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ABSTRACT 

As a landmark discovery in organosilicon chemistry, in 1981, Brook et al synthesised 

a compound containing C=Sidouble bond and West et al another one, containing Si=Si 

double bond. The present research titled ‘Quantum Mechanical Assessment of Substituent 

Effect of Doubly Bonded Silicon Compounds’ encompasses the computational analysis of 

some typical reactions of the substituted silenes (compounds with C=Si) and cyclotrisilene 

(compounds with Si=Si) with special emphasis on the substituent effects. The effect of 

substituents including R = CH3, SiH3, OH, CN and F on the dimerization of H2C=SiH2 is 

deeply explored and discussed. The study revealed that the dimerization process 

preferentially adopted a free radical reaction pathway and the substituents affecting the 

natural polarity of the C=S bond of the silene have a remarkable control over the energetics 

of the dimerization. Being a highly reactive species, silenes can be made use of for the small 

molecule activation process. The activity of silenes on NH3, CO and NO is systematically 

examined and the effect of substituents on the reactive potential of silenes is scrutinised. Our 

analysis endorsed the competence of silenes in activating the polar bonds in small molecules 

and identified that the σ- withdrawing and π- donating substituents improve their potential 

significantly. Silylene is the silicon alternative of carbene. It is an extremely reactive species 

and can activate even the most stable chemical bonds. We have studied the silene-silylene 

rearrangement in detail and the effect of the substituents on the energetics and mechanism of 

the process. Our study revealed that the π-donating substituents that are successful in 

inducing a polarity reversal of the C=Si bond of silene can bring down the barrier height of 

the silene-silylene rearrangement to great extends. Cyclotrisilene is the simplest cyclic 

compound containing a Si=Si double bond. We have conducted a detailed exploration of the 

reaction pathways and energetics of 1,2,3,3-tetramethyl cyclotrisilene with a few alkynes and 

aldehydes. Our investigation ascertained that the σ-insertion and π-addition are the 

spontaneous reaction pathways of the silenes with substrates carrying multiple bonds. Ring 

opening reactions yielding disilenyl silylene and is also feasible under normal conditions. 

However, exocyclic σ-insertion reaction involves huge activation energy and is not 

practicable. The energetics of the reaction significantly depends on the characteristics of the 

substrate involved. An exactly similar study is carried out with 1,2-bis(trimethylsilyl)-3, 3-

dimethylcyclotrisilene instead of 1,2,3,3-tetramethyl cyclotrisilene. This corroborative study 

manifested the effect of substituents on the cyclotrisilene ring on the four reaction pathways 

subjected to analysis.  
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PREFACE 

Schrödinger equation is the principal equation of quantum mechanics. An exact 

solution of the Schrödinger equation is unachievable for systems having more than one 

electron. Therefore, modified versions of the fundamental Schrödinger equation, collectively 

known as approximation methods are designed systems containing more than one interaction. 

One of the rapidly developing subfields of quantum mechanics is computational chemistry, 

where the chemical problems are solved in extreme precision using automated calculations. 

Most popular methods in computational chemistry include (a) Molecular mechanics (MM) 

(b) ab-initio methods (c) semiempirical treatments (d) the DFT methods (e) Monte Carlo and 

molecular dynamics simulations and (f) molecular mechanics (QM/MM) and hybrid quantum 

mechanics methods. Ab initio treatments, which provide the most accurate results, are 

employable with relatively small systems only. The Hatree-Fock theory which provides an 

approximation to the Schrodinger equation forms the fundamental Ab initio treatment. The 

methods which attempt further refinement of the HF method are collectively named as Post 

Hartree-Fock (PHF) methods. The most popular among them are the configuration interaction 

treatment (CI) coupled cluster method (CC)  and many body perturbation theory (MBPT). 

The DFT method which expressesthe many electrons system as a function of the total 

electron density is another widely accepted approach in computational chemistry. 

Chemistry before 1980s believed that the multiple bonds to silicon is so unstable that 

it is impossible generate such compounds. As a landmark discovery in organosilicon 

chemistry, in 1981, Brook et al synthesised a compound containing C=Si double bond and 

West et al another one, containing Si=Si double bond. This brings to light enormous scope in 

multiple bond chemistry of silicon compounds. The present research titled ‘quantum 

mechanical assessment of substituent effect of doubly bonded silicon compounds’ 

encompasses the computational analysis of some typical reactions of the substituted silenes 

(compounds with C=Si) with special emphasis on the substituent effects. The parent 

compounds included are silene (H2C=SiH2) and cyclotrisilene (Si3H4). Chapter one dealing 

with these introductive sessions.  

Chapter 2 describes the substituent effects on the dimerization reaction of silenes: the 

di-radical and the zwitter-ion reaction pathways. Due to the inherently polar nature of the 

silene bond (δ+Si=Cδ–), they freely react with nucleophilic substrates including amines, 

carboxylic acids, alcohols, dienes, alkenes, carbonyl compounds, water and alkoxysilanes 
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etc.In the absence of such reagents, they easily undergo dimerization, usually by head-to-tail 

[2 + 2]-cycloaddition fashion and the reaction is highly regiospecific. We have made a 

detailed computational investigation of the possible reaction pathways and the energetics of 

the head-to-tail coupling reactions of silenes, resulting in the formation of 1,3-

disilacyclobutanes. The analysis included the effect of substituents on the mechanism and 

free energy profile for the dimerization of monosubstituted (RHSi=CH2, H2Si=CHR) and 

disubstituted (RHSi=CHR) silenes. The substituents used in the study are R= –CH3, –SiH3, –

OH, –CN and –F; spanning a wide range of electronic properties. The molecular electrostatic 

potential (MSEP) values on C and Si are determined in each case to assess the nature of 

polarity of the bond. B3LYP/6-31G(d,p) level of density functional theory using Gaussian 16 

suite of programs is employed in the study to perform the computations. Minimas were 

ascertained by the method of IR frequency analysis, and the saddle points were located by a 

single imaginary frequency. 

The dimerization reaction of silenes is an exothermic process with low activation 

energy (< 20 kcal/mol) and is therefore, feasible under ambient condition. Our investigation 

corroborated the finding that the course of dimerization of silenes is more stabilised in the 

diradical pathway than the zwitter-ionic pathway. Therefore, it can safely comprehend that 

the dimerization reaction of silenes prefers a diradical pathway over the zwitter-ionic 

pathway. Our analysis came up with the conclusion that certain substituents have decisive 

control over the dimerization reaction pathway of silenes.  As far as mono substituted silenes 

R-CSi-H and H-CSi-R are concerned, the substituents are more effective in promoting the 

dimerization when the substituent is attached to Si than to C of the C=Si bond.Electron 

donating substituents, -CH3 and -SiH3destabilise the dimerization reaction in both the mono 

substituted and disubstituted systems in comparison with the dimerization process of the 

unsubstituted silene. Electron withdrawing substituents stabilize the dimerization of silenes; 

specially when they are attached to the Si atom. The electron withdrawing and π donating 

substituent -OH is found to be the most effective among the five substituents attempted. The 

H-bond formation at the intermediate stages of the reaction by the –OH substituent has an 

activerole in stabilising the reaction.  

In Chapter 3 we discussing about, the substituent effects on the addition of small molecules 

(NH3, NO, CO) to silene and silene-silylene isomerization. Silenes are proposed to be a 

possible option for the small molecule activation, due their high reactivity and possibility of 

modulation of the polarity of the C=Si double bond by the proper selection of substituents. 
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Their vigorous reactions with nucleophiles including simple alcohols and amines invite 

special attention so that these are the most used trapping reaction for transient silences. The 

reaction with alcohols and water proceeds through a stepwise mechanism involving initial 

nucleophilic attack at positively polarised silicon by the substrate to form a σ-bonded 

complex. We have made a detailed computational exploration of the energetics and reaction 

pathways of the addition of NH3, NO and CO to silenes. The effect of substituents on the 

silene on the reaction parameters also investigated. As part of the present investigation, the 

effect of substituents on the energetics of the silene-silylene rearrangement is also studied 

systematically. Silylene (R2Si:) is the silicon alternative of carbene (R2C:). It is an extremely 

reactive species and can activate even the most stable chemical bonds. Unlike carbenes, they 

can be obtained in the stable form.  

Silene is found to be extremely effective in N-H and N-O activation process. The 

reaction is taking place with low activation energy and is highly exothermic for the parent 

silene. σ- withdrawing and π- donating substituents -OH and -Fare found to be ardently 

effective in promoting the activation process by largely stabilizing the reaction pathway and 

increasing the exothermicity of the reaction. The substituents are found to be more effective 

in H-CSi-R and R-CSi-R substituted forms. The CO addition reaction of the parent silene 

requires relatively high activation energy and is endothermic innature. The OH and F 

substituents are found to be profoundly effective in stabilizing the energy profile of the CO 

addition reaction and reducing the endothermicity, especially in H-CSi-R and R-CSi-R. As far 

silene-silylene rearrangement is concerned, the introduction of substituents on carbon did not 

make any change on the endothermicity of the reaction but showed a significant effect on the 

magnitude of the energy barrier. Electron donating –SiH3 and electron withdrawing –CN 

increased the activation barrier while –CH3, -OH and –F groups lowered the barrier height. A 

notable decrease in the barrier height is seen with the presence of π-donating substituents –

OH and –F which can be attributed to the polarity reversal in HO-CSi-H and F-CSi-H. When 

-OH or -F substituents present on both C and Si (R-CSi-R), the rearrangement proceeds with 

low activation energy and becomes even exothermic.  

Chapter 4 discussing about the reactions of 1,2,3,3-tetramethyl cyclotrisilene with 

propylene, phenylacetylene, trimethylsilylacetylene, formaldehyde and benzaldehyde. The 

simplest cyclic compound with a Si=Si bond cyclotrisilene which is the silicon analogue of 

cyclopropene. The first stable derivative of cyclotrisilene is synthesized byIwamoto et.al. in 

1999. Whatever may be the substituents attached, all the cyclotrisilenes are highly reactive; 
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which may be a blessing in disguise, qualifying their use as a synthetic rudiment for wide 

variety of products. The interaction of cyclotrisilenes with unsaturated molecules can advance 

through four reaction pathways. i) The π-addition reaction to the silicon - silicon double bond 

of the cyclotrisilene in [2+2] fashion, generating a pentagonal product bearing no Si - Si 

double bond. ii) The σ -insertion of the substrate into one of the endocyclic silicon–silicon 

single bonds, resulting in the ring expansion with the formation of a product with a Si - Si 

double bond. iii) The reaction in which the unsaturated reactant find place between a ring Si 

atom of the cyclotrisilene and its substituent (exocyclic - σ insertion). iv) Ring opening 

reaction which results in the formation of a disilenyl silylene. We have studied 

comprehensively the reactions of cyclotrisilene with a few alkynes and aldehydes. The 

cyclotrisilene derivative used in our study is 1,2,3,3-tetramethyl cyclotrisilene (I ). The 

alkynes employed were phenylacetylene (R1) propylene (R2) and trimethylsilylacetylene 

(R3) and the aldehydes were benzaldehyde (R'1) and formaldehyde (R'2). All calculations 

were carried out at the M06-2X/6-311G(d,p) level of density functional theory using the 

Gaussian 16 suite of programs. Transition states were optimized by using the Synchronous 

Transit-Guided Quasi-Newton (STQN) method implemented in Gaussian 16. Minima were 

ascertained by the IR frequency analysis, and the saddle points were characterized by a single 

imaginary frequency. The solvent effects (benzene) were accounted by single point 

calculation at SMD-M06-2X/6-311+G(d,p) level and the single point energy was corrected 

by adding the thermal correction to Gibbs free energy obtained from the gas phase calculation 

(at 298.15 K) 

Regarding all the five substrates (3 alkynes and 2 aldehydes) investigated, the π-

addition the σ- insertion reactions are found to follow a relatively better stabilized reaction 

path. Even though the activation energy required for both these classes of reactions are almost 

same with the three alkynes R1, R2 and R3, the exoergicity is found to be slightly greater for 

the σ- insertion reactions. This can be attributed to the well-defined pentagonal structure of 

the product generated. Even though less exothermic, the ring opening reactions of the alkynes 

are feasible under ambient conditions due to the low activation energy barrier. The ring 

opening reaction is found to follow the most stabilized course with R3 among the three 

acetylenes. Regarding the aldehydes, all the four categories of reactions of R'2 with I are 

direct single-step processes; probably due to the smaller size of the substrate. The ring 

opening reactions of I with the carbonyl compounds are endothermic. The activation barrier 

is also relatively higher in comparison with the ring opening reactions of the alkynes. 
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Generally, reactions of I  with alkynes follow a more stabilized path than that with carbonyl 

compounds. The exocyclic σ-insertion reaction pathway is found to be associated with 

formidable energy barrier in all the five cases investigated. Our study arrived at the 

conclusion that by the proper selection of the substituents on the substrates based on their 

electronic and steric capabilities, the reaction with the cyclotrisilene I  can be driven through 

the desired pathway. 

Similarly, Chapter 5 describing the reactions of 1,2-bis(trimethylsilyl)-3,3-dimethyl 

cyclotrisilene with propylene, phenyl acetylene, trimethylsilylacetylene, formaldehyde and 

benzaldehyde. As the conclusive part of the present investigation, we have repeated the 

studies performed on 1,2,3,3-tetramethyl cyclotrisilene (I ) (ref. Chapter 4) with 1,2-

bis(trimethylsilyl)-3,3-dimethyl cyclotrisilene (II ) to elucidate the effect of substituents 

attached to the cyclotrisilene ring on the reaction with the five unsaturated substrates (R1, 

R2, R3, R'1 and R'2). A comparison of the relative reactivity of 1,2,3,3-tetramethyl 

cyclotrisilene (I ) and 1,2-bis(trimethylsilyl)-3,3-dimethyl cyclotrisilene (II) should centre on 

the difference in the electronic and steric influence of the substituents; Me (-CH3) and TMS (-

Si(CH3)3) attached to the Si atoms forming the disilenepart of the cyclotrisilene ring. TMS 

has a significantly greater steric bulk. The steric influence is evident in the energy involved in 

the of shaping of the reactant complex itself: in the reactions of I  it is 3-5 kcal/mol where as 

in the reactions involving II;  it is 6-7 kcal/mol. This increase in the energy requirement with 

II  is applicable to all the four categories (π-addition, σ-insertion, exocyclic σ-insertion and 

ring opening) of the reactions. In general, the reaction pathways are found to be better 

stabilised in the reactions of I  than the sterically more crowded II . Thus, the change of 

substituents on the cyclotrisilene ring also has an influence on the energetics of the reaction 

pathways. 
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Chapter 1: Introduction 

Part A: Computational Chemistry  

1.1 Introduction 

1.1.1 Computational Chemistry 

One of the most advanced branches of science that dealing with the constitution, 

construction, transformation and properties of matter at molecular level is chemistry. 

Molecules are units of matter made of atoms or, more precisely, a cluster of particles carrying 

charges, negatively charged electrons and positively charged nuclei. The Coulomb interaction 

between these charged particles is the sole factor exclusively responsible for the chemical 

phenomena. The subfield of chemistry where advanced mathematical methods are clubbed 

with laws of physical science to explore the processes involving chemical relevance is termed 

as theoretical chemistry. One of the rapidly developing subfields of theoretical chemistry is 

computational chemistry, where the chemical problems are solved with extreme precision 

using automated calculations. 

The amalgamation of wave mechanics and particle mechanics by Max Planck in 1900 

to explain the full spectrum of thermal radiation using the harmonic oscillator model 

pioneered the formulation of quantum mechanics. Various discoveries by Albert Einstein, J. J 

Thomson, Ruther Ford, Neils Bohr, Louis de Broglie, Werner Heisenberg, Erwin Schrödinger 

and others contributed to the maturing of quantum mechanics in to the mathematical 

modelling of atoms and molecules. Erwin Schrödinger successfully incorporated the de 

Broglie ‘matter wave’ formulation in to the classical Maxwell wave equation, to develop the 

illustrious Schrödinger equation which is the sole elemental equation of quantum mechanics. 

The Schrödinger equation generates wave functions that describe the motion of micro-objects 

which relate the external electromagnetic influences by the alteration of these wave 

functions.  However, for systems having more than one electron an exact solution of the 

Schrödinger equation is impossible.  

Great efforts extending through decades were expended to develop mathematical 

methods to solve the time-independent Schrödinger equation concerning the multi-particle 

systems. However, precise solutions possessing chemical accuracy have been remained 

elusive. This necessitated the designing of approximate methods for the electron systems 

https://en.wikipedia.org/wiki/Max_Planck
https://www.britannica.com/science/wave-function
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containing more than one interaction. Mathematical tools developed in the recent past for 

multi-dimensional calculations have revealed new alternatives toward such solutions. This 

enabled precise calculation of physical and chemical properties of molecules of varying 

measures. These developments enable the solution of many problems in Physics, chemistry, 

material sciences and biology. Refinement of the computational techniques for complex 

chemical systems in the recent past based on multi-scale models (2013 Nobel Prize) and 

formulation of a great variety of software have enabled the scientists to deal with complicated 

molecular problems. Now a day’s quantum chemical computations are extensively used in 

several fields including thermo-chemistry, enzymology, catalysis, material science, cluster 

science, reaction mechanisms and so on.  

A variety of software are developed possessing divergent range of capabilities and 

ease of use with excellent performance. Gaussian, MOPAC, GAMESS, Sybyl, Spartan, 

Hyperchem, CASTEP, Amsterdam Density Functional (ADF), etc are a few among them. 

Molecular visualization programs enabling the direct picturisation of the molecular structures 

are also available. They include Gauss View, MolDen, PCMODEL, Molekel, Chemcraft, 

RasMol and Moplot. Methods in computational chemistry are range from most precise to 

rather approximate. The highly accurate methods are employable for small systems only. 

Most popular quantum chemical computational methods include (a) Molecular mechanics 

(MM) (b) ab-initio methods (c) semi empirical treatments (d) the DFT methods (e) Monte 

Carlo and molecular dynamics simulations and (f) hybrid quantum mechanics/molecular 

mechanics (QM/MM) methods. The MM methods (Bowen and Allinger 1991; Boyd and 

Lipkowitz 1982; Dinur and Hagler 1991; Weiner and Kollman 1981) apply the laws of 

classical mechanics to molecular nuclei without explicit consideration of the electrons. MM 

calculations are computationally quite inexpensive. It is suitable for molecules containing 

thousands of atoms which include enzymes, proteins, polymers and macromolecules. Semi-

empirical quantum methods (James J. P. Stewart 1990; Pople and Beveridge 1970) represents 

a midway between the qualitative results available from molecular mechanics and explicit 

quantitative results from the ab initio methods. Semi-empirical techniques which use 

approximations from empirical data to provide the input into the mathematical models are 

significantly faster, and are suitable for large polymeric molecular systems. 

Ab initio (Latin for ‘from first principle’) methods provide a mathematical description 

of the chemical systems by solving the Schrödinger equation, using rigorous arithmetical 

extremities, without employing any empirical data except the universal constants. Hence, the 
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results obtained from these methods are known to be accurate and are generally in good 

agreement with the experimental results (Szabo and Ostlund 1996). Of course, ab initio 

treatments are employable with small systems only Molecular dynamics (MD) uses Newton's 

laws of motion to analyse the time-dependent behaviour of systems, including vibrations and 

Brownian motion, using a classical mechanical description (Rapaport 2004). The molecular 

dynamics and Monte Carlo based methods can be used to investigate the macroscopic 

properties of a system (Doll and Freeman 1994). Density function treatment-based 

calculations provide dependable results about the properties and structure of chemical 

systems with relatively lesser computational expense. To compute the electronic structure of 

various systems, DFT methods are considered to be the most convenient and appropriate 

approach now a day’s. The DFT method was formalised by Walter Kohn and Lu Jeu Sham 

(Kohn and Sham 1965). They were successfully proved that the functions based on the 

electron density (ED) of a system represent the physical observables of its ground state in the 

best way. The strength of QM (accurate) and MM (fast) calculations are brilliantly combined 

in the hybrid QM/MM approach. The hybrid QM/MM approach is highly useful in the 

computation of energies and structures of the ground and excited state properties of 

molecules, intermediates and transition states, atomic charges, reaction pathways etc. 

1.1.1.1 Quantum Chemical Methods 

1.1.1.1.1 Ab initio Molecular Orbital Theory 

The electronic structure any system is described by the Schrödinger equation, 

irrespective of the quantum chemical method adopted. In the ab-initio methods, the 

fundamental physical constants such as Planck’s constant, velocity of light, mass of electrons 

and nuclei etc are used to express the chemical phenomena. Also, the ab-initio methods are 

independent of empirical data obtained from the experiments. Most of the chemical 

phenomena are originated from various time-independent interactions. Such conservative 

systems are better represented by the time-independent Schrödinger equation: 

H = E … (Eq. 1.1) 

H is the total energy operator or the Hamiltonian operator of the system. It represents the sum 

of the kinetic energy operators of the nuclei and electrons and the potential energy operators 

of, nuclear-electron, nuclear-nuclear and electron-electron interactions.  is the wave 

function that describes the particles of the system in the form of a mathematical equation. The 
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total energy of the system is represented by E and it is derived in the form of eigen values. 

For an N electron and M nucleus system, the Hamiltonian operator can be expressed as; 

    
 

 

 

   

  
   

 

   

 

   

  
    

  

   

 

   

 

   

   
 

   

 

   

 

   

   
    

   

 

   

 

   

             

ri and RA represent the position vectors of electron and nuclei respectively. rij and riA represent 

the distance between the i
th

 and j
th

 electrons and that between the i
th

 electron A
th

 nucleus 

respectively. The inter-nuclear distance between the nuclei A and B is represented by RAB. 

The atomic mass of the atom A is symbolised by MA and ZA  its’ atomic number. 

Born and Oppenheimer proposed an approximation (BO approximation) (Born and 

Oppenheimer 1927) to solve the Schrödinger equation of based on the fact that, the nuclear 

and electronic motions in a system take place at different velocities; the former being 

extremely slower than the latter. Practically, an oscillating nucleus feels an averaged 

electronic motion, whereas, an electron in executing very fast motion sees relatively static 

nuclei. This assumption brings in the convenience of separating the nuclear and electronic 

Hamiltonians and the generation of the separate wave functions for the two. This enables the 

expression of the total wave function  of any system as a product of the nuclear and 

electronic wave functions. 

                                      ……. (Eq. 1.3) 

{RA} and {ri} represent the positions of nuclei and electrons of the system respectively. The 

electronic part of the Schrodinger wave equation for a system can be written as: 

                                                …….(Eq. 1.4) 

Even though the electronic Hamiltonian parametrically depends on nuclear 

coordinates, it explicitly relies on the electronic coordinates. The processes of chemical 

nature take place primarily because of the interactions among the electrons of the systems 

concerned. Therefore, to investigate the chemical properties and reactions a system, the 

explicit treatment of the electronic Hamiltonian is quite adequate. The convention of 

dimensions used in quantum mechanics (QM) is the system of atomic units (a.u.), which is 

commonly referred as Hartree units. According to this system of dimension, the Planck’s 

constant, the mass of an electron, the length equal to the radius of first Bohr orbit of the 

hydrogen atom, charge of a proton and permittivity of the free space multiplied by 4(40) 
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are all fixed as unity in the corresponding measures. Half the energy of a hydrogen atom in 

the ground state (GS) is numerically equal to one a.u. of energy. The handling of electronic 

Hamiltonian (excluding the inter nuclear repulsion) is rendered much simplified and become 

convenient using atomic units as shown Eq. 1.5. 

        
 

 

 
     

    
  

   

 
   

 
      

 

   

 
   

 
        ……. (Eq. 1.5) 

The operator corresponding to the kinetic energy of the electrons, summed over for 

total N electrons of the system is the first term in the equation. The nucleus-electron 

Coulombic attraction summed over for N electrons and M nuclei is represented by the second 

term. The nuclear charges are symbolised by ZA. The inter-electronic repulsions existing in 

system are represented in the last term. The wavefunction  of the system can be obtained by 

the solution of the properly constructed the Schrödinger equation. Once  is obtained, the 

observables (experimentally determinable parameters) of the system under consideration can 

be obtained as the expectation value of corresponding operator (O), as       . To determine 

the total electronic energy of a molecule, the operator employed should be the electronic 

Hamiltonian (O =     ). 

1.1.1.1.2 Hartree-Fock Theory  

A solution of the Eq. (1.1) is acceptable only if the function generated () is well-

behaved. Any wavefunction that is finite, continuous, single valued, obeying the appropriate 

boundary conditions and quadratically integrable is classified as a well-behaved one. Thus, 

                                
                   ……..(Eq. 1.6) 

For many-electron systems Hartree developed a genius technique to generate an approximate 

wavefunction. It is expressed as a product of wave functions and is known as Hartree product 

(HP) function. The HP function is more generally referred to as basis function or orbital. In 

the HP function, each basis function is a spatial orbital (     . Spatial orbitals are functions 

of only the three position vectors (r) and does not specify the spin of the constituent electrons. 

Thus, a spatial orbital can accommodate two electrons. To define an electron completely, the 

spin also should be specified. The electron spin is represented by either of the two spin 

functions: () (for up-spin) and () (for down-spin). The complete label of an electron in a 

system is a multiple of the spatial orbital functions (       The spin function of a spatial 

orbital is (() or ()). The product is known as spin orbital and that depend on four 
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coordinates (x); three spaces coordinates (r) and one spin coordinate (). A spin-orbital can 

accommodate only one electron and is represented as   . For an N electron system, there will 

be 2N spin-orbitals. The spin orbital of the i
th 

spatial orbital can be numbered as (2i-1)
th

 and 

(2i)
th

 

                   

                  …….. (Eq. 1.7) 

 

Now, for an N-electron system, the HP function is written as a product of single-electron spin 

functions: 

                                              8) 

 

Being an independent-electron wavefunction, the HP function does not satisfy the Pauli’s 

anti-symmetry principle. According to the Pauli’s exclusion principle (Pauli 1925), the value 

of the four quantum numbers (viz. principal (n), azimuthal (l), magnetic (m) and spin (s)) of 

two electrons of a system cannot be same. Slater (Slater 1930) and Fock (Fock 1930) 

independently proved that an anti-symmetrized sum of all the permutations of HP functions 

would solve this problem for many-electron systems. 

                                          ……..(Eq. 1.9) 

The anti-symmetry condition can be achieved by conveying the function in the determinant 

form, which is popularly termed as the Slater determinant. In the Slater determinant form, the 

wavefunction within the HF formulation for an N-electron systemis expressed as: 

             
 

   
 

                   

                   
 

      
 

      
 

      

 ……..(Eq. 1.10) 

The term 
 

   
 in the equation 1.10 is the normalization factor that helps to maintain the 

condition laid by equation 1.6. The elements of the Slater determinant are all spin orbitals. As 

noted above, each spin orbital is designated by four coordinates (x): three space coordinates 
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and one spin coordinate. Usually, the normalized Slater determinant is represented by a 

convenient notation as, 

                         …….. (Eq. 1.11) 

In the above determinant, the electrons 1,2... etc. are supposed to sequentially occupy the spin 

orbital. The simplest anti-symmetric wave function to represent the ground state of an N–

electron system, can be written as: 

                  …….. (Eq. 1.12) 

According to the variation principle, the most appropriate wave function of this functional 

form is the one that gives the lowest values for the energy of the system in the form of eigen 

values.  

              …….. (Eq. 1.13) 

H symbolises the electronic part of the Hamiltonian operator of the system representing all 

electrons. The variation method offers a mathematical procedure to obtain  the proper set of 

spin-orbitals that yields the lowest possible value of E0, which cannot be further reduced. The 

set of equations that generate the optimal spin orbital, yielding the lowest possible energy 

value is called the Hartree–Fock (HF) equations. The orbitals are known as self-consistent 

field orbitals. The general eigen value equation form of the Hartree-Fock equation is: 

                   …….. (Eq. 1.14) 

The single-electron operator is generally known as the Fock operator and is represented as 

f(i). The corresponding single-electron energy      . The Fock operator is defined as 

      
 

 
  

   
  

   

 
            …….. (Eq. 1.15) 

Where        is called the Hartree-Fock potential. It is the average repulsion potential 

experienced by the i
th

 electron due to the interaction with all the other (N-1) electrons of the 

system. Thus, the HF method enables the handling of the many-electron problem of an N 

electron system in a systematic way, by splitting it in to N one-electron problems. Here, the 

repulsion between electrons is treated in an average way. The mathematical procedure 

adopted for the solution of the Hartree-Fock equation is known as the self-consistent-filed 

(SCF) method. It is briefly explained below.  
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To calculate the average field         ) experienced by each electron of the system, an 

initial guess at the spin orbital is made. This ‘guess-set’ is applied to the eigen value equation 

(Eq. 1.14) which is solved to generate a new set of spin orbitals. These new spin orbitals, 

which are commonly known as the first ‘improved set’ are used to obtain still newerset of 

spin orbitals and the procedure is repeated for better functions until no further improvement 

in the spin orbitals and consequent eigen values are possible. The situation is mathematically 

termed as the self-consistency. The solution of this spin orbital yield a set (k) of ortho-

normal HF spin functions called the self-consistent field orbitals that are guaranteed with the 

lowest orbital energies ( k). In the orthonormal set generated, the N spin orbitals possessing 

the lowest energies are occupied in the sequential order of energy. In the set of self-consistent 

field orbitals k, orbitals other than the occupied ones are called virtual orbitals or 

unoccupied orbitals. 

For each electron, the one-electron Fock operator defined by eq. 1.15. The first two 

terms of Fock operator represent one-electron operators which are together called the core-

Hamiltonian. The core-Hamiltonian of a given electron is the sum of the kinetic energy 

operator of it and the nucleus-electron attraction operators. 

The HF operator of electron-1 can be defined as: 

          

 

 

                                        

The electron–electron repulsion due to each of the two electrons in the j
th 

spin-orbital is 

represented as         and is called the Coulomb operator. 

            
 

   
                                  

The exchange operator         defining the electron exchange energy due to the antisymmetry 

of the total N-electron wave functions, can only be written through its effect when operating 

on a spin orbital as 
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For closed shell molecules or atoms, where all orbitals are doubly occupied, Roothaan and 

Hall (Hall 1951; Roothaan 1951) are developed a special set of HF equations. The method is 

often known as Restricted Hartree Fock theory.  

         

 

   

                                                

In the wavefunction     the functions represented as   are either Slater type orbitals or 

Gaussian type orbitals. They are used as basis functions representing the atomic orbitals. The 

    terms are the coefficients of the respective     K represent the total number of basis 

functions, better known as primitive gaussians used in contracted gaussian forming the guess 

set. By substituting Eq. 1.19, the HF equation given in Eq. 1.14 may be rewritten as: 

                  
 
   

 
     …….. (Eq. 1.20) 

Multiplication of RHS and LHS of Eq.1.20 by the complex conjugate of       )*  

and integrating the product equation generates the Roothaan Hall equation which is given as 

Eq.1.21 

                                     

S represents the overlap matrix. F stands for the Fock matrix and the   values symbolise the 

orbital energies. The Fock matrix need to be diagonalized prior to the calculation of the eigen 

values of the orbital functions, to arrive at the unknown molecular orbital coefficients using 

the Roothaan Hall equation (Eq. 1.21) of the corresponding basis functions. The MO 

coefficients associated with the Fock matrix are also evaluated by the SCF procedure. It 

worth mentioning that, the single-electron nature of the Fock operator brigs in certain 

constraints to the Hartree-Fock theory moulded using the Roothaan method (RHF). This is 

due to the fact that all the electron correlations other than that resulted from the exchange 

phenomenon are ignored in the RHF procedure. Still, the selection and construction of basis 

set (guess set) was a challenging task for the early computational chemists. The LCAO 

approach using the hydrogenic orbitals remained elusive, since such basis sets demands 

unavoidable numerical solution of the four index integrals appearing as the Fock matrix 

elements; which is a nearly unattainable process. There are 4N integrals to be evaluated as 

each index extends to all the individual basis functions. The quartic scaling behaviour the 
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basis set of spin orbitals, increasing with respect to the size of the system became a 

bottleneck in the application of the HF theory to atomic and molecular problems. 

1.1.1.1.3 Basis Sets 

The term ‘basis set’ in computational chemistry designates a set of non-orthogonal, 

one-particle wavefunctions that are used in the construction of a molecular orbital. A linear 

combination of the basis functions used to generate the MO. The weights or coefficients of 

each function are to be evaluated by the variation method. Since the use of AOs as basis 

functions in many-electron systems bring in tedious mathematical complexities, Slater type 

orbitals (STOs) (Allen and Karo 1960) which mimic AOs were used in the early days 

(Clementi and McLean 1964). Francis S. Boys suggested the use of standard Gaussian 

functions, centred on atoms (Gaussian type orbitals, GTO) to reduce the difficulty in 

computing two- and other multi-centre integrals (Boys and A 1950; Feller and Davidson 

1990).  

A Cartesian Gaussian function conventionally used in the electronic structure 

calculations of atoms and molecules has the general form:  

                                                                          

l, m, n are the powers of the Cartesian components x, y and z respectively and stands for the 

orbital exponent. The centre of a symmetric bell-shaped Gaussian function is symbolised by 

rA= (xA, yA, zA). The product of two GTOs is always a Gaussian function centred at the 

weighted midpoint of the two functions and is known as Gaussian product theorem. This is 

the primary computational advantage of GTOs over STOs. The resulting integrals can be 

conveniently evaluated analytically which reduces the mathematical complexity considerably 

However, for attaining more computational convenience and improving the efficiency of the 

function in representing the system, it is a common practice (Stewart 1970) to combine a set 

of GTOs, the contribution of each of which is limited with fixed coefficients (Eq. 1.23) to 

prepare each basis function. Contracted Gaussian (CGTO) is the designation of such a linear 

combination. 

