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Abstract 

The present dissertation deals with the synthesis and characterization of two different types 

of complexes: magnesocenophanes and ansa-half-sandwich magnesium complexes. The 

synthesized compounds were structurally and spectroscopically characterized and their elec-

tronic properties, such as Lewis acidities, were investigated by DFT calculations. Following 

the successful synthesis and characterization of these magnesium complexes, their catalytic 

activity in dehydrocoupling and hydroelementation reactions was explored. In dehydrocou-

pling catalysis, magnesocenophanes and ansa-half-sandwich magnesium complexes are the 

first cyclopentadienyl-based magnesium complexes which show high catalytic activity at am-

bient conditions. In hydroelementation reactions, the catalytic activity of the ansa-half-

sandwich magnesium complexes was tested in different hydroboration reactions, as well as 

in intramolecular hydroamination and hydroacetylenation reactions. The compounds suc-

ceeded in catalyzing the ring closing hydroamination as well as in the addition of phenyla-

cetylene to different carbodiimides. Possible mechanisms of the catalytic reactions were in-

vestigated by DFT calculations, assisted by kinetic studies. 
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IX 

Zusammenfassung 

Die vorliegende Arbeit beschäftigt sich mit der Synthese und Charakterisierung zweier unter-

schiedlicher Komplex-Typen: Magnesocenophanen und ansa-Halbsandwich-Magnesium-

Komplexen. Die synthetisierten Verbindungen wurden strukturell und spektroskopisch cha-

rakterisiert und ihre elektronischen Eigenschaften, wie beispielsweise die Lewis Acidität, 

wurden mittels DFT Rechnungen untersucht. Nach der erfolgreichen Synthese der Mag-

nesocenophane und ansa-Halbsandwich-Komplexe, wurde ihre katalytische Aktivität in De-

hydrokupplungs- und Hydroelementierungsreaktionen getestet. Im Bereich der Dehydro-

kupplungskatalyse sind die Magnesocenophane und ansa-Halbsandwich-Komplexe die ers-

ten Cyclopentadienyl-basierten Magnesium Katalysatoren, die eine hohe katalytische Aktivi-

tät unter Standard-Bedingungen zeigen. Im Bereich der Hydroelementierungsreaktionen 

wurde die katalytische Aktivität der ansa-Halbsandwich Magnesium Komplexe in Hydroborie-

rungsreaktionen getestet, sowie in intramolekularen Hydroaminierungen und Hydroacetyle-

nierungen. Die Verbindungen konnten sowohl die Ringschluss-Hydroaminierung als auch die 

Addition von Phenylacetylen an Carbodiimide erfolgreich katalysieren. Die Mechanismen, die 

der Katalyse zugrunde liegen, wurden mithilfe von DFT-Rechnungen und kinetischen Stu-

dien untersucht. 
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1. Introduction 

1.1 Alkaline Earth Metallocenes 

Metallocenes have been known for over 70 years, following the groundbreaking discovery of 

ferrocene. In 1951, the groups of Pauson and Miller independently reported the synthesis of 

ferrocene (bis(cyclopentadienyl)iron(II)).[136] The structural elucidation of ferrocene by Fischer 

and coworkers in 1952 was a pioneering milestone in the research field of metallocenes and 

acted as a booster for further research into such sandwich complexes, with a metal bound to 

two cyclopentadienyl rings.[7] 

The 5 -type complexation of an element to a cyclopentadienide moiety is not limited to 

transition metals. Just a few years after the discovery of ferrocene, the first main group me-

tallocenes were reported. In 1954, Fischer and coworkers were able to obtain magnesocene, 

the first main group metallocene, as a byproduct in the synthesis of vanadocene. The au-

thors heated a mixture of the Grignard reagent cyclopentadienlymagnesiumbromide and 

could obtain magnesocene via sublimation (Scheme 1).[8] Cyclopentadienylmagnesiumbro-

mide exists in solution in an equilibrium (Schlenk equilibrium) with magnesocene and mag-

nesium dibromide. Since cyclopentadienylmagnesiumbromide and magnesium dibromide 

cannot be sublimated but magnesocene can, heating the reaction mixture can remove mag-

nesocene from the equilibrium by sublimation, which is how Fischer and coworkers were 

able to isolate the compound almost 70 years ago.[8,9] Independently from Fischer et al., Wil-

kinson and Cotton also reported magnesocene in the same year.[10] 

 

 

Scheme 1: First synthesis of magnesocene as conducted by Fischer and coworkers.[8] 

 

Two years later, in 1956, calcocene was synthesized by Ziegler and coworkers starting from 

cyclopentadiene and calcium carbide (Scheme 2), with acetylene as a byproduct, an im-

portant crude material in technological and industrial processes.[11] 
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Scheme 2: First synthesis of calcocene as carried out by Ziegler and coworkers.[11] 

 

A few years later, Fischer and Hofmann attempted to synthesize beryllocene. After the un-

successful attempt to react beryllium metal with gaseous cyclopentadiene, the authors suc-

ceeded by reacting cyclopentadienylsodium with berylliumchloride and were able to obtain 

beryllocene (Scheme 3).[12] Beryllocene possesses a dipole moment, thus the authors as-

sumed an unsymmetrical structure of the metallocene. Therefore, they postulated that the 

beryllocene exhibits two Cp-rings with different coordination modes, one coordinated 1 and 

the other coordinated 5 to the beryllium atom.[12] This slipped sandwich structure of the be-

ryllocene was later elucidated by single crystal X-ray diffraction (vide infra).[13] 

 

 

Scheme 3: First synthesis of beryllocene as conducted by Fischer and coworkers.[12] 

 

Completing the series of alkaline earth metallocenes, Fischer and Stölzle reported stronto-

cene and barocene in the early 1960s. Strontocene was obtained from the reaction of cyclo-

pentadiene and fine dispersed strontium metal in dmf (Scheme 4).[14] 

 

 

Scheme 4: First synthesis of strontocene as reported by Fischer and coworkers.[14] 

 

The synthesis of barocene presented great challenges for Fischer and Stölzle. As it was not 

successful starting from barium metal and cyclopentadiene because of the lack of an ade-

quate solvent, but barocene was obtained in small yield by the reaction of barium hydride 

with cyclopentadiene (Scheme 5).[14] From today9s point of view, the synthesis of barocene 

could be viewed as a type of dehydrocoupling reaction, since hydrogen is released upon 

formation of the barium Cp bonds. 
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Scheme 5: First synthesis of barocene as conducted by Fischer and Stölzle.[14] 

 

In addition to the first reported alkaline earth metallocenes, a great number of group 2 metal-

locenes with various substitution patterns is known today. 

 

 

Figure 1: Selected examples of differently substituted alkaline earth metallocenes described in litera-
ture.[15338] 
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Figure 2: Selected examples of heteroleptic beryllocenes and selected examples of per-substituted 
alkaline earth metallocenes.[8,10312,14,15,24,25,35,38352] 

 

Generally, most alkaline earth metallocenes are homoleptic complexes with identical substi-

tution patterns on both Cp rings. However, beryllocenes are an exception here, as two het-

eroleptic beryllocenes are known to the literature (Figure 2).[25,52] These two heteroleptic be-

ryllocenes exhibit one permethylated Cp ring (Cp*), in combination with an unsubstituted Cp 

ring[52] or with a tetramethyl Cp ring (Cp#), respectively.[25] This is unique for beryllium as no 

heteroleptic metallocenes are known for the heavier alkaline earth metals, which may be re-

lated to the homoleptic ones being more stable and ligand exchange reactions occurring in 

the Schlenk-type equilibrium. 

