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Abstract 

I 

Abstract 

 
The synthesis of novel transition metal catalysts is, due to their great importance in synthetic 

chemistry as well as their indispensability in many industrial processes, an important field of 

research in organometallic chemistry. In this context, catalytic systems based on precious 

metals are still ubiquitous. However, due to their scarce natural abundance, leading to supply 

risks, environmental issues in the extraction process as well as their high prices, recently, 

research has shifted towards employing base metals in these processes. Thus, iron, as the most 

abundant transition metal in Earth’s crust, plays a key role in the development of more 

sustainable catalysts. This work is centered on the synthesis and characterization of novel iron 

PNP pincer complexes and a special focus is laid on their potential as catalysts for 

transformations such as hydrosilylation of alkenes, Z-selective dimerization of alkynes and 

activation of CO2. 

 

In the first part of this study, novel Iron(II)-PNP silyl complexes, featuring η2-dihydrogen or 

η2-dialkylsilane ligands are synthesized and [(PNPNMe)Fe(H)(η2-SiEt2H3)] (4) was 

successfully employed for the anti-markovnikov hydrosilylation of allylic and aliphatic 

alkenes. Moreover, with the help of computational studies, ligand exchange reactions and 

stoichiometric reactions, a mechanism based on the classical Chalk-Harrod mechanism is 

proposed. 

The second part of this work describes the synthesis and characterization of novel mono- and 

tris(acetylide) iron-PNP pincer complexes. Their catalytic activity towards the Z-selective 

dimerization of alkynes is tested and compared to the reactivity of the previously published 

bis(acetylide) complex. The studies indicate that the spin-state of the employed complex plays 

a critical role in its ability to perform this transformation.  

In the final part of this thesis, based on DFT calculation, a correlation between the hydricity 

of a series of iron-PNP pincer complexes and their reactivity towards the insertion of CO2 into 

the iron-hydride bond of the complex is presented. This correlation shows that the choice of 

the ancillary ligand plays a crucial role in this transformation. In a next step, the complexes 

used in this correlation were synthesized and experimentally probed for the activation of CO2, 

indicating an excellent agreement between the calculations and the experimental data.  
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Kurzfassung 

 
Wegen ihrer großen Bedeutung in der Synthesechemie und durch ihre Unabdingbarkeit in 

vielen industriellen Prozessen ist die Synthese neuer Übergangsmetallkatalysatoren ein 

wichtiges Forschungsfeld der metallorganischen Chemie. In diesem Kontext sind Systeme, 

die auf Edelmetallen basieren, noch immer weit verbreitet. Aufgrund ihrer Seltenheit in der 

Natur, die zu Versorgungsunsicherheiten, zu Umweltproblemen bei der Schürfung und 

dadurch zu hohen Preisen führen können, wurde jedoch neuer Fokus auf die Erforschung von 

auf unedlen Metallen basierenden Systemen gelegt. Eisen, als das häufigste Element in der 

Erdkruste, spielt hierbei eine große Rolle in der Entwicklung von neuen nachhaltigen 

Katalysatoren. Diese Arbeit konzentriert sich auf die Synthese und Charakterisierung neuer 

Eisen-PNP-Pincer-Komplexe. Hierbei wird ein besonderes Augenmerk auf das Potential der 

Verbindungen als Katalysatoren, für Transformationen wie die Hydrosilylierung von Alkenen, 

die Z-selektive Dimerisierung von Alkinen und die Aktivierung von Kohlendioxid zu 

fungieren, gelegt.  

Der erste Teil der Arbeit beschreibt die Synthese neuer Eisen(II) PNP-Silyl-Komplexe, die η2-

Diwasserstoff und η2-Dialkylsilan Liganden aufweisen. Der Komplex [(PNPNMe)Fe(H)(η2-

SiEt2H3)] (4) wurde hierbei erfolgreich als Katalysator für die Anti-Markownikow-

Hydrosilylierung von allylischen und aliphatischen Alkenen angewendet. Zusätzlich wurde 

unter Einbeziehung von DFT-Berechnungen, Ligandensubstitutionsreaktionen und 

stöchiometrischer Reaktionen ein Katalysezyklus basierend auf dem Chalk-Harrod 

Mechanismus vorgeschlagen.  

Der zweite Teil dieser Arbeit beschreibt die Synthese neuartiger Eisen-PNP mono- und 

tris(Acetylid) Komplexe. Im Verlauf der Studie wurde ihre katalytische Aktivität in der Z-

selektiven Dimerisierung von Alkinen getestet und mit den Resultaten des literaturbekannten 

bis(Acetylid) Komplexes verglichen. Hierbei wurde ein wesentlicher Einfluss des Spin-

Zustandes des Komplexes in dessen Fähigkeit die Reaktion zu katalysieren gefunden. 

Im letzten Teil der Arbeit wird, basierend auf DFT-Berechnungen, eine Korrelation zwischen 

der Hydridizität, einer Serie neuer Eisen-PNP-Pincer-Komplexen und deren Reaktivität für 

die Insertion von CO2 in die Eisen-Hydrid-Bindung vorgestellt. Diese Korrelation zeigt auf, 

dass die Wahl des Co-Liganden eine wesentliche Rolle in dieser Transformation spielt. In 

einem nächsten Schritt wurden die Komplexe, die für die Berechnungen verwendet wurden, 

synthetisiert, und ihre Reaktivität hinsichtlich der Aktivierung von CO2 wurde experimentell 



 

III 
 

getestet. Hierbei zeigte sich, dass sich die experimentellen Daten hervorragend mit den 

Berechnungen deckte. 
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1. Introduction 
 
Catalytic transformations are an integral part in synthetic chemistry. Their efficiency as well 

as selectivity, particularly compared to stoichiometric reactions, is crucial for the sustainable 

synthesis of fine and bulk chemicals. Thus, catalysis, particularly mediated by transition 

metals, is widely employed in the industry for a multitude of processes. 1 

 

In this context, platinum group metals (PGM) were predominantly used in the industry. 

However, recently interests shifted towards employing more abundant, cheaper, and more 

sustainable first row transition metals. A rationalizing factor would be the overall scarcity of 

the PGMs, making their extraction difficult and expensive, thereby causing a considerably 

higher environmental impact. This can be illustrated for example by comparing the global 

warming potential (GWP) for the extraction of PGMs in contrast to first row transition metals. 

While the GWP to produce 1 kg of iron is about 1.5 kg equivalents of CO2 (e-CO2) and the 

extraction of 1 kg of nickel amounts to a GWP of 6.5 kg e-CO2, the GWPs of PGMs are 

significantly higher, culminating to e.g., 35.100 kg CO2 equivalents for 1 kg of rhodium 

mined. 2,3 

 

As the most abundant transition metal in the Earth’s crust, application of iron in catalysis 

garnered much interest and extensive research was devoted to the development of iron-based 

catalysts in recent years.4 However, in contrast to the second- and third-row transition metals, 

the coordination chemistry of first-row transition metals is more complex. These metals tend 

to undergo facile one-electron redox processes, they are inclined to react uncontrolled with 

dioxygen and feature complex spin-state interplay, that can lead to facile ligand dissociation 

and redistribution reactions. Thus, great emphasis has to be given to ligand design to mitigate 

these drawbacks. 5,6 

 

Due to their great stability and modifiability pincer ligands have been established as suitable 

platforms to gain entry into base metal coordination chemistry. In case of iron, pincer 

complexes have been successfully introduced to catalyze a multitude of different 

transformations such as hydrogenation reactions, 7–14 hydrofunctionalization reactions 15–18 and 

small molecule activation. 19–26 Thus, this work focuses on the implementation of the Fe-PNP 

Pincer platform in novel fields of catalysis to gain further insight into the reactivity and 

applicability of  novel iron based base metal catalysts.  
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1.1. Hydrosilylation 
 

Hydrosilylation, i.e. the addition of silicon hydrides across C-C multiple bonds, is an 

important reaction in silicon chemistry and is widely used for the synthesis of silicon 

polymers, such as oils and resins, as well as in the synthesis of chemicals utilized in organic 

synthesis, such as for example in cross-coupling reactions.27 The first known catalysts being 

employed in this reaction were organic peroxides, which necessitated high catalyst loadings 

while suffering from low selectivity.28 The discovery of Speier’s catalyst ([H2PtCl6]·x H2O) in 

1956 greatly improved selectivity, while also requiring drastically decreased catalyst loadings, 

thus demonstrating the great potential of transition metals in hydrosilylation.29  This was 

further highlighted by the introduction of Karstedt’s catalyst, a Pt(0) vinylsiloxane complex 

(Figure 1), in 1973, which showed drastically increased solubility as well as activity and 

selectivity for the hydrosilylation of alkenes. 30 

 

 
Figure 1 Karstedt's catalyst 

 

These Pt-based siloxanes continue to be widely employed in the industrial synthesis of 

organo-silicon compounds. However, recently, efforts to obtain effective catalysts utilizing 

earth abundant base metals such as Fe and Co were made, showing promising results and 

comparable reactivity to Pt-based catalysts.31 

 

In order to stabilize the metal center and control the reactivity of the formed complexes, 

pincer ligands were successfully employed in the synthesis of novel base metal catalysts. In 

case of Fe, NNN and PNN pincer showed excellent reactivity for the hydrosilylation of 

alkenes and alkynes, thus constituting an important class of base metal catalysts.32 However, 

as of yet, there are no reports in literature on the successful application of Fe complexes, 

based on the common PNP pincer scaffold, in the hydrosilylation chemistry of alkenes and 

alkynes. This detail served as motivation to investigate the reactivity of these complexes with 

silanes, alkenes and alkynes in order to establish novel catalytic pathways and expanding the 

knowledge in base metal hydrosilylation chemistry.  
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1.2. The Chalk-Harrod Mechanism 

 
Transition metal mediated hydrosilylation of alkenes is generally proposed to proceed through 

the Chalk-Harrod mechanism, which was first proposed by Chalk and Harrod in their 

groundbreaking study of 1965. 33 

 
Figure 2 Catalytic cycle of hydrosilylation of alkenes based on the Chalk and Harrod mechanisms 

 

As illustrated in Figure 2, in the first step of the catalytic cycle, low valent transition metal 

complexes are thought to undergo oxidative addition with silicon-hydrides affording 

complexes. The oxidative addition is proposed to occur in intermediacy of η2-Si-H-σ-

complexes (vide infra). (I) These complexes can then react with olefines to form the 

corresponding saturated transition metal- alkene π-complexes. (II). In the original Chalk-

Harrod mechanism, migratory insertion of the coordinated alkene into the metal-hydride bond 

leads to silyl-alkyl complexes. (IIIa) However, as vinyl- or allylsilanes are a common side 
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product of catalytic hydrosilylation, a modified Chalk-Harrod mechanism was also proposed, 

explaining possible isomerization and/or formation of unsaturated hydrosilylation products. In 

this modified mechanism, migratory insertion of the coordinated alkene into the metal-silyl 

bond occurs, affording alkyl-hydride complexes. (IIIb) In the final step of the cycle, reductive 

elimination leads to the liberation of the hydrosilylated product, regenerating the low valent 

metal catalyst. (IV) 

 

1.3. Transition Metal Silyl Complexes 

 
Since transition metal complexes with silane ligands are often encountered during 

hydrosilylation processes they are ubiquitous in literature and much research was devoted to 

them.34–36 The biggest group among transition metal silane complexes constitute metal silyl 

complexes that are formed via the oxidative addition of hydrosilanes onto low valent 

transition metal fragments.35 

The oxidative addition of silicon hydrides is initiated by the interaction of the transition metal 

with the hydrosilane forming a weak σ-complex. This σ-complex can be regarded to feature a 

two electron-three center bond. Sufficient back bonding by the low valent transition metal 

into the antibonding Si-H σ*-orbital leads to cleavage of the Si-H bond thus forming a silicon-

metal σ-bond and creating a transition metal silyl hydride complex. (Scheme 11) 

If the electron density of the transition metal is not sufficient to complete the oxidative 

addition reaction, the η2-Si-H-σ-complexes can also be isolated and characterized.35 

 

  
Scheme 11 Idealized sequence for the oxidative addition of a hydrosilane to a transition metal 

 

In some cases, this oxidative addition reaction is followed by the rapid reductive elimination 

of the formed hydride with another coordinated ligand, eliminating small molecules such as 

H2, alkanes or hydrogen halides, thus affording transition metal silyl complexes instead of 

silyl hydrides.  

Early transition metals, generally lacking the electron density needed for the oxidative 

addition reaction, also can form transition metal silyl complexes via σ-bond metathesis 

reactions. The σ-bond metathesis is thought to proceed in a concerted fashion via a four 
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centered transition state, and formally constitutes a [2σ + 2σ] cycloaddition of a metal ligand 

bond with the silane. Subsequently, the metal silyl complex is generated in addition to 

elimination of small molecules such as H2 or alkanes. (Scheme 12)35,37 

 

    
Scheme 12 Oxidative addition (OA) of a hydrosilane and subsequent reductive elimination (RE) as well as σ-

bond metathesis (σ-BM) 

 

To allow for an alternative reaction mechanism in which silyl complexes are formed with late 

transition metals, without the need of the metal to change its oxidation state, σ-complex 

assisted metathesis (σ-CAM) was introduced by Perutz and Sabo-Etienne in 2007.38 This 

mechanism was based on previous observations showing that transition metal hydride-

dihydrogen complexes showed fluxional behavior in solution. This behavior was shown to not 

occur due to oxidative addition of dihydrogen to the metal center, but rather via the rapid 

dynamic rearrangement of discrete σ-complexes on the metal center.39,40 Similar behavior was 

later also observed in dihydrogen silyl complexes, inspiring the proposal of a general σ-CAM 

mechanism.38,41 

 

The proposed σ-CAM mechanism differs from traditional σ-bond metathesis by the presence 

of discrete σ-complex intermediates, which are not observed in traditional σ-bond metathesis, 

as the four centered state in the traditional σ-bond metathesis reaction is not an intermediate 

but rather a transition state. The formation of the silyl complex is then achieved by dynamic 

rearrangement of the initially formed η2-Si-H-σ-complex into a η2-H2-σ-complex, forming a 

metal silane σ-bond. While a mechanism based on oxidative addition/reductive elimination 

also features discrete σ-complexes, it differs from σ-CAM by its need for the change of the 

oxidation state of the metal.35,37 (Scheme 13) 
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Scheme 13 Oxidative addition (OA) and subsequent reductive elimination (RE) of a silane to form dihydrogen-

silyl complexes compared to σ-complex assisted metathesis (σ-CAM) 

 

During studies of distribution processes of Ru-Silane σ-complexes, short interactions of 

silicon to ancillary hydride ligands were observed in X-ray diffraction studies. These 

secondary interactions were shown to stabilize the complex while the proximity of the silicon 

atom of the η2-Si-H moiety to hydride ligands provide the possibility of intramolecular 

exchange processes, thus providing a pathway for σ-CAM pathways.  

These secondary interactions were coined SISHA (secondary interactions between silicon and 

hydrogen atoms) and were deemed crucial for the ligand metathesis of silanes and hydrides on 

the ruthenium bisphosphine complex Ru1. (Scheme 14) It was shown that the SISHA 

interactions provide a pathway for the formation of new σ-bonds without the need of 

decordination of the ligands.42–44 These secondary interactions are also in line with silicon 

being able to form hypervalent compounds.45,46 

 

  
Scheme 14 Rapid intramolecular metathesis of ligands via σ-CAM mechanism facilitated by SISHA 

interactions. 

 

Generally, SISHA interactions are designated by the measured distance of the silicon atom to 

the coordinated hydride ligands. Non-coordinated Si-H bond lengths generally are in the 
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range of 140-150 pm [47], while η2-Si-H coordination of the silane bond to form σ-complexes 

increases the bond length to 170-180 pm. [36,47] A bond distance of 190-240 pm is 

characteristic for SISHA and related secondary interactions of silicon to hydrides.46,48 Silicon 

hydrogen bond distances that are greater than 250 pm are regarded as non-binding.35,47 

 

 

1.4. Hydrosilylation of Alkenes facilitated by Fe Pincer 
Complexes 

 
The first reports of alkene hydrosilylation facilitated by an Fe complex were reported in 1962. 

Treatment of terminal alkenes and tertiary silanes in presence of [Fe(CO)5] at 100-140 °C 

yielded a mixture of hydrosilylation as well as dehydrogenative silylation products.49 Further 

studies utilizing UV radiation, established the active catalyst to be [Fe(CO)3], which is 

generated in situ.50,51 

These findings inspired Chirik in 2004 to utilize dihalide Fe-complexes featuring NNN pincer 

ligands based on substituted bis(imino)pyridine scaffolds (PDIAr), which previously were 

successfully employed in the polymerization of ethylene.31,52 

The strongly π-acidic PDIAr ligands were chosen to function as a modifiable substitute for 

carbonyl ligands. The unsaturated 14-electron fragment [Fe(CO)3] was intended to be 

mirrored by the isolobal [PDIArFe] fragment, generated by reduction of the PDIArFe-dihalide 

species.31 

 

The reduction was achieved under N2 atmosphere by treating the dihalide complexes 

[(PDIAr)FeBr2] Fe1-Br and [(PDIAr)FeCl2] Fe1-Cl with sodium amalgam, or by treating the 

dibromo complex Fe1-Br with two equivalents of NaBEt3H, creating the complex 

[(PDIAr)Fe(N2)2] Fe1-N2.53 (Scheme 1) 
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Scheme 2 Synthesis of NNN Fe complex Fe1-N2 and catalytic hydrosilylation of 1-hexene 

 

Fe1-N2 was shown to be active for the hydrogenation of various terminal and substituted 

alkenes as well as internal alkynes under mild conditions.  

 

Furthermore, Fe1-N2 was also shown to be an active precatalyst for the hydrosilylation of 

olefines. Utilizing phenylsilane and diphenylsilane, terminal as well as internal and gem-

disubstituted alkenes were readily converted with a catalyst loading of 0.3 mol% at room 

temperature, achieving TOFs of up to 364 h-1. The reaction selectively produced only the anti-

markovnikov hydrosilylation products, while no products arising from dehydrogenative 

hydrosilylation were observed. Treatment of Fe1-N2 with an excess of phenylsilane gave the 

complex [(PDIAr)Fe(η2-SiH3Ph))2] Fe1-Si2 (Scheme 2), which also proved to be an active 

precatalyst for the hydrosilylation of 1-hexene.53  

 
Scheme 2 Synthesis of NNN Fe complex Fe1-Si2 
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Both Fe1-N2 and Fe1-Si2 were preliminarily assigned as Fe(0) species.  However, given their 

unusual properties in NMR spectroscopy, indicating accessible S = 1 states, further detailed 

studies utilizing Mössbauer and NMR spectroscopy, single crystal X-ray diffraction studies as 

well as DFT calculations were conducted. It was determined, that complex Fe1-N2 is best 

described as a hybrid between the Fe(0) and Fe(II) canonical forms. The temperature 

dependent, unusual NMR shift of Fe1-N2 can be explained by thermal population of a triplet 

excited state. In solution the complex readily loses one dinitrogen ligand yielding the four-

coordinated complex Fe1-N (Scheme 3). This complex can be regarded as an intermediate 

spin Fe(II) complex, where two electrons have been transferred to the ligand, creating a triplet 

diradical ion that is antiferromagnetically coupled to the metal center, emphasizing the redox 

non-innocent character of the bis(imino)pyridine based ligand. (Scheme 3)54 

  

Scheme 3 Electronic structure of Fe1-N2 and Fe1-N 

 

While Fe1-N2 showed excellent reactivity and selectivity in the hydrosilylation of unactivated 

olefines with primary and secondary silanes, no reaction was observed when using Et3SiH.  In 

contrast to that, tertiary silanes are commercially the most relevant class of silicon-hydride 

reagents in hydrosilylation. This is due to the fact that products generated by using both 

primary and secondary silanes still feature residual Si-H bonds after the reaction, which can 

function as catalyst poison and lower the stability of the generated products.55  

In 2012, to circumvent this problem, Chirik and coworkers employed Fe complexes featuring 

a new class of bis(imino)pyridine based NNN ligands, with smaller substituents on the aryl 

moieties bound to the imine groups, which previously showed increased reactivity in the 

catalytic hydrogenation of difficult alkene substrates.55,56 
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Scheme 4 Synthesis of Fe2-N2 and Fe3-N2 and hydrosilylation of 1-octene with tertiary silanes by Fe2-N2 

 

These complexes were synthesized similarly to their iPr congener Fe1-N2 by the reduction of 

the corresponding dihalide complexes [(PDIMe)FeBr2] Fe2-Br and [(PDIEt)FeBr2] Fe3-Br 

using sodium naphthalenide in THF under nitrogen atmosphere.15 While complex 

[(PDIEt)Fe(N2)(µ2-N2)] Fe3-N2 showed only slightly improved activity compared to Fe1-N2, 

the sterically less encumbered complex [(PDIMe)Fe(N2)(µ2-N2)] Fe2-N2 showed excellent 

activity and selectivity as a precatalyst for the hydrosilylation of 1-octene and styrene, even 

when utilizing Et3SiH as silane. (Scheme 4) Full conversion with Et3SiH was achieved at 

room temperature in 45 minutes with a catalyst loading of 200 ppm, thereby offering 

advantages in reactivity and selectivity to commonly used precious metal catalysts. 

Furthermore, it was shown that the catalyst was capable of crosslinking the two commercially 

important silicon fluids SilForce SL6100 and SilForce SL6020 at room temperature with a 

catalyst loading of 1000 ppm.55 

The group of Thomas showed in 2014, that catalyst Fe3-Cl could also be utilized for the 

hydrosilylation of alkenes and alkynes, without the need of reduction under nitrogen 

atmosphere. They showed that simple addition of EtMgBr to the reaction mixture was 

sufficient to activate the catalyst. The catalyst also featured good functional group tolerance, 

successfully converting substrates bearing ketone, ester, imine, imide as well as nitrile 

functionalities. (Scheme 5)57 
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Scheme 5 Hydrosilylation of alkenes using Fe3-Cl with Grignard reagents as activator. 

 

This concept was developed further by Thomas in 2016 showing that the benchstable 

precatalyst Fe3-OTf could also be activated using an excess of organic amines under aerobic 

conditions. It was demonstrated that the activation of the precatalyst occurs through a radical 

mechanism. By conducting the reaction neat and using an excess of silane, high selectivity 

and good functional group tolerance was achieved. (Scheme 6) It was further shown that 1-

octene could be converted in gram scale with 0.25 mol% of catalyst in the presence of air in 

10 minutes. 58 

 
Scheme 6 Hydrosilylation of alkenes using Fe3-OTf with organic amines as activator. 

 

In 2017 Thomas and coworkers showed that Fe3-Cl could also be directly utilized in the 

hydrosilylation of 1-octene with (EtO)3SiH under aerobic conditions and in gram scale. By 
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be achieved with a catalyst loading of merely 93 ppm.59 
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In 2012, the groups of Nakazawa and Chirik published results of iron complexes based on 

terpyridine ligands that were effective in the anti-markonvnikov hydrosilylation of 1-hexene 

and 1-octene. (Figure 1) 60,61 

 

 
Figure. 1 Terpyridine based Fe-complexes for the hydrosilylation of 1-hexene and 1-octene 

 

In contrast to the previously employed mostly air-sensitive catalysts based on the 

bis(imino)pyridine scaffold, catalysts Fe4 and Fe5 are air stable. Fe4 was successfully 

employed in the hydrosilylation of 1-octene with methyl-bis(trimethylsilyloxy)silane (MD’M) 

and Et3SiH. The catalyst loading had to be increased to 0.5 mol%, while the reaction 

temperature was increased to 60 °C. Moreover, the electronic structure of Fe4 was 

investigated by means of Mössbauer spectroscopy and DFT calculations, revealing that the 

complex is best described as high-spin Fe(III) compound with antiferromagnetic coupling of a 

ligand radical anion.60 

The group of Nakazawa introduced a series of unsymmetrically substituted Fe terpyridine 

complexes and investigated them for the hydrosilylation of 1-hexene and 1-octene with 

PhSiH3 and Ph2SiH2. The di-halide complexes were activated to the active species by reaction 

with two equivalents of NaBEt3H, yielding tentative dihydride complexes. Fe5 was shown to 

be the complex achieving highest reactivity, achieving TONs of 1533 for the hydrosilylation 

of 1-octene with PhSiH3. While the catalyst loading could be reduced to 0.05 mol%, the 

reaction required high temperatures of 100 °C. Interestingly, the corresponding unsubstituted 

terpyridine dihalide complex was also probed as precatalyst in the reaction, without showing 

any reactivity.61 
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Figure. 2 (Imino)bippyridine based Fe-complexes for the hydrosilylation of cyclohexene and 1-octene 

 

In 2015 the group of Nakazawa introduced catalysts based on iminobipyridine. (Figure 

2) These complexes showed improved reactivity in the hydrosilylation of 1-octene, and 

cyclohexene compared to the systems based on terpyridine. Utilizing NaBEt3H as an 

activator, Fe6, at a catalyst loading of 0.1 mol% at room temperature achieved TON of 1786 

for the hydrosilylation of 1-octene and 1049 for the hydrosilylation of cyclohexene with 

phenylsilane.62  

 

 

  

Scheme 7 Synthesis of PNP hydride and silyl complexes 
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of Fe6-Cl analogously to Fe1-N2 did not yield any tractable products. It was reasoned that the 

more electron rich iron center of Fe6-H2, facilitated by the phosphine donor groups, stabilizes 

the dihydride complex, thus preventing reductive elimination of dihydrogen and formation of 

a Fe(0) dinitrogen complex. Fe6-H2 furthermore showed drastically decreased reactivity in the 

hydrogenation of unactivated alkenes compared to Fe1-N2.  

Treatment of Fe6-H2 with one equivalent of PhSiH3 yielded the silyl-complex 

[(PNPCH2)Fe(H)(SiPhH2)(N2)] Fe6-Si as the only product. (Scheme 7) This ferrous silyl 

hydride complex showed no reactivity in the hydrosilylation of alkenes. Treatment of Fe6-H2 

and Fe6-Si with 4 atm of H2 led to gradual replacement of the coordinated dinitrogen ligand 

and to the formation of tentative η2-dihydrogen complexes that were in rapid exchange with 

the iron hydride ligands in solution. These complexes could not be isolated due to the higher 

affinity of the iron center to dinitrogen as opposed to dihydrogen.63  

   

 
 Scheme 8 Reactivity of Fe-PNN pincer complexes for the hydrosilylation of alkenes 
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Based on the findings of Chirik the group of Huang introduced a series of novel Fe-PNN 

pincer complexes in 2013 aiming to combine the reactivity of the bis(imino)pyridine-based 

ligands in hydrosilylation with the increased stability of the complexes provided by more 

electron-donating phosphine moieties. Complex Fe7-Cl was successfully employed in the 

hydrosilylation of a series of alkenes showing good functional group tolerance, as esters, 

amides and amines were readily tolerated. It was further shown that the introduction of the 

electron donating phosphine moieties reduced the oxophilicity of the iron center, making it 

possible to selectively hydrosilylate the double bond of alkenes featuring ketone-groups, 

while the bis(imino)pyridine based systems predominately reduced the carbonyl moieties.64 

(Scheme 8) 

However, due to the relatively low stability of the reported PNN pincer complexes, which can 

be attributed to the easy degradation of the P-O bond, a new series of carbon linked 

congeneric PNN pincer complexes was reported by Huang in 2016 and tested in the 

hydrosilylation of alkenes. They showed improved activity for this transformation compared 

to the previously reported oxygen-linked catalysts, allowing to halve the catalyst loading for 

the catalysis. Moreover, it was shown that while the Fe-pincer complexes selectively promote 

anti-markovnikov addition of the silane, the corresponding complexes synthesized with CoCl2 

selectively promoted the markovnikov addition, highlighting the regiodivergent catalytic 

properties of these complexes. (Scheme 9)65 

Scheme 9 Regiodivergent hydrosilylation of alkenes promoted by Fe and Co PNN pincer complexes 

 

The group of Yuge published a series of novel PNN pincer complexes in 2018 and 

successfully employed them in the borylation of arenes.66,67 Inspired by the approaches of 

Thomas (vide supra), with Fe, and Chirik68,69, with Co, to promote hydrosilylation using air 

stable reagents they synthesized a series of Fe(II) alkyl and carboxylate complexes and probed 
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them in the hydrosilylation of alkenes in absence of activator. (Figure 3) Complexes Fe11 and 

Fe12 showed excellent reactivites for the hydrosilylation of 1-octene with phenylsilane with 

Fe11 achieving TOFs of up to 90.000 h-1, thus outperforming Fe12. (TOF: 5000 h-1) 

However, Fe11 showed rapid catalyst degradation when the reaction was conducted in 

aerobic conditions, while Fe12 showed no decrease in reactivity. Stoichiometric studies with 

1-dodecene and phenylsilane, showed no evidence for the formation of a Fe(0) species, 

suggesting the formation of a silyl hydride complex as catalytically active species.70 

 

 

Figure. 3 PNN-Fe complexes used in the activator-free hydrosilylation of 1-octene 

 

More detailed experimental and mechanistic studies were conducted in 2020, indicating a 

negative correlation between the steric bulk of the substituents of the phosphine donor and 

catalytic conversions in the series iPr>Ph>Cy. Furthermore, a catalytic cycle was proposed 

based on a modified Chalk-Harrod mechanism, also accounting for the formation of unwanted 

side products caused by isomerization and dehydrogenative hydrosilylation.71 

 

In 2015 Lu reported the asymmetric hydrosilylation of 1,1-disubstituted alkenes employing a 

series of chiral Fe and Co NNN pincer complexes based on iminopyridine oxazoline 

scaffolds, that were previously employed in the enantioselective hydroboration of 1,1-

disubstituted aryl alkenes by Huang 72,73 

 

N

N

F

PiPr2Fe

(H3C)3SiH2C CH2Si(CH3)3

N

N

F

PiPr2Fe

PvO O
O

tBu
Fe11 Fe12



Hydrosilylation 

17 
 

  
Scheme 10 Asymmetric hydrosilylation of 1,1 disubstituted alkenes using Fe13 

 

Complex Fe13, after activation with 3 equiv. of NaBEt3H, showed excellent reactivity for the 

reaction. Electron-rich styrenes featuring ortho-, meta-, and para-substitutions afforded 

hydrosilylated products with good yields and excellent ee values. (Scheme 11) Acetal 

protected aldehydes and ketones as well as imines were also readily converted with good ee, 

however substrates containing two alkyl substituents showed only poor enantiomeric excess.73  

 

 

Scheme 11 Hydrosilylation of terminal alkenes and conjugated dienes using Fe14 
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complexes were transformed to the catalytically active species by the addition of 

EtMgBr.  

The catalyst showed good selectivity for the anti-markovnikov hydrosilylation of the 

substrates. Mechanistic studies indicated a Chalk-Harrods mechanism involving a 

Fe(II)/Fe(0) redox cycle, with steric crowding induced by the bulky ligand being 

responsible for the excellent selectivity shown in the catalysis.74 

 

1.5. Transition Metal Acetylide Complexes 

While alkynes can bond to transition metals in various ways e.g. in η2-C≡C or η2- η2 bridging 

fashion75, in this chapter the terminal bonding mode of acetylides (η1-alkynes) is discussed. 

Acetylides function as strong σ-donor ligands, however even though they are isoelectronic to 

cyanide and isocyanides, they are seen as only weakly π-accepting ligands, as the π*-orbitals 

of the non-polarized C≡C triple bond have higher energy than the corresponding orbitals of 

the C≡N bond cyanide. Indeed, in some cases acetylides can be regarded as π-donor ligands, 

as the bonding π-orbitals of the triple bond can be energetically more accessible than their 

antibonding counterparts. The degree to which acetylides function as π-donor or π-acceptor 

ligands is dependent on the substituent bonded to the alkyne. Acetylides are thus often seen as 

hybrid π-donor/acceptor ligands.76,77  

 

  

Figure 4 Simplified illustration of σ-donor and π-acceptor and π-donor properties of transition metal acetylides 
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however the acetylide complex was determined to be in fact the weakest π-acceptor of the 
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series.78 A simplified illustration of σ-donor, π-acceptor and π-donor interactions of an 

acetylide complex can be seen in Figure 4. 

 

Transition metal acetylides can be prepared in a variety of ways, however salt metathesis 

reactions starting from magnesium or lithium acetylides as well as stannanes is most often 

encountered in literature. They are also accessible via oxidative addition reactions, or via 

reaction of the C-H-acidic alkynes with reactive ligands, in most cases alkyls or hydrides, 

driven by the subsequent elimination of gaseous neutral compounds.79  

 

1.6. Iron catalyzed alkene dimerization reactions 

 
1,3-enynes are an interesting class of compounds owning to the distinct reactivity of both the 

double and triple bond, that can be manipulated separately. This makes them ideal building 

blocks for various fields in organic synthesis.80,81  

Furthermore, several natural products feature enyne-moieties making them interesting targets 

for total synthesis.82–84 While there exist several synthetic protocols for the synthesis of 

enynes, catalytic dimerization of alkynes constitutes an attractive and atom economic option 

to gain entry into enyne chemistry.85,86  

 

While most transition metal catalysts reported for the dimerization of alkynes are based on 

palladium and other precious metals, recently the focus shifted to catalysts based on base 

metals such as manganese, iron, cobalt and nickel.87–89 

In this context, the selectivity of the used catalyst is of great importance, as the 

homodimerization of terminal alkynes can lead to the formation of three isomers. The E and Z 

isomers are generated by the head-to-head dimerization of the alkynes, whereas head-to-tail 

isomerization affords the gem- isomer. (Scheme 14) 

 

 
Scheme 14 Homodimerization of alkynes by a transition metal catalyst and potential isomers  
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The first reported homo dimerization of alkynes with iron was reported by the group of Dash 

in 2011. Employing 30 mol% of FeCl3 with 30 mol% of the amine ligand 1,2-

dimethylethylendiamine (DMEDA) as well as 3 equivalents of KOtBu in toluene at 145 °C 

gave good conversions of mixtures of E and Z enynes with aromatic acetylenes. Aliphatic 

acetylenes did not show any conversion. (Scheme 15) 

 

 
Scheme 15 Homodimerization of alkynes by FeCl3 with DMEDA and KOtBu 

 

For all substrates, the E isomer was preferentially formed, while no trace of the gem isomer 

was detected.90 Later the same group showed that utilizing bisphosphines like 1,2-

bis(diphenylphosphino)ethane (dppe) slightly improved the yield and selectivity. It was 

further shown that the reaction proceeds via radical mechanism which is initiated by the 

base.91 

In 2018 Zhao and coworkers published a similar transformation employing a Fe(II) NNN 

tripodal complex (Fe15) for the homodimerization of aromatic alkynes. Utilizing 5 mol% of 

catalyst and 3 equivalents of base gave good yields and isomer mixtures of the E and Z enyne 

isomers. (Scheme 16)  

 
 
 
 
 
 

 
Scheme 16 Homodimerization of alkynes by Fe15 and base 
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Interestingly the choice of base directly influenced the selectivity of the reaction. When 

utilizing KOtBu the E isomer was predominantly formed while switching the base to NaOtBu 

afforded mainly the Z-isomer. Mechanistic studies were carried out and showed that a radical 

mechanism can most likely be excluded, as conducting the reaction with TEMPO showed no 

decrease in reactivity.92 

 

The group of Mandal showed in 2016 that Fe(0) complexes can also be utilized for the 

dimerization of alkynes. The complex [(CAAC)Fe(CO)4] Fe16 employing a 

cyclic(alkyl)(amino)carbene ligand (CAAC) showed excellent reactivity for the dimerization 

of aromatic alkynes achieving TONs of up to 6500. The catalyst exhibited for the most part a 

mixture of E and Z isomers. While for most substrates more of the E-isomer was formed, 

strongly electron withdrawing substituents on the aryl moieties flipped the isomeric ratio in 

favor of the Z-isomer. (Scheme 17) 

 

   
Scheme 17 Homodimerization of alkynes catalyzed by Fe(0) complex Fe16 and base 

 

Mechanistic studies were also conducted, indicating that preliminarily the carbonyl trans to 

the CAAC ligand is replaced by an alkyne, coordinating in a η2-C≡C fashion. In the next step 

another carbonyl ligand is replaced by a second alkyne which was previously deprotonated by 

the added base. This alkyne coordinates to the metal center as η1-acetylide, thus creating an 

anionic complex. The η2- C≡C and η1-acetylide are then perfectly aligned for a nucleophilic 

attack of the acetylide creating the head-to-head dimerization product, which is liberated after 

protonation by an incoming alkyne.93 
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In 2017, the group of Song published the synthesis of an Fe(II) Cp* complex, utilizing an 

NHC ligand (Fe17) for the catalytic homodimerization and cross-dimerization of aromatic 

and aliphatic terminal alkynes. The complex catalyzed the selective formation of the head-to-

tail dimerization product (gem-isomer). At a catalyst loading of 1-3 mol% in THF at 80 °C, 

without the use of base in 4 h full conversion with most substrates was achieved. The cross-

dimerization with propagyl alcohol under the same reaction conditions showed excellent 

reactivity and at least a 9:1 product to homodimerization ratio was achieved for all substrates. 

