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 The organometallic 

chemistry of alkaline earth 

metals 

 

 

 

 

The first chapter gives an overview of the properties and chemistry of alkaline earth metals. Different synthetic 

approaches to alkaline earth organometallic compounds are reported and a selection of group 2-mediated 

catalytic transformations is presented.
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1.1 Alkaline earth metals  

1.1.1 The essentials 

The group 2 elements or alkaline earth metals consist of beryllium (Be), magnesium (Mg), calcium 

(Ca), strontium (Sr), barium (Ba) and radium (Ra). The alkaline earth metals are named after their 

oxides, the alkaline earths.[1a] “Alkaline” is derived from these oxides being basic when combined 

with water, while “Earth” is an historical term for non-metallic substances that are insoluble in water 

and resistant to heating. They lie in the s-block of the periodic table with valence electron 

configurations of ns2. In complexes, they readily lose their two valence electrons forming M2+ cations 

with a noble gas configuration. Calcium and magnesium are among the ten most common elements 

on earth (Table 1.1) and take part in geological and biological processes. Calcium accounts for 1.4 

% of the human body mass and magnesium for 0.5 %.[1b,c] In nature, alkaline earth metals are not 

found as free elements but in minerals and ores.[1d,e] Calcium can be found in various minerals 

including chalk, gypsum, anhydrite and limestone. Magnesium is present in natural minerals such 

as magnesite or carnellite. Strontium can be found in strontianite or celestite, and barium in barite. 

Beryllium is present in minerals such as beryl, chrysoberyl and phenacite. Radium can be found in 

very small amounts in uranium ores. 

Table 1.1. Abundance of alkaline earth metals in the earth crust (%). 

Element  

(Symbol) 

Beryllium 

(Be) 

Magnesium 

(Mg) 

Calcium 

(Ca) 

Strontium 

(Sr) 

Barium 

(Ba) 

Radium 

(Ra) 

Abundance (%) 0.0003 2.33 4.15 0.038 0.042 Trace 

The lighter metals beryllium and magnesium, with their small radii, exhibit relatively high charge/size 

ratios (Table 1.2).[2] Among the alkaline earth metals, these elements display metal−carbon bonds 

with a significant degree of covalent character, affording relatively stable species. Descending the 

group, the ionic radius increases and the Lewis acidity decreases. Consequently, the ionic character 

of metal−carbon bonds increases down the group resulting in weaker bonds. 
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Table 1.2. Ionic radii, electronegativity and general trends for group 2. 

Element  

(Symbol) 

Ionic radius 

(M2+, Å) 

Pauling  

electronegativity 

(𝜒) 

Lewis 

acidity 

Bond 

ionicity 

Bond 

strength 

Beryllium (Be) 0.45 1.58 
   

Magnesium (Mg) 0.72 1.31 

Calcium (Ca) 1.00 1.04 

Strontium (Sr) 1.18 0.97 

Barium (Ba) 1.35 0.88 

Radium (Ra) 1.43 0.89 

Due to the toxicity of beryllium and its compounds, its chemistry has not been intensely investigated 

and will not be discussed.[1d] Since Grignard’s discovery of the Grignard reagents in 1900, 

magnesium containing compounds have been exhaustively used and widely studied. For the heavier 

alkaline earth metals, their location in the periodic table might suggest that their compounds share 

more similarities with magnesium than is actually the case. Radium is radioactive and is found in 

only trace quantities so its chemistry will not be further discussed. 

1.1.2 Similarities between magnesium and zinc 

Since there are many similarities between magnesium and zinc chemistry, we also focused on zinc 

as a metal in our studies. Zinc, with an electron configuration of [Ar] 3d10 4s2, is the first element of 

group 12. Zinc is found in a relatively low natural abundance in the earth crust (0.007%)[1c] and is 

indispensable to most plants and animals in trace amounts.[3a] 

In some respects, zinc is chemically similar to magnesium in their respective compounds. Although 

zinc lies in the d-block, the filled shell of 3d electrons of zinc behave as core electrons and the 

bonding in zinc compounds involves mainly the 4s electrons. Thus, as for magnesium, the chemistry 

of zinc is dominated by the +2 oxidation state. Due to the higher nuclear charge and poor electron 

shielding of the d-orbitals in zinc, Mg2+ and Zn2+ show comparable ionic radii for the same 

coordination numbers (Table 1.3).[2]  

Table 1.3. Ionic radii of Mg2+ and Zn2+ at different coordination numbers. 

Coordination number 4 5 6 8 

Ionic radius Mg2+ (Å) 0.57 0.66 0.72 0.89 

Ionic radius Zn2+ (Å) 0.60 0.68 0.74 0.90 

 

Conversely, the effective nuclear charge experienced by the valence electrons in zinc is stronger 

than for magnesium. Accordingly, zinc exhibits a higher electronegativity (𝜒(Zn) = 1.65, 𝜒(Mg) = 



Chapter 1 

4 

1.31)[2] and its compounds show more pronounced covalent character than the magnesium 

compounds. 

1.1.3 Grignard reagents 

A groundbreaking discovery in alkaline earth metal chemistry came with the synthesis of the 

Grignard reagents. In 1900, Grignard reported the preparation of alkylmagnesium halides through 

the reaction of organic halides with magnesium metal, as well as demonstrated their application in 

the synthesis of alcohols (Figure 1.1).[4a,b] For this contribution to synthetic chemistry, he was 

awarded the Nobel Prize in chemistry in 1912.[4c] Shortly after this discovery, a vast development of 

organomagnesium chemistry began.[4d,e] In contemporary times, organomagnesium (Grignard) 

reagents are widely used in organic and organometallic chemistry, as they have proved to be 

extremely powerful synthetic tools, due to their ease of accessibility and their high reactivity.[5]  

 

Figure 1.1. Synthesis of Grignard reagents and further reactivity (R = alkyl, aryl; X = Cl, Br, I). 

Even though Grignard reagents are amongst the organometallic compounds that have been known 

the longest, the mechanism of their formation as well as the composition of the Grignard reagents 

are still subject of controversy.[6,7] The Grignard reaction involves the insertion of magnesium atoms 

into a carbon−halogen bond of alkyl or aryl halides in diethyl ether or tetrahydrofuran (Figure 1.2). 

Many factors influence the Grignard reaction such as the strength of the carbon−halogen bond, 

particle size and purity of the magnesium metal, bulkiness of the organyl group, nature and dryness 

of the solvent, and absence of oxygen or moisture.[6] The reaction of magnesium turnings with 

organic halides often requires an induction period before the reaction proceeds exothermically. A 

variety of reagents can be used to initiate a Grignard reaction, such as iodine, methyl iodide or 1,2-

dibromoethane.[1c,7] 

 

Figure 1.2. Grignard reaction. 

Generally written “RMgX”, the Grignard reagents in solution are more complicated than this formula 

indicates. A redistribution of the substituents takes places and the heteroleptic RMgX species is in 

equilibrium with the homoleptic diorganomagnesium (R2Mg) and the magnesium dihalide (MgX2) 

(Figure 1.3).[8]  
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Figure 1.3. Redistribution of the substituents between RMgX and R2Mg/MgX2 (L = solvent).[9] 

1.1.4 The Schlenk equilibrium 

In 1929, Wilhelm Schlenk and his son Wilhelm Schlenk Jr. found that magnesium dihalides could be 

removed from certain Grignard compounds in ether solution by addition of dioxane.[8] Based on this 

information, they proposed the equilibrium to explain the composition of Grignard reagents; known 

thereafter as the “Schlenk equilibrium” (Figure 1.4). Follow-up investigations from different research 

groups confirmed this theory.[8b] 

 

Figure 1.4. Schlenk equilibrium of Grignard reagents. 

Organomagnesium, as well as the heavier alkaline earth metal heteroleptic complexes appear in the 

solid state almost exclusively in the form RMX, however in solution, are found in equilibrium with 

their respective homoleptic species MR2 and MX2. 

The ligand exchange in alkaline earth metal complexes makes control over the composition of these 

systems difficult and has presented a challenge in both synthesis and subsequent studies into the 

reactivity of alkaline earth metal compounds. This effect is more apparent descending the group as 

the ligand−metal bond becomes weaker (Mg>Ca>Sr>Ba).[9]  

A method to minimize ligand exchange in the formation of heteroleptic complexes is by making use 

of sterically demanding ligands. Hanusa and co-workers introduced bulky cyclopentadienyl ligands 

whereas Harder et al. and Chisholm et al. introduced 𝛽-diketiminate ligands.[10,11] To date, the 

majority of group 2 heteroleptic complexes contain a monoanionic multidentate ligand. 

The Schlenk equilibrium is dependent on the donor strength and polarity of the solvent, nature of the 

metal and its substituents, concentration and temperature.[10a,b,f,g] Despite many studies, it is hitherto 

not entirely predictable whether a heteroleptic complex will undergo solution redistribution 

reactions.[12] 
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1.2 Synthesis of alkaline earth metal organometallic compounds 

1.2.1 Post-Grignard reagents 

Applying similar method as in the magnesium Grignard preparation (see 1.1.3) to the heavier metal 

congeners is challenging (Figure 1.5). The metals calcium, strontium and barium are rather inert. 

Conversely, their organometallic compounds are extremely reactive. 

As is the case for the magnesium Grignard reagent, synthesis of calcium, strontium and barium 

analogs strongly depends on the purity of the metal source. Different methods of metal activation 

have been developed such as distillation, ultrasound treatment, co-condensation of the metal and 

the substrate, thermal decomposition of the metal hydrides or metal anthracene complexes, 

dissolution of the metal in liquid ammonia or in mercury yielding the corresponding alloy, or reduction 

of the metal dihalides with different reducing agents.[13] The most widely used solvent in these 

reactions is tetrahydrofuran but diethyl ether or tetrahydropyran are also suitable solvents. In 

accordance with the high reactivity, ether cleavage reactions can be observed but are sometimes 

supressed by short reaction times and low temperatures (≤ −40 °C). 

 

Figure 1.5. Synthesis of post-Grignard reagents. 

This method has been used for several aryl calcium derivatives,[9] while few barium and strontium 

species have been reported.[14]  

1.2.2 Organoelimination 

Commercially available Bu2Mg provides access to a wide range of diorganomagnesium species 

(Figure 1.6).[15] The difference in acidity between n/secBuH (pKa ≈ 53) and the ligands RH allows for 

the reaction. Isolation of the target compound is straightforward due to the volatile nature of the 

butane by-product.  

 

Figure 1.6. Synthesis of diorganomagnesium species via organoelimination. 

Organoelimination has been shown to be solvent and ligand dependent.[16] The use of a polar solvent 

frequently causes incomplete reactions and results in the formation of heteroleptic species. For this 

reason, reactions are preferentially conducted in nonpolar solvents such as hexane or toluene. The 
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disadvantage is the formation of aggregates for less sterically demanding ligands.[17] While this 

method has been successful for magnesium-based species, few examples are reported for heavier 

alkaline-earth metals. 

1.2.3 Transamination 

Transamination reactions involve the treatment of a complex M[N(SiMe3)2]2 with an acidic substrate 

(pKa < 30) resulting in liberation of the free amine, HN(SiMe3)2 (pKa≈ 30) (Figure 1.7).[18,19] The 

alkaline-earth metal complexes M[N(SiMe3)2]2 have proved to be stable and soluble in a wide range 

of polar and nonpolar solvents.[18] The low boiling point of the resulting amine allows for its removal 

under vacuum and a facile work-up. 

 

Figure 1.7. Transamination reaction. 

The main limitation for transamination reactions is the pKa of HN(SiMe3)2, as only substrates with a 

lower pKa can be utilized.  

1.2.4 Salt metathesis 

The salt metathesis reaction is a two-step procedure for the synthesis of a variety of alkaline earth 

metal compounds (Figure 1.8).[20] 

 

Figure 1.8. Salt metathesis reaction. 

The first step involves metallation of the ligand, and for this, different metalating agents can be used. 

Alkali metal hydrides are convenient as they liberate hydrogen gas through quantitative formation of 

the alkali metal derivatives. As the hydrides exhibit limited solubility, even in polar solvent such as 

THF, alternative metalating agents as for instance AN(SiMe3)2 (A = Li, K), potassium alkoxides or 

BuLi can be used.[21] The alkali metal derivative is then reacted with a alkaline earth metal halide. 

The reaction is driven by the precipitation of the alkali metal halide (AX).[22] Limitations of this 

synthetic route include the poor solubility of the alkaline earth metal halides and alkali metal 

derivatives, requiring the need for ethereal solutions that can result in ether cleavage reactions.[23] 
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1.2.5 Direct metallation 

Reaction of a heavy alkaline earth metal (Ca-Ba) with an acidic ligand substrate is a straightforward 

strategy but requires an oxide-free metal surface. It can also be employed with finely dispersed 

magnesium powder.[24] These reactions often have to be carried out in polar solvents which may 

lead to ether cleavage.   

Direct metallation using solid-state conditions (≤ 250 °C) can be carried out in the presence of an 

inert reaction medium or flux agent which has a low melting point (Figure 1.9).[25] The ligand itself 

can be a suitable reaction medium.[26]  

 

Figure 1.9. Direct metallation reaction in the presence of an inert reaction medium or flux agent. 

The solubility of the heavy alkaline-earth metals in anhydrous, liquid ammonia allows for a highly 

reactive form of the metals (Figure 1.10).[27]  

 

Figure 1.10. Synthesis of alkaline earth metal species via direct metallation in liquid ammonia. 

As the reactivity of the metals increases descending the group, reactions involving barium tend to 

occur more rapidly, while higher temperatures are required for strontium and calcium (bp of NH3 = 

−33 °C).[28] The purification of the desired complex is facilitated by the volatile nature of dihydrogen. 

A drawback of the route is the formation of the insoluble M(NH2)2 side product and the fact that the 

pKa value of the substrate should be substantially lower than that of NH3 (pKa≈ 34 ).[31] 

1.2.6 Redox transmetallation 

This route takes advantage of the electropositive nature of the alkaline earth metals through their 

reaction with mercury, tin or thallium organometallic complexes (Figure 1.11).[7c,29]  

 

Figure 1.11. Redox transmetallation reaction. 
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Purification of the product includes filtration of the metal product and unreacted reagent followed by 

crystallization from a suitable solvent. 

A variant to redox transmetallation is the Redox Transmetallation/Ligand Exchange (RTLE) (Figure 

1.12). This reaction is a one-pot synthesis and uses Hg(C6H5), Hg(C6F5) or Ph3Bi as the 

transmetallating agent.[30] The unstable intermediate, MR’2 or MPh2, immediately reacts with a protic 

substrate to give rise to the desired complex along with C6H6 or C6HF5. The protic substrate should 

have a lower pKa than the resulting C6H6 (pKa≈ 43) or C6HF5 (pKa≈ 26).[31]  

 

Figure 1.12. Redox Transmetallation/Ligand Exchange reaction. 

1.2.7 Metal exchange 

Heavy alkaline earth metal compounds can be obtained by treatment of M[N(SiMe3)2]2  with an 

organolithium reagent (Figure 1.13 – Eq. 1).[32a,32c] The soluble resulting lithium amide can be easily 

separated from the target compound, which is often insoluble. Dibenzylbarium can also be obtained 

by reaction of heavy alkaline earth alkoxides with benzyllithium (Figure 1.13 – Eq. 2).[32] Separation 

of the two solid products, dibenzylbarium and lithium alkoxides, can be problematic in this route.  

 

Figure 1.13. Synthesis of heavy alkaline earth metals via metal exchange. 

1.3 Alkaline earth metal organometallic compounds in homogeneous catalysis 

Alkaline earth metal complexes show organolanthanide-like reaction behaviour and can be 

employed as homogeneous catalysts in reactions involving 𝜎-bond metathesis or addition to 

saturated bonds.[33] In group 2-based catalysis, the metal Lewis acidity, ligand basicity and steric 

factors influence the catalytic activity. In this section, a selection of alkaline earth metal-mediated 

transformations is presented. 
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Alkaline earth metal complexes have been used as catalysts in carbon-heteroatom bond formation 

and carbon-carbon bond formation. Figure 1.14 displays some alkaline earth metal complexes used 

in catalysis. 

 

Figure 1.14. Examples of alkaline earth metal complexes used in catalysis. 

1.3.1 Hydroamination (C−N bond formation) 

Intramolecular hydroamination of aminoalkenes  

A significant number of Mg, Ca, Sr and Ba precatalysts have been reported for the cyclization of 

aminoalkenes (Figure 1.15).[34] Reactions proceed under relatively mild conditions (2.5 – 20 mol% 

catalyst, 25 – 80 °C, 0.25 – 132h) in high yield (60 – 99%). The cyclization of 1-amino-4-pentenes, 

1-amino-5-hexenes, and 1-amino-6-heptenes allow for the synthesis of pyrrolidines, piperidines, and 

hexahydroazepines. The reaction scope is currently limited to the cyclization of primary and 

secondary aminoalkenes incorporating the alkene at the terminal position, or an internal alkene 

activated by conjugation to a phenyl ring. Only one example for the intramolecular hydroamination 

of an aminoalkyne has been reported.[35] 

 

Figure 1.15. Group 2-catalyzed intramolecular hydroamination of aminoalkenes. 

Intermolecular hydroamination of carbodiimides and isocyanates 

It has been shown that the homoleptic alkaline earth metal amides M[N(SiMe3)2]2 where M = Ca, Sr 

and Ba as well as the heteroleptic [(DIPPNCMe)2CH]CaN(SiMe3)2 are active catalysts for the 

intermolecular hydroamination of isocyanates and carbodiimides (Figure 1.16).[36] The addition of an 

N−H bond to a C=N bond in isocyanates or carbodiimides proceeds under relatively mild conditions 

(2 – 5 mol% catalyst, 25 – 80 °C, 0.10 – 72h) in moderate to high yield (37 – 93%). 
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Figure 1.16. Alkaline earth metal-mediated intermolecular hydroamination of carbodiimides and 
isocyanates. 

Intermolecular hydroamination of activated C=C bonds 

The addition of an N−H bond to a C=C bond in styrene, 4-methylstyrene, 4-methoxystyrene and 4-

chlorostyrene is catalyzed by M[N(SiMe3)2]2 and M[CH(SiMe3)2]2 where M = Ca and Sr (Figure 

1.17).[37] The reaction is reported to proceed in moderate to high yield (49 – 93%) under mild reaction 

conditions (5 – 10 mol% catalyst, 20 – 80 °C, 1h – 7 days) with the strontium alkyl catalyst displaying 

the highest reactivity for most substrate combinations.  

 

Figure 1.17. Alkaline earth metal-catalyzed intermolecular hydroamination of activated C=C bonds. 

Dienes, enynes and alkynes are also reported to undergo intermolecular hydroamination. In all the 

reported cases, reactions proceed selectively to yield anti-Markovnikov products.[37c] 

1.3.2 Hydrophosphination (C−P bond formation) 

Hydrophosphination of carbodiimides 

The hydrophosphination of a number of symmetric and unsymmetric carbodiimides with secondary 

arylphosphines (Figure 1.18) was reported to proceed at room temperature with 

[(DIPPNCMe)2CH]CaN(SiMe3)2 or M[N(SiMe3)2]2 where M = Ca, Sr and Ba (1.5 – 5 mol% catalyst, 

0.25 – 28h) in high yield (69 – 99%).[38] 

 

Figure 1.18. Group 2-mediated hydrophosphination of carbodiimides. 

Hydrophosphination of activated C=C bonds 

[(DIPPNCMe)2CH]CaN(SiMe3)2, [(DIPPNC(Ph)N(o-C6H4)C(H)=NDIPP]CaN(SiMe3)2 and Ca(PPh2)2 

are active catalysts in intermolecular hydrophosphination of activated alkenes, alkynes and diynes 

(Figure 1.19). Reactions proceed under mild conditions (2 – 10 mol% catalyst, 25  – 75 °C, 2 – 38h) 

in high yield (72 – 99%).[39] 
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Figure 1.19. Group 2-catalyzed hydrophosphination of activated alkenes. 

1.3.3 Hydrosilylation (C−Si bond formation) 

The addition of a Si−H bond to a C=C bond is catalyzed by {[2-(Me2N)C6H4]CHSiMe3}2M where M = 

Ca and Sr, and Ca[N(SiMe3)2]2 (Figure 1.20). The reactions proceed with low catalyst loading (0.5 –

10 mol%) under relatively mild conditions (50 °C, 0.5 – 16h) in relatively low to high yield (20 – 98%). 

The reaction scope is limited to activated alkenes including vinylarenes and dienes.[40,41]  

 

Figure 1.20. Alkaline earth metal-mediated hydrosilylation. 

1.3.4 Hydroboration (B−N and B−O bond formation) 

The hydroboration of pyridine, alkyl, aryl substituted pyridines, quinoline and isoquinoline with 

pinacol-borane is catalyzed by [(DIPPNCMe)2CH]MgnBu (5 – 10 mol%) under mild conditions (25  – 

80 °C, 3 – 21h) in moderate to high yield (51 – 99%).[42] Hydroboration of aldehydes and ketones 

proceeds with [(DIPPNCMe)2CH]MgnBu (0.05 - 0.5 mol%, 25 °C, 0.2 – 90h) (Figure 1.21).[43] Harder 

et al. reported the hydroboration of 1,1-diphenylethene with catechol-borane with 

{[(DIPPNCMe)2CH]Ca(𝜇-H)}2 and {[2-(Me2N)C6H4]CHSiMe3}2Ca.[44] 

 

Figure 1.21. Alkaline earth metal-catalyzed hydroboration. 

1.3.5 Hydrogenation (C−H bond formation) 

The calcium and strontium complexes [(DIPPNCMe)2CH]CaH or {[2-(Me2N)C6H4]CHSiMe3}2M where 

M = Ca and Sr are active in alkene hydrogenation (2.5 – 10 mol% catalyst, 20 – 60 °C, 0.1 – 20h, 

20 bar H2) in moderate to high yield (41 – 98%) (Figure 1.22).[45] The reaction scope is currently 

limited to activated alkenes and the product distribution has proved to be sensitive to solvent polarity. 

Reactions in THF or in a THF/HMPA solvent mixture proceed rapidly, however the products are 

accompanied by dimerization or polymerization side products of the alkene.  
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Figure 1.22. Group 2-mediated hydrogenation. 

1.3.6 Polymerization  

In the last 15 years, new alkaline earth metal-based catalytic systems have been introduced for use 

in the polymerization of monomers containing unsaturated C=C moieties (styrene, dienes, acrylates). 

The alkaline earth metal catalyst is either a chain transfer agent in the chain growth polymerization 

or directly bears the growing polymer chain.[46] Alkaline earth metal species have also been applied 

to ring-opening polymerization (ROP) of cyclic esters (lactides (LA), 휀-caprolactones (휀-CL)) and 

cyclic trimethylene carbonate (TMC) (Figure 1.23).[47,48] The biocompatible and biodegradable linear 

aliphatic polyesters and polycarbonates generated offer similar thermal, physical and mechanical 

properties compared to certain oil-based polymers.[47b,c] Catalytic systems based on heteroleptic 

magnesium complexes (LMgOR) are more developed than that of their heavier congeners (LMOR 

where M = Ca, Sr and Ba).[48] 

 

Figure 1.23. Alkaline earth metal-mediated ring-opening polymerization of cyclic esters and 
carbonate. 
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1.3.7 C−C bond formation and miscellaneous reactions 

Group 2 alkoxide complexes have been applied in a variety of C−C bond forming reactions. Chiral 

alkaline earth metal complexes have shown high selectivity in asymmetric aldol condensation, 

Michael, Mannich, and related reactions (Chapter 2).[9,49a,b] Calcium species as for example 

Ca(NTf2)2 or Ca(OiPr)2 have been reported as catalysts for transformation of alcohols such as in 

Friedel-Crafts (Figure 1.24 − Eq. 1), amination (Figure 1.24 − Eq. 2) and allylation reactions (Figure 

1.24 − Eq. 3).[49c] The calcium catalyst is thought to function solely as a Lewis acid. 

 

Figure 1.24.  Catalytic transformations of alcohols. 

Other examples of calcium catalyst mediated transformations are the hydroarylation (Figure 1.25 – 

Eq. 1) and hydroalkoxylation (Figure 1.25 – Eq. 2) of olefins.[49c]   

 

Figure 1.25. Catalytic transformations of olefins. 

1.4 Outline of the thesis 

Homogeneous catalysis has been developed mainly through the use of transition metal 

complexes.[50] The current production of pharmaceuticals, agrochemicals and functional materials 

would be impossible without the advances made in this research area. However, transition-metal 

catalysts, often highly toxic, are becoming increasingly rare and consequently more expensive. 



The organometallic chemistry of alkaline earth metals 

15 

Therefore, the search for sustainable alternatives is nowadays of great importance. Among early 

main group metals, alkaline earth metals, especially calcium, seem particularly beneficial from an 

ecological and economical point of view. Calcium is essentially free of toxicity, very cheap and the 

fifth most abundant element in the earth’s crust. 

The aim of the research presented in this thesis is the synthesis of novel group 2 and group 12 

complexes, namely calcium, magnesium and zinc complexes, with the objective of studying their 

application in homogeneous catalysis. 

In Chapter 2, the development of new chiral group 2 and group 12 complexes for asymmetric 

catalysis is investigated. The study is based on chiral phosphoramidites and secondary phosphine 

oxides. Different approaches to synthesize chiral calcium, magnesium and zinc complexes are 

discussed and further structural features are described.  

In Chapter 3, the synthesis of new phosphorus-based ligands for magnesium complexes are 

presented. Subsequent synthesis and characterization of magnesium complexes bearing a 

phosphine moiety are reported. The reactivity of these phosphorus/magnesium compounds as 

“frustrated” Lewis acid-Lewis base pairs in CO2 activation is studied.  

Chapter 4 focuses on the influence of the metal in alkaline earth metal-based catalysis. In order to 

evaluate its role, the group 2 catalyst is substituted for a comparable metal-free catalyst which is 

tested in intramolecular and intermolecular hydroamination reactions. The experimental 

observations along with DFT studies give more insight in the actual role of the metal. Based on the 

obtained results, a new alkaline earth metal catalytic system for intramolecular hydroamination is 

presented. 

Chapter 5 describes two novel approaches toward alkaline earth metal-catalyzed intramolecular 

hydroamination and their possible application in asymmetric catalysis. The first approach expands 

the concept of the new catalytic system introduced in Chapter 4. The second approach makes use 

of dianionic bidentate ligands for the synthesis of alkaline earth metal complexes. 
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The development of chiral catalytic alkaline earth metals reagents with chiral spectator ligand, e.g. L*MR, is 

challenging due to their tendency to undergo Schlenk-like ligand redistribution. In this chapter, the synthesis 

of bulky monoanionic ligands, i.e. BINOL- and SPO- based chiral ligands, is described. Further synthetic routes 

towards chiral heteroleptic group 2 and zinc complexes are examined. These investigations will reveal whether 

the steric bulk of BINOL- and SPO- based chiral ligands can prevent the Schlenk equilibrium and allow for 

catalytic activity. 
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2.1 Introduction 

2.1.1 Chiral compounds 

Life on Earth is based on chiral building blocks.[1a] Thus, many naturally common compounds are 

encountered as enantiomerically pure.[1b] For example, only the (-) isomer of morphine is produced 

by nature, especially by the opium poppy plant Papaver somniferum (Figure 2.1).[1c]   

  

Figure 2.1. Papaver somniferum (left); morphine molecule (right).[1b] 

In most biological phenomena, the chirality of an organic molecule can affect its activity. Since 

enantiomers react differently with other chiral compounds, whenever a chiral compound is ingested 

by an organism, the two enantiomers may have different effects. For example, the naturally occurring 

carvone is either an (R)-enantiomer smelling of spearmint or an (S)-enantiomer smelling of caraway 

(Figure 2.2).  

 

Figure 2.2. (R)-enantiomer and (S)-enantiomer of carvone. 

The structural difference between enantiomers is of importance for synthetic drug design. Hence, a 

single-enantiomer drug can be pharmacologically interesting, whereas its mirror image can be 

inactive or exhibit a different desirable or non-desirable effect. For example, in the 1960s, the drug 

thalidomide was prescribed to pregnant women against nausea and to alleviate morning sickness. 

It was sold as a racemic mixture and, regrettably, while its (R)-enantiomer had sedative properties, 

its (S)-enantiomer caused fetal malformations (Figure 2.3).[2a]  
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Figure 2.3. (S)-enantiomer and (R)-enantiomer of thalidomide. 

Access to enantiomerically pure compounds in the development of pharmaceuticals, agrochemicals, 

flavors and cosmetics, to name a few examples, has been considered as one of the most important 

areas of research in both industry and academia.[2] 

Synthetic approaches to chiral compounds 

Discovery of efficient methods to access enantiomerically pure compounds has been a challenge for 

chemists. There are mainly three general synthetic approaches to chiral compounds: resolution of 

racemic mixtures, synthesis from a chiral pool and asymmetric synthesis (Figure 2.4).[3]   

 

 

Figure 2.4. Synthetic approaches to chiral compounds.[3]  
Blue: synthesis from chiral pool; Red: resolution of racemic mixtures; Green: asymmetric synthesis;  

*: chiral molecule 

The chiral pool synthesis involves the manipulation of readily available optically pure compounds 

such as monosaccharides or amino acids that can be found in nature (blue in Figure 2.4). This 

strategy is of great interest when the target molecule resembles the enantiopure natural product. 

The second approach includes racemic transformations followed by separation of the enantiomers 

(red in Figure 2.4). In this process, resolution of the enantiomers is the challenging step which may 

need numerous recycle loops and fractional crystallizations. 
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The third methodology covers enantioselective synthesis (green in Figure 2.4). The chemical 

transformation generates chiral products from achiral reactants using a chiral auxiliary or catalyst. 

Such methodology offers great possibilities for catalyzed processes. The benefit of formation of new 

stereogenic centers using chiral catalysts is the production of large amounts of chiral product using 

small quantities of chiral catalysts. At the same time, this strategy implies the difficult task of 

development of highly efficient and stereoselective active catalysts. Notably, the asymmetric 

catalysis research area has been recognized by the 2001 chemistry Nobel prize which was awarded 

to William S. Knowles and Ryoji Noyori “for their work on chirally catalyzed hydrogenation reactions” 

and to K. Barry Sharpless “for his work on chirally catalyzed oxidation reactions”.[4,5,6]  

2.1.2 Alkaline earth metals in asymmetric catalysis 

The development of environmental friendly chemical processes includes the use of less harmful 

starting materials, catalysts and solvents. In this respect, alkaline earth metals are considered among 

the less toxic and less harmful metals. Although alkaline earth metals are abundant, inexpensive 

and commercially available, their applications in asymmetric catalysis are, so far, limited.[7]  

For chiral modification of these metal complexes, there are mainly two strategies depending on the 

nature of the ligand. The first approach uses anionic chiral ligands (A and B, Figure 2.5). In this case, 

the ligands are strongly bound to the metal center but alkaline earth metal complexes (Figure 2.5 – 

A) have limited reactivity as they do not possess a reactive group R and heteroleptic alkaline earth 

metal complexes bearing a reactive group R (Figure 2.5 – B) can undergo Schlenk-like ligand 

redistribution (see Chapter 1 and Chapter 5). The second strategy uses neutral coordinative chiral 

ligands (Figure 2.5 – C). Such systems have two reactive sites but the chiral ligand, and 

consequently the chiral information, is weakly bound to the metal center. There are very few 

examples for the second methodology.  

 

Figure 2.5. Different binding modes for group 2 complexes. 

Organocalcium compounds are strongly polar reagents which, depending on the residue, can be 

strong Br∅nsted bases. At the same time, Ca2+ shows significant Lewis acidity which accounts for 

substrate binding. In cooperation with a chiral ligand, this can lead to enantioselective reactivity. The 
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reactivity of alkaline earth metals calcium (Ca), strontium (Sr) and barium (Ba) increases descending 

the group (Ca < Sr < Ba) but calcium cations have the strongest Lewis acidity, making the substrate 

binding stronger than for barium and strontium compounds. At the same time, their smaller ionic 

radius are beneficial to chiral communication from chiral ligand to the substrate. Chiral 

communication of Sr and Ba complexes is more challenging because of their large radii. 

Asymmetric direct-type Aldol, Michael, Mannich and related reactions 

Chiral alkaline earth metals catalysts have been applied successfully to asymmetric carbon-carbon 

forming reactions.[8] For the asymmetric carbon-carbon bond forming reactions, the catalytically 

active species is usually prepared in situ and, therefore, there are uncertainties related to the 

chemical composition of the active species. 

In recent investigations on chiral alkaline earth metal catalysis, direct-type asymmetric aldol 

reactions have been developed. Shibasaki et al. first reported a chiral barium catalyst prepared from 

BINOL monomethyl ether and barium alkoxide.[9] For the reaction depicted in Figure 2.6, they 

obtained the desired cross aldol product in 83% yield with 69% ee. Noyori et al. reported, for the 

same substrate and with a chiral calcium-diolate catalyst, 76% yield with 91% ee.[10] Mass 

spectrometry analysis on the catalyst solution suggested the formation of a highly aggregated chiral 

complex.  

 

Figure 2.6. Chiral group 2 complex-catalyzed aldol addition of ketones to aldehydes. 

Ikegami et al. reported an asymmetric Morita-Baylis-Hillman reaction using a BINOL-calcium 

complex as a chiral Lewis acid and tributylphosphine as an achiral Lewis base (Figure 2.7).[11] The 

reaction of cyclopentenone with 3-phenylpropionaldehyde was tested and the desired product was 

obtained in 62% yield and 56% ee. 
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Figure 2.7. Chiral calcium complex-catalyzed asymmetric Morita-Baylis-Hillman reaction. 

Among the asymmetric 1,4-addition reactions, Kumaraswamy et al. investigated catalytic 1,4-

addition reactions of malonates using a BINOL-calcium complex prepared from calcium chloride and 

the dipotassium salt of BINOL (BINOL-K2) (Figure 2.8).[12] 

 

Figure 2.8. Chiral calcium complex-catalyzed 1,4-addition reactions of malonates.  

 Kobayashi et al. also reported asymmetric Friedel-Craft-type alkylation reactions of an indole with a 

chalcone (Figure 2.9). In this case, they prepared their chiral catalyst from Ca[N(SiMe3)2] ∙THF2 and 

chiral TADDOL.[13] 

 

Figure 2.9. Chiral calcium complex-catalyzed Friedel-Crafts-type reaction. 

They suggested a plausible catalytic cycle (Figure 2.10).  The first step is the deprotonation of the 

nitrogen proton, giving rise to a calcium-indole complex. The complex reacts with the second 

substrate resulting in an initial adduct that rearranges to give the calcium amide species. Finally, 

deprotonation of another indole affords the product and regenerates the calcium-indole complex. 

Another possibility is a H-exchange between the alcohol and the amine moieties of the substrate 
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bound to the metal giving rise to the desired product and regenerating the chiral calcium diolate 

catalyst. 

 

Figure 2.10. Proposed mechanism for the calcium complex-catalyzed Friedel-Crafts-type reaction. 

Kobayashi et al. have also applied chiral coordinative calcium catalysts to asymmetric addition of 

malonates to imines and the desired products were obtained in high yields with moderate to good 

enantioselectivity (Figure 2.11).[14] It is one of the few examples of use of neutral coordinative chiral 

ligands (Figure 2.5 – C). The authors account for the disparity in enantioselectivities by possible 

decomplexation of the calcium-PyBox complex. The complex might exist in equilibrium with the 

ligand and free Ca(OiPr)2. 

 

Figure 2.11. Chiral Pybox-calcium complex-catalyzed Mannich reactions. 

Although all the attempts to isolate and characterize the catalytic active species did not succeed, 

their experimental observations combined with mechanistic investigations allowed them to suggest 

that the catalytic species is (PyBox)Ca(OR)2 (Figure 2.12). The first step of the proposed catalytic 

cycle is the deprotonation of the malonate, followed by the reaction with the imine in the second step. 

The product is released after H-exchange with another malonate and the calcium-malonate species 

is regenerated. 
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Figure 2.12. Proposed mechanism for the asymmetric addition of malonates to imines. 

Asymmetric carbon-heteroatom bond forming reactions 

Antilla et al. reported chiral calcium-VAPOL phosphate-mediated asymmetric benzoyloxylations and 

chlorinations of 3-substitued oxindoles.[15] It was shown that the catalyst could be applied to several 

reactions with good yields and high enantioselectivities. For these transformations, they proposed a 

homoleptic calcium phosphate compound as the main active species (Figure 2.13).  

 

Figure 2.13. Calcium-phosphate catalyzed asymmetric benzoyloxylation. 

Chiral alkaline earth metals catalytic activity has also been investigated in carbon-heteroatom bond 

formation via heterofunctionalization of unsaturated substrates, namely asymmetric hydroamination 

and hydrosilylation (hydroamination mechanism described in Chapter 4). In these cases, the 

catalysts were isolated and studied before evaluating their catalytic performances. Harder et al. 

developed chiral calcium amide catalysts 1 and 2, prepared from Ca[N(SiMe3)2]2∙THF2 and a chiral 
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Box ligand or 𝛽-diketimine for asymmetric hydrosilylation and hydroamination (Figure 2.14).[16] For 

the asymmetric intermolecular hydrosilylation of styrene using PhSiH3 and the asymmetric 

intramolecular hydroamination of aminoalkenes, the yields were high but the enantioselectivities 

were low. It was revealed that the chiral heteroleptic catalysts underwent Schlenk-type ligand 

redistribution (see Chapter 1 and Chapter 5) and that the active species was Ca[N(SiMe3)2]2∙THF2. 

 

Figure 2.14. Hydrosilylation and hydroamination reactions using chiral calcium catalysts. 

 Several chiral alkaline earth metals catalysts have been reported for asymmetric 

hydroamination/cyclization. Unfortunately, these complexes were also prone to Schlenk equilibria, 

resulting in rather low enantioselectivities (Figure 2.15). Sadow et al. reported enantioselectivities 

up to 18% ee with a calcium tris(pyrazolyl) borate complex (3) and up to 36% ee with the magnesium 

analogue 4.[17] Ward et al. investigated the catalytic activity of calcium bisimidazoline complexes 5, 

obtaining up to 12% ee, but improved performance was found with a chiral calcium complex based 

on chiral ethylene diamine 6 (up to 26% ee).[18] Hultzsch et al. synthesized diamidobinaphthyl 

complexes of magnesium (7) and zinc (8) that showed moderate reactivity and low 

enantioselectivity.[19]  
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Figure 2.15. Chiral alkaline earth metals complexes. 

In order to overcome the Schlenk equilibrium, the same group developed chiral magnesium catalysts 

with a chiral phenoxyamine ligand (9) incorporating a chelating cyclohexyldiamine arm inhibiting 

ligand redistribution. The desired products were obtained with good yields (≥ 95%) and high 

enantioselectivities (up to 93% ee) (Figure 2.16).[20] 

 

Figure 2.16. Chiral magnesium complexes developed by Hultzsch et al. 

2.1.3 Chiral ligands in asymmetric catalysis 

In asymmetric catalysis, most of the catalysts that have been developed are transition metal 

complexes with the ligand bearing the chiral information. Henceforth, many chiral ligands with 

diverse structures have been developed over the years. Out of the wide range of chiral ligands, a 

relatively small number of structural classes stand out because of their broad applicability. These 

so-called “privileged ligands” such as BINOL, BINAP, TADDOL, BOX, DuPhos and SALEN have 

proved to be very effective in various metal-catalyzed reactions (Figure 2.17).[21,22] All of these 

ligands are bidentate in order to secure a rigid ligand-metal bond. 
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Figure 2.17. “Privileged” ligands. 

In 1994, Feringa and de Vries et al. introduced a new class of chiral phosphorus-based ligands, the 

phosphoramidites (RO)2PNR2 and showed that such chiral monodentate ligands function effectively 

in asymmetric catalysis.[23] These trivalent phosphorus-based ligands incorporate one diol and one 

amine substituent. A large group of these ligands is derived from the BINOL. Such structure allows 

for further chiral modifications on the diol and on the amine functions giving rise to a wide library of 

chiral ligands (Figure 2.18).  

 

Figure 2.18. Examples of BINOL-based phosphoramidites. 

Axial chirality 

In general terms, atropisomerism is an axial chirality where rotation around a single bond is hindered 

and two rotamers can be isolated. The interconversion between the twisted forms occurs through a 

planar intermediate giving rise to the two rotamers for bridged systems such as phosphoramidites 

bearing a BINOL scaffold (Figure 2.19). For phosphoramidites, the phosphorus atom is not a 
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stereogenic center and therefore a pyramidal inversion at the phosphorus does not affect the chirality 

of the molecule (Figure 2.19).  

 

Figure 2.19. Racemization for bridged diphenyls phosphoramidites.[24a] 

The racemization barrier of BINOL itself is 155.5 kJ/mol at 195 °C.[24f] DFT calculations in 

combination with NMR spectroscopy studies have shown that the binaphthyl unit of the 

phosphoramidites is fairly stable to racemization.[24] Hence, it can be considered that the BINOL-

based phosphoramidites do not racemize at room temperature and slightly higher temperature up to 

100 °C. Thus, they can be treated as rigid systems.  

2.2 Aim of the project 

In stable heteroleptic alkaline earth metal complexes, (Figure 2.5 – B), the spectator ligand (L*) 

influences the stability and activity of the alkaline earth metal catalyst and also guides the stereo- or 

regio-selectivity in the catalytic cycle. For asymmetric heterofunctionalization of unsaturated 

substrates, namely hydrosilylation and hydroamination, the development of catalytic alkaline earth 

metals reagents is challenging due to their tendency to undergo Schlenk-like ligand redistribution. 

Although a series of chiral alkaline earth metals complexes (1-9) have achieved stereocontrolled 

intramolecular hydroamination of aminoalkenes, examples of non-racemic group 2 catalysts are 

limited. Therefore, we set several objectives so as to develop new chiral alkaline earth metals 

catalysts:  

1) Phosphoramidites are nearly always used as neutral monodentate ligands in catalysis. We 

would like to extend the use of the phosphoramidite ligands in its anionic form. An example 

from the use of monoanionic BINOL-based phosphoramidite ligands in their deprotonated 

form has been reported. Recently, Reek et al. reported rhodium sulfonamide-phosphorus 

(METAMORPhos) complexes for asymmetric hydrogenation.[25] Analysis of the well-defined 
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species showed a complex consisting of two metal centers and four METAMORPhos ligands: 

two ligands are deprotonated bridging the metals (Figure 2.20 - heteroatoms in green) and 

the other two coordinate in a P−O chelating form (Figure 2.20 - heteroatoms in blue). In this 

case, the ligands coordinate to the metal through different manners showing the diverse 

binding modes of such ligands.  

 

Figure 2.20. Coordination of the METAMORPhos ligands to rhodium. 

2) Prepare group 2 (Mg, Ca) and group 12 (Zn) metal complexes that incorporate a chiral 

anionic phosphoramidite ligand. The synthetic method that will be applied to prepare the 

targeted heteroleptic complexes (L*MR) is depicted in Figure 2.21. The monoanionic ligand 

is deprotonated by a homoleptic precatalyst (MR2). 

 

Figure 2.21. Formation of a chiral alkaline earth metal complex. 

3) Investigate structures of these complexes in order to establish possible binding modes of 

such an anionic ligand system. In principal, metal binding can proceed through interaction 

with P, N, O or the 𝜋–system. 

4) Study Schlenk equilibria for heteroleptic L*MR complexes with an anionic phosphoramidite. 

5) Explore such system in enantioselective catalysis. 

2.3 Results and discussion 

2.3.1 Phosphoramidites 

For the ligand design, it was considered to use a monoanionic phosphoramidite ligand composed of 

a N−H unit that could be deprotonated in order to form the alkaline earth metal complex. Hence, the 

first bulky chiral monoanionic phosphoramidite targeted was the diisopropylaniline-phosphoramidite 

(11). In order to develop an adequate synthetic route for the ligand, the investigation was carried out 

with racemic BINOL. Phosphoramidites can be prepared via different routes and these reported 

routes were applied in the synthesis of 11.[26] 

The synthesis of diisopropylaniline-phosphoramidite was attempted according to the reported 

synthetic route for BINOL-PNH-DIPP (11).[26a] The examined route started with 1,1’-bi-naphthol that 
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was reacted with phosphorus trichloride to yield the chlorophosphite BINOL-PCl (10) (Figure 2.22). 

Then the chlorophosphite was treated with the diisopropylaniline in presence of triethylamine.[26a] 

 

Figure 2.22. Attempted synthesis of diisopropylaniline-phosphoramidite 11. 

A variety of conditions were tested (solvent, temperature, reaction time) but they led to very low 

conversion or to no conversion in some cases.  

