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Abstract 

Dimer formation is the signature reactivity of Mo+III complexes, shaping their unique chemical identity. This 

proclivity for dimerization stems from the formation of a thermodynamically exceptionally robust σ2π4 triple bond, 

characterized by bonding interactions between the dz2, dxz, and dyz orbitals of two monomeric triradical fragments. 

While a myriad of homodimeric Mo+III complexes are well documented in the literature, their corresponding 

monomeric complements coordinated by the same ligand have remained elusive.[1-2] A breakthrough occurred in 

1995, when Cummins and co-workers unveiled the synthesis of a stable monomeric Mo+III complex 1 featuring three 

bulky anilide ligands.[3] This discovery was of utmost importance, as it challenged the long-standing paradigm that 

Mo+III fragments must engage in metal-metal triple bonding. By preventing homodimerization, the energy typically 

released during the formation of the strong triple bond was essentially “stored”, enabling the resulting highly 

reactive monomeric complex 1 to engage in a diverse array of three-electron redox processes. Against this backdrop, 

it is hardly surprising that, to date, neither self-dimerization of 1 nor heterodimerization with other monomeric 

Mo+III fragments has been reported. 

 

Within this doctoral thesis, the prevailing paradigm was successfully challenged by synthesizing, for the first time, 

monomeric (2, 2·THF, and 2·3THF), homodimeric (3), and previously unknown heterodimeric (4) complexes, all 

incorporating the same ligand. Notably, the resulting monomer 2·THF is able to activate small molecules such as 

N2O or 1,1-dichloropropane. An in-depth analysis of the electronic structure of the heterodimeric complex was 

performed using 95Mo NMR spectroscopy and DFT calculations. 

 

Nitrogen atom transfer was tested as an alternative approach toward monomeric Mo+III complexes. The required 

tripodal nitrides 5 were synthesized via a protonolysis reaction and characterized by a diverse array of analytical 

tools, including X-ray diffraction, 95Mo, and 14N NMR spectroscopy. When the nitride complexes 5 were treated 

with the Cummins complex 1 as a potential acceptor, paramagnetic and highly sensitive compounds 6a and 6b 



 

formed instantaneously in each case. Species 6a and 6b were characterized by X-ray diffraction analysis, which 

verified that the bridging nitrogen atom is asymmetrically positioned between both molybdenum fragments. 

Magnetometry data suggested that complex 6b is paramagnetic with an S = ½ state. Our analysis also encompassed 

DFT as well as EPR spectroscopy. In contrast to prior understanding in the literature (which largely postulates 

Mo+IV−N−Mo+V species), it was established by a Löwdin spin population analysis and EPR spectroscopy that these 

adducts are best regarded as a Mo+VI nitride coordinated to a Mo+III fragment. 

 

In the second part of this thesis, various strategies for the synthesis of iron carbenes were explored. One of these 

approaches utilized the activation of propargylic alcohols with dmpe2FeCl2 (7), followed by reduction with K/KI to 

give a formally zero-valent Fe allenylidene 10. This complex was characterized using X-ray crystallography, NMR 

spectroscopy, elemental analysis, and mass spectrometry. 

 

Another approach that goes beyond established synthetic blueprints for iron carbenes is the Binger rearrangement 

strategy.[4] It involves the formal electrocyclic ring-opening of a strained cyclopropene to generate an alkenyl iron 

carbene. Although this strategy had previously been explored for iron complexes, it was found to suffer from a 

dominant side reaction: oxidative cyclization of two cyclopropenes with an iron center to form a 

metallacyclopentane. We overcame this limitation through the judicious choice of the iron precursor IP2Fe (11) 

(IP = iminopyridine). Depending on the reaction conditions, either the η2-cyclopropene complex 15 or carbene 13 

was obtained. It is worth noting that carbene formation competes with oxidative cyclization to give 14, as both 

complexes were identified in the same reaction mixture. For complex 13, conventional analytical tools were 

complemented by 57Fe NMR spectroscopy, a technique that is highly challenging due to the unfavorable properties 

of the 57Fe nucleus. 

 

  



 

Inhalt 

Die Bildung von Dimeren ist die charakteristische Reaktivität von Mo+III-Komplexen und prägt daher ihre 

einzigartige chemische Identität. Die Neigung zur Dimerisierung ist auf die Bildung einer thermodynamisch 

außergewöhnlich robusten σ2π4-Dreifachbindung zurückzuführen, die Wechselwirkungen zwischen den dz2-, dxz- 

und dyz-Orbitalen zweier monomerer Triradikale umfasst. Während eine Vielzahl homodimerer Mo+III-Komplexe 

in der Literatur gut dokumentiert ist, sind die entsprechenden monomeren Komplemente, welche den gleichen 

Liganden tragen, bislang nicht bekannt.[1-2] Ein Durchbruch gelang allerdings im Jahr 1995, als Cummins und 

Mitarbeiter die Herstellung des stabilen monomeren Mo+III-Komplexes 1 mit drei Anilid-Liganden vorstellten.[3] 

Diese Entdeckung war von äußerster Wichtigkeit, da das Paradigma in Frage gestellt wurde, dass Mo+III-Fragmente 

zwangsläufig Dreifachbindungen zwischen Metallen ausbilden müssen. Durch die Verhinderung der 

Homodimerisierung wird die Energie, die normalerweise bei der Bildung der starken Dreifachbindung freigesetzt 

würde, effektiv „gespeichert“. Dadurch kann der resultierende hochreaktive monomere Komplex 1 eine Vielzahl an 

drei-Elektronen-Redoxprozessen eingehen. Daher ist es nicht verwunderlich, dass bisher weder eine 

Selbstdimerisierung von 1 noch eine Heterodimerisierung mit anderen monomeren Mo+III-Fragmenten bekannt ist. 

 

Im Rahmen dieser Dissertation wurde dieses vorherrschende Paradigma erfolgreich in Frage gestellt. Erstmals 

wurden monomere (2, 2·THF, and 2·3THF), homodimere (3) sowie bislang unbekannte heterodimere (4) 

Komplexe synthetisiert, die alle denselben Liganden enthalten. Dabei ist bemerkenswert, dass das resultierende 

Monomer 2·THF in der Lage ist, kleine Moleküle wie N2O oder 1,1-Dichlorpropan zu aktivieren. Eine Analyse der 

elektronischen Struktur des Heterodimers erfolgte mittels 95Mo-NMR-Spektroskopie und DFT-Berechnungen. 

 

Stickstoffatomtransfer wurde als alternativer Ansatz zur Synthese von monomeren Mo+III-Komplexen getestet. Die 

hierfür erforderlichen tripodalen Nitride 5 wurden durch eine Protonolyse-Reaktion synthetisiert und durch eine 

Vielzahl von Analysemethoden charakterisiert, darunter Röntgenbeugung, 95Mo- und 14N-NMR-Spektroskopie. Bei 

Reaktion der Nitridkomplexe 5 mit 1 als potenziellem Akzeptor bildeten sich in jedem Fall sofort paramagnetische 



 

und hochempfindliche Spezies 6a und 6b. Diese wurden durch Kristallstrukturanalyse charakterisiert, wobei eine 

asymmetrische Positionierung des Brückenstickstoffatoms zwischen den beiden Molybdänfragmenten 

nachgewiesen wurde. Magnetometrische Daten zeigen, dass Komplex 6b paramagnetisch ist und einen S = ½-

Spinzustand aufweist. Unsere Analyse umfasste darüber hinaus DFT-Berechnungen sowie EPR-Spektroskopie. Im 

Gegensatz zu den bisherigen Erkenntnissen in der Literatur (die weitgehend Mo+IV−N−Mo+V-Spezies postulieren) 

konnte mittels Löwdin-Spinpopulationsanalyse und EPR-Spektroskopie gezeigt werden, dass diese Addukte am 

treffendsten als ein Mo+VI-Nitridfragment beschrieben werden, dass an ein Mo+III-Fragment koordiniert ist. 

 

Im zweiten Teil dieser Arbeit wurden verschiedene Strategien zur Synthese von Eisen-Carbenen untersucht. Einer 

dieser Ansätze basierte auf der Aktivierung von propargylischen Alkoholen mit dmpe2FeCl2 (7), gefolgt von einer 

Reduktion mit K/KI, um einen formal null-valenten Fe0-Allenyliden-Komplex 10 bilden. Dieser Komplex wurde 

mittels Kristallstrukturanalyse, NMR-Spektroskopie, Elementaranalyse und Massenspektrometrie charakterisiert. 

 

Ein weiterer Ansatz, welcher über etablierte Syntheserouten für Eisen-Carbene hinausgeht, ist die sogenannte 

Binger-Umlagerungsstrategie.[4] Dieser Ansatz basiert auf der elektrocyclischen Ringöffnung eines gespannten 

Cyclopropens zur Bildung eines alkenylischen Eisen-Carbens und wurde bereits in früheren Arbeiten für 

Eisenkomplexe untersucht, allerdings stellte sich heraus, dass eine Nebenreaktion vorherrscht: die oxidative 

Cyclisierung von zwei Cyclopropenen mit dem Eisen-Komplex. In dieser Arbeit wurden durch die gezielte Wahl der 

Eisen-Verbindung IP2Fe (11) (IP = Iminopyridin) als Ausgangsverbindung in Abhängigkeit von den 

Reaktionsbedingungen entweder der η2-Cyclopropen-Komplex 15 oder das Alkenyl-Carben 13 erhalten. Die 

Carbenbildung konkurrierte dennoch mit der oxidativen Cyclisierung zu 14, da beide Komplexe in der gleichen 

Reaktionsmischung identifiziert werden konnten. Bei der Charakterisierung von Komplex 13 wurden 

konventionellen Analysemethoden durch die 57Fe-NMR-Spektroskopie ergänzt, welche aufgrund der ungünstigen 

Eigenschaften des 57Fe-Kerns als äußerst anspruchsvoll gilt. 
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1 Tripodal Silanolate Ligands Expand MoX3 Chemistry Beyond Its Traditional 

Borders 

1.1 Introduction: The Discovery of Dimeric Mo+III Complexes and Their Status 

in Coordination Chemistry 

Until Alfred Werner pioneered the field of coordination chemistry with his landmark paper in 1893,[5] 

the relatively young discipline of inorganic chemistry was facing an existential crisis. This was 

predominantly because the concept of valence, commonly utilized in organic chemistry, could not 

adequately explain the properties of inorganic complexes.[6-7] 

This is evident in the prevailing theory at the time, the complex ion chain theory developed by Christian 

W. Blomstrand and further investigated by Sophus M. Jørgensen (Scheme 1). As stated in the theory, 

ammonia complexes of metal halides are represented as chains. This description ensured that the 

valence of each atom is taken into account, much as organic chemists treated carbon-based 

molecules.[6, 8-9] However, the limitations of the approach became apparent through simple experimental 

observations.[5] When the luteo salt [Co(NH3)6]Cl3 (16) was reacted with three equivalents of silver 

nitrate, three equivalents of silver chloride were formed. This experimental outcome was consistent with 

the complex ion chain theory, as it was hypothesized that the chlorides were only weakly bound to the 

ammonium residue, which enabled their precipitation as silver chloride. When one molecule of 

ammonia was removed, the purpureo salt of cobalt [Co(NH3)5]Cl2 (17) was obtained. In this compound, 

only two chlorides behaved as ions. The remaining chloride was believed to be tightly bound to the cobalt 

atom, consistent with the proposed theory. Similarly, the removal of another ammonia molecule yielded 

the violeo and praseo salts, the cis and trans isomeric forms of [Co(NH3)4]Cl3 (18), which are 

distinguishable by their distinct colors (purple and green). Consistent with the complex ion chain 

theory, only one chloride behaved as an ion. 

 

Scheme 1. Top: The complex ion chain theory by Blomstrand/Jørgensen. Bottom: Werner’s concept of coordination chemistry. 
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However, when analyzing the properties of the so-called “Hexamincobaltchlorid” the theory collapses: 

According to the theory of Blomstrand and Jørgensen one chloride would be expected to act as an ion; 

yet experiments revealed that none of the chlorides acted as ions. Only Werner’s concept provided a 

valid rationale: In his model, all three chlorides are tightly bound to the metal together with three 

molecules of ammonia in a truly octahedral fashion (Scheme 2). 

The identical octahedral motif applies to the luteo, purpureo, violeo, and praseo salts (Scheme 1). 

However, in these cases, one or more chlorides remain in their ionic state, not coordinated to the metal. 

 

Scheme 2. The complex ion chain theory fails in explaining the properties observed for “Hexamincobaltchlorid”; however, 

Werner’s concept is well-suited to describe these characteristics. 

Werner’s concept advanced continuously over the years, integrating synergistic theories such as the 

valence bond, crystal field, ligand field and finally the molecular orbital theory to accurately describe the 

properties of transition metal complexes. The discovery that transition metal complexes might exhibit 

metal-to-metal bonding interactions marked a monumental accomplishment in coordination chemistry, 

as it complemented the classical Werner concept of coordination chemistry, which traditionally focused 

on single-center chemistry.[1] 

The first reported compound with a metal-metal bonding interaction was the hydrate of chromium(II) 

acetate which was prepared by Eugène Peligot in 1844 by the reaction of “chromium ions” with 

potassium or sodium acetate; yet it was not realized that this compound contains a metal-metal 

quadruple bond (Scheme 3).[1] Intrigued by the distinct colors of chromium acetate (red) and related 

monomeric chromium(II) compounds (blue), King and Garner set out to study the magnetic 

susceptibility of Cr2(O2CCH3)4·(H2O)2 (20) in 1950 and were surprised to find that this compound is 

actually diamagnetic, which stays in stark contrast to related monomeric Cr+II complexes, typically 

exhibiting a S = 2 state.[1, 10] However, it took an additional 20 years and the advent of modern X-ray 

crystallography to show that chromium(II) acetate is a paddlewheel dimer with a quadruple bond 

between both chromium atoms.[11] 

The first crystal structure analysis of a transition metal complex that contained a metal-metal bond was 

published by Brosset in 1946. However, the significance of the discovery was not immediately 

acknowledged within the inorganic chemistry community (Scheme 3). In his work, Brosset examined 

the crystal structure of the compounds [Mo6Cl8][(OH)4(H2O)2](H2O)12 and [Mo6Cl8][(Cl)4(H2O)2](H2O)6 

and revealed that the distance between the molybdenum atoms was approximately 2.6 Å and thus 

shorter than the interatomic distance in metallic molybdenum.[1, 12] 
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In 1963, the laboratory of F. Albert Cotton discovered that Cs[ReCl4] is a trinuclear cluster with three 

rhenium atoms connected in a triangular arrangement (Scheme 3). This finding indicated that Cs[ReCl4] 

should better be interpreted as Cs3[Re3Cl12] (21) and marked a milestone in the field, because it not only 

included a single crystal structure determination, but also the first discussion of the electronic structure 

of a metal-metal bond.[1, 13-14] 

Another key advancement was the X-ray structural analysis of the [Re2Cl4]2- anion 22, which was the 

first example of a transition metal complex containing a multiple bond without additional bridging 

ligands (Scheme 3). Seminal studies by Kuznetsov and Cotton independently reported the X-ray analysis 

of the [Re2Cl4]2- anion, revealing an exceptionally short Re−Re bond length (2.22 Å). In this compound 

both rhenium atom are connected by a σ2π4δ2 quadruple bond.[1, 15-16] 

Another groundbreaking achievement was made in 1971, when Wilkinson and his group reported the 

preparation of the first homodimeric Mo+III complex 23 (Scheme 3).[1, 17] 

 

Scheme 3. Milestones in the evolution of metal-metal bonded compounds in coordination chemistry. Note: Complex 21 is 

connected by double bonds (not shown for the sake of clarity). 
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This finding was particularly important because, in a preceding publication, it had been erroneously 

reported that this compound must be the monomeric complex Mo(CH2SiMe3)4.[18] Fortunately, 

Wilkinson and co-workers managed to resolve this misassignment by utilizing X-ray diffraction.[17] The 

initial synthesis of Mo2(CH2SiMe3)6 (23) was achieved by the reaction of a molybdenum trihalide and 

Me3SiCH2MgBr (25).[1, 17] Later, a related procedure was reported to produce the dimer in a yield of 25%, 

starting from MoCl3 (Scheme 4).[19] 

 

Scheme 4. The initial synthesis of 23 by Wilkinson. 

Salt metathesis reactions involving molybdenum halides are notoriously complex and often 

accompanied by redox processes and C−H activation pathways (Scheme 5). This complexity is 

exemplified by the work of Chisholm and Wilkinson: The reaction of MoCl5 (26) with LiCH2SiMe3 (27), 

for instance, yielded three distinct products: the dimeric complex 23, the paramagnetic Mo+V alkylidene 

28, and the diamagnetic alkylidyne 29.[1, 19] In this transformation, the alkylidene is formed via an α-

hydrogen abstraction pathway, reminiscent of the first Schrock carbene synthesis.[20] In contrast, the 

formation of the alkylidyne 29 is more intricate, as it requires a one-electron oxidation. Redox processes 

are also essential for the formation of the dimer. Notably, comparisons can be drawn to observations by 

Fürstner, where alkylidyne dimerization, mediated by 2-butyne, gave rise to the formation of a dimeric 

Mo+III complex.[21] 

 

Scheme 5. The synthesis of the first homoleptic Mo+III dimer 23 from MoCl5 (26), and side products. 
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A second entry into homoleptic X3Mo≡MoX3 alkyl complexes is based on the reaction of the homoleptic 

alkoxide dimer 30b with an alkyl lithium or a Grignard reagent (Scheme 6).[1, 22-23] This method 

significantly improved the yield of complex 23, usually obtained in low yields (≤25%), to as high as 74%. 

It is worth noting that the yield was only moderate when this approach was adopted for the benzyl 

derivative 32. A third pathway emerged with Gilbert’s discovery that the reaction of Mo2Cl6(dme)2 (33) 

with LiCH2tBu (34) or LiCH2SiMe3 (27) generates the corresponding alkyl substituted dimers 35 and 

23, with yields of 73% and 84%, respectively.[24] 

 

Scheme 6. Subsequent approaches for the synthesis of Mo+III alkyl dimers. 

In the years following the initial disclosure, the field of dimeric Mo+III chemistry thrived under the 

pioneering efforts of Malcolm H. Chisholm and his research group. This scientific success story in 

molybdenum chemistry commenced in 1971 with the isolation of a homoleptic Mo+IV complex 37, which 

was first reported to form upon treatment of MoCl5 (26) with LiNMe2 (36) (Scheme 7).[25] Remarkably, 

another homoleptic molybdenum complex, Mo(OtBu)5 (40), was only recently isolated by Fürstner 

through the reaction of MoCl4(THF)2 (38) with NaOtBu (39).[26] In this reaction, the homoleptic species 

40, along with the known dimer 30a, is formed as the result of a disproportionation. 
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Scheme 7. Examples of routes to homoleptic Mo+IV amide and Mo+V alkoxide complexes. 

During the same decade, Chisholm laid the groundwork for the expansion of Mo+III chemistry by 

synthesizing the offspring of the alkyl dimers, the homoleptic amide and alkoxide analogues: 

(Me2N)3Mo≡Mo(NMe2)3 (42) and (tBuO)3Mo≡Mo(OtBu)3 (30a).[27-28] For the synthesis of 42, he 

reported two routes: The first route involved the reaction of MoCl5 (26) with LiNMe2 (36), a procedure 

reminiscent of the synthesis of the monomeric analogue Mo(NMe2)4 (37). This similarity explains the 

consistent formation of significant amounts of 37 as a by-product via this route. Fortunately, it was 

possible to separate the two compounds via fractional sublimation. The second route entailed the 

addition of MoCl3 (24) to a mixture of LiNMe2 (36) in hexane, Et2O and THF at 0°C to furnish the 

desired species in 18% yield. By strictly adhering to this protocol, the formation of Mo(NMe2)4 (37) was 

suppressed to trace quantities (Scheme 8).[25, 29] 

 

Scheme 8.The initial protocols for the synthesis of complex 42. 
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The homoleptic Mo+III alkoxide and silanolate dimers were initially synthesized by simple protonolysis 

with the corresponding alcohol starting from complex 42 (Scheme 9).[1, 28, 30-31] Alcohols, such as MeOH 

or EtOH, which are not sufficiently bulky, reacted with Mo2(NMe2)6 (42) to yield tetranuclear clusters 

Mo4(OR)16.[1] 

 

Scheme 9. Original route to dimeric Mo+III alkoxide complexes. 

In the following years, however, alternative procedures were established (Scheme 10). Gilbert and 

Cummins, for instance, explored the reaction of Mo2Cl6(dme)2 (33) and MoCl3(THF)3 (45) with LiOtBu 

(44) to produce the desired species in 81% and 70% yield, respectively.[24, 32] The analogous tungsten 

amides and alkoxides were prepared by reaction of WCl4, WCl6 or NaW2Cl7(THF)5 with alkali metal 

amides or alkoxides, respectively.[1, 33-34] 

 

Scheme 10. Improved routes to dimeric alkoxide and silanolate Mo+III complexes. 

Beyond the homoleptic X3Mo≡MoX3 complexes, a wealth of heteroleptic variants have been disclosed 

in the literature, typically made by partial ligand exchange from homoleptic Mo+III complexes (Scheme 

11). Among these, X2YMo≡MoX3 compounds, obtained by exchange of a single ligand, are exceptionally 

rare.[35-38] Most prominent are X2YMo≡MoYX2 compounds which exhibit a symmetrical 1,2-pattern.[1] 

By contrast, less frequently encountered are compounds of the type X2YMo≡MoX3, the corresponding 

unsymmetrical 1,1-isomer.[35-36, 39] While these 1,2- and 1,1-substituted complexes generally resist 

thermal isomerization, exceptions exist in which isomerization can be triggered by H2NMe2Br or 
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facilitated by the use of a trisilanol ligand.[40-41] Heteroleptic compounds of the type Mo2X3Y3 appear to 

be extremely rare. They have been inferred as intermediates in ligand exchange studies or were isolated 

as unsymmetrical phosphine adducts LX2YMo≡MoY2XL.[42-43] 

 

Scheme 11. Known, rare and unknown heteroleptic complexes of dimeric Mo+III complexes. 

The relationship between the 1,1- and the 1,2-isomer is vividly illustrated by the following example, 

extensively studied by Chisholm (Scheme 12).[35-36, 40] Treatment of Mo2(CH2SiMe3)6 (23) with 

HBr (2 eq.) in toluene at −198°C yielded the 1,2-isomeric species 46 in 80% yield. Upon reaction of 

complex 46 with an excess of HNMe2 (10 eq.) at room temperature, the 1,2-isomeric species 47 was 

formed. It was later discovered that this transformation proceeds via an intermediate complex 48, 

which Chisholm managed to isolate by careful control of the reaction conditions.[40] The corresponding 

bis-amide species of the 1,1-isomer 49 was formed by reacting the precursor with a slight excess of 

LiNMe2 at −50°C. 
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Scheme 12. The synthesis of various 1,1- and 1,2-Mo2X4Y2 isomers. 

Chisholm also demonstrated that complex 47 and 49 indeed do not undergo thermal isomerization 

(>100°C) due to a prohibitively high kinetic barrier.[36, 40] However, he discovered that H2NMe2Br can 

catalyze the isomerization of the 1,1- to the 1,2-isomer (Scheme 13). As a possible mechanism, he 

suggested that the 1,1-isomeric form 49 initially reacts with H2NMe2Br to form complex 48, the 

intermediate species. In turn, the formerly released HNMe2 then reacts with complex 48, leading to the 

formation of the 1,2-isomeric form 47. 

 

Scheme 13. Mechanistic rationale for the H2NMe2 catalyzed isomerization. 
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The isomerization from the 1,1- to the 1,2-isomeric form can also be facilitated by the use of a trisilanol 

ligand, as reported by Chisholm. In this case, the reaction of (tBuO)3Mo≡Mo(OtBu)3 (30a) with 

trisilanol 50 resulted in the formation of a new species. In the solid state, this species was ascertained 

by X-ray crystallography as complex 51. However, in solution, a highly dynamic equilibrium exists. 

Based on VT NMR data, it was proposed that 51 is in equilibrium with the symmetric species 52 (Scheme 

14).[41] 

 

Scheme 14. Isomerization of a Mo2X4Y2 complex facilitated by a trisilanol ligand. 
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Besides substitution reactions, dimers of Mo+III feature a wide range of remarkable reactivity. These 

dimeric Mo+III complexes can engage in redox reactions, as exemplified by the reaction of Mo2(OiPr)6 

(30b) with iPrOOiPr (53) to yield Mo2(OiPr)8 (54); a compound originally synthesized by the reaction 

of Mo(NMe2)4 with HOiPr (Scheme 15).[44-46] In contrast, other peroxides, such as tBuOOtBu did not 

react with compound 30b, nor did the related dimer Mo2(OtBu)6 (30a) produce the desired Mo+IV 

species upon reaction with any of the provided peroxides. Additionally, Mo2(OiPr)6 (30b) was found to 

react with iodine, bromine, or chlorine to give the corresponding Mo+V species 56. In this complex, the 

Mo−Mo interaction is best described as a single bond.[46] 

 

Scheme 15. Redox reactions of dimeric Mo+III complexes to give double and single bonded Mo dimers. 

Mo+III and W+III complexes are renowned for their remarkable reactivity toward alkynes. One of the 

earliest reported examples involved the reaction of (iPrO)3Mo≡Mo(OiPr)3 (30b) with acetylene, which 

initially led to rapid oligomerization.[47-48] 

Notwithstanding these results, Chisholm proposed that the introduction of a donor ligand might permit 

the isolation of a transient reaction intermediate. In 1981, his group succeeded in isolating such an 

acetylene adduct 58a by employing pyridine as the donating ligand (Scheme 16). The strategy was later 

extended to prepare propyne and 2-butyne adducts of type 58. Additionally, it was found that the 

pyridine adduct 59 reacts with acetylene to yield an acetylene adduct. Upon reaction of this adduct with 

another equivalent of acetylene, the metallacyclopentadiene complex 60 was formed, marking the first 

step of an oligomerization process. 

Complexes 58 and 60 were also found to catalyze the cyclotrimerization of alkynes. For instance, 

complex 58 (5 mol%) was capable of catalyzing the cyclotrimerization of acetylene to furnish benzene 

in low yield. Similarly, complex 60 catalyzed the cyclotrimerization of acetylene in low yield, however, 

in this case the formation of large amounts of polyacetylene was noted. 

Within the Chatt-Dewar-Duncanson formalism, alkyne coordination to dimeric Mo+III complexes can be 

described as two extremes. In the first scenario, the ligation can be interpreted as an oxidative addition, 

where the alkyne acts as a [R−C−C−R]4− or [R−C−C−R]2− bridging ligand, leading to a singly bonded 

dimeric Mo+V or a doubly bonded dimeric Mo+IV complex, respectively. Alternatively, if one assumes the 
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presence of the adduct model within the Chatt-Dewar-Duncanson formalism, the oxidation state of the 

Mo atom remains unchanged upon coordination of the alkyne. In complex 60, the bonding situation is 

best described as a metallacyclopentadiene fragment coordinated to the second molybdenum center. 

 

Scheme 16. Isolated intermediates in the cyclotrimerization and oligomerization of alkynes mediated by dimeric Mo+III 

complexes. 

In the years following Chisholm’s original discovery, Richard Schrock’s group set out to explore the 

cleavage reaction of alkynes with dimeric W+III complexes, aiming to develop a novel strategy for 

synthesizing W+VI alkylidynes.[49-50] This approach would later be known as the Schrock “Chop Chop” 

reaction (Scheme 17).[1] 

Similar to the synthesis procedure for dimeric Mo+III complexes, the initial synthesis of the tungsten 

analogues commenced with the reaction of WCl4 (61) with LiNMe2 (36) to yield the corresponding 

dimeric W+III complex 62.[33, 51] This was followed by a ligand exchange, where protonolysis with HOtBu 

(43a) generated the W+III alkoxide complex 63, although the yield for this step was not reported.[52] 

An improved strategy for the synthesis of W2OtBu6 (63) was based on Schrock’s observation that when 

WCl4 (61) is reduced with one equivalent of Na/Hg in THF, a compound with the formal composition 

W2Cl6THF4 is obtained.[53] Upon reaction with LiOtBu, the alkoxide dimer 63 is formed.[49] Notably, this 

transformation may also be carried out as a one-pot procedure.[34, 54-55] Later Chisholm discovered 

NaW2Cl7THF5 (64), another useful precursor for the synthesis of dimeric W+III compounds. In the same 

report, Chisholm reported the synthesis of W2OtBu6 (63), achieving a yield of 52%.[34] 
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The key step in this strategy involved metathesis of dimer 63 with an alkyne such as 65, resulting in the 

formation of the neopentylidyne complex 66. Likewise, it has been demonstrated that metathesis with 

nitriles such as acetonitrile or benzonitrile is feasible, yielding a 1:1 mixture of an alkylidyne and a nitrido 

complex.[49-50] 

 

Scheme 17. Schrock’s “Chop Chop” reaction. 
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A comparable approach for the preparation of Mo+VI alkylidynes has not been established. In contrast, 

dimeric Mo+III complexes do not react with any internal alkyne. However, Schrock discovered that 

phenylacetylene, a terminal alkyne, undergoes metathesis with (tBuO)3Mo≡Mo(OtBu)3 (30a) yielding 

the corresponding benzylidyne 68 as the sole isolable product in 30% yield (Scheme 18).[56] It was not 

possible to identify the methylidyne, which presumably can decompose via bimolecular coupling to 

regenerate (tBuO)3Mo≡Mo(OtBu)3 (30a) together with the release of acetylene, which would then 

oligomerize in the presence of 30a.[47-48, 56] When the reaction was repeated in the presence of 

quinuclidine or pyridine, a 1:1 mixture of the corresponding benzylidyne and methylidyne adducts was 

obtained, which is a strong indication for a metathetic cleavage of the Mo≡Mo triple bond. 

 

Scheme 18. The reaction of (tBuO)3Mo≡Mo(OtBu)3 (30a) with phenylacetylene and trapping of products with donor ligands. 

Dimeric Mo+III complexes also undergo reversible reactions with CO and CO2 (Scheme 19).[57-58] Cotton 

and Chisholm discovered that when Mo2(OtBu)6 (30a) is exposed to CO2 at room temperature, two 

equivalents of CO2 insert into two of the metal-alkoxide bonds, yielding complex 75 as blue crystals. This 

transformation is reversible: upon heating of complex 75 to 90°C in vacuo, CO2 is released, regenerating 

the original complex. Subsequently, Cotton and Chisholm found that 30a forms adducts with CO. 
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However, precise control of the reaction conditions is crucial; otherwise, disproportionation occurs, 

leading to the formation of Mo(CO)6 and Mo(OtBu)4. 

 

Scheme 19. Reactions of Mo2(OtBu)6 (30a) with CO2 (74) and CO (76). 

Because of their interesting electronic structure, dimeric Mo+III complexes have been extensively studied 

by multiple research groups.[1, 59-61] Qualitatively, the triple bond can be described as an interaction 

between the dz2 orbitals that form the σ bond, while interactions between the pairs of dxz and dyz orbitals 

lead to the formation of the two π bonds (Figure 1).[1] 

 

Figure 1. General and qualitative MO scheme for dinuclear Mo+III complexes. 

In a combined experimental and theoretical approach, Cotton utilized photoelectron spectroscopy to 

study the compounds Mo2(OtBu)6 (30a), Mo2(NMe2)6 (42) and Mo2(CH2tBu)6 (35) and performed 

calculations on their simplified counterparts Mo2(OH)6, Mo2(NH2)6 and Mo2(CH3)6 (Figure 2).[59] 
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For Mo2(OH)6, the HOMO mainly consists of contributions from the bonding Mo−Mo π orbitals, along 

with a minor amount of δ* character. Energetically below this, the HOMO−1 is primarily of Mo−Mo σ 

character, while the oxygen lone pair p orbitals are located at still lower energies. 

In Mo2(NH2)6, the ordering of the metal-metal σ-and π-bonding orbitals remains largely unchanged; 

however the HOMO is now composed of ligand based lone pair p orbitals. This shift in energy aligns 

with the fact that nitrogen is less electronegative than oxygen. M−N bonding orbitals from the amido 

ligands appear between the M−M bonding π and σ orbitals, composed of nitrogen based 2p orbitals that 

actively participate in M−N π-bonding interactions. 

Mo2(CH3)6 represents a unique case: Here, the HOMO remains predominantly Mo−Mo π in character 

yet exhibits significant δ*-antibonding contributions, weakening the π-bonding interaction. 

Energetically below this, Mo−C σ-bonding orbitals mix with Mo−Mo σ*-antibonding orbitals. A similar 

orbital to the HOMO appears at a lower energy level, again followed by an M−C σ-bonding orbital 

primarily derived from ligand based p orbitals and Mo−Mo σ*-antibonding orbitals. Further below, Mo 

based δ orbitals mix with ligand based p orbitals and metal centered π*-antibonding orbitals, which 

describes the strong σ-donor interaction of the alkyl ligands with molybdenum-based orbitals. The 

Mo−Mo σ-bonding orbital resides at an even lower energy level. 

 

Figure 2. Quantitative molecular orbital scheme showing the most important orbitals of Mo2(OH)6, Mo2(NH2)6 and Mo2(CH3)6. 
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1.2 Introduction: The Chemistry of Monomeric Mo+III Complexes 

Among the elements in the chromium group, Mo+III and W+III complexes strongly favor metal-metal 

triple bond formation, a trait conspicuously absent in chromium analogues.[62] Instead, Cr+III complexes, 

particularly those with diethylamido ligands, exist as dimers in solution, featuring bridging amido 

ligands but lacking a direct metal-metal triple bond (Scheme 20).[63] Against this backdrop, it is notable 

that the utilization of the NEt2 ligand led to the formation of triply bonded and thermally stable Mo+III 

and W+III complexes. However, attempts to use the NiPr2 ligand were unsuccessful for W+III.[29, 33, 51] 

Despite their apparent stability in solution, Cr+III complexes are highly susceptible to 

disproportionation, yielding homoleptic, tetracoordinate Cr+IV amido complexes 81 and polymeric Cr+II 

species 82.[64-65] However, the isolation of a stable trigonal-planar Cr+III monomer 84 became possible 

through careful ligand selection. This challenge was first met by Chisholm and Bradley in 1968, who 

reported the isolation of the first three-coordinate Cr+III complex. Coordinated by three NiPr2 ligands, 

this complex was analyzed utilizing single X-ray diffraction and magnetometry, confirming both its 

monomeric nature and the existence of three unpaired electrons.[66-67] 

 

Scheme 20. Cr+III does not show a high proclivity for triple bond formation and is susceptible to disproportionation. 

To reconcile the chemistry of Cr+III and that of its heavier group six counterparts, Mo+III and W+III, 

Christopher C. Cummins, who had just started his independent career at MIT, set out to craft a sterically 

demanding anilide ligand; one that would enable the isolation of the first trigonal-planar Mo+III 

complex.[3, 62] Cummins’ ligand design was guided by simple but strategic criteria. Firstly, the ligand 

should be composed of carbon-based building blocks and lack β-hydrogens in order to avoid common 

decomposition pathways. Additionally, the ligand should feature one spherical substituent (tBu group) 

and one planar substituent (3,5-Me2C6H3) to enhance intramolecular packing effects and, ultimately 

enable the isolation of a C3-symmetric species. A final strategic design element was the incorporation of 

deuterium labels into the ligand to facilitate the analysis of the resulting paramagnetic product using 

NMR spectroscopy.[62] 

The synthesis of the ligand commenced with the condensation of aniline 85 with [D6]-acetone (86), 

yielding the desired imine [D6]-87 in 97%.[68] Subsequent steps involved addition into the imine with 
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MeLi, followed by deprotonation of the resulting aniline [D6]-88 to give the lithium anilide [D6]-89 in 

90% yield. The final synthesis of the monomeric complex [D18]-1 proceeded via the reaction of lithium 

anilide [D6]-89 with MoCl3(THF)3 (45) under an atmosphere of N2 to yield the desired monomer in 

70% yield after crystallization under an atmosphere of argon (Scheme 21).[3] 

 

Scheme 21. The synthesis of the Cummins complex [D18]-1 enabled by careful ligand design. 

Initially, crystallization of the compound was attempted at −35°C in Et2O under an atmosphere of N2. 

