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The first chapter provides an overview of the chemistry and properties of magnesium and 

zinc and in particular their hydride salts and complexes. In addition, it gives a short 

introduction to magnesium dihydride as a potential hydrogen storage material.  
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1.1. Magnesium and zinc in comparison 

1.1.1. Magnesium 

In the earth’s crust, magnesium is found bound as carbonates, silicates, chlorides, sulfates 

and different oxides (natural abundance = 2%). The sea water concentration of magnesium 

averages 1.3 mg/L. Mg is also the most abundant divalent cation in eukaryotic cells with 

concentrations of free Mg2+ ranging from 0.1 to 1 mM.[1] Magnesium cations take part in 

various biological processes, for example, photosynthesis, nerve impulse transmission, 

muscle contraction and carbon hydrate metabolism. 

The best-known example in nature is the green pigment chlorophyll (Figure 1.1a) which 

allows plants to absorb energy from light. Within this crucial building block for 

photosynthesis, Mg assures the rigid positions of stacked chlorophyll molecules (Figure 

1.1b). The most important enzyme containing magnesium is RuBisCo (Ribulose-1,5-

bisphosphate carboxylase oxygenase), the enzyme that catalyzes the formation of hexoses 

from carbon dioxide and water.[2,3] Although the catalytic rate is slow and the affinity for 

atmospheric CO2 is relatively low, it is the most abundant protein in the world.[3] 

 

Figure 1.1 a) Chlorophyll a, b) schematic representation of stacked chlorophyll molecules. 

The global annual production of magnesium metal amounts to 500 kT and the obtained 

metal is mainly used for reduction, deoxidization, alloys, organic synthesis and H2- and 

energy storage. Furthermore it can be utilized for pyrotechnics and flashlights as upon 

burning Mg produces an intense white light, which is even brighter than sunlight. 

Organomagnesium compounds are amongst the best and longest known organometallic 

compounds. At the beginning they were regarded as curiosities until in 1900 Victor Grignard 

discovered their synthetic potential when he was working on the optimization of the Barbier 

reaction (Figure 1.2, B). He found that separately prepared organomagnesium halides 

(Figure 1.2, A) could be used in the synthesis of secondary and tertiary alcohols from 
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aldehydes or ketones (Figure 1.2, B) resulting in higher yields than those obtained when 

using the Barbier procedure, which is a one-pot synthesis.[4] For his discovery and the 

subsequent development of Grignard reagents, Victor Grignard was awarded the Nobel 

Prize in Chemistry in 1912. 

 

Figure 1.2 Preparation of Grignard reagents (A) and optimized Barbier reaction (B).  

The constitution of Grignard reagents in solution has been debated for about 60 years.[5,6] 

Nowadays it is well-established that the simple representation of Grignard reagents as 

RMgX is not correct. Instead, Grignard reagents exist as complicated mixtures of various 

aggregated species, in which the Schlenk equilibrium (Figure 1.3) plays a vital role.[7] The 

actual structure of the species in solution are dependent on multiple factors like the nature 

of R and X, the coordinating solvent, the concentration and the temperature.[6,8] 

 

Figure 1.3 Schematic representation of the Schlenk equilibrium. 

1.1.2. Zinc 

The diamagnetic element zinc is found in a relatively low natural abundance (0.007 wt% in 

the earth crust), however, it has been known for a long time due to the easy isolation from 

its ores. This facile isolation also makes zinc metal and zinc salts available at low costs.[9]  

Zinc is a relatively non-toxic metal and an essential element for humans (daily intake: 22 

mg), animals, plants and microorganisms. Primarily; it serves as a cofactor for a large 

number of enzymatic reactions (40 mg/kg Zn in human beings).[1,10] It is the second most 

abundant transition metal cation in living organisms after iron.[11] Zinc-binding proteins that 

perform essential functions in a various living organisms include insulin, metalothionein, 

DNA topoisomerase, phosphotriesterase,[12] zinc-finger proteins, matrix metalloproteinases, 

the anthrax toxin lethal factor, human carbonic anhydrase,[13] alcohol dehydrogenase, ß-

lactamases and copper-zinc dismutase. In those metalloproteins, zinc often functions as a 

Lewis acid. It can also electrostatically stabilize reactants or intermediates in the active site. 

In addition, zinc plays a vital role in the healing of wounds. 

The good compatibility of zinc with the human body, makes it a valuable ingredient for 

pharmaceuticals and cosmetics. It is used for the treatment of wounds, burns, skin diseases 

and infections as well as in dandruff shampoos and fungicides. Zinc metal (global annual 
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production: 6 MT) is mainly applied in the galvanization of iron and steel, for die casting and 

alloyed with copper as brass. Most of the conventionally used batteries employ zinc as 

anode metal.[14] Additionally, it is technologically important in ZnO photoluminescent 

materials and nanoparticles like quantum dots.[15]  

Organozinc compounds are known since the preparation of diethylzinc by Edward 

Frankland in 1849 and were one of the first discovered organometallic compounds.[16] 

These organometallic reagents were the main tool for the formation of new carbon-carbon 

bonds until 1900, when Victor Grignard discovered a convenient preparation of 

organomagnesium compounds.[4] Grignard reagents were found to be a more reactive 

species and afforded higher yields, while zinc reagents react faster with oxygen and 

disadvantageously often burn vigorously in air. Therefore, use of organozinc reagents sank 

into oblivion for decades. However, there were still some common reactions performed with 

zinc organometallics such as the Reformatsky reaction[17] (Figure 1.4a) or the Simmons-

Smith cyclopropanation (Figure 1.4b).[18] Also, some transition-metal catalyzed 

transformations like Negishi coupling rely heavily on the use of zinc reagents. 

 

Figure 1.4 a) Reformatsky reaction, b) Simmons-Smith reaction. 

In 1943, Hunsdieker et al. reported that, in contrast to Grignard reagents, organozinc 

reagents bearing long carbon chains with a terminal ester function could be prepared.[19] 

This functional group tolerance remained largely ignored by synthetic chemists and it took 

more than 30 years until its high synthetical potential was recognized in transmetalation 

reactions.[9,20] 

With its filled d-shell, zinc represents an interesting borderline case in the periodic table. It 

can either be considered as a transition metal or a main-group element with considerable 

analogies to alkaline-earth metals.[21] 

1.1.3. Direct comparison 

Although magnesium and zinc are found in different groups and rows of the periodic table, 

they show surprisingly similar properties. Due to their electron configuration both metals 

have one main oxidation state, which is +2 (Table 1.1). When suitable ligand systems are 
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employed low-valent Mg(I)[22,23] and Zn(I)[23,24] complexes can be stabilized, but these 

species are scarce. Magnesium and zinc also share various coordination numbers  

(Table 1.1).  

Table 1.1 Comparison of the properties of magnesium and zinc 

 Mg Zn 

electron configuration [Ne] 3s2 [Ar] 3d104s2 

oxidation state +II, +I (rare) +II, +I (rare) 

main coordination 

numbers 

6 (octahedral), 

 4 (tetrahedral, rare) 

4 (tetrahedral), 

5 (trigonal-bipyramidal, 

square-pyramidal) 

 

For magnesium the main coordination numbers are 6 with an octahedral coordination 

sphere (Figure 1.5a) and less common 4 with a tetrahedral coordination. In rare cases, it 

can adopt all coordination numbers from 1 (for gaseous MgO) up to 10 (for MgCp2).
[25,26] 

Zinc prefers coordination number 4 with a tetrahedral environment (Figure 1.5b). However, 

the prediction of the coordination sphere for zinc is problematic as there are numerous 

examples for compounds with ambiguous coordination numbers between 4, 5 and 6. For 

dialkylzinc compounds, a coordination number of 2 is typical.[14] 

 

Figure 1.5 Crystal lattices of a) magnesium chloride and b) zinc sulfide; the octahedral and 

tetrahedral coordination spheres are indicated as black and red polyhedra, respectively. 

The higher nuclear charge and the poor electron shielding of the d–orbitals in Zn result in an 

increased effective nuclear charge. This allows for a remarkable similarity of the ionic radii 

of Mg2+ and Zn2+ over a range of coordination numbers (Table 1.2).[27] This results in 
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formation of several structurally similar compounds like MgS2 and ZnS2 (zinc blende 

structure, Figure 1.5b) or isomorphous compounds like the vitriols MgSO4·7H2O and 

ZnSO4·7H2O.[26] 

Table 1.2 Ionic radii of Mg
2+

 and Zn
2+

 at different coordination numbers 

coordination number 4  5 6 8 

ionic radius Mg2+ 0.57 0.66 0.72 0.89 

Zn2+ 0.60 0.68 0.74 0.90 

Next to the various similarities, there are also numerous differences in the properties of 

magnesium and zinc. Due to the higher effective nuclear charge of Zn, the outer valence 

electrons are bound significantly stronger than in Mg. This is represented in the higher 

electronegativity of Zn (Table 1.3) and the more covalent character of Zn compounds. The 

covalent character of Zn salts is seen in the lower solubility of oxides and sulfides, 

compared to their alkaline earth analogues. The increased nuclear charge also renders Zn 

a more noble metal than the ignoble Mg. This results in a higher ionization potential and 

more positive standard potential than Mg (Table 1.3).  

Zinc forms weaker intermetallic bonds, based on the s2 interactions, which have an 

influence on the melting and boiling point of the metal. This is also the reason why zinc 

metal is easy to sublime. In comparison to magnesium, metallic zinc is also significantly 

denser (Table 1.3). 

Table 1.3 Comparison of the properties of magnesium and zinc 

 Mg Zn 

E0 [V][28] −2.356 −0.7626 

1st ionization energy[29] 7.642 9.393 

electronegativity[30] 1.31 1.65 

melting point [°C][31] 650 419.53 

boiling point [°C][31] 1090 907 

density [g/cm3][31] 1.74 7.14 
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1.2. Metal hydrides 

1.2.1. Hydrogen 

Hydrogen is a unique group 1 element which for various reasons is sometimes placed in 

group 17 of the periodic table. With its single valence electron it clearly belongs to the group 

1 elements. Hydrogen also forms a stable singly charged cation H+ like the alkaline metals. 

Concurrently, hydrogen is a non-metal, its stable elemental form is the diatomic molecule H2 

and it possesses a stable hydride anion Hˉ. These properties are characteristic for group 17 

elements. However, a closer look at the properties reveals that hydrogen turns metallic 

under increased pressure, H2 is rather reducing (E0(H+/H2)
 = 0 V), while halogens X2 are 

strongly oxidizing (E0(I2/Iˉ)
 = +0.54 V − E0(F2/ Fˉ) = +2.87 V). In contrast to the very stable 

halide Xˉ, the hydride anion is highly reactive (E0(H2/Hˉ)
 = −2.25 V). In conclusion, these 

observations classify hydrogen as a group 1 element. 

1.2.2. Metal hydride salts 

Early transition metals show a strong tendency for hydride formation. This trend decreases 

in the direction of the late transitions-metals. In general, the metal hydride formation can be 

divided into three contributing factors. First, energy is needed to convert the crystal 

structure of the metal into the structure formed by the metal ions in the metal hydride. The 

second contribution is the loss of cohesive energy when the metal structure is expanded to 

form the metal hydride. Finally, the only negative contribution is the chemical bonding 

between hydrogen and the metal in which it is inserted. This is hence favorable to hydride 

formation.[32] 

For zinc, a metal with significantly higher cohesive energy than magnesium, the energy of 

formation for the hydride is quite positive.[32] However, zinc dihydride has been known for 

more than 60 years as a metastable compound with an unknown structure.[33,34] ZnH2 can 

be isolated as a white, highly oxidizable solid either from the reaction of R2Zn (R = Me,[33,35] 

Et,[36] Ph[37]) and LiAlH4 or ZnX2 (X = Cl, Br, I) and MH (M = Li, Na) (Figure 1.6).[38] ZnH2, 

obtained from the reaction of alkyl precursors (Figure 1.6a), has been reported to turn black 

at room temperature within the course of several days and hydrolyzes slowly with water. In 

contrast, ZnH2 isolated from the reaction of zinc halides with alkali metal hydrides (Figure 

1.6b) remains white for several weeks and hydrolyzes rapidly at room temperature.[38]  
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Figure 1.6 Preparation of ZnH2  

Zinc dihydride starts decomposing at 90 °C (more rapidly at 105 °C) forming zinc and H2. 

The thermolabile solid is non-volatile and virtually insoluble in non-polar and almost all polar 

solvents. It is presumed to be a highly associated, hydrogen-bridged polymer like BeH2 and 

MgH2. The varying stability[38] and different reported X-ray powder patterns,[35,36,38] however, 

suggest that ZnH2 can adopt various structures. 

Magnesium forms a stable hydride MgH2, which can be synthesized directly from the 

elements. A relatively unreactive, macrocrystalline form is isolated when the elements Mg 

and H2 are reacted at 500 °C and 200 bar, whereas a highly reactive, microcrystalline form 

(activated MgH2) can be obtained from the catalytic hydrogenation of magnesium in 

tetrahydrofuran (THF) at 20 – 60 °C and 1 – 80 bar H2 pressure (catalyst: anthracene and 

either TiCl4, CrCl3 or FeCl2).
[25] 

Magnesium dihydride is a white non-volatile solid that is barely soluble in organic solvents. 

It shows rutile structure (coordination number H = 3, Mg = 6), very polar bonds and a 

density (1.45 g/cm3) that is lower than the one of magnesium metal (1.74 g/cm3). MgH2 

reacts violently with water and, depending on the way of preparation, it is either stable in air 

or self-igniting. At 284 °C activated MgH2 decomposes and produces hydrogen and 

pyrophoric magnesium which can be used for hydrogen storage. Furthermore, activated 

magnesium hydride can be utilized as drying and reducing agent and for the synthesis of 

soluble MgXH or R2Mg compounds.[25,39] 

1.2.3. Metal hydride complexes 

The metal-hydride bond plays a vital role in organometallic chemistry as metal hydrides are 

able to undergo addition and insertion reactions with a wide variety of unsaturated 

compounds, resulting in stable species or intermediates with metal-carbon bonds.[40] In 

addition many catalytic transformations involve hydride insertion as a key step.[41] 

The first metal hydride complex was discovered in 1931 by Walter Hieber.[42] When the iron 

carbonyl hydride complex 1 (Figure 1.7) was first reported, researchers assumed that the 

hydrogen atoms were not bound to the metal but two of the carbonyl groups were pictured 

to be aldehydes. The debate, whether it was an actual hydride complex or not, went on until 

the mid-sixties, when other metal hydride complexes were synthesized and 
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characterized.[41] In 1938, Otto Roelen discovered the catalytic hydroformylation during an 

investigation of the origin of oxygenated products occurring in cobalt-catalyzed Fischer-

Tropsch reactions.[43] The catalyst was found to be a cobalt carbonyl hydride complex 2 

(Figure 1.7). A further important example has been discovered in 1966 by Sir Geoffrey 

Wilkinson and is known as Wilkinson’s catalyst 3 (Figure 1.7). This rhodium phosphine 

chloride hydride complex is a highly active homogeneous hydrogenation catalyst for 

alkenes. Its discovery had widespread significance for organic and inorganic chemists and 

proved to be valuable for industrial applications. For his work on organometallic 

compounds, Wilkinson was awarded the Nobel prize in 1973 along with Ernst Otto 

Fischer.[44] 

 

Figure 1.7 Selection of important transition metal hydride complexes. 

Although ZnH2 is a metastable compound for which the structure is still unknown, the choice 

of suitable ligands allowed for the isolation and characterization of various zinc hydride 

complexes. The first stable and soluble neutral zinc hydride complex (4) was reported in 

1968 by reaction of ZnH2 with N,N,N’-trimethylethylenediamine (Figure 1.8).[45] Within the 

last 20 years, a range of structural motives with terminal (5)[46] and bridging hydride moieties 

(6)[47] for zinc hydride complexes has been identified (Figure 1.8). For more examples of 

zinc hydride complexes see chapter 3.1. 

 

Figure 1.8 a) First soluble, neutral zinc hydride complex, b) examples for a zinc hydride complex with 

terminal hydride ligands and c) with bridging hydride ligands. 
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In contrast to the wealth of information on transition metal hydride complexes, the area of 

main-group metal hydride complexes is biased. Whereas the p-block metal hydrides are 

well-documented, only few examples of s-block metal hydrides have been reported. A main 

reason for this imbalance is the relatively small bond energy in these predominantly ionic 

complexes. Especially for larger metals, this results in a facile ligand exchange and thus 

formation of ligand-free metal hydride. Additionally, the very high lattice energies for early-

main-group metal hydrides gives rise to immediate precipitation of saline [MHx]∞

For this reason, most of the few examples of early-main-group metal hydride complexes 

show the hydride moiety encapsulated in mixed aggregates. The first structurally 

characterized magnesium hydride complex (7) is an “inverse crown ether” complex, i.e. 

hydride anions that are encapsulated in a metal containing host ring.[48] To stabilize 

homometallic, heteroleptic early-main-group hydride complexes, sterically demanding 

ligands that prevent the formation of homoleptic complexes are necessary. Recently, the 

dimeric -diketiminate magnesium hydride complex (DIPP-MgH)2 has been described.[49] It 

is the first example of a homometallic magnesium hydride complex with bridging hydride 

ligands. In a following study, the first magnesium hydride complex with a terminal hydride 

ligand 8 was structurally characterized. It could be isolated from the addition of 4-

dimethylpyridine to the corresponding dimeric magnesium hydride complex (DIPP-MgH)2. 

 

There is also growing evidence for the existence of larger alkaline-earth metal hydride rich 

MmHn clusters with n>m. Michalczyk et al. reported the synthesis of [(L)MgH2]n species in 

which L represents a neutral ligand.[50] Harder et al. proposed hydride-rich calcium hydride 

clusters [L<1CaH>1]n to be active as hydrosilylation catalysts.[51] Conclusive evidence for a 

hydride-rich magnesium cluster was found by Hill et al. who prepared a tetranuclear 

magnesium amide-hydride cluster (9).[52] 
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Further examples for well-defined magnesium hydride clusters have been discovered by 

Harder et al. and will be presented in detail in chapter 2.1.[53] 

1.3. Hydrogen storage  

In the last century, the human population has increased by a factor of 6 but energy 

consumption has risen by a factor of 80.[54] As many sources for fossil fuels are running out 

in the near future, the search for alternatives is a research field of lively interest. 

Considering the historical development of energy carriers towards hydrogen-rich fuels (coal, 

oil, natural gas) and the necessity to reduce carbon dioxide emissions, hydrogen should be 

the designated energy carrier for the future. Hydrogen is regenerative, environmentally 

friendly and has the highest heating value per mass of all chemical fuels. A key problem, 

however, is the volumetric and gravimetric density of hydrogen. This feature is crucial for 

the storage, particularly for the use as a zero-emission fuel in mobile applications like 

transportation. Physical storage of hydrogen, as highly pressurized gas or in liquid phase at 

low temperatures, gives rise to significant security risks, loss of energy (due to the energy 

needed for pressurization) and large volumes for containers.[55] In addition, physical 

adsorption onto lightweight nanomaterials like zeolites, carbon nanotubes or activated 

carbon leads to low storage densities and the need of low temperatures.[56] Alternatively, 

chemical storage, namely the reversible absorption of hydrogen into another material, can 

be considered. In this case, metal hydrides of lightweight metals are a promising and safe 

option, which has been the focus of intensive research.[57,58] 

Magnesium as a light and highly abundant metal makes magnesium dihydride a promising 

candidate, combining a high hydrogen capacity of 7.6 wt. % with low costs.[59,60] Another 

feature that renders magnesium dihydride an especially interesting hydrogen storage 

material is the reversibility of the hydrogen desorption (Figure 1.9). This allows for a facile 

regeneration of the resulting magnesium metal.  

 

Figure 1.9 Reversible hydrogen desorption from magnesium dihydride. 
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However, slow desorption kinetics, a high thermodynamic stability and high reactivity 

towards air and oxygen are main barriers for the direct use of pure MgH2.
[61] The high 

thermodynamic stability is expressed in an unfavorably high desorption temperature of 575 

K at 1 bar.[57,62] 

Recent research has devoted much effort towards modifying the Mg-based system, mainly 

aiming at decreasing the desorption temperature and increasing the absorption/desorption 

rates. The different approaches include alloying magnesium with other elements, high 

energy or reactive ball milling and surface modification of magnesium metal.[63,64] All 

methods show drastic improvements of the kinetics up to two orders of magnitude in 

sorption rates. These improvements can be attributed to surface enlargement and 

dissolution of other metals into magnesium which disrupts the crystalline structure of 

magnesium. Furthermore, decrease of diffusion lengths and rupture of the inhibiting and 

passivating outer oxide layer contribute to the improved desorption kinetics. Nevertheless, 

upscaling of the ball-milling process is not straightforward and for pure Mg it is limited to 

grain sizes of 10-50 nm.  

Even more important, most of these techniques do not affect the thermodynamics and 

therefore the desorption temperature, which cannot be lowered below the bulk value of 573 

K. Some alloying or doping processes, however, can affect the desorption temperature but 

they decrease the hydrogen storage capacity at the same time by the additional weight of 

the alloying or doping metals.[58,65,66] In addition, positive effects are often lost within the first 

few charging/discharging cycles.[57,60,67] A similar observation was made for γ-MgH2 (α-PbO2 

structure) , which is less stable than the common β-MgH2 (rutile structure) (Figure 1.11c), 

but improvement in the desorption temperature is lost after the first 

dehydrogenation/hydrogenation cycle, upon which solely β-MgH2 is formed. Structurally, β- 

and γ-MgH2 are closely related, both containing Mg in an octahedral coordination sphere of 

six hydrides. The octahedra are linked by edge sharing in one direction and by corner 

sharing in the other two directions. In case of the tetragonal β-MgH2 the chains are linear 

and run along the fourfold axis of its rutile structure. In γ-MgH2 the chains are zigzag shaped 

and run along a twofold screw axis of its orthorhombic α-PbO2 structure. The octahedral in 

γ-MgH2 are strongly distorted. Promising results with lower desorption temperatures have 

also been reported for thin films of magnesium, often capped with palladium, or for highly 

amorphous Mg.[65,68] 

These experimental results have stimulated theoretical studies on the thermodynamical 

stability of MgH2 versus Mg and H2 as a function of particle size.[70,71] This idea can be 

supported by the classical Born-Haber cycle assuming an entirely ionic structure as an 

approximation (Figure 1.10).[72] The largest contribution is related to the lattice energy of 
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[MgH2]∞
[70] is enormous. It is much higher than that for Mg0

 and partially the reason for the 

high stability of MgH2 as a bulk material. Small changes in the lattice enthalpy can have a 

large impact on the desorption enthalpy. Although the lattice enthalpy is a fixed quantity, it 

has been calculated that clusters in the nano-regime have much lower lattice enthalpies. 

This is due to the fact that atoms at the outside of the particle have reduced coordination 

numbers and due to a decreased coordination number of the atoms, the specific lattice 

enthalpy decreases upon lowering the number of atoms in a cluster. In addition, distortions 

of the lattice should result in a shift in lattice enthalpy like it is observed in alloyed 

magnesium.[63] 

 

Figure 1.10 Born-Haber cycle for the bulk MgH2 system at standard ambient pressure and 

temperature (0.1 MPa, 298 K). 

The dependency of the desorption enthalpy on the cluster size has been investigated 

theoretically for up to 56 magnesium atoms by means of ab initio and DFT calculations.[70] 

The results show that MgH2 clusters larger than Mg19H38 have a rutile-like geometry (Figure 

1.11c) and consequently show similar properties to bulk ß-MgH2. Below this limit the 

clusters begin to be destabilized, which translates into a decrease in desorption energy and 

thus a lower desorption temperature. As an example, a cluster of 0.9 nm (9 Mg atoms, 

Figure 1.11b) corresponds to a desorption temperature of 473 K (Figure 1.12).[70]  

   Mg2+(g) + 2Hˉ(g) 

ΔHaffin = -146 ΔHbond = -436 

Mg2+(g) + 2eˉ + H2(g) 

Mg(s) + H2(g) 

  MgH2(s) 

ΔHion = 2205 

ΔHlat
MgH2

 = 2718 

ΔHvap = ΔHlat
MgH2

 = 147 

ΔHf 0 = -75 = ΔHdes 

Enthalpy 
[kJ·mol-1] 

   Mg(g)+ H2(g) 
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Figure 1.11 a, b) Selected geometries of (MgH2)x-cluster, c) unit cell of bulk ß-MgH2.
[70]

 

Recent theoretical work reinvestigated this dependency[71] and similar trends have been 

confirmed. Interestingly, the extrapolated bulk value for crystalline clusters (76.5 ± 1.5 

kJ/mol) is astonishingly close to the experimental value (75.5 kJ/mol), which supports the 

quality of the theoretical methods used.  

In additional theoretical work, crystalline nanoclusters that were the base of the former 

calculations have been compared to noncrystaline nanoclusters. Contrary to the crystalline 

nanoclusters, the extrapolated bulk value for noncrystalline material (54 kJ/mol) is 

considerably smaller and the predicted values drop significantely faster with the cluster 

size.[73] This result is in agreement with experimental evidence that colloidal MgH2 

nanoparticles are destabilized[74] and that ball-milled MgH2 can show lower desorption 

temperatures.[75]  

Figure 1.12 Calculated desorption energies for crystalline MgH2 clusters using DFT (B97 functional). 
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1.4. Outline of this thesis 

The aim of the research presented in this thesis is the synthesis of novel magnesium and 

zinc hydride complexes, the subsequent study of magnesium and zinc hydride clusters and 

their application in catalysis and as model systems for hydrogen storage materials. 

Chapter 2 is dedicated to the detailed study of the decomposition of magnesium hydride 

clusters by means of Töpler pump experiments, DSC and TPD measurements as well as by 

deuterium labelling of the complexes. The chapter concludes with DFT studies on the 

electron density of a tetranuclear magnesium hydride cluster and the potential 

decomposition product, a low-valent magnesium complex. 

Chapter 3 describes the synthesis and characterization of a tetranuclear zinc hydride 

cluster. The decomposition of this novel zinc complex is investigated and the electron 

density is analyzed by a DFT study. In addition, the design of new ligands for the 

development of further magnesium and zinc clusters is presented. 

Within the scope of Chapter 4 the reactivity of the novel magnesium hydride clusters is 

investigated and compared to the reactivity of zinc and calcium hydride complexes. Based 

on the prior observations a calcium-catalyzed hydrosilylation as well as a magnesium-

catalyzed hydroboration can be presented. 

Finally, Chapter 5 describes the synthesis and characterization of heterometallic 

magnesium and zinc complexes. A selection of potential heterobimetallic complexes is 

subsequently tested for the application in CHO/CO2 copolymerization and preliminary 

calculation results on the stability and properties of heterobimetallic magnesium and zinc 

complexes complete this last chapter.  
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This chapter contains the detailed study of the decomposition of tetra- and octanuclear 

magnesium hydride clusters in solution and in the solid state. The decompopsition process 

is analyzed by Töpler pump experiments, DSC and TPD measurements and deuterium 

labelling studies. The chapter concludes with DFT studies on the electron density of a 

tetranuclear magnesium hydride cluster and the potential corresonding decomposition 

product, a low-valent magnesium complex. 

 

 

Parts of this chapter have been published: 
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50, 4156–4160. 

Intemann, J., Spielmann, J., Sirsch, P. and Harder, S., Chem. Eur. J. 2013, 19, 8478–8489. 
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2.1. Introduction 

 

Magnesium dihydride is a promising hydrogen storage material for the future and many 

efforts have been taken to overcome obstacles for its application like high desorption 

temperature and slow kinetics. To verify the implications made by theoretical calculations 

that the size of (MgH2)n cluster influences the desorption temperature,[1] clusters in the sub-

nm range are necessary. These are not easily obtained by usual solid-state approaches like 

ball-milling or incorporation into confined spaces.[2] Therefore, instead of downsizing bulk 

material, a molecular “bottom-up” approach, using soluble magnesium hydride complexes 

can be taken. This allows for syntheses of small, well-defined magnesium hydride particles 

encapsulated by a ligand framework. These are not practicable as actual hydrogen storage 

materials due to their low hydrogen contents, but they could serve as well-defined model 

systems. The step from solid state materials towards soluble molecular complexes can also 

facilitate in-depth analysis and allows for precise investigation down to the atomic level, e.g. 

by NMR spectroscopy or single-crystal X-ray structure determination. The field of 

magnesium hydride complexes is still young and only few complexes of this kind have been 

discovered. To test the influence of cluster size on the hydrogen release temperature, a 

range of complexes with a differing amount of Mg centers in a comparable environment is 

needed. These can in turn also provide extensive information on the properties and 

reactivities of this evolving class of compounds. 

The recently reported dimeric ß-diketiminate magnesium hydride complex (DIPP-MgH)2 is 

one of the first examples of a well-defined magnesium hydride complex.[3,4] It can be viewed 

as a Mg2H2 cluster and thermally induced hydrogen elimination could result in formation of 

the structurally characterized Mg(I) complex (DIPP-MgI
2).

[5] However, the hydride complex is 

described as extraordinarily stable, the reported decomposition temperature being  

300 °C[3,4] and it shows no hydrogen elimination.[4] It can only be converted into the Mg(I) 

complex (DIPP-MgI
2) by reduction with potassium metal. Inversely, the low-valent Mg(I) 

complex (DIPP-MgI
2) can also not be hydrogenated by pressurizing with H2, but oxidation 

with a carbene-AlH3 adduct leads to formation of the corresponding hydride complex (DIPP-

MgH)2 (Figure 2.1).[4] Thus; the dimeric magnesium hydride complex (DIPP-MgH)2 behaves 

significantly different from bulk MgH2. It seems therefore that more than two metal centers 

have to be involved in an elimination of hydrogen or different Mg/H ratios that are closer to 

Mg/H 1/2 are crucial.  
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Figure 2.1 Transformation between the dimeric Mg hydride complex (DIPP-MgH)2 and the 

corresponding Mg(I) complex (DIPP-Mg
I
)2. 

Recently, the reaction of a magnesium diamide 

carbene (IPr) adduct with two equivalents of 

phenylsilane was reported to yield a hydride-rich 

magnesium cluster. The structure of the magnesium 

hydride complex [Mg4H6(IPr)2(N(SiMe3)2)2] (1) 

comprises a Mg4H6 adamantane-like core with four 

pseudo tetrahedral Mg centers and six bridging 

hydride ligands.[6] Unfortunately, there are no reports on the thermal decomposition and 

potential hydrogen release so far. 

A while ago, Harder et al. introduced a set of bridged bis-ß-diketiminate ligands with bulky 

DIPP substituents.[7,8] They could be doubly deprotonated by the reaction with two 

equivalents of Mg(n-Bu)2 and subsequently converted into the hydride complex by treatment 

with phenylsilane (Figure 2.2). X-ray structure determination revealed interesting cluster 

structures of different sizes and compositions. 

 

Figure 2.2 Formation of magnesium hydride clusters by treatment with phenylsilane. 

The complex with directly connected ß-diketiminate units, [NN-(MgH)2]2 was formed in a 

stepwise conversion of the two Mg(n-Bu) functionalities into hydrides by reaction with 

phenylsilane. The first Mg(n-Bu) group was significantly more reactive and therefore, after 

addition of one equivalent of phenylsilane (60 °C, 1 h), an intermediate [NN-(Mg(n-

Bu))(MgH)]2 complex could be isolated and characterized by X-ray diffraction (Figure 2.4b).  

1

 

(DIPP-MgH)2 

 

(DIPP-Mg
I
)2 
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The second Mg(n-Bu) functionality could be converted to a hydride at higher temperature 

(80 °C) and prolonged reaction times (48 h) and the crystal structure of [NN-(MgH)2]2 could 

also be determined (Figure 2.3). 

All three complexes formed dimeric aggregates containing four Mg2+ nuclei, but they were 

arranged in different manners and the bridging mode of the anionic ligands varied. In [NN-

(Mg(n-Bu))2]2 the Mg atoms are situated more or less in one plane, while each n-Buˉ ion is 

bridging two Mg2+ centers, resulting in two four-membered rings (Figure 2.4a). The 

conversion of two n-Buˉ units led to a structure in which the four Mg2+ nuclei are situated on 

the corners of a tetrahedron and the bridging n-Buˉ and Hˉ ions form an eight-membered 

ring instead of two four-membered rings (Figure 2.4a). Full conversion to the hydride 

resulted in a similar tetrahedral arrangement. 

 

Figure 2.3 Crystal structure of [NN-(MgH)2]2. i-Pr groups and most H atoms have been omitted for 

clarity.  
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Figure 2.4 Crystal structure of [NN-(Mg(n-Bu))2]2 and [NN-(Mg(n-Bu))(MgH)]2; i-Pr groups and most 

H atoms have been omitted for clarity. 

The tetranuclear structure of [NN-(MgH)2]2 (4) was maintained in solution. This was 

demonstrated by low temperature 1H NMR spectra that displayed two different bridging 

hydride ligands as triplets. These signals coalesced at 25 °C, probably due to 

conformational changes or Mg-H bond breaking processes.[9]  

Replacing the directly bridged NN-H2 ligand by the pyridylene-bridged ligand PYR-H2 in the 

magnesium hydride synthesis, led again to a tetrameric structure for [PYR-(MgH)2]2 as 

shown in the X-ray structure (Figure 2.5). In this case the tetrahedron formed by the Mg2+ 

nuclei is distorted due to the increased width of the bridging molecule. The structure 

showed two different hydride positions as well, although these were not observed by 1H 

NMR, probably due to dynamic processes.[10]  

[NN-(Mg(n-Bu))2]2 [NN-(Mg(n-Bu)(MgH)]2 
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Figure 2.5 Crystal structure of [PYR-(MgH)2]2. DIPP groups and most H atoms have been omitted for 

clarity. 

Expanding the bridge further to the para-phenylene bridged PARA-H2 ligand and employing 

this in an analogous hydride synthesis leads to a new hydride-rich structural motive for 

PARA-(MgH)2. It can be viewed as a cluster consisting of three equivalents of the expected 

product PARA-(MgH)2 and two extra equivalents of MgH2. This led to the composition 

(PARA)3Mg8H10 with the Mg8H10-core completely protected by three ligand molecules 

(Figure 2.6).  

[PYR-(MgH)2]2 
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Figure 2.6 Crystal structure of (PARA)3Mg8H10. DIPP groups and most H atoms have been omitted 

for clarity. 

The cluster structure stayed intact in solution as can be shown by 1H NMR spectroscopy. 

The three different kinds of bridging hydride ligands showed three different signals in a ratio 

of 3:6:1 with the corresponding coupling pattern. To our best knowledge, this has been the 

first example of a hydride-hydride coupling in a magnesium hydride compound reported in 

literature. No coalescence of these signal could be observed up to 100°C.[11] A detailed 

description of the aforementioned magnesium hydride clusters including crystal structure 

data can be found in literature.[9-11] 

2.2. Goal 

With a set of various magnesium hydride cluster sizes with a comparable ligand 

environment at hand, we were intrigued to investigate the thermal decomposition behavior 

and to evaluate the value of these clusters as molecular model systems for MgH2 as a 

hydrogen storage material. The molecular nature of these complexes could allow for in-

depth analysis of intermediates and products and precise investigation of decomposition 

processes down to the atomic level. Further insights into the hydrogen elimination and 

exchange processes can be gained by replacing the hydride ligands with deuterium 

isotopes. 

(PARA)3Mg8H10 
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Due to low hydrogen content, the here presented molecular hydride clusters are 

impracticable for efficient hydrogen storage purposes, however, this research could yield an 

advanced understanding of decomposition processes and products that could turn out to be 

valuable for the an in-depth understanding of metal-hydride based hydrogen storage 

materials. This could lead to further development of efficient hydrogen storage materials. 

Additionally, as the properties of these well-defined magnesium hydride complexes are 

vastly unexplored, many interesting features of this class of compounds could be 

uncovered. Further information on the electronic and structural properties and a comparison 

to MgH2 could be gained by DFT calculations on magnesium hydride clusters. 

2.3. Results and Discussion 

2.3.1. Decomposition studies 

Stability in solution 

In solution, (PARA)Mg8H10 was astoundingly stable against deaggregation or 

decomposition. A toluene solution heated in a J-Young tube for 2 days at 180 °C showed no 

signs of decomposition.[11] Additionally, the stability was underscored by the fact, that 

addition of THF had no influence on the cluster structure. The 1H NMR of the cluster in THF-

d8 still showed the according coupling pattern for three different hydride positions and only 

slight changes in the chemical shifts for the hydride ligands. This is in sharp contrast with 

the usually observed behavior of polar organometallics: addition of polar solvents generally 

results in solvent coordination and concomitant deaggregation. 

Toluene solutions of [NN-(MgH)2]2 were also stable towards hydrogen elimination or other 

decomposition up to 180 °C for several days. But as described before coalescence of the 

hydride signals could be observed already at 25 °C. The uncertainty about the cause of the 

coalescence led us to investigate the behavior of the tetranuclear cluster upon addition of 

THF. Addition of some drops of THF-d8 to a solution of [NN-(MgH)2]2 in C6D6 resulted in 

formation of traces of a new compound [NN-(MgH)2]2’. In a pure THF-d8 solution, two thirds 

of the dissolved compound showed the new set of signals with only a single hydride 

resonance. One explanation for the coalescence as well as the appearance of a new 

compound could be a temperature- and solvent-dependent monomer/dimer equilibrium 

(Figure 2.7)  
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Figure 2.7 Monomer/dimer equilibrium including solvent. 

An alternative explanation could be 

found in the structural 

rearrangement of the cluster itself 

(Figure 2.8). As the NN-ligands 

show axial chirality, the cluster in its 

solid state structure is chiral as well. 

A chirality change of the ligand is 

performed through a 90° rotation 

around their N-N axis. Changing the 

chirality of one of the ligands in the 

D2-symmetric cluster would give 

rise to an achiral S4-symmetric 

structure in which all of the hydride 

ligands are equal and therefore only 

a single hydride signal should be 

observed. A further chirality change 

would give back a homochiral D2-

symmetric cluster. This dynamic 

process could explain the 

coalescence of the hydride 

resonances and coordination of four 

THF molecules could stabilize the 

intermediate S4-symmetric cluster 

and lead to its appearance in the 1H 

NMR spectrum. 

 

 

 

 

Figure 2.8 Schematic representation and chirality 

interconversion of [NN-(MgH)2]2. 
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Table 2.1 Ratio of compound [NN-(MgH)2]2/[NN-(MgH)2]2’ in THF-d8 at different temperatures 

T [°C] [NN-(MgH)2]2:[NN-(MgH)2]2’ 

25 30:70 

- 40 15:85 

25 (after cooling) 35:65 

40 40:60 

25 (after reflux) 50:50 

As both scenarios would be a possible explanation for the observed behavior, we decided 

to look deeper into the problem. To gain further information, the ratio of these two 

compounds ([NN-(MgH)2]2:[NN-(MgH)2]2’) in THF-d8 at different temperatures was studied 

by means of 1H NMR (Table 2.1). Starting at 25 °C the solution was cooled down inside the 

NMR machine and after stabilization of the temperature the amount of [NN-(MgH)2]2 had 

halved in value. Reheating to 25 °C did not restore the former ratio, instead more of 

compound [NN-(MgH)2]2 were observed. Further warming to 40 °C, resulted in a slight 

increase of [NN-(MgH)2]2. Afterwards the NMR solution was heated to reflux outside the 

NMR spectrometer and the 1H NMR spectrum was immediately recorded at 25 °C showing 

a 50:50 mixture of both compounds (Figure 2.9).  

 

Figure 2.9 Sections of the 
1
H NMR spectra of [NN-(MgH)2]2 in a) C6D6 and b) THF-d8. 
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It can be concluded that the dimeric cluster [NN-(MgH)2]2 was favored at higher 

temperatures whereas the new set of signals represented a species [NN-(MgH)2]2’ that was 

stabilized at lower temperatures. This could on one hand support temperature-dependent 

monomer/dimer equilibrium as an entropy gain would favor the dimeric cluster compound at 

higher temperature (release of coordinating solvent), on the other hand the S4-symmetric 

cluster could be stabilized at lower temperatures. Additional DOSY measurements could not 

support either hypothesis as no significantly different diffusion coefficients were determined. 

The diffusion coefficient is dependent on the size of the diffusing particle, thus the size of 

the compound itself and additional adhering solvent molecules (hydrodynamic radius). 

Therefore the observation of similar diffusion coefficients could be either due to the 

hydrodynamic radii of the dimer and the monomer (with coordinating solvent) not being 

sufficiently different or no monomer/dimer equilibrium taking place.  

As even a small amount of monomeric NN-(MgH)2 with terminal hydride functions should be 

more prone to hydride/deuteride exchange with the atmosphere than a closed tetranuclear 

cluster, a solution of [NN-(MgH)2]2 in THF was degassed and subsequently exposed to an 

atmosphere of deuterium gas. Still no exchange was observed after two days at 25 °C. In 

addition, NN-(MgH)2 was mixed with one equivalent of the deuterated counterpart NN-

(MgD)2 and THF was added. Also in this case no formation of a mixed complex [NN-

(MgHD)]2 could be observed. These observations suggested the formation of a S4-

symmetrical cluster, but no final conclusion could be drawn so far. 

Additionally, THF had an influence on the stability of the complex in solution. After standing 

at room temperature for one week, a THF-solution of NN-(MgH)2 showed first indications for 

decomposition by precipitation of metallic magnesium. 

A solution of PYR-(MgH)2 in benzene was significantly less stable than the other clusters. At 

temperatures above 100 °C it decomposed into unidentified compounds associated with a 

color change from yellow to orange. It is likely that an addition of the hydride at the 2, 4- or 

6-position of the bridging pyridine takes place which leads to different decomposition 

products. Such addition reactions are known for MgH2, they are quantitative already at room 

temperature, they are characterized by a red coloration and therefore serve as a test for the 

activity of MgH2 samples.[10] 
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Stability in the solid state 

As the behavior in solution often differs from that in the solid state, we decided to 

investigate the decomposition without solvents. For this purpose the solid material was 

heated in a stepwise manner inside a thermostated hot-air bath. At around 200 °C a yellow 

microcrystalline sample of (PARA)Mg8H10 (8) slowly started changing its color to a dark 

reddish brown and the crystals broke visibly due to the release of gasses. Subsequently, it 

was connected to a high-vacuum line with an attached Töpler pump. Liberated gasses were 

quantified by pumping them quantitatively into a calibrated burette of the Töpler pump setup 

(Figure 2.10). During this process condensable solvents and gasses were trapped in liquid 

N2.  

 

Figure 2.10 Töpler-pump setup. 

To determine the actual release of H2, the gasses were led through an oven heated to  

300 °C and filled with CuO. This fully converted released hydrogen to water, which could 

subsequently be condensed and allowed for discrimination from other possible gasses (N2, 

O2, CH4) that under these conditions do not react with CuO. These measurements indicated 
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the release of the expected 4.9 ± 0.2 mol equivalents of hydrogen from the (PARA)Mg8H10 

(8) cluster. For further proof of the H2 formation, the magnesium hydride complex was 

decomposed in the closed system of a J-Young NMR tube (see Experimental Section for 

details) and the released gas was dissolved in THF-d8. A clear singlet 1H NMR resonance at 

4.55 ppm could be observed which is the chemical shift for H2 in this solvent.  

The smaller cluster [NN-(MgH)2]2 (4) revealed a similar behavior. Upon stepwise heating to 

175 °C, the color changed from bright yellow to red and signs of gas release could be 

observed. This could be confirmed by gas quantification using the Töpler pump. It has to be 

mentioned that quantitative gas release was also slow and took up to one hour. After this 

time, [NN-(MgH)2]2 released 2.2 ± 0.1 equivalents of gas which was non-condensable and 

could be fully converted to condensable water after leading it over CuO at 300°C. 

Independent NMR studies could confirm the liberation of H2. Thus, the smaller tetrameric 

cluster revealed a lower decomposition temperature than the octanuclear magnesium 

hydride complex, which is according to our expectations. 

The second tetranuclear cluster [PYR-(MgH)2]2 (7) was subjected to the same procedure. 

After 30 minutes heating at 130 °C the color changed from yellow-orange to dark red. In this 

case, gas quantification with the Töpler pump setup showed that only 1.1 ± 0.1 equivalents 

of gas are released from the complex while two equivalents would be expected 

theoretically. This gas could be confirmed to be hydrogen by complete oxidation to 

condensable water. It seemed that this hydride complex splits off two of it hydride ligands to 

form hydrogen while the remaining two hydrides could easily react with the bridging pyridine 

ring as described before. Therefore the reactive pyridine function in this ligand explains the 

differing behavior of this complex.  

As this side reaction had been described for this particular complex in solution already, we 

decided to test the decomposition in solution for the release of hydrogen. Therefore we 

degassed a toluene solution of [PYR-(MgH)2]2 and subsequently heated the solution to 150 

°C for one hour. Afterwards the solution was frozen again and attached to the Töpler pump 

setup. Thereby about 0.8 ± 0.1 equivalents of gas were obtained. These could be proven to 

be hydrogen by oxidation to condensable water. In this particular case the release of 

hydrogen also takes place in solution and at lower temperatures than in the solid state. 

Finally, the observations, that smaller cluster size indeed leads to a decrease in 

decomposition temperature, led us to reinvestigate the thermal stability of the smallest 

dimeric hydride cluster (DIPP-MgH)2 under similar conditions. For this purpose the solid 

complex (DIPP-MgH)2 was heated stepwise in a hot-air bath. At 125 °C a color change from 

off-white to orange-red could be observed and the compound started to melt slowly. 
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Bubbles in the melt indicated the release of gasses. The gas was quantified like described 

before and shows 1.0 ± 0.05 equivalents of released hydrogen gas. The nature of the 

liberated gas was proven to be hydrogen by oxidation over CuO and independently by 1H 

NMR spectroscopy. Although the amount of data points we obtained are limited, it seems 

that hydrogen elimination temperatures lower with decreasing cluster size (Table 2.2).  

Table 2.2 Summary of decomposition studies. 

Mg hydride 

complex 

Decomposition 

temperature [°C] 

Released 

equivalents of H2 

(PARA)3Mg8H10 200 4.9 ± 0.2 

[NN-(MgH)2]2 175 2.2 ± 0.1 

[PYR-(MgH)2]2 150 1.1 ± 0.1 

(DIPP-MgH)2 125 1.0 ± 0.05 

As Töpler pump gas quantifications necessarily have to be performed by decomposition 

under high vacuum, we wanted to assure that the observations we made concerning the 

thermal decomposition were not due to the fact that they were performed under vacuum, we 

repeated the experiments under a N2 atmosphere of 1 bar. In this experiment it was not 

possible to determine the amount of gas released from the complexes, due to high volumes 

of gas in the reaction flask, but as all decompositions involved an obvious color change, we 

used this as an indicator for the decomposition process. In all cases the observations at 

atmospheric pressure matched the observations made under vacuum. Therefore pressure 

does not seem to have a large impact on the thermodynamics of these processes, still it 

might have on the kinetics. 

DSC and TPD measurements 

To study the course of the decomposition process as a function of temperature, differential 

scanning calorimetry (DSC) experiments were carried out. These could provide information 

on stepwise elimination of hydrogen and yield a more precise desorption temperature. Due 

to reproducibility issues in preliminary DSC experiments, we decided to collaborate with 

Petra de Jongh of the Inorganic Chemistry department of the University of Utrecht, which is 

well-renowned for investigations of MgH2 as a hydrogen storage material. Following 

samples have been studied with DSC: (DIPP-MgH)2, [NN-(MgH)2]2 and (PARA)3Mg8H10. For 

quantification of the hydrogen release as a function of temperature, temperature-

programmed-desorption (TPD) was used. Therefore the sample was heated with 5 °C/min 

in an Ar flow and the changes in conductivity of the transport gas were measured. As 
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hydrogen is more heat conductive than argon it will show positive peaks in the spectrum, 

whereas organic fragments and molecules give very weak positive or mostly negative peaks 

as they reduce the conductivity compared to pure Ar.  

Reaction or phase transformations were accessed by DSC, measuring heat effects as a 

function of temperature under different gas atmosphere (Ar or H2). Measurements were 

done using a heating rate of 10 °C/min and subsequent cooling. This determines the 

thermal stability of the samples and gives information about the reversibility of the observed 

processes. Additionally, the reversibility of the hydrogen elimination was tested by the group 

of Petra de Jongh using the Sievert’s method. The sample is cycled between vacuum and 

hydrogen atmosphere and changes in gas pressures are monitored. As the magnesium 

hydride complexes only incorporate small amounts of hydrogen, these measurements could 

not be as precise as for actual hydrogen storage materials, but should show major trends 

for the hydrogen release. 

In these experiments (DIPP-MgH)2 released a majority of its hydrogen (67 %) 

endothermically just above 200 °. Another endothermic event is recorded in the DSC at 

around 140 °C, this might be related with small residues of solvent being liberated  

(Figure 2.11). Neither Sievert’s measurements nor DSC indicated reversibility of the 

hydrogen elimination. After the measurement, parts of the sample had evaporated and 

condensed within the heating chamber, they also turned yellow and red.  

 

Figure 2.11 TPD spectrum of [DIPP-(MgH)]2. 
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The tetranuclear cluster [NN-(MgH)2]2 released only a few percent of the expected amount 

of hydrogen starting above 250 °C, also in this case last traces of incorporated solvent were 

released around 150 °C. Above 300 °C the complex started decomposing or evaporating 

and no reversibility of any events could be detected. After the measurements parts of the 

sample had turned red as observed in the precedent decomposition experiments. Finally, 

the octanuclear cluster (PARA)3Mg8H10 was studied, it showed the release of a few percent 

of its hydrogen at around 225 °C, this event is irreversible. After the measurement the 

sample had again turned orange-red as observed before.  

The reason for the throughout higher temperatures and small amounts of hydrogen 

observed could be the high heating rate applied. Earlier decomposition experiments (2.3.1) 

have been performed with stepwise heating but a much slower heating. It was also noticed 

that H2-release was in most cases rather slow (60 – 120 min). An initiation period for the 

hydrogen elimination could explain the somewhat higher decomposition temperatures in the 

relatively fast DSC measurements. The overall trend that smaller magnesium hydride 

clusters decompose at lower temperatures, however, is maintained. Fast heating rates 

could also be an explanation why the decomposition of (DIPP-MgH)2 at lower temperatures 

has not been observed by Jones et al. Until now further experiments have not been 

possible due to technical issues. 

Decomposition products 

The nature of the products after thermal decomposition of the different clusters is hitherto 

unknown. The main issue with characterization of products from the decomposition of 

(PARA)3Mg8H10 (8) is the low solubility of the obtained red powder in aromatic solvents and 

the small amount that dissolves is mainly undecomposed magnesium hydride cluster mixed 

with some additional compounds. Until now no product could be isolated from this mixture. 

To make sure that at least the ligand frame work stays intact during the thermal 

decomposition, we hydrolyzed the decomposition products with water and mainly found the 

free PARA-H2 ligand and small amounts of other unidentified products. Therefore we can 

conclude that the ligand is stable up to the applied temperatures of about 200 °C. 

For the other compounds the decomposition products are mainly soluble, but also in these 

cases, mixtures are obtained. Upon addition of benzene to the decomposition product of 

[PYR-(MgH)2]2 (7) small gas bubbles could be observed and it resulted in a dark-red 

solution containing many different species. Therefore some of the products from the thermal 

decomposition might not be stable in solution. Also in this case no single component could 

be isolated by crystallization. After the thermal decomposition of [NN-(MgH)2]2 (4), the 

remains gave a dark red solution upon addition of C6D6. A lot of resonances were found in 
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the 1H NMR spectrum probably belonging to a multitude of compounds, which could not be 

identified so far. The color change observed for all tested compounds from yellow to red 

could indicate the formation of Mg(I) compounds (Figure 2.12), as [DIPP-MgI]2·THF 2 has 

been reported to be orange-red.[5] 

 

Figure 2.12 Decomposition of a magnesium hydride cluster. 

For identification of the decomposition products of (DIPP-MgH)2 (1) a clear advantage was 

the existence of spectral data for the corresponding Mg(I) complex (2) that could be 

consulted for comparison. Still it was not possible to find matching chemical shifts in the 

mixture, particularly because all signals in the 1H NMR spectrum have very broad bases. 

The only compound that could be isolated from the mixture by crystallization from toluene 

was a small amount of the hydrolyzed DIPP-H ligand. In addition, 4-dimethylaminopyridine 

(DMAP) was added to the solution to stabilize a potential low-valent Mg(I) complex and 

facilitate its crystallization, but no crystals formed from this experiment. However, the DMAP 

seems to coordinate to a component in the solution as its 1H NMR resonances broaden 

significantly. 

To obtain comparable data for the other clusters, we attempted the direct synthesis of the 

corresponding low-valent Mg(I) complexes along other routes. Our approach was to reduce 

the corresponding halide compounds using potassium or potassium naphthalide. Therefore 

we synthesized the chloride, which was known from previous work,[12] and iodide precursors 

using the NN-H2 and the PARA-H2 ligand.  

The chloride complexes were obtained by reaction of the L-(Mg(n-Bu))2 complexes with 

trimethylsilylchloride (Me3SiCl). The obtained complex containing the PARA-H2 ligand gave 

crystals suitable for X-ray diffraction. This complex partly undergoes Schlenk equilibrium 

and releases one molecule of MgCl2 to give an intriguing new structure (Figure 2.13). This 

complex was not further taken into account for reductions, as it already lost two reactive 

functionalities and one Mg center.[12] 
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Figure 2.13 Formation of halides. 

The NN-(MgCl)2 complex could not be crystallized, it was characterized solely by NMR 

spectroscopy. Subsequently, it was reduced using potassium naphthalide, but the product 

turned out not to be the expected tetranuclear Mg(I) cluster instead the ligand had been split 

at the N-N bridge and thus reduced (Figure 2.14). The same structural motive only including 

additional potassium hydride instead of THF molecules could be observed from the reaction 

of NN-(MgH)2 with a potassium mirror.[12] Large scale experiments unfortunately only result 

in precipitation of Mg metal. Independent experiments were able to show, that the ligand 

itself cannot be split by potassium or potassium naphthalide, therefore an intermediate 

Mg(I) compound could be involved in the process which in turn reduces and splits the ligand 

and is thus oxidized again to Mg(II), resulting in the observed product.  

 

Figure 2.14 Product of the reduction of NN-(MgCl)2 with K(C8H10). 

As the first characterized Mg(I) compound (DIPP-MgI
2) was obtained from the reduction of 

the corresponding iodide precursor, we decided to test these for the synthesis of Mg(I) 

clusters as well. The according iodides could be synthesized in a one-step reaction of an 

Mg(n-Bu)-precursor with elemental iodine. This gave the pure iodide complexes in good 

yields, due to the very low solubility in common solvents they were only characterized by 1H 

NMR spectroscopy. These iodide precursors were subsequently reduced with an excess of 

potassium in a comparable manner to the reduction reported by Jones et al. for  
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(DIPP-MgI
2).

[5] The reduction of PARA-(MgI)2 always showed a color change from orange to 

yellow and resulted in the formation of an unidentifiable mixture of products showing very 

broad resonances in the 1H NMR. No single component could be isolated from the mixture. 

In the case of NN-(MgI)2 the color of the suspension changed slightly during the reaction. 

Light yellow microcrystals could be isolated, that were not suitable for X-ray diffraction. 1H 

NMR shows a single compound that is not identical with the product of the reduction of NN-

(MgCl)2 with potassium naphthalide (Figure 2.14). A further characterization was not 

successful until now. Further experiments are necessary to determine whether the 

synthesis of multinuclear Mg(I) clusters is possible and to find the right conditions. This 

would allow a comparison of their NMR data with those of the products of the 

decompositions. 

2.3.2. Insights into stability and decomposition by deuterium labeling 

In order to determine whether the source of hydrogen upon thermal decomposition was 

solely from the hydride ligands or if the ß-diketiminate ligand is involved as well, we have 

synthesized a series of magnesium deuteride complexes (DIPP-MgD)2, [NN-(MgD)2]2, 

(PARA)3Mg8D10). These deuterated clusters additionally served to investigate the exchange 

between hydride ligands and the exchange between hydride and atmospheric hydrogen. 

Exchange between magnesium hydride complexes in solution 

First the exchange between magnesium hydride and magnesium deuteride clusters in 

solution was studied. The dimeric hydride complex (DIPP-MgH)2 and the deuterated dimer 

(DIPP-MgD)2were dissolved in C6D6 and exchange processes were monitored by 1H NMR. 