 

 Mechanistic studies were conducted and showed that the mesityl group of the NHC ligand 

was crucial for the C-H activation of an incoming alkyne as well as the gem-selectivity of the 

reaction.  

In the catalytic cycle the first step constitutes the dissociation of the pyridine ligand from the 

metal center following by association of an incoming acetylene. The mesityl ligand then 

facilitates C-H activation of the acetylene concomitant with formation of a free coordination 

side. Subsequently, another acetylene coordinates to the metal center in perfect alignment 

with the bound acetylide ligand, facilitating migratory insertion and formation of the head-to-

tail dimerization isomer. Finally, C-H activation to form a metallacycle by the mesityl moiety 

liberates the product and reforms the catalytically active species.94 

 

 

 

 
Scheme 17 Gem-selective dimerization of alkynes facilitated by Fe(II) Cp* complexes 
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Later, a new catalyst was designed in order to increase its reactivity, as reassociation of the 

pyridine ligand to a free coordination side leads to the formation of an 18 electron off-cycle 

complex, thus reducing its activity. For this reason, the pyridine substituent tethered to the 

backbone of the NHC moiety was replaced with a phenyl group, preventing the formation of 

such a complex during the catalytic cycle. Fe18 was employed as pre-catalyst that was 

activated via addition of base, directly affording an acetylide complex by replacement of the 

chloride ligand due to transmetalation with an in situ formed lithium acetylide.  

This complex showed greater reactivity achieving full gem-selective conversion of the 

substrates at ambient temperature in 1 h. (Scheme 17) 

 

Mechanistically, the catalytic cycle proposed for the alkyne dimerization with Fe18 closely 

mirrors the one proposed for Fe17 (vide supra), underpinning the crucial role of the mesityl 

substituent of the NHC ligand stabilizing the metal during the catalytic cycle. (Scheme 18) 95 

 



Hydrosilylation 

24 
 

 
Scheme 18 Proposed catalytic cycle for the gem-selective dimerization of alkynes by Fe18 

 

 

Subsequently, the effect of the used NHC donor was investigated in a new study, indicating 

that substitution of the imidazole based NHC-ligand with a benzimidazole based congener 

slightly improved the activity of the catalyst.96 

N

N

Fe
Cl

N

N

Mes

FePh

R

LiCCR

N

N

Mes

Fe
Ph

R

H
R

N

N

Mes

Fe
Ph

R

R
H

N
N

Fe
Ph

N

N

FePh

H

R

N

N

FePh

H

R

H R

H

R

RH

H R

Fe17Fe18 



Hydrosilylation 

25 
 

 

 

 
Scheme 19 Z-selective dimerization of alkynes facilitated by the pincer complex Fe19. 

 

 

In 2016 Milstein and coworkers reported the Z-selective dimerization of alkynes using the 

PNP pincer complex [(PNPCH2)Fe(H)(η2-BH4)] (Fe19). The catalyst showed excellent 

reactivity converting aromatic and terminal alkynes to the head-to-head dimers with excellent 

Z-selectivity. (Scheme 19) When aliphatic alkynes were used in the catalysis, interestingly 

only the gem-isomer was formed. The complex was also successfully employed in the cross-

dimerization of aromatic alkynes with TMS-acetylene showing full conversion and good Z-

selectivity for all substrates. The catalytic cycle was thought to include a vinylidene 

intermediate and closely resembles the catalytic cycle proposed for the complexes 

[(PNPNH)Fe(H)2(η2-H2)] (Fe20-NH) and [(PNPNMe)Fe(H)2(η2-H2)] (Fe20-NMe), which is 

described in more detail below. 97 

 

In 2017, Kirchner and co-workers reported the synthesis of the nonclassical polyhydride 

complexes [(PNPNH)Fe(H)2(η2-H2)] (Fe20-NH), and [(PNPNMe)Fe(H)2(η2-H2)] (Fe20-NMe). 

These complexes showed excellent reactivity for the homo and cross-dimerization of alkynes 

with high Z-selectivity. At a catalyst loading of merely 0.2 mol% and a reaction time of 0.5 – 

4 h, full conversion for aromatic alkynes was achieved with Fe20-NH. (Scheme 20) 

Furthermore the complexes were shown to be excellent catalysts for the Z-selective 

hydroboration of alkynes. (Scheme 20) 98 
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Scheme 20 Z-selective dimerization of alkynes facilitated by the pincer complexes Fe20-NH and Fe20-NMe. 

 

 

Mechanistical and experimental studies showed that the active species for the catalysis is an 

intermediate spin bis(acetylide) complex generated in situ via reaction of the polyhydride 

complexes Fe20 with alkynes. A third incoming alkyne reacts in an 1,2-H-shift to form a 

vinylidene intermediate. This vinylidene is subsequently attacked by a neighboring acetylide 

ligand, affording an alkynyl vinyl complex. Finally, proton transfer from a second incoming 

alkyne leads to product liberation and regeneration of species Fe21.  

The Z-selectivity of the catalysis was explained by the fact that while the formation of the E 

and Z-selective alkynyl vinyl ligands is similar energetically, they are able to rapidly 

interconvert via a cumulenyl intermediate. However, the elimination of the product is 

energetically the highest barrier encountered in the catalytic cycle and features a lower barrier 

for the elimination of the Z-product compared to the E-product. Hence, product release is 

responsible for the high Z-selectivity of the reaction.99 (Scheme 21) Trapping experiments 

further corroborated that product release was indeed crucial for the stereoselectivity of the 

reaction, as stoichiometric reactions of pre catalyst Fe20-NMe with 2-ethynylpyridine 

afforded a single species that was characterized as the E-alkynyl vinyl complex. 99 
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Scheme 21 Proposed catalytic cycle for the Z-selective dimerization of alkynes by Fe20 

 

In 2022, Tonzetich and co-workers reported that the anionic PNP complex [(PNPPyr,Cy)Fe(Me)] 

Fe22 was able to catalyze the dimerization of phenylacetylene at a catalyst loading of 10 

mol% and at 80 °C with a yield of 66 %. They reported that mainly the head-to-head 

dimerization products were formed during the reaction, with a minor amount (2 %) of gem-

isomer being detected in the reaction mixture. (Scheme 22) Treatment of Fe22 with an excess 
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of phenylacetylene led, after elimination of methane, to the formation of a new species that 

was identified as the square planar E-alkynyl vinyl complex. It was proposed, that initially a 

transient square planar acetylide complex is formed. Rapid 2,1-insertion of a second alkyne 

then leads to the formation of primarily the E-alkynyl vinyl complex, in addition to only small 

amounts of the gem (formed by 1,2-insertion) and Z-congeners, respectively. 

 In contrast to the system of Kirchner the alkynyl-vinyl ligands are bound to the metal center 

on the 1-carbon, interconversion of the isomers via a cumulenyl intermediate was thus ruled 

out. Isomerization was proposed instead to occur via a zwitterionic carbene intermediate. The 

product release by proton transfer of an incoming alkyne was suggested to be the rate 

determining step of the cycle necessitating the high temperature needed for the 

transformation. While the E-alkynyl vinyl complex was determined to be the major 

intermediate after insertion, the high quantity of Z-enyne after the reaction suggests that, most 

likely due to reduced steric crowding, proton transfer is quicker to the Z- alkynyl vinyl 

complex.100 

 

 

 

 

 
Scheme 20 Dimerization of phenylacetylene facilitated by the pincer complexes Fe22 

 

The group of De Ruiter published the hydroboration and Z-selective dimerization of aromatic 

terminal alkynes in 2020. The transformations were catalyzed by a NHC based Iron PCP 

dihydride complex, featuring a labile dinitrogen ancillary ligand (Fe22). The catalyst showed 

excellent selectivity achieving greater than 99 % Z-selectivity for all substrates, however 

aliphatic alkynes were not converted. (Scheme 21) The catalyst also showed excellent 

reactivity in the Z-selective hydroboration of the alkynes. Furthermore, it was shown that by 

increasing the temperature in the hydroboration reaction from room temperature to 50 °C, the 

stereoselectivity was reversed yielding only the E-vinylboronates. 101 
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Scheme 21 Dimerization of aromatic acetylenes by the dihydride pincer complexes Fe23 

Very recently, Thomas and coworkers reported the Z-selective dimerization of aromatic 

alkynes, utilizing a square planar Fe(II) PNNP complex (Fe24). While the Z-selectivity of the 

reaction was good in all substrates, introduction of electron withdrawing groups in the 

aromatic backbone of the alkynes led to reduced yields. (Scheme 22) 

 Aliphatic alkynes showed no reactivity in the reaction. Stoichiometric studies showed, that in 

the first step of the catalysis a metal-ligand cooperative C-H activation takes place, affording 

an acetylide complex in concomitance with the protonation of the amide ligands in the 

backbone. It was further shown that aliphatic substrates were not activated due to their 

increased pKa values in comparison to aromatic alkynes. In the catalytic cycles these 

acetylides were proposed to form vinylidenes after proton transfer back from the backbone. 

The α-carbon of the vinylidene is then suggested to be attacked intermolecularly by an 

acetylene, again protonating the backbone, followed by liberation of the product via a final 

proton transfer.102 

 
Scheme 22 Dimerization of aromatic acetylenes by the tetradentate Fe PNNP complex Fe24 
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2. Results and Discussion 
 

2.1. Synthesis of Fe PNP Silyl Complexes 
 
As demonstrated in chapter 1.4, iron complexes featuring pincer ligands were proven to be 

powerful tools in facilitating catalytic hydrosilylation of alkenes. However, no systems 

featuring pyridine based PNP scaffolds were yet employed in this transformation. Indeed, 

besides the PNP iron silyl complexes published by Chirik in 2006 63, no further reports of 

such complexes were reported in literature. The group of Findlater suggested the occurrence 

of η2-silyl iron complexes in the catalytic cycle of their reported hydrosilylation of ketones. 

These were proposed to form after treatment of the 2,6-dihydroxypyridine-based PNP 

complex [(PONOPtBu)FeCl2] with 2 equiv. of NaBEt3H in the presence of (EtO)3SiH. 103 

 

Tonzetich and coworkers investigated the role of Fe-PNP silyl complexes in the 

hydrosilylation of aldehydes and ketones with an anionic pyrrole-based system. They showed 

that both, Fe-hydride as well as Fe-silyl complexes are active in catalysis, proposing however 

different catalytic cycles for the two species. Consequently, they suggested that competitive 

side reactions may feature prominently in various base metal based catalytic transformations, 

not changing the overall product distribution of the reaction, nevertheless heavily influencing 

its kinetics. [15] They previously also investigated the reactivity of these square planar PNP Fe-

silyl complexes and showed that they readily form insertion products with aldehydes as well 

as acetylenes, corroborating their ability to participate in catalysis and highlighting their 

capability to partake in hydrosilylation reactions with alkynes. 104 

 

These findings, combined with the successful employment of the 2,6-diaminopyridine based 

PNP system in the hydroboration of alkynes, 98 as well as the recent successful application of 

similar Fe-PNN complexes in the hydrofunctionalization of alkenes served as motivation to 

expand these concepts towards implementing Fe-PNP pincer complexes in hydrosilylation 

chemistry.  

Chirik reported that treatment of [(PNPCH2)Fe(H)(SiPhH2)(N2)] (Fe6-Si) with 4 atm of H2, 

resulted in the formation of a transient species, tentatively assigned as [(PNPCH2)Fe(H)(η2-
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H2)(SiPhH2)]. Based on this observation, it was envisioned that such a species can be isolated 

by treating [(PNPNMe)Fe(H)2(η2-H2)] (Fe20-NMe) with PhSiH3 under argon atmosphere.  

 
Scheme 23 Synthesis of the Iron silyl polyhydride complex 1 

Gratifyingly, the reaction of a THF solution of Fe20-NMe with 1 equiv. of PhSiH3 yielded 

after a reaction time of 30 minutes, a single product, that was identified as 

[(PNPNMe)Fe(H)(SiPhH2)(η2-H2)] (1). (Scheme 23) In the 31P{1H} NMR spectrum, 1 features 

a singlet at 178.3 ppm, which represents a significant upfield shift compared to Fe20-NMe 

which can be observed at 196.8 ppm.98  In the hydride region of the 1H NMR complex 1 

features two broad hydride resonances located at -8.20 ppm and -10.75 ppm in an integral 

ratio of 1:2. These signals are assignable to the hydride ligand and the η2-dihydrogen ligand 

respectively. The two remaining not coordinating hydrogen atoms located on the phenylsilyl-

ligand were observed as a triplet at 5.42 ppm with a 3JHP coupling constant of 6.5 Hz, 

indicating chemical equivalence of the Si-H moieties. Additionally, an inverse gated 

decoupled 29Si{1H} NMR experiment was conducted in which the coordinated silyl moiety 

gave rise to a sharp triplet signal located at -8.9 ppm (cf. PHSiH3: -59.7 ppm) with a 2JSiP 

coupling constant of 25.2 Hz. To unequivocally elucidate the structure of the complex single 

crystal X-Ray diffraction was conducted, indicating that the hydride as well as the 

η2dihydrogen ligand are mutually trans to each other. (Figure 5) 

 

 

 

 

 

 
 

Figure 5. ORTEP view of [(PNPNMe)Fe(H)(SiPhH2)(η2-H2)] (1) showing 50% thermal ellipsoids (most H 
omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 2.012(3), Fe1-P1 2.155(1), Fe1-P2 
2.158(1), Fe1-Si1 2.258(1), Fe1-H1 1.52(5), Fe1-H2 1.42(5), Fe1-H3 1.47(5), H2-H3 0.955; N1-Fe1-Si1 151.74, 
P1-Fe1-P2 167.10. 
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The geometry of the complex can be best described as distorted octahedral, with particularily 

the N1-Fe1-Si1 bonds angles deviating from linearity with an angle of 151.74°. The H1-H2 

bond distance is 0.955 Å which is characteristic for coordinated η2-dihydrogen and similar to 

Fe20-NMe which was determined to be 0.90 Å. 98 Interestingly, close contacts of the silyl 

ligand with the coordinated hydrides can be observed, with a Si1-H1 distance of 2.227 Å and 

a Si1-H3 distance of 2.209 Å, which are in the typical range of SISHA interactions. (vide 

supra) The Fe1-Si1 bond distance of 2.258(1) Å is in the range of the Fe-Si bond distances of 

Fe6-Si (2.2718(6) Å) as reported by Chirik. 63  

 

 

Figure 6. Proposed schematic mechanism of the formation of 1 via σ-CAM  

 

Formation of 1 is proposed to occur via σ-CAM mechanism The labile η2-dihydrogen ligand 

of Fe20-NMe can be replaced by the incoming silane, forming a Si-H σ-complex, which 

subsequently can undergo sigma bond metathesis, yielding the observed silyl η2-dihydrogen 

complex. (Figure 6) Accordingly, 1 can also be synthesized in good yields by directly reacting 

a THF solution of [(PNPNMe)FeBr2] (Fe20-Br) with 2 equiv of NaBEt3H in the presence of 1 

equiv of PhSiH3. (Scheme 24) 

 

 

 
Scheme 24 Synthesis of the Iron silyl polyhydride complex 1 directly from Fe20-Br 

 

Analogously, conducting the reaction with 1 equiv. of the aliphatic primary silane n-BuSiH3, 

afforded the corresponding complex [(PNPNMe)Fe(H)(SiBuH2)(η2-H2)] (2) in good yields. 

(Scheme 25) 2 features similar spectroscopic characteristics to 1, with two broad resonances 
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in the hydride region of the 1H-NMR spectrum, corresponding to the hydride (-8.20 ppm) as 

well as the η2-dihydrogen ligands (-11.02 ppm) in an integral ratio of 1:2. The not coordinated 

silyl hydrides were located as a multiplet at 4.73 ppm.  

 

 
Scheme 25 Synthesis of the Iron silyl polyhydride complex 2 from Fe20-Br using n-BuSiH3. 

 

In the inverse gated decoupled 29Si{1H}-NMR the complex features a broad resonance at -

15.4 ppm.  

Encouraged by these results the synthesis of congeneric complexes, featuring secondary and 

tertiary silanes, was attempted. The reaction of Fe20-Br in the presence of secondary silanes 

Ph2SiH2 as well as Et2SiH2 with NaBEt3H led to the formation and isolation of the two well 

defined complexes [(PNPNMe)Fe(H)(SiPh2H)(η2-H2)] (3) and [(PNPNMe)Fe(H)(η2-SiEt2H3)] 

(4) in 78% and 75% yield, respectively. (Scheme 26) 

 
Scheme 26 Synthesis of the Iron silyl polyhydride complexes 3 and 4 from Fe20-Br using secondary silanes 

 

Both complexes feature broad resonances in the hydride region of the 1H-NMR spectrum at -

11.11 ppm (3) and -11.00 ppm (4) respectively, with an integral of 3, indicative of rapid 

exchange of the hydride ligands. The non-coordinating silane hydrogens were observed as a 
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sharp triplet at 6.20 ppm with a 3JPH coupling constant of 9.6 Hz for 3, while complex 4 

showed a poorly resolved multiplet at 4.57 ppm. Likely due to their fluxionality no signal 

could be detected for both complexes in the 29Si{1H} NMR spectrum, however it was possible 

to locate the resonances in an 29Si-1H HMBC experiment, with 3 showing cross peaks at 15.2 

ppm, while 4 being detected at 18.5 ppm.  

Crystals suitable of single crystal X-ray diffraction of both complexes were obtained from 

saturated n-pentane solutions at -30 °C.  

 

 
Figure 6. ORTEP view of [(PNPNMe)Fe(H)(SiPh2H)(η2-H2)] (3) showing 50% thermal ellipsoids (most H 
omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 2.006(3), Fe1-P1 2.1516(9), Fe1-P2 
2.1592(9), Fe1-Si1 2.283(1), Fe1-H1 1.50(5), Fe1-H2 1.72(3), Fe1-H3 1.43(4), H1-H2 1.021; N1-Fe1-Si1 
170.66, P1-Fe1-P2 164.85. 

Complex 3 structurally closely resembles 1, featuring a distorted octahedral geometry, 

featuring a hydride ligand and a η2-dihydrogen ligand that are mutually trans to each other. 

(Figure 6) Noticeably, the N1-Fe1-Si1 angle deviates significantly less from linearity as 

compared to 1 being measured at 170.66°, compared to 151.74° in 1. The Fe1-Si1 bond 

distance of 2.283(1) Å is slightly longer, but comparable to 1 (2.258(1) Å) and similar to the 

structurally related PNP complexes of Chirik. (Figure 6) 

The η2-dihydrogen ligand is elongated compared to 1 as highlighted by the H1-H2 bond 

distance of 1.021 Å. As with 1, close contacts of the silyl ligand with the coordinated hydrides 

can be observed, with a H2-Si1 distance of 2.187 Å and a H3-Si1 distance of 2.280 Å, again 

showing significant SISHA interactions in the complex.  
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Figure 8. ORTEP view of [(PNPNMe)Fe(H)(η2-SiEt2H3)] (4) showing 50% thermal ellipsoids (most H omitted for 
clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 2.014(2), Fe1-P1 2.1608(5), Fe1-P2 2.1483(5), Fe1-
Si1 2.3066(7), Fe1-H1 1.49(2), Fe1-H2 1.46(2), Fe1-H3 1.43(2), H1-H2 1.714, Si1-H4 1.44(2); N1-Fe1-Si1 
145.02, P1-Fe1-P2 165.41. 

In contrast to 1 and 3, the structure of 4 is best described as intermediate state of the σ CAM 

Si-H activation. The Si1-H2 and Si1-H3 distances of 4 are similar with 1.920 Å and 1.898 Å 

respectively, which is significantly elongated compared to non-activated Si1-H4 bond (i.e., 

1.44(2) Å), however much shorter compared to the secondary interactions observed in 1 and 

3, indeed being in the lower range expected for SISHA interactions, indicating a significant σ-

complex character of the bonds.35 Interestingly, the bond distance of the three hydride ligands 

is very similar, indicating a strong interaction with the iron center. (i.e. Fe-H1 1.49(2) Å, Fe-

H2 1.46(2) Å, Fe-H3 1.43(2) Å) Similar interactions of silicon and hydrogen atoms in iron 

complexes have been reported in literature. 105–108 

The Fe-Si distance of the complex of 2.3066(7) Å is slightly longer when compared to 1 and 3 

which are 2.258(1) Å and 2.283(1) Å respectively. This agrees with a trend observed by 

Lemke and coworkers. In this study, a series of ruthenium-silyl complexes was synthesized, 

and their metal bond strength was correlated to the substituents located on the silane ligand. It 

was shown that the ruthenium-silicon bond strength is highly dependent on the substituents on 

the silyl moiety. The introduction of electronegative Cl substituents on the silane was shown 

to lead to stronger Ru-Si bonds, due to increased d(Ru)-σ*(Si-Cl) π-back-bonding, while 

replacement of hydrogen with alkyl or aryl groups on the silane led to weaker Ru-silicon 

bonds. Furthermore, the replacement of alkyl substituents with aryl substituents manifested 

itself with a slight increase in the metal-silicon bond strength. 109 It has to be noted that the Fe-

Si bond distances in complexes 1, 3 and 4 is shorter than the bond lengths observed in the 

square planar pyrrole based pincer complexes [(PNPPyr,Cy)Fe(SiPhH2)] (2.384 Å) and 
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[(PNPPyr,tBu)Fe(SiPhH2)] (2.408 Å) published by Tonzetich and coworkers 15,110. In contrast, 

the structurally related complexes [(PNPCH2)Fe(H)(SiPhH2)(N2)] (Fe6-Si) and 

[(PNPCH2)Fe(H)(SiPhH2)(CO)], as reported by Chirik and coworkers show very similar Fe-Si 

bond lengths of 2.2718 Å and 2.2689 Å, respectively. 63 

To gain further inside into the bonding modes of the complexes, DFT calculations and 

QTAIM 111 analyses were performed with complexes 3 and 4.  

 

Figure 7 QTAIM analyses and list of WBIs for complexes 3 and 4 

 

As can be seen in Figure 7, the QTAIM analysis of 3 shows bond critical points (BCP) 

between the iron and silicon atoms. A Wiberg bond index (WBI) analysis shows a bond order 

of 0.58 for the Fe-Si bond, confirming a bonding interaction between the atoms. It is further 

shown that a bond critical point exists between the hydrogen atoms of the η2-dihydrogen 

ligand, which is also corroborated in the WBI analysis, showing a bond order of 0.60 between 

the hydrogen atoms. Furthermore, a bond critical point between the atoms of the η2-
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dihydrogen ligand and the iron center can be observed, with WBIs of 0.21 and 0.18 

respectively. The combination of these data suggests that the structure is best described as a 

hydrido silyl complex, featuring a coordinated η2-dihydrogen ligand.  

In contrast, in the QTAIM plot of 4 no BPOs between the iron and silicon atom can be 

observed. The WBI data shows a bond order of 0.28 between Fe and Si, indicating a much 

weaker interaction. In contrast, BPOs between both Hb and Hc and the silicon atom can be 

detected, with WBIs of 0.34 and 0.37 respectively. Furthermore, only weak interactions 

between Hb and Hc can be observed with a WBI of 0.08. Additionally, the strong interaction of 

all three hydride ligands with the iron center are illustrated in the QTAIM analysis, showing 

BCPs between all three atoms and the central atom with WBIs of 0.47 and 0.43 for Ha and Hb 

and 0.30 for Hc.  

These data indicate that the structure of 4 is best described as a σ-Si-H complex with 

significant hypervalent interaction of a coordinated hydride ligand with the silicon atom, 

suggesting an interaction akin to a three-center four-electron bond in the complex.  

 

 
Scheme 27 Synthesis of complex 5 from Fe20-Br 

 

Intrigued by these results, the synthesis of a congeneric complex, featuring both, aryl and 

alkyl substituents on the silicon was endeavored. Utilizing phenylmethylsilane and starting 

from Fe20-Br, [(PNPNMe)Fe(H)(η2-SiMePhH2)(H)] (5) was synthesized in good yields. 

(Scheme 27) Spectroscopically, complex 5 closely resembles the congeners 3 and 4 with a 

broad resonance in the hydride region of the 1H-NMR spectrum located at -10.07 ppm with an 

integral of 3 as well as a multiplet located at 5.59 ppm, assignable to the hydride resonance 

and the non-coordinated hydrogen on the silyl moiety, respectively. In the 29Si-1H HMBC a 

cross peak located at 2.3 ppm was observed. The molecular structure of 5 was determined 

utilizing single crystal X-ray diffraction and resembles that of 4. However, while the Si-H1 

and Si-H2 bond distances of 1.872 Å and 2.002 Å are comparable to those of 4, the H2-H3 

bond distance of 1.467 Å is shorter than the one measured in 4, which was determined to be 
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1.714 Å. The Si-Fe distance of 2.277(2) Å is shorter than in 4 and is similar to 3, hinting that 

the structure of 5 can be seen as an intermediated state between 3 and 4. (Figure 8) 

 

 
Figure 8. ORTEP view of [(PNPNMe)Fe(H)(η2-SiMePhH2)(H)] (5) showing 50% thermal ellipsoids (most H 
omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 2.004(4), Fe1-P1 2.159(2), Fe1-P2 
2.153(2), Fe1-Si1 2.277(2), Fe1-H1 1.44(6), Fe1-H2 1.42(7), Fe1-H3 1.72(6), H1-H2 1.467; N1-Fe1-Si1 148.28, 
P1-Fe1-P2 165.40. 

 

 
Scheme 28 Synthesis of complex 6 from Fe20-Br 

 

Attempts to synthesize PNP iron silyl complexes with the tertiary silanes Et3SiH as well as 

Me2PhSiH were unsuccessful and only intractable products were obtained. This can possibly 

be explained by the increased steric bulk of the tertiary silanes. It was however possible to 

synthesize a complex using the sterically less demanding silane (MeO)3SiH, which was 

spectroscopically identified as [(PNPNMe)Fe(H)((MeO)3Si)(η2-H2)] (6). (Scheme 28) In 

contrast to complexes 1-5 which only show broad and unresolved hydride signals in the 1H 

NMR spectrum, 6 exhibits two triplets located at - 13.33 (2JPH = 36.8 Hz) and -

 7.19 (2JPH = 23.3 Hz) in an integral ratio of 2:1 respectively. The decoalescence of the hydride 

signals can possibly be attributed to a slower exchange in absence of hydrogens situated on 

the silyl moiety. In the inverse gated decoupled 29Si{1H}-NMR experiment the coordinated 

silicon atom can be observed as a broad resonance at -78.5 ppm.  
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The characteristic NMR-spectroscopic shifts and multiplicities of the complexes are listed in 

Table 1.  

 
Table 1 Characteristic NMR Shifts of the described PNP Iron Hydrido Silyl Complexes 

Complex  1H-NMR   31P{1H}-NMR 29Si{1H}-NMR  

 hydrides 

(ppm) 

2JPH 

(Hz) 

silane 

(ppm) 

3JPH 

(Hz) 

 

(ppm) 

 

(ppm) 

2JPSi 

(Hz) 

1 -10.75 (br); -

8.20 (br) 

- 5.42 

(t) 

6.5 178.3 -8.9 (t) 25.2 

2 -11.02 (br); -

8.20 (br) 

- 4.73 

(m) 

- 179.3 -14.5 - 

3 -11.11 (br) - 6.20 

(t) 

9.6 177.1 15.2 - 

4 -11.00 (br) - 4.57 

(m) 

- 179.0 18.5 - 

5 -10.07 (br) - 5.59 

(m) 

- 177.9 2.3 - 

6 -13.33 (t) 

-7.19 (t) 

36.8 

23.3 

- - 180.0 -78.5 - 

 

 

2.2. Catalytic Activity of the Fe PNP Silyl Complexes 

 
As the reaction of the novel Fe-silyl complexes 1-6 with alkynes only afforded the Z-selective 

homodimerization products, they were subsequently tested as catalysts for the hydrosilylation 

of alkenes.  

Complexes 1 and 2 did not show any activity in the transformation, indeed treating them with 

excess of the respective primary silane, led to a color change from orange to red, with 

concomitant formation of new diamagnetic species, as observed in the 31P{1H}-NMR 

spectrum. Similarly, when conducting the reaction employing complex 6, no conversion could 

be observed. 

In contrast, complexes 3 and 4 did not show degradation when treated with an excess of the 

respective secondary silane and were both preliminary tested for the hydrosilylation of 4-
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fluorostyrene using the respective silane in THF. Initially a catalyst loading of 5 mol% was 

chosen. Gratifyingly, complex 4 showed full conversion of the alkene after 20 h at a 

temperature of 50 °C. The product mixture consisted of mainly hydrogenated alkane and anti-

markivnikov hydrosilylation product. Under the same conditions, only traces of products 

could be observed, when utilizing complex 3 as catalyst. In attempts to increase the 

conversion for the catalysis with 3, a test reaction with 2 mol% catalyst at a temperature of 80 

°C, without solvent was attempted. Unfortunately, the conversion could only be improved to 

36 %. The reaction yielded a mixture of products, as hydrogenated alkane, markovnikov and 

anti-markovnikov hydrosilylation product were all detected in a ratio of 36 %, 25 % and 39 % 

respectively. Moreover, a significant amount of polymerization product was found in the 

reaction mixture.  

Subsequently, attempts were made to optimize the reaction conditions utilizing 4 as catalyst 

for the hydrosilylation of 4-fluorostyrene with and excess diethylsilane, however all attempts 

to increase the selectivity of the reaction failed, as in all attempts a mixture of hydrogenated 

alkane, anti-markovnikov hydrosilylation product as well as dehydrogenative silylation 

product was observed.   

Gratifyingly, when attempting the reaction with 4-fluoroallylbenzene instead of a styrene 

derivative, a drastic increase in selectivity was observed, and the reaction conditions were 

consequently optimized.  

 
Table 2 Optimization reactions for the hydrosilylation of alkenes 

Entry Cat. Substrate Cat. loading 
(mol %) 

Solvent T  

(°C) 

Conversion 
(%) 

A/B/C/D 

1 4 a 2 benzene 50 94 48/27/25/0 

2 4 a 2 toluene 50 95 51/27/22/0 

3 4 a 2 THF 50 >99 78/6/16/0 

4 4 a 2 neat 50 >99 73/13/11/3 

5 4 a 1 THF 50 >99 78/16/6/0 

6 4 a 1 neat 50 >99 79/8/12/1 

7 4 a 0.5 THF 50 19 62/27/11/0 

8 4 a 0.5 neat 50 53 75/10/14/1 

9 4 a 0.1 THF 50 traces - 

10 4 a 0.1 neat 50 traces - 

11 4 a 2 THF 25  37 35/0/54/11 
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12 4 b 2 THF 50 95 96/4/0/0 

13 4 b 1 THF 50 83 90/10/0/0 

14 3 a 2 THF 50 13 64/27/9/0 

15 5 a 2 THF 50 37 66/29/4/0 
a = 4-fluoroallylbenzene, b = allylbenzene; product A = anti-markovnikov hydrosilylation product, 

B=hydrogenation product, C = dehydrogenative silylation product, D = markovnikov hydrosilylation product; 
reaction conditions: alkene (0.021 mmol, 1 equiv), silane (0.053 mmol, 2.5 equiv), 0.25 ml solvent if used, for a 

conversion and product ratio determined by 19F{1H}-NMR for b by GC MS with mesitylene as internal standard.  

 

As can be seen in Table 2, when conducting the reaction in apolar aromatic solvents like 

benzene and toluene high conversions were obtained, however the selectivity of the reaction 

was inferior when compared to conducting the reaction in the polar solvent THF or without 

solvent. The selectivity in THF and under neat conditions was comparable, however THF was 

chosen for the reaction, as the reaction under neat conditions also yielded the markovnikov 

hydrosilylation product, which was absent when using THF as a solvent. The catalyst loading 

could be lowered to 1 mol% while maintaining full conversion for 4-fluoroallylbenzene, 

however when conducting the reaction with unsubstituted allylbenzene, the conversion 

dropped to 83%, after which the catalyst loading was retained at 2 mol% for most substrates.  

 

Interestingly, when conducting the reaction at room temperature, an increased formation of 

dehydrogenative silylation as well as markovnikov hydrosilylation products was observed. 

Complexes 3 and 5 were then tested under optimized reaction conditions, displaying however 

a drastic decrease in reactivity when compared to complex 4. 

With the optimized reaction conditions in hand, catalyst 4 was employed in hydrosilylation of 

allylic and aliphatic alkenes. (Table 3)  
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Table 3 Substrates and scope for the hydrosilylation of alkene by 4 

 
a reaction conditions: alkene (0.021 mmol, 1 equiv), 4 (2 mol%), diethylsilane (69 µl, 2.5 

equiv), 0.25 ml THF, 50°C,20 h, b alkene (0.021 mmol, 1 equiv), 4 (1 mol%), diethylsilane 

(69 µl, 2.5 equiv), 0.25 ml THF, 50°C,20 h, c alkene (0.021 mmol, 1 equiv), 4 (2 mol%), 

diethylsilane (69 µl, 2.5 equiv), neat, 50°C, 20 h Conversion was determined by GC/MS with 

an internal standard of mesitylene, numbers in parantheses give isolated yield.  

