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[1] Overview of Computational Chemistry 
 
[1.1] Introduction 
      

A series of observations such as the black body radiation, photoelectric effect, 

atomic and molecular spectra of the 19th century could not be explained by the then 

well known classical mechanics. Attempt in the early 20th century by several 

scientists to explain these observations led to the birth of quantum mechanics.  

Quantum mechanics mainly based on (i) Wave-particle duality, (ii) Energy 

quantization, (iii) Uncertainty principle, and (iv) Non-locality concepts. 

 Quantum mechanics acknowledges the wave-particle duality of matter by supposing 

that, rather than traveling along a definite path, a particle is distributed through space 

like a wave. The concept of trajectory in classical mechanics is replaced by a wave 

function, ψ, in the new mechanics. 

In 1926, Schrödinger proposed an equation which can be regarded as a postulate, 

like Newton’s equations of motion for finding the wavefunction of any system. The 

time independent Schrödinger equation for a particle of mass m moving in one 

dimension with energy E is 

 

                                                                                                                                (1.1) 

 

The factor ( )V x  is the potential energy of the particle at the point x; = is the 

convenient modification of the plank constant (= =h/2π). In the general case the 

Schrödinger equation is written as 

 

2 2 2 2

2 2 2 ( , , ) ( , , ) ( , , )
2

[ ]
e

d d d V x y z x y z E x y z
m dx dy dz

ψ ψ ψ ψ ψ− + + + =
=
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                                                                                                                                (1.2) 

Where H is the Hamiltonian, an energy operator for the system: 

2

2
H V

m
= − ∇ +

=
                                                                                         (1.3) 

The time (t) dependent Schrödinger equation is  

dH i
dt
ψ

Ψ = =                                                                                                   (1.4) 

Schrödinger equation is one of the starting points for most of the quantum chemical 

calculations that are done now using computers. It should be emphasized that the 

equation cannot really be solved analytically for many electron systems; this means 

we can solve the equation for hydrogen, but not for many electron atoms or 

molecules. There have been, however, a number of mathematical methods that use 

approximation techniques to help chemists to solve Schrödinger equation for the 

structure and properties of atoms and molecules. Reliability of the results depends 

on the approximations employed in the theoretical formulations. This thesis uses 

solution of Schrödinger equation at various levels to solve problems of structure and 

reactivity in chemistry. The methods used in the calculations reported in the thesis 

are discussed in the following sections of this chapter. The details of the application 

of electronic structure theory to the selected problems are given in the remaining 

four chapters. 

 

 

 

 

H EψΨ =
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[1.2] Theoretical Methods 

The quantum theories used in computational chemistry can be broadly classified into 

two groups which are wave function and density based methods. Ab initio and 

semiempirical methods are wave function based approaches whereas density 

functional method falls in the latter category. These are the three major methods 

which will be briefly discussed in the following sections. 

                                                                                 
[1.2.1] Ab initio Methods1-2 
 

The quantum mechanical calculation used in computational chemistry 

involves finding the solution of Schrödinger equation associated with the molecular 

Hamiltonian. The Schrödinger equation (1.1) cannot be solved exactly for many 

electron systems. Thus various approximations are used for solving the Schrödinger 

equation (1.1). The Hamiltonian for a molecule with M numbers of nuclei (α , β , 

…) and N number of electrons ( i , j , …) is given by, 

 
222 2 2

2 21ˆ  
2 2

M N M N M M N N

i
i i j i je i ij

Z Z eZ e eH
m m r r r

α βα
α

α α α β αα α αβ> >

= − ∇ − ∇ − + +∑ ∑ ∑∑ ∑ ∑ ∑∑= =      (1.5) 

where m, e, Z and r are the mass of the particle, electronic charge, atomic number 

and distance between the particles respectively.  The first and second terms are the 

nuclear and electronic kinetic energy operators.  The third, fourth, and fifth terms 

represent the potential energy for the nuclear-electron attraction, nuclear-nuclear 

repulsion and electron-electron repulsion respectively. The following mathematical 

approximations are used for solving the Schrödinger equation. 
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Methods that do not include any experimental data other than fundamental constants 

(electronic mass, charge, Planck’s constant etc.) are called ab initio (ab initio is from 

the Latin: “from the first principles”) methods. The ab initio method solves the 

Schrödinger equation for a molecule and its properties. Ab initio methods provide 

highly accurate quantitative prediction for varying range of systems. They were 

quite expensive computationally, but with the advent of hardware and softwares of 

ever increasing sophistication they could be performed for fairly large molecules in 

reasonably short time. 

 
[1.2.1.1] The Born-Oppenheimer Approximation3 
 
The nuclei in a molecule, may be treated as stationary with respect to the motion of 

the electrons as the masses of the nuclei ( mα ) are much greater than the mass of the 

electron ( em ). So, the Hamiltonian of the nuclei and electron become separable and 

the total wavefunction can be written as a product of the electronic and nuclear 

wavefunctions. The full Hamiltonian [ ˆ ( , )H r R ] for the molecule is  

                                                                                                           
        (1.6) 

 
where r, and R the electronic and nuclear coordinates. The first two terms are the 

kinetic energy operators for the nuclei and the electrons, respectively, and the last 

three terms are the potential energy operators for the Coulombic interactions: 

electron-electron, electron-nuclear, and nuclear-nuclear. Thus for the purpose of 

finding the electronic energy, we consider the nuclear position fixed. The operator 

ˆ ˆ ˆ ˆ ˆ ˆ( , ) ( ) ( , ) ( )N e ee eN NNH r R T T V r V r R V R= + + + +
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N̂T (1.6) is then neglected and the potential N̂NV is considered as a constant. Thus the 

Hamiltonian (1.6) can be simplified as ˆ ˆ ˆ ˆel e ee eNH T V V= + + :  

                                                                                                                                (1.7) 

Where        
22 2

2ˆ = 
2 i

N N N M N

el i
i j i j ie ij

Z ee
m r r α

α

α>

Η − ∇ + −∑ ∑∑ ∑∑=
                    (1.8) 

Since, the electron-nuclear potential energy ( êNV ) depends on the fixed position of 

the nuclei; the wavefunction for the electronic state i depends explicitly on the 

electronic coordinate (r) and parametrically on the internuclear distance R.  

NN NN
ˆˆ( V ) = (E V )el el el el elUΗ + Ψ + Ψ = Ψ            (1.9) 

Where  

2

NNV̂  = 
M M Z Z e

R
α β

α β α αβ>
∑∑            (1.10) 

The energy, U in (1.9) is the electronic energy including internuclear repulsion 

(VNN). The internuclear distances Rαβ in equation 1.10 are not variables, but are 

fixed at some constant values. Thus, the electronic wave functions and energies 

depend parametrically on the nuclear configuration. The energy U (1.9) is the 

potential function Vi(R) for the nuclear motion in electronic state i: 

( ) ( )i i NNV R E R V= +                                                                          (1.11) 

The most important consequence of this approximation is the potential energy 

surface concept, which provides a conceptual as well as a computational base for 

molecular physics and chemistry. The idea of separation of nuclear and electron 

motion was suggested by Born and Oppenheimer; hence this is called Born-

Oppenheimer approximation. 

ˆ = Eel el el elΗ Ψ Ψ
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[1.2.1.2] Variation Theorem 
 
Despite the Born-Oppenheimer approximation, it is not possible to solve the 

Schrödinger equation. If a good approximation is available for the wave function, 

the variation theorem can be used to improve this.  In this approach, one uses an 

approximate normalized wave function Ψ which obeys the appropriate boundary 

conditions. The variation theorem states that the energy expectation value calculated 

( EΨ ) using this trial function ( Ψ ) can not be lower than the true ground-state 

energy 0E : 

*

0*

ˆ
E = E

d

d

τ

τΨ

Ψ ΗΨ
≥

Ψ Ψ
∫
∫

           (1.12) 

                    
The ground state energy is obtained by minimizing EΨ with respect to parameters 

present in the trial function.  The variation principle says that the ground state 

energy can be calculated ( 0E ) by tuning the trial function along with their arbitrary 

parameters. The energy also will depend upon these variational parameters.  

 
[1.2.1.3] The LCAO-MO Approximation 
 
To solve the Schrödinger equation of a molecule having several atoms, one has to 

consider a trial function Ψ . The Linear Combination of Atomic Orbital Molecular 

Orbital (LCAO-MO) is found to be one of the best trial functions for electronic 

structure calculations. If 1 2 3, , .......... nφ φ φ φ  are the atomic orbitals then 

1
 = 

n

i i
i

c φ
=

Ψ ∑              (1.13) 

Where, ic  is the coefficient of ith atomic orbital. 
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The calculated energy ( EΨ ) using this trial function should be 

*

0
*

ˆ( ) ( )
E  = E

( ) ( )

n n

i i i i
i i

n n

i i i i
i i

c c d

c c d

φ φ τ

φ φ τ
Ψ

Η
≥

∑ ∑∫

∑ ∑∫
          (1.14) 

The minimization of the energy using the variation theorem leads to n  linear 

homogeneous equations known as Secular equations. For non trivial solution (i.e. 

solutions other than ci=0) the corresponding Secular Determinant will be equal to 

zero: 

H ES  = ij ij−

11 11 12 12 1 1

21 21 22 22 2 2

1 1 2 2

H ES H ES ... H ES
H ES H ES ... H ES

...
H ES H ES ... H ES

n n

n n

n n n n nn nn

− − −
− − −

− − −

 = 0        (1.15) 

                                          

Where,  * ˆ
i idιι φ φ τΗ = Η∫             (1.16) 

* ˆ
j i jdι φ φ τΗ = Η∫             (1.17) 

*S j i jdι φ φ τ= ∫              (1.18) 

 
The integrals Hii and Hij  are called coulomb integrals where as Sij  is the 

overlap integral.  Solving the n th order determinant will give n  roots i.e., a set of n  

energy values, E1, E2, E3, …, En  and a set of n  wave functions,  1 2, ,..., nΨ Ψ Ψ . 

 Antisymmetric nature of complete wave function Ψ  leads to the following 

Slater Determinantal form of the wave function, 
 

 = Ψ  

1 2

1 2

1 2

(1) (1) ... (1)
(2) (2) ... (2)

...
( ) ( ) ... ( )

n

n

nn n n

Ψ Ψ Ψ
Ψ Ψ Ψ

Ψ Ψ Ψ

 = 0          (1.19) 

 

where, ( )n iΨ  is the spin orbital of i th particle. 
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[1.2.1.4] The Hartree-Fock Self Consistent Field Method4 
 
Hartree-Fock methods is based on variational principle according to which the 

energy obtained using an antisymmetric trial wave function is always greater than 

the exact energy. The main problem arises from the fact that any atom or molecule 

with more than one electron could not be solved exactly, because of the electron-

electron repulsion terms.  The Hamiltonian for N  electrons system (equation 1.20), 

under Born-Oppenheimer approximation assuming the nuclei (M) and electrons to 

be point masses is 

22 2
2ˆ = 

2

N M N N N

el i
i i j i je i ij

Z e e
m r r

α

α α >

Η − ∇ − +∑ ∑∑ ∑∑=
                    (1.20)

  
The electron-electron repulsion terms make the Schrödinger equation non-separable.  

Hartree’s method calculates the effective repulsion on a single electron by the rest of 

the electron cloud which makes Hamiltonian separable. Hartree’s method writes a 

plausible approximate polyelectronic wavefunctions for an atom as the product of 

one-electron wavefunction.   The 0Ψ can be written as the product of hydrogen like 

one electron orbital as follows, 

                                                                                                                              (1.21) 

                                               
Where        0 )(i) = ( , ,i i i if r θϕΨ                                                                         (1.22) 

This function is called Hartree product. Here 0Ψ is a function of the coordinates of 

all the electrons in the atom, 0 ( )iΨ  is a function of the coordinates of the ith 

electron. The initial guess 0 ( )iΨ , is the zeroth approximation to the true total 

wavefunction Ψ .   The function f  has radial and angular part as given below,   

0 0 0 0 0 0 = (1) (2) (3) ( ) ( )
n

i
n iΨ Ψ Ψ Ψ Ψ = ∏ Ψ"
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Y = R ( ) ( , )m
nl lf r ϕ θ                                                                                              (1.23) 

Where , ,r θϕ  are spherical polar coordinates; R nl  is radial part and Ym
l is spherical 

harmonics of the electronic wave function. 

Although the approximate wave function (equation 1.21) is qualitatively 

advantageous but certainly it lacks the quantitative accuracy.  The accuracy of the 

wave function can be improved by considering effective quantum numbers for each 

orbitals, which takes care of the screening effect of electrons.  Further improvement 

of the wave function can be done using variational theorem. The trial function for 

the variation theorem is 

1 1 1 1 2 2 2 2) = ( , , ( , , ) ( , , )n n n ng r g r ...g rθ θ θϕ ϕ ϕφ          (1.24) 

where ( ) ( )i= h Y ,mi
i i li i ig r θϕ , which minimizes the variational integral,  

The procedure for calculating the ig is called Hartree Self Consistent Field (SCF) 

method.  In this method, the wave function lacks the antisymmetric nature. The 

antisymmetric nature of the wave function has been included by Fock, defining the 

Slater determinant. Thus, the SCF calculation which gives antisymmetrized spin 

orbitals is called Hartree-Fock method. The differential equation for the Hartree-

Fock orbitals is 

F̂ =i i iµ ε µ      = 1,2,...,i n                        (1.25) 

where F  is Hartree-Fock operator, iµ  is i th spin-orbital  and iε  is the spin orbital 

energy.  The Hartree Fock operator ( F̂ ) is defined as  

2 2
21F̂= 2

2

N NN

i ij ij
i i ji

Z J K
r

α

α

− ∇ − + −∑ ∑∑                      (1.26) 
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2 2

coreˆ= 2
N N

ij ij
i j

J KΗ + −∑∑                       (1.27) 

The one electron core Hamiltonian,      

core 2 *1ˆ = 
2

N

i i i
i i

Z d
r

α

α

φ φ τ
⎛ ⎞

Η − ∇ −⎜ ⎟
⎝ ⎠

∑∫                                (1.28) 

* *

12

(1) (2) (1) (2)
1= ij i j i jJ d
r

φ φ φ φ τ
⎛ ⎞
⎜ ⎟
⎝ ⎠

∫            (1.29) 

* *

12

(1) (2) (2) (1)
1= ij i j i jK d
r

φ φ φ φ τ
⎛ ⎞
⎜ ⎟
⎝ ⎠

∫           (1.30) 

ijJ  and ijK are called Coulomb and Exchange integrals respectively. The Coulomb 

integral corresponds to the potential energy of the interaction between a given 

electron and the rest of the electron cloud. The Exchange integral will take care of 

the antisymmetric nature of the wavefunction with respect to the electron exchange.  

In Hartree-Fock theory, the inter-electronic interactions are taken into 

account using an average potential resulting single Slater determinant solution. 

Exact wave functions, however, cannot generally be expressed as single 

determinants. The single-determinant approximation does not consider Coulomb 

correlation, leading to a total electronic energy different from the exact solution of 

the non-relativistic Schrödinger equation. Therefore the Hartree-Fock limit is always 

above the exact energy. The difference between non-relativistic and Hartree Fock 

energy is called the correlation energy.  

The correlation energy ( Ecorr ) is given by, 

E = E Ecorr nonrel HF−                (1.31) 

Enonrel is the exact non-relativistic energy and EHF is HF energy. 



Chapter 1 

 11

[1.2.1.5] Basis Sets 

In the ab initio method, basis set is an approximation like several other 

approximations used for solving Schrödinger equation. A basis set is a set of 

functions which is used to describe the state of the molecular system. Usually these 

functions are atomic orbitals, which are expanded as a linear combination to create 

the molecular orbitals. When molecular calculations are performed, it is common to 

use a basis composed of a finite number of atomic orbitals, centered at each atomic 

nucleus within the molecule. For many electron system the orbitals can be replaced 

by Slater type orbitals (STO).5 The functional form of Slater Type Orbitals (STOs) 

is 

     1
, , , ,( , , ) ( , ) n r

p n l m l mr NY r e ζχ θ φ θ φ − −=                                             (1.32) 

Where Yl,m is the spherical harmonic function, and N is the normalization constant.  

It resembles the hydrogen like orbitals which is obvious from the exponential 

dependence on the distance between the nucleus and the electron. 

Even though STOs can well describe the state of many electrons system, the 

evaluation of integrals in terms of STO is computationally demanding. The Slater-

type orbitals could in turn be approximated as linear combinations of Gaussian 

orbitals6 which are easier to calculate the overlap and other integrals with Gaussian 

basis functions and this led to huge computational savings. 
 

  The Cartesian Gaussian Type Orbital (GTO) has the form: 

2
, , , ( , , ) lx ly lz r

p lx ly lz x y z Nx y z e ζχ −=                                             (1.33) 

where lx, ly and lz are integers and ζ is the orbital exponent. Though the use of 

GTOs makes the computation easier but they are functionally different from the 
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atomic orbital wave functions.  In particular, the Gaussian function lacks a cusp at 

the nucleus and hence the region near the nucleus is described rather poorly.   

So, the basis sets can be expressed linear combination of Gaussian-type orbitals 

(GTOs). The smallest of these are called minimal basis sets and they are typically 

composed of the minimum number of basis functions required to represent the state 

of the system. The STO-3G basis set is a minimal basis set, which uses 3GTOs 

(primitive Gaussian) to form the basis set. Depending upon the molecular system 

and properties, the basis set can be functionally modified. During the molecular 

bonding, it is the valance electrons which mainly take part in the bonding.  So, we 

have to represent the valance orbitals by more than one basis functions. This is 

called Split-Valance basis sets. The Split-Valance basis sets are typically M-NOg 

where M, N and O are integers. The presence of two numbers after the hyphens 

implies that this basis set is a split-valence double-zeta basis set. A double zeta (DZ) 

basis set contains two STOs that differ in the orbital exponent for each AO.  

Similarly, triple zeta (TZ) basis set has the form M-NOPg which uses three STOs for 

the construction of basis set.  The integers before and after hyphen (-) represents the 

number of primitive Gaussian function used to represent core and valance orbitals 

respectively. For example, the basis set 6-31G uses 6 primitive Gaussian function 

for representing core orbitals. The two digits after hyphen indicates that each 

valance orbitals are spitted into two basis function. The first one composed of a 

linear combination of 3 primitive Gaussian functions, the other composed of a linear 

combination of only 1 primitive Gaussian functions.  
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The shape of the orbital becomes more real when we add polarization functions to 

the basis set. This is done by the addition of orbitals with higher angular momentum 

than what is necessary to describe the ground state of an atom. For example, 

polarized basis set add f-function to transition metal atoms, d-function to C atoms 

and p-functions to H atoms. Basis set like 6-31G(d) means d-functions are added to 

the heavy atoms of the standard 6-31G basis sets. 

Another type of basis set, known as diffuse basis set. It allows orbitals to occupy 

large region of space. These Gaussian basis functions describe the molecules 

containing lone pair, anions or systems with low ionization potential where electrons 

are relatively farther from the nucleus. They are indicated as a ‘+’ sign. For example 

6-31 + G(d) basis set indicates that diffuse functions are added to the heavy atoms. 

The computational cost increases gradually while computing the molecules 

involving heavier atoms (third and higher rows of the periodic table) in comparison 

to first and second row atoms. This is because of increasing number of two electron 

integrals and the relativistic effects.  This could be overcome by the use of pseudo 

potentials or effective core potential.  Since, the valance electrons are mainly 

responsible for the chemical bonding so the core orbitals electrons could be treated 

as an average potential.  The state of valence electrons can be described by proper 

basis functions.  A commonly used pseudo potential is the Effective Core Potential 

(ECP)7 and is of the general form, 

ECP(r) 
2( )= i i

k
n r

i
i

C r e α−∑                       (1.34) 

where, k is the number of terms in the expansion, iC is a coefficient characteristic of 

each term, r is the distance from the nucleus, in  and iα is an exponent for i th term.  
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The use of ECP is found to be computationally very efficient, especially for 

transition metals, because it reduces the number of basis functions significantly.  

ECP also makes room for the incorporation of relativistic effects. 

 
[1.2.1.6] Electron Correlation 
 
The Hartree-Fock method is not capable of giving the correct solution to the 

Schrödinger equation even if a very large and flexible basis set is selected.8 The very 

best Hartree-Fock wave function, obtained with just such a large and flexible basis 

set, is called the "Hartree-Fock limit". The problem is that electrons are not paired 

up in the way that the Hartree-Fock method supposes. It suggests that the two 

electrons have the same probability of being in the same region of space as being in 

separate symmetry equivalent regions of space. For example, in H2 it would give the 

same probability of both electrons being near one atom as one being near one atom 

and the other near the second atom. This is clearly wrong. The Hartree-Fock method 

also only evaluates the repulsion energy as an average over the whole molecular 

orbital. There are three common methods which included electron correlation viz. 

Configuration Interaction,9 Møller-Plesset Perturbation theory,10 and Coupled 

Cluster Theory.11 These calculations are in principle HF calculations where the 

correlation term is corrected. 

 
 [1.2.1.6.1] Configuration Interaction  
 
Configuration interaction (CI) is a post Hartree-Fock linear variational method for 

solving the nonrelativistic Schrödinger equation. Configuration simply describes the 

linear combination of Slater determinants used for the wave function. Interaction 

means the mixing (interaction) of different electronic configurations (states). In 
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contrast to the Hartree-Fock method, in order to account for electron correlation, CI 

uses a variational wave function that is a linear combination of configuration state 

functions (CSFs) built from spin orbitals (denoted by the superscript SO),  

0 0 0
0 0 1 1

0
....S S S

I I
I

c c cψ
=

= Φ = Φ + Φ +∑                                                    (1.35)                                  

where Ψ is usually the electronic ground state of the system. If the expansion 

includes all possible CSFs of the appropriate symmetry, then this is a full 

configuration interaction procedure which exactly solves the electronic Schrödinger 

equation within the space spanned by the one-particle basis set. The configuration 

function in a CI calculations are classified as singly excited (CIS), doubly excited, 

triply excited, …., according to whether 1, 2, 3, … electrons are excited from 

occupied to unoccupied orbitals.  CIS calculation is the most common way to get 

excited state energies.  In the case of single and double excitation (CISD) 

calculations, it yields a ground state energy that has been corrected for correlation.  

However, full CI calculations needs high computational power even for small 

molecule.  

 
[1.2.1.6.2] Møller-Plesset Perturbation Theory  
  
Møller-Plesset Perturbation Theory is a post HF ab initio method. It improves the 

HF method by adding electron correlation effects using perturbation theorem. Here, 

the sum of the one electron HF operator as the unperturbed Hamiltonian ( ˆ
0Η ). 

(m)ˆ = F
n

m
0Η ∑               (1.36) 
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The unperturbed Hamiltonian operator ˆ
0Η is extended by adding a small 

perturbation 'H . 

'ˆ ˆ= Hλ0Η Η +                                   (1.37) 

'Hλ  is the perturbation where λ  is a dimensionless parameter.  

From Rayleigh-Schrödinger perturbation theory we have, 

(0) (1) 2 (2) ...λψ ψ λψ λ ψ= + + +…                                                             (1.38) 

(0) (1) 2 (2) ...E E E Eλ λ λ= + + +…                                                          (1.39) 

Substituting (1.37), (1.38), and (1.39) in the Schrödinger equation, we obtain 

' (0) (1) 2 (2)ˆ )( ....)Hλ ψ λψ λ ψ0(Η + + + + =  

               (0) (1) 2 (2) (0) (1) 2 (2)( .)( ....)E E Eλ λ ψ λψ λ ψ+ + + + + +…                         (1.40)               

Gathering terms having similar power, we get equation 

0 0 0
ˆ Eψ ψ0Η =                                                                                                         (1.41) 

' (1) (0) (0) (1)
0( ) ( ) 0H E H Eψ ψ− + − =                                                                      (1.42) 

Solving this equation we get first order correction to the energy (1)E  and wave 

function (1)ψ . 

(0) ' (1)
1 | |E Hψ ψ= 〈 〉                                                                                             (1.43) 

'
(1) | |j i

j
j i i j

H
E E

ψ ψ
ψ ψ

≠

〈 〉
=

−∑                                                                                     (1.44) 

The energy correction in MP theory can be taken as various orders like 1st order 

(HF), 2nd order (MP2), 3rd order (MP3) and so on when the series (1.38) and (1.39) 

are cut after first, second, third order and so forth. 



Chapter 1 

 17

[1.2.2] Semi-empirical Methods1,2 
 
Semi-empirical methods are simplified version of Hatree-Fock (HF) theory using 

empirically parameters derived from experimental data in place of integrals in order 

to improve the performance. Different semi-empirical methods differ in the details 

of the approximation and in particular in the values of the parameters. 

These methods can be classified into two categories: those using a Hamiltonian that 

is the sum of all one electron terms, and the others that includes two-electron terms 

in addition to one electron terms. Methods like Hückel and Extended Hückel (EH) 

fall under the former category, where as MNDO,12 AM1,13 PM314 etc. fall under the 

latter category. The simplest among these methods, the Hückel Molecular Orbital 

(HMO) theory,15 developed in 1930’s. The HMO theory uses fundamental basis set 

of valance electrons in addition to the undefined one electron energy operator.  

Methods which include two electron integrals are based on the HF approach where 

as those involving one electron integrals are of different type is discussed in the 

following sections. 

 
[1.2.2.1] Extended Hückel Method16 
 
The Extended Hückel (EH) Theory explicitly includes all the overlap integrals 

between the atomic orbitals and systemic guesses for the elements of the 

Hamiltonian matrix. The Hamiltonian includes all the valence electrons which are 

the sum of all one electron Hamiltonians. The nuclei and electron-electron 

interactions are ignored in this method. 

( )ˆ =
n

val eff
i

iΗ Η∑              (1.45) 
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The basis set used is the Slater type orbitals and MOs are approximated as linear 

combinations of the valence atomic orbitals: 

= 
n

i ri r
r

C fφ ∑              (1.46) 

 

( )ˆ =eff i i ii φ ε φΗ              (1.47) 

 
Here, the total energy is taken as the sum of the one electron energies 

 

valE =
n

i
i

ε∑              (1.48) 

The secular determinant is obtained after applying the variation theorem on the trial 

function from which the MO coefficients can be determined: 

= 0eff
rs i rsSεΗ −                        (1.49) 

)= 0
n

eff
rs i rs

s
Sε(Η −∑   r =1, 2, …                           (1.50) 

EH theory includes overlap integrals ( rsS ) 

for r = s , = =eff eff
rs rr r eff rf fΗ Η Η                       (1.51) 

when r ≠ s , 1= k( )
2

eff eff eff
rs rs rr rsSΗ Η + Η                      (1.52) 

where, k is a numerical constant.  eff
rsΗ  and eff

rrΗ are usually negative, as a result, 

eff
rsΗ  in equation (1.50) is also negative.  The difference of EH with simple Hückel 

theory is that, eff
rsΗ is non-zero for all pairs of orbitals unless rsS  vanishes for 

symmetry reasons.   

The total energy (Equation 1.48) is the sum of the orbital energies.  In EH method, 

the results are fairly accurate even though the electron-electron and nuclear-nuclear 



Chapter 1 

 19

repulsions are not included. It fails to give accurate results for the polar compounds.  

Even though the results are not quantitative, it provides good qualitative results in 

understanding many chemical problems.  Walsh diagram and fragment molecular 

orbital (FMO) analysis are can be done qualitatively using EH calculations. 

There are several other semiempirical methods like CNDO,1,2 INDO,1,2 NDDO,1,2 

MINDO,17  etc, which includes overlap and electron-electron repulsion integrals to 

some extent.   

 
[1.2.3] Density Functional Theory 18 

 

The premise behind Density Functional Theory (DFT) is that the chemical properties 

of a molecule can be determined from the electron density instead of a wave 

function. The original DFT theorem (Hohenberg-Kohn theorems)18c,e applied only to 

finding the ground-state electronic energy of a molecule. A practical application of 

this theory was developed by Kohn and Sham who formulated a method similar in 

structure to the Hartree-Fock method. In this formulation, the electron density is 

expressed as a linear combination of basis functions similar in mathematical form to 

HF orbitals. A determinant is then formed from these functions, called Kohn-Sham 

orbitals. It is the electron density from this determinant of orbitals that is used to 

compute the energy. 

The first Hohenberg-Kohn (HK) theorem says that any ground state property of a 

molecule is a functional of the ground state electron density function, e.g. for the 

energy 

[ ]0 0 0E = E ρ                         (1.53) 
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where, the zero (0) subscript indicates ground state.  So, the Hamiltonian in this case 

is 

2 ( )
1 1ˆ =
2 i

N N N N

i
i i j i j ij

r
r

υ
>

Η − ∇ + +∑ ∑ ∑∑G                             (1.54) 

where, ( )irυ G  is the potential energy of interaction between electron and nuclei, called 

as external potential and expressed as 

( )=i

N

i

r
Z
r

α

α α

υ − ∑G                     (1.55) 

The number of electrons, ( n ) can be determined from 0 ( )rρ as 

( )  = t r dr nρ∫              (1.56) 

0 0[ ] [ ]v tE p E p≥                                                                             (1.57) 

The second Hohenberg-Kohn theorem says (equation 1.55 and 1.56) that any trial 

electron density function [ ( )t rρ ] will give an energy higher than (or equal to, if it 

were exactly the true electronic density function) the true ground state 

Since, [ ]0 0 0E = E ρ  where 0ρ  is true ground state electron density, the true ground 

state electron density minimizes the energy functional, [ ]( )E t rυ ρ . 

