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ABSTRACT 

Low-valent main-group chemistry, especially the chemistry of N-heterocyclic 

silylenes (NHSis), is one of the most attractive research topics in contemporary 

organometallic chemistry. In this dissertation, a series of NHSis and their derivatives 

were developed and used as ligands to stabilize low-valent germanium compounds as 

well as in transition metal-mediated homogenous catalysis.  

The synthesis, reactivity, and electronic structure of the first Ge
0
 iron carbonyl 

complex is described in chapter 3.1. The compound was obtained from the reaction of 

a pyridine-based bis-NHSi ligand stabilized chlorogermyliumylidene chloride 

precursor with Collman’s reagent, K2Fe(CO)4. Remarkably, the reaction of the Ge
0
 

iron carbonyl complex with one equivalent of GeCl2⋅(dioxane) furnished the first 

push–pull germylone–germylene donor–acceptor complex, through the insertion of 

GeCl2 into the dative Ge
0
→Fe

0
 bond.  

The synthesis and structures of the first bis-NHSi-substituted ortho-carborane 

[(LSi:)C]2B10H10 (L=PhC(NtBu)2) and its nickel complexes are discussed in chapter 

3.2. The CO stretching vibration modes of the corresponding Ni(CO)2 complex 

indicate that the Si
II
 atoms in the ligand are even stronger σ donors than the P

III
 atoms 

in phosphines and C
II
 atoms in N-heterocyclic carbene (NHC) ligands. Moreover, the 

strong donor character of the ligand enables Ni
II
 complex to act as an outstanding 

precatalyst (0.5 mol % loading) in the catalytic aminations of arenes. 

In chapter 3.3, the synthesis and structures of the Si
II
-donor supported Mn

II
 

complexes, bearing a pyridine-based bis-NHSi ligand, bidentate ferrocene-based bis-

NHSi ligand, and two monodentate NHSi ligands are described, respectively. They 

act as active and stereoselective manganese-based precatalysts (1 mol % loading) in 

transfer semi-hydrogenations of alkynes to give the corresponding (E)-olefins using 

ammonia–borane as a convenient hydrogen source under mild reaction conditions.  

Finally, the synthesis and structure of cobalt silyl, silylene, and η
2
-(Si−H) 

complexes derived from N-heterocyclicsilylcarbene L
1
Si(H)(CH2)NHC (L

1
 = 

CH{C=CH2}(CMe)(NAr)2, Ar = 2,6-iPr2C6H3, NHC = 3,4,5-trimethylimidazol-2-

ylidene) is discussed in chapter 3.4. The complex [L
1
Si(CH2)NHC]CoH(PMe3)2 is 

found to be a very active (pre)catalyst for the hydrosilylation of olefins.  

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

ZUSAMMENFASSUNG 

 

Die Chemie der niedervalenten Hauptgruppen und besonders die Chemie der N-

heterocyclischen Silylene (NHSis) ist einer der attraktivsten Forschungsbereiche der 

modernen metallorganischen Chemie. In dieser Arbeit wurden eine Reihe von NHSis 

sowie ihre Derivate entwickelt und als Liganden eingesetzt, um niedervalente Spezies 

der Gruppe 14 zu stabilisieren und, Übergangsmetalle zu Koordinieren. Des Weiteren 

wurden neue katalytische Anwendungen von Übergangsmetallkomplexen in 

Aminierungs-, Semi-Transferhydrierungs- und Hydrosilylierungsreaktionen 

entwickelt. 

Die Synthese, Reaktionsfähigkeit und Elektronenstruktur eines Ge
0
-Eisen-

Carbonyl-Komplexes wird in Kapitel 3.1 beschrieben. Die Verbindung entstand aus 

der Reaktion des auf Pyridin basierenden bis-NHSi-Liganden-stabilisierten 

Chlorogermyliumyliden-Chlorid-Precursors mit dem Collmans Reagenz, K2Fe(CO)4. 

Bemerkenswert war, dass die Reaktion des Ge
0
-Eisencarbonylkomplexes mit einem 

Äquivalent des GeCl2⋅(Dioxan) durch die Einschiebung des GeCl2 in die koordinative 

Ge
0
→Fe

0
-Bindung den ersten Push-Pull Germylon-Germylen Donor-Akzeptor-

Komplex ergab.  

Die Synthese und Strukturen des ersten bis-NHSi-substituierten ortho-Carborans 

[(LSi:)C]2B10H10 (L=PhC(NtBu)2) und seines Nickel-Komplexes sind in Kapitel 3.2 

dargelegt. Die CO-Streckschwingungsarten des korrespondierenden Ni(CO)2-

Komplexes weisen darauf hin, dass die Si
II
-Atome im Liganden noch stärkere σ-

Donoren sind als die P
III

-Atome in Phosphanen und die C
II
-Atome in N-

heterocyclischen Carben (NHC)-Liganden. Außerdem kann der Ni
II
-Komplex durch 

die starken Donor-Eigenschaften des Liganden als hervorragender Präkatalysator 

(0,5 mol % Beladung) in der katalytischen Aminierung von Arenen fungieren. 

In Kapitel 3.3 werden die Synthese und Strukturen der ersten Si
II
-Donor-

unterstützten Mn
II
-Komplexe beschrieben, die einen Pyridin-basierten bis-NHSi-

Liganden, einen zweizähnigen Ferrocen-basierten bis-NHSi-Liganden und zwei 

einzähnige NHSi-Liganden tragen. Sie fungieren als aktive und stereoselektive 

Mangan-basierte Präkatalysten (1 mol % Beladung) in Semi-Transferhydrierungen 



 

 
 

von Alkinen mit Amminboran als geeigneter Wasserstoffquelle unter milden 

Reaktionsbedingungen wobei die korrespondierenden (E)-Olefine entstehen.  

Schließlich beschreibt meine Dissertationschrift in Kapital 3.4 die Synthese und 

Strukturen von Cobalt-Silyl, Silylen und η
2
-(Si−H) Komplexen aus dem N-

heterocyclischem Silylcarben L
1
Si(H)(CH2)NHC (L1 = CH{C=CH2}(CMe)(NAr)2, 

Ar = 2,6-iPr2C6H3, NHC = 3,4,5-trimethylimidazol-2-ylidene). Der Komplex 

[L
1
Si(CH2)NHC]CoH(PMe3)2 erwies sich als sehr aktiver (Prä-)Katalysator für die 

Hydrosilylierung von Olefinen. 
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1. INTRODUCTION 

 

1.1 Silylenes: Divalent silicon compounds 

 

Silylenes are divalent silicon compounds in which the silicon atoms prefer a single 

ground state (Figure 1-1, left). Similar to their lighter analogues carbenes, silylenes 

are both Lewis acids, due to empty 3p orbitals, and Lewis bases because of the 

presence of a lone pair of electrons.
[1]

 Silylenes are highly reactive species that, before 

1980’s, could only be observed spectroscopically at low temperatures, or when they 

were isolated as silylene metal complexes. The scenario changed with the isolation of 

the first stable Si
II
 compound, decamethylsiliocene, by Jutzi and co-workers in 1986,

[2]
 

followed by the isolation of several other stable silylenes (e.g. N-heterocyclic 

silylenes (NHSis), cyclic dialkyl silylenes, cyclic alkyl(amino) silylenes, and acyclic 

silylenes), which employ thermodynamic or kinetic stabilization (Figure 1-1, middle 

and right). These silylenes can be employed in the metal-free activation of unreactive 

bonds in small molecules, and as stabilization ligands for the low-valent main-group 

compounds, or as steering ligands in metal-mediated catalysis. In this chapter, the 

progress in the chemistry of stable silylenes (1.1), the existence of silylene stabilized 

low-valent main-group compounds (1.2), and their applications in catalysis (1.3) will 

be discussed.   

 

Figure 1-1. The electronic configuration of singlet silylene (left); thermodynamic 

using Lewis base (middle); and kinetic (right) stabilization using bulky substituents. 



Introduction 

 
2 

 

1.1.1 Cyclic silylenes 

1.1.1.1 N-Heterocyclic silylenes (NHSis) 

N-Heterocyclic carbenes (NHCs), first isolated by Arduengo and co-workers,
[2]

 are 

isolable compounds stabilized by two adjacent nitrogen atoms bearing bulky 

substituent groups. A heavier analogue N-heterocyclic silylene (NHSi) was first 

synthesized in 1994 by West and Denk by reduction of the N-heterocyclic 

dichlorosilane precursor I-1 with elemental potassium in THF solutions (Scheme 1-

1).
[3]

 The NHSi I-2 is thermally stable, both in aprotic organic solvents and in the 

solid state.  

 

Scheme 1-1. Synthesis of the N-heterocyclic silylene I-2. 

 

In the following years, analogues of the silylene I-2 bearing different substituents at 

nitrogen (e.g., I-3, I-4, and I-5) have been reported by different groups.
[4]

 Moreover, 

N-heterocyclic silylenes with saturated backbones (I-6 to I-10)
[5]

 have also been 

synthesized by similar methods through reduction reactions of the corresponding 

dibromosilane precursors with KC8 (Scheme 1-2).   

 

Scheme 1-2. Selected examples of the isolable N-heterocyclic silylenes I-3 – I-10. 
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N-heterocyclic silylenes stabilized by benzo- or pyrido-fused backbones (e.g., I-11, 

I-12, and I-13) have also been reported.
[6]

 Similarly, the bis-silylene-based biphenyl 

scaffold I-14 was synthesized by Lappert et al. in 2005 (Scheme 1-3).
[7]

  

 Scheme 1-3. Selected examples of the N-heterocyclic silylene. 

 

In 2006, our group obtained the first NHSi stabilized by a -diketiminate-like 

backbone (I-16).
[8]

 It was synthesized by reduction of the respective dibromosilane 

precursor I-15 with KC8 in THF solutions in the form of yellow crystals. Interestingly, 

the resonance structure of I-16a indicated that silylene I-16 contains two possible 

nucleophilic centers, one at the Si
II
 atom and the other at the CH2 carbon atom of 

backbone (Scheme 1-4).   

 

Scheme 1-4. Synthesis of the N-heterocyclic silylene I-16 and its resonance structure 

I-16a. 

 

Silylene I-16 reacts with [Ni(cod)2] in the presence of arenes, giving the 

corresponding Ni
0
(η

6
-arene) complexes, which further reacted with CO to produce the 

silylene complex I-17. The reaction of I-17 with HX (HX = H2O, HOTf, HCl, H2S, 

NH3, and NH2(iPr)) gave the 1,4-addition products (I-18 to I-23, Scheme 1-5).
[9]
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 Scheme 1-5. Reactivity of the N-heterocyclic silylene Ni complex I-17 

 

When silylene I-16 was allowed to react with 1,3,4,5,-tetramethylimidzol-2-ylidene, 

an NHSi-NHC adduct was generated at low temperature. However, when the 

temperature was increased, an sp
3
 C-H activation took place at the nucleophilic Si

II
 

center that yielded the 1,2-addition product N-heterocyclic silylcarbene I-24.
[10]

 

Further treatment of I-24 with NiBr2(dme) induced a proton migration from the Si 

center to the nucleophilic center at the -diketiminate-like backbone, and 

consequently, the silylene–carbene Ni
II
 complex I-25 was formed (Scheme 1-6).

[11]
  

 Scheme 1-6. Synthesis of the N-heterocyclic silylcarbene I-24 and silylene–carbene 

Ni complex I-25 

 

In addition to the realization of an N-heterocyclic silylene I-16, in 2006, Roesky et 

al. reported the synthesis of the N,N-di(tert-butyl)amidinato NHSi I-28. It was first 

synthesized by the reduction of a five-coordinate trichlorosilane I-26 with elemental 

potassium in THF.
[12]

 Owing to the low yield (10 %), the same group modified the 

method and employed dichlorohydridosilane I-27 as a starting material. The 

dehydrochlorination of I-27 by LiN(SiMe3)2 or NHCs in toluene gained considerably 

higher yields (90 %) in gram-scale which enabled and facilitated the further 
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investigation of silylene I-28 and its derivatives as ligands in catalysis (Scheme 1-

7).
[13]

  

 

Scheme 1-7. Synthetic routes to the N-heterocyclic silylene I-28 stabilized by the 

chelating N,N-di(tert-butyl)amidinato ligand. 

 

When trichlorosilane I-26 was reduced with 3 molar equivalents of KC8 in THF, 

the 1,2-bis-silylene I-29 was obtained in 5 % yields (Scheme 1-8).
[14]

  

 

Scheme 1-8. Synthesis of bis-silylene I-29. 

 

In 2012 and 2013, Tacke et al. reported the synthesis of silylenes I-34 and I-35 

stabilized by N,N-di(iso-propyl)amidinato and guanidinato ligands. They were 

synthesized through the reduction of six-coordinate chlorohydridosilane precursors I-

32 and I-33, respectively.
[15]

 The DFT and spectroscopic evidence pertaining to 

silylenes I-34 indicate a rapid exchange of four nitrogen sites of ligands that involves 

a four-coordinate Si
II
 species in the solutions (Scheme 1-9).  
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Scheme 1-9. Synthesis of the N-heterocyclic silylenes I-34 and I-35 stabilized by 

N,N-di(iso-propyl)amidinato and guanidinato ligands. 

 

1.1.1.2 Cyclic dialkyl silylenes  

For the first time, a silylene stabilized by bulky dialkyl substituents was reported by 

Kira et al. in 1999.
[16]

 Dialkylsilylenes I-37 was prepared through the reduction of the 

dibromosilane precursor at low temperature. I-37 remains stable in the solid state at 

room temperature but easily undergoes intramolecular 1,2-silyl migration to generate 

the cyclic silylene I-38 (Scheme 1-10). 

 Scheme 1-10. Synthesis and thermal isomerization of dialkylsilylenes I-37. 

 

The analogues of silylene I-37 have also been synthesized by other research groups. 

However, instead of intramolecular 1,2-silyl migration, silylene I-39 undergoes 

dimerization that produced the disilene (I-39)2.
[17]

 In sharp contrast to silylene I-39, 

the intramolecular 1,2-silyl migration of silylene I-40 takes place at an extremely fast 

rate in solutions (the half-life time is only 20 min at 20 
o
C).

[18]
 Furthermore, silylenes 

I-41 and I-42 bearing phosphorus ylide moieties were obtained through the reaction 

of the corresponding dibromosilane precursors with an excess of KC8 in THF or DME 

(Scheme 1-11).
[19]
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 Scheme 1-11. Selected examples of dialkylsilylenes, I-39 – I-42. 

 

1.1.1.3 N,P- and C,N- Stabilized silylenes  

Phosphine-containing backbones have also been employed as ligands for the 

stabilization of silylenes. Kato and Baceiredo et al. reported the first phosphine 

stabilized silylene I-43 in 2009.
[20]

 It was synthesized by reducing the 

dichlorophenylsilane starting material with elemental magnesium in THF solutions. 

Subsequently, in 2011, the same group isolated the analogues I-44 and I-45 with a 

similar synthetic method (Scheme 1-12).
[21]

   

 

Scheme 1-12. Selected examples of phosphine-stabilized silylenes, I-43 – I-45. 

 

The reduction of trichlorosilane with an excess amount of elemental lithium (3 

molar equivalents) in THF solutions gave the bis-silylene I-47 in 13 % yields 

(Scheme 1-13).
[22]
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 Scheme 1-13. Synthesis of phosphine-stabilized bis-silylenes I-47. 

 

Quite recently, cyclic silylenes stabilized by one nitrogen and one carbon 

substituent were developed by different research groups. These include the cyclic 

amino(ylide)silylene I-48 reported by Kato and Baceiredo et al. in 2016.
[23]

 In the 

same year, Iwamoto et al. prepared the cyclic alkyl(amino) silylene I-49 with the 

application of a similar reduction method.
[24]

 Very recently, Xie et al. obtained an 

NHC stabilized cyclic amino(carboranyl) silylene I-50 by dehydrochlorination of the 

corresponding chlorohydridosilane precursor. (Scheme 1-14).
[25]

 

 Scheme 1-14. Selected examples of cyclic N,C-chelating silylenes I-48 – I-50. 

 

1.1.2 Acyclic silylenes  

 

The acyclic silylene I-51 was generated through the reduction of the 

corresponding dibromosilane precursor with KC8.
[26]

 However, I-51 was persistent 

only for 12 hours at – 20
o
C and decomposed at room temperature. When bulkier 

substituents were introduced, the stable acyclic silylenes I-52, I-53, and I-54 could be 

prepared.
[27]

 Remarkably, it was observed that acyclic silylene I-53 undergoes H2 

activation at room temperature owing to the smaller HOMO–LUMO gap by taking 
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advantages of the widened bond angle at silicon and the strong σ-donor character of 

the boryl ligand. Furthermore, Power et al. reported the thioaryl stabilized acyclic 

silylene I-55 and I-56 in 2012, obtained through the reduction of the corresponding 

dibromosilane precursors (Scheme 1-15).
[28]

   

 

  

Scheme 1-15. The acyclic silylenes I-51 – I-56. 

 

Interestingly, through the reaction of the disilene (tBu2MeSi)2Si=Si(SiMetBu2)2 

with metal naphthalenide (M = Li, Na) in the presence of crown ethers, the silylene 

radicals anions I-57 and I-58 could be synthesized in 56% yields by Sekiguchi et al. 

in 2007.
[29]

 Compound I-59 represents another ionic silylene that was prepared by 

exposing the corresponding cationic chromium silylidyne complex to CO in 

fluorobenzene solutions (Scheme 1-16).
[30]
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 Scheme 1-16. The ionic acyclic silylenes I-57 – I-59. 

The first isolable stable Si
II
 compound, decamethylsilicocene I-60 (Cp*2Si), was 

synthesized in 1986 by Juzti et al. through the reduction of dichlorosilane precursors 

with lithium/sodium/potassium naphthalenides (MNap, M = Li, Na, K) or 

decamethylsamarocenes (Cp*2Sm, Cp*2Sm(THF)2).
[2]

 The reaction of 

decamethylsilicocene I-60 with protonated pentamethylcyclopentadiene yielded a 

Cp*Si
+
 salt that further reacted with different kinds of metallated ligands to generate 

the derivatives I-61 – I-63 (Scheme 1-17).
[31]

  

 Scheme 1-17. Decamethylsiliocene I-60 and its derivatives I-61 – I-63. 
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1.2 Silylene-supported low-valent main-group compounds 

 

Low-valent main-group compounds (e.g., containing B
I
, C

0
, C

II
, Al

I
, Si

0
, Si

II
, P

I
, 

Ga
I
, Ge

0
, As

I
) are highly reactive species. The synthesis and isolation of these 

compounds attracted much research attention in recent years.
[1c-1e]

 In addition to the 

widely used ligands containing C, N, P centers, Si
II
-based ligands have recently also 

been developed to stabilize the low-valent main-group compounds. Here in this part, 

the progress of silylene stabilized low-valent main-group species will be summarized. 

 

 Scheme 1-18. Synthesis of silicon(0) compound I-64. 

 

Recently, the isolations and X-ray characterizations of 14 group heavier analogues 

of allenes, (trisilaallene I-64, trigermaallene, 1,3-digermasilaallene, and 2-

germadisilaallene I-65) were reported by Kira et al.
[32]

 In sharp contrast to allenes, 

these heavy analogues of allenes possessed bent configuration (E-E’-E bond angels = 

122 - 156°) and terminal substituents deviated from the orthogonal arrangement. 

These results indicated that the heavier allenes are more similar to carbodicarbene 

C'(HNC)2, which had experimental C-C'-C bond angle of 134.8° for C'(HNC
Bz

)2 

(benzoannelated carbodicarbene) and theoretical calculated C-C'-C bond angle of 

131.8° for C'(HNC
Me

)2.
[33]

 Later, theoretical calculation by groups of Frenking and 

Apeloig also suggested that these heavy allenes can be described as ylidones, 

L→:E:←L (I-64a and I-65a), in which the E atom bears two lone pairs and have 

donor-acceptor interactions with the silylene ligands (Scheme 1-18 and 1-19).
[33b, 34]
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 Scheme 1-19. Synthesis of germanium(0) compound I-65. 

 

Very recently, Kato et al. prepared an isolable donor-stabilized silavinylidene 

phosphorane from the reaction of the corresponding phosphine-stabilized silylenes (I-

66 – I-68) with P,S-bis-ylide I-69.
[35]

 Compounds I-70 – I-72 can be considered as 

carbon(0) complexes featuring a phosphine and a donor-stabilized silylene ligand, 

present central carbon atoms with remarkably high electron density (−1.82) (Scheme 

1-20). 

 

Scheme 1-20. Synthesis of carbon(0) compound I-70 – I-72. 

 

The experimental electron-density study suggests the delocalization of the σ-lone 

pair at the carbon atom toward the silicon center, which is remarkably different from 

the electronic situation of other bent allene-type molecules. These observations 

indicate the electron-donating ability of donor-stabilized silylene ligands, as well as 

their excellent electron acceptor properties. 

The utilization of mono-silylene I-73 as a ligand for low-valent group 14 species 

was developed by So et al. The reaction of the amidinato silylene I-73 with 
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GeCl2(dioxane), SnCl2 and PbBr2 in toluene afforded the corresponding mono-

silylene adducts (I-74 – I-76, Scheme 1-21).
[36]

 

 Scheme 1-21. Synthesis of metallylenes I-74 – I-76 stabilized by silylene I-73. 

 

Further reduction of I-74 with two molar equivalents of KC8 in toluene at room 

temperature gave the silylene-stabilized digermanium(0) complex I-77.
[36b]

 X-Ray 

crystallography and theoretical studies showed that the silylene ligands stabilize the 

singlet digermanium(0) moiety by a weak synergetic donor-acceptor interaction 

(Scheme 1-22). 

 Scheme 1-22. Synthesis of digermanium(0) complex I-77 stabilized by silylene I-73. 

 

Very recently, a bis-silylene ligand has been used to stabilize boron(I) compounds. 

Xie et al. prepared the bromoborylene I-78 by reducing the bis-silylene stabilized 

boron tribromide.
[37]

 A borylene cation stabilized by bis-silylene and CO (I-79) was 

generated via the reaction of I-78 with W(CO)6. The borylene cation I-79 was found 

to cleave dihydrogen in THF at 80 °C and afforded the corresponding borane cation I-

80 (Scheme 1-23). 
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 Scheme 1-23. Reactivity of boron(I) complex I-78 stabilized by bis-silylene. 
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1.3 Silylene ligands in catalysis 

 

NHCs and their metal complexes have been employed as versatile (pre)catalysts for 

various types of organic catalytic transformations since 1990’s.
[38]

 Subsequently, 

silylenes, the silicon analogues of carbenes, are no longer laboratory curiosities but 

valuable building blocks for the synthesis of new functional silicon compounds with 

high potential exceeding the Lewis donor properties of NHCs and phosphines. Since 

the first report on Suzuki cross-coupling using the monodentate silylene-Pd
0
 complex 

as (pre)catalyst, substantial progress has been made in this field. 

 

 

Figure 1-2, DFT calculated proton affinity (PA) of Si
II
 compounds in kJ

.
mol

−1
. 

Horizontal red, green, and pink lines show proton affinity of NHC
Dip

 (1176 kJ
.
mol

−1
), 

PPh3 (1031 kJ
.
mol

−1
), and PCy3 (1072 kJ

.
mol

−1
), respectively.

[38d]
 

 

Moreover, the σ-donor and π-acceptor ability, ligand-to-metal charge transfer, and 

steric parameters of several low-valent silicon compounds have been calculated at 

B97-D/6-31G* level, with Def2-TZVP basis on heavier atoms by Szilvási et al.
[38d]

 

Proton affinity (PA) is a widely used theoretical parameter to quantify the σ-donor 

strength. According to DFT calculation, silylenes bearing two-coordinate Si centers 

show relatively low proton affinities. However, the proton affinities of most silylenes 
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bearing three-coordinate Si centers are higher than those of phosphines (1031 and 

1072 kJ
.
mol

−1
), and NHC (1176 kJ

.
mol

−1
) (Figure 1-2), which indicate that 

corresponding Si
II
 ligands could compete the widely used phosphine and NHC ligands 

due to their stronger σ-donor strengths.  

Silylene ligands have demonstrated their excellence in various catalytic 

transformations including carbon-carbon bond formation reactions, carbon-

heteroatom bond formation reactions, and reduction reactions. Silylene ligands are not 

a simply isoelectronic replacement for phosphine and carbene ligands, but facilitate 

catalytic efficiencies by taking advantage of the strong σ donating ability along with 

cooperative effects. Excellent chemo-, region-, and stereo-selective have also been 

achieved by versatile silylene containing catalyst systems. In this part, the progress of 

silylenes in catalysis research will be summarized.    

 

1.3.1 Classification of silylene ligands  

 

Monodentate silylenes are the simplest silylene ligands. The first example of 

silylene applied in catalysis was NHSi I-2 bearing a two-coordinate Si
II
 center.

[39]
 

Then, -diketiminate NHSi I-20
[40]

 and N,N-di(tert-butyl)amidinato NHSi I-28 and I-

82
[41]

 bearing three-coordinate Si
II
 centers were also introduced as ligands. Very 

recently, the base-stabilized silacyclopropylidene I-85 (Kato and Beceiredo et al. in 

2016),
[42]

 dialkylsilylene I-37 (Iwamoto et al. in 2016),
[43]

 and cyclic alkyl(amino) 

silylene I-49 (Iwamoto et al. in 2017)
[44]

 have also been used as ligands in 

hydrosilylation reactions (Scheme1-23).  
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Scheme 1-23. Chemical structures of monodentate silylene ligands used in metal-

mediated catalysis. 

 

Apart from the monodentate silylenes, multidentate chelating silylenes constitute 

another important family of ligands. The largest number of bidentate silylene ligands 

is constituted by the derivatives of N,N-di(tert-butyl)amidinato NHSi, which were 

mainly (except I-87) synthesized by the salt metathesis reactions of N,N-di(tert-

butyl)amidinato chloro-silylene I-28 with the corresponding metallated spacing 

groups. Among these ligands, I-86, I-87, I-88, and I-89 represent known bis-silylenes 

ligands. In addition, I-90 and I-91 represent silylene-mesitylenyl and silylene-silyl 

mixed ligands. Moreover, I-92 constitutes a mixed NHC-NHSi chelate ligand 

tautomerized through proton migration from the silicon center of silane I-24 to the -

diketiminate backbone owing to the pronounced Brønsted basicity of the exocyclic 

methylene carbon (Scheme1-24).   
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Scheme 1-24. Chemical structures of bidentate silylene ligands. 

 

Pincer-type ligands signify multidentate scaffolds. Due to their versatile nature and 

the facile entry of different functional groups into their backbone, their application 

has been instrumental in the development of organometallic chemistry, and in 

particular, in studying homogeneous catalysis. The pincer-type silylene ligands I-93 

(SiCSi), and I-94 (SiNSi) were prepared through salt metathesis reactions of chloro-

silylene I-28 with metallated pincer-like arene backbone and pyridine backbone, 

respectively (Scheme1-25).  

 

Scheme 1-25. Chemical structures of tridentate silylene (pincer) ligands. 



Introduction 

 
19 

 

Multidentate silylenes with different spacers possess specific structural and 

electronic features. For instance, the flexibility of bis-silylene can be controlled by the 

desired spacing groups. The ferrocene-based bis-silylene is flexible due to the 

possible rotation of the C5H4SiL ring along the axis crossing the C5H4SiL rings and Fe 

atom. However, if the xanthene backbone is employed, the corresponding bis-silylene 

becomes semi-flexible. Two phenyl rings can twist toward each other along the axis 

crossing the O and C(9). For example, the dihedral angle of two phenyl rings in Ni
0
 

coordinated bis-silylene ligand is 38.22
o
, signifying a high degree of folding, 

compared to that observed in the free ligand (the dihedral angle of 7.61
o
).

[45]
 In sharp 

contrast to these flexible backbones, when the rigid ortho-carborane is introduced, 

corresponding bis-silylene become a fixed ligand (Scheme1-26). 

 

  

Scheme 1-26. The flexibility of multidentate silylene ligands. 

 

1.3.2 Electronic features of silylene ligands 

 

The electronic features of silylene ligands vary according to the different 

backbones. Dialkylsilylene ligand I-37 bears the most electronically deficient two-

coordinate Si
II
 center with 

29
Si NMR shift of 576.4 ppm.

[16]
 Cyclic alkyl(amino) 
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silylene ligand I-49 has a more shielded Si
II
 nucleus (

29
Si NMR around 280 ppm) 

because of the -donor bonding interaction with the nitrogen atom.
[42]

 In stark 

contrast, two-coordinate NHSi ligands I-2  hold relatively electron-rich Si
II
 centers 

with 
29

Si NMR chemical shifts around 120 ppm.
[3]

 Through additional donor 

stabilization, three-coordinate silylenes have more electron-rich Si
II
 centers. For 

instance, the 
29

Si NMR shift of -87.5 ppm in base-stabilized silacyclopropylidene 

ligand I-85 indicates a quite electron-rich Si
II
 center.

[46]
 Remarkably, among three-

coordinate silylenes bearing -diketiminate and N,N-di(tert-butyl)amidinato 

backbones enable tuning of the donor strengths by taking advantage of easily 

modified X substitutions (Scheme1-27).  

 

 Scheme 1-27. Tuning the -donor abilities of different cyclic silylene ligands. 

 

The tunable donor strengths of -diketiminate silylene ligands were investigated 

by monitoring the IR spectra of the carbonyl stretching frequencies (ν(CO)) of 

corresponding Ni(CO)3 complexes.
[9a]

 The reactions of silylene Ni
0
 complex I-17 

(ν(CO) = 2076 cm
-1

) with NH3, NH2(iPr), H2O, H2S, and HOTf gave corresponding 

1,4-adducts I-22 (ν(CO) = 2046 cm
-1

), I-23 (ν(CO) = 2048 cm
-1

), I-18 (ν(CO) = 2050 

cm
-1

), I-21 (ν(CO) = 2054 cm
-1

), and I-19 (ν(CO) = 2066 cm
-1

). Among these, the 

ν(CO) value of complex I-17 is comparable to that of the Ni(CO)3 complex I-98 with 

the weak σ-donor and strong π-acceptor PF3 ligand (2111 cm
-1

).  In contrast, 1,4-

adducts I-22, I-23, and I-18 show lower ν(CO) values akin to that of Ni(CO)3 

complex I-95 with an NHC ligand (2054 cm
-1

) (Scheme1-28).  
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 Scheme 1-28. Comparison of the carbonyl stretching modes (A1) of silylene-

Ni(CO)3 complexes with related phosphine and NHC analogous. 