Strikingly, the deep red solution rapidly turned deep purple within just 45 min. Intrigued by this 

observation, the crystallization batch was analyzed by 2H NMR spectroscopy, revealing that the original 

signal at 64 ppm had disappeared, replaced by a single signal at 14 ppm.[69] 

Fascinated by this unexpected behavior, the authors repeated the experiment at −35°C in toluene and 

tracked the reaction by 2H NMR spectroscopy. Within 48 h, conversion to the new species took place. 

After warming to 30°C, the purple color faded away within several hours, giving rise to the formation of 

a golden solution, from which only the diamagnetic terminal nitrido complex [D18]-91 could be 

identified and subsequently isolated in 76% yield.[70] 

These results pointed to an extraordinary conclusion: the purple species had to be the paramagnetic 

Mo−N2−Mo complex [D36]-90 (Scheme 22). Most remarkably, this study represented the first report 

of a homogeneous system that was capable of cleaving dinitrogen’s exceptionally strong triple bond. In 

subsequent studies, the purple Mo−N2−Mo intermediate [D36]-90 was characterized by EXAFS 

structural studies and SQUID experiments and later by X-ray diffraction.[70-71] It was also found that this 

cleavage reaction proceeds through a zig-zag transition state.[72] Such reactivity was entirely 

unprecedented and defined a landmark discovery in the field of nitrogen activation chemistry.[73] 
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Scheme 22. Complex [D18]-1, the first homogenous system to cleave the strong triple bond of dinitrogen in a stoichiometric 

fashion. 

The rate of N2 cleavage can be enhanced through a redox-catalyzed binding strategy reported by Peters 

and Cummins.[74] Initially, N2 coordination results in the formation of an elusive Mo−N2 complex [D18]-

92, which subsequently undergoes one-electron reduction with Na to afford a highly reactive 

Mo−N2−Na species [D18]-93. This intermediate is subsequently trapped by an additional equivalent of 

the Cummins complex [D18]-1, promoting the formation of the Mo−N2−Mo species while regenerating 

elemental Na (Scheme 23). Under strictly controlled conditions, the Mo−N2−Na species [D18]-93 was 

isolated and further intercepted by electrophiles such as TMSCl or MeOTs. 

 

Scheme 23. Redox-catalyzed binding of N2 facilitates N2 cleavage by [D18]-1. 
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Another strategy to enhance the rate of N2 cleavage encompassed the utilization of the nitrido complex 

94.[32, 75] It was demonstrated that [D18]-1 reacts efficiently with nitride 94 through a three-electron 

redox process (Scheme 24). During this transformation, the nitrogen atom of nitride 94 is transferred 

to complex [D18]-1, generating nitride [D18]-91 along with the transient monomeric intermediate 95. 

This highly reactive monomeric species can in turn bind and cleave N2, leading to the formation of 

nitride 94. Notably, when the same experiment was conducted under exclusion of N2, the known dimer 

30a along with nitride [D18]-91 was formed. The participation of the monomeric intermediate 95 was 

also supported by 15N labelling studies. 

 

Scheme 24. Nitrogen atom transfer between [D18]-1 and 94 efficiently enhances the rate of N2 cleavage. 

Shortly thereafter, Cummins successfully isolated several intermediates of this nitrogen atom transfer 

process. The first such product resulting from an incomplete nitrogen atom transfer was obtained by 

reaction of N≡Mo(NMe2)3 with a fluorinated version of the Cummins complex Mo(N(tBu)(ArF))3 (ArF = 

p-C6H4F), affording complex [D18]-96 in 74% yield. This complex was further characterized by X-ray 

diffraction and an Evans magnetic susceptibility measurement, indicating the presence of one unpaired 

electron (Scheme 25).[76] 
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In contrast, the symmetric bridged nitride 97 was made by complete nitrogen atom transfer from 

N≡Mo(NMe2)3 to Mo(N(tBu)(Ph))3, whereby the resulting elusive monomeric intermediate Mo(NMe2)3 

was presumably captured by unreacted nitride N≡Mo(NMe2)3. The resulting bridged nitride 97 

crystallized as a 1:1 co-crystal with the known dimer Mo2(NMe2)6 (42).[76] 

Another intriguing example includes complex 98, reported by Agapie and Cummins. This complex is 

also unsymmetrical, as manifested in the different Mo−N bond lengths. It was tentatively assigned as an 

[S3]Mo+IV−N−Mo+V[N3] complex, where the Cummins fragment constitutes the more oxidized 

component. This situation may also be explained in view of the stronger donating amide ligands, which 

enhance N3M−N π-backbonding from the Cummins fragment. Subsequently, this bonding situation was 

supported by DFT calculations on the heavily truncated system (HS)3Mo−N−Mo(NH2) 3.[77-79] 

Additional examples include complex [D36]-99 and 100, which were obtained by N2 cleavage from the 

monomer or the Mo−N2−Mo complex, respectively. The resulting nitride then was captured by not yet 

reacted starting complex.[80-81] 

 

Scheme 25. Overview of selected literature known Mo−N−Mo complexes. 

Complex [D18]-1 also activates other small molecules, with the most prominent being N2O. Notably, 

complex [D18]-1 selectively cleaves the stronger N−N bond, furnishing a 1:1 mixture of nitride [D18]-91 

and nitrosyl complex [D18]-101 (Scheme 26).[3] Kinetic experiments were conducted to investigate 

whether the cleavage mechanism involves a homobimetallic intermediate or proceeds via monometallic 

cleavage with concomitant release of NO.[82] The overall cleavage reaction was found to follow first-order 

kinetics with respect to both, the starting Mo+III complex [D18]-1 and N2O. It was determined that the 

formation of a Mo−N2O adduct was the rate determining step and the generation of an elusive 

homobimetallic species must occur after the rate-determining step. Additional kinetic experiments for 

the formation of the nitrosyl complex [D18]-101 from [D18]-1 and NO as well as the utilization of 

Cr(NiPr2)3 (84) as a potential NO trapping agent in competitive binding studies further supported a 

homobimetallic pathway over monometallic N−N bond scission via NO release. 
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Scheme 26. Complex [D18]-1 cleaves the N−N bond in N2O selectively to furnish a 1:1 mixture of nitride [D18]-91 and nitrosyl 

complex [D18]-101. 

The Cummins complex [D18]-1 is also capable of cleaving the P−P bond of white phosphorus to furnish 

the terminal phosphido complex [D18]-103 exclusively (Scheme 27). This complex is isolobal to the 

terminal nitride [D18]-91 and represented the first example of a terminal transition-metal phosphide. 

Notably, this discovery coincided with Schrock’s report of molybdenum and tungsten phosphides 

featuring trisamidoamine ligands reported in the same issue of “Angewandte Chemie”.[83-84] 

Mechanistically, the fragmentation of P4 (102) proceeds through a rather intricate pathway.[85] After the 

initial association of P4 to the Cummins complex [D18]-1, a simple phosphorus abstraction was ruled 

out as the route to phosphide formation. Instead, computational investigations support a multistep 

process: a bimetallic intermediate first generates two equivalents of terminal phosphide complex [D18]-

103 alongside P2. Subsequently, the P2 fragment is cleaved via a bimetallic mechanism that is 

reminiscent of the bimetallic cleavage of N2. Subsequent post-functionalization of complex [D18]-103 

involved reaction with mesitylazide or elemental sulfur (S8), affording complexes [D18]-104a and 

[D18]-104b, respectively.[84] 

 

Scheme 27. Activation of P4 by [D18]-1 and post-functionalization of the resulting phosphide [D18]-103. 

Furthermore, complex [D18]-1 is known to form the CO adduct [D18]-105 upon exposure to CO gas. 

Reduction of [D18]-105 with Na/Hg, followed by trapping of the generated Mo≡C−O−Na intermediate 

with pivaloyl chloride, furnished carbyne [D18]-106 in 82% yield. Upon treatment with Na, this complex 

was converted into three species: a Mo−C−O−Na complex, the methylidyne [D18]-107, and a sodium 

carbide complex. This mixture was then treated with MeCN, causing the precipitation of complex [D18]-

107 in pure form. Subsequent steps involved the deprotonation of complex [D18]-107 with benzyl 
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potassium, leading to the formation of a bridging carbide dimer, still coordinated to cationic potassium. 

Upon treatment of this dimer with benzo-15-crown-5, it was possible to isolate the targeted terminal 

Mo+VI carbide [D18]-108 and analyze it by single crystal X-ray diffraction (Scheme 28).[86] 

 

Scheme 28. Synthesis of the terminal Mo carbide [D18]-108. 

Another remarkable reactivity was unexpectedly discovered by Fürstner (Scheme 29).[87-88] Upon 

dissolution of the non-deuterated Cummins complex 1 in CH2Cl2, a mildly exothermic reaction occured. 

The reaction mixture was thoroughly analyzed by NMR spectroscopy, revealing the formation of 

methylidyne 107 and one (or more) paramagnetic complexes. Mass spectrometry further indicated that 

one of the (paramagnetic) products was the chloride complex 109, a conclusion further confirmed by its 

independent synthesis from 1 and chlorine gas, as well as by single-crystal X-ray diffraction analysis. 

However, the most spectacular finding was the discovery that the in situ generated mixture of 107 and 

109 serves as an efficient and functional group tolerant catalyst system for alkyne metathesis. This 

remarkable discovery ultimately paved the way for alkyne metathesis to become a valuable strategic 

asset in both natural product total synthesis and material science.[89-91] 

 

Scheme 29. Utilization of the Cummins complex 1 as a precursor to a highly effective system for alkyne metathesis. 
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Several years after the initial discovery, the group of Jeffrey S. Moore re-evaluated this approach and 

refined it by using other gem-substituted dihalides, such as 1,1-dichloropropane, to furnish the 

corresponding alkylidyne 111 and chloride complex 109 (Scheme 30). Subsequently, it was 

hypothesized that a reducing agent, such as magnesium, would lead to one-electron reduction of the 

chloride complex 109, thus regenerating the Cummins complex 1. The regenerated Cummins complex 

1 in turn would then react again with the gem-dichloride, ultimately leading to an enrichment of the 

crude product in alkylidyne 111. This approach is indeed very fruitful and is now known as the “reductive 

recycle approach”, yielding alkylidyne 111 in 54% yield.[92-94] 

 

Scheme 30. Moore’s reductive recycle approach. 

Beyond the prototypical Cummins complex 1, a variety of differently substituted derivatives have been 

developed over the years. These monomeric siblings also rely on sterically demanding anilide ligands to 

prevent dimerization. The first such variation involved the substitution of the 3,5-Me2C6H5 group with 

a Ph group.[70] Further modifications included the introduction of fluorinated Ar substituents (Scheme 

31).[76, 87-88] Formal replacement of the tBu group have also been explored. Examples involved the 

utilization of adamantyl-substituted ligands in place of tBu.[74, 82] Notably, both all 1- and all 2-adamantyl 

substitutions have been prepared. Complex 115 does coordinate N2; the resulting adduct was trapped 

by reduction with Na in THF to form the Mo−N2−Na complex. However, N2 cleavage does not occur, as 

the exceedingly bulky adamantyl groups prevent the formation of the required bimetallic Mo−N2−Mo 

complex on steric grounds. Even bulkier versions have been prepared based on a diamantyl 

substitution.[95] 

 

Scheme 31. Monomeric Mo+III complexes based on Ph and ArF = p-C6H4F substitution. 
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Replacing tBu by iPr, led to the formation of a cyclometalated Mo+V complex [D18]-117 via β C−H 

oxidative addition.[80] This oxidative addition, however, is reversible, allowing the system to remain very 

active in N2 cleavage through intermediacy of the monomeric complex [D18]-118 formed by migratory 

insertion. As the product, the bridged nitride [D36]-99 was formed (vide supra). This complex 

subsequently also served as the starting point for the synthesis of a Mo+VI alkylidyne.[96-97] 

 

Scheme 32. iPr substituted monomeric Mo+III complexes undergoe reversible β-H elimination and also cleave N2. 

Only recently, the Shi group reported the synthesis of a monomeric Mo+III complex in which the tBu 

group was replaced by a TMS group.[98-99] However, under standard conditions, this modification did 

not coordinate N2. Instead, N2 cleavage was achieved through a catalytic disproportionation approach 

using catalytic nBu4NBr. In this case, complex 119 reacted with nBu4NBr, yielding a Mo+IV bromide and 

a monoanionic Mo+II species. This species exhibits a quintet state and was found to favor N2 coordination 

more strongly than its Mo+III precursor which has a S = 3/2 state. Once generated, this complex further 

reacted with the Mo+IV bromide to form a Mo−N2−Mo complex, releasing nBu4NBr. This was followed 

by cleavage of the strong N−N bond, ultimately yielding a Mo+VI nitride species. 

 

Scheme 33. Shi’s disproportionation approach facilitates the N2 cleavage by 119. 

Prompted by the outstanding reactivity profile of the Cummins complex 1, other groups set out to 

stabilize monomeric Mo+III complexes using various blueprints. The first such complex utilized the 

exceedingly bulky trisamidoamine ligand developed by the Schrock group.[100] While numerous ligand 

variations have since been explored, the most prominent remains the classical HIPT 
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(HexaIsoPropylTerphenyl) substituted ligand, which enabled the first catalytic homogenous synthesis 

of ammonia from dinitrogen (Scheme 34).[101-104] 

The synthesis of the complex commenced with the reaction of a Mo+IV chloride complex 120 with 

magnesium in THF under N2 to afford a Mo+II dinitrogen complex 121, coordinated by a Mg(THF)3Cl 

fragment. Subsequent treatment with ZnCl2 furnished the targeted Mo+III N2 complex 122 in 80% yield 

over two steps. This complex was then utilized in the catalytic reduction of N2 to NH3 via PCET (Proton-

coupled electron transfer) following the Chatt cycle, using Cp*2Cr as the reductant and a lutidinium salt 

as the mild acid, achieving a turnover number of 4.[101, 105-107] Notably, the use of extremely bulky ligands 

was a deliberate strategy, as replacing the HIPT substituent with less sterically demanding groups led to 

the isolation of a Mo−N2−Mo complex, in which N2 cleavage did not occur. This was attributed to the 

trans effect of the basal nitrogen atom, which likely inhibited N−N bond scission (Scheme 34).[108] 

 

Scheme 34. Schrock’s Mo+III system enabled the first homogenous catalytic reduction of N2 to NH3. 
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Another (presumably) trigonal planar Mo+III complex was reported by Wolczanski and co-workers.[109-

110] Complex 129 activates small molecules such as white phosphorus but fails to react with N2. The 

synthesis of this complex began with the reaction of MoCl4(Et2O)2 (125) and NaOSitBu3 (126) in Et2O 

to give the Mo+IV chloride complex 127 in 60% yield. Subsequent one-electron reduction of complex 127 

with Na/Hg promoted in the presence of PMe3 furnished the PMe3 adduct 128. Upon heating complex 

128 as a solid to 150°C under high vacuum for several hours, the (presumably) trigonal planar Mo+III 

complex was formed in excellent yield (Scheme 35). However, an accurate structural analysis was not 

possible. Instead, the structure was proposed based on SQUID magnetometry data, which indicated the 

presence of three unpaired electrons. Furthermore reactivity studies revealed the reversible formation 

of a PMe3 adduct, for which an X-ray structure was reported. Notably, the reaction of the related 

precursor MoCl4(THF)2 (38) with NaOSitBu3 (126) gave a dimeric species 

Cl(OSitBu3)2Mo≡Mo(OSitBu3)2Cl.[109] 

 

Scheme 35. The Wolczanski system is capable of cleaving P4. 

In 2019, Copéret and co-workers reported ligand exchange reactions of the Cummins complex 1 with 

hemilabile trisalkoxy silanolate ligands 131 to give an octahedral monomeric species 132 in 35% yield 

(Scheme 36).[111] Unlike previous systems, dimerization was not prevented by steric encumbrance, but 
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by the κ2-binding of the ligands. This system proved to be extremely active for the coordination and 

cleavage of N2, resulting in immediate formation of a purple Mo−N2−Mo intermediate. Upon warming 

to room temperature, complete conversion to the nitrido complex 133 was observed. Beyond the 

cleavage of N2, complex 132 also activates other small molecules such as N2O, P4, and CO2. 

 

Scheme 36. The Copéret system is capable of cleaving the strong triple bond in N2 with remarkable efficiency. 

Another monomeric complex was reported by Schrock and Wampler (Scheme 37).[112] Originally 

discovered in 2008, this system was not reported to exhibit a rich small molecule activation chemistry. 

However, its protonation with strong acids and reduction with KC8 were described in the same 

publication. The limited reactivity could potentially be attributed to the fact that the complex has 17 VE, 

making it nearly electronically saturated. In complex 135, three pyrrolide ligands coordinate to the 

Mo+III center, with one binding in η1 and two of them in η5 fashion. Complex 135 can be synthesized 

from both MoCl3(THF)3 and MoCl4(THF)2, with yields as high as 76%. 

 

Scheme 37. Complex 135 is a 17 VE complex with pyrrolide ligands binding with different hapticities. 
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The final monomeric complex presented in this chapter, was reported in 1998 by Power and co-

workers.[113] This system was synthesized by the reaction of MoCl3(THF)3 (45) with in situ generated 

lithium thiolate 136 to give the η6-arene complex 137 in 51% isolated yield (Scheme 38). 

 

Scheme 38. The Power system. 
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1.3 Aim 

The aim of this section of the doctoral thesis was to explore tripodal silanolates and alkoxides as ligands 

in low-valent molybdenum chemistry. Originally designed to harness the power of highly reactive and 

functional group tolerant Mo+VI alkylidynes for alkyne metathesis,[21, 114-118] these ligands were envisioned 

to facilitate the isolation of rare and highly reactive monomeric Mo+III complexes of type 140 

(Scheme 39). The utilization of the ligand was strategic, as one face was already blocked by the basal 

phenyl ring of the tripodal ligand, and therefore systematic adjustment of the steric parameters of the R 

groups on the silanolate or alkoxide ligand should enable the isolation of a monomeric species. If the 

ligand was not sufficiently sterically demanding, the respective dimeric product was to be expected. 

 

Scheme 39. Tripodal ligands were envisioned to facilitate the isolation of rare monomeric Mo+III complexes. 

Various strategies for the preparation of monomeric Mo+III complexes were evaluated, with two primary 

approaches being selected. The first, a protonolysis reaction, had already been successfully employed in 

the synthesis of the Copéret system, a system that also features silanolate ligands (Scheme 40).[111] 

 

Scheme 40. A protonolysis approach as a strategy for the synthesis of a monomeric Mo+III complex. 

The second strategy involved a nitrogen atom transfer. Such a transfer process would require the 

synthesis of a previously unknown nitrido complex bearing a tripodal ligand. We regarded this strategy 

as potentially promising, as the more strongly donating amide ligands in the Cummins complex would 

lead to enhanced π-backbonding and hence facilitate the transfer from the less donating silanolate-

ligated fragment (Scheme 41).[32, 76, 78] 

 

Scheme 41. Nitrogen atom transfer as a strategy for the synthesis of a monomeric Mo+III complex. 
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Other potential strategies were also considered, which encompassed a salt metathesis reaction using a 

Mo+III halide precursor or the reduction of a Mo+IV chloride complex (Scheme 42).[3, 119] However, the 

salt metathesis reaction posed significant limitations: as already mentioned in the introduction, salt 

metathesis reactions involving molybdenum complexes are highly intricate.[19] On top of this, the 

tripodal nature of the ligand would arguably further complicate this approach. In contrast, the reduction 

strategy hinged on the availability of a Mo+IV chloride complex, which, like its Mo+III counterparts, is 

challenging to synthesize. 

 

Scheme 42. Other synthetic strategies toward monomeric Mo+III complexes. 
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1.4 Results 

The research in this thesis originated from work in the Fürstner group on the synthesis of alkyne 

metathesis catalysts; we reasoned that homodimeric Mo+III complexes could serve as valuable synthetic 

precursors for Mo+VI alkylidynes through their reaction with internal or terminal alkynes. As mentioned 

in the introduction, such a cleavage reaction is not a widely established strategy for Mo+VI alkylidyne 

synthesis, unlike in the case of their W+VI congeners, where it represents the method of choice.[1, 49-50, 56] 

If this cleavage reaction were feasible for molybdenum, it could significantly advance the development 

of even more efficient alkyne metathesis catalysts.  

Synthetic approaches toward such homodimeric complexes initially comprised ligand exchange 

reactions between the respective tripodal silanols 141 or alcohols 143 and Mo2(OtBu)6 (30a). However, 

this strategy turned out to be rather intricate, and no well-defined species were obtained. As a result, the 

monomeric Cummins complex 1 was subsequently considered as a suitable precursor for dimer 

formation. It was hypothesized that after initial ligand exchange, the resulting monomeric fragment 

would be highly reactive and, depending on the substituents R on the silanolate or alkoxide ligand, 

dimerization might subsequently occur. Despite these efforts, initial experimental investigations were 

unsuccessful (Scheme 43). For instance, when employing ligand 141f, at the time the preferred ligand 

for the alkyne metathesis catalysts in our group, only ill-defined oligomeric species were obtained. In 

contrast, shifting our focus to tripodal alcohol 143, which had originally been designed for the tungsten 

alkylidyne series, gave more satisfactory results (Scheme 43).[120] 

 

Scheme 43. Envisioned homodimer synthesis and Mo+VI and W+VI based canopy catalysts for alkyne metathesis. 
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Initial experiments consisted of reacting a 1:1 mixture of ligand 143 and complex 1, yielding a well-

defined species with a notably complex 1H NMR spectrum. Moreover, only half of the ligand had reacted, 

while complex 1 was completely consumed during the reaction. HRMS analysis of the product mixture 

indicated that one of the products had the composition [C72H93Mo2N3O3]+. This led to an extraordinary 

conclusion: rather than forming the intended homodimer, a complex 144 incorporating the intact 

Cummins complex 1 might have formed.[120] 

To validate this finding, the stoichiometry was adjusted to a 1:2 ligand to starting complex ratio, which 

ultimately enabled the isolation of the product in 77% yield (Scheme 44). Utilizing a wide array of 

analytical tools, including X-ray diffraction and NMR spectroscopy, complex 144 was fully 

characterized, confirming its unique structure. Complex 144 represents the first-ever heterodimeric 

Mo+III complex of its kind and in addition it contained the intact Cummins fragment. For the first time 

in the long-standing history of Mo+III chemistry, it was demonstrated that the monomeric Cummins 

complex 1 can indeed engage in metal-metal triple bonding. The resulting Mo−Mo bond (2.2955(7) Å) 

was unusually long yet robust. The Newman projection of 144 shows that the O−Mo−Mo−N torsion 

angle (39.6°) is far away from the idealized staggered conformation (60°).[120] 

 

Scheme 44. The synthesis of a heterodimeric Mo+III complex 144 incorporating the intact Cummins fragment and bearing a 

tripodal alkoxide ligand. 

O1

Mo1Mo2

N1

 

Figure 3. Single crystal structure analysis of the heterodimeric complex 144. Left: side view. Right: projection along the 

threefold crystallographic Mo−Mo axis. Hydrogen atoms, disordered parts, and solvent molecules in the unit cell are not shown 

for clarity. 

Pertinent to these results, J. Nepomuk Korber afterward set out to investigate possible decomposition 

pathways of the state-of-the-art alkyne metathesis catalyst system 138a. While this system exhibited 

extremely high activity, its lifetime was rather short. During metathesis experiments, alkyne 146 was 
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observed, implying a potential decomposition pathway via the bimolecular coupling of two alkylidynes 

138a. To probe this hypothesis, he reacted complex 138a with 2-butyne and successfully isolated the 

dimeric species 142. Although an X-ray structure analysis was not obtained, the highly characteristic 

NMR spectroscopic fingerprints (δMo = 2631.5 ppm), along with the HRMS data and elemental analysis, 

proved the isolated species to be the homodimeric complex 142, which is the same homodimer that was 

initially targeted through ligand exchange experiments. This result led to the intriguing conclusion that 

rather than simple Mo−Mo triple bond cleavage, the microscopic reverse constitutes the preferred 

pathway.[21, 121] 

 

Scheme 45. A homodimeric complex 142 formed via coupling of two alkylidyne complexes. 

Synthesis Of A Heterodimeric Mo+III Complex With Monodentate Ligands  

We decided to unravel the intricacies of this heterodimerization process while simultaneously designing 

a modified tripodal ligand that could enable the isolation of a monomeric Mo+III complex. To probe 

whether the tripodal ligand motif was essential, the reaction of the Cummins complex 1 with 

monodentate alcohols was initially explored. Given that the tripodal ligand 143 essentially consists of 

tBuO− subunits tethered by a tripodal ligand backbone, it was reasoned that using simple tBuOH as the 

reaction partner in a protonolysis reaction with complex 1 could yield the corresponding heterodimer. 

The outcome of this experiment would determine if heterodimerization was a consequence of the unique 

tripodal ligand framework or not. With this hypothesis in mind, a solution of 1 was mixed with tBuOH 

and left to react in toluene at room temperature for 3 d. Upon inspection of the crude NMR data, the 

formation of a single new product alongside a large amount of the aniline by-product was evident. 
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Crystallization from HMDSO afforded the desired heterodimer 147 in 43% isolated yield, with the 

modest yield primarily attributed to the high solubility of complex 147 in common organic solvents 

(Scheme 46). 

With a considerable amount of purified heterodimer 147 in hand, an attempt was made to convert it 

into the known homodimer 30a using tBuOH. Surprisingly, even after a prolonged reaction time at 

room temperature, no conversion to the homodimer took place. Raising the temperature to 60°C did 

not lead to any improvement. This was a striking result, as one of Chisholm’s original protocols for the 

preparation of (tBuO)3Mo≡Mo(OtBu)3 (30a) relied on the protonolysis of (Me2N)3Mo≡Mo(NMe2)3 

(42) with tBuOH (vide supra).[30] The inability to form the known homodimer via protonolysis from 

either 1 or 147 hinted at a deeper mechanistic puzzle. It appeared that once protonolysis of 1 with tBuOH 

occurs, the resulting monomeric fragment (tBuO)n((tBu)(Ar))N)mMo], n+m = 3) is so reactive that it 

immediately traps any remaining Cummins complex 1 to form the heterodimeric species 147. Notably, 

the monomeric and elusive species Mo(OtBu)3 (95) had previously been proposed to from through 

nitrogen atom transfer, as explained in the Introduction.[32] Once generated, the heterodimeric species 

147 exhibits exceptionally high kinetic stability toward further substitution by tBuOH, thereby impeding 

the formation of the thermodynamic product, the homodimer 30a. 

Equally revealing was an experiment in which an excess of tBuOH was reacted with the Cummins 

complex 1, leading to a mixture of products in which complex 147 constituted the major and homodimer 

30a the minor component. This result strongly suggests a kinetic preference for heterodimer formation, 

with the experiments collectively indicating that the protonolysis reaction is rate determining, followed 

by a rapid heterodimerization step. 

 

Scheme 46. Protonolysis of 1 with tBuOH favors heterodimerization over homodimerization. 
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The structure of heterodimer 147 was fully assigned by NMR spectroscopy. Key were ROESY cross peaks 

between the H-2H-4 protons of the OtBu and NtBuAr moieties, confirming that both ligand spheres 

belong to the same C3-symmetrical molecule. At room temperature, the N−Ar signals were broadened, 

indicating an increased rotational barrier. Upon cooling, these signals sharpened, allowing for a more 

accurate characterization of the compound at 233 K. The coalescence temperature for the H-6H-6’ 

exchange was observed around 333 K, allowing an estimate of the N−Ar rotational barrier to be in the 

order of ΔG‡TC ≈ 12.5 kcal/mol (Figure 4). 

 

Figure 4. 1H NMR spectra of complex 147: [D8]-toluene, 233 K-353 K, 600 MHz. Coalescence temperature of the H-6/H-6’ 

exchange and estimation of the rotational barrier about the N−Ar bond. 

Remarkably, the aromatic proton H-6 is highly shielded, resonating at δH = 4.12 ppm. This dramatic 

shift can be attributed to the anisotropic ring current effect, where the Ar moiety of a neighboring anilide 

ligand influences proton H-6. This interpretation aligns very well with observations made in the crystal 

structure of 147, in which H-6 (highlighted in yellow with the crystallographic numbers H2, H14 and 

H26) is positioned directly above the plane of the aryl ring (Figure 5). 

 

Figure 5. Single crystal structure analysis of the heterodimeric complex 147; view along the Mo−Mo axis; the Mo(OtBu)3 

fragment is not shown for clarity, H-atoms (apart from H2, H14, and H26) and solvent molecules in the unit cell are not shown 

for clarity. 
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Interestingly, the Mo−Mo bond length (2.2944(2) Å) is nearly identical to that of its tripodal counterpart 

144 (2.2955(7) Å). This suggests that the elongation of the Mo−Mo bond does likely not originate from 

the peculiar tripodal ligand framework but rather arises from steric repulsion between the alkoxide 

ligands and the highly sterically demanding anilide ligands of the Cummins fragment (Figure 6). 

Notably, the O−Mo−Mo−N torsion angles (32.57°, 33.35°, 34.72°) deviate significantly from the ideal 

60° staggered “ethane-like” conformation. This distortion is even more pronounced compared to the 

O−Mo−Mo−N torsion angle (39.59°) of its tripodal analogue 144. 

The coordination geometry around the oxygen-ligated molybdenum atom falls between trigonal-

pyramidal and tetrahedral, as indicated by the average Mo1−Mo2−O bond angle (100.3°). In contrast, 

the nitrogen ligated Mo atom more closely resembles a tetrahedron than a trigonal pyramid, as seen in 

the average Mo2−Mo1−N bond angle (106.1°). This divergence may result from steric clashes between 

the N−tBu and OtBu groups, as well as efficient packing of the N−Ar groups. 

N1

O3

O2

Mo1
Mo2

N3

N2

O1

  

Figure 6. Single crystal structure analysis of the heterodimeric complex 144. H-atoms and solvent molecules in the unit cell are 

omitted for clarity. 

Design of a Sterically Demanding Silanolate Ligand Leading to the Isolation of a 

Complete Mo+III Family 

Next, we aimed to design a ligand that could enable the isolation of a corresponding monomeric Mo+III 

complex. As stated previously, this ligand needed to be sterically highly demanding to prevent 

dimerization. Our ligand design encompassed two different strategies (Scheme 47). 

The first strategy was to install tBu groups on the silicon atoms. Previous attempts in our group at 

synthesizing ligand 141e had failed, so devising a novel approach would be necessary. A related ligand 

was compound 141d, bearing iPr groups on the silicon atom, which was at that point the bulkiest ligand 

of this type reported by our group. Yet, both of these ligands are alkyl substituted silanols, hence they 

are somewhat less acidic; a potential ligand exchange via protonolysis would be slow and challenging. 

Moreover, the resulting product would likely be highly lipophilic and overly soluble in common organic 

solvents, complicating purification and separation from the aniline by-product. 

A solution to this problem encompassed the utilization of aryl substituted silanols. Such silanols exhibit 

a significantly enhanced acidity and a reduced lipophilicity. While the compounds bearing the Ph-

substituted ligand 141b had previously been shown to form aggregates in solution and were extremely 

challenging to solubilize, we envisioned that the use of 3,5-Me2C6H3 groups would not only prevent 
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aggregation, but also slightly enhance solubility.[114] Additionally, the more encumbered 3,5-Me2C6H3-

groups were expected to inhibit dimerization more effectively than standard Ph rings. 

 

Scheme 47. Envisioned ligand design strategies. 

The standard protocol for the synthesis of the tripodal silanol ligands featured a two-step procedure: the 

initial synthesis of the respective silane or methoxysilane 149 (X = H, OMe), followed by oxidation (for 

silanes) or hydrolysis (for methoxysilanes).[114-116] The silane/methoxysilane synthesis commenced with 

lithium/halogen exchange of 148 with tBuLi in Et2O at −125°C, followed by subsequent reaction of the 

triorganolithium intermediate with a chlorosilane or a dimethoxysilane to afford the corresponding 

products 149 in up to 91% yield (Scheme 48). However, this protocol proved ineffective for the synthesis 

of silane 149e. Under these conditions, the in situ generated organolithium species exhibited no 

reactivity toward (tBu)2SiHCl in Et2O, failing to produce the desired silane 149e. 

 

Scheme 48. Top: Literature protocol for the synthesis of the tripodal silanes 149. Bottom: Failed attempt to synthesize silane 

149e. 
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A brief review of the literature suggested that simply switching the solvent from Et2O to THF could be 

sufficient to achieve the desired reaction.[122] Indeed, this proved to be correct, enabling the isolation of 

silane 149e in 39% yield (Scheme 49). The low yield was due to the formation of substantial amounts of 

unidentified side products. Subsequent oxidation with mCPBA in THF furnished the targeted silanol 

141e in 86% yield. 

 

Scheme 49. Synthesis of the sterically demanding silanol 141e. 

NMR analysis confirmed that silane 149e adopts a C3-symmetric conformation, a finding further 

supported by single crystal X-ray diffraction analysis of a crystal grown via slow evaporation of a 

solution in n-pentane (Figure 7). 
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Figure 7. Single crystal structure of 149e. H-atoms (except the ones of the Si−H groups), minor disordered parts, and solvent 

molecules in the unit cell are not shown for clarity. 

In contrast to silane 149e, the derived silanol 141e exhibited a broad 1H NMR spectrum at 298 K, 

indicative of rapid exchange between two rotamers (Scheme 50 and Figure 8). Upon cooling, these 

signals sharpened to two sets of signals, revealing a dynamic equilibrium between a mixture of C3- and 

a major Cs-symmetric species. However, heating the solution of 141e to 353 K led to averaging of the 

two rotamers on the NMR timescale, consistent with the NMR spectrum of a C3-symmetric species. 

 

Scheme 50. Dynamic equilibrium between the Cs- and C3-symmetric rotamers. 



40 

 

Figure 8. VT NMR experiment of ligand 141e: [D8]-toluene, 233 K−353 K, 600 MHz. 

Single crystal structure analysis of a crystal grown from a saturated HMDSO solution of 141e at −20°C 

confirmed the presence of the Cs-symmetric rotamer in the solid state (Figure 9). Notably, one molecule 

of water was encapsulated by the tripodal silanol 141e through hydrogen bonding, which could be 

removed by storing a solution of silanol 141e over activated molecular sieves. 
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Figure 9. Single crystal structure of 141e. H-atoms (except the ones of the Si−OH groups), disordered parts, and solvent 

molecules in the unit cell are not shown for clarity. 

The synthesis of the other targeted ligand 141a began with the reaction of Si(OMe)4 and an in situ 

generated Grignard reagent to give dimethoxysilane 151 in 50% yield after distillation. Subsequent 

reactions transformed this dimethoxysilane 151 into methoxysilane 149a via the standardized 

lithium/halogen exchange protocol. The resulting methoxysilane 149a was not isolated but was directly 

hydrolyzed with concentrated HCl in THF to afford the desired silanol 141a in 88% yield over two steps. 

This silanol, according to NMR spectroscopy, exhibits a typical C3-symmetric conformation in solution 

at 298 K. 
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Scheme 51. Synthesis of silanol 141a bearing 3,5-Me2C6H3 groups. 

Thus, the stage was set to test our hypothesis and attempt the anticipated protonolysis between each of 

the two new ligands and the Cummins complex 1. While ligand 141e showed no reactivity, even at 

elevated temperatures, the reaction of the more acidic and slightly less sterically encumbered ligand 

141a with the Cummins complex 1 proceeded remarkably fast. Small-scale experiments with a 1:1 

mixture of ligand 141a and complex 1 in THF, a solvent in which ligand 141a displayed superior 

solubility, indicated complete consumption of both starting materials within a few minutes. 

Nevertheless, no well-defined product was observed. Instead, 1H NMR spectroscopy revealed only a 

broad and featureless spectrum, suggesting the formation of a highly dynamic species. Moreover, the 

paramagnetic nature of the envisaged monomeric Mo+III species would inherently complicate its 

characterization via NMR spectroscopy. However, when the reaction was repeated on a significantly 

larger scale, the isolation of a well-defined species became possible. Upon concentration of the reaction 

mixture in vacuo, an orange crystalline product began to precipitate. The supernatant was filtered off 

and stored in the freezer at −20°C to give a second crop of product. 

A single-crystal X-ray diffraction experiment confirmed its identity as a monomeric, octahedral Mo+III 

complex 2·3THF, where the Mo+III center is ligated by a tripodal silanolate and three THF ligands. 

Unfortunately, obtaining other analytical data and a yield for compound 2·3THF was not possible, as 

all attempts to dry the complex in vacuo led to decomposition, indicated by a color change from orange 

to dark red. 