                                          …….. (Eq. 1.23) 

The contraction coefficients and orbital exponents are evaluated using the suitable methods in 

the atomic computation. Different types of Gaussian basis sets developed, which have been 

continuously improved in quality over the years. The minimal basis set which is also known 
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as single-zeta Gaussian basis sets, are the simplest among the GTOs. In the STO-3G, which is 

the most common single-zeta basis set; each Slater type orbital is formed by the linear 

combination of 3 Gaussian type orbitals (Primitive Gaussian) (PGTO). In a double zeta (DZ) 

basis set, the number of functions in the minimal basis set is doubled. When the doubling or 

tripling of the functions in the linear combination is restricted to valence orbitals alone, the 

basis set is termed as split valence basis sets. Pople and co-workers designed the split valence 

basis sets of type ‘k-nlmG’ where ‘k’ stands for the number of PGTOs used for preparing the 

core orbital and ‘nlm’ indicates both the number of functions forming the valence orbitals and 

the number of PGTOs used for their representation (Ditchfield, Hehre, and Pople 1971). 3-

21G and 6-31G basis sets are examples of split valence basis sets (Ditchfield, Hehre, and 

Pople 1971; Krishnan et al. 1980). The polarisation basis sets are constructed by developing 

the CGTO using functions of higher angular momentum than the occupied atomic orbitals. In 

polarisation basis sets, the number of polarization functions used in the CGTO is noted after 

the G in the designation of the basis sets. There will be separate labelling for the heavy atoms 

and hydrogen. To effectively spread the electron density over the entire molecule, diffuse 

functions are added to the basis set. This is denoted in the representation of the basis set using 

the + or ++ signs. The Pople’s split valence basis set (multiple CGTOs are used for the 

valence shells only) are the most commonly used combinations, with different number of 

polarization functions as 6-31G(d,p), 6-311++G(2d,2p) etc. Dunning (Dunning 1970; Woon 

and Dunning 1993) basis sets and the correlation consistent (Dunning 1989) valence double 

and triple zeta basis functions (cc-pvdz, cc-pvtz) are also frequently used. 

1.1.1.2 Post HF Methods  

Post Hartree-Fock (PHF) methods is the collective name given to the approximation 

methods crafted by refining the Hartree-Fock method. The electron correlation is 

incorporated in to the original HF model to improve the accuracy of the function. The post-

HF methods can be used obtain the correlation energy, Ecorr (Boys and A 1950) which is the 

difference between the ab initio energy and HF energy calculated based on the Aufbau 

arrangement of electrons in the system. 

                                                    

where,    is the exact eigenvalue of electronic Hamiltonian of the system; Helec. E0represent 

the ‘best’ possible HF energy obtained using a basis set which is extrapolated to 

completeness. The most popular approaches that attempt to compute the correlation energy, 
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Ecorr are the configuration interaction (CI) (Foresman et al. 1992; John A. Pople, Binkley, and 

Seeger 1976), coupled cluster (CC) (Cramer et al. 1994) and many body perturbation theory 

(MBPT) (Bouckaert, Smoluchowski, and Wigner 1936; Miller and Kelly 1971) methods. 

1.1.1.2.1 Configuration Interaction 

Configuration interaction (CI) is a brilliant approach to incorporate the correlation 

effects into an ab initio molecular orbital calculation. Here, along with the Aufbau 

arrangement of electrons of the system, the excited states of the system are also included in 

the description of the electronic arrangement. The CI provides an exact solution for the many-

electron system; at least in principle. In the CI treatments also the HF determinant is taken as 

the reference function. The energy minimisation of the HF determinant is achieved 

variationally by modifying the expansion coefficients of the determinant. A linear 

combination of Slater determinants with all the permutations of electron occupancies 

expanded is required to generate a complete CI wavefunction, which is shown below. 

            
      

     
  

  

     
  

   
   

     
         

   

   
   

      
                                      

The Slater determinant representing the HF wavefunction is symbolised by the first term at 

the RHS in the Eq. (1.25). The second, third etc terms are determinants representing singly, 

doubly, triply... etc. excited states along with the corresponding expansion coefficients. The 

expansion coefficients are evaluated variously. The subscripts and super scripts such as a, b, r, 

s, etc. appear in the equation, denote the occupied and virtual orbitals of the system, as the 

electron excitations occur. The letters a, b, c... symbolise the occupied orbital and r, s, t... 

represent the virtual ones. The level of configuration interaction calculations is assessed by 

the number of excited state configurations considered to construct each determinant. In the 

configuration interaction single-excitation (CIS) calculation, the configuration interaction is 

confined to the movement of a single electron and is evident in each determinant. The CIS 

calculations made approximations to the excited states of the molecule only, leaving the 

ground state energy untouched. Single as well as double excitation (CISD) calculations 

generate a ground state energy which is corrected for the correlation. Even though very high-

accuracy results are generated by the computationally laborious triple-excitation (CISDT) and 

quadruple-excitation (CISDTQ) calculations, they are employed for special situations only. A 

full CI is the configuration interaction calculation with all possible excitations. In practice, 

the full CI calculation necessitate an infinitely large basis set and it is expected to generate a 
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perfect quantum mechanical result with full accuracy. Evidently, the full CI calculations 

require immense computer power and therefore cannot be accomplished. 

1.1.1.2.2 Coupled Cluster Methods 

The coupled cluster method marks a critical advancement over the practical CI 

method (Čížek 1966). This method provides a more refined mathematical technique for 

estimating the electron correlation energy with improved accuracy. The coupled cluster 

method assumes a full CI wavefunction which is explained above 

           …….. (Eq. 1.26) 

    in the equation symbolises a Slater determinant that is created using the Hartree-Fock 

molecular orbitals and 

       
 

 
   

 

 
        

 

  

 
     …….. (Eq. 1.27) 

 T is known as cluster operator. This operator on acting over    produces a linear 

combination of excited state slater determinants which can be represented as 

T = T1 + T2 + T3 +….+ Tn  …….. (Eq. 1.28) 

Here, ‘n’ stands for the total number of electrons in the system. The various Ti operators 

represent all the possible determinants subjected to i excitations from the reference 

determinant. 

        
  

    

   

    

   

   
                                         

The magnitudes of the amplitude ‘t’ are assessed according to the constraints laid by Eq. 1.26. 

Regarding the double excitation; i.e., T=T2, the Taylor expansion of the exponential function 

in (Eq. 1.26) generate the coupled cluster wave function as 

           
 

  
   

 

  
          …….. (Eq. 1.30) 

The CCD subscript attached to the wavefunction implies that the coupled cluster is limited to 

the double excitation operator. The configuration double excitation method is defined by the 

first two terms in parenthesis, (1+T2), and the proceeding terms symbolise the product of 

excitation operators. Evaluation the unknown coefficients    
   by solving the equation is 

necessary for finding an approximate solution of the       . Singles and doubles coefficients 
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and the two electron MO integrals are used to evaluate the coupled cluster correlation energy. 

Even though the computational cost due to the inclusion of single excitations (T1) in addition 

to doubles is tiring, the significant improvement in accuracy produced justifies its use. This is 

the marked advantage of the CCSD models. In CCSDT methods, incorporation of the 

connected triple excitations originating with their amplitudes from T3 is done. However, if the 

singles/triples coupling term are also included, it is labelled in the designation as CCSD (T). 

1.1.1.2.3 Perturbation Theory 

Møller–Plesset perturbation theory (MP) belongs to the family of many-body 

perturbation theories (MBPTs) which, starting from an HF reference function, perturb atively 

introduce multiple excitations from unperturbed occupied orbitals to unoccupied (empty) 

orbitals (Attila Szabo and Neil S. Ostlund 1989). The method involves, estimation of energy 

corrections that take into account part of the electron correlation directly. More over, the MP 

theory enhances qualitatively the Hartree-Fock method by incorporating electron correlation 

impacts by using the Rayleigh-Schrodinger perturbation theory (RSPT) (Bartlett and Silver 

1975; Pople et al. 1978), to the second (MP2), third (MP3) and fourth (MP4) orders. The true 

Hamiltonian operator H is modified to a sum of the perturbation U and a ‘zero
th

 order’ 

Hamiltonian H0 in RS-PT. 

H= H0 + λU  …….. (Eq. 1.31) 

ψi
(0) 

is the symbol used for the eigen functions of H0 and the corresponding energy values are 

labelled as Ei
(0)

. Thus, ψ0
(0) 

stands for the ground state wavefunction whereas the ground state 

energy E0
(0)

. The parameter λ defines the extent of perturbation and varies between 0 and 1. 

Evidently, a null valued λ indicate the zero
th

-order Hamiltonian and λ become unity as 

perturbation is fully turned on and H acquired its true value. The eigen functions and eigen 

values of the Hamiltonian H; ψi and Ei respectively, are expressed in terms of powers of λ 

     
     

      
             

 
     …….. (Eq. 1.32) 

     
     

      
             

 
     …….. (Eq. 1.33) 

First order correction to the energy is represented as   
 , the second order correction term as 

  
  and so on. The values of these energy terms can be estimated from the eigen functions as 

given in the following equations. 

  
   

    
   

    
   

    …….. (Eq. 1.34) 

https://www.sciencedirect.com/topics/chemistry/electron-correlation
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                3   

  
   

    
   

   
   

              3   

  
   

    
   

   
   

                                3    

The method involves the generation of the wavefunctions of the necessary order prior to the 

evaluation of the corrections to the energy. According to the Möller-Plesset perturbation 

(Møller and Plesset 1934) theory, the unperturbed Hamiltonian (H0) is assumed as the sum of 

the single-electron Fock operators, for the N electrons of the system. The formulation of the 

higher order wavefunctions require the knowledge of the nature of perturbation (U) 

encountered by the system. The sum of the nucleus-electron attraction terms and inter-

electron repulsion terms form the electronic Hamiltonian of a system. 

           
      

 

   

 
     

 
     …….. (Eq. 1.38) 

The perturbation U can be evaluated as 

    
 

   

 
     

 
            

 
    …….. (Eq. 1.39) 

The first order energy   
   

 can be calculated as 

  
   

  
 

 
                                           

 

     

 

   

 

The added value of the zeroth and first order energyturns out to be the Hartree-Fock energy 

of the system. 

  
   

   
   

    

 

   

 
 

 
                    

 

     

 

   

                

The application of Moller-Plesset perturbation theory to at least the second order only can 

create a perceptible improvement over the Hartree-Fock energy. This level of Moller-Plesset 

perturbation theory is labelled as MP2. The integral representing MP2 is    
   

   
   

   a 

linear combination of the solutions of the zeroth –order Hamiltonian can be used to express 

the first order perturbation wavefunction   
   

 as: 
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In Eq. 1.42, the wave function in the summation,   
   

includes excitations of the order single, 

double etc. resulting from the excitation of the electrons into the virtual orbitals generated 

from the Hartree-Fock calculations. The evaluation of the second order energy can be done 

as: 

  
   

     
                     

 

   
                        

           
   

       

    

        

 

 

  …….. (Eq. 1.43) 

The Brillouin theorem specifies that only double excitations can generate a non-zero output 

for the integral. The Möller-Plesset methods are computationally expensive. This made their 

application limited to single point calculations at geometry generated using a lower level of 

theory. Currently, the MP calculations are the most commonly used method to include the 

electron correlation effects in the quantum chemical calculations; particularly, the 

computation at the MP2 level. 

1.1.1.3 Density Functional Theory (DFT) 

The density functional theory (DFT) encompass a set of strategies for the quantum 

chemical electronic structure calculations with wide applications to main group and organic 

molecules as well as complex systems such as condensed matter. These strategies are 

specially applicable to transition metal complexes for which the electron correlation effects 

are large. It is equally applicable to systems bearing similar complexity including surfaces, 

metals and solid-state compounds. Effective investigations on the reaction 

pathway energetics, electronic structure of systems, charge and spin distributions  and 

molecular geometries can be made using the DFT methods. The DFT calculations had been 

largely employed in the solid-state investigations even before 1970s. Still, DFT was not 

generally accepted as accurate enough for the conventional application in quantum chemical 

calculations. Lately, the approximations employed in the theory underwent great upgradations 

by the repeated mathematical refinements. Currently, DFT is one of the leading 

computational techniques adopted for the electronic structure calculations in all the 

conventional quantum mechanical problems. 

https://www.sciencedirect.com/topics/materials-science/electronic-structure-calculation
https://www.sciencedirect.com/topics/chemistry/electron-correlation
https://www.sciencedirect.com/topics/chemistry/energetics
https://www.sciencedirect.com/topics/chemistry/molecular-geometry
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The expression of a system of electrons as a function of the electron density ((r)) is 

the central idea of the DFT method. The wave-function of the system is an expression of the 

electron density. The wavefunction of an N-electron system depends on 3N spatial co-

ordinates. However, the electron density (r) is defined by just three spatial coordinates (plus 

the spin coordinate when necessary). This greatly reduce computational task. Moreover, the 

electron density (r) at a point in the system is measurable quantity, whereas the 

wavefunction is an intangible mathematical entity. Above all, the electron density is a 

conventional parameter covering the whole system where single particle co-ordinates lose 

their identity. It is ideal for a collective description of many-electron system. The preliminary 

version of the density functional theory was developed by Thomas and Fermi (TF model) in 

1920s based on the hypothetical uniform electron gas (Thomas 1927). Based on this model, 

they arrived at a kinetic energy functional TTF[] of the system as: 

       
3

  
 3                                              

The Thomas-Fermi kinetic energy functional is not accurate enough for the application to 

chemical systems, even though it involved elaborate mathematical description. Being the first 

DFT functional that used the expression of non-electrostatic energy terms in terms of the 

electron density, the Thomas-Fermi kinetic energy functional is important. (r), the prime 

variable of the DFT method, can be expressed as: 

                         
                                                    …….. (Eq. 1.45) 

The TF model remained a qualitative model even after insightful modifications are 

incorporated in to it in later years. The Hohenberg-Kohn (HK) theorems formulated in 1964 

formed the real foundation of the current DFT model. In the Hohenberg-Kohn (HK) theorems 

also, the electron density is the principal variable. Initially, it was presumed that the local 

electron density decides the electron density functionals. Lately, the functionals were found to 

depend on various additional parameters such as the gradient of the electron densities (in 

the generalized gradient approximation, GGA), the kinetic energy density, the occupied 

orbitals and unoccupied orbitals. The statements of the HK theorems include (i) the external 

potential of the system and the total energy is a specific functional of electron density (ii) the 

ground state energy of the system can be determined variationally: the electron density 

distribution corresponding to the minimum the total energy is the ground state density. A 

https://www.sciencedirect.com/topics/computer-science/generalized-gradient-approximation
https://www.sciencedirect.com/topics/computer-science/kinetic-energy


18 
 

direct impact of the first HK theorem is that, the ground state energy E can be evaluated from 

the ground-state charge density of the system. 

F or a given value of the ground state electron density, the corresponding wave function 

                    can be obtained using the HK theorem,       . Evidently, the ground state 

wavefunction of the system   is a function of the respective electron density  . ie., 

          …….. (Eq. 1.46) 

It turns out to be that all the ground state observables (O) of the system are functionals of   . 

                         …….. (Eq. 1.47) 

The ground state energy can be expressed as a function of    . 

                                …….. (Eq. 1.48) 

The contribution of the external potential to the ground state energy of the system which is 

represented as                   can be expressed in terms of electron density as: 

                      …….. (Eq. 1.49) 

For a system with known external potential V, minimisation f the functional can be done as, 

                               …….. (Eq. 1.50) 

Clearly, reliable expressions of T[] and U[] are necessary for the evaluation of Eq.1.50. To 

get the ground state electron density   and all related ground state observables, a successful 

minimization of the energy functional is essential. The variational treatment in which the 

Lagrangian methods of undetermined multipliers are used can be effectively applied for the 

energy minimisation. Successful implementation of this on the energy functional E was 

done by Kohn and Sham in 1965. Alternately, the energy functional in Eq.1.50 can be 

expressed as a fictitious density functional of a non-interacting system. 

                                                        

   Symbolise an external effective potential where the particles are executing motion and 

  represents the non-interacting kinetic energy.  

If the external effective potential   taken as 

               …….. (Eq. 1.52) 
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Then,                

Now, the Kohn-Sham equation for the non-interacting system can be solved as 

  
  

  
                 

 
                                         3  

Eq.1.53 can produce orbitals I which can regenerate the electron density       of the original 

many-body system. 

                 
        

   …….. (Eq. 1.54) 

A detailed expression of the effective single- particle potential   is as follows 

      
       

        
                …….. (Eq. 1.55) 

The middle term at the RHS of Eq.1.55 represent the Hartree term expressing the inter-

electron repulsion whereas the last term stands for the exchange correlation potential.     in 

the last term constitute all the inter-particle interactions operative in the system. The mutual 

dependence among the Hartree term,      ,       , and    necessitates the solution of Kohn-

Sham equations in the specified self-consistent method. Which means; from initial set of 

Kohn-Sham equations a new electron density is obtained and the procedure is repeated for 

better values. This repeated calculation is continued till the convergence of self-consistency is 

attained. 

Even the KS and HK schemes cannot generate a perfect mode of the exchange- 

correlation functional    . Still, much of it is left to guesswork and systematictrial. Naturally, 

this requires some approximations for arriving at the observables of the system. Local 

Density Approximation (LDA) is the commonly employed approximation in this regard. In 

LDA, the functional rely only on the density at the coordinate, about which the functional is 

estimated. 

                                                          

The Local Spin Density Approximation (LSDA) is arrived at by adding spin to the Local 

Density Approximation (LDA). 

                       
                 7) 
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To generate relations giving extremely accurate values of the exchange-correlation energy 

density           , simulations of a free electron gas are used. Till invention of functionals 

within KS formalism, this was considered as the best method for the evaluation of exchange-

correlation energy density. The dependence of functionals on the gradient of densitiesin 

addition to the density values is the primary difference incorporated in the Generalized 

Gradient Approximation (GGA). The over counted binding energy calculated using LDA in 

solids and molecules can be rectified by the GGA and extend the processing system to the 

structure and energy of the hydrogen bond system. The gradient of the density at the same 

coordinate is the factor considered by GGA. 

                            
       

      …….. (Eq. 1.58) 

Extensively used exchange functionals include Slater’s X (Slater 1951), B88 (A. D. Becke 

1988) (Becke’s 1988 functional that includes Slater’s exchange with gradient corrections), 

having the form as 

   
           

      
      

             
     …….. (Eq. 1.59) 

 x=         and γ is a parameter chosen to fit the exchange energy of inert gas particles (γ 

=0.0042 a.u. as defined by Becke). Similarly, local and gradient corrected correlations 

functional also exist. Popularly used functionals include P86 and PW91 by developed by 

Perdew and Wang (Perdew et al. 1992) etc. Functionals of the type that offers definite 

improvement over the corresponding original DFT functional are also being widely used. The 

betterment is achieved by using a combination of HF and DFT exchange integrals along with 

the DFT correlation. The widely used functional BLYP is developed by the coupling of the 

Becke’s generalized gradient corrected exchange functional with the gradient corrected 

correlation functional of Lee, Yang and Parr (Lee, Yang, and Parr 1988). A popular hybrid 

functional is B3LYP; generated by the coupling of Becke-3 parameters non-local exchange 

functional with the non-local correlation functional of Lee et al. The functional has the form 

(Axel D. Becke 1993): 

   
             

        
       

      
            

        
   .. (Eq. 1.60) 

Truhlar et al. developed a M05 and M06 class hybrid meta functionals which are 

acclaimed brilliant for accurate prediction about various properties of transition metal-based 

systems as well as main group elements (Zhao and Truhlar 2008).  
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The impossibility of derivation of the exchange-correlation functional from the first 

principles stands as the major disadvantage of DFT. Fortreating molecules at the correlated 

level of theory, DFT is continue to be the best alternative.  

1.1.1.4 Potential Energy Surface 

The ever first attempt of splitting the nuclear and electronic motions of a system 

according to time scales and the introduction of an appropriate potential energy surface (PES) 

for the nuclear motion during the changes in the systemic interactions was done by Born and 

Oppenheimer. Even though their original method remains outdated, the current equivalents 

regarding these phenomena are still named as Born–Oppenheimer approximations and Born–

Oppenheimer PE surfaces. The Potential energy surfaces form one of the central concepts in 

the theoretical description of molecular reactivities, properties, and structures. The 

application of the BO approximation to the solution of the Schrodinger equation of the 

system concerned generates the PES. The general form of the Hamiltonian is 

                …….. (Eq. 1.61) 

   represents the kinetic energy operator of the nuclear motion,    is the operator for the 

kinetic energy of the electronic motion and V(r,R) is the total potential energy operating in 

the system due to repulsive and attractive electrostatic interactions between all the particles 

bearing charges. The omission of the nuclear kinetic energy term (  ) in the molecular 

Hamiltonian is permitted by the BO approximation. This provides the convenience of the 

separation of the nuclear and electronic degrees of freedom. The time-independent 

Schrödinger equation for the electronic degrees of freedom of system can be formulated by 

taking the advantage of non-nuclear movement BO approximation. 

                                          

(r;R) symbolise the electronic wavefunction that depends parametrically on the nuclear 

position R and therefore on 3N nuclear coordinates. r is the 3n- Cartesian coordinates 

representing the electronic positions.      stands for the energy of the system which depends 

on the positioning of the nuclei. A plot of energy of the system E versus the nuclear 

coordinate R shapes the PES. The analysis of chemical properties and processes in 

computational chemistry begins with the optimization of one or more structures of the system 

to arrive at the minima on PESs. The minima on PESs correspond to the equilibrium 

geometries. A simplified PES with a topographic surface, valleys and saddle points is shown 
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in Figure 1.1. A mountainous landscape is usually exemplified as an analogy of the topology 

of PESs. The positions of minima in the valleys represent stable structures of molecules. 

From the height and profile of the pathway connecting reactant and product valleys, the rates 

and activation energies of the reaction can be assessed. The shape of a valley allows the 

computation of the vibrational spectrum of a molecule, determination of molecular properties 

such as dipole moment, polarizability, NMR shielding, etc (Dykstra 1988; Frank Jensen 

1999; Rauhut and Pulay 1995). 

 

Figure 1.1 A model potential energy surface. 

The first-order saddle point on the PES represents the transition states (TS) of the reaction 

pathway. Locating these points in the PES is essential for the calculation of energy barriers of 

the reaction and to obtain reaction rates using the transition state theory (TST). A transition 

state structure on the PES is the topmost point on the minimum energy path (MEP) from the 

reactant to the product in the potential energy surface. It is popularly known as the saddle 

point on the PES. Saddle point is an energy point in the PES diagram which is a maximum in 

one direction (MEP) and a minimum in all other directions. In mathematical terms, a 

transition state is a point on PES for which the first derivatives should be necessarily zero and 

second derivative should be negative.  
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Part B. Doubly Bonded Silicon Compounds 

1.2 Introduction 

Silicon is the 14
th

 element of the periodic table, the second member of the 14
th

 group 

in which carbon as the epitome element. In character, it is a semiconductor and a metalloid; 

in terms of abundance in the earth’s crust, only second to oxygen. Due to its extreme affinity 

for oxygen, silicon seldom exists in the pure form; but always as wide variety of oxides. In 

1823, the Swedish chemist Jons Jakob Berzelius prepared it in the pure form which appears 

as a bluish crystalline solid with melting point 1687K. In all naturally occurring silicon 

compounds it maintains tetra valency and the compounds are generally polymeric. 

 Electronically, silicon is a semiconductor, the atom of which contains free electrons 

less than that present in an atom of a conductor but more than that of an insulator. Explaining 

in terms of conductance, the assumed energy bands in an atom are categorised as conduction 

and valence bands. The valance band in a solid constitutes a series of energy levels occupied 

by the valence electrons. The energy levels of valence band are filled at 0°K with allowed 

number of electrons according to the Pauli’s principle. The band of higher energy levels, 

partially filled with electrons is called the conduction band. These electrons are known as the 

free electrons in solid state science, as they can move anywhere within the boundaries of the 

given solid. These free electrons are responsible for conduction and the flowing of current. 

The separation in energy among the valence band and the conduction band is known as the 

band gap. Being good conductors of electricity, in metals, the band gap is zero and generally 

the bands are overlapping. In insulators, the band gap is too wide that the electron exchange 

is forbidden. For semiconductors such as silicon, even though the bands are not overlapped 

the band gap is not large. 

 The semiconductor property of silicon earned it pivotal position in the electronic 

industry in modern times. It is the key ingredient of p-n junction in transistors which are the 

cardinal unit of computer chip. Silicon forms the fundamental element used in the ‘hard-

ware’ of all electronic goods including the computers. Organo-silicon compounds, in which 

the carbon - silicon bond forms the principal structural characteristic, is widely implemented 

in pharmaceutical applications (Christopher J. Cramer 2002; Frank Jensen 1999; Tim Clark 

1985) Silicon is rudimental in solar cells, electronic gadgets, aerospace articles, thin film 

coatings etc. 
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 Chemistry before 1980s believed that the multiple bonds to silicon is so unstable that 

it is impossible (Atkins and Paula 2006). The theoretical studies also reinforced the 

conclusion that pπ-pπ bond is unachievable between elements having a principal quantum 

number greater than two. The eye-opening breakthrough, which is a critical milestone in the 

organometallic chemistry, unfolded in 1981. At the 15
th

 Organosilicon Symposium in 

Durham, North Carolina, US, companion papers announcing stable compounds containing 

double bond between carbon and silicon atoms, Si=C (Adrian G. Brook et al. 1981) and 

double bond between two silicon atoms, Si=Si (West, Fink, and Michl 1981) were presented 

by A.G. Brook et al and R. West et al respectively. The paradigm shifts in organometallic 

chemistry resulted from this revolutionary finding opened great channels led to the emphatic 

development of the chemistry of unsaturated compounds of the heavier elements of the group 

14. 

1.2.1 Silenes R2C=SiR2 

1.2.1.1 Discovery and synthesis 

 In the history of synthetic chemistry, generation of molecules possessing chemical 

bonding of uncustomary nature often follows a common course of evolution. Primarily, 

someone announces the evidences of transient existence of the species during some chemical 

reactions. This may be followed by the isolation of it at very low temperatures; usually in a 

matrix, as is happened in the case of highly unstable species like the multiple bonded 

metalloids under the present discussion. The causes of instability of the species are subjected 

to thorough debate of theoreticians which will be reflected in the synthetic field as variety of 

adaptations and modifications. Finally, a molecule stable at room temperature, supported by 

brilliantly chosen steric and electronic stabilization, may be synthesized in a refined 

experimental condition. Such a sequence of events was exactly followed in the evolution of 

experiments led to the discovery of stable silenes also.  

 Convincing evidence of silene, R2Si=CR2 as reaction intermediates came in 1966 

during the studies of the high temperature gas phase thermal decomposition of 1,1-dimethyl-

1-silacyclobutane by Gusel’nikov and co-workers (Gusel’Nikov and Flowers 1967). In the 

temperature range of 700–1000 K and at very low pressures, 1,1-dimethyl-1-silacyclobutane 

undergoes fragmentation and re-cyclisation. Ethylene and 1,1,3,3-tetramethyl-1,3-

disilacyclobutane are the products generated in the reaction. 1,1,3,3-tetramethyl-1,3-

disilacyclobutaneis proposed to be formed because of the dimerization of the intermediate 
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silene generated. The proposed scheme is shown below (Scheme 1.1). The kinetics of this 

reaction has found to be very similar to the gas-phase thermolytic conversion of 

dialkylcyclobutanes into alkenes. Continued research revealed that the intermediate silene 

could be intercepted by various trapping agents like H2O, NH3, alcohols and carbonyl 

compounds; which confirmed its formation during the thermolytic decomposition of 1,1-

dimethyl-1-silacyclobutane (Boudjouk and Sommer 1973; Butler 1962; Flowers and 

Gusel’nikov 1968; Gerberich and Walters 1961). When the pyrolysis stream is added with 

alcohol the corresponding alkoxysilanes is resulted, the formation of which cannot be 

explained without the presence of the proposed silene intermediate. 

Flash Pyrolysis

>700K
[(CH3)2Si=CH]*  +  CH2=CH2

(CH3)3-Si-OR

Si

Si

Si

Dimerisation

Traping the intermediate
using ROH

H3C

H3C

CH3

CH3

H3C

H3C

 

Scheme 1.1 

Flash pyrolysis of 1,1-dimethyl-1-silacyclobutane indicating the intermediate formation of a 

compound with C=Si 

By 1976, three different research groups including that of Chedekel et.al were 

successful in synthesising silene in argon matrix at temperature below 12K. The 

photochemical decomposition of trimethylsilyldiazomethane was the technique mainly used. 

IR analysis revealed that the reaction proceeded through an unstable silyl carbene 

intermediate (Brook, Kallury, and Poon 1982; Chedekel et al. 1976; Mal’tsev, 

Khabashesku, and Nefedov 1976). Even though, the generated silene can survive only in deep 

low temperature reaction matrix, the Si=C stretching band of it near 1000 cm 
-1

 was identified 

for the first time by way of infrared spectroscopy. Still, most of the synthetic chemists 

believed that the synthesis of a stable silene is impossible as the ‘double bond rule’ denies the 
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formation of such a compound. According to the ‘double bond rule,’ multiple bond formation 

is impossible for elements belonging to periods higher than two. 

C H

N2

(H3C)3Si
hv

-N2

C(H3C)3Si H
Rearrangement

Si C

H3C

H3C

H

CH3  

Scheme 1.2 

Photochemical decomposition of trimethylsilyldiazomethane resulted in the first generation 

of a silene. 

 A.G. Brook and co-workers of the University of Toronto, working continuously for 

decades on silicon chemistry, explored the effect of the functional groups attached to the 

carbon and silicon atoms in the photochemical rearrangement of acyl silanes (R3Si–CO–R’) 

to silene. They recognised that a change of functional groups R and R’ from lighter to 

heavier, enhanced the stability of the silene generated considerably.  Their perpetual effort by 

using different groups in the place of R and R’ of the acyl silane finally emerged triumphant 

in 1981. The successful substituents that generated a stable silene from the acyl silane by the 

photochemical rearrangement were (Me3Si) = R and adamantyl group = R’(Adrian G. Brook 

et al. 1981) . The discovery of a stable silene, which contradicted the ‘double bond rule’ was 

milestone in the development of chemistry in general and launched a paradigm shift in the 

synthetic organometallic chemistry.  

(SiMe3)3Si C

O

Ad
hv

(Me3Si)3Si

OSiMe3

Ad
 

Scheme 1.3 

Photochemical rearrangement of acyl silane to generate the first stable silene (Brook silene) 

The silene materialised was a crystalline solid, stable at room temperature in anaerobic 

conditions.  

1.2.1.2 Stability of silenes 

 While studying the newly discovered Brook silenes, Y. Apeloig and M. Karni realized 

that, even though steric effects of the substituents definitively played an important role in 

stabilizing them, the contribution of electronic effects of the substituents is even more 

significant; but went unnoticed (Apeloig and Karni 1984). They have conducted a 

comprehensive study of a series of substituted silenes theoretically to elucidate the substituent 
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effect. Both mono- and di-substituted silenes were included in the study. The substituents 

they have chosen were -OH, -OSiH3, -SiH3, -CN, -NO2, -CH3 and –F, evidently, these groups 

represent electronic properties spanning to a wide range. Because of the presence of lone-pair 

of electrons on the oxygen atom, the silyloxy and hydroxy and are strong π-donors. But, they 

weak as σ-acceptors, irrespective of the electro negative nature of oxygen atom. The nitrile 

and nitro groups are strong π-acceptors. They are powerful σ-acceptors also. The silyl group 

exertsonly milder electronic effects; it is a weak σ-donor and weak π-acceptor. The methyl 

group is a weak σ- as well as π-donor. Fluorine is a weak π-donor whereas it is strong σ-

acceptor. Their studies proved that substituents have a strong influence on the C=Si double 

bond length. Changes in the bond length rC=Si parallel the changes in the total bond polarity 

of the C=Si bond. Substitution at silicon is found to be significantly more stabilizing than 

substitution at carbon. Substituent influence on the stability of the C=Si double bond is 

calculated to be fairly low. The dimerization reactions of silenes to disilacyclobutanes also 

not much controlled by the substituents. Most importantly, the distribution of charge within 

the C=Si bond is strongly influenced by the substituents. A comparison of the total electron 

density over the double bond and the π-electron distribution alone showed that polarization 

occurs mainly in the σ-framework. The polarization experienced by the π-electrons is more 

relevant in the discussion of the reactivity of the C=Si double bond, even though it lesser in 

magnitude than the σ-polarization. As the extent of polarization of the C-Si π-bond increases, 

the reactivity of a particular silene increases is expected to increase. The natural C
δ-

=Si
δ+ 

bond polarity is reversed to C
δ+

=Si
δ-

 in silenes in which strong π-donors such as -OH is 

attached to carbon atom. Reversed polarity of the C=Si bond plays a very important role in 

modifying and controlling the reactivity of silences (Apeloig and Karni 1984; Breidung and 

Thiel 1998; A. G. Brook et al. 1982; A. G. Brook, Kallury, and Poon 1982). Later, Bendikov 

and coworkers (Bendikov et al. 2002) carried out a systematic theoretical analysis of the 

effect of substituents on the kinetic stability of silenes for nucleophilic addition reactions with 

water and alcohol. The kinetic stability of silenes can be arrived at from the activation energy 

barriers for the addition reaction with suitable reagents which strongly influenced by the 

substituents. The addition of alcohols or water molecule is initiated through a nucleophilic 

attack by the oxygen atom of the reactant at the silicon atom of the silene. This result in the 

formation of a silene-alcohol complex which is reversible in nature. Further progress of the 

reaction resulted in the addition product: a silanol. This reaction pathway is notably different 



28 
 

from the typical mechanism of addition to C=C double bonds, which always involves a rate-

determining step that is electrophilic. 