 

Compared to these of -diketiminate silylene ligands, the modifications of N,N-

di(tert-butyl)amidinato-based silylene ligands are considerably straightforward. The 

reaction of the chlorosilylene precursor I-28 with the corresponding metallated 

compounds allow the exchanges carried out between chloro-substitution and other 

more sophisticated spacing groups (e.g., multidentate spacing groups). Since the first 

report of bis- (amidinato silylene) ligand bridged with an oxygen atom in 2010, Driess 

et al. have developed a series of bis-(amidinato silylene) ligands that can be classified 

as 1) strong  donating electron-rich ligands bearing nitrogen and oxygen 

substitutions with 
29

Si NMR chemical shift from –24.0 ppm to –14.9 ppm; 2) 

moderate strength  donating ligands bearing carbon substitutions with 
29

Si NMR 

from 17.3 ppm to 18.9 ppm; 3) weak  donating electron-deficient ligand bearing 

ferrocene substitution with a 
29

Si NMR chemical shift of 43.3 ppm (Scheme1-29). 
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 Scheme 1-29. Tunable donor-acceptor abilities of multidentate silylene ligands based 

on N,N-di(tert-butyl)amidinato backbones. (L = PhC(NtBu)2). 

 

1.3.3 Applications in catalysis 

1.3.3.1 Carbon-carbon bond formation reactions 

In 2001, silylene ligand I-2 was first time introduced into catalysis by Fürstner et 

al.
[39]

 The dinuclear Pd
0
 complex I-99 bearing bridged silylene ligand was synthesized 

by directly reacting Pd(PPh3)4 with silylene ligand I-2. Catalytic tests indicated 

silylene complex I-99 is a very active catalyst in the Suzuki coupling reaction of aryl 

boronic acids with bromoarenes (Scheme 1-30). 

 Scheme 1-30. Suzuki cross-coupling using the monodentate silylene-Pd
0
 complex I-

99. 

 

In 2008, Roesky et al. prepared another catalytically active Pd
II
 complex I-100 

bearing same silylene ligand (I-2) in a similar method.
[47]

 Complex I-100 was 
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subsequently employed in the Heck coupling of bromoacetophenone and styrene at 

140 °C (full conversion after 24h, Scheme1-31).  

 Scheme 1-31. Heck coupling of bromoacetophenone and styrene using silylene-Pd
II
 

complex I-100. 

 

In 2010, the first chelating bis-silylene ligand I-87 was developed by 

dehydrochlorination of the amidinate disiloxane [LSiH(Cl)-O-SiH(Cl)L] (L = 

PhC(NtBu)2) precursor with [(CH3)3Si]2NLi.
[48]

 Further reaction of I-87 with Ni(cod)2 

in toluene gave the corresponding Ni
0
 complex I-101 (Scheme 1-32).  

 

Scheme 1-32. Nickel-catalyzed C–C bond formation of benzylzinc bromide with 

various aryl halides using I-101 as precatalyst. 
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Three years later, Inoue and Enthaler et al. employed the complex I-101 as 

precatalyst for C-C bond coupling reactions.
[49]

 It was shown that the I-101 efficiently 

catalyzes the C-C cross-coupling reaction of aryl halides with Grignard and 

organometallic zinc reagents with good yields (Schemes 1-32 and 1-33). 

 

 

 

Scheme 1-33. C–C bond formation of Grignard reagents with different aryl halide 

derivatives using the I-101 precatalyst. 

 

In 2015, mixed chelating NHC-NHSi ligand coordinated Ni
II
 complex I-102 was 

synthesized through the reaction of NiBr2(dme) with N-heterocyclic silylcarbene I-

24.
[11]

 I-102 was then exploited in Kumada–Corriu-type cross-coupling reactions and 

found to give very promising catalytic performances with the highest yield of 99 % 

(Scheme 1-34). 
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Scheme 1-34. Kumada–Corriu-type cross-coupling reactions catalyzed by silylene-Ni 

complex I-102. 

 

The corresponding pincer-type nickel complex I-103 was prepared through the 

reaction of silylene ligand I-93 with NiBr2(dme) in the presence of excess NEt3.
[50]

 I-

103 was found to be a superior candidate for C-H activations and applied successfully 

for the Sonogashira cross-coupling reaction of phenylacetylene with 1-octenyl iodide 

(Scheme 1-35). 

 Scheme 1-35. Sonogashira cross-coupling reaction catalyzed by silylene-Ni complex 

I-103. 
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In addition to C-C cross-coupling reactions, silylene ligands have also been applied 

in cyclotrimerization and hydroformylation reactions for C-C bond formations. In 

2012, the catalytically active Co
I
 complex I-104 bearing the ferrocene bridged bis-

silylene ligand I-86 was synthesized by reducing the CoBr2 coordinated silylene with 

KC8 in the presence of NaCp.
[51]

 Complex I-104 was investigated as (pre)catalyst for 

the [2 + 2 + 2] cyclotrimerization reaction of phenylacetylene, forming two isomeric 

species of triphenylbenzene, and phenylacetylene/acetonitrile, which resulted in the 

formation of substituted pyridines (Scheme 1-36).  

 Scheme 1-36. Catalytic cyclotrimerization using silylene- Co
I
 complex I-104 as a 

(pre)catalyst. 

 

Very recently, rhodium-catalyzed hydroformylation of styrene by using silylene 

ligands was reported by Schomäcker and Driess et al. The hydroformylation of 

styrene at 30 bar CO/H2 pressure in the presence of [HRh(CO)(PPh3)3] with an excess 

of the bis-silylene ligand I-86 resulted in superior catalytic activity.
[52]

 In contrast, the 

reactions with an excess of the monodentate silylene ligands I-2 and I-83 under same 

reaction conditions revealed considerably slower conversion to the aldehyde products 

than [HRh(CO)(PPh3)3], with or without an excess of PPh3, showing catalyst 

deactivation (Scheme 1-37). 
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Scheme 1-37. Hydroformylation of styrene using Rh
I
 catalyst with silylene ligands. 

 

1.3.3.2 Carbon-heteroatom bond formation   

In 2012, Hartwig and Driess et al. reported the first SiCSi pincer-type silylene 

ligand I-93.
[53]

 The corresponding iridium complex [SiCSi]IrHCl(COE) I-105 was 

synthesized through the reaction of I-93 with 0.5 equiv. of [IrCl(COE)2]. Complex I-

105 was found to be a precatalyst for the C-H borylation of arenes using 

pinacolborane (HBPin). Comparative studies on the catalytic performances of the 

silylenes against related phosphine-based pincer analogues suggested that the silylene 

ligand has stronger donor capacity enabling an increased catalytic efficiency (Scheme 

1-38). 

 Scheme 1-38. Catalytic borylation of arenes, employing the pincer type silylene Ir
II
 

complex I-105 as precatalyst. 

 



Introduction 

 
28 

 

In 2017, Cabeza and García-Álvarez et al. reported a new type of mesitylenyl-

silylene mixed ligand I-90.
[54]

 Reactions of silylene I-90 with corresponding iridium 

precursors at room temperature led to C-H activation and the oxidative addition of C-

H to Ir centers which gave iridium(III) complexes (I-106a and I-106b) featuring 

cyclometallated silylene ligands. The deuteriation reactions of styrene and 1,3,5-

trimethoxybenzene were carried out using I-106a as a (pre)catalyst and CD3OD as a 

deuterium donor (Scheme 1-39). 

 Scheme 1-39. Catalytic H/D exchange reaction catalyzed by silylene Ir
III

 complex I-

106a. 

 

Dehydrogenative borylation of benzene and toluene was tested using complex I-

106b as (pre)catalysts (Scheme 1-40). The reactions went fast in the presence of COE 

(71 % yield for benzene in 3 hours and 31 % yield for toluene in 5 hours) and slowed 

down without COE (56 % yield for benzene in 24 hours and 52 % yield for toluene in 

48 hours). 

 Scheme 1-40. Catalytic dehydrogenative borylation of arens catalyzed by silylene Ir
III

 

complex I-106b. 
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In 2017, Co
II
 complex I-107 bearing pincer type silylene ligand I-94 was reported 

by Cui and Driess et al. through the reaction of ligand I-94 with CoBr2 in THF.
[55]

 I-

107 enabled the regioselective catalytic C−H borylation of different heterocycles and 

fluorinated arenes. The borylation of 2,6-lutidine gave the 4-position substituted 

product with high yields. However, the reaction of 2-methoxy-6-methyl pyridine was 

much slower and yielded only 71 % of the desired product. The borylation of 2,3-

lutidine selectively borylated the 5-position of the ring, whereas borylation of 2-

benzylpyridine furnished a mixture containing almost the same amounts of 4- and 5-

borylated isomers (Scheme 1-41). 

 

Scheme 1-41. Borylation of pyridine derivatives catalyzed by pincer type silylene 

Co
II
 complex I-107. 

 

In contrast to pyridine derivatives, the borylation of furan analogues was carried 

out without cyclohexene. The borylation of furan gave 2,5-diborylation products 

(Scheme 1-42), whereas 2-methylfuran was selectively borylated at the 5-position 

with 0.5 molar equivalent of B2Pin2 (Scheme 1-42).  

 

Scheme 1-42. Borylation of furan and its derivatives using pincer type silylene Co
II
 

complex I-107 as precatalyst. 

 



Introduction 

 
30 

 

Catalytic borylations of fluoro- and trifluoromethylarenes employing Co
II
 complex 

I-107 were also tested. Disubstituted trifluoromethylbenzene derivatives underwent 

selective borylation at the least hindered position (Scheme 1-43), suggesting the 

selectivity is controlled by steric effects. Borylation of 1,2-difluorobenzene yielded 

the 4-borylated product as a major regioisomer (24:76). 1,3-difluorobenzene 

predominantly gave the 5-borylated product in 97 % yield. Borylation of 2-substituted 

1,3-difluorobenzenes proceeded at the 5-position in good yields, whereas 1,2,3-

trifluorobezene led to 78 % selectivity at the 5-position. Fluorobenzene yielded the 3-

borylated regioisomer as the major product. Borylation of 2-methylfluorobenzene 

occurred at the 4-position with 72 % selectivity. The bis-borylation of naphthalene 

yielded the 6- and 7-borylated products in a molar ratio of 1:3, whereas borylation of 

pyrene selectively gave the 2,7-borylated product (Scheme 1-43). 

 

Scheme 1-43. Borylation of fluoro-arenes and fluoro-polyarenes catalyzed by 

pincer type silylene Co
II
 complex I-107. 
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In 2016, Baceiredo and Kato et al. first time applied the base-stabilized 

silacyclopropylidene ligand I-85 in catalysis.
[42]

 The reaction of I-85 at room 

temperature with 0.5 equiv of Karstedt complex [Pt2(dvtms)3] (dvtms = 

Divinyltetramethyldisiloxane) afforded air-stable Pt
0
 complex I-108. Hydrosilylation 

of 1-octene catalyzed by complex I-108 (30 ppm) is as fast as that with the Karstedt 

catalyst (>95% conversion = 20 vs. 15 min) and proceeds in a more selective manner 

(isolated yield = 91% vs. 78%) (Scheme 1-44).  

 

Scheme 1-44. Hydrosilylation of olefins catalyzed by silylene Pt
0
 complex I-108. 

 

In the same year, Iwamoto et al. reported the olefin hydrosilylation catalyzed by Pt
0
 

complex I-109 bearing a dialkylsilylene I-37 as a ligand.
[43]

 The catalytic activity of I-

109 was assessed for the hydrosilylation of (Me3SiO)2SiMeH and 1-hexene in the 

presence of 30 ppm (w/w) of I-109 at 50 °C for 5 h. Additionally, I-109 also catalyzes 

the hydrosilylation of terminal alkenes bearing different functional groups with very 

high conversion rates (Scheme 1-45).  

  

Scheme 1-45. Hydrosilylation of olefins catalyzed by silylene Pt
0
 complex I-109. 
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One year later, cyclic alkyl(amino) silylene I-49 was employed as a ligand in Pt-

catalyzed olefin hydrosilylation by Iwamoto et al.
[44]

 The Pt
0
 complex I-110 bearing 

silylene I-49 was synthesized by the same group. The performance of I-110 in the 

catalytic hydrosilylation of (Me3SiO)2MeSiH with various terminal alkenes that 

contain functional groups was comparable to Pt
0
 complex I-109 bearing a 

dialkylsilylene (Scheme 1-46). 

  

Scheme 1-46. Hydrosilylation of olefins catalyzed by silylene Pt
0
 complex I-110. 

 

1.3.3.3 Reduction reactions 

In 2012, our group reported the first example of NHSi-Fe
0
 complexes, I-111a, I-

111b, and I-111c, bearing the N,N-di(tert-butyl)amidinato silylene ligands I-28, I-82a, 

and I-82b, respectively.
[41]

 The catalytic performance of I-111b was further tested in 

hydrosilylation of ketones with different steric and electronic properties and resulted 

in the formation of the corresponding alcohols after workup process with yields up to > 

99 % (Scheme 1-47). Further experimental and theoretical results reveal a ketone-

mediated 1,2-H migration from Si
II
 to Fe

0
 mechanism, which indicate the NHSi ligand 

play a key role in the catalytic cycle. 
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Scheme 1-47. Hydrosilylation of ketones using silylene Fe
0
 complex I-111 as 

precatalyst. 

 

In 2014, our group reported the Fe complexes based on the tridentate SiNSi ligand 

I-94.
[56]

 The Fe
0
 complex I-112 was prepared through the reaction of ligand I-94 with 

Fe(PMe3)4. Alternatively, I-112 can also be obtained by reduction of silylene FeCl2 

complex bearing ligand I-94 with KC8 in the presence of excess PMe3. Catalytic 

carbonyl hydrosilylation reactions were checked using complex I-112.
[57]

 It was found 

that besides the Et2N group, the catalyst showed excellent functional group tolerance 

for both electron-donating and electron-withdrawing substituents at the aryl group. 

However, the steric hindrance, especially at the ortho positions, lowers the catalytic 

performance (Scheme 1-48). 

The mechanism of hydrosilylation catalyzed by complex I-112 has been 

investigated by Driess and Oestreich et al. in 2015.
[57]

 The catalytically active species 

I-112a was isolated through the stoichiometric reaction of precatalyst complex I-112 

and (Et3O)3SiH. Interestingly, the further experimental and theoretical analysis 

suggests that the iron center of complex I-112a is not directly involved in the catalytic 

cycle due to the steric effects. The C=O activation occurs at the Si
IV

 Lewis acid center 

of complex I-112a and intermediate I-112b is generated. A (Et3O)3SiH then 

coordinates to I-112b gives the intermediate I-112c, which further releases the 

hydrosilylation product (Scheme 1-49). 
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Scheme 1-48. Hydrosilylation of ketones using silylene Fe
0
 complex I-112 as 

precatalyst. 

 

Scheme 1-49. Peripheral mechanism for hydrosilylation of ketones using silylene 

Fe
0
 complex I-112 as precatalyst. 
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Cu
I
 complex I-113 bearing base-stabilized silacyclopropylidene ligand I-85 has 

also been used as a catalyst for the hydrosilylation of bulky ketones such as 1-

adamantyl methyl ketone.
[42]

 Complex I-113 is considerably more active than the 

corresponding Ph3P-CuI complex and is as efficient as those with an extremely bulky 

bowl-shaped phosphine ligand developed by Tsuji et al. (Scheme 1-50). 

 

Scheme 1-50. Hydrosilylation of ketones catalyzed by silylene Cu
I
 complex I-113. 

 

Very recently, our group prepared the new bis-silylene ligand I-89 with the 

xanthene backbone.
[45]

 The reaction of I-89 with Ni(cod)2 gave the corresponding Ni
0
 

complex I-144, which was found to be a very active catalyst in the hydrogenation of 

olefins under mild condition (1 bar H2 at room temperature). Screening experiments 

revealed that terminal alkenes were readily reduced to the corresponding alkanes in 

quantitative yields. Longer reaction times were required for hydrogenation of internal 

alkenes, especially more sterically hindered ones. Functional groups such as -OMe, -

CF3, -CN, and pyridine ring, carbonyl were well tolerated. Nonconjugated and 

conjugated dienes yielded the corresponding alkanes quantitatively. Turnover number 

(TON) and turnover frequency (TOF) of 1-dodecene and styrene could reach up to 

1000 and 250 h
–1

, respectively (Scheme 1-51). Moreover, a unique Si
II
 assistant-H2 

activation mode, in which the low-valent silicon centers are involved in the key step 

of dihydrogen cleavage and transfer, are suggested by DFT calculations. 
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Scheme 1-51. Hydrogenation of olefins catalyzed by silylene Ni
0
 complex I-114. 

 

Very recently, bis(silylene) I-86 stabilized 
6
-arene Fe

0
 complex I-115 was also 

prepared by Driess et al. through reduction of the Fe
II
 di-halide precursors bearing 

bis(silylene) I-86 in the presence of benzene.
[58]

 The catalytic hydrogenation of 

various ketones and an aldehyde were carried out using complex I-115. The scope 

experiment suggested the hydrogenation of aldehyde and ketone derivatives gave 

moderate to good yields of corresponding alcohols. Remarkably, the high 
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chemoselectivity of C=O over C=C reduction was achieved by using allylacetone and 

chalcone as substrates (Scheme 1-52). 

 

Scheme 1-52. Hydrogenation of carbonyl compounds catalyzed by silylene Fe
0
 

complex I-115. 

 

The silylene-Rh
I
 and –Ir

I
 complexes I-116a and I-116b bearing -diketiminate 

silylene ligand I-20 were applied in the reduction of amide substrates.
[40]

 A selective 

C-O bond cleavage was observed (up to 61%) when the precatalyst I-116a was used. 

However, employing the precatalyst I-116b led to a mixture of C-O and C-N cleavage 

products under the same conditions (Scheme 1-53).  
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 Scheme 1-53. Reduction of the dibenzoazepine using the I-116 precatalyst. 
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2. MOTIVATION 

Considering the unique electronic properties of NHSis, the purpose of this 

research is to study the application of NHSi ligands in stabilizing low-valent 

germanium compounds and to explore the application of new NHSi ligands in metal-

mediated catalysis. 

 

 

Chart 2-1. The N,N-di(tert-butyl)amidinato NHSi derivatives and their germanium, 

nickel, and manganese complexes. 

 

The objectives of this work are as follows: 

 

1) synthesizing the pyridine-based bis-NHSi stabilized low-valent germanium 

compounds (Chart 2-1); 

 

2) synthesizing new ortho-dicarbadodecaborane (C2B10H12)-based bis-NHSi 

ligand and investigating its catalytic performance (Chart 2-1); 

 

3) achieving the stereoselective reduction of alkynes by using bis-NHSi metal 

complexes (Chart 2-1); 
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 Chart 2-2. The NHSi derivatives based on -diketiminate-like backbone and their 

cobalt complexes. 

 

4) studying the different coordination modes of ligand I-24 in coordination 

chemistry and investigating the catalytic performances of corresponding cobalt 

complexes (Chart 2-2).  
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3. RESULTS AND DISCUSSION 
 

3.1 Synthesis and reactivity of NHSi-stabilized low-valent 

germanium complexes 

 

Ylidones are zero-valent group 14 compounds E
0
 (E = C, Si, Ge) bearing two lone 

pairs of electrons. NHCs,
[59]

 heavier metallylenes, or imino donors have been 

introduced as supporting donor ligands to stabilize ylidones.
[60]

 For instance, the 

silylone and germylone A, bearing a singlet ground state and relatively short C-E 

distances (E = Si, 1.841(2) Å; E = Ge, 1.9386(16) -1.9417(15) Å), stabilized by cyclic 

alkyl(amino) carbenes (cAAC) (Scheme 3-1).
[59a, 59d]

 At the same year, our group 

reported the the silylone and germylone B stabilized by a relatively strongdonor 

bis-NHC ligand, which resulted in longer C-E distances (E = Si, 1.864(1) - 1.874(1) Å; 

E = Ge, 1.965(3) - 1.961(3) Å).
[59b, 59c]

 Compounds C, E=E’=E, (E, E’ = Si, Ge, and 

Sn: trisilaallenes, trigermaallenes, 1,3-digermasilaallenes, 2-germadisilaallene, and 

tristannaallene respectively) were described as heavier allenes by Kira and coworkers 

[32, 61]
 and Wiberg et al. 

[62]
, respectively. However, DFT calculation indicated that C 

could also be described as ylidones D, in which the central atoms E' are zero-valent, 

bearing two lone pairs of electrons and are stabilized by two cyclic dialkylmetallylene 

ligands.
[16]

 

As discussed in chapter 1.2 and 1.3, electronically rich donor ligands NHSis
[63]

 

have been successfully used as supporting ligands in coordination chemistry since the 

first NHSi metal complex reported in 1977.
[38c, 64]

 Very recently, NHSi have also been 

employed the ligands which stabilize the low-valent main-group compounds. For 

instance, the first digermanium(0) complex NHSi→:Ge=Ge:←NHSi stabilized by 

amidinate-based silylene {[PhC(NtBu)2]SiN(SiMe3)2} which was reported by So and 

co-workers in 2014.
[36b]

 However, mononuclear E
0
 complexes (ylidones) of type E, 

NHE→:E:←NHE, are currently unknown but were predicted as isolable species by 

DFT calculations.
[34d, 34e]

 Encouraged by the theoretical prediction, it is interesting to 

test whether or not the strongdonor bis-NHSi ligand I-94, which was reported by 

our group in 2014,
[56-57]

 is suitable to stabilize the germylone species (type E, Scheme 

3-1).  
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Scheme 3-1. Ylidones stabilized by carbenes and their heavier analogues. 

 

3.2.1 Synthesis of germanium complexes supported by NHSi 

ligands 

 

The reaction of GeCl2
.
dioxane with the bis-NHSi pyridine pincer ligand I-94 in 

THF at room temperature afforded the bis-NHSi stabilized chlorogermyliumylidene 

3-1 as a yellow powder in 62% yield (Scheme 3-2). Because the ionic nature of 3-1, it 

is almost insoluble in toluene and THF but only soluble in dichloromethane. The 
29

Si 

NMR singlet resonance at  = 3.60 ppm is downfield shifted compared to the free bis-

NHSi ligand I-94 ( = 14.9 ppm) due to the donor coordination of the Si
II
 atoms.  

 

 

Scheme 3-2. Synthesis of the chlorogermyliumylidene chloride 3-1 stabilized by the 

bis-NHSi pyridine pincer SiNSi ligand I-94. 
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Figure 3-1. Molecular structure of chlorogermyliumylidene chloride 3-1. Thermal 

ellipsoids are set at 50 % probability level. Hydrogen atoms and solvent molecules are 

omitted for clarity. Selected distances [Å] and angles [°]: Ge(1)-Si(1) 2.3503(6), 

Ge(1)-Si(2) 2.3513(6), Ge(1)-Cl(1) 2.3757(6), Si(1)-N(2) 1.723(2), Si(1)-N(5) 

1.8000(19), Si(1)-N(4) 1.8141(19), Si(2)-N(3) 1.7293(19), Si(2)-N(6) 1.8040(19), 

Si(2)-N(7) 1.8194(17), Si(1)-Ge(1)-Si(2) 119.31(2), Si(1)-Ge(1)-Cl(1) 96.35(2), 

Si(2)-Ge(1)-Cl(1) 97.30(2). 

 

Single-crystals of 3-1, suitable for X-ray diffraction analysis, could be obtained by 

crystallization in a THF/toluene (1:1) mixed solutions. The crystals belong to the 

space group P21/c (Figure 3-1).The Ge(1)-Cl(1) bond distance of 2.3757(6) Å is 

longer than those observed in a germyliumylidene cation stabilized by a 

bis(tributylphosphazenyl)naphthalene (2.278(1) Å),
[65]

 bis-NHC (2.310(1) Å),
[59b]

 and 

diiminopyridine ligand (2.2433(9) Å).
[66]

 The Ge(1)-Si(2) and Ge(1)-Si(1) distances 

of 2.3513(6) Å and  2.3503(6) Å, respectively, are drastically shorter than that in a 

GeCl2 mono-NHSi adduct (2.5259(13) Å) reported by So et al.,
[36b]

 presumably due to 

the stronger donor coordination of the bis-NHSi ligand I-94. However, the Ge(1)-N(1) 

distance of 2.594 Å in 3-1 is longer than that of the three-coordinate 

germyliumylidene stabilized by a diiminopyridine ligand (2.071(2) Å),
[66]

 suggesting 

that the pyridine N atom is only weakly coordinated to the Ge
II
 center. The eight-

membered GeSi2N3C2 ring in 3-1 adopts an envelope conformation with a nearly co-

planar Si2N3C2 moiety and a displaced Ge atom. The Ge center adopts a trigonal 

pyramidal geometry with the sum of angles around the Ge atom of 312.96°. 
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Scheme 3-3. Attempts to synthesize the germylone 3-2 stabilized by the bis-NHSi 

pyridine pincer SiNSi ligand. 

 

Attempts to synthesize the corresponding Ge
0
 compound, 3-2, through reduction 

of 3-1 by sodium naphthalenide or KC8 were not successful (Scheme 3-3). DFT 

calculations (calculated using the Gaussian 09 Rev. D01 program suit at the B3LYP-

D3(BJ)/6-311G(d,p) level) suggest that 3-2 is too labile due to the strong  donor 

strength of the bis-NHSi ligand I-94 which oversaturates the Ge
0
 center. An s-type 

orbital lone pair on the Ge
0
 center of 3-2, which is occupied by 1.9 electrons, was 

observed by DFT calculations. The relatively short Ge1-Si2 bond (2.311 Å, Figure 3-

2) and Wiberg bond indices of 1.45 suggest a significant Si-Ge double bond character 

(Figure 3-3). The electronic situation of the Ge
0
 center in 3-2 suggested that the 

highly electron-rich Ge
0
 atom could be stabilized through coordinating to a strong 

electron-acceptor. 

 

 

Figure 3-2. Calculated (B3LYP/6-311G(d,p) important structural parameters of 

model complex 3-2. The bond length in Å, the bond angle in degrees. 
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Figure 3-3. Selected NBO orbitals of 3-2. LP: lone-pair, BD: bonding orbital; in 

parenthesis for each element (Ge, Si) is its hybridization and the polarization of the 

electron density; occ is the occupancy of the orbital in electrons.   

 

Then the Lewis-acidic metal complex fragment (e.g., Fe(CO)4) was introduced as 

an electron acceptor coordinated to the Ge
0
 center. The coordination of Fe(CO)4 

fragment might increase the stability of the germylone compound. In fact, this was 

achieved by the one-step reaction of 3-1 with Collman’s reagent, K2Fe(CO)4, 

affording the desired germylone-iron carbonyl complex 3-3 in 49% yield (Scheme 3-

4). The 
29

Si NMR of 3-3 THF-d8 gave a singlet at  = −5.92 ppm which is up-field 

shifted compared to the chlorogermyliumylidene 3-1. 
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Scheme 3-4. Synthesis of the germylone iron carbonyl complex [SiNSi]GeFe 3-3 

stabilized by the bis-NHSi pyridine pincer SiNSi ligand. 

 

Single-crystals of 3-3 could be produced in an Et2O/THF mixture in the 

monoclinic space group P21/c (Figure 3-4). The Ge(1)-Si(2) and Ge(1)-Si(1) distances 

of 2.3729(6) Å and  2.3875(6) Å, respectively, are significantly longer than those in 2-

germadisilaallene (2.2366(7) Å and 2.2373(7) Å) reported by Kira et al.
[32a]

 and in 3-1 

(2.3513(6) Å and 2.3503(6) Å), but shorter than the Ge-Si distances in a 

digermanium(0) complex (2.406(2) Å) reported by So et al.
[36b]

 Surprisingly, but 

predicted by DFT-calculation, the pyridine N atom in complex 3-3 is coordinated to 

one of the Si
II
 atoms instead of Ge

0
 center, resulting in a five-coordinate Si

II
 atom. A 

similar five-coordinate Si
II
 was also observed in 

bis[N,N′‑diisopropylbenzamidinato(−)]silicon(II) species reported by Tacke et al.
[67]

 

The Si(1)-N(1) distance of 2.1038(19) Å is longer than those of Si(1)-N(4) and Si(1)-

N(5) as well as the Si-N distance in NHSi which was stabilized by p-

dimethylaminopyridine (DMAP).
[68]

 The Si(2)-Ge(1)-Si(1) angle of 95.66(2)° is 

smaller than those of germylones A which were stabilized by cAAC ligands 

(114.71(6)°  117.24(8)°)
[59d]

 and germadisilaallene C (132.38(2)°),
[32a]

 but larger 

than the C-Ge-C angle of the germylone B stabilized by a bis-NHC ligand 

(86.6(1)°).
[59b]

 Similar to those in germylone-GaCl3 complexes which were stabilized 

by a bis-NHC ligand,
[69]

 the Ge
0
 center of 3-3 also adopts a trigonal pyramidal 

geometry.
[70]
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Figure 3-4. Molecular structure of the bis-NHSi pyridine-stabilized germylone-

Fe(CO)4 complex, 3-3. Thermal ellipsoids are set at 50 % probability level. Hydrogen 

atoms and solvent molecules are omitted for clarity. Selected distances [Å] and angles 

[°]: Ge(1)-Si(2) 2.3729(6), Ge(1)-Si(1) 2.3875(6), Ge(1)-Fe(1) 2.4987(5), Si(1)-N(2) 

1.7962(18), Si(1)-N(4) 1.8601(18), Si(1)-N(5) 1.8964(18), Si(1)-N(1) 2.1038(19), 

Si(2)-N(3)  1.762(2), Si(2)-N(6) 1.8432(18), Si(2)-N(7) 1.8550(18); Si(2)-Ge(1)-Si(1) 

95.66(2), Si(2)-Ge(1)-Fe(1) 108.25(2), Si(1)-Ge(1)-Fe(1) 118.68(2). 

