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[1.1] Introduction 
 
Computational chemistry has evolved as a supplement to experiments in 

studying problems in chemistry and can generate information which complements 

the experimental data on the structures, properties and reactions of substances.  The 

tremendous progress in the development of faster computer chips and the 

availability of various computational chemistry software have made it possible to 

carry out the computations on reasonably large size molecules to obtain accurate and 

reliable information in a relatively short time.  There are different areas in 

computational chemistry, depending on the formalism of the theory employed.  The 

basis of the computational methodology used in the thesis is quantum mechanics.1  

Main approaches in computational qunatum chemistry are (a) Ab initio methods (b) 

Semiempirical methods and (c) Density functional methods.  Brief descriptions of 

these three electronic structure methods used to compute the chemical properties 

described in this thesis are given in the following sections.  This is followed by an 

overview of the remaining chapters. 
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[1.2] Electronic Structure Methods1,2 
 

Electronic structure methods are based upon the basic laws of quantum 

mechanics and employ a variety of mathematical techniques to solve the 

fundamental equations.  Ab initio (from the beginning) methods do not use any 

experimental parameters other than the fundamental constants such as mass and 

charges of electron and nuclei, the Planck’s constant and the speed of light.  

Semiempirical methods on the other hand simplify the computation either by 

approximating the different integrals using parameters derived from the 

experimental data of atoms and molecules or by neglecting some of them.  In 

contrast to these wave function based methods, density functional methods calculate 

the molecular electron probability density ρ and subsequently the molecular 

electronic energy from the density. 

 

[1.2.1] Ab initio Methods 
 

The time independent Schrödinger equation used to solve the chemical 

problems in this thesis which can be expressed in its succinct form, 

 = EΗΨ Ψ               (1.1) 
       
where, H is Hamiltonian operator, which is the sum of the kinetic and potential 

energy operators, E is the total energy and Ψ  is  the exact wave function which 

define the system.  The Hamiltonian for any molecule having M nuclei and N  

electrons, assuming the nuclei and electrons to be point masses is 

222 2 2
2 21H = 

2 2

M N M N M M N N

i
i i j i je i ij

Z Z eZ e e
m m r r r

α βα
α

α α α β αα α αβ> >

− ∇ − ∇ − + +∑ ∑ ∑∑ ∑ ∑ ∑∑            (1.2) 
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where, α and β  refer to the nuclei and i and j  to the electrons.  Here, m  is the 

mass of the particle, e  is the electronic charge, Z  is the atomic number and r is the 

distance between the particles.  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. 

Ab initio molecular orbital methods are the most accurate and consistent 

because they provide the best mathematical approximation to the actual system.  

Even though ab initio methods are computationally quite expensive as compared to 

the semiempirical methods, the results obtained from the ab initio calculations are 

highly reliable.  The limitations of ab initio calculations are in the approximation in 

defining Hamiltonian and using a finite wave function in solving the Schrödinger 

equation.  The following approximations are used for solving the Schrödinger 

equation. 

 

(i) The Born-Oppenheimer Approximation3 
 

The Born-Oppenheimer approximation is the assumption that the electronic 

motion and the nuclear motion in molecules are independent of each other which can 

be separated. 

 As the nuclei are much heavier than the electrons, mα >> em , the electrons 

move much faster than the nuclei.  To a good approximation, one can consider the 

nuclei as fixed during the electronic motion.  Thus, the nuclear kinetic energy term 

can be omitted from the Hamiltonian and the Schrödinger equation 1.1. will take the 

form of  
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NN NN( V ) = (E V )el el el elΗ + Ψ + Ψ             (1.3) 

where the purely electronic Hamiltonian, 

22 2
2= 

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 − ∇ − +∑ ∑∑ ∑∑            (1.4) 

and  
2

NNV  = 
M M Z Z e

r
α β

α β α αβ>
∑ ∑               (1.5) 

The quantity NNV  is independent of the electronic coordinates and constant 

for a given nuclear configuration.  Hence, Schrödinger equation for the electronic 

motion can be written as  
 

= Eel el el elΗ Ψ Ψ               (1.6) 

The electronic energy, Eel  depends parametrically on the nuclear coordinates 

and is related to the electronic energy including internuclear repulsion by 

NNU = E Vel +                (1.7) 

This approximation of separating electronic motion from the nuclear motion 

is called the Born-Oppenheimer approximation.  This approximation gets support 

from the spectral studies and it fails when nontrivial coupling of electronic and 

nuclear motion occurs in cases such as Jahn-Teller and Renner effects.  Further 

approximations are required to get reliable information on the electronic structure 

for large molecules. 

 

(ii) Variation Theorem 
 

For dealing with time independent Schrödinger equation for systems such as 

atoms or molecules containing interacting particles, methods based on variation 
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principle give the approximate ground state energy without solving the exact 

Schrödinger equation. 

For a given system with time independent Hamiltonian H and energy E, 

variation theorem states that energy calculated using a trial function is always 

greater than or equal to the exact ground state energy 0E . 

*

0*
E = E

d

d

τ

τΨ

Ψ ΗΨ
≥

Ψ Ψ
∫
∫

             (1.8) 

                    
Ground state energy is obtained by minimizing EΨ with respect to 

parameters which define the trial function.  For getting good approximate value of 

the ground state energy, 0E  many trial functions have to be tried and the lowest 

value of the variational integral gives the closest approximation to 0E . 

 

(iii) The LCAO-MO Approximation 
 

The Linear Combination of Atomic Orbital Molecular Orbital (LCAO-MO) 

is the most common trial function for calculating molecular orbitals in quantum 

chemistry.  The trial function ( Ψ ) needed to solve the Schrödinger equation can be 

considered as a combination of atomic orbitals (φ ) which form an orthonormal 

basis.  

1
 = 

n

i i
i

c φ
=

Ψ ∑                (1.9) 

Where, ic  is the coefficient of each atomic orbitals. 

The energy calculated using this trial function is  
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*

0
*

( ) ( )
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
≥

∑ ∑∫

∑ ∑∫
          (1.10) 

Minimization of energy using the variation theorem leads to n  linear and 

homogeneous equations known as Secular equations.  The corresponding 

determinant is called Secular Determinant which can be written as 

 

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        (1.11) 

                                          

Where,  *
i idιι φ φ τΗ = Η∫             (1.12) 

*
j i jdι φ φ τΗ = Η∫             (1.13) 

*S j i jdι φ φ τ= ∫              (1.14) 

 
The integrals Hii  and Hij are called coulomb integral and bond (or 

resonance) integral respectively.  The integral Sij represents the extent to which the 

two functions iφ  and jφ can interact each other and is called the overlap integral.  

