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Abstract 

 

This thesis describes the synthesis and isolation of a series of Group 14 

elemental clusters bearing challenging and unique structural characteristics, all 

stabilized by an amidinato silylene ligand system. 

In Chapter 2, the synthesis of a remarkable heavier analogue of 

spiro[3.3]hepta-1,2,5,6-tetraene 2.4 is described. Its unique structure bearing two 

simultaneous strained cyclic allene moieties can also be described as simultaneous 

silylones, monatomic silicon(0) species stabilised by a tetradentate silylene ligand. Its 

reactivity to W(CO)5·THF results in the formation of an bis(pentacarbonyl tungsten)-

spiroheptasiladione adduct 2.8 demonstrating its Lewis Basicity. The structures of 

other co-products, 2.6 and 2.7, from its synthesis shed light on its proposed synthetic 

pathway. 

In Chapter 3, the transfer of digermanium(0) to amidinato silylene to from a 

digermadisilacyclobutadiene complex 3.2 is demonstrated. Stepwise growth of a 

germanium cluster is also demonstrated resulting the synthesis and isolation of a 

bis(trigermanium(0)) complex 3.3. Preliminary results demonstrating the release of 

trigermanium (0) species towards the preparation of amorphous germanium 

nanoparticles are also described.
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Chapter 1  

Introduction 

1.1 Zero Oxidation State Silicon and Germanium Complexes 

Elements can occur as allotropes, which differ in the number of atoms per 

structural unit, in their bonding, or both.1 For example, oxygen can exist as dioxygen 

(O2) but also as ozone (O3), and carbon exists in forms based on hexagonal lattices (such 

as graphite, fullerenes, and nanotubes) but also on a tetrahedral lattice (diamond).2 

However, all allotropes are alike in that the atoms are in the zero-oxidation state. Aside 

from allotropes, the zero-oxidation state is classically found in pure bulk metals, as well 

as in transition metal complexes (Scheme 1.1) where single atoms are stabilized by 

ligands that donate electron pairs into their empty orbitals. However, such a state has 

been difficult to realize for main-group elements such as carbon, silicon and germanium. 

 

Scheme 1.1 Examples of transition metal (0) complexes 

Molecular zero-oxidation-state silicon and germanium species are of 

fundamental importance owing to their highly intriguing electronic properties as well as 

their potential applications in small molecules activation. In these complexes, the silicon 

or germanium center is involved in a multiple bond and, at the same time, features a 

lone pair of electrons and vacant orbitals; these three attributes are usually associated 

with extreme instability. 3-7 However their greater solubility and reactivity facilitates 

further chemical transformations. As an illustration, soluble, ligand-coordinated metal 

(0) complexes undergo chemistry that is not possible using the insoluble elemental 

forms of the metal (homogeneous versus heterogeneous catalysis). Moreover, these 
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fundamental molecules could also serve as building blocks in the construction of more 

complex Group 14 cluster molecules with unconventional composition or serves as 

potential precursors in the synthesis of novel structures at the nanoscale.  

To allow for the isolation of zero oxidation state silicon and germanium metal 

centres at ambient conditions, strongly σ-donating and/or π-accepting ligands are used 

to passivate these reactive centers. Furthermore, kinetic stabilization through ligands 

possessing steric bulk is required to preserve the reactive centers of these species  

In this Chapter, we discuss the different approaches chemists have taken to 

synthesize and isolate a range of silicon(0) and germanium(0) elemental complexes as 

well as the experiments carried out to probe their unique reactivities.  
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1.2 Diatomic Group 14 Element(0) Complexes  

 

 

Scheme 1.2 N-heterocyclic carbenes and Cyclic (alkyl)(amino)carbenes 

 

N-heterocyclic carbenes (NHCs) are strong σ-donating, but weak π-accepting 

two-electron donors (Scheme 1.2).8-14 First discovered in 1991 by Arduengo, they 

possess a relatively simple synthetic design that allow for facile modifications for 

bespoke electronic and thermodynamic parameters of their transition metal 

complexes.15  

Scheme 1.3 Examples of isolated Lewis-base stabilized E(0) dimers 

In 2008, Robinson et al. utilized a 1,3-bis(2,6-diisopropylphenyl) imidazol-2-

ylidene NHC (IPr) to isolate a remarkable bis(NHC)-disilicon(0) complex 
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[IPr→Si=SiIPr] 1.1 with a Si=Si double bond and a lone-pair of electrons on each 

silicon center (Scheme 1.4).16 This was the first example of a stable, “bottleable” 

disilicon(0) complex, hailed by Dyker and Bertrand as the advent of a unique class of 

complexes, dubbed “soluble allotropes”.17 They were soluble in common organic 

solvents while retaining their unsaturated bonding structure.  

 

 

Scheme 1.4 Synthesis of complex 1.1 

 

Robinson and co-workers  probed the chemical nature of the disilicon(0) moiety. 

The strongly reducing nature of the Si=Si double bond was demonstrated through the 

reactivity of [IPr→Si=SiIPr] toward BH3.THF, chalcogens, CO2, N2O (Scheme 1.5).  
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Scheme 1.5 Reactivity of complex 1.1 

These reactions granted access to a range of other elusive chemical species, such 

as a Lewis acid and base-ligated parent silylene moiety (H2Si) 1.7 upon reaction with 

BH3.THF.18 Reminiscent of surface oxidation of elemental silicon, they were also able 

to isolate molecular NHC-supported clusters of Si2O3 1.8 and Si2O4 1.9 by the reaction 

with N2O and O2 respectively.19 Robinson and co-workers later demonstrated the 

coordinate bond nature of the IPr→Si bonds in the reaction of [IPr→Si=SiIPr] with 

the lithium dithiolene radical, wherein dithiolene radical anion displaced NHC to form 

a dianionic silicon(IV) tris(dithiolene) complex 1.10, providing the proof of a silicon(0) 

atom transfer reaction.20 [IPr→Si=SiIPr] also formed σ-complexes with 

pentacarbonyl iron(0) and copper(I) chloride through its lone pair of electrons.21,22 This 

confirmed the existence of the lone pair on each silicon center, while also showing its 

potential to participate in the construction of larger, more complex molecules. 
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Interconversion of the σ−π   bonding interaction between the Si=Si double bond and the 

CuCl was observed in the latter, a significant observation reminiscent of similar σ−π 

rearrangements observed in organometallic transition metal catalytic processes.23 So 

and coworkers would later synthesize the tellurium analogue of the Si2O3 complex by 

direct reaction of the disilicon(0) analogue with tellurium metal,24 a primary molecular 

example of Si2Te3, a p-type semiconductor material.25-36 

Jones and co-workers later reported the germanium37 and tin38 analogues to this 

complex [IPr→E=EIPr] (E = Ge, 1.2 and Sn, 1.14), adopting a similar synthetic 

strategy utilizing the milder reducing agent Mg(I)Nacnac (Scheme 1.6).  

 

 

Scheme 1.6 Synthesis of complex 1.2 and 1.14 

 

Cyclic (alkyl)(amino)carbenes (CAAC)39, 40 were employed in the synthesis of 

diatomic Group 14 element(0). CAACs had one less nitrogen atom, replaced by a carbon 

atom. CAACs are comparatively stronger -donors. The central carbon atom 

experiences less electron-withdrawing inductive effect, making the  lone-pair more 

available for donation. CAACs are also much stronger π-acceptors, due to reduced π-
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donation from members in the ring into the vacant p orbital of the carbene carbon center 

(Scheme 1.7). 41-46 

 

Scheme 1.7 Comparing NHC vs CAAC electronic effects 

Roesky et al. used CAAC to isolate a bis(CAAC)-disilicon(0) 

[CAACCy⇄Si=Si⇄CAACCy] 1.3, where the strong π-accepting ability of the CAACs 

enabled delocalization of the lone pairs on the Si(0) centers to the vacant p orbitals on 

the carbene centers, providing enhanced electronic stabilization of the disilicon(0) 

moiety (Scheme 1.8).47 The double bond character in the CCAAC−Si bonds increases 

concomitantly, leading to some triene electronic character. 48  

 

Scheme 1.8 Synthesis of complex 1.3 

Persistent NHSis were first reported by Denk and West in 1994,49 and since then 

there has been significant development in their application as strong σ-donating ligands 

in the field of organometallic chemistry.50-57 Though similar in structure, stable silylenes 

have been found to exhibit electronic properties significantly different from their NHC 

counterparts. Computational studies comparing NHCs and known stable silylenes found 

that amidinate stabilized silylenes are significantly stronger donor ligands.58,59 So and 

co-workers synthesized an N-heterocyclic silylene (NHSi) stabilised digermanium(0) 
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complex 1.4 [{PhC(NtBu)2}(NTMS2) Si→Ge=GeSi(NTMS2){(NtBu)2CPh}] from 

the reduction of an amidinato amidosilylene dichlorogermylene complex (Scheme 1.9). 

Mo et al. also employed an amidinato imidosilylene to isolate a bis(silylene)-disilicon(0) 

complex 1.5 [{PhC(NtBu)2}(NHI)Si→Si=SiSi(NHI){(NtBu)2CPh}] (NHI =bis(2,6-

(diisopropylphenyl)imidazolin-2-imino) (Scheme 1.9).60 Iwamoto et al. illustrated that 

two bridging dialkylsilylene could establish side-on coordination with disilicon(0) to 

form a bicyclo[1.1.0]tetrasilabut-1(3)-ene 1.6 electronic structure with an inverted Si=Si 

double bond,61 demonstrating that silylenes could also form bridging-type coordination; 

a feature unique to silylenes when compared with NHCs. 

 

Scheme 1.9 Synthesis of NHSi-stabilised main group element complex 1.4, 1.5 and 1.6 
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1.3 Monoatomic Heavy Group 14 Element(0) Complexes  

 

 Another class of zero oxidation state group 14 element complexes is bis(Lewis 

base)-stabilized tetrylone62-68 [L:→:E::L] with a strongly bent geometry, wherein the 

monoatomic E0 center composes two lone pairs of electrons and forms two coordinative 

covalent bonds with two ligands.  

 

 

Scheme 1.10 Examples of tetrylone complexes 
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Scheme 1.11 Carbodiphosphorane and its suggested “carbone” structure 

 

The first example carbodiphosphorane (Ph3PCPPh3) was reported by Ramirez et 

al. in 1961, which was previously described as a double Wittig ylide containing electron 

sharing C-P bonds (Scheme 1.11).69 Vincent and Wheatley successfully characterized it 

in 1972, confirming the bent nature of the P=C=P bond.70 Kaska et al. would be the first 

to suggest using the donor-acceptor model as one of the resonance forms to describe the 

electronics that govern this structural configuration.71 Both phosphane moieties are 

datively bonded to the central carbon (0) atom Later, Frenking et al. performed DFT 

calculations to support Kaska’s claim 2006,72 in which the HOMO (Highest Occupied 

Molecular Orbital) of Ph3PCPPh3 correspond to a π-type lone pair orbital and the 

HOMO-1 is an σ-type lone pair orbital. As a result, Ph3PCPPh3 can be considered as 

comprising single carbon atom with two lone pairs and forming donor–acceptor 

interactions with two two-electron-donating phosphines. The term ‘‘carbones’’ was 

subsequently suggested by Frenking for such monatomic C0 complexes coordinated by 

two Lewis base donors.73  
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Kira et el. synthesized a series of heavier bent allenes analogues of  composition 

[R2E=E=ER2] from dialkylsilylenes and dialkylgermylenes 1.15-1.18 (Scheme 1.10).74-

76 Although Kira et al. did not agree,77 Frenking et al. interpreted these compounds as 

possessing similar electronic configuration to the carbone complexes, that is, the central 

atom bears a lone pair in an s-type orbital, with another  residing in a p-type orbital 

delocalized into the vacant p-orbitals of the supporting tetrylenes.78-80 As such, the terms 

silylone, germylone, stannylone, and plumbylone were suggested to label such bent 

allene complexes of the corresponding heavier group 14 elements in the zero oxidation 

state.  

 

 

Scheme 1.12 de Proft’s canonical resonance structures for tetrylones 

 

Further theoretical studies by de Proft et al. utilized a maximum probability 

domain framework in combination with valence bond theory to describe the structure of 

monoatomic group 14 element(0) complexes (Scheme 1.12),81 comprising three major 

canonical resonance structures: ylidone (L:→ :E: ← :L), ylidene (L: → :E = L ↔ L = 

E: ← :L), and bent allene (L = E = L). The ylidone structure contains symmetric [LP(σ)] 

and antisymmetric [LP(π)] lone pair (LP) electron orbitals with respect to the L−E−L 

plane, and the delocalization of the LP electrons to the vacant orbital of the ligands 
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increases the contribution of the ylidene and bent-allene characters. All three resonance 

structures exhibit different bond angles, reflecting the extent of s-p hybridization present 

about the central atom. The ylidone possesses the most acute bond angle of the three, 

reflecting the lowest degree of hybridization, making it the closest to a pseudo-elemental 

state.  

 

With the aid of strong π-accepting ligands, Roesky et al. reported the synthesis 

of an acyclic bis(CAAC)-silylone complex 1.21 [CAACMe⇄Si⇄CAACMe] possessing 

diradicaloid character, due to significant delocalization of the p-type lone-pair into the 

carbene vacant p orbital (Scheme 1.13).82,83 Iwamoto et al.  reported an acyclic 

bis(CAASi)-silylone complex 1.30 (CAASi = cyclic (alkyl)(amino)silylene) adopting a 

π-localized ylidene structure in the solid state and a π-delocalized ylidene structure in 

solution.84 This result further supports de Proft’s earlier conclusion regarding the 

resonance forms of tetrylones, and highlights the important role played by the 

supporting ligands in favoring either of the major resonance forms.  

 

 

Scheme 1.13 a) Examples of bis(CAAC)-stabilized acylic tetrylones b) Conformational switch between 

solid state and solution state for acyclic tetrylone complex 1.30 
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Driess et al employed chelating bis(NHC)- and bis(amidinato silylene)–ligands 

to synthesize a series of silylones and germylones (Scheme 1.14).85-91 The weak π-

accepting ability of NHC and amidinato silylene, as well as the acute bond angle at the 

E(0) center exerted by the chelate effect of the ligands serve to enhance the “ylidone” 

character of the complex.65,91 

 

 

Scheme 1.14 Synthesis of cyclic tetrylone 1.19 and 1.20 

 

Most notably, the coordination of bis(NHC)-silylone to two molecules of zinc 

(II) chloride 1.3163 and bis(amidinato silylene) germylone to two molecules of 

aluminum chloride 1.34 confirmed the presence of two lone pairs of electrons on the 

silicon(0) and germanium(0) centers (Scheme 1.15).90 

 



27 
 

 

Scheme 1.15 Concurrent coordination to two Lewis acid metal centers of complex 1.19-20 and 1.26  

 

 The highly Lewis basic nature of the silicon (0) and germanium(0) centers was 

further demonstrated by their ability to coordinate to other transition metal and main 

group element centers, forming new metallic clusters such as a Ge2Ni triatomic 

bimetallic cluster 1.35 containing both main group and transition metals (Scheme 

1.16).90 

 

Scheme 1.16 Coordination of complex 1.26 and 1.29 to transition metal and main group element centers 

 

1.19 also underwent oxidation with elemental chalcogens to form a series of 

bis(base)supported ECh2 complexes (Scheme 1.17).93 These are the first examples of 

molecular complexes bearing the empirical formula of silicon chalcogenides, a series of 

valuable semiconductor materials. 
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Scheme 1.17 Synthesis of a series of silicon chalcogenide monomer complexes  

 

In combination with strong, bulky Lewis acids, they were able to form frustrated 

Lewis pairs capable of activating small molecules and enthalpically strong bonds such 

as breaking the H-H covalent bond in hydrogen gas, (1.45 and 1.46), and activating the 

C=C double bond of ethylene gas (1.47) (Scheme 1.18). 87, 90 

 

Scheme 1.18 Activation of small molecules by frustrated Lewis-pairs of 1.25 and 1.26 with BPh3 
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More recently, they demonstrated that the redox non-innocence of a carborane 

backbone expanded the redox reactivity of the chelate-stabilized E(0) (Scheme 1.19).88 

Further reduction of the silylone 1.28 resulted in an intramolecular one-electron 

oxidation of the Si(0) center, resulting in the formation of an SiI-SiI bond, 1.48, as well 

as the reduction of the carborane ligands. 

 

 

Scheme 1.19 Reduction of silylone 1.28 
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The germylone example 1.29  also underwent a one electron oxidation upon 

oxidation by [Cp2Fe][B(C6H3{CF3}2)4], or intramolecularly upon reduction with KC8, 

to form a GeI-GeI bond with a neutral (1.49) or negatively charged (1.50) carborane 

backbone, respectively(Scheme 1.20). 91 

 

Scheme 1.20 Reduction and oxidation of germylone 1.29 
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1.4 Research Aim  

 

 

Scheme 1.21 a) Factors influencing E(0) complexes b) Research aim 

 

In light of the abovementioned examples, it is apparent that a rational choice of 

ligand enables effective tuning of the electronic property and reactivity of zero oxidation 

state silicon and germanium complexes, and significantly impacts the resultant structure 

of the complexes formed. The chelate effect in bis(NHC) and bis(silylene) systems were 

found to be particularly effective for the isolation of monatomic E(0) species. The 

distance between the donor centers has also been observed to significantly contribute to 

the reactivity of the chelate system as well as the E(0) complexes formed. The 

characteristic nature of the linker moiety could provide varying degrees of steric control 

as well as significantly impact the electronic properties of the participating silylene 

moieties. This thesis aims to use amidinato disilyne (1.51), as a trapping reagent with 

sources of Si(0) and Ge(0) species to explore new synthetic avenues to access 

synthetically challenging molecular zero oxidation state silicon and germanium 

constructs.  
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Scheme 1.22 Synthesis of first silicon analogue of spiro[3.3]heptasila-1,2,5,6-tetraene 

 

As discussed earlier, the bond angle involved in the construction of the 

LE=E=EL moiety in tetrylone complexes has a significant impact on the character 

adopted by the tetrylone complex. This is a significant reason as to why chelate ligands 

are a key feature present in many examples of silylones. It would thus follow that 

decreasing the size of the linker moiety would result in a smaller bite angle present in 

the chelate ligand and hence a much tighter bond angle in the resultant tetrylone. So far, 

the example with the smallest linker for silylones was presented by Lips et al. (1.24) 

with a bis(carbene-stabilized-silylene) chelate ligand, forming a puckered four-

membered ring with a single silicon atom as the linker (Scheme 1.22a).94 We realize 

there is still potential that exists for chelates using a single silicon atom as a linker. The 

resultant four-membered cyclic silylone, as demonstrated in the Lips example (93.43°), 

would have a severely restrictied bond angle to less than or equal to 90 degrees.. We 

believe that a highly strained silylone could exhibit unique structural characteristics as 

well as significantly stronger sigma donor properties for coordination with electron rich 
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transition metal species. The synthesis and characterization of an all-silicon analogue of 

spiro[3.3]heptasila-1,2,5,6-tetraene is described in detail in Chapter 2 of this thesis 

(Scheme 1.22b).  

 

 

 

Scheme 1.23 Stepwise growth of germanium clusters 

 

The isolation of many of these zero oxidation state elemental species, make use 

of ligands possessing high steric bulk. The thermodynamic stabilisation provided does 

allow for significant control over their formation, but it is noticeable that many of these 

species are limited to monatomic or diatomic species. At present, the only triatomic 

silicon cluster with a formally zero oxidation state was presented by Roesky et al. By 
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conducting the reduction of a CAAC-tetrachlorosilane adduct at lower temperatures, 

they were able to exclusively synthesize a CAAC3Si3 complex, with a unique triangular 

Si3 cluster.95 As the bidentate amidinato silylenes have been shown to be very effective 

at stabilizing monatomic species, we decided upon the amidinato disilyne as our ligand 

system. It could still provide sufficient electronic and thermodynamic stabilisation and 

possesses a reactive single bond between the two silicon centres which could trap the 

metal clusters we are hoping to isolate. The trapping of a trigermanium (0) cluster by 

bis(silylenyl)germylenes and its potential application as a nucleation seed in the 

synthesis of germanium nanoparticles is described in Chapter 3 of this thesis. 
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Chapter 2  

Synthesis and isolation of Spiroheptasiladione: Silicon analogue of 

Spirocyclic Allene  

 

2.1 Introduction 

Spirocyclic compounds contain two rings connected through a single shared atom.1 

They are inherently able to escape from planar chemical space due to their perpendicular 

rings.2, 3 They furnish access to rigid and conformationally restricted structures when 

the spirocycles are composed of saturated small rings, such as cyclobutanes, oxetanes, 

azetidines, and thietanes. The conformation of bonding therein is rigorously well-

defined in their spatial disposition, reducing the entropic cost when interacting with 

substrates, in particular, biological molecules that requires the adoption of a determined 

conformation. Thus, saturated spirocyclic scaffolds are popular in medicinal chemistry 

and shows pharmacological applications.4-9  

 

Scheme 2.1 Heavier analogues of spirocylic compounds 
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However, formation of the spirocyclic motif is always a synthetic challenge. 

Embedding carbon−carbon π-bonds within spirocyclic small ring systems leads to a high 

degree of strain.10,11 The intrinsic high strain energy therefore, in principle, decreases 

the likelihood of their existence, but confers novel reactivity, often leading to both new 

modes of reaction as well as novel architectures in the resulting products. The smallest 

unsaturated spirocyclic molecules is spiropentadiene 2.1 (Scheme 2.1), a fundamentally 

important molecule in understanding the phenomena of spiroconjugation; through-space 

orbital interactions between two perpendicular π (π*) orbitals.12 The spiropentadiene 

derivatives that have been synthesized so far are unstable and decompose at very low 

temperatures.13-16 To stabilize such exotic spirocycles, replacing carbon atoms in the 

skeleton of these molecule with heavier group 14 elements, namely, silicon, germanium, 

tin or lead, would provide an opportunity to isolate their stable analogues at ambient 

conditions due to fundamentally different core electronic structure of heavy group 14 

elements.17,18 Silicon has been shown through theoretical studies to potentially relieve 

the high ring strain in such systems when incorporated into these scaffolds.19-21 

 

 Kira et al. isolated a spiropentasiladiene 2.2,22 a fully silicon analogue of the 

spiropentadiene backbone, which comprises of two perpendicular Si=Si double bonds, 

supporting the feasibility of spiroconjugation.  Li, Driess and Wang et al. have reported 

the isolation of spiropentagermadiene 2.3,23 wherein σ-delocalization of the Ge5 

skeleton and the 2π-delocalized aromatic Ge3 rings account for its high stability.  

 

The next smallest unsaturated spirocyclic scaffolds is spiro[3.3]hepta-1,2,5,6-

tetraene. It has received far less attention compared with other strained cyclic allenes, 
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despite having several advantages that warrant its further investigation. It possesses two 

strained allene moieties simultaneously. The acute bond angle at the central allene 

carbon is expected to break the degeneracy of orthogonal double bonds into one σ-

symmetric lone pair and two delocalized π electrons akin to the electronic structure of 

carbodicarbenes.24,25 The perpendicular π orbitals could further interact with each other 

through spiroconjugation. To date, such molecules have yet to be studied experimentally 

and theoretically, leading to a question of whether the spiro[3.3]hepta-1,2,5,6-tetraene 

backbone is feasible. Furthermore, because of its highly strained structure, the synthesis 

of spiro[3.3]hepta-1,2,5,6-tetraene should be one of the most difficult synthetic 

challenges. As illustrated in spiropentasiladiene 2.2 and spiropentagermadiene 2.3, the 

incorporation of heavy group 14 elements into the spiro[3.3]hepta-1,2,5,6-tetraene 

scaffold could grant access to a stable derivative at ambient conditions. Herein, we 

report the synthesis of an amidinato spiroheptasiladione exhibiting this structure.  
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2.2 Results and discussion 

The amidinato disilyne [LSi:]2 (1.51, L = PhC(NtBu)2)
26 was treated with 

(Me3P)2SiCl4
27 and KC8 in toluene at -78 oC, following which the mixture was warmed 

to 8 oC and reacted for 18 h to afford a mixture of spiroheptasiladione [Si{Si(LSi)4}Si] 

(2.4), symmetrical tetrasilacyclobutadiene [(μ-LSi)2Si2(SiL)2] (2.5) and unsymmetrical 

tetrasilacyclobutadiene [(μ-LSi)2(SiSiL)(Sil)] (2.6), along with PMe3 as the by-product. 

The reaction mixture was extracted with pentane to isolate compound 2.6 as a dark red 

crystalline solid from the concentrated pentane filtrate. The residue was then extracted 

with 1:1 hexane and benzene to isolate compound 2.4 as a red crystalline solid from the 

concentrated hexane/benzene filtrate. The residue was further extracted with toluene to 

isolate compound 2.5 as black crystals from the concentrated toluene filtrate.   

 

 

Scheme 2.2 Synthesis of spiroheptasiladione 2.4, tetrasilacyclobutadiene analogues 2.5 and 2.6 
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Figure 2.1 Molecular structure of 2.4 obtained by X-ray crystallography. Thermal ellipsoids are shown 

at 50 % probability. All hydrogen atoms are removed for clarity. Selected bond lengths (Å) and angles 

(deg): Si1-Si2 2.256(2), Si1-Si4 2.364(2), Si2-Si3 2.256(3), Si3-Si4 2.369(2), Si4-Si5 2.359(3), Si4-Si7 

2.383(2), Si5-Si6 2.251(2), Si6-Si7 2.242(3), Si1-N1 1.888(5), Si1-N2 1.878(6), Si3-N3 1.888(6), Si3-

N4 1.882(5), Si5-N5 1.874(6), Si5-N6 1.883(5), Si7-N7 1.892(6), Si7-N8 1.886(5), Si1-Si2-Si3 75.61(8), 

Si2-Si3-Si4 106.28(10), Si3-Si4-Si1 71.49(8), Si4-Si1-Si2 106.47(10), Si5-Si4-Si7 71.82(8), Si4-Si7-Si6 

105.54(10), Si7-Si6-Si5 76.49(8), Si6-Si5-Si4 106.06(10).  

 

Compound 2.4 is a highly air- and moisture-sensitive compound, having been 

observed to fully decolorize when left exposed to glovebox atmosphere (Ar, <0.1 ppm 

O2, <0.1 ppm H2O) overnight. It was fully characterized by NMR spectroscopy and X-

ray crystallography. The molecular structure of compound 2.4 shows that the two 

silylone rings (Si1Si2Si3Si4 and Si4Si5Si6Si7) are planar and linked by the spiro-Si4 

atom. These two planes are perpendicular to each other with a dihedral angle of 

91.4(14)o, which is larger than that in spiropentasiladiene (78.3(0)o)22 and  

spiropentagermadiene (70.2(15)o).23 The bond angles at the Sisilylone atoms (Si3-Si2-Si1: 

75.61(8)o and Si-5-Si6-Si7 (76.49(8)o) are the smallest among the cyclic bis(silylene)-

ligated zero-valent silic–n complexes (82.75(2)o - 104.38(3)o),28-42 indicating that the 

large energy separation between the s and p orbitals in the silicon atoms facilitate the 
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strongly bent geometry, which consequently breaks the degeneracy of orthogonal 

double bonds into one σ-symmetric lone pair and two delocalized π electrons. This 

accounts for the enhanced stability of compound 2.4. The Si2-Si1 (2.256(2) Å, Si2-Si3 

(2.256(3) Å), Si6-Si5 (2.251(2) Å), Si6-Si7 (2.242(3) Å) bond lengths fall in the high 

end of the Si=Si double bond length range (2.138 – 2.289 Å). They are similar to the 

9,9-dimethyl-xanthene-4,5-diyl-substituted bis(amidinato silylene)-silylone complex A 

(2.2451(7) – 2.2586(7) Å)(Scheme 2.3)37 and carborane-1,2-bis(amidinato silylene)-

silylone complex B (2.225(6) – 2.2272(6) Å).40 This shows that the π- electrons on the 

Sisilylone atoms (Si2, Si6) are extensively delocalized along the Si1-Si2-Si3 and Si5-Si6-

Si7 skeletons. The Si4-Si1 (2.364(2) Å), Si4-Si3 (2.369(2) Å), Si4-Si5 (2.359(3) Å), 

Si4-Si7 (2.383(2) Å) are typical of Si-Si single bonds.  
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Scheme 2.3 Examples of similar silylone complexes 

 

The 1H NMR spectrum shows one set of signals due to the amidinate ligands. 

