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1. Preface

Silicon chemistry has been one of the major research field of the Department of Inorganic

Chemistry of the Budapest University of Technology and Economics. Accordingly, our theo-

retical chemistry group, supervised by Tamás Veszprémi, deals with a special branch of this

area, the hypovalent and/or unsaturated silicon species, in wider sense other heavy group 14

compounds as well.

During my Ph.D. years I investigated the geometry, electronic structure and thermody-

namic stability of several fascinating small molecules containing silicon and germanium in

unusual coordination modes. For this purpose I utilized the efficacious tools of quantum chem-

istry.

My first research topic was the investigation of the recently synthesized trisilaallene and

several three-membered cyclic and open-chain silylene isomers. Another interesting topic

was the characterization of substituent bridges in heavy group 13 and 14 compounds. Fi-

nally, the mechanism of the valence isomerization of the recently synthesized 2-chalcogen-

trisilabicyclo[1.1.0]butane derivatives was explored. I investigated two bond-stretch isomers

and a hitherto unknown third valence isomer of the heavy 2-chalcogen-trimetallabicyclo-

[1.1.0]butanes.

2. Literature Review

Metallylenes are divalent and dicoordinated heavy group 14 compounds, with the formal ox-

idation number of the central atom being 2. Usually they exhibit singlet ground state, which

results in a lone electron pair with strong s character and an empty p orbital on the metally-

lene center. Silylenes are key intermediates in numerous thermal and photochemical reactions.

Since the first isolable silylene, synthesized by Denk et. al in 1994, numerous N-heterocyclic

silylene were characterized.1 The stability of these compounds is mainly achieved by the π-

donating but electronegative nitrogen substitution on the silylenic center. The only isolated

dialkyl silylene is a five-membered saturated ring, in which the divalent silicon atom is pro-

tected sterically and electronically by trimethylsilyl groups in α position.2 Most of the sta-

bilizing factors related to silylenes can be accumulated in a three-membered ring, thus such

compounds can be promising synthetic targets.3,4

Since the ground breaking synthesis of the first stable, doubly bonded silicon–silicon com-

1M. Asay, C. Jones, and M. Driess, Chem. Rev., 2011, 111, 354.
2Y. Mizuhata, T. Sasamori, and N. Tokitoh, Chem. Rev., 2009, 109, 3479.
3K. Petrov, C. T. Nguyen, and T. Veszprémi, Organometallics, 2006, 25(6), 1480.
4K. T. Petrov and T. Veszprémi, Int. J. Chem. Model., 2011, 3(3), 309.
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pound in 1981, crystal structures of at least 73 stable disilenes have been reported, usually

exhibiting trans-bent geometry. In addition, 1-silaallenes, tetrasilacyclobutenes, trisilacyclo-

propenes, a pentasilaspiropentadiene and a trisilaallene have been isolated and characterized.5

Heavy cyclopropene analogues, cyclotrimetallenes possess highly strained three-membered

skeleton, and a highly reactive endocyclic heavy metal-metal double bond. One of the most

interesting reactions of these compounds is the 1,2-substituent migration over the unsaturated

ring skeleton. Such migration occurs on disilagermirene via photochemical irradiation and

under thermal conditions as well.6 The two-step mechanism contains a viable substituent-

bridged intermedier7, thus the investigation of such bridged structures was current among the

heavy group 14 compounds.8,9

Unique structural features of group 14 heteroallenes are many: they are bent at the central

atom and pyramidalized at the terminal heavy heteroatoms, refering to the trans-bent charac-

ter of the double bonds in these structures. The only trisilaallene derivative was synthesized

and characterized in 2003 by Kira et al.10 Beside the significantly bent skeletal bond an-

gle (α=136.5◦) and pyramidalized terminal silicon atoms, a fascinating new feature of this

compound is the fluxional behavior in solid state and in solution as well, which involves the

facile intramolecular rotation of the central silicon around the axis of the terminal Si atoms.