R2Si CR"2 + R"OH R2Si CR'2

OH

R2Si

OH2

CR'2

R"

R2Si CR'2

O HR"R"

 

Scheme 1.4 

Addition of an alcohol to silene 

The activation energy of the addition reaction to silene is found to decreases as H2O > 

MeOH > EtOH > t-BuOH. As is evident, this order shows a relation to the gas-phase acidity 

of the nucleophilic reactant molecule. The higher the alcohol acidity of the nucleophile, the 

lower is the activation energy of the addition to silene bond. One of the interesting findings of 

their study on the substituent effect is that the activation energy barriers for the nucleophilic 

addition of alcohol or water to silenes correlate linearly with the silene polarity. This they 

confirmed by measuring the difference in the total charge at the Si and at the C atoms of the 

Si=C bond of the investigated silenes. The substituents influence on the activation energies is 

found to be significantly large, spanning a range of 20kcal/mol. Their calculations 

convincingly proved that for silenes with lesser polarity, the activation energy is greater for 

the addition reaction. Therefore, the kinetic stability of a silene towards nucleophilic addition 

can be predicted from the polarity of the C=Si double bond. In short, polarity of the C=Si 

double bond in silene is a reliable indicator of its stability. This observation led to the 

formulation and designing of novel strategy for the synthesis of kinetically stable silenes 

added with the well-established kinetic stabilization by bulky substituents. 

Ottosson and co-workers explored the polarity reversal of the C-Si bond by π-electron 

donation from ortho/para substituents as a stabilizing factor for silabenzenes and also for the 

synthesis of transient silences (El-Sayed et al. 2002). Reversed polarity of the π-bond, i.e., 

Si
δ-

=C
δ+

, is the most important single electronic factor that reduces the reactivity of silenes 

(Apeloig and Karni 1984). The first solid silene, stable at ambient temperature made by 

Brook and coworkers and several other silenes and 2-silenolates that take advantage of this 

effect have been reported (Miracle et al. 1993; Sakamoto et al. 1997; Veszprémi et al. 1998). 

Because of the significant electronegativity difference between C and Si, the Si=C double 

bond in silenes is polar with the Si atom bearing the positive polariy and electrophilic nature.  

However, the direction and magnitude of polarity of this bond can be greatly modified and by 
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introducing π-electron-donating groups at the C end of the silenebond (Scheme 1.5). Such a 

substitution lowers the dimerization energy significantly and raises the barrier for addition of 

water to a considerable extent. 

Si SiX X

I II

Si Si
X X

I II

 

Scheme 1.5 

Reverse polarisation in silenes 

Similar to silenes, the reduction in the positive charge at Si atom of a silabenzene is achieved 

through the resonance structure II which is zwitter-ionic. For achieving these π-electron-

donating groups are substituted in para and/or ortho positions. The partial positive charge at 

Si in silabenzene is found to be significantly reduced by ortho and/or para amino substitution. 

Substitution with halogen atoms has only mild effects on the structures and charge 

distributions and of silabenzenes. In the capability to supply electron density to Si atom of 

silabenzene, the alkoxy substituents remain intermediate between amino and halo 

substituents. Silyl substituents exert considerable impact on the depletion of positive charge 

on the Si atom but do not affect the geometries of silabenzenes. In the classical Brook’s 

silene (Me3Si)2Si=C(Ad)(OSiMe3), the π-electron donor/σ-electron acceptor nature of the 

trimethylsiloxy group at the carbon atom and π-electron acceptor/σ-electron donor nature of 

the trimethylsilane (TMS) at the silicon atom, reinforced with the steric protection of the 

substituent bulk, made it stable enough to remain at ambient conditions (Eklöf, Guliashvili, 

and Ottosson 2008). The π-electron donor capability of oxygen atom enhanced by the SiMe3 

group attached to it bring in the mesomeric effect culminating in contributing structures 

manifesting the reverse polarisation (Apeloig and Karni 1984; Bendikov et al. 2002; Leigh, 

Boukherroub, and Kerst 1998).  

Si C

Me3Si

Me3Si

OSiMe3

1-Ad
Si C

Me3Si

Me3Si

OSiMe3

1-Ad
 

Scheme 1.6 

Substituent effect leading to reverse polarisation in silene 
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The π-bond between silicon and carbon atoms in the silene molecule is less effective than the 

π-bond in alkenes. This is primarily due to the non-compatibility of the size of the 3px and 

2px orbitals of the Si and C atoms respectively. The 3p atomic orbital is significantly more 

diffused than the 2p orbital (Apeloig and Karni 1984; Eklöf, Guliashvili, and Ottosson 2008). 

Electron withdrawing (electro-negative) substituents attached to any atom pulls out electron 

density from it, making it electron deficient. The loss of electron density intensifies the 

electron affinity of the nucleus led to a shrinking of its atomic orbitals. Electron donating 

substituents have an opposite effect. To make the silicon–carbon π bond more effective, the 

3px orbital of silicon atom should be less diffused than the original and the 2pxorbital of the 

carbon atom should be more diffused. For achieving congenial structural similarity of p-

orbitals of different quantum numbers, Si atom of silene should be attached to electron 

withdrawing substituents and carbon atom should be attached with electron donating 

substituents (Apeloig and Karni 1984; Avakyan, Guselnikov, and Gusel’nikov 2003; 

Gusel’nikov, Avakyan, and Gusel’nikov 2001). 

Leigh and co-workers studied the substituent effect on the reactivity of a number of 

silenes using the laser flash photolysis technique. They recognised that the nature of 

substituents profoundly influences the rate of addition of alcohols to 30ilences which is 

nucleophilic. Substituents on either carbon or silicon that can reduce the natural polarity of 

C=Si bond give considerable kinetic stabilization to silences (Bradaric and Leigh 1997; Leigh 

et al. 2008; Leigh, Boukherroub, and Kerst 1998; Morkin and Leigh 2001). With the intention 

of obtaining experimental data directly relevant to the theoretical work, they have studied the 

effects on silene reactivity of several substituents attached to silicon, using a series of 1-

substituted 1-methylsilacyclobutanes (a-k; scheme 7) as silene precursors (Leigh, 

Boukherroub, and Kerst 1998). The rate constants of their reactions with alcohols can be 

taken as a parameter of the kinetic stabilities of 30ilences. To cover a wide a range of 

resonance and inductive electronic effects, many substituents were chosen spanning different 

electronic properties. 
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Scheme 1.7 

Reaction of 1-substituted 1-methylsilacyclobutanes with alcohols generating silene 

intermediate, detectible by flash photolysis 

Silenes of the type R(Me)Si=CH2are made to react with ethanol, methanol, and t-

butyl alcohol and the rate constants were correlated with substituent parameters such as 

inductive, resonance, and steric effects. The values of the rate constants clearly indicated that 

inductive and resonance effects act in opposite directions in almost equal depth on the kinetic 

stabilities of the transient 1-methylsilenes towards addition of the substrates. Reactivity of the 

silenesis observed to be considerably reduced by σ-electron donor and/or π-electron acceptor 

substituents at the silicon atom. This reduction in reactivity is due to the substituent influence 

on the range of electron scarcity at silicon that affects the formation of the reaction complex, 

and on the range of electron accumulation at carbon that decides the rate of proton-transfer. 

The studies proved that the influence of the steric factor is powerful that it can nullify, 

reinforce or even reverse the electronic effects of substituents. It profoundly influences the 

intrinsic kinetic stability of the Si=C bond of the silene also. These conclusions are in good 

agreement with those arrived at by theoretical calculations of the structures, Mulliken charge 

distributions, and frontier molecular orbital properties of a series of simple 1- and 2-

substituted silences (Apeloig and Karni 1984).  

 A detailed computational investigation was made by Ottossonto elucidate the role of 

reversed polarization in influencing the geometric structures of Si=C bonded species. The 

study also probed the effect of reversed polarization on their thermodynamic stability 

(Ottosson 2003; Ottosson and Eklöf 2008). The calculations revealed that pyramidalizations 

of Si atom and elongation of silicon-carbon bond is caused by strong  electron donors at C 

atom. However, low electron donation/withdrawal inductive effect exerted by the silyl/methyl 

substituents at the Si atom generates only mildstructural changes. A weakening and 

elongation of the silicon – carbon bond is caused by strong π-electron donor substituents at 
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the Si atom. The analysis proved that the Si=C bond extended with reversed polarisation 

which causes a pyramidalization of the Si atom. Silenes substituted with two strong  

electron-donors at the C atom involve resonance structures which are zwitterionic carrying 

negative charge of almost full magnitude on the Si atom. Nearly single bond nature of the Si-

C bond and large pyramidalization of Si atoms are the characteristics of such 32ilences. There 

are instances where the reversed carbon – silicon bond polarization have no noticeable 

influence on the stabilities of conformers of 32ilences. In such cases, the relative stability of a 

specific conformer is determined by the steric demand of the structure and not by the 

reversed polarization effect. 

1.2.2 Disilenes 

1.2.2.1 The discovery and synthesis of disilene 

The convincing proof for the formation of the disilene was obtained by G.J.D. Peddle 

and D.N. Roark in 1972 during their analysis on the pyrolysis of 7,8-disilabicycloocta-2,5-

diene to tetramethyldisilene by way of a reverse Diels - Alder reaction (Roark and Peddle 

1972). The highly unstable disilene could be trapped using naphthalene or anthracene 

(Scheme 1.8) (Carberry and West 1969; Strating et al. 1969). However, the incessant 

attempts to isolate the disilene even in deep cooled matrix were failed (Gaspar Peter P. 1978; 

Gusel’nikov, Nametkin, and Vdovin 1975; M. Ishikawa 1978). Meanwhile, in 1980, M. 

Ishikawa and M. Kumada reported the transient formation of silylenes; the Silicon analogue 

of carbenes, in the photolytic decomposition of polysilanes (Mitsuo Ishikawa and Kumada 

1981). Trapping of the dimethylsilylene (Me2Si:) in argon matrix below 10 K allowed its 

detection of it by electronic and IR spectra (Arrington et al. 1984; Conlin and Gill 1983; 

Drahnak, Michl, and West 1979; Steele and Weber 1982). The research group of R. West, 

University of Wisconsin resulted in the groundbreaking achievement of the fabrication of a 

stable disilene molecule, tetramesityldisilene. The photolytic conversion of 2,2-

bis(mesityl)hexamethyltrisilane in a solution of hydrocarbon generated Tetramesityldisilene. 

The intermediate silylene formed was dimerised to form tetramesityldisilene, which is 

precipitated as a bright yellow crystalline solid (Scheme 1.9) (Gaspar and West 1998; West, 

Fink, and Michl 1981). 

https://en.wikipedia.org/wiki/University_of_Wisconsin%E2%80%93Madison
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Scheme 1.8 

Photolysis of 2,2- bis(mesityl)hexamethyltrisilane led to the discovery of a stable disilene 

1.2.2.2 Structure of Disilenes 

The structure of tetramesityldisilene, the first ever synthesised compound carrying a 

silicon-silicon double bond, was explored by the West group themselves by X-ray 

crystallographic method, immediately after the successful synthesis of the compound. The 

molecule has a two-fold axis of symmetry which is passing perpendicular to the Si = Si 

double bond. The well-established geometry of alkenes confirmed the planar structure of 

them, which is a direct result of the trigonal planar alignment of the sp
2
 hybridised orbitals of 

the central carbon atom. The Si = Si double bond, the bond distance is 2.16 A
0
 in this 

molecule, against the C = C distance in ethylene which is 1.34A
0
 (Boudjouk, Han, and 

Anderson 1982; Fink et al. 1983). 

              In tetramesityldisilene, the two doubly bonded silicon atoms and the four carbon 

atoms of the mesityl groups connected to them appears to be lie approximately in the same 

plane. A close analysis confirms that, the plane containing the C–Si– C bond forms a bend of 

angle θ = 18
0
 with the bond connecting the two Si nuclei. The mesitylene groups attached to 

Si(2) bent upwards through the angle θ, whereas the mesitylene groups connected to Si(1) 

bent downwards through the same angle. The resulting trans-bent geometry effects the 

pyramidalization of the Si atom in the structure and the angle θ is called pyramidalization 

angle. Also, the planes containing the first C-Si–C and the second C–Si–C of 

tetramesityldisilene are not parallel; they make a twist angle of five degree (Figure1.2) 

(Goldberg et al. 1986; Grev, Schaefer, and Gaspar 1991; Harding and Goddard 1978). 

 

 

 
SiH2(SiMe3)2

hv Si Si

Tetramesityl disilene

CH3H3C

CH3

Mes-

Me

Me Me

Me Mes

Mes

Si

Mes

Mes



34 
 

                                                               

Si Si

Mes

Mes

Mes

Mes

0

 

 

Figure 1.2 Structure of disilene 

The theoretical explanation for the elevation of the C–Si–C plane from the Si=Si 

double bond line by angle θ is based on the singlet – triplet energy gap of the silylene 

moieties involved in the formation of the disilene. For the simplicity of treatment, the disilene 

can be viewed as the aggregate of two R2Si: diradicals joined through a double bond 

(Harding and Goddard 1978; Leopold, Murray, and Lineberger 1984).  

1.2.3 Silylene 

According to the energy status of the system, silylene can remain either in the triplet 

or in the singlet state. Contrary to the general trend and expectation, the singlet state is found 

to be more stable than the triplet state in silylenes. The singlet level of silylene occupies a 

position 21kcal/mol lower than the triplet state. The greater stability of singlet state relative to 

the triplet state is found to be prevalent in silicon and higher congeners of the group 14 

(Carter and Goddard 1986; Driess and Grützmacher 1996; Malrieu and Trinquier 1989; 

Power 1999; Trinquier and Malrieu 1987). 

1.2.4 Cyclotrisilene  

1.2.4.1 Synthesis 

Successful synthesis of partial alkene analogue of silicon: the silene R2Si=CR2, and 

exact alkene analogue of silicon, the disilene R2Si=SiR2 attracted the synthetic chemists to 

deeply explore on the possible synthesis of unsaturated compounds of heavier 14 group 

elements, mainly that of silicon. The elaborated search came up with verity of novel methods 

to synthesize differently substituted silenes and disilenes with substantially improved stability 

and highly desired property modulations. A breakthrough in this direction was the synthesis 

of a stable cyclotrisilene by Ichinohe and co-workers in 1999. They have synthesized a 

SiMe2
t
Bu substituted cyclotrisilene, form a reaction mixture of 2,2-dibromo-1,1,3,3- 

tetra(tert-butyl)-1,3-dimethyltrisilane and 2,2,2-tribromo-1,1-di(tert-butyl)-1-methyldisilane 

with sodium in toluene (Ichinohe, Matsuno, and Sekiguchi 1999).  
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Scheme 1.9 

Reaction between 2,2,2-tribromo-1,1-di(tert-butyl)-1-methyldisilaneand 2,2-dibromo-1,1,3,3- 

tetra(tert-butyl)-1,3-dimethyltrisilane: formation of the first stable cyclotrisilene. 

The selection of protecting groups is the most important criterion in the synthesis of strained 

ring compounds such as cyclotrisilene. As explained in the previous sections, silicon-silicon 

multiple bonds are largely stabilised by heavy sterically demanding functional groups. 

Quantum mechanical calculations proved that electropositive substituents such as silyl groups 

largely reduce the ring strain of cyclotrisilene (Ichinohe, Fukaya, and Sekiguchi 1998; Kira, 

Iwamoto, and Kabuto 1996; Nagase 1993; Sekiguchi et al. 1995; Wiberg et al. 1998).  

Sekiguchi and his co-workers developed a method to synthesise a highly crowded 

cyclotrisilene by the reaction of substituted dilithiosilane with substituted 1,2- 

dibromotetrasilane at a ratio of 2:1 in THF (Murata, Ichinohe, and Sekiguchi 2010). During 

this reaction, the second equivalent of dilithiosilane acts as a reductant. 
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Scheme 1.10  

Reaction of (
t
Bu2 MeSi)2SiLi2 with 

t
Bu3SiBr2SiBr2Si

t
Bu3 led to the generation of a highly 

crowded stable cyclotrisilene 

Y. Murata and colleagues reported a step-wise formation of cyclotrisilene starting 

from DSi2NpSiSiH2Cl (1) [DSi = CH(SiMe3)2 and Np = CH2
t
Bu] when kept at room 

temperature for overnight (Murata, Ichinohe, and Sekiguchi 2010). 
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Scheme 1.11 

Slow isomerisation of the disilyne 5 in solution at room temperature generated cyclotrisilene 

6 as the only product. 
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Scheme 1.12 

Step-wise synthesis of cyclotrisilene (6) from Dsi2NpSiSiH2Cl (1) 

1.2.4.2 Structure 

The molecular structure of SiMe2
t
Bu substituted cyclotrisilene (I) has been confirmed 

by X-ray crystallography (Figure1.3) (Ichinohe et al. 1999). The crystal structure revealed 

that, crystallographically, the molecule has no symmetry. The geometry around the Si=Si 

double bond is not planar, as obtained by the sum of the bond angles of the unsaturated 

silicon atoms (357.58
0
 for Si1 and 358.18

0
 for Si2). Probably because of the eclipsed 

arrangement of the two bulky 
t
Bu2MeSi substituents attached to the silicon atoms, the 

geometry of cyclotrisilene has a twisted Si=Si double bond. 

Si Si

Si

SiMetBu2
t Bu2MeSi

t Bu2MeSi SiMetBu2

I  

Figure 1.3  

Structure cyclotrisilene synthesised by Ichinohe et al. 1999 
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The Si4-Si1-Si2-Si5 torsional angle is 31.98
0
. The length of Si-Si bond of I is 

2.138A
0
, which is one of the shortest distances among the reported Si=Si double-bonds 

(2.138 ± 2.261 A
0
). The lengths of Si-Si single bonds in I, especially the bond distances 

between the saturated silicon atom in the three-membered ring and the substituents (2.401A
0
 

for Si3-Si6 and 2.403A
0
 for Si3-Si7), are observed to be somewhat elongated than the usual 

Si-Si bond (2.34 A
0
). The ring formed by the three Si atoms is nearly an isosceles triangle 

and the bond angles are 62.8
0
, 63.3

0
, and 53.9

0
. 

Cyclisation of molecules bring in strain energy in to the cyclic systems. Thus, when 

propane is converted to cyclopropane, the molecule possesses strain energy of 27.5kcal/mole. 

This is due to change of the bond angle around the carbon atom from the normal sp
3 

hybridisation angle, 109
0
28’ to the acute angle 60

0 
of the triangular geometry of the cyclic 

molecule. Introduction of a double bond into the cyclic system enhances the strain energy of 

it, since the sp
2
 atoms that forms the double bond has the inherent bond angle120

0
, which is 

still wider than the tetrahedral angle. The energy required to distort the bond angle to 60
0
 

from 120
0
 would be greater than that is required from 109

0
28’. Thus, strain energy of 

cyclopropene molecule is 53.8 kcal/mole (Geiseler 1970; Hengge and Janoschek 1995; 

Naruse, Ma, and Inagaki 2001). Surprisingly, B3LYP/6-31G(d)//B3LYP/6-311++G(3df,2p) 

level calculations proved that the energy due to ring strain of the unsaturated cyclotrisilene 

(34.5kcal/mol) is slightly lower and notable than the ring strain energy of the saturated 

cyclotrisilane (35.5 kcal/mol). Naruse. Y et al., using the orbital phase theory, postulated that 

this phenomenon, which terribly contradicts the observations associated with carbon 

analogues, is due to the delocalisation of electrons of the Si = Si π bond through the sigma 

antibonding (σ*) orbitals of the Si-H bond (Gimarc and Zhao 1997; Iwamoto et al. 2000; 

Naruse, Ma, and Inagaki 2001).  
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1.3 Conclusion 

The initial segment of this Chapter was the introduction to theoretical background of 

the computational methods that are frequently used in the analysis carried out in 

computational chemistry. A summarised account of the Hartree-Fock method which is the 

fundamental of the computational chemistry techniques such as the Post HF methods, 

electronic structure methods, Hybrid QM-MM methods, Density Functional Theory and some 

specific electronic properties is given. The second part of Chapter 1 describes silicon 

chemistry, specifically oriented on multivalent compounds of silicon. Multivalent silicon 

compounds are rather new to the synthetic field and opened immense opportunities and 

challenges in the research scenario. The history of invention, methods of formation and 

structural details of silene, disilene and cyclotrisilene are briefly described. Reductive 

approaches the successful method of choice for the formation of multiply bonded silicon 

compounds. In the Si=C double bond, the electron arrangement is remain in a polarized way 

(Si
δ+

=C
δ−

). Silenes are found to be naturally polarized (Si
δ+

=C
δ−

) or reverse polarized (Si
δ−

= 

C
δ+

), depending on the substituents attached to it. Theoretical analysis and the data generated 

from experiments showed that the “reversed polarity” of silene bond (C=Si) have a 

significant influence in controlling the stability as well as reactivity of silences .The data 

gathered on substituted silenes clearly indicated that the chemical and physical properties of 

silenes can be modified predictably, by the correct selection of the substituents. The effect of 

substituents is found to be more pronounced when placed over the silicon atom of the silene 

bond. The steric bulk of the substituents also play an equally important role in providing 

kinetic stability to silicon multiple bond compounds. 
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Chapter 2:  

Substituent effects on the dimerization reaction 

of silenes: the di-radical and the zwitter-ion 

reaction pathways 

2.1 Introduction 

The Si=C double bond is an intrinsically reactive bonding arrangement that has 

gained a great deal of experimental and theoretical attention over the past few decades 

(Baines 2013; Eklöf, Guliashvili, and Ottosson 2008; Ottosson and Eklöf 2008). Most of the 

silenes have only transient existence; that too the gas phase or in solution. They react in 

nascent state itself with oxygen or other nucleophiles due to their instability. When other 

reactive substrates are absent, they undergo self-dimerization. Successful attempts to 

synthesize isolable silenes primarily require a protective measure to safe guard it from the 

self-dimerization tendency. The principal tool for this purpose is the use of bulky substituents. 

This kind of steric stabilization of the silenes is purely kinetic in nature and is to be 

augmented with components that are capable in enhancing the thermodynamic stabilization 

of the molecule. For this purpose, synthetic chemists usually made use of substituents such as 

trialkylsilyl group at the Si atom and alkoxy- and (or) alkyl-substituents at the C atom of the 

C=Si bond. It is well established that such substitution patterns lead to marked reductions in 

the natural (
δ+

Si=C
δ–

) polarity associated with the Si=C double bond, slowing the normally 

diffusion-controlled dimerization reaction and reversing its normal (head-to-tail) 

regiochemistry (Apeloig and Karni 1984). 

Silenes freely react with nucleophilic substrates including a mines, carboxylic acids, 

alcohols, water and alkoxysilanes due to their prominent electrophilic character and the 

reaction is typical [1,2]-addition in nature. Aldehydes and ketones react with silenes in the [2 

+ 2]-cycloaddition and/or ene-addition fashion. However, dienes and alkenes and undergo [4 

+ 2]-cycloaddition and/ or ene-addition, [2 + 2] with the silenes. In the absence of such 

reagents, they easily undergo dimerization, usually by head-to-tail [2 + 2]-cycloaddition 

(Bernardi et al. 1994; Brook and Baines 1986; Gusel’nikov and Nametkin 1979; Gusel’nikov, 

Nametkin, and Vdovin 1975; Morkin and Leigh 2001). The high electro negativity deference 
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of 0.7 in the Pauling scale between the Si and C atoms made the C=Si bond in silene 

remarkably polar. Therefore, the reactions of silenes with nucleophiles are highly region-

specific. The addition of alkynes to Brook silenes, (Me3Si)2Si=CR(OSiMe3), is a well-known 

regios-elective reaction of relatively nonpolar silenes that typically yields silacyclobutenes 

(Hajgató et al. 2002; Hardwick and Baines 2011; Pavelka et al. 2015; Takahashi, Veszprémi, 

and Kira 2004; Hiromasa Tanaka et al. 2012; Veszprémi et al. 2001). An exclusive theoretical 

exploration of the detailed mechanism of the addition reaction of alkynes with silenes was 

done by Milnes et al. They studied the different possible reaction pathways and their 

energetics of the addition reactions of silenes with terminal alkynes. The energetics of the 

biradical, zwitter-ion, and concerted pathways were computed and arrived at the conclusion 

that diradical pathways is significantly more favored (Milnes, Jennings, and Baines 2006; 

Milnes, Pavelka, and Baines 2010; Pavelka et al. 2015). In view of the importance of addition 

of alkynes to silenes in the chemistry of silicon compounds, Baines et alundertook an 

experimental study of the mechanism of the cycloaddition of alkynes to Brook silences 

(Milnes, Jennings, and Baines 2006). They utilized a series of cyclopropyl alkynes which 

they have developed as mechanistic probes of the reaction. They arrived at the conclusion 

that a 1,4-diradical is involved in the addition reaction which is schematically represented 

below (scheme 2.1).  

 

(Me3Si)2Si
OSiMe3

R'

RH

+

(Me3Si)2Si

OSiMe3

R1

H

R

(Me3Si)2Si

H R

R1

OSiMe3

 

Scheme 2.1  

Addition of alkynes to silene; the diradical pathway 

Silenes readily undergo addition reaction with dienes also. Both [4 + 2] and [2 + 2] 

cycloadditions, as well as ene reactions, can occur between silenes and dienes, and which of 

these reaction routes is followed depends largely on the extent of the Si=C double bond 

polarity (A. G. Brook et al. 1987; Seidl, Grev, and Schaefer 1992). The silene molecule 

(Me3Si)2Si=C(OSiMe3) R with the R= 1-Ad (I) and R=t-Bu (II) produced both the ene and [4 

+ 2] addition products during reactions with  the dien; 2,3-dimethyl-1,3-butadiene (Scheme 

2.2). The relative amounts of the [4 + 2] addition product and the ene addition product is in 

the ratio 1.5:1 for both silenes I and II, and the collective yields were very high; more than 
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98%. In contrast, [2 + 2] cycloadducts were found in higher yields than the [4 + 2] 

cycloadducts in reactions between (Me3Si)2Si=C(OSiMe3) R silene III and 1,3- butadiene 

(scheme 2.2) (Brook et al. 1987). 

Si

OSiMe3

RMe3Si

Me3Si

Me3Si

Me3Si
OSiMe3

R

[4+2] adduct

Me3Si

Me3Si

OSiMe3

H

R
ene adduct

I   R= 1-Ad
II  R= t-Bu
III R= Mes

+

 

Scheme 2.2  

The [4+2] cyclo-addition and ene-addition of silenes to dienes 

As already mentioned, silenes (R2Si=CR2) readily undergo self-dimerization reaction, 

particularly in the absence of other reacting partners. The dimerization tendency is 

particularly augmented by the relatively smaller size of substituents attached to the carbon 

and silicon atoms, facilitating the steric environment conducive for the process (Apeloig et al. 

1998; Brook et al. 1982; Ottosson and Eklöf 2008). The self-addition could be in either of the 

two possible fashions: head-to-tail or head-to-head coupling (Seidl, Grev, and Schaefer 1992; 

Venturini et al. 1998). A general schematic representation of these two modes of dimerization 

is given below (Scheme 2.3) (A. G. Brook et al. 1982). 

Si
Si

Si

Si

Si

Head to tail Head to head

 

Scheme 2.3  

The head-to-tail and head-to-head modes of dimerization of silenes 

The fundamental driving force operating in the inclination for the dimerization 

reaction of silenes is the dipolar nature of the C-Si bond (
δ+

Si=C
δ–

) (Apeloig and Karni 1984). 

Obviously, factors such as properly designed electronic effects of substituents that can reduce 

polarity of the C=Si bond or even cause reversal of it as an extreme influence, reduce the 

tendency for dimerization significantly (Guliashvili et al. 2010; Miracle et al. 1993). The 
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larger size of the substituents considerably augments the inertia towards dimerization. This 

principle is successfully being used in the synthesis of silences (Brook et al. 1981). 

The nature of polarisation itself (
δ+

Si=C
δ–

) suggests an increased tendency of silenes 

toward head-to-tail coupling than head-to-head coupling during the dimerization reaction. As 

far as the parent silene is concerned, the head-to-tail dimerization reaction proceeds through a 

significantly stabilised pathway culminating in a well stabilised product. Even though the 

natural drive of the original charge separation of the silene could be to direct the dimerization 

reaction to proceed in a path generating a dimer resulting from the head-to-tail coupling, the 

substituents attached to the carbon and silicon of the silene could significantly affect the bond 

polarity and there for, the mode of the coupling also. The modulation in the bond polarity of 

the C=Si bond by the substituents profoundly affects the entire course of the dimerization 

reaction; even a reversal in the direction of coupling, resulting in the generation of the head-

to-head coupled product could be turned up as an extreme gesture (Guliashvili et al. 2010; 

Leigh et al. 1999; Leigh, Boukherroub, and Kerst 1998; Sakamoto et al. 1997). 

2.2 Objectives 

 Understanding the possible reaction pathways and the energetics of the head-to-tail 

coupling reactions of silenes, resulting in the formation of 1,3-disilacyclobutanes. 

 Analysis of the effect of substituents on the mechanism and free energy profile for 

the dimerization of monosubstituted (RHSi=CH2, H2Si=CHR) and disubstituted 

(RHSi=CHR) silenes. 

2.3 Computational Methods 

B3LYP/6-31G(d,p) level of density functional theory using Gaussian 16 suite of 

programs is employed in the present study to perform the computations. Minimas were 

ascertained by the method of IR frequency analysis, and the saddle points were located by a 

single imaginary frequency. To obtain intermediates and transition states possessing the 

singlet diradicals character, the broken-symmetry-spin-unrestricted B3LYP was used. To 

verify the consistency of out puts, all of calculations were also repeated at the PW6B95D3/6-

311++G(d,p) level of theory also (due to convergence difficulties, the diradicals were 

excluded). The energy values are found to be consistent with B3LYP/6-31G(d,p) calculation. 

Therefore, the presented discussion on the study is exclusively based on the results generated 

from the  B3LYP/6-31G(d,p) level calculations. 
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2.4 Results and Discussion 

In the present study, we chose to analyze the reaction pathways and energetics of the 

head-to-tail coupling reactions of silenes resulting in the formation of 1,3-disilacyclobutanes. 

The unsubstituted parent silene, H2Si=CH2 is chosen as the reference molecule of the 

investigation. The reaction pathways and energetics of the dimerization of the mono- 

substituted and disubstituted silenes were examined deeply and the results generated were 

compared with those of the unsubstituted silene to elucidate the effect of substituent on the 

reaction. Monosubstituted silenes with substituent on the silicon atom (RHSi=CH2) are 

designated as H-CSi-R, monosubstituent on carbon (H2Si=CHR) are designated as R-CSi-H 

and disubstituted silenes with one R each on both C and Si (RHSi=CHR) as R-CSi-R. The 

substituents (R) chosen are –CH3, –SiH3, –OH, –CN and –F; span a range of electronic 

properties.  

The –OH group is a strong π-electron donor, because of the unshared electron pair on 

the oxygen atom, but is a weak σ-acceptor. The -CN group on the other hand is a strong π-

acceptor and also an equally powerful σ-acceptor. The -SiH3 exerts a much milder electronic 

effect, it is a weak π-acceptor and a weak σ-donor. The -CH3 group is a weak π- and σ-donor, 

while –F is a strong σ-acceptor and a weak π-donor (Apeloig and Karni 1984). Theoretical 

investigations support a pathway involving a 1,4-diradical as intermediate for the 

dimerization reaction of silenes resulting in the formation of 1,3-disilacyclobutane. This 

conclusion corroborated by experimental investigations. Various possibilities such as 

concerted mechanism and head-to-head dimerization to form 1,2-disilacyclobutane via a 

diradical intermediate have also been reported (Gusel’nikov, Avakyan, and Guselnikov 2002; 

Seidl, Grev, and Schaefer 1992; Venturini et al. 1998). In the present study, we have 

investigated the head-to-tail mode of the dimerization reaction of the silenes only, yielding 

1,3-disilacyclobutane (1,3-D) as product. Two pathways, viz; zwitter-ion intermediate 

pathway (ZW) and the diradical pathway (DR) have been calculated to analyze whether the 

course of the reaction changes with substituents and to understand substituent effects on 

energetic (Scheme 2.4) (Milnes, Pavelka, and Baines 2010; Pavelka et al. 2015). We have 

scrutinized the energetics involved in both of these pathways outlaid for the dimerization 

with all the investigated molecules to enable a comparison of the mechanisms. The effect of 

the substituents with divergent electronic properties on the reaction course and energetics of 

the coupling reaction is the thrust area of the investigation.   
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Scheme 2.4  

The zwitter-ion intermediate pathway (ZW) and the diradical intermediate pathway (DR) for 

the head-to-tail dimerization of the parent silene. 

In the present investigation we have used isodesmic reactions to understand the 

stabilizing/destabilizing effects of substituents in silences (Apeloig and Karni 1984). 

Following isodesmic reaction schemes were used in the analysis. 

 

Scheme 2.5  

Isodesmic reaction scheme used for the analysis 

 In the displayed examples, ISD represent difference in energy of the -R bond when it 

is part of the respective silene system and corresponding alkane or silane. A positive ISD 

(           
             

  indicates a lower stability of the substituted silene and a 

negative value indicates a higher stability. We have calculated the ISD values for different 

substituted silenes used in the present work and is tabulated in Table 2.1 

Table 2.1 Isodesmic reaction energy values 

 
Free energy a. u Free energy a. u Free energy a. u 

   

R R-CSi-H H-CSi-R R-CSi-R ISDA kcal/mol 
ISDB 

kcal/mol 

ISDC 

kcal/mol 

H -329.925405 -329.925405 -329.925405 0 0 0 

 

C Si

H

H H

R

SiH4+ C Si

H

H H

H

SiH3R+

C Si

R

H H

H

CH4+ C Si

H

H H

H

CH3R+

C Si

R

H R

H

CH4+ C Si

H

H H

H

CH3R+SiH4+ SiH3R+

ISDA

ISDB

ISDC
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Me -369.214723 -369.227163 -408.515422 0.62751 -1.60078 -0.30873 

SiH3 -620.617505 -620.615313 -911.307286 -0.76619 -5.16315 -5.54091 

OH -405.125159 -405.180917 -480.374409 0.983308 -2.88027 7.882153 

CN -422.177662 -422.180844 -514.429348 0.7687 -6.57379 -5.48255 

F -429.151413 -429.226644 -528.446372 1.853037 -0.41353 8.830321 

 

The values listed in the Table 2.1 shows primarily that, the electronic characteristics 

of the substituent atoms or groups attached to the silene molecule have no decisive role in 

deciding the thermodynamic stability of it. Both electron-pushing and electron-pulling 

substituents on carbon end of the silene bond impart a mild additional stabilization to silene. 