The 29Si{1H} NMR spectrum displays three resonances at -8.5, -7.5 and 31.5 ppm for 

the spiro-silicon, silylone, and amidinato silylene centers, respectively, which are in 

line with the gauge-inducing atomic orbital (GIAO) 29Si NMR calculations (Sispiro-

silicon : -9.7, Sisilylone: -7.5, Sisilylene: 31.7 ppm; SO-ZORA-BP86/TZP//M06-2X/def2-

SVP) and 29Si CP-MAS NMR (spinning frequency: 12 kHz) spectroscopy (Sispiro-

silicon : 2.6, Sisilylone: -11.4, Sisilylene: 34.0 ppm). The 29Si NMR signal for the Sisilylone 
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center (-7.5 ppm) is significantly downfield shifted in comparison with the silylone 

center of the 9,9-dimethyl-xanthene-4,5-diyl-substituted bis(amidinato silylene)-

silylone complex A (-187.5 ppm)37 and carborane-1,2-bis(amidinato silylene)-silylone 

complex B (-263.8 ppm),40 indicating that the silylone center in compound 2.4 is less 

electron-rich.  It is intermediate between that of the bis(CAASi)-silylone C (CAASi = 

cyclic (alkyl)(amino)silylene) with a π-delocalized ylidene structure (-95.0 ppm) and 

CDASi-silyone-CAASi D (CDASi = cyclic dialkylsilylene) with a twisted π-localized 

ylidene structure and some bent-allene character (56.6 ppm).42 It is also intermediate 

between that of bis(NHC)-silylone E (-83.8 ppm)33 and bis(CAAC)-silylone F (66.7 

ppm).42 The 29Si NMR signal for the Sisilylene (31.7 ppm) in compound 2.4 is upfield 

shifted in comparison with that of A (49.6 ppm)37 and B (50.1 ppm).40 The difference 

of 29Si NMR chemical shifts between the Sisilylone and Sisilylene centers in compound 2.4 

(Δδ = 31.5 ppm – (-7.5 ppm) = 39 ppm) is substantially smaller than of A (Δδ = 237.2 

ppm) and B (Δδ = 313.9 ppm), indicating that 2.4 possesses relatively less polarized 

Sisilylene-Sisilylone bond. The spectroscopic data implies that the π-type lone pair of 

electrons is extensively delocalized along the Sisilylene-Sisilylone-Sisilylene skeleton. The 

29Si NMR signal for the Sispiro-silicon (-8.5 ppm) is downfield shifted in comparison with 

the upfield 29Si NMR (~ -100 ppm) of the spiro-silicon center in spirooligosilanes (σ-

electron delocalization).43-47 



54 
 

 

Scheme 2.4 Examples of spirooligosilanes 

a) 

  

 HOMO HOMO-1 

b

) 

  

 HOMO-2 HOMO-3 

 

Figure 2.2 a) HOMO and HOMO-1 of compound 2.4 and b) HOMO-2 and HOMO-3 of compound 2.4 

calculated at M06-2X/def2-SVP level of theory 
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DFT calculations (M06-2X/def2-SVP)48,49 were performed to elucidate the 

electronic structure of compound 2.4. Quasi-degenerate HOMO and HOMO-1 show the 

π-orbital on the Si1-Si2-Si3 and Si5-Si6-Si7 skeletons. HOMO-2 and HOMO-3 exhibit 

σ-type lone pair orbitals on the Si2 and Si6 atoms. HOMO-2, HOMO-6 and HOMO-7 

display σ-delocalization in each Si-spiro ring. Accordingly, Natural Bond Orbital 

analysis50-52 shows that there are σ-type lone pair orbitals on the Si2 and Si6 atoms, 

which are in high s-orbital character (Si2: sp0.36; Si6: sp0.37). The 3-center π-bonds are 

found on the Si1-Si2-Si3 and Si5-Si6-Si7 skeletons, where more than 50% of the π-

electron density on the Si2 and Si6 atom is delocalized to adjacent silicon atoms (Si2: 

Si1 and Si3; Si6: Si5 and Si7). The extensive π-electron delocalization reduces electron 

density on the Si2 and Si6 atoms, which is in line with their low-field 29Si NMR signals. 

The double bond character of the Si1-Si2, Si2-Si3, Si5-Si6 and Si6-Si7 bonds 

concomitantly increase as indicated by their Wiberg Bond Index (WBI: 1.14 – 1.15).53-

55 The WBI also shows that the Si-Si bonds formed by the spiro-Si4 atom are single 

bonds (WBI: 0.95).  

 

Figure 2.3 Molecular structure of 2.5 obtained by X-ray crystallography. Thermal ellipsoids are shown 

at 50 % probability. All hydrogen atoms are removed for clarity. Selected bond lengths (Å) and angles 
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(deg): Si2-Si3 2.3128(13), Si2-Si3A 2.3095(14), Si1-Si2 2.4079(14), Si2-Si3-Si2A 105.78(5), Si3-Si2-

Si3A 74.22(5), Si1-Si2-Si3 112.40(5), Si1-Si2-Si3A 114.65(5), N2-Si1-N1 68.66(13), N2-Si1-Si2 

99.03(10), N1-Si1-Si2 97.81(10). 

 

Compound 2.5 is a tetrasilacyclobutadiene with an ylide electronic structure. 

Similar amidinate-stabilized heavier butadiene analogues have been reported.56-59 

Compound 2.5 is highly air and moisture-sensitive, instantly decolorizing upon 

exposure to ambient atmosphere. The molecular structure of compound 2.5 obtained by 

X-ray crystallography shows that it comprises a planar Si4 four-membered ring. The 

amidinate ligands are bidentate bonded to the Si3A and Si3 atoms, which adopt a 

distorted tetrahedral geometry. The Si2 and Si2A atoms adopt a trigonal pyramidal 

geometry (sum of the bond angles, Si2/Si2A: 301.3o), indicating that there is a lone pair 

of electrons on the Si2 and Si2A atoms. The Si2-Si3 (2.3095(14) Å) and Si2-Si3A 

(2.3128(13) Å) bond lengths are typical of single bond lengths. Therefore, the planar Si4 

four-membered ring in compound 2.5 has an ylide structure. In addition, the Si2 and 

Si2A atoms are bonded with the amidinato silylene substituents. The Si1 and SiA atoms 

also adopt a trigonal pyramidal geometry (sum of the bond angles: 265.5o), which is 

consistent with a stereoactive lone pair on the Si1 and Si1A atoms. The Si1-Si2 bond 

length (2.4079(14) Å) is comparable with that of 1.51 (2.413(2) Å).  

 

Compound 2.5 is sparingly soluble in most organic solvents and deuterated 

organic solvents after crystallization. Furthermore, the use of highly polar donor 

solvents such as pyridine and acetonitrile result in decomposition resulting in an 

intractable mixture, as observed by 1H NMR. As a result, the solution state 29Si NMR 

signals of compound 2.5 in C6D6 could not be detected and instead the solid state 29Si 

CP-MAS NMR (spinning frequency: 14 kHz) spectroscopy was performed, where two 
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resonances at -81.4 and 91.3 ppm are attributable to the three-coordinate and four-

coordinate silicon atoms in the Si4 four-membered ring. The large difference in chemical 

shift suggests that there is a ylide structure in the Si4 four-membered ring. Similar large 

difference in chemical shift is found in the 29Si solid state NMR spectrum of the terta-

aryl substituted tetrasilacyclobutadiene [(EMind)4Si4](-52, -50, 300 and 308 ppm).56 In 

addition, the 29Si NMR CP-MAS spectrum of 2.5 displays a sharp singlet at 57.7 ppm 

corresponding to the exocyclic Si1/SiA centers, which shows a upfield shift compared  

with that of 1.51 (76.3 ppm).  

 

Figure 2.4 Selected MOs of compound 2.5 calculated at M06-2X/def2-SVP level of theory 

 

 

 

HOMO (ε = -4.065 eV)  

(Top View) 

HOMO (ε = -4.065 eV) 

(Side View) 

 

LUMO (ε = 0.023 eV) 
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DFT calculations (M06-2X/def2-SVP) were performed to elucidate the electronic 

structure of compound 2.5 (Figure 2.4). The HOMO arises from lone pair orbitals at the 

three-coordinate Si atoms of the Si4 four-membered ring and the exocyclic Si atoms. 

The HOMO-2 shows the endocyclic Si-Si σ orbitals. Accordingly, NBO shows that the 

Lewis structures of the Si4 rings have four occupied σ orbitals for the endocyclic Si-Si 

bonds. The Wiberg bond index (WBI) indicates that the bond orders of the endocyclic 

(WBI:) and exocyclic Si-Si bonds (WBI: 0.90) are equal and single bonds. Moreover, 

the lone pair orbitals on the endocyclic (Si2: sp0.57 , Si2A: sp0.65 hybrids) and exocyclic 

three-coordinate Si atoms (Si1: sp0.37) are high in s-character, with some directionality. 

The NPA charges (Si3: 0.925, Si3A: 0.903; Si2: -0.550, Si2A: -0.584 e) show that the 

Si4 four-membered ring has a charge-separated structure. Overall, the results show that 

compound 2.5 has a planar rhombic tetrasilacyclobutadiene ylide electronic structure.   

 

 Compound 2.6 has a similar cyclobutadiene ylide electronic structure. The 

29Si{1H} NMR spectrum of 2.6 displays a large difference in chemical shift for the four-

coordinate (58.8 ppm) and three-coordinate silicon centers (-97.4 and -163.2 ppm) of 

the Si4 four-membered ring, in addition to a singlet at 101.7 ppm attributable to the 

exocyclic Si center.  
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Figure 2.5 Molecular structure of 2.6 obtained by X-ray crystallography. Thermal ellipsoids are shown 

at 50 % probability. All hydrogen atoms are removed for clarity. Selected bond lengths (Å) and angles 

(deg): Si2-Si3 2.317(2), Si3-Si4 2.286(2), Si4-Si5 2.299(2), Si2-Si5 2.338(2), Si1-Si2 2.424(2), Si2-Si3-

Si4 101.82(8), Si3-Si4-Si5 78.34(7), Si4-Si5-Si2 100.80(8), Si5-Si2-Si3 76.95(7), Si1-Si2-Si3 108.03(8), 

Si1-Si2-Si5 112.01(9).  

 

Compound 2.6 composes a puckered Si4 four-membered ring (dihedral angle: 17.1o). 

The Si4 and Si2 centers adopt a trigonal pyramidal geometry (sum of the bond angles, 

Si2: 297o, Si4: 337.4o), indicating that there is a lone pair of electrons on the Si2 and Si4 

atoms. The Si3-Si4 (2.286(2) Å) and Si4-Si5 (2.299(2) Å) bonds are shorter than the 

Si2-Si3 (2.317(2) Å) and Si2-Si5 (2.338(2) Å) bonds, indicating that the lone pair of 

electrons on the Si4 atom is slightly delocalized to the Si3 and Si5 atoms. Thus, the Si2-

Si3 and Si2-Si5 bonds are typical of single bonds, while the Si3-Si4 (2.286(2) Å) and 

Si4-Si5 (2.299(2) Å) bonds have slight double bond character.  
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HOMO (ε = -4.317 eV) 

(Top View) 

HOMO (ε = -4.317 eV)   

(Side View) 

 

LUMO (ε = 0.014 eV) 

 

Figure 2.6 Selected MOs of compound 2.6 calculated at M06-2X/def2-SVP level of theory 

 

DFT calculations show that the HOMO arises from lone pair orbitals at the three-

coordinate Si atoms of the Si4 four-membered ring and the exocyclic Si atoms. 

Accordingly, NBO analysis shows that a lone pair orbital on the endocyclic Si2 (sp0.54) 

and exocyclic Si1 (sp0.36) atoms. The Si2-Si3 (WBI: 1.01) and Si2-Si5 (WBI: 1.03) 

bonds are single bonds. The Si3-Si4 bond composes a π orbital generated by the mixing 

of Si p orbitals, which is strongly polarized toward the Si4 atom (17.63% Si3 + 82.37% 

Si4). This illustrates that the lone pair of electrons on the Si4 atom slightly delocalize to 

the Si3 and Si5 atoms, leading to slight double bond character (WBI: Si3-Si4: 1.13; Si5-

Si4: 1.13).  
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Scheme 2.5 Proposed reaction mechanism for the synthesis of complex 2.4 

 

 A passing comparison of compounds 2.5 and 2.6 would consider them to be 

closely related ylides, however they are invaluable in providing a clearer understanding 

of the formation mechanism of 2.4. By varying the temperature at which this reaction 

was carried out we were able to drive the reaction selectively towards either 2.5 or 2.6. 

When the reaction of 1.51, (PMe3)2SiCl4 and KC8 in toluene was performed at -40 °C 

for 16 h to form compound 2.6 as the sole kinetic product. On the other hand, when 

reflux condition was employed, only compound 2.5 was afforded as the sole 

thermodynamic product. Compound 2.4 were not observed in these conditions. These 

results suggest that the formation of these complexes could proceed through the same 

intermediate through different kinetic pathways. We recognize that the charge-separated 

structure of 2.5 can be understood as the dimerization product of bis(silylenyl)silylene, 

I (Scheme 2.5). Depicted using the donor-acceptor model, the lone pair from an 

amidinato silylene moiety of I donates into the vacant p orbital on the central silylene 

center of another molecule of I, thus forming compound 2.5. Whereas for 2.6, it would 

appear to be an oxidative addition product, whereby one molecule of I inserts, via the 

central silylene center, into the Si-Si bond of 1.51. While we initially anticipated this 



62 
 

transformation could directly afford compound 2.6 via a concerted mechanism, the 

partially dissociated amidinate moiety suggested otherwise, potentially as a result of a 

rearrangement from an intermediate structure. We, therefore, suggested that it should 

pass through one more intermediate II, a tetrakis(amidinatosilylenyl) silane. 

Intermediate II would be a key intermediate that could naturally lead to the unique 

structure observed in compound 2.4.  

 

 DFT calculations (M06-2X-D3(BJ)/def2-SVP level of theory) show that I 

proceeds through a lower kinetic barrier (9.2 kcal/mol) to form the kinetic product 

[(LSi)4Si] (II), while the dimerization process passes through a higher kinetic barrier 

(25.1 kcal/mol) to form the thermodynamic product 2.5. II then quickly undergoes a 

thermodynamic rearrangement to give compound 2.6. Therefore, the calculated reaction 

pathway is in agreement with the kinetic selectivity between 2.5 and 2.6, suggesting that 

the reaction is highly likely to pass through the two proposed intermediates. While all 

attempts have been made to identify the proposed source of Si(0) atoms, (PMe3)2Si, we 

were unfortunately unable to observe its formation spectroscopically. As such we are 

hesitant to propose its involvement in the reaction mechanism that results in the 

formation of 2.4. Nevertheless, with the observation of 2.4 exclusively occurring at 

intermediate temperatures (8 °C), it would logically suggest that 2.4 is formed from the 

same intermediate II, in competition with the rearrangement into 2.6.  
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Scheme 2.6 Reaction pathway for the formation of intermediate II and compounds 2.5 and 2.6 

calculated at M06-2X/def2-SVP level of theory 

 

Scheme 2.7 Reaction of 2.4 with W(CO)5‧THF in formation of complex 2.7 

 

The unique structure of 2.4 prompted us to investigate its properties as a donor, 

as the first ditopic silicon donor. The presence of σ-type lone pair orbitals on the silicon 

atoms in compound 2.4 was illustrated by its reaction with two equivalents of 

W(CO)5‧THF in THF at room temperature, where bis(pentacarbonyl tungsten)-

spiroheptasiladione adduct [(OC)5WSi{Si(LSi)4}Si→W (CO)5] (2.7) is obtained.  
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Figure 2.7 Molecular structure of 2.7 obtained by X-ray crystallography. Thermal ellipsoids are shown 

at 50 % probability. All hydrogen atoms are removed for clarity. Selected bond lengths (Å) and angles 

(deg): Si3-Si2 2.219(4), Si3-Si4 2.238(4), Si1-Si2 2.364(3), Si1-Si4 2.354(4), Si3-W1 2.574(3), W1-C35 

2.014(9), C35-O5 1.134(12), Si3-Si2-Si1 100.71(14), Si2-Si1-Si4 76.70(9), Si3-Si4-Si1 100.47(14), Si2-

Si3-Si4 82.12(13), Si2-Si3-W1 138.58(14), Si4-Si3-W1 139.14(15) 

 

The molecular structure of compound 2.7 determined by X-ray crystallography 

shows that two planar silylone rings (si1Si2Si3Si4 and Si1Si2ASi3ASi4A) are remain 

almost perpendicular to each other with a dihedral angle of 87.9o, which is comparable 

with that of 2.4. The bond angles at the Sisilylone atoms (82.12(13)o) are larger than those 

of 2.4, while The Si2-Si3 (2.219(4) Å) and Si3-Si4 (2.238(4) Å) bonds are almost 

identical to that of compound 2.4, preserving their double bond character, suggesting 

significant electron delocalization is retained within the ring. The Si3-W1 bond (2.574(3) 

Å) is in the range of Si→W coordinative covalent bond in silylene-tungsten 

pentacarbonyl complexes [2.337−2.636 Å].60-63 

 

The 29Si{1H} NMR signal for the silylone centers (-27.6 ppm) in compound 2.7 

is curiously upfield shifted in comparison with that of compound 2.4. Upon coordination, 
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it is generally expected that electron density is drawn away from the donor center, which 

would result in a significant downfield shift of the 29Si NMR resonances as is commonly 

observed in reported silylene-W(CO)5 complexes. However, a similar upfield shift was 

found in the synthesis of the bis(NHC)-silylone-GaCl3 adduct (-119.0 ppm) by the 

reaction of E (-83.8 ppm) with GaCl3 (Scheme 2.3).64  In reference to the X-ray 

crystallographic data, the retention of the double bond character of the Si2-Si3 and Si3-

Si4 bonds in 2.7 would suggest significant pi delocalization over the central Si atom. 

Furthermore, the widening of the Si-Si-Si bond angle would suggest and increase in the 

p character of the filled orbital of the central Si atom, enhancing any pi-donating effects 

from the adjacent silylene moieties. In addition, the 29Si NMR signal for the Sispiro-silicon 

(--87.9 ppm) becomes comparable with the upfield 29Si NMR (~ -100 ppm) of the spiro-

silicon center in spirooligosilanes after complexation. The 29Si NMR resonance for the 

amidinate-bonded silicon center (28.2 ppm) does not shift significantly compared with 

that of compound 2.4 (31.7 ppm). While it could be suggested that the increase in 

electron density arises from backbonding from the tungsten metal center, the FT-IR 

(CaF cell) spectrum of 2.7 refutes this notion and supports the strong donating ability of 

2.4. The presence of sharp bands at 2036, 1916 and 1903 cm-1 and one broad band at 

1887 cm-1 corresponding to the cis-CO and trans-CO stretches are bathochromic shifted 

compared to those of W(CO)5‧THF (1929 and 1892 cm-1), respectively. This is in stark 

contrast with the hypsochromic shift observed in N-heterocyclic silylene tungsten 

complexes reported by West et al. (2069 cm−1, 2011 cm−1 and 1980 cm−1), which is 

consistent with significant backbonding from the tungsten metal into the vacant p orbital 

of the coordinating silylene (Scheme 2.8) .65 Hence, this provides further evidence that 

2.4 can be interpreted as simultaneous trisilaallene moieties, or  two simulateneous 
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silylone center, as the significant pi delocalization over the central silicon center 

prevents back-bonding from the metal center. 

 

Scheme 2.8 Comparison of IR frequencies between 2.7, W(CO)5‧THF and West’s NHSi-W(CO)5. 

 

Attempts were made to react 2.4 with other transition metal Lewis acids to 

further probe its Lewis basicity. However, reaction with metal halides, such as 

[(cod)RhCl]2, resulted in immediate decomposition of 2.4 to give the 

monochlorosilylene LSiCl (L= PhC(NtBu)2) and an intractable mixture.  Reacting 2.4 

with chalcogenides was not as trivial as previously thought, and gave complex mixtures 

that have thus far resisted purification.  
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2.3 Conclusion 

In conclusion, we described the successful synthesis of the heavier analogue of 

spiro[3.3]hepta-1,2,5,6-tetraene, spiroheptasiladione complex 2.4. Its structure is 

remarkable for a number of reasons. First, the spiro[3.3]hepta-1,2,5,6-tetraene scaffold 

has yet to be synthesized, with complex 2.4 serving as the first synthetic example of any 

complex bearing such a structure. Second, complex 2.4 can also be considered as the 

first bis-silylone, based on Frenking’s model for heavier bent allenes described in the 

Introduction chapter, bearing two simultaneous silicon(0) centers that are physically 

separated within the same molecule. Last, the central seven-atom silicon cluster at the 

core of complex 2.4 is itself a unique structure seldom observed in the cluster chemistry 

of semi-metals such as silicon. Its ability to act as a strong Lewis base donor was 

demonstrated in its reaction to form complex 2.7, simultaneously demonstrating a lack 

of proton termination on the central silicon atom.  

The synthesis of tetrasilacyclobutadiene 2.5 and ylide 2.6 have allowed us to 

further probe the mechanism behind the formation of complex 2.4, providing greater 

insight into the formation of such complexes which could provide new direction in the 

synthesis of similar complexes. Investigation of further reactivities of all complexes is 

not included due to time constraints but are currently underway. 
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2.4 Experimental Procedures 

General Procedures. All manipulations were carried out under an inert atmosphere of 

argon gas by standard Schlenk techniques. Toluene was dried over and distilled over 

Na/k alloy prior to use. [LSi:]2 (1.51, L = PhC(NtBu)2),
26 LSiCl66 and (Me3P)2SiCl4

27  

were prepared according to the literature procedures. C6D6 and THF-d8 was dried and 

distilled over K metal. The NMR spectra were recorded on a JEOL ECA 400 

spectrometer and Bruker 400 spectrometer. High resolution mass spectrometry was 

performed by the Division of Chemistry and Biological Chemistry, Nanyang 

Technological University using a Waters Q-tof Premier mass spectrometer. Melting 

points were measured in sealed glass tubes and were not corrected.  

 

Reduction of (Me3P)2SiCl4
 with KC8 and 1.51: Toluene (20 mL), chilled to -78 ˚C, 

was added to a mixture of [LSi:]2 1.51 (L = PhC(NtBu)2) (519 mg, 1.0 mmol), 

(Me3P)2SiCl4 (161 mg, 0.5 mmol)  and KC8 (283 mg, 2.1 mmol) at-78 ˚C. The resulting 

mixture was stirred for 18 hours at 8˚C to afford a mixture of a dark red suspension. The 

reaction mixture was filtered and residue was washed with pentane (3 x 10 mL) and 

extracted with hexane/benzene (1:1, 2 x 20 mL). The extracts were concentrated to 2 

mL and left to stand overnight to afford 2.4 as red block crystals in 6.3% yield (12 mg). 

 

Further extraction of the residue with toluene (2 x 20 mL) gave a purple solution. The 

solution was concentrated by half and left to stand overnight to afford 

tetrasilacyclobutadiene 2.5 as black block crystals in 1.8% yield (5 mg).  
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The filtrate was dried and extracted with pentane (1 x 20 mL). The red solution obtained 

was filtered and concentrated to a third of its volume and left to stand overnight at room 

temperature to afford dark red block crystals of ylide 2.6. Yield: 54 mg (22.8 %).  

 

Compound 2.4: Mp: 248.9 °C (decomposed). 1H NMR (395.9 MHz, 24 °C, C6D6, ppm): 

δ = 1.67 (s, 72H, tBu), 6.93-6.96 (m, 2H), 6.97-6.99 (m, 2H), 6.99-7.02, (m, 3H), 7.05-

7.09 (m, 3H), 7.29-7.36 (m, 8H); 13C{1H} NMR (100.5 MHz, c6D6, 25°C): d = 32.3 

(CMe3), 55.4 (CMe3), 127.0, 128.8, 129.4, 134.6 (Ph), 166.9 (NCN) ppm; 29Si NMR 

(160.5 MHz, 24 °C, C6D6, ppm): δ = -8.5 (spiro Si), -7.5 (terminal Si) 31.5 (amidinate 

Si). HRMS (ESI), m/z calcd: 1120.5830 [M+H]+; found: 1120.5842.  

 

Compound 2.5: Mp: 159.8 °C (decomposed). 1H NMR (395.9 MHz, 24 °C, C6D6, ppm): 

δ = 1.22 (s, 36H, tBu), 1–43 (s, 36H, tBu), 7.01 - 7.09 (m, 18H, Ar-H), 7.31 – 7.37 (m, 

2H, Ar-H); 1H NMR (395.9 MHz, 24 °C, d5-pyridine, ppm): δ =  1.16 (s, 36H, tBu), 

1.59 (s, 36H, tBu), 7.30 – 7.49 (m, 20H, Ar-H); 13C{1H} NMR (100.5 MHz, d5-pyridine, 

25°C): d = 29.3, 33.0 (CMe3), 51.4, 53.0 (CMe3), 125.8, 128.0, 128.1, 128.7, 128.7, 

129.4, (Ph), 140.9, 153.8 (NCN) ppm; 29Si NMR (160.5 MHz, 24 °C, C6D6, ppm): δ = 

-7.9 (three-coordinate Si), 40.9 (four-coordinate Si). HRMS (ESI), m/z calcd: 1064.6293 

[M+H]+; found: 1064.6291.  

 

Compound 2.6: Mp: 277.3 °C (decomposed). 1H NMR (395.9 MHz, 24 °C, C6D6, ppm): 

δ = 1.46 (s, 18H), 1.51 (s, 36H),  1.72 (brs, 18H), 6.87-7.08 (m, 10H), 7.22-7.28 (m, 

5H), 7.36-7.41 (m, 3H), 7.77-7.79 (m, 2H); 13C{1H} NMR (100.5 MHz, C6D6, 25°C): d 

= 14.60, 23.06, 32.35, 33.05, 33.11, 34.77 (CMe3), 53.11, 55.24 (CMe3), 127.00, 127.16, 

127.74, 127.89, 129.19, 129.24, 129.88, 130.18, 130.67, 131.27, 132.17, 134.73,  136.60, 
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145.06 (C-Ar), 149.06, 160.15, 168.53 (NCN); 29Si NMR (160.5 MHz, 24 °C, C6D6, 

ppm): δ = -163.2 (LSiSiSi), -97.4 (SiSiNtBu), 58.8 (LSiSiSi), 101.7(LSiSiSi). HRMS (ESI), 

m/z calcd: 1092.6064 [M+H]+; found: 1092.6061.  

 

Alternative synthesis of 2.5: 

 

Toluene (70 mL) was added to LSiCl (591 mg, 2.0 mmol) and KC8 (433 mg, 3.2 mmol) 

at room temperature. The mixture was immediately placed into a preheated oil-bath at 

120 ˚C and stirred under reflux for 16 hrs. The deep purple mixture was filtered hot and 

left to cool overnight to yield black block-like crystals of 2.5 in 14 % yield (51 mg). 

 

Alternative synthesis of 2.6: 

 

Cold toluene (40 mL) was added to a 100 mL Schlenk flask containing LSi-SiL (260 

mg, 0.5 mmol), (PMe3)2SiCl4 (53.7 mg, 0.17 mmol) and KC8 (135 mg, 1.0 mmol) at -

78°C.  The flask was warmed to -40°C and stirred for 16 h. The flask was allowed to 

warm up slowly to room temperature and stirred for 24 h. The reaction mixture was 

filtered, and all volatiles were removed. The solids were extracted with pentane (8 mL) 

to give a dark red solution. The solution was kept for 4 days at room temperature to 

afford dark red needles of 2.6 (new Si4) in 21% yield (37 mg). 

 

Synthesis of compound 2.7: 

 

Tungsten hexacarbonyl (13.1 mg, 0.037 mmol) was dissolved in tetrahydrofuran (20 

mL) at room temperature and irradiated for approx. 24 hrs with a 15W UV bulb with 
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periodic degassing. FT-IR spectra of the solution was taken to ascertain complete 

formation of W(CO)5•THF. The bright yellow solution was completely added to 2.4 (21 

mg, 0.019 mmol) at room temperature to give a deep orange-red solution. After stirring 

for 16 hours, the reaction mixture was filtered, concentrated to a third of its original 

volume. Orange-red crystals of 2.7 (16 mg, 0.008 mmol, 47.5%) was isolated after 

standing the mixture overnight. 

  

Compound 2.7: Mp: 173.6°C (decomposed). 1H NMR (395.9 MHz, 24 °C, THF-d8, 

ppm): δ= 1.54 (s, 72H), 7.17 (dt, J = 7.6, 1.6 Hz, 4H), 7.42-7.50 (m, 4H), 7.50-7.59 (m, 

8H), 7.62 (dt, J = 7.5, 1.7 Hz, 4H), 13C{1H} NMR (100.5 MHz, THf-d8, 25°C): d = 32.4 

(CMe3), 57.0 (CMe3), 127.1, 129.1, 129.5, 130.0, 131.2, 133.5 (Ph), 173.2 (NCN), 202.7 

(cis-CO) ppm; 29Si NMR (160.5 MHz, 24 °C, THF-d8, ppm): δ = -87.9 (spiro Si), -27.6 

(terminal Si), 28.2(amidinate Si). FT-IR (CaF liquid cell, THF, cm-1): 2036, 1916, 1903, 

1887. HRMS (ESI), m/z calcd: 1768.4340 [M+H]+; found: 1768.4336. 
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Solid-State NMR and Discussion 

Methodology 

Solid State NMR experiments for compound 2.4 were conducted at 11.7  T (𝜐0 (
29Si) = 

99.33 MHz) on a 500 MHz JEOL NMR spectrometer (JNM-ECZL500G) and equipped 

with a 3.2 mm double-resonance HXMAS probe (JEOL Ltd., Tokyo, Japan). CPMAS 

pulse sequences with high power proton decoupling, 1H pulse lengths of 2.7 μs 

(determined on adamantane(s)) and recycle delays of 20 s were utilized. The 29Si(1H) 

CPMAS was acquired at one MAS frequencies of 12 KHz. The 29Si data was data 

referenced with respect to Me4Si(aq) (δiso = 0 ppm).  

Solid state NMR experiments in this study for compound 2.5 were completed on a 

Bruker Avance III HD 600 MHz spectrometer with a Bruker 4 mm HXY MAS probe. 

Spectral processing and simulation of NMR spectra was achieved via the Topspin 

software package. The 29Si and 13C NMR experiments were completed at 14.1 T (𝜐0 

(29Si) = 119.24 MHz; 𝜐0 (
13C) = 150.92 MHz) utilising CPMAS pulse sequences with 

high power proton decoupling, 1H pulse lengths of 2.7 μs (determined on adamantane(s)) 

and recycle delays of 3 s. 

The 29Si(1H) CPMAS experiments utilised a contact pulse length of 4500 s (optimised 

on kaolinite(s)) and was acquired with an MAS frequency of 14 KHz. The 29Si data was 

data referenced with respect to Me4Si(aq) (δiso = 0 ppm). The 13C(1H) CPMAS 

experiment utilised a contact pulse length of 6000 s (optimised on adamantane(s))  with 

an MAS frequency of 12 KHz and resulting data was referenced with respect to 

adamantane(s) (δiso = 38.48, 40.49 ppm).  

