ni-N1 94.34(5). C1-Ni-N1# 

161.52(4), N1#-Ni-N1 84.17(6). 

  

7-Si 7-P 

7-Ph 



Nickel chemistry – results and discussion 

101 

 

Table 17. Selected bond distances (Å) and angles (°). 

 7-Si 7-P 7-Ph 

Ni-N 2.0641(11) 2.1066(15) 2.1112(11) 
Ni-N 2.0641(11) 2.1194(16) 2.1112(11) 

Ni-Calkyl 1.9486(13) 1.9550(16) 1.9543(12) 

Ni-Calkyl 1.9486(13) 1.9505(16) 1.9543(12) 
N-Ni-N 85.34(7) 83.31(6) 84.17(6) 

Calkyl-Ni-Calkyl 87.82(8) 89.60(7) 92.75(7) 

4 0.07 0.29 0.26 

The thermal stability of these compounds was found to be predominantly influenced 

by the nature of the alkyl group R. Thus, the neosilyl complex 7-Si and the dimethyl 

derivative 7-Me were determined to be fairly stable at room temperature in solid-state 

as well as in solution for at least 24 h. The other two complexes are thermally more 

sensitive, with 7-P being the least stable. In solid-state, visual degradation was 

observed after storage at ambient temperature for several days, while in solution the 

decomposition occured whitin 4-5 h. In order to identify the degradation products, two 

test reactions were conducted. A solution of 7-P or 7-Ph in C6D6 was stirred at 

ambient temperature for 24 h. A nickel mirror formed after 4-5 h of stirring at rt. The 

volatile fractions were analyzed by NMR spectroscopy and GC/MS analysis. In the 

case of complex 7-P, 2,2,5,5-tetramethylhexane ( ), free TMEDA and traces of 

neopentane were detected (Figure 62), whereas for complex 7-Ph 2-methyl-2-

phenylpropane (  ) and free TMEDA (Figure 63) were identified. 

 

Figure 62. The 1H NMR spectra (C6D6, 300 K) of the volatile material in the decomposition 

test reaction of 7-P (  = 2,2,5,5-tetramethylhexane). 
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Figure 63. The 1H NMR spectra (C6D6, 300 K) of the volatile material in the decomposition 

test reaction of 7-Ph (  = 2-methyl-2-phenylpropane). 

Nickel bis(neophyl) complexes are known to encounter thermally induced 

intramolecular -H abstraction processes with the formation of the corresponding 

cyclometallated products and the simultaneous elimination of tert-butylbenzene.176,177 

However, 7-Ph eliminates tert-butylbenzene without the formation of the expected 

metallacycle. A similar study by Cámpora et al. showed that after 18 h at ambient 

temperature, [(py)2Ni(CH2CMe2Ph)2]173 converted to the coupled ligand, 2,5-dimethyl-

2,5-diphenylhexane, together with tert-butylbenzene and minor amounts of the 

corresponding metallacycle. They assumed that the decomposition pathway 

represented by the reductive elimination was dominant, whereas the cyclometallation 

constituted only a minor reaction path. Since the yield for the metallacycle was low, 

they showed that the addition of a catalytic amount of PMe3 (ca. 5 mol%) resulted in 

quantitative formation of the desired compound in less than 1 h. The catalytic action 

of PMe3 on [(py)2Ni(CH2CMe2Ph)2] was explained by the known ability of phosphine 

ligands to promote the -H abstraction in nickel neophyl complexes.177,191 

The same protocol was applied for complexes 7-Si and 7-Ph and the results are 

similar to those of Carmona et al. In the case of 7-Si, the addition of PMe3 to a 

solution of the complex in C6D6 resulted in the formation of the known cis- and trans-

[(Me3P)2Ni(CH2SiMe3)2] adducts in a ratio of ca. 2 : 1, different to the 4 : 1 ratio 

observed when [(py)2Ni(CH2SiMe3)2] was used. Nonetheless, exposure of 7-Ph in 

C6D6 to PMe3 led to the formation of the metallacycle [(tmeda)Ni(-C:C-

CH2CMe2C6H4)] (8-Ph). 
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A proposed mechanism adapted from the work of Cámpora et al. is illustrated in 

Chart 2. PMe3 binds to the nickel center by replacing one sidearm of the tmeda 

ligand forming the intermediate 7´-Ph which readily eliminates tert-butylbenzene to 

form 8´-Ph. Since Ni(II) complexes undergo very fast ligand exchange reactions, the 

phosphine can be transferred from 8´-Ph to 7-Ph forming 7´-Ph. 

 

Chart 2. The proposed mechanism for the formation of the metallacycle 8-Ph. 

After the crystallization of 8-Ph, the 31P{1H} NMR spectrum of the mother liquor 

showed the presence of three new species in a 1 : 9 : 9 ratio with chemical shifts 

 = −21.26 (s), −18.59 (s) and −12.60 (s) ppm. The latter two signals may correspond 

to the two possible isomers of 8’-Ph, whereas the first one to the intermediate 7’-Ph. 

Complex 8-Ph was synthesized by the addition of a catalytic amount of PMe3 to the 

isolated 7-Ph or to the in situ species, avoiding in this manner the tedious purification 

steps for 7-Ph. The purity of the complex was determined by NMR spectroscopy, the 
1H NMR spectrum is depicted in Figure 64 together with the corresponding one for 

the bis(neophyl) analogue.  

In the spectrum of 7-Ph, broad singlets (most likely because of dynamic effects) were 

observed for the protons found in the vicinity of the Ni(II, d8) center. The protons of 

the methylene group of the neophyl ligand are found at  = 0.22 ppm, whereas the 

protons of the CMe2 groups appear at  = 2.00 ppm. On the other hand, for the CH 

bond activated derivative (8-Ph), sharp signals for the CH2 protons are observed at 

 = 0.64 ppm and for the protons of CMe2 at  = 1.39 ppm. 
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Figure 64. The 1H NMR spectra (THF-d8, 300 K) of the complexes 7-Ph and 8-Ph (aliphatic 

region). 

An interesting observation in the aliphatic region is illustrated by the chemical shifts of 

the tmeda ligand. Sharp singlets are detected for complex 7-Ph at  = 1.59 (CH3) and 

1.93 (CH2) ppm, whereas for 8-Ph they are found at  = 2.40 ppm (CH2),  = 2.50 

and 2.66 ppm (CH3) (Figure 64). The methylene protons of tmeda in 8-Ph are 

observed as a slightly broadened singlet attributed to their location on the h plane of 

the molecule, while the CH3 groups are identified as two individual set of singlets. 

This was further supported by the 13C{1H} NMR spectroscopy where the CH2 and 

CH3 carbon atoms are found also as two distinct sets of signals. A section of the 

HSQC spectrum of complex 8-Ph is depicted in Figure 65.  
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Figure 65. Part of the HSQC spectrum (THF-d8, 300 K) of complex 8-Ph. 

In the aromatic region, the phenyl groups of 7-Ph are equivalent and the expected 

signals are readily assigned: a deshielded doublet at  = 8.20 ppm for the protons in 

the o-position and two triplets for the m- and p-protons at  = 7.20 and 7.00 ppm, 

respectively. For complex 8-Ph, a significant shift towards high-field was registered: 

The doublet for the proton in the m-position ( to the CH bond activation) appeared 

at  = 7.06 ppm, the triplet corresponding to the proton in the p-position at 

 = 6.61 ppm and a multiplet at  = 6.50 ppm for the two protons in the o- and m-

position (Figure 66). 

 

Figure 66. The 1H NMR spectra (THF-d8, 300 K) of the complexes 7-Ph and 8-Ph (aromatic 

region). 

The ORTEP representation of complex 8-Ph is provided in Figure 67. The complex 

crystallizes only by chance in the chiral orthorhombic space group P212121, it does 

not represent a pure enantiomer.  



Nickel chemistry – results and discussion 

106 

 

 

Figure 67. Molecular structure of 8-Ph (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°): Ni-C1 

1.9303(10), Ni-C6 1.9120(10), Ni-N1 2.0648(9), Ni-N2 2.0527(9); C6-Ni-C1 81.56(4), C6-Ni-

N2 173.96(4), N1-Ni-N2 85.94(4). 

The nickel atom has a distorted square-planar environment (4 = 0.07). The bond 

lengths around the metal center, Ni-C1 1.9303(10) Å and Ni-N of 2.05875(9) Å are 

similar to those found in 7-Ph with Ni-C1 1.9543(12) Å and Ni-N 2.1112(11) Å, 

respectively. Regarding the bite angle of the tmeda ligand, a ca. 2° larger value was 

determined for 8-Ph (85.94(4)°), compared with 84.17(6)° for 7-Ph, attributed to a 

reduced steric constrain induced by the CH bond activated ligand. However, a 

noteworthy difference is observed in the angle formed by the Ni(II) atom and the alkyl 

ligand(s); the CH bond activation in the o- position of the phenyl group restrains the 

angle to 81.56(4)° in 8-Ph, ca. 11° larger than in the disubstituted 7-Ph (92.75(7)°). 

Its value is nevertheless common for literature known Ni(II) neophyl activated 

examples: 82.36(24)° in [(Me3P)Ni(κ-C:C-CH2CMe2C6H4)(py)]176 or 80.7(5)° in the 

parent complex [(Me3P)2Ni(κ-C:C-CH2CMe2C6H4)].191 

Metallacyclic complexes are regarded as an attractive class of compounds because 

of their involvement in various catalytic processes and their application in organic 

synthesis.192,193 For instance, the key intermediate in alkyne metathesis are usually 

based on metallacyclobutadienes.194 
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3.3 Tmeda replacement by a bidentate phosphine 

The chemistry of Ni(II) dialkyl complexes based on phosphine ligands was thoroughly 

explored by Carmona et al.174,189,191 Therefore, as a proof of principle, only depe was 

employed in tmeda exchange reactions involving complexes 7-Si and 7-Ph. The 

replacement occurred at ambient temperature within 2 h allowing the isolation of the 

diphosphine adducts 9-Si and 9-Ph in good yields, 52% and 68%, respectively 

(Scheme 23). n-Hexane was the chosen solvent for 9-Si, while for 9-Ph THF was 

used, related to the low solubility of the target compound which precipitates from the 

reaction mixture as a yellow-orange microcrystalline solid. 

 

Scheme 23. Replacement of tmeda in [(tmeda)NiR2] by a bidentate phosphine. 

The depe Ni(II) dialkyl complexes have a slightly distorted square-planar geometry 

around the nickel center with the alkyl groups arranged in cis position because of the 

bidentate nature of the phosphine ligand. The 1H NMR spectra of the two compounds 

are shown in Figures 68 and 69. For complex 9-Si all chemical shifts appear in a 

narrow chemical shift window between 0 and 1.5 ppm. The protons of the tms groups 

are identified as a singlet at  = 0.45 ppm, the methylene protons of the neosilyl 

ligand as a doublet of doublets (JHH = 6 Hz and JHP = 15 Hz) at  = 0.21 ppm and the 

protons of the depe ligand as multiplets at  = 0.84 and 1.39 ppm, respectively 

(Figure 68).  

 

Figure 68. The 1H NMR spectrum (C6D6, 300 K) of complex 9-Si. 
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The high purity of 9-Ph was also established by NMR spectroscopy. In Figure 69, the 
1H NMR spectrum is shown with chemical shifts and integrals matching the expected 

ones. In the aliphatic region, the protons of the CMe2 groups appear as a singlet at 

 = 1.45 ppm, whereas the three multiplets corresponding to the depe ligand display 

chemical shifts at  = 1.07, 1.37 and 1.66 ppm, respectively. The aromatic protons 

resonate at  = 7.04 (HAr-o), 7.19 (HAr-m) and 7.53 (HAr-p) ppm, respectively. In the 
31P{1H} NMR spectrum only one phosphorus signal was observed with a chemical 

shift of  = 54.79 (9-Si) and  = 41.57 (9-Ph) ppm, being in agreement with similar 

diphosphine Ni(II) dialkyls.172  

 

Figure 69. The 1H NMR spectrum (CD2Cl2, 300 K) of complex 9-Ph.  

The diphosphine Ni(II) complexes were crystallized from saturated solutions of n-

hexane (9-Si) or THF (9-Ph) at −30 °C. Several attempts to analyze 9-Si by X-ray 

diffraction were made, however, because of unsatisfactory reflexion intensity no data 

could be collected. Suitable crystals of compound 9-Ph were investigated by X-ray 

diffraction analysis and the ORTEP representation is depicted in Figure 70. The 

complex crystallizes in the tetragonal space group P(4̅)n2 and has a geometry at the 

metal site close to the ideal square-planar with an angle formed by P-N-C1 of 

170.06° and a 4 value of 0.14. 

 

Figure 70. ORTEP representation of the molecular structure of 9-Ph (thermal ellipsoids 

drawn with 50% probability). Hydrogen atoms are omitted for clarity. Selected bond distances 

(Å) and angles (°): Ni-C1 2.0079(19), Ni-P 2.1944(6); C1#-Ni-C1 91.32(11), P1#-Ni-P1 

86.05(3), C1-Ni-P1# 170.06(5), C1-Ni-P 92.12(5). 
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A comparison between 9-Ph and the Co analogue 4-Ph showed no difference in the 

bite angle of the bidentate phosphine, in both cases almost identical angles were 

observed, 86.05(3)° and 86.08(2)°, respectively. Nevertheless, the angle between 

C1-Ni-C1 in 9-Ph (91.32(11)°) is significantly larger compared to the CH bond 

activated Co(II) analogue 4-Ph (82.82(9)°) restrained by the formation of the five-

membered metallacycle. 
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3.4 Tmeda displacement in [(tmeda)Ni(CH2SiMe3)2] by NHCs 

Preliminary tests showed that the bidentate tmeda ligand from 7-Si represents a 

challenge and its replacement is non-trivial. Good -donor and spectator ligands like 

NHCs (such as ItBu2 or IMes2) or sterically demanding phosphines (such as PtBu3 or 

P(C6H2(OMe)3-2,4,6)3) were inefficient in these exchange reactions and led either to 

decomposition or to the isolation of the unreacted starting materials. This behavior is 

in disagreement with the one observed for the [(tmeda)NiMe2] derivate, that forms 

after tmeda replacement and reductive elimination, Ni(0) compounds of the type 

[(NHC)2Ni] when treated with bulky NHC ligands (IMes2, IDipp2, SIiPr2 (1,3-bis- (2,6-

diisopropylphenyl)imidazolin-2-ylidene), SItBu2 (1,3-di(tertbutylimidazolin-2-ylidene)). 

However, in the case of the less encumbered IiPr2Me2 (IiPr2Me2 = 1,3-di-iso-propyl-

4,5-dimethylimidazol-2-ylidene) the cis-adduct [cis-(IiPr2Me2)2NiMe2] was isolated. 

This is one of the very few known examples containing two cis-positioned NHC 

ligands.195 

Tmeda replacement from the Ni(II) dialkyl adducts was possible only when heated 

(50 °C) in the presence of the sterically less encumbered NHC (IiPr2Me2) with 

different products depending on the number of NHC equivalents used. The reaction 

between 7-Si or 7-Ph and 1 eq. of IiPr2Me2 led to two different CH bond activated 

compounds. In the case of the neosilyl derivative, the exchange reaction took place 

at 50 °C, allowing the isolation of complex 10-Si in which two carbenes are 

coordinated to the nickel center. One neosilyl group acted as an internal base and 

deprotonated one iPr group of the NHC ligand with the formation of a five-membered 

metallacycle (Scheme 24). 

For the neophyl analogue 7-Ph, three individual routes were explored, with the 

second one being the improved synthetic method. To the in situ formed complex 7-

Ph, 2 eq. of NHC were added at −35 °C and the reaction mixture was stirred for 3 h. 

Extraction with n-hexane and crystallization at −30 °C allowed the isolation of 10-Ph 

in 11% yield. For the second method, isolated 7-Ph was employed. Addition of 2 eq. 

of the NHC at ambient temperature and a reaction time of 6 h, allowed the isolation of 

the target product in 45% yield after crystallization from E2O at −30 °C (Scheme 24).  

Finally, in the last route bromide abstraction from the [trans-(IiPr2Me2)NiBr2] was 

possible using [Mg(CH2SiMe3)2] (vide infra). All three protocols led to the same 

product formation, namely 10-Ph. In this case, the CH bond activation does not occur 

at the ligand, instead an ortho-activation of the aromatic moiety was observed with 

simultaneous alkane elimination. 
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Scheme 24. Replacement of tmeda in [(tmeda)NiR2] by NHC. 

Both compounds were fully characterized and their purity was established by NMR 

spectroscopy. For 10-Si, the 1H NMR spectrum is illustrated in Figure 71. The CH 

bond activated iPr group reduces the overall symmetry of the molecule with the two 

IiPr2Me2 ligands being now inequivalent. The CH protons of the iPr groups appear as 

four distinctive sets of septets at  = 6.90 (JHH = 7.2 Hz), 6.06 (JHH = 7.0 Hz), 4.27 

(JHH = 6.7 Hz) and 4.09 (JHH = 7.1 Hz) ppm, respectively. The methylene protons of 

the neosilyl ligand show an upfield shift and appear as two individual doublets 

( = −0.55 and −0.35 ppm) with a geminal coupling of 2JHH = 11 Hz. This coupling fits 

in the typical range of 10-12 Hz for the two-bond H-H coupling for unstrained CH2 

(where C is sp3 hybridized) protons with ordinary substituents. The two protons of the 

CH activated group of the iPr substituent have different chemical shifts,  = 1.55 and 

2.28 ppm, because of chemically and magnetically different environments. The 

chemical shift for the proton at  = 2.28 ppm overlaps with the signals of two methyl 

groups, whereas the doublet of doublets for the second proton presents a geminal 

coupling of 2JHH = 11 Hz and a 3JHH = 7 Hz. The Ccarbene atom resonances were 

detected by 13C{1H} NMR spectroscopy at  = 188.5 ppm for the CH bond activated 

NHC and at  = 200.5 ppm for the second moiety. 
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Figure 71. The 1H NMR spectrum (C6D6, 300 K) of complex 10-Si. 

The 1H NMR spectrum of compound 10-Ph is shown in Figure 72. Distinct singlets 

are observed for the protons of the CH2 group directly bound to the Ni(II) metal center 

at  = 1.57 ppm, whereas those of the two methyl moieties of the neophyl ligand 

appear at  = 1.96 ppm. The CH bond activation of the phenyl group occurred in the 

ortho position with the formation of the corresponding five-membered metallacycle. 

The remaining four aromatic protons can easily be identified and assigned: At 

 = 6.79 ppm a doublet for the proton in the remaining ortho position, two triplets at 

 = 7.05 and 7.25 ppm for the protons in para and meta position and another doublet 

at  = 7.34 ppm for the H in  position to the CH bond activated site. With respect to 

the NHC resonances, these were also identified in the expected chemical shift 

region: The septets of the CH(iPr) at  = 6.11 and 6.24 pm respectively, the methyl 

units of the iPr groups as doublets between  = 1.01 and 1.31 ppm and the backbone 

methyl protons as singlets at  = 1.71 and 1.74 ppm. The Ccarbene atoms resonances 

were detected by 13C{1H} NMR at  = 198.5 ppm and at  = 199.0 ppm for the second 

moiety. 

 
Figure 72. The 1H NMR spectrum (C6D6, 300 K) of complex 10-Ph. 

The solid-state molecular structures of compounds 10-Si and 10-Ph were determined 

by single crystal X-ray diffraction analysis. ORTEP diagrams are presented in 

Figure 73. Complex 10-Si crystallizes in the triclinic space group P1̅, whereas 10-Ph 

crystallizes in the monoclinic space group P21/n. The geometry of the two CH bond 

activated complexes is close to the ideal square-planar with 4 values of 0.12 and 
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0.18, respectively. The angle between the Ccarbene atoms and the metal center has a 

similar size in both complexes with 98.83(5)° (10-Si) and 97.40(7)° (10-Ph), 

respectively. In both compounds one NHC ligand is oriented orthogonally to the 

plane formed by the second NHC ligand and the alkyl, with significant different 

angles, 84.95° and 68.52° for 10-Si and 10-Ph, respectively. Likewise, distinct angles 

were observed for the C(CH bond activated)-Ni-Calkyl in 10-Si (90.39(5)°), almost 8° larger 

than the one in 10-Ph (82.12(7)°). The latter reflects the obstructing effects induced 

by the CH bond activation in the ortho-position of the phenyl group. Slightly shorter 

bond distances between the nickel site and the Ccarbene were determined for complex 

10-Si (Ni-C1 1.9081(11) Å and Ni-C12 1.9215(11) Å) compared to those observed for 

10-Ph (Ni-C1 1.9273(16) Å and Ni-C12 1.9444(16) Å), attributed to the steric 

hindrance caused by the CH bond activated iPr moiety in 10-Si. On the other hand, 

essentially identical bond lengths were established for Ni-C(CH bond activated) of 

1.9786(12) Å for 10-Si and 1.9720(17) Å for 10-Ph (see Figure 73). 

 

Figure 73. ORTEP representations of 10-Si (left) and 10-Ph (right) (thermal ellipsoids drawn 

with 50% probability). Hydrogen atoms are omitted for clarity. Selected bond distances (Å) 

and angles (°): Complex 10-Si: Ni-C1 1.9081(11), Ni-C12 1.9215(11), Ni-C5 1.9786(12), Ni-

C23 2.004(11); C1-Ni-C12 98.83(5), C1-Ni-C5 81.27(5), C12-Ni-C5 171.88(5), C5-Ni-C23 

90.39(5). Complex 10-Ph: Ni-C1 1.9273(16), Ni-C23 1.9238(17), Ni-C30 1.9720(17), Ni-C12 

1.9444(16); C23-Ni-C1 167.10(7), C23-Ni-C12 92.21(7), C23-Ni-C30 82.12(7), C1-Ni-C12 

97.40(7). 

The reaction of the tmeda nickel dialkyl compounds 7-Me/Si/P with 2 eq. of IiPr2Me2 

led to smooth tmeda replacement and the isolation of the corresponding cis-(NHC)2 

substituted complexes 11-Me/Si/P was accomplished (see Scheme 25). 
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Scheme 25. Replacement of tmeda in [(tmeda)NiR2] by two equivalents NHC. 

Complex 11-Me was previously reported by Danopoulos et al. (but only a X-ray 

analysis was provided) as an intermediate in the synthesis of (NHC)2Ni(0) 

complexes.195 As proof of principle, the reaction between 7-Me and 2 eq. of IiPr2Me2 

was repeated under slightly different conditions (reaction time and solvent) and the 

product fully characterized (see Experimental section). However, addition of 2 eq. of 

IiPr2Me2 to 7-P formed 11-P in only 23% yield. Nevertheless, its purity was 

determined by spectroscopic measurements. As an example, the 1H NMR spectrum 

recorded in C6D6 is depicted in Figure 74. All resonances were identified and 

assigned. The carbene backbone methyl groups appear as singlets at  = 1.66 and 

1.80 ppm, the CH protons of the iPr groups emerge as distinct septets at  = 5.50 

and 7.06 ppm, whereas the protons of the remaining methyl groups give rise to 

doublets in the interval between  = 0.38 to 1.57 ppm. A chemical shift in the same 

region was detected for the tert-butyl groups of the neopentyl ligands ( = 1.54 ppm). 

In the 13C{1H} NMR spectrum, the Ccarbene resonance was identified as a singlet at 

 = 199.9 ppm, similar to 11-Me ( = 220.5 ppm) and 11-Si ( = 198.8 ppm). 

 

Figure 74. The 1H NMR spectrum (C6D6, 300 K) of complex 11-P. 

The thermal behavior in solid-state was examined and all three compounds (11-Me, 

11-Si and 11-P) exhibited similar melting points with decomposition in the range of 

109-143 °C. In solution, unidentified products and side reactions like reductive 

elimination of the ligands and Ni(0) particle formation were observed for 11-Me and 
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11-P. In the case of the more stable complex 11-Si, the thermal behavior in solution 

was studied by 1H NMR spectroscopy (vide infra Isomerization studies). 

Addition of 2 eq. of IiPr2Me2 or IiPr2 (IiPr2 = 1,3-di-iso-propylimidazol-2-ylidene) to 7-

Si allowed exclusively the isolation of the corresponding cis-isomers 11-Si and 11-

Si(H). The new compounds were investigated by NMR spectroscopy and in both 

cases a dynamic behavior in solution reflects itself by broad NMR resonances 

(Figure 75). For example, the methylene protons of the neosilyl ligands were found 

as a broad signal at  = −0.5 ppm for complex 11-Si, while the slightly broadened 

singlet was attributed to 11-Si(H) ( = −0.44 ppm). A comparable chemical shift of the 

SiMe3 groups was noted for the two species:  = 0.50 ppm for 11-Si and 

 = 0.46 ppm for 11-Si(H). Concerning the NHC ligands, broad resonances for the 

CH protons of the iPr groups were identified at  = 5.54 and 7.06 ppm (11-Si) and 

 = 5.76 ppm (11-Si(H)). The corresponding methyl groups appear at  = 1.41 and 

1.69 ppm as broad resonances for 11-Si and at  = 0.73 and 1.26 ppm for 11-Si(H). 

In the 13C{1H} NMR spectra, the Ccarbene atoms were detected in the low-field region 

having a chemical shift of  = 198.8 ppm and  = 200.5 ppm for 11-Si and 11-Si(H), 

respectively. 

 

Figure 75. The 1H NMR spectra (C6D6, 300 K) of complexes 11-Si and 11-Si(H). 

The solid-state molecular structures were determined by single crystal X-ray 

diffraction analysis. ORTEP representations are illustrated in Figure 76. The 

complexes crystallize in the monoclinic space group P21/n (11-Si) and C2/c (11-

Si(H)). For 11-Si(H) two different data sets were collected at 130 K and 150 K, both 

presenting the same space group, having nonetheless different cell parameters. 

Considering the lower quality of the data set collected at 150 K, the discussion of 

structural parameters in comparison with those of 11-Si only focuses on the structural 

data collected at 130 K. 

The geometry around the metal site with 4 values of 0.11 and 0.17, respectively, is 

close to an ideal square-planar arrangement (4 = 0). This is also reflected in the 

angles formed by one NHC ligand, the metal center and the opposite alkyl 

substituent, for which angles of 172.59° (11-Si) and 168.24° (11-Si(H)) were 
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observed which are close to the ideal value of 180°. The angles between the alkyl 

ligands and the Ni(II) are slightly different, 85.05(7)° (11-Si) and 87.92(8)° (11-Si(H)), 

the latter approximately 3° larger attributed to the less sterically hindered NHC 

backbone in the unsubstituted IiPr2. Regarding the Ccarbene-Ni bond lengths, slightly 

larger values were detected for 11-Si (1.953(15) Å) compared with 1.9274(13) Å, as 

a result of the increased bulkiness conferred by the IiPr2Me2. However, identical bond 

distances were determined for Ni-Calkyl of 2.0046(15) Å (11-Si) and 1.9920(13) Å (11-

Si(H)). 

Figure 76. ORTEP representations of 11-Si (left) and 11-Si(H) (right) (thermal ellipsoids 

drawn with 50% probability). Hydrogen atoms are omitted for clarity. Selected bond distances 

(Å) and angles (°): Complex 11-Si: Ni-C1 1.9524(15), Ni-C12 1.9541(15), Ni-C23 2.0046(15), 

Ni-C27 2.0046(15); C1-Ni-C12 98.54(6), C1-Ni-C23 172.59(6), C12-Ni-C23 87.57(6), C23-Ni-

C27 85.05(7). Complex 11-Si(H): Ni-C1 1.9274(13), Ni-C10 1.9920(13); C1-Ni-C1# 93.92(7), 

C1-Ni-C10# 168.24(5), C1-Ni-C10 90.21(5), C10-Ni-C10# 87.92(8). 

Crystals of 11-Si(H) shattered upon cooling to 100 K, therefore higher temperatures 

were required for the X-ray data collection. In Figure 77, two ORTEP representations 

of complex 11-Si(H) measured at 130 K and at 150 K are depicted, respectively. Two 

different polymorphs were investigated. Both crystallize in the space group C2/c with 

imposed twofold symmetry of the molecule, but the different lengths of the b axes 

confirm that the two forms are distinct. Polymorph structures in the same space 

group are rare and usually it occurs because of anisotropic thermal expansion of the 

unit cell upon warming. A net volume expansion was observed for the two 

measurements 3134.6(3) Å3 (130 K) and 3285.3(3) Å3 (150 K), which affects also the 

cell parameters, some are shrinking and others expanding (see cell dimensions in 

Crystallographic data). 

The bond lengths around the Ni(II) site, Ni-Ccarbene and Ni-Calkyl, are slightly elongated 

in the molecular structure measured at 150 K (1.9355(13) Å and 1.9988(14) Å) 

compared with the one at 130 K (1.9274(13) Å and 1.9920(13) Å). A noticeable 

difference of ca. 3° was observed by comparing the angles formed by Calkyl-Ni-Calkyl 
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for both data sets 87.92(8)° (130 K) and 85.34(9)° (150 K), whereas a slightly smaller 

angle formed by Ccarbene-Ni-Ccarbene was detected for the structure measured at 130 K 

(93.92(7)°) vs. the one collected at 150 K (94.89(8)°). These differences and the 

divergent geometry index values of 4 = 0.17 (130 K) and 4 = 0.08 (150 K) may arise 

from the crystal packing effects imposed by the crystallization conditions including 

temperature and solvent composition. 

Figure 77. ORTEP representations of 11-Si(H)-130 K (left) and 11-Si(H)-150 K (right) 

(thermal ellipsoids drawn with 50% probability). Hydrogen atoms are omitted for clarity. 

Selected bond distances (Å) and angles (°): Complex 11-Si(H)-130 K: Ni-C1 1.9274(13), Ni-

C10 1.9920(13), Si-C10 1.8494(14); C1-Ni-C1# 93.92(7), C1-Ni-C10# 168.24(5), C1-Ni-C10 

90.21(5), C10-Ni-C10# 87.92(8). Complex 11-Si(H)-150 K: Ni-C1 1.9355(13), Ni-C10 

1.9988(14), Si-C10 1.8435(16); C1-Ni-C1# 94.89(8), C1-Ni-C10# 174.04(6), C1-Ni-C10 

89.99(6), C10#-Ni-C10 85.34(9). 

A survey of some selected physical properties is presented in Table 18. During the 

replacement of the tmeda ligand in 7-Si by 2 eq. of IiPr2Me2, the side product [trans-

(IiPr2Me2)2Ni(S-C3N2Me2iPr)2] (12) was isolated as red rectangular crystals in less 

than 2% yield. However, it was only observed in this reaction and its formation was 

attributed to a trace contamination of the IiPr2Me2 ligand with its thiourea precursor. 

Table 18. Yields and selected physical properties of the (NHC)2Ni(II) complexes. 

Complex Color M.p. (°C) Yield (%) 

10-Si brown 145-147 (dec) 33 
10-Ph yellow 207 (dec.) 11 [45]a 
11-Me yellow-orange 141-143 (dec.) 44 

11-Si yellow-brown 117-119 (dec.) 49 
11-Si(H) yellow-brown 132-134 (dec.) 31 

11-P yellow-brown 109-111 (dec.) 23 

12 red n.d < 2 

  a improved protocol; n.d = not determined. 
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Characteristic resonances of compound 12 were identified in the 1H NMR spectrum 

as follows: The CH(iPr) protons of the normal NHC appear as a septet at 

 = 7.10 ppm, whereas the corresponding two protons of the CH(iPr) in the thio-

imidazole derived ligand emerge as a broad singlet at  = 5.50 ppm. In the 
13C{1H} NMR spectrum the Ccarbene atom resonates at  = 174.7 ppm, while the 

quaternary carbon atom (C1) of the thio-imidazole has a higher chemical shift, 

 = 148.0 ppm. 

Complex 12 crystallizes in the monoclinic space group P21/n. The geometry around 

the Ni(II) metal site is square-planar with 4 = 0, which was calculated based on the 

two largest angles within the four-coordinate species, both 180° (Figure 78). The Ni-

Ccarbene bond length of 1.9055(11) Å is unexceptional and comparable with other Ni-

NHC complexes such as 11-Si (1.9524(15) Å), but slightly shorter than in the StBu 

(where StBu = tert-butylthiolato) substituted complex [trans-(IiPr2Me2)2Ni(StBu)2] 

presented by Henkel and Flörke196 with a Ni-Ccarbene bond distance of 1.9254 Å. The 

same pattern is also observed for the Ni-S bond length of 2.2033(3) Å in 12 

compared with 2.2436 Å in the StBu analogue.  

Figure 78. ORTEP representation of [trans-(IiPr2Me2)2Ni(S-C3N2Me2iPr)2] 12 (thermal 

ellipsoids drawn with 50% probability). Hydrogen atoms are omitted for clarity. Selected bond 

distances (Å) and angles (°): Ni-C1 1.9055(11), Ni-S 2.2033(3), S-C12 1.7595(12); C1-Ni-

C1# 180.0, C1-Ni-S 95.27(3), C1-Ni-S1# 84.73(3), S-Ni-S# 180.0. 
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3.5 Partial tmeda substitution by the bulky NHC ItBu2 

The bulky ItBu2 was previously tested in the replacement of the bidentate tmeda 

ligand from [(tmeda)NiR2] (where R = Me, CH2SiMe3, CH2CMe3, CH2CMe2Ph)  

complexes, but without much success. To overcome the strong coordination of the 

nitrogen containing ligand, one-pot reactions were conducted starting with the in situ 

formation of the ItBu2 adduct of [Ni(acac)2] to which the base-free Grignard reagent 

was added at low temperatures (−30 °C for [Mg(CH2SiMe3)2] and −50 °C for 

[Mg(CH2CMe2Ph)2]). After work-up and crystallization, the products were isolated as 

the mono-substituted species 13-Si and 13-Ph (Scheme 26). 

 

Scheme 26. One-pot reaction synthesis of the monoalkylated Ni(II) compounds. 

The 1H NMR spectra are presented in Figure 79. All expected resonances were 

identified and assigned. The ItBu2 and acac ligands show similar chemical shifts in 

both complexes. For the NHC ligand, the resonances for the tert-butyl protons appear 

at  = 2.20 (13-Si) and 2.21 ppm (13-Ph), whereas the backbone protons emerge at 

 = 6.44 and 6.43 ppm, respectively. The methyl groups of the acac ligands give rise 

to singlets at  = 1.60 and 1.78 ppm for the neosilyl substituted complex and at 

 = 1.50, 1.58 ppm for the neophyl one, while the CH proton of the two analogues 

appears at  = 5.22 and 5.18 ppm, respectively. The methylene protons of the alkyl 

ligands exhibit a different chemical shift,  = −0.75 ppm for 13-Si, and a slightly low-

field shifted resonance,  = 1.03 ppm, for the neophyl substituted compound 13-Ph. 

The SiMe3 protons appear at  = 0.51 ppm and the neophyl moiety features matching 

integrals in the aromatic region between  = 7.09 and 7.66 ppm (Figure 79). 
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Figure 79. The 1H NMR spectra (C6D6, 300 K) of complexes 13-Si and 13-Ph (*residual 

solvent). 

Crystals suitable for X-ray diffraction analysis were obtained by cooling a saturated 

solution of the target complex at −30 °C for at least two days. n-Hexane was used for 

13-Si, whereas for 13-Ph THF was necessary. The ORTEP representations are 

provided in Figure 80.  

Figure 80. Displacement ellipsoid plots (thermal ellipsoids drawn with 50% probability) for 

13-Si (left) and 13-Ph (right). Hydrogen atoms are omitted for clarity. Selected bond 

distances (Å) and angles (°): Complex 13-Si: Ni-C1 1.8906(13), Ni-O1 1.9022(9), Ni-O2 

1.9387(10), Ni-C12 1.9537(13); C1-Ni-O1 177.06(5), C1-Ni-O2 90.06(5), O1-Ni-O2 92.74(4), 

C1-Ni-C12 90.58(5), O2-Ni-C12 179.36(5), O1-Ni-C12 86.63(5); 4 = 0.025. Complex 13-Ph: 

Ni-C1 1.8777(12), Ni-O1 1.8900(9), Ni-O2 1.9493(9), Ni-C12 1.9787(12); C1-Ni-O1 

178.83(4), C1-Ni-O2 86.84(4), O1-Ni-O2 92.00(4), C1-Ni-C12 86.45(5), O2-Ni-C12 

172.94(4), O1-Ni-C12 94.72(4); 4 = 0.06. 

Compound 13-Si crystallizes in the monoclinic space group P21/n and 13-Ph in the 

triclinic space group P1̅. The geometry around the Ni(II) site is in both cases close to 

the ideal square-planar with 4 values of 0.03 and 0.06, respectively. The angle 

formed between the imidazol-2-ylidene-Ni plane and the acac-Ni-CH2 plane adopts a 
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value of 85.76° (13-Si) and 83.68° (13-Ph), suggesting that the NHC is orientated 

orthogonal to minimize the steric obstruction induced by the bulky tert-butyl groups. 

For the two species, typical bond lengths around the metal center were determined, 

in agreement with related (NHC)2-Ni(II) complexes (see Chapter 3.4). On the other 

hand, a bond distance contraction was observed by direct comparison with the Co(II) 

analogues 3H-Si and 3H-Ph (see Table 19), attributed to the different ionic radii and 

the different spin-states of Co(II) and Ni(II). This is best reflected by the Ccarbene-M 

bond length, which is ca. 0.2 Å shorter in the nickel derivatives 13-Si and 13-Ph than 

the cobalt analogues 3H-Si and 3H-Ph. 

Table 19. Selected bond distances (Å) and angles (°). 

 3H-Si 13-Si 3H-Ph 13-Ph 

M-C1 2.0833(15) 1.8906(13) 2.0872(11) 1.8777(12) 
M-Calkyl 2.0417(16) 1.9537(13) 2.0470(12) 1.9787(12) 

M-O1 1.9909(11) 1.9022(9) 1.9961(8) 1.8900(9) 
M-O2 1.9849(12) 1.9387(10) 2.0040(9) 1.9493(9) 

O1-M-O2 91.36(5) 92.74(4) 90.57(3) 92.00(4) 

C1-M-Calkyl 112.55(6) 90.58(5) 115.26(4) 86.45(5) 
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3.6 Catalysis 

Literature examples of cyclometalated compounds of the type 10-Si are scarce. One 

of the first examples, [(-C:C-ItBuMe2CH2)Ni(3-cod)] (XI), was reported almost two 

decades ago by the group of Caddick as an intermediate product in the reaction of 

[Ni(cod)2] and excess ItBu2 in sunlight for five days (Scheme 27). The CH bond 

activated complex XI reacts further in the presence of excess ItBu2 eliminating iso-

butene and 1,3-COD to form a more stable binuclear species (XII) in which the two 

nickel centers are stabilized by terminal NHC ligands and symmetrically bridged by 

tert-butylimidazol-2-ylidene ligands arising from tert-butyl group cleavage of the 

parent NHC.197 

Scheme 27. Reaction pathway in the formation of the CH bond activated compound [(-C:C-

ItBuMe2CH2)Ni(3-cod)] (XI). 

Prolonged heating of a C6D6 solution of 10-Si in (4 weeks at 50 °C), established a 

different reactivity: The 1H NMR spectrum showed that at least two different species 

are formed. In the high-field region, a doublet (J = 1.15 Hz) with the chemical shift 

 = −3.01 ppm and two singlets at  = −3.84 and −3.88 ppm were observed, together 

with five septets in the region of  = 3.77 to 7.60 ppm. Unfortunately, the crystals 

obtained by slow cooling of an Et2O solution to −30 °C were only of poor quality, and 

therefore only the overall connectivity could be established by X-ray diffraction 

analysis (Scheme 28). The X-ray data showed a -hydroxide-bridged Ni dimer (10-

OH) formed by SiMe4 and “normal” NHC elimination, followed by water activation 

either from glassware or from traces of moisture.  

 

Scheme 28. Slow hydrolysis reaction of 10-Si. 

More recently, Deng et al. introduced a new methodology which afforded the 

preparation of a double CH bond activated bis(NHC) cobalt complex, [Co(IMes’)2] 
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(XIII), by reducing the [(IMes)2CoCl] precursor with sodium amalgam.198 These types 

of compounds can insert silylene moieties into the Co-Cbenzyl bond (XIV in Scheme 

29). Remarkably, when an excess of silane was used, formation of polysilanes was 

observed. 