The solution of this 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  for each 

molecule. 

 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          (1.15) 
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where, ( )n iΨ  is the spin orbital of i th particle. 

Thus, by applying the LCAO-MO, one can generate several molecular orbitals for 

each molecule. 

 

(iv) The Hartree-Fock Self Consistent Field Method4 
 

The Hartree-Fock theory is a landmark in the development of quantum 

chemistry.  It is useful to calculate an approximate wave function in case of many 

electron systems.  The Hamiltonian for any molecule having M nuclei and N  

electrons (equation (1.4)), assuming the nuclei and electrons to be point masses is 

22 2
2= 

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 − ∇ − +∑ ∑∑ ∑∑     

The inter-electronic repulsion terms make the Schrödinger equation non-

separable.  A zeroth order wave function can be obtained by neglecting these 

repulsions and the wave function thus obtained is a product of N one electron 

orbitals. 

(0)
1 1 1 2 2 2 2) = ( , , ( , , ) ( , , )1 n n n nf r f r ...f rθ θ θϕ ϕ ϕΨ          (1.16) 

The one electron orbital can be expressed as  Y= R ( ) ( , )m
nl lf r ϕ θ         (1.17) 

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

harmonics of the electronic wave function. 

Even though it is qualitatively advantageous to use the approximate wave 

function represented by the equation (1.15), the wave function is devoid of any 

quantitative accuracy.  The accuracy of the wave function can be improved by 

considering different effective quantum numbers for different orbitals, which will 
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take care of the screening effect of electrons.  In order to further improve the quality 

of the wave function, a variational function like φ  is considered.  This leads to the 

following trial function for variation. 

1 1 1 1 2 2 2 2) = ( , , ( , , ) ( , , )n n n ng r g r ...g rθ θ θϕ ϕ ϕφ          (1.18) 

The wave function can be made more accurate by considering a function ig that 

minimizes the variational integral,  

*

*

d

d

φ φ τ

φ φ τ

Η∫
∫

     

and ig is represented by a product of radial function and spherical harmonics 

( ) ( )i= h Y ,mi
i i li i ig r θϕ             (1.19) 

This is the basis of Hartree Self Consistent Field (SCF) method.  Fock modified it 

and includes the antisymmetric function in the form of Slater determinants.  Thus, 

the SCF calculation that uses antisymmetrized spin orbitals is called Hartree-Fock 

method.  The differential equation for finding Hartree-Fock orbitals is 

F =i i iµ ε µ      = 1,2,................,i n           (1.20) 

iµ  is i th spin-orbital.  F  is called Hartree-Fock operator and the eigen value iε  is 

the energy of spin orbital.  

2 2
21F= 2

2

N NN

i ij ij
i i ji

Z J K
r

α

α

− ∇ − + −∑ ∑∑           (1.21) 

  
2 2

core= 2
N N

ij ij
i j

J KΗ + −∑∑            (1.22) 

The one electron core Hamiltonian,      
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core 2 *1= 
2

N

i i i
i i

Z d
r

α

α

φ φ τ
⎛ ⎞

Η − ∇ −⎜ ⎟
⎝ ⎠

∑∫           (1.23) 

* *

12

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

φ φ φ φ τ
⎛ ⎞
⎜ ⎟
⎝ ⎠

∫           (1.24) 

* *

12

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

φ φ φ φ τ
⎛ ⎞
⎜ ⎟
⎝ ⎠

∫           (1.25) 

ijJ  and ijK are called Coulomb and Exchange integrals respectively.  Both of 

these integral together give a measure of the energy of interaction of electron i  with 

all the other electrons.  The equation (1.20) is not linear and must be solved 

iteratively.  The procedure which does so is called Hartree-Fock Self Consistent 

Field (SCF) method. 

 The interactions between the electrons are taken into account only an average 

way in HF wave function.  If we consider instantaneous electron correlation into 

wave function, we can say that at a particular region near one electron, the 

probability of finding another electron will be small or large.  This is known as 

electron correlation.  

The correlation energy ( Ecorr ) is given by, 

E = E Ecorr nonrel HF−                (1.26) 

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

From the set of occupied and virtual spin orbitals obtained from a HF 

calculation, several antisymmetric many electron functions having different 

occupancies can be formulated.  These different open shell functions are called 

configuration state functions or configuration functions. 
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(v) Basis Functions 
 

The HF orbitals can be represented as linear combinations of a set of 

functions called basis functions.  The commonly used set of basis functions for HF 

calculations is the set of Slater Type Orbitals (STO).5  The actual representation of 

many electron atomic orbitals requires a linear combination of several STOs.  

For performing any quantum mechanical calculation according to any 

method, a set of basis function rχ  is used to express the orbitals iφ  as 

= 
n

i ri r
r

Cφ χ∑              (1.27) 

When, the χr are STOs5, the molecular orbitals are called Linear Combination of 

Slater Type Orbitals (LCSTO) MOs. 

The atomic orbitals (AO) can be always represented by Slater type functions 

which have exponential radial parts.  Thus, a STO with principal quantum number n ,  
 

( )1 ( ) ,( , , ) Yn r l
mr r e ξ θθ ϕϕχ − −∝           (1.28) 

 

where, ξ  is the orbital exponent.  ( ),Yl
m θϕ  contains all the angular information 

needed to describe the wave function (spherical harmonics).  STOs can be used as 

basis functions for more accurate solutions for small atoms and linear molecules.  

The many-centre two-electron integrals involving STOs are rather difficult to 

evaluate, require numerical integration techniques and are very time consuming.  