 

 

 



73 
 

X-ray Data Collection and Structural Refinement.  

 

Intensity data for all compounds were collected by using a Bruker APEX II 

diffractometer. The structures were solved by direct-phase determination (SHELXS-97) 

and refined for all data by full-matrix least-squares methods on F2.68 All non-hydrogen 

atoms were subjected to anisotropic refinement. The hydrogen atoms were generated 

geometrically and allowed to ride on their respective parent atoms; they were assigned 

appropriate isotopic thermal parameters and included in the structure-factor calculations. 

All non-hydrogen atoms were refined with anisotropic thermal parameters.  

 

Theoretical studies 

Computational Methodology.  

All the calculations were performed using the Gaussian16 program package.69 The 

geometries of compounds 2.4, 2.5 and 2.6 were optimized using M06-2X70 with def2-

SVP71 basis set.72 The optimized geometry of compounds 2.4, 2.5 and 2.6 is consistent 

with the X-ray crystallographic data. The Natural Bond Orbital Analysis (NBO) 73 has 

been carried out at M06-2X/def2-SVP level of theory for Natural Population Analysis 

(NPA)74 and Wiberg Bond indices (WBI)75. Quantom Theory of Atoms-in-Molecules 

(QTAIM)76 analysis of compound 2.4 was performed using MultiWfn77 program suite 

at M06-2X/def2-SVP level of theory. Frequency calculations for the synthesis of 

compound 2.4, intermediates, transition states and related products 2.5 and 2.6 were 

carried out at the M06-2X-D3(BJ)/def2-SVP level of theory with empirical dispersion 

corrections of Grimme (D3) 78 with Becke-Johnson (BJ) damping.79 NMR analysis of 

DFT calculations were performed at SO-ZORA-BP86/TZP levels80-87 using the ADF 

system.88,89 
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Chapter 3 

Synthesis and isolation of a trigermanium(0) complex and its related 

compounds 

 

Chapter 3 Synthesis of a Amidinato-Silylene-Supported Germanium 

Cluster 

Chapter 3.1 Introduction 

Ever since the advent of nanotechnology, the formation mechanism of 

monodisperse particles have been a subject of significant study. LaMer and Dinegar 

hypothesized the Critical Nucleation Theory (CNT) in 1950 as a general growth model 

for colloidal nanocluster formation, wherein monodispersed nanoparticles are formed 

through a burst nucleation step, with a near infinite rate of formation, followed by a slow 

step of diffusion-controlled Ostwald ripening resulting in growth in particle size over 

time.1 

In 1994, Finke and co-workers synthesised polyoxoanion-stabilized iridium 

nanoparticles and observed nucleation rates that were gentler and more continuous than 

the near infinite rate described in CNT.2 Further kinetic studies on this iridium system 

led to the development of an alternative growth model, namely the Finke-Watzky (FW) 

autocatalytic model, comprising two pseudoelementary steps: (i) a slow(rate-

determining), continuous nucleation step and (ii) an autocatalytic surface growth step, 

where the precursor molecule is deposited directly on the surface of the critical nuclei 

resulting in a particle size growth.3,4 This model was shown to better fit kinetics 

observed in the formation of transition metal nanoparticles, which are believed to 
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possess stronger interatomic interactions, as opposed to the thiol sol nanoparticles 

studied by LaMer in their seminal work which are expected to be weakly associating.5,6 

In recent years, in tandem with the development of the FW model, there has been 

increasing evidence to support the formation of critical nuclei in the synthesis of 

strongly bonded nanoparticles.7-11 Many of these oligoatomic nuclei, containing 

anywhere from 2 to 10 atoms, have been isolated in a range of transition and noble metal 

nanoparticle syntheses. Application of this kinetic model to the study of main group p-

block element nanoparticles is still relatively in its infancy. There is, thus, significant 

value to capture, isolate and study any oligomeric main group elemental species that 

could potentially act as seeds for nanoparticle synthesis.  

Silicon and germanium are of particular interest to us given their role in a wide 

range of semiconductor materials.12 With the increasing importance of quantum dots,13-

16 there is a need to better understand the mechanism behind their synthesis. With this 

knowledge, more control over size, shape and composition can be granted to the 

industrial chemist. Computational studies have been carried out to predict the structure 

of a range of oligoatomic clusters.17,18 They are expected to require electronic 

stabilization if they are to be isolated and handled under ambient laboratory conditions 

as many of them are metastable and prone to fragmentation and agglomeration.17,19 To 

tackle this, strong Lewis base donors, namely N-heterocyclic carbenes and amidinato 

silylenes, were used to coordinate with main-group elements(0)   to enhance their 

stability.20-22 This approach resulted in the formation of remarkable monoatomic and 

diatomic main-group element complexes in recent years (Figure 3.1a).22-38  
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Scheme 3.1 a) Examples of NHC-monoatomic and diatomic main group element(0) complexes; b) 

functionalization of disilicon(0) with lithium dithiolene radical and c) abstraction of a monophosphide 

anion with M(CO)6 

In these complexes, the  -donating and -accepting properties, as well as the 

steric environment of Lewis base donors have a strong effect on the size, electronic 

property and reactivity of main-group element(0). The strong stabilization effect exerted 

by the Lewis base donors, however, leads to a dilemma- the release of the elemental 

species from the complexes, which is required for further functionalization and 

important if they are to be employed as critical nuclei, becomes exceedingly difficult, 
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requiring the crossing of a very high energy barrier or the presence of highly reactive 

substrates. Robinson, et al., reported that the NHC-disilicon(0) complex served as a 

silicon(0) transfer agent in its reaction with a highly reactive lithium dithiolene radical 

(Scheme 3.1b).39 Driess, et al., showed that a strong donor, NHC and carbon monoxide 

is essential to mediate the abstraction of a monophosphorus anion from the bis(silylene)-

diphosphorus(0) compound (Scheme 3.1c).40 

Through the study of these spectacular examples, we are certain that each unique 

Lewis donor system employed allows to the isolation of one type of main-group element 

allotrope. Consequently, conversion from one form to another by changing Lewis 

donors should be possible. However, the strong confinement of monoatomic and 

oligoatomic main-group element allotrope by Lewis base donors inhibits transfer 

between allotropic species and thus prevents aggregation to form larger elemental 

systems.  

We believe that the isolation of a main-group allotrope “seed” requires a Lewis 

base donor system that provides sufficient thermodynamic and kinetic stabilization, 

while also being sufficiently labile, such that it can be substituted, allowing the seed to 

aggregate. Such flexibility would allow for subsequent expansion or release of the main-

group allotrope moiety. We have addressed this synthetic challenge by finding a series 

of Lewis donors that is able to balance both these attributes in the transfer and 

aggregation from diatom to nanoparticle. 

Our group has previously isolated an amidinato amidosilylene-digermanium(0) 

complex 3.1 (Scheme 3.2).41 We anticipated that the monodentate amidinato silylene 

while providing adequate thermodynamic and kinetic stabilization, is also being 

sufficiently labile; it could thus serve as a promising candidate in the transfer and 

aggregation of germanium allotropes in the presence of silylenes or other Lewis base 
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donors at ambient conditions. Herein, we report that the amidinato amidosilylene-

digermanium(0) complex 3.1 transferred the digermanium(0) moiety to an amidinato 

disilyne 1.5142 to form a digermadisilacyclobutadiene 3.2. Its dissociation into two 

bis(silylenyl)germylenes mediated the aggregation of the digermanium(0) moiety from 

compound 3.1 to form the bis(trigermanium(0)) complex 3.3 (Scheme 3.2). Further 

transfer and aggregation of the trigermanium(0) moiety resulted in the formation of 

germanium(0) nanoparticles.   

 

Scheme 3.2. Transfer and aggregation of germanium(0) 
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3.2 Results and Discussion 

3.2.1 Transfer of digermanium(0) to the amidinato disilyne 

 

 

Scheme 3.3 Proposed mechanism for the formation of 3.2 

 

The amidinato disilyne compound42 1.51 was utilized to displace the amidinato 

amidosilylene ligand in compound 3.1. Two equivalents of 1.51 was reacted with 3.1 in 

toluene at room temperature to afford a mixture of the amidinato 

digermadisilacyclobutadiene [(LSi)2Ge]2 (3.2, L = PhC(NtBu)2) and amidinato 

amidosilylene [LSiN(SiMe3)2]. In this reaction, the amidinato amidosilylene ligand in 

3.1 was displaced by compound 1.51. The resulting digermanium(0) moiety did not 

coordinate with the Si donors of compound 3.1, instead it underwent a double insertion 

with two SiI-SiI bonds of two molecules of 3.1 resulting in the cleavage of Ge=Ge double 

bond to form compound 3.2 (Scheme 3.3). The results support our hypothesis that 

compound 3.1 could act as a digermanium(0) transfer reagent. Additionally, compound 

1.51 is able to trap the digermanium(0) moiety. 
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Figure 3.1 X-ray crystal structure of 3.2 (50% ellipsoids probability). Hydrogen atoms are omitted for 

clarity. Selected bond lengths (Å) and angles (º): Ge1-Si2 2.3852(11), Ge1-Si2A 2.3844(11), Ge1-Si1 

2.4673(13), Ge1-Si2-Ge1A 106.82(4), Si2A-Ge1-Si2 73.18(4), Si2A-Ge1-Si1 109.50(4), Si2-Ge1-Si1 

111.83(4), N1-Si1-N2 68.18(14), N1-Si1-Ge1 97.18(12), N2-Si1-Ge1 96.14(11) 

 

Compound 3.2 was isolated as  black blocks (Yield of crystals: 22%) from the 

concentrated reaction mixture. The 29Si{1H} NMR spectrum of 3.2 shows two signals 

at  = -7.9 and 40.9 ppm corresponding to the three- and four-coordinate silicon centers, 

respectively. The molecular structure obtained from single-crystal X-ray diffraction 

studies shows that the Ge2Si2 core is planar and rhombic; the combined sum of internal 

bond angles adding up to 360o. The amidinate ligands remain bidentate coordinated to 

the Si2 and Si2A atoms, both adopting a distorted tetrahedral geometry. The Ge1-Si2 

(2.3852(11) Å) and Ge1-Si2A bond lengths (2.3844(11) Å) are comparable to typical 

Si-Ge single bond lengths (2.356(4) – 2.510(2) Å).43 As the four-membered ring is 

composed of single bonds, the Ge2Si2 core can be considered to possess a zwitterionic 

structure to account for the unsaturated Ge atoms. Both the Ge1 and exocyclic Si1 atoms 
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have three bond pairs, with average bond angles less than 107o (average bond angle 

around Ge: 98.2o, Si: 87.2o), which are consistent with a highly distorted trigonal 

pyrmidal geometry. This geometry is consistent with the presence of a single 

stereoactive lone pairs on each of the Ge atoms and exocyclic-silylene Si atoms. The 

extreme distortion of geometry can be attributed to the restrictions imparted by the 4-

membered ring systems that Ge1 and Si1 are each a part of.  

 

(a

) 

 

(b

) 

 

Figure 3.2 The a)HOMO and b)HOMO-1 of compound 3.2 

 

Theoretical studies were performed at M06-2X/6-311G(d) level of theory to 

understand the bonding in 3.2. The HOMO of 3.2 comprises two exocyclic Ge1-Si1 and 

Ge1 

Si1 

Si2 
Ge1A 

Si1A 

Si2 

Ge1 

Si1 

Ge1A 

Si1A 
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Ge1A-Si1A  orbitals. The HOMO-1 mainly arises from the combinations of lone pair 

orbitals on the three-coordinate Si1/1A and Ge1/1A atoms (Figure 3.1). These orbitals 

are in agreement with the observed trigonal pyrimidal geometry around the Si1/1A and 

Ge1/1A atoms and provide additional support to the presence of their stereoactive lone 

pairs. The Wiberg bond index (WBI) indicates that the endocyclic Ge-Si bonds (WBI: 

1.05, 1.04) are single bonds, in good agreement with the observed crystal structure. 

Moreover, the NPA charges of 3.2 (Ge1/1A: -0.61, Si2/2A: 1.02) show that the Ge2Si2 

four-membered ring has a charge-separated structure, which is also in agreement with 

our analysis of the crystal structure of 3.3 
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3.2.2 Transfer and aggregation of digermanium(0) on the amidinato 

digermadisilacyclobutadiene 

We believe that the zwitterionic structure, as well as the exocyclic silicon donor 

moiety, could enable compound 3.2 to act as a multi-functional ligand. In addition, the 

Ge atom in 3.2 could act as a “seed” for aggregation of digermanium(0) to form a larger 

cluster. To prove our concept, compound 3.2 was treated with three equivalents of 

amidinato amidosilylene-digermanium(0) complex 3.1 in toluene at room temperature 

to afford a mixture of the amidinato silylene-germanium cluster [{(LSi)2Ge}Ge3]2 (3.3) 

and amidinato amidosilylene [LSiN(SiMe3)2]. 3.3 is considered as two trigermanium(0) 

coordinated with bis(silylenyl)germylenes due to the fact that the trigermanium(0) 

moiety can be transferred out to form  compound 3.2 (Scheme 3.2 and see below). 

Compound 3.3 is the first example of a heavier zwitterionic cyclobutadiene analogue 

that can undergo dissociation and proceed to trap and aggregate main-group element 

allotropes. 

In the reaction of 3.1 and 3.2, we propose that digermanium(0) is transferred 

from 3.1 and it undergoes a [1+2] cycloaddition with the Ge lone pair  in compound 3.2. 

Such an interaction results in the cleavage of the endocyclic Si-Ge bonds to form a three-

membered germanium ring intermediate “(LSi:)2Ge(Ge2)” (Scheme 2). It further reacts 

with digermanium(0) to form complex 3.3. 

 

 

Scheme 3.4 Proposed mechanism for the formation of 3.3 
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Compound 3.3 could be synthesized by an alternative route. The reaction of 1.51, 

PMe3۰GeCl2 and KC8 in a molar ratio of 3 : 8 : 14 in toluene for 16 hours afforded a 

mixture of 3.2 (a few crystals), 3.3 (major product) and free Pme3. In this reaction, PMe3 

is expected to act in a similar role to the amidinato amidosilylene [LSiN(SiMe3)2]; it 

stabilizes transient Ge(0) moieties generated from the reduction. While we were unable 

to observe the formation of a phosphine-digermanium(0) derivative in solution, however 

this approach avoids the need to separate compound 3.3 and LSiN(SiMe3)2 by 

recrystallization, as PMe3 is removed during workup. Compound 3.3 was isolated as a 

red crystalline solid from its concentrated toluene solution. The 29Si CPMAS NMR 

spectroscopy shows two signals at 34 and 85 ppm for bridging and terminal Si donors. 

They are in the downfield region similar to that of compound 1.51 (δ = 30.8 ppm).  

The X-ray crystal structure of 3.3 comprises two Ge3 (Ge1Ge2Ge3 and 

Ge1AGe2AGe3A) units that are supported by the terminal Si (Si1, Si1A), bridging Ge 

(Ge4, Ge4A) and bridging Si atoms (Si2, Si2A). The Ge-Ge bond lengths of the Ge3 

unit (Ge1-Ge2: 2.5338(7) Å; Ge2-Ge3: 2.5335(7) Å) are longer than reported Ge-Ge 

single bonds (average 2.44 Å).44 The trigermanium configuration observed deviates 

significantly from the optimized structure of the free Ge3 cluster optimized by Xu et 

al..17 The cluster observed in 3.3 has a smaller bond angle than calculated (this work: 

64.40(2), calculated: 84.6) and longer single bonds (calculated: 2.325 Å). This implies 

a significant degree of perturbation of the structure, which we attribute to the stabilizing 

donor interactions from the surrounding silylene and gerymylene moieties. The 

Ge1‧‧‧Ge3 distance is 2.7003(9) Å, while smaller than the theoretical value (3.130 Å), 

is significantly larger than any reported Ge-Ge single bonds, which most likely suggests 

that there is, at most, minimal if not no interaction between the Ge1 and Ge3 atoms. The 
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Ge-Ge bonds (Ge4-Ge1: 2.4735(7), Ge4-Ge3: 2.4810(6) Å), which are formed by the 

bridging Ge4 atom and Ge3 unit, are shorter than the Ge1-Ge2 and Ge2-Ge3 bonds. The 

Si1-Ge2 bond (2.4012(11) Å), which is formed by the terminal Si1 donor and Ge3 unit, 

is comparable with the SiII-Ge0 donor-acceptor bond (2.406(2) Å) in 3.1.41 The Si2-Ge 

bonds (Si2-Ge1: 2.5249(12); Si2-Ge3: 2.5502(11) Å), which are formed by the bridging 

Si2 donor and Ge3 unit, are significantly longer than the Si1-Ge2 bond, suggesting 

weaker bridging-type interactions. 

 

Figure 3.3 X-ray crystal structure of 3.3 (50% ellipsoids probability). Hydrogen atoms and solvent 

molecules are omitted for clarity. Selected bond lengths (Å) and angles (º): Ge1-Ge2 2.5338(7), Ge2-

Ge3 2.5335(7), Si1-Ge2 2.4012(11), Si2-Ge1 2.5249(12), Si2-Ge3 2.5503(11), Ge4-Ge1 2.4735(7), 

Ge4-Ge3 2.4810(6), Si1-Ge4 2.3365(12), Si2A-Ge4 2.3855(11); Ge1-Ge2-Ge3 64.403(19), Ge2-Ge3-

Ge4 89.03(2), Ge2-Ge1-Ge4 89.19(2), Ge1-Ge4-Ge3 66.055(19), Si1-Ge2-Ge1 75.13(3), Si1-Ge2-Ge3 

78.43(3), Ge2-Ge1-Si2 101.58(3), Ge2-Ge3-Si2 100.89(3), Ge3-Si2-Ge1 64.29(3). Ge1⸱⸱⸱Ge3 distance: 

2.7004(7) Å. 
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(c) (d) 

 

(e) 

 

Figure 3.4 The contour plots of the Laplacian distribution of the (a) Ge1Ge2Ge3, (b) Ge1Si2Ge3, (c) 

Ge1Ge4Ge3, (d) Si1Ge2 skeleton calculated at M06-2X/def2-SVP level of theory. e) ELF color-filled 

map of the Ge1Ge2Ge3 skeleton. 

 

To obtain a clearer understanding of the nature of the germanium cluster and the 

bonding situation present in 3.3, theoretical studies were performed at M06-2X/def2-

SVP level of theory. Bader’s quantum theory of atoms in molecules (QTAIM) 
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calculations was carried out to investigate the bonding situation surrounding the 

trigermanium cluster. Regions of significant charge concentration were observed 

between the Ge1-Ge2 and Ge2-Ge3 atoms, suggesting bonds of a covalent nature, while 

there is no covalent bonding between the Ge1 and Ge3 atoms due to no obvious charge 

concentration between them (Figure 3.4a). Accordingly, NBO analysis shows that the 

Ge1-Ge2 and Ge2-Ge3 bonds are formed by the overlapping of the p orbital on the Ge2 

atom with the p-rich sp hybrids on the Ge1 and Ge3 atoms (Ge1: s0.12p0.88, Ge3: s0.13p0.87), 

respectively. The Si1 atom donates its lone pair electrons (NBO: sp1.25 hybrids) to the 

vacant p orbital on the Ge2 atom, which is illustrated by the contour plot of the Laplacian 

distribution (Figure 3.4d). Moreover, the Si2 atom donates its lone pair electrons (NBO: 

sp2.62 hybrids) to the vacant p orbitals on the Ge1 and Ge3 atoms (Figure 3.4b), which 

is illustrated by the contour plot of the Laplacian distribution.  Furthermore, the Ge4 

atom bridges Ge3 and Ge4 atoms, resulting in the formation of the Ge4-Ge3 and Ge4-

Ge1 bonds (Figure 3.4c). QTAIM calculations show that the Ge4-Ge3 and Ge4-Ge1 

bonds are polar and covalent (Figure 3.4c). NBO analysis illustrates that the natural 

orbitals involved in these bonds are different. The Ge4-Ge3 bond is due to the 

overlapping of the sp3.17 hybrids on the Ge4 atom with the p-rich s0.12p0.88 hybrids on the 

Ge3 atom, while the Ge4-Ge1 bond is formed by the overlapping of the p-rich hybrids 

on both Ge4 (s0.15p0.85) and Ge1 (s0.12p0.88) atoms. The NBO analysis also highlights the 

largely unhybridized nature of Ge1, Ge2 and Ge3. All interactions from these three 

atomic centers involve orbitals exhibiting high p-type character with minimal hybrid 

contributions from s-type orbitals. This would suggest an almost pure element-like state 

of each atoms, which encourages us to consider these atoms to formally be of oxidation 

state (0). 
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Electron localization function (ELF) calculations (Figure 3.4e) also show  a 

single maxima on each of the Ge1, Ge2 and Ge3 atoms pointed outward from the 

cluster(Figure 3.3 for the numbering system) suggesting a lone pair of electrons (an area 

of significant electron localization is present on each of the Ge atoms. The NBO analysis 

of the lone pairs (Ge1: s0.71p0.29; Ge2: s0.74p0.26; Ge3: s0.70p0.30) show that they reside in 

an hybrid orbital possessing high s character.  

 

 

Scheme 3.5 Synthesis of tris(pentafluorophenyl)borane adduct 3.4 

 

The presence of σ-type lone pair orbitals on the germanium atoms at the vertex 

of the trigermanium cluster in compound 3.3 was illustrated by its reaction with two 

equivalents of trispentafluorophenylborane (BCF) in d-benzene at room temperature, 

furnishing the BCF-amidinato silylene-germanium cluster adduct (3.4) as bright orange 

crystals (Scheme 3.5). 
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Figure 3.5 X-ray crystal structure of 3.4 (50% ellipsoids probability). Hydrogen atoms and solvent 

molecules are omitted for clarity. Selected bond lengths (Å) and angles (º): Ge1-Ge2 2.4699(6), Ge1-

Ge3 2.476(1), Si1-Ge1 2.368(1), Si2-Ge1 2.330(1), Ge2-Ge4 2.4943(8), Ge2-Si1 2.579(2), Ge4-Ge3 

2.5001(7), Si1-Ge3 2.544(1), B1-Ge4 2.205(5); Ge2-Ge4-Ge3 67.99(2), Ge1-Ge2-Ge4 82.64(2), Ge1-

Ge3-Ge4 82.41(2), Ge2-Ge1-Ge3 68.76(2), Ge1-Si2-Ge4 88.71(5), Si1-Ge2-Ge4 100.91(4), Si1-Ge3-

Ge4 101.73(4), Si2-Ge4-Ge3 81.39(4), , Ge2-Si1-Ge3 64.29(3), B1-Ge4-Si2 132.7(2), Ge3-Ge4-B1 

134.0(1), Ge2-Ge4-B1 131.9(1). Ge1⸱⸱⸱Ge3 distance: 2.7926(9) Å. 

 

The molecular structure of Compound 3.4 was characterized by X-ray 

crystallography. The two Ge3 clusters (Ge2Ge3Ge4) are structurally comparable with 

those of 3.3. The bond angles for Ge2Ge4Ge3 (67.99(2)o) is slightly larger than those 

of 3.3 (64.403(19)). The Ge2-Ge4 (2.4943(8) Å) and Ge3-Ge4 (2.5001(7) Å) are slightly 

shortened in comparison to those of compound 3.3. The Ge4-B1 bond (2.205(5) Å) is 
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on the longer end in the range of Ge→B coordinative covalent bond in GeII-borane 

adduct [2.156−2.265 Å]. 

 The 19F NMR spectroscopy shows three signals at -126.0, -161.1 and -165.0 

ppm. The chemical shift difference between the meta and para 19F signals (Δδm,p = 4.9) 

is consistent with other reported examples of neutral and anionic tetracoordinated 

perfluoroaryl boranes and borates. (Δδm,p = 3.7 – 9.7) as opposed to neutral tricoordinate 

BCF (Δδm,p = 20.1).45 11B NMR spectroscopy shows a broad signal at -12.7 ppm in good 

agreement with other reported GeII-BCF adducts.46-51 
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3.2.3 Transfer and aggregation of trigermanium(0) from the amidinato silylene-

germanium cluster 4 to form Ge nanoparticles 

 

Figure 3.6 (a) 1H NMR spectra showing conversion of 3.3 to 3.2 over 10 days, b) TEM micrograph of 

Ge nanoparticles on the seventh  day of conversion, c) TEM micrograph of Ge nanoparticles on the tenth 

day of conversion, d) HAADF TEM micrographs and Ge K1 EDS map of germanium nanoparticles on 

the seventh day of conversion e) germanium nanoparticles on the tenth day of conversion showing only 

germanium residing in nanoparticles, f) SAED micrograph 
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On the basis of the X-ray crystal structure of 3.3, we hypothesized that the Ge4 

atom acts as both donor and acceptor similar to a bridging CO ligand, which bridges 

Ge3 and Ge4 atoms of the Ge3 moiety, resulting in the formation of the Ge4-Ge3 and 

Ge4-Ge1 bonds. When there is a strong and less sterically hindered Lewis base donor, 

it could attack the vacant orbital on the Ge4 atom and hence disrupt the interaction 

between the bis(silylenyl)germylene and trigermanium(0) moiety, resulting in the 

displacement of the trigermanium(0) moiety for further aggregation.  

In search of strong and less sterically hindered Lewis base donor, we anticipated 

that pyridine should be a promising candidate for the displacement of trigermanium(0) 

moieties from compound 3.3. To test this hypothesis, compound 3.3 was dissolved in 

d5-pyridine at room temperature and the solution was observed changed from red-orange 

to yellow-orange over time. Monitoring by 1H NMR spectroscopy showed the signals 

of 3.3 gradually decreased, with the concurrent appearance and growth in the signals of 

3.2(Figure 3.6a),. No other significant side-products were observed over the course of 

10 days. This indicates that elemental germanium is released as trigermanium(0) clusters 

instead of mono- and diatomic species. In addition, visual observation of the reaction 

under a microscope showed no visible deposition of metallic germanium; the reaction 

solution remained clear throughout. These results suggest that a slow release of 

trigermanium(0) occurred and its aggregation did not lead to the deposition of bulk 

germanium, indicating the possible formation of nanoparticles. It is also important to 

note that the regeneration of compound 3.2 also indicates that compound 3.3 is indeed 

composed of two trigermanium(0) moieties bonded with two bis(silylenyl)germylenes, 

thus confirming our initial assessment of its structure.  

The formation of germanium nanoparticles was confirmed by transmission 

electron microscopy (TEM). On the seventh day of the reaction, 70 % conversion was 
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observed. Electron micrography measurements of more than 100 quasi-spherical 

particles in this sample gave the average size of nanoparticles formed at 70% conversion 

to be 4.53 ± 0.6 nm in diameter (Figure 3.6b). On the tenth day of the reaction, 100 % 

conversion was observed. Electron micrography measurements of the sample at 100% 

conversionshows the formation of larger nanoparticles with an average diameter of 11.1 

± 2.3 nm (Figure 3.6c). Energy-dispersive X-ray spectroscopy (EDS) shows only 

germanium residing in areas containing these nanoparticles (Figure 3.6 d,e). The 

selected area diffraction (SAED) image shows two diffuse rings characteristic of 

amorphous Ge, due to short range order of the crystal structure resulting in two broad 

diffraction peaks(Figure 3.6f).52 High-resolution TEM yielded no observable crystal 

domains, confirming the lack of crystallinity in the Ge nanoparticles. X-ray 

Photoelectron Spectroscopy was carried out to ascertain the oxidation state of the Ge 

nanoparticles obtained.53 While all attempts to minimize surface oxidation were taken, 

based on the Ge 3d data, a significant extent of oxidation was observed, resulting in only 

30% of the nanoparticles comprising of Ge(0) metal.  

 

Figure 3.6. Representative Ge 3d XPS data for 7th day samples. Spectrum was collected with an 

Al source (1486.69 eV), 50 scans, and pass energy 20 eV.  
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We propose that pyridine first donates its lone pair of electrons to the germanium 

atom of bis(silylenyl)germylene in compound 3.3, but the steric effect exerted by the 

amidinate ligand make such interaction difficult, leading to slow release of 

trigemanium(0) cluster and regeneration of compound 3.2. The trigermanium(0) then 

aggregates to form Ge nanoparticles. The amorphous nature of the resultant 

nanoparticles can be attributed to the slow release of trigermanium(0) clusters. Large 

excess of pyridine in the reaction prevents elemental germanium from reversibly 

reacting with compound 3.2 to form back compound 3.3. Improved passivation of the 

nanoparticle surface could reduce the extent of surface oxidation, as described above, if 

strongly binding surfactants were introduced into the synthesis process. However, as a 

proof of concept, we have obtained evidence that a step-wise transfer of germanium(0) 

precursors can indeed result in the formation of amorphous Ge(0) nanoparticles. This 

represents the first observable example from an oligogermanium allotrope that has 

hitherto not been reported, even for other Group 14 element allotrope complexes. 
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3.3 Conclusion 

We have demonstrated the first observable stepwise growth of germanium 

nanoparticles, beginning from a diatom to a small germanium cluster and ending with 

the formation of amorphous nanoparticles. The amidinato amidosilylene-

digermanium(0) complex is an excellent digermanium(0) transfer reagent, which 

reacted with the silicon(I) derivative to form the digermadisilacyclobutadiene 3.2. It is 

capable of dissociation, to form silylene-germanium complex 3.3 through the capture of 

three digermanium(0) moieties, and later re-association after releasing trigermanium(0) 

clusters in pyridine. The trigermanium(0) clusters further aggregate in pyridine to form 

amorphous Ge nanoparticles. This series of transformations demonstrate the importance 

of ligand selection if chemists are interested in employing element (0) clusters in further 

application. While strong stabilization from Lewis base ligands and bulky side chains 

are essential in the isolation of these species, a careful balance is required to allow for 

further reactivity, access to new geometric structures, and other applications. It is 

promising to also observe the first stepwise transfer of trigermanium (0) clusters which 

suggests potential applications in the development of pure germanium materials. It could 

also see additional potential in the development of new mixed metal materials with well 

defined elemental compositions if reacted with the appropriate metal source. 