Some of the here mentioned alkaline earth metallocenes exist as donor-solvent complexes 

or are coordinated by other donor ligands such as amines or carbenes, due to the metal cen-

ters exhibiting Lewis acidic character. Coordinating ligands are omitted for clarity in Figure 1 

and Figure 2, and not all metallocenes depicted there, are structurally authenticated by single 

crystal X-ray diffraction. In addition to these bis(cyclopentadienyl) complexes, a series of me-

tallocenes containing indenyl or fluorenyl ligands exist, but are not discussed in this chapter, 

due to their low relevance for this thesis. 
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Different synthetic methods for alkaline earth metallocenes are reported in the literature that 

can be separated in five groups: ligand redistribution, protonolysis, salt metathesis, metal 

oxidation by CpH or Cp-radical and concerted redox-transmetalation ligand-exchange 

(Scheme 6).[53] 

 

 

Scheme 6: Rare and common used synthetic methods for the synthesis of alkaline earth metallo-
cenes.[53] 

 

Protonolysis and salt metathesis are the most commonly used synthetic methods in the syn-

thesis of metallocenes. Nowadays, metallocenes are often prepared via protonolysis by re-

acting substituted or unsubstituted cyclopentadienes with alkaline earth metal bases. Since 

Duff and coworkers established the usage of dibutylmagnesium in the synthesis of mag-

nesocenes,[15] it has become the most important synthetic route today.[15,17,19323] Fischer and 

Hofmann introduced the salt metathesis in 1959 with the synthesis of beryllocene (Scheme 

3).[12] Since then, this pathway has become the most important alternative to protonolysis and 

a number of group 2 metallocenes has been synthesized via this route.[12,16,18,23,24,26,28,39341] In 

addition, in the early days of group 2 metallocene chemistry, ligand redistribution and metal 

oxidation routes have been utilized in the synthesis of metallocenes. Here, Grignard-type 
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reagents were heated to sublime and isolate homoleptic metallocenes.[8] Alternatively, fine 

dispersed alkaline earth metals were reacted with cyclopentadiene.[14] However, nowadays, 

these synthetic methods are rarely used in metallocene synthesis. Finally, another possibility 

for the synthesis of metallocenes of alkaline earth metals is the concerted redox-

transmetalation ligand-exchange. This synthesis is only used for cyclopentadienyl derivatives 

with a great steric demand and find application when other synthetic routes reach their lim-

its.[20,45] 

 

Following the synthesis of the metallocenes, structural properties of group 2 metallocenes 

will now be discussed. In metallocenes of transition metals the bonding situation between the 

central atom and the Cp ring is most often 5. In main group metallocenes ring-slipping ef-

fects are quite common, with the cyclopentadienyl ring adopting lower hapticities of 1 to 4 

(Figure 3). In addition, -bonded Cp rings are commonly found in p-block compounds.[54,55] 

 

 

Figure 3: Possible hapticities in cyclopentadienylcompounds.[54,55] 

 

Group 2 metallocenes mainly exhibit one of three different structures: slipped sandwich 

structures, coplanar structures (ferrocene-like) and bent structures (Figure 4). The structure 

of the various alkaline earth metallocenes depends on the ionicity of the metal Cp bond, size 

of the central atom, and the steric demand of the Cp rings. The metal-ligand bonding in 

group 2 metallocenes has a relatively high ionic character that increases for the heavier alka-

line earth metals. This ionic bonding character is, for instance, evident from the reactivity of 

magnesocene with dmso, which leads to a magnesium dication that is coordinated by six 

dmso molecules and solvent-separated cyclopentadienide anions, thus magnesocene un-

dergoes a salt-like cation anion dissociation.[56] Descending group two, the distance between 

the central atom and the cyclopentadienyl ring increases, due to the increase in size of the 

alkaline earth metal. Also, the metal Cp bond becomes more ionic, due to the rising electro-

positive character of the metal.[53,57] 
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Figure 4: Slipped sandwich, coplanar and bent structure of group 2 metallocenes. 

 

With the exception of decamethylberyllocene (Cp*2Be), beryllocenes possess a slipped 

sandwich structure, with the cyclopentadienyl rings bound in an 1/5 fashion to the beryllium 

atom. This is due to the less ionic bonding character between beryllium and the Cp ligands 

and the smaller coordination sphere of beryllium, resulting in beryllocenes to adopt slipped 

sandwich structures, which also follow the octet rule.[12,13,24,25,58] Decamethylberyllocene ex-

hibits a coplanar ferrocene-like structure, presumably due to the higher steric demand of the 

Cp* ligands.[24,25] Magnesocenes are in general almost coplanar.[42,59,60] This is however only 

true for compounds of the type Cp2Mg. When additional donor ligands, such as thf, are coor-

dinated to the magnesium atom, these magnesocene donor complexes often exhibit slipped 

sandwich structures as well.[56,61363] The heavier homologues of group two metallocenes pos-

sess bent sandwich structures, even when additional solvent molecules are coordinated to 

the central atom. Until now, no crystal structures of Cp2Sr and Cp*2Sr exist. Calcocene, 

Cp2Ca and barocene, Cp2Ba, have polymeric structures in the solid state but are not 

isostructural. In Cp2Ca, the terminal cyclopentadienyl rings are bonded 5 to the central atom 

and the bridging rings retain 1, 3 and 5 bonding modes (Figure 5 left).[44] In barocene, one 

barium atom is tetrahedrally surrounded by four 5 coordinated cyclopentadienyl rings and, 

conversely, every cyclopentadienyl ring is coordinated by two barium atoms (Figure 5 

right).[64] 
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Figure 5: Left: polymeric molecular structure of calcocene; right: polymeric molecular structure of bar-
ocene.[44,64] 

 

In general, metallocenes of alkaline earth metals are well established and investigated, now-

adays and a broad number of group 2 metallocenes with different substitution patterns is 

known. In terms of utility, alkaline earth metallocenes have found different applications in 

material science and can be used as Cp-transfer reagents. They are starting materials for the 

synthesis of many different cyclopentadienyl transition metal complexes[30,57,65367] as well as 

for p-block based cyclopentadienyl compounds.[30,57,68] Furthermore, group 2 metallocenes 

are useful in chemical vapor deposition, where they are starting compounds for alkaline earth 

metal containing materials. Beryllocene has been used in the beam epitaxy to dope an InP 

semiconductor[69] and as a starting material for the coating of capsules.[70] Magnesocene is a 

commonly used starting compound in the deposition of MgO[71] or found application as a p-

type doping agent of semiconductors, for example GaAs.[72] To obtain polycrystalline films of 

CaF2 on glass or silicon surfaces, decamethylcalcocene and SiF4 are used in a chemical 

vapor deposition.[73] On rare equations, strontocene and barocene have also been applied in 

chemical vapor deposition. These compounds are used in the deposition of SrTiO3 and Ba-

TiO3 films.[74,75] Usage of group 2 metallocenes in homogeneous catalysis is limited to calco-

cene catalysts in the polymerization of methyl methacrylate,[76,77] and the related CpMgCl as 

a procatalyst for olefin polymerization.[78] 
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1.2 Alkaline Earth Metallocenophanes 

There are different possibilities to functionalize the cyclopentadienyl ring in sandwich com-

plexes, of which various examples are mentioned in chapter 1.1 (vide supra). The substitu-

tion of both cyclopentadienyl moieties with an ansa-linker, thus interlinkage of the Cp rings, 

leads to so called ansa-metallocenes, also known as metallocenophanes (Figure 6). The 

common nomenclature for ansa-metallocenes specifies the bridging motif, by giving the ele-

ments of the ansa-bridge, followed by a number in square bracket that indicates the number 

of bridging atoms. For instance, a Si[2]magnesocenophane is a magnesocenophane, with 

the two cyclopentadienyl ligands bridged by two silicon atoms. 

 

 

Figure 6: Schematic representation of a metallocenophane and the most relevant angles.[79] 

 

When the ansa-bridging motif is relatively short (e. g. one or two atoms), it usually results in a 

bent 3 non-coplanar 3 structure. In case of iron and some other transition metal metalloce-

nophanes, these molecules can exhibit significant ring-strain, due to the strong covalent 

bond between the central atom and the two Cp moieties and their tendencies for a coplanar 

sandwich-type arrangement. In these cases, the ring strain can be estimated by the dihedral 

angle ñ between the Cp planes or the angle  between Cpcentroid-metal-Cpcentroid (Figure 6). 

Furthermore, due to their ring strain, strained metallocenophanes, such as 

[1]ferrocenophanes, can be employed as monomers in ring-opening polymerizations.[80] On 

the other hand, the ring strain in group 2 metallocenophanes is most likely not as large as in 

transition metal metallocenophanes, due to the relatively ionic bonding between the alkaline 

earth metal and the Cp rings. 

Similar to the unbridged metallocenes, the first metallocenophanes were iron complexes, 

thus ferrocenophanes, but for over 50 years, ansa-metallocenes containing various transition 

metals as central atoms have been studied.[81385] Different transition metal metallocenopha-

nes have been used in industrial olefin polymerization,[86389] and as mentioned before, de-

pending on the bent geometry and the induced ring strain, some transition metal metalloce-
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nophanes are potent monomers for ring opening polymerization. Many examples of such ring 

opening polymerization reactions of ferrocenophanes,[80,90394] cobaltocenophanes,[95] nickelo-

cenophanes,[96399] ruthenocenophanes[1003102] and further transition metal metallocenopha-

nes[103,104] are described in literature. Unlike main group metallocenes, main group metallo-

cenophanes are much younger than their transition metal analogues. In the mid-1980s, some 

p-block metallocenophanes have been described followed by reports of s-block-based metal-

locenophanes in the early 1990s of the last century.[79] In addition to different substituents at 

the cyclopentadienyl moiety, the length of the ansa-bridge as well as the bridging atoms can 

vary. While many different bridging motifs are known in transition metal metallocenopha-

nes,[84] s-block metallocenophanes exhibit exclusively one- and two-atomic ansa-bridging 

motifs.[53,79] More than twenty metallocenophanes containing cyclopentadienyl ligands and 

alkaline earth metals, are described in literature (Figure 7 and Figure 8).[53,79] Most of these 

compounds are magnesocenophanes or calcocenophanes, and until now, no berylloce-

nophane exists. Furthermore, metallocenophanes of the heavier alkaline earth metals stron-

tium and barium are rare.[53,79] In addition, a number of [1]- and [2]-metallocenophanes of 

group 2 metals containing indenyl or fluorenyl moieties are known, but only metallocenopha-

nes with Cp rings are discussed in this chapter. 