This dynamic disorder causes that four isomers of trisilaallene exist. Fascinating behavior

of group 14 heteroallenes demanded the exact characterization of bonding scheme in these

compounds.3,4,11,12

It was recently recognized that there are organic compounds with the general formula of

EL2 (E= C, Si, Ge, Sn, Pb), where the central group 14 atom retains its four valence electrons as

two lone pairs (one with with σ and one with π symmetry) and where the chemical bonding to

the donor ligands L takes place through donor-acceptor interactions L→E←L.4,13,14,15 These

so-called metallylones or divalent E(0) compounds are good σ and π donors, thus serve as

double Lewis bases. A supposition emerged, that the electronic structure of the synthesized

trisilaallene can be interpreted as a silylone.14 However, this presumption is questionable.4,12

Small silicon hydrides are of interest because of their importance in chemical vapor de-

5R. C. Fischer and P. P. Power, Chem. Rev., 2010, 110, 3877.
6V. Ya. Lee, M. Ichinohe, A. Sekiguchi, N. Takagi, and S. Nagase, J. Am. Chem. Soc., 2000, 122, 9034.
7T. Veszprémi, A. Olasz, and B. Pintér, Silicon Chem., 2005, 3, 187.
8B. Pintér, A. Olasz, K. Petrov, and T. Veszprémi, Organometallics, 2007, 26(15), 3677.
9K. T. Petrov, and T. Veszprémi, Int. J. Quant. Chem., 2009, 109(11), 2526.

10S. Ishida, T. Iwamoto, and M. Kira, Nature, 2003, 421, 725.
11M. Kosa, M. Karni, and Y. Apeloig, J. Chem Theory Comput., 2006, 2, 956.
12M. Kira, Chem. Commun., 2010, 46, 289.
13R. Tonner, F. Öxler, B. Neumüller, W. Petz, and G. Frenking, Angew. Chem. Int. Ed., 2006, 45, 8038.
14N. Takagi, T. Shimizu, and G. Frenking, Chem. Eur. J., 2009, 15, 3448.
15N. Takagi, T. Shimizu, and G. Frenking, Chem. Eur. J., 2009, 15, 8593.
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position of silicon with the aim of potential applications in optoelectronics and their likely

existence in the interstellar spaces of evolved carbon stars. It is known that many of them ex-

hibit hydrogen bridges in their stable equilibrium geometries and numerous hydrogen-bridged

structures are characterized experimentally as well. In organometallic chemistry bridged struc-

tures play an important role in substituent migration reactions.7−9

Stable bicyclo[1.1.0]butanes comprising heavier group 14 elements are sparse. One of the

most interesting features of them is the possible existence of bond-stretch isomers. Short-

bond isomers are characterized by shorter bridge, larger angle of bridgehead substituents and

smaller interflap angle of the three-membered rings compared to the long-bond conformers.

Recently Sekiguchi et al. synthesized 2-chalcogen-trisilabicyclo[1.1.0]butanes (Si3XR4,

X= S, Se, Te, R= SiMetBu2), a new group of heavy bicyclobutane derivatives, by the insertion

of chalcogenes into the Si=Si double bond of trisilirene. They also reported the photochem-

ical isomerization of the bicyclo compounds to heavy cyclobutene analogues.16 This kind of

insertion of chalcogenes and the following isomerization eventually represent a chalcogen ac-

tivation. Understanding of such fundamental process can contribute to the development of

transition metal free catalysts for activation and functionalization of small molecules.17,18

3. Applied Computational Methods

The quantum chemical calculations were performed using the Gaussian03, Gaussian09 and

QChem 3.2 program packages. Geometry optimization, frequency analysis, IRC calcula-

tion, stability check and calculation of the properties were performed using the B3LYP DFT

functional with the cc-pVTZ, aug-cc-pVTZ, aug-cc-pVDZ or 6-31g* basis sets. In several

cases higher level calculations were performed to validate these results (MP2/aug-ccpVDZ,

CCSD/aug-cc-pVTZ, CBS-QB3, CASSCF/aug-cc-pVTZ).