. The further applications of this trapping mode of germanium allotropes, as 

observed between compound 3.3 and Ge nanoparticles, are currently under investigation. 

Experimentation with other passivating surfactants is also underway. 
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3.4 Experimental procedures 

General Procedures: All manipulations were carried out under an inert atmosphere of 

argon gas by standard Schlenk techniques. Toluene was dried over and distilled over 

Na/k alloy prior to use. [LSi:]2 (3.2, L = PhC(NtBu)2),
[S3] 

[L{(Me3Si)2N}Si(Ge=Ge)Si{N(SiMe3)2}L] (3.1)[S4] and [LSiNMe2]
[S5] were prepared 

according to the literature procedures. C6D6 and THF-d8 were dried and distilled over K 

metal prior to use. The NMR spectra were recorded on a JEOL ECA 400 spectrometer 

and Bruker 400 spectrometer. 11B and 19F NMR spectra are referenced to BF3(OEt2), 

and CFCl3, respectively. High resolution mass spectrometry was performed by the 

Division of Chemistry and Biological Chemistry, Nanyang Technological University 

using a Waters Q-tof Premier mass spectrometer. Melting points were measured in 

sealed glass tubes and were not corrected. Transmission election microscopy (TEM) 

images of the nanoparticles were obtained with a JEOL JEM-1400 Electron Microscopy 

operating at 100 kV. High angle annular dark-field (HAADF) images and energy-

dispersive spectroscopy (EDS) were obtained on a JEOL 2100F ZrO/W(100) Schottky-

type Microscope operating at 200 kV. TEM samples were prepared by diluting 0.1 mL 

aliquots of the suspended nanoparticles in 0.1 mL toluene and drop-casting onto 

Formvar-coated copper TEM grids. Size-distribution histograms were constructed by 

measuring the longest length for more than 100 nanoparticles (when possible). X-ray 

photoelectron spectroscopy (XPS) spectra were obtained using a Phoibos 100 

spectrometer with a monochromatic Al X-ray radiation source. The scanning range was 

from 0 –1200 eV. The C 1s binding energy peak at 284.4 eV was used for XPS 

calibration. Processing of high-resolution spectra was carried out using CasaXPS 

(Vamas) software. After calibration, the extrinsic loss structure in the background from 

each spectrum was subtracted using a Shirley-type background. The elemental 
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germanium peaks were fitted with a fixed spin-orbit splitting of 0.58 eV.  Raman 

spectroscopy was performed using a STELLAR-PRO-L SELECT 300 Raman 

microscope with a He–Ne laser (λ = 514 nm).  

[(LSi)2Ge]2 (3.2): Toluene (30 mL) was added to a mixture of 

[L{(Me3Si)2N}Si(Ge=Ge)Si{N(SiMe3)2}L] (3.1, 0.19 g, 0.20 mmol) and 1.51 (0.21 g, 

0.40 mmol) at ambient temperature. The resulting red mixture was stirred for 16 hours 

to afford a mixture of 3.2 and [LSiN(SiMe3)2]. The reaction mixture was filtered and the 

filtrate was concentrated to afford red crystals of compound 3.2. Yield: 0.054 g (22.8 % 

based on the weight of red crystals). After one day, the mother liquor must be filtered 

and the filtrate afforded a mixture of red crystals of 3.2 and colorless crystals of 

[LSiN(SiMe3)2]. 

Mp: 124.3 °C (decomposed).  1H NMR (399.5 MHz, C6D6, 25°C): 1H NMR (395.9 MHz, 

24 °C, C6D6, ppm): δ = 1.22 (s, 36H, tBu), 1–43 (s, 36H, tBu), 7.09 - 7.01 (m, 18H, Ar-

H), 7.37 – 7.31 (m, 2H, Ar-H); 1H NMR (395.9 MHz, 24 °C, d5-pyridine, ppm): δ =  

1.16 (s, 36H, tBu), 1.59 (s, 36H, tBu), 7.49 – 7.30 (m, 20H, Ar-H); 13C{1H} NMR (100.5 

MHz, d5-pyridine, 25°C):  = 29.3, 33.0 (CMe3), 51.4, 53.0 (CMe3), 125.8, 128.0, 128.1, 

128.7, 128.7, 129.4, (Ph), 140.9, 153.8 (NCN) ppm. 29Si NMR (160.5 MHz, 24 °C, C6D6, 

ppm): δ = -7.9 (three-coordinate Si), 40.9 (four-coordinate Si). HRMS (ESI), m/z calcd: 

1185.5024 [M+H]+; found: 1185.5066. 

 

[{(LSi)2Ge}Ge3]2 (3.3):  

Synthesis of compound 3.3. Toluene (20 mL) was added to a mixture of 3.1 (0.38 g, 

0.37 mmol) and 3.2 (0.15 g, 0.12 mmol) at ambient temperature. The resulting red 

mixture was stirred for 16 hours. It was filtered and the filtrate was concentrated to 

afford red crystals of compound 3.3 (Yield: 0.023g, 11.3%). After one day, the mother 
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liquor was filtered and the filtrate afforded colorless crystals of [LSiN(SiMe3)2]. Mp: 

113.8 °C (decomposed). 1H NMR (395.9 MHz, pyridine-d5, 25°C): d = 1.83 (s, 36H, 

tBu), 1.57 (s, 36H, tBu), 6.66-7.02 (m, 20H, Ph) ppm. 29Si{1H} CPMAS NMR : d = 

34.1 (Sibridge), 85.2 (Siterminal) ppm. HRMS (ESI), m/z calcd: 1622.0399 [M+H]+; found: 

1622.0399. 

 

Alternative synthetic route for compound 3.4:  

A stirring toluic (30 mL) solution of PMe3
.GeCl2 (0.11 g, 0.51 mmol) was added to a 

mixture of 1.51 (0.10 g, 0.19 mmol) and KC8 (0.12, 0.89 mmol) at -78◦ C. The resulting 

red mixture was stirred at 0◦ C for 16 hours. The reaction mixture was filtered and the 

filtrate was concentrated to afford red crystals of compound 3.3. Subsequent filtering 

and concentrating affords additional crops of red crystals together with the formation of 

black crystals of 3.2.  Yield of 3.4: 0.034 g (33.5%, based on the cumulative weight of 

red crystals isolated)  

 

Synthesis of compound 3.4 

Tris(pentafluorophenyl)borane ( 0.0060 g, 0.0037 mmol) was added to a suspension of 

the trigermanium(0) complex (0.0038 g, 0.0073 mmol) in C6D6 (0.4 mL). A bright 

orange colour began to develop in the solution, which was stirred at room temperature 

for 1 hour. The bright orange solution was filtered and concentrated to half its volume, 

whereupon it has left to stand overnight. Orange plate-like crystals (0.003 g, 0.0018 

mmol)of x-ray diffraction quality were obtained in 51% yield. 
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1H NMR (500.1 MHz, C6D6, 25°C): d = 1.16 (s, 36H, tBu), 1.52 (s, 36H, tBu), 6.88, 

6.91, 6.95-7.00, 7.07, 7.14-7.16, 7.32, 7.45, 7.70 ppm.19F{1H} (470.6 MHz, C6D6, 25°C): 

d = -165.0, -161.1, -126.0 ppm 11B{1H} (128.4 MHz, C6D6, 25°C): d = -12.7. 

 

Preparation of Ge nanoparticles: 

A J-young NMR tube was charged with 0.0034g (0.002 mmol) of compound 3.3, after 

which 0.35 mL of d5-pyridine was added. This mixture was left to stand at room 

temperature and was monitored every 24 hours. After 7 and 10 days, the nanoparticles 

were isolated by centrifugation and deposited onto copper TEM grids for analysis. 

Solid-State NMR and Discussion 

Methodology 

All solid state NMR experiments in this study were completed on a Bruker Avance III HD 600 

MHz spectrometer with a Bruker 4 mm HXY MAS probe. Spectral processing and simulation 

of NMR spectra was achieved via the Topspin software package. The 29Si and 13C NMR 

experiments were completed at 14.1 T (𝜐0 (29Si) = 119.24 MHz; 𝜐0 (13C) = 150.92 MHz) utilising 

CPMAS pulse sequences with high power proton decoupling, 1H 𝜋 2⁄  pulse lengths of 2.7 μs 

(determined on adamantane(s)) and recycle delays of 3 s. 

The 29Si(1H) CPMAS experiments utilised a contact pulse length of 4500 s (optimised on 

kaolinite(s)) and was acquired at two MAS frequencies, 12 and 10 KHz, to assist in the 

simulation of CSA sideband manifolds. The 29Si data was data referenced with respect to 

Me4Si(aq) (δiso = 0 ppm). The 13C(1H) CPMAS experiment utilised a contact pulse length of 

6000 s (optimised on adamantane(s))  with an MAS frequency of 12 KHz and resulting data 

was referenced with respect to adamantane(s) (δiso = 38.48, 40.49 ppm).  
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Results 

 

 

 

 

 

 

 

Assignment δiso(29Si) 

(ppm) 

δCSA(29Si) 

(ppm) 

ηCSA(29Si) 

(KHz) 

1 85.2 375 0.05 

2 34.1 100 0.10 

grease -91.6 - - 

Table 3.1 The 29Si NMR simulation parameters of the 29Si(1H) CPMAS NMR spectra of compound 3.3. 

Figure 3.7 29Si(1H) CPMAS NMR spectra of compound 3.3 at 

MAS frequencies of 12 KHz and 10 KHz. Experimental and 

simulated spectra are in blue and red respectively, with spinning 

sideband manifolds marked by asterisks. 
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Solid-state NMR Data Discussion  

The 29Si CPMAS NMR data shows two narrow resonances at 85 and 34 ppm. The 

85 ppm resonance has a large enough chemical shift anisotropy that the CSA 

powder pattern is visible in the spinning sideband manifolds even at 12 KHz MAS. 

These two resonances represent the two similar Si environments in the complex, 

with the 34 ppm resonance corresponding to the bridging Si atom, and the 85 ppm 

resonance corresponding to the terminal Si atom. 

The amorphous 29Si resonance at -92 ppm can be attributed to silicon grease 

impurities. 

The 13C NMR reflects the organic functional groups present. Resonances at 126-

138 ppm represent the phenyl carbons; 32-34 and 56 ppm represent the tertbutyl 

carbons; and 166 and 169 represents the N bridging carbon. The two clear 

resonances for the latter site can be explained due to the two different Si sites that 

the organic functional group attaches to. 

 

 

Figure 3.8 13C(1H) CPMAS NMR spectra of compound 3.3 at an MAS frequency 

of 12 KHz. Spinning sideband manifolds are marked by asterisks. 
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X-ray Photoelectron Spectra (XPS) 

Discussion of XPS data: 

Initial XPS experiments (Figure A4.8) were able to show the presence of elemental 

germanium in a roughly 3:7 ratio to germanium oxide, attributed to exposure to air 

during the transfer of the sample into the XPS. Upon increasing loading, we observed 

an increase in sodium and calcium contaminants observed in our spectrums (Figure 

A4.10). These are attributed to the molecular sieves and CaH2 used in the drying process 

of our solvents. Drying the nanoparticles and resuspended in redistilled methanol to 

remove these contaminants. We observed that we were only successful in removing the 

sodium contaminant (Figure A4.12). However, the germanium content remained 

relatively consistent across samples.  

 

1. X-ray Data Collection and Structural Refinement. 

 

Intensity data for all compounds were collected by using a Bruker APEX II 

diffractometer. The structures were solved by direct-phase determination (SHELXS-97) 

and refined for all data by full-matrix least-squares methods on F2.[S7] All non-hydrogen 

atoms were subjected to anisotropic refinement. The hydrogen atoms were generated 

geometrically and allowed to ride on their respective parent atoms; they were assigned 

appropriate isotopic thermal parameters and included in the structure-factor calculations. 

All non-hydrogen atoms were refined with anisotropic thermal parameters. CCDC-

1579032(3.2) and 1577528 (3.3) contain the supplementary crystallographic data for 

this paper. The data can be obtained free of charge from the Cambridge Crystallography 

Data Center via www.ccdc.cam.ac.uk/data_request/cif.  

 

http://www.ccdc.cam.ac.uk/data_request/cif
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Theoretical studies 

Computational Methodology. All the calculations were performed using Gaussian09 

program package.[S8] The geometries of compound 3.3 were optimized using M06-2X[S9] 

with def2-SVP basis set.[S10] The geometry of compound 3.2 was optimized using M06-

2X[S9] with 6-311G(d) basis set.[S11] The Natural Bond Orbital analysis (NBO)[S12] has 

been carried out at M06-2X/def2-SVP level of theory for compounds 3.3 and at M06-

2X/6-311G(d) level of theory for compound 3.2.  QTAIM[S13] and ELF[S14] analysis of 

compounds 3.3 were performed using the MultiWfn[S15] program suite at M06-2X/def2-

SVP level of theory. The optimized geometries of compounds 3.2 and 3.3 are consistent 

with the X-ray crystallographic data.  
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Chapter 4 

Conclusion 

 

This thesis sought to employ amidinate disilyne as a trapping reagent in reaction 

with sources Si(0) and Ge(0) species, in the interest of establishing new synthetic 

avenues towards new and challenging zero oxidation silicon and germanium molecular 

constructs. 

 

Scheme 4.1 Thesis aim and resultant complexes 

In Chapter 2, we successfully synthesized the complex 2.4. A structurally 

remarkable complex that could be interpreted in two ways. One, as the heavier silicon 

analogue of spiro[3.3]hepta-1,2,5,6-tetraene. With the carbon analogue still not yet 

reported, 2.4 represents the first example of a stable molecule possessing two 

simultaneous strained cyclic allene moieties. Alternatively, it can also be described as a 

silylone complex if the donor-acceptor model is applied. This represents another first in 

the series of known silylone complexes as the only example exhibiting currently two 
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simultaneous and separate silylone moieties. The occupancy of the p orbital on the 

silylone moiety was confirmed with the synthesis of tungsten pentacarbonyl complex 

2.7, exhibiting red-shifted CO IR resonances, ruling out the possibility of pi-

backbonding from the tungsten metal. With the isolation of tetrasilacyclobutadiene 

analogues 2.5 and 2.6 from the same reaction, we were able to gain a deeper 

understanding of the formation mechanism of 2.4. Potentially, with this knowledge, we 

will be able to apply a similar strategy in the development of similar homometallic and 

heterometallic spiro-complexes. Given the role spiro compounds play in the 

development of organic light emitting diode technologies, the extensive incorporation 

of silicon and germanium into spiro-scaffolds could see further advances in applications 

in optoelectronics.1-5 

 In Chapter 3, we reported first transfer of a bisgermanium (0) species in the 

synthesis of a digermadisilatetracyclobutadiene complex 3.2, as well as the continued 

transfer of digermanium (0) species resulting in the the synthesis of a 

bis(trigermanium(0)) complex 3.3. Complex 3.3 has also been demonstrated to release 

the bound trigermanium cluster resulting in the formation of germanium nanoparticles 

in pyridine. To date, transfer and release of Ge (0) species for the synthesis of larger 

clusters have yet to be described. This result is the first report of such a transformation 

occurring, and a significant step forward in our understanding regarding the mechanisms 

behind cluster formation in main group elements. This development could significantly 

change our approach to new main group element cluster complexes or even new 

semiconductor materials. Already, complex 3.3 presents an opportunity to form mixed 

metal or semiconductor clusters with controlled elemental ratios. We suggest that the 

preparation of metal chalcogenide clusters of the formula GeCh (Ch = S, Se, Te) would 

be one of the first approaches.6-8 We expect the trigermanium cluster to be reactive 
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towards elemental chalcogenides, given the presence of its three lone pairs. We would 

expect either the direct synthesis of the GeCh semiconductor material or isolate a small 

oligomeric GeCh cluster complex, which would be similar to an NHC-stabilized SiTe 

complex previously reported by our group.9 For now, further analysis needs to be done 

to properly ascertain the nature of the obtained germanium nanoparticles, and 

experiments involving different surfactants are currently underway to minimize surface 

oxidation during analysis of these nanoparticles.  

 In conclusion, we successfully demonstrated the synthesis of novel main group 

cluster-like complexes, using the amidinato disilyne scaffold, showing the importance 

of ligand design in cluster formation while also breaking new ground in the types of 

possible molecular structures that we can construct. We are excited to see where this 

synthetic strategy can go-expanding towards other members of the p-block, applying 

our current complexes in materials or optoelectronic contexts, or the synthesis of new 

mixed-metal clusters. 
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Appendix 

A.1 NMR Spectrum 

 

Figure A1.1 1H NMR spectrum of 2.4 in d-benzene 

 

Figure A1.2 13C NMR spectrum of 2.4 in d-benzene 
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Figure A1.3 29Si{1H} NMR spectrum of 2.4 in d-benzene 

 

Figure A1.4 CP-MAS 29Si{1H} NMR spectrum of 2.4 
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Figure A1.5 1H NMR spectrum of 2.5 in d-benzene 

 

 

 

Figure A1.6 CP-MAS 13C NMR spectrum of 2.5  
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Figure A1.7 CP-MAS 29Si{1H} NMR spectrum of 2.5 

 

 

Figure A1.8 1H NMR spectrum of 2.6 in d-benzene 
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Figure A1.9 13C NMR spectrum of 2.6 in d-benzene 

 

Figure A1.10 29Si{1H} NMR spectrum of 2.6 in d-benzene 
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Figure A1.11 1H NMR spectrum of 2.7 in d8-THF 

 

Figure A1.12 13C NMR spectrum of 2.7 in d8-THF 
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Figure A1.13 29Si{1H} NMR spectrum of 2.7 in d8-THF 

 

 

 

Figure A1.14 1H NMR spectrum of 3.2 in d-benzene 
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Figure A1.15 1H NMR spectrum of 3.2 in d-pyridine 

 

Figure A1.16 13C NMR spectrum of 3.2 in d-pyridine 
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Figure A1.17 29Si{1H} NMR spectrum of 3.2 in d-benzene 

 

Figure A1.18 29Si{1H} NMR spectrum of 3.3 in d-pyridine 
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Figure A1.19 1H NMR spectrum of 3.4 in d-benzene 

 

Figure A1.20 19F{1H} NMR spectrum of 3.4 in d-benzene 



138 
 

 

Figure A1.21 11B{1H} NMR spectrum of 3.4 in d-benzene 
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A.2 Computational Data 

 

Figure A2.1 Optimized Structure of compound 2.4 

Natural bond orbital (NBO) analysis at M06-2X/def2-SVP level 

Bond type Occupancy Polarization Hybridization Bond Length(Å) WBI 

σ-Bonding-Si
1
Si

2
 1.90 

Si
1
: 40.72% 

Si
2
: 59.28% 

Si
1
: sp

6.83
 

Si
2
: sp

1.07
 

2.26 1.31 

σ-Bonding-Si
2
Si

4
 1.94 

Si
2
: 47.03% 

Si
4
: 52.97% 

Si
2
: sp

1.75
 

Si
4
: sp

3.00
 

2.36 0.90 

σ-Bonding-Si
1
Si

3
 1.90 

Si
1
: 40.71% 

Si
3
: 59.29% 

Si
1
: sp

6.83
 

Si
3
: sp

1.07
 

2.26 1.31 

σ-Bonding-Si
3
Si

4
 1.94 

Si
3
: 47.00% 

Si
4
: 53.00% 

Si
3
: sp

1.75
 

Si
4
: sp

2.99
 

2.36 0.90 

σ-Bonding-Si
4
Si

5
 1.94 

Si
4
: 53.01% 

Si
5
: 46.99% 

Si
4
: sp

2.99
 

Si
5
: sp

1.76
 

2.36 0.90 

σ-Bonding-Si
4
Si

6
 1.94 Si

4
: 53.00% Si

4
: sp

2.99
 2.36 0.90 
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Si
6
: 47.00% Si

5
: sp

1.75
 

σ-Bonding-Si
5
Si

7
 1.90 

Si
5
: 59.30% 

Si
7
: 40.70% 

Si
5
: sp

1.07
 

Si
7
: sp

6.83
 

2.26 1.31 

σ-Bonding-Si
6
Si

7
 1.90 

Si
6
: 59.30% 

Si
7
: 40.70% 

Si
6
: sp

1.07
 

Si
7
: sp

6.83
 

2.26 1.31 

3C-Bonding-

Si2Si1Si3  
1.88  

Si2: 26.07%  
Si1: 47.84%  
Si3: 26.09%  

Si2: p1.00  
Si1: p1.00  
Si3: p1.00  

--  --  

3C-Bonding-

Si5Si7Si6  
1.88  

Si5: 25.28%  
Si7: 48.50%  
Si6: 26.22%  

Si5: p1.00  
Si7: p1.00  
Si6: p1.00  

--  --  

Lone pair-Si
1
 1.91 -- sp

0.33
 -- -- 

Lone pair-Si
7
 1.91 -- sp

0.33
 -- -- 

 Table A2.1. NBO results of compound 2.4 at M06-2X/def2-SVP theory 
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Figure A2.2 Optimized Structure of compound 2.5 

Natural bond orbital (NBO) analysis at M06-2X/def2-SVP level 

Bond type Occupancy Polarization Hybridization Bond Length(Å) WBI 

σ-Bonding-Si
1
Si

2
 1.84 

Si
1
: 43.69% 

Si
2
: 56.31% 

Si
1
: sp

6.17

 

Si
2
: sp

7.26

 

2.42 0.90 

σ-Bonding-Si
2
Si

3
 1.91 

Si
2
: 44.41% 

Si
3
: 55.59% 

Si
2
: sp

7.11

 

Si
3
: sp

1.37

 

2,33 1.06 

σ-Bonding-Si
2
Si

4
 1.91 

Si
2
: 44.38% 

Si
4
: 55.62% 

Si
2
: sp

7.23

 

Si
4
: sp

1.41

 

2.33 1.06 

σ-Bonding-Si
3
Si

5
 1.91 

Si
3
: 54.74% 

Si
5
: 45.26% 

Si
3
: sp

1.41

 

Si
5
: sp

6.68

 

2.32 1.07 

σ-Bonding-Si
4
Si

5
 1.91 

Si
4
: 54.71% 

Si
5
: 45.29% 

Si
4
: sp

1.36

 

Si
5
: sp

6.44

 

2.31 1.10 

σ-Bonding-Si
5
Si

6
 1.85 Si

5
: 57.37% Si

5
: sp

6.63

 2.41 0.90 
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Si
6
: 42.63% Si

6
: sp

6.22

 

Lone pair-Si
1
 1.93 -- sp

0.37

 -- -- 

Lone pair-Si
2
 1.76 -- sp

0.57

 -- -- 

Lone pair-Si
5
 1.72 -- sp

0.65

 -- -- 

Lone pair-Si
6
 1.94 -- sp

0.37

 -- -- 

Table A2.2 NBO results of compound 2.5 at M06-2X/def2-SVP theory 
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Figure A2.3 Optimized Structure of compound 2.6 

Natural bond orbital (NBO) analysis at M06-2X/def2-SVP level 

Bond type Occupancy Polarization Hybridization 

Bond 

Length(Å) 

WBI 

σ-Bonding-Si
1
Si

2
 1.86 

Si
1
: 43.04% 

Si
2
: 56.96% 

Si
1
: sp

6.35

 

Si
2
: sp

6.71

 

2.43 0.90 

σ-Bonding-Si
2
Si

3
 1.90 

Si
2
: 43.58% 

Si
3
: 56.42% 

Si
2
: sp

7.69

 

Si
3
: sp

1.44

 

2.34 1.03 

σ-Bonding-Si
2
Si

5
 1.89 

Si
2
: 43.68% 

Si
5
: 56.32% 

Si
2
: sp

8.03

 

Si
5
: sp

1.38

 

2.35 1.01 

σ-Bonding-Si
3
Si

4
 1.89 

Si
3
: 51.81% 

Si
4
: 48.19% 

Si
3
: sp

1.84

 

Si
4
: sp

2.06

 

2.28 1.13 

π-Bonding-Si
3
Si

4
 1.67 

Si
3
: 17.63% 

Si
4
: 82.37% 

Si
3
: sp

16.71

 

Si
4
: sp

8.41
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σ-Bonding-Si
4
Si

5
 1.93 

Si
4
: 46.53% 

Si
5
: 53.47% 

Si
4
: sp

2.13

 

Si
5
: sp

1.58

 

2.29 1.13 

Lone pair-Si
1
 1.94 -- sp

0.36

 -- -- 

Lone pair-Si
2
 1.77 -- sp

0.54

 -- -- 

Table A2.3 NBO results of compound 2.6 at M06-2X/def2-SVP theory 
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2.4 2.5 

 

 

2.6  

 

Table A2.4 Selected NPA charges for silicon centers of compounds 2.4, 2.6 and 2.7 at M06-2X/def2-

SVP theory 

 

 

a) 

 

b) 
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Figure A2.4 The HOMO of compound 2.5 a) top view b) side view  

 

a) 

 

b) 

 

 

Figure A2.5 The HOMO of compound 2.6 a) top view b) side view  

 

 

Figure A2.6 Mechanistic study for the formation of compounds 2.5 and 2.6 and formation of Int2 

 

 

 

 

 

 

 

 

 



147 
 

M06-2X /def2-SVP 

 

Compound 2.4  

----------------------------------------------------------------------------------------------------------------------------

--- 
 C                 12.07125700   10.04291800   11.55031600 
 C                 12.32908700    8.53684500   11.42081000 

 H                 13.03420100    8.34155700   10.59868400 

 H                 11.39332800    7.98547200   11.23730100 

 H                 12.75953600    8.15767500   12.35826300 

 C                 13.36637600   10.72700300   12.01216400 

 H                 14.17483500   10.54129800   11.28884700 

 H                 13.66854700   10.33604300   12.99518100 

 H                 13.22258900   11.81490500   12.08996200 

 C                 11.63352000   10.62967600   10.20246600 

 H                 12.36823300   10.34399100    9.43472100 

 H                 11.58713200   11.72686300   10.22871900 

 H                 10.65123900   10.24611300    9.89651000 

 C                 10.36789000   11.24268700   13.01910700 

 C                 10.18446300   12.51757100   12.27175900 

 C                 11.05381600   13.59817000   12.43749200 

 H                 11.89346200   13.51915300   13.13050000 

 C                 10.84381100   14.77306600   11.71543600 

 H                 11.52285000   15.61684300   11.84509800 

 C                  9.77015600   14.86875000   10.83104700 

 H                  9.60862000   15.78875400   10.26750000 

 C                  8.90207100   13.78791200   10.66639900 

 H                  8.06183300   13.86170800    9.97468700 

 C                  9.10700900   12.61309000   11.38471200 

 H                  8.43534100   11.75965000   11.26530600 

 C                  9.21458800   11.78439400   15.22688300 

 C                 10.31984300   12.58891700   15.92675500 

 H                  9.90317200   13.14835900   16.77803500 

 H                 10.77090400   13.31285100   15.23204600 

 H                 11.10419700   11.91040700   16.29403200 

 C                  8.15191600   12.74358400   14.67635900 

 H                  7.63635600   13.22596900   15.52036700 

 H                  7.40240900   12.21169300   14.07553500 

 H                  8.59608400   13.53619100   14.05908500 

 C                  8.59080800   10.81961800   16.24241800 

 H                  8.04861900   11.38268400   17.01716500 

 H                  9.38432400   10.22839100   16.72055500 

 H                  7.89958000   10.11557700   15.75263300 

 C                 13.17976800    4.73361400   14.92481000 

 C                 13.00968600    5.26870600   13.49789000 

 H                 13.75940600    4.81651700   12.83105900 

 H                 13.14394800    6.35950500   13.49792500 

 H                 12.00108900    5.05711400   13.10891000 

 C                 14.51473000    5.24494200   15.48604600 

 H                 15.34852600    4.91005100   14.85050000 

 H                 14.68307500    4.85548900   16.50096900 

 H                 14.51128900    6.34460400   15.52161500 

 C                 13.17546600    3.19988100   14.92647300 

 H                 13.92303300    2.84078700   14.20325600 

 H                 12.19550700    2.80033600   14.63369000 

 H                 13.43927500    2.79051700   15.91108900 

 C                 11.66499000    5.08450500   16.94515100 

 C                 12.00128400    3.89400700   17.77403200 

 C                 13.10590300    3.88351800   18.62888100 

 H                 13.74680800    4.76427900   18.69958800 

 C                 13.38342000    2.74681300   19.38830300 

 H                 14.24612500    2.73902300   20.05579700 

 C                 12.56113300    1.62473100   19.29490100 

 H                 12.78041800    0.73722100   19.89014300 



148 
 

 C                 11.45733800    1.63661900   18.44022300 

 H                 10.81334400    0.75926800   18.36653000 

 C                 11.17592400    2.76847000   17.67998100 

 H                 10.31519600    2.79089400   17.00736600 

 C                 10.33804300    6.49134600   18.60609400 

 C                 11.48279900    7.12771800   19.40809100 

 H                 11.10049600    7.54784800   20.35075000 

 H                 11.95134600    7.93196000   18.82145400 

 H                 12.24647200    6.37560000   19.65580800 

 C                  9.72595300    5.33869000   19.41183400 

 H                  9.22564800    5.75216200   20.30041900 

 H                 10.49011900    4.62968400   19.75811800 

 H                  8.98012500    4.78782000   18.82368500 

 C                  9.28147100    7.56522200   18.31963700 

 H                  8.79916200    7.88268500   19.25657700 

 H                  8.51370800    7.19518500   17.62180500 

 H                  9.76252000    8.43603700   17.85259700 

 C                  9.87063200    3.13694500   12.14673400 

 C                  9.68936900    3.13358600   13.66937100 

 H                  9.85687300    2.12218100   14.06956200 

 H                  8.66655900    3.45073300   13.91667600 

 H                 10.38320800    3.83734100   14.15588700 

 C                 11.22755600    2.53081300   11.76742100 

 H                 11.32292900    1.54447900   12.24584200 

 H                 12.05915500    3.16021400   12.11070900 

 H                 11.32323700    2.38684700   10.68265000 

 C                  8.74271700    2.30853300   11.51423700 

 H                  8.76484800    1.27756300   11.89877000 

 H                  8.85986000    2.26670500   10.42120500 

 H                  7.76708100    2.75829500   11.75159700 

 C                  9.91967800    5.12691200   10.55470500 

 C                 10.70245200    4.57173900    9.41606500 

 C                 10.10127900    3.81075400    8.41093400 

 H                  9.02910000    3.60952100    8.44890800 

 C                 10.87558500    3.31193200    7.36324100 

 H                 10.40596300    2.71756400    6.57835300 

 C                 12.24472000    3.57197400    7.31912000 

 H                 12.84763200    3.18064100    6.49847500 

 C                 12.84420400    4.33276900    8.32445500 

 H                 13.91524800    4.53681600    8.29080100 

 C                 12.07611900    4.83283900    9.37237000 

 H                 12.53235700    5.42962300   10.16579200 

 C                  9.00293900    7.27449500    9.53249800 

 C                 10.16831500    7.56211900    8.57763500 

 H                  9.88702600    8.39287700    7.91314100 

 H                 10.40459600    6.69467500    7.94652900 

 H                 11.07493100    7.85253600    9.12472700 

 C                  7.81258000    6.71883100    8.73701900 

 H                  7.46824300    7.45919800    7.99905600 

 H                  6.98259000    6.48009100    9.41861600 

 H                  8.10212200    5.80668000    8.19441500 

 C                  8.56283000    8.55982600   10.24348400 

 H                  8.35015200    9.34807400    9.50546400 

 H                  9.33613300    8.91473300   10.94296200 

 H                  7.65254700    8.36203400   10.82673300 

 C                  5.33647800    9.49135100   14.26973500 

 C                  6.29852100    9.91832200   13.15452400 

 H                  5.91040900   10.80967200   12.63870800 

 H                  6.40136700    9.10094600   12.42700500 

 H                  7.30168900   10.13629000   13.55401300 

 C                  5.04090800   10.67173900   15.20326300 

 H                  4.70407400   11.52753900   14.59914400 

 H                  5.93586500   10.97699000   15.76134000 

 H                  4.24467500   10.43614700   15.92235900 

 C                  4.02880400    8.99954200   13.63215800 

 H                  3.57570500    9.79824600   13.02549800 

 H                  3.30540300    8.70963500   14.40864900 
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 H                  4.22839600    8.12996100   12.98830400 