Simultaneously, another reported synthetic pathway for phosphoramidite was tested.[26] It started 

from the synthesis of MonoPhos and replacement of the residual NMe2 moiety by another amino 

group, i.e. diisopropylaniline, was carried out in presence of a base (1-tetrazole) (Figure 2.23). The 

desired product was observed in the reaction mixture but it was isolated as a mixture with other 

inseparable impurities. 

 

Figure 2.23. Attempted synthesis of diisopropylaniline-phosphoramidite 11. 

Regardless of the synthetic methodology, attempts to purify the compound by column 

chromatography were not successful. The product partially decomposed on the column back to 

BINOL, and binaphthylphosphoric acid could also be observed.[27a] Most phosphoramidites are 

stable towards air oxidation but in some cases, the ligand can undergo a P−N or O−P cleavage. 

Such behaviour has already been reported.[28] Therefore, attempts to isolate 11 as a pure product 

failed.  

A third synthetic route, usually used for sterically hindered amines, involves the reaction of the amine 

with phosphorus trichloride.[23d] The chiral backbone is incorporated in the last step. For primary 

amines, the formation of Cl2P–NHR would lead to rearrangement resulting in ClP=NR therefore this 

approach was not considered. 

On the other hand, three monoanionic bulky phosphoramidites BINOL-PNH-quinoline (12), BINOL-

PNH-p-anisidine (13) and BINOL-PNH-o-anisidine (14) could be prepared according to literature 
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procedures (Figure 2.24).[26] Their 31P-NMR resonances range from 𝛿 = 146.5 ppm 12 and 𝛿 = 147.5 

ppm for 14 to 𝛿 = 151.5 ppm for 13.[29] 

 

Figure 2.24. Phosphoramidites synthesized. 

Additionally, it was visualized to synthesize phosphoryl amide ligands, (RO)2PONR2. On the one 

hand, such ligands should be more resistants to oxidation reactions. On the other hand, the oxygen 

atom should stabilize the metal complex due to its chelating effect. Binaphthylphosphoric acid has 

already been used as a chiral resolving agent and as a chiral catalyst.[27] Also its lanthanide salt, as 

well as its calcium salt, have been employed as a chiral catalyst in carbon-carbon bond forming 

reactions.[27d,e] For that purpose, BINOL was first treated with phosphorus oxychloride in presence 

of triethylamine resulting in the phosphoryl chloride BINOL-P(O)Cl (15). Similarly to the synthetic 

pathway in Figure 2.22, phosphoryl chloride was reacted with the corresponding amine in the 

presence of trimethylamine (Figure 2.25).[30] Four bulky amines were evaluated. 

 

Figure 2.25. Attempted synthesis of phosphoryl amides. 

After two days at 80 °C, it was observed that only low conversion to the desired products was 

achieved and that the products were accompanied by side-products such as binaphthylphosphoric 

acid (probably originated from the hydrolysis of the product) that could not be separated. 

Alternatively, it was also attempted to incorporate the phosphoryl structure into a bis(𝛽-diketiminate) 

framework. The synthetic approach was based upon literature precedent for the preparation of the 

synthetic intermediates (Figure 2.26). BINOL-P(O)Cl (15) was reacted with sodium azide to produce 
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the phosphoryl azide BINOL-P(O)N3 (20). Catalytic hydrogenation led to the desired phosphoryl 

amide BINOL-P(O)NH2 (21).[31]  

 

Figure 2.26. Synthesis of phosphoryl amide 21. 

The attempted synthesis of the 𝛽-diimine 22 are summarized in Figure 2.27. In this particular case, 

the reported literature synthetic routes for 𝛽-diimines formation did not work as envisaged.[32] 

 

Figure 2.27. Attempted synthesis of the 𝜷-diimines 22 (acac = acetylacetone). 

In summary, literature conditions were applied first for the synthesis of the diisopropylaniline-

phosphoramidite (11). However, the reaction was not reproducible and the conversions were very 

low. The product could not be obtained as a pure compound under the tested reaction conditions. 

Modifications to the system were considered but no synthetic route afforded the desired products. 

With the three synthesized phosphoramidites BINOL-PNH-quinoline (12), BINOL-PNH-p-anisidine 

(13) and BINOL-PNH-o-anisidine (14), the investigation proceeded with the complexation to group 

2 and group 12 metals. 

Complex synthesis 

To test whether or not heteroleptic group 2 or 12 metal complexes bearing phosphoramidite ligands 

could be formed, the phosphoramidites 12, 13 and 14 were reacted with different metal precursors.  

Catalyst precursors 

The homoleptic species (MR2) used for the synthesis of the heteroleptic chiral complex were 

synthesized according to literature procedures.[33,34,35] Four complexes were prepared: bis(2-NMe2-
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𝛼-Me3Si-benzyl)calcium (abbreviated as Ca(DMAT)2) and M[N(SiMe3)2]2 with M = Ca, Mg, Zn (Figure 

2.28).  

 

Figure 2.28. Homoleptic precursors. 

Complex formation 

Reactions of Ca(DMAT)2 with the three phosphoramidites (Figure 2.29) were carried out in different 

solvents (C6D6, THF-d8, toluene-d8) at different temperatures (from room temperature to 100 °C) and 

different reaction times (from three days to two weeks). Reactions at room temperature conducted 

to a grey insoluble solid suggesting the formation of an aggregate corresponding to the calcium 

BINOL salt. Indeed, the solid was isolated, hydrolyzed and analysis of the hydrolysis product showed 

formation of 1,1’-bi-2-naphthol and no traces of the amine residue confirming the hypothesis. 

Additionally, the 31P NMR did not show any signal. 

Figure 2.29. Attempted synthesis of heteroleptic Ca complexes.  

Homoleptic metal amides M[N(SiMe3)2]2 (M = Ca, Mg, Zn) were also tested using a similar 

methodology as for the CaDMAT2 precursor (Figure 2.30). 
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Figure 2.30. Synthetic approach towards heteroleptic Ca, Mg and Zn complexes. 

Reaction of the phosphoramidite 13 with the three metal precursors at room temperature in C6D6 or 

THF-d8 resulted in a mixture of different products, which could not be separated. Milder conditions 

such as low temperature did not lead to any improvement. Monitoring the reaction of 12 and 14 with 

Ca[N(SiMe3)2]2 by NMR, it could be observed that the phosphoramidite had reacted after two hours 

at room temperature in C6D6 as well as in THF-d8. The 31P-NMR spectra revealed a singlet at 𝛿 = 

178.9 ppm for the expected product 26-Ca and at 𝛿 = 184.0 ppm for the expected product 28-Ca as 

the main products. 1H NMR spectra displayed in both cases a singlet at 𝛿= 0.05 ppm for the formation 

of bis-trimethylsilyl-amine. For the formation of 26-Ca, a broad singlet at 𝛿 = 0.26 ppm could be 

observed for the N(SiMe3)2 residue; as for 28-Ca, a broad singlet at 𝛿 = 0.30 ppm was observed. 

However, even after tedious purification, the complexes could not be isolated and only deterioration 

of the desired complexes could be observed. 

Mg[N(SiMe3)2]2 was reacted with the 12 and 14. In the first case, the recorded 31P NMR showed two 

new singlets at 𝛿 = 174.3 ppm and 𝛿 = 176.7 ppm after three hours at room temperature in C6D6. 

These two new peak could belong to the heteroleptic and homoleptic species. 1H NMR spectrum 

displayed a singlet at 𝛿 = 0.05 ppm for the formation of HN(SiMe3)2 and two broad singlets at 𝛿 = 

0.22 ppm and at 𝛿 = 0.29 ppm. After three days at 60 °C, the peak in 31P NMR spectra at 𝛿 = 174.3 

ppm vanished, 1H NMR displayed a singlet at 𝛿 = 0.05 ppm (HN(SiMe3)2) and one singlet at 𝛿= 0.29 

ppm suggested that the heteroleptic complex was formed. All the attempts to isolate a well-defined 

species did not succeed. The reaction of Mg[N(SiMe3)2]2 with 14 resulted in a mixture of different 

products that could not be separated. 
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Zn[N(SiMe3)2]2 was also reacted with the phosphoramidite 12. The metal precursor was added to a 

C6D6 solution of the ligand. After 18 hours at room temperature, the 31P NMR spectra revealed a 

main peak at 𝛿 = 170.4 ppm along with side-products. 1H NMR spectroscopy revealed a signal for 

the N(SiMe3)2 group at 𝛿 = 0.10 ppm.  

Crystallization and isolation of the product was possible from the NMR tube at room temperature 

(Figure 2.31). The X-ray analysis of the crystalline material revealed the homoleptic nature of the Zn 

complex meaning that a ligand exchange took place. The complex crystallizes in the triclinic space 

group P1̅ with two molecules in the unit cell. The complex does not show crystallographic symmetry. 

The solid-state structure of Zn[BINOL-P(quinoline)]2 29 exhibits two phosphoramidites bonded to the 

metal center. The two phosphoramidinate ligands coordinate via their two respective nitrogen atoms 

of the aminoquinoline moieties. The distances vary from 1.9654(12) Å for Zn1−N1 to 2.0697(12) Å 

for Zn1−N2 (Table 2.1). The bond lengths and angles of the two ligands are within standard deviation 

of each other. The phosphorus exhibits a distorted trigonal pyramidal geometry (Σbond angles = 

297.67(5)°). Also in this structure Zn⋯O interactions are found: Zn1⋯O2 2.8690(11) Å and Zn1⋯O4 

2.7269(11) Å. These separations are smaller than the sum of the van der Waals radii for Zn and O 

(Σrw = 3.00 Å).[36] The reaction was carried out with the racemic mixture of the ligand ((S)-12 and (R)-

12) so, initially, two heteroleptic enantiomers complexes were expected Zn[(S)-BINOL-

P(quinoline)][N(SiMe3)2] or Zn[(R)-BINOL-P(quinoline)][N(SiMe3)2]. After ligand exchange to 

homoleptic complexes, three different stereomers could be expected: Zn[(S)-12]2 or Zn[(R)-12]2 or 

Zn[(S)-12(R)-12]. In the molecular structure depicted in Figure 2.31, both phosphoramidites are the 

(S)-rotamer.   

 

Figure 2.31. Molecular structure of 29. 
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Table 2.1. Selected bond lengths (Å) and angles (°) for 29. 

Zn1−N1 1.9654(12) N1−Zn1−N2 83.06(5) O1−P1−O2 97.94(6) Zn1⋯O2 2.8690(11) 

Zn1−N2 2.0697(12) N1−Zn1−N3 146.00(5) N1−P1−O2 106.67(7) Zn1⋯O4 2.7269(11) 

Zn1−N3 1.9770(12) N1−Zn1−N4 117.96(5) N1−P1−O1 93.061(6) N2−Zn1−N4 116.94(5) 

Zn1−N4 2.0524(12) N3−Zn1−N4 82.96(5) P1−N1 1.6489(13) N2−Zn1−N3 112.47(6) 

2.3.2 Secondary Phosphine Oxides  

Phosphine ligands can be sensitive to air oxidation and moisture which makes them difficult to 

handle. To overcome this problem, a new class of air and moisture stable secondary phosphine 

oxide ligands (SPO) has been developed (Figure 2.32).  

 

Figure 2.32. Secondary phosphine oxide (SPO) (R = alkyl, aryl). 

Several reported transition metal SPO complexes were proved to be air-stable, moisture and 

temperature resistant complexes.[37] 

Chirality at phosphorus atoms  

For purposes of chirality, the free electron-pair in trivalent phosphorus species can be considered as 

the “fourth substituent”. This means that phosphines potentially can be chiral. Unlike the 

corresponding nitrogen compounds, their geometry is configurationally stable and does not undergo 

inversion under ambient conditions (Figure 2.33). The inversion barrier of phosphines is generally 

125-145 kJ/mol.[38a] For example, PH3 has an inversion barrier of 132 kJ/mol compared to 24 kJ/mol 

for NH3.[38b]  

 

Figure 2.33. Inversion barrier in PH3 and NH3 under ambient conditions. 

The H−N−H bond angle in NH3 is 107.8°. Therefore the nitrogen atom can almost be considered as 

sp3 hybridized with the four orbitals (the orbitals used for the three bonds to hydrogen and for the 

lone pair) pointing towards the corners of a tetrahedron. Bond angles in PH3 (H−P−H = 93.5° for 

PH3) are smaller than those of NH3 indicating that the three bonds from the phosphorus to hydrogen 
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involve mainly the three 3p orbitals on the phosphorus and the phosphorus lone pair of electrons is 

mostly located in the 3s orbital of the phosphorus.[38c] Hence, the increased energy requirement for 

the phosphorus inversion comes from the enhanced geometrical distorsion necessary to form the 

trigonal planar transition state (Figure 2.34).  

 

Figure 2.34. Pyramidal inversion. 

Accordingly, depending on the substituents on the phosphorus compounds, it can result in the 

formation of a stereogenic center. In 1961, Horner et al. reported the first enantiomerically pure 

phosphine.[39]  

The first synthesis of secondary phosphine oxide was reported by Williams and Hamilton in 1952.[40] 

Since then, the chemistry of secondary phosphine oxide ligands and their metal complexes has been 

widely studied and applied in asymmetric transition metal catalysis.[41] Secondary phosphine oxides 

are known to exist in two tautomeric forms. The secondary phosphine oxide A (Figure 2.35) can 

exist in equilibrium in solution with species B under ambient conditions.[42] Different coordination 

modes to a metal center (M) can be considered. The SPO ligand can coordinate to a metal center 

(M) through the phosphorus or oxygen atoms (Figure 2.35 - C to F); they exhibit diverse coordination 

patterns as monodentate (monometallic monoconnective), as bidentate (monometallic biconnective) 

or as bridging ligands (bimetallic biconnective) (some examples for anionic SPO are depicted in 

Figure 2.35 – G to J). 
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Figure 2.35. Examples of SPO binding modes.[43e] 

For alkaline earth metals (AEM), coordination to the metal proceeds through the oxygen atom of the 

tautomeric form B (Figure 2.36). For example, Westerhausen et al. reported the synthesis of 

Ca(OPPh2)2.THF4 from Ca[N(SiMe3)2]2 and Ph2HPO.[43a]  

 

Figure 2.36. Formation of SPO-AEM metal complex. 

The secondary phosphine oxide tert-butyl(phenyl)phosphine oxide (30) was synthesized according 

to a literature procedure (Figure 2.37).[44] The synthesis of the P-chiral secondary phosphine 30 

included the resolution using dibenzoyltartaric acid (DBTA).[44d] 

 

Figure 2.37. Synthesis of SPO 30. 
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Complex synthesis 

As for the phosphoramidites, the ligand 30 was reacted with different metal precursors in C6D6 or 

THF-d8 (Figure 2.38, Figure 2.39). Reaction of the ligand 30 with Ca(DMAT)2 in THF-d8 led to the 

formation of two products at room temperature after two hours. 

 

Figure 2.38. Synthetic approach towards heteroleptic SPO-based Ca complexes. 

The 31P-NMR spectrum showed two singlets at 𝛿 = 101.2 ppm and at 𝛿 = 103.7 ppm; the latter being 

the major product. The 𝛿(31P) is in the range of the chemical shifts of [Ca(OPPh2)2.THF4] with 𝛿 = 

83.0 ppm or [ClMgOPPh2] with  𝛿 = 90.0 ppm.[43] 1H NMR spectroscopy revealed the formation of 2-

dimethylamino-α-trimethylsilyl-toluene as well as a broad signal for the trimethylsilyl group of 31 at 𝛿 

= 0.06 ppm, another broad signal for the dimethylamino moiety at 𝛿 = 2.69 ppm and a doublet at 𝛿 = 

0.79 ppm (3JPH = 10.1 Hz) for the tert-butyl residue. Efforts to isolate one well-defined species did 

not succeed. 

 

Figure 2.39. Synthetic approach towards heteroleptic SPO-based Ca and Mg complexes. 

Reaction of 30 with Mg[N(SiMe3)2]2 (Figure 2.39) gave rise to one main product 32-Mg in THF-d8 

which showed a singlet in the 31P-NMR spectrum at 𝛿 = 106.5 ppm, similar to the chemical shift of 

31. 1H NMR spectroscopy revealed one singlet at 𝛿 = 0.05 ppm for the N(SiMe3)2 groups and a 

doublet at 𝛿 = 0.84 ppm (3JPH = 10.8 Hz) for the tert-butyl residue. All the attempts to isolate a well-

defined species did not succeed. 

Ca[N(SiMe3)2]2 was also reacted with 30. NMR spectroscopy revealed that two products were 

formed. The main product had a 31P NMR shift of 𝛿 = 104.8 ppm and the second species had a 31P 

NMR shift of 𝛿 = 103.1 ppm. 1H NMR spectroscopy revealed one doublet at 𝛿 = 0.88 ppm (3JPH = 

10.2 Hz) for the tert-butyl residue, a singlet at 𝛿 = 0.04 ppm for HN(SiMe3)2 and two singlets at 𝛿 = 

0.06 ppm and at 𝛿 = 0.08 ppm in a ratio 1:3. These last two signals could belong to the N(SiMe3)2 
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groups of homoleptic and heteroleptic species. In order to confirm this hypothesis, the homoleptic 

complex was prepared by adding to two equivalents of the phosphine oxide 30 to Ca[N(SiMe3)2]2. 

Synthesis and NMR analysis of the homoleptic species revealed a 31P NMR shift of 𝛿 = 105.1 ppm 

and a singlet in 1H NMR spectrum at 𝛿 = 0.05 ppm for the formation of HN(SiMe3)2 as well as a 

doublet at 𝛿= 1.14 ppm (3JPH = 10.2 Hz) for the tert-butyl residue. This observation let us suggest 

that the heteroleptic Ca species undergoes Schlenk-like ligand redistribution in solution.  

Similar methodology was tested with another secondary phosphine oxide. The SPO ligand bearing 

a BINOL backbone was synthesized according to literature procedure (Figure 2.40).[27a]  

 

Figure 2.40. Synthesis of SPO 33. 

Unfortunately, reaction of the ligand 33 with different homoleptic precatalysts (Ca(DMAT)2, 

Ca[N(SiMe3)2]2, Mg[N(SiMe3)2]2) led to the formation of insoluble aggregates, as already observed in 

the reaction of Ca(DMAT)2 with phosphoramidites, and this derivative was not investigated further. 

Preliminary catalytic study 

To probe as to whether the SPO-magnesium heteroleptic catalytic species is active in asymmetric 

hydroamination reactions, 32-Mg was tested in intramolecular hydroamination of aminoalkenes 

(Figure 2.41). The catalyst 32-Mg was prepared in-situ in toluene-d8. The substrate was added and 

after two days at 100 °C, no conversion was observed. 

 

Figure 2.41. Attempted Mg-mediated asymmetric intramolecular hydroamination. 

2.4 Conclusions 

Finally, several conclusions can be drawn from the results presented above.  

1) A first approach to synthesize monoanionic monodentate ligands using phosphoramidites 

was explored. The synthesis of three different phosphoramidites BINOL-PNH-quinoline, 

BINOL-PNH-p-anisidine, BINOL-PNH-o-anisidine was achieved. In contrast, the bulky 

phosphoramidite BINOL-PNH-DIPP was detected by 31P-NMR but isolation was not possible. 
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Unstability of the ligand and P−N or O−P bond cleavage might be the reasons. For the 

second approach the monoanionic monodenate t-butyl(phenyl)phosphine oxide was 

synthesized. 

2) The isolated phosphoramidites were investigated as ligands for the synthesis of heteroleptic 

group 2 metal complexes. Reactions with Mg and Ca precursors proved to be unselective, 

even at low temperature and this prevented isolation of well-defined complexes. From the 

reaction of the phosphoramidite 12 with Zn[N(SiMe3)2]2, it was possible to isolate the well-

defined homoleptic species Zn[BINOL-P(quinoline)]2. 

3) The homoleptic species Zn[BINOL-P(quinoline)]2 revealed that the ligands were coordinated 

to the metal through the nitrogen atoms. No interactions between the metal and the BINOL 

O or P atoms could be be found. 

4)  The complex demonstrated that the steric bulk of phosphoramidite, bearing a BINOL 

backbone and a bulky aminoquinoline, does not lead to heteroleptic complexes but shows 

equilibrium mixtures of heteroleptic and homoleptic complexes (Schlenk equilibrium). A 

second approach to develop chiral group 2 complex, using secondary phosphine oxides, 

showed promising results but suffered from the fact that, in some cases, the heteroleptic 

complexes underwent Schlenk-like solution redistribution reactions.  

5) It is not clear with the present results whether the asymmetric hydroamination reactions can 

be rendered feasible with SPO based chiral alkaline earth metal complexes. Nevertheless, 

SPO 30 should be further investigated in the formation of heavier alkaline earth metal 

complexes. Bulkier secondary phosphine oxides could be designed and synthesized to 

further test their applicability in asymmetric alkaline earth metal catalysis.  

2.5 Experimental section 

2.5.1 General 

All experiments were carried out under inert atmosphere using standard Schlenk and glove box 

techniques. Benzene and THF were dried over sodium, distilled and stored under nitrogen 

atmosphere. Toluene, pentane, hexane and diethylether were degassed with nitrogen, dried on 

activated alumina columns and stored under nitrogen atmosphere.  

Starting materials were purchased from Sigma–Aldrich, ACROS, ABCR and were used as delivered. 

Racemic 1,1’-bi-naphthol was dried over CaH2 prior to use. Trichlorophosphine, trichlorophosphine 

oxide, trimethylamine, TMEDA were distilled before use. Ca(DMAT)2,[33]  Ca[N(SiMe3)2]2,[34]
 

Mg[N(SiMe3)2]2,[34] Zn[N(SiMe3)2]2,[35] 10,[26b] 12,[26b] 13,[26a] 14,[26b] 15,[30] 20,[31] 21,[31] 30,[44b,d] 33[27a] 

were synthesized according to literature procedures 

NMR spectra have been recorded on Bruker Avance DPX-300 MHZ or DRX-400 MHz spectrometer 

(specified at individual experiments). 
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BINOL-PCl – 10.[26b] A stirred suspension of racemic 1,1’-bi-naphthol (1.72 g, 6.00 mmol) and Et3N 

(2.50 mL, 18.0 mmol) in toluene (15 mL) was cooled in an ice bath. PCl3 (1.10 mL, 13.0 mmol) was 

added dropwise and the mixture was stirred for one hour at room temperature. The resulting solid 

was removed by centrifugation and the solvent, the excess of PCl3 and Et3N 

were removed in vacuum. The product was washed with cold Et2O (5 mL) 

affording a white solid.  

Yield: 2.06 g, 5.88 mmol, 98%. 

The NMR data was according to data reported in literature.[26b] 

BINOL-PNH-quinoline – 12.[26b] A solution of quinolin-8-amine (0.10 g, 0.69 mmol) in toluene (2 mL) 

was added to an ice cold solution of the chlorophosphite (0.24 g, 0.68 

mmol) and Et3N (0.20 mL, 1.43 mmol) in toluene (2 mL). The mixture was 

stirred overnight at 80 °C. The resulting solid was removed by 

centrifugation. The solvent and the excess of Et3N were removed in 

vacuum. The product was crystallized from hexane (2 mL) yielding yellow 

square-shaped crystals.  

Yield: 0.19 g, 0.42 mmol, 62%. 

The NMR data was according to data reported in literature.[26b] 

BINOL-PNH-p-anisidine – 13.[26a] A solution of p-anisidine (0.14 g, 1.14 mmol) in toluene (3 mL) 

was added to an ice cold solution of the chlorophosphite (0.50 g, 1.14 mmol) 

and Et3N (0.30 mL, 2.15 mmol) in toluene (5 mL). The mixture was stirred 

overnight at 80 °C. The resulting solid was removed by centrifugation. The 

solvent and the excess of Et3N were removed in vacuum. The product was 

washed with cold hexane (5 mL), affording a grey powder. 

Yield: 0.27 g, 0.62 mmol, 54%. 

The NMR data was according to data reported in literature.[26a]  

BINOL-PNH-o-anisidine – 14.[26b] A solution of o-anisidine (0.14 g, 1.14 mmol) in toluene (3 mL) 

was added to an ice cold solution of the chlorophosphite (0.50 g, 1.14 

mmol) and Et3N (0.32 mL, 2.28 mmol) in toluene (5 mL). The mixture was 

stirred overnight at 80 °C. The resulting solid was removed by 

centrifugation. The solvent and the excess of Et3N were removed in 

vacuum. The product was washed with cold hexane (5 mL), affording a 

white powder.  

Yield: 0.34 g, 0.78 mmol, 68%. 

The NMR data was according to data reported in literature.[26b] 
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BINOL-P(O)Cl – 15.[30] To a stirred suspension of racemic 1,1’-bi-naphthol (1.50 g, 5.24 mmol) and 

Et3N (2.92 mL, 21.0 mmol) in benzene (40 mL) at 0 °C, POCl3 (0.80 g, 5.24 mmol) was added 

dropwise and the mixture was stirred overnight at room temperature. The 

resulting solid was removed by centrifugation and the solvent, the excess of Et3N 

were removed in vacuum at 50 °C overnight affording a white powder. 

Yield: 1.62 g, 4.42 mmol, 84%. 

The NMR data was according to data reported in literature.[30] 

BINOL-P(O)N3 – 20.[31] To solution of 15 (1.70 g, 4.63 mmol) in acetone (30 mL), NaN3 (0.33 g, 5.08 

mmol) was added and the mixture was stirred overnight at room temperature. 

The resulting solid was removed by centrifugation and the solvent was removed 

in vacuum affording a white powder.  

Yield: 1.69 g, 4.52 mmol, 98%. 

The NMR data was according to data reported in literature.[31] 

BINOL-P(O)NH2 – 21.[31] To a solution of 20 (1.79 g, 4.80 mmol) in THF (60 mL), palladium on 

charcoal (0.07 g, 0.48 mmol) was added. The mixture was degassed and H2 (1 

bar) was added. The mixture was stirred for seven hours at room temperature 

under H2 atmosphere. The catalyst was removed by centrifugation and the 

solvent was removed in vacuum affording a white powder.  

Yield: 1.19 g, 3.43 mmol, 71%. 

The NMR data was according to data reported in literature.[31]  

t-butyl(phenyl)phosphine oxide – 30.[44b,d] A solution of t-butyl chloride (26.0 mL, 239 

mmol) in THF (40 mL) was added dropwise to a stirred suspension of Mg turnings (5.58 

g, 230 mmol) in THF (80 mL) and the resulting mixture was heated to reflux overnight. 

The mixture was cooled down to −40 °C and PhPCl2 (6.00 mL, 44.2 mmol) was added dropwise. 

The mixture was stirred for one hour and slowly warmed up to room temperature. Hydrochloric acid 

(100 mL) was added to the mixture and stirred for one hour. The resulting layers were separated 

and the aqueous layer was extracted with chloroform (5 x 50 mL). The combined organic layers were 

dried over Na2SO4 and the solvent was removed in vacuum. The mixture was dried over CaH2 at 80 

°C for one hour and distilled in vacuum (T = 80 °C, oil pump vacuum) affording a colorless oil.  

Yield: 5.02 g, 27.6 mmol, 62%. 

The NMR data was according to data reported in literature.[44b] 

Resolution of t-butyl(phenyl)phosphine oxide[44d] A mixture of t-butyl(phenyl)phosphine oxide (1.81 

g, 9.93 mmol) and dibenzoyl-L-tartaric acid (4.28 g, 12.0 mmol) were dissolved in as little as possible 

refluxing acetone/benzene 1:4. The mixture was slowly cooled down affording the product in the 

form of large colorless crystals. The crystals were dissolved in aqueous NaOH (1 M, 20 mL) and 
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chloroform was added (20 mL). The layers were separated and the aqueous layer was extracted 

with chloroform (5 x 20 mL). Removing solvent afforded t-butyl(phenyl)phosphine oxide . The 

procedure was repeated one more time to obtain 100% resolution. This was checked by adding 

DBTA to t-butyl(phenyl)phosphine oxide ,which gives two peaks in the 31P NMR spectrum for racemic 

mixture and one peak for the enantiopure t-butyl(phenyl)phosphine oxide. 

BINOL-P(O)H – 33.[27a] A stirred suspension of 1,1’-bi-naphthol (2.38 g, 8.32 mmol) and Et3N (3.50 

mL, 25.1 mmol) in toluene (20 mL) was cooled down in an ice bath. PCl3 (1.50 

mL, 17.2 mmol) was added dropwise and the mixture was stirred for two hours. 

Additional Et3N (1.30 mL, 9.33 mmol) and H2O (0.15 mL, 8.33 mmol) were 

added and the mixture was stirred for one hour. The resulting solid was 

removed by centrifugation. The solvent, the excess of PCl3 and Et3N were 

removed in vacuum affording a pale yellow solid. 

Yield: 1.41 g, 4.24 mmol, 51 %. 

The NMR data was according to data reported in literature.[27a]                                                                                                                              

Calcium iodide − CaI2.THF2.45. I2 (43.2 g, 170 mmol) was very slowly poured to a stirred suspension 

of granular Ca (13.6 g, 340 mmol) in THF (300 mL). The mixture was heated to reflux for five days. 

A beige-colored suspension was obtained and the product was extracted with hot THF (3 x 100 mL). 

The solvent was removed in vacuum at 50 °C for six hours affording a white powder. According to 

1H NMR, 2.45 equivalents of THF are still present as ligand.  

Yield: 57 g, 121 mmol, 71%. 

1H NMR (400 MHz, CD3OD, 25 °C): δ (ppm) = 1.87 (m, 2H, THF), 3.73 (m, 2H, THF) 

2-dimethylamino-α-trimethylsilyl-toluene − DMAT-H. [33] After addition of n-BuLi (106 mL, 2.5 M, 

265 mmol) to the mixture of TMEDA (35 mL, 232 mmol) and N,N-dimethyl-o-toluidine (35.2 mL, 242 

mmol) at 0 °C, the yellow mixture was heated to reflux for 50 minutes and stirred at room temperature 

for 16 hours. The solution turned orange and gas development was observed. After addition of Et2O 

(100 mL), the solution was cooled down to −30 °C and Me3SiCl (37.1 mL, 290 mmol) was added. 

The solution lost its color and a white precipitate appeared. After stirring at room temperature for ten 

hours, H2O (100 mL) was added to the mixture. The resulting layers were separated and the aqueous 

layer was extracted with Et2O (2 x 100 mL). The combined organic layers were dried 

over MgSO4 and the solvent was removed in vacuum. The product was distilled in 

vacuum (T = 80 °C, oil pump vacuum) affording a colorless liquid. 

Yield: 40.0 g, 193 mmol, 80%. 

The NMR data was according to data reported in literature.[33] 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 0.06 (s, 9H, Si(CH3)3), 2.27 ( s, 2H, CH2), 2.72 (s, 6H, 

N(CH3)2), 7.03 (m, 4H, Ar).  
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13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = -1.1 (Si(CH3)3), 22.4 (CH2), 44.8 (N(CH3)2), 120.1 (Ar), 

124.0 (Ar), 125.5 (Ar), 130.2 (Ar), 136.3 (Ar), 152.3 (Ar). 

2-dimethylamino-α-trimethylsilyl-benzylpotassium − DMAT-K.[33] DMAT-H (10.0 g, 48.3 mmol) 

and potassium t-pentoxide (6.31 g, 50.0 mmol) were dissolved in THF (40 mL). The colorless solution 

was cooled down to −85 °C and n-BuLi (18.0 mL, 2.5 M, 45.0 mmol) was added dropwise. The 

orange solution was slowly warmed up to room temperature and the solvents were removed in 

vacuum. The yellow solid was washed with hexane (2 x 20 mL and 2 x 30 mL) and 

the product was dried in vacuum at 40 °C for one hour.  

Yield: 9.85 g, 40.0 mmol, 89%. 

The NMR data was according to data reported in literature.[33] 

1H NMR (400 MHz, C6D6/THF-d8, 25 °C): δ (ppm) = 0.38 (s, 9H, Si(CH3)3), 1.89 (s, 1H, CH), 2.52 (s, 

6H, N(CH3)2), 5.79 (t, 1H, 3JHH =  Hz, Ar), 6.49 (d, 1H, 3JHH =  Hz, Ar), 6.57 (m, 2H, Ar). 

13C NMR (101 MHz, C6D6/THF-d8, 25 °C): δ (ppm) = 1.7 (Si(CH3)3), 42.4 (N(CH3)2), 48.3 (CH), 102.5 

(Ar), 117.4 (Ar), 117.9 (Ar), 125.0 (Ar), 138.1(Ar), 149.8 (Ar). 

Bis(2-NMe2-𝜶-Me3Si-benzyl) calcium − Ca(DMAT)2∙THF2.14.[33] DMAT-K (3.81 g, 15.5 mmol) and 

CaI2.THF2.14 (3.52 g, 7.49 mmol) were mixed in a centrifuge Schlenk tube and cooled down in the 

fridge for 15 minutes. After addition of THF (20 mL), the yellow mixture was stirred at room 

temperature for 40 hours. More THF (10 mL) was added after 24 hours to the light yellow solution. 

The resulting solid was removed by centrifugation and the solvent was removed in vacuum. The 

product was extracted with benzene (3 x 20 mL) and washed with hexane (25 mL) affording a yellow 

powder.  

Yield: 3.40 g, 5.61 mmol, 75%.   

The NMR data was according to data reported in literature. According to 1H NMR, 2.14 equivalents 

of THF are still present as a ligand.[33] 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 0.89 (s, 9H, Si(CH3)3), 1.01 (s, 

9H, Si(CH3)3), 1.43 (s, 1H, CH), 1.73 ( broad s, 8.56H, THF), 1.81 (s, 1H, 

CH), 2.82 ( broad s, 12H, N(CH3)2), 3.72 ( broad s, 8.56H, THF), 6.79 (m, 

1H, Ar), 6.92 (m, 1H, Ar), 7.04 (m, 1H, Ar), 7.24 (m, 1H, Ar), 7.38 (m, 1H, 

Ar), 7.64 (m, 1H, Ar), 7.95 (m, 1H, Ar), 8.20 (m, 1H, Ar). 

13C NMR (101 MHz, C6D6, 25 °C): δ (ppm) = 1.9(Si(CH3)3), 25.2 (THF), 40.8 

(N(CH3)2), 44.3 (CH), 67.5 (THF), 112.0 (Ar), 118.6 (Ar), 123.7 (Ar), 125.9 

(Ar), 138.7 (Ar), 149.5 (Ar). 

Calcium bis(trimethylsilyl)amide − Ca[N(SiMe3)2]2∙THF2.[34] An orange solution of Sn[N(SiMe3)2]2 

(5.05 g, 11.5 mmol) in THF (10 mL) was added to a suspension of I2 activated granular Ca (3.00 g, 

74.9 mmol) in THF (15 mL). The color of the mixture slowly turned from orange to red. The mixture 

was stirred and heated to 50 °C for two days giving a black suspension. The resulting solid was 
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removed by centrifugation and the solvent was removed in vacuum. The remaining solid was heated 

to 80 °C for two hours. Hexane (40 mL) was added and the mixture was heated to 50 °C for one 

hour. The remaining traces of tin were removed by centrifugation and the product was crystallized 

from the mother liquor at −30 °C affording a white crystalline solid.  

Yield: 4.58 g, 9.08 mmol, 79%. 

The NMR data was according to data reported in literature. According to 1H NMR, 2 equivalents of 

THF are still present as ligand.[34] 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 0.37 (s, 36H, Si(CH3)3), 1.25 (m, 

8H, THF), 3.57 (m, 8H, THF).  

13C NMR (100 MHz, C6D6, 25 °C): δ (ppm) = 5.2 (Si(CH3)3), 24.3 (THF), 69,5 

(THF). 

Magnesium bis(trimethylsilyl)amide − Mg[N(SiMe3)2]2∙THF2.[34] A solution of Sn[N(SiMe3)2]2 (5.59 

g, 12.7 mmol) in THF (15 mL) was added to a suspension of I2 activated Mg turnings (1.52 g, 62.5 

mmol) in THF (10 mL). The color of the mixture slowly turned from orange to black. The mixture was 

stirred and heated to 50 °C for two days. After removal of the unreacted Mg by centrifugation, the 

solvent was removed in vacuum and the remaining solid was heated to 80 °C for two hours. Hexane 

(10 mL) was added and the remaining tin was removed by centrifugation. The product was 

crystallized at −30 °C, affording white crystals. 

Yield: 3.72 g, 7.60 mmol, 60%.  

The NMR data was according to data reported in literature. According to 1H NMR, 2 equivalents of 

THF are still present as ligand.[34] 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 0.34 (s, 36H, Si(CH3)3), 1.25 (m, 

8H, THF), 3.60 (m, 8H, THF). 

13C NMR (100 MHz, C6D6, 25 °C): δ (ppm) = 6.7 (Si(CH3)3), 25.3 (THF), 69,7 (THF). 

Zinc bis(trimethylsilyl)amide − Zn[N(SiMe3)2]2.[35] Zinc chloride (2.00 g, 14.7 mmol) and potassium 

bis(trimethylsilyl)amide (5.85 g, 29.3 mmol) were suspended in Et2O (20 mL) and stirred at room 

temperature for two hours. The resulting solid was removed by centrifugation and the solvent was 

removed under vacuum. The product was obtained as a colorless liquid. 

Yield: 5.29 g, 13.7 mmol, 93%.  

The NMR data was according to data reported in literature.[35] 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 0.20 (s, 36H, Si(CH3)3). 

13C NMR (100 MHz, C6D6, 25 °C): δ (ppm) = 4.4 (Si(CH3)3). 
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2.5.2 General procedure for complex synthesis 

Reaction with CaDMAT2 .THF2.14 (NMR scale). To a solution of the ligand (0.03 mmol) in deuterated 

solvent (C6D6, THF-d8, toluene-d8),  CaDMAT2 .THF2.14 (20.0 mg, 0.03 mmol) was added. The 

reaction was regularly monitored by 1H NMR and 31P{1H} NMR spectroscopy at room temperature. 

Reaction with Ca[N(TMS)2]2.THF2 (NMR scale). To a solution of the ligand (0.04 mmol) in deuterated 

solvent (C6D6, THF-d8, toluene-d8), Ca[N(TMS)2]2.THF2 (20.0 mg, 0.04 mmol) was added. The 

reaction was regularly monitored by 1H NMR and 31P{1H} NMR spectroscopy at room temperature. 

Reaction with Mg[N(TMS)2]2.THF2 (NMR scale). To a solution of the ligand (0.06 mmol) in deuterated 

solvent (C6D6, THF-d8, toluene-d8), Mg[N(TMS)2]2.THF2 (20.0 mg, 0.06 mmol) was added. The 

reaction was regularly monitored by 1H NMR and 31P{1H} NMR spectroscopy at room temperature. 

NMR data for magnesium tert-butyl(phenyl)phosphinite bis(trimethylsilyl)amide 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 0.30, (s, 18H, Si(CH3)3),  0.35 (s, 18H, Si(CH3)3), 1.15 

(d, 3JHP = 10.8 Hz, 9H, C(CH3)3), 7.13-7.17 (m, 1H, Ar), 7.16-7.20  (m, 2H, Ar), 7.65-7.69 (m, 2H, Ar). 

31P NMR (162 MHz, C6D6, 25 °C): δ (ppm) = 106.5 (s).        

Reaction with Zn[N(TMS)2]2. To a solution of the ligand (0.05 mmol) in deuterated solvent (C6D6, 

THF-d8, toluene-d8), Zn[N(TMS)2]2 (20.0 mg, 0.05 mmol) was added. The reaction was regularly 

monitored by 1H NMR and 31P{1H} NMR spectroscopy at room temperature. 

Zn[BINOL-P(quinoline)]2 – 29. To a solution of BINOL-PNH-quinoline 12 (23.0 mg, 0.05 mmol) in 

C6D6, Zn[N(TMS)2]2 (20.0 mg, 0.05 mmol) was added. The mixture was stirred at room temperature 

for 2 days. The homoleptic Zn complex crystallized from the mother liquor at room temperature. 

Yield: 19.6 mg, 0.02 mmol, 40%.  

1H NMR (300 MHz, C6D6, 25 °C): δ (ppm) = 5.61-5.65 (m 

1H, Ar), 6.35-6.36 (m 1H, Ar), 6.53-6.60 (m 2H, Ar), 6.73-

6.80 (m 2H, Ar), 6.92-7.01 (m 2H, Ar), 7.10-7.12 (m 1H, Ar), 

7.18-7.21 (m 2H, Ar), 7.31-7.33 (m 1H, Ar), 7.41-7.47 (m 

2H, Ar), 7.65-7.68 (m 1H, Ar), 7.82-7.84 (m 1H, Ar). 

13C NMR (101 MHz, C6D6, 25 °C): δ (ppm) = 109.9, 113.5, 

114.4, 115.9, 120.4, 121.7, 123.9, 126.5, 127.3 (d, JPC = 9.5 

Hz), 128.7 (d, JPC = 9.5 Hz) 129.3, 133.5 (d, JPC = 15.6 Hz), 130.1, 135.5, 138.1, 144.8, 147.3, 151.8. 

31P NMR (161 MHz, C6D6, 25 °C): δ (ppm) = 170.4 (s).    
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2.5.3 Intramolecular hydroamination of aminoalkenes 

NMR scale. t-Butyl(phenyl)phosphine oxide (7.80 mg, 0.04 mmol) was dissolved in toluene-d8 (0.6 

mL) and Mg[N(SiMe3)2]2·THF2 (8.40 mg, 0.04 mmol) was added. After 12 hours at room 

temperature, the catalyst formation was confirmed by NMR spectroscopy. To this catalyst solution 

(10 mol%, 0.04 mmol) was added the aminoalkene derivative H2C=CHCH2CR2CH2NH2 (R, R = Ph, 

Ph) (0.42 mmol). As conversion did not proceed at room temperature, the reaction mixture was 

heated up to 100 °C for two days. The reaction was regularly monitored by 1H NMR spectroscopy at 

room temperature and no conversion was found. 

2.5.4 Single-crystal X-ray structure determination 

Zn[BINOL-P(quinoline)]2. Reflections were measured on a Brucker Krappa Apex II diffractometer. 

The crystal structure was solved and refined with SHELXS-97 and SHELXL-97.[45] Geometry 

calculations and graphics were done with PLATON.[46] Three highly ordered benzene molecules 

incorporated in the structure were refined anisotropically. All H atoms were placed on idealized 

calculated positions and were refined isotropically (Table 2.2). 
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Table 2.2. Crystal structure data of Zn[BINOL-P(quinoline)]2. 

Compound Zn[BINOL-P(quinoline)]2 

Formula C58H36N4O4P2Zn, 3(C6H6) 

M 1214.54 

Size (mm³) 0.14 x 0.19 x 0.40 

Crystal system Triclinic 

Space group P1̅ 

a (Å) 12.7288(5) 

b (Å) 15.1116(4) 

c (Å) 17.1829(6) 

α 72.249(1) 

β 74.610(1) 

γ 75.019(2) 

V (Å³) 2977.64(18) 

Z 2 

ρ (g.cm-3) 1.355 

μ (MoKα) (mm-1) 0.524 

T (K) 150 

Θ min – max (Deg) 1.7, 27.5 

Refl.total, independent Rint 

52533, 13676 

0.021 

Found refl. (I > 2σ(I)) 11441 

Parameter 784 

R1 0.0313 

wR2 0.0823 

GOF 1.03 

min/max remaining  

e-density (e.Å-3) 

-0.40/1.03 
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This chapter describes the synthesis of a variety of phosphorus-containing 𝛽 −ketimine, amidine and amine 

ligands. Subsequent reactions with magnesium precursors allows for the synthesis and characterization of 

several magnesium complexes. These novel phosphorus/magnesium complexes are tested as potential 

“Frustrated Lewis Pairs” in CO2 activation.        
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3.1 Introduction 

3.1.1 Global warming and climate change 

Global warming and climate change are predominantly ascribed to the increase in greenhouse gas 

emissions in our atmosphere. Global population is continuously increasing and our consumption of 

fossil fuels has been escalating since the industrial revolution. Accordingly, atmospheric 

concentrations of both natural and man-made greenhouse gases have been rising over the last 

centuries.[1] Sources of greenhouse gases emissions include the energy sector (35%), agriculture, 

forest and other land uses (24%), industry (21%), transport (14%) and building sector (6%).[2] As for 

the composition of greenhouse gases, they consist mainly of carbon dioxide (93%), but also methane 

(0.5%), nitrous oxide (0.09%) and very small traces of fluorinated gases.[3] Reducing greenhouse 

gas emissions has become a worldwide concern and most of the effort focuses on reducing CO2 

emissions.  

Since fossil sources are limited, CO2 will be one of the most abundant carbon sources in the future. 