The only arguably comparable species is the Copéret system 132, which also adopts the fac isomeric 

form. Furthermore, the crystal structure of 2·3THF unambiguously proves that the molybdenum atom 

does not interact with the basal phenyl ring of the tripodal ligand, as indicated by the 4.08 Å separation 

between the Mo atom and the basal phenyl plane (Figure 10). 
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Figure 10. Truncated crystal structure of complex 2·3THF. The 3,5-Me2C6H3 groups and H-atoms are not shown for clarity. 

Similarly, washing of 2·3THF with n-pentane resulted in the formation of a deep red solution, from 

which dark red crystals formed over time, leaving behind an almost colorless supernatant. The crystals 

were dried in vacuo at room temperature to give complex 2·THF in 50% yield. A sample obtained in 

this manner was suitable for elemental analysis, which was apparently consistent with the mono-THF 

adduct (Scheme 52). 

 

Scheme 52. Monomeric Mo+III complexes with a tripodal silanolate ligand feature adaptive binding properties. 

Strikingly, the X-ray structure analysis revealed a far more complex composition, rendering the 

structural determination highly challenging. Although the crystals were relatively large and optically 

suitable, their diffraction pattern was of only medium quality. This limitation could be attributed to 
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multiple disorders that became evident during the refinement process. Our structural model suggested 

a multi-component crystal consisting of three distinct chemical species. The predominant species, 

accounting for an occupancy of approximately 90%, was identified as the mono-THF adduct 2·THF 

which binds in a η2 fashion to the basal phenyl ring. The second species identified with certainty was the 

THF-free complex 2, which binds in a η6 fashion to the basal phenyl ring, exhibiting an occupancy of 

≈3%. Due to the low occupancy of 2, it was not possible to localize the atomic positions with high 

accuracy. Notably, 9 different crystal from various batches were investigated by single-crystal X-ray 

diffraction at different temperatures (between 100 and 253 K); in all cases complex 2·THF represented 

the major species. In order to shed light on the individual components, the structure obtained from the 

X-ray diffraction experiment was optimized using DFT. A superposition of the experimental and 

calculated structure of 2 shows a good agreement; together with the distance of the Mo atom to the basal 

phenyl ring (1.726 Å), it is reasonable to assign it as a η6 arene complex (Figure 11). However, a third 

component, which is also present, could not be modeled accurately, although the assignment as a bis-

THF species appears plausible. 

Comparison of the structures 2·3THF, 2·THF, and 2 reveals another remarkable feature: Usually 

known to support tetrahedral to trigonal pyramidal coordination spheres, this tripodal ligand showcases 

sufficient flexibility and adaptability to support varying coordination spheres, oxidation states, and 

binding modes and therefore can adopt for the needs of a given central metal. This is evident from the 

varying positions of the central metal in the three crystal structures: in 2·3THF the Mo atom is located 

1.05 Å above the plane defined by the oxygen atoms the silanol ligand, in 2·THF it is approximately 

located in this plane, and in 2 it is located below this plane. 
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Figure 11. Left: Truncated crystal structure of 2·THF. Right: Superposition of the truncated experimental (blue) and calculated 

(red) structure of 2 in the solid state. The 3,5-Me2C6H3 groups and H-atoms are not shown for clarity. 

The compelling geometric features of complex 2·THF mandate further inspection. The most striking 

and arguably most intriguing property of 2·THF is the ability of the Mo atom to activate the basal phenyl 

ring beneath it and bind to it in an η2 mode. This interaction leads to a partial loss of aromaticity in the 

phenyl ring, which results in distortion and can be interpreted using the Chatt-Dewar-Duncanson 

model.[123] 
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In this formalism, two extreme bonding scenarios can be imagined (Scheme 53). The adduct case 

involves only σ donation from the π-bonding orbital of one olefin ligand to a d-orbital of the metal atom, 

preserving the oxidation state of the metal. Conversely, in the metallacyclopropane extreme case, this σ 

donation is counterbalanced by π-backdonation from a d orbital of the metal center into the π* orbital 

of the olefin ligand, formally resulting in a two electron oxidation of the metal. Differentiating between 

these cases can be achieved through analytical methods such as NMR spectroscopy or X-ray diffraction. 

NMR spectroscopy provides insights via the 1JH,C coupling constant, which exhibits an angular 

dependence. As the hybridization shifts from sp2 to sp3, the coupling constant decreases, indicating a 

larger degree of metallacyclopropane character. However, in our case, this tool was not suitable due to 

the paramagnetism of the complex. 

Instead, X-ray diffraction can unveil the bonding situation in complex 2·THF by examining the C−C 

bond length of the bound ligand. In complex 2·THF, the C1A−C2A (1.466(3) Å) and C4−C5 (1.438(3) Å) 

bonds are notably more elongated than the C3−C4 (1.351(3) Å) and C5−C6A (1.375(4) Å) bonds. This 

asymmetry indicates a partial loss of aromaticity, along with a significant degree of metallacyclopropane 

character, which is also evident from the relatively short Mo1A−C1A (2.276(2) Å) and Mo1A−C2A 

(2.224(2) Å) distances. The results indicate that the “true” oxidation state of complex 2·THF may be 

intermediate between Mo+III and Mo+V. 

 

Scheme 53. The Chatt-Dewar-Duncanson model can be applied to complex 2·THF to describe its bonding characteristics. 

The notion that a monomeric Mo+III complex binds THF is remarkable, given that the original Cummins 

complex 1 is known not to coordinate THF, PEt3, or pyridine.[62] Consequently, it is not considered a 

Lewis acid, despite the metal center being highly electron deficient. Two factors may contribute to this 

property: First, the strongly donating anilide ligands compensate the electron deficiency at the metal 

center. Second, the Cummins complex is sterically shielded, allowing only small rod-like molecules to 

enter its coordination sphere. In contrast, the trisilanolate ligand of complex 2 is less donating, therefore 

rendering the metal more Lewis acidic.[115, 117] Additionally, the complex is arguably less sterically 

demanding than the ligands of the Cummins complex 1. 
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The loss of THF between 2·3THF and 2·THF is reversible: addition of [D8]-THF to 2·THF in [D8]-

toluene can be tracked by means of 2H NMR spectroscopy (Scheme 54). At 233 K two new broad signals 

were found at 47 and 34 ppm. Over time, single crystals precipitated from this sample. The crystals 

appeared homogenous under the microscope and a determination of the unit cell proved it to be the 

corresponding tris-adduct. 

 

Scheme 54. 2H NMR spectroscopy supports reversible [D8]-THF binding to complex 2·THF. 

Complex 2·THF also activates small molecules. The addition of N2O resulted in an immediate color 

change from deep red to a golden solution. Analysis of the reaction mixture using an internal standard 

revealed that nitride 5a had formed in a 48% NMR yield (Scheme 55). The independent synthesis and 

characterization are explained in Scheme 68. Strikingly, no nitrosyl complex was observed. 

This latter observation could have two reasons: First, a potential nitrosyl complex might have opened 

the tripodal ligand framework, resulting in the formation of oligomeric Mo nitrosyl complexes. Similar 

behavior has been observed with pyridine and molybdenum alkylidynes.[21] However, any attempts to 

detect such species via mass spectrometry were met with failure. Second, in contrast to the original 

Cummins complex 1, the coordination of N2O may not be the rate-determining step but instead proceeds 

rapidly. Monometallic cleavage of N2O would then lead to the formation of nitride 5a, accompanied by 

NO release. 

 

Scheme 55. N−N Cleavage of N2O results in the formation of nitrido complex 5a. 

Complex 2·THF not only activates N2O but also reacts with 1,1-dichloropropane to afford the 

corresponding alkylidyne 152 (Scheme 56). In contrast to the cleavage reaction with N2O, the NMR 

spectrum of this reaction mixture exhibits a broad background, indicating the formation of several other 

(oligomeric) species. Despite these challenging conditions, it was possible to fully assign the targeted 

Mo+VI alkylidyne via NMR spectroscopy and determine the yield to be in the range of 10%. Key to the 

assignment was the characteristic 13C NMR shift of δC = 322.8 ppm. Additionally, paramagnetic signals 
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were observed which might correspond to the Mo+IV chloride complex 153. Mass spectrometric analysis 

of the crude reaction mixture further supported the formation of such species. 

 

Scheme 56. Reaction of 2·THF with 1,1-dichloropropane gives the Mo+VI alkylidyne 152. 

Next, we sought to investigate whether the THF free adduct can be formed selectively. We hypothesized 

that repeated removal of the toluene solvent might promote the selective formation of the η6-arene 

complex 2 via co-evaporation of the THF ligand. After three dissolution/vacuum cycles, the residue was 

dissolved again in toluene. After several days, large single crystals separated from this solution. These 

crystals were insoluble in a variety of common organic solvents, preventing the acquisition of NMR data. 

A single-crystal X-ray diffraction experiment revealed that these crystals were not the η6-arene complex 

2, but rather a homodimeric complex 3, formed in a low yield of 4%. Additional analytical tools, 

including elemental analysis and mass spectrometry, supported the assignment as 3 (Scheme 57). 

 

Scheme 57. Formation of a sterically crowded homodimer 3. 

This was an unprecedented yet rewarding result, as it marked the first observation of a pair of 

monomeric and homodimeric Mo+III complexes carrying the same ligand. The crystal structure of 3 

revealed an exceptionally long Mo−Mo bond (2.2873(3) Å), comparable to the bond length of the 

heterodimeric complexes 144 and 147 (vide supra). The ligand sphere in 3 is highly congested, and it 

was also evident that the 3,5-Me2C6H3 groups packed tightly within this environment. This observation 

might also explain the low isolated yield of 3. While a high kinetic barrier exists for dimerization due to 

the crowded ligand environment, once this kinetic barrier is overcome, the dimer could be stabilized not 

only by the strong Mo−Mo triple bond but also by the attractive non-covalent interactions between the 

3,5-Me2C6H3 groups. 
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Figure 12. Truncated crystal structure of 3. The 3,5-Me2C6H3 groups and H-atoms are removed for clarity. 

This result suggested that the use of a weaker donor solvent than THF might lead to the isolation of 

either the monomer 2, homodimer 3, or the novel heterodimer 4. Initial test reactions indicated the 

formation of a diamagnetic and soluble species. Certain spectroscopic fingerprints closely resembled 

those of the previously observed heterodimers 144 and 147. The NMR spectra appeared highly complex 

due to the presence of diastereotopic protons in the ligand framework. Particularly indicative was a 

signal at δH = 3.57 ppm, a distinct shift similar to that observed in the other heterodimers, likely caused 

by the anisotropic ring current effect influencing the aromatic proton H-22. Furthermore, ROESY cross 

peaks between protons H-13H-20 and H-13’H-20 allowed the two sets of ligand spheres to be 

assigned to the same complex. Additionally, the observed 15N NMR shift (δN = −129 ppm) differed 

significantly from that of the free aniline ligand (−289 ppm). Upon adjustment of the stoichiometry, the 

heterodimer was ultimately isolated in 53% yield. 

 

Scheme 58. A heterodimeric complex incorporating the Cummins fragment and a tripodal silanolate ligand. 

The NMR data was complemented by an X-ray structure analysis of an orange single crystal grown by 

slow evaporation from a solution in Et2O (Figure 13). While heterodimerization occurred significantly 

faster than the homodimerization of complex 2·THF, analysis of the X-ray structural data revealed an 

exceptionally long Mo−Mo triple bond (2.3440(3) Å). In fact, this triple bond is by far the longest 

observed between two unbridged Mo+III centers each with CN = 4 (CN = Coordination number) known 
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to date. Nevertheless, complex 4 proved to be remarkably stable, as the corresponding monomers were 

never observed once heterodimerization had occurred. 
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Figure 13. Truncated crystal structure of complex 4. The 3,5-Me2C6H3 groups, H-atoms and disordered parts are not shown for 

clarity. 

A mixture of complex 2·THF and complex 1 in [D8]-toluene also converted smoothly into the 

corresponding heterodimer 4 (Scheme 59). 

 

Scheme 59. Heterodimerization by mixing of the monomeric species 2·THF and 1. 

Notably, synthetic efforts with ligand 141a enabled the first collective synthesis of a monomer, its 

corresponding homodimer, and a heterodimer, a compound class which is completely unprecedented in 

the literature. The ability to isolate both the monomeric and the dimeric forms using the same ligand is 

remarkable, as typically only one species forms due to steric factors, preventing both from coexisting. 

Next, we studied these heterodimeric Mo+III complexes via 95Mo NMR measurements, a tool previously 

established for investigating the electronic character of Mo+VI alkylidynes.[116, 124] A parameter that clearly 

distinguished our heterodimers from previously reported dimeric Mo+III species was their significantly 

elongated Mo−Mo triple bond. This was evident from a comparison of the X-ray structural parameters 

of the heterodimers with literature-known complexes in the CSD that contained an unbridged Mo≡Mo 
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unit, with each molybdenum atom having a coordination number of 4 (Figure 14). Consequently, we 

were interested in determining whether a correlation exists between the experimental bond length and 

the observed 95Mo NMR shift. 

 

Figure 14. Plot of Mo−Mo bond length of complexes in the CSD that comprise an unbridged Mo−Mo unit with CN = 4 for each 

molybdenum atom. 

Obtaining high-quality 95Mo NMR data is inherently challenging because of the nature of the 95Mo 

isotope: a quadrupolar S = 5/2 nucleus with a low gyromagnetic ratio and a natural abundance of ca. 

15.9%. For these heterodimeric complexes in particular, the asymmetry between both molybdenum 

atoms and the large ligand sets will render these measurements even more challenging, especially for 

the extremely large heterodimer 4 (M = 1789 g/mol). 

Despite these obstacles, previous efforts in obtaining 95Mo NMR shifts for a number of smaller 

homodimeric Mo+III complexes have delivered valuable benchmarks.[125-126] For instance, shifts for 

homodimeric amide and alkoxide species were observed around 2400-2700 ppm. In contrast, the 

homodimeric alkyl complexes are significantly more deshielded and resonate at approximately 3600-

3700 ppm, which aligns well with the observation of Cotton that truncated Mo2X6 alkyl complexes 

possess a unique electronic structure in comparison to their amide or alkoxide counterparts (vide 

supra).[59] 

The 95Mo NMR measurements of the heterodimeric complexes 4 and 147 at 333 K were successful. For 

complex 147, two signals were observed. The broader signal at 3127 ppm was tentatively assigned to the 

MoN3 unit due to the broader line width of other known Mo amido complexes (see Figure 22). The 

sharper signal at 3260 ppm was consequently assigned to the MoO3 unit (Figure 15). 
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Figure 15. 95Mo NMR spectrum of 147 in [D8]-toluene at 333 K. In collaboration with Dr. Markus Leutzsch. 

For the much larger heterodimeric species 4, only one broad signal was observed, even after an extensive 

acquisition time of 5 d. This signal was tentatively assigned to the MoO3 unit, while the signal of the 

MoN3 unit was presumably broadened by the influence of the quadrupolar 14N nucleus to such a degree, 

that it could not be observed. The much broader signal for 4, in comparison with the relatively sharper 

signal set of 147, aligns well with the assumption that a larger ligand environment entails extensive line 

broadening (Figure 16). 

 

Figure 16. 95Mo NMR spectrum of 4 in [D8]-toluene at 333 K. In collaboration with Dr. Markus Leutzsch. 

Initially, it was assumed that the highly deshielded 95Mo NMR shifts arise from the elongated Mo−Mo 

triple bonds of both heterodimeric species. Qualitatively, an elongation of the Mo−Mo triple bond would 

lead to less electronic density in the triple bond, and therefore one could conjecture about a deshielded 

95Mo NMR shift. However, this assumption proved to be incorrect. Mo2CH2tBu6 (35) (2.1654(3) Å, 

3695 ppm) has one of the shortest Mo−Mo triple bond lengths known to date, yet exhibits an even more 

deshielded signal than the heterodimers 4 and 147. 
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Figure 17. Comparison of Mo−Mo bond length and 95Mo NMR shifts of known Mo+III dimers and the heterodimeric complexes. 

95Mo NMR shifts (23,[126] 30a,[26], and 35[126]) and Mo−Mo bond lengths (30e,[127] 30f,[128] 35,[129] and 42[29]) were taken from 

the literature. 

Perplexed by these data, we turned our attention to a computational analysis, including the 

determination of the NMR shielding tensor. We sought not only to gain a detailed electronic structure 

analysis of 30a, 35 and 42 as well as of the heterodimers 4 and 147, but we also aimed at validating our 

calculations by comparison to the experimental shifts. With the calculated shielding tensor in hand, we 

could examine if there is a correlation between the (paramagnetic) shielding along the Mo−Mo triple 

bond axis and the Mo−Mo bond length. With the chosen level of theory (TPSSH/def2-TZVPP (SARC-

ZORA-TZVPP for Mo) and CPCM(toluene) using geometries optimized at the B3LYP/def2-TZVP D3BJ 

CPCM(toluene) we first calculated the NMR shielding of all selected compounds and compared the 

calculated isotropic shielding to the experimental 95Mo NMR shift. We obtained a good correlation 

(R2 = 0.9093) between the calculated and the experimental data (Figure 18). 

 

Figure 18. Correlation between the experimental NMR chemical shift and the calculated isotropic shielding. 
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Despite these efforts, a conclusive correlation between the (paramagnetic) shielding along the Mo−Mo 

bond axis and the bond length was not found. Therefore, we examined the electronic structure of these 

complexes more closely and were able to elucidate why no relationship exists between the paramagnetic 

shielding tensor and the bond length. 

In the most simplified picture, one might assume that the triple bond, formed by the dz2, dxz, and dyz 

orbitals, corresponds to the HOMO-2, HOMO-1, and HOMO. However, as explained in the introduction, 

this view is oversimplified. Therefore, it is essential to consider the most influential factor for the 

electronic structure of these complexes, the ligand type. 

Indeed, it was found that only Mo2(OtBu)6 (30a), a complex carrying alkoxide ligands, reflects the 

simplistic view, in which the dz2, dxz, and dyz orbitals constitute the HOMO-2, HOMO-1, and HOMO, 

respectively. In contrast, for Mo2(NMe2)6 (42), which carries more π-donating amide ligands, the 

nitrogen based lone pair p orbitals constitute the HOMO and HOMO-1. While these orbitals do not 

contribute to the Mo−Mo triple bond interaction, they significantly influence the paramagnetic 95Mo 

NMR shielding tensor. The Mo−Mo triple bond interaction in this complex is instead described by the 

HOMO-2, HOMO-3, and HOMO-4. 

Mo2(CH2tBu)6 (35), a complex bearing purely σ-donating alkyl ligands, represents a special case. Here, 

the triple bond interaction corresponds to the HOMO, HOMO-1, and HOMO-2. However, the HOMO 

describes the σ-type interaction between the dz2 orbitals of the two Mo+III fragments, while the 

interaction between the dxz and the dyz orbital occur at slightly lower energy. This observation is 

particularly interesting when compared to its truncated version Mo2(CH3)6, as described in the 

introduction, where the σ orbital formed by the dz2 orbital interaction is found below the π-bonds derived 

from the dxz and dyz orbital (vide supra).[59] 

For the heterodimer 4, a normal ordering of orbitals was observed, in which the π-bonding orbitals 

constitute the HOMO and HOMO-1, while the σ bond is described by the HOMO-2. The latter exhibits 

extensive mixing of the dz2 orbital with amide ligand-based p orbitals. Notably, in heterodimer 4, the 

triple bonds are strongly polarized toward the MoN3 fragment. 

This comparative analysis reveals why a correlation between paramagnetic shielding tensor and bond 

length is missing. While the HOMO of Mo2(OtBu)6 (30a) has π character (ΔEHOMO−LUMO = 3.3 eV), the 

HOMO of Mo2(NMe2)6 (42) is ligand based (ΔEHOMO−LUMO = 3.9 eV), and the HOMO of Mo2(CH2tBu)6 

(35) has σ character (ΔEHOMO−LUMO = 3.8 eV). Although the HOMO of 4 has π character, this heterodimer 

presents yet another distinct case, as its frontier orbitals are strongly polarized toward the MoN3 

fragment (ΔEHOMO−LUMO = 2.7 eV). Despite the fact that the average energy of the frontier orbitals of the 

heterodimer is higher (−4.8eV) compared to the homodimers (−5.0 eV (30a), −5.1 eV (42) and −5.5 eV 

(35)), the absence of correlation between these energies and the paramagnetic 95Mo NMR shielding 

tensor suggests a more complex relationship. 



53 

 

Figure 19. Quantitative MO scheme of the frontier orbitals of complexes 30a, 42, 35, and 4. In collaboration with Prof. 

Alexander Auer. 

Synthesis and Electronic Structure of a Bridged Molybdenum Nitride 

With the successful isolation of the monomeric, homodimeric, and heterodimeric form via the 

protonolysis approach, we turned our attention to our second strategy: the nitrogen atom transfer 

approach (Scheme 60). The anticipated complete transfer process features an overall three-electron 

redox event. As outlined in the introduction, such complete transfer is, however, known to be partially 

driven by the formation of either a homodimeric Mo+III dimer with a thermodynamically robust triple 

bond, or, if performed under N2, the formation of a thermodynamically stable nitrido complex via N2 

cleavage with the elusive monomeric fragment.[32] 

 

Scheme 60. Nitrogen atom transfer as a strategy for the synthesis of a monomeric Mo+III complex. 
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Several bridging nitrides resulting from incomplete nitrogen atom transfer have been isolated in the 

past, and efforts have been made to assign the oxidation states of the molybdenum atoms. In symmetric 

Mo−N−Mo complexes, the nitrogen atom is evenly distributed between the two molybdenum fragments, 

leading to a formal oxidation state of +4.5 for each molybdenum atom. However, in unsymmetric 

complexes, the situation is different. 

For example, AdS3Mo−N−Mo(N(tBu)(Ph))3 (98), obtained from the reaction of nitride 154 with 

monomer 112, was tentatively assigned as an [S3]Mo+IV−N−Mo+V[N3] complex (Scheme 61). This 

assignment was based on differences in bond lengths observed in the X-ray structure analysis 

(1.882(7) Å (S3Mo+IV−N) vs. 1.771(7) Å (N3Mo+V−N)) and was later supported by a DFT investigation of 

a largely simplified (HS)3Mo−N−Mo(NH2)3 model complex.[77-78] 

 

Scheme 61. Cummins’ unsymmetrical Mo−N−Mo complex featuring thiolate and amide ligands. 

Attempting the nitrogen atom transfer with nitrido complexes 5 and the Cummins complex 1 appears 

highly plausible. From a qualitative perspective, silanolates are weaker donors than amides, and 

therefore the N3Mo−N fragment should exhibit a stronger nitride bond than the (SiO)3Mo−N fragment 

due to enhanced π-backbonding in the former. An additional driving force could be the trapping of the 

elusive trigonal-planar Mo+III fragment by the basal phenyl ring of the tripodal silanolate to form the 

previously identified η6-arene complex 2 (for R = 3,5-Me2C6H3). Another possibility would be the 

formation of the homodimer 3 (Scheme 62). 

 

Scheme 62. Envisioned nitrogen atom transfer with the Cummins complex 1 as the acceptor. 
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Our initial efforts were directed toward devising viable strategies to obtain the nitrido complexes 5, the 

key components for attempting nitrogen atom transfer with the Cummins complex 1. A question that 

arose was whether these nitride complexes would adopt a common terminal nitride structure or whether 

they exist as dimeric species. 

It is worth noting that Lee and co-workers had recently disclosed the synthesis of a dimeric tungsten 

nitride 157 carrying the tripodal silanolate ligand decorated with Et substituents on the silicon atom. 

This nitride was obtained via nitrile metathesis, reacting an alkylidyne with benzonitrile (Scheme 

63).[130] The synthesis of molybdenum nitrides, however, usually fails by this approach, because the 

reverse reaction, the metathesis of alkynes with nitrides to form alkylidynes, is typically favored.[131-133] 

The Mo-based canopy catalyst generation is known to coordinate acetonitrile, forming adduct 159. In 

contrast to its tungsten congeners, complex 159 is stable at 60°C, and the conversion to the 

corresponding nitride has never been observed.[114] 

 

Scheme 63. Top: Lee’s nitrile metathesis. Bottom: Fürstner’s first crystal structure of the canopy catalyst was enabled by MeCN 

coordination. 

Therefore, we decided to evaluate other strategies. Of particular interest were established routes to 

nitride complexes incorporating Ph3SiO− as ancillary ligands, given that the parent Ph-substituted 

tripodal silanolate ligand 141b essentially is composed of three Ph3SiOH units tethered by a 1,3,5-phenyl 

linker. 

Pioneering work by Fürstner and co-workers employed Mo(NTMS2)(OTMS)2 (160) as the starting 

complex. Originally, this complex was explored as a candidate in the catalytic ring-closing metathesis of 

alkynes. However, it proved to be entirely inactive. Upon screening a library of different additives, 

Ph3SiOH (161) proved competent, to impact catalytic activity. Attempts to isolate or identify complex 

163 from a stoichiometric ligand exchange between Mo(NTMS2)(OTMS)2 (160) and Ph3SiOH (161) 
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failed. Only after the addition of exogenous pyridine to the mixture was it possible to isolate the pyridine 

adduct 162 in 81% yield.[133] This discovery not only established silanolates as ancillary ligands in 

catalytic alkyne metathesis, but also laid the foundation for the development of air-stable alkyne 

metathesis catalyst systems.[134-136] 

An alternative approach was presented by Johnson and co-workers, who successfully achieved the 

synthesis of N≡Mo(OSiPh3)3 (163) starting from 91. However, the reaction required high temperatures 

(90°C) and yielded only moderate amounts of the resulting product.[137] Notably, no crystal structure 

analysis was obtained for complex 163. 

 

Scheme 64. Selected literature known examples for the synthesis of Mo+VI nitride complexes with silanolates as ancillary 

ligands. 

Given the limitations posed by the existing approaches, we sought to develop an alternative strategy 

inspired by improved protocols for synthesizing molybdenum alkylidynes with tripodal silanolates. In 

this refined procedure, ArC≡Mo(OtBu)3 (164) served as the precursor, undergoing protonolysis with a 

variety of differently substituted tripodal silanols to furnish the corresponding alkylidynes 138 in good 

to excellent yields.[114, 116] As nitrido complexes are isolobal[138] to alkylidyne complexes, we hypothesized 

that employing N≡Mo(OtBu)3 (94) as the precursor in a protonolysis reaction might yield the desired 

nitrido species. 
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Scheme 65. Top: Synthesis of the canopy catalysts. Bottom: Alkylidynes are isolobal to nitrides. 

Therefore, we set out to prepare nitride 94 according to Chisholm’s literature protocol.[75] Stirring of 

MoCl5 (26) in MeCN led to the precipitation of MoCl4(MeCN)2 (165) in pure form in 90% isolated yield. 

In the subsequent multi-step process, 165 was reacted with NaN3 in MeCN to form an intermediate 

species 166. Solvent exchange to toluene, followed by reaction with NaOtBu at low temperatures, gave 

the desired nitride 94 in 58% isolated yield after recrystallization from toluene. 

 

Scheme 66. The literature known synthesis of 94 by Chisholm’s protocol. 

The anticipated ligand exchange using N≡Mo(OtBu)3 (94) as the precursor proved to be a general 

method. In our first foray, we prepared the known complex 163 in excellent yield by this method at room 

temperature. Notably, repeated removal of the toluene solvent was essential to drive the ligand exchange 

to completion, likely due to the co-evaporation of tBuOH (Scheme 67). 

 

Scheme 67. An improved approach for the synthesis of 163. 
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Nitride 163 was unequivocally identified by comparison of its NMR spectroscopic fingerprints with the 

literature data.[137] Although the authors in the original article stated that all attempts at growing single 

crystals suitable for X-ray diffraction had failed, we decided to attempt crystallization again. After 

examining various conditions, it was found that large single crystals suitable for X-ray diffraction could 

be grown by slow diffusion of n-pentane into a benzene solution of 163 (Figure 20). 
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Figure 20. Single crystal structure of 163. H-atoms and disorders are not shown for clarity. 

Next, we synthesized the tripodal nitrides 5 in good to excellent yields (Scheme 68). While complexes 

5a, 5c, and 5d exhibited sharp NMR signals at 298 K, complex 5b had to be heated to 333 K which led 

to sharpening of the signals. The broad signals at 298 K could originate from the presence of aggregates 

at 298 K, which break up at higher temperatures; this hypothesis is further supported by the low 

solubility of 5b at room temperature.[114] 

 

Scheme 68. Synthesis of tripodal nitrides 5 via protonolysis. 

The synthesis of 5e starting from N≡Mo(OtBu)3 (94) was also attempted. Small-scale NMR experiments 

in [D8]-toluene at 60°C indicated the formation of a product resulting from incomplete protonolysis. 

Upon heating of this mixture to 100°C, the desired C3-symmetrical species was identified and fully 

assigned. However, this transformation was not clean, as a substantial amount of non-identified side 

products was also formed. To address this challenge, a modified protocol was required for the synthesis 

of the sterically hindered complex 5e. After extensive screening of other nitride precursors, the smaller 

precursor N≡Mo(OEt)3 (167) was found to enable the complete and clean protonolysis with the bulky 

ligand 141e. The optimized protocol necessitated high temperatures (140°C) and a switch to the higher-
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boiling solvent o-xylene. Using this refined approach, complex 5e was obtained in 75% yield after 

recrystallization from toluene/HMDSO (Scheme 69). 

 

Scheme 69. The synthesis of the sterically demanding nitride 5e was achieved by a modified strategy. 

Colorless single crystals of 5d suitable for X-ray diffraction were obtained by slowly cooling a saturated 

solution of compound 5d in Et2O from 20°C to 5°C. The crystal structure analysis confirmed the 

presence of a C3-symmetric terminal nitride (Figure 21). 

Notwithstanding the extreme lipophilicity of complex 5e, single crystals were successfully grown by 

slowly cooling a solution of 5e in Et2O from 20°C to −20°C. X-ray structure analysis revealed that 

compound 5e is also C3-symmetric and contains a terminal nitride ligand (Figure 21). 
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Figure 21. Left: Crystal structure of 5d. Right: Crystal structure of 5e. H-atoms and solvent molecules are not shown for clarity. 

While a single crystal structure analysis has so far not been obtained for complex 5c, 95Mo NMR 

spectroscopy together with 14N NMR spectroscopy, unequivocally confirmed its monomeric nature. The 

observed 95Mo NMR shifts of complexes 5a-e are very similar (δMo = 116 ppm to 121 ppm). As complexes 

5d and 5e are monomeric according to X-ray diffraction analysis, the existence of dimeric nitrides for 

the other nitrides 5, reminiscent of Lee’s dimeric tungsten nitride 157, seems highly unlikely. 

In contrast, N≡Mo(OSiPh3)3 (163) resonates at much lower field (δMo = 159 ppm). As expected, a 

markedly different ligand type exerts the most drastic influence on the 95Mo NMR shift. While 

N≡Mo(OtBu)3 (94) resonates at δMo = 55 ppm, the corresponding amides exhibit highly deshielded 

signals (δMo = 393 ppm for N≡Mo(NMe2)3 (168) and δMo = 389 ppm for N≡Mo(N(tBu)(Ar))3 (91)). 

Notably, complex 91 had to be measured at 333 K, as the nitrogen ligated molybdenum atom gave rise 

to significant line broadening at lower temperatures. 
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Figure 22. Stacked 95Mo NMR spectra in [D8]-toluene at 298 K (except 91) of selected Mo nitrides. In collaboration with Dr. 

Markus Leutzsch. 

Inspection of the crystal structures revealed why the shift of the tripodal nitrides is confined to a 

remarkably narrow range and why the signal of N≡Mo(OSiPh3)3 (163) is significantly deshielded. In 

complex 163, two silanolates are pointing upward while one is oriented downward. In contrast, the 

tripodal ligand enforces a rigid all-downward conformation (Figure 23). This constraint is accompanied 

by a notable linearization of the Mo−O−Si linkage (for 5e 165.60(8)°, 165.60(9)°, and 168.14(9)°). In 

comparison, the bond angles in 163 are more bent (148.06(9)°, 153.62(10)°, and 154.64(9)°). 
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Figure 23. Left: The N≡MoX3 cone of 163. Right: The N≡MoX3 cone of 5d. 

This linearization effect was recently observed by Fürstner for tripodal alkylidynes and studied in a 

collaborative work with Neese.[116] The bonding interaction of the essentially sp2-hybridized oxygen atom 

with the metal center involves both - and π-bonding interactions (Scheme 70). For small Mo−O−Si 

angles, the key orbital interactions include the Mo−O -bonding interaction, the Mo−O π-bonding 
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interaction, and the O−Si -bonding interaction, complemented by an sp2 based non-bonding lone-pair 

orbital. As the Mo−O−Si angle increases, this linkage becomes more linear, leading to an additional 

Mo−O π-bonding interaction between the formerly sp2-based lone-pair orbital and a metal-based d 

orbital. However, this linearization results in reduced orbital overlap for the more dominant -bonding 

interaction. It is worth speculating that the distinct 95Mo NMR shifts of the tripodal nitrides 5 at least in 

part originate from the linearization of the Mo−O−Si unit in the tripodal ligand architecture. 

 

Scheme 70. Top: Key orbital interactions for the bent Mo−O−Si linkage in Mo alkylidynes. Bottom: Key orbital interactions for 

the linear Mo−O−Si linkage in Mo alkylidynes (X = CR). Reproduced from the original publication.[117] Likely also valid for 

X = N. 

To gain a more comprehensive understanding of the nitride complexes, we turned our attention to 14N 

NMR spectroscopy. Although the 14N nucleus is quadrupolar and therefore might be affected by line 

broadening, it has a high natural abundance; hence no expensive labelling, as for 15N NMR spectroscopy, 

is required. This technique has previously been used to study a wide array of nitrogen-ligated transition 

metal complexes.[139-144] At the outset, successful measurements appeared plausible, as the line 

broadening caused by the quadrupolar nucleus would likely be partially compensated by the highly 

symmetric nature of all the complexes. 

While 95Mo NMR spectroscopy is a valuable and sensitive tool for probing the electronic characteristics 

of Mo+VI nitrides, the 14N NMR shielding of the nitride ligand is rather insensitive to the nature of the 

co-ligands on the molybdenum central atom. All complexes exhibit signals within a similar range (Figure 

24). 
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Figure 24. Stacked 14N NMR spectra in [D8]-toluene at 333 K of selected Mo nitrides. In collaboration with Dr. Markus Leutzsch. 

With the fully characterized nitrides at hand, we turned our attention to the projected nitrogen atom 

transfer, using the Cummins complex 1 as the potential acceptor. While experiments with a 1:1 mixture 

of either of the bulky nitrides 5c and 5d and the Cummins complex led to a reaction, the resulting green 

solid product was insoluble in common organic solvents. A complete shutdown of reactivity was 

observed when complex 5e was utilized as the donor, likely due to its sterically demanding nature. 

However, the reactions of both nitrides 5a and 5b, which carry bulky aromatic substituents on the Si 

linkers, with the Cummins complex 1 proceeded smoothly and were accompanied by an instantaneous 

color change to black. It was possible to isolate the corresponding bridged Mo−N−Mo complexes in 86% 

(5a) and 79% (5b) yield, respectively (Scheme 71). All attempts to convert these species to the 

monomeric or dimeric complexes, either under thermal conditions or by adding a Lewis base, failed. 

 

Scheme 71. Incomplete nitrogen atom transfer leading to the formation of 6. 



63 

Both complexes were analyzed using X-ray structure determination. Since both structures are very 

similar, only the structure of 6b is shown and discussed (Figure 25), while the other structure is reported 

in the Supporting Crystallographic Information. As expected, the Mo−N−Mo unit exhibits a linear 

geometry (178.56(18)°); yet a distinct asymmetry is evident ((1.838(3) Å) Mo1−N1 and (1.808(3) Å) 

Mo2−N1). The apparent weakening of the Mo1−N1 bond supports the hypothesis that the tripodal 

silanolate is a weaker donor than the anilide ligand, thereby enhancing π backdonation in the Mo2−N1 

fragment. This asymmetry, in fact, reminiscent of what had been observed in complex 98, where the 

thiolate ligands exhibit reduced donor capacity compared to the anilide ligands. The coordination 

geometry about each molybdenum atom is closer to trigonal-pyramidal than tetrahedral and the 

O3Mo−N−MoN3 moiety exhibits a staggered conformation. 