 C                  5.67080000    7.70777100   16.06049700 

 C                  4.75092700    8.18736500   17.12873200 

 C                  3.38760300    7.88395300   17.11691300 

 H                  2.97187900    7.28054100   16.30784000 

 C                  2.56469100    8.35413200   18.14052600 

 H                  1.49999500    8.11704500   18.13127700 

 C                  3.10080200    9.12424200   19.17185600 

 H                  2.45480700    9.49049900   19.97100800 

 C                  4.46359000    9.42686100   19.18217600 

 H                  4.88387600   10.02936700   19.98857000 

 C                  5.28932500    8.96013900   18.16310900 

 H                  6.35764400    9.18923200   18.15902400 

 C                  6.22478800    5.36199700   16.89117100 

 C                  4.97998100    4.59538800   16.42075800 

 H                  4.90774100    3.62866700   16.94183200 

 H                  5.03615900    4.41469700   15.33696800 

 H                  4.06720500    5.16917000   16.63964400 

 C                  6.11445000    5.64576000   18.39450800 

 H                  6.17330800    4.69282500   18.94158200 

 H                  5.15838800    6.12092600   18.65273800 

 H                  6.93040400    6.29238400   18.74339600 

 C                  7.46709500    4.51296700   16.59578200 

 H                  7.46462700    3.60663900   17.22013900 

 H                  8.39266200    5.08061800   16.78099600 

 H                  7.46523900    4.21718700   15.53727000 

 N                 11.05610400   10.18586300   12.60032500 

 N                  9.82143500   10.93937900   14.19184100 

 N                 12.08006300    5.31425000   15.70383700 

 N                 10.84888300    6.07308500   17.29549700 

 N                  9.72582700    4.53644500   11.72941800 

 N                  9.34873900    6.32601500   10.59766300 

 N                  5.98702900    8.36539900   14.94973100 

 N                  6.36929400    6.57763600   16.08211000 

 Si                10.71178700    9.24907800   14.22924000 

 Si                12.39650500    8.90867800   15.69445600 

 Si                11.18609800    7.00219600   15.66051800 

 Si                 9.40429600    7.28803400   14.14224300 

 Si                 8.63354000    5.98182300   12.33602900 

 Si                 6.41071900    5.67220200   12.58779500 

 Si                 7.08314100    6.92352900   14.34379900  

---------------------------------------------------------------------------------------------------------------------------- 

Compound 2.5 

----------------------------------------------------------------------------------------------------------------------------

--- 

 C                  2.38325100    8.57083300    8.38479200 

 C                  1.53161700    7.95089200    9.50037900 

 H                  0.86298000    7.18259100    9.08150900 

 H                  0.92646700    8.70171700   10.02660100 

 H                  2.19008200    7.47040500   10.23881300 

 C                  3.18746900    9.76017000    8.92408300 

 H                  3.86915600   10.13838000    8.14668800 

 H                  3.79665100    9.43605300    9.78101400 

 H                  2.52911600   10.57182500    9.26345400 

 C                  3.36868900    7.51980300    7.86588000 

 H                  2.84165300    6.61875400    7.52027800 

 H                  4.06816500    7.24622500    8.66910400 

 H                  3.95172000    7.92596000    7.02361600 

 C                  0.37890000    9.61577300    7.20080700 

 C                 -0.32556900   10.25657300    8.34808700 

 C                  0.10513700   11.49228400    8.83893100 

 H                  0.96221600   11.98246600    8.37613400 

 C                 -0.57123800   12.09783600    9.89629400 
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 H                 -0.23493300   13.06571800   10.27038300 

 C                 -1.67560900   11.47007000   10.47172100 

 H                 -2.20368500   11.94458800   11.30003200 

 C                 -2.10297900   10.23322100    9.98802800 

 H                 -2.96224100    9.73572300   10.43975800 

 C                 -1.43236600    9.62796100    8.92738000 

 H                 -1.75135400    8.65460100    8.55256200 

 C                 -1.23419300   10.16495800    5.29004100 

 C                 -1.49636900   11.59630200    5.77443700 

 H                 -1.88700600   11.62381600    6.80061500 

 H                 -2.24238200   12.06717700    5.11774300 

 H                 -0.57249500   12.19269300    5.73208500 

 C                 -2.47086800    9.28886100    5.52010100 

 H                 -2.71016800    9.20728200    6.58997000 

 H                 -2.29974800    8.28210800    5.10990400 

 H                 -3.34037500    9.72702400    5.00751700 

 C                 -0.93179600   10.18474400    3.78914600 

 H                 -1.80348400   10.56844800    3.23981800 

 H                 -0.71986500    9.16313600    3.43479100 

 H                 -0.05492400   10.80978600    3.56596600 

 C                  6.71274100   10.23931100    2.59489500 

 C                  6.05271500   10.29185000    1.21136700 

 H                  5.90735500   11.32856500    0.87801400 

 H                  5.07227200    9.79360100    1.25058000 

 H                  6.68665300    9.78546100    0.46602100 

 C                  6.92577400    8.77211900    2.97429900 

 H                  7.38134300    8.68895900    3.97289000 

 H                  7.58902100    8.28409900    2.24401800 

 H                  5.95995200    8.23818100    2.98450200 

 C                  8.06676800   10.95960600    2.57085200 

 H                  7.97149300   11.99184600    2.20750800 

 H                  8.76016200   10.42820700    1.90183700 

 H                  8.50304400   10.97950600    3.58056900 

 C                  5.39569800   12.03936600    3.82228900 

 C                  5.83357200   13.26906100    3.10006400 

 C                  5.19587900   13.64866500    1.91508900 

 H                  4.38444400   13.02973000    1.52546100 

 C                  5.57890000   14.81696100    1.25889500 

 H                  5.07496200   15.11248200    0.33755300 

 C                  6.59910500   15.61088400    1.78351600 

 H                  6.89660600   16.52660500    1.27038800 

 C                  7.23855600   15.23414900    2.96494400 

 H                  8.03802900   15.85275300    3.37534000 

 C                  6.85691600   14.06602600    3.62295900 

 H                  7.35654000   13.76102800    4.54489000 

 C                  3.77813800   13.01415000    5.53703200 

 C                  2.51880100   12.33631700    6.09152600 

 H                  1.88642000   11.96393800    5.27016200 

 H                  1.94256000   13.06014100    6.68804300 

 H                  2.77897100   11.47594900    6.72968000 

 C                  3.33519500   14.16729400    4.62750800 

 H                  4.17357500   14.80248300    4.31335400 

 H                  2.62143700   14.79925500    5.17643600 

 H                  2.83295500   13.77459800    3.73110000 

 C                  4.62808000   13.55318000    6.69515900 

 H                  4.93696600   12.72735200    7.35277200 

 H                  4.06114500   14.28814400    7.28672400 

 H                  5.53204000   14.04607400    6.30732200 

 N                  1.54624800    8.97582300    7.24399000 

 N                 -0.06051600    9.57124500    5.94450700 

 N                  5.81873300   10.79532700    3.60617400 

 N                  4.52636400   11.98267900    4.82470700 

 Si                 1.43938200    8.56229000    5.39459300 

 Si                 2.86036900    9.51806700    3.81353500 

 Si                 4.82869100   10.10472100    5.08552300 

 C                  0.04281900    3.04891500    2.63938000 

 C                 -1.23538300    2.61886800    1.90766300 



151 
 

 H                 -1.82275500    1.93497100    2.53857300 

 H                 -0.99144700    2.09778100    0.96941300 

 H                 -1.85291400    3.49910000    1.67702200 

 C                  0.91438500    1.82272100    2.93796600 

 H                  1.76326300    2.10130900    3.57956000 

 H                  1.31079400    1.42820200    1.99012000 

 H                  0.35182300    1.01688100    3.42753000 

 C                  0.84662000    4.01219900    1.76182500 

 H                  0.28007300    4.93994300    1.58230900 

 H                  1.06529100    3.54778000    0.78788700 

 H                  1.79070600    4.28620000    2.25968100 

 C                 -0.74499500    3.41797800    5.03350500 

 C                 -0.74118000    2.02002500    5.55451800 

 C                  0.40637700    1.51273800    6.17267200 

 H                  1.27874400    2.16044400    6.28746900 

 C                  0.43244400    0.19413800    6.62165300 

 H                  1.32980800   -0.19840600    7.10201300 

 C                 -0.68503100   -0.62428500    6.45216900 

 H                 -0.66213100   -1.65783800    6.80086700 

 C                 -1.83217400   -0.12060400    5.83905900 

 H                 -2.70769100   -0.75823700    5.70841500 

 C                 -1.86181800    1.19991000    5.39225000 

 H                 -2.75823400    1.60394500    4.91691300 

 C                 -1.54756100    4.72547600    7.05695200 

 C                 -0.35573700    4.44437800    7.98157700 

 H                 -0.10314700    3.37495000    7.98652400 

 H                 -0.59917000    4.73879400    9.01415000 

 H                  0.52328300    5.01280800    7.64064100 

 C                 -2.75151800    3.86528400    7.46173400 

 H                 -3.58600300    4.02809400    6.76373500 

 H                 -3.08352100    4.13786700    8.47481600 

 H                 -2.49770800    2.79651100    7.46591800 

 C                 -1.92948900    6.20362200    7.17113000 

 H                 -1.08041900    6.84806400    6.88068200 

 H                 -2.21383400    6.43531900    8.20851800 

 H                 -2.78014400    6.43370300    6.51264100 

 C                  5.06143000    5.25961300    3.52240400 

 C                  6.41128200    5.06044500    2.82311200 

 H                  6.32078900    4.48836100    1.89009700 

 H                  7.07759100    4.50238800    3.49699200 

 H                  6.88144800    6.02815700    2.59860900 

 C                  4.34678000    3.90919000    3.67441200 

 H                  3.38824000    4.05063200    4.19858800 

 H                  4.96868700    3.20836800    4.25183600 

 H                  4.15385500    3.46216700    2.68602200 

 C                  5.29512100    5.87049400    4.90825500 

 H                  5.78227100    6.85402400    4.82937400 

 H                  5.93648300    5.20665900    5.50577500 

 H                  4.33806000    6.00006500    5.43538100 

 C                  3.80393800    6.22622900    1.52233200 

 C                  4.56878200    5.64491300    0.38505300 

 C                  4.24764000    4.38612300   -0.12894400 

 H                  3.40506000    3.83342800    0.29087900 

 C                  5.00064200    3.85195100   -1.17290700 

 H                  4.75215200    2.86789000   -1.57256700 

 C                  6.06813700    4.57448000   -1.70706900 

 H                  6.65518100    4.15460900   -2.52514400 

 C                  6.38525500    5.83332500   -1.19597100 

 H                  7.21998000    6.39869900   -1.61254400 

 C                  5.63963000    6.36847100   -0.14758100 

 H                  5.88674800    7.34623600    0.27288600 

 C                  1.98746700    7.53872800    0.30631900 

 C                  1.80350200    6.55712100   -0.85667700 

 H                  2.75140200    6.33304000   -1.36378300 

 H                  1.12389000    7.00465700   -1.59649100 

 H                  1.35811300    5.61540400   -0.50485600 

 C                  2.77065600    8.76960700   -0.16659000 



152 
 

 H                  3.77578300    8.48225000   -0.51158400 

 H                  2.86271400    9.49210600    0.65835300 

 H                  2.24622600    9.25318700   -1.00456000 

 C                  0.61537500    7.98438800    0.82176600 

 H                  0.03545200    7.13048700    1.20449000 

 H                  0.04734900    8.46269600    0.01103300 

 H                  0.73775800    8.71072700    1.63937900 

 N                 -0.30948000    3.80655000    3.83730900 

 N                 -1.18391700    4.50550300    5.65810100 

 N                  4.17659000    6.18637600    2.80221600 

 N                  2.67353600    6.91971000    1.44837700 

 Si                -0.86997000    5.61617700    4.12550000 

 Si                 1.30852500    6.29715000    4.90115400 

 Si                 2.69983100    7.24763900    3.32015300 

---------------------------------------------------------------------------------------------------------------------------- 

Compound 2.6 

----------------------------------------------------------------------------------------------------------------------------

--- 
C                  3.99749400   14.21295100    9.80979800 

 C                  4.48544500   14.82472500   11.12914300 

 H                  3.83107700   14.55075600   11.96766600 

 H                  4.49394500   15.92236400   11.05190900 

 H                  5.50723100   14.48235400   11.35026100 

 C                  2.54152900   14.61147700    9.54110300 

 H                  2.18857700   14.12201600    8.62195700 

 H                  2.45907600   15.70343300    9.42173000 

 H                  1.88839400   14.31292200   10.37289600 

 C                  4.87208400   14.72914800    8.66456900 

 H                  5.92493900   14.45045300    8.82510600 

 H                  4.80896300   15.82623900    8.60239100 

 H                  4.54368900   14.29940000    7.70234800 

 C                  3.65675600   11.82600000   10.61873600 

 C                  2.87506600   12.04144200   11.87167700 

 C                  3.51723500   12.13421800   13.11038100 

 H                  4.60727000   12.08695700   13.15535400 

 C                  2.76923300   12.29568000   14.27587300 

 H                  3.27465300   12.36711800   15.24004100 

 C                  1.37785900   12.36711200   14.20842100 

 H                  0.79326000   12.49192700   15.12111400 

 C                  0.73409900   12.28049700   12.97353500 

 H                 -0.35406000   12.33566000   12.91899400 

 C                  1.47964400   12.11707600   11.80774300 

 H                  0.98741900   12.03276600   10.83606800 

 C                  3.89781100    9.29225800   10.63039800 

 C                  4.13864200    8.35749300    9.44169500 

 H                  3.32318000    8.44722500    8.70634900 

 H                  4.20342100    7.31522300    9.79008500 

 H                  5.08216000    8.61009300    8.93280000 

 C                  4.98257400    9.06025400   11.69061600 

 H                  5.97500300    9.26834100   11.26476000 

 H                  4.95970000    8.01984400   12.04886400 

 H                  4.82415700    9.72271800   12.55393900 

 C                  2.51144300    8.99256700   11.21430700 

 H                  2.34085000    9.50775400   12.16896700 

 H                  2.42043100    7.91071600   11.39445400 

 H                  1.72784900    9.29471600   10.50336200 

 C                  6.05797900    7.56149200    6.01904400 

 C                  6.41814300    6.40244800    6.95673800 

 H                  6.07012500    6.60732900    7.98008800 

 H                  7.51227500    6.29467800    6.98078200 

 H                  5.99437500    5.44607300    6.62362900 

 C                  6.36920700    7.17729900    4.56695600 

 H                  5.81770400    6.27062400    4.27476700 

 H                  7.44454700    6.97420200    4.44718400 

 H                  6.08471900    7.98868100    3.87867100 



153 
 

 C                  6.87846200    8.79359600    6.41268300 

 H                  6.63547100    9.64607700    5.76076700 

 H                  7.95092800    8.56954100    6.31809200 

 H                  6.67653700    9.09598400    7.45156000 

 C                  3.54090300    7.19855800    6.06255700 

 C                  3.46306400    5.71799700    6.19713400 

 C                  3.36481100    5.12372400    7.45745900 

 H                  3.36416300    5.75299900    8.34899200 

 C                  3.27596200    3.73719000    7.56517800 

 H                  3.19760500    3.27346800    8.54934500 

 C                  3.29107900    2.94456800    6.41724100 

 H                  3.22403900    1.85912700    6.50347200 

 C                  3.39070300    3.53902700    5.15883000 

 H                  3.39987100    2.92047200    4.26047300 

 C                  3.47234000    4.92528900    5.04548800 

 H                  3.53263500    5.40170800    4.06439700 

 C                  1.06896000    7.79960400    5.98608800 

 C                  0.73680600    7.84700500    7.48294000 

 H                  1.25781300    7.04016300    8.02140500 

 H                 -0.34507500    7.72220600    7.64031800 

 H                  1.04760900    8.81692200    7.90119700 

 C                  0.58009600    6.48281500    5.37017100 

 H                  0.93482000    6.38583900    4.33313900 

 H                 -0.51968300    6.48739400    5.35863500 

 H                  0.90580300    5.60262100    5.93954300 

 C                  0.37202600    8.96192400    5.27629700 

 H                  0.73107800    9.91939500    5.68218000 

 H                 -0.71419700    8.90060500    5.43432000 

 H                  0.57337500    8.93228100    4.19578600 

 C                  2.94092700    9.50136000    1.61779800 

 C                  1.83750900   10.46329800    2.06046200 

 H                  1.75654200   10.49814200    3.15415000 

 H                  0.86928700   10.14346200    1.64628400 

 H                  2.05951000   11.48240700    1.70579800 

 C                  2.63431500    8.09041200    2.14147500 

 H                  3.40948000    7.39228400    1.80032900 

 H                  1.64999200    7.75242500    1.77757900 

 H                  2.61194100    8.09440700    3.24268800 

 C                  2.94685500    9.50541500    0.08143700 

 H                  3.24869000   10.49671100   -0.29131600 

 H                  1.93008700    9.29932300   -0.28397700 

 H                  3.62421600    8.74986000   -0.32836600 

 C                  5.43070900    9.57179200    1.57149400 

 C                  6.53730600   10.59909400    1.56870800 

 C                  6.44485800   11.66347800    0.66683800 

 H                  5.53836100   11.77084700    0.06715100 

 C                  7.50761100   12.55199500    0.51061700 

 H                  7.43721500   13.36289700   -0.21640900 

 C                  8.65724700   12.40652900    1.28651000 

 H                  9.48959300   13.10243400    1.16834000 

 C                  8.73011200   11.38290900    2.23320800 

 H                  9.61368500   11.28493200    2.86604400 

 C                  7.67703400   10.48018300    2.37104900 

 H                  7.72854400    9.68174600    3.11416900 

 C                  6.60614800    7.83991600    0.25806000 

 C                  7.37473800    8.80712200   -0.65818200 

 H                  6.67324000    9.43124500   -1.23257100 

 H                  7.97261200    8.22092100   -1.37240400 

 H                  8.05831400    9.46947500   -0.11257500 

 C                  5.93741600    6.78324700   -0.63596900 

 H                  5.35205000    6.08830000   -0.01758700 

 H                  6.68691200    6.21412200   -1.20631000 

 H                  5.25196900    7.26539900   -1.34918400 

 C                  7.58030600    7.12565600    1.20301400 

 H                  8.09884500    7.84655500    1.85033900 

 H                  8.33692200    6.57397600    0.62449600 

 H                  7.03594200    6.41279600    1.83915900 



154 
 

 C                  6.07231600   14.24132100    4.89010800 

 C                  6.42678300   15.64187500    5.40403500 

 H                  6.04593800   16.44047800    4.75387900 

 H                  7.52223300   15.73098100    5.43842300 

 H                  6.03868800   15.79824300    6.42087500 

 C                  6.45290800   14.11020900    3.41243200 

 H                  6.25022900   13.08880400    3.05607500 

 H                  7.52436600   14.31631600    3.27239400 

 H                  5.88154800   14.82352300    2.79759800 

 C                  6.84282300   13.20132000    5.70835500 

 H                  6.59973600   13.27622400    6.77851800 

 H                  7.92353300   13.36040700    5.58181700 

 H                  6.59763600   12.18334500    5.37004600 

 C                  3.55695100   14.63278900    4.73903500 

 C                  1.08086600   14.06241500    4.72900700 

 C                  0.64536600   15.17898900    3.77214200 

 H                  0.96269500   16.17311200    4.11284800 

 H                 -0.45259500   15.18045200    3.70811200 

 H                  1.04871000   15.00442000    2.76369100 

 C                  0.69414900   14.41673100    6.16944800 

 H                  0.95019600   13.58127900    6.83835700 

 H                 -0.38725600   14.60861300    6.23745700 

 H                  1.22402700   15.32119100    6.50472400 

 C                  0.37971200   12.76536500    4.32383800 

 H                  0.59357700   12.52099900    3.27474900 

 H                 -0.70724600   12.87037200    4.44996400 

 H                  0.72516300   11.93444800    4.95722800 

 N                  4.14063600   12.75981500    9.80488600 

 N                  4.00168700   10.64959600   10.10282800 

 N                  4.64031300    7.94253200    6.12815400 

 N                  2.51300400    8.00766800    5.80723800 

 N                  4.23164400   10.02550400    2.15000000 

 N                  5.51278900    8.41527800    1.04329200 

 N                  4.64128500   13.92536200    5.03679900 

 N                  2.52479300   13.79307300    4.65644300 

 Si                 5.01211400   11.46585700    8.69184000 

 Si                 3.14396500   11.27991600    7.14483800 

 Si                 3.66097800    9.51050400    5.70695800 

 Si                 4.47685100   10.58627400    3.86380100 

 Si                 3.64068000   12.32324100    5.10376800 

 C                  3.50308900   16.10867700    4.55314000 

 C                  3.42169700   18.87493700    4.22059900 

 C                  3.40026100   16.94247200    5.66983500 

 C                  3.56607900   16.65845400    3.27013100 

 C                  3.52835000   18.04161600    3.10661300 

 C                  3.35612200   18.32488100    5.50104200 

 H                  3.36691500   16.50083000    6.66827000 

 H                  3.63979200   15.99890600    2.40332700 

 H                  3.58005700   18.47122700    2.10532100 

 H                  3.27499200   18.97573900    6.37259700 

 H                  3.39038600   19.95758100    4.09025700 

---------------------------------------------------------------------------------------------------------------------------- 

Int-1  

G= -2255.776445 Hartree 

----------------------------------------------------------------------------------------------------------------------------

---  C                  1.85386400   16.25438200   12.34824300 
 C                  2.12971200   15.26860900   13.48997600 

 H                  1.26055700   14.63281000   13.70602600 

 H                  2.37398700   15.82896000   14.40463300 

 H                  2.98576300   14.62563000   13.23618000 

 C                  0.56711100   17.04278500   12.62490900 

 H                  0.36341700   17.73306400   11.79327400 

 H                  0.66438900   17.62555900   13.55331000 

 H                 -0.28907100   16.36228000   12.73749500 



155 
 

 C                  3.03223900   17.22704900   12.23638400 

 H                  3.97174600   16.67872900   12.07327300 

 H                  3.12266000   17.82371200   13.15528800 

 H                  2.88301500   17.91482100   11.38897400 

 C                  1.09533900   14.49954000   10.65969400 

 C                  0.28437600   13.59089600   11.52085100 

 C                 -1.05031300   13.89004100   11.81214600 

 H                 -1.50318600   14.78994000   11.39130700 

 C                 -1.79875700   13.03473800   12.61874600 

 H                 -2.84044000   13.27086600   12.84085900 

 C                 -1.21816200   11.87704600   13.13737400 

 H                 -1.80498700   11.20805700   13.76855100 

 C                  0.11314000   11.57590600   12.84938200 

 H                  0.57054500   10.67347600   13.25738500 

 C                  0.86384300   12.43039900   12.04378000 

 H                  1.91148800   12.21177200   11.82587500 

 C                  0.85040100   13.38058200    8.38077400 

 C                 -0.62453700   12.99303100    8.55274000 

 H                 -0.79584100   12.41464000    9.47034700 

 H                 -0.93963000   12.37266100    7.70050600 

 H                 -1.25719700   13.89293700    8.57944700 

 C                  1.74003900   12.13681600    8.50676300 

 H                  2.79668200   12.41683500    8.37954000 

 H                  1.47042300   11.39403800    7.74038100 

 H                  1.61432000   11.66928100    9.49399700 

 C                  1.04190000   13.99661200    6.99060900 

 H                  0.41152000   14.89156800    6.87747300 

 H                  0.76941500   13.26849600    6.21299800 

 H                  2.09549700   14.28496100    6.84680700 

 C                  7.26412500   13.47295500    6.51990600 

 C                  8.45191900   13.54726900    5.55408100 

 H                  8.16220700   13.35464200    4.51292400 

 H                  9.18786600   12.78380400    5.84470800 

 H                  8.93886900   14.53186000    5.61003000 

 C                  6.48083600   12.17415200    6.29428400 

 H                  5.63582600   12.11741800    6.99610900 

 H                  7.13238600   11.30163700    6.45002700 

 H                  6.09177300   12.13315600    5.26550900 

 C                  7.78881800   13.52241800    7.95700800 

 H                  8.35045900   14.45196300    8.12863600 

 H                  8.45411400   12.66698000    8.14106400 

 H                  6.95843600   13.48359800    8.67757800 

 C                  5.81660000   15.17912800    5.28711000 

 C                  6.28479800   15.01272600    3.88486400 

 C                  5.66956600   14.06511200    3.06030000 

 H                  4.83050600   13.48176000    3.44470600 

 C                  6.12494500   13.87562500    1.75699400 

 H                  5.64556400   13.13337900    1.11746100 

 C                  7.18945600   14.63537700    1.27147700 

 H                  7.54436500   14.48686500    0.25070000 

 C                  7.79935300   15.58594900    2.09024200 

 H                  8.63128600   16.18122000    1.71173600 

 C                  7.35148700   15.77325900    3.39618100 

 H                  7.83457200   16.50441800    4.04710700 

 C                  4.03759800   16.98378500    5.02069600 

 C                  3.40399700   16.50194000    3.71092600 

 H                  4.15683100   16.28279700    2.94219100 

 H                  2.74081900   17.28700200    3.31958200 

 H                  2.80183200   15.59862000    3.88891400 

 C                  4.98945500   18.15625900    4.75775400 

 H                  5.45394800   18.48412600    5.69944600 

 H                  4.43655100   19.00416700    4.32768900 

 H                  5.78052100   17.87244000    4.04910300 

 C                  2.93339700   17.43105700    5.97706700 

 H                  2.23180000   16.60964400    6.18153600 

 H                  2.37130900   18.26788300    5.53941700 

 H                  3.35198000   17.75968100    6.94038100 



156 
 

 N                  1.76273200   15.57825200   11.05539400 

 N                  1.27282800   14.39823200    9.34304400 

 N                  6.34754600   14.61424600    6.37247700 

 N                  4.76161900   15.89678700    5.69789900 

 Si                 2.22935100   16.05557200    9.25864600 

 Si                 4.37400900   14.91202400    9.46278400 

 Si                 5.04335900   15.37486300    7.46448200 

---------------------------------------------------------------------------------------------------------------------------- 

TS1 

G= -4222.181187 Hartree 

----------------------------------------------------------------------------------------------------------------------------