Yet as a highly stable molecule (O=CO bond enthalpy of 532 kJ/mol)[4] and because CO2 capture 

and storage is expensive, applications of CO2 as a carbon source are restricted.[5] Nowadays, CO2 

is mainly used as a supercritical solvent, pressurizing agent, beverage carbonation agent, refrigerant 

for food preservation and chemical reactant.[5] In the chemical industry, few processes exist for CO2 

conversion, such as synthesis of urea (Figure 3.1, Eq. 1) from ammonia and CO2 or production of 

salicylic acid (Figure 3.1, Eq. 2) from phenol and CO2.  

 

Figure 3.1. Industrial use of CO2. 

Consequently, there is strong pressure on the scientific community to investigate the transformations 

of this unreactive carbon source and to exploit the abundance of CO2.  

3.1.2 Different strategies for CO2 transformation 

Research for development of CO2 conversion and utilization processes integrates different 

approaches (Figure 3.2 - Conversion of CO2 – A; Non-conversion of CO2 – B).[7] CO2 can be used 

as a feedstock for various chemicals (D) or as a storage medium for renewable energy (E) using 

renewable energy sources (C and C’) for its conversion.[6,7a,d,e] Similarly, CO2 can be used without 
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conversion as a solvent or working fluid (B). New methods using supercritical CO2 as a solvent are 

developed for flavor extraction or oil recovery (F).[7f] 

 

Figure 3.2. Different strategies for CO2 transformation.[7g] 

3.1.3 Main group elements in CO2 activation 

The chemical activation of CO2 is the determinant step for its conversion into hydrocarbon products. 

It is a great challenge in synthetic chemistry due to the very high thermodynamic stability of the 

compound.[4] 

In homogeneous catalysis, numerous transition metal catalysts have been explored for CO2 

activation.[8,4a] For example, several complexes of zinc have been reported to catalyze the 

copolymerization of CO2 and epoxides.[9] Similarly, a Mg complex was also found to be active in 

copolymerization (Figure 3.3).[9h] 
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Figure 3.3. Copolymerization of CO2 to cyclohexene oxide. Examples of Zn and Mg catalysts (DIPP = 
2,6-diisopropylphenyl). 

In fact, main-group elements have shown remarkable reactivity towards CO2, such as fixation 

reactions with amines to yield carbamates or carbamic acids.[10] Main group metal amides react with 

CO2 to yield organic isocyanates and carbodiimides.[11,12] In 2009, Stephan et al. and Erker et al. 

found that the combination of tBu3P/B(C6F5)3, i.e. a Frustrated Lewis Pair (FLP), reacted with CO2 

(Figure 3.4).[13]  

 

Figure 3.4. CO2 capture by a Frustrated Lewis Pair. 

3.1.4 FLP activation of CO2 

Discovery of Frustrated Lewis Pairs 

In 1923, Gilbert Lewis differentiated electron-pair donor molecules or bases from electron-pair 

acceptor molecules or acids.[14a] Since then, this concept has accounted for countless reactions since 

such molecules can assemble to form a Lewis acid-base adduct (Figure 3.5). In other words, the 

low-lying lowest unoccupied molecular orbitals (LUMO) of the Lewis acid (A) can interact with the 

electron-pair in the high-lying highest occupied molecular orbital (HOMO) of the Lewis base (D). 

 

Figure 3.5. Formation of a Lewis acid-base adduct (A = Acceptor; D = Donor). 
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Interaction between donor and acceptor is sometimes not possible for steric and/or electronic 

reasons.[14] In 1942, Brown and co-workers noticed different behaviour when reacting lutidine (2,6-

dimethylpyridine) with BF3 or BMe3. In the first case, the two components formed a Lewis acid-base 

adduct but reaction of the lutidine with BMe3 did not lead to the classical adduct (Figure 3.6).  

 

Figure 3.6. Different reactivity of BF3 or BMe3. 

Following this, other researchers encountered similar systems in which steric congestion caused 

unexpected reactivity.[14] The potential of such non-conventional behaviour of Lewis acids and bases 

was not further investigated until 2006 when Stephan et al. described the formation of several 

zwitterions from sterically congested tertiary phosphines with B(C6F5)3 (Figure 3.7). The steric 

congestion prevented the formation of a classical P−B dative bond. These zwitterionic species 

resulted from the attack of the phosphine at the para-carbon of one of the fluoroarene rings of 

B(C6F5)3 and subsequent migration of the fluorine to the boron (Figure 3.7).[15]  

 
Figure 3.7. Synthesis of variety of zwitterionic species. 

Their reactivity was interesting as Mes2PH(C6F4)BF(C6F5)2 reacted with Me2Si(H)Cl to exchange 

hydride for fluorine giving Mes2PH(C6F4)BH(C6F5)2 (Figure 3.8). This phosphonium-hydridoborate 

salt, having a protic and hydridic hydrogen, was air stable and upon releasing hydrogen at 150 °C, 

it did not oligomerize as expected. Even more fascinating was the reversibility of this reaction. Putting 

Mes2P(C6F4)B(C6F5)2 under an atmosphere of H2 at 25 °C resulted in H−H bond splitting and 

reformation of Mes2PH(C6F4)BH(C6F5)2.[15b] This was the first example of dihydrogen splitting by a 

non-metal system. 
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Figure 3.8. Reactivity of the phosphonium-borate salt Mes2PH(C6F4)BF(C6F5)2. 

Stephan et al. described systems of a Lewis base and acid in which the steric congestion “frustrates 

the formation of a classical dative bond” as “Frustrated Lewis Pairs” (Figure 3.9).[16]  

 

Figure 3.9. Combination of a sterically congested Lewis acid and Lewis base.  

The unquenched nature of the Lewis base and Lewis acid pair results in a highly reactive system. 

Having opposite charge densities in close proximity causes the polarization of chemical bonds of 

other molecules.  

Modification of steric and electronic properties of the substituents on the Lewis acid and Lewis base 

allows for diversification of systems. Sterically hindered amines, phosphines, thioethers, carbenes 

have been mostly used as Lewis base. Polyfluoroarylboranes, late main-group metals, transition 

metals have been mainly used as Lewis acid.[14b,17] The development of FLP’s has shown several 

features of such systems. The Lewis acid-base pair can be found as an intermolecular or 

intramolecular Frustrated Lewis Pair. In certain systems, the Lewis acidic center and the Lewis basic 

center can weakly coordinate or even appear in equilibrium with their stable adduct. 

 Frustrated Lewis Pair reactivity in CO2 activation 

Polarization of the CO2 molecule by a FLP weakens the C=O bond making its further transformation 

possible. A collaboration between Stephan et al. and Erker et al. reported the first CO2 activation 

with two phosphine/borane FLP’s: an intermolecular phosphine/borane FLP and an intramolecular 

phosphine/borane FLP (Figure 3.10).[13] They described reversible binding of CO2 to a 
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tBu3P/B(C6F5)3 pair under mild conditions. At room temperature, under CO2 atmosphere, the two 

FLP’s add to CO2 forming a P−C and B−O bond resulting in tBu3PCO2B(C6F5)3 and 

Mes2P(CH2)2(CO2)B(C6F5)3. In the first case, liberation of CO2 and reformation of the FLP 

tBu3P/B(C6F5)3 occurs upon heating. As for the second FLP Mes2P(CH2)2B(C6F5)3, liberation of CO2 

and reformation of Mes2P(CH2)2B(C6F5)3 occurs at low temperature (−20 °C). 

 

Figure 3.10. First examples of FLP CO2 insertion. 

In further investigation, Stephan et al. examined the impact of modifications in the CO2 bound P/B 

FLP system, tBu3PCO2B(C6F5)2Cl (Figure 3.11). They were able to exchange the Lewis acid without 

loss of CO2. Reaction of tBu3PCO2B(C6F5)2Cl with Al(C6F5)3 and [Cp2TiMe]+[B(C6F5)4]ˉ yielded the 

products tBu3PCO2Al(C6F5)3 and [tBu3PCO2TiCp2Cl]+[B(C6F5)4]ˉ, respectively.[18a] Wass et al. 

reported similar titanocene and zirconocene-phosphinoaryloxide FLP systems.[17j,k]  

 

Figure 3.11. Exchange of Lewis acid in FLP. 

In 2010, Stephan et al. reported the irreversible capture of CO2 by an phosphine/alane pair and 

further reduction.[18b,c] Reaction of CO2 with PMes3 and AlX3 (X = Cl, Br, I) resulted in 

Mes3P(CO2)(AlX3)2 (Figure 3.12). The further reaction with excess of ammonia borane (H3NBH3) 

afforded an Al-methoxy species [Mes3PH]+[(MeO)nAlX4-n]ˉ. Subsequent hydrolysis generated 

methanol. On the other hand, if Mes3P(CO2)(AlX3)2 was exposed to CO2 for more than five hours, 

liberation of CO and formation of Mes3P(CO2)(AlX2)2(OAlX3), [Mes3PX]+[AlX4]ˉ and CO was 

observed. 
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Figure 3.12. Irreversible capture of CO2. 

One year later, Piers et al. reported the catalytic reduction of CO2 to CH4 with a N/B-based FLP.[19] 

Fontaine and co-workers described the reactivity of dimeric geminal FLP’s (R2PCH2AlMe2)2 with CO2 

(Figure 3.13).[20] Such dimeric FLP’s are also called “masked” FLP’s. These molecules show FLP 

reactivity even though they form stable adducts both in solution and in the solid state. The dimer is 

formed by the intermolecular P−Al bound pair that, consistent with Pearson’s HSAB concept, is 

relatively weak.[21c] Placing (R2PCH2AlMe2)2 under CO2 atmosphere at low temperature (around 

−40°C) resulted in a fragmentation of the dimeric structure and insertion of CO2 into geminal P/Al 

Lewis pair R2PCH2(CO2)AlMe2. This latter rearranges at room temperature to the bimetallic formate 

species.  

 
Figure 3.13. Dimeric FLP CO2 insertion (R = Me, Ph). 

In order to prevent rearrangement, Uhl et al. and Lammertsma et al. prepared other geminal P/Al-

based FLP’s, Mes2P[C=C(H)Ph]AltBu2 and (PhEt)P[C=C(H)tBu]AlEt2, capable of coordinating CO2 

(Figure 3.14).[21a,b] Reacting Mes2P[C=C(H)Ph]AltBu2 with a flow of CO2 at room temperature led to 

the adduct Mes2P[C=C(H)Ph](CO2)AltBu2 that released CO2 at 135 °C under vacuum in the solid 

state. Capture of CO2 for (PhEt)P[C=C(H)tBu]AlEt2 is not reversible. Upon heating the product at 

high temperature (80°C), they did not observe CO2 liberation and reformation of 

(PhEt)P[C=C(H)tBu]AlEt2 but decomposition to unknown products. 
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Figure 3.14. Geminal phosphine/alane FLP reactivity towards CO2. 

These are some examples of CO2 activation with FLP’s. Frustrated Lewis Pairs have proved to be a 

promising strategy for activation and transformation of CO2. Current research is offering everyday 

new alternatives for the development of FLP activation of small molecules such as CO2. 

3.2 Aim of the project 

Although the FLP capture of CO2 has been widely reported, examples of its further transformations 

are rare. As a matter of fact, one of the challenges in FLP CO2 transformation is its strong binding to 

the Lewis pair. In order to circumvent this problem, one possible approach consists in decreasing 

the Lewis acidic strength of the Lewis pair. It can result in a weaker binding and easier release of 

the substrate. In that respect, alkaline earth metals exhibit weaker Lewis acidic character than group 

13 elements (B and Al are commonly used Lewis acids for FLP formation). Among alkaline earth 

metals, magnesium seems appropriate as it exhibits the stronger Lewis acidic character (see 

Chapter 1). Magnesium compounds have already been reported in CO2 transformation. In 2013, Sim 

et al. reported the addition of CO2 to epoxides catalyzed by a combination of MgBr2 and 

triphenylphosphine.[22] Henceforth, the goal of this project is to design new phosphorus-containing 

magnesium complexes to probe possible phosphine/group 2 metal FLP-type reactivity. Heteroleptic 

magnesium complexes L1−Mg−L2 where L1 is a phosphorus-containing ligand will be designed. 

Modifications on L2 will allow to adjust the steric hindrance and the electronic properties on the metal 

center. For the synthesis of L1, sterically demanding ligand structures such as 𝛽-diketiminate or 

amidinate will be considered. Firstly, these bidentate monoanionic ligands should hamper the 

Schlenk equilibrium (see Chapter 1 and Chapter 5). Secondly, the geometrical constraints from the 

𝛽-diketiminate or amidinate skeletons should prevent the two Lewis centers from any intermolecular 

interaction which would lead to insoluble coordination polymers (Figure 3.15).  
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Figure 3.15. New phosphorus-containing magnesium complexes. 

The basicity on the phosphorus atom can be influenced by the substituents R. Alkyl substituents 

compared to aryl substituents on the phosphorus atom increase its basicity but those phosphines 

are less oxidation stable than diarylphosphines. The diphenylphosphine derivative (R = Ph) was 

selected due to its relative stability as well as availability. The acidity of the magnesium center can 

be influenced by the residue X. Several moieties such as alkyl, aryl or halides will be tested. It is at 

this stage unclear whether alkyl and/or aryl magnesium derivatives will react with CO2 or whether 

FLP reactivity will be observed. Characterization of these new complexes will yield information onto 

their specific structural properties and will allow to evaluate their possible application for FLP-type 

reactivity (proximity and accessibility of the Lewis centers for substrate binding). Finally, the FLP-

type reactivity will be tested (Figure 3.16). 

 

Figure 3.16. Possible Mg/P-based FLP CO2 insertion. 

3.3 Results and discussion 

3.3.1 Magnesium 𝜷-diketiminate complexes 

𝜷-diketimine ligand 

In order to design new phosphine/magnesium FLP’s, the Lewis base was introduced into the 

framework of a 𝛽-diketimine ligand. The synthesis of the 𝛽-diketimine ligand was a three-step 

reaction from the 𝛽-ketoimine (Figure 3.17). The phosphine moiety was introduced in the last step 

by reacting the 𝛽-diketimine (DIPP)(H)nacnac−H (DIPP = 2,6-diisopropylphenyl) with 

chlorodiphenylphosphine in the presence of triethylamine.  

 
Figure 3.17. Synthesis of (Ph2P)(DIPP)nacnac−H. 
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The 31P NMR spectrum of (Ph2P)(DIPP)nacnac−H showed a singlet at 𝛿 = 26.4 ppm. The 1H NMR 

spectrum displayed a doublet corresponding to the N−H proton at 𝛿 = 12.09 ppm (2JPH = 9.9 Hz). 

One methyl group showed a singlet at 𝛿 = 1.58 ppm and the other methyl group in 𝛾-position of the 

phosphorus atom showed a doublet at 𝛿 = 2.15 ppm (4JPH = 2.4 Hz). Another doublet for the 

backbone methine CH at 𝛿 = 4.88 ppm (4JPH = 3.9 Hz) was observed.  

Magnesium 𝜷-diketiminate complex synthesis 

The introduction of the Lewis acid into the system was achieved by a direct metallation reaction with 

a Grignard reagent (MeMgCl), dialkylmagnesium or diarylmagnesium compounds (R2Mg) (Figure 

3.18). 

 

Figure 3.18. Synthesis of magnesium complexes. 

Several 𝛽-diketiminate magnesium complexes were isolated and characterized. Reacting 

(Ph2P)(DIPP)nacnac−H with Me2Mg in benzene at 90 °C for two days gave rise to the magnesium 

complex (Ph2P)(DIPP)nacnacMgMe (1) in 75 % yield. Cooling the reaction mixture to 5 °C and 

addition of 1,4-dioxane led to crystallization of the product. (Ph2P)(DIPP)nacnacMgMe∙(dioxane)0.5 

crystallizes in the triclinic space group P1̅ with one molecule in the unit cell (Figure 3.19 -   
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Table 3.1). The obtained crystal structure revealed two magnesium complexes coordinated to a 

bridging dioxane molecule. The molecule is crystallographically centrosymmetric. The metal shows 

an interesting four-fold coordination geometry that strongly deviates from tetrahedral and can best 

be described as a trigonal pyramid. Both N atoms and the methyl group form the basal plane and 

show a trigonal arrangement that is nearly planar (Σbond angles = 349.4(5)°). The oxygen atom is in the 

apical position O1−Mg1−N1 and O1−Mg1−C1 angles vary from 93.90(4)° to 105.17(4)°. The 

phosphorus lone pair faces away from the Mg center and the distance between P and Mg is 

3.3153(5) Å which is similar to that in the reported geminal P/Al-based FLP system.[21]  

 

Figure 3.19. Molecular structure of 1. 
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Table 3.1. Selected bond lengths [Å] and angles [°] for 1.  

P1−N1 1.7310(10) Mg1−C1 2.1133(14) P1−N1−Mg1 120.94(6) 

N1−Mg1 2.0738(11) P1⋯Mg1 3.3153(5) N1−Mg1−O1 93.90(4) 

N2−Mg1−C1 112.79(5) N1−Mg1−N2 91.08(4) N2−Mg1−O1 105.17(4) 

N2−Mg1 2.0845(11) N1−Mg1−C1 145.49(5) C1−Mg1−O1 102.78(5) 

 

The 31P NMR spectrum of the complex showed a singlet at 𝛿 = 41.8 ppm. 1H NMR spectroscopy in 

C6D6 revealed that the methyl groups of the 𝛽-diketiminate substructure showed one singlet at 𝛿 = 

1.74 ppm and a doublet at 𝛿 = 2.65 ppm (4JPH = 4.7 Hz) for the methyl group in 𝛾-position of the 

phosphorus. The backbone shows a doublet at 𝛿 = 5.08 ppm (4JPH = 4.4 Hz) and the methyl 

substituent on the magnesium displays a singlet at 𝛿 = −1.72 ppm. The iPr-CH3 resonances of the 

isopropyl groups appear at 𝛿 = 1.30 ppm and 𝛿 = 1.37 ppm and the iPr-CH at 𝛿 = 3.27 ppm. 

The heteroleptic complex (Ph2P)(DIPP)nacnacMgCl∙THF (2) was obtained in 56 % yield by reaction 

of (Ph2P)(DIPP)nacnac−H with a THF solution of the Grignard reagent MeMgCl in benzene at 60 °C 

for 18 hours. The recorded 31P NMR spectrum revealed a signal at 𝛿 = 43.7 ppm. The 1H NMR 

spectrum of 2 is similar as for 1, revealing a doublet for the methyl group in 𝛾-position of the 

phosphorus atom at 𝛿 = 2.64 ppm (4JPH = 4.6 Hz) and another doublet for the backbone at 𝛿 = 5.07 

ppm (4JPH = 4.4 Hz). The isopropyl groups signals appear as two doublets at 𝛿 = 1.29 ppm and 𝛿 = 

1.32 ppm and one septet at 𝛿 = 3.27 ppm.  

The molecular structure exhibited one THF molecule coordinated to the metal center (Figure 3.20 - 

Table 3.2). The complex crystallizes in the triclinic space group P1̅ with two molecules per unit cell. 

The sum of bond angles around the phosphorus atom of 2 (Σbond angles = 305.0(8)°) indicates a similar 

distorted trigonal pyramidal geometry. Similarly as in 1, the Mg metal shows a coordination geometry 

which can be best described as a trigonal pyramid in which N1, N2 and Cl1 form the basal plane 

with a nearly planar arrangement (Σbond angles = 341.7(5)°) and THF is in apical position. The 

phosphorus lone pair faces away from the Mg center and the distance between P and Mg is 

3.3240(9) Å.  

A comparison of the molecular structures of 2 and 1 shows similarities. In both cases, the 

phosphorus lone pair faces away from the Mg center caused by the repulsion between the 

substituent on the metal center and the lone pair of the phosphorus. 
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Figure 3.20. Molecular structure of 2. Isopropyl groups are omitted for clarity. 

Table 3.2. Selected bond lengths [Å] and angles [°] for 2.  

P1−N1 1.7301(15) P1−N1−Mg1 123.03(8) N2−Mg1−Cl1 116.25(5) 

N1−Mg1 2.0478(15) N1−Mg1−Cl1 129.68(5) N1−Mg1−N2 95.79(6) 

N2−Mg1 2.0530(16) Mg1−Cl1 2.2751(7) P1⋯Mg1 3.3240(9) 

 

The reaction of (Ph2P)(DIPP)nacnac−H with diphenylmagnesium in benzene at 60 °C for five hours 

led to the heteroleptic complex (Ph2P)(DIPP)nacnacMgPh (3). Despite many attempts to isolate the 

heteroleptic complex, the different crystallization procedures resulted in the homoleptic Mg complex 

[(Ph2P)(DIPP)nacnac]2Mg (4) revealing a Schlenk equilibrium between 3 and 4 (Figure 3.21). The 

homoleptic complex 4 was also obtained in 67 % yield from the reaction of two equivalents of 

(Ph2P)(DIPP)nacnac−H with diphenylmagnesium or dibenzylmagnesium in benzene at 60 °C for 

four days. 

 

Figure 3.21. Redistribution of ligands by the Schlenk equilibrium. 

The 31P NMR spectra exhibited a singlet at 𝛿 = 52.7 ppm for the homoleptic complex 4. Unlike the 

other heteroleptic complexes, the 1H NMR spectrum of 4 reveals four different Me(iPr) groups with 

four doublets at 𝛿 = 0.44 ppm, 𝛿 = 0.99 ppm, 𝛿 = 1.21 ppm and 𝛿 = 1.27 ppm (3JHH = 6.8 Hz) and 

two broad septets (𝛿 = 2.17 ppm and 𝛿 = 3.78 ppm).  Such pattern suggests restricted rotation of 

the DIPP substituent.  

The structure of the compound 4 was confirmed by X−ray diffraction (Figure 3.22 -  
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Table 3.3). The complex crystallizes in the monoclinic space group C2/c with four molecules in the 

unit cell. The molecule has crystallographic C2 symmetry. In contrast to the heteroleptic complexes’ 

solid-state structures, the homoleptic complex presents a different orientation of the substituents 

around the phosphorus. The steric hindrance between the phenyl substituents forces both P atoms 

to face towards the Mg center (P1⋯P1’: 3.7496(7) Å). Correspondingly, the angle P1−N1−Mg1 is 

smaller for 4 (111.11(7) °) than for (DIPP)(PPh2)nacnacMgMe∙(dioxane)0.5 and 

(DIPP)(PPh2)nacnacMgCl∙THF (120.94(6) ° and 123.03(8) °, respectively). The distance between 

the Lewis base center P and the acidic center Mg (P⋯Mg: 3.0998(7) Å) is similar to that in the two 

heteroleptic complexes 1 and 2.  

 

Figure 3.22. Molecular structure of 4. Isopropyl groups are omitted for clarity. 

Table 3.3. Selected bond lengths [Å] and angles [°] for 4. 

P1−N1 1.7117(14) P1−N1−Mg1 111.11(7) N1−Mg1−N2’ 92.45(5) 

N1−Mg1 2.0404(13) N1−Mg1−N1’ 129.42(8) N2−Mg1−N2’ 119.56(8) 

N2−Mg1 2.0894(13) P1⋯Mg1 3.0998(7) P1⋯P1’ 3.7496(7) 

N1−Mg1−N2 112.79(5)     

3.3.2 Magnesium amidinate complexes 

Amidine ligand 

The previously synthesized complexes are geminal phosphorus/magnesium structures. As an 

alternative bidentate monoanionic ligand, it was proposed to introduce the P Lewis base in a 

substituent. In here, we describe the synthesis of an amidine ligand with a 2-Ph2P-aryl substituent 

(Figure 3.23). 

The ligand synthesis is a three-step process (Figure 3.23). After careful and controlled mono-

lithiation of 1,2-dibromobenzene, the phosphine group was introduced by reaction with 
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chlorodiphenylphosphine. Both reactions had to be carried out at −115 °C to minimize side-products 

due to LiBr elimination and benzyne formation. Further lithiation allowed for subsequent reaction 

with a carbodiimide. Modifications on the carbodiimide unit permitted the modulation of the steric 

and electronic properties of the Lewis acidic center. For the synthesis of the amidine ligands, five 

different carbodiimides were used (R−N=C=N−R; R= DIPP, iPr, p-tolyl, tBu, cyclohexyl) modifying 

the sterical hindrance around the metal center. Using aryl groups without substituents in ortho-

positions (R = p-tolyl) would create delocalization of the negative charge over the amidinate ligand, 

increasing the acidity of the metal center, but it would generate a weaker coordination of the ligand 

to the metal.[23]  

 

Figure 3.23. Synthesis of the amidine ligands. 

The amidine precursors exhibited specific singlets in the 31P NMR spectroscopy: 𝛿 = −12.2 ppm for 

5, 𝛿 = −14.4 ppm for 6, 𝛿 = −12.3 ppm for 7, 𝛿 = −14.5 ppm for 8, and 𝛿 = −12.7 ppm for 9.  

The recorded 1H NMR spectrum of 5 revealed a specific pattern as the acidic proton N−H signal 

displayed two broad singlets at 𝛿 = 5.70 ppm integrating for 0.30 equivalents and at 𝛿 = 6.16 ppm 

integrating for 0.70 equivalents. Having a closer look at a solid-state structure, it could be observed 

that, actually, the acidic proton is partially positioned on the phosphorus atom with occupation of 

N−H (66%, 0.89(3) Å) and P−H (34%, 1.28(3) Å) (Figure 3.24 - Table 3.4) (see experimental 

section).  
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Figure 3.24. Molecular structure of 5 and its resonance forms. 

Table 3.4. Selected bond lengths [Å] and angles [°] for 5. 

C1−N1 1.353(2) N2−C1−N1 121.37(14) N1−H1a 0.89(3) 

C1−N2 1.3045(19) C1−N2−C7 119.35(13) P1⋯H1b 1.28(3) 

P1⋯N2 2.876(1)     

 

This observation, along with the 1H NMR spectroscopy data, suggests a tautomeric equilibrium 

NH↔PH which lies towards the NH form. Such behaviour has already been observed and reported 

for bisaminophosphines compounds (Figure 3.25).[24] Another piece of evidence for such an 

arrangement is the C1−N1 bond distance. With a length of 1.353(2) Å, it is shorter than a C−N single 

bond (around 1.47 Å).[33] On the contrary, the C1−N2 bond distance of 1.3045(19) Å is slightly longer 

than a C−N double bond (around 1.28 Å).[33] Although, 31P NMR spectroscopy data could not give 

additional information, temperature dependent 1H NMR spectroscopy measurements revealed that, 

at 55 °C, the tautomeric equilibrium is clearly shifted towards the NH form with only one broad singlet 

for the acidic proton N−H signal at 𝛿 = 6.16 ppm. 

 

Figure 3.25. Tautomeric forms for bisaminophosphanes. 

Analysis of the structure revealed additional features. A C−H⋯ 𝜋 interaction can be observed 

between one of the phenyl residue on the phosphorus atom and a proton of a methyl group on one 

isopropyl group (shortest contact C10−H⋯ Carom. 2.861 Å). More interestingly, the imine N2 shows 

very close contact to P1 (2.876(1) Å). The P1∙∙∙N2 separation is smaller than the sum of the van der 

Waals radii for P and N (Σrw = 3.40 Å)[26a] indicating a clear bonding interaction. This interaction 

results in a specific coordination geometry around the phosphorus atom. Although the position of 
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H1b is prone to large standard deviations (especially since it is only partially occupied), several 

crystal structure measurements showed repeatedly solutions in which the H on the P is not 

positioned along the tetrahedral axis. This is due to the short N⋯P distance which induces a 

transformation to a trigonal bipyramidal coordination geometry in which H1b, C6H4 and one of the 

Ph rings are in equatorial positions and N2 and the other Ph ring are in axial positions (Figure 3.26). 

Noteworthy is the sum of the bond angles within the “equatorial plane” Σbond angles = 346.24°. This 

value is between the optimal value for a tetrahedral structure (327°) and that for a perfect trigonal 

bipyramidal structure (360°) and is closer to the latter.  

 

Figure 3.26. Coordination geometry around the phosphorus atom. Isopropyl groups are omitted for 
clarity. 

The bonding interaction between N and P is likely of electrostatic nature and such interactions have 

been discussed previously in the structure of tert-butyl-methyl-(3,3,3-trifluoro-2-hydroxy-2-

trifluoromethyl-propyl)-phosphonium iodide (Figure 3.27).[25] The P∙∙∙O bond distance in this 

compound is 2.926(5) Å, and thus also significantly shorter than the sum of the van der Waals radii 

for P and O (Σrw = 3.32 Å).[26a] The P−H bond distance is refined to 1.28 Å and fits well with that in 

5. 

 

Figure 3.27. Bonding interaction between O and P. 

To further investigate its structural features (location of the acidic proton, P1∙∙∙N2 interaction), it was 

of interest to study the ligand 5 in its deprotonated form. Deprotonation of the ligand could be 

achieved by reacting the DIPP-substituted amidinate (5) with potassium hydride in THF at 55 °C for 

eight hours forming the corresponding potassium salt in 95 % yield (Figure 3.28). 31P NMR 

spectroscopy revealed a singlet at 𝛿 = −9.9 ppm. 
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Figure 3.28. Deprotonation of 5 with potassium hydride. 

Addition of 1,4-dioxane afforded crystals suitable for X−ray measurements (Figure 3.29 - Table 3.5). 

The complex crystallizes in the monoclinic space group P21/c with four molecules of 

[(Ph2PC6H4)C(N-DIPP)2]K.(dioxane)2.5 in the unit cell. The crystal structure of 5-K establishes a direct 

bonding between the potassium cation and one nitrogen atom of the amidinate moiety (K1−N1: 

2.8974(19) Å, K2−N4 2.8945(18) Å) and an interaction between the potassium center and the 

aromatic ring on the 2,6-diisopropylphenyl substituent of the ligand can be observed (shortest 

contact K1⋯Carom 3.094(2) Å; K⋯ 𝜋 2.8626(13) Å). Also in this structure short P⋯N interactions are 

found: P1⋯N2 2.8793(19) Å and P2⋯N3 2.8723(19) Å. These contacts are only slightly longer than 

that in 5 and considerably shorter than the sum of the van der Waals radii for P and N (Σrw = 3.40 

Å).[26a]  

 

Figure 3.29. Molecular structure of 5-K. Isopropyl groups are omitted for clarity. 

Table 3.5. Selected bond lengths [Å] and angles [°] for 5-K. 

C1−N2 1.319(3) C1−N1 1.335(3) K1−N1 2.8974(19) K1−O1 2.7058(17) 

K1−O2 2.7660(18) K1−O3 2.7937(17) N2−C1−N1 124.75(19)    

 

Evidence for N→P coordination on trivalent P is scarce. Corrin[27a] and Holmes[27b] found short N⋯P 

interactions between 2.805 and 2.853 Å in tris(dimethylaminonaphthyl)phosphine. The N⋯P 
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interactions in this molecule are enforced by the rigid nature of the naphthyl substituent. Using a 2-

dimethylaminomethylphenyl substituent, however, also showed that short N⋯P interactions of 2.999 

to 3.071 Å exist (Figure 3.30). Although these are shorter than the sum of the van der Waals radii, 

they are considerably longer than those in tris(dimethylaminonaphthyl)phosphine complex. 

 

Figure 3.30. Examples of intramolecular N⋯P interaction. 

The N⋯P interactions in 5-K are not enforced by geometry and among the shortest reported. 

Magnesium amidinate complex synthesis 

In order to synthesize the magnesium complexes, the metal center was introduced by reacting the 

amidinate ligands with metal precursors. Reaction of two differently substituted amidine ligands with 

a THF solution of the Grignard reagent MeMgCl gave the corresponding magnesium complexes 

(Figure 3.31). 

 

Figure 3.31. Synthesis of the magnesium complexes 10 and 11. 

Addition of the THF solution of the Grignard reagent MeMgCl to a benzene solution of the DIPP-

substituted amidine (5) gave rise to the DIPP-substituted amidinate magnesium chloride complex 

(10) in 74 % yield after three hours at room temperature. 31P NMR spectra revealed a singlet at 𝛿 = 

−10.0 ppm. From the reaction mixture, crystals could be obtained. Due to poor quality of the data 

set, the structure of Mg complex 10 could not be fully refined but the connectivity could be 

established. This clearly showed the amidinate ligand and the chloride ligand coordinated to the Mg 

along with two THF molecules. Unlike for the potassium complex, the amidinate ligand chelates the 

magnesium metal via both nitrogen atoms (Figure 3.32). The rather narrow bite angle of the 

amidinate function as well as the different size of the metals account for this effect (CN = 6, rionic(Mg2+) 

= 0.72 Å and rionic(K+) = 1.38 Å).[26b] In this magnesium complex, the bonding interaction P1∙∙∙N2 is 

not existent as for the ligand 5 or the potassium complex 5-K. The Mg⋯P distance is 4.922(2) Å 

which is longer than those in the 𝛽-diketiminate magnesium complexes and the Al⋯P distances in a 

reported geminal P/Al-based FLP system.[21]  
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Figure 3.32. Molecular structure of 10. 

The reaction of isopropyl-substituted amidinate (6) with MeMgCl under identical conditions produced 

the dimeric isopropyl-substituted amidinate magnesium chloride complex (11) in 53 % yield. The 31P 

NMR spectrum showed a singlet at 𝛿 = −14.4 ppm. Crystals suitable for X-ray measurement could 

be obtained and the crystal structure was determined (Figure 3.33 - Table 3.6). The complex 

crystallizes in the monoclinic space group P21/c with two dimeric molecules in the unit cell. The 

molecule is crystallographically centrosymmetric. It is interesting to note the steric effect of the 

substituents on the amidinate moiety. For the bulkier 2,6-diisopropylphenyl substituents, the complex 

is found as a THF-solvated monomer (10) but when the substituents are smaller, i.e isopropyl, the 

magnesium complex is found in its dimeric form with bridging chloride (11) in presence of one donor 

solvent molecule per Mg center.  

The distance between P and Mg is 4.8438(7) Å which is similar to the monomeric DIPP-substituted 

amidinate magnesium chloride complex 10. 

 

Figure 3.33. Molecular structures of 11. 
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Table 3.6. Selected bond lengths [Å] and angles [°] for 11. 

Mg1−Cl1 2.4096(7) Mg1−N1 2.0709(16) N2−Mg1−N1 64.13(6) 

Mg1−Cl1’ 2.4776(7) Mg1−N2 2.1108(16) N2−Mg1−Cl1’ 100.73(5) 

C1−N2 1.317(2) C1−N1 1.330(2) N1−Mg1−Cl1 100.53(5) 

Mg1⋯Mg1’ 3.5448(11) C1−N2−Mg1 90.16(10) C1−N1−Mg1 91.55(11) 

Cl1−Mg1−Cl1’ 87.02(2) N1−C1−N2 114.03(15)   

 

In summary, five well-defined magnesium complexes have been synthesized:  

(DIPP)(PPh2)nacnacMgMe (1), (DIPP)(PPh2)nacnacMgCl∙THF (2), [(Ph2P)(DIPP)nacnac]2Mg (4), 

DIPP-substituted amidinate-MgCl (10) and iPr-substituted amidinate-MgCl (11). The geometrical 

restriction of the β-diketiminate and amidinate frameworks prevent from Lewis acid-base adduct 

formation. For the β-diketiminate magnesium complexes, the distances between P and Mg are 

around 3.3 Å and are similar to that in reported P/Al-geminal FLP.[21] For the amidinate magnesium 

complexes, the distance is longer (approximately 4.9 Å). It should, however, be noticed that in 

solution this distance may vary due to conformational flexibility. Also of interest to note is the fact 

that in one protonated ligand and in a metal complex, short N⋯P interactions were found. In these 

cases, P acts as a Lewis acid instead of as a base. As a matter of fact, the Lewis acidity of P has 

already been examined in FLP chemistry.[28]  

3.3.3 Reactivity of magnesium 𝜷-diketiminate and amidinate complexes toward CO2 and 

isocyanate 

To probe the P/Mg-based FLP reactivity, the β-diketiminate and amidinate complexes were reacted 

with CO2. Insertion reactions involving isocyanates were also tested as they allow for modelling of 

the insertion reactions of CO2. 

Reactivity of 𝜷-diketiminate magnesium complexes towards CO2 and isocyanate  

Exposing (Ph2P)(DIPP)nacnacMgMe (1) to one bar of CO2 at 75 °C for five days resulted in no 

spectroscopic change in solution (1H, 31P). The same behaviour was observed for the 

(Ph2P)(DIPP)nacnacMgCl (2) and the homoleptic magnesium complex [(Ph2P)(DIPP)nacnac]2Mg  

(4). Increase of the CO2 pressure and temperature led to decomposition of the complexes. 

Simultaneously, the reactivity of 𝛽-diketiminate magnesium complexes 1, 2 and 4 towards 

isocyanates was also tested by adding phenylisocyanate to a solution of the complex. The 

complexes were unreactive after three days at 75 °C.  

Reactivity of amidinate magnesium complexes towards CO2 and isocyanate 

A solution of the isopropyl-substituted amidinate magnesium chloride (11) in C6D6 was exposed to 

one bar of CO2 at 60 °C. After one day, it could be observed by NMR spectroscopy that the complex 

partially reacted to give multiple undefined species. The 1H NMR spectra showed very broad signals 
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and the 31P NMR revealed several broad signals close to the starting material (𝛿 = −14.4 ppm), 

between −11.0 ppm and −17.0 ppm. Similar behaviour was observed for the DIPP-substituted 

amidinate magnesium chloride (10). No well-defined products could be isolated. 

The reaction of complex 11 with phenylisocyanate resulted after four hours at 60 °C in isocyanate 

trimerization (Figure 3.34).  

 

Figure 3.34. Cyclotrimerization of phenylisocyanate catalyzed by iPr-substituted amidinate-MgCl. 

Running the experiment with an equimolar solution of the bulkier 2,6-diisopropylphenylisocyanate 

and 11 allowed for the isolation of a new complex (12) after 18 hours at room temperature. This 

species gave more insight into the reaction pathway of the trimerization of isocyanate. Crystals 

suitable for X-ray measurement could be obtained and the crystal structure was determined (Figure 

3.35 - Table 3.7). The complex crystallizes in the monoclinic space group C2/c with four molecules 

in the unit cell. The crystal structure determination showed that the isocyanate inserted in one of the 

Mg−N bonds to give a new N,O-chelating ligand.  

 

Figure 3.35. Molecular structure of 12. 
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Table 3.7. Selected bond lengths [Å] and angles [°] for 12.  

Mg1−N1 2.0798(12) C1−N1 1.302(2) N1−C1−N2 122.33(13) 

Mg1−O1 1.9014(11) N1−Mg1−O1 89.51(5) O1−C2−N3 128.66(14) 

C2−O1 1.2762(19) C1−N1−Mg1 116.74(9) N2−C2−O1 116.81(12) 

C2−N3 1.2841(18) C2−O1−Mg1 124.73(9) N1−C1−N2 122.33(13) 

C2−N2 1.4667(18) N2−C2−N3 114.53(13) O1−C2−N3 128.66(14) 

C1−N2 1.3692(19) N1−Mg1−N1’ 130.24(8) O1’−Mg1−O1 126.91(8) 

 

It can be observed that the activation of the isocyanate does not proceed through interaction with 

the P and the Mg as expected. Instead, the C=O moiety of the isocyanate molecule inserts into the 

Mg−N bond. A possible reason for this is the small bite angle of 64.13(6)° of the amidinate function 

leading to a strained four-membered ring in complex 11 (average bond angle of C−N−Mg = 90.9°). 

Moreover, the heteroleptic complex undergoes, in solution, ligand redistribution by the Schlenk 

equilibrium as the isolated species is the homoleptic complex with inserted isocyanate.  

 

The cyclotrimerization of aryl isocyanates leading to the corresponding isocyanurate has already 

been observed with lanthanide and alkaline earth metal complexes. Edelmann et al. reported 

Cp2Y[nBuC(NtBu)2] as a good catalyst for the cyclotrimerization of phenylisocyanate.[29a] Harder et 

al. reported the cyclotrimerization of cyclohexylisocyanate in the presence of catalytic quantities of 

CaC(Ph2P=NSiMe3)2.[29b] They proposed a possible mechanism proceeding through 

“backbiting”.[29c,d] Accordingly, it can be suggested that the cyclotrimerization of phenylisocyanate 

catalyzed by 11 occur a similar manner (Figure 3.36). In a first step, a mono-inserted isocyanate Mg 

complex is formed after reaction of 11 with the substrate. Subsequent isocyanate insertions allow 

for chain growth that is stopped by backbiting. Indeed, the backbiting of the amide end-group gives 

rise to the cyclic trimer in the last step of the catalytic reaction cycle. 
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Figure 3.36. Postulated catalytic cycle for isocyanates cyclotrimerization with 11. 

It is worth mentioning that the 31P NMR spectrum of the isocyanate inserted product 12 (singlet at 𝛿 

= −17.4 ppm) is within the range of the observed signals for the CO2 reaction (between −11.0 ppm 

and −17.0 ppm). This lets us suggest that CO2 may also insert in the Mg−N bond of the complexes 

10 and 11. While carrying out this work, Kemp et al. reported CO2 insertion using the 

phosphorus/magnesium complex {(iPr2P)[N(SiMe3)2]}2Mg in which the CO2 insertion occurs between 

the Mg center and the N atom instead of the P atom.[30] 

3.3.4 Magnesium amide complexes 

In order to shorten the distance between the two Lewis centers and to increase electron density on 

P, a ligand system with a direct P−N bond was investigated (Figure 3.37). 

The phosphinoamine ligand Ph2PNDIPP−H (13) was synthesized according to literature procedure 

(Figure 3.37).[31] The 31P NMR spectrum showed a singlet at 𝛿 = 42.7 ppm and the 1H NMR spectrum 

displayed a characteristic doublet corresponding to the N−H proton at 𝛿 = 3.90 ppm (2JPH = 8.2Hz).  

 
Figure 3.37. Synthesis of ligand 13 and its possible resonance forms after deprotonation. 
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The reaction of 13 with the magnesium precursor Ph2Mg gave rise to the heteroleptic complex 

Ph2PNDIPP-MgPh (14) in 88% yield (Figure 3.38).  

 

Figure 3.38. Synthesis of magnesium complex. 

The addition of the magnesium precursor was carried out at 0 °C in benzene and the reaction mixture 

was stirred at room temperature for ten hours. Crystals of the product could be obtained from a 

benzene solution of the complex (Figure 3.39 - Table 3.8). The complex crystallizes in the monoclinic 

space group Cc with four molecules in the unit cell. The sum of bond angles around the nitrogen 

atom (Σbond angles = 359.9(2)°) indicates a planar moiety. C−C1−N1−Mg1 and C−C1−N1−P1 torsion 

angles vary from 76.8(2)° to 105.1(2)°. It can be observed that the phosphorus lone pair faces away 

from the Mg center and the distance between P and Mg is 3.3827(9) Å which is similar to that in the 

reported geminal P/Al-based FLP system[21] and in the 𝛽-diketiminate magnesium complexes 1, 2 

and 4. 

  

Figure 3.39. Molecular structure of 14. 

Table 3.8. Selected bond lengths [Å] and angles [°] for 14. 

P1−N1 1.6879(19) P1−O1 2.0532(18) P1−N1−C1 112.80(15) 

N1−Mg1 2.026(2) P1−O2 2.0500(19) C1−N1−Mg1 116.13(14) 

Mg1−C2 2.153(2) P1−N1−Mg1 131.06(11) P1⋯Mg1 3.3827(9) 
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The 31P NMR spectrum showed a singlet at 𝛿 = 55.3 ppm. The 1H NMR exhibited two doublets at 𝛿 

= 1.22 ppm and 𝛿 = 1.33 ppm, and one septet at 𝛿 = 4.25 ppm for the diisopropyl groups indicating 

free rotation around the N−C axis. 

3.3.5 Reactivity of magnesium amide complexes towards CO2 and isocyanate 

The geminal FLP Ph2PNDIPP-MgPh (14) was reacted with CO2 and 2,6-

diisopropylphenylisocyanate.  

To explore the reactivity towards CO2 the complex was placed in a J. Young NMR tube and put 

under CO2 atmosphere. After ten days at 90 °C, 1H-NMR spectroscopy and 31P NMR spectroscopy 

revealed unreacted 14 along with traces of undefined products (broad signals in 31P NMR signals 

around 65 ppm).  

As for the reaction of isocyanates with intramolecular FLP’s, two possible adducts can be 

expected.[32] In the first one, the C=O adduct would be observed. The reaction would proceed 

through coordination of the oxygen atom of the isocyanate to the Lewis acid and attack of the Lewis 

base to the carbon atom of the isocyanate. In the second case, the C=N adduct would be observed. 

The reaction would occur via coordination of the nitrogen atom of the isocyanate to the Lewis acid 

and attack of the Lewis base to the carbon atom of the isocyanate. Placing a sterically demanding 

group on the N atom of the isocyanate should prevent the C=N adduct formation.  