This is specifically true with the substituents -SiH3 and -CN. Moreover, placing the 

substituents on the silicon atom of the C=Si bond also failed to provide any noticeable 

improvement on the thermodynamic stability of the silenes. However, in the disubstituted 

systems R-CSi-R, π-donating groups and atoms like –OH and –F contribute a marginal 

estabilization to the molecule, whereas the other group helps to enhance the thermodynamic 

stability to a small extent. 

2.4.1 Molecular electrostatic potential and polarity of the C=Si in silenes 

The molecular electrostatic potential (MESP) at a point specify by the position vector 

(x,y,z) in the premises of a particle may be defined as ‘the force acting on a positive test 

charge (a proton) located at p, through the electrical charge cloud generated through the 

electrons and nuclei of the molecule’. The magnitude of molecular electrostatic potential 

(MESP) at an atom in a molecule is found to be convenient and precise parameter to arrive at 

the substituent effects on a molecule. It also serves to determine the control of the substituent 

over the reactivity of the molecule (Dimitrova, Ilieva, and Galabov 2003; Suresh, Remya, and 

Anjalikrishna 2022). MESP is calculated at the carbon nucleus (VC) and silicon nucleus (VSi) 

of all the silene systems (R-CSi-H, H-CSi-Rand R-CSi-R) are presented in Table 2.2, along 

with the C-Si bond lengths of the corresponding silene. 

Table 2.2 H-CSi-R: Mono substituent on Si, R-CSi-H: Mono substituent on C, R-CSi-R: One 

substituent each on C and Si. VC: MSEP at C, VSi: MSEP at Si. 

Substituent 

(R) 

H-CSi-R R-CSi-H R-CSi-R 

 

r(C=Si) 

Å 

MESP at nucleus  

r(C=Si) 

Å 

MESP at nucleus  

r(C=Si) 

Å 

MESP at nucleus 

VC 

a.u. 

VSi 

a.u. 

VC 

a.u. 

VSi 

a.u. 

VC 

a.u. 

VSi 

a.u. 

-H 1.71 -14.7477 -49.2402 1.71 -14.7477 -49.2402 1.71 -14.7477 -49.2402 
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-CH3 1.71 -14.7631 -49.2459 1.72 -14.7408 -49.2495 1.71 -14.7555 -49.2539 

-SiH3 1.72 -14.7468 -49.2455 1.71 -14.7485 -49.2272 1.72 -14.7489 -49.2339 

-OH 1.69 -14.7641 -49.2148 1.77 -14.6792 -49.2591 1.77 -14.6924 -49.2321 

-CN 1.71 -14.7208 -49.1944 1.72 -14.6955 -49.1976 1.72 -14.6718 -49.1557 

-F 1.69 -14.7499 -49.1935 1.73 -14.6608 -49.2361 1.71 -14.6643 -49.1863 

 

The extent of the charge separation on the C=Si bond, owing to the electro negativity 

difference between the two atoms and the electron displacement effects produced by the 

substituents on it are reflected in the calculated VC and VSi values. The MESP data at the 

carbon and silicon nuclei of a silene (VC and VSi) varies with the electron withdrawing or 

donating capability of the substituents connected to them. The change in the MESP values is 

caused by the electron density displacements at the respective carbon and silicon centres by 

the different electronic effects of the substituents such as inductive, mesomeric, hyper 

conjugative etc (Takahashi, Veszprémi, and Kira 2004). The inductive effect of the 

substituents is more visible on the Si atom in R-C=Si-H, where the substituent is connected to 

the C nucleus of the silene. Silenes with strong π-donating groups on carbon are generally 

known to possess polarity reversal (Apeloig and Karni 1984; El-Sayed et al. 2002; Ottosson 

2003). Polarity reversal in the C=Si bond in HO-CSi-H is obvious from the measure of the 

MSEP values VSi and VC on the silicon and carbon atoms: -49.2591 a.u and -14.6792 a.u. 

respectively. The corresponding values on the silicon and carbon atoms of H-CSi-H are -

49.2402 a. u and -14.7477 a. u respectively. It can be seen that, in R-CSi-H systems the 

measure of VSi is maximum when the substituent R = –OH. Hence, the magnitude of the 

molecular electrostatic potential at the Si nucleus of the silene molecule can be taken as a 

good parameter to assess the reversal of the polarity R-CSi-H systems. Further, an elongation 

of the C-Si bond length amounting to 0.06 Å in HO-CSi-H (C-Si bond length 1.77 Å) 

compared to the unsubstituted H-CSi-H (C-Si bond length 1.71 Å) is also point to the reversal 

of polarity. A perusal of the MSEP table given above will reveals that the extension of the C-

Si bond length to 1.77 Å is manifested in the disubstituted HO-CSi-OH also. Obviously, this 

indicates the polarity reversal in HO-CSi-OH too as is further evident from the corresponding 

VSi value of -49.2321 compared to -49.2148 a.u. in the monosubstituted H-CSi-OH (Apeloig 

and Karni 1984). 
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2.4.2 Dimerization - The zwitter-ion pathway  

Dimerization of H-CSi-H 

The structural parameters and the relative energy values associated with the transition 

states, intermediates and product involved in the dimerization process of the reference 

molecule (unsubstituted silene, H2C= SiH2)through the zwitter-ion pathway is calculated. The 

structure of intermediates, transition states and product located and the corresponding energy 

values arrived at are depicted in Figure. 2.1.  

The two silene molecules undergoing the dimerization reaction oriented to a 

dispersion complex (Z-1) initially, with a relative energy 7.70 kcal/mol. The dipolar nature 

associated with the silene molecules facilitates the orientation of the individual molecules in 

the dispersion complex. Natural charge values (q) of carbon and silicon nuclei in the silene 

molecule are qC= -1.08 and qSi=0.90 respectively and the C-Si bond distance is 1.71Å. Z-1 

is advanced to a transition state Z-TS1, in which a strong attraction among the silicon nucleus 

of the first silene molecule and the carbon nucleus of the second is developed (rC-Si = 

2.68Å). The formation of the transition state, Z-TS-I affected the measure of natural charges 

over the C and Si atoms of both the molecules. A slight elongation is observed with the C-Si 

bond also (rC-Si =1.71Å). The activation energy involved in the formation of the transition 

state Z-TS1 is 3.67kcal/mol (The symbol “ΔG#1” will be used for indicating the first 

activation barrier in further discussion) and the relative energy of the structure is 

11.37kcal/mol.  
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Figure 2.1 Intermediates and transition states located for the dimerization of H-CSi-H via 

zwitter-ion pathway. Relative free energies are given in kcal/ mol and bond lengths in Å. 

Natural charges are also shown. 

The activated complex Z-TS1 is progressed to zwitter-ionic intermediate Z-2 by the 

firming of the intermolecular C-Si bond (rC-Si = 2.04Å). The measures of natural charges on 

Si1, C1, Si2 and C2 respectively are 0.86, -1.30, 1.09, and -0.96. This indicates the zwitter – 

ionic nature of Z-2. The bond distance Si-C bond of the silene is extended from 1.71Å to 

1.78Å and the newly formed C-Si bond length is 2.04 Å. 

The intermediate Z-2 is advanced to another transition state, Z-TS2 through the 

rotation with respect to the newly formed intramolecular C-Si bond. The process involves an 

activation energy of 7.91 kcal/mol (Symbol “ΔG#2” will be used to denote the second 

activation barrier in the proceeding discussion) and the relative energy of the of the second 

activated complex is16.83 kcal/mol. The natural charges over the atoms also changed in 

accordance with the structural changes of the system and the intra molecular C-Si bond 

length remains unchanged (rC-Si = 1.78Å). The transition state Z-TS2 advanced to the 

product 1,3-D. The process is highly exothermic indicating the better stability of the dimer. 

The high exoergicity of 65.45 kcal/mol of the dimerization reaction resulting in the formation 

of 1,3-D suggests the feasibility of the reaction in ambient reaction conditions. 

To understand the role of substituent effect on the dimerization reaction of silenes, the 

reactions of monosubstituted (R-CSi-H and H-CSi-R) and the di substituted silene (R-CSi-R) 

were subjected to the mechanistic analysis. For all the silenes with substituents, the general 

mechanism followed exactly the same pattern as that of H2C=SiH2. The free energy of all the 

intermediates, transition states and products formed in the dimerization reaction of R-CSi-H, 

H-CSi-R and R-CSi-R are listed in Table 2.3 

Table 2.3 Relative free energy values (in kcal/mol) of intermediates and transition states 

involved in the dimerization of R-CSi-H, H-CSi-R and R-CSi-R via zwitter-ion pathway 

 
Silene Substituent (R) Z-1 Z-TS1 Z-2 Z-TS2 1,3-D 

H2C=SiH2 -H 7.70 11.37 8.92 16.83 -65.45 

R-CSi-H -CH3 6.70 14.79 12.28 20.19 -56.53 

-SiH3 7.87 14.35 13.75 19.07 -59.12 

-OH -0.96 9.08 -1.26 10.89 -50.57 

-CN -1.28 15.00 13.99 20.28 -53.46 

-F 7.07 12.24 7.10 14.63 -56.85 

 

 

H-CSi-R 

-CH3 5.99 11.82 10.56 16.38 -65.06 

-SiH3 6.22 13.55 12.73 18.5 -60.19 

-OH 0.82 4.42 -3.31 6.73 -74.36 

-CN 5.84 10.41 6.57 12.23 -70.47 
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-F - - - - - 

 

 

R-CSi-R 

-CH3 6.34 14.58 12.13 21.52 -56.00 

-SiH3 6.82 15.26 14.82 22.12 -52.05 

-OH 1.38 5.26 -14.96 -4.38 -68.84 

-CN -15.36 12.99 10.16 19.28 -53.51 

-F 5.59 10.04 -8.45 4.26 -75.41 

For all the monosubstituted R-CSi-H systems, the high exoergicity and low energy of 

activations (<18 kcal/mol) of the dimerization reactions show that it is practicable under 

ambient conditions. Measures of the activation energies, ΔG#1 and ΔG#2 for the strongly 

electron withdrawing F substituted F-CSi-H differ from those of electron donating CH3 and 

SiH3 substituted H3C-CSi-H and H3Si-CSi-Hby only <3 kcal/mol. This observation indicates 

that the characteristics of substituents on carbon does not create any significant influence on 

silene reactivity in the dimerization process. Moreover, the values of the first and second 

activation energies ΔG#1 and ΔG#2 of H2C=SiH2 differ by only ~3 kcal/mol compared to 

that of the substituted silenes F-CSi-H, (CH3)-CSi-H and (SiH3)-CSi-H. This shows that, 

irrespective the electronic nature, the effect of substituents on the dimerization of the 

monosubstituted R-CSi-H is only marginal.  

The relatively elevated activation energy barrier of 16.28kcal/mol for NC-CSi-H 

(ΔG#1) is resulted from the N-Si interaction in Z-1. The greater barrier heights of ΔG#1 and 

ΔG#2 of HO-CSi-H (10.04 and 12.15 kcal/mol) evolved from the hydrogen-bond interactions 

in the dispersion complex Z-1 and the intermediate Z-2. The intermediates and transition 

states formed during the dimerization process of HO-CSi-H and NC-CSi-H are given in 

figures 2.2 and 2.3. The calculated energy value shows that strong hydrogen-bond 

interactions in the intermediates and transition states significantly stabilize the free energy 

profile of the monosubstituted HO-CSi-H. However, even though perceptible enough, the 

polarity reversal of the C=Si bond in HO-CSi-H did not makes any significant change to the 

barrier heights. 
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Figure 2.2 Intermediates and transition states located for the dimerization of HO-CSi-H via 

Zwitter- ion pathway. Relative free energies are given in kcal/mol and bond lengths in Å. A 

reactant complex with totally separated silenes could not be optimized. 

 

 

Figure 2.3 Intermediates and transition states located for the dimerization of NC-CSi-H via 

Zwitter-ion pathway. Relative free energies are given in kcal/mol and bond lengths in Å. A 

reactant complex with totally separated silenes could not be optimized. 
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The free energy profile diagram enabling the comparison of the energetics of the 

dimerization of the monosubstituted silene R-CSi-His given in Figure 2.4 

 

Figure 2.4 Comparative free energy profile diagram for the dimerization of R-CSi-H, H-CSi-

R and R-CSi-R via zwitter-ionic pathway. 
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As far as the Si substituted H-CSi-R silenes are concerned, the dispersion complex (Z-

1) and the transition state for the formation of zwitter-ion (Z-TS1) could not be located for H-

CSi-F due to strong Si-F attraction. Relative free energy values listed in table 2.3 of the 

dimerization of the H-CSi-R through the zwitter-ionic pathway indicate that the interference 

of the substituents in the dimerization process is more prominent when they are placed on the 

Si nucleus of the silene than on C nucleus (R-CSi-H). An enhanced stabilization is provided 

to the free energy profile of the dimerization of H-CSi-R by the appropriate substituents than 

that is extended to the C- substituted counterparts; R-CSi-H. The reduction in the first 

activation energy ΔG#1 of the dimerization for H-CSi-OH and H-CSi-CN compared to 

electron donating substituents is clearly observable. This can be attributed to the enhanced 

polarity of the C-Si bond in the -OH and -CN substituted H-CSi-R. However, the second 

activation energy values ΔG#2 of all H-CSi-R silenes are nearly the same (~5.45 kcal/mol) 

except for H-CSi-OH (10.04 kcal/mol). The significantly higher value of ΔG#2 of H-CSi-OH 

originates from the H-bond interactions in the intermediate Z-2. The formation of the 

transition state Z-TS2 involves the rotation with respect to the C-Si bond, which is not solely 

controlled by the electronic effect of substituents. Figure 2.6 depicts Z-TS2 of all H-CSi-R 

systems. The H-bond interactions in H-CSi-OH resulted in comparatively low relative energy 

values of Z-1, Z-TS1 and Z-2 of and a general stabilization of its reaction profile. 

 

Figure 2.5 Z-TS2 of (a) H-CSi-CH3, (b) H-CSi-SiH3 (c) H-CSi-OH and (d) H-CSi-CN 

 The steric and electronic effects of substituents when present on both carbon and 

silicon of silenes (R-CSi-R) did not cause any significant change on the free energy profile of 
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the dimerization reaction compared to that of mono-substituted silenes. The R-CSi-R with 

electron donating groups had slightly higher values for ΔG#1 and ΔG#2 values compared to 

that of the monosubstituted systems. The exceptionally high value of ΔG#1 for the 

disubstituted NC-CSi-CN resulted from the N-Si interactions in the reactant complex (Z-1). 

The magnitude of the second activation energy ΔG#2 of NC-CSi-CN is also higher than its 

monosubstituted counterparts. Even though the magnitude of ΔG#1 is nearly the same for 

both F-CSi-F and F-CSi-H, the extend of the second activation barrier ΔG#2 for the 

formation of the dimer 1,3-Dof F-CSi-F is greater. The ΔG#1 and ΔG#2 values of both the 

disubstituted OH-CSi-OH and H-CSi-OH are almost the same. However, these values are and 

higher for HO-CSi-H system. In general, a better stabilization of the free energy profile has 

been observed with the –OH substituted systems in both mono- and disubstituted cases; 

mainly due to the H-bonding interactions. 

To compare the free energy values using a different basis set, we have calculated the 

energetics of the dimerization reaction of the R-CSi-H, H-CSi-R and R-CSi-R via the zwitter 

-ionic path way at PW6B95D3/6-311++G(d,p). The results are given in Table 2.4 

Table 2.4 Relative free energy values (in kcal/mol) of intermediates and transition states 

involved in the dimerization of R-CSi-H, H-CSi-R and R-CSi-R via zwitter-ion pathway 

calculated at PW6B95D3/6-311++G(d,p) 

Silene 
Substituent 

(R) 

Unbound 

silene 

Z-1 Z-TS1 Z-2 Z-TS2 1,3-D 

H2C=SiH2 -H 0.00 7.26 8.05 7.10 14.01 -70.77 

R-CSi-H 

-CH3 0.00 5.56 10.20 8.36 16.76 -64.99 

-SiH3 0.00 5.42 7.37 7.08 12.74 -69.38 

-OH 0.00 1.68 8.57 
-1.07 

1.43 
11.18 -57.23 

-CN 0.00 -60.80 11.28 10.98 16.44 -61.58 

-F 0.00 2.00 10.29 6.76 13.54 -63.87 

H-CSi-R 

-CH3 0.00  7.10 6.66 12.07 -71.29 

-SiH3 0.00 6.00 8.17 7.96 13.48 -67.42 

-OH 0.00 -3.13 3.74 -3.13 7.69 -75.39 

-CN 0.00 4.58 6.09 3.91 9.56 -76.36 

-F -      

R-CSi-R 

-CH3 0.00 5.35 7.56 6.23 15.46 -65.97 

-SiH3 0.00   2.82 11.48 -65.63 

-OH 0.00 1.20 1.96 -17.43 -3.77 -74.78 

-CN 0.00   5.80 14.84 -62.56 

-F 0.00 5.15 6.82 -7.25 5.30 -74.78 

 

Even though, marginal difference in the corresponding values of each species can be made 

out, the general trend in the variation of energy is same as that perceived at B3LYP/6-
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31G(d,p) basis set. This is true with individual reactions and the gradation in energy values 

among different silenes.  

2.4.3 The diradical pathway 

The intermediates, transition states and the product located during the dimerization 

reaction of the unsubstituted silene H-CSi-H through the diradical pathway are given in 

Fig. 2.6, along with the relative energy values.  

Energy values and the structures of the primary dispersion intermediate D-1 and the 

first transition state D-TS1evolvedin the diradical pathway are found to be exactly identical 

to those observed in the zwitter-ion pathway (Z-1 and Z-TS1 respectively). As the reaction 

progress from the first activated complex (D-TS1/Z-TS1), the two mechanisms part ways. In 

the diradical pathway, intermediate evolved from the transition state D-TS1, (D-2) is a 

diradical, contrary to the zwitter-ionic intermediate (Z-2) formed in the zwitter-ionic 

mechanism. The Mulliken spin densities of the end C and Si of the diradical intermediate D-1 

are calculated to be 1.00 and 0.89, respectively. The relative energy value of D-2 is -

6.95 kcal/mol. The corresponding intermediate species emerged in the zwitter-ion pathway of 

the reaction is Z-2 and its relative energy is 8.92 kcal/mol. The large difference in the energy 

values of these intermediates (15.87 kcal/mol) clearly demonstrates that the diradical 

intermediate D-2 is a lot more stable than the zwitter-ionic counterpart, Z-1. The activation 

barrier (ΔG#2) for the cyclization process of the intermediate, leading to the formation of the 

tetragonal dimerised product is only 1.13kcal/mol in the diradical pathway. The 

corresponding energy value in the zwitter-ionic pathway is 7.91 kcal/mol, which is 

considerably greater. It is evident that the diradical character significantly stabilizes the 

intermediate D-2 (relative energy -6.95 kcal/mol) and the transition state D-TS2 (relative 

energy -5.82 kcal/mol) compared to the corresponding zwitter-ion intermediate Z-2 (relative 

energy 8.92 kcal/mol) and the zwitter-ionic transition state Z-TS2 (relative energy 16.83 

kcal/mol). 
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Figure 2.6 Intermediates and transition states located for the trimerization of H-CSi-H via 

diradical pathway. Relative free energies are given in kcal/mol and bond lengths in Å 

The energetics for the dimerization via the diradical pathway for all the 

monosubstituted R-CSi-H, H-CSi-R and the disubstituted R-CSi-R systems have been 

calculated and is presented in Table 2.5.  Comparative free energy profile diagrams for each 

type of the system are depicted in Figure 2.7. 

Table 2.5 Relative free energy values (in kcal/mol) of intermediates and transition states involved in 

the dimerization of R-CSi-H, H-CSi-R and R-CSi-R via diradical pathway 

Silene Substituent (R) D-1 D-TS1 D-2 D-TS2 1,3-D 

H2C=SiH2 -H 7.70 11.37 -6.95 -5.82 -65.45 

R-CSi-H 

-CH3 6.70 14.79 -2.68 0.03 -56.53 

-SiH3 7.87 14.35 -0.41 1.94 -59.12 

-OH -0.96 9.08 -10.22 -4.26 -50.57 

-CN -1.28 13.39 -2.94 0.33 -53.46 

-F 7.07 12.24 -8.92 -5.16 -59.12 

H-CSi-R 

-CH3 5.99 11.82 -4.38 -2.39 -65.06 

-SiH3 6.22 12.46 -3.72 0.46 -60.19 

-OH 0.82 4.42 -15.14 -10.90 -74.36 

-CN 5.84 10.41 -10.27 -8.45 -70.47 

-F - - - - - 

R-CSi-R 

-CH3 6.34 14.58 -0.79 0.90 -56.00 

-SiH3 6.82 18.37 3.35 5.37 -52.52 

-OH 4.58 8.67 -21.27 -16.61 -68.84 

-CN -15.36 13.40 -4.29 -2.33 -53.51 

-F 5.59 10.04 -24.88 -21.95 -75.41 
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For all systems, transition state for the first C-Si bond formation (D-1), is the same as 

that of the zwitter-ion pathway (Z-1). The energy profile through the diradical pathway shows 

a substantial increase in stabilization compared to the zwitter ionic pathway in the further 

progress of the reaction to the formation of the diradical intermediate (D-2). A comparison of 

the relative energies of intermediates formed during the dimerization through the diradical 

pathway, D-1 with the corresponding intermediate formed in the zwitter-ionic pathway, 

displayed in Tables 2.5 and 2.3 respectively reveal that the relative energy of with the former 

is much lower.  This observation is valid for all the monosubstituted R-CSi-H, H-CSi-R and 

the disubstituted R-CSi-R systems. 

It is further observed that, the presence of a substituent on Si (H-CSi-R) offers better 

stabilization of D-2 compared to that on C (R-CSi-H). Also, the π-donating substituents (-

OH, -F) are found to be better candidates for the stabilization of diradical intermediate. Also, 

contrary to the observation in the zwitter-ionic pathway, the evolution of the intermediate D-2 

from the dispersion complex D-1is largely exothermic in the diradical pathway, except for the 

NC-CSi-CN. The odd behavior in the energy transformation associated with the conversion 

of D-1 to D-2 in the case of the disubstituted NC-CSi-CN is emanated from the N-Si 

interactions in the reactant complex (Z-1). 

The magnitudes of the second activation energy ΔG#2 range from 1- 6 kcal/mol for 

R-CSi-R systems in the diradical pathway of dimerization. A perusal of the calculated values 

of ΔG#2 reveals that, a generalization based on the electronic effect of substituents on the 

second activation energy cannot be arrived at. The most perceptible observation is the 

magnificent stabilization provided by the substituent –OH for both the monosubstituted HO-

CSi-H, H-CSi-OH and the disubstituted HO-CSi-OH systems. This is primarily due to the 

hydrogen-bonds developed by the -OH group. The stabilization of the carbon and Silicon 

radical centers in the intermediate D-2 and the transition state D-TS2 by the strongly π-

donating -OH group is also equally contributing to this stabilization. Among the substituents 

employed, the least stabilization to the free energy profile is provided by the electron 

donating –SiH3 group. In general, the diradical mechanism is the preferred pathway for the 

dimerization of silenes, irrespective of the electronic nature of substituents on the C or Si 

atom. Substituent effect is more prominent when it is present on the Si atom of the silene 

molecule. The π-donating and electron withdrawing substituents make the silenes more 

reactive towards dimerization than electron donating groups. 
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Figure 2.7 Comparative free energy profile diagram for the dimerization of R-CSi-H, H-CSi-

R and R-CSi-R via diradical formation. 
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2.5 Conclusion 

The dimerization reaction of silenes is an exothermic process with fairly low 

activation energy (< 20 kcal/mol) and is therefore, feasible under ambient condition. As far as 

mono substituted silenes R-CSi-H and H-CSi-R are concerned, the substituents are more 

effective in promoting the dimerization when the substituent is attached to Si than to C. 

Electron donating substituents, -CH3 and -SiH3 destabilise the dimerization reaction in both 

the mono substituted and disubstituted systems in comparison with the dimerization process 

of the unsubstituted silene. Electron withdrawing substituents stabilize the dimerization of 

silenes; especially when they are attached to the Si atom. The electron withdrawing and π 

donating substituent -OH is found to be the most effective among the five substituents 

attempted. The H-bond formation at the intermediate stages of the reaction by the –OH 

substituent has an active role in stabilising the reaction. The course of dimerization of silenes 

is found to be more stabilised in the diradical pathway than the zwitter-ionic pathway. 

Therefore, it can safely comprehend that the dimerization reaction of silenes prefers a 

diradical pathway over the zwitter-ionic pathway. Relative free energy values of 

intermediates and transition states involved in the dimerization of R-CSi-H, H-CSi-R and R-

CSi-R via zwitter-ion pathway is calculated at PW6B95D3/6-311++G(d,p) also. Even though, 

marginal difference in the corresponding values of each species can be made out, the general 

trend in the variation of energy is same as that perceived at B3LYP/6-31G(d,p) basis set. This 

is true with individual reactions and the gradation in energy values among different silenes.  
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Chapter 3 

Substituent effects on the addition of small 

molecules (NH3, NO, CO) to silene and silene-

silylene isomerization  

3.1 Introduction 

 Even though the number of stable silenes steadily expanded with time by making use 

of the stability imparted by different substituents of varying steric and electronic capabilities, 

studies relating to their interactions in bond activation processes, specially that involving 

small molecules are few. Recently, activation of small molecules such as H2O, NH3, CO, 

CO2, NO, H2, O2 etc via insertion into the multiple bonds of heavier members of group 14 

have been reported in many cases (Adrian G Brook and Michael A Brook 1996; Gaspar P. P. 

and West 1998; Gerhard Raabe and Josef Michl 1989; Morkin, Owens, and Leigh 2001). 

These small molecules are inherently very stable and activating their pretty strong bonds for 

the desired chemical process requires particularly appropriate catalysts. Silenes are proposed 

to be a possible option for the small molecule activation, due their high reactivity and 

possibility of modulation of the polarity of the C=Si double bond by the proper selection of 

substituents. The primary challenge in the usage of silenes in the activation reactions is the 

avoidance of the cleavage of the C–Si bond of the silene altogether and secondly, achieving 

reversibility of the reaction, i.e., regeneration of the multiple bonds as a key step for any 

future catalytic application (Chu and Nikonov 2018; Sugahara et al. 2018; Weetman and 

Inoue 2018; L. Zhao et al. 2012). 

Roesky et al. isolated the first chiral cyclic silene, which can activate small molecules 

such as elemental sulphur (S8), CO2, and HCl (Sun et al. 2022). CO2 being the most 

challenging green-house gas, development of a molecular system involving some main group 

elements that can be effectively used for the activation of it is the ardent enthusiasm of 

several synthetic chemists. Roesky et al explored the reaction of CO2 with chiral silene 

molecule (I) they have synthesised. Stirring a toluene solution of silene I under 

CO2 atmosphere at room temperature led complete absorption of CO2 by equivalent quantity 

of I (Scheme 3.1) (Sun et al. 2022). 
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Scheme 3.1 

CO2 activation by the chiral silene I 

Silenes are highly electrophilic owing to their inherently polar constitution. The Si 

atom of the selenic bond carries the positive polarity and is the site of the attack by 

nucleophilic substrates such as water, alcohols, amines, and other electron rich species. 

Reaction of alcohols with naturally polarized silenes is found to be proceeded by the initial 

shaping of a complex structure followed by an intra-molecular transfer of a proton from the 

oxygen atom of the alcohol to the carbon atom of the silene. However, further investigations 

revealed that an intermolecular proton transfer can compete with the intra-molecular pathway. 

Bendikov et al revealed yet another mechanism for addition of alcohols to silenes (Auner et 

al. 2000; Bendikov et al. 2002; Rappoport and Apeloig 1998; Takeaki, Kabuto, and Kira 

1984). Burk et al. 1996; Sakamoto et al. revealed that the substituent which are successful in 

influencing the polarity of the C-Si bond of silene are critically effective in modifying the 

activation properties of it also (Burk, Abboud, and Koppel 1996; Sakamoto et al. 1997; 

Schriver, Fink, and Gordon 1987; Takahashi, Sakamoto, and Kira 2001; Veszprémi et al. 

1998). 

The fastest reactions of silenes with nucleophiles are those with simple alcohols and 

amines so that these are the most used trapping reaction for transient silences (Bradaric & 

Leigh, 1996; Sakamoto et al. 1997). The reaction proceeds through a stepwise mechanism 

involving initial nucleophilic attack at positively polarised silicon to form a σ-bonded 

complex, which proceeds to product by proton transfer from oxygen to the silenic carbon 

(Bradaric& Leigh, 1996; Sakamoto et al. 1997). Leigh and co-workers precisely studied the 

mechanism of addition of alcohols to several transient silenes using nanosecond flash-laser 
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photolysis (Auner et al. 2000; Bendikov et al. 2002; Bradaric and Leigh 1996; Rappoport and 

Apeloig 1998; Sakamoto et al. 1997; Schriver, Fink, and Gordon 1987; Takahashi, Sakamoto, 

and Kira 2001; Veszprémi et al. 1998). The conclusions arrived at from these studies led to 

the proposal of the mechanism depicted in Scheme 3.2, where a complex is reversibly formed 

between the silene and alcohol in the initial part of the reaction. The second step is the rate-

determining one, during which a proton transfer from the attacking alcohol or from a second 

alcohol molecule takes place (Bradaric and Leigh 1996). 
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Scheme 3.2  

Addition of alcohols to silene 

The addition of H2O and NH3 follows a similar mechanism.  

The silene-silylene rearrangement 

The relative stability between silylenes and the corresponding silenes and the barrier 

separating the two species is a matter of debate for a long time (Gaspar and West 1998; 

Hideki Sakurai 1989; Kira 2012; Schaefer 1982). The theoretical studies regarding the 

structures of the silene IIa and its methyl derivative Ia conducted by S. Ishida et al revealed 

that Ia and IIa are energetically very close. However,  the barrier height for the isomerisation 

is very high (40 kcal mol-1 ) (Boatz and Gordon 1990; Grev et al. 1988; Ishida, Iwamoto, and 

Kira 2009). Though, the results obtained for the difference in energy between silene and the 

corresponding silylene depends strongly on the computational methods and basis sets; it is 

generally agreed that silylene Ia is 3 - 4 kcal mol-
1
 more stable than silene 2a (Boatz and 

Gordon 1990; Grev et al. 1988). Effect of substituents on the energy difference and the 

barrier heights are known to be significant (Hideki Sakurai 1989). Nagase and Kudo 

(Takeaki, Kabuto, and Kira 1984) have found that silene IIb is 10.3 kcal mol
-1

 more stable 

than silylene Ib at the MP3/6-31G* level, whereas the isomerization between IIa and Ia is 
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almost thermoneutral. Isomerisation between IIc and Ic is also calculated to be nearly 

thermoneutral. The energy barrier heights for the isomerization of Ia, Ib, and Ic to IIa, IIb, 

and IIc are found to be 43.0, 44.4, and 24.8 kcal mol
-1

 respectively. This clearly demonstrates 

that the measure of the activation energy required for the 1,2- silyl transfer is significantly 

lower than the activation energy demand of 1,2-hydrogen and 1,2-methyl migrations. 

 

Scheme 3.3 

The silene-silylene isomerisation 

Even though, elaborate and systematic theoretical studies of silylene-silene isomerization are 

available in plenty, experimental evidence for the isomerization is rare. Few studies such as 

that made by Colin, R.T et al (Conlin and Wood 1981) proposed that silene-to-silylene 

isomerization occurs during the high-temperature thermolysis of silacyclobutanes and 

polysilanes. In recent past, S. Ishida et al (Ishida, Iwamoto, and Kira 2009) reported that 

silylene 1 isomerizes into the corresponding silene 2 slowly at room temperature in solution. 

On keeping a solution of the silylene 1 in hexane solution at room temperature in sealed 

NMR tube protected from light, it isomerizes irreversibly into a single product quantitatively 

and is identified as silene 2. The presence of the unshared pair of electrons the silicon atom of 

Silylene1 is made it less stable than the silene 2 by around3 kcal mol
-1

.  
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Scheme 3.4 

The silene-silylene isomerisation (reported by S. Ishida et al. 2009) 

 

The silicon counterparts to carbenes of organic chemistry are known as silylenes. Like 

carbenes they also carry a lone pair of electrons. They can be represented as R2Si:. The 
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importance of silylenes in silicon chemistry is more prominent than the significance of 

carbenes in organic chemistry. The key intermediates in many thermal and photochemical 

reactions of organosilicon compounds are silylenes (West and Denk 1996). The pathfinders 

of unsaturated silicon compound synthesis, the well versed organo-silicon research group of 

Robert West, University of Wisconsin, had created the remarkable breakthrough in the 

silylene synthesis also (Denk et al. 1994; Dieck and Zettlitzer 1987; R. West and Denk 1996; 

Zettlitzer, Dieck, and Stamp 1986). Inspired by the transformation of 1,3,4,5-

tetramethylimidazolium chloride in to a carbene, they have synthesised a similar imidazole 

type compound with the apex carbon replaced with silicon by the following sequence of 

reactions (Scheme 3.3) (West and Denk 1996).  
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Scheme 3.5 

Preparation of the precursor l,3-Diaza-2,2-dichloro-2-sila-4-cyclopentene for silylene 

synthesis 

The l,3-Diaza-2,2-dichloro-2-sila-4-cyclopentene thus obtained was subjected the 

dehalogenation under extremely vigorous conditions: refluxing with molten potassium metal 

in THF for three days (Scheme 3.2) (Denk et al. 1994; West and Denk 1996). 
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R
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Si
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Scheme 3.6 

Preparation of the first (cyclic) silylene from l,3-Diaza-2,2-dichloro-2-sila-4-cyclopentene 

Laborious efforts to synthesize acyclic silylenes, isolable at ambient temperature, 

have been unsuccessful till 2012. In 2012 in the Journal of the American Chemical Society, 

two leading research groups in silicon chemistry have independently reported the first ever 

synthesis, isolation and structural characterization of two different types of acyclic silylenes, 

quiet stable at ambient temperature (Protchenko et al. 2012; Rekken et al. 2012). In one of 

these communications, Power and co-workers, announced the formation and isolation of a bis 

(aryl-thio)-substituted silylene, through a gentle reduction of the respective silicon (IV) 
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precursor (RS)2SiBr2 by Jones’s Mg(I)–Mg(I) complex (Rekken et al. 2012)
 
(Scheme 3.5) 

(Akkari-El Ahdab et al. 2001; Asay, Jones, and Driess 2011; Bonyhady et al. 2009; Ellison, 

Ruhlandt‐ Senge, and Power 1994).  