 

Scheme 29. New methodology for the synthesis of silyl-functionalized NHC-Co(II) complexes 

(Deng et al.). 

The dehydrocoupling of organosilanes is an efficient method for the production of 

polysilanes which are of interest for their connectivity and optical properties  

(Scheme 30). These are usually prepared using group 4 metallocene catalysts. 

Nonetheless, there are scarce examples of nickel catalysts that are effective for this 

reaction. Nickel indenyl complexes constitute interesting precursors since they 

require commercially available activators such as AgBF4, MAO or LiAlH4.199,200 

 

Scheme 30. Dehydrocoupling reaction of organosilanes with transition metal catalysts. 

A more recent example is the dinuclear nickel hydride complex [(dippe)Ni(-H)]2 

which could reproduce the molecular weights and linear-to-cyclic ratios that are 

produced by group 4 metallocene catalysts.201 Two proposed mechanisms were 

presented: Either a -bond metathesis mechanism based on a dissociation reaction 

to form the monomeric nickel hydride followed by subsequent -bond metathesis 

reactions or a mechanism based on the formation of a nickel(0) complex, followed by 

oxidative addition of the organosilane to form a silyl hydride complex. The following 

steps are the classical initiation, propagation, and chain termination processes. 

Complex 10-Si was tested in the dehydrocoupling of phenylsilane and the results 

were compared with the literature outcomes obtained by using [(dippe)Ni(-H)]2 as 

catalyst (Table 20 marked with *).  
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Table 20. GPC data for dehydrocoupling of PhSiH3 catalyzed by 10-Si. 

Silane Cat. Loading (mol%) Peak # Mw 

PhSiH3 

*2 
*1 3200 
*2 549 

1 
1 845 
2 487 
3 271 

  + white fibers stable until 300 °C 

A stoichiometric reaction between 10-Si and PhSiH3 resulted in full silane 

consumption without an obvious transformation of the Ni(II) precursor. Later on, the 

reaction was repeated in toluene using 1 mol% of the Ni(II) pre-catalyst. The volatile 

materials were vacuum transferred and analyzed by 1H NMR spectroscopy which 

confirmed the formation of oligomers. The residue (white fibers) proved scarcely 

soluble in THF; an extract probe was analyzed by GPC and the results are presented 

in Table 20. The GPC chromatogram showed three peaks, where peak 1 accounts 

for the majority of the product corresponding to oligomers incorporating eight 

monomers. 
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3.7 Halogen abstraction by base-free Grignard reagents of the type MgR2 

In contrast to the Ni(II) complexes with cis-positioned NHC ligands, those with NHC 

ligands in a trans-arrangement are very robust. These derivatives were investigated 

in detail by the group of Zhang and Radius.202,203 Complexes of the type [trans-

(NHC)2NiBr2] represent interesting and easily available starting materials in Ni(II) 

chemistry. An extended procedure was published in 2011 by the group of Zhang who 

presented controlled synthetic protocols for nickel(II) dihalide complexes bearing two 

different or identical NHC ligands.202 The stepwise elimination of an indenyl ligand 

from the Ni(II) complex [(1-R-Ind)2Ni] (Ind = indenyl) with the aid of two identical 

imidazolium salts or two different substituted ones, allowed the isolation of various 

compounds of the type [trans-(NHC)2NiX2] (X = Br, Cl; NHC = IDipp2, IiPr2, IMes2). 

The mono- and dihalide complexes are robust compounds from which halide 

substitution occurs only at elevated temperature and a reaction time of at least 12 h. 

The first indenyl ligand was replaced at 45 °C, whereas the second one required a 

higher temperature, 100 °C, allowing, nevertheless, the isolation of these new 

compounds in good yields. Another methodology for the synthesis of Ni(II) dihalide 

complexes bearing two identical NHC ligands was introduced by Radius et al. using a 

straightforward approach, starting from [(dme)NiBr2] and 2 eq. of the free NHC.203 

Until this date, only the [trans-(IiPr2)2NiR2] (R = Me, CH2SiMe3) compounds are 

known.203 The protocol was extended to approach the IiPr2Me2 derivatives 15-Me 

and 15-Si using the base-free MgR2 (R = Me, CH2SiMe3) as alkyl transfer reagents or 

for better results [LiCH2SiMe3] (Scheme 30). Compound 14 was synthesized starting 

from [(dme)NiBr2] and 2 eq. of IiPr2Me2 in DME as solvent. The precipitated light 

violet product was isolated by filtration and washed with Et2O. The purity of 14 was 

confirmed by various methods, including NMR spectroscopy and X-ray diffraction 

analysis (Figure 82). The 1H NMR spectrum exhibits one set of resonances for the 

ligands, i.e., a sharp singlet for the methyl groups in the carbene backbone 

( = 1.64 ppm), a sharp doublet for the methyl groups of the iso-propyl groups at 

 = 1.75 ppm and a low-field shifted septet at  = 7.52 ppm corresponding to the CH 

protons of the iPr group. The Ccarbene atom resonance was detected at  = 169.9 ppm 

in the 13C{1H} NMR spectrum and thus lies in the same region as observed for other 

Ni(II) NHC complexes reported earlier.203–205 

 

Scheme 30. Synthesis of [trans-(IiPr2Me2)2NiR2] (R = Me (15-Me), CH2SiMe3 (15-Si)). 

The substitution of the bromide ligands was achieved using organomagnesium 

reagents (Scheme 30). Addition of 1 eq. of [MgR2] (R = Me, CH2SiMe3) to 14 resulted 
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in the formation of [trans-(IiPr2Me2)NiMe2] (15-Me) and [trans-

(IiPr2Me2)Ni(CH2SiMe3)2] (15-Si) in which the trans-orientation is preserved. The 

overall yields of these transformations are good to moderate, since repeated 

crystallizations are sometimes required for the separation of these complexes from 

halide containing by-products. 

Both complexes adopt a square-planar trans-arrangement (with D2h symmetry) 

according to 1H and 13C{1H} NMR spectroscopy, as only one set of resonances was 

detected for the NHC ligands. In the 1H NMR spectrum of 15-Si, the protons at the 

nickel bound carbon atom are found at  = −1.19 ppm, whereas the protons of the 

SiMe3 groups are detected at  = 0.11 ppm. With respect to the two equivalent NHC 

ligands, a doublet at  = 1.50 ppm is attributed to the methyl protons of the iPr group, 

a septet at  = 6.63 ppm to the four protons of the CH(iPr) and a singlet at 

 = 1.80 ppm to the methyl groups of the imidazolium backbone (Figure 81). The 

Ccarbene resonance was detected in the 13C{1H} NMR spectrum at  = 197.6 ppm, 

having a lower shift than the dihalide derivative ( = 169.9 ppm). 

 

Figure 81. The 1H NMR spectra (C6D6, 300 K) of complexes 14 (* DME residual solvent) and 

15-Si. 

Suitable crystals of 14 for X-ray analysis were grown by slow diffusion of n-hexane 

into a concentrated DME solution of the complex at ambient temperature, whereas 

15-Si was crystallized from either n-hexane or Et2O at −30 °C. The molecular 

structures are provided as ORTEP representations in Figure 82. Complex 14 

crystallizes in the monoclinic space group P21/c and complex 15-Si in the triclinic 

space group P1̅ with two molecules in the asymmetric unit. 

The molecular structure of 14 reveals an ideal square-planar coordination sphere 

(4 = 0) of the nickel atom and a trans configuration of the two carbene ligands with 

the NHC rings in a parallel conformation. The largest angles around the Ni(II) center 

(C1-Ni-C1# and Br-Ni-Br#) are linear (180°) as a result of a crystallographically 

imposed inversion center. The Ni-C1 distance of 1.910(17) Å is in the range of values 

typically observed (IiPr2)-Ni complexes, also the Ni-Br bond length of 2.335(18) Å is 
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unexceptional to other typically reported Ni-Br distances.202,203 In contrast, complex 

15-Si has a slightly distorted square-planar geometry around the nickel site 

(4 = 0.10). Both angles formed by Ccarbene-Ni-Ccarbene and Calkyl-Ni-Calkyl of 171.79° 

and 173.73° are close to the ideal value of 180°. The Ni-C1 distances with values of 

1.9071(11) Å and 1.9013(11) Å are common for trans-(NHC)2-Ni(II) complexes, but 

slightly shorter than in the cis-analogue 11-Si, where bond lengths of 1.9524(15) Å 

and 1.9541(15) Å were determined. However, the Ni-Calkyl bond distances are almost 

undistinguishable: 2.0037(15) Å (mean) in 11-Si and 2.0333(11) Å (mean) for 15-Si, 

respectively. 

While in the cis-isomer the Ni-Ccarbene and Ni-Calkyl bond distances are essentially 

identical, ca. 1.952(2) Å, they differ significantly in the trans-isomer (mean values): 

1.905 Å and 2.032 Å. The discrepancy between the two isomers is well-documented 

in the literature206–208 and presumably as a consequence of the different trans-

influence of the alkyl and NHC ligands. 

Figure 82. ORTEP representation of 14 (left) and 15-Si (right) (thermal ellipsoids drawn with 

50% probability). Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and 

angles (°). Complex 14: Ni-C1 1.9102(17), Ni-Br 2.3352(18); C1-Ni-C1# 180.0, C1-Ni-Br# 

89.45(5), C1-Ni-Br 90.45(5), Br-Ni-Br# 180.0. Complex 15-Si (in brackets are given the 

values for the second molecule): Ni-C1 1.9071(11) [1.9013(11)], Ni-C12 1.9019(11) 

[1.9087(11)], Ni-C27 2.0317(11) [2.0339(11)], Ni-C23 2.0349(11) [2.0323(11)]; C1-Ni-C12 

171.79(5) [171.42(5)], C12-Ni-C27 87.70(4) [87.47(4)], C1-Ni-C27 93.38(4) [91.69(4)], C23-

Ni-C27 173.73(5) [174.12(4)]. 

However, a higher purity sample and an improved yield (from 37% to 63%) could be 

achieved using [LiCH2SiMe3] as the alkyl transfer reagent. Since the products 15-Me 

and 15-Si were synthesized using [trans-(IiPr2Me2)2NiBr2] (14) and the corresponding 

organomagnesium reagents, contamination with trace amounts of halide by-products 

because of partial halide substitution was determined by spectroscopic 

investigations. Mixed products were identified when the reaction was allowed to stir 

for a short time (90 min). In the case of 15-Me, the reaction mixture was crystallized 

from Et2O at −30 °C as yellow-brown crystals. X-ray diffraction analysis was not 

conclusive since it cannot reliably distinguish between a methyl and the bromide 

ligand because of their similar size. Nevertheless, by 1H NMR spectroscopy it was 
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possible to determine the ratio of both components in reaction mixture ([trans-

(IiPr2Me2)2NiMe2] (15-Me) : [trans-(IiPr2Me2)2NiMeBr] (15-Me/Br) (marked with # in 

Figure 83) 1.4 : 1). Sharp signals were detected for the protons of the carbon atom 

directly bound to the nickel atom (15-Me:  = −0.61 ppm; 15-Me/Br:  = −0.31 ppm), 

whereas the CH protons of the iPr group appear as well distinguishable septets (15-

Me:  = 6.55 ppm; 15-Me/Br:  = 6.94 ppm). Characteristic resonances were 

identified for the Ccarbene atoms in the 13C{1H} NMR spectrum: for the disubstituted 

methyl complex at  = 204.0 ppm, whereas for the mixed compound at  = 189.8 

ppm. 

 

Figure 83. The 1H NMR spectrum (C6D6, 300 K) of 15-Me and 15-Me/Br (#). 

In the case of the neosilyl analogue, the trans monosubstituted complex 16-Si was 

obtained and was fully characterized (Scheme 32). To the in situ formed [trans-

(IiPr2Me2)2NiBr2], [Mg(CH2SiMe3)2] was added at 0 °C and the reaction mixture was 

stirred overnight allowing the isolation of the target compound in 42% yield. The 

bromide ligand of 16-Si was readily abstracted in a subsequent reaction, using 

[LiCH2SiMe3] with the formation of trans-substituted NHC adduct 15-Si. 

 

Scheme 32. Synthesis of [trans-(IiPr2Me2)2Ni(CH2SiMe3)(Br)] (16-Si). 

The corresponding 1H NMR spectrum of the complex 16-Si is provided in Figure 84. 

All expected resonances were identified and assigned as follows: The protons of the 

carbon directly bound to the nickel center appear as a singlet at  = −0.50 ppm, the 

nine protons of the tms group at  = 0.05 ppm and the backbone methyl groups at 

 = 1.73 ppm also as a singlet. The resonances of the iPr groups of the NHCs show 

the expected doublets for the methyl moieties at  = 1.52 and 1.76 ppm and the 



Nickel chemistry – results and discussion 

129 

 

corresponding four CH(iPr) protons as a septet at  = 7.08 ppm. The Ccarbene 

resonance of the two NHCs appears at a higher field ( = 186.4 ppm) than the trans-

disubstituted neosilyl derivative ( = 197.6 ppm). 

 

Figure 84. The 1H NMR spectrum (C6D6, 300 K) of complex (16-Si). 

X-ray diffraction analysis was possible on single crystals obtained from a saturated 

Et2O solution of the complex cooled for one day at −30 °C. A representation of the 

molecular structure is illustrated in Figure 85. Two independent molecules were 

found in the asymmetric unit having slightly different structural parameter values 

4 = 0.07 and 0.08, indicating a minor distortion from square-planar geometry around 

the Ni center. The 178.84(6)° [178.81(5)° for the second molecule in the asymmetric 

unit] angle formed by the Ccarbene-Ni-Ccarbene is close to the ideal 180° and therefore 

an indication for the planar geometry around the nickel center. 

Figure 85. ORTEP representation of 16-Si (thermal ellipsoids drawn with 50% probability). 

Two independent molecules are found in the asymmetric unit. Values provided in parenthesis 

are those of the second molecule in the asymmetric unit. Hydrogen atoms are omitted for 

clarity. Selected bond distances (Å) and angles (°): Ni1-Br1 2.4212(2) [2.4154(2)], Ni1-C23 

1.9778(13) [1.9768(12)], Ni1-C1 1.9069(13) [1.9067(12)], Ni1-C12 1.9059(12) [1.9082(12)]; 

Br1-Ni1-C23 171.32(4) [170.47(4)], C1-Ni1-C12 178.85(6) [178.81(5)], C1-Ni1-Br1 90.21(4) 

[89.87(4)], C1-Ni1-C23 88.28(5) [88.53(5)], Br1-Ni1-C12 89.19(4) [88.94(3)], C12-Ni1-C23 

92.16(5) [92.64 (5)]. 



Nickel chemistry – results and discussion 

130 

 

The Ni-Ccarbene bond distances of ca. 1.9069(12) Å are essentially identical with those 

found in the trans disubstituted neosilyl analogue 15-Si, 1.9071(11) Å and 

1.9019(11) Å, respectively. On the other hand, the distinctive trans influence of the 

bromide and neosilyl ligands is reflected in the restrained Ni-Calkyl bond length of 

1.9778(13) [1.9768(12)] Å compared with 2.0349(11) Å and 2.0317(11) Å in the 

disubstituted neosilyl complex 15-Si. 

The reaction of [trans-(IiPr2Me2)2NiBr2] with MgR2 (where R = Me, CH2SiMe3) 

resulted in different, but controlled reaction products, in the case of the 

[Mg(CH2CMe2Ph)2] the CH activated product 10-Ph was exclusively isolated, but only 

in 17% yield. With respect to the neopentyl derivative, the thermal instability of the 

neopentyl ligands in relation with all other alkyls was also encountered in this salt 

metathesis reaction. Repeated attempts were made without any satisfactory results. 

One side product was determined by X-ray diffraction analysis as the [trans-

(IiPr2Me2)2Ni(CH2CMe3)(S-C3N2Me2iPr)] (where S-C3N2Me2iPr = 1-iso-propyl-4,5-

dimethyl-imidazole-2-thiolate). However, it was isolated in low quantities and its 

formation was attributed to a trace contamination of the IiPr2Me2 with its thiourea 

precursor. Nevertheless, the free IiPr2Me2 presented no sign of impurities when 

analyzed by different spectroscopic methods, suggesting that the contamination is 

lower than the detection limit. The possibility of isolating the complex in a controlled 

manner starting with the imidazole-2-thiolate precursor was not investigated, but this 

may represent an approach to be considered in the future. 

The molecular structure of [trans-(IiPr2Me2)2Ni(CH2CMe3)(S-C3N2Me2iPr)] is shown in 

Figure 86. The complex crystallizes in the triclinic space group P1̅ and presents two 

molecules in the asymmetric units. The geometry around the Ni(II, d8) center is close 

to the ideal square-planar with 4 = 0.10 [0.06 for the second molecule] and angles of 

177.64(7)° [177.23(7)°] and 167.97(6)° [174.03(7)°] between the Ccarbene-Ni-Ccarbene 

and Calkyl-Ni-S, close to the ideal 180°. 
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Figure 86. ORTEP representation of [trans-(IiPr2Me2)2Ni(CH2CMe3)(S-C3N2Me2iPr)] (thermal 

ellipsoids drawn with 50% probability). Two independent molecules are found in the 

asymmetric unit. Values provided in parentheses are those of the second molecule in the 

asymmetric unit. Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and 

angles (°): Ni-S1 2.2651(5) [2.2799(5)], Ni-C1 2.0095(17) [2.014(2)], Ni-C6 1.9035(17) 

[1.9161(17)], Ni-C17 1.9001(17) [1.8904(17)]; C6-Ni-C17 177.64(7) [177.23(7)], C1-Ni-S1 

167.97(6) [174.03(7)], S1-Ni-C6 83.21(5) [83.16(5)], C6-Ni-C1 87.27(7) [95.90(8)], C1-Ni-C17 

94.86(7) [86.77(8)], C17-Ni-S1 94.48(5) [94.10(5)]. 

[trans-(IiPr2Me2)2Ni(CH2CMe3)(S-C3N2Me2iPr)] presents identical Ni-Ccarbene bond 

distances of approximately 1.9025(17) Å when compared to the trans disubstituted 

imidazole-2-thiolate Ni(II) complex 12 (1.9055(11) Å), while the Ni-S bond is 

imperceptibly elongated: 2.2651(5) [2.2799(5)] Å vs. 2.2033(3) Å (12), as a 

consequence of the different trans ligands neopentyl and (S-C3N2Me2iPr). 
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Attempted alkyl ligand displacement 

In an attempt to remove the neosilyl ligands, a mixture of diphenylacetylene (tolane) 

and 11-Si in n-hexane was placed in a photoreactor (16 Hg lamps: 8 RPR 3000 Å 

and 8 RPR 3500 Å) for 19 h. Dark red crystals of 17 were isolated by storing a 

concentrated Et2O solution at −30 °C, together with a second type of pale orange-red 

crystals. The X-ray diffraction analysis confirmed the proposed molecular structure of 

complex 17 (Scheme 33) and an ORTEP representation is illustrated in Figure 88. 

The second type of crystals were determined to be a carbonate containing side 

product (18) as a result of small air contamination (Figure 89). 

 

Scheme 33. Two protocols for the synthesis of [(IiPr2Me2)2Ni(PhCCPh)] complex 17. 

A better synthetic protocol was achieved by reacting [Ni(cod)2] with 1 eq. of 

diphenylacetylene followed by the subsequent addition of 2 eq. of the IiPr2Me2 (from 

34% to 76% yield). In the first step the addition of the diphenylacetylene displaced 

one molecule of 1,5-COD, from the [Ni(cod)2] precursor easy to identify in the 
1H NMR of the reaction mixture ( = 5.60 ppm, see Figure 87). The second molecule 

of 1,5-COD was further substituted by two good -donor ligands (NHCs), in this case 

IiPr2Me2. 

In the 1H NMR spectrum of complex 17, all resonances could be identified and 

assigned: The protons corresponding to the NHC were found at  = 1.17 ppm as a 

doublet matching the methyl groups of the four iPr groups, at  = 1.81 ppm the 

methyl groups of the backbone and at  = 6.09 ppm a septet for the CH-iPr. In the 

aromatic region, the resonances matching the diphenylacetylene ligand were 

observed between  = 6.99 and 7.69 ppm, respectively. The 13C{1H} NMR spectrum 

of 17 revealed a significantly shifted resonance of the acetylene carbon atoms 

( = 139.5 ppm), compared with that of the free ligand ( = 132.6 ppm). This implies a 

high degree of -backdonation into the carbon-carbon multiple bond. 
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Figure 87. The 1H NMR spectra (C6D6, 300 K) of the in situ formed [(cod)Ni(PhCCPh)] and 

complex 17. 

The molecular structure of 17 is illustrated in Figure 88. The complex crystallizes in 

the monoclinic space group P21/n with the nickel atom stabilized by two imidazole-2-

ylidenes and an alkyne ligand. The Ni-Ccarbene distances of 1.9187(15) and 

1.9152(15) Å are similar to those reported in the literature for related compounds of 

the type [(NHC)2Ni(PhCCPh)] presented by Radius et al.206,209 The elongated carbon-

carbon bond length of the activated diphenylacetylene is closer to a C=C double 

bond having a value of 1.300(2) Å which fits in the region of previously reported 

complexes (1.3105 Å for [(IiPrMe)2Ni(PhCCPh)] and 1.290(3) Å for 

[(IiPr2)2Ni(PhCCPh)]). The elongation is consistent with -backdonation from the 

nickel center into the C=C bond. Concerning the steric demand of the NHC, it can be 

easily noticed that the IiPr2Me2 is more sterically demanding than the backbone 

unsubstituted IiPrMe or IiPr2 analogues just by examination of the angle formed by 

Ccarbene-Ni-Ccarbene for the three [(NHC)2Ni(PhCCPh)] adducts: 113.83(16)° for 17, 

108.33(11)° for [(IiPr2)2Ni(PhCCPh)] and 109.27(19)° for [(IiPrMe)2Ni(PhCCPh)]. 

Figure 88. ORTEP representation of 17 (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°): Ni-C1 
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1.9187(15), Ni-C12 1.9152(15), Ni-C23 1.8814(15), Ni-C24 1.8768(15), C23-C24 1.300(2); 

C1-Ni-C12 113.83(6), C23-Ni-C24 40.49(7), C1-Ni-C24 100.90(7), C12-Ni-C23 104.78(6). 

The molecular structure of the side product 18 is shown in Figure 89 having 

similarities to that of complex 17, crystallizing in the monoclinic space group P21/c 

with slightly shorter Ni-Ccarbene distances of 1.897(1) Å and 1.895(2) Å. The 16-

electron compound presents a distorted square-planar geometry around the nickel 

center with the two NHCs in cis arrangement and a 2-carbonato ligand. The 

70.30(5)° bite angle of the carbonato ligand is hardly distinct to other related 

carbonate complexes.210 One C-O distance has character of a double bond with 

1.240(2) Å, being shorter than the other C-O bonds of 1.324(2) and 1.301(2) Å 

respectively, which are 2-coordinated to the nickel metal site. 

Figure 89. ORTEP representation of 18 (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°): Ni-O1 

1.887(1), Ni-O3 1.882(1), Ni-C1 1.897(1), Ni-C12 1.895(2), O1-C23 1.324(2), O3-C23 

1.301(2), O2-C23 1.240(2); O1-Ni-O3 70.30(5), O1-Ni-C12 164.27(6), O1-Ni-C1 94.93(6), 

O3-Ni-C12 94.18(6), C1-Ni-C12 100.69(6). 

Evidence for the presence of 18 by 13C{1H} NMR spectroscopic measurements could 

not be gathered. For similar complexes was stated that the Ccarbene atom and the 

carbon atom corresponding to the carbonato ligand were not observed in 
13C{1H} NMR spectra, probably because of signal broadening. Although the 

carbonato C atom was not observed in 13C{1H} NMR, the structure was confirmed by 

the presence of a single infrared absorption between 1656 and 1604 cm-1 consistent 

with similar spectral data for other (-O)2CO complexes.210  
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3.8 An alternative starting material for the bidentate tmeda ligand 

As an alternative starting material to the tmeda Ni(II) dialkyl compounds, the [trans-

(dmap)2Ni(acac)2] (dmap = N, N-dimethylpyridin-4-amine) analogue was synthesized 

to avoid the strong coordination of the tmeda ligand and its tedious replacement. The 

product was obtained by isolating the precipitate formed when [Ni(acac)2] was 

allowed to react with 2 eq. of DMAP in MeOH at ambient temperature (Scheme 34). 

After repeated washings with Et2O and prolonged times under dynamic high vacuum, 

it was used without any further purification. However, its insolubility in all commonly 

employed solvents rendered the analysis by spectroscopic methods impossible. 

 

Scheme 34. Synthesis of complex 19. 

Crystals suitable for X-ray diffraction analysis were collected by storing the MeOH 

mother liquor at ambient temperature for one week. The complex crystallizes in the 

triclinic space group P1̅. The molecular structure is depicted in Figure 90, where a 

distorted octahedral geometry around the Ni(II) site was determined with the DMAP 

ligands (in the axial positions) adopting a trans geometry regarding the acac-Ni-acac 

plane. The angles formed by the atoms trans to each other, N-Ni-N and O1-Ni-O1, 

are linear with a value of 180°, whereas the bond distances around the metal center 

are slightly different: The Ni-N bond length of 2.0897(11) Å is insignificantly longer 

than the Ni-O1 and Ni-O2 bond distance of ca. 2.0413(9) Å. The electron 

delocalization in the acetylacetonate anions is reflected by the essentially equidistant 

C-O bonds, 1.2696(17) Å and 1.2641(17) Å, respectively. The bite angle of the acac 

ligands is 1-2° larger in 19 (91.07(4)°) than in the [(tmeda)Ni(acac)2]211 analogue, 

89.02(7)° and 90.24(6)°, as a result of the trans arrangement of the monodentate 

dmap ligands. The steric hindrance around the metal site is significantly reduced in 

compound 19, which is also illustrated in the shorter Ni-N bond lengths of 

2.0897(11) Å in 19 compared with 2.152(2) Å and 2.1655(17) Å in the tmeda adduct. 
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Figure 90. ORTEP representation of 19 (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°): Ni-O1 

2.0387(9), Ni-O2 2.0439(9), Ni-N1 2.0897(11); O1-Ni-O2 91.07(4), O1-Ni-O1 180.0, O2-Ni-

O2 180.0, N1-Ni-N1 180.0, O1-Ni-N1 89.03(4), O2-Ni-N1 87.58(4). 

However, the displacement of the acac ligands using MgR2 (R = CH2SiMe3, 

CH2CMe3, CH2CMe2Ph) also proved to be challenging (Scheme 35). The isolation of 

the targeted compounds (20-Si and 20-P) was tedious and repeated crystallizations 

were required to separate them from the by-products, a diamagnetic species which 

incorporates an acac ligand (identified through 1H NMR analysis at  = 2.04 and 

5.37 ppm, respectively). This may be a result of partial substitution of the acac 

ligands in the starting material. Similar behavior was observed in acac displacement 

in compounds of the type [(tmeda)Co(acac)2]124 and [(tmeda)Ni(acac)2]180, but in 

these cases the amount was low enough to be removed by crystallization. 

 

Scheme 35. Synthesis of the complexes 20-Si and 20-P. 

The molecular structures of the two different substituted Ni(II) complexes are 

provided in Figure 91. Complex 20-Si adopts the monoclinic space group P21/c, while 

20-P crystallizes in the orthorhombic space group P212121. In both cases the 

geometry around the nickel center is distorted square-planar with geometry index 

values of 4 = 0.09 (0.12 for the second molecule in the asymmetric unit) for 20-Si 

and 4 = 0.18 for complex 20-P. 
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The bonds around the nickel site, Calkyl-Ni and N-Ni, have similar values, as well as 

the angle formed between Calkyl-Ni-Calkyl (90.425(6)° for 20-Si and 90.36(6)° for 20-P). 

An almost 3° smaller N-Ni-N angle was determined for the neosilyl substituted 20-Si 

(mean value 86.18(5)°) than for neopentyl analogue 20-P (88.97(5)°), reflecting the 

subtle difference in sterics, with the neosilyl ligands obstructing the size of the 

opposite angle because of the larger size of Si vs. C. 

Figure 91. ORTEP representations of 20-Si (left) and 20-P (right) (thermal ellipsoids drawn 

with 50% probability). Hydrogen atoms are omitted for clarity. Selected bond distances (Å) 

and angles (°): Complex 20-Si: two independent molecules are found in the asymmetric unit. 

Values provided in parentheses are those of the second molecule in the asymmetric unit: Ni-

C15 1.9397(14) [1.9465(14)], Ni-C19 1.9394(15) [1.9431(14)], Ni-N1 1.9700(12) 

[1.9825(12)], Ni-N3 1.9848(12) [1.9869(12)]; C15-Ni-C19 89.97(6) [90.88(6)], N3-Ni-N1 

87.15(5) [85.21(5)], C15-Ni-N3 92.04(6) [91.64(5)], C19-Ni-N1 92.03(6) [92.82(5)]. Complex 

20-P: Ni-C15 1.9412(13), Ni-C20 1.9471(12), Ni-N1 1.9925(11), Ni-N3 1.9886(11); C15-Ni-

C20 90.36(6), N3-Ni-N1 88.97(5), C15-Ni-N3 92.27(5), C20-Ni-N1 91.13(5). 

A more striking contrast was observed by direct comparison of the tmeda adducts 

and the dmap analogues (Table 21). The bidentate nature of the tmeda ligand 

strongly influences the size of the angle formed between N-Ni-N: 85.34(7)° (7-Si) and 

83.31(6)° (7-Ph) vs. 86.18(5)° (20-Si) and 88.97(5)° (20-Ph). While the bidentate 

ligand enforces smaller angles, the monodentate dmap ligands reduces the steric 

strain by adopting larger values. For both analogue pairs, 20-Si vs. 7-Si and 20-P vs. 

7-P, slightly different Calkyl-Ni-Calkyl angles and basically identical bond distances 

around the nickel center were determined (Table 21). 
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Table 21. Selected bond lengths (Å) and angles (°) for Ni(II) dialkyl complexes. 

 20-Si 7-Si 20-P 7-P 

Calkyl-Ni 1.9397(14) [1.9465(14)]a 1.9486(13) 1.9412(13) 1.9550(16) 
Calkyl-Ni 1.9394(15) [1.9431(14)]a 1.9486(13) 1.9471(12) 1.9505(16) 

N-Ni 1.9700(12) [1.9825(12)]a 2.0641(11) 1.9925(11) 2.1066(15) 

N-Ni 1.9848(12) [1.9869(12)]a 2.0641(11) 1.9886(11) 2.1194(16) 
Calkyl-Ni-Calkyl 89.97(6) [90.88(6)]a 87.82(8) 90.36(6) 89.60(7) 

N-Ni-N 87.15(5) [85.21(5)]a 85.34(7) 88.97(5) 83.31(6) 

4 0.09 [0.12]a 0.07 0.18 0.29 

a values of the second molecule found in the asymmetric unit. 

Subsequent reactions targeted the removal of the monodentate ligands (DMAP) by 

phosphines such as tBu3P or P(C6H2(OMe)3-2,4,6)3. As previously observed for the 

tmeda Ni(II) analogue dialkyls, isolation of the desired products was impossible: 

either no reaction occurred or decomposition of the Ni(II) dialkyl competed with 

product formation. 
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3.9 Progress curves and isomerization reactions in the NHC Ni(II) dialkyl 

chemistry 

Strong coordination of the bidentate tmeda ligand in the [(tmeda)NiR2] (R = Me, 

CH2SiMe3, CH2CMe3, CH2CMe2Ph) complexes was observed. Therefore, 

subsequent exchange reactions proved to be more challenging than originally 

expected. Nevertheless, tmeda displacement in complex 7-Si under moderate 

heating was investigated in more detail. The reactivity patterns were different, being 

strongly dependent on the ratio 7-Si : IiPr2Me2 employed in the ligand exchange 

reaction. As already mentioned, a 1 : 1 mixture was heated to 50 °C and the CH 

bond activated product 10-Si was isolated in 33% crystallized yield, whereas a 1 : 2 

mixture led to the expected product [cis-(IiPr2Me2)2Ni(CH2SiMe3)2] (11-Si) in 49% 

yield under otherwise identical reaction conditions. 

Since the ligand exchange was in fact a slow process, plotting the reaction progress 

curve was attempted. Various tests under different conditions were conducted and 

analyzed by 1H NMR spectroscopy. In preliminary tests, it was observed that the 

reaction between 7-Si and 2 eq. of IiPr2Me2 led to fast conversion into the cis 

orientated complex 11-Si, but not enough points could be gathered to give a 

satisfactory plot. A slower conversion was achieved by starting with only 1 eq. of the 

free IiPr2Me2, when a mixture in a 1 : 1 ratio between starting material and product 

was detected after 30 min. Addition of the second equivalent of the NHC and 

moderate heating for an additional 2 h led to the clean displacement of the tmeda 

ligand (Scheme 36 and Figure 92). 

 

Scheme 36. Tmeda substitution by 2 eq. of IiPr2Me2. 
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Figure 92. Progression curves in tmeda displacement (intensity of the –SiMe3 groups was 

integrated against benzene residual solvent peak). 
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Isomerization studies 

Since the Ni(II) dialkyl and IiPr2Me2 chemistry generated a library of various 

complexes, a better control of the reaction outcome was desirable. In this context, 

NMR test reactions were undertaken to understand the distinct pathways originating 

from moderate heating of the samples. 

A NMR sample containing 11-Si was heated for 1 h at 75 °C, after this time the 

reaction contents were analyzed by 1H NMR spectroscopy and 15-Si along with 10-

Si, SiMe4 and other unidentified by-products were observed. After work-up, 10-Si 

was exclusively isolated in a 28% crystallized yield, whereas the other species 

remained presumably in the mother liquor. 

Another NMR sample of complex 11-Si in C6D6 was monitored by 1H NMR while 

being heated for ca. 7 h at 65 °C, meanwhile data were collected at intervals of 

10 min and the intensity of the neosilyl groups was integrated in comparison with the 

benzene residual solvent signal (Scheme 37 and Figure 93). 

 

Scheme 37. Isomerization reaction of 11-Si to 15-Si and formation of 10-Si. 

In Figure 93 are shown the intensities of the neosilyl groups belonging to the four 

identified components over time.  

 

Figure 93. Reaction monitoring of 11-Si at 65 °C for 7 h (11-Si decay, 15-Si growth, 10-Si 

formation and free SiMe4 over time). 
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Free SiMe4 was identified, besides black magnetic particles, most likely Ni(0) 

nanoparticles. Since the conversion was not selective and decomposition reactions 

are competitive, a different approach was applied. 

To a NMR sample of 11-Si in C6D6, 1 eq. of the free IiPr2Me2 was added and the 

reaction mixture was heated in an oil bath at 70 °C for 14 h (Scheme 38). 

 

Scheme 38. Isomerization reaction of 11-Si to 15-Si in the presence of 1 eq. IiPr2Me2. 

The reaction progress was followed by 1H NMR spectroscopy and intensities of well-

defined groups were plotted over time (Figure 94). Because of the highly dynamic 

behavior observed in solution for 11-Si, the integration vs. time plot may differ from 

the ideal curve. Nonetheless, the smooth isomerization from the cis-orientated 

starting complex to the trans-analogue was observed without any significant 

decomposition or other reaction pathways. 
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Figure 94. 11-Si decay and 15-Si growth over time. 

The cis-trans isomerization was also observed while running the synthesis of 11-Si 

under H2 (4 bar). The reaction was initially run under an inert atmosphere of N2 and 

after removing the volatile materials in dynamic oil pump vacuum, the reaction 

mixture was dissolved in Et2O and frozen at 77 K. The N2 atmosphere was 

exchanged with H2 (1 bar), the reaction vessel was sealed and let to reach ambient 

temperature. After thawing (ca. 4 bar), the reaction mixture was stirred for 1 h at rt 

and afterwards vented. After having removed the volatiles in dynamic oil pump 

vacuum the yellow-brown residue was first extracted with n-hexane and in the end 

with Et2O. The two isomers were selectively isolated, the cis-isomer from the n-

hexane solution and the trans-isomer from the Et2O solution in a ratio of 4.5 : 1. 
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4. Nickel complexes stabilized by phosphorus containing ligands 

Much effort has been devoted over the years to the field of transition metal catalysis 

and it has been awarded with three Nobel Prizes in chemistry (2001, 2005 and 

2010). Phosphorus based ligands have a long history in transition metal chemistry 

and it was not surprising that they played a distinctive role in several of the rewarded 

catalytic reactions.212–216 An extensive collection of phosphorus ligands is known to 

date. The variations include single donor atoms like the typical mono-, bi- and 

polydentate ligands over multiple donor atoms (such as P-N or P-O) to the more 

exotic chiral derivatives.80,81,83,217 Phosphorus has frequently been the donor atom of 

choice as a result of the simple and facile analysis offered by 31P NMR spectroscopy. 

Mechanistic insights have been often provided because of the structural (in situ) 

analysis enabled by this technique. 

An important criterion of homogeneous transition metal catalysis is the availability of 

accessible coordination sites. These free sites are usually obtained by dissociation of 

either labile tertiary phosphine ligands or weak ligands such as THF or CH3CN. 

Because of strong electron donating properties of the typical alkyl/aryl-phosphines (in 

the following study, PtBu3 and P(C6H2(OMe)3-2,4,6)3) or NHCs, the metal atom is 

sufficiently stabilized, but the steric bulk of these ligands may also hinder catalytic 

activity. Overall, they may accelerate certain elementary reactions (i.e. oxidative 

addition) while disfavoring others (i.e. reductive elimination). 

The most popular phosphine employed in modern cross-coupling reactions is PtBu3 

as a result of its electron richness and steric bulk which enhance the oxidative 

addition in the catalytic cycle (high electron density) and it also improves the 

reductive elimination reaction in the final step (by increasing the steric demand of the 

ligand).218,219 Beside the outstanding performance as a ligand in cross-coupling 

reactions, a major drawback is the lack of variety in tunability, since peripherical 

modifications are usually laborious.220 Nevertheless, the attributes of PtBu3 are still 

exploited in various field of research such as CO2 reduction221 or stabilization of 

Pd(0) dihydride metal complexes with a distorted trigonal planar geometry.222,223 

A systematic approach in catalyst design constitutes the introduction of ancillary 

phosphine ligands with pendant donor groups, such as P(C6H2(OMe)3-2,4,6)3 

(tris(2,4,6-trimethoxyphenyl)phosphine, TTMPP). In the ideal case, the methoxy 

substituents stabilize the metal atom by the chelate effect, yet they are easily 

displaced to accommodate an incoming substrate. After the transformations are 

complete and the product dissociates, the donating atom re-coordinates to the metal 

atom and therefore provides additional stabilization to the complex. 

In organocatalysis, TTMPP was successfully used as ligand of choice in combination 

with [Pd2(dba)3] (dba = dibenzylideneacetone) (6 : 1 ligand/Pd ratio) for the 
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regioselective synthesis of 3-allylindoles224 or recently, as methoxylation agent to 

afford the methyl ester derivatives of acyl fluorides via C(sp2)-OMe bond cleavage.225 

The reactivity, coordination modes and electronic properties of the ether-

functionalized phosphines were investigated in several publications more than 20 

years ago.226–228 However, its properties as ligand in metal catalysis were studied 

only in recent years. Notable results were reported in Pd-catalyzed cross-coupling 

reactions of functionalized organoaluminium reagents229 or in Fe(II) catalyzed 

[2+2+2] cycloaddition between diynes and alkyl-, aryl- and vinyl nitriles.230 

In the following section, studies on the properties and reactivity of PtBu3 and 

P(C6H2(OMe)3-2,4,6)3 for the stabilization of low coordinate Ni(II) complexes are 

presented. 
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4.1 Neutral Ni(II) complexes stabilized by phosphines 

Ligand substitution reactions in complexes of the type [(tmeda)NiR2] (R = Me, 

CH2SiMe3, CH2CMe3, CH2CMe2Ph) by bulky phosphines such as PtBu3 and 

P(C6H2(OMe)3-2,4,6)3 were investigated. However, either decomposition (to Ni(0) 

nanoparticles) or the isolation of unreacted starting materials was established, since 

the tmeda ligand coordinates more strongly than originally anticipated. 