For the investigation towards 2,6-diisopropylphenylisocyanate reactivity, the substrate was added to 

a solution of the complex in C6D6 in a NMR tube and the reaction was followed by NMR spectroscopy. 

After three days at 55 °C,  31P NMR spectroscopy showed unreacted 14, one main product (𝛿 = 6.1 

ppm) and traces of side products. 1H NMR spectroscopy showed one doublet for the 

diisopropylmethyl groups at 𝛿 = 1.22 ppm that could belong to the inserted isocyanate suggesting 

that the C=O adduct is formed (free rotation around the N−C axis). Two doublets for the diisopropyl 

substituents of the Mg-bound aniline at 𝛿 = 0.62 ppm and at 𝛿 = 1.33 ppm were found. No well-

defined product could be isolated. 

3.3.6 Aluminium amide complexes 

Since intramolecular FLP systems with Mg as the metal did not lead to the desired P-base/Mg-acid 

reactivity and no well-defined products could be isolated, we probed Ph2PNDIPP−H ligand in a P/Al 

FLP system. Reacting Ph2PNDIPP−H (13) with a trialkylaluminium reagent (AlMe3, AlEt3) in toluene 

at 100 °C over three hours gave rise to the respective aluminium complexes Ph2PNDIPP-AlMe2 (15) 

in 92 % yield and Ph2PNDIPP-AlEt2 (16) in 84 % yield (Figure 3.40). Their solubility in benzene was 

limited but 1H NMR spectroscopy in C6D6 could reveal the Me−Al groups of compound 15 with a 

doublet at 𝛿 = −0.12 ppm (4JPH = 3.4 Hz). The ethyl group of 16 exhibited a multiplet at 𝛿 = 0.76 ppm 
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for the Al-CH2 and a triplet at 𝛿 = 0.95 ppm (3JHH = 8.0 Hz) for the CH3. 31P NMR spectra of each 

complex showed a singlet at 𝛿 = 35.8 ppm for 15 and 𝛿 = 35.9 ppm for 16.  

 

Figure 3.40. Synthesis of the aluminium complexes 19 and 20. 

A crystal structure determination of 15 revealed the dimeric nature and the six-membered 

heterocycle Al2N2P2 in a chair conformation (Figure 3.41 - Table 3.9). 

 

Figure 3.41. Molecular structure of 15. 

Table 3.9. Selected bond lengths [Å] and angles [°] for 15. 

P1’−Al1 2.5085(6) P1’−Al1−N 109.69(3) P1−N1−C1 120.68(7) 

P1−N1 1.6745(11) P1−N1−Al1 124.16(6)   

N1−Al1 1.9085(11) C1−N1−Al1 114.38(8)   

 

The complex crystallizes in the triclinic space group P1̅ with one dimeric molecule in the unit cell. 

The molecule shows a crystallographic center of inversion. The P’−Al bond length does not deviate 

from reported Al2C2P2 heterocycles in literature.[20,21] The DIPP substituents on the aniline are 

perpendicular to the ring. C−C1−N1−Al1 and C−C1−N1−P1 torsion angles vary from 90.2(1)° to 

99.9(1)°. The sum of bond angles around the nitrogen atom (Σbond angles = 359.2(7)°) indicates a planar 

moiety. 

Due to dimer formation, 15 shows no free Lewis acid and base functions and cannot be considered 

as a Frustrated Lewis Pair. However, according to the HSAB concept, P should be considered as a 

soft Lewis base whereas Al is rated as a very hard Lewis acid. [21c] This mismatch causes the P−Al 

bond to be weak and 15 can therefore be considered as a “masked” FLP.[20] In a nonpolar solvent, 
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such dimers are stable at high temperature (100 °C) but addition of THF led to cleavage of the P−Al 

bond. Formation of the monomeric form can be observed in which a THF molecule coordinates to 

the aluminium center (Figure 3.42).  

 

Figure 3.42. Monomeric aluminium complexes. 

The 31P NMR spectrum showed singlets at 𝛿 = 51.1 ppm for 17 and 𝛿 = 50.1 ppm for 18. In the 1H 

NMR spectrum, a new set of signals was observed. A singlet was observed at 𝛿 = −0.41 ppm for 

the methyl substituents of 17, and a multiplet at 𝛿 = 0.28 ppm and a triplet at 𝛿 = 1.33 ppm for the 

ethyl substituents of 18. Crystals suitable for X−ray diffraction were obtained from a benzene 

solution of the product at 5 °C. The complex crystallizes in the orthorhombic space group P212121 

with four molecules in the unit cell (Figure 3.43 - Table 3.10). 

 

Figure 3.43. Molecular structure of the monomeric aluminium complex 17. 

Table 3.10. Selected bond lengths [Å] and angles [°] for 17. 

P1−N1 1.703(2) P1−N1−C1 123.41(17) 

N1−Al1 1.856(2) C1−N1−Al1 119.13(17) 

P1−N1−Al1 117.27(11) P1⋯Al1 3.0396(12) 

 

As for the dimer, the sum of bond angles around the nitrogen atom (Σbond angles = 359.8(2)°) indicates 

a planar moiety with the DIPP substituents perpendicular. C−C1−N1−Al1 and C−C1−N1−P1 

torsion angles vary from 86.9(3)° to 88.0(3)°. Unlike the Mg complex (Figure 3.39), the lone pair of 

the phosphorus atom points towards the metal. There is, however, no notable reduction in the 

P1−N1−Al1 angle (from 124.16(6)° for 15 to 117.27(11)° for 17). The distance between P and Al is 
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3.0396(12) Å which is similar to that in the reported geminal P/Al-based FLP system[21] and in the 

magnesium complex 14. 

 

3.3.7 Reactivity of aluminium amide complexes toward CO2 and isocyanate 

To explore Ph2PNDIPP-AlMe2 (15) as a potential FLP, its reactivity towards CO2 was tested. Placing 

a suspension of 15 in benzene under CO2 atmosphere led to a clear solution after 30 minutes at 

room temperature. The product was directly crystallized from the reaction mixture at 5 °C and a 

crystal structure determination revealed a dimeric complex (Figure 3.44-Table 3.11). The complex 

crystallizes in the monoclinic space group P21/c with two dimers in the unit cell. The molecule is 

crystallographically centrosymmetric. The structure shows that two CO2 molecules had inserted into 

the Al−N bonds, resulting in an eight-membered heterocycle Al2C2O4 (19).  

 

Figure 3.44. Molecular structure of 19. 

Table 3.11. Selected bond lengths [Å] and angles [°] for 19.  

P1−N1 1.7850(13) O1−Al1 1.8280(12) O1−Al1−O2’ 100.56(5) 

N1−C1 1.3580(15) O2−Al’1 1.8570(9) Al1−O2’−C1’ 125.68(8) 

C1−O1 1.2866(16) O1−C1−O2 122.19(10) C1−N1−P1 115.93(9) 

C1−O2 1.2701(17) C1−O2−Al1’ 135.25(9)   

 

The ring is build up from two carboxylate units and two bridging aluminium atoms. The substructure 

NCO2 is almost planar (dihedral angle N1−C1−O1−O2 = 177.5(2)°) which suggests an extended 

delocalized system. The coordination geometries around C1 and N1 are trigonal planar with Σbond 

angles = 359.9(3)° and Σbond angles = 359.4(3)°, respectively. Thus C1 and N1 can be considered sp2-

hybridized. The C−O bond distances of 1.2701(17) Å and 1.2866(16) Å are between a single bond 

(around 1.43 Å) and a double bond (around 1.21 Å).[33] Also the C1−N1 bond distance of 1.3581(15) 

Å is shorter that a typical C−N single bond (around 1.47 Å) but longer than a typical C=N double 

bond (around 1.28 Å).[33] The lone pair of the P lies approximately in the NCO2-plane and therefore 

P is not part of the delocalized structure. Also the P1−N1 bond distance of 1.7850(13) Å suggests 

no 𝜋 −interaction. 
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The 31P NMR spectrum displayed a singlet at 𝛿 = 65.6 ppm. The 1H NMR spectrum revealed that 

actually, in solution, a mixture of two isomers was formed (Figure 3.45).   

 

Figure 3.45. Reaction of 19 with CO2. 

In the trans-isomer 19a, one signal for the methyl substituents on the aluminium at 𝛿 = −0.56 ppm 

is observed as a consequence of the inversion center whereas in the cis-isomer, two different signals 

(𝛿 = −0.55 ppm and 𝛿 = −0.30 ppm) in a ratio 1:1 are observed. At room temperature, the two 

molecules coexist in a ratio of 3:4. The 13C spectra showed the carbon atom of the inserted CO2 

molecule at 𝛿 = 162.7 ppm and 𝛿 = 162.8 ppm for the two isomers. Uhl et al. observed the same 

phenomenon by reacting CO2 with an aluminium hydrazide FLP.[34] 

To gain more insight into the insertion mechanism, the reaction was followed by 31P NMR 

spectroscopy. The first measurement was performed ten minutes after the addition of CO2 and 

further 31P NMR spectra were recorded every two hours over the course of 18 hours without stirring. 

Two main intermediates species could be identified. The first one appeared few minutes after the 

experiment started and disappeared eight hours after. This intermediate showed a singlet at 𝛿 = 51.7 

ppm, very similar to the one of monomeric species 17 (𝛿 = 51.1 ppm). The signal of the second 

intermediate species with a 31P chemical shift of 4.5 ppm increases along with vanishing of the first 

intermediate and disappeared in less than two hour to give rise to the product. Unfortunately, this 

species could not be isolated and the NMR spectroscopic data obtained could not give clear 

structural informations. Hence, the CO2 insertion mechanism was subject of further study. In order 

to get a better understanding of the rearrangement and insertion of CO2 into the Al–N bond, the 

complex was reacted with isocyanates. 

Reactivity toward isocyanate  

Two possible adducts can be expected from the reaction of isocyanates with FLP’s (see 3.3.5).[32] 

The first product is the C=O adduct with coordination of the oxygen atom of the isocyanate to the 

Lewis acid and attack of the Lewis base to the carbon atom of the isocyanate. The second product 

is the C=N adduct. The reaction would occur via coordination of the nitrogen atom of the isocyanate 

to the Lewis acid and attack of the Lewis base to the carbon atom of the isocyanate. 

2,6-Diisopropylphenylisocyanate was added to an equimolar suspension of Ph2PNDIPP-AlMe2 (15) 

in benzene and stirred until a clear solution was obtained. After two days at room temperature, the 
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solvent was removed and the white solid was washed with hexane. Crystals suitable for X−ray 

diffraction were obtained from a benzene solution of the product at room temperature.  

For the reaction of 2,6-diisopropylphenylisocyanate with Ph2PNDIPP-AlMe2 (15), the formation of 

the C=O adduct was observed (Figure 3.46).  

 

Figure 3.46. Reaction of 19 with 2,6-diisopropylphenylisocyanate.  

The product crystallizes in the monoclinic space group P21/c with four molecules in the unit cell. The 

molecular structure displays a five-membered ring containing oxygen and carbon of the isocyanates 

(Figure 3.47 - Table 3.12).  

 

Figure 3.47. Molecular structure of 20. 

This N−P−C−O−Mg cycle is not totally planar as the phosphorus atom is not in the same plane as 

the other atoms. This is illustrated by torsion angles which are not the ideal 0° (N1−P1−C1−O1 = 

18.36(10)°; C1−P1−N1−Al1 = -16.86(7)°). 
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Table 3.12. Selected bond lengths [Å] and angles [°] for 20.  

P1−N1 1.6259(11) N2−C1 1.4298(19) P1−C1−O1 112.58(10) 

P1−C1 1.8350(15) O−Al−N1 90.93(5) P1−C1−N2 116.90(9) 

Al1−O1 1.8324(11) O1−C1 1.3120(14) O1−C1−N2 130.38(13) 

Al1−N1 1.9423(11) C1−N2 1.2725(17) Al1−O1−N2 172.21(11) 
 

1H NMR spectroscopy showed one doublet for the isopropyl signals of the inserted isocyanate at 𝛿 

= 1.27 ppm due to rotation around the N2−Caryl axis, whereas the diisopropyl substituents of the 

Al-bound aniline showed two doublets at 𝛿 = 0.32 ppm and 𝛿 = 1.21 ppm which means that free 

rotation around the N1−Caryl axis is hindered by sterics. The 13C spectra displays a characteristic 

doublet for the carbon atom of the heterocycle at 𝛿 = 156.8 ppm (1JCP = 160.0Hz). Important to 

mention is the chemical shift in 31P NMR spectroscopy with a singlet at 𝛿 = 7.1 ppm. This value is 

quite similar to the value observed for the second intermediate species in the CO2 insertion kinetic 

experiment (𝛿 = 4.5 ppm). This is an indication that the CO2 insertion might go through a similar five-

membered ring.  

The environment around the aluminium in 20 and the bond angle O−Al−N of 90.93(5)° indicate that 

the ring is strained. Also, Al−N bond are generally weaker that Al−O bond so there is a higher 

probability to have a ring opening by breaking the Al−N bond (bond dissociation energies in diatomic 

molecules at 298K: Al−N: ≤ 368 ±15 kJ.mol-1; Al−O: 501.9 ±10.6 kJ.mol-1).[30b] 

With this new information, it can be suggested that the CO2 insertion goes via coordination of one 

oxygen atom to the aluminium atom and attack of the phosphorus atom to the carbon atom forming 

a five-membered ring. Rearrangement proceeds after breaking of the Al−N bond and formation of 

the isolated product 19a (Figure 3.48).  

 

Figure 3.48. Possible mechanism for CO2 insertion. 

A comparison between the magnesium amide complex 14 and the aluminium amide complex 15 

reactivity experiments allows suggesting that they exhibit comparable reactivity. Indeed, although no 

species could be isolated from the reaction of Ph2PNDIPP-MgPh (14) and 2,6-

diisopropylphenylisocyanate, the NMR data are comparable to the NMR data obtained for the 

reaction of Ph2PNDIPP-AlMe2 (15) with 2,6-diisopropylphenylisocyanate. 



Chapter 3 

90 

3.4 Conclusions  

In conclusion, the development of phosphorus/magnesium complexes for FLP-type reactivity has 

been studied following two different ligand classes. 

The first class includes bulky bidentate phosphorus-containing ligands. One 𝛽-diketimine ligand and 

five differents amidine ligands (DIPP-, iPr-, p-tolyl-, tBu-, Cy-substituted amidinate) containing a 

Ph2P-substituent were synthesized. Analysis of the DIPP-substituted amidine precursor revealed a 

tautomeric equilibrium in which the acidic proton is mainly on one nitrogen of the amidine moiety 

(NH form) but also for some part located on the Lewis basic phosphorus (PH form).  

From the bulky 𝛽-diketimine ligand, two heteroleptic and one homoleptic magnesium complexes 

were successfully isolated ((Ph2P)(DIPP)nacnacMgMe, (Ph2P)(DIPP)nacnacMgCl∙THF and 

[(Ph2P)(DIPP)nacnac]2Mg). As for the amidine ligands, two well-defined heteroleptic magnesium 

complexes could be isolated: the monomeric DIPP-substituted amidinate-MgCl and the dimeric iPr-

substituted amidinate-MgCl. 

Investigations on FLP reactivity were carried out with the substrates CO2 and isocyanate. This 

revealed that the geometrical characteristics of the designed systems do not allow for Mg/P FLP 

reactivity. It could be observed in the amidinate system that the iPr-substituted amidinate-MgCl was 

active in isocyanate trimerization. Isolation and analysis of an isocyanate inserted Mg complex 

revealed that the activation goes through insertion of isocyanate in the Mg−N bond. 

The second class of ligands is an amide ligand containing a Ph2P-substituent in 𝛼-position making 

P more electron-rich and nucleophilic. The monoanionic monodentate ligand gave rise to one 

magnesium complex (Ph2PNDIPP-MgPh). In order to broaden the scope of this ligand, two new Al 

complexes have been prepared (Ph2PNDIPP-AlMe2 and Ph2PNDIPP-AlEt2). Subsequent reaction 

with CO2 could be clearly studied with the aluminium complex Ph2PNDIPP-AlMe2. The structural 

informations obtained from the reactions of the complex with CO2 and diisopropylisocyanate 

revealed that insertion of CO2 into the P/Al FLP was followed by a rearrangement resulting in a CO2 

molecule inserted in the Al−N bond.  

The obtained results clearly show that reducing the Lewis acidity of the metal center (Al3+→Mg2+) 

does not lead to potent FLP systems. However, our results can be a prospectful starting point for the 

design of new magnesium complexes for FLP-type reactivity. Further optimization may involve the 

development of new nitrogen/magnesium or phosphorus/magnesium FLP systems.  
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3.5 Experimental section 

3.5.1 General 

All experiments were carried out under inert atmosphere using standard Schlenk and glove box 

techniques. Benzene and THF were dried over sodium, distilled and stored under nitrogen 

atmosphere. Toluene, pentane, hexane and diethylether were degassed with nitrogen, dried on 

activated alumina columns and stored under nitrogen atmosphere. Starting materials were 

purchased from Sigma–Aldrich, ACROS, ABCR and were used as delivered. 

Chlorodiphenylphosphine, 1,2-dibromobenzene were freshly distilled prior to use. 2,6-

diisopropylphenylcarbodiimide, dicyclohexylcarbodiimide were dried over CaH2 prior to use. 2,6-

Diisopropylphenylisocyanate, phenylisocyanate, diisopropylcarbodiimide, di-p-tolylcarbodiimide, di-

t-butylcarbodiimide, 2,6-diisopropylaniline were dried over CaH2 and freshly distilled prior to use. The 

following compounds were synthesized according to literature procedures: DIPP-𝛽-ketoimine,[35] 

Ph2PNDIPP−H[31]. NMR spectra have been recorded on Bruker Avance DPX-300 MHZ or DRX-400 

MHz spectrometer (specified at individual experiments). 

3.5.2 𝜷-diketiminate ligand system 

(DIPP)(H)nacnacH2
+BF4ˉ. DIPP-𝛽-ketoimine (5.25 g, 20.2 mmol) was dissolved in dry CH2Cl2 

(40 mL). Meerwein-salt (3.85 g, 20.2 mmol), dissolved in dry CH2Cl2 (50 mL) was added. The 

mixture was stirred 30 minutes at room temperature. Dry EtOH (10 mL) was added and ammonia 

was bubbled through the solution for 35 minutes. A white solid precipitated. The mixture was stirred 

overnight at room temperature. The emerged pale-yellow suspension was filtered and the solvent 

was removed under reduced pressure. The yellow solid was dissolved in dry hexane and the product 

was crystallized at 5 °C as colorless crystals.  

Yield: 1.57 g, 4.53 mmol, 22% 

1H NMR (300 MHz, DMSO-d6, 25 °C): δ (ppm) = 1.06 (s, 3H, CH3), 1.08 (d, 3JHH 

= 6.8 Hz, 6H, iPr-CH3), 1.18 (d, 3JHH = 6.8 Hz, 6H, iPr-CH3), 1.19 (s, 3 H, CH3), 

2.88 (sept, 3JHH = 6.8 Hz, 2H, iPr-CH), 4.52 (s, 1H, CH), 6.95 (t, 3JHH = 7.2 Hz, 

1H, Ar), 7.12 (d, 3JHH = 7.2 Hz, 2H, Ar), 9.33 (broad s, 1H, NH). 

13C NMR (75 MHz, DMSO-d6, 25 °C): δ (ppm) = 18.5 (CH3), 22.2 (iPr-CH3, 2C), 24.3 (iPr-CH3, 2C), 

28.1 (iPr-CH, 2C), 28.8 (CH3), 95.4 (CH), 124.1 (Ar), 123.5 (Ar), 128.3 (Ar), 132.9 (Ar), 145.6 

(Ar),145.9 (Ar), 162.6 (CH), 194.9 (CH). 

(DIPP)(H)nacnac−H. (DIPP)(H)nacnacH2
+BF4ˉ (1.50 g, 4.33 mmol) and NaOMe (0.35 g, 

6.48 mmol) were dissolved in a mixture of dry MeOH (8 mL) and dry benzene (10 mL). The mixture 

was stirred at room temperature overnight. The solvent was removed under reduced pressure. The 

product was extracted with dry hexane (15 mL). The solvent was removed under reduced pressure 

and the product was obtained as a light yellow powder.  
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Yield: 1.12 g, 4.33 mmol, quant. 

1H NMR (300 MHz, C6D6, 25 °C): δ (ppm) = 1.18 (d, 3JHH = 6.8 Hz, 12H, iPr-CH3), 

1.30 (s, 3H, CH3), 1.50 (s, 3 H, CH3), 2.99 (sept, 3JHH = 6.8 Hz, 2H, iPr-CH), 4.49 

(s, 1H, CH), 6.99 - 7.07 (m, 3H, Ar), 9.36 (broad s, 1H, NH), 11.95 (broad s, 1H, 

NH).  

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = 21.9 (CH3), 22.3 (CH3), 23.2 (iPr-CH3, 2C), 24.1 (iPr-

CH3, 2C), 28.5 (iPr-CH, 2C), 94.6 (CH), 123.3 (Ar), 123.4 (Ar), 127.8 (Ar), 137.9 (Ar), 147.7 (Ar), 

152.9 (CH), 166.7 (CH). 

M.P: 106 − 109 °C. 

Elemental analysis (%) calcd for C17H26N2 (Mr = 258.43): C 79.02, H 10.14, N 10.84; found C 79.29, 

H 10.26, N 10.53. 

(Ph2P)(DIPP)nacnac−H. (DIPP)(H)nacnac−H (0.62 g, 2.39 mmol) and dry Et3N (1.00 mL, 

7.17 mmol) were dissolved in dry THF (15 mL). The mixture was cooled to 0 °C and ClPPh2 

(0.43 mL, 2.33 mmol) was added. The mixture was allowed to warm to room temperature and stirred 

overnight. The mixture turned from a light-yellow solution to a strong-yellow solution with a white 

suspension. The resulting solid was removed by centrifugation and the solvent was removed under 

vacuum. The product was extracted with Et2O. The product was obtained in form of pale-yellow 

crystals by crystallization from the mother liquor at 5 °C.  

Yield: 0.74 g, 1.67 mmol, 72%. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 1.04 (d, 3JHH = 6.9 Hz, 6H, iPr-

CH3), 1.16 (d, 3JHH = 6.9 Hz, H, iPr-CH3), 1.58 (s, 3H, CH3), 2.15 (d, 3JPH = 2.4 

Hz, 3H, CH3), 3.02 (sept, 3JHH = 6.9 Hz, 2H, iPr-CH), 4.88 (d, 3JPH = 3.9 Hz, 1H, 

CH), 6.74 - 7.49 (m, 13H, Ar), 12.09 (d, 1H, 2JHP = 9.9 Hz, NH).  

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = 21.4 (Me backbone), 23.3 (iPr-CH3), 24.3 (iPr-CH3), 28.1 

(Me backbone), 28.4 (iPr-CH), 83.1, 123.2 (Ar), 125.7 (Ar), 128.6 (Ar), 129.3 (Ar), 131.5 (d, 2JCP = 

21.5 Hz, Ar), 132.2, 138.0 (d, 3JCP = 21.1 Hz, Ar), 146.5 (d, 1JCP = 26.9 Hz, Ar), 168.1 (backbone), 

168.6 (d, 2JCP = 29.1 Hz, backbone). 

31P NMR (162 MHz, C6D6, 25 °C): δ (ppm) = 26.4 (s). 

M.P: 110 – 115 °C. 

Elemental analysis (%) calcd for C29H35N2P (Mr = 442.25): C 78.70, H 7.97, N 6.33; found C 78.59, 

H 7.96, N 6.34. 

 (Ph2P)(DIPP)nacnacMgMe∙(dioxane)0.5 – 1. (Ph2P)(DIPP)nacnacH (40.0 mg, 0.09 mmol) and 

dimethylmagnesium (4.00 mg, 0.08 mmol) were dissolved in C6D6 (0.6 mL) affording a yellow 

solution. The reaction mixture was heated to 55 °C for two days. Addition of 1,4-dioxane and cooling 

the NMR tube to 5 °C allowed for crystallization. According to 1H NMR, 0.5 equivalent of dioxane is 

present as ligand. 

Yield: 31.5 mg, 0.06 mmol, 75%. 
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1H-NMR: (300 MHz, C6D6, 25 °C): δ (ppm) = -1.72 (s, 3H, Mg–CH3), 1.30 (d, 3JHH = 6.9 Hz, 6H, iPr-

CH3), 1.37 (d, 3JHH = 6.9 Hz, 6H, iPr-CH3), 1.74 (s, 3H, CH3), 

2.65 (d, 3JPH = 4.7 Hz, 3H, CH3), 3.27 (m, 2H, iPr-CH), 5.08 (d, 

3JPH = 4.4 Hz, 1H, CH), 7.18-7.32 (m, 10H, Ar), 7.77 (m, 3H, Ar). 

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = -0.9 (Mg–Me), 23.9 

(Me backbone), 24.2 (iPr-CH3), 24.7 (iPr-CH3), 27.7 (d, 3JCP = 

38.9 Hz, Me backbone), 28.4 (iPr-CH), 101.1 (d, 3JCP = 6.2 Hz, 

backbone), 123.6 (Ar), 125.6 (Ar), 129.3 (d, 2JCP = 6.4 Hz, Ar), 129.4 (Ar), 132.9 (d, 3JCP = 19.5 Hz, 

Ar), 140.6 (d, 1JCP = 16.2 Hz, Ar), 142.1 (Ar), 144.4 (Ar), 172.2 (backbone), 172.8 (d, 2JCP = 20.2 Hz, 

backbone).   

31P-NMR: (162 MHz, C6D6, 25 °C): δ (ppm) = 41.8 (s) 

(Ph2P)(DIPP)nacnacMgCl∙THF – 2. A three molar solution of methylmagnesium chloride in THF 

(0.03 mL, 0.09 mmol) was added to a solution of (Ph2P)(DIPP)nacnacH (40.0 mg, 0.09 mmol) in 

C6D6. The reaction-mixture was warmed to 60 °C for 18 hours. Cooling the NMR tube to 5 °C allowed 

for crystallization. According to 1H NMR, 1 equivalent of THF is still present as ligand.  

Yield: 28.7 mg, 0.05 mmol, 56%. 

1H-NMR: (300 MHz, C6D6, 25 °C): δ (ppm) = 1.29 (d, 3JHH = 6.9 Hz, 6H, iPr-CH3), 1.32 (broad s, 6H, 

iPr-CH3), 1.74 (s, 3H, CH3), 2.64 (d, 3JPH = 4.6 Hz, 3H, CH3), 3.27 (m, 2H, iPr-CH), 5.07 (d, 3JPH = 4.4 

Hz, 1H, CH), 7.18-7.32 (m, 10H, Ar), 7.78 (m, 3H, Ar) 

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = 24.2 (Me backbone), 24.4 (iPr-

CH3), 24.9 (iPr-CH3), 27.6 (d, 3JCP = 38.8 Hz, Me backbone), 28.6 (iPr-CH), 

100.3 (d, 3JCP = 6.1 Hz, backbone), 123.9 (Ar), 125.8 (Ar), 128.9 (d, 2JCP = 

6.4 Hz, Ar), 129.0 (Ar), 133.2 (d, 3JCP = 19.7 Hz, Ar), 141.0 (d, 1JCP = 15.7 

Hz, Ar), 141.6 (Ar), 144.5 (Ar), 172.0 (backbone), 172.6 (d, 2JCP = 20.1 Hz, backbone).   

31P-NMR: (121 MHz, C6D6, 25 °C): δ (ppm) = 43.7 (s) 

In situ synthesis of (Ph2P)(DIPP)nacnacMgPh – 3. (Ph2P)(DIPP)nacnacH (20.0 mg, 0.05 mmol) 

and diphenylmagnesium (8.0 mg, 0.05 mmol) were dissolved in C6D6 (0.6 mL). After heating the 

reaction mixture to 60 °C for one week. Conversion to (Ph2P)(DIPP)nacnacMgPh was observed.  

1H-NMR: (300 MHz, C6D6, 25 °C): δ (ppm) = 1.09 (broad s, 6H, iPr-CH3), 1.21 (broad s, 6H, iPr-

CH3), 1.69 (s, 3H, CH3), 2.47 (broad s, CH3), 3.12 (broad s, 2H, iPr-CH), 5.17 (broad s, 1H, CH), 

6.98-7.12 (m, 12H, Ar), 7.72 (m, 3H, Ar) 

31P-NMR: (121 MHz, C6D6, 25 °C): δ (ppm) = 41.5 (s) 

Unfortunately attempted isolation of the product by cooling the mother liquor to room temperature 

always led to the homoleptic complex [(Ph2P)(DIPP)nacnac]2Mg. 

[(Ph2P)(DIPP)nacnac]2Mg – 4. (Ph2P)(DIPP)nacnacH (30.0 mg, 0.07 mmol) and 

diphenylmagnesium (6.0 mg, 0.03 mmol) were dissolved in C6D6 (0.6 mL). The reaction mixture was 
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heated to 60 °C for four days. Slow cooling of the NMR tube to room temperature allowed for 

crystallization.   

Yield:  18.1 mg, 0.02 mmol, 67%. 

1H-NMR: (300 MHz, C6D6, 25 °C): δ (ppm) = 0.44 (d, 3JHH = 6.8 Hz, 6H, iPr-

CH3), 0.99 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 1.21 (d, 3JHH = 6.9 Hz, 6H, iPr-

CH3), 1.27 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 1.37 (s, 3H, CH3), 2.17 (m, 2H, 

iPr-CH), 2.57 (s, 3H, CH3), 3.78 (m, 2H, iPr-CH), 4.77 (d, 3JPH = 3.4 Hz, 1H, 

CH), 6.98-7.12 (m, 22H, Ar), 7.57 (t, 3JHH = 6.8 Hz, 2H, Ar), 7.88 (t, 3JHH 

=7.3 Hz, 2H, Ar) 

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = 23.5 (Me backbone), 23.7 (iPr-CH3), 25.2 (iPr-CH3), 27.5 

(Me backbone), 27.9 (iPr-CH), 97.2 (backbone), 123.4 (Ar), 125.3 (Ar), 128.5 (d, 4JCP = 8.2 Hz, Ar), 

128.9 (Ar), 129.4 (d, 2JCP = 19.4 Hz, Ar), 132.3 (d, 3JCP = 23.8 Hz, Ar), 140.1 (d, 1JCP = 23.8 Hz, Ar), 

146.4 (Ar), 167.0 (backbone), 168.8 (d, 3JCP =9.4 Hz, backbone).  

31P-NMR: (121 MHz, C6D6, 25 °C): δ (ppm) = 52.7 (s) 

Reaction of 1, 2, 4 with CO2. The magnesium complex (0.05 mmol) was dissolved in C6D6 (0.5 mL) 

in a J-Young NMR tube. The solution was frozen and degassed three times before it was exposed 

to a CO2 atmosphere (0.8 bar). The solution was heated to 75 °C for five days and followed by NMR 

spectroscopy. 

Reaction of 1, 2 and 4 with phenylisocyanate. PhNCO (4.87 µL, 0.05 mmol) was added to a 

solution of the complex (0.05 mmol) in C6D6 (0.5 mL). The solution was heated to 75 °C for three 

days and followed by NMR spectroscopy. 

Reaction of 4 with 2,6-diisopropylphenylisocyanate. DIPPNCO (5.21 µL, 0.05 mmol,) was added 

to a solution of 4 (45.3 mg, 0.05 mmol) in C6D6 (0.5 mL). The solution was heated to 75 °C for three 

days and followed by NMR spectroscopy. 

3.5.3 Amidinate ligand system 

2-Ph2P-bromobenzene. 1,2-dibromobenzene (10.1 g, 42.8 mmol) was added to a mixture of THF 

(100 mL) and Et2O (100 mL). It was cooled down to –115 °C under vigorous stirring. After the slow 

addition of nBuLi (15.0 mL, 2.5 M, 37.5 mmol) over one hour, the solution was stirred for an additional 

hour. Ph2PCl (9.34 g, 42.3 mmol) in THF (10 mL) was added slowly –115 °C and the mixture was 

allowed to stir for another 60 minutes. The solution was slowly warmed up to room temperature 

before it was cooled down to ca. –100 °C. At –100 °C, a saturated aqueous solution of NH4Cl (100 

mL) was added and the mixture was slowly warmed up to room temperature. The solution was 

extracted with Et2O (3 x 100 mL) and dried over MgSO4. After the solution was filtered and the 

solvent was removed in vacuum, a light yellow oil was obtained. The product was crystallized from 

methanol as white needles.  

Yield: 6.86 g, 20.1 mmol, 54%. 
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The NMR data were according to data reported in literature.[36] 

2-Ph2P-phenyllithium. 2-Ph2P-bromobenzene (0.99 g, 2.89 mmol) was dissolved in Et2O (10 mL) 

and cooled down to –10 °C. Addition of nBuLi (1.25 mL, 2.5 M, 3.25 mmol) caused the formation of 

a light pink crystalline solid. The solid was washed with Et2O (3 x 5 mL) and dried in vacuum. 

According to 1H NMR, 0.87 equivalents of Et2O are still present as ligand.  

Yield: 0.92 g, 2.77 mmol, 96%. 

The NMR data were according to data reported in literature.[37] 

(Ph2PC6H4)C(=N-DIPP)(NH-DIPP) – 5. 2-Ph2P-phenyllithium (1.00 g, 3.01 mmol) and 2,6-

diisopropylphenylcarbodiimide (1.15 g, 3.17 mmol) were dissolved in benzene (10 mL) and stirred 

at 60 °C for five hours. The solution was hydrolyzed with water (10 mL) and extracted with Et2O (2 x 

10 mL). After drying over MgSO4, the solvent was removed in vacuum and a white solid was 

obtained. The product was crystallized from hexane at 5 °C as a white crystalline solid. 

Yield: 1.86 g, 2.98 mmol, 94%. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 1.12 (m, 12H, iPr–CH3), 1.23 (d, 3JHH 

= 6.9 Hz, 6H, iPr–CH3), 1.33 (d, 3JHH = 6.9 Hz, 6H, iPr–CH3), 3.64–3.67 (m, 2H, 

iPr–CH), 4.10–4.14 (m, 2H, iPr–CH), 5.70 (s, 0.30H, PH), 6.16 (s, 0.70H, NH), 

6.72–6.82 (m, 3H, Ar), 6.95–6.99 (m, 3H, Ar), 6.99–7.07 (m, 8H, Ar), 7.35–7.38 

(m, 1H, Ar), 7.42–7.45 (m, 1H, Ar), 7.59 (t, 3JHH = 6.9 Hz, 4H, Ar).  

13C NMR (101 MHz, C6D6, 25 °C): δ (ppm) = 23.4 (iPr-CH3), 24.5 (iPr-CH3), 25.9 (iPr-CH3), 27.9 (iPr-

CH), 28.6 (iPr-CH), 122.0 (Ar), 123.8 (Ar), 124.9 (Ar), 125.6 (Ar), 126.8 (Ar), 127.1 (Ar), 127.3 (Ar), 

128.8 (Ar), 134.5 (d, 2JPC = 19.9 Hz, orto Ar), 136.2 (Ar), 141.1 (Ar), 143.0 (Ar), 143.6 (d, 1JPC = 15.1 

Hz, Ar-Cq), 145.2 (d, 1JPC = 22.9 Hz, Ar-Cq), 149.5 (Cq). 

31P NMR (162 MHz, C6D6, 25 °C): δ (ppm) = –12.2 (s).  

M.P: 141 − 143°C. 

Elemental analysis (%) calcd for C43H49N2P (Mr = 624.85): C 82.66, H 7.90, N 4.48; found C 81.79, 

H 8.12, N 4.65. 

(Ph2PC6H4)C(=N-iPr)(NH-iPr) – 6. 2-Ph2P-phenyllithium (1.27 g, 3.82 mmol) and 

diisopropylcarbodiimide (0.51 g, 4.02 mmol) were dissolved in benzene (10 mL) and stirred at 60 °C 

for five hours. The solution was hydrolyzed with water (10 mL) and extracted with Et2O (2 x 10 mL). 

After drying over MgSO4, the solvent was removed under vacuum. The product was crystallized from 

hexane at 5 °C as a white crystalline solid. 

Yield: 1.09 g, 2.75 mmol, 72%. 

1H NMR (300 MHz, C6D6, 25 °C): δ (ppm) = 0.90 (s, 12H, iPr-CH3), 3.40 (broad s, 

2H, iPr-CH), 6.98 (broad s, 1H, NH), 7.06-7.16 (m, 1H, Ar), 7.18 (broad s, 6H, Ar), 

7.22-7.30 (m, 7H, Ar).  

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = 23.1 (iPr-CH3), 25.6 (iPr-CH3), 42.4 (iPr-CH), 51.0 (iPr-

CH), 128.7 (Ar), 128.8 (Ar), 128.8 (Ar), 128.9 (Ar), 129.2 (Ar), 134.0 (d, 2JPC = 20.0 Hz, Ar), 135.0 
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(d, 2JPC = 1.8 Hz, Ar), 135.7 (d, 1JPC = 16.4 Hz, Ar), 138.3 (d, 1JPC = 13.7 Hz, Ar), 144.2 (d, 2JPC = 36.3 

Hz, Ar)., 154.6 (d, 3JPC = 3.9 Hz, Cq). 

31P NMR (121 MHz, C6D6, 25 °C): δ (ppm) = –14.4 (s). 

M.P: 111 − 113°C.  

Elemental analysis (%) calcd for C25H29N2P (Mr = 388.48): C 77.29, H 7.52, N 7.21; found C 77.37, 

H 7.49, N 6.66. 

(Ph2PC6H4)C(=N-p-tolyl)(NH-p-tolyl) – 7. 2-Ph2P-phenyllithium (0.88 g, 2.65 mmol) and 1,3-di-p-

tolylcarbodiimide (0.59 g, 2.64 mmol) were dissolved in benzene (10 mL) and stirred at 60 °C for five 

hours. The solution was hydrolyzed with water (10 mL) and extracted with Et2O (2 x 10 mL). After 

drying over MgSO4, the solvent was removed in vacuum and a yellow solid was obtained.  

Yield: 0.90 g, 1.86 mmol, 70%. 

1H NMR (300 MHz, C6D6, 25 °C): δ (ppm) = 2.06 (s, 6H, Ar–CH3), 5.70 (s, 1H, 

NH), 6.77–6.82 (m, 2H, Ar), 6.89–6.95 (m, 4H, Ar), 6.99–7.07 (m, 8H, Ar), 7.22–

7.35 (m, 8H, Ar).  

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = 20.9 (Ar–CH3), 121.6 (Ar), 128.6 (Ar), 

128.9 (Ar), 129.0 (Ar), 129.1 (Ar), 129.3 (Ar), 129.4 (Ar), 130.1 (d, 3JPC = 7.4 Hz, Ar), 131.4 (Ar), 

134.0 (d, 2JPC = 20.0 Hz, Ar), 134.8 (Ar), 136.8 (d, 1JPC = 17.0 Hz, Ar), 137.8 (d, 1JPC = 12.9 Hz, Ar), 

142.8 (d, 2JPC = 36.0 Hz, Ar), 154.2 (d, 3JPC = 3.3 Hz, Cq). 

31P NMR (121 MHz, C6D6, 25 °C): δ (ppm) = –12.3 (s). 

M.P: 131 − 134°C.  

Elemental analysis (%) calcd for C33H29N2P (Mr = 484.57): C 81.79, H 6.03, N 5.78; found C 81.48, 

H 6.07, N 5.56.   

(Ph2PC6H4)C(=N-Cy)(NH-Cy) – 8. 2-Ph2P-phenyllithium (0.79 g, 2.44 mmol) and 

dicyclohexylcarbodiimide (0.60 g, 2.91 mmol) were dissolved in benzene (10 mL) and stirred at 60 

°C for five hours. The solution was hydrolyzed with water (10 mL) and extracted with Et2O (2 x 10 

mL). After drying over MgSO4, the solvent was removed in vacuum. The product was crystallized 

from hexane at 5 °C as white crystalline solid.  

Yield: 0.67 g, 1.42 mmol, 58%. 

1H NMR (300 MHz, C6D6, 25 °C): δ = 0.67-0.73 (m, 2H, Cy–CH2), 0.75-0.87 (m, 2H, 

Cy–CH2), 0.88-1.00 (m, 4H, Cy–CH2), 1.05-1.20 (m, 4H, Cy–CH2), 1.30-1.42 (m, 6H, 

Cy–CH2), 1.47-1.54 (m, 2H, Cy–CH2), 2.24 (s, 2h, Cy–CH), 3.96 (s, 1H, NH), 6.79 (t, 

3JHH = 7.5 Hz, 1H, Ar), 6.86-6.92 (m, 2H, Ar), 6.98-7.04 (m, 6H, Ar), 7.06 (t, 3JHH = 7.4 

Hz, 1H, Ar), 7.13-7.19 (m, 4H, Ar). 

13C NMR (101 MHz, C6D6, 25 °C): δ (ppm) = 20.3, 32.3, 35.1, 48.5, 58.1, 124.5, 127.4, 127.7 (d, 3JPC 

= 6.5 Hz), 128.1, 132.7 (d, 2JPC = 19.9 Hz), 134.1, 134.5 (d, 2JPC = 16.1 Hz), 137.4, 143.7, 153.5.  

31P NMR (121 MHz, C6D6, 23°C): δ = –14.5 (s). 
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(Ph2PC6H4)C(=N-tBu)(NH-tBu) – 9. 2-Ph2P-phenyllithium (0.63 g, 1.89 mmol) and tert-

butylcarbodiimide (0.30 g, 1.97 mmol) were dissolved in benzene (10 mL) and stirred at 60 °C for 

eight hours. The solution was hydrolyzed with water (10 mL) and extracted with Et2O (2 x 10 mL). 

After drying over MgSO4, the solvent was removed in vacuum and a light yellow solid was obtained.  

Yield: 0.42 g, 1.01 mmol, 53%. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) =1.30 (s, 9H, tBu–CH3), 1.42 (s, 9H, tBu–

CH3), 3.07 (s, 1H, NH), 6.88 – 6.96 (m, 2H, Ar), 7.00 – 7.06 (m, 5H, Ar), 7.08 – 7.18 

(m, 2H, Ar), 7.18 – 7.28 (m, 3H, Ar), 7.30 – 7.35 (m, 2H, Ar). 

13C NMR (101 MHz, C6D6, 25 °C): δ (ppm) = 28.7 (tBu–CH3), 33.0 (tBu–CH3), 51.8 (tBu–C), 53.9 

(tBu–C), 128.9 (Ar), 129.0 (d, 3JPC = 7.0 Hz, Ar), 129.7 (d, 3JPC = 7.0 Hz, Ar), 133.8 (d, 2JPC = 19.1 

Hz, Ar), 133.9 (d, 2JPC = 20.0 Hz, Ar), 135.0 (d, 2JPC = 2.1 Hz, Ar), 135.7 (d, 1JPC = 15.7 Hz, Ar), 138.4 

(d, 1JPC = 13.2 Hz, Ar), 138.8 (d, 1JPC = 14.3 Hz, Ar), 146.5 (d, 2JPC = 36.5 Hz, Ar), 150.7 (d, 3JPC = 3.9 

Hz, Cq). 

31P NMR (162 MHz, C6D6, 23°C): δ = – 12.7 (s). 

M.P: 114 − 116°C. 

Elemental analysis (%) calcd for C27H33N2P (Mr = 416.54): C 77.85, H 7.99, N 6.73; found C 77.76, 

H 7.95, N 6.22. 

[(Ph2PC6H4)C(N-DIPP)2]K∙(dioxane)2– 5-K. The amidine 5 (0.50 g, 0.80 mmol) and potassium 

hydride (0.10 g, 2.49 mmol) were dissolved in THF (10 mL). The mixture was stirred at 55 °C for 18 

hours. The solid was removed by centrifugation and the solvent was evaporated to dryness yielding 

a yellow solid. Addition of 1,4-dioxane allowed for crystallization of 5-K. 

Yield: 0.50 g, 0.76 mmol, 95%. 

1H NMR (300 MHz, C6D6, 25 °C): δ (ppm) = 0.50 (d, 3JHH = 6.9 Hz, 6H, 

iPr–CH3), 1.29 (m, 12H, iPr–CH3), 1.5 (d, 3JHH = 6.9 Hz, 6H, iPr–CH3), 

3.52–3.65 (m, 2H, iPr–CH), 3.89–4.05 (m, 2H, iPr–CH), 6.72–6.84 (m, 

3H, Ar), 6.90–6.93 (m, 3H, Ar), 6.99–7.07 (m, 8H, Ar), 7.35–7.38 (m, 

2H, Ar), 7.42–7.45 (m, 2H, Ar), 7.59-7.68 (m,  2H, Ar).  