(LiSAr)2 + SiBr4
- 2LiBr

Br

Si

Br

S

S

Ar

Ar

Ar = C6H3-2,6-(C6H2-2,4,6-Me3)2

L= CH[2,4,6-Me3C6H2N=C(Me)]2

LMg-MgL -2 LMgBr

Si

S

S

Ar

Ar

 

Scheme 3.7 

Synthesis of the stable acyclic (aryl-thio) substituted silylene 

 It is observed that the newly synthesised acyclic silylene is remarkably stable up to 146 °C. 

Independently, Protchenko, A. V et al. describe in their communication a ground 

breaking solution for activating H2 by a stable acyclic silylene even at 0 °C (Ellison, 

Ruhlandt‐ Senge, and Power 1994; Akkari-El Ahdab et al. 2001; Filippou, Chernov, and 

Schnakenburg 2009; Li et al. 2011; Segawa, Yamashita, and Nozaki 2006; Yao et al. 2007). 

Apeloig and co-workers reported the synthesis of stable geometrical isomers of 

(tBu2MeSi)(tBuMe2Si)Si=CH(Ad) and the mechanistic analysis of the isomerization 

revealed the intermediate formation of silylene (Zborovsky et al. 2019). 

The thermodynamic stability of silylenes is achieved mainly by the π electron 

donation of the adjacent atoms, to the Pπ orbital of the central Si atom (Rekken et al. 2012). 

The kinetic stability is provided by the steric protection of the heavy substituents connected 

to the adjacent atoms (Ellison, Ruhlandt‐ Senge, and Power 1994; Rekken et al. 2012). The 

catalytic activity of acyclic silylenes is found to be much greater than the cyclic silylenes, due 

to the smaller L-Si-L angle and the diminished HOMO-LUMO gap (Asay et al. 2011; 

Rekken et al. 2012; Bertrand and Reed 1994; Igau et al. 1988; Shan, Yao, and Driess 2020). 

Even isolable silylenes are highly reactive and can dissociate most stable covalent bonds in 

molecules like H2, CO, CO2, N2O, O2, NH3, H2O, ethylene and P4. Traditionally, almost all 

these catalytic processes were achieved by transition metal complexes only.  



77 
 

The first two-coordinate acyclic silylene, stable at ambient temperatures was reported 

by Jones et al in 2012.The stability of the silylene was achieved using the strong electron 

donating substituent B(NDippCH)2 (Dipp = 2,6-
i
Pr2C6H3) that provide sample steric 

protection also. This acyclic silylene undergoes spontaneous oxidative addition of H2, being 

the first example of experimentally observed dihydrogen activation by a silylene (Protchenko 

et al. 2012) (Scheme 3.6). 
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Scheme 3.8 

Hydrogen activation by silylene 

Several examples can be sited to show that  silylenes are powerful enough to break 

the strong O-H bond of water (Ghadwal et al. 2011; Hadlington, Driess, and Jones 2018; 

Meltzer et al. 2010; Mo et al. 2017). West and co-workers revealed that the first isolable N-

heterocyclic silylene I inserts into O–H bonds of H2O quiet easily (Haaf et al. 1998; Haaf, 

Schmedake, and West 2000). The disiloxane II can be prepared by the reaction between the  

silylene I and water. The analogus silanol compound is proposed to be an intermediate, which 

rapidly self-condenses to the product II (Scheme 3.7) (Haaf, Schmedake, and West 2000). 
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Scheme 3.9 

O-H bond activation by silylene 
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3.2 Objectives 

1. Computational analysis to explore the reaction pathways and energetics of small 

molecule (NH3, CO, NO) addition to silene. 

2. Effect of substituents on the reactivity of mono-substituted and di-substituted silences 

towards small molecule activation is explored.  

3. Computational analysis of the energetics and mechanism for the isomerization of 

silene to silylenes and the effect of substituents on the energetics and mechanism of 

silene-silylene isomerization. 

3.3 Computational methods 

All calculations were carried out at the B3LYP/6-31G(d,p) level of density functional 

theory using the Gaussian 16suite of programs. Minimas were confirmed by IR frequency 

analysis, and saddle points were characterized by a single imaginary frequency. All 

calculations were also performed at the PW6B95D3/6-311++G(d,p) level of theory, however, 

the energy values are consistent with B3LYP/6-31G(d,p) calculation. Hence, the present 

discussion is solely based on B3LYP/6-31G(d,p) level calculations. 

 

3.4 Results and discussion 

Mono-substituted silences with substituent on carbon (represented as HRC=SiH2), 

mono-substituted silences with substituent on silicon (represented as H2C=SiRH) and 

disubstituted silene with a substituent on both carbon and silicon (represented as HRC=SiRH) 

were taken for the analysis with substituents (R) –CH3, –SiH3, –OH, –CN and –F. The 

addition reaction of these silenes with small molecules such as NH3, NO and CO is carried 

out. 

3.4.1 NH3: The N-H bond activation  

NH3 - N-H activation 

 

The reaction scheme calculated for the N-H activation in ammonia by the parent 

silene H-CSi-H is depicted in Figure 3.1 along with the relative energy values. The silene and 

the NH3 molecule initially form a reactant complex (Sil-NH3-RNT) by a nucleophilic 

interaction between the lone pair on the nitrogen and the π*- orbital of the C-Si bond (rSi-N = 



79 
 

2.27 Å). The formation of the reactant complex is endothermic by 3.73 kcal/mol. Weakening 

of the N-H bond oriented towards the carbon nuclei of the silene leading to the formation of 

new C-H bond resulted in the formation of the transition state Sil-NH3-TS. The activation 

barrier associated with the formation of Sil-NH3-TSis 8.5 kcal/mol. The transition state Sil-

NH3-TS corresponds to C-Si π – N-Hσ* interaction leading to the formation of two new 

bonds, viz; Si-N (rSi-N = 1.93 Å) and C-H (rC-H = 1.71Å). These bond formations are 

culminated in the weakening of N-H (rN-H = 1.19Å) and C=Si bonds (rC-Si = 1.79Å). The 

transition state Sil-NH3-TSis transformed to the product Sil-NH3-PDT, which is a silamine. 

The overall exothermicity of the reaction 50 kcal/mol coupled with the low activation energy 

12.23 kcal/mol, suggests that the reaction would be feasible at ambient conditions.  

 

 

 
 

Figure 3.1 Reaction scheme for N-H activation by H-CSi-H. Relative free energies are given 

in kcal/mol and bond lengths in Å. 

 

The N-H activation in ammonia by the mono- and di- substituted silenes; R-CSi-H, H-

CSi-R and R-CSi-R were also explored. The primary observation is that, the introduction of 

substituents on C and Si did not change the reaction pathway of the N-H activation process. 

The free energy profile diagrams for the N-H activation by R-CSi-H, H-CSi-R and R-CSi-R 

are given in Figure 3.2, and the energy values are presented in Table 3.1. It is clearly 

perceptible that, in each of the three types of silenes, stronger electrostatic Si-N interaction is 

established in the silenes with greater positive charge on Si nucleus (lowVSi), and hence the 

formation of the reactant complex Sil-NH3-RNT is turned out to be exothermic. The bond 

distances rSi-N of such reactant complexes are significantly shorter (rSi-N = ~2.09Å) than 

the corresponding value of the parent silene (rSi-N = 2.27 Å). In such systems, the formation 

of Sil-NH3-RNT occurs through a transition state, but the activation barrier is only 

~2kcal/mol and not included in the discussion. From the reactant complex Sil-NH3-RNT, the 

activation barrier for N-H activation is ~10kcal/mol irrespective of the electronic nature of 
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substituents and the position of substitution. A better stabilization of the free energy profile is 

encountered with the electron withdrawing and π -donating substituents in the 

monosubstituted H-CSi-R and the disubstituted R-CSi-R systems. The high exothermicity of 

the reactions involving the substituted and the unsubstituted silenes and the low energy 

barrier imply the potential of silenes in the activation of N-H bonds. 

 

Table 3.1 Relative free energy values of intermediates and transition states involved in the N-

H activation by R-CSi-H, H-CSi-R and R-CSi-R 

 

Silene 
Substituent 

(R) 

Silene 

+ 

NH3 

Sil-NH3-

RNT 

Sil-NH3-

TS 

Sil-NH3-

PDT 

H2C=SiH2 -H 0.00 3.73 12.23 -50.49 

R-CSi-H 

-CH3 0.00 5.31 16.79 -46.78 

-SiH3 0.00 -1.46 9.38 -45.47 

-OH 0.00 7.31 19.03 -44.91 

-CN 0.00 -6.32 6.31 -45.25 

-F 0.00 4.46 16.38 -48.21 

 

 

H-CSi-R 

-CH3 0.00 4.55 12.78 -50.77 

-SiH3 0.00 4.88 14.88 -46.83 

-OH 0.00 -1.97 7.48 -57.31 

-CN 0.00 -1.57 9.06 -55.91 

-F 0.00 -3.90 4.73 -62.84 

 

 

R-CSi-R 

-CH3 0.00 6.04 17.02 -47.30 

-SiH3 0.00 1.11 12.06 -41.62 

-OH 0.00 -0.14 10.02 -56.21 

-CN 0.00 -9.60 3.54 -49.63 

-F 0.00 -1.89 5.06 -62.94 
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Figure 3.2 Comparative free energy profiles for N-H activation by R-CSi-H, H-CSi-R and R-

CSi-R 

 

To estimate the difference in the calculated values using a different basis sets, we have 

calculated the energetics of the N-H activation reaction of the R-CSi-H, H-CSi-R and R-CSi-

R at PW6B95D3/6-311++G(d,p). The results are given in Table 3.2 
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Table 3.2 Relative energy values of intermediates and transition states involved in the N-H 

activation by R-CSi-H, H-CSi-R and R-CSi-R calculated at PW6B95D3/6-311++G(d,p) 

Silene Substituent 

(R) 

Silene 

+ 

NH3 

Sil-NH3-

RNT 

Sil-NH3-

TS 

Sil-NH3-

PDT 

H2C=SiH2 -H 0.00 2.88 10.92 -48.14 

R-CSi-H -CH3 0.00 4.98 15.30 -47.09 

-SiH3 0.00 -1.99 8.12 -45.90 

-OH 0.00 6.86 17.70 -45.00 

-CN 0.00 -7.39 5.21 -45.00 

-F 0.00 3.64 13.94 -50.11 

 

 

H-CSi-R 

-CH3 0.00 3.06 11.19 -50.27 

-SiH3 0.00 3.65 13.17 -46.59 

-OH 0.00 -3.04 7.48 -56.10 

-CN 0.00 -2.61 7.90 -55.31 

-F 0.00 -5.46 4.71 -60.82 

 

 

R-CSi-R 

-CH3 0.00 5.39 15.20 -47.96 

-SiH3 0.00 0.01 10.22 -42.46 

-OH    0.00 -2.18 8.98 -56.49 

-CN    0.00 -11.76 2.44 -50.23 

-F    0.00 -2.98 3.33 -63.15 

 

Even though, marginal difference in the corresponding values of each species can be made 

out, the general trend in the variation of energy is same as that perceived atB3LYP/6-

31G(d,p) basis set. This is true with individual reactions and the gradation in energy values 

among different silenes.  

3.4.2 NO: N-O bond activation 

Figure 3.3 depicts the calculated reaction scheme for the addition of H-CSi-H with 

NO along with the relative energy values. Addition of NO to silenes initiates with the 

formation of a weakly bonded van der Waals reactant complex Sil-NO-RNT, which possess a 

relative free energy 4.26 kcal/mol. Strong electrostatic attraction between electropositive Si 

of the silene molecule and electronegative oxygen atom of the nitric oxide molecule leads to 

Si-O bond formation with the bond length rSi-O = 1.73 Å. The Si-O bond formation is 

associated with the cleavage of the C-Si π-bond (rC-Si = 1.83 Å) generating Sil-NO-INT1 via 

the transition state Sil-NO-TS1. The activation barrier for the formation of the intermediate 

Sil-NO-INT1 is 14 kcal/mol. The rupture of the C-Si π-bond, leading to the formation of Sil-

NO-INT1, makes the carbon nuclei a radical center with spin density 1.01. Accordingly, the 

nitrogen atom gets a spin density of 1.71. The radical nature of C and N eases the C-N bond 

formation resulted in the silene-NO adduct, Sil-NO-PDT through the transition state Sil-NO-
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TS2. The magnitude of the second activation barrier is 3.21 kcal/mol. Free rotation of the -

CH2 group towards O-N in Sil-NO-TS2 is contributed to the low activation barrier of the C-N 

bond formation, along with the radical nature of the participating atoms. The overall reaction 

is exothermic by ~22 kcal/mol. The rate determining step of the NO activation process is the 

formation of the intermediate Sil-NO-INT1 from the van der Waals reactant complex Sil-NO-

RNT.  

 

 
 

Figure 3.3 Calculated reaction scheme for the NO addition to H-CSi-H. Relative free energy 

values in kcal/mol, bond lengths in Å and Mulliken spin density in a.u 

 

Table 3.3 Relative free energy values of intermediates and transition states involved in the 

addition of NO to R-CSi-H, H-CSi-R and R-CSi-R 

 

Silene Substituent 

(R) 

Silene 

+ 

NO 

Sil-

NO-

RNT 

Sil-

NO-

TS1 

Sil-

NO- 

INT1 

Sil-NO – 

TS2 

NO-PDT 

H2C=SiH2 -H 0.00 4.26 18.29 9.88 13.09 -21.96 

R-CSi-H -CH3 0.00 5.62 17.06 6.72 10.58 -22.42 

-SiH3 0.00 4.22 18.14 11.57 14.40 -17.08 

-OH 0.00 5.20 15.05 2.13 5.71 -24.20 

-CN 0.00 4.55 16.06 7.34 11.91 -13.00 

-F 0.00 3.66 16.82 4.91 8.39 -25.78 

 -CH3 0.00 5.15 16.42 7.58 10.33 -25.04 
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H-CSi-R 

-SiH3 0.00 3.94 19.94 12.61 16.15 -19.46 

-OH 0.00 5.82 14.80 2.87 5.39 -31.57 

-CN 0.00 4.49 18.66 9.61 12.35 -22.55 

-F 0.00 5.24 13.90 0.90 3.09 -32.45 

 

 

R-CSi-R 

-CH3 0.00 5.49 14.99 3.91 7.42 -26.09 

-SiH3 0.00 5.01 20.83 15.85 17.40 -14.78 

-OH 0.00 3.14 9.37 -7.48 -6.48 -37.29 

-CN 0.00 4.52 15.72 7.14 10.82 -13.91 

-F 0.00 4.65 12.06 -7.17 -5.25 -39.50 

 

The relative free energy values of the intermediates, transition states, and products 

involved in NO addition to the monosubstituted silenes R-CSi-H, H-CSi-R and the 

disubstituted silenes R-CSi-R are calculated and presented in Table 3.3. The comparative free 

energy profile diagrams are given in Figure 3.4. It is found that, the relative energy values of 

the reactant complex (Sil-NO-RNT) are nearly the same for all systems. However, the 

position and the nature of substituent are decisive in deciding the magnitude of the activation 

barrier leading to the formation of the intermediate Sil-NO-INT1. Electron donating as well 

as electron withdrawing substituents on carbon nucleus of the silene suppress the activation 

barrier for the formation of the intermediate Sil-NO-INT1slightly, compared to the 

corresponding barrier height of the parent silene H-CSi-H. Among the R-CSi-H systems, the 

lowest barrier height is encountered with HO-CSi-H (9.85 kcal/mol) and the highest with 

H3Si-CSi-H (13.92 kcal/mol). Considering the H-CSi-R systems, both H-CSi-SiH3 and H-

CSi-CN molecules showed an increase in activation energy for the formation of Sil-NO-

INT1compared to that of the unsubstituted H-CSi-H. Despite that, both H-CSi-OH and H-

CSi-F molecules exhibit lower activation energy than that of carbon substituted counterparts. 

A further lowering of the activation barrier is identified with –OH and –F substituted R-CSi-

R. But, the introduction of -SiH3 substituents on both C and Si atoms (H3Si-CSi-SiH3) 

increases the activation barrier compared to the parent silene, H-CSi-H. 

For all systems, the formation of Sil-NO-INT1 is the rate limiting step. The activation 

barrier for the formation of the second activated complex Sil-NO-TS2 ranges from 1 to 4.5 

kcal/mol. In general, -CH3, -OH and -F substituents stabilize the free energy profile in all 

three types of silenes. The stabilization is more significant with -OH and -F groups when in 

the disubstituted R-CSi-R systems. The -SiH3 and -CN substituents have little impact while in 

R-CSi-H, but -SiH3 is destabilizing in H-CSi-R and R-CSi-R whereas -CN is stabilizing with 

the latter two systems. Overall reaction is exothermic for all systems. The relative energy 

values of intermediates and transition states support the feasibility of NO addition to silenes 

in ambient reaction conditions. 
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Figure 3.4 Comparative free energy profile for NO activation by R-CSi-H, H-CSi-R and R-

CSi-R 

To estimate the difference in the calculated values using a different basis sets, we have 

calculated the energetics of the N-O activation reaction of the R-CSi-H, H-CSi-R and R-CSi-

R at PW6B95D3/6-311++G(d,p). The results are given in Table 3.4 

 



86 
 

Table 3.4 Relative energy values of intermediates and transition states involved in the 

addition of NO to R-CSi-H, H-CSi-R and R-CSi-R calculated at PW6B95D3/6-311++G(d,p) 

Silene Substituent 

(R) 

Silene 

+ 

NO 

Sil-

NO-

RNT 

Sil-

NO-

TS1 

Sil-

NO- 

INT1 

Sil-NO – 

TS2 

NO-PDT 

H2C=SiH2 -H 0.00 4.13 20.19 13.36 16.68 -19.89 

R-CSi-H -CH3 0.00   6.56 36.39 -21.09 

-SiH3 0.00 6.27 20.05 14.99 17.97 -15.57 

-OH 0.00 4.17 16.89 4.69 6.70 -22.51 

-CN 0.00 4.46 18.21 11.34 15.78 -11.01 

-F 0.00      

 

 

H-CSi-R 

-CH3 0.00 7.14 18.45 11.02 36.75 -22.81 

-SiH3 0.00   7.05 41.66 -17.36 

-OH 0.00 4.38 12.12 -4.56 -3.27 -35.48 

-CN 0.00   4.84 38.79 -19.89 

-F 0.00 5.12 16.81 6.59 29.87 -27.73 

 

 

R-CSi-R 

-CH3 0.00 5.68 16.46 17.64 34.19 -24.80 

-SiH3 0.00 4.81 21.47 16.35 20.24 -13.56 

-OH 0.00 4.38 12.12 -4.56 -3.27 -35.48 

 

Even though, marginal difference in the corresponding values of each species can be 

made out, the general trend in the variation of energy is same as that perceived at B3LYP/6-

31G(d,p) basis set. This is true with individual reactions and the gradation in energy values 

among different silenes.  

3.4.3 CO: C-O bond activation 

Figure 3.5 demonstrates the calculated reaction scheme for the addition of H2C=SiH2 with 

CO and the relative energy values.  

 

Figure 3.5 Calculated reaction scheme for the CO addition to H2C= SiH2. Relative free 

energy values in kcal/mol and bond lengths in Å. 
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The addition of CO to the silenes initiated with the formation of a weakly bonded van 

der Waals reactant complex Sil-CO-RNT, having a relative free energy is 4.54kcal/mol. The 

reaction is progressed to the four-membered ring transition state Sil-CO-TS by the emergence 

of an electrostatic attraction between the positively polarized selenic Si atom and negatively 

polarized oxygen atom of carbon monoxide leading to the buildup of a strong Si-O 

interaction (rSi-O = 2.34 Å) and an associated weakening of the Si-C bond (rC-Si = 1.74 Å). 

An interaction between the negatively polarized silenic carbon atom and positively polarized 

carbon atom of the carbon monoxide molecule also developed at this stage of the reaction 

(rC-C = 2.03 Å). The relative energy of Sil-CO-TSis 43.33 kcal/mol and the barrier height is 

for the transformation of Sil-CO-RNT to Sil-CO-TS is 37.79 kcal/mol.The formation of the 

four-membered ring product is endothermic by 20.53 kcal/mol. The rather high activation 

energy and the endothermic nature of the reaction indicate that the CO addition to silene is 

not feasible under normal laboratory conditions.  

Table 3.5 Relative free energy values of intermediates and transition states involved in the 

addition of CO to R-CSi-H, H-CSi-R and R-CSi-R 

 

Silene Substituent 

(R) 

Silene 

+ 

CO 

Sil-CO-

RNT 

Sil-CO-

TS 

Sil-CO-

PDT 

H2C=SiH2 -H 0.00 4.54 43.33 20.53 

R-CSi-H -CH3 0.00 4.54 40.39 17.75 

-SiH3 0.00 5.90 45.97 22.88 

-OH 0.00 2.29 48.07 22.09 

-CN 0.00 4.20 40.87 28.80 

-F 0.00 6.13 48.05 21.91 

 

 

H-CSi-R 

-CH3 0.00 4.54 40.39 17.75 

-SiH3 0.00 5.90 45.97 22.88 

-OH 0.00 3.46 32.89 10.94 

-CN 0.00 4.48 43.51 20.32 

-F 0.00 4.82 32.71 10.60 

 

 

R-CSi-R 

-CH3 0.00 4.67 41.85 18.63 

-SiH3 0.00 4.15 44.49 25.63 

-OH 0.00 4.00 34.05 8.23 

-CN 0.00 4.30 41.01 28.29 

-F 0.00 4.82 33.88 8.21 

The relative free energy values of the reactive intermediates, transition states, and 

products involved in CO addition to the mono-substituted silences (R-CSi-H and H-CSi-R) 

andthe di-substituted silene (R-CSi-R) is calculated and presented in Table 3.5. The 

comparative free energy profile diagrams are given in Figure 3.6. The relative energy value 
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of the reactant complex Sil-CO-RNT is considerably reduced in the -OH substituted systems; 

especially in the HO-CSi-H molecule. The activation energy for the formation of the 

transition state Sil-CO-TSis more for all R-CSi-H systems, except for the -SiH3 and -CN 

substituted systems compared to the parent silene H-CSi-H. Regarding the H-CSi-R systems, 

the -OH and -F substituted molecules exhibit a considerable decrease in the activation energy 

(⁓11 kcal/mol) for the formation of Sil-CO-TS. This decrease in the activation energy is 

maintained almost nearly at the same value by these substituents in the disubstituted R-CSi-R 

system also. Other substituents made no significant impact on the activation energy value in 

comparison with that of the unsubstituted molecule in any of the substituted systems.  

Another noticeable substituent effect is the large decrease in the endothermicity of the CO 

addition reaction by the -OH and -F substituents in the monosubstituted H-CSi-R and the 

disubstituted R-CSi-R systems. Both substituents reduced the endothermicity by ⁓10 

kcal/mol in the H-CSi-R system and⁓12 kcal/molin the R-CSi-R systems. These 

observations indicate that, the CO addition to silences becomes nearly feasible under ambient 

conditions with -OH and -F substituted H-CSi-R and R-CSi-R systems. 
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Figure 3.6 Comparative free energy profile for CO activation by R-CSi-H, H-CSi-R and R-

CSi-R 

To estimate the difference in the calculated values using a different basis sets, we have 

calculated the energetics of the C-O activation reaction of the R-CSi-H, H-CSi-R and R-CSi-

R at PW6B95D3/6-311++G(d,p). The results are given in Table 3.6 

Table 3.6 Relative energy values of intermediates and transition states involved in the 

addition of CO to R-CSi-H, H-CSi-R and R-CSi-R calculated at PW6B95D3/6-311++G(d,p) 

Silene Substituent 

(R) 

Silene 

+ 

CO 

Sil-CO-

RNT 

Sil-CO-

TS 

Sil-CO-

PDT 

H2C=SiH2 -H 0.00 4.77 43.49 21.13 

R-CSi-H -CH3 0.00 4.39 44.85 21.65 

-SiH3 0.00 5.63 41.49 23.22 

-OH 0.00 4.48 47.71 21.96 

-CN 0.00 3.83 41.22 29.40 
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-F 0.00 4.19 47.42 21.78 

 

 

H-CSi-R 

-CH3 0.00 6.13 40.39 18.41 

-SiH3 0.00 4.45 39.93 23.29 

-OH 0.00 6.39 35.41 14.46 

-CN 0.00 4.76 44.15 21.78 

-F 0.00 5.06 34.89 13.88 

 

 

R-CSi-R 

-CH3 0.00 3.94 40.99 18.11 

-SiH3 0.00 4.99 4350 25.03 

-OH 0.00 5.53 35.49 9.17 

-CN 0.00 5.52 41.65 29.29 

-F 0.00 4.92 35.42 10.11 

Even though, marginal difference in the corresponding values of each species can be made 

out, the general trend in the variation of energy is same as that perceived at B3LYP/6-

31G(d,p) basis set. This is true with individual reactions and the gradation in energy values 

among different silenes also.  

3.4.4 The silene-silylene rearrangement 

 

Energetics for the rearrangement of silene to silylene via 1,2- H migration has been 

calculated for the parent silene, H-CSi-H. The structures and energy values are given in 

Figure 9. The silene-silylene rearrangement is the result of a 1,2- H migration. This migration 

takes place through a transition state silylene-TS in which a strong C-H interaction is 

developed by the associated weakening of the Si-H (rSi-H = 1.58 Å) and Si-C bonds (rSi-C = 

1.80 Å). The activation barrier for H-migration is 35.92 kcal/mol and the rearrangement is 

feebly endothermic by 0.74 kcal/mol. The relatively high activation barrier and endothermic 

nature of the reaction indicate that the reaction is not feasible under normal conditions. 

 

Figure 3.7 Reaction scheme for silene-silylene rearrangement. Relative free energy values in 

kcal/mol and bond lengths in Å. 

 

 The relative energy value of the transition states, intermediates and products involved 

in the silene-silylene rearrangement of in R-CSi-H, H-CSi-R and R-CSi-R systems were 

calculated and is presented in table 3.7. The energy profile diagrams are displayed in figure 
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3.8. Introduction of substituents on carbon (R-CSi-H) did not make anynoticeable change to 

the endothermicity of the rearrangement. The effect of substituents on the energy barrier for 

the 1,2 -H migration is quite significant. Electron donating -SiH3 and electron withdrawing -

CN increased the activation barrier (38.86 kcal/mol and 40.54 kcal/mol respectively) in the 

R-CSi-H system, whereas -OH and -F groups lowered the barrier height substantially (21.0 

and 25.32 kcal/mol respectively). Even though, not as profound as observed with -OH and -F 

groups, the -CH3 substitution also resulted in a decrease of the barrier height in H3C-CSi-H 

molecule. However, the monosubstitution on Si atom of the selenic bond (H-CSi-R) is failed 

to produce any noticeable alteration in the energy barrier, irrespective of the electronic nature 

of the substituent. The presence of electron withdrawing substituents on Si makes the reaction 

strikingly exothermic. The rearrangement accomplished by H-CSi-OH and H-CSi-F are 

exothermic by 14.51 and 14.43 kcal/mol respectively. The exothermicity can be assumed to 

be as due to the stability attained by the silylene owing to the π-donation to Si by these 

substituents. Regarding the disubstituted systems R-CSi-R, the activation energy the -OH and 

-F substituted molecules is still lower than that observed with the R-CSi-H systems (15.65 

kcal/mol and 18.40 kcal/mol respectively). Interestingly, the activation energy of these 

systems falls in to the workable limit. Exothermicity is observed with the π-donating and 

electron withdrawing substituents in the R-CSi-R system also. The low activation energy and 

exothermicity of the rearrangement in R-CSi-R system suggests that, the simultaneous 

presence of π-donating substituents such as -OH and -F on Si  and C nuclei of the silene 

would favor the 1,2 – H migration in them, allowing the formation of stable silylenes.  

 

Table 3.7 Relative free energy values of intermediates and transition states involved in the 

silene-silylene rearrangement of R-CSi-H, H-CSi-R and R-CSi-R 

 

Silene Substituent 

(R) 

silene 

 

silylene-

TS 

silylene 

H2C=SiH2 -H 0.00 35.92 0.74 

R-CSi-H -CH3 0.00 30.14 4.52 

-SiH3 0.00 38.86 4.61 

-OH 0.00 21.00 5.03 

-CN 0.00 40.54 7.04 

-F 0.00 25.32 1.64 

 

 

H-CSi-R 

-CH3 0.00 37.63 0.29 

-SiH3 0.00 36.86 2.84 

-OH 0.00 33.49 -14.51 

-CN 0.00 32.41 -6.18 

-F 0.00 30.22 -14.43 

 -CH3 0.00 33.45 3.11 
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R-CSi-R 

-SiH3 0.00 41.46 5.93 

-OH 0.00 15.65 -14.29 

-CN 0.00 36.34 -0.02 

-F 0.00 18.40 -15.45 
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Figure 3.8 Comparative free energy profile for the silene-silylene rearrangement in R-CSi-H, 

H-CSi-R and R-CSi-R. 

 

To estimate the difference in the calculated values using a different basis sets, we have 

calculated the energetics of the silene-silylenerearrangementof the R-CSi-H, H-CSi-R and R-

CSi-R at PW6B95D3/6-311++G(d,p). The results are given in Table 3.16 

Table 3.8 Relative energy values of intermediates and transition states involved in the silene-

silylene rearrangement of R-CSi-H, H-CSi-R and R-CSi-R calculated at PW6B95D3/6-

311++G(d,p) 

 

Silene Substituent 

(R) 

silene 

 

silylene-

TS 

silylene 

H2C=SiH2 -H 0.00 36.01 2.26 

R-CSi-H -CH3 0.00 31.63 4.61 

-SiH3 0.00 38.61 0.95 

-OH 0.00 13.39 5.11 

-CN 0.00 38.40 7.43 

-F 0.00 22.13 1.48 

 

 

H-CSi-R 

-CH3 0.00 37.60 1.55 

-SiH3 0.00 36.08 3.96 

-OH 0.00 34.65 -11.84 

-CN 0.00 32.06 -5.11 

-F 0.00 30.83 -13.25 

 

 

R-CSi-R 

-CH3 0.00 33.03 3.43 

-SiH3 0.00 40.13 1.45 

-OH 0.00 16.37 -14.28 

-CN 0.00 35.84 -0.20 

-F 0.00 18.87 -17.01 

 

Even though, marginal difference in the corresponding values of each species can be made 

out, the general trend in the variation of energy is same as that perceived at B3LYP/6-

31G(d,p) basis set.  
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3.5 Conclusion 

The effect of substituents R = CH3, SiH3, OH, CN and F on the small molecule activation 

reaction of H-CSi-H is examined. The substituted silenes examined are R-CSi-H, H-CSi-R 

and R-CSi-R and the small molecules tried were NH3, NO and CO. Silene is found to be 

extremely effective in N-H and N-O activation process. The reaction is taking place at the 

expense of low activation energy and is highly exothermic for the parent silene. σ- 

withdrawing and π- donating substituents -OH and -Fare found to be effective in promoting 

the activation process by largely stabilizing the reaction pathway and increasing the 

exothermicity of the reaction. The substituents are found to be more effective in H-CSi-R and 

R-CSi-R. The CO addition reaction of the parent silene requires relatively high activation 

energy and is endothermic innature. The OH and F substituents are found to be profoundly 

effective in stabilizing the energy profile of the CO addition reaction and reducing the 

endothermicity, especially in H-CSi-R and R-CSi-R.  

As far as the 1,2-H migration of silene generating silylene rearrangement is 

concerned, the introduction of substituents on carbon did not make any change on the 

endothermicity of the reaction but showed a significant effect on the energy barrier. Electron 

donating –SiH3 and electron withdrawing –CN increased the activation barrier while –CH3, -

OH and –F groups lowered the barrier height. A notable decrease in the barrier height is seen 

with the presence of π-donating substituents –OH and –F which can be attributed to the 

polarity reversal in HO-CSi-H and F-CSi-H. It can be understood that π-donation to Si could 

make the silylene more stable. When -OH or -F substituents present on both C and Si (R-CSi-

R), the rearrangement proceeds with low activation energy and becomes even exothermic. In 

general, the presence of π-donating substituents on Si would favor the 1,2 – H migration in 

silenes to form stable silylene and make the rearrangement workable under ambient 

conditions. 
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Chapter 4 

Reactions of 1,2,3,3-tetramethyl cyclotrisilene 

with propylene, phenylacetylene, 

trimethylsilylacetylene, formaldehyde and 

benzaldehyde 

4.1 Introduction  

Ever since the landmark inventions of silene (Adrian G. Brook et al. 1981) and 

disilene (West, Fink, and Michl 1981) in 1981, the course of silicon chemistry emphasised on 

the synthesis of novel unsaturated compounds of silicon. One of the major curiosities was to 

obtain silicon analogue of cyclopropene; cyclotrisilene (Si3H4), which is remarkably unstable 

(Al-Rubaiey and Walsh 1994; Becerra and Walsh 1994; Erwin, Ring, and O’Neal 1985; 

Rogers et al. 1987). Efforts in this direction hit the target as Iwamoto et.al. (1999) achieved a 

stable solid derivative of the heavily substituted cyclotrisilene for the first time (Figure 4.1) 

(Takeaki Iwamoto, Chizuko Kabuto, and Mitsuo Kira* 1999). 