For the analysis of the electronic structure of the investigated molecules four different

methods were used: analysis of Atoms in Molecules (AIM) (AIM2000 program), analysis

of Molecular Orbitals (MOs), analysis of Becke-Edgecombe Electron Localization Function

(ELF) (TOPMOD program) and Natural Population Analysis (NPA) including Natural Bond

Orbital analysis (NBO) (NBO 3.1 program). Four different methods were used to characterize

the strength of the bonding interactions in the investigated molecules: Wiberg bond index

(WBI), Mayer bond order (MBO), overlap-weighted NAO bond order (NAO BO) and fuzzy

atoms bond order (FABO) (program FUZZY).

16V. Y. Lee, S. Miyazaki, H. Yasuda, and A. Sekiguchi, J. Am. Chem. Soc., 2008, 130, 2758.
17K. T. Petrov, B. Pintér and T. Veszprémi, J. Organomet. Chem., 2012, 10.1016/j.jorganchem.2012.01.023
18B. Pintér, K. T. Petrov, and T. Veszprémi, Organometallics, prepared for publication.
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4. Results

Toward Stable Heavy Metallaallenes and Metallylenes

The singlet potential energy surface (PES) of Si3H4 (1), which is significantly flatter than the

analogous C3H4 PES, exhibits numerous peculiar isomers, which contain hydrogen bridges,

delocalized electron system or fuzzy valence states.

To explore the electronic structure of the recently synthesized trisilaallene, I investigated

the potential energy curve (PEC), where the varying internal coordinate is the bond angle of

the three-membered silicon skeleton (α) (Figure 4.1). On this PEC two minima exist (1a, and

1b), but the linear trisilaallene (1c) is a second order saddle point. 1a is a cyclic silylene,

possesses acute central bond angle (α = 55.7◦), C2 symmetry, and positively charged central

silicon atom. Structure 1b is an open-chain silylene (α = 70.2◦) with Cs symmetry, exhibiting

typical charge separation with strongly negative central silicon atom. This b-type electronic

structure is preferable in the 70◦ < α < 100◦ region and can be characterized by a 3 center–2

electron delocalized π-system over the silicon skeleton. The energetically unfavourable linear

1c has two perpendicular π-bonds between the silicon atoms, and D2h symmetry.

Figure 4.1. Selected PECs of Si3H4. Continuous line: optimized structures at fixed α angles; dashed
line: planar structures at fixed α; dotted line: perpendicular conformation of terminal –SiH2 groups at
fixed α. (CBS-QB3) [degree–kcal/mol]

Upon bending 1c to 1b the degenerate HOMO splits (Figure 4.2). The energy of the

HOMO, representing the delocalized π-system over the silicon sceleton, does not change es-

sentially. The energy of HOMO-1, representing the lone pair on the central silicon, decreases.

On the other hand, the energy of the HOMO-2 increases upon bending due to the increased

antibonding interaction between terminals. Further bending of the central bond angle from

1b to 1a results in the formation of Si1–Si3 bonding interaction represented by HOMO and

HOMO-2 as well.
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Figure 4.2. Schematic representation of the formation of selected MOs from 1a to 1c.

Among the analogous PEC of SiGe2H4 (2), GeSi2H4 (3), Ge3H4 (4), SiC2H4 (5), SiN2H2

(6) and SiP2H2 (7) two main types of pattern can be distinguished. The most striking difference

between the two groups of molecules is in the position of the equilibrium structures. While

in the first group (2, 3, 4) a and b isomers are existent, c is only a second order saddle point

on the PEC, similarly to the PEC of 1. In the other group (5, 6, 7) a and c isomers are true

minima, but the electronic structure of b is highly unfavourable.

Stability of three-membered silylene ring can be raised by substituting the pillar atoms

in Si3H4 ring to Ge, C, P and N atoms estimated by isodesmic reactions. Stability of three-

membered open-chain and cyclic germylenes (GeX2H4, X= Si, Ge) are higher than the silylene

analogues.