After several hours at 20 °C no changes in the spectra could be observed. As THF could 

stabilize an intermediate monomeric complex with a terminal more reactive hydride, the 

experiment was repeated with a mixture of C6D6/THF-d8(4/1) (Figure 2.15).  

 

Figure 2.15 Proposed exchange mechanism for H-D exchange between dimeric complexes. 

Under these conditions exchange between hydride (Hˉ) and deuteride (Dˉ) was observed. A 

new signal in the 1H NMR at slightly higher field could be assigned to the mixed dimer with 

bridging Hˉ and Dˉ ions. The 1/1/1 triplet is characteristic for H-D coupling (Figure 2.16).  
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Figure 2.16 H−D exchange between (DIPP-MgH)2 and (DIPP-MgD)2. 

As the coupling constant between the two identical hydride ligands in (DIPP-MgH)2 cannot 

be determined directly, the observed H-D coupling constant of 2JH-D = 4.4 Hz allowed for 

estimation of an equivalent H-H coupling constant of 2JH-H = 28.6 Hz, based on the 

gyromagnetic ratios for H and D. This value is substantially larger than the so far observed 

hydride-hydride coupling constants for [NN-(MgH)2]2 (2JH-H = 8.5 Hz) and (PARA)3Mg8H10 

(2JH-H = 4.5 Hz and 5.2 Hz) but still far from the theoretical predictions for the germinal H−H 

coupling in linear MgH2 (
2JH-H = 50-80 Hz)[13]. Currently it is unclear whether the observed 

hydride-hydride NMR coupling is taking place through bonds or through space or through a 

combination of both. We could conclude, however, that there was no correlation of the 

coupling constant with the Mg-H bond lengths. The average Mg-H bond lengths in 

(PARA)3Mg8H10 and NN-(MgH)2 are the same (1.81(2) Å), still the coupling constants differ. 

The various polymorphs of (DIPP-MgH)2 and its dimeric THF adduct 1·(THF)2 have 

somewhat longer Mg-H bond lengths of 1.91(5) Å and 1.93(2) Å, respectively.[3,14] Another 

explanation for the larger coupling constant in 1 is the fact that the hydride ligands in this 

dimer are integrated in a four-membered ring, whereas inside the larger clusters they are 

part of more extended eight-membered ring systems. This has a direct influence on the 

hydride···hydride distance, a smaller ring causes a shorter H···H distance. Bearing in mind 

that positions of hydrogen atoms in X-ray crystal structures should be treated with care, our 

group could determine a reasonably accurate value of 2.32(2) Å[14] for the hydride···hydride 

distance in the THF adduct 1·(THF)2 while a slightly longer distance of 2.44(4) Å was found 

for another polymorph.[3] Additionally, the H···H distances in two THF-free polymorphs of 1 

have been determined as 2.35(8) Å and 2.65(4) Å, this results in an average H···H distance 

1-HD 

1-H2 

2JH-D = 4.4 Hz 
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of 2.44(4) Å which is significantly shorter than the hydride···hydride distances observed in 

[NN-(MgH)2]2 (2.76(4) Å) and (PARA)3Mg8H10 (average value: 2.86(4) Å) and could in turn 

explain the larger magnetic coupling (Table 2.3). A correlation between hydride···hydride 

distances and NMR coupling constants give hints that at least a significant part of the 

coupling mechanism takes place through space. This theory can only be supported by 

additional data points from measurements of hydride−hydride coupling constants in new 

complexes. 

Table 2.3 Correlation between the Mg-H bond lengths, H···H distances and magnetic coupling 

constants. 

Complex Mg−H 

bond length [Å] 

(average) 

H···H 

distance [Å] 

(average) 

NMR coupling 

constant [Hz] 

(DIPP-MgH)2 1.92(2) 2.44(4) 28.6 

[NN-(MgH)2]2 1.81(2) 2.76(4) 8.5 

(PARA)3Mg8H10 1.81(2) 2.86(4) 4.5, 5.2 

The larger clusters [NN-(MgH)2]2 and (PARA)3Mg8H10 did not show signs of exchange also 

not after addition of THF or prolonged heating to 60 °C. On this basis, H−D exchange could 

still not be excluded, however, it is safe to say that it was significantly slower than for the 

dimeric hydride. This is in agreement with the fact that these clusters were more stable 

towards dissociation in solution. At high temperatures in solution 1H NMR indicated that 

both were still present in their solid state form and even in THF (PARA)3Mg8H10 still showed 

the corresponding coupling pattern. This in turn supports the proposed dissociative 

mechanism for hydride-deuteride exchange between aggregates. 

H−D exchange between magnesium hydride cluster and atmospheric H2 

Apart from exchange of hydride and deuteride between the clusters in solution, exchange 

between the deuteride in a cluster and molecular H2 (1 bar) was studied. The required σ-

bond metathesis between hydrogen and hydride complexes, well-established in organo-

lanthanide chemistry,[15] was recently shown to take place in group 2 chemistry as well.[16,17] 

A benzene solution of the dimeric calcium deuteride (DIPP-CaD·THF)2 already showed 

H−D exchange with an atmosphere of H2 (1 bar) at room temperature. This was a fast 

process as 90% of the deuteride were exchanged for hydride after 90 minutes. 
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Figure 2.17 
1
H NMR spectrum of H2 and H-D in C6D6.

 

1H NMR studies on a solution of magnesium deuteride complex (DIPP-MgD)2 in benzene 

under an atmosphere of 1 bar H2 do not show any reaction with H2. Heating of this solution 

to 60 °C, however, gave partial exchange after several hours and H−D (Figure 2.17) as well 

as the mixed hydride-deuteride complex (DIPP-MgH/D)2 was detected in the reaction 

mixture by 1H NMR spectroscopy. The sample was kept at this temperature overnight, 

leading up to 85% of the deuteride exchanged for hydride. This clearly demonstrated that 

magnesium hydride complexes are much less susceptible to exchange with H2 and 

therefore less reactive when compared to the corresponding calcium hydrides. The 

exchange process was not only accelerated by heat but could also be facilitated by addition 

of THF. According to this, a solution of (DIPP-MgD)2 in C6D6/THF (4/1) started to exchange 

deuteride for hydride slowly already at room temperature. After 1 hour 10% of deuteride 

was exchanged and after 5 days 50% of the deuteride complex (DIPP-MgD)2 had reacted 

with H2 to give (DIPP-MgH)2. The exchange process could be clearly monitored by 

detection of dissolved H−D and (DIPP-MgH)2. In contrast to the experiment in pure C6D6 at 

60 °C, no intermediate mixed complex (DIPP-MgH/D)2 could be observed in the presence of 

THF.  
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A feasible explanation for this 

unexpected observation is the 

mechanism shown in Figure 2.18. 

With THF present in the solution, 

the dimer (DIPP-MgD)2 could be in 

equilibrium with small amounts of a 

monomeric magnesium deuteride 

species with THF ligands filling 

empty coordination sites. An 

according solvent-dependent 

equilibrium has been suggested for 

the dimeric (MES-ZnH)2 complex 

(MES = [2,6-(2,4,6-Me3-

C6H2)N(Me)C]2CH) based on 

pulsed-gradient spin echo (PGSE) 

diffusion measurements that 

showed that the complex is most 

likely monomeric in THF-d8.
[18] 

These monomers with terminal 

hydride ligands are highly reactive 

and quickly exchange Dˉ for Hˉ by 

σ-bond metathesis with molecular 

hydrogen. Subsequently, they 

directly recombine to form dimeric 

(DIPP-MgH)2. The absence of any 

detectable amounts of (DIPP-MgH/D)2 can thus be explained by assuming a slow, rate-

determining, deaggregation step followed by a considerably faster σ-bond metathesis.  

In pure aromatic solvents, the σ-bond metathesis is either significantly slower or the D−H 

exchange takes place along a different route in which only one Mg-H breaks and no 

monomers but an open dimer is formed. The resulting terminal deuteride ligand exchanges 

in a fast σ-bond metathesis with H2 and the new hydride ligand subsequently bridges 

between the two Mg centers to form the mixed (DIPP-MgH/D)2 dimer (Figure 2.15). The 

observation that (DIPP-CaD·THF)2 exchanges significantly faster with H2 is certainly due to 

the fact that calcium complexes are more reactive than magnesium compounds. Due to the 

larger size of the cation, the ligands are weaker bound, which results in a faster exchange. 

 

Figure 2.18 Proposed mechanism for the H-D exchange with 

H2 in benzene and THF 
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Both larger clusters [NN-(MgD)2]2 and (PARA)3Mg8D10, however did not exchange their 

deuteride ligands with H2 also not at higher temperatures. In none of the cases any 

dissolved H−D could be detected. As partially deuterated clusters might give broad 1H NMR 

resonances for the new hydride ligand due to complex magnetic H−D coupling and 

therefore could not be clearly visible, we also verified the results by subjecting [NN-(MgH)2]2 

to D2. No exchange was observed, even after heating to  

60 °C for several days. Not even a solution of [NN-(MgH)2]2 in pure THF-d8 shows any signs 

of exchange with D2, after two days under a D2 atmosphere (1 bar) all of the hydrides and 

the characteristic triplet coupling due to H−H magnetic coupling are still visible in the 1H 

NMR spectrum. The inability of the larger clusters to exchange their Hˉ ligand with 

atmospheric H2 could be a further indication that monomeric metal hydride complexes or at 

least opened clusters with terminal hydride ligands are needed for such a process. The 

importance of a monomeric state for hydride/H2 exchange has also been suggested in 

lanthanide hydride complexes.[16] 

Thermal decomposition of deuterium labeled magnesium hydride clusters 

In order to verify the origin of the released H2 from the magnesium hydride core, the thermal 

decomposition of deuterium labeled compounds was studied. The absence of H2 or H−D in 

the released gas could help to exclude the deprotonation of the ligand. Within a special 

setup (Figure 2.19) of the closed system of a J-Young NMR tube (for detailed description 

see 2.5.3), various magnesium deuteride complexes have been thermally decomposed as 

solids and the gasses were analyzed dissolved in THF-d8 by 1H NMR. Decomposition of 

[NN-(MgD)2]2 showed no significant quantities of H−D or H2, very small resonances for H−D 

and H2 were explained by incomplete labeling of the magnesium compounds as PhSiD3 of 

95% isotopic purity has been used for the synthesis. The thermal decomposition of the 

largest magnesium deuteride cluster also did not give significant quantities of H−D or H2. 

For comparison mixed clusters have been synthesized by using a 1/1 mixture of PhSiH3 and 

PhSiD3 resulting in statistical mixtures of hydrides and deuterides in the magnesium 

clusters. Upon thermal decomposition, these mixed clusters eliminated large quantities of 

H−D next to H2 and D2 (not detected by 1H NMR). It could therefore be concluded that 

hydrogen elimination in [NN-(MgH)2]2 and (PARA)3Mg8H10 is solely based on coupling of the 

hydride ligands and involvement of any ß-diketiminate ligand protons could be largely 

excluded. 
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In addition, the thermal decomposition of solid [NN-(MgH)2]2 and (PARA)3Mg8H10 under an 

atmosphere of D2 (1 bar) was investigated to gain information on the exchange between 

deuterides and atmospheric hydrogen during the process of decomposition. This could yield 

first hints on a probable reversibility of the H2/D2 release. As dimeric magnesium hydride 

complex (DIPP-MgH)2 melted during the decomposition and the melt potentially exchanged 

with D2 already before decomposition, this experiment would be inconclusive. In the other 

two cases not only H2 but also significant amounts of H-D were eliminated. This could be 

due to an exchange of hydride for deuteride prior to the decomposition or a reversibility of 

the H2 release. As the previous studies have shown that the larger magnesium deuteride 

clusters in solution are inert towards D−H exchange with H2 (1 bar), we presumed that 

observed H−D is the product of a reversible H2 elimination. Nevertheless, if we consider the 

harsh conditions needed for the decomposition (175-200 °C) a partial H−D exchange of the 

magnesium hydride clusters with D2 prior to decomposition could not be fully excluded. 

2.3.3. Theoretical studies[9] 

Magnesium hydride clusters 

In order to gain more detailed information on the bonding situation in the tetranuclear cluster 

[NN-(MgH)2]2, we became interested in DFT calculations on this new compound. For this 

reason a topological analysis of the electron density, ρ(r), using the “atoms in molecules” 

(AIM) approach, has been carried out by Dr. Peter Sirsch at the University of Tübingen in 

Germany. The theory of AIM developed by R. F. W. Bader can provide a direct insight into 

the chemical bonding and thereby reveals information about physical and chemical 

properties and the nature of atomic interactions.[19] The electron density needed for this kind 

of studies can either be obtained experimentally from X-ray diffraction studies or 

theoretically through DFT calculations. In our case the electron density was derived only 

from DFT calculations in which a high quality split-valence basis set was used that was 

further augmented with addition polarization and diffuse function: B3-LYP/6-311G(d,p). For 

the theoretical model system, in order to reduce the computational effort, the DIPP 

 

THF-d8 frozen Glass wool Glass pearls 

Sample 

Figure 2.19 NMR setup for the decomposition of solid Mg hydride clusters 
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substituents on each of the ligands have been replaced by methyl groups. In the following, 

this model system will be denoted as [NN’-(MgH)2]2.  

 

Figure 2.20 Optimized geometry for [NN’-(MgH)2]2 (B3-LYP/6-311G(d,p)). 

In the optimized geometry, the experimental twist angle of 83.4(2)° between the two ß-

diketiminate units is retained (84.9°) and all other parameters are in good agreement with 

the experimental counterparts (Table 2.4). It has to be taken account of the fact that 

hydrogen atom positions in X-ray diffraction studies are always approximate positions. 

Table 2.4 Selected distances (Å) for the crystal structure of [NN-(MgH)2]2 and theoretical DFT values 

for [NN’-(MgH)2]2 in squared brackets 

Mg−N1 
2.025(1) 

[2.055] 
H1···H1’ 

4.65(2)    

[4.713] 
Mg···Mg’’’ 

3.492(1) 

[3.580] 

Mg−N2 
2.010(1) 

[2.034] 
H2···H2’ 

2.93(4)   

[3.106] 
Mg’···Mg’’ 

3.492(1) 

[3.580] 

Mg−H1 
1.771(12) 

[1.849] 
Mg···Mg’ 

3.586(1) 

[3.555] 
Mg’···Mg’’’ 

3.030(1) 

[3.154] 

Mg−H2 
1.845(6) 

[1.828] 
Mg···Mg’’ 

3.030(1) 

[3.154] 
Mg’’···Mg’’’ 

3.586(1) 

[3.555] 
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The topological analysis of the electron density can point out specific features of the studied 

compound. A bond path is defined as the line between two atoms where the electron 

density is locally bigger than in any direction from this path and mostly represents an actual 

bond between these atoms. A bond critical point (BCP) is the point of the minimum electron 

density along the bond path between two atoms. Additionally, the Laplacian of the electron 

density 2ρ(r) recovers the shell structure of atoms and gives information on open-shell or 

closed shell interactions.  

The magnesium-hydride bond in [NN’-(MgH)2]2 shows a strongly ionic character.[20] The 

electron density at the bond critical point in this case is relatively small and the Laplacian of 

the electron density 2ρ(r) clearly positive, which points to a closed- shell, ionic bond. 

The topological parameters for the Mg-H moieties in the calculated clusters are comparable 

to their counterparts in solid ß-MgH2, which have recently been investigated by a theoretical 

study.[21] However, in the bulk material though the hydride anions are linked to three Mg 

centers and therefore the Mg−H bonds are slightly longer and weaker than in the molecular 

species.  

The atomic charges have been obtained by integrating the electron density over the 

correspondent atomic basins that represent the atoms. The Mg atoms have transferred 0.81 

electrons to the hydride ligands leaving the Mg center with a charge of +1.67 which is close 

to its formal oxidation state (+2) (Table 2.4). The additional charge of −0.81 on the hydride 

atoms immensely increases their atomic volumes. The hydrides are as voluminous as the 

nitrogen atoms on the ligand. For comparison, hydrogen atoms attached to ligand carbon 

atoms in [NN’-(MgH)2]2 are more than two times smaller. They carry charges between −0.02 

and +0.02 and display atomic volumes of 7.0−7.6 Å3 (Table 2.5).  

Table 2.5 Selected atomic properties derived from the theoretical electron densities of [NN’-(MgH)2]2. 

 

Atomic 

charge 

q(Ω) [e] 

Atomic 

energy E(Ω) 

[hartree] 

Atomic 

volume 

v(Ω) [Å3] 

Electron 

localization 

Loc(Ω) 

Mg +1.67 −200.103 6.7 96.2 

N1 −0.93 −55.155 14.4 78.5 

N2 −1.23 −55.282 16.6 80.2 

H1 −0.81 −0.719 18.9 81.3 

H2 −0.81 −0.734 17.0 79.2 
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The large size and polarizability of the hydrides in [NN’-(MgH)2]2 allow this species to take 

part in mutual interactions that range over a relatively long distance. In the contour plot 

shown in Figure 2.21, an accumulation of electron density between two of the hydrides, H2 

and H2’, which are 3.106 Å apart, can be observed and a corresponding bond path can be 

identified between these atoms. For such long-range contacts a weak, closed-shell 

interaction is to be expected and indeed the value for the electron density ρ(r) is low, but 

somewhat higher than for typical van der Waals interactions.[22] Ring critical points (RCP) 

are minima of the electron density ρ(r) in two dimensions. Two of those RCPs are located in 

close distance of 0.36 Å each to the BCP between H2 and H2’. Here the values for the 

electron density are only slightly smaller than at the BCP, which indicates that the electron 

density in this region is relatively flat and this means that the H···H bond path is potentially 

unstable (Figure 2.21).[23]  

 

Figure 2.21 Contour plot of ρ(r) in the Mg’’−H2’−Mg’’’-H2 plane of [NN’-(MgH)2]2; selected atoms and 

bond paths are superimposed. BCPs and RCPs are represented by green and red circles, 

respectively. Lines are drawn at 2x, 4x, 8x10
-n

 au (n = −3, −2, −1, 0, 1, 2) and 0.0065 au. 

Recently, the term hydrogen-hydrogen bonding has been introduced for homopolar 

C−H···H−C interactions. The topological parameters for this hydride-hydride interaction are 

comparable to those of C−H···H−C interactions. In the latter case, the hydrogen atoms 

carry only very small, mostly positive charges,[24] which is in opposition to the observed high 

negative charges in the case of the molecular hydride. Still they have one thing in common, 

they are both counterintuitive bond paths between equally charged atoms. 

The distance between the hydride nuclei and the H···H BCP of 1.553 Å is called the bonded 

radius for H2 and H2’. In turn the nonbonded radius can also be estimated. Therefore the 

extension of the electron density in the opposite direction, towards the outside of the 
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complex is traced. When the 0.001 a.u. envelope of the electron density is taken, 

nonbonded radii of about 1.7 Å can be determined for H2 and H2’, this value is significantly 

larger than the accepted van der Waals radius for hydrogen of 1.1 Å.[25] These larger radii 

suggest that there is a substantial interference between the two hydridic hydrogen atoms 

H2 and H2’, which leads to a redistribution of electron density in the region between the 

atoms. This results in a stabilizing interaction that is indicated by the bond path. A look at 

the atomic energies E(Ω) (Table 2.5) confirms the stabilization as H2 and H2’ are both more 

stable by 39 kJ/mol compared to H1 and H1’ which show no interaction. Comparable 

stabilizing interactions between considerably hydridic hydrogen atoms have been reported 

recently in a DFT study on a range of binary and complex hydrides of light main group 

metals. These interactions can occur at a wide range of H···H distances between 2.3 and 

3.1 Å.[21] Although anion-anion interaction might seem contradictory at first glance, they 

have been known for some time already and are suggested to play a role in the stabilization 

of crystals.[26] In addition they have also been observed in the extended structures of alkali-

metal amidoboranes.[27] Recent NMR studies on partly deuterated ammonia borane could 

show that BH···HB interactions are highly relevant for the thermal release of H2.
[28]  

The intramolecular hydride···hydride interaction described for [NN’-(MgH)2]2 is the first 

identification of this kind of interaction for a molecular species. This suggests that 

hydride···hydride interactions are a more universal bonding feature in compounds 

containing hydridic H atoms and also emphasizes their potential role on the thermal 

dehydrogenation of these species. Moreover the model complex [NN’-(MgH)2]2 offers the 

unique opportunity to directly compare one interacting and one noninteracting hydride pair 

in an identical chemical environment (Table 2.6).  

Table 2.6 Comparison of calculated values for H1/H1’ and H2/H2’. 

 H1/H1’ H2/H2’ 

Distance [Å] 4.713 3.106 

Angle Mg-H-Mg [°] 117.1 153.0 

Atomic charge q(Ω) [hartree] −0.81 −0.81 

Atomic volume v(Ω) [Å3] 18.9 17.0 

Electron localization Loc(Ω) 81.3 79.2 

Delocalization index δ 0.00 0.05 
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The angles Mg-H-Mg are significantly different and the angle for Mg-H2-Mg is clearly larger 

than the angle for Mg-H1-Mg. This more linear arrangement brings H2 and H2’ in closer 

proximity of each other, which is in agreement with their mutual interaction. The atomic 

charges q(Ω) of both hydrides are the same, still the atomic volume v(Ω) differs slightly. The 

interacting hydride H2 is about 10% smaller than H1, this number is comparable to volume 

changes that are associated with hydrogen-hydrogen bonding.[24] The value for the electron 

localization Loc(Ω) is also smaller for H2, indicating that the electrons exchange slightly 

more in this case than in the case of H1. Next to sharing a significant interatomic surface, 

the weak interaction between H2 and H2’ is further reflected in the delocalization index δ. 

This value generally reflects the number of electron pairs shared between two atoms, 

irrespective of existing bond paths.[29] Even if the value for δ(H2/H2’) is very small, it is 

different from zero, while the value for H1 and H1’, which are much further apart, equals 

zero. 

As mentioned before the differences in atomic energy for H1 and H2 are significant, 

however, there is no direct way to determine a precise value for the H-H bond energy from 

these numbers. The formation of a H···H interaction also has influence on the rest of the 

compound and can raise or lower the atomic energies of other atoms in the compound.[21] 

The Espinosa correlation[30] has been previously used for estimation of bond strengths for 

hydrogen bonds as well as for other weak interactions.[30,31] Employing the Espinosa 

correlation for [NN’-(MgH)2]2 results in an H···H interaction energy of ca. 3.0 kJ/mol, 

assuming that the equation also holds true for hydride-hydride contacts. This value is 

comparable to very weak hydrogen bonds[32] and lies within the range of other previously 

reported weak interactions like intermolecular O···O, N···O, C−H···O, and C−H···H−C 

contacts.[31] 

Low-valent Mg(I) clusters 

As we could gain a lot of interesting information on the magnesium hydride cluster [NN’-

(MgH)2]2 by means of DFT calculation, we wanted to use this tool to study the possible low-

valent residue that remains after thermal decomposition. First of all, this could give 

indications whether such a species can exist and secondly, what structure it would have. 

The major question to be answered is in how far tetranuclear Mg(I) clusters are existent – or 

whether four valence electrons are not enough to form six delocalized Mg-Mg bonds in a 

Mg4 tetrahedron (Figure 2.22a) Additionally, calculation can help in the development of an 

appropriate synthetical route towards low-valent Mg(I) clusters. 
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Figure 2.22 Possible structures of a Mg(I) cluster; a) tetrahedral core, b) dimer. 

In order to evaluate a potential tetrahedral [Mg(I)]4 cluster (Figure 2.22a), the DFT geometry 

of a hydride-free [NN’-Mg2]2, using the coordinates of [NN’-(MgH)2]2 without the four hydride 

moieties as a starting point, was optimized. The DFT structure obtained is similar to its 

parent compound, however with significant changes in the Mg4-core (Figure 2.23). 

 

Figure 2.23 DFT-optimized geometry of [NN'-Mg2]2; all hydrogen atoms are omitted for clarity. 

The optimization starts from a near tetrahedron of Mg atoms with Mg···Mg distances 

ranging from 3.154 to 3.580 Å and runs towards a minimum in which two of the four 

Mg···Mg contacts are clearly shorter (2.854 Å) whereas the other two distances are 

significantly elongated (4.242 Å) (Table 2.7). Comparing these values to the Mg···Mg 

distance of 3.20 Å in Mg metal[33] and the bond length of 2.8457(8) Å observed for the Mg(I)-

Mg(I) bond in (DIPP-MgI
2)

[5] suggests the presence of a dimer with two localized Mg-Mg 

bonds rather than a tetrahedral Mg4 cluster with delocalized bonds (Figure 2.22b). This 

means a significant rearrangement in the structure and could already be an explanation why 

such a complex has not been isolated after the thermal decomposition. For the independent 

synthesis of a Mg(I) cluster, a precursor with a comparable structural motive, like the [NN-

(Mg(n-Bu))2]2 could be necessary. It has to be mentioned as well that the reaction enthalpy 
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for the formation of a tetranuclear Mg(I) cluster from the corresponding Mg4H4 compound is 

high (ΔE = +222.8 kJ/mol, ΔH = +231.5 kJ/mol). Therefore an alternative route to the 

thermal decomposition of a magnesium hydride cluster would be favorable for the isolation 

of a low-valent multinuclear cluster. 

Table 2.7 Selected calculated distances [Å] of [NN'-Mg2]2. 

The conclusion based on DFT calculations, that no tetrahedral Mg4 core is present in the 

calculated Mg(I) complex, can be confirmed by a topological analysis of the electron density 

in [NN’-Mg2]2. Figure 2.24 shows a detailed section of ρ(r) and −2ρ(r) of one of the Mg−Mg 

bonds. Selected atoms and bond paths are superimposed and BCPs and RCPs 

represented by green and red circles, respectively. Electron density is clearly accumulated 

between long the Mg−Mg axis and a bond path has been identified between the two atoms. 

 

Figure 2.24 Contour plots of ρ(r) (top) and the negative Laplacian, -
2
ρ(r) (bottom), in the 

Mg'−Mg'''−NNA plane of [NN'-Mg2]2. Lines are drawn at 2, 4, 810
-n

 au (n = −3, −2, −1, 0, 1, 2) and 

0.028 au [for ρ(r)], in the case of the Laplacian with both positive (dashed) and negative values 

(solid); solid and dashed lines represent charge concentration and depletion, respectively. 

 

Mg−N1 2.063 Mg···Mg‘ 4.242 Mg‘···Mg‘‘ 3.776 

Mg−N2 2.057 Mg···Mg‘‘ 2.854 Mg‘···Mg‘‘‘ 2.854 

N1−N2 1.430 Mg···Mg‘‘‘ 3.776 Mg‘‘···Mg‘‘‘ 4.242 
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Additionally, another striking feature is revealed by the contour plot, the Mg atoms are not 

directly linked to each other through a bond critical point. Instead a local maximum of the 

electron density is found halfway between the Mg centers. A critical point in the electron 

density that is a maximum in all directions is called an attractor and paths that trace 

increasing electron density terminate at such attractors. For typical molecules an attractor is 

coincident with the position of the atomic nucleus. In rare occasion, maxima that do not 

correspond with a nucleus have been observed. This phenomenon, called a non-nuclear 

attractor (NNA), is usually found in bulk metals or model metal clusters.[34-36] They have also 

been related to defects and color F centers in crystals as well as to solvated electrons.[37] 

Recently, the first experimental NNA has been reported for a stable molecular system, the 

dimeric Mg(I) complex 2.[38] Moreover, very recent theoretical work suggests that NNAs are 

the main difference between low-valent main group and low-valent transition-metal 

bimetallocenes: CpM−MCp.[39] The existence of non-nuclear attractors seems to play a vital 

role in the stabilization of main group atoms in a low oxidation state. 

Approximately 0.7 electrons (Table 2.8) can be allocated to each of the two identical pseudo 

atoms in [NN’-Mg2]2, this is slightly less than the value of 0.81 electrons reported for the 

dimeric Mg(I) complex 2. The electron density at the position of the NNA (0.197 e Å-3) is 

only slightly higher than at the BCP (0.195 e Å-3) between the Mg center and the NNA. The 

BCP is 0.28 Å away from the NNA and the electron density profile is relatively flat along this 

axis. An extremely small value for the kinetic energy per electron at the NNAs G/ρ(NNA) of 

0.03 hartree e-1 is observed. This is a typical feature for pseudo atoms and it has been 

interpreted as evidence for their loosely bound nature and the potential mobile nature of 

their electron density. [35] This is further reflected in the reduced electron localization of the 

electrons within the boundaries of the pseudo atom. Whereas the majority of electrons of 

the Mg and N atoms are localized and only exchange to a certain extent, the electrons of 

the pseudo atoms are clearly more delocalized (Table 2.8). 

Table 2.8 Selected atomic properties derived from the theoretical electron densities of [NN’-Mg2]2. 

 

Atomic 

charge q(Ω) 

[e] 

Atomic energy 

E(Ω) [hartree] 

Atomic volume 

v(Ω) [Å3] 

Electron 

localization 

Loc(Ω) 

Mg +1.25 −200.181 16.7 94.1 

N1 −0.95 −55.153 14.9 78.3 

N2 −1.24 −55.272 16.9 80.1 

NNA −0.70 −0.084 14.6 30.6 
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The topology of the electron density in the region between the Mg atoms and the NNAs 

shows typical features of metallic bonding. As would be expected for the weak nature of the 

bonding, the electron density at the bond critical point is relatively small (0.195 e Å-3). 

However, it is more than twice as large as the values that have been previously reported for 

metals or small metal clusters.[34,35] The value is similar to the one that has been recently 

reported for the molecular dimeric Mg(I) species 2.[38] Another similarity to the previous 

study are the fairly large pseudo atoms in [NN’-Mg2]2, they are comparable in size to the 

other atoms in the complex. In general, a larger region is claimed by the charge 

concentration around the NNA: it extends by more than 2.2 Å perpendicular to the Mg-Mg 

axis (Figure 2.24). As expected for a low-valent Mg(I) species, the atomic volume of the Mg 

atoms is significantly increased. Compared to the parent Mg(II) compound [NN’-(MgH)2]2 it 

has more than doubled in size. At the same time the lower oxidation state of  

[NN’-Mg2]2 is not that strongly reflected in its atomic charge, which is only reduced by 0.42 

electrons. However, if the transfer of about 0.35 electrons to the NNA is taken into account, 

the effective Mg charge adds up to +0.95, which is again close to its expected oxidation 

state. 

Finally, another noteworthy feature of [NN’-Mg2]2 is revealed by the three-dimensional 

representation of the negative Laplacian in Figure 2.25. To the best of our knowledge, it 

displays the first example for a molecular species, in which two NNAs, i.e. two pseudo 

atoms, are linked by a bond path. The topological parameters identify this interaction as 

clearly weaker than the Mg-NNA contacts, still they are in the same range as NNA···NNA 

interactions that have been reported for some metals and larger metal clusters in previous 

theoretical studies.[35]  
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Figure 2.25 3D envelope map of the negative Laplacian of [NN'-Mg2]2 for 
2
ρ(r) = −0.1 e Å

-5
, 

superimposed on bond paths and selected gradient paths; BCPs and RCPs are represented by 

green and red circles, respectively. 

In this context it was proposed that it is a network of connected pseudo atoms that might be 

responsible for the delocalized binding and resulting conducting properties in some of these 

systems.[35] This could in turn mean that the description of the bonding in [NN’-Mg2]2 solely 

as a dimer linked by two localized Mg-Mg bonds might not be fully adequate. At least to a 

small extent, the bonding between the four Mg atoms has to be considered as delocalized. 

2.4. Conclusions and future perspective 

A range of different sized magnesium hydride clusters allowed for the detailed study of their 

properties and a direct comparison of these. The calculated trend of a decreasing hydrogen 

elimination temperature upon a decrease in size of the cluster, could be supported by the 

thermal decomposition of different magnesium hydride clusters with up to 8 Mg atoms. The 

clusters that have been investigated, released all the hydrogen incorporated in the 

magnesium hydride core, the only exception is the complex with a pyridinylene bridge in the 

ligand. In this case one equivalent cannot be released as H2, but reacts with the bridging 

pyridine moiety. The observed thermal hydrogen release is a slow process, therefore long 

constant heating is required to observe full hydrogen elimination and accordingly adjusted 

TPD and DSC measurements could gain further information on the decomposition process.  

Future isolation of more multinuclear magnesium hydride complexes with an even higher 

number of Mg atoms and hydride ligand could lead to closing the gap to bulk materials and 

support the use of soluble magnesium hydride compounds as model systems for hydrogen 
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storage materials. This requires the design of new ligands to stabilize expanded Mg hydride 

complexes.  

Deuterium-labeling studies confirm that the H2 release is truly based on the coupling of 

hydride ligands and not due to a deprotonation of the ligand by hydride ligands. Moreover, 

these studies could show that, in aromatic solvents and THF, no hydride exchange between 

hydride and deuteride clusters can be observed for the bigger clusters [NN-(MgH)2]2 and 

(PARA)3Mg8H10. In the case of (DIPP-MgH)2, hydride exchange with (DIPP-MgD)2 in 

benzene was slow but could be accelerated by the addition of THF. A similar observation 

could be made for the exchange between the clusters and H2. Whereas the bigger clusters 

do not show signs of H-D exchange, it is slow for (DIPP-MgH)2 and can again be 

accelerated by THF. The thermal decomposition of the tetra- and octanuclear magnesium 

hydride complexes under an atmosphere of D2 resulted in the detection of significant 

amounts of H-D. This could be due to microscopic reversibility of the H2 elimination process 

but H-D exchange through another route cannot be excluded.  

Analysis of the electron density of a DFT-optimized model-system [NN’-(MgH)2]2 led to the 

identification of hydride-hydride interactions between two of the four hydride ligands in the 

cluster core. It is the first identification of such an interaction within a molecular system and 

can be described as a weak interaction between two formally closed-shell systems (Hˉ: 1s2). 

It is comparable in magnitude to other weak interactions that have been analyzed to date. 

Such interactions could be of significant importance for the release of hydrogen and indicate 

significance also for molecular compounds and not only in the solid state.  

An analogous study on the other magnesium hydride complexes could gain further insights 

into the bonding situation in molecular magnesium hydride compounds and allow for a 

comparison of different sized clusters. Additionally, DFT calculations could help designing 

ligands for more expanded magnesium hydride complexes. 

The products after the H2 desorption, potentially low-valent Mg(I) clusters, could not be 

characterized so far. However, DFT calculations demonstrate that in the potential 

decomposition product of [NN’-(MgH)2]2, a low-valent [NN’-Mg2]2 cluster, the Mg(I) atoms 

are not situated on the corners of a tetrahedron. Instead, this tetranuclear compound is best 

described as a dimer linked by two localized Mg-Mg bonds. Further analysis of the bonding 

situation revealed another interesting feature; the Mg centers are not directly connected to 

each other, but linked by two interconnected non-nuclear attractors. This is usually 

observed for metals and metal clusters and suggests a small degree of electron 

delocalization between the Mg-Mg bonds. 
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Implications from DFT calculations nourish the independent synthesis of Mg(I) clusters. As 

the features identified in the topological analysis of the electron density are comparable to 

the results obtained for an already isolated Mg(I) compound 2, chances are promising that 

the isolation of bigger Mg(I) compounds can be achieved. 

2.5. Experimental 

2.5.1. General 

All experiments were carried out in flame-dried glassware under an inert atmosphere using 

Standard Schlenk-techniques and freshly dried degassed solvents. The following starting 

materials have been prepared according to literature: PYR-H2,
[7] PARA-H2,

[7] NN-H2,
[8] NN-

(Mg(n-Bu))2,
[40] PYR-(Mg(n-Bu))2,

[40] NN-(MgH)2,
[9] NN-(Mg(n-Bu))(MgH),[9] PYR-(MgH)2

[10] 

and (PARA)3Mg8H10.
[11] Synthesis of NN-(MgCl)2 and PARA-(MgCl)2 and the reduction of 

the halides were performed according to unpublished results of Dr. Jan Spielmann,[12] the 

experimental data are therefore listed in this experimental. Mg(n-Bu)2 solution (1M in 

heptane) and LiAlH4 have been obtained commercially and used without further purification. 

NMR spectra have been recorded on a 400 MHz or 500 MHz NMR spectrometer (specified 

at individual experiments). 

2.5.2. NN-(MgH)2 in THF 

[NN-(MgH)2]2 was dissolved in 0.5 mL of THF-d8 and the 1H NMR spectra were recorded at 

25 °C. 

[NN-(MgH)2]2  

1H NMR (500 MHz, THF-d8, 25 °C) δ (ppm) = 0.67 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.00 (d, 3JHH 

= 6.8 Hz, 6H, i-Pr), 1.17 (d, 3JHH = 6.8 Hz, 12H, i-Pr), 1.53 (s, 6H, Me backbone), 1.73 (s, 

6H, Me backbone), 2.93 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 3.24 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 

4.41 (s, 2H, H backbone), 6.09-7.02 (m, 6H, Ar-H). 

The resonances for Mg−H were too broad to be clearly assigned. 

[NN-(MgH)2]2’  

1H NMR (500 MHz, THF-d8, 25 °C) δ (ppm) = 0.93 (d, 3JHH = 6.8Hz, 6H, i-Pr), 1.09 (d, 3JHH = 

6.8Hz, 6H, i-Pr), 1.11 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.13 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.49 (s, 

6H, Me backbone), 1.80 (s, 6H, Me backbone), 2.83 (s, 2H, Mg−H), 3.07 (sept, 3JHH = 6.8 

Hz, 2H, i-Pr), 3.13 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 4.38 (s, 2H, H backbone), 6.09-7.02 (m, 

6H, Ar-H) ppm. 
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2.5.3. Thermal decomposition of Mg hydride complexes 

The compounds (30 - 60 mg, 0.03 - 0.05 mmol) were heated in a teflon-sealed tube by 

means of a thermostated air-bath and the temperature was monitored by an infra-red 

thermometer. The eliminated gasses were led through two cold traps cooled with liquid N2 

and were quantified by pumping the gasses quantitatively into a calibrated burette by 

means of a Töpler pump. The used vacuum line was also equipped with a loop in which a 

quartz tube filled with CuO pellets and an external electrical oven is integrated. Subsequent 

circulation of the eliminated gasses over the heated CuO (300 °C) and condensation of the 

oxidized products in liquid N2 resulted in removal of the eliminated H2 in form of H2O and 

allowed for distinction between H2 and additional gasses. 

For an additional conformation of the presence of H2 the compounds were decomposed 

within a closed J-Young NMR tube. Therefore a special setup has been designed that 

allows for the separation of the decomposed compounds from the deuterated solvent with 

glass wool. On account of the high solubility of H2 in THF, we chose THF-d8 as the NMR 

solvent. Because the molecular weight of the clusters is high (885.92 - 1973.63 g/mol) and 

the hydride contents are accordingly low (0.2% - 0.5%), only small amounts of H2 are 

produced. In order to achieve maximum solvation of the H2 produced, the volume of the 

NMR tube was reduced by addition of glass pearls (Figure 2.26). 

In a typical experiment, in a glove box the THF-d8 was introduced first into the J-Young 

tube, followed by a plug of dry glass wool. On top a layer of dry glass pearls was added and 

the magnesium hydride sample was introduced, followed by another layer of glass pearls 

after which the tube was carefully closed with the Teflon tap. Outside the glove box, the 

THF was degassed by means of three freeze-pump-thaw cycles, subsequently frozen in N2 

and the tube was carefully evacuated. While the solvent is frozen, the sample was carefully 

heated with a hot air gun and the temperature was monitored with an infra-red thermometer. 

Onset of decomposition is usually gave a color change from yellow to red. After 

decomposition, the frozen THF was carefully thawed, care has to be taken that it does not 

  

THF-d8 frozen Glass wool Glass pearls 

Sample 

Figure 2.26 Set-up for thermal decomposition of solid magnesium hydride species.  
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come into contact with the decomposed product. Partially dissolved gasses were analyzed 

by 1H NMR. H2: 4.55 ppm (singlet) or H-D: 4.50 ppm (triplet, 1JHD = 43 Hz). 

2.5.4. Synthesis of the complexes 

Synthesis of NN-(MgCl)2 
[12] 

Method a: A solution of [NN-(Mg(n-Bu))2]2 (400 mg, 0.59 

mmol) and Me3SiCl (128 mg, 1.18 mmol) in 11 mL of 

toluene was heated to 60 °C for 18 hours. NN-(MgCl)2 

precipitated from this solution as a yellow powder. The 

product was separated by centrifugation and dried under vacuum. The reaction mixture was 

concentrated to a volume of approximately 4 mL and slowly cooled to −27 °C to yield 

another small amount of a yellow powder. Combined yield: 223 mg, 0.35 mmol, 60%. 

Method b: A solution of [NN-(Mg(n-Bu))2]2 (30 mg, 0.044 mmol) and Et3NHCl (12 mg, 0.088 

mmol) in 0.5 mL of benzene did not react. After addition of 0.1 mL of THF-d8 a reaction was 

observed. After slow cooling of the reaction mixture a yellow powder could be obtained. The 

product was separated by centrifugation and dried under vacuum. The product was 

dissolved in THF-d8 but was not pure, therefore method a) is favourable.  

NMR data were comparable to those obtained by J. Spielmann:[12] 

1H NMR (300 MHz, C6D6/THF-d8 : 4/1, 20 °C): δ (ppm) = 1.19 (d, 3JHH = 6.8 Hz, 12H, i-Pr), 

1.20 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.37 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.65 (s, 6H, Me backbone), 

2.11 (s, 6H, Me backbone), 3.12 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 3.32 (sept, 3JHH = 6.8 Hz, 2H, 

i-Pr), 4.73 (s, 2H, H backbone), 7.11-7.16 (m, 6H, aryl).  

13C NMR (75 MHz, C6D6/THF-d8 : 4/1, 20 °C): δ (ppm) = 22.2 (Me backbone), 24.5 (Me 

backbone), 24.6 (i-Pr), 24.7 (i-Pr), 25.8 (i-Pr), 25.9 (i-Pr), 28.7 (i-Pr), 92.4 (backbone), 124.1 

(aryl), 124.6 (aryl), 126.0 (aryl), 142,8 (aryl), 143.6 (aryl), 145.6 (aryl), 168.3 (backbone), 

168.1 (backbone). 

Synthesis of PARA2-Mg3Cl2
[12] 

Method a: A solution of PARA-[Mg(n-Bu)]2 (30 mg, 

0.040 mmol) and Me3SiCl (10 mg (0.092 mmol) in 

0.6 mL of hexane and 0.1 mL of benzene was 

heated to 60 °C for 72 hours. The solvent was then 

evaporated and the residue solved in 0.1 mL of 

hexane. Standing of this solution at room 



      Chapter 2  

 

               

60 

temperature afforded yellow crystals of PARA-Mg3Cl2 suitable for X-ray diffraction. The 

precipitation of MgCl2 was not observed. 

In a larger scale experiment PARA-[Mg(n-Bu)]2(Mg(n-Bu)2) (verified by 1H NMR 

spectroscopy; prepared from a solution of PARA-H2 with three equivalents of Mg(n-Bu)2) 

(300 mg, 0.34 mmol) and Me3SiCl (150 mg, 1.38 mmol) in 10 mL of THF was stirred at 

room temperature for 18 hours. The solvent was removed under vacuum. Hexane was 

added to the remaining solid which afforded a yellow powder.  

Yield: 226 mg, 0.16 mmol, 94%. (Yield calculated for PARA2-Mg3Cl2(MgCl2) C80H104Mg3N8  

MgCl2 (M = 1416.77)) 

NMR data were comparable to those obtained by J. Spielmann:[12] 

1H NMR (300 MHz, C6D6, 20 °C): δ (ppm) = 0.66 (d, 3JHH = 6.9 Hz, 6H, i-Pr), 0.86 (d, 3JHH = 

6.8 Hz, 6H, i-Pr), 1.04 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.11 (d, 3JHH = 6.9 Hz, 6H, i-Pr), 1.20 (d, 

3JHH = 6.8 Hz, 6H, i-Pr), 1.31 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.33 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 

1.42 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.60 (s, 6H, Me backbone), 1.65 (s, 6H, Me backbone), 

1.70 (s, 6H, Me backbone), 1.76 (s, 6H, Me backbone), 3.04 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 

3.07 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 3.25 (sept, 3JHH = 6.9 Hz, 2H, i-Pr), 3.41 (sept, 3JHH = 6.8 

Hz, 2H, i-Pr), 4.74 (s, 2H, H backbone), 4.81 (s, 2H, H backbone), 6.35 (d, 3JHH = 8.4 Hz, 

4H, aryl), 6.65 (d, 3JHH = 8.4 Hz, 4H, aryl), 6.98-7.12 (m, 12H, aryl).  

13C NMR (75 MHz, C6D6, 20 °C): δ (ppm) = 14.4 (i-Pr), 23.1 (i-Pr), 23.3 (i-Pr), 24.2 (i-Pr), 

24.4 (i-Pr), 24.5 (i-Pr), 24.6 (i-Pr), 25.0 (i-Pr), 25.0 (i-Pr), 25.1 (i-Pr), 25.5 (i-Pr), 27.7 (i-Pr), 

28.1 (Me backbone), 28.4 (Me backbone), 29.5 (Me backbone), 32.0 (Me backbone), 95.9 

(backbone), 98.5 (backbone), 123.5 (aryl), 124.1 (aryl), 124.3 (aryl), 124.9 (aryl), 125.2 

(aryl), 125.3 (aryl), 126.0 (aryl), 142.5 (aryl), 142.6 (aryl), 144.3 (aryl), 144.6 (aryl), 145.7 

(aryl), 146.0 (aryl), 166.2 (backbone), 169.5 (backbone), 169.8 (backbone), 170.4 

(backbone). 

Synthesis of NN-(MgI)2 

NN-H2 (500 mg, 0.98 mmol) was slowly added to a 

solution of Mg(n-Bu)2 in heptane (1M, 2.0 mL, 2.00 mmol). 

After the mixture stopped releasing butane, it was stirred 

at 25 °C for 1 hour. The solvent was removed in vacuum, 

the light brown solid was dissolved in 10 mL of toluene 

and 498 mg (1.96 mmol) of elemental iodine were added. After stirring of this mixture at 25 

°C for 16 hours, a light yellow solid precipitated from the dark solution. It was separated by 

centrifugation, dried in vacuum  
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Yield: 634 mg (0.77 mmol, 79%): 

1H NMR (400 MHz, C6D6/THF-d8 : 4/1, 25 °C): δ (ppm) = 1.15 (d, 3JHH = 6.8 Hz, 12H, i-Pr), 

1.21 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.35 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.62 (s, 6H, Me backbone), 

2.09 (s, 6H, Me backbone), 3.0 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 3.21 (sept, 3JHH = 6.8 Hz, 2H, 

i-Pr), 4.69 (s, 2H, H backbone), 7.12-7.16 (m, 6H, aryl).  

13C NMR data could not be obtained due to the low solubility. 

Synthesis of PARA-(MgI)2 

PARA-H2 (500 mg, 0.85 mmol) was slowly added to 

a solution of Mg(n-Bu)2 in heptane (1M, 1.7 mL, 

1.70 mmol). After the mixture stopped releasing 

butane, it was stirred at 25 °C for 1 hour. The 

solvent was removed in vacuum, the yellow solid was dissolved in 10 mL of toluene and 

elemental iodine (431 mg, 1.70 mmol) were added. After stirring of this mixture at 25 °C for 

16 hours, the brown coloration from the iodine had disappeared. Half of the solvent was 

removed and the yellow solution was stored at −30 °C for 2 hours, subsequently a light 

yellow solid precipitated from the solution. It was separated by centrifugation, dried in 

vacuum and pure product was isolated. 

Yield: 618 mg, 0.69 mmol, 81%. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 1.03 (d, 3JHH = 6.7 Hz, 24H, i-Pr), 1.54 (s, 6H, 

Me backbone), 1.68 (s, 6H, Me backbone), 3.18 (sept, 3JHH = 6.7 Hz, 4H, i-Pr), 4.79 (s, 2H, 

H backbone), 6.99-7.13 (m, 8H, aryl), 7.40 (br s, 2H, aryl).  

13C NMR data could not be obtained due to the low solubility. 

2.5.5. Reduction of halides and hydrides 

Reduction of NN-(MgCl)2 with K(C8H10)
[12] 

A solution of NN-(MgCl)2 (30 mg, 0.047 mmol) and K(C8H10) (16 mg, 0.096 mmol) in 0.6 mL 

of THF-d8 was heated to 60 °C for 24 hours. The deep red solution turned orange during 

this time and precipitation of colourless crystals could be observed (KCl). The precipitate 

was separated by centrifugation and the reaction mixture was concentrated to a volume of 

approximately 0.1 mL. Standing of this solution at room temperature afforded colourless 

crystals of [(DIPP-NCCCN)Mg(THF)]2 suitable for X-ray diffraction.  

Reactions in a larger scale to estimate the yield failed. 
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NMR data were comparable to those obtained by J. Spielmann:[12] 

1H NMR (300 MHz, C6D6, 20 °C): δ (ppm) = 1.30 (d, 3JHH = 6.9 Hz, 12H, i-Pr), 1.40 (d, 3JHH = 

6.9 Hz, 12H, i-Pr), 1.85 (s, 6H, Me backbone), 2.12 (s, 6H, Me backbone), 3.60 (sept, 3JHH = 

6.9 Hz, 4H, i-Pr), 5.33 (s, 2H, H backbone), 7.27-7.30 (m, 6H, aryl). 

Reduction of NN-(MgH)2 with K-mirror [12] 

A mirror of K (35 mg, 0.90 mmol) was prepared in a J Young NMR tube. A solution of [NN-

(MgH)2]2 (30 mg, 0.053 mmol) in 0.6 mL of toluene-d8 was added and the reaction mixture 

heated to 60 °C for 72 hours. The solvent was evaporated and 0.1 mL of hexane were 

added to the residue. Slow cooling of this solution to 27 °C afforded colourless crystals 

suitable for X-ray diffraction.  

Reduction of NN-(MgI)2 with K 

A suspension of NN-(MgI)2 (350 mg, mmol) in 50 mL of toluene was stirred vigorously over 

a potassium mirror (200 mg, mmol) for 24 h at 25 °C. The generated solids, remaining 

starting material and the excess of potassium were separated by centrifugation. The 

resulting yellow solution was concentrated and cooled to −30 °C. After several 

crystallization attempts only amorphous light yellow powders or microcrystals of the 

reduction product were obtained. Addition of THF or recrystallization at higher temperatures 

led to precipitation of Mg metal. 

1H NMR (300 MHz, C6D6, 20 °C): δ (ppm) = 1.15 (d, 3JHH = 6.7 Hz, 6H, i-Pr), 1.23 (d, 3JHH = 

6. Hz, 6H, i-Pr), 1.25 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.29 (d, 3JHH = 6.9 Hz, 6H, i-Pr), 1.62 (s, 

6H, Me backbone), 1.76 (s, 6H, Me backbone), 3.18 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 3.19 

(sept, 3JHH = 6.7 Hz, 2H, i-Pr), 5.17 (s, 2H, H backbone), 7.02-7.14 (m, 6H, aryl). 

Due to the low solubility no 13C NMR data could be obtained. 

2.5.6. Deuterium-labeling studies 

Synthesis of deuterated phenylsilane 

PhSiD3 was prepared according to a slightly modified literature 

procedure.[41] PhSiCl3 (5.2 mL, 44.4 mmol) was added to a cooled (0 °C) 

suspension of LiAlD4 (1.5 g, 35.7 mmol) in diethyl ether. The reaction 

mixture was diluted with additional 8 mL of diethyl ether and stirred at 45 

°C for two hours. The solids were removed by filtration and a majority of solvent was 

evaporated at 0 °C. The remaining product/solvent mixture was distilled into a liquid N2 

cooled flask to remove left over lithium salt. The residual ether was removed by applying oil 
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pump vacuum at −30 °C. The product was obtained as a colorless liquid. Yield: 2.5 g, 22.5 

mmol, 51%. 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 7.05-7.15 (m, 3H, m-, p-ArH), 7.36-7.42 (m, 2H, 

o-ArH). 

Synthesis of (DIPP-MgD)2  

A solution of Mg(n-Bu)2 in heptane (1M, 1.1 mL, 1.1 mmol) 

was added to a solution of DIPP-H (445 mg, 1.1 mmol) in 5 

mL of toluene. After stirring at room temperature for one 

hour, the solution was heated to 60 °C for an additional 

hour. The solvent was removed in vacuum. Deuterated phenylsilane was added and the 

mixture dissolved in hexane. After heating to 60 °C for 48 hours, the solution was 

concentrated and cooled to −20 °C for crystallization. The product was isolated as colorless 

crystals.  

Yield: 195 mg, 0.44 mmol, 40%. 

The 1H NMR signals are largely similar to the reported magnesium hydride complex (DIPP-

MgH)2.
[4] 

1H NMR (C6D6, 400 MHz, 25 °C) δ (ppm) = 0.97 (d, 3JHH = 6.9 Hz, 12H, i-Pr), 1.11 (d, 3JHH = 

6.9 Hz, 12H, i-Pr), 1.48 (s, 6H, CH3), 3.05 (sept, 3JHH = 6.9 Hz, 4H, i-Pr), 4.83 (s, 1H, CH), 

6.98 – 7.38 (m, 6H, Ar-H). 

Synthesis of [NN-(MgD)2]2  

A solution of [NN-(Mg(n-Bu))2]2 (400 mg, 0.59 mmol) and PhSiD3 (170 mg, 

1.57 mmol) in 10 mL of toluene was heated to 80 °C for 72 hours. The 

solvent was removed in vacuum and the residue was dissolved in 5 mL of 

hexane. The solution was cooled to –27 °C for crystallization. The product 

was isolated as yellow crystals.  

Yield: 165 mg, 0.29 mmol; 49%.  

The 1H NMR signals are largely similar to the reported magnesium hydride complex  

[NN-(MgH)2]2.
[9]  

1H NMR (toluene-d8, 500 MHz, 25 °C) δ (ppm) = 0.76 (d, 3JHH = 6.7 Hz, 6H, i-Pr), 1.18 (d, 

3JHH = 6.8 Hz, 6H, i-Pr), 1.31 (m, 12H, i-Pr), 1.57 (s, 6H, CH3), 1.77 (s, 6H, CH3), 3.04 (sept, 

3JHH = 6.7 Hz, 2H, i-Pr), 3.31 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 4.51 (s, 2H, CH), 6.99 – 7.15 

(m, 6H, Ar-H). 
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Synthesis of PARA3Mg8D10  

PARA-H2 (500 mg, 0.84 mmol) was added to a solution of 

Mg(n-Bu)2 in heptane (1M, 2.4 mL, 2.4 mmol). After the 

yellow solution was stirred at room temperature for an hour, 

the solvent was removed in vacuum. 575 mg (5.08 mmol) 

PhSiD3 were added and the reaction mixture was dissolved 

in 4.0 mL of benzene. The yellow suspension was heated to 

60 °C for 72 hours without stirring. The product crystallized 

from the hot solution as yellow crystals. 

Yield: 250 mg, 0.13 mmol, 46% 

The 1H NMR signals are largely similar to the reported magnesium hydride complex 

PARA3Mg8H10.
[11]  

1H NMR (C6D6, 400 MHz, 25 °C) δ (ppm) = 1.29 (d, 3JHH = 6.7 Hz, 18H, i-Pr), 1.33 (d, 3JHH = 

6.7 Hz, 18H, i-Pr), 1.45 (d, 3JHH = 6.7 Hz, 18H, i-Pr), 1.63 (d, 3JHH = 6.7 Hz, 18H, i-Pr), 1.70 

(s, 18H, CH3), 1.95 (s, 18H, CH3), 3.38 (sept, 3JHH = 6.7 Hz, 6H, i-Pr), 3.55 (sept, 3JHH = 6.9 

Hz, 4H, i-Pr), 4.77 (s, 6H, CH), 5.81 (br, 6H, Ph-bridge), 6.26 (br, 6H, Ph-bridge), 7.13-7.25 

(m, 1H, Ar-H). 

Hydride exchange between magnesium hydride clusters 

A magnesium hydride complex was mixed with the equivalent amount of a magnesium 

deuteride complex and dissolved in an appropriate solvent. The exchange between hydride 

and deuteride was followed by 1H NMR spectroscopy. In case after prolonged reaction 

times no exchange was visible, the mixture was heated to 60 °C and monitored by means of 

1H NMR at regular time intervals. For comparison, mixed hydride-deuteride complexes were 

synthesized separately. 