 

 

Figure 7: Selected examples of [1]- and [2]magnesocenophanes.[53,79,1053114] 
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Figure 8: Selected examples of [1]- and [2]metallocenophanes of alkaline earth metals.[34,53,79,1153124] 

 

Noteworthy, a review, summarizing main group metallocenophanes, has been published in 

the course of this doctoral thesis.[79] 

Different synthetic routes for metallocenophanes are known to the literature (Scheme 7). The 

most common method is starting with a neutral ansa-ligand system and introducing the metal 

center by deprotonation with a suitable alkaline earth metal base. In the synthesis of mag-

nesocenophanes, in most cases, dibutylmagnesium is used as base, as Burger and cowork-

ers first described it in 1997. Starting with 2,2-dicyclopentadienylpropane they obtained the 

first magnesocenophane after treatment of the protonated ligand with dibutylmagnesium.[1053

107] Many [1]- and [2]magnesocenophanes have been prepared via the same route since 

then.[1083112] In addition to dibutylmagnesium, Grignard reagents[114] and other magnesium 

bases[113] also found application in the magnesocenophane synthesis. To synthesize the 

heavier analogues, especially [1]metallocenophanes, the corresponding 

bis(trimethylsilyl)amides have been used as bases for the deprotonation of the ligand.[118,123] 
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For instance, Hanusa and coworkers reported the reaction of cyclopentadienylphosphaful-

vene with calcium bis(trimethylsilyl)amide to obtain a phospha[1]-bridged calcoce-

nophane.[123] 

 

 

Scheme 7: Common synthetic routes for the synthesis of group 2 metallocenophanes.[85] 

 

Another common synthesis of C[2]metallocenophanes of calcium and strontium, is the oxida-

tive fulvene coupling. Edelmann and coworkers reported the first synthesis of 

C[2]calcocenophane and C[2]strontiocenophane via this route.[115] Activated calcium and 

fulvene were reacted in a donor solvent like thf.[115] This synthetic method often suffers from 

low yields, due to the fact that cyclopentadienyl radicals are formed in the initial step which 

can cause the formation of undesired byproducts. For instance, Shapiro et al. described the 

formation of C[2]calcocenophane and diisopropylcalcocene after the reaction of 6,6-

dimethylfulvene with activated calcium.[34] This synthetic route is well established and exclu-

sively employed for the formation of C[2]calcocenophanes[34,1153117,1193122,124] and the only 

known strontiocenophane.[115] Since the oxidative coupling of fulvenes is restricted to the 
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formation of carba[2]-bridged metallocenophanes, [2]-bridged calcocenophanes with other 

elements than carbon in the ansa-bridge are less explored. Due to the lack of commercially 

available and easy applicable starting materials for the heavier alkaline earth metals, metal-

locenophanes of strontium and barium are rare.[115,118] Moreover, introducing the ansa-bridge 

into an existing metallocene displays another synthetic method for metallocenophane syn-

thesis. However, until now, this route is not known for the synthesis of group 2 metalloce-

nophanes, but has only been used in transition metal metallocenophane chemistry.[53,79] 

In general, many metallocenophanes of alkaline earth metals possess a poor solubility in 

apolar solvents but are well soluble in donor solvents like thf or dme. Due to their Lewis acid-

ic central atom, donor-solvent molecules and other donors can coordinate at the alkaline 

earth metal center. Consequently, all structurally characterized alkaline earth metalloce-

nophanes contain donor-solvent molecules except for two calcocenophanes, of which one is 

coordinated by an aldimine[115] and the other possesses an amide at the central atom.[123] 

Depending on the size of the central atom and the steric demand of the cyclopentadienyl 

rings, it is possible that one or two solvent molecules coordinate to the central atom, and on 

rare occasions, complexes with three donor molecules have been observed (Figure 9). Fur-

thermore, this phenomenon is of course also influenced by the structure and size of the co-

ordinating donor molecule. 

 

 

Figure 9: Schematic representation of a metallocenophane with coordinating donors D. 

 

Due to the small coordination sphere at the magnesium atom, the coordination of more than 

two donors at the central atom is not known. The larger coordination sphere of calcium and 

barium allows for the coordination of up to three donor moieties to the central atom. For in-

stance, Shapiro and coworkers isolated a C[2]calcocenophane bearing two dme mole-

cules[121] and Brintzinger et al. reported of a P[1]bariocenophane with three thf molecules 

coordinated to the central atom (Figure 10).[118] 
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Figure 10: Selected examples of [1]- and [2]metallocenophanes with different donor-solvent mole-
cules.[1053107,110,111,118,121] 

 

Structurally, group 2 metallocenophanes possess similar properties as their metallocene 

parent compounds discussed before (vide supra). Although, a number of structurally charac-

terized group 2 metallocenophanes exists, these structures are without exception of solvent 

complexes, and there is no experimentally determined solid-state structure of a group 2 me-

tallocenophane without any additional ligands coordinated to the central atom. However, 

these ligands can have a big influence on the structure. For instance, the coordination of thf 

to the central magnesium atom in [1]magnesocenophanes results in ring slipped structures in 

the solid-state, with one Cp ring bonded in an 1 or 2 fashion and the other in an 5 fashion 

to the magnesium atom.[1053108,111,113] The strontiocenophane described in literature, is the 

only known ansa-metallocene of strontium and is not structurally characterized until 

now.[53,79,115] 

With regard to the application of group 2 metallocenophanes, the compounds have been 

known to the literature for several decades, and have mainly been used as Cp transfer rea-

gents in transmetalation reactions to synthesize p-block and transition metal metallocenoph-

anes.[57,107,109,110,119]  
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1.3 ansa-Half-sandwich complexes of alkaline earth metals 

There are many known alkaline earth metal complexes of the type CpAeX/CpAeR that con-

tain only one cyclopentadienyl moiety. In addition to the cyclopentadienyl ring, these half-

sandwich complexes can possess a variety of ligands, such as, halogens (Grignard-type 

compounds),[1253127] alkyl groups,[25,113,128] amide groups,[129] or ò-diketiminato groups.[130] As 

mentioned in chapter 1.1, the half-sandwich complexes CpAeX/CpAeR exist in the Schlenk 

equilibrium with the homoleptic Cp2Ae and the AeX2/AeR2 species (Scheme 8), and homo-

leptic metallocenes can be isolated by sublimation and removed from the equilibrium. In par-

ticular, the isolation of the heteroleptic species CpAeX from the equilibrium is more diffi-

cult.[126,131] For instance, Westerhausen et al. investigated the Schlenk equilibrium for 

CpMgBr and the corresponding homoleptic species. The reaction of cyclopentadiene with an 

in situ generated Grignard led to the formation of CpMgBr, which is dimeric in the solid-state. 

In solution, at high temperatures above 353 K, the authors observed the homoleptic mag-

nesocene as the dominating species.[9] Noteworthy, in this particular case, the authors were 

able to structurally characterize all components present in the Schlenk equilibrium (Scheme 

8).[27,53,127,1323135] 

 

 

Scheme 8: Schlenk-type equilibrium of CpAeX species in solution.[9,126,131] 

 

In addition to the earlier described half-sandwich complexes, ansa-half-sandwich complexes 

are also known. In these complexes, the cyclopentadienyl ligand is linked via a silyl- or alkyl-

bridge to the second substituent. Generally, this group is often a nitrogen-based substituent, 

such as an amino, amido, pyrazole or oxazole group. The ansa-half-sandwich ligands may 

be separated into two groups: monoanionic and dianionic ligands. In monoanionic ansa-half-

sandwich ligands, only the Cp moiety of the neutral ligand can be deprotonated. In dianionic 

ligands, the donor group, for example an amine group, can also be deprotonated in addition 

to the Cp moiety (Figure 11). In this chapter, only ansa-half-sandwich complexes containing 

cyclopentadienyl ligands are mentioned. Compounds with indenyl or fluorenyl ligands are not 

considered. 
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Figure 11: General structure of monoanionic and dianionic ansa-half-sandwich ligands. 