This problem can be overcome to some extent by the use of Gaussian type functions 

to the MO computations as introduced by Boys.6  It has the important advantage that 

all integrals in the computation can be evaluated explicitly without recourse to 
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numerical integration and has proved extremely useful in ab initio calculations of 

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

2( )( , , ) l m n rx y z x y z e αχ −∝            (1.29) 

where, ,l m  and n are positive integers or zero and α is the orbital exponent.  The 

main disadvantage of the Gaussian function is that it does not resemble very closely 

the form of real atomic orbitals.  In particular, the Gaussian function lacks a cusp at 

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

practice, the functional behavior of an STO is simulated by a number of GTOs with 

different orbital exponents.  These GTOs are then referred as primitives and the 

resulting STO as the contracted Gaussians functions.  There are different types of 

basis sets which are commonly employed.  The basis set which consists of one STO 

for each inner shell and each valence shell AO of each atom is called a minimal 

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 uses three STOs for 

construction of basis set.  Since only valence orbitals are involved in chemical 

bonding, the efficiency can be enhanced without excessive computing time by 

doubling only the valence orbitals.  This results in split valence basis.  The basis sets 

which add basis function STO’s whose angular quantum number is greater than the 

maximum angular quantum number of the valence shell of the ground state atom is 

called polarized basis set.  For anions, compounds with lone pairs and H-bonded 

dimers where electron density has a significant value at a large distance from nuclei, 

highly diffuse function with very small orbital exponent are used for better 

agreement with experiment.   
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 Computations involving heavier atoms are relatively difficult than those 

involving first and second row atoms of the periodic table.  This is related to the 

increasing number of two electron integrals to be evaluated and the relativistic 

effects.  This can be overcome by the use of pseudo potentials.  Since the core 

orbitals are not affected by the changes in chemical bonding, one can treat them as 

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

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−∑            (1.30) 

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.  

The use of ECP is found to be computationally very efficient, particularly for 

transition metals, because it reduces the number of basis functions.  ECP also makes 

room for the incorporation of relativistic effects. 

 

[1.2.2] Electron Correlation 
 

One of the limitations of HF calculations is that they do not include exact 

electron correlation.8  HF takes into account an average effect of electron repulsion, 

but not the explicit electron-electron interactions.  Within HF theory the probability 

of finding an electron at some location around an atom is determined by the distance 

from the nucleus but not the distance from the other electrons.  There are three 

common methods which incorporate electron correlation viz. Configuration 
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Interaction,9 Møller-Plesset Perturbation theory,10 and Coupled Cluster Theory.11 

These calculations begin with a HF calculation and then correct for correlation. 

 

(i) Configuration Interaction 
 

A configuration interaction wave function is a multiple Slater determinant 

wave function.  It is constructed from the HF wave function and making new 

determinants by promoting electrons from the occupied to unoccupied orbitals.  

Configuration interaction methods are classified by the number of excitations used 

to make each determinant.  If only one electron has been excited for each 

determinant, it is called a configuration interaction single-excitation (CIS) 

calculation.  CIS calculations give an approximation to the excited states of the 

molecule, but do not change the ground state energy.  Single and double excitation 

(CISD) calculations yield a ground state energy that has been corrected for 

correlation.  The configuration interaction calculation with all possible excitations is 

called full CI.  The full CI calculation using an infinitely large basis set will give an 

exact quantum mechanical energy.  However, full CI calculations are rarely done 

due to the immense amount of computer power required.  

 

(ii) Møller-Plesset Perturbation Theory 
  

Correlation can be treated as a perturbation to HF wave function.  This 

method takes the sum of the one electron HF operator as the unperturbed 

Hamiltonian ( 0Η ). 

(m)= F
n

m

0Η ∑              (1.31) 



Introduction to Computational Chemistry … 

 16 

The perturbation ′Η is the difference between the true inter-electronic 

repulsions and the HF inter-electronic potential. 

= 0′Η Η − Η              (1.32) 

In mapping the HF wave function in a perturbation theory for formulation, 

HF becomes a first order perturbation.  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.  The accuracy of an MP4 calculation is roughly equivalent to the accuracy of a 

CISD calculation. 

 

[1.2.3] Semiempirical Methods1,2 
 

Semiempirical methods use empirically determined parameters and 

parameterized functions to approximate the different integrals in the Hamiltonian. 

The earlier semiempirical methods treated the π-electrons of conjugated molecules 

separately from the σ-electrons.  These are known as π-electron approximation.  The 

simplest semiempirical π-electron theory is free electron molecular orbital 

(FEMO).1,2  Here, the interatomic repulsions are ignored.  The most celebrated 

semiempirical theory is the Hückel Molecular Orbital theory (HMO)12 developed in 

1930’s.  Here, the π-electron Hamiltonian is approximated by the simpler form, 

( )=
n

eff
i

i
π

πΗ Η∑              (1.33) 

( )eff iΗ  incorporates the effects of the π-electrons repulsion in the average 

way.  The next approximation in the HMO method is to approximate the π-MOs as 

LCAOs.  
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A semiempirical π-electrons theory that takes electron repulsion into account 

and there by improves on Hückel method is Pariser-Parr-Pople (PPP) method,13 

developed in 1953.  Here, the π-electrons Hamiltonian including electrons repulsion 

is used along with zero differential overlap (ZDO) approximation.14  This is known 

as 2-electron theory. 

 

(i) Extended Hückel Method15 
 

The semiempirical theories discussed so far applies only to planar conjugated 

molecules and treats only π-electrons.  But the extended Hückel theory can be 

applied to all molecules as it includes all the valence electrons.  The extended 

Hückel method begins with the approximation of treating the valence electrons 

separately from the rest.  The valence electron Hamiltonian is taken as the sum of 

one electron Hamiltonian.    

( )=
n

val eff
i

iΗ Η∑             (1.34) 

The MOs are approximated as linear combinations of the valence atomic 

orbitals of the atoms and are represented as.   

= 
n

i ri r
r

C fφ ∑              (1.35) 

This method usually uses atomic orbitals comprised of Slater type orbitals 

(STO) with fixed orbital exponents determined from Slater’s rules.  Thus, the many 

electrons Hamiltonian separates into several one electron Hamiltonian as 
 

( ) =eff i i ii φ ε φΗ              (1.36) 
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valE =
n

i
i

ε∑              (1.37) 

If the variation theorem is applied on the trial function, the secular equation 

and the equation for the MO coefficients become  

= 0eff
rs i rsSεΗ −             (1.38) 

)= 0
n

eff
rs i rs

s
Sε(Η −∑   r =1,2,…          (1.39) 

Unlike simple Hückel theory, EH theory does not neglect overlap 

integrals, rsS .  

for r = s , 

= =eff eff
rs rr r eff rf fΗ Η Η            (1.40) 

when r ≠ s , 

1= k( )
2

eff eff eff
rs rs rr rsSΗ Η + Η            (1.41) 

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

rrΗ are usually negative, the value 

of eff
rsΗ  in equation (1.39) 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.   