--- 
 C                 11.46919500    9.54250300   11.89777500 

 C                 11.21668800    8.08394500   11.50518600 

 H                 11.26582700    7.96866100   10.41054900 

 H                 10.21831600    7.75509200   11.84033100 

 H                 11.96374000    7.41994300   11.96715400 

 C                 12.90398500    9.92192200   11.50787400 

 H                 13.07392100    9.65246800   10.45473200 

 H                 13.63152100    9.37565700   12.12669600 

 H                 13.09134700   10.99874700   11.61124000 

 C                 10.47684300   10.45145200   11.16165900 

 H                 10.57892300   10.33061800   10.07219100 

 H                 10.66632300   11.50769800   11.40118500 

 H                  9.44537000   10.20117200   11.44778400 

 C                 11.54999600   10.59525700   14.20916200 

 C                 12.24951200   11.88071300   13.90773100 

 C                 13.63468200   12.01832600   14.04212900 

 H                 14.23239400   11.16322400   14.36238700 

 C                 14.25133500   13.23465200   13.75176200 

 H                 15.33257400   13.33231200   13.85846400 

 C                 13.49012300   14.32091900   13.32173700 

 H                 13.97444500   15.27127300   13.09263300 

 C                 12.10782900   14.19041800   13.18571100 

 H                 11.50776200   15.03810000   12.85177800 

 C                 11.49029200   12.97652600   13.47966300 

 H                 10.40709900   12.87022300   13.38726100 

 C                 10.97841300   10.90395300   16.67370900 

 C                 12.39511500   10.80928800   17.24738200 

 H                 12.42836400   11.21502400   18.27031000 

 H                 13.11230800   11.37234100   16.63194400 

 H                 12.69445800    9.75159300   17.26655000 

 C                 10.49764600   12.36007200   16.64786500 

 H                 10.38119500   12.73160700   17.67700600 

 H                  9.52273900   12.42562400   16.14163300 

 H                 11.21063500   13.01596300   16.13056900 

 C                 10.03760800   10.07778500   17.55315400 

 H                 10.05457700   10.44670800   18.58929900 

 H                 10.34797800    9.02005400   17.54303400 

 H                  9.00515100   10.14006000   17.17532400 

 C                 13.98450900    7.25066900   16.03870800 

 C                 14.10549600    8.22712600   14.86463800 

 H                 15.14765500    8.31281400   14.52270700 

 H                 13.73576000    9.21648500   15.17387100 

 H                 13.48064800    7.88930000   14.02177200 

 C                 14.83529700    7.76154000   17.20875200 

 H                 15.85548700    7.94920100   16.84217400 

 H                 14.90261700    7.02995000   18.02442500 

 H                 14.44216200    8.70285000   17.61691700 

 C                 14.49516700    5.86395500   15.62042800 

 H                 15.55366100    5.91494600   15.32298500 

 H                 13.89961900    5.47957000   14.78028100 

 H                 14.40919600    5.15747400   16.45988900 

 C                 11.86947200    6.70788900   17.36742900 
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 C                 12.47740500    6.38780100   18.69004700 

 C                 12.63918800    7.38919400   19.65123600 

 H                 12.27895900    8.39828600   19.43735400 

 C                 13.25579100    7.09781200   20.86623300 

 H                 13.37813900    7.88131800   21.61539100 

 C                 13.71871300    5.80694000   21.12313200 

 H                 14.20413600    5.58041800   22.07355700 

 C                 13.55863900    4.80491000   20.16550000 

 H                 13.91792300    3.79446900   20.36585900 

 C                 12.93788500    5.09368300   18.95129600 

 H                 12.80229300    4.31377100   18.19840800 

 C                  9.43495200    5.94926200   17.63410900 

 C                  9.58467300    5.86476500   19.15606600 

 H                  8.61279200    5.57224500   19.57871100 

 H                  9.86494400    6.83767800   19.58528200 

 H                 10.32720600    5.12022100   19.46901200 

 C                  9.15722600    4.55337000   17.06073500 

 H                  8.27376000    4.11014200   17.54493500 

 H                 10.02208500    3.89378900   17.23028400 

 H                  8.96710300    4.61685500   15.97810900 

 C                  8.24630800    6.86952500   17.32809500 

 H                  7.32028900    6.41676400   17.71497400 

 H                  8.12779100    7.01395400   16.24366400 

 H                  8.38247900    7.85157400   17.80493200 

 C                 11.03230900    3.75268100   11.67404200 

 C                 10.43704000    3.28951400   13.00730500 

 H                 11.13551900    2.59950700   13.50258200 

 H                  9.47809400    2.77429300   12.84927400 

 H                 10.27371300    4.15244300   13.67195800 

 C                 12.38092200    4.42615600   11.94871300 

 H                 13.07057400    3.70046500   12.40598400 

 H                 12.24029000    5.25956100   12.65278600 

 H                 12.84130900    4.79346300   11.02088100 

 C                 11.21867800    2.53700100   10.75723700 

 H                 11.76292600    1.75486600   11.30625000 

 H                 11.79698300    2.77751200    9.85502300 

 H                 10.24212400    2.12843000   10.45515000 

 C                  9.88372300    5.13665000    9.84899800 

 C                 10.77627300    4.84929300    8.69529900 

 C                 10.38217500    3.91511800    7.73089200 

 H                  9.41178900    3.42342000    7.82673400 

 C                 11.22926900    3.60851200    6.66997700 

 H                 10.92187500    2.87375000    5.92460100 

 C                 12.47054500    4.23829600    6.56165900 

 H                 13.13281100    3.99837900    5.72860300 

 C                 12.86342300    5.17360700    7.51786000 

 H                 13.83095200    5.67011000    7.43305600 

 C                 12.02087100    5.47655200    8.58708800 

 H                 12.32097400    6.20769900    9.33992400 

 C                  8.02671000    6.64955200    8.86200900 

 C                  8.69560600    6.68378100    7.48705800 

 H                  8.14628600    7.40240300    6.86243000 

 H                  8.66547900    5.70791000    6.98589800 

 H                  9.74227200    7.01420400    7.54578100 

 C                  6.59216000    6.13045300    8.72161200 

 H                  6.02749300    6.76183200    8.02005300 

 H                  6.07526600    6.15276700    9.69340300 

 H                  6.59685800    5.09727900    8.34374800 

 C                  8.01432600    8.06949700    9.43914100 

 H                  7.42864600    8.74073900    8.79343200 

 H                  9.03979900    8.45750000    9.51570800 

 H                  7.56996600    8.07069900   10.44445400 

 C                  5.70410900   10.00968200   13.56535300 

 C                  6.69018700   10.16854800   12.40486400 

 H                  6.92166300   11.23056400   12.23576800 

 H                  6.26093600    9.75287400   11.47991000 

 H                  7.62142600    9.63235300   12.64615700 
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 C                  6.30192400   10.66961800   14.81330700 

 H                  6.53935500   11.72124900   14.58987300 

 H                  7.23484800   10.15413900   15.09086200 

 H                  5.60223900   10.65591500   15.65946900 

 C                  4.36701600   10.66475200   13.19655300 

 H                  4.51633000   11.72703100   12.95038900 

 H                  3.65593200   10.60633200   14.03340500 

 H                  3.92947200   10.15875700   12.32281800 

 C                  4.75872600    7.88029900   14.58650900 

 C                  4.11397600    8.41112100   15.82341400 

 C                  2.76319700    8.77318300   15.83160800 

 H                  2.17246100    8.65714200   14.92058500 

 C                  2.17861000    9.27407600   16.99385700 

 H                  1.12529200    9.55824400   16.99279300 

 C                  2.93853100    9.40926400   18.15560200 

 H                  2.47948600    9.79871000   19.06558800 

 C                  4.28575600    9.04653300   18.15296600 

 H                  4.88306300    9.15089500   19.05992100 

 C                  4.87338200    8.55276000   16.98994200 

 H                  5.92956400    8.27568600   16.97194700 

 C                  4.18932600    5.40142800   14.72598000 

 C                  2.69527400    5.48277400   15.06630300 

 H                  2.33171800    4.49167900   15.37652300 

 H                  2.12245700    5.80329400   14.18345500 

 H                  2.50311300    6.18449700   15.88890900 

 C                  5.00216300    5.07958800   15.98759500 

 H                  4.69167000    4.10741000   16.40010800 

 H                  4.84233100    5.84498700   16.76166300 

 H                  6.07509300    5.03868200   15.74454600 

 C                  4.40248900    4.29567600   13.68808400 

 H                  4.06577400    3.32939500   14.09002200 

 H                  5.46762000    4.21382800   13.42141700 

 H                  3.83295900    4.51531100   12.77241500 

 N                 11.25976300    9.61623700   13.34681400 

 N                 10.94066400   10.28304100   15.35249400 

 N                 12.54707100    7.18737100   16.31857600 

 N                 10.62130000    6.48939400   16.95574300 

 N                 10.07856400    4.72380000   11.10679300 

 N                  8.71016300    5.77856900    9.83008600 

 N                  5.53121400    8.56452700   13.74339900 

 N                  4.66851300    6.64080000   14.11034600 

 Si                 9.99743900    8.84393300   14.55749900 

 Si                11.11776900    6.77611500   15.12538700 

 Si                 7.75778700    6.29559700   13.51523500 

 Si                 8.44531200    5.43608900   11.64397600 

 Si                 5.65718600    7.08362500   12.53443100 

----------------------------------------------------------------------------------------------------------------------------

TS2  

G= -4511.512933 Hartree 

----------------------------------------------------------------------------------------------------------------------------

--- 
 C                  1.56330300    8.87790200    9.25013600 

 C                  0.45014100    8.41631300   10.19811300 

 H                  0.02483900    7.46336700    9.85042300 

 H                 -0.35485000    9.16208600   10.26056800 

 H                  0.85681500    8.27035900   11.20981500 

 C                  2.15789100   10.20962400    9.72963900 

 H                  2.82568300   10.60774100    8.95228100 

 H                  2.73809500   10.04750000   10.64963300 

 H                  1.37913200   10.95155200    9.94801500 

 C                  2.66985200    7.82151500    9.21958600 

 H                  2.26834500    6.84649500    8.91041200 

 H                  3.12123300    7.72369500   10.21660100 

 H                  3.45299300    8.09966300    8.50103400 
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 C                  0.07498200    9.73272300    7.35451100 

 C                 -0.71193100   10.77653800    8.06957200 

 C                 -0.18805800   12.05499800    8.29260400 

 H                  0.80767100   12.29742600    7.91687100 

 C                 -0.93935200   13.01059600    8.97194100 

 H                 -0.52777800   14.00732000    9.13634400 

 C                 -2.21589200   12.69441400    9.43904200 

 H                 -2.80233600   13.44351100    9.97303400 

 C                 -2.74175100   11.42193700    9.22133800 

 H                 -3.73865300   11.17093900    9.58596100 

 C                 -1.99365500   10.46555600    8.53545200 

 H                 -2.39673800    9.46539900    8.36213100 

 C                 -0.81641600    9.97431500    4.98634800 

 C                 -0.51403900   11.47798800    4.98223000 

 H                 -0.92643900   12.00533800    5.85052700 

 H                 -0.93589100   11.93583700    4.07614900 

 H                  0.57960500   11.58680600    4.95062600 

 C                 -2.31691100    9.69124100    5.10152300 

 H                 -2.73523800   10.12112100    6.02274800 

 H                 -2.48608300    8.60377600    5.09436900 

 H                 -2.84920700   10.13337800    4.24647900 

 C                 -0.29295000    9.41204600    3.66069200 

 H                 -0.83350600    9.89727800    2.83440400 

 H                 -0.45654100    8.32837600    3.58917100 

 H                  0.77999500    9.62468200    3.53970900 

 C                  6.64301600   10.50652200    1.69636800 

 C                  5.98193000   11.43412300    0.66913800 

 H                  6.22845800   12.48973100    0.84206000 

 H                  4.88885600   11.31956100    0.70801300 

 H                  6.32665100   11.16776400   -0.34126700 

 C                  6.45849900    9.05692400    1.23750400 

 H                  6.81679400    8.35086500    2.00186600 

 H                  7.03312900    8.89513400    0.31282700 

 H                  5.39753700    8.82640000    1.04572800 

 C                  8.14398700   10.80996900    1.79980200 

 H                  8.31216700   11.85994800    2.07704200 

 H                  8.64074100   10.62983400    0.83477800 

 H                  8.60512400   10.16299000    2.56080400 

 C                  5.81406800   11.72515000    3.76215200 

 C                  5.88177500   13.14073300    3.29676500 

 C                  4.72205500   13.73767800    2.78985200 

 H                  3.80460800   13.14737900    2.72917400 

 C                  4.75087900   15.06092900    2.35385800 

 H                  3.84505600   15.52119800    1.95668400 

 C                  5.93633400   15.79348800    2.42192600 

 H                  5.95845300   16.82936300    2.08020600 

 C                  7.09357200   15.20155400    2.92854400 

 H                  8.02038700   15.77403900    2.98649100 

 C                  7.06730200   13.87855900    3.36666100 

 H                  7.96625800   13.41725700    3.77993800 

 C                  5.00274300   12.02558100    6.15503600 

 C                  5.12011500   11.03521700    7.31477800 

 H                  4.48501200   10.15937800    7.11690500 

 H                  4.78774800   11.50985700    8.24984400 

 H                  6.15624400   10.68845400    7.43452100 

 C                  3.53125300   12.41860300    5.96869900 

 H                  3.42723300   13.13247600    5.13849200 

 H                  3.14355100   12.89797600    6.88142200 

 H                  2.92929300   11.53192000    5.72678400 

 C                  5.83616200   13.27415300    6.47135800 

 H                  6.90865500   13.02843600    6.48625800 

 H                  5.55489300   13.65318600    7.46496500 

 H                  5.66788200   14.07933600    5.74448000 

 N                  1.05697300    8.99411900    7.87457200 

 N                 -0.09908100    9.30894300    6.09743600 

 N                  6.02277700   10.62794500    3.01873600 

 N                  5.47379500   11.30991400    4.97059400 
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 Si                 1.25613600    8.03279200    6.29850400 

 Si                 3.60298000    9.30509800    3.43349100 

 Si                 5.73511500    9.45529500    4.53028000 

 C                  0.38467900    3.52636000    2.93783300 

 C                 -0.38445100    2.29135900    2.45461800 

 H                 -0.25705300    1.43521800    3.13088900 

 H                 -0.00897100    1.99707800    1.46324000 

 H                 -1.45838000    2.51408500    2.36601700 

 C                  1.85132300    3.16519800    3.20987900 

 H                  2.40393600    4.06562900    3.51968500 

 H                  2.31420600    2.75783300    2.29644000 

 H                  1.93079900    2.40739400    4.00383200 

 C                  0.33713700    4.61378000    1.85738600 

 H                 -0.70176700    4.90292800    1.64138000 

 H                  0.80639600    4.24982600    0.93109500 

 H                  0.89092200    5.50687900    2.19891100 

 C                 -0.68571500    3.62785800    5.25514000 

 C                 -0.86294700    2.18013700    5.56881200 

 C                  0.20533700    1.48545100    6.14672500 

 H                  1.12407300    2.02715400    6.38447200 

 C                  0.08686700    0.12430400    6.42227500 

 H                  0.92249300   -0.41280200    6.87319100 

 C                 -1.09805500   -0.54818800    6.12258800 

 H                 -1.19040400   -1.61380000    6.33791500 

 C                 -2.16486500    0.14180400    5.54638600 

 H                 -3.09094600   -0.38348600    5.30839800 

 C                 -2.04820900    1.50251200    5.26777600 

 H                 -2.87399200    2.04276000    4.80088800 

 C                 -1.69195600    4.72296200    7.32158700 

 C                 -1.10631400    3.77948500    8.37885600 

 H                 -1.25309900    2.72371700    8.11349800 

 H                 -1.59959600    3.95685400    9.34623300 

 H                 -0.02843400    3.96851600    8.49659300 

 C                 -3.16532700    4.38371300    7.05761800 

 H                 -3.56447200    5.04163400    6.27137600 

 H                 -3.76123200    4.52459200    7.97193800 

 H                 -3.27782100    3.33854700    6.73780600 

 C                 -1.59801900    6.16302900    7.84022700 

 H                 -0.55645700    6.41757800    8.08207600 

 H                 -2.22570200    6.27822600    8.73690700 

 H                 -1.93966100    6.87572000    7.07078500 

 C                  6.02518300    5.26673400    2.82334000 

 C                  7.38749600    5.41251400    2.13477900 

 H                  7.37295600    5.02816500    1.10538900 

 H                  8.14221200    4.84377600    2.69763700 

 H                  7.69819100    6.46828300    2.11910000 

 C                  5.56393500    3.80401400    2.79828700 

 H                  4.57867400    3.72594400    3.27997900 

 H                  6.27789400    3.17321000    3.34808400 

 H                  5.49578800    3.41890200    1.77189300 

 C                  6.15321300    5.70729600    4.28329200 

 H                  6.50735800    6.74499800    4.35625900 

 H                  6.86899700    5.05781100    4.80724900 

 H                  5.18108800    5.63617600    4.79718900 

 C                  4.53775100    6.13832700    0.94658500 

 C                  5.10464600    5.42638200   -0.23445000 

 C                  4.64553100    4.15021300   -0.58143900 

 H                  3.86791400    3.67895800    0.02287800 

 C                  5.16942400    3.49389100   -1.69253000 

 H                  4.80712600    2.49917300   -1.95588200 

 C                  6.15304200    4.10862100   -2.46866700 

 H                  6.56180900    3.59435800   -3.33971300 

 C                  6.61338500    5.37960200   -2.12834000 

 H                  7.38369200    5.86268100   -2.73101600 

 C                  6.09275800    6.03582700   -1.01342600 

 H                  6.45638100    7.02512400   -0.73185200 

 C                  2.54917700    7.35456300   -0.10413600 



161 
 

 C                  2.16696000    6.25569900   -1.10393900 

 H                  3.01323700    5.95218800   -1.73342600 

 H                  1.37299800    6.63172700   -1.76573800 

 H                  1.78525000    5.37197400   -0.57223300 

 C                  3.24582000    8.50579000   -0.83617800 

 H                  4.19110300    8.16823500   -1.28762400 

 H                  3.46006300    9.31885800   -0.12922900 

 H                  2.60095800    8.89880000   -1.63631600 

 C                  1.27362500    7.87562000    0.56613800 

 H                  0.74479800    7.05886500    1.07981500 

 H                  0.60202000    8.30841400   -0.18904300 

 H                  1.51649700    8.65428300    1.30606900 

 N                 -0.20579200    4.12923800    4.12963500 

 N                 -0.93206500    4.66501800    6.06962700 

 N                  5.01525700    6.13680100    2.19991800 

 N                  3.41091400    6.85512600    0.97164200 

 Si                -0.44508400    5.94316500    4.71387800 

 Si                 1.60451800    5.90535100    5.99412100 

 Si                 3.50994500    7.06909100    2.83163400 

---------------------------------------------------------------------------------------------------------------------------- 

Int2 

G= -4222.19945 Hartree 

----------------------------------------------------------------------------------------------------------------------------

--- 
 

 C                 11.54850900    9.85778500   10.86566200 

 C                 11.84379700    8.35935900   10.71743000 

 H                 12.27806900    8.15120000    9.72780800 

 H                 10.92743000    7.76296100   10.84445200 

 H                 12.56246900    8.03814600   11.48770600 

 C                 12.88590600   10.60981200   10.93306200 

 H                 13.50154800   10.36802500   10.05340800 

 H                 13.43458100   10.31239500   11.83976600 

 H                 12.73147700   11.69767000   10.94701300 

 C                 10.73650000   10.36322100    9.66763100 

 H                 11.27888000   10.14295300    8.73561100 

 H                 10.58533100   11.45021000    9.71975700 

 H                  9.75520200    9.87374500    9.62027500 

 C                 10.49994300   11.10387200   12.81047500 

 C                 10.36205300   12.47301200   12.23844100 

 C                 11.36259800   13.43793100   12.39343800 

 H                 12.28556500   13.17828600   12.91556100 

 C                 11.18200200   14.72095000   11.87985900 

 H                 11.96607400   15.46964000   12.00175800 

 C                 10.00074100   15.04732700   11.21294300 

 H                  9.85843900   16.05370600   10.81640600 

 C                  9.00410300   14.08513400   11.04942700 

 H                  8.08130400   14.33701400   10.52491700 

 C                  9.18529200   12.79972800   11.55653600 

 H                  8.41370600   12.03644800   11.43325900 

 C                 10.13273600   11.55436600   15.30296000 

 C                 11.49043600   12.01681100   15.85198800 

 H                 11.35544000   12.53421800   16.81386600 

 H                 11.97658100   12.71305700   15.15291300 

 H                 12.14862600   11.14920200   16.00354900 

 C                  9.23204900   12.77706200   15.07845600 

 H                  8.97192600   13.20163500   16.05934500 

 H                  8.30019300   12.50537300   14.56696600 

 H                  9.72974100   13.56327500   14.49658800 

 C                  9.48768000   10.61151100   16.32588400 

 H                  9.21687000   11.16799100   17.23637200 

 H                 10.19783800    9.81739100   16.60189600 

 H                  8.59002500   10.12355100   15.91534300 

 C                 13.29185100    5.39165000   15.33354100 
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 C                 13.14054100    5.92178400   13.90269400 

 H                 14.04172300    5.68920500   13.31470400 

 H                 13.00882700    7.01438100   13.92017900 

 H                 12.25808800    5.49114200   13.40445400 

 C                 14.39601300    6.19290700   16.03881600 

 H                 15.34699400    6.09099600   15.49440100 

 H                 14.54704400    5.82741300   17.06518500 

 H                 14.12022700    7.25651700   16.07824200 

 C                 13.68140800    3.90726100   15.30340000 

 H                 14.54533800    3.78816800   14.63293000 

 H                 12.86485100    3.28213200   14.92117700 

 H                 13.97228600    3.53032100   16.29224800 

 C                 11.43570600    5.09083500   17.07015100 

 C                 11.93116600    3.90965700   17.83196300 

 C                 12.99451300    4.01089100   18.73479100 

 H                 13.45639000    4.98320300   18.91692000 

 C                 13.45738200    2.87667700   19.39960500 

 H                 14.28596300    2.96095300   20.10423200 

 C                 12.86352700    1.63652500   19.16331100 

 H                 13.23039900    0.74872300   19.68050900 

 C                 11.79782800    1.53321100   18.26913800 

 H                 11.32962200    0.56512800   18.08552900 

 C                 11.32932500    2.66698300   17.60800400 

 H                 10.49439600    2.59985400   16.90691200 

 C                  9.62622700    5.95993700   18.62117100 

 C                 10.59678300    6.40750900   19.72410600 

 H                 10.03832700    6.68456900   20.63110000 

 H                 11.17053800    7.28246400   19.38238700 

 H                 11.29477400    5.60207300   19.99165100 

 C                  8.91686400    4.67219300   19.05541100 

 H                  8.31461700    4.86881300   19.95538700 

 H                  9.64072500    3.88306000   19.30107500 

 H                  8.24895600    4.30295900   18.26654200 

 C                  8.60545200    7.08226300   18.39132700 

 H                  7.94076300    7.17905800   19.26316500 

 H                  8.00013800    6.88678600   17.49306600 

 H                  9.12611100    8.04135800   18.24237200 

 C                 10.64963600    3.14484100   12.35722100 

 C                 10.45689500    3.09085300   13.87856400 

 H                 10.90018200    2.17059100   14.28825800 

 H                  9.38322400    3.09917700   14.12377900 

 H                 10.91835800    3.96396500   14.36478700 

 C                 12.11864500    2.89766200   11.99544700 

 H                 12.44357800    1.93240100   12.41260100 

 H                 12.76461800    3.68563600   12.40365200 

 H                 12.25838700    2.85746800   10.90641800 

 C                  9.77397600    2.05585100   11.71999500 

 H                 10.01020600    1.07453800   12.15872300 

 H                  9.94463600    1.98987300   10.63650400 

 H                  8.71172100    2.27766200   11.90435600 

 C                  9.97118200    4.95643500   10.71622300 

 C                 10.58891500    4.45548300    9.45600500 

 C                  9.88496300    3.63562300    8.56810700 

 H                  8.86869300    3.32202500    8.81458300 

 C                 10.48082200    3.21954600    7.37882100 

 H                  9.92827900    2.57878900    6.69014400 

 C                 11.78002200    3.62293700    7.06915800 

 H                 12.24313500    3.30092900    6.13527800 

 C                 12.48793700    4.43412300    7.95610300 

 H                 13.50528300    4.74767800    7.71777700 

 C                 11.89633700    4.84621800    9.14876400 

 H                 12.44030200    5.48002100    9.85272900 

 C                  8.37516900    6.74706900    9.82323500 

 C                  9.22255000    7.06513600    8.58333100 

 H                  8.68857900    7.81464100    7.98069700 

 H                  9.38578800    6.18372300    7.95020800 

 H                 10.20046300    7.48110200    8.85604000 
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 C                  7.10429300    6.00025500    9.39208600 

 H                  6.50744800    6.62668200    8.71199700 

 H                  6.49671000    5.75412600   10.27481000 

 H                  7.35925500    5.06873200    8.86569100 

 C                  7.96294700    8.04798700   10.52273900 

 H                  7.49946500    8.73679300    9.79975300 

 H                  8.82477900    8.54208800   10.99765100 

 H                  7.23040000    7.83035500   11.31464100 

 C                  5.80961100   10.21337400   14.72012400 

 C                  6.73201400   10.63912200   13.57009300 

 H                  6.52051700   11.67801000   13.27467000 

 H                  6.57054500    9.98888900   12.69587800 

 H                  7.79014100   10.55254100   13.86099100 

 C                  5.85670900   11.24524500   15.85286800 

 H                  5.58851700   12.23736300   15.45903400 

 H                  6.86165800   11.30705800   16.29002500 

 H                  5.14174000   10.99495400   16.64862500 

 C                  4.37619900   10.11105700   14.17839600 

 H                  4.07934100   11.06119200   13.70894600 

 H                  3.66032600    9.89521900   14.98366000 

 H                  4.32018700    9.31213600   13.42330200 

 C                  5.72428100    8.01313500   15.98029700 

 C                  4.73702200    8.32820000   17.05113200 

 C                  3.37066500    8.07877600   16.88649600 

 H                  3.00674800    7.67514600   15.93960500 

 C                  2.48068000    8.34880400   17.92454200 

 H                  1.41562500    8.15412000   17.79072700 

 C                  2.95102000    8.86519800   19.13230100 

 H                  2.25389700    9.07089900   19.94593000 

 C                  4.31203500    9.12265900   19.29719400 

 H                  4.68157100    9.53005300   20.23931300 

 C                  5.20289300    8.85939900   18.25831900 

 H                  6.27060800    9.05880500   18.37389100 

 C                  5.84052900    5.46020700   16.12829900 

 C                  4.65215300    4.93487200   15.30950900 

 H                  4.43513900    3.89068300   15.58102000 

 H                  4.88625500    4.98252000   14.23627100 

 H                  3.75054300    5.53443500   15.50284400 

 C                  5.49225500    5.40523800   17.62237700 

 H                  5.42913400    4.34975800   17.92580600 

 H                  4.52525400    5.87417300   17.84469200 

 H                  6.26129500    5.89076100   18.23608700 

 C                  7.05968900    4.57492000   15.84265300 

 H                  6.89801400    3.56450900   16.24879200 

 H                  7.97804800    5.00043400   16.27609700 

 H                  7.21533600    4.49239600   14.75627600 

 N                 10.81244900    9.99105700   12.13141900 

 N                 10.36034600   10.76009800   14.08779600 

 N                 12.01405000    5.65078100   16.01113500 

 N                 10.33174700    5.80111800   17.34126400 

 N                 10.19511400    4.48245600   11.95006300 

 N                  9.08086300    5.93845800   10.82696900 

 N                  6.29821600    8.89479300   15.14930800 

 N                  6.18256800    6.80797500   15.65322000 

 Si                11.07664900    9.02353900   13.74956500 

 Si                10.84592200    7.15554600   16.10603800 

 Si                 9.41340400    7.29021500   14.14300100 

 Si                 8.73958200    5.49073000   12.64968800 

 Si                 6.98940300    7.49097900   14.06539700 

----------------------------------------------------------------------------------------------------------------------------

--- 
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TS3 

----------------------------------------------------------------------------------------------------------------------------