One-pot test reactions were conducted at low temperature (−30 °C) starting with 

[Ni(acac)2], PtBu3 and [Mg(CH2CMe2Ph)2] as alkyl transfer reagent, in order to avoid 

tmeda as co-ligand. With this protocol, it was intended to substitute the acac ligands 

in the presence of a good -donor (PtBu3) with the formation of a three-coordinate 

bis(alkyl) Ni(II) phosphine stabilized species. However, besides decomposition, 

isolation of a small amount of a new Ni(I, d9) species (21) was possible. The 

[(tBu3P)Ni(acac)] (21) was also synthesized with a slightly improved yield from KC8 

reduction of [Ni(acac)2] in the presence of PtBu3 (Scheme 39). 

 

Scheme 39. Reduction of [Ni(acac)2] in the presence of PtBu3. 

The paramagnetic 1H NMR spectrum of the d9 Ni(I) complex 21 is shown in Figure 95 

with the expected three inequivalent groups easy to identify: A sharp doublet 

(JHP = 11 Hz) at  = 1.26 ppm corresponding to the tBu groups and two broad signals 

for the acac moiety at  = −15.75 and 5.15 ppm, respectively. 

 

Figure 95. The 1H NMR spectrum (C6D6, 300 K) of complex 21. 
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Crystals suitable for X-ray diffraction analysis were isolated from a concentrated n-

pentane solution at −30 °C. The ORTEP representation is provided in Figure 96. The 

complex crystallizes in the monoclinic space group P21/c with two independent 

molecules in the asymmetric unit. The geometry around the Ni(I) site is distorted 

trigonal-planar, with the delimiter O1-Ni-O2 angle of 96.51(4)° [96.18(3)°]. The 

phosphine ligand adopts a slightly tilted position with respect to the Ni(acac) plane 

with one angle (O-Ni-P) being almost 50° larger than the second analogue angle: 

153.43(3)° [154.29(3)°] vs. 109.90(3)° [109.12(3)°]. 

One of the few Ni(I) complexes stabilized by the bulky PtBu3 were introduced by 

Tilley et al. For the successful preparation of the two-coordinate Ni(I) complex, they 

took advantage of the good donor properties of an amido ligand which allowed the 

isolation of the [(tBu3P)Ni(N(SiMe3)Dipp)] complex in good yields. Subsequently, the 

basic amido ligand N(SiMe3)Dipp was exchanged through proton-transfer reactions 

using bulky phenols.231  

The Ni-P bond length of 2.1854(3) [2.1881(3)] Å in 21 is comparable with the 

corresponding Ni-P distances determined for [(tBu3P)Ni(N(SiMe3)Dipp)] and 

[(tBu3P)Ni(5-OAr] (where -OAr = 2,6-di-tert-butyl-4-methylphenol) of 2.2006(1) Å and 

2.2333(4) Å, respectively, whereas it is shorter than 2.48(1) Å observed for the 

cationic Ni(II) system [tBu3PH][(tBu3P)NiBr3].232 

 

Figure 96. ORTEP representation of 21 (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms are omitted for clarity. Two independent molecules are found in the 

asymmetric units. Values provided in parentheses are those of the second molecule in the 

asymmetric unit. Selected bond distances (Å) and angles (°): Ni-O1 1.9534(9) [1.9478(9)], 

Ni-O2 1.8839(8) [1.8872(9)], Ni-P 2.1854(3) [2.1881(3)]; O1-Ni-O2 96.51(4) [96.18(3)], O2-

Ni-P 153.43(3) [154.29(3)], O1-Ni-P 109.90(3) [109.12(3)], C1-P-Ni 113.69(4) [114.00(4)]. 

The X-band EPR spectrum of complex 21 was recorded in frozen toluene solution at 

4.5 K. The experimental data are shown in Figure 97. The complexity of the observed 

signal, however, rendered the simulation (for the moment) not feasible because of 
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the large number of simulation parameters (gx,y,z, ACox,y,z, gStrain, AStrain, E/D, D) 

which would be required. These simulations would demand significantly longer 

computational time and a careful evaluation whether the resulting fitting parameters 

indeed represent a global minimum. 

 

Figure 97. X-band EPR spectrum of complex 21 recorded in frozen toluene solution at 

T = 4.5 K ( = 9.460318 GHz). 
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The cyclic voltammetric profile of [Ni(acac)2] in THF with a glassy carbon working 

electrode showed an irreversible two-electron reduction (Figure 98), with a cathodic 

wave at −2.5 V, one anodic wave at −1.5 V and a one-electron oxidation wave to 

Ni(III), Eox = 0.45 V. The determined irreversible two-electron reduction potential 

indicated that strong reducing reagents (such as KC8) are required, that also carry 

the risk of competitive reduction to Ni(0). 

Figure 98. Cyclic voltammogram of [Ni(acac)2] recorded at ambient temperature in THF with 

0.1 M [n-Bu4N][PF6] supporting electrolyte at a scan rate of 100 mV/s. 

Since no tmeda exchange in the Ni(II) dialkyls with the aliphatic tertiary phosphine 

tBu3P was possible, another sterically demanding phosphine was tested: 

P(C6H2(OMe)3-2,4,6)3 (TTMPP). TTMPP is known as a highly basic phosphine as a 

consequence of its methoxy substituents, demonstrated through a variety of organic 

transformations such as facile dealkylations and ring-opening reactions of terminal 

epoxides.233,234 More recently, Matsukawa et al. published several unique organo-

catalytic reactions where its good Lewis base properties rendered it as a useful 

catalyst for the cyanosilylation and cyanocarbonation of aldehydes and ketones via 

O-Si and C-Si bond activation.235,236  

In the current study, TTMPP was considered suitable to exchange tmeda in the Ni(II) 

dialkyl complexes since, as a good ancillary ligand with methoxy functions serving as 

weak pendant donor groups, which might stabilize the metal center by an 

intramolecular interaction. Nevertheless, this chelate effect was expected to be weak 

enough to allow the accommodation of a new small molecule (by changing its 

coordination mode from -O,P (2) to -P (1)). 

The tmeda substitution in [(tmeda)NiR2] (R = Me, CH2SiMe3) by the bulky phosphine 

TTMPP led in the case of the methyl substituted derivative to the isolation of the 
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starting materials, even after gentle heating of the reaction mixture to 40 °C for 

4 days. However, in the case of the bis(neosilyl) Ni(II) complex, 31P{1H} NMR 

spectroscopy showed, besides the free phosphine, indeed the formation of a new 

phosphorus containing species ( = −28 ppm, assigned to [(TTMPP)Ni(CH2SiMe3)2]), 

which decomposed over time to Ni(0) particles and free phosphine.  

Furthermore, a better synthetic approach for the thermally unstable 

[(TTMPP)Ni(CH2SiMe3)2] complex was established. In the first step, the phosphine 

adduct 22 was isolated by filtration after the addition of the TTMPP to [(dme)NiBr2] in 

DME, when the product precipitated from the reaction mixture as a beige powder 

(Scheme 40).  

 

Scheme 40. Synthesis of [(TTMPP)NiBr2] (22). 

After washing with Et2O and prolonged drying in dynamic high vacuum, the bromide 

substitution was performed at low temperature (0 °C) using [Mg(CH2SiMe3)2] to give 

the target complex in good yield (47%) (Scheme 41). To reduce decomposition in 

solution, the reaction and the removal of the volatile material were carried out at 0 °C. 

Taking into account that in solution (e.g. in C6D6) the complex was only stable for 

~ 4 h, the thermal behavior in solid-state was investigated. The decomposition point 

was determined to be 105-107 °C, nevertheless, storage at −30 °C is recommended. 

Scheme 41. Bromide substitution by the base-free Grignard reagent [Mg(CH2SiMe3)2]. 

The 1H NMR spectrum of complex 23 is illustrated in Figure 99. All expected signals 

were identified and assigned. The protons of the CH2 groups directly bound to the 
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Ni(II) site appear as a doublet (3JPH = 5.8 Hz) at  = −0.48 ppm, due to coupling to the 
31P atom. The eighteen protons of the tms groups emerge as a singlet at 

 = 0.49 ppm, whereas the methoxy groups appear as singlets with a chemical shift 

of  = 3.31 (p-OCH3) and 3.34 (o-OCH3) ppm, respectively. The six aromatic protons 

of the phenyl moieties exhibit the expected doublet (4JPH = 2.8 Hz) at  = 5.96 ppm. 

In the 31P{1H} NMR spectrum only a sharp singlet at  = −28.13 ppm corresponding 

to the product was identified. 

Over time (ca. 4 h) the 31P{1H} NMR exhibited two new signals, one singlet at 

 = −66.6 ppm corresponding to the free phosphine and another one at  = 3.76 ppm 

which was assigned to a phosphonium cation since literature-known examples 

regarding these species showed a similar 31P{1H} chemical shift,  = 5.71 ppm 

(benzyl tris(2,4,6-trimethoxyphenyl)phosphonium chloride) and  = −3.79 ppm 

(methyl tris(2,4,6-trimethoxyphenyl)phosphonium iodide).237  

 

Figure 99. The 1H NMR spectrum (C6D6, 300 K) of complex 23. 

Crystals suitable for X-ray diffraction were obtained by slow diffusion (−30 °C) of 

n−hexane into a saturated solution of the complex in Et2O for nine days. Compound 

23 crystallizes in the triclinic space group P1̅. One of the Ph(OMe)3 groups and the 

co-crystallized n-hexane molecules were significantly disordered. The molecular 

structure is provided in Figure 100 as an ORTEP representation. The four-coordinate 

Ni(II) center has a geometry index 4 = 0.14 close to 4 = 0 corresponding to the ideal 

square-planar geometry. Interestingly, one pendant methoxy group satisfies the 

fourth coordination site at the nickel atom by interacting with one free electron pair of 

the oxygen donor atom at a distance of 2.104(2) Å. This led to the formation of a five-

membered metallacycle with an angle between O-Ni-P of 81.70(5)°. To minimize the 

sterical demand of the phosphine, the neosilyl groups are pointing in opposite 

directions, above and under the ideal metal-ligand plane. The Ni-Calkyl distances have 

different lengths, 1.961(3) and 1.932(3) Å, due to distinct repulsion effects induced by 

the -P(Ph(OMe)3) and by the coordinated methoxy group. Nonetheless, these bond 

distances fit in the interval observed for others bis(neosilyl)Ni(II) analogues (7-Si, 11-

Si, 20-Si) with values ranging from 1.9394(15) to 2.0046(15) Å. The 89.72(14)° Calkyl-

Ni-Calkyl angle is larger compared with the 85.05(7)° for the disubstituted NHC nickel 
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complex 11-Si, reflecting the obvious fact that the phosphine requires less space 

than two moderately bulky IiPr2Me2.238 

The Ni-P bond distance of 2.2234(7) Å is essentially identical in size with those 

observed in the cationic system [Pd(TTMPP)2][BF4]2 (2.216(4) and 2.215(4) Å, 

respectively). The angles determined for the two metallacycles (O-M-P) in the case of 

the Pd(II) system (77.3(2)° and 78.1(2)°) are smaller than the 81.7(5)° angle 

determined for the neutral Ni(II) complex 23. This is not surprising considering the 

fact that the palladium system is stabilized by two voluminous TTMPP moieties.239 

 

Figure 100. ORTEP representation of 23 (thermal ellipsoids drawn with 30% probability). 

Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°): Ni-P 

2.2234(7), Ni-O3 2.104(2), Ni-C1 1.961(3), Ni-C5 1.932(3); C1-Ni-C5 89.72(14), C1-Ni-O3 

91.46(11), O3-Ni-P 81.70(5), P-Ni-C5 97.55(10), O3-Ni-C5 178.16(10), C1-Ni-P 162.71(9). 

In the initial attempts to synthesize a low coordinated TTMPP Ni(II) dialkyl complex, 

different Ni(II) sources were tested. NiCl2 was used in a one-pot reaction with 1 eq. of 

TTMPP to form the phosphine adduct, followed by subsequent addition of 2 eq. of 

the Grignard reagent for the abstraction of the chloride ligands (Scheme 42). After 

work-up, complex 24 was isolated by crystallization from THF in 23% yield. The purity 

of the isolated product was confirmed by various techniques, including 31P{1H} NMR 

spectroscopy, where only a singlet with a chemical shift of  = −22.82 ppm was 

observed. Even when an excess of the [Mg(CH2SiMe3)2] was used, a complete 

chloride substitution could not be achieved. 
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Scheme 42. Synthesis of the monosubstituted Ni(II) neosilyl complex 24. 

The X-ray diffraction analysis was conducted on monocrystals obtained by storage of 

a concentrated solution of 24 in THF at −30 °C. The molecular structure is depicted in 

Figure 101. 

Figure 101. ORTEP representation of 24 (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°): Ni-C28 

1.9420(16), Ni-O1 2.0958(11), Ni-P 2.1251(4), Ni-Cl 2.2129(5); C28-Ni-O1 176.53(6), C28-

Ni-P 92.27(5), O1-Ni-P 84.80(3), C28-Ni-Cl 92.38(5), O1-Ni-Cl 90.57(3), P-Ni-Cl 175.28(2). 

4 = 0.06. 

The compound crystallizes in the triclinic space group P1̅ where the Ni(II) site has a 

planar geometry illustrated through the 4 parameter of 4 = 0.06. The planar 

arrangement is also confirmed by the angles around the nickel center with values of 

92.27(5)°, 84.80(3)°, 92.38(5)° and 90.57(3)° close to the ideal 90°. The bonds 

around the Ni(II) center, Ni-Calkyl and Ni-O, are comparable with those determined for 

the disubstituted bis(neosilyl) complex 23 (see Figure captions 100 and 101). The Ni-

P bond length of 2.1251(4) Å is smaller than the corresponding one of 2.2234(7) Å 

found in 23, most likely attributed to the different trans influence of the chloride 
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compared with the neosilyl, which is further reflected in the angle of the metallacycle, 

84.80(3)° for 24 vs. 81.70(5)° for 23. 
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4.2 Ni(II) cationic systems 

Catalysts carrying an ionic charge require an appropriate counterion and its selection 

requires special care to prevent catalyst inhibition or decomposition. For anionic 

catalysts the problem is easily solved since a variety of weakly coordinating cations 

(Na+, K+, Li+, [PPh4]+ etc.) is readily available. However, often the active species are 

cationic which implies a meticulous selection of the counteranion.240  

Weakly coordinating anions (WCA) represent a good choice for homogeneous 

catalysis, since the cationic moiety is stabilized but at the same time remains 

accessible for the reactants. Numerous WCAs have been developed such as BArF
4
- 

(= tetrakis[3,5-bis(trifluoromethyl)phenyl]borate)241 and a variety of carboranes.242 

Even if the counteranion is non-coordinating, ion-pairing is often favored in solvents 

such as CH2Cl2, which can strongly influence the catalytic activity and selectivity such 

as diasteroselectivity, product distribution etc. Generally, BArF
4

- containing catalysts 

exhibited the best catalytic performance.243,244 The weakly coordinating anion BArF
4
- 

is used in hydrogenation245 and hydrovinylation246 reactions and also stabilizes the 

species formed during catalysis resulting in an enhanced efficiency and selectivity.  

In the case of (co-)polymerization reactions, the frequently used Lewis acids open 

vacant sites at the metal ion to allow alkene coordination, for example in the early 

days of the heterogeneous Ziegler catalysts.247 Nowadays, the goal is the 

development of molecular, well defined active catalysts which possess a high 

catalytic activity and stereoselectivity without the usage of additives. 
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Ni(II) cationic systems – catalyst design and synthesis  

In the development of Ni(II) cationic species for the polymerization of olefins, the 

ligands of choice were bulky phosphines, either with pendant substituents at the 

phosphorus atom or with -hydrogen atoms for a possible CH bond activation for the 

stabilization of the metal site with the formation of metallacycles. The most reliable 

approach presumed mesitylene exchange reactions from complexes of the type 

[(methallyl)Ni(mesitylene)]+X- (X = BArF
4
 or B(C6F5)4). 

The synthesis of the [(methallyl)Ni(mesitylene)]+X- (X = BArF
4
 or B(C6F5)4) complexes 

25 and 26 was accomplished by salt metathesis reactions between the known Ni(II) 

allyl halide dimer [(methallyl)NiX]2 (X = Cl)248 with NaX (X = BArF
4

 or B(C6F5)4) in the 

presence of an excess (6 eq.) of mesitylene (Scheme 43). The synthesis is an 

adapted procedure for the previously known Ni(II) halide dimers presented in the 

1960s by Heck and Corey.249,250  

 

Scheme 43. Synthesis of the methallyl Ni(II) mesitylene adducts 25 and 26. 

The 1H NMR spectra of the complexes 25 and 26 are illustrated in Figure 102. As 

expected, the spectra are similar since the only difference lies in the anionic part. The 

mesitylene protons appear in both compounds at  = 2.25 and 6.78 ppm, whereas 

the methyl group of the allyl ligand can be identified at  = 2.48 ppm for 25 and at 

 = 2.58 ppm for complex 26. The CH2 groups give two sets of signals due to the syn 

and anti orientation: at  = 1.97 ppm (anti) and 2.80 ppm (syn) for 25 and at 

 = 2.00 ppm (anti) and 2.95 ppm (syn) for 26. The aromatic protons of the BArF
4 

moiety appear as broad singlets and have a chemical shift of  = 7.62 and 7.83 ppm, 

respectively. 

The [B(C6F5)4] anion was introduced to facilitate the collection of X-ray data sets 

since the analogue BArF
4 system exhibits multiple disordered CF3 groups. In catalytic 

trials, only the BArF
4 system was explored because of accessibility reasons. 
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Figure 102. The 1H NMR spectra (THF-d8, 300 K) of complexes 25 and 26. 

The molecular structure of 25 was confirmed by X-ray diffraction analysis and 

established the 6-coordination mode of the arene ring (Figure 103). Suitable crystals 

were grown by slow n-pentane diffusion into a concentrated solution of the 

compound in CH2Cl2 at −30 °C. The counterion was omitted for clarity. 

The complex crystallizes in the monoclinic space group P21/c. The Ni-C arene 

distances range from 2.1181(14) to 2.2321(14) Å indicating nearly symmetric 

coordination of the phenyl ring to the Ni center. The angle between the methallyl 

plane and the mesitylene is 17.15° with the arene ring tilted slightly away from the 

methyl group of the 2-methallyl moiety. These features are in agreement with the 

arene coordination in the solid-state molecular structure reported by Cámpora for the 

analogue [(allyl)Ni(2,6-di-tert-butyl-4-methylphenol)][BArF
4].251 

 

Figure 103. ORTEP representation of 25 (thermal ellipsoids drawn with 50% probability; 

counterion was omitted for clarity). Hydrogen atoms are omitted for clarity. Selected bond 

distances (Å) and angles (°): Ni-C2 1.9825(15), Ni-C3 1.9982(17), Ni-C1 2.0212(16), Ni-C6 

2.1181(14), Ni-C9 2.1437(15), Ni-C5 2.1552(14), Ni-C10 2.1656(14), Ni-C8 2.1804(14), Ni-

C7 2.2321(14); C2-Ni-C3 41.48(7), C2-Ni-C1 41.01(7), C2-Ni-C6 131.92(7), C3-Ni-C6 

171.45(8), C1-Ni-C6 105.87(7). 

The two Ni(II) cationic systems are feasible starting materials considering purity, 

good yields and the possibility to work on gram scale. Brookhart et al. have 

assiduously investigated the reactivity of cationic [(allyl)M(arene)] systems, where 

M = Pd or Ni, with anions either SbF6 for Pd or NaBArF
4 in the case of Ni. The arene 
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ligands in the Pd species are highly labile and can rapidly be displaced by olefins and 

alkynes at temperatures as low as −120 °C. On the other side, for the Ni complexes, 

the ligands are less labile and the replacement for example by excess Et2O, occurs 

at 25 °C. Interestingly, in the reaction with -olefins and [(2-R-allyl)Ni(mesitylene)]+ 

complexes, the allyl ligand is the one being substituted and new allyl complexes and 

propene (when R = H) or isobutylene (when R = CH3) were identified. An 

intramolecular hydrogen migration mechanism was proposed for these 

transformations.252 

In order to replace the mesitylene from the Ni(II) cationic system 26, PtBu3 was used 

(Scheme 44). The reaction was run in Et2O at ambient temperature and after 30 min, 

formation of a nickel mirror was observed. After removal of the volatile materials and 

crystallization from CH2Cl2, only a phosphonium salt was isolated. Either because of 

the thermal instability of the (tBu3P)Ni(II) adduct or because of steric reasons, the 

nickel center was reduced from Ni(II) to Ni(0), whereas the phosphorus atom was 

oxidized from +III to +V. 

 

Scheme 44. Attempted mesitylene displacement reaction in the Ni(II) precursor by a bulky 

phosphine. 

The cationic part of the X-ray molecular structure is depicted as an ORTEP 

representation in Figure 104. The anion was omitted for clarity purposes. 

Compound 27 crystallizes in the orthorhombic group P212121 having a distorted 

tetrahedral geometry around the phosphorus atom reflected by the geometry index 

value 4 = 0.98, close to 4 = 1 corresponding to the ideal one. The angles formed by 

the atoms C13-P-Ctert-butyl are close to 109.5° having values of 109.21(14)°, 

109.95(13)° and 102.06(13)°, whereas the last angle is ~ 7° smaller because of the 

iso-butyl moiety in which the methyl groups are pointing away from the tert-butyl 

group containing atom C1. The three angles Ctert-butyl-P-Ctert-butyl determined around 

the phosphorus atom are 2-3° smaller (112.67(14)°, 111.62(13)° and 110.71(13)°) 

than in the neutral (tBu3P)Ni(I) complex 21 (109.15(6)°, 108.79(5)° and 109.38(5)°). 
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Figure 104. ORTEP representation of 27 (thermal ellipsoids drawn with 50% probability; 

counterion was omitted for clarity). Hydrogen atoms are omitted for clarity. Selected bond 

distances (Å) and angles (°): P-C1 1.901(3), P-C5 1.888(3), P-C9 1.884(3), P-C13 1.848(3); 

C1-P-C9 111.62(13), C9-P-C5 112.67(14), C5-P-C13 109.95(13), C13-P-C1 102.06(13); 

4 = 0.98. 

In contrast, the mesitylene substitution reaction in complex 26 with TTMPP worked 

smoothly in THF at ambient temperature, in less than 1 h (Scheme 45). The TTMPP 

ligand stabilizes the Ni metal center by weak coordination via a chelate effect to one 

of the ortho positioned pendant methoxy groups. This weak coordination mode could 

not be verified through NMR spectroscopy since the experiment was conducted at 

23 °C, but it was confirmed by X-ray diffraction analysis (100 K). 

 

Scheme 45. Synthesis of the cationic Ni(II) TTMPP phosphine adduct with BArF
4

 –  as the 

counterion. 

1H and 31P{1H} NMR spectroscopy were used to determine the purity of complex 28. 

The 31P{1H} NMR showed only one phosphorus containing species having a 

chemical shift of  = −19.25 ppm, meanwhile the 1H NMR spectrum presented 

matching integrals for the proposed structure (Figure 105). The protons of the 

methallyl ligand appear as singlets; the methyl group as a sharp signal at 

 = 2.05 ppm and the protons of the CH2 groups as broad peaks at  = 2.31 and 

3.25 ppm, respectively. The corresponding resonances for the phosphine moiety 

show chemical shifts in the expected regions:  = 3.73 and 3.83 ppm the ortho- and 
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para-protons of the methoxy groups and low-field shifted the meta-aromatic protons 

as a doublet at  = 6.61 ppm having a coupling constant to the 31P nuclei of 
4JHP = 4 Hz. In the aromatic region the corresponding protons of the BArF

4 anion were 

observed as broad singlets at  = 7.59 (p-H) and 7.75 ppm (o-H). 

 

Figure 105. The 1H NMR spectrum (CD2Cl2, 300 K) of complex 28. 

Suitable crystals for X-ray diffraction analysis were obtained by slow diffusion 

(5 days) of n-pentane into a concentrated solution of the product in CH2Cl2 at −30 °C. 

The molecular structure is depicted in Figure 106. The complex crystallizes in the 

triclinic space group P1̅. The almost planar geometry around the nickel metal center 

in 28 is reflected by the 75.20° angle formed between the two planes of the methallyl 

and Ni-P-(OCH3). The 3-coordination of the methallyl ligand is illustrated by the 

similar bond distances between the Ni(II) site and the involved C atoms: 1.980(2), 

1.992(2), and 2.039(2) Å, respectively. Noteworthy, in the solid-state the weak 

coordination of one methoxy moiety to the Ni(II) center was confirmed having a 

distance of 1.9769(15) Å, which is shorter than the observed distances in the neutral 

complexes 23 (2.104(2) Å) and 24 (2.0958(11) Å). The Ni-P bond distance of 

2.1760(6) Å is also shorter than the one determined for the disubstituted neosilyl 

complex 23 of 2.234(7) Å, but essentially identical with that in complex 24 

(2.1241(4) Å). The angle formed between O1-Ni-P (87.88(5)°) in the cationic system 

is larger than those found for the neutral Ni(II) complexes of 81.70(6)° (23) and 

84.80(3)° (24) reflecting the smaller steric demand of the 3-coordinated methallyl 

compared to the neosilyl and chloride ligands. 
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Figure 106. ORTEP representation of 28 (thermal ellipsoids drawn with 50% probability; 

counterion was omitted for clarity). Hydrogen atoms are omitted for clarity. Selected bond 

distances (Å) and angles (°): Ni-O1 1.9769(15), Ni-C30 1.980(2), Ni-C29 1.992(2), Ni-C28 

2.039(2), Ni-P 2.1760(6); O1-Ni-C30 170.00(9), O1-Ni-C29 137.09(9), C30-Ni-C29 

41.79(10), O1-Ni-C28 101.67(9), C30-Ni-CC28 72.64(10), O1-Ni-P 87.88(5), C30-Ni-P 

98.45(7), C29-Ni-P 129.00(8), C28-Ni-P 169.71(9). 

An interesting outcome was identified in the case of the sterically demanding 

phosphine tris(1-adamantyl)phosphine (Ad3P). 

Ad3P was synthesized according to literature (SN1 route) by generation of the 

adamantyl cation using AdOAc and Me3SiOTf, which was further trapped by HPAd2 

to form the phosphonium salt (HPAd3)+(OTf)-. Neutralization of the salt by Et3N led to 

the precipitation of the free Ad3P.253 Little is known about its performance in 

homogeneous catalysis. Until Carrow et al. introduced a new methodology in 2016, 

only phosphines with maximum two 1-adamantyl substituents were known and 

successfully used in catalysis.219,254 Spectroscopic data revealed that Ad3P 

possesses an electron releasing character exceeding other alkylphosphines and 

tends to fit in the range dominated by NHCs, which is attributed to the large 

hydrocarbyl groups inducing a strong polarizability.253 

When a suspension of Ad3P in Et2O was added to 26 in toluene/Et2O (1 : 1), the 

formation of a brown-red homogeneous solution was observed (Scheme 46). After 

stirring for 1 h at ambient temperature and removal of the volatile material in dynamic 

oil pump vacuum, the residue was washed with n-pentane to remove traces of the 

mesitylene and toluene. CH2Cl2 extraction, filtration over a Celite pad and prolonged 

cooling (−30 °C, ca. 4 months) of the saturated solution allowed the isolation of the 

product as dark red crystalline prisms in 38% yield. Complex 29 was fully 
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characterized and its structure determined to be a (η6-toluene)Ni(II) complex 

stabilized by the Ad3P phosphine, which presented a CH bond activation at the -CH2 

group of one of the 1-adamantyl substituents. The labile mesitylene ligand was 

exchanged by toluene, with the η6-coordination of the aromatic ring preserved. 

Scheme 46. Synthesis of the cationic Ni(II) complex stabilized by the bulky Ad3P. 

Complex 29 was characterized by various methods. Its purity was confirmed by NMR 

spectroscopy, where only one signal was identified in 31P{1H} NMR spectrum at 

 = −11.53 ppm, in 11B{1H} NMR at  = −6.43 ppm and in 19F{1H} NMR at 

 = −62.74 ppm. In the 1H NMR spectrum provided in Figure 107 all expected signals 

were identified and assigned. The aromatic protons of the BArF
4 anion exhibit a 

chemical shift of  = 7.70 (HAr-o) and 7.55 (HAr-p) ppm, whereas the five aryl protons of 

the 6-coordinated toluene appear as four distinct multiplets between  = 6.49 and 

7.03 ppm and the methyl group at  = 2.57 ppm. Regarding the CH bond activated 

Ad3P ligand, the forty-four protons resonate in a small chemical shift region, between 

 = 1.47 and 3.04 ppm with mainly overlapped signals. The proton of the CH bond 

activated group resonates at  = 1.47 ppm as a broad singlet. 

 

Figure 107. 1H NMR spectrum (CD2Cl2, 300 K) of complex 29 (* co-crystallized CH2Cl2). 

The molecular structure of 29 is depicted in Figure 108. The complex crystallizes in 

the monoclinic space group C2/c, with two co-crystallized molecules of CH2Cl2 in the 

asymmetric unit. The η6-coordination of the toluene molecule to the nickel site was 
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confirmed by the essentially identical bond distances between Ni(II) and the six 

carbon atoms with values in the interval between 2.1268(10) Å to 2.2357(10) Å. The 

Ni-P bond length of 2.1801(3) Å is shorter in 29 due to the CH bond activation and 

formation of the four-membered metallacycle than the corresponding Ni-P bond 

distance of 2.3821(8) Å determined for the cationic Ni(II) system [Ad3PNiBr3]-

[Ad3PH]+.170 

The constrained four-membered metallacycle has an C2-Ni-P angle of 71.27(3)° with 

a Ni-C2 bond length of 1.9897(10) Å, that is slightly longer compared with the NHC 

Ni(II) adducts: 1.9786(12) Å in the case of the activated CH3 group in 10-Si or 

1.9238(17) Å for the activated phenyl ring in 10-Ph. 

 

Figure 108. ORTEP representation of 29 (thermal ellipsoids drawn with 50% probability; 

counterion is omitted for clarity). Hydrogen atoms are omitted for clarity. Selected bond 

distances (Å) and angles (°): Ni-P 2.1801(3), Ni-C2 1.9897(10), Ni-Tolcentroid 1.691; C2-Ni-P 

71.27(3), C21-P-C11 110.13(4), C21-P-Ni 113.01(3). 

Since unsatisfactory results were obtained in the attempt to exchange the labile 

mesitylene in compounds 25 and 26 with NHCs as good -donors and spectator 

ligands, a new approach was tested: The cleavage of the Ni(II) dimer 

[(methallyl)NiCl]2 with 2 eq. of IMes2 and chloride abstraction by [Na(BArF
4)]. 

Addition of 2 eq. of IMes2 to the Ni(II) dimer and abstraction of one chloride with 1 eq. 

of [Na(BArF
4)] led to the isolation of the bimetallic complex 30 in 78% yield 

(Scheme 47). The product was purified by crystallization from a saturated solution in 

CH2Cl2 at −30 °C, when also orange crystals suitable for X-ray diffraction were 

obtained. In an attempt to synthesize the corresponding Ni(II) monomer, the reaction 

between the Ni(II) dimer, IMes2 and [Na(BArF
4)] was conducted in a ratio of 1 : 2 : 2. 

The only isolated product was, nevertheless, identified as complex 30. 



Nickel(II) cationic systems – results and discussion 

165 

 

 

Scheme 47. Synthesis of the cationic bimetallic Ni(II) NHC adduct with BArF
4

 –  as counterion. 

The ORTEP representation is depicted in Figure 109. Complex 30 crystallizes in the 

monoclinic space group P21/c. The anion was omitted for clarity.  

 

Figure 109. ORTEP representation of 30 (thermal ellipsoids drawn with 50% probability; 

counterion is omitted for clarity). Hydrogen atoms are omitted for clarity. Selected bond 

distances (Å) and angles (°): Ni1-C1 1.916(2), Ni1-C22 1.990(2), Ni1-C23 1.991(2), Ni1-C24 

2.066(2), Ni1-Cl 2.2201(6), Ni2-C26 1.914(2), Ni2-C47 1.975(3), Ni2-C48 1.995(3), Ni2-C49 

2.061(4), Ni2-Cl 2.2254(6); C1-Ni1-Cl 95.93(7), C26-Ni-Cl 97.92(7), C1-Ni1-C23 130.85(10). 

The bimetallic complex is bridged by a chloride ligand located symmetrically between 

the two nickel centers with bond lengths of Ni1-Cl 2.2201(6) Å and Ni2-Cl 

2.2254(6) Å. Also, the Ni-Ccarbene distances are identical, with 1.916(2) and 

1.914(2) Å, matching classical Ni-Ccarbene bond distances. 180,203 The angles formed 

between the Ccarbene-Ni-Cl plane and the methallyl moiety have different values: 

79.23° in the case of Ni1 and 74.22°/69.75° for Ni2, since the methallyl ligand is 

disordered over two positions. 
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4.2.1 Catalysis – polymerization reactions 

The scope is too wide to be compressed in this introduction, therefore only topics 

related to this thesis are presented. 

History of polyethylene 

Back in 1898, Hans von Pechmann was the first to (accidently) synthesize 

polyethylene (PE) while heating diazomethane.255 An industrial synthesis based on a 

reproducible high-pressure process for low density polyethylene (LDPE) was 

introduced 34 years later and the start on large scale production took another six 

years. In the early 1950s, R. Banks and J. Hogan in the US256 and Ziegler247 in 

Germany opened the era of heterogeneous supported catalysts implemented in 

ethylene polymerization.  

Linear PE was obtained in the US research group under mild conditions. Notably was 

the pressure dependency, two orders of magnitude lower than the one used in the 

industrial synthesis (10-80 bar instead of 1000-3000 bar); the implemented 

heterogeneous catalyst which led to HDPE was silica-supported chromium trioxide 

(Phillips catalyst). The product presented a greater linearity compared to the 

analogue HDPE gained using the Ziegler-Natta catalyst based on transition metal 

halides (e.g.TiCl4) and an activator, usually main group organometallic compounds 

(e.g. triethylaluminium).247 In the 1970s, MgCl2 was discovered to act as an 

outstanding support material for titanium-based catalysts enhancing up to 100 times 

the catalyst activity allowing also high stereospecificity. Moreover, these catalysts 

narrowed the molecular weight (MW) and molecular weight distribution (MWD), 

enabling to control the polymer structure and formation of linear low-density 

polyethylene (LLDPE).257,258 

In the evolution of Ziegler-Natta catalysts, the development of homogeneous 

catalysts derived from metallocenes played an important role. Breslow and 

Newburg259, and Natta et al.260 independently reported the properties of [Cp2TiCl2] 

activated with AlR2Cl in ethylene polymerization. The low activity of these systems 

remained unchanged, until Kaminsky and Sinn introduced a new co-catalyst, 

oligomeric methylalumoxane (MAO), which led to high activities of group 4 

metallocenes in polymerization reactions. MAO fulfilled two purposes, on one hand it 

served as an alkylation reagent and on the other hand, it abstracted an anionic ligand 

to ensure an electrophilic catalyst with a vacant coordination site. However, these 

single-site catalysts had the disadvantage of being non-stereospecific producing only 

atactic polymers due to the symmetric feature of the active center (see XIIIa and XIIIb 

in Figure 110).261,262 This issue was overcome by introducing stereo-rigid ligand 

systems (ansa-metallocenes) in which the cyclopentadienyl rings, linked by short 

bridging groups (e.g. XIIIc in Figure 110) allowed polymer stereocontrol by tuning the 
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ligand structure.263–265 The scope was successfully extended for copolymerization 

reactions with controlled numbers of branches.266 

 

Figure 110. Homogeneous Ziegler-Natta catalysts. 

The pioneer work in late transition metal (iron, nickel, cobalt and palladium) catalysts 

with imine-based ligands started with the early investigations made by Brookhart and 

Gibson.171,267,268 Following these seminal studies, numerous publications arose as a 

result of mechanistical investigations, new polymerization pathways, topological 

control, control over MWD, material properties and many other characteristics.267,269–

271 

Olefin polymerization mechanism 

The actual polymerization mechanism can vary depending on the catalyst, but as a 

general knowledge is recognized that ethylene polymerization usually follows one of 

two distinct mechanisms: radical polymerization or catalytic polymerization. A 

summary regarding the mechanisms and various techniques used to control the 

product outcome has been published by Kaminsky and Malpass.272,273 

• Radical polymerization 

Free-radical polymerization originates from the early 1930s and constitutes the most 

widely used methodology for polymer synthesis. The mechanism involves several 

sequences: (i) initiation, (ii) monomer addition and chain growth and (iii) a termination 

process. 

The polymerization reaction starts with the formation of the active species from a 

suitable initiator (the most frequently used ones are organic peroxides) through an 

adequate method (e.g. thermal decomposition, redox or photochemical reactions). 

The monomers employed in this type of process require an unsaturation index equal 

or greater than two, representative classes are alkenes, aldehydes and ketones. 

Once the active species adds to the double bond, it produces a new propagating site 

of reactivity on the other atom. The nature of this new site divides the polymerization 

mechanism into two subclasses: radical (a) or ionic (b) (Scheme 48). 
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Scheme 48. Radical polymerization (monomer addition) (I = initiator). 

Free radicals cannot polymerize aldehydes and ketones because of the different 

electronegativity of the C and O atoms. Nevertheless, alkenes can also be 

polymerized in chain-growth reactions by radicals, ions or carbon-metal bonds, 

depending on the substituent X and its inductive properties. The propagation chain-

growth may then terminate usually by disproportionation, recombination or chain 

transfer reactions. The latter is responsible for broad MWD, whereas radical 

rearrangement induces branching in polymers.273 

• Catalytic polymerization 

The key elementary steps in catalytic polymerization are initiation, chain propagation 

and termination reactions. One of the most reliable and commonly accepted 

mechanisms for the catalytic polymerization of ethylene was proposed by Cossee 

and Arlman in 1964, based on studies made on Ziegler-Natta catalysts. It involves (i) 

activation of the pre-catalyst and formation of the active species with a vacant 

coordination site, (ii) coordination of the monomer, and (iii) 1,2-insertion via a four-

membered ring transition state with formation of a new free coordination site where 

another molecule of ethylene can insert and the repetition of this cycle (iv) leads to 

chain propagation. The mechanism can be successfully applied for electrophilic metal 

centers, usually in a cationic form, with a vacant coordination site.274,275 

 

Scheme 111. Simplified Cossee-Arlman mechanism for ethylene polymerization. 

In 1978, Green and Rooney proposed an alternative mechanism, based on the 

reported Schrock alkylidenes (Scheme 49). Chain growth involves an alkylidene 
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species formed by -H transfer from a metal-alkyl species. In this particular case, the 

new C-C bond forms over a metallacyclobutane intermediate from a [2+2] 

cycloaddition.276,277 

 

Scheme 49. Simplified Green-Rooney mechanism for ethylene polymerization: (i) -H 

transfer, (ii) ethylene coordination, (iii) metathesis-like process, (iv) reductive 

elimination.276,277 

A modified version of this mechanism also considered an -H agostic interaction, 

both in the ground and transition state. As a result, stereoselective insertion of -

olefins into the growing polymer chain was explained.278,279 

The most notable termination reactions, which end the growth of the polymer, are -

hydride elimination and chain transfer (to the monomer or to the co-catalyst). By the 

inspection of the polymer end groups, the chain termination pathway can be 

determined.  

Early development of late transition metal polymerization catalysts 

A major disadvantage of early transition metal catalysts is the high sensitivity towards 

polar functional groups because of their electrophilic nature. The application is limited 

to mostly linear polymers of -olefins and does not permit the extension to 

copolymerization reactions of polar olefins. To overcome these limitations, the focus 

was shifted to the late transition metals which are supposed to be less oxophilic and 

more functional-group tolerant.  