 

In transition metal chemistry, such ansa-half-sandwich ligands are quite common,[1363139] and 

the corresponding complexes, also referred to as constrained geometry complexes, are used 

in homogeneous catalysis such as olefin polymerization.[1393141] Furthermore, these ansa-

half-sandwich transition metal complexes even play an important role in industrial process-

es.[142] However, such ansa-half-sandwich complexes of alkaline earth metals are nearly un-

explored and only a few examples were known prior to this thesis. These complexes are 

generally synthesized via two different synthetic methods. For one, the neutral or metalated 

ligand may be reacted with different Grignard reagents.[1433145] In 1995, Jutzi and coworkers 

received a bromide bridged dimer via this route that could be obtained as a donor stabilized 

monomer upon addition of thf.[143] Furthermore, Otero and coworkers synthesized different 

scorpionate cyclopentadienyl complexes with this method.[144,145] The other possible reaction 

route is the deprotonation of the neutral ligand with a corresponding alkaline earth metal 

base, for example, dialkylmagnesium,[146,147] dibenzylmagnesium[148] or alkaline earth metal 

amides.[149,150] In addition to different reported mono- and di-bridged magnesium ansa-half-

sandwich complexes,[1463148] Tamm and coworkers reported calcium- and strontium-based 

complexes (Scheme 9).[149,150] 

 



1.3 ansa-Half-sandwich complexes of alkaline earth metals 

 

 
__________________________________________________________________________ 

19 

 

Scheme 9: Synthesis of alkaline earth metal ansa-half-sandwich complexes and selected examples 
thereof.[1433150] 

 

These group 2 ansa-half-sandwich complexes generally exhibit similar structural features as 

the afore discussed metallocenophanes, with the cyclopentadienyl rings are usually bonded 

in an 5 fashion to the alkaline earth metal.[1433146,149,150] 

With regards to their applicability, these complexes are mostly used as transmetalation rea-

gents,[144,147] and in some rare examples as catalysts in different reactions. For instance, the 

magnesium based scorpionate cyclopentadienyl complexes reported by Otero and cowork-

ers were found to be versatile catalysts in (ring opening) polymerizations,[144,145] and Sadow 

and coworkers used their scorpionate cyclopentadienyl magnesium compound as catalyst in 
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intramolecular hydroamination reactions.[146] Similarly, the doubly linked magnesium complex 

reported by Cano and coworkers was applied in intramolecular hydroamination as well.[148] 

However, application of these group 2 constrained geometry complexes in catalysis was very 

limited prior to the work of this thesis, which is surprising given the fact that their transition 

metal analogues are quite popular in catalytic transformations. 
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1.4 Magnesium catalysis 

1.4.1 Preface – Magnesium in catalysis 

Approximately 90% of the products of the chemical industry pass through at least one cata-

lytical step in their production. Regarding sustainability, efficient catalysts and reactions with 

high atom economy play a tremendously important role. Catalytic reactions with high selec-

tivity cause fewer byproducts and are economically advantageous as well as environmentally 

friendly.[151] Generally, transition metals are used in catalysts for industrial processes, but due 

to their high abundance in the earth9s crust and low carbon footprint, s-block metals have 

attracted much attention in the recent past as promising alternatives to transition metals. 

Magnesium, for example, is playing an increasingly important role, not only because of its 

use in Grignard reagents. In contrast to many transition metals, magnesium is one of the 

most abundant metals in the earth9s crust (Figure 12).[152,153] 

 

 

Figure 12: Distribution of the most common elements of the earth's crust.[153] 

 

In addition to its high abundance, the production of magnesium is environmentally friendlier 

than the production of many transition metals. For instance, the global warming potential of 

magnesium is significantly lower than that of rhodium, iridium, palladium and several other 

transition metals.[154] This is because the cumulative energy demand of magnesium is not as 

high as for transition metals commonly used in catalysis. Another important advantage of 

magnesium is the low human toxicity, high biocompatibility respectively. Transition metals on 

the other hand can possess high toxicities.[154] Considering these aspects, magnesium is a 

highly interesting metal for catalytic applications with regards to sustainability and environ-

mental aspects. 

In the following chapters, magnesium catalysis relevant to this thesis will be discussed. 
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1.4.2 Dehydrocoupling catalysis 

Dehydrocoupling reactions are condensation-type reactions in which element-element bonds 

are formed under elimination of hydrogen. This reaction type is useful for a large variety of p-

block element hydrides and since hydrogen is the only byproduct, dehydrocoupling reactions 

usually exhibit high atom economies. Dehydrocoupling reactions are commonly distinguished 

between homo- and hetero-dehydrocoupling (Scheme 10). If the reaction takes place be-

tween two identical elements, the dehydrocoupling is referred to as homo-dehydrocoupling, 

while if the bond formation occurs between two different elements, it is referred to as hetero-

dehydrocoupling, also known as cross-dehydrocoupling. 

 

 

Scheme 10: a) Homo-dehydrocoupling; b) hetero-dehydrocoupling. 

 

An important supportive effect for cross-dehydrocoupling is the difference in electronegativity 

between the element hydride substrates. Relatively electronegative elements result in the 

hydrogen atom to have a protic character and vice versa. Amines, for example, have such a 

polarization, with the hydrogen atom having a protic character, while in boranes or silanes 

the hydrogen atom has a hydridic character. Dehydrocoupling reactions can proceed under 

catalytic conditions, or in some cases without a catalyst. For instance, sometimes heating the 

reaction is sufficient to form the element-element bond and facilitate the release of hydrogen, 

especially if there is a difference in electronegativity of the substrates.[155] In principle, dehy-

drocoupling reactions have been known for a long time. For example, the thermal decompo-

sition of monosilane SiH4 into elemental silicon and hydrogen was reported in 1880 by 

Ogier.[156] Although the dehydrogenation of main group hydrides is known since then, the 

term <dehydrocoupling= was not established until 100 years later. In 1984, Sneddon and 

coworkers reported a dehydrodimerization of a pentaborane cluster catalyzed by a plati-

num(II)-catalyst. The liquid pentaborane was stirred over PtBr2 powder resulting in hydrogen 

evolution and B-B coupling (Scheme 11).[157] 
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Scheme 11: Dehydrodimerization of a pentaborane cluster.[157] 

 

One year later, the authors described additional dehydrogenative reactions of diboranes with 

carboranes and boranes. This was the first time, Sneddon et al. made use of the term <dehy-

drocoupling=.[158] The traditionally used reactions for E-E or E-E9 bond formation in p-block 

chemistry (with the exception of carbon) are salt metathesis, reductive couplings and high 

temperature condensation reactions. In contrast to these traditionally conducted reactions, 

the catalytic dehydrocoupling displays significant advantages as it often offers better control 

of the reaction process and higher selectivity.[159,160] The importance of dehydrocoupling reac-

tions increased because of the relevance of element-element bond formations between dif-

ferent main group elements for inorganic chemistry. Today, the catalytic dehydrocoupling is 

used for the formation of a large number of main group element-element bonds, such as B-

N, B-P, B-O, Al-N, C-Si, Si-N, Si-P, Si-O, Si-S, Ge-P, Sn-Te, N-P, P-O, P-S.[1593164] The focus 

in this chapter is placed on the B-N and Si-N bond formation, since these are most relevant 

for this thesis. Other examples are not discussed in detail. 

B-N materials have gained significant importance in inorganic and materials chemistry in the 

recent past.[1653169] Therefore, easy access and simple preparation methods are required. As 

a precursor for these materials, amine boranes have attracted great attention for B-N based 

polymers as well as ceramics and other materials.[1663173] Furthermore, some amine boranes 

also possess potential as solid hydrogen storage materials.[1713174] Although amine boranes 

can release hydrogen by thermal induction, these reactions often require high temperatures 

and can give undesired byproducts and/or ill-defined product mixtures.[172] Catalytic dehydro-

coupling reactions can prevent the formation of undesired byproducts, as they are generally 

more selective. Depending on the catalyst and the substrates, a number of coupling products 

can be generated via dehydrocoupling (Scheme 12).[164] 
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Scheme 12: Overview of common coupling products of amine borane dehydrocoupling.[164] 

 

As the catalytic dehydrocoupling of amine boranes generally offers selective conversion 

without undesired byproducts, many catalysts for this reaction type have been developed 

over the course of the last decade, most of which are transition metal-based.[159,160,162,1753177] 

The first metallocene-based catalyst was a titanocene compound, reported by Manners and 

coworkers for the dehydrocoupling of dialkylamine boranes.[178] In contrast to transition metal-

based catalysts, there are only few s- and p-block-based catalysts.[176,177,1793181] Moreover, 

only a few magnesium-based catalysts for amine borane dehydrocoupling reactions had 

been reported prior to this thesis (Figure 13).[1823186] 

 

 

Figure 13: Selected examples of magnesium-based (pre)catalysts for amine borane dehydrocou-
pling.[1823186] 
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Harder and coworkers described the application of a 1,3-diketimine magnesium compound 

as a catalyst for the dehydrocoupling of 2,6-diisopropylphenylamine borane. With a catalyst 

loading of 5 mol%, the authors were able to obtain the corresponding bis(amino)borane. The 

same product, but without BH3 as a byproduct, could be obtained by using two equivalents of 

2,6-diisopropylamine and one equivalent of borane dimethylsulfide under catalytic conditions. 