 Equation (1.37) gives the total energy as the sum of orbital energies.  Though 

equation (1.36) omits both electron-electron and nuclear-nuclear repulsions, EH 

method gives the geometric parameters which are rather accurate in case of not 

highly polar bonds, but fails for molecules having very polar bonds.  EH does not 

give reliable quantitative results but provides good qualitative results and which 
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helps in understanding many chemical problems.  Walsh diagram and fragment 

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

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

NDDO,1,2 MINDO,16 MNDO,17 AM118 etc, which includes overlap and electron-

electron repulsion integrals to different extent.   

 

[1.2.4] Density Functional Theory19 

 

Traditional methods like Hartree-Fock theory in electronic structure 

calculations are based on the complicated many-electron wavefunction.  The main 

objective of density functional theory (DFT) is to replace the many-body electronic 

wavefunction with the electronic density as the basic quantity.  Whereas the many-

body wavefunction is dependent on 3N spatial coordinates and N spin coordinates 

for each of the N electrons, the density is only a function of three variables and is a 

simpler quantity to deal with both conceptually and practically.  The basic form of 

the DFT is that ground state energy is a functional of ground state electron 

probability density 0ρ . 

[ ]0 0 0E = E ρ              (1.42) 

where, the zero subscript indicates ground state.  DFT calculates the energy and 

other molecular properties from the electron probability density in contrast to ab 

initio theory where wave function is considered as the basis for all calculations.  All 

DFT calculation are based on Hohenberg-Kohn (HK) theorems.19c,e  The first 

theorem (HK-I) states that there is one to one correspondence between ground state 

energy and ground state density.  The Hamiltonian in this case is 
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2 ( )
1 1=
2 i

N N N N

i
i i j i j ij

r
r

υ
>

Η − ∇ + +∑ ∑ ∑∑           (1.43) 

where, ( )irυ  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 − ∑              (1.44) 

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

0 ( )  = r dr nρ∫              (1.45) 

The HK-II theorem states that for every trial density function ( )tr rρ  that satisfies the 

equation (1.45) and ( ) 0tr rρ ≥ for all r , the following inequality holds.  

[ ]0 ( )E E tr rυ ρ≤ , where, Eυ  is energy functional.  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 tr rυ ρ . 

 Later this method is improved by Kohn and Sham to yield the exact result 

and known as Kohn-Sham (KS) method.19f  KS method also can not give the 

accurate result as the equation of KS method contains an unknown functional that 

must be approximated.  This method considers a reference system of non-interacting 

electrons.  

 The accuracy of KS method depends on the quality of the exchange-

correlation functional, [ ]0E xc ρ .    

[ ] [ ] [ ]0 0 0E = xc eeT Vρ ρ ρ∆ + ∆            (1.46) 
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T∆  and eeV∆ are the difference in average electronic kinetic energy and electron-

electron repulsion terms in comparison to non-interacting reference system.  The 

functional derivatives of Exc is the exchange-correlation potential 

[ ]0

0

( )
( )

( )

E
= xc

xc

r
r

r
V

δ ρ
δρ

            (1.47) 

Inclusion of variational principle in HK-I theorem yields HK-II theorem   

[ ] [ ] [ ] [ ]( ) 0 ( ) 0( ) ( ) ( ) ( ) ( ) ( )E = Ev r ee v rr r r r r rT V drρ ρ ρ ρ υ ρ+ + ≥∫        (1.48) 

Considering the effect of external potential sV , the energy become 

[ ] [ ] [ ] [ ] [ ] [ ] [ ]( ) 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 ≥∫ ∫
                (1.49) 

 

(i) Local Density Approximation (LDA) 
 

In LDA, the contribution of each volume element to the total exchange 

correlation energy is taken to be that of an element of homogenous electron gas 

density at that point, 

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∫           (1.50) 

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

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

[ ]0
0 0( ) ( )

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

xc xc r rV
δ ρ ε ρε ρ ρ

δρ ρ
∂

+
∂

        (1.51) 

Here, xcε can be written as the sum of exchange and correlation energy 
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0 0 0( )= ( ) ( )LDA LDA LDA
xc x cε ρ ε ρ ε ρ+           (1.52) 

Similarly, 

E = E ELDA LDA LDA
xc x c+             (1.53) 

 

(ii) Local Spin-Density Approximation (LSDA) 
 

LSDA allows electrons with different spins to occupy different spatial KS 

orbitals unlike LDA where electrons with opposite spin paired with each other 

occupy same spatial KS orbital.  Hence, for open-shell molecules and molecular 

geometries near dissociation LSDA works better than LDA.   

 

(iii) Generalized Gradient Approximation (GGA) 
 
 GGA estimates the contribution of each volume element based on the 

magnitude and gradient of the electron density within that element. In other words, 

in addition to LDA and LSDA, this method considers the variation of the electron 

density with varying position.  Here, the exchange correlation energy is given by 

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∇ ∇⎡ ⎤⎣ ⎦ ∫        (1.54) 

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

exchange correlation energy is expressed as 

E = E EGGA GGA GGA
xc x c+             (1.55) 

The commonly used gradient-correlated functional are Lee-Yang-Parr 

(LYP)20 functional, Perdew-Burke-Ernzerhof (PBE)21 exchange and correlation 

functional, Vosko-Wilk-Nusani functional (VWN),22 Becke23 correlation functional.  

The method like B3LYP uses Hartree-Fock and gradient-corrected functionals.  
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Several other hybrid functionals (HF-DFT) are also known which define the 

exchange functional as a linear combination of HF, local and gradient-corrected 

exchange terms.  This exchange functional is then combined with a local or a 

gradient-corrected correlation functional.  Different levels of theory are available 

based on the approximations to the exchange and correlation functionals.   

The computations carried out for the work embedded in the chapters 2, 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.  The density functional calculation 

using generalized gradient approximation including the Becke's non-local correction 

to the exchange energy expression and the Perdew's non-local correction to the 

correlation energy expression is used for the computational calculations in the 

chapter 3. 
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[1.3] Outline of the Thesis 
 

The remaining four chapters describe briefly the theoretical studies of 2π-

aromatic three membered rings, BAl2Hn
m (n = 3 - 6, m = -2 - +1) (Chapter 2), 

stabilization of tris-acetylenic model metal complexes of fullerene and its fragments 

(Chapter 3), stabilization of planar tetra-coordinated carbon in bimetallic complexes 

(Chapter 4) and the insertion reaction of heteroallenes into metal-metal bond in 

early-late heterobimetallic (ELHB) complexes (Chapter 5). 