Hydride exchange with H2 gas 

In order to investigate the exchange of deuteride from a magnesium deuteride complex with 

H2 gas, a solution of the magnesium deuteride complex in J-Young NMR tube was frozen in 

liquid N2 and after three freeze-pump-thaw cycles regassed with 1 bar H2. Analogous 

experiments were carried out using magnesium hydride complexes and D2 gas. The 

exchange processes were monitored with 1H NMR spectroscopy. 
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Thermal decomposition with deuterium labeling  

In order to check whether the ligand is deprotonated, the deuterated clusters where 

thermally decomposed in a closed set-up (Figure 2.26). The dissolved gasses were 

investigated by 1H NMR. 

To check for potential reversibility of the H2 desorption, the solid magnesium hydride 

complexes were decomposed thermally in a set-up as described in Figure 2.26, but under 

an atmosphere of D2 instead of vacuum. The formation of H2 and HD was monitored by 

means of 1H NMR spectroscopy. 

2.5.7. Computational Details 

DFT calculations were performed with the Gaussian 09 program suite[42] using the B3-LYP 

density functional,[43] along with the implemented 6-311G(d,p) basis set.[44] This was further 

supplemented by an additional polarization and a diffuse function for all magnesium and 

nitrogen atoms, as well as for the hydridic hydrogen atoms at the cluster core. All geometry 

optimizations were carried out without imposing any symmetry constraints, and the 

structures obtained were confirmed as true minima by calculating analytical frequencies. 

Structure optimizations were also carried out using other functionals and basis sets of 

different size, which gave very similar geometries and electron densities. The H···H 

interaction, in particular, was invariant to the choice of basis set and level of theory, and 

was also confirmed by an MP2 calculation at the previously determined B3-LYP geometry. 

The topology of the electron density was analysed using the software package AIMALL.[45] 

The atomic energies reported for the hydridic hydrogen atoms in [NN'-(MgH)2]2 were 

estimated by multiplying their atomic kinetic energies by the factor –(γ – 1) with γ = –V/T, as 

described, e.g., in ref. 24a. The value for the molecular virial ratio γ deviated from 2 by 3.8  

10−3 in the optimized system. Plots were generated using AIMALL[45] and CHEMCRAFT.[46]  
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This chapter describes the synthesis and characterization of a novel tetranuclear zinc 

hydride cluster. The decomposition of this zinc complex is investigated and compared to the 

properties of the magnesium hydride complexes that have been studied in Chapter 1. 

Subsequently, the electron density of the zinc hydride cluster is analyzed by means of a 

DFT study. The chapter closes with the design of new ligands for the development of further 

magnesium and zinc clusters. 

 

 

Parts of this chapter will be submitted for publication: 

Intemann, J. Sirsch, P., Harder,S., manuscript in preparation. 
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3.1. Introduction 

As one of the cornerstones of organometallic chemistry, organozinc complexes have been 

known since the 1840s from the work of Edward Frankland.[1] He already predicted that zinc 

hydride “may be obtained”, but it would take another 100 years until the first reports by 

Schlesinger were published.[2,3] By now, there are several reliable synthetic methods for the 

preparation of ZnH2 as a white crystalline solid,[4] for which an exact structure still remains 

unknown. Two main classes of compounds emerged from this early work: anionic 

hydridozincates and neutral zinc hydride species. Several hydridozincates (M2[ZnH4], M= Li, 

Na, K)[5] and hydridoalkylzincates like (Na2[Zn2Et4(µ-H)2] (1) and Na3[Zn2(i-Pr)6(µ-H)] (2)[6] 

have been isolated and partially characterized. Considering the current interest in 

tetrahydroborates and- aluminates for chemical hydrogen storage,[7] further research on the 

chemistry of tetrahydrozincates may be expected in the future. 

 

Zinc dihydride and hydridozincates are also useful as powerful reducing agents,[8] but the 

rather low thermal stability and insolubility in organic solvents limit widespread use.[3] This 

prompted the interest in more suitable neutral heteroleptic organozinc hydrides. Simple alkyl 

zinc hydrides also show a limited thermal stability, but can be stabilized by coordination of 

additional Lewis bases as has been reported for RZnH·(pyridine) (R = Et, Ph).[9] Moreover, 

sterically demanding ligands that prevent aggregation were found to stabilize zinc hydride 

species. Examples of structurally characterized compounds include monomeric species with 

tris-pyrazolylhydroborates (3, 4)[10-14] or very bulky ß-diketiminate ligands (DIPP-nacnac, 

DIPP) (5).[15] 

 

Dimeric compounds with terminal hydride functions like [Zn(µ-L)(H)]2 (6)[16] as well as 

hydride- bridged dimers like [Zn(L)(µ-H)]2 (7,8)[17-20] are known. 
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In addition, multinuclear zinc hydride clusters with terminal (9, 10)[21,22] and bridging (11)[23] 

hydride moieties could be identified as structural motives.  

 

Recently, a zinc hydride complex containing di(2-pyridylmethyl)amides and alkyl groups 

was reported. Depending on the alkyl group either a stable monomeric complex with a 

bridging hydride ligand (R = CH(SiMe3)2) (12) or a pentanuclear zinc complex containing a 

bridging tetrahydridozincate anion (13) could be isolated.[24] A very recent report by Okuda 

et al. revealed the structure of the first molecular zinc dihydrides as N-heterocyclic carbene 

adducts (14).[25] This structure shows terminal as well as bridging hydride ligands. 

 

Zinc(II) complexes are particularly interesting as catalysts, considering the low cost and 

high natural abundance of zinc as a metal and its favorable biocompatibility. Recently, it 

could be shown that the four-coordinate tris(oxazolinyl)borato zinc hydride complex (4) was 
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capable of catalyzing the selective alcoholysis of substituted silanes. The catalytic reaction 

of PhMeSiH2 and aliphatic alcohols resulted preferably in monodehydrocoupled product. 

Secondary organosilanes and diols provide cyclic bis(oxo)silacycloalkanes in high yield.[14] 

 

Bis(alkylzinc)hydride-di(2-pyridylmethyl)amide complexes (12), in turn, were found to 

effectively catalyze the hydrosilylation of ketones and aldehydes.  

In addition, the reactivity of several zinc hydride complexes towards carbon dioxide and 

heterocumulenes has been studied. In this connection, pyrazolylborate zinc hydrides (3) 

were found to react with CO2, CS2 and isothiocyanates RNCS with insertion into the Zn-H 

bond under formation of mononuclear Zn complexes,[10,26] whereas no reaction could be 

observed for cyclohexyl carbodiimide (Figure 3.1).[27]  

 

Figure 3.1 Reactivity of pyrazolylborate zinc hydride complexes (L = pyrazolylborate ligand). 

Later on, the Li-promoted hydrogenation of CO2 using heterobimetallic hydridozinc alkoxide 

clusters, (HZnOt-Bu)4-n(LiOt-Bu)n (n = 0-3), was reported. In this case, the lithium ions 

played a crucial role for the activity of the Zn hydride moiety, since (HZnOt-Bu)4 (9) alone 

showed a very low hydride transfer activity. Simple powdered ZnH2 completely failed to 

react with carbon dioxide.[28] Recently, Schulz et al. could show, that (MES-ZnH)2 (8b) 

reacted with CO2, i-PrN=C=Ni-Pr and t-BuN=C=O at ambient temperature with insertion into 

the Zn-H bond and subsequent formation of formato, formamido and formamidinato zinc 

complexes.[29] In a subsequent report, reactivity of the same complex towards Lewis bases, 

carbodiimides, thioisocyanates and cyclohexene oxide (CHO) was described (Figure 3.2).[30] 

Surprisingly, no such reactivity could be observed for the corresponding monomeric DIPP-

ZnH (5) so far. Finally, the extraordinary tetranuclear amidinato zinc hydride complex (10) 

was found to react with phenyl acetylene and acetylene under elimination of H2 resulting in 

formation of C[C(N(i-Pr))2ZnC≡CPh]4 and C[C(N(i-Pr))2ZnC≡CH]4, respectively .[22] 
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Figure 3.2 Reactivity of [MES-ZnH]2 (8b), (L = MES). 

As zinc hydrides proved to be promising catalysts as well as valuable starting materials for 

further substitution reactions, a variety of synthetic methods have been developed for the 

synthesis of zinc hydride complexes (Figure 3.3). Several complexes were obtained either 

by reaction of Et3SiH with the corresponding zinc fluoride complex (3, 8a)[12,18] or by 

halide/hydride exchange with NaH (7, 8b, 11).[17,19,23] DIPP-ZnH was first synthesized by the 

reaction of DIPP-ZnCl with KN(i-Pr)HBH3. The formation of the hydride most likely to 

proceeded via ß-hydride elimination and formation of various oligomeric “BN”-species.[15] 

This route was successfully applied as a convenient route for the synthesis of [MES-ZnH]2 

(8b).[17] ß-Hydride elimination could by facilitated by addition of LiCl and yielded 

tris(oxazolinyl)borato zinc hydride (4).[13] Eventually, Harder et al. could introduce an 

improved synthetic protocol for DIPP-ZnH (5) by the reaction of the zinc chloride with cheap 

CaH2.
[15] This method also allowed for the isolation of the tetranuclear amidinato zinc 

hydride complex (10).[22] 

 

Figure 3.3 Synthetic methods for the formation of zinc hydride complexes. 

3.2. Goal 

ß-Diketiminate ligands have demonstrated to be valuable ligands for the stabilization of 

magnesium hydride (DIPP-MgH)2 as well as zinc hydride complexes DIPP-ZnH and [MES-

ZnH]2 which were comparable in structural motives.[15,17,18] As Harder et al. have recently 

introduced a set of bridged bis(ß-diketiminate) ligands[31,32] that could already be employed 
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for the stabilization of magnesium hydride clusters,[33,34] we were aiming for the synthesis of 

analogous zinc hydride clusters.  

Well-defined multinuclear zinc hydride complexes are still scarce and characterization of 

these new complexes would yield additional information on structural properties and 

characteristics of zinc hydrides. Isolation of bis(ß-diketiminate) zinc hydrides would also 

allow for a direct comparison of the properties of zinc and magnesium hydride complexes.  

ZnH2 decomposes to the constituent elements at 90 °C[35] which is at a significantly lower 

temperature than MgH2 (300 °C).[36] It would therefore be of interest to study the 

decomposition of zinc hydride clusters and compare them to the magnesium analogues. As 

these clusters are small molecular entities, they could be model systems for bulk zinc 

hydride and may allow for a detailed investigation of the H2 elimination process. This could 

be additional support for the use of metal hydride clusters as models systems for hydrogen 

storage materials. 

3.3. Results and Discussion 

3.3.1. Synthesis of zinc hydride clusters 

From the available set of bridged bis(ß-diketiminate) ligands that were used successfully for 

the synthesis of magnesium hydride clusters (see Chapter 2), we chose the directly coupled 

bis(ß-diketiminate) ligand, NN-H2. From a reaction mixture in THF a new polymorph of this 

ligand with one molecule of cocrystallized THF could be obtained and was characterized by 

single-crystal X-ray determination. 

 

Figure 3.4 Crystal structure of NN-H2; i-Pr groups and THF have been omitted for clarity. 

The crystal structure of NN-H2·THF shows a centrosymmetric molecule (Figure 3.4). The 

acidic hydrogen atoms are connected to the outer nitrogen atoms and form a N−H−N bridge 

to the inner imine nitrogen, which results in an extended conjugation (RHN-C=C-C=N-N=C-

NHR). This is in turn responsible for the coplanarity of the two ß-diketiminate units and the 

NN-H2 
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short N−N bond of 1.397(4) Å. In comparison to the previously reported structure for NN-

H2
[32], the bond lengths and angles (Table 3.1) are very similar and comparable to the 

unlinked DIPP-H.[37] 

Table 3.1 Selected bond lengths, distances (Å) and bond angles (°) in NN-H2 (symmetry operation: 

X’ = 1 − x,1 − y, − z). 

NN-H2 

N1−H1 0.88 C13−C15 1.368(5) N2−N2’ 1.397(4) 

N2···H1 1.92 C15−C16 1.442(5) N1−H1···N2 135 

N1−C13 1.364(4) C16−N2 1.318(4)   

Appropriate precursors for the synthesis of zinc hydride complexes with this ligand have 

been characterized previously.[32] For the synthesis of zinc hydride clusters a similar 

procedure to the synthesis of magnesium hydride clusters was tested first. A solution of the 

zinc alkyl precursor NN-(ZnEt)2 in toluene was reacted with phenylsilane. After two days 

and subsequent heating to 60 °C, no reaction was observed. The same experiment 

conducted in THF led after 2 hours at 60 °C to the precipitation of metallic zinc and thus 

decomposition of the complex. Other attempts to obtain a hydride complex from a zinc alkyl 

precursor, using potassium hydride, a combination of potassium hydride and zinc chloride 

or a substituted ammonia borane, (i-Pr)NH2BH3, did not result in any conversion of the 

starting material (Figure 3.5). 

 

Figure 3.5 Attempted synthesis of a zinc hydride cluster from a zinc ethyl precursor. 

Synthesis of halide precursors 

The majority of the previously reported zinc hydride complexes had been synthesized 

starting from zinc halide precursors. As starting material, the known potassium complex 

[NN-K2]2, which could be subjected to a subsequent salt metathesis reaction with zinc 

halides, was chosen. This complex was obtained quantitatively by deprotonation of the 

ligand NN-H2 with potassium bis(trimethylsilyl) amide K[N(SiMe3)2].
[32] In an alternative 
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synthetic route, heating of a solution of the ligand over a potassium mirror for 20 hours, led 

to the isolation of a very pure sample of [NN-K2]2 and crystals suitable for X-ray diffraction 

could be isolated.  

  

 

Figure 3.6 a) Crystal structure of [NN-K2]2 b); crystal structure of [NN-K2]2 rotated by 70° around the 

vertical axis; i-Pr groups have been omitted for clarity. 

The dimeric structure of [NN-K2]2 has crystallographic C2 symmetry. The cluster contains 

two ligands and four potassium atoms; the disordered molecule of benzene is not shown. 

Two of the potassium atoms (K1, K1’) are surrounded by four nitrogen atoms (N1-N4) of 

one of the ß-diketiminate units of each ligand molecule (Figure 3.6a). The remaining two 

potassium atoms are sandwiched between the delocalized systems of the ß-diketiminate 

backbones. They show interactions with the N atoms as well as the carbon atoms of the 

ligand (Figure 3.6b). The K-N bonds to the outer N atoms (2.816-3.021 Å) are longer than 

those to the inner N atoms (2.713-2.857 Å). The ß-diketiminate units within a ligand are 

close to perpendicular to each other (angle between least square planes: 89.89(8)°) and the 

shortest K···K contact equals 3.6305(5) Å (Table 3.2). In contrast to NN-H2, the N−C and 

C−C bonds do not show alternating single/ double bond character but are of similar length. 

This points to a largely delocalized system. 

 

 

 

 

 

[NN-K2]2 [NN-K2]2 
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Table 3.2 Selected bond lengths (Å) and angles (°) in [NN-K2]2 (symmetry operation: X’ = 2 − x, y, 

1/2 − z). 

[NN-K2]2 

K1−N1’ 2.816(1) K2−C3 2.987(1) K3−C21 3.041(1) 

K1−N2’ 2.713(1) K2−C4 3.016(1) N1’−K1−N2’ 63.11(4) 

K1−N3 2.756(1) K3−N3 2.857(1) N3−K1−N4 62.96(3) 

K1−N4 2.820(1) K3−N4 2.851(1) N1−K2−N2 59.07(5) 

K2−N1 3.021(1) K3−C19 2.982(1) N3−K3−N4 61.37(5) 

K2−N2 2.843(1) K3−C20 2.913(1)  

The syntheses of the corresponding potassium complexes of the other available bridged ß-

diketiminate ligands have also been attempted (Figure 3.7).  

Figure 3.7 Synthetic approach towards potassium complexes of selected bridged ß-diketiminate 

ligands. 

Under various reaction conditions, the pyridylene-bridged ligand (PYR-H2) could not be 

deprotonated by KN(SiMe3)2 and the reaction with a potassium mirror resulted in 

decomposition of the ligand. In contrast, the meta-phenylene bridged ligand (META-H2) was 

fully deprotonated by KN(SiMe3)2, visible by the disappearance of the N−H resonance of the 

ligand in the 1H NMR spectrum. Still the reaction was not clean and a mixture of at least two 

products resulted. These compounds could not be further identified. An analogous reaction 

using the para-phenylene bridged ligand (PARA-H2) with KN(SiMe3)2, led to a clean 

deprotonation of both ß-diketiminate units.  

To obtain the desired zinc halide precursors, the potassium complexes [NN-K2]2 and PARA-

K2 were subsequently reacted with ZnCl2 and ZnI2 (Figure 3.8).  
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Figure 3.8 Synthesis of zinc halide compounds from potassium salts of the ligands. 

The reaction of zinc chloride with [NN-K2]2 and PARA-K2 led to formation of contaminated 

products that were difficult to purify resulting in very poor yields. The reaction with zinc 

iodide, in turn, allowed for the crystallization of NN-(ZnI)2·(THF)2. The crystals were suitable 

for X-ray diffraction and a crystal structure could be obtained ( ).  

 

Figure 3.9 Crystal structure of NN-(ZnI)2·(THF)2, i-Pr groups have been omitted for clarity. 

In this monomeric zinc iodide the metal centers are tetrahedrally surrounded by the two 

nitrogen atoms of a ß-diketiminate unit, one iodide ligand and one molecule of THF. The 

complex shows C2-symmetry and the ß-diketiminate units are twisted away from each other 

(angle between NCCCN-least-square planes: 110.4(1)°) more than in the monomeric NN-

(ZnEt)2 complex (87.1(1)°). The Zn···Zn distance in the iodide complex (4.3193(7)Å) is 

longer than in the alkyl analogue (3.9676(5)Å), however, the N-N bond lengths are 

comparable.[32] The Zn-N bond lengths are in the same range as NN-(ZnEt)2 and DIPP-

ZnI·LiI(Et2O)2 and the Zn-I bond is slightly shorter than in the latter complex (average Zn-I 

bond length: 2.6395(8) Å) (Table 3.3).[38] 
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Table 3.3 Selected bond lengths (Å), angles (°) and distances in NN-(ZnI)2·(THF)2 (symmetry 

operation: X’ = − x, y, 1/2 − z). 

NN-(ZnI)2·(THF)2 

Zn1−N1 1.973(3) Zn1−O1 2.090(3) N1−Zn1−N2 97.01(2) 

Zn−N2 1.974(3) N1−N2 1.433(6) I1−Zn1−O1 102.43(8) 

Zn1−I1 2.518(5) Zn1···Zn1’ 4.3193(7)  

In an analogous reaction of PARA-K2 with ZnI2, the iodide complex precipitated as a clean 

product. As no crystals suitable for X-ray diffraction could be obtained, the complex was 

characterized by NMR spectroscopy. The complex contains only one THF molecule per 

ligand according to 1H NMR.  

In general, use of ZnI2 in the transmetallation with potassium salts of the ligands, 

successfully led to the corresponding zinc iodide complexes, however, the reproducibilities 

are poor and yields vary from very low (5%) to reasonably good (70%). 

For this reason, an alternative route was desired. Starting from the NN-(ZnEt)2 complex, a 

range of reagents to convert the alkyl zinc precursor into the halide complex have been 

tested. Triethyl ammonium chloride and anilinium chloride gave no observed reaction with 

the starting material. In contrast, aluminium chloride, aluminium iodide and trimethylsilyl 

iodide reacted with NN-(ZnEt)2 but gave an unidentifiable mixture of products. The reaction 

of the zinc alkyl complex with trimethylsilyl chloride allowed for the isolation and 

characterization of NN-(ZnCl)2 but again the yields and the reproducibility were poor. 

Finally, it was found that conversion of NN-(ZnEt)2 to the iodide NN-(ZnI)2 (13) was easily 

achieved by the reaction with elemental iodine (Figure 3.10). This resulted in fast 

precipitation of the desired product from toluene in reasonable yields. As these results were 

promising, the same procedure was applied to the PARA ligand as well, which also resulted 

in formation of the desired product, PARA-(ZnI)2. 

 

Figure 3.10 Alternative route for the formation of zinc iodide complexes. 

To test the general applicability of this route, it was used for the synthesis of DIPP-ZnI as 

well. This allowed for the isolation of the iodide complex without adherent THF or diethyl 

ether in almost quantitative yield. The obtained complex could in turn be used as a 
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precursor for the synthesis of the previously reported monomeric DIPP-ZnH (5) using the 

substituted potassium amidoborane KN(i-Pr)HBH3.
[15] This synthesis is, in comparison to the 

former route via the zinc chloride, more simple and less time-consuming. The overall yield 

after three steps was improved significantly from 44% to 70%. 

Synthesis of zinc hydride clusters 

As a zinc iodide complex has been proven to be a good precursor for synthesis of a ß-

diketiminate zinc hydride complex, the bimetallic zinc iodide complexes NN-(ZnI)2 and 

PARA-(ZnI)2 were reacted with KN(i-Pr)HBH3 in toluene (Figure 3.11). 

 

Figure 3.11 Synthesis of bimetallic zinc hydride complexes. 

Upon addition of the substituted potassium amidoborane to a suspension of NN-(ZnI)2, the 

mixture turned fluorescently yellow within seconds. From this reaction mixture bright yellow 

diamond-shaped crystals of [NN-(ZnH)2]2, suitable for X-ray diffraction, could be isolated. 

The obtained crystal structure shows a dimeric C2-symmetric complex with a very similar 

structural motive as the corresponding tetranuclear magnesium hydride complex [NN-

(MgH)2]2. They both contain a central M4 tetrahedron, in which four of the six edges are 

spanned by the four hydride ligands, the remaining two edges are occupied by one NN-

ligand each (Figure 3.12). However, Zn and Mg hydride complexes do not crystallize 

isomorphous. 

Both dimeric clusters have a tetragonal 

structure, but different space groups (Mg: P  4n2, 

Zn: P43212). In contrast to the magnesium 

hydride cluster, in which the asymmetric unit 

contains half a NN ligand and one Mg-H moiety, 

the asymmetric unit of the zinc analogue 

consists of one ligand and two Zn-H moieties. 

The Zn-H bond lengths range from 1.58(6)-

1.69(4) Å (Table 3.4), which is shorter than the 

bond length reported for hydride-bridged dimers 

[Ar’-Zn(µ-H)]2 (7) 1.67(2)/1.79(3 Å),[19][MES-
Figure 3.12 Crystal structure of [NN-(ZnH)2]2.    

i-Pr-groups have been omitted for clarity. 
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ZnH]2 (8a) 1.699(33)/1.798(24)Å[17] and [MES’-ZnH]2 (8b) 1.766 Å[18] but significantly longer 

than those found in the monomeric DIPP-ZnH (5) 1.46(2)Å[15]. The interatomic Zn···Zn 

distances vary significantly and range from 2.855(7) Å to 3.384(7) Å. Additionally, they are 

considerably elongated compared to hydride-bridged dimeric zinc hydrides [RZn(µ-H)]2 in 

which Zn···Zn distances range from 2.4084(3) Å for [Ar’-ZnH]2 (7) to 2.4513(9) Å for  

[MES’-ZnH]2 (8b). 

Table 3.4 Selected bond lengths (Å) and angles (°) in [NN-(ZnH)2]2 (symmetry operation: X’ =  

y, x, -z). 

[NN-(ZnH)2]2 

Zn1−N1 1.973(4) Zn1−H3 1.64(3) Zn1···Zn2’ 2.855(7) 

Zn1−N2 1.955(3) Zn2−H1 1.69(4) Zn2···Zn2’ 3.053(9) 

Zn2−N3 1.995(4) Zn2−H2’ 1.58(6) N1−Zn1−N2 95.42(15) 

Zn2−N4 1.975(3) Zn1···Zn1’ 3.072(1) N3−Zn2−N4 94.29(15) 

Zn1−H2 1.61(6) Zn1···Zn2 3.384(7)   

In comparison to the corresponding magnesium hydride cluster [NN-(MgH)2]2, all bond 

lengths in [NN-(ZnH)2]2 to the metal center are shortened (Table 3.5). As the radius for 4-

coordinate Mg2+ (0.57 Å) is somewhat smaller than that for Zn2+ (0.60 Å), this is remarkable. 

The origin of this inconsistency is likely due to the fact that zinc hydride bonds are more 

covalent than magnesium hydride bonds.  

Table 3.5 Comparison of average bond lengths, distances (Å) and bond angles (°) for tetrameric zinc 

and magnesium hydride clusters. 

 [NN-(ZnH)2]2 [NN-(MgH)2]2 

M−N 1.974(4) 2.018(1) 

M−H 1.63(3) 1.81(1) 

M···M 3.087(6) 3.369(1) 

H···Hneighbors 2.66(9) 2.758(2) 

H···Hnon-neighbors 3.56(9), 3.95(9) 2.93(4), 4.65(2) 

H−M−H 109(3) 99.0(7) 

M−H−M 132(4) 135(1) 
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The NN ligands in [NN-(ZnH)2]2 show an axial chirality that has been observed in the 

analogue magnesium hydride cluster as well. The ß-diketiminate units are twisted in respect 

to each other (angle between NCCCN-least-square planes: 72.4(2)°). Free rotation around 

the N-N axis is hindered by the methyl groups on the ligand backbone. As both ligands 

within the complex show the same chirality (Sa), the overall complex is chiral as well. 

Due to the arrangement of the ligands, two distinct hydride positions could be observed in 

the complex. One hydride position (black) lies almost within the plane of the ß-diketiminate 

units, whereas the other (white) was situated more in between the planes (Figure 3.13). In 

the case that both NN ligands show opposite axial chirality, one is Sa and the other Ra, a 

non-chiral meso-complex would form.  

 

Figure 3.13 Schematic representation of the chiral [NN-(ZnH)2]2 cluster, showing the different 

hydride positions. 

The two different hydride positions could be observed by means of 1H NMR spectroscopy 

as well. For a solution of [NN-(ZnH)2]2 in benzene at room temperature two triplet 

resonances were visible at 3.24 and 4.26 ppm. The observed triplet splitting is due to the 

magnetic coupling of the different hydride ligands as could be shown by two-dimensional 

NMR studies (Figure 3.14).  
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Figure 3.14 Section of the 
1
H-

1
H COSY spectrum of [NN-(ZnH)2]2 (500 MHz, C6D6, 25 °C). 

The observation of two non-equivalent hydride resonances indicates that the solid-state 

structure is maintained in solution. Up to 80 °C no coalescence or broadening of the hydride 

signals could be observed. Therefore, the Zn4H4-skeleton in [NN-(ZnH)2]2 seems to be very 

rigid in comparison to the Mg4H4-core in [NN-(MgH)2]2. The latter showed H,H,-exchange 

already at room temperature (ΔG‡ = 56(1) kJ·mol−1).[34] This difference likely originates from 

the much stronger, more covalent Zn−H bond Also NOESY NMR studies indicated that the 

complex does not show hydride-hydride exchange on the NMR timescale. 

The magnetic coupling constant of the hydride ligands in [NN-(ZnH)2]2 could be determined 

to 2JH,H = 16.0 Hz. The H,H-coupling of two hydrides bound to a metal center is a known 

phenomenon in transition metal chemistry.[39] Still, to our best knowledge, this is to date the 

first reported 2JH,H-coupling constant in a zinc hydride compound.  

Table 3.6 lists the known H,H-coupling constants and the M−H as well as H···H distances in 

various magnesium and zinc complexes. It is clearly visible that there is no correlation 

between the metal-hydride bond-length and the coupling constant 2JH,H. However, the 

hydride-hydride distance seems to be inversely proportional to 2JH,H. This could be an 

indication for H,H-coupling through space instead of through bonds. 
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Table 3.6 Correlation between the M-H bond lengths, H···H distances and magnetic coupling 

constants. 

Complex M-H 

bond length [Å] 

(average) 

H···H 

distance [Å] 

(average) 

2JH,H [Hz] 

[DIPP-MgH]2 1.92(2) 2.44(4) 28.6 

[NN-(ZnH)2]2 1.63(5) 2.66(4) 16.0 

[NN-(MgH)2]2 1.81(1) 2.76(4) 8.5 

(PARA)3Mg8H10 1.81(3) 2.86(4) 4.5, 5.2 

Following the success on the isolation of [NN-(ZnH)2]2, we also used a similar approach for 

the PARA ligand and reacted PARA-(ZnI)2 with KN(i-Pr)HBH3 in toluene (Figure 3.15).  

Figure 3.15 Attempted synthesis of PARA-(ZnH)2. 

The pale yellow suspension of PARA-(ZnI)2 visibly changed to a clear yellow solution 

showing slight fluorescence. At the same time, evolution of small amounts of gas could be 

observed and after few minutes, a grey solid that was assumed to be metallic zinc and a 

white powder (KI) precipitated from the solution. Therefore the reaction product, which could 

potentially be the desired zinc hydride complex, appeared not to be stable at room 

temperature and could not be isolated from the reaction mixture.  

Changing the reaction conditions to lower temperatures led to very low solubility of PARA-

(ZnI)2 and potassium amidoborane in toluene and therefore no reaction was observed. 

Addition of THF to dissolve the starting materials resulted in an even faster decomposition 

of the product. This could be due to the formation of unstable monomeric complexes by 

coordination of solvent molecules. For this reason we were not able to isolate a PARA-

(ZnH)2 complex. 

3.3.2. Decomposition studies 

As the previously studied magnesium hydride clusters were shown to be potentially 

valuable as soluble model systems for solid-state hydrogen storage materials, we decided 

to study the influence of the metal on the hydrogen elimination process. A comparison of 
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the behavior of the molecular hydride complexes with the bulk material could further 

validate their use as model systems. Zinc dihydride, in contrast to magnesium dihydride, is 

not stable and starts to decompose very slowly already at 20 °C. Generally a decomposition 

temperature of 90−110 °C is presumed as the decomposition process of ZnH2 is fast at this 

temperature,[35] which is more than 200 °C lower than MgH2 (300 °C). Thus a zinc hydride 

cluster should show hydrogen release at significantly lower temperatures than the 

magnesium hydride clusters. A comparison of the tetranuclear zinc hydride cluster [NN-

(ZnH)2]2 with the corresponding magnesium hydride cluster [NN-(MgH)2]2 cluster could give 

direct information on the influence of the metal.  

Stability in solution 

First, the behavior of [NN-(ZnH)2]2 in solution was investigated. Decomposition was 

determined by the precipitation of elemental zinc as a grey powder or deposition of a zinc 

metal mirror. A solution of [NN-(ZnH)2]2 in toluene showed signs of slow decomposition 

when heated to 50 °C for several hours. Increasing the temperature significantly 

accelerated this process. Addition of THF facilitated the decomposition as well, the 

dissolved zinc hydride cluster was not stable at room temperature with THF present and 

started to decompose within half an hour. 

In contrast, the addition of pyridine did not accelerate the decomposition of the complex 

itself but led to the formation of a new compound which was recognized by the appearance 

of a new set of resonances in the 1H NMR. The NMR signals did not indicate a reaction with 

pyridine, but point to the formation of a second zinc hydride complex complex. Increasing 

the amount of pyridine in solution led to further growth of this new set of signals. In pure 

pyridine, or with a significant excess of pyridine, the resonances of the starting complex 

[NN-(ZnH)2]2 had fully disappeared. The new set of signals did not contain any resonances 

for coupled hydride moieties, instead one singlet at 3.95 ppm was observed that could be 

assigned to the hydride ligands (Figure 3.16). 
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Figure 3.16 
1
H NMR spectra of [NN-(ZnH)2]2 in C6D6, with four equivalents and with an excess of 

pyridine-d5 (500 MHz, 25 °C). Hydride, methyl and i-Pr resonances are highlighted in red, green and 

blue, respectively. 

Additionally, the iso-propyl groups of the DIPP-substituent were strongly influenced by the 

addition of pyridine. The septets representing the iso-propyl methane protons were found 

about one ppm apart from each other, suggesting a significantly different environment for 

both of them. The same effect could be seen for the methyl groups on the backbone of the 

ß-diketiminate ligand. Similar observations were made for the analogous magnesium 

hydride cluster [NN-(MgH)2]2 upon addition of THF (see Chapter 2).  

H    i-Pr 
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Figure 3.17 a) Solvent-dependent monomer-dimer equilibrium; b) transformation between chiral and 

achiral complexes. 

Therefore the nature of a new compound could be explained in a similar fashion as 

previously presented for [NN-(MgH)2]2. One reason for the observation of a single hydride 

resonance in the 1H NMR spectrum could be a solvent- dependent monomer-dimer 

equilibrium. Alternatively, a fully symmetrical cluster with S4-symmetry that was stabilized by 

the coordination of pyridine could be formed (Figure 3.17).  

The low stability of [NN-(ZnH)2]2 in THF might substantiate the formation of a symmetrical 

cluster. In this case it was assumed that monomeric complexes formed, which were not 

stable against decomposition. 

Stability in the solid state 

Additional studies on the stability were conducted on the complex [NN-(ZnH)2]2 as a solid. 

At atmospheric pressure the solid compound was stable up to 70 °C. Further heating to 80 

°C led to a slow decomposition that was visible within 20 hours by the slow change of color 

from bright yellow to grey. Immediate increase in temperature to 100 °C resulted in a clearly 

visible decomposition after half an hour. Reduction of the pressure could facilitate the 

release of hydrogen and therefore accelerated the decomposition. Under high vacuum at 80 

°C, decomposition of the solid [NN-(ZnH)2]2 was visible within only one hour. This was 

considerably faster than at atmospheric pressure.  

As mentioned before, the thermal decomposition of the zinc hydride cluster could result in 

the release of H2 and formation of a low-valence Zn(I) complex (Figure 3.18).  
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Figure 3.18 Proposed formation of a low-valent [NN-Zn(I)]2 cluster. 

Low-valent zinc compounds are known since the work of Carmona et al. who introduced a 

low-valence decamethyldizincocene (Cp*2Zn2) (15).[40] Recently, it was shown that bulky ß-

diketiminate ligands are also capable of stabilizing a Zn-Zn bonded low-valence complex 

(16).[41] 

 

In order to validate the potential reduction of [NN-(ZnH)2]2 upon heating, the decomposition 

process was first investigated by characterizing and quantifying the gasses that are 

released. For this purpose, solid [NN-(ZnH)2]2 was heated under vacuum to 80 °C for an 

hour. The release of gasses was quantified by use of a Töpler-pump setup (for a detailed 

description see Chapter 2). As only small amounts of gas (20 mol%) could be observed 

after one hour, the sample was further heated to 100 °C for three hours to obtain full 

decomposition. As a result, 1.8 ± 0.2 equivalents of gas were released from the cluster. This 

gas was determined to be hydrogen by subsequent oxidation to condensable water in a 

CuO oven. Additionally, H2 could be detected by means of 1H NMR spectroscopy. The solid 

sample was decomposed in the closed system of a J-Young NMR tube and the gas 

dissolved in THF-d8 could be characterized as H2 (δ = 4.56 ppm). Therefore, it can be 

concluded that a majority of the incorporated hydrogen of the complex was released during 

the thermal decomposition. 

After thermal decomposition, a grey, barely soluble powder remained, this might indicate 

the presence of elemental zinc. The 1H NMR spectrum of the small soluble fraction of the 

decomposition product revealed a mixture of several compounds which could not be 

identified further. 
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For comparison to the obtained spectral data of the decomposition product, an independent 

synthesis of a low-valent Zn(I) cluster was attempted in cooperation with the group of 

Schulz at the University of Duisburg-Essen. In a comparable fashion to the synthesis of 

(MES-Zn)2 (16a), the NN-ligand and the corresponding potassium and lithium complexes 

were reacted with decamethyldizincocene (15) (Figure 3.19).  

 

Figure 3.19 Proposed synthetic route towards a possible low-valent NN-Zn(I) cluster. 

Reaction of NN-H2 with Cp*2Zn2 was conducted at the University of Duisburg-Essen by 

Schulz et al. and did not lead to the isolation of the desired Zn(I) product.  

Addition of Cp*2Zn2 to cooled solutions of NN-K2 and NN-Li2 in toluene or THF led to 

formation of a single main product according to 1H NMR. Additionally, the side-products 

Cp*K and Cp*Li, respectively, were identified in the reaction mixture. This suggests that the 

formed product could potentially be the desired [NN-Zn(I)2]2 cluster, but isolation and 

characterization were so far unsuccessful. In aromatic solvents, the reaction mixture 

immediately formed a viscous gel that could not be separated into its components. In THF, 

the product as well as the side-products Cp*K/Cp*Li are soluble. As a number of 

crystallization attempts failed to give a well-defined product, the final characterization of a 

low-valence [NN-Zn(I)2]2 cluster remains a future challenge.  

In addition, it has to be mentioned that the obtained product showed only limited stability at 

room temperature. Within one day, precipitation of elemental zinc was observed. 

Decomposition of smaller metal hydride complexes 

To generate more detailed information on the influence of the metal in main group hydrides 

and on the hydrogen elimination temperature, the monomeric DIPP-ZnH and the dimeric 

[DIPP-CaH·THF]2 were subjected to the same thermal decomposition procedure. 

When the monomeric DIPP-ZnH was heated to 100 °C, the white solid changed its color to 

yellow already after five minutes. After one hour at this temperature only minor amounts of 

hydrogen were eliminated (10 mol%). Increasing the temperature to 150 °C in turn led to 
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elimination of the expected 0.5 ± 0.05 equivalents of gas, that were proven to be hydrogen 

in the same manner as described before. 

Applying the same procedure, [DIPP-CaH·THF]2 started melting around 100 °C 

accompanied by a color change from yellow to orange. After heating to 130 °C for an hour, 

only a fraction of the expected gas was released (20 mol%). Increasing the temperature to 

150 °C for an additional hour did not yield notable additional amounts of gas. Therefore the 

temperature was further increased to 200 °C for another hour, which resulted in a total 

release of 1.0 ± 0.05 equivalent of hydrogen gas. At the same time sublimation of a bright 

yellow-orange solid was observed, which was characterized as the homoleptic DIPP2-Ca 

complex by means of 1H NMR.[42] A potentially formed low-valent Ca(I) complex appeared 

not to be stable under the conditions of the thermal decomposition and disproportionated to 

DIPP2-Ca(II) and Ca0 metal (Figure 3.20). It is unlikely that the Schlenk equilibrium, forming 

homoleptic DIPP2-Ca and CaH2, was the first step in this process as CaH2 does not release 

H2 at only 200 °C (decomposition temperature of CaH2: 1000 °C).[43] 

 

Figure 3.20 Proposed sequence of the thermal decomposition of [DIPP-CaH·THF]2, THF molecules 

have been omitted for clarity. 

In comparison with the bulk metal hydrides, Zn hydrides were expected to release hydrogen 

at lower temperatures (ZnH2: 100 °C) than Mg hydrides (MgH2: 300 °C) which should in turn 

eliminate hydrogen at significantly lower temperatures than Ca hydrides (CaH2: 1000 °C). 

Our observations showed that DIPP-ZnH was more stable than expected and released the 

incorporated hydrogen at higher temperatures than the corresponding (DIPP-MgH)2. This 

was most likely due to the monomeric nature of the zinc complex. In this compound the 

eliminated hydrogen molecule was not predetermined by the structure and the distances 

between the hydrides are significantly longer (shortest H···H distance: 7.00(2) Å). This 

could be a reason for the retarded hydrogen elimination. The hydrogen release from the 

calcium complex [DIPP-CaH·THF]2 again required higher temperatures which is according 

to our expectations (Table 3.7). 
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Table 3.7 Thermal decomposition of Mg, Zn and Ca hydride complexes of DIPP. 

 

 

3.3.3. Theoretical studies 

To gain further insights into the bonding situation in the tetranuclear zinc hydride cluster 

[NN-(ZnH)2]2, DFT calculations were conducted on a simplified model system [NN’-(ZnH)2]2. 

These data are compared with the analogue magnesium hydride cluster [NN’-(MgH)2]2 

(Chapter 2). 

For this purpose, a topological analysis of the electron density, ρ(r), using the AIM approach 

has been carried out by Dr. Peter Sirsch at the University of Tübingen in Germany. The 

electron density for these studies was derived from DFT calculations with a high-quality 

split-valence basis set expanded with additional polarization and diffuse functions: B3-

LYP/6-311G(d,p). This study was performed on a simplified model system [NN’-(ZnH)2]2 in 

which the bulky DIPP substituents are replaced by methyl groups in order to reduce the 

computational effort (for a more detailed description see Chapter 2.3.3). 

 

Complex H2 release temperature 

(approx.) [°C] 

Equivalents of H2 

released per complex 

(DIPP-MgH)2 130 1.0 ± 0.05 

DIPP-ZnH 150 0.5 ± 0.05 

(DIPP-CaH·THF)2 200 1.0 ± 0.05 
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Figure 3.21 Optimized geometry for [NN’-(ZnH)2]2 at the B3-LYP/6-311G(d,p) level. 

In the optimized geometry shown in Figure 3.21, the geometrical parameters are in good 

agreement with the experimental counterpart (Figure 3.12), taking account of the fact that 

hydrogen atom positions in X-ray diffraction structures are always approximate positions 

(Table 3.8). 

Table 3.8 Selected distances [Å] for the crystal structure of [NN-(ZnH)2]2 (average) and theoretical 

DFT values for [NN’-(ZnH)2]2 in squared brackets. 

Zn-N 1.975(3) 

[1.961] 

Zn···Zn 

(shortest) 

2.855(7) 

[2.986] 

Zn-H1 1.60(6) 

[1.707] 

Zn···Zn 

(longest) 

3.384(7) 

[3.377] 

Zn-H2 1.66(8) 

[1.706] 

H···H 2.66(4) 

[2.693] 

Within the scope of a topological analysis of the electron density, specific features of the 

studied compound can be identified. A molecule is therefore divided into atomic basins. The 

line of maximum electron density between two atoms is represents a bond path. In the 

majority of cases, a bond path corresponds to an actual bond between two atoms. The point 

of the minimum electron density along the bond path between two atoms is defined as a 
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bond critical point (BCP). It is situated on the boundary surfaces of the atomic basins. 

Additional information is provided by the analysis of the Laplacian of the electron density 

2ρ(r). It describes the shell structure of the atoms and yields information on open-shell or 

closed shell interactions (Figure 3.22). 

 

Figure 3.22 Contour plot of the electron density (left) and the Laplacian of the electron density (right) 

of [NN’-(ZnH)2]2 (top) and [NN’-(MgH)2]2 (bottom). 

The Mg-H bond in [NN’-(MgH)2]2 shows a strongly ionic character indicated by a relatively 

small electron density and a clearly positive Laplacian at the BCP. In contrast, the electron 

density at the metal-hydride BCP in [NN’-(ZnH)2]2 is twice as high as that in the analogous 

magnesium complex. The Laplacian at the BCP is still positive and therefore the Zn-H bond 

can be described as polar covalent. This is also reflected in the atomic charges of the metal 

and hydrogen atoms that have been derived from the integration of the electron density 

over the corresponding atomic basins (Table 3.9). 

 

 

 

[NN‘-(ZnH)2]2 [NN‘-(ZnH)2]2 

[NN‘-(MgH)2]2 [NN‘-(MgH)2]2 
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Table 3.9 Comparison of selected atomic properties derived from theoretical electron densities of 

[NN’-(ZnH)2]2 and [NN’-(MgH)2]2. 

 Atomic charge q(Ω) [E] Atomic volume v(Ω) [Å3] 

[NN’-(ZnH)2]2 [NN’-(MgH)2]2 [NN’-(ZnH)2]2 [NN’-(MgH)2]2 

M (Zn, Mg) +1.19 +1.67 12.0 6.7 

N1 −1.20 −1.23 12.9 16.6 

N2 −0.88 −0.93 11.8 14.4 

H1 −0.53 −0.81 10.6 18.9 

H2 −0.56 −0.81 9.9 17.0 

The Zn atoms have transferred 0.544 electrons (average) to the hydride ligands which 

leaves the Zn with a charge of +1.194. The additional charge of −0.544 electrons on the 

hydride atoms significantly increases their atomic volumes. The hydrides show almost the 

same size as the nitrogen atoms on the ligand and are therefore double the size as the 

hydrogen atoms attached of the ligand (5.5−5.6 Å3). 

As in the case of [NN’-(MgH)2]2, the large size and polarizability of the hydride ligands in 

[NN’-(ZnH)2]2 enables them to take part in mutual interactions that range over a relative long 

distance. In the contour plot shown in Figure 3.22, an accumulation of electron density can 

be observed between the two hydride ions that are 2.693 Å apart. This results in a bond 

path that is clearly visible in a representation of the gradient vector filed of the Laplacian 

2ρ(r) shown in Figure 3.23.  
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Figure 3.23 Gradient vector field plot of the Laplacian 
2
ρ(r), BCPs and bond paths are represented 

by black circles and blue lines, respectively. 

As expected for long-range contacts, a weak closed-shell interaction is observed and the 

value of the electron density at the BCP is low. However, in comparison to the analogue 

interaction that has been observed for [NN’-(MgH)2]2, the H···H interaction in [NN’-(ZnH)2]2 

is about 30% stronger. This is another example of hydrogen-hydrogen bonding in metal 

hydride complexes. Although it appears to be counterintuitive that equally charged atoms 

participate in a stabilizing interaction, a comparison of the atomic energies confirms the 

stabilization of the interacting hydrides, H2 and H2’, by 75 kJ/mol compared to H1 and H1’. 

Recently, similar stabilizing interactions between considerably hydridic hydrogen atoms 

could be shown by DFT study on a range of binary and complex hydrides.[44] Anion-anion 

interactions might seem contradictory, but they have been known already for some time (for 

examples see Chapter 2.3.3). 

The intramolecular hydride···hydride interaction described for [NN’-(ZnH)2]2 is only the 

second identification of this kind of interaction for a molecular species after the same 

observation for [NN’-(MgH)2]2. This highlights that hydride···hydride interactions could be a 

more universal bonding feature in compounds containing hydridic H atoms and also 

emphasizes their potential role on the thermal dehydrogenation of these species. The 

identification of hydride···hydride interactions could therefore be a valuable tool for the 

design of hydrogen storage materials. 

It has to be noted that the presented calculated values are preliminary results and that 

extended calculations were ongoing upon completion of this thesis.  
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3.3.4. Ligand screening and design of new ß-diketiminate ligands  

In order to expand the scope of multimetallic zinc hydride complexes, ß-oxo-δ-diimine 

ligands (BODDI-H2) were selected for the synthesis of potential Zn hydride clusters. In 

addition, new ligands based on the ß-diketiminate framework have been designed. 

BODDI zinc hydride complexes 

The characteristic feature for BODDI-H2 ligand systems is the close proximity of two 

chelating coordination sites within one ligand. These are connected by a rigid central keto 

group. This class of ligands, that has been known for some time, can be obtained by 

condensation of various alkyl-[45] or aryl-[46]amines with a triketone. This reaction results 

exclusively in conversion of both terminal ketones and leaves the central functionality 

unaffected. 

 

Although these ligands were mainly used as building blocks for macrocyclic dimers,[47] also 

monomeric, bimetallic BODDI zinc complexes have been reported by Coates et al. in 

2003.[48] The zinc complexes were obtained in an analogous route to the ß-diketiminate 

complexes (Figure 3.24). 

 

Figure 3.24 Synthesis of a bimetallic, monomeric BODDI-Zn complex.
[48]

 

For the synthesis of BODDI-(ZnH)2 complexes a set of four different aryl-substituted 

BODDI-H2 ligands was selected (17−20). They vary mainly in the bulkiness of the phenyl 

substituent, but the methoxy-substituted phenyl ring (20) possesses an additional Lewis-

base site. 
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The zinc ethyl precursors were synthesized according to the literature procedure shown in 

Figure 3.24. Deprotonation of BODDI(Et)-H2 with ZnEt2 resulted in a clean reaction and 

isolation of BODDI(Et)-(ZnEt)2 in quantitative yield. The very similar BODDI(Me)-(ZnEt)2 in 

turn gave a mixture of two products under the same conditions. Even prolonged reaction 

times and elevated temperatures resulted in the formation of the same mixture (the ratio of 

the two compounds is 1:2). One set of signals could be assigned to the desired product 

BODDI(Me)-(ZnEt)2. The second set showed two inequivalent backbone units and only one 

ethyl group per ligand molecule. This could point to a singly deprotonated ligand, but the 

remaining amine resonance could not be detected (Figure 3.25a). The observations could 

also be explained by a partial Schlenk equilibrium (Figure 3.25b).  

 

Figure 3.25 Potential explanations for the formation of unsymmetrical zinc ethyl complexes; a) partial 

deprotonation of the ligand, b) partial Schlenk equilibrium of BODDI-(ZnEt)2 

However, in case of a Schlenk equilibrium, prolonged heating and elevated temperatures 

should have influenced the ratio of the two compounds. As the product could not be 

unambiguously identified, it was not further considered as a precursor in the synthesis of 

BODDI-(ZnH)2 complexes. 

This applied accordingly for the reaction of BODDI(OMe)-H2 with ZnEt2. In this case no 

desired product could be obtained and the reaction resulted in a mixture of an analogous 

unsymmetrical compound (75%) and a fully homoleptic complex [BODDI(OMe)-Zn2]2 (25%). 

The obtained zinc ethyl complexes BODDI(i-Pr)-(ZnEt)2 and BODDI(Et)-(ZnEt)2 were 

subsequently converted to the iodide using elemental iodine in an analogous reaction to the 

synthesis of ß-diketiminate zinc iodides. This resulted in a clean conversion of the Zn−Et 
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functionalities into Zn−I. The complete conversion of I2 could be monitored by the 

discoloration of the solution. 

The addition of KN(i-Pr)HBH3 to suspensions of BODDI(R)-(ZnI)2 (R = i-Pr, Et) in toluene 

led to an immediate change in color from yellow to fluorescently yellow. 1H NMR 

spectroscopy confirmed the conversion of the zinc iodide precursors. In the case of 

BODDI(i-Pr)-(ZnH)2 a new resonance at 4.11 ppm that possibly could be assigned to a 

hydride was identified, but the sample was contaminated with multiple side products. 

Addition of THF led to precipitation of metallic zinc and therefore decomposition of the 

complex within one hour.  

The reaction of BODDI(Et)-(ZnI)2 with the potassium amidoborane proceeded significantly 

cleaner and also here a potential hydride resonance at 4.39 ppm was identified. The sample 

was, however, contaminated with NH(i-Pr)BH2-oligomers, resulting from the reaction. In 

solution, the obtained product was not stable and started to decompose at room 

temperature within a day. Addition of THF again accelerated the decomposition process 

and led to precipitation of elemental zinc within 5 minutes. 

Despite the instability of the zinc hydride complexes, crystals could be obtained in some 

cases. However, the quality of the crystals of BODDI(i-Pr)-(ZnH)2 from several 

crystallization attempts was not suitable for X-ray diffraction. Similarly, crystals of 

BODDI(Et)-(ZnH)2 crystals were obtained as well. These were not stable under addition of 

oil or silicon grease and started to decompose within minutes, visible by a color change 

from yellow to black. Therefore, a final characterization of BODDI-(ZnH)2 complexes is still 

in progress and remains a challenge for future work. 

Design of new ß-diketiminate ligands 

For the purpose of expanding the scope of zinc and magnesium hydride complexes, new 

ligands that are mainly based on the ß-diketiminate motive were designed. Earlier studies 

showed that the bridging unit can have a large effect on structure and MgH2 incorporation. 

Therefore ligands with larger bridges and/or more coordination sites could lead to larger, 

more extended, metal hydride clusters. Three different approaches were followed: (1) the 

synthesis of new bis(ß-diketiminate) ligands with bulkier or longer bridging molecules, (2) 

tris(ß-diketiminate) ligands with three chelating ligand units and (3) ligands incorporating 

additional coordination sites either in the bridging group or in the side arm substituents. 
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Bis(ß-diketiminate)ligands 

New bridging moieties were introduced into bis(ß-diketiminate) systems according to the 

synthetic route that has been applied for the recently reported bis(ß-diketiminate) ligands 

(Figure 3.26).[31]  

 

Figure 3.26 General route towards unsymmetrical ß-diketiminate ligands and bridged bis(ß-

diketiminate) ligands 

A range of differently substituted aromatic diamines was evaluated and unfortunately 

several were proven to be either unreactive (α,α´-diamino-p-xylene, 3,3-diaminoacridine) or 

sterically too encumbered (3,5,3,5’-tetramethylbenzidine) for the synthesis of bis(ß-

diketiminate) ligands. Finally, three new ligands with DIPP groups on the sides of the 

ligands were synthesized and characterized by NMR spectroscopy. The mesitylene-bridged 

bis(ß-diketiminate) ligand m-MES-H2 offers additional steric bulk in the bridging molecule. 

This should force the ß-diketiminate units out of the plane of the bridging aryl ring and 

therefore prevent the formation of layers, which would be unfavorable for the assembly of 

cluster-like molecular compounds. A meta-xylylene-bridged ligand m-XYL-H2 combined an 

elongated bridging molecule with extra flexibility due to the methylene arms to which the ß-

diketiminate rings are connected. This allows for a more flexible arrangement of the 

coordination sites and thus might facilitate the formation of cluster structures. The 

incorporation of a naphthalene molecule as a bridge in NAPH-H2 results in an elongated 

distance of the coordination sites, but in contrast to m-XYL-H2 the bridging unit is rigid in 

this case.[49] 

The novel bis(ß-diketiminate) ligands were applied in the synthesis of magnesium and zinc 

complexes. From reactions of m-MES-H2 with Mg(n-Bu)2, ZnEt2 and KN(SiMe3)2 no pure 

products could be isolated. This is probably due to a deprotonation of the methyl groups on 

the mesitylene ring. This side reaction could also explain the strongly colored reaction 
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mixtures as benzylic anions, which are known to be intensely colored, are formed in the 

process.[49] 

In the case of m-XYL-H2, the reaction with ZnEt2 as well as the subsequent conversion to 

the iodide with elemental iodine was successful and the complexes m-XYL-(ZnEt)2 and m-

XYL-(ZnI)2 could be characterized by means of 1H NMR. However, subsequent reaction 

with KN(i-Pr)HBH3 did not result in the isolation of the desired zinc hydride complex m-XYL-

(ZnH)2 but led to degradation of the product readily identifiable by the precipitation of zinc 

metal.[49]  

Reactions of m-XYL-H2 with Mg(n-Bu)2 only yielded insoluble products that could not be 

further identified. Addition of KN(SiMe3)2 to a solution of m-XYL-H2 led to intensely colored, 

dark-red solutions and 1H NMR spectroscopy validated the deprotonation of the methylene 

groups instead of the amine functionality.[49] 

Finally, the naphthalene-bridged ligand NAPH-H2 was evaluated for the stabilization of 

metal complexes. The amine moieties could not be deprotonated by KN(SiMe3)2. Addition of 

ZnEt2 in turn led to a clean deprotonation of the ligand and formation of NAPH-(ZnEt)2 

which was isolated as colorless, rectangular crystals. 1H NMR of these crystals revealed the 

presence of two very similar compounds in solution (ratio 2:3) which is likely due to the ß-

diketiminate units being oriented on the same or the opposite site of the naphthalene plane 

(Figure 3.27). 

 

Figure 3.27 Both possible orientations of the ß-diketiminate units in relation to the naphthalene 

plane. 

The ethyl functionalities could be converted by a reaction with iodine and a clean compound 

was characterized by NMR spectroscopy. Further reaction with KN(i-Pr)HBH3 to obtain the 

desired NAPH-(ZnH)2 complex was unsuccessful as only unidentifiable product mixtures 

could be observed. 

Preliminary results on new bis(ß-diketiminate) ligands were promising at least in the last 

case and future elaborate research in this field could lead to the isolation of new metal 

hydride clusters. 
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Tris(ß-diketiminate) ligands 

For the isolation of multinuclear metal hydride complexes, the design of ligands with 

numerous coordination sites could be crucial. Therefore, we extended the idea of bridged 

bis(ß-diketiminate) ligands to tris(ß-diketiminate) ligands by adding an extra ß-diketiminate 

unit on a phenyl ring.  

Starting from 1,3,5-triaminobenzene[50] three ß-diketiminate units could be added in an 

analogous procedure to the bis(ß-diketiminate) ligands[31] to give the tris(ß-diketiminate) 

ligand TAB-H3 (Figure 3.28).[49] 

 

Figure 3.28 Synthesis of a tris(ß-diketiminate) ligand. 

This ligand was first tested in the synthesis of a magnesium hydride cluster. For this 

purpose, TAB-H3 was reacted with three equivalents of Mg(n-Bu)2 and subsequently 

converted to the hydride by addition of PhSiH3. The resulting product was a waxy white 

solid which was barely soluble in conventional solvents. It is therefore assumed that the 

product did not form the desired clusters but two dimensional sheets interconnected by π-π-

stacking of the aryl rings. 