N3

Si2

Si1

O2

O1

Mo2N1

Mo1

N4

N2

O3

Si3

 

Figure 25. Truncated crystal structure of complex 6b. The Ph groups, H-atoms and solvent molecules are not shown for clarity. 

As mentioned previously, a number of Mo−N−Mo complex has already been reported in the literature. 

Especially in the case of unsymmetric ligand patterns, questions about the actual bonding situation and 

consequently the oxidation state of each molybdenum atom arise. For instance, in 

AdS3Mo−N−Mo(N(tBu)(Ph))3 (98), the oxidation state of each molybdenum atom was tentatively 

assigned to be [S3]Mo+IV−N−Mo+V[N3], based on the different Mo−N bond lengths (vide supra).[78] 

This suggestion was subsequently supported by Bénard, who performed calculations on a heavily 

truncated version.[77] We decided to revisit this proposal by a combined experimental and theoretical 

approach in collaboration with the group of Prof. Frank Neese (Scheme 72). 

 

Scheme 72. Revisiting the electronic character of unsymmetric Mo−N−Mo complexes. 
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Despite their paramagnetism, the structure of both complexes 6a and 6b could be assigned using 1D 

and 2D NMR spectroscopy. A solution magnetic susceptibility measurement via the Evans method 

revealed the presence of one unpaired electron in complex 6b (Table 1, Table 2, and Figure 26). The 

obtained value (eff = 2.16(6) B at 298 K) was corrected for the purity of complex 6b, which was 

determined to be 90.3%1.0% using 1,2,4,5-tetramethylbenzene as an internal standard. The measured 

susceptibility is consistent with the spin-only value of one unpaired electron (1.73 B). It should be 

emphasized that the value obtained via the Evans method is not corrected for temperature-independent 

paramagnetism (TIP). 

Table 1. Parameters used in the determination of the effective magnetic moment eff via Evans method. 

Fspectrometer (Hz) 600200000 

c (mol/L) 0.00664 ± 5.00% 

M (g/mol) 1633.03 

D (cm3/mol) −8.17*10−4 ± 10.00% 

c (g/L) 10.85 

 

Table 2. Parameters obtained via the Evans method. 

T 

(K) 

ΔF1 

(Hz) 

ΔF2 

(Hz) 
ΔF (Hz) m (l/g) m (cm3/mol) P (cm3/mol) eff (B) 

298 18.84 19.40 19.12 ± 0.40 7.01*1010 1.14*103 ± 6.20*105 1.96*103 ± 1.02*104 2.16 ± 0.06 

 

 

Figure 26. 1H NMR spectrum of 6b for the determination of eff using the Evans method: [D6]-benzene, 298 K, 600 MHz. In 

collaboration with Dr. Markus Leutzsch. 
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SQUID magnetometry data further corroborated that the same spin state persists in the solid state. 

Starting at 1.53(6) B (2.00 K) the curve of the PT value plotted against the temperature sharply 

increases, reaching 1.56(6) B (6.16 K). Beyond this point, measurements from 6.16 K to 300 K revealed 

that compound 6b exhibits pronounced TIP, as evidenced by the steady, linear rise in the PT value with 

increasing temperatures. The value of 2.01(7) B recorded at 300 K aligns well with the 2.16(6) B 

obtained via the Evans method at 298 K. Upon correction for TIP, the refined value at 300 K is 

1.55(6) B, corresponding to gavg = 1.89. This deviation from the value of a free electron (g = 2.002319) 

can be attributed to the presence of spin-orbit coupling. 

 

Figure 27. Direct current paramagnetic susceptibility data for 6b from 2.00 to 300 K (black dots) and fit to the data with the 

spin Hamiltonian model (red trace). The outliers at 13.96 and 64.65 K were excluded from the model. Fit parameters: 9.7% S = 0 

(diamagnetic) impurity (fixed based on the 90.3% reported NMR purity), TIP = 0.0006866 cm3 mol–1, gavg = 1.89, 

residual = 0.00198. In collaboration with Dr. Daniel SantaLucia. 

To elucidate the electronic structure of complex 6b, we resorted to DFT calculations (B3LYP functional, 

def2-TZVP basis set, effective core potentials at the molybdenum atoms). Initially, it was determined 

whether complex 6b should be classified as a Mo+IV/Mo+V system with three unpaired electrons, where 

a high-spin (S = 1) 4d2 Mo+IV center is antiferromagnetically coupled to an S = 1/2 4d1 Mo+V, or whether 

it is more aptly described as containing only one unpaired electron (either Mo+III / Mo+VI or Mo+IV/Mo+V 

with S = 0 for Mo+IV. Computational results favored an S = ½ state over a local Mo+IV high-spin 

configuration. 

An in-depth bonding analysis necessitates the consideration of 11 valence electrons. Five LMOs 

(localized molecular orbitals) and one SOMO (singly occupied molecular orbital) were identified as 

quintessential for describing the electronic structure of 6b (Figure 28). The σ orbital is delocalized 

across the entire Mo−N−Mo fragment, representing a three-centered, two-electron bond, while the N 

2s orbital describes a nitrogen-centered lone pair. Two additional LMOs were unequivocally established 

to be Mo[N]−(N) π-bonding orbitals. The final doubly occupied orbital corresponds to a Mo[O]−(N) π-

bonding interaction, which also exhibits a Mo[N]−(N) π-antibonding character. 

The SOMO orbital contains the unpaired electron, which is asymmetrically distributed across the 

Mo−N−Mo unit. A Löwdin spin population analysis (0.91 Mo[O], 0.02 Mo[N] and 0.08 N) revealed that 
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this unpaired electron is predominantly localized on the Mo[O] atom, suggesting that this fragment is 

best seen as either low-spin Mo+III or as Mo+V. Given that the formal bond orders of Mo[N]−N and 

Mo[O]−N amount to 2.5 and 0.5, respectively, a description as a [O3]Mo+III−N−Mo+VI[N3] complex is 

considered more likely. 

 

Figure 28. SOMO of 6b and the five LMOs of the Mo[N](N)Mo[O] core of this complex showing the σ and π bonds with the 

bridging ligand and a Mo−Mo π* bond. Atom color code: light blue for molybdenum, blue for nitrogen, and red for oxygen. In 

collaboration with Dr. Maurice van Gastel. 

To substantiate the proposed oxidation state, complex 6b was analyzed by EPR spectroscopy (Figure 

29). The recorded EPR spectrum appeared relatively broad and featureless yet revealed a distinct 

pattern. This EPR spectrum exhibited one positive g-shift (gz = 2.24) and two negative g-shifts (gx = 1.77 

and gy = 1.83). 

In general, negative g-shifts are expected when an electron is promoted from the SOMO to a higher-

lying orbital, whereas positive g-shifts are observed when an electron is promoted from a doubly 

occupied orbital into the SOMO. To illustrate these scenarios, one might consider cases where only a 

single type of promotion is allowed. 

One such example is Cu+II, where the only viable promotion of the electron is from a lower-lying orbital 

into the SOMO, consequently leading to positive g-shifts. Conversely, in Mo+V complexes, the electron 

can only be promoted from the SOMO into a higher-lying empty orbital, solely resulting in negative g-

shifts. As complex 6b exhibits one positive and two negative g-shifts, it must be interpreted as a 

Mo+III/Mo+VI species. 
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Figure 29. Continuous wave (cw) EPR spectrum of a 4.2 mM frozen solution of 6b in toluene. Experimental conditions: 

T = 10 K,  = 9.629 GHz, Pmw = 2 mW, modulation amplitude 0.5 mT. Also included is an Easyspin simulation (dotted line) with 

parameters g = 1.77, 1.83, 2.24. Given the sensitivity of the complex, a spin quantification resulted in a spin concentration of 

3.3 mM. Also included is a schematic overview of the [O3]Mo 4d orbitals relevant for rationalizing the observed g shifts. In 

collaboration with Dr. Maurice van Gastel. 
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1.5 Summary (Part 1) 

Dimer formation is the signature reactivity of Mo+III complexes, shaping their unique chemical identity. 

This tendency arises from the formation of a thermodynamically strong σ2π4 triple bond, which involves 

bonding interactions between the dz2, dxz, and dyz orbitals of two monomeric triradical fragments. While 

numerous homodimeric Mo+III complexes are well-known, their corresponding monomeric 

complements coordinated by the same ligand have remained elusive.[1-2] A breakthrough occurred in 

1995, when Cummins and co-workers unveiled the synthesis of a kinetically stable monomeric Mo+III 

complex 1 featuring three bulky anilide ligands.[3] This discovery was of utmost importance, as it 

challenged the long-standing paradigm that Mo+III fragments must engage in metal-metal triple 

bonding. By obviating homodimerization, the energy typically released during the formation of the 

strong triple bond was essentially “stored”, enabling the resulting highly reactive monomeric complex 1 

to engage in a wide array of three-electron redox processes. Against this backdrop, it is hardly surprising 

that, to date, neither self-dimerization of 1 nor heterodimerization with other monomeric Mo+III 

fragments has been reported (Scheme 73). 

 

Scheme 73. Top: Relationship between monomeric, homodimeric, and heterodimeric Mo+III complexes. Bottom left: Structure 

of the Cummins complex 1. Bottom right: Simplified representation of the d-orbital splitting of a trigonal-planar Mo+III 

fragment. 

Aiming to isolate a monomeric Mo+III complex, we designed a bulky tripodal silanolate ligand. The novel 

ligand showcased remarkable adaptive binding properties, enabling the formation of three distinct 

monomeric complexes. The first is 2·3THF, in which the Mo+III center remains entirely disengaged from 

the underlying arene system. The other two species, 2·THF and 2, feature an interaction of the Mo+III 

center with the basal arene moiety of the tripodal silanolate ligand in either an η2 or a η6 fashion, 

depending on the number of coordinating solvent molecules (Scheme 74). Notably, 2·THF activates 

small molecules such as N2O or 1,1-dichloropropane. 



69 

 

Scheme 74. Monomeric Mo+III complexes with a tripodal silanolate ligand feature adaptive binding properties. 

Next, we challenged the longstanding doctrine in Mo+III chemistry that either the monomer or the dimer 

is formed. For the first time, monomeric (2, 2·THF, and 2·3THF), homodimeric (3), and heterodimeric 

(4) complexes, all incorporating the same ligand, were synthesized (Scheme 75). The formation of 

heterodimer 4 is without precedent, as such X3Mo≡MoY3 species were previously unknown in the 

literature. Notably, complex 4 features by far the longest triple bond between two unbridged Mo+III 

centers, each with CN = 4 (CN = coordination number). Although the triple bond is unusually long, it is 

remarkably robust: once formed, its monomeric building blocks were never observed. Complex 4 

incorporates the exceedingly bulky Cummins complex 1 as one of its subunits, an astounding 

observation, given that metal-metal bonding had never previously been observed for complex 1. 

 

Scheme 75. A complete ensemble of homodimeric, monomeric, and heterodimeric Mo+III complexes. 

This intricate and unprecedented heterodimerization process was not caused by the peculiar tripodal 

ligand, as the use of simple tBuOH as the protonolysis reagent also resulted in the formation of a 

heterodimeric complex 147. A series of experiments indicated that the heterodimerization was a 

kinetically driven process. Since all heterodimeric complexes exhibited unusually long yet robust triple 

bonds, these species were also studied by 95Mo NMR spectroscopy, complemented by computational 
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studies of their electronic structures. Notably, no correlation was found between the paramagnetic 

shielding tensor and the Mo−Mo bond length. Since the paramagnetic shielding tensor is innately linked 

to the frontier orbitals via the Ramsey equation, the surrounding ligands were found to play a pivotal 

role. Depending on their nature, some ligand-based orbitals displayed energies comparable to the σ and 

π-bonding orbitals. While these ligand-based orbitals do not contribute directly to the Mo−Mo bond, 

they influence the paramagnetic shielding tensor. 

 

Scheme 76. Protonolysis of 1 with tBuOH favors heterodimerization over homodimerization. 

Nitrogen atom transfer was subsequently explored as another conceivable entry into low-valent 

molybdenum(III) chemistry. In a first step the novel nitrides 5 were synthesized and characterized by 

means of X-ray crystallography, 95Mo and 14N NMR spectroscopy. Upon reaction of selected nitrides 

with the Cummins complex 1 as the acceptor, paramagnetic and highly sensitive bridged nitrides 6 were 

formed. 

A detailed picture of the electronic structure was sought by a combination of experimental and 

computational tools, including SQUID magnetometry, EPR spectroscopy, and a Löwdin spin population 

analysis. In contrast to prior understanding in the literature, it was found that the unsymmetric 

Mo−N−Mo complex 6b is actually a [O3]Mo+III−N−Mo+VI[N3] species, which is in stark contrast to the 

literature known species 98 described as a [S3]Mo+IV−N−Mo+V[N3] complex (Scheme 77). 
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Scheme 77. Incomplete nitrogen atom transfer leading to the formation of 6. 
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2 Synthetic Strategies for Diamagnetic Iron Carbenes 

2.1 Introduction: From Ziegler’s Mülheim Polyethylene Process to Olefin 

Metathesis 

One of the breakthroughs that arguably initiated the explosive growth of modern organometallic 

chemistry can be traced back to the Mülheim process for producing low-pressure polyolefins. This 

process was discovered by Karl Ziegler, who was then director of the Max-Planck-Institut für 

Kohlenforschung.[145-147] 

The origins of this discovery lie in fundamental observations made in the realm of organoaluminum 

chemistry. Ziegler found that organoaluminum hydrides such as AlH3 (169), at 60-80°C, undergo 

stepwise insertion of ethylene to sequentially yield AlEtH2, AlEt2H, and ultimately AlEt3 (171). At 

elevated temperatures (100-120°C) insertion into Al−C bonds also becomes possible. However, 

controlled synthesis of Al(nBu)3 could not be achieved, as all Al−C bonds are equally reactive. 

Consequently, before the final n-butyl ligand is formed, insertion may already proceed from an existing 

n-butyl group to an n-hexyl group, resulting in a statistical mixture of organoaluminum species 172.[148] 

This method, known as the “Aufbau” (“chain-growth”) reaction, is an oligomerization process. Ziegler 

stated that this approach could produce paraffins with molecular weights of up to 2500-3000 g/mol 

upon hydrolysis, but no true polyethylene was formed which typically exhibits polymer weights of ≥ 

20000-30ooo g/mol. The “limited” molecular weight was attributed to a side reaction, that Ziegler 

termed “Übertragungs” (“chain-transfer”) reaction. After approximately 100 consecutive ethylene 

insertion steps, the growing organoaluminum species 172 underwent β-hydride elimination, releasing 

an oligomer 174, accompanied by insertion of the ethylene molecule into the newly formed Al−H 

bond.[148] Ziegler initially believed that this limitation was a fundamental constraint, concluding that the 

synthesis of true polyethylene was unattainable by this method (Scheme 78).[149] 

 

Scheme 78. The “Aufbau” (“chain-growth”) and the “Übertragungs” (“chain-transfer”) reaction. 

At the end of the year 1952, Erhard Holzkamp, one of his doctoral students, made an intriguing 

observation. Upon repeating the Aufbau reaction under standard conditions (AlEt3 (171), 100 atm of 

ethylene at 100°C), he found that no paraffin was formed, but rather he recovered AlEt3 (171) along with 

1-butene. As this reaction had been performed many times before, this was a striking observation. After 

an extensive investigation, the origin of this unexpected reactivity was identified. Nickel-catalyzed 

hydrogenations had been performed before in the employed autoclave. Before performing the Aufbau 

reaction, the doctoral student had carefully washed the autoclave with nitric acid and subsequently 

phosphate containing detergent, thus forming trace amounts of nickel phosphate. Upon reaction with 
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AlEt3 (171), colloidal Ni was formed.[148] This colloidal nickel together with traces of acetylene in the 

ethylene, suppressed the formation of oligomeric organoaluminum species, only leading to the 

dimerization of ethylene to form 1-butene.[147] This effect was subsequently called the “Nickel effect”.[150] 

Subsequently, Ziegler tasked Heinz Breil, then a diploma student at the institute, with a systematical 

screening of the periodic table in order to determine whether other transition metal additives could 

similarly influence the course of the Aufbau reaction. Initially, this approach was not very fruitful: Breil 

found that only platinum and cobalt additives exhibited effects comparable to those of nickel 

compounds. However, under his standard conditions (AlEt3 (1 eq.), transition metal additive (0.01 eq.), 

and ethylene (100-150 atm) at 100-110°C), he eventually made a spectacular discovery that would 

fundamentally change catalysis research. On October 26, 1953, as the result of a reaction using Zr(acac)4 

as the transition metal additive, he was able to isolate solid white polyethylene. Further investigations 

revealed that TiCl4 (176) was the most effective co-catalyst and that other organoaluminum species such 

as AlEt2Cl (175) also were viable initiators. It was subsequently demonstrated that efficient 

polymerizations could even occur at ambient ethylene pressure, which ultimately led to the development 

of the Ziegler process as it is known today (Scheme 79).[146-148, 151] 

 

Scheme 79. The Mülheim polyethylene process discovered by Karl Ziegler. 

Ziegler informed Montecatini, an Italian company, of his findings, as he had a licensing agreement with 

them regarding his work on organoaluminum chemistry. Giulio Natta, a chemist closely associated with 

this company, used the information about Ziegler’s newly discovered heterogeneous catalyst system to 

investigate the polymerization of other olefins. Whereas Heinz Martin, a student in Ziegler’s laboratory, 

demonstrated that the Ziegler system not only copolymerizes ethylene and propylene, but also 

polymerizes propylene, it was Giulio Natta who discovered that the polymerization of propylene occurs 

stereospecifically and therefore yielded crystalline isotactic polypropylene.[151] Both, Ziegler and Natta 

were jointly awarded the Nobel Prize in Chemistry in 1963; Karl Ziegler for the discovery of an entirely 

new method for the polymerization of olefins, and Giulio Natta for the discovery that the Ziegler catalyst 

system enables the stereoregular polymerization of propylene into crystalline isotactic 

polypropylene.[147, 151]  

Today, the most widely accepted mechanism for the Ziegler catalysis is the Cossee-Arlman mechanism 

(Scheme 80).[152-159] Accordingly, the olefin initially binds to the metal center, followed by insertion into 

the metal-alkyl bond. 

However, several years after Ziegler’s groundbreaking discovery, other laboratories found that modified 

Ziegler-type catalyst systems could also polymerize certain cyclic olefins, not only yielding products 

derived from an insertion polymerisation, but also producing polymers that arise from ring-opening 

metathesis polymerization (ROMP).[145, 160-161] These observations led to the proposal of the Rooney-

Green mechanism, in which a transition-metal alkylidene hydride is initially generated by a 1,2-hydride 

shift, followed by a [2+2] cycloaddition of the olefin to form a metallacyclobutane. Subsequently, C−H 

reductive elimination leads to the formation of the saturated polymer product.[162] 
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Scheme 80. Selected mechanisms for the Ziegler process. P = polymer chain. 

The potential involvement of metal carbenes as intermediates in the ROMP of cyclic olefins using certain 

Ziegler-type catalyst systems was not recognized at the time, as transition metal carbenes were 

considered elusive species in 1960. The Rooney-Green mechanism was proposed almost 20 years later, 

during a period of intense debate over the mechanism of the olefin metathesis reaction.[162-170] 

Nevertheless, this example compellingly illustrates the interconnection between the fields of Ziegler 

catalysis and olefin metathesis. 

Another important example is the Phillips Petroleum process, in which molybdenum- or tungsten-based 

catalysts converted propylene into ethylene and butylene.[171] The origin of the name “olefin metathesis” 

dates back to 1967, when Nissim Calderon discovered that a combination of WCl6, ethanol, and EtAlCl2 

catalyzed the scrambling of internal olefins; a reaction he named “olefin metathesis” in the same 

publication.[161, 172] 

In fact, the first transition metal carbene was isolated in 1964 by Ernst Otto Fischer at the Technical 

University of Munich, following his tremendous contributions to the structural elucidation of ferrocene 

in 1952, alongside Wilkinson, Woodward, and others.[173-177] The synthesis of the first carbene began with 

the nucleophilic attack of PhLi or MeLi on the CO ligand of W(CO)6 (178), followed by cation exchange 

to precipitate the NMe4 salt 179. Protonation with acid and subsequent treatment with CH2N2, yielded 

carbene 181 (Scheme 81).[178-179] Related carbene complexes (with M = Cr, Mo, W, …) were discovered, 

typically featuring neutral co-ligands and heteroatoms bonded to the carbene carbon. This class of 

carbenes later became known as Fischer carbenes. 

 

Scheme 81. The synthesis of the first Fischer carbene 181. 

Only a few years later, Richard R. Schrock, at that time a researcher at DuPont, was inspired by 

Wilkinson’s synthesis of W(CH3)6, a homoleptic alkyl complex that was stable at room temperature. This 

compound was an exception, as methyl complexes based on Ti+IV, Zr+IV, or Hf+IV are typically unstable 
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at room temperature. Since tantalum is positioned adjacent to tungsten in the periodic table, Schrock 

concluded that he could potentially prepare stable alkyl complexes of tantalum.[170, 180] 

Initial experiments involved the reaction of the literature-known TaCl2(CH3)3 with MeLi, eventually 

yielding the targeted homoleptic species Ta(CH3)5.[181] To probe the limits of steric hindrance in such 

alkyl complexes, Schrock attempted an analogous synthesis of Ta(CH2CMe3)5, starting from 

TaCl2(CH2CMe3)3 (182).[20] However, this reaction did not yield the desired penta-alkyl species. Instead, 

it led to the discovery of an entirely unprecedented class of compounds: the Schrock alkylidenes. 

Although the exact mechanism remains uncertain, studies by Schrock indicate that the formation of the 

alkylidene 183 likely does not involve transient Ta(CH2CMe3)5. Instead, it appears to involve a hitherto 

unknown inter- or intramolecular α-hydrogen abstraction starting from TaCl(CH2CMe3)4. This is 

followed by salt metathesis with LiCH2CMe3 (34), ultimately yielding (Me3CH2C)3Ta=CHCMe3 (183) 

(Scheme 82).[182]  

 

Scheme 82. The synthesis of the first Schrock alkylidene 183. 

The classes of carbenes discovered by Fischer and Schrock represent two distinct extremes (Scheme 83). 

Fischer carbenes feature a nucleophilic metal atom and an electrophilic carbene carbon, which is 

typically bound to a heteroatom fragment Y.[179] As mentioned above, the co-ligands in these complexes 

are generally neutral L-type ligands and the carbene ligand is considered as a neutral ligand in a singlet 

state. Bonding is best described by interactions with a singlet metal fragment using the Chatt-Dewar-

Duncanson model. The metal in Fischer carbenes is usually a middle or late transition metal.[157, 183-184]  

Conversely, Schrock alkylidenes comprise an electrophilic metal center and a nucleophilic carbene 

carbon.[182] Here, the term alkylidene is generally used instead of carbene, as the alkylidene fragment is 

considered to be a R2C2- ligand (with R = H, alkyl). Schrock alkylidenes are typically found for early or 

middle transition-metal complexes (Ti, Zr, V, Nb, Ta, Mo, W, …) that bear X-type ligands in which the 

metal center is in its highest possible oxidation state. Because the metal-carbene bond is stronger than 

in Fischer carbenes, bonding in these complexes is best described in terms of covalent bonding 

interactions between a triplet metal fragment and a triplet carbene.[157, 183-184] The relative energies 

depicted in Scheme 83 are taken from Hall’s theoretical investigation on bonding in transition metal 

carbene complexes.[183] 
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Scheme 83. Top: Characteristics of Fischer and Schrock carbenes. Bottom: Qualitative MO schemes of Fischer and Schrock 

carbenes. Relative energies were taken from Hall’s theoretical study on transition metal carbenes.[183] 

In the 1970s, DuPont was home to numerous chemists, including both established scientists and those 

who would later rise to prominence. Among the former was Fred N. Tebbe who at the time shared his 

lab space with Richard Schrock. Tebbe’s research was initially centered on developing a deeper 

understanding of the Ziegler process using homogenous and well-defined organometallic complexes. 

This approach was necessary, as the original Ziegler process is heterogenous in nature and its 

mechanism difficult to study.[185] 

In 1974, the same year Schrock that published the first transition-metal alkylidene, Tebbe began 

investigating the combination of Cp2TiMe2 (184) and AlMe3 (185).[185] This reaction led to the formation 

of a bridged carbene Cp2Ti(-CH2)(-CH3)AlMe2 (186), which was contaminated with Cp2Ti(CH3)2 

(184) and Cp2Ti(CH3)2AlMe3 (187).[186] Treatment of this mixture with AlCl3 (188) generated the 

bridging carbene Cp2Ti(-CH2)(-Cl)AlMe2 (189). An optimized procedure for synthesizing Cp2Ti(-

CH2)(-Cl)AlMe2 (189) involved the reaction of Cp2TiCl2 (190) with two equivalents of AlMe3 (185) 

(Scheme 84). 
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Scheme 84. The synthesis of the Tebbe reagent 189. 

In the same publication, Tebbe confirmed that 189 is a Schrock alkylidene; accordingly, it reacted with 

ketones via nucleophilic attack at the carbonyl carbon, ultimately furnishing the methylenation product 

192. Moreover, 189 reacted with ethylene, resulting in olefin homologation (Scheme 85). Notably, 

Tebbe stated that isobutylene did not react with 189 under standard conditions. However, the addition 

of NEt3 or THF promoted cyclopropanation, albeit in low yield, to afford 1,1-dimethylcyclopropane. 

 

Scheme 85. The Tebbe reagent is a viable methylidene transfer reagent. 

In a subsequent publication, Tebbe demonstrated that 189 catalyzes the metathesis of isobutylene and 

methylenecyclohexane.[187] While the direct reaction with isobutylene had been missed previously, the 

metathesis reaction was unambiguously confirmed by 13C labeling studies. These revealed that 

isobutylene binds selectively through its terminal H2C group to the metal center, leading to reformation 

of the methylidene and concomitant release of isobutylene. This work stands among the earliest reported 

examples of olefin metathesis catalyzed by a well-defined transition metal alkylidene (Scheme 86).[145] 

At the outset of his career, Robert H. Grubbs became deeply intrigued by the mechanism of olefin 

metathesis. When he became aware of Tebbe’s finding, he set out to study the metathesis of 189 with 
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isobutylene in the presence of Lewis-basic ligands. He discovered that the use of DMAP (191) as an 

additive leads to the formation of metallacyclobutane 198, which was susbequently characterizatized by 

NMR spectroscopy and X-ray diffraction analysis.[188] Through the influential work of Grubbs, complex 

189 gained prominence as the “Tebbe reagent” within the organic chemistry community. Both the Tebbe 

reagent and metallacycle 198, often referred to as the “Tebbe-Grubbs reagent”, have since found 

pervasive utility in organic chemistry. [185, 189-191] Remarkably, methylenation/RCM cascades using the 

Tebbe reagent have also proven feasible for polyether synthesis, as vividly exemplified in the total 

syntheses of Maitotoxin by Nicolaou and Prorocentin by Fürstner.[161, 192-194]  

 

Scheme 86. The Tebbe reagent was one of the first well-defined alkylidene based catalyst systems for olefin metathesis. 

The isolation and characterization of a stable metallacyclobutane by Grubbs, achieved through the use 

of an active olefin metathesis catalyst system, marked a landmark accomplishment in the field. As such, 

this work provided compelling experimental validation of the olefin metathesis mechanism proposed by 

Chauvin in 1970,[163] although supporting evidence had emerged earlier (Scheme 87).[164-168] In this 

mechanism, a metallacyclobutane intermediate is formed through [2+2] cycloaddition, followed by 

[2+2] cycloreversion to release the olefin product and regeneration of a transition metal carbene. 

 

Scheme 87. The Chauvin mechanism for olefin metathesis. 
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Several years after the discoveries by Tebbe and Grubbs, Paul Binger at the Max-Planck-Insitut für 

Kohlenforschung explored the use of 3,3-disubstituted cyclopropenes as viable carbene initiators using 

the metallocene-based Ti+II precursor Cp2Ti(PMe3)2 (199). Fortunately, during the reaction, the 

anticipated vinylic carbene Cp2TiPMe3=CH-CH=CPh2 (200) was formed (Scheme 88). However, when 

using a Zr+II-based precursor 201, Binger obtained a mixture of the analogous Zr+IV alkylidene 202 and 

the cyclopropene complex 203, which did not thermally convert to the alkylidene.[4] Notably, this 

method had been previously tested with a different cyclopropene and Fe2CO9, also yielding a vinylic 

carbene together with other species.[195] The Binger strategy was subsequently expanded to other 

transition-metal complexes, including ruthenium,[196-198] tungsten,[199-201] molybdenum,[201] cobalt,[202] 

rhenium,[203] gold,[204] and tantalum.[205] 

 

Scheme 88. A method for the synthesis of vinylic carbenes starting from 3,3-substituted cyclopropenes by Binger. 

Mechanistically, Binger suggested that, after initial oxidative addition of the cyclopropene 12 to the Ti+II 

center, the resulting metallacyclobutene 204 undergoes a [2+2] cycloreversion to furnish the desired 

vinylic carbene 200 (Scheme 89). This proposal was based on the experimental observation that 

sterically hindered cyclopropenes undergo oxidative addition to form metallacyclobutene 207, a 

compound initially discovered by Tebbe.[206] However, the resulting sterically congested 

metallacyclobutene 207 fails to undergo [2+2]-cycloreversion, likely due to the prohibitory steric 

demands of the substituents.[207] A similar mechanistic pathway was later proposed by Grubbs.[208] 

 

Scheme 89. Binger’s mechanistic proposal for the rearrangement of the cyclopropene to yield a vinylic carbene. 



80 

However, alternative mechanisms may also be operative, depending on the nature of the transition metal 

involved. This is vividly illustrated by Fürstner’s work on gold(I) “carbenes”.[204] In this case, reaction of 

precursor 209 with ketalcyclopropene 210 led to the selective formation of Z-211, which, upon 

warming, isomerizes to E-211, likely by transient formation of the elusive carbene 212. In this system, 

it was possible to unambiguously establish that the resonance extremes Z-211 and E-211 represent 

ground state species, as a rotation around the C2−C3 bond was directly observed. In contrast to Binger’s 

proposed mechanism, this transformation likely proceeds via a thermal, disrotatory, and 

torquoselective electrocyclic ring opening of a cyclopropyl cation, selectively furnishing Z-211 (Scheme 

90).[209] 

 

Scheme 90. Fürstner’s gold(I) “carbene”. 

Grubbs adapted Binger’s procedure, using it to explore the synthesis of vinylic W+VI alkylidenes.[199, 210] 

In contrast to Binger’s report, Grubbs observed thermal, photochemical, and metal-catalyzed conversion 

of the cyclopropene adducts 214 to vinylic carbenes 215, which were formed as a mixture of syn and 

anti conformers (Scheme 91). 

 

Scheme 91. Grubbs’ adaption of the Binger method. 
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Based on the observation that Ru(H2O)6(OTs)2 is an active catalyst system for the ROMP of strained 

monomers,[211] Grubbs anticipated that the synthesis of a well-defined ruthenium-based carbene via 

Binger’s method might be feasible, and that the resulting carbene could also be active in olefin 

metathesis. It was subsequently discovered that RuCl2(PPh3)3 (216) reacts efficiently with cyclopropene 

12 to generate the corresponding vinylic carbene 217 in quantitative yield (Scheme 92). This carbene 

exhibited remarkable properties: it was stable under acidic conditions and could be handled in air for 

short periods. These traits stand in stark contrast to early transition metal based carbenes, which are 

extremely sensitive to air and moisture.[196] 

However, this carbene displayed catalytic activity only in the ROMP of norbornene, a strained monomer, 

thereby limiting its utility. Following extensive screening of a broad range of ligands, it was found that 

exchange to the bulkier and more electron-donating phosphine PCy3 afforded a much more active 

catalyst system. It did not only catalyze the ROMP norbornene, but also enabled the ring-closing 

metathesis (RCM) of dienes.[198, 212] The high functional group tolerance of ruthenium-based carbenes 

ultimately led to their recognition as catalysts of strategic importance in the total synthesis of 

(macrocyclic) natural products.[161, 213-218] 

 

Scheme 92. The synthesis of the first well-defined ruthenium carbene, which is an active catalyst system for olefin metathesis. 

This breakthrough triggered a veritable explosion in the field. Numerous research groups in both organic 

and inorganic chemistry around the world initiated research programs dedicated to the development of 

even more efficient ruthenium-based olefin metathesis catalysts. New synthetic strategies toward 

ruthenium based carbenes were developed, as the limited availability of the cyclopropene on 

significantly larger scale restricted the scope of the original method.[219] Selected methods for the 

synthesis of ruthenium carbenes starting from RuCl2(PPh3)3 (216) are presented in Scheme 93. 

The Grubbs group was the first to develop an alternative approach based on the use of diazo compounds. 

This method not only enabled the synthesis of benzylidene 220a, but also allowed for facile variation of 

substitution patterns on the carbene moiety. Notably, (Cy3P)2Cl2Ru=CHPh (226) was later popularized 

and is now commercially available as the “Grubbs I” catalyst.[220-221] 

Another approach was developed by Fürstner, based on the synthesis of ruthenium allenylidenes 

originally discovered by Selegue.[222-223] In this strategy, the reaction of precursor 216 unexpectedly 

leads to the formation of the ruthenium indenylidene complex 221. Notably, this complex was initially 

misassigned as a ruthenium allenylidene by Hill.[224] In light of this, both experimental and theoretical 

studies indicate that trace amounts of acid are required to promote the rearrangement from the 

corresponding allenylidene to the indenylidene 221, whereas a direct thermal rearrangement under 
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neutral conditions is not feasible.[225-227] Notably, the Fürstner group demonstrated that cationic 

ruthenium allenylidenes are also highly active catalysts for olefin metathesis.[228] 

The groups of Milstein and Grubbs developed approaches based on the use of sulfur or phosphorous 

ylides, respectively. In these methods, the carbene moiety is directly transferred to the ruthenium center, 

yielding the desired carbene complex 223 along with the corresponding sulfide or phosphine by-

product.[210, 229-230] 

More recently, Wolczanski and co-workers reported on the utilization of propellanes as synthons for the 

generation of ruthenium-based carbenes 225.[230] 

 

Scheme 93. Selected methods for the synthesis of ruthenium carbenes starting from RuCl2(PPh3)3 (216). 

Besides exploring alternative synthesis procedures, the effect of other neutral ligands was investigated, 

as metallacyclobutane formation requires dissociation of one phosphine ligand to form a trigonal 

bipyramidal intermediate.[231-233] In 1999, Fürstner, Herrmann, Nolan, and Grubbs discovered that 

substituting one PCy3 ligand by a N-heterocyclic carbene (NHC) ligand significantly improved catalytic 

activity (Scheme 94). Fürstner and Herrmann as well as Nolan independently developed versions with 

an unsaturated NHC backbone, while Grubbs utilized NHC ligands with a saturated backbone, now 

commonly referred to as the “Grubbs II” catalyst.[234-237] Additionally, Hoveyda developed Ru+II carbenes 

with enhanced stability by replacing one of the phosphine ligands with an ether ligand tethered to the 

benzylidene moiety. These carbenes can even be purified by flash chromatography and are recyclable 

after catalysis.[238-241] 
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Scheme 94. Selected Grubbs-type carbenes developed by Grubbs, Fürstner, Herrmann, and Hoveyda. 

Shortly before Grubbs-type Ru+II carbenes gained popularity in the organic chemistry community, 

Richard Schrock introduced molybdenum-based alkylidene complexes. These exhibit higher reactivity, 

but are significantly more sensitive compared to Grubbs’ Ru+II carbenes. The synthesis of Schrock’s 

system follows a general synthetic blueprint, and various derivatives with different alkoxide ligands or 

alkylidene units are known (Scheme 95).[242] 

Initially, MoO2Cl2(THF)2 (231) is reacted with aniline 232, 2,6-lutidine (233), and TMSCl to afford 

complex 234. This intermediate is then converted to the bis-alkyl species 236 via treatment with the 

Grignard reagent 235. Protonolysis with triflic acid in dimethoxyethane, followed by ligand exchange, 

ultimately furnishes the 12-VE Schrock catalyst 239.[243-244] 

 

Scheme 95. Synthesis of the Schrock catalyst 239. 