 

[1.3.1] Chapter 2: Structure and Bonding in Cyclic Isomers of BAl2Hn
m (n = 3 - 

6, m = -2 - +1): Preference for Planar Tetra-coordination, Pyramidal 
Tri-coordination and Divalency 

 
The group 13 hydrides play a dominant role in chemistry in many ways: 

applications in organic synthesis, organometallic catalysis, materials chemistry and 

possible hydrogen storage materials are among them.  Availability of a variety of 

coordination numbers and geometries contribute to this versatile chemistry.  In view 

of the unusual structures encountered experimentally and theoretically of mixed 

compounds from the group 13 elements, we have studied the three membered 

system involving one boron and two aluminum atoms, starting with the 2π-aromatic 

BAl2H3
2- and structures obtained by its sequential protonation, BAl2H4

-, BAl2H5 and 

BAl2H6
+.  

 

The structure and energetics of cyclic BAl2Hn
m (n =3 - 6, m = -2 - +1) 

obtained at B3LYP/6-311+G** and QCISD(T)/6-311++G** levels are compared 

with corresponding homocyclic boron and aluminum analogues.  Structures having 

varying number of coordination mode on boron and aluminum atoms are found to be 
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minima (scheme 1.1).  There are several unusual geometrical and bonding patterns 

such as planar tetra-coordinate boron and aluminum atoms in the same ring in 

BAl2H4
- and divalent boron containing lone pair are common among them.  There is 

a parallel between the structure and bonding in the isomers of BAl2H3
2- and BSi2H3.  

The number of structures having hydrogens out of the BAl2 ring plane is found to 

increase from BAl2H3
2- to BAl2H6

+.  Double bridging at one bond is common in 

BAl2H5 and BAl2H6
+.  Similarly, species with lone pairs on divalent boron and 

aluminum atom are found to be minima on the potential energy surface of BAl2H3
2-.  

Bridging hydrogen atoms on B-Al bond prefers not to be in the BAl2 plane so that π-

MO is stabilized by π-σ mixing.  This stabilization of the π-MO is a major 

contributor for the preference of non-planar structures with H-bridging.  As the 

number of bridging hydrogen atoms increases, the stabilization of the π-MO also 

increases.  Stability order of structures is decided by optimizing the preference for 

lower coordination at aluminum, higher coordination at boron and more bridging 

hydrogen atoms between B-Al bonds.  The stabilization energy for the minimum 

energy structures of BAl2Hn
m which contain π-delocalization are compared with the 

corresponding homocyclic aluminum and boron analogues. 
 

 
 
 
Scheme 1.1: Most stable structures of BAl2H3

2-, BAl2H4
-, BAl2H5 and BAl2H6

+ at 
B3LYP/6-311+G** level of theory have several unusual coordination modes around 
boron and aluminum. 
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[1.3.2] Chapter 3: The Effect of Metal Complexation on Ring Opening of Bowl 
Shaped Hydrocarbons: A Theoretical Study 

 
The organometallic chemistry of fullerenes and bowl shaped hydrocarbons 

was triggered by the synthesis of the organometallic compounds, η2-C60Pt(PPh3)2
.  It 

led to further development in exohedral organometallic chemistry of these 

molecules.  Another fascinating aspect is endohedral chemistry of fullerenes.  One 

of the approaches to achieve endohedral fullerene is by the reversible breaking of 

bonds or rings and opening a "window" large enough for entry of atoms.  The ring 

opening of C60 and its fragments is compared with the reverse process of the well-

known catalytic conversion of acetylene into benzene (scheme 1.2).  

 

 

 

 

 

 

 
Scheme 1.2: Benzene-acetylene equilibrium and benzeniod and tris-acetylenic 
structure of fullerene. 

 

A DFT study on benzenoid and tris-acetylenic structure of fullerene and its 

fragments are described in this chapter.  The results show that tris-acetylenic model 

structures lead to benzenoid structure, due to the proximity of π-orbitals in the 

former.  The tris-acetylenic model structures are stabilized on metal complexation in 

comparison to the parent benzene-acetylene equilibrium.  The acetylenic metal 

complex becomes more stabilized in going from CrC6H6 to CoC3H3, than benzene-
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metal complex.  The curved surface of the tris-acetylenic fullerene fragments causes 

one set of π-orbital of the tris-acetylenic groups to rehybridize so as to reorient 

towards the metal fragments than found in the parent acetylene complexes (scheme 

1.3).  This leads to the increased overlap between metal fragments and tris-

acetylenic model structures.  The benzenoid and tris-acetylenic model complexes of 

C12H6 and C12H12 where five membered rings are replaced with more strained four 

membered rings are also studied. 

 
 

 
 
Scheme 1.3: Schematic representation of the inclinations of π-orbitals of six 
membered rings in bowl shaped hydrocarbons as a function of curvature. 
 

[1.3.3] Chapter 4: Binuclear Organometallic Compounds Containing Planar 
Tetra-coordinated Carbon Atoms: Theoretical Study on Geometrical 
and Bonding Patterns 

 
The chemistry of unstable 14-electron titanocene (Cp2Ti) and zirconocene 

(Cp2Zr) has been playing a vital role in structural and catalytical chemistry.  These 

metallocenes are important in the stoichiometric C-C coupling and cleavage 

reactions of unsaturated molecules such as alkynes, olefins, acetylides and vinylides.  

The carbene type frontier orbital of Cp2M help in the reaction with unsaturated 

compounds to form metallacycles.  It undergoes further reactions with metallocenes 

and other substrates.  The cyclization of the 1,2,3-butatrienes and 1,3-butadiynes 
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lead to highly strained carbocycles, which are not viable.  Such, geometry can be 

realized by the metallocenes derivatives, metallacyclopentynes and 

metallacyclocumulenes.  The metallacycles occupy a special place in the chemistry 

of transition metal organometallics as they are involved in important reactions such 

as the synthesis of carbocyclic and heterocyclic compounds and their unusual ability 

to stabilize highly reactive organic entities.  