Using dibutylmagnesium as precatalyst with a catalyst loading of 2.5 mol% was also found to 

be possible, but only at higher temperatures, to prevent the precipitation of Mg-BH4 (Scheme 

13).[182] 

 

 

Scheme 13: Formation of a bis(amino)borane via magnesium-catalyzed dehydrocoupling reac-
tions.[182] 

 

The dehydrocoupling of dimethylamine borane catalyzed by magnesium-based catalysts was 

first described by the working group of Hill. Dialkylmagnesium complexes were used as 

precatalysts. The authors achieved more than 90% conversion after 72 to 96 h, at reaction 

temperatures above 60 °C and with a catalyst loading of 10 mol%. Attempts to catalyze this 

reaction with a 1,3-diketimine magnesium complex as catalyst gave only 20% conversion 

after 16 hours at 60 °C (Scheme 14),[183] and any attempt to facilitate the reactions at ambient 

condition seemingly failed. Although this catalytic performance was rather poor, Hill and 

coworkers conducted stoichiometric reactions between the magnesium compounds and the 

amine boranes and were able to isolate magnesium complexes with the coordinated amido 

boranes, which gave some insights into the mechanism.[187,188] Furthermore, the Hill group 

tried to prepare an asymmetrical bis(amino)borane, by reacting a dialkylamine borane with a 

dialkylamine in a dehydrocoupling reaction, catalyzed by magnesium bis(trimethylsilyl)amide. 

With less or no heating and a catalyst loading of 2.5 mol%, Hill et al. obtained several asym-

metric bis(amino)boranes.[184] A few years later, Kays and coworkers reported a much more 



1.4 Magnesium catalysis 

 

 
__________________________________________________________________________ 
26 

efficient magnesium catalyst for the dehydrogenation of dimethylamine borane. With lower 

catalyst loadings and shorter reaction times than in the previous work of Hill et al., the au-

thors were able to isolate the products with full conversions, although elevated temperatures 

of 60 °C were still required (Scheme 14).[186] 

 

 

Scheme 14: Dehydrocoupling of dimethylamine borane catalyzed by different selected magnesium 
complexes.[183,186] 

 

In addition to using preformed amine borane adducts as starting materials, it is also possible 

to use amines and stable boranes separately. Hill and coworkers reported the dehydrocou-

pling of several amines and pinacolborane or 9-BBN, catalyzed by a ò-diketiminato magnesi-

um-alkyl compound. Under ambient conditions, the catalytic reactions take place in less than 

one hour and several amines could be coupled to pinacolborane (Scheme 15). 

 

 

Scheme 15: Intermolecular amine borane dehydrocoupling catalyzed by a magnesium 1,3-
diketimine.[185] 
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In some cases, the reactions between amines and 9-BBN required temperatures of 60 °C 

and a reaction time of six days to get at least 70% conversion.[185] Although relatively little is 

known about the exact mechanisms of these magnesium-catalyzed amine borane dehydro-

coupling reactions, there are some mechanistic proposals by the working groups of Hill and 

Kays.[183,186] The authors postulate a mechanism starting with the formation of an am-

idoborane coordinated to the catalyst. After a ò-hydride elimination, the generated aminobo-

rane is able to insert into the Mg-N bond of the catalyst amidoborane complex. As a conse-

quence, the catalyst is coordinated by an anionic linear diborazane moiety. This complex 

undergoes a -hydride elimination. The observed diborazane is formed and the magnesium 

hydride catalyst is regenerated (Scheme 16).[164,183,189] 

 

 

Scheme 16: Proposed mechanism for the dehydrocoupling of amine boranes postulated by Hill et 
al.[164,183,189] 

 

Kays and coworkers proposed a similar mechanism for the dehydrocoupling of dimethyla-

mine borane, with the difference that no magnesium hydride species is formed. Furthermore, 

the authors assumed that their used magnesium compound acts as a catalyst and not as a 

precatalyst.[186] Prior to the work within the scope of this thesis, no further magnesium-based 

catalysts for amine borane dehydrocoupling had been reported.[189] 
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In material science and organic chemistry, the formation of Si-N bonds is of great interest. In 

organometallic chemistry, polysilazanes have found application as ligands and silylation 

agents.[1903192] Furthermore, Si-N compounds are used as precursors for ceramics and Si-N-

based polymers.[193,194] Similar to the traditional reaction routes of B-N compounds, the for-

mation of Si-N bonds is difficult and often causes undesired byproducts. Usually, halosilanes 

and metal amides or amines are reacted to obtain monosilazanes, disilylamines and dia-

minosilanes. During these reactions, coupling products, such as metal halide salts or hydro-

gen halides, are formed, which have to be separated from the products.[1953197] Dehydrocou-

pling reactions are more efficient in the formation of Si-N bonds, as only hydrogen as by-

product is formed.[159,162,164,1983200] In addition, dehydrocoupling reactions can produce a num-

ber of coupling products such as monosilazanes, disilylamines, diaminosilanes, tri-

aminosilanes, cyclic disilazanes and polysilazanes (Scheme 17). The selectivity of the reac-

tion is thereby influenced by the catalyst as well as the reaction conditions. 

 

 

Scheme 17: Possible coupling products of the amine silane cross-dehydrocoupling.[164] 

 

Similar to the catalytic dehydrocoupling of amine boranes, catalysts for amine silane dehy-

drocoupling are generally transition metal-based,[1993205] but the interest in alkaline earth met-

al-based catalysts has increased in the last years. Several groups reported the application of 

alkaline earth metal complexes in the dehydrocoupling of amines and silanes in the recent 

past, including some magnesium (pre)catalysts (Figure 14).[199,200,2063216] 
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Figure 14: Selected examples of magnesium-based (pre)catalysts for the amine silane cross-
dehydrocoupling.[2063210] 

 

The first report of a magnesium-based catalyst for Si-N bond formation was published in 

2011 by Sadow and coworkers, who introduced a tris(oxazolinyl)boratomagnesium complex 

that could catalyze the dehydrocoupling between several amines and silanes.[206] At room 

temperature, the authors were able to couple primary aliphatic amines with primary or sec-

ondary silanes and obtained high conversions. Higher temperatures were required for the 

dehydrocoupling of aromatic amines with silanes. The good selectivity of the catalyst and the 

high conversions were dependent on the employed equivalents of the substrates. Further-

more, secondary amines gave only little to no conversion even at higher temperatures.[206] A 

few years later, Hill et al. reported the use of magnesium bis(hexamethyldisilazide) as a 

(pre)catalyst in the dehydrocoupling of amines and silanes. The authors obtained conver-

sions of ≥95% at ambient conditions for the reaction between primary/secondary amines and 

primary/secondary silanes. The selectivity of the catalyst was however not as high as the 

selectivity of the afore mentioned tris(oxazolinyl)boratomagnesium complex, as Hill et al. ob-

tained mixtures of monosilazanes and diaminosilanes. The dehydrocoupling of benzylamine 

and phenylsilane leads to an intractable mixture of higher oligomers. Moreover, the coupling 

of tertiary silanes and primary amines gave only low conversions, even at higher tempera-

tures.[207] This observation was later confirmed by Sarazin and coworkers, with the reaction of 

pyrrolidine and triphenylsilane in the presence of magnesium bis(hexamethyldisilazide), giv-

ing only 2% conversion after 15 hours.[208] Nembenna et al. employed a magnesium(II) car-

bene complex in the dehydrocoupling between amines and silanes, with a relatively broad 
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substrate spectrum giving high conversions at a temperature range from room temperature 

to 100 °C.[209] The magnesium(II) compound, used in the dehydrocoupling between amines 

and silanes by Parkin and coworkers, needed reaction temperatures above 100 °C and long-

er reaction times.[210] 

The mechanisms of these Si-N dehydrocoupling reactions are almost unexplored. Hill and 

coworkers proposed a stepwise mechanism for their system with a metal centered amine 

deprotonation followed by a metathesis step between the silane and the magnesium amide 

complex.[189,207] Sadow and coworkers performed further investigations on the mechanism for 

the dehydrocoupling and proposed an analogous catalytic cycle for their magnesium precata-

lyst. The authors postulated the formation of a magnesium amide complex resulting from the 

reaction of the precatalyst with the amine. The nucleophilic attack of the magnesium amide 

at the silicon center results in the formation of an intermediate with a penta-coordinated sili-

con atom. This step is followed by rapid hydride transfer to the magnesium center and yields 

the silazane product coordinated to the magnesium center. Separation of the product leads 

to a magnesium hydride species that releases hydrogen after the reaction with another 

equivalent of amine to reform the magnesium amide complex (Scheme 18).[189,200,206] Alt-

hough, the mechanisms of the afore discussed systems are generally not well investigated, 

the mechanism proposed by Sadow et al. most likely also applies to other magnesium-based 

systems. 