Notably, Fürstner developed air-stable variants of the Schrock catalyst by forming adducts with 

phenanthroline and bipyridine. The original catalyst can be regenerated by the addition ZnCl2 as a Lewis 

acid (Scheme 96).[245] 
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Scheme 96. Fürstner’s strategy to render Schrock-type alkylidenes air stable. 

Olefin metathesis has emerged into a tool that has become indispensable with applications ranging from 

synthetic organic chemistry (including homo-metathesis, cross-metathesis, and ring-closing 

metathesis) to material science (ring-opening metathesis polymerization and acyclic diene metathesis 

polymerization). For their groundbreaking contributions to the development of the metathesis method, 

Grubbs, Schrock, and Chauvin were jointly awarded the Nobel Prize in Chemistry in 2005.[145, 170, 246] 

2.2 Introduction: Toward Iron-Catalyzed Olefin Metathesis 

Olefin metathesis catalyzed by a well-defined iron carbene has not yet been achieved. Numerous 

experimental and theoretical studies in the literature have emphasized the desirability of an iron-based 

carbene catalyst, not only because iron is an inexpensive and earth-abundant base metal, but also 

because it presents a fundamentally intriguing challenge in organometallic chemistry.[247] 

The hurdle with accessing a well-defined iron-based olefin metathesis catalyst has two major reasons. 

Firstly, the synthesis of iron-based carbenes is difficult. For instance, Grubbs attempted the preparation 

of iron carbenes analogous to his ruthenium carbenes by reacting 242 with various diazo compounds. 

However, the reaction did not result in the formation of an iron carbene but rather led to the insertion 

of the diazo compounds into the Fe−P bond (Scheme 97).[248] 

 

Scheme 97. Grubbs’ attempt to prepare an iron carbene. 

Secondly, only cyclopropanation has been reported with iron carbenes. For this transformation, two 

distinct mechanistic pathways are possible: cyclopropanation via an outer-sphere mechanism or 

cyclopropanation by reductive elimination from a metallacyclobutane intermediate (inner-sphere 

mechanism). Cyclopropanation, proceeding via an outer-sphere mechanism has been reported 

experimentally and studied computationally for a variety of iron carbenes.[249-254] 

The inner-sphere mechanism has been the subject to several computational studies.[247, 255-259] Starting 

from the metallacyclobutane, the cyclopropanation pathway (via reductive elimination) or the 

metathesis pathway (via [2+2] cycloreversion) are possible. It has been proposed that the intermediate 

metallacyclobutane must possess a singlet ground state in order to undergo metathesis (Scheme 98).[255] 
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Scheme 98. Cyclopropanation vs. metathesis. 

Scheme 99 highlights selected milestones in iron carbene chemistry, as well as key studies relevant to 

iron-catalyzed olefin metathesis. 

The first iron carbene reported by Pettit and Jolly in 1966, was formed in situ by protonation of 

Cp(CO)2FeCH2OMe with HBF4. Although this particular cationic methylidene complex 245 could not 

be isolated, the addition of cyclohexene to the reaction mixture strongly suggested the presence of a 

carbene intermediate, as the cyclopropanation product norcarane was obtained.[249] Later, Lapinte, 

Brookhart and Meyer succeeded in isolating related iron carbenes by replacing the CO ligands with other 

neutral ligands such as phosphines and varying the non-coordinating anion or the carbene unit.[251-252, 

260-261] 

In 1997, Floriani and co-workers synthesized a high-spin iron carbene 246 (S = 5/2) by reaction of a 

calixarene-based precursor with Ph2CN2. This carbene exhibited reactivity toward O2, affording a 

bridged oxo-complex and benzophenone as the products.[262] 

Several years later, Paul Chirik and co-workers made seminal contributions to the synthesis of iron 

carbenes.[263] They discovered that reaction of appropriately tailored PDI-based (pyridine diimine) Fe 

prescursors with Ph2C=N2 led to the formation of a carbene complex with the general formula 

PDIFe=CPh2 (247). Notably, Chirik had previously reported the reaction of a PDI-based Fe complex 

with the diazoalkane (TMS)(H)CN2,[264] as well as the isolation of isolobal imido complexes of the general 

type PDIFe=N−R.[265-266] Of particular interest, imido complexes featuring an =N−Ar substituent were 

found to deviate markedly from the ideal square planar geometry and exhibit an S = 1 state. In contrast, 

=N−Alkyl analogues adopt geometries much closer to square planar and are diamagnetic. The 

divergence in structure is attributed primarily to steric effects. A similar distortion is observed in 

PDIFe=CPh2 (247), whose carbene fragment similarly departs from the square planar plane defined by 

the PDI ligand. Mößbauer and X-ray absorption spectroscopy revealed that 247 is a Fe+II species with 

four unpaired electrons, two of which are antiferromagnetically coupled to a PDI-based radical anion 

and a carbene radical, resulting in an overall S = 1 spin state. Despite possessing an open coordination 

site, the complex does not react with olefins. This lack of reactivity is likely due to the spatial orientation 

of the bulky =CPh2 moiety. While a [2+2] cycloaddition would necessitate the Ph substituents to lie 

parallel to the plane defined by the PDI ligand,[267] the substituents are oriented perpendicular to this 

plane and therefore prevent any reaction with olefins. As with the imido complexes, the particular 

orientation of the =CPh2 ligand is likely governed by unfavorable interactions with the PDI-based ligand. 

A key finding was reported in 2021 by Bukhryakov, who revealed that the sterically encumbered 

phenoxide complex 248 catalyzes the stereospecific ROMP of norbornene to yield cis, syndiotactic 
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polynorbornene. Although the exact mechanism remains unclear, comparisons can be drawn to the 

earlier observations that certain Ziegler-type catalyst systems are also able to catalyze the ROMP of 

norbornene (vide supra).[160, 268] 

Shortly thereafter, Iluc and co-workers presented their work on stoichiometric ene-yne metathesis.[269] 

Notably, this work provided the first example of a well-defined iron carbene undergoing a [2+2] 

cycloaddition/cycloreversion sequence. More recently, Iluc and co-workers extended this work to a 

stoichiometric metathesis with strained olefins, demonstrating that [2+2] cycloaddition/cycloreversion 

is indeed possible with an iron carbene.[270] In this study, the intermediate metallacyclobutane was 

characterized crystallographically. Given the high importance of these findings, Iluc’s system will be 

discussed in detail below. 

David Milstein and co-workers unveiled a complex that serves as a highly active catalyst for the ROMP 

of norbornene, achieving a remarkable TON of up to 880. Although complex 250 is not a carbene, it 

was proposed that it could rearrange to a carbene. This carbene would subsequently undergoes [2+2]-

cycloaddition with norbornene, followed by a [2+2] cycloreversion.[271] 

 

Scheme 99. Selected highlights pertinent to iron carbene chemistry and olefin metathesis with iron complexes. 

The synthesis of Iluc’s system commenced with the reaction of the bis-alkyl complex 251 with NCtBu, 

resulting in a coordination-induced α-hydrogen abstraction to give carbene 252 as the product. The 

nitrile ligand was subsequently substituted with a PMe3 ligand to give carbene 249 (Scheme 100). 
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Scheme 100. The Iluc system enabled the first stoichiometric ene-yne metathesis of an iron carbene. 

A landmark discovery in iron carbene chemistry emerged when carbene 249 was reacted with 

stoichiometric diphenylacetylene in the presence of BPh3 as a phosphine scavenger (Scheme 101). 

Building on this finding, Iluc showcased that the resulting carbene 254 could be driven, at higher 

temperatures, to react with a second equivalent of diphenylacetylene, realizing a second ene-yne 

metathesis step.[269] 

 

Scheme 101. Stoichiometric ene-yne metathesis with carbene 249. 

Carbene 249 showed no reactivity toward olefins, likely because the PMe3 ligand was not labile enough 

to be displaced by a more electron-deficient π-system. In contrast, its analogue 252, equipped with a 

more labile nitrile ligand, readily reacted with strained norbornadiene derivatives to give a mixture of 

the diamagnetic metallacyclobutanes (257 and 258) and the paramagnetic [2+2]-cycloreversion 

product 259 (Scheme 102). Loss of either the nitrile or the N2 ligand in vacuo triggered a [2+2]-

cycloreversion, leading to clean conversion to the paramagnetic product 259. Moreover, Iluc and co-

workers revealed that the [2+2]-cycloreversion is fully reversible. Thus, when a bulky nitrile ligand 260 

was added, the metallacyclobutanes 261b and 261c were formed, one of which was characterized 

crystallographically. Notably, treatment of 259b with PMe3 regenerated one of the original carbenes 

249, with concomitant release of norbornadiene derivative 256b.[270] Truly catalytic olefin metathesis 

remains beyond the scope of Iluc’s system, mainly because the carbene unit is part of the tridentate PCP 

pincer ligand. However, Iluc’s pioneering discovery serves as a model system and could thus pave the 

way for the design of catalytically active iron carbenes. 
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Scheme 102. Iluc’s stoichiometric olefin metathesis with strained olefins. 
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2.3 Aim 

The aim of the second section of this PhD thesis was to explore synthetic methods toward iron carbenes 

and the evaluation of the resulting complexes as potential catalysts for olefin metathesis. Inspired by the 

stoichiometric metathesis reactivity of the Iluc system, it was hypothesized that an iron carbene 

mirroring its key characteristics could serve as a viable starting point for such investigations. Thus a 

five-coordinate, diamagnetic iron carbene surrounded by four neutral donor ligands and a standalone 

carbene ligand was selected as a promising motif. As the Iluc system features a carbene unit embedded 

within a rigid tridentate PCP pincer framework, it cannot function as an active olefin metathesis catalyst. 

Therefore, the goal here was to construct an iron complex featuring a discrete and independently 

coordinated carbene moiety (Scheme 103). 

 

Scheme 103. Left: carbenes 249 and 252 as reported by Iluc. Right: features of the envisioned carbene. 

Initial synthetic efforts toward such a hypothetical carbene should focus on inter- or intramolecular α-

hydrogen abstractions, since the intramolecular approach had previously proven effective in the Iluc 

system (Scheme 104). In addition, the rearrangement of propargylic alcohols to allenylidene or 

indenylidene species was evaluated, as this method not only allows for the facile preparation of 

catalytically active ruthenium indenylidenes and allenylidenes for olefin metathesis,[222, 228] but has also 

been employed in the preparation of certain iron allenylidene complexes.[272-273] 

 

Scheme 104. α-Hydrogen abstraction as a strategy toward novel iron carbenes. B = Base, X = leaving group. 
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In addition, this work set out to move beyond established synthetic blueprints for iron carbenes by 

exploring strategies that are well established for other metals, yet remain uncharted for iron. Among 

these, particular attention was given to the Binger method, an elegant transformation involving the 

formal electrocyclic ring-opening of 3,3-substituted cyclopropenes (Scheme 105). 

 

Scheme 105. Envisaged application of the Binger method for the synthesis of iron carbenes.  
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2.4 Results 

Attempted α-H abstraction 

Our efforts began with the search for viable neutral ligands capable of stabilizing both the precursor 

alkyl species and the resulting carbene product. Formally, the targeted iron complexes can be described 

either as iron(0) carbenes or iron(+II) alkylidenes, depending on the nature of the carbene ligand. 

Iron(0) complexes ligated by monodentate ligands such as phosphines are rare. For example, Karsch 

and co-workers reported the synthesis of Fe(PMe3)4 (264); although this species might intuitively be 

classified as an iron(0) complex, it is, in fact, an octahedral Fe+II species 264, formed via β−H oxidative 

addition from one of the PMe3 methyl groups.[274] Notably, this complex exists in equilibrium with the 

elusive zero-valent iron species 263. However, such iron complexes are extremely sensitive, as the PMe3 

ligands are highly labile (Scheme 106). 

 

Scheme 106. Karsch’s synthesis of Fe(PMe3)4 (264). 

Therefore, we turned our attention to the closely related bidentate dmpe ligand. Due to the chelate effect, 

this ligand binds more tightly to the iron center, and its derivatives are known to exhibit rich and diverse 

reactivity.[275-279] The reaction of dmpe2FeCl2 (7) with various alkylating reagents was explored, among 

which benzyl potassium emerged as most effective. Treatment of 7 with a slight excess of BnK furnished 

the respective bis-benzyl species 265 (Scheme 107). Complex 265 is diamagnetic and was characterized 

via NMR spectroscopy and X-ray crystal structure analysis. Notably, the NMR spectra of 265 gradually 

broadened over time, indicating slow decomposition in [D8]-toluene solution at room temperature. Due 

to this sensitivity, mass spectrometry, IR spectroscopy, and elemental analysis were not attempted. 

Efforts to generate a carbene 266 from 265, either thermally or photochemically, were unsuccessful, 

and resulted in decomposition or no reaction, respectively. 

 

Scheme 107. Synthesis of dmpe2FeBn2 (265) and attempted generation of carbene 266. 

A single crystal X-ray diffraction analysis of single crystals grown from a toluene/n-pentane mixture 

confirmed the structure of complex 265. The complex adopts an octahedral geometry, with both benzyl 

groups oriented cis to each other (Figure 30). 
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Figure 30. Crystal structure of complex 265. H-atoms (apart from those on C1 and C8) and solvent molecules are not shown 

for clarity. 

Next, the preparation of the mono-benzyl complex was targeted to test whether this complex could be 

transformed to carbene 266 on treatment with external bases. Reaction of complex 7 with 1.2 eq. of the 

benzyl potassium reagent allowed complex 267 to be isolated in 57% yield (Scheme 108). The structure 

of this complex was assigned using NMR spectroscopy. Additionally, complex 267 was characterized by 

X-ray diffraction and elemental analysis. Attempted mass spectrometric measurements were 

unsuccessful. Notably, Bergman and co-workers reported the closely related complex trans-

dmpe2FeBnH.[280] 

 

Scheme 108. Synthesis of dmpe2FeBnCl (267). 

The X-ray crystallographic analysis of a crystal grown from a toluene/n-pentane mixture confirmed the 

octahedral structure of 267. In contrast to 265, complex 267 adopts the trans isomeric form (Figure 

31). 
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Figure 31. Crystal structure of complex 267. H-atoms (apart from those on C1) are omitted for clarity. 
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With complex 267 in hand, we attempted its dehydrohalogenation (intermolecular α−H abstraction) by 

treating 267 with strong bases. Unfortunately, reaction of 267 with LiTMP did not yield the targeted 

carbene 266; instead, NMR data indicated the formation of species 268 derived from deprotonation of 

one of the methyl groups on the dmpe ligand, followed by salt metathesis with the remaining Fe−Cl 

moiety (Scheme 109). However, this putative species was not formed cleanly, as several unidentified by-

products were also present in the mixture. All attempts at purifying the mixture were met with failure, 

and mass spectrometric investigations were likewise unsuccessful. 

In any case, the NMR spectroscopic fingerprints strongly indicate the formation of the proposed species 

268. The 31P NMR spectrum shows four signals (ddd), consistent with four inequivalent phosphorus 

nuclei. Notably, three of these signals lie within a very narrow range (72.40-76.61 ppm), while the fourth 

signal is significantly upfield-shifted (21.85 ppm), suggesting a distinct chemical environment for this 

phosphorus atom. Additionally, the 13C NMR spectrum shows a notably upfield-shifted signal at 

−31.08 ppm, which we tentatively assign to the presumed cyclopropylic Fe−P−CH2 moiety. Comparison 

with a closely related, literature-known system further supports the proposed structure of 268.[281] 

 

Scheme 109. Attempted intermolecular α−H abstraction for the synthesis of carbene 266. NMR data indicates deprotonation 

in the undesired position. NMR measurements in [D6]-benzene at 298 K. 

Synthesis of Fe allenylidenes 

As the envisioned α−H abstraction strategy proved ineffective for the synthesis of a dmpe-ligated iron(0) 

carbene 266, alternative methods for accessing a carbene with the substructure dmpe2Fe=CR2 were 

explored. Particular attention was given to the synthesis of a cationic allenylidene reported by Pombeiro, 

which was obtained by reacting the closely related precursor depe2FeBr2 (269) with propargylic alcohol 

8 in MeOH, followed by anion exchange with NaBPh4 (Scheme 110).[272] We hypothesized that a similar 

reaction would yield the corresponding dmpe analogue. Subsequent reduction of the resulting cationic 

allenylidene was expected to afford an iron(0) allenylidene, closely resembling the initially targeted 

carbene structure. 

 

Scheme 110. Pombeiro’s allenylidene synthesis. 
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A related system was also reported by Berke.[273] Here, complex 271 reacted with propargylic alcohol 8 

to give a hydroxy vinylidene complex 272; upon treatment with Al2O3 or SiO2 these complexes 

eliminated water to furnish the expected allenylidene 273. 

 

Scheme 111. Berke’s approach to iron allenylidenes. 

The analogous reaction of dmpe2FeCl2 (7) with the propargylic alcohol 8 in MeOH proceeded smoothly 

in our case, furnishing the envisaged cationic allenylidene 9 in quantitative yield. Subsequent reduction 

with K/KI[282] resulted in the formation of allenylidene 10, which was isolated in 32% yield after two 

subsequent recrystallizations from toluene/n-pentane to minimize contamination with an unknown 

impurity. However, the sharp signals of the unknown species are still visible in the 31P NMR spectrum. 

Unfortunately, the dmpe ligand are too tightly bound to the iron center so that 10 did not react with an 

excess of norbornene, even at elevated temperatures (30 h at 80°C). 

 

Scheme 112. Synthesis of the allenylidenes 9 and 10. 

An X-ray crystallographic analysis of a single crystal grown from n-pentane solution confirmed the 

structure of 10 in the solid state. One of the distinct features is the nearly linear allenylidene unit. The 

Fe1−C13−C14 (176.17(14)°) and the C13−C14−C15 angles (173.67(17)°) indicate a slight deviation from 

ideal linearity, possibly caused by crystal packing effects. The Fe1−C13 carbene bond length (1.8287(14) 

Å) is relatively short compared to those in other iron carbenes with the same oxidation state, but longer 

than in a related allenylidene system reported by Berke.[269, 273, 283] 
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Figure 32. Crystal structure of complex 10. H-atoms are omitted for clarity. 

Notably, complex 10 adopts a trigonal bipyramidal geometry, with the allenylidene moiety and one arm 

of each dmpe ligand lying in the equatorial plane, while the remaining two dmpe arms occupy the axial 

positions of the trigonal bipyramid. Based on this structure, one would expect two distinct triplet signals 

in the 31P NMR spectrum. However, at 298 K only a single broad 31P NMR signal was observed, 

indicating rapid exchange between the phosphorus nuclei, rendering them equivalent on the NMR 

timescale. This exchange is likely caused by a Berry pseudorotation, as the broad signal coalesces into 

two triplet signals at temperatures below 253 K in the 31P NMR spectrum (Figure 33). Using the Eyring 

expression, it was possible to determine that the barrier of this exchange is ΔG‡TC ≈ 11.4 kcal/mol. 

 

 

Figure 33. VT 31P NMR spectrum of complex 10 in [D8]-toluene from 203 K to 353 K. In collaboration with Dr. Markus 

Leutzsch. 

𝑇𝑐 = 253 𝐾 

∆𝜈 = 340 𝐻𝑧 

𝑅 = 8.314 
𝐽

𝐾 ∙ 𝑚𝑜𝑙
 

ℎ = 6.626 ∙ 10−34 𝐽 ∙ 𝑠 

𝑘𝐵 = 1.381 ∙ 10−23
𝐽

𝐾
 

𝐴𝑡 253 𝐾: 

𝑘𝑒𝑥𝑐ℎ =  
𝜋 ∙ ∆𝜈

√2
= 755 𝐻𝑧 

∆𝐺‡
𝑇𝐶 = −𝑙𝑛 (

𝑘𝑒𝑥𝑐ℎ ∙ ℎ

𝑘𝐵 ∙ 𝑇𝑐
) ∙ 𝑅 ∙ 𝑇 = 47.7 

𝑘𝐽

𝑚𝑜𝑙
= 11.4 

𝑘𝑐𝑎𝑙

𝑚𝑜𝑙
 



96 

Accessing Iron Carbenes via the Binger Rearrangement Strategy 

Our group previously investigated the Binger rearrangement strategy as a potential route for generating 

iron carbenes, using an iron(0) complex 274 as the precursor. However, these experiments led 

exclusively to the formation of complex 275, the product of an oxidative cyclization (Scheme 113).[284] 

 

Scheme 113. Fürstner’s investigations toward iron-based carbenes via Binger’s method led exclusively to oxidative cyclization 

of two molecules of cyclopropene 210 with iron complex 274. 

From this experimental outcome, a major drawback of the Binger method becomes evident: if more than 

one cyclopropene coordinates to the transition-metal complex, oxidative cyclization will preferentially 

occur. For the successful synthesis of an iron carbene using this strategy, it is therefore necessary to 

control the coordination of the cyclopropene so precisely that only a single cyclopropene binds to the 

metal center. However, this control comes at a price. After coordination and subsequent vinylic carbene 

formation, the resulting complex would formally be considered a coordinatively saturated 18-VE species. 

As a result, it would become unreactive toward olefins and other substrates, as observed with the dmpe-

ligated allenylidene 10. The loss of at least one ligand would be necessary to enable olefin coordination 

and allow metathesis to proceed. The key challenge lies in identifying a precursor system that is selective 

enough to permit single cyclopropene coordination initially, yet flexible enough to allow ligand 

dissociation after carbene formation, ultimately yielding a potential iron-based catalyst for olefin 

metathesis. Notably, a single example of an iron carbene formed via electrocyclic ring-opening of a 

cyclopropene exists in the literature; however, in this case, the reported method yielded a mixture of 

different species, thus preventing clean access to a single vinylic carbene product.[195] In any case, the 

generation of transition metal carbenes via Binger’s method also offers a significant advantage over 

other approaches since no by-products are formed. For instance, propargylic alcohols cannot be used in 

iron-based systems that are sensitive to protonolysis. 

 

Scheme 114. Strategy toward an iron-based olefin metathesis catalyst. 
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After an extensive literature search, it became evident that only a handful of known iron complexes 

might fulfill these criteria. One such system is based on an iminopyridine ligand, initially popularized 

by Wieghardt and co-workers and later applied in organometallic catalysis by Ritter and co-workers 

(Scheme 115).[285-288] Variations of the prototypical IP ligand were also investigated by Chirik and co-

workers in iron catalyzed [4+4]-cycloadditions of 1,3-dienes.[289] More specifically, Wieghardt 

discovered that the reaction of FeCl2 and iminopyridine 277, followed by reduction with sodium in 1,2-

dimethoxyethane, yields the four-coordinate species IP2Fe (11). In the same study it was established via 

Mößbauer spectroscopy that 11 is, in fact, an Fe+II species with a S = 1 spin state. This interpretation was 

further supported by calculations on the electronic structure of this complex, which indicated that the 

iron center features four unpaired electrons, two of which are antiferromagnetically coupled to two 

monoanionic iminopyridine radicals. Notably, Wieghardt and co-workers not only prepared IP2Fe (11), 

but also succeeded in preparing IP2M (M = Cr, Mn, Co, Ni, Zn) as well as the one-electron oxidation 

products thereof. Ritter and co-workers later demonstrated that IP2Fe (11) selectively binds one 

equivalent of pyridine to form IP2FePy (278). Mößbauer data indicated redox participitation of the IP 

ligands. It was shown that IP2FePy (278) serves as a highly efficient catalyst for the 1,4-hydrosilylation 

of 1,3-dienes. The mechanistic proposal involves the initial dissociation of the pyridine and the IP ligand, 

enabling the coordination of the diene. Following an oxidative addition of the silane, the resulting 

complex 281 undergoes migratory insertion to form an iron-allyl intermediate 282. This allyl species 

undergoes -σ rearrangement, followed by reductive elimination, ultimately closing the catalytic cycle. 

 

Scheme 115. Wieghardt’s and Ritter’s systems. 
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The fact that IP2Fe (11) selectively binds one molecule of pyridine, yet exhibits catalytic activity upon 

loss of one iminopyridine ligand, renders this system adequate for studying the formation of a 

potentially metathesis-active iron-based carbene via Binger’s strategy. We initially performed small-

scale reactions using a 1:1 mixture of IP2Fe (11) and cyclopropene 12 at room temperature in Et2O. 

Notably, the recorded NMR spectra indicated full conversion of the paramagnetic precursor IP2Fe (11). 

However, no well-defined new species could be identified, as the spectrum was broad and otherwise 

featureless. Upon solvent removal and crystallization from n-pentane, single crystals suitable for single 

crystal X-ray diffraction were obtained. The analysis revealed that the η2-cyclpropene complex 15 had 

been formed (Scheme 116). 

 

Scheme 116. Synthesis of a η2-cyclopropene complex 15. 

The X-ray structure analysis of 15 warrants a more detailed discussion (Figure 34). According to the 

Chatt-Dewar-Duncanson formalism, complex 15 can be interpreted either as a metallacyclopropane or 

as a simple olefin adduct. Particularly indicative is the C1−C2 bond length (1.435(4) Å) of complex 15, 

which is significantly elongated compared to the C2−C3 bond length (1.285(4) Å) in the related free 3,3-

substituted cyclopropane shown in Figure 34. Moreover, the C1−C3−C2 bond angle (56.28(17)°) of 

complex 15 is notably larger than the analogous C2−C1−C3 bond angle (50.34(18)°) in this 

cyclopropene. Both parameters suggest strong π-backdonation from a filled iron-based d-orbital into an 

empty π* orbital of the cyclopropene ligand, consistent with a significant contribution from the 

metallacyclopropane resonance structure. 

N3

N1

Fe1

N4

C2 H2

C3

N2

C1

H1

 

Figure 34. Left: Crystal structure of complex 15. H-atoms apart from H1 and H2 are omitted for clarity. Right: Literature 

known crystal structure of a related cyclopropene; the data was taken from the CSD (refcode : JEPZOX).[290] 
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Next, we tested conditions for the formation of the targeted carbene 13. Slow addition of a toluene 

solution of cyclopropene 12 to a solution of IP2Fe (11) in toluene at 80°C over 30 min yielded, according 

to NMR spectroscopy, a mixture of three products. The diamagnetic carbene IP2Fe=CH−CH=CPh2 (13) 

(characteristic doublet at δH = 14.39 ppm (J = 14.1 Hz) at 298 K in [D8]-toluene, blue peaks), unreacted 

paramagnetic starting complex 11 (red peaks), and a new paramagnetic species, presumably complex 14 

(green peaks). Notably, the diamagnetic region (0 to 10 ppm) of the crude mixture is broadened and 

therefore difficult to analyze, likely due to the presence of the paramagnetic by-products (Figure 35). 

 

Figure 35. 1H NMR spectrum of the crude reaction mixture in [D8]-toluene at 298 K. Reaction conditions: addition of 

cyclopropene 12 to the precursor IP2Fe (11) over 30 min at 80°C. Red peaks: IP2Fe (11); green peaks: complex 14; blue peaks: 

carbene 13. 

The reaction mixture was evaporated, redissolved in Et2O, and carefully layered with n-pentane. Black 

single crystals of carbene 13, suitable for X-ray diffraction, formed over time. Single-crystal structure 

analysis revealed that carbene 13 adopts a trigonal bipyramidal geometry. Remarkably, the pyridine 

moieties of the two iminopyridine ligands occupy the axial positions, while the imine arms coordinate 

in the equatorial plane. The remaining equatorial coordination site is coccupied by the carbene ligand 

(Figure 36). Notably, extending the addition time to 2 h improved the carbene-to-side-product ratio. 
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Figure 36. Crystal structure of carbene 13. H-atoms besides H1 and H2, solvent molecules, and disordered parts are not shown 

for clarity. 
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Although carbene formation could be further enhanced by optimizing the reaction conditions, the 

paramagnetic side product 14 was consistently formed in small amounts. In one case, a crude mixture, 

obtained after a 2 h addition at 80°C was evaporated and extracted with n-pentane instead of Et2O. The 

resulting black filtrate solution was stored at −20°C, leading to the formation of single crystals suitable 

for X-ray diffraction. Structural analysis confirmed a nearly square-planar complex 14, formed via 

initial loss of one IP ligand, followed by oxidative cyclization with two equivalents of cyclopropene 12 

(Figure 37). The metallacyclopentane moiety shows a marked deviation from the plane defined by the 

nine atoms of the IPFe moiety. This is particularly evident in the distances from the C3 (0.555 Å) and 

the C4 (0.496 Å) atoms to this plane. The iminopyridine ligand features bond lengths (N1−C31 

(1.319(3) Å), C31−C32 (1.413(3) Å), and N2−C32 (1.383(3) Å)) indicative for the presence of a 

monoanionic radical ligand.[285] This nearly square-planar geometry contrasts sharply to Fürstner and 

co-workers discovery, that the related complex 275, similarly formed through oxidative cyclization of 

two cyclopropenes with an iron-center, is a tetrahedral Fe+II species.[284] 
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Figure 37. Crystal structure of square-planar complex 14. H-atoms and solvent molecules are not shown for clarity. 

Notably, scaling up the reaction allowed purification of carbene 13 from the side products. Additionally, 

a higher concentration appeared to positively influence carbene formation, as previously observed by 

Grubbs.[199] Washing the crude material with minimal amounts of toluene and drying the filter cake in 

vacuo at 60°C for 30 min yielded analytically pure carbene 13 in 43% yield (Scheme 117). 

 

Scheme 117. The reaction of IP2Fe (11) and cyclopropene 12 under optimized conditions allows for the isolation of carbene 13 

in analytically pure form. 

The geometrical features of carbene 13 warrant a detailed discussion. The carbene bond length Fe1−C1 

(1.842(2) Å) is notably shorter than the analogous bond lengths Fe−C (1.936(2) Å and 1.921(2) Å) 

observed in the crystal structures of Chirik’s PDI-based carbenes 247a and 247b. It should be noted 
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that Chirik’s PDI-based carbenes have been shown to be Fe+II species with an S = 1 spin state, in which 

the carbene ligand is best described as a monoanionic carbene radical.[263] In contrast, the significantly 

shorter Fe1−C1 bond in carbene 13 may indicate a greater degree of covalent, Schrock-like character. 

Furthermore, the C2−C3 bond length (1.374(3) Å) is slightly elongated compared to the corresponding 

C−C bond length (1.351(3) Å, CSD refcode: ZATHUZ) in the known organic reference compound 

285.[291] The bond lengths within the iminopyridine backbone are also informative. Based on X-ray 

crystallographic data, Wieghardt proposed typical bond lengths for such ligand systems depending on 

their redox states.[285] The average bond lengths in carbene 13, Nimine−Cimine (1.327 Å), Cimine−Cpy 

(1.404 Å), and Npy−Cpy (1.378 Å), are very close to the bond lengths proposed for a monoanionic 

iminopyridine radical ligand: Nimine−Cimine (1.34 Å), Cimine−Cpy (1.41 Å), and Npy−Cpy (1.39 Å) (Scheme 

118). 

 

Scheme 118. Comparison of the geometrical features of carbene 13 with the metrical parameters of literature known 

compounds. 

Compound 13 was also fully characterized by NMR spectroscopy. At 298 K, the signals of the 

iminopyridine ligand appeared broadened, likely due to hindered rotation around the Fe−C bond. 

Therefore, assignments were carried out at 233 K, where these signals appeared significantly sharper 

(Figure 38). 
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Figure 38. VT 1H NMR data of complex 13 in [D8]-toluene from 233 to 298 K. In collaboration with Dr. Markus Leutzsch. 

Key to the NMR structural assignment of 13 as a vinylic carbene were the 1H-13C HSQC and HMBC 

spectra. HSQC cross peak between H-1C-1 were observed. Both, the deshielded NMR signals for H-1 

(δH = 14.39 ppm) and C-1 (δC = 230.9 ppm) together with the large coupling constant (J = 14.1 Hz) are 

characteristic of trans-isomers of transition metal vinyl carbenes (Figure 39). 

 

Figure 39. Left: 1H-13C HSQC NMR spectrum of 13. Right: 1H-13C HMBC NMR spectrum of x. Measurements at 233 K in [D8]-

toluene. In collaboration with Dr. Markus Leutzsch. 

As complex 13 is diamagnetic, we next aimed to study this species via 57Fe NMR spectroscopy in 

collaboration with Dr. Markus Leutzsch. A priori, the 57Fe nucleus exhibits unfavorable properties: it is 

an S = ½ nucleus with a low natural abundance of 2.2% and a low receptivity of 4.19 · 10−3 compared to 

the 13C nucleus.[292-294] Owing to these parameters, the 57Fe nucleus is among the least sensitive nuclei in 

NMR spectroscopy.[295] Furthermore, the chemical shift range spans approximately 12000 ppm.[296] 

Notably, attempts have been made to correlate the 57Fe NMR shielding of diamagnetic Fe+II porphyrin 

complexes with the quadrupole splitting │ΔEQ│ obtained from Mößbauer spectroscopy.[297] 
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As no 57Fe NMR shift for a system related to 13 is known in the literature, we initially resorted to 

calculations to predict the expected chemical shift of this iron carbene. To benchmark these calculations, 

we selected the following reference systems with experimentally known 57Fe NMR shifts: Fe(CO)5,[294] 

Fe(CO)3(cyclobutadiene),[294] Fe(CO)3(butadiene),[294] Fe(CO)3(norbornadiene),[294] CpFeCl(CO)2,[298] 

and CpFeCl(PMe2Ph)2,[299] all of which were reported in [D8]-toluene or benzene, excluding 

CpFeCl(CO)2, which was reported in CH2Cl2. Cp2Fe was re-measured in [D8]-toluene (δFe = 1532 ppm), 

closely matching the previously reported value in CDCl3 (δFe = 1538 ppm).[292] 

The conformational space of the complexes was initially explored based on known data or explored 

based on a GOAT conformer sampling on the GFN2-xTB level of theory. For Cp2Fe, two conformers, the 

eclipsed and the staggered forms, were considered based on X-ray crystallographic data. The geometries 

of the conformers were then optimized at the r2SCAN−3c/CPCM(toluene) level of theory. With the 

optimized geometries in hand, 57Fe NMR isotropic shieldings were calculated on the PBE0/def2-

TZVPP/CPCM(toluene) level of theory. For Cp2Fe, CpFeCl(PMe2Ph)2, Fe(CO)3(C4H4), and the carbene 

13, the 57Fe NMR shieldings were calculated for multiple conformers and Boltzmann averaged following 

Grimme’s CENSO workflow.[300] 

This protocol yielded an excellent correlation (R2 = 0.9958) between the computed isotropic 57Fe NMR 

shieldings and the corresponding experimental 57Fe NMR chemical shifts (Figure 40). 

 

Figure 40. Correlation between the calculated 57Fe NMR shielding and the experimental 57Fe NMR chemical shift. In 

collaboration with Dr. Markus Leutzsch. 

With this correlation in hand, it was possible to estimate where the 57Fe NMR shift of carbene 13 might 

appear. Consistent with the prediction (σcal = −14455 ppm), the 57Fe NMR signal was successfully 

detected via a 1H-57Fe HMBC experiment at δexp = 8873.0 ppm, showing HMBC cross peaks between Fe-

1H-1, Fe-1H-17, and Fe-1H-17’ (Figure 41). Selected Fe porphyrin complexes exhibit similar 

isotropic shieldings.[301] Note that the correlation shown in Figure 40 already includes the 57Fe NMR 

chemical shift of the iron carbene. 
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Figure 41. 1H-57Fe HMBC NMR spectrum of 13 in [D8]-toluene at 298 K. In collaboration with Dr. Markus Leutzsch. 

To determine the oxidation state of IP2Fe=CH−CH=CPh2 (13), zero-field Mößbauer spectra were 

recorded. The spectra confirmed the purity of carbene 13; however, an unambiguous assignment of the 

oxidation state was not possible based on the data alone. According to the literature, the observed isomer 

shift δ = 0.08 mm s−1 and quadrupole splitting │ΔEQ│ = 1.02 mm s−1 are consistent with several 

possibilities: Fe+II, S = 0; Fe+III, S = ½; or Fe+IV, S = 1.[302-304] 

 

Figure 42. Zero-field Mößbauer spectrum of 13 at 1.8 K. The fitted spectrum (red line) reveals an isomer shift of δ = 0.08 mm 

s−1 and a quadrupole splitting │ΔEQ│ = 1.02 mm s−1. In collaboration with Derya Demirbas. 