In this chapter, the density functional theory studies on the structure and 

bonding in the binuclear complex 1, which has two planar tetra-coordinate carbons 

adjacent to each other are discussed (scheme 1.4).  This is compared with that of the 

metallacyclocumulene, 2 and the metal-acetylene complex, 3 (scheme 1.4).  The 

geometrical pattern on metal-acetylene complex shows that the diffuseness of the 

orbitals of the metal atom and the extent of back bonding are the main reasons for 

the elongation on the C-C bond length in metal-acetylene complexes.  Since the C1-

C2-C3 angle in 2 changes to get effective overlap as the size of metal is changed, the 

central C-C bond length of the cumulene remains nearly constant.  In many ways the 

ML2 fragments dictate the bond angles C1-C2-C3 and C4-C3-C2 and the distance 

C2-C3 to have effective overlap with the C4H2 frame.  The central C-C bond length 

in 1 increases with an increase in the size of the metal M′ as in the case of metal-

acetylene complex, 3.  The planar tetra-coordinate arrangements around two 

adjacent carbons are stabilized through the four in-plane delocalized molecular 

orbitals resulting from the interaction with the metal fragment orbitals and two π 

molecular orbitals perpendicular to the MC4M′ plane.  When the C1-C2-C3 bond 

angle of 2 comes closer to the C-C-H bond angle of 3, the stability of the complex, 

1, increases.  



Chapter 1 

 29

 

 

 

 

 
 

 
 
Scheme 1.4: Schematic diagram of the binuclear complex (1), the 
metallacyclocumulene (2) and the metal-acetylene complex (3).  The lines here 
meant to imply the nature of bonding in the ligands and do not represent the 
numbering of bonds.  
 

[1.3.4] Chapter 5: Theoretical Study on the Insertion of Heteroallenes (CO2, 
COS and CS2) to Metal-metal Polar Bond of Early-late Bimetallic 
Complexes 
 
Early-late heterobimetallic (ELHB) complexes have widespread interest in 

catalytic reactions, synthetic organometallic chemistry and materials science.  

Interest in these complexes arises from the possibility of utilizing the 

complementary reactivities of the electron-poor early transition metal and the 

electron-rich late transition metal.  The synergetic effect of the two metals plays a 

key role in their reactivity such as insertion of polar substrate like CO2, COS and 

CS2 into metal-metal bonds and their functionalization.  

In this chapter, the mechanism of the insertion of heteroallenes, XCY (CO2, 

COS, and CS2,) into metal-metal polar bond of early-late heterobimetallic (ELHB) 

complexes, (NH2)3M-M´(CO)2Cp (where M= Ti, Zr and M´= Fe, Ru) is studied 

using Density Functional Theory.  The reactions of CO2 and COS with M-M′ bond 

of ELHB complexes (9p) give the initial intermediates, 10pq which undergo 

isomerization to the four membered metallacycles, 12pq through transition states, 

11pq (scheme 1.5). 
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Scheme 1.5: Mechanistic scheme for the insertion of heteroallenes (XCY) into 
ELHB complexes, 9p.  10pq and 12pq are the complexes resulting from XCY 
insertions and 11pq is the transition state for the interconversions.  Here, p stands 
for a-d indicating the M-M′ complexes and q for a-c indicating the heteroallenes, 
XCY. 
 

The synergetic effect of both transition metals plays a key role in the 

reactivity towards the heteroallenes.  The greater strain arising from the smaller size 

of titanium and oxygen rules out the formation of the metallacycles, 12aa and 12ba.  

On the other hand, larger size of sulphur averts the formation of 10pc.  The first row 

late transition metal stabilizes the LUMO of XCY which favors the bending more 

effectively than the second row.  This reflects in the more stability of the complexes, 

10pq which have the late transition metal from the first row.  The smaller atomic 

size of Ti and hence more strain in the OCS angle destabilize the complexes, 12ab 

and 12bb more than 10ab and 10bb. 
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CHAPTER 2 

 

STRUCTURE AND BONDING IN CYCLIC ISOMERS  
OF BAl2Hn

m (n = 3 - 6, m = -2 - +1):  
PREFERENCE FOR PLANAR TETRA- 

COORDINATION, PYRAMIDAL TRI-COORDINATION 
AND DIVALENCY 
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[2.0] Abstract 
 

The structure and energetics of cyclic BAl2Hn
m (n =3 - 6, m = -2 - +1) 

obtained at B3LYP/6-311+G** and QCISD(T)/6-311++G** levels are compared 

with corresponding homocyclic boron and aluminum analogues.  Structures with 

coordination numbers of boron and aluminum atoms up to six are found to be 

minima.  There is a parallel between the structure and bonding in the isomers of 

BAl2H3
2- and BSi2H3.  The number of structures having hydrogens out of the BAl2 

ring plane is found to increase from BAl2H3
2- to BAl2H6

+.  Double bridging at one 

bond is common in BAl2H5 and BAl2H6
+.  Similarly, species with lone pairs on 

divalent boron and aluminum atom are found to be minima on the potential energy 

surface of BAl2H3
2-.  The first example of a structure with planar tetra-coordinate 

boron and aluminum atoms in the same structure is found in BAl2H4
- (2b).  Bridging 

hydrogen atoms on B-Al bond prefers not to be in the BAl2 plane so that π-MO is 

stabilized by π-σ mixing.  This stabilization increases with increasing number of 

bridging hydrogen atoms.  Stability order of structures is decided by optimizing the 

preference for lower coordination at aluminum, higher coordination at boron and 

more bridging hydrogen atoms between B-Al bonds.  The relative stabilization 

energy (RSE) for the minimum energy structures of BAl2Hn
m which contain π-

delocalization are compared with the corresponding homocyclic aluminum and 

boron analogues. 
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[2.1] Introduction  
 

The group 13 hydrides play a dominant role in chemistry in many ways: 

applications in organic synthesis,1 organometallic catalysis,2 materials chemistry3 

and possible hydrogen storage materials4 are among them.  Availability of a variety 

of coordination numbers and geometries contribute to this versatile chemistry.2b,5  

Binary hydrides of boron and aluminum are especially interesting with their 

dramatic structural contrasts.  For example, global minimum structure of B2H2 is 

linear (scheme 2.1, i)6, while Al2H2
 prefers a structure with two bridging hydrogens 

(scheme 2.1, ii).6a,7 Spectroscopically, (Dmp)BB(Dmp) (Dmp=2,6-

dimethylpiperidinato) has been shown to have a linear RBBR geometry.8  Al2H2 

with double bridging hydrogen geometry has been identified by matrix IR spectra.9  

Mixed hydrides provide even more variety.  The global minimum for AlBH2 has a 

vinylidene type structure6a,10 similar to Si=CH2 (scheme 2.1, iii).6a,11   

The recent revival in the chemistry of aluminum12 especially with the 

successful synthesis of compounds such as alumino-cyclopropene12,13 (scheme 2.1, 

iv) and aluminum analogue of carbene (scheme 2.1, v) {HC(CMeNAr)2Al; Ar=2,6-

iPr2C6H3}12,14 point to the exciting possibilities for the future.  The 2π-aromatic 

aluminum analogue (AlC2H3) of cyclopropenyl cation has been suggested as one of 

the possible products in the reaction of AlCl monomers with acetylene in a solid 

argon matrix.15 
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Scheme 2.1 
 

We had studied the structural variety possible for the 2π-systems B3H3
2-, 

Al3H3
2- and their protonated species.16,17  Even more unusual structural variations 

are expected in heterocyclic rings.  For example, the most stable structure of 

BSi2H3
18 which is formally an isoelectronic neutral analogue of cyclopropenyl 

cation, has a planar tetra-coordinate boron and a bridging hydrogen (scheme 2.1, vi).  