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = 21.8 (iPr-CH3), 22.6 (iPr-CH3), 23.8 (iPr-CH3), 26.6 (d, 

JPC = 6.8 Hz. iPr-CH), 29.2 (d, JPC = 7.5 Hz, iPr-CH), 29.5 (iPr-CH), 123.8 (Ar), 124.4 (Ar), 124.7 (Ar), 

126.0 (Ar), 128.9 (Ar), 128.6 (Ar), 129.7 (Ar), 132.5 (Ar), 134.6 (d, 2JPC = 22.5 Hz, Ar), 136.6 (Ar), 

141.4 (Ar), 141.6 (Ar), 142.9 (d, 2JPC = 37.5 Hz, Ar), 143.8 (Ar), 172.8 (Cq). 

31P NMR (121 MHz, C6D6, 25 °C): δ (ppm) = – 9.9 (s). 

(Ph2PC6H4)C(NDIPP)2]MgCl∙THF2 – 10. The amidine 5 (0.50 g, 0.80 mmol) was dissolved in toluene 

(10 mL) and MeMgCl (0.30 mL, 3M in THF, 0.90 mmol) was added at 0 °C. After the addition, the 

colorless solution was stirred for three hours at room temperature. The solution was concentrated to 

4 mL and cooled to −20 °C. The product was isolated as light yellow crystalline material. According 

to 1H NMR, 2 equivalents of THF are still present as ligand. Crystals suitable for X-ray measurements 

were obtained from a concentrated solution of the product in toluene in an NMR-tube.  
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Yield: 0.49 g, 0.59 mmol, 74%. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 1.05 (d, 3JHH = 5.8 Hz, 6H, iPr), 1.09 

(d, 3JHH = 6.2 Hz, 6H, iPr), 1.33 (broad s, 3JHH = 6.3 Hz, 6H, iPr), 1.40 (m, 14H, iPr 

+ THF), 3.41 (m, 2H, iPr), 3.68 (m, 10H, iPr + THF), 6.60 – 6.76 (m, 4H, Ar), 6.83–

7.19 (m, 15H, Ar), 7.52 (broad s, 1H, Ar).  

13C NMR (101 MHz, C6D6, 25 °C): δ (ppm) = 22.0, 22.5, 24.8, 28.7, 122.9, 123.8, 128.5, 128.8, 

129.3, 134.5, 135.7, 137.6, 138.4, 139.8 (d, 2JPC = 11.7 Hz), 140.5 (d, 2JPC = 26.3 Hz), 142.8, 143.4, 

144.0, 152.2.  

31P NMR (121 MHz, C6D6, 25 °C): δ (ppm) = –10.0 (s). 

[(Ph2PC6H4)C(NiPr)2]MgCl.THF]2 – 11. The amidine 6 (0.20 g, 0.52 mmol) was dissolved in toluene 

(6 mL) and MeMgCl (0.17 mL, 3M in THF, 0.51 mmol) was added. After the addition, the light yellow 

solution was stirred for two hours at room temperature. The solution was concentrated to 4 mL and 

cooled to −20 °C. The product was isolated as a colorless crystalline material. This showed that the 

product is dimeric. 

Yield: 0.12 g, 0.27 mmol, 53 %. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 1.03 (d, 3JHH = 6.3 

Hz, 6H, iPr), 1.22 (d, 3JHH = 6.3 Hz, 6H, iPr), 1.46 (m, 8H, THF), 

3.18 (m, 2H, iPr), 3.59 (m, 8H, THF), 6.99 (td, 3JHH = 7.6 Hz, 3JHH 

= 1.3 Hz, 1H, Ar), 7.07 (m, 5H, Ar), 7.17 (m, 2H, Ar), 7.25 (m, 1H, 

Ar), 7.31 (m, 5H, Ar).  

31P NMR (121 MHz, C6D6, 25 °C): δ = –14.4 (s). 

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = 21.4, 26.0, 26.8, 125.7, 128.6, 128.8 (d, 3JPC = 6.3 Hz), 

129.3, 133.7 (d, 2JPC = 19.5 Hz), 134.5 (d, 2JPC = 13.3 Hz), 135.8, 137.9, 138.6 (d, 2JPC = 13.7 Hz), 

144.6, 173.3.  

Reaction of iPr-substituted amidinate-MgCl with phenylisocyanate. Phenylisocyanate (11.6 

mg, 9.74∙10-2 mmol) was added to a solution of iPrMgCl (13.0 mg, 2.91∙10-² mmol) in C6D6 (0.6 mL). 

The colorless solution was heated to 60 °C for four hours. The solution was concentrated to 0.3 mL 

and cooled to 5 °C. We did not isolate an expected Mg-complex but instead found cyclotrimerization 

of phenylisocayanate to form the corresponding isocyanurate. The product was 

isolated as crystals. 

Yield: 29.9 mg, 8.37∙10-2 mmol, 86%. 

The NMR data were according to data reported in literature.[38]  

Reaction of iPr-substituted amidinate-MgCl with 2,6-diisopropylphenylisocyanate – 12. 2,6-

Diisopropylphenylisocyanate (15.6 mg, 7.68∙10-2 mmol) was added to a solution of iPrMgCl (22.8 

mg, 5.15∙10-2 mmol) in C6D6 (0.6 mL). The colorless solution was heated to 60 °C for 18 hours. The 

solution was concentrated to 0.3 mL and cooled to 5 °C and the isocyanate-inserted complex was 

isolated as crystals. 
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Yield: 7.1 mg, 0.02 mmol, 40%. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 0.90 (d, 3JHH = 6.9 Hz, 3H, iPr), 0.99 (d, 3JHH = 6.9 Hz, 

3H, iPr), 1.11 (d, 3JHH = 6.3 Hz, 3H, iPr), 1.22 (d, 3JHH = 6.9 Hz, 3H, iPr), 

1.29 (d, 3JHH = 6.7 Hz, 3H, iPr), 1.35 (d, 3JHH = 6.8 Hz, 3H, iPr), 1.47 (d, 

3JHH = 6.8 Hz, 3H, iPr), 1.52 (d, 3JHH = 6.5 Hz, 3H, iPr), 3.23 (m, 1H, iPr), 

3.39 (m, 1H, iPr), 3.61 (m, 2H, iPr), 6.86 (m, H, Ar), 7.07 (m, H, Ar).  

13C NMR: (101 MHz, C6D6, 25 °C): δ (ppm) = 21.9, 23.4, 26.6, 28.7, 

29.3, 125.7, 123.9, 128.6, 128.8 (d, 3JPC = 6.4 Hz), 129.3, 133.7 (d, 2JPC 

= 20.2 Hz), 134.5 (d, 2JPC = 15.3 Hz), 135.8, 137.9, 138.6 (d, 2JPC = 12.6 

Hz), 138.7, 143.7, 144.6, 155.8, 173.3.  

31P NMR (121 MHz, C6D6, 25 °C): δ (ppm) = –17.4 (s). 

3.5.4 Amide ligand system 

Ph2PNDIPP−H – 13. 2,6-diisopropylaniline (4.00 g, 22.6 mmol) was mixed with Et2O (50 mL) and 

nBuLi (9.0 mL, 2.5 M, 22.5 mmol) was slowly added at a temperature of –80 °C. The mixture was 

stirred for one hour after it was slowly warmed to room temperature. The mixture was cooled again 

to –80 °C and a solution of PPh2Cl (4.0 mL, 5.1 g, 22.7 mmol) in Et2O (10 mL) was added over a 

time period of 20 minutes. The solution was slowly warmed to room temperature and allowed to stir 

for two more hours. The solvent was removed and the remaining solid was extracted two times with 

hexane (30 mL, 10 mL). Crystals were obtained from the mother liquor by slowly 

cooling to −30 °C.  

Yield: 5.77 g, 16.0 mmol, 71%. 

The NMR data were according to data reported in literature.[31] 

Ph2PNDIPP-MgPh·THF2 – 14. Ph2PNDIPP−H (0.50 g, 1.38 mmol) and diphenylmagnesium (0.14 

g, 1.34 mmol) were dissolved in a mixture of benzene (5 mL) and THF (1 mL). The light yellow 

solution was stirred for 12 hours at room temperature. The product precipitated from the solution. 

The solvent was decanted and the remaining solid was dried under vacuum. According to 1H NMR, 

2 equivalents of THF are still present as ligand.  

Yield: 0.81 g, 1.18 mmol, 88%.  

1H NMR: (400 MHz, C6D6, 25 °C): δ (ppm) = 1.27 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 

1.33 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 4,25 (sept, 3JHH = 6.7 Hz, 2H, iPr-CH), 7.02 (t, 

3JHH = 7.0 Hz, 2H, Ar), 7.08-7.18 (m, 4H, Ar), 7.43-7.47 (m. 1H, Ar), 7.59 (t, 3JHH = 

7.4 Hz, 2H, Ar), 7.99-8.07 (m,, 4H, Ar). 

13C NMR: (101 MHz, C6D6, 25 °C): δ (ppm) = 25.0 (iPr-CH3), 28.0 (iPr-CH), 121.9 (d, 5JPC = 3.5 Hz, 

Ar), 123.3 (d, 4JPC = 2.9 Hz, Ar),  123.9 (Ar), 124.8 (Ar), 126.5(Ar), 128.2 (Ar), 133.5 (d, 3JPC = 23.1 

Hz, Ar), 134,1 (d, 2JPC = 20.4 Hz, Ar), 140.9 (Ar), 146.8 (d, 1JPC = 5.4 Hz, Ar), 147.0, 147.3, 167.6.  

31P NMR: (162 MHz, C6D6, 25 °C): δ (ppm) = 55.3 (s). 
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Reaction of Ph2PNDIPP-MgPh with CO2. Ph2PNDIPP-MgPh (40 mg, 0.07 mmol) was dissolved in 

C6D6 (0.5 mL) and THF (0.1 mL). The solution was frozen and degassed three times before it was 

exposed to a CO2 atmosphere (1 bar). The reaction was heated to 90 °C for ten days.   

Reaction of Ph2PNDIPP-MgPh with 2,6-diisopropylphenylisocyanate. 

Ph2PNDIPP-MgPh (10.0 mg, 1.7∙10-2 mmol) was dissolved in C6D6 (0.6 mL) and 2,6-

diisopropylpheylisocyanate (4.5 μl, 2.1∙10-2 mmol) was added. The NMR-tube was heated 55 °C for 

three days.  

Ph2PNDIPP-AlMe2 – 15. Ph2PNDIPP−H (3.08 g, 8.52 mmol) was dissolved in toluene (20 mL) and 

a two molar solution of AlMe3 in toluene (4.5 mL, 2 M, 9.0 mmol) was added. The solution was stirred 

for 18 hours at 90 °C. The solvent was removed in vacuum and the white solid was washed with 

hexane (3 x 5 mL).  

Yield: 3.23 g, 7.81 mmol, 92%. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) =  -0.12 (d, 3JHP = 3.4 Hz, 6H, 

Al(CH3)2), 0.45 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 1.30 (d, 3JHH = 6.7 Hz, 6H, 

iPr-CH3), 3.87 (sept, 3JHH = 6.7 Hz, 2H, iPr-CH), 6.92–6.99 (m, 6H, Ar), 7.02–7.06 (m, 2H, Ar), 7.11–

7.14 (m, 1H, Ar), 7.51–7.59 (m, 4H, Ar).  

31P NMR (162 MHz, C6D6, 25 °C): δ (ppm) = 35.8 (s). 

Elemental analysis (%) calcd for C26H33AlNP (Mr = 417.50): C 74.80, H 7.97, N 3.35 Found: C 74.33, 

H 7.86, N 3.11  

Due to the low solubility, no assignable 13C spectrum was obtained. 

Ph2PNDIPP-AlEt2 – 16. Ph2PNDIPP−H (0.40 g, 1.11 mmol) was dissolved in toluene (10 mL) and 

AlEt3 (0.71 g, 6.22 mmol) was added. The solution was stirred overnight at 100 °C. The solvent was 

removed in vacuum and the white solid was washed with hexane (2 x 5 mL). 

Yield: 0.41 g, 0.92 mmol, 84%. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 0.29 (d, 3JHH = 6.7 Hz, 6H, 

iPr-CH3), 0.76 (m, 4H, Al–CH2–CH3), 0.95 (t, 3JHH = 8.0 Hz, 6H, Al–CH2–

CH3), 1.43 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 3.81 (sept, 3JHH = 6.7 Hz, 2H, 

iPr-CH), 6.93–7.01 (m, 6H, Ar), 7.02–7.07 (m, 2H, Ar), 7.10–7.14 (m, 1H, Ar), 7.40–7.90 (m, 4H, Ar). 

31P NMR (162 MHz, C6D6, 25 °C): δ (ppm) = 35.9 (s).  

Due to the low solubility, no assignable 13C spectrum was obtained. 

Ph2PNDIPP-AlMe2·THF – 17. To a suspension of Ph2PNDIPP-AlMe2 (0.05 g, 0.12 mmol) in C6D6 

(0.6 mL) in a NMR tube, one drop of THF-d8 was added. This led to the immediate formation of a 

clear solution. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = -0.41 (s, 6H, Al(CH3)2), 0.77 (d, 3JHH = 

6.9 Hz, 6H, iPr-CH3), 1.25 (d, 3JHH = 6.9 Hz, 6H, iPr-CH3), 3.72 (sept, 3JHH = 6.9 Hz, 

2H, iPr-CH), 6.92–6.99 (m, 6H, Ar), 7.02–7.07 (m, 2H, Ar), 7.08–7.14 (m, 7H, Ar), 

7.64–7.70 (m, 4H, Ar). 
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13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) =  –7.3 (Al–CH3), 24.4 (iPr-CH3), 24.9 (s, THF), 25.6 (iPr-

CH3), 28.7 (iPr-CH), 71.8 (s, THF), 124.0 (d, 3JCP = 2.26, Ar), 124.5 (d, 4JCP = 2.26, Ar), 127.9 (Ar), 

128.4 (Ar), 135.0 (d, 2JCP = 23.40, Ar), 143.1 (d, 1JCP = 24.91 Ar), 146.5 (ortho-Ar), 147.4 (d, 2JCP = 

3.02, ipso-Ar).  

31P NMR (162 MHz, C6D6, 25 °C): δ (ppm) = 51.1 (s). 

Ph2PNDIPP-AlEt2·THF – 18. To a suspension of Ph2PNDIPP-AlEt2 (0.05 g, 0.11 mmol) in C6D6 (0.6 

mL) in a NMR tube, one drop of THF-d8 was added. This led to the immediate formation of a clear 

solution. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 0.28 (m, 4H, Al–CH2–CH3), 0.65 (d, 

3JHH = 6.7 Hz, 6H, iPr-CH3), 1.24 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 1.33 (t, 3JHH = 8.0 

Hz, 6H, Al–CH2–CH3), 3.61 (sept, 3JHH = 6.7 Hz, 2H, iPr-CH), 6.98–7.14 (m, 9H, Ar), 

7.52–7.60 (m, 4H, Ar). 

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = 2.1 (Al–CH2), 10.4 (Al–CH2–CH3), 24.2 (iPr-CH3), 24.8 

(s, THF), 25.9 (iPr-CH3), 28.7 (iPr-CH), 72.0 (s, THF), 124.1 (d, 3JCP = 2.3 Hz, Ar), 124.5 (d, 4JCP = 

2.3 Hz, Ar), 128.0 (Ar), 128.4 (Ar), 135.0 (d, 2JCP = 23.40, Ar), 143.1 (d, 1JCP = 24.9 Hz, Ar), 146.2 

(ortho-Ar), 147.24 (d, 2JCP = 3.02, ipso-Ar). 

31P NMR (162 MHz, C6D6, 25 °C): δ (ppm) = 50.1 (s). 

[(Ph2PNDIPP)C(O)OAl(Me)2]2 – 19. Ph2PNDIPP-AlMe2 (0.50 g, 1.19 mmol) was suspended in 

benzene (5 mL). The suspension was frozen and degassed three times before it was exposed to a 

CO2 atmosphere (0.8 bar). A clear solution was observed after five minutes. The solution was stirred 

for 30 minutes at room temperature. Crystals were grown at 5 °C from the mother liquor.  

Yield: 0.41 g, 0.89 mmol, 75%. 

Cis-isomer: 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) =  -0.55 (s, 6H, Al(CH3)2), δ -

0.30 (s, 6H, Al(CH3)2), 0.76 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 1.26 (d, 3JHH = 

6.8 Hz, 6H, iPr-CH3), 3.15 (m, 2H, iPr-CH), 6.92 (s, 1H, Ar), 6.97–7.06 (m, 

7H, Ar), 7.09–7.15 (m, 1H, Ar), 7.52–7.61 (m, 4H, Ar).  

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) =  –11.0 (Al–CH3), –10.5 (Al–

CH3) 23.2 (iPr-CH3), 25.2 (iPr-CH3), 29.4 (iPr-CH), 124.4 (Ar),128.6 (d, 

3JCP = 3.8 Hz, Ar), 128.9 (Ar), 130.3 (Ar), 134.8 (d, 1JCP = 25.7 Hz Ar), 

135.9 (d, 2JCP = 21.1 Hz , Ar), 137.2 (d, 2JCP = 6.0 Hz, ipso-Ar), 146.2 (ortho-Ar), 162.8 (d, 2JCP = 

110.2 Hz, O–C–O). 

31P NMR (162 MHz, C6D6, 25 °C): δ (ppm) = 65.6 (s).  

Trans-isomer: 
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1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = -0.56 (s, 12H, Al(CH3)2), 0.84 

(d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 1.36 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 3.21 

(m, 2H, iPr-CH), 6.92 (s, 1H, Ar), 6.97–7.06 (m, 7H, Ar), 7.09–7.15 (m, 1H, 

Ar), 7.52–7.61 (m, 4H, Ar). 

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = –10.3 (Al–CH3), 23.4 (iPr-CH3), 

25.2 (iPr-CH3), 29.3 (iPr-CH), 124.6 (Ar), 128.5 (d, 3JCP = 3.77, Ar), 129.0 

(Ar), 130.2 (Ar), 134.6 (d, 1JCP = 24.2 Hz, Ar), 136.1 (d, 2JCP = 21.9 Hz, Ar), 136.8 (d, 2JCP = 3.0 Hz, 

ipso-Ar), 146.2 (ortho-Ar), 162.7 (d, 2JCP = 104.9 Hz, O–C–O). 

31P NMR (162 MHz, C6D6, 25 °C): δ (ppm) = 65.6 (s). 

Elemental analysis (%) calcd for C54H66Al2N2O4P2 (Mr = 923.02): C 70.27, H 7.21, N 3.03 Found: C 

70.83, H 7.27, N 3.00  

(Ph2PNDIPP)DIPPNCOAlMe2 – 20. 2,6-Diisopropylphenylisocyanate (0.26 g, 1.26 mmol) was 

added to a suspension of Ph2PNDIPP-AlMe2 (0.50 g, 1.19 mmol) in benzene (5 mL). The suspension 

was stirred over the weekend at room temperature. The solvent was removed in vacuum and the 

remaining solid was washed with hexane (5 x 3 mL). The product was obtained as a white powder. 

Yield: 0.53 g, 0.85 mmol, 71%. 

Suitable crystals for X–ray diffraction could be grown from a solution of the product (0.05 g) in 

benzene (1 mL). 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = -0.17 (s, 6H, Al(CH3)2), 

0.31 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 1.20 (d, 3JHH = 6.7 Hz, 6H, iPr-

CH3), 1.26 (d, 3JHH = 6.9 Hz, 12H, iPr-CH3), 3.09 (sept., 3JHH = 6.9 

Hz, 2H, iPr-CH), 3.53 (sept., 3JHH = 6.7 Hz, 2H, iPr-CH), 6.81–7.02 

(m, 8H, Ar), 7.05–7.12 (m, 1H, Ar), 7.17–7.26 (m, 3H, Ar), 7.79–

7.91 (m, 4H, Ar). 

13C NMR (75 MHz, C6D6, 25 °C): δ (ppm) = -7.4 (Al–CH3), 23.4 (iPr-CH3), 23.8 (iPr-CH3), 26.6 (iPr-

CH3), 28.7 (iPr-CH), 29.2 (iPr-CH), 123.2 (Ar), 124.4 (Ar), 125.1 (d, 4JCP = 2.25 Hz, Ar), 126.4 (d, 4JCP 

= 3.00 Hz, Ar), 126.6 (Ar), 128.9 (d, 3JCP = 12.08 Hz, Ar), 133.1 (d, 3JCP = 2.25 Hz, Ar), 133.8 (d, 2JCP 

= 9.06 Hz, Ar), 135.3 (d, 3JCP = 7.45 Hz, ortho-Ar), 138.7 (ortho-Ar), 143.9 (d, 1JCP = 21.89 Hz, Ar–C–

P), 147.6 (d, 2JCP = 4.53 Hz, ipso-Ar), 156.8 (d, 1JCP = 160.02 Hz, P–C–(O)N). 

31P NMR (162 MHz, C6D6, 25 °C): δ (ppm) = 7.1 (s). 

Elemental analysis (%) calcd for C39H50AlN2OP (Mr = 620.78): C 75.46, H 8.12, N 4.51 Found: C 

74.87, H 8.12, N 4.66  

3.5.5 Single-crystal X-ray structure determinations 

The crystals were coated in paraffin oil and mounted at the tip of a glass capillary and measured on 

Bruker Nonius Kappa CCD (Mo) diffractometer. The crystal structures were solved and refined with 

SHELXS-97 and SHELXL-97.[39] Geometry calculations and graphics were done with PLATON.[40]  

Single-crystal X-ray structure determination of (Ph2P)(DIPP)nacnac-MgMe∙(dioxane)0.5 
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The crystal is twinned at one part of the reflexes from the two domains overlap. The structure was 

refined with HKLF5 using reflexes from both domains. All H atoms have been placed on idealized 

calculated positions and refined isotropically (Table 3.13). 

Single-crystal X-ray structure determination of (Ph2P)(DIPP)nacnacMgCl∙THF 

All H atoms have been placed on idealized calculated positions and were refined isotropically in a 

riding mode. A well-ordered benzene molecule is present and the coordinated THF molecule shows 

some enlarged displacement factors which is due to slight ring puckering disorder which was not 

further resolved (Table 3.13). 

Single-crystal X-ray structure determination of [(Ph2P)(DIPP)nacnac]2Mg 

Per magnesium complex one benzene molecule is incorporated which is well-ordered and could be 

refined anisotropically. All H atoms have been placed on idealized calculated positions and were 

refined isotropically. Disorder in one THF ligand was treated with a disorder model for ring puckering 

disorder (82/18 ratio) (Table 3.13). 

Single-crystal X-ray structure determination of (Ph2PC6H4)C(=N-DIPP)(NH-DIPP) 

All H atoms have been located in the Difference Fourier map and were refined isotropically. The 

hydrogen atom on N was disordered over two positions (Table 3.14). 

The difference Fourier showed the highest electron density close to the N with the longest C-N bond 

distance (Fig. 1(a): Q1 = 0.57e) at a distance of 0.81 Å that would fit for a N-H. However, a second 

strong peak (Fig. 1(a): Q2 = 0.43e) was found close to P at a distance of 1.21 Å that would fit for a 

P-H. Refinement of the structure with a N-H (Fig. 1(b)) results in a large isotropic displacement 

parameter for the H on N of 0.064 (average value of other refined H’s is 0.035) and a remaining 

electron density of Q1 (0.43e) close to P. Refinement of a zwitterionic structure with a negatively 

charged N atom and a Ar3PH(+) unit results in much higher R-values and even larger isotropic U 

(0.16) for the H on P. Refinement in a split model in which the displacement factor for H was fixed 

at the average value of 0.035 led to an occupation of N-H (66%, 0.89(3) Å) and P-H (34%, 1.28(3) 

Å) with distances that are appropriate for N-H and P-H units and lowest possible R-values.  

 

Single-crystal X-ray structure determination of [(Ph2PC6H4)C(N-DIPP)2]K∙(dioxane)2.5 
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The asymmetric unit contains two units of [(Ph2PC6H4)C(N-DIPP)2]K.(dioxane)2 that are bridged by 

a dioxane ligand. This makes the total composition of the molecule: {[(Ph2PC6H4)C(N-DIPP)2]K}2-

(dioxane)5. In addition, the asymmetric unit also contains dioxane as incorporated solvent molecules: 

three full dioxanes and two half dioxanes positioned on inversion centers. One full dioxane and one 

half dioxane were extremely disordered and treated with the SQUEEZE procedure (the unit cell 

contains a void of 434 A3 with a total of 106e which fits for three dioxane molecules). The other 

dioxanes were well or reasonably well ordered and refined anisotropically. All H atoms have been 

located on idealized calculated positions and were refined isotropically (Table 3.14). 

Single-crystal X-ray structure determination of [(Ph2PC6H4)C(NiPr)2]MgCl∙THF]2 

Two toluene molecules were incorporated per magnesium dimer. The toluene molecule is disordered 

and the disorder was treated by refinement with large anisotropic displacement parameter. All H 

atoms have been located on idealized calculated positions and were refined isotropically (Table 

3.15). 

Single-crystal X-ray structure determination of [(Ph2PC6H4)C(NiPr)2]2Mg + DIPP-NCO 

The asymmetric unit contains two and a half incorporated benzene molecules. Whereas two of the 

benzene molecules were ordered, the third molecule showed rotational disorder which was treated 

by refinement with large anisotropic displacement parameter. All H atoms have been located on 

idealized calculated positions and were refined isotropically (Table 3.15). 

Single-crystal X-ray structure determination of Ph2PNDIPP-MgPh 

All H atoms have been located on idealized calculated positions and were refined isotropically. The 

refinement of the Flack parameter to 0.017(18) established the correct absolute configuration of the 

ligand (Table 3.16). 

Single-crystal X-ray structural determination of [Ph2PN(DIPP)AlMe2]2 

All H atoms have been located on idealized calculated positions and were refined isotropically in a 

riding mode. The structure contains no solvent molecules (Table 3.16).  

Single-crystal X-ray structural determination of Ph2PN(DIPP)AlMe2∙THF 

All H atoms have been located on idealized calculated positions and were refined isotropically in a 

riding mode (Table 3.16).  

Single-crystal X-ray structure determination of [(Ph2P)(DIPP)NCO2]AlMe2 

0.5 highly disordered benzene molecule is incorporated over inversion center. All H atoms have 

been located on idealized calculated positions and were refined isotropically in a riding mode (Table 

3.17).  

Single-crystal X-ray structure determination of (DIPP)(Ph2P)NAlMe2 + DIPP-NCO 

All H atoms have been located on idealized calculated positions and were refined isotropically (Table 

3.17). 
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Table 3.13. Crystal structure data. 

Compound 
(Ph2P)(DIPP)nacnacM

gMe(dioxane)0.5 

(Ph2P)(DIPP)nacnacM

gCl(THF) 
[(Ph2P)(DIPP)nacnac]2Mg 

Formula C64H82Mg2N4O2P2 
C33H42ClMgN2OP, 

C6H6 
C58H68MgN4P2, 2(C6H6) 

M 1049.90 651.52 1063.63 

Size (mm³) 0.08 x 0.22 x 0.34 0.20 x 0.30 x 0.30  0.30 x 0.40 x 0.50 

Crystal system Triclinic triclinic Monoclinic 

Space group P1̅ P1̅ C2/c 

a (Å) 9.7351(3) 9.2220(7) 21.2790(9) 

b (Å) 11.4056(4) 12.6350(13) 11.3860(6) 

c (Å) 15.2685(5) 16.9150(17) 25.4850(11) 

α 82.137(2) 105.753(7) 90 

β 72.937(2) 92.947(8) 105.434(2) 

γ 66.211(2) 105.209(7) 90 

V (Å³) 1482.68(9) 1814.4(3) 5951.9(5) 

Z 1 2 4 

ρ (g.cm-3) 1.176 1.193 1.187 

μ (MoKα) (mm-1) 0.140 0.199 0.129 

T (K) 150 150 100 

Θ min – max (Deg) 2.0, 27.6 2.8, 27.5 2.8, 27.5 

Refl.total, independent Rint 
6823, 6823 

0.000 

62504, 8315  

0.052 

42903, 6707 

0.035 

Found refl. (I > 2σ(I)) 5869 6329 5344 

Parameter 342 412 360 

R1 0.0356 0.0410 0.0444 

wR2 0.0952 0.1206 0.1233 

GOF 1.04 1.07 1.12 

min/max remaining  

e-density (e.Å-3) 
-0.25/0.40 -0.31/0.54 -0.31/0.36 
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Table 3.14. Crystal structure data. 

Compound (Ph2PC6H4)C(=N-DIPP)(NH-DIPP) 
[(Ph2PC6H4)C(N-

DIPP)2]K.(dioxane)2.5 

Formula C43H49N2P 2(C43H48NP), 7.5(C4H8O2), 2(K) 

M 624.81 1986.59 

Size (mm³) 0.30 x 0.30 x 0.40 0.30 x 0.30 x 0.30 

Crystal system Triclinic Monoclinic 

Space group P1̅ P21/c 

a (Å) 9.9937(6) 24.6808(5) 

b (Å) 10.4933(7) 11.3428(2) 

c (Å) 19.0686(13) 43.1295(8) 

α 91.342(4) 90 

β 101.022(4) 105.090(2) 

γ 111.810(4) 90 

V (Å³) 1812.5(2) 11657.7(4) 

Z 2 4 

ρ (g.cm-3) 1.145 1.132 

μ (MoKα) (mm-1) 0.108 0.169 

T (K) 100 100 

Θ min – max (Deg) 2.1, 26.9 1.7, 26.4 

Refl.total, independent Rint 
26159, 7658 

0.048 

100108, 23805 

0.064 

Found refl. (I > 2σ(I)) 5572 16486 

Parameter 614 1268 

R1 0.0438 0.0622 

wR2 0.1002 0.1675 

GOF 1.02 1.03 

min/max remaining  

e-density (e.Å-3) 
-0.31/0.28 -0.65/1.19 
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Table 3.15. Crystal structure data. 

Compound [(Ph2PC6H4)C(NiPr)2]MgCl.THF]2 [(Ph2PC6H4)C(NiPr)2]2Mg + DIPP-NCO 

Formula C58H72Cl2Mg2N4O2P2, 2(C7H8) C76H90MgN6O2P2, 5(C6H6) 

M 1222.92 1596.33 

Size (mm³) 0.20 x 0.20 x 0.30 0.30 x 0.30 x 0.40 

Crystal system Monoclinic Monoclinic 

Space group P21/c C2/c 

a (Å) 10.1742(3) 18.9523(7) 

b (Å) 14.7230(5) 23.7229(9) 

c (Å) 23.5362(9) 20.6109(7) 

α 90 90 

β 100.589(2) 97.076(2) 

γ 90 90 

V (Å³) 3465.6(2) 9196.2(6) 

Z 2 4 

ρ (g.cm-3) 1.172 1.153 

μ (MoKα) (mm-1) 0.204 0.107 

T (K) 150 100 

Θ min – max (Deg) 1.6, 27.5 1.6, 27.2 

Refl.total, independent Rint 
58322, 7958 

0.048 

80780, 10087 

0.034 

Found refl. (I > 2σ(I)) 5989 8294 

Parameter 384 536 

R1 0.0439 0.0462 

wR2 0.1123 0.1188 

GOF 1.02 1.03 

min/max remaining  

e-density (e.Å-3) 
-0.51/0.67 -0.59/0.66 
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Table 3.16. Crystal structure data. 

Compound Ph2PNDIPP-MgPh [Ph2PN(DIPP)AlMe2]2 (DIPPN)(Ph2P)AlMe2.THF 

Formula C38H48MgNO2P C52H66Al2N2P2 C26H33AlNP, C4H4O 

M 606.05 834.97 489.59 

Size (mm³) 0.16 × 0.13 × 0.11 0.22 x 0.11 x 0.10 0.26 x 0.20 x 0.15 

Crystal system Monoclinic Triclinic orthorhombic 

Space group Cc P1̅ P212121 

a (Å) 16.47821(19) 9.7257(15) 9.8330(12) 

b (Å) 11.13060(13) 10.3432(17) 10.0370(6) 

c (Å) 18.3673(2) 12.758(2) 28.666(6) 

α 90 96.545(3) 90.000(8) 

β 91.1277(10) 99.302(3) 90.000(16) 

γ 90 109.982(3) 90.000(7) 

V (Å³) 3368.13(7) 1170.3(3) 2829.2(7) 

Z 4 1 4 

ρ (g.cm-3) 1.195 1.185 1.149 

μ (mm-1) 1.154 (CuKα) 0.167 (MoKα) 0.150 (MoKα) 

T (K) 100 150 150 

Θ min – max (Deg) 4.8, 73.5  1.7, 29.6 2.9, 27.506 

Refl.total, independent 

Rint 

5680, 4186 

0.0247 

24513, 6532 

0.024 

37996, 6328 

0.0379 

Found refl. (I > 2σ(I)) 4132 5753 5757 

Parameter 392 268 313 

R1 0.0299 0.0341 0.0400 

wR2 0.0768 0.0847 0.1022 

GOF 1.05 1.035 1.113 

min/max remaining  

e-density (e.Å-3) 

-0.15/0.24 
-0.33/0.45 -0.39/0.35 
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Table 3.17. Crystal structure data. 

Compound [(DIPP)(Ph2P)NCO2]AlMe2  (DIPP)(Ph2P)NAlMe2 + DIPP-NCO 

Formula C54H66Al2N2O4P2, C6H6 C39H50AlN2OP 

M 1001.10 620.76 

Size (mm³) 0.16 x 0.23 x 0.25 0.24 x 0.26 x 0.30 

Crystal system Monoclinic Monoclinic 

Space group P21/c P21/c 

a (Å) 14.0550(3) 13.7591(8) 

b (Å) 12.3310(7) 16.2381(11) 

c (Å) 19.9820(9) 18.7100(5) 

α 90 90 

β 126.651(4) 117.082(4) 

γ 90 90 

V (Å³) 2778.4(3) 3721.9(4) 

Z 2 4 

ρ (g.cm-3) 1.197 1.108 

μ (MoKα) (mm-1) 0.157 0.128 

T (K) 150 150 

Θ min – max (Deg) 2.9, 30.5 2.8, 30.0 

Refl.total, independent Rint 
93690, 8463 

0.035 

115146, 10840 

0.041 

Found refl. (I > 2σ(I)) 6890 8673 

Parameter 322 407 

R1 0.0372 0.0431 

wR2 0.1118 0.1306 

GOF 1.11 1.15 

min/max remaining  

e-density (e.Å-3) 
-0.35/0.41 -0.37/0.42 
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Unlike in transition metal-based catalysis, the role of the metal in alkaline earth metal-mediated catalysis is not 

yet clearly established. This chapter aims to provide more insight in the actual role of the group 2 metal in 

catalysis. In order to evaluate its influence, the alkaline earth organometallic catalyst is substituted for a 

comparable metal-free catalyst. The catalytic activity of the metal-free catalyst is tested on reactions known to 

be catalyzed by calcium complexes. The experimental observations along with DFT studies will reveal whether 

the metal is crucial for catalytic activity in hydroamination. 
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4.1 Introduction 

4.1.1 Nitrogen-containing compounds 

Organonitrogen compounds have made an important contribution to chemistry. The first organic 

compound ever synthesized in a laboratory was urea, which was reported by Friedrich Wöhler in 

1828.[1] Wöhler observed that evaporation of an aqueous solution of ammonium cyanate led to a 

known compound, urea (Figure 4.1). The discovery of converting an “inorganic” salt, ammonium 

cyanate, to urea, an “organic” compound already isolated earlier from urine, was considered as a 

scientific breakthrough. 

 

Figure 4.1. First compound synthesized in a laboratory. 

Since then, nitrogen-containing compounds have revealed their relevance and application in daily 

life.[2a]  

The major industrial applications of nitrogen compounds involve the production of fertilizers and 

explosives.[2] Some examples can be cited: ammonia (NH3), used as a fertilizer, refrigerant, non-

aqueous solvent, or as a precursor for many nitrogen-containing compounds such as nylon and 

plastics; nitrous oxide (N2O), used as an aerosol propellant and as a dental anesthetic; and 

ammonium nitrate (NH4NO3), used as a fertilizer and explosive. 

Equally, nitrogen compounds are a key component of natural and synthetic medicines. For instance, 

alkaloids have been used for centuries as medicinals, drugs and poisons.[3] Most of these 

compounds are polycyclic structures containing several functional groups (Figure 4.2). Natural 

alkaloids have been shown to act as antimicrobial (quinine), analgesics (morphine, codeine), 

hallucinogens (mescaline, LSD) and stimulants (cocaine, atropine, caffeine) and topical anaesthetics 

(cocaine). 

 

Figure 4.2. Examples of alkaloids. 
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Synthetic analogs of alkaloids have been developed with the aim of producing compounds with 

similar medicinal properties as shown in Figure 4.3.[3]  

 

Figure 4.3. Synthetic compounds used in medicine. 

Additionally, nitrogen-containing compounds are a key component of biologically active compounds 

such as nucleic acid molecules (DNA and RNA).[3f] Many essential vitamins and hormones are also 

nitrogen-based compounds (Figure 4.4). Specific types and concentrations of amines and 

ammonium compounds are essential for proper functioning of the central nervous system.[3f] 

 

Figure 4.4. Biologically active N-containing compounds. 

4.1.2 Hydroamination, an approach to obtain amines 

Amines, as well as amides, represent one of the largest classes of nitrogen-containing 

compounds.[2a] 

Amines can be prepared following various synthetic routes.[4] One of the approaches to form amines 

is the reduction of nitrogen-containing functionalities such as imines, nitriles, azides, oximes and 

nitro compounds. Another possibility, which has been used to obtain a variety of amines, is 

nucleophilic substitution using ammonia, primary amines or secondary amines. Among these and 

other synthetic methodologies, hydroamination is of great interest as it is an atom-efficient route.[5]  

Hydroamination is the addition of a N−H bond of an amine to an unsaturated C−C bond. The addition 

of H−NR2 across unactivated alkenes leads to amines (Figure 4.5 − Eq. 1) and the addition of 

H−NR2 to unactivated alkynes produces enamines (Figure 4.5 − Eq. 2). The intramolecular 

hydroamination of aminoalkenes can generate pyrrolidines and piperidines (Figure 4.5 − Eq. 3).  
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Figure 4.5. Hydroamination of alkenes (1), alkynes (2) and aminoalkenes (3). 

The reaction offers a direct pathway to the formation of new C−N bonds but some obstacles have 

to be faced when performing such reactions. Despite the fact that the reaction is thermodynamically 

feasible under normal conditions (Figure 4.6), a high activation barrier needs to be overcome.  

 

Figure 4.6. Reaction of ammonia and ethylamine with ethylene. 

The attack of an amine nitrogen, bearing a lone pair, on an electron rich multiple bond results in 

electrostatic repulsion. The direct nucleophilic addition of amines to electron-deficient (activated) 

multiple bonds containing neighboring functional groups such as ester, keto, nitro, nitrile or sulfoxide 

proceeds slightly easily.[6] Also, the high-energy difference between 𝜋* (C=C) and 𝜎 (N−H) orbitals 

does not allow for concerted [2+2] addition of the N−H bond to the unsaturated bond. Therefore, 

use of a catalyst is needed to open other reaction pathways.[6]  

In general terms, two accepted catalytic systems for hydroamination are described. One of the 

catalytic mechanisms proceeds through olefin activation and the other proceeds through amine 

activation. For catalysis based on rare earth, alkali, alkaline earth and early transition metals, N−H 

activation takes place first while for late transition metal catalysts, C−C multiple bond activation is 

preponderant.[7]  

4.1.3 Alkaline earth metal complexes as hydroamination reaction catalysts 

Intramolecular hydroamination of unactivated double bonds 

Hydroamination of aminoalkenes leads mainly to pyrrolidines (Figure 4.7). Pyrrolidines are used as 

building blocks in the synthesis of more complex compounds such as numerous pharmaceuticals, 

plasticizers and rubber auxiliaries.[8] 
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Figure 4.7. Intramolecular hydroamination of unactivated double bonds. 

In 2005, Hill et al. introduced the first calcium-based catalyst for hydroamination using a 𝛽-

diketiminato calcium amide 1 (Figure 4.8).[9] Since then, different research groups have been 

investigating the catalytic activity of alkaline earth metal complexes in hydroamination. Besides the 

study of 𝛽-diketiminato complexes, Roesky et al. explored aminotroponate and aminotroponiminate 

alkaline earth metal complexes such as 2 for hydroamination of aminoalkenes.[10] Sarazin and 

Carpentier et al. developed imino anilide alkaline earth metal complexes as for example 3.[11] Harder 

and co-workers examined the catalytic activity of chiral bis-oxazoline alkaline earth metal complexes, 

namely 4 and showed that in some cases, the simple homoleptic Ca[N(SiMe3)2]2 is an active 

catalyst.[12] 

 

Figure 4.8. Calcium catalysts for hydroamination. 

The originally proposed mechanism was analogous of a generalized lanthanide-mediated ring 

closure of the aminoalkene (Figure 4.9 − A).[13c,f] The first step of the mechanism involved a 𝜎-bond 

metathesis between aminoalkene and the precatalyst LMR’, giving rise to the formation of a metal 

amide species. The second step included an intramolecular nucleophilic attack of the metal amide 

on the alkene functionality resulting in an alkyl metal species. The highly reactive primary alkyl metal 

complex with the amine moiety (acidic N−H) rearranged via 1,3-H shift to an metal amide species 

and further reaction with an aminoalkene released the product and regenerated the metal amide 

species. The formation of a very reactive alkyl metal species is prone to doubts and it has been 

subject of several investigations in the last five years. Mechanistic studies carried out by Hill et al., 
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Marks et al., Tobish et al. and Hultzsch et al. suggest that the mechanism of 

hydroamination/cyclization of aminoalkenes proceeds through an alkaline earth metal amide species 

(Figure 4.9 − B).[13] After a 𝜎-bond metathesis reaction and coordination of a second amine molecule, 

the next step is the cyclization. The ring closure is promoted by the second coordinated substrate 

molecule and proceeds through a [2+4] transition state. The coordinated substrate molecule 

transfers a proton to the product resulting in a N−H cleavage. The alkaline earth metal amide species 

is then regenerated and the heterocyclic product is liberated.   

 

Figure 4.9. Postulated catalytic cycles for group 2 intramolecular hydroamination. 

Although research is still ongoing to get a better understanding of the mechanism, general 

statements can be made. Substituents on the aminoalkene have been shown to influence the 

conversion rates. Substrates with large geminal substituents R on disubstituted alkenes 

(H2C=CHCH2CR2CH2NH2) cyclize easily due to a favourable Thorpe-Ingold effect (the larger the 

R−C−R angle is, the stronger is the C−C−C angle compression).[14] The conversion rate is 

consistent with Baldwin’s guidelines for ring formation. It increases with decreasing ring size (5>6>7-

membered ring closures). In contrast, the extent of the metal contribution is not clearly defined. 
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Experimental observations indicate that, in general, calcium-based precatalysts show higher 

conversion rates over their magnesium analogues.[15,10] This tendency cannot be expanded to 

strontium and barium.[15b,c,d] For instance, Roesky et al. reported that the calcium complex 2 is more 

reactive than its strontium counterpart[15d] whereas Hill et al. observed the contrary with heteroleptic 

amidocalcium and strontium complexes.[15b] This finding has not been fully explained, however one 

of the reasons could be due to the Schlenk equilibrium. Alkaline earth metal catalysts can undergo 

Schlenk equilibria (see Chapter 1 and Chapter 5) generating their homoleptic counterparts that can 

be inactive species and/or, especially for the heavier metals, insoluble (driving the equilibrium to the 

right) (Figure 4.10).  

 

  Figure 4.10. Schlenk equilibrium for group 2 complexes. 

Intermolecular hydroamination of activated double bonds 

Intermolecular hydroamination employing substrates containing carbon–heteroatom multiple bonds 

has received considerable attention. Indeed, the addition of a N−H bond across an activated 

unsaturated bond X=C (X = NR’, O) (Figure 4.11) is of interest as substituted guanidines (X = NR’) 

or ureas (X = O) are useful building blocks for synthetic pharmaceuticals but also as ligands in 

organometallic chemistry.[16] Although they can be prepared via stoichiometric reactions, these need 

harsh conditions (high temperatures and prolonged reaction times) and possess limited substrate 

scope.[17] Alkaline earth metal complexes have proved to be efficient catalysts for intermolecular 

hydroamination processes of activated double bonds.  

 

Figure 4.11. Intermolecular hydroamination of activated double bonds. 