Si Si

Si

RR

SiR3
R

R = SiMe2
tBu

 

Figure 4.1 First stable cyclotrisilene synthesised by Iwamoto et.al. (1999) 

It is apparent that, the heavy substituents attached to the Si atoms impart kinetic 

stability to the strained cyclotrisilene ring by suppressing the thermodynamically favoured 

formation of saturated dimers or oligomers (Fischer and Power 2010; Präsang and 

Scheschkewitz 2016; Ya. Lee and Sekiguchi 2010). Thenceforth, a fair collection of 

cyclotrisilenes, brilliantly designed for sterically and electronically balanced stabilisation, 

were prepared by the exuberant effort of enthusiastic researchers across the globe 

(Leszczyńska et al. 2012; Lee, Yasuda, and Sekiguchi 2007; Uchiyama et al. 2007; Iwamoto 

et al. 2000; Ichinohe et al. 1999). Whatever may be the substituents attached, all of the 

cyclotrisilenes are generally highly reactive; which may be a blessing in disguise, qualifying 

their use as a synthetic rudiment for wide variety of products.  
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The interaction of cyclotrisilenes with unsaturated moleculesadvancesprimarilyin two 

pathways: The π-addition reactions of unsaturated substratesto the silicon - silicon double 

bond of the cyclotrisilene in the general [2+2] fashion, generating a pentagonal product 

bearing no Si - Si double bond. Phenyl acetylene enters [2+2] addition reaction with 

cyclotrisilene which is basically a π-addition reaction (Tanaka et al. 2011; Lee, Ichinohe, and 

Sekiguchi 2001; Fukaya, Ichinohe, and Sekiguchi 2000; Lee et al. 2000). The reaction 

initiates by the π-addition of phenyl acetylene to the C=Si bond in the silacyclo ring, 

followed by an isomerisation leading to the ring expansion. The pentagonal ring product 

further isomerises by the migration of a substituent to generate a better stabilised product. 

This primary pentagonal product undergoes one more [2+2] addition reaction with a fresh 

molecule of phenyl acetylene, generating the final bicyclic product which can have two 

conformers (Scheme 4.1) (Lee, Ichinohe, and Sekiguchi 2001). 
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Scheme 4.1  

Formation of a π-addition product between a cyclotrisilene molecule and an unsaturated 

reactant 

The second type of reaction is the σ -insertion of the substrate into one of the 

endocyclic silicon – silicon single bonds, resulting in the ring expansion with the formation 

of a product with a Si - Si double bond (Ohmori et al. 2013; Cowley et al. 2013; Lee, 

Ichinohe, and Sekiguchi 2001). This type of ring expansion reactions of cyclotrisilene, 
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leading to the formation of a four-membered ring product with a Si-Si double bond in the 

ring, is classified as σ-insertion reaction (H. Zhao et al. 2018). Y.Ohmori et al reported the 

reactions of alkyl and aryl isocyanides with cyclotrisilenes generating the tetragonal disilenes 

with an exocyclic imine functionality in potential conjugation with the Si=Si double bond 

(Scheme 4.2) (Ohmori et al. 2013). In this reaction, the substrate isocyanide breaks a Si-Si σ-

bond of the cyclotrisilene molecule and sandwiched itself between the two Si atoms, leaving 

the Si-Si double bond untouched, generating the four-membered ring σ-insertion product.  
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Scheme 4.2  

Formation of an σ-insertion product between a cyclotrisilene molecule and an isocyanide. 

There are reported reactions of a third category, in which the unsaturated reactant find 

place between a ring Si atom of the cyclotrisilene and its substituent (exocyclic - σ insertion) 

(Cowley et al. 2013; Ichinohe et al. 1999; Lee, Yasuda, and Sekiguchi 2007; Leszczyńska et 

al. 2012; Robinson et al. 2015). Only limited examples of reactions of this class are reported 

with cyclotrisilenes. Insertion of a sulphur atom between one of the cyclic silicon atoms (sp
3
 

Si atom) of the cyclotrisilene ring and one of the substituents attached to it, observed by Lee 

et al.,isan interesting example (Lee et al. 2015). They found that, when cyclotrisilene 

molecule with the substituent R = SiMe
t
Bu2 is made to react with propylene sulphide, the π-

addition product, thiatrisilabicyclo-[1.1.0] butane is obtained as the primary product. When 

this bicyclic product is heated at 100
0
C for two hours, it is isomerised to the S exocyclic σ-

inserted product (Scheme 4.3) (Lee et al. 2015).  
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Scheme 4.3  

Formation of an exocyclic σ-insertion product between a cyclotrisilene molecule and an 

unsaturated reactant. 
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Even though the carbon analogues of the cyclotrisilene readily undergo ring opening 

reactions, it is not common with the silicon counterpart (Lee, Yasuda, and Sekiguchi 2007). 

However, the reaction betweencyclotrisilene,substituted with R = Tip  2,4,6- 
i
Pr3C6H2 and 

styrene (phenylethene) even at room temperature, produced a momentous outcome: disilenyl-

substituted silirane is obtained as an orange powder in good yield (Abersfelder and 

Scheschkewitz 2008; Lee, Yasuda, and Sekiguchi 2007; Rodriguez et al. 2011; Wendel et al. 

2017; H. Zhao et al. 2018). Zhao H. et al., proposed a mechanistic course for this reaction 

involving the intermediary of a disilenyl silylene; which is the result of the ring opening of 

the cyclotrisilene (H. Zhao et al. 2018).   
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Scheme 4.4  

Formation of disilenyl silylene (intermediate) between a cyclotrisilene molecule and an 

unsaturated reactant 

Therefore, one can expect four distinct interplays between an unsaturated reagent and 

cyclotrisilenes on their encounter (H. Zhao et al. 2018). Even though the products formed in 

the first three types reactions are not totally rare, the product evolved from the ring opening 

of cyclotrisilene is a fascinating one. It is an acyclic bifunctional entity with three Si atoms, 

carrying a silicon - silicon double bond and a lone pair on the third Si atom: a disilenyl 

silylene (Ohmori et al. 2013; H. Zhao et al. 2018). Thesilylene, Si analogue of carbene, 

possess superior potentials in small molecule activation, a property which has got infinite 

importance in industrial and research areas. Silylenes are found to activate rigorously small 

molecules, possessing stable non-polar chemical bonds of quiet higher strength such as H2, 

CO2, N2O, O2, H2O, CH4, C2H4 and NH3 (Chu and Nikonov 2018; Fischer and Power 2010; 

Hadlington, Driess, and Jones 2018; Shan, Yao, and Driess 2020; Weetman and Inoue 2018; 

Yadav, Saha, and Sen 2016). 

 

 

 

 



103 
 

4.2 Objectives 

 Computational investigation of possible interactions of 1,2,3,3-tetramethyl 

cyclotrisilene, c-Si3Me4 (I) with five substrates possessing multiple bonds is 

conducted.  

 The substrates employed arephenylacetylene (C6H5-C CH; R1), propylene (CH3-

C CH; R2), trimethylsilylacetylene((CH3)3Si-C CH; R3), benzaldehyde (C6H5-

HC=O; R'1) and formaldehyde (H2C=O; R'2).  

 Four reaction path ways; π-addition, σ-insertion, ring opening and exocyclic σ-

insertion were explored and the energetics and mechanisms were studied 

systematically.  

4.3 Computational Methods 

All calculations were carried out at the M06-2X/6-311G(d,p) level of density 

functional theory using the Gaussian 16 suite of programs. Transition states were optimized 

by using the Synchronous Transit-Guided Quasi-Newton (STQN) method implemented in 

Gaussian 16. Minima were ascertained by the IR frequency analysis, and the saddle points 

were characterized by a single imaginary frequency. The solvent effects (benzene) were 

accounted by single point calculation at SMD-M06-2X/6-311+G(d,p) level and the single 

point energy was corrected by adding the thermal correction to Gibbs free energy obtained 

from the gas phase calculation (at 298.15 K). 

4.4 Results and Discussion 

We have carried out a detailed computational analysis of the reaction between 

substituted cyclotrisilene (c-Si3R4) and substrates carrying multiple bonds. As a model system 

for cyclotrisilene,1,2,3,3-tetramethyl cyclotrisilene,c-Si3Me4 (I) is chosen and the substrates 

are phenylacetylene (C6H5-C CH; R1), propylene (CH3-C CH; R2), trimethylsilylacetylene 

((CH3)3Si-C CH; R3), benzaldehyde (C6H5-HC=O; R'1) and formaldehyde (H2C=O; R'2).  
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Figure 4.2 1,2,3,3-tetramethyl cyclotrisilene (c-Si3Me4; I) 

It is evident that, the reactants bear two different functional groups carrying multiple 

bonds (alkynyl or carbonyl) and substituents attached to the functional groups are phenyl, 

methyl or trimethylsilyl groups. This allows the following explorations on the reactions: 

1. To investigatethe difference in the interaction between I and the functional groups 

(C CH / -C=O). 

2. To analyse the difference in the effect of the substituents attached to the functional 

group on the reactions (-Ph / -Me/ -TMS). 

 

We have scrutinised the reaction profiles of all thefour possible pathways viz., π-

addition, σ – insertion, exocyclic σ – insertion and ring opening reactions of I with the 

substrates R1, R2, R3, R'1 & R'2 to understand the energetics and mechanisms (Scheme 

4.5).  

 

Scheme 4.5  

Four possible reaction pathways of cyclotrisilene 
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4.4.1 Reaction pathways of c-Si3Me4 (I) with C6H5-C CH (R1) 

4.4.1.1 π-addition 

A direct 2π + 2πaddition pathway forming a four membered ring could not be located, 

but a two-step reaction pathway has been identifed for the reaction between the acetylenic 

group of R1 and the silenyl part of I. The Intermediates and transitions states located are 

presented in Figure 4.3. The three Si atoms of I are denoted as Si(1), Si(2) and Si(3). 

 

Figure 4.3 Intermediates and transitions states involved in the π-addition pathwa of I and R1. 

Relative free energies are given in kcal/mol and bond lengths in Å 

The reaction initiates with the formation of a reactant dispersion complex having an 

appropriate orientation, between I and R1 (I-R1-π-RNT), bearing relative energy 7.11 

kcal/mol. This dispersion complex is proceeded to a transion state I-R1-π-TS1, in which both 

the methyl groups of silenyl moeity (attached to Si(1) and Si(2)) moves out from the 

cyclotrisilene plane and the π-electron cloud of the alkyne interacts with one of the 

unsaturated Si atoms (Si(1)). Among the acetylenic carbon atoms, the C(1) keeps a closer 

approach to the Si(1) (2.39 Å), as it is more electron rich than the one connected to the 

electron withdrawing phenyl group. Formation of this trasition state is associated with a 
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considerable weakening of the Si(1) =Si(2) double bonds indicated by the elogation of the bond 

distane from 2.12Å to 2.26Å. 

I-R1-π-TS1 progressed to the intermediate I-R1-π-INT. Strong bonding interaction 

between the acetylene group of R1 and Si(1) (rC-Si(1)= 1.84Å and 1.88 Å) of I in I-R1-π-INT 

lead to the weakening of both Si(1)-Si(2) double bond (rSi(1)Si(2)= 2.45 Å) and Si(1)-Si(3) 

single bond (rSi(1)-Si(3) = 2.60 Å). The stress release of the system associated with the 

loosening of the bonds of the cyclotrisilene ring and the energy of formation of the Si(1)-C(1) 

bond made this step considerably exoergicas evidenced by the relative energy of I-R1-π-INT 

(-13.86 kcal/mol). The activation energy required for the formation of I-R1-π-INT1 is 18.56 

kcal/mol. I-R1-π-INT advanced to the second transition state, I-R1-π-TS2. At this stage of 

the reaction,the addition of alkynyl group to the Si(1)-Si(2) bond occurs, leading to the 

formation of the final product is realised. In I-R1-π-TS2, Si(1)-Si(2) double bond is fully 

broken (rSi(1)-Si(2) = 2.83 Å) and the product, I-R1-π-PDT located is a five membered ring 

(rSi(1)-Si(2) = 2.72 Å), consistent with the experimental observations (Lee et al. 2000; Ya. Lee 

et al. 2001). The Si-Si bond length in the five membered ring is less than the normal Si-Si 

singlebond length (rSi(1)-Si(3)= 2.28 Å rSi(2)-Si(3)= 2.29 Å). The activation barrier for the 

second step is 3.00 kcal/mol and the overall reaction is exoergic by 29.49 kcal/mol. The free 

energy changes associated with the reaction profile suggests the thermodynamic and kinetic 

feasibilty of the reaction at ordinary laboratory conditions.  

4.4.1.2 σ-insertion 

The Intermediates and transitions states located for σ-insertion reaction between I and 

R1 is represented in Figure 4.4.  
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Figure 4.4 Intermediates and transitions states involved in the σ- insertion pathway of I + R1. 

Relative free energies are given in kcal/mol and bond lengths in Å 

It is reported that the angular strain in the cyclortisilene molecule made it susceptible 

to  rather unexpected reactions such as σ – insertion of a substrate between the ring Si atoms. 

In the present investigation, the σ – insertion of acetylenic group of R1 into the Si(1)-Si(3) 

single bond of I is found to be a single step process. This insertion is initiated by the 

formation of the reactant dispersion complex, I-R1-σ-RNT possessing a relative energy 7.09 

kcal/mol. I-R1-σ-RNT proceeds to a transition state, I-R1-σ-TS in which Si(1)-Si(3) bond is 

slightly elongated (rSi(1)-Si(3) = 2.32 Å) and the acetylenic group is oriented along Si(1)-Si(3) 

bond. I-R1-σ-TS is transformed to the final product I-R1-σ-PDT which is pentagonal 

shaped. The activation barrier for the σ-insertion is 17.4 kcal/mol and the reaction is exoergic 

by 44.09 kcal/mol. In, I-R1-σ-PDT, the Si(1)-Si(2) bond keeps the double bond nature (rSi(1)-

Si(2)= 2.17Å) and Si(2)-Si(3) bond is a normal single bond (rSi(2)-Si(3)= 2.34Å). High exoergic 

value and a moderate activation barrier can be attributed to the release of strain associated 

with the three membered cyclotrisilene ring along with the stability associated with the well-

difined structure of the product.  
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4.4.1.3 Ring opening  
 

The intermediates and transitions states located for the ring opening reaction between 

I and R1 is represented in Figure 4.5 

 

 

Figure 4.5 Intermediates and transitions states involved in the ring opening reaction pathway 

of I+ R1. Relative free energies are given in kcal/mol and bond lengths in Å 

The course of the ring opening reaction between I and R1 is very much similar to that 

of  π-addition reaction (Figure 4.3). The initially formed reactant dispersion complex (I-R1-

ro-RNT) with relative energy 7.09 kcal/mol led to the transition state (I-R1-ro-TS1), which 

corresponds to the attack on a tricoordinate Si atom (Si(1)) of the trisilene ring by the π-

electron cloud of the acetylene group. In the intermediate I-R1-ro-INT1, the acetylenic group 

strongly binds to Si(1) which lead to the elongation of Si(1)-Si(2) and Si(1)-Si(3) bonds. The 

formation of the intermediate I-R1-ro-INT1 is exoergic by 15.77 kcal/mol, and the activation 

barrier is 16.16 kcal/mol. The complete cleavage of Si(1)-Si(3) occurs in the transition state I-

R1-ro-TS2, leading to the ring-opened product I-R1-ro-PDT. The activation barrier is 3.98 

kcal/mol, and the overall reaction is exoergic by 17.41 kcal/mol. The ring-opened product 
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represents a disilene (rSi(2)-Si(3)= 2.149 Å) with a silylene moeity stabilized by the 

coordination of acetylenic group. 

4.4.1.4 Exocyclic sigma insertion  

 

The Intermediates and transitions states located for the exocyclic σ-insertion reaction 

between I and R1 is represented in Figure 4.6 

 

Figure 4.6 Intermediates and transitions states involved in the exocyclic σ-insertion reaction 

pathway of I + R1. Relative free energies are given in kcal/mol and bond lengths in Å 

In the exocyclic σ-insertion, the acetylene group of R1 inserts into the bond between 

sp
3
 Si atom of the cyclotrisilene ring and a substituent (Si(3)-CH3) of I. The initially formed 

reactant dispersion complex I-R1-xσ-RNT has a relative energy 6.46kcal/mol. The reactant 

complex advanced to an activated complex I-R1-xσ-TS1 which can directly transform to the 
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product, I-R1-xσ-PDT. The overall reaction being exoergic by 20.2 kcal/mol, the reaction is 

kinetically impossible at ambient conditions due to a high activation barrier of 76.2 kcal/mol. 

Free energy profile diagrams of the four reaction pathways between I and R1 are 

given in Figure 4.7 

 

Figure 4.7 Comparative free energy profile diagram for the different reaction pathways 

between I + R1 

Out of the four reaction pathways between I and R1 demonstrated above, the σ-

insertion reaction and the exocyclic σ-insertion reactionsare direct conversion of the reactants 

to products. The other two; the π-addition reaction and the ring opening reaction, are found to 

be two-step processes. Even though, both π-addition and σ-insertion reactions yield similar 

pentagonal products, the one that is generated in the former is slightly less stable. This is due 

the ambiguous partial double bonds existing between the three adjacent silicon atoms of the 

π-addition product. Energetics of the four possible reaction pathways between I and R1 

suggest that the π-addition, σ-insertion, and ring opening reactions are feasible under normal 

conditions whereas the exocyclic σ-insertion is kinetically not feasible. Among the π-

addition, σ-insertion, and ring-opening reactions, σ-insertion has a better feasibility due to its 

higher exoergic nature. Further, the existence of three competitive pathways suggests that the 

reaction can be made to proceed through the desired pathway by fine-tuning the steric and 

electronic nature of cyclotrisilene and the substrate. 
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4.4.2 Reaction pathways of c-Si3Me4(I) and CH3-C CH (R2)  

4.4.2.1 π-addition 

As observed with I and R1, a direct 2π + 2π addition pathway, generating a four 

memebered ring addition product could not be located in this case also. Instead, a two step 

reaction pathway has been identifed for the π-addition reaction between the acetylenic group 

of R2 and the silenyl part of I. The intermediates and transitions states located are presented 

in Figure 4.8 

 

Figure 4.8 Intermediates and transitions states involved in the π-addition pathway of I + R2. 

Relative free energies are given in kcal/mol and bond lengths in Å. 

The π-addition reaction between I and R2 commenced by the formation of a reactant 

complex I-R2-π-RNT with a relative energy 6.86 kcal/mol which proceeds to the formation 

of an intermediate I-R2-π-INT (12.31 kcal/mol), via the transition state I-R2-π-TS1. In I-

R2-π-INT, the acetylenic group is bonded to Si(1) and the necessary electron density being 

made available from the trisilene ring by the elongation of the Si-Si bonds (rSi(1)-Si(2)= 2.57 

Å, rSi(2)-Si(3)= 2.48 Å). The activation energy required for the formation of I-R2-π-INT is 

18.10 kcal/mol. 
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The reaction is advanced further from I-R2-π-INT to the new activated complex I-

R2-π-TS2, which corresponds to the addition of acetylenic group to Si(1)-Si(2) bond (rSi(2)-

C(1)= 3.39Å). The Si(1)-Si(2) bond continue its degradation as indicated by the further 

weakened bond; rSi(1)-Si(2)= 2.83Å. The second activated complex is converted to the 

pentagonal final product, I-R2-π-PDT with an activation barrier of 21.24 kcal/mol. In I-R2-

π-PDT, both the Si-Si bonds exhibits a partial double bond nature; (rSi(1)-Si(3)= 2.29Å, rSi(2)-

Si(3)= 2.27Å). The exoergic value of 30.27 kcal/mol supports the feasibility of the π-addition 

reaction between I and R2 under ambient conditions. 

4.4.2.2 σ-insertion 

The Intermediates and transitions states located for the σ-insertion reaction between I 

and R2 is represented in Figure 4.9 

 

Figure 4.9 Intermediates and transitions states involved in the σ-insertion pathway of I + R2. 

Relative free energies are given in kcal/mol and bond lengths in Å 

During the σ-insertion reaction between I and R2, the initially formed reaction 

complex I-R2-σ-RNT, with relative energy 7.38 kcal/mol is transformed to an activated 

complex I-R2-σ-TS1, The activated complex is characterized by a weakened Si(1)-Si(2) 

double bond (rSi(1)-Si(2)=2.33Å) and a strong interaction-buildup between the 
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acetyleniccarbon atoms of R2 with the tricoordinate Si(1) of I (rSi(1)-C(1)= 2.49Å, rSi(1)-C(2)= 

2.53 Å). The transition state I-R2-σ-TS1 is advanced to the intermediate I-R2-σ-INT, with a 

noticeably low relative energy -10.32 kcal/mol. The activation energy required for the 

formation of I-R2-σ-INT is 18.11 kcal/mol. The  downturn of the energy in the course of the 

reaction during the formation of the I-R2-σ-INT is principally due the relaxation in the ring 

strain of the cyclotrisilene moiety in it, as is evidenced from the extended bond distances 

(rSi(1)-Si(2)= 2.48 Å, rSi(1)-Si(3)= 2.57 Å). The partial double bond nature of the Si(2)-Si(3) 

linkage (rSi(2)-Si(3)= 2.26Å) and the linkages of Si(1) with carbon atoms satisfies the valency 

requirement of the trisilene ring of I-R2-σ-INT.  

The intermediate, I-R2-σ-INT is progressed to the second transition state, I-R2-σ-

TS2 in which the carbon nucleus of R2 changed its linkage from Si(1) to Si(3) of I (rSi(3)-C = 

2.87 Å) and progressed tothe pentagonal shaped product, through an exoergic process (33.37 

kcal/mol) the activation energy is only 0.60 kcal/mol. The low activation energy and the high 

exoergicity of the σ-insertion reaction (43.69 kcal/mol) between I and R2 suggests that, it is 

achievable under ambient conditions.  

4.4.2.3 Ring opening 

The intermediates and transitions states located for the ring opening reaction between 

I and R2 is represented in Figure 4.10 
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Figure 4.10 Intermediates and transitions states involved in the ring opening pathway of I 

+R2. Relative free energies are given in kcal/mol and bond lengths in Å. 

The ring opening reaction between with I and R2 follows a mechanistic pathway 

exactly same as that of the σ-insertion reaction between the two up to the formation of the 

intermediate I-R2-ro-INT (I-R2-ro-INT is labeled as I-R2-σ-INT in σ-insertion reaction). 

I-R2-σ-INT progressed to the second transition state I-R2-ro-TS2, in which the Si(1)-

Si(3) bond loosenedto a significant extent (rSi(1)-Si(3)= 2.97A
0
) and the Si(2)- Si(3) bond 

transformed to a double bond (rSi(2)-Si(3)= 2.22A
0
). The completion of the Si(1)- Si(3) bond 

cleavage resulted in thering-opened product. The activation barrier is 2.29 kcal/mol, and the 

overall reaction is exoergic by 11.28 kcal/mol. The low activation energy and the exoergic 

nature of the ring opening reaction between I and R2 indicate that it is achievable under 

ambient conditions.  
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4.4.2.4 Exocyclic σ-insertion 

The Intermediates and transitions states located for the exocyclic σ-insertion reaction 

between I and R2 is represented in Figure 4.11 

 

Figure 4.11 Intermediates and transitions states involved in the exocyclic σ-insertion 

pathway of I + R2. Relative free energies are given in kcal/mol and bond lengths in Å. 

In the exocyclic σ-insertion, the acetylenic part of R2 inserts into the bond between 

the sp
3
 Si atom and one of the substituents (Si(3)-CH3) of I. The initially formed reactant 

complex I-R2-xσ-RNT has a relative energy 6.15 kcal/mol. The reactant complex progressed 

to activated complex I-R2-xσ-TS which can directly transform to the product I-R2-xσ-PDT. 

Despite the overall reaction being exoergic by 20.56 kcal/mol, the reaction is kinetically 

impossible at ambient conditions due to a high activation barrier of 77.43 kcal/mol. 

Free energy profile diagrams of the four reaction pathways between I and R2 are 

given in Figure 4.12 
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Figure 4.12 Comparative free energy profile diagram for the different reaction pathways 

between I + R2 

Out of the four reaction pathways between I and R2 demonstrated above, all except 

the exocyclic σ-insertion reaction are two-step processes. The exocyclic σ-insertion reaction 

is a direct single-step process. Even though, both π-addition and σ-insertion reactions yield 

similar pentagonal products, the one that is generated in the former isless stable (-30.29 and -

43.69 kcal/mol respectively). This is due the partial double bonds existing between the silicon 

atoms of the π-addition product. A perusal of the energetics of the four reaction pathways 

between I and R2 suggests that the three pathways, viz., π-addition, σ-insertion, and ring-

opening reactions, are competitive, with a slight advantage to the σ-insertion reaction. 

4.4.3 Reaction pathways of c-Si3Me4 (I) with (CH3)3Si-C CH(R3) 

4.4.3.1. π-addition 

A two-step reaction pathway has been identified for the π-addition reaction between 

the acetylenic group of R3 and the silenyl part of I. The intermediates and transitions states 

located are presented in Figure 4.13. 
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Figure 4.13 Intermediates and transitions states involved in the π-addition pathway of I +R3. 

Relative free energies are given in kcal/mol and bond lengths in Å. 

At the onset of the reaction, a reactant dispersion complex is formed between I and 

R3 (I-R3-π-RNT) with relative energy 7.11 kcal/mol. The dispersion complex is advanced to 

the formation of a transition state I-R3-π-TS1, here both methyl groups of silenyl moiety 

(Si(1) and Si(2)) moves out from the cyclotrisilene plane and the π-electron cloud of the alkyne 

interacts with one of the unsaturated Si atoms (Si(1)). Both of the acetylenic carbon atoms 

develop almost an equal association with the Si(1)(rSi(1)-C(1)= 2.61Å,rSi(1)-C(2)=2.58 Å) in I-

R3-π-TS1. Formation of I-R3-π-TS1 is associated with a considerable weakening of the 

Si(1)-Si(2) double bond indicated by the extension of the bond distance from 1.12 Å to 2.22 

Å.I-R3-π-TS1 isadvanced to an intermediate I-R3-π-INT (-8.91kcal/mol). The activation 

energy required for the formation of I-R3-π-INT is 17.50 kcal/mol. Strong bonding 

interaction of the acetylenic group of R3 with the ring silicon atom Si(1) of I (rSi(1)-C(1)= 

1.82Å, rSi(1)-C(2)= 1.91 Å) in I-R3-π-INT led to the weakening of both Si(1)-Si(2) double bond 

(rSi(1)-Si(2)= 2.49 Å) and Si(1)-Si(3) single bond (rSi(1)-Si(3) = 2.55 Å). The intermediate, I-R3-

π-INT progressed to the second transition state I-R3-π-TS2. This stage of the reaction 
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corresponds to the addition of acetylenic group to Si(1)-Si(2) bond, paving way to the 

formation of the final product. In I-R3-π-TS2, Si(1)-Si(2) bond is fully broken and the product 

located is a five membered ring, I-R3-π-PDT. The Si-Si bond length in I-R3-π-PDT is less 

than the normal Si-Si single bond length (rSi(1)-Si(3)= 2.28 Å rSi(2)-Si(3)= 2.28Å). The 

activation barrier is 1.62 kcal/mol, and the overall reaction is exoergic by 23.29 kcal/mol. The 

energy value suggests the feasibility of the reaction under ambient conditions. 

4.4.3.2 σ-insertion 

The intermediates and transitions states located for the exocyclic σ-insertion reaction 

between I and R3 is represented in Figure 4.14 

 

Figure 4.14 Intermediates and transitions states involved in the σ- insertion pathway of  I and 

R3. Relative free energies are given in kcal/mol and bond lengths in Å 

The σ-insertion of acetylenic group of R3 into the Si(1)-Si(3) single bond of I is 

initiated with the formation of the reactant dispersion complex I-R3-σ-RNT possessing 

arelative energy 6.47 kcal/mol. It is proceeded to a transition state, I-R3-σ-TS in which the 

acetylenic group is oriented along Si(1)-Si(3) bond. I-R3-σ-TS trasformed directly to 

thepentagonal product, I-R3-σ-PDT by the rupture of the Si(1)-Si(3) bond and the insertion of 
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the acetylenic group across it. The activation barrier for the formartion of I-R3-σ-PDT is 

17.56 kcal/mol and the overall reaction is exoergic by 39.15 kcal/mol. The high exoergic 

value and a moderate activation barrier can be attributed to the release of ring strain 

associated with the cyclotrisilene and the well-difined structure of the product. The exoergic 

nature and low activation energy value support the feasibility of the reaction under ambient 

conditions.  

4.4.3.3 Ring opening  

The intermediates and transitions states located for the ring opening reaction between 

I and R3 is represented in Figure 4.15 

 

Figure 4.15 Intermediates and transitions states involved in the ring opening reaction 

pathway of I + R3. Relative free energies are given in kcal/mol and bond lengths in Å 

The course of the ring opening reaction between I and R3 is very much similar to that 

of π-addition reaction. The initially formed reactant dispersion complex (I-R3-ro-RNT) with 

a relative energy 7.11 kcal/mol is transformed to atransition state, I-R3-ro-TS1. This trasition 

state represents the attack on the tricoordinate Si atom (Si(1)) of the trisilene ring by the π - 

electron cloud of the acetylenic group (rSi(1)-C(1)= 2.61Å, rSi(1)-C(2)= 2.59 Å, rSi(1)-Si(2)= 2.22 
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Å). The trasition state is further advanced to the intermediate I-R3-ro-INT, in which the 

acetylenic group strongly bound to the Si(1), which lead to the elongation of  Si(1)-Si(2) and 

Si(1)-Si(3) bonds (rSi(1)-Si(2)= 2.50 Å, rSi(1)-Si(3)= 2.55 Å, rSi(1)-C(1)= 1.82 Å, rSi(1)-C(2)= 1.90 

Å). The formation of the intermediate I-R3-ro-INT is exoergicby 12.41 kcal/mol and 

transformation involves an activation barrier of 16.30 kcal/mol. 

I-R3-ro-INT is advanced to the second trasition state I-R3-ro-TS2 by the weakening 

of the Si(1)-Si(3) bond (rSi(1)-Si(3)= 3.05 Å). Significant changes in the remaining Si-Si bond 

distances of the cyclotrisilene moiety is also associated with it (rSi(1)-Si(2)= 2.38 Å, rSi(2)-

Si(3)= 2.22 Å). The complete cleavage of Si(1)-Si(3)bond in the transition state I-R3-ro-TS2 

directed the course of the reaction to the formation of the ring opened product, I-R3-ro-PDT. 

The highest activation barrier of the ring opening reaction between I and R3 is 16.30kcal/mol 

and the overall reaction is exoergic by 8.90 kcal/mol. The ring opened product is a disilenyl 

silylene (rSi(2)-Si(3) = 2.15 Å) with a silylene moeity stabilized by the coordination with the 

acetylenic group. The low activation energy and exoergic nature  of the ring opening reaction 

between I and R3 suggests that it is workable under anbient conditions.  

4.4.3.4 Exocyclic σ-insertion 

The intermediates and transitions states located for the exocyclic σ-insertion reaction 

between I and R3 is represented in Figure 4.16. 
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Figure 4.16 Intermediates and transitions states involved in the exocyclic σ-insertion reaction 

pathway of I and R3. Relative free energies are given in kcal/mol and bond lengths in Å 

In the exocyclic σ-insertion, the acetylene part of R3 inserts into the bond between sp
3
 

Si atom of I and a methyl substituent (Si(3)-CH3). The initially formed reactant dispersion 

complex I-R3-xσ-RNT has a relative energy 6.64 kcal/mol. The reactant complex changed to 

an activated complex I-R3-xσ-TS which is directly converted to the product I-R3-xσ-PDT. 

The overall reaction being exoergic by 13.26 kcal/mol, the reaction is kinetically impossible 

at ambient conditions due to a high activation barrier of 76.17 kcal/mol. 

Free energy profile diagrams of the four reaction pathways between I and R3 are 

given in Figure 4.17 
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Figure 4.17 Comparative free energy profile diagram for the different reaction pathways 

between I and R3 

As observed with I and R2, the π-addition reaction and ring opening reaction between 

I and R3 also proceed via a two-step processes. The remaining two, the σ- insertion reaction 

and exocyclic σ-insertion are direct, single-step processes. The energetics of the four possible 

reaction pathways between I and R3 suggests that; the π-addition, σ-insertion, and ring 

opening reactions are feasible under ambient conditions whereas the exocyclic σ-insertion 

reaction is kinetically not accessible.  

A comparison of the four classes of the reactions pathways analysed between the 

substrtes R1, R2 and R3 with I, primarily illustrate that all of them are exoergic. The σ-

insertion reaction is the most exoergic irrespective of the substrates, followed by the π-

addition reaction. For R1 and R2, the magnitudes of exoergicity of π-addition and σ-insertion 

reactions are almost similar, whereas the values are comparitively low for R3. Eventhough 

much lesser in magnitude, the ring opening reactions are also exoergic. The exoergic nature 

of the exocylic σ-insertion reaction is unbeneficial as it is inaccessible owing to the 

formidable energy barrier (75 kcal/mol). Regarding all the substrates,the activation energies 

of the π-addition, σ-insertion and ring opening reactions are calculated to be in the moderate 

range of 17 - 19 kcal/mol. The low activation energy values and the exoergic nature of these 

three classes of the reactions of R1, R2 and R3 with I strongly support their feasibility under 

ambient conditions. Further, it is clear that the steric and electronic changes associated with 

substrates do not cause a significant change to themechanism and energetics of the reactions. 
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4.4.4 Reaction pathways between c-Si3Me4 (I) + C6H5-CHO (R'1) 

4.4.4.1 π-addition 

As observed in the reaction between I and R1, a two-step reaction pathway has been 

identified for the reaction between the carbonyl group of R'1 and the silenyl part of I. 