Early results in late transition metal catalysts for olefin polymerization reactions 

revealed inconvenient properties. The main issue was the ability of the catalysts to 

easily perform -hydride elimination, leading to low MW oligomers. Nevertheless, 

mechanistic studies run on Brookhart´s Ni and Pd systems uncovered a chain-

walking isomerization process as well as an ethylene pressure dependency; at higher 

pressures, the free coordination site can be faster saturated with monomers, blocking 

it for -hydride elimination reactions and allowing the formation of branched polymers 

with interesting characteristics. Another underestimated property was the electrophilic 

nature of cationic late transition metals, comprehensively exploited by Brookhart 

using earth abundant Ni(II) and Fe(II) in several publications.171,267 

The important role of homogeneous nickel catalysts in industry was early discovered 

and presented by Keim et al.. The Shell higher olefin process (SHOP) is based on 

nickel catalysts (e.g. XIVa and XIVb in Figure 112) which oligomerize ethylene to 
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give 1-alkenes (e.g. C6-C20) with subsequent steps that allow controllable 

maximization of C10-C14 chains.280,281 

 

Figure 112. Selected examples of SHOP catalysts. 

Nowadays, the continuous development in polymer chemistry also presented a new 

challenge: the design and tuning of new catalysts for the living polymerization of 

olefins, since the controlled synthesis of block copolymers, terminally functionalized 

polymers or monodisperse polymer materials may display novel physical 

characteristics. Even though active living catalyst systems have been published, 

there is still room for improvements.282,283 

In the ideal living polymerization system, there is neither an initiation nor a 

termination process, which means addition of the monomer determines the 

simultaneous activation of the catalyst molecule and the chain-growth reaction occurs 

at the same time and rate for all the active sites, leading to polymers that have a 

Mw/Mn value close to 1.0. In practice, living polymerization needs to be performed at 

low temperature to suppress chain termination or transfer reactions. Thus, low 

activity determines the formation of polymers with insufficient molecular weight 

values. Nevertheless, one major limitation for industrial production is the cost-benefit 

ratio, because multi-gram quantities of an expensive catalyst will be required for 

small batches of polymer since only one chain can be grown per metal center.284 
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Scheme 50. Living polymerization. Propagation (I) occurs without any chain termination (II) 

or chain transfer (III) process. 

To avoid the challenges associated with living polymerizations, Arriola et al. 

developed a new strategy for the preparation of polyolefin block copolymers based 

on a “chain shuttling polymerization” technique. A chain shuttle agent (Figure 113) is 

used to transfer growing chains between two different catalysts with well-defined 

monomer selectivities found in the same reactor.284,285 

 

Figure 113. Example of dual-catalysts systems used in “chain shuttling polymerization” of 

ethylene-octene with Et2Zn as chain shuttling agent.284 

Although various approaches have successfully been introduced to solve long-

standing challenges in material science, there is still a tremendous progress to be 

made towards catalyst and polymer design, process optimization and industrial 

production. 

Global demand of polyolefins increased in the last two decades by ca. 5% every 

year, with polyethylene (PE) being the most produced polymer worldwide. The variety 



Nickel(II) cationic systems catalysis - introduction 

172 

 

of PE types with different properties makes it an attractive material used in a wide 

range of applications. To take full advantage of the polymer properties, 

characteristics as topology, molecular weight (MW) and molecular weight distribution 

(MWD) represented by the polydispersity index (PDI) are continuously investigated 

and exploited. 

  



Nickel(II) cationic systems catalysis - introduction 

173 

 

DSC introduction 286 

Differential scanning calorimetry (DSC) is a technique broadly used to investigate 

thermal transitions of polymeric materials, such as the glass transition temperature 

(Tg), melting temperature (Tm) and crystallization temperature (Tc). The transitions 

detected by DSC can be classified in (i) first-order transitions and (ii) second-order 

transitions. Hence, the entropy (S), the volume (V) and the enthalpy (H) belong to the 

first-order thermodynamic quantities since they can be expressed as the first 

derivative of the Gibbs free energy (G).  
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Quantities that can be expressed as a second derivative of free energy are second-

order thermodynamic quantities, including the heat capacity (Cp). 
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The peaks observed in a DSC scan correspond to the heat capacity as a result of a 

first-order transition such as melting or crystallization. By mathematical integration of 

the peak area, the enthalpy changes with melting (endothermic peak) or 

crystallization (exothermic peak) can be determined. The Tg behaves like a second-

order transition, but it has also a kinetic component because its value is dependent 

on the rate at which is measured. Therefore, it is a pseudo-thermodynamic second-

order transition. 
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Polymerization reactions using complexes 28 or 29 as pre-catalysts 

Transition metal complexes usually require to be activated either by electrophilic 

methyl or hydride abstraction by Lewis acids. For the neutral systems, addition of 

Lewis acids helps nickel carboxylate or carboxamidato systems to become 

zwitterionic, reducing the electron density of the metal. This method was successfully 

applied by Lee et al. for the inactive neutral complex bis(η3-methallyl)bis{µ-[(2-

diphenylamino)benzoato-O:O′]}dinickel(II) (XVa) to obtain the active zwitterionic form 

XVb by addition of B(C6F5)3 (Scheme 51). The monomeric complex XVb showed 

high catalytic activity in norbornene polymerization, with activity as high as 

3.6 ∙ 106 g/mol∙h at ambient temperature.287 

 

Scheme 51. Synthesis of the active zwitterionic form XVb by addition of a Lewis acid to the 

dinuclear Ni(II) complex XVa. 

Polymerizations using cationic (allyl)Ni(II) systems containing very labile ligands have 

been reported over the years. Brookhart et al. have investigated similar systems 

based on the highly labile [(allyl)M(arene)]+ (where M = Pd, Ni) as precursors in olefin 

polymerization reactions. The arene ligand (mesitylene) is replaced by olefins and 2-

butyne at temperatures as low as −120 °C with the formation of new olefin adducts 

which are unstable at temperatures above 10 °C. Therefore, only oligomers have 

been achieved in the presence of excess olefin.252 

Cationic “ligand-less” species of the type [(allyl)M(cod)][PF6] (M = Ni or Pd)288 or 

[(allyl)M(mesitylene)]+ (M = Ni or Pd)289,290 have indicated a rapid polymer formation, 

but only very little catalyst is consumed which indicates a slow initiation step followed 

by rapid propagation (Rinit << Rprop, where Rinit and Rprop are the rates of the initiation 

and propagation step, respectively) without molecular weight control. 

Norbornene (NB) and its derivatives can be polymerized following one of the three 

methods presented in Scheme 52 with the polymers presenting different structures 

and properties. The ring-opening metathesis polymerization (ROMP) of norbornene is 

widely used in the Norsorex® production,291 a high molecular weight polymer used as 

oil absorber/adsorber attributed to its strong affinity towards hydrocarbons. For the 

ROMP polymerization of norbornene catalysts based on W, Mo, Re and Ru as metal 

halide, oxide or oxochloride together with alkylation reagents (such as Et2AlCl) and 
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promoters (e.g. O2, EtOH) are used. The vinyl-polymerization type allows the 

formation of polymers which retain the bicyclic structure of the starting monomer by 

opening only the -bond in C=C, whereas in the cationic or radical type, the polymer  

forms by connection of the monomers in the positions 2 and 7.292 

The last two polymerization types received, in comparison with ROMP, little attention 

and the mechanisms are neither understood nor investigated. 

 

Scheme 52. Representation of the three different types of polymerization of norbornene 

(NB).293 

Constant efforts are made to obtain polymers of cyclic olefins driven by their 

attractive properties such as high optical transparency, high glass transition and 

decomposition temperatures.293 

Nickel catalysts used in norbornene (NB) polymerization are usually predisposed to 

open only the double bond and leave the bicyclic structure intact. The polymerization 

is therefore similar to the classical olefin polymerization and it is known as vinyl or 

addition polymerization.293 

Complexes 28 and 29 were tested in the polymerization of norbornene and ethylene 

at ambient temperature and the outcome is presented in Table 22. 

General procedure for norbornene polymerization using pre-catalyst 28 or 29 

An oven dry Schlenk flask was charged with a solution of the pre-catalyst in CH2Cl2 

(0.6 mL) followed by the appropriate volume of the norbornene standard solution in 

toluene (1.4 mL). The Lewis acid (B(C6F5)3) was added at ambient temperature under 

vigorous stirring. After the desired period of time, the reaction was quenched by 

addition of acidified MeOH (100 mL). The polymer was collected by decantation and 

dried in dynamic high vacuum (ca. 10 h). The isolated polymers are insoluble in 

commonly used solvents, which made subsequent characterization by spectroscopic 

methods unfeasible. 
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Table 22. Norbornene polymerization conditions and results using Ni(II) cationic species 28 

and 29. 

Catalyst 
Cat. loading 

(time) 
Conditions Outcome 

28 
1 mol% 

(5 h) 
CH2Cl2/toluene 

(B(C6F5)3) 
Polymer 

29 
0.5 mol% 

(1 h) 
CH2Cl2/toluene 

(B(C6F5)3) 
Polymer 

For the polynorbornene samples, the Tg temperature could not be determined 

because of their proximity to the decomposition temperature. The DSC analysis 

showed no endothermic signals until 400 °C, whereas the decomposition of the 

polymer sample started at 310 °C. 

Procedure for ethylene polymerization using pre-catalyst 28 

To a suspension of the pre-catalyst in C6D6 (0.6 mL) was added in a Parr reactor 

(25 mL) a solution of the Lewis acid activator (2 eq. B(C6H5)3). The reactor was 

pressurized with 5 bar of ethylene and the pressure was maintained for 5 h 

(Table 23). After the reactor was vented the reaction mixture was filtered over a pad 

of Celite to remove the decomposed catalyst and suitable probes were analyzed by 

NMR spectroscopy (Figure 114) and GC/MS spectroscopy. Oligomer formation 

incorporating two, three and four monomer units was determined. 

 

Figure 114. 1H NMR spectrum (C6D6, 300 K) of the oligomeric mixture obtained using pre-

catalyst 28 in ethylene polymerization reaction. 
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Table 23. Ethylene polymerization conditions and results using Ni(II) cationic species 28 and 

29. 

Catalyst 
Cat. loading 

(time) 
Conditions Outcome 

28 
2.0 x 10-5 mmol 

(5 h) 
C6D6 (BPh3) Oligomer 

29 
1.0 x 10-5 mmol 

(10 min) 
CH2Cl2/toluene 

(B(C6F5)3) 
Polymer 

Procedure for ethylene polymerization using pre-catalyst 29 

To a solution of the pre-catalyst in CH2Cl2 (0.6 mL) was added in a Parr reactor 

(25 mL) a solution of the Lewis acid activator (2 eq. B(C6F5)3) in toluene (1.4 mL). 

The reactor was pressurized with 5 bar of ethylene and the reaction mixture was 

stirred at ambient temperature for the appropriate time. During this period, the 

pressure was maintained at 5 bar. Subsequently, the reactor was vented and the 

polymer together with the remaining solvent was stirred in acidified MeOH (100 mL) 

and dried in dynamic high vacuum (50 °C, 10 h). 

In the case of the pre-catalysts 29, the insolubility of the isolated polymer in all 

commonly used solvents made subsequent characterization by spectroscopic 

methods unfeasible. 

DSC measurements 

Table 24. Technical information regarding DSC analysis. 

DSC device Netzsch DSC 204 Phoenix 

Balance for sample 
preparation 

Mettler Toledo XS3DU 

Sample pan/lid 
Netzsch Crucibles Al; 25 l (O.N: 6.239-

64.5.01) 

Netzsch Lids Al (O.N: 6.239-64.5.02) 
Cold molding press unknown 

The DSC measurements were collected on a Netzsch DSC 204 Phoenix device 

using a cool-heat cycle method with nitrogen flow (70 mL/min protective gas and 

20 mL/min purge gas). The probe was cooled at 10 °C/min from 23 °C to 0 °C then 

warmed from 0 °C to 160 °C at 10 °C/min. The characteristic temperatures (Tm and 

Tc) were determined from the second heating-cooling cycle, since the first cycle was 

used to eliminate the thermal history of the polymer. 

DSC analysis is a useful method to analyze the melting and crystallization behavior 

of polymers since valuable information, such as crystallinity, can be established and 

used to predict the mechanic properties of the polymer of interest. 



Nickel(II) cationic systems - catalysis 

178 

 

The DSC thermogram of the polymer obtained using complex 29 as pre-catalyst in 

ethylene polymerization is shown in Figure 115. The melting point of the polymer was 

determined at Tm = 122.0 °C, whereas the crystallization point at Tc = 101.5 °C. The 

peak temperature of the melting curve is the most determined property of 

semicrystalline polymers. For the polymer in question, the determined experimental 

peak temperature of 122.0 °C fits in the region observed for LLDPE (linear low-

density polyethylene). Similar results were obtained by Brookhart et al. who 

employed [Ad3PNiBr3]-[Ad3PH]+ as pre-catalyst and alkyl aluminum activators to 

polymerize ethylene to nearly-linear ultrahigh-molecular weight PE.170 

 

Figure 115. DSC thermogram (second cycle) of the PE obtained using complex 29 as pre-

catalyst.  

Another characteristic property which can be determined using the DSC analysis is 

the degree of crystallinity (K, in Eq. O).294 This can be calculated dividing the 

measured heat of fusion (Hm; area under the melting endotherm) by the theoretical 

heat of fusion of 100% crystalline polyethylene (H°m = 293 J/g).295  

K =  
∆Hm

∆Hm
°

 × 100      (𝑶) 

For the analyzed polymer the degree of crystallinity was determined using the second 

heating cycle and it has a value of K = 43.9%. 

The degree of crystallinity in semicrystalline polymers (such as PE) has a 

considerable impact on properties like stiffness, hardness or heat resistance. For 

example, a high degree of crystallization implies a stiffer and stronger polymer, but 

on the other hand also a polymer with an increased brittleness.296 The main factors 
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that can influence the degree of crystallinity are the chemical structure and thermal 

history. For instance, the 1st heating curve of a DSC measurement includes the 

thermal or mechanical history of the polymer since it is based on the cooling 

conditions during processing (in this case synthesis and work-up) or post-thermal 

treatment, whereas the 2nd heating curve provides information for the determination 

of the material properties under given dynamic conditions. 

A systematic peak broadening of the melting endotherm and a shift of the melting 

temperature to lower values were observed. These can be attributed to the chain 

topology and therefore rearrangement of the structure or as a result of partial chain 

decomposition (Figure 116). 

Figure 116. DSC thermogram (the endogram region) of the PE obtained using complex 29 

as pre-catalyst. 
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4.3 Phosphinines 

Phosphinines are rarely selected as ligands in catalysis, mainly due to their high 

sensitivity towards nucleophilic attack at the phosphorus atom. This reactivity is not 

entirely elucidated, but the main contribution can be assigned to the coordination to a 

relatively electron-poor metal fragment which reduces the aromatic character, but 

also increases the positive charge on the phosphorus atom.297 Therefore, 

unprotected phosphinines are rarely used in catalytic transformations, their utility is 

restricted to specific processes that avoid nucleophilic or strongly basic reagents. 

Phosphinines are, in comparison with the homologous pyridines, relatively weak -

donor but strong -acceptor ligands. The -accepting capacity is highly influenced by 

the electropositive character of the phosphorus atom which lowers the energy of the 

*-system. As a result of the phosphorus atom lone pair and a reactive  and *-

system, these ligands provide various bonding modes and “exotic” combinations.298 

The -coordination by the phosphorus atom is the most common one and is usually 

characteristic with the late transition metals in low oxidation states (0 and +I) because 

of the -acceptor properties of the phosphinine ligand (I, Scheme 53). Similar to other 

aromatic systems with a delocalized 6-electron system, they can also bind in a 6-

fashion to metal centers (II and IV, Scheme 53).299 

 

Scheme 53. Selected coordination modes of phosphinines. 

In the reaction of [(tmeda)Ni(CH2SiMe3)2] (7-Si) with 1.5 eq. of 2,4,6-

triphenylphosphinine two different types of complexes were identified (Scheme 54). 

Addition of 7-Si to a suspension of the phosphinine in C6D6 and sonication of the 

reaction mixture led to a brown homogeneous solution. Since 1H NMR spectroscopy 

showed incomplete tmeda replacement, the contents were irradiated in a 

photoreactor (16 Hg lamps: 8 RPR 3000 Å and 8 RPR 3500 Å) for 90 min followed by 

moderate heating for 2 h at 65 °C. Quantitative elimination of tmeda was determined 

by 1H NMR spectroscopy, whereas in 31P{1H} NMR three major signals appeared at: 

 = 185.29 (t, 2JPP’ = 5.5 Hz), 0.35 (s) and −12.71 (d, 2JPP’ = 5.7 Hz). After removal of 

the volatile materials in dynamic high vacuum, the residue was extracted with n-

hexane and filtrated over a pad of Celite. The undissolved solid was further extracted 

with Et2O, and both solutions were cooled at −30 °C for two weeks. Out of the n-

hexane solution, dark brown crystals (31) were obtained and used for X-ray 

diffraction analysis. Because of the low yield and irreproducibility, the complex was 
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not fully characterized. The main product of the reaction was isolated from the Et2O 

solution as dark brown rectangular crystals of 32 in 41% yield. 

 

Scheme 54. Synthesis of Ni(II) phosphinine adducts. 

The 31P{1H} NMR spectrum of the isolated compound 32 presented two phosphorus 

signals: at  = 185.31 ppm a triplet with 2JPP’ = 5.7 Hz assigned to the -coordinated 

moiety of the complex (phosphabenzene) and at  = −12.68 ppm a doublet with 
2JPP’ = 5.5 Hz for the two allyl coordinated phosphinines (phosphorinyl). In the 
1H NMR spectrum (Figure 117), the protons of the exo PCH2Si(CH3)3 groups were 

identified at relatively high-field ( = −0.50 ppm), attributed to their position above the 

-electrons of the unsaturated carbon atoms of the phosphorinyl ligand experiencing 

greater shielding. Both phosphorus atoms of the phosphorinyl ligands are chiral 

centers, which render the protons of the methylene groups diastereotopic; they 

appear as two different sets of signals at  = 1.29 (dt, 2JPH = 15.4 Hz, 2JHH = 5.8 Hz) 

and at 1.41 (d, 2JPH = 15.7 Hz) ppm, respectively. At 300 K the protons of the 

phosphorinyl cycle display two pseudotriplets at  = 5.49 (JPH = 8.3 Hz) and 

6.28 (JPH = 12 Hz) ppm, whereas the aromatic protons of the phenyl groups resonate 

in the region between 6.78 and 7.92 ppm. A distinct doublet (3JPH = 13.2 Hz) at 

 = 8.18 ppm was assigned to the phosphabenzene ring -coordinated to Ni2. 
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Figure 117. 1H NMR spectrum (C6D6, 300 K) of complex 32. 

Crystals suitable for X-ray diffraction were grown by slow cooling of a saturated 

solution of the complex in Et2O to −30 °C. Due to significant residual electron density 

and two disordered co-crystallized Et2O molecules per asymmetric unit, only the 

connectivity of the complex 32 was determined. 

An ORTEP representation of the bimetallic complex 32 is provided in Figure 118. The 

two nickel sites are differently stabilized, two phosphorinyl ligands are bridging a Ni1-

Ni2 unit in a sandwich form, acting as 3-electron donors for Ni1 (3-allyl) and as 2-

electron donor for Ni2, whereas a phosphabenzene ligand acts as a -donor ligand 

for the Ni2 metal center. 

Complexes of the type 1,2,4,6-organophosphorinylnickel were studied in detail by 

Lehmkuhl et al. through ethylene exchange reactions from the [bis(3-1-ethyl-2,4,6-

triphenylphosphorinyl)nickel](2-ethylene)P,P’-nickel with sterically demanding 

cycloalkenes, alkynes or 2,4,6-triphenylphosphinine.300 In the absence of valuable X-

ray data for a reliable determination of the molecular structure in solid-state, 

comprehensive NMR studies were conducted and a similar connectivity to that 

observed for complex 32 was postulated for the analogues Ni(II) bimetallic 

complexes. 
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Figure 118. ORTEP representation of 32 (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms are omitted for clarity. 

Complex 31 belongs to the few known examples in which the coordination mode 5-

phosphacyclohexadienyl occurs.301–303 The coordination by the pentadienyl fragment 

of the phosphinine backbone was observed also in the solid-state molecular structure 

where relatively long C-C bond distances 1.399(4)-1.431(4) Å account for the 

delocalization of the negative charge in the carbocyclic system, in agreement with 

literature known 5-Rh(I) complexes of a 4-phosphinine anion.297  

A similar compound, namely an iron phosphinine sandwich complex was prepared by 

Dimroth et al.304 with the bonding mode elucidated through X-ray diffraction studies 

by G. Baum and W. Massa shortly after (Figure 119).305 

Figure 119. Neutral [bis(1-methyl-2,4,6-substitutedphosphinine)iron] complexes (left) and the 

molecular structure of {[5-tBuPh2C5H2P(CH3)]2Fe} (right). 

The ORTEP representation of complex 31 is depicted in Figure 120. The compound 

crystallizes in the monoclinic space group P21/c having the two phosphinine ligands 

eclipsed to each other unlike in the analogue Fe complex were a gauche-eclipsed 
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conformation was confirmed in the solid-state.305 In the Ni(II) complex 31, the 

phosphinine rings are parallel to each other with Ni-C distances (mean Ni-C of 

2.199 Å) slightly longer than in the case of the Fe complex (with Fe-C distances of 

2.16 Å) attributed to the similar ionic radii of the two 3d metals.306 Moreover, the Ni-P 

bond length of 2.933 Å in 31 is essentially identical with the Fe-P bond distance of 

2.91 Å determined for the Fe analogue (see Table 25). 

In the phosphinine rings, the C-C distances are equal within the estimated standard 

deviation (esd) indicating a larger degree of -electron delocalization. The dihedral 

angles in the phosphinine rings between the C-plane and the C1-P-C5 are 24.45° 

and thus form a “chair angle” with the exo-neosilyl-substituted phosphorus atom 

being outside the five-carbon atom plane at a distance of 0.506 Å. 

 

Figure 120. ORTEP representation of 31 (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°): Ni-C3 

2.086(3), Ni-C2 2.119(3), Ni-C4 2.164(3), Ni-C1 2.273(3), Ni-C5 2.354(3), P-C1 1.818(3), P-

C5 1.827(3), C1-C2 1.399(4), C2-C3 1.421(5), C3-C4 1.431(4), C4-C5 1.393(4); C3-Ni-C3# 

180.0, C3-Ni-C2 39.50(13), C3-Ni-C4 39.31(12). 

The phosphorus atoms in 31 are sp3-hybridized (∑ angles = 301.42°) and the lone 

electron pair is still available yet sterically encumbered by the neosilyl group at the 

phosphorus and the two phenyl substituents in the -position. In complex 32, this 

vacancy is well mirrored by the stabilization of a second nickel center which contains 

a -type phosphinine donor. 

  



Nickel and phosphinines 

185 

 

Table 25. Selected interatomic distances (Å) and angles (°) in {[5-tBuPh2C5H2P(CH3)]2Fe} 

(Fe) and {[5-Ph3C5H2P(CH2SiMe3)]2Ni} (31). 

 Fe 31 (Ni) 
 A B  

M-C1 2.19(1) 2.18(1) 2.273(3) 
M-C2 2.10(1) 2.08(1) 2.119(3) 

M-C3 2.13(1) 2.17(1) 2.086(3) 
M-C4 2.11(1) 2.11(1) 2.164(3) 
M-C5 2.27(1) 2.19(1) 2.354(3) 

M-P 2.909(3) 2.907(4) 2.933 
C1-P-C5 94.6(5) 92.6(5) 95.86(15) 

 A = upper moiety, B = lower moiety 

Repeated attempts to isolate complex 31 were made, including a salt metathesis 

reaction between a lithium salt of the phosphinine and an appropriate Ni(II) source. 

The organolithium phosphinine salt derivative 33 was obtained by reacting 2,4,6-

triphenylphosphinine with LiCH2SiMe3 in C6D6 (Scheme 55). The product was 

quantitatively formed according to 31P{1H} NMR spectroscopy, having a chemical shift 

of  = −70.00 ppm. The large chemical shift of the anionic form compared with the 

neutral phosphinine ( = 184.7 ppm) indicated that the aromaticity of the heterocycle 

was substantially disrupted due to the presence of a rather basic phosphorus center 

with a formal sp3 hybridization. Similar lithium salts, having comparable 31P{1H} NMR 

chemical shifts with complex 33, were thoroughly investigated by X-ray diffraction 

studies and DFT calculations by Le Floch et al. since such reactive anionic 4-

phosphinine species were scarcely characterized.307 

 

Scheme 55. Synthesis of the lithium salt 33. 

The 1H NMR spectrum of complex 33 is depicted in Figure 121. All expected 

resonances were identified and assigned. The protons of the SiMe3 group resonate in 

the high-field region with a chemical shift of  = 0.08 ppm, whereas the protons of the 

methylene group appear as a broad singlet at  = 0.65 ppm. The aromatic protons of 

the phenyl substituents exhibit chemical shifts between  = 6.65 and 7.80 ppm, 

whereas the two protons of the phosphabenzene ring appear at  = 7.57 ppm as a 

sharp doublet (3JHP = 6.2 Hz). 
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Figure 121. 1H NMR spectrum (THF-d8, 300 K) of complex 33. 

Several attempts were made to obtain monocrystals suitable for X-ray diffraction. 

Small fine needles were gained by slow diffusion of n-hexane in a concentrated 

solution of the complex in toluene, but they proved to be of poor quality. 

Nevertheless, since the formation of 33 was determined by NMR spectroscopy, a test 

reaction showed that the addition of the in situ formed lithium salt to a cold (0 °C) 

suspension of [(dme)NiBr2] in DME led to a dark green homogeneous reaction 

mixture (Scheme 56). After a reaction time of 2 h (90 min at 0 °C and 30 min at rt), 

the volatile materials were removed in dynamic high vacuum, the residue was 

extracted with Et2O, filtered over a pad of Celite and cooled to −30 °C for two 

months. 

 

Scheme 56. Salt metathesis reaction between 33 and [(dme)NiBr2]. 

Two types of crystals were observed: The black ones were identified as an anionic 

Ni(II) trisubstituted complex with [Li(dme)3]+ as the cationic part (Figure 122) and the 

red crystals as the dme stabilized lithium salt of the phosphinine. Unfortunately, the 

crystals of both compounds were of poor quality, which allowed only the connectivity 

to be determined by X-ray diffraction analyses (Figure 123). 
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Figure 122. Identified species in the reaction between 33 and [(dme)NiBr2]. 

 

Figure 123. ORTEP representation of 34 (thermal ellipsoids drawn with 50% probability). 

Hydrogen atoms and the cationic [Li(dme)3]+ moiety are omitted for clarity. 

Interestingly, complex 34 features an anionic Ni(II) metal center with three anionic 

phosphinines -coordinated by the free electron pair of the phosphorus atom with a 

[Li(dme)3]+ acting as countercation. 

Regarding the development of neutral Ni(II) phosphinine stabilized species, new 

approaches have to be considered in the future, since systems based on transition 

metals using phosphinine derivatives as ligands are scarcely known. 
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5. Conclusions concerning the Co(II)/Ni(II) NHC chemistry 

5.1 Synthesis and characterization of [(tmeda)MR2] complexes 

Metal β-diketonates, [M(acac)2] and [(tmeda)M(acac)2] (M = Co, Ni), were prepared 

in good yields according to literature-known procedures following an easy and 

accessible preparative route (Scheme 57).125,126,182,184 A slightly modified work-up 

protocol was employed to obtain the target products in high-purity (sublimation in 

dynamic high vacuum (10-3 mbar) at 70 °C). 

 

Scheme 57. Synthetic route for Co(II) and Ni(II) starting materials. 

Addition of the bidentate N-donor ligand TMEDA to [M(acac)2] (M = Co, Ni) led to the 

formation of the monomeric tmeda adducts [(tmeda)M(acac)2] (M = Co, Ni) 

characterized by a good solubility in commonly used solvents, such as hydrocarbons 

and Et2O. This characteristic solubility promoted subsequent ligand exchange 

reactions using organomagnesium reagents with the separation of the formed salts 

as a precipitate. 

The alkyl transfer reagents MgR2 (where R = Me, CH2SiMe3, CH2CMe3, CH2CMe2Ph) 

were synthesized following literature known protocols.127,128 Crystals suitable for X-

ray diffraction analysis were obtained for the base-free [Mg(CH2CMe2Ph)2]2 and for 

{[Mg(CH2CMe3)2]2[-1,4-dioxane]}∞ as a chain polymer with 1,4-dioxane as a linker 

between the {[Mg(CH2CMe3)2] units. For the former solvent-free dialkylmagnesium 

species, it was determined that the molecular structure in solid-state is dimeric linear 

and not a trimeric cyclic structure as originally proposed based on the NMR 

spectroscopic studies performed on similar derivatives.127 

The acetylacetonate (acac) ligands were smoothly exchanged using base-free 

organomagnesium reagents of the type MgR2 (where R = Me, CH2SiMe3, CH2CMe3, 

CH2CMe2Ph) in a salt metathesis reaction. The isolated dialkyl complexes 

[(tmeda)MR2] (M = Co, Ni, R = Me, CH2SiMe3, CH2CMe3, CH2CMe2Ph) were isolated 

in high-purity and moderate to good yields (Scheme 58 and Table 26). 

 

Scheme 58. New methodology for the synthesis of Co(II) and Ni(II) dialkyls. 
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The purity of these new species was established by various methods, such as X-ray 

diffraction analysis, melting point determination, elemental analysis, UV/vis and NMR 

spectroscopy. The latter showed for the paramagnetic compounds (1-Si, 1-P and 1-

Ph) well-resolved 1H NMR spectra attributed to fast electron relaxation. In contrast, 

the diamagnetic complexes (7-Me, 7-Si, 7-P and 7-Ph) presented sharp signals with 

distinctive high-field chemical shifts for the methylene/methyl groups directly attached 

to the nickel. 

Table 26. Representative characteristics of the [(tmeda)MR2] complexes. 

R 
Co Ni 

Complex Yield (%) M.p. (°C) Complex Yield (%) M.p.(°C) 
Me - - - 7-Me 80 79a 

CH2SiMe3 1-Si 86 (c) 97-96a 7-Si 61 [81]b 87-88a 
CH2CMe3 1-P 66 (c) 106-107a 7-P 56 57-61a 

CH2CMe2Ph 1-Ph 56 94a 7-Ph 51 102-104a 

a melting with decomposition; b two alternative synthetic protocols were used; c literature 

reported yields using a different synthetic methodology: 23% and 33%. 

X-ray diffraction studies performed on [(tmeda)CoR2] (R = CH2SiMe3 (1-Si) and 

CH2CMe3 (1-P)) complexes established a tetrahedral ligand arrangement about the 

cobalt atom.135 This new synthetic protocol not only allowed the isolation of the target 

compounds, but it also surpassed previous methods in terms of yields and purity.124 It 

is known that Co(II) complexes containing bidentate nitrogen-based ligands prefer 

high-spin tetrahedral geometries around the cobalt center (S = 3/2).308 Regarding the 

magnetic properties of the tmeda stabilized d7 Co(II) dialkyl complexes, X-band EPR 

spectroscopy and solid-state magnetic susceptibility studies (SQUID) were consistent 

with a tetrahedral ligand arrangement adopting a high-spin configuration at the Co(II) 

atom. 

The Ni(II) dialkyl compounds were also extensively studied (7-Me184 and 7-Si175), 

including subsequent reactions of tmeda displacement by diphosphines. The 

synthesis of further Ni(II) dialkyl analogues was, however, limited by the thermal 

instability of these species. Nevertheless, the new route allowed the isolation of two 

new derivatives (7-P and 7-Ph) which up to now were considered to be inaccessible. 

Based on degradation studies (performed in solution and in solid-state) the organic 

by-products formed during thermal decomposition along with the influence of the alkyl 

substituents on the thermal stability was evaluated, with the neopentyl derivative the 

least stable within the series (for details see Chapter 3.2). The nickel bis(neophyl) 

complex 7-Ph showed similar reactivity to the [(py)2Ni(CH2CMe2Ph)2]173 species: 

addition of a catalytic amount of PMe3 (ca. 5 mol%) allowed the isolation of the 

cyclometalated product [(tmeda)Ni(-C:C-CH2CMe2Ph) (8-Ph). The added phosphine 

ligand promotes -H abstraction in nickel bis(neophyl) complexes.177,180,191 
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All presented d8 Ni(II) dialkyls were characterized by various methods, such as 

elemental analyses, melting points, NMR spectroscopy and X-ray diffraction studies. 

The latter investigations determined for complexes 7-Si, 7-P, 7-Ph and 8-Ph a 

distorted square planar geometry around the nickel center, as expected for d8 

systems with nitrogen donor ligands and good -donors.180  

To summarize, the introduced methodology enabled the isolation of Co(II) and Ni(II) 

dialkyl species as accessible starting materials, which made further reactivity studies 

possible. 

5.2 Tmeda exchange reactions in complexes of the type [(tmeda)CoR2] 

The dialkyl Co(II) complexes 1-Si, 1-P and 1-Ph were treated with bulky NHCs (ItBu2, 

ItBu2Me2) and bidentate phosphines (dippe, depe). Tmeda replacement by ItBu2 or 

ItBu2Me2 proceeded smoothly for complexes 1-Si and 1-P at ambient temperature 

with the formation of the three-coordinate Co(II) compounds 2H/Me-Si and 2H/Me-P 

(Scheme 59). However, for the neophyl derivative (2H-Ph) its thermal instability and 

its fast decomposition resulted in an incomplete characterization. 

 

Scheme 59. Selective reactions for tmeda replacement in the dialkyl complexes 

[(tmeda)CoR2]. 

The 1H NMR spectra of the NHC stabilized three-coordinate Co(II) dialkyl complexes 

showed similar chemical shift patterns. The protons of the tert-butyl groups of the 

NHCs appear as a broad singlet up-field shifted (in the region  = −80 to −44 ppm), 

whereas the backbone protons (H in case of the ItBu2 or methyl groups for ItBu2Me2) 

present a low-field chemical shift (between  = 43 and 56 ppm). The resonances 

corresponding to the alkyl groups were identified between  = 21 and 51 ppm. 

Interestingly, in the case of the neosilyl species (2H-Si and 2Me-Si) the protons 

associated to the tms groups have a higher field chemical shift ( = 21.4 and 
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24.3 ppm) compared with the neopentyl and neophyl substituted analogues ( = 42 to 

51 ppm), as a consequence of the larger electronegativity of the silicon compared to 

the carbon (Figure 124). 

 

Figure 124. Qualitative representation of the 1H NMR chemical shifts of the trigonal-planar 

[(NHC)CoR2] complexes recorded in C6D6 at 300 K. 

Compounds 2H/Me-Si and 2H/Me-P were characterized by 1H NMR, X-band EPR 

and UV/vis spectroscopy, X-ray diffraction analyses, elemental analyses and solid-

state magnetic susceptibility studies. 

X-ray diffraction analyses established a trigonal-planar ligand arrangement at the 

Co(II) center, with the plane defined by the imidazolin-2-ylidene ring of the bulky NHC 

being orthogonal to the R-Co-R plane. Interestingly, the arrangement of the dialkyls 

with respect to the ideal ligand-metal plane was observed to differ depending on the 

steric hindrance induced by the NHC. For example, a direct comparison between 2H-

Si and 2Me-Si showed an arrangement of the dialkyls above and below the ideal 

ligand-metal plane for the complex in which the NHC had an unsubstituted backbone 

(2H-Si), whereas the CH2 groups of both alkyl ligands in 2Me-Si pointed away from 

the tert-butyl groups of the NHC to avoid steric repulsion (Figure 125). 
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Figure 125. ORTEP representations of 2H-Si (left) and 2Me-Si (right) (thermal ellipsoids 

drawn with 50% probability). Hydrogen atoms are omitted for clarity. 

The displacement of tmeda with a bulky NHC ligand (ItBu2 or ItBu2Me2) in the 1-Si, 1-

P and 1-Ph left the spin state of the Co(II) atom in the new trigonal-planar dialkyl 

adducts unchanged. The effective magnetic moments, eff(300 K), for complexes 

2H/Me-Si and 2H/Me-P were determined in the interval between 4.47 and 5.04 B 

(see Magnetic measurements). The experimental measurements suggested 

significant orbital contribution to eff through spin-orbit coupling since the observed 

values were higher than the S = 3/2 spin-only value of 3.87  B, which is commonly 

observed for high-spin Co(II) complexes.122 The negative zero field splitting 

parameter (D) values observed for 2H-Si/P and 2Me-Si/P are consistent with 

previous reports on three-coordinate Co(II), S = 3/2 systems, with approximate C2v 

symmetry and an unusual ground-state configuration of (3dz2)2(3dyz)2(3xz)1(3dx2-

y2)1(3dxy)1, for which the absolute value of D inversely correlates to the energy 

separation between the 3dyz and 3dxz orbitals.142–145 

During the displacement of the labile tmeda ligand in [(tmeda)CoR2] by ItBu2, 

occasionally side products (dark green crystals) were observed in less than 10% 

yield. These side products (3-Si and 3-Ph) were readily removed upon crystallization 

and their formation was attributed to incomplete acac substitution in the reaction of 

[(tmeda)Co(acac)2] with MgR2. Nevertheless, these by-products could easily be 

bypassed when a slight excess of MgR2 in the synthesis of [(tmeda)CoR2] was 

employed. 

Complexes 1-Si and 1-Ph were treated with bidentate phosphines (dippe and depe). 

In both cases, the tmeda displacement proceeded neatly at ambient temperature in 

Et2O and compounds 4-Si and 4-Ph were isolated in good yields and high purity. In 

the case of the neophyl substituted derivative, the tmeda exchange reaction occurred 

with the formation of the 5-membered metallacycle (4-Ph) as a result of a CH bond 

activation of the neophyl moiety, concomitant with the elimination of tert-

butylbenzene. The new bidentate phosphine adducts were fully characterized and as 

a noteworthy remark, the coordination of these ligands induced spin-pairing to yield 
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the square-planar, low-spin (S = 1/2) compounds determined by X-band EPR 

spectroscopy and solid-state magnetic susceptibility studies (SQUID). 

5.2.1. Hydrogenation reactions using 2H-Si as pre-catalyst 

Similar to the reactivity of the related complexes [(P−P)CoR2] (P−P = dppe, depe, 

dmpe)113, the trigonal-planar NHC-adducts [(NHC)CoR2] were tested in 

hydrogenation reactions. Complex 2H-Si was exposed to H2 in the presence of 

different olefins at ambient temperature and moderate H2 pressure (ca. 4 bar). 

Moreover, substrates which proved to be difficult to hydrogenate by the four-

coordinate complexes [(P−P)Co(CH2SiMe3)2] were deliberately included (see entries 

1, 2 and 6 in Table 11, NHC Co(II) dialkyl complexes as hydrogenation pre-catalysts). 

For entries 1-5 efficient hydrogenation was achieved and for substrates 2 and 6-8 

improved conversions and yields compared with the bidentate phosphine analogues  

were realized. Moreover, for 1,5-COD complete hydrogenation to the cyclooctane 

was observed when 2H-Si was employed, while for the square planar 

[(P−P)Co(CH2SiMe3)2] inactivation by a strong coordination of the substrate to the 

Co(II) metal site was determined. 

The catalysis was run for the liquid substrates under solvent-free conditions, i.e., the 

reactions were conducted neat, whereas Et2O or toluene were used for the solid 

substrates. The hydrogenations proceeded at ambient temperature, under mild H2 

pressure (ca. 4 bar). A simple work-up with filtration (in the air) over a pad of Celite to 

remove the organometallic part was applied. 

In the proposed catalytic cycle, the initial step involves the hydrogenolysis of the Co-

alkyl bonds, identified in the volatile material and characterized by 1H and 
13C{1H} NMR spectroscopy. At this point a highly reactive [(NHC)CoH2] species 

formed, which readily undergoes olefin insertion and reductive elimination to build 

[(NHC)Co], which can either coordinate a new olefin or undergoes H2 addition. In the 

case of tolane and styrene the olefin insertion is favored and the formed adduct is too 

stable to further react with H2 (Chart 3). 
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Chart 3. Proposed catalytic cycle for the hydrogenation of olefins using pre-catalyst 2H-Si. 

The delimitation between a homogeneous and heterogeneous catalysis is non-trivial, 

therefore, several independent and different methods were applied. Attributed to the 

valuable conclusions which can be obtained from the tests applied in situ, the 

hydrogenation of the 1,5-COD was investigated in detail since the substrate as well 

as the hydrogenation products are readily identified and assigned by GC, GC/MS and 

NMR spectroscopy (Scheme 60). 