 

 

The IR frequencies of CO in complex 3-3 were observed at 1830, 1865, 1886, and 

1969 cm
1

, respectively. Compared to the IR stretching of an amino(imino)germylene 

iron carbonyl complex (1930, 1965, and 2039 cm
1

),
[71]

 the red-shift of the IR 

frequencies indicates that the CO ligands act as electron acceptors at the Fe center.  

Ttt 
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Figure 3-5. Calculated (B3LYP/6-311G(d,p) important structural parameters of the 

model compound of 3-3. The bond length in Å, the bond angle in degrees. 

 

To get insight into the electronic structure of complex 3-3, DFT calculations at 

B3LYP/6-311G(d,p) were performed on the model compound, where the methyl 

groups replace the tBu groups on the N(2) and N(3) atoms in the synthesized 

compounds. The calculated geometries of the model compounds are in good 

agreement with the metric data obtained from X-ray diffraction analyses of the 

synthesized compounds (Figure 3-5). The important structural parameters of the 

model compound of 3-3 are: The Ge-Si distances are in the range of 2.384 - 2.397 Å, 

the Ge1-Fe1 bond length is 2.507 Å and the Si1-Ge1-Si2 angle is 86.15
o
. 
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Figure 3-6. Selected NBO orbitals of the DFT-calculated model complex 3-3. LP 

denotes a lone-pair orbital; BD denotes a bonding orbital and BD* denotes an 

antibonding orbital. The polarity of the BD orbitals is given by the percentage of the 

electron density on Ge and Si. occ is the occupancy of the orbital in electrons. 

Contour value=0.03. 

 

According to NBO analysis, a Ge s-type (occupied by 1.77 electrons) and a Ge p-

type (occupied by 1 electron) lone-pair orbitals were found in the model complex 3-3. 

The single bonds Ge1-Si2 and Ge1-Si1 were occupied by ca. 2 electrons (Figure 3-

6).
[38a]

 The WBIs of Ge1-Si1 and Ge1-Si2 bonds are 0.96 and 1.08, respectively. The 

calculated Ge-Fe distance of 2.507 Å (exp. 2.499 Å, WBI = 0.39), is significantly 



Results and Discussion 

 
50 

 

longer than the Ge-Fe distance (2.378 Å) in the Fe(CO)4 complex of 

Tip(SiClR2)Si=Ge:←NHC
[72]

 (Tip = 2,4,6-iPr3C6H2; NHC = N-heterocyclic carbene) 

and in the amino(imino) germylene-Fe(CO)4 complex
[71]

 (calc. 2.32 Å (exp. 2.30 Å), 

WBI = 0.56).  

 

It is of interest to analyze first the bonding situation and electronic structure in 

the yet unknown “germylone” 3-2 “precursor” and of the complex 3-3. In complex 3-

2, the Ge1-Si1 distance is 2.363Å, and that of Ge1-Si2 is 2.311Å being significantly 

longer than the Si-Ge distances in Kira’s disilagermaallene. The respective calculated 

Wiberg bond indices of 1.13 and 1.45, exhibit a significant double bond character in 

the Ge1-Si2 bond. The Ge1-Si2 double bond character is nicely reflected in the NBO 

orbitals of complex 3-2 (Figure 3-6). The electronic structure of 3-2 as predicted by 

the NBO analysis can be interpreted as a silagermylidene stabilized by a silylene. A 

similar bonding motif was found in (Tip)2Si=Ge:NHC and 

Tip(SiClR2)Si=Ge:NHC synthesized by Scheschkewitz et al.
[71]

 In both cases the 

NHC is in an allylic position. The Si=Ge bond lengths are 2.252 Å and 2.276 Å, 

respectively, somewhat shorter than the Si=Ge bond in model complex 3-2 (2.328Å). 
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3.2.2 Reactivity study of Ge
0
 complex stabilized by NHSi ligand and 

Fe(CO)4 

 

  

Scheme 3-5. Synthesis of the germylone iron carbonyl complex [SiNSi]GeGeFe 3-4 

stabilized by the bis-NHSi pyridine pincer SiNSi ligand. 

 

 

Unexpectedly, complex 3-3 undergoes further reaction with GeCl2
.
dioxane in THF 

at room temperature. The complex 3-4 was generated by the insertion of GeCl2 

moiety into the donor-acceptor Ge
0
Fe

0
 bond (Scheme 3-5). The 

29
Si NMR shift of 

complex 3-4 in THF-d8 reveals a singlet at  = 2.14 ppm which is downfield shifted 

compared to germylone iron carbonyl complex 3-3.  

 

The single crystal suitable for X-ray analysis was grown from diethyl ether and 

THF mixed solutions of 3-4 at room temperature in the monoclinic space group P21/c 

(Figure 3-7). A mixed-valent Ge2Cl2 moiety stabilized by the bis-NHSi ligand I-94 

and iron carbonyl Fe(CO)4 was observed by single-crystal X-ray diffraction analysis. 

The Ge(1)-Ge(2) distance (2.4784(7) Å) is significantly longer than that in 

digermanium(0) NHSi:→:Ge=Ge:←:NHSi reported by So and co-workers
[36b]

 and in 

the digermavinylidene ((HCDippN)2B)2Ge=Ge: (Dipp = 2,6 - iPr2C6H3) reported by 

Aldridge et al.,
[73]

 consistent with those Ge-Ge single bonds in dichlorogermylene 

oligomers.
[74]

 The Ge
II
 center of the Ge2Cl2 moiety in 3-4 adopts a pyramidal 

geometry (sum of bond angles around Ge(2) is 288.47°) which is different from the 

co-planer configuration of the R2E moiety in a ((HCDippN)2B)2Ge=Ge: reported by 
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Aldridge and co-workers as well as for other heavier vinylidene analogues published 

by the Filippou and Scheschkewitz groups. 
[72-73, 75]

 

 

Figure 3-7. Molecular structure of the germylone iron complex 3-4. Thermal 

ellipsoids are set at 50 % probability level. Hydrogen atoms and solvent molecules are 

omitted for clarity. Selected bond lengths [Å] and angles [°]: Ge(1)-Si(2) 2.3854(13), 

Ge(1)-Si(1) 2.4000(13), Ge(1)-Ge(2) 2.4784(7), Fe(1)-Ge(2) 2.3592(10), Ge(3)-Si(4) 

2.3734(13), Ge(3)-Si(3) 2.3878(13), Ge(3)-Ge(4) 2.4877(7), Fe(2)-Ge(4) 2.3738(9);  

Si(2)-Ge(1)-Si(1) 99.83(4), Si(2)-Ge(1)-Ge(2) 114.99(4), Si(1)-Ge(1)-Ge(2) 

102.96(4), Cl(1)-Ge(2)-Cl(2) 94.06(5), Cl(1)-Ge(2)-Fe(1) 113.40(5), Cl(2)-Ge(2)-

Fe(1) 110.53(5), Cl(1)-Ge(2)-Ge(1) 95.49(4), Cl(2)-Ge(2)-Ge(1) 98.92(4), Fe(1)-

Ge(2)-Ge(1) 136.13(3). 

 

In order to get insight into the electronic structure of 3-4, DFT calculations at 

B3LYP/6-311G(d,p) were performed on the model compound, where the methyl 

groups replace the tBu groups on the N(2) and N(3) atoms in the synthesized 

compounds. The calculated geometry of the model compounds is in good agreement 

with the metric data obtained from X-ray diffraction analyses of the synthesized 

compounds. The important structural parameters of the model compound of 3-4 are: 
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The Ge-Si distances are in the range of 2.387 - 2.390 Å. Ge2-Ge1 bond length is 

2.502 Å. Ge2-Fe1 bond length is 2.389 Å. Si1-Ge1-Si2 angle is 89.40
o 
(Figure 3-8). 

 

 

   

 

Figure 3-8. Calculated (B3LYP/6-311G(d,p) important structural parameters of 

model complex 3-4. The bond length in Å, the bond angle in degrees. 

 

A free s-type lone-pair on Ge1 (occupancy of 1.8 ele.) and a p-type lone pair 

orbital on Ge2 (occupancy of one electron) were found by NBO analysis (Figure 3-9). 

Ge1 and Ge2 are bound by a non-polar single bond. The DFT calculated Ge2-Fe 

distance of 2.389 Å (exp. 2.359 Å, WBI = 0.47) is significantly shorter than the Ge-Fe 

distance in model complex 3-3, but very similar to the distances in 

Tip(SiClR2)Si=Ge←NHC
[72]

 (Tip = 2,4,6-triisopropylphenyl) and in the germylene 

iron carbonyl complex
[71]

. The NBO electronic structure is in line with the description 

of push-pull stabilization, Ge
0→Ge

II→Fe(CO)4, of model complex 3-4. The charges 

on Ge
0
 center (+0.96), Ge

II
 atom (-0.45), and iron center (-0.51) are consistent with a 

push-pull nature of this complex (Table 3-1). 

 



Results and Discussion 

 
54 

 

 

Figure 3-9.  Selected NBO orbitals of the DFT-calculated model complex 3-4. LP 

denotes a lone-pair orbital; BD denotes a bonding orbital and BD* denotes an 

antibonding orbital. The polarity of the BD orbitals is given by the percentage of the 

electron density on Ge and Si. occ is the occupancy of the orbital in electrons. 

Contour value = 0.03. 

 

A summary of calculated structural and electronic properties of model complex 3-

3, 3-4 and for comparison of reported amino(imino)germylene-Fe(CO)4 is provided in 

Table 3-1 

 

 

Table 3-1. Calculated 
a
 structural and electronic properties of model 

b
 compounds of 

[SiNSi]GeFe and [SiNSi]GeGeFe in comparison with a model 
c
 of the isolated 

amino(imino)germylene-Fe(CO)4 complex.
d 

 

Adduct [SiNSi] GeFe [SiNSi]GeGeFe Amino(imino)germylene-

Fe(CO)4 
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r(Si1-Ge1)
f
 

WBI 

2.397 (2.388) 

0.96 

2.390 (2.385) - 

- 

r(Si2-Ge1)
f
 

WBI 

2.384 (2.373) 

1.08 

2.387 (2.400) 

1.07 

- 

- 

r(Ge1-Fe) 

WBI 

2.507  (2.499) 

0.39 

- 

- 

2.29 (2.30) 

0.57 (0.82)
c,d

 

r(Ge1-Ge2) 

WBI 

- 

- 

2.502 (2.478) 

0.85 

- 

- 

r(Ge2-Fe) 

WBI 

- 

- 

2.389 (2.359) 

0.47 

- 

- 

Natural 

charges (el.) 

   

Fe +0.31 +0.27 +0.23 

(CO)4 -1.04 -0.75 -0.63 

Fe(CO)4  -0.73 -0.51 -0.40 

[SiNSi]Ge +0.73 +0.96 - 

Ge2Cl2 - -0.45 - 

Stretching 

vibrational 

frequencies 

(cm
-1

) 

   

(CO) 1896  (1830) 1958 2002 

(CO) 1939 (1865) 2009 2016 (1930)
d
 

(CO) 1994 (1886) 2033 2053 (1965)
d
 

(CO) 2067 (1969) 2099 2117 (2039)
d
 

WBI    

(CO)1 1.82 1.88 1.98 

(CO)2 1.88 1.99 1.98 

(CO)3 1.95 2.00 2.01 

(CO)4 2.00 2.03 2.06 
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a
 At B3LYP-D3(BJ)/6-311G(d,p) including dispersion, bond length in Å, in 

parenthesis experimental values; 
b
 A Me replaces the tBu groups; 

c 
A model 

compound where Me groups replace the Dip groups; 
d
 Ref [12]; 

e 
For the real 

molecule, at B3LYP/6-31G(d)/LANL2Z(Ge, Fe); 
f  

In [SiNSi]Ge r(Si1-Ge1) and 

r(Si2-Ge1) are 2.363Å (WBI = 1.14) and 2.311 Å (WBI = 1.44), respectively.   
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3.2 Synthesis of bis(silylene)-substituted ortho-carborane and the 

application in nickel-catalyzed amination of arenes 

 

As discussed in chapter 1.3, as a new generation of powerful steering ligands; 

NHSis are no longer laboratory curiosities but valuable building blocks for the 

synthesis of new functional silicon compounds with high potential exceeding the 

Lewis donor properties of NHCs and phosphines.
[76][9a, 11, 40-41, 48, 50-51, 53, 56-57, 77]

 

However, compared to the huge numbers of phosphine and NHC ligands which are 

widely used in catalysis, multidentate NHSis are still less explored. Very recently, the 

introduction of the ortho-dicarbadodecaborane backbone (C2B10H12) in ligand design 

have been reported by different research groups by taking advantage of its unique 

electronic and chemical property.
[78]

 Here the synthesis of bis-NHSi-substituted o-

carborane ligand and corresponding nickel complexes as well as their superior 

suitability to serve as (pre)catalysts in the Ni-catalyzed Buchwald-Hartwig coupling 

reactions were described. 

 

3.2.1 Synthesis of o-carborane-based bis-NHSi ligand and its Ni 

complexes 

 

   

Scheme 3-6. Synthesis of bis-silylene substituted o-carborane 3-6. 

 

The reaction of n-BuLi with o-carborane (C2B10H12) 3-5 at −30 °C generated the 

di-lithiated o-carborane (C2B10H10Li2) as a white suspension in diethyl ether. The 

slurry was then cooled to −30 °C and two molar equivalents of N,N′-di-tert-

butyl(phenylamidinato)chlorosilylene in toluene were added dropwise via syringe. 

The bis-silylene substituted o-carborane 3-6 was obtained after the salt metathesis 
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reaction at low temperature as light yellow crystals in 84% yield (Scheme 3-6). In the 

1
H NMR spectrum, the protons of the tert-butyl and phenyl groups result in a singlet 

and multiplet resonance signals at= 1.25 ppm and 6.87−7.30 ppm, respectively. 

However, the respective B-H 
1
H NMR signals lead to broad peaks at about 3 ppm. 

The 
29

Si NMR signal of 3-6 is observed at  = 18.9 ppm, which is relatively down-

field shifted compared with the bis-NHSi bridged by oxygen atoms I-87 ( = 16.1 

ppm) and
[48]

 I-93 (= 24.0 ppm).
[53]

 or nitrogen atoms I-94 (= 14.9 ppm)
[56]

 but 

high-field shifted compared with the bis(NHSi)- substituted ferrocene I-86 (= .3 

ppm) (Scheme 3-7).
[51]

  

 Scheme 3-7. Comparison of donor-acceptor abilities of different bis-silylene ligands 

based on N,N-di(tert-butyl)amidinato backbones. (L = PhC(NtBu)2) 

 

Single-crystals of 3-6 suitable for an X-ray diffraction analysis could be grown in 

concentrated toluene solutions at 0 °C; the compound crystallizes in the monoclinic 

space group P21/c (Figure 3-10). The C1Si2 and C2Si1 distances are 2.001(2) and 

1.991(2) Å, respectively. The NHSi motifs are pointed to each other with a SiSi 

distance of 3.267 Å, indicating that SiCCSi could be a suitable chelating ligand. 

 

Figure 3-10. The molecular structure of 3-6. Thermal ellipsoids are set at 50 % 

probability level. Hydrogen atoms and solvent molecules are omitted for clarity. 
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Selected bond lengths [Å] and angles [°]: Si(1)-N(4) 1.8644(15), Si(1)-N(3) 

1.8689(15), Si(1)-C(2) 1.991(2), N(1)-Si(2) 1.8685(16), C(1)-Si(2) 2.001(2), Si(2)-

N(2) 1.8787(16); N(4)-Si(1)-N(3) 69.82(7), N(4)-Si(1)-C(2) 99.18(7), N(3)-Si(1)-

C(2) 100.86(7), N(1)-Si(2)-N(2) 69.81(7), N(1)-Si(2)-C(1) 96.79(8), N(2)-Si(2)-C(1) 

99.85(8). 

 

Treatment of bis-silylene ligand 3-6 with NiBr2(dme) (dme = 1,2-

dimtheoxyethane) in toluene at room temperature afforded the Ni
II
 complex 3-7 

(Scheme 3-8). The groups of tert-butyl and aromatic protons resonate at  = 1.33 ppm 

and 6.83−7.55 ppm, respectively, in the 
1
H NMR spectrum, which are relatively 

downfield shifted due to metal coordination. Complex 3-7 exhibits a 
29

Si NMR signal 

at = 58.7 ppm, which is also drastically downfield shifted compared with the ligand 

3-6 (= 18.9 ppm) and other reported NHSi-Ni
II
 complexes (e.g. Ni

II
 complexes with 

a NHC-NHSi ligand I-92 [LSi:(CH2)NHCNiBr2] (= 8.3 ppm; L = 

CH(C=CH2)(CMe)(NAr)2, Ar = 2,6-iPr2C6H3; NHC = 3,4,5-trimethylimidazol-2-

yliden-6-yl)
[11]

 and pincer-type ligand I-93 (= 20.2 ppm)).
[50]

 

 

 

Scheme 3-8. Synthesis of bis-silylene Ni
II
 complex 3-7. 

 

Single-crystals of Ni
II
 complex 3-7 (monoclinic space group P21/c) were obtained 

in concentrated toluene solutions at 0 °C (Figure 3-11). The X-ray analysis of the 

latter revealed that the Ni
II
 center in complex 3-7 is in a square-planar environment 

with the sum of angles around the Ni atom of 360.02°. The Ni(1)Si(1) (2.1378(5) Å) 
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and Ni(1)Si(2) (2.1447(5) Å) distances are shorter than the reported NHSi- Ni
II
 

complexes supported by the pincer-type ligand I-93 (2.1737(7) Å) and a related NHC-

NHSi ligand I-92 in [LSi:(CH2)NHCNiBr2] (2.1553(8) Å; L = 

CH(C=CH2)(CMe)(NAr)2, Ar = 2,6-iPr2C6H3; NHC = 3,4,5-trimethylimidazol-2-

yliden-6-yl).
[11]

  

 

 

Figure 3-11. Molecular structure of 3-7. Thermal ellipsoids are set at 50 % 

probability level. Hydrogen atoms and solvent molecules are omitted for clarity. 

Selected bond lengths [Å] and angles [°]: Br(1)Ni(1) 2.3523(4), Ni(1)Si(1) 

2.1378(5), Ni(1)Si(2) 2.1447(5), Ni(1)Br(2) 2.3322(3); Si(1)Ni(1)Si(2) 88.42(2), 

Si(1)Ni(1)Br(2) 83.009(17), Si(2)Ni(1)Br(2) 171.12(2), Si(1)Ni(1)Br(1) 

178.64(2), Si(2)Ni(1)Br(1) 90.364(17), Br(2)Ni(1)Br(1) 98.231(13).  

 

DFT calculations (B97-D/6-31G(d)[Fe, Ni, Si, Br: def2-TZVP] and B3LYP/6-

31G(d)[Fe, Ni, Si, Br: def2-TZVP]) also confirm the square-planar geometry around 

the d
8
-Ni atom (sum of angles around Ni is 360.17°), and the Ni-Si distances 

(2.131(2) Å) are also in very good agreement with the respective experimental data. 

The LUMO is the antibonding orbital for the Si→Ni donation orbital. The HOMO is 

always a d orbital, and the other 4 d orbitals are also close to the HOMO in energy 

(LUMO: -2.11 eV, HOMO: -4.37 eV, HOMO-1: -4.39 eV, HOMO-2: -4.45 eV, 

HOMO-4: -4.81 eV, HOMO-5: -5.36 eV, HOMO-9: -5.90 eV, Figure 3-12). 
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Figure 3-12. Selected molecular orbitals of Ni
II
 complex 3-7. Electronic structure 

analysis was executed both at B97-D/6-31G(d)[Fe, Ni, Si, Br: def2-TZVP] and 

B3LYP/6-31G(d)[Fe, Ni, Si, Br: def2-TZVP]. 

 

The corresponding Ni
0
 carbonyl complex 3-8 was synthesized by reduction of 

complex 3-7 with KC8 in the presence of carbon monoxide atmosphere (Scheme 3-9). 

The 
29

Si NMR signal of complex 3-8 appears at= 86.0 ppm, which is significantly 

downfield shifted compared with the Ni
II
 complex 3-7 (= 58.7 ppm), suggesting the 

strong acceptor nature of carbonyl ligands. The 
13

C NMR signal of the carbonyl
 13

C 

nucleus in 3-8 appears at 207.6 ppm, which is downfield shifted compared with other 

carbonyl nickel complexes bearing NHC ligands [(NHC
R
)2Ni(CO)2] (= 198.3, and 

194.3 ppm; R = cyclohexyl and 2,4,6-Me3C6H2, respectively)
[79]

 or NHC-NHSi mixed 

ligand [LSi:(CH2)NHCNi(CO)2] (= 198.2 ppm; L = CH(C=CH2)(CMe)(NAr)2, 

Ar=2,6-iPr2C6H3; NHC = 3,4,5-trimethylimidazol-2-yliden-6-yl).
[11]
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Scheme 3-9. Synthesis of the bis-silylene Ni
0
 complex 3-8. 

 

Single crystals of Ni
0
 complex 3-8 were obtained in concentrated toluene 

solutions. Preliminary single-crystal X-ray diffraction data of complex 3-8 and DFT 

calculations (B97-D/6-31G(d)[Fe, Ni, Si, Br: def2-TZVP] and B3LYP/6-31G(d)[Fe, 

Ni, Si, Br: def2-TZVP]) confirm a tetrahedral four-coordinate Ni
0
 center (Figure 3-13 

and Figure 3-14).  

 

Figure 3-13. The molecular structure of 3-8 determined by a preliminary X-ray 

diffraction analysis Thermal ellipsoids are set at 50 % probability level. Hydrogen 

atoms and solvent molecules are omitted for clarity. Due to the moderate crystal 

quality, the metric parameters are not discussed. 
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Figure 3-14. DFT-derived molecular structure of 3-8. Hydrogen atoms are omitted 

for clarity. Selected distances [Å] and angles [°]: C(1)-Ni(1) 1.789, Ni(1)-Si(1) 2.195, 

Ni(1)-Si(2) 2.191, Ni(1)-C(2) 1.793, C(1)-O(1) 1.173, C(2)-O(2) 1.172; Si(1)-Ni(1)-

Si(2) 92.25, Si(1)-Ni(1)-C(2) 113.19, Si(2)-Ni(1)-C(2) 110.16, Si(1)-Ni(1)-C(1) 

109.54, Si(2)-Ni(1)-C(1) 109.73, C(2)-Ni(1)-C(1) 118.77. 

 

Figure 3-15. selected molecular orbitals of Ni
0
 complex 3-8 (top: LUMO; bottom: 

HOMO). Electronic structure analysis was executed both at B97-D/6-31G(d)[Fe, Ni, 

Si, Br: def2-TZVP] and B3LYP/6-31G(d)[Fe, Ni, Si, Br: def2-TZVP]. 

The complex shows very similar orbitals compared to those of 3-7. The LUMO is 

a * phenyl orbital indicating that the Ni is an 18 electron closed-shell stable atom. 
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The HOMO is a d orbital (the Si lone pair also has a contribution to this), and the 

other 4 d orbitals are also close to the HOMO in energy. (LUMO: -1.57 eV, HOMO: -

3.93 eV, HOMO-1: -4.41 eV, HOMO-2: -4.84 eV, HOMO-5: -5.50 eV, HOMO-6: -

5.63 eV, HOMO-7: -6.16 eV, Figure 3-15). 

The IR stretching vibration frequencies of the carbonyl groups in 3-8 were 

observed at= 1982 and 1934 cm
−1

. They are red-shifted compared with a NHSi-

NHC Ni
0
 carbonyl complex reported by our group (= 1952, 1887 cm

−1
)
[11]

 and 

NHC Ni
0
 carbonyl complex [(NHC

Cy
)2Ni(CO)2] (= 1949, 1878 cm

−1
)
[9]

 but blue-

shifted compared with Ni
0
 complex bearing the bis-phosphine analogous ligand in 

{[(Ph2PC)2B10H10]Ni(CO)2} (= 2021 and 1966 cm
−1

),
[9b]

 

{[(Et2PC)2B10H10]Ni(CO)2} (= 2013 and 1955 cm
−1

),
[9]

 and NHC Ni
0
 carbonyl 

complex [(NHC
Mes

)2Ni(CO)2] (= 2051, 1887 cm
−1

), 
[9] 

which indicate that the -

donor strength of o-carborane-based NHSi ligand is similar or even stronger than 

NHC or phosphine ligands. 

 

Scheme 3-10. Synthesis of the bis-silylene Ni
II
 complex 3-9. 

 

For comparison, the bis-silylene Ni
II
 complex 3-9 supported by a ferrocendiyl 

bridged ligand I-86 was also synthesized (Scheme 3-10). Treatment of bis-silylene 

ligand I-86 with NiBr2(dme) (dme = 1,2-dimtheoxyethane) in THF at room 

temperature overnight afforded the desired Ni
II
 complex 3-9. The groups of tert-butyl, 

ferrocene, and aromatic protons resonate at  = 1.44, 4.28−4.50, and 6.73−8.08 ppm, 

respectively, in the 
1
H NMR spectrum. Complex 3-9 exhibits a 

29
Si NMR signal at 

= 49.31 ppm, which is also downfield shifted compared with the ‘free’ ligand (= 
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43.3 ppm) but upfield shifted compared with the Ni
II
 complex 3-7 bearing the o-

carborane-based bis-silylene ligand 3-6. 

 

Figure 3-16. The molecular structure of 3-9. Thermal ellipsoids are set at 50 % 

probability level. Hydrogen atoms and solvent molecules are omitted for clarity. 

Selected distances [Å] and angles [°]: Br(1)-Ni(1) 2.3737(6), Ni(1)-Si(1) 2.1786(10), 

Ni(1)-Si(2) 2.2005(10), Ni(1)-Br(2A) 2.323(10), Ni(1)-Br(2) 2.379(3), Si(1)-Ni(1)-

Si(2) 92.69(3), Si(1)-Ni(1)-Br(2A) 90.4(3), Si(2)-Ni(1)-Br(2A) 173.7(13), Si(1)-

Ni(1)-Br(1) 165.17(4), Si(2)-Ni(1)-Br(1) 89.83(3), Br(2A)-Ni(1)-Br(1) 88.6(6), Si(1)-

Ni(1)-Br(2) 89.02(8), Si(2)-Ni(1)-Br(2) 164.41(8), Br(2A)-Ni(1)-Br(2) 10.1(15), 

Br(1)-Ni(1)-Br(2) 92.46(8). 

 

The toluene solutions of 3-9 were concentrated and left in a freezer at 0°C 

overnight affording orange crystals of the desired complex in 60% yields. 3-9 

crystallizes in the monoclinic space group P21/c (Figure 3-16). Akin to 3-7, its Ni
II
 

center adopts a square-planar geometry but with slight distortion (with the sum of 

angles around Ni atom of 364.01°). However, the Ni(1)Si(1) (2.1786(10) Å) and 

Ni(1)Si(2) (2.2005(10) Å) distances are slightly longer than those in complex 3-7.   
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Figure 3-17. HOMO-9 (-5.90 eV) of [SiCCSi]NiBr2 and HOMO-12 (-5.49 eV) of 

[FcSiSi]NiBr. 

 

DFT calculations confirm the elongation of the Ni-Si distances in complex 3-9 

compared to 3-7 resulting from a weaker donor ability of the ferrocene-based ligand 

towards Ni. The LUMO of 3-9 is the antibonding orbital for the Si→Ni donation 

orbital (Figure 3-17). The HOMO is a d orbital. (LUMO: -1.87 eV, HOMO: -3.69 eV, 

HOMO-1: -3.97 eV, HOMO-7: -4.89 eV, HOMO-8: -5.03 eV, HOMO-12: -5.49 eV, 

HOMO-14: -5.81 eV). The calculated charge of the Ni center is +0.72 in 3-7 but 

+0.78 in 3-9. The orbitals of 3-9 are similar to those of 3-7. The Si→Ni donation 

orbital of 3-7 is always more stable than the corresponding Si→Ni orbital of 3-9 

which might indicate a stronger donation to the Ni center which might be related to 

the catalytic activity.  
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Scheme 3-11. Synthesis of the bis-phosphine Ni
II
 complex 3-11. 

 

For comparison, the bis-phosphine Ni
II
 complex supported by o-carborane-based 

ligands 3-10 and 3-12 were synthesized (Scheme 3-11). Electron-rich phosphine 

bis(cyclodiaminophosphanyl)-o-carborane 3-10 reported by Bourissou et al. was 

synthesized according to reported procedures. Treatment of ligand 3-10 with 

NiBr2(dme) (dme = 1,2-dimtheoxyethane) in toluene at room temperature overnight 

afforded the bis-phosphine Ni
II
 complex 3-11. The groups of iso-propyl and -CH2- of 

phosphine backbone protons resonate at  = 1.16−4.41 ppm in the 
1
H NMR spectrum. 

However, the respective B-H proton signals lead to broad resonance signals around 3 

ppm. The complex 3-11 exhibits a 
31

P NMR signal at = 133.96 ppm, which is also 

downfield shifted compared with the ‘free’ ligands because of the coordination. The 

toluene solutions of 3-11 were concentrated and left in a freezer at 0°C overnight 

affording crystals of the desired complex in 46 % yields. 3-11 crystallizes in the 

monoclinic space group P21/c. Akin to 3-7, its Ni
II
 center adopts a square-planar 

geometry with the Ni(1)P(1) and Ni(1)P(2) distances of 2.1432(12) Å and 

2.1539(12) Å, respectively. 
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Figure 3-18. The molecular structure of 3-11. Thermal ellipsoids are set at 50 % 

probability level. Hydrogen atoms and solvent molecules are omitted for clarity. 