The first Kohn-Sham (KS) theorem18f describes that it worth looking for way to 

calculate molecular properties from the electron density. The energy calculated from 

this theory is not an accurate as it involves an unknown approximated functional.  

The accuracy of this method depends on the quality of the unknown functional 

called exchange-correlation functional, [ ]0E xc ρ .   

[ ] [ ] [ ]0 0 0E = xc eeT Vρ ρ ρ∆ + ∆                       (1.58) 
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The T∆  term represents the kinetic correlation energy of the electrons and the 

eeV∆ term the potential correlation energy and the exchange energy.  The functional 

derivatives of E xc is the exchange-correlation potential 

[ ]0

0

( )
( )

( )

E
= xc

xc

r
r

r
V

δ ρ
δρ

                       (1.59) 

Inclusion of variational principle in Hohenberg-Kohn first theorem, we get the 

second theorem of Hohenberg-Kohn  

[ ] [ ] [ ] [ ]( ) 0 ( ) 0( ) ( ) ( ) ( ) ( ) ( )E = Ev r ee v rr r r r r rT V drρ ρ ρ ρ υ ρ+ + ≥∫         1.60) 

Considering the effect of external potential sV , the energy become 

                 

                                                                                                                              (1.61) 

 

[1.2.3.1] Local Density Approximation  
 

The key to the success of DFT lies in the approximations made for exchange 

correlation functional. The local Density Approximation (LDA) is one of the 

simplest approximations for getting a good exchange correlation functional. It is 

applied to a uniform (homogenous) electron gas (or one in which the electron 

density 0 ( )rρ varies only very slowly with position). When 0ρ  varies with position 

extremely slowly, then [ ]0 0E ρ can be expressed as, 

[ ]0 0 0( )E = [ ]LDA LDA
xc xcr dρ ρ ε ρ τ∫                      (1.62) 

0[ ]xcε ρ  is the exchange and correlation energy per electron in a homogenous 

electron gas with 0ρ electron density.  The functional derivative of [ ]0ELDA
xc ρ gives 

[ ] [ ] [ ] [ ] [ ] [ ] [ ]( ) 0( ) ( ) ( ) ( ) ( ) ( ) ( )E = ( ) Es s s s s s v rr r r r r r rT V d T V dρ ρ ρ τ ρ ρ ρ τ ρΨ + Ψ + + Ψ Ψ ≥∫ ∫
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[ ]0
0 0( ) ( )

E ( )= = [ ]
LDA LDA
xcLDA LDA xc

xc xc r rV
δ ρ ε ρε ρ ρ

δρ ρ
∂

+
∂

        (1.63) 

Here, xcε is the sum of exchange and correlation energy 

0 0 0( )= ( ) ( )LDA LDA LDA
xc x cε ρ ε ρ ε ρ+           (1.64) 

Similarly, 

E = E ELDA LDA LDA
xc x c+             (1.65) 

 
[1.2.3.1.1] Local Spin-Density Approximation  
 
In this Approximation the electrons of α and β spin in the uniform electron gas are 

assigned different KS orbitals ψα
KS and ψβ

KS where as in the LDA approximation the 

electrons of α and β spin paired with each other and occupy same spatial KS orbital.  

This unrestricted LDA method is called the local spin density approximation, LSDA, 

and has the advantages that it can handle systems with one or more unpaired 

electros. For species, in which the all the electrons are paired, the LSDA is 

equivalent to LDA. 

 
[1.2.3.2] Generalized Gradient Approximation  
 
This is found to be one of the best approximations for the exchange correlation 

functional. In this approximation, they consider, the electron density of an atom or 

molecules varies significantly form positions to positions. Nowadays, most DFT 

calculations use exchange-correlation energy functional Exc that not only involve the 

LSDA, but also utilize both the electron density and its gradient. These functional 

are called gradient-corrected or said to use the generalized-gradient approximations 

(GGA). The considered exchange correlation function is  
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0 0 0 0 0 0( ) ( ), ( ), ( )E , = ( , )GGA
xc r r r rf dα β α β α βρ ρ ρ ρ ρ ρ τ∇ ∇⎡ ⎤⎣ ⎦ ∫        (1.66) 

where, f  is a function of spin densities of electrons and their gradients.  The 

exchange correlation energy can be written as 

E = E EGGA GGA GGA
xc x c+                        (1.67) 

The most commonly used gradient-corrected-correlation-energy functionals are the 

Lee-Yang-Parr (LYP)19 functional, Perdew-Burke-Ernzerhof (PBE)20 exchange and 

correlation functional, Vosko-Wilk-Nusani functional (VWN),21 Becke 8822 

correlation functional. One of the most frequently used density functional theory is 

hybrid density functional (HF-DFT) method. It uses the exchange and correlation 

functionals as a linear combination of HF, local and gradient corrected functionals. 

One of the most regularly used hybrid HF-DFT method is B3LYP. 

The computations carried out for the work embedded in the chapters 2, 3, 4 and 5 

are done at hybrid HF-DFT method, B3LYP, based on Becke’s three-parameter 

functional including Hartree-Fock exchange contribution with a non-local correction 

for the exchange potential proposed by Becke together with the non-local correction 

for the correlation energy suggested by Lee et al.  
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[1.3] Outline of the Thesis 
 
The remaining four chapters are discussed briefly. Second chapter discusses the 

structure, bonding and relative stabilities of the group 13 incorporated icosahedral 

and pentagonal-bipyramidal boranes. Further their condensation through single atom 

sharing and binuclear metallocenes is presented.  The condensed single atom sharing 

polyhedral boranes discussed in the second chapter is extended to the four atom 

sharing condensed system in the third chapter. Here, we explain the structure and 

bonding of the condensed four atom sharing (B20H16) of the two icosahedral 

(B12H12
2-) units and comparisons are made vis-à-vis with the edge sharing (C10H8) of 

the two benzene units. The electronic requirements of these condensed structures are 

well understood by mno Rule. The metallaboranes studied in the second chapter and 

benzene, naphthalene as a part of the third chapter lead us to study the C-H bond 

activation process in presence of transition metal complexes in the fourth chapter. In 

the fifth chapter we explain the unusual shortness of the bond length in several main 

group and transition metal compounds on the basis of their π-alone bonding.  
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 [1.3.1]   Chapter 2: Reversal of Stability on Metalation of Pentagonal 

Bipyramidal (1-MB6H7
2

, 1-M-2-CB5H7
1- and 1-M-2,4-C2B4H7) and 

Icosahedral (1-MB11H12
2-

, 1-M-2-CB10H12
1-

 and 1-M-2,4-C2B9H12) 

Boranes (M=Al, Ga, In and Tl): Energetics of Condensation and 

Relationship to Binuclear Metallocenes 
 

The pentagonal-bipyramid (1) and the icosahedron (2) are the two related polyhedra 

that dominate the chemistry of polyhedral boranes.  The icosahedral boranes are 

usually considered to be the most stable among the polyhedral boranes.  The 

pentagonal-bipyramidal closo-borane B7H7
2- (1), in contrast, is highly reactive.  

However this difference in reactivity appears to be altered with the substitution of one 

of the vertices by a heavier group 13 metal.  

We show here that the usual assumption of the extra stability of icosahedral boranes 

(2) over pentagonal-bipyramidal boranes (1) is reversed by substitution of a boron 

vertex by a group 13 metal. This preference is a result of the geometrical requirements 

for optimum overlap between the five membered face of the ligand and the metal 

fragment as they all obey the mno Rule. Isodesmic equations calculated at the 

B3LYP/LANL2DZ level indicate that the extra stability of 1-M-2,4-C2B4H7 (1) varies 

from 14.44 kcal/mol (M = Al) to 15.30 kcal/mol (M = Tl).  Similarly, M(2,4-

C2B4H6)2
1- (5) is more stable than M(2,4-C2B9H11)2

1- (6) by 9.26 kcal/mol (M = Al) 

and by 6.75 kcal/mol (M = Tl). The preference for (MC2B4H6)2 (8) over (MC2B9H11)2 

(9) at the same level is 30.54 kcal/mol (M = Al), 33.16 kcal/mol (M = Ga) and 37.77 

kcal/mol (M = In). The metal-metal bonding here is 
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(1) (2)

(9)

B7H7
2-
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2-

[M(C2B9H11)]2
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3
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9
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1

2
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2
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(3)

(4)
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[C2B4H6]2-
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(5) (6)

[M(C2B4H6)2]- [M(C2B9H11)2]-

(7)
Cp-Zn-Zn-Cp

Zn
Zn

7

10

12

 

 

comparable to those in CpZn-ZnCp (7) and H2M-MH2 (M= Al, Ga, and In). The 

trend that group 13 metals prefer pentagonal-bipyramidal skeleton, rather than an 

icosahedron, is well explained by the orientation of the π-orbitals of the ring in both 

cases. In B7H7
2-, the π MOs of the B5H5 ring will span too large an area to have 

optimum overlap with the MOs of the two BH fragments. A B4H4 ring or caps with 
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more diffuse orbitals would have been better suited for such interaction. Thus, the B-

H bonds of the B5H5 ring would bend out of the B5 plane, rehybridizing the orbitals 

so that the larger lobe is directed toward the group with more diffuse orbitals. The 

overlap of fragment MOs in B11H11
2- requires rehybridization for better overlap with 

the metal atom. This leads to the distortion of exo-polyhedral B-H bonds farther 

away from the metal so that there is a better orbital match.  The overlap between 

ring π-orbitals and the cap orbitals is improved by the out-of-plane bending of ring 

hydrogens.  The five-membered ring of a pentagonal-bipyramid makes better 

overlap with the diffuse orbital of metals more effectively than that of an 

icosahedron. Five-membered faces of the C2B4H6 ring can be more easily brought 

together to form a sandwich because the B-H and the C-H bonds of the five-

membered rings are bent away from the central metal atom. This explains the 

relative stability of the single-atom sharing complexes involving C2B4H6 over their 

icosahedral analogues. 

 
[1.3.2] Chapter 3: Condensed 2- and 3-Dimensional Aromatic 

Systems: A Theoretical Study on the Relative Stabilities of Isomers 

of CB19H16
+, B20H15Cl and B20H14Cl2 and Comparison to B12H10Cl2

2-, 

C6H4Cl2, C10H7Cl and C10H6Cl2  

 
Benzene and B12H12

2- are important prototypes of two- and three-dimensional 

aromatic compounds in the carbon and boron families.  Condensation of two 

benzenes sharing an edge gives naphthalene, which has a well-developed chemistry 

of its own.  The properties  
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of benzene and naphthalene are contrasted frequently in the early days of 

aromaticity.  The variation of aromaticity and reactivity has been especially noted.  

In contrast, the chemistry of condensed polyhedral borane is only being developed.  

Among the possible condensation products of B12H12
2- (1), such as the edge sharing 

B22H20
2- (2), face sharing B21H18

¯ (3) and four-atom sharing B20H16 (4) (Scheme 1),  

 

 

 

 

 

 

 

 

 

 

 

the latter is synthesized and characterized.  Though B20H16 is one of the borane 

equivalent of naphthalene, there is limited information available on B20H16.  A major 

part of the development in the chemistry of polyhedral boranes came from the study 

of carboranes.  While borane cations are not common, we compare here the isomers 

of C2B10H12 and CB19H16
+.  We find that such cross comparisons between two and 

three dimensional structures are useful for understanding their chemistry. 

2 
Edge sharing B22H20

2- 

                  3 
    Edge sharing B21H18

1- 

4 
    Edge sharing B20H16 

1



Chapter 1 

 29

We also study here the structure and stability of the chloroderivatives of B12H12
2- 

and of the condensed product B20H16 and compare them to their benzenoid 

counterparts.   

Our DFT studies (B3LYP/6-31G*) on mono- and dichloroderivatives of benzene, 

naphthalene, B12H12
2-, four atom sharing condensed systems B20H16, and mono-

carborane isomers of B20H16, are used to compare the variation of relative stability 

and aromaticity between condensed aromatics.  The trends in the variation of the 

relative energies and aromaticity in these 2- and 3-Dimensional systems are similar.  

Aromaticity, estimated by NICS values, does not change considerably with 

condensation or substitution.  The minor variation in the relative energies of the 

isomers of chloro derivatives are explained by the topological charge stabilization 

rule of Gimarc.  The compatibility of cap and ring orbitals decides the relative 

stability of CB19H16
+. 

 
[1.3.3] Chapter 4: The Intra-molecular Activation of Cβ -H Bond by 

Transition Metal Complexes 
 
The activation of inert C-H bonds by a transition metal is of fundamental interest for 

stoichiometric and catalytic reactions particularly for functionalization of 

hydrocarbons. The development of catalytic variants of these high barrier reactions 

allows for efficient syntheses of many types of organic molecules. Binding a 

transition metal to the C-H bond is the first step in the activation of C-H bonds 

which leads to the formation of agostic complexes. This is considered to be 

important especially for α- and β-hydride elimination reactions.  
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Scheme 1 
 

In this chapter, we attempt to find factors that distinguish the process of C-H bond 

activation as a function of the transition metal. In addition, we compare agostic 

complex formation and β-hydride addition reactions catalyzed by transition metal 

complexes along the groups and across the row of a periodic table. We predict based 

on their relative stabilities whether a given metal complex will be suitable for a 

polymerization reactions or β-hydride elimination reactions. 

 The Cβ-H bond activation process is studied in greater detail using two model set of 

complexes. The neutral first row complexes are modeled by Sc(Cp)2Et, 

TiCpEt(PH3)2, VCpEt(NO), Cr(PH3)2CpEt, MnEt(PH3)4, FeEt(PH3)2NO, CoC6H6Et, 

and Ni(Cp)Et and the cationic first row complexes by  [ScCp(C6H6)Et]+
,
 

[TiCpEt(NO)]+, [V(Cp)Et(PH3)2]+, [Cr(Cp)2Et]+, [MnEt(PH3)2NO]+, [FeEt(PH3)4]+, 

[CoCpEt(PH3)]+, and [Ni(C6H6)Et]+. The combination of ligands used around the 

metal centre is from the group Cp, C6H6, -PH3, and –NO ligands.  Same model 

complexes are studied for their corresponding group metals. The three possible 

species involved in the bond activation reaction are Metal-ethyl (Met), Metal-agostic 

(Mag) and Metal-ethylene-hydride (Meh) (Scheme 1).  
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It has been noticed that as we move from left to right across the periodic table, the 

metal atomic energy levels increase but proper combination of ligands prevents the 

usual trend. As a result the LUMO of the unsaturated metal-ethyl complex comes 

within the range of interaction for C-H σ-bonding MO and this complex gets 

stabilized by forming an agostic metal complex. It is possible to fine tune ligands in 

transition metal complexes so that metal LUMO energy is brought down to interact 

with the C-H σ-bonding MO. We conclude that any transition metal could be 

capable of activating the C-H bond if the proper combinations of ligands are 

provided. 

 
[1.3.4] Chapter 5: Bond Length and Bond Multiplicity: σ Bond 

Prevents Short π Bonds 
 
The concept of σ-, π- and δ-bonds is ingrained into the thought process of chemists. 

The cylindrically symmetrical σ-bond is traditionally estimated to be stronger than 

the π-bond, which in turn is stronger than the δ-bond. The linear overlap of orbitals 

in the σ-bond is supposed to be more effective than the sideways overlap available 

in the π- and δ-bonds [Scheme 1a]. Closely related to the discussion of σ-, π- and δ-

bonds and their bond strengths is the issue of bond length. The decrease of bond 

length in going from a single σ-bond to multiple bonds involving σ and π 

components are exemplified by H3C-CH3, H2C=CH2, and HC≡CH with C-C bond 

length of 1.538Å, 1.338Å and 1.203Å, respectively. In transition metal chemistry 

there are the familiar examples of short M-M quadruple bonds constituted from one 

σ-, two π-, and one δ-bonds as in Re2Cl8
-2 of 2.240 Å.

  Very recently (Angew. Chem. 
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Int. Ed. Volume 46, Page No 1469-72) Roos et. al concludes that the maximum 

number of covalent chemical bonds between two shared atoms will be six.  To find 

the molecules with the highest bond order, they theoretically studied the transition 

metal dimers of chromium (Cr2), molybdenum (Mo2) and tungsten (W2) 

respectively. They predict the maximum number of chemical bonds will be six 

because the atoms of these transition metals have six outer, or ‘valence’ orbitals, all 

of which are available for bonding. The Corresponding short M-M bond distances 

are 1.66 1.95 and 2.01 Å for Cr2, Mo2 and W2 respectively. So, the bond length 

decreases as their bond order increases. 

π δσ

  (c) Bent bonding  in cyclopropane

(b) π−MOs of Fe2(CO)6

Overlap of orbitals corresponding to σ, π and δ MOs

 

 

However the variation of orbital overlap as a function of internuclear distance 

(Figure 1) shows that maximum overlap occurs at shorter distances for π- and δ-

bonds. It is therefore logical to anticipate that π-bonds (unsupported by an 
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underlying σ-bond) could be shorter than σ-bonds. We present here several such 

examples and conclude that σ-bonds prevent π-bonds from getting to their natural, 

shorter interatomic distances. Here, we have used DFT theory for analyzing main 

group and transition metal compounds in greater detail. First row diatomics provide 

examples where π-orbitals are filled before σ. The diatomic C2 (1.240 Å, Scheme 

2a) has a ground state 1Σg
+ with a double bond,  

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Variation of orbital overlap (sij) as a function of internuclear distance (rij) 

using contracted Gaussian orbitals corresponding to a minimal basis of Fe.   

 
both components of which are π-bonds. A triplet state obtained by shifting [Scheme 

2b] one of the electrons from the π-bonding MO of C2 to the vacant σ-bonding MO 

should increase the C-C distance (3Πu, 1.313 Å, Scheme 2b). Another triplet state 

(3Σg
+) obtained by shifting another electron from π to σ-level elongates the bond to 
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1.370 Å (Scheme 2c). This led to the conclusion that π4 (1∑+) configuration has 

uniformly shorter Re than their π3σ1 (3∏) counterparts by 0.073 Å. Corresponding 

bond lengths for the π2σ2 (3Σg
+) species are seen to increase by an additional 0.13Å. 

Similarly, the diatomic B2 (Scheme 2d) has a ground state 3∑-
g

 (σg
2σu

2πu
2) with two 

half π-bonds. The B-B distance (Scheme 2d, 1.590 Å) in B2 is shorter than any B-B 

single (~1.706 Å) σ- bond. 

 

Scheme 2:  Experimental bond lengths of C2 (a) 1∑g
+

, (b) 3∏u , and of B2  (d) 3∑g¯ . 

Bond length of C2 (c) 3Σg
+ is obtained from calculations at B3LYP/6-311+G* method. 

 
We have found similar examples in the transition metal complexes too. Our detailed 

electronic structure calculation on the transition metal compound, Fe2(CO)6,  

explains the unusual shortness of Fe-Fe bond (Fe-Fe=2.002 Å) on the basis of their 

π-alone bonding. Our detailed study on the second and third row diatomics and 

transition metal complexes shows that π-bonds left to themselves are shorter than σ-

bonds; in many ways σ-bonds prevent π-bonds from adopting their optimal shorter 

distances. 
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CHAPTER 2 
 
 

REVERSAL OF STABILITY ON METALATION OF PENTAGONAL BIPYRAMIDAL (1-

MB6H7
2-

, 1-M-2-CB5H7
1- AND 1-M-2,4-C2B4H7) AND ICOSAHEDRAL (1-MB11H12

2-
, 

1-M-2-CB10H12
1-

 AND 1-M-2,4-C2B9H12) BORANES (M=Al, Ga, In AND Tl): 

ENERGETICS OF CONDENSATION AND RELATIONSHIP TO BINUCLEAR 

METALLOCENES   
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[2.0] Abstract 

 
The usual assumption of the extra stability of icosahedral boranes (2) over pentagonal-

bipyramidal boranes (1) is reversed by substitution of a vertex by a group 13 metal. This 

preference is a result of the geometrical requirements for optimum overlap between the 

five membered face of the ligand and the metal fragment. Isodesmic equations 

calculated at the B3LYP/LANL2DZ level indicate that the extra stability of 1-M-2,4-

C2B4H7 varies from 14.44 kcal/mol (M = Al) to 15.30 kcal/mol (M = Tl).  Similarly, 

M(2,4-C2B4H6)2
1- is more stable than M(2,4-C2B9H11)2

1- by 9.26 kcal/mol (M = Al) and 

by 6.75 kcal/mol (M = Tl). The preference for (MC2B4H6)2 over (MC2B9H11)2 at the 

same level is 30.54 kcal/mol (M = Al), 33.16 kcal/mol (M = Ga) and 37.77 kcal/mol (M 

= In). The metal-metal bonding here is comparable to those in CpZn-ZnCp and H2M-

MH2 (M= Al, Ga, and In). 
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[2.1] Introduction 

 
The pentagonal-bipyramid (1) and the icosahedron (2) are the two related polyhedra that 

dominate the chemistry of polyhedral boranes.  The icosahedral boranes are usually 

considered to be the most stable among the polyhedral boranes.  The pentagonal-

bipyramidal closo-borane B7H7
2- (1), in contrast, is highly reactive.1  However this 

difference in reactivity appears to be altered with the substitution of one of the vertices 

by a heavier group 13 metal.  During the last three decades several molecules 

isoelectronic with BnHn
2- (n=7, 12), containing one or two heteroatoms other than 

carbon in the cage, have been prepared.1-6 These include metallacarboranes involving 

heavier elements of the boron group.  Early examples of the group 13 closo-

metallacarboranes, especially in the smaller cage, such as the galla- and inda-carboranes 

[closo-1-CH3-1,2,3-MC2B4H6(M=Ga and In)] were synthesized by Grimes and 

coworkers.3b These complexes have varying distortions from the pentagonal-

bipyramidal geometry, but the metal occupies the apical position above the open 

pentagonal face of the carborane.  The most common distortion of the metal in 1-M-2,4-

C2Bn-3Hn (n=7, 12) is along the pseudo-mirror plane of the molecule, toward the unique 

boron atom. Several similar structures, 1a-n, are characterized over the years with one 

Al, Ga or In in place of boron and these are tabulated here (Table 1).   

In contrast there is less information is available on the icosahedral structures with group 

13 metals, although the first structure of a group 13 metallacarborane in the icosahedral 

system (2), [1-R-1,2,3-AlC2B9H11 (R=CH3, C2H5)], was reported by Hawthorne and 

coworkers in 1970.4  Structures 2a-g (Table 1) form the characterized members of this 
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family.  Metallaborane structures with pentagonal-bipyramidal skeleton are more 

common than those with the icosahedral skeleton.  While this may be the result of a 

greater synthetic effort towards the pentagonal-bipyramidal skeletons, is there in 

addition a thermodynamic preference?  We have reasons to expect so and this is, in part, 

the motivation to undertake the present study. 

Table 1:  Experimentally characterized structures of Pentagonal-bipyramidal and Icosahedral 

metallaboranes and carboranes (from Cambridge Structural Database3a) with one of the vertices 

substituted by heavier group 13 elements.  

 

The term dicarbollide was introduced by Hawthorne to describe the nido-C2B9H11
2- 

anion, indicating the bowl-like shape. The nido-C2B4H6
2- (3) and -C2B9H11

2- (4) 

Molecular formula Ref. Molecular formula Ref. 

1. M(R)-C2B4H6 

a) Ga(CH3)-2,3-C2B4H6 

b) Ga(CMe3)-2,3-(CSiMe3)2B4H4 

(c) Ga(CMe3)-2,4-(CSiMe3)2B4H4 

d) Ga(C10N2H8)(tBu)-2,3-(CSiMe3)2B4H4. 2C6H6 

e) Ga(C10N2H8)(tBu) -2,4-(CSiMe3)2B4H4. 2C6H6 

f) Ga(C8N4H6)(tBu)-2,4-(CSiMe3)2B4H4 

g) Ga(Cl)(CH2NMe2)2-2,3-(CSiMe3)2B4H4.C6H6 

h) Ga(Cl)(CH2NMe2)2-2,4-(CSiMe3)2B4H4.C6H6 

i) In(CH3)-2,3-C2B4H6 

j) In(CHMe2)-2,3-(CSiMe3)B4H4 

k) In(CHMe2)-2,4-(CSiMe3)B4H4 

l) In(C10N2H8)(CHMe2)-2,3-(CSiMe3)2B4H4 

m) In(C10N2H8)(CHMe2)-2,4-(CSiMe3)2B4H4 

n) In(C8N4H6) (CHMe2)-2,3- (CSiMe3)2B4H4 

2. M(R)-C2B9H11 

a) Ga(C2H5)-2,3-C2B10H11 

b) [Al (Me) B11H11]2-. [AsPh3]2 

 

 

3b 

3c 

3d 

3d 

3d 

3d 

3e 

3e 

3b 

3f 

3c 

3c 

3c 

3d 

 

3g 

3h 

 

c) Al(Me)-2,3-C2B9H11 

d) Al(C2H5)-2,3-C2B9H11 

e) Al(Me)2-2,3-C2B9H11 

f) Al(Et)(PEt3)2-2,3-C2B9H11 

g) Tl-2,3-C2B9H11. PPh3
 

5. M(C2B4H6)2 

a) Ga[(2,3-CSiMe3)2B4H4]2
-

[Na(TMEDA)2]+ 

b) Ga[(2,4-CSiMe3)2B4H4]2
-

[Na(TMEDA)2]+ 

6. M(C2B9H11)2 

a) Ga[2,3-C2B9H11]2
1- Tl+ 

b) Al[2,3-C2B9H11]2
1- 

8. C2B4H6-M-M-C2B4H6 

a) [Ga-(2,4-(CSiMe3)2B4H6]2 

 

[1-C(Ph)B6H6]1-[N(Et)4]1+ 

[1-CB5(I)2H4]1-[P(Ph)4]1+ 

 

3g 

3i 

3i 

3j 

3k 

 

3e 

 

3e 

 

 

3j,3l 

3j 

 

12 

 

3m 

3n 
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carborane ligands have been compared to Cp¯ so that metallocene like structures 

C2B4H6MC2B4H6
1- (5) and C2B9H11MC2B9H11

1- (6) are expected to be stable.  Several 

derivatives of 5 and 6 are known and Table 1 provides well characterized examples 

which can be considered as condensed products from structure 1 and 2, respectively.  

While the well known Wade’s n+1 skeleton electron pair rule is applicable to 1 and 2, it 

is outside of its realm for 5 and 6.7 Electron-counting rule that applies equally well for 

metallocenes, metallacarboranes and condensed polyhedral boranes has been introduced 

by us.8 According to this rule, commonly known as Jemmis Rule, where m is the 

number of polyhedra, n is the number of vertices and o is the number of single-vertex-

sharing condensation structures with m+n+o skeletal electrons are extra stable.  Thus 

for structure 5, we have m=2, n=13 and o=1 so that 16 electron pairs are required for 

skeleton bonding. The number of electron pairs in 5a (Table 1), for example, is 15.5 (8 

from 8 BH groups, 6 from 4 CH groups and 1.5 from the Ga) so that the complex has a 

negative charge. Similarly, the Jemmis Rule stipulates 26 electron pairs for 6. A 

negative charge is required to meet the target as found experimentally.  Here also we 

would like to see any inherent preference, if any, for this.   
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Another connection between metallaboranes and metallocenes is brought to attention by 

the recent synthesis of Me5C5-Zn-Zn-C5Me5 (7), which are commonly called binuclear 

metallocenes.9   This is indeed a new development in metallocene chemistry of the main 

group, but main group metallacarboranes have a similar precedent.    In general, 

compounds having bonds between two Ga atoms or other heavier group 13 elements are 

rare. There are a few classical inorganic compounds with Ga-Ga bond such as Ga2Br3, 

[GaC(SiMe3)3]4 and Ga2R4 [R=(Me3Si)2CH, 2,4,6-iPr3C6H2, and 2,4,6-(CF3)3C6H2)]  

known for some time.10  In 1995, Hosmane and coworkers synthesized a novel class of 

compounds (8) where Ga-Ga bond is stabilized by two 2,4-dicarba-nido-hexaborate(2-) 

carborane ligands.11  This is an equivalent of CpZn-ZnCp (7).  We compare the metal-

ligand and metal-metal bonding in the binuclear metallocenes and binuclear 

metallacarboranes.  There are no equivalent metal-metal bonded icosahedral structures. 

We search here for reasons, if any, that prevent the formation of such species. 

The group 13 metallacarboranes serve as useful reagents for the introduction of 

carborane cage moieties.12  The high reactivity of the aluminacarborane coupled with 

their excellent solubility in organic solvents have led to their potential usefulness as 

transmetalation reagents.  The insoluble thallacarboranes13 are highly valued as 

synthetic reagents.  The present study on the structure and bonding compliments the 

experimental study of carboranes in relation to nano carborarods and bundles.14 Our 

focus is on the differential effect of a group 13 element as a cap on the icosahedral and 

pentagonal-bipyramidal cage systems. 
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[2.2] Computational Details 

 All the polyhedral structures of molecular formula HM-BnHn-1
2-, HM-2CBn-2Hn-1

1- HM-

2,4-C2Bn-3Hn-1, 2,4-C2Bn-3Hn-1-M-2,4-C2Bn-3Hn-1, and  2,4-C2Bn-3Hn-1-M-M-2,4-C2Bn-3Hn-

1 [where n= 7, 12 and M=B, Al, Ga, In and Tl] are optimized at B3LYP method using 

LANL2DZ basis set.15a  This uses well-known three parameters functional of Becke’s 

including Hatree-Fock exchange contribution with non local corrections for exchange 

potential together with non local correction for the correlation energy suggested by Lee, 

Young and Parr.15b-c In addition, we have used 6-31G* basis set for compounds having 

aluminum and gallium. All calculations were carried out using the Gaussian 03 program 

package.16 Total energies and the Cartesian coordinates of the structures studied are 

given in the supplementary information.  Energetic comparisons are made after Basis 

set superposition error wherever possible. 