 

Scheme 60. 1,5-COD hydrogenation using 2H-Si as pre-catalyst. 

To rule out heterogeneous catalysis originating from the decomposition of 2H-Si, 

complementary tests were conducted. The reaction progress was monitored 

progressively by quantitative GC measurements. Individual experiments, which were 

stopped after the desired time period, were necessary since the H2 pressure 

dependency did not allow to plot these results within the same experiment. No 

induction period and no sigmoidal curvature for the hydrogenation of 1,5-COD was 

observed, which would indicate a nucleation step characteristic for heterogeneous 

catalysis. 

Noteworthy, the catalytic activity was strongly dependent on the applied H2-pressure: 

Moderate pressure (ca. 4 bar) was required to avoid catalyst 
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inactivation/decomposition which was observed to occur in the first 30 min when the 

hydrogenation was run at atmospheric H2 pressure. 

Qualitative poisoning reactions may deliver fundamental information about the nature 

of the catalyst. Particularly useful are complementary poisons, with additives 

selective for hetero- or homogeneous catalytic systems. The tests should have 

opposite results, inhibition with poison and no effect for the other one. To exclude 

heterogeneous hydrogenation, kinetic poisoning using a scavenger reagent, 

dibenzo[a,e]cyclooctatetraene (dct), which is selective for molecular systems of late 

transition metal species in low oxidation states, was conducted. Addition of dct (6 eq.) 

to the reaction mixture prior to H2 led to minimal COE formation, whereas addition of 

dct (6 eq.) after running the reaction 40 min revealed efficient catalyst deactivation, 

preventing further conversion. Based on similar observations made by Chirik’s group 

in the case of [(dppe)Co(4-cod)]113 where inactivation by 1,5-COD coordination was 

observed, it is reasonable to assume that dct acts as a strongly chelating ligand 

which shifts the equilibrium to the catalytically inactive [(ItBu)Co(4-dct)] outside the 

catalytic cycle. Despite repeated attempts, the isolation of the dct adduct was not 

accomplished. Nevertheless, adduct formation was determined for substrates which 

proved to be difficult to hydrogenate (diphenylacetylene and styrene) by X-band EPR 

spectroscopy. In both cases, a spin state change from S = 3/2 (2H-Si) to S = 1/2 was 

established, which further supports the proposed mechanism. Furthermore, the 

bis(alkyne) [(ItBu)Co(2-PhCCPh)2] (5) complex was isolated and fully characterized. 

To conclude, the three-coordinate 2H-Si complex proved a good catalytic activity in 

homogeneous olefin hydrogenation reactions, exhibiting superior activity to the four-

coordinate analogue [(dppe)Co(CH2SiMe3)2].124 

5.3. Tmeda exchange reactions in complexes of the type [(tmeda)NiR2] 

Screening test reactions showed that the replacement of the bidentate tmeda ligand 

is non-trivial. Good -donors like NHCs (such as ItBu2, IMes2) or sterically 

demanding phosphines (namely tBu3P or P(C6H2(OMe)3-2,4,6)3) were unable to 

substitute tmeda, and either decomposition (P(C6H2(OMe)3-2,4,6)3) or the isolation of 

unreacted starting materials (tBu3P) was observed. Only in the case of the sterically 

less bulky NHCs (IiPr2Me2 and IiPr2) the displacement of the bidentate nitrogen donor 

ligand was achieved, but only when moderate heat (50 °C) was applied. 

For the neosilyl Ni(II) complex 7-Si, two different products were observed, depending 

on the number of IiPr2Me2 equivalents employed in the substitution reaction. A 1 : 1 

ratio allowed the isolation of the CH bond activated product 10-Si (33% yield), in 

which two NHCs are coordinated to the nickel center. One neosilyl group acted as an 

internal base to deprotonate an iPr group of a NHC ligand. Nevertheless, the 

expected cis complex 11-Si was obtained (49% yield) from a 1 : 2 mixture, under 
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otherwise identical reaction conditions (50 °C, 4 h) (Scheme 61). In the case of the 

IiPr2, the cis product [cis-(IiPr2)2Ni(CH2SiMe3)2] (11-Si(H)) was exclusively isolated. 

Scheme 61. Selective tmeda exchange reactions in [(tmeda)NiR2] by NHC. 

An alternative CH bond activated compound was isolated from the 1 : 1 reaction 

between 7-Ph and IiPr2Me2 (45% crystallized yield). In this case, the CH bond 

activation occurred at the phenyl moiety of the neophyl ligand, to yield [cis-

(IiPr2Me2)2Ni(-C:C-CH2CMe2Ph)] (10-Ph). In the pursuit to increase the initial yield 

(11%), two new alternative routes were introduced in the synthetic methodology (see 

Experimental section). In this context, a protocol for the isolation of 10-Ph was 

established as the halogen abstraction in compounds of the type [ trans-(NHC)2NiBr2] 

using the base-free Grignard reagent, Mg(CH2CMe2Ph)2. This procedure was 

successfully extended to 7-Si and 7-Me to yield the expected trans complexes [trans-

(IiPr2Me2)2Ni(CH2SiMe3)2] (15-Si) and [trans-(IiPr2Me2)2NiMe2] (15-Me), respectively. 

The displacement of tmeda in 7-Si using IiPr2Me2 was in fact a slow process, 

therefore, reaction progress diagrams were plotted based on the intensity of the well-

defined groups (SiMe3 and Ni(CH2)) in the 1H NMR spectra (see Chapter 3.9). 

Furthermore, the thermal stability of complex [cis-(IiPr2Me2)2Ni(CH2SiMe3)2] (11-Si) in 

solution was investigated by 1H NMR spectroscopy by heating (75 °C) a sample in 

C6D6 for 1 h. The formation of the CH bond activated species 10-Si along with SiMe4 

and the trans complex 15-Si was detected. After work-up, 10-Si was exclusively 

isolated in a 28% crystallized yield, whereas the other species remained probably in 

the mother liquor. Nevertheless, a clean isomerization of the cis complex to the trans 
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isomer was achieved when 1 eq. of the free IiPr2Me2 was added to 11-Si and the 

mixture heated in an oil bath (70 °C) for 14 h.  

A comprehensive characterization of the new NHC stabilized Ni(II) dialkyl complexes 

was assembled (see Chapter 3.4, 3.5, and 3.7 and Experimental section) and 

subsequent ligand exchange reactions were studied, demonstrating a subtle interplay 

limit between steric properties and CH dissociation energies of the NHC and alkyl 

ligands. 

Attempts towards alkyl dissociation and silane insertion into the CH activated 

bond 

The cis-trans isomerization was also observed during the synthesis of 11-Si under 

4 bar of H2. After work-up, the two isomers were selectively isolated, the cis-isomer 

from the n-hexane solution and the trans-isomer from the Et2O solution in a ratio of 

4.5 : 1. Since the addition of H2 induced the cis-trans isomerization and not the 

expected alkyl dissociation, an attempt to remove the good -donor ligands was 

undertaken by irradiating a mixture of 11-Si and diphenylacetylene (tolane) for 19 h 

in a photoreactor (16 Hg lamps: 8 RPR 3000 Å and 8 RPR 3500 Å). The isolation of 

the tolane adduct [(IiPr2Me2)2Ni(PhCCPh)] (17) was accomplished. Because of the 

low yield (34%) a better synthetic protocol (76% yield) was established by reacting 

[Ni(cod)2] with 1 eq. of diphenylacetylene followed by the subsequent addition of 

2 eq. of IiPr2Me2. 

Deng et al. introduced a new synthetic protocol which afforded the isolation of a 

double CH bond activated bis(NHC) cobalt complex [Co(IMes’)]. This compound was 

able to insert silylene moieties into the activated Co-Cbenzyl bond, moreover, when an 

excess of silane was used, formation of polysilane was observed.198 Considering this 

specific reactivity of CH bond activated compounds, complex 10-Si was also 

employed in the dehydrocoupling of phenylsilane (PhSiH3). A stoichiometric reaction 

between 10-Si and PhSiH3 led to full consumption of the silane, without obvious 

transformation of the Ni(II) precursor. Nevertheless, a catalytic reaction using 1 mol% 

from the Ni(II) pre-catalyst was performed and the volatile material was analyzed by 
1H NMR spectroscopy confirming the formation of oligomers. The residue proved 

scarcely soluble in any commonly used solvents, therefore an extract probe in THF 

was analyzed by GPC and the main product showed incorporation of eight 

monomeric units. High temperature GPC measurements would be necessary to 

analyze the insoluble white fibers for an accurate statement regarding the 

oligomer/polymer chain length, molecular weight or molecular weight distribution. 
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Incomplete substitution 

To overcome the strong coordination of the bidentate nitrogen containing ligand 

(tmeda), one-pot reactions were undertaken starting with the in situ formation of the 

[Ni(acac)2] adduct with ItBu2, to which the base-free Grignard reagent MgR2 

(R = CH2SiMe3, CH2CMe2Ph) was added at low temperatures (Scheme 62).  

 

Scheme 62. One-pot synthesis of the monoalkylated [(ItBu2)Ni(acac)R] complexes. 

The isolated products were the mono-substituted species [(ItBu2NiR(acac)] (13-Si 

and 13-Ph) because of the partial substitution of the acac ligands. Further 

substitution reactions using LiCH2SiMe3 remained unsuccessful, considering that 

decomposition to Ni(0) particles was observed. Nevertheless, the compounds were 

thoroughly characterized. 

An alternative for the bidentate tmeda ligand 

Given the fact that the coordination of the tmeda ligand turned out to be stronger than 

initially assumed, a monodentate ligand was employed: N, N-dimethylpyridin-4-amine 

(DMAP). The [trans-(dmap)2Ni(acac)2] analogue was synthesized by allowing 

[Ni(acac)2] to react with 2 eq. of DMAP in MeOH at ambient temperature. The 

insoluble product was isolated by filtration. Subsequent reactions for the 

displacement of the acac ligands using MgR2 (R = CH2SiMe3, CH2CMe3, 

CH2CMe2Ph) represented a challenge (Scheme 63). 

 

Scheme 63. Synthesis of Ni(II) dialkyls stabilized by a monodentate nitrogen based ligand 

(dmap). 

The isolation and purification of the [trans-(dmap)2NiR2] complexes were tedious and 

repeated crystallizations were required to separate them from by-products. The low 

yields combined with the thermal instability of these species made them inadequate 

as starting materials for further ligand exchange reactions. Nevertheless, initial tests 

showed that the monodentate dmap ligand also binds strongly to the Ni(II) atom and 
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ligand exchange reactions with phosphines such as tBu3P or TTMPP resulted in: 

either no reaction or decomposition of the Ni(II) dialkyl. 

Displacement by bidentate phosphines 

To fill the gap left in the chemistry of Ni(II) dialkyl complexes based on bidentate 

phosphine ligands, only depe was used in tmeda exchange reactions involving 

complexes 7-Si and 7-Ph. The substitution of tmeda proceeded smoothly at ambient 

temperature with the isolation of the diphosphine adducts 9-Si and 9-Ph in good 

yields, 52% and 68%, respectively (Scheme 64). Both species were analyzed by 

various methods, such as elemental analyses, melting points, UV/vis and NMR 

spectroscopy and in the case of 9-Ph, X-ray diffraction analysis. 

 

Scheme 64. Ligand exchange reactions in [(tmeda)NiR2] by a bidentate phosphine. 

5.4. Ni(II) cationic systems stabilized by phosphorus containing ligands 

In the development of Ni(II) cationic species for the polymerization of olefins, the 

Ni(II) source was the [(methallyl)Ni(mesitylene)]+X- (X = B(C6F5)4 (25) or BArF
4 (26)). 

Ligand exchange reactions were investigated using bulky phosphines, either with 

pendant substituents at the phosphorus atom (TTMPP) or with -hydrogen atoms 

(Ad3P) for a convenient CH bond activation in order to stabilize the metal center by 

the formation of metallacycles. 

In the case of the TTMPP, the mesitylene substitution occurred at ambient 

temperature within 1 h (Scheme 65). The new phosphine stabilized Ni(II) species 28 

presented an intramolecular coordination of one pendant ortho-methoxy group to the 

nickel atom which was determined by X-ray diffraction analysis. This feature was 

exploited in polymerization reactions, where addition of a Lewis acid (BPh3 or 

B(C6F5)3) allowed the generation of oligomers in the case of ethylene, whereas for 

norbornene of a polymer. For ethylene, 1H NMR and GC, GC/MS spectroscopy 

showed formation of oligomers with two, three and four monomer insertions, while for 

norbornene the insolubility of the isolated polymer in all commonly used solvents 

made the characterization by spectroscopic methods unfeasible. Moreover, the DSC 

measurements showed no endothermic signals until 400 °C and therefore the melting 

temperature could not be determined because of the proximity to the decomposition 

temperature (310 °C). 
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Scheme 65. Synthesis of Ni(II) cationic systems stabilized by bulky monodentate 

phosphines. 

Furthermore, to establish that the mesitylene can be displaced from the Ni(II) 

precursor (26) by the bulky Ad3P, a suspension of the phosphine in Et2O was added 

to the Ni(II) source in a mixture of Et2O/toluene (1 : 1). After work-up and a prolonged 

crystallization time (ca. 4 months) dark red crystalline prisms were obtained, and the 

molecular structure was investigated by X-ray diffraction analysis. The structure of 

the product 29 in solid-state was established as the (6-toluene)Ni(II) complex 

stabilized by Ad3P, which presented a CH bond activation at the -CH2 group of one 

1-adamantyl substituent (Scheme 65). 

The new complex represents one of the few examples in which the sterically 

hindered phosphine stabilizes a metal atom, and the only complex known to date 

exhibiting a CH bond activation of one 1-adamantyl moiety. The main reason is the 

relatively new synthetic protocol introduced by Carrow et al.253 in 2016, which allowed 

for the first time the isolation of Ad3P on multi-gram scale by a SN1 mechanism using 

1-adamantylacetate and di-1-adamantylphosphine. 

Complex 29 was employed as catalyst for the polymerization of norbornene and 

ethylene. In both cases polymer formation was observed with no solubility in any 

commonly used solvents, which made the characterization by spectroscopic methods 

problematic. Nevertheless, DSC measurements were performed and for the 

polynorbornene sample, no melting (Tm) or crystallization (Tc) temperature could be 
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determined because of polymer decomposition. This can be compared to the results 

obtained for the polynorbornene isolated using complex 28. For the polymer derived 

from ethylene, the DSC thermogram showed a characteristic peak temperature at 

122.0 °C, which fits in the region observed for LLDPE. Similar results in ethylene 

polymerization were recently reported by Brookhart et al. who achieved the synthesis 

of ultrahigh-molecular-weight polyethylene by activation of the [Ad3PNiBr3]-[Ad3PH]+ 

complex with polymethylaluminoxane (PMAO-IP).170 

The high catalytic activity of complex 29 in ethylene polymerization was eclipsed by 

the major drawback: its irreproducibility! Ongoing attempts and variations of the 

reaction conditions are showing promising results. The small amount available was 

insufficient for further (co-)polymerization reactions, but this complex was very robust 

to air and moisture. No visual decomposition of crystalline material was observed 

over one week. 

Ligand exchange reactions using phosphinines 

Ligand substitution reactions are not limited to NHCs and mono- or bidentate 

phosphines, therefore also the utility of the 2,4,6-triphenylphosphinine was briefly 

investigated in ligand substitution reactions using 7-Si. As a result of the strong 

coordination of the tmeda ligand, its quantitative displacement was determined by 1H 

NMR spectroscopy only when the reaction was conducted in a photoreactor, followed 

by moderate heating (2 h, 65 °C). Two different products were obtained by slow 

cooling of saturated extract solutions: From n-hexane the Ni(II) sandwich complex 31 

was obtained, whereas from Et2O the bimetallic compound 32 was isolated 

(Scheme 66). 

 

Scheme 66. Synthesis of Ni(II) phosphinine adducts. 
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A ratio 7-Si to phosphinine of 1 : 1.5 allowed the isolation of the bimetallic product 

(32) in 41% yield, while the synthesis and isolation of compound 31 could not be 

reproduced. However, the molecular structure of 31 was determined by X-ray 

diffraction analysis where an eclipsed coordination of the phosphinine moieties over 

the aromatic -system was established. In contrast, for complex 32 only the overall 

connectivity was established, because of high residual electron density and two co-

crystallized disordered molecules of Et2O per asymmetric unit. Nevertheless, its 

purity was verified by various methods such as NMR and UV/vis spectroscopy, 

elemental analysis and melting point determination. 

Regarding the development of neutral Ni(II) phosphinine stabilized species, new 

approaches will have to be considered in the future, since systems based on 

transition metals using phosphinine derivatives as ligands are scarcely known. 
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6. Experimental section 

General considerations  

All experiments were performed under an atmosphere of dry nitrogen by using 

standard Schlenk and glove box techniques. Solvents were dried and deoxygenated 

by distillation under a nitrogen atmosphere from sodium benzophenone ketyl (THF, 

n-pentane, diethyl ether, n-hexane, toluene). Elemental analyses were performed by 

combustion and gas chromatographic analysis with an elementar varioMICRO or 

elementar varioMICRO CUBE instrument. NMR spectra were recorded on a Bruker 

AVII300, Bruker AVIIIHD300N or Bruker AVIII400 spectrometer. All chemical shifts 

are reported in δ units with reference to the residual protons of the deuterated 

solvents, which served as internal standards for proton chemical shifts. The X-band 

EPR spectra were recorded on a Bruker EMX spectrometer with an Oxford ESR900 

continuous-flow cryostat in a frozen toluene solution. The samples were prepared in 

quartz tubes (707-SQ-250M, Wilmad-LabGlass). The spectra were simulated with 

EasySpin 5.1.8.309 EI-MS and UV/vis spectra were recorded on a Thermofinnigan 

MAT 95 XL and on a Varian Cary 50 Scan, respectively. Magnetic susceptibility 

measurements were conducted on a Cryogenic Ltd. closed-cycle SQUID 

magnetometer at temperatures between T = 2.6 and 300 K with an externally applied 

magnetic field of Hext = 1 kOe. The samples (15 – 25 mg) were sealed into quartz 

tubes and held in place with quartz wool (ca. 5 mg) as previously described. The 

diamagnetic background signal of an empty sample holder was experimentally 

determined and subtracted from the raw magnetization data. The experimental data 

were also corrected for the overall diamagnetism of the investigated molecules using 

tabulated Pascal constants.310 [(tmeda)Co(acac)2], MgR2
127,128, the N-heterocyclic 

carbene (NHC) ligands311,312 and dibenzo[a,e]cyclooctene (dct)168 were prepared 

according to literature procedures. 

[Mg(CH2CMe2Ph)2]. The compound was prepared according to the literature 

procedure.127 The product was washed with n-hexane to remove slightly yellow side 

products and crystals of the [Mg(CH2CMe2Ph)2] suitable for X-ray diffraction were 

obtained at room temperature from these n-hexane washing solutions. 

[Co(acac)2] 

[Co(acac)2] was synthesized according to a slightly 

modified literature procedure.126 

CoCl2∙6H2O (27.1 g, 0.134 mol) was solved in distilled 

water (55 mL). To the solution acetylacetone (26.9 g, 

0.268 mol) was added followed by the dropwise addition 

of a solution of NaOH (11.3 g, 0.282 mol) in distilled water (55 mL). A pink precipitate 

was observed. The reaction was stirred to reflux for 30 min and overnight at ambient 

temperature. The precipitate was isolated by filtration and suspended in toluene 
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(250 mL). The reaction mixture was stirred under reflux for 48 h. During this time the 

water was azeotropically removed using a Dean-Stark apparatus. The toluene was 

removed under dynamic vacuum and the purple residue was dried for 6 h. The 

product was isolated as a dark purple solid. Yield: 79% (23 g, 0.089 mol). 

[(tmeda)Co(acac)2] 

To a purple suspension of [Co(acac)2] (2 g, 7.77 mmol) in 

toluene (200 mL) was added at room temperature a 10% 

excess of TMEDA (1 g, 8.55 mmol) and the reaction mixture 

was stirred for 2 h. The dark red solution was dried under 

dynamic vacuum and the red product transferred to a 

sublimation apparatus (static oil pump vacuum, 70 °C). The 

product was isolated as dark red crystalline material. Yield: 

88% (2.54 g, 6.8 mmol). 

[(tmeda)Co(CH2SiMe3)2] (1-Si) 

To a cooled solution (−30 °C) of [(tmeda)Co(acac)2] (625 mg, 

1.67 mmol) in Et2O (6 mL) was added dropwise 

[Mg(CH2SiMe3)2] (349 mg, 1.76 mmol) in Et2O (8 mL). The 

mixture turned dark purple and a colorless solid precipitated. 

After stirring for 3 h in the isopropanol bath, the reaction was 

allowed to reach ambient temperature and was stirred for 

another 30 min. The solvent was evaporated under reduced pressure, the residue 

suspended in n-hexane (20 mL) and centrifuged (30 min, 4500 rpm, 10 °C). The 

purple filtrate was dried under dynamic oil pump vacuum and dissolved in a minimum 

amount of n-hexane (ca.  5 mL). After cooling to −30 °C for 1 d, the product was 

isolated as dark purple-blue crystalline material. Yield: 86% (502 mg, 1.44 mmol). 

M.p.: 95-96 °C (dec.). Anal. calcd. for C14H38CoN2Si2 (349.58 g/mol): C 48.10, 

H 10.96, N 8.01; found: C 48.27, H 10.79, N 7.92. 1H NMR (300 MHz, C6D6, 300 K): 

δ 9.57 (br. s, 18H, 1/2 = 62 Hz, SiMe3), 79.60 (br. s, two overlapping resonances, 

16H, 1/2 = 744 Hz, tmeda) ppm. UV/vis (Et2O, 22 °C, nm): 291 (ε = 3878 L mol-1 cm-

1), 353 (sh, ε = 963 L mol-1 cm-1), 530 (sh, ε = 179 L mol-1 cm-1), 643 (sh, ε = 240 L 

mol-1 cm-1), 716 (ε = 304 L mol-1 cm-1). 
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[(tmeda)Co(CH2CMe3)2] (1-P) 

To a cooled solution (−35 °C) of [(tmeda)Co(acac)2] (700 mg, 

1.87 mmol) in of Et2O (15 mL) was added dropwise 

[Mg(CH2CMe3)2] (328 mg, 1.97 mmol) in of Et2O (10 mL). The 

mixture turned dark green and a colorless solid precipitated. 

After stirring for 3 h in the isopropanol bath, the reaction was 

allowed to reach room temperature and was stirred for another 30 min. The solvent 

was evaporated under reduced pressure, the residue suspended in n-hexane 

(20 mL) and centrifuged (30 min, 4500 rpm, 10 °C). The dark green filtrate was dried 

under dynamic oil pump vacuum and dissolved in a minimum amount of Et2O (ca. 

5 mL). After cooling to −30 °C for 1 d, the product was isolated as dark green 

crystalline material. Yield: 66% (393 mg, 1.24 mmol). 

M.p.: 106-107 °C (dec.). Anal. calcd. for C16H38CoN2 (317.43 g/mol): C 60.54, 

H 12.07, N 8.83; found: C 60.25, H 11.84, N 8.52. 1H NMR (300 MHz, C6D6, 300 K): 

δ 23.26 (br. s, 18H, 1/2 = 170 Hz, CMe3), 66.73 (br. s, 16H, 1/2 = 520 Hz, tmeda) 

ppm. UV/vis (Et2O, 22 °C, nm): 340 (ε = 1552 L mol-1 cm-1), 539 (ε = 150 L mol-1 cm-

1), 619 (sh, ε = 133 L mol-1 cm-1), 717 (ε = 434 L mol-1 cm-1). 

[(tmeda)Co(CH2CMe2Ph)2] (1-Ph) 

To a cooled solution (−30 °C) of [(tmeda)Co(acac)2] 

(600 mg, 1.61 mmol) in Et2O (15 mL) was added dropwise 

[Mg(CH2CMe2Ph)2] (514 mg, 1.77 mmol) in of Et2O (10 mL). 

The mixture turned dark green and a colorless solid 

precipitated. After stirring for 2 h in the isopropanol bath, it 

was allowed to reach ambient temperature and was stirred 

for another 30 min. The solvent was evaporated under dynamic oil pump vacuum, the 

residue suspended in n-hexane (20 mL) and the suspension centrifuged (30 min, 

4500 rpm, 10 °C). The dark green filtrate was dried under dynamic oil pump vacuum 

and after washing with n-hexane (ca. 5 mL) the product precipitates as a solid that 

was dissolved in a minimum amount of Et2O (ca. 7 mL) and cooled for 2 d at −30 °C 

The product was obtained, from two crystallization crops, as green fibres. Yield: 56% 

(400 mg, 0.91 mmol).  

M.p.: 94 °C (dec.). Anal. calcd. for C26H42CoN2 (441.57 g/mol): C 70.72, H 9.59, 

N 6.34; found: C 70.83, H 9.34, N 5.95. 1H NMR (300 MHz, C6D6, 300 K): δ 2.82 (br. 

s, 4H, 1/2 = 39 Hz, HAr-m,), 4.25 (br. s, 2H, 1/2 = 32 Hz, HAr-p), 5.56 (br. s, 4H, 

1/2 = 187 Hz, HAr-o), 24.9 (br. s, 12H, 1/2 = 187 Hz, CH3), 69.3 (two overlapping 

resonances, 16H, 1/2 = 1126 Hz, tmeda) ppm. UV/vis (Et2O, 22 °C, nm): 256 (sh, 

ε = 3348 L mol-1 cm-1), 289 (ε = 3081 L mol-1 cm-1), 508 (sh, ε = 123 L mol-1 cm-1), 

708 (ε = 74 L mol-1 cm-1). 
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General synthetic procedure for the [(NHC)CoR2] (R = CH2SiMe3, CH2CMe3, 

CH2CMe2Ph) complexes 

To a stirred solution of [(tmeda)CoR2] in Et2O (10 mL) was added slowly at ambient 

temperature a stoichiometric amount of the NHC ligands (NHC = ItBu2 or ItBu2Me2) in 

Et2O (10 mL). Within the first 15 min a color change was observed from purple to 

green in the case of the [(NHC)Co(CH2SiMe3)2] derivatives and from green to brown 

for the [(NHC)Co(CH2CMe3)2] compounds. The reaction mixture was stirred for 2 h 

and after removal of volatile materials under dynamic oil pump vacuum the residue 

was extracted with n-hexane (2-3 mL) and filtrated over Celite. The solution was 

cooled to −30 °C for 1 d and the product was isolated as crystalline material. 

[(ItBu2)Co(CH2SiMe3)2] (2H-Si) 

Following the general procedure, [(tmeda)Co(CH2SiMe3)2] 

(310 mg, 0.89 mmol) and ItBu2 (160 mg, 0.89 mmol) allowed the 

isolation of the product as green crystalline material. Yield: 89% 

(325 mg, 0.93 mmol). 

M.p.: 78 °C (dec.). Anal. calcd. for C19H42CoN2Si2 

(413.66 g/mol): C 55.17, H 10.23, N, 6.77; found: C 55.53, 

H 10.16, N 6.91. 1H NMR (300 MHz, C6D6, 300 K): δ −77.64 (br. s, 18H, 

1/2 = 233 Hz, NCMe3), 24.26 (br. s, 18H, 1/2 = 45 Hz, SiMe3), 55.99 (br. s, 2H, 

1/2 = 27 Hz, NCH=CHN) ppm. UV/vis (Et2O, 22 °C, nm): 290 (ε = 4149 L mol-1 cm-1), 

324 (sh, ε = 3158 L mol-1 cm-1), 462 (ε = 405 L mol-1 cm-1), 749 (ε = 149 L mol-1 cm-1). 

[(ItBu2Me2)Co(CH2SiMe3)2] (2Me-Si) 

Following the general procedure, [(tmeda)Co(CH2SiMe3)2] 

(100 mg, 0.286 mmol) and ItBu2Me2 (60 mg, 0.286 mmol) 

allowed the isolation of the product as green crystalline needles. 

Yield: 82% (104 mg, 0.235 mmol).  

M.p.: 106-108 °C (dec.). Anal. calcd. for C21H46CoN2Si2 

(441.72 g/mol): C 57.10, H 10.50; found: C 56.92, H 10.3. 
1H NMR (300 MHz, C6D6, 300 K): δ −44.86 (br. s, 18H, 

1/2 = 502 Hz, NCMe3), 21.35 (br. s, 18H, 1/2 = 47 Hz, SiMe3), 51.74 (br. s, 6H, 

1/2 = 16 Hz, CH3) ppm. UV/vis (Et2O, 22 °C, nm): 299 (ε = 4740 L mol-1 cm-1), 464 

(sh, ε = 331 L mol-1 cm-1), 665 (sh, ε = 155 L mol-1 cm-1). 
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[(ItBu2)Co(CH2CMe3)2] (2H-P) 

Following the general procedure, [(tmeda)Co(CH2CMe3)2] 

(151 mg, 0.47 mmol) and ItBu2 (86 mg, 0.47 mmol) afforded the 

isolation of the product as brown crystalline material. Yield: 

84% (151 mg, 0.4 mmol). 

M.p.: 95 °C (dec.). Anal. calcd. for C21H42CoN2 (381.51 g/mol): 

C 66.11, H 11.10, N 7.34; found: C 65.79, H 11.18, N 7.87. 
1H NMR (300 MHz, C6D6, 300 K): δ −73.52 (br. s, 18H, 1/2 = 234 Hz, NCMe3), 45.28 

(br. s, 18H, 1/2 = 76 Hz, CMe3), 46.59 (br. s, 2H, 1/2 = 28 Hz, NCH=CHN) ppm. 

UV/vis (Et2O, 22 °C, nm): 274 (ε = 3279 L mol-1 cm-1), 341 (ε = 3329 L mol-1 cm-1), 

463 (sh, ε = 665 L mol-1 cm-1), 745 (ε = 136 L mol-1 cm-1). 

[(ItBu2Me2)Co(CH2CMe3)2] (2Me-P) 

Following the general procedure, [(tmeda)Co(CH2CMe3)2] 

(90.6 mg, 0.285 mmol) and ItBu2Me2 (60 mg, 0.286 mmol) 

afforded the isolation of the product as brown crystalline 

material. Yield: 43% (50 mg, 0.122 mmol). 

M.p.: 101 °C (dec.). Anal. calcd. for for C23H46CoN2 

(409.57 g/mol): C 67.45, H 11.32, N 6.84; found: C 66.30, 

H 11.32, N 6.75. Despite repeated attempts and the addition of 

V2O5 or WO3 the C-value remained low which is presumably a consequence of 

incomplete combustion. 1H NMR (300 MHz, C6D6, 300 K): δ −47.77 (br. s, 18H, 

1/2 = 575 Hz, NCMe3), 41.80 (br. s, 18H, 1/2 = 105 Hz, CMe3), 47.54 (6H, 

1/2 = 22 Hz, CH3) ppm. UV/vis (Et2O, 22 °C, nm): 306 (ε = 2827 L mol-1 cm-1), 341 

(sh, ε = 2270 L mol-1 cm-1), 470 (sh, ε = 380 L mol-1 cm-1), 596 (sh, ε = 114 L mol-1 

cm-1). 

[(ItBu2)Co(CH2CPhMe2)2] (2H-Ph) 

To a stirred solution of [(tmeda)Co(CH2CMe2Ph)2] (51 mg, 

0.115 mmol) in Et2O (10 mL) was added slowly at room 

temperature ItBu2 (21 mg, 0.115 mmol) dissolved in Et2O 

(6 mL). The initial green solution turned dark brown at the 

end of the ItBu2 addition. The reaction mixture was stirred for 

2 h and after removal of the volatiles under dynamic oil 

pump vacuum the dark brown residue was extracted with n-

pentane (5 mL) and filtrated over Celite. The solution was concentrated to a volume 

of 3 mL and cooled to −30 °C for 1 d. Only a few brown crystals suitable for X-ray 

diffraction were obtained. The 1H NMR spectrum of the raw product showed, along 

with degradation (tert-butylbenzene), the formation of the desired product. 1H NMR 

(300 MHz, C6D6, 300 K): δ −61.9 (br. s, 18H, 1/2 = 271 Hz, CMe3), 19.47 (br. s, 10H, 
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1/2 = 92 Hz, CMe2Ph), 42.9 (br. s, 2H, 1/2 = 23 Hz, NCH=CHN), 51.12 (br. s,12 H, 

1/2 = 97 Hz, CMe2Ph) ppm. 

[(ItBu2)Co(η2-PhCCPh)2] (5) 

Method A 

An oven-dried sealable Schlenk flask was charged with 

[(ItBu2)Co(CH2SiMe3)2] (54 mg, 0.131 mmol) in Et2O (6 mL). 

Diphenylacetylene (139 mg, 0.78 mmol) in Et2O (4 mL) was 

added at room temperature, the flask sealed and attached 

to a high vacuum line. The contents were frozen at 77 K 

and following evacuation of the nitrogen atmosphere, the 

flask was pressurized with H2 (1 bar). After thawing (ca. 4 bar), the reaction mixture 

was stirred at ambient temperature for 6 h. During this time a color change from 

green to red was observed. The reaction vessel was then vented, and the volatiles 

were removed in dynamic oil pump vacuum. Excess diphenylacetylene was removed 

by sublimation to the upper part of the Schlenk flask in dynamic oil pump vacuum in a 

water bath (50 °C). The red residue was extracted with a minimal amount of Et2O (ca. 

3 mL) and the solution was cooled at −30 °C for 1 d. The product crystallized as red 

prisms. Yield: 51% (40 mg, 0.067 mmol).  

M.p.: 129-131 °C (dec.). The EI mass spectrum showed a molecular ion at 

m/z = 595.1 amu. The parent ion isotopic cluster was simulated: (calcd %, observed 

%): 595 (100, 100), 596.3 (42, 18), 597.3 (9, 1). Anal. calcd. for C39H40CoN2 

(595.70 g/mol): C 78.64, H 6.77, N 4.70; found: C 78.33, H 6.78, N 4.49. 1H NMR 

(400 MHz, C6D6, 300 K): δ −8.7 (br. s, 18H, 1/2 = 354 Hz, NCMe3), −4.6 (br. s, 

1/2 = 306 Hz), −2.5 (br. s, 1/2 = 382 Hz), 13.07 (br. s, 1/2 = 320 Hz), 14.85 (br. s, 

1/2 = 600 Hz), 19.56 (br. s, 2H, 1/2 = 131 Hz, NCH=CHN) ppm. UV/vis (Et2O, 22 °C, 

nm): 249 (ε = 47370 L mol-1 cm-1), 278 (sh, ε = 38526 L mol-1 cm-1), 296 (sh, 

ε = 26633 L mol-1 cm-1), 434 (ε = 3920 L mol-1 cm-1). 

Method B 

An oven-dried sealable Schlenk flask was charged with [(ItBu2)Co(CH2CMe3)2] 

(16 mg, 0.042 mmol) and diphenylacetylene (45 mg, 0.252 mmol) as well as C6D6 

(1 mL). The vessel was sealed and attached to a Schlenk line and the reaction 

mixture was frozen in liquid dinitrogen. The reaction vessel was evacuated and then 

pressurized with H2 (1 bar) at 77 K to achieve an H2 pressure of ca. 4 bar after 

thawing. The reaction mixture was stirred at ambient temperature for 3 h. After this 

time, the pressure was released, and the volatile material was vacuum transferred 

into another Schlenk flask which was cooled in liquid nitrogen. The volatile fract ion 

was analyzed by NMR spectroscopy. The excess of diphenylacetylene was removed 

from the red-orange solid residue by sublimation under dynamic oil pump vacuum at 

50 °C. The remaining red residue was dissolved in E2O and filtrated through a pad of 



Experimental section 

211 

 

Celite. Two dark red crystals were isolated upon standing at −30 °C for 2 d. Yield: 

42% (10 mg, 0.017 mmol). 

1H NMR (400 MHz, C6D6, 300 K): δ −8.7 (br. s, 18H, 1/2 = 354 Hz, NCMe3), −4.6 (br. 

s, 1/2 = 306 Hz), −2.5 (br. s, 1/2 = 382 Hz), 13.07 (br. s, 1/2 = 320 Hz), 14.85 (br. s, 

1/2 = 600 Hz), 19.56 (br. s, 2H, 1/2 = 131 Hz, NCH=CHN) ppm. 

Volatile fraction: 1H NMR (300 MHz, C6D6, 300 K): δ 0.91 (s, 36H, CH3) 

ppm.13C{1H} NMR (75 MHz, C6D6, 300 K): δ 30.12 (s), 32.17 (s) ppm. 

[(ItBu2Me2)Co(η2-PhCCPh)2] 

An oven-dried sealable Schlenk flask was charged with 

[(ItBu2Me2)Co(CH2CMe3)2] (58 mg, 0.131 mmol) in Et2O 

(6 mL). Diphenylacetylene (142 mg, 0.796 mmol) in Et2O 

(4 mL) was added at room temperature, the flask sealed 

and attached to a high vacuum line. The contents were 

frozen at 77 K and following evacuation of the nitrogen 

atmosphere, the flask was pressurized with H2 (1 bar). 

After thawing (ca. 4 bar), the reaction mixture was stirred 

at ambient temperature for 3 h. During this time a color change from brown to red 

was observed. The reaction vessel was then vented, and the volatiles were removed 

in dynamic oil pump vacuum. Excess diphenylacetylene was removed by sublimation 

to the upper part of the Schlenk flask in dynamic oil pump vacuum on a water bath 

(50 °C). The red residue was extracted with a minimal amount of Et2O (ca. 2 mL) and 

the solution was cooled at −30 °C for 7 d. The product crystallized as dark red 

prisms. Yield: 42% (35 mg, 0.056 mmol). M.p.: 118-120 °C (dec.). Anal. calcd. for 

C41H44CoN2 (623.28 g/mol): C 78.95, H 7.11, N 4.49; found: C 78.76, H 7.21, N 3.86. 

[(ItBu2Me2)Co(2-(C6H5-CH=CH)-1,3-(OMe)2-malonate] (5-CP) 

To a solution of [(ItBu2Me2)Co(CH2SiMe3)2] (39 mg, 

0.094 mmol) in n-hexane (2 mL) was added at ambient 

temperature a solution of dimethyl-2-

phenylcyclopropan-1,1-dicarboxylate (22 mg, 

0.094 mmol) in Et2O (6 mL). The green homogeneous 

reaction mixture was irradiated in a photoreactor (16 

Hg lamps: 8 RPR 3000 Å and 8 RPR 3500 Å) for 6 h. 

After this time a color change to dark green was observed, as well as a brown 

precipitate. The volatile materials were removed in dynamic oil pump vacuum and the 

residue extracted with n-hexane (2 mL). The product was crystallized as dark green 

crystals by storing the solution at −30 °C for 4 d. Yield: 25% (13 mg, 0.023 mmol). 

M.p.: 113-117 °C (dec.). Anal. calcd. for C28H44CoN2O4Si (559.69 g/mol): C 60.09, 

H 7.92, N 5.01; found: C 60.04, H 8.21, N 4.72. 1H NMR (300 MHz, C6D6, 300 K): δ 
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−13.18 (s), −11.17 (br. d, 1/2 = 228 Hz), −5.08 (s). 0.28 (s), 3.97 (s), 3.34 (s), 4.24 (d, 

JHH = 7 Hz), 5.35 (br. s, 1/2 = 12 Hz), 9.06 (br. s, 1/2 = 14 Hz), 9.17 (t, 

JHH = 6.65 Hz), 9.37 (br. s, 1/2 = 32 Hz), 17.13 (br. s, 1/2 = 84 Hz), 18.00 (br. s, 

1/2 = 100 Hz), 31.58 (br. s, 1/2 = 30 Hz), 38.06 (br. s, 1/2 = 28 Hz), 38.16 (br. s, 

1/2 = 30 Hz), 57.86 (br. s, 1/2 = 22 Hz) ppm. UV/vis (Et2O, 22 °C, nm): 231 (sh, 

ε = 15402 L mol-1 cm-1), 318 (ε = 31042 L mol-1 cm-1), 678 (sh, ε = 454 L mol-1 cm-1). 