This is likely due to the limited steric bulk of the central ring, which allows for free rotation of 

the arms around the N−C bonds. To avoid the formation of flat sheets, a ligand based on 

mesityl-2,4,6-triamine could be developed. This would force the three ß-diketiminate units 

out of the plane of the bridging phenyl ring. 

The TAB-H3 ligand could also be deprotonated by ZnEt2, however, the TAB-(ZnEt)3-

complex could not be fully characterized. 

Ligands incorporating additional coordination sites 

As another approach towards auspicious ligands for metal hydride complexes, additional 

coordination sites were included in different parts of the ligand framework. The bulky DIPP 

groups on the sides of the ß-diketiminate unit have been replaced by morpholine molecules 
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to incorporate additional coordination sites in MORPH-H. This ligand could be synthesized 

by an acid catalyzed condensation reaction of N-morpholine amine and 2,6-pentadione.[31] 

Based on the pyridylene-bridged ligand PYR-H2, a new ligand with different electronic and 

steric properties has been designed by replacing the pyridylene ring by substituted triazine 

molecules. The TAZ-H2 ligands offered three potential coordinating nitrogen atoms in the 

bridging molecule and the steric bulk could be varied by substitution in the meta-position to 

the ß-diketiminate units. However, this ligand could not be completely purified as impurities 

of triethylamine and corresponding ammonium salts could not be separated from the 

desired product. For this reason it was not further considered in the synthesis of metal 

complexes. 

In the N,O-PYR ligand, the ß-diketiminate units have been replaced by ß-oxyimino units that 

are coupled to a bridging pyridylene ring by carbon atoms of the backbone. Apart from a 

modified electronic situation in the coordination sites of N,O-PYR-H2, due to the 

replacement of a nitrogen atom by an oxygen atom, the distance between the coordination 

sites and the nitrogen in the pyridine ring is elongated. 

 

Two tautomers of the MORPH-H ligand were observed in the 1H NMR (Figure 3.29). 

Deprotonation with Mg(n-Bu)2 or ZnEt2 led to full conversion of the ligand and formation of a 

single compound. However, conversion of the MORPH-Mg(n-Bu) precursor to a hydride 

could not be accomplished using phenylsilane. Reaction of the MORPH-ZnEt complex with 

iodine led to the conversion of the ethyl functionality and the isolation of a single compound 

that was assumed to be the desired MORPH-ZnI complex. However, a subsequent reaction 

with KN(i-Pr)HBH3 did not yield the aspired MORPH-ZnH complex, probably due to the low 

solubility of both components in aromatic solvents. The addition of THF gave an improved 

solubility but led to immediate decomposition of the product. 

 

Figure 3.29 Tautomerism of the MORPH-H ligand 
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N,O-PYR-H2 could be deprotonated by the use of KN(SiMe3)2 and N,O-PYR-K2 could be 

isolated and characterized by NMR spectroscopy. Deprotonation of the ligand with two 

equivalents of ZnEt2 should give N,O-PYR-(ZnEt)2. NMR analysis shows the presence of 

two inequivalent ligand backbones and only one equivalent of an ethyl functionality. 

Analogue to the observations for BODDI(Me)-(ZnEt)2 and BODDI(OMe)-(ZnEt)2, the 

formation of a partly homoleptic complex (Figure 3.30) was assumed. 

 

Figure 3.30 Proposed structure of [N,O-PYR-(ZnEt)]2Zn 

3.4. Conclusions and future perspective 

Several synthetic approaches, with varying precursors and reagents, have been followed for 

the synthesis of multinuclear zinc hydride complexes. Use of the directly coupled bis(ß-

diketiminate) ligand NN-H2 results in formation of a tetranuclear zinc hydride cluster, [NN-

(ZnH)2]2. This cluster shows an analogous structural motive to [NN-(MgH)2]2: the Zn atoms 

are situated on the corners of a tetrahedron and the six vertices are bridged by four 

hydrides and two ß-diketiminate ligands. The structure reveals two distinct hydride positions 

and in 1H NMR two resonances with a magnetic coupling constant of 16.0 Hz can be 

observed already at 25 °C. This confirms that the solid state structure is maintained in 

solution. 

The tetranuclear zinc hydride cluster [NN-(ZnH)2]2 is significantly less stable than the 

magnesium analogue [NN-(MgH)2]2. In aromatic solvents slow decomposition can be 

observed at 50 °C. The decomposition temperature even further decreases to 20 °C by 

addition of THF. Addition of pyridine, in turn, leads to a change in structure: either the 

dimeric complex is split into monomers or a fully symmetrical structure is formed. In the 

solid state, the [NN-(ZnH)2]2 eliminates H2 at a lower temperature (80 °C) than the 

corresponding Mg complex (175 °C). This is in agreement with the trend observed in the 

bulk materials MH2 (MgH2: 300 °C[36], ZnH2: 90 °C[35]) and likely due to the higher reduction 

potential for Zn (E0
(Zn

2+
/Zn

0
) = − 0.76 V vs E0

(Mg
2+

/Mg
0
) = − 2.36 V). The isolation of resulting 

low-valence decomposition products, however, remains a challenge for future research. 



 Chapter 3 

 

 

104 

To study the influence of the metal on the decomposition temperature, the thermal 

decomposition of the monomeric complex DIPP-ZnH (130 °C) and the dimeric complex 

(DIPP-CaH·THF)2 (200 °C) were studied as well. The trend from the bulk material 

(Zn<Mg<Ca) can be confirmed for the calcium hydride complex (DIPP-CaH·THF)2, 

however, DIPP-ZnH is more stable against thermal decomposition than expected, most 

likely due to its monomeric nature. 

Analysis of the electron density of a DFT-optimized model system [NN’-(ZnH)2]2 and 

comparison to the analogue model system [NN’-(MgH)2]2 points out similarities as well as 

differences between these compounds. Both clusters show a bond path between two of the 

four hydride ligands. This hydride-hydride interaction is much stronger for Zn than that in the 

according Mg complex. Additional studies on metal hydride complexes might reveal a 

correlation between strength of hydride-hydride interactions and H2 desorption 

temperatures. DFT studies on a low-valent multinuclear Zn(I) cluster, which is assumed to 

be a potential decomposition product are currently in progress. 

In order to expand the scope of zinc hydride clusters, four different BODDI ligands have 

been applied for synthesis of novel Zn complexes. The characterization of two potential zinc 

hydride complexes needs to be completed by single-crystal X-ray structure determination 

which would give ultimate proof and information on their structures. 

For the synthesis of additional Zn and Mg hydride complexes that potentially contain even 

more than eight metal centers, a range of new ligands has been designed. These new 

bis(ß-diketiminate) ligands can be used for the synthesis of various complexes but the 

optimization of some reaction parameters is necessary. In addition, a first tris(ß-

diketiminate) ligand is presented. It is capable of the stabilization of Zn and Mg complexes, 

however, for the isolation of cluster compounds a formation of polymeric sheets has to be 

prevented. Finally, ligands incorporating additional coordination sites are introduced and 

applied for the synthesis of various complexes. 

These new ligands could lead to the discovery of a range of interesting complexes. 

However, for the isolation of new zinc and magnesium hydride complexes, optimization of 

several reaction conditions is necessary. 
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3.5. Experimental 

3.5.1. General 

All experiments were carried out in flame-dried glassware under an inert atmosphere using 

standard Schlenk-techniques and freshly dried and degassed solvents. The following 

compounds were synthesized according to literature procedures: NN-K2,
[32]

 KN(iPr)HBH3,
[15] 

(DIPP-CaH·THF)2,
[51] DIPPZnH,[15] BODDI(i-Pr)-H2,

[48] BODDI(Et)-H2,
[48] BODDI(Me)-H2,

[48] 

BODDI(OMe)-H2,
[48] 2-hydroxy-4-(2,6-diisopropylphenyl)imino-2-pentene (DIPP-nacac),[31] 

m-MES-H2,
[49], m-XYL-H2,

[49] m-XYL-(ZnEt)2,
[49] m-XYL-(ZnI)2,

[49] 1,3,5-triaminobenzene,[50] 

TAB-H3,
[49] MORPH-H[49] and N,O-PYR-H2.

[50] ZnEt2 (1M in hexane), Mg(n-Bu)2 (1M in 

heptane) and KN(SiMe3)2 have been obtained commercially and were used without further 

purification. NMR spectra have been recorded on a 400 MHZ or 500 MHz NMR 

spectrometer (specified at individual experiments).  

3.5.2. Synthesis of complexes 

Synthesis of NN-K2 (alternative route) 

A solution of NN-H2 (25.6 mg, 0.05 mmol) in toluene-d8 

was added to a potassium mirror (10 mg, 0.26 mmol) 

prepared within a NMR tube. The reaction mixture was 

heated to 80 °C for 20 hours and the excess of potassium was separated by centrifugation. 

Standing at room temperature resulted in the formation of yellow cube-shaped crystals. The 

NMR data were according to data reported in literature.[32] 

Reaction of PARA-H2 with KN(SiMe3)2 

PARA-H2 (200 mg, 0.37 mmol), was mixed with 

KN(SiMe3)2 (150 mg, 0.74 mmol) and dissolved in 20 

mL of THF. The reaction mixture was stirred at room 

temperature for 48 hours. The solid was separated by centrifugation and washed with 10 

mL of hexane. The product was obtained as a light yellow powder.  

Yield: 192 mg, 29 mmol, 78%. 

1H NMR (400 MHz, THF-d8, 25 °C) δ (ppm) = 1.11 (d, 3JHH = 6.5 Hz, 12H, i-Pr), 1.16 (d, 3JHH 

= 6.5 Hz, 12H, i-Pr), 1.49 (br s, 6H, Me backbone), 1.81 (br s, 6H, Me backbone), 3.30 

(sept, 3JHH = 6.5 Hz, 4H, i-Pr), 4.17 (s, 2H, H backbone), 6.52 (s, 4H, p-Ar), 6.72 (t, 3JHH = 

7.0 Hz, 2H, Ar), 6.94 (d, 3JHH = 7.0 Hz, 4H, Ar). 
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Synthesis of NN-(ZnI)2·(THF)2 (ZnI2 route) 

A mixture of NN-K2 (500 mg, 0.85 mmol) and zinc iodide 

(705 mg, 2.21 mmol) was dissolved in 25 mL of THF. The 

resulting suspension was stirred at room temperature for 15 

hours and turned dark red after a short period. Resulting 

potassium iodide and remaining zinc iodide were separated by centrifugation. The obtained 

reddish brown solution was concentrated and cooled to −30 °C. The precipitate was 

isolated and dried in vacuum. The product was isolated as light brown powder or after slow 

cooling as colorless crystals.  

Yield: 497 mg, 0.55 mmol, 65%. 

1H NMR (400 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 1.00 (d, 3JHH = 6.7 Hz, 6H, i-Pr), 

1.22-1.27 (m, 18H, i-Pr), 1.76 (s, 6H, Me backbone), 2.15 (s, 6H, Me backbone), 3.08 (sept, 

3JHH = 6.7 Hz, 2H, i-Pr), 3.22 (sept, 3JHH = 6.7 Hz, 2H, i-Pr), 4.81 (s, 2H, H backbone), 7.13-

7.16 (m, 6H, Ar). 

13C NMR (125 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 23.0 (Me backbone), 24.4 (i-Pr), 

24.5 (i-Pr), 24.7 (i-Pr), 25.4 (i-Pr), 25.8 (Me backbone), 28.3 (i-Pr), 28.4 (i-Pr), 92.9 (CH 

backbone), 124.0 (Ar), 124.5 (Ar), 126.4 (Ar), 143.0 (Ar), 143.2 (Ar), 144.7 (Ar), 167.5 

(backbone), 168.0 (backbone). 

Synthesis of NN-(ZnI)2 (THF-free) (alternative route with iodine) 

Iodine (254 mg, 1.00 mmol) was slowly added to a solution of NN-(ZnEt)2 (350 mg, 0.50 

mmol) in toluene. The reaction mixture was stirred at room temperature for 30 minutes and 

subsequently heated to 60 °C for one hour. The THF-free product (180 mg, 0.20 mmol, 

40%) precipitated as a yellow solid and was separated by centrifugation. After addition of 

some drops of THF to the mother liquor another crop of crystals (colorless rods, 100 mg, 

0.10 mmol, 19%) can be isolated. NMR data for the last crop of NN-(ZnI)2·(THF)2 compare 

well to the data reported in the previous experiment. The NMR data for the THF-free 

product NN-(ZnI)2 are reported in the following. 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 1.15 (d, 3JHH = 6.9 Hz, 12H, i-Pr), 1.24 (d, 3JHH = 

6.9 Hz, 6H, i-Pr), 1.34 (d, 3JHH = 6.9 Hz, 6H, i-Pr), 1.63 (s, 6H, Me backbone), 2.10 (s, 6H, 

Me backbone), 3.12 (sept, 3JHH = 6.9 Hz, 2H, i-Pr), 3.16 (sept, 3JHH = 6.9 Hz, 4H, i-Pr), 4.64 

(s, 2H, H backbone), 7.09-7.14 (m, 6H, Ar). 

13C NMR (125 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 23.0 (Me backbone), 24.4 (i-Pr), 

24.5 (i-Pr), 24.7 (i-Pr), 25.4 (i-Pr), 25.8 (Me backbone), 28.3 (i-Pr), 28.4 (i-Pr), 92.9 (CH 
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backbone), 124.0 (Ar), 124.5 (Ar), 126.4 (Ar), 143.0 (Ar), 143.2 (Ar), 144.7 (Ar), 167.5 

(backbone), 168.0 (backbone). 

Reaction of PARA-K2 with ZnI2 

A mixture of PARA-K2 (50 mg, 0.7 mmol) and an 

excess of zinc iodide (80 mg, 0.25 mmol) was 

dissolved in 10 mL of THF. The resulting suspension 

was stirred at room temperature for 15 hours and 

turned red after a few minutes. Resulting potassium iodide and excessive zinc iodide were 

separated by centrifugation. The obtained reddish brown solution was concentrated and 

cooled to −30 °C. The precipitate was isolated and dried in vacuum. The product was 

isolated as light brown powder.  

Yield: 11 mg, 0.01 mmol, 16%. 

1H NMR (400 MHz, THF-d8 , 25 °C) δ (ppm) = 1.10 (d, 3JHH = 5.6 Hz, 12H, i-Pr), 1.19 (d, 

3JHH = 5.6 Hz, 12H, i-Pr), 1.66 (s, 6H, Me backbone), 2.04 (s, 6H, Me backbone), 2.99 (sept, 

3JHH = 5.6 Hz, 4H, i-Pr), 4.88 (s, 2H, H backbone), 6.66-7.09 (m, 10H, Ar). 

Reaction of PARA-(ZnEt)2 with iodine 

Two equivalents of iodine (325 mg, 1.30 mmol) were added to a solution of PARA-(ZnEt)2 

(500 mg, 0.65 mmol) in 25 mL of toluene. The solution was stirred at room temperature for 

one hour. When the solution was still colored from iodine after this time, the reaction mixture 

was heated to 60 °C for another hour. Completion of the reaction was achieved when the 

resulting solution discolored. 

The solution was concentrated to half the volume and cooled to −20 °C to give a light yellow 

precipitate of PARA-(ZnI)2. 

Yield: 195 mg, 0.20 mmol, 31%. 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 1.15 (d, 3JHH = 6.8 Hz, 12H, i-Pr), 1.32 (d, 3JHH = 

6.8 Hz, 12H, i-Pr), 1.68 (s, 6H, Me backbone), 1.86 (s, 6H, Me backbone), 3.24 (sept, 3JHH = 

6.8 Hz, 4H, i-Pr), 4.77 (s, 2H, H backbone), 6.61-7.12 (m, 10H, Ar). 

13C NMR (125 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 20.7 (Me backbone), 22.5 (i-Pr), 

23.5 (i-Pr), 24.4 (Me backbone), 27.6 (i-Pr), 95.3 (CH backbone), 124.0 (Ar), 125.7 (Ar), 

125.7 (Ar), 126.0 (Ar), 129.3 (Ar), 142.9 (Ar), 169.3 (backbone). 
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Synthesis of solvent-free DIPPZnI with iodine 

Iodine (606 mg, 2.39 mmol) was added to a solution of DIPP-ZnEt (1.224 g, 

2.39 mmol) in 20 mL of toluene. The brown suspension was stirred at 25 °C 

for 12 hours until the color had changed to light yellow (all iodine had 

reacted). The solution was concentrated to 8 mL and the product was 

isolated as a light yellow solid. 

Yield: 482 mg, 1.89 mmol, 79%. 

1H NMR (300 MHz, C6D6, 25 °C) δ (ppm) = 1.13 (d, 3JHH = 6.9 Hz, 12H, i-Pr), 1.33 (br, 12H, 

i-Pr), 1.67 (s, 6H, Me backbone), 1.73 (s, 6H, Me backbone), 3.11 (m, 4H, i-Pr), 4.25 (s, 1H, 

Zn-H), 4.97 (s, 1H, H backbone), 7.08-7.13 (m, 6H, Ar). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 23.6 (i-Pr), 23.8 (i-Pr), 24.9 (Me backbone), 28.8 

(i-Pr), 96.0 (CH backbone), 124.2 (Ar), 126.9 (Ar), 141.9 (Ar), 142.9 (Ar), 169.8 (backbone). 

Synthesis of [NN-(ZnH)2]2 

1) With THF-free NN-(ZnI)2 

KNH(i-Pr)BH3 (24.4 mg, 0.22 mmol) was added to a 

suspension of NN-(ZnI)2 (100 mg, 0.11 mmol) in 10 mL of 

toluene. After a few minutes all solids dissolved, the solution 

turned fluorescently yellow and crystals formed. The 

rhombic crystals were isolated and dried in vacuum. 

Yield: 38.4 mg, 0.06 mmol, 54%. 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 0.60 (d, 3JHH = 

6.8 Hz, 6H, i-Pr), 1.17 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.27 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.33 (d, 

3JHH = 6.8 Hz, 6H, i-Pr), 1.57 (s, 6H, Me backbone), 1.75 (s, 6H, Me backbone), 3.08 (sept, 

3JHH = 6.8 Hz, 2H, i-Pr), 3.24 (t, 3JHH = 16.0 Hz, 1H, Zn-H), 3.39 (sept, 3JHH = 6.8 Hz, 2H, i-

Pr), 4.26 (t, 3JHH = 16.0 Hz, 1H, Zn-H), 4.46 (s, 2H, H backbone), 7.00-7.15 (m, 6H, Ar). 

13C NMR (125 MHz, C6D6, 25°C) δ (ppm) = 20.4 (Me backbone), 23.5 (i-Pr), 23.8 (i-Pr), 24.0 

(i-Pr), 24.5 (i-Pr), 26.6 (Me backbone), 28.2 (i-Pr), 28.4 (i-Pr), 91.6 (CH backbone), 123.9 

(Ar), 124.0 (Ar), 125.8 (Ar), 142.8 (Ar), 142.9 (Ar), 145.7 (Ar), 166.3 (backbone), 166.4 

(backbone). 

2) With NN-(ZnI)2·(THF)2 

KNH(i-Pr)BH3 (22.2 mg, 0.20 mmol) was added to a suspension of NN-(ZnI)2·(THF)2 (100 

mg, 0.10 mmol) in 10 mL of toluene. After a few minutes all solids dissolved, the solution 
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turned fluorescently yellow and crystals formed. The fluorescent yellow rhombic crystals 

were isolated and dried in vacuum. 

Yield: 55.2 mg, 0.086 mmol, 86%. 

The NMR data equal those reported above. 

[NN-(ZnH)2]2·(pyridine)x 

1H NMR (500 MHz, C6D6/pyridine-d5, 25 °C) δ (ppm) = 0.29 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 0.93 

(d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.20 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.46 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 

1.70 (s, 6H, Me backbone), 2.42 (s, 6H, Me backbone), 2.57 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 

3.58 (sept, 3JHH = 6.8 Hz, 2H, i-Pr), 3.95 (s, 2H, Zn-H), 4.75 (s, 2H, H backbone), 6.75 

(pyridine), 6.96-7.13 (m, 6H, Ar + pyridine), 8.52 (pyridine). 

13C NMR (125 MHz, C6D6, 25°C) δ (ppm) = 22.1 (Me backbone), 22.2 (i-Pr), 24.2 (i-Pr), 24.3 

(i-Pr), 24.8 (i-Pr), 25.2 (Me backbone), 28.0 (i-Pr), 28.4 (i-Pr), 90.6 (CH backbone), 90.8 

(CH backbone), 123.4 (pyridine), 124.0 (Ar), 135.3 (pyridine), 142.8 (Ar), 143.2 (Ar), 147.4 

(Ar), 150.7 (pyridine), 165.1 (backbone), 165.4 (backbone). 

3.5.3. Decomposition 

The decomposition experiments were conducted according to the procedures described in 

2.3.1. 

3.5.4. BODDI ligands for Zn complexes 

Synthesis of BODDI(Me) 

This ligand was synthesized according to the literature procedure previously described for 

BODDI(i-Pr)-H2.
[48] 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 1.44 (s, 6H, Me 

backbone), 2.11 (s, 12H, Me), 5.21 (s, 2H, H backbone), 5.18 

(s, 1H, H backbone), 6.84-6.94 (m, 6H, Ar), 12.12 (s, 2H, NH). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 18.5 (Me), 19.1 (Me 

backbone), 97.1 (CH backbone), 127.0 (Ar), 128.3 (Ar), 137.0 (Ar), 138.4 (Ar), 158.5 

(backbone), 191.5 (backbone). 
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Reaction of BODDI(Et)-H2 with (ZnEt)2 

A solution of ZnEt2 in hexane (1M, 7.4 mL, 7.40 mmol) was 

added to a solution of BODDI(Et)-H2 (1.00 g, 2.47 mmol) in 20 

mL of toluene. The yellow solution was heated to 75 °C for 18 

hours. The excess of ZnEt2 and the solvents were removed in 

vacuum and the product was obtained as a slightly fluorescent yellow powder.  

Yield: 1.45 g, 2.47 mmol, quantitative. 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 0.62 (q, 3JHH = 8.1 Hz, 4H, CH2), 1.11 (t, 3JHH = 

8.1 Hz, 6H, CH3), 1.12 (t, 3JHH = 7.5 Hz, 12H, CH3), 1.52 (s, 6H, Me backbone), 2.41 (t, 3JHH 

= 7.5 Hz, 4H, CH2), 2.57 (t, 3JHH = 7.5 Hz, 4H, CH2), 5.04 (s, 2H, H backbone), 6.99-7.06 (m, 

6H, Ar). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 0.5 (Zn-Et), 12.2 (Me backbone), 14.6 (Zn-Et), 

23.0 (Et), 25.0 (Et), 95.8 (CH backbone), 125.7 (Ar), 126.6 (Ar), 138.0 (Ar), 146.0 (Ar), 

166.7 (backbone), 177.5 (backbone). 

Synthesis of BODDI(Me)-(ZnEt)2 

A solution of ZnEt2 in hexane (1M, 8.6 mL, 8.60 mmol) was 

added to a solution of BODDI(Me)-H2 (500 mg, 1.43 mmol) in 

20 mL of toluene. The yellow solution was heated to 75 °C for 

18 hours. The excess of ZnEt2 and the solvents were removed 

in vacuum and the product was recrystallized from hexane as yellow brown microcrystalline 

material.  

Yield: 110 mg, 0.20 mmol, 14%. 

The product was isolated as a 2:1 mixture of two compounds: the desired complex 

BODDI(Me)-ZnEt2 (A) and an unsymmetrical compound (potentially (BODDI(Me)-(ZnEt)2Zn) 

(B). 

A (66%): 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 0.55 (q, 3JHH = 8.0 Hz, 4H, CH2), 1.10 (t, 3JHH = 

8.0 Hz, 6H, CH3), 1.50 (s, 6H, Me backbone), 2.10 (s, 12H, Ar-Me), 5.03 (s, 2H, H 

backbone), 6.80-7.05 (m, 6H, Ar). 

B (34%): 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 0.58 (q, 3JHH = 8.2 Hz, 2H, CH2), 1.15 (t, 3JHH = 

8.2 Hz, 3H, CH3), 1.40 (s, 3H, Me backbone), 1.42 (s, 3H, Me backbone), 2.10 (s, 3H, Ar-
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Me), 2.20 (s, 3H, Ar-Me), 2.26 (s, 3H, Ar-Me), 2.44 (s, 3H, Ar-Me), 4.92 (s, 1H, H backbone), 

4.94 (s, 1H, H backbone), 6.80-7.05 (m, 6H, Ar). 

Reaction of BODDI(OMe)-H2 with (ZnEt)2 

A solution of ZnEt2 in hexane (1M, 8.4 mL, 8.40 mmol) was added to a solution of 

BODDI(OMe)-H2 (1.00 g, 2.84 mmol) in 20 mL of toluene. The red solution was heated to 

75 °C for 18 hours. The excess of ZnEt2 and the solvents were removed in vacuum and the 

products were obtained as an orange powder (1.26 g).  

[BODDI(OMe)-(ZnEt)]2Zn (75%) 

1H NMR (300 MHz, C6D6, 25 °C) δ (ppm) = 0.28 (m, 

4H, CH2), 1.17 (t, 3JHH = 8.1 Hz, 6H, CH3), 1.78 (s, 6H, 

Me backbone), 2.00 (s, 6H, Me backbone), 2.86 (br s, 

6H, OMe), 3.42 (s, 6H, OMe), 5.00 (s, 2H, H 

backbone), 5.18 (s, 2H, H backbone), 6.62-7.20 (m, 

14H, Ar). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 1.7 (Zn-Et), 

13.0 (Zn-Et), 23.2 (Me backbone), 23.7 (Me backbone), 54.6 (OMe), 55.1 (OMe), 95.0 (CH 

backbone), 98.1 (CH backbone),109.5 (Ar), 111.7 (Ar), 120.4 (Ar), 121.0 (Ar), 122.2 (Ar), 

124.1 (Ar), 125.3 (Ar), 126.4 (Ar), 137.9 (Ar), 140.0 (Ar), 150.8 (Ar), 153.8 (Ar), 164.5 

(backbone), 165.5 (backbone), 179.4 (backbone). 

[BODDI(OMe)-Zn]2 (25%) 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 1.90 (s, 12H, Me 

backbone), 3.60 (br s, 12H, OMe), 4.93 (s, 4H, H backbone), 

6.15 (m, 8H, Ar), 6.27 (m, 4H, Ar), 6.43 (m, 4H, Ar), 6.56 (m, 

4H, Ar). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 23.7 (Me 

backbone), 56.1 (OMe), 96.5 (CH backbone), 110.0 (Ar), 

120.8 (Ar), 122.0 (Ar), 124.4 (Ar), 139.0 (Ar), 152.0 (Ar), 167.0 (backbone), 179.9 

(backbone). 

Reaction of BODDI(i-Pr)-(ZnEt)2 with iodine 

Iodine (553 mg, 2.18 mmol) was added to a solution of 

BODDI(i-Pr)-(ZnEt)2 (700 mg, 1.09 mmol) in 15 mL of 

toluene. The brown solution was stirred for one hour. The 

solution that had turned yellow within this period of time was 
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cooled to −20 °C for crystallization. The product was isolated as a yellow powder.  

Yield: 915 mg, 1.09 mmol, quantitative. 

1H NMR (400 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 1.19 (d, 3JHH = 6.8 Hz, 12H, i-Pr), 

1.29 (d, 3JHH = 6.8 Hz, 12H, i-Pr), 1.63 (s, 6H, Me backbone), 3.21 (sept, 3JHH = 6.8 Hz, 4H, i-

Pr), 4.84 (s, 2H, H backbone), 7.06 – 7.19 (m, 6H, Ar). 

Due to the low solubility no assignable 13C NMR spectrum was obtained.  

Reaction of BODDI(Et)-(ZnEt)2 with iodine 

Iodine (429 mg, 1.70 mmol) was added to a solution of 

BODDI(Et)-(ZnEt)2 (500 mg, 0.85 mmol) in 10 mL of toluene. 

The brown solution was stirred for one hour. The solution that 

had turned yellow within this time was cooled to −20 °C for 

crystallization. The product was isolated as a yellow powder. 

Yield: 255 mg, 0.32 mmol, 38%. 

1H NMR (400 MHz, C6D6/THF-d8 4/1, 25 °C) δ (ppm) = 1.20 (t, 3JHH = 7.5 Hz, 12H, CH3), 

1.56 (s, 6H, Me backbone), 2.47-2.57 (m, 4H, CH2), 2.63-2.74 (m, 4H, CH2), 4.86 (s, 2H, H 

backbone), 6.99-7.14 (m, 6H, Ar). 

Due to the low solubility no assignable 13C NMR spectrum was obtained.  

Reaction of BODDI(i-Pr)-(ZnI)2 with KN(i-Pr)HBH3 

KNH(i-Pr)BH3 (53 mg, 0.48 mmol) was added to a 

suspension of BODDI(i-Pr)-(ZnI)2 (200 mg, 0.24 mmol) in 15 

mL of toluene. The bright yellow suspension was stirred at 

room temperature for one day. The solids were separated by 

centrifugation and the resulting fluorescent yellow solution was cooled to −20 °C for 

crystallization. In order to grow larger single crystals, a solution of the product in toluene (or 

benzene) was carefully layered with hexane. Slow diffusion gave few small crystals were for 

which X-ray structure determination was unsuccessful.  

Reaction of BODDI(Et)-(ZnI)2 with KNH(i-Pr)BH3 

KNH(i-Pr)BH3 (56 mg, 0.50 mmol) was added to a suspension 

of BODDI(Et)-(ZnI)2 (200 mg, 0.25 mmol) in 15 mL of toluene. 

The bright yellow suspension was stirred at room temperature 

for one day. The solids were separated by centrifugation and 
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the resulting fluorescent yellow solution was cooled to −20 °C for crystallization. When no 

crystals were obtained, the solvents were removed in vacuum. In order to grow larger single 

crystals, a solution of the product in toluene (or benzene) was carefully layered with hexane. 

Slow diffusion gave yellow cube shaped crystals that were not stable under oil or silicon 

grease and consequently no X-ray crystal structure could be obtained. 

1H NMR (400 MHz, toluene-d8, 25 °C) δ (ppm) = 1.1 (t, 3JHH = 7.5 Hz, 12H, CH3), 1.51 (s, 

6H, Me backbone), 2.50-2.64 (m, 8H, CH2), 4.39 (s, 2H, Zn-H), 4.8 (s, 2H, H backbone), 

6.05-7.18 (m, 6H, Ar). 

Due to the low solubility and thermal lability no assignable 13C NMR spectrum was obtained.  

3.5.5. Ligand design for metal hydride clusters 

Synthesis of NAPH-H2 

A solution of triethyloxonium tetrafluoroborate (13.31 g, 

69.85 mmol) in 15 mL of dichloromethane was added to a 

stirred solution of DIPP-nacac (16.39 g, 63.21 mmol) in 

dichloromethane over a period of 25 minutes. The 

reaction mixture was stirred for 20 hours, resulting in a 

brown-red solution. An equimolar amount of Et3N (9.7 ml, 69.85 mmol) was added slowly 

and the solution was stirred for an additional 20 min. Subsequently, a suspension of 1,5-

diaminonaphthalene (5.00 g, 31.61 mmol) in Et3N was added and the reaction mixture was 

stirred for 71 hours, resulting in a red solution. The solvent was removed under vacuum, 

yielding a brown orange solid. Acetone (100 mL) was added and the suspension was stored 

in the fridge for 10 hours. The resulting yellow solid was separated by filtration and dried in 

vacuum. 

Yield: 2.50 g, 3.90 mmol, 12%. 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 1.09 (d, 3JHH = 6.8 Hz, 12 H, i-Pr), 1.17 (d, 3JHH = 

6.8 Hz, 12 H, i-Pr), 1.63 (s, 6H, Me backbone), 1.75 (s, 6H, Me backbone), 3.30 (m, 4H, i-

Pr), 4.92 (s, 2H, H backbone), 6.94 (d, 3JHH = 7.2 Hz, 2H, naphthyl), 7.07 (m, 6H, Aryl), 7.26 

(t, 3JHH = 8.2 Hz, 2H, naphthyl), 8.06 (d, 3JHH = 8.4 Hz, 2H, naphthyl), 13.03 (s, 2H, N-H). 

13C NMR (75 MHz, C6D6, 25°C): δ (ppm) = 25.7 (i-Pr), 27.0 (i-Pr), 27.2 (Me backbone), 30.8 

(i-Pr); 98.4 (backbone), 110.1 (naphthyl), 115.6 (naphthyl), 122.0 (naphthyl), 122.6 (Ar), 

123.4 (naphthyl), 126.1 (Ar), 126.2 (Ar), 128.3 (Ar), 133.5 (Ar); 143.9 (naphthyl), 144.0 (Ar), 

169.5 (backbone), 169.9 (backbone). 
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Reaction of NAPH-H2 with ZnEt2 

NAPH-H2 (200 mg, 0.31 mmol) was added to a 

solution of ZnEt2 (1M, 0.7 mL, 0.7 mmol) in hexane. 

The yellow suspension was diluted with 10 mL of 

toluene and heated to 60 °C for 30 minutes, 

resulting in a clear yellow solution. The solvent was 

removed under vacuum and the product was isolated as colorless crystals. Two 

conformational isomers are observed in the 1H NMR spectrum. 

Yield: 256 mg, 0.31 mmol, quantitative. 

Conformer A 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 0.11 (q, 3JHH = 8.2 Hz, 4 H, CH2), 0.68 (q, 3JHH = 

8.2 Hz, 6 H, CH3), 1.15-1.24 (m, 24 H, i-Pr), 1.69 (s, 6H, Me backbone), 1.73 (s, 6H, Me 

backbone), 3.18-3.31 (m, 4H, i-Pr), 5.02 (s, 2H, H backbone), 7.00 (d, 3JHH = 7.1 Hz, 2H, 

naphthyl), 7.10-7.13 (m, 6H, Aryl), 7.26-7.33 (m, 2H, naphthyl), 7.91 (d, 3JHH = 8.3 Hz, 2H, 

naphthyl). 

Conformer B 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 0.17 (m, 4 H, CH2), 0.71 (q, 3JHH = 8.2 Hz, 6 H, 

CH3), 1.15-1.24 (m, 24 H, i-Pr), 1.74 (s, 6H, Me backbone), 1.77 (s, 6H, Me backbone), 

3.18-3.31 (m, 4H, i-Pr), 5.04 (s, 2H, H backbone), 7.01 (d, 3JHH = 7.1 Hz, 2H, naphthyl), 

7.10-7.13 (m, 6H, Aryl), 7.26-7.33 (m, 2H, naphthyl), 7.95 (d, 3JHH = 8.3 Hz, 2H, naphthyl). 

Reaction of NAPH-(ZnEt)2 with iodine 

Iodine (157.4 mg, 0.62 mmol) was added to a 

solution of NAPH-(ZnEt)2 (256.6 mg, 0.31 mmol) in 

5 mL of toluene. After 30 minutes of vigorous 

stirring at 25 °C, the colorless solution was heated 

for an additional hour to 60 °C. The solution was 

concentrated to 2 mL and cooled to −20 °C to obtain the product as light brown solid.  

Yield: 185 mg, 0.18 mmol, 58 %. 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 1.14 (d, 3JHH = 6.8 Hz, 6 H, i-Pr), 1.19 (d, 3JHH = 

6.8 Hz, 6 H, i-Pr), 1.31 (d, 3JHH = 6.8 Hz, 6 H, i-Pr), 1.34 (d, 3JHH = 6.8 Hz, 6 H, i-Pr), 1.60 (s, 

6H, Me backbone), 1.67 (s, 6H, Me backbone), 3.16 (m, 4H, i-Pr), 4.96 (s, 2H, H backbone), 

6.97 (d, 3JHH = 7.8 Hz, 2H, naphthyl), 7.00-7.15 (m, 6H, Aryl), 7.29 (t, 3JHH = 7.8 Hz, 2H, 

naphthyl), 7.80 (d, 3JHH = 7.8 Hz, 2H, naphthyl). 
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Due to the low solubility no assignable 13C NMR spectrum was obtained.  

Reaction of MORPH-H with Mg(n-Bu)2 

A solution of Mg(n-Bu)2 (1M, 0.8 mL, 0.80 mmol) in heptane was added to a solution of 

MORPH-H (200 mg, 0.75 mmol) in 5 mL of toluene. The yellow solution was stirred at 25 °C 

for one hour. A light yellow solid precipitated and the solvent was removed under vacuum.  

Yield: 261.6 mg, 0.75 mmol, quantitative. 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = −0.11 (br s, 2H, CH2), 0.58 (t, 3JH,H = 7.2 Hz, 3H, 

CH3), 1.73 (m, 2H, CH2), 2.03 (m, 2H, CH2), 2.16 (s, 6H, Me backbone), 2.50 (br s, 4H, 

CH2), 3.08 (br s, 4H, CH2), 3.54 (br s, 4H, CH2), 3.76 (br s, 4H, CH2), 4.20 (s, 1H, H 

backbone). 

13C NMR (75 MHz,C6D6/THF-d8 (4/1), 25 °C): δ (ppm) = 12.1 (n-Bu), 14.5 (n-Bu), 21.9 (Me 

backbone), 32.6 (n-Bu), 33.6 (n-Bu), 56.7 (N-CH2), 67.0 (O-CH2), 86.2 (backbone), 168.6 

(backbone). 

Reaction of MORPH-H with ZnEt2 

Upon addition of MORPH-H (200 mg, 0.75 mmol) to a solution of ZnEt2 (1M, 0.8 mL, 0.80 

mmol) in hexane, gas evolution was immediately visible, the color changed to light brown 

and the mixture solidified after one minute. The solid was dissolved in 5 mL of toluene, 

resulting in a yellow solution that was stirred at 25 °C for two hours. The solvent was 

removed under vacuum and the product isolated as a light yellow shiny powder.  

Yield: 271 mg, 0.75mmol, quantitative.  

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 0.90 (br s, 2H, CH2), 1.73 (br s, 3H, CH3), 2.11 

(s, 6H, Me backbone), 2.30 (br s, 4H, CH2), 2.88 (br s, 4H, CH2), 3.45 (br s, 4H, CH2), 3.64 

(br s, 4H, CH2), 4.45 (s, 1H, H backbone). 

Reaction of MORPH-ZnEt with iodine 

Iodine (190.4 mg, 0.75 mmol) was added to a solution of MORPH-(ZnEt)2 (271.3 mg, 0.75 

mmol) in 5 mL of toluene. The reaction mixture was heated to 60 °C for three hours until the 

brown solution had turned yellow again. The solution was concentrated to 2 mL and cooled 

to −20 °C. The product was isolated as a light brown solid. Yield: 187.3 mg, 0.41 mmol, 

54%. 

1H NMR (400 MHz, C6D6, 25°C): δ (ppm) = 2.07 (s, 6H, Me backbone), 2.65 (br s, 4H, CH2), 

3.54 (br s, 4H, CH2), 3.72 (br s, 4H, CH2), 3.98 (br s, 4H, CH2), 4.23 (s, 1H, H backbone). 
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13C NMR (75 MHz,C6D6/THF (4/1), 25 °C): δ (ppm) = 21.5 (Me backbone), 55.3 (N-CH2), 

66.6 (O-CH2), 87.5 (backbone), 170.0 (backbone). 

Reaction of N,O-PYR-H2 with KN(SiMe3)2 

KN(SiMe3)2 (15.9 mg, 0.08 mmol) was added to a 

solution of N,O-PYR-H2 (25 mg, 0.04 mmol) in 0.5 mL of 

C6D6 and heated to 60 °C for 2 hours. The solvent was 

removed from the red solution under vacuum. The 

product was washed with 1 mL of hexane and isolated as a red solid.  

Yield: 21.0 mg, 0.03 mmol, 72%. 

1H NMR (400 MHz, C6D6, 25 °C): δ (ppm) = 0.95 (d, 3JHH = 6.6 Hz, 12H, i-Pr), 1.20 (d, 3JHH = 

6.6 Hz, 12H, i-Pr), 1.46 (s, 18H, t-Bu), 3.16 (sept, 3JHH = 6.6 Hz, 1H, i-Pr), 5.53 (s, 2H, H 

backbone), 6.73 (m, 2H, pyridyl), 6.82-6.86 (m, 6H, Ar-H), 7.43-7.76 (m, 1H, pyridyl).  

Due to the low solubility no assignable 13C NMR spectrum was obtained.  

Reaction of N,O-PYR-H2 with ZnEt2 

A solution of ZnEt2 (1M, 0.1 mL, 0.10 mmol) was added to a solution of N,O-PYR-H2 (25 

mg, 0.04 mmol) in 0.5 mL of C6D6 and heated to 60 °C for 2 hours. The solvent was 

removed from the red solution under vacuum and the product was isolated as a red solid.  

Yield: 33.5 mg, 0.04 mmol, quantitative. 

1H NMR (400 MHz, C6D6, 25 °C): δ 

(ppm) = −0.50-(−0.33) (m, 2H, CH2), 0.43 

(t, 3JHH = 8.1 Hz, 3H, CH3), 0.93 (s, 9H, t-

Bu), 1.05 (d, 3JHH = 6.8 Hz, 3H, i-Pr), 1.08 

(d, 3JHH = 6.8 Hz, 3H, i-Pr), 1.13 (d, 3JHH = 

6.8 Hz, 3H, i-Pr), 1.25 (d, 3JHH = 6.8 Hz, 

3H, i-Pr), 1.31 (d, 3JHH = 6.8 Hz, 3H, i-Pr), 

1.35 (d, 3JHH = 6.8 Hz, 3H, i-Pr), 1.44 (d, 

3JHH = 6.8 Hz, 3H, i-Pr), 1.51 (d, 3JHH = 6.8 Hz, 3H, i-Pr), 1.76 (s, 9H, t-Bu), 2.83 (sept, 3JHH = 

6.8 Hz, 1H, i-Pr), 2.91 (sept, 3JHH = 6.8 Hz, 1H, i-Pr), 3.34 (sept, 3JHH = 6.8 Hz, 1H, i-Pr), 

3.44 (sept, 3JHH = 6.8 Hz, 1H, i-Pr), 5.88 (s, 1H, H backbone), 6.11 (s, 1H, H backbone), 

6.62 (t, 3JHH = 7.9 Hz, 1H, pyridyl), 6.84-6.89 (m, 2H, Ar-H), 6.95 (t, 3JHH = 7.6 Hz, 1H, Ar-H), 

7.13 (d, 3JHH = 7.9 Hz, 1H, pyridyl), 7.24 (t, 3JHH = 7.6 Hz, 1H, Ar-H), 7.32 (d, 3JHH = 7.6 Hz, 

1H, Ar-H), 7.36 (d, 3JHH = 7.6 Hz, 1H, Ar-H), 7.40 (d, 3JHH = 7.9 Hz, 1H, pyridyl).  
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13C NMR (100 MHz, C6D6, 25 °C): δ (ppm) = 22.2 (i-Pr), 22.3 (i-Pr), 22.6 (i-Pr), 23.1 (i-Pr), 

23.2 (i-Pr), 23.5 (i-Pr), 23.8 (i-Pr), 27.8 (i-Pr), 28.1 (i-Pr), 28.1 (i-Pr), 28.2 (t-Bu), 28.2 (i-Pr), 

30.4 (t-Bu), 39.8 (t-Bu), 43.5 (t-Bu), 93.9 (CH backbone), 121.5 (pyridyl), 123.7 (CH-Ar), 

127.4 (CH-Ar), 127.6 (CH-Ar), 127.9 (CH-Ar), 136.1 (pyridyl), 137.3 (Cq), 138.0 (Cq), 139.0 

(Cq), 144.0 (Cq) 149.4 (Cq), 150.7 (Cq), 158.6 (Cq), 166.0 (Cq). 

3.5.6. Computational Details 

DFT calculations were performed with the Gaussian 09 program suite[52] using the B3-LYP 

density functional,[53] along with the implemented 6-311G(d,p) basis set.[54] This was further 

supplemented by an additional polarization and a diffuse function for all magnesium and 

nitrogen atoms, as well as for the hydridic hydrogen atoms at the cluster core. All geometry 

optimizations were carried out without imposing any symmetry constraints, and the 

structures obtained were confirmed as true minima by calculating analytical frequencies.  

The topology of the electron density was analysed using the software package AIMALL.[55] 

Plots were generated using AIMALL[55] and CHEMCRAFT.[56] 

3.5.7. Crystal structure determinations 

All crystals have been measured on a Siemens SMART CCD diffractometer. Structures 

have been solved and refined using the programs SHELXS-97 and SHELXL-97, 

respectively.[57] All geometry calculations and graphics have been performed with 

PLATON.[58] The crystal data have been summarized in Table 3.10.  

Single-crystal X-ray structure determination of NN-H2 

All hydrogen atoms have been placed on calculated positions and no solvent was included 

in the structure. 

Single-crystal X-ray structure determination of NN-K2 

All hydride hydrogen atoms have been located in the difference-Fourier map and were 

refined isotropically. Positions of residual electron density point to co-crystallization of one 

disordered molecule of benzene in the asymmetric unit. In total the unit cell contains eight 

molecules of benzene which were treated by the SQUEEZE procedure incorporated in the 

PLATON program.[58] The unit cell contains 8 holes of 868 Å3 in total which were filled with 

48 electrons each. 
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Single-crystal X-ray structure determination of NN-(ZnI)2 

All hydrogen atoms have been placed on calculated positions. A high residual rest electron 

density is found close to a heavy atom (iodine). 

Single-crystal X-ray structure determination of [NN-(ZnH)2]2 

All hydride hydrogen atoms have been located in the difference-Fourier map and were 

refined isotropically. All other hydrogen atoms have been placed on calculated positions. 

Positions of residual electron density point to co-crystallization of heavily disordered 

unidentified solvent which was treated by the SQUEEZE procedure incorporated in the 

PLATON program.[58] The unit cell contains 4 holes of 138 Å3 which were filled with 40 

electrons each. The correct handedness of the chiral unit cell has been checked by 

refinement of the Flack parameter. 
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Table 3.10 Crystal structure data. 

Compound NN-H2 THF [NN-K2]2 [NN-(ZnI)2]2·2 THF 

Formula C34H50N4 (C4H8O) C34H48K2N4 C42H64I2N4O2Zn2 

M 658.99 590.96 1041.51 

Size (mm³) 0.4 x 0.33 x 0.11 0.2 x 0.4 x 0.4 0.4 x 0.3 x 0.2 

Crystal system monoclinic orthorhombic monoclinic 

Space group P21/c Pbcn C2/c 

a (Å) 15.562(5) 19.5100(7) 29.887(2) 

b (Å) 14.165(5) 23.4990(8) 9.6994(7) 

c (Å) 9.464(3) 16.9102(5) 16.1984(12) 

α 90 90 90 

β 107.090(6) 90 103.719(4) 

γ 90 90 90 

V (Å³) 1944.1(11) 7752.7(4) 4561.7(6) 

Z 2 8 4 

ρ (g.cm-3) 1.097 1.013 1.517 

μ (MoKα) (mm-1) 0.067 0.268 2.442 

T (°C) −170 −170 −173 

Θ (max) 23.25 26.51 28.40 

Refl.total, independent Rint 6114, 2513 

0.063 

55709, 7964 

0.044 

25560, 5669 

0.043 

Found refl. (I > 2σ(I)) 1540 5989 4806 

Parameter 223 554 241 

R1 0.0787 0.0392 0.0533 

wR2 0.2167 0.1066 0.1678 

GOF 0.965 1.101 1.058 

min/max remaining  

e-density (e·Å-3) 

−0.26/0.30 −0.27/0.40 −2.15/2.16 
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Compound [NN-(ZnH)2]2 

Formula C68H100N8Zn4 

M 1291.12 

Size (mm³) 0.2 x 0.1 x 0.1 

Crystal system tetragonal 

Space group P43212 

a (Å) 15.3373(4) 

b (Å) 15.3373(4) 

c (Å) 30.3732(10) 

α 90 

β 90 

γ 90 

V (Å³) 7144.8(4) 

Z 4 

ρ (g.cm-3) 1.200 

μ (MoKα) (mm-1) 1.368 

T (°C) −173 

Θ (max) 26.46 

Refl.total, independent Rint 55493, 7364 

0.053 

Found refl. (I > 2σ(I)) 6280 

Parameter 378 

R1 0.0435 

wR2 0.1299 

GOF 1.061 

min/max remaining  

e-density (e·Å-3) 

−1.09/1.24 
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This chapter contains investigations on the reactivity of the novel magnesium hydride 

clusters. The results are subsequently compared to the reactivity of zinc and calcium 

hydride complexes. Based on the prior observations a calcium-catalyzed hydrosilylation as 

well as a magnesium-catalyzed hydroboration is presented and potential catalytic cycles are 

proposed. 

 

 

Parts of this chapter will be submitted for publication: 

J. Intemann, S. Harder, manuscript in preparation. 

J. Intemann, S. Harder, manuscript in preparation. 

  



 Chapter 4  

 

 

126 

4.1. Introduction 

The strongly polar character of the M-H bond in main-group metal hydrides makes them a 

real or latent source of hydride anions which are one of the most powerful bases and known 

reducing agents. The heterolytic cleavage of the M-H bond can be brought about in three 

different ways: through nucleophilic substitution, oxidative addition of the hydride to an 

unsaturated substrate and protonolysis. This is the basis for the reducing, metalating, 

activating or drying properties for which main-group metal hydrides are well known.[1] 

Alanes, particularly LiAlH4, are widely used as powerful and to a greater or lesser extent 

selective reducing agents in organic as well as inorganic synthetic chemistry.[2] However, 

zinc hydride complexes of the type M[R2ZnH] (M = alkali metal, R = organic group) present 

a convenient alternative as they are powerful yet very selective reagents for the reduction of 

carbonyl groups in aldehydes and ketones as well as esters and amides.[3] 

Metal hydride complexes, and in particular transition metal hydride complexes, are valuable 

homogeneous catalysts. These form key intermediates in hydrogenation catalysis. A crucial 

feature to the reactivity of metal hydride complexes is the solubility of the reagent. On 

account of low solubility, calcium and magnesium dihydride are considered largely inert 

except for their reaction with water, which is very slow in the case of magnesium dihydride. 

For this reason magnesium dihydride is not even considered a drying agent, in contrast to 

calcium dihydride. 

The reactivity of a reagent can also be strongly influenced by the way it is prepared. 

Compact magnesium dihydride obtained from the uncatalyzed reaction of the elements with 

each other is an essentially air-stable compound[4] whereas finely divided MgH2 isolated 

from pyrolysis of diethyl magnesium reacts violently with water and ignites in air.[5] In 1978, 

Ashby et al. were able to show that a slurry of active MgH2 can be prepared by reaction of 

diethyl- or diphenylmagnesium with lithium aluminium hydride in diethylether. After 

separation of the ether soluble LiAlH2R2; THF has to be added to the ether wet MgH2 to 

obtain an active slurry.[6] 

Active MgH2 slurries were found to be capable of the reduction of several functional 

groups,[7] most noteworthy, the stereoselective reduction of cyclic and bicyclic ketones.[8] In 

addition, active MgH2 did not only dissolve in but also reacted with pyridine to form a 

mixture of 1,2- and 1,4-dihydropyridide (DHP) magnesium complexes. The 1,4-DHP 

magnesium complex was found to be the thermodynamically favored product and after four 

hours at 60 °C pure 1,4-DHP was isolated (Figure 4.1). The intermediate 1,2-

dihydropyridide magnesium complex could not be isolated purely.[9] A similar observation 

was made for ZnH2 which also reacted with pyridine to form pure 1,4-dihydropyridide zinc 
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complexes (Figure 4.1). In this case, the formation of 1,2-DHP zinc complexes was 

excluded on account of a D-labeling study: reaction of ZnH2 with pyridine-d5 gives 

exclusively products with H in 4-position.[10] 

 

Figure 4.1 Reaction of Mg and Zn hydride with an excess of pyridine. 

The formed bis(1,4-dihydropyridide) metal complexes could be successfully applied in the 

selective reduction of ketones, aldehyde, enones, imines and nitrogen containing 

heterocyclic compounds.[11,12] 1,4-Dihydropyridine is a crucial building block in the 

coenzyme nicotinamide adenine dinucleotide (NADH) and is responsible for reduction 

processes in biological systems. Therefore the synthesis of pure 1,4-dihydropyridine is 

important for the design of NADH-mimics. Alternative sources for 1,4-dihydropyridine 

moieties are e.g. Hantzsch esters.[13] 

 

Recently, Hill et al. demonstrated the dearomatization of pyridine and its derivatives with 

DIPP-Mg(n-Bu) and phenylsilane under formation of 1,2- and 1,4 dihydropyridide ß-

diketiminate magnesium complexes (Figure 4.2). The 1,2-dihydropyridide magnesium 

complex was determined to be the kinetic product, while the corresponding 1,4-

dihydropyridide complex is the thermodynamic one (heating the reaction mixture to 60 °C 

resulted in complete conversion to 1,4-DHP).[14,15]  
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Figure 4.2 Dearomatization of pyridine by DIPP-Mg(n-Bu) and PhSiH3. 

The dearomatized pyridine derivatives are interesting substrates for homogenous catalytic 

transformations, however, reports are scarce. Those are limited to an initial report of a 

titanocene-based pyridine hydrosilylation by Harrod et al.,[16,17] followed by the description of 

a ruthenium-catalyzed process by Nikonov et al..[18,19] 

Recently, it has been shown that the organomagnesium complex, DIPP-Mg(n-Bu), is able to 

catalyze the hydroboration of pyridine and pyridine derivatives. In most cases preference for 

the 1,4-dihydropyridine product was observed but in other cases mixtures were found 

(Figure 4.3).[20] 

 

Figure 4.3 Magnesium-catalyzed hydroboration of pyridines. 

The dearomatization of pyridine was achieved when using bis(allyl)calcium Ca(C3H5)2,
[21] 

herein the reaction of pyridine with the polar allyl calcium bond resulted in the regioselective 

1,4-insertion. However, when methyl groups in ortho- or para-positions were present, 

metalation of the methyl groups was preferred over dearomatization of the pyridine ring.[22] 

A comparable 1,4-selective insertion of pyridine was also observed for the corresponding 

alkali metal zincate [K(18-crown-6)][Zn(η1-C3H5)3] and magnesate K2[Mg(η1-C3H5)4]. In these 

cases the reaction was even shown to be reversible (Figure 4.4).[23] 

 

Figure 4.4 Schematic representation of the dearomatization of pyridine by metal allyl complexes. 
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A further example of enhanced reactivity by increasing the solubility is the first soluble 

calcium hydride complex [DIPP-CaH·THF]2 introduced by Harder et al..[24] Whereas solid 

CaH2 hardly reacts with any organic functional group and is therefore primarily used as 

drying agent for organic solvents, the soluble calcium hydride shows smooth reactivity for a 

large scope of substrates (Figure 4.5).[25] Additionally, [DIPP-CaH·THF]2 could also be 

applied in the alkene hydrogenation with molecular H2 (20 bar).[26] The calcium hydride 

complex was applied for the hydrosilylation of ketones, however, a detailed study of each 

step of the proposed catalytic cycle indicated that homoleptic R2Ca species are more 

efficient catalysts than heteroleptic LCaR complexes.[27]  

 

Figure 4.5 Reactions of the [DIPP-CaH·THF]2 complex (for simplicity represented as a monomer). 

Metal hydrides are also valuable precursors for the synthesis of metal amidoboranes from 

ammonia borane. For example, Ca(NH2BH3)2 can be synthesized by ball-milling of CaH2 

and NH3BH3 at room temperature (Figure 4.6). 
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Figure 4.6 Synthesis of Ca(NH2BH3)2 by ball-milling of CaH2 and NH3BH3. 

As mentioned before, metal hydrides are known to react with water forming the respective 

metal hydroxides. In a similar fashion, well-defined main-group metal hydroxide complexes 

could be obtained by the controlled hydrolysis of appropriate precursors. However, 

organometallic hydroxide complexes of group 2 elements are still scarce. This is due to the 

relatively weak ionic M-OH bond which results in fast ligand exchange and formation of 

insoluble M(OH)2.  