 
[2.3] Results and Discussion 
 
We begin the analysis by describing the structural features of metallaborane dianions, 

monoanionic metallacarboranes and neutral metallacarboranes based on pentagonal-

bipyramidal (1) and icosahedral (2) skeletons. Among the monocarbaboranes, only 

structures with carbon at 2-postion are considered.  The dicarbaborane structures 

considered have the carbon atoms in the 2,4- positions (Figure 1).  The details of the 

structure and bonding of the icosahedral and pentagonal-bipyramidal structures are 

given in sections A and B. Isodesmic equations (1-4) are used to estimate the relative 

preferences for these two structures. A relationship is then brought out between the 
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geometric parameters and the preference of the polyhedra for a particular metal using 

fragment molecular orbitals. This approach is extended to the condensed structures 

based on 5 and 6 in section 2.3.3.  The preference of specific polyhedra for the M-M 

bonded structures is discussed at the end. 

Figure 1: Structures of pentagonal-bipyramidal and icosahedral metallaboranes and 

metallacarboranes indicating the numbering scheme. 

 

1, B7H7
2- 1o, 1-M-B6H7

2- 1p, 1-M-2-CB5H7
1- 1q, 1-M-2,4-C2B4H7 

2, B12H12
2- 2h, 1-M-B11H12

2- 2i, 1-M-2-CB10H12
1- 2j, 1-M-2,4-C2B9H12
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[2.3.1] Bonding in the pentagonal-bipyramidal systems 

The electron requirements of the polyhedral structure is well-defined by the Wade’s 

Rules.8  The variations in the structure of B7H7
2- (D5h) when a BH group is substituted 

by an AlH group are noteworthy. The ring hydrogens of the 5-membered ring, which is 

in the B5 plane in B7H7
2-, bend away from Al-H in AlB6H7

2- by 9.3 deg (Table 2). The 

extended overlap approach (Scheme 2).  The π MOs of the B5H5 ring span too large an 

area to have optimum overlap with the MOs of the two BH fragments (Scheme 2). 

 
Table 2: The out-of-plane bending [180- ∠X1BH, where X1 is the centroid of the five 

membered ring; The X1-M-H bonds bend away from the capping atom considered as (-

)ve sign] values of the exo-polyhedral bonds in the pentagonal-bipyramidal boranes and 

carboranes (Figure 1) at B3LYP/LANL2DZ. Geometrical parameters of the 

corresponding experimentally characterized structures are in parentheses and the 

superscript on the parentheses correspond experimental structures listed in the Table 1. 

 

Structures Angles in 

degrees 

M=BH AlH GaH InH TlH 

1-M-B6H6
2- X1-M-H 

X1-B1-6-H 

0.00 

0.00 

-0.02 

-9.34 

-0.03 

-8.51 

-0.05 

-10.45 

-0.31 

-10.64 

1-M-2-CB5H6
1- X1-M-H 

X1-C2-H 

X1-B3/6-H 

X1-B4-5-H 

-8.32 (-9.80)1b

-0.01 (-1.83) 

-5.74 (-8.22) 

-0.35 (-3.04) 

-12.87 

-10.74 

-9.75 

-7.66 

-15.43 

-10.07 

-9.32 

-7.00 

-18.65 

-12.51 

-10.84 

-8.37 

-32.58 

-13.87 

-12.00 

-8.70 

1-M-2,4-C2B4H6 X1-M-H 

X1-C2/4-H 

X1-B3-H 

X1-B5/6-H 

-6.66 

-1.09 

-1.10 

-5.61 

-12.43 

-10.01 

-5.92 

-8.49 

-15.41 

-9.32 (-8.56)1h

-5.99 (-8. 43) 

-7.01 (-8.79)

-20.38 

-11.22 (9.75)1k 

-7.27 (-11.85) 

-8.67 (-8.99) 

-43.78 

-12.14 

-8.12 

-6.62 
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A B4H4 ring or of B-H bending depends on the metal and decreases to 8.5 in Ga. 

However, it increases to 10.5 and to 10.6 with In and Tl, respectively. The 

corresponding B-B bond lengths (Table 3) of the five membered rings are 1.68, 1.74, 

1.74, 1.75 and 1.76Å for BH, AlH, GaH, InH and TlH, respectively, indicate an 

enlargement of the five-membered ring. Considerable ring expansions (Table 3) and 

B7H7
2- C2B5H7

HH

H H

B6H6
4-

M-B6H7
2-

(a) (b) (c)

(d)
M-B11H12

2-
(e)

 
 

Scheme 2 
 

bending of ring hydrogens (Table 2) were observed for their carborane 

analogues too. These out-of-plane bending can be understood using a fragment MO 

caps with more diffuse orbitals would have been an ideal situation. However, the 

C2B3H5 ring is smaller by virtue of shorter B-C bonds. This helps to have better 

overlaps with the ring and cap orbitals, thus explaining the better stability of C2B5H7 
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over B7H7
2- (Scheme 2b).  When one of the apical B-H groups in B7H7

2- is substituted 

by the M-H group such as Al-H, an advantageous situation arises for both the B-H and 

the M-H groups (Figure 1). The B-H bonds of the B5H5 ring bend out of the B5 plane 

and rehybridize the orbitals so that the larger lobe is directed toward the group with 

more diffuse orbitals (Scheme 2d). The process of rehybridization increases the B-B 

bond lengths of the B5 ring, bringing the apical B-H group closer to the centroid of the 

B5 ring. This also helps to have larger orbital span for the B5 fragment toward the M-H 

cap. The out-of-plane bending of the ring B-H toward the unique B-H increases with 

increasing diffuse nature of the orbitals of the M-H groups; the largest bending is 

calculated for Tl-H. The advantage of the out-of-plane bending for the interaction 

between B-H cap and B5H5 ring is indicated by the decrease of the ringBH-capBH 

distance  of 1.87, 1.84, 1.84, 1.83 and 1.81 Å for  BH, AlH, GaH, InH and TlH, 

respectively (Table 3). The general considerations of structure and bonding do not 

change in going to the monoanionic carborane 1-M-2-CB5H7
1- and the neutral 1-M-2,4-

C2B4H7 derivatives (Figure 1). Major differences come from the distortions arising from 

the lower symmetry of the five-membered ring resulting from the carbon atoms. The 

calculations refer to molecules where all exohedral substituents are replaced by 

hydrogens (Table 2, 3).  The geometrical parameters of the corresponding experimental 

structures are also indicated in parentheses. Experimental structures are available for the 

neutral derivatives with Ga (1h in Table 1) and In (1k in Table 1) as the metals. The 

geometrical parameters of these experimentally characterized structures are compared 
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with the model structures. The calculated ring B-B, B-C and C-C bond distances fall 

within ± 0.06 Å of the experimental values (Table 3). 

 
Table 3: Important interatomic distances of pentagonal-bipyramidal boranes and 

carboranes (Figure 1) at B3LYP/LANL2DZ level of theory (where X1 is the centroid of 

the five membered ring). Geometrical parameters of the corresponding experimentally 

characterized structures are in parentheses and the superscript on the parenthesis 

correspond experimental structures listed in the Table 1. 

Structures Distance (Å) M=BH AlH GaH InH TlH 

    

B5 B6

B3B4

B7

M

B2

 

Ring B-B 

M- B2-6 

B7-B2-6 

M-X1 

B7-X1 

1.68 

1.87 

1.87 

1.20 

1.20 

1.74 

2.22 

1.84 

1.66 

1.09 

1.74 

2.22 

1.84 

1.66 

1.09 

1.75 

2.39 

1.83 

1.87 

1.06 

1.76 

2.51 

1.81 

2.02 

1.03 

 

B5 B6

B3B4

B7

M

C2

 

C2-B3/6 

B3/5-B4/6 

B4-B5 

M-C2 

M-B3/6 

M-B4/B5 

M-X1 

B7-X1 

1.57 (1.56)b 

1.67 (1.65) 

1.70 (1.66) 

1.79 (1.74) 

1.87 (1.82) 

1.83 (1.80) 

1.21 (1.16) 

1.21 (1.16) 

1.60 

1.72 

1.76 

2.18 

2.23 

2.18 

1.68 

1.11 

1.59 

1.72 

1.76 

2.22 

2.25 

2.17 

1.69 

1.11 

1.59 

1.73 

1.79 

2.41 

2.42 

2.33 

1.90 

1.09 

1.58 

1.72 

1.82 

2.75 

2.66 

2.41 

2.14 

1.07 

 

       

       

B5

C4

B6 C2

B3
M

B7
          

C2/4-B3 

C2/4-B5/6 

B5-B6 

M-C2/4 

M-B3 

M-B5/B6 

M-X1 

B7-X1 

1.56 

1.59 

1.68 

1.76 

1.90 

1.83 

1.21 

1.208 

1.58 

1.62 

1.72 

2.16 

2.28 

2.20 

1.71 

1.132 

1.58 (1.52)1h 

1.62 (1.56) 

1.73 (1.76) 

2.18 (2.88) 

2.31 (3.08) 

2.18  (2.25) 

1.72 (2.27) 

1.132 (1.083) 

1.58 (1.57)1k 

1.62 (1.60) 

1.74 (1.71) 

2.38 (2.44) 

2.50 (2.52) 

2.33 (2.32) 

1.94 (1.99) 

1.119 (1.060) 

1.57 

1.58 

1.85 

2.75 

2.92 

2.44 

2.28 

1.123 
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The in-plane bending of the exo-polyhedral bonds vary somewhat more (Table 2) from 

the experimental values, probably because of the bulkier substituents present in the 

experimental structures.  The slip-distortion of the -MR groups located above the C2B3 

face of the carborane toward the boron side of the face has been noted earlier for Ga and 

In derivatives and a molecular orbital explanation provided.3a,17  Here the ring-cap 

bonding is fine-tuned by the re-orientation of orbitals by shifting the substituent of the 

metal toward the carbon side of the five-membered ring.  Detailed MO studies to 

explain these structural distortions is available in the literature.17 

 
[2.3.2] Bonding in the Icosahedral Boranes and Comparison to 

Pentagonal-bipyramids 

 
Icosahedral [M(R)C2B9H11)] species is isoelectronic with closo-1,n-C2B10H12 (n=2, 7, 

12),  closo-1-CB11H12
1- and closo-B12H12

2-. The extra stability of the icosahedral closo-

B12H12
2- is attributed to its high symmetry and the consequent orientation of the 

exohedral bonds it provides. This orientation is very close to that is required for ideal 

bonding in a pentagonal-pyramidal borane. For example, the exohedral B-H bonds of 

the five membered ring in B6H6
4- or B6H10 are bent toward the apical B-H group by 

about 25° (Scheme 2c). The pentagonal-pyramid, which can be obtained by halving the 

icosahedron, provides an angle of 26.6° by the icosahedral symmetry. This coincidence 

of the requirement of a pentagonal-pyramidal borane and the symmetry dictated angle 

available for the icosahedron leads to the unusual stability for icosahedral B12H12
2-. The 

fragment orbitals of the B11H11
2- are oriented toward the missing vertex. Substitutions of 
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two boron atoms of B12H12
2- by two carbon atoms do not change this considerably. 

However, metal atoms with highly diffuse orbitals affect the stability. These metals 

have more diffuse orbitals that require a larger orbital span of the B5 ring. We have 

studied the variation in geometry in going from B12H12
2- to M-B11H12

2-, 1-M-2-

CB11H12
1- and 1-M-2,4-C2B9H12 (where M= Al, Ga, In and Tl) (Table 4 & 5). There is 

substantial ring expansion as the size of M increases. The overlap of fragment MOs 

requires rehybridization to regain better overlap (Scheme 2e vs. 2d). This leads to the 

distortion of exo-polyhedral B-H bonds farther away from the metal so that there is 

better orbital match. By symmetry the angle that B-H makes with the B5 plane is 

calculated as 26.6° in B12H12
2- (Figure 1). It changes to 29.9° (average of 28.8, 31.7 and 

29.2) in 2,4-C2B10H12. This is changed to 24.7 (average of 21.6, 28.5 and 24.1) in 1-Al-

2,4-C2B9H12. The average B-H in-plane bending of their carborane derivatives 

decreases (going away from the metal) when we go down the group 13 elements from 

Al to Tl (Table 4 & 5). The symmetry of the top B5H5 plane is decreased while 

substituting one or two boron atoms by carbons.  This is the main reason for not 

following the same trends for all in-plane bending of exo-polyhedral H-bonds in their 

carborane derivatives. These distortions, however, decreases the overall stability of the 

system. Thus the initial orientation of the fragment orbitals of B6H6 away from the 

vacant vertex and of B11H11 toward the vacant vertex predisposes the former for capping 

groups with more diffuse orbitals and the latter to caps with less diffuse orbitals 

(Scheme 2e). This should lead to a reversal of relative stabilities in relation to the parent 
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systems for the metallaboranes. The calculated structural parameters agree with the 

experimental data for most of the structures, given in parenthesis in Tables 3 and 4. 

 
Table 4: The in-plane-bending (180-∠X1BH, where X1 is the centroid of the five 

membered ring) values of the exo-polyhedral bonds of the icosahedral boranes and 

carboranes (Figure 1) at B3LYP/LANL2DZ level of theory. Geometrical parameters of 

the corresponding experimentally characterized structures are in parentheses and the 

superscript on the parenthesis is the corresponding experimental structure listed in the 

Table 1. 

 
Structures Angle in degree M=AlH       GaH InH TlH 

1-M-B11H11
2- X1-M-H 

X1-B2-6-H 

X2-B7-11-H 

0.00 (1.60)2b 

20.81 (25.46) 

27.70  (25.40) 

0.00 

20.87 

27.71 

0.00 

19.31 

27.94 

0.00 

18.89 

27.96 

1-M-2-CB10H11
1- X1-M-H 

X1-C2-H 

X1-B3/6-H 

X1-B4/5-H 

X2-B7-8-H 

X2-B9-11-H 

12.85 

22.73 

24.69 

20.92 

23.54 

27.10 

15.05 

23.46 

24.39 

20.64 

21.80 

27.50 

19.36 

22.89 

22.91 

18.77 

21.75 

27.64 

33.28 

24.84 

23.32 

17.45 

21.49 

26.80 

1-M-2,4-C2B9H11 X1-M-H 

X1-C2/4-H 

X1-B3-H 

X1-B5/6-H 

X2-B7-10-H 

X2-B11-H 

11.54 

21.62 

28.46 

24.13 

21.51 

26.82 

14.34 

22.11 

28.18 

23.38 

21.75 

27.05 

21.16 

21.65 

27.91 

20.84 

21.30 

27.22 

45.81 

25.77 

31.63 

16.71 

20.51 

27.23 
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Table 5: Important interatomic distances of icosahedral boranes and carboranes (Figure 

1) at B3LYP/LANL2DZ level of theory (where X1 is the centroid of the five membered 

ring). Geometrical parameters of the corresponding experimentally characterized 

structures are in parentheses and the superscript on the parenthesis correspond 

experimental structures listed in the Table 1. 

 
 

Structures Distances M=BH M=AlH M=GaH M=InH M=Tl

H 

   1-MB11H11
2- Ring B-B 

M- B2-6 

M-X1 

B12-X2 

X1-X2 

1.82 

1.82 

0.95 

0.95 

1.54 

1.88 (1.84)2b 

2.18 (2.14) 

1.48 (1.46) 

0.95 (0.93) 

1.52 (1.50) 

1.889 

2.18 

1.47 

0.95 

1.52 

1.90 

2.34 

1.69 

0.94 

1.51 

1.92 

2.47 

1.85 

0.94 

1.51 

1-M-2-CB10H11
1-       C2-B3/B6 

B3/5-B4/6 

B4-B5 

M-C2 

M-B3/6 

M-B4/5 

M-X1 

B12-X2 

X1-X2 

1.74 

1.80 

1.82 

1.74 

1.81 

1.80 

0.96 

0.95 

1.53 

1.75 

 1.84 

 1.89 

 2.17 

 2.18 

 2.16 

 1.53 

 0.95 

 1.51 

1.75 

 1.85 

 1.91 

 2.20 

 2.19 

 2.15 

 1.53 

 0.95 

 1.51 

  1.73 

  1.86 

  1.94 

  2.42 

  2.37 

  2.30 

  1.77 

  0.95 

  1.51 

  1.69 

  1.85 

  2.04 

  2.74 

  2.60 

  2.40 

  2.03 

  0.94 

  1.51 

1-M-2,4-C2B9H11 

       

                 

C2/4-B3 

C2/4-B6/5 

B5-B6 

M-C2/C4 

M-B3 

M-B5/6 

M-X1 

B12-X2 

X1-X2 

1.72 

1.75 

1.80 

1.74 

1.83 

1.80 

0.97 

0.96 

1.52 

1.70 

1.76 

1.82 

2.16 

2.21 

2.15 

1.57 

0.95 

1.51 

1.71 

1.77 

1.84 

2.18 

2.23 

2.14 

1.58 

0.95 

1.51 

1.69 

1.76 

1.85 

2.41 

2.44 

2.29 

1.84 

0.95 

1.51 

  1.65 

  1.67 

  1.98 

  2.93 

  2.98 

  2.47 

  2.35 

  0.95 

 1.52 
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We have used isodesmic equations (equation 1-4) to estimate the relative stabilities of 

various group 13 metallaboranes and their carborane analogues based on pentagonal-

pyramid and icosahedron (Table 6). 

2,4-C2B10H12

HM-B6H6
2-+ HM-B11H11

2- B7H7
2-B12H12

2-

HM-2C-B5H6
1-+ HM-B11H11

2- 2-CB6H7
1-B12H12

2-

HM-2,4-C2B4H6+ HM-B11H11
2- 2,4-C2B5H7B12H12

2-

HM-2,4-C2B4H6+ HM-2,4-C2B9H11 2,4-C2B5H7

+

+

+

+

(1)

(2)

(3)

(4)
 

Table 6: Reaction Energies (∆H, kcal/mol) of these reactions (Equations 1-4) calculated 
at B3LYP/LANL2DZ level of theory. 
 

Equations M=Al Ga In Tl 

1 27.20 27.04 34.78 41.40 

2 22.52 22.78 30.54 40.78 

3 24.95 24.50 35.03 49.05 

4 14.44 15.87 18.01 15.3 

 

The endothermicity of these reactions are a reflection of the extra stability of 

pentagonal-bipyramidal geometry when group 13 metals form a part of the skeleton and 

thus supports our analysis.  The energies of reactions for Al and Ga derivatives are 

similar, in tune with their nearly equal atomic radii. The decrease in the endothermicity 

for the carborane is due to the decreased size of the C2B3 ring, making the difference 

between the effective orbital span of the two five-membered rings in 3 and 4 less than 
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that in the parent boranes.  The relatively larger number of metallaboranes based on the 

pentagonal-bipyramid is not an accident after all. 

 
 [2.3.3] Condensation through Single-Atom Sharing: Sandwich 

Structures involving Pentagonal-Bipyramidal (5) and Icosahderal (6) 

Metallaboranes 

There are only two well-characterized examples where two pentagonal-bipyramidal 

metallacarboranes (5a-b, Table1) are condensed to form a sandwich structure, both 

from the Hosmane group.  The Hawthorne group contributed the three condensed 

structures involving icosahedron with Al and Ga. (6a-c, Table 1). 3j-k   The structures of   

the series [commo-1,1´-M(1,2,4-GaC2Bn-3H11)2] (where n=7, 12) at the 

B3LYP/LANL2DZ level indicate several interesting trends. The structural variations in 

formation of these sandwich structures are to be seen in relation to the corresponding 

changes noted in the metallocenes.  The metallocenes involving cyclopentadienyl rings 

retain the planar or nearly-planner geometry of the C5H5 ring. The variation of the 

hydrogen atoms from the C5 plane is small. The nido-C2B4H6
2- and C2B9H11

2- ligands, 

equivalent of the Cp¯, are very different from each other. In C2B4H6
2-, the ring 

hydrogens are bent away from the incoming metal ion. In the large nido-C2B9H11
2- ion, 

the ring hydrogens are oriented toward the incoming metal ion.  
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Table 7: Comparisons of geometrical parameters are made between half-sandwich and 

single-atom sharing condensed systems (Scheme 1) and calculated at 

B3LYP/LANL2DZ level of theory. The data of the corresponding experimentally 

characterized structures are in parentheses and the superscript on the parentheses 

corresponds experimental structure listed in the Table 1. 

 
 

 

 

 

 

 

 

 

 

 

 

It is therefore reasonable to assume that pentagonal-pyramidal anions can be more 

easily brought together as the B-H and the C-H bonds of the five-membered ring are 

bent away from the central metal atom.  We have used isodesmic equations 5 and 6 to 

compare the relative stability. The anticipation based on the decreased steric interaction 

in 5 in comparison to 6 is confirmed by energies of equation 5. Formation of the 

sandwich complex involving two pentagonal-pyramidal are more favored than those 

involving two icosahedral fragments by energies ranging from 6 to13 kcal/mol. Despite 

H-M-C2B4H6 

 

M[C2B4H6]2
1- 

 

Geometrical  

Parameters 

Al Ga In Al Ga In 

X1-C2/4-H 

X1-B3-H 

X1-B5/6-H 

M-X1 

10.01 

5.92 

8.49 
1.71 

9.32 

5.99 

7.01 
1.72 

11.220 

7.275 

8.673 
1.94 

9.75 

6.56 

9.18 

1.84 

9.9( 12.07)5b 

7.71(20.10) 

9.30(20.09) 

1.93(1.92) 

 

11.48 

8.40 

9.48 

2.13 

HMC2B9H11   M[C2B9H11]2
1-  

Al Ga In Al Ga In 

X1-C2/4-H 

X1-B3-H 

X1-B5/6-H 

M-X1 

21.62 

28.46 

24.13 

1.57 

22.11 

28.18 

23.38 

1.58 

21.65 

27.91 

20.84 

1.85 

22.80 

27.46 

23.16 

1.73 

26.70 

29.23 

26.00 

2.28 

24.80 

29.30 

23.76 

2.13 
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the possible steric interaction, the B-H and C-H out-of-plane bending are not 

dramatically changed in forming the sandwich complex. Instead, the M-ligand distances 

are increased as much as 0.2-0.4 Å. It is interesting to note that a mixed complex 

involving one each of 3 and 4 as ligand is favored over a combination of 5 and 6.  

2,4-C2B4H6-M-2,4-C2B4H6 2  2,4-C2B10H12 2,4-C2B9H11-M-2,4-C2B9H11 2  2,4-C2B5H7+ + (5)

           
∆H = 9.26 (Al), 10.53(Ga), 12.19 (In) and 6.75 (Tl) kcal/mol, calculated at 

B3LYP/LANL2DZ level of theory. 

2  2,4-C2B9H11-M-2,4-C2B4H6 +2,4-C2B9H11-M-2,4-C2B9H11 2,4-C2B4H6-M-2,4-C2B4H6 (6)
 
 ∆H = 4.75(Al), 4.61(Ga), 3.57(In) and 3.11(Tl) Kcal/mol, calculated at 

B3LYP/LANL2DZ level of theory. 

 
 [2.3.4] Binuclear metallocenes 

The recent synthesis of CpZn-ZnCp has brought much attention to the study of 

binuclear metallocenes.10 The strength of the M-M bond in this and in many 

hypothetical binuclear metallocenes has been investigated.18 The Cp- and the nido-

carboranes C2B4H6
2- (3) and C2B9H11

2- (4) are considered as comparable ligands. The 

synthesis of CpZn-ZnCp complex naturally leads to the question of similar binuclear 

complexes involving 3 and 4. In fact 5 and 6 must be considered as experimentally 

characterized forerunners of binuclear metallocenes. Hosmane et al. synthesized the 

first binuclear metallacarborane involving gallium, 8a (Table1).12 We have studied the 

structure and bonding of a series of binuclear metallaboranes involving pentagonal-

bipyramid and icosahedron with metals ranging from Al to Tl but structures involving 
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Tl atoms are not minima on the potential energy surfaces.  The first indications of the 

strongly bonding nature of the M-M bond in these complexes come from comparisons 

to the bond lengths in H2M-MH2 (D2d). The M-M bond distances in the binuclear 

metallacarboranes are shorter by about 0.1 Å, indicating the stabilizing influence of 

these C2B4H6
2- and C2B9H11

2- ligands on the M-M bond. However the experimental Ga-

Ga distance in 8a is considerably shorter than the model at the B3LYP/LANL2DZ 

level. We have studied the same system using a larger all electron basis set, 6-

311++G** at the same level. The Ga-Ga distance of 2.397 Å (Table 10) at this level is 

close to the experimental value of 2.340A. Similarly, we have studied Cp2Zn2 complex 

using the 6-311++G** basis set for comparison and found that Zn-Zn bond distance 

 
Table 8: Geometrical parameters of the binuclear complexes calculated at    

B3LYP/LANL2DZ level of theory. The data for corresponding experimentally 

characterized structures are in parentheses and the superscript on the parentheses 

corresponds experimental structures listed in the Table 1. 

 

[MC2B4H6]2  

 

[MC2B9H11]2 Geometrical  

Parameters 

Al Ga In Al Ga In 

X1-M-X2/M 

X1-C2/4-H 

X1-B3-H 

X1-B5/6-H 

M-X1/X2 

X1-X2 

M1-M2 

12.41 

9.68 

5.93 

8.20 

1.72 

5.90 

2.52 

14.70 (15.6)8a 

9.99 (9.38) 

6.00 (10.8) 

8.26 (6.01) 

1.73 (1.68) 

5.80  (5.55) 

2.45 (2.34) 

20.85 

10.97 

7.40 

8.41 

1.95 

  6.45 

  2.75

9.19 

21.52 

27.70 

23.15 

1.58 

5.64 

2.52 

15.75 

22.10 

27.90 

23.25 

1.59 

5.51 

2.44 

22.70 

21.70 

26.90 

20.88 

1.85 

6.22 

2.75 
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 (2.339 Å) is close to the experimental value of 2.305 Å. However, this did not change 

the energetics as much. The calculated hydrogenation energies of H2M-MH2 (D2d) are -

0.83, 2.31 and 9.18 for Al, Ga and In, respectively (equation 7, Table 9).  The 

hydrogenation energy increases (equation 7-10) as we go down the group 13 elements 

form Al to In. The M-M bond distances in these bi-nuclear complexes are comparable 

to the distances calculated for the simple dimeric hydrides H2M-MH2. The bond 

energies are compared between the reactions 7-10 and it has been found that Al-Al bond 

in binuclear complex 8 is 7.41 kcal/mol stronger (Scheme 1) than in its dimeric hydride 

complex. It becomes 6.81 kcal/mol stronger in the case of Ga-Ga bond and 6.32 

kcal/mol stronger for the In-In bond.  These relative hydrogenation energies are the 

reflections of their extra bonding character in these binuclear complexes. We have 

calculated hydrogenation energy of Ga2H4 (D2d) and Ga2(2,4-C2B4H6)2 using 6-

311++G** basis set of the same method (Table 8) and the values are -5.52 and -11.70 

kcal/mol, respectively, which are comparable with the data calculated at 

B3LYP/LANL2DZ level of theory. The basis set superposition error (BSSE), associated 

with the M-M bond energy was calculated directly by the counterpoise method.19 The 

values are -0.94 (Al), -0.89 (Ga), and -0.55 (In) kcal/mol for complex 8 and -1.41 (Al), -

1.58 (Ga) and -1.34 (In) kcal/mol for complex 9.  

The low exothermocities of these reactions, demonstrating that formation of binuclear 

metallocenes are more stable with respect to their half-sandwich complexes.   Binuclear 

metallocenes with C2B4H6
2¯ ligands are more stable than the C2B9H11

2¯. So the 
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structures with pentagonal-bipyramids are more favorable than the icosahedrons and it 

is seen in their corresponding half sandwich complexes too. 

 
(7)H2M-MH2 (D2d)   +    H2 2MH3  

2,4-C2B4H6-M- M-2,4-C2B4H6  +  H2 1-M-2,4-C2B4H7 + 1-M-2,4-C2B4H7 (8)
 
2,4-C2B9H11-M- M-2,4-C2B9H11  + H2 1-M-2,4-C2B9H11 + 1-M-2,4-C2B9H11 (9)
 
2,4-C2B9H11-M- M-2,4-C2B4H6  +  H2 1-M-2,4-C2B9H11 + 1-M-2,4-C2B4H6 (10)
 
2,4-C2B4H6-M-M-2,4-C2B4H6  +  2 C2B10H12 2,4-C2B9H11-M-M-2,4-C2B9H11  +  2 C2B5H7 (11)

 
CpZn-ZnCp H2+ 2CpZnH (12) 

   
Table 9: Energies (∆H, kcal/mol) of the reactions (Equations 7-12) calculated at 
B3LYP/LANL2DZ level of theory (Values are in parenthesis calculated at B3LYP/6-
311++G**). 