Several alkaline earth metal complexes have been developed for intermolecular hydroamination of 

activated double bonds. Calcium complexes such as the 𝛽-diketiminato calcium amide complex 1 or 

the homoleptic calcium amide complex Ca[N(SiMe3)2]2 are highly active catalysts. Not only calcium 

complexes but also homoleptic strontium and barium complexes M[N(SiMe3)2]2 (M = Sr, Ba) are 

active for intermolecular hydroamination.[18] Magnesium alkyl species such as MgBn2∙THF2 or 

MgnBu2 can also catalyze these reactions.[19]  

The proposed mechanism initiates via 𝜎-bond metathesis between a substrate, i.e. an amine, and a 

precatalyst LMR”, giving a metal amide species (Figure 4.12). Subsequent coordination of the X=C 

results in further bond activation and is followed by a [2+2] cycloaddition. Protonolysis of the obtained 

metal complex by a new amine molecule liberates the product, while reforming the group 2 amide 

complex.  
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Figure 4.12. Postulated catalytic cycle for group 2 intermolecular hydroamination. 

4.1.4 Activation of double bonds: Transition metals versus main group metals 

Transition metals 

The activity of transition metals in catalysis relies on their ability to adopt multiple oxidation states 

and on their available d-orbitals. They can form a variety of complexes, alloys and interstitial 

compounds. Thus, their compounds show catalytic activity in many chemical processes.[20]  

In the case of double bond complexation (Figure 4.13), a bonding interaction is possible between 

the filled 𝜋 orbital of the olefin and an empty orbital on the metal, forming a 𝜎-like bond. A secondary 

interaction involves electron transfer from filled d-orbitals of the metal to the vacant olefin 𝜋*-orbitals 

of appropriate symmetry (a 𝜋-like backbonding). The bond has then 𝜋 and 𝜎 character. The bond 

interaction varies between two limiting structures, the planar olefin adduct and the 

metallocyclopropane. In the planar olefin adduct, the double bond structure is not significantly 

changed as the 𝜎 bond and the 𝜋 backbonding are relatively weak. This results in a 𝜋 complex with 

a metal-alkene bond perpendicular to the plane. In the second case, considerable 𝜎-donor and 𝜋-

acceptor abilities induce a weaker 𝜋 character in the alkene and therefore a decrease in the bond 

order. The resulting complex can be described as a three-membered ring metallocycle.[21] 
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Figure 4.13. Orbital interactions between an olefin and a transition metal. 

The empty and partially occupied d-orbitals that characterize the majority of transition metals enable 

them to activate a large range of unsaturated double bonds. Main group metals, lacking these d-

orbitals, activate unsaturated bonds in a different manner. 

Main group metals  

For early main group metal catalysis, the activation of the double bond can be described by Lewis 

acid activation. In the particular case of alkaline earth metal organometallic compounds, as 

intermediates between group 1 complexes and group 13 complexes, they display particular 

characteristics. On the one hand, similar to group 13 complexes, their metal Lewis-acidic character 

allows for substrate coordination and activation. For instance, Niggemann and co-workers 

investigated the applications of Ca2+ as a Lewis acidic catalyst in organic synthesis through the 

choice of suitable counterions (CaX2, X = OTf, NTf2, PF6, F, etc.).[22] On the other hand, like alkali 

metal compounds, alkaline earth metals compounds have highly ionic character so their bound 

residues are highly nucleophilic and show strong basicity. As a matter of fact, the reactivity of such 

organometallic compounds is related to the ionic character of the residue-metal bond. Theoretical 

calculations by Schleyer et al. in 1994 estimated the bond ionicity of alkaline earth metal methyl 

compounds M(CH3)2. They found a strong ionic carbon-metal bonding character: Be−C 74%; Mg−C 

77%, Ca−C 89%; Sr−C 91%; Ba−C 94%.[23] The mainly ionic nature of the bond supports the 

conjecture that the activation of the unsaturated bond is caused by electrostatic interaction with the 

metal center (Figure 4.14). Although alkenes do not possess a dipole moment, the vicinity of the 

positively charged Ca2+ induces polarization of the 𝜋–bond. This results in weak electrostatic bonding 

between the cation and the ion-induced dipole. There is no charge-transfer from the alkene to the 

metal. The catalytic activity of alkaline earth metals compounds is suggested to proceed through 

polarization of the unsaturated bond by electrostatic interaction with the metal center. This results in 

polarization of the 𝜋-bond electron density towards the metal by a slight rehybridization of the 

ethylene carbons from sp2 to sp3. This by itself would give no incentive for frontal nucleophilic attack. 

Asymmetric coordination of the double bond, however, would also lead to horizontal polarization of 

the double bond and induces nucleophilic attack. Such four-membered rings with alternating 𝛿+/ 𝛿ˉ 
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charge are typical transition states for addition to unsaturated bonds. This produces an asymmetry 

of the olefinic 𝜋 system allowing the nucleophilic attack of the anionic bound reactive group R of the 

complex onto the unsaturated bond.   

 

Figure 4.14. Activation of unsaturated bonds by group 2 complexes. 

Such interactions are not clearly defined as examples of metal-alkene interactions are limited. In 

2004, Schumann et al. isolated the first alkaline earth metal with alkenyl-substituted chelating 𝜂5,𝜂2–

cyclopentadienyl ligands revealing interaction of the metal center with the olefinic 𝜋 systems (Figure 

4.15).[24] They synthesized and isolated alkaline earth metallocenes M(C5Me4CH2CH2CH=CH2)2 

where M = Mg, Ca, Sr and Ba. The Mg metallocene displayed a sandwich arrangement with the two 

parallel cyclopentadienyl rings above and below the metal center and the two side chains pointing 

away from the metal center. Unlike the Mg metallocene, the Ca, Sr and Ba metallocenes presented 

a different structure. As shown in Figure 4.15, the structure deviates from the sandwich arrangement. 

The two cyclopentadienyl ring are actually bent towards each other and the side chains are facing 

the metal center. The olefin interacts with the metal and the distance M⋯C varies with the alkaline 

earth metal center (average values: Ca⋯C 3.074(2) Å; Sr⋯C 3.095(2) Å; Ba⋯C 3.293(3) Å). The 

C=C bond lengths (1.361(2) Å, 1.33(2) Å and 1.316(3) Å respectively) do not differ significantly from 

the magnesium derivative (1.314(2) Å) suggesting a very labile coordination of the olefin ligands. A 

literature search revealed this to be the only example of a structurally confirmed alkaline earth metal-

olefinic 𝜋 interaction.  

 

Figure 4.15. Alkaline earth metallocenes with pendant olefin groups. 
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4.2 Aim of the project 

The catalytic activity of group 2 complexes (LMR) is a result of the combined action of the metal 

center M and the reactive group R. The unsaturated bond is polarized by the metal center allowing 

nucleophilic attack of the reactive group R of the complex onto the unsaturated bond (Figure 4.16). 

Unfortunately, there is no clear evidence for such an assumption. The aim of this research is to 

further understand the mechanism of alkaline earth metal catalysis by establishing the role of the 

individual group 2 element, evaluating how important the polarization effect of the metal center is 

and inspecting if it is possible to set it aside. In order to do so, the early main group metal cation will 

be replaced by a non-coordinating organic cation. This will result in an ion-pair in which the anion is 

virtually “naked” (Figure 4.16). 

 

Figure 4.16. Transformation of a group 2 catalyst to an organic cation-anion pair. 

Substitution of the metal for a species unable to polarize the unsaturated bond may clarify whether 

the reactive nucleophile can act as the catalyst in the absence of a polarizing metal. Such “naked” 

anions will be tested on reactions known to be catalyzed by calcium complexes, i.e. intermolecular 

hydroamination of activated double bonds and intramolecular hydroamination of unactivated double 

bonds (Figure 4.17). 

 

Figure 4.17. Group 2-catalyzed reactions tested. 
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This will allow us to evaluate the influence of the metal center in the catalysis and see if it is 

organobased catalysis or if the catalysis is of organometallic nature in which case the metal plays a 

crucial role.  

4.3 Results and discussion 

4.3.1 Metal-free catalysts 

In 1917 Wilhelm Schlenk showed the possibility of synthesizing the so-called “naked” anions and 

their non-coordinated cations.[25] In the attempt to synthesize organic compounds with a pentavalent 

nitrogen (NR5), they reacted a potassium amide with an ammonium salt (Figure 4.18). 

 

Figure 4.18. Synthesis of “naked” anions, depicted in the original notation.[25] 

Although, at that time, the product was described as Ar2N−NMe4, it is nowadays well-established 

that such a compound should be regarded as an ion-pair. Recently, the crystal structure of a similar 

ion-pair [Ph3C]ˉ[Me4N]+ was reported by Harder et al..[26] 

[Ph3C]ˉ[Me4N]+ was prepared according to a literature procedure.[26] The red compound Ph3CNa was 

synthesized by reaction of Ph3CH with nBuNa, which had been in situ generated. Reaction of 

Ph3CNa with Me4NCl in Et2O gave a strongly red colored precipitate [Ph3C]ˉ[Me4N]+ which was 

isolated (Figure 4.19). Addition of pyridine dissolved the complex which could be freed from NaCl by 

quick centrifugation. Addition of Et2O to the intensely red mother liquor gave [Ph3C]ˉ[Me4N]+ in the 

form of red crystals. 

 

Figure 4.19. Synthesis of [Ph3C]ˉ[Me4N]+. 

This latter compound displayed limited stability at room temperature (vide infra), and for this reason, 

the previously described “naked” amides were also synthesized (Figure 4.20).[25] The amine Ar2NH 

was reacted with potassium hydride in THF at 50 °C for six hours to give the potassium salt. The 

isolated Ar2NK was then reacted with Me4NCl at −10 °C in pyridine to afford the desired product. 

The complex was freed from insoluble NaCl by quick centrifugation and addition of Et2O to a strong 

colored solution of the product in pyridine caused the fast crystallization of the “naked” amide. 

[Ph2N]ˉ[Me4N]+ and [(p-tolyl)2N]ˉ[Me4N]+ were isolated as well-defined single crystals displaying 
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different color and shape according to the compound. The material [Ph2N]ˉ[Me4N]+ crystallized as 

green needles and [(p-tolyl)2N]ˉ[Me4N]+ as red plates. 

 

Figure 4.20. Synthesis of Schlenk’s “naked” amides. 

Attempted synthesis of a library of metal-free catalysts 

Following the same methodology, different ammonium salts were tested such as Et4NCl, Bu4NCl, 

Bu4NBr in order to obtain [Ph2N]ˉ[Et4N]+, [Ph2N]ˉ[Bu4N]+ or [Ph3C]ˉ[Bu4N]+. Ph4PBr was also tested 

in the synthesis of [Ph2N]ˉ[Ph4P]+. After many attempts with different solvents (THF, pyridine, Et2O) 

at different temperature (from room temperature to −20 °C), the products [Ph3C]ˉ[Bu4N]+ and 

[Ph2N]ˉ[Ph4P]+ could not be isolated as pure compounds. [Ph2N]ˉ[Et4N]+ and [Ph2N]ˉ[Bu4N]+ were 

found to be unstable at room temperature.  

4.3.2 Decomposition study 

[Ph3C]ˉ[Me4N]+, [Ph2N]ˉ[Me4N]+ and [(p-tolyl)2N]ˉ[Me4N]+ were subjected to decomposition studies. 

To generate more detailed information on the stability and the decomposition mechanism, 

[Ph3C]ˉ[Me4N]+, [Ph2N]ˉ[Me4N]+ and [(p-tolyl)2N]ˉ[Me4N]+ were separately dissolved in deuterated 

solvent in closed systems of sealed NMR tubes under inert atmosphere. As such compounds showed 

low solubility in benzene, analyses by NMR spectroscopy were carried out in THF-d8. The 

decomposition process at room temperature was regularly followed by 1H NMR measurements. 

From the NMR spectroscopy analysis, it could be concluded that the decomposition products came 

predominantly from a nucleophilic substitution at the tetramethylammonium cation (Figure 4.21). For 

the starting materials, the methyl groups of the cation appeared as a singlet at 𝛿 = 2.95 ppm for 

[Ph3C]ˉ[Me4N]+, at 𝛿 = 3.10 ppm for [Ph2N]ˉ[Me4N]+ and at 𝛿 = 2.96 ppm for [(p-tolyl)2N]ˉ[Me4N]+. 

Over the decomposition process, these signals vanished and two new peaks arised: one for NMe3 

at 𝛿 = 2.11 ppm and a second one at 𝛿 = 3.18 ppm for Me-NPh2, at 𝛿 = 3.21 ppm for Me-N(p-tolyl)2 

and at 𝛿 = 2.16 ppm for Me-CPh3. Half-life times were determined by 1H NMR measurements. In the 

case of the diphenylamide, its half-life time is three days and for the di-p-tolylamide, its half-life time 

is two days. The salt with the carbanion Ph3Cˉ showed the shortest half-life time of five hours.  
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Figure 4.21. Decomposition products. 

The ammonium salts of the “naked” anions [Ph3C]ˉ[Me4N]+ and [Ph2N]ˉ[Me4N]+ were tested in 

catalysis.  

4.3.3 Metal-free catalysis - Intermolecular hydroamination 

The ion-pairs [Ph3C]ˉ[Me4N]+ and [Ph2N]ˉ[Me4N]+ were first applied to intermolecular hydroamination 

of activated double bonds X=C (X = O, NR). Prior to the catalysis, we examined their metal content 

in order to confirm that these “naked” anions and their non-coordinating cations were metal-free. The 

metal content was analyzed by Atomic Absorption Spectroscopy. The results showed that the metal 

traces are 839 ppm of Na+ for [Ph3C]ˉ[Me4N]+ and 149 ppm of K+ for [Ph2N]ˉ[Me4N]+. To exclude 

catalytic activity of the respective starting materials, the metal salts Ph2NK and Ph3CNa were also 

tested as catalysts. 

Hydroamination of isocyanate 

In the first part of the study, the “naked” anions were applied as catalysts in the formation of urea 

derivatives (Figure 4.22).  

 

Figure 4.22. Hydroamination of 2,6-diisopropylphenylisocyanate. 

In 2008, Hill et al. reported the reaction of 2,6-diisopropylphenylisocyanate and diphenylamine 

utilizing Ca[N(SiMe3)2]2·THF2 as a catalyst. The reaction was heated at 60 °C in C6D6 for three hours, 

resulting in 62% conversion (Table 4.1, entry 1).[27] At lower temperature and shorter reaction times, 

the “naked” amide Ph2Nˉ gave better results. In one hour at room temperature in C6D6, we could 

observe 74% conversion (entry 2). It is interesting to note that changing the solvent from benzene to 

a more polar solvent THF did not alter the conversion (entry 3). Equally, increasing the temperature 

from room temperature to 60 °C did not improve the conversion (entry 4). Running the reaction with 

the metal salt Ph2NK led to a considerably slower conversion than [Ph2N]ˉ[Me4N]+ (entry 5), and 
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running a catalyst-free experiment did not result in product formation under these conditions (entry 

6). 

Table 4.1. Hydroamination of 2,6-diisopropylphenylisocyanate.a 

Entry Cat. (mol%) Solvent Time (h) Temp. (°C) Conv. (%)b 

1 Ca[N(SiMe3)2]·THF2 (6%)[27] C6D6 3 60 62 

2 Ph2Nˉ Me4N+ (5%) C6D6 1 25 74 

3 Ph2Nˉ Me4N+ (5%) THF-d8 1 25 71 

4 Ph2Nˉ Me4N+ (5%) THF-d8 1 60 71 

5 KNPh2∙THF0.5 (5%) THF-d8 8 60 51 

6 No cat. THF-d8 48 60 - 

aReaction conditions: 2,6-diisopropylphenylisocyanate:diphenylamine = 1:1, 0.6 mL solvent, N2 atmosphere. bConversion 
determined by 1H NMR spectroscopy. 

 
From these results, it can be suggested that, under the given conditions, there is no major solvent 

or temperature effect in the formation of urea derivatives. As can be seen by the experiment carried 

out with the potassium salt, traces of metal salts precursors do not significantly affect the catalysis. 

And finally, as shown by the blank experiment, the reaction cannot run under non-catalytic 

conditions, which confirms the need for the catalyst under these conditions. As for the calcium 

catalyst (entry 1), the reaction did not reach full conversion with the metal-free catalyst (entry 2-4). 

In the case of the calcium catalyst, it has been proposed that the product in its deprotonated form 

acts as a ligand for the metal catalyst, inhibiting substrate coordination and further activation at the 

metal.[27] As for metal-free catalysis such an argument would not be valid, it is more likely that 

incomplete conversion is due to acid-base equilibria between the deprotonated product and Ph2NH. 

Such an effect was also observed for the intermolecular hydroaminations that are the subject of 

further studies. This will be discussed in the next paragraph. 

Hydroamination of carbodiimide 

In the second part of the study, the isocyanate was replaced by a carbodiimide substrate. 

 

Figure 4.23. Hydroamination of carbodiimide. 

Firstly the catalytic addition of Ph2NH to N,N’-diisopropylcarbodiimide was studied (Figure 4.23 – R 

= iPr). Hill et al. reported the reaction of N,N’-diisopropylcarbodiimide and diphenylamine with 

Ca[N(SiMe3)2]2·THF2 (Table 4.2, entry 1). They obtained 74% conversion in one hour at 25 °C in 

C6D6.[18] The conversions obtained with the “naked” anions are equivalent to that obtained with the 
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calcium catalyst. For the metal-free catalysis, the catalyst loading is higher than for calcium mediated 

hydroamination of N,N’-diisopropylcarbodiimide using 5 mol% instead of 2 mol% (entry 2-3) in order 

to compensate for possible catalyst decomposition (see 4.3.1). It should be noted that 

[Ph3C]ˉ[Me4N]+ and [Ph2N]ˉ[Me4N]+ dissolve well in THF but are only poorly soluble in benzene which 

means that catalyst concentrations in benzene should be taken with precaution. This likely also 

explains higher activities in THF (entry 2 and 4, entry 3 and 5). Increasing the temperature from room 

temperature to 60 °C and increasing the reaction time did not alter the conversion (entry 6). As 

before, the reaction with the metal salts Ph2NK and Ph3CNa resulted in significantly slower 

conversion than those with [Ph3C]ˉ[Me4N]+ and [Ph2N]ˉ[Me4N]+ (entry 7 and 9); even at 60 °C and 

long reaction time (entry 8 and 10). Likewise, a blank experiment did not result in product formation 

under these conditions (entry 12). As for hydroamination of 2,6-diisopropylphenylisocyanate, full 

conversion was not observed. 

Table 4.2. Hydroamination of N,N’-diisopropylcarbodiimide.a 

Entry Cat. (mol%) Solvent Time (h) Temp. (°C) Conv. (%)b 

1 Ca[N(SiMe3)2]·THF2 (2%)[18] C6D6 1 25 74 

2 Ph2Nˉ Me4N+ (5%) C6D6 1 25 82 

3 Ph3Cˉ Me4N+ (5%) C6D6 3 25 67 

4 Ph2Nˉ Me4N+ (5%) THF-d8 0.5 25 85 

5 Ph3Cˉ Me4N+ (5%) THF-d8 0.5 25 83 

6 Ph2Nˉ Me4N+ (5%) THF-d8 1 60 88 

7 NaCPh3.THF (5%) THF-d8 1 25 42 

8 NaCPh3.THF (5%) THF-d8 6 60 43 

9 KNPh2.THF0.5 (5%) THF-d8 1 25 47 

10 KNPh2.THF0.5 (5%) THF-d8 6 60 50 

11 No cat. THF-d8 72 60 - 

aReaction conditions: N,N’-diisopropylcarbodiimide:diphenylamine = 1:1, 0.6 mL solvent, N2 atmosphere. bConversion 

determined by 1H NMR spectroscopy. 
 

In analogy to the previous study, comparable conclusions could be drawn with hydroamination of 

N,N’-dicyclohexylcarbodiimide (Figure 4.23 – R = Cy).  The “naked” anion gives similar results to the 

calcium catalysts but with higher catalyst loading and longer reaction time (Table 4.3, entry 1-2). The 

substrate conversion is temperature independent (entry 4). The low solubility of the catalyst in 

benzene affected the catalytic activity (entry 2-3) and under these conditions, a catalyst is required 

(entry 5). Similar to N,N’-diisopropylcarbodiimide, conversion did not reach more than 80%.  
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Table 4.3. Hydroamination of N,N’-dicyclohexylcarbodiimide.a 

Entry Cat. (mol%) Solvent Time (h) Temp. (°C) Conv. (%)b 

1 Ca[N(SiMe3)2]·THF2 (2%)[18] C6D6 0.1 25 81 

2 Ph2Nˉ Me4N+ (5%) C6D6 6 25 78 

3 Ph2Nˉ Me4N+ (5%) THF-d8 2 25 80 

4 Ph2Nˉ Me4N+ (5%) THF-d8 48 60 76 

5 No cat. THF-d8 48 60 - 

aReaction conditions: N,N’-dicyclohexylcarbodiimide:diphenylamine = 1:1, 0.6 mL solvent, N2 atmosphere. bConversion 
determined by 1H NMR spectroscopy. 

 
Although the “naked” anion mediated hydroamination may be applicable to carbodiimides with alkyl 

groups, the “naked” anion is not active for hydroamination of carbodiimides with aryl groups (Figure 

4.23 – R = DIPP, p-tolyl). Under no circumstances was conversion observed (Table 4.4).  

Table 4.4. Hydroamination of arylcarbodiimides.a 

Ar Cat. (mol%) Solvent Time (h) Temp. (°C) Conv. (%)b 

DIPP Ph2Nˉ Me4N+ (6%) THF-d8 48 60 - 

p-tolyl Ph2Nˉ Me4N+ (6%) THF-d8 48 60 - 

DIPP Ph3Cˉ Me4N+ (7%) THF-d8 48 40 - 

aReaction conditions: arylcarbodiimide:diphenylamine = 1:1, 0.6 mL solvent, N2 atmosphere. bConversion determined by 
1H NMR spectroscopy. 

 
This finding is consistent with the absence of group 2 metal catalyzed hydroamination of ArN=C=NAr 

in the literature which is a general challenge in hydroamination.[18] In a general mechanism for the 

hydroamination of carbodiimides (Figure 4.24), the “naked” anion first deprotonates Ph2NH. Then 

Ph2Nˉ attacks the carbodiimide to give the guanidinate 5. This latter reacts with another Ph2NH to 

yield the product 6. This is an acid-base reaction in equilibrium. In the case of the guanidinate 

possessing aryl groups, the negative charge is stabilized by delocalization over the aryl group, so 

that the equilibrium is shifted towards the guanidinate intermediate 5. In the case of a guanidinate 

bearing alkyl groups, the charge is localized so the guanidinate is more basic; hence the acid-base 

equilibrium is more shifted towards the product. This equilibrium also explains the fact that full 

conversions of 2,6-diisopropylphenylisocyanate, N,N’-diisopropylcarbodiimide and N,N’-

dicyclohexylcarbodiimide to the urea or to the guanidine products are never observed. 
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Figure 4.24. Proposed mechanism for hydroamination of carbodiimides. 

So far, our experimental observations allow us to say that for the intermolecular hydroamination of 

activated double bonds, metal-free catalysis is possible. Equally important, “naked” anions and their 

non-coordinated cations gave similar conversions as that of calcium complexes. The acid-base 

equilibrium between the deprotonated substrate and product anion limited the conversion. 

Accordingly, higher conversions could not be reached with higher temperatures. Also, traces of 

decomposition products of the metal-free catalysts could be observed when the temperature was 

raised. Furthermore, the use of the polar solvent THF, allowed for better solubility of the catalyst, 

which explains the better catalytic activity in THF-d8 compared to C6D6.  

So far the obtained results suggest that, for group 2 catalysis, the polarization effect of the metal is 

not required for the intermolecular hydroamination of activated double bonds. However, structural 

analysis of the metal-free catalysts indicate that there may be an influence of the organic cation on 

the reaction mechanism. 

4.3.4 Structure of the ion-pair 

Although, [Ph2N]ˉ[Me4N]+ was isolated as well-defined single crystals, these crystals were not 

suitable for X-ray diffraction due to their crystallization as very thin needles. The recently published 

structure of the salt [Ph3C]ˉ[Me4N]+ shows a three-dimensional network of alternating cations and 

anions that are interconnected by non-classical hydrogen bond interactions such as C−H⋯C or 

C−H⋯ 𝜋 interactions.[26] A crystal structure determination of [(p-tolyl)2N]ˉ[Me4N]+ revealed a similar 

network of hydrogen bonds (Figure 4.25): rows of (p-tolyl)2Nˉ anions are interchanged by rows of 

Me4N+ cations.  
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Figure 4.25. Molecular structure of [(p-tolyl)2N]ˉ[Me4N]+. 

The (p-tolyl)2Nˉ anion is not planar but rings are slightly twisted in order to avoid repulsion between 

ortho-H atoms. The anion and cation in the molecule are connected by two types of hydrogen bonds. 

The first one is an interaction between the protons of the methyl groups of the cations with the 

nitrogen atoms of the anions C1−H1⋯N1 (shortest contact H1⋯N1 2.336 Å; C1−H1⋯N1 158°). The 

N⋯H distance is significantly shorter than the sum of the Van der Waals radii for the N and H (Σrw = 

2.70 Å).[26c] The second interaction is between the protons of the methyl groups of the cations and 

the phenyl rings of the anions (contact C2−H2⋯  𝜋 2.391 Å; C2−H2⋯  𝜋 170°). In addition to this, 

the anions are also connected to one another by hydrogen bonds. The protons of the p-tolyl groups 

interact with the phenyl rings of the neighboring anion (shortest contact C3−H3⋯ Carom. 2.485 Å; 

C3−H3⋯ Carom. 172°). Interactions between the rows can also be observed: anion-cation interaction 

(C2´−H2´⋯  𝜋 2.646 Å; C2´−H2´⋯  𝜋 157°) (Figure 4.26) and anion-anion interaction (C3−H3⋯  𝜋 

2.794 Å; C3−H3⋯  𝜋 132°) (Figure 4.27). 

.  

 

Figure 4.26. Inter-layer anion-cation contacts. 
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Figure 4.27. Inter-layer anion-anion contacts. 

So the non-coordinated cations are actually weakly coordinated by a network of hydrogen bonds. 

Although this is clear evidence for cation-anion association in the solid state, the importance of such 

interactions in solution remains unclear. 

4.3.5 DFT-calculations at the level B3PW91/6-311G** 

To examine the role of the non-coordinated cation in catalysis, the hydroamination of N,N’-

diisopropylphenylcarbodiimide with diphenylamine was evaluated by a set of DFT-calculations at the 

level B3PW91/6-311G** including solvent correction (THF) at the PCM level. Four potential routes 

were computed:  

(i) The free Ph2Nˉ route 

(ii) The metal-assisted route using Ph2NLi 

(iii) The [Ph2N]ˉ[Me4N]+ ion-pair route 

(iv) The substrate assisted route in which the Ph2Nˉ ion forms a hydrogen bridge to the Ph2NH 

substrate 

Energy profiles in the gas phase and in THF solution 

The four routes were computed in the gas phase (Figure 4.28) but also mimicked in THF solution by 

using an electrostatic field (Figure 4.29). The energy profiles of both situations reveal interesting 

features (protonolysis of the product is not depicted in the energy profiles). In either case, the starting 

point for the four routes is the interaction of iPrN=C=NiPr with [Ph2N]ˉ[X]+ (X = Me4N+ or Li+). For the 

hydroamination routes with free Ph2Nˉ and Ph2Nˉ⋯HNPh2, the first step is the separation of the anion 

[Ph2N]ˉ and cation [Me4N]+. The dissociation energy in the gas phase is very high (68.0 kcal/mol) but 

using PCM corrections for a polar solvent like THF makes dissociation of the anion and the cation 

more favourable. Thus, the dissociation energy decreases significantly for THF solution (5.0 

kcal/mol). On the contrary, getting the carbodiimide and the anion together (complex formation) after 

dissociation costs more energy in THF solution than in the gas phase due to the solvation effect. As 

for the comparison between a metal route and a metal-free route, the complex formation needs more 

energy for the metal-free routes compared to the metal route (between 10 to 20 kcal/mol in THF 

solution). In the gas phase, the difference is more striking. It follows that the product formation, in 

THF solution, goes through relatively high-energy transition states, whereas, in the gas phase, the 
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product formation goes through lower-energy transition states. A detailed description of the product 

formation, from the complex to the product, in the gas phase is discussed in the next paragraph. In 

the gas phase, as well as in THF solution, the energy profiles are endergonic but the protonation 

step is not shown. A full energy profile of the free Ph2Nˉ route including H transfer from Ph2NH to the 

product in gas phase and in solution shows that the reaction is nearly thermoneutral (Figure 4.30).  

 

Figure 4.28. Energy profiles in the gas phase. ΔG° are given in kcal/mol at 298.15K. 

 

 

Figure 4.29. Energy profiles in solution. ΔG° are given in kcal/mol at 298.15K. 
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The general comparison of the computed route in gas phase and with solvent correction shows that 

in both cases, the metal route with Ph2NLi is the most favourable. As far as the metal-free catalysis 

is concerned, the ion-pair [Ph2N]ˉ[Me4N]+ route is preferred to the other two routes. In the gas phase, 

the ion-pair route with [Ph2N]ˉ[Me4N]+ is clearly favoured over routes in which only the anion is used: 

Ph2Nˉ or Ph2Nˉ⋯HNPh2. This is due to the fact that there is an enormous penalty of 68.0 kcal/mol 

for separation of the ion-pair. In THF, however, dissociation is much easer (5 kcal/mol) and this 

makes the Ph2Nˉ route the most favourable metal-free route. 

By comparison of the free Ph2Nˉ route and the [Ph2N]ˉ[Me4N]+ route, it is possible to draw a parallel 

between the computational and experimental results. Indeed, the two profiles in solution are 

comparable in energy so it is reasonable to suggest that, in solution, there is no complete anion-

cation dissociation of [Ph2N]ˉ[Me4N]+ and that the cation is involved in the reaction. 

 

 

Figure 4.30. Full energy profile of the free Ph2Nˉ. ΔG° are given in kcal/mol at 298.15K. 
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Detailed descriptions of the geometries from the complex to the product for each route in the 

gas phase 

(i) The free Ph2Nˉ route (Figure 4.31) 

 

Figure 4.31. Energy profile for the free Ph2Nˉ in the gas phase. ΔG° are given in kcal/mol at 298.15K. 

The hydroamination with the “naked” anion Ph2Nˉ develops from a free anion and free iPr-N=C=N-

iPr, in which both C=N bonds show equal distances of 1.221 Å. As the C=N bond length in iPr-

N=C=N-iPr is also 1.221 Å, close contact of anion and substrate does not induce C=N bond 

activation. The attack of the anion on the central carbon atom of the carbodiimide generates a rather 

low-energy transition state (13.9 kcal/mol) and the product presents nearly symmetrical C-NiPr 

bonds (dC=N= 1.309 Å and dC=N= 1.312 Å) due to charge delocalization. The reaction is endergonic 

(4.3 kcal/mol). 
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(ii) The metal assisted route (Figure 4.32) 

 

Figure 4.32. Energy profile for Ph2NLi in the gas phase. ΔG° are given in kcal/mol at 298.15K. 

The metal catalyzed route starts with the coordination of the lithium amide to one nitrogen atom of 

the carbodiimide. This results in activation of one of the C=N bonds and therefore an asymmetric 

N=C=N substructure. Compared to the bond length of the carbodiimide function in the free iPr-

N=C=N-iPr (dC=N= 1.221 Å), the activated C=N bond is longer (1.238 Å) and the other C=N bond is 

shorter (1.202 Å). An intramolecular nucleophilic attack from the amide on the central carbon then 

follows, resulting in a cyclic transition state (16.8 kcal/mol) in which the asymmetry in N=C=N is even 

more pronounced. The product shows inequivalent C-NiPr bonds (dC-N= 1.284 Å and dC-N= 1.346 Å). 

This is due to the fact that Li+ is coordinated to only one of the N atoms (and a phenyl ring) thus 

localizing the negative charge resulting in a iPr-N=C−N-iPrˉ structure. The reaction is endergonic 

(7.2 kcal/mol) due to the weaker Ph⋯Li interaction than the N⋯Li from the starting complex. 
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(iii) The [Ph2N]ˉ[Me4N]+ ion-pair route (Figure 4.33) 

 

Figure 4.33. Energy profile for [Ph2N]ˉ[Me4N]+ in the gas phase. ΔG° are given in kcal/mol at 298.15K. 

The reaction of iPrN=C=NiPr and [Ph2N]ˉ[Me4N]+ starts with a complex in which the ion-pair 

[Ph2N]ˉ[Me4N]+ is bound to the substrate through a network of C−H⋯N interactions. Interaction 

between the three molecules causes an asymmetry in the N=C=N substructure, however, this 

asymmetry is clearly less pronounced as in the Ph2NLi⋯substrate complex. One C=N bond is 

moderately longer (1.235 Å) than the other (1.206 Å). The reaction proceeds via a relatively low-

energy transition state (12.8 kcal/mol) where the cation bridges the substrate and the Ph2Nˉ 

nucleophile. Similarly to the starting complex, the product reveals a network of hydrogen bonds 

between the cation and the product. As seen in the case of lithium in the metal route, the cation 

interacts with the substrates at each stage of the reaction and shows a metal-like role. The reaction 

is close to thermoneutral (-0.3 kcal/mol). 
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(iv) The substrate assisted route (Figure 4.34) 

 

Figure 4.34. Energy profile for Ph2Nˉ--- Ph2NH in the gas phase. ΔG° are given in kcal/mol at 298.15K. 

The last cation-free route examined explores hydroamination of iPrN=C=NiPr with Ph2Nˉ⋯HNPh2. 

Especially at the first stage of the catalytic reaction, it is likely that a “naked” anion forms H-bridges 

to the Ph2NH substrate which at the beginning is present in high concentration. The substrate Ph2NH 

acts as a bridge between the anion Ph2Nˉ and the carbodiimide. The reaction pathway initiates from 

a complex in which a hydrogen bond gives rise to a slightly asymmetric N=C=N skeleton with C=N 

bonds of 1.232 Å and 1.209 Å. The reaction goes through a transition state with a small energy 

barrier (11.5 kcal/mol). Again the product shows unsymmetrical C-NiPr bonds due to a N···H−N 

bond (dC-N= 1.304 Å and dC-N= 1.326 Å). The asymmetry is less prominent in this case than for the 

products obtained with the Ph2NLi and [Ph2N]ˉ[Me4N]+ routes. The reaction is exergonic (-3.5 

kcal/mol). 

In summary, the following conclusions can be drawn: 

1) There is a large difference between the energy profiles for the gas phase reaction and the 

reaction in a polar medium, which is to be expected for such polar reagents. Gas phase 

transition states for cation-free reactions are high due to the high cation-anion dissociation 

energies. In solution, the overall transition states for cation-free reactions drop significantly 

whereas those for the cation containing catalysts increase. The lowest activation energy is 

found for Ph2NLi but catalytic activity for the free Ph2Nˉ ion is also feasible. 
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2) It is of interest to note that coordination of the substrate to the catalyst can result in C=N bond 

activation. Whereas for Ph2Nˉ no activation is found, all other routes show asymmetry in the 

N=C=N unit. Activation decreases along: Ph2NLi >[Ph2N]ˉ[Me4N]+ > Ph2Nˉ⋯HNPh2 > Ph2Nˉ. 

3) The routes with Ph2NLi as a catalyst generally give a lower transition state and most extreme 

activation of the C=N bond. However, under polar conditions, the activation energies for 

some of the metal-free routes are low enough to be of potential interest. The small 

dissociation energy for [Ph2N]ˉ[Me4N]+ in polar solvents (5 kcal/mol) indicates an equilibrium 

between ion-pairs and free ions. Both could react in metal-free catalysis. 

4) The “non-coordinating” cation is in reality weakly coordinating and behaves like a metal 

cation, i.e. it bridges the nucleophile and the carbodiimide substrate. Under polar conditions, 

reactions with free Ph2Nˉ are more likely to happen. 

4.3.6 Intramolecular hydroamination 

As for the intermolecular hydroamination of activated double bonds, the “naked” anions were tested 

in intramolecular hydroamination of unactivated double bonds (Figure 4.35).  

 

Figure 4.35. Intramolecular hydroamination. 

The reaction was studied under different conditions with three different substrates 

H2C=CHCH2CR2CH2NH2 (R, R = Me, Me or Cy or Ph, Ph) (Table 4.5). Modifying the temperature 

from 40 °C to 80 °C (entry 1 and entry 3), testing different solvents (benzene, THF, benzene + 

pyridine for better solubility) (entry 1-3, entry 5-6, entry 7), increasing reaction time to 12 days (entry 

3-4) did not give substrate conversion for any substrates.  
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Table 4.5. Attempted metal-free intramolecular hydroamination.a 

Entry Substrate Cat. 
(5 mol%) 

Solvent Time 
(days) 

Temp. 
(°C) 

Conv. 
(%)b 

1 R, R = Ph, Ph Ph3CˉMe4N+ C6D6 3 40 - 

2 R, R = Ph, Ph Ph3CˉMe4N+ THF-d8 3 40 - 

3 R, R = Ph, Ph Ph2NˉMe4N+ C6D6  

(drops pyridine-d5) 
12 80 - 

4 R, R = Ph, Ph Ph2NˉMe4N+ THF-d8 12 60 - 

5 R, R = Cy Ph3CˉMe4N+ C6D6 3 40 - 

6 R, R = Cy Ph3CˉMe4N+ THF-d8 3 40 - 

7 R, R = Me, Me Ph2NˉMe4N+ C6D6  

(drops pyridine-d5) 
7 80 - 

aReaction conditions: 0.12 mmol substrate, 0.6 mL solvent, N2 atmosphere. bConversion determined by 1H NMR 
spectroscopy. 

These unsuccessful results could have several reasons. On the one hand, it could be due to stability 

of the catalyst or its deprotonation capability. On the other hand, difficulties in the ring closure step 

might be the reason. Catalyst stability and basicity variables could be overcome as shown below. 

The comparison of basicity of the components in the system may imply as to why the metal-free 

catalysts were not active in intramolecular hydroamination. The primary amine has an estimated pKa 

value higher than 35.[28] In comparison, the “naked” Ph2Nˉ and the “naked” carbanion Ph3Cˉ are not 

basic enough to deprotonate the substrate to a major extent (pKa Ph2NH = 25.0 and pKa Ph3CH = 

30.6).[28]  

To ensure the deprotonation step to occur, strong bases are needed. Although strong organometallic 

bases could be applied, the objective of this study (evaluation of the role of the metal) precludes the 

use of metal-based bases. For this reason, we were interested in strong organic bases with a high 

thermal stability. 

Among all the organic bases, phosphorus-containing superbases attracted our attention due to their 

high pKa values (pKa values > 25); especially iminophosphorane and proazaphosphatrane 

superbases (Figure 4.36).[29]  
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Figure 4.36. Phosphorus-containing superbases. 

Schwesinger et al. developed the iminophosphoranes.[30] The remarkable basicity of these 

phosphazenes superbases is due to the stabilization of the protonated molecules by resonance. 

Throughout the text, the phosphorus-containing iminophosphorane superbases will be named 

according to Schwesinger’s nomenclature “Px”, where x = number of P=N− units in the molecule 

(Figure 4.37). The Schwesinger phosphazene bases increase their strength as the number of 

phosphazene units (P=N− units) increases. Hence between Pn and Pn+1, the pKa difference is 

around 4-6 pKa units.  

  

Figure 4.37. Schwesinger superbases. 

Another type of organic strong bases is the proazaphosphatranes better known as the Verkade 

bases. Unlike the iminophosphoranes superbases, these are protonated on their phosphorus atom 

instead of on one of their nitrogen atoms. Their high basicity is based on the partial donation of 

electron density from the axial nitrogen, delocalizing the positive charge on P over the N atom. 

Additional resonance over the connected amino substituents results in super stabilization (Figure 

4.38). For this study, one Verkade strong base has been used and is depicted in Figure 4.38. 

Throughout the text, the superbase will be named Pv1.  
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Figure 4.38. Protonation of the Verkade superbase Pv1. 

Catalysis 

The first organic base tested in intramolecular hydroamination of unactivated double bonds was the 

Verkade base (pKa Pv1-H = 29.6). It was used on a C6D6 solution of H2C=CHCH2CPh2CH2NH2 and 

no substrate conversion was observed even at high temperature (80 °C) with 1.3 equivalents of the 

base. 

Given the results observed with the Verkade base, two stronger Schwesinger bases P4 were tested: 

P4-tOct and P4-tBu (Figure 4.39). 

 

Figure 4.39. Schwesinger bases P4 tested. 

These bases were tested on two substrates H2C=CHCH2CCyCH2NH2 and 

H2C=CHCH2CPh2CH2NH2.  

Addition of P4-tOct (20 mol %) to a THF-d8 solution of H2C=CHCH2CCyCH2NH2 did not lead to 

conversion of the substrate after four days at 70 °C. 

Noteworthy is the fact that when the deprotonation ability of P4 was investigated with 

H2C=CHCH2CPh2CH2NH2, a side reaction occurred. Although substrate conversion was observed 

when P4 was added, it did not result in the cyclized product. Instead, we observed 1,1-diphenyl-1-

butene formation (Figure 4.40).  
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Figure 4.40. Formation of 1,1-diphenyl-1-butene with P4. 

As could be expected, the two bases gave similar results (Table 4.6, entry 1 and 3). Formation of 

the product was quite slow in toluene but it was accelerated in THF (entry 2 and 4). 

Table 4.6. Formation of 1,1-diphenyl-1-butene with P4.a 

Entry Schwesinger base 

 (1 equivalent) 

Solvent Time Temp. (°C) Conv. (%)b 

1 P4-tBu Toluene-d8 5 days 90 98 

2 P4-tBu  THF-d8 6 days 55 98 

3 P4-tOct Toluene-d8 4 days 90 98 

4 P4-tOct THF-d8 60h 55 98 

aReaction conditions: 20 mg substrate, 0.6 mL solvent, N2 atmosphere. bConversion determined by 1H NMR spectroscopy. 
 

From this observation it can be concluded that, while the Schwesinger base P4 deprotonates the 

substrate, cyclization does not take place. The most likely mechanism is that, after the deprotonation, 

a rearrangement gives a carbanion and methanimine (Figure 4.41). The carbanion undergoes a 

subsequent base catalyzed isomerization giving the observed side product. Such a mechanism 

would also explain why substrates with R = alkyl do not give any conversion. Whereas the carbanion 

with R = Ph (Figure 4.41) is stabilized by resonance, a carbanion with R = alkyl would be a highly 

unstable intermediate. 

 

Figure 4.41. Postulated mechanism for 1,1-diphenyl-1-butene formation. 

By making use of the superbase P4, uncertainties about the catalytic system, namely catalyst 

basicity, was overcome. Indeed, this side reaction was only observed using the superbase P4 

whereas for the metal-free catalyst as well as the Pv1, 1,1-diphenyl-1-butene formation was not 

observed. Hence, it can be suggested that first, the metal-free catalyst is not basic enough to 

deprotonate the substrate and second, that the deprotonated amine moiety cannot attack the 

unsaturated bond of the aminoalkene allowing the cyclization. This means that for the intramolecular 

hydroamination of unactivated alkenes, the metal plays a crucial role in C=C bond activation. With 

this in mind, we decided to add the missing parameter to the mixture, a metal center. Indeed, addition 

of the alkaline earth metal salt CaI2 together with the Schwesinger base in catalytic quantities (10 

mol%) to the aminoalkene gave the targeted five-membered ring (Figure 4.42). Full conversion of 
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H2C=CHCH2CPh2CH2NH2 was observed at room temperature in C6D6 after two hours and after 30 

minutes in THF-d8. The reaction was faster in THF than in benzene and this is mainly due to the 

better solubility of calcium iodide in coordinating solvents such as THF. 

 

Figure 4.42. Intramolecular hydroamination. 

A proposed mechanism would go through coordination of the substrate to CaI2 which would lead to 

acidification of the substrate and is followed by smooth deprotonation by the base (Figure 4.43). 

Activation of the alkene by a metal interaction and coordination of a second amine molecule allow 

for the ring closure. The coordinated second substrate molecule transfers a proton to the product 

resulting in a N−H cleavage. 

 

Figure 4.43. Proposed mechanism for Intramolecular hydroamination with CaI2/P4.  

From the results of this catalytic screening, it can be concluded that, for group 2 mediated 

intramolecular hydroamination of unactivated double bonds, the activation capacity of the metal is 

crucial in catalysis. In comparison, the activation effect of the cation of [B]ˉ[Me4N]+ (B = Ph2Nˉ, Ph3Cˉ) 

is not strong enough to allow for the cyclization. Unfortunately, DFT calculations for intramolecular 

hydroamination of unactivated double bonds were challenging and no further information could be 

obtained. Hitherto, ab initio calculations on intramolecular alkene hydroamination with Ca catalysts 

have not been reported. Instead models for an intermolecular hydroamination with alkynes was 

studied.[13g] 
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As a result of this investigation, alkaline earth metal catalysis has broadened its possibilities with a 

new catalytic system based on a strong organic base and an alkaline earth metal salt for the 

intramolecular hydroamination of unactivated double bonds. 