--- 
 C                 -3.83826400   -0.66270400    0.88322900 

 C                 -3.36772400   -0.03036200    2.19710400 

 H                 -4.15854000    0.63527900    2.57396500 

 H                 -2.44820000    0.55794200    2.05165000 

 H                 -3.16828100   -0.81018800    2.94867600 

 C                 -5.14866500   -1.41522900    1.14857800 

 H                 -5.84197100   -0.73974500    1.67115900 

 H                 -4.97261100   -2.29121200    1.79025000 

 H                 -5.63948200   -1.74769800    0.22483200 

 C                 -4.06905100    0.43762600   -0.16196000 

 H                 -4.83380500    1.14955300    0.18562800 

 H                 -4.41479200   -0.00015800   -1.11146300 

 H                 -3.13311800    0.98665100   -0.34894800 

 C                 -2.72728300   -2.42184500   -0.57055000 

 C                 -3.92564400   -3.10055000   -1.13913200 

 C                 -4.53806500   -4.15577900   -0.45473200 

 H                 -4.10551300   -4.50966100    0.48316200 

 C                 -5.69281900   -4.74162900   -0.96632500 

 H                 -6.16555600   -5.56622700   -0.43089600 

 C                 -6.24944900   -4.26985700   -2.15631900 

 H                 -7.15879100   -4.72490900   -2.55155600 

 C                 -5.64184600   -3.21718100   -2.83983900 

 H                 -6.07446000   -2.84539900   -3.76966000 

 C                 -4.47920100   -2.63554700   -2.33605200 

 H                 -3.99552100   -1.81142800   -2.86488700 

 C                 -0.86906800   -3.67903800   -1.74191100 

 C                 -1.26038100   -5.04397100   -1.15779200 

 H                 -0.66771600   -5.83555400   -1.64032700 

 H                 -2.32120500   -5.26775900   -1.33247700 

 H                 -1.06350400   -5.07918800   -0.07769200 

 C                 -1.29836800   -3.62663200   -3.21345000 

 H                 -0.79528000   -4.43174400   -3.76969400 

 H                 -1.01529400   -2.66829400   -3.66422500 

 H                 -2.38196800   -3.76706800   -3.32395800 

 C                  0.65501700   -3.52507900   -1.67120000 

 H                  1.12474800   -4.29143500   -2.30664900 

 H                  1.01546200   -3.63892400   -0.63830400 

 H                  0.96581500   -2.52735000   -2.01314400 

 C                  1.78775500   -3.62085800    2.60004600 

 C                  0.91206000   -2.93640100    3.65119800 

 H                  0.61875800   -3.65812700    4.42818100 

 H                  0.00931100   -2.52204600    3.18370100 

 H                  1.46121900   -2.10629800    4.11851600 

 C                  0.97725800   -4.73114700    1.92240200 

 H                  0.66557100   -5.49068300    2.65550700 

 H                  1.56997300   -5.22718000    1.13818000 

 H                  0.08119600   -4.28944700    1.46330200 

 C                  3.00716900   -4.22274300    3.31145000 

 H                  2.65281300   -4.82032500    4.16427900 

 H                  3.66299600   -3.42900800    3.69830600 

 H                  3.59850800   -4.88192600    2.66353600 

 C                  3.15687100   -2.51914500    0.76313700 

 C                  4.33332700   -3.43099700    0.71371600 

 C                  4.28023900   -4.58468800   -0.07458000 

 H                  3.37819800   -4.79423200   -0.65379700 

 C                  5.37314500   -5.44775200   -0.12538700 

 H                  5.32754000   -6.34597000   -0.74297400 

 C                  6.52349800   -5.16288400    0.61066100 

 H                  7.37888500   -5.83894600    0.57075600 

 C                  6.57865300   -4.01285400    1.39891200 

 H                  7.47617400   -3.78926100    1.97751700 

 C                  5.48702300   -3.14868800    1.45139600 
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 H                  5.52082600   -2.25365200    2.07570100 

 C                  3.83982900   -0.79902200   -0.96867800 

 C                  4.68223800   -1.77770300   -1.80005400 

 H                  5.16083400   -1.21972200   -2.61868800 

 H                  4.04217600   -2.55636500   -2.24204900 

 H                  5.47595300   -2.26383100   -1.21911900 

 C                  4.75626000    0.14538900   -0.17942800 

 H                  5.40889100    0.71595800   -0.85818700 

 H                  5.39506800   -0.42790900    0.50888100 

 H                  4.15165700    0.85203700    0.40808900 

 C                  2.97769000    0.01077000   -1.93792400 

 H                  3.63233200    0.59755200   -2.60011100 

 H                  2.30837700    0.70284800   -1.41144800 

 H                  2.35021600   -0.65174300   -2.55225600 

 C                  0.29259100    1.29134800    4.59772100 

 C                  1.72010600    0.99157100    4.13703500 

 H                  2.23406300    0.36746400    4.88330600 

 H                  2.28531000    1.92750900    4.00822800 

 H                  1.70688500    0.45283300    3.17620600 

 C                 -0.49143700   -0.01399600    4.76036100 

 H                  0.00310300   -0.68164500    5.48231600 

 H                 -0.55598700   -0.51687800    3.78431900 

 H                 -1.50850800    0.19244700    5.12560700 

 C                  0.36235700    2.04467600    5.93443100 

 H                  1.02126700    1.49160400    6.62012900 

 H                 -0.61843200    2.13890600    6.41806200 

 H                  0.78482900    3.05019400    5.78754800 

 C                 -1.47341500    2.76427100    3.52604900 

 C                 -2.31240300    3.06927000    4.72405700 

 C                 -2.06454200    4.22806100    5.46861600 

 H                 -1.25088400    4.89215500    5.17093800 

 C                 -2.83196800    4.51775000    6.59447900 

 H                 -2.63023200    5.42204600    7.17060600 

 C                 -3.85010700    3.64889300    6.98889800 

 H                 -4.45071700    3.87561100    7.87112800 

 C                 -4.09405200    2.48782500    6.25663000 

 H                 -4.88566800    1.80291800    6.56391100 

 C                 -3.32757100    2.19787900    5.12850500 

 H                 -3.51642700    1.29192100    4.55153200 

 C                 -2.57306800    4.27321900    1.81376700 

 C                 -4.01234600    3.97970800    2.25649500 

 H                 -4.69988400    4.64364500    1.71203000 

 H                 -4.16537500    4.14536900    3.33084000 

 H                 -4.27474600    2.93826800    2.01721400 

 C                 -2.14465000    5.66884600    2.28801500 

 H                 -2.77524800    6.43870400    1.81825400 

 H                 -1.09633100    5.85279600    2.00944200 

 H                 -2.24644800    5.76891300    3.37687300 

 C                 -2.51564100    4.23304600    0.28962500 

 H                 -3.18432700    4.99149500   -0.14250000 

 H                 -2.80838900    3.24466900   -0.08900700 

 H                 -1.49603500    4.43654300   -0.06963000 

 C                 -0.53241600    0.50121700   -4.33799900 

 C                 -1.73799700   -0.08071300   -3.59087600 

 H                 -2.28053800   -0.78119800   -4.24383100 

 H                 -2.42520500    0.72413300   -3.28676700 

 H                 -1.40605800   -0.61927800   -2.68824400 

 C                  0.35758600   -0.64500700   -4.83019200 

 H                 -0.21407400   -1.30995400   -5.49566600 

 H                  0.72385200   -1.23468800   -3.97749300 

 H                  1.21953400   -0.26430600   -5.39387300 

 C                 -1.04480400    1.32141500   -5.53065900 

 H                 -1.74135300    0.71388100   -6.12803700 

 H                 -0.22727300    1.64210400   -6.19003900 

 H                 -1.58087400    2.21207000   -5.16873300 

 C                  1.16165900    2.23025600   -3.53985300 

 C                  1.87652400    2.49142500   -4.82313300 
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 C                  1.47998700    3.59048900   -5.59641800 

 H                  0.66678100    4.22529400   -5.23718300 

 C                  2.10529900    3.86218000   -6.80904200 

 H                  1.78660200    4.71848000   -7.40539400 

 C                  3.13787000    3.03856200   -7.26204200 

 H                  3.63164200    3.25276400   -8.21112600 

 C                  3.53332900    1.94019500   -6.50126100 

 H                  4.33809600    1.29254900   -6.85225200 

 C                  2.90241800    1.66387800   -5.28728500 

 H                  3.20698700    0.80176200   -4.69278700 

 C                  2.10263100    4.01217300   -1.93201400 

 C                  1.24879800    5.06056500   -1.21199200 

 H                  1.88771800    5.86724600   -0.82444800 

 H                  0.73030200    4.60878600   -0.35216200 

 H                  0.50260600    5.48742600   -1.89804300 

 C                  2.92808200    4.70971900   -3.01748200 

 H                  3.58430500    5.44364300   -2.52770400 

 H                  2.29029300    5.24754200   -3.73158100 

 H                  3.56289400    4.00786200   -3.57529000 

 C                  3.06296500    3.36300700   -0.92660000 

 H                  3.67528400    4.13350600   -0.43455000 

 H                  3.73434000    2.65824900   -1.43694400 

 H                  2.50142600    2.82246800   -0.14960700 

 N                 -2.75251700   -1.53744400    0.42036100 

 N                 -1.46307000   -2.57381700   -0.96637800 

 N                  2.13313900   -2.59971700    1.60647400 

 N                  2.93306500   -1.47277400   -0.03404300 

 N                 -0.33292300    2.07693300    3.52958300 

 N                 -1.63705700    3.24668900    2.29115900 

 N                  0.18365800    1.32783500   -3.36011700 

 N                  1.17965700    2.98958900   -2.44223900 

 Si                -0.84181000   -1.25816000    0.31768300 

 Si                 1.29785000   -1.03489300    0.84650000 

 Si                -0.00473900    0.88114800    0.16363300 

 Si                 0.14862700    2.71702200    1.81192400 

 Si                -0.44879600    2.22732300   -1.82574900 

---------------------------------------------------------------------------------------------------------------------------- 

Int3 

----------------------------------------------------------------------------------------------------------------------------

--- 
 C                 11.75737500   10.00949800   14.02288900 

 C                 11.78320700    9.36300100   12.63622300 

 H                 12.50871500    9.87515200   11.98735700 

 H                 10.78875300    9.40681100   12.16966300 

 H                 12.07039000    8.30451400   12.71950100 

 C                 13.14701600    9.92859600   14.66117000 

 H                 13.88560900   10.46946900   14.04839200 

 H                 13.44993300    8.87583300   14.74039400 

 H                 13.13446100   10.37831200   15.66698000 

 C                 11.34385400   11.47968200   13.88141800 

 H                 11.98140900   11.94710200   13.11661900 

 H                 11.47321800   12.04202200   14.81500600 

 H                 10.29843400   11.56745000   13.55532700 

 C                 10.27031200    9.43742400   16.00305300 

 C                 10.19917200   10.75879400   16.68550000 

 C                 11.09923500   11.06010500   17.71121800 

 H                 11.84335200   10.31872000   18.00959900 

 C                 11.03248400   12.29417600   18.35514200 

 H                 11.73734900   12.52753500   19.15422600 

 C                 10.06154500   13.22474300   17.98419500 

 H                 10.00650800   14.18801800   18.49326200 

 C                  9.16163400   12.92342500   16.96106800 

 H                  8.40274000   13.64977400   16.66684500 

 C                  9.23311700   11.69533100   16.30772000 

 H                  8.54404100   11.45984400   15.49510500 
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 C                  8.71143000    8.06608900   17.44827000 

 C                  8.86037300    8.90777900   18.72388200 

 H                  8.13332600    8.54261900   19.46396300 

 H                  8.66003200    9.97391900   18.55659800 

 H                  9.86623100    8.80150900   19.15600800 

 C                  7.38088600    8.40215300   16.76192600 

 H                  6.55304500    8.28454000   17.47958300 

 H                  7.20799400    7.73490200   15.90245600 

 H                  7.38571200    9.44487400   16.40369400 

 C                  8.71294100    6.58564900   17.84248000 

 H                  7.82793600    6.37530200   18.46101100 

 H                  9.60684800    6.33683800   18.42976300 

 H                  8.68078400    5.94475400   16.95013200 

 C                 14.43567000    6.07349700   13.20449900 

 C                 13.29516500    5.58812300   12.31462000 

 H                 13.65138500    5.41357800   11.28877600 

 H                 12.48325100    6.32908100   12.28187400 

 H                 12.85966900    4.65359300   12.69507600 

 C                 15.08419700    7.31418000   12.57993100 

 H                 15.46413500    7.06389900   11.57844700 

 H                 15.92962300    7.67782600   13.17985700 

 H                 14.34780000    8.12359600   12.47649700 

 C                 15.46609400    4.94201300   13.32635500 

 H                 15.73630300    4.58103300   12.32302400 

 H                 15.03447800    4.10177500   13.89043400 

 H                 16.38728200    5.27596000   13.82116500 

 C                 14.41557500    6.81519300   15.63012500 

 C                 15.86640500    7.12299000   15.82549000 

 C                 16.34057700    8.42963500   15.66757800 

 H                 15.64465100    9.22268600   15.38900700 

 C                 17.68967700    8.71699000   15.86755700 

 H                 18.04992800    9.73877800   15.74120200 

 C                 18.57501700    7.70188300   16.22875100 

 H                 19.63081600    7.92737800   16.38559400 

 C                 18.10842300    6.39728000   16.38822500 

 H                 18.79713200    5.59943800   16.66940900 

 C                 16.75981000    6.10879200   16.18721000 

 H                 16.39118900    5.08815600   16.30791200 

 C                 13.61477600    7.01613700   18.02745800 

 C                 14.22104400    8.39055300   18.33483400 

 H                 14.10070400    8.62173500   19.40372000 

 H                 13.70998300    9.16532200   17.74390800 

 H                 15.29279500    8.42850400   18.09924200 

 C                 14.44774700    5.90601000   18.68271200 

 H                 14.39464400    5.99589000   19.77805500 

 H                 15.50435600    5.96771500   18.39205100 

 H                 14.05251000    4.92098100   18.39341900 

 C                 12.19520300    6.95324500   18.58607600 

 H                 12.19593300    7.11125800   19.67442700 

 H                 11.75736500    5.96394600   18.37940300 

 H                 11.56194800    7.71247100   18.10600600 

 C                  7.88726600    2.21973200   12.72519700 

 C                  8.15985400    2.26856300   14.23190600 

 H                  7.94872100    1.29001700   14.68750900 

 H                  7.53846900    3.03360100   14.71718400 

 H                  9.21385800    2.52417300   14.42333700 

 C                  8.76778700    1.13229200   12.09157500 

 H                  8.54766600    0.14868500   12.53405900 

 H                  9.82944600    1.36810800   12.25543200 

 H                  8.58281500    1.06868900   11.00894100 

 C                  6.40939600    1.88376700   12.48440600 

 H                  6.14573600    0.98883000   13.06793000 

 H                  6.20051600    1.66971900   11.42778100 

 H                  5.75921000    2.70951100   12.80656100 

 C                  8.13094000    4.02527700   10.96098400 

 C                  7.16276800    3.55401100    9.93013700 

 C                  5.85254100    4.04482300    9.97088000 
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 H                  5.59059400    4.77610900   10.74091600 

 C                  4.92184700    3.62132500    9.02605700 

 H                  3.90224000    4.00863000    9.05748400 

 C                  5.29176500    2.70625600    8.03831000 

 H                  4.56041700    2.37391900    7.29981300 

 C                  6.59748300    2.21958400    7.99345800 

 H                  6.88950500    1.50611900    7.22138100 

 C                  7.53405000    2.64402000    8.93681500 

 H                  8.55761100    2.26490000    8.90625300 

 C                  9.30611100    5.89287700    9.70294800 

 C                 10.22014700    5.15906000    8.71172900 

 H                 10.52897400    5.83398600    7.89881200 

 H                  9.69544700    4.30201500    8.26518400 

 H                 11.11745300    4.79063900    9.23078000 

 C                  8.04490800    6.39340500    8.98746100 

 H                  8.32200700    7.20443100    8.29705200 

 H                  7.32196100    6.78014000    9.72255800 

 H                  7.56237800    5.60207200    8.39842200 

 C                 10.05571500    7.09506900   10.28250100 

 H                 10.34681600    7.78952400    9.48064600 

 H                 10.96499900    6.76318300   10.80697500 

 H                  9.42325100    7.61635800   11.01495700 

 C                  6.59557900   10.09147400   12.79604800 

 C                  8.09526400   10.11901700   12.49613000 

 H                  8.38610800   11.07465300   12.03409000 

 H                  8.35490800    9.30479500   11.80125000 

 H                  8.67481700    9.95924000   13.41900000 

 C                  6.25047900   11.22832400   13.76780800 

 H                  6.73741200   12.15706800   13.43376500 

 H                  6.60425000   10.98700500   14.78105300 

 H                  5.16972900   11.41406000   13.82316800 

 C                  5.80838000   10.27183800   11.49085000 

 H                  6.04744400   11.24054400   11.02590500 

 H                  4.72654300   10.24360600   11.68738600 

 H                  6.05768800    9.46528700   10.78607000 

 C                  5.28235900    8.31663000   14.05282100 

 C                  4.10365000    9.11278300   14.50409300 

 C                  2.99417700    9.23530500   13.66128700 

 H                  3.00779800    8.74897500   12.68334700 

 C                  1.88239800    9.97377400   14.06670400 

 H                  1.02082600   10.06630500   13.40385800 

 C                  1.87302900   10.59073200   15.31693400 

 H                  1.00279700   11.16667000   15.63517700 

 C                  2.97786200   10.46930800   16.16125900 

 H                  2.97226500   10.94922300   17.14095000 

 C                  4.08939000    9.73427800   15.75702700 

 H                  4.95612600    9.63398700   16.41211300 

 C                  4.55388100    5.95435400   14.67168300 

 C                  3.45287100    5.58942700   13.66677200 

 H                  2.83627600    4.76464900   14.05485700 

 H                  3.90278500    5.27644000   12.71306300 

 H                  2.79599400    6.45146700   13.47990000 

 C                  3.92632300    6.36777200   16.00751300 

 H                  3.47556400    5.48338400   16.48153500 

 H                  3.13838500    7.12240800   15.88235800 

 H                  4.69624900    6.76826100   16.68375900 

 C                  5.46079000    4.74319400   14.89575700 

 H                  4.87079600    3.86446900   15.19706800 

 H                  6.21606700    4.95930500   15.66644800 

 H                  6.00614300    4.50312600   13.96900500 

 N                 10.82095100    9.20706100   14.81768800 

 N                  9.80778800    8.28193700   16.48228800 

 N                 13.82994200    6.39954200   14.50623800 

 N                 13.48055000    6.81127200   16.58089100 

 N                  8.26878800    3.53244100   12.19577900 

 N                  9.00696100    5.01094000   10.83065400 

 N                  6.33813600    8.77352900   13.37178100 
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 N                  5.41467500    6.99676800   14.11444100 

 Si                10.41031100    7.32918100   14.93548300 

 Si                12.27584900    5.80967800   15.47270900 

 Si                 8.75875600    6.18801600   13.93772800 

 Si                 9.82152100    4.61776500   12.52851300 

 Si                 6.82533600    7.00804000   12.82059200 

---------------------------------------------------------------------------------------------------------------------------- 

TS4 

----------------------------------------------------------------------------------------------------------------------------

--- 
 C                  2.63134800   -2.07866600    1.71971700 

 C                  3.46974800   -1.18119400    0.80614700 

 H                  4.53326600   -1.22863300    1.08459800 

 H                  3.12807200   -0.13675600    0.87367300 

 H                  3.35042800   -1.49476200   -0.24189500 

 C                  3.23945600   -3.48317600    1.75794800 

 H                  4.26235300   -3.42415000    2.15849600 

 H                  3.29318700   -3.90743400    0.74538900 

 H                  2.66518100   -4.16572000    2.39955500 

 C                  2.59897700   -1.47415200    3.12857500 

 H                  3.62264000   -1.37437800    3.51960700 

 H                  2.02877700   -2.11223500    3.81996300 

 H                  2.13611400   -0.47674100    3.09338200 

 C                  0.18536600   -2.77174400    1.39903900 

 C                  0.05214800   -3.92228000    2.34024100 

 C                  0.13989000   -5.23006300    1.84966800 

 H                  0.31182200   -5.39598500    0.78568600 

 C                  0.00057100   -6.31023600    2.71684600 

 H                  0.07293300   -7.32706300    2.32871000 

 C                 -0.23571200   -6.09353900    4.07525700 

 H                 -0.34762700   -6.94144200    4.75251100 

 C                 -0.33098800   -4.79200900    4.56432700 

 H                 -0.51987900   -4.61648100    5.62420600 

 C                 -0.18592200   -3.70653900    3.70011100 

 H                 -0.26459500   -2.68710200    4.07812900 

 C                 -2.24313200   -2.42929900    0.68407500 

 C                 -2.70552000   -3.88646600    0.80492400 

 H                 -3.79780800   -3.91796800    0.67940900 

 H                 -2.46852600   -4.31707500    1.78689500 

 H                 -2.25405700   -4.51455500    0.02440800 

 C                 -2.77881700   -1.62462000    1.87498800 

 H                 -3.87941200   -1.66145200    1.88463600 

 H                 -2.45553200   -0.57121200    1.80845900 

 H                 -2.40751700   -2.05459500    2.81906500 

 C                 -2.76985600   -1.83429200   -0.62433400 

 H                 -3.86901000   -1.86649500   -0.64569900 

 H                 -2.37825100   -2.39272400   -1.48826200 

 H                 -2.44817800   -0.78507300   -0.71773300 

 C                  3.50080300   -0.39275900   -3.37578700 

 C                  2.74403000    0.63092000   -4.23957300 

 H                  3.45577100    1.36110800   -4.65237000 

 H                  1.99306000    1.17389300   -3.65219700 

 H                  2.23849500    0.12285200   -5.07518400 

 C                  4.18965900    0.31901800   -2.20749400 

 H                  4.83227700    1.13462000   -2.57386000 

 H                  4.82092400   -0.38902300   -1.64902200 

 H                  3.43702700    0.73734800   -1.52354700 

 C                  4.58064700   -0.98591500   -4.29611100 

 H                  5.11559800   -0.14466100   -4.75965600 

 H                  4.13455300   -1.58567700   -5.10210700 

 H                  5.32298600   -1.59597400   -3.76987500 

 C                  2.61983400   -2.72863800   -2.81180500 

 C                  3.92059000   -3.45838100   -2.99472000 

 C                  4.84146800   -3.48234600   -1.94218800 

 H                  4.61970600   -2.94013900   -1.02182800 
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 C                  6.03439600   -4.19321200   -2.06435800 

 H                  6.74358700   -4.20734000   -1.23535400 

 C                  6.32074800   -4.88176400   -3.24284700 

 H                  7.25578500   -5.43521500   -3.34105100 

 C                  5.40806200   -4.85652400   -4.29778600 

 H                  5.63096900   -5.38506200   -5.22594900 

 C                  4.21272000   -4.15148000   -4.17249300 

 H                  3.50836800   -4.11504000   -5.00503200 

 C                  1.14471500   -4.73529600   -2.42838900 

 C                  2.02648400   -5.50163400   -1.43420100 

 H                  1.61145100   -6.50612400   -1.25558700 

 H                  2.05859700   -4.96111000   -0.47752800 

 H                  3.05541800   -5.62071600   -1.80059800 

 C                  1.15504200   -5.44428300   -3.79188000 

 H                  0.63785700   -6.41288100   -3.71429700 

 H                  2.17712600   -5.63871500   -4.13966200 

 H                  0.63178000   -4.82871900   -4.53792700 

 C                 -0.29955000   -4.72244500   -1.91392800 

 H                 -0.66878600   -5.74186200   -1.71946400 

 H                 -0.95359600   -4.24142700   -2.65724500 

 H                 -0.35538300   -4.12406100   -0.99416300 

 C                 -1.92501200    2.48945600   -3.30223500 

 C                 -2.60277000    1.23175200   -2.75183900 

 H                 -3.39334900    0.90199200   -3.44167200 

 H                 -3.05190600    1.42692100   -1.76733600 

 H                 -1.87200500    0.41515900   -2.65270800 

 C                 -1.29219600    2.15759200   -4.66044300 

 H                 -2.06406400    1.83458400   -5.37522200 

 H                 -0.55962500    1.34422600   -4.54315900 

 H                 -0.78757500    3.04132700   -5.07902100 

 C                 -2.97581700    3.59516600   -3.46359200 

 H                 -3.83435000    3.19180500   -4.02060500 

 H                 -2.59233200    4.46045200   -4.02000300 

 H                 -3.33098500    3.93844000   -2.48102500 

 C                 -0.06839000    3.92294900   -2.35018000 

 C                 -0.36863900    5.23827600   -2.98040500 

 C                 -1.18348500    6.14963200   -2.30183800 

 H                 -1.58719900    5.87978000   -1.32335400 

 C                 -1.47722900    7.38399500   -2.87834600 

 H                 -2.11044000    8.09484000   -2.34569300 

 C                 -0.96609300    7.70764600   -4.13534700 

 H                 -1.19975400    8.67273400   -4.58731600 

 C                 -0.15513600    6.79768800   -4.81459300 

 H                  0.24641200    7.05023700   -5.79696500 

 C                  0.14766300    5.56626700   -4.23741200 

 H                  0.79330900    4.85513800   -4.75643600 

 C                  2.06319800    4.46047500   -1.07484600 

 C                  2.58681600    5.53210500   -2.04005700 

 H                  3.48196800    5.99648100   -1.60073500 

 H                  1.85275000    6.32754100   -2.22260600 

 H                  2.86950500    5.08252900   -3.00372200 

 C                  1.48638700    5.12210200    0.18119600 

 H                  2.25294700    5.73896000    0.67436500 

 H                  1.12908800    4.36048800    0.88955500 

 H                  0.63751100    5.77226100   -0.07949000 

 C                  3.22540600    3.54286200   -0.68997000 

 H                  4.00249500    4.12014400   -0.16871300 

 H                  3.66618000    3.08916400   -1.58916700 

 H                  2.87609100    2.73898600   -0.02373400 

 C                 -0.62859000    1.28478500    4.75516500 

 C                  0.76028100    1.90678000    4.58465900 

 H                  1.46566100    1.46354400    5.30250800 

 H                  0.71618100    2.99236300    4.75600100 

 H                  1.13871500    1.73304300    3.56501000 

 C                 -0.55199200   -0.23141500    4.53596700 

 H                  0.15222000   -0.69483300    5.24537100 

 H                 -0.21675100   -0.44217600    3.50614200 
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 H                 -1.54607900   -0.68433700    4.68225100 

 C                 -1.13272500    1.57895300    6.17365100 

 H                 -0.37080200    1.25818700    6.89960700 

 H                 -2.06418000    1.04525200    6.40391600 

 H                 -1.30220700    2.65749800    6.30604700 

 C                 -2.78368000    1.75262200    3.48075300 

 C                 -3.83053500    1.43546700    4.49344700 

 C                 -4.19771500    2.41319000    5.42661400 

 H                 -3.70424100    3.38683300    5.40122800 

 C                 -5.18614100    2.14540700    6.36823200 

 H                 -5.47260900    2.91283400    7.08879000 

 C                 -5.81115000    0.89636300    6.39076400 

 H                 -6.58549500    0.68686700    7.13021000 

 C                 -5.44372400   -0.08162300    5.46892300 

 H                 -5.92644100   -1.05973000    5.48615900 

 C                 -4.45635600    0.18712000    4.51947200 

 H                 -4.16151400   -0.57449800    3.79668200 

 C                 -4.20886100    2.43462200    1.47560900 

 C                 -5.26172000    3.16837200    2.31617500 

 H                 -6.06013300    3.53628500    1.65453500 

 H                 -4.81073800    4.03283600    2.82649200 

 H                 -5.72258500    2.51558000    3.06959100 

 C                 -4.79631900    1.13139400    0.92322500 

 H                 -5.68493400    1.33937000    0.30836700 

 H                 -5.09449400    0.46547100    1.74694000 

 H                 -4.04888200    0.61173900    0.30635500 

 C                 -3.79079900    3.33828200    0.30970100 

 H                 -4.62959700    3.46262100   -0.39131800 

 H                 -2.93584800    2.90069300   -0.23184600 

 H                 -3.48483000    4.32823900    0.67909200 

 N                  1.28328700   -2.06936000    1.14381400 

 N                 -0.78647200   -2.27794800    0.63092500 

 N                  2.51755600   -1.37096600   -2.84088100 

 N                  1.50280400   -3.33035900   -2.54042100 

 N                 -0.86840900    2.85545700   -2.34715000 

 N                  1.04087300    3.60161100   -1.68795700 

 N                 -1.47352200    1.85689300    3.70964100 

 N                 -2.98359900    2.13221600    2.21903000 

 Si                 0.35435900   -0.93222300   -0.05975400 

 Si                 0.65039600   -1.05505400   -2.50787800 

 Si                 0.12119300    1.21212100    0.72597400 

 Si                 0.45042600    1.81681700   -1.43508900 

 Si                -1.16824700    2.70291200    2.03948200 

 

---------------------------------------------------------------------------------------------------------------------------- 

Table A2.5 Optimized geometries of compounds 2.4, 2.5 and 2.6 and related transition states 

and intermediates. 
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Bond  X-ray crystallographic data 

(Å) 

Optimized geometric data at M06-

2X/6-311G(d)  level of theory (Å) 

Ge1-Si2 2.3852(11) 2.4098 

Ge1-Si2A 2.3844(11) 2.4070 

Ge1-Si1 2.4673(13) 2.4907 

Table A2.6 Comparison of X-ray crystallographic data and optimized geometric data of 

compound 3.2 
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Bond  X-ray crystallographic data 

(Å) 

Optimized geometric data at M06-

2X/def2-SVP level of theory (Å) 

Ge1-Ge2 2.5338(7) 2.568 

Ge2-Ge3 2.5335(7) 2.565 

Si1-Ge2 2.4012(11) 2.415 

Ge4-Ge1 2.4735(7)  2.501 

Ge4-Ge3 2.4810(6) 2.489 

Si2-Ge1 2.5249(12) 2.539 

Si2-Ge3 2.5503(11) 2.592 

Table A2.7 Comparison of X-ray crystallographic data and optimized geometric data of 

compound 3.3 
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Orbital[a] Occ.[b] Contribution from 

atoms to the 

orbital 

Atomic orbitals 

 

1.73 100% Ge1 70.78% s + 29.08% p 

 

1.93 100% Ge2 74.65% s + 25.72 % p 

 

1.75 100% Ge3 69.89 % s + 30.0 % p 

Ge1 

Ge2 

Si1 

Ge4 
Si2 

Ge2 

Si1 

Ge4 

Ge1 

Ge3 Si2 

Ge2 

Si1 
Ge1 

Ge3 
Ge4 

Si2 
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1.63 54.87% Ge1 +   

45.13% Ge2 

Ge1: 

11.74 % s + 87.57 % p 

Ge2: 

7.80 % s + 91.22 % p 

 

1.63 46.11% Ge2 + 

53.89% Ge3 

Ge2: 

8.65 % s + 90.36 % p 

Ge3: 

12.39 % s + 86.92 % p 

 

 

1.91 63.08% Si1 + 

36.92% Ge2 

Si1: 

44.44% s + 55.37% p 

Ge2: 

8.88% s + 90.41% p 

 

Ge2 

Ge1 

Ge3 

Si1 

Ge4 Si2 

Ge2 

Ge1 

Ge3 

Si1 

Ge4 Si2 

Ge2 

Si1 Ge1 

Ge3 
Ge4 Si2 
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1.79 56.24% Ge4 + 

43.76% Ge1 

Ge4: 

15.10% s + 84.50% p 

Ge1: 

11.63% s + 87.71% p 

 

1.81 58.66% Ge4 + 

41.34% Ge3 

Ge4: 

23.89% s + 75.76% p 

Ge3: 

11.55% s + 87.91% p 

 

1.48 55.38% Si2 + 

44.62% Ge1 

Si2: 

27.47% s + 72.10% p 

Ge1: 

6.21% s + 93.16% p 

Ge1 

Ge2 

Si1 

Ge4 Si2 

Ge2 

Si1 Ge1 
Ge3 

Ge4 Si2 

Ge2 

Si1 
Ge1 

Si2 Ge4 
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1.47 56.43% Si2 + 

43.57% Ge3 

Si2: 

27.47% s + 72.10% p 

Ge3: 

6.21% s + 93.16% p 

 [a] For generating of the NBO plot files, -Ph substituents are truncated by –H groups. [b] Occ. = Occupancy 

Table A2.8 NBO results of compound 3.3 at M06-2X/def2-SVP theory 

 

 Ge1-Ge2 Ge2-Ge3 Ge1-Ge3 

ρ(r) (eÅ-3) 0.059 0.060 0.046 

∇2ρ(r) (eÅ-5) -0.008 -0.011 0.015 

ηBCP 0.64 0.67 0.54 

Table A2.9 Electron density ρ(r), Laplacian ∇2ρ(r) and ηBCP (η = ǀλ3ǀ/ λ1; λi is the eigenvalues of the 

Hessian matrix) at the Ge1-Ge2, Ge2-Ge3 and Ge1-Ge3 bond critical points (BCPs) of compound 3.3 

 

 

 Si1-Ge2 

ρ(r) (eÅ-3) 0.074 

∇2ρ(r) (eÅ-5) -0.018 

ηBCP 0.61 

Table A2.10 Electron density ρ(r), Laplacian ∇2ρ(r) and ηBCP (η = ǀλ3ǀ/ λ1; λi is the eigenvalues of the 

Hessian matrix) at the Si1-Ge2 bond critical point (BCP) of compound 3.3 

 

 

Ge2 

Ge1 
Si1 

Si2 Ge4 
Ge3 
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 Si2-Ge1 Si2-Ge3 

ρ(r) (eÅ-3) 0.061 0.056 

∇2ρ(r) (eÅ-5) -0.021 -0.013 

ηBCP 0.72 0.65 

Table A2.11 Electron density ρ(r), Laplacian ∇2ρ(r) and ηBCP (η = ǀλ3ǀ/ λ1; λi is the eigenvalues of the 

Hessian matrix) at the Si2-Ge1 and Si2-Ge3 bond critical points (BCPs) of compound 3.3 

 

 Ge4-Ge1 Ge4-Ge3 

ρ(r) (eÅ-3) 0.066 0.067 

∇2ρ(r) (eÅ-5) -0.017 -0.016 

ηBCP 0.69 0.68 

Table A2.12 Electron density ρ(r), Laplacian ∇2ρ(r) and ηBCP (η = ǀλ3ǀ/ λ1; λi is the eigenvalues of the 

Hessian matrix) at the Ge4-Ge1 and Ge4-Ge3 bond critical points (BCPs) of compound 3.3 

 

Bond Atom(1) Contr. 