We had proposed an isolobal analogy between divalent silicon and trivalent boron to 

explain such unusual structures.18,19  Schaefer and co-workers also reported 

similarities between silicon and aluminum hydrides (Al2H2 and Si2H2).20  In view of 

the unusual structures encountered experimentally and theoretically of mixed 

compounds from the group 13 elements,18-22 we have studied the three membered 

system involving one boron and two aluminum atoms, starting with the 2π-aromatic 

BAl2H3
2-.  While there is no experimental evidence yet for these species, theoretical 
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and experimental studies on electronic and geometrical structure of boron doped 

bare aluminum metal clusters23 and hydrogenated aluminum clusters 24 are reported.  

We present a comprehensive study of all the possible cyclic isomers of 

BAl2H3
2- (1) and structures obtained by its sequential protonation, BAl2H4

- (2), 

BAl2H5 (3) and BAl2H6
+ (4).  The study gives an insight to the structural varieties 

possible and their interconversions.  We also probe the relative stability of these 

mixed hydrides brought by cooperative effect of one boron and two aluminum 

atoms. 

 

[2.2] Computational Details 
 

All structures derived as detailed below were optimized using the hybrid HF-

DFT method, B3LYP,25,26 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.  The 6-311+G** basis set was used for all 

calculations.25  The nature of the stationary points was characterized by vibrational 

frequency calculations. The Gaussian 03 programme package was used for all 

calculations.27  Fragment Molecular Orbital (FMO)28 and Natural Bond Orbital 

(NBO)29 methods were used to analyze the bonding in a given structure.  All the 

structures of the scheme 2.2 are also optimized using the QCISD(T) method using 6-

311++G** basis set.25  The vibrational frequency analysis indicated that the 

structures were minimum in energy at this level as well.  The extent of variations in 

relative energies and structural parameters was minimal.  The energetics of 

structures of schemes 2.3-2.5 were checked by single point calculations at this level. 
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[2.3] Results and Discussion 
 

The structures discussed in this chapter are obtained by the isoelectronic 

replacement of the classical D3h geometry of cyclopropenyl cation by the group 13 

elements viz. one CH group by BH and the other two CH groups by AlH groups.  

The charges and the number of additional hydrogens were adjusted to give two π-

electrons.  Various starting geometries for BAl2H3
2- are obtained by considering all 

possible combinations of bridging and terminal bonding positions.  Similarly, the 

structures of the protonated species, BAl2H4
-, BAl2H5 and BAl2H6

+ are obtained by 

considering all possible combination of bridging and terminal hydrogen 

occupancies.  Schemes 2.2, 2.3, 2.4 and 2.5 represent the optimized structures of 

BAl2H3
2- and BAl2H4

-, BAl2H5 and BAl2H6
+ respectively.   

A variety of bonding situations exist in these complexes ranging from the 

standard 2c-2e bonds, 3c-2e bonds involving bridging hydrogen and two heavy 

atoms, 3c-2e bond involving the three heavy atoms in the sigma plane and the 

familiar 3c-2e π-delocalization.  There are also several structures with lone pairs of 

electrons and planar tetra-coordinate arrangements.  The structural drawings follow 

the following convention to communicate visually the nature of bonding as much as 

possible.  A 2c-2e bond is represented by a solid line.  A 3c-2e bond is represented 

by dotted lines, except those involving bridging hydrogen.  Here, the hydrogen-main 

group element connection is represented by solid line and the connection between 

the main group elements is represented by dotted lines.  The 2π-electron 

delocalization is represented by a solid circle inside the three membered ring.  These 

will be discussed once again while specific structures are introduced.  Only boron 

atom of the three membered ring is labeled.  The remaining two vertices are 
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aluminum atoms.  The relative energies and number of imaginary vibrational 

frequencies are given below each structure in the schemes 2.2-2.5.  Important 

geometric parameters of the minimum energy structures are given in figures 2.1-2.4.  

The discussions begin with the structures of BAl2H3
2- (1).  The structures obtained 

by protonations, BAl2H4
- (2), BAl2H5 (3) and BAl2H6

+ (4), are discussed in this 

order.  In view of the large number of minima obtained for 2, 3 and 4, these are 

discussed in relation to the isomers of BAl2H3
2-, 1.  General comparisons are made 

at the end. 

 

[2.3.1] Structure and Bonding in the Isomers of BAl2H3
2-  

 
A variety of unusual bonding arrangements are noted among the many 

structures which are characterized as minima in energy.  The study started with 28 

different structures.  Nine of them led to stationary points on the potential energy 

surface (PES), with six of them characterized as minima and three as transition 

states.  The schematic representations of all the nine isomers of BAl2H3
2- are shown 

in the scheme 2.2.  The most stable structure 1a has a planar tetra-coordinate boron 

atom.  The two B-H bonds correspond to conventional 2c-2e bond, the only two of 

its kind in this structure.  These two bonds are represented by solid lines (scheme 

2.2).  The third hydrogen is bridged between aluminum atoms and is represented by 

solid lines between hydrogen and aluminum atoms and dotted line between the two 

aluminum atoms.  There is an in-plane 3c-2e bond that binds the three heavier 

elements together and is represented by dotted lines between the three heavier 

elements.  Thus, there are two dotted lines between the aluminum atoms.  There is a 

lone pair each on aluminum atoms and is indicated by half dumb bell with two dots  



 

 

 

Scheme 2.2: Structures 1a-i, relative energies (kcal/mol at B3LYP/6-311+G**, values at QCISD(T)/6-311++G** in italics) and the 
number of imaginary vibrational frequencies (in parentheses) for BAl2H3

2-.  
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inside.  The 2π-electron delocalization is represented by a solid circle and the charge 

of the molecule (-2) is given inside the solid circle. 