Intermediates and transitions states located for the reaction is represented in Figure 4.18 

 

Figure 4.18 Intermediates and transitions states involved in the π-addition reaction pathway 

of I + R'1. Relative free energies are given in kcal/mol and bond lengths in Å 

The formation of the reactant dispersion complex between I and R'1(I-R'1-π-RNT), 

with relative energy 5.59 kcal/mol marked the beginning of the π-addition reaction. I-R'1-π-

RNT is progressed to the transition state I-R'1-π-TS1 in which the carbonyl oxygen of R'1 

initiates a bonding interaction with one of the electron rich silenyl silicon atoms of I, Si(1) 

(rO-Si(1)= 2.20Å). This interaction is followed by a slight elongation of the Si(1)=Si(2) double 

bond (rSi(1)=Si(2)= 2.16 Å). I-R'1-π-TS1 is advanced to an intermediate, I-R'1-π-INT with 
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the full rupture of the π-bond between Si(1) and Si(2)(rSi(1)-Si(2)= 2.35Å) and formation of 

aSi(1)–O bond (rSi(1)–O = 1.76 Å). The activation barrier for the formation of the intermediate 

I-R'1-π-INT is 9.78 kcal/mol. 

Further progress of the π-addition reaction is marked by the formation of I-R'1-π-TS2 

from I-R'1-π-INT. During this step of the reaction, a strong interaction between Si(2) of I and 

carbonyl carbon of R'1 is developed (rC(1)-Si(2)= 3.41Å). I-R'1-π-TS2 is transformed to the 

π-addition product, I-R'1-π-PDT by the formation of the C(1)-Si(2) bond (rC(1)-Si(2)= 1.98 Å). 

The associated activation energy is 4.23 kcal/mol. The product is a bicyclic housane-shaped 

one with a bridging Si(1)-Si(2) bond (rSi(1)-Si(2)=2.31Å). The product formation is 

characterized by the elongation of the C(1)-O bond of R'1 (rC(1)-O = 1.45 Å) and further 

shortening of the O-Si(1) bond (rO-Si(1)= 1.69Å). Formation of the product is remarkably 

exoergicas evidenced by the relative energy of the product, I-R'1-π-PDT (-30.30 kcal/mol). 

The low activation barriers and the exoergic value 30.30 kcal/mol strongly support the 

practicability of the π-addition reaction between I and R'1.  

4.4.4.2 σ-insertion 

The intermediates and transitions states located for σ-insertion reaction between I and 

R'1 is represented in Figure 4.19 
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Figure 4.19 Intermediates and transitions states involved in the σ-insertion reaction pathway 

of I + R'1). Relative free energies are given in kcal/mol and bond lengths in Å. 

The σ-insertion reaction between I and R'1 is a two-step process. The reaction is 

initiated by the formation of the reactant dispersion I-R'1-σ-RNT, which passes through the 

transition state I-R'1-σ-TS1, to form the intermediate I-R'1-σ-INT. The activation energy 

required for the formation of I-R'1-σ-INT 10.92 kcal/mol and the transformation is endoergic 

by 7.13 kcal/mol. The intermediate, I-R'1-σ-INT is characterized by the completed cleavage 

of the disilenyl π-bond (rSi(1)-Si(2)= 2.35Å) and the formation of the Si(1)-O bond (rSi(1)-O = 

1.75A
0
). 

I-R'1-σ-INT is progressed to the second transition state I-R'1-σ-TS2, which 

corresponds to the bond formation between carbonyl carbon and Si(3). In I-R'1-σ-TS2, the C-

Si(3) bond length is 3.42Å, whereas the rO-Si(1) is weakened to 1.95Å compared with 1.71Å in 

the intermediate, I-R'1-σ-INT.I-R'1-σ-TS2 istransformed to the σ-insertion product, I-R'1-σ-

PDT with a relative energy -37.81 kcal/mol, demonstrating a high exoergic value of the 
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reaction. The activation barrier involved in this transformation is 12.62 kcal/mol. The product 

is a pentagonal-ring structured one with rSi(1)-Si(2)= 2.21Å, indicating the continuing double 

bond nature of it. The low activation energy and the high exoergic value (-37.81 kcal/mol) 

ensures the easy attainment of the σ-insertion reaction between I and R'1 at ordinary 

laboratory conditions. 

4.4.4.3 Ring opening 

The intermediates and transitions states located for ring opening reaction between I 

and R'1 is represented in Figure 4.20 

 

Figure 4.20 Intermediates and transitions states involved in the ring opening reaction 

pathway of I + R'1. Relative free energies are given in kcal/mol and bond lengths in Å. 

The ring opening reaction between I and R'1 begin with the formation of a reactant 

dispersion complex I-R'1-ro-RNT which is transformed to a transition state I-R'1-ro-TS1, in 

which a strong Si(1)-O bonding interaction is initiated. The evolution of the O-Si(1) interaction 

(rO-Si(1)=2.20Å) is associated with a partial weakening of the Si(1)=Si(2) double bond 

(rSi(1)=Si(2)= 2.16 Å).I- R'1-ro-TS1 is progressed to the intermediate I-R'1-ro-INT 
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(8.88kcal/mol) and the activation energy involved is 9.78 kcal/mol. The breaking of the Si(1)-

Si(2) π-bond (rSi(1)-Si(2)= 2.37 Å) and the formation of the O-Si(1) bond (rO-Si(1)= 1.74 Å)  is 

achieved during this part of the ring opening reaction.  

The intermediate I-R'1-ro-INT converted to the second transition state I-R'1-ro-TS2, 

the attainment of which involves the rupture of Si(1)-Si(3) bond . The completion of the rupture 

of the Si(1)-Si(3) bond results in the formation of the ring opened product, I-R'1-ro-PDT. The 

activation barrier is 12.53 kcal/mol, the overall reaction endoergic by 15.59 kcal/mol. Even 

though the activation barriers are moderate, the endoergic nature of the ring opening reaction 

between I and R'1makes it not feasible under ambient conditions. 

4.4.4.4 Exocyclic sigma insertion 

The intermediates and transitions states located for the exocyclic sigma insertion 

reaction between I and R'1 is represented in Figure 4.21 
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Figure 4.21 Intermediates and transitions states involved in the exocyclic σ-insertion reaction 

pathway of I + R'1. Relative free energies are given in kcal/mol and bond lengths in Å. 

During the exocyclic σ-insertion reaction between I and R'1, the carbonyl group 

inserts into an exocyclic Si(3)-C(1) bond. Even though this reaction is exoergic by 

19.50kcal/mol, it is kinetically not attainable under ambient conditions due the exorbitant 

activation energy of 68.73 kcal/mol.  

Free energy profile diagrams of the four reaction pathways between I and R'1 are 

given in Figure 4.22 

 

 

Figure 4.22 Comparative free energy profile diagram for the different reaction pathways 

between I + R'1 

Out of the four reaction pathways between I and R'1, all except the exocyclic σ-

insertion reaction passed through two inter mediates and two transition states, before arriving 

at the end-product. The bicyclic nature of the π-addition product enhanced the ring strain in it 

and therefore, it is slightly higher in energy than the σ-insertion product, which is 

monocyclic. The relative energy values observed in the reaction pathways confirms that, both 

π-addition and σ-insertion reactions between I and R'1 are feasible under ambient conditions. 

Even though not too high, the ring opening reaction is endoergic; probably due to the 

insufficiency in the stabilization mechanism existing in the system. Even though the 

activation energy is in the workable limit the practicability of the ring opening reaction 

between I and R'1 requires stabilization by the coordination of a base with silylene moiety. 



129 
 

The exocyclic σ-insertion reaction between I and R'1 is found to be exoergic to a good 

extent, but is non-practicable under ambient conditions due the huge activation energy barrier 

of the reaction. 

4.4.5 Reaction pathways between c-Si3Me4 (I) and formaldehyde (R'2) 

4.4.5.1 π-addition 

A direct single-step reaction pathway (2π + 2πaddition) has been located for theπ-

addition reaction between the carbonyl group of R'2 and the disilenyl part of I. Intermediates 

and transitions states located for the reaction is represented in Figure 4.23 

 

Figure 4.23 Intermediates and transitions states involved in the π-addition reaction pathway 

of I and R'2. Relative free energies are given in kcal/mol and bond lengths in Å 

Theπ-addition reaction between I and R'2 takes place in a single step by the direct π-

addition of carbonyl group with the disilenyl part of I. In the transition state I-R'2-π-TS, the 

–CO group is oriented along Si-Si double bond and the O-Si(1) and C(1)-Si(2) bonding 
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interaction initiates (rO-Si(1) = 2.46Å, rC(1)-Si(2) = 3.19 Å). Further, the O-Si(1) bond formation 

is associated with the weakening of the π-bond between the Si(1) and Si(2). The transition state 

is directly transformed to the product I-R'2-π-PDT and the activation barrier is 12.78 

kcal/mol. The product is a bicyclic housane - shaped onewith relative energy -37.03 kcal/mol. 

The bridging Si-Si bond characterizes the standard π-addition nature of the reaction. The low 

activation energy and high exoergic value of the π-addition reaction between I and R'2 

predicts its practicability under normal laboratory conditions.  

4.4.5.2 σ-insertion 

The intermediates and transitions states located for σ-insertion reaction between I and 

R'2 is represented in Figure 4.24 

 

Figure 4.24 Intermediates and transitions states involved in the σ-insertion reaction pathway 

of I and R'2. Relative free energies are given in kcal/mol and bond lengths in Å. 

The σ-insertion reaction between R'2 and the cyclotrisilene I is also a direct single-

step process. The dispersion complex, I-R'2-σ-RNT is progressed to the activated complex I-

R'2-σ-TS, in which strong C(1)-Si(1) and O-Si(3) interactions are developed between the 
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carbonyl group of R'2 and cyclotrisilene moiety of I (rO-Si(3)= 2.76 Å,  rC(1)-Si(1)= 3.59 Å). 

I-R'2-σ-TS is transformed to the σ-insertion product, I-R'2-σ-PDT with a relative energy -

44.13 kcal/mol, indicating the high exoergic value of the reaction. The activation energy for 

the formation of the product is 19.16 kcal/mol. The product is a pentagonal ring-structured 

one with rSi(1)-Si(2)= 2.14 Å confirming the double bond nature of this bond. The moderate 

value of the total activation energy (19.16 kcal/mol) and the high exoergic value (-44.13 kcal/ 

mol) of the σ-insertion reaction between I and R'2 support the attainment of it at ambient 

laboratory conditions. 

4.4.5.3 Ring opening 

The Intermediates and transitions states located for ring opening reaction between I 

and R'2 is represented in Figure 4.25 

 

Figure 4.25 Intermediates and transitions states involved in the ring opening reaction 

pathway of I and R'2. Relative free energies are given in kcal/mol and bond lengths in Å. 

The ring opening reaction between I and R'2 also is initiated by the formation of 

dispersion complex I-R'2-ro-RNT which is advanced to the transition state I-R'2-ro-TS. The 
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major change noticeable during the formation of the transition state is the thorough 

weakening of the Si(1)-Si(3) bond (rSi(1)-Si(3)= 3.47Å) and an associated strengthening of the 

O-Si(1) bond between I and R'2 (rO-Si(1)= 2.53 Å). I-R'2-ro-TS is advanced to the ring 

opened product, I-R'2-ro-PDT the activation barrier is 22.51 kcal/mol. The product is a 

disilenyl silylene. The instability of I-R'2-ro-PDT is evident from its endoergic nature (18.74 

kcal/mol). Even though the activation energy barrier is in the workable limit, the endoergic 

nature of the ring opening reaction between I and R'2 makes it not feasible under ambient 

conditions. 

4.4.5.4 Exocyclic σ-insertion 

The intermediates and transitions states located for exocyclic σ-insertion reaction 

between I and R'2 is represented in Figure 4.26 

 

Figure 4.26 Intermediates and transitions states involved in the exocyclic σ-insertion reaction 

pathway of I and R'2. Relative free energies are given in kcal/mol and bond lengths in Å. 

The exocyclic σ-insertionpathway between I and R'2 also is a direct single step 

process. The reaction is initiated by the formation of a reactant dispersion complex I-R'2-xσ-
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RNT possessing a relative energy 5.69 kcal/mol. The dispersion complex I-R'2-xσ-RNT 

progressed to a transition state, I-R'2-xσ-TS in which the carbonyl oxygen established a 

strong interaction with the tetra coordinate silicon atom of the cyclotrisilene (rO-Si(3) = 1.97 

Å). The carbonyl carbon of R'2 also developed an interaction with the carbon atom of one of 

the methyl groups attached to the sp
3
 silicon atom I. The transition state developed in to the 

product in which the methyl group migrated to the carbonyl carbon of R'2 and the carbonyl 

oxygen remain connected to the tetra-coordinate silicon atom of I. Even though the reaction 

is appearing to be achievable thermodynamically due to the exoergic nature (-24.86 

kcal/mol), the exorbitant activation energy (64.80 kcal/mol) denies its kinetic feasibility. 

Free energy profile diagrams of the four reaction pathways between I and R'1 are 

given in Figure 4.27 

 

Figure 4.27 Comparative free energy profile diagram for the different reaction pathways 

between I and R'2 

All the four reaction pathways between I and R'2 are direct single-step process, 

primarily due to the small size of the formaldehyde molecule, enabling its easy access to the 

close vicinity of the cyclotrisilene molecule. All the reaction pathways except the ring 

opening reaction areexoergic. The exoergicvalue is highest with the σ-insertion reaction. 

Except for the exocyclic σ-insertion reaction, the activation barriers are in the workable limit 

for all the classes of the reactions. However, the endoergic nature of the ring-opening reaction 

disapproves its feasibility under normal laboratory conditions. The π-addition and σ-insertion 
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reactions possess low activation barriers and high exoergic nature, indicating their easy 

accessibility under ordinary laboratory conditions.  

A comparison of the reactivity of the alkynes (R1, R2 and R3) and aldehydes (R'1 

and R'2) towards I shows that, for both class of the substrates the σ-insertion and π-addition 

reaction pathways are well stabilized and are feasible under ambient conditions. However, the 

ring opening reactions involving aldehydes are considerably endoergic and are not feasible 

under ambient conditions. It is worth mentioning that ring opening pathway is competitive 

with the π-addition and σ-insertion reactions for alkynes. It implies that a non-polar 

functional group is necessary for the stabilization of the ring-opened product. Even though, 

the energy barrier of the exocyclic σ-insertion reaction is ⁓10 kcal/mol lesser for the 

reactions involving aldehydes than those involving alkynes, it is nowhere near to the 

workable range.  

4.5 Conclusion 

We have made a thorough computational exploration of the possible interactions of 

R1, R2, R3, R'1 and R'2 with the cyclotrisilene I. Four reaction path ways; π-addition, σ-

insertion, ring opening and exocyclic σ-insertion were identified and the energetics and 

mechanisms were studied systematically. The former three substrates (R1, R2 & R3) are 

acetylenes carrying different substituents and the latter two (R'1 & R'2) are aldehydes with 

different substituents. Regarding all the five substrates investigated, the π-addition the σ- 

insertion reactions are found to follow a better stabilized reaction path. Even though the 

activation energy required for both these classes of reactions are almost same with the three 

alkynes R1, R2 and R3, the exoergicity is found to be slightly greater for the σ- insertion 

reactions. This can be attributed to the well-defined pentagonal structure of the product 

generated. The σ-insertion reaction is a single step process except for that involving R1 

among acetylenes, whereas the π-addition is a two-stage process for all the three alkynes. 

Even though less exothermic, the ring opening reactions of the alkynes are feasible under 

ambient conditions due to the low activation energy barrier. The ring opening reaction is 

found to follow the most stabilized course with R3 among the three acetylenes. Regarding the 

aldehydes, all the four categories of reactions of R'2 with I are direct single-step processes; 

probably due to the smaller size of the substrate. The ring opening reactions of I with the 

carbonyl compounds are endothermic. The activation barrier is also relatively higher in 

comparison with the ring opening reactions of the alkynes. Generally, reactions of I with 
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alkynes follow a more stabilized path than that with carbonyl compounds. The exocyclic σ-

insertion reaction pathway is found to be associated with formidable energy barrier in all the 

five investigated cases. Even though, the magnitude of activation energy is slightly lower 

with the reaction involving aldehydes, the value is nowhere near in the practicability range of 

the reaction under ordinary laboratory conditions. As a conclusion, it can be arrived at the 

postulation that, by proper selection of the substituents on the substrates based on their 

electronic and steric capabilities, the reaction with the cyclotrisilene I can be driven through 

the desired pathway.  
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Chapter 5 

Reactions of 1,2-bis(trimethylsilyl)-3,3-dimethyl 

cyclotrisilene with propylene, phenyl acetylene, 

trimethylsilylacetylene, formaldehyde and 

benzaldehyde 

5.1 Introduction 

The chemistry of silicon multiple bonds has expanded dramatically in the past few 

decades (Scheschkewitz 2009). Even functionalized disilenes (Si=Si) and silenes (Si=C) are 

becoming increasingly available and present tremendous promise as synthetic tools for the 

transfer of intact silicon-containing double-bond moieties (Scheschkewitz 2011; Sekiguchi 

and Lee 2003). Conversely, small, unsaturated silacycles (Kira, Iwamoto, and Kabuto 1996) 

are relatively rare due to their difficulty in synthesis. To date, the few stable examples have 

been prepared by the reduction of halosilanes (Ichinohe M et al. 2005; Wiberg et al. 2001) 

reactions of metallosilyl reagents (Abersfelder, Güclü, and Scheschkewitz 2006; Leszczyńska 

et al. 2012), cycloadditions of disilynes with alkenes (Kinjo et al. 2007; Lee, Yasuda, and 

Sekiguchi 2007), and thermal or photochemical interconversions (Lee et al. 2008; Uchiyama 

et al. 2007). Cyclotrisilenes are predominant among them. They are attractive reaction 

precursors: the incorporation of the silicon-containing double bond into the highly strained 

three-membered ring allows for functionalizing interventions via ring opening, addition and 

other type of interactions (Power 1999).  The relatively shallow energy profile of this species 

with silicon-silicon multiple bond manifest the easy polarizability of the electron density, 

which makes disilenes susceptible to coordination by strong Lewis bases (Fukaya, Ichinohe, 

and Sekiguchi 2000; Lee et al. 2000; Sekiguchi, Kinjo, and Ichinohe 2004). In addition, the 

enhanced reactivity arising from the combination of a highly reactive metal–metal double 

bond and a highly strained three-membered ring skeleton in one molecule, gives access to 

new cyclic and bicyclic compounds by addition and cycloaddition reactions (Hajgató et al. 

2002; Kira and Iwamoto 2006; Lee et al. 2000) 

In the previous chapter (Chapter 4) we have carried out a detailed computational 

analysis of interaction between substituted cyclotrisilene (C-Si3R4) and molecules carrying 

multiple bonds. As explained in chapter 4, one can expect four distinct reaction pathways 
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between an unsaturated reagent and cyclotrisilenes on their encounter. The reactions are 

categorized as π-addition, σ-insertion, exocyclic σ-insertion and ring opening processes 

(scheme 5.1).  

 

Scheme 5.1  

Four distinct reaction pathways that can be expected between cyclotrisilene and an 

unsaturated substrate on their encounter 

    To understand the role of steric and electronic effects of substituents on the reactivity of 

cyclotrisilenes and to get a more realistic picture of the possible reactions, we have analyzed 

the reactions of 1,2,3,3-tetramethyl cyclotrisilene C-(CH3)4 with different substrates 

possessing multiple bonds sand the results are displayed in chapter 4.  Interaction with five 

substrates; three alkynes and two aldehydes were discussed there. In this chapter, we are 

discussing the results generated in the reactions of the same five substrates with 1,2-

bis(trimethylsilyl)-3,3-dimethylcyclotrisilene, C-Si3Me2(SiMe3)2, (II). The difference in the 

effect of substituents on the cyclotrisilene molecule (I and II) over the four types of 

interactions, viz; π-addition, σ-insertion, ring opening and exocyclic σ-insertion is an 

additional area of discussion of this chapter.   

5.2 Objectives 

 Computational exploration of possible interactions of 1,2-bis(trimethylsilyl)-3,3-

dimethylcyclotrisilene, c-Si3Me2(SiMe3)2, (II) with five substrates possessing 

multiple bonds is conducted.  

 The substrates employed are phenylacetylene (C6H5-C CH; R1), propylene (CH3-

C CH; R2), trimethylsilylacetylene ((CH3)3Si-C CH; R3), benzaldehyde (C6H5-

HC=O; R'1) and formaldehyde (H2C=O; R'2).   
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 Four reaction path ways; π-addition, σ-insertion, ring opening and exocyclic σ-

insertion were explored and the energetics and mechanisms were studied 

systematically.  

5.3 Computational Methods 

All calculations were carried out at the M06-2X/6-311G(d,p) level of density 

functional theory using the Gaussian 16 suite of programs. Transition states were optimized 

by using the Synchronous Transit-Guided Quasi-Newton (STQN) method implemented in 

Gaussian 16. Minima were ascertained by the IR frequency analysis, and the saddle points 

were characterized by a single imaginary frequency. The solvent effects (benzene) were 

accounted by single point calculation at SMD-M06-2X/6-311+G(d,p) leveland the single 

point energy was corrected by adding the thermal correction to Gibbs free energy obtained 

from the gas phase calculation (at 298.15 K). 

5.4 Results and discussion 

In this chapter, the reactions of 1,2-bis(trimethylsilyl)-3,3-dimethylcyclotrisilene (c-

Si3Me2(SiMe3)2, II) with the reactants bearing multiple bonds are discussed.  

 

Figure 5.1 1,2-bis(trimethylsilyl)-3,3-dimethylcyclotrisilene;II 

Here also, the reactants used are phenylacetylene (C6H5-C CH; R1), propylene 

(CH3-C CH; R2), trimethylsilyl acetylene ((CH3)3Si-C CH; R3), benzaldehyde (C6H5-

HC=O; R'1) and formaldehyde (H2C=O; R'2). As observed in the reaction between I and 

multiple bonded substrates, the reaction between c-Si3Me2(SiMe3)2 molecule (II) and a 

reactant also expected to proceed through any one of the four reaction pathways; π-addition, 

σ – insertion, exocyclic σ – insertion and ring opening. We have scrutinised the reaction 
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profiles of all these pathways between II and R1, R2, R3, R'1 & R'2 to understand the 

energetics and mechanisms.  

5.4.1 Reaction pathways of c-Si3Me2(SiMe3)2(II) with C6H5-C CH (R1) 

5.4.1.1 π-addition 

A direct 2π + 2π addition pathway giving rise to a four membered ring could not be 

located in this case also. However, a two-step reaction pathway has been identifed in the 

reaction between the acetylenic part of R1 and the silenyl part of II. The intermediates and 

transitions states located are presented in Figure 5.2 

 

Figure 5.2 Intermediates and transitions states involved in the π-addition pathway II and R1. 

Relative free energies are given in kcal/mol and bond lengths in Å 

The initially formed the reactant complex (II-R1-π-RNT) passed through a transition 

state II-R1-π-TS1 to form the intermediate II-R1-π-INT. The transition state corresponds to 

the interaction of the π-electron cloud of the acetylene group with one of the sp
2
 Si atoms 

(Si(1)) and the activation barrier is 14.82 kcal/mol. II-R1-π-INT transforms into the π-
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addition product through a second transition state II-R1-π-TS2, possessing a barrier 

height1.81 kcal/mol. Low barrier heights and the overall exoergic value 35.03 kcal/mol 

suggest that the π-addition reaction is feasible under normal conditions. Interestingly, the 

product II-R1-π-PDT has a bicyclic housane structure, consistent with the experimental 

reports(H. Zhao et al. 2018), which implies the significant role of the nature substituents on 

the reactivity of cyclotrisilene 

5.4.1.2 σ-insertion 

The intermediates and transitions states located for σ-insertion reaction between II 

and R1 is represented in Figure 5.3 

 

Figure 5.3 Intermediates and transitions states involved in the σ-insertion pathway of II and 

R1. Relative free energies are given in kcal/mol and bond lengths in Å 
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The σ-insertion reaction of acetylenic group of R1 into the Si(1)-Si(3)bond of II is 

observed to be a direct single step process. This insertion is found to be  initiated by the 

formation of the reactant dispersion complex, II-R1-σ-RNTpossessing a relative energy 

10.06 kcal/mol. The reactant complexII-R1-σ-RNT proceeds to a transition state, II-R1-σ-

TS in which the π-electron cloud of the acetylenic group establish  strong interactions with 

one of the sp
2
the silicon atoms (Si(1))and the sp

3
 silicon atom(Si(3)) of the cyclotrisilene ring. 

II-R1-σ-TS is transformed to thefinal product II-R1-σ-PDT.The required activation energy 

is 16.50 kcal/mol, and the overall reaction is exoergic by 36.09 kcal/mol. High exoergicity 

and low activation barrier indicate that the reaction is feasible under ambient conditions. 

5.4.1.3 Ring opening reaction. 

The intermediates and transitions states located for the ring opening reaction between 

II and R1 is represented in Figure 5.4 

 

Figure 5.4 Intermediates and transitions states involved in the ring opening pathway of II 

and R1. Relative free energies are given in kcal/mol and bond lengths in Å 
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The ring opening reaction pathway between II and R1 is very much similar to that of 

σ-insertion reaction between the two. The initially formed reactant dispersion complex (II-

R1-ro-RNT) led to the transition state (II-R1-ro-TS1) which corresponds to an attack on 

Si(1)-Si(3) bond of II by the π - electron cloud of the acetylene group of R1. The reaction is 

advanced by the trasformation of II-R1-ro-TS1 to an itermediate, II-R1-ro-INT is exoergic 

by 9.13 kcal/mol, and the activation energy is 15.50 kcal/mol. 

II-R1-ro-INT is progressed toa second transition state, II-R1-ro-TS2, during this 

step, the pentagonal ring structure of the  intermediate is ruptured at the C-Si(3) bond and a 

new C-Si(1) bond is formed. Meanwhile, a strong interaction is devoloped between Si(1) and 

Si(3)(rSi(1)-Si(3)= 3.0Å. The activated complex II-R1-ro-TS2 is transformed to the final ring 

opened product II-R1-ro-PDT by the complete rupture of the Si(1)-Si(3) bond. The activation 

barrier is 1.9 kcal/mol, and the overall reaction is exoergic by 11.24 kcal/mol. The ring-

opened product represents a disilene with a silylene moeity stabilized by the coordination of 

acetylenic group. 

5.4.1.4 Exocyclic sigma insertion  

The intermediates and transitions states located for the exocyclic σ-insertion reaction 

between II and R1 is represented in Figure 5.5 
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Figure 5.5 Intermediates and transitions states involved in the exocyclic σ-insertion pathway 

of 1,2-bis(trimethylsilyl)-3,3-dimethyl cyclotrisilene (II) and Phenyl acetylene (R1). Relative 

free energies are given in kcal/mol and bond lengths in Å 

In the exocyclic σ-insertion, the acetylene group of R1 inserts into the bond between 

sp
3
 Si atom of the cyclotrisilene ring and a substituent (Si(3)-CH3) of II. The initially formed 

reactant dispersion complex II-R1-xσ-RNT has a relative energy 8.52 kcal/mol. The reactant 

complex is advanced to an activated complex II-R1-xσ-TS1 which can directly transformed 

to the product, II-R1-xσ-PDT. Despite the overall reaction being exoergic by 19.03 kcal/mol, 

the reaction is kinetically impossible at ambient conditions due to a high activation barrier of 

79.01 kcal/mol. 

Free energy profile diagrams of the four reaction pathways between II and R1 are 

given in Figure 5.6 
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Figure 5.6 Comparative free energy profile diagram for the different reaction pathways 

between II and R1. 

Out of the four reaction pathways between II and R1 demonstrated above, the σ-

insertion reaction and the exocyclic σ-insertion reactions are direct conversion of the 

reactants to products. The other two; the π-addition reaction and the ring opening reaction, 

are calculated to be two-step processes. The π-addition reaction generated a housane shaped 

product with the bridging bond connecting two Si atoms, whereas the σ-insertion yielded a 

pentagonal product carrying a Si-Si double bond. The reaction pathway is found to be more 

stabilized in the π-addition reaction. Even though less exothermic, the ring opening reaction 

pathway is also commendably stabilized.  

Energetics of the four possible reaction pathways between II and R1 suggest that the 

π-addition, σ-insertion, and ring opening reactions are feasible under normal conditions, 

whereas the exocyclic σ-insertion is kinetically not feasible.  

5.4.2 Reaction pathways of c-Si3Me2(SiMe3)2(II) and CH3-C CH (R2)  

5.4.2.1 π-addition 

As observed with II and R1,a direct 2π + 2π addition pathway, generating a four 

membered ring addition product could not be located in this case also. Instead, a two-step 

reaction pathway has been identifed for the reaction between the acetylenic group of R2 and 

the silenyl part of II. The intermediates and transitions states located are presented in Figure 

5.7 
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Figure 5.7 Intermediates and transitions states involved in the π-addition pathway of II and 

R2. Relative free energies are given in kcal/mol and bond lengths in Å. 

The π-addition reaction between II and R2 commenced by the formation of a reactant 

complex II-R2-π-RNT bearing a relative energy 8.54kcal/mol. The reactant complex 

advanced to an activated complex II-R2-π-TS1, the π-electron cloud of the acetylenic part of 

R2 established a strong interaction with the tricoordinate Si(1) of II, which primarily affected 

the Si(1)-Si(2) double bond (rSi(1)-Si(2)= 2.25Å). The activation energy required for the 

formation of II-R2-π-INT is 15.82 kcal/mol. Formation of II-R2-π-INT is highly exoergic as 

revealed by its very low relative energy, -40.48 kcal/mol. The pentagonal ring shaped 

intermediate bears a double bond between Si(1) and Si(2) which is in conjugation with C=C 

and in fact, it is same in structure as the σ-insertion product between II and R2.   

The reaction is advanced further by the transfiguration of II-R2-π-INT to a new 

activated complex II-R2-π-TS2. The highly endoergic character of this step indicates the 

stability of the intermediate. The transition state II-R2-π-TS2 is rearranged to the housane-

shaped II-R2-π-PDT. Even thoughthe overall reaction is exoergic by 31.80 kcal/mol, the 

high second activation barrier of 37.63 kcal/mol suggests the thermodynamic and kinetic 

non-feasibility of the reaction. 
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5.4.2.2 σ-insertion 

The intermediate and the transitions state located for the σ-insertion reaction between 

II and R2 is represented in Figure 5.8 

 

Figure 5.8 Intermediates and transitions states involved in the σ-insertion pathway II and R2. 

Relative free energies are given in kcal/mol and bond lengths in Å. 

During the σ-insertion reaction between II and R2, the initially formed reaction 

complex II-R2-σ-RNT, with relative energy 8.54 kcal/mol transformed to an activated 

complex II-R2-σ-TS. The activated complex is characterized by the a weakened Si(1)-Si(2) 

double bond (rSi(1)-Si(2)= 2.25Å) and  a strong interaction-buildup across the Si(1)-Si(3) σ-bond 

of II and the acetylenic π-bond of R2. The new interaction-buildup is principally at the 

expense of the weakening of the Si=Si double bond; as obvious from the changes induced on 

the other bonds, which are quite minor (rSi(1)-Si(3)= 2.34Å, rSi(2)-Si(3)= 2.28Å). The activated 

complex II-R2-σ-TS is directly transformed to the product II-R2-σ-PDT, by the completion 

of the Si(1)-C(1) and Si(3)-C(2) interactions to proper σ-bonds and the cleavage of the Si(1)-Si(3) 

bond. The product is a pentagonal shaped one with Si(1)-C(1) and Si(3)-C(2) bond distances 

1.87Å and 1.90Å respectively. The Si(1)-Si(2) bond maintain its double bond status in the final 
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product also, with a bond length 2.18Å. The activation barrier for the σ-insertion is 15.82 

kcal/mol, and the formation of the pentagonal product I-R1-σ-PDT is exoergic by 40.48. 

kcal/mol. The high exoergicity and low activation energy of the σ-insertion reaction between 

II and R2 confirms its practicability under normal laboratory conditions.  

5.4.2.3 Ring opening 

The intermediates and transitions states located for the ring opening reaction between 

II and R2 is represented in Figure 5.9 

 

Figure 5.9 Intermediates and transitions states involved in the ring opening pathway of II 

and R2. Relative free energies are given in kcal/mol and bond lengths in Å. 

The ring opening reaction between with II and R2 commenced by the formation of a 

reactant dispersion complex, II-R2-ro-RNT which has a relative energy 8.54 kcal/mol. The 

reactant complex is advanced to an activated complex II-R2-ro-TS1. At this point of the 

reaction, a strong interaction is developed between the π-electron cloud of the acetylenic 

group of R2 and Si(1) of II.The activated  -R2-ro-TS1 is advanced to an intermediate II-R2-

ro-INT, is exoergic by 40.82 kcal/mol, and the activation energy is 15.82 kcal/mol. The 

highly exoergic nature of this step confirms the extensively stabilized structure of the 

intermediate. It worth noticing that the intermediate formed in the ring opening reaction 
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closely resembles the corresponding intermediate II-R2-π-INT that formed during the π-

addition reaction. Interestingly, both are equivalent to the σ-insertion reaction product II-R2-

σ-PDT. 

II-R2-ro-INT is advanced to a second transition state, II-R2-ro-TS2. The completion 

of the breaking of the C-Si(3) bond resulted in the formation of the ring opened product II-R2-

ro-PDT. The activation barrier is 37.82 kcal/mol, and the overall reaction is exoergic by 7.44 

kcal/mol. Even though, the ring opening reaction between II and R2 is an exoergic process, 

the high activation energy at the second step indicates the difficulty in achieving it under the 

ambient conditions.  

5.4.2.4 Exocyclic σ-insertion  

The Intermediates and transitions states located for the exocyclic σ-insertionreaction 

between II and R2 is represented in Figure 5.10 

 

Figure 5.10 Intermediates and transitions states involved in the exocyclic σ-insertion 

pathway of II and R2. Relative free energies are given in kcal/mol and bond lengths in Å. 
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In the exocyclic σ-insertion, the acetylenic part of R2 inserts into the σ-bond between 

the sp
3
 Si atom of II and one of the substituents attached to it (Si(3)-CH3 bond). The initially 

formed reactant complex II-R2-xσ-RNT has a relative energy 7.92 kcal/mol. The reactant 

complex progressed to an activated complex II-R2-xσ-TS which can directly transform to the 

product II-R2-xσ-PDT. However, the advancement of II-R2-xσ-RNT to the activated 

complex involves a formidable energy barrier of 79.83 kcal/mol. Despite the overall reaction 

being exoergic by 19.62 kcal/mol, the reaction is kinetically unachievable at ambient 

conditions due to the very high activation barrier. 