4.4 Conclusions 

In summary, a range of “naked” anions has been synthesized, allowing for the study of their catalytic 

properties. [Ph3C]ˉ[Me4N]+ and [Ph2N]ˉ[Me4N]+ show interesting catalytic activity. They proved to be 

suitable catalysts for the intermolecular hydroamination of activated double bonds (C=O in 

isocyanates and C=N in carbodiimides). Similarly to calcium catalysts, they give good conversion 

under mild conditions. Thus, the metal is not crucial for catalytic activity. 

However, it is of interest to note that the anions in [Ph3C]ˉ[Me4N]+ and [Ph2N]ˉ[Me4N]+ are not 

completely naked. The crystal structure of [p-tolyl2N]ˉ[Me4N]+ revealed a network of C−H⋯ N bonds 

between cation and anion. The Me4N+ cation shows metal-like behaviour and could have an 

activating role in catalysis. 

Theoretical calculations show that Me4N+ indeed plays a role in the transition state by bridging 

between nucleophile and substrate. However, its role in substrate activation is clearly less 

pronounced than that of a metal cation. Calculations including solvents effects show that a cation-

free mechanism is feasible and more likely than an ion-pair mechanism with [Ph2N]ˉ[Me4N]+. 

In contrast to metal-free intermolecular hydroamination catalysis, intramolecular hydroamination was 

shown to need a metal-based catalytic system. In the particular case of intramolecular 

hydroamination of unactivated C=C bonds, activation of the unsaturated bond with the Me4N+ cation 

is not possible. A more Lewis acidic center is therefore required in this case and the metal is crucial 

for ring closure. Although the extent of the alkaline earth metal function in the catalysis has not been 

clearly identified, we attempted to examine the boundary of the polarization effect. Catalytic 

conversion of unactivated C=C bonds needs metal activation, while activated double bond like C=O 

or C=N can be converted by metal-free routes.  

An outcome of this study is the development of a new catalytic system consisting of an organic base 

and a metal salt. The next chapter will deal with some of the most interesting future prospects of this 

work. 

4.5 Experimental 

4.5.1 General 

All experiments were carried out under inert atmosphere using standard Schlenk and glove box 

techniques. Benzene and THF were dried over sodium, distilled and stored under nitrogen 
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atmosphere. Toluene, pentane, hexane and diethylether were degassed with nitrogen, dried on 

activated alumina columns and stored under nitrogen atmosphere. [Ph3C]ˉ[Me4N]+ was synthesized 

according to literature procedures.[26] [Ph2N]ˉ[Me4N]+ and [p-tolyl2N]ˉ[Me4N]+ were synthesized 

according to slightly modified literature procedures.[24] CaI2 was synthesized from calcium and iodide 

(see experimental section Chapter 2). 2,2-Dimethyl-pent-4-enylamine, 2,2-diphenyl-pent-4-

enylamine, (1-allyl-cyclohexyl)-methylamine were prepared according to literature procedures.[31] 

2,6-Diisopropylphenylcarbodiimide, dicyclohexylcarbodiimide were dried over CaH2 prior to use. 2,6-

Diisopropylphenylisocyanate, diisopropylcarbodiimide, di-p-tolylcarbodiimide, were dried over CaH2 

and freshly distilled prior to use. The Verkade base (2,8,9-Trimethyl-2,5,8,9-tetraaza-1-

phosphabicyclo[3,3,3]undecane) and the Schwesinger bases P4-tBu (1-tert-Butyl-4,4,4-

tris(dimethylamino)-2,2-bis[tris(dimethylamino)-phosphoranylidenamino]-2Λ5,4Λ5-

catenadi(phosphazene)) and P4-tOct (1-tert-Octyl-4,4,4-tris(dimethylamino)-2,2-

bis[tris(dimethylamino)phosphoranylidenamino]-2Λ5,4Λ5-catenadi(phosphazene)) were purchased 

from Sigma–Aldrich and used without further purification. NMR spectra have been recorded on 

Bruker Avance DPX-300 MHZ or DRX-400 MHz spectrometer (specified at individual experiments). 

Metal analysis was determined by AAS using a Perkin-Elmer PE4110-ZL spectrometer. 

4.5.2 Synthesis of the ion pairs 

KNPh2·THF0.5. Ph2NH (2.01 g, 11.9 mmol) and KH (1.00 g, 24.9 mmol) were suspended in 20 mL of 

THF and stirred for six hours at 50 °C. The solid was separated by centrifugation and the solvent 

was removed under vacuum affording a yellow powder in quantitative yield. According to 1H NMR, 

0.5 equivalent of THF is still present as a ligand. 

Yield: 2.89 g, 11.9 mmol, 100%.  

1H NMR (300 MHz, THF-d8, 25 °C): δ = 1.74 (m, 2H, THF), 3.62 (m, 2H, THF) 6.23 (m, 2H, Ar), 6.92 

(m, 8H, Ar). 13C NMR (75 MHz, THF-d8, 25 °C): δ = 25.4 (THF), 67.3 (THF), 112.7 (Ar), 118.3 (Ar), 

130.0 (Ar), 158.4 (Ar). 

[Ph2N]ˉ[Me4N]+. KNPh2·THF0.5 (0.31 g, 1.26 mmol) and Me4N+Clˉ (0.15 g, 1.37 mmol) were dissolved 

in 3 mL of pyridine at ‒10 °C, affording a green solution and white precipitate. The mixture was 

shaken for two minutes and the solid was separated by centrifugation. Slow addition of 8 mL of Et2O 

at ‒10 °C to the mother liquor resulted in the formation of yellow, needle-shaped crystals. The 

product was isolated, washed with 3 mL of Et2O and dried in vacuum. 

Yield: 0.15 g, 0.61 mmol, 48%.  

1H NMR (400 MHz, pyridine-d5, 25 °C): δ = 3.26 (s, 12H, Me4N+), 6.56 (t, 3JHH = 7.2 Hz, 2H, Ar), 7.22-

7.29 (m, 4H, Ar), 7.47-7.55 (m, 4H, Ar). 13C NMR (101 MHz, pyridine-d5, 25 °C): δ = 55.6 (Me4N+), 

111.7 (Ar), 119.0 (Ar), 130.0 (Ar), 158.5 (Ar). 

1H NMR (400 MHz, THF-d8, 25 °C): δ = 3.10 (s, 12H, Me4N+), 6.15-6.22 (m, 2H, CH Ar), 6.84-6.96 

(m, 8H, Ar). 13C NMR (101 MHz, THF-d8, 25 °C): δ = 55.4 (Me4N+), 118.4 (Ar), 124.3 (Ar), 129.4 (Ar), 

150.8 (Ar). 
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Elemental analysis (%) calcd for C16H22N2 (Mr = 242.37): C 79.29, H 9.15; found C 78.93, H 8.78.  

Analysis for trace metal content by AAS: K+ 149 ppm (0.0149 wt%).  

[Ph3C]ˉ[Me4N]+. [Ph3Cˉ][Me4N+] was synthesized from Ph3CNa and Me4NCl according to a literature 

and could be obtained in the form of small, red crystals in a yield of 20 %.[26]  

1H NMR (400 MHz, THF-d8, 25 °C): δ = 2.95 (s, 12H, Me4N+), 6.01-6.10 (m, 3H, Ar), 6.50-6.65 (m, 

6H, Ar), 7.10-7.30 (m, 6H, Ar). 13C NMR (101 MHz, THF-d8, 25 °C): δ = 54.9 (Me4N+), 89.9 (CPh3), 

125.6 (Ar), 127.5 (Ar), 128.5 (Ar), 149.1 (Ar).  

Analysis for trace metal content by AAS: Na+ 839 ppm (0.0839 w%).  

KN(p-tolyl)2·THF0.7. (p-tolyl)2NH (2.01 g, 10.2 mmol) and KH (0.80 g, 19.9 mmol) were suspended 

in 20 mL of THF and stirred for six hours at 50 °C. The solid was separated by centrifugation and 

the solvent was removed under high vacuum affording a yellow powder. According to 1H NMR, 0.7 

equivalent of THF is still present as a ligand.  

Yield: 2.82 g, 9.87 mmol, 98%.  

1H NMR (300 MHz, THF-d8, 25 °C): δ = 1.74 (m, 2.8H, THF), 2.26 (s, 6H, Ar-CH3), 3.62 (m, 2.8H, 

THF), 6.90 (d, 3JHH = 8.4 Hz, 4H, Ar), 6.98 (d, 3JHH = 8.3 Hz, 4H, Ar).  

13C NMR (75 MHz, THF-d8, 25 °C): δ = 25.5 (THF), 67.5 (THF), 2.1 (Ar-CH3), 118.0 (Ar), 120.4 (Ar), 

130.8 (Ar), 156.5 (Ar). 

[(p-tolyl)2N]ˉ[Me4N]+. KN(p-tolyl)2·THF0.7 (0.59 g, 2.06 mmol) and Me4NCl (0.36 g, 3.28 mmol) were 

dissolved in 5 mL of pyridine at ‒10 °C affording a yellow-orange solution and white precipitate. The 

mixture was agitated for two minutes and the solid was separated by centrifugation. Slow addition of 

10 mL of Et2O at ‒10 °C to the mother liquor resulted in the formation of yellow, needle-shaped 

crystals. The product was isolated, washed with 2 mL of Et2O and dried in vacuum. 

Yield: 0.18 g, 0.67 mmol, 33%.  

1H NMR (300 MHz, pyridine-d5, 25 °C): δ = 2.30 (s, 6H, Ar-CH3), 3.20 (s, 12H, Me4N+), 7.07 (d, 3JHH 

= 7.9 Hz, 4H, Ar), 7.40 (d, 3JHH = 7.9 Hz, 4H, Ar).  

13C NMR (75 MHz, pyridine-d5, 25 °C): δ = 21.5 (Ar-CH3), 55.6 (Me), 118.6 (Ar), 121.3 (Ar), 130.7 

(Ar), 156.3 (Ar). 

1H NMR (300 MHz, THF-d8, 25 °C): δ =2.10 (s, 6H, Ar-CH3), 2.96 (s, 12H, Me4N+), 6.70-7.01 (m, 8H, 

Ar).  

13C NMR (75 MHz, THF-d8, 25 °C): δ = 21.0 (Ar-CH3), 55.6 (Me4N+), 118.1 (Ar), 124.5 (Ar), 130.2 

(Ar), 150.9 (Ar). 

Elemental analysis (%) calcd for C18H26N2 (Mr = 270.42): C 79.95, H 9.69; found C 79.54, H 9.45. 

4.5.3 Decomposition studies of the ion pairs 

The compound (30.0 mg) was dissolved in 0.60 mL of pyridine-d5 or THF-d8. The decomposition at 

room temperature was regularly monitored by 1H NMR until completion. The half-time life was 

determined by 1H NMR spectroscopy.  
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[(p-tolyl)2N]ˉ[Me4N]+. [(p-tolyl)2N]ˉ[Me4N]+ (30.0 mg, 0.11 mmol) was dissolved in 0.60 mL of 

pyridine-d5 or THF-d8. Standing at room temperature resulted in the formation of trimethylamine and 

methyl-di-p-tolylamine. Half-life time is equal in both solvents (t1/2 = 2 days). 

1H NMR (400 MHz, pyridine-d5, 25 °C): δ = 2.11 (s, NMe3), 2.25 (s, Ar-CH3, MeN(p-tolyl)2), 3.19 (s, 

CH3, MeN(p-tolyl)2), 7.01 (m, MeN(p-tolyl)2), 7.12 (m, MeN(p-tolyl)2). 

1H NMR (300 MHz, THF-d8, 25 °C): δ = 2.11 (s, NMe3),  2.25 (s, Ar-CH3, MeN(p-tolyl)2), 3.21 (s, CH3, 

MeN(p-tolyl)2), 7.03 (m, MeN(p-tolyl)2), 7.87 (m, MeN(p-tolyl)2). 

[Ph2N]ˉ[Me4N]+. [Ph2Nˉ][Me4N+] (30.0 mg, 0.12 mmol) was dissolved in 0.60 mL of pyridine-d5 or 

THF-d8. Standing at room temperature resulted in the formation of trimethylamine and 

methyldiphenylamine. Half-time life is equal in both solvents (t1/2 = 3 days). 

1H NMR (400 MHz, pyridine-d5, 25 °C): δ =2.11 (s, NMe3), 3.18 (s, CH3, MeNPh2), 6.95-7.04 (m, 

MeNPh2), 7.05-7.10 (m, MeNPh2), 7.25-7.33 (m, MeNPh2). 

1H NMR (300 MHz, THF-d8, 25 °C): δ =2.11 (s, NMe3), 3.28 (s, CH3, MeNPh2), 7.00 (m, MeNPh2), 

7.18 (m, MeNPh2). 

[Ph3C]ˉ[Me4N]+. [Ph3Cˉ][Me4N+] (30.0 mg, 0.08 mmol) was dissolved in 0.60 mL of THF-d8. Standing 

at room temperature resulted in the formation of trimethylamine and 1,1,1-triphenylethane. The half-

time life is t1/2 = 5 hours. 

1H NMR (400 MHz, THF-d8, 25 °C): δ = 2.12 (s, NMe3), 2.16 (s, CH3, MeCPh3), 5.35 (s, 1H, Ph3CH), 

7.08-7.15 (m, 15H, MeCPh3). 

4.5.4 Intermolecular hydroamination of 2,6-diisopropylphenylisocyanate  

NMR scale. The catalyst [Ph2N]ˉ[Me4N]+ (1.45 mg, 0.60∙10-2 mmol, 5 mol%) was added to a solution 

of 2,6-diisopropylphenylisocyanate (25 𝜇L, 0.12 mmol) and diphenylamine (20 mg, 0.12 mmol) in 

0.60 mL of C6D6 or THF-d8 and the reaction mixture was stirred at room temperature or heated up to 

60 °C for 1 to 48 hours. The reaction was regularly monitored by 1H NMR spectroscopy at room 

temperature until no further conversion of the reactants was observed. 

NMR data for the product from diphenylamine and 2,6-diisopropylphenylisocyanate:  

1H NMR (400 MHz, THF-d8, 25 °C): δ = 1.23 (d, 3JHH = 6.8 Hz, 12H, iPr-CH3), 3.30 

(sept, 3JHH = 6.8 Hz, 2H, iPr- CH), 6.42 (s, 1H, NH), 6.63 (t, 3JHH = 7.2 Hz, 1H, Ar), 

6.85 (d, 2H, 3JHH = 7.2 Hz, Ar), 7.11–7.22 (m, 10H, Ar).  

13C NMR (101 MHz, THF-d8, 25 °C): δ = 24.2 (iPr-CH3), 29.8 (iPr-CH), 120.7 (Ar), 

123.7 (Ar), 126.5 (Ar), 127.1 (Ar), 128.3 (Ar), 130.1 (Ar), 144.9 (Ar), 147.9 (Ar), 155.6 (central 

carbon). 

Preparative scale. Diphenylamine (0.50 g, 2.95 mmol) and 2,6-diisopropylphenylisocyanate (0.65 

mL, 3.04 mmol) were dissolved in 5 mL of THF. The catalyst [Ph2N]ˉ[Me4N]+ (0.05 g, 0.21 mmol, 7 

mol%) was added and the reaction mixture was stirred for five hours at room temperature. The solid 
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was separated by centrifugation and the solvent was removed under vacuum. The product was 

isolated by crystallization in pentane at −5 °C as a colorless, crystalline solid.  

Yield: 0.70 g, 1.88 mmol, 64%.  

4.5.5 Intermolecular hydroamination of carbodiimides  

The catalyst [Ph2N]ˉ[Me4N]+ (1.45 mg, 0.60∙10-2 mmol, 5 mol%,) was added to a solution of the 

carbodiimide derivative (0.12 mmol) and diphenylamine (20 mg, 0.12 mmol) in 0.60 mL of C6D6 or 

THF-d8 and the reaction mixture was stirred at room temperature or at 60 °C for 0.1 to 48 hours. 

NMR data for the product from Ph2NH and CyN=C=NCy:  

1H NMR (400 MHz, C6D6, 25 °C): δ = 1.12 (m, 6H, Cy), 1.42 (m, 6H, Cy), 1.63 (m, 

4H, Cy), 1.92 (m, 4H, Cy), 3.18 (m, 2H, Cy), 5.23 (s, 1H, NH), 6.93-6.97 (m, 4H, 

Ar), 7.14-7.19 (m, 4H, Ar), 7.21-7.31 (m, 2H, Ar). 

13C NMR (75 MHz, C6D6, 25 °C): δ = 24.9 (Cy), 25.8 (Cy), 35.4 (Cy), 55.8 (Cy), 121.4 (Ar), 122.8 

(Ar) 129.9 (Ar), 145.9 (Ar), 151.0 (central carbon). 

NMR data for the product from Ph2NH and iPrN=C=NiPr: 

1H NMR (400 MHz, THF-d8, 25 °C): δ = 1.12 (broad s, 6H, iPr-CH3), 1.44 (broad s, 

6H, iPr-CH3), 3.92 (broad s, 1H, iPr-CH), 4.29 (broad s, 1H, iPr-CH), 5.19 (broad s, 

1H, NH), 7.22 (m, 2H, Ar), 7.37-7.52 (m, 8H, Ar). 

13C NMR (75 MHz, THF-d8, 25 °C): δ = 22.5 (iPr-CH3), 48.7 (iPr-CH), 121.4 (Ar), 122.8 (Ar), 129.9 

(Ar), 145.8 (Ar), 151.0 (central carbon). 

4.5.6 Intramolecular hydroamination of aminoalkenes  

Attempts with catalysts [Ph2N]ˉ[Me4N]+ or [Ph3C]ˉ[Me4N]+. The catalyst (0.60∙10-2 mmol, 5 mol%) 

was added to a solution of the aminoalkene derivative H2C=CHCH2CR2CH2NH2 (R, R = Me, Me or 

Cy or Ph, Ph) (0.12 mmol) in 0.60 mL of C6D6, THF-d8 or toluene-d8. As conversion did not proceed 

at room temperature, the reaction mixtures were heated up to 80 °C for 3 to 12 days. The reaction 

was regularly monitored by 1H NMR spectroscopy at room temperature. In all cases no conversion 

was found.  

Reactions with strong organic bases (Verkade base or Schwesinger bases P4-tBu and P4-

tOct). The organic base was added to a solution of the aminoalkene derivative (20 mg) in 0.60 mL 

of C6D6 or THF-d8 and the reaction mixture was heated to 80 °C for 1 to 7 days. The reaction was 

monitored by 1H NMR spectroscopy in order to determine conversions. The NMR data of 1,1-

diphenyl-1-butene was according to data reported in literature.[32]  

Reactions with strong organic bases and CaI2. The metal salt CaI2·THF2 (3.7 mg, 8.4∙10-3 mmol) 

and the phosphazene base P4-tBu (0.10 ml of a 0.8 M solution in hexane, 8.0∙10-3 mmol) were added 

to a solution of H2C=CHCH2CPh2CH2NH2 (20 mg, 8.4∙10-2 mmol) in 0.60 mL of C6D6 or THF-d8 and 

the reaction mixture was stirred at room temperature until full conversion was reached. The reaction 
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was monitored by 1H NMR spectroscopy. The NMR data for the cyclization product were according 

to data reported in literature.[31]  

4.5.7 Single crystal X-ray structure determination 

Single-crystal X-ray structure determination of [(p-tolyl)2N]ˉ[Me4N]+ 

The crystal was coated in paraffin oil and mounted at the tip of a glass capillary and measured at     

‒90 °C at an Enraf-Nonius CAD4 diffractometer. The crystal structure was solved with DIRDIF[33] 

and refined with SHELXL-97.[34] Geometry calculations and graphics were done with PLATON.[35] All 

hydrogen atoms have been located in the Difference-Fourier map and were refined isotropically 

(Table 4.7). 
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Table 4.7. Crystal structure data of [(p-tolyl)2N]ˉ[Me4N]+. 

Compound [(p-tolyl)2N]ˉ[Me4N]+ 

Formula C14H14N, C4H12N 

M 270.41 

Size (mm³) 0.2 x 0.2 x 0.5 

Crystal system monoclinic 

Space group P21/c 

a (Å) 10.248(4) 

b (Å) 23.792(5) 

c (Å) 14.058(3) 

α 90 

β 103.640(14) 

γ 90 

V (Å³) 3331.0(17) 

Z 8 

ρ (g.cm-3) 1.078 

μ (MoKα) (mm-1) 0.063 

T (°C) -90 

Θ (max) 25.0 

Refl.total, independent Rint 
6201, 5854 

0.022 

Found refl. (I > 2σ(I)) 3606 

Parameter 569 

R1 0.0472 

wR2 0.1307 

GOF 1.02 

min/max remaining 
e-density (e.Å-3) 

-0.19/0.16 

 

4.5.8 Theoretical calculations 

Lithium, carbon, nitrogen and hydrogen atoms were described with a 6-311G(d,p) double-ζ basis 

set;[36] Calculations were carried out at the DFT level of theory using the hybrid functional B3PW91 

including solvent correction (THF) at the PCM level.[37,38] Geometry optimizations were performed 

without any symmetry restrictions and the nature of the extremes (minima and transition states) was 

verified with analytical frequency calculations. Gibbs free energies were obtained at T = 298.15 K 
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within the harmonic approximation. DFT calculations were carried out with the Gaussian09 suite 

program.[39]    
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 Novel alkaline earth metal 

catalytic systems for 

hydroamination reaction 

 

 

 

This chapter contains investigations on two novel approaches toward alkaline earth metal-mediated catalysis. 

In the previous chapter, a catalytic system based on an alkaline earth metal halide combined with a strong 

organic base was introduced. Studies to extend this concept are reported. The second approach makes use 

of a dianionic bidentate ligand for the synthesis of alkaline earth organometallic catalysts. Both catalytic 

systems are tested in intramolecular hydroamination and a possible application in asymmetric catalysis is 

contemplated.
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5.1 Introduction 

5.1.1 Correlation between group 2 and 4f-metal organometallic complexes 

It took several years after the discovery of Grignards reagents for this chemistry to be extended to 

analogous heavier alkaline earth metals compounds.[1] Several researchers, notably Gilman and co-

workers, encountered stability and selectivity difficulties when synthesizing the pseudo-Grignard 

reagents ‘RMX’, where M = Ca, Sr or Ba.[2] These synthetic reagents are typically more difficult to 

prepare and usually less air and thermally stable than their magnesium counterparts.[3] Nonetheless, 

different synthetic strategies have been developed (Chapter 1) allowing for the synthesis of heavier 

alkaline earth metal organometallic compounds.[4] Accordingly, alkaline earth organometallic 

compounds have emerged with significant potential in synthesis, catalysis, polymer chemistry and 

material applications.[5]  

An appropriate model that contributed to the development of calcium, strontium and barium 

chemistry arose in the early 1980s with the progress of organo-f-element chemistry, particularly that 

of the lanthanide elements.[6]  

Organometallic compounds of heavy alkaline earth metals exhibit mainly the +2 oxidation state (M2+ 

cations present noble gas configurations with d0 electron configuration). Hence, their compounds 

have no metal-centered redox chemistry. Descending in the group, the ionic radii of the dications 

increase (Mg2+(0.72 Å) < Ca2+(1.00 Å) < Sr2+(1.18 Å) < Ba2+(1.35 Å)) whereas the Pauling 

electronegativity of the elements decreases (Mg(𝜒 = 1.31) < Ca( 𝜒 = 1.04) < Sr( 𝜒 = 0.97) < Ba( 𝜒 

=0.88)).[7] As a result, the ionic character of the metal-ligand interaction in organoalkaline earth metal 

compounds increases as the group is descended (see Chapter 1 and Chapter 4).  

Trivalent organolanthanide compounds are also defined by highly ionic metal-ligand interactions.[8] 

The lanthanide elements are reasonably large and some divalent lanthanide ionic radii are 

comparable to those of the group 2 elements (CN = 6; Ca2+: 1.00 Å, Yb2+: 1.02 Å, Sr2+: 1.18 Å, Sm2+: 

1.17 Å, Eu2+: 1.22 Å).[7] Trivalent organolanthanide compounds of the form L2LnX, where L is a 

monoanionic spectator ligand and X is a monoanionic 𝜎-bonded subtituent, show two types of 

reactivity: 𝜎-bond metathesis and insertion of unsaturated carbon-carbon or carbon-heteroatom 

bonds into Ln−X 𝜎-bonds (Figure 5.1).[9a]  
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Figure 5.1. Fundamental reactions of trivalent lanthanide (Ln) complexes.  

Trivalent organolanthanides have been reported as catalysts for the hydroamination, 

hydrophosphination, hydrosilylation, hydrogenation and hydroboration of unsatured bonds.[9] By 

incorporating this organolanthanide-like reaction behaviour into early main group metal chemistry 

(Figure 5.2), a number of catalytic reactions have been developed such as intra- and intermolecular 

functionalizations (hydroamination, hydrophosphination, hydrosilylation, hydroboration, 

hydrogenation and hydroacetylation) of alkenes, alkynes, carbodiimides, isocyanates, pyridines, 

ketones and more.[10]  

 

Figure 5.2. Fundamental reactions of alkaline earth metal (Ae) complexes. 

Insertion reactions in Group 2 

Over the years, researchers have observed insertion of polarized unsaturated substrates into group 

2 complexes of the type M−X that are consistent with the fundamental reactions types observed for 

trivalent organolanthanide complexes. In early studies, Gilman and Coles reported that heavier 

alkaline earth metal complexes reacted with unsaturated substrates such as CO2, benzonitrile and 

1,1-diphenylethene.[2b,11] Comparably, Westerhausen et al. reported the insertion of both 1,4-

diphenylbutadyine and benzonitrile into M−P bond of different homoleptic heavier alkaline earth 

metal phosphine M[P(SiMe3)2]2∙THF4 (M = Ca, Sr, Ba) (Figure 5.3).[12] Similarly, they showed that the 

analogous M[N(SiMe3)2]2 complexes also undergo insertion reactions with benzonitrile. 
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Figure 5.3. Insertion of benzonitrile into M−P bond. 

Mingos et al. described the insertion of carbonyl sulphide, carbon sulphide and sulphur dioxide into 

group 2 metal-alkoxide bonds.[14] Equally, Harder and co-workers reported the insertion of 1,3-

dicyclohexylcarbodiimide into Ca[N(SiMe3)2]2 (Figure 5.4).[15]  

 

Figure 5.4. Insertion reaction of 1,3-dicyclohexylcarbodiimide. 

They also showed that the heavier barium benzyl compound Ba(CH2Ph)2·THF2 reacts with 

diphenylmethane (Ph2CH2) and diphenylethene (Ph2C=CH2) through multiple insertions of the 

alkene into the metal-carbon 𝜎-bond (Figure 5.5).[16] The resulting Ba(Ph2CCH2CH2Ph)2 has proved 

to be active in styrene polymerization.[16] 

 

Figure 5.5. Insertion reactions in a dibenzylbarium complex. 
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𝝈-Bond metathesis 

σ-Bond metathesis is a commonly applied reaction in the synthesis of heavier group 2 organometallic 

complexes (Chapter 1). For example, the reaction of homoleptic organometallic complexes 

(M[N(SiMe3)2]2∙THFn, M = Ca, Sr, Ba; n = 0 or 2) with alcohol, thiols, selenols, tellurols, pyrroles, 

pyrazoles, terminal alkynes, cyclopentadienes, phosphines or arsines yield the corresponding metal 

alkoxides, thiolate, selenolate and tellurate, pyrrolide and pyrazolide, acetylide, cyclopentadienide, 

phosphide or arsenide along with the formation of HN(SiMe3)2 (Figure 5.6).[17] In this specific case, 

the reaction is called transamination as the metal precursor is a metal amide. When the substrate is 

an acid with a lower pKa than that of the conjugate acid of the metal base, this reaction can be 

referred to as protonolysis.  

 

Figure 5.6. Examples of 𝛔-bond metathesis reactions. 

The σ-bond metathesis, as well as the insertion reaction, are also relevant to alkaline earth metal 

catalysis and appear in the several reaction mechanisms for the alkaline earth mediated 

heterofunctionalization of unsaturated bonds (see Chapter 1). 

5.1.2 The Schlenk equilibrium 

Organoalkaline earth metal complexes have the tendency to scramble the weakly bound ligands. 

The Schlenk-like ligand redistribution reaction of the heteroleptic catalytic reagent LMX (Chapter 1) 

often leads to L2M homoleptic organometallic complexes which possess different reactivity. 
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Depending on the nature of X, this can also lead to polymeric (MX2)∞ which has extremely low 

solubility in non-coordinating solvents. This solution redistribution reaction can give rise to potentially 

catalytically active species, but contrastingly, can also result in the loss of ligand control over 

turnover, stereo- or regio- selectivity in the catalytic cycle. This effect tends to be more noticeable 

going down the group. Indeed, as the ionic radius increases and the Lewis acidity decreases down 

the group, the tendency towards ligand redistribution increases (Mg<Ca<Sr<Ba).[4] 

The use of sterically demanding monoanionic ligands has increased the accessibility of heteroleptic 

organoalkaline earth metal species. The kinetic stabilization of heteroleptic alkaline earth complexes 

slows the rate of the redistribution reaction. Early work from Hanusa and co-workers showed that 

bulky cyclopentadienyl ligands can allow for the synthesis and characterization of heteroleptic 

heavier group 2 complexes in the solid state (Figure 5.7).[18] However, such compounds were 

unstable in solution and underwent Schlenk equilibria. Interestingly, little or no further reaction 

chemistry has been forthcoming from this ligand class. 

 

Figure 5.7. Alkaline earth metallocenes. 

In contrast, Chisholm et al. reported 𝛽-diketiminato stabilized calcium amide and tris(pyrazolylborate) 

stabilized analogues as precatalysts for the ring-opening polymerization of rac-lactide to form 

heterotactic polylactide (Figure 5.8).[19a,b] The introduction of chelating monoanionic ligands by 

Chisholm et al. and Harder et al. established a new approach for catalytic group 2 applications.[19]  

 

Figure 5.8. Calcium complexes reported by Chisholm et al. 

To date, the majority of alkaline earth metal catalysts are based upon heteroleptic complexes LMX 

containing chelating ligands. 𝜅2–N,N-chelating ligands, tripodal face-capping 𝜅3–N,N,N-chelates 
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or 𝜅3–C,C,C-chelates that form four-, five- or six-membered rings upon coordination to the metal 

where L = 𝛽-diketiminato, triazenido, aminotropiniminato, bis(imidazolin-2-ylidene-1-yl)borato, 

tris(imidazolin-2-ylidene-1-yl)borato and tris(oxazolino)borato (Figure 5.9). 

 

Figure 5.9. Example of chelating ligands used in alkaline earth metal complex synthesis  
(M = Ca, Sr, Ba; X = alkyl, aryl, amine). 

The reactive σ-bonded substituent is usually an amide, hydride or alkyl ligand (X = N(SiMe3)2, Me, 

CH(SiMe3)2, CH2Ph or H).[10a] 

Other methods have also been investigated to prevent Schlenk-like ligand redistribution (Figure 

5.10). Sarazin, Carpentier and co-workers reported heavier alkaline earth metal complexes 

stabilized by intramolecular coordinating Lewis bases.[20a] Similarly, Hultzsch et al. reported a 

magnesium complex possessing a chelating cyclodiamine arm.[20b] Another approach, reported by 

Harder, Gauvin and co-workers, was based on grafting calcium reagents on a silica surface.[21] 



Chapter 5 

164 

 

Figure 5.10. Methods to prevent the Schlenk equilibrium. 

5.2 Aim of the project 

Traditionally, heteroleptic alkaline earth metal catalytic species (L−M−R) are composed of two 

ligands that have different functions: a bulky spectator ligand (L) and a reactive group (R) that 

initiates the catalytic activity via σ-bond metathesis. For example, in group 2-mediated 

hydroamination, the first step of the catalytic cycle involves σ-bond metathesis between an amine 

and a reactive group (see Chapter 4) (Figure 5.11).  

 

  Figure 5.11. First step in group 2-mediated intramolecular hydroamination. 

Catalytic species LMR play an important role in the development of alkaline earth metal catalysts 

but suffer from the propensity of the complexes to undergo Schlenk redistribution. Therefore, the aim 

of the research presented here is to establish and investigate new methodologies for the design of 

alkaline earth metal catalytic systems and apply them in intramolecular hydroamination.  

In the previous chapter, a new catalytic system based on an alkaline earth metal salt, CaI2, and a 

strong organic base, the Schwesinger P4 base, proved to be active in intramolecular hydroamination 

reaction. In this case, the catalytic activity is not initiated through σ-bond metathesis but via 

deprotonation of the substrate by the organic base (Figure 5.12).  

 

Figure 5.12. Deprotonation of the substrate by the organic base P4. 
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Hence, the first approach focuses on extending this methodology to different alkaline earth metal 

salts as well as evaluating different organic bases for the system. Furthermore, a possible 

implementation in asymmetric catalysis will be investigated. 

As metal salts often display poor solubility, the second approach involves the use of metal complexes 

with a bulky chelating dianionic ligand. This ensures good solubility while leaving one side of the 

coordination sphere open for substrate coordination/activation (Figure 5.13).  

 

Figure 5.13. Use of a metal complex with a dianionic spectator ligand in combination with P4 in group 
2-mediated intramolecular hydroamination.  

5.3 Results and discussion 

5.3.1 Metal halides and organic bases  

Metal halides  

In order to broaden the scope of the new catalytic system based on a metal halide and an organic 

base (Chapter 4), chloride, bromide and iodide salts of calcium, magnesium and zinc were tested 

on three substrates for intramolecular hydroamination H2C=CHCH2CR2CH2NH2 (R = Ph, Cy, Me) 

(Figure 5.14).  

 

Figure 5.14. Intramolecular hydroamination reaction.  

The solvent effect was also taken into account as the poor solubility of metal halides in nonpolar 

solvent may affect their catalytic activity (Chapter 4). Therefore the experiments were carried out in 

a nonpolar solvent (C6D6) and in a polar solvent (THF-d8) and reactions were followed by NMR. 

Cyclization reaction of 2,2-diphenyl-pent-4-enylamine (Figure 5.14 – R = Ph) 

Different calcium salts (CaI2 and CaBr2) were tested in combination with P4-tBu (Table 5.1 – entry 

1-3, 6, 7). When CaI2 was used, it could be observed that the majority of CaI2 went into solution and 

the cyclization took place (Table 5.1 – entry 1-3). In the presence of CaBr2 in catalytic amounts at 
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70 °C for two to three days in C6D6 or THF-d8, the cyclization did not take place (entry 6, 7). Unlike 

CaI2, it could not be clearly observed that CaBr2 was going into solution. 

The magnesium salts MgI2, MgBr2 and MgCl2 were also examined as catalysts. The hydroamination 

took place at room temperature using a MgI2/P4-tBu catalytic system (entry 4-5). Reactions using 

the other magnesium halides did not afford the cyclized product (entry 8-13); even using one 

equivalent of the metal halide/P4-tBu (entry 10, 13). As for the calcium halides, the magnesium 

iodide showed better solubility in nonpolar and polar solvent than the chloride and bromide 

congeners. Since magnesium and zinc exhibit similar physical and chemical properties in the +2 

oxidation state (see Chapter 1), it was expected that the combination ZnI2/P4-tBu would show 

catalytic activity, however no conversion was observed (entry 14 -16). ZnCl2/P4-tBu was not active 

either in intramolecular hydroamination (entry 17- 19). Neither ZnI2 nor ZnCl2 displayed good 

solubility in C6D6 or THF-d8 and consequently no conversion was observed. 

As mentioned in Chapter 4, treatment of 2,2-diphenyl-pent-4-enylamine with the Schwesinger 

organic base P4-tBu resulted in the formation of 1,1-diphenyl-1-butene (Figure 5.15). Accordingly, 

this side-reaction could be observed in all the reactions in which the cyclization did not take place.  

 

Figure 5.15. Formation of 1,1-diphenyl-1-butene with P4. 

It can be speculated that one of the limiting parameter that affect the catalytic activity of this system 

is the solubility of the metal halide, i.e. calcium iodide and magnesium iodide showed better solubility 

than the other metal salts. 
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Table 5.1. Intramolecular hydroamination reactions of 2,2-diphenyl-pent-4-enylamine.a 

Entry Cat. (in combination with 
P4-tBu) 

Cat. 
loading 

(mol%) 

Solvent Temp. 
(°C) 

Time Conv.(%)b 

1 CaI2 10 C6D6 25 30 min >98 

2 CaI2 10 THF-d8 25 20 min >98 

3 CaI2 5 THF-d8 25 30 min >98 

4 MgI2 10 C6D6 25 40 min >98 

5 MgI2 10 THF-d8 25 30 min >98 

6 CaBr2 10 THF-d8 70 48 h -c 

7 CaBr2 10 C6D6 70 72 h -c 

8 MgCl2 10 C6D6 70 10 days -c 

9 MgCl2 10 THF-d8 70 48 h -c 

10 MgCl2 100 THF-d8 70 48 h -c 

11 MgBr2 10 C6D6 70 10 days -c 

12 MgBr2 10 THF-d8 70 72 h -c 

13 MgBr2 100 THF-d8 70 48 h -c 

14 ZnI2 10 THF-d8 80 48 h -c 

15 ZnI2 10 C6D6 70 10 days -c 

16 ZnI2 100 THF-d8 70 48 h -c 

17 ZnCl2 10 THF-d8 70 48 h -c 

18 ZnCl2 10 C6D6 70 10 days -c 

19 ZnCl2 100 THF-d8 70 48 h -c 

aReaction conditions: 20 mg substrate, 0.6 mL solvent, N2 atmosphere. bConversion determined by 1H NMR spectroscopy. 
cFormation of 1,1-diphenyl-1-butene was observed. 

Cyclization reaction of 1-allyl-cyclohexyl-methylamine (Figure 5.14 – R = Cy) 

The catalytic system was also evaluated for the cyclization of 1-allyl-cyclohexyl-methylamine. As for 

the precedent aminoalkene, CaI2 or MgI2 in combination with P4-tBu gave rise to the desired product 

(Table 5.2 – entry 1 - 5).  Calcium bromide did not show any catalytic activity (entry 6-7) as well as 

magnesium chloride and bromide (entry 8-13). All zinc salts that were used proved to be inactive 

(entry 14 - 17). 
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Table 5.2. Intramolecular hydroamination reactions of 1-allyl-cyclohexyl-methylamine.a 

Entry Cat. (in combination with 
P4-tBu) 

Cat. loading 
(mol%) 

Solvent Temp. 
(°C) 

Time Conv.(%)b 

1 CaI2 10 C6D6 25 30 min >98 

2 CaI2 10 THF-d8 25 25 min >98 

3 CaI2 5 C6D6 25 30 min >98 

4 MgI2 10 C6D6 25 40 min >98 

5 MgI2 10 THF-d8 25 35 min >98 

6 CaBr2 10 THF-d8 70 16 days - 

7 CaBr2 10 C6D6 70 15 days - 

8 MgCl2 10 C6D6 55 7 days - 

9 MgCl2 10 THF-d8 70 10 days - 

10 MgCl2 20 C6D6 70 10 days - 

11 MgBr2 10 C6D6 55 7 days - 

12 MgBr2 10 THF-d8 70 16 days - 

13 MgBr2 20 C6D6 70 16 days - 

14 ZnI2 10 THF-d8 70 16 days - 

15 ZnI2 10 C6D6 55 16 days - 

16 ZnCl2 10 THF-d8 70 16 days - 

17 ZnCl2 10 C6D6 55 16 days - 

aReaction conditions: 20 mg substrate, 0.6 mL solvent, N2 atmosphere. bConversion determined by 1H NMR spectroscopy. 

Cyclization reaction of 2,2-dimethyl-pent-4-enylamine (Figure 5.14 – R = Me) 

For the substrate 2,2-dimethyl-pent-4-enylamine, only calcium iodide, when used in combination with 

P4, was catalytically active (Table 5.3 – entry 1 and 2). In comparison to the reactions conditions of 

the previous substrates H2C=CHCH2CR2CH2NH2 (R = Ph, Cy), longer reaction times and higher 

temperature are needed for the cyclization of 2,2-dimethyl-pent-4-enylamine. Unlike the previous 

substrates, magnesium iodide did not catalyze the reaction under the given conditions (entry 3 and 

4).  
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Table 5.3. Intramolecular hydroamination reactions of 2,2-dimethyl-pent-4-enylamine.a 

Entry Cat. (in combination with 
P4-tBu) 

Cat. loading 
(mol%) 

Solvent Temp. 
(°C) 

Time 

(days) 

Conv.(%)b 

1 CaI2 10 C6D6 90 1 >98 

2 CaI2 10 THF-d8 90 0.5 >98 

3 MgI2 10 C6D6 90 4 - 

4 MgI2 10 THF-d8 90 4 - 

aReaction conditions: 20 mg substrate, 0.6 mL solvent, N2 atmosphere. bConversion determined by 1H NMR spectroscopy. 
 

In summary, in the cases of the cyclization of 2,2-diphenyl-pent-4-enylamine or 1-allyl-cyclohexyl-

methylamine, a combination of CaI2/P4-tBu or MgI2/P4-tBu proved to be active. The reaction 

occurred under mild conditions, from 30 minutes to two hours at room temperature with 5 mol% to 

10 mol% catalyst loading. As for the 2,2-dimethyl-pent-4-enylamine, the calcium iodide salt-based 

catalytic system requires harsher conditions. It could be suggested that the limiting factor of this 

system is the solubility of the metal halide. 

Organic base  

The investigation continued with the evaluation of organic bases. It was shown in Chapter 4 that 

weaker bases than the Schwesinger base P4, such as the Verkade base Pv1 and Schwesinger base 

P2 (Figure 5.16) could not deprotonate the aminoalkene. In the presence of a metal halide, it could 

be conjectured that the substrate would weakly interact with the metal center via the nitrogen atom. 

This interaction would polarize the N−H bond, thus, facilitating the deprotonation of the amine with 

the organic base. It was therefore of interest to study the possible effect of the metal salt in the 

deprotonation of the aminoalkene by the organic base. With this goal in mind, two somewhat weaker 

organic bases than the P4 were tested (the pKa values of the protonated bases are significantly lower 

than that of protonated P4 - Figure 5.16).  

 

Figure 5.16. Organic bases. 

The combination of CaI2 and the Verkade base Pv1 or the Schwesinger P2 base did not catalyze the 

intramolecular hydroamination of 2,2-diphenyl-pent-4-enylamine. Similarly, the combination of CaI2 
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and the Verkade base Pv1 or the Schwesinger P2 base did not catalyze the intramolecular 

hydroamination 1-allyl-cyclohexyl-methylamine under the given conditions. 

Table 5.4. Intramolecular hydroamination reactions carried out in C6D6.a 

 

Entry H2C=CHCH2CR2CH2NH2 Catalyst Cat. 
loading 

(mol%) 

Temp. 
(°C) 

time Conv.(%)b 

1 Ph, Ph CaI2/P2-tBu 10 80 7 days - 

2 Ph, Ph CaI2/Pv1 10 80 24 h - 

3 Cy CaI2/ P2-tBu 10 70 72 h - 

4 Cy CaI2/ P2-tBu 100 70 48 h - 

5 Cy CaI2/ Pv1 10 70 24 h - 

6 Cy MgI2/ P2-tBu 10 70 72 h - 

7 Cy MgI2/ P2-tBu 100 70 48 h - 

aReaction conditions: 20 mg substrate, 0.6 mL solvent, N2 atmosphere. bConversion determined by 1H NMR spectroscopy. 
 

These results could suggest that the deprotonation step is not sufficiently facilitated by possible 

interaction of the substrate with the metal center to allow the use of weaker organic bases.  

Attempted synthesis of phosphazene base P3-tBu 

The unsuccessful results obtained with the Verkade base or the P2-tBu in combination with calcium 

iodide and the successful cyclization reactions obtained with calcium iodide and P4-tBu, the base 

screening was extended to the phosphazene superbase P3-tBu (Figure 5.17). Unlike the previously 

cited and used Schwesinger bases, P3-tBu is not commercially available. The attempted synthesis 

methods were based upon literature description[22] but unfortunately, in our hands, the phosphazene 

superbase P3- tBu could not be obtained. 

 

Figure 5.17. Schwesinger base P3-tBu. 
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The synthesis of the base consists of building two substructures that will then be united. On the one 

side, the formation of 1 starts with the reaction of PCl5 and tert-butylamine hydrochloride (Figure 

5.18 − Eq. 1). The reaction was carried out in chlorobenzene at 100 °C for four hours as reported in 

the literature by Schwesinger et al..[22c] The reactants could not be brought into solution and increase 

of temperature, dilution or reaction time did not lead to better solubility. The desired product could 

not be obtained and traces of phosphoryl chloride (POCl3) could be observed along with unreacted 

tert-butylamine hydrochloride. Different conditions were tested according to another procedure 

described by Schwesinger et al..[22d] PCl5 and tert-butylamine hydrochloride were heated at 80 °C in 

2-tetrachloroethane for six hours. As before, 1 could not be obtained and only trace quantities of 

POCl3 were observed. PCl5 and tert-butylamine hydrochloride were also stirred at room temperature 

but no conversion was observed after two days. 