 

While the catalyst performed well for aromatic and aliphatic alkenes, the functional group 

tolerance was limited. For halides, only fluorine substituents were tolerated, and substrates 

containing alcohols or esters showed no conversion. Furthermore, the catalyst did also not 

hydrosilylate internal alkenes. Likewise, allylphenylether was not converted, which can be 

attributed to the fact that the substrate underwent Claisen rearrangement112 under reaction 

conditions, with the forming allylphenol acting as catalyst poison. Nevertheless, substrates 

containing amine functionalities were readily tolerated.  
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2.3. Mechanistic Studies  
 
To gain further inside in the mechanism of the reaction, stoichiometric studies were conducted 

with 4. It could be shown that in absence of silanes, the complex readily reacts with alkenes 

even at room temperature, forming deep red solutions of hydrogenated alkane and 

paramagnetic by-products. By utilizing an excess of 2-vinylpyridine a single diamagnetic 

complex 7, as well as one equivalent of 2-ethylpyridine were obtained. 7 was studied by 

multinuclear NMR spectroscopy as well as single crystal X-ray diffraction and identified as 

[(PNPNMe)Fe(H)(κ2-C,N, py-CH=CH)], which was formed by apparent vinylic sp2-C-H 

activation of the alkene. (Scheme 28) 

 
Scheme 28 Synthesis of complex 7 from 4 via vinylic C-H activation 

 

Complex 7 features a signal in the 31P{1H}-NMR spectrum at 162.9 ppm. In the 1H-NMR, the 

hydride ligand can be observed as a triplet at -16.62 ppm with a relatively large 2JPH-coupling 

constant of 72.5 Hz. The coordinated vinyl moiety as well as the neighboring CH group can 

be observed as a multiplet between 7.66-7.62 ppm. In the 13C{1H}-NMR spectrum, the signal 

attributed to the coordinated vinyl ligand features a broad signal at 149.6 ppm.  

Single crystal X-Ray diffraction shows that 7 adopts a slightly distorted octahedral geometry. 

The 2-vinylpyridine ligand coordinates in a κ2 fashion, with the pyridine moiety being located 

trans to the hydride ligand, while the vinylic carbon is situated trans to the pyridine moiety of 

the pincer ligand. The Fe1-C1 bond length was measured to be 1.931(7) Å, while the C1-C2 

bond length of 1.372(9) Å is indicative of a still existing double bond. (cf. ethylene 1.339 

Å)113 
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Figure 9. ORTEP view of [(PNPNMe)Fe(H)(κ2-C,N, py-CH=CH)] (7) showing 50% thermal ellipsoids (most H 
omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 2.012(5), Fe1-P1 2.153(2), Fe1-P2 
2.160(2), Fe1-N2 2.020(5), Fe1-H1 1.55(6), Fe1-C1 1.931(7), C1-C2 1.372(9); N1-Fe1-C1 172.70, P1-Fe1-P2 
155.66. 

Noteworthily, complexes featuring a sp2-vinylic metal-carbon bond are quite rare in literature. 

Bergman studied Iridium vinyl complexes in the 1980s and found that one reason for the 

scarcity of sp2 CH-activated alkene complexes are selectivity issues arising from the 

dominance of competitive π-coordination of the alkenes to single site metal transition 

complexes.114,115 For example, it was ruled out that a π-complex can be a viable intermediate 

for the vinylic CH activation, as the formation of a π-complex was thermodynamically 

favored compared to oxidative addition of the C-H bond. 114  

As for Fe, only two examples of single site low valent Fe(bisphosphine) complexes being 

capable of vinylic sp2-CH activation were reported by Field. In these studies, a Fe(0) complex 

generated by in situ photolysis of either dihydride or alkyl-hydride complexes showed 

reactivity towards alkenes to generate the C-H activated vinylic hydride complexes. These 

complexes were only stable at low temperatures, as allowing the reaction mixtures to warm to 

room temperature triggered an isomerization to the corresponding π-complexes, a reaction 

that was shown to not be reversible. 116,117 

Recently, the vinylic sp2-CH activation of alkenes employing a bimetallic iron-aluminium 

complex was reported by Crimmin and Gorgas. The mechanism of this reaction was reported 

to proceed via initial binding of the alkene across the Fe-Al bond and subsequent 

intramolecular transition state to achieve CH activation.113  

Consequently, in accordance with the reports by Field, a possible mechanism for the 

generation of 7 could be an initial replacement of the labile η2-SiEt2H2 ligand of 4 by an 

entering alkene. After migratory insertion of the alkene into the Fe-H bond, an unsaturated 

N1 

P2 

P1 

H1 

 

N2 

C1 

Fe1 
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16e- alkyl-hydride complex is formed that can undergo reductive elimination to create a Fe(0) 

complex therby generating 1 equiv of 2-ethylpyridine. Oxidative addition of an entering 2-

vinylpyridine molecule leads consequently to the formation of 7. (Scheme 29) 

 

 
Scheme 29 Plausible mechanism for the formation of 7  

 

It is noteworthy, that a similar deep red complex is formed when 4 is treated with an excess of 

2-allylpyridine. The complex features a signal in the 31P{1H} NMR at 159.2 ppm and a triplet 

in the hydridic region of the 1H-NMR located at -16.86 ppm with an analogously large 

coupling constant of 77.2 Hz. However, due to impurities, the exact position of the double 

bond in the complex could as of yet not be established. 

In contrast to that, complex 4 does not readily react with 2-phenylpyridine to yield an 

aromatic sp2-activation product, hinting to alkene instead of pyridine coordination being 

necessary to replace the labile η2-SiEt2H2 ligand, which is crucial for the observed CH-

activation.  

 

These findings suggest that insertion of alkenes into the Fe-H bond of a putative dihydride 

complex, featuring a side-on coordinated alkene can be plausible. Thus, a mechanism similar 

to the classical Chalk-Harrod cycle during the catalytic hydrosilylation of alkenes with 4 is 

proposed.  
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2.4. Ligand Exchange Reactions 
 
To gain further inside into the differences in bonding between complexes 3 and 4 and their 

drastically different reactivities in catalysis, a series of ligand exchange reactions were carried 

out.  

Treatment of complexes 3 and 4 with 1 bar of D2 gas in a Young NMR tube led to rapid 

incorporation of the deuterium into both, Fe-H as well as Si-H bonds. However, as judged by 
1H-NMR spectroscopy, after incorporation of 60% deuterium in 3 and 55% deuterium 

incorporation in 4, respectively, equilibria were reached. Due to deuterium incorporation, the 
31P{1H}-NMR spectra of both complexes showed a broadening of the signals. Furthermore, in 

both reactions, gradual formation of H2 as well as HD gas was observed. (Figure 10) 

 
Figure 10. Section of the 1H-NMR spectrum of 3 measured in C6D6. The lower part of the spectrum represents 3 
before D2 exposure the upper segment the reaction after 24 h exposure to 1 bar D2.  denotes the Si-H bond on 
the silyl ligand  denotes residual Ph2SiH2. 

 

Interestingly, during the reaction of D2 with 4 two additional minor diamagnetic species were 

detected, of which one was identified as the partially deuterated complex Fe20-NMe, 

reinforcing the labile character of the η2-SiEt2H2 ligand, while the rapid incorporation of the 

HD 
H2 
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deuterium in all bonds suggests an equilibrium between the η2-dihydrogen and η2-alkylsilane 

structures, probably facilitated by σ CAM processes.  

To further study the ligand exchange behavior of complexes 3 and 4, they were treated with a 

series of ancillary ligands. 

Treatment of a THF solution of 3 with 1 bar of CO, led to mainly the formation of the 

complex [(PNPNMe)Fe(H)(SiPh2H)(CO)] (3-CO). However, due to reductive coupling of the 

silyl moiety with the hydride ligand, the Fe(0) complex [(PNPNMe)Fe(CO)2)] (8) was also 

formed in an integral ratio of 8:1. The identity of 8 was confirmed by comparing the 

spectroscopic data with those reported in literature.118 (Scheme 30) 

 

 
Scheme 30 Treatment of 3 with CO and formation of 3-CO and the Fe(0) complex 8 

  

Characteristic features of 3-CO in the 1H-NMR spectrum include a sharp triplet of the not 

coordinated Si-H bond at 5.84 ppm, with a 3JPH coupling constant of 9.2 Hz and a triplet in the 

hydride region of the spectrum at -7.57 ppm and 2JPH a coupling constant of 49.3 Hz, 

assignable to the remaining Fe-H bond. The complex features a singlet in the 31P{1H}-NMR 

spectrum located at 170.4 ppm. In the 13C{1H}-NMR spectrum, the carbonyl ligand can be 

observed as a triplet at 217.4 ppm with a 2JPC coupling constant of 17.3 Hz.  

Furthermore, a 29Si-1H HMBC experiment was conducted in which the coordinating silyl 

ligand was located at 24.1 ppm, which is a slight downfield shift when compared to 3, where 

the silyl moiety was located at 15.2 ppm. In an ATR-IR experiment, a distinct carbonyl 

stretching band could be observed at 1889 cm-1, which is comparable to the wavenumber 

found in [(PNPCH2)Fe(H)(SiPhH2)(CO)] (Fe6-CO) of 1879 cm-1, reported by the group of 

Chirik, by treating Fe6-Si with 1 atm of CO gas. 63 

 

Similarly, repeated freeze-pump-thaw cycles of a C6D6 solution of 3 in a Young NMR tube 

and subsequent backflushing with 1 bar N2 gas led to the gradual replacement of the η2-

dihydrogen ligand by dinitrogen and the formation of complex [(PNPNMe)Fe(H)(SiPh2H)(N2)] 

(3-N2) as judged by a combination of 1H-NMR and 31P{1H}-NMR spectroscopy. (Figure 11)  
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Figure 11. Gradual formation of 3-N2 as observed in the 31P{1H}-NMR spectrum (left) and 1H-NMR spectrum 
(right) by exposure of 3 to nitrogen gas. The numbers on the top left indicate the number of freeze-pump-thaw 
cycles and N2 backflushes of the sample. 

 

3-N2 features a singlet in the 31P{1H}-NMR spectrum at 163.9 ppm. The 1H-NMR spectrum 

features a characteristic triplet at 5.85 ppm with a 3JPH coupling constant of 10.0 Hz, which is 

assignable to the hydrogen atom located on the silyl ligand. 

 The hydride ligand was observed at -15.31 ppm with a 2JPH coupling constant of 55.6 Hz. The 

stretching band of the coordinated dinitrogen ligand was observed in the ATR-IR spectrum at 

2055 cm-1. In comparison, the dinitrogen ligand of Fe6-Si was observed at 2032 cm-1, 

indicating a slightly more electron rich iron center in the latter.63 

The solid-state structure of 3-N2 was elucidated confirming a slightly distorted octahedral 

geometry of the complex. (Figure 12) 
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Figure 12. ORTEP view of [(PNPNMe)Fe(H)(SiPh2H)(N2)] (3-N2) showing 50% thermal ellipsoids (most H 
omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 2.017(7), Fe1-P1 2.161(8), Fe1-P2 
2.161(6), Fe1-Si1 2.279(1), Fe1-H1 1.44(4), Fe1-N2 1.885(4), N2-N3 1.135(1); N1-Fe1-Si1 169.22, P1-Fe1-P2 
163.17. 

 

The Fe1-Si1 bond distance of 2.279(1) Å is slightly shorter when compared to 3 (2.283(1) Å), 

while the Fe1-N2 bond distance of 1.885(4) Å and the N2-N3 bond distance of 1.135(1) Å are 

comparable to the distances observed in the isostructural complex Fe6-Si, which were 

reported as 1.8002(17) Å and 1.120(2) Å, respectively. 63 

 

In a similar fashion, treatment of 3 with MeCN, tBuNC as well as P(OMe)3 led to replacement 

of the η2-dihydrogen ligand and formation of the complexes[(PNPNMe)Fe(H)(SiPh2H)(L)] (3-

L) (L = MeCN,  tBuNC, P(OMe)3) (Scheme 31)  

 

 

 
Scheme 31 Treatment of 3 with ancillary ligands L and formation of complexes 3-L 
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In contrast to 3-tBuNC and 3-P(OMe)3, 3-MeCN was only stable in solution and 

consequently difficult to characterize. All three complexes were studied via NMR 

spectroscopy and the characteristic spectroscopic shifts of the complexes 3-L are listed in 

Table 4.  

The solid structure of 3-P(OMe)3 was additionally elucidated via single crystal X-Ray 

diffraction. 

 

Figure 13. ORTEP view of [(PNPNMe)Fe(H)(SiPh2H)(P(OMe)3)] (3-P(OMe)3) showing 50% thermal ellipsoids 
(most H and independent solvent molecule omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-
N1 2.037(2), Fe1-P1 2.1829(8), Fe1-P2 2.1982(8), Fe1-Si1 2.3094(7), Fe1-H1 1.44(3), Fe1-P3 2.125(1); N1-
Fe1-Si1 164.15, P1-Fe1-P2 154.96, H1-Fe1-P3 165.77. 

 

3-P(OMe) shows a distorted octahedral geometry, with the expected trans arrangement of the 

ancillary phosphite ester ligand and the hydride. The Fe1-Si1 bond distance of 2.3094(7) Å is 

slightly longer than in 3-N2 (c.f. 2.279(1) Å). The Fe1-P3 distance of 2.125(1) Å is 

comparable to the iron-phosphorus bonds of the PNP moiety, which were measured as 

2.1829(8) Å and 2.1982(8) Å, respectively. It is noteworthy, that the hydride ligand H1 is 

bend slightly towards the silyl ligand, which is illustrated by the H1-Fe1-P3 bond angle of 

165.77°. The H1-Si1 distance of 2.270 Å is in the range of distances observed for complex 3, 

indicative of secondary interaction between the silyl ligand and the hydride ligand.  

 

Additionally, for 3-P(OMe)3 an inverse gated decoupled 29Si{1H}-NMR measurement was 

carried out, where the coordinated silyl ligand was observed at 26.8 ppm as a quartet with a 
2JSiP coupling constant of 35.9 Hz. Interestingly, instead of the expected triplet of doublets 

only a quartet could be observed, probably because of similar coupling constants of the 
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phosphine moieties on the PNP pincer ligand and the trimethylphosphite moiety to the silicon 

atom.  

 

 
Scheme 32 Treatment of 3 with PMe3 leads to the formation of 3-PMe3 and 9a 

 

3 was also treated with the alkylphosphine ligand PMe3. However, compared to the reaction 

times observed with the previously mentioned ligands, the reaction was significantly slower. 

Even after seven days, no full conversion could be achieved, and additionally the formation of 

another diamagnetic species in addition to [(PNPNMe)Fe(H)(SiPh2H)(PMe3)] (3-PMe3) was 

observed during the experiment. This diamagnetic species was identified as 

[(PNPNMe)Fe(H)2(PMe3)] (9a). (Scheme 32) Formation of 9a again suggests, that the silyl 

ligand on the metal center is also labile to substitution, indicating a possible equilibrium in 3 

between the η2-dihydrogen structure and the η2-dialkylsilane structure observed in the crystal 

structures of 4 and 5.  

 

In a final ligand substitution reaction, complex 3 was also treated with pyridine, however even 

after reaction times of over a week, no conversion into a new diamagnetic species could be 

observed. 

The characteristic NMR shifts and coupling constants of complexes 3-L are listed in Table 4.  

 
Table 4 Characteristic NMR shifts and coupling constants of complexes 3-L 

Complex 1H-NMR 31P{1H}-NMR 29Si{1H}-NMR 

 hydride 

(ppm) 

2JPH 

(Hz) 

silyl 

(ppm) 

3JPH 

(Hz) 

 

(ppm) 

2JPP 

(Hz) 

 

(ppm) 

2JPSi 

(Hz) 

3-CO -7.57 (t) 49.3 5.84 (t) 9.2 170.4 - 24.1 - 

3-N2 -15.31 (t) 55.6 5.85 (t) 10.0 163.9 - - - 

3-MeCN -19.96 (t) 58.9 5.80 (t) 8.6 167.3 - - - 

3-tBuNC -10.62 (t) 58.8 5.78 (t) 8.0 172.3 - - - 

N

PiPr2

PiPr2N

N

Fe Si

HMe

Me
H

H

H

3

C6D6, r.t., 7 d

PMe3
N

PiPr2

PiPr2N

N

Fe H

HMe

Me

9a

P

N

PiPr2

PiPr2N

N

Fe Si

HMe

Me

H

3-PMe3

P



Results and Discussion 

52 
 

3-P(OMe)3 -9.70 (dt) 66.7 

61.8 

5.83 (q) 5.8 170.9 (d) 

164.9 (t) 

43.5 

43.5 

26.8 (q) 35.9 

3-PMe3 -13.21 (td) 72.1 

20.5 

5.81 (q) 8.2 170.6 (d) 

5.5 (t) 

25.5 

26.0 

- - 

 

When carrying out the same ligand exchange reactions with 4 drastically different results 

were observed. Treatment of a THF solution of 4 with 1 bar of CO led to the formation of four 

diamagnetic species in an integral ratio of 70:7:14:9 as judged by 31P{1H}-NMR 

spectroscopy. The compounds were subsequently identified as [(PNPNMe)Fe(H)(SiEt2H)(CO)] 

(4-CO), [(PNPNMe)Fe(CO)2] (8) and the cis and trans isomers of [(PNPNMe)Fe(H)2(CO)] (10a 

and 10b), respectively. 119  (Scheme 33) 

 

 
Scheme 33 Treatment of 4 with CO and formation of 4-CO, the Fe(0) complex 8 and hydrides 10a and 10b 

 

These results again indicate that both the silane of a Si-H σ-complex, affording 10a and 10b, 

as well as a η2-dihydrogen ligand, affording 4-CO complex, can be substituted by CO, 

corroborating an equilibrium between the resonance structures in solution.  

Treatment of a C6D6 solution of 4 in a Young-NMR tube with 1 bar of N2 gas also rapidly led 

to the formation of two new diamagnetic species, which were tentatively assigned as 

[(PNPNMe)Fe(H)(SiEt2H)(N2)] (4-N2) and the cis isomer of the dihydride complex 

[(PNPNMe)Fe(H)2(N2)] (11), however rapid broadening of the 1H-NMR spectra, indicative of 

rapid decomposition of the complexes, complicated their characterization. The presence of 11 

in the sample was confirmed by preparing an authentic sample via treatment of Fe20-NMe 

with 1 bar of N2 gas. In a similar fashion, treatment of a THF solution of 4 with 1 equiv of 
tBuNC led to the formation of three new diamagnetic species, characterized as 4-tBuNC and 

the cis and trans isomers of the dihydride complexes 12a and 12b. (Scheme 34) 
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Scheme 33 Treatment of 4 with N2 and tBuNC and formation of 4-L, the dihydride complexes 11, 12a and 12b 

 

When treating a THF solution of 4 with an excess of MeCN, a rapid color change to intense 

red was observed, however spectroscopic analysis showed the formation of a multitude of 

new species, that could not be identified. Table 5 lists the characteristic spectroscopic shifts of 

the complexes 4-L. A table of the characteristic spectroscopic shifts of the dihydride 

complexes 9-14 is given in chapter 2.6. 

 
Table 5 Characteristic NMR shifts and coupling constants of complexes 4-L 

Complex 1H-NMR 31P{1H}-NMR 

 hydride 

(ppm) 

2JPH 

(Hz) 

silyl 

(ppm) 

 

(ppm) 

4-CO -8.26 (t) 51.0 4.23 (m) 172.2 

165.9 

174.5 

 

4-N2 -15.16 (t) 55.3 4.31 (m) 

4-tBuNC -11.05 (t) 57.7 4.24 (m) 

 

In contrast to that, treatment of 4 with an excess of P(OMe)3, PMe3  or pyridine in THF led to 

the formation of only a single main product, which were identified as the dihydride complexes 

trans-[(PNPNMe)Fe(H)2(P(OMe)3)] (13), cis-[(PNPNMe)Fe(H)2(PMe3)] (9a) and cis-

[(PNPNMe)Fe(H)2(py)] (14), respectively.  

While 13 was the only product observed in the reaction of 4 with P(OMe)3, in case of PMe3 a 

second minor species identified as trans-[(PNPNMe)Fe(H)2(PMe3)] (9b) was observed at a 

integral ratio of 7.5%. (Scheme 34) As for pyridine, even after prolonged reaction times of 2 

weeks with 10 equiv pyridine, only a conversion of approximately 20 % to 14 was observed 

in the 31P{1H}-NMR spectrum. No evidence of formation of the putative complexes 

[(PNPNMe)Fe(H)(SiEt2H)(P(OMe)3)] (4-P(OMe)3), [(PNPNMe)Fe(H)(SiEt2H)(PMe3)] (4-

PMe3) or [(PNPNMe)Fe(H)(SiEt2H)(py)] (4-py) were found, suggesting that the diethylsilyl 

moiety was cleanly substituted in all three cases.  
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Scheme 34 Treatment of 4 with P(OMe)3, PMe3 and py form the dihydride complexes 9a, 9b, 13 and 14 

 

Crystals suitable for X-Ray diffraction analysis were grown from a concentrated n-pentane 

solution of 13 at -30 °C. The solid-state structure of 13 is depicted in Figure 14, confirming 

the trans arrangement of the two hydride ligands. The structure is best described as slightly 

distorted octahedron, with the P1-Fe1-P2 plane showing the biggest deviation from linearity 

at 166.65°. 

 

 
Figure 13. ORTEP view of trans-[(PNPNMe)Fe(H)2(P(OMe)3)] (13) showing 50% thermal ellipsoids (most H 
omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 2.010(3), Fe1-P1 2.145(1), Fe1-P2 
2.151(1), Fe1-P3 2.072(1), Fe1-H1 1.46(4), Fe1-H2 1.47(4); N1-Fe1-P3 177.98, P1-Fe1-P2 166.65, H1-Fe1-H2 
175.42. 

The P3-Fe1 bond distance of the trimethylphosphite ligand is with 2.072(1) Å slightly shorter 

than the phosphorus iron bonds of the PNP ligand, that were measured at 2.145(1) Å and 

2.151(1) Å, respectively. It is also shorter that the phosphorus iron bond distance of the 

P(OMe)3 ligand in 3-P(OMe)3 of 2.125(1) Å. 

 

Due to the differences in reactivity of the above-mentioned ligand substitution reactions of 3 
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P(OMe)3. Treatment of THF solutions of 1 and 6 with the ancillary ligand selectively afforded 

the complexes 1-P(OMe)3 and 6-P(OMe)3, closely mirroring the reactivity of 3 in 

substituting a η2-dihydrogen ligand. Both complexes were isolated as yellow solids in near 

quantitative yields and characterized with multinuclear NMR spectroscopy. (Scheme 35) 

 

 
Scheme 35 Treatment of 1 and 6 with P(OMe)3 and formation of complexes 1-P(OMe)3 and 6-P(OMe)3 

 

When treating a THF solution of 5, however, a mixture of 83 % 5-P(OMe)3 and 17 % 13 was 

obtained, again underpinning the fact that 5 can be seen as an intermediate state between 3 

and 4. (Scheme 36) 

 
Scheme 36 Treatment of 5 with P(OMe)3 and formation of complexes 5-P(OMe)3 and 13 
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P(OMe)3 do not exhibit the expected doublet resonance in the 31P{1H}-NMR spectrum, but 

rather two distinct doublet of doublets resonances are observed. This indicates that the 

phosphine moieties are not equivalent anymore. This is also contrasted by the spectrum of 5, 

where only one singlet resonance can be observed in the 31P{1H}-NMR spectrum. The 
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inequivalence of the phosphine moieties can conceivably be explained by the slow rotation of 

the unsymmetrically substituted secondary silane ligand in the NMR time scale, creating a 

different chemical environment for both phosphine donor atoms. Interestingly, the coordinated 

trimethyl phosphite ligand exhibits the expected triplet resonance, indicating similar coupling 

constants of the inequivalent phosphorus atoms to the phosphite donor.  

When comparing the 2JPP-coupling constants of the three distinct signals in the 31P{1H}-NMR 

spectrum, the two trans-phosphine atoms show an analogous 2JPP coupling constant of 83.3 

Hz, while the coupling constants to the apical phosphite moiety vary and were measured as 

43.9 Hz and 42.6 Hz, respectively. The NMR signal of the phosphite ligand features a 2JPP 

coupling constant of 43.0 Hz which is approximately the average of the two similar coupling 

constants observed in the signals of the phosphine donors. A similar effect can be observed in 

the 1H-NMR and 13C{1H}-NMR spectra of the complex, which feature a doubling of the 

resonances assignable to the substituents of the phosphine donors compared to the 

symmetrically substituted congeners, hinting a loss of a mirror plane in the complex. The 

characteristic spectroscopic shifts of complexes 1-P(OMe)3 - 6-P(OMe)3 are listed in Table 6. 

 
Table 6 Characteristic NMR shifts and coupling constants of complexes 1-P(OMe)3 - 6-P(OMe)3 

Complex 1H-NMR 31P{1H}-NMR 29Si{1H}-NMR 

 hydride 

(ppm) 

2JPH 

(Hz) 

silyl 

(ppm) 

3JPH 

(Hz) 

 

(ppm) 

2JPP 

(Hz) 

 

(ppm) 

2JPSi 

(Hz)i 

1-P(OMe)3 -10.05 (q) 64.7 5.01 (q) 4.9 173.4 (d) 

164.1 (t) 

43.3 

42.1 

-3.0 (dt) 78.8 

47.2 

3-P(OMe)3 -9.70 (dt) 66.7 

61.8 

5.83 (q) 5.8 170.9 (d) 

164.9 (t) 

43.5 

43.5 

26.8 (q) 35.9 

5-P(OMe)3 -9.90 (q) 61.8 5.34 (m) - 172.9 (dd) 

 

169.5 (dd) 

 

164.9 (t) 

83.3 

42.6 

83.3 

43.9 

43.0 

11.3 (m) - 

6-P(OMe)3 -10.01 (q) 63.5 - - 177.0 (d) 

169.3 (t) 

42.7 

41.9 

24.8 (q) 53.7 

The ligand exchange studies indicated, that in the complexes containing secondary silane 

ligands, substitution of both, the η2-dihydrogen as well as the silane moiety can occur. To gain 
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further insight into this behavior DFT calculations were carried out for both 3 and 4, 

comparing the energy profiles of the rearrangement of the η2-dihydrogen structure into the 

structure of the η2-dialkylsilane σ-Si-H complex.  

 

 
Figure 14. Gibbs free energy profile of the equilibria observed in complexes 3 (left) and 4 (right) with energies 
given in kcal/mol and selected bond lengths in the transition state given in Ångström. 

 

As can be seen in Figure 14, the rearrangement of the bonds between the η2-dihydrogen A and 

the η2-dialkylsilane B resonance structures has a very low barrier for both complexes. It is 

noteworthy however, that for 4, the barrier from B via the transition state TSAB to A features a 

barrier of 3.1 kcal/mol, while a barrier of merely 0.1 kcal/mol was calculated for the same 

reaction in 3. This suggests that while likely both structures are present at room temperature 

for both complexes, the η2-dialkylsilane structure is slightly favored in 4, explaining the more 

facile substitution of the silyl ligand in this complex.  

 

These studies further indicate that ligands such as alkenes can indeed substitute the silyl 

ligand on complexes 3 – 5, making a classical Chalk-Harrods mechanism for the 

hydrosilylation of alkenes feasible. However, all complexes also show the potential for 

substitution of the η2-dihydrogen ligand facilitating subsequent migratory insertion into the 

Fe-Si bond, thus opening pathways for the modified Chalk-Harrods mechanism which can be 

associated with side reactions such as dehydrogenative hydrosilylation processes.  

 

These calculations as well as the results of the experiments described above reasonably 

demonstrate that the increased catalytic activity of 4 can be rationalized by a more Si-H σ-

complex character in the complex, thus facilitating substitution reactions of the silane moiety 

and creating pathways towards a classical Chalk-Harrods mechanism. 
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2.5. Fe PNP Acetylide Complexes and their Role in the 
 Dimerization of Alkynes 

 
As described in Chapter 1.4, the Fe (II) bis(acetylide) PNP pincer complexes (Fe21) were 

determined to be the catalytically active species for the Z-selective dimerization of alkynes as 

well as the Z-selective hydroboration of alkynes by the polyhydride complexes Fe20. 

Complex Fe21-NMe was also successfully synthesized by treating the dihalide complex 

Fe20-Br with 2 equivalents of KHMDS in the presence of an excess of alkyne. (Scheme 37) 
99 

  
Scheme 37 Treatment of Fe20-Br with 2 equivalents of potassium acetylide and synthesis of Fe21-NMe 

 
In the same manner it was anticipated that similar complexes, bearing only one acetylide 

moiety could be accessible when utilizing only one equivalent of alkali acetylide reagent. 

Consequently, treatment of Fe20-Br with a slight excess of lithium TMS-acetylide or lithium 

phenylacetylide, freshly prepared by reacting the corresponding acetylene with 1.05 eq of n-

BuLi in THF, gave intensely dark colored solutions. Workup of the solution afforded in both 

cases yellow powder, that were characterized as the paramagnetic mono(acetylide) complexes 

[(PNPNMe)Fe(Br)(C≡C-TMS)] (15a) and [(PNPNMe)Fe(Br)(C≡C-Ph)] (15b) in a yield of 61 % 

and 63 % respectively. (Scheme 38)  

 

 
Scheme 38 Treatment of Fe20-Br with 1.05 equivalents of potassium acetylide and synthesis of 15a and 15b 
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Solution magnetic susceptibility studies of 15a and 15b were conducted, indicating magnetic 

moments of 4.9(3) µB and 4.9(1) µB, respectively, which is indicative of four unpaired 

electrons and thus 5-coordinate high-spin Fe(II) complexes in a quintet spin state (S = 2). 

Furthermore, IR spectroscopy was carried out and the stretching bands of the acetylide 

ligands were found at 1989 cm-1 for 15a and 2045 cm-1 for 15b, respectively. Additionally, 

high resolution mass spectrometry studies were conducted, where both complexes were 

observed as the [(PNPNMe)Fe(C≡C-R)] + [M-Br]+ ion at 522.2292 m/z (15a)and 526.2204 m/z 

(15b), respectively.  

To unequivocally elucidate the solid state structures single crystals were grown of 15a and X-

Ray diffraction was carried out, indicating a slightly distorted square-pyramidal geometry 

(τ5 = 0.13), where the pyridine donor of the PNP backbone is located in trans position to the 

acetylide moiety. (Figure 15) A Fe1-C1 distance of 1.909(5) Å was measured, while the C1-

C2 bond distance of the acetylide ligand was found to be 1.228(7) Å, which is slightly 

elongated compared to free alkynes. (c.f. acetylene 1.203 Å)120 For comparison, in Figure 15, 

the structure of the previously reported intermediate spin (S = 1) complex [(PNPNMe)Fe(C≡C-

TMS)2] (Fe21-NMe) is also shown.  

 

 

 

 
Figure 15. left: ORTEP view of [(PNPNMe)Fe(Br)(C≡C-TMS)] (15a) showing 50% thermal ellipsoids (H 
omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 2.019(4), Fe1-P1 2.214(1), Fe1-P2 
2.209(2), Fe1-Br1 2.5467(9), Fe1-C1 1.909(5), C1-C2 1.228(7); N1-Fe1-C1 154.50, P1-Fe1-P2 162.41. right: 
ORTEP view of [(PNPNMe)Fe(C≡C-TMS)2] (Fe21-NMe)99 showing 50% thermal ellipsoids (H omitted for 
clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 2.027(2), Fe1-P1 2.1936(6), Fe1-P2 2.2143(7), Fe1-
C1 1.928(2), Fe1-C3 1.982(3), C1-C2 1.225(3), C3-C4 1.225(4); N1-Fe1-C1 134.15, P1-Fe1-P2 163.08. 
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In contrast to 15a, the solid structure of Fe21-NMe is best described as an intermediate 

between the square-pyramidal and trigonal-bipyramidal geometries. (τ5 = 0.48) The carbon-

iron bond lengths of 1.928(3) Å for the basal and 1.982(3) Å for the axial acetylide ligands is 

comparable, but slightly longer than the value obtained in 15a. (1.909(5) Å). The -C≡C- bond 

lengths are with 1.225(3) Å and 1.225(4) Å very similar and marginally shorter than the one 

observed in 15a. (1.228(7) Å) 

When treating THF solutions of Fe20-Br with three or more equivalents of Li-C≡C-R (R = 

TMS, Ph), an instant color change from orange to golden yellow was observed. 31P{1H}-

NMR spectroscopy indicated that in both cases a sole diamagnetic species was formed, 

featuring a singlet resonance at 147.2 ppm (16a) and 148.2 ppm (16b), respectively.  

Complex 16a, prepared by the addition of lithium TMS-acetylide, features two distinct singlet 

resonances in the 1H-NMR spectrum at -0.03 ppm (9H) and -0.16 ppm (18H) which can be 

assigned to the TMS groups of two sets of inequivalent acetylide ligands. These data indicate 

the formation of the diamagnetic (S = 0) octahedral anionic complexes Li[(PNPNMe)Fe(C≡C-

TMS)3] (16a) and Li[(PNPNMe)Fe(C≡C-Ph)3] (16b). (Scheme 39) 

 
Scheme 39 Treatment of Fe20-Br with 3 equivalents of potassium acetylide and synthesis of 16a and 16b 

 

Both complexes were found to only be stable in solution in etheric solvents, and removal of 
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N

PiPr2

PiPr2N

N

Fe

Me

Me

Br

Br

THF, r.t., 5 min
R = TMS, Ph

RLi
(3.00 equiv.)

Fe20-Br

N

PiPr2

PiPr2N

N

Fe

Me

Me

R

R

R

Li

R = TMS 16a
R = Ph 16b



Results and Discussion 

61 
 

 
Figure 16. ORTEP view of [Li•OEt2][(PNPNMe)Fe(C≡C-TMS)3] (16a) showing 50% thermal ellipsoids (H 
omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 1.992(3), Fe1-P1 2.199(1), Fe1-P2 
2.179(1), Fe1-P3 2.072(1), Fe1-C1 1.888(4), Fe1-C3 1.931(3), Fe1-C5 1.918(3), C1-C2 1.225(6), C3-C4 
1.220(5), C5-C6 1.223(5); N1-Fe1-C1 176.71., P1-Fe1-P2 167.84, C3-Fe1-C5 179.04. 

Fortunately, single crystals of 16a could be grown from a concentrated solution in diethyl 

ether. Single crystal X-Ray diffraction analysis confirms the nearly perfect octahedral 

geometry of the complex. The Li cation is embedded between the basal and one of the apical 

acetylide ligands and is further stabilized by a coordinating diethyl ether moiety. The lack of 

stabilization of the cation may be responsible for the degradation of the complex observed 

after evaporation of the solvent. The iron carbon distances of the acetylide ligands diverge, 

showing the shortest bond length in the basal ligand (1.888(4) Å) and the longest Fe-C 

distance observed on the apical ligand, without cation embedment, which was measured at 

1.931(3) Å. Interestingly, the C≡C triple bond distances of the three acetylides is similar, but 

they vary between 1.220(5) Å and 1.225(6) Å, with the shortest again observed in the 

acetylide ligand without interaction to the cation and the longest observed in the basal 

acetylide ligand.  