The three scenarios suggested by the Mößbauer parameters can be rationalized by invoking different 

redox states of the iminopyridine ligand. In the Fe+II, S = 0 case, two neutral iminopyridine ligands and 

a dianionic Schrock-type R2C2− ligand would be involved. In contrast, the Fe+IV, S = 1 scenario would 

require two monoanionic iminopyridine radical ligands and a dianionic Schrock-type R2C2− ligand. Since 

carbene 13 is diamagnetic, the two ligand-based radicals must be antiferromagnetically coupled with 

the two unpaired electrons on the Fe+IV center. 

For the Fe+III, S = ½ case, two possibilities arise. First, a dianionic Schrock-type R2C2− ligand along with 

one neutral and one monoanionic iminopyridine radical could be present, with the iminopyridine radical 

antiferromagnetically coupled to the unpaired electron on the Fe+III center. Alternatively, the Fe+III, 

S = 1/2 center could be antiferromagnetically coupled to a monoanionic carbene radical, while the 

iminopyridine radicals would themselves be monoanionic radicals antiferromagnetically coupled to 

each other (Figure 43). 



105 

 

Figure 43. The possible redox states of IP2Fe=CH−CH=CPh2 (13) as determined by Mößbauer spectroscopy. 

It is worth noting that the closely related diamagnetic compound IP2Cr=NAd (288) was reported by 

Wieghardt and co-workers (Scheme 119).[305] This complex also features a trigonal bipyramidal 

geometry. X-ray absorption measurements, together with broken-symmetry calculations, established 

that 288 is a Cr+IV species with two monoanionic iminopyridine radical ligands, both of which are 

antiferromagnetically coupled to the two unpaired electrons on the Cr+IV atom. 

 

Scheme 119. Wieghardt’s Cr+IV imide 288. 

As Wieghardt and co-workers reported UV-Vis data for IP2Cr=NAd (288), we also recorded the UV-Vis 

spectrum of a solution of complex 13 in toluene (Figure 44). The complex exhibits absorption bands at 

ca. 475, 660, and 820 nm, along with a very broad band at ca. 1480 nm. The overall features of the UV-

Vis spectrum of IP2Fe=CH−CH=CPh2 (13) closely resemble those observed in the UV-Vis spectrum of 

IP2Cr=NAd (288).[305] 
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Figure 44. UV-Vis spectrum complex 13 in toluene. In collaboration with Dr. Maurice van Gastel. 

We also conducted cyclic voltammetry studies in collaboration with Dr. Alexios Stamoulis. As evident 

from the CV data, complex 13 exhibits three redox features: a fully reversible Fe+/Fe0 redox couple A 

(E0([Fe]+/0) = −0.872 V vs. Fc+/0), an irreversible Fe2+/Fe+ redox couple B, and a quasi-reversible 

Fe0/Fe− redox couple C E0([Fe]0/−) = −2.20 V vs. Fc+/0 (Figure 45). It should be noted that the charges 

reflect the charge of the complex and not oxidation state of the metal center. 

 

 

Figure 45. Top: The redox couples of complex 13. Charges reflect charge of the complex, not oxidation state of the metal 

center. Bottom: Cyclic voltammogram of 13 (0.1 M [N(nBu)4(PF6)] in THF, working electrode:1.6 mm GC disk, reference 

electrode: Ag wire pseudoreference. In collaboration with Dr. Alexios Stamoulis. 
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Further CV studies of the Fe+/Fe0 redox couple A at different scan rates confirmed its reversibility 

(Figure 46). A Randles-Sevcik-Plot, presented in the Experimental Section, indicates that the redox 

process involves freely diffusing species. Future investigations will be devoted to isolating the one-

electron oxidation product of carbene 13. 

 

Figure 46. Stacked cyclic voltammogram 13 for redox couple A (0.1 M [N(nBu)4(PF6)] in THF, working electrode:1.6 mm GC 

disk, reference electrode: Ag wire pseudoreference. D[Fe] = 1.88 x 10−6 cm2 s−1 and D[Fe]+ = 1.23 x 10−6 cm2 s−1. In collaboration 

with Dr. Alexios Stamoulis. 

The quasi-reversibility of the Fe0/Fe− redox couple C was evident by more detailed CV studies of this 

redox couple at different scan rates (Figure 47). A Randles-Sevcik-Plot, presented in the Experimental 

Section, indicates that the redox process involves freely diffusing species. 

 

Figure 47. Stacked cyclic voltammogram 13 for redox couple C (0.1 M [N(nBu)4(PF6)] in THF, working electrode:1.6 mm GC 

disk, reference electrode: Ag wire pseudoreference. In collaboration with Dr. Alexios Stamoulis. 

Next, we investigated whether 13 reacts with olefins such as diallylmalonate, norbornene, or styrene in 

toluene. However, no reaction was observed under these conditions, even at elevated temperatures. Dr. 

William Parisot, however, demonstrated that the styrene derivative 289 reacts with carbene 13 in 

pyridine at 90°C to furnish the cyclopropanation product 290, likely formed via an outer-sphere 

mechanism (Scheme 120). Olefin metathesis is not observed, possibly because the iminopyridine ligand 

is too tightly coordinated once carbene 13 has formed. 
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Scheme 120. Carbene 13 reacts with styrene derivative 289 in pyridine to give the cyclopropanation product 290. Result by Dr. 

William Parisot. 

In order to obtain an iron carbene featuring an open coordination site, an initial exploration into the 

reaction of cyclopropene 12 with alternative iron complexes was undertaken. It quickly became evident 

that IP2Fe (11) is a particularly privileged system for the formation of carbenes by Binger’s 

rearrangement strategy. This is illustrated by the reaction of complex 291, carrying a PNP pincer ligand, 

with cyclopropene 12 in the presence of Na/NaCl. Although NMR spectroscopy indicated the formation 

of multiple species, single crystals suitable for X-ray diffraction were obtained by removing the solvent 

in vacuo, followed by crystallization from an Et2O/n-pentane mixture at −20°C. A crystal structure 

analysis confirmed the formation of allyl complex 293, which likely arises from the decomposition of 

initially formed carbene 292 via activation of the ortho C−H bond of one of the phenyl groups in the 

vinyl carbene moiety (Scheme 121 and Figure 48). 

 

Scheme 121. The reaction of iron complex 291 with cyclopropene 12 results in formation of the allyl species 293. 
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Figure 48. Crystal structure of 293. H-atoms (except H1 and H2) and solvent molecules are not shown for clarity.   
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2.5 Summary (Part II) 

The catalytic metathesis of olefins, commonly achieved using Mo- or Ru-based carbenes, is beyond the 

scope of iron carbenes. Such application would be highly desirable, as iron is an earth abundant and 

inexpensive transition-metal, but also as a fundamentally intriguing challenge in organometallic 

chemistry. So far, iron carbenes tend to favor a competitive pathway, the cyclopropanation of olefins. 

However, recent landmark studies by Iluc and co-workers on the stoichiometric metathesis of olefins 

and alkynes highlight the potential of iron carbenes to serve as catalysts for the metathesis of olefins 

(Scheme 122). It was anticipated that an iron carbene that mirrors the key features of the carbenes 

reported by Iluc and co-workers could serve as a feasible starting point for such investigations. Thus a 

five-coordinate, diamagnetic iron carbene surrounded by four neutral donor ligands and a standalone 

carbene ligand was selected as a promising motif (Scheme 122). 

 

Scheme 122. Left: Iron carbenes reported by Iluc and co-workers. Right: Key characteristics of the targeted iron carbene. 

Various methods for the synthesis of iron carbenes with such characteristics were explored within this 

doctoral thesis. Initial efforts focused on the utilization of a α−H abstraction, but proved unsuccessful 

for benzyl-substituted complexes. Therefore, we turned our attention to the activation of propargylic 

alcohols with dmpe2FeCl2 (7), followed by reduction with K/KI. Although the activation of propargylic 

alcohols by the related complex depe2FeBr2 (269) had been reported previously, the reduction of the 

resulting cationic allenylidene has no precedent. This strategy ultimately enabled the isolation of a rare 

example of a phosphine-ligated formally Fe0 allenylidene 10. Complex 10 was analyzed using X-ray 

crystallography, NMR spectroscopy, elemental analysis, and mass spectrometry (Scheme 123). 

 

Scheme 123. Synthesis of the allenylidenes 9 and 10. 

We next established a novel approach for the synthesis of iron carbenes: the Binger rearrangement 

strategy. This approach involves the formal electrocyclic ring-opening of a strained cyclopropene to 

generate an iron carbene. Although this method had previously been explored for iron complexes, it was 

found to suffer from a dominant side reaction: oxidative cyclization of two cyclopropenes with an iron 

center to form a metallacyclopentane. This limitation was overcome through the judicious choice of the 

iron precursor IP2Fe (11), first reported by Wieghardt and co-workers. Depending on the reaction 
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conditions, either the η2-cyclopropene complex 15 or the vinylic carbene 13 was obtained (Scheme 124). 

Notably, carbene formation competes with oxidative cyclization, as both complexes 13 and 14 were 

identified in the reaction mixture. While complex 13 does not mediate or catalyze the metathesis of 

olefins, it was found to cyclopropanate olefins under specific conditions. 

 

Scheme 124. The Binger rearrangement strategy enabled the synthesis of the vinylic carbene 13. 

The iron carbene 13 was characterized using a wide array of analytical techniques, including X-ray 

crystallography, elemental analysis, IR spectroscopy, UV-Vis spectroscopy, mass spectrometry, 

Mößbauer spectroscopy, cyclic voltammetry, and NMR spectroscopy. Notably, conventional NMR 

analysis was complemented by 57Fe NMR spectroscopy, a technique that is highly challenging due to the 

unfavorable properties of the 57Fe nucleus and often requires isotopically enriched samples. Guided by 

57Fe NMR calculations, the 57Fe resonance at 8873.0 ppm was successfully detected via a 1H-57Fe HMBC 

NMR experiment performed at natural abundance (Figure 49). 

 

Figure 49. 1H-57Fe HMBC NMR spectrum of 13 in [D8]-toluene at 298 K. In collaboration with Dr. Markus Leutzsch. 

  



111 

3 Experimental Section 

3.1 General 

Manipulations of air and hydrolysis sensitive substances were carried out using standard Schlenk 

techniques. Unless stated otherwise, all reactions were carried out in glassware which had been heated 

in high vacuum with a Bunsen burner, cooled to ambient temperature and filled with argon prior to use. 

Likewise, all cannulas and syringes were carefully flushed with argon before use. 

The solvents used were distilled after drying over the indicated reagents and stored under an argon 

atmosphere over molecular sieves (3 Å): tetrahydrofuran (magnesium/anthracene), benzene (CaH2), 

dichloromethane (CaH2), diethyl ether (Na/K), toluene (sodium tetraethylaluminium), n-pentane 

(Na/K). Hexamethyldisiloxane (HMDSO), [D6]-benzene and [D8]-toluene were degassed by three 

freeze-pump-thaw cycles and then stored over molecular sieves (3 Å). 

Molecular sieves were activated at 180 °C for 3 d under high vacuum (10−3 mbar) and stored under 

argon.  

Commercially available chemicals were used without further purification unless otherwise noted. The 

following compounds were prepared according to the literature: complex 1,[3, 70, 88, 306] complex 7,[279] 

IP2Fe (11),[285] cyclopropene 12,[307] complex 91,[119] complex 94,[75] ligands 141,[115-116], compound 

148,[116] complex 167,[75] complex 168,[76] complex 291,[308] BnK,[309] K/KI.[282] 

All ligands used were dried by the following method: The ligand was dissolved in toluene and then 

powdered molecular sieves (4 Å) were added. The resulting suspension was stirred overnight, filtered 

via cannula and all volatile components were removed in vacuo (10−3 mbar).  

Flash chromatographic separations were performed on silica gel (Merck, type 9385, 230-400 mesh, 

60 Å pore diameter) as stationary phase. Reaction control was performed on ready-to-use films for thin-

layer chromatography (40 x 80 mm, Polygram® SIL G/UV254). Detection was achieved under UV-light 

(254 nm) and/or by staining with either acidic p-anisaldehyde, cerium ammonium molybdate, or basic 

KMnO4 solution. 

Nuclear magnetic resonance spectroscopy (NMR) 

Spectra were recorded on Bruker Avance III HD 400 MHz or Avance Neo 600 MHz NMR spectrometers 

in the indicated solvents; chemical shifts (δ) are given in ppm relative to tetramethylsilane (TMS), 

coupling constants (J) in Hz. The multiplicities of the signals are described by the following 

abbreviations: s: singlet, d: doublet, t: triplet, q: quartet, pent: quintet, sept: septet, m: multiplet, bs: 

broad signal. Solvent signals were used as reference and chemical shifts were converted to the TMS scale 

([D6]-benzene: δC = 128.06 ppm, residual 1H: δH = 7.16 ppm; CD2Cl2: δC = 53.84 ppm, residual 1H: 

δH = 5.32 ppm; [D8]-toluene: δC = 20.43 ppm, residual 1H: δH = 2.09 ppm). 1D 29Si NMR spectra were 

acquired with a polarisation transfer pulse sequence (refocussed INEPT) and broadband proton 

decoupling. 95Mo NMR spectra were acquired using the Bruker aring pulse sequence to minimize 

acoustic ringing from the NMR probe at 333 K unless noted otherwise. The π/2 95Mo pulse was 

calibrated with a Na2MoO4 (2 M in D2O) sample and had a typical length of 22.5 μs. 15N NMR shifts were 

extracted from cross peaks in a 1H-15N-HMBC experiments. 29Si and 95Mo chemical shifts were 

referenced indirectly to the 1H chemical shift of the solvent according to IUPAC recommendations using 

the xiref macro in Bruker Topspin.[310] 15N chemical shifts are reported relative to CH3NO2 (δ = 0 ppm; 

Ξ = 10.136767%), 29Si chemical shifts are reported relative to Me4Si (δ = 0 ppm; Ξ = 19.867187%), 95Mo 

chemical shifts relative to Na2MO4 (δ = 0 ppm; Ξ = 6.516926%) and 57Fe chemical shifts are reported 

relative to Fe(CO)5 (δ = 0 ppm; Ξ = 3.237778%). 
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Single-crystal structure analysis 

Single-crystal structure determinations were conducted at the Max-Planck-Insitut für Kohlenforschung 

in the department for “Chemical crystallography and electron microscopy”. Structure determinations 

were performed on either a Bruker AXS D8-Venture diffractometer with an IµS Diamond Mo-anode or 

a Bruker-AXS Kappa Mach3 with an APEX-II detector and an IµS microfocus Mo-anode. 

Infrared spectroscopy (IR) 

IR spectra were measured on a Spectrum One (Perkin-Elmer) spectrometer at room temperature. 

Absorption bands are reported in wavenumbers (cm−1). 

Mass spectrometry (MS) 

High-resolution mass spectra (HRMS) were measured with a Finnigan MAT 95 spectrometer (EI) or a 

Bruker APEX III FT-ICR-MS (ESI). All values are given in mass units per elementary charge (m/z). 

Magnetometry 

Variable temperature direct current (DC) magnetic susceptibility data for 6b was measured using a 

MPMS3 Quantum Design SQUID magnetometer at the Max Planck Institute for Chemical Energy 

Conversion (MPI CEC) in the Joint Workspace with the Max-Planck-Institut für Kohlenforschung (MPI 

KoFo). 

UV-Vis spectroscopy 

UV-vis spectra were recorded in 2 mm quartz cuvettes at room temperature on a Cary6000i UV-vis-NiR 

spectrometer. 

Elemental analysis 

Elemental analysis were performed by Mikroanalytisches Laboratorium H. Kolbe, Oberhausen, 

Germany. 
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3.2 Tripodal Silanolate Ligands Expand MoX3 Chemistry Beyond Its Traditional 

Borders 

Bis(3,5-dimethylphenyl)dimethoxysilane (151) 

A solution of 5-bromo-m-xylene (15 mL, 0.11 mol) in THF (75 mL) was added dropwise 

over a period of 1 h to a suspension of Mg turnings (2.9 g, 0.12 mol) and LiCl (4.7 g, 

0.11 mol) in THF (40 mL). After 5 min, heat evolution was observed. Stirring was 

continued for 30 min before the mixture was transferred via cannula into the dropping 

funnel used in the reaction described below. 

This solution of (3,5-dimethylphenyl)magnesium bromide in THF was added dropwise over a period of 

10 min to a solution of Si(OMe)4 (7.5 mL, 51 mmol) in THF (135 mL) at 0 °C. Once the addition was 

complete, stirring was continued for 2 h at ambient temperature before water (150 mL) was carefully 

added to quench the reaction. The mixture was transferred into a separatory funnel and the aqueous 

phase extracted with EtOAc (3 x 100 mL). The combined organic layers were dried over MgSO4, and all 

volatile components were removed in vacuo to give a colorless oil. The crude product was purified by 

distillation in high vacuum (10−3 mbar, bath temperature: 185 °C; b. p. 145-147 °C) to give the title 

compound as a colorless solid (7.6 g, 50%). 

1H NMR (600 MHz, CD2Cl2, 298 K): δ = 7.24−7.23 (m, 4H; H-2), 7.08−7.07 (m, 2H; H-4), 3.59 (s, 6H; 

H-6), 2.30 ppm (q, J = 0.6 Hz, 12H; H-5).  

13C NMR (151 MHz, CD2Cl2, 298 K): δ = 137.7 (C-3), 132.69 (C-1), 132.68 (C-2), 132.4 (C-4), 51.0 (C-6), 

21.5 ppm (C-5).  

29Si NMR (119 MHz, CD2Cl2, 298 K): δ = −28.9 ppm. 

IR (ATR): ν̃ = 2934, 2857, 2834, 1594, 1455, 1404, 1379, 1273, 1182, 1139, 1072, 991, 938, 870, 851, 799, 

720, 696, 569, 547, 532, 485, 447, 431, 417 cm−1.  

HRMS (EI+): m/z calculated for C18H24O2Si [M]+: 300.15401, found: 300.15412. 
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Ligand 141a 

A solution of tert-butyllithium (1.7 M in n-pentane, 17 mL, 28 mmol) was added 

dropwise over a period of 10 min to a suspension of 1,3,5-tris-2’-

bromophenylbenzene (148) (2.4 g, 4.4 mmol) in Et2O (48 mL) at −110 °C. 

Stirring was continued for 1 h at that ambient temperature before the mixture 

was cooled again to −110 °C and a solution of compound 151 (3.4 g, 14 mmol) in 

Et2O (12 mL) was slowly introduced. Stirring was continued for 2 h at ambient 

temperature before water (30 mL) was carefully added to quench the reaction. 

The mixture was transferred into a separatory funnel and the organic phase was separated. The aqueous 

phase was extracted with CH2Cl2 (3 x 50 mL) and the combined organic layers were dried over MgSO4. 

All volatile components were removed in vacuo to give a light yellow foam (4.6 g), which was used 

without further purification in the next step. 

Conc. aq. HCl (30 mL, 37 mmol) was added to a solution of this crude material (4.6 g, 4.2 mmol) in THF 

(100 mL) at 0 °C under air. Stirring was continued for 2 h at ambient temperature before aq. NaOH 

solution (3 M, 130 mL) was carefully added. The mixture was transferred into a separatory funnel and 

the organic phase was separated. The aqueous phase was extracted with CH2Cl2 (5 x 50 mL) and the 

combined organic layers were dried over MgSO4. All volatile components were removed in vacuo to give 

a light yellow crystalline solid, which was washed with CH2Cl2 (1 x 10 mL, 1 x 5 mL) and dried under high 

vacuum (10−3 mbar) to give the title compound as a white powder (2.7 g, 57% over two steps). 

1H NMR (600 MHz, CD2Cl2, 298 K): δ = 7.41−7.39 (m, 3H; H-7), 7.25−7.20 (m, 6H; H-5 and H-6), 

7.13−7.12 (m, 12H; H-10), 7.07 (s, 3H; H-1), 6.91−6.90 (m, 6H; H-12), 6.84−6.83 (m, 3H; H-4), 3.96 (s, 

3H; H-200), 2.12 ppm (s, 36H; H-13).  

13C NMR (151 MHz, CD2Cl2, 298 K): δ = 148.9 (C-3), 144.1 (C-2), 137.8 (C-7), 137.5 (C-11), 134.5 (C-8), 

132.2 (C-10), 131.6 (C-12), 130.0 (C-5), 129.2 (C-4), 129.0 (C-1), 126.3 (C-6), 21.4 ppm (C-13). 

29Si NMR (119 MHz, CD2Cl2, 298 K): δ = −12.4 ppm.  

IR (ATR): ν̃ = 3415, 3013, 2916, 2857, 1584, 1557, 1469, 1437, 1402, 1376, 1269, 1168, 1138, 1088, 1064, 

1037, 989, 939, 896, 860, 845, 800, 761, 739, 714, 696, 666, 652, 637, 622, 553, 537, 520, 491, 475, 

411x cm−1.  

HRMS (ESI+): m/z calculated for C72H72NaO3Si3 [M+Na]+: 1091.46815, found: 1091.46797. 
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Silane 149e 

A solution of tert-butyllithium (1.7 M in n-pentane, 10 mL, 17 mmol) was added 

dropwise over a period of 5 min to a solution of 1,3,5-tris-2’-

bromophenylbenzene (1.5 g, 2.8 mmol) (148) in THF (30 mL) at −78 °C. The 

mixture was allowed to reach ambient temperature while the color changed to 

red. The reaction mixture was quickly cooled to −78 °C again and tBu2SiHCl 

(6.5 mL, 32 mmol) was added. Stirring was continued for 20 h at ambient 

temperature before isopropanol (5 mL) was carefully added to quench the reaction. All volatile 

components were removed in vacuo. The residue was dispersed in n-hexane and the suspension filtered 

through a plug of silica. The filtrate was evaporated and the residue purified by flash chromatography 

on silica gel (n-hexane) to give the title compound as a colorless solid (0.78 g, 39%). Colorless single 

crystals suitable for X-ray diffraction were grown by slow evaporation of a solution of the compound in 

n-pentane. 

1H NMR (600 MHz, [D2]-dichloromethane, 298 K): δ = 7.69 (d, J = 7.4 Hz, 3H; H-7), 7.42−7.39 (m, 6H; 

H-4 and H-5), 7.35−7.31 (m, 3H; H-6), 7.15 (s, 3H; H-1), 3.86 (s, 3H; H-200), 0.98 ppm (s, 54H; H-10). 

13C NMR (151 MHz, [D2]-dichloromethane, 298 K): δ = 151.0 (C-3), 142.4 (C-2), 135.3 (C-7), 134.3 (C-

8), 130.6 (C-1 and C-4), 128.8 (C-5), 125.8 (C-6), 29.6 (C-10), 19.7 ppm (C-9). 

29Si NMR (119 MHz, [D2]-dichloromethane, 298 K): δ = 0.9 ppm.  

IR (ATR): ṽ = 2926, 2889, 2853, 2149, 1584, 1557, 1468, 1437, 1409, 1386, 1363, 1263, 1121, 1098, 1086, 

1063, 1048, 1012, 935, 896, 872, 806, 764, 737, 723, 682, 631, 615, 575, 526, 466, 450 cm−1.  

HRMS (ESI+): m/z calculated for C48H72NaSi3 [M+Na]+: 755.48340, found: 755.48302. 
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Ligand 141e 

mCPBA (77% w/w, 1.23 g, 5.50 mmol) was added in portions to a solution of 

silane 149e (671 mg, 0.915 mmol) in THF (9 mL) at 0 °C in air. The mixture 

was stirred at ambient temperature for 3 d before sat. aq. Na2S2O3 (10 mL) was 

added. The mixture was transferred into a separatory funnel and diluted with 

tert-butyl methyl ether (100 mL), and the aqueous phase was separated. The 

organic phase was washed with sat. aq. Na2CO3 solution (3 x 50 mL) and dried 

over MgSO4 before all volatile components were removed in vacuo to give a colorless oil. The residue 

was dissolved in THF (40 mL) and aq. NaOH solution (3 M, 40 mL) was added. The resulting mixture 

was vigorously stirred for 30 min, transferred into a separatory funnel and diluted with tert-butyl methyl 

ether (50 mL). The aqueous phase was separated and the organic phase was washed with brine (50 mL). 

The organic layer was dried over MgSO4 before all volatile components were removed in vacuo to give a 

colorless oil. 

The oil was dissolved in n-pentane (15 mL) and the solution stored over 3 Å MS for 16 h. All volatile 

components were removed in vacuo (10−3 mbar) to give a colorless oil. The oil was dissolved in toluene 

(1 mL), which was then evaporated to give a white foam. The foam was dried at 120 °C for 30 min under 

high vacuum (10−3 mbar) whereupon it started to melt. While cooling to ambient temperature, ligand 

141e started to crystallize as a white solid (617 mg, 86%). Colorless single crystals of the monohydrate 

of complex 141e suitable for X-ray diffraction were obtained by storing a solution of the compound in 

hexamethyldisiloxane (HMDSO) at −20 °C. 

1H NMR (600 MHz, [D8]-toluene, 353 K): δ = 7.64 (dd, J = 7.4, 1.5 Hz, 3H; H-7), 7.45 (s, 3H; H-1), 7.32 

(bs, 3H; H-4), 7.17 (td, J = 7.5, 1.5 Hz, 3H; H-5), 7.13 (td, J = 7.4, 1.4 Hz, 3H; H-6), 1.68 (bs, 3H; H-200), 

1.06 ppm (s, 54H; H-10).  

13C NMR (151 MHz, [D8]-toluene, 353 K): δ = 149.3 (C-3), 144.7 (C-2), 135.1 (C-7), 135.0 (C-8), 131.0 (C-

4), 128.9 (C-5), 126.2 (C-6), 28.9 (C-10), 21.4 ppm (C-9). The signal of C-1 is broad and overlaps with a 

[D8]-toluene peak at 129.0 ppm.  

29Si NMR (119 MHz, [D8]-toluene, 353 K): δ = 3.7 ppm.  

IR (ATR):ṽ = 3644, 3607, 3051, 2932, 2889, 2856, 1583, 1558, 1471, 1429, 1409, 1388, 1363, 1259, 1121, 

1096, 1063, 1012, 935, 885, 820, 760, 738, 727, 714, 683, 629, 577, 529, 479, 437, 413 cm−1. 

HRMS (ESI+): m/z calculated for C48H72NaO3Si3 [M+Na]+: 803.46815, found: 803.46838. 
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Complex 23THF 

A dark red solution of complex 1 (312 mg, 0.499 mmol) in THF (27 mL) was 

added to a colorless solution of ligand 141a (484 mg, 0.453 mmol) in THF 

(27 mL). After the addition was complete, the dark red solution was concentrated 

under high vacuum (10−3 mbar) to ca. 1/4 of its volume to give a dark red-brown 

suspension, which was filtered under Ar to give a first crop of complex 23THF 

as the pale orange filter cake. The dark red-brown filtrate was stored for 1 d at 

−20°C, causing the precipitation of additional 23THF as pale orange crystals. 

Complex 23THF decomposes upon application of high vacuum; therefore no 

elemental analysis was obtained. 

Complex 23THF can be stored as a suspension in THF to avoid decomposition. Although it has a 

limited solubility in THF, diluted solutions can be prepared, from which single crystals suitable for X-

ray diffraction were grown upon storage at −20°C. 

Complex 2THF 

A dark red solution of complex 1 (312 mg, 0.499 mmol) in THF (27 mL) was added 

to a colorless solution of ligand 141a (484 mg, 0.453 mmol) in THF (27 mL). The 

resulting dark red solution was concentrated under high vacuum (10−3 mbar) to 

ca. 1/4 of its volume to give a dark red-brown suspension, which was filtered to 

give complex 2THF as the pale orange filter cake. 

The pale orange filter cake was dissolved in n-pentane (9 mL) to form a deep red 

solution, which was vigorously stirred for a few minutes until a large amount of a red microcrystalline 

solid started to precipitate. Once the precipitation was complete as indicated by the loss of the red color 

of the solution, the solvent was filtered off and the resulting red filter cake was dried under high vacuum 

(10−3 mbar) to give complex 2THF as a red microcrystalline solid material (259 mg). The pale orange 

filtrate was stored for at least 1 d at −20°C causing the formation of a second crop of pale orange crystals, 

which were collected and dissolved in n-pentane (9 mL) to form again a deep red solution. After vigorous 

stirring for a few minutes, a second crop of red microcrystalline solid material started to precipitate, 

which was filtered off and dried under high vacuum (10−3 mbar) to give a second crop (46.7 mg). 

Combined yield of the dark red complex 2THF: 306 mg, 55%. 

Complex 2THF has a broad and featureless 1H NMR spectrum. 

Elemental analysis (%) calculated for C76H77MoO4Si3: C 73.93, H 6.29, Mo 7.77, Si 6.82; found: C 73.72, 

H 6.34, Mo 7.75, Si 6.81. 

The crystallization of this complex proved to be extremely challenging, as SC-XRD revealed that all the 

crystals examined were multicomponent, containing complex 2THF as the major species, along with 

two minor constituents. These minor species were identified as a η6 species 2 devoid of any THF ligands 

and a third species, which could not be unambiguously assigned. 

Single crystals were obtained using different methods in numerous attempts at isolating the η2 species 

2THF in pure form. A typical crystallization experiment is described below: 

To a colorless solution of ligand 141a (158 mg, 0.147 mmol) in THF (9 mL) was added a dark red 

solution of complex 1 (98.3 mg, 0.157 mmol) in THF (9 mL). The resulting dark red solution was 

concentrated to ca. 1/4 of its volume to give a dark red-brown suspension, which was filtered under Ar. 

The pale orange filter cake was dissolved in n-pentane (3 mL) to form a deep red solution, from which 
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red crystals precipitated after some minutes. The solvent was filtered off, and the resulting red filter cake 

was dissolved in toluene (1.5 mL; added in 0.5 mL increments). The solution was carefully layered with 

n-pentane (4.5 mL). Short vigorous stirring was necessary to initiate the precipitation of a red solid. The 

mixture was then left standing for approximately 1 h before the supernatant solution was filtered off and 

discarded. The red filter cake was dissolved again in toluene (1 mL; added in 0.5 mL increments) and 

the resulting solution was again carefully layered with n-pentane (3 mL). Over time, red single crystals 

began to form, which were used for numerous XRD analyses. 

Notably, after precipitation from n-pentane, the crystals no longer dissolve in n-pentane. 
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Reversibility of THF binding between complex 2THF and complex 23THF 

 

[D8]-THF (0.4 mL) was added to a dark red solution of complex 2THF (56.6 mg, 0.0458 mmol) in [D8]-

toluene (0.4 mL). The resulting solution was transferred into a J-Young NMR tube and spectra were 

recorded at different temperatures. Over time, crystals started to precipitate from this solution. Some of 

these crystals were transferred to a microscope slide, where the crystalline batch appeared 

homogeneous. Determination of the unit cell of these crystals proved that the tris-THF adduct 23THF 

had formed. 

 

Figure 50. 1H NMR spectra of the reaction between complex 2THF and [D8]-THF: [D8]-toluene, 233 K−298 K, 600 MHz. 
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Figure 51. 2H NMR spectra of the reaction between complex 2THF and [D8]-THF: [D8]-toluene, 233 K−298 K, 92 MHz. 
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Reaction of complex 2THF with complex 1 

 

Toluene (1.2 mL) was added to a solid mixture of 2THF (19.5 mg, 0.0158 mmol) and the Cummins 

complex 1 (10.8 mg, 0.0173 mmol). The resulting dark brown mixture was stirred at room temperature 

for 1 h 45 min, before all volatile components were removed in vacuo (10−3 mbar). An NMR analysis of 

this crude product showed that the heterodimer 4 had been cleanly formed. In addition to 4, excess of 

Cummins complex 1 and trace quantities of [HN(tBu)Ar] (Ar = 3,5-dimethylphenyl) were detected 

(which was trace impurity in sample of 1 used to perform this experiment). 

 

Figure 52. Top: 1H NMR spectrum of complex 4: [D6]-benzene, 298 K, 600 MHz. Bottom: 1H NMR spectrum of the reaction 

between complex 2THF and 1: [D6]-benzene, 298 K, 400 MHz.  
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Reaction of complex 2THF with N2O 

 

Complex 2THF (37.3 mg, 0.0302 mmol) was weighed into a flame-dried 10-mL Schlenk flask under 

argon. The flask was capped with a rubber septum and the atmosphere was exchanged for N2O (1 bar). 

A solution of 1,2,4,5-tetramethylbenzene in [D8]-toluene (1 mL, 0.1431 M) was then added, causing the 

immediate formation of a golden solution. After 2 min the solution was transferred into a J-Young NMR 

tube and spectra of the mixture were recorded. It was determined via quantitative NMR studies that the 

nitrido complex 5a had been formed in 38% yield (against 1,2,4,5-tetramethylbenzene as the internal 

standard). While no other species besides the nitrido complex 5a were detected, the sample exhibited a 

broad background, suggesting possible oligomer formation. The nitrido complex 5a was also the only 

species identified by mass spectrometry, which gave no evidence for any nitrosyl containing species. 

 

Figure 53. Quantitative 1H NMR spectrum of the reaction between complex 2THF and N2O: [D8]-toluene, 298 K, 600 MHz. 
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Reaction of complex 2THF with 1,1-dichloropropane 

 

1,1-Dichloropropane (10 µL, 0.10 mmol) was added to a stirred red solution of complex 2THF (55.3 mg, 

0.0448 mmol) in [D8]-toluene (0.7 mL). The resulting dark brown solution was transferred into a J-

Young NMR tube and spectra were recorded, which showed that the alkylidyne 152 had been formed. 

Additionally, the NMR spectra indicated the presence of a paramagnetic species, which might be the 

corresponding Mo+IV chloro complex 153. When 1,2,4,5-tetramethylbenzene was used as an internal 

standard, it was possible to determine the yield of alkylidyne 152 to be in the range of 10%. 

NMR data of the alkylidyne 152: 

1H NMR (600 MHz, [D8]-toluene, 298 K): δ = 7.83 (d, J = 7.1 Hz, 3H; H-7), 7.58 (s, 12H; H-10), 7.47 (s, 

3H; H-1), 7.04 (t, J = 7.4 Hz, 3H; H-5), 6.87 (d, J = 7.4 Hz, 3H; H-4), 6.79 (s, 6H; H-12), 2.84 (q, 

J = 7.4 Hz, 2H; H-15), 2.04 (s, 36H; H-13), 0.66 ppm (t, J = 7.4 Hz, 3H; H-16). The signal of H-6 

overlapped with one of the solvent signals at 7.09 ppm. 

13C NMR (151 MHz, [D8]-toluene, 298 K): δ = 322.8 (C-14), 149.4 (C-3), 143.8 (C-2), 138.6 (C-9), 137.2 

(C-11), 136.3 (C-8), 132.7 (C-10), 131.6 (C-12), 130.1 (C-4), 129.7 (C-5), 129.5 (C-1), 126.1 (C-6), 44.5 (C-

15), 21.4 (C-13), 13.7 ppm (C-16). The signal of C-7 overlapped with one of the solvent signals at 137.5 

ppm. 

29Si NMR (119 MHz, [D8]-toluene, 298 K): δ = −10.5 ppm (Si-100), 

MS analysis of the crude mixture revealed the presence of a cationic species possibly resulting from the 

loss of a chloride ligand from the chloro complex 153: HRMS (ESI+): m/z calculated for C72H69Mo1O3Si3 

[M]+: 1163.36031, found: 1163.36019. 

 

 

Figure 54. Recorded (top) and simulated (bottom) ESI+-MS spectrum of a cationic molybdenum-containing species 

corresponding to a molecular formula of C72H69MoO3Si3. 
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Complex 3 

A dark red solution of complex 1 (190 mg, 0.304 mmol) in THF 

(18 mL) was added to a colorless solution of ligand 141a 

(313 mg, 0.292 mmol) in THF (18 mL). The resulting dark red 

solution was concentrated to ca. 1/4 of its volume to give a dark 

red-brown suspension, which was filtered under Ar to give 

complex 23THF as the pale orange filter cake. The pale orange 

filter cake was dissolved in n-pentane (8 mL) to form a deep red 

solution, which was vigorously stirred for a few minutes to cause 

precipitation of a large amount of a red microcrystalline solid. The supernatant solvent was filtered off 

and the resulting red filter cake was dried under high vacuum to give complex 2THF as a red 

microcrystalline solid. 