Selected distances [Å] and angles [°]: Br(1)-Ni(1) 2.3375(8), Ni(1)-P(1) 2.1432(12), 

Ni(1)-P(2) 2.1539(12), Ni(1)-Br(2) 2.3154(8), P(1)-Ni(1)-P(2) 95.61(5), P(2)-Ni(1)-

Br(2) 86.14(4), P(1)-Ni(1)-Br(1) 85.95(4), Br(2)-Ni(1)-Br(1) 92.75(3). 

 

Treatment of bis-(diphenylphosphanyl) ligand 3-12 with NiBr2(dme) (dme = 1,2-

dimtheoxyethane) in toluene at room temperature overnight afforded the bis-

phosphine Ni
II
 complex 3-13 (Scheme 3-12). The spectroscopic data of Ni

II
 complex 

3-13 agree with the reported ones. 

 

Scheme 3-12. Synthesis of the bis-phosphine Ni
II
 complex 3-13. 
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3.2.2 Buchwald-Hartwig amination reactions catalyzed by o-

carborane bis-NHSi Ni complexes  

   Buchwald-Hartwig amination, a C-N bond formation reaction catalyzed by 

palladium complexes, is important in organic synthesis since a large amount of 

medically important molecules and materials contain arylamine motifs.
[80]

 However, 

in recent years, for declining the use of expensive and natural less abundance precious 

metal complexes in catalysis, developing the cheap and earth-abundant first-row 

complexes as a replacement has attracted much attention.
[81]

 Among first-row TMs, 

nickel is a promoting alternative metal which could facilitate the oxidative addition of 

a substrate at the metal center.
[81i, 81k-81n, 82]

 In the past few years, either structure-

defined or in situ generated Ni complexes have been demonstrated to be the pre-

catalysts of Buchwald-Hartwig amination. Among these cases, phosphines, NHCs, 

and N-based ligands have been demonstrated to promote the catalytic performance.
[82-

83]
 Considering the electron-rich properties of NHSi ligands, the combination of NHSi 

ligands and nickel precursor would further facilitate the oxidative addition step, thus 

offering massive opportunities in such reactions. Therefore, developing new NHSi 

ligand system for Buchwald-Hartwig amination is demanding.  

Initial screening experiments revealed that already 0.5 mol% of 3-7 can catalyze 

the desired transformation effectively in high yield (93%) after 25 hours at 100 °C in 

the presence of catalytic amounts of AgBPh4 and 1.2 molar equivalents of KOtBu as a 

base (Table 3-2). The reactions without silver salt gave lower conversion (5 – 45%). 

The bulky AgBPh4 shows the best conversion and selectivity (71 % and 99 %) 

compared with AgBF4 and AgOTf. Next, the influence of the different bases was 

tested. When K2CO3 and Cs2CO3 were used, the reactions gave very low conversion 

(4 % and 5 %). However, the lithium salts (LiOMe and LDA) could promote the 

catalytic performances (26 % and 59 %) but showed relatively poor selectivity (25 % 

and 96 %). 
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Table 3-2. The nickel-catalyzed Buchwald-Hartwig coupling using various reaction 

conditions
[a]

 

 

Entry 
additive Base Solvent t T Conversion

[b]
 Selectivity %

[b]
 

 
1.2eq 1.5mL h  ˚C % c3a 

1 
 

KOtBu dioxane 16 80 5 40 

2 
 

KOtBu dioxane 16 100 45 91 

3 AgOTf KOtBu Toluene 16 100 64 96 

4 AgBF4 KOtBu Toluene 16 100 69 97 

5 AgBPh4 KOtBu Toluene 16 100 71 99 

6 NaBARF KOtBu Toluene 16 100 68 97 

7 AgBPh4 K2CO3 Toluene 16 100 4 18 

8 AgBPh4 Cs2CO3 Toluene 16 100 5 14 

9 AgBPh4 LiOMe Toluene 16 100 26 25 

10 AgBPh4 LDA Toluene 16 100 59 96 

11 AgBPh4 KOtBu dioxane 16 100 76 99 

12 AgBPh4 KOtBu dioxane 25 100 94 99 

[a] Reaction conditions: c1a (0.5 mmol), c2a (0.75 mmol), [Ni] (0.5 mol%), additive 

(1.25 mol%), base (1.2 equiv), T=80-100 °C, solvent = 1.5 mL, internal standard = 

decane, t =16-25 h. [b] the conversions and selectivities are determined based on the 

substrate c1a. 
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Table 3-3. The nickel-catalyzed Buchwald-Hartwig coupling using various reaction 

conditions
[a]

 

 

Entry 
Cat additive t Conversion

[b]
 Selectivity %

[b]
 

0.5 mol% 
 

h % c3a 

1 NiBr2(dme) 
 

16 29 84 

2 3-7 AgBPh4 25 94 99 

3 3-9 AgBPh4 25 80 98 

4 3-11 AgBPh4 25 69 96 

5 3-13 AgBPh4 25 67 94 

6 3-8 AgBPh4 25 82 96 

7
[c]

 3-7 AgBPh4 25 87 95 

8
[d]

 3-7 AgBPh4 25 88 93 

[a] Reaction conditions: c1a (0.5 mmol), c2a (0.75 mmol), [Ni] (0.5 mol%), AgBPh4 

(1.25 mol%), KOtBu (1.2 equiv), T= 100 °C, solvent = 1.5 mL, internal standard = 

decane, t =16-25 h. [b] the conversions and selectivities are determined based on the 

substrate c1a. [c] 1-2 equiv. of Mercury added. [d] 1-2 equiv. of tetramethylthiourea 

(TMTU) added. 
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In contrast, employing NiBr2(dme) as a precatalyst leads to lower yields of 

product (24%; see Table 3-3, Entry 1). Moreover, poisoning studies and control 

experiments proved that the reaction is mediated by a molecular nickel catalyst (Table 

3-3, Entries 7-8). Because the complex 3-9 contains a less -donor strength bis-NHSi 

ligand, the yields of c3a (78%) is relatively lower. The higher activity of 3-7 can be 

explained with the stronger donor character of the o-carborane bis-NHSi ligand 

towards Ni
II
, which facilitates the oxidative addition step at the nickel site. 

Furthermore, for comparison of the catalytic performances of the o-carborane bis-

NHSi complex 3-7 with those of related phosphine-Ni
II
 complexes containing the 

bis(diphenylphosphine)- and a bis-(cyclodiaminophosphine)-substituted o-carborane 

ligand, the respective complexes 3-11 and 3-13 were also tested in the catalytic 

amination of c1a with c2a under identical conditions; it turned out that both catalyze 

the desired formation of c3a in considerably lower yields (66 and 69%, respectively; 

for details see Tabs 3-3). 

The effect of different leaving groups such as halides (I, Br, Cl) and 

trifluoromethylsulfonate (OTf) was also studied. It was shown that changing from I to 

OTf lowers the overall rate of the reaction (from 87% to 11% conversion; Table 3-4). 

Moreover, the reaction of the aryl halides bearing electron-donating groups gave 

lower conversions, while electron-withdrawing groups at the para position increase 

the overall reaction rate (OMe < Me < H < CF3; Table 3-4). In other words, the 

reaction rate depends on the electronic nature of the substrates applied in the reaction. 

Aryl substrates with a substituent at the para position gave higher yields compared to 

those in meta and ortho positions (2-Me < 3-Me < 4-Me; Table 3-4), which suggests 

steric effects play a role as well. 

The promising catalytic performance of 3-7 was further demonstrated using 

various amines with different steric and electronic properties. It was found that the 

amination of phenyl chloride results in moderate to high yields (44 to 96%, Table 3-4) 

depending on the steric and electronic nature of the amine substrates. In general, 

bulky substituents in the amine substrates hamper the catalytic performance of the 

catalyst thus resulting in lower yields (i.e., diisopropylamine 3d, 69%, Table 3-4). On 

the other hand, the relatively low yield of diphenylamine (44%, Table 3-4) is due to 

the fact that diphenylamine undergoes further reaction with phenyl chloride to form 
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triphenylamine as a side product. It was also shown that the reaction of benzyl 

chloride with morpholine proceeds very efficiently, yielding the corresponding 

product in 83% yields. 

 

Table 3-4. The nickel-catalyzed Buchwald-Hartwig coupling using various reaction 

conditions
[a]

 

 

Entry 
ArX amine (1.5eq) t Conversion

[b]
 Selectivity %

[b]
 

  
h % 

 

1 

  
16 76 99 

2 

  
25 94 99 

3 

  
16 78 97 

4 

  
25 95 96 

5 

  
16 87 45 

6 

  
25 99 42 

7 
  

16 86 97 

8 
  

25 100 97 
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9 
  

16 62 99 

10 
  

25 89 59 

11 

  
16 11 15 

12 

  
25 23 16 

13 

 

 
16 61 98 

14 

 

 
25 83 97 

15 

 

 
16 81 98 

16 

 
 

25 99 98 

17 

 
  

16 33 99 

18 

 
 

25 59 98 

19 

 
 

16 50 96 

20 

 
 

25 67 97 
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21 

  
16 82 98 

22 

  
25 95 98 

23 

  
16 67 99 

24 

  
25 98 98 

25 

  
16 42 99 

26 

  
25 70 98 

27 

  

16 87 48 

28 

  

25 96 46 

29 

  

16 79 98 

30 

  

25 94 99 

31 

  

16 56 99 

32 

  

25 88 98 

33 

  
16 68 98 
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34 

  
25 92 98 

35 

 
 

16 54 99 

36 

  
25 84 99 

[a] Reaction conditions: ArX (0.5 mmol), amine (0.75 mmol), [Ni] (0.5 mol%), 

AgBPh4 (1.25 mol%), KOtBu (1.2 equiv), T=100 °C, solvent = dioxane (1.5 mL), 

internal standard = decane, t =16-25 h. [b] the conversions and selectivities are 

determined based on the ArX. 

 

According to the previously proposed mechanism for this type of coupling 

reaction,
[84]

 the catalytic cycle starts with formation of the bis-NHSi Ni
0
 active 

intermediate A from the base-assisted reduction of complex 3-7 (Scheme 3-13). The 

intermediate A then undergoes oxidative addition of the aryl chloride and yields bis-

NHSi Ni
II
 intermediate B, the later then reacts with one molar equivalent of KOtBu to 

give the salt metathesis product C, which furnishes the corresponding [Ni(Ar)NR2] 

intermediate D by subsequent replacement of -OtBu by an amide group. The desired 

C-N coupling product is then liberated through a reductive elimination step 

regenerating the Ni
0
 species A. Accordingly, the Ni

0
-based complex 3-8 can also be 

used as a precatalyst but results in significantly lower yields of the desired C-N 

coupling products (e.g., 22% lower yield compared with complex 3-7), indicating that 

CO decreases the activity of the catalyst due to favorable OC→Ni coordination. The 

higher catalytic activity of the 3-7 vs. 3-9 and the related bis(phosphine)Ni systems, in 

turn, can be attributed to the stronger donor character of the ligand 3-6 which 

facilitates the oxidative addition step, and its bulkiness favors the reductive 

elimination step, thus enabling a superior steering role of that ligand throughout the 

reaction.  
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Scheme 3-13. Proposed mechanism for amination reaction catalyzed by Ni-silylene 

complexes. 
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3.3 Synthesis of N-heterocyclic silylene manganese complexes and 

their applications in transfer hydrogenation of alkynes 

 

 

As the third most abundant transition metal which plays an important role in 

nature, manganese is known to serve as the oxygen-evolving complex (OEC) in 

photosystem II. In recent year, out of the numerous water splitting Mn catalysts 

inspired by the Mn4CaO5 cluster present in photo-system II,
[89]

 the coordination 

complexes of manganese have also become rising stars in homogeneous catalysis.
[90]

 

Among numerous Mn-catalyzed reactions, manganese complexes have been applied 

in reduction reactions, for instance, the hydrogenations,
[91]

 transfer hydrogenation,
[92]

 

or hydrosilylation/hydroboration/hydrosilative reduction 
[93]

 of polar C=O or CN 

bonds (Scheme 3-14). However, as far as our knowledge, manganese-catalyzed 

reduction of CC bond has not been reported in the literature. Taking these into 

account, the first catalytically active Mn-NHSi complexes were synthesized and 

tested for transfer semi-hydrogenations of alkynes using ammonia-borane (AB) as a 

hydrogen source. 

 

 

Scheme 3-14. Reported reduction of C=O, CN, as well as CC multiple bonds 

catalyzed by Mn-based (pre)catalysts. 

 

3.3.1 Synthesis of Mn complexes stabilized by NHSi ligands 

 

Treatment of pincer-type silylene ligand I-94 with MnCl2 in THF dioxane mixed 

solvent at room temperature afforded the Mn
II
 complex 3-14 in 74 % yields as off-

white solid (Scheme 3-15). The single crystal of 3-14 was obtained from the toluene 
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solutions of 3-14 at 0°C overnight. 3-14 crystallizes in the monoclinic space group 

P21/c.  

 

 Scheme 3-15. Synthesis of bis-silylene Mn
II
 complex 3-14. 

 

 

 

Figure 3-19. Molecular structure of compound 3-14 in solid state. Thermal ellipsoids 

are drawn at 50% probability level. The hydrogen atoms and solvent molecules are 

omitted for clarity. Selected bond lengths (Å) and angles (deg): Mn(1)-Cl(1)  

2.3466(6), Mn(1)-Cl(2) 2.3478(6), Mn(1)-Si(2) 2.5923(5), Mn(1)-Si(1) 2.6038(6), 

Cl(1)-Mn(1)-Cl(2) 110.06(3), Cl(1)-Mn(1)-Si(2) 107.01(2), Cl(2)-Mn(1)-Si(2) 

109.71(2), Cl(1)-Mn(1)-Si(1) 109.30(3), Cl(2)-Mn(1)-Si(1) 108.11(2), Si(2)-Mn(1)-

Si(1) 112.646(18). 

 

Crystal structure of 3-14 revealed the distorted tetrahedral coordinated Mn
II
 

centers with the SiNHSi-Mn-SiNHSi angels of 112.646(18)° (Figure 3-19). These 

observations are quite similar to those in Mn
II
-NHC complexes 
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[MnCl2(C{N(iPr)C(Me)}2)2]
[94]

 and [MnCl2(IMes)2] (IMes = 1,3-dimesitylimidazol-

2-ylidene).
[95]

 However, similar to those observations in the Fe
II
 complexes stabilized 

by pincer type silylene ligand I-94, 3-14  remained with N atom not coordinated to the 

manganese atom with the Mn(1)-N(1) distance of 3.259 Å. This observation contrasts 

to those in PNP pincer ligand stabilized Mn
II
 complexes,

[56, 96]
 which could be 

rationalized as the increased electron density of Mn
II
 atom declined the N 

coordination induced by the coordination of strong -donor Si
II
 atom. The Mn

II
-Si

II
 

distances in 3-14, ranging from 2.5923(5) Å to 2.6038(6) Å, is significantly longer 

than those Mn
I
-Si

II
 bond distances in [LaMn(CO)4]

+
 (2.2789(8) Å and 2.2816(8) Å, La 

= PhC(NtBu)2SiCl) and [LbMn(CO)4]
+
 (2.3521(7) Å and 2.3571(7) Å, Lb = 

PhC(NtBu)2SiNPh2) as well as longer than Mn
I
-Si

IV
 distances in silyl manganese 

complex [(Me3Si)3SiMn(CO)5] (2.564(6) Å) and [(Me3Si)Mn(CO)4PPh3] (2.453(4) 

Å).
[97]

 

 

  

Scheme 3-16. Synthesis of bis-silylene Mn
II
 complex 3-15. 

 

 

Figure 3-20. Molecular structure of compound 3-15 in solid state. Thermal ellipsoids 

are drawn at 50% probability level. The hydrogen atoms and solvent molecules are 
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omitted for clarity. Selected bond lengths (Å) and angles (deg): Mn(1)-Cl(1) 

2.3213(7), Mn(1)-Cl(2) 2.3503(7), Mn(1)-Si(1) 2.6134(7), Mn(1)-Si(2) 2.6347(7), 

Cl(1)-Mn(1)-Cl(2) 112.88(3), Cl(1)-Mn(1)-Si(1) 112.93(3), Cl(2)-Mn(1)-Si(1) 

104.75(2), Cl(1)-Mn(1)-Si(2) 118.12(3), Cl(2)-Mn(1)-Si(2) 103.77(2), Si(1)-Mn(1)-

Si(2) 102.99(2). 

 

Treatment of bis-silylene ligand I-86 with MnCl2 in THF at room temperature 

afforded the Mn
II
 complex 3-15 in 56 % yield as yellow solid (Scheme 3-16). The 

single crystal of 3-15 was obtained from the toluene THF dioxane mixed solutions of 

3-15 at 0°C overnight. 3-15 crystallizes in the triclinic space group p-1 (Figure 3-20). 

Single crystal structures of 3-15 reveal the distorted tetrahedral coordinated Mn
II
 

centers with the SiNHSi-Mn-SiNHSi angels of  102.99(2)°, which are quite similar to 

those in Mn
II
-NHC complexes [MnCl2(C{N(iPr)C(Me)}2)2]

[94]
 and [MnCl2(IMes)2] 

(IMes = 1,3-dimesitylimidazol-2-ylidene).
[95]

 3-15 shows a four-coordinate Mn
II
. This 

observation contrasts to the six coordinated Mn
II
 center in the Mn

II
 dibromide 

analogue supported by bidentate phosphine dmpe (1,2-bis(dimethylphosphino)ethane) 

which could be explained as the presence of bulky and strong-donor ligand I-86. 

The Mn
II
-Si

II
 distances in 3-15, ranging from 2.6134(7) Å to 2.6347(7) Å, is 

significantly longer than those Mn
I
-Si

II
 bond distances in [LaMn(CO)4]

+
 (2.2789(8) Å 

and 2.2816(8) Å, La = PhC(NtBu)2SiCl) and [LbMn(CO)4]
+
 (2.3521(7) Å and 

2.3571(7) Å, Lb = PhC(NtBu)2SiNPh2) as well as longer than Mn
I
-Si

IV
 distances in 

silyl manganese complex [(Me3Si)3SiMn(CO)5] (2.564(6) Å)[15] and 

[(Me3Si)Mn(CO)4PPh3] (2.453(4) Å).
[97]

  

 

  

Scheme 3-17. Synthesis of bis-silylene Mn
II
 complex 3-16. 
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Figure 3-21. Molecular structure of compound 3-16 in solid state. Thermal ellipsoids 

are drawn at 50% probability level. The hydrogen atoms and solvent molecules are 

omitted for clarity. Selected bond lengths (Å) and angles (deg): Mn(1)-Cl(1) 2.319(3), 

Mn(1)-Cl(2) 2.333(2), Mn(1)-Si(1) 2.607(2), Mn(1)-Si(2) 2.616(2), Mn(2)-Cl(3)  

2.339(2), Mn(2)-Cl(4) 2.333(3), Mn(2)-Si(3) 2.609(2), Mn(2)-Si(4) 2.605(2), Cl(1)-

Mn(1)-Cl(2) 115.79(11), Cl(1)-Mn(1)-Si(1) 104.74(10), Cl(2)-Mn(1)-Si(1) 111.80(9), 

Cl(1)-Mn(1)-Si(2) 107.13(11), Cl(2)-Mn(1)-Si(2) 100.26(8), Si(1)-Mn(1)-Si(2) 

117.52(8), Cl(3)-Mn(2)-Cl(4) 116.98(11), Cl(3)-Mn(2)-Si(3) 103.03(9), Cl(4)-Mn(2)-

Si(3) 107.00(9), Cl(3)-Mn(2)-Si(4) 110.19(9), Cl(4)-Mn(2)-Si(4) 103.45(10), Si(3)-

Mn(2)-Si(4) 116.73(8). 

Treatment of two molar equivalents of mono-silylene ligand I-84 with MnCl2 in 

THF at room temperature afforded the Mn
II
 complex 3-15 in 50 % yield as off-white 

solid (Scheme 3-17). The single crystal of 3-16 was obtained from the toluene and 

dioxane mixed solutions of 3-16 at 0°C overnight. 3-16 crystallizes in the triclinic 

space group p-1 (Figure 3-21). Single crystal structures of 3-16 reveal the distorted 

tetrahedral coordinated Mn
II
 centers with the Si-Mn-Si angels of 117.52(8)°, which 

are quite similar to those in Mn
II
-NHC complexes [MnCl2(C{N(iPr)C(Me)}2)2]

[94]
 and 

[MnCl2(IMes)2] (IMes = 1,3-dimesitylimidazol-2-ylidene).
[95]

 The coordination 

geometry of 3-16  (distorted tetrahedral coordination) is similar to its phosphine 

analogue (PPh3)2MnI2 and (PEt3)2MnI2. The Mn
II
-Si

II
 distances in 3-16, ranging from 

2.605(2) Å to 2.616(2) Å, is significantly longer than those Mn
I
-Si

II
 bond distances in 

[LaMn(CO)4]
+
 (2.2789(8) Å and 2.2816(8) Å, La = PhC(NtBu)2SiCl) and 

[LbMn(CO)4]
+
 (2.3521(7) Å and 2.3571(7) Å, Lb = PhC(NtBu)2SiNPh2) as well as 

longer than Mn
I
-Si

IV
 distances in silyl manganese complex [(Me3Si)3SiMn(CO)5] 

(2.564(6) Å) and [(Me3Si)Mn(CO)4PPh3] (2.453(4) Å).
[97]
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3.3.2 Stereo-selective transfer semi-hydrogenation of alkynes 

catalyzed by Mn-NHSi complexes 

    Manganese NHSi complexes 3-14, 3-15, and 3-16 were applied successfully in 

transfer semi-hydrogenation of alkynes using NH3BH3 as H-source. Compared with 

the traditional direct hydrogenation method using H2 gas, the reaction conditions of 

transfer hydrogenation are much gentler.
[98]

 Due to the high percentage of H content 

(19.5 wt %) as well as the non-flammable and stable nature, ammonia-borane (AB) 

has been considered as a potential hydrogen storage material.
[99]

 In addition to 

hydrogen storage, AB has been employed as H-source for transfer hydrogenation of 

various unsaturated compounds.
[88g, 100]

 Among these, the transfer semi-

hydrogenations of alkynes have been reported using nickel, cobalt, gold, and copper 

complexes.
[88g, 100b, 100h, 100j]

  However, to the best of our knowledge, Mn complexes 

have been only demonstrated as (pre)catalysts for AB dehydrogenation
[101]

 but not yet 

in transfer hydrogenation.  

Firstly, the dehydrogenation of AB was tested using 5 mol% of complex 3-14 

loading in THF-d8 at 60 ˚C. The reaction was traced using 
11

B NMR spectroscopy 

(Figure 3-22). The formation of dehydrogenation products were assigned as oligomers 

species called polyborazanes or polyaminoboranes (quartet around δB = − 19 ppm, 

triplet around δB = − 11 ppm, and doublet around δB = − 6 ppm), aromatic ring species 

borazine (doublet around δB = 29 ppm), and cross-linked borazine called 

polyborazylene (broad signal around δB = 25 ppm) according to literature 
11

B NMR 

data.
[99a]
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Figure 3-22. 
11

B NMR spectra of ammonia-borane dehydrogenation reaction 

catalyzed by 3-14 (from bottom to top: 0 h, 4 h, 14 h, and 24 h). 

 

The initial optimization experiments indicate 1 mol% loading of 3-14 could 

catalyze the transfer semi-hydrogenation between 1-phenyl-1-hexyne and AB with 

high conversion(> 99 %) and high stereo-selective (E-alkene selectivity of 90 %) at 

55 ˚C in THF (Table 3-5, entry 1-5). This observation is different from the industrially 

applied Lindlar’s catalysts and most homo/heterogeneous semi-

(transfer)hydrogenation (pre)catalysts which yield Z-alkenes. Further optimization 

indicates that NH3BH3 gave the highest conversion compared to other H-sources: 

BH3NMe2H (24 %), BH3NMe3 (35 %), NaBH4 (17 %), and H2 (0 %) (Table 3-5, entry 

6-9). 
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Table 3-5. The NHSi-Mn complexes catalyzed transfer hydrogenation of alkynes 

using various reaction conditions
[a]

 

 

Entry 
cat. H-source Solvent T Conversion

[b]
 E-selectivity

[b]
 

  
3 mL  ˚C % % 

1 3-14 NH3BH3 THF 25 0 - 

2 3-14 NH3BH3 THF 55 >99 90 

3 3-14 NH3BH3 MeOH 55 <10 - 

4 3-14 NH3BH3 MeCN 55 60 56 

5 3-14 NH3BH3 toluene 55 51 44 

6 3-14 NHMe2BH3 THF 55 24 73 

7 3-14 NMe3BH3 THF 55 35 71 

8 3-14 NaBH4 THF 55 17 82 
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9 3-14 H2 THF 55 0 - 

10 3-15 NH3BH3 THF 55 99 69 

11 3-16 NH3BH3 THF 55 >99 68 

12 MnCl2 NH3BH3 THF 55 35 76 

13 
3-6 + 

MnCl2 
NH3BH3 THF 55 48 48 

14 
I-93 + 

MnCl2 
NH3BH3 THF 55 41 66 

15 
3-17 + 

MnCl2 
NH3BH3 THF 55 43 49 

16
[c]

 3-14 NH3BH3 THF 55 99 85 

17
[d]

 3-14 NH3BH3 THF 55 99 87 

[a] Reaction conditions: alkyne (0.5 mmol), H-source (0.5 mmol), [Mn] (1 mol%), 

T=55 °C, solvent = 3 mL, internal standard = decane, t =16 h. [b] Conversions and 

selectivities were determined by GC or NMR. [c] 1 drop of Mercury added. [d] 1-2 

equiv. of (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) added. 

 

Mn
II
 complexes bearing different NHSi ligands were also tested for this reaction. 

Structure defined complexes 3-15 with bidentate bis-NHSi ligand I-86 and complex 

3-16 bearing monodentate NHSi ligand revealed the same high activity with almost 

full conversion (99 % and >99 %, respectively, Table 3-5, entry 10-11). However, 3-

15 and 3-16 gave relatively lower stereo-selectivity (69 % and 68 %, respectively, 

Table 3-5, entry 10-11) compared to those of 3-14. Since the isolation of structure 

defined complexes with multidentate NHSi ligand 3-6 and I-93 were not successful, 

3-6 or I-93 were directly employed in catalysis in the present of MnCl2 but gave poor 

conversion and stereoselectivity (48 % and 41 % conversion, respectively, Table 3-5, 

entry 13-14). Pincer-type phosphine pyridine ligand 3-17 was also tested and gave 

relatively lower conversion (43 %, Table 3-5, entry 15).  
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To gain the mechanic insights of the transfer semi-hydrogenation reaction, control 

experiment of substrate 1-phenyl-1-hexyne in the presence of mercury was carried out. 

The high conversion and stereoselectivity (99 % and 85 %, respectively, Table 3-5, 

entry 16), indicate the catalytic reaction undergoes molecular mechanism rather than 

nanoparticles (mercury is known to poison catalytically active metal nanoparticles). 

Furthermore, the transfer semi-hydrogenation of 1-phenyl-1-hexyne gave also high 

conversion and stereoselectivity (99 % and 87 %, respectively, Table 3-5, entry 17) in 

the presence of TEMPO (2,2,6,6-tetramethyl-l-piperidinoxyl), which ruled out the 

possible radical mechanism (TEMPO is known to trap the radical species). According 

to the previous report, metal hydride was proposed as active intermediate for the 

transfer semi-hydrogenation of alkyne.
[99a]

 However, metal hydride species are also 

known as the active intermediate for dehydrogenation of ammonia-borane. Therefore 

it is necessary to check whether the reaction undergoes dehydrogenation-

hydrogenation mechanism or direct transfer hydrogenation mechanism. Then, as a 

control experiment, the complex 3-14 was tested for the direct hydrogenation of 1-

phenyl-1-hexyne (Table 3-5, entry 9) under an H2 atmosphere which gave no 

conversion. These observations suggest the H was directly transferred to substrates 

without involving the dehydrogenation-hydrogenation process. 

 

Table 3-6. The NHSi-Mn complexes catalyzed transfer semi-hydrogenation of 

different alkynes
 [a]

 

 

Entry Alkynes 
Conversion

[b]
 E-selectivity

[b]
 

% % 

1 
 

>99 90 

2 
 

97 92 
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3  67 50 

4 
 

-
[c]

 -
[c]

 

5 
 

98 92 

6 
 

98 93 

7 
 

90 91 

8 
 

95 92 

9 

 

97 82 

10 

 

99 79 

11 
 

99 94 

12 
 

> 99 96 
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13 

 

> 99 60 

14 

 

96 98 

15 
 

81 95 

[a] Reaction conditions: alkyne (0.5 mmol), H-source (0.5 mmol), 3-14 (1 mol%), 

T=55 °C, solvent = 3 mL, internal standard = decane, t =16 h. [b] Conversions and 

selectivities were determined by GC/MS and NMR respectively. 

 

Further, the catalytic performance of 3-14 with different alkynes was investigated 

(Table 3-6 and 3-7). It turned out that the catalyst tolerates different functional groups 

and leads to the corresponding (E)-alkenes as main products. The reaction of the 

alkynes with phenyl/alkyl substitutes, diphenyl substitutes, and phenyl/silyl 

substituents gives both good conversion (97 to >99 %) and E-selectivities (90-92 %).  

However, the dialkyl substituted alkyne results in lower conversion (67 %) without 

stereoselectivity (E/Z = 1:1), and the disilyl substituted alkyne 

bis(trimethylsilyl)acetylene does not react at all.  

 

The semi-hydrogenation tolerated various functional group based on the 

substructures of 1-phenyl-2-trimethylsilylacetylene. The reactions of the alkynes 

bearing 4-position substituents at the phenyl ring (Me, tBu, OMe, Br, and Cl) gave 

both high conversions (90 to >99 %) and high stereoselectivities (92-96 %; Table 3-6). 