Equations M=Al Ga In 

7 -0.83 2.31 (5.52) 9.18 

8 6.58 9.12 (11.70) 15.50 

9 4.94 7.65 13.74 

10 5.94 8.57 14.65 

11 30.54 33.16 37.77 

12 21.56 (M=Zn) 

 

Partitioning of electrons in a molecule into contributions to specific bonds is always 

contentions. Despite this, we have also applied the natural bond orbital (NBO)20 

analysis and other methods to study the M-M bonding in these molecules. The Wiberg 

bond indexes21 and Mayer-Mulliken22 bond orders (Table 10) of M-M clearly 

demonstrate that there is a covalent single metal-metal bond in these complexes. The 
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metal-metal σ-bonding is stronger in H6C2B4-M-M-C2B4H6 than in the corresponding 

H11C2B9-M-M-C2B9H11 by comparing their relative bond orders (Table 10). The 

Mulliken overlap populations22 do not do as well; overlap population between Al-Al in 

Al2(C2B4H6)2 and Al2(C2B9H11)2 are -0.2261 and -0.6716, respectively. 

 
Table 10: M-M bond distances and bond orders for group 13 binuclear complexes 

calculated at B3LYP/LANL2Z level of theory and values are in parentheses calculated 

at B3LYP/6-311++G**. 

Compounds M-M bond 

distance (Å) 
EH 

Population 

Mulliken 

Population 
Wiberg 

Bond Index  
Mayer-Mulliken 

bond order 
H-C-C-H (10) 1.222 1.892 1.007 2.997 3.067 

H-Zn-Zn-H (11) 2.591 (2.445) 0.619 0.354 0.482 0.887 

Cp-Zn-Zn-Cp (12) 2.458 (2.339) 0.616 0.312 0.881 0.935 

H-Be-Be-H (13) 2.086 0.919 0.455 0.705 1.053 

Cp-Be-Be-Cp (14) 2.028 0.941 .3098 0.926 1.019 

Al2H4 (D2h) (15) 2.641 (2.622) 0.868 0.336 0.901 0.856 

Al2H4 (D2d) (16) 2.604 0.881 0.353 0.916 0.870 

Al2H6
2- (17) 2.756 0.102 0.394 1.027 1.052 

H6C2B4-Al-Al-C2B4H6 (18) 2.520 0.865 -0.226 0.966 0.682 

H11C2B9-Al-Al-C2B9H11 (19) 2.522 0.888 -0.672 0.937 0.470 

Ga2H4 (D2h) (20) 2.586 (2.525) 0.769 0.307 0.879 0.791 

Ga2H4 (D2d) (21) 2.543 0.810 0.328 0.900 0.809 

Ga2H6
2- (22) 2.695 0.112 0.376 1.026 0.980 

H6C2B4-Ga-Ga-C2B4H6 (23) 2.445 (2.397) 0.738 -0.062 0.951 0.552 

H11C2B9-Ga-Ga-C2B9H11 (24) 2.444 0.754 -0.185 0.926 0.464 
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[2.4] Conclusions 

The trend that group 13 metals prefer pentagonal-bipyramidal skeleton, rather than an 

icosahedron, is well explained by the orientation of the π-orbitals of the ring in both 

cases. In B7H7
2-, the π MOs of the B5H5 ring will span too large an area to have 

optimum overlap with the MOs of the two BH fragments. A B4H4 ring or caps with 

more diffuse orbitals would have been better suited for such interaction. Thus, the B-H 

bonds of the B5H5 ring would bend out of the B5 plane, rehybridizing the orbitals so 

that the larger lobe is directed toward the group with more diffuse orbitals. The overlap 

of fragment MOs in B11H11
2- requires rehybridization for better overlap with the metal 

atom. This leads to the distortion of exo-polyhedral B-H bonds farther away from the 

metal so that there is a better orbital match.  The overlap between ring π-orbitals and the 

cap orbitals is improved by the out-of-plane bending of ring hydrogens.  The five-

membered ring of a pentagonal-bipyramid makes better overlap with the diffuse orbital 

of metals more effectively than that of an icosahedron. Five-membered faces of the 

C2B4H6 ring can be more easily brought together to form a sandwich because the B-H 

and the C-H bonds of the five-membered rings are bent away from the central metal 

atom. This explains the relative stability of the single-atom sharing complexes involving 

C2B4H6 over their icosahedral analogues. The binuclear metallocenes with C2B4H6
2¯ 

ligands are more stable than those having C2B9H11
2¯ because of their strong metal-metal 

σ-bonding, as is indicated by NBO analysis. 
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CHAPTER 3 
 
 

CONDENSED 2- AND 3-DIMENSIONAL AROMATIC SYSTEMS: A 

THEORETICAL STUDY ON THE RELATIVE STABILITIES OF ISOMERS 

OF CB19H16
+, B20H15Cl AND B20H14Cl2 AND COMPARISON TO B12H10Cl2

2-, 

C6H4Cl2, C10H7Cl AND C10H6Cl2  
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[3.0] Abstract 

DFT studies (B3LYP/6-31G*) on mono- and dichloroderivatives of benzene, 

naphthalene, B12H12
2-, four atom sharing condensed systems B20H16, and mono-

carborane isomers of B20H16, are used to compare the variation of relative stability and 

aromaticity between condensed aromatics.  The trends in the variation of the relative 

energies and aromaticity in these 2- and 3-Dimensional systems are similar.  

Aromaticity, estimated by NICS values, does not change considerably with 

condensation or substitution.  The minor variation in the relative energies of the isomers 

of chloro derivatives are explained by the topological charge stabilization rule of 

Gimarc.  The compatibility of cap and ring orbitals decide the relative stability of 

CB19H16
+. 
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[3.1] Introduction 

Benzene and B12H12
2- are important prototypes of two- and three-dimensional aromatic 

compounds in the carbon and boron families.1  Condensation of two benzenes sharing 

an edge gives naphthalene, which has a well-developed chemistry of its own.  The 

properties of benzene and naphthalene are contrasted frequently in the early days of 

aromaticity.2  The variation of aromaticity and reactivity has been especially noted.  In 

contrast, the chemistry of condensed polyhedral borane is only being developed.3  

Among the possible condensation products of B12H12
2- (1), such as the edge sharing 

B22H20
2- (2), face sharing B21H18

1- (3) and four-atom sharing B20H16 (4) (Scheme 1), the 

latter is synthesized and characterized.4  The electronic requirements of these condensed 

products are now understood by the mno Rule.5  Though B20H16 is one of the borane 

equivalent of naphthalene, there is limited information available on B20H16.6  A major 

part of the development in the chemistry of polyhedral boranes came from the study of 

carboranes.7  While borane cations are not common, we compare here the isomers of 

C2B10H12 and CB19H16
+.  We find that such cross comparisons between two and three 

dimensional structures are very useful.  A recent comparison of the benzyl cation-

tropylium cation system to the corresponding carboranes8 led to the report of synthesis 

of CB9H10
¯ derivatives.9  We also study here the structure and stability of the 

chloroderivatives of B12H12
2- and of the condensed product B20H16 and compare them to 

the benzenoid systems.  The present results will also trigger new experiments in the 

area. 
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Scheme 1 

 

[3.2] Computational Details 

We have optimized the structures of mono and dichloro derivatives of benzene, 

naphthalene, B12H12
2- and B20H16 at B3LYP/6-31g* level10 using Gaussian 03 program 

package.11 All the monocarborane isomers (CB19H16
+) of four atom sharing condensed 

B20H16 are studied at the same level of theory.  Nucleus Independent Chemical Shifts 

Edge sharing B22H20
2- 

Face sharing B21H18
1- 

Four atom sharing B20H16 

Icosahedral B12H12
2- 

1 

2

3

4
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(NICS)12 values are calculated at ring centers for benzene, naphthalene and at cage 

centers for B12H12
2- and B20H16 and at the centroid of B20H16 at the GIAO-HF/6-

31+g*//B3LYP/6-31g* level.12 

 
 
[3.3] Results and Discussion 
 
[3.3.1] Comparison of C2B10H12 and CB19H16

+ 
 
The most studied disubstituted boranes are the carboranes.  Three isomers of the 

icosahedral carborane C2B10H12 are known.  Thermal isomerization and equilibrium 

studies involving the three isomers 1,2-, 1,7-, and 1,12-dicarba-closo-dodecaborane(12), 

o-, m-, and p-carborane respectively, established their relative stability.  The 1,2-isomer, 

is the least stable one and isomerizes to the next stable 1,7- isomer (meta) at 500 °C.  

This in turn goes to the most stable 1,12-isomer (para) above 615 °C.13  Theoretical 

studies at various level have confirmed these experimental trends (Table 1).14   

There is only one monosubstituted carborane possible viz CB11H12
¯.  There are 

three isomers possible for C2B10H12.  There has been several attempts at explaining the 

stability of positional isomers of carboranes, such as Gimarc’s topological charge index, 

Williams rule, and optimization of ring cap overlap.15  According to Gimarc rule of 

topological charge index of carborane, more electronegative in coming atoms prefers to 

be located at sites of higher electron density while more electropositive elements prefer 

sites of lower electron density.  The Mulliken atomic charges in CB11H12
¯ are B12(-

0.079), B7(-0.005) and B2(0.005) respectively.  Therefore the topological charge index  

 



Condensed Two and Three ……… 

 72

 

Figure 1: Molecular structure of four atoms sharing condensed B20H16, showing the 
numbering used. 

 

explains their relative stability.  The propensity of the chemistry of C2B10H12 in 

comparison to that of B12H12
2- comes from the lack of charge.  However, there are some 

unique characteristics of B12H12
2- and CB11H11

1- that arise from the negative charge.16  

In contrast, B20H16 is neutral.  Replacement of one B by C+ leads to CB19H16
+, with four 

isomers.  A stable large carborane with a positive charge is sure to generate unique 

chemistry of its own. 

The four isomers generated by carbon substitution are: 1-CB19H16
+, 2-CB19H16

+, 

3-CB19H16
+ and 4-CB19H16

+.  Out of these, 1-CB19H16
+ is the most stable (Table 1).  The 

least stable, 4-CB19H16
+, is 33.10 kcal/mol higher in energy.  This is indeed a large 

range, compared to that in the C2B10H12 series.  The Mulliken charges calculated on the 

4 

4 
4 

4 

3 
3 

3 
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four different boron atoms in B20H16 [B1(-0.059), B2(-0.012), B3(-0.035) and B4(-

0.019)] allow the prediction of the relative stability of the carborane cations CB19H16
+, 

as substitution at B1> B3> B4> B2.  However this is not supported by the results.  The 

relative stability of these carboranes could be explained by the ring-cap orbital 

compatibility used in explaining relative stability of C2B10H12 isomers.15c  According to 

this caps with less diffuse orbital prefer small rings.  Thus three- and four-membered 

rings prefer the CH group as a cap.  The interaction of CH cap with a four membered 

boron ring requires orbital reorientation by tilting B−H groups towards the cap.  The 

interaction between a CH cap and B5 ring is even less favourable.  The CH group in 

carborane (CB19H16
+) isomers can be considered as a case of a CH cap on different five-

membered rings of the skeleton. 

 
   Table 1: Relative stabilities of isomers of the monocarborane CB19H16

+
 and C2B10H12. 

   

  The redirection of orbitals of the five membered rings towards carbon by tilting the 

B−H bonds towards the C−H cap helps in increasing the overlap between the ring and 

CH cap.  This flexibility is maximum when all the substituents on the B5 rings are 

hydrogens as in 1-CB19H16
+.  This is calculated to be the most stable isomer.  One boron 

atom (B4) of the five membered ring that interact with CH in 2-CB19H16
+ bridges the 

Compounds    Relative Energy 
      (kcal/mol) 

Compounds   Relative Energy 
      (kcal/mol) 

1-CB19H16
+ 

2-CB19H16
+ 

3-CB19H16
+ 

4-CB19H16
+ 

0.00 
5.71 

         16.01 
         33.10 

1,12-C2B10H12 
1,7-C2B10H12 
1,2-C2B10H12 
 

0.00 
2.82 

         18.70 
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two polyhedra and hence cannot be effective in redirecting the orbitals as much as in 1-

CB19H16
+.  Therefore 2-CB19H16

+ is less stable by 5.71 kcal/mol.  Similarly the CH in 3-

CB19H16
+ has to interact with a B5 ring, two borons of which bridge the two polyhedra.  

Thus positional isomers 2-CB19H16
+ and 3-CB19H16

+ are higher in energy than 1-

CB19H16
+.  The fourth isomer 4-CB19H16

+, where carbon forms a part of a bridge and 

heptavalent, is expected to be the least stable one as indeed as calculated (Table 1).  

The differences in relative stabilities that arise on replacing a −CH by an isoelectronic 

−BH group is quite interesting.  We have used isodesmic equations (equation 1-2) to 

estimate the relative stability of various boranes (BnHn
2-, B20H16) and their carboranes 

(CB19H16
+). 

 
CB11H12

¯ + B20H16                     1-CB19H16+ + B12H12
2-     ∆H = 217.33 kcal/mol             (1) 

CB5H6
¯      + B20H16                      1-CB19H16

+ + B6H6
2-

        ∆H = 277.68 kcal/mol            (2) 

                                                                     
The large endothermicity of these reactions is a reflection of the high separation of 

charges in the products.  The lower endothermicity of equation 1 may be a reflection of 

the inherent extra stability of B12H12
2- or the extra stability of an octahedral carborane, 

CB5H6
¯.  This is further estimated using equation (3), obtained by substracting equation 

2 from equation 1. 

     B6H6
2- + CB11H12

¯                           CB5H6
¯ + B12H12

2-    ∆H = -60.35 kcal/mol     (3) 

The preference of carbon for a smaller polyhedron is obvious.  Thus there is no major 

inherent difference in the stability of CB11H12
¯ and CB19H16

+.  
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Table 2: Data for BnHn
2- (n=5-7, 12), B20H16 and for their most stable closo-

carborane derivatives.17 [aTotal energies (hartrees); bZero point energy (ZPE) (kcal/mol) 

and c Total energy + zero point energy (T.E + ZPE) (hartrees): calculated at B3LYP/6-

31g*)] 

 

      Molecules Total Energy a ZPE b T.E+ZPE c 

B5H5
2- 

B6H6
2-  

B7H7
2-  

B12H12
2-  

B20H16 

1-CB19H16
+

 

1,5-C2B3H5  

1,6-C2B4H6  

2,4-C2B5H7  

1,12-C2B10H12 

CB4H5
¯  

CB5H6
¯   

2-CB6H7
¯  

CB11H12
¯           

-127.09272 

-152.65161  

-178.14319 

-305.69026 

-506.90851    

-519.86261 

-153.77382 

-179.24479 

 -204.73130 

-318.99437 

 -140.53863 

-166.05271 

-191.53405  

-318.99437   

36.67 

47.10 

56.30 

105.00 

154.28    

155.80 

44.86 

54.44 

63.93 

108.82 

41.33 

51.42 

60.54 

108.82 

-127.03428 

-152.57656 

-178.05348 

-305.52293    

 -506.66264 

 -519.61433 

 -153.70234  

-179.15804 

 -204.62942 

 -318.82096  

-140.47277  

-165.97076 

-191.43757   

 -318.82096       

 
[3.3.2] B12H11Cl2-

, B12H10Cl2
2-, C6H5Cl and C6H4Cl2 

 
Chlorinated derivatives (B12H11Cl2-, B12H6Cl6

2- and B12Cl12
2-) of B12H12

2- have been 

prepared in the early seventies by reaction with chlorine.18  The dianion B12H12
2- reacts 

smoothly in aqueous or alcoholic solutions with chlorine to give derivatives in which all 

hydrogen atoms have been replaced sequentially by halogens.  Conversion of B12H12
2- 

to chlorinated derivatives can also be effected with the addition of hydrogen chloride. 
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We have selected the mono- and dichloroderivatives to make comparison between the 

B12H12
2- and B20H16 vis-à-vis C6H6 and C10H8.  The relative stability of 1,2-, 1,7-, 1,12-

isomers of B12H10Cl2
2- are given in the Table 3.  The relative stabilities of these may be 

related to the charge distribution in the mono-chlorinated species.  Thus the preference 

for the replacement of the second hydrogen by chlorine will be for the hydrogen that has 

maximum negative charge.  Calculated charges (Table 4) indicate the order p-> m-> o- 

as is seen in Table 3.   

               Table 3: Relative stabilities of di-chloro isomers of B12H12
2- and C6H6 (NICS = values at 

the center of the ring cage). 

 

The energy difference between the ortho-isomer, and the para and meta isomers is 

similar to that for the corresponding dichlorobenzenes.  In both cases the para and meta 

isomers are close to each other in energy.  The charges on the hydrogens in C6H5Cl are 

indicators of the preferred positions for second chlorine substitution.  Though there is a 

basic difference between two and three dimensional aromaticity of having definite 

sigma and pi framework in the former, substitution effects are comparable.  Similarly 

the substituent positions do not effect the extend of aromaticity as indicated by NICS 

values.  The differences in energy between para and meta isomers are very small that 

we do not attempt any interpretation.  

Molecules Relative Energy  
(kcal/mol) 

NICS Compounds Relative Energy  
(kcal/mol) 

NICS 

B12H12
2- − -34.4 C6H6 − -11.5 

1,2-B12H10Cl2
2- 1.38 -35.9 1,2-C6H4Cl2 2.50 -12.5 

1,7-B12H10Cl2
2- 0.00 -35.8 1,3-C6H4Cl2 0.08 -12.8 

1,12-B12H10Cl2
2- 0.11 -35.5 1,4-C6H4Cl2 0.00 -12.7 
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Table 4:  Mulliken atomic charges in 1-chloro-B12H11
2-, 1-chlorobenzene.  The number 

in the second row corresponds to the charge on the corresponding hydrogens. 

 
 
[3.3.3] B20H16, B20H15Cl, B20H14Cl2, C10H8, C10H7Cl, and C10H6Cl2 
 
The relative stability of monochloro isomers of B20H16 are given in Table 5.  Mulliken 

atomic charges in B20H16 are H1(0.033), H2(0.035) and H3(0.046) (Table 6).  As we 

know substitution of electronegative atom is more favorable at the site which has larger 

electron density.  In B20H16, H1 is more electro negative than H2 and which is in turn 

more than H3 and but that is not the order of their relative stability (Table 5).  Based on 

the relative energy values of monochloro isomers, we try to understand the stability 

pattern of B20H14Cl2.  Substitution at 1-position is more favorable than 3-position and 3- 

is more favorable than 2.  Numbering of dichloroderivatives needs further clarification.  

We consider 1,1-isomer when both substitutions take place in 1-position of the same 

polyhedron but if substitution takes place in same position but on different polyhedra 

then it is 1,1΄-isomer.  If these substituents are adjacent to each other in the same 

polyhedron then it is 1,1a-isomer if far then it is 1,1b- and if it is farther then it is 1,1c- 

and so on.  Similarly if substituents are adjacent to each other but in different polyhedra 

then it is 1,1΄a-isomer.  Thus, as a first approximation we can predict the stability order 

as 1,1->1,3->1,2->3,3->2,3->2,2-.  The calculated values show that only two isomers do 

not follow this order: 1,2- and 3,3'- (Table 7).  The 3,3'- isomer has two Cl atoms close 

   Atoms      B2  B7    B12   Atoms    C2  C3   C4 

Charges  

 

0 .0025 

-0.1378 

 0.0032 

-0.1601 

-0.0001 

-0.1621 

Charges 

  

-0.128 

0.155 

-0.127 

0.140 

-0.126 

0.137 
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to each other and this is the least stable among all B20H14Cl2 isomers.  In general among 

the same category, the substitution at different cages is more favorable than that at the 

same cage. 

  Thus, 1,1'-substitution is more favorable than  1,1-, 1,3'- > 1,3- 1,2'- >1,2-, 3,3'- > 3,3-.  

1,2a-B20H16 is less stable as steric factor plays a vital role here than any other factors.  

In the case of 1,1a-isomer steric interaction is less as the distance between two boron 

atoms is more (2.847 Å) than the any others normal B-B bond distance (1.780 Å) in 

B20H16. The low difference in energy between the chloro- and dichloro-B20H16 

derivatives is also reflected in the energetics of chloro- and dichloronaphthalenes. 

Though there is some structural difference between these condensed systems, 

substitution effects are comparable with their parent systems.  There are very minor 

changes in terms of aromaticity when a substitution of this type takes place. 

 

                         Table 5: Relative stabilities of mono-chloro isomers of B20H16 and C10H7Cl (*NICS1 

= values at the center of the first cage/ring, NICS2 = values at the center of the next 

cage/ring, NICS3 = values at the center of the four atom sharing ring).   

 
 Molecules Relative Energy 

 (kcal/mol) 
NICS1 NICS2 NICS3 

B20H16          − -30.9 -30.9 -68.3 
1-B20H15Cl 0.00 -31.7 -31.0 -68.3 
3-B20H15Cl 0.74 -31.3 -31.7 -68.3 
2-B20H15Cl 1.29 -30.3 -30.7 -67.7 

C10H8   − -11.4 -11.4 − 
2-C10H7Cl       0.00 -12.0 -11.4 − 
1-C10H7Cl       0.93 -11.9 -11.6 − 
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Table 6: Mulliken atomic charges in B20H16 and C10H8.     
 
 

 
 
 
 
 
 
 
 
 

 
                                                                                  

These are to be compared to the chlronaphthalenes.  The 2-chloronaphthalene is more 

stable than 1-chloro naphthalene by 0.9 kcal/mol. 1-position (also called alpha -

position) is sterically more favorable than the 2-position (beta -position) because the Cl-

H non-bonded distances are 2.675 Å and 2.814 Å whereas in 2-chloronaphthalene these 

Cl-H distances are 2.854 Å and 2.861 Å.  The relative energies (Table 8) of 

dichloronaphthalenes follow the order 2,6=2,7 > 1,6- > 1,7- > 1,3-> 1,5- > 1,4- > 2,3- > 

1,2- > 1,8-.  As 2-chloronapthathalene is more stable than the 1-chloronapthathalene by 

0.93 kcal/mol, it is clear that further substitution on 2-chloronapthathalene will be more 

favorable than in 1-chloronapthathalene.  But taking steric factor in account, further 

substitution in the same ring is not favorable.  Thus, 2,3-dichloronapthathalene is less 

stable by 3.25 kcal/mol.  Similarly substitution in 1- chloronapthathalene makes 1,6-

dichloronapthathalene and 1,7- dichloronapthathalene less stable by around 1.00 

kcal/mol. The 1,2-dichloronapthathalene, 1,3-dichloronapthathalene and 1,4-

dichloronapthathalene are less stable due to substitution in the same ring. 

 

 

B4  B1  B2    B3   Atoms             C1  C2 

Charges at B -0.059 -0.012 -0.035 Charges at C -0.1910 -0.1350 

Charges at H 0.033 0.035 0.046 Charges at H 0.1290 0.1295 
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Table 7: Relative energies (R.E) and NICS values of all dichloro isomers of B20H16. 

(NICS1 = values at the center of the first cage, NICS2 = values at the center of the next 

cage, NICS3 = values at the center of the four atom sharing ring). 

 
Molecules      R.E 

(kcal/mol) 
NICS1 NICS2 NICS3 

1,1′a-B20H14Cl2 0.00 -31.8 -31.8 -68.3 
1,1a-B20H14Cl2 0.14 -32.6 -31.0 -68.7 
1,3′b-B20H14Cl2 0.68 -31.5 -31.3 -67.9 
1,3′a-B20H14Cl2 0.74 -31.5 -31.3 -67.9 
1,3b-B20H14Cl2 0.83 -32.0 -30.7 -67.8 
1,3a-B20H14Cl2 1.21 -31.9 -30.7 -67.9 
1,2′b-B20H14Cl2 1.29 -31.4 -30.3 -67.6 
3,3′d-B20H14Cl2 1.41 -31.0 -30.7 -67.3 
3,3′b-B20H14Cl2 1.46 -31.0 -30.9 -67.4 
3,3′c-B20H14Cl2 1.46 -32.6 -31.0 -67.4 
3,3b-B20H14Cl2 1.51 -31.5 -30.5 -67.4 
1,2a-B20H14Cl2 1.68 -30.8 -30.8 -67.7 
3,3a-B20H14Cl2 1.68 -31.5 -30.5 -67.4 
3,3c-B20H14Cl2 1.96 -31.1 -30.4 -67.2 
2,3′b-B20H14Cl2 2.01 -30.0 -31.0 -67.2 
2,3b-B20H14Cl2 2.05 -30.6 -30.5 -67.2 
2,3′a-B20H14Cl2 2.16 -30.0 -31.0 -67.2 
2,3a-B20H14Cl2 2.36 -30.6 -30.5 -67.4 
2,2b-B20H14Cl2 2.47 -30.0 -30.5 -67.2 
2,2′a-B20H14Cl2 2.58 -30.0 -30.0 -67.1 
3,3′a-B20H14Cl2 2.94 -30.9 -30.9 -67.2 

  
There is a greater steric interaction in 1,8-dichloronapthathalene making Cl-C-C bond 

angle 124°.  Following guidelines emerge from the studies to determine the stability of 

dichloronaphthalenes: (a) substitution at adjacent carbons are not favorable, (b) 2-

position is more stable than the 1-position, (c) substitution at different rings are better 

than that at the same ring. 
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Figure 2: Molecular structure of naphthalene 

 
The 1,8-dichloro isomer, where both Cl occupy an alpha- position, is the least stable.  

Non bonded Cl-Cl distance of 3.11 Å here is below the range of vander Walls radii (3.5 

Å) making it the least stable.  Next stable isomer is where chlorine atoms are substituted 

at adjacent positions, i.e., 1,2- and 2,3-.  Among these two isomers, 2,3- is more stable  

 
Table 8: Relative stabilities of di-chloro isomers of naphthalene. 

 
Molecules Relative Energy 

   (kcal/mol) 
C-Cl bond 
length ( Å) 

NICS1 NICS2 

2,6-C10H6Cl2 0.00     1.76 -12.0 -12.0 
2,7-C10H6Cl2 0.00     1.76 -12.0 -12.0 
1,6-C10H6Cl2 0.88     1.76 -11.9 -11.9 
1,7-C10H6Cl2 1.00     1.76 -11.9 -11.9 
1,3-C10H6Cl2 1.45     1.76 -12.5 -12.5 
1,5-C10H6Cl2 2.13     1.76 -12.1 -12.1 
1,4-C10H6Cl2 2.28     1.76 -12.3 -11.9 
2,3-C10H6Cl2 3.25     1.75 -12.5 -11.3 
1,2-C10H6Cl2 4.02     1.75 -12.0 -11.7 
1,8-C10H6Cl2      10.49     1.76 -12.2 -12.2 

                     
 
because both the Cl are at  beta -positions.  Then there are two isomers where Cl atoms 

are at alpha -positions, i.e., 1,4- and 1,5-.  The 1,5-isomer, where substitutions are at 

1

2

3 

4 5 

6 

7 

8 

9 

10 

5
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different rings, is more stable than the 1,4-isomers where both the Cl atoms are at the 

same ring. Next three isomers contain one alpha -Cl and one beta –Cl substituents (1,3- 

1,6- and 1,7-).   The 1,3-isomer is the least stable among these three because both Cl are 

at same ring.  

  
 Table 9: Mulliken atomic charges in 1-chloronaphthalene.  Second row shows the 

charges on the corresponding hydrogens. 

           

The 1,7-isomer is 0.02 kcal/mol more stable than 1,6-.  Most stable isomers are found 

where Cl's are substituted at beta -position of the different rings: 2,6- and 2,7-.  

Substitution does not change aromaticity considerably as judged from NICS values.  In 

view of the similarity in energetics, it is anticipated that a chemistry of condensed 

polyhedral boranes as elaborate as those of naphthalene must be in the realm of the 

possible.  

 
[3.4] Conclusions  

We have studied the structures and relative stability of all the four mono-carborane 

isomers (CB19H16
+) of B20H16.  The relative stability order (1- CB19H16

+> 2- CB19H16
+> 

3-CB19H16
+> 4-CB19H16

+) of these positional isomers are explained based on the ring-

cap orbital overlap criterion.  Comparisons are made between the mono- and 

  C1  C2  C3  C4  C5  C6  C7  C8 

Charges 

  

-0.141 

-0.019 

-0.139 

0.153 

-0.133 

0.139 

-0.185 

-0.185 

-0.192 

0.134 

-0.130 

0.134 

-0.134 

0.136 

-0.192 

0.157 
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dichloroderivatives of two- and three-dimensional aromatic systems.  The stability order 

of all the chloro- isomers are explained based on the Gimarc’s topological charge 

stabilization rule.  The energy difference between the ortho-, para-, and meta-isomer of 

dichloro-B12H12
2- is similar to that for corresponding dichlorobenzenes.  Though there is 

a basic difference between two- and three-dimensional aromaticity (of having definite σ 

and π-framework in the former), substitution effects are comparable.  Similarly we 

found the substitutent position do not effect the extend of aromaticity significantly. 
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[4.0] Abstract 

The frontier molecular orbitals of any transition metals can be brought close to that of 

the Cβ-H bond so that the formation of the agostic and the ethylene hydride complex is 

possible. The relative energies between the metal-agostic and metal-ethylene-hydride 

complexes show that the former complex is most stable with the first-row transition 

metals and the stability decreases for their heavier group analogues but increases for the 

latter complexes. The preference of heavier group metal to form ethylene-hydride 

complex over their agostic is explained on the basis of the metal’s atomic radius and 

steric factor arises from the ligands. The transition states located for the conversion of 

the agostic complex to the ethylene-hydride complex is generally found to be late for 

lighter transition metal complexes and early for their heavier group analogues. 