Free energy profile diagrams of the four reaction pathways between II and R2 are 

given in Figure 5.11 

 

 

Figure 5.11 Comparative free energy profile diagram for the different reaction pathways 

between II and R2 

Out of the four reaction pathways between II and R2 discussed above, the σ-insertion 

reaction and the exocyclic σ-insertion reactions are direct single-step conversion of the 

reactants to products. The other two; the π-addition reaction and the ring opening reaction, 

are calculated to be two-step processes. The π-addition reaction generated a housane shaped 

product with the bridging bond connecting two Si atoms, where as the σ-insertion yielded a 

pentagonal product carrying a Si=Si double bond. It is to be noticed that, the ring opening 

reaction and π-addition pathway are advanced through the σ-insertion product which is 

formed as an intermediate in both cases. This means that, the π-addition and ring opening 

reactions are extensions the σ-insertion reaction and the σ-insertion is the spontaneous 
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reaction between II and R2. Even though, the σ-insertion, π- addition and ring opening 

reactions are calculated to be exoergic, the last two involved forbidding activation energy. As 

usual, the exocyclic σ-insertion is also involved an exorbitant energy barrier. Energetics of 

the four possible reaction pathways between II and R2 suggest that only σ-insertion reaction 

is feasible under ambient conditions.  

5.4.3 Reaction pathways of c-Si3Me2(SiMe3)2(II) with (CH3)3Si-C CH (R3) 

5.4.3.1 π-addition 

A two-step reaction pathway has been identified for the π-addition reaction between 

the acetylenic group of R3 and the silenyl part of II. The intermediates and transitions states 

located for the reaction are presented in Figure 5.12 

 

Figure 5.12 Intermediates and transitions states involved in the π-addition pathway of II and 

R3. Relative free energies are given in kcal/mol and bond lengths in Å. 

The commencement of the reaction is marked by the formation of a reactant 

dispersion complex between II and R3, II-R3-π-RNT with a relative energy 7.41 kcal/mol. 
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The dispersion complex is proceeding to a transition state II-R3-π-TS1, In II-R3-π-TS1, 

both the methyl groups of silenyl moiety (Si(1) and Si(2)) moves out from the cyclotrisilene 

plane and the π-electron cloud of the alkyne interacts with one of the unsaturated Si atoms of 

II (Si(1))  leading to  a considerable weakening of the Si(1)=Si(2) double bond, as indicated by 

the extension of the bond distance from 1.14Å to 2.25Å. 

II-R3-π-TS1 is advanced to an intermediate II-R3-π-INT. The activation energy 

required for the formation of II-R3-π-INT is 17.18 kcal/mol. Strong bonding interaction of 

the acetylenic group of R3 with the ring silicon atom Si(1) of II in II-R3-π-INT led to the 

rupture of the π-bond between Si(1) and Si(2)(rSi(1)Si(2)= 2.48 Å) and an elongation of the 

Si(1)-Si(3) bond (rSi(1)-Si(3) = 2.54Å). II-R3-π-INT progresses to the second transition state II-

R3-π-TS2. The activated complex II-R3-π-TS2 is transformed to the housane-shaped π-

addition product II-R3-π-PDT with activation barrier is 2.16, the low activation barrier and 

high exoergic (-28.69 k cal/mol) nature of the reaction support its feasibility under ambient 

conditions.  

5.4.3.2 σ-insertion 

The intermediates and transitions states calculated for the exocyclic σ-insertion 

reaction between II and R3 is represented in Figure 5.13 
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Figure 5.13 Intermediates and transitions states involved in the σ-insertion pathway of II and 

R3. Relative free energies are given in kcal/mol and bond lengths in Å. 

The σ-insertion reaction of the acetylenic group of R3 into the Si(1)-Si(3) σ-bond of II 

is a single step process that is initiated by the formation of a reactant dispersion complex II-

R3-σ-RNT possessing a relative energy 8.85 kcal/mol. The dispersion complex proceeded to 

a transition state, II-R3-σ-TS in which the acetylenic group is oriented along Si(1)-Si(3) bond. 

Activation barrier for the σ-insertion reaction is 15.67kcal/mol. During the formation of the 

trasition state the π-electron cloud of the acetylenic group of R3 devolop strong interactions 

with the ring silicon atoms Si(1) and Si(3) of II. The activated complex II-R3-σ-TS is 

straightly trasformed to the product II-R3-σ-PDT by the rupture of the Si(1)-Si(3)  σ-bond and 

the insertion of the acetylenic group across the two Si atoms. The pentagonal ring structured 

product has a well defined structure and the valency of each Si atom is perfectly satisfied. 

The reaction is exoergic by 35.38 kcal/mol. The high exoergicity and a moderate activation 

barrier can be attributed to the release of ring strain associated with the cyclotrisilene and also 

to the well-difined structure of the product. The relatively low activation energy and high 
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exoergicity of the σ-insertion reaction suggests that, it would be the preferred pathway 

between II and R3 in comparison with the π-addition.  

5.4.3.3 Ring opening  

The intermediates and transitions states located for the ring opening reaction between 

II and R3 is represented in Figure 5.14 

 

Figure 5.14 Intermediates and transitions states involved in the ring opening reaction 

pathway of II and R3. Relative free energies are given in kcal/mol and bond lengths in Å. 

The course of the ring opening reaction between II and R3 is very much similar to 

that of π-addition reaction between the two. The initially formed reactant dispersion complex 

(II-R3-ro-RNT) possessing a relative energy 7.41 kcal/mol is transformed to a transition 

state, II-R3-ro-TS1. This trasition state is formed by the attack on the tricoordinate Si atom 

(Si(1)) of the trisilene ring by the π - electron cloud of the acetylenic group of R3. The 

trasition state is further advanced to an intermediate II-R3-ro-INT. The activation energy 

required for the formation of I-R3-ro-INT is 16.17 kcal/mol, in which the acetylenic group 

strongly bound to the Si(1), which led to the elongation of  Si(1)-Si(2) and Si(1)-Si(3) bonds 

(rSi(1)-Si(2)= 2.48 Å, rSi(1)-Si(3)= 2.54 Å).  The intermediate II-R3-ro-INT is advanced to the 
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second trasition state II-R3-ro-TS2 by the weakening of the Si(1)-Si(3) bond (rSi(1)-Si(3) = 

2.93Å). The complete cleavage of Si(1)-Si(3) bond in the transition state II-R3-ro-TS2 

completed  the course of the reaction by the formation of the ring opened product, II-R3-ro-

PDT. The activation barrier is 3.1 kcal/mol, and the overall reaction is exoergic by 6.94 

kcal/mol. The ring-opened product represents a disilene with a silylene moeity stabilized by 

the coordination of acetylenic group. 

5.4.3.4 Exocyclic σ-insertion 

The intermediates and transitions states located for the exocyclic σ-insertion reaction 

between II and R3 is represented in Figure 5.15 

 

Figure 5.15 Intermediates and transitions states involved in the exocyclic σ-insertion reaction 

pathway of II and R3. Relative free energies are given in kcal/mol and bond lengths in Å. 

In the exocyclic σ-insertion, the acetylene part of R3 inserts into the bond between sp
3
 

Si atom of II and a methyl substituent (Si(3)-CH3 σ-bond). The initially formed reactant 

dispersion complex II-R3-xσ-RNT has a relative energy 7.32 kcal/mol. The reactant complex 
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changed to an activated complex II-R3-xσ-TS which is directly converted to the product II-

R3-xσ-PDT. However, the advancement of II-R3-xσ-RNT to the activated complex involves 

huge energy barrier of 79.38 kcal/mol. The steric environment which invites high steric 

pressure for the approach of the reacting species towards each other and the difficulty in 

attacking a stable saturated Si-C bond explains the much elevated activation energy. Despite 

the overall reaction being exoergic by 12.17 kcal/mol, the reaction is kinetically impossible at 

ambient laboratory conditions due to the high activation barrier. 

Free energy profile diagrams of the four reaction pathways between II and R3 are 

given in Figure 5.16 

 

Figure 5.16 Comparative free energy profile diagram for the different reaction pathways 

between II and R3 

Out of the four reaction pathways between II and R3 discussed above, the σ-insertion 

rection and the exocyclic σ-insertion reactions are direct single-step conversion of the 

reactants to products. The other two; the π-addition reaction and the ring opening reaction, 

are found to be two-step processes. The π-addition reaction generated a housane shaped 

product with the bridging bond connecting two Si atoms, whereas the σ-insertion yielded a 

pentagonal product carrying a Si-Si double bond. It to be noticed that the ring opening and π-

addition pathways are advanced through similar structures till the formation of the second 

activated complex. The divergence of the pathways emerged with the second trasition state as 

the difference in the selection of in the Si-Si bond subjected to the breaking. Even though, the 

energetis suggest the feasibility of π-addition, σ-insertion and ring opening reactions 

betweeen II and R3 under ambient conditios; the spontaneous natue, the lowest activation 
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enery and the highet exoergicity made the σ-insertion reaction the most preferred pathway 

with this pair of reactants. The exocyclic σ-insertion is kinetically not feasible due to the 

exorbitant energy barrier.  

Comparing the reactivities of R1, R2, and R3 with II,  the glaring speciality is the 

inability of R2 to proceed spontaneously in the π-addition as well asring opening pathways 

due to the formidable activation energy associated with the formation of the second trasition 

state.Yet, the σ-insertion reaction of R2 with II is calculated to be highly feasible with low 

activation energy and high exoergicity. Ineffect,the intermediates formed in the former two 

pathways involving R2 are the σ-insertion product formed by it. However with R1 and R3 all 

the three classes of the reactions path are feasible under ambient conditions owing to the low 

activation energy and high exoergicity. The direct formation of the product and highest 

exoergicity of the σ-insertion reaction confirm its easy attainement compared with the other 

two pathways. The exocyclic σ-insertion reaction is un attainable with all the three substrates 

due to the exorbitant activation energy. 

5.4.4 Reaction pathways of c-Si3Me2(SiMe3)2(II) with C6H5-CHO (R'1) 

5.4.4.1 π-addition.  

As observed in the reaction between II and R1, a two-step reaction pathway has been 

identified for the reaction between the carbonyl group of R'1 and the silenyl part of II. 

Intermediates and transitions states located for the reaction is represented in Figure 5.17 
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Figure 5.17 Intermediates and transitions states involved in the π-addition pathway of II 

andR'1. Relative free energies are given in kcal/mol and bond lengths in Å 

The formation of the reactant dispersion complex (II- R'1-π-RNT), possessing a 

relative energy of 10.01 kcal/mol marks the commencement of the reaction. The dispersion 

complex is progressed to a transition state II- R'1-π-TS1, in which the carbonyl oxygen of 

R'1 initiated a bonding interaction with one of the sp
2
silenyl silicon atoms of II (rO-Si(1)= 

2.34Å). The activated complexis advanced to an intermediate II- R'1-π-INT by the full 

rupture of the π bondbetween Si(1) and Si(2)(rSi(1)-Si(2)= 2.34Å). The formation of the 

intermediate II- R'1-π-INT, the activation energy required for the formation of I-R'1-π-INT 

is 16.25 kcal/mol. Further progress of the π-addition reaction is marked by the formation of 

another transition state, II- R'1-π-TS2. During this stepa strong interaction between Si(2) of  

II and carbonyl carbon of R'1 is developed (rC-Si(2)= 3.12 Å). The second transition state is 

transformed to the π-addition product; II- R'1-π-PDTrequires activation energy of 7.01 

kcal/mol, and the overall reaction is exoergic by 22.06 kcal/mol. The energetics calculated for 

the π-addition reaction implies the feasibility of the reaction.  
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5.4.4.2 σ-insertion.  

The intermediates and transitions states located for σ-insertion reaction between II 

and R'1 is represented in Figure 5.18 

 

Figure 5.18 Intermediates and transitions states involved in the σ-insertion pathway of 

IIandR'1. Relative free energies are given in kcal/mol and bond lengths in Å 

The σ-insertion reaction between II and R'1 is a direct single-step process. The 

reaction is initiated by the formation of a reactant dispersion complex II- R'1-σ-RNT, which 

has a relative energy, 10.30 kcal/mol. Stronginteractions are developed simultaneously 

between Si(1)and Si(3) of II and carbonyl carbon and carbonyl oxygen of  R'1 respectively. 

The electron rich sp
2
Si(1) extended an interaction to the electropositive end (C atom) of the 

carbonyl group (rC-Si(1)= 3.09Å). The activated complex II- R'1-σ-TS is directly 

transformed to the σ-insertion product, II-R'1-σ-PDT. In II-R'1-σ-TS, Si(1)-C and Si(3)-O 
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bond formation takes place, and the barrier height is 37.19 Kcal/mol. Overall, the reaction is 

exoergic by 27.83 kcal/mol, but a higher activation barrier indicates the non-feasibility of the 

σ-insertion reaction. 

5.4.4.3 Ring opening  

The intermediates and transitions states located for ring opening reaction between II 

and R'1 is represented in Figure 5.19 

 

Figure 5.19 Intermediates and transitions states involved in the ring opening pathway of II 

andR'1. Relative free energies are given in kcal/mol and bond lengths in Å 

The ring opening reaction between II and R'1 begins with the formation of a reactant 

dispersion complex, II-R'1-ro-RNT, possessing a relative energy 10.30 kcal/mol. The 

dispersion complex progressed to a transition state II-R'1-ro-TS, in which a strong 

interaction between the disilenylsilicon atom of II and the carbonyl oxygen of R'1 is 

established. The evolution of the O-Si(1) interaction (rO-Si(1)= 2.43Å) is associated with the 

weakening of the Si(1)=Si(2) double bond (rSi(1)=Si(2)= 2.30Å). The Si(1)-Si(3) bond is advanced 
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to a cleavage, whereas the Si(2)-Si(3) bond acquired the characteristics of a double bond 

(rSi(2)=Si(3)= 2.17Å). The completion of the rupture of the Si(1)-Si(3) bond resulted in the 

formation of the ring opened product, II- R'1-ro-PDT The activation barrier is 24.83 

kcal/mol, and the overall reaction is endoergic by 20.82 kcal/mol. The product is a 

disilenylsilylene which carries two functional groups. The absence of the extended 

stabilisation in the product made the reaction endoergic. The elevated activation energy and 

endoergic nature of the ring opening reaction forbid its feasibility under ambient conditions. 

5.4.4.4 Exocyclic σ-insertion reaction 

The intermediates and transitions states located for the exocyclic σ-insertion reaction 

between II and R'1 is represented in Figure 5.20 

 

Figure 5.20 Intermediates and transitions states involved in the exocyclic σ-insertion 

pathway of II and R'1. Relative free energies are given in kcal/mol and bond lengths in Å 
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During the exocyclic σ-insertion reaction between II and R'1, the oxygen atom of the 

carbonyl group of R'1 displaced one of the -CH3 group attached to the tetra-coordinate Si 

atom of II. The expelled -CH3 group shifted its position to the carbonyl carbon atom of R'1. 

Even though this reaction is exoergic by 16.90 kcal/mol, it is kinetically not attainable under 

ambient conditions due the forbidden activation barrier of 73.50 kcal/mol.  

Free energy profile diagrams of the four reaction pathways between II and R'1are 

given in Figure 5.21 

 

Figure 5.21 Comparative free energy profile diagram for the different reaction pathways 

between II and R'1 

Out of the four reaction pathways between II and R'1 explaine dabove; except the π-

addition reaction, all are direct single-step conversion of the reactants to the products. The π-

addition reaction is calculated to be a two-step process. The π-addition and σ- insertion 

reactions are exoergic in nature.  The π-addition reaction generated housane-shaped product 

with a bridging bond connecting two Si atoms. The σ-insertion reaction yielded a pentagonal 

product carrying a disilene bond. Curiously, the σ-insertion pathway between II and R'1 

involves a formidable activation barrier of 37.2 kcal/mol and is unattainable under normal 

laboratory conditions. The ring opening pathwaybetween II and R'1 involves a relatively 

higher activation barrier in addition toits exoergic nature and hence, is also unachievable 

under ambient conditions. The exocyclic σ-insertion reaction involves huge activation energy 

and is not practicable under normal conditions. 
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5.4.5 Reaction pathways of c-Si3Me2(SiMe3)2(II) with H-CHO (R'2) 

5.4.5.1 π-addition 

A direct single-step reaction pathway has been identified for the π-addition reaction 

between the carbonyl group of R'2 and the silenyl part of II. Intermediates and transitions 

states located for the reaction is represented in Figure 5.22 

 

Figure 5.22 Intermediates and transitions states involved in the π-addition reaction pathway 

of II and R'2. Relative free energies are given in kcal/mol and bond lengths in Å 

The π-addition reactionbetween IIand R'2 is initiated by the formation of reactant 

dispersion complex between the two namely, II-R'2-π-RNT with relative energy = 9.34 

kcal/mol. This dispersion complex is advanced to a transition state II- R'2-π-TS, in which the 

carbonyl group of R'2 initiated bonding interactions with one ofthe sp
2 

silicon atoms of II. 

Progress of this interaction is characterized by the elongation of the Si=Si double bond of II 

and the C=O bond of the carbonyl group of R'2 (rSi(1)-Si(2)= 2.23Å,rC-O= 1.25Å). The 

activation energy associated with the formation of II-R'2-π-TS is 20.31kcal/mol. The 
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progress of II-R'2-π-TS to the π-addition product, II-R'2-π-PDT The required activation 

energy is 20.31 kcal/mol, and the overall reaction is exoergic by 27.92 kcal/mol, is achieved 

through the completion of the formation of the Si(1)-O and Si(2)-C bonds. The product is a 

bicyclic housane-shaped one. The bridging Si-Si bond of the product confirms the classical π-

addition identity of the reaction. The product possesses no multiple bonds. The moderate 

activation energy and high exoergic value of the π-addition reaction between II and R'2 

predicts its practicability under normal laboratory conditions.  

5.4.5.2 σ-insertion reaction 

The intermediates and transitions states located for σ-insertion reaction between II 

and R'2 is represented in Figure 5.23 

 

Figure 5.23 Intermediates and transitions states involved in the σ-insertion reaction pathway 

of II and R'2. Relative free energies are given in kcal/mol and bond lengths in Å 

Due to the small size of R'2, the σ-insertion reaction between it and the cyclotrisilene 

II also is a direct single-step process. The σ- insertion reaction is initiated by the formation of 
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a reactant dispersion complex II- R'2-σ-RNT, with a relative energy 8.05 kcal/mol. The 

dispersion complex is progressed to a activated complex II- R'2-σ-TS, in which strong C-

Si(1) and O-Si(3) interactions are developed between the carbonyl group of R'2 and 

cyclotrisilene moiety of II (rO-Si(3)= 2.76Å, rC-Si(1)= 3.59Å). II- R'2-σ-TS is progressed to 

the σ-insertion product, II-R'2-σ-PDT, the activation barrier for the σ-insertion is 23.29 

kcal/mol, and the formation of the pentagonal product I-R1-σ-PDT is exoergic by 43.82 

kcal/mol. In the shaping of the final product from the II- R'2-σ-TS, the rC-Si(1) bond distance 

is revised to 1.93Å from 3.54Å and the rO-Si(3) bond to 1.67Å from 2.59Å. Even though the 

activation energy of the reaction is marginally elevated, the very high exoergicity of the σ-

insertion reaction between II and R'2 support its workability at normal laboratory conditions. 

5.4.5.3 Ring opening 

The intermediates and transitions states located for ring opening reaction between II 

and R'2 is represented in Figure 5.24 

 

Figure 5.24 Intermediates and transitions states involved in the ring opening reaction 

pathway of II and R'2. Relative free energies are given in kcal/mol and bond lengths in Å 
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The ring opening reaction between II and R'2 begins with the formation of a reactant 

dispersion complex II-R'2-ro-RNT, possessing a relative energy 8.51 kcal/mol. The 

dispersion complex progressed to a transition state II-R'2-ro-TS in which a strong interaction 

between the disilenyl silicon atom of II and the carbonyl oxygen of R'2 is formed. The 

evolution of the O-Si(1) interaction (rO-Si(1)= 2.19Å) is associated with the weakening of the 

Si(1)=Si(2) double bond (rSi(1)-Si(2)= 2.32 Å). The completion of the rupture of the Si(1)-Si(3) 

bond resulted in the formation of the ring opened product, II-R'2-ro-PDT The activation 

barrier is 23.32 kcal/mol, and the overall reaction is endoergic by 20.76 kcal/mol. The 

product is a disilenylsilylene. Absence of the extended stabilisation in the product made the 

reaction endoergic. The relatively higher activation energy and endoergic nature forbid the 

feasibility of the ring opening reaction between II and R'2 under normal laboratory 

conditions. 

5.4.5.4 Exocyclic σ-insertion 

The intermediates and transitions states located for exocyclic σ-insertion reaction 

between II and R'2 is represented in Figure 5.25 

 

Figure 5.25 Intermediates and transitions states involved in the exocyclic σ-insertion reaction 

pathway of II and R'2. Relative free energies are given in kcal/mol and bond lengths in Å 
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The exocyclic σ-insertion pathway between II and R'2 also is a direct single-step 

process. The reaction is initiated by the formation of a reactant dispersion complex, II- R'2-

xσ-RNT possessing a relative energy 8.73 kcal/mol. II- R'2-xσ-RNT progressed to a 

transition state, II- R'2-xσ-TS in which the carbonyl oxygen established a strong interaction 

with the tetra coordinate silicon atom of the cyclotrisilene moiety. Even though the reaction is 

appearing to be achievable thermodynamically due to the exothermic nature (-23.21 

kcal/mol), the exorbitant activation energy (69.74 kcal/mol) denies its kinetic feasibility.  

Free energy profile diagrams of the four reaction pathways between II and R'2 are 

given in Figure 5.26. 

 

Figure 5.26 Comparative free energy profile diagram for the different reaction pathways 

between II and R'2 

All the four reaction pathways between II and R'2 demonstrated above are direct, 

single-step conversion of the reactants to products. The π-addition reaction generated a 

housane-shaped product with the bridging bond connecting two Si atoms (Si(1) and Si(2)). The 

activation energies of the π-addition, σ-insertion and the ring opening reactions are in the 

range of 20-23 kcal/mol. The σ-insertion reaction is highly exoergic followed in magnitude of 

exoergicity by the π-addition reaction and are seems to be practicable under normal 

laboratory conditions. The ring opening reaction is calculated to be endoergic and therefore is 

not workable under ambient conditions. The relatively higher activation energy and 

exothermic nature forbid the feasibility of the ring opening reaction between II and R'2. The 

π-addition product formed between II and R'2 is relativelystabler than that formed between 

II and R'1. The σ-insertion reaction yielded a pentagonal product carrying a disilene bond. 
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The σ-insertion product formed between II and R'2 is much more stable than that formed 

between II and R'1. The significantly lower activation energy of the σ-insertion reaction 

between II and R'2 in comparison with II and R'1 is also worth mentioning. The smaller size 

of HCHO (R'2) in comparison with Ph-CHO (R'1) along with the electronic peculiarities of 

the phenyl substituent account for these differences. 

A comparison of the energetics of the four reaction pathways of II with alkynes and 

aldehydes reveals that only the π-addition reaction is uniformly workable with both the class 

of the substrates. Even though, the π-addition, σ-insertion and the ring opening reactions of II 

with alkyne substrates are exoergic to varying extents, the latter two are not practicable with 

R2 due the high activation energy. Regarding the aldehydes, the ring opening reaction 

involves relatively higher activation energies (23 kcal/mol) and are endoergic in nature 

indicating their non-attainability under ambient conditions. Although, the σ-insertion reaction 

is practicable with R'2 it is unattainable with R'1 due the formidable activation barrier. 

Generally, the activation energy of workable reactions of aldehydes with II are higher than 

that of alkynes with II by ⁓5 kcal/mol. The exoergic of the reactions of II with the substrates 

are also remarkably higher for those with the alkynes. The activation energy of the exocyclic 

σ-insertion reactions of II with substrates are lower for the reaction with aldehydes; but, the 

barrier height is nowhere near the practicable range with them too. 

While comparing the kinetics of the reaction pathways of the cyclotrisilenes I and II 

with the five substrates examined, the primary difference comes into the view is the higher 

relative energy of the initially formed dispersion complex with the latter; in almost all 

reactions. The increased energy requirement is due to the greater steric hindrance encountered 

during the approach of the substrates as a result the largersize of substituents attached to the 

cyclotrisilene ring of II. The exocyclic σ-insertion reaction is invariably involved exorbitant 

activation energy in all cases and need not be discussed. Regarding the other three pathways, 

though the reactions of I with the substrates proceed generally through a better stabilized 

course than those with II, the activation energy is 2-3 kcal/mol less in most of the kinetically 

feasible reactions of II. The exoenergicity is calculated to be greater in most of the reactions 

of I than that of II. A significant peculiarity to be noticed in the reaction between II and R2 is 

the non-feasibility of π-addition and ring opening reactions under ambient conditions due to 

the high activation energy encountered. Apparently, in both these cases the intermediate 

formed is the σ-insertion product between the two; which is highly stable. Even though π-
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addition, σ-insertion and thering opening reactions between I and R'1 are proceed with low 

activation energy, the latter two involves non-practicably high activation energy when the 

cyclotrisilene involved is II. The reactions between II and R'2 also involves relatively greater 

activation energy than those involving I.  

5.5 Conclusion 

We have made a thorough computational exploration of the possible interactions of 

phenyl acetylene (C6H5-C CH; R1), propylene (CH3-C CH; R2), trimethylsilylacetylene 

((CH3)3Si-C CH; R3), benzaldehyde (C6H5-HC=O; R'1) and formaldehyde (H2C=O; R'2) 

with 1,2-bis(trimethylsilyl)-3,3-dimethyl cyclotrisilene(c-Si3Me2(SiMe3)2; II). Four reaction 

path ways; π-addition, σ-insertion, ring opening and exocyclic σ-insertion were identified and 

the energetics and mechanisms were studied systematically. The former three substrates (R1, 

R2 & R3) are alkynes carrying different substituents and the latter two (R'1 & R'2) are 

aldehydes with different substituents.  

Among all the five substrates analyzed, the π-addition and σ-insertion reactions are 

found to be invariably the most favored reaction pathways. Except for R'2, the π-addition 

reaction is a two-step process, whereas the σ-insertion is a single-step process with all the 

five substrates. In all the cases π-addition reaction generated a housane-shaped product, 

whereas the σ-insertion reaction culminated in pentagonal ring product. Due to the well-

defined nature of the product generated, the σ-insertion reactions are found to be significantly 

more exothermic than the π-addition reactions. However, the activation energies of both 

reaction pathways are almost equal. As an exception, the activation barrier of the σ-insertion 

reactionof R'1 with II is calculated to be far beyond the practicability of the reaction under 

ambient conditions. Even though, the ring opening reactions of II with alkyl substituents are 

calculated to be spontaneous under ambient conditions due to the low activation energy and 

exothermic nature, that with the carbonyl compounds are found to be endothermic with 

elevated activation energies. The exothermicity of the ring opening reactions with the alkyl 

substrates remarkably lower than that of the π-addition and σ-insertion reactions due to the 

lower stability of the disilenylsilylene product. Asingularity to be noticed in the reactions of 

II with R2 is, its ring opening as well as π-addition reactions proceeds through an 

intermediate, which is equivalent in all respect to theσ-insertion product between the two. All 

the reactions of carbonyl compounds with II are less exothermic than those with alkynes 

except for the σ-insertion reaction with R'2. Due to the smaller size of R'2, all its reactions 



172 
 

with II are single-step processes. The σ-insertion pathway can be stated as the most favored 

reaction of II with the substrates. The exocyclic σ-insertion reaction pathway is found to be 

associated with formidable energy barrier in all the investigated cases. Even though, the 

magnitude of activation energy is slightly lower with the reaction involving aldehydes, the 

value is nowhere near in the practicability range of the reaction under ordinary laboratory 

conditions. 

A discussion of the relative reactivity of 1,2,3,3-tetramethyl cyclotrisilene (c-Si3Me4; 

I) and 1,2-bis(trimethylsilyl)-3,3-dimethyl cyclotrisilene (c-Si3Me2(SiMe3)2; II) should 

centred on the difference in the electronic and steric influence of the substituents; Me (-CH3) 

and TMS (-Si(CH3)3) attached to the Si atoms forming the disilenepart of the cyclotrisilene 

ring. TMS has a significantly greater steric bulk. The steric influence is evident in the energy 

involved in the of evolution of the reactant complex itself: in the reactions of I it is 3-5 

kcal/mol where as in reactions involving II; it is 6-7 kcal/mol. In general, the reaction 

pathways are better stabilised in the reactions of I than the sterically more crowded II. Thus, 

the change of substituents on the cyclotrisilene ring also has an influence on the energetics of 

the reaction pathways. 
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Chapter 6: Reccomendations  

The current research, titled “Quantum Mechanical Assessment of Substituent Effect of 

Doubly Bonded Silicon Compounds,” delves into the computational analysis of reactions 

involving substituted silenes (compounds with C=Si) and cyclotrisilene (compounds with 

Si=Si), with a particular emphasis on substituent effects. This novel area of double bond 

chemistry in silicon compounds presents significant opportunities for exploration, especially 

considering that our understanding of silenes and disilenes remains nascent.  

In the second chapter, we investigate the polar nature of the C=Si bond and the 

resulting regioselectivity of its addition reactions. Our findings indicate that substituents have 

a profound impact on both the polarity of the silene bond and the electrophilicity of the 

silicon center. Although our studies have focused on a limited range of substituents, there 

remains considerable potential for further exploration. For example, the strategic selection of 

substituents may facilitate head-to-head dimerization, contrasting with the head-to-tail 

dimerization observed in our current investigations. This underscores the need for additional 

research into the potential for altering the dimerization mechanism through appropriate 

substitutions. 

The third chapter focuses on small molecule activation by substituted silenes and the 

influence of substituents on silene-silylene rearrangements. Given that small molecule 

activation is predominantly addressed by costly catalytic elements such as platinum, the 

introduction of multivalent silicon compounds provides promising alternatives, particularly in 

critical applications like hydrogen generation. Our initial findings, derived from a limited set 

of substituents on simple silenes, suggest significant results; however, further exploration of a 

broader variety of substituents with diverse electronic and steric properties could yield 

valuable insights. Additionally, varying the principal silene could enhance small molecule 

activation outcomes. 

We have observed that the generation of silylene from silene, which is effective in 

activating stable bonds, is significantly influenced by the substituents attached to the silene. 

This rearrangement presents an opportunity for further investigation with a wider range of 

substituents that can modify the electronic framework of the C=Si bond. 

Chapters four and five examine the reactions of alkynes and aldehydes with 

substituted cyclotrisilenes, although our studies are currently limited to only two substituted 
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cyclotrisilene molecules. Our investigations involved reactions with three alkynes and two 

aldehydes, yet the promising results indicate numerous potential multivalent compounds 

capable of reacting with Si=Si bonds, opening vast avenues for future research. 

The study of organosilicon reactive intermediates has experienced rapid growth, 

signaling a rich landscape for further exploration and innovative applications in synthetic 

chemistry. Our investigations into the inductive effects employed to modify the polarity of 

the C=Si bond demonstrate that substituting both carbon and silicon with groups exhibiting 

contrasting mesomeric effects can effectively reverse polarization, potentially enabling new 

synthetic routes, including head-to-head dimerization. 

Understanding the effects of stronger electron donors and acceptors on silenes 

remains a valuable area for future investigation. Such insights could lead to more efficient 

activation strategies for small molecules, enhancing their industrial viability. Moreover, our 

findings suggest that the regioselectivity of small molecule activation appears largely 

independent of the substituents used, highlighting the necessity of testing this observation 

with more potent electron donors and acceptors. 

Finally, disilenes, due to their inherently weak π-bonding, are anticipated to serve as 

effective synthetic equivalents of silylenes. The unique electronic characteristics of 

cyclotrisilene enable [2+2] cycloaddition reactions with unsaturated molecules, presenting 

opportunities for the development of organic-inorganic hybrid polymers. Future studies 

should encompass a broader range of unsaturated systems to fully exploit these potentials. 

In précis, the small molecule activation capabilities of cyclotrisilene and other silicon 

compounds hold considerable promise for industrial applications. Silylenes are already 

recognized for their ability to activate stable molecules such as H₂, CO, CO₂, N₂O, O₂, H₂O, 

C₂H₄, and NH₃. The advancement of these compounds into practical catalysts, particularly 

for hydrogen generation from water, could catalyze a new industrial revolution. 

Addressing research gaps in organosilicon chemistry, particularly regarding silenes 

and cyclotrisilenes, is crucial for advancing knowledge and applications in this field. First, 

comprehensive studies on a wider variety of substituents, encompassing different electronic 

and steric properties, are essential to understand their influence on reaction mechanisms and 

outcomes. Additionally, there is a need for detailed investigations into the mechanisms of 

dimerization reactions to clarify factors influencing head-to-head versus head-to-tail 

pathways, particularly the role of reverse polarity. The stability and reactivity of silylenes and 
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disilenes require further exploration, especially for synthesizing stable variants and studying 

their interactions with diverse substrates. Moreover, understanding the mechanisms behind 

the activation of small molecules by these compounds is vital for enhancing their catalytic 

potential, particularly in processes like hydrogen generation and CO activation. Research 

should also focus on regioselectivity in reactions, investigating the effects of substituents 

with more potent electron donors and acceptors. The reactivity of cyclotrisilene with 

unsaturated compounds should be expanded to identify new synthetic pathways and 

applications in organic-inorganic hybrid materials. Furthermore, theoretical and 

computational studies are needed to model organosilicon intermediates, aiding in predicting 

reactivity patterns and stability. Bridging laboratory findings with industrial applications 

through collaborations will help assess scalability and economic viability, while 

understanding the long-term stability and environmental impact of these compounds is 

essential for developing safe, sustainable applications. By addressing these gaps, future 

research can significantly enhance the field of organosilicon chemistry, leading to innovative 

solutions across various domains, including catalysis, materials science, and sustainable 

energy. 
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