However, a substrate with the electron-withdrawing COOMe group in the para 

position led to high conversion (> 99 %) but poor E-selectivity (60 %). Notably, the 

presence of CN, NH2, NO2, and OH groups at the phenyl group poisoned the 

anticipated catalytic transfer hydrogenation (Table 3-7). Steric effects also play a role 

as shown by comparison of the alkynes with a MeO substituent in para, meta and 
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ortho position, respectively (conversions: 2-OMe > 3-OMe > 4-OMe; 

stereoselectivities: 4-OMe > 3-OMe > 2-OMe; Table 3-6). 

 

Table 3-7. The NHSi-Mn complexes catalyzed transfer semi-hydrogenation of 

different alkynes 
[a]

 

 

Entry Alkynes 
Conversion

[b]
 E-selectivity

[b]
 

% % 

1 
 

ND - 

2 
 

ND - 

3 
 

ND - 

4 
 

ND - 

5 

 

ND - 

6 
 

ND - 
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7 
 

ND - 

8 
 

ND - 

9 
 

ND - 

10 
 

ND - 

11 
 

ND - 

[a] Reaction conditions: alkyne (0.5 mmol), H-source (0.5 mmol), 3-14 (1 mol%), 

T=55 °C, solvent = 3 mL, internal standard = decane, t =16 h. [b] Conversions and 

selectivities were determined by GC/MS and NMR respectively. 

 

 

According to a previously proposed mechanism for metal-mediated transfer semi-

hydrogenation,
[88g]

 the catalytic cycle starts with the generation of bis-NHSi 

manganese hydride A from the ammonia-borane-induced reduction of complex 3-14 

(Scheme 3-18). The intermediate A then coordinates to an alkyne molecule that gives 

alkyne complex intermediate B, which further undergoes the insertion of alkyne into 

Mn-H bond and generation of intermediate C. The subsequent cleavage of the Mn–C 

bond by ammonia-borane affords the desired semi-hydrogenation product (E)-olefin, 

boron-contain side-product (e.g., polyborazane/polyaminoborane, borazine, or 

polyborazylene), and the regenerated manganese hydride A.  
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Scheme 3-18. Proposed mechanism for transfer semi-hydrogenation catalyzed by Mn-

silylene complexes. 
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3.4 Synthesis of N-heterocyclic silyl, silylene, and 
2
-(Si-H) cobalt 

complexes and their applications in olefin hydrosilylations 

 

   Silicon-based ligands have attracted considerable attention in recent years due to 

their unique electronic and steric properties that enhance the catalytic activity and 

selectivity of transition metal catalysts. Silyl ligands are the most widely used Si-

based ligands bearing negatively charged Si
IV

 center that favors the stabilizations of 

high oxidation state intermediate and produces the strong trans effect.
[102]

 The 

oxidative addition of hydrosilanes is a common method for synthesizing silyl 

complexes. If the Si-H is not fully oxidatively added to metal centers, -complexes or 

agnostic bonded complexesvia 
2
-(Si-H) coordinated 2-electron, 3-center bonds are 

formed.
[103]

 Apart from Si
IV

-based ligands, low-valent silicon spices silylenes, 

especially N-heterocyclic silylenes (NHSis) constitute another important family of Si-

based ligands that feature strong -donor Si
II
 coordination centers and metal-Si 

cooperating effects which facilitate high activity and selectivity.
[38a, 38c]

 In this part, 

the synthesis, coordination chemistry, and catalytic studies of a Si-based ligand, 

which enables three different coordination modes (e.g., silyl, silylene, and 
2
-(Si-H), 

Scheme 3-19), were described. 

 

Scheme 3-19. Three possible coordination modes by ligand I-24. 

 

As one of the most important homogenous reactions at the industrial scale, 

hydrosilylation reactions have wide applications in the synthesis of different silicon-

containing molecules and materials. Pt-based complexes could efficiently catalyze the 
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hydrosilylation reactions and are widely applied as a catalyst in the silicon 

industry.
[104]

 In recent years, to prevent the usages of high costs, low abundant and 

more toxic Pt catalysts, several 1
st
-row transition metal complexes have been 

developed as a new generation of catalysts for hydrosilylation reactions.
[105]

 Cobalt 

complexes represent an important family of 1
st
-row transition metal catalysts for the 

process of hydrosilylation. As early as in the 1960’s, Co2(CO)8 was tested as the 

catalyst for the hydrosilylation of olefins and the well-known Chalk-Harrod 

mechanism was proposed based on these investigations.
[106]

 Subsequently, research 

interests became increasingly concentrated on precious metal catalysts rather than Co-

based catalysts.
[107]

 Until recently, the developments of highly efficient Co-based 

catalysts for olefin hydrosilylation attracted considerable attention. In 2013, silyl-

NHC cobalt(II) complexes A were reported by Deng group.
[108]

 In following years, 

cobalt(I) bis(imino)pyridine complex B, cobalt(I) -diketiminato complex C, and 

cobalt(II) phosphine-iminopyrdine complexes D were reported as efficient pre-

catalysts for olefin hydrosilylation by Chirik, Holland, Huang, and others groups 

respectively (Scheme 3-20).
[109]

 In this case, the cobalt complex 3-18 was also tested 

and found to be a very active (pre)catalysts for olefin hydrosilylations. 

 

Scheme 3-20. Selected examples of structure defined cobalt (pre)catalysts of olefin 

hydrosilylation. 
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3.4.1 Synthesis of Co complexes stabilized Si-based NHC ligands 

 

Recently, our group reported the reaction of NiBr2(dme) with N-

heterocyclicsilylcarbene I-24, L
1
Si(H)(CH2)(NHC) (L

1 
= CH(C=CH2)-(CMe)(NAr)2, 

Ar = 2,6-iPr2C6H3; NHC = 3,4,5-trimethylimidazol-2-ylidene-6-yl), which gave the 

N-heterocyclic silylene-NHC Ni complexes [L
2
Si:(CH2)(NHC)NiBr2] (L

2 
= 

CH(MeC=NAr)2). However, the reaction of I-24 with CoBr2 did not lead to the 

similar N-heterocyclic silylene-NHC Co complex. The reaction of ligand I-24 with 

CoBr2, KC8 and trimethylphosphine in THF gave the silyl-cobalt(II) complex 

[L
1
Si(CH2)(NHC)CoH(PMe3)2] 3-18 as main product (in 56 % yield) which might be 

due to the oxidative addition of Si-H bond into in situ generated Co
0
 center (Scheme 

3-21). Single crystals of 3-18 were crystallized from concentrated Et2O solutions at 

0 °C in the triclinic space group P-1 (Figure 3-23). The Co1-C36 and Co1-Si1 bond 

distances are 1.950(3) Å and 2.2178(9) Å, respectively, which are similar to those Co-

C and Co-Si bond distances in reported Co-NHC and Co-sily complexes, respectively. 

The C1-C2 (1.364(4) Å) and C4-C5 (1.500(5) Å) distances represent double and 

single bonds, respectively. Those observations are in sharp contrast to the cases in 

previously reported silylene-NHC Ni complexes [L
2
Si:(CH2)(NHC)NiBr2] (L

2 
= 

CH(MeC=NAr)2). The Co1-H1 distance is 1.411 Å, which is in accordance with the 

literature reported Co-H bond distance.
[108]

 The Si1-H1 distance of 1.966 Å is longer 

than those in the free ligand (1.338 Å) but in the range of non-classical Si-H 

interactions which suggest the oxidative addition of Si-H bond at the Co center and a 

non-classical interaction between Si and H atoms. The IR absorption at 1741 cm
-1

 and 

1694 cm
-1

of 3-18 also agree with those observations in terminal Co-H compounds and 

Si-H non-classical interactions, respectively.  

Scheme 3-21. Synthesis of NHC-silyl Co
II
 complex 3-18 and 3-19. 
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Figure 3-23 Molecular structure of compound 3-18 in solid state. Thermal ellipsoids 

are drawn at 50% probability level. The hydrogen atoms (except those on Co1, C1, 

and C5) and solvent molecules are omitted for clarity. Selected bond lengths (Å) and 

angles (deg): Co(1)-C(36) 1.950(3), Co(1)-Si(1) 2.2178(9), Co(1)-P(1) 2.2190(9), 

Co(1)-P(2) 2.2348(9), C(1)-C(2) 1.364(4), C(4)-C(5) 1.500(5), C(36)-Co(1)-Si(1) 

84.92(9), C(36)-Co(1)-P(1) 92.93(9), Si(1)-Co(1)-P(1) 113.24(3), C(36)-Co(1)-P(2) 

119.47(9), Si(1)-Co(1)-P(2) 138.73(4), P(1)-Co(1)-P(2) 99.11(3). 
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Figure 3-24 Molecular structure of compound 3-19 in solid state. Thermal ellipsoids 

are drawn at 50% probability level. The hydrogen atoms (except those on C16) and 

solvent molecules are omitted for clarity. Selected bond lengths (Å) and angles (deg): 

Co(1)-C(33) 1.975(7), Co(1)-Si(1) 2.187(2), Co(1)-P(2) 2.220(3), Co(1)-P(1)  

2.234(3), C(1)-C(2) 1.536(10), C(4)-C(5) 1.512(9), C(33)-Co(1)-Si(1) 84.4(2), C(33)-

Co(1)-P(2) 95.1(2), Si(1)-Co(1)-P(2) 118.38(10), C(33)-Co(1)-P(1) 115.9(3), Si(1)-

Co(1)-P(1) 135.47(9), P(2)-Co(1)-P(1) 99.72(9). 

 

The reaction of ligand I-24 with CoBr2, KC8, and trimethylphosphine in THF also 

gave the bis-silyl cobalt(II) complex [{L
1
Si (CH2)(NHC)}2Co] 3-19 as a side product 

(in 5 % yield, Scheme 3-21). The green crystal of 3-19 was obtained from the 

combined mother liquid of 3-18 at 0 °C after two days. The structure of 3-19 

represents two silyl-NHC ligands coordinated to the Co
II
 center (Figure 3-24). The 

ligand backbone in 3-19 is quite similar to those in 3-18. The C-H of dipp group 

forms a C-H to Co
II
 agostic interaction with the Co1-H16C bond distance of 2.137 Å. 

 



Results and Discussion 

 
98 

 

Scheme 3-22. Synthesis of silylene Co
II
 complex 3-20. 

 

 

Figure 3-25. Molecular structure of compound 3-20 in solid state. Thermal ellipsoids 

are drawn at 50% probability level. The hydrogen atoms (except those on Co1, C1, 

and C5) and solvent molecules are omitted for clarity. Selected bond lengths (Å) and 

angles (deg): Co(1)-C(33) 1.975(7), Co(1)-Si(1) 2.187(2), Co(1)-P(2) 2.220(3), 

Co(1)-P(1) 2.234(3), C(1)-C(2) 1.536(10), C(4)-C(5) 1.512(9), C(33)-Co(1)-Si(1) 

84.4(2), C(33)-Co(1)-P(2) 95.1(2), Si(1)-Co(1)-P(2) 118.38(10), C(33)-Co(1)-P(1) 

115.9(3), Si(1)-Co(1)-P(1) 135.47(9), P(2)-Co(1)-P(1) 99.72(9). 

 

Since the direct reaction of ligand I-24 with cobalt precursor does not induce the 

H migration from Si or Co center to the -diketiminato backbones which was 

observed in Ni complexes, we considered if an external proton source could be added 

to the -diketiminato backbones. By the reaction of one molar equivalent of Jutzi acid 

[{H(Et2O)2}
+
{B(C6F5)4}

-
] with compound 3-18, silylene-NHC Co complex 3-20 

could be synthesized successfully and isolated as red crystals in 40 % yield (Scheme 
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3-22). The single crystal of 3-20 was crystallized from concentrated Et2O solutions at 

0 °C in the monoclinic space group P21/c (Figure 3-25). 3-20 is ionic nature with a 

silylene-NHC coordinated Co
II
 hydride [L

2
Si:(CH2)(NHC)CoH(PMe3)2]

+
 cation and a 

[B(C6F5)4]
- 
as counter-ion. The C1-C2 (1.536(10) Å) and C4-C5 (1.512(9) Å) bond 

distances are almost the same and agree with the bond distances in L
2
Si:(CH2)(NHC) 

(L
2 

= CH(MeC=NAr)2) backbone. The Co1-Si1 bond distance is 2.187(2) Å which is 

similar to those Co-Si bond distances in reported cobalt silylene complexes. The 

hydride H is still found on Co
II
 atom with a Co1-H1 distance of 1.486 Å which 

indicate the silylene-NHC cobalt(II) hydride nature. The IR absorption at 1768 cm
-1

 

of 3-20 also reveals the terminal Co-H bond.  

Scheme 3-23. Synthesis of 
2
-(Si-H) cobalt complex 3-21. 

 

 

Figure 3-26. Molecular structure of compound 3-21 in solid state. Thermal ellipsoids 

are drawn at 50% probability level. The hydrogen atoms (except those on Si1, C1, and 

C5) and solvent molecules are omitted for clarity. Selected bond lengths (Å) and 

angles (deg): Co(1)-C(38) 1.712(4), Co(1)-C(39) 1.777(4), Co(1)-C(32) 1.943(4), 

Co(1)-P(1) 2.2099(13), Co(1)-Si(1) 2.2563(13), O(1)-C(38) 1.170(5), O(2)-C(39) 

1.154(5), C(2)-C(1) 1.506(5), C(5)-C(4) 1.361(5), C(38)-Co(1)-C(39) 100.4(2),C(38)-

Co(1)-C(32) 159.05(19), C(39)-Co(1)-C(32) 97.15(19), C(38)-Co(1)-P(1) 90.33(14), 
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C(39)-Co(1)-P(1) 106.76(15), C(32)-Co(1)-P(1) 95.41(12), C(38)-Co(1)-Si(1) 

79.33(14), C(39)-Co(1)-Si(1) 117.42(15), C(32)-Co(1)-Si(1) 82.54(13), P(1)-Co(1)-

Si(1) 135.72(5). 

The reaction of compound 3-18 under CO atmosphere in toluene afforded yellow 

solutions (Scheme 3-23). Further crystallization in toluene gave the compound 3-21 as 

yellow crystals in 80 % yields. A single crystal diffraction analysis revealed that one 

PMe3 ligand was replaced by two CO ligands (Figure 3-26). The C1-C2 distance 

(1.506(5) Å, double bond nature) is longer than that of C4-C5 (1.361(5) Å, single 

bond nature), which suggests a silyl backbone, L
1
Si(CH2)NHC (L

1 
= CH(C=CH2)-

(CMe)(NAr)2), in complex 3-21. Unlike in compound 3-18, the Si-H bond length 

(1.470 Å) in 3-21 is shorter than that of 3-18 and in the range of Si-H -complexes. 

This suggests the formation of a 
2
-(Si-H) Co

0
 -complex. The -complex nature of 

3-21 was also supported by the typical Si-H-complex IR absorption appears at 1812 

cm
-1

. 

 

 Scheme 3-24. Synthesis of silyl cobalt complex 3-22 and 
2
-(Si-H) cobalt complex 

3-23. 
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Figure 3-27. The molecular structure of compound 3-22 in the solid state. Thermal 

ellipsoids are drawn at 50% probability level. The hydrogen atoms (except those on 

Si1, C1, and C5) and solvent molecules are omitted for clarity. Selected bond lengths 

(Å) and angles (deg): Co(1)-C(31) 1.9680(17), Co(1)-P(1) 2.2233(5), Co(1)-P(2) 

2.2267(5), Co(1)-Si(1)  2.2395(5), C(1)-C(2) 1.464(3), C(4)-C(5) 1.404(3), C(31)-

Co(1)-P(1)  115.08(6), C(31)-Co(1)-P(2) 98.75(5), P(1)-Co(1)-P(2) 86.865(19), 

C(31)-Co(1)-Si(1) 83.81(5), P(1)-Co(1)-Si(1) 146.27(2), P(2)-Co(1)-Si(1) 119.12(2). 

 

Similar to the ligand exchange reaction of 3-18 with CO, the ligand exchange 

experiments with chelating bis-phosphine ligands dppe, 1,2-

bis(diphenylphosphino)ethane, and dmpe, 1,2-bis(dimethylphosphino)ethane, were 

also tested. The reactions of compound 3-18 with dppe and dmpe in Et2O afforded the 

exchanged products 3-22 and 3-23 (Scheme 3-24, Figure 3-27, and Figure 3-28), 

respectively. The X-ray diffraction analysis suggested the L
1
Si(CH2)NHC (L

1 
= 

CH(C=CH2)-(CMe)(NAr)2) backbones (for 3-22: C1-C2 bond distance 1.464(3) Å; 

C4-C5 bond distance 1.404(3). For 3-23: C20-C23 bond distance 1.443(14) Å; C22-

C24 bond distance 1.385(15)). However, the Si-H bond situations are quite different 

in two cases depending on the different -donating strength of chelating phosphine 

ligands. In compound 3-22, the Si-H bond distance (1.794 Å) is similar to those in 
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compound 3-21 which indicate a 
2
-(Si-H) Co

0 
-complex. The infrared absorption of 

Si-H at 1718 cm
-1 

is in agreement with the Si-H frequency in literature known 
2
-(Si-

H) -complex and is red-shifted compared to those observations in 3-21. In sharp 

contrast to those in 3-22, by introducing the stronger  donor phosphine dmpe yielded 

the Si-H oxidative addition product 3-23. The IR spectrum of 3-23 shows absorption 

bands at 1752 cm
-1

, which is in accordance with those observations in Co-H bonds. 

 

 

Figure 3-28. Molecular structure of compound 3-23 in solid state. Thermal ellipsoids 

are drawn at 50% probability level. The hydrogen atoms (except those on Si1, C1, and 

C5) and solvent molecules are omitted for clarity. Selected bond lengths (Å) and 

angles (deg): Co(1)-C(13) 1.928(11), Co(1)-P(1) 2.187(3), Co(1)-P(2) 2.212(4), 

Co(1)-Si(1) 2.217(3), Co(1)-H(1) 1.34(7), C(20)-C(23) 1.443(14), C(22)-C(24) 

1.385(15), C(13)-Co(1)-P(1) 109.6(3), C(13)-Co(1)-P(2) 114.2(4), P(1)-Co(1)-P(2) 

87.94(13), C(13)-Co(1)-Si(1) 86.0(3), P(1)-Co(1)-Si(1) 143.02(15), P(2)-Co(1)-Si(1) 

116.80(13). 
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3.4.2 Olefin hydrosilylations catalyzed by Co complexes 

   Despite the great numbers of hydrosilylation catalysts reported, highly selective 

base metal-based (pre)catalysts are still rarely explored. Recently, Fout et al. reported 

the highly steric controlled selective 1,2-hydrosilylation of conjugated 1,3-dienes 

derivatives with cobalt NHC-based catalysts.
[109a, 109c, 109h, 110]

 In this chapter, the 

cobalt complex 3-18 selectively hydrosilylates the mono-substituted olefins towards 

gem-disubstituted terminal olefins and enables the 1,2-hydrosilylation of 

nonconjugated dienes. 

The initial optimization experiments indicate 0.1 mol% loading of 3-18 could 

catalyze the anti-Markovnikov hydrosilylation of 1-dodecene using phenylsilane as 

Si-H source with high conversion at room temperature in THF (62 %, Table 3-8, entry 

1). In addition to the silyl Co hydride complex 3-18, other cobalt complexes were also 

tested under the same condition. We found that only 
2
-(Si-H) -complex 3-22 with 

dppe ligand was active but less efficient than that of 3-18 (28 %, Table 3-8, entry 5). 

The bis-silyl-NHC coordinated complex 3-19, silylene cobalt hydride complex 3-20, 

and 
2
-(Si-H) cobalt carbonyl-complex 3-22 were not active (Table 3-8, entry 2-6). 

Interestingly, the silyl cobalt hydride complex 3-23 bearing chelating dmpe was also 

not active, which might be rationalized by the lower dissociation rate of the stronger 

binding chelating dmpe ligand which blocks the further active site for the reaction. I 

also tested different silanes. The corresponding optimization indicates that PhSiH3 

gave the highest conversion compared to the disubstituted silane Ph2SiH2. Probably 

because of the bulkiness of tri-substituted silanes, they are unsuitable for 

hydrosilylation reactions: (EtO)3SiH, Et3SiH, and PhMe2SiH (Table 3-8, entry 7-9).  
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Table 3-8. The cobalt complexes catalyzed anti-Markovnikov hydrosilylation of 

alkenes using various reaction conditions
[a] 

 

 

Entry 
cat. loading Silane Conversion

[b]
 

 
mol% 

 
% 

1 3-18 0.1 PhSiH3 62 

2 3-19 0.1 PhSiH3 ND 

3 3-20 0.1 PhSiH3 ND 

4 3-21 0.1 PhSiH3 ND 

5 3-22 0.1 PhSiH3 28 

6 3-23 0.1 PhSiH3 ND 

7 3-18 0.1 (EtO)3SiH ND 

8 3-18 0.1 Et3SiH ND 
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9 3-18 0.1 PhMe2SiH ND 

10 3-18 0.1 Ph2SiH2 37 

11 3-18 0.01 PhSiH3 19 

12 3-18 0.005 PhSiH3 trace 

13 3-18 0.5 PhSiH3 70 

[a] Reaction conditions: alkene (0.25 mmol), silane (0.275 mmol), T = room 

temperature, solvent = 1 mL, t = 2 h. [b] NMR Conversions.  

 

Further, we investigated the catalytic performance of 3-18 with different olefins 

(Table 3-9 and 3-10). It was found that the catalyst was active for different kinds of 

terminal olefins and led to the formation of anti-Markovnikov hydrosilylation 

products. The hydrosilylations of the mono-substituted alkenes with alkyl, silyloxy, 

phenoxy, and benzyl substituents gave good yields (80 - 94 %, entry 1- 6, Table 3-9). 

However, the hydrosilylation of styrene gave a relatively lower yield only (58 %, 

entry 5, Table 3-9).  

 

Table 3-9. The cobalt-catalyzed anti-Markovnikov hydrosilylation of different olefins 

[a] 

 

Entry Alkenes Products  
Yield

[b]
 

% 

1   
82 
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2   
80 

3 
  

93 

4   
90 

5 
  

58 

6 

  

94 

7   
78 

8   
47 

9   
98 

10 
  

20 

11 
  

trace 
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12 
  

71 

13 
  

85 

14 

  

75 

[a] Reaction conditions: alkene (0.25 mmol), PhSiH3 (0.275 mmol), 3-18 (0.5 mol%), 

T = room temperature, solvent = 1 mL, t = 2 h. [b] NMR yield. 

 

Subsequently, the hydrosilylations of dienes were examined. The hydrosilylation of 

conjugated linear and branched dienes (entry 7, 8, 10, and 11, Table 3-9) gave 1,4-

addition products. The steric non-hindered 1,3-butadiene gave relatively high yield 

(78 %). The mono-substituted dienes (entry 8 and 10, Table 3-9) gave lower yield (47 % 

and 20 %, respectively). The disubstituted 3-methyl-1,3-pentadiene yielded only a 

trace amount of the product (entry 11, Table 3-9), which could be considered a result 

of the steric effects. The hydrosilylation of nonconjugated terminal/internal dienes 

gave the terminal hydrosilylation products, while the internal olefins remained 

inactive (entry 9 and 14, Table 3-9). Interestingly, the hydrosilylation of 

nonconjugated terminal dienes 2-methyl-1,4-pentadiene and 2-methyl-1,5-hexadiene 

indicate that the reaction happened selectively at a less hindered position and gave the 

highly selective 1,2-hydrosilylation products (entry 12 and 13, Table 3-9).  

 

Control experiments with internal olefins gave no conversions (entry 1 and 2, Table 

3-10). gem-disubstituted olefin α-methylstyrene and 2,3-dimethyl-1,3-butadiene 

(entry 3 and 10, Table 3-10) were also found to be inactive possibly due to their steric 

hinder effect. Because of the possible strong coordination of heteroatom with 

catalytically active sites, the reactions of the alkenes bearing carbonyl-, nitro-, nitrile-, 

and oxygen-containing groups gave no conversions (entry 4-9, Table 3-10).  
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Table 3-10. The cobalt-catalyzed hydrosilylation of different alkenes 
[a]

 

 

Entry Alkenes 
Conversion

[b]
 Selectivity

[b]
 

% % 

1  ND - 

2  ND - 

3 

 

ND - 

4 
 

ND - 

5 
 

ND - 

6 
 

ND - 

7 

 

ND - 



Results and Discussion 

 
109 

 

8 
 

ND - 

9 
 

ND - 

10 
 

ND - 

11 
 

ND - 

[a] Reaction conditions: alkene (0.25 mmol), PhSiH3 (0.275 mmol), 3-18 (0.5 mol%), 

T = room temperature, solvent = 1 mL, t = 2 h. [b] NMR yield. 

 

According to the Chalk-Harrod mechanism for olefin hydrosilylation which 

involves with a cobalt catalyst,
[106a]

 the catalytic cycle starts with the formation of 

cobalt hydride active intermediate A from the ligands dissociation of complex 3-18 

(Scheme 3-25). Due to the different coordination model of intermediate A in relation 

to terminal olefins and conjugated dienes, two different catalytic cycles were 

proposed (cycle 1 for terminal olefins and cycle 2 for dienes, Scheme 3-25). The 

intermediate A then coordinates with an olefin, producing alkene complex 

intermediate B-1 or B-2, which then undergoes insertion of alkene into Co-H bond 

and generation of cobalt alkyl complex intermediate C-1/C-2. Further, the oxidative 

addition of PhSiH3 into the cobalt center of intermediate C-1/C-2 furnishes the 

corresponding intermediate D-1/D-2, which subsequently liberates the desired product 

through a reductive elimination step that regenerates the Co-H catalyst A. 

Accordingly, the cobalt complex 3-21 (no conversion), 3-22 (28 % conversion), 

and 3-23 (no conversion) have also been tested as precatalysts but results in poor 

performances. This indicates that the stronger binding ligands (e.g., CO, dppe, and 

dmpe) decrease the activity of the catalysts due to high ligand dissociation energies. 

Moreover, the reduced catalytic activity of cationic cobalt silylene complex 3-20 can 
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be attributed to the higher ligand dissociation energy produced by a positively charged 

cobalt center. 

 

 

Scheme 3-25. Proposed mechanism for olefin hydrosilylation catalyzed by cobalt 

complexes. 
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4. SUMMARY 

This work focused on the application of new multidentate N-heterocyclic silylenes 

(e.g., N,N-di(tert-butyl)amidinato NHSi derivatives and -diketiminate NHSi 

derivatives) as supporting ligands for low-valent germanium compounds as well as in 

the coordination chemistry of transition-metals (e.g., nickel, manganese, and cobalt). 

The obtained transition-metal complexes were applied as (pre)catalysts for various 

organic transformations (e.g., amination, transfer semi-hydrogenation, and olefin 

hydrosilylation, Chart 4-1).  

 

Chart 4-1. Summary of my PhD work. 
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In chapter 3.1, the synthesis and characterization of the first bis-NHSi stabilized 

germylone iron complex 3-3 is discussed. 3-3 was prepared by the reaction of NHSi 

stabilized chlorogermyliumylidene chloride 3-1 and Collman’s reagent K2Fe(CO)4. A 

single-crystal X-ray diffraction analysis revealed that the Ge
0
 center adopts a trigonal-

pyramidal geometry with a Si-Ge-Si angle of 95.66(2)
o
. Remarkably, one of the Si

II
 

donor atoms in the complex is five-coordinated because of additional (pyridine)N→Si 

coordination. Through the insertion of GeCl2 into the Ge-Fe bond, the reaction of 3-3 

with GeCl2
.
dioxane afforded complex 3-4 which could be described as a new type of 

donor-acceptor stabilized isomeric form of heavier vinylidene (Scheme 4-1).   

 

 Scheme 4-1. Synthesis and reactivity of the germylone iron carbonyl complex 3-3 

stabilized by the bis-NHSi pyridine pincer ligand I-94. 

 

The first chelating bis(NHSi)-substituted o-carborane ligand 3-6 was synthesized 

by the reaction of N,N-di(tert-butyl)amidinato silylene chloride with a lithiated o-

carborane backbone. Ligand 3-6 was fully characterized by single-crystal X-ray 

diffraction analysis, NMR, MS, etc. Coordination of the extraordinarily strong -

donor ligand towards Ni
II
 yields the corresponding complex 3-7 which undergoes 

reduction with KC8 in the presence of CO to afford the tetrahedral Ni
0
 complex 3-8. 

The CO stretching vibration modes of 3-8 indicate that the Si
II
 atoms in ligand 3-6 are 

even stronger σ-donors than the P
III

 atoms in phosphines and C
II
 atoms in N-

heterocyclic carbene (NHC) ligands (Scheme 4-2). 



 Summary  

 
113 

 

 

 

Scheme 4-2. Synthesis and coordination chemistry of bis(NHSi)-substituted o-

carborane ligand 3-6. 

 

Compared with the ferrocendiyl-bridged bis(NHSi) analogue 3-9 and the related 

bis(phosphanyl)-substituted o-carborane containing complexes 3-11 and 3-13, 

complex 3-7 shows a superior catalytic activity in Buchwald-Hartwig amination 

reactions of aryl halides with secondary amines. Screening and optimization 

experiments revealed that the catalytic amination of various aryl halides succeeds 

with 0.5 mol% of complex 3-7 in the presence of AgBPh4 and KOtBu. The 

utilizations of 3-9 or the phosphine analogous 3-11 and 3-13 give significantly lower 

yields of the desired product, indicating the superior steering role of the ligand 3-6 to 

facilitate metal-mediated C-N coupling reactions (Scheme 4-3). 
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Scheme 4-3. The nickel-catalyzed Buchwald-Hartwig coupling using various NHSi 

and phosphine ligands. 