This product was dissolved in toluene (2 mL) and n-pentane (6 mL) was added while stirring, which led 

to the precipitation of a red crystalline material. All volatile components were removed in vacuo (10−3 

mbar). The residual solid was again dissolved in toluene (15 mL) and then all volatile components were 

removed under high vacuum at RT to give a dark red oil. This dissolution/drying procedure was repeated 

two more times, before the residue was dissolved in toluene (2 mL) and the resulting red solution was 

filtered via cannula and left standing for 11 d, leading to the formation of orange single crystals. The 

supernatant solvent was filtered off via cannula and the large crystals were collected and used for crystal 

structure analysis. Drying of the crystals under high vacuum (10−3 mbar) afforded the title complex as a 

purple powder (13.1 mg, 4%). 

The title compound is almost insoluble in toluene, THF or CD2Cl2; therefore, no NMR data could be 

recorded. 

Elemental analysis (%) calculated for C144H138Mo2O6Si6: C 74.39, H 5.98, Mo 8.25, Si 7.25; found: 

C 74.27 H 6.02, Mo 8.21, Si 7.29. 

HRMS (ESI+): m/z calculated for C148H146Mo2O7Si6 [M+THF]+: 2398.77868, found: 2398.78455. 
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Complex 4 

A colorless solution of ligand 141a (162 mg, 0.152 mmol) in Et2O 

(15 mL) was added via cannula over a period of 2 min to a dark red 

solution of complex 1 (207 mg, 0.331 mmol) in Et2O (15 mL) at 

−78 °C. Stirring was continued for 30 min at −78 °C before the red 

brown suspension was allowed to reach ambient temperature. 

After a total reaction time of 1 h and 10 min, all volatile 

components were removed in vacuo (10−3 mbar) to give a brown 

sticky solid. This residue was triturated with n-pentane (3 x 10 mL) 

and the filter cake was dried under high vacuum (10−3 mbar) to give 

the title complex as a dark green-brown solid (143 mg, 53%). Orange single crystals suitable for X-ray 

diffraction were grown by slow evaporation of a solution of 4 in Et2O. 

1H NMR (600 MHz, [D6]-benzene, 298 K): δ = 8.42 (s, 3H; H-10’), 8.25 (d, J = 7.4 Hz, 3H ; H-7), 7.85 

(bs, 3H; H-15), 7.77 (s, 3H; H-10), 7.68 (bs, 3H; H-15’), 7.56 (s, 3H; H-1), 7.22 (td, J = 7.6, 1.0 Hz, 3H; 

H-6), 7.12 (s, 3H; H-12), 7.08 (td, J = 7.5, 1.1 Hz, 3H; H-5), 6.91 (s, 3H; H-17), 6.72 (dd, J = 7.6, 1.5 Hz, 

3H; H-4), 6.43 (s, 3H; H-24), 5.92 (s, 3H; H-22’), 3.57 (s, 3H; H-22), 2.54 (s, 9H; H-13’), 2.21 (s, 9H; H-

13), 2.07 (s, 18H; H-18 and H-18’), 1.98 (s, 9H; H-25’), 1.78 (s, 9H; H-25), 1.66 (s, 27H; H-20).  

13C NMR (151 MHz, [D6]-benzene, 298 K): δ = 151.9 (C-21), 150.2(C-3), 143.9 (C-2), 140.0 (C-14), 139.5 

(C-10‘), 139.1 (C-10), 139.0 (C-7), 138.6 (C-9), 138.4 (C-8), 136.6 (bs, C-16‘), 136.0 (bs, C-16), 135.5 (C-

11), 135.2 (bs, C-15), 135.1 (C-23), 134.7 (C-23‘), 134.6 (C-11‘), 134.5 (bs, C-15‘), 132.3 (C-22‘), 131.8 (C-

12), 130.9 (C-17), 130.4 (C-22), 130.0 (C-4), 129.6 (C-5), 127.0 (C-24), 126.1 (C-6), 63.7 (C-19), 36.2 (C-

20), 21.68 (C-13), 21.66 (C-25 and C13‘), 21.5 (bs, C-18 and C-18‘), 20.6 (C-25‘) ppm.  

29Si NMR (119 MHz, [D6]-benzene, 298 K): δ = −5.0 ppm.  

15N NMR (61 MHz, [D6]-benzene, 298 K): δ = −129 ppm. 

95Mo NMR (26 MHz, [D8]-toluene, 333 K): 3314.1 ppm 

IR (ATR): ν̃ = 2915, 1598, 1584, 1456, 1413, 1375, 1355, 1266, 1177, 1142, 1087, 1042, 960, 928, 866, 823, 

765, 741, 723, 699, 685, 636, 624, 584, 551, 536 cm−1.  

HRMS (ESI+): m/z calculated for C108H123Mo2N3O3Si3 [M]+: 1789.69749, found: 1789.69813.  

Elemental analysis (%) calculated for C108H123Mo2N3O3Si3: C 72.58, H 6.94, Mo 10.74, N 2.35, Si 4.71; 

found: C 72.15, H 6.89, Mo 10.61, N 2.33, Si 4.66. 
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Complex 5a 

A solution of complex 94 (112 mg, 0.340 mmol) in toluene (6 mL) was added 

via cannula to a solution of ligand 141a (361 mg, 0.338 mmol) in toluene 

(33 mL). The resulting colorless mixture was stirred for 2 h at ambient 

temperature before all volatile components were removed in vacuo 

(10−3 mbar) to give a white solid. The residue was extracted with toluene 

(2 x 2 mL) and insoluble material filtered off via cannula. The filtrate was 

evaporated in vacuo (10−3 mbar) at ambient temperature to give a white solid, 

which was suspended in n-pentane (5 mL). All volatile components were 

removed in vacuo (10−3 mbar) to give a white solid. This trituration with n-pentane was performed three 

times in total. The residue was dried in high vacuum (10−3 mbar) at 60 °C for 1 h to give the title complex 

as a white solid material (354 mg, 89%). 

1H NMR (600 MHz, [D6]-benzene, 298 K): δ = 7.86 (d, J = 7.2 Hz, 3H; H-7), 7.67 (s, 12H; H-10), 7.61 (s, 

3H; H-1), 7.05 (td, J = 7.4, 1.5 Hz, 3H; H-6), 7.02 (td, J = 7.4, 1.7 Hz, 3H; H-5), 6.96 (d, J = 7.5 Hz, 3H; 

H-4), 6.75 (s, 6H; H-12), 1.98 ppm (s, 36H; H-13).  

13C NMR (151 MHz, [D6]-benzene, 298 K): δ = 149.2 (C-3), 144.2 (C-2), 137.73 (C-11), 137.70 (C-7), 137.5 

(C-9), 135.2 (C-8), 132.6 (C-10), 132.1 (C-12), 130.1 (C-5), 129.9 (C-4), 129.6 (C-1), 126.3 (C-6), 21.4 ppm 

(C-13). 

29Si NMR (119 MHz, [D6]-benzene, 298 K): δ = −7.4 ppm. 

95Mo NMR (26 MHz, [D6]-benzene, 298 K): δ = 114 ppm.  

95Mo NMR (26 MHz, [D8]-toluene, 298 K): δ = 116 ppm.  

IR (ATR): ṽ = 3010, 2916, 2856, 1584, 1557, 1469, 1437, 1405, 1377, 1268, 1136, 1089, 1022, 995, 928, 

862, 842, 764, 740, 717, 695, 665, 651, 638, 623, 578, 558, 549, 528, 520, 508, 475, 463, 443, 422, 

408 cm−1. 

HRMS (ESI+): m/z calculated for C72H70MoNO3Si3 [M+H]+: 1178.37121, found: 1178.37152.  

Elemental analysis (%) calculated for C72H69MoNO3Si3: C 73.50, H 5.91, Mo 8.16, N 1.19, Si 7.16; found: 

C 72.44, H 5.87, Mo 8.07, N 1.17, Si 7.09. 
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Complex 5b 

A solution of complex 94 (75.0 mg, 0.228 mmol) in toluene (1 mL) was added 

via cannula to a solution of ligand 141b (205 mg, 0.228 mmol) in toluene 

(20 mL). The resulting colorless solution was stirred for 4 h before all volatile 

components were removed in vacuo (10−3 mbar) at ambient temperature to 

give a light yellow sticky solid. The residue was washed with n-pentane (5 mL) 

and the filter cake dried in vacuo (10−3 mbar) to give the title complex as a 

white solid material (226 mg, 99%). 

1H NMR (600 MHz, [D6]-benzene, 333 K): δ =  7.79 (d, J = 6.7 Hz, 12H; H-10), 7.70 – 7.65 (m, 3H; H-

7), 7.27 (s, 3H, 1), 7.11 – 7.02 (m, 24H; H-5, H-6, H-11 & H-12), 6.95 – 6.89 ppm (m, 3H; H-4). 

13C NMR (151 MHz, [D6]-benzene, 333 K): δ =  149.4 (C-3), 144.4 (bs, C-2), 137.5 (C-7), 137.5 (bs, C-9), 

135.1 (C-10), 134.6 (bs, C-8), 130.4 (bs, C-4), 130.2 (C-5), 130.1 (C-12), 129.2 (bs, C-1), 126.4 ppm (C-6). 

95Mo NMR (26 MHz, [D6]-benzene, 298 K): δ = 117 ppm.  

IR (ATR): ṽ = 3049, 1585, 1470, 1428, 1407, 1115, 1088, 1064, 1029, 1019, 997, 926, 916, 829, 765, 740, 

711, 693, 637, 622, 563, 537, 510, 496, 451, 436, 408 cm−1.  

HRMS (EI+): m/z calculated for C60H45MoNO3Si3 [M]+ 1009.17569, found: 1009.17660. 

Elemental analysis (%) calculated for C60H45MoNO3Si3: C 71.48, H 4.50, Mo 9.52, N 1.39, Si 8.36; found: 

C 71.13, H 4.54, Mo 9.49, N 1.37, Si 8.31. 
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Complex 5c 

A solution of complex 94 (250 mg, 0.758 mmol) in toluene (8 mL) was added 

via cannula to a solution of ligand 141c (465 mg, 0.759 mmol) in toluene 

(78 mL). The resulting solution was stirred for 10 min before all volatile 

components were removed in vacuo (10−3 mbar) at ambient temperature over a 

period of 1 h to leave a light yellow foam. This residue was dissolved in toluene 

(2 mL) and n-pentane (40 mL), the resulting mixture was filtered via cannula 

and the filtrate stored at −78 °C overnight to form a white precipitate. The 

supernatant solution was syphoned off via cannula at −78 °C and the filter cake was dried under high 

vacuum (10−3 mbar) to give a first crop of the title complex as a white solid (325 mg, 60%). The filtrate 

was evaporated in vacuo (10−3 mbar) and the residue dissolved in toluene (0.4 mL) and n-pentane 

(8 mL). The resulting mixture was filtered via cannula and the filtrate stored at −78 °C overnight to yield 

a white precipitate. The supernatant solution was removed via cannula at −78 °C and the filter cake 

dried under high vacuum (10−3 mbar) to give a second crop of the complex as a white solid (127 mg, 

23%). Overall yield: 452 mg, 83 % 

1H NMR (600 MHz, [D8]-toluene, 298 K): δ = 7.36 (bs, 3H; H-1), 7.34−7.33 (m, 3H; H-7), 7.21−7.20 (m, 

3H; H-4), 7.17−7.12 (m, 6H; H-5 and H-6), 1.06 (t, J = 7.8 Hz, 18H; H-10), 0.98−0.84 ppm (m, 12H; H-

9). 

13C NMR (151 MHz, [D8]-toluene, 298 K): δ = 149.3 (C-3), 144.6 (C-2), 135.9 (C-8), 134.6 (C-7), 130.7 

(C-4), 129.3 (C-5), 128.2 (C-1), 126.8 (C-6), 9.4 (C-9), 7.2 ppm (C-10).  

29Si NMR (119 MHz, [D8]-toluene): δ = 13.7 ppm. 

95Mo NMR (26 MHz, [D8]-toluene, 298 K): δ = 120 ppm.  

14N NMR (29 MHz, [D8]-toluene, 333 K): δ = 468 ppm; Δν½ = 1425 Hz. 

IR (ATR): ṽ = 3051, 2954, 2910, 2874, 1583, 1557, 1460, 1409, 1378, 1260, 1233, 1124, 1098, 1061, 1043, 

1004, 861, 759, 711, 624, 507, 462 cm−1. 

HRMS (ESI+): m/z calculated for C36H46MoNO3Si3 [M+H]+: 722.18341, found: 722.18272.  

Elemental analysis (%) calculated for C36H45MoNO3Si3: C 60.06, H 6.30, Mo 13.33, N 1.95, Si 11.70; 

found: C 59.88, H 6.22, Mo 13.09, N 1.92, Si 11.51. 
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Complex 5d 

A solution of complex 94 (173 mg, 0.526 mmol) in toluene (8 mL) was added 

via cannula to a solution of ligand 141d (367 mg, 0.527 mmol) in toluene 

(52 mL). The resulting colorless solution was stirred for 5 min before all 

volatile components were removed in vacuo (10−3 mbar) at ambient 

temperature over a period of 2 h to give a beige solid residue. n-pentane 

(40 mL) was added before all volatile components were removed in vacuo 

(10−3 mbar) to give the title complex as a white solid material (419 mg, 99%). 

Colorless single crystals suitable for X-ray diffraction were grown by slow cooling of a saturated solution 

of the complex in Et2O from 20 °C to 5 °C. 

1H NMR (600 MHz, [D8]-toluene, 298 K): δ = 7.38 (s, 3H; H-1), 7.36−7.33(m, 3H; H-7), 7.21−7.20 (m, 

3H; H-4), 7.15−7.12 (m, 6H; H-5 and H-6), 1.33−1.26 (m, 6H; H-9), 1.23 (d, J = 7.0 Hz, 18H; H-11), 

1.08 ppm (d, J = 7.3 Hz, 18H; H-10). 

13C NMR (151 MHz, [D8]-toluene, 298 K): δ = 149.7 (C-3), 144.1 (C-2), 134.6 (C-8), 134.4 (C-7), 131.1 (C-

4), 129.0 (C-5) [signal overlaps with a solvent peak (confirmed by DEPT-135)], 128.0 (C-1), 126.5 (C-6), 

18.3 (C-10), 17.9 (C-11), 15.6 ppm (C-9).  

29Si NMR (119 MHz, [D8]-toluene, 298 K): δ = 13.3 ppm. 

95Mo NMR (26 MHz, [D8]-toluene, 298 K): δ = 121 ppm.  

14N NMR (29 MHz, [D8]-toluene, 333 K): δ = 472 ppm; Δν½ = 1500 Hz. 

IR (ATR): ṽ = 3052, 2956, 2939, 2889, 2861, 1585, 1461, 1433, 1411, 1382, 1242, 1126, 1093, 1065, 1015, 

1004, 908, 876, 773, 760, 738, 724, 698, 667, 653, 628, 531, 471, 417 cm−1. 

HRMS (ESI+): m/z calculated for C42H58MoNO3Si3 [M+H]+: 806.27731, found: 806.27669.  

Elemental analysis (%) calculated for C42H57MoNO3Si3: C 62.73, H 7.15, Mo 11.93, N 1.74, Si 10.48; 

found: C 62.42, H 7.11, Mo 11.80, N 1.73, Si 10.27. 
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Complex 5e 

Ligand 141e is extremely hygroscopic. Therefore, a mixture of ligand 141e 

(117 mg, 0.150 mmol) and 4 Å MS in o-xylene (5 mL) was vigorously stirred for 

7 h at ambient temperature before it was filtered via cannula into a suspension 

of complex 167 (36.7 mg, 0.150 mmol) in o-xylene (5 mL). The cannula was 

washed with o-xylene (4 mL). The resulting white suspension was stirred at 

140 °C (bath temperature), leading to the formation of a colorless solution. 

After 14 h at 140 °C, the mixture was allowed to reach ambient temperature 

before it was filtered via cannula into a flame-dried 25-mL Schlenk flask. All volatile components were 

removed in vacuo (10−3 mbar) to give a colorless foam. Hexamethyldisiloxane (10 mL) was added which 

resulted in the formation of a white suspension. The suspension was vigorously stirred and then 

concentrated in vacuo (10−3 mbar) to ca. 1/4 of its original volume. The supernatant was filtered off via 

cannula. The residue was dissolved in n-pentane (2 mL) before all volatile components were removed in 

vacuo (10−3 mbar) to give the title complex as a white solid (99.2 mg, 75%). Yellow single crystals 

suitable for X-ray diffraction were grown by slow cooling of a saturated solution of the complex in Et2O 

from 20 °C to −20 °C. 

1H NMR (600 MHz, [D8]-toluene, 298 K): δ = 7.60−7.58 (m, 3H; H-7), 7.19 (s, 3H; H-1), 7.16−7.10 (m, 

9H; H-4, H-5 and H-6), 1.24 ppm (s, 54H; H-10). 

13C NMR (151 MHz, [D8]-toluene, 298 K): δ = 149.8 (C-3), 144.7 (C-2), 134.6 (C-8), 134.1 (C-7), 131.8 (C-

4), 128.6 (C-5), 126.9 (C-1), 125.9 (C-6), 29.5 (C-10), 22.4 ppm (C-9). 

29Si NMR (119 MHz, [D8]-toluene, 298 K): δ = 10.2 ppm.  

95Mo NMR (26 MHz, [D8]-toluene, 298 K): δ = 116 ppm.  

14N NMR (29 MHz, [D8]-toluene, 333 K): δ = 476 ppm; Δν½ = 1724 Hz.  

IR (ATR): ṽ = 3045, 2966, 2947, 2856, 1582, 1558, 1473, 1428, 1408, 1395, 1364, 1256, 1121, 1087, 1064, 

1045, 994, 891, 820, 759, 738, 725, 716, 635, 594, 525, 482, 420 cm−1.  

HRMS (ESI+): m/z calculated for C48H70MoNO3Si3 [M+H]+: 890.37121, found: 890.37107.  

Elemental analysis (%) calculated for C48H69MoNO3Si3: C 64.90, H 7.83, Mo 10.80, N 1.58, Si 9.49; 

found: C 64.81, H 7.85, Mo 10.68, N 1.57, Si 9.51. 
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Complex 6a 

A dark red solution of complex 1 (115 mg, 0.184 mmol) in 

toluene (1 mL) was added via cannula to a light yellow 

suspension of complex 5a (206 mg, 0.175 mmol) in toluene 

(10 mL), causing an immediate color change to dark turquoise. 

After stirring for 5 min, all volatile components were removed 

in vacuo (10−3 mbar) to give a black solid. The residue was 

washed with n-pentane (3 x 3 mL) and the filter cake dried 

under high vacuum (10−3 mbar) at 60 °C to give the title 

compound as a black solid material (270 mg, 86%). Green single crystals suitable for X-ray diffraction 

were grown by slow vapor diffusion of n-pentane into a solution of the complex in toluene. 

Due to its high sensitivity, 1H and 13C NMR spectra contained small amounts of free aniline HN(tBu)(Ar) 

and the terminal nitrido complex N≡Mo(N(tBu)(Ar))3 (91). 

1H NMR (600 MHz, [D6]-benzene, 283 K): δ = 11.42 (s, 3H; H-1), 8.96 (bs, 3H; H-22), 8.30 (d, 

J = 7.8 Hz, 3H; H-4), 7.86−7.81 (m, 6H; H-6 and H-24), 7.79 (d, J = 6.9 Hz, 3H; H-7), 7.44 (t, J = 7.3 Hz, 

3H; H-5), 6.69 (bs; H-15), 6.59 (s, 3H; H-12), 6.02 (s, 3H; H-17), 5.87 (bs; H-15’), 5.70 (bs, 3H; H-22’), 

4.83 (s, 27H; H-20), 3.47 (bs, 9H; H-25), 2.33 (bs, 9H; H-25’), 1.78 (s, 18H; H-13 and H-13’), 1.67 (bs; 

H-18’), 1.49 ppm (bs; H-18) (Note: the signals for H-10 and H-10’ were not found at 283 K due to their 

broad linewidths at this temperature). 

13C NMR (151 MHz, [D6]-benzene, 283 K): δ = 520.3 (bs, C-19), 289.7, 270.9, 244.6 (C-8), 170.0, 164.3 

(bs), 161.2 (bs), 156.5 (bs), 153.2 (C-2), 149.3 (C-7), 147.6 (C-3), 142.1 (bs, C-15), 139.2 (bs), 138.0, 137.9 

(bs), 135.5, 134.9 (bs), 134.1 (bs), 133.2, 133.1, 132.2 (bs, C-10 and C10’), 131.8 (C-6), 131.0 (C-12), 130.2 

(C-5), 127.2 (C-1), 81.5 (C-20), 26.6 (bs, C-25), 22.5 (C-18), 21.9 (C-13 and C-13’), 21.4, 20.2 ppm (Note: 

not all signals could assigned based on the 2D NMR data due line broadening at 283 K.).  

29Si NMR (119 MHz, [D6]-benzene, 283 K): δ = −117.7 ppm.  

IR (ATR): ṽ = 2967, 2918, 1585, 1555, 1411, 1385, 1357, 1286, 1266, 1178, 1138, 1087, 1045, 1000, 985, 

941, 921, 902, 846, 763, 728, 717, 698, 689, 635, 623, 580, 558, 551, 535 cm−1. 

HRMS (ESI+): m/z calculated for C108H123Mo2N4O3Si3 [M]+: 1803.70057, found: 1803.70276.  

Elemental analysis (%) calculated for C108H123Mo2N4O3Si3: C 72.01, H 6.88, Mo 10.65, N 3.11, Si 4.68; 

found: C 71.90, H 6.84, Mo 10.59, N 3.07, Si 4.61. 
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Complex 6b 

A dark red solution of complex 1 (132 mg, 0.211 mmol) in 

toluene (1.3 mL) was added via syringe to a light yellow 

suspension of complex 5b (189 mg, 0.188 mmol) in toluene 

(19 mL), causing an immediate color change to dark purple. 

The syringe was washed with toluene (0.2 mL). After stirring 

for 5 min, all volatile components were removed in vacuo 

(10−3 mbar) to give a black solid. This residue was washed with 

n-pentane (3 x 3 mL) and the filter cake dried under high 

vacuum (10−3 mbar) at 60 °C to give the title complex as a black solid material (242 mg, 79%). Orange 

single crystals suitable for X-ray diffraction were grown by slow vapor diffusion of n-pentane into a 

solution of the complex in [D6]-benzene.  

Due to the high sensitivity of the complex, 1H and 13C NMR spectra showed small amounts of free aniline 

HN(tBu)(Ar) (Ar = 3,5-dimethylphenyl) and the terminal nitrido complex N≡Mo(N(tBu)(Ar))3 (91). 

1H NMR (600 MHz, [D6]-benzene, 298 K): δ = 10.02 (s, 3H; H-1), 7.94 (d, J = 7.7 Hz, 3H; H-4), 7.78 (t, 

J = 7.3 Hz, 3H; H-6), 7.70 (d, J = 6.8 Hz, 3H; H-7), 7.54 (s, 3H; H-18), 7.36 (t, J = 7.4 Hz, 3H; H-5), 7.21 

(t, J = 7.3 Hz, 6H; H-11), 6.89 (d, J = 6.3 Hz, 6H; H-10), 6.86 (t, J = 7.4 Hz, 3H; H-12’), 6.77 (bs, 6H; H-

11’), 6.56 (t, J = 7.5 Hz, 3H; H-12), 4.78 (s, 27H; H-14), 2.68 ppm (s, 18H; H-19) (Note: Signals for H-10’ 

and H16 were not observed at 298 K due to the hindered rotation of the Ar groups. However, it was 

possible to assign them at 333 K and 343 K, see the VT NMR data).  

13C NMR (151 MHz, [D6]-benzene, 298 K): δ = 484.4 (bs, C-13), 269.0 (C-15), 257.3 (C-9), 240.8 (C-8), 

178.4 (C-9‘), 161.4 (C-16), 150.4 (C-2), 148.6 (C-7), 148.1 (C-3), 146.8 (bs; C-17), 145.0 (bs; C-17), 140.1 

(C-10), 136.4 (bs; C-10‘), 134.7 (C-1), 132.8 (C-4), 131.4 (C-12), 131.3 (C-6), 130.5 (C-5), 129.5 (C-12‘), 

129.2 (bs; C-11 and C11‘), 127.4 (C-18), 95.7 (bs; C-14), 23.3 ppm (bs; C-19).  

29Si NMR (119 MHz, [D6]-benzene, 298 K): δ = −93.2 ppm.  

Magnetic Susceptibility (Evans method, 600 MHz, [D6]-benzene, 298 K): µeff = 2.16(6) µB (see below). 

IR (ATR): ṽ = 2968, 1585, 1428, 1356, 1177, 1121, 1112, 1086, 1000, 984, 960, 940, 920, 898, 848, 771, 

761, 730, 708, 699, 688, 548, 532 cm−1. 

HRMS (ESI+): m/z calculated for C96H99Mo2N4O3Si3 [M]+: 1635.51277, found: 1635.51489.  

Elemental analysis (%) calculated for C96H99Mo2N4O3Si3: C 70.61, H 6.11, Mo 11.75, N 3.43, Si 5.16; 

found: C 69.89, H 6.05, Mo 11.63, N 3.39, Si 5.11. 
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Complex 147 

A colorless solution of tBuOH in toluene (2.1 mL, 1.5 mmol) was added to a 

dark red solution of complex 1 (580 mg, 0.928 mmol) in toluene (14 mL). 

The resulting dark red/brown solution was stirred for 3 d at ambient 

temperature before all volatile components were removed in vacuo 

(10−3 mbar). The flask was equipped with a short distillation bridge without 

a cooling jacket. To remove most of the aniline [(tBu)(Ar)NH] (Ar = 3,5-

dimethylphenyl), the residue was heated to 80°C (oil bath) under high vacuum (10−3 mbar) for 20 min 

(the distillation was assisted by occasional heating of the glassware with a heat gun). After cooling to 

room temperature, the dark red brown residue was extracted with hexamethyldisiloxane (HMDSO, 

2 x 20 mL, 1 x 10 mL; Note: The amount of HMDSO can vary depending on how effectively the aniline 

had been removed by distillation) and filtered via cannula. The resulting dark red solution was cooled 

from 20°C to 35°C over the course of 4 h and kept overnight at 35°C, but no crystals were formed at 

this point. Therefore, the dark red solution was allowed to warm to room temperature; gentle agitaton 

led to the formation of a small amount of a dark red crystalline solid. The resulting dark red mixture was 

again cooled from 20°C to 35°C over the course of 4 h and then kept at 35°C for 3 d until a large 

amount of dark red crystals had precipitated. The supernatant solution was filtered off at 35°C and the 

residue was dissolved in n-pentane (5 mL). All volatile components were removed in vacuo (10−3 mbar) 

from the dark red solution to give the title complex as a dark red solid (188 mg, 43%). Orange single 

crystals suitable for X-ray diffraction were grown by slow cooling of a saturated solution of 147 in 

HMDSO from 20°C to 35°C. 

1H NMR (600 MHz, [D8]-toluene, 233 K): δ = 7.28 (s, 3H; H-6’), 6.60 (s, 3H; H-8), 4.12 (s, 3H; H-6), 

2.28 (s, 9H; H-9’), 2.00 (s, 9H; H-9), 1.84 (s, 27H; H-4), 1.50 ppm (s, 27H; H-2). 

13C NMR (151 MHz, [D8]-toluene, 233 K): δ = 151.2 (C-5), 135.5 (C-7), 134.7 (C-7’), 133.3 (C-6’), 132.4 

(C-6), 126.8 (C-8), 79.5 (C-1), 62.3 (C-3), 33.7 (C-2), 33.3 (C-4), 21.9 (C-9), 21.5 ppm (C-9’). 

15N NMR (61 MHz, [D8]-toluene, 233 K): δ = 147 ppm. 

95Mo NMR (26 MHz, [D8]-toluene, 333 K): δ = 3260 (Mo-200), 3126 ppm (Mo-201). 

IR (ATR): ν̃ = 2969, 2924, 2863, 1597, 1583, 1458, 1379, 1357, 1283, 1225, 1170, 1143, 1040, 1019, 957, 

937, 923, 899, 883, 847, 776, 717, 682, 580, 567, 551, 501, 469, 438, 420 cm−1.  

HRMS (ESI+): m/z calculated for C48H81Mo2N3O3 [M]+: 943.43806, found: 943.43914.  

Elemental analysis (%) calculated for C48H81Mo2N3O3: C 61.33, H 8.69, Mo 20.41, N 4.47; found: 

C 60.57, H 8.66, Mo 19.99, N 4.38. 
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Complex 163 

A solution of complex 94 (116 mg, 0.351 mmol) in toluene (5 mL) was added via 

cannula to a solution of Ph3SiOH (290 mg, 1.05 mmol) in toluene (35 mL). The 

resulting colorless mixture was stirred for 10 min before all volatile components 

were removed in vacuo (10−3 mbar) at ambient temperature over a period of 1 h to give a white solid 

material (note: the slow evaporation was necessary to ensure full conversion in this case). The crude 

product was dissolved in toluene (10 mL) which was then evaporated (10−3 mbar) at ambient 

temperature to give the title complex as a white solid (322 mg, 98%). The analytical and spectroscopic 

data is in agreement with the literature.[137] 

Light yellow single crystals suitable for X-ray diffraction were grown by slow vapor diffusion of n-

pentane into a solution of the complex in benzene. 

  



135 

3.3 Synthetic Strategies for Diamagnetic Iron Carbenes 

Complex 9 

MeOH (40 mL) was added to solid mixture of dmpe2FeCl2 (7) (1.17 g, 

2.75 mmol) and 1,1-diphenyl-2-propyne-1-ol (8) (1.20 g, 5.77 mmol). The 

resulting deep blue solution was heated to 40°C for 2 h, after which it was 

allowed to cool to room temperature. NaBPh4 (1.05 g, 3.07 mmol) was 

added as a solid. All volatile components were removed in vacuo and the 

resulting dark blue solid was extracted with CH2Cl2 (3 x 5 mL). All volatile 

components were removed in vacuo to give an oily residue, which was washed with Et2O (5 x 20 mL) 

and dried under high vacuum (10−3 mbar) to give complex 9 as a blue solid (2.50 g, quant.). 

1H NMR (600 MHz, CD2Cl2, 298 K): δ = 7.69 (t, J = 7.5 Hz, 2H; H-9), 7.62 (d, J = 7.3 Hz 4H; H-7), 

7.41−7.37 (m, 4H; H-8), 7.34−7.29 (m, 8H; H-11), 7.02 (app. t, J = 7.3 Hz, 8H; H-12), 6.87 (t, J = 7.0 Hz, 

4H; H-13), 2.08−1.96 (m, 4H; H-2’’), 1.88−1.78 (m, 4H; H-2’), 1.44−1.41 (m, 12H; H-1’), 

1.22−1.19 ppm(m, 12H; H-1). 

13C NMR (151 MHz, CD2Cl2, 298 K): δ = 307.3 (p, JPC = 35.8 Hz; C-3), 239.5 (p, JPC = 4.5 Hz; C-4), 164.4 

(q, JBC = 49.3 Hz; C-10), 151.9 (p, JPC = 6.5 Hz; C-5), 145.7 (p, JPC = 3.5 Hz; C-6), 136.3 (q, JBC = 1.4 Hz; 

C-11), 131.1 (s;, C-9), 129.7 (s; C-8), 128.8 (p, JPC = 1.3 Hz; C-7), 126.0 (q, JBC = 2.8 Hz; C-12), 122.1 (s; C-

13), 29.1 (p, JPC = 11.9 Hz; C-2), 16.4−16.1 (m; C-1), 13.0−12.6 ppm (m; C-1’). 

31P{1H} NMR (243 MHz, CD2Cl2, 298 K): δ = 51.1 ppm (s). 

11B{1H} NMR (193 MHz, CD2Cl2, 298 K): δ = 6.6 ppm (s). 

IR (ATR): ν̃ = 3052, 3029, 2982, 2906, 1885, 1579, 1478, 1450, 1414, 1301, 1284, 1237, 1177, 1124, 1073, 

1031, 998, 928, 888, 840, 796, 774, 732, 702, 691, 651, 622, 602, 468, 454 cm−1. 

HRMS (ESI+): m/z calculated for C27H42ClFeP4 [M]+: 581.12694, found: 581.12736.  

Elemental analysis (%) calculated for C51H62BClFeP4: C 67.98, H 6.94, B 1.20, Cl 3.93, Fe 6.20, P 13.75; 

found: C 67.56, H 6.97, B 1.19, Cl 3.96, Fe 6.16, P 13.71. 
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Complex 10 

A solution of complex 9 (740 mg, 0.822 mmol) in THF (25 mL) was added via 

cannula to a suspension of K/KI (5w%, 1.30 g, 1.66 mmol) in THF (25 mL). The 

cannula was washed with THF (5 mL). After 3.5 h, all volatile components were 

removed under high vacuum (10−3 mbar). The residue was extracted with toluene 

(4 x 2 mL) and the resulting purple filtrate solution was evaporated under high 

vacuum (10−3 mbar) to give a purple oil. n-Pentane (5 mL) was added to this oil to give a red purple 

suspension. This suspension was cooled to −78°C and filtered via cannula. The resulting red purple solid 

was extracted with a toluene/n-pentane mixture (1/5, 2 x 6 mL) and the filtrate was stored at −20°C 

overnight for crystallization. The supernatant solution was filtered off and the crystalline solid was dried 

under high vacuum (10−3 mbar) to give complex 10 as dark purple solid (144 mg, 32%). 

1H NMR (600 MHz, [D8]-toluene, 323 K): δ = 7.86−7.83 (m, 4H; H-7), 7.20−7.16 (m, 2H; H-9), 7.16−7-

11 (m, 4H; H-8), 1.52−1.42 (m, 8H; H-2), 1.20 ppm(bs, 24H; H-1). 

13C NMR (151 MHz, [D8]-toluene, 323 K): δ = 225.1 (p, J = 5.7 Hz; C-4), 207.0 (p, J = 18.7 Hz; C-3), 

148.3 (p, J = 3.0 Hz; C-6), 128.6 (s; C-8), 127.4 (s; C-7), 123.7 (s; C-9), 110.1 (p, J = 3.7 Hz; C-5), 33.3 

(m; C-2), 23.5 ppm (bs; C-1). 

31P{1H} NMR (243 MHz, [D8]-toluene, 323 K): δ = 60.9 ppm (s). 

HRMS (ESI+): m/z calculated for C27H43FeP4 [M+H]+: 547.16591, found: 547.16538. 

Elemental analysis (%) calculated for C27H42FeP4: C 59.35, H 7.75, Fe 10.22, P 22.68; found: C 58.79, 

H 7.97, Fe 10.14, P 22.73. 
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Complex 13 

Note: The reproducibility of the synthesis of 13 was found to be highly 

dependent on the selected conditions. We therefore strongly recommend to 

follow these conditions closely. 

A 25-mL Schlenk flask equipped with a magnetic stir bar was flame dried 

under vacuum and subsequently filled with argon. The flask was charged 

with a dark brown mixture of IP2Fe (11) (878 mg, 1.49 mmol) in toluene 

(10 mL), capped with a rubber septum, and placed in a pre-heated oil bath 

at 80°C, stirring at 500 rpm. A solution of cyclopropene 12 (310 mg, 1.62 mmol) in toluene (5 mL) was 

added dropwise over 2 h via syringe pump. Upon completion of the addition, heating was stopped 

immediately. All volatile components were removed in vacuo to give a black residue. The black residue 

was washed with toluene (3 x 1 mL), and the resulting black filter cake was dried under high vacuum 

(10−3 mbar) at 60°C for 30 min to give complex 13 as a black solid (501 mg, 43%). 

1H NMR (600 MHz, [D8]-toluene, 233 K): δ = 14.41 (d, J = 14.1 Hz, 1H; H-1), 8.07 (s, 1H; H-17), 8.04 (s, 

1H; H-17’), 7.70 (d, J = 7.8 Hz, 2H; H-5), 7.64 (d, J = 7.4 Hz, 2H; H-9), 7.22 (t, J = 7.4 Hz, 1H; H-7), 

7.13−7.09 (m, 2H; H-15’ and H-21), 7.05−7.02 (m, 2H; H-11 and H-21’), 6.99−6.95 (m, 2H; H-15 and H-

20), 6.92 (d, J = 7.8 Hz, 1H; H-20’), 6.86−6.82 (m, 3H; H-6 and H-22), 6.74−6.69 (m, 2H; H-2 and 

H22’), 6.66−6.62 (m, 1H; H-14’), 6.58 (d, J = 6.3 Hz, 1H; H-12’), 6.51−6.46 (m, 1H; H-14), 6.36 (d, 

J = 6.2 Hz, 1H; H-12), 5.93−5.88 (m, 1H; H-13’), 5.82−5.78 (m, 1H; H-13), 2.62−2.54 (m, 1H; H-27), 

2.32−2.23 (m, 2H; H-24’ and H-27’), 1.19−1.13 (m, 12H; H-25, H-25’, H-26’, H-28), 1.08 (d, J = 6.8 Hz, 

3H; H-28’), 1.04 (d, J = 6.9 Hz, 3H; H-26), 0.70 (d, J = 6.8 Hz, 3H; H-29), 0.66 (d, J = 6.8 Hz, 3H; H-

29’). The signals of H-10 (7.00 ppm) and H-24 (2.08 ppm) overlapped with the solvent signal. 