Four examples of magnesium hydroxide complexes have been reported to date. The first 

well-defined Mg-OH complex [TpAr,MeMg(µ-OH)]2 (Tp = tris(pyrazolyl)hydroborate, Ar = p-(t-

Bu)C6H4) was prepared by Parkin et al. by hydrolysis of the according magnesium methyl 

precursor.[28] Another magnesium hydroxide complex [DIPP-Mg(µ-OH)]2 was discovered by 

unintentional hydrolysis of the DIPP magnesium allyl complex and later reproduced by the 

controlled hydrolysis at low temperature of a corresponding DIPP magnesium amide.[29,30] 

The analogous [DIPP-Ca(µ-OH)]2 and [DIPP-Sr(µ-OH)]2 complexes were prepared via the 

same route.[31] Recently, a novel magnesium hydroxide cubane encapsulated by a 

polypyrrolic Schiff base macrocycle L (L2-[Mg4(µ-OH)4(OH)4]) has been reported. It was 

obtained by the slow hydrolysis of a binuclear magnesium “Pacman”-shaped complex.[32] 

 

4.2. Goal 

As main-group metal hydride complexes have previously shown numerous interesting 

reaction pathways, we were intrigued to study the behavior of the discovered magnesium 

and zinc hydride clusters towards a range of different substrates. We chose to investigate 

the reactivity of [NN-(MgH)2]2, [NN-(ZnH)2]2 and PARA3Mg8H10 towards ammonia borane 

and various pyridine derivatives. Controlled hydrolysis of the metal hydride clusters was 

also part of the studies (Figure 4.7). Since no results on reactivity with some of the 
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substrates had been previously reported, DIPP-ZnH and [DIPP-CaH·THF]2 were studied as 

well. 

 

Figure 4.7 Schematic representation of the studied reactivities. 

In connection with observed reactivities, the applicability of main-group hydride complexes 

for catalytic transformations is part of the investigations as well. 

4.3. Results and discussion 

4.3.1. Magnesium hydride complexes 

[NN-(MgH)2]2 

The reaction of the tetranuclear magnesium hydride complex [NN-(MgH)2]2 with ammonia 

borane led to full conversion of the starting materials. However, from the resulting reaction 

mixture, no defined product could be isolated and fully characterized. In case the desired 

magnesium amidoborane was formed initially, the product could undergo a range of 

different follow-up reactions e.g. partial hydrogen elimination. These follow-up reactions 

resulted in the formation of multiple species which hampered the separation of the product 

mixture. 

To achieve a controlled hydrolysis of the magnesium hydride complex, various approaches 

have been tested. Addition of hydrated metal salts (CaCl2·2H2O, MgSO4·H2O) or hydrolysis 

by slow diffusion of water through a layer of hexane did not allow for the isolation of the 

desired hydroxide complex. In most cases over-hydrolysis under formation of protonated 

NN-H2 was observed as the main reaction product. 

Addition of water (1M solution in THF) to a toluene solution of [NN-(MgH)2]2 at −50 °C 

(Figure 4.8) resulted in the isolation of rhombic shaped orange crystals suitable for X-ray 

diffraction (Figure 4.9). The magnesium hydroxide complex [NN-(MgOH)2]2 forms a dimeric 

structure that is comparable to the tetranuclear hydride compound  
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[NN-(MgH)2]2. The structure has a two-fold crystallographic symmetry and contains one 

molecule of toluene and THF each, which are both disordered and non-coordinating. 

 

Figure 4.8 Synthesis of [NN-(MgOH)2]2. 

 

Figure 4.9 Crystal structure of [NN-(MgOH)2]2 and the corresponding Mg-OH core; i-Pr groups are 

omitted for clarity. 

Two of the magnesium centers (Mg2, Mg2’) are interacting each with three oxygen atoms 

(O1, O2, O1’), while the other two magnesium atoms (Mg1, Mg1’) are only coordinated to 

two oxygen atoms (O1, O2). Whereas in [NN-(MgH)2]2 the Mg atoms span a tetrahedron, 

the current structure shows strong deviation from such a geometry: Mg···Mg distances 

range from 2.970(8) Å to 3.742(1) Å. Around the penta-coordinated magnesium atoms 

(Mg2) two nitrogen atoms (N12, N22) and three oxygen atoms (O1, O2, and O1’) are 

located to form a tetragonal pyramid. The differing coordination mode of Mg2 and Mg2’ in 

comparison to Mg1 and Mg1’ results in strong variation in Mg···Mg distances which are 

generally shorter than in [NN-(MgH)2]2 (Table 4.1).  

The average Mg-N (2.047(7) Å) and Mg-O (2.018(3) Å) bond lengths are comparable to the 

values that were reported for [DIPP-Mg(µ-OH)]2 (2.1688(18) Å and 1.9878(17) Å, 

respectively).
[29] The hydrogen atoms of this structure were located in difference Fourier 

maps and the O−H bond length for [NN-(MgOH)2]2 (0.96 Å) appears elongated in 
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comparison with [DIPP-Mg(µ-OH)]2 (0.77(4) Å),[29] taking into account the fact that hydrogen 

atom positions in X-ray diffraction studies are always approximate positions. 

Table 4.1 Selected bond lengths [Å], distances [Å] and angles [°] for [NN-(MgOH)2]2 (symmetry 

operations: X’ = 1 − x, – y, z). 

[NN-(MgOH)2]2  

Mg1–N11 2.020(9) Mg1–O2 1.993(5) Mg1···Mg1’ 3.690(1) 

Mg1–N21 2.011(8) Mg2–O1 1.955(1) Mg1···Mg2’ 3.742(1) 

Mg2–N12 2.078(9) Mg2–O2 2.064(9) Mg2···Mg2’ 3.028(9) 

Mg2–N22 2.079(2) Mg2–O2’ 2.188(1) N11-Mg1-N21 94.63(5) 

Mg1–O1 1.889(8) Mg1···Mg2 2.970(8) O1-Mg1-O2’ 86.71(4) 

The isolation of a tetranuclear magnesium hydroxide cluster underscored the ability of 

bridged bis(ß-diketiminate) ligands to stabilize main-group metal complexes with small 

secondary ligands like hydrides or hydroxides and successfully prevent ligand exchange by 

the Schlenk equilibrium.  

Following investigations towards hydrolysis, the reactivity of the tetranuclear magnesium 

hydride complex [NN-(MgH)2]2 with pyridine was studied. Addition of at least eight 

equivalents of pyridine to a solution of [NN-(MgH)2]2 resulted in an immediate change of 

color from yellow to dark red and the formation of a Mg-1,2-DHP complex (Figure 4.10).  

 

Figure 4.10 Synthesis of NN-[Mg(1,2-DHP)]2·(pyridine)2. 

By cooling of the reaction mixture to −30 °C yellow cube-shaped crystals suitable for X-ray 

diffraction could be obtained. The obtained crystal structure (Figure 4.11) shows a 

monomeric C2-symmetrical compound containing two four coordinate magnesium centers. 
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Figure 4.11 Crystal structure of NN-[Mg(1,2-DHP)]2·(pyridine)2; i-Pr groups are omitted for clarity. 

The pseudo-tetrahedral coordination geometry is provided by the ß-diketiminate unit, a 1,2-

dihydropyridide anion and one additional neutral pyridine ligand. The 1,2-dihydropyridide 

anion is clearly defined (no disorder is found in the ring) and the expected variation in the 

bond lengths is consistent with the dearomatization of the pyridine molecule and a hydride 

transfer onto the 2-position of the ring (Figure 4.12). The nitrogen atom within the 1,2-DHP 

ring is significantly pyramidalized [Σbond angles = 351.05(8)°] in comparison to the distorted 

trigonal planar nitrogen atom [Σbond angles = 359.52(8)°] in the neutral coordinating pyridine 

molecule. This pyramidalization could be the result of a CH-π-interaction between one 

hydrogen atom on C27 and the aryl substituent on the ß-diketiminate ligand. A comparable 

pyramidalization was reported for DIPP-Mg(1,4-DHP)·pyridine (Figure 4.2) [Σbond angles = 

352.36°].[14] Also in this case a CH-π-interaction could be assumed. The difference in the 

bonding mode of 1,2-DHP (covalent/electrostatic) and the neutral pyridine (dative covalent) 

is also reflected in the respective Mg-N distances (1,2-DHP: 2.0036(9) Å, pyridine: 

2.1311(9) Å). 

 

Figure 4.12 Comparison of the bond lengths in the Mg-1,2-dihydropyridide and neutral pyridine 

fragments taken from the crystal structure of NN-[Mg(1,2-DHP)]2·(pyridine)2 (Figure 4.11). 

The two coordinating neutral pyridine molecules are facing each other (average distance: 

4.8792(5) Å), therefore π-π interactions between the respective rings could be possible. 
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Table 4.2 Selected bond lengths [Å], distances [Å] and angles [°] for NN-[Mg(1,2-DHP)]2 (symmetry 

operations: X’ = − x, y, 1/2 − z). 

NN-[Mg(1,2-DHP)]2·(pyridine)2 

Mg1–N1 2.0323(2) N4-C23 1.361(7) N1-Mg1-N2 92.98(4) 

Mg1–N2 2.034(7) N4-C27 1.478(4) N3-Mg1-N4 105.16(4) 

Mg1–N3 2.131(1) N1-N1’ 1.445(1)   

Mg1–N4 2.003(6) Mg1···Mg1’ 4.326(7)   

The observation that the isolated compound almost solely contained 1,2-dihydropyridide 

was confirmed by 1H NMR spectroscopy. Even after prolonged reaction times at elevated 

temperatures (60 °C) the 1H NMR spectrum showed less than 10% conversion of 1,2 -

dihydropyridide into 1,4-dihydropyridide which is in contrast to previously reported Mg-DHP 

compounds.  

The course of the formation of the 1,2-DHP-complex was monitored by 1H NMR and 

compared to the analogous experiment carried out using deuterated pyridine. During the 

first 30 minutes of the reaction a set of at least nine 1H NMR resonances was observed 

which clearly originated from the pyridine fragment as it was not visible in the analogue 

experiment with deuterated pyridine. These signals showed extensive magnetic coupling 

with each other and disappeared after formation of the final product (Figure 4.13). 

 

Figure 4.13 a) Sections of the 
1
H NMR spectrum ten minutes after the addition of pyridine/pyridine-d5 

to a solution of [NN-(MgH)2]2 in C6D6; b) H,H-COSY spectrum ten minutes after addition of pyridine to 

a solution of [NN-(MgH)2]2 in C6D6. 
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This intermediate could not be isolated and fully characterized until now. However, it is 

assumed that is a coordination complex in which several pyridine units coordinate to the 

metal centers in [NN-(MgH)2]2. This could be a potential explanation for the appearance of 

multiple high-field resonances for the pyridine ring. The characterization of this intermediate 

might give indications for a potential mechanism of the formation of 1,2-hydropyridide.  

In an additional 1H NMR experiment, [NN-(MgH)2]2 was reacted with fully deuterated 

pyridine. After formation of a deuterated analogue of NN-[Mg(1,2-DHP)]2·(pyridine)2 (Figure 

4.14), the behavior of this complex in solution was monitored on a daily basis. Gradually the 

1H NMR resonance that was assigned to the 2-position of neutral pyridine was increasing 

significantly while a slow decrease of the 1H NMR signal assigned to the 2-position of the 

1,2-dihydropyridide was observed. This indicates H−D exchange between the 1,2-

dihydropyridide moiety and the neutral coordinated pyridine (Figure 4.14) and reveals that 

the complex is not static. This exchange reaction is surprisingly selective for the 2-position 

in pyridine but also very slow (two weeks). 

 

Figure 4.14 Reaction of [NN-(MgH)2]2 with pyridine-d5 and subsequent H-D exchange between 1,2-

pyridide and neutral pyridine. 

The conversion of 1,2-dihydropyridide into 1,4-dihydropyridide which was observed for 

former Mg-DHP complexes at higher temperatures could also involve the hydride exchange 

between the DHP anion and the neutral pyridine ligand. This might explain the surprising 

stability of NN-[Mg(1,2-DHP)2]2·(pyridine)2. In the 1,2-dihydropyridide complex a π-π-

interaction between the neutral pyridine rings and a CH-π-interaction could hinder the free 
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rotation around the Mg centers. This might prevent on the intramolecular hydride transfer to 

the 4-position. 

Upon addition of THF to a solution of NN-[Mg(1,2-DHP)2]2·(pyridine)2, all 1H NMR 

resonances broadened and the THF molecules seemed to have replaced the coordinated 

pyridine. This was assumed as the signals corresponding to coordinated pyridine 

disappeared and were replaced by a set of signals for uncoordinated pyridine (Figure 4.15). 

 

Figure 4.15 Replacement of coordinated pyridine by THF. 

The formation of the magnesium dihydropyridide complex could be potentially reversible. 

For this reason the back-formation of a magnesium hydride was investigated. However, 

heating of solid NN-[Mg(1,2-DHP)2]2·(pyridine)2 under vacuum did not remove the pyridine 

moieties and restore the magnesium hydride complex (Figure 4.16a). Prolonged reaction 

times and extensive heating to higher temperatures only led to decomposition of the starting 

materials. A potential reversibility cannot be fully excluded, but the activation barrier for the 

back-formation of a magnesium hydride appeared to be considerably high. 

Likewise, addition of an excess of phenylsilane to NN-[Mg(1,2-DHP)2]2·(pyridine)2 did not 

trigger the formation of [NN-(MgH)2]2 after four days at 60 °C (Figure 4.16b). 

 

Figure 4.16 Attempted back-formation of a magnesium hydride complex from NN-[Mg(1,2-

DHP)2]2·(pyridine)2. 

Another interesting observation was made, when a significant excess of pyridine was added 

to a solution of NN-[Mg(1,2-DHP)]2 and the mixture was heated to 60 °C over a period of 

several days. The color of the reaction mixture changed from orange-red to dark green and 

the recorded 1H NMR spectrum indicated beginning formation of the corresponding 1,4-
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dihydropyridide magnesium complex, but all signals had broadened and some of the 

resonances could not be clearly assigned. The same color change was observed in the 

reaction of [NN-(MgH)2]2 with the pyridine derivative 2-picoline after three days of heating at 

60 °C. Potentially, bigger aggregates with bridging dihydropyridide units could form. This 

has been observed for lithium dihydropyridide complexes.[33] 

PARA3Mg8H10 

The controlled hydrolysis of PARA3Mg8H10 was attempted in several ways: by addition of 

hydrated metal salts (CaCl2·(H2O)2), by diffusion of water through a layer of hexane and 

also by addition of water in THF at lower temperatures. Unfortunately, all attempts only 

resulted in over-hydrolysis and mainly yielded protonated PARA-H2 ligand. 

The reaction of PARA3Mg8H10 with ammonia borane resulted in an immediate color change 

from bright yellow to pale yellow and the recorded 1H NMR spectrum of the clean product 

indicated the formation of an amido borane complex (Figure 4.17). However, all 

crystallization attempts that could unambiguously confirm the formation of the desired 

compound did not succeed until now.  

 

Figure 4.17 Formation of PARA-(MgNH2BH3)2. 

PARA3Mg8H10 was also reacted with 20 equivalents of pyridine (2 equivalents per hydride 

moiety). This resulted in formation of magnesium 1,2- and 1,4-dihydropyridide complexes. 

When the experiment was conducted at room temperature, a 1:1 mixture 1,2-DHP and 1,4-

DHP magnesium complexes was formed as determined by means of 1H NMR 

spectroscopy. Subsequent short heating to 60 °C led to complete conversion into the 

magnesium 1,4-dihydropyridide complex PARA-[Mg(1,4-DHP)]2·(pyridine)2 (Figure 4.18).  
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Figure 4.18 Synthesis of a mixture of PARA-[Mg(1,2-DHP)]2·(pyridine)2 and PARA-[Mg(1,4-

DHP)]2·(pyridine)2 and conversion to pure PARA-[Mg(1,4-DHP)]2·(pyridine)2 after heating. 

The complex was isolated as yellow plate-shaped crystals suitable for X-ray diffraction. The 

complex crystallizes in the triclinic space group Pˉ1 with two formula units of PARA-

[Mg(1,4-DHP)]2·(pyridine)2 in the asymmetric unit. One molecule in the asymmetric unit 

contains does not show crystallographic symmetry. At the same time, two half molecules 

with inversion symmetry were found.  

Figure 4.19 shows only the non-symmetrical molecule (residue 1). The other two molecules 

differ mainly in the orientation of the ß-diketiminate planes in respect to the central phenyl 

ring (angle between least-square planes: residue 1 [non-symmetrical] = 53.64(8)°, residue 2 

[inversion center] = 69.4(2)° and residue 3 [inversion center] = 84.76(8)°) and therefore in 

the Mg···Mg distances (Table 4.3). 

 

 

 

 

Figure 4.19 a) Crystal structure of PARA-[Mg(1,4-DHP)]2·(pyridine)2; i-Pr groups are omitted for 

clarity, b) labeling scheme for PARA-[Mg(1,4-DHP)]2·(pyridine)2. 
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In the monomeric complexes, the pseudo-tetrahedral coordination geometry around the 

magnesium centers is provided by the ß-diketiminate unit, a 1,4-dihydropyridide anion and 

one additional neutral pyridine ligand. The 1,4-dihydropyridide anions are clearly defined 

and the bonds to the CH2 fragment (C3−C4) are significantly elongated which is consistent 

with the dearomatization of the pyridine moiety and a hydride transfer onto the 4-position of 

the ring (Figure 4.20). All hydrogen atoms of the complex were located in difference Fourier 

maps. 

 

Figure 4.20 Comparison of the bond lengths in 1,4-dihydropyridide and neutral pyridine derived from 

the crystal structure of PARA-[Mg(1,4-DHP)]2·(pyridine)2 (average of all three residues). 

In contrast to previously reported structurally characterized Mg-DHP complexes, a 

pyramidalization of the nitrogen atom within the 1,4-DHP ring could not be observed within 

any of the three structures of PARA-[Mg(1,4-DHP)]2·(pyridine)2. However, the difference in 

the bonding mode of 1,4-DHP (covalent/electrostatic) and the neutral pyridine (dative 

covalent) is reflected in the respective Mg-N distances (1,4-DHP: 1.9940(15) Å, pyridine: 

2.1397(15) Å [average values of all three residues]). 

Table 4.3 Range of selected bond lengths [Å], distances [Å] and angles [°] for all three molecules in 

the unit cell of PARA-[Mg(1,4-DHP)]2 (average values in square brackets). 

PARA-[Mg(1,4-DHP)]2·(pyridine)2 

Mg–N1 
2.0240(14) − 2.0405(15) 

[2.0337(14)] 
Mg···Mg 

7.8843(8) – 8.2616(8) 

[8.0808(8)] 

Mg–N2 
2.0200(15) − 2.0362(15) 

[2.0276(15)] 
N1−Mg−N2 

90.74(6) − 91.86(6) 

[91.22(6)] 

Mg–N3 
1.9894(16)− 1.9986(15) 

[1.9940(15)] 
N3−Mg−N4 

104.23(6) − 106.00(6) 

[105.05(6)] 

Mg–N4 
2.1332(15) – 2.1464(15) 

[2.1397(15)] 
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A 1H NMR spectrum for PARA-[Mg(1,4-DHP)]2·(pyridine)2 dissolved in C6D6 displays very 

broad resonances that were not clearly assignable to the corresponding protons. In 

contrast, dissolving the complex in THF-d8 resulted in very sharp 1H NMR signals also for 

the neutral pyridine ligands. As the chemical shifts for neutral pyridine agree with 

uncoordinated pyridine in THF-d8, it was assumed that the coordinating pyridine was 

replaced by THF molecules like observed for NN-[Mg(1,2-DHP)]2·(pyridine)2. Additional 1H 

NMR resonances that are assignable to 1,4-dihydropyridide anions were observed in the 

spectrum (Figure 4.21). These likely originate from Mg(1,4-DHP)2 which is formed by 

reaction of the encapsulated MgH2 with pyridine (alternative notation for PARA3Mg8H10 = 

[PARA-(MgH)2]3·(MgH2)2). However, from the integration of the signals in comparison to the 

remaining resonances, it was concluded that not all the incorporated MgH2 was converted 

to Mg(1,4-DHP)2. This is potentially due to partial precipitation of MgH2 before a reaction 

with pyridine could occur. 

 

Figure 4.21 
1
H NMR spectrum and magnified section of PARA-[Mg(1,4-DHP)]2·(pyridine)2; signals 

corresponding to Mg(1,4-DHP)2 are highlighted in red boxes. 

4.3.2. Zinc hydride complexes 

As the reactivity of ZnH2 and MgH2 with pyridine is comparable,[10,11] zinc hydride complexes 

were also included in our reactivity studies. The monomeric DIPP-ZnH complex was 

subjected to an excess of pyridine, but no conversion of pyridine could be observed by 

means of 1H NMR spectroscopy, even after prolonged reaction times and heating to 100 °C. 

Cooling of the reaction mixture gave crystals and a structure determination revealed the 
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complex DIPP-ZnH·(pyridine) in which pyridine functions as neutral Lewis base (Figure 

4.22).  

 

Figure 4.22 Crystal structure of DIPP-ZnH·(pyridine), a) ball-and-stick representation, i-Pr groups 

have been omitted for clarity, b) space-filling model. 

The same crystal structure had been previously obtained from a comparable crystallization 

experiment as well.[34] Both structures could not be fully refined due to a poor quality of the 

data set but showed clearly that the pyridine ring is only coordinated to the zinc center and 

did not react with the hydride functionality. In the monomeric complex, the zinc center is 

tetrahedrally coordinated by the two nitrogen atoms of the ß-diketiminate unit (N1, N2), the 

nitrogen atom of pyridine (N3) and one hydride (H1). Interestingly, even with an additional 

pyridine molecule in the coordination sphere of the zinc atom, the hydride is still well 

accessible as illustrated in the space-filling model of DIPP-ZnH·(pyridine) (Figure 4.22b).  

The fact that a dihydropyridide complex could not be obtained by the direct reaction of 

DIPP-ZnH with pyridine confirmed the surprisingly low reactivity of this monomeric complex 

even though the hydride is much better accessible than in the dimeric magnesium complex 

(DIPP-MgH)2. The lower reactivity could be attributed to the more covalent character of the 

Zn-H bond when compared the mainly ionic Mg-H bond.  

It is also possible that the reaction between DIPP-ZnH and pyridine is reversible and that 

the equilibrium lies mainly to the metal hydride. In order to test this hypothesis, fully 

deuterated pyridine was added to DIPP-ZnH, resulting in formation of DIPP- ZnH·(pyridine-

d5) (A) (Figure 4.23). When the reaction with pyridine is reversible, this complex is in 

equilibrium with a DIPP-Zn(DHP) complex (B). Complex B can subsequently react back to 

DIPP-ZnH·(pyridine-d5) or alternatively the hydride can stay incorporated in the pyridine 

ligand (C) (Figure 4.23). This process can be monitored by 1H NMR as the incorporation of 

a proton in the deuterated pyridine would lead to an increase in the resonances of the 2- or 



Reactivity studies  

 
143 

 

4-position of pyridine accompanied by a decrease of the Zn-H resonance. However, after 

heating of a mixture of DIPP-ZnH and pyridine-d5 to 60 °C for 24 hours, no visible change in 

the 1H NMR spectrum was observed. Therefore a reversible reaction of DIPP-ZnH and 

pyridine is unlikely. 

Figure 4.23 Potential reversibility and equilibria for the reaction of DIPP-ZnH with pyridine-d5. 

In order to verify whether the zinc dihydropyridide is an unstable species that would 

immediately eliminate zinc hydride and pyridine, we tried to synthesize a zinc 

dihydropyridide complex by an alternative route. 

Potassium dihydropyridide, K(1,4-DHP), was obtained from the reaction of benzyl 

potassium, phenylsilane and pyridine. As this compound was previously reported to be 

sensible towards dimerization,[35] it was not isolated but generated in situ and directly 

reacted with the zinc chloride precursor DIPP-ZnCl or the iodide analogue DIPP-ZnI. It 

could be that the zinc dihydropyridide complex DIPP-Zn(DHP) once formed immediately 

decomposes into DIPP-ZnH and pyridine. Another explanation could be that the zinc 

hydride complex results from reaction of DIPP-ZnCl with unconverted KH (Figure 4.24).  

 

Figure 4.24 Attempted synthetic route towards DIPP-Zn(1,4-DHP) with in situ generated K(1,4-DHP). 

Alternatively, [Li(1,4-DHP)]2·2pyridine, which is a stable dihydropyridide complex, was 

reacted with DIPP-ZnI, but from numerous attempts under varying conditions only the 

starting materials were isolated (Figure 4.25). This is likely due to the good solubility of 

lithium iodide. 
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Figure 4.25 Attempted synthetic route towards DIPP-Zn(1,4-DHP) with [Li(1,4-DHP)]2·4 pyridine. 

In a comparable manner, [NN-(ZnH)2]2 did not show any reaction with added pyridine. A 

solution of [NN-(ZnH)2]2 in deuterated pyridine displayed a rearrangement in the cluster 

structure (see Chapter 3.3.2) but no conversion of any pyridine into dihydropyridide by 

transfer of hydride ligands was observed. 

In addition, magnesium n-butyl and zinc ethyl complexes, including Mg(nBu)2 and ZnEt2 

were added to pyridine. While all tested magnesium n-butyl compounds showed clear 

indications for a reaction with pyridine (e.g. color change to dark red, DHP resonances in 1H 

NMR), all zinc ethyl functionalities stayed untouched. Therefore it can be concluded that the 

reactivity towards pyridine highlight a considerable difference between structurally similar 

magnesium and zinc compounds. 

4.3.3. Calcium hydride complexes 

As [DIPP-CaOH·THF]2 was already prepared along the same route as the analogue 

magnesium hydroxide complex, we were intrigued to study the reactivity of [DIPP-

CaH·THF]2 towards pyridine derivatives. Addition of pyridine resulted in a fast and clean 

reaction (Figure 4.26). 1H NMR spectroscopy indicated the formation of pure DIPP-Ca(1,2-

DHP)·pyridine as the only product. 

 

Figure 4.26 Formation of DIPP-Ca(1,2-DHP)·pyridine. 

After 30 minutes, formation of DIPP2-Ca was observed by 1H NMR. Therefore DIPP-Ca(1,2-

DHP)·pyridine is not stable towards ligand exchange by the Schlenk equilibrium and no 

crystals of the complex could be obtained. For this reason the compound was only 

characterized by NMR spectroscopy (Figure 4.27). 



Reactivity studies  

 
145 

 

 

Figure 4.27 Section of the 
1
H NMR spectrum of DIPP-Ca(1,2-DHP) showing the 1,2-DHP 

resonances. 

In order to find a more stable calcium dihydropyridide complex, a selection of pyridine 

derivatives was tested for the reactivity with [DIPP-CaH·THF]2 and the reaction mixtures 

were investigated by means of 1H NMR spectroscopy. All substrates showed a fast reaction 

with the hydride functionality and primarily the formation of 1,2-dihydropyridides was 

observed. All obtained complexes were very labile towards ligand exchange (Schlenk 

equilibrium) and within a period of 30 minutes to three hours only the homoleptic complexes 

were visible in the 1H NMR spectra (Table 4.4). 

Table 4.4 Reactivity of [DIPP-CaH·THF]2 towards pyridine with according products and the rate of 

ligand exchange (Schlenk equilibrium).  

 

pyridine 

derivative 
product 

Schlenk 

equilibrium 

I 1,2-dihydropyridide slow 

II 1,2-dihydro-2-picolide slow 

III 1,2-dihydro-3-picolide slow 

IV 1,2-dihydro-4-picolide fast 

V 1,2-dihydro-3,5-lutidide very fast 

VI 1,4-dihydro-2,6-lutidide fast 

VII 1,2-dihydroquinolide fast 

VIII 1,2-dihydroisoquinolide fast 

From the reaction of [DIPP-CaH·THF]2 with an excess of isoquinoline, the homoleptic 

dihydroisoquinolide Ca complex, Ca(DHiQ)2·(isoquinoline)4, could be obtained as square-

shaped dark red crystals that were suitable for X-ray diffraction. In the crystal structure an 

octahedral coordination sphere around the Ca center is provided by the nitrogen atoms of 
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two dihydroisoquinolide anions (N1, N1’) and four molecules of neutral coordinating 

isoquinoline (N2, N2’, N3, N3’) (Figure 4.28). 

 

Figure 4.28 Crystal structure of Ca(DHiQ)2·(isoquinoline)4. 

Both 1,2-dihydro-isoquinolide anions are clearly defined and the N−CH2 and C−CH2 bonds 

are significantly elongated which is consistent with the dearomatization of the isoquinolide 

moiety and a hydride transfer onto the 2-position of the ring. The bond lengths in the 

annulated phenyl ring of the 1,2-dihydroisoquinolide anions are not significantly different, 

which indicates a widely delocalized system within this ring. On the contrary the single and 

double bonds in the neutral isoquinoline units show alternating bond lengths and are 

therefore considerably more localized (Figure 4.29). 

 

Figure 4.29 Comparison of the bond lengths in 1,2-dihydroisoquinolide and neutral isoquinoline 

taken from the crystal structures of Ca(1,2-DHiQ)2·(isoquinoline)4. 

The nitrogen atom within the 1,2-dihydroisoquinolide anion is slightly pyramidalized  

[Σbond angles = 356.08(15)°], the same is observed for two of the neutral isoquinoline units 
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[Σbond angles = 355.52(1)°] while the remaining two neutral isoquinoline molecules contain a 

trigonal planar nitrogen atom [Σbond angles = 360.00(16)°]. A difference in the bonding mode of 

1,2-DHiQ (covalent/electrostatic) and the neutral isoquinoline molecules (dative covalent) is 

mainly reflected in the respective Ca-N distances (Table 4.5). 

Table 4.5 Selected bond lengths [Å], and angles [°] for Ca(DHiQ)·4isoquinoline (symmetry 

operations: X’ = − x, − y, − z). 

Ca(DHiQ)2·(isoquinoline)4  

Ca–N1 2.4004(18) N1–Ca-N1’ 180.00(9) N1-Ca-N3 87.21(6) 

Ca–N2 2.5229(18) N1-Ca-N2 89.51(6) N1-Ca-N3’ 92.79(6) 

Ca–N3 2.5260(18) N1-Ca-N2’ 90.49(6)   

In conclusion, all stoichiometric reaction of [DIPP-CaH·THF]2 with pyridine derivatives result 

in formation of 1,2-DHP complexes. The sole exception is 2,6-lutidine, which forms a 1,4-

dihydrolutidide complex in very poor yields (< 5%). This is most likely due to the blocked 2-

position in this derivative. 

4.3.4. Catalysis with calcium hydride complexes – Hydrosilylation 

There have been various attempts to obtain N-silylated dihydropyridines from the catalytic 

dearomatization-hydrosilylation of pyridine and pyridine derivatives. Until today only 

titanocene complexes (Cp2TiMe2, CpCp*TiMe2)
[16,17] and a cationic ruthenium species 

([Cp(iPr3P)Ru(N≡CCH3)2]
+)[19] were identified as suitable catalysts. For the titanium 

catalyzed hydrosilylation-hydrogenation of pyridines two different mechanisms have been 

proposed.  

The first mechanism by Harrod et al.[16] is analogous to a mechanism for the hydrosilylation 

of imines proposed by Willoughby and Buchwald.[36] It suggests a titanium hydride as the 

active species in the catalytic process. In the first step, pyridine coordinates to the metal 

center, subsequently the hydride is transferred onto the 2-position of the pyridine and a 

metal nitrogen bond is formed. In the last step, the silane regenerates the titanium hydride 

complex via an σ-bond metathesis between Si-H and Ti-N, releasing the hydrosilylation 

product (Figure 4.30). 
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Figure 4.30 A Ti-H based catalytic cycle proposed by Harrod et al..
[16]

 

This mechanism was supported by deuterium-proton exchange experiments that mainly 

showed exchange at the 2- and 6-position when either pyridine-d5 or PhMeSiD2 were 

utilized, however, a hydride species could never be detected at any stage of the catalytic 

cycle. 

Therefore Harrod et al. also suggested an alternative mechanism in which a titanium-silicon 

moiety carried the catalytic cycle.[16] The first step is again the coordination of the pyridine, 

followed by migration of the metal to the 2-position and simultaneous formation of the 

silicon-nitrogen bond. In the final step, the titanium-silicon species is regenerated via an σ-

bond metathesis between Si-H and Ti-C (Figure 4.31). 

 

Figure 4.31 A Ti-Si based catalytic cycle proposed by Harrod et al..
[16]

 

This mechanism was supported by the observed regioselectivities for the 2- or 6-position 

with 3-picoline as the substrate (Figure 4.32). At lower temperatures the bulky Cp2Ti group 
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moves to the 6-position (A) due to the steric hindrance. At higher temperatures, the relative 

rate of migration to the 2-position increases (B), as observed. In case of a hydride 

mechanism (Figure 4.30) little preference for the migration of H to the 2- or 6-position would 

be expected. Also the isolation of a titanocene(III)silyl pyridine complex and the fact that 

only little direct hydrogenation was observed by this catalyst as would be expected for a 

titanium hydride species support the silanide mechanism.[16] 

 

Figure 4.32 Two alternative reaction coordinates for C=N insertion into the Ti-Si bond.
[16]

 

According to the first mechanism shown, alkaline-earth metal hydride species could be able 

to catalyze hydrosilylation. Therefore we studied the capability of magnesium, zinc and 

calcium hydride complexes to obtain hydrosilylation products in a catalytic manner. 

Multiple attempts to use magnesium or zinc hydride complexes as catalysts for the 

hydrosilylation with varying reaction conditions have so far proven unsuccessful. The 

dihydropyridide complex was formed, but it did not react with the silane and the hydride 

species could not be regenerated. Over time only disproportionation of PhSiH3 into Ph2SiH2, 

SiH4 and Ph3SiH could be observed. We focused on transformation of pyridine with PhSiH3, 

which is one of the more reactive ones. Until now, no other silanes have been tested with 

magnesium or zinc catalysts. 

Finally, [DIPP-CaH·THF]2 was tested in the hydrosilylation of pyridine and pyridine 

derivatives. In various NMR scale experiments the calcium hydride complex  

(10 mol%) was able to convert pyridine derivatives into the desired N-silylated 1,2-

dihydropyridines. However, the conversion was rather low (10-20%) except for the cases of 

pyridine, quinoline and isoquinoline. 

Herein, hydrosilylation of pyridine with phenylsilane led to the formation of (1,2-DHP)2PhSiH 

(Figure 4.33). No formation of the mono(1,2-dihydropyridine) silane or N-silylated 1,4-

dihydropyridine was observed at any stage of the reaction, therefore it was assumed that 

the hydrosilylation of the second equivalent of pyridine is either very fast or both equivalents 

are hydrosilylated in a concerted process.  
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Figure 4.33 Hydrosilylation of pyridine with PhSiH3 catalyzed by [DIPP-CaH·THF]2. 

In NMR scale experiments with 10 mol% or 5 mol% of the catalyst, 80% conversion were 

determined by means of 1H NMR. In a scale-up experiment (4 mmol) less than 1 mol% of 

[DIPP-CaH·THF]2 was used and the product was isolated in 40% yield (Table 4.6). 

Table 4.6 Hydrosilylation of pyridine derivatives with PhSiH3 catalyzed by [DIPP-CaH·THF]2. 

substrate conditions product 
conv. 

[%]* 

isolated 

yield [%] 

 

0.4 mmol, C6D6, 60°C, 24 h 10 

mol% [DIPP-CaH·THF]2 

(1,2-DHP)2PhSiH 80 − 

0.4 mmol, C6D6, 60°C, 24 h; 5 

mol% . [DIPP-CaH·THF]2 
(1,2-DHP)2PhSiH 80 − 

4.0 mmol, C6D6, 60°C, 30 h;  1 

mol% [DIPP-CaH·THF]2 
(1,2-DHP)2PhSiH − 40 

 

0.4 mmol, C6D6, 60°C, 24 h,  5 

mol%.[DIPP-CaH·THF]2 
(1,2-DHiQ)2PhSiH 90 − 

0.8 mmol, 25°C, 16 h,        2.5 

mol% [DIPP-CaH·THF]2 
(1,2-DHiQ)2PhSiH − 77 

 

0.4 mmol, C6D6, 60°C, 24 h,  5 

mol% [DIPP-CaH·THF]2 
(1,2-DHQ)PhSiH2 90 − 

0.8 mmol, 25°C, 16 h,        2.5 

mol% [DIPP-CaH·THF]2 
(1,2-DHQ)PhSiH2 − 80 

*Conversion determined by 
1
H NMR 

A similar bis(1,2-dihydropyridine)silane ((1,2-DHiQ)2PhSiH) was isolated from the reaction 

of isoquinoline with phenylsilane catalyzed by 5 mol% of [DIPP-CaH·THF]2 (Table 4.6). Also 

in this case, no traces of mono(1,2-dihydro-isoquinoline)silane (1,2-DHiQPhSiH2) were 

observed.  
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In contrast, the catalytic hydrosilylation of quinoline with PhSiH3 resulted exclusively in the 

formation of mono(1,2-dihydroquinoline) phenyl silane ((1,2-DHQ)PhSiH2). When the 

catalytic transformation of quinoline and isoquinoline were performed without additional 

solvent, the catalyst loading could be reduced to 2.5 mol% (Table 4.6). 

Previously, it was observed that the heteroleptic complexes, DIPP-Ca(1,2-DHP), DIPP-

Ca(1,2-DHQ) and DIPP-Ca(1,2-DHiQ), were not very stable towards ligand exchange 

particularly at 60 °C and formed the according homoleptic complexes DIPP2-Ca, Ca(1,2-

DHP)2, Ca(1,2-DHQ)2 and Ca(1,2-DHiQ)2. For this reason, the heteroleptic calcium 1,2-

dihydropyridide complexes were suspected not to be the actual catalyst in this reaction. 

Instead, the transformation might be catalyzed by the homoleptic bis(dihydropyridide) 

calcium complexes. However, catalytic activity reactivity of independently prepared 

homoleptic complexes was low due to their insufficient solubility. Therefore, the catalyst was 

prepared in situ, by addition of Ca[N(SiMe3)2]2 to the reaction mixture (Figure 4.34). 

Figure 4.34 In situ preparation of Ca(1,2-DHP)2. 

When Ca[N(SiMe3)2]2 was used as catalyst precursor, the results of the catalytic 

hydrosilylation were comparable to those obtained with [DIPP-CaH·THF]2 as a catalyst. The 

bulky ß-diketiminate ligand was thus not necessary for the catalytic reactivity. These results 

are reminiscent of the observations made for the calcium-catalyzed hydrosilylation of 

ketones.[27]  

Analogous to the regioselectivity in the stoichiometric reactions of [DIPP-CaH·THF]2 with 

pyridine derivatives, the catalytic hydrosilylation yields always 1,2-substituted products. This 

could be an indication for a calcium hydride as the active species in the catalytic cycle. 

Therefore, we propose a mechanism based on a calcium hydride catalyst which is depicted 

in Figure 4.35. In the first step the calcium hydride complex (A) reacts with pyridine to form 

the calcium 1,2-DHP complex (B). In the next step, phenylsilane is inserted in complex B 

resulting in an ion-pair with a hypervalent silicon species (C). Hydride transfer from this 
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hypervalent intermediate C to the cationic calcium species releases the N-silylated product 

and regenerates the calcium hydride complex A. 

 

Figure 4.35 Proposed mechanism for the calcium -catalyzed hydrosilylation of pyridines, the reaction 

of only one equivalent of pyridine is shown for clarity. 

The sole formation of bis(1,2-dihydropyridine) silanes shows that addition of the second 

pyridine moiety is much faster than that of the first. This has also been observed for the Ca-

catalyzed hydrosilylation of ketones[27] and can be explained by precoordination of the 

product PhH2Si(1,2-DHP) to the Ca-1,2-DHP complex B followed by an intramolecular 

hydride exchange (Figure 4.36). Complex B reacts faster with (1,2-DHP)PhSiH2 than with 

PhSiH3 due to a complex-induced proximity effect (CIPE).[37] Further conversion of (1,2-

DHP)2PhSiH to PhSi(1,2-DHP)3 is most likely hindered for steric reasons. A steric hindrance 

could also be the reason the sole formation of (1,2-DHQ)PhSiH2 when quinoline is used as 

a substrate. 

 

Figure 4.36 Proposed route for the double-hydrosilylation of pyridine derivatives. 
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This is only the third example of an active catalyst in the catalytic hydrosilylation of 

pyridines. Until now the Ca-catalyzed hydrosilylation of pyridine-like precursors is limited to 

few substrates and phenylsilane as the silane source. However, as calcium is a cheap and 

highly abundant non-toxic metal this method could be of interest in the synthesis of natural 

products in which dihydropyridines are important building blocks. For this reason, further 

research on calcium-based catalysts for the hydrosilylation of pyridines can be anticipated.  

4.3.5. Catalysis with magnesium hydride complexes – Hydroboration 

The magnesium hydride clusters [NN-(MgH)2]2 and PARA3Mg8H10 showed a reactivity 

towards pyridine that was comparable to that of the dimeric magnesium hydride complex 

(DIPP-MgH)2. The latter complex was successfully applied as a catalyst for the 

hydroboration of pyridines by Hill et al. and they proposed the following catalytic mechanism 

(Figure 4.37).  

 

Figure 4.37 Proposed catalytic cycle for the dearomatization-hydroboration of pyridine derivatives 

with pinacol-borane catalyzed by a magnesium hydride complex. 

The magnesium hydride complex A is assumed to be the active species. Coordination of 

pyridine to magnesium is proposed to be the first step (B). Subsequently, the hydride is 

transferred to the 2-position of the pyridine derivative (C). Via an intermediate magnesium 

borate complex D, pinacol-borane regenerates the active species, the magnesium hydride, 

and the corresponding hydroboration product is eliminated. The formation of N-borylated-

1,4-dihydropyridines, although observed as a major product, is not taken into account in this 

mechanism (Figure 4.37).[20] 
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In the reaction with pyridine, (DIPP-MgH)2 is assumed to transfer its hydride onto the 2-

position of pyridine first, followed by an intermolecular hydride transfer that would result in 

formation of 1,4-dihydropyridine. The latter process is facilitated by elevated temperatures. 

When (DIPP-MgH)2 was used as a catalyst for the hydroboration of pyridines, product 

mixtures of N-borylated 1,2- and 1,4-dihydropyridines were obtained. The tendency to form 

1,4-dihydropyridines as favored products at higher temperatures, was confirmed in the 

hydroboration process for the example of pyridine.[20] 

The [NN-(MgH)2]2 cluster, in contrast, showed high selectivity for the formation of the 1,2-

dihydropyridide complex. The formed complex NN-[Mg(1,2-DHP)]2 is also considerably 

stable at higher temperatures and did not form the corresponding 1,4-dihydropyridide 

complex upon heating. Therefore, its capability as a catalyst for hydroboration of pyridine 

and pyridine derivatives and its selectivity for 1,2-dihydropyridines as products was 

investigated (Figure 4.38). 

 

Figure 4.38 Catalytic dearomatization-hydroboration of pyridine derivatives with pinacol-borane. 

A set of various pyridine derivatives (I−IX) was tested as substrates for the dearomatization-

hydroboration reaction with [NN-(MgH)2]2. The experiments were first conducted at a NMR 

scale with 10 mol% of catalyst (based on Mg centers) at 60 °C.  

 

Except for 2,6-lutidine (VI), all tested substrates could be converted to the corresponding N-

borylated dihydropyridines. In a stoichiometric reaction of [NN-(MgH)2]2 with 2,6-lutidine 

(VI), no transfer of the hydride onto the pyridine derivative was observed. As both 2-

positions in this derivative are blocked by methyl groups, this is another indication that the 

dearomatization of pyridines is initiated by a hydride transfer to the 2-position of the 

pyridine. The same observation was made previously for the dearomatization-hydroboration 
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of pyridines catalyzed by (DIPP-MgH)2
[20] and for an analogous 1,2-dihydropyridine 

selective, rhodium-catalyzed ([RhCl(cod)]2, PCy3) process.[38] 

Although the addition of [NN-(MgH)2]2 to pyridines displays an extraordinary preference for 

the 2-position, we did not find such regioselectivity in the catalytic conversion. Instead, the 

results were comparable to those previously reported for (DIPP-MgH)2 (Table 4.7).
[20] In 

some cases the regioselectivity for 1,4-dihydropyridine products was even higher (Ia, III, IV) 

while in other cases the temperature and reaction time could be decreased (II, IX). These 

results indicated that the selectivity of the complex towards the formation of a 1,2-

dihydropyridide complex did not translate into an according regioselectivity in the catalytic 

hydroboration. For this reason, it was assumed that the magnesium hydride complex did not 

govern the regioselectivity in the formation of the hydroboration product. This could imply 

that the magnesium hydride is not the active catalytic species. 

Table 4.7 Dearomatization-hydroboration of pyridine derivatives with pinacol-borane catalyzed by 

[NN-(MgH)2]2; NMR scale experiments: 10 mol% Mg, C6D6, previously reported results of [DIPP-

MgH]2
[20]

 are given in square brackets. 

Substrate Conditions 1,2-product  

A 

1,4-product  

B 

Conv. 

[%] 

I 60 °C, 48 h [50 °C, 48 h] 

25 °C, 120 h [35 °C, 120 h] 

24 [45] 

45 [49] 

76 [55] 

55 [51] 

100 [90] 

60 [81] 

II 60 °C, 48 h [70 °C, 120 h] 0 [0] 100 [100] 94 [51] 

III 60 °C, 48 h [70 °C, 3.5 h] 37 [48] 63 [52] 84 [91] 

IV 60 °C, 48 h [70 °C, 23 h] 92 [81] 8 [19] 93 [91] 

V 60 °C, 48 h [70 °C, 21 h] 40 [40] 60 [60] 85 [92] 

VII 60 °C, 6 h 100*  100 

VIII 60 °C, 2 h 

25 °C, 3 h [25 °C, 5 h]** 

73 

91 [100] 

27 

9 [0] 

100 

60 [90] 

IX 25 °C, 1 h [25 °C, 3 h]** 100 [100] 0 [0] 100 [>99] 

* Two hydrides were transferred onto the substrate, product:  

** 5 mol% catalyst 
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For those reactions that proceeded cleanly, scale-up experiments (4 mmol) with reduced 

catalyst loading (5 mol%) allowed for the isolation of the 1,2- and 1,4-dihydropyridine adduct 

mixtures. They were purified either by vacuum distillation or recrystallization from hexane at 

−20 °C. The products were isolated as low-melting solids or thick oils, which were highly air 

and moisture sensitive. Most NMR scale experiments could be reproduced in a larger scale 

with minor changes in the selectivity (III, V) (Table 4.8). For the hydroboration of 4-picoline 

(IV), a significantly lower yield was observed and the catalytic hydroboration of 2-picoline (II) 

did not produce any of the desired N-borylated dihydropyridine. 

Table 4.8 Dearomatization-hydroboration of pyridine derivatives with pinacol-borane catalyzed by 

[NN-(MgH)2]2; preparative scale experiments (4 mmol): 5 mol% Mg, toluene previously reported 

results of [DIPP-MgH]2
[20]

 are given in square brackets. 

Substrate Conditions 

 

A B Yield 

[%] 

I 60 °C, 30 h [70 °C, 17 h]* 22 [37] 78 [63] 76 [59] 

II 60 °C, 20 h [70 °C, 120 h]* 0 [0] 0 [100] 0 [-] 

III 60 °C, 20 h [70 °C, 3.5 h]* 19 [48] 81 [52] 94 [62] 

IV 60 °C, 20 h [70 °C, 23 h]* 91 [81] 9 [19] 45 [68] 

V 60 °C, 20 h[70 °C, 21 h]* 20 [40] 80 [60] 95 [77] 

VII 60 °C, 6 h 100*  94 

VIII 25 °C, 20 h [25 °C, 5 h] 95 [100] 5 [0] 100 [72] 

IX 25 °C, 20 h [25 °C, 3 h] 100 [100] 0 [0] 90 [50] 

* 10 mol% catalyst 

Instead of the N-borylated dihydropyridine adduct, the pinacol-borane degradation product), 

B2(pin)3 was isolated in almost quantitative yield. This boron compound was also the major 

by-product of the hydroboration of 4-picoline (IV). Crystals of B2(pin)3 were previously 

isolated from the treatment of B2(pin)2 with 4-picoline[39] and it was observed as the 

degradation product of pinacol-borane in THF[40] or in hydroboration reactions at elevated 

temperatures.[41] 
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For comparison, also the p-phenylene-bridged magnesium hydride cluster PARA3Mg8H10 

was tested as a catalyst for the hydroboration of pyridines. This complex showed a strong 

preference for the formation of 1,4-dihydropyridide in its stoichiometric reaction with pyridine 

at 60 °C. However, it was found that PARA3Mg8H10 was almost inactive as a catalyst in the 

dearomatization-hydroboration of pyridine derivatives. This could be due to the fact that 

conversion of the magnesium hydride complex into the dihydropyridide complex is already 

slow in a stoichiometric reaction. This might be attributed to the rigid structure of this cluster. 

For this reason, the monomeric dihydropyridide magnesium complex, PARA-(MgDHP)2, 

was tested as well but it performed equally poor. It could therefore be concluded that the 

slow reaction rate is not due to the high stability of the rigid PARA3Mg8H10 cluster.  

In all cases, B2(pin)3 was isolated as major product which lowered the isolated yield of N-

borylated dihydropyridines significantly (5–10%). The catalytic hydroboration of pyridines is 

apparently much slower than the catalytic degradation of pinacol-borane into B2(pin)3. 

In order to gain more detailed insight into the formation of N-borylated dihydropyridine 

catalyzed by [NN-(MgH)2]2, the hydroboration process was monitored continuously by 1H 

NMR spectroscopy. In the first experiment the reaction was conducted at 25 °C and data 

points were collected every 30 minutes as the hydroboration proceeded slowly at this 

temperature (Figure 4.39a,b).  

As the reaction is significantly accelerated at elevated temperatures, another data series 

was recorded at 60 °C and 1H NMR spectra were collected every five minutes in this 

experiment (Figure 4.39c,d).  
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Figure 4.39 The conversion of pyridine into (1,2-DHP)Bpin and (1,4-DHP)Bpin as a function of time; 

a) at 25 °C, b) section of the first 600 min at 25 °C, c) at 60 °C, d) section of the first 30 min at 60 °C. 

A comparison of both experiments revealed that increasing the reaction temperature from 

25 °C to 60 °C accelerated the hydroboration by more than a factor of 10 (80% conversion: 

580 min (25°C), 50 min (60°C); 60% conversion: 1820 min (25°C), 170 min (60°C). In the 

initial stages of the reaction, more (1,2-DHP)Bpin than (1,4-DHP)Bpin was produced. While 

it took about 400 minutes at 25 °C until (1,4-DHP)Bpin was the major product, at 60 °C it 

required only 15 minutes to get to the same point.  

The stoichiometric reaction of [NN-(MgH)2]2 with pyridine is highly 1,2-selective while the 

catalytic hydroboration results in temperature dependent mixtures of N-borylated 1,2- and 

1,4-dihydropyridine. This observation indicates that no or only a partial hydride based 

mechanism can be formulated. Therefore we propose an alternative mechanism (left cycle 

in Figure 4.40) but it is also possible that both cycles operate simultaneously. The right 
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catalytic cycle depicted in Figure 4.40 is analogous to the previously described hydride 

mechanism (A–D).  

The second cycle starts from the magnesium borate intermediate D. Coordination of 

pyridine to the magnesium center and intramolecular hydride transfer to the 2- or 4-position 

of the pyridine ring (E) results in the release of the hydroboration product and formation of a 

magnesium (1,2-DHP) or (1,4-DHP) complex (C’). Reaction with pinacol-borane restores 

intermediate D. In this case the hydride is transferred from the borane instead of the 

magnesium hydride, therefore this catalytic reaction can either be 1,2- or 1,4-selective.  

 

Figure 4.40 Proposed mechanism for the hydroboration of pyridine catalyzed by [NN-(MgH)2]2. 

Also zinc and calcium hydride complexes were investigated for their catalytic activity in the 

hydroboration of pyridines. When the catalytic hydroboration was attempted with DIPP-ZnH 

(10% catalyst) at 60 °C, traces of the desired N-borylated 1,2-dihydropyridine (~10%) were 

observed in the crude reaction mixture. The conversion could not be increased by 

elongated reaction times or elevated temperatures. As the addition of pyridine did not result 

in any reaction with the zinc hydride complex (see Chapter 4.3.2), pinacol-borane was 

stoichiometrically added to DIPP-ZnH and the reaction was monitored by 1H NMR. This 

experiment did also not show any reaction with the hydride functionality, but the resonances 

in the 1H NMR spectrum shifted slightly. NOESY NMR spectroscopy suggested exchange 

processes between the hydride at zinc and the borane hydrogen. A subsequent addition of 

pyridine resulted in considerable broadening of the hydride resonance and NOESY NMR 

spectroscopy indicated stronger exchange signals between B-H and Zn-H (Figure 4.41a). 

After a period of 5 days at 25 °C, the signal that was assigned to the borane (due to H-B 
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magnetic coupling) had disappeared and a single resonance with the same chemical shift 

as the hydride at zinc integrating to two protons remained for the B-H and Zn-H. This could 

be explained by the formation of an ion-pair complex consisting of a pinacol-borate and a 

cationic zinc moiety stabilized by the coordination of pyridine (Figure 4.41b). 

 

Figure 4.41 a) Section of a NOESY NMR spectrum of a 1:1:1 mixture of DIPP-ZnH, HBPin and 

pyridine in C6D6; b) proposed structure of [DIPP-Zn·pyridine]
+
 [H2Bpin]ˉ. 

The involvement of pyridine in this complex was confirmed by an analogous experiment 

with deuterated pyridine. In this case the 1H NMR resonance of the protons in 2-position of 

the pyridine increased significantly over time. The source of the hydrogen atoms remains a 

subject of speculation as the signal for B-H and Zn-H did not decrease accordingly. This 

uncertainty could potentially be resolved by a crystal structure of the formed complex, 

however, to date only DIPP-ZnH·pyridine (Figure 4.22) could be isolated as crystalline 

material from various experiments. 

All attempts to catalyze the hydroboration of pyridines with [DIPP-CaH·THF]2 were 

unsuccessful and resulted mainly in the formation of the borane degradation product 

B2(pin)3. 

4.4. Conclusions 

The reactivity of a range of alkaline-earth metal and zinc complexes towards water, 

ammonia borane and pyridine derivatives has been studied. 

The controlled hydrolysis of [NN-(MgH)2]2 led to the isolation and characterization of a novel 

tetranuclear magnesium hydroxide cluster [NN-(MgOH)2]2. Reaction of the magnesium 

hydride cluster, [NN-(MgH)2]2, with four equivalents of pyridine resulted in exclusive 

formation of NN-[Mg(1,2-DHP)]2. In comparison, the octanuclear magnesium hydride 

cluster, PARA3Mg8H10, formed a mixture of 1,2- and 1,4-dihydropyridide magnesium 
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complexes upon addition of pyridine. This mixture could be transformed into pure PARA-

[Mg(1,4-DHP)]2 at 60 °C. This behavior was analogous to the previously reported reactivity 

of DIPP-Mg(n-Bu). By addition of ammonia borane, PARA3Mg8H10 could be converted to 

PARA-(MgNH2BH3)2.  

The zinc hydride complexes DIPP-ZnH and [NN-(ZnH)2]2 did not show any reactivity 

towards pyridine and did not transfer the hydride as shown by the addition of pyridine-d5 to 

DIPP-ZnH. In these cases, coordination of pyridine and a structural rearrangement were 

observed, respectively. 

The soluble calcium hydride complex [DIPP-CaH·THF]2 reacted readily with various pyridine 

derivatives to give the according DIPP-Ca(1,2-DHP) complexes. These were not stable 

towards ligand exchange and formed the homoleptic complexes DIPP2-Ca and Ca(1,2-

DHP)2 within a short period of time. Of the latter complexes, the isoquinolide complex, 

Ca(1,2-DHiQ)2·(isoquinoline)4, could be characterized by single-crystal X-ray structure 

determination.  

The complex Ca(1,2-DHP)2 was found to be catalytically active in the hydrosilylation of 

pyridine, isoquinoline and quinoline with phenylsilane as silane source. These 

hydrosilylation reactions resulted exclusively in formation of bis(1,2-dihydropyridine)phenyl 

silane, bis(1,2-dihydroisoquinoline)phenyl silane and mono(1,2-dihydroquinoline)phenyl 

silane. The scope of the calcium-catalyzed hydrosilylation is presently still very limited and 

will require further research beyond these preliminary results. 

The investigated magnesium and zinc hydride complexes were all inactive in the 

hydrosilylation of pyridines, however, [NN-(MgH)2]2 was found to be active in the catalytic 

dearomatization-hydroboration of pyridines. The results concerning regioselectivity and 

activity in the hydroboration were comparable with the previously reported results for DIPP-

Mg(n-Bu). As [NN-(MgH)2]2 was very selective for 1,2-dihydropyridide in stoichiometric 

reactions, the regioselectivity in the catalysis was contrary to expectations. However, this 

could be an indication that the proposed mechanism for this catalytic transformation needs 

to be revised.  