Side products observed during the synthesis of [(NHC)CoR2] 

During the replacement of the labile tmeda ligand in [(tmeda)CoR2] by NHCs, 

occasionally side products (dark green crystals) were observed in less than 10% 

yield. These side products resulted from incomplete acac substitution in the reaction 

of [(tmeda)Co(acac)2] with MgR2. The side products were readily removed upon 

crystallization. Furthermore, these side products could easily be avoided when using 

a slight excess of the MgR2 during the synthesis of [(tmeda)CoR2]. 

[(ItBu2)Co(CH2SiMe3)(acac)] (3H-Si) 

M.p.: 111-114 °C (dec.). Anal. calcd. for C20H38CoN2O2Si 

(425.55 g/mol): C 56.45, H 9.00, N 6.58; found: C 56.29, 

H 9.05, N 6.49. 1H NMR (300 MHz, C6D6, 300 K): δ −52.44 

(br. s, 1H, 1/2 = 113 Hz, acac-H), −21.77 (br. s, 6H, 

1/2 = 74 Hz, acac-Me), −6.16 (br. s, 18H, 1/2 = 464 Hz, 

NCMe3), 14.54 (br. s, 9H, 1/2 = 79 Hz, SiMe3), 37.72 (br. s, 

2H, 1/2 = 31 Hz, NCH=CHN) ppm. 

[(ItBu2)Co(CH2CPhMe2)(acac)] (3H-Ph) 

Anal. calcd. for C26H40CoN2O2 (471.55 g/mol): C 66.23, 

H 8.55, N 5.94; found: C 66.57, H 8.44, N 5.93. 1H NMR 

(300 MHz, C6D6, 300 K): δ −49.5 (br. s, 1H, 1/2 = 145 Hz, 

acac-H), −20.92 (br. s, 6H, 1/2 = 96 Hz, acac-Me), −6.81 

(br. s, 18H, 1/2 = 453 Hz, NCMe3), 11.07 (br. s, 5H, 

1/2 = 118 Hz, CMe2Ph), 22.7 (br. s, 6H, 1/2 = 325 Hz, 

CMe2Ph), 36.24 (br. s, 2H, 1/2 = 22 Hz, NCH=CHN) ppm. 
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Synthesis of Co(II) dialkyl complexes bearing bidentate phosphine ligands 

[(depe)Co(κ-C:C-CH2CMe2C6H4)] (4-Ph) 

To a stirred solution of [(tmeda)Co(CH2CMe2Ph2] (103 mg, 

0.23 mmol) in Et2O (6 mL) was added dropwise at ambient 

temperature depe (48.3 mg, 0.23 mmol) in Et2O (4 mL). The 

reaction mixture turned immediately orange and a suspension 

was observed. After 90 min of stirring, all the volatiles were 

removed under dynamic oil pump vacuum. The orange 

crystalline residue was extracted with Et2O (6 mL), filtrated over Celite, concentrated 

to a volume of ca. 3 mL and cooled to −30 °C. The product was isolated as orange 

crystalline material. Yield: 79% (73 mg, 0.184 mmol).  

M.p.: 116-119 °C. Anal. calcd. for C20H36CoP2 (397.39 g/mol): C, 60.45; H, 9.13; 

found: C, 60.17; H, 9.38. 1H NMR (300 MHz, C6D6, 300 K): δ −22.47 to −19.45 (2 br. 

s overlapped, 4H, 1/2 = 654 Hz), −10.89 (br. s, 12H, 1/2 = 264 Hz, PCH2CH3), −6.19 

(br. s, 4H, 1/2 = 464 Hz, CH2), −1.71 (s, 1H, 1/2 = 72 Hz, CMe2Ph), 10.09 (br. s, 6H, 

1/2 = 375 Hz, CMe2Ph), 18.61 (2 br. overlapping s, 1H, 1/2 = 85 Hz, CMe2Ph), 19.32 

(br. s overlapped, 1H, 1/2 = 111 Hz, CMe2Ph), 25.51 (br. s, 4H, 1/2 = 390 Hz, PCH2) 

ppm. UV/vis (Et2O, 22 °C, nm): 230 (sh, ε = 30804 L mol-1 cm-1), 329 (sh, ε = 4376 L 

mol-1 cm-1), 409 (ε = 5289 L mol-1 cm-1). 

[(dippe)Co(CH2SiMe3)2] (4-Si) 

To a stirred solution of [(tmeda)Co(CH2SiMe3)2] (40 mg, 

0.11 mmol) in Et2O (5 mL) was added dropwise at room 

temperature dippe (30 mg, 0.11 mmol) in Et2O (4 mL).The 

reaction mixture turned immediately orange and a suspension 

was observed. After 30 min of stirring, all the volatiles were 

removed under dynamic oil pump vacuum. The orange, crystalline residue was 

extracted with a minimum amount of Et2O (ca. 4 mL) and cooled to −30 °C. The 

product was isolated as orange crystalline material. Yield: 86% (50 mg, 0.1 mmol).  

M.p.: 149-151 °C (dec.). Anal. calcd. for C22H54CoP2Si2 (495.72 g/mol): C, 53.30; 

H, 10.98; found C, 52.90; H, 11.03. 1H NMR (300 MHz, C6D6, 300 K): δ −21.88 (br. s, 

24H, 1/2 = 248.8 Hz), −5.32 (br. s, 18H, 1/2 = 248.8 Hz), 36.69 (br. s, 4H, 

1/2 = 374 Hz) ppm. UV/vis (Et2O, 22 °C, nm): 231 (sh, ε = 29333 L mol-1 cm-1), 270 

(ε = 24350 L mol-1 cm-1), 346 (ε = 5872 L mol-1 cm-1), 387 (sh, ε = 4478 L mol-1 cm-1). 
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[Ni(acac)2] 

NiCl2∙6H2O (30 g, 0.126 mol) was solved in distilled 

water (70 mL). To the solution, acetylacetone (25 g, 

0.250 mol) was added, followed by the dropwise addition 

of a solution of NaOH (11 g, 0.275 mol) in distilled water 

(70 mL). A light blue precipitate was observed. The 

reaction was stirred to reflux for 30 min and overnight at 

ambient temperature. The precipitate was isolated by filtration, washed with distilled 

water (3 x 200 mL) and pre-dried overnight in a 70 °C oven. The light green solid was 

suspended in toluene (300 mL) and the mixture heated to reflux over a period of 

48 h. The water was azeotropically removed using a Dean-Stark apparatus. The dark 

green solution was filtered using a frit which contained a pad of Celite. The solvent 

(~200 mL) was removed by distillation and further ~50 mL at 40 °C in dynamic oil 

pump vacuum until a green gel was obtained. After reaching ambient temperature, 

the product was precipitated through addition of Et2O (40 mL), isolated on a frit and 

washed with Et2O (40 mL). Any solvent traces were removed in dynamic oil pump 

vacuum. Yield: 45% (14.5 g, 56.4 mmol). The product was used in the next step 

without any further purification. 

[(tmeda)Ni(acac)2] 

[(tmeda)Ni(acac)2]184 was synthesized using a slightly 

modified procedure. 

To a green suspension of [Ni(acac)2] (4 g, 15.57 mmol) in 

n-hexane (100 mL) was added at ambient temperature a 

10% excess of TMEDA (2 g, 17.21 mmol). The blue 

reaction mixture was stirred for 1 h at room temperature 

and then filtrated. The solvent was removed in dynamic oil 

pump vacuum and the product sublimed under static 

vacuum and 70 °C. The product was isolated as blue crystalline material. Yield: 86% 

(5 g, 13.4 mmol). 

1H NMR (300 MHz, C6D6, 300 K): δ −12.44 (1/2 = 226 Hz), 5.2 (1/2 = 100 Hz), 5.95 

(1/2 = 123 Hz), 33.9 (1/2 = 900 Hz), 62.9 (1/2 = 1120 Hz), 84.9 (1/2 = 933 Hz), 

91.5 (sh) ppm. 

[(tmeda)NiMe2] (7-Me) 

To a cooled solution (0 °C) of [(tmeda)Ni(acac)2] (328 mg, 

0.879 mmol) in Et2O (6 mL) was added dropwise a solution of 

[(tmeda)MgMe2] (150 mg, 0.879 mmol) in Et2O (10 mL). The 

reaction mixture was stirred for 2 h at 0 °C and for an additional 

30 min at room temperature. The solvent was removed in 
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dynamic oil pump vacuum and the brown residue was washed with n-hexane (3 mL), 

extracted with Et2O (3 mL) and filtrated over a pad of Celite. The product was 

isolated as brown-yellow crystalline material by storing a saturated solution of the 

complex in Et2O (3 mL) at −30 °C. Yield: 80% (145 mg, 0.707 mmol). 

M.p.: 79 °C (dec.). Anal. calcd. for C8H22N2Ni (204.97 g/mol): C 46.88, H 10.82; 

found: C, 47.47; H, 10.06. 1H NMR (600 MHz, C6D6, 300 K): δ −0.52 (6H, NiCH3), 

1.46 (s, NCH2), 1.97 (s, 12H, NCH3) ppm. 13C{1H} NMR (151 MHz, C6D6, 300 K): δ 

−11.84 (s, NiCH3), 47.65 (s, NCH3), 59.00 (s, NCH2) ppm. UV/vis (THF, 22 °C, nm): 

284 (sh, ε = 4876 L mol-1 cm-1), 416 (sh, ε = 446 L mol-1 cm-1). 

[(tmeda)Ni(CH2SiMe3)2] (7-Si) 

Method A: To a cooled solution (−30 °C) of 

[(tmeda)Ni(acac)2] (500 mg, 1.34 mmol) in Et2O (20 mL) was 

added dropwise a cold solution (−30 °C) of [Mg(CH2SiMe3)2] 

(267 mg, 1.34 mmol) in Et2O (20 mL). The reaction mixture 

was stirred for 4 h at −30 °C and for an additional hour at 

ambient temperature. During this time a colorless precipitate 

formed. The solvent was removed in dynamic oil pump vacuum and the brown 

residue was extracted with in n-hexane (30 mL) and centrifuged (30 min, 4500 rpm, 

10 °C). The filtrate was collected, and the solvent was removed under dynamic 

vacuum. The brown residue was dissolved in a minimal amount of n-hexane (5 mL) 

and cooled to −30 °C for 2 d. The product was isolated as brown crystalline material. 

Yield: 61% (287 mg, 0.82 mmol). 

Method B:  

To a cooled solution (0 °C) of [(tmeda)Ni(acac)2] (300 mg, 0.8 mmol) in Et2O (6 mL) 

was added dropwise a solution of [(tmeda)Mg(CH2SiMe3)2] (254 mg, 0.81 mmol) in 

Et2O (6 mL). The reaction mixture was stirred for 2 h at 0 °C and an additional 20 min 

at room temperature. The solvent was removed in dynamic vacuum and the brown 

residue was extracted with n-hexane (20 mL) and filtered over a pad of Celite. The 

solvent was removed in dynamic oil pump vacuum; the brown raw product was 

redissolved in a minimal amount of n-hexane (2 mL) and cooled to −30 °C for 2 d. 

The product was isolated as brown crystalline material. Yield: 81% (226 mg, 

647 mmol). 

M.p.: 87-88 °C (dec.). Anal. calcd. for C14H38N2NiSi2 (349.34 g/mol): C, 48.14; 

H, 10.96; N, 8.02; found C, 48.36; H, 11.07; N, 7.77. 1H NMR (300 MHz, C6D6, 

300 K): δ −1.52 (s, 4H, NiCH2), 0.60 (s, 18H, SiMe3), 1.23 (s, 4H, CH2), 1.86 (s, 12H, 

CH3) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ −15.14 (s, NiCH2), 5.47 (s, SiMe3), 

47.66 (s, CH3), 58.34(s, CH2-CH2) ppm. UV/vis (THF, 22 °C, nm): 250 (ε = 23677 L 

mol-1 cm-1), 453 (ε = 560 L mol-1 cm-1).  
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[(tmeda)Ni(CH2CMe3)2] (7-P) 

To a cooled solution (0 °C) of [(tmeda)Ni(acac)2] (160 mg, 

0.43 mmol) in Et2O (5 mL) a mixture of [Mg(CH2CMe3)2] 

(79 mg, 0.47 mmol) and TMEDA (55 mg, 0.47 mmol) in Et2O 

(8 mL) was added dropwise. The reaction mixture was stirred 

for 2 h at 0 °C and an additional 30 min at ambient 

temperature. The solvent was removed in dynamic vacuum 

and the red-brown residue was kept on dynamic high vacuum for an additional 6 h. 

The raw product was extracted with n-hexane (3 mL) and cooled to −30 °C for 2 d. 

The product was isolated as red-brown crystalline material: Yield: 56% (76 mg, 

0.239 mmol). The product had to be stored at −30 °C to avoid decomposition. 

M.p.: 57-61 °C (dec.). 1H NMR (300 MHz, C6D6, 300 K): δ 0.00 (s, 4H, NiCH2), 

1.29 (s, 4H, NCH2), 1.63 (s, 18H, CMe3), 2.00 (s, 12H, NCH3) ppm. 
13C{1H} NMR (75 MHz, C6D6, 300 K): δ 13.26 (s, NiCH2), 35.73 (s, CMe3), 

36.65 (s, CMe3), 47.91 (s, NCH3), 58.12 (s, NCH2) ppm. UV/vis (THF, 22 °C, 

nm): 282 (ε = 16083 L mol-1 cm-1), 466 (sh, ε = 1216 L mol-1 cm-1). Anal. calcd. 

for C16H38N2Ni (317.19 g/mol): C, 60.59; H, 12.08; N, 8.83; found C, 58.99; 

H, 11.78; N, 8.44. 

Despite repeated efforts, the low melting point and the high air and moisture 

sensitivity of [(tmeda)Ni(CH2CMe3)2] prevented better elemental analyses data to be 

obtained. 

 C[%] H[%] N[%] 

Calc. 60.59 12.08 8.83 
Found_sample1 58.99 11.78 8.44 
Found_sample2 51.93 10.67 7.42 

Found_sample3 46.75 7.66 8.95 

The high purity of the complex can be proved by the 1H NMR spectrum measured 

from the same batch as the elemental analysis. 
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Figure 126. The 1H NMR spectra (C6D6, 300 K) of 7-P. 

In a degradation study, a solution of [(tmeda)Ni(CH2CMe3)2] in C6D6 (0.7 mL) was 

stirred at ambient temperature for 24 h. After ca. 4 h a nickel mirror was observed. 

The volatile material was vacuum transferred into another Schlenk flask which was 

cooled in liquid nitrogen. The volatile fraction was analyzed by NMR spectroscopy 

and GC/MS to show formation of the 2,2,5,5-tetramethylhexane ( ), free TMEDA and 

traces of neopentane. 2,2,5,5-tetramethylhexane GC/MS [m/z]: 40 (2%), 41 (30%), 

43 (28%), 57 (100%), 71 (34%), 127 (4%). 

 

Figure 127. The 1H NMR spectra (C6D6, 300 K) of the volatile material in the decomposition 

test reaction of 7-P. 
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Figure 128. The 13C{1H} spectra NMR (C6D6, 300 K) of the volatile material in the 

decomposition test reaction of 7-P. 

[(tmeda)Ni(CH2CMe2Ph)2] (7-Ph) 

To a cooled solution (0 °C) of [(tmeda)Ni(acac)2] (150 mg, 

0.4 mmol) in Et2O (5 mL) a mixture of TMEDA (51 mg, 

0.44 mmol) and [Mg(CH2CMe2Ph)2] (129 mg, 0.44 mmol) in 

Et2O (10 mL) was added dropwise. The reaction mixture 

was stirred for 2 h at 0 °C and an additional 30 min at 

ambient temperature. The solvent was removed in dynamic 

vacuum and the red-brown residue was kept on dynamic high vacuum for an 

additional 6 h. The residue was extracted with Et2O (5 mL) and filtered over Celite. 

The dark red solid isolated on the filter was dissolved in THF (2 mL) and cooled to 

−30 °C for 2 d. The product was isolated as dark red crystalline material. Yield: 51% 

(90 mg, 0.204 mmol). The product had to be stored at −30 °C to avoid degradation. 

M.p.: 102-104 °C (dec.). Anal. calcd. for C26H42N2Ni (441.33 g/mol): C, 70.76; 

H, 9.59; N, 6.35; found: C, 70.63; H, 9.63; N, 6.20. 1H NMR (300 MHz, C6D6, 300 K): 

δ 0.3 (br. s, 4H, NiCH2), 1.25 (br. s, 4H, CH2), 1.62 (br. s, 12H, CH3), 1.73 (s, 12H, 

CH3), 7.10 (t, 2H, JHH = 7.2 Hz, HAr-p), 7.21 (t, 4H, JHH = 7.4 Hz, HAr-m,), 8.3 (d, 4H, 

JHH = 7.6 Hz, HAr-o) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 14.82 (s, NiCH2), 

35.3 (s, CH3), 42.1 (s, Cq), 47.51 (s, NCH3), 58.12 (NCH2), 124.75, 127.7, 128.1, 

154.77 (s, CAr-q) ppm. UV/vis (THF, 22 °C, nm): 258 (ε = 10455 L mol-1 cm-1), 372 

(sh, ε = 1592 L mol-1 cm-1), 463 (sh, ε = 587 L mol-1 cm-1).  

In a decomposition study, a solution of [(tmeda)Ni(CH2CMe2Ph)2] (27 mg, 

0.061 mmol) in C6D6 (0.7 mL) was stirred at room temperature for 24 h. After ca. 5 h 

a nickel mirror was observed. The volatile material was vacuum transferred into 

another Schlenk flask which was cooled in liquid nitrogen. The volatile fraction was 

analyzed by NMR spectroscopy and GC/MS to show formation of the 2-methyl-2-

phenylpropane ( ) and free TMEDA. GC/MS [m/z]: 61 (3%), 65 (10%), 77 (17%), 

91 (89%), 103 (8%), 119 (100%), 134 (31%). 
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Figure 129. The 1H NMR spectra (C6D6, 300 K) of the volatile material in the decomposition 

test reaction of 7-Ph. 

 

Figure 130. The 13C{1H} NMR spectra (C6D6, 300 K) of the volatile material in the 

decomposition test reaction of 7-Ph. 
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[(tmeda)Ni(κ-C:C-CH2CMe2C6H4)] (8-Ph) 

Method A: To a solution of [(tmeda)Ni(CH2CMe2Ph)2] 

(47 mg, 0.106 mmol) in toluene (10 mL) was added at 

ambient temperature a solution of PMe3 (2.5 L, ~2 mg) in 

toluene (3 mL). A color change from red to brown was 

observed. The reaction mixture was stirred at ambient 

temperature for 1 h. After this time, the volatile material was 

removed in dynamic oil pump vacuum, the residue was 

extracted first with Et2O (2 mL) and then with THF (2 mL) and filtered over a pad of 

Celite. Storage at -30 °C for 4 d afforded the product isolation from both 

crystallizations as bright orange crystalline material. Yield: 46% (15 mg, 0.049 mmol). 

Method B: To a cooled solution (0 °C) of [(tmeda)Ni(acac)2] (150 mg, 0.402 mmol) in 

Et2O (10 mL) was added dropwise a mixture of [Mg(CH2CMe2Ph)2] (129 mg, 

0.444 mmol) and tmeda (52 mg, 0.447 mmol) in Et2O (15 mL). A color change from 

blue to orange was observed. The reaction mixture was stirred at 0 °C for 2 h and 

30 min at ambient temperature. PMe3 (~5 L) diluted in Et2O (5 mL) was added 

dropwise at ambient temperature. The brown homogeneous mixture was stirred for 

1 h. After this time, the volatile material was removed in dynamic high vacuum. The 

light brown residue was extracted first with toluene (2 mL) and then with THF (2 mL), 

both solutions were filtered over a pad of Celite and stored for 3 d at −30 °C. The 

product was isolated as brown-orange crystalline material from both crystallizations. 

Yield: 43% (53 mg, 0.173 mmol). 

M.p.: 152–155 °C. Anal. calcd. for C16H28N2Ni (307.11 g/mol): C, 62.58; H, 9.19; 

N, 9.12; found: C, 61.82; H, 8.91; N, 8.81. 1H NMR (600 MHz, THF-d8, 300 K): δ 0.64 

(br. s, 2H, NiCH2), 1.39 (s, 6H, C(CH3)2), 2.40 (br. s, 4H, tmeda-CH2), 2.50 (s, 6H, 

tmeda-CH3), 2.66 (s, 6H, tmeda-CH3), 6.50 (m, 2H, HAr-o, -m), 6.64 (t, 1H, 

JHH = 7.15 Hz, HAr-m), 7.06 (d, 1H, JHH = 7.5 Hz, HAr-o) ppm. 13C{1H} NMR (75 MHz, 

THF-d8, 300 K): δ 35.53 (br. s, C(CH3)2), 38.90 (s, NiCH2), 48.16 (s, C(CH3)2), 49.11 

(s, tmeda-CH3), 49.63 (s, tmeda-CH3), 61.01 (s, tmeda-CH2), 61.92 (s, tmeda-CH2), 

121.41 (s, CAr-o), 122.62 (s, CAr-m), 122.98 (s, CAr-m), 136.92 (s, CAr-o), 160.28 (s, CAr-

q), 170.59 (s, CAr-q) ppm. UV/vis (THF, 22 °C, nm): 403 (sh, ε = 520 L mol-1 cm-1), 

325 (ε = 6998 L mol-1 cm-1), 243 (sh, ε = 12703 L mol-1 cm-1). 

[(depe)Ni(CH2SiMe3)2] (9-Si) 

To a solution of [(tmeda)Ni(CH2SiMe3)2] (66.5 mg, 0.19 mmol) 

in 6 mL n-hexane a solution of depe (39 mg, 0.19 mmol) in n-

hexane (4 mL) was added dropwise at ambient temperature. 

The dark brown reaction mixture was stirred at ambient 

temperature for 2 h. The solvent was removed in dynamic 

vacuum and the dark residue was extracted with a minimal 
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amount of n-hexane (2 mL) and stored at −30 °C for 2 d. The product was isolated as 

brown crystalline material. Yield: 52% (44 mg, 0.100 mmol). 

M.p.: 98-99 °C. Anal. calcd. for C18H46NiP2Si2 (439.38 g/mol): C, 49.21; H, 10.55; 

found C, 49.51; H, 10.55. 1H NMR (300 MHz, C6D6, 300 K): δ 0.21 (dd, 4H, 

JHP = 15 Hz, JHP = 6 Hz, CH2), 0.45 (s, 18H, SiMe3), 0.84 (m, 16H, CH2, CH3), 1.39 

(m, 8H, CH2CH3) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 1.51 (dd, NiCH2, 

JCP = 17 Hz, JCP = 64 Hz), 6.01 (s, SiMe3,), 9.12 (s, CH3), 17.78 (d, CH2Me, 

JCP = 19 Hz), 22.74 (t, CH2CH2, JCP = 21 Hz) ppm. 31P{1H} NMR (121.5 MHz, C6D6, 

300 K): δ 54.79 (s) ppm. UV/vis (THF, 22 °C, nm): 368 (sh, ε = 4412 L mol-1 cm-1), 

324 (sh, ε = 5537 L mol-1 cm-1), 249 (ε = 34064 L mol-1 cm-1).  

[(depe)Ni(CH2CMe2Ph)2] (9-Ph) 

To a solution of [(tmeda)Ni(CH2CMe2Ph)2] (33 mg, 

0.075 mmol) (dissolved in THF-d8 (0.6 mL)) depe (17 mg, 

0.08 mmol) was added at ambient temperature. The dark red 

solution turned brown and a yellow microcrystalline solid 

precipitated. The mother liquor was removed by decantation 

and the yellow solid dried in dynamic oil pump vacuum. The 

product is insoluble in any common solvents (n-hexane, Et2O, 

THF, benzene) and only slightly soluble in dichloromethane. Yield: 68% (27 mg, 

0.05 mmol). 

M.p.: 116-119 °C (dec.). 1H NMR (500 MHz, CD2Cl2, 300 K): δ 0.98 (dt, 12H, 
3JHP = 13 Hz, JHH = 7.6 Hz, PCH2CH3), 1.32-1.44 (m, 12H, NiCH2, PCH2CH3), 1.45 (s, 

12H, CCH3), 1.67 (m, 4H, PCH2CH2P), 7.03 (tt, 2H, JHH = 7.3 Hz, JHP = 1.2 Hz, HAr-p), 

7.18 (m, 4H, HAr-m), 7.52 (m, 4H, HAr-o) ppm. 13C{1H} NMR (125 MHz, CD2Cl2, 300 K): 

δ 8.65 (s, PCH2CH3), 16.46 (dd, 1JCP = 7.3 Hz, 4JCP = 3.8 Hz, PCH2), 21.62 (t, 
1JCP = 19.5 Hz, PCH2), 27.9 (dd, JCP = 75 Hz, JCP = 18.5 Hz, NiCH2), 35.00 (s, 

C(CH3)2), 43.28 (s, C(CH3)2), 124.56 (s, CAr-p), 126.78 (s, CAr-o), 127.94 (s, CAr-m), 

157.76 (s, Cq-Ar) ppm. 31P{1H} NMR (202.5 MHz, CD2Cl2, 300 K): δ 41.57 (s) ppm. 

The EI mass spectrum showed a molecular ion at m/z = 530 amu. The parent ion 

isotopic cluster was simulated: (calcd %, observed %): 530 (100, 100), 532 (43, 36), 

533 (15, 3). 

[(IiPr2Me2)(κ-C:C-IiPr2MeCH2)Ni(CH2SiMe3)] (10-Si) 

An oven-dried sealable Schlenk flask was charged 

with [(tmeda)Ni(CH2SiMe3)2] (380 mg, 1.088 mmol), 

IiPr2Me2 (196 mg, 1.087 mmol) and 15 mL toluene. 

The vessel was sealed and stirred for 4 h in an oil 

bath (50 °C). After this time, the volatile material was 

removed under dynamic oil pump vacuum and the 
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dark brown residue extracted with n-hexane (4 mL), filtered over a pad of Celite and 

cooled for 5 d at −30 °C. The product was isolated as brown crystalline material. 

Yield: 33% (90 mg, 0.178 mmol).  

M.p.: 145-147 °C (dec.). Anal. calcd. for C26H50N4NiSi (505.49 g/mol): C, 61.78; 

H, 9.97; N, 11,08; found C, 61.41; H, 9,93; N, 10.88. 1H NMR (400 MHz, C6D6, 

300 K): δ −0.55 (d, 1H, 2JHH = 11 Hz, CH2SiMe3), −0.35 (d, 1H, 2JHH = 11 Hz, 

CH2SiMe3), 0.62 (s, 9H, CH2SiMe3), 0.81 (d, 3H, JHH = 7 Hz, CHCH3), 1.03 (d, 3H, 

JHH = 7 Hz, CHCH3), 1.1 (d, 3H, JHH = 7 Hz, CHCH3), 1.26 (d, 3H, JHH = 7 Hz, 

CHCH3), 1.5 - 1.56 (m, 7H, 2 CHCH3 + H-CH2Ni), 1.64 (d, 3H, JHH = 6.2 Hz, CHCH3), 

1.68 (s, 3H, CCH3), 1.71 (s, 3H, CCH3), 1.73 (s, 3H, CCH3), 1.74 (s, 3H, CCH3), 2.28 

(m, 1H, H-CH2Ni), 4.08 (sept, 1H, JHH = 7.14 Hz, CHCH3), 4.27 (quint, 1H, 

JHH = 6.7 Hz, CHCH3), 6.06 (sept, 1H, JHH = 7 Hz, CHCH3), 6.9 (sept, 1H, 

JHH = 7.2 Hz, CHCH3) ppm. 13C{1H} NMR (100 MHz, C6D6, 300 K): δ –4.4 (s, 

CH2SiMe3), 6.4 (s, CH2Si(CH3)3), 9.79 (s, CCH3), 10.66 (s, CCH3), 10.68 (s, CCH3), 

11.45 (s, CCH3), 22.02 (s, CHCH3), 22.43 (s, CHCH3), 22.53 (s, CHCH3), 23.2 (s, 

CHCH3), 23.48 (s, CHCH3), 24.04 (s, CHCH3), 27.21 (s, CHCH3), 31.47 (s, NiCH2), 

50.72 (s, CHCH3), 52.34 (s, CHCH3), 52.6 (s, CHCH3), 60.12 (s, CHCH3), 121.93 (s, 

CCH3), 123.24 (s, CCH3), 123.94 (s, CCH3), 124.73 (s, CCH3), 188.54 (s, NCN), 

200.46 (s, NCN) ppm. UV/vis (Et2O, 22 °C, nm): 365 (sh, ε = 4251 L mol-1 cm-1), 333 

(sh, ε = 5219 L mol-1 cm-1), 231 (ε = 22079 L mol-1 cm-1). 

[(IiPr2Me2)2Ni(-C:C-CH2CMe2C6H4)] (10-Ph) 

Method A: To a cooled (−35 °C) solution of 

[Mg(CH2CMe2Ph)2] (78 mg, 0.268 mmol) in Et2O 

(3 mL) was added a solution of [(tmeda)Ni(acac)2] 

(100 mg, 0.268 mmol) in Et2O (6 mL). The brown 

reaction mixture was stirred at −35 °C for 20 min. 

After the dropwise addition of 2 eq. of IiPr2Me2 

(97 mg, 0.546 mmol) in Et2O (4 mL), the reaction was 

further stirred for 3 h at −35 °C. The volatiles were 

removed in dynamic high vacuum and the brown residue was extracted with n-

hexane (2 mL), filtered over a pad of Celite and stored for 2 d at −30 °C. The product 

was isolated as brown crystalline material. Yield 11% (16 mg, 0.03 mmol). 

Method B: To a solution of [(tmeda)Ni(CH2CMe2Ph)2] (27 mg, 0.06 mmol) in C6D6 

(0.6 mL) was added IiPr2Me2 (22 mg, 0.122 mmol). The brown reaction mixture was 

stirred at room temperature for 6 h. The volatiles were removed in dynamic oil pump 

vacuum and the brown residue was extracted with Et2O (2 mL), filtered over a pad of 

Celite and stored for 2 d at −30 °C. The product was isolated as brown crystalline 

material. Yield: 45% (15 mg, 0.027 mmol). 
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Method C. To a cooled suspension (0 °C) of [trans-(IiPr2Me2)2NiBr2] (79 mg, 

0.133 mmol) in THF (3 mL) was added dropwise [Mg(CH2CMe2Ph)2] (39 mg, 

0.134 mmol) in THF (4 mL). A color change from red to brown and then yellow was 

observed. Then the reaction mixture was allowed to warm to ambient temperature 

and was stirred at this temperature overnight. The volatiles were removed in dynamic 

high vacuum and the yellow-brown residue was extracted with Et2O (2 mL) and 

filtered over a pad of Celite. Storage at −30 °C for 2 d afforded the isolation of a light 

brown crystalline material. Yield: 17% (16 mg, 0.023 mmol). 

M.p.: 207 °C (dec.). Anal. calcd. for C32H52N4Ni (551.49 g/mol): C, 69.69; H, 9.50; 

N, 10.16; found C, 69.47; H, 9.74; N, 9.46. 1H NMR (600 MHz, C6D6, 300 K): δ: 1.01 

(d, 6H, JHH = 7.2 Hz, CHCH3), 1.06 (d, 6H, JHH = 7.2 Hz, CHCH3), 1.21 (d, 6H, 

JHH = 7.1 Hz, CHCH3), 1.31 (d, 6H, JHH = 7.1 Hz, CHCH3), 1.57 (s, 2H, NiCH2), 1.71 

(s, 6H, CCH3), 1.74 (s, 6H, CCH3), 1.95 (s, 6H, C(CH3)2), 6.1 (sept, 2H, JHH = 7.1 Hz, 

CH(CH3)2), 6.23 (sept, 2H, JHH = 7.1 Hz, CH(CH3)2), 6.78 (dd, 1H, JHH = 7.1 Hz, 

JHH = 1.4 Hz, HAr-o), 7.04 (td, 1H, JHH = 7.2 Hz, JHH = 1.4 Hz, HAr-p), 7.24 (td, 1H, 

JHH = 7.2 Hz, JHH = 1.4 Hz, HAr-m), 7.33 (dd, 1H, JHH = 7.4 Hz, JHH = 1.4 Hz, HAr-m) 

ppm. 13C{1H} NMR (150 MHz, C6D6, 300 K): δ 10.77 (s, CCH3), 10.89 (s, CCH3), 

21.99 (s, CHCH3), 22.02 (s, CHCH3), 23.33 (s, CHCH3), 36.27 (s, C(CH3)2), 46.49 (s, 

NiCH2), 52.65 (s, CHCH3), 52.81 (s, CHCH3), 121.67 (s, CAr-m), 122.67 (s, CAr-m), 

123.34 (s, CAr-p), 124.22 (s, CCH3), 124.41 (s, CCH3), 140.82 CAr-o), 169.31 (s, Cq-1), 

173.72 (s, NiCAr-o), 197.47 (s, NCN),197.98 (s, NCN) ppm. UV/vis (THF, 22 °C, nm): 

322 (ε = 6542 L mol-1 cm-1), 360 (sh, ε = 4161 L mol-1 cm-1). 

[cis-(IiPr2Me2)2NiMe2] (11-Me) 

To a cooled solution (0 °C) of [(tmeda)NiMe2] (50 mg, 

0.244 mmol) in Et2O (3 mL) was added dropwise 

IiPr2Me2 (88 mg, 0.488 mmol) in Et2O (8 mL). A color 

change from light yellow to dark brown was observed. 

The reaction mixture was stirred for 30 min at 0 °C and 

1 h at ambient temperature. The volatiles were 

removed in dynamic high vacuum and the brown residue was extracted with Et2O 

(2 mL) and filtered over a pad of Celite. The insoluble material was dissolved in THF 

(2 mL) and stored at −30 °C for 2 d. The product was isolated as light orange 

crystals. Yield: 44%. (48 mg, 0.107 mmol). 

M.p.: 141-143 °C (dec.). Anal. calcd. for C24H46N4Ni (449.35 g/mol): C, 64.15; 

H, 10.32; N, 12.47; found C, 64.35; H, 10.57; N, 12.37. 1H NMR (300 MHz, C6D6, 

300 K): δ 0.16 (s, 6H, NiCH3), 1.08 (d, 12H, JHH = 7.5 Hz, iPr-CH3), 1.40 (d, 12H, 

JHH = 7 Hz, iPr-CH3), 1.76 (s, 12H, CH3), 6.34 (sept, 4H, JHH = 7.15 Hz, CH) ppm. 
13C{1H} NMR (75 MHz, C6D6, 300 K): δ 1.2 (s, NiCH3), 10.89 (s, CCH3), 22.11 (s, iPr-

CH3), 23.30 (s, iPr-CH3), 52.54 (s, iPr-CH), 124.01 (s, NCCH3), 200.51 (s, NCN) ppm. 
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UV/vis (Et2O, 22 °C, nm): 368 (sh, ε = 1881 L mol-1 cm-1), 316 (sh, ε = 4422 L mol-1 

cm-1), 255 (ε = 20009 L mol-1 cm-1). 

[cis-(IiPr2Me2)2Ni(CH2SiMe3)2] (11-Si) 

An oven-dried sealable Schlenk flask was charged 

with [(tmeda)Ni(CH2SiMe3)2] (127 mg, 0.364 mmol), 

IiPr2Me2 (131 mg, 0.727 mmol) and toluene (15 mL). 

The vessel was sealed and stirred for 4 h in an oil 

bath (50 °C). After this time, the volatile material was 

removed under dynamic vacuum and the dark 

brown residue extracted with n-hexane (2 mL), 

filtered over a pad of Celite and cooled for 2 d at −30 °C. The product was isolated as 

brown crystalline material. Yield: 49% (105 mg, 0.176 mmol). 

M.p.: 117-119 °C (dec.). Anal. calcd. for C30H62N4NiSi2 (593.72 g/mol): C, 60.69; 

H, 10.53; N, 9.44; found C, 60.51; H, 10.33; N, 9.38. 1H NMR (300 MHz, C6D6, 

300 K): δ −0.5 (br. s, 4 H, CH2), 0.5 (s, 18H, SiMe3), 1.41 (br. s, 12H, CH3), 1.69 (br. 

s, 12H, CH3), 5.54 (br. s, 2H, CH), 7.06 (br. s, 2H, CH) ppm. 13C{1H} NMR (75 MHz, 

C6D6, 300 K): δ 0.56 (s, CH2), 5.73 (s, SiMe3), 10.78 (s, CCH3), 21.7 (br. s, CHCH3), 

23.59 (br. s, CHCH3), 52.44 (s, CH(CH3)2), 195.83 (NCN) ppm. UV/vis (Et2O, 22 °C, 

nm): 223 (ε = 18189 L mol-1 cm-1), 268 (ε = 19611 L mol-1 cm-1), 319 (sh, ε = 3618 L 

mol-1 cm-1), 380 (sh, ε = 1028 L mol-1 cm-1). 

[cis-(IiPr2)2Ni(CH2SiMe3)2] (11-Si(H)) 

An oven-dried sealable Schlenk flask was charged 

with [(tmeda)Ni(CH2SiMe3)2] (149 mg, 0.427 mmol), 

IiPr2 (129 mg, 0.847 mmol) and C6H6 (15 mL). The 

vessel was sealed and stirred for 4 h on in oil bath 

(45 °C). After this time, the volatile material was 

removed under dynamic oil pump vacuum and the 

dark brown residue extracted with Et2O (3 mL), filtered over a pad of Celite and 

cooled for 4 d at −30 °C. The product was isolated as yellow-brown crystalline 

needles. Yield: 31% (70 mg, 0.130 mmol). 

M.p.: 132-134 °C (dec.). Anal. calcd. for C26H54N4NiSi2 (537.61 g/mol): C, 58.09; 

H, 10.12; N, 10.42; found C, 58.28; H, 9.95; N, 10.40. 1H NMR (600 MHz, C6D6, 

300 K): δ −0.44 (br. s, 4H, NiCH2), 0.46 (s, 18H, SiMe3), 0.73 (br. s, 12 H, CHCH3), 

1.26 (d, 12H, JHH = 7 Hz, CHCH3), 5.76 (br. s, 4H, CHCH3), 6.26 (s, 4H, NCHCHN) 

ppm. 13C{1H} NMR (150 MHz, C6D6, 300 K): δ 3.3 (s, NiCH2), 5.5 (s, SiMe3), 23.28 

(s, CHCH3), 24.7 (br. s, CHCH3), 51.17 (s, CHMe2), 116.37 (s, NCHCHN), 194.68 (s, 

NCN) ppm. UV/vis (Et2O, 22 °C, nm): 223 (ε = 25390 L mol-1 cm-1), 265 (ε = 27380 L 

mol-1 cm-1), 317 (sh, ε = 5534 L mol-1 cm-1), 369 (sh, ε = 2387 L mol-1 cm-1).  
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[cis-(IiPr2Me2)2Ni(CH2CMe3)2] (11-P) 

To a cooled solution (0 °C) of 

[(tmeda)Ni(CH2CMe3)2] (82 mg, 0.259 mmol) in 

Et2O (3 mL) was added dropwise IiPr2Me2 

(93 mg, 0.516 mmol) in Et2O (8 mL). A color 

change from red to brown was observed. The 

reaction mixture was stirred for 2 h at 0 °C and 

15 min at room temperature. The volatiles were 

removed in dynamic high vacuum. The brown residue was extracted with n-hexane 

(2 mL), filtered over a pad of Celite and stored at −30 °C for 2 d. The product was 

isolated as light brown solid. Yield: 23% (33 mg, 0.059 mmol). 

M.p.: 109-111 °C (dec.). Anal. calcd. for C32H62N4Ni (561.57 g/mol): C, 68.44; 

H, 11.13; N, 9.98; found C, 68.54; H, 11.13; N, 9.76. 1H NMR (300 MHz, C6D6, 

300 K): δ 0.38 (d, 6H, JHH = 7 Hz, iPr-CH3), 1.34 (d, 6H, JHH = 7 Hz, iPr-CH3), 1.46 (d, 

6H, JHH = 7 Hz, iPr-CH3), 1.54 (s, 18H, tBu-CH3), 1.57 (d, 6H, JHH = 7 Hz, iPr-CH3), 

1.66 (s, 6H, CCH3), 1.80 (s, 6H, CCH3), 5.5 (sept, 2H, JHH = 7 Hz, CH), 7.06 (sept, 

2H, JHH  = 7 Hz, CH) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 10.71 (s, CCH3), 

21.05 (s, iPr-CH3), 21.98 (s, iPr-CH3), 22.53 (s, iPr-CH3), 24.74 (s, iPr-CH3), 36.49 (s, 

NiCH2), 36.68(s, tBu-Cq), 37.01 (s, tBu-CH3), 51.77 (s, iPr-CH), 52.43 (s, iPr-CH), 

123.01 (s, NCCH3), 125.79 (s, NCCH3), 199.85 (s, NCN) ppm. UV/vis (Et2O, 22 °C, 

nm): 374 (sh, ε = 2066 L mol-1 cm-1), 267 (sh, ε = 13993 L mol-1 cm-1), 242 (sh, 

ε = 15238 L mol-1 cm-1). 