 

The manganese complexes stabilized by pincer-type bis(NHSi)-pyridine ligand I-

94, bidentate bis(NHSi)-ferrocene ligand I-86, and monodentate NHSi ligand I-84 

were also synthesized. The manganese complexes 3-14, 3-15, and 3-16 as well as 

ligand 3-6, I-93, and 3-17 were applied successfully in transfer semi-hydrogenation of 

alkynes using ammonia-borane as a convenient hydrogen source under mild reaction 

conditions. They act as highly active and stereoselective Mn-based precatalysts (1 

mol % loading) in transfer semi-hydrogenations of alkynes to give the corresponding 

(E)-olefins. The highest stereo-selectivity could be achieved by using the Mn 

complexes 3-14 supported by bis(NHSi) ligand I-94 (Scheme 4-4). 
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Scheme 4-4. The manganese-catalyzed transfer semi-hydrogenation of alkynes using 

various NHSi and phosphine ligands. 

 

Furthermore, the catalytic performances of 3-14 with different alkynes were 

investigated. It turned out that the catalyst tolerates different functional groups and 

leads to the corresponding (E)-alkenes as main products. Complex 3-14 gives the best 

catalytic performance with quantitative conversion rates and excellent E-

stereoselectivities (up to 98 %) for different alkyne substrates (Scheme 4-4). Different 

types of functional groups can be tolerated, except -CN, -NH2, -NO2, and -OH 

substituents at the phenyl rings (Table 4-1). 

 

In chapter 3.4, the coordination chemistry of NHSi derivative I-24 and 

subsequently catalytic investigations are described and discussed. The reaction of N-

heterocyclicsilylcarbene I-24 with CoBr2 and KC8 in the presence of PMe3 generated 

the silyl-NHC cobalt hydride 3-18. Further reactions of 3-18 with Jutzi acid, CO, and 

chelating bis-phosphine ligands gave the corresponding silylene-NHC cobalt hydride 

3-20, the 
2
-(Si-H)-NHC cobalt-complexes 3-21 and 3-22, as well as silyl-NHC 

cobalt hydride 3-23 (Scheme 4-5).  
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Table 4-1. The NHSi-Mn complex 3-14 catalyzed transfer semi-hydrogenation of 

different alkynes. 

 

 

 

 

Scheme 4-5. Synthesis and reactivity of cobalt 3-18 – 3-23 based on -diketiminate 

NHSi derivatives. 
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Subsequently, cobalt complexes were applied successfully in the anti-

Markovnikov hydrosilylation of terminal alkenes. The optimization experiments 

indicate that a 0.1 mol% loading of 3-18 could effectively catalyze the anti-

Markovnikov hydrosilylation of 1-dodecene. The 
2
-(Si-H) -complex 3-22 with 

dppe ligand was also found to be active but less efficient than 3-18. However, 

silylene-NHC cobalt complex 3-20, 
2
-(Si-H)-NHC cobalt complex 3-22, as well as 

the silyl-NHC cobalt hydride complex 3-23 bearing chelating dmpe are inactive. 

 

 

Table 4-2. The cobalt complex 3-18 catalyzed hydrosilylation of alkenes. 

 

 

 

 

Further, the catalytic performance of 3-18 was investigated (Table 3-9 and 3-10). 

It emerged that 3-18 is active for different kinds of terminal olefins and led to the 

production of the corresponding anti-Markovnikov hydrosilylation products using the 

mono-substituted alkenes bearing alkyl, phenyl, silyloxy, phenoxy, benzyl, internal 

olefin, and gem-disubstituted terminal olefin substituents. The hydrosilylations of 

conjugated linear and branched dienes gave the 1,4-addition products. (Table 4-2). 
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In conclusion, my doctoral work extends the scope of low-valent group 14 

chemistry, especially in using N-heterocyclic silylene ligands to stabilize low-valent 

germanium compounds and the utilization of N-heterocyclic silylene metal complexes 

for metal-mediated catalytic transformations of organic substrates.  
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5. EXPERIMENTAL SECTION 

5.1 General consideration 
 

All experiment and manipulations were carried out under dry oxygen-free nitrogen 

using standard Schlenk techniques or in a nitrogen-filled glovebox. The glassware 

used in all manipulations was dried at 150 °C prior to use, cooled to ambient 

temperature under high vacuum, and flushed with N2. The handling of solid samples 

and the preparation of samples for spectroscopic measurements were carried out 

inside a glovebox, where the O2 and H2O levels were normally kept below 1 ppm. 

All solvents were purified using conventional procedures and freshly distilled under 

N2 atmosphere prior to use. They were stored in Schlenk flasks containing activated 

molecule-sieves. Benzene, toluene, n-hexane were purified by distillation from 

Na/benzophenone. Et2O and THF were initially pre-dried over KOH and then distilled 

from Na/benzophenone. CH2Cl2 and chloroform were dried by stirring over CaH2 at 

ambient temperature.  

 

5.2 Analytical methods 
 

NMR Measurements: NMR samples of air and/or moisture sensitive compounds 

were all prepared under an inert atmosphere and sealed off in an NMR tube in vacuo 

for measurement. The deuterated solvents were dried by stirring over Na mirror 

(benzene-d6, toluene-d8, and THF-d8) or CaH2 (CD2Cl2 and CDCl3), distilled under N2 

atmosphere and stored in Schlenk flasks containing activated molecule-sieves. The 

1
H- and 

13
C-NMR spectra were recorded on ARX 200 (

1
H, 200 MHz; 

13
C, 50 MHz) 

and ARX 400 (
1
H, 400 MHz; 

13
C, 100.46 MHz) spectrometers from the Bruker 

Company. The 
29

Si-NMR spectra were recorded only on ARX 400 (
29

Si, 79.49 MHz) 

spectrometer. 
1
H and 

13
C{

1
H} NMR spectra were referenced to residual solvent 

signals as internal standards (benzene-d6, δH = 7.15 ppm and δC = 128.0 ppm; CDCl3 

δH = 7.27 ppm and δC = 77.0 ppm; THF-d8, δH = 1.73 ppm and δC = 25.3 ppm; 

CD2Cl2, δH = 5.32 ppm and δC = 53.8 ppm; toluene-d8, δH = 2.08 ppm and δC = 20.4 

ppm. Heteronuclear spectra were calibrated as follows: 
31

P{
1
H}: external 85% H3PO4. 

Whereby in each case a 1-mm glass capillary tube containing the standard substance 
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was placed in the appropriate solvent in a 5 mm NMR tube and the spectrum 

recorded. Unambiguous signal assignments were made by employing a combination 

of 2D NMR H,C-HMQC (Heteronuclear Multiple-Quantum Correlation) and DEPT 

(Distortionless Enhancement by Polarization Transfer) experiments. The 

abbreviations used to denote the multiplicity of the signals are as follows: s = singlet, 

d = doublet, t = triplet, q = quartet, sept = septet, m = multiplet, br = broad. 

Infra-red spectroscopy IR spectra (4000 – 400 cm
-1

) were recorded on a Perkin-Elmer 

Spectra 100 FT-IR spectrometer, bands were reported in wave-numbers (cm
-1

). 

Samples of solids were measured as KBr pellets. Air or moisture sensitive samples 

were prepared in the glovebox and measured immediately. The spectra were 

processed using the program OMNIC and the abbreviations associated with the 

absorptions quoted are: vs = very strong; s = strong, m = medium; w = weak, br = 

broad, the intensities of which were assigned on the basis of visual inspection. 

Mass Spectrometry Mass spectra were performed at the Chemistry Institute of 

Technical University Berlin. EI spectra were recorded on a 311A Arian MAT/AMD 

spectrometer. ESI mass spectra were recorded on a Thermo Scientific Orbitrap LTQ 

XL spectrometer. Solid samples were prepared in the glove box, and the solution of 

samples was prepared 15 min before the measurement under N2 atmosphere. Mass 

spectra are presented in the standard form, m/z (percent intensity relative to the base 

peak). 

Elemental analysis The C, H, N, and S analyses of all compounds were carried out on 

a Thermo Finnigan Flash EA 1112 Series instrument. Air or moisture sensitive 

samples were prepared in “tin-boats” in the glove box. Samples with halogen were 

filled in the “silver-boats” for better measuring accuracy. 

Single crystal X-ray structure determinations: Crystals, suitable for the single crystal 

X-ray structure analysis, were put on a glass capillary with perfluorinated oil and 

measured in a cold nitrogen stream. The data of all measurements were collected with 

an Oxford Diffraction Xcalibur S Saphire diffractometer at 150 K (MoKα radiation, λ 

= 0.71073 Å) or an Oxford Diffraction Supernova, a Single source at the offset, Atlas 

at 150 K (Cu-Kα-radiation, λ = 1.5418 Å). The structures were solved by direct 

methods. Refinements were carried out with the SHELXL-97 software package.
[111]

 

All thermal displacement parameters were refined anisotropically for non-H atoms 
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and isotropically for H atoms. All refinements were made by full matrix least-squares 

on F
2
. In all cases, the graphical representation of the molecular structures was carried 

out using Diamond version 3.1. The details for the individual structure solutions 

included in this dissertation are available in the appendix. 

DFT calculations:  DFT calculations were performed at the B97-D/6-31G(d)[Fe, Ni, 

Si, Br: def2-TZVP] level of theory. Stationary points on the potential energy surface 

(PES) were characterized by harmonic vibrational frequency calculations. Electronic 

structure analysis was executed both at B97-D/6-31G(d)[Fe, Ni, Si, Br: def2-TZVP] 

and B3LYP/6-31G(d)[Fe, Ni, Si, Br: def2-TZVP]. Calculations were carried out using 

GAUSSIAN 09 program.
[112]

 

5.3 Starting materials 
 

Commercially available starting materials were used as received. The following 

important precursors were prepared according to literature procedures: 

N,N′-di-tert-butyl(phenylamidinato)-chlorosilylene,
[13]

 K2Fe(CO)4
[113]

 and 

bis(cyclodiaminophosphanyl)-o-carborane
[78e] 

were synthesized according to reported 

procedures.  
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5.4 Synthesis and characterization of all the new compounds 

5.4.1 Synthesis of the chlorogermyliumylidene chloride 3-1 

 

 

 

To a 50 mL Schleck flask containing I-94 (136 mg, 0.2 mmol) and GeCl2·dioxane (46 

mg, 0.2 mmol), THF (30 mL) was added via cannula, forming an orange solution. 

After stirring at room temperature overnight, the precipitate of 3-1 was separated by 

filtration and dried under vacuum, affording the product as a yellow powder (105 mg, 

yield 62%). The single crystal of 3-1 was crystallized from the mixture solution of I-

94 (34 mg) and GeCl2·dioxane (11 mg) in THF/toluene (1:1) at room temperature.  

 

1
H NMR δ(ppm) = 1.30 (s, 36 H, NC(CH3)3), 1.44 (t, 

3
JH-H = 7.0 Hz, 6 H, 

NCH2CH3), 3.48 (q, 
3
JH-H = 7.0 Hz, 4 H, NCH2CH3), 6.29 (d, 

3
JH-H = 8.1 Hz, 2 H, H-py), 7.56−7.67 (m, 11 H, Harom). 

13
C{

1
H} NMR δ(ppm) = 14.98 (NCH2CH3), 31.48 (NC(CH3)3), 38.99 

(NCH2CH3), 55.98 (NC(CH3)3), 99.64 (C-py), 128.95 (Carom), 

129.04 (Carom),129.08 (Carom), 129.16 (Carom), 129.21 (Carom), 

132.21 (Carom), 141.97 (C-py), 157.82 (C-py), 178.23 (NCN). 

29
Si{

1
H} NMR (79.49 MHz, CD2Cl2, 298 K): δ(ppm) = 3.60. 

ESI-MS (m/z): calcd for [C39H59N7Si2GeCl]
+ 

790.3265; found 790.3264. 
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5.4.2 Synthesis of the germylone iron carbonyl complex 3-3 

 

 

 

To a 50 mL Schleck flask containing 3-1 (165 mg, 0.2 mmol) and K2Fe(CO)4 (49 mg, 

0.2 mmol), THF (30 mL) was added via cannula. After stirring at room temperature 

overnight, all volatiles were removed under vacuum. The residue was then washed 

with diethyl ether (30 mL) and extracted with THF (30 mL) affording the product as 

red solid (90 mg, yield 49%). The single crystal suitable for X-ray analysis was grown 

by diffusing diethyl ether into concentrated THF solution of 3-3. 

 

1
H NMR (400.13 MHz, THF-d8, 298 K): δ(ppm) = 1.26−1.40 (m, 42 H, 

NC(CH3)3 and NCH2CH3), 3.58 (overlap with THF, 4 H, 

NCH2CH3), 6.10 (m, 1 H, H-py), 7.22−7.90 (m, 12 H, Harom). 

13
C{

1
H} NMR (100.61 MHz, THF-d8, 298 K): δ(ppm) = 15.74 (NCH2CH3), 

29.40 (NCH2CH3), 31.95 (NC(CH3)3), 55.32 (NC(CH3)3), 114.61 

(C-py), 128.38 (Carom), 128.48 (Carom), 129.19 (Carom), 130.30 

(Carom), 131.39 (Carom), 158.37 (C-py), 174.71 (NCN), 222.94 

(CO). 

29
Si{

1
H} NMR (79.49 MHz, THF-d8, 298 K): δ(ppm) = −5.92. 

APCI-MS (m/z): calcd for [(C43H59N7Si2O4GeFe + Cl)]
+
 958.2417; found 

958.4046. 
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5.4.3 Synthesis of the germylone-germylene iron complex 3-4 

 

 

 

To a 50 mL Schleck flask containing 3-3 (80 mg, 0.09 mmol) and GeCl2·dioxane (20 

mg, 0.09 mmol), THF (30 mL) was added via cannula. After stirring at room 

temperature overnight, all volatiles were removed under vacuum. The residue was 

then extracted with diethyl ether affording the product as yellow solid (60 mg, yield 

65%). The single crystal suitable for X-ray analysis was grown from diethyl ether and 

THF mixed solution of 3-4 at room temperature.  

 

1
H NMR (400.13 MHz, THF-d8, 298 K): δ(ppm) = 1.15−1.39 (m, 42 H, 

NC(CH3)3 and NCH2CH3), 3.58 (overlap with THF, 4 H, 

NCH2CH3), 5.62 (m, 1 H, H-py), 6.99−7.68 (m, 12 H, Harom). 

13
C{

1
H} NMR (100.61 MHz, THF-d8, 298 K): δ(ppm) = 15.73 (NCH2CH3), 

32.23 (NC(CH3)3), 37.00 (NCH2CH3), 56.34 (NC(CH3)3), 91.63 

(C-py), 128.95 (Carom), 129.12 (Carom), 129.71 (Carom), 131.77 

(Carom), 147.96 (Carom), 159.29 (C-py), 182.83 (NCN), 227.59 

(CO). 

29
Si{

1
H} NMR (79.49 MHz, THF-d8, 298 K): δ(ppm) = 2.14. 

APCI-MS (m/z): calcd for [(C43H59N7Si2O4Ge2Cl2Fe - H]
+
 1065.1326; found 

1065.2419. 
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5.4.4 Synthesis of bis-silylene 3-6 

 

 

 

0.8 mL of a solution of n-BuLi (2.5 M in hexane; 2.0 mmol), was added rapidly to a 

20 mL ether solution of o-carborane (0.144 g, 1.0 mmol) at −30 °C, forming a 

colorless solution. After warming the reaction mixture to ambient temperature and 

stirring for 3 h, a white suspension was formed. The slurry was then cooled to −30 °C, 

and a solution of N,N′-di-tert-butyl(phenylamidinato)chlorosilylene (0.590 g, 2.0 

mmol) in 20 mL of toluene was added dropwise via syringe. After stirring overnight 

with slowing warming up to room temperature, the white precipitate was separated by 

filtration. The yellow filtrate was concentrated to 10 mL and stored at −30 °C for one 

day to give light yellow crystals of the desired product (0.558 g, 84% yield). 

 

1
H NMR  (200.13 MHz, benzene-d6, 298 K): δ(ppm) = 1.25 (s, 36 H, 

NC(CH3)3), 6.87−7.30 (m, 10 H, Harom). 

13
C{

1
H} NMR  (50.32 MHz, benzene-d6, 298 K): δ(ppm) = 32.28 (NC(CH3)3), 

54.21 (NC(CH3)3), 85.65 (cage C), 127.04 (Carom), 128.31 

(Carom),128.56 (Carom), 134.7 (Carom quaternary Ph), 168.06 (NCN).  

29
Si{

1
H} NMR  (79.49 MHz, benzene-d6, 298 K): δ(ppm) = 18.91. 

HR-ESI-MS (m/z): calcd for [(C32H56N4Si2B10, M]
+
 611.5005; found 611.5044. 
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5.4.5 Synthesis of silylene Ni
II

 complex 3-7 

 

To a 50 mL Schlenk flask containing solid 3-6 (132 mg, 0.2 mmol) and NiBr2(dme) 

(63 mg, 0.2 mmol), toluene (30 mL) was added via cannula, forming a clear brown 

solution. After stirring at room temperature overnight, a small amount of a black 

precipitate was formed which was separated by filtration. The clear filtrate was 

concentrated to 2 mL and left in a freezer at 0°C overnight affording yellow crystals 

of the desired complex (91 mg, 52% yield).  

1
H NMR (400.13 MHz, benzene-d6, 298 K): δ(ppm) = 1.33 (s, 36 H, 

NC(CH3)3), 2.06 (s, 3 H, CH3 from toluene), 6.83−7.55 (m, 15 

H, Harom and Htoluene). 

13
C{

1
H} NMR (100.61 MHz, benzene-d6, 298 K): δ(ppm) = 21.10 (CH3 of 

toluene), 31.84 (NC(CH3)3), 56.34 (NC(CH3)3), 80.18 (cage C), 

125.68 (Ctoluene), 128.56 (Ctoluene), 128.92 (Carom), 129.33 

(Ctoluene), 129.88 (Carom), 130.97 (Carom), 137.90 (Carom quaternary 

Ph), 179.30 (NCN). 

11
B{

1
H} NMR (128.34 MHz, benzene-d6, 298 K): δ(ppm) = 1.13−9.42 (m). 

29
Si{

1
H} NMR  (79.49 MHz, benzene-d6, 298 K): δ(ppm) = 58.67 (s). 

APCI-MS (m/z): calcd for [(C32H56B10N4Si2Br2Ni + H), M + H]
+
 879.2819; found 

879.2737. 

Elemental 

analysis: 

C32H56B10N4Si2Br2Ni·C7H8. Calc.: C 48.21, H 6.64, N 5.77. 

Found: C 47.66, H 6.94, N 5.39. 
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5.4.6 Synthesis of silylene Ni
0
 complex 3-8 

 

 

 

To a 50 mL Schleck flask containing 3-6 (88 mg, 0.1 mmol) and KC8 (27 mg, 0.2 

mmol), THF (30 mL) was added via cannula. Then the N2-atmosphere was changed to 

CO through three freeze-pump-thaw cycles. After stirring the mixture under CO 

atmosphere at room temperature for 3 hours, the solid was separated by filtration. The 

filtrate was then concentrated to 1 mL and left in a freezer at 0°C overnight affording 

light yellow crystals of the desired complex (35 mg, 43% yield). 

1
H NMR  (400.13 MHz, benzene-d6, 298 K): δ(ppm) = 1.25 (s, 18 H, 

NC(CH3)3), 6.83−7.05 (m, 10 H, Harom). 

13
C{

1
H} NMR  (100.61 MHz, benzene-d6, 298 K): δ(ppm) = 31.95 (NC(CH3)3), 

55.35 (NC(CH3)3), 87.72 (cage C), 127.32 (Carom), 130.19 

(Carom), 131.14 (Carom), 132.25 (Carom quaternary Ph), 173.13 

(NCN), 207.56 (CO). 

11
B{

1
H} NMR (128.34 MHz, benzene-d6, 298 K): δ(ppm) = −10.07 to −0.52 

(m). 

29
Si{

1
H} NMR  (79.49 MHz, benzene-d6, 298 K): δ(ppm) = 86.00 (s) 

IR (KBr pellet)
 

νCO(cm
−1

) = 1982, 1934. 

ESI-MS (m/z):
 

calcd for [(C34H56B10N4Si2O2Ni – CO + H), M − CO + H]
+
 

747.4422; found 747.4427. 
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5.4.7 Synthesis of silylene Ni
II

 complex 3-9 

 

 

 

To a 50 mL Schleck flask containing I-86 (140 mg, 0.2 mmol) and NiBr2(dme) (63 

mg, 0.2 mmol), toluene (30 mL) was added via cannula, forming an orange solution. 

After stirring at room temperature overnight, the small amount of a precipitate was 

separated by cannula filtration. The clear filtrate was concentrated to 2 mL and left in 

a freezer at 0°C overnight affording orange crystals of the desired complex (110 mg, 

60% yield).  

 

1
H NMR  (400.13 MHz, benzene-d6, 298 K): δ(ppm) = 1.44 (s, 36 H, 

NC(CH3)3), 4.28 (t, 4 H, HFc), 4.50 (t, 4 H, HFc), 6.73−7.11 (m, 8 

H, Harom), 8.03−8.08 (m, 2 H, Harom). 

13
C{

1
H} NMR  (100.61 MHz, benzene-d6, 298 K): δ(ppm) = 31.88 (NC(CH3)3), 

54.49 (NC(CH3)3), 71.65 (CFc), 73.53 (CFc), 77.29 (CC-Si), 128.15 

(Carom), 130.27 (Carom), 131.41 (Carom), 132.01 (Carom quaternary 

Ph), 170.71 (NCN). 

29
Si{

1
H} NMR  (79.49 MHz, benzene-d6, 298 K): δ(ppm) = 49.31 (s). 

ESI-MS (m/z): calcd for [(C40H54N4Si2Br2FeNi − Br), M − Br]
+
 841.1747; found 

841.1738. 
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5.4.8 Synthesis of phosphine Ni
II

 complex 3-11 

 

 

 

To a 50 mL Schleck flask containing the bis(diaminophosphino)-o-carborane ligand 

(97 mg, 0.2 mmol) and NiBr2(dme) (63 mg, 0.2 mmol), toluene (30 mL) was added 

via cannula, forming an orange solution. After stirring at room temperature overnight, 

the solution was concentrated to 2 mL and left at room temperature overnight 

affording yellow crystals (65 mg, 46 % yield).  

 

1
H NMR (200.13 MHz, benzene-d6, 298 K): δ(ppm) = 1.16 (d, 6 H,

 3
JH-H = 

6.6 Hz, CH3), 1.33 (d, 6 H,
 3

JH-H 6.4 = Hz, CH3), 2.41−2.51 (m, 2 

H, CH2), 2.68−2.79 (m, 2 H, CH2), 4.22−4.41 (m, 2 H, CH). 
 
 

13
C{

1
H} NMR (50.32 MHz, benzene-d6, 298 K): δ(ppm) = 20.81 (CH3), 21.97 

(t, J = 2.6 Hz, CH3), 41.92 (CH), 49.72 (t, J = 6.5 Hz, 

CH2),84.93 (m, cage C).
 31

P{
1
H} NMR (80.96 MHz, benzene-d6, 

298 K): δ(ppm) = 133.96 (s). 

31
P{

1
H} NMR (80.96 MHz, benzene-d6, 298 K): δ(ppm) = 133.96 (s). 

11
B{

1
H} NMR (64.17 MHz, benzene-d6, 298 K): δ(ppm) = −16.24 to −3.49 (m). 

ESI-MS (m/z): calcd for [(C18H46N4B10P2Br2Ni − Br), M − Br]
+
 627.2717; 

found 627.2730. 
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5.4.9 Synthesis of silylene Mn
II

 complex 3-14 

 

 

 

To a 50 mL Schlenk flask containing solid I-94 (341 mg, 0.5 mmol) and MnCl2 (63 

mg, 0.5 mmol), THF (20 mL) and dioxane (10 mL) were added via cannula, forming 

a light yellow solution after stirring at room temperature overnight. All volatiles were 

removed under reduced pressure. The residue was then washed with n-hexane 

affording off-white solid of the desired product (326 mg, 74% yield). The single 

crystal of 3-14 was obtained from the toluene solution of 3-14 at 0°C overnight. 

 

IR  (ATR-Diamond, cm
-1

): 613(w), 632(m), 649(w), 683(w), 

696(m), 708(s), 732(s), 761(s), 780(s), 796(w), 875(m), 929(m), 

1023(m), 1072(m), 1086(m), 1108(m), 1156(m), 1208(m), 

1249(s), 1277(w), 1314(m), 1329(w), 1367(m), 1377(w), 

1393(s) 1441(s), 1517(w), 1573(s), 2870(w), 2905(w), 2930(w), 

2967(m) 

Elemental analysis C39H59Cl2MnN7Si2·C4H8O2. Calc.: C 57.63, H 7.54, N 10.94. 

Found: C 58.01, H 7.51, N 10.81. 

Evans  (THF-d8, tetramethylsilylsilane capillary, 200 MHz for 1H): μeff 

= 6.15 μB. 
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5.4.10 Synthesis of silylene Mn
II

 complex 3-15 

 

 

 

To a 50 mL Schlenk flask containing solid I-86 (351 mg, 0.5 mmol) and MnCl2 (63 

mg, 0.5 mmol), THF (30 mL) was added via cannula. After stirring at room 

temperature overnight, all volatiles were removed under reduced pressure. The 

residue was washed with n-hexane and then dissolved in toluene. The yellow crystal 

of 3-15 was obtained from the concentrated toluene/THF/dioxane solution of 3-15 at 

0°C overnight (280 mg, 56% yield). 

 

IR (ATR-Diamond, cm
-1

): 631(m), 706 (s), 727(w), 761(s), 802(m), 

838(w), 873(w), 899(w), 923(w), 1022(m), 1031(m), 1083(w), 

1152(w), 1201(m), 1270(w), 1364(m), 1399(s), 1407(s), 

1445(w), 1472(w), 1520(w), 1642(w), 2870(w), 2904(w), 

2930(w), 2966(m). 

Elemental analysis C40H54Cl2MnFeN4Si2·2C4H8O2. Calc.: C 57.36, H 7.02, N 5.57. 

Found: C 57.39, H 7.40, N 5.34.  

Evans  (THF-d8, tetramethylsilylsilane capillary, 200 MHz for 1H): μeff 

= 5.94 μB. 
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5.4.11 Synthesis of silylene Mn
II

 complex 3-16 

 

 

 

To a 50 mL Schlenk flask containing solid I-84 (337 mg, 1.0 mmol) and MnCl2 (63 

mg, 0.5 mmol), THF (30 mL) was added via cannula, forming a clear yellow solution 

after stirring at room temperature overnight. Volatile was removed under reduced 

pressure. The residue was washed with n-hexane affording off-white solid of the 

desired product (212 mg, 50% yield). The single crystal of 3-16 was obtained from the 

toluene/dioxane solution of 3-16 at 0°C overnight. 

 

IR (ATR-Diamond, cm
-1

): 614(w), 633(m), 699(s), 711(s), 724(m), 

711(s), 766(s), 804(m), 853(w), 924(w), 997(w), 1022(w), 

1032(w), 1093(m), 1126(w), 1032(s), 1284(m), 1363(s), 

1403(s), 1444(w), 1472(m), 1521(w), 1577w), 1603(w), 

1645(w), 2867(w), 2903(w), 2929(w), 2973(m), 3095(w). 

Elemental analysis C42H58Cl2MnN4Si2·0.5C4H8O2. Calc.: C 62.69, H 7.17, N 6.65. 

Found: C 62.39, H 7.73, N 6.77. 

Evans (THF-d8, tetramethylsilylsilane capillary, 200 MHz for 1H): μeff 

= 6.07 μB. 
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5.4.12 Synthesis of NHC-silyl Co
II

 complex 3-18 

 

 

To a 50 mL Schlenk flask containing ligand I-24 (285 mg, 0.5 mmol), CoBr2 (109 mg, 

0.5 mmol), and KC8 (202 mg, 1.5 mmol), THF (30 mL) was added via cannula. The 

mixture was cooled at – 80 °C and then added 4 mL PMe3 solution in hexane (1 

mol/L) immediately, forming a black solution. After stirring for 3 h with slow 

warming up to room temperature, the precipitate was separated by filtration. All 

volatiles were then removed under vacuum. The product was extracted by Et2O (30 

mL) via cannula filtration. The product (220 mg, yield 56%) was crystallized from a 

concentrated Et2O solution at 0 °C overnight as red crystals. 

  

APCI-HR-MS calcd. for [C42H70CoN4P2Si]
+
: m/z 779.4177; found: m/z 

779.4258. 

Elemental analysis calcd. for C42H70CoN4P2Si (%): C, 64.67; N, 7.18; H, 9.05; 

found: C, 64.30; N, 7.19; H, 9.15. 

IR (KBr, cm
-1

): v = 584.92 (m), 590.21 (m), 640.76 (w), 656.29 (s), 666.27 (m), 

699.04 (w), 708.11 (w), 732.72 (m), 757.49 (s), 787.11 (m), 

769.85 (s), 841.35 (w), 934.20 (s), 971.70 (w), 1027.04 (s), 

1041.84 (w), 1073.88 (w), 1089.98 (w), 1175.95 (m), 1202.15 

(m), 1250.30 (m), 1273.11 (w), 1310.24 (m), 1353.70 (s), 

1377.55 (m), 1433.01 (m), 1553.88 (w), 1694.45 (w), 1741.05 

(w), 1836.56 (w), 2864.34 (m), 2898.49 (m), 2917.58 (m), 

2963.05 (m). 
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5.4.13 Synthesis of NHC-silyl Co
II

 complex 3-19 

 

 

 

3-19 was crystallized from a concentrated mother liquid of 3-18 at 0 °C for 7 days as 

green crystals. (15 mg, yield 5%) 

 

  

APCI-HR-MS calcd for [C72H102CoN8Si2 + H]
+
: m/z 1194.7176; found: m/z 

1194.7181.  

Elemental analysis calcd for C72H102CoN8Si2
.
Et2O (%): C, 71.94; H, 8.90; N, 8.83; 

found: C, 71.27; H, 8.98; N, 8.79.  