DIPP-ZnH, [NN-(ZnH)2]2, PARA3Mg8H10 and [DIPP-CaH·THF]2 were almost completely 

inactive in the catalytic dearomatization-hydroboration of pyridines. For the zinc hydride 

complexes this is likely due to their lack of reactivity towards pyridine. In the other cases 

(PARA3Mg8H10 and [DIPP-CaH·THF]2) formation of the pinacol borane degradation product, 

B2(pin)3, seems to be much faster. 
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Alkaline-earth metal hydride complexes were shown to be valuable precursors for further 

substitution reactions and could compete with transition metal hydride complexes in 

catalytic transformations of pyridine. This is especially interesting as catalysts for the 

catalytic hydrosilylation and hydroboration of pyridines are very scarce and the resulting 

dihydropyridines are desired building blocks for synthetical biochemistry. 

4.5. Experimental section 

4.5.1. General 

All experiments were carried out in flame-dried glassware under an inert atmosphere using 

standard Schlenk-techniques and freshly dried degassed solvents. Pyridine and all 

derivatives have been dried on CaH2 and were freshly distilled prior to use. Pinacol-borane 

(HBpin) and PhSiH3 have been obtained commercially and were used without further 

purification. The following starting materials have been prepared according to literature: 

[NN-(MgH)2]2,
[42] (PARA)3Mg8H10,

[43]
 [DIPP-CaH·THF]2,

[24] DIPP-ZnH,[44] DIPP-ZnI,[45] DIPP-

ZnCl[45] and Li-DHP:[33] NMR spectra have been recorded on a 400 MHz or 500 MHz NMR 

spectrometer (specified at individual experiments). 

4.5.2. Synthesis of the complexes 

Synthesis of [NN-(MgOH)2]2 

A solution of water in THF (1 M, 0.18 mL, 0.18 mmol) 

was added to a vigorously stirred, cooled solution (−80 

°C) of [NN-(MgH)2]2 (100 mg, 0.18 mmol) in 25 mL of 

toluene. The reaction mixture was allowed to slowly 

warm up to room temperature, resulting in a yellow solution. Upon concentration of this 

solution to 10 mL, the color changed from yellow to orange. Subsequent addition of some 

drops of THF resulted in a further color change of the solution to red and cooling to −20 °C 

resulted in the isolation of diamond-shaped yellow crystals in poor yield. 

Yield: 15 mg, 0.03 mmol, 14% 

Due to the very low solubility of the crystals, no NMR data could be obtained. 
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Synthesis of NN-[Mg(1,2-DHP)]2·(pyridine)2 

Pyridine (280 mg, 3.6 mmol) was added to a 

solution of [NN-(MgH)2]2 (200 mg, 0.36 mmol) in 10 

mL of benzene. The reaction mixture was stirred at 

room temperature for 2 hours and the solution 

concentrated to 4 mL. The product was obtained as 

an orange solid which was isolated by 

centrifugation. Slow cooling of a slightly concentrated reaction mixture resulted in the 

isolation of orange cube-shaped crystals. 

Yield: 250 mg, 0.28 mmol, 79%. 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 0.29 (br s, 6H, i-Pr), 1.03 (d, 3JHH = 6.6 Hz, 6H, i-

Pr), 1.19 (d, 3JHH = 6.6 Hz, 6H, i-Pr), 1.44 (br s, 6H, i-Pr), 1.73 (s, 6H, Me backbone), 2.34 

(br s, 6H, Me backbone), 2.65 (m, 2H, i-Pr), 3.42 (m, 6H, i-Pr+H1), 4.40 (m, 2H, H2-DHP), 

4.80 (s, 2H, H backbone), 5.14 (t, 3JHH = 5.4 Hz, 2H, H4-DHP), 6.25 (dd, 3JHH = 5.5 Hz, 3JHH 

= 8.0 Hz, 2H, H3-DHP), 6.40 (d, 3JHH = 5.5 Hz, 2H, H5-DHP), 6.78 (m, 4H, H9), 6.99 (m, 2H, 

Ar), 7.12 (m, 4H, Ar), 7.19 (m, 2H, H8), 8.54 (m, 4H, H7). 

13C NMR (125 MHz, C6D6, 25°C) δ (ppm) = 24.2 (Me backbone), 26.2 (Me backbone), 26.3 

(i-Pr), 26.6 (i-Pr), 26.6 (i-Pr), 27.0 (i-Pr), 30.4 (i-Pr), 30.6 (i-Pr), 49.8 (C1) 93.6 (CH 

backbone), 97.9 (C2), 97.9 (C4), 125.9 (Ar), 126.0 (C7), 126.8 (C8), 127.8 (Ar), 130.2 (C3), 

144.3 (Ar), 145.6 (Ar), 147.2 (Ar), 150.9 (C5), 152.6 (C9), 169.9 (backbone), 170.3 

(backbone). 

Synthesis of PARA-(MgNH2BH3)2 

Ammonia borane (32 mg, 1.00 mmol) was added to 

a solution of PARA3Mg8H10 (200 mg, 0.10 mmol) in 

20 mL of toluene. Upon addition of the NH3BH3, gas 

evolution was visible in the suspension. After 48 

hours of stirring at room temperature, the suspension was concentrated to 10 mL and the 

solid separated by centrifugation. The product was isolated as a light yellow solid. 

Yield: 95 mg, 0.05 mmol, 45%. 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = −0.54 (br, 4H, NH2), 1.1 (d, 3JHH = 6.7 Hz, 12H, i-

Pr), 1.16 (d, 3JHH = 6.7 Hz, 12H, i-Pr), 1.66 (s, 6H, Me backbone), 1.78 (br t, 6H, BH3), 1.85 

(s, 6H, Me backbone), 3.19 (sept, 3JHH = 6.7 Hz, 4H, i-Pr), 4.77 (s, 2H, H backbone), 6.87 

(br s, 4H, Ar-H), 7.05 (br m, 6H, Ar). 
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11B NMR (160 MHz, C6D6, 25 °C) δ (ppm) = −22.1 (br, BH3). 

13C NMR (125 MHz, C6D6, 25°C) δ (ppm) = 23.8 (Me backbone), 24.4 (Me backbone), 24.5 

(i-Pr), 24.6 (i-Pr), 28.0 (i-Pr), 94.7 (CH backbone), 123.7 (Ar), 125.0 (Ar), 125.5 (Ar), 127.6 

(Ar), 142.4 (Ar), 146.5 (Ar), 146.7 (Ar), 151.6 (Ar), 166.9 (backbone), 167.9 (backbone), 

168.3 (backbone). 

Synthesis of PARA-[Mg(1,4-DHP)2]2·(pyridine)2 

Pyridine (160 mg, 2.00 mmol) was added to a solution of PARA3Mg8H10 (200 mg, 0.10 

mmol) in 5 mL of benzene resulting in a mixture of PARA-[Mg(1,2-DHP)2]2·(pyridine)2 and 

PARA-[Mg(1,4-DHP)2]2·(pyridine)2. In order to isomerize 1,2-DHP into 1,4-DHP, the yellow 

suspension was heated to 60 °C for 4 hours. During this time the solid dissolved and a clear 

orange-red solution was obtained. The solution was concentrated to 2 mL and the product 

was isolated as an orange-red solid by centrifugation. Slow cooling of a slightly 

concentrated reaction mixture resulted in the isolation of yellow crystalline plates of PARA-

[Mg(1,4-DHP)2]2·(pyridine)2 suitable for X-ray diffraction. 

Yield: 280 mg, 0.10 mmol, 97%. 

PARA-[Mg(1,4-DHP)2]2·(pyridine)2 

1H NMR (500 MHz, C6D6/THF-d8: 4/1, 25 °C) δ 

(ppm) = 0.29 (br s,6H, i-Pr), 1.17 (d, 3JHH = 6.8 Hz, 

6H, i-Pr), 1.27 (d, 3JHH = 6.8 Hz, 6H, i-Pr), 1.33 (d, 

3JHH = 6.8 Hz, 6H, i-Pr), 1.57 (s, 6H, Me backbone), 

1.75 (s, 6H, Me backbone), 3.12 (sept, 3JHH = 6.8 

Hz, 4H, i-Pr), 3.54 (br s, 4H, H3), 3.83 (br s, 4H, H3 

(Mg(DHP)2)), 4.07 (m, 4H, H2), 4.38 (m, 4H, H2 (Mg(DHP)2)), 4.84 (s, 2H, H backbone), 

5.55 (d, 3JHH = 7.1 Hz, 4H, H1), 6.21 (m, 2H, H1(Mg(DHP)2)), 6.65 (s, 4H, Ar), 6.78 (m, 4H, 

H5), 7.09 (m, 2H, H6), 7.11 (m, 2H, Ar), 8.46 (d, 3JHH = 3.8 Hz, 4H, H4). 

13C NMR (125 MHz, C6D6/THF-d8: 4/1, 25°C) δ (ppm) = 23.4 (Me backbone), 24.2 (Me 

backbone), 24.5 (i-Pr), 24.7 (i-Pr), 25.9 (C3), 26.5 (C3(Mg(DHP)2)), 28.7 (i-Pr), 93.1 

(C2(Mg(DHP)2)), 93.6 (C2), 95.3 (CH backbone), 124.4 (C5), 124.5 (C6), 125.7 (Ar), 136.8 

(Ar), 139.0 (C1), 140.0 (C1(Mg(DHP)2)), 142.8 (Ar), 145.1 (Ar), 146.6 (Ar), 150.3 (C6), 

167.7 (backbone), 169.5 (backbone). 

NMR data for PARA-[Mg(1,2-DHP)2]2·(pyridine)2 could also be obtained from the mixture of 

1,2-DHP and 1,4-DHP. 
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1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 1.04 (d, 

3JHH = 6.6 Hz, 6H, i-Pr), 1.10 (d, 3JHH = 6.6 Hz, 6H, i-

Pr), 1.16 (d, 3JHH = 6.6 Hz, 12H, i-Pr), 1.76 (s, 6H, 

Me backbone), 1.89 (s, 6H, Me backbone), 3.18 

(m, 4H, i-Pr), 3.52 (m, 4H, H1), 4.54 (m, 2H, H2), 

4.91 (s, 2H, H backbone), 5.18 (m, H4), 6.30 (m, 

2H, H3), 6.38 (m, 2H, H5), 6.65 (m, 4H, Ar), 6.72 (m, 4H, H7), 7.04 (m, 2H, H8), 7.19 (m, 

2H, Ar), 8.52 (m, 4H, H6). 

13C NMR (125 MHz, C6D6, 25°C) δ (ppm) = 25.5 (Me backbone), 26.2 (Me backbone), 26.5 

(i-Pr), 26.7 (i-Pr), 30.7 (i-Pr), 88.8 (C1), 95.7 (CH backbone), 97.7 (C2), 97.9 (C4), 122.4 

(Ar), 126.3 (C7), 126.4 (C8), 127.6 (Ar), 130.9 (C3), 138.7 (Ar), 144.7 (Ar), 147.0 (Ar), 148.6 

(C5), 152.3 (C6), 169.5 (backbone), 171.7 (backbone). 

Synthesis of DIPP-ZnH·pyridine 

Pyridine (4 mg, 0.05 mmol) was added to a solution of DIPP-ZnH 

(20 mg, 0.04 mmol) in 0.5 mL of C6D6. Within 5 minutes crystals of 

DIPP-ZnH·pyridine precipitated from the solution. 

Yield: 21 mg, 0.04 mmol, 90%. 

1H NMR (500 MHz, C6D6, 80 °C) δ (ppm) = 1.13 (d, 3JHH = 6.8 Hz, 12H, i-Pr), 1.19 (d, 3JHH = 

6.8 Hz, 12H, i-Pr), 1.57 (s, 6H, Me backbone), 1.73 (s, 6H, Me backbone), 3.21 (sept, 3JHH = 

6.8 Hz, 4H, i-Pr), 4.25 (s, 1H, Zn-H), 4.99 (s, 1H, H backbone), 6.72 (m, 2H, C(3)-pyr), 7.06 

(m, 1H, C(4)-pyr), 7.12 (m, 6H, Ar), 8.53 (d, 3JHH = 4.3 Hz, 2H, C(2)-pyr). 

13C NMR (75 MHz, THF-d8, 25°C) δ (ppm) = 23.7 (i-Pr), 23.7 (i-Pr), 24.8 (Me backbone), (i-

Pr), 95.9 (CH backbone), 124.6 (C(3)-pyr), 125.8 (C(4)-pyr), 126.5 (Ar), 143.1 (Ar), 146.5 

(Ar), 151.5 (C(2)pyr), 168.9 (backbone). 

Reaction of DIPP-ZnCl with K-DHP 

Phenylsilane (35.5 mg, 0.33 mmol) was added to a solution of benzyl potassium (34.1 mg, 

0.33 mmol) in 10 mL of THF. After five minutes of vigorous stirring at 25 °C, pyridine (26.1 

mg, 0.33 mmol) was added to the green-brown suspension. Five minutes later, DIPP-ZnCl 

(200.0 mg, 0.33 mmol) was added to the brown reaction mixture. The suspension turned 

pink after 15 minutes, the reaction was stirred for additional 16 hours and the solids were 

removed by centrifugation. The pale pink solution was concentrated to 10 mL and a layer of 

2 mL hexane was placed on top, yielding white crystals that were identified as DIPP-ZnH by 

means of 1H NMR spectroscopy. 
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Reaction of DIPP-ZnI with Li-DHP 

[Li(1,4-DHP)]2·(pyridine)4 (100.0 mg, 0.20 mmol) was added to a solution of DIPP-ZnI·Et2O 

(140.0 mg, 0.20 mmol) in 10 mL of toluene and the reaction mixture was stirred at room 

temperature for 16 hours. The resulting solid was removed by centrifugation and from the 

remaining mother liquor the solvent was removed in vacuum. From the resulting green solid 

only starting materials were identified by means of 1H NMR. 

Synthesis of DIPP-Ca(1,2-DHP)·pyridine 

Pyridine (20.0 mg, 0.25 mmol) was added to a solution of [DIPP-

CaH·THF]2 (20.0 mg, 0.04 mmol) in 0.5 mL of benzene. Within 30 

seconds the color of the solution changed from yellow to bright 

orange. After 30 minutes at room temperature, the solvent was 

removed and the resulting orange-red solids were dissolved in C6D6 

for 1H NMR analysis. The complex is unstable towards ligand exchange and over the 

course of one hour homoleptic species (DIPP2-Ca and Ca(1,2-DHP)2) were detected. For 

that reason, 13C NMR data of the heteroleptic product could not be obtained. 

Yield: 24.6 mg, 0.04 mmol, quantitative 

1H NMR (400 MHz, C6D6, 25 °C) δ (ppm) = 0.99 (d, 3JHH = 6.9 Hz, 12H, i-Pr), 1.19 (d, 3JHH = 

6.9 Hz, 12H, i-Pr), 1.79 (s, 6H, CH3), 3.34 (sept, 3JHH = 6.9 Hz, 4H, i-Pr), 3.81 (d, 3JHH = 4.1 

Hz, 2H, H1), 4.52 (m, 1H, H2), 5.02 (s, 1H, H backbone), 5.16 (m, 1H, H4), 6.42 (m, 1H, H3), 

6.64 (d, 3JHH = 5.6 Hz, 1H, H5), 6.72 (m, 2H, H7), 7.03-7.08 (m, 4H, Ar + H8), 8.48 (d, 3JHH = 

4.2 Hz, 2H, H6). 

Synthesis of Ca(1,2-iDHQ)2·(isoquinoline)4 

[DIPP-CaH·THF]2 (20 mg, 0.04 mmol) was added to 2 mL of isoquinoline and the red 

solution was heated to 60 °C for 2 hours and slowly cooled to 20 °C. The product was 

isolated as extremely air-sensitive dark-red square-shaped crystals that were suitable for X-

ray diffraction. 

Due to limited solubility and high air and moisture sensitivity no NMR data could be 

obtained. 
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4.5.3. Hydrosilylation of pyridine derivatives 

General procedure for the hydrosilylation of pyridines catalyzed by [DIPP-CaH·THF]2 

(NMR scale) 

[DIPP-CaH·THF]2 (20 mg, 0.04 mmol) was added to a solution of the pyridine derivative 

(0.40 mmol) and PhSiH3 (48.0 mg, 0.44 mmol) in 0.5 mL of C6D6 and the reaction mixture 

was heated to 60 °C for 24 hours.  

1H NMR spectra were recorded after 5 hours and after 24 hours.  

Bis(1,2-dihydropyridine)phenylsilane, (1,2-DHP)2PhSiH 

[DIPP-CaH·THF]2 (5 mg, 0.01 mmol) was added to a solution of 

pyridine (310 mg, 4.00 mmol) and PhSiH3 (300 mg, 2.80 mmol) in 2 

mL of toluene and the reaction mixture was stirred at 60 °C for 30 

hours. The solvent was removed in vacuum and the product was 

obtained as yellow, viscous oil. 

Yield: 300 mg, 1.13 mmol, 40%. 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 3.76 (m, 4H, H1), 4.92 (s, 1H, Si-H), 4.97 (m, 

2H, H2), 5.09 (m, 2H, H4), 5.86 (dd, 3JHH = 9.3 Hz, 3JHH = 5.4 Hz, 2H, H3), 6.22 (d, 3JHH = 7.1 

Hz, 2H, H5), 7.12-7.17 (m, 3H, Ph), 7.53 (d, 3JHH = 7.7 Hz, 2H, Ph). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 43.6 (C1), 104.4 (C2), 111.7 (C4), 125.7 (C3), 

129.0 (Ph), 131.2 (Ph), 131.5 (Ph), 135.1 (C5), 135.6 (Ph). 

Mono(1,2-dihydroquinoline)phenylsilane, (1,2-DHQ)PhSiH2 

[DIPP-CaH·THF]2 (5 mg, 0.01 mmol) was added to a mixture of 

quinoline (205 mg, 0.80 mmol) and PhSiH3 (108 mg, 0.80 mmol) and the 

reaction mixture was stirred at 25 °C for 16 hours. Remaining PhSiH3 

and quinoline were removed in vacuum at  

40 °C and the product was obtained as a colorless viscous oil. 

Yield: 152 mg, 0.64 mmol, 80% 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 3.81 (m, 2H, H-1), 5.15 (s, 2H, Si-H), 5.37 (dt, 

3JHH = 9.5 Hz, 3JHH = 4.1 Hz, 1H, H-2), 6.26 (d, 3JHH = 9.5 Hz, 1H, H-3), 6.70 (m, 1H, H-8), 

6.79 (m, 1H, H-7), 7.09 (d, 3JHH = 7.2 Hz, 1H, H-5), 7.13 (m, 3H, Ph-H) 7.51 (m, 1H, H-6), 

7.51 (d, 3JHH = 8.1 Hz, 2H, Ph-H). 
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13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 46.8 (C-1), 117.5 (C-8), 120.4 (C-6), 122.8 (C-4), 

126.1 (C-5), 126.5 (C-2), 127.0 (C-7), 127.4 (Ph), 128.6 (C-9), 129.4 (Ph), 130.6 (Ph), 134.8 

(Ph), 145.4 (C-3). 

(1,2-dihydroisoquinoline)phenylsilane, (1,2-DHiQ)2PhSiH 

[DIPP-CaH·THF]2 (10 mg, 0.02 mmol) was added to a 

mixture of quinoline (410 mg, 1.60 mmol) and PhSiH3 (108 

mg, 0.80 mmol) and the reaction mixture was stirred at 25 

°C for 16 hours. Remaining PhSiH3 and isoquinoline were 

removed in vacuum at 40 °C and the product was obtained as colorless viscous oil. 

Yield: 226 mg, 0.62 mmol, 77%. 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 4.25 (m, 4H, H1), 5.08 (s, 1H, Si-H), 5.64 (d, 

3JHH = 7.3 Hz, 2H, H8), 6.34 (d, 3JHH = 7.3 Hz, 2H, H9), 6.64 (d, 3JHH = 7.3 Hz, 2H, H3), 6.87 

(d, 3JHH = 7.3 Hz, 2H, H6), 6.95 (m, 2H, H4), 7.17-7.02 (m, 5H, Ph-H+H5), 7.46 (d, 3JHH = 6.7 

Hz, 2H, Ph-H). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 47.6 (C1), 105.2 (C8), 123.6 (C6), 125.7 (C5), 

126.4 (C4), 127.8 (C3), 128.2 (Ph), 129.1 (C7), 131.7 (Ph), 134.4 (C9), 135.1 (C2), 135.6 

(C5), 135.6 (Ph). 

4.5.4. Hydroboration of pyridine derivatives 

General procedure for the hydroboration of pyridines catalyzed by magnesium 

complexes (NMR scale) 

[NN-(MgH)2]2 (11.2 mg, 0.02 mmol) was added to a solution of the pyridine derivative (0.40 

mmol) and pinacol borane (56.3 mg, 0.44 mmol) in 0.5 mL of C6D6 and the reaction mixture 

was heated to 60 °C for 1-120 hours (Table 4.7).  

The reaction was regularly monitored by 1H NMR spectroscopy at room temperature until 

complete conversion of the reactants. 

General procedure for the hydroboration of pyridines catalyzed by magnesium 

complexes (preparative scale) 

[NN-(MgH)2]2 (56.0 mg, 0.1 mmol) was added to a solution of the pyridine derivative (4.00 

mmol) and pinacol borane (563.0 mg, 4.40 mmol) in 5 mL of toluene and the reaction 

mixture was heated 60 °C for 6 - 30 hours (Table 4.8).  
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All volatiles were removed in vacuum and the product was purified by vacuum distillation or 

recrystallization from hexane at −20 °C.[20] 

The obtained 1H NMR data were according to those previously reported by Arrowsmith  

et al..[20] 

Hydroboration of pyridine 

NMR scale: 32.0 mg pyridine 

Preparative scale: 320 mg pyridine 

The product mixture was isolated by recrystallization of the crude 

reaction mixture in hexane at −30 °C as light yellow low-melting 

crystals. 

Yield: 630 mg, 3.04 mmol, 76%. 

N-[B(OCMe2)2]-1,2-dihydropyridine 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 0.98 (s, 12H, CH3), 4.14 (dd, 2H, 3JHH = 4.2 Hz, 

3JHH = 1.6 Hz, CH2), 5.09 (m, 1H, CH), 5.78 (m, 1H, CH), 6.69 (s, 1H, CH). 

N-[B(OCMe2)2]-1,4-dihydropyridine 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 1.01 (s, 12H, CH3), 2.82 (m, 2H, CH2), 4.57 (m, 

2H, CH), 6.51 (s, 2H, CH). 

Hydroboration of 2-picoline 

NMR scale: 37.3 mg 2-picoline 

Preparative scale: 373 mg 2-picoline 

Only B2pin3 could be crystallized from hexane. 

N-[B(OCMe2)2]-1,4-dihydro-2-methylpyridine 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 0.98 (s, 12H, CH3), 2.03 (s, 3H, CH3), 2.82 (m, 

2H, CH2), 4.45 (m, 1H, CH), 4.68 (m, 1H, CH), 6.65 (m, 1H, CH). 

Hydroboration of 3-picoline 

NMR scale: 37.3 mg 3-picoline 

Preparative scale: 373 mg 3-picoline 
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The product mixture was isolated as a thick pale yellow oil by vacuum distillation at 70 °C, 

0.1 mbar. The obtained oil crystallized after several hours as a low-melting solid. 

Yield: 830 mg, 3.74 mmol, 94%. 

N-[B(OCMe2)2]-1,2-dihydro-3-methylpyridine 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 1.04 (s, 12H, CH3), 1.43 (s, 3H, CH3), 4.09 (m, 

2H, CH2), 5.04 (m, 1H, CH), 5.52 (m, 1H, CH), 6.57 (s, 1H, CH). 

N-[B(OCMe2)2]-1,4-dihydro-3-methylpyridine 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 1.01 (s, 12H, CH3), 1.40 (s, 3H, CH3), 2.72 (m, 

2H, CH2), 4.64 (m, 1H, CH), 6.37 (m, 1H, CH), 6.61 (s, 1H, CH). 

Hydroboration of 4-picoline 

NMR scale: 37.2 mg 4-picoline 

Preparative scale: 373 mg 4-picoline 

The product mixture was isolated by recrystallization of the crude 

reaction mixture in hexane at −30 °C as a colorless crystalline solid. 

Yield: 400 mg, 1.80 mmol, 45%. 

N-[B(OCMe2)2]-1,2-dihydro-4-methylpyridine 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 1.05 (s, 12H, CH3), 1.58 (s, 3H, CH3), 4.21 (m, 

2H, CH2), 4.88 (m, 1H, CH), 4.99 (m, 1H, CH), 6.76 (s, 1H, CH). 

N-[B(OCMe2)2]-1,4-dihydro-4-methylpyridine 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 1.00 (s, 12H, CH3), 1.42 (s, 3H, CH3), 3.32 (m, 

2H, CH2), 4.60 (m, 2H, CH), 6.62 (s, 2H, CH). 

Hydroboration of 3,5-lutidine 

NMR scale: 42.9 mg 3,5-lutidine 

Preparative scale: 428 mg 3,5-lutidine 

The product mixture was isolated as colorless oil by vacuum 

distillation at 90 °C, 0.1 mbar. The oil crystallized as a low-melting 

solid. 

Yield: 895 mg, 3.80 mmol, 95%. 
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N-[B(OCMe2)2]-1,2-dihydro-3,5-dimethylpyridine 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 1.06 (s, 12H, CH3), 1.47 (s, 3H, CH3), 1.62 (s, 

3H, CH3), 4.03 (s, 2H, CH2), 5.43 (s, 1H, CH), 6.40 (s, 1H, CH). 

N-[B(OCMe2)2]-1,4-dihydro-3,5-dimethylpyridine 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 1.04 (s, 12H, CH3), 1.47 (s, 6H, CH3), 2.56 (s, 

2H, CH2), 6.42 (s, 2H, CH). 

Hydroboration of pyrazine 

NMR scale: 32.0 mg pyrazine 

Bis-N-[B(OCMe2)2]-2,3-dihydro-pyrazine 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 1.04 (s, 24H, CH3), 3.48 (s, 4H, CH2), 6.13 (s, 

2H, CH). 

13C NMR (75 MHz, C6D6, 25°C) δ (ppm) = 24.8 (CH3), 42.5 (CH2), 82.7 (Cq), 111.1 (CH). 

Hydroboration of quinoline 

NMR scale: 51.7 mg quinoline 

Preparative scale: 517 mg quinoline 

The product mixture was isolated by recrystallization of the 

crude reaction mixture in hexane at −30 °C as a colorless 

crystalline solid. 

Yield: 1040 mg, 4.00 mmol, quantitative. 

N-[B(OCMe2)2]-1,2-dihydroquinoline 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 1.04 (s, 12H, CH3), 4.14 (m, 2H, CH2), 5.58 (dt, 

1H, 3JHH = 9.6 Hz, 3JHH = 4.1 Hz, CH), 6.26 (d, 1H, 3JHH = 9.6 Hz, CH), 6.81 (m, 1H, CH) , 

6.83 (m, 1H, CH), 7.10 (m, 1H, CH), 7.83 (d, 1H, 3JHH = 8.1 Hz, CH). 

N-[B(OCMe2)2]-1,4-dihydroquinoline 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 0.97 (s, 12H, CH3), 3.28 (m, 2H, CH2), 4.79 (dt, 

1H, 3JHH = 8.0 Hz, 3JHH = 3.7 Hz, CH), 6.75 (m, 1H, CH), 6.85 (m, 1H, CH), 6.92 (m, 1H, 

CH), 7.12 (m, 1H, CH), 8.15 (d, 1H, 3JHH = 8.4 Hz, CH). 
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Hydroboration of isoquinoline 

NMR scale: 51.7 mg isoquinoline 

Preparative scale: 517 mg isoquinoline 

The product mixture was isolated as thick colorless oil by vacuum distillation 

at 110 °C, 0.1 mbar. The oil crystallized as a low-melting solid. 

Yield: 915 mg, 3.57 mmol, 90%. 

N-[B(OCMe2)2]-1,2-dihydro-isoquinoline 

1H NMR (500 MHz, C6D6, 25 °C) δ (ppm) = 1.03 (s, 12H, CH3), 4.65 (s, 2H, CH2), 5.65 (d, 

1H, 3JHH = 7.4 Hz, CH), 6.74 (d, 1H, 3JHH = 7.4 Hz, CH), 6.82 (d, 1H, 3JHH = 7.4 Hz, CH) , 

6.86 (d, 1H, 3JHH = 7.4 Hz, CH), 6.90 (dt, 1H, 3JHH = 7.4 Hz, 3JHH = 1.4 Hz, CH), 7.00 (dt, 1H, 

3JHH = 7.4 Hz, 3JHH = 1.4 Hz, CH). 

4.5.5. Crystal structure determination 

Structures have been solved and refined using the programs SHELXS-97 and SHELXL-97, 

respectively.[46,47] All geometry calculations and graphics have been performed with 

PLATON.[48] The crystal data are summarized in Table 4.9.  

Crystal structure determination of [NN-(MgOH)2]2 

Reflections were measured on a Bruker Kappa Apex II diffractometer with sealed tube and 

Triumph monochromator ( = 0.71073Å). Intensities were integrated with Eval15.[49] 

Absorption correction was performed with SADABS.[50] The structures were solved with 

Direct Methods using SHELXS-97[46,51] and refined with SHELXL-97[47,51] against F2 of all 

reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 

parameters. Hydrogen atoms were located in difference Fourier maps. All hydrogen atoms 

were refined with a riding model. The cocrystallized toluene molecule was refined with a 

disorder model using restraints for distances, angles, flatness, and isotropic displacement 

behaviour. 

Geometry calculations and checking for higher symmetry were performed with the PLATON 

program.[48,52] 

Crystal structure determination of NN-[Mg(1,2-DHP)]2·(pyridine)2 

Reflections were measured on a Bruker Kappa Apex II diffractometer with sealed tube and 

Triumph monochromator ( = 0.71073Å). Intensities were integrated with Eval15.[49] 

Absorption correction was performed with SADABS.[50] The structures were solved with 
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Direct Methods using SHELXS-97[46,51] and refined with SHELXL-97[47,51] against F2 of all 

reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 

parameters. Hydrogen atoms were located in difference Fourier maps. All hydrogen atoms 

were refined freely with isotropic displacement parameters. 

Geometry calculations and checking for higher symmetry was performed with the PLATON 

program.[48,52] 

Crystal structure determination of PARA-[Mg(1,4-DHP)]2·(pyridine)2 

Reflections were measured on a Bruker Kappa Apex II diffractometer with sealed tube and 

Triumph monochromator ( = 0.71073Å). Intensities were integrated with Eval15.[49] 

Absorption correction was performed with SADABS.[50] The structures were solved with 

Direct Methods using SHELXS-97[46,51] and refined with SHELXL-97[47,51] against F2 of all 

reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 

parameters. Hydrogen atoms were located in difference Fourier maps. All hydrogen atoms 

were refined with a riding model.  

Geometry calculations and checking for higher symmetry was performed with the PLATON 

program.[48,52] 

Crystal structure determination of Ca(1,2-iDHQ)2·(isoquinoline)4 

Reflections were measured on a Bruker D8 Venture diffractometer with Apex II detector. All 

hydrogen atoms have been located in the difference-Fourier map and were refined 

isotropically. No solvent has been included in the structure. Due to the small size of the 

crystal we could obtain only data up to Θmax = 65.68° (CuKα). The crystals were also 

extremely air-sensitive. 
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Table 4.9 Crystal structure data. 

Compound [NN-(MgOH)2]2 NN-[Mg(1,2-DHP)]2·(pyridine)2 

Formula C68H100Mg4N8O4 C54H70Mg2N8 

M 1355.04 879.80 

Size (mm³) 0.56 x 0.39 x 0.33 0.51 x 0.34 x 0.15 

Crystal system tetragonal monoclinic 

Space group I−42d C2/c 

a (Å) 19.3381(3) 30.8482(15) 

b (Å) 19.3381(3) 9.9089(4) 

c (Å) 41.2526(11) 17.3175(7) 

α 90 90 

β 90 108.364(2) 

γ 90 90 

V (Å³) 15426.9(5) 5023.9(4) 

Z 8 4 

ρ (g.cm-3) 1.1669(1) 1.1632(1) 

μ (MoKα) (mm-1) 0.102 0.092 

T (°C) −170 −170 

Θ (max) 65 65 

Refl.total, independent 
Rint 

178194, 8861 

 

54579, 5768 

 

Parameter 470 429 

R1 0.0339 0.0324 

wR2 0.0873 0.0877 

GOF 1.060 1.043 

min/max remaining e-
density (e·Å-3) −0.34/0.44 −0.22/0.31 
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Compound 
PARA-[Mg(1,4-DHP)]2 

·(pyridine)2 
DIPP-ZnH·pyridine 

Formula C60H74Mg2N8 C34H47ZnN3 

M 955.89 707.26 

Size (mm³) 0.54 x 0.22 x 0.15  

Crystal system triclinic triclinic 

Space group P-1 P-1 

a (Å) 17.5689(5) 8.9674(5) 

b (Å) 17.9591(4) 12.2222(7) 

c (Å) 18.5527(7) 19.4575(12) 

α 88.951(2) 76.744(3) 

β 74.838(2) 78.633(3) 

γ 89.377(2) 87.929(3) 

V (Å³) 5649.0(3) 2034.9(2) 

Z 4  

ρ (g.cm-3) 1.1240(1) 1.1543(1) 

μ (MoKα) (mm-1) 0.087 0.637 

T (°C) −120  

Θ (max) 65  

Refl.total, independent 

Rint 

125751, 25855 

  

Parameter 1285  

R1 0.0466  

wR2 0.1226  

GOF 1.020  
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Compound Ca(DHiQ)·(quinoline)4 

Formula C54H44CaN6 

M 817.04 

Size (mm³) 0.2 x 0.1 x 0.05 

Crystal system triclinic 

Space group P-1 

a (Å) 9.1289(2) 

b (Å) 10.4139(3) 

c (Å) 11.6294(3) 

α 89.847(2) 

β 72.802(2) 

γ 86.777(2) 

V (Å³) 1054.36(5) 

Z 1 

ρ (g.cm-3) 1.287 

μ (CuKα) (mm-1) 1.633 

T (°C) −170 

Θ (max) 65.68 

Refl.total, independent  

Rint 

11399, 3432 

0.0454 

Found refl. (I > 2σ(I)) 2680 

Parameter 365 

R1 0.0427 

wR2 0.1015 

GOF 1.050 

min/max remaining e-
density (e·Å-3) 

−0.12/0.15 
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This chapter contains the synthesis and characterization of novel heterometallic magnesium 

and zinc complexes. A selection of potential heterobimetallic carboxylate complexes is 

subsequently tested for the application as catalysts in the CHO/CO2 copolymerization. The 

chapter closes with preliminary DFT calculations on the stability as well as the properties of 

heterobimetallic magnesium and zinc complexes. 
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5.1. Introduction 

Organometallic compounds containing magnesium or zinc are amongst the most commonly 

used reagents in organic synthesis.  

Maybe the most utilized ones are Grignard reagents (RMgX). They combine the virtues of 

high reactivity and are easily prepared from elemental magnesium and widely available 

organo halides. Their high reactivity can be attributed to the nucleophilicity of the organic 

rest that has carbanion character on account of the rather polar magnesium carbon bond. 

The great value of the corresponding Grignard reaction to synthetic chemists is its 

generality as a building block for a range of structural and functional groups. Best known is 

the reaction of organomagnesium reagents with a variety of carbonyl compounds like 

aldehydes, ketones or esters (Figure 5.1). These reactions result in the formation of 

alcohols and ketones while the reaction of Grignard reagents with carbon dioxide yields 

carbonic acids.[1] 

 

Figure 5.1 Reactions of Grignard reagents with a selection of carbonyl derivatives. 

Additionally, organomagnesium reagents react with most organic functional groups 

containing multiple bonds (nitriles, sulfones, imines), highly strained rings (epoxides and 

various cyclohexanes), acidic hydrogens (alkynes) and various highly polar single bonds 

(carbon-halogen) (Figure 5.2).[2] Furthermore, Grignard reagents react with molecular 

oxygen to give peroxides as intermediates, resulting in the formation of primary alcohols. 

The reaction of disulfides with a Grignard reagent, RMgX, yields the according thiols (RSH) 

and thioethers (R-S-R’).[2] 
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Figure 5.2 Reactions of Grignard reagents with selected functional groups. 

The reactivity towards a large number of functional groups is also a major drawback of the 

Grignard reaction. It hampers the selectivity in reactions with polyfunctional substrates and 

the formation of certain polyfunctional reagents. 

Higher functional group tolerance can be achieved by use of a milder organometallic 

reagent with a more electronegative metal than magnesium (EN = 1.31).[3] Zinc  

(EN = 1.65),[3] for example, forms organometallic reagents that are less reactive and 

consequently show significantly improved selectivity. Organozinc compounds therefore 

represent valuable and versatile low polarity organometallic reagents.[4,5] They show 

exceptional functional group tolerance and are pivotal tools in multiple key organic 

transformations, like carbometallations,[6] enantioselective alkylations,[7] Negishi cross-

couplings[8] and oxidative cross-couplings[9] (Figure 5.3).  

 

Figure 5.3 Reactions of organozinc reagents with selected functional groups. 

Due to their low reactivity, a broad range of polyfunctional organozinc reagents (1−5) can 

be synthesized.  
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Among the tolerated functional groups in organozinc reagents are esters,[10] ethers,[11] 

nitriles[12] and halides.[4,13] The intrinsic moderate reactivity of organozinc reagents often 

hampers the reaction with designated substrates. However, it can be dramatically increased 

by the use of appropriate transition metal catalysts or Lewis acids.  

Furthermore, the low ionic character of the zinc-carbon bond enables the preparation of a 

variety of chiral zinc organometallic compounds with synthetically useful configurational 

stability. These properties make organozinc compounds ideal reagents for the synthesis of 

complex and polyfunctionalized organic molecules.[4] 

Despite their different reactivity, there are examples of magnesium and zinc supporting one 

another in various reactions. First, Magnesium salts have been found to enhance the 

reactivity of organozinc compounds towards aldehydes and ketones.[14,15] The rate 

accelerating effect of MgCl2 was rationalized by the stronger Lewis acidity of MgCl2 

compared to RZnX and thus a stronger ability to interact with the C=O group of the carbonyl 

reagent in the proposed six-membered transition state (Figure 5.4).[15-17] 

 

Figure 5.4 Six-membered transition states proposed for the addition of RZnX to R’C(O)R’’ in a) the 

absence or b) the presence of MgCl2 and c) for the addition of R3ZnMgCl to R’C(O)R’’. 

 

In 2006, Ishihara et al. identified the zincate prepared from the Grignard reagent, EtMgCl, 

and Et2Zn, presumably Et3ZnMgCl, as a powerful ethylating agent for benzophenone and 

proposed a very similar transition state as depicted in  

Figure 5.4c.[18]  

This study was extended to various magnesium trialkylzincates, which were prepared from 

ZnCl2 and alkylmagnesium chlorides using different aldehydes and ketones as 

substrates.[19] In these reports it was found that catalytic amounts of ZnCl2 (10 mol%) are 



  Bimetallic dimers 

 
183 

 

sufficient to considerably accelerate the addition of Grignard reagents to ketones. These 

synergistic effects are also observed with a range of alkaline metals when added to 

Grignard or organozinc reagents.[20] 

It has to be noted that such magnesium-zinc combinations can generate complex mixtures 

and consequently the precise species involved in reactions with carbonyl compounds are 

difficult to predict. The equimolar addition of ZnCl2 to t-BuMgCl in THF does not result in the 

anticipated metathesis (A), but reveals the formation of a magnesium zincate 6 (Figure 5.5, 

B),[21] which can be viewed as co-complexation of the products of the metathesis. When the 

reaction is carried out by using a threefold excess of the Grignard reagent, which is closer 

to the catalytic conditions employed for the additions to ketones, a solvent-separated mixed 

magnesium trialkylzincate 7 is obtained (Figure 5.5, C).[21] This complex can therefore be 

viewed as a model for the active species in organic transformations of Grignard reagents 

catalyzed by ZnCl2. The same product is also obtained in the inverse reaction of the 

according t-BuZnCl with MgCl2 (Figure 5.5, D).[21] 

 

Figure 5.5 Stoichiometric reactions of a Grignard reagent with ZnCl2 in THF. 

In an extended study of the stoichiometric reaction of various Grignard reagents with ZnCl2 

a range of novel mixed magnesium zinc species (Figure 5.6) was discovered. The favorable 

formation of these hybrids (8−11) over the expected homometallic metathesis products 

MgCl2 and RZnCl is supported by DFT computational studies.[22] These results indicate that 

mixed-metal compounds can be involved or even be responsible for observed reactivities 

that have been previously attributed to monometallic species.[22] 
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Figure 5.6 Stoichiometric reaction of Grignard reagents with ZnCl2 in a mixture of THF and toluene. 

Another major by-product in the metathesis of Grignard reagents with ZnCl2 was identified 

as the magnesium zincate 12 (Figure 5.7). The precipitation of this solvent-separated ion-

pair removes significant amounts of ZnCl2 from the reaction mixture. It should thus be 

considered in so-called “ZnCl2 catalyzed” reactions of Grignard reagents.
[21] Furthermore, 

the magnesium zincate 12 is also generated in equimolar mixtures of MgCl2 and ZnCl2 in 

THF (Figure 5.7). 

 

Figure 5.7 Side-reactions observed in the stoichiometric reaction of Grignard reagents with ZnCl2. 

Although [Mg·(THF)6]
2+ and [Zn2Cl6]

2− are the building blocks of numerous ionic compounds, 

the combination of magnesium and zinc is scarce. Only three other examples of magnesium 

zincates with a Mg:Zn ratio of 1:2 (13,14) have been previously reported.[23,24] The solvent-

separated ion pair 14 has also been considered to be a model compound for the active 

species in zinc-catalyzed nucleophilic additions of Grignard reagents.[23] 

  

Despite the differences in reactivity of magnesium and zinc complexes, there are various 

examples for reactions that can be catalyzed by magnesium as well as zinc. Zinc and 
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magnesium-based catalysts have been extensively employed in the ring-opening 

polymerization of lactides.[25,26] They are among the most efficient initiators for the well-

controlled polymerization of cyclic esters such as ε-caprolactone and lactides.[27] A range of 

different ligands have been explored and excellent activities and selectivities have been 

observed with three major types of ligands: ß-diketiminates (15), tris(pyrazolyl)borates (16) 

and phenoxy-amines (17) (Figure 5.8). Metal alkoxide complexes have proven to be 

extraordinarily active, give predictable polymer chain lengths (reflected by the number 

average weights (Mn)) and a narrow distribution of molecular masses of the polymer, which 

is expressed in the polydispersity index (PDI). 

 

Figure 5.8 Structures of ß-diketiminate, tris(pyrazolyl)borate and phenoxy-amine metal alkoxide 

complexes. 

Another catalytic transformation in which zinc-catalysts have proven to be very successful is 

the copolymerization of epoxides and CO2 (Figure 5.9). This polymerization reaction is 

particularly interesting as it employs CO2 as a non-toxic, non-flammable and naturally 

abundant C1 feedstock, which is also emitted as a waste product in numerous industrial 

processes.[28-30] The major obstacle in the generation of polycarbonates by copolymerization 

of epoxides and carbon dioxide is the thermodynamic stability of CO2
[29] and the concurrent 

formation of cyclic carbonates, which reduce the yield of the desired polymers (Figure 5.9b). 

 

Figure 5.9 Alternating copolymerization of cyclohexene oxide (CHO) and propylene oxide (PO) with 

CO2. 
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The resulting polycarbonates are biodegradable polymers with potential applications as 

packaging material, thermoplastics, pyrotechnics and interliners for safety glass.[16,31,32] PPC 

decomposes uniformly and controllably to cyclic propylene carbonate below 250 °C[33] which 

makes it particularly useful as binder for ceramics, adhesives and propellants.[34] However, 

the low glass transition temperature of PPC (35-40 °C) hinders its broad utility as a bulk 

material. PCHC exhibits a much higher glass transition temperature of 115 °C resulting in 

materials with very similar properties to polystyrene.[35] The higher decomposition 

temperature of PCHC (≈ 300 °C) also allows for melt-processing.[31] Cyclic carbonates are 

industrially utilized as polar aprotic solvents, substrates for small molecule synthesis, 

additives, antifoam agents for antifreeze and plasticizers.[36] 

The moderate thermal stability and the low temperature of thermal deformation of aliphatic 

polycarbonates, combined with their high production cost (ca. 200 $ per kg) have hampered 

their widespread use as commercial polymers. A significant contributor to the cost of these 

materials is the low activity of the heterogeneous zinc/dicarboxylic acid catalyst used in 

industry to polymerize epoxides and CO2. As a result a significant amount of recent 

research has been focused on the discovery and development of new catalysts for this 

process.[37] An important approach for the design of improved catalysts is the detailed 

understanding of the polymerization mechanism.  

The epoxide-CO2 copolymerization is generally accepted to proceed by a coordination-

insertion mechanism (Figure 5.10).[38] 

 

Figure 5.10 Basic mechanism of epoxide-CO2 copolymerization and the formation of cyclic 

carbonates (Lx = ligand set, M = metal, P = polymer chain)
[38]
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The alternating copolymerization is a two-step process: the insertion of CO2 into a metal 

alkoxide is followed by insertion of epoxide into a metal carbonate (Figure 5.10, 

polymerization manifold). Based on this mechanism, most catalysts (polymerization 

initiators) are metal-alkoxide or metal carboxylate species that are similar to putative 

catalytic intermediates.[38] The selectivity for polymeric or cyclic product can be tuned 

depending on the catalyst, additives, CO2 pressure, epoxide concentration and temperature. 

In most cases, cyclic carbonates are thought to be generated by the backbiting of a metal-

alkoxide species into an adjacent carbonate linkage (Figure 5.10, cyclization manifold).[39]  

In some aliphatic polycarbonates, the presence of ether linkages as a result of consecutive 

epoxide enchainment can be observed. However, most systems can be tuned to favor CO2 

incorporation by catalyst selection, CO2 pressure, epoxide concentration and polymerization 

temperature.[38] 

Well-defined, single-site homogeneous catalysts allow for a precise modification as well as 

detailed mechanistic studies and can thus improve the PDIs and the composition 

distributions. A highly active single-site zinc system for the living epoxide-CO2 

copolymerization based on bulky ß-diketiminate ligands has been introduced by Coates et 

al. (18−20).[40-44] 
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These active catalysts are dimeric in the solid state as revealed by X-ray crystallography, 

however the situation in solution is highly dependent on the steric bulk of the ligands, which 

has to be tuned carefully to achieve high activity.[26,30,40-42] Based on solution studies, 

stoichiometric insertion reactions and rate studies, a bimetallic mechanism for the 

copolymerization of epoxides and CO2 is proposed (Figure 5.11a).[45,46] The crucial, rate-

determining, step is the ring-opening of the epoxide depicted in Figure 5.11b. Although also 

a monomeric mechanism could be formulated, it was found that this single-metal species is 

hardly active. This implies a loss of activity of the catalyst at higher dilutions of the reaction 

mixture as it shifts the position of the monomer-dimer equilibrium to the monomeric side.[42] 

For this reason, the protocol for Zn-catalyzed epoxide/CO2 copolymerization is often one in 

which no solvent is used (the epoxide is the solvent). This results in yields of at most 40% 

due to viscosity limitations (at this stage the polymerization mixture starts to become 

solid).[47] The proposed bimetallic mechanism has also furnished extensive research into the 

preparation of bimetallic zinc complexes.[30,47,48] These bimetallic systems are not influenced 

by concentration effects and polymerizations run in solution can reach epoxide conversions 

>90%. 
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Figure 5.11 Proposed copolymerization mechanism using ß-diketiminate zinc complexes (P = 

polymer chain)
[42]

 

In contrast to the very active zinc complexes, analogous magnesium complexes are either 

completely inactive or show only poor catalytic activity.[46,49] To the best of our knowledge, 

only two examples of active magnesium complexes (21, 22) for the copolymerization of CO2 

and epoxides are reported.[50] 
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The low activity in the copolymerization cannot be attributed to the incapability of 

magnesium to activate CO2 as it resembles nature’s choice when it comes to CO2 fixation.  

In the copolymerization of CO2 and epoxides no reports on synergistic effects or the activity 

of heterobimetallic Mg/Zn have been published yet. 

5.2. Goal 

Cooperative effects of neighboring metals have shown to influence the activity and 

selectivity in catalytic transformations considerably. In contrast to the well-studied 

homobimetallic Mg/Mg and Zn/Zn complexes (Figure 5.12a), little is known about analogous 

heterobimetallic Mg/Zn complexes. These mixed-metal complexes are usually generated by 

distinctly different coordination sites in the ligand system (Figure 5.12b). 

 

In this study, we aim to synthesize unsupported heterobimetallic complexes of magnesium 

and zinc without the use of dinucleating ligand systems. Therefore we intend to obtain 

dimeric complexes fused by different bridging ligands (X) (Figure 5.13).  

Figure 5.12 Schematic representation of a) homobimetallic and b) heterobimetallic complexes 

a) b) 

M M 
M M‘ 
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Figure 5.13 Unsupported heterobimetallic complexes fused by bridging ligands (X) 

We use bulky ß-diketiminate ligands (DIPP and MES) for the stabilization of the complexes 

as they have previously shown to be suitable frameworks for dimeric magnesium as well as 

zinc complexes. For a variation in the bridging units (X) of the heterobimetallic complexes 

hydrides, halides and carboxylates will be investigated. We anticipate that the 

heterobimetallic complexes LZnX/LMgX have “ate” character which means that they are 

polarized: LZnX2ˉLMg+. This could attribute significantly to their stability and it is the goal of 

this research to reveal to what extent mixed-metal dimers are favored over their 

homometallic dimers. 

Finally, we would like to test these heterobimetallic systems in the copolymerization of 

cyclohexene oxide and carbon dioxide. This could allow for the study of potential synergic 

effects of magnesium and zinc in this catalytic reaction. As a bimetallic transition state has 

been proposed for the copolymerization, the incorporation of magnesium could enhance the 

activity of the catalyst. It represents a better Lewis acid than zinc and could lead to 

improved substrate activation. The LZnOR/LMgOR catalyst likely has strong “ate” character: 

[LZn(OR)2]ˉ[MgL]+. This might facilitate the nucleophilic attack of the growing polymer chain 

(Figure 5.14b). 

 

Figure 5.14 Proposed transition state for copolymerization of CO2 and CHO catalyzed by a) 

homobimetallic ß-diketiminate zinc and b) heterobimetallic ß-diketiminate magnesium and zinc 

complexes. 

 

 

M M‘ 
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5.3. Synthetic Results and Discussion 

Numerous homometallic magnesium and zinc complexes stabilized by bulky aryl-

substituted ß-diketiminate ligands have been previously reported and structurally 

characterized.[44,51-53] The majority of these complexes are dimeric in the solid state as 

verified by X-ray crystallography. However, depending on the steric bulk of the aryl 

substituent at the nitrogen atoms, they can be subject to a monomer-dimer equilibrium in 

solution. This equilibrium is influenced by the choice of solvent and temperature (Figure 

5.15). 

 

Figure 5.15 Solvent- and temperature dependent monomer-dimer equilibrium of ß-diketiminate 

complexes. 

The monomer-dimer equilibrium can potentially be utilized for the synthesis of 

heterobimetallic dimers. The mixing of equimolar amounts of homometallic dimers in 

appropriate solvents should lead to the formation of a statistical mixture of homo- and 

heterobimetallic dimers (Figure 5.16). As Mg and Zn complexes with  

2,6-diisopropylphenyl- (DIPP) and 2,4,6-trimethylphenyl-substituted (MES)  

ß-diketiminate ligands show the desired monomer-dimer equilibria in most cases, they were 

chosen for this study.[41,54,55]  

 

Figure 5.16 Formation of unsupported heterobimetallic dimers 

Due to the differences in electronegativity of magnesium and zinc, the resulting 

heterobimetallic complexes might be polarized (an extreme resonance structure would be 

[MgL]+[X2ZnL]ˉ). Therefore the hybrid complexes should be less soluble in aliphatic or 

aromatic solvents. This could facilitate the separation from the homobimetallic starting 

materials by simple crystallization. The isolation of single crystals would also allow for the 
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structural characterization of the desired heterobimetallic compounds by means of single-

crystal X-ray diffraction. 

5.3.1. Halides as bridging units 

Chloride ligands exhibit good bridging abilities between metal centers and are therefore 

promising bridging units for the synthesis of heterobimetallic magnesium and zinc 

complexes. For this purpose, benzene and THF solutions of (DIPP-MgCl)2 and (DIPP-

ZnCl)2 were mixed and heated for several hours. Slow cooling of the reaction mixture 

afforded colorless block-shaped crystals that were suitable for X-ray diffraction. 

The obtained crystal structure, however, revealed that in place of the desired 

heterobimetallic dimer, the unforeseen magnesium zincate (23) (Figure 5.17, Table 5.1) had 

formed. The molecule has Cs symmetry and the mirror plane which is spanned by the metal 

centers and the metal centers. Due to the crystallographic symmetry one of the THF 

molecules (O2) is disordered over two positions. For clarity only one possible position is 

depicted (Figure 5.17).  

 

Figure 5.17 Crystal structure of (DIPP-ZnCl)2MgCl2·(THF)3; i-Pr groups are omitted for clarity. 

The central Mg2+ cation is surrounded by two [DIPP-ZnCl2]ˉ anions and the coordination 

sphere around the Mg center is saturated by three molecules of THF. One of the zincate 

units is connected to the Mg center by two bridging chloride ligands that give rise to a planar 

23 
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[Mg(µ-Cl)2Zn] four-membered ring. The second zincate unit is linked only by one bridging 

chloride ligand and possesses one terminal chloride ligand.  

In comparison to the magnesium zinc hybrid 6 (Figure 5.5), the Zn−Cl bond lengths of the 

bridging chloride ligands (6: 2.4107(7), 2.4226(7) Å) are shortened, while the Zn−Cl bond 

length of the terminal chloride (6: 2.2788(7) Å) and the Mg−Cl bond lengths (6: 2.4774(10) 

Å, 2.4972(10) Å) are comparable (Table 5.1). The distance between the Mg atom and the 

Zn center participating in the four-membered ring (3.481(2) Å) is slightly shorter than in the 

heterobimetallic compound 6 (3.5298(9) Å).[21] 

Table 5.1 Selected bond lengths (Å), distances and angles (°) in (DIPP-ZnCl)2MgCl2·(THF)3 

(symmetry operations: X’ = x, 1/2 – y, z) 

(DIPP-ZnCl)2MgCl2 ·3THF 

Zn1–N1 1.980(2) Mg1–Cl1 2.4981(17) Mg1–O2 2.089(4) 

Zn2–N2 1.981(2) Mg1–Cl2 2.5403(17) Mg1···Zn1 3.481(2) 

Zn1–Cl1 2.3060(10) Mg1–Cl3 2.4660(18) Mg1···Zn2 4.493(2) 

Zn1–Cl2 2.3256(10) Mg1∙∙∙Cl4 4.8520(17) Cl1–Zn1–Cl2 92.59(4) 

Zn2–Cl3 2.3033(13) Mg1–O1 2.261(4) Cl3–Zn2–Cl4 105.46(4) 

Zn2–Cl4 2.2447(11)     

In order to gain further insight into the formation of (DIPP-ZnCl)2MgCl2·(THF)3, the mother 

liquor of the crystallization was analyzed by means of 1H NMR. It revealed the presence of 

homoleptic DIPP2-Mg. Therefore formation of the magnesium zinc hybrid 23 might be 

explained by a ligand exchange between intermediate heterobimetallic complexes [DIPP-

(Mg/Zn)Cl]2, in which a zincate [DIPP-ZnCl2]ˉ directly replaces the ß-diketiminate ligand at 

the Mg center to give complex 23 and a homoleptic DIPP2-Mg complex (Figure 5.18a). 

Alternatively, traces of MgCl2 that form in a classical Schlenk equilibrium of (DIPP-MgCl)2 

insert into present (DIPP-ZnCl)2, subsequently shifting the equilibrium between heteroleptic 

(LMgCl)2 and MgCl2 + L2Mg to the homoleptic side (Figure 5.18b). 
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Figure 5.18 Schematic representation of a) direct ligand exchange between heterobimetallic [L-

(Mg/Zn)Cl]2 and b) classical Schlenk equilibrium of (L-MgCl)2 and subsequent reaction of MgCl2 with 

(L-ZnCl)2 (L = ß-diketiminate ligand). 