I studied the effect of systematic substitution of the hydrogens on 1. Electronegative, π-

donor substituents enhance the electronic structure of b-type silylene against silaallene. How-

ever, bulky groups can hinder this effect by rotating the terminals from the ideal planar con-

formation. Especially prosperous synthetic targets can be the cyclic, nitrogen atom containing

substituents (Chart 4.1). Due to the unusual zwitterionic resonance structure of triafulvene, 1D

also has b-type electronic structure. Using electropositive, but non-π-acceptor substituents on

the silicon skeleton, stabilization of a-type silacyclopropylidene is achievable over the b-type

silylene and c-type silaallene (Chart 4.1).

Chart 4.1. Proposed substituents for stable silylenes
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I investigated the electronic structure of the prototypes of divalent silicon(0) compounds

(SiL2, where L= NH3 (8) or PH3 (9)), and concluded that this structure differs well from a-like

cyclic silylene, b-like silylene or c-like allene. Also, the synthesized trisilaallene cannot be

considered as a silylone.

Characterization of Substituent Bridges in Heavy Group 14 Molecules

One can designate X1–Rb–X2 (X= B, Al, Si, Ge, R= H, SiH3) as real bridging interaction, if

the Rb atom has well defined bonding interaction with both of the pillar X1 and X2 atoms. The

absence of one of the bridging bonds results in highly distorted, but not bridged structures.

Based on the detailed investigation of X2Hn (10a-13c, where X= B, Al and n= 2, 4, 6)

I concluded that analysis of NBO and ELF can be useful methods for localizing substituent

bridges in hydrides, represented by 3 center–2 electron (3c-2e) bonds in these methods. How-

ever, AIM critical points can behave arbitrary in these non-classical cases. As bond orders

predict similar results for the investigated test molecules, I choose the FABO method for fur-

ther investigations.

Analysis of the electronic properties of silicon and germanium containing X2Hn com-

pounds (14a-19b, where X= Si, Ge and n= 2, 4) revealed, that typical FABO interval for X–Hb

bridging bonds is 0.5-0.6, while bond distances are 1.62-1.75Å and 1.71-1.81Å for Si–Hb and

Ge–Hb, respectively. The sum of FABO of the bridging X1–Hb and X2–Hb is 1.1.

1f 1f(SiH3)

Si1

Si3

Si2

H

H H

..

Hb
V(Si1,Si2,H )b

V(Si2)
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H
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H
b

H
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H
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Figure 4.3. 0.85 ELF isosurface (for 1f), AIM molecular graph (for 1f(SiH3)) and Laplacian distribu-
tion of hydrogen- and silyl monobridges in Si3R4 compounds (R= H in 1f, R= SiH3 in 1f(SiH3)).
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The formation of mono-H-bridge in X3H4 rings (1f-4i, where X= Si, Ge) can be deduced

from two XH fragments (with a lone-electron pair, an unpaired electron and an empty p orbital)

and a sp2 hybridized XH2 fragment approaching each other. Based on the criteria set up

for bridge formation in small hydrides, I designated 6 monobridged hydrides among three-

membered cyclic silicon and germanium containing compounds (e.g. Figure 4.3), while no

dibridged structure could be characterized. Silyl bridges of these rings (1f(SiH3)-4f(SiH3))

were also characterized (e.g. Figure 4.3).

Bond-Stretch Isomerism in 2-Chalcogen-trimetallabicyclo[1.1.0]butanes

The most significant structural feature of the short-bond isomer of 2-chalcogen-trisilabicyclo-

[1.1.0]butanes (X= S in 20 and X= Se in 21) againts the long-bond isomer is the shorter central

bridging bond (d), the smaller interflap angle of the three-membered rings (δ), and the larger

angle of the bridgehead substituents, R (α) (Chart 4.2). Depending on the bridgehead sub-

stituents (R= H, Me, SiH3,
tBu, SiMe3), d elongates by about 0.3-0.6 Å, δ decreases by 10-25◦

and α increases by 30-60◦ going from the short- to long-bond isomer. In both structures the

bridgehead substituents have syn arrangement. I found a new isomer, 20c, which structure

adopts planar ring geometry with bridgehead substituents in anti arrangement and a bridging

Si1–Si2 bond distance of 3.1-3.3 Å.