13C NMR (151 MHz, [D8]-toluene, 233 K): δ = 230.9 (C-1), 156.8 (C-16), 156.6 (C-16’), 153.2 (C-12’), 152.2 

(C-12), 151.1 (C-17), 150.9 (C-18), 150.7 (C-18’), 150.4 (C-17’), 149.5 (C-2), 149.4 (C-4), 146.1 (C-8), 141.8 

(C-19 and C19’), 141.74 (C-23), 141.67 (C-23’), 129.7 (C-6), 129.5 (C-3), 128.5 (C-9), 128.4 (C-10), 126.4 

(C-11), 126.1 (C-21), 125.9 (C-21’), 125.6 (C-7), 125.36 (C-15’), 125.27 (C-15), 125.0 (C-5), 124.4 (C-14’), 

124.2 (C-14), 122.8 (C-20), 122.7 (C-20’), 122.1 (C-22), 121.9 (C-22’), 114.8 (C-13), 114.2 (C-13’), 27.9 (C-

27), 27.7 (C-27’), 26.72 (C-24’), 26.71 (C-26’), 26.65 (C-24), 26.3 (C-26), 25.9 (C-28), 25.6 (C-28’), 23.6 

(C-25’), 23.4 (C-25), 21.4 (C-29), 21.3 ppm (C-29’). The signals of C-5, C-15, and C-15’ overlapped with 

the solvent signal. 

15N NMR (61 MHz, [D8]-toluene, 233 K): δ = −119.4 (N-200’), −122.0 ppm (N-200). 

57Fe NMR (16 MHz, [D8]-toluene, 298 K): δ = 8873.0 ppm. 

IR (ATR): ν̃ = 3052, 2955, 2921, 2884, 2862, 1587, 1438, 1398, 1380, 1359, 1324, 1298, 1256, 1225, 1202, 

1179, 1143, 1114, 1073, 1059, 1039, 1027, 1004, 932, 910, 794, 761, 738, 728, 693, 653, 632, 601, 579, 546, 

529, 485, 457, 409 cm−1. 

HRMS (ESI+): m/z calculated for C51H56FeN4 [M]+: 780.38489, found: 780.38502. 

Elemental analysis (%) calculated for C51H56FeN4: C 78.44, H 7.23, N 7.17, Fe 7.15; found: C 77.25, 

H 7.16, N 7.15, Fe 6.97. Note: The sample always contains trace amounts of free iminopyridine ligand. 

Mößbauer spectroscopy (1.8 K, 0.0 T): δ = 0.08 mm s−1 and │ΔEQ│ = 1.02 mm s−1 
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Figure 55. Randles-Sevcik analysis of the [IP2Fe=CH−CH=CPh2]+/0 redox couple. In collaboration with Dr. Alexios Stamoulis. 

 

Figure 56. Randles-Sevcik analysis of the [IP2Fe=CH−CH=CPh2]0/− redox couple. In collaboration with Dr. Alexios Stamoulis. 
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Complex 265 

An orange suspension of BnK (273 mg, 2.09 mmol) in toluene (20 mL) was added via 

cannula to a green solution of dmpe2FeCl2 (7) (413 mg, 0.966 mmol) in toluene 

(20 mL). The reaction mixture immediately changed from a green solution to red 

brown suspension. After 24 h, n-pentane (10 mL) was added and the mixture was 

filtered. The solvent of the resulting dark red-brown filtrate solution was evaporated 

under high vacuum (10−3 mbar) to give a dark red brown oil. The residue was extracted with toluene 

(3 x 3 mL) and filtered via cannula. All volatile components were removed from the filtrate in vacuo to 

give a dark red brown oil. This residue was washed with n-pentane (2 x 5 mL), the filtrate was filtered 

off via cannula and discarded. The red filter cake was dried under high vacuum (10−3 mbar) to give 

complex 265 as a red solid (268 mg, 52%). 

1H{31P} NMR (600 MHz, [D8]-toluene, 298 K): δ = 7.60−7.55 (m, 4H; H-3), 7.13−7.08 (m, 4H; H-4), 

6.99−6.93 (m, 2H; H-5), 2.21 (d, J = 8.2 Hz, 2H; H-1’’), 1.67 (d, J = 8.2 Hz, 2H; H-1’), 1.24 (s, 6H; H-6), 

1.15−0.89 (m, 8H; H-7 and H-8), 0.76 (s, 6H; H-6’), 0.74 (s, 6H; H-9’), 0.56 ppm (s, 6H; H-9). 

13C NMR (151 MHz, [D8]-toluene, 298 K): δ = 162.0 (C-2), 127.94 (C-3), 127.88 (C-4), 120.2 (C-5), 32.9 

(C-7), 32.4 (C-8), 22.3 (C-6’), 20.3 (C-6), 18.4 (C-9’), 12.5 (C-1), 9.4 ppm (C-9). 

31P NMR (243 MHz, [D8]-toluene, 298 K): δ = 60.1 (t, J = 26.2 Hz, P-101), 55.0 ppm (t, J = 26.2 Hz, P-

100). 
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Complex 267 

A green solution of dmpe2FeCl2 (7) (536 mg, 1.26 mmol) in toluene (20 mL) was added 

via cannula to an orange suspension of BnK (194 mg, 1.49 mmol) in toluene (20 mL). The 

cannula was washed with toluene (20 mL). The resulting dark red-brown mixture was 

stirred for 48 h at room temperature and then all volatile components were removed in 

vacuo. The residue was washed with n-pentane (4 x 5 mL) during which the residue 

turned from dark red to dark purple. The residue was then extracted with toluene (2 x 5 mL) and filtered 

via cannula. All volatile components were removed from the filtrate solution to give a purple red solid, 

which was dissolved in toluene (10 mL) and n-pentane (10 mL). The resulting solution was rapidly 

cooled to −78°C, which resulted in the precipitation of a purple solid. After stirring for 40 min at this 

temperature, the supernatant solution was filtered off via cannula and the filter cake was dried under 

high vacuum (10−3 mbar) to give complex 267 as a purple solid (345.6 mg, 57%). 

1H NMR (600 MHz, [D6]-benzene, 298 K): δ = 6.96−6.88 (m, 3H; H-6 and H-7), 6.85−6.81 (m, 2H; H-

5), 1.82−1.63 (m, 8H; H-2), 1.40−1.38 (m, 12H; H-1’), 1.12−1.09 (m, 12H; H-1), −0.25 ppm (p, 

JPH = 6.6 Hz, 2H; H-3). 

13C NMR (151 MHz, [D6]-benzene, 298 K): δ = 161.9 (p, JPC = 3.1 Hz; C-4), 128.0 (s; C-5), 120.7 (s; C-7), 

30.5 (m; C-2), 16.1 (m; C-1’), 15.1 (m; C-1), −10.0 ppm (p, JPC = 12.7 Hz; C-3). 

31P{1H} NMR (243 MHz, [D6]-benzene, 298 K): δ = 63.9 ppm (s). 

Elemental analysis (%) calculated for C19H39ClFeP4: C 47.28, H 8.14, Cl 7.34, Fe 11.57, P 25.67; found: 

C 46.84, H 8.09, Cl 7.27, Fe 11.51, P 25.54. 
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Complex 268 

A light yellow solution of LiTMP (8.2 mg, 0.056 mmol) in THF (5 mL) was added via 

syringe to a purple solution of dmpe2FeBnCl (267) (25 mg, 0.052 mmol) in THF (5 mL). 

The red solution was stirred for 1 h at room temperature, before all volatile components 

were removed in vacuo (10−3 mbar). The resulting residue was dissolved in [D6]-benzene and filtered 

via cannula into a J-Young NMR tube. 

It was not possible to isolate the compound or characterize it using tools other than NMR spectroscopy. 

However, the structure is tentatively proposed based on literature evidence.[281] 

Selected data: 

31P{1H} NMR (162 MHz, [D6]-benzene, 298 K): δ = 76.61 (ddd, J = 108.5, 57.7, 39.1 Hz), 74.00 (ddd, 
J = 70.3, 50.9, 39.4 Hz), 72.41 (ddd, J = 108.5, 51.0, 29.0 Hz), 21.85 ppm (ddd, J=70.1, 57.5, 28.9 Hz). 
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5 Appendix 

5.1 Overview of Tools 

This thesis was independently written by the author. The language tools DeepL and ChatGPT were used 

to assist with proofreading of grammar and language, resulting in minor modifications. 
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5.2 Supporting Crystallographic Information 

Single Crystal Structure Analysis of Complex 2·3THF 

 

Identification code  15546 

Empirical formula  C113 H149 Mo O13.25 Si3 

Color  yellow 

Formula weight  1899.52  g·mol-1  

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Cubic 

Space group  P213, (no. 198)  

Unit cell dimensions a = 21.9285(6) Å = 90°. 

 b = 21.9285(6) Å = 90°. 

 c = 21.9285(6) Å  = 90° 

Volume 10544.5(9) Å3 

Z 4 

Density (calculated) 1.197  Mg·m-3 

Absorption coefficient 0.218 mm-1 
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F(000) 4068 e 

Crystal size 0.147 x 0.090 x 0.088 mm3 

range for data collection 2.077 to 28.303°. 

Index ranges -29  h  29, -29 k  29, -29  l  29 

Reflections collected 416339 

Independent reflections 8748 [Rint = 0.1252] 

Reflections with I>2(I) 7907 

Completeness to  = 25.242° 99.5 %  

Absorption correction Numerical 

Max. and min. transmission 0.9805 and 0.9213 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8748 / 631 / 560 

Goodness-of-fit on F2 1.089 

Final R indices [I>2(I)] R1 = 0.0331 wR2 = 0.0812 

R indices (all data) R1 = 0.0416 wR2 = 0.0869 

Absolute structure parameter -0.043(9) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.316 and -0.307 e·Å-3 
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Single Crystal Structure Analysis of Complex 2·THF 

 

Identification code  15585 

Empirical formula  C83.10 H94.20 Mo O3.90 Si3 

Color  orange-brown 

Formula weight  1335.58  g·mol-1  

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c, (no. 14)  

Unit cell dimensions a = 27.9711(15) Å = 90° 

 b = 16.0465(8) Å = 106.550(2)° 

 c = 17.2062(9) Å  = 90° 

Volume 7402.9(7) Å3 

Z 4 

Density (calculated) 1.198  Mg·m-3 

Absorption coefficient 0.274 mm-1 

F(000) 2832 e 

Crystal size 0.283 x 0.110 x 0.030 mm3 
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 range for data collection 1.979 to 29.130°. 

Index ranges -38  h  38, -21 k  21, -23  l  23 

Reflections collected 458250 

Independent reflections 19899 [Rint = 0.1172] 

Reflections with I>2(I) 14760 

Completeness to  = 25.242° 99.9 %  

Absorption correction Numerical 

Max. and min. transmission 0.9936 and 0.9491 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 19899 / 57 / 866 

Goodness-of-fit on F2 1.024 

Final R indices [I>2(I)] R1 = 0.0425 wR2 = 0.1004 

R indices (all data) R1 = 0.0666 wR2 = 0.1129 

Extinction coefficient n/a 

Largest diff. peak and hole 0.590 and -0.595 e·Å-3 
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Single Crystal Structure Analysis of Complex 3 

 

Identification code  15549 

Empirical formula  C89.50 H89 Mo O3 Si3 

Color  orange 

Formula weight  1392.81  g·mol-1  

Temperature  296.15 K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1,  (no. 2)  

Unit cell dimensions a = 16.0426(8) Å = 82.583(2)° 

 b = 16.2382(7) Å = 61.746(2)° 

 c = 16.4587(8) Å  = 76.552(2)° 

Volume 3672.3(3) Å3 

Z 2 

Density (calculated) 1.260  Mg·m-3 

Absorption coefficient 0.278 mm-1 

F(000) 1468 e 

Crystal size 0.192 x 0.128 x 0.127 mm3 

C42

C64*

C38

C32

C41

C39

C33
C37

C31

C28

C61*

C24

C40

C27

C60*

C34

C36

C71A*

C25

C35

C30

C23C62*

C49

C71B*

C68A*

C29

C67B*

C68B*

C59*

C67A*

C44

C72

C69*

C45

C63

C66A*

C26

Si2

C19*

C57*

C22

C66B*

C58*

C70*

C43

C65*

C3

C21

C46

C4

C2

O2

Si3*

C53A*

C15*

C48

C53B*

C54A*

C47

C14*

C52A*

C11*

C10*

C16*

C54B*

C52B*

C20

O3*

C56B

C5

C1

C18

Si1

C12*

C9*

C56A

Mo1

O1

C51B

C55A* C17

C55B

C6

C7

C50

C8

C13
C51A*

C51A
C13*

C8*

C50*

C7*

C6*

C55B*

C17*

C55A

C51B*

O1*

Mo1*

C56A*

C9

C12

Si1*

C18*

C1*

C5*

C56B*

O3

C20*

C52B

C54B

C16

C10

C11

C52A

C14

C47*

C54A

C53B

C48*

C15

C53A

Si3

O2*
C2*

C4*

C46*

C21*

C3*

C65

C43*

C70

C58

C66B

C22*

C57

C19

Si2*

C26*

C66A

C63

C45*

C69

C72

C44*

C67B

C59

C68B

C67A

C29*

C68A

C71B

C49*

C62C23*

C30*

C35*

C25*

C71A

C36*C34*

C60

C27*

C40*

C24*

C61

C28*

C31*
C37*

C33*

C39*

C41*

C32*

C38*

C64

C42*



156 

 range for data collection 1.290 to 30.508°. 

Index ranges -22  h  22, -23 k  23, -23  l  23 

Reflections collected 113885 

Independent reflections 22393 [Rint = 0.0613] 

Reflections with I>2(I) 16613 

Completeness to  = 25.242° 100.0 %  

Absorption correction None 

Max. and min. transmission 1.0000 and 0.9107 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 22393 / 60 / 766 

Goodness-of-fit on F2 1.068 

Final R indices [I>2(I)] R1 = 0.0444 wR2 = 0.1073 

R indices (all data) R1 = 0.0669 wR2 = 0.1171 

Extinction coefficient n/a 

Largest diff. peak and hole 0.888 and -1.302 e·Å-3 
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Single Crystal Structure Analysis of Complex 4 

 

Identification code  14506 

Empirical formula  C112 H133 Mo2 N3 O4 Si3 

Color  orange 

Formula weight  1861.36  g·mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n, (no. 14)  

Unit cell dimensions a = 14.5704(6) Å = 90°. 

 b = 27.4246(13) Å = 90.816(2)°. 

 c = 25.0257(12) Å  = 90°. 

Volume 9998.9(8) Å3 

Z 4 

Density (calculated) 1.236  Mg·m-3 

Absorption coefficient 0.340 mm-1 
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F(000) 3936 e 

Crystal size 0.242 x 0.106 x 0.06 mm3 

 range for data collection 1.583 to 30.034°. 

Index ranges -20  h  20, -38 k  38, -35  l  35 

Reflections collected 379265 

Independent reflections 29260 [Rint = 0.0813] 

Reflections with I>2(I) 22287 

Completeness to  = 25.242° 99.9 %  

Absorption correction Gaussian 

Max. and min. transmission 0.98820 and 0.95950 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 29260 / 0 / 1208 

Goodness-of-fit on F2 1.062 

Final R indices [I>2(I)] R1 = 0.0414 wR2 = 0.1011 

R indices (all data) R1 = 0.0662 wR2 = 0.1130 

Extinction coefficient n/a 

Largest diff. peak and hole 1.373 and -0.704 e·Å-3 
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Single Crystal Structure Analysis of Complex 5d 

 

Identification code  14014 

Empirical formula  C42 H57 Mo N O3 Si3 

Color  colourless 

Formula weight  804.09  g·mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Trigonal 

Space group  P3c1, (no. 158)  

Unit cell dimensions a = 20.9695(9) Å = 90°. 

 b = 20.9695(9) Å = 90°. 

 c = 16.4975(10) Å  = 120°. 

Volume 6282.4(7) Å3 

Z 6 

Density (calculated) 1.275  Mg·m-3 

Absorption coefficient 0.436 mm-1 

F(000) 2544 e 

Crystal size 0.101 x 0.064 x 0.017 mm3 

 range for data collection 1.121 to 31.524°. 

Index ranges -30  h  30, -30 k  30, -24  l  24 
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Reflections collected 206695 

Independent reflections 13714 [Rint = 0.0471] 

Reflections with I>2(I) 11831 

Completeness to  = 25.242° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.99219 and 0.95533 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13714 / 1 / 463 

Goodness-of-fit on F2 1.029 

Final R indices [I>2(I)] R1 = 0.0253 wR2 = 0.0560 

R indices (all data) R1 = 0.0363 wR2 = 0.0607 

Absolute structure parameter -0.013(6) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.421 and -0.357 e·Å-3 
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Single Crystal Structure Analysis of Complex 5e 

 

Identification code  14831 

Empirical formula  C52 H79 Mo N O4 Si3 

Color  yellow 

Formula weight  962.37  g·mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c, (no. 15)  

Unit cell dimensions a = 17.9114(13) Å = 90°. 

 b = 15.0179(10) Å = 90.702(3)°. 

 c = 38.283(3) Å  = 90°. 

Volume 10297.1(12) Å3 

Z 8 

Density (calculated) 1.242  Mg·m-3 

Absorption coefficient 0.367 mm-1 

F(000) 4112 e 

Crystal size 0.132 x 0.131 x 0.102 mm3 

 range for data collection 1.064 to 30.998°. 

Index ranges -25  h  25, -21 k  21, -55  l  55 
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Reflections collected 307116 

Independent reflections 16549 [Rint = 0.0463] 

Reflections with I>2(I) 15724 

Completeness to  = 25.242° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.97654 and 0.96327 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 16549 / 2 / 588 

Goodness-of-fit on F2 1.134 

Final R indices [I>2(I)] R1 = 0.0375 wR2 = 0.0850 

R indices (all data) R1 = 0.0398 wR2 = 0.0862 

Extinction coefficient n/a 

Largest diff. peak and hole 1.258 and -0.549 e·Å-3 
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Single Crystal Structure Analysis of Complex 6a 

 

Identification code  14495 

Empirical formula  C458 H528 Mo8 N16 O12 Si12 

Color  green 

Formula weight  7553.53  g·mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n, (no. 14)  

Unit cell dimensions a = 14.8017(7) Å = 90°. 

 b = 29.0993(15) Å = 92.440(2)°. 

 c = 23.9781(12) Å  = 90°. 

Volume 10318.5(9) Å3 

Z 1 

Density (calculated) 1.216  Mg·m-3 

Absorption coefficient 0.330 mm-1 

F(000) 3988 e 

Crystal size 0.197 x 0.143 x 0.04 mm3 

 range for data collection 1.101 to 30.999°. 
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Index ranges -21  h  21, -42 k  42, -34  l  34 

Reflections collected 348764 

Independent reflections 32908 [Rint = 0.0847] 

Reflections with I>2(I) 23936 

Completeness to  = 25.242° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.99184 and 0.95295 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 32908 / 20 / 1194 

Goodness-of-fit on F2 1.019 

Final R indices [I>2(I)] R1 = 0.0398 wR2 = 0.0830 

R indices (all data) R1 = 0.0687 wR2 = 0.0933 

Extinction coefficient n/a 

Largest diff. peak and hole 0.533 and -0.672 e·Å-3 
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Single Crystal Structure Analysis of Complex 6b 

 

Identification code  14253 

Empirical formula  C203 H216 Mo4 N8 O6 Si6 

Color  orange 

Formula weight  3416.13  g·mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c, (no. 14)  

Unit cell dimensions a = 14.885(3) Å = 90°. 

 b = 28.731(7) Å = 91.244(12)°. 

 c = 20.650(5) Å  = 90°. 

Volume 8829(4) Å3 

Z 2 

Density (calculated) 1.285  Mg·m-3 

Absorption coefficient 0.378 mm-1 

F(000) 3580 e 

Crystal size 0.061 x 0.061 x 0.009 mm3 

 range for data collection 1.215 to 26.372°. 

Index ranges -18  h  18, -35 k  35, -25  l  25 

Reflections collected 161323 
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Independent reflections 17891 [Rint = 0.1752] 

Reflections with I>2(I) 10974 

Completeness to  = 25.242° 99.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.99810 and 0.97863 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 17891 / 40 / 1071 

Goodness-of-fit on F2 1.005 

Final R indices [I>2(I)] R1 = 0.0506 wR2 = 0.0849 

R indices (all data) R1 = 0.1118 wR2 = 0.1018 

Extinction coefficient n/a 

Largest diff. peak and hole 0.605 and -0.822 e·Å-3 
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Single Crystal Structure Analysis of Complex 10 

 

Identification code  15582 

Empirical formula  C27 H42 Fe P4 

Color  purple 

Formula weight  546.33  g · mol-1  

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  MONOCLINIC 

Space group  P21/c,  (no. 14)  

Unit cell dimensions a = 11.9545(5) Å = 90°. 

 b = 12.8023(5) Å = 106.085(2)°. 

 c = 19.3140(8) Å  = 90°. 

Volume 2840.2(2) Å3 

Z 4 

Density (calculated) 1.278  Mg · m-3 

Absorption coefficient 0.770 mm-1 

F(000) 1160 e 
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Crystal size 0.21 x 0.142 x 0.092 mm3 

 range for data collection 1.773 to 31.095°. 

Index ranges -17  h  17, -18 k  18, -27  l  28 

Reflections collected 89177 

Independent reflections 9105 [Rint = 0.0521] 

Reflections with I>2(I) 7009 

Completeness to  = 25.242° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.96 and 0.89 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9105 / 0 / 297 

Goodness-of-fit on F2 1.035 

Final R indices [I>2(I)] R1 = 0.0348 wR2 = 0.0844 

R indices (all data) R1 = 0.0553 wR2 = 0.0942 

Largest diff. peak and hole 0.7 and -0.4 e · Å-3 

  



169 

Single Crystal Structure Analysis of Complex 13 

 

Identification code  15910 

Empirical formula  C107 H123 Fe2 N8 

Color  black 

Formula weight  1632.83  g·mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1, (no. 2)  

Unit cell dimensions a = 11.2763(5) Å = 81.313(3)°. 

 b = 12.4715(6) Å = 85.313(3)°. 

 c = 16.7708(8) Å  = 79.195(2)°. 

Volume 2286.66(19) Å3 

Z 1 

Density (calculated) 1.186  Mg·m-3 

Absorption coefficient 0.369 mm-1 

F(000) 873 e 

Crystal size 0.094 x 0.035 x 0.031 mm3 

 range for data collection 1.230 to 29.130°. 
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Index ranges -15  h  15, -17 k  17, -22  l  22 

Reflections collected 70849 

Independent reflections 12309 [Rint = 0.1043] 

Reflections with I>2(I) 7554 

Completeness to  = 25.242° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.99011 and 0.97222 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12309 / 36 / 558 

Goodness-of-fit on F2 1.008 

Final R indices [I>2(I)] R1 = 0.0518 wR2 = 0.0885 

R indices (all data) R1 = 0.1126 wR2 = 0.1058 

Extinction coefficient n/a 

Largest diff. peak and hole 0.343 and -0.484 e·Å-3 
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Single Crystal Structure Analysis of Complex 14 

 

Identification code  15915 

Empirical formula  C121 H152 Fe2 N4  

Color  black 

Formula weight  1774.16  g·mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n, (no. 14)  

Unit cell dimensions a = 12.4996(6) Å = 90°. 

 b = 22.8421(10) Å = 97.135(2)°. 

 c = 17.4330(8) Å  = 90°. 

Volume 4938.9(4) Å3 

Z 2 

Density (calculated) 1.193  Mg·m-3 

Absorption coefficient 0.346 mm-1 

F(000) 1916 e 

Crystal size 0.176 x 0.126 x 0.08 mm3 

 range for data collection 1.477 to 28.698°. 
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Index ranges -16  h  16, -30 k  30, -23  l  23 

Reflections collected 144846 

Independent reflections 12769 [Rint = 0.1076] 

Reflections with I>2(I) 8694 

Completeness to  = 25.242° 99.9 %  

Absorption correction Gaussian 

Max. and min. transmission 0.98113 and 0.96342 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12769 / 73 / 511 

Goodness-of-fit on F2 1.036 

Final R indices [I>2(I)] R1 = 0.0609 wR2 = 0.1530 

R indices (all data) R1 = 0.0946 wR2 = 0.1684 

Extinction coefficient n/a 

Largest diff. peak and hole 0.762 and -0.645 e·Å-3 
  



173 

Single Crystal Structure Analysis of Complex 15 

 

Identification code  15875 

Empirical formula  C51 H56 Fe N4 

Color  black 

Formula weight  780.84  g · mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  ORTHORHOMBIC 

Space group  Pca21,  (no. 29)  

Unit cell dimensions a = 23.4639(7) Å = 90°. 

 b = 11.3212(3) Å = 90°. 

 c = 32.0787(9) Å  = 90°. 

Volume 8521.4(4) Å3 

Z 8 

Density (calculated) 1.217  Mg · m-3 

Absorption coefficient 0.393 mm-1 

F(000) 3328 e 
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Crystal size 0.20 x 0.10 x 0.051 mm3 

 range for data collection 1.270 to 31.638°. 

Index ranges -34  h  33, -16 k  16, -47  l  46 

Reflections collected 208809 

Independent reflections 28325 [Rint = 0.0652] 

Reflections with I>2(I) 21597 

Completeness to  = 25.242° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.98 and 0.95 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 28325 / 1 / 1026 

Goodness-of-fit on F2 1.020 

Final R indices [I>2(I)] R1 = 0.0422 wR2 = 0.0826 

R indices (all data) R1 = 0.0713 wR2 = 0.0920 

Absolute structure parameter 0.463(10) 

Largest diff. peak and hole 0.5 and -0.5 e · Å-3 
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Single Crystal Structure Analysis of Ligand 141e 

 

Identification code  14724 

Empirical formula  C54 H92 O5 Si5 

Color  colourless 

Formula weight  961.72  g·mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c, (no. 14)  

Unit cell dimensions a = 23.8929(9) Å = 90°. 

 b = 10.0543(3) Å = 102.301(2)°. 

 c = 25.3872(10) Å  = 90°. 

Volume 5958.7(4) Å3 

Z 4 

Density (calculated) 1.072  Mg·m-3 

Absorption coefficient 0.160 mm-1 

F(000) 2104 e 

Crystal size 0.203 x 0.108 x 0.06 mm3 

 range for data collection 2.017 to 31.506°. 

Index ranges -35  h  35, -14 k  14, -37  l  37 

Reflections collected 382203 
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Independent reflections 19830 [Rint = 0.0761] 

Reflections with I>2(I) 17147 

Completeness to  = 25.242° 99.9 %  

Absorption correction Gaussian 

Max. and min. transmission 0.990 and 0.968 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 19830 / 0 / 691 

Goodness-of-fit on F2 1.126 

Final R indices [I>2(I)] R1 = 0.0590 wR2 = 0.1285 

R indices (all data) R1 = 0.0704 wR2 = 0.1339 

Extinction coefficient n/a 

Largest diff. peak and hole 0.657 and -0.500 e·Å-3 
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Single Crystal Structure Analysis of Complex 147 

 

Identification code  15175 

Empirical formula  C54 H99 Mo2 N3 O4 Si2 

Color  orange 

Formula weight  1102.42  g·mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1, (no. 2) 

Unit cell dimensions a = 13.6675(5) Å = 65.205(2)°. 

 b = 15.2361(5) Å = 85.004(2)°. 

 c = 15.6598(5) Å  = 88.036(2)°. 

Volume 2949.11(18) Å3 

Z 2 

Density (calculated) 1.241  Mg·m-3 

Absorption coefficient 0.508 mm-1 

F(000) 1176 e 

Crystal size 0.225 x 0.051 x 0.021 mm3 

 range for data collection 2.244 to 31.069°. 

C46

C48

C10

C8

C45

C47

C5

C6

O3

C11

C9

C22

C12

C4

C1

N1

C23

C3

C42

C2

C21

Mo2

C40

C7

C24

Mo1

N2

C44

O2

O1

C41

C37

C39

C14

C32

C13

C30

C29

C43

N3

C19

C25

C15

C38

C28

C18
C26

C27

C54C

C49

C34

C54A

C33

C53B

C16

C31

C54B

C17

C35

C53A

C53C

Si2

C36

Si1

O4

C20

C50

C52C

C52B

C51

C52A



178 

Index ranges -19  h  19, -22 k  22, -22  l  22 

Reflections collected 580534 

Independent reflections 18822 [Rint = 0.1070] 

Reflections with I>2(I) 15563 

Completeness to  = 25.242° 99.9 %  

Absorption correction Numerical 

Max. and min. transmission 0.9761 and 0.8586 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 18822 / 0 / 646 

Goodness-of-fit on F2 1.074 

Final R indices [I>2(I)] R1 = 0.0337 wR2 = 0.0681 

R indices (all data) R1 = 0.0472 wR2 = 0.0741 

Extinction coefficient n/a 

Largest diff. peak and hole 0.691 and -0.698 e·Å-3 
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Single Crystal Structure Analysis of Silane 149e 

 

Identification code  14699 

Empirical formula  C48 H72 Si3 

Color  colourless 

Formula weight  733.32  g·mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1, (no. 2)  

Unit cell dimensions a = 13.1547(10) Å = 67.763(4)°. 

 b = 13.1703(10) Å = 74.469(4)°. 

 c = 16.8177(13) Å  = 60.595(3)°. 

Volume 2337.4(3) Å3 

Z 2 

Density (calculated) 1.042  Mg·m-3 

Absorption coefficient 0.131 mm-1 

F(000) 804 e 

Crystal size 0.224 x 0.134 x 0.101 mm3 

 range for data collection 1.857 to 30.508°. 

Index ranges -18  h  18, -18 k  18, -24  l  24 

Reflections collected 193651 

C17

C16

C18

C15

C13

C14

C40

C39

C9

C24

C10

C23

C8

C37
Si2

C36

C32

C11

C7C19

C5

C22

C12 C6

C33

C4

C38

C35

C1

C29

C31

C3

C20

C21

C2

Si1

C34

C30

C42B

C42A

Si3

C47B

C47A

C25

C41C43A

C28

C45B

C46B

C45A

C27

C26

C43B

C46A

C44B

C48A

C44A

C48B



180 

Independent reflections 14245 [Rint = 0.0480] 

Reflections with I>2(I) 12995 

Completeness to  = 25.242° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.987 and 0.971 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 14245 / 38 / 563 

Goodness-of-fit on F2 1.172 

Final R indices [I>2(I)] R1 = 0.0519 wR2 = 0.1106 

R indices (all data) R1 = 0.0578 wR2 = 0.1132 

Extinction coefficient n/a 

Largest diff. peak and hole 0.534 and -0.302 e·Å-3 
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Single Crystal Structure Analysis of Complex 163 

 

Identification code  13941 

Empirical formula  C54 H45 Mo N O3 Si3 

Color  light yellow 

Formula weight  936.12  g·mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1,  (no. 2)  

Unit cell dimensions a = 9.8873(6) Å = 71.713(2)°. 

 b = 13.6273(8) Å = 81.406(2)°. 

 c = 18.3370(11) Å  = 78.354(2)°. 

Volume 2287.7(2) Å3 

Z 2 

Density (calculated) 1.359  Mg·m-3 

Absorption coefficient 0.411 mm-1 

F(000) 968 e 

Crystal size 0.094 x 0.080 x 0.041 mm3 

 range for data collection 1.175 to 32.576°. 

Index ranges -14  h  14, -20 k  20, -27  l  27 
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Reflections collected 112568 

Independent reflections 16644 [Rint = 0.0406] 

Reflections with I>2(I) 14361 

Completeness to  = 25.242° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.98858 and 0.97152 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 16644 / 0 / 571 

Goodness-of-fit on F2 1.074 

Final R indices [I>2(I)] R1 = 0.0442 wR2 = 0.1033 

R indices (all data) R1 = 0.0539 wR2 = 0.1078 

Extinction coefficient n/a 

Largest diff. peak and hole 1.858 and -1.689 e·Å-3 
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Single Crystal Structure Analysis of Complex 265 

 

Identification code  15126 

Empirical formula  C33 H54 Fe P4 

Color  orange-yellow 

Formula weight  630.49  g·mol-1  

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  MONOCLINIC 

Space group  P21/c,  (no. 14)  

Unit cell dimensions a = 12.8871(5) Å = 90°. 

 b = 27.9377(11) Å = 106.130(2)°. 

 c = 9.5724(3) Å  = 90°. 

Volume 3310.7(2) Å3 

Z 4 

Density (calculated) 1.265  Mg · m-3 

Absorption coefficient 0.670 mm-1 
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Crystal size 0.278 x 0.131 x 0.101 mm3 

 range for data collection 2.198 to 31.066°. 

Index ranges -18  h  18, -40 k  40, -13  l  13 

Reflections collected 939828 

Independent reflections 10581 [Rint = 0.0753] 

Reflections with I>2(I) 9812 

Completeness to  = 25.242° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.95 and 0.88 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10581 / 0 / 352 

Goodness-of-fit on F2 1.068 

Final R indices [I>2(I)] R1 = 0.0233 wR2 = 0.0627 

R indices (all data) R1 = 0.0262 wR2 = 0.0650 

Largest diff. peak and hole 0.4 and -0.2 e · Å-3 
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Single Crystal Structure Analysis of Complex 267 

 

Identification code  15107 

Empirical formula  C19 H39 Cl Fe P4 

Color  violet 

Formula weight  482.68  g · mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  MONOCLINIC 

Space group  P21/c,  (no. 14)  

Unit cell dimensions a = 10.2165(2) Å = 90°. 

 b = 15.7688(3) Å = 100.8490(10)°. 

 c = 14.7633(3) Å  = 90°. 

Volume 2335.89(8) Å3 

Z 4 

Density (calculated) 1.373  Mg · m-3 

Absorption coefficient 1.036 mm-1 
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Crystal size 0.324 x 0.168 x 0.130 mm3 

 range for data collection 1.908 to 33.192°. 

Index ranges -15  h  15, -24 k  24, -22  l  22 

Reflections collected 461172 

Independent reflections 8937 [Rint = 0.0682] 

Reflections with I>2(I) 8311 

Completeness to  = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.91 and 0.78 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8937 / 0 / 242 

Goodness-of-fit on F2 1.048 

Final R indices [I>2(I)] R1 = 0.0204 wR2 = 0.0554 

R indices (all data) R1 = 0.0226 wR2 = 0.0568 

Largest diff. peak and hole 0.7 and -0.4 e · Å-3 
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Single Crystal Structure Analysis of Complex 293 

 

Identification code  15996 

Empirical formula  C72 H104 Fe2 N2 O P4 

Color  black 

Formula weight  1249.15  g · mol-1  

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  ORTHORHOMBIC 

Space group  Pbca,  (no. 61) 

Unit cell dimensions a = 20.443(3) Å = 90°. 

 b = 18.542(2) Å = 90°. 

 c = 34.760(4) Å  = 90°. 

Volume 13176(3) Å3 

Z 8 

Density (calculated) 1.259  Mg · m-3 

Absorption coefficient 0.582 mm-1 

F(000) 5360 e 
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Crystal size 0.172 x 0.097 x 0.09 mm3 

 range for data collection 1.172 to 28.947°. 

Index ranges -27  h  27, -24 k  25, -47  l  47 

Reflections collected 346835 

Independent reflections 17255 [Rint = 0.1294] 

Reflections with I>2(I) 11754 

Completeness to  = 25.242° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.97 and 0.95 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 17255 / 0 / 748 

Goodness-of-fit on F2 1.025 

Final R indices [I>2(I)] R1 = 0.0491 wR2 = 0.1016 

R indices (all data) R1 = 0.0914 wR2 = 0.1196 

Largest diff. peak and hole 2.0 and -1.0 e · Å-3 

 