IR (KBr, cm
-1

): v = 841.21 (w), 875.28 (w), 882.61 (m), 905.34 (m), 922.67 (s), 

971.16 (w), 1008.17 (m),  1028.66 (m), 1109.31 (m), 1174.19 

(m), 1191.14 (m), 1250.74 (w), 1304.23 (s), 1326.49 (w), 

1347.58 (s), 1372.70 (s), 1431.93 (m), 1550.52 (w), 1627.71 

(m), 2158.36 (w), 2884.96 (m), 2964.27 (m). 
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5.4.14 Synthesis of NHC-silylene Co
II

 complex 3-20 

 

 

To a 50 mL Schlenk flask containing 3-18 (78 mg, 0.1 mmol) and Jutzi acid 

[H(Et2O)2]
+
[B(C6F5)4]

-
 (83 mg, 0.1 mmol), Et2O (30 mL) was added. The mixture was 

cooled at – 80 °C and stirring for 3 h with slow warming up to room temperature. The 

solution was concentrated, and the product (58 mg, yield 40%) was crystallized as 

dark red crystals at 0 °C overnight. 

 

  

APCI-HR-MS calcd for [C42H70CoN4P2Si]
+ 

(cation): m/z 780.4255; found: m/z 

780.4312. 

IR (KBr, cm
-1

): v = 601.68 (w), 610.05 (w), 660.70 (s), 683.74 (m), 710.10 (m), 

726.00 (m), 755.33 (m), 773.69 (m), 802.18 (m), 874.72 (w), 

888.71 (w), 938.57 (s), 951.61 (w), 977.98 (s), 1024.43 (w), 

1083.69 (s), 1173.26 (w), 1274.31 (m), 1313.72 (m), 1372.04 

(s), 1461.01 (s), 1512.77 (m), 1548.66 (w), 1642.75 (m), 

1768.55 (w), 2086.16 (w), 2324.02 (w), 2870.58 (w), 2970.32 

(m). 
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 5.4.15 Synthesis of 
2
-(Si-H) cobalt complex 3-21. 

 

 

To a 50 mL Schlenk flask containing 3-18 (78 mg, 0.1 mmol), toluene (30 mL) was 

added. The mixture was stirring for 5 h under CO atmosphere at room temperature. 

The solution was concentrated, and the product (55 mg, yield 80%) was crystallized 

as yellow crystals at 0 °C overnight. 

 

  

APCI-HR-MS: calcd for [C40H62CoN4OPSi]
+ 

[M – CO]
+
: m/z 732.3763; found: 

m/z 732.3843. 

Elemental analysis calcd for C41H62CoN4O2PSi (%): C, 64.71; H, 8.21; N, 7.36. 

Found: C, 65.12; H, 7.80; N, 7.18. 

IR (KBr, cm
-1

): v = 579.07 (w), 586.79 (w), 593.33 (w), 613.54 (w), 643.04 (m), 

667.75 (m), 682.02 (w), 718.17 (m), 734.34 (m), 758.33 (m), 

787.92 (w), 798.31 (s), 845.66 (w), 896.67 (m), 982.71 (s), 

1025.32 (m), 1056.92 (w), 1151.25 (s), 1201.28 (s), 1233.14 (s), 

1303.52 (m), 1349.08 (m), 1374.15 (w), 1436.01 (m), 1619.85 

(m), 1812.12 (w), 1916.60 (s), 1972.18 (s), 289.92 (m). 
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5.4.16 Synthesis of 
2
-(Si-H) cobalt complex 3-22. 

 

 

 

To a 50 mL Schlenk flask containing 3-18 (78 mg, 0.1 mmol) and 1,2-

bis(diphenylphosphino)ethane (dppe, 40 mg, 0.1 mmol), Et2O (30 mL) was added. 

The mixture was stirring for 3 h at room temperature. The solution was then 

concentrated, and the product (60 mg, yield 54%) was crystallized as red crystals at 

0 °C overnight. 

 

  

ESI-HR-MS: calcd for [C36H53CoN4Si]
+ 

[M – dppe]
+
: m/z 628.3371; found: 

m/z 628.3361. 

Elemental analysis calcd for C62H76CoN4P2Si
.
0.5Et2O (%): C, 72.29; H, 7.68; N, 

5.27. Found: C, 71.86; H, 7.07; N, 5.00. 

IR (KBr, cm
-1

): v = 577.64 (w), 586.36 (w), 593.21 (w), 619.55 (w), 644.26 (w), 

671.24 (m), 692.51 (s), 726.07 (w), 734.96 (m), 746.59 (w), 

784.24 (w), 801.39 (m), 843.95 (w), 872.13 (m), 900.86 (w), 

932.86 (m), 998.76 (w), 1026.58 (m), 1067.67 (w), 1096.48 (m), 

1173.83 (w), 1194.78 (w), 1251.81 (m), 1273.63 (m), 1308.68 

(w), 1352.34 (m), 1374.06 (m), 1431.41 (s), 1403.00 (w), 

1481.42 (w), 1549.50 (m), 1564.01 (w), 1628 (m), 1754.21 (w), 

2864.44 (w), 2923.56 (w), 2961.49 (m). 
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5.4.17 Synthesis of NHC-silyl Co
II

 complex 3-23 

 

 

To a 50 mL Schlenk flask containing 2 (78 mg, 0.1 mmol), Et2O (30 mL) and 0.1 mL 

1,2-bis(dimethylphosphino)ethane (dmpe) hexane solution (1 mol/L) was added 

respectively. The mixture was stirring for 3 h at room temperature. The solution was 

concentrated, and the product (41 mg, yield 53%) was crystallized as red crystals at 

0 °C overnight. 

 

ESI-HR-MS: calcd for [C36H53CoN4Si]
+ 

[M – dmpe]
+
: m/z 628.3371; found: 

m/z 628.3362. 

Elemental analysis calcd for C42H68CoN4P2Si(%): C, 64.84; H, 8.81; N, 7.20. 

Found: C, 64.25; H, 8.92; N, 6.82. 

IR (KBr, cm
-1

): v = 568.28 (w), 575.63 (w), 580.55 (w), 587.74 (w), 602.42 (w), 

610.21 (w), 667.34 (w), 687.33 (m), 700.82 (w), 720,42 (w), 

737.19 (w), 783.08 (w), 798.17 (m), 828.75 (w), 893.84 (m), 

933.23 (s), 969.36 (w), 1019.53 (m), 1053.70 (w), 1099.22 (w), 

1121.37 (m), 1176.11 (w), 1202.73 (m), 1249.98 (m), 1274.89 

(w), 1316.94 (m), 1353.09 (m), 1377.83 (m), 1414.73 (w), 

1435.05 (w), 1459.82 (w), 1580.64 (w), 1610.75 (m), 1694.11 

(w), 2864.42 (w), 2893.01 (m), 2958.68 (m). 
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5.5 Catalysis   
 

5.5.1 General procedure of transfer semi-hydrogenation  

To a 10 mL flask containing alkyne (0.5 mmol), ammonia-borane (15.3 mg, 0.5 mmol) 

and 3-14 (4 mg, 0.005 mmol), THF (5 mL) was added. The flask was then sealed and 

stirring at 55
o
C for 16 h. After passing through a pad of silica eluted with THF, all 

volatiles were removed under reduced pressure. n-Hexane was then added and pass 

through a pad of silica eluted with n-hexane. Volatiles were removed under reduced 

pressure and residue was analyzed by GC/MS and NMR to determine the conversion 

and E/Z ratio. The residue was then purified by column chromatography with n-

hexane/THF affording the corresponding alkenes as products.  

 

5.5.2 Characterization of products of transfer semi-hydrogenation 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.93 (t, J = 6.6 Hz, 3 H), 1.26−1.50 

(m, 4 H), 2.21 (q, J = 6.2 Hz, 2 H), 6.22 (dt, J = 16.8, 6.4 Hz, 1 H), 6.39 (d, J = 16.0 

Hz, 1 H), 7.14−7.37 (m, 5 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 

14.10, 22.42, 31.68, 32.87, 126.05, 126.88, 128.61, 129.84, 131.37, 138.12. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 7.19 (s, 2 H), 7.19−7.29 (m, 2 H), 

7.32−7.40 (m, 4 H), 7.48−7.54 (m, 4 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 K): 

δ(ppm) = 126.66, 127.77, 128.83, 128.86, 137.50. 
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1:1:1 mixture of  

  

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.86−0.91 (m, 9 H), 1.29−1.50 (m, 

18 H), 1.97−2.03 (m, 4 H) , 2.11−2.17 (m, 2 H) , 5.33−5.42 (m, 2 H). 
13

C{
1
H} NMR 

(50.32 MHz, CDCl3, 298 K): δ(ppm) = 14.15, 14.22, 18.90, 22.33, 22.71, 27.33, 

29.05, 29.50, 29.60, 31.24, 31.56, 31.69, 32.73, 80.39, 130.07, 130.53. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.16 (s, 9 H), 6.48 (d, J = 19.5 Hz, 

1 H), 6.88 (d, J = 19.1 Hz, 1 H), 7.24−7.47 (m, 5 H). 
13

C{
1
H} NMR (50.32 MHz, 

CDCl3, 298 K): δ(ppm) = 1.09, 126.50, 128.07, 128.65, 129.69, 138.52, 143.73. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.14 (s, 9 H), 2.34 (s, 3 H), 6.40 (d, 

J = 19.0 Hz, 1 H), 6.84 (d, J = 19.2 Hz, 1 H), 7.12 (d, J = 8.6 Hz, 2 H), 7.33 (d, J = 

8.3 Hz, 2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 1.05, 21.36, 

126.41, 128.31, 129.35, 135.86, 137.93, 143.63. 

 



 Experimental Section  

 
141 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.15 (s, 9 H), 1.32 (s, 9 H), 6.42 (d, 

J = 19.1 Hz, 1 H), 6.86 (d, J = 19.1 Hz, 1 H), 7.32−7.41 (m, 4 H). 
13

C{
1
H} NMR 

(50.32 MHz, CDCl3, 298 K): δ(ppm) = 1.05, 31.45, 34.74, 125.58, 126.20, 128.66, 

135.85, 143.51, 151.23. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.14 (s, 9 H), 3.81 (s, 3 H), 6.30 (d, 

J = 19.1 Hz, 1 H), 6.77−6.88 (m, 3 H), 7.38 (d, J = 7.7 Hz, 2 H). 
13

C{
1
H} NMR 

(50.32 MHz, CDCl3, 298 K): δ(ppm) = 1.01, 55.45, 114.05, 126.86, 127.53, 127.72, 

131.55, 143.15. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.16 (s, 9 H), 3.83 (s, 3 H), 6.47 (d, 

J = 19.1 Hz, 1 H), 6.78−6.90 (m, 3 H), 6.97−7.05 (m, 2 H), 7.24 (t, J = 7.8 Hz, 1 H). 

13
C{

1
H} NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 0.46, 56.02, 112.11, 114.66, 

119.92, 130.25, 130.69, 140.58, 144.24, 160.67. 
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1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.16 (s, 9 H), 3.85 (s, 3 H), 6.45 (d, 

J = 19.3 Hz, 1 H), 6.84−6.98 (m, 2 H), 7.18−7.33 (m, 2 H), 7.65 (dd, J = 7.7, 1.7 Hz, 

1 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 1.14, 55.49, 110.93, 

120.60, 126.21, 127.53, 128.93, 129.93, 137.81, 156.52. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.15 (s, 9 H), 6.46 (d, J = 19.1 Hz, 

1 H), 6.80 (d, J = 19.1 Hz, 1 H), 7.29 (d, J = 8.4 Hz, 2 H), 7.45 (d, J = 8.4 Hz, 2 H). 

13
C{

1
H} NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 1.17, 121.88, 128.03, 130.84, 

131.75, 137.46, 142.41. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.15 (s, 9 H), 6.45 (d, J = 19.1 Hz, 

1 H), 6.82 (d, J = 19.2 Hz, 1 H), 7.28−7.38 (m, 4 H). 
13

C{
1
H} NMR (50.32 MHz, 

CDCl3, 298 K): δ(ppm) = 0.00, 123.05, 129.19, 132.01, 132.92, 138.62, 143.58. 
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1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.18 (s, 9 H), 3.92 (s, 3 H), 6.63 (d, 

J = 19.2 Hz, 1 H), 6.92 (d, J = 19.1 Hz, 1 H), 7.49 (d, J = 8.2 Hz, 2 H), 8.01 (d, J = 

8.6 Hz, 2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 1.21, 52.19, 

126.39, 129.84, 130.05, 133.36, 142.66, 142.75, 167.08. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.36 (s, 9 H), 6.69 (d, J = 18.9 Hz, 

1 H), 7.55−7.68 (m, 3 H), 7.76−8.00 (m, 4 H), 8.21−8.33 (m, 1 H). 
13

C{
1
H} NMR 

(50.32 MHz, CDCl3, 298 K): δ(ppm) = 0.00, 124.69, 126.66, 126.75, 126.80, 127.11, 

129.22, 129.66, 134.79, 135.00, 141.84. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.13 (s, 9 H), 6.24 (d, J = 18.8 Hz, 

1 H), 6.87 (d, J = 19.1 Hz, 1 H), 7.17−7.27 (m, 3 H). 
13

C{
1
H} NMR (50.32 MHz, 

CDCl3, 298 K): δ(ppm) = 1.10, 122.62, 125.04, 126.03, 129.39, 137.57. 
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5.5.2 General procedure of olefin hydrosilylation  

To a 5 mL flask containing alkene (0.25 mmol), silane (34 L, 0.275 mmol) and 

3-18 (1 mL, 1 mg/mL in THF) was added. The flask was then sealed and stirring at 

room temperature in the glovebox for 2 h. After passing through a pad of silica eluted 

with THF, all volatiles were removed under reduced pressure. n-Hexane was then 

added and purified by column chromatography eluted with n-hexane affording 

corresponding products. Volatiles were then removed under reduced pressure and 

residue was analyzed by NMR.  

 

5.5.2 Characterization of products olefin hydrosilylation 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.86−1.01 (m, 5 H), 1.28−1.53 (m, 

12 H), 4.30 (t, J = 3.7 Hz, 2 H), 7.33−7.40 (m, 3 H), 7.56−7.61 (m, 2 H). 
13

C{
1
H} 

NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 10.02, 14.11, 22.68, 25.09, 29.21, 31.90, 

32.85, 127.95, 129.46, 132.86, 135.22. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.91−1.04 (m, 5 H), 1.30−1.37 (m, 

20 H), 4.33 (t, J = 3.7 Hz, 2 H), 7.31−7.45 (m, 3 H), 7.60−7.64 (m, 2 H). 
13

C{
1
H} 

NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 10.04, 14.13, 22.72, 25.10, 28.99, 29.20, 

29.29, 29.39, 29.56, 29.69, 31.95, 32.87, 127.95, 129.46, 132.85, 135.21. 
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1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.12 (s, 9 H), 0.90−1.02 (m, 2 H), 

1.63−1.78 (m, 2 H), 3.59 (t, J = 6.6 Hz, 2 H), 4.33 (t, J = 3.7 Hz, 2 H), 7.36−7.40 (m, 

3 H), 7.56−7.61 (m, 2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 0.36, 

6.29, 28.29, 64.71, 128.10, 129.66, 132.72, 135.32. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 1.03−1.21 (m, 2 H), 1.90−2.05 (m, 

2 H), 3.98 (t, J = 6.5 Hz, 2 H), 4.39 (d, J = 3.7 Hz, 2 H), 6.89−7.00 (m, 3 H), 

7.30−7.44 (m, 5 H), 7.60−7.64 (m, 2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 K): 

δ(ppm) = 6.68, 25.07, 69.68, 114.65, 120.70, 128.18, 129.54, 129.79, 132.36, 135.34, 

159.08. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.87−1.03 (m, 2 H), 1.67−1.82 (m, 

2 H), 2.60 (t, J = 7.5 Hz, 2 H), 4.31 (t, J = 3.7 Hz, 2 H), 5.02 (s, 2 H), 6.58−6.75 (m, 3 

H), 7.33−7.42 (m, 3 H), 7.54−7.59 (m, 2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 

K): δ(ppm) = 9.74, 27.36, 38.79, 77.16, 100.85, 108.20, 109.07, 121.37, 128.15, 

129.72, 133.75, 135.36, 136.13, 145.71, 147.65. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 1.53−1.57 (m, 3 H), 1.85−1.92 (m, 

2 H), 4.31 (t, J = 3.7 Hz, 2 H), 5.35−5.58 (m, 2 H), 7.36−7.42 (m, 3 H), 7.56−7.62 (m, 

2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 11.37, 12.48, 123.28, 

125.02, 127.95, 129.67, 132.25, 135.23. 
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1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.91 (t, J = 7.3 Hz, 3 H), 1.30−1.49 

(m, 2 H), 1.89−2.25 (m, 3 H), 4.33 (t, J = 3.7 Hz, 2 H), 5.32−5.57 (m, 2 H), 7.35−7.41 

(m, 3 H), 7.55−7.64 (m, 2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 

11.73, 13.84, 22.74, 29.11, 124.04, 127.95, 129.44, 129.67, 132.23, 135.24. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.90−1.01 (m, 2 H), 1.45−1.61 (m, 

2 H), 1.65−1.67 (m, 2 H), 2.01−2.67 (m, 2 H), 4.31 (t, J = 3.7 Hz, 2 H), 5.40−5.46 (m, 

2 H), 7.36−7.41 (m, 3 H), 7.56−7.61 (m, 2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 

298 K): δ(ppm) = 9.58, 17.93, 25.11, 35.63, 125.37, 127.97, 129.50, 130.91, 132.71, 

135.23. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 1.45−1.48 (m, 3 H), 1.69−1.71 (m, 

3 H), 1.86−1.89 (m, 2 H), 4.32(t, J = 4.0 Hz, 2 H), 5.11−5.21 (m, 1 H), 7.32−7.41 (m, 

3 H), 7.55−7.61 (m, 2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 

13.56, 16.38, 25.19, 117.58, 127.93, 129.65, 132.28, 135.20. 
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1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.83−0.99 (m, 3 H), 1.53−1.64 (m, 

2 H), 1.68 (s, 3 H), 2.08 (t, J = 7.5 Hz, 2 H), 4.30 (t, J = 3.7 Hz, 2 H), 4.66−4.71 (m, 2 

H), 7.31−7.41 (m, 3 H) , 7.51−7.60 (m, 2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 

K): δ(ppm) = 9.53, 22.22, 23.06, 40.79, 110.28, 127.98, 129.52, 132.61, 135.20, 

145.45. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.88−1.02 (m, 3 H), 1.47−1.53 (m, 

4 H), 1.70 (s, 3 H), 2.02 (t, J = 7.1 Hz, 2 H), 4.30 (t, J = 3.7 Hz, 2 H), 4.66−4.69 (m, 2 

H), 7.36−7.39 (m, 3 H) , 7.56−7.60 (m, 2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 

K): δ(ppm) = 9.93, 22.36, 24.77, 30.76, 37.44, 109.73, 127.97, 129.51, 132.71, 135.21, 

145.95. 

 

 

1
H NMR (200.13 MHz, CDCl3, 298 K): δ(ppm) = 0.83−1.02 (m, 3 H), 1.26−1.81 (m, 

6 H), 2.00−2.09 (m, 6 H), 4.29 (t, J = 3.7 Hz, 2 H), 5.65−5.68 (m, 2 H), 7.35−7.39 (m, 

3 H), 7.51−7.60 (m, 2 H). 
13

C{
1
H} NMR (50.32 MHz, CDCl3, 298 K): δ(ppm) = 7.17, 

25.19, 28.43, 31.52, 31.80, 36.11, 126.53, 127.07, 127.97, 129.51, 132.68, 135.20. 
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7. APPENDIX 

7.1 Crystal data and structure refinement 

Table 7.1.1 Crystal data and structure refinement for complexes 3-1, 3-3, and 3-4 

Complex 3-1 3-3 3-4 

formula                  C42.5H63Cl2GeN7Si2  C43H59FeGeN7O4Si2 C45H64Cl2FeGe2N7O4.5Si2 

Mr                     871.67 922.59 1103.14 

space group     P21/c P21/c P21/c 

crystal system monoclinic monoclinic monoclinic 

a [Ǻ] 12.8747(2) 22.5376(2) 23.1730(4) 

b [Ǻ] 12.8747(2) 11.67740(10) 17.3288(2) 

c [Ǻ] 18.3160(3) 17.80130(10) 26.0810(4) 

α [°] 90 90 90 

β [°] 105.995(2)° 101.4130(10) 94.301(2) 

γ [°] 90 90 90 

V [Ǻ
3
] 4557.68(12) 4592.32(6) 10443.6(3) 

Z 4 4 8 

ρcalcd [mg m
-3

] 1.270 1.334 1.403 

wavelength [Ǻ]                         1.54184 1.54184 1.54184 

size [mm
3
]                       0.23 x 0.14 x 0.12 0.30×0.19×0.09  0.62 x 0.05 x 0.05 

Θ limits [°]       3.57 to 67.49 4.00 to 67.49 3.06 to 67.50 

completeness 

to Θ = 

67.49°[%]      

99.8  100.0 99.9 

reflns 

measured
[a]

     
17788 31486 40082 

independent 

reflns 
8202 [R(int) = 0.0344] 8256 [R(int) = 0.0299] 18804 [R(int) = 0.0624] 

parameters     538 574 1174 

R1 (R1 all data)
 

0.0389 (0.0472) 0.0341 (0.0405) 0.0529 (0.0816) 

wR2 (wR2 all 

data)
 

0.1012 (0.1094) 0.0843 (0.0888) 0.1294 (0.1547) 

GOF             1.015 1.021 0.954 

max., min. 

peaks [eǺ
-3

]        
1.237 and -0.319 0.571 and -0.738 1.196 and -0.983 
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 [a] Observation criterion: I>2σ(I).  [b] R1 = Σ | |Fo| - |Fc| | / Σ |Fo|.   [c] wR2 = {Σ[w-(Fo
2
 -

c
2
)
2
]/Σ[w(Fo

2
)

2
]}

1/2
 

Table 7.1.2 Crystal data and structure refinement for complexes 3-6, 3-7, and 3-9 

Complex 3-6 3-7 3-9 

Formula C64H112B20N8Si

4 

C46H72B10Br2 

N4NiSi2 

C47H62Br2FeN4NiSi

2 

Mr 1322.18 1063.89 1013.57 

space group P21/c P21/c P21/c 

crystal system monoclinic monoclinic monoclinic 

a [Ǻ] 27.1017(3) 16.33440(10) 29.2617(4) 

b [Ǻ] 15.6600(2) 13.62690(10) 8.97920(10) 

c [Ǻ] 26.8284(3) 24.08500(10) 17.6242(2) 

α [°] 90 90 90 

β [°] 115.784(2) 91.3140(10) 92.0990(10) 

γ [°] 90 90 90 

V [Ǻ
3
] 10252.7(2) 5359.60(6) 4627.59(10) 

Z 4 4 4 

ρcalcd [mg m
-3

] 0.857 1.318 1.455 

wavelength [Ǻ] 1.54184 1.54184 1.54184 

crystal size [mm
3
] 0.20 x 0.12 x 0.11 0.15×0.13×0.10 0.26 x 0.06 x 0.02 

Θ limits [°] 3.30 to 67.50 2.71 to 67.50 3.02 to 67.50 

completeness to Θ = 

67.5° [%] 

100.0 99.9 100.0 

reflns measured
[a]

 
69652 

36389 30160 

independent reflns 18464 [R(int) = 

0.0484] 

9656 [R(int) = 0.0239] 8339 [R(int) = 0.0487] 

parameters 889 600 537 

R1 (R1 all data)
[b] 

0.0530 (0.0704) 0.0304 (0.0317) 0.0392 (0.0497) 

wR2 (wR2 all data)
[c] 

0.1411 (0.1514) 0.0819 (0.0830) 0.0956 (0.1023) 

GOF 0.972 1.050 1.035 

max., min. peaks  [eǺ
-

3
] 

0.509 and -0.289 0.772 and -0.769 1.281 and -0.654 

[a] Observation criterion: I>2σ(I).  

[b] R1 = Σ | |Fo| - |Fc| | / Σ |Fo|.   

[c] wR2 = {Σ[w-(Fo
2
 -c

2
)
2
]/Σ[w(Fo

2
)

2
]}

1/2
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Table 7.1.3 Crystal data and structure refinement for complexes 3-11, 3-14, and 

3-15 

Complex 3-11 3-14 3-15 

Formula C25H54B10Br2N4NiP2 C39H59Cl2MnN7Si

2 

C54H70Cl2FeMnN4Si

2 

Mr 799.29 807.95 1013.01 

space group P21/c P21/n P-1 

crystal system monoclinic monoclinic Triclinic 

a [Ǻ] 10.1791(2) 17.1789(2) 10.4353(3) 

b [Ǻ] 32.1548(8) 17.2684(2) 11.7715(2) 

c [Ǻ] 11.3590(2) 17.3905(2) 22.0042(5) 

α [°] 90 90 98.387(2) 

β [°] 92.685(2) 105.7040(10) 99.342(2) 

γ [°] 90 90 93.018(2) 

V [Ǻ
3
] 3713.80(13) 4966.36(10) 2630.52(11) 

Z 4 4 2 

ρcalcd [mg m
-3

] 1.430 1.081 1.279 

wavelength [Ǻ] 1.54184 1.54184 1.54184 

crystal size [mm
3
] 0.24×0.13×0.09 0.11 x 0.08 x 0.05 0.28 x 0.13 x 0.11 

Θ limits [°] 2.75 to 67.50 3.21 to 67.50 1.75 to 26.25 

completeness to        

Θ = 67.50° [%] 

100.0 99.9 96.6 

reflns measured
[a]

 14220 20000 18597 

independent reflns 
6697 [R(int) = 0.0632] 

8950 [R(int) = 

0.0269] 

10239 [R(int) = 

0.0248] 

parameters 406 474 591 

GOF 0.987 1.043 1.102 

R1 (wR2)
 

R1 = 0.0454  

wR2 = 0.0920 

R1 = 0.0355  

wR2 = 0.0904 

R1 = 0.0437 

wR2 = 0.1131 

R1 (wR2 all data)
 

R1 = 0.0750  

wR2 = 0.1067 

R1 =  0.0430 

wR2 = 0.0952 

R1 = 0.0502 

wR2 = 0.1168 

max., min. peaks  

[eǺ
-3

] 

0.531 and -0.615 0.374 and -0.298 0.483 and -0.693 

[a] Observation criterion: I>2σ(I).   

[b] R1 = Σ | |Fo| - |Fc| | / Σ |Fo|.    

[c] wR2 = {Σ[w-(Fo
2
 -c

2
)

2
]/Σ[w(Fo

2
)

2
]}

1/2
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Table 7.1.4 Crystal data and structure refinement for complexes 3-16, 3-18, and 

3-19 

 3-16 3-18 3-19 

formula C45.5H60Cl2MnN4Si2 C42H70CoN4P2Si C76H112CoN8Si2 

formula weight 844.99 779.98 1268.84 

crystal system Triclinic Triclinic monoclinic 

space group P-1 P-1 P21/c 

a/Å 14.1492(4) 11.7543(6) 12.3276(2) 

b/Å 17.2552(6) 11.8043(6) 32.1844(5) 

c/Å 20.8774(8) 18.7249(7) 17.9780(4) 

α/deg 105.926(3) 76.814(4) 90 

β/deg 106.906(3) 75.448(4) 97.478(2) 

γ/deg 90.002(3) 60.963(5) 90 

V/Å
3
 4672.0(3) 2181.30(18) 7072.2(2) 

Z 4 2 4 

ρcalcd/g∙cm
-3

 1.201 1.188 1.192 

crystal size/mm
3
 0.2 x 0.16 x 0.08 0.33 x 0.06 x 0.05 0.23 x 0.10 x 0.09 

θ range/deg 5.346 to 136.486 3.75 to 67.49 3.07 to 67.50 

collected data  16982 14539 42160 

unique data 16982 [R(int) = 

0.0454] 

7856 12576 

completeness to θ 100.0 99.8  98.4 

data/restraints/parameters 16982/0/1008 474 439 

final R indices [I>2(I)] 
R1 =  0.1079 

wR2 = 0.3054 

R1 = 0.0604 

wR2 = 0.1566 

R1 = 0.0732  

wR2 = 0.0953 

R indices (all data) R1 = 0.1221 

wR2 = 0.3140 

R1 = 0.0687  

wR2 = 0.1716 

R1 = 0.1881 

wR2 = 0.2075 

GOF on F
2
 1.109 1.004 1.020 

Largest diff peak/hole (eÅ
-

3
) 

1.34 and -1.45 0.255to -0.331 0.538 to -0.622 

[a] Observation criterion: I>2σ(I).  [b] R1 = Σ | |Fo| - |Fc| | / Σ |Fo|.   [c] wR2 = {Σ[w-(Fo
2
 -

c
2
)

2
]/Σ[w(Fo

2
)

2
]}

1/2
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Table 7.1.5 Crystal data and structure refinement for complexes 3-20 and 3-21. 