 

In analogy to the previously reported ligand exchange experiments with the (bis)acetylide 

complexes Fe21-NMe, the unsaturated 16e- complexes 15a and 15b were treated with 1 

equivalent of PMe3 in THF. Analogously to Fe21-NMe, the color of the solutions 

immediately changed from yellow to red and spectroscopic analyses confirmed the formation 

of the diamagnetic complexes [(PNPNMe)Fe(Br)(C≡C-TMS)(PMe3)] (15a-PMe3) and 

[(PNPNMe)Fe(Br)(C≡C-Ph)(PMe3)] (15b-PMe3). (Scheme 40) 
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Scheme 40 Treatment of 15a with PMe3 and synthesis of the diamagnetic complexes 15a-PMe3 and 15b-PMe3 

However, in contrast to the complexes [(PNPNMe)Fe(C≡C-TMS)2(PMe3)] and 

[(PNPNMe)Fe(C≡C-Ph)2(PMe3)] (Fe21-NMe-PMe3) that were synthesized by reacting the Fe-

bis(acetylide) complexes Fe21-NMe with PMe3, the coordination of the trimethylphosphine 

ligand is reversible in 15a and 15b under vacuum. 

 Evaporation of the solvent and prolonged exposure to vacuum of 15a-PMe3 and 15b-PMe3 

led to the general regeneration of the unsaturated 5-coordinated complexes 15a and 15b, 

which coincided with a color shift of the complexes from red back to yellow. The reversible 

coordination of the PMe3 ligand can possibly explained by the difference in spin state 

between the intermediate-spin (S = 1) complexes Fe21-NMe and the high-spin (S = 2) 

complexes 15a and 15b.  

Interestingly however, treatment of the high-spin dihalide complex Fe20-Br with PMe3 did 

not yield a diamagnetic species. The lability of PMe3 in 15a and 15b, as well as the lack of 

reaction of Fe20-Br with the phosphine might be attributed to the weaker ligand field in the 

dibromide as well as bromide/acetylide complexes compared to the stronger donor ability of 

the bis(acetylide) ligand environment.  
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These findings are underpinned by DFT calculations on the spin state splitting of the 

paramagnetic compounds (Figure 17). Calculations were carried out at the TPSSh / 6-31G** / 

SDDAll (Fe) level of theory. 

 

In the dibromide complex Fe20-Br, a quintet (S = 2) ground state appears to be the by far 

most stable spin state, lying 28.1 kcal/mol lower than the singlet (S = 0) and 10.5 kcal/mol 

lower than the respective triplet (S = 1) state. A quintet multiplicity was also found to be the 

most stable ground state for 15a, 20.5 kcal/mol lower than the respective singlet state. 

Interestingly, the quintet and triplet states are almost equal in energy (ΔGtriplet = -19.4 

kcal/mol relative to ΔGsinglet). Calculations on the bis(acetylide) complex Fe20-NMe suggest 

that the triplet ground state, in contrast to the dibromide and mono(acetylide) complexes, 

appears to be much closer to the singlet energy surface (ΔGsinglet - ΔGtriplet = 6.2 kcal/mol). 

The decreasing spin state splitting across the series (Fe20-Br > 15a > Fe21-NMe) reflects the 

observed binding affinity to an exogenous donor ligand such as trimethyl phosphine.  

The seeming reluctance of 15a to accommodate an additional ligand in the coordination 

sphere might thus also have impacts on its catalytic prowess for the dimerization of alkynes.  
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Figure 17 Calculated spin-state gaps in kcal/mol for complexes Fe20-Br, 15a and 3a. Gibbs free energies for 
quintet (S=2, red) and triplet (S=1, blue) relative to singlet (S=0, black) spin-sates. 

 

 

For this purpose, the catalytic competence of the complexes 15b and 16b was investigated by 

employing them in the Z-selective dimerization of terminal alkynes and subsequent 

comparison of the results with the catalytic performance of Fe21-NMe. The coordinatively 

saturated tris(acetylide) complex 16b was chosen to test the lability of the third acetylide 

ligand, which can feasibly dissociate as LiC≡CPh. To judge if increased amounts of LiC≡CPh 
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influence the performance of the catalyst, the reaction was also performed utilizing the 

dihalide complex Fe20-Br in presence of 3, 5 and 10 equivalents of LiHMDS. 

The reactions were carried out at room temperature using a 0.7 M solution of phenyl 

acetylene and 1 mol % of the respective catalyst. The reactions were continuously monitored 

by 1H-NMR spectroscopy and the conversion and reaction times of the entries were plotted in 

Figure 18.  

 

 
Figure 18 Kinetics of the Z- selective dimerization of alkenes catalyzed by Fe acetylide complexes 

 

To compare the catalytic activities of complexes 15b and 16b and the bis(acetylide) complex 

Fe21-NMe, it was decided to calculate the turnover frequency after 50 % conversion (TOF50) 

of the starting material which are shown in Figure 19.  

Additionally, for comparison purposes, the TOF50 values of the experiments employing the 

dihalide complex Fe20-Br with the addition of base are also graphed in Figure 19.  
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Figure 19 Calculated TOF50 of the Z- selective dimerization of alkenes catalyzed by Fe acetylide complexes 

 
 

No catalytic activity was observed for the mono(acetylide) complex 15b whereas the 

bis(acetylide) complex Fe21-NMe quantitatively converted phenylacetylene into the 

respective Z-eneyne within 90 min (TOF50 = 167/h). 

The tris(acetylide) complex 16b was also found to promote the reaction but showed a lower 

catalytic activity than the Fe21-NMe (TOF50 = 119/h). The reactivity of 16b might be 

attributed to labile nature of the third actetylide ligand which can dissociate from the complex 

as LiC≡CPh. A similar catalytic activity (TOF50 = 100/h) was obtained in a test reaction in 

which 16b was generated in situ by the addition of 3 equivalents of LiC≡CPh to the 

dibromide complex Fe20-Br. Increasing the amount of added LiC≡CPh to 5 equivalents 

however resulted in a diminished catalytic activity (TOF50 = 27/h), and the reaction 

completely ceased when the amount was increased to 10 equivalents, apparently completely 

preventing dissociation of the acetylide ligand. In these cases, 31P{1H}-NMR spectra show the 

tris(acetylide) complex 16b as the only organometallic species in the reaction solution. 

 

In conclusion, the experimental data confirms, that the spin state of the acetylide complexes 

seems to greatly influence their catalytic performance. While the high-spin (S = 2) 

(mono)acetylide complex 15b did not show any reactivity in the Z-selective dimerization of 
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alkynes, it was further corroborated that the intermediate spin (S = 1) (bis)acetylide complex 

Fe21-NMe is indeed the catalytically active species in this transformation. The coordinatively 

saturated, diamagnetic (S = 0) complex 16b, showed slightly reduced catalytic performance 

which can be explained by an induction period due to the need of dissociation of an acetylide 

ligand during the catalytic reaction, again affording the catalytically active species Fe21-
NMe. Increasing the amount of LiC≡CPh in the reaction mixture, drastically decreases the 

catalytic proficiency of 16b, which can be explained by gradual inhibition of the dissociation 

of the third acetylide ligand, that completely stops at the presence of 10 mol% LiC≡CPh in 

the reaction mixture.  
 

2.6. Fe PNP Pincer Hydride Complexes for the Activation of 
 Carbon Dioxide 

 

Transition metal hydride complexes are an important class of compounds and are of great 

interest in homogenous catalysis.121 In recent years, many catalysts based on Fe PNP pincer 

complexes were employed in catalysis, however with few exceptions, most published 

catalysts utilized carbonyls as ancillary ligands. 22,122  

While carbon monoxide is known as an excellent π-acceptor ligand, utilizing ligands with 

weaker acceptor properties might, due to higher electron density on the metal center, benefit 

the catalytic activity in some transformations. 

 

As described in chapter 2.4, one way to synthesize a series of novel dihydride complexes from 

PNP hydrido silyl compounds with various ancillary ligands was demonstrated. Furthermore, 

the mono(acetylide) complexes 15a and 15b described in chapter 2.4 present intriguing 

platforms for the synthesis of acetylide hydride complexes, which can also be tested in 

catalysis.  

It is known that the reactivity of a transition-metal hydride is mainly influenced by the co-

ligand located in trans position.119,123 Thus, it was expected that a mutually trans arrangement 

of hydrides, as well as a trans arrangement of the hydride and the acetylide ligand, would, due 

to their strong trans-influence, afford the catalytically most active species. 

As a test reaction to study the reactivity of the novel PNP-Fe hydride complexes, the insertion 

of CO2 into the metal hydride bond was chosen. This reaction was already conducted with the 

isomeric mixture of the carbonyl dihydride complexes cis- andtrans-[(PNPNMe)Fe(H)2(CO)] 

10a-b, and cleanly afforded the hydrido-formate complex [(PNPNMe)Fe(H)(η1-CO2H)(CO)] 
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10b-CO2. This full conversion of the isomer mixture 10a-b to 10b-CO2 is likely caused by 

the mutual interconversion of the cis-complex 10a and the trans-complex 10b in solution and 

subsequent reaction of 10b with CO2, thus removing 10a out of the equilibrium. 10b-CO2 

was only stable under CO2 atmosphere as exposure of the complex to vacuum led to gradual 

reformation of 10a and 10b, showing the reversibility of the reaction124 (Scheme 41) 

 
Scheme 41 Treatment of 10b with CO2, formation of the formate complex 10b-CO2 and reversibility under 
vacuum 

 

In this context a correlation was calculated for a series of dihydride and acetylide-hydride 

complexes with various ancillary ligands. Figure 20 shows this correlation, graphing the 

Gibbs free energy (ΔG0) of the formation of the formate complexes with the NPA (Natural 

Population Analysis) charges of the hydride ligands, obtained from NBO (Natrual Bond 

Order) calculations. 

 

It can also be seen in Figure 20, that the Gibbs free energy and the NPA charges of the 

hydrides give a good correlation, indicating that by increase of the σ-donor strength and 

decrease of the π-acceptor strength of the ancillary ligand, the insertion reaction should be 

more exergonic. Furthermore, it can be concluded that the hydride as trans ligand compared 

to the acetylide also seems to favor the insertion of the carbon dioxide into the metal hydride 

bond, as only the acetylide hydride complexes bearing trimethylphosphine ligands feature an 

exergonic formation of the formate. Although the dihydride complex with pyridine cis-

[(PNPNMe)Fe(H)2(py)] (14) was characterized as solely containing the cis-dihydride isomer, it 

was kept in the correlation as a benchmark due to its almost pure σ-donor ligand properties, 

with only weak π-accepting capabilities.  
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Figure 20 Correlation of the Gibbs free energy of the formation of the formate complexes with the NPA charges 
of the hydride ligands.  

 

Initially, the corresponding dihydride complexes were synthesized by directly treating the 

polyhydride complex Fe20-NMe with the respective ancillary ligands. The dihydride 

complexes cis-[(PNPNMe)Fe(H)2(tBuNC)] 12a and trans-[(PNPNMe)Fe(H)2(tBuNC)] 12b, 

featuring tBuNC as spectator ligand, can additionally be prepared by treating a THF solution 

of the dibromide complex Fe20-Br with 2 equivalents of NaBEt3H in presence of 1 

equivalent of the isocyanide. In addition to the complexes featured in Figure 20, the dihydride 

complexes utilizing PPh3, cis-[(PNPNMe)Fe(H)2(PPh3)] (17) and N2, cis-[(PNPNMe)Fe(H)2(N2)] 

(11) as co-ligands, were also synthesized, however as they only were obtained as the 

respective cis isomers, they were not included in the correlation. (Scheme 42) 
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Scheme 42 General scheme for the synthesis of the dihydride complexes 9-17 

 

All dihydride complexes were characterized via multinuclear NMR spectroscopy. Complex 11 

was only stable under nitrogen atmosphere, showing rapid decomposition to intractable side-

products when exposed to an argon atmosphere. Furthermore, complex 14 could also not be 

isolated, due to it being only stable for short time periods in THF solutions containing an 

excess of pyridine. Evaporation of the solvent led to rapid discoloration of the intensely blue 

complex to grey, yielding only intractable side products. The characteristic spectroscopic 

shifts and coupling constants, as well as the ratio of the respective cis- and trans-isomers are 

listed in Table 7. 

 
Table 7 Characteristic NMR shifts, coupling constants and ratio of the dihydride complexes 12 - 17 

Entry Co-ligand 1H-NMR 
 

31P{1H}-NMR 

 

Ratio 

   hydrides 

(ppm) 

2JHP 

(Hz) 

2JHH 

(Hz) 

(ppm) 2JPP 

(Hz) 

 

10a cis CO -13.02 (br) - - 191.9 - 57 % 

10b trans CO -8.76 (t) 42.9 - 189.6 - 43 % 

11 cis N2 -15.71 (td) 

-16.56 (td) 

61.8 

48.8 

19.2 

18.7 

184.9 - 100 % 

12a cis tBuNC -14.27 (br) - - 192.6 - 22 % 
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12b trans tBuNC -9.10 (t) 43.7 - 188.0 - 78 % 

13 trans P(OMe)3 -9.76 (dt) 59.6 

42.6 

- 

- 

183.9 (d) 

209.4 (t) 

76.0 

76.1 

100 % 

9a cis PMe3 -13.46 (br) 

-18.57 (br) 

- 

- 

- 

- 

184.4 (d) 

13.4 (t) 

29.0 

29.1 

93 % 

9b trans PMe3 -10.94 (dt) 55.2 

44.7 

- 

- 

182.1 (d) 

27.0 (t) 

43.3 

43.3 

7 % 

14 cis py -16.91 (dt) 

-23.65 (dt) 

50.7 

66.7 

20.6 

20.6 

181.7 - 100 % 

17 cis PPh3 -13.02 (br) 

-17.49 (br) 

- 

- 

- 

- 

182.7 (d) 

65.1 (t) 

22.9 

23.0 

100 % 

 

In addition to the spectroscopic characterization, single crystals suitable for X-Ray diffraction 

were grown from an n-pentane solution of the isocyanide complexes 12a and 12b. However, 

the measured crystal only contained the trans-isomer 12b.  

 

 
Figure 21. ORTEP view of trans-[(PNPNMe)Fe(H)2(tBuNC)] (12b) showing 50% thermal ellipsoids (most H 
omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 1.993(3), Fe1-P1 2.119(1), Fe1-P2 
2.126(1), Fe1-C1 1.788(4), Fe1-H1 1.56(3), Fe1-H2 1.63(4), C1-N4 1.176(5); N1-Fe1-C1 177.81, P1-Fe1-P2 
168.01, H1-Fe1-H1 176.90, C1-N4-C21 166.60. 

 

As can be seen in Figure 21, 12b features a slightly distorted octahedral geometry. The Fe1-

C1 bond distance of 1.788(4) Å is comparable to other reported Fe-isocyanide complexes 
22,122,125and longer than the carbon-iron bond distance of the isostructural complex trans-

[(PNPNMe)Fe(H)2(tBuNC)] (10b), which was determined to be 1.683(3) Å.119 This is in line 
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with the weaker π-accepting properties of isocyanides compared to carbonyl ligands. The 

tBuNC also features a slightly bend structure, with a C1-N4-C21 bond angle of 166.40°, 

which is typical for isonitrile ligands functioning as acceptor ligands. Additionally, ATR-IR 

spectroscopy was conducted, where a C≡N stretching band at 2040 cm-1 for the coordinated 

isocyanide ligand was observed.  

 

To synthesize the hydrido-acetylide complexes, the 16 e--complexes [(PNPNMe)Fe(Br)(C≡C-

TMS)] (15a) and [(PNPNMe)Fe(Br)(C≡C-Ph)] (15b), were, in a first step, treated with one 

equivalent of the respective spectator ligands, affording the saturated 18 e—complexes 

[(PNPNMe)Fe(Br)(C≡C-Ph)(L)] (15a-b L) (L = CO, tBuNC, P(OMe)3, PMe3) in good yields. 

(Scheme 43) 

 

 
Scheme 43 General scheme for the synthesis of the bromo-acetylide compexes 15a-L and 15b-L 

 

Treating dichloromethane solutions of [(PNPNMe)Fe(Br)(C≡C-TMS)] (15a) and 

[(PNPNMe)Fe(Br)(C≡C-Ph)] (15b) with 1 bar of CO, led to the formation of the carbonyl 

complexes [(PNPNMe)Fe(Br)(C≡C-TMS)(CO)] (15a-CO) and [(PNPNMe)Fe(Br)(C≡C-

Ph)(CO)] (15b-CO) in 86 % and 92 % respective yield. In contrast to the previously observed 

lability of the PMe3 ligand of 15a-PMe3 and 15b-PMe3, no evidence for the loss of the 

carbonyl ligand under vacuum was observed.  

In the ATR-IR spectra of the complexes both the acetylide and the carbonyl ligands give 

strong bands, which are assignable the C≡O and C≡C stretching vibrations, respectively. The 

carbonyl bands were located at 1951 cm-1 (15a-CO) and 1941 cm-1 (15b-CO), while the C≡C 

bands were observed at 2009 cm-1 (15a-CO) and 2083 cm-1 (15b-CO), respectively. In the 
31P{1H}-NMR the complexes gave singlets at 148.4 ppm (15a-CO) and 147.9 ppm (15b-CO) 

can be observed, while in the 13C{1H}-NMR spectrum the carbonyl ligands give rise to triplet 
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signals at 222.7 ppm (2JCP = 22.2 Hz) (15a-CO) and 222.2 ppm (2JCP = 22.2 Hz) (15b-CO). 

The coordinated carbon atoms of the acetylides can also be observed as triplets located at 

139.8 ppm (2JCP = 30.9 Hz) (15a-CO) and 112.0 ppm (2JCP = 34.3 Hz) (15a-CO), 

respectively.  

Single crystals were grown from 15b-CO, and the solid-state structure confirms the 

octahedral geometry of the complex with the acetylide ligand, and the bromide ligand being 

located mutually trans to each other. (Figure 22) 

 

 
Figure 22. ORTEP view of [(PNPNMe)Fe(Br)(C≡C-Ph)(CO)] (15b-CO) showing 50% thermal ellipsoids (H 
omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 1.997(3), Fe1-P1 2.226(1), Fe1-P2 
2.230(1), Fe1-C1 1.920(3), Fe1-C28 1.747(3), Fe1-Br1 2.4848(5), C1-C2 1.212(4), C28-O1 1.153(4); N1-Fe1-
C28 179.26, P1-Fe1-P2 168.49, C1-Fe1-Br1 173.00. 

 

The iron carbon σ-bond distance of the phenyl acetylide ligand was measured to be 1.920(3) 

Å, while the iron carbon bond of the carbonyl ligand was found to be 1.747(3) Å. The C≡C 

bond distance was measured as 1.212(4) Å, which is similar to the distance observed in the 

acetylide complexes 15a, Fe21-NMe and 16a. The carbon oxygen triple bond of the carbonyl 

ligand has a bond distance of 1.153(4) Å. 

 

In a similar fashion, treatment of 15a and 15b with 1 equivalent of tBuNC in THF leads to the 

clean formation of the respective octahedral complexes [(PNPNMe)Fe(Br)(C≡C-TMS)( 

tBuNC)] (15a- tBuNC) and [(PNPNMe)Fe(Br)(C≡C-Ph)(tBuNC)] (15b- tBuNC) in good yields 
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of 88 % and 81 % respectively. Again, no evidence for the lability of the isocyanide spectator 

ligand were observed. In the ATR-IR spectrum, two sharp bands at 2105 cm-1 and 1986 cm-1 

(15a- tBuNC) and 2110 cm-1 and 2058 cm cm-1 (15b- tBuNC), assignable to the C≡N and 

C≡C stretching frequency of the isocyanide ligand and the acetylide ligand respectively. In 

both cases, the wavenumbers observed for the C≡C stretch are redshifted compared to the 

isostructural carbonyl complexes, hinting to stronger π-backbonding interactions of the 

acetylide ligands facilitated by the decreased π-acidity of the isocyanides in comparison to 

carbonyl ligands. 

The 13C{1H}-NMR spectrum of the complexes features broad triplet resonances for the carbon 

atom of the isocyanide ligand at 173.6 ppm (15a- tBuNC) and 173.8 ppm (15b- tBuNC), 

respectively. The coordinated carbon of the acetylide complexes is also observed as triplets at 

151.4 ppm (2JCP = 32.0 Hz) (15a- tBuNC) and 124.0 ppm (2JCP = 32.8 Hz) (15b- tBuNC), 

respectively, which indicates a significant downfield shift compared to the resonances 

observed in the carbonyl complexes 15a- CO and 15b- CO.  

Single crystals of sufficient quality for X-Ray diffraction could be obtained of 15a- tBuNC, 

by slow evaporation of a concentrated CH2Cl2 solution of the complex.  

 
Figure 23. ORTEP view of [(PNPNMe)Fe(Br)(C≡C-TMS)(tBuNC)] (15a-tBuNC) showing 50% thermal 
ellipsoids (H and independent solvent molecule omitted for clarity). Selected bond lengths (Å) and angles (deg): 
Fe1-N1 2.013(6), Fe1-P1 2.229(3), Fe1-P2 2.234(2), Fe1-C1 1.927(8), Fe1-C25 1.829(8), Fe1-Br1 2.549(2), C1-
C2 1.19(1), C25-N4 1.16(1); N1-Fe1-C24 179.29, P1-Fe1-P2 167.96, C1-Fe1-Br1 179.15, C25-N4-C26 167.76. 

 

As shown in Figure 23, 15a- tBuNC features an octahedral geometry, where the bromide 

ligand and the acetylide are mutually trans to each other. The carbon-iron bond distance of the 
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acetylide ligand of 1.927(8) Å is similar to the one observed in 15b-CO, while the C≡C bond 

(1.19(1) Å) is slightly shorter than in the isostructural carbonyl complex. The iron-carbon 

bond of the isocyanide of 1.829(8) Å is longer than the corresponding iron-carbon bond of the 

carbonyl in 15b-CO, again underpinning the weaker π-acceptor properties of the isonitrile 

ligand. The C≡N triple bond of the isocyanide has a bond distance of 1.16(1) Å.  

 

Treatment of complexes 15a and 15b with P(OMe)3 in THF yielded the diamagnetic 

complexes [(PNPNMe)Fe(Br)(C≡C-TMS)(P(OMe)3)] (15a- P(OMe)3) and 

[(PNPNMe)Fe(Br)(C≡C-Ph)(P(OMe)3)] (15b-P(OMe)3) in near quantitative yields. While 15a-

P(OMe)3 was stable under vacuum, the phosphite ligand in 15b-P(OMe)3 showed lability 

when kept under fine vacuum for longer periods, cleanly reforming 15b. ATR-IR 

spectroscopy of 15a-P(OMe)3 was performed and the characteristic band of the C≡C 

stretching frequency of the acetylide ligand was found at 1983 cm-1. In the 13C{1H}-NMR 

spectrum, the carbon of the acetylide ligand bonded to the iron center of 15a-P(OMe)3 was 

observed as a doublet of triplets at 150.3 ppm, with 2JCP coupling constants of 47.0 Hz to the 

phosphite ligand, and 29.1 Hz to the phosphine donors of the PNP ligand, respectively. For 

comparison, the carbon of the Fe-C bond in 15a-PMe3 was found as doublet of triplets at 

155.1 ppm, with 2JCP coupling constants of 36.7 Hz to the trimethylphosphine spectator ligand 

and 30.7 Hz to the phosphine donors, again showing a trend of deshielding of this resonance, 

in correlation with decreased π-acceptor strength of the ancillary ligand. The stretching 

frequency of the triple bond of the phenylacetylide ligand of 15b-P(OMe)3 was detected at 

2058 cm-1 in the ATR-IR spectrum. 

The solid structure of 15a-P(OMe)3 was elucidated via single crystal X-Ray diffraction 

analysis, again indicating an octahedral geometry of the complex with a mutual trans 

arrangement of the bromide ligand and the acetylide ligand (Figure 24) 
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Figure 24. ORTEP view of [(PNPNMe)Fe(Br)(C≡C-TMS)(P(OMe)3)] (15a-P(OMe)3) showing 50% thermal 
ellipsoids (H omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 2.044(9), Fe1-P1 2.253(6), 
Fe1-P2 2.277(5), Fe1-C1 1.915(9), Fe1-P3 2.168(5), Fe1-Br1 2.474(6), C1-C2 1.24(1); N1-Fe1-P3 174.36, P1-
Fe1-P2 166.64, C1-Fe1-Br1 176.49. 

 

The iron-carbon bond of the acetylide ligand was determined to be 1.915(9) Å, which is in 

range of the previously described isostructural complexes. The Fe1-P3 bond distance of the 

ancillary ligand was measured to be 2.168(5) Å, which is longer than the value obtained in the 

structure of the dihydride complex 13 of 2.072(1) Å. The C≡C triple bond distance was 

measured to be 1.24(1) Å, which is longer than in the previously described complexes 15b-

CO and 15a-tBuNC, which, in combination to the decreased wavenumber in the ATR-IR 

spectrum, is indicative of increased π-backbonding into the acetylide ligand. 

 

With the bromido-acetylide complexes 15a-L and 15b-L in hand, the synthesis of the 

corresponding hydrido-acetylide complexes was attempted by treating a THF solution of the 

complexes with 1 equivalent of NaBEt3H. This method worked well for the complexes 

utilizing tBuNC as co-ligand, however for the carbonyl, P(OMe)3 and PMe3 congeners the 

reaction did not proceed in a clean fashion and various side products were formed during the 

reaction.  

To circumvent side reactions, these complexes were instead synthesized by treating 15a-L and 

15b-L with a small excess of Na[AlH4] and subsequent quenching with degassed water 

(Scheme 44) 
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Scheme 44 General scheme for the synthesis of the hydrido-acetylide complexes 18-21a and 18-21b 

 

While the complexes [(PNPNMe)Fe(H)(C≡C-TMS)(CO)] (18a), [(PNPNMe)Fe(H)(C≡C-

Ph)(CO)] (18b), [(PNPNMe)Fe(H)(C≡C-TMS)(tBuNC)] (19a), [(PNPNMe)Fe(H)(C≡C-

Ph)(tBuNC)] (19b) and [(PNPNMe)Fe(H)(C≡C-Ph)(PMe3)] (21b) only yielded a single species, 

the complexes [(PNPNMe)Fe(H)(C≡C-TMS)(P(OMe)3)] (20a) and [(PNPNMe)Fe(H)(C≡C-

TMS)(PMe3)] (21a) where obtained as mixture of isomers. Based on the spectral data, and by 

careful study of the 2JHP and 2JPP coupling constants, these isomers were identified as 20a-

trans, 21a-trans, where the hydride and the acetylide ligands are mutually trans, and 20a-cis, 

21a-cis, where the hydride and the ancillary ligands are mutually trans. (Scheme 44) 

 

In the 1H-NMR spectrum of complex 18a, the hydride ligand gives rise to a resonance at -

12.37 ppm and a 2JPH coupling constant of 49.9 Hz is obtained. The equivalent phosphine 

donors of the PNP backbone are found at 175.0 ppm. In the 13C{1H}-NMR spectrum the 

carbonyl ligand gives rise to a triplet at 222.2 ppm, with a 2JCP coupling constant of 25.0 Hz, 

which is similar to the resonance observed in 15b-CO. The coordinated carbon atom, of the 

acetylide ligand is found at 156.8 ppm as a triplet with a 2JCP coupling constant of 25.0 Hz. 

This again corroborates the trend of a deshielding of the signal, when the electron density on 

the metal center is increased, in this case by substituting the π-donor halide ligand with the 

strong σ-donor hydride. The increase in electron density on the metal center is further 

underpinned by the redshift of the carbonyl band, which now can be observed at 1914 cm 1 as 
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well as the C≡C stretching frequency of the TMS-acetylide ligand which was now located at 

1998 cm.1. The hydride ligand of 18b gives rise to a triplet at -12.25 ppm with a 2JPH coupling 

constant of 49.9 Hz. In the 31P{1H}-NMR the complex features a singlet at 174.9 ppm. In the 

ATR-IR spectrum the carbonyl stretch is located at 1913 cm-1, and the C≡C stretching 

frequency phenylacetylide ligand is located at 2066 cm.1. To elucidate the solid structure of 

18a, single crystal X-Ray diffraction was performed, confirming a octahedral geometry of the 

complex. (Figure 25) 

 

 

Figure 25. ORTEP view of [(PNPNMe)Fe(H)(C≡C-TMS)(CO)] (18a) showing 50% thermal ellipsoids (most H 
omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 2.024(2), Fe1-P1 2.178(1), Fe1-P2 
2.171(1), Fe1-C1 1.966(2), Fe1-C25 1.731(2), Fe1-H1 1.48(3), C1-C2 1.220(3), C25-O1 1.168(3); N1-Fe1-C25 
173.32, P1-Fe1-P2 164.37, C1-Fe1-H1 176.00. 

 

Interestingly, the Fe-C bond of the acetylide ligand of 18a (1.966(2) Å) is longer compared to 

the bond length obtained from the solid structure of the halide precursor 15b-CO (1.920(3) 

Å). This fact can be explained by the stronger trans-influence of the hydride ligand, in 

comparison to the bromide. The C≡C bond length of 1.220(3) Å is in the range observed for 

15b-CO. Additionally, compared to 15b-CO, the Fe-C bond of the carbonyl ligand is slightly 

shortened to 1.731(2) Å, indicating stronger back bonding of the carbonyl ligand, which is 

consistent with a more electron rich metal center in 18a than in 15b-CO. 

 

Furthermore, the isocyanide congeners 19a and 19b were fully characterized by multinuclear 

NMR spectroscopy. The hydride signals, as the most characteristic resonances in the 1H-NMR 

spectrum, were detected as triplets at -12.76 ppm (2JPH = 51.4 Hz) for 19a and -12.63 ppm 
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(2JPH = 51.5 Hz) for 19b, respectively. The coordinated carbons of the isocyanide ligands only 

gave broad resonances in the 13C{1H}-NMR spectrum at 182.6 ppm (19a) and 181.9 ppm 

(19b), respectively. However, sharp triplets assignable to the carbon atoms attached to the 

metal center at 163.4 ppm (2JPC = 11.3 Hz) for 19a and 140.1 ppm (2JPC = 20.5 Hz) for 19b 

again show a significant downfield shift of the signals compared to the halide complexes 15a-
tBuNC (c.f. 151.4 ppm) and 15b-tBuNC (c.f. 124.0 ppm). In the ATR-IR spectrum, two 

respective intense bands for the C≡N stretch of the isocyanide ligands and C≡C stretch of the 

acetylide ligands were observed in the complexes. The wavenumbers of 2044 cm-1 (19a) and 

2054 cm-1 (19b) for the isocyanide ligands, and 1977 cm-1 (19a) and 2032 cm-1 (19a) for the 

acetylide ligands again are indicative of a more electron rich metal center in the hydride 

complexes, compared to the respective bromide precursors. To gain further insight into the 

properties of the isocyanide ligands, 2D{15N-1H} HMBC NMR (c.f. free tBuNC: 195.6 ppm) 

spectroscopy was performed with all complexes containing isocyanide ligands and a 

comparison between the NMR data, and the angle of the C-N≡C carbon bonds of the ligands, 

as determined by X-Ray diffraction are listed in Table 8. Interestingly, the C≡N stretching 

frequencies of the isocyanide ligand seem to correlate well with the observed 15N-NMR shifts 

and may be used as an additional tool to quantify π-backbonding interactions of metal centers 

into isocyanide ligands.  

 
Table 8 Spectroscopic data and bond angle of the isocyanide ligands 

Complex 13C-NMR 

(ppm) 

15N-NMR 

(ppm) 

IR 

(cm-1) 

Angle 

(deg) 

12b 196.5 190.3 2040 166.60 

167.76 

- 

15a-tBuNC 173.6 200.3 2105 

15b-tBuNC 173.8 200.9 2110 

19a 182.6 190.7 2044 154.46 

19b 181.9 191.8 2054 - 

 

Moreover, single crystals of 19b were grown from a cooled concentrated solution of the 

complex in n-pentane. Again, due to the strong trans-influence of the hydride ligand the Fe-C 

bond of the acetylide ligand of 1.9459(8) Å is significantly elongated compared to the halide 

complex 15a-tBuNC (c.f. 1.927(8) Å). Similarily, the increase in C≡C bond length of 

1.236(1) Å hints to increased π-backbonding interactions of the acetylide. Analogously, the 

shortening of the Fe-C bond of the isocyanide to 1.7919(8) Å, in combination with the 
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elongation of the C≡N bond to 1.186(1) Å and a C-N≡C bond angle of 154.46° is indicative 

of increased π-backbonding into the tBuNC ligand. (Figure 26) 

 
Figure 26. ORTEP view of [(PNPNMe)Fe(H)(C≡C-TMS)(tBuNC)] (19a) showing 50% thermal ellipsoids (most 
H and independent solvent molecule omitted for clarity). Selected bond lengths (Å) and angles (deg): Fe1-N1 
2.0191(8), Fe1-P1 2.1563(5), Fe1-P2 2.1574(5), Fe1-C1 1.9459(8), Fe1-C25 1.7919(8), Fe1-H1 1.49(1), C1-C2 
1.236(1), C25-N4 1.186(1); N1-Fe1-C25 174.58, P1-Fe1-P2 164.10, C1-Fe1-Br1 177.96, C25-N4-C26 154.46. 

 

Treatment of 15a-P(OMe)3 with Na[AlH4] and subsequent quenching with water, led to the 

formation of a 72:28 mixture of the isomers 20a-trans and 20a-cis, as judged by 31P{1H} and 
1H-NMR spectroscopy. Similarly, treatment of 15a-PMe3 with the hydride reagent, led to the 

formation of a mixture of 21a-trans and 21b-cis in a ratio of 5:95. In contrast, the reaction of 

15b-PMe3 with the alanate only gave one apparent isomer, however the reaction also yielded 

various side products making the characterization of a putative trans isomer in the reaction 

mixture difficult. The characteristic NMR shifts of the complexes are given in Table 9. 

 
Table 8 Characteristic NMR shifts, coupling constants and ratio of hydrido-acetylide complexes 20- 21 

Entry Co-ligand 1H-NMR 
 

31P{1H}-NMR 

 

Ratio 

   hydrides 

(ppm) 

2JHP 

(Hz) 

(ppm) 2JPP 

(Hz) 

 

20a trans P(OMe)3 -13.31 (dt) 66.9 

52.2 

169.8 

192.0 

73.9 

74.3 

72 % 

20a cis P(OMe)3 -8.90 (dt) 83.9 165.3 37.3 28 % 

P1 C25 

H1 

N4 

C1 

C2 

Fe1 

N1 

C26 
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65.4 172.7 37.5 

21a trans PMe3 -13.16 (dt) 

 

56.6 

52.2 

173.8 

22.2 

41.0 

40.9 

5 % 

21a cis PMe3 -11.29 (td) 70.5 

35.5 

165.1 

15.5 

26.3 

28.1 

95 % 

21b cis PMe3 -11.50 (td) 69.5 

36.4 

165.1 

10.7 

25.6 

26.3 

100 % 

 

2.7. Reaction of the Fe PNP Hydride Complexes with 
 Carbon Dioxide 

 

To verify the calculations of the previous chapter, the novel hydride complexes were 

subsequently tested for the insertion of carbon dioxide into the Fe-H bonds. In a first step, the 

dihydride complexes 9a-b, 12a-b and 13 were dissolved in C6D6 and transferred into a Young 

NMR-tube. Freeze-pump-thawing and subsequent backflushing with 1 bar of CO2 was 

performed.  