% 

Hybrid 

Type 

Atom(2) Contr. 

% 

Hybrid 

Type 

Occu-

pancy 

Wiberg 

bond 

index 

Ge1-Si2 (σ) Ge1 51.4 sp2.08 Si2 48.6 sp2.19 1.85 1.04 

Ge1-Si2 (σ*) Ge1 48.6 sp2.08 Si2 51.4 sp2.19 0.21 

Ge1-Si2A (σ) Ge1 50.9 sp2.23 Si2A 49.1 sp2.14 1.85 1.05 

Ge1-Si2A (σ*) Ge1 49.1 sp2.23 Si2A 50.9 sp2.14 0.19 

Ge1A-Si2 (σ) Ge1A 50.9 sp2.23 Si2 49.1 sp2.14 1.85 1.05 

Ge1A-Si2 (σ*) Ge1A 49.1 sp2.23 Si2 50.9 sp2.14 0.19 

Ge1A-Si2A (σ) Ge1A 51.4 sp2.08 Si2A 48.6 sp2.19 1.85 1.04 

Ge1A-Si2A (σ*) Ge1A 48.6 sp2.08 Si2A 51.4 sp2.19 0.21 



179 
 

Ge1-Si1 (σ) Ge1 65.3 sp1.76 Si1 34.7 sp6.83 1.85 0.86 

Ge1-Si1 (σ*) Ge1 34.7 sp1.76 Si1 65.3 sp6.83 0.23 

Ge1A-Si1A (σ) Ge1A 65.3 sp1.76 Si1A 34.7 sp6.83 1.85 0.86 

Ge1A-Si1A (σ*) Ge1A 34.7 sp1.76 Si1A 65.3 sp6.83 0.23 

Ge1 LP Ge1 - p - - - 1.22 - 

Ge1A LP Ge1A - p - - - 1.22 - 

Si1 LP Si1 - sp0.36 - - - 1.94 - 

Si1A LP Si1A - sp0.36 - - - 1.94 - 

 

Table A2.13 NBO results of compound 3.2 at M06-2X/6-311G(d) theory 
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(a) HOMO 

 

(b) HOMO-1 

Figure A2.7 The HOMO and HOMO-1 of compound 3.2 
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Compound 3.3 

M06-2X/6-311G(d) 
--------------------------------------------------------------------- 

            Atomic                      Coordinates (Angstroms) 

            Number                      X           Y           Z 

 -------------------------------------------------------------------- 

                6                   2.649397   -4.909951   -0.055342 

                6                   2.649397   -4.909951    1.477561 

                1                   3.665712   -4.909951    1.875052 

                1                   2.144335   -5.804248    1.856422 

                1                   2.128461   -4.025875    1.851593 

                6                   3.447073   -6.104641   -0.589509 

                1                   3.503744   -6.063573   -1.680105 

                1                   2.955411   -7.038911   -0.304854 

                1                   4.461159   -6.125824   -0.187862 

                6                   1.204282   -5.010749   -0.548531 

                1                   0.611041   -4.162859   -0.187667 

                1                   0.745681   -5.934960   -0.186517 

                1                   1.164789   -5.014678   -1.641087 

                6                   4.376905   -3.100072   -0.534836 

                6                   5.601816   -3.693957    0.069121 

                6                   6.492410   -4.432174   -0.708463 

                1                   6.277705   -4.588698   -1.760681 

                6                   7.636492   -4.975357   -0.134232 

                1                   8.324742   -5.550664   -0.743062 

                6                   7.894199   -4.782375    1.219224 

                1                   8.786374   -5.205443    1.666902 

                6                   7.006975   -4.046106    1.998411 

                1                   7.207602   -3.891908    3.052538 

                6                   5.862968   -3.502505    1.425630 

                1                   5.169175   -2.914989    2.019142 

                6                   5.278769   -0.893663   -1.429680 

                6                   6.225864   -1.364232   -2.539948 

                1                   6.815685   -2.221831   -2.210611 

                1                   6.920143   -0.566181   -2.817979 

                1                   5.652999   -1.652384   -3.424584 

                6                   6.070531   -0.506647   -0.175728 

                1                   5.384058   -0.301113    0.649568 

                1                   6.656190    0.395755   -0.372745 

                1                   6.762309   -1.292871    0.129952 

                6                   4.499045    0.331255   -1.917150 

                1                   3.849028    0.066180   -2.756251 

                1                   5.196025    1.102651   -2.255547 

                1                   3.874173    0.740429   -1.118193 

                6                   2.319798    3.173812    1.185533 

                6                   1.463097    2.691963    2.358114 

                1                   0.445711    3.086262    2.296777 

                1                   1.905108    3.017454    3.302571 

                1                   1.407558    1.600659    2.367621 

                6                   3.718801    2.554099    1.287379 

                1                   3.646843    1.463617    1.287862 

                1                   4.209220    2.870878    2.211908 

                1                   4.345241    2.867747    0.446926 

                6                   2.417525    4.702731    1.227558 

                1                   3.141363    5.097755    0.513608 

                1                   2.739710    5.005585    2.226818 

                1                   1.447113    5.163287    1.031371 

                6                   1.884131    2.967884   -1.316774 

                6                   2.542414    4.198304   -1.828704 

                6                   3.902888    4.207539   -2.125200 

                1                   4.483821    3.300676   -1.997560 
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                6                   4.502517    5.373024   -2.587863 

                1                   5.561930    5.379996   -2.817139 

                6                   3.743816    6.526803   -2.760091 

                1                   4.212973    7.434379   -3.122605 

                6                   2.383704    6.516231   -2.466112 

                1                   1.791753    7.414979   -2.597050 

                6                   1.782611    5.354300   -1.997358 

                1                   0.725425    5.338310   -1.751857 

                6                   1.021893    1.936557   -3.476181 

                6                   2.174579    2.420599   -4.362770 

                1                   2.310796    3.501608   -4.318999 

                1                   1.957094    2.155483   -5.400395 

                1                   3.113418    1.938987   -4.079112 

                6                  -0.232667    2.777227   -3.736381 

                1                  -1.065808    2.401152   -3.138233 

                1                  -0.510316    2.722375   -4.792715 

                1                  -0.059515    3.827696   -3.487747 

                6                   0.723207    0.471920   -3.798989 

                1                   1.599301   -0.160960   -3.641819 

                1                   0.410725    0.377588   -4.841532 

                1                  -0.084419    0.093909   -3.167246 

               32                   1.662167   -0.938208    0.385944 

                7                   3.161029   -3.640531   -0.572557 

                7                   4.278741   -1.921630   -1.142975 

                7                   1.660789    2.678001   -0.035097 

                7                   1.364701    1.982706   -2.044066 

               14                   2.452477   -2.208695   -1.605296 

               14                   0.739572    1.103803   -0.493096 

                6                  -2.649397    4.909951    0.055342 

                6                  -2.649397    4.909951   -1.477561 

                1                  -3.665712    4.909951   -1.875052 

                1                  -2.144335    5.804248   -1.856422 

                1                  -2.128461    4.025875   -1.851593 

                6                  -3.447073    6.104641    0.589509 

                1                  -3.503744    6.063573    1.680105 

                1                  -2.955411    7.038911    0.304854 

                1                  -4.461159    6.125824    0.187862 

                6                  -1.204282    5.010749    0.548531 

                1                  -0.611041    4.162859    0.187667 

                1                  -0.745681    5.934960    0.186517 

                1                  -1.164789    5.014678    1.641087 

                6                  -4.376905    3.100072    0.534836 

                6                  -5.601816    3.693957   -0.069121 

                6                  -6.492410    4.432174    0.708463 

                1                  -6.277705    4.588698    1.760681 

                6                  -7.636492    4.975357    0.134232 

                1                  -8.324742    5.550664    0.743062 

                6                  -7.894199    4.782375   -1.219224 

                1                  -8.786374    5.205443   -1.666902 

                6                  -7.006975    4.046106   -1.998411 

                1                  -7.207602    3.891908   -3.052538 

                6                  -5.862968    3.502505   -1.425630 

                1                  -5.169175    2.914989   -2.019142 

                6                  -5.278769    0.893663    1.429680 

                6                  -6.225864    1.364232    2.539948 

                1                  -6.815685    2.221831    2.210611 

                1                  -6.920143    0.566181    2.817979 

                1                  -5.652999    1.652384    3.424584 

                6                  -6.070531    0.506647    0.175728 

                1                  -5.384058    0.301113   -0.649568 

                1                  -6.656190   -0.395755    0.372745 
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                1                  -6.762309    1.292871   -0.129952 

                6                  -4.499045   -0.331255    1.917150 

                1                  -3.849028   -0.066180    2.756251 

                1                  -5.196025   -1.102651    2.255547 

                1                  -3.874173   -0.740429    1.118193 

                6                  -2.319798   -3.173812   -1.185533 

                6                  -1.463097   -2.691963   -2.358114 

                1                  -0.445711   -3.086262   -2.296777 

                1                  -1.905108   -3.017454   -3.302571 

                1                  -1.407558   -1.600659   -2.367621 

                6                  -3.718801   -2.554099   -1.287379 

                1                  -3.646843   -1.463617   -1.287862 

                1                  -4.209220   -2.870878   -2.211908 

                1                  -4.345241   -2.867747   -0.446926 

                6                  -2.417525   -4.702731   -1.227558 

                1                  -3.141363   -5.097755   -0.513608 

                1                  -2.739710   -5.005585   -2.226818 

                1                  -1.447113   -5.163287   -1.031371 

                6                  -1.884131   -2.967884    1.316774 

                6                  -2.542414   -4.198304    1.828704 

                6                  -3.902888   -4.207539    2.125200 

                1                  -4.483821   -3.300676    1.997560 

                6                  -4.502517   -5.373024    2.587863 

                1                  -5.561930   -5.379996    2.817139 

                6                  -3.743816   -6.526803    2.760091 

                1                  -4.212973   -7.434379    3.122605 

                6                  -2.383704   -6.516231    2.466112 

                1                  -1.791753   -7.414979    2.597050 

                6                  -1.782611   -5.354300    1.997358 

                1                  -0.725425   -5.338310    1.751857 

                6                  -1.021893   -1.936557    3.476181 

                6                  -2.174579   -2.420599    4.362770 

                1                  -2.310796   -3.501608    4.318999 

                1                  -1.957094   -2.155483    5.400395 

                1                  -3.113418   -1.938987    4.079112 

                6                   0.232667   -2.777227    3.736381 

                1                   1.065808   -2.401152    3.138233 

                1                   0.510316   -2.722375    4.792715 

                1                   0.059515   -3.827696    3.487747 

                6                  -0.723207   -0.471920    3.798989 

                1                  -1.599301    0.160960    3.641819 

                1                  -0.410725   -0.377588    4.841532 

                1                   0.084419   -0.093909    3.167246 

               32                  -1.662167    0.938208   -0.385944 

                7                  -3.161029    3.640531    0.572557 

                7                  -4.278741    1.921630    1.142975 

                7                  -1.660789   -2.678001    0.035097 

                7                  -1.364701   -1.982706    2.044066 

               14                  -2.452477    2.208695    1.605296 

               14                  -0.739572   -1.103803    0.493096 

 -------------------------------------------------------------------- 

 

Compound 3.4 

M06-2X/def2-SVP 

--------------------------------------------------------------------- 

     Atomic               Coordinates (Angstroms) 

     Number            X         Y          Z 

--------------------------------------------------------------------- 

          6       -5.302262    1.297229   -2.580671 

          6       -5.444652   -0.222820   -2.431056 

          1       -4.560654   -0.641499   -1.921348 
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          1       -5.536632   -0.697533   -3.420115 

          1       -6.347817   -0.470195   -1.851508 

          6       -6.574622    1.888004   -3.199033 

          1       -7.483662    1.565457   -2.675484 

          1       -6.652626    1.551810   -4.243170 

          1       -6.529432    2.986873   -3.194050 

          6       -4.116515    1.617310   -3.494494 

          1       -3.965379    2.704609   -3.564123 

          1       -4.303801    1.218186   -4.501494 

          1       -3.188791    1.171579   -3.107816 

          6       -5.717488    1.962977   -0.158024 

          6       -7.191421    1.750556   -0.065931 

          6       -7.680949    0.505023    0.339573 

          1       -6.979542   -0.283457    0.621513 

          6       -9.054987    0.279927    0.397111 

          1       -9.431017   -0.693542    0.715308 

          6       -9.943928    1.299981    0.058670 

          1      -11.019577    1.124838    0.106869 

          6       -9.457352    2.545735   -0.338177 

          1      -10.150562    3.345656   -0.601424 

          6       -8.084010    2.770868   -0.405867 

          1       -7.697893    3.738966   -0.731032 

          6       -5.199600    2.756723    2.196232 

          6       -5.924503    4.101779    2.065669 

          1       -6.047402    4.559537    3.058230 

          1       -6.923923    3.978856    1.625529 

          1       -5.335932    4.787022    1.437491 

          6       -6.040305    1.769459    3.013898 

          1       -5.541037    0.790196    3.060584 

          1       -7.047306    1.637747    2.596773 

          1       -6.149252    2.149316    4.040275 

          6       -3.868908    2.986038    2.914648 

          1       -4.061930    3.347682    3.934631 

          1       -3.258082    3.731803    2.387107 

          1       -3.284595    2.056465    2.977626 

          6        2.767748    3.453671    2.285176 

          6        1.874215    4.701324    2.283281 

          1        2.272756    5.447554    1.578453 

          1        1.848472    5.152837    3.286237 

          1        0.846171    4.454630    1.983356 

          6        2.242104    2.401421    3.269714 

          1        1.237087    2.057972    2.994706 

          1        2.198903    2.829368    4.281838 

          1        2.911299    1.527898    3.286065 

          6        4.174782    3.855239    2.745381 

          1        4.878234    3.014316    2.666876 

          1        4.111219    4.146000    3.803965 

          1        4.580321    4.709561    2.188700 

          6        3.500718    3.040987   -0.132322 

          6        4.739073    3.865469   -0.203437 

          6        5.975893    3.330843    0.166089 

          1        6.027003    2.305007    0.535241 

          6        7.125269    4.108351    0.067270 

          1        8.090322    3.690489    0.358640 

          6        7.042891    5.422810   -0.396985 

          1        7.944803    6.032250   -0.470353 

          6        5.808370    5.958094   -0.760568 

          1        5.741012    6.985919   -1.119562 

          6        4.654133    5.179904   -0.666565 

          1        3.682858    5.590716   -0.950473 

          6        3.383496    2.209400   -2.545936 
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          6        4.910415    2.188869   -2.696745 

          1        5.372150    3.176133   -2.568457 

          1        5.151871    1.832984   -3.709036 

          1        5.358527    1.489446   -1.973695 

          6        2.789588    3.320812   -3.418408 

          1        1.693448    3.325041   -3.337278 

          1        3.066217    3.165715   -4.471977 

          1        3.171893    4.302923   -3.101617 

          6        2.859774    0.840813   -2.994007 

          1        3.303897    0.049038   -2.370653 

          1        3.132262    0.663369   -4.045059 

          1        1.766597    0.774022   -2.900661 

         32       -1.808025    0.469593   -0.314336 

         32       -0.784962    2.307821    1.038730 

         32       -1.853480    4.044106   -0.523137 

         32       -0.574870    2.145974   -1.680574 

          7       -4.994326    1.890172   -1.270575 

          7       -4.891785    2.217534    0.857632 

          7        2.738841    2.844920    0.941952 

          7        2.946777    2.400295   -1.153179 

         14       -3.388088    2.191860   -0.307166 

         14        1.449472    1.870079   -0.084879 

          6        5.302366   -1.297370    2.580576 

          6        5.444762    0.222687    2.431043 

          1        4.560763    0.641402    1.921367 

          1        5.536759    0.697345    3.420127 

          1        6.347924    0.470083    1.851500 

          6        6.574759   -1.888187    3.198832 

          1        7.483772   -1.565622    2.675243 

          1        6.652826   -1.552047    4.242981 

          1        6.529562   -2.987055    3.193795 

          6        4.116665   -1.617498    3.494442 

          1        3.965530   -2.704799    3.564020 

          1        4.304002   -1.218426    4.501453 

          1        3.188923   -1.171743    3.107833 

          6        5.717505   -1.963059    0.157898 

          6        7.191456   -1.750761    0.065816 

          6        7.681105   -0.505317   -0.339812 

          1        6.979777    0.283185   -0.621886 

          6        9.055165   -0.280344   -0.397318 

          1        9.431290    0.693054   -0.715620 

          6        9.944007   -1.300428   -0.058709 

          1       11.019672   -1.125378   -0.106879 

          6        9.457309   -2.546093    0.338270 

          1       10.150441   -3.346037    0.601652 

          6        8.083947   -2.771106    0.405919 

          1        7.697735   -3.739130    0.731191 

          6        5.199535   -2.756725   -2.196370 

          6        5.924455   -4.101778   -2.065877 

          1        6.047263   -4.559531   -3.058451 

          1        6.923915   -3.978857   -1.625831 

          1        5.335942   -4.787027   -1.437649 

          6        6.040191   -1.769433   -3.014051 

          1        5.540878   -0.790195   -3.060749 

          1        7.047186   -1.637668   -2.596926 

          1        6.149156   -2.149297   -4.040423 

          6        3.868813   -2.986044   -2.914730 

          1        4.061796   -3.347650   -3.934734 

          1        3.258028   -3.731840   -2.387184 

          1        3.284476   -2.056483   -2.977649 

          6       -2.767815   -3.453724   -2.285042 
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          6       -1.874261   -4.701362   -2.283126 

          1       -2.272755   -5.447562   -1.578240 

          1       -1.848560   -5.152926   -3.286060 

          1       -0.846205   -4.454638   -1.983265 

          6       -2.242237   -2.401508   -3.269651 

          1       -1.237221   -2.058014   -2.994696 

          1       -2.199059   -2.829504   -4.281755 

          1       -2.911459   -1.528006   -3.286022 

          6       -4.174861   -3.855340   -2.745171 

          1       -4.878324   -3.014424   -2.666689 

          1       -4.111333   -4.146162   -3.803741 

          1       -4.580364   -4.709636   -2.188424 

          6       -3.500731   -3.040910    0.132455 

          6       -4.739133   -3.865316    0.203621 

          6       -5.975930   -3.330599   -0.165850 

          1       -6.026983   -2.304756   -0.534995 

          6       -7.125359   -4.108021   -0.066981 

          1       -8.090395   -3.690086   -0.358306 

          6       -7.043058   -5.422487    0.397269 

          1       -7.945012   -6.031860    0.470676 

          6       -5.808559   -5.957863    0.760793 

          1       -5.741261   -6.985696    1.119779 

          6       -4.654269   -5.179759    0.666743 

          1       -3.683012   -5.590647    0.950600 

          6       -3.383453   -2.209188    2.546018 

          6       -4.910371   -2.188579    2.696836 

          1       -5.372151   -3.175833    2.568634 

          1       -5.151806   -1.832597    3.709097 

          1       -5.358455   -1.489199    1.973727 

          6       -2.789584   -3.320563    3.418566 

          1       -1.693445   -3.324846    3.337427 

          1       -3.066198   -3.165377    4.472125 

          1       -3.171935   -4.302680    3.101851 

          6       -2.859670   -0.840590    2.993988 

          1       -3.303780   -0.048837    2.370596 

          1       -3.132124   -0.663070    4.045036 

          1       -1.766494   -0.773843    2.900608 

         32        1.808040   -0.469571    0.314338 

         32        0.784953   -2.307763   -1.038763 

         32        1.853490   -4.044094    0.523037 

         32        0.574902   -2.145994    1.680546 

          7        4.994365   -1.890238    1.270462 

          7        4.891772   -2.217561   -0.857747 

          7       -2.738869   -2.844910   -0.941847 

          7       -2.946753   -2.400187    1.153270 

         14        3.388099   -2.191850    0.307087 

         14       -1.449464   -1.870042    0.084904 

 

Table A2.14 Optimized geometries of compounds 3.2 and 3.3 
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A.3 X-ray Crystallographic Data 

Crystallographic data for 2.4: C72H104N8Si7; M = 1278.26; triclinic P -1; a = 15.3763(14) 

Å, b = 15.3866(17) Å, c = 27.8566(18) Å; α =83.745(4)°, β = 83.819(3)°, γ = 64.633(3)°; 

V = 3785.9(7) Å3; Z = 2; ρcalcd = 1.121 g cm-3; 28868 measured reflections; 13235 

independent reflections; 736 refined parameters; R1 = 0.0978, wR2 = 0.2097 (I > 2σ(I)). 

 

Crystallographic data for 2.5: C74H108N8Si6; M = 1278.22; monoclinic P 1 21/c 1; a = 

11.8359(17) Å, b = 17.048(2) Å, c = 18.222(3) Å; α =90°, β = 91.926(4)°, γ = 90°; V = 

3674.7(9) Å3; Z = 2; ρcalcd = 1.155 g cm-3; 7561 measured reflections; 7561 independent 

reflections; 451 refined parameters; R1 = 0.0797, wR2 = 0.1985 (I > 2σ(I)). 

 

Crystallographic data for 2.6: C65H104N8Si5; M = 1138.01; monoclinic P 1 21/c 1; a = 

13.4477(12) Å, b = 23.674(2) Å, c = 21.774(2) Å; α =90°, β = 94.560(3)°, γ = 90°; V = 

6910.0(12) Å3; Z = 4; ρcalcd = 1.094 g cm-3; 65656 measured reflections; 14465 

independent reflections; 810 refined parameters; R1 = 0.0945, wR2 = 0.1790 (I > 2σ(I)). 

 

Crystallographic data for 2.7: C94H140N8O16Si7W2; M = 2202.46; monoclinic C 1 2/c 1; 

a = 22.0507(10) Å, b = 17.9656(8) Å, c = 26.7083(13) Å; α =90°, β = 97.712(2) °, γ = 

90°; V = 10484.9(8) Å3; Z = 4; ρcalcd = 1.395 g cm-3; 111396 measured reflections; 13874 

independent reflections; 632 refined parameters; R1 = 0.0677, wR2 = 0.1659 (I > 2σ(I)). 

 

Crystallographic data for 3.3: C74H108N8Si4Ge2; M = 1367.22; monoclinic P1 21/c1; a 

= 11.8909(17) Å, b = 17.158(2) Å, c = 18.316(2) Å; α =90°, β = 91.698(4)°, γ = 90°; V 

= 3735.3(9) Å3; Z = 2; ρcalcd = 1.216 g cm-3; 56423 measured reflections; 8889 

independent reflections; 411 refined parameters; R1 = 0.0560, wR2 = 0.1170 (I > 2σ(I)). 



188 
 

 

Crystallographic data for 3.4: C81H116Ge8N8Si4; M = 1894.89; triclinic P -1; a = 

12.07180(10) Å, b = 13.99550(10) Å, c = 14.92650(10) Å; α =113.6632(5)°, β = 

96.9458(6)°, γ = 102.2063(6)°; V = 2197.13(3) Å3; Z = 1; ρcalcd = 1.432 g cm-3; 29249 

measured reflections; 7735 independent reflections; 489 refined parameters; R1 = 0.0570, 

wR2 = 0.1467 (I > 2σ(I)). 
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A.4 Other Spectroscopic Data 

 

Figure A4.1 UV-vis spectrum of 2.4 in benzene 

 

Figure A4.2 UV-vis spectrum of 2.5 in benzene 
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Figure A4.3 UV-vis spectrum of 2.6 in benzene 

 

 

Figure A4.4 UV-vis spectrum of 2.7 in THF 
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Figure A4.5 FT-IR spectrum of W(CO)THF (blue) and 2.7 (red) in THF 

 

Point Energy Dispersive Spectroscopy Data: 

 

Figure A4.6 HAADF electron micrograph of area used for EDS point analysis, each point 

corresponding to the following spectrums 
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 Figure A4.6.1 EDS point analysis of germanium nanoparticles Spectrum 1 

 

Figure A4.6.2 EDS point analysis of germanium nanoparticles Spectrum 2 

 

Figure A4.6.3 EDS point analysis of germanium nanoparticles Spectrum 3 
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Figure A4.6.4 EDS point analysis of germanium nanoparticles Spectrum 4

 

Figure 4.6.5 EDS point analysis of germanium nanoparticles Spectrum 5

 

Figure A4.6.6 EDS point analysis of germanium nanoparticles Spectrum 6 

Point EDS measurements of nanoparticles show definitively the presence of germanium 

in the nanoparticles as evidenced by spectrums 1-5.  

 

Spectrum 6 was the point EDS measurement for empty space, as observed from the 

micrograph, showing no germanium while providing meaningful background data, 

corresponding to the silicate and formvar coating and copper from the TEM copper grid. 
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Figure A4.7XPS Survey spectra for 7th day samples. Spectrum was collected with an Al source 

(1486.69 eV), 3 scans, pass energy 50 eV. Referenced to adventitious carbon at 284.4 eV.  

 

Figure A4.8 Representative Ge 3d XPS data for 7th day samples. Spectrum was collected with 

an Al source (1486.69 eV), 50 scans, pass energy 20 eV.  
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Figure A4.9 XPS Survey spectra for 12th day samples (methanol used was stored over molecular 

sieves). Spectrum was collected with an Al source (1486.69 eV), 3 scans, pass energy 50 eV. 

Referenced to adventitious carbon at 284.4 eV.  

 

 

Figure A4.10 Representative Ge 3d XPS data for 12th day samples (methanol used was stored 

over molecular sieves). Spectrum was collected with an Al source (1486.69 eV), 50 scans, pass 

energy 20 eV.  
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Figure A4.11 XPS Survey spectra for 12th day samples (using redistilled methanol). Spectrum 

was collected with an Al source (1486.69 eV), 3 scans, pass energy 50 eV. Referenced to 

adventitious carbon at 284.4 eV.  

 

  

Figure A4.12 Representative Ge 3d XPS data for 12th day samples (using redistilled methanol). 

Spectrum was collected with an Al source (1486.69 eV), 50 scans, pass energy 20 eV.  
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High Resolution Transmission Electron Microscopy (HRTEM) Image 

 

Figure A4.13 HRTEM Image of Germanium nanoparticle (10th day sample) 
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Raman Spectroscopy of Nanoparticles 

 

Figure A4.14 Raman spectrum of deposited Ge nanoparticles (12th day) onto a crystalline silicon 

wafer. Excitation wavelength: 514 nm. A broad peak at 270-310 cm-1 was observed, which 

corresponds to amorphous germanium.55   

 

 

 

 

 

 

 

 