Isodesmic equation 1 calculated at the B3LYP/LANL2Z and BP86/LANL2DZ supports 

the trends that the lighter metals prefer agostic complexes and heavier metals prefer 

ethylene-hydride complexes.  
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[4.1] Introduction 

 
The activation of inert C-H bonds by a transition metal is of fundamental interest for 

stoichiometric and catalytic reactions particularly for functionalization of 

hydrocarbons.1 The development of catalytic variants of these high barrier reactions 

allows for efficient syntheses of many types of organic molecules.2  Binding a transition 

metal to the C-H bond is the first step in the activation of C-H bonds and leads to the 

formation of agostic complexes.2 Agostic interaction, a term first introduced by 

Brookhart and Green, is described3 as an attractive interaction between metal atom and 

the CH fragment of an appended ligand. The C-H activation reactions proceed from the 

initially formed agostic complex in various directions leading to the different products. 

Agostic interactions have been found to play an important role in the olefin 

polymerization reactions4 and also in the isomerization and dynamics5 of alkyl groups. 

Most of the time a hydrocarbon group already attached to the metal is involved in 

agostic interaction and C-H bond activation. The different possible agostic complexes 

are labeled as α-, β-, γ- etc based on the position of the C-H bonds which interacting 

with the metal atoms.  If the initial product is a result of a C-H bond addition, the 

oxidation numbers of the metal changes for all excepts the Cβ-H bond complex. In the 

latter case the product is an olefin hydride complex.  One of the remarkable aspects of 

C-H bond activation is the following. The C-H bond energy does not vary considerably 

from molecule to molecule. The energy levels of the metal on the other hand vary 

substantially across the periodic table and yet several metals form agostic complexes. 
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The way in which the different ligands combinations prepare any metal of the periodic 

table to interact with the C-H bond effectively is fascinating and prompted this study. 

Among the vast variety of reactions involving agostic complexes, the one involving β-

hydrogen is chosen for the current study. The β-agostic complexes are involved in the 

β-hydride elimination which is of prime importance in catalytic hydrogenation, 

hydroformylation,6 isomerization,7 metathesis,8 and oligomerization9 of olefins as well 

as in the hydrogenolysis10 and other heterogeneous catalytic reactions of hydrocarbons. 

The first step of the β-hydride elimination is an activation of the Cβ-H bond of a metal-

alkyl complex, which is unique because addition does not change oxidation state of the 

metal. This step involves the transformation of metal-ethyl complex (Mets, Scheme 1) to 

β-agostic complex (Mag, Scheme 1) which go on to form an ethylene-hydride complex 

(Meh, Scheme 1), from which many other processes can continue. For example, in the 

polymerization reaction, agostic complex is the resting state, from where propagation, 

termination or hydride exchanges can occur. 
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The available crystal structures of metal-alkyl β-agostic complexes point to the 

occurrence of β-agostic interactions as an intermediate across the periodic table (Table 

1). We would like to understand the way in which the differing ligand combinations on 

different metals lead to appropriate frontier orbitals that stabilize the agostic 

interactions.  

      Two different types of M-C-C bonded β-agostic structures exist in the literature: (i) 

Metal-alkyl (M-C-Cβ-H), and (ii) Metal-alkenyl (M-C=Cβ-H) where the carbons are 

unsaturated. Here we have restricted our study within the metal-alkyl β-agostic 

complex. Even though the agostic-complexes are widely studied, there are only a few 

structurally characterized transition metal-alkyl β-agostic complexes are reported in the 

literature (Table 1). 16 of these are characterized using X-ray or neutron diffraction 

methods.  Others are assigned using spectroscopic methods in solutions or in matrix. 

Interestingly, most of the β-agostic complexes (18) are from the first row transition 

metals. This numbers decrease sharply in the second-row transition metals (8) and 

further in the third row transition metal complexes (4). Here, we would like to 

investigate if there are any specific reasons for the diverse experimental trends. Our 

objective is to study and compare the agostic structure and the β-hydride addition 

reactions catalyzed by transition metal complexes along the groups and across the row 

of a periodic table. In addition, we have searched for the ground state agostic and 

ethylene-hydride structures. We predict based on their ground state structure whether a 

given metal complex will be more suitable for polymerization reactions or β-hydride 

elimination reactions. 
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Table 1: List of experimentally characterized (CCSD and Spectroscopy studies) 

structures of all transition metals reported in the literature that feature metal-alkyl β-

agostic (M····H-Cβ-) interactions along with selected geometrical parameters.  

Molecular Formula Connecting 

group 

M···HC-R 

Cβ-H C∝-Cβ M-C∝- Cβ 

11Sc(Cp*)2Et  (1) -CH2-    
12TiCl3(dmpe)Et  (2)                            (CCSD) -CH2- 1.036 1.500 84.56 
13Ti(Cp)2Et -CH2-    
14Ti(η5-C2B9H11)(Cp*)(Et)       
15[Fe(dmpe)2(CH2CH(iPr)]+    (4)                (CCSD) -CH= 1.143 1.490 78.49 
16[CoCp*(P(o-tolyl)3Et]+                                        

(CCSD) 

 [CoCp*(PPh3Et]+                   

 [CoCp*PMe3Et]+                   

-CH2- 
-CH2- 
-CH2- 

1.317 1.480 74.46 

17[Co(C5H5)Et(C2H4)]+             (5)                   (CCSD) 

17[Co(C5Me4Et)Et(C2H4)]+ 

17[Co(C5Me5)Et(C2H4)]+ 

17[Co(C5Me4Et)Et(C2H4)]+ 

-CH2- 
-CH2- 
-CH2- 
-CH2- 

   

18[CoCp*(P(OMe)3Et]+ -CH2-    
19[Ni(LL)Et]+                                                              (CCSD) -CH2- 1.016 1.435 74.01 
20[Ni(Me2NN)Et] -CH2-    
20[Ni(Me2NN)C3H7] -CH2-    
21[Ni(diimine)C3H7]+                                            (CCSD) -CH2-    
21[Ni(diimine)CH2CH(CH3)]+        -CH2-    
22Cp2*YCH2CH2CH(CH3)2     

                            -CH2-    
22 [Y(Cp*)(µ-CH2CH2R)]2                        (CCSD) -CH2- 0.935 1.534 84.81 
23[Zr(Cp*)2(CH2CH2R)PMe3]+                    (CCSD) -CH2- 0.940 1.518 83.69 
24[Zr(Cp*)2(CH2CH3)RCN]+ -CH2-    
25TpMe2NbCl(i-Pr)(PhC≡CMe)                    (CCSD) -CHR- 1.106 1.476 87.010 
17b[Rh(C5Me5)Et(C2H4)]+ -CH2-    
26[Pd(C2H5)(1,2-(CH2PBut

2)2C6H4]+ -CH2-    
27[(N^N)Pd(C2H4)(C3H7)]+ -CH2-    
28[P2N2]Ta(C2H4)(CH2CH3)]                  (CCSD) -CH2- 1.024 1.449 81.82 
29OsCl(C(C(CH3)CHPh)(PPh3)2C9H8   (CCSD) -C= 1.219 1.520 89.86 
30Pt(η2-C7H10)(L-L)                                    (CCSD) -CH2- 1.280 1.480 78.36 
31[Pt(tBu2P(CH2)3

tBu2)(C2H5)]+        -CH2-    
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Scheme 2 

      The three possible intermediate species involved for the C-H bond activation (or β-

hydride elimination) process are (i) metal-ethyl (16 electrons or less), (ii) metal-agostic 

(18 electrons or less) and (iii) metal-ethylene-hydride (18 electrons or less). The β-

agostic complex is a very crucial intermediate for the bond activation process in many 

aspects. We have used the experimentally characterized metal-alkyl β-agostic structures 

in designing the appropriate agostic complex for each metal. In the absence of such 

experimental guidelines, we have tuned the possible combination of ligands around the 

metal such that ligands stabilize the agostic interactions for each metal. With these 

model compounds, we have studied the CH addition step. Two sets of complexes where 
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all the metal complexes are either neutral or cationic maintaining the total number of 

valence electron count of 14 for early and 16 for late transition metals are considered 

here. Among the many possible ligand-metal combinations are considered, we have 

chosen the ones which gave local minima for all the three species involved in the step.  

The previous theoretically studies on the Cβ-H bond activation did not attempt to make 

such kind of generalization across the periodic table. In 1980, Hoffmann et al. first 

theoretically observed32 the Cα-H bond elongation in the Ta-alkylidene complex using 

extended Hückel calculations.  In 1984, morokuma et al. reported33a the first theoretical 

evidence of Cβ-H⋅⋅⋅M interaction found in the model Ti(C2H5)(Cl)2(H)(PH3)2 complex 

using ab intio molecular orbital calculation. Later, in 1985, they studied33b the role of 

agostic complex in the β-hydride-elimination of Ni- and Pd-complexes. Our earlier 

study shows34 that the cationic Co-β-agostic [Co(C5H5)(PH3)(C2H5)] complex is more 

stable than the corresponding ethylene-hydride [Co(C5H5)(PH3)(C2H4)H]+complex. 

Spencer et al. theoretically studied35 the model [Co(C5H5)(PH3)(C2H5)]+ complex to 

support the experimental observation of dynamic inversion of chirality at Co-center and 

β-hydrogen-elimination reaction. In 1994, Guest et al. studied36 the β-H exchange 

process of the Rh-agostic [Rh(Cp)(C2H4)(C2H5)] complex and found that ethylene-

hydride complex is higher in energy than the β-agostic complex. Morokuma37 et al. 

found that the formation of the β-agostic complex is an important step for the Ti-, Zr-, 

Ni- and Pd-catalyzed ethylene polymerization reactions. Zeigler et al. found38 that the 

β-agostic complex is the most stable complex and found to be the resting state for the 
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polymerization reactions. They found that the β-hydrogen elimination and termination 

has a great impact on the transition metal-catalyzed polymerization reactions. In 1998, 

Scherer et al. theoretically studied39 (DFT) three model complexes [EtTiCl2]+, EtScCl2, 

and EtTiCl2 and concluded that that agostic stabilization derives not from C-H→M 

electron donation but from delocalization of the M-C bonding orbital, usually the 

HOMO in d0 complexes. Their study points out that factors such as the Lewis acidity or 

VE count of the metal center are not important; instead, the form and rigidity of the 

metal-ligand framework appear to be crucial factors in permitting or inhibiting the 

development of the agostic interaction. Very recently, Köppel et al. studied40 the 

dynamics of migratory insertion and β-hydrogen elimination in the cationic complex 

[CpRh(PH3)H(C2H4)]+ from a quantal point of view. Their study shows that the 

geometrical parameters changes considerably for the four atoms were the bonds are 

broken and formed whereas the others remain constant. Even though the β-agostic 

complexes are extensively studied theoretically, there are no systematic study for the 

transition metal catalyzed Cβ-H bond activation process. 

 
[4.2] Computational Details 

  The neutral first row complexes Sc(Cp)2Et, TiCpEt(PH3)2, VCpEt(NO), 

Cr(PH3)2CpEt, MnEt(PH3)4, FeEt(PH3)2NO, CoC6H6Et, and Ni(Cp)Et and the cationic 

first row complexes  [ScCp(C6H6)Et]+
,
 [TiCpEt(NO)]+, [V(Cp)Et(PH3)2]+, [Cr(Cp)2Et]+, 

[MnEt(PH3)2NO]+, [FeEt(PH3)4]+, [CoCpEt(PH3)]+, and [Ni(C6H6)Et]+ are considered in 

this study.  The combination of ligands used around the metal centre is from the group 
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Cp, C6H6, -PH3, and –NO ligands. The same set of ligand combinations are used for 

heavier group metals. We use the following labels for the structures: MetS for the metal-

ethyl complex with a coordinated PH3 as a labile ligand (solvent); Mfrag for the metal 

fragment where the solvent molecule is seperated; Met for non-agostic metal-ethyl 

complex; Mag for the agostic intermediate; and Meh for the product metal-ethylene-

hydride complex. The geometries of Mets, Mag, and Meh are optimized at 

B3LYP/LANL2DZ41-43 level using Gaussian 03 program package.44  The single point 

calculation done on the Mfrag structures which is an non-optimized structure of 

corresponding MetS without the solvent molecule. The model metal-ethyl (Met) 

structures are optimized imposing some geometrical constraints [∠M-Cα-Cβ=115.0° 

and dihedral angle M-Cα-Cβ-H=180.0°] to avoid any kind of interaction between the Cβ-

H of ethyl and metal fragments. The nature of the stationary points is characterized by 

vibrational frequency calculations. For comparisons and calibration, we have done 

optimization as well as frequency calculation at TZVP basis set using same method for 

the all first row transition metal-complexes and results are found to be similar. 

 
    [4.3] Results and Discussions 

The formation of the agostic complex in β-hydride elimination reaction is preceded by 

the release of a solvent molecule or a labile ligand attached to the metal (Scheme 1, Step 

I). The stability of agostic structure is decided by many factors such as the oxidation 

number, electrophilicity around the metal center, spatial orientation of the ligands, 

number of d-electrons, and electron density around the M···HC bond etc. The agostic 
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complexes can go on to form the metal-ethylene-hydride complex (Scheme 1, Step II) 

under favorable reaction conditions. The reaction profile for the β-hydride elimination 

reaction catalyzed by transition metal complexes is shown in the Figure 1.  

 
Table 2: The relative energies (R.E.; Kcal/mol) between the neutral Metal-agostic 

(Magostic) and Metal-ethyl (Methyl) (A), and Metal-ethylene-hydride (Meh) and Metal-

agostic (Magostic) (B) are calculated at B3LYP/LANL2DZ level for the first (1R), second 

(2R) and third row (3R) of transition metal complexes. (3G, 4G, …. etc. indicates III-, 

IV-, …… groups respectively and 1R, 2R, 3R for the 1st, 2nd and 3rd row respectively). 

 

We have considered the endothermic dissociation of the solvent, i.e., MetS → Mfrag + S, 

is the first step in the bond activation process. In the reaction profile (Figure 1), Mfrag is 

a non-optimized structure, left behind while detaching the solvent (S) from the 

optimized saturated Mets complex. The coordinatively unsaturated metal-fragment 

(Mfrag) complex will always try to form a saturated stable metal-agostic (Mag) complex. 

The formation of the agostic complex is prevented to get an estimate of the energy in 

   ∆E  3G 

M(Cp)2Et 

4G 

M(Cp)(PH3)2Et 

5G 

M(Cp)(NO)Et 

6G 

M(PH3)2(Cp)Et 

7G 

 M(PH3)4Et 

8G 

 M(PH3)2(NO)Et 

9G 

M (C6H6)Et 

10G 

M(Cp)Et 

1R -1.62 -0.09 -7.03 -5.13 -5.84 -5.92 -8.34 -9.00

2R -2.12 -1.79 -7.20 -10.74 -8.03 -1.36 -2.04 -1.66

   (A) 

(Eagostic 

 - Eethyl) 
3R -2.98 0.76 -3.54 -9.31 -7.41 -0.89 -1.39 -1.35
1R 20.44 6.26 5.65 11.80 0.76 12.14 -0.93 2.78 

2R 16.96 -4.78 -5.30 -4.55 -8.22 4.26 -7.02 -1.89

  (B) 

(Eproduct  

- Eagostic) 
3R 15.74 -11.92 -15.45 -14.42 -15.86 -9.76 -20.17 -8.49
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the absence of it, by optimizing the Mfrag keeping ∠MCαCβ=115° and dihedral 

MCαCβH=180°. This structure is indicated by Met. If the ∠MCαCβ and dihedral 

MCαCβH angles are relaxed, the agostic complex Mag is obtained. The agostic complex 

of varying stability is the intermediate on the way to the stable ethyelene-hydride 

complex, Meh. The reaction profile shows (Figure 1) that the extent of stabilization of 

metal-ethyl, metal-agostic and metal-ethylene hydride complexes are different for 

different transition metals. The variation of the preference of each of these complexes is 

discussed in the following sections. 

 
Table 3: The relative energies (R.E.; Kcal/mol) between the cationic Metal-agostic 

(Magostic) and Metal-ethyl (Methyl) (A), and Metal-ethylene-hydride (Meh) and Metal-

agostic (Magostic) (B) are calculated at B3LYP/LANL2DZ level for the first (1R), second 

(2R) and third row (3R) of transition metal complexes. (3G, 4G, …. etc. indicates III-, 

IV-, …… groups respectively and 1R, 2R, 3R for the 1st, 2nd and 3rd row respectively). 

 
    ∆E  3G 

[MCp(C6H6)Et]+ 

4G 

[MCp(NO)Et]+ 

5G 

[MCp(PH3)2Et]+

6G 

[M(Cp)2Et]+

 

7G 

[M(PH3)2(NO)Et]+

 

8G 

[M(PH3)4Et]+ 

 

9G 

[M(Cp)(PH3)Et]+ 

 

10G 

[M(C6H6)Et]+

1R -3.99 -7.72 -3.52 -3.12 -10.82 -7.30 -11.26 -12.43 

2R -4.46 -6.63 -5.69 -11.37 -11.10 -8.16 -6.57 -5.15 

    (A) 

(Eagostic 

- Eethyl) 
3R -3.45 -2.76 -3.56 -8.11 -7.72 -10.96 -5.02 -5.84 

1R 19.52 20.20 21.79 9.03 13.28 6.81 7.48 10.56 

2R 15.99 16.77 10.87 -4.06 7.78 -3.34 -0.55 5.70 

    (B) 

(Eproduct 

 - Eagostic) 
3R 16.27 14.93 0.23 -11.22 3.13 -12.29 -10.23 -8.56 
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Fgure 1: Reaction profile for the transition metal catalyzed reaction Mets → Mfrag +S →  

Met + S → Mag + S → Meh + S; where S is the slovent (PH3). The figure 1(a) and 1(b) 

are for neutral and cationic first row transition metal complexes. Similarly, 1(c) and 1(d) 

for second row and 1(e) and 1(f) for third row transition metal complexes. See text for 

details of the ligands. 

 
Table 4: The relative energies (kcal/mol) between the metal-agositc and metal-

ethylene-hydride and corresponding transition state calculated at the B3LYP/LANL2DZ 

level of theory. (3G, 4G, …. etc. indicates III-, IV-, …… groups respectively and 1R, 

2R, 3R for the 1st, 2nd and 3rd row respectively). 

 
 3G 4G 5G 6G 7G 8G 9G 10G 

 

1R 

Agostic 

TS 

Product 

0.00 

20.78 

20.44 

0.00 

16.17 

6.26 

0.00 

13.95 

5.65 

0.00 

13.09 

11.80 

0.00 

3.82 

0.76 

0.00 

14.63 

12.14 

0.00 

7.84 

-0.93 

0.00 

8.23 

2.78 

 

2R 

Agostic 

TS 

Product 

0.00 

17.77 

16.96 

0.00 

13.20 

-4.78 

− 

− 

− 

− 

− 

− 

− 

− 

− 

0.00 

14.13 

4.26 

0.00 

7.48 

-7.02 

− 

− 

− 

 

 

 

 

Neutral 

 

3R 

Agostic 

TS 

Product 

0.00 

16.34 

15.34 

0.00 

11.34 

-11.92 

− 

− 

− 

− 

− 

− 

0.00 

1.77 

-15.86 

0.00 

10.17 

-9.76 

0.00 

3.37 

-19.45 

0.00 

7.13 

-8.49 

 

1R 

Agostic 

TS 

Product 

− 

− 

− 

− 

− 

− 

0.00 

22.66 

21.79

0.00 

11.21 

10.90 

− 

− 

− 

0.00 

6.84 

6.81 

0.00 

9.23 

8.98 

0.00 

10.56 

12.54

 

2R 

Agostic 

TS 

Product 

0.00 

16.49 

15.99 

− 

− 

− 

0.00 

15.26 

10.87

− 

− 

− 

− 

− 

− 

0.00 

2.66 

-3.34 

0.00 

4.31 

0.55 

0.00 

9.78 

5.70 

 

 

 

 

Cationic 

 

3R 

Agostic 

TS 

Product 

0.00 

17.13 

16.27 

− 

− 

− 

0.00 

11.09 

0.23 

0.00 

1.22 

-10.88 

0.00 

4.53 

3.13 

0.00 

1.29 

-12.08 

0.00 

0.22 

-10.23 

0.00 

2.56 

-8.56 
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Table 5:  Energies of the reaction (equation 1) calculated at B3LYP/LANL2DZ level of 

theory (Values are in parentheses calculated at BP86/LANL2DZ level of theory). Here, 

M is a first row transition metal and M ′ is the corresponding heavier group metals from 

the second (2R) and third row respectively (3R). 

 
M′ ( Neutral) M=Sc Ti V Cr Mn Fe Co Ni 

2R 3.48 

 

11.04 

(8.28) 

10.96 

(10.26)

16.35 

(10.32)

9.73 

(7.51) 

7.88 

(2.61) 

6.09 

(6.94) 

4.67 

(4.38) 

3R 4.70 18.17 

(13.96)

20.57 

 

26.22 

 

16.64 

(13.48)

21.90 

(14.17) 

19.23 

(18.65) 

11.28 

 

M′ (Cationic)  M=Sc Ti V Cr Mn Fe Co Ni 

2R 9.73 3.43 10.93 

(7.76) 

13.10 

(9.26) 

7.79 

 

10.16 

(7.20) 

6.93 4.86 

(5.95) 

3R 9.46 5.27 21.56 

(15.80)

20.26 

(14.98)

10.71 19.10 

(14.92) 

17.71 

 

19.12 

(18.39)

 

[4.3.1] Metal-ethyl, Metal-agostic and Metal-ethylene-hydride 

Complexes 

The model metal-ethyl complexes considered are either 14 (Sc-, Ti-, and V-group 

complexes) or 16-electron complexes. These coordinatively unsaturated metal-ethyl 

complexes always have a tendency to form a saturated metal-agostic complex which 

could end up with a metal-ethylene-hydride complex in the process of β-hydrogen 

Mag + Meh                           Mag + Meh (1)
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addition to the metal center. In order to find out the feasibility of ethylene-hydride 

complex formation, we have calculated the potential energy barrier by locating the 

transition state (Table 4) between the metal-agostic and ethylene-hydride complexes. 

We have used isodesmic equation 1 to estimate the relative stabilities (Table 5) of 

metal-agostic and metal-ethylene-hydride complexes when the metal is substituted by 

its heavier group analogues.  

The agostic stabilization energy is calculated as the energy difference between the 

agostic structure and the non-agostic structure (∆Eagostic=Eag -Eet). We have plotted a 

series of graphs (Figure 2) which explain the agostic stabilization energy based on the 

energy difference between the metal vacant orbital and σ-CH orbital of the metal-ethyl 

complexes.  

The relative stabilities between the Met, Mag and Meh complexes are studied for two sets 

of transition metal complexes: neutral- and cationic so adjusted with ligands to be 

isoelectronic as mentioned under methods above. The agostic stabilization energy 

calculated for the neutral Sc(III)-complex is -1.62 kcal/mol (Table 2) which further 

increases in magnitude to -2.12 kcal/mol and -2.98 kcal/mol for the corresponding 

yttrium- and lanthanum-complexes respectively. The agostic stabilization (Figure 2) 

found to be more when the energy difference between the metal vacant orbital and σ-

CH orbital of the metal-ethyl complex is less and vice versa. The neutral Sc-group 

agostic complexes are more stable in comparison to their corresponding ethylene-

hydride complexes.  The relative stabilization energies are -20.44, -16.96 and -15.74 

kcal/mol for the corresponding Sc-, Y and La-complexes respectively. We have located 
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the transition state between the agostic and ethylene-hydride complexes. The potential 

energy barrier (Table 4) for the formation of ethylene hydride complex is 20.78, 17.77, 

and 16.34 kcal/mol for the Sc-, Y- and La-incorporated complexes respectively.  So, the 

barrier for ethylene-hydride formation decreases down the group and the stability of 

ethylene-hydride complex increases. The transition state located for the conversion of 

the agostic complex to the ethylene-hydride complex is only about 0.34-0.81 kcal/mol 

higher than the product. This indicates a very late transition state; expected the 

geometry of the TS is very close to that of the product (Table 7). In all the complexes, 

the Cα-Cβ bond distances (Table 6) in the agostic, TS, and ethylene-hydride complexes 

are within 1.545-1.539, 1.374-1.355, and 1.359-1.356 Å respectively. So, the Cα-Cβ 

bond distance of TS is very close to the ethylene-hydride structure. The M-H bond 

distance in the TS (1.821-2.167 Å) is close to that in the ethylene-hydride (1.804-2.169 

Å) complex than in the agostic (2.246-2.556 Å) complex. The Cβ-H bond distances in 

the agostic, TS, and ethylene-hydride are 1.135-1.142, 2.107-3.253, and 2.565-3.587 Å 

respectively; supports the late transition state. The other structural parameters (∠M-Cα-

Cβ, ∠Cα-Cβ-H and dihedral angle M-Cα-Cβ-H) do not change significantly (Table 6 and 

7). So, these data are not discussed in the following sections. The relative stability of 

agostic and ethylene-hydride complexes within the same group is probed by the 

isodesmic equation 1. Endothermicity of this equation indicates that the lighter metals 

prefer agostic complexes and heavier metals prefer ethylene-hydride complexes. The 

endothermicity (3.48 kcal/mol) of the reaction (equation 1, when M=Sc and M′=Y, 

Table 5) shows that Sc-agostic complex is more preferred than the Y-agostic and Y-
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ethylene-hydride complex more than the Ti-ethylene-hydride complexes. Similarly, the 

reaction energies 4.70 kcal/mol supports the stability of Sc-agostic complex over La-

agostic and La-ethylene-hydride over Sc-ethylene-hydride complexes. Our results show 

that the agostic complex is the most preferred structure for the neutral Sc-group 

complexes. Available experiments support these results.11,22 The ground state β-agostic 

structure involving scandium, ScCp*2Et (1) has been identified by Burger et al. from 

the slow rate of ethylene insertion into the Sc-C bond (Scheme 2).11 The rates of 

ethylene insertion into the Sc-C bond for Cp2*ScR (Cp* = (η5-C5Me5), R = CH3, 

CH2CH3, CH2CH2CH3) have been measured at -80 °C by 13C NMR and their second 

order rate constants (M-1.s-1) are as follows: R = CH3, 8.1 (2) × 10-4; R = CH2CH3, 4.4 

(2) × 10-4; R = CH2CH2CH3, 6.1 (2) × 10-4. They show the second order rates of 

ethylene insertion into the Sc-C bond are slowest when R is an –C2H5 group. So, the β-

agostic complex reduces the approach of ethylene which in turn supports the extra 

stability of β-agostic complex. Two experimentally characterized Y-incorporated β-

agostic complexes are also reported (Table 1) in the CCSD.22 To the best of our 

knowledge, the La-incorporated β-agostic complexes are not reported in the literature. 

Similarly, the agostic stabilization energy has been studied for the cationic Sc-group 

complexes. The stabilization energies are -3.99, -4.46 and -3.45 kcal/mol (Table 3) for 

the corresponding Sc-, Y- and La-complexes respectively. So, the agostic stabilization 

energy increases (Table 3) for the cationic set of the complexes in comparison to their 

neutral set of complexes (Table 2). For the cationic Sc-group complexes, the agostic 

form is the most preferred structure in relative to their ethylene-hydride complexes. The 
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agostic Sc-, Y- and La-incorporated complexes are stable by 19.52, 15.99 and 16.27 

kcal/mol respectively than their ethylene-hydride complexes. We have located the 

transition state (TS) for the formation of ethylene-hydride complexes and the energy 

barriers (Table 4) are 16.49 and 17.13 kcal/mol for the cationic Y- and La-incorporated 

complexes respectively. The transition state located for the conversion of the agostic 

complex to the ethylene-hydride complex is only about 0.50-0.86 kcal/mol higher than 

the product. So, the energy of the transition state is more close to the product. This 

suggests a late transition state; expected the geometry of the TS is very close to that of 

the product (Table 7). In the Y- and La-incorporated complexes, the Cα-Cβ bond 

distances (Table 7) are within 1.542-1.540, 1.383-1.384, and 1.363-1.361 Å for the 

agostic, TS, and ethylene-hydride complexes respectively. So, the Cα-Cβ bond distance 

of TS is very close to the ethylene-hydride structure, supports the prediction of late 

transition state. Other structural parameters, such as M-H and Cβ-H bond distances also 

support the late transition state. The M-H bond distance in the TS (1.981-2.128 Å) is 

more close to the product (1.959-2.106 Å) than in the agostic (2.334-2.548 Å). The Cβ-

H bond distances in the agostic, TS, and ethylene-hydride are 1.147-1.140, 2.038-2.001, 

and 2.611-2.718 Å respectively; confirms the late transition state. Though the agostic 

form is the most stable form for these complexes, the stability of the agostic complex 

decreases down the group. The high endothermicity values 9.73 kcal/mol (equation 1; 

when M=Sc, M'=Y, Table 5) favor the stability of cationic Sc-agostic complex over the 

Y-agostic and Y-ethylene-hydride over Sc-ethylene-hydride complex. Similarly, the 

reaction energy 9.46 kcal/mol (M=Sc, M'=La) supports the stability of Sc-agostic  
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Figure 2: The energy difference between the metal vacant orbital and σ-CH orbital of 
the metal-ethyl complexes (A). The agostic stabilization energy for the transition metal 
complexes (B). The figures 2(a) and 2(b) are for neutral and cationic first row transition 
metal complexes. Simliarly, 2(c) and 2(d) for second row and 2(e) and 2(f) for third row 
transition metal complexes. 
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complex over La-agostic as well as La-ethylene-hydride over Sc-ethylene-hydride 

complex. Surprisingly, our crystal structure database search did not list any β-agostic 

complex reported for the cationic Sc-group complexes. It could be due to the less 

synthetic effort directed for the cationic Sc-group complexes.  