 
Scheme 45 General scheme for the reaction of the dihydride complexes 9-12 with CO2 

 

Treating a brown solution of the isomer mixture cis-trans[(PNPNMe)Fe(H)2(tBuNC)] (12a-b) 

with CO2 led to an immediate change of the reaction mixture to yellow, and spectroscopically 

full conversion to [(PNPNMe)Fe(H)(η1-CO2H)(tBuNC)] (12b-CO2) was observed. In the 1H-

NMR spectrum, the hydride was observed as a triple with a chemical shift of -27.16 ppm 

relative to TMS, and a coupling constant of 57.8 Hz was measured. Furthermore, the formate 

species was observed as a singlet at 8.56 ppm. In the ATR-IR spectrum, the C≡N stretching 

band of the isocyanide ligand was observed at 2048 cm-1, while the carbonyl stretch of the 

formate ligand was located at 1586 cm-1.  
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The reaction of 13 with CO2 afforded a light orange solution, which was spectroscopically 

identified as [(PNPNMe)Fe(H)(η1-CO2H)(P(OMe)3)] (13-CO2). In the hydride region of the 1H-

NMR a new doublet of triplets was observed at -29.07 ppm, with 2JPH coupling constants of 

76.1 Hz and 53.4 Hz respectively. The formate ligand was observed as a singlet at 9.44 ppm. 

The phosphite ligand gave rise to a triplet in the 31P{1H}-NMR at 186.7 ppm (2JPP = 70.7 Hz), 

while the phosphines of the PNP ligand were located as a doublet at 159.4 ppm. (2JPP = 71.7 

Hz). However, while 12b-CO2 only slowly reacts back to 12a-b when the CO2 atmosphere is 

removed, 13-CO2 rapidly reverts to 13 and other intractable side products are formed in 

absence of carbon dioxide.  

In case of 9a-b, backflushing with CO2 caused an immediate color change of the reaction 

mixture from dark red to light red yielding a new complex as observed in NMR-spectroscopy. 

This complex, identified as [(PNPNMe)Fe(H)(η1-CO2H)(PMe3)] (9b-CO2), however is 

extremely unstable and rapid precipitation of intractable side products occurs, even when kept 

under CO2 atmosphere. This severely hampers its spectroscopic characterization. Nonetheless, 
1H as well as 31P{1H }-NMR spectroscopy were successfully conducted. The hydride ligand 

trans to the formate moiety can be observed as a doublet of triplets at -29.46 ppm with 2JPH 

coupling constants of 60.6 Hz and 54.0 Hz and the formate ligand can be detected as a singlet 

at 8.67 ppm. In the 31P-NMR the phosphine donors of the PNP ligand, are observed as a 

doublet at 163.1 ppm (2JPP = 39.3 Hz), while the PMe3 ligand gives rise to a triplet at 19.5 

ppm. (2JPP = 39.5 Hz). (Scheme 45) 

 

 
Scheme 46 Tretament of the hydrido-acetylide complexes 18-21 with CO2 yielded no reaction 

 

Encouraged by these results, in a next step the hydrido-acetylide complexes were also probed 

for their reactivity with CO2. However, exchange of the atmosphere from argon to CO2 in a 
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Young NMR tube containing d6-benzene solutions of the complexes utilizing CO, tBuNC and 

P(OMe)3 as spectator ligands did not lead to any reaction, and only the starting materials were 

recovered. These results are in line with the calculations above, where only the complexes 

utilizing PMe3 as spectator ligand showed exergonic formation of the formate complexes.  

While the treatment of 21a-b with CO2 immediately caused a color change of the solution 

from red to yellow, unfortunately, no formate complex could be identified in the reaction 

mixture and only precipitation of intractable side products was observed. (Scheme 46) 

 

In conclusion, the experimental data described above, show an excellent agreement with the 

calculated correlation of Figure 20. All the dihydride complexes that were considered in this 

study did indeed show, with exception for the exclusively cis complex cis-

[(PNPNMe)Fe(H)2(py)] (14), the anticipated reaction with carbon dioxide, readily affording the 

respective formate complexes 9b-13b. Furthermore, as calculated, the hydrido-acetylide 

complexes 18-20 did not show any reactivity towards CO2. On the other hand, while the 

hydrido-acetylide complexes [(PNPNMe)Fe(Br)(C≡C-R)(PMe3)] (R = TMS, Ph) (21a, 21b) 

were predicted to form the formate complexes, and a reaction with CO2 took place, no main 

product could be characterized in the reaction mixture. This was probably caused by the 

instability of the formed products.  
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3. Conclusion 

 
In conclusion, utilizing primary, secondary, and tertiary silanes, a series of novel Iron PNP 

silyl complexes was synthesized and fully characterized. Depending on the silane, either 

complexes featuring η2-dihydrogen ligands are formed, or in case of secondary silanes 

containing alkyl substituents, a η2-SiH3R2 coordination mode is obtained. It was further 

shown, that for secondary silanes, these two coordination modes are in equilibrium which was 

demonstrated by ligand substitution experiments. The complexes 

[(PNPNMe)Fe(H)(SiPh2H)(η2-H2)] (3), [(PNPNMe)Fe(H)(η2-SiEt2H3)] (4) and 

[(PNPNMe)Fe(H)(η2-SiMePhH2)(H)] (5) were shown to be catalytically active for the 

hydrosilylation of alkenes. Complex 4 was determined to be the most prolific catalyst for this 

transformation, and after optimization, used for the catalytic hydrosilylation of allyl 

compounds and aliphatic alkenes with Et2SiH2. Studies were conducted to gain insight into 

the mechanism of the reaction, indicating that the high η2-SiH bond character of 4 facilitates 

substitution of the silyl ligand, allowing a classical Chalk-Harrod mechanism. 

Furthermore, novel PNP Fe mono(acetylide) and tris(acetylide) complexes were synthesized 

and there reactivity was compared to the literature known bis(acetylide) complexes previously 

employed for the Z-selective hydroboration and Z-selective dimerization of alkynes. It was 

shown that these three species exist in three different spin-states. This was further 

underpinned by DFT-calculations. The difference of spin-states was demonstrated to 

drastically alter the catalytic proficiency of the complexes. Experiments were conducted, that 

establish the bis(acetylide) complex as the only catalytically active species for the Z-selective 

dimerization of alkynes.  

Finally, to test the influence of spectator ligands as well as the effect of the donor ligands 

located trans to the hydride, DFT calculations were performed. As test reaction, the insertion 

of CO2 into the Fe-H bond of PNP pincer complexes was chosen, and a correlation between 

the NPA charge of the hydride of a series of PNP pincer complexes with the Gibbs free energy 

of the formation of the respective formate complexes was observed. The calculations 

suggested that decrease in the π-acceptor ability of the ancillary ligand and increase in trans-

influence of the ligand opposite of the hydride should make the insertion reaction more 

exergonic. To test this hypothesis, a series of Iron-PNP dihydride as well as Iron-PNP 

hydrido-acetylide complexes were synthesized and their reactivity towards CO2 was probed, 

confirming the findings of the theoretical calculations.   
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4. Experimental  
 

All manipulations were performed under an inert atmosphere of argon by using Schlenk 

techniques or in a MBraun inert-gas glovebox. Solvents were purified according to standard 

procedures.126 Deuterated solvents were purchased from euriso-top and dried over 3 Å 

molecular sieves. Phenylsilane, diphenylsilane diethylsilane, methylphenylsilane and 

trismethoxysilane were obtained from commercial sources and used as received. Complexes 

Fe20-Br, Fe20-NMe and Fe21-NMe were prepared according to literature procedures.98,99,127 

1H, 13C{1H}, 15N, 19F{1H}, 29Si{1H} and 31P{1H} NMR spectra were recorded on Bruker 

AVANCE-250, AVANCE-400 and ASCEND-600 spectrometers. 1H 13C{1H} NMR and 
29Si{1H} NMR spectra were referenced internally to residual protio-solvent, and solvent 

resonances, respectively, and are reported relative to tetramethylsilane (δ = 0 ppm). 31P{1H} 

NMR spectra were referenced externally to H3PO4 (85%) (δ = 0 ppm), 15N NMR were 

referenced externally to NH3 (l) and 19F{1H} NMR were referenced externally to CFCl3. 

Infrared spectra were recorded in attenuated total reflection (ATR) mode on a PerkinElmer 

Spectrum Two FT-IR spectrometer. 

GC–MS analysis was conducted on an ISQ LT Single quadrupole MS (Thermo Fisher) 

directly interfaced to a TRACE 1300 Gas Chromatographic systems (Thermo Fisher), using a 

Rxi-5Sil MS (30 m, 0.25mm ID) crossbonded dimethyl polysiloxane capillary column. 

High resolution-accurate mass data mass spectra were recorded on a hybrid Maxis Qq-aoTOF 

mass spectrometer (Bruker Daltonics, Bremen, Germany) fitted with an ESI-source. Measured 

accurate mass data of the [M]+ ions for confirming calculated elemental compositions were 

typically within ±5 ppm accuracy. The mass calibration was done with a commercial mixture 

of perfluorinated trialkyl-triazines (ES Tuning Mix, Agilent Technologies, Santa Clara, CA, 

USA). 

X-ray diffraction data for 1, 3, 3-P(OMe)3 were collected at T=100 K in a dry stream of 

nitrogen on a STOE STADIVARI diffractometer system equipped with a Dectris Eiger CdTe 

hybrid photon counting detector using Cu-Kα radiation (λ=1.54186 Å). Data were reduced 

with X-Area and an absorption correction was applied with the multi-scan approach 

implemented in LANA.128  X-ray diffraction data of all other complexes were collected 

at T=100 K in a dry stream of nitrogen on a Bruker Kappa APEX II diffractometer system 

using Mo-Kα radiation (λ=0.71073 Å). Data were reduced to intensity values with SAINT and 

an absorption correction was applied with the multi-scan approach implemented in 

SADABS. 129 The crystal structures were solved by the dual-space approach implemented in 
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SHELXT130 and refined against F2 with SHELXL.131 Non-H atoms were refined with 

anisotropic atomic displacement parameters. H atoms connected to C were placed in 

calculated positions and refined as riding on the parent atom. The hydride Hs as well as H 

atoms connected to Si were refined freely. Molecular graphics were generated with the 

program MERCURY.132  

 

4.1. General Procedure for the Hydrosilylation of Alkenes 
 

Inside an argon-flushed glovebox, a screwcap-vial (8 mL) was charged with catalyst (1-2 

mol%), alkene substrate (0.21 mmol, 1 equiv.), 0.25 mL THF (if used) and diethylsilane (0.53 

mmol, 2.5 equiv.) in this order. A stirring bar was added, the vial was sealed, transferred 

outside the glovebox and the reaction mixture was heated to 50 °C and stirred for reaction was 

quenched by exposure to air. 1 µl of the sample was taken for GC-MS analysis. 

 

Isolation of product  

After exposing the sample to air for 1 h, the solvent of the reaction was removed in vacuo and 

the residue was purified by filtration though a pad of silica (approx. 1.5 g, silica 60 µm) 

followed by elution with diethylether (5 mL) and removal of the solvent. 

 

 

4.2. General Procedure for the Dimerization of Alkynes 
 

An NMR tube, fitted with a septum, was charged with a solution of 76.8 µl (0.7 mmol) of 

phenylacetylene in 0.5 ml of C6D6. Subsequently, the catalysts Fe20-Br, Fe21-NMe 15b and 

16b (1 mol%) and (if used) LiHMDS (3 – 10 mol%) were dissolved in 0.5 ml of d8-THF and 

transferred into a syringe. After locking and shimming, a 1H-NMR spectrum of the 

phenylacetylene solution was measured and immediately afterwards the catalyst solution was 

injected into the NMR tube and the sample was shaken. Subsequently, 1H-NMR 

measurements of the mixture were conducted every 5 minutes over a period of six hours.  
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4.3. Syntheses of PNP Fe Silyl Complexes 
 

[(PNPNMe)Fe(H)(SiPhH2)(η2-H2)] (1) 

 

Method A 

To a solution of Fe-20Br (30 mg, 0.051 mmol) in 2 ml THF was added Na[AlH4] (6.0 mg, 

0.111 mmol) resulting in a color change from yellow to orange. While stirring the reaction 

mixture, a stock solution of H2O (2.0 M in THF, 33.4 μL, 0.668 mmol) was added resulting in 

severe gas evolution. After stirring for 10 minutes, the dark orange suspension was filtered 

using a syringe filter (polytetrafluoroethylene, 0.2µm) and phenylsilane (1.0 M in THF, 52 µl, 

0.052 mmol) was added and stirred for 30 minutes affording a dark-yellow solution. The 

solvent was evaporated under reduced pressure, yielding 2 (26 mg, 0.049 mmol, 96 %) as 

brown solid.  

Method B: 

To a solution of Fe20-Br (30 mg, 0.051 mmol) in 3 ml THF was added phenylsilane (1 mol in 

THF, 52 µl, 0.052 mmol). The yellow solution was treated with NaBEt3H (1 M solution in 

THF, 110 µl, 0 110 mmol) whereupon the color of the solution turned brown. The mixture 

was stirred for 5 min and subsequently filtered using a syringe filter (polytetrafluoroethylene, 

0.2µm). The solvent was removed under reduced pressure and the residue was washed twice 

with 0.2 ml n-pentane. After drying 2 was afforded as a brown solid. (21 mg, 0.039 mmol, 

77 %). Crystallization from a concentrated solution in n-pentane at -30 °C afforded yellow 

single crystals suitable for X-ray diffraction. 

 

 
1H NMR (400 MHz, C6D6, 20 °C): δ = 8.23 (d, J=6.9 Hz, 2H, Ph2,6), 7.35 (t, J = 7.4 Hz, 2H, 

Ph3,5), 7.22 (t, J=7.3 Hz, 1H, Ph4), 7.01 (t, J = 8.1 Hz, 1H, py4), 5.54 (d, J = 8.1 Hz, 2H, py3,5), 

5.42 (t, JPH = 6.5 Hz , 2H, PhSiH2), 2.61 (m, 2H, PCH(CH3)2), 2.42 (t, J = 1.7 Hz, 6H, 

N(CH3)  ), 2.15 (m, 2H, PCH(CH3)2), 1.28 (app q 6 H, PCH(CH3)2), 1.02 (m 18 H, 

PCH(CH3)2),  - 8.20 (br 1H, (Fe-HSiPhH2), - 10.75(br 2H, FeH) ppm;, 13C{1H} NMR 

(101 MHz, C6D6, 20 °C): δ = 163.4 (t, J = 10.6 Hz, py2,6), 149.0 (Ph1), 136.0 (Ph2,6), 135.4 

(py4), 127.3 (Ph3,5), 127.0 (Ph4) 94.9 (t, J = 3.2 Hz, py3,5), 33.2 (t, J = 3.0 Hz, N(CH3)), 28.6 (t, 

J=9.2 Hz PCH(CH3)2), 25.1 (t, J=11.7 Hz, PCH(CH3)2), 18.3 (br, PCH(CH3)2), 18.1 (br, 
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PCH(CH3)2)  18.0 (br, PCH(CH3)2)  17.6 (br, PCH(CH3)2)  ppm; 31P{1H} NMR (162 MHz, 

C6D6, 20 °C): δ = 178.3  ppm 29Si{1H} (79 MHz, C6D6, 20 °C) δ = - 8.9 (t, JSi-P=25.2 Hz) ppm 

 

[(PNPNMe)Fe(H)(SiBuH2)(η2-H2)] (2) 

  

This complex was synthesized analogously to 1 using 30 mg Fe-20Br (0.051 mmol), n-

butylsilan (1 mol in THF, 52 µl, 0.052mmol) and NaBEt3H (1M solution in THF, 110 µl, 

0.110 mmol) in 3 ml THF. The yellow-brown suspension was filtered with a syringe filter 

(polytetrafluoroethylene, 0.2µm), the solvent was evaporated, and the residue was washed 

with 0.5 ml cold n-pentane, affording 2b as purple solid (20 mg, 0.038 mmol, 75%).  

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 7.00 (t, J = 8.0 Hz, 1H, py4), 5.53 (d, J = 8.1 Hz, 2H, 

py3,5), 4.73 (m, 2H, BuSiH2), 2.70 (m, 2H, PCH(CH3)2), 2.43 (s,6H, N(CH3)  ), 2.20 (m, 2H, 

PCH(CH3)2), 1.90 (m, 2H, CH3CH2CH2CH2Si-),1.66 (m, 2H, CH3CH2CH2CH2Si-), 1.27 (m, 

2H, CH3CH2CH2CH2Si-), 1.21 (m 12 H, PCH(CH3)2), 1.23 (m, 6 H, PCH(CH3)2), 1.08 (t, 

J=7.34 Hz, 3H, CH3CH2CH2CH2Si-), 1.00 (m 6 H, PCH(CH3)2),  - 8.20 (br 1H, (Fe-

HSiPhH2), - 11.02(br 2H, FeH) ppm;, 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 163.2 (t, 

J = 11.1 Hz, py2,6), 135.2 (py4), 94.6 (t, J = 3.1 Hz, py3,5), 33.2 (t, J = 3.0 Hz, N(CH3)), 31.1 

(Bu), 28.4 (br, PCH(CH3)2), 27,0 (Bu), 25.0 (br, PCH(CH3)2), 18.4-18.0 (br, PCH(CH3)2) 

ppm; 14.6 (Bu), 1.4 (Bu) 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 179.3  ppm.  29Si-1H 

HMBC (119 MHz, C6D6, 20 °C) δ = -14.5  ppm 

 

[(PNPNMe)Fe(H)(SiPh2H)(η2-H2)] (3) 

 

This complex was synthesized analogously to 1 using 30 mg of Fe20-Br (0.051 mmol) and 20 

µl diphenylsilane (0.108 mmol) and NaBEt3H (1M solution in THF, 110 µl, 0.110 mmol) in 

3 ml THF. The dark yellow suspension was filtered with a syringe filter 

(polytetrafluoroethylene, 0.2µm). The solvent was evaporated and the residue was washed 

twice with 0.5 ml cold n-pentane, affording 3 as dark yellow solid (24 mg, 0.040 mmol, 

78 %). Dark-orange crystals of 3 were grown by storing a concentrated solution in n-pentane 

at -30 °C.  

 
1H NMR (400 MHz, C6D6, 20 °C): δ = 8.00 (m, 4H, Ph2,6), 7.24 (t, J = 7.3 Hz, 4H, Ph3,5), 7.10 

(m, 2H, Ph4), 6.99 (t, J = 8.2 Hz, 1H, py4), 6.20 (t, JPH = 9.6 Hz,1H, Ph2SiH), 5.51 (d, 
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J = 8.1 Hz, 2H, py3,5), 2.40 (t, J = 1.7 Hz, 6H, N(CH3)  ), 2.11 (m, 4H, PCH(CH3)2), 1.08 (app 

q 12 H, PCH(CH3)2), 1.05-0.83 (m 12 H, PCH(CH3)2), -11.11 (br 3H, Fe(H2), FeH) ppm;, 
13C{1H} NMR (101 MHz, C6D6, 20 °C): δ = 163.5 (t, J = 10.4 Hz, py2,6), 149.2 (Ph1), 136.8 

(Ph2,6), 135.5 (py4), 127.0 (Ph3,5), 127.0 (Ph4) 94.7 (t, J = 3.1 Hz, py3,5), 33.5 (t, J = 3.0 Hz, 

N(CH3)), 28.0 (br,, PCH(CH3)2), 25.0 (br, PCH(CH3)2), 18.1 (br, PCH(CH3)2) ppm; 31P{1H} 

NMR (162 MHz, C6D6, 20 °C): δ = 177.1  ppm 29Si-1H HMBC (79 MHz, C6D6, 20 °C) 

δ = 15.2  ppm 

 

[(PNPNMe)Fe(H)(η2-SiEt2H3)] (4) 

 

This complex was synthesized analogously to 1 using 30 mg of Fe20-Br (0.051 mmol) and 27 

µl diethylsilane (0.208 mmol) and NaBEt3H (1M solution in THF, 110 µl, 0.110 mmol) in 

3 ml THF. The brown suspension was filtered with a syringe filter (polytetrafluoroethylene, 

0.2µm). The solvent was removed under reduced pressure and the orange solid was 

recrystallized from a concentrated solution in n-pentane at -30 °C affording 4 as orange 

crystals. (20 mg, 0.038 mmol, 75 %) 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 6.98 (t, J = 8.1 Hz, 1H, py4), 5.50 (d, J = 8.0 Hz, 2H, 

py3,5), 4.57 (br, 1H, CH3CH2SiH), 2.46 (m, 10H, N(CH3) + PCH(CH3)2 ), 1.51 (t, 6H, J = 7.7 

Hz, CH3CH2SiH), 1.32 (m, 2H, CH3CH2SiH), 1.24 (m 12 H, PCH(CH3)2), 1.09 (app. q 12 H, 

PCH(CH3)2), 0.92 (m, 2H, CH3CH2SiH),-11.00 (br 3H, Fe-(κ2-Si-H), FeH) ppm; 13C{1H} 

NMR (151 MHz, C6D6, 20 °C): δ = 163.2 (t, J = 10.9 Hz, py2,6), 135.1 (py4), 94.4 (t, 

J = 3.2 Hz, py3,5), 33.4 (t, J = 3.2 Hz, N(CH3)), 31.6 (vt,, PCH(CH3)2), 30.3 (vt, PCH(CH3)2), 

18.3 (PCH(CH3)2), 18.1 (br, PCH(CH3)2), 17.8 (CH3CH2SiH), 17.7 (CH3CH2SiH), 12.5 

(CH3CH2SiH), 12.5 (CH3CH2SiH)  ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 179.0  

ppm, 29Si-1H HMBC (119 MHz, C6D6, 20 °C) δ = 18.5  ppm 

 

[(PNPNMe)Fe(H)(η2-MePhH2)(H)] (5) 

 

This complex was synthesized analogously to 1 using 30 mg Fe20-Br (0.051 mmol) and 20 µl 

methylphenylsilan (0.145 mmol) and NaBEt3H (1M solution in THF, 110 µl, 0.110 mmol) in 

3 ml THF. The dark yellow suspension was filtered with a syringe filter 

(polytetrafluoroethylene, 0.2µm), the solvent evaporated, and the residue was washed twice 
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with 0.5 ml cold n-pentane, affording 5 as dark yellow solid (20 mg, 0.037 mmol, 72%). 

Yellow crystals of 5 were grown by storing a concentrated solution in n-pentane at -30 °C.  

 
1H NMR (400 MHz, C6D6, 20 °C): δ = 8.07 (m, 2H, Ph2,6), 7.33 (t, J = 7.4 Hz, 2H, Ph3,5), 7.19 

(m, 1H, Ph4), 6.99 (t, J = 8.1 Hz, 1H, py4), 5.59 (m, 1H, PhMeSiH), 5.51 (d, J = 8.1 Hz, 2H, 

py3,5), 2.51 -2.41 (m, 2H, PCH(CH3)2), 2.41 (t, J = 1.6 Hz, 6H, N(CH3) 2.41 -2.24 (m, 2H, 

PCH(CH3)2), 1.24 (app q 6 H, PCH(CH3)2), 1.07-0.98 (m, 21 H, PCH(CH3)2 + MePhSiH), -

 10.07 (br 3H, FeH) ppm;, 13C{1H} NMR (101 MHz, C6D6, 20 °C): δ = 163.2 (t, J = 10.5 Hz, 

py2,6), 152.6 (Ph1), 135.3 (py4), 135.2 (Ph2,6), 127.2 (Ph3,5), 126.7 (Ph4) 94.6 (t, J = 3.2 Hz, 

py3,5), 33.4 (t, J = 3.0 Hz, N(CH3)), 31.2 (br,, PCH(CH3)2), 30.2 (br, PCH(CH3)2), 18.2 (br, 

PCH(CH3)2), 9.6 (PhMeSiH) ppm; 31P{1H} NMR (162 MHz, C6D6, 20 °C): δ = 177.9  ppm 

29Si-1H HMBC (79 MHz, C6D6, 20 °C) δ = 2.3  ppm 

 

[(PNPNMe)Fe(H)(Si(OMe)3)(η2-H2)] (6) 

 

This complex was synthesized analogously to 1 using 30 mg Fe20-Br (0.051 mmol) and 10µl 

trimethoxysilan (0.078 mmol) and NaBEt3H (1M solution in THF, 110 µl, 0.110 mmol) in 

3 ml THF. After stirring the purple mixture for 3h a color change to brown was observed. The 

brown suspension was filtered with a syringe filter (polytetrafluoroethylene, 0.2µm) the 

solvent was evaporated and the residue was washed with 0.5 ml cold n-pentane, affording 6 as 

dark brown solid (21 mg, 0.038 mmol, 74%).  

 
1H NMR (400 MHz, C6D6, 20 °C): δ=6.94 (t, J = 8.0 Hz, 1H, py4), 5.44 (d, J = 8.3 Hz, 2H, 

py3,5), 3.38 (br, 9H, (MeO)3Si-), 2.82 (m, 2H, PCH(CH3)2), 2.38 (s, 6H, N(CH3)  ), 2.23 (m, 

2H, PCH(CH3)2), 1.38-0.98 (m, 24 H, PCH(CH3)2),- 7.19 (t, JPH=23.3 Hz, 1H, Fe-H, - 13.33(t, 

JPH=36.8 Hz 2H, Fe(H)2) ppm;, 13C{1H} NMR (101 MHz, C6D6, 20 °C): δ = 163.2 (t, 

J=10.5 Hz, py2,6), 136.2 (py4), 94.8 (t, J = 2.7 Hz, py3,5), 49.0 (br, Si(OMe)3), 33.6 (t, 3.4 Hz, 

N(CH3)), 30.0 (t, J=8.7 Hz PCH(CH3)2), 24.4 (t, J=13.0 Hz, PCH(CH3)2), 18.3 (br, 

PCH(CH3)2), 18.2 (PCH(CH3)2)  17.9 (PCH(CH3)2)  17.5 (t, J=5.11 Hz, PCH(CH3)2) ppm; 
31P{1H} NMR (162 MHz, C6D6, 20 °C): δ = 180.0  ppm 29Si{1H} NMR (79 MHz, C6D6, 

20 °C) δ = - 78.5  (br s) ppm 
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[(PNPNMe)Fe(H)(κ2-C,N, py-CH=CH)] (7) 

 

15 mg 4 (0.029 mmol) was dissolved in 2 ml THF and 6.6 µl 2-vinylpyridine (0.061 mmol, 

2.1 eq) were added under stirring. The mixture was allowed to stir at r.t. for 24 hours, forming 

an intense dark red solution. The solvent was evaporated under reduced pressure and the dark 

residue was carefully washed twice with 0.2 ml of cold n-pentane. 7 was afforded after drying 

as a reddish-black solid. (10 mg, 0.019 mmol, 65%) Black crystals suitable for X-ray 

diffraction were obtained by cooling a saturated n-pentane solution of 7 at -30°C. 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 11.03 (dd, J=8.1 Hz, J=3.2 Hz, 1H, py6), 7.66-7.62 (m, 

2H, Fe-CH=CH-py), 7.25 (d, J=8.00 Hz, 1H, py3), 7.07 (t, J = 8.1 Hz, 1H, PNPpy4), 6.96 (t, J 

= 7.4 Hz,1H, py), 6.09 (t, J = 6.4 Hz,1H, py), 5.72 (d, J = 8.0 Hz, 2H, PNPpy3,5), 2.51 (s, 6H, 

N(CH3)  ), 2.03 (m, 2H, PCH(CH3)2), 1.91 (m, 2H, PCH(CH3)2) 1.48 (app q 6 H, 

PCH(CH3)2), 0.91-0.84 (m 12 H, PCH(CH3)2), 0.36 (app q, 6 H, PCH(CH3)2),  -16.62 (t, J= 

72.5 Hz 1H, FeH) ppm;, 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ =169.8 (py2), 163.8 (t, 

J = 11.4 Hz, PNPpy2,6), 150.6 (py6), 149.6 (br, Fe-CH=CH-py), 132.2 (PNPpy4), 128.4 (py), 

127.6 (Fe-CH=CH-py, superimposed by solvent peak, assigned via 2D-NMR), 119.0 (py), 

112.2 (py), 94.6 (t, J = 3.5 Hz, PNPpy3,5), 32.4 (t, J=5.2 Hz, PCH(CH3)2), 32.2 (t, J = 3.1 Hz, 

N(CH3)), 31.2 (td, J=13.2 Hz, 5.2 Hz, PCH(CH3)2), 19.4 (t, J=5.1 Hz, PCH(CH3)2), 18.6 (br, 

PCH(CH3)2) , 18.2 (br, PCH(CH3)2), 18.1 (t, J=4.0 Hz, PCH(CH3)2) ppm; 31P{1H} NMR (243 

MHz, C6D6, 20 °C): δ = 162.9 (d, J=58.9 Hz) ppm 

 

[(PNPNMe)Fe(H)(SiPh2H)(CO)] (3-CO) 

 

A solution of 3 (12 mg, 0.02 mmol) in 1.5 ml THF was stirred for 60 min under a CO 

atmosphere (1 bar) whereupon the color changed from orange to red. The solvent was 

removed under vacuum and a mixture of products of [(PNPNMe)Fe(H)(SiPh2H)(CO)] (3-CO) 

and [Fe(PNPMe)(CO)2] (8) was obtained quantitatively in approximately a 8:1 ratio as 

determined by 31P{1H} NMR. 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 8.12 (m, 4H, Ph2,6), 7.30 (app t., 4H, Ph3,5), 7.18 (app t, 

2H, Ph4), 7.01 (t, J=8.1 Hz,1H, py4), 5.84 (t, JPH = 9.2 Hz,1H, Ph2SiH), 5.53 (d, J=8.1 Hz, 2H, 

py3,5), 2.36 (m, 8H, N(CH3) + PCH(CH3)2)   2.28 (m, 2H, PCH(CH3)2), 1.24 (app q. 6 H, 

PCH(CH3)2), 1.18 (app q. 6 H, PCH(CH3)2), 1.12 (app q. 6 H, PCH(CH3)2), 0.86 (app q. 6 H, 
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PCH(CH3)2), -7.57 (t, 1H, J=49.3 Hz, FeH) ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): 

δ = 217.4 (t, J = 17.3 Hz, CO), 162.5 (t, J = 9.4 Hz, py2,6), 148.8 (Ph1), 137.3 (Ph2,6), 136.5 

(py4), 127.0 (Ph3,5), 126.9 (Ph4) 95.2 (t, J = 2.7 Hz, py3,5), 33.5 (t, J = 3.6 Hz, N(CH3)), 30.8 (t, 

J=11.1 Hz, PCH(CH3)2), 27.7 (t, J=10.9 Hz, PCH(CH3)2), 18.1 (PCH(CH3)2), 18.0 

(PCH(CH3)2) , 17.9 (PCH(CH3)2) , 17.7 (t, J=4.3 Hz, PCH(CH3)2) ppm 31P{1H} NMR (243 

MHz, C6D6, 20 °C): δ = 170.4  ppm 29Si-1H HMBC (79 MHz, C6D6, 20 °C) δ = 24.1  ppm.  IR 

(ATR, cm-1): 1889 (νCO).- 

 

[(PNPNMe)Fe(H)(SiPh2H)(N2)] (3-N2) 

 

A solution of 3 (12 mg, 0.02 mmol) in 0.7 ml C6D6 was transferred into a Young-NMR tube 

and subjected to a freeze-pump-thaw cycle. After the cycle, the solution was backflushed with 

N2 (1 bar). After shaking for 10 minutes the sample was again freeze-pump thawed and 

subsequently backflushed with N2 (1 bar). This was repeated three times, whereupon the color 

of the solution changed from dark orange to yellow. 31P{1H} NMR measurements confirmed a 

3:1 mixture of starting complex 3 and [Fe(PNPMe)(H)(N2)(SiHPh2)] (3-N2). 

 
1H NMR (250 MHz, C6D6, 20 °C): δ = 8.06 (m, 4H, Ph2,6), 7.32 (m, 4H, Ph3,5), 7.15 

(superimposed by solvent peak, 2H, Ph4), 7.09 (t, 1H, py4), 5.85 (t, J=10.0 Hz, 1H, Ph2SiH), 

5.64 (d, J=8.1 Hz, 2H, py3,5), 2.46 (m, 8H, N(CH3)+PCH(CH3)2), 2.13 (partially 

superimposed by 3, 2H, PCH(CH3)2), 1.29 (app q. 6 H, PCH(CH3)2), 1.17 (m. 6 H, 

PCH(CH3)2), 1.00 (superimposed by 3. 6 H, PCH(CH3)2), 0.86 (m. 6 H, PCH(CH3)2), -15.31 

(t, 1H, J=55.6 Hz, FeH) ppm; 31P{1H} NMR (101 MHz, C6D6, 20 °C): δ = 163.9 ppm.  IR 

(ATR, cm-1): 2055 (νNN). 
 

[(PNPNMe)Fe(H)(SiPh2H)(MeCN)] (3-MeCN) 

 

To a solution of 3 (12 mg, 0.02 mmol) in 1.5 ml THF was added 5 µl of MeCN (0.096 mmol) 

and the reaction mixture was stirred for 2 h. The color of the solution gradually changed from 

orange to yellow. The complex was only stable in solution and in presence of an excess of 

MeCN.  

 
1H NMR (250 MHz, C6D6, 20 °C): 8.14 (m, 4H, Ph2,6), 7.45 (m., 4H, Ph3,5), 7.23 (m, 2H, 

Ph4), 6.85 (t, J=8.1 Hz,1H, py4), 5.80 (t, JPH = 8.6 Hz,1H, Ph2SiH), 5.44 (d, J=8.1 Hz, 2H, 
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py3,5), 2.44 (m, 8H, N(CH3) + PCH(CH3)2), 2.23 (s, 3H, CH3CN)  2.10 (m, 2H, PCH(CH3)2), 

1.24 (app q. 6 H, PCH(CH3)2), 1.20 (app q. 6 H, PCH(CH3)2), 1.15 (app q. 6 H, PCH(CH3)2), 

1.06 (app q. 6 H, PCH(CH3)2), -19.96 (t, 1H, J=58.9 Hz, FeH) ppm; 31P{1H} NMR (101 MHz, 

C6D6, 20 °C): δ = 167.3  ppm . 