 

 

Scheme 18: Postulated catalytic cycle for the dehydrocoupling of tBuNH2 and PhMeSiH2 by Sadow et 
al.[206] 
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Although dehydrocoupling is a powerful reaction class with a high atom economy, few mag-

nesium catalysts are known for amine borane and amine silane dehydrocoupling. Generally, 

the catalysts that are known, often operate at elevated temperatures and need long reaction 

times. The reported magnesium complexes possess fundamentally different structures and 

no clear correlation between the nature of the ligands and the catalytic performance is evi-

dent. Furthermore, little effort into the investigation of the mechanisms have been conducted 

and in many cases it remains unclear if the magnesium compounds are catalysts or precata-

lysts. With this in mind, a large interest for the development of magnesium-based catalysts 

that operate at or near ambient conditions, and a more thorough mechanistic understanding, 

exists.  
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1.4.3 Hydroboration catalysis 

The term hydroboration refers to the addition reaction of unsaturated organic moieties and 

boron-hydrogen bonds. More specifically, the boron-hydrogen group can be added to car-

bonyls to form boron-oxygen bonds, to imines, nitriles, pyridines and carbodiimides to form 

boron-nitrogen bonds and to alkenes or alkynes to form boron-carbon bonds (Scheme 19). 

 

 

Scheme 19: Selected examples of hydroborations of unsaturated element-carbon bonds. 

 

The addition of hydridoboron compounds to unsaturated organic molecules is known since 

the 1950s.[2173223] In principle, the atom economy of hydroborations is 100%, assuming that 

only the addition product is formed quantitatively and no byproducts occur. Furthermore, the 

addition of boranes to alkenes or alkynes usually leads to a cis or a syn selectivity and the 

formation of the anti-Markovnikov product.[224] The addition of a boron-hydrogen bond to an 

organic molecule often needs elevated reaction temperatures or long reaction times.[223] To 

avoid such harsh conditions and the formation of undesired byproducts, new kinds of catalyt-

ic hydroborations are of high interest and have been investigated for decades. In addition to 
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many transition metal-based catalysts,[2253243] compounds containing rare earth elements[2443

249] also serve as suitable catalysts for hydroborations. More recently, main group com-

pounds have gained further interest as possible catalysts in hydroboration reactions. Exam-

ples are known for p-block elements[243,2503261] as well as for s-block element-based com-

pounds.[242,2613275] More specifically, in the case of alkaline earth metal compounds, especially 

the catalytic activity of magnesium complexes has been investigated (Figure 15). 
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Figure 15: Selected examples of magnesium-based (pre)catalysts for hydroboration catalysis.[2763308] 
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The hydroboration of carbonyls and the thereof resulting reduction of carbonyl compounds is 

catalyzed by different magnesium complexes and well investigated. Magnesium 1,3-

diketimine complexes have been used as catalysts in hydroboration reactions. The first use 

of a ò-diketiminato magnesium complex in such a reduction of carbonyl compounds with bo-

ranes was reported by Hill and coworkers in 2012. The butylmagnesium 1,3-diketiminato 

complex acts as a precatalyst and forms a dimeric ò-diketiminato magnesium hydride upon 

reaction with pinacolborane. Hill and coworkers have shown that several aldehydes or ke-

tones could be reduced with pinacolborane in the presence of 0.05 mol% to 0.5 mol% of the 

catalyst. The reactions were carried out at room temperature and the products could be ob-

tained with yields of about 90%.[276] Further applications of 1,3-diketimine and amidinate 

magnesium complexes as well as other magnesium compounds in the hydroboration of car-

bonyl compounds are reported by different research groups, all showing similar performance 

to the Hill system.[2773290] In addition to the application of a tris(oxazolinyl)boratomagnesium 

complex in the hydroboration of esters and the deoxygenation of amides, Sadow and 

coworkers reported the successful use of this magnesium compound in dehydropolymeriza-

tion of poly(lactic acid) and the ring-opening of lactide by ester cleavage.[291,292] The Rueping 

group investigated the application of dibutylmagnesium as precatalyst for hydroboration reac-

tions. The authors were able to hydroborate and reduce several carbonyl compounds with 

the addition of dibutylmagnesium.[2933297] An advantage of this system is the fact that dibutyl-

magnesium is cheap and commercially available, unlike the previously discussed complexes 

that required multi-step synthesis. In addition to the formation of B-O bonds, the B-N bond 

formation is also of broad interest. Several nitrogen containing compounds, like pyridine, 

could be hydroborated with pinacolborane.[2983300,306] The hydroboration of pyridine is carried 

out with the addition of several magnesium 1,3-diketimine complexes, that act as 

(pre)catalysts.[2983300] ò-Diketiminato magnesium complexes have also been used in the hy-

droboration of other unsaturated carbon-element bonds. The Hill group applied the magnesi-

um 1,3-diketimine in the generation of B-N bonds, in the hydroboration of nitriles, isonitriles, 

carbodiimides, isocyanates and imines.[3013305] In contrast to the hydroboration of aldehydes 

and ketones, the hydroboration for these substrates usually needed elevated temperatures, 

from 60 °C to 100 °C. Only some imines could be hydroborated by the addition of pinacol-

borane and the catalyst at room temperature.[301] The catalyst loading of 5 mol% to 10 mol% 

is typical for magnesium-based catalysts in these reactions. Depending on the amount of 

pinacolborane added to the substrates, the catalysts were able to hydroborate triple bonds 

twice.[302,303] The magnesium 1,3-diketimine reported by Ma and coworkers could also facili-

tate the hydroboration of nitriles.[277] For the hydroboration of carbodiimides, to generate B-N 

bonds, only a few magnesium catalysts are reported.[306,308] Furthermore, 1,3-diketiminato 
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magnesium complexes,[277] dibutylmagnesium[307] and other magnesium compounds[278,306] 

are reported to hydroborate carbon-carbon multiple bonds under harsh conditions, with reac-

tion temperatures of up to 100 °C.[277,278,306,307] 

Several suggestions were made for the mechanism of the hydroboration of unsaturated car-

bon-element bonds. Generally, the authors assume a -bond metathesis in the initial step by 

the reaction of the catalyst and a borane. The formed magnesium hydride inserts into the 

unsaturated carbon-element bond and generates the product, coordinated to the magnesium 

center. The product is separated and the magnesium hydride is recovered by the addition of 

another equivalent of borane (Scheme 20).[270,303] In case of element-carbon triple bonds, the 

mechanism is most likely analogous. 

 

 

Scheme 20: Proposed mechanism for the hydroboration of unsaturated carbon-element bonds cata-
lyzed by magnesium 1,3-diketimine.[270,303] 

 

Overall, hydroboration reactions catalyzed by magnesium-based complexes are far better 

investigated than magnesium-catalyzed amine borane or amine silane dehydrocouplings. A 

broad spectrum of structurally different magnesium compounds has been used in various 

hydroboration reactions with relatively high catalyst loadings not uncommon in hydroboration 

reactions. The ligand systems of the magnesium complexes are almost exclusively nitrogen-

based and no clear structure-performance relationship could be identified. Furthermore, the 

mechanisms are often poorly investigated, so that it is unclear whether the systems act as 

catalysts or as precatalysts. 