Among the neutral group-4 complexes, the agostic stabilization energy is maximum (-

1.79 kcal/mol) for the neutral Zr(II)-complex.  In this group, the agostic complex is the 

most stable structure for Ti- by 6.26 kcal/mol but ethylene-hydride complexes are lower 

in energy for the Zr- and Hf- complexes by 4.78 and 11.92 kcal/mol respectively. The 

transition state for the formation of ethylene-hydride complex decreases from Ti- to Zr-

complexes by 2.97 kcal/mol which further decreases by 4.83 kcal/mol for the Hf-

complexes. Obviously, the preference for the metal-ethylene-hydride complexes 

increases down the group. The TS of the Ti-complex is more close to the product (9.91 

kcal/mol) than the agostic (16.17 kcal/mol) but agostic is close for the Zr- and Hf-

complexes. The Cβ-H bond distance in the transition state is an important geometrical 

parameter for confirming the nature of the TS whether close to the reactant or product. 

On the other hand, the Cα-Cβ bond distances do not as it increases considerably when 

the metal’s back-bonding and diffuseness of d-orbital’s increases.  The Cβ-H bond 

distance in the TS decreases by 0.046 Å from Ti to Zr which further decreases by 0.047 

Å from Zr to Hf complex.  So the elongated Cβ-H bond distances in the Zr- and Hf- 

supports the structure of TS close to the product.   The reaction energy 10.96 kcal/mol 

(equation 1, M=Ti, M′=Zr) supports the stability of Ti-agostic complex over Zr-agostic 

and Zr-ethylene-hydride over Ti-ethylene-hydride complex. The reaction energy 
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increases to 20.57 kcal/mol (equation 1, M=Ti, M′=Hf) when the Zr-complexes are 

replaced by Hf-complexes. The preference of heavier group metal to form ethylene-

hydride complex over their agostic can be explained on the basis of the metal’s atomic 

radius and steric factor arises from the ligands. The larger size of the metal atom gives 

enough room to hold both the ethylene and hydride resulting ethylene-hydride complex. 

So, the tilting equilibrium between the agostic and ethylene-hydride complexes depend 

on the steric effect manifested by the ligands and the atomic radius of the metal 

involved. The preference for Ti-agostic complex has been reported experimentally.12 

The neutral β-agostic TiCl3(dmpe)Et (2) complex, synthesized by Green et al.12  is 

attributed to the inability of the complex to undergo β-hydride elimination reaction. 

There are two other β-agostic Ti-complexes reported in the literature.13-14 

In the cationic Ti-group complexes, the agostic stabilization energy is maximum (7.72 

kcal/mol) for the Ti-complex which decreases in magnitude to 6.63 kcal/mol for the Zr-

complex and further decreases to 2.76 kcal/mol for the Hf-complex. In group 4 metals, 

the agostic stabilization energy is higher for the cationic set of complexes (Table 3) in 

comparison to their neutral-set (Table 2). The stability of metal-agostic complexes 

increases as the metal’s electrophilic nature increases. The relative stabilities between 

the agostic and ethylene-hydride complexes show that the agostic complex is stable by 

20.20, 16.77, and 14.93 kcal/mol for the Ti-, Zr-, and Hf-complexes respectively. So, 

the relative stabilities show that the metal-agostic form is the most stable form for these 

group complexes (Table 3) but the stability of metal-ethylene-hydride complex 

increases for heavier group complexes. In these cationic group 4 complexes, we could  
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Table 6: Selected geometric parameters of the neutral structures optimized at 

B3LYP/LANL2DZ. (3G, 4G, …. etc. indicates III-, IV-, …… groups respectively and 

1R, 2R, 3R for the 1st, 2nd and 3rd row respectively). 

 
Bond (Å) Compound 3G 4G 5G 6G 7G 8G 9G 10G 

 Oxidation State 
Valance Electrons 

+3 
16 

+2 
16 

+1 
16 

+2 
18 

+1 
18 

0 
18 

+1 
18 

+2 
18 

1R 1.135 1.122 1.155 1.148 1.172 1.145 1.171 1.171 
2R 1.142 1.134 1.167 1.166 1.184 1.125 1.141 1.144 

 
Agostic 

3R 1.142 1.129 1.171 1.174 1.196 1.128 1.160 1.115 
1R 2.107 1.694 1.966 1.934 1.581 1.784 1.668 1.783 
2R 2.050 1.648 - - - 1.692 1.558 - 

 
TS 

3R 3.253 1.601 - - 1.434 1.587 1.432 1.514 
1R 2.565 2.731 2.925 2.285 2.215 2.081 2.424 2.543 
2R 2.698 3.123 3.330 2.399 2.388 2.510 2.553 2.675 

 
 
 
 

Cβ-H 

 
Hydride 

3R 3.587 3.108 3.130 2.407 2.418 2.530 2.464 2.592 
1R 2.246 2.264 1.971 1.927 1.845 1.931 1.761 1.763 
2R 2.370 2.287 2.071 2.006 1.949 2.322 2.079 2.083 

 
Agostic 

3R 2.556 2.335 2.069 2.003 1.944 2.336 2.017 2.444 
1R 1.821 1.712 1.639 1.583 1.604 1.550 1.491 1.481 
2R 2.023 1.891 - - - 1.674 1.612 - 

 
TS 

3R 2.167 1.876 - - 1.774 1.749 1.692 1.660 
1R 1.804 1.733 1.616 1.588 1.596 1.517 1.473 1.465 
2R 2.007 1.900 1.766 1.703 1.687 1.672 1.532 1.550 

 
 
 
 

M-H 

 
Hydride 

3R 2.169 1.874 1.763 1.716 1.703 1.707 1.571 1.560 
1R 1.545 1.549 1.525 1.523 1.524 1.528 1.515 1.516 
2R 1.546 1.549 1.523 1.518 1.523 1.543 1.540 1.527 

 
Agostic 

3R 1.539 1.560 1.538 1.524 1.530 1.553 1.541 1.551 
1R 1.374 1.460 1.392 1.417 1.455 1.436 1.439 1.421 
2R 1.381 1.470 - - - 1.442 1.449 - 

 
TS 

3R 1.355 1.486 - - 1.484 1.470 1.479 1.466 
1R 1.359 1.457 1.397 1.413 1.424 1.433 1.427 1.409 
2R 1.359 1.483 1.413 1.443 1.436 1.438 1.431 1.533 

 
 
 
 

Cα-Cβ 

 
Hydride 

3R 1.356 1.509 1.432 1.466 1.452 1.466 1.461 1.439 
1R 88.0 90.2 83.1 81.4 78.809 83.103 79.5 79.073 
2R 88.8 88.1 84.1 82.6 80.323 93.142 87.0 87.226 

 
M-Cα-Cβ 

 
Agostic 

 3R 91.5 89.9 83.8 82.5 79.935 92.881 85.3 97.639 
1R 113.8 112.8 112.7 112.1 113.0 111.4 110.5 111.4 
2R 114.4 113.6 112.9 111.9 113.7 111.6 114.1 111.3 

Cα-Cβ-H  
Agostic 

 3R 114.4 113.6 113.2 111.8 113.9 112.0 110.9 112.0 
 

not locate any transition state between the agostic and ethylene-hydride complexes. The 

endothermicity values 3.43 kcal/mol (equation 1; M=Ti, M'=Zr) and 5.37 kcal/mol 
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(M=Ti, M'=Hf) show the cationic Ti-agostic complex preferred over their heavier group 

metal-agostic complexes and Hf-ethylene-hydride complex preferred over their lighter 

group analogues. To the best of our knowledge, there are two examples23-24 (Table 1) 

from the cationic Zr-complexes where [Zr(Cp*)2(PMe3)Et]+, identified as a ground state 

structure and believed to be a catalyst resting state during the polymerization reaction.23 

 The neutral vanadium(I)-complexes has -7.03 kcal/mol agostic stabilization energy 

which increases in magnitude to -7.20 kcal/mol for Nb(I)-complex and decreases to -

3.54 kcal/mol for the Ta(I)-complex.  The agostic form is the most stable form for the 

neutral vanadium complexes but ethylene-hydride complexes are lower in energy by 

5.30 and 15.45 kcal/mol for the Nb- and Ta-complexes respectively. We have located 

the transition state between the V-agostic and V-ethylene-hydride complexes. The high 

barrier 13.09 kcal/mol predicts the transition state to be close to the product and the 

difference is 8.30 kcal/mol. The Cα-Cβ and Cβ-H bond distances in the TS (1.392, 1.966 

Å) are more close to the ethylene-hydride (1.397, 2.925 Å) than to the agostic (1.525, 

1.155 Å) complex.  Again, the high endothermicity (10.96 kcal/mol, M=V, M′=Nb) and 

20.57 kcal/mol) of the reaction (equation 1) favors the V-agostic complex in 

comparison to the Nb-agostic and Nb-ethylene-hydride over V-ethylene-hydride. The 

endothermicity value increases to 20.57 kcal/mol when Nb- is replaced by Ta. Though 

our study shows that the metal-ethylene-hydride complex is the most stable form for the 

Nb- and Ta-incorporated complexes but there are two experimentally characterized β-

agostic complexes [(TpMe2NbCl(i-Pr)(PhC≡CMe) and [P2N2]Ta(C2H4)(CH2CH3)])]25,28 

are reported in the literature. This could be due to the presence of bulkier ligands which 
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reduce the available space around the metal center to hold an ethylene and hydride 

group simultaneously. 

Similarly, the cationic V-group complexes are studied in greater details. The agostic 

stabilization energies are -3.52, -5.69 and -3.56 kcal/mol for the V-, Nb- and Ta-

complexes respectively. The relative energies between agostic and ethylene-hydride 

complex show that V-, Nb and Ta-agostic complexes are lower in energy by 21.79, 

10.87, and 0.23 respectively. So, the agostic form is the relatively most stable form for 

these set of complexes as previously seen in the cationic Sc- and Ti-group complexes.  

The energy barriers for the conversion of the agostic complex to the ethylene hydride 

complex (Table 4) are 22.66, 15.26 and 11.09 kcal/mol for the V-, Nb- and Ta- 

complexes respectively. The energy barrier decreases considerably for heavier group 

metal complexes as seen in the earlier group complexes. The relative energies between 

the TS and product is maximum 10.86 kcal/mol for Ta which decreases to 4.39 kcal/mol 

for Nb and further decreases to 0.87 kcal/mol for the V. So, the vanadium-TS energy is 

only 0.87 kcal/mol higher than the product, predicts a late transition state. The Cβ-H and 

Cα-Cβ bond distances in TS (2.028, 1.424 Å) is close to the product (2.434, 1.420 Å) 

than to the agostic (1.128, 1.534 Å), supports such prediction. The Cβ-H and Cα-Cβ 

bond distances in the Niobium-TS (1.789, 1.454 Å) structure is close to the product 

(2.421, 1.443 Å) than to the agostic (1.142, 1.540 Å). Though the niobium-TS energy is 

close to the product but it has higher energy difference in comparison to the V-complex. 

Such energy differences have been reflected in their geometrical parameters too. The 

difference in the Cβ-H bond length between the TS and agostic is 0.900 Å for V, 0.647 
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for Nb and 0.526 Å for Ta. So, the Niobium-TS structure is close to the product but 

little bit shifted towards the agostic structure and tantalum-TS shifted further towards 

the agostic. The high reaction energy10.93 kcal/mol (equation 1; M=V, M′=Ta; Table 

5) shows that cationic V-agostic and Nb-ethylene-hydride complex are stable over Nb-

agostic and V-ethylene-hydride respectively.  The reaction energy increases to 21.56 

kcal/mol when the V-complexes are compared with the Ta-complexes. To the best of 

our knowledge, the cationic V-group β-agostic complexes are not yet characterized 

experimentally. 

The neutral Cr-group complexes show similar kind of trend observed in the previous 

group complexes. The agostic stabilization energies are considerably high and the 

values are -5.13, -10.74, and -9.31 kcal/mol for the Cr-, Mo-, and W-complexes 

respectively. The agostic complex is the most stable structure for Cr- by 11.80 kcal/mol 

(Table 2) but ethylene-hydride complexes are lower in energy for the Mo- and W-

complexes by 4.55 and 14.42 kcal/mol respectively. So, the stability of ethylene-hydride 

complexes increases from Cr to W, as seen in the previous group complexes. We have 

located the transition state for the Cr-complexes and the barrier (Table 4) is 13.09 

kcal/mol. The transition states located for the conversion of the agostic to the ethylene 

hydride complex is only 1.29 kcal/mol higher than the product. This indicates a very 

late transition state; expected the geometry of the TS is very close to that of the product. 

The Cβ-H and Cα-Cβ bond distances in TS (1.934, 1.417 Å) is more close to the product 

(2.285, 1.413 Å) than to the agostic (1.148, 1.523 Å), supports the prediction of late 

transition state. The high reaction energies (equation 1, Table 5) 16.35 (M=Cr, M'=Mo)  
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Table 7: Selected geometric parameters of the cationic structures optimized at 

B3LYP/LANL2DZ. (3G, 4G, …. etc. indicates III-, IV-, …… groups respectively and 

1R, 2R, 3R for the 1st, 2nd and 3rd row respectively). 

 
Bond (Å) Compound 3G  4G 5G  6G  7G 8G  9G  10G  
 Oxidation State 

Valance Electrons 
+3 
16 

+2 
16 

+3 
16 

+4 
18 

+1 
18 

+2 
18 

+3 
18 

+2 
18 

1R 1.141 1.141 1.128 1.143 1.168 1.170 1.173 1.173 
2R 1.147 1.146 1.142 1.188 1.180 1.187 1.168 1.148 

 
Agostic 

3R 1.140 1.147 1.144 1.206 1.190 1.223 1.190 1.177 
1R - - 2.028 1.787 - 1.727 1.817 1.955 
2R 2.038 - 1.789 - - 1.555 1.615 1.815 

 
TS 

3R 2.001 - 1.670 1.436 1.720 1.444 1.452 1.574 
1R 2.560 2.857 2.434 2.084 2.210 2.081 2.080 2.511 
2R 2.611 3.055 2.421 2.306 2.293 2.299 2.342 2.590 

 
 
 
 
 
 
Cβ-H 

 
Hydride 

3R 2.718 3.011 2.802 2.334 2.309 2.399 2.374 2.615 
1R 2.197 2.095 2.131 2.015 1.852 1.842 1.512 1.766 
2R 2.334 2.255 2.181 1.977 1.180 1.932 1.962 2.075 

 
Agostic 

3R 2.548 2.234 2.160 1.952 1.973 1.897 1.945 1.961 
1R - - 1.597 1.557 - 1.543 1.486 1.447 
2R 1.981 - 1.760 - - 1.683 1.622 1.549 

 
TS 

3R 2.128 - 1.781 1.775 1.727 1.746 1.700 1.615 
1R 1.766 1.649 1.611 1.540 1.561 1.526 1.473 1.425 
2R 1.959 1.812 1.756 1.663 1.663 1.617 1.562 1.513 

 
 
 
 
 
 
M-H 

 
Hydride 

3R 2.106 1.811 1.476 1.679 1.685 1.650 1.591 1.529 
1R 1.540 1.532 1.534 1.526 1.514 1.520 1.512 1.501 
2R 1.542 1.538 1.540 1.514 1.518 1.513 1.515 1.509 

 
Agostic 

3R 1.540 1.548 1.549 1.520 1.528 1.517 1.525 1.516 
1R - - 1.424 1.413 - 1.425 1.413 1.404 
2R 1.383 - 1.454 - - 1.450 1.438 1.412 

 
TS 

3R 1.384 - 1.472 1.476 1.422 1.476 1.471 1.446 
1R 1.362 1.384 1.420 1.395 1.379 1.401 1.398 1.396 
2R 1.363 1.384 1.443 1.422 1.379 1.410 1.404 1.403 

 
 
 
Cα-Cβ 

 
Hydride 

3R 1.361 1.393 1.476 1.438 1.384 1.428 1.425 1.425 
1R 87.0 83.6 88.1 83.5 79.5 80.2 78.4 79.7 
2R 88.4 86.0 87.2 81.3 81.4 81.4 82.7 87.8 

 
 
M-Cα-
Cβ 

 
Agostic 
 3R 91.8 86.2 86.5 80.5 81.0 79.7 82.1 83.9 

1R 114.2 115.8 112.8 112.7 113.1 113.0 111.9 111.0 
2R 114.6 116.0 113.3 113.5 111.7 112.5 112.2 110.8 

 
Cα-Cβ-H 

 
Agostic 
 3R 114.5 115.7 113.3 113.6 113.7 113.3 112.0 111.2 
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and 26.22 kcal/mol (M=Cr, M'=W) favor the Cr-agostic complex over the heavier group 

(Mo-,W-) analogues and W-ethylene-hydride over lighter group (Cr-, Mo) analogues. 

Three Mo-incorporated β-agostic complexes are reported in the CCSD where the the β-

H comes from an acyl [-C(=O)CH3] group. To the best of our knowledge, there are no 

experimentally characterized Cr- and W-incorporated β-agostic complexes reported in 

the literature but the equilibrium between the metal-agostic and metal-ethylene-hydride 

complexes reported for this group of complexes. Wrighton and co-workers7d observed 

that near UV radiation on (η5-C5R5′)M(CO)3R (R′ = H, Me; M = Mo, W; R = CH3, 

C2H5, n-pentyl) results in efficient dissociative loss of CO. The resulting 16 valence 

electron species from CO loss has been characterized by infrared spectroscopy. For the -

R groups having β-hydrogens, optical and infrared spectroscopy give evidence for a 

species which is not completely coordinatively unsaturated and is proposed to be an 

intermediate precursor for β-hydrogen transfer. This species does not react rapidly with 

CO or PPh3 at the same reaction condition as do the (η5-C5R5′)M(CO)2CH3. On 

warming β-hydrogen transfer takes place leading to a metal-alkene-hydride. This β-

hydrogen transfer is proposed to involve a pre-equilibrium between the 16-valence-

electron species and a cis-alkene-hydride complex that isomerizes to the trans-alkene-

hydride in the rate-determining step. Similar results are also obtained45 with Fe- and Ru-

metal complexes. 

The agostic stabilization energy in the cationic Cr-group complexes is highest (11.37 

kcal/mol) for Mo- and lowest (3.12 kcal/mol) for Cr- complex. The Cr-agostic complex 

is relatively stable by 9.03 kcal/mol than the ethylene-hydride complex but the latter 
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form is stable by 4.06 and 11.22 kcal/mol for the Mo- and W-complexes respectively. 

The transition states located for the conversion of the agostic complex to the ethylene-

hydride complex for the Cr- and W-metals. The energy barrier is 11.21 kcal/mol for Cr- 

and 1.22 kcal/mol for W-complexes. The chromium-TS energy is 2.18 kcal/mol higher 

than the product where as tungsten-TS is 12.44 kcal/mol higher than the product. So we 

predict a late transition state for Cr- but early transition state for W-complexes. In the 

chromium complexes, the Cβ-H bond distances are 1.143, 2.084, 2.015 Å in the agostic, 

TS, and product respectively. So the Cβ-H bond distance in the TS is close to the 

product, supports the late transition state. In the W-complexes, the Cβ-H bond distances 

are 1.206, 1.436, 2.334 Å in the agostic, TS, and product respectively.  Here, the Cβ-H 

bond distance in the TS is close to the agostic, supports an early transition state. The 

cationic Cr-group complexes show (equation 1) that the stability of Cr-agostic complex 

and Mo-ethylene-hydride is preferred over Mo-agostic and Cr-ethylene-hydride 

complex by 13.10 kcal/mol. The value increases to 20.16 kcal/mol when Mo-complexes 

are replaced by the heavier group analogues. Our CCSD search did not show any 

cationic Cr-group β-agostic structure reported in the literature. 

For the neutral Mn-group complexes, the agostic stabilization energies are -5.84, -8.03 

and -7.41 kcal/mol for the Mn-, Tc-, and Re-complexes respectively. So, the 

stabilization energy increases down the group. The trend is same which has observed in 

their earlier group metal-complexes too. The relative stabilities show the Mn-agostic 

complex is stable by 0.76 kcal/mol than the ethylene-hydride form. The down the group 

Tc- and Re-complexes prefer their ethylene-hydride from by 8.22 and 15.86 kcal/mol 
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respectively. We have located corresponding transition state for the Mn- and Re- 

complexes and the energy barriers are 3.82 and 1.77 kcal/mol respectively. The low 

barriers of ethylene-hydride formation support their kinetic stability in addition to their 

thermodynamic stability. The energy of the transition sate is more close to the product 

with a difference of 3.06 kcal/mol in the case of Mn-complex, while it is more close to 

reactant with a difference of 1.77 kcal/mol in the case of Re- complex. This is further 

supported by the similarities in the geometrical parameters of transition state with 

agostic or ethylene hydride complexes. For Mn- complex, the Cβ-H bond distances 

(Table 6) changes from 1.172 to 1.581 to 2.215 Å while going from agostic to TS to 

ethylene-hydride complexes respectively. The Cα-Cβ and M-H distances (Table 6) in 

agostic (1.530, 1.845 Å), TS (1.455, 1.604 Å) and product (1.424, 1.596 Å) show that 

the TS is more close to the product. But for Re- complex, the Cβ-H bond distances 

changes from 1.196 to 1.434 to 2.418 Å from agostic to TS to product respectively. The 

Cβ-H bond distance in the TS is more close to the agostic structure than to the product, 

supports the prediction of early transition state. The high endothermicity values 9.73 

and 16.64 kcal/mol indicate that lighter metals prefer agostic complex and heavier 

metals prefer ethylene-hydride complexes, as seen in the previous group complexes. 

The agostic stabilization energy for the cationic Mn-group complexes is considerably 

high in comparison to the earlier cationic group complexes. The stabilization energy is 

maximum (-11.10 kcal/mol) for Tc-complex and minimum (-7.72 kcal/mol) for Re-

complex. The agostic complex is the most stable structure for the cationic Mn-group 

complexes. The relative stabilities between the agostic and ethylene-hydride complexes 
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show the stability of Mn-agostic is maximum (13.28 kcal/mol) and minimum (3.13 

kcal/mol) for Re- complexes. We have found the transition state for Re-complex and the 

barrier is 4.53 kcal/mol. The low barrier of transition state shows that TS is more close 

to that of the agostic complex, which is further supported by the Cβ-H bond distances of 

TS (1.720 Å) which is close to the agostic (1.190 Å) than that of the ethylene hydride 

2.309 Å.  The endothermicity value (equation 1) 7.79 kcal/mol (M=Mn, M'=Tc) 

supports the preference in stability of Mn-agostic complex over Tc-agostic and Tc-

ethylene hydride over Tc-agostic complex. Similarly, the reaction (equation 1) energy 

10.71 kcal/mol (M=Mn, M'=Re) supports the stability of Mn-agostic complex over Re-

agostic and Re-ethylene hydride over Re-agostic complexes. An agostic structure with 

manganese, (η5-pentadienyl)Mn[(Me2PCH2)3CMe]+PF6
- (3), has been experimentally 

identified as a ground state, where as the product η5-pentadienely-metal-hydride is the 

ground state structure46 for the corresponding rhenium system [(η5-2,4-dimethyl-

pentadienyl)Re[(Me2PPh)3]+BF4, supports our results. 

Among in the neutral Fe-group complexes, the agostic stabilization energy (Table 2) is 

maximum (-5.92 kcal/mol) for Fe-complex and minimum (-0.89 kcal/mol) for Os-

complex. So, in this group, the agostic stabilization energy decreases for down the 

group. The relative stabilities calculated between metal-agostic and metal-ethylene-

hydride complexes show that Fe- and Ru-agostic complexes are stable by 12.14 and 

4.26 kcal/mol respectively but Os-ethylene-hydride stable by 9.76 kcal/mol. We have 

located the transition state for Fe-, Ru- and Os-complexes. The energy barrier for the 

formation of Fe-ethylene-hydride complex is 14.63 kcal/mol which decreases to 14.13 
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for Ru-complexes and further decreases to 10.17 kcal/mol for the Os-complexes. The 

iron-TS energy is higher by 2.49 kcal/mol than the product; expecting a late transition 

state. The difference increases in magnitude to 9.87 for Ru- and 19.93 kcal/mol for Os-

transition state. So, the Ru and Os-transition state will be more close to the reactant than 

the product.  In the Fe-complexes, the Cβ-H bond distances in TS (1.784 Å) is close to 

the product (2.081 Å) than to the agostic (1.145 Å). Similarly the Cα-Cβ and M-H 

(Table 6) distances support a late transition state. In the Ru-complexes, the Cβ-H bond 

distances in TS (1.692Å) is close to the agostic (1.125 Å) than to the product (2.510 Å); 

supports a early transition state. The Cβ-H bond distances in the Os-transition state 

(1.587 Å) is more close to the agostic (1.128 Å) than in the Ru-complexes. The trend is 

similar as seen in the previous group complexes.  The isodesmic equation 1 shows that 

the Fe-agostic and Ru-ethylene-hydride complex is stable by 7.88 kcal/mol in 

comparison to their Fe-ethylene-hydride and Ru-agostic complexes respectively. 

Similarly, the endothermicity value increases to 21.90 kcal/mol when Fe- is replaced by 

Os- metal atom in their complexes.  

For the cationic Fe-group complexes (Table 3), the agostic stabilization energies for Fe, 

Ru- and Os-complexes are -7.30, -8.16 and -10.96 kcal/mol respectively. So, among in 

these group complexes, the stabilization energy increases for heavier group metal 

complexes. The relative stabilities between agostic and ethylene-hydride complexes 

show that Fe-agostic is most stable by 6.81 kcal/mol but Ru- and Os-ethylene-hydride 

complexes are stable by 3.34 and 12.29 kcal/mol respectively. The transition states 

located between theses complexes show that the energy barrier for the ethylene hydride 
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formation is maximum 6.84 kcal/mol for Fe- which decrease to 2.66 kcal/mol for Ru- 

and further decreases to 1.29 kcal/mol for Os-complexes. The relative energies between 

the TS and product increase for down the group complexes. So, we predict a late TS for 

lighter metals and early TS for the heavier group analogues. The trend is similar to the 

neutral Fe-group complexes and explanations can be given similarly. The isodesmic 

equation 1 used for comparing the relative stabilities between the complexes of lighter 

and heavier group elements show that the combination of cationic Fe-agostic and Ru-

ethylene-hydride complexes preferred over the combination of cationic Ru-agostic 

complex and Fe-ethylene-hydride complexes by 10.16 kcal/mol. The endothermicity 

value increases to 19.10 kcal/mol when Ru-complexes are replaced by Os-complexes. 

Even though the iron β-agostic complex, [Fe(dmpe)2(CH2CH(iPr)]+ (4), has reported, no 

information is available on the β-hydride elimination reaction and nothing has been 

discussed about its ground state structure.15 Tolman,47 and Ittel et al. studied47 the C-H 

bond cleavage at sp2 carbon while reaction of iron and ruthenium with anthracene 

suggests that the 1,3-diene structure is more stable thermodynamically than the anthryl 

hydride for Fe. The reverse is true for Ru, which again supports indirectly that the bond 

activation process is more feasible in presence of second or third-row transition metals 

in comparison to first row. 

The agostic stabilization energies for the neutral Co-, Rh- and Ir-complexes are -8.34, -

2.04, and -1.39 kcal/mol respectively.  The stabilization energy decreases from Co- to 

Ir-complexes. The relative energies between the agostic and ethylene-hydride shows 

that the ethylene-hydride complex is the most stable structure by 0.93, -7.02 and -20.17 
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kcal/mol for the Co-, Rh- and Ir-complexes respectively. The energy barrier for the Co-

ethylene-hydride complex formation is 7.84 kcal/mol and decreases to 7.48 kcal/mol for 

Rh-complex which further decreases to 3.37 kcal/mol for the Ir-complexes. The energy 

of the cobalt-TS is close to the agostic (7.84 kcal/mol) than to the product (8.77 

kcal/mol). Similarly, the energy of Rh- and Ir-TS complexes is more close to the agostic 

by 7.48 and 3.37 kcal/mol than to the product by 14.50, and 23.54 kcal/mol 

respectively. We predicts a early transition state for all these complexes and the TS 

structure will be more close to the corresponding agostic for Ir- than to the Rh- than to 

the Co-. This is supported by the ∆Cβ-H [Cβ-H =Cβ-H(TS)- Cβ-H(agostic)] bond 

distances. The ∆Cβ-H value is maximum 0.497 Å for Co-, decreases to 0.417 Å for Rh- 

and minimum for 0.272 Å for Ir-; supports the early transition for heavier group and late 

transition for lighter group analogues. The endothermicity values (equation 1) are 6.09 

and 19.23 kcal/mol indicating the preferred stability of Co-agostic complex over Rh- 

and Ir-agostic complexes. Similarly the Rh- and Ir-ethylene-hydrides are more stable 

than the Co-ethylene-hydride complexes.   