[trans-(IiPr2Me2)2Ni(S-C3N2Me2iPr)2] (12) 

During the replacement of the tmeda ligand 

in [(tmeda)Ni(CH2SiMe3)2] by 2 eq. of 

IiPr2Me2, compound [trans-

(IiPr2Me2)2Ni(SC3N2Me2iPr)2] was isolated 

as red rectangular crystals less than 2% 

yield. However, it was only observed in this 

reaction; and its formation could be 

attributed to a trace contamination of the 

IiPr2Me2 ligand with its thiourea precursor. 

1H NMR (600 MHz, C6D6, 300 K): δ 1.23 (d, JHH = 7 Hz, 12 H, S-IiPrMe2-CHCH3), 

1.67 (d, JHH = 7 Hz, 24 H, iPrCH3), 1.89 (s, 12H, CCH3), 1.90 (s, 6H, S-IiPrMe2-

CCH3), 1.98 (s, 6H, S-IiPrMe2-CCH3), 5.5 (br. s, 2H, S-IiPrMe2-CHCH3), 7.1 (m, 4H, 

CHCH3) ppm. 13C{1H} NMR (150.9 MHz, C6D6, 300 K): δ 10.88 (s, CCH3), 11.92 (s, 

S-IiPrMe2-CCH3), 13.50 (s, S-IiPrMe2-CCH3), 22.42 (s, S-IiPrMe2-CHCH3), 22.54 (s, 

CHCH3), 54.00 (s, CHCH3), 120.2 (s, S-IiPrMe2-CCH3), 125.72 (s, CCH3), 133.08 (s, 

S-IiPrMe2-CCH3), 147. 97 (s, S-IiPrMe2-NCN), 174.74 (s, NCN) ppm. 
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The EI mass spectrum showed a molecular ion at m/z = 756 amu. The parent ion 

isotopic cluster was simulated: (calcd %, observd %): 756 (100, 100), 758 (58, 59), 

759 (25, 25), 760 (14, 14), 761 (15, 5). 

[(ItBu2)Ni(CH2SiMe3)(acac)] (13-Si) 

To a stirred solution of [Ni(acac)2] (50 mg, 0.195 mmol) in 

THF (3 mL) was added dropwise ItBu2 (35 mg, 0.194 mmol) 

dissolved in THF (4 mL). The green suspension was stirred 

at ambient temperature overnight. The reaction mixture was 

cooled to −30 °C, [Mg(CH2SiMe3)2] (39 mg, 0.195 mmol) in 

THF (3 mL) was added and the reaction mixture was further 

stirred at ambient temperature for 2 h. The volatiles were 

removed in dynamic high vacuum, the residue extracted with n-hexane (2 mL) and 

cooled at −30 °C for 2 d. The product was isolated as dark brown crystalline material. 

Yield: 45% (37 mg, 0.087 mmol). 

M.p.: 130 °C (dec.). Anal. calcd. for C20H38N2NiO2Si (425.31 g/mol): C, 56.48; 

H, 9.01; N, 6.59; found C, 56.53; H, 9.02; N, 6.55. 1H NMR (500 MHz, C6D6, 300 K): 

δ −0.75 (s, 2H, CH2), 0.51 (s, 9H, SiMe3), 1.60 (s, 3H, acac-CH3), 1.78 (s, 3H, acac-

CH3), 2.2 (s, 18H, CMe3), 5.22 (s, 1H, acac-CH), 6.44 (s, 2H, CH) ppm. 13C{1H} NMR 

(125.8 MHz, C6D6, 300 K): δ −13.22 (s, CH2), 4.49 (s, SiMe3), 27.39 (s, acac-CH3), 

27.99 (s, acac-CH3), 32.89 (s, CMe3), 58.88 (s, CMe3), 100.2 (s, acac-CH), 118.64 (s, 

CH=CH), 172.43 (s, NCN), 185.61 (s, acac-CCH3), 186.32 (s, acac-CCH3) ppm. 

UV/vis (THF, 22 °C, nm): 439 (sh, ε = 300 L mol-1 cm-1), 350 (ε = 2103 L mol-1 cm-1), 

267 (ε = 13153 L mol-1 cm-1). 

[(ItBu2)Ni(CH2CMe2Ph)(acac)] (13-Ph) 

To a stirred solution of [Ni(acac)2] (150 mg, 0.584 mmol) 

in THF (3 mL) was added dropwise ItBu2 (105 mg, 

0.582 mmol) dissolved in THF (4 mL). The green 

suspension was stirred at ambient temperature for 30 min. 

The reaction mixture was cooled to −50 °C, 

[Mg(CH2CMe2Ph)2] (170 mg, 0.585 mmol) in THF (3 mL) 

was added dropwise. During this time, a color changed 

from green to brown was observed. The reaction mixture was further stirred at 

−50 °C for 30 min and 2 h at ambient temperature. The volatiles were removed in 

dynamic high vacuum, the residue was washed with n-hexane (2 mL), dissolved in 

THF (2 mL) and cooled at −30 °C for 2 d. The product was isolated as light brown 

crystalline material. Yield: 49% (134 mg, 0.284 mmol). 

M.p.: 142–146 °C. Anal. calcd. for C26H40N2NiO2 (471.31 g/mol): C, 66.26; H, 8.55; 

N, 5.94; found C, 65.67; H, 8.40; N, 5.90. 1H NMR (300 MHz, C6D6, 300 K): δ: 1.03 

(s, 2H, NiCH2), 1.50 (s, 3H, CH3), 1.58 (s, 3H, CH3), 1,71 (s, 6H, CH3), 2.21 (s, 18H, 
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(CCH3)3), 5.18 (s, 1H, acac-CH), 6.43 (s, 2H, CH-CH), 7.09 (m, 1H, HAr-p), 7.30 (m, 

2H, HAr-m), 7.66 (m, 2H, HAr-o) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 18.28 (s, 

NiCH2), 26.81 (s, acac-CH3), 27.89 (s, acac-CH3), 32.93 (s, CMe3), 33.55 (s, 

C(CH3)2), 40.71 (s, C(CH3)2), 58.99 (s, CMe3), 100.2 (s, acac-CH), 119.15 (s, 

CH=CH), 124.52 (s, CAr-p), 126.67 (s, CAr-o), 128.29 (s, CAr-m), 156.04 (s, Cq-Ar), 

175.33 (s, NCN), 185.13 (s, acac-CCH3), 186.49 (s, acac-CCH3) ppm. UV/vis (THF, 

22 °C, nm): 430 (sh, ε = 880 L mol-1 cm-1), 345 (ε = 3456 L mol-1 cm-1), 267 

(ε = 21098 L mol-1 cm-1). 

[trans-(IiPr2Me2)2NiBr2] (14) 

To a suspension of [NiBr2(dme)] (50 mg, 0.162 mmol) in 

DME (1 mL) was added dropwise a solution of IiPr2Me2 

(58.4 mg, 0.324 mmol) in DME (2 mL). The red 

suspension was stirred at ambient temperature overnight. 

The insoluble product was filtered, washed with Et2O 

(3 mL) and dried in dynamic vacuum. Yield: 71% (68 mg, 0.115 mmol). 

M.p.: 232-234 °C (dec.). Anal. calcd. for C23H42Br2N4Ni (593.12 g/mol): C, 46.58; 

H, 7.14; N, 9.45; found C, 46.46; H, 7.15; N, 9.57. 1H NMR (300 MHz, C6D6, 300 K): 

δ 1.64 (s, 12H, CCH3), 1.75 (d, 24H, JHH = 7 Hz, CH(CH3)2), 7.52 (s, 4H, JHH = 14 Hz, 

CH(CH3)2) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 10.47 (s, CCH3), 22.69 (s, 

CH(CH3)2), 54.21 (s, CH(CH3)2), 125.66 (s, NCCN), 169.87 (s, NCN) ppm. UV/vis 

(DME, 22 °C, nm): 496 (br, ε = 88 L mol-1 cm-1), 335 (ε = 1877 L mol-1 cm-1), 300 

(ε = 1837 L mol-1 cm-1). 

[trans-(IiPr2Me2)2Ni(CH2SiMe3)2] (15-Si) 

Method A: To a cooled suspension (0 °C) of 

[(IiPr2Me2)2NiBr2] (57 mg, 0.096 mmol) in Et2O 

(3 mL) was added dropwise [Mg(CH2SiMe3)2] 

(19 mg, 0.097 mmol) in Et2O (4 mL). A color change 

from red to brown and then yellow was observed. 

The reaction mixture was stirred for 30 min on ice 

bath and 1 h at room temperature. The volatiles 

were removed in dynamic high vacuum and the 

brown residue was suspended in n-hexane (2 mL) and filtered over a pad of Celite. 

The storage at −30 °C for 2 d afforded the product isolation as yellow crystalline 

material. Yield: 37% (21 mg, 0.035 mmol). Anal. calcd. for C30H62N4NiSi2 

(593.72 g/mol): C, 60.69; H, 10.53; N, 9.44; found C, 61.49; H, 10.97; N, 9.49. 

Method B: To a solution of [trans-(IiPr2Me2)2NiBr2] (170 mg, 0.287 mmol) in n-

hexane (3 mL) was added dropwise at ambient temperature a solution of 

[Li(CH2SiMe3)] (54 mg, 0.573 mmol) in n-hexane (5 mL). After the addition was 

complete a white suspension was formed. The reaction mixture was stirred at 
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ambient temperature for 1 h and afterwards filtered over a pad of Celite. The solvent 

of the filtrate was removed in dynamic high vacuum and the yellow residue was 

extracted with Et2O (2 mL). The product was isolated as yellow crystalline material 

after cooling the solution for 3 d at −30 °C. Yield: 63% (110 mg, 0.165 mmol). Anal. 

calcd. for C30H62N4NiSi2 (593.72 g/mol): C, 60.69; H, 10.53; N, 9.44; found C, 61.01; 

H, 10.66; N, 9.15. 

M.p.: 154-156 °C (dec.). 1H NMR (500 MHz, C6D6, 300 K): δ −1.185 (s, 4H, NiCH2), 

0.11 (s, 18H, SiMe3), 1.5 (d, 24H, JHH = 7 Hz, iPr-CH3), 1.8 (s, 12H, CH3), 6.63 (sept, 

4H, JHH = 7.2 Hz, iPr-CH) ppm. 13C{1H} NMR (125.8 MHz, C6D6, 300 K): δ −7.67 (s, 

NiCH2), 4.35 (s, SiMe3), 10.84 (s, CCH3), 23.51 (s, CHCH3), 52.68 (s, CHCH3), 

124.57 (s, CCH3), 197.64 (s, NCN) ppm. UV/vis (Et2O, 22 °C, nm): 422 (br, ε = 957 L 

mol-1 cm-1), 266 (ε = 15758 L mol-1 cm-1), 222 (ε = 22091 L mol-1 cm-1). 

[cis-(IiPr2Me2)2Ni(CH2SiMe3)2] vs. [trans-(IiPr2Me2)2Ni(CH2SiMe3)2] under H2. An 

oven-dried sealable Schlenk flask was charged with [(tmeda)Ni(CH2SiMe3)2] (7-Si) 

(80 mg, 0.229 mmol), IiPr2Me2 (83 mg, 0.460 mmol) and toluene (15 mL). The vessel 

was sealed and stirred for 4 h on an oil bath (60 °C). After this time, the volatile 

material was removed under dynamic oil pump vacuum, to the dark brown residue 

Et2O (15 mL) was added, the flask sealed and attached to a high vacuum line. The 

contents were frozen at 77 K and following evacuation of the nitrogen atmosphere, 

the flask was pressurized with H2 (1 bar). After thawing (ca. 4 bar), the reaction 

mixture was stirred at room temperature for 1 h. During this time, a color change from 

dark brown to yellow was observed. The reaction vessel was then vented, and the 

volatiles were removed in dynamic oil pump vacuum. The residue was extracted with 

n-hexane (2 mL) and filtered over a pad of Celite. The pad was further extracted with 

Et2O. Both solutions were cooled for 4 d at −30 °C. The product was isolated as 

yellow-brown crystalline material as a mixture of cis- (from n-hexane) and trans-

isomer (from Et2O) in a ratio of 4.5 :  1. Yield: 59% (80 mg, 0.135 mmol). 

[trans-(IiPr2Me2)2Ni(CH2SiMe3)Br] (16-Si) 

To a cold (0 °C) suspension of [(dme)NiBr2] 

(150 mg, 0.486 mmol) in THF (4 mL) was added 

dropwise a solution of IiPr2Me2 (175 mg, 

0.971 mmol) in THF (4 mL). The dark purple 

reaction mixture was stirred 30 min at 0 °C and 1 h 

at ambient temperature. After this time, the reaction 

was cooled at 0 °C and a solution of 

[Mg(CH2SiMe3)2] (106 mg, 0.533 mmol) in THF 

(6 mL). The brown homogeneous reaction was stirred in an ice bath and let to reach 

ambient temperature. After 18 h, the volatile material was removed in dynamic 

vacuum and the brown residue was extracted with Et2O (3 mL) and filtered over 

Celite. After 1 d at −30 °C two different types of crystals were observed (yellow and 
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brown). The yellow ones were identified as the disubstituted neosilyl derivative 

(40 mg, 0.067 mmol). The product was isolated as light brown crystalline material. 

Yield 42% (120 mg, 0.205 mmol). 

M.p.: 145–147 °C (dec.). Anal. calcd. for C26H51BrN4NiSi (586.40 g/mol): C, 53.25; 

H, 8.77; N, 9.55; found C, 53.17; H, 8.78; N, 8.67. 1H NMR (300 MHz, C6D6, 300 K): 

δ −0.5 (s, 2H, NiCH2), 0.05 (s, 9H, Si(CH3)3), 1.52 (d, JHH = 7.2 Hz, 12H, iPr-CH3), 

1.73 (s, 12H, CCH3), 1.76 (d, JHH = 7.1 Hz, 12H, iPr-CH3), 7.08 (sept, JHH = 7.1 Hz, 

4H, iPr-CH) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ −12.49 (s, NiCH2), 3.06 (s, 

SiMe3), 10.76 (s, CCH3), 22.76 (s, CHCH3), 23.08 (s, CHCH3), 53.79 (s, CHCH3), 

125.00 (s, CCH3), 186.4 (s, NCN) ppm. UV/vis (Et2O, 22 °C, nm): 423 (ε = 151 L mol-

1 cm-1), 262 (ε = 23378 L mol-1 cm-1). 

[(IiPr2Me2)2Ni(η2-PhCCPh)] (17) 

Method A: To a stirred solution of diphenylacetylene 

(23 mg, 0.129 mmol) in n-hexane (3 mL) was added at 

ambient temperature a solution of [cis-

(IiPr2Me2)2Ni(CH2SiMe3)2] (38 mg, 0.064 mmol) in n-

hexane (3 mL). The orange homogeneous solution was 

stirred 19 h in a photoreactor (16 Hg lamps: 8 RPR 

3000 Å and 8 RPR 3500 Å). During this time the color 

changed to red and the volatile material was removed in 

dynamic vacuum. The residue was extracted with Et2O (2 mL), filtered over a pad of 

Celite and stored at −30 °C for 4 d. The product was isolated as dark red-purple 

crystalline material. Yield: 34% (13 mg, 0.342 mmol). 

Method B: To a solution of [Ni(cod)2] (20 mg, 0.073 mmol) in C6D6 (0.65 mL) was 

added at ambient temperature diphenylacetylene (13 mg, 0.073 mmol) and IiPr2Me2 

(26 mg, 0.144 mmol). The initial yellow solution turned first orange and then dark red. 

The reaction mixture was allowed to sit at ambient temperature for 4 h. After this time 

the volatiles were removed in dynamic high vacuum, the residue was extracted with 

Et2O (2 mL) and filtered over a pad of Celite. The dark red solution was stored at 

−30 °C for 1 d to afford the product as dark red-purple crystalline material. Yield: 76% 

(33 mg, 0.055 mmol). 

M.p.: 200–202 °C. Anal. calcd. for C36H50N4Ni (597.52 g/mol): C, 72.37; H, 8.43; 

N, 9.38; found: C, 71.65; H, 8.40; N, 9.47. 1H NMR (300 MHz, C6D6, 300 K): δ 1.17 

(d, 24H, JHH = 7 Hz, iPr-CH3), 1.81 (s, 12H, CCH3), 6.09 (m, 4H, CH), 6.99 (t, 2H, 

JHH = 7.3 Hz, HAr-p), 7.20 (t, H, JHH = 7.6 Hz, HAr-m), 7.69 (d, 4H, JHH = 7.65 Hz, HAr-o) 

ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 11.03 (s, CCH3), 22.63 (s, iPr-CH3), 

53.08 (s, iPr-CH), 124.03 (s, CAr-p), 124.35 (s, CAr-m), 129.48 (s, CAr-o), 139.5 (s, 

C≡C), 139.7 (s, aryl-Cq), 202.3 (s, NCN) ppm. UV/vis (THF, 22 °C, nm): 520 (sh, 
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ε = 2797 L mol-1 cm-1), 412 (sh, ε = 5034 L mol-1 cm-1), 365 (sh, ε = 6139 L mol-1 cm-

1), 280 (ε = 27836 L mol-1 cm-1). 

[trans-(dmap)2Ni(acac)2] (19) 

To [Ni(acac)2] (526 mg, 2.05 mmol) and DMAP (500 mg, 

4.09 mmol) was added at ambient temperature MeOH 

(20 mL). The reaction mixture was stirred for 1 h; during this 

time a light violet precipitate formed. The solid was isolated 

on a frit and washed with Et2O (40 mL). The product was 

also dried in dynamic oil pump vacuum for 12 h. Yield: 84% 

(860 mg, 1.72 mol). The complex was used in the next step 

without any further purification. Violet crystals suitable for X-

ray diffraction were grown from the MeOH/Et2O washing 

solution at ambient temperature over a period of 4 weeks. 

M.p.: 303-306 °C. Anal. calcd. for C24H34N4NiO4 (501.23 g/mol): C, 57.51; H, 6.84; 

N, 11.18; found: C, 57.46; H, 6.84; N, 11.16. 

[cis-(dmap)2Ni(CH2SiMe3)2] (20-Si) 

To a cooled (−30 °C) solution of 

[(dmap)2Ni(acac)2] (150 mg, 0.299 mmol) in 

Et2O (4 mL) was added dropwise 

[Mg(CH2SiMe3)2] (60 mg, 0.302 mmol) in Et2O 

(5 mL). The reaction mixture was stirred 2 h in 

the iPrOH bath and 30 min at ambient 

temperature. After this time, the volatiles were 

removed in dynamic high vacuum and the brown residue was extracted with Et2O 

(2 mL). After filtration over a pad of Celite and cooling to −30 °C, the product was 

isolated as brown crystalline material. Yield: 39% (56 mg, 0.117 mmol). 

M.p.: 116-119 °C (dec.). Anal. calcd. for C22H42N4NiSi2 (477.47 g/mol): C, 55.34; 

H, 8.87; N, 11.73; found: C, 54.92; H, 9.08; N, 11.94. 1H NMR (300 MHz, C6D6, 

300 K): δ −0.57 (s, 4H, NiCH2), 0.66 (s, 18H, Si(CH3)3), 2.01 (s, 12H, N(CH3)2), 5.7 

(br. s, 4H, HAr-o), 8.32 (d, 4H, JHH = 5.5 Hz, HAr-m) ppm. 13C{1H} NMR (75 MHz, C6D6, 

300 K): δ −1.24 (s, NiCH2), 5.12 (s, Si(CH3)3), 38.4 (s, N(CH3)2), 107.06 (s, CAr-m), 

151.14 (s, CAr-o), 153.71 (s, N-CAr) ppm. 
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[cis-(dmap)2Ni(CH2CMe3)2] (20-P) 

To a cooled (−30 °C) solution of 

[(dmap)2Ni(acac)2] (150 mg, 0.299 mmol) in 

THF (4 mL) was added dropwise 

[Mg(CH2CMe3)2] (50 mg, 0.300 mmol) in THF 

(5 mL). The reaction mixture was stirred 4 h 

in the iPrOH bath and 1 h at ambient 

temperature. The volatile materials were 

removed in dynamic high vacuum and the brown residue was extracted with Et2O 

(2 mL) and filtered over a pad of Celite. After being cooled to −30 °C for 7 d the 

product was re-crystallized from Et2O (2 mL) as brown crystalline material. Yield: 

19% (25 mg, 0.056 mmol). 

A 2nd species containing an acac ligand was identified by 1H NMR spectroscopy 

(acac moiety:  = 2.04 and 5.37 ppm). In agreement, elemental analysis showed 

deviations higher than commonly accepted, most likely because of the high thermal 

instability of this complex. 

1H NMR (300 MHz, C6D6, 300 K): δ 1.07 (s, 4H, NiCH2), 1.71 (s, 18H, C(CH3)3), 1.91 

(s, 12H, N(CH3)2), 5.79 (d, 4H, JHH = 5.5 Hz, HAr-o), 8.35 (d, 4H, JHH = 4.6 Hz, HAr-m) 

ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): δ 33.38 (s, NiCH2), 36.77 (s, C(CH3)3), 

36.83 (s, C(CH3)3), 38.81 (s, N(CH3)2), 107.13 (s, CAr-m), 151.00 (br. s, CAr-o) ppm. 

[(tBu3P)Ni(acac)] (21) 

To a cooled (−50 °C) suspension of KC8 (132 mg, 0.976 mmol) 

in THF (10 mL) was added dropwise a mixture of [Ni(acac)2] 

(250 mg, 0.973 mmol) and tBu3P (198 mg, 0.978 mmol) in THF 

(10 mL). A color change to red-brown was observed. The 

reaction mixture was stirred at this temperature for 30 min. The 

volatile material was removed in dynamic oil pump vacuum and 

the brown residue was extracted with n-pentane (2 mL), filtered 

over a pad of Celite and stored at −30 °C for 4 h. Yield: 11% 

(40 mg, 0.111 mmol). 

M.p.: 118-121 °C (dec). Anal. calcd. for C17H34NiO2P • 1 eq. n-hexane 

(360.12 g/mol): C, 61.90; H, 10.84; found C, 61.24; H, 11.49. 1H NMR (300 MHz, 

C6D6, 300 K): δ −15.72 (br. s, 1/2 = 100 Hz, acac-CH), 1.26 (d, 3JHP = 11 Hz, 

C(CH3)3), 5.16 (br. s, 1/2 = 300 Hz, acac-CH3) ppm. UV/vis (THF, 22 °C, nm): 408 

(sh, ε = 1315 L mol-1 cm-1), 283 (ε = 12034 L mol-1 cm-1). 
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{[(2,4,6-(OMe)3C6H2)3P]NiBr2} (22) 

To a suspension of [NiBr2(dme)] (87 mg, 

0.282 mmol) in DME (4 mL) was added 

dropwise a solution of [(2,4,6-(OMe)3C6H2)3P] 

(150 mg, 0.282 mmol) in DME (3 mL). The 

beige suspension was stirred at ambient 

temperature for 3 h. The insoluble product 

was isolated on a frit, washed with THF 

(3 mL) and dried in dynamic vacuum. Yield: 

52% (110 mg, 0.146 mmol). The product was 

insoluble commonly used solvents, therefore 

the characterization by spectroscopic methods was not possible. 

{[(2,4,6-(OMe)3C6H2)3P]Ni(CH2SiMe3)2} (23) 

To a cold (0 °C) suspension of {[(2,4,6-

(OMe)3C6H2)3P]NiBr2} (150 mg, 0.200 mmol) 

in Et2O (10 mL) was added dropwise 

[Mg(CH2SiMe3)2] (40 mg, 0.201 mmol) 

dissolved in Et2O (15 mL). A color change 

from beige to red was observed. The reaction 

mixture was stirred at 0 °C for 1 h. After this 

time the reaction was allowed to reach 

ambient temperature and was filtered over a 

pad of Celite. The volatiles were removed in 

dynamic high vacuum, the residue was 

extracted with Et2O (2 mL) and filtrated over a pad of Celite. The Et2O solution was 

layered with n-hexane (2 mL) and stored at −30 °C. After 7 d the grey precipitate was 

removed from the red mother liquor by filtration over a pad of Celite and the filtrate 

was cooled to -30 °C for an additional 2 d. The product was isolated as red crystalline 

material. Yield: 47% (73 mg, 0.095 mmol). However, the complex is unstable in 

solution, to avoid decomposition storage at −30 °C is strongly recommended. 

M.p.: 105-107 °C (dec.). 1H NMR (300 MHz, C6D6, 300 K): δ −0.48 (d, 4H, 
3JPH = 5.8 Hz, NiCH2), 0.48 (s, 18H, SiMe3), 3.31 (s, 9H, p-OCH3), 3.34 (s, 18H, o-

OCH3), 5.96 (d, 6H, 4JPH = 2.8 Hz, Hm-Ar) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): 

δ 4.26 (s, SiMe3), 55.21 (s, p-OCH3), 56.36 (s, o-OCH3), 91.26 (d, 3JCP = 3.5 Hz, Cm-

Ar), 104.74 (d, 1JCP = 30 Hz, C1), 162.79 (s, Cp-Ar), 163.21 (d, 2JCP = 5.2 Hz, Co-Ar) 

ppm. 31P{1H} NMR (121.5 MHz, C6D6, 300 K): δ −28.13 ppm. UV/vis (Et2O, 22 °C, 

nm): 472 (br, ε = 1144 L mol-1 cm-1), 302 (sh, ε = 12614 L mol-1 cm-1), 249 (sh, 

ε = 32272 L mol-1 cm-1). 
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{[(2,4,6-(OMe)3C6H2)3P]Ni(CH2SiMe3)Cl} (24) 

To a cooled suspension (−30 °C) of NiCl2 

(20 mg, 0.154 mmol) and [(2,4,6-

(OMe)3C6H2)3P] (82 mg, 0.154 mmol) in THF 

(6 mL) was added dropwise a solution of 

[Mg(CH2SiMe3)2] (62 mg, 0.312 mmol) in THF 

(4 mL). The reaction mixture was allowed to 

warm up to ambient temperature and stirred 

overnight. The volatiles were removed in 

dynamic high vacuum, the residue was 

extracted with THF (2 mL), filtered over Celite 

and stored at −30 °C to afford the isolation of the product as dark purple crystals. 

Yield: 29% (32 mg, 0.045 mmol). 

1H NMR (300 MHz, THF-d8, 300 K): δ −0.35 (d, 2H, 3JPH = 12 Hz, Ni-CH2), 0.00 (s, 

9H, Si(CH3)3), 3.82 (s, 18H, o-OCH3), 3.9 (s, 9H, p-OCH3), 6.24 (d, 6H, 4JPH = 3.5 Hz, 

Hm-Ar) ppm. 13C{1H} NMR (75 MHz, THF-d8, 300 K): δ 3.41 (s, SiMe3), 56.06 (s, p-

OCH3), 56.62 (s, o-OCH3), 92.09 (d, 3JCP = 4.8 Hz, Cm-Ar), 102.43 (d, 1JCP = 52.4 Hz, 

C1), 129.91 (d, JCP = 57.5 Hz, CAr), 163.75 (d, JCP = 3.28 Hz, CAr), 164.46 (d, 

JCP = 1.6 Hz, CAr) ppm. 31P{1H} NMR (121.5 MHz, THF-d8, 300 K): δ −22.82 ppm. 

[(η3-methallyl)Ni(mes)][B(C6F5)4] (25) 

To a cooled (−40 °C) red solution of [(methallyl)NiCl]2 

(20 mg, 0.067 mmol) in Et2O (2 mL) was added a 

solution of mesitylene (49 mg, 0.408 mmol) in Et2O 

(4 mL) and a solution of [NaB(C6F5)4] (94 mg, 

0.134 mmol) in Et2O (4 mL). The orange reaction 

mixture was warmed up to ambient temperature and 

stirred for 1 h. The volatile material was removed in dynamic high vacuum and the 

residue was washed with n-pentane (2 x 8 mL). The solvents traces from the orange 

solid were removed in high vacuum. The product was isolated as orange crystalline 

material by slow diffusion (5 d) of n-pentane in a concentrated solution of the product 

in CH2Cl2 at −30 °C. Yield: 74% (90 mg, 0.099 mmol). 

M.p.: 180-183 °C (dec.). Anal. calcd. for C37H19BF20Ni (913.03 g/mol): C, 48.67; 

H, 2.10; found C, 48.37; H, 2.13. 1H NMR (300 MHz, THF, 300 K): δ 1.97 (br. s, 2H, 

CH2), 2.25 (s, 9H, CH3), 2.48 (br. s, 3H, CH3), 2.80 (br. s, 2H, CH2), 6.78 (s, 3H, 

mesCH) ppm. 11B{1H} NMR (96 MHz, THF, 300 K): δ −16.01 (s) ppm. 19F{1H} NMR 

(282.5 MHz, THF, 300 K): δ −167.55 (t, 3JFF = 18 Hz, 8F, m-C-F), −164.05 (t, 
3JFF = 20 Hz, 4F, p-C-F), −131.77 (m, 8F, o-C-F) ppm. 
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[((2,4,6-(OMe)3C6H2)3P)Ni(η3-methallyl)][BArF
4] (28) 

To a stirred red solution of 

[(methallyl)Ni(mes)][BArF
4] (150 mg, 

0.137 mmol) in THF (6 mL) was added at 

ambient temperature a solution of [(2,4,6-

(OMe)3C6H2)3P] (73 mg, 0.137 mmol) in 

THF (8 mL). The orange homogeneous 

reaction mixture was stirred for 1 h at 

room temperature. After this time, the 

volatile material was removed in dynamic 

high vacuum and the residue was washed 

with n-pentane (2 x 8 mL). The solvents 

traces from the orange solid were removed in high vacuum. The product was isolated 

as orange crystalline material by slow diffusion (5 d) of n-pentane in a concentrated 

solution of the product in CH2Cl2 at −30 °C. Yield: 83% (172 mg, 0.114 mmol). 

M.p.: 150–152 °C. Anal. calcd. for C63H53BF24NiO9P (1509.54 g/mol): C, 50.13; H, 

3.47; found C, 50.13; H, 3.36. 1H NMR (300 MHz, CD2Cl2, 300 K): δ 2.05 (s, 3H, 

CH3-methallyl), 2.31 (br. s, 2H, CH2-methallyl), 3.25 (br. s, 2H, CH2-methallyl), 3.73 

(s, 18 H, o-OCH3), 3.83 (s, 9H, p-OCH3), 6.16 (d, 6H, 4JHP = 4 Hz, Hm-Ar), 7.59 (br. s, 

4H, Hp-Ar
F), 7.75 (br. s, 8H, Ho-Ar

F) ppm. 13C{1H} NMR (75 MHz, CD2Cl2, 300 K): δ 

23.67 (s, CH3-methallyl), 56.32 (s, p-CH3), 58.67 (s, CH2-methallyl and o-CH3), 91.97 

(d, 3JCP = 5 Hz, Cm-Ar), 99.04 (d, 1JCP = 58.7 Hz, Cipso to P), 118.32 (br. t, Cp-Ar
F), 

125.5 (q, 1JCF = 272 Hz, CF3), 129.72 (qq, 3JCB = 3 Hz, 2JCF = 31 Hz, CF3), 135.66 (s, 

Co-Ar
F), 162. 61 (q, 1JCB = 50 Hz, Cipso-Ar

F), 163.22 (d, 2JCP = 4 Hz, Co-Ar), 164.85 (d, 
4JCP = 1.2 Hz, Cp-Ar) ppm. 31P{1H} NMR (121.5 MHz, CD2Cl2, 300 K): δ −19.25 (s) 

ppm. UV/vis (THF, 22 °C, nm): 314 (br, ε = 2752 L mol-1 cm-1), 259 (ε = 25674 L mol-

1 cm-1). 

[((2,4,6-(OMe)3C6H2)3P)Ni(η3-methallyl)][SbF6]  

To a cold (−30 °C) stirred solution of [(µ-

chloro)(η3-methallyl)Ni]2 (15 mg, 

0.050 mmol) in Et2O (4 mL) was added 

dropwise a solution of [(2,4,6-

(OMe)3C6H2)3P] (54 mg, 0.101 mmol) in THF 

(4 mL). The red-orange reaction mixture was 

stirred at this temperature for 1 h. After this 

time, AgSbF6 (35 mg, 0.100 mmol) in THF 

(4 mL) was added dropwise. The orange 

reaction mixture was stirred for 1 h. The 

volatile materials were removed in dynamic high vacuum and the residue was 

extracted with CH2Cl2 (1 mL), filtered over a pad of Celite. The saturated solution was 
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layered with n-hexane (1 mL) and stored at −30 °C for 4 d. The product was isolated 

as orange crystalline material. Yield: 96% (85 mg, 0.096 mmol). 

M.p.:196-199 °C (dec.). Anal. calcd. for C31H40F6NiO9PSb (882.07 g/mol): C, 42.21; 

H, 4.57; found C, 42.91; H, 4.61. 1H NMR (600 MHz, CD2Cl2, 300 K): δ 2.06 (s, 3H, 

CH3-methallyl), 2.32 (br. s, 2H, CH2-methallyl), 3.26 (br. s, 2H, CH2-methallyl), ), 3.73 

(s, 18 H, o-OCH3), 3.84 (s, 9H, p-OCH3), 6.15 (d, 6H, 4JHP = 3.75 Hz, Hm-Ar) ppm. 
13C{1H} NMR (75 MHz, CD2Cl2, 300 K): δ 23.61 (s, CH3-methallyl), 56.37 (s, CH2-

methallyl and p-CH3), 58.75 (s, o-CH3), 91.91 (d, 3JCP = 5 Hz, Cm-Ar), 98.99 (d, 
1JCP = 58.3 Hz, Cipso to P), 128.49 (s, CCH3-methallyl), 163.18 (d, 2JCP = 4 Hz, Co-Ar), 

164. 74 (d, 4JCP = 1.2 Hz, Cp-Ar) ppm. 31P{1H} NMR (81 MHz, CD2Cl2, 300 K): δ 

−19.27 (s) ppm. UV/vis (THF, 22 °C, nm): 320 (br, ε = 4155 L mol-1 cm-1), 258 

(ε = 25071 L mol-1 cm-1). 

[(-N, -N-(1,2-benzenediamine))Ni(η3-methallyl)][BArF
4] 

To a stirred red solution of [(methallyl)Ni(mes)][BArF
4] 

(40 mg, 0.036 mmol) in Et2O (4 mL) was added at 

ambient temperature a solution of o-

phenylenediamine (4 mg, 0.037 mmol) in Et2O (4 mL). 

The yellow homogeneous reaction mixture was stirred 

for 15 min at room temperature. After this time the 

volatile material was removed in dynamic high vacuum, the residue was extracted 

with CH2Cl2 (1 mL) and filtered over a pad of Celite. The product was isolated as 

yellow crystalline material by slow diffusion (5 d) of n-pentane in a concentrated 

solution of the product in CH2Cl2 at −30 °C. Yield: 65% (25.5 mg, 0.023 mmol) 

M.p.:169-171 °C (dec.) 1H NMR (600 MHz, CD2Cl2, 300 K): δ 2.24 (s, 2H, CH2-

methallyl), 2.27 (s, 3H, CH3-methallyl), 3.23 (s, 2H, CH2-methallyl), 4.3 (br. s, 4H, 

NH2), 7.37 (s, 4H, CHAr), 7.57 (s, 4H, Hp-Ar
F), 7.74 (s, 8H, Ho-Ar

F) ppm. 13C{1H} NMR 

(150 MHz, CD2Cl2, 300 K): δ 23.94 (s, CH3-methallyl), 55.18 (s, CH2-methallyl), 118 

(br. t, Cp-Ar
F), 125.43 (q, 1JCF = 271 Hz, CF3), 127.59 (s, CHAr), 129.66 (qq, 

3JCB = 3 Hz, 2JCF = 31 Hz, CCF3), 130.04 (s, CCH3-methallyl), 130.53 (s, CHAr), 135.6 

(s, Co-Ar
F), 137.07 (s, CNH2), 162.5 (q, 1JBC = 50 Hz, Cipso-Ar

F) ppm. UV/vis (THF, 

22 °C, nm): 303 (br, ε = 328 L mol-1 cm-1), 279 (sh, ε = 3697 L mol-1 cm-1), 269 

(ε = 5447 L mol-1 cm-1). 
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[((-C:C-Ad)Ad2P)Ni(η6-toluene)][BArF
4] (29) 

To a stirred red solution of 

[(methallyl)Ni(mes)][BArF
4] (100 mg, 0.091 mmol) 

in a 1 : 1 mixture of toluene/Et2O (6 mL) was 

added at ambient temperature a solution of Ad3P 

(40 mg, 0.092 mmol) in Et2O (8 mL). The brown 

homogeneous reaction mixture was stirred for 1 h 

at ambient temperature. After this time, the 

volatile material was removed in dynamic high 

vacuum and the residue was washed with n-

pentane (2 x 8 mL). The solvents traces from the brown solid were removed in high 

vacuum. The product was isolated as brown crystalline material by cooling a 

concentrated solution of the product in CH2Cl2 at −30 °C. Yield: 38% (60 mg, 

0.041 mmol). 

M.p.: 165–168 °C (dec.). Anal. calcd. for C69H64BF24NiP • CH2Cl2(1449.71 g/mol): 

C, 54.79; H, 4.34; found C, 55.17; H, 4.77. 1H NMR (400 MHz, CD2Cl2, 300 K): δ 1.47 

(br. s, 1H, CH-Ni), 1.54 (dquint, JHP = 13 Hz, JHH = 2.7 Hz, 1H, CH2), 1.72 (m, 1H, 

CH2), 1.79 (br. s, 6H, CH2), 1.83 (br. s, 4H, CH2),1.88 (br. s, 7H, CH2 and CH), 1.92 

(br. s, 1H, CH), 1.99 (d, JHP = 13 Hz, 1H, CH2), 2.07 (m, 4H, CH), 2.10-2.20 (m, 9H, 

CH2 and CH), 2.43 (br. s, 6H, CH2), 2.52 (br. s, 1H, CH2), 2.57 (s, 3H, CH3), 2.62 (m, 

1H, CH2), 2.72 (d, 3JHP = 17 Hz, 1H, CH), 3.04 (br. m, 1H, CH2), 6.49 (m, 1H, Hp-Ar), 

6.67 (m, 1H, Ho-Ar), 6.94 (br. d, 1H, JHH = 7 Hz, Ho-Ar), 7.03 (m, 2H, Hm-Ar), 7.55 (br. s, 

4H, Hp-Ar
F), 7.7 (br. s, 8H, Ho-Ar

F) ppm. 13C{1H} NMR (100.7 MHz, CD2Cl2, 300 K): δ 

21.76 (s, CH3), 26.82 (d, 3JCP = 28 Hz, CH), 29.25 (m, CH), 29.90 (d, 3JCP = 7.6 Hz, 

CH), 30.10 (d, 3JCP = 8 Hz, CH), 30.74 (d, 3JCP = 6.3 Hz, CH), 34.4 (s, CH2), 36.11 (d, 

JCP = 1.5 Hz, CH2), 36.82 (d, JCP = 1 Hz, CH2), 36.95 (d, JCP = 1.3 Hz, CH2), 37.2 (d, 
2JCP = 8 Hz, CH-Ni), 37.57 (d, JCP = 1 Hz, CH2), 40.21 (d, JCP = 3.3 Hz, CH2), 41.37 

(d, JCP = 3.35 Hz, CH2), 41.50 (d, JCP = 3.75 Hz, CH2), 42.63 (s, CH2), 42.84 (s, CH2), 

44.61 (d, 1JCP = 4 Hz, Cq-Ad3P), 46.50 (d, JCP = 1.6 Hz, CH2), 47.84 (d, 1JCP = 3.2 Hz, 

Cq-Ad3P), 107.38 (s, Co-Ar), 108.52 (d, J = 1.5 Hz, Cm-Ar), 109.19 (d, J = 2.5 Hz, Cp-Ar), 

112.08 (s, Co-Ar), 118.29 (br. t, Cp-Ar
F), 125.32 (q, 1JCF = 272 Hz, CF3), 125.5 (s, Cq-

toluene), 129.67 (qq, 3JCB = 3 Hz, 2JCF = 31 Hz, CF3), 135.62 (s, Co-Ar
F), 162. 59 (q, 

JCB = 50 Hz, Cipso-Ar
F) ppm. 31P{1H} NMR (162.1 MHz, CD2Cl2, 300 K): δ −11.53 ppm. 