An analogous experiment, in which equimolar solutions of (MES-ZnCl)2 and (MES-MgCl)2 in 

benzene and THF were mixed, yielded colorless hexagon-shaped crystals. This reaction did 

also not produce the desired heterobimetallic dimer (MES-Zn(µ-Cl)2Mg-MES), but resulted 

in formation of magnesium-zinc hybrid 24 with a comparable structural motive to compound 

23 (Figure 5.19, Table 5.2). In contrast to compound 23, all four chloride ligands are 

bridging between the metal centers in the D2h symmetrical complex 24. 

 

Figure 5.19 Crystal structure of (MES-ZnCl)2MgCl2·(THF)2. 

24 
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In the octahedral coordination sphere around the central Mg atom the equatorial positions 

are occupied by four chloride ligands while the axial positions are filled by two molecules of 

THF. The bridging chloride ligands connect the zinc center with the central Mg atom, 

resulting in two planar four-membered rings. The complex 24 can be considered as a 

central magnesium cation surrounded by two zincate anions and stabilized by two 

coordinating THF molecules. 

The Zn−Cl and Mg−Cl bond lengths in the mixed Mg-Zn complex 24 (Table 5.2) are 

comparable to the previously characterized hybrid 23 (Table 5.1). The differing coordination 

mode of the fourth chloride ligand can most likely be attributed to the slightly decreased 

steric bulk of the mesitylene-substituent in compound 24 in comparison to the DIPP-

substituent in 23. 

Table 5.2 Selected bond lengths (Å), distances and angles (°) in (MES-ZnCl)2MgCl2·(THF)2 

(symmetry operation: X’ = − x, − y, − z) 

(MES-ZnCl)2MgCl2·2THF 

Zn1–N1 1.967(1) Zn1∙∙∙Mg1 3.42(2) Mg1–O1 2.074(1) 

Zn1–N2 1.969(1) Mg1–Cl1 2.510(4) Cl1–Zn1–Cl2 95.12(1) 

Zn1–Cl1 2.314(4) Mg1–Cl2 2.538(4) O1–Mg1–O1 180.00(5) 

It is assumed that the magnesium dizincate 24 is the result of ligand exchange processes 

depicted in Figure 5.18. The homoleptic magnesium complex MES2-Mg that is produced 

along with compound 24 was detected by means of 1H NMR spectroscopy. 

In addition to Cl-bridged Mg/Zn hybrid compounds, also the iodide-bridged species were 

investigated. The magnesium complexes with the larger halide iodine, DIPP-MgI·THF and 

DIPP-MgI·Et2O, have been reported to be monomeric in the solid state as verified by single-

crystal X-ray crystallography.[56] For the analogue zinc iodide complex, no structures have 

been reported to date. From the reaction of the lithiated ligand DIPP-Li and ZnI2 in diethyl 

ether, the heterobimetallic complex DIPP-Zn(µ-I)2Li·2Et2O, in which the side product lithium 

iodide is incorporated, was isolated and structurally characterized.[57] 

As mixed Mg/Zn iodides might show different structural properties than their homometallic 

compounds, this compound class was subjected to further research. In order to avoid 

complex mixtures due to the incorporation of alkali metals and variations in coordinated 

solvent, we prepared DIPP-ZnI from DIPP-K and ZnI2 in benzene and THF. When DIPP-

MgI·THF was added to a solution of DIPP-ZnI·THF colorless block-shaped crystals suitable 

for X-ray diffraction were isolated. The crystal structure determination revealed a structure 

that is isomorphous to the previously reported monomeric DIPP-MgI·THF. Structures of ß-
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diketiminate Mg and Zn complexes are often comparable (MES-MgI·THF,[56] MES-

ZnI·THF[53]). However, refinement with a Mg/Zn combination resulted in the best R-value 

and moderate rest electron densities and holes. Therefore a cocrystallization of DIPP-

MgI·THF and DIPP-ZnI·THF can be assumed (Figure 5.20, Table 5.3). The asymmetric unit 

contains two molecules of DIPP-(Mg/Zn)I·THF that could not be clearly refined as DIPP-

MgI·THF or DIPP-ZnI·THF, in both cases the Mg/Zn ratio amounts to 41/59. 

 

Figure 5.20 Crystal structure of DIPP-(Mg/Zn)I·THF [M = Mg/Zn, 41/59), only one of the two 

molecules in the asymmetric unit is depicted. 

The metal center is tetrahedrally surrounded by the two nitrogen atoms of the ß-diketiminate 

ligand, an iodide ligand and an additional molecule of THF. In the previously reported 

magnesium iodide complex, DIPP-MgI·THF, the Mg−N (2.038(3), 2.041(3) Å) and Mg-I 

(2.651(1)Å)[56] bond lengths are slightly longer than the average bond lengths in mixed 

magnesium zinc iodide complex (Table 5.3). This can be explained by the fact that Zn-

ligand bonds are generally shorter than Mg-ligand bonds (this is most likely caused by the 

more covalent character of Zn-ligand bonds). Due to the electropositive nature of 

magnesium, the Mg−O bond to the THF molecule is also somewhat shorter in DIPP-

MgI·THF (2.039(3) Å) than in DIPP-(Mg/Zn)I·THF. The N−Mg−N angle associated with the 

ß-diketiminate nitrogen centers in DIPP-MgI·THF (95.3 (1)°) is smaller than in the mixed 

Mg/Zn analogue. 
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Table 5.3 Selected bond lengths (Å) and angles (°) in DIPP-(Mg/Zn)I·THF (average values of the two 

molecules in the asymmetric unit). 

DIPP-(Mg/Zn)I·THF 

M1–N1 1.9875(17) M1–I1 2.5648(4) N1–M1–N2 98.31(7) 

M1–N2 1.9895(17) M1–O1 2.1272(15) I1–M1–O1 103.62(4) 

When the bond lengths of the Mg/Zn iodide complex (Table 5.3) are compared to the 

previously reported structure of DIPP-Zn(µ-I)2Li·2Et2O, the Zn−N bond lengths (1.984(3), 

1.991(4) Å) and the N1−Zn−N2 angle (98.78(15)°) are very similar, while the Zn−I bonds 

(2.6142(8), 2.6648(8) Å) appear elongated. In comparison to  

MES-ZnI·THF, the Zn−N bond lengths (1.968(2) Å, 1.952(2) Å) are shorter, while the Zn−I 

(2.513(1) Å) and the Zn−O bonds (2.107(2) Å) are slightly elongated.  

In summary, the structure of DIPP-(Mg/Zn)I·THF (Table 5.19) is isomorphous to that of the 

reported DIPP-MgI·THF,[56] whereas the bond lengths and angles, concerning the ß-

diketiminate ligand in particular, comply strongly with those in DIPP-Zn(µ-I)2Li·2Et2O.  

Although halide ligands, particularly chloride ligands, show good bridging properties and 

allow for the synthesis of stable homometallic complexes, the desired heterobimetallic 

complexes L-Mg(µ-X)Zn-L (L = DIPP, MES; X = Cl, I) could not be obtained by simple 

mixing of the homometallic complexes. 

5.3.2. Hydrides as bridging units 

Another small bridging ligand that has previously been reported to form dimeric ß-

diketiminate magnesium and zinc complexes is the hydride ion. Crystal structure 

determinations of (DIPP-MgH)2,
[58]

 (MES-MgH)2
[56] and (MES-ZnH)2

[54] have shown their 

dimeric nature in the solid state. In contrast, DIPP-ZnH[59] is monomeric in the solid state as 

verified by single-crystal X-ray structure determination. Also, it has to be noted that solution 

NMR studies on (MES-ZnH)2 have shown that it has to be considered rather monomeric in 

solution as well.[54]  

In addition, (MES-MgH)2 is reported to be unstable in solution, leading to a complicated 

mixture that Jones et al. assumed to eventually result in the formation of homoleptic MES2-

Mg and MgH2.
[56] 

For these reasons, the MES ligand was not further considered for the formation of dimeric 

heterobimetallic hydride complexes. Bearing in mind the monomeric nature of DIPP-ZnH in 

the solid state and solution, we attempted the synthesis of a heterobimetallic complex DIPP-

Mg(µ-H)Zn-DIPP (Figure 5.21). 
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Figure 5.21 Synthesis of heterobimetallic DIPP-Mg(µ-H)Zn-DIPP. 

From various crystallization attempts using different solvents and conditions, the only 

single-crystals obtained were those of monomeric DIPP-ZnH, a species that shows high 

tendency to crystallize in large blocks. 

However, 1H NMR of the reaction mixture showed, next to two different sets of ligands, only 

one single hydride resonance at 4.13 ppm, while the previously reported signals that were 

assigned to the hydride in (DIPP-MgH)2 (δMg-H = 4.03 ppm)[58]
 and DIPP-ZnH (δZn-H = 4.39 

ppm)[59] are significantly different. Also the resonances assigned to the i-Pr groups on the 

DIPP substituent of the potential Mg/Zn hybrid differ from the homometallic congeners. This 

observation could point to the formation of the desired heterobimetallic product. For 

additional proof, nuclear Overhauser effect spectroscopy (NOESY) NMR studies were 

conducted, indicating the interaction of protons of the i-Pr groups from both ligands with the 

hydride resonance (Figure 5.22). As the observed cross peaks have a different phase than 

the diagonal peaks (shown in yellow and blue, respectively) and the molar mass is below 

1000 g/mol (M(Mg/ZnH) = 927.03 g/mol) chemical exchange can be excluded. 
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Figure 5.22 NOESY NMR spectrum of DIPP-Mg(µ-H)Zn-DIPP in C6D6/THF-d8 (4/1) at 25 °C, hydride 

signal highlighted in blue, i-Pr signals highlighted in red. 

This suggests that the hydride is bound to the Mg as well as the Zn center and points to the 

formation of the desired heterobimetallic Mg/Zn hydride complex (Figure 5.21). However, 

this compound appears to be subject to a monomer-dimer equilibrium in solution and 

cooling or concentration of the solution led to immediate crystallization of the monomeric 

DIPP-ZnH, which has thus far prevented the structural characterization of DIPP-Mg(µ-

H)2Zn-DIPP by means of single-crystal X-ray structure determination. 

5.3.3. Alkoxides and carboxylates as bridging units 

Carboxylate and alkoxide groups are well-known bridging ligands and their zinc complexes 

have proven to be particularly valuable initiators in the copolymerization of carbon dioxide 

with epoxides. In order to test for synergistic effects in the CO2/epoxide copolymerization, 

the synthesis of heterobimetallic magnesium and zinc alkoxide or carboxylate complexes is 

a crucial requirement. 

For the first synthetic attempt on mixed alkoxide complexes, solutions of DIPP-Mg-alkyl and 

DIPP-Zn-alkyl or -amide precursors were combined in a 1/1 ratio, cooled to 0 °C and 
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hydrolyzed by the addition of selected alcohols (Figure 5.23). This could lead to the 

formation of a statistical mixture of homo- and heterobimetallic alkoxide complexes 

containing about 50% of the desired hybrid Mg/Zn complex. 

 

Figure 5.23 Synthetic approach towards heterobimetallic Mg and Zn alkoxide complexes 

DIPP-Mg(n-Bu) is the preferred precursor as it offers good reactivity in combination with the 

gaseous byproduct butane. This also pushes chemical equilibrium to the product side. 

DIPP-ZnEt provides the same advantage but has proven to be insufficiently reactive 

towards hydrolysis by alcohols in previous experiments. Therefore DIPP-ZnN(SiMe3)2 was 

chosen as a more reactive alternative. 

The main obstacle in these reactions was the choice of appropriate reaction conditions as 

the magnesium complexes are significantly more reactive than the zinc precursors. This led 

to a fast over-hydrolysis of the magnesium complexes with methanol or ethanol while a 

major fraction of the zinc complexes did not react. In the reaction of the less reactive and 

bulkier iso-propanol with DIPP-Mg(n-Bu) and DIPP-ZnEt, the desired [DIPP-Mg(Oi-Pr)]2 was 

formed, however, DIPP-ZnEt did not show any conversion. When DIPP-ZnEt was replaced 

by DIPP-ZnN(SiMe3)2, formation of significant amounts of protonated DIPP ligand as a 

result of over-hydrolysis was observed within few minutes. 

In alternative synthetic approaches to isolate DIPP-Mg(µ-Oi-Pr)Zn-DIPP, mixtures of (DIPP-

MgH)2 and DIPP-ZnH were reacted with dimethyl oxirane as well as acetone. These 

attempts did not allow for the isolation of the desired heterobimetallic product as complex 

reaction mixtures formed under the tested reaction conditions.  

The mixture of independently prepared [DIPP-Mg(µ-Oi-Pr)]2 and [DIPP-Zn(µ-Oi-Pr)]2 did not 

give definite proof of the formation of heterobimetallic dimers as the NMR data suggested 

the presence of multiple species and no crystals suitable for X-ray diffraction could be 

obtained.  

As isolation of well-defined Zn/Mg hybrid alkoxides was unsuccessful, the synthesis of 

hybrid magnesium and zinc carboxylate complexes was attempted. This was particularly 

interesting as the most active ß-diketiminate stabilized catalyst for the copolymerization of 

CO2 and epoxides is a Zn acetate complex. In order to obtain heterobimetallic carboxylate-
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bridged dimers, magnesium and zinc carboxylate complexes could be independently 

synthesized and subsequently mixed. Alternatively, appropriate precursors could be reacted 

with carboxylic acids (Figure 5.24). 

 

Figure 5.24 Synthetic approach towards heterobimetallic Mg and Zn carboxylate complexes 

First it was attempted to hydrolyze a mixture of the metal complex precursors DIPP-Mg(n-

Bu) and DIPP-ZnEt with acetic acid or benzoic acid under various reaction conditions 

(different temperatures and solvents). However, the major product was always the 

protonated ligand, DIPP-H, due to over-hydrolysis of the more reactive magnesium 

complex. 

Therefore the second approach, i.e. mixing of independently prepared carboxylates was 

investigated. Magnesium and zinc carboxylate complexes were synthesized according to 

literature by hydrolysis of DIPP-Mg(n-Bu)[51] or DIPP-ZnN(SiMe3)2
[40] with carboxylic acids. 

For the synthesis of heterobimetallic acetate complexes, solutions of  

[DIPP-Zn(µ-O2CMe)]2 and [DIPP-Mg(µ-O2CMe)]2 were mixed and subsequently cooled in 

order to obtain crystalline samples of [DIPP-(Mg/Zn)(µ-O2CMe)]2. Using a solvent mixture of 

toluene and THF (4:1), small block-shaped crystals were obtained. The quality of these 

crystals, however, was not suitable for X-ray diffraction. NMR studies could not substantiate 

the formation of the desired heterobimetallic complex [DIPP-(Mg/Zn)(µ-O2CMe)]2 as 

complicated mixtures of the homobimetallic complexes and their associated monomer-

dimer equilibria formed. We therefore diverted our studies to another potential bridging 

ligand: the benzoate anion. 

To the best of our knowledge, no synthesis has been reported on the zinc benzoate 

complex, [DIPP-Zn(µ-O2CPh)]2. It could be successfully isolated from the reaction of DIPP-

ZnEt with a 0.5 M solution of benzoic acid in toluene in moderate yields (41%). Colorless 

block-shaped crystals suitable for X-ray diffraction were obtained by slow cooling of the 

solution. The structure determination shows the anticipated dimeric complexes with bridging 

benzoate units (Figure 5.25). 
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Figure 5.25 Crystal structure of [DIPP-Zn(µ-O2CPh)]2; only one of the two molecules in the 

asymmetric unit (asymmetric residue I) is depicted; i-Pr groups have been omitted for clarity. 

The asymmetric unit contains two bisected dimers which are centrosymmetrical and have 

very similar structures (Table 5.4). The tetrahedral zinc center is surrounded by two nitrogen 

atoms of the ß-diketiminate ligand and two oxygen atoms, one of each bridging benzoate 

unit. The aryl rings on the ligand are approximately perpendicular to the N−Zn−N plane of 

the chelate. The bridging benzoate units give rise to an eight-membered central core 

analogous to the previously reported structures of  

[DIPP-Zn(µ-O2CMe)]2,
[41] [DIPP-Mg(µ-O2CMe)]2

[51] and [DIPP-Mg(µ-O2CPh)]2.
[51]  

In one of the asymmetric residues (I) the eight-membered ring is essentially planar as 

reported for [DIPP-Mg(µ-O2CPh)]2. Furthermore the angles at the carboxylate oxygen atoms 

are distinctly asymmetric with that at O2 being 124.61(12)° while that at O1 approaches 

linearity at 177.16(15)°. The Zn−O bond lengths differ by 0.02 Å and the C−O distances 

suggest that the electrons of the carboxylic unit are at least partly delocalized (Table 5.4a). 

In the other asymmetric residue (II), the eight-membered Zn2O4C2 core is slightly puckered, 

which has previously been observed for [DIPP-Mg(µ-O2CMe)]2.
[51] In this case the angles at 

the benzoate oxygen atoms are significantly less asymmetric. The angle at O2 

(124.38(12)°) is very similar to the first residue, while that O1 (154.08(14)°) is much smaller 
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than in I. Though Zn−O bond lengths differ by 0.03 Å and the C−O distances suggest that 

also in this case the electrons of the carboxylate are partly delocalized (Table 5.4b). 

Table 5.4 Selected bond lengths (Å) and angles (°) of both asymmetric residues in  

[DIPP-Zn(µ-O2CPh)]2.  

[DIPP-Zn(µ-O2CPh)]2 

a) asymmetric residue I 

Zn1–N1 1.9637(16) O1-C59 1.235(2) O1–Zn1–O2’ 113.54(6) 

Zn1–N2 1.9617(16) O2−C59 1.265(2) O1−C59−O2 124.13(18) 

Zn1–O1 1.9668(16) Zn1···Zn1’ 4.2517(5) Zn1−O1−C59 177.16(15) 

Zn1–O2’ 1.9471(13) N1–Zn1–N2 100.12(6) Zn1’−O2−C59 124.61(12) 

b) asymmetric residue II 

Zn1–N1 1.9590(17) O1-C59 1.251(2) O1–Zn1–O2’ 107.73(6) 

Zn1–N2 1.9748(15) O2−C59 1.268(2) O1−C59−O2 123.61(18) 

Zn1–O1 1.9777(14) Zn1···Zn1’ 4.3116(5) Zn1−O1−C59 154.08(14) 

Zn1–O2’ 1.9481(13) N1–Zn1–N2 99.55(7) Zn1’−O2−C59 124.38(12) 

A mixture of [DIPP-Mg(µ-O2CPh)]2 and [DIPP-Zn(µ-O2CPh)]2 dissolved in toluene and THF 

(4:1) yielded block-shaped, colorless crystals suitable for X-ray diffraction. The crystal 

structure is not isomorphous to [DIPP-Zn(µ-O2CPh)]2 and has a different unit cell and space 

group. The structure solution, however, reveals also an asymmetric unit with two 

centrosymmetric dimers. Each metal position contains magnesium as well as zinc. The ratio 

can be refined to 56% Zn and 44% Mg. Therefore the Mg and Zn atoms cannot be definitely 

located and are fully disordered (Figure 5.26). 



  Bimetallic dimers 

 
205 

 

 

Figure 5.26 Crystal structure of [DIPP-(Mg/Zn)(µ-O2CPh)]2 (Mg: 56%, Zn: 44%); only one molecule 

from both in the asymmetric unit is depicted; i-Pr groups have been omitted for clarity. 

The asymmetric unit contains two bisected dimers which are very similar to the previous 

structures in [DIPP-Zn(µ-O2CPh)]2. The tetrahedral metal center is surrounded by two 

nitrogen atoms of the ß-diketiminate ligand and two oxygen atoms, one of each benzoate 

unit. The bridging benzoate units give rise to an eight-membered central core analogous to 

the previously reported structures. 

In the case of [DIPP-(Mg/Zn)(µ-O2CPh)]2, the eight-membered M2O4C2 core in both 

residues is puckered, as observed for one of the asymmetric units in  

[DIPP-Zn(µ-O2CPh)]2. The angles at the benzoate oxygen atoms are significantly 

asymmetric with 125.56(13)° at O2 and 127.20(14°) at O4 whilst those at O1 and O3 are 

larger with 160.98(14)° and 162.94(18)°, respectively. In comparison to [DIPP-Zn(µ-

O2CPh)]2 (Table 5.4) and [DIPP-Mg(µ-O2CPh)]2,
[51] most bond lengths in the mixed complex 

[DIPP-(Mg/Zn)(µ-O2CPh)]2 are slightly elongated (Table 5.5). 
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Table 5.5 Selected bond lengths (Å) and angles (°) of both asymmetric residues in [DIPP-(Mg/Zn)(µ-

O2CPh)]2. 

[DIPP-(Mg/Zn)(µ-O2CPh)]2 

a) asymmetric residue I 

M1–N1 2.0028(16) O1-C59 1.262(2) O1–M1–O2’ 109.77(6) 

M1–N2 1.9917(18) O2−C59 1.257(2) O1−C59−O2 122.92(19) 

M1–O1 1.9658(13) M1···M1’ 4.2949(5) M1−O1−C59 125.56(13) 

M1–O2’ 1.9566(16) N1–M1–N2 97.37(7) M1’−O2−C59 160.98(14) 

b) asymmetric residue II 

M1–N1 2.0011(16) O1-C59 1.242(3) O1–M1–O2’ 107.64(8) 

M1–N2 1.9882(16) O2−C59 1.256(3) O1−C59−O2 124.1(2) 

M1–O1 1.9443(17) M1···M1’ 4.3551(5) M1−O1−C59 162.94(18) 

M1–O2’ 1.9691(14) N1–M1–N2 97.74(7) M1’−O2−C59 127.20(14) 

Whether the isolated complex is the desired Mg/Zn hybrid compound or just a co-

crystallization of homobimetallic [DIPP-Zn(µ-O2CPh)]2 and [DIPP-Mg(µ-O2CPh)]2, cannot be 

definitely ascertained by the structure. Moreover, the heterobimetallic complex could have 

co-crystallized with one or both homobimetallic species.  

Due to the presence of monomers and dimers in solution, NMR studies on this complex 

were also not able to shed further light on the exact metal distribution within this complex. 

Therefore further research is necessary to provide information on the precise nature of 

mixed magnesium and zinc carboxylate complexes. 

5.4. Polymerization 

Although the formation of heterobimetallic carboxylate complexes was not definitely 

substantiated, testing of the potentially heterobimetallic complexes in the copolymerization 

of CO2 with epoxides could provide additional information. The obtained results can be 

compared to previously reported active catalysts like [DIPP-Zn(µ-O2CMe)]2. For this 

purpose, CHO/CO2 copolymerization experiments with the homobimetallic complexes 

[DIPP-Zn(µ-O2CMe)]2 and [DIPP-Mg(µ-O2CMe)]2 were conducted to assure the appropriate 

reaction conditions and obtain values for comparison with the heterobimetallic complexes 

(Figure 5.27).  
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Figure 5.27 Copolymerization of cyclohexene oxide (CHO) with CO2 with homo- and potential 

heterobimetallic Mg and Zn complexes. 

As reported in literature, [DIPP-Zn(µ-O2CMe)]2 was shown to be very active in the 

copolymerization, giving good yields, high Mn and a narrow PDI as well as a high 

percentage of carbonate linkages (m >> n) (Table 5.6). [DIPP-Mg(µ-O2CMe)]2 in contrast 

was completely inactive.  

Subsequently, analogous experiments were conducted for [DIPP-(Mg/Zn)(µ-O2CMe)]2, 

[DIPP-Zn(µ-O2CPh)]2 and [DIPP-(Mg/Zn)(µ-O2CPh)]2. The benzoate zinc complex [DIPP-

Zn(µ-O2CPh)]2 was almost completely inactive producing only trace amounts of 

polycarbonate. This can be attributed to increased steric bulk and decreased nucleophilicity 

due to charge delocalization into the Ph-ring (the crystal structure of the dimer shows a 

planar benzoate ion). Similar results were obtained with the potential heterobimetallic 

complex, [DIPP-(Mg/Zn)(µ-O2CPh)]2.  

In the case of the potential heterobimetallic acetate complex [DIPP-(Mg/Zn)(µ-O2CMe)]2, 

two independent experiments were conducted. First, the homobimetallic complexes were 

mixed as solids and dissolved in the monomer (A), therefore potential heterobimetallic 

complexes would have to form within the polymerization mixture. The results (Table 5.6) 

reveal a significantly decreased yield in comparison to [DIPP-Zn(µ-O2CMe)]2 as a catalyst. 

Simultaneously, the Mn was lowered and the PDI broadened, while the percentage of 

carbonate linkages was virtually unchanged (Table 5.6). These observations can be 

explained by the sole activity of the zinc acetate complex [DIPP-Zn(µ-O2CMe)]2 and 

complete inactivity of the magnesium congener. Accordingly, the concentration of the active 

catalyst was reduced at least by half, which reduces the amount of active sites, resulting in 

the lower yields and Mn. The broadened PDI might be attributed to chain transfer to the Mg 

complex, which could lead to a resting state of the polymerization. This results in 

significantly different chain lengths of the copolymer and therefore a broader PDI. 

In the second experiment (B), the complexes [DIPP-Zn(µ-O2CMe)]2 and [DIPP-Mg(µ-

O2CMe)]2 were first mixed and dissolved but, in contrast to the first experiment, now heated 

for several hours in order for metal scrambling to take place. Subsequently, the catalyst was 

recrystallized and added to the polymerization mixture. This experiment gave a significant 

change in the results. It has to be noted that the yield was very poor and that the Mn 
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increased appreciably compared to the previous experiments. Apparently, only few metal 

species were catalytically active. Also, the PDI broadened significantly and most noteworthy 

the number of carbonate linkages is reduced dramatically (Table 5.6) which is in line with 

formation of CHO-homopolymer. If we assume that the Mg/Zn hybrid catalyst produces only 

CHO-homopolymer, then the observed carbonate linkages can be explained by the 

presence of small amounts of homobimetallic Zn complexes and chain transfer between the 

catalysts. It can also be assumed that small amounts of heterobimetallic complexes were 

present in the first experiment (A) leading to a slight reduction of carbonate linkages.

Table 5.6 Polymerization results; conditions: 3.93 g (40 mmol) CHO, metal/CHO = 1/1000, 10 bar 

CO2, 60 °C, 2 hours. 

Catalyst Yield Mn 

[104 g/mol] 

PDI Carbonate 

linkages 

[DIPP-Zn(µ-O2CMe)]2 2.20 g, 39 % 3.69 1.27 97 % 

A [DIPP-Mg(µ-O2CMe)]2 +  

[DIPP-Zn(µ-O2CMe)]2 

0.82 g, 14 % 1.81 2.22 94 % 

B [DIPP-(Mg/Zn)(µ-O2CMe)]2 0.21 g, 4 % 4.57 3.84 7 % 

 

These apparently different polymerization results, allow for the assumption that the heating 

of a mixture of the homobimetallic complexes [DIPP-Zn(µ-O2CMe)]2 and [DIPP-Mg(µ-

O2CMe)]2 leads to the formation of a new, potentially heterobimetallic, complex. The 

significant decrease in carbonate linkages cannot be explained by the formation of a 

statistical mixture of homo- and heterobimetallic complexes as in this case the yields should 

be much higher and more than 25% of carbonate linkages should be observed. The 

observation that primarily homopolymer of CHO is formed in the catalysis, can provide 

additional information on the potential structure of the catalyst. As cationic magnesium and 

zinc complexes have shown to be active in the homopolymerization of CHO,[60] we presume 

that the formed complex could have a distinctive ion-pair character (Figure 5.28). 

 

Figure 5.28 Proposed magnesium zincate complex formed from the mixture of magnesium and zinc 

acetate complexes. 
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A potential magnesium zincate complex which could be active in the homopolymerization of 

CHO (Figure 5.29) is proposed in Figure 5.28. 

 

 

Figure 5.29 Schematic representation of the cationic homopolymerization of CHO. 

It has to be noted that CHO is a strong Lewis base with a dipole moment (1.91 D)[61] higher 

than that from THF (1.75 D). CHO might stabilize ion-pair structures or even allow for the 

formation of a separated ion-pair.  

5.5. Theoretical Results and Discussion 

To gain more detailed insights into the structure and the formation of heterobimetallic 

magnesium and zinc complexes, DFT calculations have been performed. In order to reduce 

the calculation expenditure, a strongly simplified theoretical model system for the ß-

diketiminate ligand L’ (Figure 5.30), in which the DIPP substituents and the methyl groups 

were replaced by H atoms, was used. This model system neglects all steric effects but 

valorize electronic effects caused by metal-metal exchange.  

 

Figure 5.30 Theoretical model systems for the ß-diketiminate ligand L’ and dimeric metal complexes 

(L’-MX)2. 

To investigate whether heterobimetallic dimers (L’-MgX)(L’-ZnX) are favored over their 

homobimetallic counterparts (L’-MX)2, the energy of formation for the mixed Mg/Zn 

complexes from homobimetallic starting materials was calculated (Figure 5.31).  
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Figure 5.31 Formation of heterobimetallic dimers (L’-MgX)(L’-ZnX) from homobimetallic dimers (L’-

MgX)2 and (L’-ZnX)2. 

Two different functionals, each with dispersion correction, were applied: the semi-local 

gradient correction Becke-Perdew functional (BP-D3)[62,63] and the hybrid Becke-3 Lee-

Yang-Parr functional (B3-LYP-D3), which uses exact Hartree-Fock exchange.[64] Both 

functionals have previously proven their worth for calculations on organometallic 

compounds. B3-LYP-D3 is considered the default functional for organic and inorganic 

structures, energies and properties as it is not parametrized for specific applications. 

For the BP-D3 functional, two basis sets were applied for comparison as DFT energies are 

less sensitive to the size of the basis set than wave-function based methods. A small split-

valence basis set with polarization functions (SVP) was compared to a larger triple-zeta 

basis set augmented with polarization functions (def2-TZVP).[65] The B3-LYP-D3 functional 

was only used with the larger basis set denoted as def2-TZVP. The def2-basis sets 

developed by Ahlrichs et al. have proven to be very effective and accurate. The def2-TZVP 

basis set can be regarded as the basis set limit for DFT calculations as an increase in the 

basis set to def2-QZVP would only slightly affect the accuracy but immensely increase the 

calculational effort. 

An additional study applying the approximate ‘resolution of identity’ second-order many-

body perturbation theory method (RI-MP2)[66] and an accurate valence triple-zeta basis set 

augmented with polarization functions (def2-TVZPP) was conducted for comparison.  

The low-valence complexes (DIPP-Mg)2
[67] and (DIPP-Zn)2,

[68] which were structurally 

characterized recently (Chapter 2.3.3 and Chapter 3.3.2), are of great scientific interest. 

They contain unprecedented Mg(I) and Zn(I) nuclei and feature first well-defined Mg−Mg 

and Zn−Zn bonds. Their strong similarity poses the question whether mixed Mg−Zn species 

are possible. For this reason not only the formation of heterobimetallic dimers with bridging 

ligands (X) but also the formation of a low-valence Mg/Zn hybrid from the according low-

valent metal precursors was studied (Figure 5.32).  
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Figure 5.32 Formation of the heterobimetallic low-valence dimer L’-Mg−Zn-L’ from homobimetallic 

low-valence dimers (L’-Mg)2 and (L’-Zn)2. 

When the DFT methods were compared, it became apparent that the results of the BP-D3 

functional with the small basis SVP set differ significantly from the calculations with the 

larger def2-TZVP basis set. However, when the latter basis set was employed with different 

DFT functionals BP-D3 or B3-LYP-D3 the obtained results were largely comparable (Table 

5.7). For this reason the values derived from the DFT calculations with BP-D3-SVP were 

not further considered in the discussion of the energy of formation. The RI-MP2 functional 

with the enhanced basis set denoted as def2-TZVPP also delivered results that were 

different from those obtained with the smaller basis set def2-TZVP. However these 

variations were less significant in most cases and will therefore be discussed below. 

Table 5.7 Calculated energy ΔE for the formation of heterobimetallic dimers. 

 

 

X 

ΔE [BP-D3 (SVP)] 

[kJ/mol]1) 

ΔE [BP-D3  

(def2-TZVP)]* 

[kJ/mol] 

ΔE [B3-LYP-D3 

(def2-TZVP)]* 

[kJ/mol] 

ΔE [RI-MP2 (def2-

TZVPP)] [kJ/mol] 

H 7.32 − 7.57 − 6.66 − 1.74 

Cl − 0.76 − 1.05 − 0.62 − 5.63 

OH − 137.46 − 3.85 − 3.97 − 3.32 

OMe − 5.20 − 3.16 − 4.01 − 5.33 

−2) 1.56 − 6.76 − 8.67 1.62 

*Calculated with vibration correction, 1) only shown for completeness, not further discussed, 2) no 

bridging ligand. 
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First it has to be noted that the formation of heterobimetallic bridged dimers is in all cases 

near to thermoneutral, but mostly slightly exothermic. However, the overall values are very 

small, this is especially pronounced in the case of the chloride-bridged dimer when the def2-

TZVP basis set is applied. When the RI-MP2 functional with the enhanced basis set def2-

TZVPP is applied, the energy of formation for the heterobimetallic hydride dimer is the 

smallest, while the chloride-bridged dimer shows the most exothermic value. This could 

indicate that the formation of mixed dimers is thermodynamically favored but this effect is 

not very pronounced. 

For the formation of a low-valence Mg/Zn complex, the results are comparably exothermic, 

except for the RI-MP4 calculation in which the reaction is very slightly endothermic.  

However, experimental results show that reaction of the homobimetallic DIPP and MES 

chloride bridged dimers with each other did not lead to the isolation of the desired 

heterobimetallic complexes (DIPP-Mg/ZnCl)2 and (MES-Mg/ZnCl)2, respectively. The 

isolated products were identified as the Mg/Zn hybrids (DIPP-ZnCl)2MgCl2 and (MES-

ZnCl)2MgCl2, which could result from a modified Schlenk equilibrium (Figure 5.33). 

Therefore this alternative reaction pathway was also calculated. 

 

Figure 5.33 Modified Schlenk equilibrium for the chloride bridged Mg and Zn dimers. 

In the calculations both potential variations exchanging magnesium and zinc as M1
 and M2, 

respectively, in the Schlenk equilibrium were tested (Table 5.8). 

Table 5.8 Calculated energy ΔE for modified Schlenk equilibrium of chloride-bridged dimers. 

 ΔE [BP-D3 

(SVP)] [kJ/mol] 

ΔE [BP-D3 

(def2-TZVP)]* 

[kJ/mol] 

ΔE [B3-LYP-D3 

(def2-TZVP)]* 

[kJ/mol] 

ΔE [RI-MP2 

(def2-TZVPP)] 

[kJ/mol] 

M1 = Zn, M2 = Mg 14.86 10.34 12.60 8.79 

M1 = Mg, M2 = Zn 20.08 19.52 21.23 23.12 

*Calculated with vibration correction  

Within the modified Schlenk equilibrium, the formation of the isolated Mg/Zn hybrids 

compounds is not thermodynamically favored. According to the DFT calculations, the 

formation of (L’-MgCl)2ZnCl2 is more endothermic than the formation of (L’-ZnCl)2MgCl2 

which is the corresponding model system to the isolated compounds (DIPP-ZnCl)2MgCl2 

and (MES-ZnCl)2MgCl2. However, it has to be noted that the structurally characterized 
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complexes incorporate three or two THF molecules, respectively. The coordinating solvent 

has a stabilizing influence on the complex as they saturate the coordination sphere around 

the Mg center. These THF molecules were not taken into account in the DFT calculations 

and might therefore push the Schlenk equilibrium to the side of the observed products 

(Figure 5.33). In addition, this discrepancy could be attributed to the neglected influence of 

the aryl substituents in the theoretical model systems. 

The polymerization experiments with the potential heterobimetallic catalyst [DIPP-

(Zn/Mg)O2C(Me)]2 suggested the formation of a complex with ion-pair character (Figure 

5.34). In order to validate the proposed charge redistribution, the partial charges on the 

metal centers as well as on the bridging ligands X were investigated. 

 

Figure 5.34 Theoretical model for the proposed Mg/Zn complex with ion-pair character. 

For this purpose, natural population analysis (NPA) using the B3-LYP-D3 functional and the 

def2-TZVP basis set were conducted on the homobimetallic as well as the heterobimetallic 

complexes. A comparison of the natural bond orbital charges (NBO) for the homobimetallic 

complexes (Table 5.14, see experimental part 5.7.4) with the heterobimetallic counterparts 

(Table 5.9) allows for the determination of the potential charge redistribution. 

The calculated partial charges (Table 5.14, Chapter 5.7.4) on the metal and the bridging 

ligand in the homobimetallic dimers support the slightly covalent character of the zinc 

complexes, whereas the magnesium analogues show a more ionic nature. This is in 

accordance with experimental observations. 

Table 5.9 Differences in natural bond orbital charges (B3-LYP-D3, def2-TZVP) for (L’-Zn/MgCl)2 

compared to (L’-MgCl)2 and (L’-ZnCl)2. 

 

 

 

 

X  

Δ NBO-charge 

       Mg                Zn                Mg−X           Zn−X 

H 0.01 − 0.02 0.05 − 0.07 

Cl 0.00 0.00 0.03 − 0.03 

OH 0.01 − 0.02 0.03 − 0.02 

OMe 0.01 − 0.02 0.02 − 0.02 
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When the partial charges calculated for the heterobimetallic dimers are compared to the 

values obtained for their homobimetallic congeners (Table 5.9), it becomes apparent that 

these remain virtually unchanged (Δ NBO charge = 0.00 – 0.07). However, the Mg center 

and the X ligand are more positively charged than in the homometallic Mg complexes 

whereas the Zn atom and the ligand X are more negatively charged compared to the 

homometallic Zn equivalent. These charge differences point into the anticipated direction 

still the values are negligibly small and therefore do not support the proposed strong ion-

pair character for the heterobimetallic complexes. This could either imply that the 

heterobimetallic complexes do not exhibit any ion-pair character or be either due to the 

calculation method or the very simplified model system. 

To gain more detailed insights into the bonding situation and potential hints for partial 

formation of ion-pairs, selected bond lengths and atomic distances have been derived from 

various DFT calculations and compared to experimentally reported values. This comparison 

also gives indications on the value of the applied model system. 

The calculations were conducted using the BP-D3 functional and B3-LYP-D3 with a valence 

triple-zeta basis set augmented with polarization functions (def2-TZVP), the RI-MP2 

functional with the basis set def2-TZVPP and perturbation theory. 

First, the homo- and heterobimetallic low-valence Mg and Zn dimers were investigated 

(Table 5.10). 

Table 5.10 Differences in selected calculated bond lengths [Å] for L’-Mg−Zn-L’ compared to (L’-Mg)2 

and (L’-Zn)2. 

 
BP-D3      (def2-

TZVP)  

B3-LYP-D3 

(def2-TZVP) 

perturbation 

theory 

RI-MP2    (def2-

TZVPP) 

L’-Mg−Zn-L’ 

M−M1)  −0.30 −0.28 −0.29 −0.29 

M−M2)  0.21 0.19 0.22 0.21 

Mg−N −0.01 −0.01 −0.01 0.00 

Zn−N 0.02 0.02 0.01 0.01 

1) compared to (L’-Mg)2, 2) compared to (L’-Zn)2. 

Taking into account the simplified ligand system, the calculated bond lengths (Table 5.15, 

Chapter 5.7.4) for the model systems (L’-Mg)2 and (L’-Zn)2 are in good accordance with the 

structurally characterized low-valence complexes (DIPP-Mg)2
[67] and (MES-Zn)2,

[68] 
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respectively. In the calculated heterobimetallic complex L’-Mg−Zn-L’, the Mg−Zn bond 

length is situated in between the bond lengths of the homobimetallic complexes. The Mg−N 

bond lengths are slightly shortened, while the Zn−N bond lengths are elongated in 

comparison to the homometallic analogues. This fits with the proposed ion pair [LMg]+ 

[X2ZnL]  . 

The bond lengths and distance were also calculated for the hydride-bridged homo- and 

heterobimetallic dimers using the same three methods as for the low-valence complexes 

(Table 5.11). 

Table 5.11 Differences in selected calculated bond lengths [Å] for L’-Mg(µ-H)2Zn-L’ compared to (L’-

MgH)2 and (L’-ZnH)2. 

 BP-D3      (def2-

TZVP)  

B3-LYP-D3 

(def2-TZVP) 

perturbation 

theory 

RI-MP2    (def2-

TZVPP) 

L’-Mg(µ-H)2Zn-L’ 

M···M1) −0.21 −0.18 −0.29 −0.19 

M···M2) 0.16 0.14 0.16 0.16 

Mg−H 0.03 0.03 0.00 0.03 

Zn−H −0.04 −0.03 −0.04 −0.03 

Mg−N −0.01 0.00 −0.02 −0.01 

Zn−N 0.01 0.01 0.01 0.01 

1) compared to (L’-MgH)2, 2) compared to (L’-ZnH)2. 

The obtained bond lengths (Table 5.16, Chapter 5.7.4) for the homometallic complex (L’-

MgH)2 are underestimated compared to the structurally characterized hydride-bridged dimer 

(DIPP-MgH)2.
[58] For the homometallic zinc complex and (L’-ZnH)2 the bond lengths are only 

slightly smaller than in (MES-ZnH)2.
[54] In the heterobimetallic complex, the Mg···Zn distance 

lies in between the Mg···Mg and the Zn···Zn distances of the homobimetallic complexes. 

The Mg−H bond is slightly elongated when BP-D3 (DZVP) and B3-LYP-D3 (TZVP) are 

considered. When the perturbation theory was applied, the Mg−H bond length does not 

change compared to the values in the homobimetallic dimer (L’-MgH)2. The Zn-H bond 

length in the heterobimetallic dimer decrease in all cases compared to (L’-ZnH)2.  

An increase in Mg−H bond length in combination with a decreased Zn−H bond length can 

be considered as an indication for a potential ion-pair character of the Mg/Zn hybrid 

compound. 
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The chloride-bridged dimers (L’-MgCl)2, (L’-ZnCl)2 and L’-Mg(µ-Cl)Zn-L’ were also 

subjected to DFT calculations using BP-D3 (def2-TZVP), B3-LYP-D3 (def2-TZVP) and RI-

MP2 (def2-TZVPP) to obtain the according bond lengths and atomic distances (Table 5.17, 

Chapter 5.7.4). The differences in bond lengths between the heterobimetallic dimer L’-

Mg(µ-Cl)Zn-L’ and the homobimetallic complexes are listed in Table 5.12. 

Table 5.12 Differences in selected calculated bond lengths [Å] for L’-Mg(µ-Cl)2Zn-L’ compared to (L’-

MgCl)2 and (L’-ZnCl)2. 

 BP-D3 (def2-TZVP)  B3LYP-D3 (def2-TZVP) RI-MP2 (def2-TZVPP) 

L’-Mg(µ-Cl)2Zn-L’ 

M···M1) − 0.06 − 0.04 − 0.07 

M···M2) 0.03 0.01 0.03 

Mg−Cl 0.00 0.00 − 0.01 

Zn−Cl 0.00 0.00 0.00 

Mg−N 0.00 0.00 0.00 

Zn−N − 0.01 0.00 0.00 

1) compared to (L’-MgCl)2, 2) compared to (L’-ZnCl)2. 

In general, the calculated values for the homometallic chloride-bridged dimers are in 

accordance with the previously structurally characterized Mg and Zn chloride complexes, 

(DIPP-MgCl)2
[51]

 and DIPP-Zn(µ-Cl)2Li(Et2O)2.
[69]

 However, the formation of a 

heterobimetallic dimer L’-Mg(µ-Cl)Zn-L’ does virtually not affect the metal chloride and 

metal-nitrogen bond lengths. An ion-pair character is therefore not pronounced in this case. 

Finally, the bond lengths and atomic distances in hydroxide- and methoxide-bridged 

magnesium and zinc dimer were calculated (BP-D3 (def2-TZVP), B3-LYP-D3 (TZVP) and 

RI-MP2 (def2-TZVPP)) (Table 5.18, Chapter 5.7.4). The comparison of the results for the 

hetero- and homobimetallic is summarized in Table 5.13. 
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Table 5.13 Differences in selected calculated bond lengths [Å] for L’-Mg(µ-OH)2Zn-L’ compared to 

(L’-MgOH)2 and (L’-ZnOH)2 and for L’-Mg(µ-OMe)2Zn-L’ compared to (L’-MgOMe)2 and (L’-

ZnOMe)2. 

1) compared to (L’-MgOH)2, 2) compared to (L’-ZnOH)2, 3) compared to (L’-MgOMe)2, 2) compared 

to (L’-ZnOMe)2. 

The bond lengths and metal center distances in the zinc complexes are generally in 

accordance with the structurally characterized hydroxide and methoxide zinc complexes, 

(DEP-ZnOH)2
[40] (DEP = 2,6-diethylphenyl-nacnac) and (DEP-ZnOMe)2.

[40] However, the 

calculations slightly underestimated the bond lengths and distances in (L’-MgOH)2 when 

compared to the structurally characterized (DIPP-MgOH)2.
[70]

 

When the M−O bond lengths in the heterobimetallic complexes are compared to the 

corresponding homobimetallic complexes, it becomes apparent that the Mg−O bond lengths 

decrease while the Zn−O bond lengths increase slightly or are unaffected. This observation 

contradicts the ion-pair character in these Mg/Zn hybrid complexes that was proposed 

based on the polymerization results. 

 BP-D3 (def2-TZVP)  B3-LYP-D3 (def2-TZVP) RI-MP2 (def2-TZVPP) 

L’-Mg(µ-OH)2Zn-L’ 

M···M1) 0.02 0.04 0.02 

M···M2) 0.00 − 0.03 − 0.04 

Mg−O − 0.01 − 0.01 − 0.01 

Zn−O 0.00 0.00 0.01 

Mg−N 0.00 0.00 0.00 

Zn−N 0.00 − 0.01 0.00 

L’-Mg(µ-OMe)2Zn-L’ 

M···M3) 0.02 0.04 0.02 

M···M4) 0.01 − 0.04 − 0.02 

Mg−O − 0.02 − 0.01 − 0.01 

Zn-O − 0.01 0.01 0.00 

Mg-N 0.00 0.00 0.00 

Zn-N 0.00 0.00 − 0.01 
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In conclusion, the DFT calculations on the very simplified model system delivered bond 

lengths that were mostly in good accordance with structurally characterized analogues.  

The calculated partial charges and bond lengths do not deliver proof for a pronounced ion-

pair character in heterobimetallic dimers but do show a small bias towards a polarized 

structure for which [LMg]+ [X2ZnL]ˉ is an extreme resonance form. It should be noted that 

the model system neglects the influence of the bulky aryl substituents on the ligand. 

Therefore a more elaborate model complex might have led to different results. In addition, 

the effect of polar solvents like THF and CHO used during the experiments has to be taken 

into account as well. This could have a significant influence on the stabilization of an ion-

pair complex. 

5.6. Conclusions and Outlook 

Various approaches for the formation of heterobimetallic magnesium and zinc complexes 

have been tested. From reactions of the homobimetallic chloride-bridged dimeric complexes 

(DIPP-ZnCl)2 and (DIPP-MgCl)2 or (MES-ZnCl)2 and (MES-MgCl)2, a novel type of Mg/Zn 

hybrid was isolated. The complexes (DIPP-ZnCl)2MgCl2·(THF)3 and (MES-

ZnCl)2MgCl2·(THF)2 were structurally characterized by X-ray crystallography. These 

compounds are most likely the product of ligand exchange by a Schlenk equilibrium. 

A heterobimetallic iodide-bridged dimer could not be obtained due to the monomeric nature 

of these iodide complexes. However, according to their similar structure a co-crystal of 

DIPP-MgI·THF and DIPP-ZnI·THF was isolated and structurally characterized. 

The 1H NMR spectrum of a mixture of dimeric (DIPP-MgH)2 and monomeric DIPP-ZnH 

revealed only a single hydride resonance at 4.13 ppm, while two distinct sets of ligands 

were observed. Additional NOESY experiments confirmed the interaction between the 

hydride and both types of ß-diketiminate ligand. These observations point towards the 

formation of a heterobimetallic dimer, however, the structural characterization was 

hampered by the preferred crystallization of monomeric DIPP-ZnH. This shows that 

equilibria with homometallic compounds play a role. 

A novel zinc benzoate complex [DIPP-Zn(µ-O2CPh)]2 was structurally characterized and 

subsequently reacted with the according magnesium complex, [DIPP-Mg(µ-O2CPh)]2. The 

resulting complex showed a statistical distribution of magnesium and zinc (Mg:Zn = 44:56) 

as both metal position display equal coordination geometries. This crystal structure could 

indicate the formation of the desired heterobimetallic dimer. However, the cocrystallization 

of purely homobimetallic complexes cannot be fully excluded. 
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To investigate synergic effects of magnesium and zinc in the copolymerization of CO2 and 

CHO, a recrystallized mixture of the magnesium and zinc acetate complexes [DIPP-Mg(µ-

O2CMe)]2 and [DIPP-Zn(µ-O2CMe)]2 was tested. The polymerization experiments resulted in 

formation of CHO homopolymer, thus indicating the formation of a new complex with a 

potential ion-pair character. 

Supporting DFT calculations have shown that the formation of heterobimetallic dimers from 

their homobimetallic analogues is slightly exothermic. However, the observed modified 

Schlenk equilibrium is less thermodynamically favored. A comparison of the partial charges 

and bond lengths in homo- and heterobimetallic complexes could not confirm a pronounced 

ion-pair character as suggested by copolymerization experiments but showed tendencies 

towards [LMg]+ [X2ZnL]ˉ polarization. 

The chemistry of heterometallic complexes remains a widely unexplored field which is not 

as straightforward as anticipated. Therefore more research is necessary to gain in-depth 

insights into the structure and synergic behavior of mixed-metal complexes. This might lead 

to more detailed mechanistic understanding of numerous catalytic transformations and 

disclose the involvement of metal salts that are often considered as innocent spectators. 

5.7. Experimental section 

5.7.1. General 

All experiments were carried out in flame-dried glassware under an inert atmosphere using 

standard Schlenk-techniques and freshly dried degassed solvents. The following 

compounds were synthesized according to literature procedures: (DIPP-ZnCl)2,
[40] (DIPP-

MgCl)2,
[51] (MES-ZnCl)2,

[53] (MES-MgCl)2,
[51] DIPP-MgI,[71] DIPP-ZnI (modified procedure),[57] 

DIPPZnH,[59] (DIPP-MgH)2,
[58] [DIPP-Zn(µ-O2CMe)]2,

[40] DIPP-ZnEt,[40] [DIPP-Mg(µ-

O2CMe)]2
[51] and [DIPP-Mg(µ-O2CPh)]2.

[51] Benzoic acid was obtained commercially, dried in 

vacuum at 100°C and dissolved in dry toluene (0.5 M). CHO was obtained commercially, 

dried on potassium hydride and freshly distilled prior to use. CO2 (5.0) has been obtained 

commercially and was used without further purification. NMR spectra have been recorded 

on 300 MHz, 400 MHz or 500 MHz NMR spectrometers (specified at individual 

experiments). Number average weights (Mn) and polydispersity indices (PDI) of the 

obtained polycarbonates (8 mg dissolved in 4 mL chloroform) were determined by means of 

GPC at 25 °C using polystyrene as a standard. Carbonate linkages were determined by 1H 

NMR spectroscopy. 
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5.7.2. Syntheses of the complexes 

Synthesis of (DIPP-ZnCl)2MgCl2·(THF)3 

A solution of (DIPP-ZnCl)2 (25.8 mg, 0.05 

mmol) and (DIPP-MgCl)2 (24.0 mg, 0.05 

mmol) in 0.4 mL of C6D6 and 0.1 mL of 

THF-d8 was heated to 60 °C for 4 hours 

and slowly cooled down to room 

temperature. Colorless block-shaped crystals suitable for X-ray diffraction could be obtained 

from this solution. 

Yield: 42.0 mg, 0.04 mmol, 84%. 

1H NMR (300 MHz, THF-d8, 20 °C): δ (ppm) = 1.06 (d, 3JHH = 6.8 Hz, 24 H, i-Pr), 1.12 (d, 

3JHH = 6.8 Hz, 24 H, i-Pr), 1.59 (s, 12 H, CH3), 3.21 (sept, 3JHH = 6.8 Hz, 8 H, i-Pr), 4.75 (s, 2 

H, CH), 6.94 – 7.03 (m, 12 H, Ar).  

13C NMR (75 MHz, THF-d8, 25 °C): δ (ppm) = 24.4 (i-Pr), 25.1 (i-Pr), 25.6 (Me backbone), 

28.7 (i-Pr), 94.8 (backbone), 124.4 (Ar), 126.1 (Ar), 143.9 (Ar), 146.6 (Ar), 169.0 

(backbone). 

Synthesis of (MES-ZnCl)2MgCl2·(THF)2 

A solution of (MES-ZnCl)2 (21.0 mg, 0.05 

mmol) and (MES-MgCl)2 (18.9 mg, 0.05 

mmol) in 0.4 mL C6D6 and 0.1 mL THF-d8 

was heated to 60 °C for 4 hours and 

slowly cooled down to room temperature. 

Colorless hexagon-shaped crystals suitable for X-ray diffraction could be obtained from this 

solution. 

Yield: 28.3 mg, 0.04 mmol, 71%. 

1H NMR (300 MHz, toluene-d8, 20 °C): δ (ppm) = 1.44 (s, 12 H, CH3), 1.99 (s, 24 H, o-CH3), 

2.05 (s, 12 H, p-CH3), 4.68 (s, 2H, CH) 6.63 (s, 8 H, Ar). 

13C NMR (75 MHz, toluene-d8, 25 °C): δ (ppm) = 18.5 (CH3), 20.7 (CH3), 22.6 (CH3), 94.6 

(backbone), 128.9 (Ar), 131.9 (Ar), 133.6 (Ar), 146.5 (Ar), 166.9 (backbone). 
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Synthesis of DIPP-(Mg/Zn)I·THF (M = Mg, Zn) 

To a suspension of DIPP-ZnI (18.3 mg, 0.03 mmol) and DIPP-MgI 

(17.1 mg, 0.05 mmol) in 0.4 mL of C6D6, THF-d8 was added 

dropwise until complete dissolution. Slow cooling of this solution 

to 8 °C yielded colorless block-shaped crystals suitable for X-ray 

diffraction. By removal of the solvent the remaining complex was 

isolated as a white solid.  

Yield: 35.4 mg, 0.03 mmol, quantitative. 

1H NMR (300 MHz, C6D6, 20 °C): δ (ppm) = 1.14 (d, 3JHH = 6.9 Hz, 24 H, i-Pr), 1.23 (d, 3JHH 

= 6.9 Hz, 12 H, i-Pr), 1.24 (d, 3JHH = 6.9 Hz, 12 H, i-Pr), 1.59 (s, 6 H, CH3), 1.61+1.62 (s, 6 

H, CH3), 3.11 – 3.27 (m, i-Pr), 4.81 (s, 1 H, CH), 7.0 – 7.09 (m, 12 H, Ar). 

Due to low solubility no 13C NMR data could be obtained of the crystals. 

Reaction of (DIPP-MgH)2 with DIPP-ZnH 

24.0 mg (0.050 mmol) of DIPP-ZnH and 22.1 mg (0.025 mmol) 

of (DIPP-MgH)2 were mixed and dissolved in a mixture of 0.4 

mL of C6D6 and 0.1 mL of THF-d8. The solution was heated to 

60°C for 2 hours and slowly cooled down to room temperature. 

Yield: 26.3 mg (0.05 mmol), quantitative. 

1H NMR (300 MHz, C6D6/THF-d8, 20 °C): δ (ppm) = 1.19 – 1.24 (m, 36 H, i-Pr), 1.32 (d, 3JHH 

= 6.8 Hz, 12 H, i-Pr), 1.71 (s, 6 H, CH3), 1.72 (s, 6 H, CH3), 3.21 (sept, 3JHH = 6.9 Hz, 4 H, i-

Pr), 3.43 (sept, 3JHH = 6.9 Hz, 4 H, i-Pr), 4.13 (s, 2H, H), 4.88 (s, 1 H, CH), 5.03 (s, 1 H, CH), 

7.09–7.23 (m, 12 H, Ar).  