On the other side, synthesis of the aminotris(dimethylamino)-phosphonium tetrafluoroborate 4 was 

successfully achieved according to the literature procedure (Figure 5.18 − Eq. 2).[22a] The reaction 

of PCl5 with NHMe2 at −30 °C in a mixture of DCM and THF afforded 3. Treatment with ammonia 

and subsequent reaction with NaBF4 provided us with 4. Further reaction with KOMe, to attempt the 

formation of tris(dimethylamino)-iminophosphorane 5, was not carried out as 1 could not be obtained. 

The reaction of 2 and 5 could potentially lead to the desired Schwesinger base P3-tBu hydrochloride 

(Figure 5.18 − Eq. 3). 

 

Figure 5.18. Synthesis of P3-tBu. 

Chiral calcium halide 

The catalytic activity of CaI2 and P4 in the intramolecular hydroamination of aminoalkenes, prompted 

the development of a chiral alkaline earth metal salt in order to investigate its possible application in 

asymmetric catalysis. With this intention, a fenchone-based calcium iodide compound L*−Ca−I was 
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synthesized where L* is the chiral fenchone-based ligand. The chiral calcium salt L*−Ca−I, in 

combination with P4, was then tested in enantioselective hydroamination. 

(1R,2R,4S)-exo-(2-N,N-dimethylbenzylamine)-1,3,3-trimethylbicyclo[2,2,1]-heptan-2-ol (7) was 

synthesized according to a literature procedure.[23a] The reaction of the chiral fenchyl alcohol 7 with 

potassium hydride gave rise to the potassium salt 8 that was further reacted with calcium iodide 

(Figure 5.19). The addition of hexane to the THF solution allowed for the crystallization of the desired 

product 9 in 37 % yield. 

 

Figure 5.19. Synthesis of the chiral calcium salt 9. 

The complex crystallized in the orthorhombic space group P212121 with four formula units in the unit 

cell (Figure 5.20 − Table 5.5). X-ray analysis revealed an intramolecular coordination between the 

nitrogen atom of the amino group and the metal center (Ca1−N1 2.527(3) Å). Calcium fenchyliodide 

9 crystallized with three molecules of THF coordinated to the metal.  

 

Figure 5.20. Molecular structure of calcium fenchyliodide 9. 
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Table 5.5. Selected bond lengths [Å] and angles [°] for 9. 

Ca1−I1 3.2146(7) Ca1−N1 2.527(3) Ca1−O1 2.119(2) Ca1−O3 2.428(3) 

O1−Ca1−I1 166.30(7) O1−Ca1−N1 81.06(10) Ca1−O2 2.427(2) Ca1−O4 2.420(3) 

Asymmetric hydroamination 

The chiral catalytic system was evaluated for the cyclization of three aminoalkene substrates (Table 

5.9). The cyclization of 2,2-diphenyl-pent-4-enylamine and 1-allyl-cyclohexyl-methylamine occurred 

at room temperature in five to eight hours with 5 mol% catalyst loading (entry 1-2). For the cyclization 

of 2,2-dimethyl-pent-4-enylamine, higher catalyst loading (10 mol%), higher temperature (90 °C) and 

longer reaction times (18 hours) were necessary to obtain the cyclized product (entry 3). 

Table 5.6. Intramolecular hydroamination reactions carried out in C6D6.a 

 

Entry Substrate 
H2C=CHCH2CR2CH2NH2 

Cat. loading 
(mol%) 

Temp. 
(°C) 

Time 
(h) 

Conv.(%)b % 
eec 

1 Ph, Ph 5 20 5 >98 36 

2 Cy 5 20 8 >98 25 

3 Me, Me 10 90 18 >98 24 

aReaction conditions: 20 mg substrate, 0.6 mL solvent, N2 atmosphere. 
bConversion determined by 1H NMR spectroscopy.c ee determination with (R)-(-)-O-acetylmandelic acid 

Although the developed chiral system showed low enantioselectivities, from 36% ee to 24% ee, 

these initial results reveal the potential of such catalytic system for group 2-mediated stereoselective 

catalysis. For further extension of this project, the development of new chiral alkaline earth metal 

salts can considered.   

5.3.2 Catalysts bearing a dianionic bidentate ligand 

Calcium and magnesium bora-amidinate complexes 

In order to circumvent solubility problems of the metal salt (e.g. CaI2), we introduced a calcium 

complex with a chelating dianionic ligand and a very open coordination sphere. 

Monoanionic bidentate amidinate ligands have been widely studied and applied in the synthesis of 

alkaline earth metal complexes.[4] The bora-amidinate ligand (bam) [RB(NR’)2]2ˉ is structurally similar 

to the corresponding amidinate (am) ligand [RC(NR’)2]ˉ with substitution of the carbon by a boron 

atom in the backbone (Figure 5.21).[24a] This replacement generates a 2ˉ charge on the bam ligand. 

Like the am ligand, the steric and electronic properties of the bam ligand can be tuned by changing 
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the substituents R’ on the nitrogen and the organic substituent R on the boron. Both ligands can 

coordinate to the metal in a bidentate fashion through N,N’ chelation.  

 

Figure 5.21. Bora-amidinate and amidinate ligands. 

In 2009, Harder et al. reported the synthesis of the bora-amidine ligand (DIPP)HN−BH−NH(DIPP) 

abbreviated as DIPPNBN-H2.[24b,c] They also showed that reaction of the ligand with calcium and 

magnesium precursors (Figure 5.22 − MR2 = DMAT2Ca, nBu2Mg) gave rise to the corresponding 

bora-amidinate Ca and Mg complexes with dianionic bam ligands.[24d] 

 

Figure 5.22. Synthesis of the bora-amidinate calcium and magnesium complexes. 

The complex DIPPNBNCa∙THF4 crystallized in the monoclinic space group P1 with one formula unit 

in the unit cell. The molecule has no crystallographic symmetry but can be considered to be 

approximately C2-symmetric (Figure 5.23 − Table 5.7). The complex crystallized as a monomer with 

the ligand DIPPNBN bound to the metal through the two nitrogen atoms (Ca1−N1 2.317(4) Å; Ca1−N2 

2.326(4) Å). The small bite angle (N1−Ca1−N2 64.24(14)°) allows for coordination of four THF 

ligands.  
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Figure 5.23. Molecular structure of DIPPNBNCa∙THF4. 

Table 5.7. Selected bond lengths [Å] and angles [°] for DIPPNBNCa∙THF4. 

Ca1−N1 2.314(2) N1−B1−N2 119.0(3) Ca1−O1 2.411(4) Ca1−O4 2.416(4) 

Ca1−N2 2.315(2) B1−N1 1.429(4) Ca1−O2 2.471(4)   

N1−Ca1−N1 64.24(14) B1−N2 1.431(4) Ca1−O3 2.447(4)   

The complex DIPPNBNMg∙THF3 crystallized in the orthorhombic space group P212121 with four 

formula units in the unit cell (Figure 5.24 − Table 5.8). The bora-amidinate ligand is bound to the 

metal center in a similar fashion as in DIPPNBNCa∙THF4 (Mg1−N1 2.025(2) Å; Mg1−N2 2.065(2) Å).  

In this case, the smaller magnesium center has three THF ligands coordinated (N1−Mg1−N2 

72.11(9)°). 

 

Figure 5.24. Molecular structure of DIPPNBNMg∙THF3. 
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Table 5.8. Selected bond lengths [Å] and angles [°] for DIPPNBNMg∙THF3. 

Mg1−N1 2.025(2) N1−B1−N2 115.9(2) Mg1−O1 2.081(2) 

Mg1−N2 2.065(2) B1−N1 1.420(4) Mg1−O2 2.086(2) 

N1−Mg1−N1 72.11(9) B1−N2 1.420(4) Mg1−O3 2.108(2) 

Intramolecular hydroamination 

The developed calcium and magnesium complexes were tested in combination with a strong organic 

base as catalysts in intramolecular hydroamination (Table 5.9). The cyclization of 2,2-diphenyl-pent-

4-enylamine occurred at room temperature in 30 minutes with the DIPPNBNCa∙THF4/P4-tBu catalytic 

system (10 mol%)  (entry 1) to 1.5 hours (entry 2) with the DIPPNBNMg∙THF3/P4-tBu catalytic system 

(10 mol%).  

During the course of our investigations, we found that addition of catalytic amounts of only 

DIPPNBNMg∙THF3 or DIPPNBNCa∙THF4 (10 mol%) to the aminoalkene led to product formation. This 

means that the NBN ligand is not just a spectator ligand but should be considered as a non-innocent 

ligand. The cyclization of 2,2-diphenyl-pent-4-enylamine and 1-allyl-cyclohexyl-methylamine 

occurred at room temperature (entry 3-4, 5-6). After catalytic conversion, the NMR signals for 

DIPPNBNMg∙THF3 and DIPPNBNCa∙THF4 can be found which suggests that the metal complexes are 

catalytically active. Reactions times were shorter for the calcium catalyst compared to the 

magnesium catalyst (entry 3 and 6, 4 and 7). Neither complexes catalyzed the cyclization of 2,2-

dimethyl-pent-4-enylamine under the given conditions (entry 5 and 8). 
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Table 5.9. Intramolecular hydroamination reactions carried out in C6D6.a 

Entry Catalyst (10 mol%) Substrate 
H2C=CHCH2CR2CH2NH2 

Temp. (°C) Time 
(h) 

Conv.(%)b 

1 DIPPNBNCa∙THF4/P4-tBu Ph, Ph 25 0.5 >98 

2 DIPPNBNMg∙THF3/P4-tBu Ph, Ph 25 1.5 >98 

3 DIPPNBNCa∙THF4 Ph, Ph 25 0.5 >98 

4 DIPPNBNCa∙THF4 Cy 25 1 >98 

5 DIPPNBNCa∙THF4 Me, Me 90 72 - 

6 DIPPNBNMg∙THF3
 Ph, Ph 25 2 >98 

7 DIPPNBNMg∙THF3
 Cy 25 3 >98 

8 DIPPNBNMg∙THF3
 Me, Me 90 96 - 

aReaction conditions: 20 mg substrate, 0.6 mL solvent, N2 atmosphere.bConversion determined by 1H NMR spectroscopy. 
 

The obtained results suggest that a bidentate ligand coordinated to the metal can initiate the catalytic 

activity via 𝜎 −bond metathesis, without disconnecting from the metal center. A proposed 

mechanism would go through coordination of the aminoalkene to the alkaline earth metal catalyst 

(Figure 5.25). After 𝜎 −bond metathesis, the ring closure would proceed through a [2+4] transition 

state. Transfer of a proton from the ligand to the substrate would result in liberation of the product 

and regeneration of the alkaline earth metal species. In order to validate and expand the scope of 

this strategy, further studies are necessary.   

 

Figure 5.25. Proposed mechanism for intramolecular hydroamination catalyzed by bora-amidinate 
calcium and magnesium complexes (M = Ca, Mg). 
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This approach could potentially be exploited for the synthesis of chiral catalysts and further 

application in asymmetric catalysis. To this end, several chiral bidentate dianionic systems such as 

ethylenediamine-based ligands or dinaphthyl diamine-based ligands can be considered (Figure 

5.26). The advantage of this approach is that these catalytic systems are not affected by the Schlenk 

equilibrium. 

 

Figure 5.26. Bidentate chiral dianionic ligands. 

An in-depth study on the steric and electronic requirements of the dianionic ligand could also be 

contemplated. Better understanding of the system would lead to an improvement in activity and 

selectivity.  

5.4 Conclusions 

In this chapter, two novel strategies to alkaline earth-based catalysis were investigated and 

successfully applied in intramolecular hydroamination. The two different strategies described herein 

represent a completely new perspective in the development of catalytic reagents for homogeneous 

group 2 catalysis. Indeed, the new methods for catalyst design are not based on a heteroleptic metal 

complex LMR. Unlike the traditional catalyst LMR, both newly discovered catalytic systems have the 

advantage to not face Schlenk-like solution redistribution reactions. Under those circumstances, the 

catalytic activity and selectivity appear easier to tune and control.  

The first approach makes use of readily available alkaline earth metal salts, namely calcium iodide 

and magnesium iodide, along with the Schwesinger organic base P4. This catalytic system showed 

high catalytic activity under mild conditions and appears a very promising system for asymmetric 

catalysis. 

The second approach was based on using dianionic bidentate ligands for the synthesis of alkaline 

earth metal catalysts. It was demonstrated that these catalysts were active in intramolecular 

hydroamination. Despite the fact that no study on asymmetric intramolecular hydroamination has 

been carried out, the presented findings call for further research into group 2-mediated asymmetric 

intramolecular hydroamination applying this methodology. Catalysts with chiral dianionic ligands can 

have enormous advantages. Whereas traditional L*MR catalysts (L* = chiral ligand) are prone to 

ligand distribution and form L*2M and MR2, chiral complexes with dianionic ligands retain their chiral 

information at all times. 
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While there is clearly room for improvement, this initial investigation offers new opportunities for the 

development of alkaline earth metal-based catalysis. 

5.5 Experimental section 

5.5.1 General 

All experiments were carried out under an inert gas atmosphere using standard Schlenk and glove 

box techniques. Benzene and THF were dried over sodium, distilled and stored under a nitrogen 

atmosphere. Toluene, pentane, hexane and diethylether were degassed with nitrogen, dried on 

activated alumina columns and stored under a nitrogen atmosphere. The following compounds were 

synthesized according to literature procedures: (1R,2R,4S)-exo-(2-N,N-dimethylbenzylamine)-1,3,3-

trimethylbicyclo[2.2.1]-heptan-2-ol (7),[23a] DIPPNBNCa∙THF4,[24d] DIPPNBNMg ∙THF3,[24d] 2,2-dimethyl-

pent-4-enylamine,[26] 2,2-diphenyl-pent-4-enylamine,[26] 1-allyl-cyclohexyl-methylamine.[26] MgBr2 

was synthesized according to a modified literature procedure.[25] CaI2 was synthesized from calcium 

and iodide (see experimental section Chapter 2). CaCl2, CaBr2, MgI2, MgCl2, ZnCl2 and ZnI2 were 

dried under vacuum at 80 °C prior to use. The Verkade base (2,8,9-trimethyl-2,5,8,9-tetraaza-1-

phosphabicyclo[3,3,3]undecane) and the Schwesinger bases P4-tBu (1-tert-butyl-4,4,4-

tris(dimethylamino)-2,2-bis[tris(dimethylamino)-phosphoranylidenamino]-2𝜆5,4𝜆5-

catenadi(phosphazene)), P4-tOct (1-tert-octyl-4,4,4-tris(dimethylamino)-2,2-

bis[tris(dimethylamino)phosphoranylidenamino]-2𝜆5,4𝜆5-catenadi(phosphazene)) and P2-tBu (1-

tert-butyl-2,2,4,4,4-pentakis(dimethylamino)-2𝜆5,4𝜆5-catenadi(phosphazene)), were purchased from 

Sigma–Aldrich and used without further purification. The remaining starting materials were 

purchased from Sigma–Aldrich, ACROS, ABCR and were used as delivered. NMR spectra have 

been recorded on Bruker Avance DPX-300 MHZ or DRX-400 MHz spectrometer (specified at 

individual experiments). 

5.5.2 Synthesis of metal halides 

Magnesium bromide - MgBr2∙Et2O0.036. Dibromoethane (5.10 g, 27.2 mmol) was added dropwise 

to a stirred suspension of Mg turnings (1.98 g, 81.5 mmol) in Et2O (20 mL). This led to immediate 

reaction and gas formation while the mixture started to reflux. After addition of all dibromoethane, 

the mixture was heated to reflux for two hours. After removal of unreacted Mg, a white-colored 

suspension was obtained. The solvent was removed under vacuum at 80 °C for three hours affording 

a white powder. According to 1H NMR (internal ref.: naphthalene), 0.04 equivalents of Et2O are still 

present as ligand. Yield: 3.80 g, 20.3 mmol, 75%. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 1.23 (t, 3JHH = 7 Hz, 0.22H, Et2O), 3.50 (q, 3JHH = 7 Hz, 0.14H, 

Et2O) 
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Calcium fenchyliodide − 9. (1R,2R,4S)-exo-(2-N,N-Dimethylbenzylamine)-1,3,3-

trimethylbicyclo[2.2.1]-heptan-2-ol (7) (0.50 g, 1.74 mmol) and potassium hydride (0.12 g, 2.99 

mmol) were stirred in THF (10 mL). The mixture was stirred at 60 °C for 18 hours. The solid was 

removed by centrifugation. Calcium iodide (0.82 g, 1.74 mmol) was added to the solution in THF and 

stirred for two days at room temperature. The solid was removed by centrifugation and the solvent 

was evaporated to dryness yielding a white solid. The product was extracted with benzene (2 x 10 

mL). The solvent was evaporated and the product was crystallized from a mixture of hexane (4 mL) 

and THF (7 mL) as a white crystalline solid. Yield: 0.43 g, 0.64 mmol, 37%.  

1H NMR (400 MHz, C6D6, 25 °C): δ = 0.70 (s, 3H, CH3), 1.10 - 1.19 (m, 1H, CH2), 1.36 (m, 12H, 

THF), 1.41 (s, 3H, CH3), 1.44 (dd, 3JHH = 9.9 Hz, 2JHH = 1.5 Hz, 1H, CH2), 1.49 (s, 3H, CH3), 1.57 (m, 

1H, CH2), 1.86 ( m, 1H, CH), 1.95 (m, 1H, CH2), 2.43 (broad s, 3H, NCH3), 2.51 (m, 1H, CH2), 2.54 

(d, 3JHH = 10.5 Hz, 1H, NCH2), 2.61 (broad s, 3H, NCH3), 3.07 (m, 1H, CH2), 3.56 (m, 12H, THF), 

4.83 (d, 3JHH = 10.5 Hz, 1H, NCH2), 6.94 (dd, 3JHH = 7.3 Hz, 2JHH = 1.2 Hz, 1H, Ar), 7.00 (dd, 3JHH = 

7.6 Hz, 2JHH = 1.8 Hz, 1H, Ar), 7.05 (m, 1H, Ar), 7.92 (dd, 3JHH = 8.2 Hz, 2JHH = 1.3 

Hz, 1H, Ar). 

13C NMR (100 MHz, C6D6, 25 °C): δ = 20.2 (CH3), 25.0 (CH3), 25.3 (THF), 26.3 

(CH2), 31.5 (CH3), 35.2 (CH2), 41.2 (CH2), 44.4 (N(CH3)2), 44.6 (Cq), 48.4 

(N(CH3)2), 52.0 (CH), 55.2 (Cq), 66.3 (NCH2), 69.2 (THF), 88.7 (Cq), 123.5 (Ar), 

125.5 (Ar), 128.8 (Ar), 135.4 (Ar), 137.2 (Ar), 155.0 (Ar). 

5.5.3 Intramolecular hydroamination of aminoalkenes  

Reactions with MX2 and strong organic bases 

The metal salt MX2 and the organic base were added to a solution of the aminoalkene derivative 

H2C=CHCH2CR2CH2NH2 (20 mg) in 0.60 mL of C6D6 or THF-d8. The reaction was monitored by 1H 

NMR spectroscopy in order to determine conversions. The NMR data for the cyclization product 

were according to data reported in literature.[26] The NMR data for 1,1-diphenyl-1-butene was 

consistent with that reported in the literature.[27]  

Reactions with chiral MX2 and the phosphazene base P4-tBu 

Calcium fenchyliodide (9) and the phosphazene base P4-tBu were added to a solution of 

H2C=CHCH2CR2CH2NH2 (20 mg) in 0.60 mL of C6D6 or THF-d8. The reaction was monitored by 1H 

NMR spectroscopy. The NMR data for the cyclization product were according to data reported in 

literature.[26] The enantiomeric excesses were determined by 1H NMR spectroscopy by complexation 

of the product with (R)-(-)-O-acetylmandelic acid according to a literature procedure.[28] 

Reactions with the bora-amidinate Ca and Mg complexes 

The bora-amidinate alkaline earth metal complex (10 mol%) was added to a solution of 

H2C=CHCH2CR2CH2NH2 (20 mg) in 0.60 mL of C6D6. The reaction was monitored by 1H NMR 
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spectroscopy. The NMR data for the cyclization product was consistent with that reported in the 

literature.[26]  

5.5.4 Single-crystal X-ray structure determinations 

The crystal was coated in paraffin oil and mounted at the tip of a glass capillary and measured on a 

Siemens SMART diffractometer with a three axis goniometer and an APEX II area detector system. 

The crystal structures were solved and refined with SHELXS-97 and SHELXL-97.[29] Geometry 

calculations and graphics were done with PLATON.[30]  

Single-crystal X-ray structure determination of calcium fenchyliodide 

No free solvent molecule was incorporated. All H atoms were placed on idealized calculated 

positions and refined isotropically. Disorder in one THF ligand was treated with a disorder model for 

ring puckering disorder (82/18 ratio). The refinement of the Flack parameter to ‒0.020(18) 

established the correct absolute configuration of the ligand (Table 5.10). 

Single-crystal X-ray structure determination of DIPPNBNCa∙THF4 

All H atoms were placed on idealized calculated positions and refined isotropically except for the H 

on B which was found in the difference Fourier map and refined isotropically. The refinement of the 

Flack parameter to ‒0.0104(504) established the correct absolute structure (Table 5.10). 

Single-crystal X-ray structure determination of DIPPNBNMg∙THF3 

All H atoms were placed on idealized calculated positions and refined isotropically except for the H 

on B which was found in the difference Fourier map and refined isotropically. Slight disorder in one 

of the THF ligands was not solved but atoms were refined with slightly enhanced displacement 

parameter. The Flack parameter refined to 0.33(33) which indicated an inversion twin. The structure 

was refined as an inversion twin with a BASF parameter that converged to 0.33 (Table 5.10). 
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Table 5.10. Crystal structure data. 

Compound Calcium fenchyliodide DIPPNBNCa∙THF4 DIPPNBNMg∙THF3 

Formula C31H52CaNO4 C40H67BCaN2O4 C36H59BMgN2O3 

M 669.72 690.85 602.97 

Size (mm³) 0.40 x 0.40 x 0.50 0.20 x 0.30 x 0.40 0.40 x 0.40 x 0.50 

Crystal system Orthorhombic Triclinic Orthorhombic 

Space group P212121 P1 P212121 

a (Å) 11.9365(13) 10.030(3) 10.6623(10) 

b (Å) 15.1143(17) 10.118(3) 17.9478(15) 

c (Å) 17.9265(19) 11.166(4) 18.8680(16) 

α 90 81.411(8) 90 

β 90 66.447(7) 90 

γ 90 74.674(7) 90 

V (Å³) 3234.2(6) 1000.6(6) 3610.7(5) 

Z 4 1 4 

ρ (g.cm-3) 1.375 1.146 1.109 

μ (MoKα) (mm-1) 0.182 0.197 0.084 

T (K) 183 103 173 

Θ min – max (Deg) 1.8, 27.0 2.0, 28.3 2.2, 26.4 

Refl.total, independent 
Rint 

6092, 5650 

0.023 

9624, 8065 

0.027 

24270, 7347 

Found refl. (I > 2σ(I)) 5473 6997 5296 

Parameter 353 446 402 

R1 0.0282 0.0463 0.0612 

wR2 0.0806 0.1061 0.1698 

GOF 1.08 1.02 1.04 

min/max remaining  

e-density (e.Å-3) 
-0.59/0.75 

-0.26/0.37 -0.25/0.32 
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Summary 

The current state-of-the-art in homogeneous catalysis is mainly based on transition metal catalysts. 

This has allowed for the major progress in the current production of pharmaceuticals, agrochemicals 

and functional materials. However, transition-metal catalysts, often highly toxic, are becoming 

increasingly rare and consequently more expensive. Therefore, the search for sustainable 

alternatives is nowadays of great importance. Among early main group metals, alkaline earth metals 

seem particularly beneficial from an ecological and economical point of view. Indeed, calcium is 

essentially free of toxicity, cheap and the fifth most abundant element in the earth’s crust. 

Chapter 1. The first chapter offers an overview on the organometallic chemistry of alkaline earth 

metals. A brief account of the general properties of alkaline earth metals and their organometallic 

compounds is presented. Also, the properties of Mg and Zn are compared revealing that zinc can 

be considered as a main group element. Following, an introduction on the different synthetic methods 

to alkaline earth organometallic compounds as well as a general review on their application in 

homogeneous catalysis are reported.   

Chapter 2. Although alkaline earth metal complexes have been applied in asymmetric catalysis, 

examples of chiral enantiopure group 2 catalysts are limited (L*−M−R with L*: chiral spectator 

ligand; M: metal center; R: reactive group). The main challenge in the development of catalytic 

alkaline earth metals reagents is their tendency to undergo Schlenk-like ligand redistribution (Figure 

1). 

 

Figure 1. Schlenk equilibrium for group 2 complexes (M = Mg, Ca, Sr, Ba). 

A method to overcome this problem is by using sterically demanding spectator ligands (L*). 

Accordingly, it was visualized to use chiral bulky monoanionic ligands commonly applied in transition 

metal-based asymmetric catalysis, i.e. BINOL- and SPO- based chiral ligands, in group 2 catalysis. 

For this purpose, a number of BINOL- and SPO- based ligands could be synthesized and different 

synthetic routes towards chiral heteroleptic group 2 and zinc complexes were examined. Reactions 

with Mg and Ca precursors proved to be unselective, even at low temperature and this prevented 

isolation of well-defined complexes. Conversely, a Zn complex was isolated revealing that the steric 

bulk of phosphoramidite, bearing a BINOL backbone and a bulky aminoquinoline, does not prevent 

the Schlenk equilibrium (Figure 2). 
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Figure 2. Molecular structure of Zn[BINOL-P(quinoline)]2. 

Chapter 3. The research described in this chapter was directed towards the development of 

phosphorus/magnesium complexes for Frustrated Lewis Pair (FLP) type reactivity. Within this 

project, a new 𝛽 −ketimine as well as a new family of amidines (R = DIPP-, iPr-, p-tolyl-, tBu-, Cy-

substituted amidine), all bearing a phosphine moiety, were synthesized. Interestingly, the DIPP-

substituted amidine displayed unusual structural features such as a NH↔PH tautomeric equilibrium 

and a short N⋯P interaction (Figure 3). Similar N⋯P interaction could also be observed in the 

respective potassium complex. In these cases, P acts as a Lewis acid instead of as a Lewis base.   

 

Figure 3. Structure and tautomerization of DIPP-substituted amidine. 

Further synthesis of magnesium complexes revealed that the geometrical restriction of the β-

diketiminate and amidinate frameworks prevent Lewis acid (Mg) − Lewis base (P) adduct formation 

(Figure 4) thus leading to a potential FLP. 

 

Figure 4. Phosphorus-containing magnesium complexes (X = alkyl or halide). 
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Investigations on FLP reactivity of the phosphorus/magnesium complexes synthesized were carried 

out with CO2 and isocyanate. The obtained results indicated that the special and/or electronic 

characteristics of the 𝛽 −ketiminate and the amidinate systems do not allow for well-defined P/Mg 

FLP reactivity. In the case of CO2, an undefined mixture of products was formed whereas for the 

isocyanate insertion in the Mg−N bond took place. The latter product could be isolated and 

structurally characterized. It could be observed in the amidinate system that the iPr-substituted 

amidinate-MgCl was active in isocyanate trimerization (Figure 5).   

 

Figure 5. Cyclotrimerization of phenylisocyanate catalyzed by iPr-substituted phosphinoamidinate-

MgCl. 

Alternatively, new aluminium amide complexes were also synthesized and successfully applied in 

CO2 activation. Reaction with CO2 and diisopropylphenylisocyanate could be clearly studied with the 

aluminium complex Ph2PNDIPP-AlMe2. The structural informations obtained from the reactions of 

the complex with CO2 and diisopropylisocyanate suggested that insertion of CO2 into the P/Al FLP 

is followed by a rearrangement resulting in a CO2 molecule inserted in the Al−N bond (Figure 6).  

 

Figure 6. Possible mechanism for CO2 insertion with Ph2PNDIPP-AlMe2 . 

Chapter 4. While substrate activation by metal-coordination is well-established in transition metal 

catalysis, the role of the metal in early main group metal chemistry is hitherto poorly understood and 

subject of speculation. The catalytic activity of group 2 complexes (LMR) is considered to be the 

result of the combined action of the metal center M and the reactive group R. Alkene activation 

proceeds through a Lewis-acidic interaction which causes polarization of the 𝜋-electron cloud (Figure 

7).  
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Figure 7. Activation of unsaturated bonds by group 2 complexes. 

Unfortunately, there is no clear evidence for such an assumption. Chapter four aimed to evaluate 

the importance of the effect of the metal in group 2 catalysis and answer the question whether it is 

possible to remove the metal. Therefore, the alkaline earth organometallic catalyst was replaced by 

a comparable metal-free catalyst and tested on reactions known to be catalyzed by calcium 

complexes, i.e. intermolecular hydroamination of activated double bonds and intramolecular 

hydroamination of unactivated double bonds. To this end, different ion pairs were synthesized: 

[Ph3C]ˉ[Me4N]+, [Ph2N]ˉ[Me4N]+ and [(p-tolyl)2N]ˉ[Me4N]+. It was shown that the metal-free 

[Ph3C]ˉ[Me4N]+ and [Ph2N]ˉ[Me4N]+ were suitable catalysts for the intermolecular hydroamination of 

activated double bonds (C=O in isocyanates and C=N in carbodiimides) (Figure 8).  

 

Figure 8. Intermolecular hydroamination catalyzed by [Ph3C]ˉ[Me4N]+or [Ph2N]ˉ[Me4N]+.  

The metal-free ion pairs gave similar or better results as the calcium catalysts indicating that the 

metal is not crucial for catalytic activity. The solid state structure of the [p-tolyl2N]ˉ[Me4N]+ ion pair, 

along with theoretical calculations, provides more insight into the role of the non-coordinated cation 

in catalysis. The crystal structure of [p-tolyl2N]ˉ[Me4N]+ revealed a network of non-classical hydrogen 

bonds, C−H⋯ N bonds, connecting cation and anion. DFT studies on the hydroamination of N,N’-

diisopropylphenylcarbodiimide (R’ = iPr) with diphenylamine (R = Ph) indicated that the Me4N+ cation 

shows metal-like behaviour and could have an activating role in catalysis.  

In the particular case of intramolecular hydroamination of unactivated C=C bonds, activation of the 

unsaturated bond with the Me4N+ cation is not possible. A more Lewis acidic center is required in this 

case and therefore the metal is crucial for ring closure. Based on the obtained results, a new alkaline 

earth metal catalytic system (combination of an alkaline earth metal halide and the strong organic 

Schwesinger P4 base) for intramolecular hydroamination is presented (Figure 9). 

 

Figure 9. Intramolecular hydroamination catalyzed by CaI2 and the Schwesinger P4 base. 
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Chapter 5. Traditionally alkaline earth metal complexes are composed of two monoanionic ligands 

coordinated to a dicationic metal center (LMR) in which L is the spectator ligand and R is the reactive 

group that initiates the catalytic activity. In group 2-mediated intramolecular hydroamination, the first 

step of the catalytic cycle is the σ-bond metathesis reaction between the reactive group and the 

aminoalkene (Figure 10).  

 

Figure 10. 𝛔-bond metathesis reaction between the reactive group and the aminoalkene (M = Ca-Ba,  

R = N(SiMe3)2, alkyl). 

Chapter five explored the new alternative for group 2-mediated intramolecular hydroamination 

introduced in chapter four. The methodology was expanded to different metal halides (MX2) and it 

was observed that CaI2 and MgI2, combined with the Schwesinger P4 base, are catalytically active 

in intramolecular hydroamination (Figure 11). Preliminary studies with a chiral calcium iodide 

complex demonstrated that this concept can be extended to asymmetric catalysis. 

 

Figure 11. Deprotonation of the aminoalkene by the Schwesinger P4 base (M = Ca, Mg). 

During the course of this research, a novel catalytic system composed of a group 2 complex in which 

a dianionic bidentate ligand is coordinated to the metal center proved to be also active in 

intramolecular hydroamination reaction (Figure 12).  

 

Figure 12. Deprotonation of the aminoalkene by the ligand coordinated to the metal (M = Ca, Mg). 

The two new catalytic systems have the big advantage that they do not suffer from the Schlenk 

equilibrium (Figure 1). This opens new ways for asymmetric catalysis with main group 2 metal 

catalysts.
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Samenvatting 

De beste en meest gebruikte homogene katalysatoren zijn voornamelijk gebaseerd op organometaal 

verbindingen van overgangsmetalen. De introduktie en ontwikkeling van deze systemen heeft het 

mogelijk gemaakt om belangrijke grondstoffen voor medicijnen, pesticiden en vele andere 

materialen efficient en op industriele schaal te produceren. Het nadeel van overgangsmetalen is dat 

ze vaak giftig zijn en meestal niet in grote hoeveelheden op aarde voorkomen en daardoor steeds 

zeldzamer en duurder worden. Hierdoor is het belangrijk om duurzame alternatieven te zoeken. Eén 

van die alternatieven is het gebruik van aardalkalimetalen zoals magnesium en calcium. Deze 

elementen zijn niet toxisch, goedkoop, en de aarde is rijk aan deze metalen. Calcium is zelfs het op 

vier na meest voorkomende element in het aardoppervlak. 

Hoofdstuk 1. Het eerste hoofdstuk geeft een overzicht van de organometaal chemie van 

aardalkalimetalen. Het begint met een korte beschrijving van de algemene eigenschappen van 

aardalkalimetalen en hun organometaal verbindingen. Daarna wordt de chemie van Mg en Zn met 

elkaar vergeleken en er wordt geillustreerd dat zink als een hoofdgroep element kan worden 

beschouwd. In het laatste gedeelte van dit hoofdstuk worden de verschillende synthesemethoden 

en het gebruik van hoofdgroepmetaal katalysatoren in verschillende homogene katalyse processen 

behandeld. 

Hoofdstuk 2. Alhoewel complexen van aardalkalimetalen worden gebruikt in de asymmetrische 

katalyse, zijn er relatief weinig voorbeelden van chirale enantiomeer-zuivere groep 2 metaal 

katalysatoren (L*−M−R waar L* = een chirale ligand; M = metaal center; R= reactive groep). De 

grootste uitdaging bij de synthese van deze chirale complexen is de onderdrukking van de 

ligandenuitwisseling via het Schlenk evenwicht (Figuur 1). 

 

Figuur 1. Schlenk evenwicht voor groep 2 metaal complexen (M = Mg, Ca, Sr, Ba). 

Dit probleem kan worden opgelost door een groot, niet reactief ligand (L*) te gebruiken. Goede 

voorbeelden hiervan zijn de grote, mono-anionische en chirale BINOL and SPO liganden. Deze 

liganden worden al succesvol gebruikt voor chirale katalyse gebaseerd op overgangsmetalen en 

leken daarom een goed startpunt voor dit onderzoek. Verschillende op BINOL en SPO gebaseerde 

liganden werden gesynthetiseerd en daarna op verschillende manieren met groep 2 metaal 

complexen omgezet om tot chirale katalysatoren te komen. Reacties met Mg en Ca waren niet 

selectief en gaven zelf bij lage temperaturen geen goed gedefinieerde complexen. In tegenstelling 

tot Mg en Ca gaven de reakties met Zn wel isoleerbare complexen maar hier kon het Schlenk 

evenwicht niet onderdrukt worden. Zelfs het gebruik van extreme grote chelaat liganden, zoals een 
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fosforamidiet bestaande uit een chirale BINOL bouwsteen en een aminoquinoline, kon dit evenwicht 

niet verhinderen (Figure 2). 

 

Figuur 2. Moleculaire structuur van Zn[BINOL-P(quinoline)]2. 

Hoofdstuk 3. Het onderzoek gepresenteerd in dit hoofdstuk was gericht op het ontwikkelen van 

fosfor/magnesium complexen voor systemen met een “Frustrated Lewis Pair” (FLP) karakter. Tijdens 

dit onderzoek zijn een nieuwe 𝛽 −ketimine en verschillende amidine (R = DIPP-, iPr-, p-tolyl-, tBu-, 

Cy- amidine) liganden gemaakt die een fosfine groep bevatten. De metaal complexen van deze 

liganden laten enkele interessante structurele eigenschappen zien. Zo vindt men bijvoorbeeld in het 

DIPP-amidine ligand NH↔PH tautomerie en een korte N⋯P interactie (Figuur 3). Een zelfde korte 

N⋯P afstand kan ook in de structuur van het kalium zout worden gezien. In dit ligand systeem is de 

P dus een Lewis zuur in plaats van een Lewis base. 

 

Figuur 3. Structuur en tautomerie van het DIPP amidine ligand. 

Verdere experimenten wezen uit dat de flexibiliteit van de β-diketiminaat and amidinaat liganden niet 

groot genoeg is om een Lewis zuur (Mg) – Lewis base (P) adduct te vormen. Hierdoor kon een 

complex met een potentieel Mg/P FLP karakter verkregen worden (Figuur 4).  
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Figuur 4. Fosfor-bevattende magnesium complexen (X = alkyl of halogen anion). 

De mogelijke FLP reactiviteit van de Mg/P complexen werd getest door reactie met CO2 en 

isocyanaat. De resultaten laten zien dat de ruimtelijke en/of electronische eigenschappen van de 

𝛽 −ketiminaat en de amidinaat systemen geen mogelijkheid bieden tot een goed gedefinieerde P/Mg 

FLP reactiviteit. Reactie met CO2 gaf een mengsel van verschillende, ongedefinieerde complexen 

terwijl de reaktie met isocyanaat tot een activering van de Mg-N binding leidde. Dit product kon 

geisoleerd en gekarakteriseerd worden. Verder werd ook gevonden dat voor het iPr-amidinaat 

systeem, het amidinaat-MgCl complex actief was in de isocyanaat trimerisering (Figuur 5).  

 

Figuur 5. Cyclotrimerisering van phenylisocyanaat gekatalyseerd door een iPr-gesubstitueerd 

fosfinoamidinaat-MgCl complex. 

In tegenstelling tot de hier voorgestelde Mg en Ca complexen, konden nieuwe aluminium amide 

complexen wel succesvol CO2 activeren. De reakties van het aluminium complex Ph2PNDIPP-AlMe2 

met CO2 en diisopropylphenylisocyanaat werden bestudeerd. Strukturen van reaktieproducten en 

NMR studies suggereren dat de insertie van CO2 in het P/Al FLP wordt gevolgd door een 

isomerisatie waarbij effectief een CO2 molecuul in de Al-N binding wordt geinserteerd (Figuur 6). 

 

Figuur 6. Mechanisme voorgeslagen voor de activering van CO2 door Ph2PNDIPP-AlMe2. 

Hoofdstuk 4. Terwijl substraat activering door metaal coordinatie in de overgangsmetaal katalyse 

goed wordt begrepen, is de rol van het metaal in de vroege hoofdgroep metaal katalyse niet goed 

onderzocht. De katalytische aktiviteit van groep 2 metaal complexen (LMR) is gebaseerd op de  

samenwerking tussen het metaal M en de reaktieve groep R. Alkeen activering gebeurt via een 

interactie met het Lewis zuur welke een polarisatie in de 𝜋-electronen wolk veroorzaakt (Figuur 7). 
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Figuur 7. Activering van onverzadigde verbindingen door groep 2 metaal complexen. 

Helaas is er geen duidelijk bewijs voor deze veronderstelling. Het doel van hoofdstuk vier is om het 

belang van het metaal in groep 2 katalyse te evalueren en daardoor te achterhalen of we hier met 

"echte" organometaal katalyse of eerder met organokatalyse te maken hebben. Om dit te testen 

werd de aardalkali organometaal katalysator door een vergelijkbaar metaal-vrij complex vervangen 

en vervolgens getest in reakties die met een Ca complex werken, zoals bijvoorbeeld de 

intermoleculaire hydroaminering van geactiveerde dubbele bindingen. Hiervoor werden de volgende 

ionen-paren gesynthetiseerd: [Ph3C]ˉ[Me4N]+, [Ph2N]ˉ[Me4N]+ en [(p-tolyl)2N]ˉ[Me4N]+. Het kon 

worden aangetoond dat de metaal-vrije ionen-paren [Ph3C]ˉ[Me4N]+ en [Ph2N]ˉ[Me4N]+ geschikte 

katalysatoren zijn voor de intermoleculaire hydroaminering van geactiveerde dubbele bindingen 

(C=O in isocyanaten en C=N in carbodiimiden) (Figure 8).  

 

Figuur 8. Intermoleculaire hydroaminering gekatalyseerd door [Ph3C]ˉ[Me4N]+of [Ph2N]ˉ[Me4N]+.  

De metaal-vrije ionenparen gaven gelijkwaardige of zelfs beter resultaten dan de calcium 

katalysatoren. Dit geeft aan dat het metaal voor katalytische aktiviteit niet noodzakelijk is. De 

opheldering van de kristalstructuur van het ionen-paar [p-tolyl2N]ˉ[Me4N]+ en aanvullende 

theoretische berekeningen geven meer inzicht in de rol van het niet coordinerende kation tijdens de 

katalyse. De structuur van [p-tolyl2N]ˉ[Me4N]+ laat zien dat een netwerk van niet-klassische 

waterstofbruggen, zoals C−H⋯ N contacten, de anionen en kationen verbinden. DFT berekeningen 

aan de hydroaminering van N,N’-diisopropylphenylcarbodiimide (R’ = iPr) met diphenylamine (R = 

Ph) laten zien dat het Me4N+ kation zich als een metaal gedraagt en daardoor verantwoordelijk kan 

zijn voor de activering tijdens de katalyse. 

Voor de intramoleculaire hydroaminering van ongeactiveerde C=C verbindingen is 

bindingsactivering met Me4N+ niet mogelijk. In dit geval is activering door een sterker Lewis zuur 

metaal kation noodzakelijk voor de reactie. Dankzij deze resultaten kon er een nieuw katalytisch 

actief aardalkalimetaal systeem (een kombinatie van een aardalkalimetaal halogeen zout en een 

sterke organische Schwesinger base zoals P4) voor de intramoleculaire hydroaminering worden 

ontworpen (Figuur 9).   
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Figuur 9. Intramoleculaire hydroaminering gekatalyseerd door CaI2 en de Schwesinger P4 base. 

Hoofdstuk 5. Traditionele aardalkalimetaal complexen bestaan uit twee mono-anionische liganden 

die gecoordineerd zijn aan een di-kationisch metaal (LMR met L = een niet reactief ligand; M = 

metaal centrum; R= reactieve groep verantwoordelijk voor katalyse). De eerste stap in de 

intramoleculaire hydroaminering door groep 2 katalysatoren is de σ-binding metathese reactie 

tussen de reactieve groep R en een aminoalkeen (Figuur 10).   

 

Figuur 10. 𝛔-Binding metathese reactie tussen de reactieve groep R en een aminoalkeen (M = Ca-Ba, 

R = N(SiMe3)2, alkyl). 

Het onderzoek in hoofdstuk vijf gaat verder met verkennen van nieuwe alternatieven voor de groep 

2 metaal gekatalyseerde intramoleculaire hydroaminering, een concept dat in hoofdstuk vier 

geintroduceerd werd. De methode werd uitgebreid naar verschillende metaal halogeen zouten 

(MX2). Het kon worden aangetoond dat CaI2 en MgI2 in combinatie met de Schwesinger P4 base 

katalytisch actief zijn in de intramoleculaire hydroaminering (Figuur 11). Eerste studies met een 

chiraal calcium jodide complex laten zien dat dit principe uitgebreid kan worden naar asymmetrische 

katalyse.  

 

Figuur 11. Deprotonering van het aminoalkeen door de Schwesinger P4 base (M = Ca, Mg). 

Tijdens dit onderzoek kon eveneens worden aangetoond dat een nieuw katalytisch systeem, 

bestaande uit een groep 2 metaal en een dianionisch bidentaat ligand systeem ook een effectieve 

katalysator voor de intramoleculaire hydroaminering is (Figuur 12).  
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Figuur 1. Deprotenering van het aminoalkeen door het ligand systeem (M = Ca, Mg). 

Deze twee nieuwe katalytische systemen hebben het grote voordeel dat er geen liganden 

uitwisseling via het Schlenk evenwicht plaats vindt (Figuur 1). Dit biedt nieuwe perspectieven voor 

groep 2 metaal gekatalyseerde asymmetrische synthesen.   
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