The agostic stabilization energy decreases as -11.26, -6.57 and -5.02 kcal/mol for the 

cationic Co-, Rh- and Ir-complexes respectively (Table 3). The Co-agostic form is 

relatively most stable form over its ethylene-hydride form by 7.48 kcal/mol but the 

ethylene-hydrides are relatively most stable complexes for Rh- and Ir- by 0.55 and 

10.23 kcal/mol respectively. The transition states between the agostic and ethylene-

hydride complexes are located and the energy barriers are 9.23, 4.31 and 0.22 kcal/mol 

for the Co-, Rh- and Ir-complexes respectively. Similar trend has been found in the 
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neutral-Co-group complexes too. Similar kind of explanations can be given here. The 

high endothermicity values (equation 1) 6.93 and 17.71 kcal/mol corresponds to the 

stability of Co-agostic complex in comparison to their heavier group analogues 

respectively. Our theoretical results are close to the experimental results. Brookhart et 

al. experimentally calculated17b the free energies of activation of 

[M(C5R5)(C2H4)(CH3CH2-µ-H)]+ (R=H, CH3; M=Co, Rh) complex for the conversion 

of agostic to ethylene-hydride complex. The barrier is 5.3 kcal/mol for Co but decreases 

to 3.7 for the Rh-complexes. They observed17b that the energy difference between the 

agostic and the olefin-hydride structure is higher for the Co-complex and the difference 

is very small for the corresponding rhodium system. Such observations lead to conclude 

that the second row metal complex will favor terminal-hydride structures relative to 

their first row analogues. Later, they found third row metal complex will favor terminal-

hydride structures relative to their second row analogues. This trend has been further 

supported from the activation barrier of alkyl migration reaction in the metal hydride 

complexes where Brookhart et al. proposed18 that the barrier for alkyl migration 

reaction is lower in the bridged-hydride (agostic type) rather than in the terminal 

hydride complexes. The equilibrium between 18 electron metal-agostic and metal-

ethylene-hydride systems was first found by Brookhart et al. in the [Co(C2H4-H)(η5-

C5H5)(C2H4)]BF4 complex.17a They interpreted17a the β-agostic cobalt-complex 

[Co(Cp*)(C2H4)Et]+ (5) in terms of a ground state with an agostic ethyl group where as 

NMR data on the related rhodium [C5H5Rh(PR3)(C2H4)H]+, ruthenium 

[C6H6Ru(PR3)(C2H4)H]+, osmium [C6H6Os(PR3)(C2H4)H+, and 
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Os(PR3)2(CO)Cl(C2H4)H] complexes have been interpreted in terms of hydrido olefin 

complexes.48  

In the neutral Ni-group complexes (Table 2), the agostic stabilization energy is 

maximum (-9.00 kcal/mol) for Ni-complex and minimum (-1.35 kcal/mol) for Pt-

complex. The stabilization energy decreases down the group. The relative stabilities 

between the agostic and ethylene-hydride show that Ni-agostic is the most stable 

structure by 2.78 kcal/mol but Pd- and Pt-ethylene-hydride complexes are more stable 

by 1.89 and 8.49 kcal/mol respectively. The transition states located for Ni- and Pt-

complexes and the energy barriers are 8.23 and 7.13 kcal/mol respectively. The TS are 

predicted to be a late transition state and can be confirmed form the geometrical 

parameters. The results are similar as seen in the previous group complexes. The 

isodesmic equation 1 gives endothermicity values of 4.67 and 11.28 kcal/mol in support 

of lighter favor agostic and heavier metal prefers ethylene-hydride complexes. 

For the cationic Ni-group complexes, the agostic stabilization energies are -12.43, -5.15, 

and -5.84 kcal/mol for the Ni-, Pd- and Pt-complexes respectively. The relative 

stabilities between the agostic and ethylene-hydride complexes show Ni- and Pd-agostic 

complexes are stable by 10.56 and 5.70 kcal/mol respectively but Pt-ethylene-hydride is 

stable by 8.56 kcal/mol. The transition states between agostic and ethylene-hydride 

complexes are calculated for these group complexes. The transition state energy barriers 

for the cationic Ni-, Pd- and Pt-incorporated complexes are 12.54, 9.78 and 2.56 

kcal/mol respectively. The barrier decreases down the group. Same trend has been 

found in the previous group complexes. The explanations are similar. The isodesmic 
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equation 1 used for the relative stabilities between the lighter and heavier group 

complexes show that the cationic Ni- and Pd-ethylene-hydride complexes preferred 

over the Pd-agostic and Ni-ethylene-hydride complexes by 4.86 kcal/mol. The 

endothermicity increases to 19.12 kcal/mol when Pd-complexes are replaced by Pt-

complexes. Our results are similar to the experimental results. Spencer et al. 

characterized19 [M(L2)(Et)]+ (where M= Ni, Pd) (6) the β-agostic metal-ethyl complex 

as stable structures. However, the alkene-hydride form is found to be 

thermodynamically more stable for the Pt-complex. Even though agostic structures are 

lower in energy for Ni and Pd-system, the activation barrier to β-hydride addition 

reaction is much lower for Pd than the Ni-system. Kougut et al. also identified that the 

neutral Ni-alkyl β-agostic complex [(Me2NN)Ni(Et)]  is a ground state during the 

ethylene oligomerization catalysis, lowering in energy than the hydride complex.20 

The extent of agostic stabilization is different for different transition metal complexes. 

This is due to the various combination of ligands, charge and oxidation state present in 

the metal center. Though the ligand combinations around the metal centers vary across 

the periodic table but each and every metals form a stable agostic complex. So, this is 

the ligands combinations which bring the frontier levels of any transition metal 

fragment close to that of the Cβ-H bond so that the formation of the agostic complex is 

possible.  

In the polymerization reactions, the β-agostic complexes are stable and supposed to be 

the resting state. For the polymerization reaction, the stability of the β-agostic complex 

should be optimum so that the transformation of the agostic complex to the ethylene-
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hydride complex will be easier. In our study, we found the first row transition metal β-

agostic complexes are most stable complexes and the stability of the β-agostic 

complexes decreases down the group. The extent of stability can be tuned by varying 

the steric effect manifested by the ligands. If the first-row transition metal β-agostic 

complexes are stable by a large margin then the second-row or third-row β-agostic 

complexes can have an optimum stability to be a better candidate for the polymerization 

reaction within the same set of ligands.  

 
[4.4] Conclusion 

It is possible to bring the frontier levels of any transition metal fragment close to that of 

the Cβ-H bond so that the formation of the agostic and the ethylene hydride complex is 

possible. The relative energies of the complexes depend on the steric effect manifested 

by the ligands and the atomic radius of the metal involved. The larger size of the metal 

atom gives enough room to hold both the ethylene and hydride resulting ethylene-

hydride complex. So, the tilting equilibrium between the agostic and ethylene-hydride 

complexes depends on the steric effect manifested by the ligands and the atomic radius 

of the metal involved. 

The reaction profile shows (Figure 1) that there is a major stability changes in the 

conversion of metal-agostic to metal-ethylene-hydride complexes across the periodic 

table. The graph (Figure 1) goes upwards for the first-row, becomes almost parallel for 

the second-row, and goes downwards for the third row complexes. So, our detailed 

study across the periodic stable shows that the first row transition metals prefer agostic 
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form but the stability of ethylene-hydride complexes increase for the second row 

complexes which further increases for the third row complexes. The relative stability of 

agostic and ethylene-hydride complexes within the same group is probed by the using of 

isodesmic equation 1 also. High endothermicity of this equation supports that the lighter 

metals prefer agostic complexes and heavier metals prefer ethylene-hydride complexes. 

The transition states barrier for the conversion of the metal-agostic to metal-ethylene 

decreases down the group. The early or late transition state has been predicted on the 

basis of low energy differences between the TS with agostic or product. The early and 

late TS have been confirmed from their geometrical parameters.  
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[5.0] Abstract 

The unusual shortness of the bond length in the several main group and transition 

metal compounds is explained on the basis of their π-alone bonding. The detailed 

electronic structure calculation on C2, HBBH, and Fe2(CO)6 shows that each of them 

have two π-alone bonds (unsupported by an underlying σ-bond) while B2 has two-

half π-bonds. The C-C bond length in C2 is 1.240 Å, shorter than any C-C double (σ 

+ π, in C2H4, C-C=1.338 Å) bonded species. The B-B bond distance in B2 (1.590 Å, 

two half-π bonds) is shorter than any B-B single σ-bonded (~1.706 Å) species. The 

calculated Fe-Fe bond distance of 2.002 Å in Fe2(CO)6 is shorter than those of some 

experimentally known M-M single bonded compounds in the range of 2.904–3.228 

Å. Here, our detailed studies on the second and third row diatomics (five, six, seven 

and eight valance electrons species) and transition metal complexes show that π-

alone bonds left to themselves are shorter than σ-bonds; in many ways σ-bonds 

prevent π-bonds from adopting their optimal shorter distances. 
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[5.1] Introduction 

The concept of σ-, π- and δ-bonds is ingrained into the thought process of chemists.  

The cylindrically symmetrical σ-bond is traditionally estimated to be stronger than 

the π-bond, which in turn is stronger than the δ-bond.  The linear overlap of orbitals 

in the σ-bond is supposed to be more effective than the sideways overlap available 

in the π- and δ-bonds [Scheme 1a].  Closely related to the discussion of σ-, π- and δ-

bonds and their bond strengths is the issue of bond length.   

 

π δσ

  (c) Bent bonding  in cyclopropane

(b) π−MOs of Fe2(CO)6

(a) Overlap of orbitals corresponding to σ, π and δ MOs

 

 
Scheme 1:  Overlapping Orbitals 
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The decrease of bond length in going from a single σ-bond to multiple bonds 

involving σ and π components are exemplified by H3C-CH3, H2C=CH2, and HC≡CH 

with C-C bond length of 1.538Å, 1.338Å and 1.203Å, respectively.1a,b,c  In transition 

metal chemistry there are the familiar examples of short M-M quadruple bonds 

constituted from one σ-, two π-, and one δ-bonds as in Re2Cl8
-2 of 2.240 Å.

2   

Figure 1: Variation of orbital overlap (sij) as a function of internuclear distance (rij) 

using contracted Gaussian orbitals corresponding to a minimal basis of Fe.      

 

Very recently Roos et al.3 concluded that the maximum number of covalent 

chemical bonds between two shared atom will be six.  To find the molecules with 
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the highest bond order, they theoretically studied the transition metal dimers of 

chromium (Cr2), molybdenum (Mo2) and tungsten (W2), respectively. They predict 

the maximum number of chemical bonds will be six because the atoms of these 

transition metals have six outer, or ‘valence’ orbitals, all of which are available for 

bonding. In this perspective, Frenking et al. has reported4a that six is the maximum 

limit for the covalent bonds between equal atoms but a measure of bond order 

between unequal atoms requires more developed model that includes electrostatic 

interaction. The calculated short M-M bond distances are 1.66, 1.95 and 2.01 Å for 

Cr2, Mo2 and W2 respectively. Power4b has demonstrated that the multiple bonding 

between transition metals can be achieved by reducing the number of ligands, so that 

the number of valance orbitals and electrons available to form metal-metal bonds is 

optimized.  It is always seen that the bond length decreases as the bond order 

increases. In these discussions the σ-bond is considered to be the strongest and the 

bond strength is thought to be inversely proportional to the bond length.  However, 

the variation of orbital overlap as a function of internuclear distance (Figure 1) 

shows that maximum overlap occurs at shorter distances for π- and δ-bonds.   

The shortness of bond length due to π-alone bonding has been in the literature for 

some time.  In 1980, Bruna et al.5 theoretically reported the possible lowest lying 

states of the isovalent series of diatomics CN+, Si2, SiC, CP+, and SiN+. 

Comparisons with corresponding experimental data for C2, led to the conclusion that 

π4 (1∑+) configuration has uniformly shorter Re than their π3σ1 (3∏) counterparts by 

0.07-0.10 Å. Corresponding bond lengths for the π2σ2 (1∑+) species are seen to 

increase by an additional 0.1Å. The trend in relative bond lengths was explained on 
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the basis of stronger bonding character of the π-bonding MO than their 

corresponding σ species. In 2000, Sason Shaik et al.6 investigated whether Pauling’s 

statement7 “the energy of an actual bond between unlike atoms is greater than (or 

equal to) the energy of a normal covalent bond between these atoms” is valid for π-

bonds or not. They have calculated the π-bond energies in the inter- and intra-row 

double bonded species HmA=BHn (where A, B= C, N, O Si, P and S) using VB 

theory. Their test reveals that Pauling’s statement extends to π-bonds made from 

constituents belonging to the same row of the Periodic Table, but breaks down for 

comparisons involving inter-row π-bonds. This break down originates in the 

constraint applied by the σ frame which results in overstretched heteronuclear π 

bonds relative to homonuclear π bonds, thus disabling a comparison in the light of 

Pauling’s statement. In a recent article Pyykkö et al. reported the triple-bond 

covalent radii for nearly all elements from Be to E112 (eka-mercury).8 Comparisons 

are made to fit with experimental data. There are many π-alone double bonded 

species which have comparable bond distances as those of triple bonded species.  It 

is therefore logical to anticipate that π-bonds (unsupported by an underlying σ-bond) 

could be shorter than σ-bonds. But the difficulty in designing structures with π-

alone-bonds is the following.  The σ-levels (spx hybrid orbitals) of common main 

group fragments such as -BH, -CH and -CH2 are lower in energy than the p orbitals 

that form the π-bonds.  As a result π-bonds always come with the underlying σ-bond 

(Scheme 2a) which largely dictates a “base line” distance. Transition metal 

fragments provide an opportunity to reverse this situation.  For example the 

degenerate π-type frontier orbitals of the Fe(CO)3 fragment are lower in energy than 
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the symmetric σ-orbital (Scheme 2b).  It is therefore logical to anticipate shorter 

than usual M-M bond lengths in dimers of such fragments. 

 

 

 

 

 

 

 

Scheme 2: Interaction diagram for the formation of (a) H2B2 and (b) Fe2(CO)6. 
 

In this chapter, we have studied a list of inter- and intra-row main group (five, six, 

seven and eight valance electrons species) as well as few transition metal 

compounds. We attempted to explain their unusual shortness on the basis of their 

detailed electronic structures.  

 
[5.2] Computational Details 

The main group diatomic compounds are optimized at the CCSD(T) level9 using the 

GAUSSIAN 03 program.10 Frequency calculations confirmed the nature of the 

stationary points. The standard 6-311++G (p, d) basis set was employed for all 

atoms. In addition, for comparisons and calibration, we have done optimization as 

well as frequency calculation at the QCISD(T) level11 using same basis set. The 

(OC)3Fe

(a) (b)

BH
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transition metal complexes are studied using B3LYP/LANL2DZ12 level of theory. 

Natural Bond Orbital (NBO)13 analysis are also done at the same level.  

 
[5.3] Results and Discussion 

[5.3.1] Short Bonds in Main Group Compounds 

The influence of π-bonds in reducing bond lengths can be seen in many familiar 

examples.  The C-C bond in cyclopropane is anticipated to be weak owing to strain.  

However, the C-C distance is shown to be shorter (1.510Å)14 than is the case for 

regular C-C bonds (1.538Å).1a  Optimum overlap for the orbitals, oriented in a 

sideways manner in the bent bonds [Scheme 1c], occurs at shorter distances than for 

a conventional σ-bond, explaining the short distance of a strained bond.  The shorter 

distances necessary to obtain optimum overlap for these π-type MOs result in 

shorter than expected bond lengths.  The fact that cyclopropane has several 

characteristic that are similar to olefins is in tune with this. If the shorter distances 

are a requirement for optimum overlap for π-MOs, these requirements must also 

exist in multiple bonds involving σ- and π-bonds.  The π-bonds, however, are forced 

by the overwhelming σ-bonds to be at non-optimal overlapping distances. 

First row diatomics provide examples where π-orbitals are filled before σ.  The 

diatomic C2 has a ground state 1Σg
+ with a double bond,15 both components of which 

are π-bonds (Scheme 3a).  Relative to the standard triple bond in N2, the 3σg 

molecular orbital in C2 is unoccupied.  The bond distance in C2, of 1.240Å, is 

shorter than any σ+π carbon-carbon double bond by a large margin.  Another 

example is B2.16  With two electrons less than C2, B2 has two half π-bonds (Scheme 
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3d).  The distance of 1.590 Å in B2 is shorter than any B-B single σ-bond.  Among 

the heavier main group elements with weak σ-bonds, there are examples of distorted 

structures with short π distances,17 arising from dative interactions. 

The preference of π-bonds for short distances is further supported by the study of the 

excited states of C2.15b  A triplet state obtained by shifting [Scheme 3b] one of the 

electrons from the π-bonding MO of C2 to the vacant σ-bonding MO should increase 

the C-C distance.  This is indeed found to be the case.  Thus 3Πu state of C2 has a 

bond length of 1.313 Å.  Another triplet state (3Σg
+) obtained by shifting another 

electron from π to σ-level is calculated to have a bond length of 1.370 Å (Scheme 

3c). 

 

 

 

 

 

 

 

 

Scheme 3:  Experimental bond lengths of C2 (a) 1∑g
+

, (b) 3∏u , (c) 3∑g
+ and of B2  

(d) 3∑g¯ . Bond length of C2 (c) 3∑g
+ is obtained from calculations at B3LYP/6-

311+G* method. 

 

 

 

2σg

2σu
∗

1πu

3σg

1.240 1.313 1.370 Bond length A
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A
o
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o

1Σ g
+ 3Πu

3Σ g
+ 3Σ g

-
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o

(a) C2 (b) C2 (c) C2 (d) B2
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[5.3.1.1] Five Valance Electron Diatomic Species 

 
Five valance electrons diatomic species can have a half π-alone bond (Scheme 4). 

The ground electronic state of five valance electron species AlBe,18 BeB,18 MgB18 

and CaB18 is 2∏ (1σg
21σu

21π1) calculated theoretically.18 To the best of our 

knowledge, there are no experimentally characterized ground state structure has 

been reported for these species. But the theoretical study predicts that these species 

may contain half π-alone bonds. The electronic ground state of the five valence 

cationic species B2
+, Al2

+, Ga2
+, BAl+, and AlGa+, has  been reported19 as 2∑g

+ 

(1σg
21σu

22σg
1) where the valance electrons are occupied in the σ-level. The anionic 

five valance electrons species Be2
- has been studied theoretically20 where the 

calculated ground electronic state changes with the method of calculation. The 

metastable state of Be2
- has been characterized experimentally21 with a life time > 

180 µs. 

Table 1: The (E1-E2) bond lengths (Å) of the 2∑g
+ (1σg

21σu
22σg

1) and 2∏ 

(1σg
21σu

21π1) electronic state and their relative energies (R. E. in kcal/mol) 

calculated at CCSD(T)/6-311++G** level of theory ( NC indicates not converged).  

 
E1-E2  E1E2 State E1-E2  E1E2 State 

Cal. R.E.   Cal. R.E. 
AlBe 1σg

21σu
22σg

1 

1σg
21σu

21π1 
2.626 
2.430 

2.09 
0.00 

BAl+ 1σg
21σu

22σg
1 

1σg
21σu

21π1 
2.724 
2.424 

0.00 
11.25 

AlMg 1σg
21σu

22σg
1 

1σg
21σu

21π1 
3.302 
2.900 

3.33 
0.00 

BC2+ 1σg
21σu

22σg
1 

1σg
21σu

21π1 
NC 
NC 

 

BeB 1σg
21σu

22σg
1 

1σg
21σu

21π1 
2.132 
1.946 

8.21 
0.00 

SiB2+ 1σg
21σu

22σg
1 

1σg
21σu

21π1 
NC 
NC 

 

MgB 1σg
21σu

22σg
1 

1σg
21σu

21π1 
2.412 
2.152 

27.75 
0.00 

AlC2+ 1σg
21σu

22σg
1 

1σg
21σu

21π1 
NC 
NC 

 

B2
+ 1σg

21σu
22σg

1 

1σg
21σu

21π1 
2.174 
1.787 

0.00 
8.48 

AlSi2+ 1σg
21σu

22σg
1 

1σg
21σu

21π1 
NC 
NC 

 

Al2
+ 1σg

21σu
22σg

1 

1σg
21σu

21π1 
3.188 
2.796 

0.00 
14.58 

MgBe− 1σg
21σu

22σg
1 

1σg
21σu

21π1 
2.805 
2.758 

0.75 
0.00 
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Our calculation on these five valance electron species shows that the bond length 

decreases considerably when the valance electron shifted from σ to the π-level 

(Table 1). The 2∏ (1σg
21σu

21π1) electronic state is more stable state for the AlBe, 

AlMg, BeB and Al2
+ species where as  2∑g

+ (1σg
21σu

22σg
1) is more stable for the 

rest. 

 
[5.3.1.2] Six Valance Electron Diatomic Species  
 
B2 and its isovalent systems have been studied theoretically as well as 

experimentally. The diatomic B2 has a ground state 3∑-
g

 (σg
2σu

2πu
2) with two half π-

bonds.16 The distance 1.590 Å in B2 is shorter than any B-B single (~1.706 Å)22 σ-

bond. The calculated B-B bond lengths in B2
+ (π1), B2 (π1π1), B2

- (π2π1), and B2
2- 

(π2π2) are 1.790, 1.614, 1.586, and 1.587 Å (Scheme 2) respectively. So, the bond 

length decreases as their π-alone bond order increases.  The B-B bond length in B2 

differs considerably while comparing with its other different electronic states.  It has 

been found that the extra occupancy in π-levels lead to a much shorter bond than if it 

would have occupied a σ-level (Table 2).  The neutral isovalent systems are Al2, 

AlB, MgSi, MgC, BeSi, and BeC (Table 2). The ground state of Al2 is 3∏u, 

characterized theoretically as well as experimentally. AlB,18b MgSi,23 BeSi,23 and 

MgC23 has 3∑− ground state which has been calculated theoretically.  The isovalent 

diatomic cations are BC+, AlSi+, AlC+, BSi+, SiC2+, C2
2+, and Si2

2+. The theoretically  

calculated BC+ has 3∑− ground state.24 We have studied three different electronic 

states by shifting the electrons from a π- to σ-level. The 3∑-
g (πu

1πu
1) state is the 

relatively most stable state for B2, AlB, MgB, MgC, BC+, AlC+, BBe−, MgB−, and 
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Table 2: The (E1-E2) bond lengths (Å) of the various electronic state and their 

relative energies (R. E. in kcal/mol) calculated at CCSD(T)/6-311++G** level of 

theory along with the experimental bond lengths wherever available. 

 

AlMg− where as 3∏u (σg
1πu

1) is for the other diatomic molecules (Table 2). So, it is 

the early intra or inter-row diatomic molecules which have more tendencies to form 

π-bonds rather than σ.25 Here, we were searching for a molecule where 3∑-
g and 3∏u 

E1-E2 E1-E2  E1E2 State 
Exp. Cal. R.E. 

E1E2 State 
Cal R.E. 

B2  (πu
1πu

1) 
(σg

1πu
1) 

(σg
2) 

1.59016 
 
 

1.611 
1.770 
1.917 

00.00 
08.33 
25.70 

C2
2+ (πu

1πu
1) 

(σg
1πu

1) 
(σg

2) 

1.465  
1.473 
 NC 

10.56 
00.00 
NC 

Al2  (π1π1) 
 (σg

1πu
1) 

 (σg
2) 

 
2.70120 

2.480 
2.705 
2.956 

01.48 
00.00 
08.52 

Si2
2+ (πu

1πu
1) 

(σg
1πu

1) 
(σg

2) 

2.417, 
2.751,  
3.059, 

23.05 
00.00 
-11.45 

AlB (π1π1) 
(πu

1σg
1) 

(σg
2) 

 2.044 
2.220 
2.425 

00.00 
00.53 
14.17 

CSi2+ (πu
1πu

1) 
(πu

1σg
1) 

(σg
2) 

1.954 
2.276,  
2.535 

20.75 
00.00 
07.42 

BeC (πu
1πu

1) 
 (πu

1σg
1) 

(σg
2) 

 1.520 
1.678 
 NC 

38.580
0.00 

− 

BBe− (πu
1πu

1) 
(πu

1σg
1) 

(σg
2) 

1.839 
1.984 
2.070 

00.00 
07.92 
23.67 

SiBe (πu
1πu

1) 
(σg

1πu
1) 

(σg
2) 

 2.135 
2.287 
NC 

05.29 
00.00 

─ 

MgB
− 

(πu
1πu

1) 
(πu

1σg
1) 

(σg
2) 

2.277 
2.484 
NC 

00.00 
01.73 

─ 
MgC (πu

1πu
1) 

 (πu
1σg

1) 
(σg

2) 

 2.102 
2.392 
2.117 

00.00 
27.39 
33.88 

AlBe
− 

(πu
1πu

1) 
(σg

1πu
1) 

(σg
2) 

2.308,  
2.470 
2.569 

00.00 
04.89 
20.36 

MgSi (πu
1πu

1) 
 (πu

1σg
1) 

 

 
 

2.560 
2.863 

15.79 
00.00 

AlM
g− 

(πu
1πu

1) 
(πu

1σg
1) 

(σg
2) 

2.741 
2.988 
3.095 

00.00 
02.90 
15.84 

BC+  (πu
1πu

1) 
(σg

1πu
1) 

(σg
2) 

 1.503 
1.733 
2.093 

00.00 
13.08 
42.86 

Be2
2− (πu

1πu
1) 

(σg
1πu

1) 
(σg

2) 

2.014,  
2.291 
2.328 

27.73 
00.00 
03.00 

BSi+ (πu
1πu

1) 
(σg

1πu
1) 

(σg
2) 

 1.935, 
2.123, 
2.462 

07.19 
00.00 
13.50 

Mg2
2- (πu

1πu
1) 

(σg
1πu

1) 
(σg

2) 

3.380,  
3.424 
NC 

02.61 
00.00 

AlC+ (πu
1πu

1) 
 (σg

1πu
1) 

 (σg
2) 

 1.964, 
2.614,  
2.727 

00.00 
02.84 
32.14 

MgB
e2− 

(πu
1πu

1) 
(σgπu

1) 
(σg

2) 

2.794 
2.799 
2.765 

03.13 
00.00 
01.13 

AlSi+ (πu
1πu

1) 
 (σg

1πu
1) 

 (σg
2) 

 2.434, 
2.826,  
3.026, 

03.98 
00.00 
15.29 
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states lie very close in energy because this can be a borderline molecule between the 

σ- and π-alone bonded species. The 3∑-
g state of AlB is more stable by 0.53 kcal/mol 

than its 3∏u state where as the most stable 3∏u (σg
1πu

1) electronic state of Al2 is 

stable by1.48 kcal/mol. These are the two examples where the energy difference 

between those two states is very less.  In AlB, π-level comes just below of σ where 

as in Al2 σ-level comes below. These are the two examples where the σ- and π-

levels just crosses to each other. 

 
[5.3.1.3] Seven Valance Electron Diatomic Species 

 
Here, we have studied four different electronic states [2∏ (πu

2πu
1), 4∑−(σg

1πu
1πu

1), 

2∏ (σg
2πu

1),  and 2∑− (σg
1πu

2)] for each of the seven valance electrons species (Table 

4). The ground electronic state of SiB,26 BC,27 SiAl,26 AlC27 is 4∑− (σ1π1π1) has been 

characterized experimentally as well as theoretically. The theoretical ground state of 

BN+ is 4∑−.28 The 4∑− electronic state is more stable state for all the seven valance 

electron species as some of these are characterized experimentally. The calculated 

bond lengths of 4∑− electronic state of BC (1.518 Å) and AlC (1.974 Å) are very 

close to the experimental data available for BC (1.491 Å) and AlC (1.955 Å). For 

these diatomic species, the bond length increases considerably when the electrons 

are shifted from a π- to σ-level as seen in the previously discussed diatomic species 

even though energy decreases. 
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Table 4: The (E1-E2) bond lengths (Å) of the various electronic state and their 
relative energies (R. E. in kcal/mol) calculated at CCSD(T)/6-311++G** level of 
theory along with the experimental bond lengths wherever available. 

 

E1-E2  E1-E2 E1E2 State 

Exp. Cal. R.E. 

E1E2 State 

Cal. R.E. 