Therefore, the development of cheap and versatile catalysts is of great importance, and the 

interest in s-block-based systems has attracted increasing attention in the last decade. 
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1.4.4 Intramolecular Hydroamination 

The demand on nitrogen-containing organic molecules is increasing as such compounds are 

important as fine chemicals and pharmaceuticals with a broad application spectrum. The 

catalytic hydroamination represents an atom-efficient and waste-free method to obtain or-

gano-nitrogen molecules,[3093314] with one of the main advantages being that the starting ma-

terials for hydroamination reactions are relatively abundant and cheap.[315] The hydroamina-

tion of alkenes or alkynes is the formal addition of a N-H bond across a C-C multiple bond 

and can proceed intermolecularly or intramolecularly.[311,316,317] As in the past, the research 

was focused on transition and rare-earth metal-based catalysts, a huge number of systems 

containing these metals are established and well investigated, both for inter- and intramolec-

ular hydroamination reactions.[310,311,3163342] In the last twenty years, the interest and research 

focus on main group element-based catalysts for the hydroamination has risen tremendous-

ly.[316,332,343] For instance, simple Brønstedt acids can facilitate the intramolecular hydroami-

nation of alkenylamines in some cases.[344] Alkali metal-based compounds, like alkali-bases, 

are also used as catalysts in the intramolecular hydroamination. There is an easy access to 

bases like butyllithium or potassium tert-butoxide that are able to catalyze intramolecular hy-

droaminations.[3453354] Furthermore, diamidodinaphthyl dilithium salts are suitable catalysts in 

the intramolecular hydroamination.[355] In the case of alkaline earth metals, catalysts for hy-

droamination reactions, based on the heavier elements calcium, strontium and barium, are 

well investigated.[3563372] Due to the relevance of the work conducted within the scope of this 

thesis, this chapter will focus on intramolecular hydroamination reactions catalyzed by mag-

nesium complexes. In the last years the focus on such systems has increased tremendously 

and several magnesium-based catalysts have been reported relatively recently (Scheme 

21).[146,148,268,282,313,314,3733382] Moreover, most investigated substrates in ring-closing hydroami-

nations were 1,4- and 1,5-aminoalkenes.[3733375] 

 



1.4 Magnesium catalysis 

 

 
__________________________________________________________________________ 
38 

 

Scheme 21: Intramolecular hydroamination and selected examples of magnesium-based 
(pre)catalysts for this reaction.[146,148,282,313,314,3733382] 
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The product formation in intramolecular hydroaminations of aminoalkenes follows the general 

rules for ring closures. In case of the ring closure of a pent-4-en-1-amine, the five-membered 

exo-product is generated.[383] Furthermore, the Thorpe-Ingold effect plays a crucial role.[384] 

The increasing steric demand of groups at the geminal position accelerates the product gen-

eration, as bulky groups at the geminal position of the substrate restrict the number of possi-

ble conformations and favors the ring closure.[384] This phenomenon could be observed in 

several intramolecular hydroamination reactions catalyzed by magnesium compounds. In 

2009, Hill and coworkers reported the application of a ò-diketiminato magnesium complex in 

the intramolecular hydroamination of aminoalkenes.[373] The authors carried out the reactions 

with catalyst loadings in a range between 2 mol% and 20 mol%. Generally, the reactions 

were conducted at room temperature in two to 48 hours, giving yields of 72% to 99%. Note-

worthy, the authors used only substrates with bulky substituents in geminal position for the 

afore discussed reason.[384] Generally, the magnesium 1,3-diketiminate complexes required 

longer reaction times to catalyze the intramolecular hydroamination, compared to calcium 

analogues.[373] A few years later, the Hill group used magnesium amides and magnesium 

alkyl systems as precatalysts in the intramolecular hydroamination. The advantage of these 

compounds compared to the magnesium 1,3-diketiminate complexes is the fact that they are 

commercially available. With these compounds it was possible to carry out the reactions at 

room temperature, with yields from 40% to 99% achieved after several hours.[374] Further-

more, the Hill group carried out some intramolecular hydroaminations catalyzed by a sterical-

ly encumbered bis(imino)acenaphthene magnesium complex. Interestingly, in case of the 

ring closure of 2,2-diphenylhept-6-en-1-amine, the magnesium complex was a more efficient 

catalyst than its calcium analog.[375] Following this, Hultzsch and coworkers succeed in the 

intramolecular hydroamination with a diamidobinaphthyl magnesium complex as catalyst. 

Depending on the substrates and the reaction conditions, the authors obtained yields in the 

range of 80% to 99%.[313] A few years later, the Hultzsch group reported the usage of phe-

noxyamine magnesium complexes as catalysts in the intramolecular hydroamina-

tion.[314,376,377] The authors were able to obtain the ring closed products in yields of 80% to 

99%, with the catalysts needing higher temperatures[314,376,377] and reaction times of up to four 

days, however.[314] The tris(oxazolinyl)borato magnesium complexes, synthesized by the Sa-

dow group, are also applicable catalysts in the intramolecular hydroamination,[378,379] as are 

cyclopentadienyl bis(oxazolinyl)borato magnesium complexes.[146] The complexes catalyze 

ring-closing hydroaminations between room temperature and 60 °C and timeframes of 

45 minutes to 24 hours, depending on the substrates, are needed. In particular, the catalytic 

ring closure of 2,2-dimethylpent-4-en-1-amine was challenging for this system and needed 

higher temperatures and/or longer reaction times while only giving yields of 12% to 50%, 

depending on the catalyst.[146,378] Although, the tris(oxazolinyl)borato magnesium complexes 
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are suitable catalysts in the intramolecular hydroamination, they produce mostly racemic mix-

tures of products.[379] Another cyclopentadienyl-based magnesium complex was applied by 

Cano and coworkers in the intramolecular hydroamination. The double bridged, ansa-half-

sandwich magnesium complex catalyzes the intramolecular hydroamination of aminoalkenes 

with yields in a range of 70% to 99%.[148] Harder and coworkers reported a bora amidinate 

magnesium complex that was able to catalyze the ring closure of 2,2-diphenylpent-4-en-1-

amine at room temperature. For substrates with less bulky substituents in geminal position, 

higher temperatures were required.[380] The groups of Harder and Dorta also reported these 

observations for the application of a chiral bis(amide) magnesium complex[381] and a chiral 

amido-phosphine magnesium complex[382] in the intramolecular hydroamination. In most cas-

es, the magnesium complexes are suitable catalysts and provide products in good yields. 

Only one catalyst is able to catalyze the intramolecular hydroamination enantioselective with 

high ee values.[376] 

Furthermore, different working groups have made suggestions for the mechanism of the in-

tramolecular hydroamination, with similar pathways predicted. In the initial step, a magnesi-

um amine complex is most likely formed by the reaction of the catalyst and the substrate 

(Scheme 22 right side). In some cases, the authors assume that a second substrate coordi-

nates to the magnesium center (Scheme 22 left side). After the ring closure of the aminoal-

kene, the product is coordinated to the magnesium center and separated by the addition of 

another equivalent of aminoalkene.[373,377,378,380,381] DFT calculations support these sugges-

tions as well as 1H NMR spectroscopy, by verifying magnesium substrate and magnesium 

product complexes.[385] 
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Scheme 22: Postulated mechanism of the intramolecular hydroamination of pent-4-en-1-amine cata-
lyzed by magnesium complexes (substituents in the geminal position are omitted for clari-

ty).[373,377,378,380,381,385] 

 

In addition to the afore presented examples of homogeneous catalysis, there is also an ex-

ample for a heterogeneous magnesium-based catalyst for intramolecular hydroamination. A 

magnesium-based MOF displayed catalytic activity in the intramolecular hydroamination. 

After two days at 80 °C, with catalyst loadings of 1 mol%, the products were obtained in 

yields of 96% to 100%.[282] 

In summary, a number of magnesium complexes succeed in the catalytic intramolecular hy-

droamination. The catalysts reach high yields, but are not able to catalyze the formation of 

nitrogen containing heterocycles enantioselectively. Furthermore, it is noticeable that the 

reaction conditions have to be aggravated if the steric demand of the substituents in geminal 

position at the aminoalkenes decreases, due to the afore mentioned Thorpe-Ingold effect. 

Beyond that, it is often unclear whether the magnesium compounds acted as catalysts or 

precatalysts since the mechanisms are often only poorly investigated. Nevertheless, magne-

sium-based catalysts are a good alternative to transition metal catalysts and there is a great 

interest in new and suitable magnesium complexes for the intramolecular hydroamination. 
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Noteworthy, cyclopentadienyl-based magnesium complexes are rarely used as catalysts for 

the intramolecular hydroamination. In this thesis, new examples of cyclopentadienyl magne-

sium complexes in intramolecular hydroamination are described.  
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1.4.5 Hydroacetylenation 

One of the most important research areas to synthetic chemistry is the development of atom-

efficient catalytic carbon-carbon bond formation processes.[3863389] For several C-H activation 

processes, transition or rare earth metal-based complexes are well established.[3903396] In 

particular, hydroacetylenation reactions, the addition of terminal alkynes to carbodiimides, 

are generally catalyzed by transition or rare earth metal complexes.[3973404] Only few exam-

ples of main group element-based catalysts are described.[405,406] For the hydroacetylenation, 

catalyzed by magnesium complexes, even fewer examples are reported in literature, until 

now (Scheme 23).[386,389,407] 

 

 

Scheme 23: Addition of terminal alkynes to carbodiimides catalyzed by magnesium complexes and 
selected examples of magnesium-based (pre)catalysts.[386,389,407] 

 

The first report stems from Coles and Schwamm, who tested the catalytic activity of a mag-

nesium amidinate complex towards the addition of alkynes to carbodiimides. With catalyst 

loadings of 1 mol% to 10 mol%, conversions of up to 77% were achieved at reaction temper-
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atures from 50 °C to 80 °C.[407] Furthermore, the authors applied magnesium amidinate com-

plexes, Grignard reagents and magnesium amides. At 80 °C, conversions of about 70% were 

observed for the addition of phenylacetylene to N,N9-diisopropylcarbodiimide after 

24 hours.[389,407] In particular, Hill and coworkers reported of magnesium 

bis(hexamethyldisilazide) as a precatalyst that catalyzed the hydroacetylenation at room 

temperature, with conversions of up to 61%.[386] 

Furthermore, the working groups of Hill and Coles proposed a possible reaction mechanism. 