 

[(PNPNMe)Fe(H)(SiPh2H)(tBuNC)] (3- tBuNC) 

 

A solution of 3 (12 mg, 0.02 mmol) in 1.5 ml THF was treated with 30 µl of tBuNC 

(0.096 mmol) and stirred for 24 h. The color of the solution changed from orange to yellowish 

brown. After evaporation of the solvent, 3- tBuNC was obtained as brown solid.  

 
1H NMR (250 MHz, C6D6, 20 °C): 8.09 (d, J=7.2 Hz, 4H, Ph2,6), 7.28 (app t., 4H, Ph3,5), 7.21 

(app t, 2H, Ph4), 6.99 (t, J=8.1 Hz,1H, py4), 5.78 (t, JPH = 8.0 Hz,1H, Ph2SiH), 5.56 (d, J=8.0 

Hz, 2H, py3,5), 2.55 (m, 8H, N(CH3) + PCH(CH3)2)   2.37 (m, 2H, PCH(CH3)2), 1.39 (app q. 6 

H, PCH(CH3)2), 1.23 (m. 12 H, PCH(CH3)2), 1.10 (s, 9H, CNC(CH3)3), 0.96 (app q. 6 H, 

PCH(CH3)2), -10.62 (t, 1H, J=58.8 Hz, FeH) ppm; 31P{1H} NMR (101 MHz, C6D6, 20 °C): 

δ = 172.3  ppm . 

 

[(PNPNMe)Fe(H)(SiPh2H)(P(OMe)3)] (3- P(OMe)3) 

 

To a solution of 3 (12 mg, 0.02 mmol) in 1.5 ml THF was added P(OMe3) (4 µl, 0.034 mmol) 

and the reaction was stirred for 24 h. The solvent of the yellow solution was subsequently 

evaporated under reduced pressure and the dark yellow solid was washed twice with 0.3 ml n-

pentane, yielding 3- P(OMe)3 as a yellow solid. (12 mg, 0.016 mmol, 82 %) 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 8.13 (m, 4H, Ph2,6), 7.28 (app t, 4H, Ph3,5), 7.13 (m, 

2H, Ph4), 6.94 (t, J=8.1 Hz 1H, py4), 5.83 (q, J=5.8 Hz, 1H, Ph2SiH), 5.47 (d, J=8.0 Hz, 2H, 

py3,5), 3.11 (d, JHP = 9.7 Hz, 9H, P(OCH3)3), 2.73 (m, 2H, PCH(CH3)2), 2.49 (s, 6H, N(CH3)), 

2.47 (m, 2H, PCH(CH3)2 ) 1.34 (m. 12 H, PCH(CH3)2), 1.08 (app q. 6 H, PCH(CH3)2), 0.89 

(app q. 6 H, PCH(CH3)2), -9.70 (dt 1H, J=66.7 Hz, J= 61.8 Hz, FeH) ppm; 13C{1H} NMR 

(151 MHz, C6D6, 20 °C): δ = 163.9 (t, J = 9.2 Hz, py2,6), 152.4 (Ph1), 137.1 (Ph2,6), 136.1 

(py4), 126.4 (Ph3,5), 125.8 (Ph4) 94.1 (t, J = 3.0 Hz, py3,5), 51.2 (d, J=8.1 Hz, P(OCH3)3), 35.0 

(t, J = 3.4 Hz, N(CH3)), 33.5 (m, PCH(CH3)2), 28.0 (vt, PCH(CH3)2), 19.3 (PCH(CH3)2), 19.1 

(PCH(CH3)2) , 18.3 (PCH(CH3)2) , 18.3 (PCH(CH3)2) ppm 31P{1H} NMR (243 MHz, C6D6, 
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20 °C): δ =  = 170.9 (d, J = 43.5 Hz, PCH(CH3)2), 164.9 (t, J = 43.5 Hz, P(OMe)3), 29Si{1H} 

(79 MHz, C6D6, 20 °C) δ =  26.8 (q, JSi-P=35.9 Hz) ppm 

 

[(PNPNMe)Fe(H)(SiPh2H)(PMe3)] (3- PMe3) 

 

To a solution of 3 (12 mg, 0.02 mmol) in 1.5 ml THF was added PMe3 (40 µl, 0.04 mmol) and 

the reaction was stirred for 7 d, affording a red solution. The solvent of the solution was 

subsequently evaporated under reduced pressure and the red solid was characterized as a 

mixture of 3, 3- PMe3 and 9a, in a ratio of 59/14/27 as determined by 31P{1H}-NMR.  

 
1H NMR (250 MHz, C6D6, 20 °C): δ = 8.01 (m, 4H, Ph2,6), 7.23 (m, 4H, Ph3,5), 7.12 (m, 2H, 

Ph4), 6.95 (t, J=7.8 Hz 1H, py4), 5.81 (q, J=8.2 Hz, 1H, Ph2SiH), 5.57 (m, partially 

superimposed by 3 and 9a, 2H, py3,5), 2.82 (m, 2H, PCH(CH3)2), 2.56 (s, 6H, N(CH3)), 2.42 

(m partially superimposed by 3 and 9a, 2H, PCH(CH3)2 ) 1.34-0.76 (m, 33 H, PCH(CH3)2 + 

P(CH3) signals superimposed by 3 and 9a), -13.21 (td, 1H, J=71.1 Hz, J= 20.5 Hz, FeH) ppm; 
31P{1H} NMR (101 MHz, C6D6, 20 °C): 170.6 (d, J = 25.5 Hz, PCH(CH3)2), 5.5 (t, J = 26.0 

Hz, PMe3. 

 

[(PNPNMe)Fe(H)(SiEt2H)(CO)] (4-CO) 

 

A solution of 4 (20 mg, 0.038 mmol) in 1.5 ml THF was stirred for 60 min under a CO 

atmosphere (1 bar) whereupon the color changed from orange to red. The solvent was 

removed under vacuum and a mixture of products of [Fe(PNPMe)(H) (SiHEt2)(CO)] (4-CO), 

[Fe(PNPMe)(CO)2] (8) and the cis and trans isomer of [Fe(PNPMe)(H2)(CO)] (10a-b) was 

obtained quantitatively in approximately a 70:7:14:9 ratio as determined by 31P{1H}-NMR. 

 
1H NMR (400 MHz, C6D6, 20 °C): δ = 7.00 (app t, 1H, py4), 5.54 (m, 2H, py3,5), 4.23 (m, 1H, 

Et2SiH), 2.65 (m, 2H, PCH(CH3)2), 2.54 (m, 2H, PCH(CH3)2), 2.42 (t, 6H, N(CH3)  ), 1.52 (t, 

6H, J = 7.6 Hz, CH3CH2SiH), 1.40 (app q. 6 H, PCH(CH3)2), 1.26 (m, 4H partially 

superimposed, CH3CH2SiH), 1.24 (m., 6 H, PCH(CH3)2), 1.15 (app q. 6 H, PCH(CH3)2), 1.02 

(app q. 6 H, PCH(CH3)2), -8.26 (t, 1H, JHP=51.0 Hz, FeH) ppm; 31P{1H} NMR (162 MHz, 

C6D6, 20 °C): δ = 172.2  ppm  29Si-1H HMBC (79 MHz, C6D6, 20 °C) δ = 34.2  ppm.  
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[(PNPNMe)Fe(H)(SiEt2H)(N2)] (4-N2) 

 

A solution of 4 (12 mg, 0.02 mmol) in 0.7 ml C6D6 was transferred into a Young-NMR tube 

and treated to three freeze-pump-thaw cycles. Afterwards the solution was backflushed with 

N2 (1 bar). After shaking for 10 minutes the sample was again freeze-pump thawed and 

subsequently backflushed with N2 (1 bar). This was repeated two times, whereupon the color 

of the solution changed from dark orange to light orange. 31P{1H} NMR showed a 53:26:21 

mixture of 4 and the tentative complexes [Fe(PNPMe)(H)2(N2)] (4a) and 

[Fe(PNPMe)(H)(SiHPh2)(N2)] (4b). Increased broadening of the 1H NMR spectrum was 

observed with each freeze pump cycle, hindering the full characterization of the compounds.  

 
1H NMR (250 MHz): δ = 4.31 (br, SiEt2H), -15.16 (t, J = 55.3 Hz FeH); 31P NMR 

(101 MHz,): δ = 165.9 ppm. 

 

[(PNPNMe)Fe(H)(SiEt2H)(tBuNC)] (4- tBuNC) 

 

A solution of 3 (12 mg, 0.02 mmol) in 1.5 ml THF was treated with 30 µl of tBuNC 

(0.096 mmol) and stirred for 4 h. The color of the solution changed from orange to yellowish 

brown. After evaporation of the solvent a mixture of 4, 4- tBuNC and 12a-b in a product ratio 

of 40/34/5/21 as determined by 31P{1H}-NMR was obtained quantitively as a brown solid.  

 
1H NMR (400 MHz, C6D6, 20 °C): δ = 6.96 (app t, 1H, py4), 5.55 (br, 2H, py3,5), 4.24 (m, 1H, 

Et2SiH), 2.65 (m, 2H, PCH(CH3)2), 2.60 (m, 8H, N(CH3) + PCH(CH3)2 ), 1.50 (br, 12H, 

PCH(CH3) + CH3CH2SiH), 1.26 (m. 6 H, PCH(CH3)2), 1.13 (m, 19H partially superimposed, 

CH3CH2SiH + PCH(CH3)2 + CNC(CH3)3), 0.95 (br. 6 H, PCH(CH3)2), -11.05 (t, 1H, JHP=57.7 

Hz, FeH) ppm; 31P{1H} NMR (162 MHz, C6D6, 20 °C): δ = 174.5  ppm 

 

trans-[Fe(PNPMe)(P(OMe)3)(H)2] (13) 

 

To a solution of 4 (13 mg, 0.025 mmol) in 1.5 ml benzene was added P(OMe3) (4 µl, 0.034 

mmol) and the solution was stirred for 24 h forming a brown solution. The solvent was 

evaporated to dryness and the brown residue was extracted with 2 ml n-pentane. The orange 

extract was filtered with a syringe filter (polytetrafluoroethylene, 0.2µm) and after removing 

of the solvent, 13 was obtained as dark orange solid. (13 mg, 0.024 mmol, 94%) Crystals 
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suitable for X-ray diffraction analysis were obtained by evaporating a concentrated solution of 

13 in n-pentane to dryness at -30°C. 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 6.97 (t, J = 8.1 Hz, 1H, py4), 5.53 (d, J = 8.0 Hz, 2H, 

py3,5), 3.43 (d, JHP = 10.5 Hz, 9H, P(OCH3)3), 2.62 (s, 6H, N(CH3)), 2.58 (m, 4H, 

PCH(CH3)2), 1.45 (app. q 12 H, PCH(CH3)2), 1.28 (app. q 12 H, PCH(CH3)2), -9.76 (dt, 

J=59.6 Hz, J=42.6 Hz, 2H, FeH) ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 163.0 (t, 

J = 11.3 Hz, py2,6), 133.3 (py4), 93.9 (t, J = 3.3 Hz, py3,5), 49.7 (d, J=2.6 Hz, P(OCH3)3), 33.3 

(t, J = 3.1 Hz, N(CH3)), 28.6 (t, J=9.2 Hz, PCH(CH3)2), 18.7 (PCH(CH3)2), 18.3 (t, J=2.8 Hz, 

PCH(CH3)2) ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 209.4 (t, J = 76.1 Hz, 

P(OMe)3)  183.9 (d, J = 76.0 Hz, PCH(CH3)2), ppm. 

 

[Fe(PNPMe)(H)2(PMe3)] (9) 
 

This complex was analogously prepared to 13 with 4 (13 mg, 0.025 mmol) and 40 µl of PMe3 

(1M in THF, 0.04 mmol). After stirring for 24 h the solution turned intensely red. The solvent 

was evaporated in vacuo and the complex was washed with 0.5 ml TMS (-30°C). 9 was 

obtained as dark red solid in an isomeric ratio of cis 92.5 %/ trans 7.5 %. (10 mg, 0.02 mmol, 

80 %)  

 

cis-isomer 
1H NMR (600 MHz, C6D6, 20 °C): δ = 6.94 (t, J = 7.5 Hz, 1H, py4), 5.57 (d, J = 7.9 Hz, 2H, 

py3,5), 2.73 (s, 6H, N(CH3)), 2.40 (m, 2H, PCH(CH3)2), 2.25 (m, 2H, PCH(CH3)2), 1.56 (app q 

6 H, PCH(CH3)2), 1.41 (app q, 6 H, PCH(CH3)2), 1.31 (m, 6 H, PCH(CH3)2), 1.01 (d, J=5.3 

Hz, 9 H, P(CH3)3), 0.80 (app q, 6 H, PCH(CH3)2) -13.46 (br, 1H, FeH), -18.57 (br, 1H, FeH)  

ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 164.1 (t, J = 10.5 Hz, py2,6), 130.2 (py4), 

94.0 (t, J=3.8 Hz, py3,5), 33.6 (t, J=3.4 Hz, N(CH3)), 32.9 (m, PCH(CH3)2) 28.8 (m, 

PCH(CH3)2), 25.1 (t, J=7.6 Hz, PCH(CH3)2), 23.3 (d, J=14.3 Hz, P(CH3)3), 19.9 

(PCH(CH3)2), 19.6 (t, J=5.2 Hz, PCH(CH3)2), 18.0 (PCH(CH3)2) ppm; 31P{1H} NMR (162 

MHz, C6D6, 20 °C): δ =  184.4 (d, J = 29.0 Hz, PCH(CH3)2), 13.4 (t, J = 29.1 Hz, PMe3)  ppm. 

 

characteristic chemical shifts of the trans-isomer 
1H NMR (600 MHz, C6D6, 20 °C): δ = -10.94 (dt, J=55.2 Hz, J=44.7 Hz 2H, FeH) ppm; 
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31P{1H} NMR (162 MHz, C6D6, 20 °C): δ = 182.1 (d, J = 43.3 Hz, PCH(CH3)2), 27.0 (t, 

J = 43.3 Hz, PMe3) ppm. 

 

[Fe(PNPMe)(H)(P(OMe3))(SiH2Ph)] (1-P(OMe)3) 

 

A solution of 1 (12 mg, 0.02 mmol) in 1.5 ml THF was added P(OMe3) (4 µl, 0.034 mmol) 

and the reaction was stirred for 24 h. The solvent of the yellow solution was subsequently 

evaporated under reduced pressure and the orange-yellow solid was washed twice with 0.3 ml 

n-pentane, yielding 1-P(OMe)3 as a yellow solid. (10 mg, 0.016 mmol, 76 %) 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 8.09 (d, J=7.3 Hz, 2H, Ph2,6), 7.32 (t, J=7.4 Hz, 2H, 

Ph3,5), 7.23 (t, J=7.3 Hz 1H, Ph4), 6.94 (t, J=8.1 Hz 1H, py4), 5.47 (d, J=8.0 Hz, 2H, py3,5), 

5.01 (q, J=4.9 Hz, 1H, PhSiH2), 3.13 (d, JHP = 9.9 Hz, 9H, P(OCH3)3), 3.04 (m, 2H, 

PCH(CH3)2), 2.54 – 2.48 (m, 8H, N(CH3) + PCH(CH3)2 ) 1.46 (app q.  6H, PCH(CH3)2), 1.38 

(app q. 6 H, PCH(CH3)2), 1.27 (app q. 6 H, PCH(CH3)2), 0.89 (app q. 6 H, PCH(CH3)2), -

10.05 (q 1H, J=64.7 Hz, FeH) ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 163.8 (t, 

J = 9.6 Hz, py2,6), 151.0 (d, J=4.1 Hz, Ph1), 136.8 (Ph2,6), 134.2 (py4), 126.3 (Ph3,5), 125.9 

(Ph4), 94.1 (t, J = 3.1 Hz, py3,5), 51.3 (d, J=7.2 Hz, P(OCH3)3), 34.9 (t, J = 3.3 Hz, N(CH3)), 

32.3 (app q, PCH(CH3)2), 28.6 (vt, PCH(CH3)2), 19.2 (PCH(CH3)2), 18.9 (vt, PCH(CH3)2), 

18.9 (PCH(CH3)2), 18.6 (PCH(CH3)2) ppm 31P{1H} NMR (243 MHz, C6D6, 20 °C): 

δ =  = 173.4 (d, J = 43.3 Hz, PCH(CH3)2), 164.1 (t, J = 42.1 Hz, P(OMe)3), 29Si{1H} (79 MHz, 

C6D6, 20 °C) δ = - 3.0 (dt, JSi-P=78.8 Hz, JSi-P=47.2 Hz) ppm 

 

 

[Fe(PNPMe)(H)(P(OMe3))(SiHMePh)] (5-P(OMe)3) 

 

A solution of 5 (12 mg, 0.02 mmol) in 1.5 ml THF was added P(OMe3) (4 µl, 0.034 mmol) 

and the reaction was stirred for 24 h. The solvent of the yellow solution was subsequently 

evaporated under reduced pressure and the dark yellow solid was washed twice with 0.3 ml n-

pentane, yielding 5-P(OMe)3 as a yellow solid. (12 mg, 0.016 mmol, 82 %) 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 8.02 (dd, J = 7.7 Hz, J = 1.5 Hz 2H, Ph2,6), 7.34 (t, J = 

7.5 Hz, 2H, Ph3,5), 7.21 (m, 1H, Ph4), 6.94 (t, J = 8.0 Hz, 1H, py4), 5.48 (dd, J = 15.5 H, 

J = 8.0 Hz, 2H, py3,5), 5.34 (m, 1H, PhMeSiH), 3.16 (d, JHP = 9.9 Hz, 9H, P(OCH3)3), 3.01-
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2.92 (m, 2H, PCH(CH3)2), 2.51 (dd, J = 35.7 Hz, J = 2.8 Hz, 6H, N(CH3) 1.98 -1.86 (m, 2H, 

PCH(CH3)2), 1.54 (app dd, 3 H, PCH(CH3)2), 1.42 (app dd, 3 H, PCH(CH3)2), 1.33 (app dd, 3 

H, PCH(CH3)2), 1.24-1.14 (m, 9 H, PCH(CH3)2), 1.08 (app dd, 3 H, PCH(CH3)2), 1.01 (d, 

J=4.2 Hz, 3 H, MePhSiH), 0.77 (app dd, 3 H, PCH(CH3)2) - 9.90 (q, J=61.8 Hz, 1H, FeH) 

ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 163.9 (m, py2,6), 155.5 (Ph1), 135.8 (Ph2,6), 

134.1 (py4), 126.4 (Ph3,5), 125.8 (Ph4) 94.0 (t, J = 6.6 Hz, py3,5), 51.0 (d, J=7.3 Hz, P(OCH3)3), 

35.1 (d, J = 7.5 Hz, N(CH3)), 34.7 (d, J = 7.3 Hz, N(CH3)) 34.5 (m, PCH(CH3)2), 33.1 (m, 

PCH(CH3)2) 28.6 (d, J=14.1 Hz, PCH(CH3)2), 26.9 (d, J=15.6 Hz, PCH(CH3)2), 19.7 (d, J= 

3.3 Hz, PCH(CH3)2), 19.0 (d, J= 3.5 Hz, PCH(CH3)2) 18.8 (m, PCH(CH3)2) ,18.3–18.2 (m, 

PCH(CH3)2), 17.9 (d, J=7.2 Hz, PCH(CH3)2), 6.0 (d, J=4.3 Hz, PhMeSiH) ppm 31P{1H} NMR 

(243 MHz, C6D6, 20 °C): δ =  = 172.9 (dd, J = 83.3 Hz, J = 43.9 Hz, PCH(CH3)2), 169.5 (dd, 

J = 83.3 Hz, J = 42.6 Hz, PCH(CH3)2) 164.9 (t, J = 43.0 Hz, P(OMe)3), 29Si{1H} (79 MHz, 

C6D6, 20 °C) δ =  11.3 (m) ppm 

 

 

[Fe(PNPMe)(H)(P(OMe3))(Si(OMe)3)] (6-P(OMe)3) 

 

A solution of 6 (10.5 mg, 0.019 mmol) in 1.5 ml THF was added P(OMe3) (4 µl, 0.034 mmol) 

and the reaction was stirred for 24 h. The solvent of the dark solution was subsequently 

evaporated under reduced pressure and the dark residue was washed twice with 0.3 ml of cold 

n-pentane, yielding 6-P(OMe)3 as a yellow solid. (9 mg, 0.014 mmol, 72 %) 

 
1H NMR (400 MHz, C6D6, 20 °C): δ=6.97 (t, J = 8.4 Hz, 1H, py4), 5.49 (d, J = 7.9 Hz, 2H, 

py3,5), 3.76 (s, 9H, (MeO)3Si-), 3.25 (d, JHP = 9.8 Hz, 9H, P(OCH3)3), 2.82 (m, 2H, 

PCH(CH3)2), 2.57 (s, 6H, N(CH3)  ), 2.25 (m, 2H, PCH(CH3)2), 1.57 (app q.  6H, 

PCH(CH3)2), 1.46 (app q. 6 H, PCH(CH3)2), 1.37 (app q. 6 H, PCH(CH3)2), 1.01 (app q. 6 H, 

PCH(CH3)2), -10.01 (q 1H, J=63.5 Hz, FeH) ppm;, 13C{1H} NMR (101 MHz, C6D6, 20 °C): 

δ = 163.8 (t, J=10.1 Hz, py2,6), 134.2 (py4), 93.9 (t, J = 2.6 Hz, py3,5), 51.0 (d, J=7.1 Hz, 

P(OCH3)3), 50.7 (Si(OMe)3), 35.0 (t, 3.4 Hz, N(CH3)), 33.0 (app q, PCH(CH3)2), 28.4 (vt, 

PCH(CH3)2), 19.4 (PCH(CH3)2), 18.9 (PCH(CH3)2) ,18.8 (PCH(CH3)2) , 18.8 (vt, PCH(CH3)2) 

ppm; 31P{1H} NMR (162 MHz, C6D6, 20 °C): δ = 177.0 (d, J = 42.7 Hz, PCH(CH3)2), 169.3 

(t, J = 41.9 Hz, P(OMe)3) ppm; 29Si{1H} NMR (79 MHz, C6D6, 20 °C) δ =  24.8  (q, JSi-

P=53.7 Hz) ppm 
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4.4. Syntheses of Fe PNP Mono- and Tris(acetylide) Complexes 
 

[(PNPNMe)Fe(Br)(C≡C-TMS)] (15a)  

  

200 mg (0.34 mmol) of Fe20-Br were dissolved in 20 ml THF and a freshly prepared solution 

of lithium TMS- acetylide (prepared from 50 µl (0.36 mmol) TMS acetylene and 224 µl n-

BuLi (0.36 mmol, 1.05 eq, 1.6 M in hexanes) in 2 ml THF) was added. The color of the 

solution changed from yellow to dark brown. The reaction mixture was stirred for 2 h at r.t. 

and subsequently concentrated to a volume of 2 ml. The crude product was then precipitated 

by addition of 10 ml n-pentane. After decantation of the supernatant solution the beige crude 

product was washed three times with 2 ml of cold Et2O, affording 15a as yellow solid. 

(125 mg, 0.21 mmol, 61 %).  

 

Magnetic susceptibility (Evans’ Method, THF): µeff = 4.9(3) µB. IR (ATR, νC≡C, cm-1): 1989. 

HRMS (ESI+, CH3CN/MeOH + 1% H2O): m/z calcd for C24H46FeN3P2Si [M-Br]+ 522.2280 

found 522.2292.  

 

[(PNPNMe)Fe(Br)(C≡C-Ph)] (15b) 

 

This complex was prepared analogously to 15a starting from 200 mg (0.34 mmol) of Fe20-Br 

with 40 µl of phenyl acetylene (0.36 mmol) and 224 µl n-BuLi (0.36 mmol, 1.05 eq). 15b was 

afforded as yellow powder (130 mg, 0.21 mmol, 63 %) 

 

Magnetic susceptibility (Evans’ Method, THF): µeff = 4.9(1) µB. IR (ATR, νC≡C, cm-1): 2045. 

HRMS (ESI+, CH3CN/MeOH + 1% H2O): m/z calcd for C27H42FeN3P2 [M-Br]+ 526.2197 

found 526.2204.  

 

[(PNPNMe)Fe(Br)(C≡C-TMS)(PMe3)] (15a-PMe3) 

 

15a (15 mg, 0.025 mmol) was suspended in 0.7 ml C6D6 and 3 µl of PMe3 (0.029 mmol)) was 

added and after stirring for 20 min affording a red solution was afforded. After filtration with 

a syringe filter (polytetrafluoroethylene, 0.2µm) the red solution was characterized without 

further purification. 
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1H NMR (600 MHz, C6D6, 20 °C): δ = 6.97 (tt, J = 8.1 Hz J=1.2 Hz, 1H, py4), 5.62 (d, 

J = 8.1 Hz, 2H, py3,5), 3.22 (m, 2H, PCH(CH3)2), 3.10 (m, 2H, PCH(CH3)2), 2.63 (s, 6H, 

N(CH3), ), 1.57 (d, J = 7.8 Hz 9H, P(CH3)), 1.53 (app q 6 H, PCH(CH3)2), 1.48 (app q 6 H, 

PCH(CH3)2), 1.43 (app q 6 H, PCH(CH3)2), 1.35 (app q  6 H, PCH(CH3)2) 0.18 (s 9H, 

Si(CH3)3); 13C{1H} NMR (151 MHz, , C6D6, 20 °C): δ = 164.3 (t, J = 9.8 Hz, py2,6), 155.1 (dt, 

J=36.7 Hz, J=30.7 Hz, C≡CSiMe3), 137.3 (py4), 125.9 (C≡CSiMe3), 95.9 (t, J = 2.7 Hz, py3,5), 

37.6 (t, J = 2.7 Hz, N(CH3)), 30.3 (t, J = 6.0 Hz, PCH(CH3)2), 29.7 (t, J = 7.9 Hz, PCH(CH3)2), 

22.1 (PCH(CH3)2), 21.9 (br P(CH3)3, 21.8 (PCH(CH3)2), 21.7 (PCH(CH3)2) 20.3 

(PCH(CH3)2), 2.3 (Si(CH3)3 ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 148.8 (d, 

J = 40.5 Hz, PCH(CH3)2), 13.4 (t, J = 40.1 Hz, P(Me3)3 ppm.  

 

[(PNPNMe)Fe(Br)(C≡C-Ph)(PMe3)] (15b-PMe3) 

 

2b (15 mg, 0.025 mmol) was dissolved in 0.7 ml THF d8 and 25 µl of PMe3 (1M in THF-d8) 

was added and a red solution was formed after stirring for 20 min. After filtration with a 

syringe filter (polytetrafluoroethylene, 0.2µm) the red solution was characterized without 

further purification. 

 
1H NMR (400 MHz, THF-d8, 20 °C): δ = 7.34 (t, J = 8. Hz, 1H, py4), 6.92 (m, 2H, Ph), 6.83 

(m, 2H, Ph), 6.73 (m, 1H, Ph) 6.03 (d, J = 8.1 Hz, 2H, py3,5), 3.36-3.23 (m, 4H, PCH(CH3)2), 

3.15 (s, 6H, N(CH3) 1.60 (d, J = 7.7 Hz 9H, P(CH3)3, 1.56-1.33 (m 24 H, PCH(CH3)2) ppm; 
13C{1H} NMR (151 MHz, THF-d8, 20 °C): δ = 165.2 (t, J = 9.8 Hz, py2,6), 138.0 (py4), 131.2 

(C≡CPh), 130.7 (Ph), 128.2 (Ph), 126.5 (Ph C1) 122.7 (Ph), 96.3 (t, J = 3.2 Hz, py3,5), 38.2 (t, 

J = 3.2 Hz, N(CH3)), 30.8 (t, J = 7.0 Hz, PCH(CH3)2), 30.4 (t, J = 7.7 Hz, PCH(CH3)2), 22.2 

(PCH(CH3)2), 22.2 (d, J = 23.3 Hz, P(CH3)3, 22.0 (PCH(CH3)2) 21.1 (PCH(CH3)2), 20.1 

(PCH(CH3)2) ppm (Fe-C≡CPh signal not detected); 31P{1H} NMR (243 MHz, THF-d8, 

20 °C): δ = 149.5 (d, J = 40.1 Hz, PCH(CH3)2), 15.1 (t, J = 40.1 Hz, P(Me3)3 ppm 

 

Li[(PNPNMe)Fe(C≡C-TMS)3] (16a) 

 

LiHMDS (12.9 mg, 0.077 mmol) was dissolved in 0.4 ml THF-d8, treated with 12 µl TMS-

acetylene (0.086 mmol) and stirred for 15 min. The solution was subsequently added to a 
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suspension of Fe20-Br (15 mg, 0.026 mmol) in 0.3 ml THF-d8 creating an orange solution. 

The solution was filtered with a syringe filter (polytetrafluoroethylene, 0.2 µm) into an NMR-

tube and characterized without further purification. 

 
1H NMR (400 MHz, THF-d8, 20 °C): δ = 7.20 (tt, J = 8.1 Hz, J=1.2 Hz,, 1H, py4), 5.87 (d, 

J = 8.2 Hz, 2H, py3,5), 3.29 (br, 4H, PCH(CH3)2), 3.07 (t, J=1.5 Hz, 6H, N(CH3), ), 1.58 (br, 24 

H, PCH(CH3)2), -0.03 (s, 9H, Si(CH3)3), -0.16 (s, 18H, Si(CH3)3). 13C{1H} NMR (101 MHz, 

THF-d8, 20 °C): δ = 164.0 (t, J = 10.4 Hz, py2,6), 136.1 (py4), 125.8 (C≡CTMS), 125.1 

(C≡CTMS), 96.3 (t, J = 3.3 Hz, py3,5), 37.2 (t, J = 3.0 Hz, N(CH3)), 32.4 (br, PCH(CH3)2), 

20.8 (t, J = 2.2 Hz, PCH(CH3)2), 2.6 (Si(CH3)3, 2.4 (Si(CH3)3) ppm, (Fe-C≡CTMS signals not 

detected); 31P{1H} NMR (162 MHz, THF-d8, 20 °C): δ = 147.2 ppm 

 

Li[(PNPNMe)Fe(C≡C-Ph)3] (16b) 

 

This complex was analogously prepared to 16a using 15 mg (0.026 mmol) Fe20-Br, 12.9 mg 

LiHMDS (0.077 mmol) and 8.7µl phenylacetylene (0.079 µl) creating a red-orange solution 

that was filtered with a syringe filter (polytetrafluoroethylene, 0.2 µm) into an NMR-tube and 

characterized without further purification. 

 
1H NMR (400 MHz, THF-d8, 20 °C): δ = 7.23 (tt, J = 8.1 Hz, J=1.2 Hz, 1H, py4), 7.07 (m, 2H, 

Ph), 7.02 – 6.90 (m, Ph, 10H), 6.81 (vt, 1H, Ph), 6.76 (vt, 2H, Ph), 5.92 (d, J = 8.1 Hz, 2H, 

py3,5), 3.24 (m, 4H, PCH(CH3)2), 3.12 (t, J=1.4 Hz, 6H, N(CH3), ), 1.66 (app q, 12 H, 

PCH(CH3)2), 1.58 (app q, 12 H, PCH(CH3)2). 13C{1H} NMR (101 MHz, THF-d8, 20 °C): 

δ = 164.3 (t, J = 10.3 Hz, py2,6), 136.0 (py4), 132.2 (C≡CPh), 132.0 (C≡CPh); 131.2 (Ph), 

130.8 (Ph), 128.3 (Ph), 128.1 (Ph), 123.1 (Ph), 122.7 (Ph), 121.0 (Ph), 120.9 (Ph), 96.1 (t, 

J = 3.1 Hz, py3,5), 36.7 (t, J = 2.9 Hz, N(CH3)), 31.6 (t, J = 7.6 Hz, PCH(CH3)2), 21.2 

(PCH(CH3)2), 20.5 (t, J = 2.4 Hz, PCH(CH3)2 ppm, (Fe-C≡CPh signals not detected); 31P{1H} 

NMR (162 MHz, THF-d8, 20 °C): δ = 148.2 ppm 
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4.5  Synthesis of Fe PNP Acetylide Hydride Complexes 
 

cis-[Fe(PNPMe)(H)2(N2)] (11) 

 

To a solution of Fe-20Br (15 mg, 0.026 mmol) in 0.8 ml d8-THF was added Na[AlH4] (3.0 

mg, 0.056 mmol) resulting in a color change from yellow to orange. While stirring the 

reaction mixture, a stock solution of H2O (4.0 M in d8-THF, 50 μL, 0.2 mmol) was added 

resulting in severe gas evolution. After stirring for 10 minutes, the dark orange suspension 

was filtered using a syringe filter (polytetrafluoroethylene, 0.2µm) and transferred into a 

Young-NMR tube. The dark orange solution was subjected to three consecutive freeze-pump-

thaw cycles with subsequent backflushing with 1 bar of N2 gas, until showing full conversion 

and affording a light orange solution of 11. 

 
1H NMR (250 MHz, d8-THF, 20 °C): δ = 7.19 (t, J = 8.2 Hz, 1H, py4), 5.90 (d, J = 8.1 Hz, 2H, 

py3,5), 3.06 (s, 6H, N(CH3)), 2.64 (m, 2H, PCH(CH3)2), 2.30 (m, 2H, PCH(CH3)2), 1.47 (app q 

6 H, PCH(CH3)2), 1.29 (m, 6 H, PCH(CH3)2), 1.17 (m, 6 H, PCH(CH3)2), 0.70 (app q, 6 H, 

PCH(CH3)2) -15.71 (td, JHP=61.8 Hz, JHH=19.2 Hz 1H, FeH), -16.56 (td, JHP=48.8 Hz, 

JHH=18.7 Hz 1H, FeH) ppm; 31P NMR (101 MHz, d8-THF, 20 °C): δ = 184.9  ppm 

 

[Fe(PNPMe)(H)2(tBuNC)] (12 a-b) 

 

To a solution of 30 mg Fe20-Br (0.051 mmol) in THF is added tert-Butyl isocyanide (51 µl, 1 

M solution in THF, 0.051 mmol, 1 eq) affording a green solution. Immediately afterwards 

Na[HBEt3] (107  µl, 1.05 eq, 1 M solution in THF) was added whereupon the color of the 

solution changed to dark brown. The solution was stirred for 1 h at r.t. and subsequently 

filtered with a syringe filter (polytetrafluoroethylene, 0.2 µm). After evaporation of the 

solvent, the dark brown residue was carefully washed with cold n-pentane affording 12 as 

light orange solid. (18 mg, 0.035 mmol, 70 %) in a 4:1 ratio of the corresponding trans (12b) 

and cis (12a) dihydride complexes. 