Complex 3-20 3-21 

Formula C66H71BCoF20N4P2Si C41H61CoN4O2PSi 

Mr 1460.04 759.93 

space group P21/c P21/n 

crystal system monoclinic monoclinic 

a [Ǻ] 11.5334(5) 11.7994(4) 

b [Ǻ] 24.4725(13) 17.2934(5) 

c [Ǻ] 24.2950(14) 19.8730(8) 

α [°] 90 90 

β [°] 94.926(4) 94.042(3) 

γ [°] 90 90 

V [Ǻ
3
] 6832.0(6) 4045.0(2) 

Z 4 4 

ρcalcd [mg m
-3

] 1.419 1.248 

wavelength [Ǻ] 1.54178 1.54178 

crystal size [mm
3
] 0.24 x 0.09 x 0.08 0.10 x 0.08 x 0.06 

Θ limits [°] 2.43 to 67.50 3.05 to 67.50 

completeness to Θ = 65.00° [%] 100.0 99.9 

reflns measured
[a]

 43401 15592 

independent reflns 11651 7276 

parameters 935 480 

R1 (wR2 all data)
 

R1 = 0.0961  

wR2 = 0.2252 

R1 = 0.0600 

 wR2 = 0.1289 

R1 (wR2 all data)
 

R1 = 0.1610 

 wR2 = 0.2909 

R1 = 0.1067 

 wR2 = 0.1528 

GOF 1.207 1.002 

max., min. peaks  [eǺ
-3

] 0.698 to -0.445 2.148 (-0.731) 

[a] Observation criterion: I>2σ(I).  [b] R1 = Σ | |Fo| - |Fc| | / Σ |Fo|.   [c] wR2 = {Σ[w-(Fo
2
 -

c
2
)

2
]/Σ[w(Fo

2
)

2
]}

1/2
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Table 7.1.6 Crystal data and structure refinement for complexes 3-22 and 3-23. 

 3-22 3-23 

formula C66H86CoN4OP2Si C42H67CoN4P2Si 

formula weight 1100.35 776.95 

crystal system Triclinic Monoclinic 

space group P-1 C c 

a/Å 11.8673(4) 11.9731(5) 

b/Å 12.7852(5) 19.9825(9) 

c/Å 20.9132(6) 36.4424(17) 

α/deg 85.315(3) 90 

β/deg 77.328(3) 96.534(4) 

γ/deg 77.149(3) 90 

V/Å
3
 3016.44(18) 8662.3(7) 

Z 2 8 

ρcalcd/g∙cm
-3

 1.211 1.192 

θ range/deg 3.41-67.50 3.42-67.50 

collected data  20705 8963 

unique data 10862 8963 

completeness to θ 99.9 97.9 

GOF on F
2
 1.029 1.037 

final R indices [I>2(I)] R1 = 0.0361 

wR2 = 0.0865 

R1 = 0.0690 

wR2 = 0.1600 

R indices (all data) R1 = 0.0426 

wR2 = 0.0905 

R1 = 0.1041 

wR2 = 0.1838 

Largest diff peak/hole (eÅ
-3

) 0.469 to -0.405 0.619/-0.316 

[a] Observation criterion: I>2σ(I).  [b] R1 = Σ | |Fo| - |Fc| | / Σ |Fo|.   [c] wR2 = {Σ[w-(Fo
2
 -

c
2
)
2
]/Σ[w(Fo

2
)

2
]}

1/2  
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7.2 Optimized (B3LYP
-
D3(BJ)/6-311G(d,p)) molecular xyz coordinates; energies in 

Hartrees, free energies at 298.15K 

 

[SiNSi]Ge   

 

E= -4011.227645 

Free energy= -4010.770535 

 

6       -0.125608000      4.023329000     -1.821009000 

6       -0.007670000      2.767648000     -1.193625000 

6       -2.218758000      2.997200000     -0.340074000 

6       -2.389753000      4.256888000     -0.913269000 

6       -1.318619000      4.730733000     -1.675522000 

1        0.701767000      4.448499000     -2.368315000 

1       -3.292529000      4.832264000     -0.766507000 

1       -1.404573000      5.702034000     -2.150880000 

7       -1.081588000      2.281324000     -0.554086000 

7       -2.952893000      2.206910000      0.478360000 

7        1.112091000      1.983354000     -1.133124000 

6       -4.252042000      2.541656000      1.002102000 

1       -4.978517000      2.718238000      0.198795000 

1       -4.607880000      1.702781000      1.599686000 

1       -4.222530000      3.433749000      1.640175000 

6        2.249388000      2.363349000     -1.966295000 

1        2.747768000      3.269747000     -1.602594000 

1        2.976116000      1.553554000     -1.969711000 
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1        1.926896000      2.533661000     -2.997452000 

14      -1.722349000      0.849570000      0.682142000 

14       1.347208000      0.885022000      0.302329000 

7       -2.126654000     -0.323997000     -0.695285000 

7       -3.049899000     -0.506928000      1.237362000 

7        2.213344000     -0.533750000     -0.642777000 

7        3.197496000      0.866365000      0.637242000 

6       -2.933137000     -1.092686000      0.051656000 

6        3.370721000     -0.281279000     -0.046828000 

6       -3.470892000     -2.402641000     -0.344328000 

6       -4.794197000     -2.747973000     -0.045751000 

6       -2.654970000     -3.322245000     -1.015619000 

6       -5.295414000     -3.988949000     -0.421166000 

1       -5.425386000     -2.033432000      0.468372000 

6       -3.157767000     -4.565246000     -1.382534000 

1       -1.623870000     -3.061714000     -1.220886000 

6       -4.478993000     -4.899737000     -1.090055000 

1       -6.322792000     -4.246867000     -0.192541000 

1       -2.518325000     -5.276497000     -1.892228000 

1       -4.870443000     -5.867791000     -1.379819000 

6        4.583059000     -1.101916000     -0.070122000 

6        4.500262000     -2.495979000      0.057557000 

6        5.840594000     -0.498201000     -0.213725000 

6        5.656078000     -3.267896000      0.040404000 

1        3.533685000     -2.962794000      0.198314000 

6        6.990151000     -1.276589000     -0.244742000 

1        5.905667000      0.578350000     -0.312901000 
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6        6.901879000     -2.663022000     -0.116221000 

1        5.585191000     -4.343296000      0.153195000 

1        7.957301000     -0.803199000     -0.366011000 

1        7.800640000     -3.267905000     -0.134373000 

6        1.883050000     -1.536790000     -1.622485000 

1        1.301141000     -1.076031000     -2.426043000 

1        2.779708000     -1.986485000     -2.054190000 

1        1.270875000     -2.327003000     -1.176291000 

6        3.971402000      1.320254000      1.776621000 

1        4.655265000      2.129968000      1.502420000 

1        3.274760000      1.701432000      2.527760000 

1        4.551740000      0.507158000      2.218959000 

6       -3.363747000     -1.181245000      2.482324000 

1       -2.569243000     -0.969896000      3.202979000 

1       -4.309594000     -0.816239000      2.896407000 

1       -3.433679000     -2.264479000      2.357784000 

6       -2.046248000     -0.245704000     -2.135639000 

1       -2.407508000     -1.162513000     -2.604947000 

1       -2.635291000      0.596399000     -2.515808000 

1       -1.007146000     -0.085258000     -2.430911000 

32       0.065527000      0.504643000      2.187850000 

 

m-[SiNSi]GeFe 

 

E= -5728.5378802 

Free Energy = -5728.051786 
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32      -0.067076000      0.459160000     -1.769421000 

14       1.924987000      0.955653000     -0.532623000 

26      -0.540585000     -2.001297000     -1.672780000 

14      -1.256014000      1.299605000      0.118701000 

7        3.057732000      2.303524000     -1.005751000 

7        2.378419000      0.461710000      1.176964000 

8        1.316763000     -2.081896000     -3.936063000 

6        0.090841000     -1.952105000     -0.040226000 

6       -0.852648000     -3.737566000     -1.612630000 

6       -2.186568000     -1.540758000     -2.091750000 

6        0.575416000     -2.050297000     -3.046397000 

7       -0.927518000      2.923332000      0.798993000 

7       -2.171912000      0.432378000      1.509040000 

7       -3.080798000      1.291671000     -0.225581000 

6        2.353028000      3.370765000     -0.558198000 

6        4.349129000      2.388573000     -1.645010000 

6        3.165928000     -0.539302000      0.760837000 

6        2.051992000      0.851398000      2.526537000 

8        0.506123000     -1.987261000      1.053742000 

8       -1.052575000     -4.870689000     -1.565615000 

8       -3.277603000     -1.255236000     -2.386053000 

6        0.215457000      3.601296000      0.437275000 

6       -1.971541000      3.670812000      1.496940000 

6       -3.319843000      0.503480000      0.821344000 

6       -1.872056000     -0.463646000      2.610042000 

6       -3.974143000      1.696903000     -1.289933000 

7        1.238594000      2.849225000      0.011985000 
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6        2.569040000      4.750389000     -0.594022000 

1        4.304413000      2.967577000     -2.574511000 

1        4.683961000      1.380782000     -1.885802000 

7        3.215873000     -0.459110000     -0.565190000 

6        3.859613000     -1.523539000      1.606517000 

6        0.377388000      4.999136000      0.462553000 

1       -2.713212000      2.971510000      1.877406000 

1       -2.476858000      4.385741000      0.837928000 

6       -4.583093000     -0.169443000      1.158650000 

1        3.460917000      5.175642000     -1.030814000 

6        1.557927000      5.538451000     -0.048233000 

6        3.692498000     -1.490845000     -1.467648000 

6        5.222256000     -1.762299000      1.392085000 

6        3.185737000     -2.214012000      2.619567000 

1       -0.407459000      5.643615000      0.827008000 

6       -5.245837000     -0.949214000      0.204491000 

6       -5.117511000     -0.029502000      2.444885000 

1        1.677220000      6.616491000     -0.045896000 

1        5.742284000     -1.221915000      0.610927000 

6        5.905842000     -2.673975000      2.187899000 

6        3.872508000     -3.134455000      3.403639000 

1        2.124199000     -2.063489000      2.747626000 

1       -4.810552000     -1.082342000     -0.777427000 

6       -6.436301000     -1.583618000      0.544809000 

6       -6.315889000     -0.653650000      2.770273000 

1       -4.600446000      0.576226000      3.179337000 

1        6.961896000     -2.849742000      2.021430000 
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6        5.230846000     -3.362685000      3.193726000 

1        3.343415000     -3.681490000      4.174878000 

6       -6.974532000     -1.433111000      1.820852000 

1       -6.940597000     -2.200213000     -0.189300000 

1       -6.733407000     -0.535841000      3.763036000 

1        5.761382000     -4.080151000      3.808717000 

1       -7.904706000     -1.926060000      2.078009000 

1        5.096007000      2.847671000     -0.985828000 

1       -5.013797000      1.597683000     -0.973499000 

1       -3.778464000      2.741493000     -1.539228000 

1       -3.813435000      1.085353000     -2.179339000 

1       -2.617141000     -1.258044000      2.678298000 

1       -0.902391000     -0.926316000      2.437217000 

1       -1.849466000      0.080096000      3.560084000 

1        3.102448000     -1.461756000     -2.381057000 

1        4.744078000     -1.335795000     -1.732993000 

1        3.584962000     -2.485027000     -1.028784000 

1        1.138136000      0.359663000      2.874976000 

1        2.862982000      0.598388000      3.212819000 

1        1.893500000      1.930209000      2.551953000 

1       -1.551137000      4.215484000      2.346909000 

 

 

m-[SiNSi]GeGeFe 

 

E= -8726.1652703 

Free Energy = -8725.681157 
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1        4.830098000      3.879998000      1.282977000 

6        4.068208000      3.376992000      1.889662000 

7        2.863292000      3.136142000      1.129809000 

1        4.473137000      2.418663000      2.211795000 

17       0.143827000     -1.793830000      3.613453000 

14       1.919011000      1.680554000      0.586942000 

6        2.153020000      4.091765000      0.479889000 

32      -0.498949000     -1.252775000      1.500574000 

32      -0.143292000      1.215796000      1.702411000 

7        2.666202000      1.152100000     -0.985135000 

7        3.166136000      0.283311000      0.902585000 

7        1.174528000      3.415705000     -0.175965000 

6        2.250502000      5.481446000      0.383356000 

26       0.098931000     -2.920190000     -0.102178000 

17      -2.779378000     -1.120385000      1.823444000 

14      -1.320392000      1.749072000     -0.305010000 

6        3.354306000      0.150195000     -0.407784000 

6        2.501719000      1.466808000     -2.385185000 

6        3.575764000     -0.608879000      1.969941000 

6        0.164960000      4.013824000     -0.819668000 

1        3.031406000      6.034693000      0.884400000 

6        1.270470000      6.106044000     -0.384521000 

6        0.495618000     -1.585780000     -1.159072000 

6        0.638310000     -4.099876000     -1.311263000 

6        1.245031000     -3.558176000      1.098135000 

6       -1.583454000     -3.504289000     -0.079927000 
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1       -3.791751000     -1.771003000     -0.925715000 

7       -0.865878000      3.195110000     -1.248176000 

7       -3.136174000      1.898226000      0.059288000 

7       -2.258563000      0.661784000     -1.458627000 

6        4.109950000     -0.895052000     -1.110370000 

6        0.220183000      5.407940000     -0.984238000 

1        1.302729000      7.184146000     -0.497007000 

8        0.744915000     -0.741373000     -1.917368000 

8        1.019719000     -4.848142000     -2.094953000 

8        2.063495000     -3.980749000      1.791297000 

8       -2.668274000     -3.884035000     -0.156394000 

6       -4.701252000     -1.199155000     -1.034589000 

6       -1.844532000      3.777287000     -2.171065000 

6       -3.398146000      0.900067000     -0.794625000 

6       -3.885793000      2.209504000      1.267916000 

6       -2.097852000     -0.190663000     -2.624749000 

6        4.977860000     -0.555149000     -2.155451000 

6        3.944532000     -2.238705000     -0.757132000 

1       -0.550492000      5.936436000     -1.523126000 

6       -4.671134000      0.198443000     -0.965620000 

6       -5.918648000     -1.853467000     -1.172356000 

1       -2.494977000      2.985606000     -2.537880000 

1       -2.466335000      4.537619000     -1.686994000 

1        5.123561000      0.484558000     -2.419952000 

6        5.666350000     -1.550129000     -2.839519000 

6        4.616690000     -3.230678000     -1.461155000 

1        3.268980000     -2.511270000      0.037227000 
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6       -5.861270000      0.931900000     -1.039784000 

1       -5.938615000     -2.935834000     -1.196864000 

6       -7.101836000     -1.122148000     -1.259382000 

1        6.343592000     -1.281819000     -3.641494000 

6        5.478893000     -2.889095000     -2.500131000 

1        4.457700000     -4.269020000     -1.197724000 

6       -7.073084000      0.270272000     -1.196701000 

1       -5.829728000      2.013375000     -0.986455000 

1       -8.048860000     -1.637540000     -1.368409000 

1        6.003907000     -3.664229000     -3.045731000 

1       -7.993403000      0.837798000     -1.263217000 

1       -1.336489000      4.225887000     -3.028104000 

1        2.825100000     -1.375675000      2.173317000 

1        4.522079000     -1.096583000      1.727876000 

1        3.705160000     -0.026396000      2.883174000 

1        1.493678000      1.851828000     -2.537553000 

1        3.215864000      2.232894000     -2.706155000 

1        2.620702000      0.576940000     -3.001556000 

1       -4.662694000      1.466779000      1.444426000 

1       -3.203436000      2.194819000      2.119833000 

1       -4.337507000      3.201959000      1.192683000 

1       -3.008780000     -0.172186000     -3.225849000 

1       -1.263151000      0.176504000     -3.217817000 

1       -1.878410000     -1.219615000     -2.336856000 

1        3.872304000      3.986114000      2.778786000 
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Cartesian geometry of [SiCCSi]NiBr2 in Angstrom [Å]. 

C -0.835092 -1.87824 -0.103795 

B 0.18193 -2.338607 -1.421658 

B 0.18483 -4.114161 -1.443855 

B 0.889626 -4.675166 0.112671 

B -0.889132 -4.675268 -0.113058 

B -0.184394 -4.114236 1.443504 

B 1.323506 -3.225658 1.063881 

B 1.55141 -3.226358 -0.699185 

C 0.83525 -1.878153 0.103547 

B -0.181691 -2.338722 1.4214 

B -1.551101 -3.226573 0.698878 

B -1.323164 -3.225751 -1.064204 

Si -1.493925 -0.037435 -0.110043 

C -3.765274 -0.131966 0.016662 

C -5.2441 -0.200768 0.104266 

Ni -0.000082 1.478091 0.000045 

Si 1.493881 -0.037289 0.110033 

C 3.765233 -0.131809 -0.016619 

C 5.244055 -0.200696 -0.104207 

Br 1.843006 3.018991 0.27446 

Br -1.843136 3.01896 -0.274463 

N -2.906819 -0.072863 1.054177 

C -3.146645 0.243158 2.491525 

C -1.851892 0.883064 3.037529 
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N -3.026967 -0.172337 -1.109269 

C -3.432458 -0.162393 -2.541583 

C -2.145996 -0.399671 -3.355777 

N 3.026905 -0.172248 1.109302 

C 3.43237 -0.162398 2.541621 

C 2.145947 -0.399952 3.355804 

N 2.906798 -0.07255 -1.054138 

C 3.146665 0.243491 -2.49147 

C 1.851939 0.88342 -3.037516 

C -4.290872 1.265417 2.670949 

C -3.46139 -1.062874 3.250566 

C -4.455698 -1.278635 -2.842348 

C -4.016397 1.216301 -2.926678 

C 4.45581 -1.278479 2.842314 

C 4.016057 1.216364 2.92683 

C 3.461453 -1.062517 -3.25054 

C 4.290888 1.265772 -2.670781 

C 5.837658 -1.427847 -0.454897 

C 7.234331 -1.52519 -0.536952 

C 8.034133 -0.39908 -0.281224 

C 7.436814 0.827521 0.05597 

C 6.041839 0.930936 0.146973 

H 5.205648 -2.297087 -0.643441 

H 7.695881 -2.478866 -0.799826 

H 9.121127 -0.476002 -0.34765 

H 8.056668 1.706291 0.243389 
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H 5.565144 1.882777 0.380568 

C -6.041852 0.930882 -0.146923 

C -7.436827 0.827525 -0.055845 

C -8.034181 -0.399035 0.281431 

C -7.234411 -1.525166 0.537171 

C -5.837739 -1.427879 0.45505 

H -5.565142 1.882699 -0.380578 

H -8.056651 1.706316 -0.243266 

H -9.121175 -0.475911 0.347912 

H -7.695985 -2.478813 0.800109 

H -5.205758 -2.297132 0.643624 

H -4.290912 1.601293 3.719541 

H -4.120422 2.137183 2.021308 

H -5.274743 0.830134 2.453887 

H -1.992026 1.10807 4.10613 

H -0.995869 0.202631 2.940013 

H -1.623222 1.812964 2.497447 

H -3.603871 -0.839811 4.32017 

H -4.385037 -1.519193 2.862885 

H -2.637623 -1.783017 3.144174 

H -4.637685 -1.304031 -3.928409 

H -4.070205 -2.259362 -2.528331 

H -5.413244 -1.092007 -2.337854 

H -4.165791 1.24503 -4.018298 

H -4.990847 1.37997 -2.447585 

H -3.329702 2.022433 -2.632047 
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H -2.375383 -0.30773 -4.427885 

H -1.385921 0.355838 -3.098212 

H -1.741446 -1.401999 -3.168363 

H 1.991979 1.108006 -4.10622 

H 0.995793 0.203193 -2.939641 

H 1.623505 1.81355 -2.497733 

H 3.604278 -0.839379 -4.320083 

H 4.384924 -1.518993 -2.862631 

H 2.637563 -1.782564 -3.144453 

H 4.290873 1.601868 -3.719305 

H 4.120468 2.137405 -2.020956 

H 5.274766 0.830429 -2.453856 

H 2.375295 -0.30785 4.427907 

H 1.385692 0.355356 3.098172 

H 1.741632 -1.402387 3.168462 

H 4.63757 -1.304102 3.928407 

H 4.070616 -2.259217 2.527969 

H 5.413419 -1.091496 2.338071 

H 4.16584 1.244888 4.018403 

H 4.990279 1.380432 2.44741 

H 3.329035 2.022375 2.632628 

H 0.305497 -1.593988 -2.334902 

H -2.253088 -3.092837 -1.793439 

H -2.635415 -3.084047 1.171458 

H -0.30532 -1.594156 2.33468 

H 2.253419 -3.092666 1.793103 
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H 2.6357 -3.08367 -1.171763 

H 0.315137 -4.698524 -2.478355 

H -1.532534 -5.679324 -0.196051 

H -0.314633 -4.698665 2.477977 

H 1.533152 -5.679147 0.195608 

 

Cartesian geometry of [SiCCSi]Ni(CO)2 in Angstrom [Å]. 

C 0.744081 -0.289506 1.445237 

B -0.228739 0.986773 2.087234 

B -0.31473 0.70081 3.843298 

B -1.137216 -0.881155 4.093031 

B 0.647386 -0.777059 4.200089 

B -0.122904 -2.159211 3.337957 

B -1.559793 -1.526193 2.48092 

B -1.676027 0.213014 2.789657 

C -0.955653 -0.375818 1.340418 

B -0.042864 -1.814944 1.591554 

B 1.325013 -1.364979 2.656463 

B 1.210008 0.385355 2.958033 

Si 1.589022 -0.037092 -0.315075 

C 3.875146 0.099141 0.015543 

C 5.358154 0.207985 0.069702 

Ni 0.10765 -0.024254 -1.929021 

Si -1.566422 -0.05959 -0.5099 

C -3.865372 0.134502 -0.253146 

C -5.334964 0.244903 -0.051412 
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C 0.21602 1.507088 -2.854981 

C 0.170494 -1.575258 -2.819125 

N 3.157183 -1.032926 -0.114842 

C 3.626304 -2.398409 -0.474482 

C 2.432585 -3.355764 -0.304688 

N 2.994178 1.116898 0.092196 

C 3.244111 2.579187 0.013488 

C 1.901131 3.274055 0.299462 

N -3.169906 -1.005265 -0.422975 

C -3.639338 -2.372867 -0.758958 

C -2.432176 -3.319963 -0.607136 

N -2.97128 1.141491 -0.209777 

C -3.201184 2.610677 -0.158054 

C -1.931307 3.288535 -0.708822 

C 4.073139 -2.411346 -1.954609 

C 4.772433 -2.87302 0.446638 

C 4.277822 3.040782 1.063839 

C 3.708604 2.950683 -1.413543 

C -4.771475 -2.845038 0.180294 

C -4.107535 -2.395801 -2.232779 

C -3.441867 3.067314 1.297358 

C -4.394721 3.041458 -1.043956 

C -5.807455 0.312531 1.273368 

C -7.185856 0.3892 1.520073 

C -8.09336 0.402059 0.448075 

C -7.620165 0.340834 -0.873688 
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C -6.243147 0.261735 -1.125593 

H -5.093062 0.287975 2.097921 

H -7.549433 0.435784 2.548376 

H -9.16634 0.46122 0.64108 

H -8.322933 0.358169 -1.709021 

H -5.87009 0.235796 -2.149822 

C 6.123704 0.370508 -1.099125 

C 7.52135 0.462776 -1.013603 

C 8.156027 0.393475 0.236975 

C 7.391057 0.231898 1.404878 

C 5.995245 0.139199 1.323984 

H 5.625711 0.423488 -2.067857 

H 8.111724 0.587955 -1.923335 

H 9.243533 0.46465 0.30203 

H 7.881432 0.177139 2.378678 

H 5.392693 0.011244 2.224537 

H 4.350012 -3.43716 -2.247175 

H 3.250158 -2.069795 -2.600402 

H 4.947299 -1.761608 -2.104362 

H 2.733403 -4.360624 -0.638448 

H 2.121953 -3.407786 0.746574 

H 1.580239 -3.029691 -0.915939 

H 4.945681 -3.945024 0.261689 

H 5.710906 -2.337867 0.253605 

H 4.493233 -2.741586 1.50323 

H 4.291157 4.142289 1.081424 
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H 3.994371 2.67813 2.063816 

H 5.290781 2.690058 0.828522 

H 3.825965 4.043888 -1.490403 

H 4.676779 2.483731 -1.64345 

H 2.960503 2.625461 -2.151996 

H 2.018382 4.359816 0.162485 

H 1.129384 2.917457 -0.398198 

H 1.576439 3.0777 1.3297 

H -2.041514 4.380104 -0.616789 

H -1.043595 2.981584 -0.141801 

H -1.775669 3.035894 -1.765949 

H -3.621109 4.154728 1.309727 

H -4.322754 2.563437 1.721338 

H -2.568805 2.844966 1.925059 

H -4.377462 4.138648 -1.139234 

H -4.305965 2.60317 -2.05043 

H -5.360357 2.752771 -0.61021 

H -2.72668 -4.327696 -0.937732 

H -1.592115 -2.984112 -1.231296 

H -2.103571 -3.372303 0.43776 

H -4.95527 -3.915012 -0.006364 

H -4.474544 -2.718537 1.231852 

H -5.708827 -2.300874 0.005208 

H -4.378754 -3.42479 -2.519254 

H -4.989853 -1.754831 -2.372057 

H -3.298066 -2.046911 -2.892492 
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H -0.275953 2.023913 1.516482 

H 2.189259 1.067185 2.98777 

H 2.384548 -1.882233 2.479451 

H 0.0408 -2.582007 0.693682 

H -2.529338 -2.155146 2.193582 

H -2.72615 0.767532 2.70637 

H -0.413018 1.622452 4.599376 

H 1.243193 -0.917863 5.227762 

H -0.082536 -3.28787 3.731662 

H -1.834819 -1.092515 5.041696 

O 0.210071 -2.631324 -3.32722 

O 0.318125 2.54486 -3.3902 

 

The cartesian geometry of [SiFcSi]NiBr2 in Angstrom [Å]. 

C 0.93974 2.990981 -1.70878 

C 1.475193 2.252475 -0.5804 

C 1.988725 3.244436 0.342116 

C 1.764335 4.553418 -0.201746 

C 1.121811 4.396614 -1.47539 

Fe -0.000069 3.520108 -0.000115 

C -0.939811 2.991359 1.708537 

C -1.122008 4.396907 1.474675 

C -1.764431 4.55326 0.20091 

C -1.988612 3.244072 -0.34258 

C -1.475132 2.252425 0.580359 

Si -1.513003 0.398382 0.285969 
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C -3.697126 -0.182034 -0.141765 

C -5.053227 -0.723597 -0.409415 

Si 1.512959 0.398463 -0.286116 

C 3.697084 -0.182011 0.141795 

C 5.053189 -0.723525 0.409556 

Ni 0.000115 -1.114824 -0.00024 

Br -1.394949 -2.772198 1.126846 

N -2.7618 0.161969 -1.062181 

C -2.671471 -0.22699 -2.494663 

C -1.426552 0.489474 -3.05416 

N -3.145025 -0.011733 1.062259 

C -3.752816 0.079005 2.409165 

C -2.577275 0.13008 3.406632 

N 2.761729 0.162022 1.062175 

C 2.671498 -0.226455 2.494762 

C 1.426777 0.490471 3.054122 

N 3.145069 -0.011591 -1.062232 

C 3.752924 0.078459 -2.409146 

C 2.577434 0.129545 -3.406675 

Br 1.394831 -2.772678 -1.126426 

C -3.918555 0.249138 -3.271363 

C -2.48859 -1.753184 -2.635319 

C -4.577424 1.383813 2.489677 

C -4.631665 -1.14802 2.733582 

C 3.918774 0.249715 3.271161 

C 2.488363 -1.752551 2.636058 



Appendix 

 
184 

 

C 4.631416 -1.148958 -2.733052 

C 4.577906 1.382996 -2.490106 

C 6.138253 0.133467 0.665747 

C 7.411857 -0.407605 0.896505 

C 7.597743 -1.800041 0.878471 

C 6.510542 -2.653242 0.622857 

C 5.236664 -2.119713 0.381788 

H 5.979904 1.213094 0.687443 

H 8.25626 0.256482 1.091957 

H 8.589312 -2.219518 1.060676 

H 6.655229 -3.735183 0.60317 

H 4.384416 -2.763322 0.155723 

C -6.138246 0.133277 -0.666182 

C -7.411845 -0.407868 -0.896814 

C -7.597757 -1.800289 -0.878187 

C -6.51058 -2.653391 -0.622129 

C -5.23673 -2.11978 -0.381114 

H -5.979873 1.21289 -0.688387 

H -8.256198 0.256165 -1.092661 

H -8.58931 -2.219838 -1.060311 

H -6.65526 -3.735327 -0.602062 

H -4.384488 -2.763318 -0.15483 

H -4.979579 1.508978 3.508285 

H -3.944566 2.250742 2.244633 

H -5.422251 1.345155 1.784366 

H -4.924278 -1.095954 3.794789 
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H -5.546069 -1.167439 2.126392 

H -4.059606 -2.071515 2.563504 

H -2.970951 0.179345 4.433453 

H -1.954645 -0.770175 3.297637 

H -1.962738 1.026005 3.231779 

H -3.750612 0.083863 -4.347442 

H -4.81835 -0.304877 -2.974533 

H -4.091962 1.324822 -3.10443 

H -1.306666 0.242248 -4.119897 

H -1.527251 1.581477 -2.950009 

H -0.525976 0.154015 -2.516096 

H -2.356328 -2.009255 -3.699389 

H -1.6036 -2.090781 -2.075382 

H -3.371604 -2.286673 -2.255969 

H 1.306009 0.24239 4.119563 

H 1.528247 1.582506 2.950993 

H 0.526278 0.156073 2.515268 

H 3.750689 0.085438 4.347372 

H 4.818322 -0.304989 2.974844 

H 4.092712 1.325164 3.103299 

H 2.357184 -2.008184 3.700375 

H 1.602721 -2.090134 2.077171 

H 3.370834 -2.286404 2.255996 

H 4.924612 -1.097006 -3.794101 

H 5.545484 -1.168772 -2.125361 

H 4.058844 -2.072188 -2.563248 
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H 2.971165 0.178183 -4.433506 

H 1.954475 -0.770438 -3.297329 

H 1.963216 1.025784 -3.232246 

H 4.980122 1.507631 -3.508755 

H 3.945276 2.250195 -2.245434 

H 5.422704 1.344383 -1.784761 

H 2.425966 3.019136 1.31156 

H 1.995578 5.497938 0.286585 

H 0.784359 5.200742 -2.126134 

H 0.446612 2.553982 -2.572786 

H -2.425811 3.018429 -1.311962 

H -1.995655 5.497589 -0.287803 

H -0.784948 5.201387 2.125191 

H -0.446741 2.554693 2.57275 
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