The authors assume that the catalytically active species is formed by the reaction of the cata-

lyst with the alkyne. After the insertion of the carbodiimide into the metal-alkyne bond, the 

product, coordinated to the metal center, could be formed. By adding another alkyne mole-

cule, the product could be released and the catalytically active species could be formed to 

regenerate the catalytic cycle (Scheme 24).[386,389,407] 

 

 

Scheme 24: Proposed mechanism for the hydroacetylenation shown for the addition of an alkyne to a 
carbodiimide.[386,389,407] 

 

Overall, only few examples of magnesium-based catalysts for the catalytic hydroacetylena-

tion are described in literature, with no obvious correlation between the structure of the mag-

nesium complexes and the obtained conversions and only limited mechanistic understand-

ing.  
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1.4.6 Summary – Magnesium in catalysis 

Magnesium complexes find application as catalysts in many important reaction types in or-

ganic and inorganic chemistry. Among other examples not discussed in detail in this chapter, 

various magnesium compounds are known to catalyze dehydrocoupling reactions and many 

hydroelementation reactions.[159,164,189,200,224,2683271,274,275,408] In general, it is difficult to see any 

kind of correlation between the structure of the used magnesium compounds and their cata-

lytic activity, which could be due to the fact that many magnesium complexes are only 

precatalysts. Interestingly, despite a high structural diversity of the magnesium compounds 

used in catalysis, cyclopentadienyl-based magnesium complexes are rarely used as cata-

lysts. In sharp contrast, transition metal-based cyclopentadienyl complexes have been used 

as catalysts in a broad spectrum of homogeneous catalytic transformations.[80,89,1393141,409] 

Nowadays, these complexes even play an important role in industrial processes, for instance 

in olefin polymerization.[142] This lack of application of cyclopentadienyl-based s-block com-

pounds in homogeneous catalysis was one of the main motivational ideas of this doctoral 

thesis. 
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2. Motivation and Aims 

As mentioned in the introduction, the high abundance of magnesium in the earth9s crust and 

its low human toxicity are advantages for any kind of application of magnesium complexes. 

Concerning sustainability and environmental protection, magnesium displays a good alterna-

tive to other main group elements or transition metals, with its low global warming potential 

and the small CO2 release in its production.[1523154] Furthermore, due to the low abundance of 

many transition metals in the earth9s crust, the preparation of corresponding transition metal 

catalysts is often expensive. In order to use cheaper and <greener= catalysts, a number of 

magnesium complexes have been applied in homogeneous catalysis in the last decades. 

However, at the moment, magnesium-based catalysts often require long reaction times and 

high reaction temperatures to generate good conversions. Moreover, many magnesium-

based catalysts are used specifically for one type of catalysis and are rarely applicable to 

different reaction types. As outlined before, many magnesium-based catalysts are ò-

diketiminato magnesium systems, alkyl magnesium compounds or magnesium amide com-

plexes.[159,164,189,200,224,2683271,274,275,408] In sharp contrast, while cyclopentadienyl transition metal 

complexes are commonly used in catalysis,[80,89,1393141,409] cyclopentadienyl-based magnesi-

um complexes rarely found application in catalytic reactions, although they are easy to pre-

pare and well known to the literature. For example, magnesocenophanes, which have been 

known for 25 years, can be obtained in a two-step synthesis.[1053107] 

Recently, there has been increasing interest in dehydrocoupling reactions due to their broad 

applicability for the synthesis of inorganic p-block molecules and their high atom economy. 

As a result, the interest in suitable catalysts based on magnesium has also increased tre-

mendously. This led to the aim of this doctoral thesis, in which cyclopentadienyl-magnesium 

complexes should be applied in dehydrocoupling and hydroelementation catalysis. Initially, 

the focus was on the synthesis of two different complex types of cyclopentadienyl magnesi-

um complexes: new magnesocenophanes and ansa-half-sandwich magnesium complexes 

(Scheme 25). Following the synthesis, the new cyclopentadienyl magnesium complexes are 

to be used as catalysts in homogeneous catalysis (Scheme 26). 
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Scheme 25: Synthesis of the new cyclopentadienyl magnesium complexes. 

 

 

 

Scheme 26: a) Dehydrocoupling reactions and b) hydroelementation reactions catalyzed by the new 
magnesium compounds. 
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4. Conclusion 

The synthesis and characterization of three C[1]magnesocenophanes as well as four con-

strained geometry ansa-half-sandwich magnesium complexes was successful (Scheme 27). 

 

 

Scheme 27: Overview of cyclopentadienyl magnesium complexes obtained as part of this doctoral 
thesis. 

 

The successfully obtained magnesocenophanes and ansa-half-sandwich complexes were 

spectroscopically characterized by multi nuclear NMR spectroscopy. The structural charac-

terization of the complexes was carried out by single crystal X-ray diffraction. Furthermore, 

the magnesium complexes were investigated by DFT calculations. The computed fluoride ion 

affinities (FIA) and the global electrophilicity indices (GEI) predict the magnesium atom to 

exhibit significant Lewis acidity. Following the characterization of these complexes, they were 
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used as catalysts in dehydrocoupling reactions (Scheme 28) and, in case of the ansa-half-

sandwich complexes, also in hydroelementation reactions (Scheme 29). 

 

 

Scheme 28: a) Dehydrogenation of amine boranes and b) cross-dehydrocoupling of amines and 
silanes catalyzed by magnesocenophanes and ansa-half-sandwich complexes. 

 

Initially, the catalytic activity of the cyclopentadienyl magnesium complexes was tested in 

amine borane and in amine silane dehydrocoupling reactions (Scheme 28), starting with ex-

periments to investigate the optimal reaction conditions, in which a strong impact of the used 

solvent was found. Subsequently, the substrate scope was broadened and in many cases 

high conversions were obtained at ambient conditions. This is remarkable, since many mag-

nesium-based systems reported before needed high temperatures in similar dehydrocoupling 

applications. For a more in-depth understanding, kinetic studies and DFT calculations were 

performed to gain insight into the mechanism. Thereby, a strong influence of the ansa-ligand 

on the catalytic activity was revealed. In particular, the performance of 

[2]magnesocenophanes is less effective compared to [1]magnesocenophanes, indicating a 

strong ligand effect on the catalytic activity. In addition, it was demonstrated that the ansa-

ligands play a central role through stepwise protonation and deprotonation of the Cp ring 

during the catalytic cycle. Following the promising application of the magnesocenophanes in 

dehydrocoupling/dehydrogenation reactions, the ansa-half-sandwich magnesium complexes 

were also employed in different hydroelementation reactions (Scheme 29). 
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Scheme 29: a) Hydroboration reactions, b) hydroamination reaction of 2,2-diphenylpent-4-en-1-amine 
and c) hydroacetylenation reaction of phenylacetylene and carbodiimides catalyzed by ansa-half-

sandwich magnesium complexes. 

 

The applicability of the four constrained geometry ansa-half-sandwich magnesium complex-

es in hydroelementation reactions were first probed in the hydroboration of alkynes, nitriles 

and imines with pinacolborane. After the successful application of the magnesium complexes 

in the hydroboration, the substrate spectrum was expanded to hydroamination and hydroa-

cetylenation reactions. The ansa-half-sandwich magnesium complexes all showed good per-

formance in the ring closing hydroamination of 2,2-diphenylpent-4-en-1-amine. Furthermore, 

the four compounds succeeded in the addition of phenylacetylene to different carbodiimides. 

Mechanistic investigations of these systems revealed intact catalyst system at the end of the 

reaction, indicating that these species are catalysts and not just precatalysts. 

Noticeably, the utilization of cyclopentadienyl magnesium complexes in dehydrocoupling re-

actions described in this doctoral thesis, is the only example of magnesocenophanes and 

ansa-half-sandwich magnesium complexes in dehydrogenation catalysis. Most significantly, 

until now, the cyclopentadienyl magnesium complexes, especially the ansa-half-sandwich 

complexes, show by far the best performance for any magnesium catalysts in this field. The 

additional application of the ansa-half-sandwich complexes in hydroelementation reactions 

expanded the utilization of cyclopentadienyl magnesium complexes in homogeneous cataly-

sis. Overall, the magnesium-based cyclopentadienyl complexes are promising catalysts and 

potent alternatives to transition metal-based catalysts. 
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