 

Spectroscopic analysis of 12b 
1H NMR (600 MHz, C6D6, 20 °C): δ = 6.92 (t, J = 8.1 Hz, 1H, py4), 5.47 (d, J = 8.0 Hz, 2H, 

py3,5), 2.55 (s, 6H, N(CH3), 2.29 (m, 4H, PCH(CH3)2), 1.55 (app q 12 H, PCH(CH3)2), 1.29 

(app q, 12 H, PCH(CH3)2), 1.14 (s, 9 H, CNC(CH3)3), -9.10 (t, J = 43.7 Hz, 2 H, Fe-H) ppm; 
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13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 196.5 (t, J=26.0 Hz, CNC(CH3)3), 162.4 (t, 

J = 11.9 Hz, py2,6), 133.6 (py4), 93.7 (t, J = 4.1 Hz, py3,5), 54.3 (s, CNC(CH3)3) 32.0 (t, (J=9.9 

Hz, PCH(CH3)2), 31.9 (t, J= 2.4 Hz, (N(CH3)), 31.4 (CNC(CH3)3), 19.7 (t, J=5.4 Hz, 

PCH(CH3)2), 19.1 ( PCH(CH3)2) ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 188.0  

ppm, 2D{15N-1H} HMBC NMR (60.8 MHz, C6D6, 20 °C): δ = 190.3 (CNC(CH3)3) ppm. IR 

(ATR, cm-1): 2040 (νN≡C), HRMS (ESI+, CH3CN/MeOH + 1% H2O): m/z calcd for 

C24H48FeN4P2 [M]+ 510.2704 found 510.2683.  

 

Spectroscopic analysis of 12a 
1H NMR (600 MHz, C6D6, 20 °C): δ = 7.26 (t, J = 8.1 Hz, 1H, py4), 5.57 (d, J = 8.0 Hz, 2H, 

py3,5), 2.61 (s, 6H, N(CH3), superimposed by 12a (m, 2H, PCH(CH3)2), 2.04 (m, 2H, 

PCH(CH3)2), 1.59 (m, partly superimposed by 12a, 6 H, PCH(CH3)2), 1.43 (app q, 12 H, 

PCH(CH3)2), 1.37 (app q 12 H, PCH(CH3)2),1.22 (s, 9 H, CNC(CH3)3), 0.92 (app q 12 H, 

PCH(CH3)2), -14.27 (br, 2 H, Fe-H) ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 163.5 

(t, J = 10.9 Hz, py2,6), 133.0 (py4), 93.9 (t, J = 3.4 Hz, py3,5), 54.1 (s, CNC(CH3)3), 32.6 (t, 

J=7.2 Hz, PCH(CH3)2), 32.2 (app t, N(CH3), 31.7 (CNC(CH3)3), 28.5 (t, J=8.4 Hz, 

PCH(CH3)2), 20.5 (t, J=6.0 Hz, PCH(CH3)2), 20.0 (t, J=5.6 Hz, PCH(CH3)2), 19.9 

(PCH(CH3)2), 18.5 (PCH(CH3)2) ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 192.6  

ppm 

 

cis-[Fe(PNPMe)(H)2(py)] (14) 

 

15 mg Fe20-Br (0.026 mmol) was suspended in 0.8 ml d8-THF and 3.8 mg NaAlH4 

(0.07 mmol) was added in one portion affording an orange suspension. The suspension was 

stirred for 15 minutes and the filtered with a syringe filter (polytetrafluoroethylene, 0.2 µm) 

affording an orange solution. To the solution 50 µl H2O (4M in d8-THF, 0.2 mmol) was added 

leading to vigorous gas evolution. The dark orange solution was stirred for 15 minutes and 

subsequently filtered with a syringe filter. (polytetrafluoroethylene, 0.2 µm) To the dark 

orange solution was then added 2.1 µl pyridine (0.026 mmol) leading to a rapid darkening of 

the solution. After stirring for 10 minutes a dark blue solution was obtained and transferred 

into an NMR tube and identified as a 75 %/25 % mixture of 14 and complex Fe21-NMe. 

 
1H NMR (250 MHz, d8-THF, 20 °C): δ =9.19 (d, J=5.8 Hz, 1H, pyridine), 7.55 (t, J=7.9 Hz, 

1H, pyridine), 7.08 (t, J = 8.2 Hz, 1H, py4), 6.55 (br,1H, pyridine), 6.35 (t, J=6.7 Hz, 1H, 
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pyridine), 6.14 (t, J=6.7 Hz, 1H, pyridine), 5.72 (d, J = 8.0 Hz, 2H, py3,5), 2.97 (s, 6H, 

N(CH3)), 2.60-2.31 (m, 4H, PCH(CH3)2), 1.30 (app q 6 H, PCH(CH3)2), 0.96 (m, 6 H, 

PCH(CH3)2 superimposed by polyhydride complex), 0.48 (app q, 6 H, PCH(CH3)2, 0.30 (app 

q, 6 H, PCH(CH3)2) -16.91 (td, JPH = 50.7 Hz, JHH = 20.6 Hz 1H, FeH), -23.65 (td, JPH = 

66.7 Hz, JHH = 20.6 Hz 1H, FeH) ppm; 13C{1H} NMR (101 MHz, d8-THF, 20 °C): δ =166.2 

(pyridine),  164.4 (br, py2,6), 153.5 (pyridine), 130.3 (py4), 129.0 (pyridine), 122.9 (pyridine), 

122.3 (pyridine), 94.2 (t, J=3.2 Hz, py3,5), 34.3-34.0 (m, N(CH3)+PCH(CH3)2), 32.7 (app t, 

PCH(CH3)2), 20.4 (PCH(CH3)2), 19.9 (PCH(CH3)2), 19.1 (PCH(CH3)2), 18.8 (PCH(CH3)2) 

ppm; 31P{1H} NMR (101 MHz, d8-THF, 20 °C): δ =  181.7 

 

cis-[Fe(PNPMe)(H)2(PPh3)] (17) 

 

15 mg Fe20-Br (0.026 mmol) was dissolved in 1.5 ml THF and 3.8 mg NaAlH4 (0.07 mmol) 

was added in one portion affording an orange suspension. The suspension was stirred for 

15 minutes and the filtered with a syringe filter (polytetrafluoroethylene, 0.2 µm) affording an 

orange solution. To the solution 100 µl H2O (2M in THF, 0.2 mmol) was added leading to 

vigorous gas evolution. The dark orange was stirred for 15 minutes and the filtered with a 

syringe filter. (polytetrafluoroethylene, 0.2 µm) To the dark orange solution was the added 

26µl triphenylphosphine (1 mol in THF, 0.026 mmol) and the solution was stirred for 1 h 

forming a red solution. The solvent was evaporated in vacuo affording 17 as dark red solid. 

(17 mg, 0.026 mmol, 98 %)  

 
1H NMR (400 MHz, C6D6, 20 °C): δ =7.64 (m, 6H, Ph), 7.26 (t, J = 8.1 Hz, 1H, py4), 7.01 (m, 

9H, Ph), 5.66 (d, J = 8.1 Hz, 2H, py3,5), 2.59 (s, 6H, N(CH3)), 2.30 (m, 2H, PCH(CH3)2), 1.98 

(m, 2H, PCH(CH3)2), 1.33 (app q 6 H, PCH(CH3)2), 1.12 (app q, 6 H, PCH(CH3)2), 1.00 (m, 6 

H, PCH(CH3)2, 0.81 (app q, 6 H, PCH(CH3)2) -13.02 (br, 1H, FeH), -17.49 (br, 1H, FeH)  

ppm; 13C{1H} NMR (101 MHz, C6D6, 20 °C): δ = 164.4 (t, J = 10.5 Hz, py2,6), 144.0 (d, 

J=20.33 Hz, Ph1), 135.1 (d, J=10.4 Hz, Ph), 134.2 (d, J=19.8 Hz, Ph), 131.4 (py4), 126.8 (d, 

J=7.2 Hz, Ph), 94.7 (t, J=2.9 Hz, py3,5), 34.0 (t, J=3.6 Hz, N(CH3)), 30.2 (m, PCH(CH3)2) 28.1 

(m, PCH(CH3)2), 24.4 (t, J=5.5 Hz, PCH(CH3)2), 19.9 (PCH(CH3)2), 19.4 (PCH(CH3)2), 18.1 

(PCH(CH3)2) ppm; 31P{1H} NMR (101 MHz, C6D6, 20 °C): δ =  182.7 (d, J = 22.9 Hz, 

PCH(CH3)2), 65.1 (t, J = 23.0 Hz, PPh3)  ppm. 

 

[(PNPNMe)Fe(Br)(C≡C-TMS)(CO)] (15a-CO)  
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A solution of 15a (50 mg, 0.083 mmol) in 3 ml CH2Cl2 was stirred for 20 min under a CO 

atmosphere (1 bar) upon which the color of the solution turned from yellow to orange. The 

solvent was evaporated under vacuum and the orange solid was extracted with 5 ml benzene. 

After evaporation of the solvent the orange solid was washed twice with 1 mL of cold n-

pentane affording an orange solid. (45 mg, 0.071 mmol, 86 %) 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 6.97 (t, J = 8.2 Hz, 1H, py4), 5.62 (d, J = 8.2 Hz, 2H, 

py3,5), 3.06 (m, 4H, PCH(CH3)2), 2.54 (s, 6H, N(CH3)), 1.56 (m 24 H, PCH(CH3)2), 0.12 (s 

9H, Si(CH3)3) ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 222.7 (t, J = 22.2 Hz, CO), 

162.5 (t, J = 10.3 Hz, py2,6), 139.8 (t, J = 30.9 Hz, C≡CSiMe3), 138.8 (py4), 128.3 

(C≡CSiMe3), 98.1 (t, J = 3.4 Hz, py3,5), 36.9 (t, J = 3.1 Hz, N(CH3)), 31.0 (t, J = 9.9 Hz, 

PCH(CH3)2), 30.4 (vt, PCH(CH3)2), 22.2 (PCH(CH3)2), 21.0 (PCH(CH3)2), 20.2 (PCH(CH3)2), 

19.3 (PCH(CH3)2), 1.62 (Si(CH3)3 ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 148.4  

ppm. IR (ATR, cm-1): 2009 (νC≡C), 1951 (νCO) 

 

[(PNPNMe)Fe(Br)(C≡C-Ph)(CO)] (15b-CO)  

 

This complex was analogously prepared to 15a-CO using 15b (50 mg, 0.083 mmol), yielding 

15b-CO as orange solid. (47 mg, 0.076 mmol, 92 %) 

 
1H NMR (600 MHz, CD2Cl2, 20 °C): δ = 7.59 (t, J = 8.2 Hz, 1H, py4), 7.06 (m, 2H, Ph), 6.93 

(m, 3H, Ph), 6.21 (d, J = 8.2 Hz, 2H, py3,5), 3.27 (m, 2 H, PCH(CH3)2), 3.21 (s, 6H, N(CH3) 

3.13 (2 H, PCH(CH3)2) 1.63 (m 12H, PCH(CH3)2), 1.52 (app. q 6 H, PCH(CH3)2), 1.41 (app. 

q 6 H, PCH(CH3)2) ppm; 13C{1H} NMR (151 MHz, CD2Cl2, 20 °C): δ = 222.2 (t, J = 22.1 Hz, 

CO), 162.5 (t, J = 10.2 Hz, py2,6), 139.4 (py4), 130.4 (Ph), 129.1 (C≡CPh) 127.9 (Ph), 123.9 

(Ph), 121.4 (Ph C1), 112.0 (t, J = 34.3 Hz, C≡CPh), 98.1 (t, J = 3.5 Hz, py3,5), 37.2 (t, J = 2.9 

Hz, N(CH3)), 31.3 (t, J = 9.8 Hz, PCH(CH3)2), 29.6 (t, J = 12.1 Hz,  PCH(CH3)2), 21.8 

(PCH(CH3)2), 19.9 (PCH(CH3)2), 19.8 (PCH(CH3)2), 18.9 (t, 2.53 Hz, PCH(CH3)2) ppm; 
31P{1H} NMR (243 MHz, CD2Cl2, 20 °C): δ = 147.9 ppm; IR (ATR, cm-1): 2083 (νC≡C), 1941 

(νCO). 

 

[(PNPNMe)Fe(Br)(C≡C-TMS)(tBuNC)] (15a- tBuNC)  
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A solution of 15 mg (0.025 mmol) 15a in 2 ml THF was treated with tert-Butyl isocyanide 

(25 µl, 1 M solution in THF), whereupon the solution immediately turned orange. The 

solution was stirred for 15 min and the solvent was removed under vacuum. The orange 

residue was washed with cold n-pentane yielding 4a as orange solid. (15 mg, 0.022 mmol, 

88 %) 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 6.96 (t, J = 8.2 Hz, 1H, py4), 5.65 (d, J = 8.1 Hz, 2H, 

py3,5), 3.22 (m, 4H, PCH(CH3)2), 2.67 (s, 6H, N(CH3), 1.72-1.61 (m 24 H, PCH(CH3)2),1.22 

(s, 9H, CNC(CH3)3, 0.17 (s 9H, Si(CH3)3) ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): 

δ = 173.6 (t, 25.7 Hz, CNC(CH3)3), 163.6 (t, J = 10.5 Hz, py2,6), 151.4 (t, J = 32.0 Hz, 

C≡CSiMe3), 137.5 (py4), 125.9 (C≡CSiMe3), 97.3 (t, J = 3.3 Hz, py3,5), 55.9 (s, CNC(CH3)3) 

36.8 (t, J = 2.7 Hz, N(CH3)), 31.7 (t, J = 8.3 Hz, PCH(CH3)2), 30.7 (CNC(CH3)3), 30.6 (m, 

PCH(CH3)2), 23.0 (PCH(CH3)2), 21.4 (PCH(CH3)2), 20.5 (PCH(CH3)2), 19.4 (t, J = 2.5 Hz, 

PCH(CH3)2), 2.2 (Si(CH3)3 ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 147.3  ppm; 

2D{15N-1H} HMBC NMR (60.8 MHz, C6D6, 20 °C): δ = 200.3 (CNC(CH3)3) ppm. IR (ATR, 

cm-1): 2105 (νN≡C), 1986 (νC≡C) 

 

[(PNPNMe)Fe(Br)(C≡C-Ph)(tBuNC)] (15b- tBuNC)  

 

This complex was analogously prepared to 15a- tBuNC using 15b (15 mg, 0.025 mmol) and 

tert-Butyl isocyanide (25 µl, 1 M solution in THF), yielding 15b- tBuNC as red-orange solid. 

(14 mg, 0.020 mmol, 81 %) 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 7.21 (m, 2H, Ph), 7.06 (m, 3H, Ph), 6.85 (t, J = 7.4 Hz, 

1H, py4), 5.73 (d, J = 8.2 Hz, 2H, py3,5), 3.29 (m, 2 H, PCH(CH3)2), 2.90 (m, 2 H, 

PCH(CH3)2), 2.67 (s, 6H, N(CH3), 1.72 (app. q 6 H, PCH(CH3)2), 1.64 (app. q 6 H, 

PCH(CH3)2), 1.60 (app. q 6 H, PCH(CH3)2), 1.52 (app. q 6 H, PCH(CH3)2), 1.24 (s, 9 H, 

CNC(CH3)3) ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 173.8 (t, J=22.1 Hz, 

CNC(CH3)3), 163.8 (t, J = 10.5 Hz, py2,6), 137.6 (py4), 130.8 (Ph), 128.0 (Ph), 125.9 (C≡CPh), 

124.0 (t, J = 32.8 Hz, C≡CPh), 123.5 (Ph C1), 123.0 (Ph), 97.2 (t, J = 3.3 Hz, py3,5), 56.0 

(CNC(CH3)3), 36.4 (t, J = 2.9 Hz, N(CH3)), 32.5 (t, J = 8.2 Hz, PCH(CH3)2), 30.7 

(CNC(CH3)3), 30.3 (m, PCH(CH3)2), 22.9 (PCH(CH3)2), 20.5 (PCH(CH3)2), 20.4 

(PCH(CH3)2), 19.2 (t, 3.4 Hz, PCH(CH3)2) ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): 
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δ = 147.9  ppm; 2D{15N-1H} HMBC NMR (60.8 MHz, C6D6, 20 °C): δ = 200.9 (CNC(CH3)3) 

ppm. IR (ATR, cm-1): 2110 (νN≡C), 2058 (νC≡C) 

 

[(PNPNMe)Fe(Br)(C≡C-TMS)(P(OMe)3)] (15a- P(OMe)3)  

 

15a (10 mg, 0.017 mmol) was dissolved in 1 ml THF and 2.5 µl of P(OMe)3 (0.019 mmol, 1.1 

eq)) was added affording a red solution. The solvent was removed under reduced pressure 

affording 15a- P(OMe)3 as red solid. (11 mg, 0.016 mmol, 90 %) 
1H NMR (600 MHz, C6D6, 20 °C): δ = 7.02 (m, 1H, py4), 5.68 (d, J = 8.1 Hz, 2H, py3,5), 3.56 

(d, J = 9.5 Hz, 9H, P(OCH3)3 3.44 (m, 2H, PCH(CH3)2), 3.25 (m, 2H, PCH(CH3)2 

(superimposed by P(OMe)3), 2.68 (t, J=1.54 Hz, 6H, N(CH3), 1.66 (app q, 6 H, PCH(CH3)2), 

), 1.54 (m 12 H, PCH(CH3)2), 1.43 (app q, 6 H, PCH(CH3)2) 0.15 (s 9H, Si(CH3)3) ppm; 
13C{1H} NMR (151 MHz C6D6, 20 °C): δ = 163.6 (t, J = 10.0 Hz, py2,6), 150.3 (dt, J=47.9 Hz, 

J=29.1 Hz, C≡CSiMe3), 137.7 (py4), 125.9 (C≡CSiMe3), 96.4 (t, J = 3.4 Hz, py3,5), ), 54.2 (d, J 

= 10.9 Hz, P(OCH3)3), 37.7 (t, J = 3.4 Hz, N(CH3)), 30.2 (vt, PCH(CH3)2), 29.8 (vt, 

PCH(CH3)2) 22.0 (PCH(CH3)2), 21.9 (PCH(CH3)2, 21.3 (t, J = 3.0  Hz, PCH(CH3)2), 20.6 

(PCH(CH3)2), 2.3 (Si(CH3)3 ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 171.0 (t, 

J = 71.3 Hz, P(OMe3)3  151.7 (d, J = 71.6 Hz, PCH(CH3)2), ppm. IR (ATR, cm-1): 1983 (νC≡C). 

 

[(PNPNMe)Fe(Br)(C≡C-Ph)(P(OMe)3)] (15b- P(OMe)3)  

 

15b (10 mg, 0.017 mmol) was dissolved in 1 ml THF and 2.5 µl of P(OMe)3 (0.019 mmol, 1.1 

eq)) was added affording a red solution. The solvent was removed under reduced pressure 

affording 15b-P(OMe)3 as red solid. (11 mg, 0.016 mmol, 90 %) 

 
1H NMR (600 MHz,, C6D6, 20 °C): δ = 7.09 (m, 4H, py4, Ph), 6.88 (m, 2H, Ph), 5.74 (d, 

J = 8.0 Hz, 2H, py3,5), 3.58 (d, J = 9.28 Hz, 9H, P(OCH3)3, 3.30 (4H, 

PCH(CH3)2(superimposed by P(OMe)3), assigned by HSQC), 2.68 (s, 6H, N(CH3) 1.67 (app. 

q 6 H, PCH(CH3)2), 1.55 (app. q 6 H, PCH(CH3)2), 1.50 (app. q 6 H, PCH(CH3)2), 1.34 (s, 9 

H, CNC(CH3)3) ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 163.8 (t, J = 10.0 Hz, 

py2,6), 151.5 (br, C≡CPh),137.8 (py4), 131.1 (C≡CPh), 130.7 (Ph), 128.6 (Ph), 127.6 (Ph C1) 

122.8 (Ph) 96.4 (py3,5), 54.1 (d, J = 10.7 Hz, P(OCH3)3) 37.4 (N(CH3)), 30.3 (vt,, 

PCH(CH3)2), 30.0 (vt,, PCH(CH3)2), 21.9 (PCH(CH3)2), 21.3 (PCH(CH3)2), 20.9 

(PCH(CH3)2), 20.2 (PCH(CH3)2) ppm; 31P{1H} NMR (243 MHz,, C6D6, 20 °C): ): δ = 171.0 
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(t, J = 71.6 Hz, P(OMe3)3  151.3 (d, J = 71.7 Hz, PCH(CH3)2), ppm. IR (ATR, cm-1): 2058 

(νC≡C) 

 

[(PNPNMe)Fe(H)(C≡C-TMS)(CO)] (18a) 

 

15a-CO (17 mg, 1 eq, 0.027 mmol) were dissolved in 1 ml THF and treated with Na[AlH4] 

(1.6 mg, 0.03 mmol, 1.1 equiv) creating an orange suspension. The suspension was stirred for 

15 min and then treated with H2O (22 µl, 3M in THF) leading to vigorous gas evolution. The 

orange solution was treated with 1 ml of benzene and filtered with a syringe filter 

(polytetrafluoroethylene, 0.2 µm). After evaporation of the solvent the orange residue was 

washed with 0.2 ml of cold n-pentane (-30 °C) and dried in vacuo, affording 18a as orange 

solid, (13 mg, 0.023 mmol, 85 %) 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 6.83 (t, J = 8.1 Hz, 1H, py4), 5.40 (d, J = 8.1 Hz, 2H, 

py3,5), 2.41 (s, 6H, N(CH3), 2.37 (m, 2H, PCH(CH3)2), 1.94 (m, 2H, PCH(CH3)2), 1.89 (app. q 

6 H, PCH(CH3)2), 1.77 (app. q 6 H, PCH(CH3)2), 1.23 (app. q 6 H, PCH(CH3)2), 0.83 (app. q 

6 H, PCH(CH3)2), 0.30 (s, 9H, Si(CH3)3), -12.37 (t, J = 49.9 Hz, Fe-H) ppm; 13C{1H} NMR 

(151 MHz, C6D6, 20 °C): δ = 222.2 (t, J=25.0 Hz, CO), 161.6 (t, J = 10.9 Hz, py2,6), 156.8 (t, 

J=20.9 Hz, C≡CSiMe3), 137.0 (py4), 125.9 (C≡CSiMe3), 95.7 (t, J=3.2 Hz, py3,5), 34.2 (t, J = 

10.2 Hz, PCH(CH3)2), 32.9 (vt, N(CH3)), 32.4 (t, J = 13.1 Hz, PCH(CH3)2), 21.1 

(PCH(CH3)2), 20.3 (t, J = 4.9 Hz, PCH(CH3)2), 18.3 (PCH(CH3)2), 17.8 (t, J = 4.6 Hz, 

PCH(CH3)2), 2.4 (Si(CH3)3 ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 175.0  (d, J=13 

Hz) ppm, IR (ATR, cm-1): 1998 (νC≡C), 1914 (νC≡O),  

 

[(PNPNMe)Fe(H)(C≡C-Ph)(CO)] (18b) 

 

18b was analogously prepared to 18a with 20 mg (0.031 mmol) of 15b-CO and 1.9 mg 

Na[AlH4] (0.035 mmol) and after quenching with 26 µl of degassed H2O (3M in THF). After 

evaporation of the solvent, an orange residue was obtained, containing 18b in a purity of 

about 70 %. 

 
1H NMR (250 MHz, C6D6, 20 °C): δ = 7.46 (m, 2H, Ph), 7.07 (m, 3H, Ph), 6.91 (t, J = 8.0 Hz, 

1H, py4) 5.49 (d, J = 8.0 Hz, 2H, py3,5), 2.44 (m, 2 H, PCH(CH3)2), 2.41 (s, 6H, N(CH3) 2.10 

(2H, PCH(CH3)2) 1.84 (app q, 6H, PCH(CH3)2), 1.67 (app. q, 6 H, PCH(CH3)2), 1.31 (m, 6 H, 
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PCH(CH3)2), 0.94 (m, 6 H, PCH(CH3)2) ppm; 31P{1H} NMR (C6D6 MHz, CD2Cl2, 20 °C): 

δ = 174.9 ppm; IR (ATR, cm-1): 2066 (νC≡C), 1913 (νCO). 

 

[(FePNPMe)(H)(C≡C-TMS)(tBuNC)] (19a) 

 

15a-tBuNC (12 mg, 1 eq, 0.017 mmol) were dissolved in 2 ml THF and cooled to 0  C. 

Subsequently, Na[HBEt3] (18 µl, 0.018 mmol, 1.03 eq, 1 M solution in THF) was added 

affording a brown suspension. The reaction was brought to RT and stirred for 30 min. After 

filtration with a syringe filter (polytetrafluoroethylene, 0.2 µm) the solvent was evaporated to 

dryness. The brownish residue was washed with 0.2 ml of cold n-pentane (-30 °C) and dried 

in vacuo, affording 19a as yellow solid, (8 mg, 0.013 mmol, 75 %) 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 6.83 (t, J = 8.1 Hz, 1H, py4), 5.44 (d, J = 8.0 Hz, 2H, 

py3,5), 2.53 (s, 6H, N(CH3), 2.51 (m, 2H, PCH(CH3)2), 2.09 (m, 2H, PCH(CH3)2), 1.91 (app. q 

6 H, PCH(CH3)2), 1.85 (app. q 6 H, PCH(CH3)2), 1.28 (app. q 6 H, PCH(CH3)2), 1.16 (s, 9 H, 

CNC(CH3)3), 0.95 (app. q 6 H, PCH(CH3)2), 0.35 (s, 9H, Si(CH3)3), -12.76 (t, J = 51.4 Hz, 

Fe-H) ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 182.6 (br, CNC(CH3)3), 167.0 (br, 

C≡CSiMe3), 163.4 (t, 1 H, J = 11.3 Hz, py2,6), 135.5 (py4), 125.7 (C≡CSiMe3), 94.8 (m, py3,5), 

55.0 (s, CNC(CH3)3) 35.1 (t, J = 8.5 Hz, PCH(CH3)2), 33.1 (t, J = 11.8 Hz, PCH(CH3)2), 32.8 

(vt, N(CH3)), 31.1 (CNC(CH3)3), 21.4 (PCH(CH3)2), 20.6 (t, J = 5.2 Hz, PCH(CH3)2), 18.6 

(PCH(CH3)2), 18.5 (t, J = 5.1 Hz, PCH(CH3)2), 2.8 (Si(CH3)3 ppm; 31P{1H} NMR (243 MHz, 

C6D6, 20 °C): δ = 174.4  ppm, 2D{15N-1H} HMBC NMR (60.8 MHz, C6D6, 20 °C): 

δ = 82.9 (N(CH3), 190.7 (CNC(CH3)3) ppm. IR (ATR, cm-1): 2044 (νN≡C), 1977 (νC≡C) 

 

[(FePNPMe)(H)(C≡C-Ph)(tBuNC)] (19b) 

 

This complex was analogously prepared to 19a using 15b-tBuNC (11 mg, 0.016 mmol) and, 

Na[HBEt3] (16.5 µl, 1.03 eq, 1 M solution in THF), yielding 19b as yellow solid. (7 mg, 

0.011 mmol, 72 %) 
1H NMR (600 MHz, C6D6, 20 °C): δ = 7.49 (dd, J = 8.1 Hz, J = 1.4 Hz, 2H, Ph), 7.12 (m, 3H, 

Ph), 6.88 (t, J = 7.3 Hz, 1H, py4), 5.52 (d, J = 8.0 Hz, 2H, py3,5), 2.54 (s, 6H, N(CH3), 2.48 (m, 

2H, PCH(CH3)2), 2.11 (m, 2H, PCH(CH3)2), 1.89 (app. q 6 H, PCH(CH3)2), 1.78 (app. q 6 H, 

PCH(CH3)2), 1.32 (app. q 6 H, PCH(CH3)2), 1.16 (s, 9 H, CNC(CH3)3), 1.00 (app. q 6 H, 

PCH(CH3)2), -12.63 (t, J = 51.5 Hz, Fe-H) ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): 
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δ = 181.9 (br, CNC(CH3)3), 162.5 (t, J = 11.0 Hz, py2,6), 140.1 (t, J = 20.5 Hz, C≡CPh), 135.9 

(py4), 131.8 (C≡CPh), 130.8 (Ph), 125.7 (Ph), ), 122.5 (Ph C), 119.1 (Ph1), 95.1 (m, py3,5), 

55.1 (s, CNC(CH3)3) 34.6 (t, J = 8.5 Hz, PCH(CH3)2), 33.0 (t, J = 11.7 Hz, PCH(CH3)2), 31.4 

(CNC(CH3)3), 31.0 (vt, N(CH3)), 20.6 (PCH(CH3)2), 20.5 (t, J = 5.2 Hz, PCH(CH3)2), 18.6 

(PCH(CH3)2), 18.5 (vt, PCH(CH3)2 ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 174.2 

ppm; 2D{15N-1H} HMBC NMR (60.8 MHz, C6D6, 20 °C): δ = 191.8 (CNC(CH3)3) ppm. IR 

(ATR, cm-1): 2054 (νC≡C), 2032 (νN≡C) 

 

[(FePNPMe)(H)(C≡C-TMS)(P(OMe)3)] (20a) 

 

15a-P(OMe)3 (15 mg, 0.020 mmol) was dissolved in 1 ml THF and Na[AlH4] (1.2 mg, 0.022 

mmol) was added in one portion, creating an orange suspension. The suspension was stirred 

for 15 min and then treated with H2O (16 µl, 3M in THF) leading to vigorous gas evolution. 

The dark orange solution was treated with 1 ml of benzene and filtered with a syringe filter 

(polytetrafluoroethylene, 0.2 µm). After evaporation of the solvent the dark orange residue 

was washed with 0.2 ml of cold n-pentane (-30 °C) and dried in vacuo, affording an isomeric 

mixture of cis-20a (28 %) and trans-20a (72 %) as orange solid. (9 mg, 0.014 mmol, 68 %)  

 

Spectroscopic analysis of trans-20a 

 
1H NMR (250 MHz, C6D6, 20 °C): δ = 6.96 (t, J=8.2 Hz 1H, py4), 5.54 (d, J = 8.1 Hz, 2H, 

py3,5), 3.55 (d, J = 10.2 Hz, 9H, P(OCH3)3, 2.80 (m, 2H, PCH(CH3)2), 2.63 (s, 6H, N(CH3), 

2.41 (m, 2H, PCH(CH3)2), 1.79 (app q, 6 H, PCH(CH3)2), 1.68 (app q, 6 H, PCH(CH3)2) 1.23 

(app q 6 H, PCH(CH3)2), 1.05 (m, 6 H, PCH(CH3)2) 0.23 (s 9H, Si(CH3)3), -13.31 (dt, 

J = 63.9, J = 52.2 Hz, Fe-H)  ppm; 31P{1H} NMR (101 MHz, C6D6, 20 °C): δ = 192.0 (t, 

J = 74.2 Hz, P(OMe3)3  169.8 (d, J = 73.9 Hz, PCH(CH3)2), ppm.  

 

Spectroscopic analysis of cis-20a 

 
1H NMR (250 MHz, C6D6, 20 °C): δ = 6.82 (t, J=7.9 Hz 1H, py4), 5.35 (d, J = 8.2 Hz, 2H, 

py3,5), 3.43 (d, J = 9.6 Hz, 9H, P(OCH3)3, 2.55 (m, 2H, PCH(CH3)2), 2.51 (s, 6H, N(CH3), 

2.41 (m, 2H, PCH(CH3)2, superimposed by trans-20a), superimposed by trans-20a), 1.79 (m, 

superimposed by trans-20a 6 H, PCH(CH3)2), 1.68 (m, 6 H, PCH(CH3)2, 1.30 (m, 6 H, 

PCH(CH3)2), 0.95 (m, 6 H, PCH(CH3)2), 0.29 (s 9H, Si(CH3)3), -8.90 (dt, J = 83.9, J = 65.4 
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Hz, Fe-H)  ppm; 31P{1H} NMR (101 MHz, C6D6, 20 °C): δ = 172.7 (t, J = 37.5 Hz, P(OMe3)3 

 165.3 (d, J = 37.3 Hz, PCH(CH3)2), ppm.  

 

[(FePNPMe)(H)(C≡C-TMS)(PMe3)] (21a) 

 

15a (15 mg, 0.025 mmol) was dissolved in 1 ml THF and PMe3 (30 µl, 1 M. in THF) was 

added forming a red solution. Subsequently the reaction mixture was treated with Na[AlH4] 

(1.5 mg, 0.027 mmol) creating a deep red suspension. The suspension was stirred for 15 min 

and then quenched with H2O (18 µl, 3M in THF) leading to vigorous gas evolution. The dark 

red solution was diluted with 1 ml of benzene and filtered with a syringe filter 

(polytetrafluoroethylene, 0.2 µm). After evaporation of the solvent the dark residue was 

washed with 0.1 ml of cold TMS (-30 °C) and dried in vacuo, affording an isomeric mixture 

of cis-21a (95 %) and trans-21a (5 %) as dark red solid. (11 mg, 0.018 mmol, 74 %)  

 

Spectroscopic analysis of cis-21a 

 
1H NMR (250 MHz, C6D6, 20 °C): δ = 6.82 (t, J=8.2 Hz 1H, py4), 5.36 (d, J = 8.1 Hz, 2H, 

py3,5), 2.55 (m, 2H, PCH(CH3)2), 2.52 (s, 6H, N(CH3), 2.39 (m, 2H, PCH(CH3)2), 1.83 (app q, 

6 H, PCH(CH3)2), 1.64 (app q, 6 H, PCH(CH3)2) 1.34 (m 6 H, PCH(CH3)2), 1.08 (d, 

J = 5.5 Hz, 9H, P(CH3)3) 0.85 (app q, 6 H, PCH(CH3)2) 0.36 (s 9H, Si(CH3)3), -11.29 (td, 

J = 70.5, J = 35.5 Hz, Fe-H)  ppm; 31P{1H} NMR (101 MHz, C6D6, 20 °C): δ = 165.1 (d, 

J = 26.3 Hz, PCH(CH3)2), 15.5 (t, J = 28.1 Hz, P(Me3)3)  ppm.  

 

Spectroscopic analysis of trans-21a 

 
1H NMR (250 MHz, C6D6, 20 °C): δ = 6.97 (t, J=8.2 Hz 1H, py4), 5.57 (d, J = 8.2 Hz, 2H, 

py3,5), 2.67 (s, 6H, N(CH3), 0.30 (s 9H, Si(CH3)3), -13.16 (dt, J = 56.6, J = 52.2 Hz, Fe-H) 

ppm all other resonances superimposed by cis-21a; 31P{1H} NMR (101 MHz, C6D6, 20 °C): 

δ = 173.8 (d, J = 41.0 Hz, PCH(CH3)2), 22.2 (t, J = 40.9 Hz, P(Me3)3)  ppm.  

[(FePNPMe)(H)(C≡C-Ph)(PMe3)] (21b) 

 

21b was analogously prepared to 21a with 15 mg (0.025 mmol) of 15b, 30 µl PMe3 (1 M. in 

THF) and 1.5 mg Na[AlH4] (0.027 mmol) and was quenched with 18 µl of degassed H2O (3M 
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in THF). After evaporation of the solvent, a red residue was obtained, containing 18b in a 

purity of about 50 %. 