13C NMR (125 MHz, C6D6/THF-d8, 25 °C): δ (ppm) = 23.7 (i-Pr), 23.9 (i-Pr), 24.4 (Me 

backbone), 25.0 (i-Pr), 25.1 (i-Pr), 25.5 (Me backbone), 28.6 (i-Pr),28.7 (i-Pr), 94.9 

(backbone), 96.1 (backbone), 124.2 (Ar), 124.3 (Ar), 125.5 (Ar), 126.3 (Ar), 142.3 (Ar), 

143.3 (Ar), 145.4 (Ar), 146.2 (Ar), 168.2 (backbone), 168.4 (backbone). 

Reaction of [DIPP-Zn(µ-O2CMe)]2 and [DIPP-Mg(µ-O2CMe)]2 

[DIPP-Zn(µ-O2CMe)]2 (27.1 mg, 0.05 mmol) was added to a solution of [DIPP-Mg(µ-

O2CMe)]2 (25.1 mg, 0.05 mmol) in a mixture of 0.8 mL of toluene-d8 and 0.2 mL of THF-d8. 

From this solution colorless block-shaped crystals unsuitable for X-ray diffraction were 

obtained. 
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Yield: 10.8 mg, 0.02 mmol, 21%. 

Due to the formation of complex mixtures no clearly assignable NMR data could be 

obtained. 

Synthesis of [DIPP-Zn(µ-O2CPh)]2 

A solution of benzoic acid (0.5 M, 1.96 mL, 0.98 mmol) in 

toluene was added to a solution of DIPP-ZnEt (500.0 mg, 

0.98 mmol) in 15 mL of toluene and the mixture was 

heated to 50 °C overnight. Cooling of this solution 

afforded white cube-shape crystals of [DIPP-Zn(µ-

O2CPh)]2 suitable for X-ray diffraction. Concentration of 

the solution yielded another crop of white precipitate 

which was identified as [DIPP-Zn(µ-O2CPh)]2. 

Combined yield: 243.0 mg, 0.40 mmol, 41%. 

1H NMR (300 MHz, C6D6/THF-d8, 20 °C): δ (ppm) = 0.77 (m, 12H, i-Pr), 1.15 (d, 3JHH = 7.2 

Hz, 6H, i-Pr), 1.15 (d, 3JHH = 6.9 Hz, 6H, i-Pr), 1.57 (s, 6H, CH3), 2.98 (m, 4H, i-Pr), 3.35 

(sept, 3JHH = 6.9 Hz, 4H, i-Pr), 4.85 (s, 2H, CH), 6.83-7.24 (m, 18H, Ar), 8.26 (m, 4H, Ar). 

Due to the low solubility of the crystals no 13C NMR data could be obtained. 

Synthesis of [DIPP-(Mg/Zn)(µ-O2C Ph)]2 

[DIPP-Zn(µ-O2CPh)]2 (30.2 mg 0.05 mmol) was 

added to a solution of [DIPP-Mg(µ-O2CPh)]2 

(28.2 mg, 0.05 mmol) in a mixture of 0.4 mL of 

toluene-d8 and 0.1 mL THF-d8. From this solution 

colorless sparkling crystals suitable for X-ray 

diffraction were obtained. 

Yield: 19.8 mg, 0.03 mmol, 34%. 

1H NMR (300 MHz, THF-d8, 20 °C): δ (ppm) = 0.69-1.11 (m, 48H, i-Pr), 1.41 (s, 3H, CH3), 

1.43 (s, 3H, CH3), 1.43 (s, 3H, CH3), 1.45 (s, 3H, CH3), 2.95-3.14 (m, 8H, i-Pr), 4.71 (s, 1H, 

CH) , 4.75 (s, 1H, CH), 6.70-7.93 (m, 22H, Ar).  

Due to the low solubility of the crystals no 13C NMR data could be obtained. 
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5.7.3. General polymerization procedure 

40 µmol of the corresponding catalyst (0.1 mol%) were dissolved in 3.93 g (40.0 mmol) of 

CHO. The obtained solution was quickly transferred into a pre-heated (60 °C) reactor and 

immediately pressurized with 10 bar of CO2. The solution was vigorously stirred for two 

hours at 60 °C, subsequently cooled down to room temperature and the CO2-pressure was 

released carefully. The very viscous reaction mixture was diluted with 100 mL of 

dichloromethane. After concentration of the resulting solution, the polymer was precipitated 

by the use of 100 mL of methanol. The polymer was isolated by filtration and dried under 

vacuum at 100 °C. The obtained polymers were analyzed by means of 1H NMR and GPC 

using polystyrene standards for Mw determination. 

5.7.4. Computational details 

DFT calculations were performed with the Turbomole 6.3 program suite[72] using the BP86-

D3[62] and B3-LYP-D3 density functional,[64] each with dispersion correction[73] along with the 

implemented def2-TZVP basis set.[74] Additionally, the approximate ‘resolution of identity’ 

second-order many-body perturbation theory method (RI-MP2)[66,75] and an accurate 

valence triple-zeta basis set augmented with polarization functions (def2-TVZPP)[76] 

calculations were applied. The structures obtained were confirmed as true minima by 

calculating analytical frequencies.  

NBO-charges 

Table 5.14 Natural bond orbital charges (B3-LYP-D3, def2-TZVP) for a) (L’-ZnCl)2, b) (L’-MgCl)2 and 

c) (L’-Zn/MgCl)2 

a) 

 

 

 

 

 

 

X  

NBO-charge  

             Zn                             X 

H 1.45 − 0.66 

Cl 1.56 − 0.77 

OH 1.68 − 0.87 

OMe 1.68 − 0.87 
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b) 

 

 

 

 

 

 

Bond lengths 

Table 5.15 Selected calculated and experimental bond lengths [Å] for low-valence Mg and Zn 

dimers. 

 
experimental 

(average) 

BP-D3    

(def2-

TZVP)  

B3-LYP-D3 

(def2-

TZVP) 

perturbation 

theory 

RI-MP2 

(def2-

TZVPP) 

L’-Mg−Mg-L’ (DIPP-Mg)2
[67]

  

Mg−Mg 2.8457(8) 2.87 2.86 2.87 2.87 

Mg−N 2.0604(13) 2.07 2.06 2.05 2.05 

L’-Zn−Zn-L’          (MES-Zn)2
[68]  

Zn−Zn 2.3813(8) 2.36 2.39 2.36 2.37 

Zn−N 2.003(3) 2.01 2.02 1.97 1.98 

L’-Mg−Zn-L’ 

Mg−Zn  2.57 2.58 2.58 2.58 

Mg−N  2.06 2.05 2.04 2.05 

Zn−N  2.03 2.04 1.98 1.99 

 

X  

NBO-charge  

             Mg                            X 

H 1.63 − 0.78 

Cl 1.69 − 0.83 

OH 1.78 − 0.91 

OMe 1.78 − 0.91 

 

X  

NBO-charge 

        Mg                Zn                   X 

H 1.64 1.43 − 0.71 

Cl 1.69 1.56 − 0.80 

OH 1.79 1.67 − 0.88 

OMe 1.79 1.66 − 0.89 
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Table 5.16 Selected calculated and experimental bond lengths and distances [Å] for hydride-bridged 

Mg and Zn dimers. 

 experimental 

(average) 

BP-D3    

(def2-TZVP)  

B3-LYP-D3 

(def2-

TZVP) 

perturbation 

theory 

RI-MP2 

(def2-

TZVPP) 

(L’-MgH)2                               (DIPP-MgH)2
[58]  

Mg···Mg 2.890(2) 2.78 2.77 2.85 2.76 

Mg−H 1.96(3) 1.89 1.88 1.90 1.87 

Mg−N 2.065(2) 2.05 2.04 2.05 2.04 

(L’-ZnH)2 (MES-ZnH)2
[54]  

Zn···Zn 2.4705(7) 2.41 2.45 2.40 2.41 

Zn−H 1.749(33) 1.76 1.77 1.73 1.73 

Zn−N 1.973(2) 1.98 1.99 1.95 1.95 

L’-Mg(µ-H)2Zn-L’ 

Mg···Zn  2.57 2.59 2.56 2.57 

Mg−H  1.92 1.91 1.90 1.90 

Zn−H  1.72 1.74 1.69 1.70 

Mg−N  2.04 2.04 2.03 2.03 

Zn−N  1.99 2.00 1.96 1.96 

 

Table 5.17 Selected calculated and experimental bond lengths and distances [Å] for chloride-bridged 

Mg and Zn dimers. 

 experimental 

(average) 

BP-D3    

(def2-TZVP)  

B3-LYP-D3 

(def2-TZVP) 

RI-MP2 

(def2-

TZVPP) 

(L’-MgCl)2 (DIPP-MgCl)2
[51]  

Mg···Mg 3.392(2) 3.33 3.34 3.32 

Mg−Cl 2.3884(11) 2.40 2.40 2.39 

Mg−N 2.033(2) 2.03 2.02 2.02 

(L’-ZnCl)2 DIPP-Zn(µ-Cl)2Li(Et2O)2
[69]

  

Zn···Zn  3.24 3.29 3.22 

Zn−Cl 2.3001(8) 2.36 2.38 2.34 

Zn−N 1.981(2) 1.97 1.97 1.94 
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L’-Mg(µ-Cl)2Zn-L’ 

Mg···Zn  3.27 3.30 3.25 

Mg−Cl  2.40 2.40 2.38 

Zn−Cl  2.36 2.38 2.34 

Mg−N  2.03 2.02 2.02 

Zn−N  1.96 1.97 1.94 

Table 5.18 Selected calculated and experimental bond lengths and distances [Å] for hydroxide and 

methoxide-bridged Mg and Zn dimers. 

 experimental 

(average) 

BP-D3    (def2-

TZVP)  

B3-LYP-D3 

(def2-TZVP) 

RI-MP2  (def2-

TZVPP) 

(L’-MgOH)2 (DIPP-MgOH)2
[70]  

Mg···Mg 3.1160(18) 2.96 2.94 2.95 

Mg−O 2.040(2) 1.97 1.96 1.96 

Mg−N 2.1688(18) 2.06 2.05 2.04 

(L’-ZnOH)2 (DEP-ZnOH)2*
[40]  

Zn···Zn 2.9745(5) 2.98 3.01 3.01 

Zn−O 1.977(2) 2.00 2.00 1.96 

Zn−N 1.9829(15) 1.99 2.00 1.97 

L’-Mg(µ-OH)2Zn-L’ 

Mg···Zn  2.98 2.98 2.97 

Mg−O  1.96 1.95 1.95 

Zn−O  2.00 2.00 1.97 

Mg−N  2.06 2.05 2.04 

Zn−N  1.99 1.99 1.97 

(L’-MgOMe)2 

Mg···Mg  2.93 2.91 2.92 

Mg−O  1.97 1.96 1.96 

Mg−N  2.05 2.05 2.04 

(L’-ZnOMe)2 (DEP-ZnOMe)2*
[40]  

Zn···Zn 2.9581(7) 2.94 2.99 2.96 

Zn−O 1.958(2) 2.00 1.99 1.97 

Zn−N 1.979(2) 1.98 1.99 1.97 
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* DEP = 2,6-diethylphenyl-nacnac 

5.7.5. Crystal structure determinations 

All crystals have been measured on a Siemens SMART CCD diffractometer. Structures 

have been solved and refined using the programs SHELXS-97 and SHELXL-97, 

respectively.[77] All geometry calculations and graphics have been performed with 

PLATON.[78] The crystal data are summarized in Table 5.19.  

Single-crystal X-ray structure determination of (DIPP-ZnCl)2MgCl2·(THF)3 

All hydrogen atoms have been placed on calculated positions. The structure contains two 

disordered half molecules of benzene over inversion centers. One benzene molecule was 

refined with large anisotropic displacement factors and the other benzene was described by 

a 50/50 disorder model. All coordinating THF molecules are disordered over two positions.  

Single-crystal X-ray structure determination of (MES-ZnCl)2MgCl2·(THF)2 

All hydrogen atoms have been located in the difference-Fourier map and were refined 

isotropically, except for the para-methyl hydrogen atoms, which were placed on calculated 

positions The structure contains one half disordered benzene molecule over an inversion 

centre. and likely other disordered benzene molecules which could not be recognized as 

such. All cocrystallized benzene molecules have been treated by the SQUEEZE procedure 

incorporated in the PLATON program.[78] The unit cell contains holes of 336 Å3 which were 

filled with 152 electrons. 

Single-crystal X-ray structure determination of DIPP-MI·THF (M = Mg, Zn) 

All hydrogen atoms have been placed on calculated positions. The molecule lies on an 

inversion centre and the asymmetric unit contains two molecules DIPP-MI·THF. Refinement 

with only Mg gave small displacement factors for Mg and rest electron density at the metal 

site. Refinement with only Zn gave large displacement factors for Zn and electron holes at 

L’-Mg(µ-OMe)2Zn-L’ 

Mg···Zn  2.95 2.95 2.94 

Mg−O  1.95 1.95 1.95 

Zn-O  1.99 2.00 1.97 

Mg-N  2.05 2.05 2.04 

Zn-N  1.98 1.99 1.96 
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the metal site Refinement with a Mg/Zn combination gave the best R-values and moderate 

e-densities/holes. (Mg1/Zn1 = 39.9/60.1; Mg2/Zn2 = 41.3/58.7; average Mg/Zn = 40.6/59.4) 

Single-crystal X-ray structure determination of [DIPP-Zn(µ-O2C Ph)]2 

All hydrogen atoms have been placed on calculated positions. Two independent dimeric 

molecules are found on an inversion center. The asymmetric unit contains two half dimers. 

Residual electron densities point to the cocrystallization of heavily disordered hexane which 

was treated by the SQUEEZE procedure incorporated in the PLATON program.[78] The unit 

cell contains a hole of 456 Å3 which were filled with 95 electrons. 

Single-crystal X-ray structure determination of [DIPP-M(µ-O2CPh)]2 (M = Mg, Zn) 

All hydrogen atoms have been placed on calculated positions. Two independent dimeric 

molecules are found on an inversion center. The asymmetric unit contains two half dimers. 

Refinement with a Mg/Zn combination gave best R-values and moderate e-densities/holes. 

(Mg1/Zn1 = 56.6/43.4; Mg2/Zn2 = 55.7/44.3; average Mg/Zn = 56.2/43.8) 
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Table 5.19 Crystal structure data. 

Compound (DIPP-ZnCl)2MgCl2·(THF)3 (MES-ZnCl)2MgCl2·(THF)2 

Formula C82H118Cl4MgN4O3Zn2 C54H74Cl4MgN4OZn2 

M 1504.66 1108.29 

Size (mm³) 0.3 x 0.4 x 0.4 0.3 x 0.4 x 0.5 

Crystal system Orthorhombic Monoclinic 

Space group Pmna P21/n 

a (Å) 29.6253(13) 8.8798(3) 

b (Å) 23.5679(10) 25.9868(7) 

c (Å) 11.4087(5) 13.9510(4) 

α 90 90 

β 90 95.858(2) 

γ 90 90 

V (Å³) 7965.6(6) 3202.49(17) 

Z 4 2 

ρ (g.cm-3) 1.255 1.149 

μ (MoKα) (mm-1) 0.793 0.962 

T (°C) −170 −170 

Θ (max) 27.55 30.61 

Refl. total, independent 

Rint 

76853, 9396 

0.045 

38297, 9801 

0.024 

Found refl. (I > 2σ(I)) 7163 8480 

Parameter 472 430 

R1 0.0492 0.0376 

wR2 0.1392 0.1203 

GOF 1.044 1.109 

min/max remaining      e-

density (e·Å-3) 
−0.67/0.90 −1.00/0.71 
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Compound DIPP-MI·THF (M = Mg, Zn) [DIPP-Zn(µ-O2CPh)]2 

Formula C66H98I2N4O2M2 C72H92N4O4Zn2 

M 1345.5 1008.24 

Size (mm³) 0.3 x 0.2 x 0.1 0.5 x 0.4 x 0.4 

Crystal system Monoclinic Triclinic 

Space group P21/c   1 

a (Å) 16.6218(8) 13.9763(12) 

b (Å) 20.2929(11) 14.4415(12) 

c (Å) 19.3912(9) 18.0791(15) 

α 90 94.747(3) 

β 91.524(2) 93.593(3) 

γ 90 91.718(3) 

V (Å³) 6538.4(6) 3627.1(5) 

Z 4 2 

ρ (g.cm-3) 1.37 1.106 

μ (MoKα) (mm-1) 1.465 0.707 

T (°C) −170 −170 

Θ (max) 28.33 27.13 

Refl. total, independent 

Rint 

73994, 16035 

0.0279 

40982, 15086 

0.0301 

Found refl. (I > 2σ(I)) 12667 11350 

Parameter 707 759 

R1 0.032 0.0369 

wR2 0.076 0.0987 

GOF 0.999 1.053 

min/max remaining      e-

density (e·Å-3) 
−0.759/1.576 −0.407/0.723 
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Compound [DIPP-(Mg/Zn)(µ-O2CPh)]2 

Formula C72H92Mg1.12N4O4Zn0.88 

M 1162.1 

Size (mm³) 0.5 x 0.4 x 0.3 

Crystal system Monoclinic 

Space group P21/c 

a (Å) 19.0023(9) 

b (Å) 19.3796(9) 

c (Å) 18.7741(8) 

α 90 

β 101.115(2) 

γ 90 

V (Å³) 6784.0(5) 

Z 4 

ρ (g.cm-3) 1.138 

μ (MoKα) (mm-1) 0.379 

T (°C) −170 

Θ (max) 24.75 

Refl. total, independent 

Rint 

83760, 11379 

0.0394 

Found refl. (I > 2σ(I)) 9084 

Parameter 760 

R1 0.0414 

wR2 0.1150 

GOF 1.047 

min/max remaining 

e-density (e·Å-3) 
−0.33/0.50 
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Summary 

The elements magnesium and zinc are generally considered rather unspectacular when 

compared to the substantial organometallic chemistry of most transition metals that play a 

key role in numerous catalytic transformations. Although zinc can be regarded as a 

transition metal, due to its position in the periodic table, it is a special case on account of its 

d10 electron configuration. A number of zinc complexes are known and various zinc 

compounds have been applied in catalytic reactions. However, as a consequence of the 

filled d-orbitals, zinc often behaves very similar to alkaline-earth metals and is therefore 

often viewed as a main group element.  

The organometallic chemistry of alkaline-earth metals has developed significantly recently. 

First magnesium complexes could be successfully applied as catalysts for several organic 

reactions just like many zinc complexes. Further properties of Mg and Zn are compared 

within the first chapter. Also, it offers an introduction on metal hydrides and their application 

in hydrogen storage. Within the last years, miscellaneous magnesium and zinc hydride 

complexes were isolated and characterized. Many of those show very similar structural 

motives and often crystallize isomorphously (Figure 1).  

 

Figure 1 Selected structures of similar magnesium and zinc hydride complexes. 

Recently, our group has synthesized the so far largest magnesium hydride cluster, 

consisting of eight Mg centers and ten hydride ligands (Figure 2a). Additionally, we could 

introduce two tetranuclear magnesium hydride clusters with similar ligand systems  

(Figure 2b).  
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Figure 2 Crystal structures of a) an octanuclear Mg hydride cluster (DIPP groups have been omitted 

for clarity), and b) a tetranuclear Mg hydride cluster (i-Pr groups have been omitted for clarity). 

In the second chapter of this thesis, detailed studies on the properties of these multinuclear 

complexes are presented. Whereas these compounds are very stable in solution, 

decomposition in the solid state shows reductive elimination of the incorporated hydride 

ligands as hydrogen and a clear tendency of a lowered decomposition temperature with 

smaller cluster sizes (2-8 Mg atoms). According to previous DFT studies on MgH2-clusters, 

the H2-release temperature lowers with decreasing particle sizes. Therefore this study 

delivers experimental proof for the theoretical studies and molecular metal hydride clusters 

can be considered as model systems for hydrogen storage materials. The hydride ligands 

are proven to be the exclusive source of the released hydrogen by deuteration experiments. 

This study also allows for determination of the magnetic H,H-coupling constant in a dimeric 

magnesium hydride complex. Together with the values obtained for the larger clusters, 

which range from 4.5 to 28.6 Hz, these are the first reported H,H coupling constants in 

magnesium hydride compounds. A correlation of the coupling constants with bond lengths 

and atomic distances indicates that part of this magnetic coupling could occur via a through-

space mechanism and not only along the bonds.  

DFT studies on a tetranuclear magnesium hydride model system and a potential thermal 

decomposition product (which is assumed to contain a low-valent Mg center and two 

Mg−Mg bonds) provide interesting insights into the bonding situation of those compounds. 

An AIM analysis of the electron density of the model hydride cluster resulted in the first 

identification of a hydride−hydride interaction within a molecular compound. This interaction 

is found for two of the four hydrides and could play a major role in the release of the 

incorporated hydrogen. The metal framework of the potential low-valence decomposition 

product shows a different structure than that of the hydride precursor. In addition, the 

calculated structure of the decomposition product shows another phenomenon: a “non-

nuclear attractor” (NNA), which is critical point of maximum electron density in all directions 
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and not localized on an atom, is found on the axis of the Mg−Mg bonds. These electron 

maxima can be defined as “ghost atoms”. A further interesting observation from the AIM 

analysis is the interconnection of the two “non-nuclear attractors” in the decomposition 

product. 

The third chapter includes the synthesis of a novel tetranuclear zinc hydride cluster with an 

analogous structure to the according magnesium compound. Owing to the very rigid 

structure of the complex, the first magnetic H,H-coupling (3JH,H = 16 Hz) within a zinc 

hydride compound was observed. The zinc complex is significantly less thermally stable 

than the magnesium congener, in solution as well as in the solid-state. The considerably 

lower decomposition temperature for the zinc hydride compound is in accordance with the 

properties of the respective homoleptic hydrides. While MgH2 releases hydrogen at 300 °C, 

ZnH2 decomposes readily at 90 °C. The AIM analysis of a DFT-optimized model of the zinc 

hydride cluster reveals another hydride-hydride interaction, which is even stronger than the 

one found in the magnesium compound. This supports, along with the lower decomposition 

temperature, the assumption that these interactions promote H2 release For the synthesis of 

further and larger magnesium and zinc hydride cluster additional ligands were tested and a 

range of novel ligand systems have been developed (Figure 3). The synthesis and 

characterization of magnesium and zinc complexes of these ligands is the subject of future 

research. 

 

Figure 3 Selection of designed ligand systems for magnesium and zinc hydride complexes. 

The reactivity of various Mg-, Zn- and Ca-hydride complexes towards various substrates is 

subject of the fourth chapter of this thesis. In the course of this study controlled hydrolysis of 

a tetranuclear magnesium hydride cluster resulted in the structural characterization of a 

tetranuclear magnesium hydroxide cluster. The reaction of the tetra- and octanuclear Mg 

hydride clusters with pyridine yielded monomeric complexes with dearomatized pyridine 

moieties (Figure 4). 
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Figure 4 Crystal structures of a 1,2-dihydropyridide magnesium complex (a) and 1,4-dihydropyridide 

complex (i-Pr groups have been omitted for clarity) (b). 

In case of the tetranuclear system the hydride is transferred selectively to the 2-position of 

pyridine. However, when the octanuclear compound is used, a mixture of 1,2- and 1,4-

dihydropyridide is obtained, which can be fully converted selectively to a 1,4-dihydropyridide 

complex by heating to 60 °C. The irreversible dearomatization could be confirmed by means 

of NMR as well as single crystal X-ray structure determination. The studied calcium hydride 

complex was likewise capable of the 1,2-selective dearomatization of pyridine, though these 

complexes are not stable towards ligand exchange in a Schlenk equilibrium. For this 

reason, only a homoleptic dihydroisoquinolide calcium complex could be structurally 

characterized. In contrast, the studied zinc hydride complexes were shown to be unreactive 

towards pyridine. Based on those reactivity studies, the applicability of MgH, ZnH and CaH 

complexes in the catalytic hydroboration and hydrosilylation of pyridine derivatives was 

investigated (Figure 5). 

 

Figure 5 Selected catalytic transformations of pyridine derivatives. 

Herein, the applied calcium hydride complex was identified as the only active catalyst 

among all tested for catalytic hydrosilylation. Depending on the steric bulk of the substrate, 

this reaction yields mono- or disubstituted silanes. The tetranuclear magnesium hydride 

cluster is active in the hydroboration of pyridines with pinacol borane. To our surprise, the 

high regioselectivity of this complex in the stoichiometric reactions could not be reproduced 

in the catalysis. This allows for the assumption that the previously proposed hydride based 

mechanism might not be the only proceeding reaction pathway. An alternative reaction 

mechanism is introduced. Further tested magnesium, zinc and calcium hydride complexes 

have proven to be almost or completely inactive in the hydroboration of pyridines. This is 
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caused by the unreactivity of the zinc complexes and the major formation of a borane 

decomposition product in case of the magnesium and calcium hydride complexes. 

Within the last chapter of this thesis the synthesis of mixed magnesium-zinc hybrid 

compounds for application in catalysis is investigated. Although heterobimetallic complexes 

are often obtaines by the use of ligand systems that feature two different preferential sites, 

the close similarity of Mg and Zn chemistry excludes this route. We attempted the synthesis 

of Mg/Zn hybrid complexes by metal exchange (Figure 6) and investigated the preference 

for a mixed metal aggreagate compared to the homobimetallic precursor depending on the 

bridging ligand X. 

Figure 6 Synthesis of mixed Mg/Zn dimers by the metal exchange. 

In case of chloride-bridged dimers (X = Cl) the isolated products were not the anticipated 

mixed dimeric complexes but a compound with a Mg:Zn ratio of 1:2 (Figure 7). This 

complex is most likely the result of an extended Schlenk equilibrium. 

 

Figure 7 Crystal structure of a mixed magnesium-zinc chloride complex. 

Due to the monomeric nature of the studied magnesium and zinc iodide complexes (X = I), 

only a co-crystal of both metal iodide complexes was obtained. NMR studies on the hydride 

bridged compound (X = H) give clear indications for the formation of the desired 

heterobimetallic complex, at least in solution. A definite structural characterization was 
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hampered by the facile crystallization of the monomeric zinc hydride complex. Subsequent 

studies of alkoxide- and acetate-bridged complexes did not deliver definite proof for the 

formation of heterobimetallic compounds. However, crystals obtained for a benzoate-

bridged complex have shown to contain Mg (56%) as well as Zn (44%). It could not be 

clearly determined whether the crystal consists of the mixed or whether it is a co-crystal of 

homobimetallic complexes. 

The use of directly mixed Mg and Zn acetate complexes as catalysts in the CO2/CHO-

polymerization gives significantly different results than the use of previously recrystallized 

mixtures. As almost only the homopolymer of cyclohexane oxide is obtained in the latter 

case, the active species in case of the recrystallized compound appears to be of a cationic 

nature (Figure 8). This suggests the formation of a novel, potentially heterobimetallic, 

acetate-bridged compound with dipolar character, which can form a separated ion-pair in 

polar media (CHO). 

 

Figure 8 Structure of a potentially formed ion-pair complex. 

Additional DFT studies show that the formation of heterobimetallic complexes from their 

corresponding homobimetallic congeners is only slightly exothermic (-0.6 – (-8.7) kJ/mol). 

The proposed ion-pair character of the mixed compounds is neither confirmed by the 

comparison of partial charges nor by change in the bond lengths. It is worth to mention that 

calculation model systems neglect use of coordinating solvents and sterically encumbering 

substituents on the ligand (DIPP→H). 



        Samenvatting 

 
243 

 

Samenvatting 

Vooral in vergelijking met organometaalverbindingen van overgangsmetalen, die in veel 

katalytische reacties een „kleurrijke“ hoofdrol vervullen, worden magnesium en zink vaak 

als weinig spectaculaire elementen beschouwd. Gezien de positie in het periodiek systeem 

is zink een overgangsmetaal en de grote verscheidenheid aan verbindingen wordt vaak ook 

in de homogene katalyse ingezet. Zink is echter geen typisch overgangsmetaal: dankzij de 

compleet gevulde d-orbitalen zijn de chemische eigenschappen goed vergelijkbaar met die 

van de aardalkalimetalen – een groep van elementen met een compleet ongevulde d-schil. 

Daarom wordt zink soms ook als hoofdgroep element beschouwd. 

Binnen de organometaalchemie van de aardalkalimetalen hebben zich de laatste jaren 

sterke ontwikkelingen voorgedaan. Sinds kort kunnen magnesium en ook calcium 

complexen, net als vele zink complexen als katalysatoren in de organische synthese 

worden gebruikt. In het eerste hoofdstuk worden de eigenschappen van zink en magnesium 

met elkaar vergeleken. Verder worden daar metallische hydriden en hun potentiele functie 

als waterstofopslag materialen geïntroduceerd. In de laatste jaren zijn er verschillende 

magnesium en zink hydride complexen geïsoleerd en gekarakteriseerd. Deze complexen 

lijken structureel vaak erg op elkaar en kristalliseren vaak isomorf (Figuur 1).  

 

Figuur 1 Structuren van isomorfe magnesium en zink complexen. 

Onlangs is in onze onderzoeksgroep het tot nu toe grootste magnesium hydride cluster 

gesynthetiseerd. Dit complex bestaat uit acht magnesium metaal ionen en tien hydride 

liganden (Figuur 2a). Bovendien konden wij ook nog twee andere vierkernige magnesium 

hydride complexen met vergelijkbare liganden synthetiseren (Figuur 2b).  
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Figuur 2 Kristalstructuren van (a) een achtkernige Mg-hydride cluster (DIPP groepen niet afgebeeld) 

en (b) een vierkernige Mg-hydride cluster (i-Pr groepen niet afgebeeld). 

Een gedetailleerde studie van de eigenschappen van deze clusters word in het tweede 

hoofdstuk van dit proefschrift beschreven. Alhoewel deze complexen stabiel zijn in 

oplossing kan in vaste vorm thermische ontleding optreden die resulteert in een reductieve 

eliminering van de hydride liganden in de vorm van waterstof. De thermische stabiliteit 

neemt af met de grootte van de magnesium hydride complexen (2-8 Mg atomen). Dit is in 

overeenkomst met eerder gepubliceerde DFT berekeningen die laten zien dat de 

temperatuur waarbij eliminatie van waterstof plaats vindt, afneemt naarmate de magnesium 

hydride cluster kleiner wordt. Onze resultaten onderbouwen deze berekeningen en geven 

experimenteel bewijs voor deze bevindingen. Hieruit kan geconcludeerd worden dat onze 

clusters goede model systemen zijn voor potentiele waterstofopslag materialen. Door 

middel van isotopen markering van de hydriden met deuterium hebben we kunnen 

aantonen dat de waterstof die in dit proces gevormd wordt alleen afkomstig is van de 

hydride liganden. In het kader van deze studie konden wij ook de magnetische H,H-

koppelingconstantes in een dimeer magnesium hydride complex meten. Samen met de 

door ons bepaalde koppelingconstantes in de grotere clusters zijn deze waarden, die 

tussen 4.5 en 28.6 Hz liggen, de eerst bekende H,H-koppelingconstantes in magnesium 

hydride materialen. Uit een eerste relatie tussen deze koppelingconstantes en de Mg-H en 

H∙∙∙H afstanden kan voorzichtig geconcludeerd worden dat een deel van deze koppeling 

niet alleen via de chemische bindingen loopt maar mogelijk ook een bijdrage heeft van 

wisselwerkingen door de ruimte.  

DFT berekeningen aan het vierkernige magnesium hydride model systeem en aan het 

mogelijke product van de thermische ontleding (waarschijnlijk een complex met magnesium 

in een lagere valentietoestand en twee Mg-Mg bindingen) geven een interessant inzicht in 

de bindingssituatie in deze moleculen. Een AIM analyse van de elektronendichtheid laat 

voor het eerst zien dat er in moleculaire magnesium hydride complexen mogelijk hydride-
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hydride wisselwerkingen op kunnen treden. Een dergelijke wisselwerking wordt 

waargenomen voor twee van de vier hydride liganden en kan mogelijk een belangrijke rol 

spelen bij de reductieve eliminering van waterstof. De ordening van de metalen in het 

vierkernige magnesium hydride complex is anders dan die in het laagvalente 

ontledingsproduct. De berekende structuur van het ontledingsproduct bezit ook nog een 

bijzonder fenomeen: op de as van de Mg-Mg bindingen bevindt zich een „non-nuclear 

attractor“ (NNA), een punt in de ruimte dat in de elektronendichtheid een maximum is in alle 

richtingen en niet op een atoomkern gelokaliseerd is. Dergelijke elektronenmaxima zou je 

als „spookatomen“ kunnen definiëren. Interessant is de observatie dat het 

ontledingsproduct twee van deze NNA’s bezit die in de AIM analyse onderling chemisch 

gebonden blijken te zijn.  

In het derde hoofdstuk wordt de synthese van een nieuw vierkernig zink hydride complex 

met dezelfde structuur als die van het analoge magnesium hydride complex beschreven. 

Dankzij de starre structuur van dit complex kon de eerste magnetische H,H-koppeling in 

een zink hydride cluster worden bepaald. De magnetische koppeling is met 16.0 Hz 

duidelijk groter dan die in het vergelijkbare magnesium complex (8.5 Hz). Dit is 

waarschijnlijk te wijten aan het sterkere covalente karakter van de Zn-H binding en aan de 

kleinere H∙∙∙H afstand. In vergelijking met het magnesium complex is het analoge zink 

complex zowel in oplossing als in vaste vorm minder stabiel. De lagere 

ontledingstemperatuur van het zink complex is in overeenkomst met de eigenschappen die 

de homoleptische hydride complexen laten zien. Terwijl MgH2 waterstof elimineert bij 300   C 

doet ZnH2 dit al bij  0   C. AIM analyse aan een DFT geoptimaliseerd model van het zink 

hydride complex laat zien dat ook hier een hydride-hydride wisselwerking wordt gevonden. 

Echter is de H∙∙∙H afstand korter dan die in het vergelijkbare magnesium complex. De 

sterkere hydride-hydride wisselwerking in combinatie met de geringere stabiliteit van zink 

hydride complexen, doet vermoeden dat dergelijke hydride-hydride interacties de eliminatie 

van H2 bevorderen. Om dit onderzoek uit te breiden naar grotere of andere magnesium en 

zink hydride clusters werden nieuwe liganden ontwikkeld (Figuur 3). De synthese en 

karakterisering van zink en magnesium hydride complexen is doel van verder onderzoek.  

 

Figuur 3 Selectie van nieuw gesynthetiseerde liganden voor zink en magnesium hydride complexen. 
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In hoofdstuk vier wordt een studie naar de reactiviteit van Mg-, Zn- en Ca-hydride 

complexen met verschillende substraten beschreven. Gecontroleerde hydrolyse van een 

vierkernig magnesium hydride cluster leverde een gerelateerde vierkernige magnesium 

hydroxide cluster op als product. De reacties van de vier- en achtkernige Mg hydride 

clusters met pyridine resulteerden in monomere complexen met gedearomatiseerde 

pyridine fragmenten (Figuur 4).  

 

Figuur 4 Kristalstructuren van een 1,2-dihydropyridide magnesium complex (a) en een 1,4-

dihydropyridide complex (b) (i-Pr groepen zijn niet weergeven). 

In het geval van het vierkernige systeem werd de hydride selectief naar de 2-positie van 

pyridine overgedragen. Het achtkernige complex daarentegen, leverde een mix van 1,2- en 

1,4-dihydropyridide. Na verwarming van deze oplossing tot 60   C werd alles selectief 

omgezet naar 1,4-dihydropyridide. Deze onomkeerbare dearomatisatie kon zowel door 

middel van NMR als röntgen kristallografisch onderzoek worden bevestigd. Het 

onderzochte calcium hydride complex vormt op dezelfde wijze een 1,2-dihydropyridide 

product. Deze complexen zijn temperatuur gevoelig en kunnen ligandenuitwisseling 

ondergaan in een Schlenk evenwicht. Hierdoor was het niet mogelijk de structuur van het 

product te bepalen, echter kon wel het homoleptische dihydroisoquinolide calcium complex 

compleet worden gekarakteriseerd door middel van NMR en röntgenkristallografie. In 

tegenstelling tot de magnesium en calcium complexen waren de zink hydride complexen 

compleet inactief in reactie met pyridine. Naar aanleiding van dit reactiviteitsonderzoek 

werden de mogelijkheden bestudeerd om Mg, Zn en Ca hydride complexen als 

katalysatoren in te zetten voor de hydroborering en hydrosilylering van pyridine derivaten  

(Figuur 5).  

 

Figuur 5 Katalytische hydrosilylering en hydroborering van pyridine derivaten. 
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Uit deze studie bleek dat alleen het Ca hydride complex een actieve katalysator voor de 

hydrosilylering is. Afhankelijk van de sterische afscherming van het substraat werd een 

mono- of di-gesubstitueerde silaan als product verkregen. De vierkernige magnesium 

hydride cluster is actief als katalysator in de hydroborering van pyridines met pinacolboraan. 

Tegen verwachting kon de hoge regioselectiviteit die in de stoichiometrische reacties 

werden gevonden, niet worden gereproduceerd in de katalytische omzettingen. Dit 

suggereert dat het eerder voorgestelde mechanisme, welke gebaseerd is op een 

intermediair metaal hydride, waarschijnlijk niet of slechts gedeeltelijk juist is. In plaats 

daarvan werd een alternatief reactiemechanisme opgesteld. De overige magnesium, zink 

en calcium hydride complexen die werden getest waren weinig of niet actief in de 

hydroborering van pyridine derivaten. Voor de zink hydride complexen is dit te wijten aan 

lage reactiviteit terwijl voor de magnesium en calcium hydride complexen 

ontledingsproducten konden worden gevonden. 

In het laatste hoofdstuk, hoofdstuk vijf, word een studie aan gemengde magnesium-zink 

complexen beschreven met als doel heterobimetallische complexen in de katalyse te 

testen. Heterobimetallische complexen worden meestal gesynthetiseerd door één ligand 

systeem te gebruiken dat twee plaatsen met verschillende coordinatieve eigenschappen 

bezit zodat gediscrimineerd kan worden tussen metalen. Doordat magnesium en zink 

beiden hoofdgroepmetaal karakter bezitten en als tweewaardige metaal kationen geen 

verschillende voorkeur voor liganden hebben, is deze methode hier minder geschikt. In 

onze aanpak hebben we geprobeerd gemengde Mg-Zn clusters te maken door 

metaaluitwisseling (Figuur 6). De eerste onderzoeksvraag hierbij was: is er een voorkeur 

voor het gemengde dimeer ten opzichte van de homometallische dimeren als functie van de 

verbruggende groep X. 

 

Figuur 6 Synthese van gemengde Mg/Zn dimeren door metaal uitwisseling. 

In het geval van chloor verbruggende dimeren (X = Cl) werd een ander product verkregen 

als verwacht: een verbinding met een Mg:Zn verhouding van 1:2 kon worden geïsoleerd 

(Figuur 7). Het ontstaan van dit complex kan worden verklaard door een serie van 

gekoppelde Schlenk evenwichten aan te nemen.  
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Figuur 7 Kristalstructuur van een verbinding met een Mg:Zn verhouding van 1:2.  

Complexen met jood (X = I) liggen helaas als monomeer voor en er konden alleen co-

kristallen van magnesium en zink complexen worden geïsoleerd. Voor de hydriden (X = H) 

konden geen kristallen van een gemengd Mg-Zn dimeer worden verkregen. Dit ligt aan het 

feit dat de monomere zink hydride verbinding extreem goed en snel uitkristalliseert. Echter 

konden in een NMR studie aan hydride verbruggende complexen duidelijke indicaties voor 

een gemengd heterobimetallisch Mg-Zn hydride complex gevonden worden. Onderzoek 

aan complexen met verbruggende alkoxide en acetaat anionen leverden geen bewijs voor 

gemengde heterobimetallische verbindingen. Kristallen verkregen van een benzoaat 

verbruggend dimeer bevatten 56% Mg en 44% Zn. Het is echter uit de kristalstructuur niet 

te bepalen of het kristal bestaat uit een gemengd Mg-Zn dimeer of uit een mengsel van 

homometallische Mg en Zn dimeren die co-kristalliseren.  

Gebruik van een mengsel van de homometallische Mg en Zn acetaat dimeren als 

katalysator in CHO/CO2 polymerisatie gaf echter wel een duidelijk ander resultaat dan 

wanneer bovenstaand beschreven co-kristal als katalysator werd ingezet. Voor de synthese 

van dit co-kristal werden de homometallische dimeren eerst in oplossing gemengd en 

verwarmd en daarna bij lage temperatuur uitgekristalliseerd. In tegenstelling tot 

polymerisatie met de homometallische dimeren, die een perfect alternerend CHO/CO2 

copolymeer gaven, werd in polymerisatie studies met het co-kristal bijna alleen een 

homopolymeer van CHO verkregen. Dit duidt erop dat hier een kationisch complex de 

actieve katalysator is (Figuur 8) en onderbouwt de suggestie dat een mogelijk 

heterobimetallisch acetaat complex dipolair karakter heeft en in polaire media (CHO) uiteen 

valt in een zinkaat anion en kationisch magnesium complex.  
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Figuur 8 Structuur van een mogelijk gevormd ionen-paar bestaande uit een zinkaat anion en 

kationisch magnesium complex. 

Een aansluitende DFT studie laat zien dat de vorming van heterobimetallische complexen 

uit homobimetallische complexen slechts weinig exotherm is (-0.6 – (-8.7) kJ/mol). Een 

analyse van geometrie en lading ondersteunt het voorgestelde ionen-paar karakter van de 

gemengde complexen niet. Het moet hierbij wel worden vermeld dat de berekening aan 

modelsystemen zijn doorgevoerd waarin sterische invloeden van de ligand tot een minimum 

zijn teruggebracht (DIPP→H) en waarin geen rekening is gehouden met coördinerende 

oplosmiddelen.  
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Zusammenfassung 

Die Elemente Magnesium und Zink werden im Allgemeinen als eher unspektakuläre 

Elemente angesehen. Im Gegensatz zur umfangreichen Organometallchemie der meisten 

Übergangsmetalle, die in unzähligen katalysierten Reaktionen eine „Hauptrolle“ spielt. 

Obwohl Zink, infolge seiner Position im Periodensystem, auch als Übergangsmetall 

betrachtet werden kann, hat es mit seiner d10 Elektronenkonfiguration eine besondere 

Stellung inne. Es ist eine Vielzahl von Zinkkomplexen bekannt und zahlreiche 

Zinkverbindungen konnten erfolgreich in katalytischen Umsetzungen eingesetzt werden. 

Dennoch verhält sich Zink, auf Grund seiner gefüllten d-Orbitale, oft ähnlich wie 

Erdalkalimetalle und wird daher auch oft als Hauptgruppenelement angesehen.  

Die Metallorganik der Erdalkalimetalle hat sich in den vergangenen Jahren deutlich 

weiterentwickelt. Kürzlich konnten auch erste Magnesium- und Zinkkomplexe, genau wie 

viele Zinkkomplexe erfolgreich als Katalysatoren in organischen Reaktionen verwendet 

werden. Weitere Eigenschaften von Mg und Zn werden im Rahmen des ersten Kapitels 

verglichen. Zudem bietet es eine Einleitung zu Metallhydriden und ihrer Anwendung in der 

Wasserstoffspeicherung. Die Ähnlichkeit von Zink und Magnesium zeigte sich in den letzten 

Jahren bei der Isolation verschiedener Magnesium- und Zinkhydridkomplexe, welche häufig 

eine ähnliche Struktur aufweisen und oft isomorph kristallisieren (Abb. 2).  

 

Abb. 2 Ausgewählte Strukturen vergleichbarer Magnesium- und Zinkhydridkomplexe. 

Hierzu konnte unsere Arbeitsgruppe unlängst den bislang größten Mg-Hydridcluster, 

bestehend aus acht Mg Kernen und zehn Hydridliganden, beitragen (Abb. 3). Zusätzlich 

wurden von unserer Gruppe weitere vierkernige Magnesiumhydridkomplexe mit 

vergleichbaren Ligandensystemen vorgestellt (Abb. 3). 
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Abb. 3 Kristallstrukturen eines a) achtkernigen Mg-Hydridcluster (DIPP-Gruppen werden nicht 

gezeigt) und b) vierkernigen Mg-Hydridcluster (i-Pr-Gruppen werden nicht gezeigt). 

Im zweiten Kapitel der vorliegenden Arbeit werden detaillierte Studien an mehrkernigen 

Komplexen zur Aufklärung ihrer Eigenschaften vorgestellt. Während diese Verbindungen in 

Lösung sehr stabil sind, zeigen Zersetzungen im festen Zustand die reduktive Eliminierung 

der enthaltenen Hydridliganden als Wasserstoff und einen deutlichen Trend zu niedrigeren 

Zersetzungstemperaturen mit sinkenden Clustergrößen (2-8 Mg Atome). Laut 

vorhergehender DFT-Studien an MgH2-Clustern, verringert sich die Temperatur der 

Wasserstofffreisetzung aus diesen Verbindungen mit sinkender Partikelgröße. Damit liefern 

diese Studien die Möglichkeit theoretische Studien zu Wasserstoffspeichern experimentell 

zu untermauern und zeigen, dass molekulare Metallhydridcluster als Modellsysteme für H2-

Speichermaterialen dienen könnten. Die Hydridliganden können als ausschließliche Quelle 

des freigesetzten Wasserstoffs mit Hilfe von Deuterierungsexperimenten bestätigt werden. 

Diese Experimente erlauben zudem die Abschätzung der magnetischen H,H-

Kopplungskonstante in einem dimeren Magnesiumhydridkomplex (Abb. 2). Diese gehört, 

neben den in größeren Magnesiumhydridclustern beobachteten, zu den ersten 

experimentell ermittelten Kopplungskonstanten für Magnesiumhydride (4.5−28.6 Hz). Die 

Korrelation der Kopplungskonstanten mit Bindungslängen und Atomabständen erlaubt den 

Rückschluss, dass zumindest ein Teil der magnetische H,H-Kopplung durch den Raum und 

nicht ausschließlich entlang von Bindungen stattfindet.  

Anschließende DFT-Rechnungen an einem vierkernigen Magnesiumhydrid Modellsystem 

und dem möglichen thermischen Zersetzungsprodukt (wahrscheinlich ein niedervalenter 

Magnesiumkomplex mit zwei Mg−Mg Bindungen) liefern interessante Einblicke in die 

Bindungssituation dieser Verbindungen. Eine AIM-Analyse der Elektronendichte des 

Modellhydridcluster führte zur ersten Identifizierung einer Hydrid-Hydrid Wechselwirkung in 

einer molekularen Verbindung. Die Wechselwirkung besteht zwischen zwei der vier Hydride 

und könnte eine Rolle in der Freisetzung des enthaltenen Wasserstoffs spielen. Das 
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Metallgerüst des potentiell entstehenden niedervalenten Zersetzungsproduktes zeigt neben 

einer veränderten Struktur auch noch ein weiteres besonderes Phänomen: auf der Achse 

der Mg−Mg Bindungen befindet sich ein „Non-nuclear attractor“ (NNA), ein kritischer Punkt 

mit einem Maximum der Elektronendichte in alle Richtungen, welcher nicht auf einem 

Atomkern lokalisiert ist. Diese Elektronenmaxima können als „Geisteratome“ definiert 

werden. Interessant ist zudem die Beobachtung, dass das Zersetzungsprodukt über zwei 

NNA’s verfügt, welche in der AIM-Analyse scheinbar miteinander verbunden sind. 

Im folgenden Kapitel wird die Synthese eines neuartigen vierkernigen Zinkhydridclusters mit 

analoger Struktur zur entsprechenden Magnesiumverbindung vorgestellt (Abb. 2). Infolge 

der sehr starren Struktur des Komplexes konnte die erste magnetische H,H-Kopplung (2JH,H 

= 16 Hz) in einer Zinkhydridverbindung beobachtet werden. Der Zinkkomplex ist, sowohl in 

Lösung als auch im festen Zustand, erheblich thermisch instabiler als sein 

Magnesiumequivalent. Die deutlich geringere Zersetzungstemperatur für die 

Zinkhydridverbindung stimmt mit den Eigenschaften der homoleptischen Hydride überein: 

während MgH2 erst bei 300 °C H2 freisetzt, zersetzt sich ZnH2 bereits langsam bei 90 °C. 

Die folgende AIM-Analyse der Elektronendichte an einem DFT-optimierten Modellsystem 

des Zinkhydridclusters, ergibt auch diesem Fall eine Hydrid-Hydrid-Wechselwirkung. Diese 

ist sogar stärker als im Fall der Magnesiumverbindung. Dies untermauert, in Verbindung mit 

der niedrigeren Zersetzungstemperatur, die Annahme, dass eine solche Wechselwirkung 

die H2-Abgabe begünstigt. Für die Synthese weiterer und größerer Magnesium- und 

Zinkhydridcluster wurden zudem weitere Liganden getestet und eine Reihe neue 

Ligandsysteme entwickelt (Abb. 4). Die Synthese beziehungsweise eindeutige 

Charakterisierung von Magnesium- und Zinkkomplexen dieser Liganden ist Gegenstand 

derzeitiger Forschung. 

 

Abb. 4 Auswahl neu entwickelter Ligandensysteme für Magnesium- und Zinkhydridkomplexe. 

Die Reaktivität verschiedener Mg-, Zn- und Ca-Hydridkomplexe gegenüber 

unterschiedlicher Substrate ist Inhalt des vierten Kapitels dieser Doktorarbeit. Im Rahmen 

dieser Studien konnte mittels kontrollierter Hydrolyse des vierkernigen 

Magnesiumhydridclusters zunächst ein ebenfalls vierkerniger Magnesiumhydroxidkomplex 
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strukturell charakterisiert werden. Die Reaktion der vier- und achtkernigen Mg-Hydridcluster 

mit Pyridin liefert monomere Komplexe mit dearomatisierten Pyridineinheiten (Abb. 5). 

 

Abb. 5 Kristallstruktur eines 1,2-Dihydropyrididmagnesiumkomplexes (a) und 1,4-

Dihydropyrididmagnesiumkomplexes (i-Pr-Gruppen werden nicht gezeigt) (b). 

Im Falle des vierkernigen Systems wird dabei das Hydrid selektiv auf die 2-Position des 

Pyridins übertragen. Wird dagegen die achtkernige Verbindung eingesetzt, so erhält man 

zunächst ein Gemisch aus 1,2- und 1,4-Dihydropyridid, welches sich durch Erhitzen auf 60 

°C vollständig und selektiv in einen 1,4-Dihydropyrididkomplex umsetzen lässt. Diese 

irreversible Dearomatisierung konnte sowohl mittels NMR als auch 

Röntgenstrukturaufklärung nachgewiesen werden. Ebenso ist der untersuchte 

Calciumhydridkomplex zur Dearomatisierung in der Lage, auch in diesem Fall ist die 

Reaktion 1,2-selektiv, jedoch sind diese Komplexe nicht stabil gegen Ligandenaustausch 

nach dem Schlenkgleichgewicht und daher kann nur ein homoleptischer 

Dihydroisoquinolidkomplex strukturell charakterisiert werden. Die untersuchten 

Zinkhydridkomplexe im Gegensatz haben sich als unreaktiv gegenüber Pyridin erwiesen. 

Aufbauend auf diesen Reaktivitätsstudien, wurde die Anwendbarkeit von Mg-, Zn- und Ca-

Hydrid-Komplexen auch in der katalytischen Hydroborierung und Hydrosilylierung von 

Pyridinderivaten untersucht (Abb. 6). 

 

Abb. 6 Ausgewählte katalytische Umsetzungen von Pyridinderivaten. 

Dabei wurde der verwendete Calciumhydridkomplex als einziger aktiver Katalysator für die 

katalytische Hydrosilylierung identifiziert. Die Reaktion liefert, je nach sterischem Anspruch 

des Substrates, ein- oder zweifach substituierte Silane. Der vierkernige 

Magnesiumhydridcluster war indessen aktiv in der Hydroborierung von Pyridinen mit 

Pinakolboran. Überraschenderweise konnte in diesem Fall jedoch die hohe 
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Regioselektivität der stöchiometrischen Vorversuche nicht annähernd reproduziert werden. 

Dies lässt den Rückschluss zu, dass der zuvor vorgeschlagene hydridbasierte 

Mechanismus nicht den einzig ablaufenden Reaktionsweg darstellt. Daher wird ein 

alternativer Reaktionsmechanismus vorgestellt. Andere Magnesium-, Zink- und 

Calciumhydridkomplexe waren nahezu oder komplett inaktiv in der Hydroborierung von 

Pyridinen. Dies ist auf die Unreaktivität der Zinkkomplexe und die hauptsächliche Bildung 

eines Boranzersetzungsproduktes im Falle von Magnesium- und Calciumhydridkomplexen 

zurückzuführen. 

Im letzten Kapitel dieser Doktorarbeit wird die Synthese von gemischten Magnesium-Zink-

Hybridverbindungen für die Anwendung in der Katalyse untersucht. Üblicherweise werden 

heterobimetallische Komplexe mit Hilfe von Ligandensystemen, die unterschiedliche 

Koordinationsstellen enthalten, synthetisiert. Auf Grund der großen Ähnlichkeit von 

Magnesium und Zink wurde diese Route jedoch ausgeschlossen. Anstelle haben wir die 

Synthese unter Zuhilfenahme von Metallaustausch in Lösung angestrebt (Abb. 7) und die 

Bevorzugung von gemischten Metallaggregaten gegenüber den homobimetallischen 

Ausgangsverbindungen in Abhängigkeit der verbrückenden Gruppe X untersucht. 

 

Abb. 7 Synthese von gemischten Mg/Zn-Dimeren durch Monomer-Dimer-Gleichgewichte. 

Im Falle von chloridverbrückenden Dimere (X = Cl) werden hierbei nicht die erwarteten 

gemischten dimeren Komplexe isoliert, sondern eine Verbindung mit einem Mg:Zn 

Verhältnis von 1:2 (Abb. 8). Diese ist höchstwahrscheinlich aus einem erweiterten 

Schlenkgleichgewicht hervorgegangen. 
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Abb. 8 Kristallstruktur eines gemischten Magnesium-Zinkchloridkomplexes. 

Auf Grund der monomeren Natur der untersuchten Magnesium- und Zinkiodidkomplexe (X 

= I), konnte in diesem Fall nur ein Kokristall beider Metalliodidkomplexe erhalten werden. 

Für die im Anschluss untersuchten hydridverbrückten Verbindungen (X = H) gibt es 

deutliche Hinweise (NMR), dass die gewünschte heterobimetallische Verbindung zumindest 

in Lösung vorliegt. Eine eindeutige strukturelle Charakterisierung wurde jedoch durch die 

bevorzugte Kristallisation eines monomeren Zinkhydrids unterbunden. Anschließende 

Studien alkoxid- und acetatverbrückter Komplexe konnten keine eindeutigen Hinweise auf 

die Bildung heterobimetallischer Verbindungen liefern. Es wurden jedoch Kristalle einer 

benzoatverbrückten Verbindung erhalten, die sowohl Mg (56%) als auch Zn (44%) enthält. 

Ob es sich hierbei jedoch um den gewünschten gemischten Komplex oder eine 

Kokristallisation homometallischer Komplexe handelt, kann nicht eindeutig festgestellt 

werden.  

Direkt in der Polymerisationsmischung vermischte Mg- und Zn-Acetatkomplexe als 

Katalysatoren in der CO2/CHO-Polymerisation liefern deutlich unterschiedliche Resultate als 

zuvor umkristallisierte Mischungen der Komplexe. Da im letzten Fall nahezu ausschließlich 

Homopolymer von Cyclohexanoxid erhalten wird, könnte die aktive Spezies der 

umkristallisierten Verbindung kationischer Natur zu sein (Abb. 9). Dies deutet auf die 

Bildung einer neuen, wahrscheinlich heterobimetallischen, acetatverbrückten Verbindung 

hin, welche dipolaren Charakter aufweist und in polaren Medien (CHO) in ein Zinkat-Anion 

und einen kationischen Magnesiumkomplex zerfällt. 
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Abb. 9 Struktur eines möglichen Ionen-Paar-Komplexes. 

Zusätzliche DFT-Studien zeigen, dass die Bildung heterobimetallischer Komplexe aus den 

entsprechenden homobimetallischen Ausgangsverbindungen, nur sehr schwach exotherm 

(kJ/mol) ist. Der vorgeschlagene Ionen-Paar Charakter der gemischten Verbindungen kann 

weder anhand des Vergleichs von Partialladungen noch der Veränderung von 

Bindungslängen bestätigt werden. Erwähnenswert ist hierbei jedoch die Vernachlässigung 

von koordinierenden Lösemitteln und sterisch anspruchsvollen Substituenten am Ligand 

(DIPP→H) durch das Rechnungsmodellsystem. 
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