11B{1H} NMR (128.5 MHz, CD2Cl2, 300 K): δ −6.43 ppm. 19F{1H} NMR (376.8 MHz, 

CD2Cl2, 300 K): δ −62.74 ppm. UV/vis (Et2O, 22 °C, nm): 217 (ε = 49067 L mol-1 cm-

1), 269 (ε = 6734 L mol-1 cm-1), 279 (ε = 6020 L mol-1 cm-1). 
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[((IMes2)Ni(η3-methallyl))2Cl][BArF
4] (30) 

To a stirred solution of [(µ-chloro)(η3-

methallyl)Ni]2 (20 mg, 0.067 mmol) in THF 

(3 mL) was added at ambient temperature a 

solution of IMes2 (40 mg, 0.131 mmol) in THF 

(6 mL). The brown reaction mixture was 

stirred for 15 min at room temperature. After 

this time, NaBArF
4 (59 mg, 0.067 mmol) dissolved in THF (4 mL) was added 

dropwise. The orange reaction mixture was stirred for 1 h at ambient temperature, 

afterwards the volatile material was removed in dynamic high vacuum. The residue 

was extracted with CH2Cl2, filtered over a pad of Celite and stored at −30 °C for 4 d. 

The product was isolated as orange crystalline material. Yield: 78% (90 mg, 

0.052 mmol). 

M.p.: 175-178 °C (dec.). Anal. calcd. for C82H74BClF24N4Ni2 (1735.13 g/mol): 

C, 56.76; H, 4.14; N, 3.23; found C, 55.81; H, 4.14; N, 3.71. 1H NMR (600 MHz, 

CD2Cl2, 300 K): δ 1.19 (s, 1H, CH2-methallyl), 1.23 (s, 1H, CH2-methallyl), 2.25 (s, 

3H, CH3-methallyl), 2.29 (s, 3H, CH3-methallyl), 1.66 (s, 2H, CH2-methallyl), 2.02 (br. 

s, 24H, o-CH3), 2.15 (br. s, 1H, CH2-methallyl), 2.18 (br. s, 1H, CH2-methallyl), 2.26 

(br. s, 1H, CH2-methallyl), 2.29 (br. s, 1H, CH2-methallyl), 2.35 (overlapped s, 12H, p-

CH3), 7.04 (br. s, 12H, CH=CH and CHm-Ar), 7.57 (s, 4H, Hp-Ar), 7.74(s, 8H, Ho-Ar) 

ppm. 13C{1H} NMR (150 MHz, CD2Cl2, 300 K): δ 18.30-18.96 (br. s, o-CH3), 21.32 (s, 

CH3-methallyl), 21.40 (s, CH3-methallyl), 21.53 (s, p-CH3), 47.57 (s, CH2-methallyl), 

48.11 (s, CH2-methallyl), 70.41 (s, CH2-methallyl), 71.13 (s, CH2-methallyl), 118.27 (t, 

J = 3.6 Hz, Cp-Ar), 124.82 (br. s, CH=CH), 124.99 (br. s, CH=CH), 125.38 (q, 
1JCF = 272 Hz, CF3), 129.67 (qq, 3JCB = 3 Hz, 3JCF = 32 Hz, CCF3), 129.88 (br. s, 

CHAr), 130.35 (br. s, CHAr), 135.61 (s, BArF
4-Co-Ar), 140.18 (s, Cp-Ar), 136.48 (br. s, Co-

Ar), 136.85 (br. s, Co-Ar), 162.55 (q, 1JCB = 50 Hz), 182.38 (s, NCN), 182.57 (s, NCN) 

ppm.UV/vis (THF, 22 °C, nm): 412 (br, ε = 943 L mol-1 cm-1), 299 (sh, ε = 6325 L mol-

1 cm-1), 278 (sh, ε = 10419 L mol-1 cm-1), 261 (sh, ε = 15984 L mol-1 cm-1). 
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[Ni(5-1-(CH2SiMe3)triphenylphosphorinyl)2] (31) and [Bis(3-1-neosilyl-2,4,6-

triphenylphosphorinyl)nickel](2,4,6-triphenylphosphabenzene)-P,P’-nickel (32) 

    

A suspension of 2,4,6-triphenylphosphinine (27.9 mg, 0.086 mmol) in C6D6 (0.6 mL) 

was sonicated until the educt was fully dissolved. After addition of 

[(tmeda)Ni(CH2SiMe3)2] (20 mg, 0.57 mmol) as solid material, a dark brown solution 

was obtained. After 90 min irradiation in a photoreactor (16 Hg lamps: 8 RPR 3000 Å 

and 8 RPR 3500 Å) and 2 h heating at 65 °C quantitative elimination of tmeda was 

observed in the 1H-NMR and in the 31P{1H} NMR spectrum three new signals 

appeared. The solvent was removed in dynamic high vacuum and the dark red 

residue was extracted with n-hexane and filtrated over a pad of Celite. The unsolved 

solid was extracted further with Et2O and both solutions were cooled at −30 °C for 

2 weeks. The main product was isolated from the Et2O solution as two dark brown 

rectangular crystals which imploded during solvent evaporation (32). Yield: 41% 

(15 mg, 0.012 mmol). 

M.p.: 200-202 °C. Anal. calcd. for C77H73Ni2P3Si2 • Et2O (1339.03 g/mol): C, 72.66; 

H, 6.25; found C, 72.33; H, 5.94. 1H NMR (600 MHz, C6D6, 300 K): δ −0.5 (s, 18H, 

SiMe3), 1.29 (dt, 2H, 2JHH = 15.4 Hz, 2JHP = 4.8 Hz, CH2), 1.41 (d, 2H, 2JHH = 15.7 Hz, 

CH2), 5.49 (t, 2H, 3JHP = 8.3 Hz, H of C5PH2Ph3), 6.28 (t, 2H, 3JHP = 12 Hz, H of 

C5PH2Ph3), 6.78 (t, 4H, JHH = 7.7 Hz, HPh), 6.85 (m, 4H, HPh), 6.92 (t, 4H, JHH = 7 Hz, 

HPh), 6.98 (t, 4H, JHH = 7.4 Hz, HPh), 7.01-7.13 (m, 14H, HPh), 7.2 (m, 2H, 

JHH = 7.3 Hz, HPh), 7.26 (m, 2H, HPh), 7.46 (d, 4H, JHH = 7.5 Hz, HPh), 7.52 (m, 2H, 

HPh), 7.92 (d, 4H, JHH = 7.5 Hz, HPh), 8.18 (d, 2H, 3JHP = 13.2 Hz, H of C5PH2Ph3) 

ppm. 13C{1H} NMR (150 MHz, C6D6, 300 K): δ 0.44 (s, SiMe3), 17.37 (s, CH2), 87.92 

(s, CH of C5PH2Ph3), 100.13 (t, JHP = 6 Hz, CPh), 118.51 (t, JHP = 17 Hz, CPh), 124.8 

(s, CPh), 125.05 (s, CPh), 126.97 (s, CPh), 127.45 (s, CPh), 127.89 (s, CPh), 127.93 (s, 

CPh), 128.90(s, CPh), 129.16 (d, J = 5 Hz, CPh), 129.58 (d, 3JHP = 9.5 Hz, CPh), 

129.70(s, CPh), 129.94(s, CPh), 131.98(s, CPh), 136.39 (s, CH of C5PH2Ph3), 136.61 

(d, 2JHP = 9 Hz, CH of C5PH2Ph3), 140.59 (t, JHP = 5.3 Hz, CPh), 141.67 (s, CPh), 

142.53 (s, CPh), 143.34 (s, CPh), 145.67 (d, JHP = 16.75 Hz, CPh), 162.34 (t, 

JHP = 4 Hz, CPh) ppm. 31P{1H} (121.5 MHz, C6D6, 300 K): δ −12.68 (d, J = 5.5 Hz), 

185.31 (t, 2JPP’ = 5.7 Hz) ppm. UV/vis (Et2O, 22 °C, nm): 263 (ε = 63388 L mol-1 cm-
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1), 306 (sh, ε = 41450 L mol-1 cm-1), 384 (ε = 23990 L mol-1 cm-1), 449 (ε = 18597 L 

mol-1 cm-1), 551 (sh, ε = 10159 L mol-1 cm-1), 861 (ε = 8060 L mol-1 cm-1). 

A few crystals of compound 31 were isolated from the n-hexane solution. 

[((1-CH2SiMe3)-2,4,6-triphenyl-phosphorin-1-yl)Li] (33) 

A suspension of 2,4,6-triphenylphosphinine (20 mg, 

0.062 mmol) in 0.6 mL C6D6 was sonicated until the educt 

was fully dissolved. After addition of solid [LiCH2SiMe3] 

(6 mg, 0.064 mmol), a dark magenta solution was obtained. 

The product was quantitatively formed as determined by 
31P{1H} NMR spectroscopy.  

1H NMR (600 MHz, THF-d8, 300 K): δ −0.08 (s, 9H, 

Si(CH3)3), 0.65 (br. s, 2H, CH2), 6.65 (qt, 3H, JHH = 7 Hz, JHP = 1.6 Hz Hm-,p-Ar), 7.05 

(t, 4H, JHH = 7.7 Hz, Hm-Ar), 7.08 (m, 2H, Ho-Ar), 7.46 (m, 2H, JHH = 8.1 Hz, 

JHP = 1.2 Hz, Ho-Ar), 7.57 (d, 2H, 3JHP = 6.2 Hz, m-H of C5PH2Ph3), 7.80 (dq, 4H, 

JHH = 8 Hz, JHP = 1.8 and 1.15 Hz, Ho-Ar) ppm. 13C{1H} NMR (150 MHz, THF-d8, 

300 K): δ 1.57 (d, 3JCP = 3.2 Hz, SiMe3), 16.58 (d, 1JCP = 40 Hz, CH2), 102.68 (d, 
3JCP = 1.2 Hz, p-Cq of C5PH2Ph3), 113.66 (s, Cq), 129.10 (s, p-CPh ), 120.52 (d, 

JHP = 2 Hz, p-CPh), 123 (s, o-CPh), 125.5 (d, 3JHP = 19.5 Hz, o-CPh), 128.94 (d, 
4JHP = 2 Hz, m-CPh), 129.26 (s, p-CPh), 129.59 (d, 2JHP = 5.2 Hz, PCqCH), 148.16 (s, 

PCqCqPh), 149.84 (d, 1JCP = 30 Hz, o-Cq of C5PH2Ph3) ppm. 31P{1H} NMR 

(121.5 MHz, THF-d8, 300 K): δ −70 (s) ppm. 

[(1-(1-CH2SiMe3)-2,4,6-triphenyl-phosphorin-1-yl)3Ni][Li(dme)] 

To a dark green solution of 2,4,6-

triphenylphosphinine (20 mg, 

0.062 mmol) and [LiCH2SiMe3] 

(6 mg, 0.064 mmol) in THF-d8 

(0.6 mL) was added [(dme)NiBr2] 

(9.5 mg, 0.031 mmol) and a 

change in color to dark brown was 

observed. The 31P{1H} NMR 

(121.5 MHz, THF-d8, 300 K) 

spectroscopy showed formation of 

three new species with the 

following chemical shifts: δ −49.9 

(s), 3.65 (br. s, = 46 Hz), 182.74 (s) ppm. 
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Side product: 
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6. Crystallographic data 

 [Mg(CH2CMe2Ph)2]2 
{[Mg(CH2CMe3)2]2[-1,4-

dioxane]}∞ 
[Li(CH2CMe2Ph)]4 

Structure name ae32fr ae42fr ae72ra 

Chemical formula C40H52Mg C24H52Mg2O2 C40H52Li4 

Molecular weight 
[g/mol] 

581.44 421.28 560.57 

Crystal system Triclinic Triclinic Tetragonal 

Space group P1̅ P1̅ I41/a 

a[Å] 8.3199(3) 8.2181(8) 35.4714(2) 

b[Å] 9.8137(3) 9.7709(8) 35.4714(2) 

c[Å] 11.2729(3) 10.2787(8) 11.10740(10) 

α[°] 69.434(3) 75.340(6) 90 

β[°] 87.336(6) 72.472(7) 90 

γ[°] 78.887(3) 65.799(6) 90 

V[Å3] 845.37(5) 709.85(11) 13975.6(2) 

Z 1 1 16 

Calcd. density 
[g/cm3] 

1.142 0.985 1.066 

Abs. coeff. 
[μ/mm-1] 

0.097 0.848 0.789 

T[K] 100(2) 100(2) 99.97(18) 

Radiation type Mo Kα Cu Kα Cu Kα 

No. of reflections 
measured 

64598 27746 79117 

No. of 
independent 
reflections 

5171 2868 7382 

Rint 0.0289 0.056 0.0765 

R1 (with I0>2σ(I0) 0.0361 0.0415 0.0448 

ωR2 (all data) 0.0962 0.1136 0.1228 

GoF with F2 1.030 1.049 1.063 

Residual electron 
density [e/ Å3] Δρ 

0.414/−0.198 0.298/−0.164 0.32/−0.21 

Refinement MF MF RA 
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[(ItBu2)Co(CH2SiMe3)2] 

(2H-Si) 

[(ItBu2)Co(CH2CMe3)2] 

(2H-P) 

[(ItBu2)Co(CH2CPhMe2)2] 

(2H-Ph) 

Structure name anen03 ae41fr ae52ra 

Chemical formula C19H42CoN2Si2 C21H42CoN2 C31H46CoN2 

Molecular weight 
[g/mol] 

413.66 381.50 505.63 

Crystal system Triclinic Monoclinic Monoclinic 

Space group P1̅ P21/n P21/c 

a[Å] 10.1876(8) 15.1042(3) 11.88180(10) 

b[Å] 11.4336(9) 9.8230(2) 20.27730(10) 

c[Å] 11.5040(9) 15.6224(4) 11.91970(10) 

α[°] 114.154(8) 90 90 

β[°] 91.303(6) 99.477(2) 91.9300(10) 

γ[°] 94.570(6) 90 90 

V[Å3] 1216.52(17) 2286.25(9) 2870.19(4) 

Z 2 4 4 

Calcd. density 
[Mg/m3] 

1.129 1.108 1.170 

Abs. coeff. 
[μ/mm-1] 

6.481 5.889 4.817 

T[K] 100(2) 100(2) 100(2) 

Radiation type Cu Kα Cu Kα Cu Kα 

No. of reflections 
measured 

49990 46327 102370 

No. of 
independent 
reflections 

5078 4769 5806 

Rint 0.0509 0.0596 0.0537 

R1 (with I0>2σ(I0) 0.0335 0.0474 0.0333 

ωR2 (all data) 0.0788 0.1110 0.0830 

GoF with F2 1.035 1.057 1.057 

Residual electron 
density [e/ Å3] Δρ 

0.358/−0.486 0.390/−0.663 0.182/−0.383 

Refinement MF MF JR 
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[(ItBu2Me2)Co(CH2SiMe3)2] 

(2Me-Si) 

[(ItBu2Me2)Co(CH2CMe3)2] 

(2Me-P) 

[(ItBu2)Co(CH2SiMe3) 
(acac)] 

(3H-Si) 

Structure name anen12 ae44fr ae43fr 

Chemical formula C21H46CoN4Si2 C23H46CoN2 C20H38CoN2O2Si 

Molecular weight 
[g/mol] 

441.71 409.55 425.54 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/n P21/c P21/c 

a[Å] 15.4002(7) 19.9887(9) 11.7966(4) 

b[Å] 9.5019(3) 14.6087(6) 9.3515(3) 

c[Å] 17.5196(8) 18.6380(9) 21.2898(6) 

α[°] 90 90 90 

β[°] 90.785(4) 116.655(6) 95.121(3) 

γ[°] 90 90 90 

V[Å3] 2563.43(18) 4864.0(4) 2339.23(13) 

Z 4 8 4 

Calcd. density 
[Mg/m3] 

1.145 1.119 1.208 

Abs. coeff. 
[μ/mm-1] 

6.180 5.566 6.352 

T[K] 100(2) 100(2) 100(2) 

Radiation type Cu Kα Cu Kα Cu Kα 

No. of reflections 
measured 

6735 57419 46244 

No. of 
independent 
reflections 

6735 10131 4875 

Rint 0.000 0.01408 0.0625 

R1 (with I0>2σ(I0) 0.0483 0.0664 0.0329 

ωR2 (all data) 0.1263 0.1445 0.0798 

GoF with F2 1.065 1.057 1.054 

Residual electron 
density 

[e/ Å3] Δρ 

0.355/−0.379 0.514/−0.476 0.286/−0.384 

Refinement MF MF MF 
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[(ItBu2)Co(CH2CMe2Ph)
(acac)] 

(3H-Ph) 

[(dippe)Co(CH2SiMe3)2] 

(4-Si) 

[(depe)Co(κ-C:C-
CH2CMe2C6H4)] 

(4-Ph) 

Structure name anen14 ae35fr anen19 

Chemical formula C26H40CoN2O2 C22H54CoP2Si2 C20H36CoP2 

Molecular weight 
[g/mol] 

471.53 495.70 397.36 

Crystal system Triclinic Monoclinic Orthorhombic 

Space group P1̅ C2/c Pbca 

a[Å] 10.6538(5) 15.4900(7) 13.5926(4) 

b[Å] 11.3442(4) 10.6608(3) 17.2078(7) 

c[Å] 11.9505(5) 17.9769(7) 17.6656(7) 

α[°] 100.249(3) 90 90 

β[°] 109.396(4) 104.618(4) 90 

γ[°] 101.338 (3) 90 90 

V[Å3] 1288.76(9) 2872.5(2) 4132.0(3) 

Z 2 4 8 

Calcd. density 
[Mg/m3] 

1.215 1.146 1.278 

Abs. coeff. 
[μ/mm-1] 

0.689 6.560 7.935 

T[K] 100(2) 100(2) 100(2) 

Radiation type Mo Kα Cu Kα Cu Kα 

No. of reflections 
measured 

94892 28582 59496 

No. of 
independent 
reflections 

7702 2997 4316 

Rint 0.0445 0.0576 0.0919 

R1 (with I0>2σ(I0) 0.0320 0.0288 0.0400 

ωR2 (all data) 0.0764 0.0691 0.0858 

GoF with F2 1.054 1.021 1.094 

Residual electron 
density 

[e/ Å3] Δρ 

0.449/−0.269 0.257/−0.279 0.314/−0.380 

Refinement MF MF MF 
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[(ItBu2Me2)Co(2-(C6H5-
CH=CH)-1,3-(OMe)2-

malonate] 

(5-CP) 

[(ItBu2)Co(η2-PhCCPh)2] 

(5) 

[(tmeda)Ni(CH2SiMe3)2] 

(7-Si) 

Structure name ae74ra ae46fr anen02 

Chemical formula C28H44CoN2O4Si C39H40CoN2 C14H38N2NiSi2 

Molecular weight 
[g/mol] 

559.67 595.66 349.35 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/c C2/c C2/c 

a[Å] 10.84180(10) 17.7086(8) 16.2513(3) 

b[Å] 12.56840(10) 16.5959(6) 10.0160(2) 

c[Å] 21.9574(2) 12.4453(6) 12.5456(3) 

α[°] 90 90 90 

β[°] 94.8500(10) 120.799(6) 98.581(2) 

γ[°] 90 90 90 

V[Å3] 2981.29(5) 3141.7(2) 2019.22(7) 

Z 4 4 4 

Calcd. density 
[Mg/m3] 

1.247 1.259 1.149 

Abs. coeff. 
[μ/mm-1] 

0.649 4.492 2.442 

T[K] 100(2) 100(2) 100(2) 

Radiation type Mo Kα Cu Kα Cu Kα 

No. of reflections 
measured 

307386 26796 20168 

No. of 
independent 
reflections 

10341 3284 2104 

Rint 0.0491 0.0495 0.0331 

R1 (with I0>2σ(I0) 0.0395 0.0315 0.0254 

ωR2 (all data) 0.1043 0.0733 0.0646 

GoF with F2 1.051 1.046 1.047 

Residual electron 
density 

[e/ Å3] Δρ 

1.58/−0.73 0.201/−0.284 0.496/−0.306 

Refinement RA MF MF 
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[(tmeda)Ni(CH2CMe3)2] 

(7-P) 

[(tmeda)Ni(CH2CMe2Ph)2] 

(7-Ph) 

[(tmeda)Ni((κ-C:C-
CH2CMe2C6H4)] 

(8-Ph) 

Structure name ae57ra ae58ra ae70ra 

Chemical formula C16H38N2Ni C26H42N2Ni C16H28N2Ni 

Molecular weight 
[g/mol] 

317.19 441.32 307.11 

Crystal system Monoclinic Orthorhombic Orthorhombic 

Space group P21/n Pbcn P212121 

a[Å] 10.2409(2) 15.7605(3) 8.30579(16) 

b[Å] 14.4981(3) 9.44276(12) 13.6410(3) 

c[Å] 12.5617(3) 15.8506(2) 14.0427 (3) 

α[°] 90 90 90 

β[°] 90.918(2) 90 90 

γ[°] 90 90 90 

V[Å3] 1864.84(7) 2358.94(6) 1591.03(5) 

Z 4 4 4 

Calcd. density 
[Mg/m3] 

1.130 1.243 1.282 

Abs. coeff. 
[μ/mm-1] 

1.409 1.267 1.209 

T[K] 100(2) 100(2) 100(2) 

Radiation type Cu Kα Cu Kα Mo Kα 

No. of reflections 
measured 

78566 45969 203972 

No. of 
independent 
reflections 

3973 2503 6257 

Rint 0.0802 0.0385 0.0589 

R1 (with I0>2σ(I0) 0.0391 0.0321 0.0183 

ωR2 (all data) 0.1156 0.0875 0.0446 

GoF with F2 1.139 1.114 1.024 

Residual electron 
density 

[e/ Å3] Δρ 

0.375/−0.571 0.308/−0.258 0.345/−0.184 

Refinement MF MF RA 
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[(depe)Ni(CH2CMe2Ph)2] 

(9-Ph) 

[(IiPr2Me2)(-C:C-
IiPr2MeCH2)Ni(CH2SiMe3)] 

(10-Si) 

[(IiPr2Me2)2Ni(-C:C-
CH2CMe2C6H4)] 

(10-Ph) 

Structure name anen20 anen05 ae29fr 

Chemical formula C30H50NiP2 C26H50N4NiSi C32H52N4Ni 

Molecular weight 
[g/mol] 

531.35 505.05 551.48 

Crystal system Tetragonal Triclinic Monoclinic 

Space group P(-4)n2 P1̅ P21/n 

a[Å] 16.06637(15) 9.6136(3) 13.8101(4) 

b[Å] 16.06637(15) 10.1374(3) 12.5171(3) 

c[Å] 10.89343(16) 16.5570(4) 18.1360(6) 

α[°] 90 98.680(2) 90 

β[°] 90 103.350(2) 97.470(3) 

γ[°] 90 110.125(2) 90 

V[Å3] 2811.90(7) 1426.50(7) 3108.44(16) 

Z 4 2 4 

Calcd. density 
[Mg/m3] 

1.255 1.177 1.178 

Abs. coeff. 
[μ/mm-1] 

2.169 1.513 1.076 

T[K] 100(2) 100(2) 100(2) 

Radiation type Cu Kα Cu Kα Cu Kα 

No. of reflections 
measured 

47490 106187 54506 

No. of 
independent 
reflections 

2949 5946 6483 

Rint 0.0471 0.0338 0.0554 

R1 (with I0>2σ(I0) 0.0226 0.0276 0.0371 

ωR2 (all data) 0.0574 0.0722 0.1024 

GoF with F2 1.059 1.032 1.030 

Residual electron 
density 

[e/ Å3] Δρ 

0.207/−0.364 0.298/−0.347 0.339/−0.346 

Refinement MF MF MF 
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[cis-
(IiPr2Me2)2Ni(CH2SiMe3)2] 

(11-Si) 

[cis-
(IiPr2)2Ni(CH2SiMe3)2] 

(11-Si(H)-130 K) 

[cis-(IiPr2)2Ni(CH2SiMe3)2] 

(11-Si(H)-150 K) 

Structure name ae25fr ae39fr ae40fr 

Chemical formula C30H62N4NiSi2 C26H54N4NiSi2 C26H54N4NiSi2 

Molecular weight 
[g/mol] 

593.72 537.62 537.62 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/n C2/c C2/c 

a[Å] 11.7982(3) 18.0571(8) 16.3894(8) 

b[Å] 19.7825(5) 10.5918(6) 11.3784(4) 

c[Å] 15.0208(4) 17.9847(8) 19.2867(10) 

α[°] 90 90 90 

β[°] 90.762(3) 114.314(6) 114.016(6) 

γ[°] 90 90 90 

V[Å3] 3505.51(16) 3134.6(3) 3285.3(3) 

Z 4 4 4 

Calcd. density 
[Mg/m3] 

1.125 1.139 1.087 

Abs. coeff. 
[μ/mm-1] 

1.612 1.756 1.676 

T[K] 100(2) 130(2) 150(2) 

Radiation type Cu Kα Cu Kα Cu Kα 

No. of reflections 
measured 

71179 31282 32962 

No. of 
independent 
reflections 

7308 3264 3437 

Rint 0.0663 0.0533 0.0459 

R1 (with I0>2σ(I0) 0.0326 0.0289 0.0311 

ωR2 (all data) 0.0843 0.0738 0.0820 

GoF with F2 1.029 1.043 1.049 

Residual electron 
density 

[e/ Å3] Δρ 

0.272/−0.318 0.248/−0.276 0.215/−0.239 

Refinement MF MF MF 
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[trans-(IiPr2Me2)2Ni(SNHC)2] 

(12) 

[(ItBu2)Ni(CH2SiMe3)
(acac)] 

(13-Si) 

[(ItBu2)Ni(CH2CMe2Ph)
(acac)] 

(13-Ph) 

Structure name ae30fr anen07 anen08 

Chemical formula C38H66N8NiS2 C20H38N2NiO2Si C26H40N2NiO2 

Molecular weight 
[g/mol] 

757.81 425.32 471.31 

Crystal system Monoclinic Monoclinic Triclinic 

Space group P21/n P21/n P1̅ 

a[Å] 10.11168(10) 11.16162(10) 10.5543(5) 

b[Å] 10.05945(10) 15.43065(10) 11.2052(4) 

c[Å] 21.4349(2) 13.43067(10) 12.3970(4) 

α[°] 90 90 104.005(3) 

β[°] 102.0887(10) 101.6032(10) 91.442(3) 

γ[°] 90 90 116.221(4) 

V[Å3] 2131.97(4) 2265.91(3) 2870.19(4) 

Z 2 4 2 

Calcd. density 
[Mg/m3] 

1.180 1.247 1.241 

Abs. coeff. 
[μ/mm-1] 

1.833 1.855 1.281 

T[K] 100(2) 100(2) 100(2) 

Radiation type Cu Kα Cu Kα Cu Kα 

No. of reflections 
measured 

63121 80446 52305 

No. of 
independent 
reflections 

4448 4732 5278 

Rint 0.0441 0.0376 0.0314 

R1 (with I0>2σ(I0) 0.0295 0.0285 0.0310 

ωR2 (all data) 0.0795 0.0746 0.0816 

GoF with F2 1.066 1.031 1.048 

Residual electron 
density 

[e/ Å3] Δρ 

0.225/−0.435 0.646/−0.296 0.230/−0.514 

Refinement MF MF MF 
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[trans-
(IiPr2Me2)2NiBr2] 

(14) 

[trans-
(IiPr2Me2)2Ni(CH2SiMe3)2] 

(15-Si) 

[trans-
(IiPr2Me2)2Ni(CH2SiMe3)Br] 

(16-Si) 

Structure name ae67ra ae27fr ae71ra 

Chemical formula C22H40Br2N4Ni C30H62N4NiSi2 C26H51BrN4NiSi ∙ ¼ Et2O 

Molecular weight 
[g/mol] 

579.11 593.72 586.41 

Crystal system Monoclinic Triclinic Triclinic 

Space group P21/c P1̅ P1̅ 

a[Å] 10.02788(14) 10.3270(2) 10.16768(16) 

b[Å] 11.65346(16) 12.0862(2) 18.4340(2) 

c[Å] 11.27356(12) 28.8958(2) 18.4479(2) 

α[°] 90 100.309(2) 105.7912(12) 

β[°] 90.0512(10) 90.834(2) 99.4150(12) 

γ[°] 90 91.701(2) 97.5255(12) 

V[Å3] 1317.42(3) 3546.09(11) 3225.82(8) 

Z 2 4 4 

Calcd. density 
[Mg/m3] 

1.460 1.112 1.207 

Abs. coeff. 
[μ/mm-1] 

4.715 1.594 1.898 

T[K] 100(2) 100(2) 100(2) 

Radiation type Cu Kα Cu Kα Mo Kα 

No. of reflections 
measured 

24611 197012 497188 

No. of 
independent 
reflections 

2742 14775 24596 

Rint 0.0290 0.0449 0.089 

R1 (with I0>2σ(I0) 0.0238 0.0283 0.0348 

ωR2 (all data) 0.0606 0.0760 0.0897 

GoF with F2 1.074 1.017 1.050 

Residual electron 
density 

[e/ Å3] Δρ 

0.678/−0.479 0.282/−0.429 2.333/−1.013 

Refinement RA MF RA 
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[trans-

(IiPr2Me2)2Ni(CH2CMe3)
(S-C3N2Me2iPr)] 

[(IiPr2Me2)2Ni(2-
PhCCPh)] 

(17) 

[(IiPr2Me2)2Ni(2-O:O-C=O)] 
(18) 

Structure name ae69ra ae48jr ae49ra 

Chemical formula C35H65N6NiS C36H50N4Ni C23H40N4NiO3 

Molecular weight 
[g/mol] 

660.70 597.51 490.30 

Crystal system Triclinic Monoclinic Monoclinic 

Space group P1̅ P21/n P21/c 

a[Å] 12.27005(17) 12.1819(2) 9.25430(10) 

b[Å] 17.4375(2) 20.1281(3) 15.52280(10) 

c[Å] 20.2655(3) 14.5913(2) 17.59020(10) 

α[°] 68.3831(12) 90 90 

β[°] 74.2382(13) 114.528(2) 96.8280(10) 

γ[°] 88.3657(11) 90 90 

V[Å3] 3867.04(10) 3254.90(10) 2508.96(4) 

Z 4 4 4 

Calcd. density 
[Mg/m3] 

1.135 1.219 1.269 

Abs. coeff. 
[μ/mm-1] 

1.444 1.072 1.348 

T[K] 100.01(10) 100(2) 100.3(2) 

Radiation type Cu Kα Cu Kα Cu Kα 

No. of reflections 
measured 

311934 66552 50909 

No. of 
independent 
reflections 

16204 6806 5243 

Rint 0.2047 0.0584 0.0480 

R1 (with I0>2σ(I0) 0.0526 0.0387 0.0348 

ωR2 (all data) 0.1532 0.0924 0.0919 

GoF with F2 1.067 1.071 1.019 

Residual electron 
density 

[e/ Å3] Δρ 

0.80/−0.98 0.25/−0.45 0.25/−0.53 

Refinement RA RA AE 
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[trans-
(dmap)2Ni(acac)2] 

(19) 

[cis-
(dmap)2Ni(CH2SiMe3)2] 

(20-Si) 

[cis-
(dmap)2Ni(CH2CMe3)2] 

(20-P) 

Structure name ae75ra ae76ra ae78ra 

Chemical formula C24H34N4NiO4 C22H42N4NiSi2 C24H42N4Ni 

Molecular weight 
[g/mol] 

501.25 477.48 445.32 

Crystal system Triclinic Monoclinic Orthorhombic 

Space group P1̅ P21/c P212121 

a[Å] 8.00220(10) 22.54882(11) 11.38060(10) 

b[Å] 8.78310(10) 11.99694(4) 12.47850(10) 

c[Å] 9.21770(10) 22.31263(11) 17.67360(10) 

α[°] 104.5200(10) 90 90 

β[°] 102.2990(10) 115.5736(6) 90 

γ[°] 93.4780(10) 90 90 

V[Å3] 608.299(13) 5444.61(5) 2509.88(3) 

Z 1 8 4 

Calcd. density 
[Mg/m3] 

1.368 1.165 1.179 

Abs. coeff. 
[μ/mm-1] 

1.455 1.969 0.789 

T[K] 100(2) 100(7) 102(2) 

Radiation type Cu Kα Cu Kα Mo Kα 

No. of reflections 
measured 

48708 215615 224631 

No. of 
independent 
reflections 

2550 11499 7530 

Rint 0.0620 0.0918 0.0525 

R1 (with I0>2σ(I0) 0.0321 0.0337 0.0209 

ωR2 (all data) 0.0821 0.0901 0.0512 

GoF with F2 1.058 1.058 1.059 

Residual electron 
density 

[e/ Å3] Δρ 

0.25/−0.52 0.42/−0.54 0.33/−0.16 

Refinement RA RA RA 
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[(tBu3P)Ni(acac)] 

(21) 

{[(2,4,6-
(OMe)3C6H2)3P]Ni(CH2Si

Me3)2} 

(23) 

{[(2,4,6-
(OMe)3C6H2)3P]Ni(CH2SiMe3)

Cl} 

(24) 

Structure name anen10c ae63ra ae24mf 

Chemical formula C17H34NiO2P C47H83NiO9PSi2 C31H44ClNiO9PSi 

Molecular weight 
[g/mol] 

360.12 938.01 713.88 

Crystal system Monoclinic Triclinic Triclinic 

Space group P21/c P1̅ P1̅ 

a[Å] 12.09978(10) 11.3655(3) 10.5490(4) 

b[Å] 14.19499(10) 14.5683(4) 11.2643(4) 

c[Å] 22.4817(2) 14.7013(5) 15.3467(5) 

α[°] 90 87.697(2) 86.607(3) 

β[°] 91.8818(10) 69.701(3) 71.636(3) 

γ[°] 90 79.353(2) 82.151(3) 

V[Å3] 3859.29(5) 2242.95(12) 1714.28(11) 

Z 8 2 2 

Calcd. density 
[Mg/m3] 

1.240 1.213 1.383 

Abs. coeff. 
[μ/mm-1] 

2.238 1.858 2.730 

T[K] 200(2) 100.00(10) 100(2) 

Radiation type Cu Kα Cu Kα Cu Kα 

No. of reflections 
measured 

118344 92834 70811 

No. of 
independent 
reflections 

8075 9416 7152 

Rint 0.0394 0.0681 0.0548 

R1 (with I0>2σ(I0) 0.0266 0.0642 0.0332 

ωR2 (all data) 0.0777 0.1835 0.0912 

GoF with F2 1.050 1.074 1.026 

Residual electron 
density 

[e/ Å3] Δρ 

0.222/−0.379 1.30/−0.88 0.418/−0.421 

Refinement MF RA/DB MF 
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[(3-
methallyl)Ni(mes)]

[B(C6F5)4] 

(25) 

[(tBu3)P(iBu)][BArF
4] 

(27) 

[((2,4,6-
(OMe)3C6H2)3P)Ni(η3-

methallyl)][BArF
4] 

(28) 

Structure name ae77ra anen13 ae26fr 

Chemical formula C37H19BF20Ni C48H46BF24P C63H52BF24NiO9P 

Molecular weight 
[g/mol] 

913.04 1120.63 1509.54 

Crystal system Monoclinic Orthorhombic Triclinic 

Space group P21/c P 21 21 21 P1̅ 

a[Å] 10.92900(5) 12.80718(10) 9.9091(5) 

b[Å] 19.47474(8) 17.81408(12) 18.1540(10) 

c[Å] 16.07526(7) 21.61152(16) 20.3608(10) 

α[°] 90 90 111.357(5) 

β[°] 91.3623(4) 90 98.100(4) 

γ[°] 90 90 100.880(5) 

V[Å3] 3420.48(3) 4930.63(6) 3260.7(3) 

Z 4 4 2 

Calcd. density 
[Mg/m3] 

1.773 1.510 1.538 

Abs. coeff. 
[μ/mm-1] 

2.117 1.640 1.783 

T[K] 100(10) 100(2) 100(2) 

Radiation type Cu Kα Cu Kα Cu Kα 

No. of reflections 
measured 

137967 102328 134051 

No. of 
independent 
reflections 

7256 10297 13596 

Rint 0.0641 0.0421 0.0538 

R1 (with I0>2σ(I0) 0.0303 0.0480 0.0464 

ωR2 (all data) 0.0763 0.1308 0.1236 

GoF with F2 1.070 1.049 1.036 

Residual electron 
density 

[e/ Å3] Δρ 

0.32/−0.33 0.761/−0.695 0.779/−0.651 

Refinement RA MF MF 
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[((-C:C-Ad)Ad2P)Ni(η6-
toluene)][BArF

4] 

(29) 

[((IMes2)Ni(η3-
methallyl))2Cl][BArF

4] 

(30) 

[Ni(5-1-
(CH2SiMe3)triphenylphos

phorinyl)2] 

(31) 

Structure name ae79ra anen16 anen17 

Chemical formula C69H64BF24NiP C82H74BClF24N4Ni2 C54H56NiP2Si2 

Molecular weight 
[g/mol] 

1449.69 1735.13 881.82 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group C2/c P21/c P21/c 

a[Å] 40.8595(2) 21.2762(5) 10.3350(12) 

b[Å] 12.70990(10) 20.6965(5) 18.9140(10) 

c[Å] 27.74380(10) 19.1431(5) 12.6080(11) 

α[°] 90 90 90 

β[°] 107.6900(10) 108.366(3) 110.597(12) 

γ[°] 90 90 90 

V[Å3] 13726.63(15) 8000.1(3) 2307.0(4) 

Z 8 4 2 

Calcd. density 
[Mg/m3] 

1.403 1.441 1.269 

Abs. coeff. 
[μ/mm-1] 

0.411 1.793 2.024 

T[K] 103(2) 100(2) 100(2) 

Radiation type Mo Kα Cu Kα Cu Kα 

No. of reflections 
measured 

973278 163123 73148 

No. of 
independent 
reflections 

29337 16719 4830 

Rint 0.0468 0.0991 0.0985 

R1 (with I0>2σ(I0) 0.0414 0.0482 0.0703 

ωR2 (all data) 0.1187 0.1223 0.1352 

GoF with F2 1.026 1.023 1.234 

Residual electron 
density 

[e/ Å3] Δρ 

0.68/−0.85 0.487/−0.607 0.532/−0.475 

Refinement RA MF MF 
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[(ItBu2Me2)Co(η2-PhCCPh)2] 

(5-Me) 
  

Structure name ae56ra   

Chemical formula C41H44CoN2   

Molecular weight 
[g/mol] 

623.71   

Crystal system Monoclinic   

Space group P21/n   

a[Å] 11.45212(9)   

b[Å] 12.25697(9)   

c[Å] 23.80972(17)   

α[°] 90   

β[°] 100.9264(7)   

γ[°] 90   

V[Å3] 3281.54(4)   

Z 4   

Calcd. density 
[Mg/m3] 

1.2623   

Abs. coeff. 
[μ/mm-1] 

4.322   

T[K] 100(10)   

Radiation type Cu Kα   

No. of reflections 
measured 

66730   

No. of 
independent 
reflections 

6942   

Rint 0.0362   

R1 (with I0>2σ(I0) 0.0308   

ωR2 (all data) 0.0841   

GoF with F2 1.085   

Residual electron 
density 

[e/ Å3] Δρ 

0.29/−0.34   

Refinement AE   

 

MF = Dr. Matthias Freytag, RA = Jan Raeder, DB = Dr. Dirk Bockfeld, AE = Andreea Enachi 
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