 
1H NMR (400 MHz, d8-THF, 20 °C): δ = 7.89 (m, 2H, Ph), 7.22 (m, 3H, Ph), 6.78 (t, 

J = 7.4 Hz, 1H, py4), 5.50 (d, J = 8.1 Hz, 2H, py3,5), 3.01 (s, 6H, N(CH3), 2.52 (m, 2H, 

PCH(CH3)2), 2.30 (m, 2H, PCH(CH3)2), 1.51 (app q, 6 H, PCH(CH3)2), 1.39 (app q, 6 H, 

PCH(CH3)2) 1.23 (m 6 H, PCH(CH3)2), 0.83 (d, J = 4.9 Hz, 9H, P(CH3)3) 0.60 (app q, 6 H, 

PCH(CH3)2), -11.50 (td) (td, J = 69.5, J = 36.4 Hz, Fe-H) ppm; 31P{1H} NMR (162 MHz, d8-

THF, 20 °C): δ = 165.1 (d, J = 25.6 Hz, PCH(CH3)2), 10.7 (t, J = 26.3 Hz, P(Me3)3)  ppm.  

 

[(PNPNMe)Fe(H)(η1-CO2H)(tBuNC)] (12b-CO2) 

 

A solution of 12a-b (18 mg, 0.035 mmol) in C6D6 was treated with 1 bar of CO2 and the color 

of the solution immediately turned from orange to yellow. After evaporation of the solvent 

12b-CO2 was washed with 1 ml of n-pentane and dried under vacuum affording 12b-CO2 as 

yellow solid. (16 mg, 0.029 mmol, 82 %) 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 8.56 (s, 1H, HCOO), 7.06 (t, J = 8.1 Hz, 1H, py4), 5.61 

(d, J = 7.9 Hz, 2H, py3,5), 2.47 (s, 6H, N(CH3), 2.34 (m, 2H, PCH(CH3)2), 2.02 (m, 2H, 

PCH(CH3)2), 1.64 (m 6 H, PCH(CH3)2), 1.27 (m 6 H, PCH(CH3)2), 1.24 (s, 9 H, CNC(CH3)3, 

1.17 (m 6 H, PCH(CH3)2),), 0.73 (m 6 H, PCH(CH3)2),), -27.16 (t, J = 57.8 Hz, 1 H, Fe-H) 

ppm; 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 172.6 (br, CNC(CH3)3), 164.0 (t, 

J = 11.3 Hz, py2,6), 137.5 (py4), 95.7 (t, J = 3.3 Hz, py3,5), 56.0 (s, CNC(CH3)3), 32.4 

((N(CH3)), 32.2 (m, PCH(CH3)2), 31.3 (m, PCH(CH3)2), 30.9 (CNC(CH3)3), 20.1 (vt, 

PCH(CH3)2), 19.9 (PCH(CH3)2), 18.9 (vt, PCH(CH3)2), 18.6 (PCH(CH3)2), (Formate 

resonance not found) ppm; 31P{1H} NMR (243 MHz, C6D6, 20 °C): δ = 162.9  ppm, 2D{15N-
1H} HMBC NMR (60.8 MHz, C6D6, 20 °C): δ = 201.9 (CNC(CH3)3) ppm. IR (ATR, cm-1): 

2048 (νN≡C), 1587 (νHCOO)  

 

[(PNPNMe)Fe(H)(η1-CO2H)(P(OMe)3)] (13-CO2) 

 

A solution of 13 (12 mg, 0.022 mmol) in C6D6 was treated with 1 bar of CO2 and the color of 

the solution immediately turned from dark orange to light orange. Due to the low stability of 
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the compound, 13-CO2 was not purified and immediately characterized via NMR 

spectroscopy. 

 
1H NMR (600 MHz, C6D6, 20 °C): δ = 9.44 (s, 1H, HCOO), 6.97 (t, J = 8.3 Hz, 1H, py4), 5.68 

(d, J = 8.2 Hz, 2H, py3,5), 3.40 (d, J = 10.2 Hz, 9H, P(OCH3)3, 2.72 (m, 2H, PCH(CH3)2), 2.57 

(s, 6H, N(CH3)), 2.22 (m, 2H, PCH(CH3)2), 1.50 (m 6 H, PCH(CH3)2), 1.32 (m 6 H, 

PCH(CH3)2), 0.97 (m 12 H, PCH(CH3)2),), -29.07 (t, J = 76.1, J = 53.4 Hz, 1 H, Fe-H) ppm; 
13C{1H} NMR (151 MHz, C6D6, 20 °C): δ = 168.0 (HCOO-), 164.2 (t, J = 10.5 Hz, py2,6), 

137.9 (py4), 96.1 (br, py3,5), 51.1 (d, J=5.3 Hz, P(OCH3)3), 33.5 (t, J=3.3 Hz, N(CH3)), 31.0 (t, 

J=11.9 Hz, PCH(CH3)2), 27.5 (t, J=5.5 Hz, PCH(CH3)2), 19.9 (PCH(CH3)2), 19.8 

(PCH(CH3)2), 18.4 (vt, PCH(CH3)2), 18.3 (PCH(CH3)2) ppm; 31P{1H} NMR (243 MHz, C6D6, 

20 °C): δ = 186.7 ppm (t, J = 70.7 Hz, P(OMe)3), 159.4 ppm. (d, J = 71.7 Hz, PCH(CH3)2). 

 

[(PNPNMe)Fe(H)(η1-CO2H)(PMe3)] (9b-CO2) 

 

A solution of 9a-b (15 mg, 0.030 mmol) was treated with 1 bar of CO2 and the color of the 

solution immediately turned from dark red to light red. Due to the low stability of the 

compound, 9b-CO2 was not purified and immediately characterized via NMR spectroscopy. 

 
1H NMR (250 MHz, C6D6, 20 °C): δ = 8.67 (s, 1H, HCOO), 7.26 (t, J = 8.1 Hz, 1H, py4),  

5.56 (d, J = 8.1 Hz, 2H, py3,5), 3.09 (s, 6H, N(CH3), 2.66 (m, 2H, PCH(CH3)2), 2.00 (m, 2H, 

PCH(CH3)2), 1.47 (m, 6 H, PCH(CH3)2), 1.33 (m, 6 H, PCH(CH3)2), 1.08 (d, J = 7.0 Hz, 9H, 

P(CH3)3) 0.99 (m, 12 H, PCH(CH3)2), -29.46 (dt, J = 60.6, J = 54.0 Hz, Fe-H) ppm; 31P{1H} 

NMR (101 MHz, C6D6, 20 °C): δ = 163.1 (d, J = 39.3 Hz, PCH(CH3)2), 19.5 (t, J = 39.5 Hz, 

P(Me3)3)  ppm.  
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4.6. Spectroscopic Data of Hydrosilylation Products 
 

NMR spectra of organic products 
 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.30 (m, 2H, Ph), 7.21 (m, 3H, Ph), 3.69 (hept, JSi-H 

=3.2 Hz, 1H, SiH), 2.67 (t, J=7.7  Hz, ArCH2CH2CH2Si, 2H ), 1.71 (m, 2H, 

ArCH2CH2CH2Si), 1.00 (t, J=7.9 Hz, 6H, -SiHCH2CH3) 0.68 (m, 2H, ArCH2CH2CH2Si), 0.62 

(qd, 4H, J=7.6 Hz, JSi-H=3.1 Hz, J=0.7 Hz, -SiHCH2CH3) . 13C{1H} NMR (101 MHz, CDCl3, 

20 °C): δ = 142.7 (ArC-C), 128.6 (Ph), 128.4 (Ph), 125.8 (Ph), 39.8 (ArCH2CH2CH2Si), 26.9 

(ArCH2CH2CH2Si), 10.7 (ArCH2CH2CH2Si) 8.4 (-SiHCH2CH3), 2.9 (-SiHCH2CH3), 29SI-

INEPT NMR (79 MHz, CDCl3, 20 °C): -2.1 ppm )  

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.11 (d, 4H, J=2.5 Hz, Ph ), 3.69 (hept, JSi-H =3.2 Hz, 

1H, SiH), 2.63 (t, J=7.7  Hz, ArCH2CH2CH2Si, 2H ), 2.35 (s, 3H, CH3-Ar), 1.68 (m, 2H, 

ArCH2CH2CH2Si), 1.00 (t, J=7.9 Hz, 6H, -SiHCH2CH3), 0.70-0.58 (m, 6H, -SiHCH2CH3 + 

ArCH2CH2CH2Si). 13C{1H} NMR (101 MHz, CDCl3, 20 °C): δ = 139.7 (ArC-Me), 135.2 (ArC-

C), 129.1 (Ph), 128.5 (Ph), 39.3 (ArCH2CH2CH2Si), 27.0 (ArCH2CH2CH2Si), 21.1 (CH3-Ar), 

10.7 (ArCH2CH2CH2Si) 8.4 (-SiHCH2CH3), 2.9 (-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, 

CDCl3, 20 °C): -2.0 ppm 
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1H NMR (400 MHz, CDCl3, 20 °C): δ = 6.87 (s, 2H, Ph ), 3.73 (hept, JSi-H =3.2 Hz, 1H, SiH), 

2.65 (m, ArCH2CH2CH2Si, 2H), 2.30 (s, 6H, CH3-Ar), 2.28 (s, 3H, CH3-Ar), 1.54 (m, 2H, 

ArCH2CH2CH2Si), 1.02 (t, J=7.9 Hz, 6H, -SiHCH2CH3), 0.79 (m, 2H, ArCH2CH2CH2Si), 

0.64 (qd, 4H, J=8.1 Hz, JSi-H=3.2 Hz, -SiHCH2CH3) 13C{1H} NMR (101 MHz, CDCl3, 

20 °C): δ = 136.7 (ArC-Me), 136.6 (ArC-Me), 136.0 (ArC-Me), 135.0 (ArC-C), 129.0 (Ph), 33.5 

(ArCH2CH2CH2Si), 24.6 (ArCH2CH2CH2Si), 20.9 (CH3-Ar), 19.9 (CH3-Ar), 11.7 

(ArCH2CH2CH2Si) 8.4 (-SiHCH2CH3), 3.0 (-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, 

CDCl3, 20 °C): -2.4 ppm 

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.32 (d, 2H, J=8.3 Hz, Ph), 7.14 (m, 2H, Ph ),  3.68 

(hept, JSi-H =3.3 Hz, 1H, SiH), 2.63 (t, J=8.1  Hz, ArCH2CH2CH2Si, 2H ), 1.69 (m, 2H, 

ArCH2CH2CH2Si), 1.33 (s, 9H, (CH3)C-Ar),  0.99 (t, J=7.86 Hz, 6H, -SiHCH2CH3), 0.69 (m, 

2H,  ArCH2CH2CH2Si).  0.61 (qd, 4H, J=7.6 Hz, JSi-H=3.1 Hz, J=0.65 Hz, -

SiHCH2CH3). 13C{1H} NMR (101 MHz, CDCl3, 20 °C): δ = 148.5 (ArC-tBu), 139.7 (ArC-C), 

128.2 (Ph), 125.3 (Ph), 39.3 (ArCH2CH2CH2Si), 34.5 ((CH3)C - Ar), 

31.6 ((CH3)CAr), 26.9 (ArCH2CH2CH2Si), 10.8 (ArCH2CH2CH2Si), 8.4 (-SiHCH2CH3), 2.9 (-

SiHCH2CH3), 29SI-INEPT NMR (79 MHz, CDCl3, 20 °C): -2.1 ppm 

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.12 (dd, J=5.1 Hz, J=1.2 Hz, 1H, Ar), 6.93 (dd, 

J=5.1 Hz, J=3.4 Hz, 1H, Ar), 6.80 (m, 1H, Ar), 3.68 (hept, JSi-H =3.2 Hz, 1H, SiH), 2.87 (t, 
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J=7.5  Hz, ArCH2CH2CH2Si, 2H ), 1.75 (m, 2H, ArCH2CH2CH2Si), 0.99 (t, J=7.9 Hz, 6H, -

SiHCH2CH3), 0.70 (m, 2H,  ArCH2CH2CH2Si).  0.61 (qdd, 4H, J=7.7 Hz, JSi-H=3.2 Hz, J=0.7 

Hz, -SiHCH2CH3). 13C{1H} NMR (101 MHz, CDCl3, 20 °C): δ = 145.6 (ArC-C), 126.8 (Ar), 

124.2 (Ar), 123.0 (Ar), 33.6 (ArCH2CH2CH2Si), 27.2 (ArCH2CH2CH2Si), 10.5 

(ArCH2CH2CH2Si) 8.3 (-SiHCH2CH3), 2.9 (-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, 

CDCl3, 20 °C): -2.2 ppm 

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.30 (dd, J=1.9 Hz, J=0.9 Hz, 1H, Ar), 6.28 (dd, 

J=3.2 Hz, J=1.9 Hz, 1H, Ar), 5.99 (dd, J=3.2 Hz, J=0.9 Hz, 1H, Ar), 3.67 (hept, JSi-H =3.2 Hz, 

1H, SiH), 2.66 (t, J=7.5  Hz, ArCH2CH2CH2Si, 2H ), 1.71 (m, 2H, ArCH2CH2CH2Si), 0.98 (t, 

J=7.9 Hz, 6H, -SiHCH2CH3) , 0.68-0.57 (m, 6H, -SiHCH2CH3 + ArCH2CH2CH2Si). 13C{1H} 

NMR (101 MHz, CDCl3, 20 °C): δ = 156.4 (ArC-C), 140.8 (Ar), 110.1 (Ar), 104.9 (Ar), 31.6 

(ArCH2CH2CH2Si), 23.6 (ArCH2CH2CH2Si), 10.5 (ArCH2CH2CH2Si) 8.3 (-SiHCH2CH3), 2.9 

(-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, CDCl3, 20 °C): -2.2 ppm 

Yellow oil! 

 

 
 
1H NMR (400 MHz, C6D6, 20 °C): δ = 3.96 (hept, JSi-H =3.2 Hz, 1H, SiH), 1.41-1.23 (m, 8H, 

CH2), 1.01 (t, J=7.9 Hz, 6H, -SiHCH2CH3), 0.91 (t, J=6.9 Hz, 3H, CH3CH2), 0.65-0.55 (m, 

6H, R-CH2CH2Si + -SiHCH2CH3)  13C{1H} NMR (101 MHz, C6D6, 20 °C): δ = 33.5 (-CH2-), 

31.2 (-CH2-), 25.0 (-CH2-), 23.0 (-CH2-), 14.4 (CH3CH2-), 11.0 (-CH2CH2Si-) 8.5 (-

SiHCH2CH3), 3.2 (-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, C6D6, 20 °C): -2.1 ppm 
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1H NMR (400 MHz, C6D6, 20 °C): δ = 3.96 (hept, J=3.2 Hz, 1H, SiH), 1.46-1.28 (m, 20H, 

CH2), 1.02 (t, J=7.9 Hz, 6H, -SiHCH2CH3), 0.91 (t, J=7.1 Hz, 3H, CH3CH2), 0.66-0.56 (m, 

6H, R-CH2CH2Si + -SiHCH2CH3)  13C{1H} NMR (101 MHz, C6D6, 20 °C): δ = 33.9 (-CH2-), 

32.4 (-CH2-), 30.3 (-CH2-), 30.2 (-CH2), 30.2 (-CH2), 30.2 (-CH2), 29.9 (-CH2), 29.9 (-CH2), 

25.2 (-CH2), 23.2 (-CH2-), 14.4 (CH3CH2-), 11.1 (-CH2CH2Si-) 8.5 (-SiHCH2CH3), 3.3 (-

SiHCH2CH3), 29SI-INEPT NMR (79 MHz, C6D6, 20 °C): -2.2 ppm 

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.12 (m, 2H, Ph), 6.97 (m, 2H, Ph), 3.66 (hept, JSi-H 

=3.2 Hz, 1H, SiH), 2.61 (t, J=7.6  Hz, ArCH2CH2CH2Si, 2H), 1.65 (m, 2H, ArCH2CH2CH2Si), 

0.97 (t, J=7.9 Hz, 6H, -SiHCH2CH3) 0.66-0.56 (m, 6H, -SiHCH2CH3 + ArCH2CH2CH2Si) 

. 13C{1H} NMR (101 MHz, CDCl3, 20 °C): δ = 161.3 (d, 1JF-C =242.8 Hz, ArC-F), 138.3 (d, 4JF-

C =3.2 Hz, ArC-C), 129.9 (d, 3JF-C = 7.7 Hz, Ph), 115.1 (d, 2JF-C = 21.0 Hz, Ph) 38.9 

(ArCH2CH2CH2Si), 27.0 (ArCH2CH2CH2Si), 10.5 (ArCH2CH2CH2Si) 8.3 (SiHCH2CH3), 2.9 (

SiHCH2CH3).   

19F {1H} NMR (376 MHz, CDCl3, 20 °C): -118.1 ppm; 29SI-INEPT NMR (79 MHz, CDCl3, 

20 °C): -2.1 ppm 

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.21-7.14 (m, 2H, Ph), 6.93-6.85 (m, 2H, Ph), 3.84 (s, 

3H, CH3O-Ar), 3.68 (hept, JSi-H =3.3 Hz, 1H, SiH), 2.67 (t, J=7.8  Hz, ArCH2CH2CH2Si, 2H ), 

1.65 (m, 2H, ArCH2CH2CH2Si), 1.00 (t, J=7.9 Hz, 6H, -SiHCH2CH3) 0.70 (m, 2H,  
ArCH2CH2CH2Si).  0.61 (qd, 4H, J=7.9 Hz, JSi-H=3.1 Hz,, -SiHCH2CH3)) . 13C{1H} NMR 

(101 MHz, CDCl3, 20 °C): δ = 157.5 (ArC-OMe), 131.1 (ArC-C), 130.0 (Ph), 126.9 (Ph), 120.4 
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(Ph), 110.3 (Ph), 54.9 (CH3O-Ar) 34.0 (ArCH2CH2CH2Si), 25.0 (ArCH2CH2CH2Si), 10.8 

(ArCH2CH2CH2Si) 8.3 (-SiHCH2CH3), 2.9 (-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, 

CDCl3, 20 °C): -2.1 ppm 

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.10 (d, 2H, J=8.6 Hz, Ph ), 6.84 (d, 2H, J=8.6 Hz, 

Ph), 3.80 (s, 3H, CH3O-Ar), 3.67 (hept, JSi-H =3.2 Hz, 1H, SiH), 2.59 (t, J=7.6  Hz, 

ArCH2CH2CH2Si, 2H ), 1.65 (m, 2H, ArCH2CH2CH2Si), 0.98 (t, J=7.9 Hz, 6H, -

SiHCH2CH3), 0.68-0.56 (m, 6H, -SiHCH2CH3 + ArCH2CH2CH2Si). 13C{1H} NMR (101 MHz, 

CDCl3, 20 °C): δ = 157.8 (ArC-OMe), 134.8 (ArC-C), 129.5 (Ph), 113.8 (Ph), 55.4 (CH3O-Ar) 

38.8 (ArCH2CH2CH2Si), 27.1 (ArCH2CH2CH2Si), 10.6 (ArCH2CH2CH2Si) 8.4 (-

SiHCH2CH3), 2.9 (-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, CDCl3, 20 °C): -2.1 ppm 

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 3.65 (hept, JSi-H =3.2 Hz, 1H, SiH), 2.73 (tt, J=7.7 , 

J=1.7 Hz, ArCH2CH2CH2Si, 2H), 1.64 (m, 2H, ArCH2CH2CH2Si), 0.97 (t, J=7.9 Hz, 6H, -

SiHCH2CH3) 0.68-0.56 (m, 6H, -SiHCH2CH3 + ArCH2CH2CH2Si) . 13C{1H} NMR (101 MHz, 

CDCl3, 20 °C): δ = 146.6-146.3 + 144.2-143.8 (m, 1JF-C =245.0 Hz, ArC-F), 141.0-140.7 + 

138.5-138.2 (m, 1JF-C =251.2 Hz, ArC-F), 139.0-138.6 + 136.5-136.1 (m, 1JF-C =251.8 Hz, ArC-

 F) 115.6- 115.1 (m ArC-C), 25.9 (ArCH2CH2CH2Si), 24.9 (ArCH2CH2CH2Si), 10.7 

(ArCH2CH2CH2Si), 8.2 (SiHCH2CH3), 2.8 (SiHCH2CH3).  19F {1H} NMR (376 MHz, CDCl3, 

20°C): -144.4 - -144.5 (m), -158.4 (t, J=21.5 Hz),-163.1 - 163.5 (m) ppm; 29SI-INEPT 

NMR (79 MHz, CDCl3, 20 °C): -2.3 ppm 

 



Experimental 

119 
 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ =  8.03 (m, 1H, Ph), 7.82 (m, 1H, Ph), 7.68 (m, 1H, 

Ph), 7.46 (m, 2H, Ph), 7.37 (m, 1H, Ph), 7.30 (m, 1H, Ph), 3.68 (hept, JSi-H =3.1 Hz, 1H, SiH), 

3.09 (t, J=7.8  Hz, ArCH2CH2CH2Si, 2H ), 1.80 (m, 2H, ArCH2CH2CH2Si), 0.95 (t, J=7.9 Hz, 

6H, -SiHCH2CH3, 0.75 (m, 2H, ArCH2CH2CH2Si).  0.59 (m, 4H, SiHCH2CH3). 13C{1H} 

NMR (101 MHz, CDCl3, 20 °C): δ = 138.8 (ArC-C), 134.0 (ArC-C), 132.1 (ArC-C), 128.9 (Ph), 

126.6 (Ph), 126.1 (Ph), 125.8 (Ph), 125.6 (Ph), 125.5 (Ph), 124.0 (Ph), 36.9 

(ArCH2CH2CH2Si), 26.2 (ArCH2CH2CH2Si), 11.2 (ArCH2CH2CH2Si) 8.3 (-SiHCH2CH3), 2.9 

(-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, CDCl3, 20 °C): -2.1 ppm 

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ =  7.56 (m, 2H, Ph), 7.49 (d, J=8.2 Hz, 2H, Ph), 7.40 (t, 

J=7.5 Hz, 2H, Ph), 7.30 (m, 1H, Ph), 7.23 (d, J=8.2 Hz, 2H, Ph), 3.67 (hept, JSi-H =3.17 Hz, 

1H, SiH), 2.66 (t, J=7.7  Hz, ArCH2CH2CH2Si, 2H ), 1.69 (m, 2H, ArCH2CH2CH2Si), 0.96 (t, 

J=7.9 Hz, 6H, -SiHCH2CH3, 0.67 (m, 2H,  ArCH2CH2CH2Si).  0.59 (m, 4H, 

SiHCH2CH3). 13C{1H} NMR (101 MHz, CDCl3, 20 °C): δ = 141.8 (ArC-C), 141.3 (ArC-C), 

138.8 (ArC-C), 129.0 (Ph), 128.8 (Ph), 127.1 (Ph), 127.1 (Ph), 127.0 (Ph), 39.4 

(ArCH2CH2CH2Si), 26.8 (ArCH2CH2CH2Si), 10.7 (ArCH2CH2CH2Si), 8.0 (-SiHCH2CH3), 2.9 

(-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, CDCl3, 20 °C): -2.0 ppm 
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1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.31 (m, 2H, Ph), 7.20 (m, 3H, Ph), 3.63 (hept, JSi-H 

=3.1 Hz, 1H, SiH), 2.73 (m, ArCH(CH3)CH2CH2CH2Si, 1H), 1.63 (m, 2H, 

ArCH(CH3)CH2CH2CH2Si), 1.44 (m, 2H, ArCH2CH2CH2CH2Si), 1.31 (m, 2H, 

ArCH(CH3)CH2CH2CH2Si), 1.26 (d, J=7.00 Hz, 3H, ArCH(CH3)CH2CH2CH2Si), 0.97 (td, 

J=7.9 Hz, J=1.6 Hz, 6H, -SiHCH2CH3), 0.72-0.53 (m, 6H, -SiHCH2CH3 + 

ArCH(CH3)CH2CH2CH2Si)  13C{1H} NMR (101 MHz, CDCl3, 20 °C): δ = 148.0 (ArC-C), 

128.4 (Ph), 127.1 (Ph), 125.9 (Ph), 42.2 (ArCH(CH3)CH2CH2CH2Si), 39.7 

(ArCH(CH3)CH2CH2CH2Si), 22.8 (ArCH(CH3)CH2CH2CH2Si),  22.4 

(ArCH(CH3)CH2CH2CH2Si), 10.4 (ArCH(CH3)CH2CH2CH2Si) 8.3 (d, J=1.6 Hz,-

SiHCH2CH3), 2.9 (d, J=1.6 Hz,-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, CDCl3, 20 °C): -

2.1 ppm 

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.30 (m, 2H, Ph), 7.20 (m, 3H, Ph), 3.67 (hept, JSi-H 

=3.1 Hz, 1H, SiH), 2.64 (t, J=7.9 Hz, ArCH2CH2CH2CH2Si, 2H), 1.69 (m, 2H, 

ArCH2CH2CH2CH2Si), 1.44 (m, 2H, ArCH2CH2CH2CH2Si), 1.00 (t, J=7.9 Hz, 6H, -

SiHCH2CH3), 0.69-0.57 (m, 6H, -SiHCH2CH3 + ArCH2CH2CH2CH2Si) . 13C{1H} NMR 

(101 MHz, CDCl3, 20 °C): δ = 143.0 (ArC-C), 128.5 (Ph), 128.4 (Ph), 125.7 

(Ph), 35.8 (ArCH2CH2CH2CH2Si), 35.3 (ArCH2CH2CH2CH2Si), 24.5 (ArCH2CH2CH2CH2Si)

, 10.6 (ArCH2CH2CH2CH2Si) 8.4 (-SiHCH2CH3), 2.9 (-SiHCH2CH3), 29SI-INEPT NMR 

(79 MHz, CDCl3, 20 °C): -2.0 ppm 
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1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.20 (m, 2H, Ph), 6.72 (m, 1H, Ph), 6.64 (m, 2H, Ph), 

3.72 (hept, JSi-H =3.2 Hz, 1H, SiH), 3.65 (br, 1H, ArNH), 3.14 (t, 

J=7.2 Hz, ArNHCH2CH2CH2Si, 2H ), 1.69 (m, 2H, ArNHCH2CH2CH2Si), 1.02 (t, J=7.9 Hz, 

6H, -SiHCH2CH3), 0.71 (m, 2H, ArCH2CH2CH2Si).  0.65 (m, 4H, SiHCH2CH3) 

ppm. 13C{1H} NMR (101 MHz, CDCl3, 20 °C): δ = 148.6 (ArC-C), 129.4 (Ph), 117.2 (Ph), 

112.8 (Ph), 47.1 (ArNHCH2CH2CH2Si), 24.9 (ArNHCH2CH2CH2Si), 8.3 (-

SiHCH2CH3), 8.2 (ArNHCH2CH2CH2Si) 2.9 ( - SiHCH2CH3), 29SI-INEPT NMR (79 MHz, 

CDCl3, 20 °C): -1.8 ppm 

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 3.64 (hept, JSi-H =3.2 Hz, 1H, SiH), 3.57 (s, 9H, -

Si(OCH3)), 1.51 (m, 2H, (MeO)3SiCH2CH2CH2Si), 0.97 (t, J=7.9 Hz, 6H, -SiHCH2CH3) 0.76-

0.55 (m, 8H, -SiHCH2CH3 + (MeO)3SiCH2CH2CH2Si + (MeO)3SiCH2CH2CH2Si) 

ppm. 13C{1H} NMR (101 MHz, CDCl3, 20 °C): δ = 50.6 

(Si(OCH3)),18.2 ((MeO)3SiCH2CH2CH2Si), 14.9((MeO)3SiCH2CH2CH2Si), 13.5 ((MeO)3SiC

H2CH2CH2Si), 8.3 (SiHCH2CH3), 2.9 (SiHCH2CH3).   ppm; 29SI-INEPT NMR (79 MHz, 

CDCl3, 20 °C): -2.8 (-SiHEt2), -42.0 ((MeO)3Si-) ppm.  

 

  
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 3.64 (hept, JSi-H =3.4 Hz, 1H, SiH), 1.41 (m, 2H, 

Me3SiCH2CH2CH2Si), 0.98 (t, J=7.9 Hz, 6H, -SiHCH2CH3) 0.69-0.55 (m, 8H, -SiHCH2CH3 + 

Me3SiCH2CH2CH2Si + Me3SiCH2CH2CH2Si), - 0.02 (s, 9H, (CH3)3Si) 

ppm. 13C{1H} NMR (101 MHz, CDCl3, 20 °C): δ = 21.2 (Me3SiCH2CH2CH2Si), 19.3(Me3SiC
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H2CH2CH2Si), 15.3 (MeSiCH2CH2CH2Si), 8.4 (SiHCH2CH3), 3.0 (SiHCH2CH3), -

 1.44 ((CH3)3Si-) ppm; 29SI-INEPT NMR (79 MHz, CDCl3, 20 °C): 0.62 (Me3Si-), -2.8 (-

SiHEt2) ppm.  

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 3.65 (hept, JSi-H =3.2 Hz, 1H, SiH), 2.25 (t, J=7.6 Hz 

2H, Me2NCH2CH2CH2Si), 2.22 (s, 6H, (CH3)2NCH2CH2CH2Si), 1.51 (m, 2H, 

Me2NCH2CH2CH2Si) 0.97 (t, J=7.9 Hz, 6H, -SiHCH2CH3) 0.74 (m, 2H, Me2CH2CH2CH2Si).  

0.59 (m, 4H, SiHCH2CH3) ppm. 
 13C{1H} NMR (101 MHz, CDCl3, 20 °C): δ = 63.3 (Me2NCH2CH2CH2Si), 45.6 ((CH3)2N -

 ) 22.9(Me3SiCH2CH2CH2Si), 8.3 (SiHCH2CH3), 8.3 (Me2NCH2CH2CH2Si),  2.9 (SiHCH2CH

3) ppm; 29SI-INEPT NMR (79 MHz, CDCl3, 20 °C): -1.8 ppm. 

 

 
 
1H NMR (400 MHz, C6D6, 20 °C): δ = 3.95 (hept, J=3.2 Hz, 1H, SiH), 1.76-1.63 (m, 5H), 

1.31-1.10 (m, 6H), 1.02 (t, J=7.9 Hz, 6H, -SiHCH2CH3), 0.89-0.78 (m, 2H), 0.62-0.56 (m, 6H, 

R-CH2CH2Si + -SiHCH2CH3)  13C{1H} NMR (101 MHz, C6D6, 20 °C): δ = 40.1 ((CH2)2-CH-

CH2), 33.3 (-CH2-), 32.6 (-CH2-), 27.2 (-CH2), 26.9 (-CH2),  8.5 (-SiHCH2CH3), 7.9 (-

CH2CH2Si-), 3.2 (-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, C6D6, 20 °C): -1.5 ppm 

 

 
 
1H NMR (400 MHz, C6D6, 20 °C): δ = 5.75-5.65(m, 2H, -CH=CH-), 3.93 (hept, J=3.3 Hz, 1H, 

SiH), 2.11-1.91 (m, 3H), 1.71-1.66 (m, 1H), 1.65-1.56 (m, 1H), 1.49-1.40 (m, 1H), 1.34-1.27 

(m, 2H), 1.23-1.15 (m, 1H), 1.00 (t, J=7.9 Hz, 6H, -SiHCH2CH3), 0.61-0.54 (m, 6H, R-
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CH2CH2Si + -SiHCH2CH3)  13C{1H} NMR (101 MHz, C6D6, 20 °C): δ = 127.3 (-CH=CH-), 

126.9 (-CH=CH-), 36.8 ((CH2)2-CH-CH2), 32.0 (-CH2-), 31.8 (-CH2-), 28.9 (-CH2), 25.7 (-

CH2), 8.5 (-SiHCH2CH3), 7.9 (-CH2CH2Si-), 3.1 (-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, 

C6D6, 20 °C): -1.6 ppm 

 

 
 
1H NMR (400 MHz, CD2Cl2, 20 °C): δ = 7.17 (m, 2H, Ph), 6.96 (m, 2H, Ph), 3.68 (p, JSi-H 

=3.2 Hz 1H, SiH), 2.66 (m, 2H, ArCH2CH2Si), 1.06-0.93 (m, 8H, ArCH2CH2Si + -

SiHCH2CH3), 0.62 (qdd, J=7.7 Hz, JSi-H=6.2 Hz, J=0.7 Hz 6H, -SiHCH2CH3). 13C{1H} NMR 

(101 MHz, CD2Cl2, 20 °C): δ = 161.5 (d, 1JF-C =242.0 Hz, ArC-F), 141.3 (d, 4JF-C =.3.1 Hz, ArC-

C),), 129.6 (d, 3JF-C = 7.8 Hz, Ph), 115.2 (d, 2JF-C = 21.1 Hz, Ph), 30.3 (ArCH2CH2Si), 13.3 

(ArCH2CH2Si), 8.3 (-SiHCH2CH3), 3.1 (-SiHCH2CH3), 19F{1H} NMR (376 MHz, CD2Cl2, 

20 °C): -119.1 ppm 

 

 
 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.45-7.42 (m, 2H, Ph), 7.35-7-24 (m, 3H, Ph), 7.01 

(d, J=19.2 Hz, 1H,  Ar-CH=CH-Si), 6.42 (dd, J=19.1 Hz, JSi-H=3.4 Hz , 1H, Ar-CH=CH-Si)- 

4.00 (p, JSi-H =3.2 Hz 1H, SiH), 2.66 (m, 2H, ArCH2CH2Si), 1.03 (t, J=7.86 Hz, 6H, -

SiHCH2CH3), 0.74 (m, 4H, SiHCH2CH3). 13C{1H} NMR (101 MHz, CD2Cl2, 20 °C): 

δ = 147.2 (Ar-CH=CH-Si), 137.4 (ArC-C), 128.6 (Ph), 128.2 (Ph), 126.5 (Ph), 123.8 (Ar-

CH=CH-Si), 8.2 (-SiHCH2CH3), 3.4 (-SiHCH2CH3), 29SI-INEPT NMR (79 MHz, CDCl3, 

20 °C): -8.4 ppm 
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6. List of Abbreviations 
 

 

Å Ångström 

Ar aryl 

ATR attenuated total reflection 

Cy cyclohexyl 

DFT density functional theory 

ee enantiomeric excess 

equiv. equivalents 

Et ethyl 

GC gas chromatography 

HMBC heteronuclear multiple-bond correlation spectroscopy 

HSQC heteronuclear single quantum correlation 

iPr iso-propyl 

IR infrared 

KOtBu potassium tert-butoxide 

LiHMDS lithium hexamethyldisilazide 

Me methyl 

MeCN acetonitrile 

Mes mesityl 

MS mass spectrometry 

NaBEt3H sodium triethylborohydride 

NaOtBu sodium tert-butoxide 

NHC N-heterocyclic carbene 
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NMR nuclear magnetic resonance 

OTf triflate 

Ph phenyl 

ppm parts per million 

Pr propyl 

PTFE polytetrafluoroethylene 

py pyridine 

Pyr pyrrole 

QTAIM quantum theory of atoms in molecules 

r.t. room temperature 

tBu tert-butyl 

tBuNC tert-butylisocyanide 

TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl 

THF tetrahydrofurane 

TMS trimethylsilyl; tetramethylsilane 

TOF turnover frequency 

TON turnover number 

UV ultraviolet 
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