BC (πu
 2πu

1) 
(σg

1πu
2) 

(σg
1πu

1πu
1) 

(σg
2πu

1) 

 
 
1.491 

1.427 
1.517 
1.518 
1.639 

0.00 
19.26 
-11.95 
29.45 

CN2+ (πu
 2πu

1) 
(σg

1πu
2) 

(πu
1πu

1σg
1) 

(σg
2πu

1) 

1.320 
1.442 
1.495 
2.125 

0.00 
19.87 
-23.28 
1.37 

BSi (πu
 2πu

1)  
 (σg

1πu
2) 

(σg
1πu

1πu
1)22 

(σg
2πu

1) 

 1.846 
1.927 
1.926 
2.129 

04.37 
0.00 
-16.08 
08.56 

CP2+ (πu
 2πu

1) 
(σg

1πu
2) 

(σg
1πu

1πu
1) 

(σg
2πu

1) 

1.690 
1.765 
1.772 
2.114 

28.50 
0.00 
-14.63 
13.47 

AlC (πu
 2πu

1) 
 (σg

1πu
2) 

(πu
1πu

1σg
1) 

 (σg
2πu

1) 

 
 
1.955 

1.873 
1.861 
1.974 
2.116 

06.29 
0.00 
-27.46 
15.82 

SiN2+ (πu
 2πu

1) 
 (σg

1πu
2) 

(πu
1πu

1σg
1) 

 (σg
2πu

1) 

1.718 
1.716 
2.152 
2.324 

20.84 
17.06 
-43.06 
0.00 

AlSi (πu
 2πu

1) 
(σg

1πu
2) 

(σg
1πu

1πu
1)22 

 (σg
2πu

1) 

 
 

2.287 
2.429 
2.419 
2.620 

02.41 
01.33 
-22.01 
0.00 

SiP2+ (πu
2πu

1)  
(σg

1πu
2) 

(σg
1πu

1πu
1) 

(σg
2πu

1) 

2.493 
2.414 
2.398 
2.674 

28.50 
5.37 
-7.22 
0.00 

BN+ (πu
 2πu

1) 
(σg

1πu
2) 

(πu
1πu

1σg
1) 

(σg
2πu

1) 

 1.363 
1.444 
1.472 
2.046 

0.00 
22.35 
-19.30 
51.96 

B2
− (πu

 2πu
1) 

(σg
1πu

2) 
(σg

1πu
1πu

1) 
(σg

2πu
1) 

1.582 
1.683 
1.644 
1.731 

0.00 
09.95 
-13.95 
13.22 

BP+ (πu
 2πu

1) 
(σg

1πu
2) 

(σg
1πu

1πu
1) 

(σg
2πu

1) 

 1.762 
1.869 
1.884 
2.304 

00.00 
07.18 
-21.70 
20.68 

Al2
− (πu

2πu
1)  

(σg
1πu

2) 
(σg

1πu
1πu

1) 
(σg

2πu
1) 

2.454 
2.570 
2.549 
2.708 

07.37 
0.00 
10.51 
-07.59 

AlN+ (πu
 2πu

1) 
(σg

1πu
2) 

(πu
1πu

1σg
1) 

(σg
2πu

1) 

 1.767 
NC  
3.162 
1.952 

0.00 
------ 
-36.45 
24.62 

AlB− (πu
 2πu

1) 
(σg

1πu
2) 

(σg
1πu

1πu
1) 

(σg
2πu

1) 

2.017 
2.138 
2.083 
2.218 

0.00 
08.98 
-15.96 
07.64 

AlP+ (πu
 2πu

1) 
(σg

1πu
2) 

(πu
1πu

1σg
1) 

(σg
2πu

1) 

 2.191 
2.430 
2.636 
2.899 

0.00 
19.56 
-32.35 
26.67 

BBe2− (πu
 2πu

1) 
(σg

1πu
2) 

(πu
1πu

1σg
1) 

(σg
2πu

1) 

1.839 
1.851 
1.905 
1.933 

06.91 
13.29 
-08.12 
0.00 

SiC+ (πu
 2πu

1) 
(σg

1πu
2) 

(σg
1πu

1πu
1) 

(σg
2πu

1) 

 1.739 
1.867 
1.819 
1.999 

04.44 
02.46 
-32.97 
0.00 

MgB2− (πu
 2πu

1) 
(σg

1πu
2) 

(πu
1πu

1σg
1) 

(σg
2πu

1) 

2.320 
2.318 
2.330 
2.418 

02.14 
0.00 
-6.51 
01.81 

C2
+ (πu

 2πu
1) 

(σg
1πu

2) 
(σg

1πu
1πu

1) 
(σg

2πu
1) 

 1.319 
1.461 
1.419 
1.556 

0.00 
19.56 
-15.22 
26.67 

AlBe2− (πu
 2πu

1) 
(σg

1πu
2) 

(σg
1πu

1πu
1) 

(σg
2πu

1) 

2.328 
2.407 
2.379 
2.428 

00.95 
02.65 
-10.91 
0.00 

Si2
+ (πu

 2πu
1) 

(σg
1πu

2) 
(σg

1πu
1πu

1) 
(σg

2πu
1) 

 2.191 
2.360 
2.277 
2.474 

13.17 
06.58 
-14.74 
0.00 

AlMg2− (πu
 2πu

1) 
(σg

1πu
2) 

(σg
1πu

1πu
1) 

(σg
2πu

1) 

2.794 
2.895 
2.827 
2.886 

0.49 
10.00 
-9.45 
00.00 
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[5.3.1.4] Eight Valance Electron Diatomic Species 
 

The ground state of C2 is 1∑g
+ where all the four valance electrons are in π-levels. 

The isovalent neutral diatomic species are Si2, BN, BP, AlN, and AlP. The 

experimentally16,25 characterized ground state and an excited states of Si2 is 3∑g
− 

(σg
2πu

1πu
1, Si-Si = 2.246 Å) and 3∏u (πu

3σg
1, Si-Si =2.155 Å) respectively. So, in the 

3∏u electronic state, the Si-Si bond length is shortened by 0.091Å which is the result 

of an extra occupancy in the π-levels. Our calculations show that 3∏u is more stable 

by only 0.66 kcal/mol than the 3∑g
− state. The previous theoretical studies show that 

these are the two lowest lying electronic states for Si2 and 3∑g
− is the ground state. 

Though the energy difference between these two states is very less (0.66 kcal/mol), 

the bond lengths differ considerably which is the resultant of an electron’s 

occupancy in the σ- or π-level. The experimentally characterized ground state of BN 

and AlN is 3∏u. The hetero-diatomics, BP and AlP, to date, has not been 

characterized experimentally. The theoretically calculated ground state of BP29 and 

AlP is 3∏u. In all the eight valance electron diatomic species, the bond length 

decreases as the σ-bond order increases or π-bond order decreases. The available 

experimental data support these results. The calculated bond lengths (Table 5) of C2, 

Si2, BN, and CN+ are very close to the experimental data available for them. The C-

C experimental bond length in C2 decreases by 0.069 Å (Table 5) close to the 

calculated value of 0.070 Å when one of the π-electron shifted to the σ-level. 

Similarly, the experimental bond length in Si2, BN, CN+, support our results that the 

element-element bond lengths increases considerably (Table 5) when one of the π-

electron shifted to the σ-level. 
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Table 5: The (E1-E2) bond lengths (Å) of the various electronic state and their 
relative energies (R. E. in kcal/mol) calculated at CCSD(T)/6-311++G** level of 
theory along with the experimental bond lengths wherever available. 

 

 

E1-E2 E1-E2 Species State 
Exp. Cal. 

R.E Species State 
Cal. R.E 

C2 (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

1.243 
1.312 

1.259 
1.329 
1.383 
1.397 

00.00 
01.84 
17.47 
36.95 

CS2+ (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

1.540 
1.617 
1.980 
1.916 

20.41 
00.00 
3.97 
35.86 

Si2 (πu
2πu

2) 
(πu

2σg
1πu

1) 
 (σg

2πu
1πu

1) 
(πu

2σg
2) 

 
2.155 
2.246 

2.088 
2.173 
2.264 
2.305 

14.61 
00.00 
0.66 
13.92 

SiO2+ (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

1.548 
1.872 
2.264 
2.234 

20.75 
00.00 
-21.85 
36.59 

BN (πu
2πu

2) 
(πu

2σg
1πu

1) 
 (σg

2πu
1πu

1) 
(πu

2σg
2) 

1.283 
1.329 

1.276 
1.338 
1.489 
1.446 

00.00 
00.20 
24.99 
61.48 

SiS2+ (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 

1.962 
2.166 
2.520 
2.465 

28.57 
00.00 
-26.23 
11.16 

BP (πu
2πu

2) 
(πu

2σg
1πu

1) 
 (σg

2πu
1πu

1) 
(πu

2σg
2) 

 1.689 
1.757 
1.964 
1.938 

07.81 
00.00 
18.04 
43.43 

B2
2− (πu

2πu
2) 

(πu
2σg

1πu
1) 

(σg
2πu

1πu
1) 

(πu
2σg

2) 

1.582 
1.634 
1.651 
1.680 

07.34 
00.00 
-2.62 
11.24 

AlN (πu
2πu

2) 
(πu

2σg
1πu

1) 
 (σg

2πu
1πu

1) 
(πu

2σg
2) 

 NC 
1.662 
1.941 
1.922 

------ 
7.23 
-38.98 
0.00 

Al2
2− (πu

2πu
2) 

(πu
2σg

1πu
1) 

(σg
2πu

1πu
1) 

(πu
2σg

2) 

2.468 
2.557 
2.610 
2.659 

09.18 
00.00 
0.34 
09.95 

AlP (πu
2πu

2) 
(πu

2σg
1πu

1) 
 (σg

2πu
1πu

1) 
(πu

2σg
2) 

 2.097 
2.225 
2.421 
2.403 

12.55 
0.00 
-2.22 
29.20 

AlB2− (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

2.025 
2.090 
2.139 
2.175 

21.45 
00.00 
1.68 
11.77 

CN+ (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

1.173 
1.247 

1.172 
1.251 
1.369 
1.367 

00.00 
05.87 
26.32 
62.97 

BC− (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

1.396 
1.448 
1.504 
1.518 

02.13 
00.00 
6.23 
26.90 

SiP+ (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

 2.000 
2.094 
2.231 
2.242 

19.55 
00.00 
-7.84 
13.40 

BSi− (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

1.818 
1.878 
1.982 
1.995 

08.14 
00.30 
8.54 
0.00 

CP+ (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

 1.578 
1.634 
1.769 
1.792 

17.37 
00.00 
15.15 
32.61 

AlC− (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

1.816 
1.897 
1.954 
1.980 

11.94 
00.00 
4.98 
23.67 

SiN+ (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

 1.578 
1.683 
1.797 
1.788 

18.81 
00.00 
-3.37 
32.33 

AlSi− (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

2.242 
2.338 
2.432 
2.456 

10.42 
00.00 
0.82 
15.99 

N2
2+ (πu

2πu
2) 

(πu
2σg

1πu
1) 

(σg
2πu

1πu
1) 

(πu
2σg

2) 

 1.139 
1.248 
1.367 
1.421 

00.00 
04.57 
20.75 
38.12 

CO2+ (πu
2πu

2) 
(πu

2σg
1πu

1) 
(σg

2πu
1πu

1) 
(πu

2σg
2) 

1.166 
1.254 
1.254 
1.735 

25.26 
00.00 
0.00 
60.55 

P2
2+ (πu

2πu
2) 

(πu
2σg

1πu
1) 

(σg
2πu

1πu
1) 

(πu
2σg

2) 

 2.457 
2.055 
2.168 
2.244 

15.28 
00.30 
-12.70 
0.00 

    



 
 
 

Chapter 5 

 152

[5.3.2] Short Bonds in Transition Metal Complexes 

In the ML3 (d8) transition metal fragments, the degenerate π-type frontier orbitals are 

lower in energy than the symmetric σ-orbital (Scheme 2b).  It is therefore logical to 

expect π-alone bonds in the transition metal complexes. The Fe2(CO)6  is calculated 

to be a minimum in its potential energy surface,30 with relatively short predicted 

metal-metal distance of 2.002 Å [Figure 2].  Compared with experimentally known 

compounds such as Mn2(CO)10 (Mn−Mn = 2.904 Å) or M2(Cp)2(CO)6 (M = Cr, Mo 

and W), which have only M−M single bonds in the range of 3.221–3.228 Å, the 

metal-metal bond length in Fe2(CO)6 is very short indeed.31-33  The short bond length 

and a simple-minded application of the 18-electron rule would suggest an Fe-Fe 

quadruple bond.  A detailed interaction diagram (Figure 2) provides an occupancy of 

1a1', 1e', 1e", 1a2" and 2e' levels (counting from HOMO-7, as 1a1') for the 16 valance 

electrons, corresponding to σ, π/δ, π*/δ*, σ*, and two π levels.  Thus the formal net 

M-M bonding is provided by two π-type molecular orbitals, [Scheme 1b]. At the 

long distances direct CO⋅⋅⋅⋅⋅⋅CO interactions in (OC)3Fe-Fe(CO)3 are minimal, so 

that the eclipsed conformation with better overlap is favored.  This is to be 

contrasted with the rotational preferences of ethane.34 Independent of the 

conformation, the bond multiplicity must be only two. If the shorter distances are a 

requirement for optimum overlap for π-MOs, these requirements must also exist in 

multiple bonds involving σ- and π-bonds.  The π-bonds, however, are forced by the 

overwhelming σ-bonds to be at non-optimal overlapping distances.  While there are 

many factors that contribute to the observed bond lengths in a binuclear transition 

metal complex, shorter distances would be mandated by π- and δ-MOs for optimum 
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overlap.  The π-alone-bonding proposed for Fe2(CO)6 allows π-bonds to attain their 

natural shorter distances. The overlap of orbitals in π-bonds in Fe2(CO)6 [Scheme 

1b] is similar to the bent bonds of cyclopropane [Scheme 1c]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Interaction diagram between two Fe(CO)3  fragments to give (OC)3Fe-

Fe(CO)3 
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The influence of σ-bonds in bond lengthening is seen in L3M-ML3 complexes with 

six valence electrons.  According to the ordering of MO energy levels (Figure 2), 

such compounds should be triply bonded with one σ-bond and two π-bonds (1a1', 

1e').  The bond is expected to be longer due to its σ-component.  There are four 

examples from literature, namely Mo2(CH2Ph)2(NMe2)4 2.20Å, 

Mo2(OiPr)2(SC6H2Me3)4 2.23Å, Mo2(OC(CF3)2CH3)6 2.23Å, W2Br2(NEt2)4  

2.30Å.35  While these distances are not directly comparable, the M-M bond distances 

are much longer than that calculated for Fe2(CO)6. 

The bonding in Co2(CO)5 presents a similar situation.36  It’s structure is best 

analyzed by bringing a Co2(CO)4 and a CO in a bridging arrangement. The  C2v 

geometry of Co2(CO)5 provides (Figure 3) an occupancy of 5a1, 7b1, 10a1, 7b2, 6a2, 

8b2,  9b2, 11a1 and 8b1 levels for the 18d electrons, corresponding to σ, σ*, π, π*, δ, 

δ*, and π levels.  Thus the net M-M bonding is provided by one π- type molecular 

orbital. So the electronic structure of the d9-d9 Co2(CO)4 is predicted to have a π-

bond.  The interaction with the bridging carbonyl decreases the antibonding 

character of the σ* to some extent.  The Mullikan population, an indication of bond 

strength, remain the same before and after the interaction.  Thus despite the short 

distance only a formal single bond (π-bond) may be assigned to the Co-Co 

interaction in Co2(CO)5.  While it is tempting to assume exact cancellation of a bond 

when both the bonding and the corresponding antibonding orbitals are occupied, this 

is never the case.  We have analyzed the nature and the extent of bonding in some of 

these molecules by overlap populations and electron density analysis.  Any method 

of estimating the bond strength based on overlap population has limitations.   
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Figure 3:  Interaction diagram between (OC)2Co-Co(CO)2 and CO fragments to give 

Co2(CO)5                
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the Mulliken overlap populations and NBO atom-atom overlap weighted NAO bond 

order calculated at B3LYP/LANL2DZ for all molecules.  The overlap population  

and the bond orders calculated for C2 (0.728, 2.104) are between those of C2H4 

(0.596, 1.288) and C2H2, (1.007, 2.640).  Comparisons of overlap populations are 

even more difficult in the transition metal complexes. We have calculated the NBO 

bond order for the binuclear complexes [M2(Cp)2(CO)6] which are known to have 

single σ bonds.  These are 0.044 (M=Cr), 0.141 (M=Mo) and 0.170 (M=W).  This is 

to be compared with the bond order of 0.951 calculated for Re2Cl8
-2 which is known 

to have a Re-Re quadruple bond.  The bond order for Fe2(CO)6 (0.353) and 

Co2(CO)5 (0.218) is much lower than those for the quadruple bonded Re2Cl8
-2, 

justifying the bond order analysis.  Similar conclusions can be obtained by taking 

any other method of estimating bond orders and overlap populations.  The variation 

of the electron density37 at the center of the C−C bond in C2, C2H2, C2H4 and C2H6 

(0.2690, 0.3741, 0.3064 and 0.2198 a.u. respectively) indicates that in the absence of 

a full fledged sigma bond the electron density in the middle of C2 is lower as 

anticipated. 

   
[5.4] Conclusions 

The detailed electronic structures of (five, six, seven and eight valance electrons) 

inter- and intra-row main-group diatomic species shows that the element-element 

bond length decreases considerably when their π-levels are filled up instead of σ. 

The unusual shortness in the main group diatomic species is explained on the basis 

of their π-alone bonding.  This is found in the transition metal complexes [Fe2(CO)6, 

Co2(CO)5] as the frontier orbitals are reversed (Scheme 2b) in comparison to the 
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main-group fragments (Scheme 2a) where the σ-levels (spx hybrid orbitals of 

common main group fragments such as -BH, -CH and -CH2) are lower in energy 

than the p orbitals that form the π-bonds.  

Our work suggests that it may be profitable to leave out σ bonds while designing 

molecules with unusually short bond length!   
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The thesis consists of five chapters.  The first chapter explains the theoretical methods 

employed in the computational study and a brief over view of the work done. Second 

chapter discusses the structure, bonding and relative stabilities of the group 13 incorporated 

icosahedral and pentagonal-bipyramidal boranes. Further their condensation through single 

atom sharing and binuclear metallocenes is presented.  The condensed single atom sharing 

polyhedral boranes discussed in the second chapter is extended to the four atom sharing 

condensed system in the third chapter. Here, we explain the structure and bonding of the 

condensed four atom sharing (B20H16) of the two icosahedral (B12H12
2-) units and 

comparisons are made vis-à-vis with the edge sharing (C10H8) of the two benzene units. 

The electronic requirements of these condensed structures are well understood by mno 

Rule. The metallaboranes studied in the second chapter and benzene, naphthalene as a part 

of the third chapter lead us to study the C-H bond activation process in presence of 

transition metal complexes in the fourth chapter. In the fifth chapter we explain the unusual 

shortness of the bond length in several main group and transition metal compounds on the 

basis of their π-alone bonding.  
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Chapter 2: Reversal of Stability on Metalation of Pentagonal-

Bipyramidal (1-MB6H7
2
, 1-M-2-CB5H7

1- and 1-M-2,4-C2B4H7) and 

Icosahedral (1-MB11H12
2-

, 1-M-2-CB10H12
1-

 and 1-M-2,4-C2B9H12) Boranes 

(M=Al, Ga, In and Tl): Energetics of Condensation and Relationship to 

Binuclear Metallocenes 
 

The pentagonal-bipyramid (1) and the icosahedron (2) are the two related polyhedra 

that dominate the chemistry of polyhedral boranes.  The icosahedral boranes are usually 

considered to be the most stable among the polyhedral boranes.  The pentagonal-

bipyramidal closo-borane B7H7
2- (1), in contrast, is highly reactive.  However this 

difference in reactivity appears to be altered with the substitution of one of the vertices by a 

heavier group 13 metal.  

We show here that the usual assumption of the extra stability of icosahedral boranes 

(2) over pentagonal-bipyramidal boranes (1) is reversed by substitution of a boron vertex 

by a group 13 metal. This preference is a result of the geometrical requirements for 

optimum overlap between the five membered face of the ligand and the metal fragment as 

they all obey the mno Rule. Isodesmic equations calculated at the B3LYP/LANL2DZ level 

indicate that the extra stability of 1-M-2,4-C2B4H7 (1) varies from 14.44 kcal/mol (M = Al) 

to 15.30 kcal/mol (M = Tl).  Similarly, M(2,4-C2B4H6)2
1- (5) is more stable than M(2,4-

C2B9H11)2
1- (6) by 9.26 kcal/mol (M = Al) and by 6.75 kcal/mol (M = Tl). The preference 

for (MC2B4H6)2 (8) over (MC2B9H11)2 (9) at the same level is 30.54 kcal/mol (M = Al), 

33.16 kcal/mol (M = Ga) and 37.77 kcal/mol (M = In). The metal-metal bonding here is 
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comparable to those in CpZn-ZnCp (7) and H2M-MH2 (M= Al, Ga, and In). The trend 

that group 13 metals prefer pentagonal-bipyramidal skeleton, rather than an icosahedron, 

is well explained by the orientation of the π-orbitals of the ring in both cases. In B7H7
2-, 

the π MOs of the B5H5 ring will span too large an area to have optimum overlap with the 
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MOs of the two BH fragments. A B4H4 ring or caps with more diffuse orbitals would 

have been better suited for such interaction. Thus, the B-H bonds of the B5H5 ring would 

bend out of the B5 plane, rehybridizing the orbitals so that the larger lobe is directed 

toward the group with more diffuse orbitals. The overlap of fragment MOs in B11H11
2- 

requires rehybridization for better overlap with the metal atom. This leads to the 

distortion of exo-polyhedral B-H bonds farther away from the metal so that there is a 

better orbital match.  The overlap between ring π-orbitals and the cap orbitals is 

improved by the out-of-plane bending of ring hydrogens.  The five-membered ring of a 

pentagonal-bipyramid makes better overlap with the diffuse orbital of metals more 

effectively than that of an icosahedron. Five-membered faces of the C2B4H6 ring can be 

more easily brought together to form a sandwich because the B-H and the C-H bonds of 

the five-membered rings are bent away from the central metal atom. This explains the 

relative stability of the single-atom sharing complexes involving C2B4H6 over their 

icosahedral analogues. 

 

Chapter 3: Condensed 2- and 3-Dimensional Aromatic Systems: A 

Theoretical Study on the Relative Stabilities of Isomers of CB19H16
+, 

B20H15Cl and B20H14Cl2 and Comparison to B12H10Cl2
2-, C6H4Cl2, 

C10H7Cl and C10H6Cl2  

 
Benzene and B12H12

2- are important prototypes of two- and three-dimensional aromatic 

compounds in the carbon and boron families.  Condensation of two benzenes sharing an 

edge gives naphthalene, which has a well-developed chemistry of its own.  The properties  
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of benzene and naphthalene are contrasted frequently in the early days of aromaticity.  

The variation of aromaticity and reactivity has been especially noted.  In contrast, the 

chemistry of condensed polyhedral borane is only being developed.  Among the possible 

condensation products of B12H12
2- (1), such as the edge sharing B22H20

2- (2), face sharing 

B21H18
¯ (3) and four-atom sharing B20H16 (4) (Scheme 1), the latter is synthesized and  

 

 

 

 

 

 

 

 

 

 

 

 

characterized.  Though B20H16 is one of the borane equivalent of naphthalene, there is 

limited information available on B20H16.  A major part of the development in the 

chemistry of polyhedral boranes came from the study of carboranes.  While borane 

cations are not common, we compare here the isomers of C2B10H12 and CB19H16
+.  We 

find that such cross comparisons between two and three dimensional structures are useful 

for understanding their chemistry. 

2 
Edge sharing B22H20

2- 

                  3 
    Edge sharing B21H18

1- 

4 
    Edge sharing B20H16 

1
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We also study here the structure and stability of the chloroderivatives of B12H12
2- and of 

the condensed product B20H16 and compare them to their benzenoid counterparts.   

Our DFT studies (B3LYP/6-31G*) on mono- and dichloroderivatives of benzene, 

naphthalene, B12H12
2-, four atom sharing condensed systems B20H16, and mono-carborane 

isomers of B20H16, are used to compare the variation of relative stability and aromaticity 

between condensed aromatics.  The trends in the variation of the relative energies and 

aromaticity in these 2- and 3-Dimensional systems are similar.  Aromaticity, estimated by 

NICS values, does not change considerably with condensation or substitution.  The minor 

variation in the relative energies of the isomers of chloro derivatives are explained by the 

topological charge stabilization rule of Gimarc.  The compatibility of cap and ring 

orbitals decides the relative stability of CB19H16
+. 

 
 

Chapter 4: The Intra-molecular Activation of Cβ -H Bond by Transition 

Metal Complexes 
 

The activation of inert C-H bonds by a transition metal is of fundamental interest for 

stoichiometric and catalytic reactions particularly for functionalization of hydrocarbons. 

The development of catalytic variants of these high barrier reactions allows for efficient 

syntheses of many types of organic molecules. Binding a transition metal to the C-H 

bond is the first step in the activation of C-H bonds which leads to the formation of 

agostic complexes. This is considered to be important especially for α- and β-hydride 

elimination reactions.  
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In this chapter, we attempt to find factors that distinguish the process of C-H bond 

activation as a function of the transition metal. In addition, we compare agostic complex 

formation and β-hydride addition reactions catalyzed by transition metal complexes along 

the groups and across the row of a periodic table. We predict based on their relative 

stabilities whether a given metal complex will be suitable for a polymerization reactions 

or β-hydride elimination reactions. 

 The Cβ-H bond activation process is studied in greater detail using two model set of 

complexes. The neutral first row complexes are modeled by Sc(Cp)2Et, TiCpEt(PH3)2, 

VCpEt(NO), Cr(PH3)2CpEt, MnEt(PH3)4, FeEt(PH3)2NO, CoC6H6Et, and Ni(Cp)Et and 

the cationic first row complexes by  [ScCp(C6H6)Et]+
,
 [TiCpEt(NO)]+, [V(Cp)Et(PH3)2]+, 

[Cr(Cp)2Et]+, [MnEt(PH3)2NO]+, [FeEt(PH3)4]+, [CoCpEt(PH3)]+, and [Ni(C6H6)Et]+. The 

combination of ligands used around the metal centre is from the group Cp, C6H6, -PH3, 

and –NO ligands.  Same model complexes are studied for their corresponding group 

metals. The three possible species involved in the bond activation reaction are Metal-

ethyl (Met), Metal-agostic (Mag) and Metal-ethylene-hydride (Meh) (Scheme 1).  

 

It has been noticed that as we move from left to right across the periodic table, the metal 

atomic energy levels increase but proper combination of ligands prevents the usual trend. 
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As a result the LUMO of the unsaturated metal-ethyl complex comes within the range of 

interaction for C-H σ-bonding MO and this complex gets stabilized by forming an 

agostic metal complex. It is possible to fine tune ligands in transition metal complexes so 

that metal LUMO energy is brought down to interact with the C-H σ-bonding MO. We 

conclude that any transition metal could be capable of activating the C-H bond if the 

proper combinations of ligands are provided. 

 

 

Chapter 5: Bond Length and Bond Multiplicity: σ Bond Prevents Short 

π Bonds 
 
The concept of σ-, π- and δ-bonds is ingrained into the thought process of chemists. The 

cylindrically symmetrical σ-bond is traditionally estimated to be stronger than the π-

bond, which in turn is stronger than the δ-bond. The linear overlap of orbitals in the σ-

bond is supposed to be more effective than the sideways overlap available in the π- and 

δ-bonds [Scheme 1a]. Closely related to the discussion of σ-, π- and δ-bonds and their 

bond strengths is the issue of bond length. The decrease of bond length in going from a 

single σ-bond to multiple bonds involving σ and π components are exemplified by H3C-

CH3, H2C=CH2, and HC≡CH with C-C bond length of 1.538Å, 1.338Å and 1.203Å, 

respectively. In transition metal chemistry there are the familiar examples of short M-M 

quadruple bonds constituted from one σ-, two π-, and one δ-bonds as in Re2Cl8
-2 of 2.240 

Å.
  Very recently (Angew. Chem. Int. Ed. Volume 46, Page No 1469-72) Roos et. al 

concludes that the maximum number of covalent chemical bonds between two shared 
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atoms will be six.  To find the molecules with the highest bond order, they theoretically 

studied the transition metal dimers of chromium (Cr2), molybdenum (Mo2) and tungsten 

(W2) respectively. They predict the maximum number of chemical bonds will be six 

because the atoms of these transition metals have six outer, or ‘valence’ orbitals, all of 

which are available for bonding. The Corresponding short M-M bond distances are 1.66 

1.95 and 2.01 Å for Cr2, Mo2 and W2 respectively. So, the bond length decreases as their 

bond order increases. 

π δσ

  (c) Bent bonding  in cyclopropane

(b) π−MOs of Fe2(CO)6

Overlap of orbitals corresponding to σ, π and δ MOs

 

 

However the variation of orbital overlap as a function of internuclear distance (Figure 1) 

shows that maximum overlap occurs at shorter distances for π- and δ-bonds. It is 

therefore logical to anticipate that π-bonds (unsupported by an underlying σ-bond) could 

be shorter than σ-bonds. We present here several such examples and conclude that σ-
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bonds prevent π-bonds from getting to their natural, shorter interatomic distances. Here, 

we have used DFT theory for analyzing main group and transition metal compounds in 

greater detail. First row diatomics provide examples where π-orbitals are filled before σ. 

The diatomic C2 (1.240 Å, Scheme 1a) has a ground state 1Σg
+ with a double bond,  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Variation of orbital overlap (sij) as a function of internuclear distance (rij) using 

contracted gaussian orbitals corresponding to a minimal basis of Fe.   

 

both components of which are π-bonds. A triplet state obtained by shifting [Scheme 1b] 

one of the electrons from the π-bonding MO of C2 to the vacant σ-bonding MO should 

increase the C-C distance (3Πu, 1.313 Å, Scheme 1b). Another triplet state (3Σg
+) obtained 

by shifting another electron from π to σ-level elongates the bond to 1.370 Å (Scheme 1c). 
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This led to the conclusion that π4 (1∑+) configuration has uniformly shorter Re than their 

π3σ1 (3∏) counterparts by 0.073 Å. Corresponding bond lengths for the π2σ2 (3Σg
+) 

species are seen to increase by an additional 0.13Å. Similarly, the diatomic B2 (Scheme 

1d) has a ground state 3∑-
g

 (σg
2σu

2πu
2) with two half π-bonds. The B-B distance (Scheme 

1d, 1.590 Å) in B2 is shorter than any B-B single (~1.706 Å) σ- bond. 

 

Scheme 1:  Experimental bond lengths of C2 (a) 1∑g
+

, (b) 3∏u , and of B2  (d) 3∑g¯ . Bond 

length of C2 (c) 3Σg
+ is obtained from calculations at B3LYP/6-311+G* method. 

 

We have found similar examples in the transition metal complexes too. Our detailed 

electronic structure calculation on the transition metal compound, Fe2(CO)6,  explains the 

unusual shortness of Fe-Fe bond (Fe-Fe=2.002 Å) on the basis of their π-alone bonding. 

Our detailed study on the second and third row diatomics and transition metal complexes 

shows that π-bonds left to themselves are shorter than σ-bonds; in many ways σ-bonds 

prevent π-bonds from adopting their optimal shorter distances. 
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