Chart 4.2. Bond-stretch isomers of 2-thia- (20, X= S) and 2-selena- (21, X= Se) trisilabicyclo-
[1.1.0]butanes: short-bond (a), long-bond (b) and anti (c) isomers

The relative stability of the bond-stretch isomers is determined by three main factors. First,

the bridging Si1–Si2 interaction, which is comparable in the short- and long-bond isomers, but

weak in the anti isomer. The second factor of the stability is the ring strain in the three-

membered rings, which is evidently decreases in the range of a>b>c, based on geometrical

considerations. The final important factor is the steric repulsion between the bridgehead sub-

stituents, which depends on the α parameter, thus decreases in the range of b>a>c.

The reaction heats of hypothetical isodesmic reactions show, that the driving force cor-

responding to the sulphur activation are identical within computational error for siladiger-
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mirene, disilagermirene, as well as trigermirene, implying that these germanium analogues

would likely react with sulphur, similarly to trisilirene.

Substitution of the saturated silicon atom (Si3) to germanium (22), eventuate a significant

decrease of ring strain, which mostly stabilize the most strained short-bond isomer. For sys-

tems containing germanium bridgehead atoms (23, 24), however, the large Ge1–Ge2 bridging

distance provokes more separated bridgehead ligands preferable for the long-bond isomer, but

causes also profoundly weaker orbital overlap compared to silicon-bridged systems.

Systematic investigation of the effect of substituents on the certain rings revealed that anti

isomer (c) is a promising synthetic target in germanium-bridged bicyclo compounds with bulky

bridgehead substituents having carbon contact atom (e.g. tBu).

Mechanisms of Valence Isomerization of 2-Chalcogen-Trisilabicyclo[1.1.0]-

butanes to Cyclobutene Derivatives

I explored the mechanism of the photolitical isomerization of 2-chalcogen-trisilabicyclo[1.1.0]-

butanes (X= S, Se and R= H, SiH3) to their cyclobutene analogues and concluded that the

isomerisation takes place on the singlet PES via a two-step mechanism (Figure 4.4). The

isomerization reaction starts from the short-bond isomer (20a, 21a). In the first step both

three-membered rings open and form the s-cis isomer of the butadiene-like intermediate (20d,

21d). Because of the simultaneous Si1–Si3 and Si2–X bond breaking, this step is associated

with a rather high barrier. The second reaction step is a ring closure, which gives the final

product (20e, 21e). Two conformations of the transition state exist with low barrier heights.

The reaction is exothermic.

Figure 4.4. Reaction profile of isomerization from 20a to 20e (R, R’= SiH3). (CBS-QB3) [kcal/mol]
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5. Thesis

1. On the selected PEC of Si3H4 (1), where the varying internal coordinate is the skeletal

Si1–Si2–Si3 bond angle (α), I found that two hitherto unsynthesized silylene (1a and

1b) exist as minima, but the linear trisilaallene (1c) appears as a second-order saddle

point. I appointed that 1a is a cyclic silylene, possessing acute central bond angle, and

partial positive charged central silicon atom. Structure 1b is an open-chain silylene,

exhibiting typical charge separation with strongly negative central silicon atom. This

b-type electronic structure can be characterized by a 3 center–2 electron delocalized π-

system over the silicon skeleton, which electronic structure is the most emphatic in the

70◦< α <100◦ region with planar conformation. The energetically unfavourable linear

1c exhibits two perpendicular π-bonds between the silicon atoms.P1

2. From the investigation of XY2H4 (X= Si, Ge, Y= Ge, C) and XY2H2 (X= Si, Y= N, P)

compounds I concluded that the stability of three-membered silylene ring can be raised

by substituting the tetravalent pillar atoms in Si3H4 ring to Ge, C, P and N atoms esti-

mated by isodesmic reactions. My results point out that the stability of three-membered

open-chain and cyclic germylenes (GeX2H4, X= Si, Ge) are higher than the silylene

analogues.P4

3. I revealed that the electronic structure of b-type silylenes can be enhanced by electroneg-

ative, π-donor substituents on the three-membered silicon skeleton. The rotation of the

terminals from the ideal planar conformation can be impeded with cyclic groups. Using

electropositive, but non-π-acceptor substituents, stabilization of a-type silacyclopropyli-

dene is achievable over the b-type silylene and c-type silaallene. Based on these findings,

I designed two stable derivatives of b-type and one congener of a-type silylene.P1,P4

4. Heavy group 13 and 14 hydrides (X2Hn, where X= B, Al, Si, Ge, n= 2, 4, 6 and X3H4,

where X= Si, Ge) often exhibit hydrogen-bridged structure as low-lying stable minima

on the PES. Also, I showed the existence of silyl bridges in X3R4 (X= Si, Ge, R= SiH3)

compounds. One can designate X1–Rb–X2 interaction as real bridging bond, if the Rb

atom has well defined bonding interaction with both of the pillar X1 and X2 atoms.

The absence of one of the bridging bonds results in highly distorted, but not bridged

structures.P2,P3

5. According to my studies, a substituent bridge can be characterized:

• as a 3 center–2 electron bonding interaction between the pillar atoms and the bridg-

ing atom localized by NBO analysis,
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• as a tri-synaptic X1-Rb-X2 valence core in the ELF,

• with two bond critical points (X1–Rb, X2–Rb) on the moleculear graph in AIM

theory,

• by charge accumulation in the region of X1–Rb and X2–Rb bonds on the Laplacian

distribution,

• by fuzzy atoms bond order (FABO) of 0.5-0.6 for hydrogen bridges, where the sum

of the bridging X1–Hb and X2–Hb bond orders are 1.1, and FABO of 0.5-0.8 for

silyl bridges, where the sum of the bond orders of the two bridging bonds is 1.3.

For the characterization of real bridged molecules the joint investigation of the electronic

properties is required, as NBO and ELF analysis do not differentiate between bridged

and distorted structures, while AIM theory ignores one of the bridging bonds in several

bridged molecules.P3

6. I revealed that 2-chalcogen-trimetallabicyclo[1.1.0]butane derivatives (X2YZR4, where

X, Y= Si, Ge, Z= S, Se and R= H, Me, SiH3,
tBu, SiMe3) exhibit bond-stretch iso-

mers. Besides the two extremes – short-bond and long-bond isomer – I found a new

anti isomer. I determined that the strength of the bridging bond is very similar in the

short- and long-bond isomers, in spite of the difference in the bridging bond distance.

Thus, the interplay of steric hidrance between the bridgehead substituents and ring strain

determine the relative stability of the two structures. Ring strain prefers the long-bond

conformation, whereas bulky substituents have more favourable arrangement in short-

bond isomer. Anti isomer provides the most prosperous ligand arrangement for bulky

substituents, however the interaction of the bridgehead silicon atoms is weak due to the

uniquely long bridge distance.

I systematically analysed the dependence of relative stability of the isomers on the com-

position of the bicyclo skeleton and the bridgehead substituents and I concluded that the

hitherto unknown anti conformer is a promising synthetic target in germanium bridged

bicyclo compounds with bulky bridgehead substituents having carbon contact atom.P5

7. In contrast to former expectations in the literature, I concluded that the photoinduced

isomerization of 2-chalcogen-trisilabicyclo[1.1.0]butanes (X= S, Se) to their valence

isomer cyclobutene analogues follows a two-step mechanism with the intermediacy of

a butadiene-like structure. In the first, rate determining step the three-membered rings

of short-bonded 2-chalcogen-trisilabicyclo[1.1.0]butane simultaneously open in a het-

erolytic fashion. The second, ring closure step can be interpreted as the nucleophilic

attack of the partial negative charged chalcogen atom on the partial positive silicon ter-

minal of the heavy butadiene intermediate.P6
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