An NBO analysis on 1a supports this description.  A similar structure with 

planar tetra-coordinate aluminum is shown to be the global minimum in Al3H3
2-.16 

The corresponding planar tetra-coordinated homocyclic boron analogue, B3H3
2- is 

58.12 kcal/mol higher in energy than its global minimum structure of symmetry 

D3h.16  The reversal of the relative stability of the structure with planar tetra 

coordination by the replacement of two boron by aluminum is remarkable.  An 

isomer similar to 1a is the global minimum for the neutral isoelectronic BSi2H3.18  

An isolobal analogy that we had proposed between divalent silicon and trivalent 

boron is extended to make the link between silicon and aluminum and helps in 

making the connection between 1a and the isostructural BSi2H3.18,19  A structure 

with planar tetra-coordination around aluminum leads to 1c on geometry 

optimization.  This indicates the reluctance of aluminum for spn
 hybridization and 

higher coordination. 

The next stable structure, 1b, has a penta-coordinated boron atom.  It has one 

terminal B-H bond and bridging hydrogen atoms on each B-Al bond.  All the three 

hydrogen atoms are out of the BAl2 plane.  Following the convention described 

earlier for structural representation, structure 1b has one 2c-2e B-H bond, one 3c-2e 

bond between Al-B-Al, two 3c-2e bonds involving B-H-Al hydrogen bridges and a 

lone pair each on aluminum atoms.  Though there is considerable mixing between 

the original π-MOs of the planar structure and the bridging hydrogens, it is 

conceptually better to treat this as a π-MO.  The planar alternative, 1f is a transition 

state for the conversion of 1b to the equivalent structure where the direction of the  
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1a 1b 1c

1d 1e 1f

1g 1h 1i
 

Figure 2.1: Optimized geometries and bond distances of BAl2H3
2- at B3LYP/6-

311+G** level of theory. 
 
bridging and the terminal hydrogens are reversed.  Instability of 1f is mainly due to 

the non-bonded interaction between bridging hydrogen atoms and terminal hydrogen 

atom.  The distance between these two hydrogen atoms at 1f is 1.90Å at B3LYP/6-

311+G** level of theory.  It increases to 2.00Å in 1b.  The H-H distances increase 

substantially in the homocyclic aluminum analogue of 1f which is a minimum.16  
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Similar structure is also calculated to be a minimum for the isoelectronic, Si3H3
+,30 

where the unfavorable H--H interactions are not anticipated.  However, similar 

structures of BSi2H3 and B3H3
2-having penta-coordinate boron have one imaginary 

frequency.  Each of them leads to the minimum energy structure corresponding to 

1b.  The structural similarities of BAl2H3
2- and BSi2H3 in 1a, 1b and 1f further 

illustrate resemblance of silicon and aluminum hydrides (SiH and AlH-).  The 

bridging hydrogen atoms connected to boron in 1b and in BSi2H3 (similar structure 

to 1b) demonstrate the preference of out-of-plane bridging position.  Similar several 

non-planar structures having stabilized π-MOs are unraveled in this study.  A 

comparison of the stabilization of the π-MOs in going from the planar to the non-

planar structures and their contribution to the total energies are given at the end. 

The structure 1c is not observed in homocyclic boron and aluminum 

analogues.16  It has a planar tetra coordinated boron atom and the BH2 group is 

slightly bent towards the aluminum atom having a terminal hydrogen atom.  The 

terminal hydrogen atom of aluminum is also bent towards the BH2 group.  Important 

bonding interactions in this molecule can be visualized by interacting H-Al-Al and 

BH2 fragments.  The sp-hybrid lone pair of AlH is donated to the empty in-plane p-

orbital of bare aluminum atom (scheme 2.6a).  This results in 2c-2e bond between 

aluminum atoms.  NBO analysis also supports this description.  The second 

interaction (scheme 2.6b) is the hyperconjugative donation from the pseudo in-plane 

π -ΜΟ of BH2 to the empty antibonding Al-H σ* orbital.  This explains the 

elongation of B-H (1.23Å) and Al-H bond lengths (1.68Å) and tilting of the BH2 

group towards the aluminum having the hydrogen atom.  NBO analysis shows that 
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the stabilization energy due to hyperconjugation is 4.5kcal/mol.  In addition, there is 

a delocalized π-MO, two 2c-2e B-H and one 2c-2e Al-H bond. 

B

a b

B

 

Scheme 2.6: Representations of (a) 2c-2e Al-Al bond and a lone pair on Al and (b) a 
hyperconjugative B-H and Al-H interaction in 1c.  

 
The structure 1d has a bridging hydrogen atom between two aluminum 

atoms and one B-H and one Al-H terminal bonds.  Homocyclic aluminum and boron 

analogues of 1d are not stable.16  A structure similar to 1d in which hydrogen 

bridges between boron and silicon is a minima for BSi2H3.18  Structure 1d has an 

elongated Al-Al bond (2.69Å) and the shortest HB-AlH bond (2.00Å) among all 

structures studied here.  This molecule can be considered as a combination of two 

fragments such as HAl-H-Al and BH.  The mono bridged HAl-H-Al and its silicon 

analogues are characterized as minima.20  The HAl-H-Al fragment donates its sigma 

lone pair to the in-plane empty p-orbital of the BH fragment (scheme 2.7a).  This 

forms a bend bond and results in short HB-AlH bond length (2.00Å).31  A 

noteworthy feature in the HAl-H-Al fragment is the hyperconjugative donation from 

the pseudo in-plane π-orbital of the AlH2 fragment into the empty p-orbital of the 

aluminum atom which forms a weak 3c-2e Al-H-AlH bond.  It results in the 

elongation of Al-H bond lengths (1.92Å, 1.72Å) (figure 2.1).  In addition, it has 2c-

2e B-H and Al-H bonds and a delocalized π-MO over the ring.   
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Scheme 2.7: Representations of (a) a 2c-2e bend B-Al bond and (b) a 
hyperconjugative 3c-2e Al-H-Al bond and a lone pair on Al in 1d. 
 

Classical structure 1e has three terminal hydrogen atoms on each atom of 

three membered ring.  It is 21.0 kcal/mol higher in energy than the global minima 

structure, 1a.  Corresponding aluminum analogue is 1.8 kcal/mol higher in energy 

than its global minimum structure.16  The Al-Al and B-Al distances are shorter than 

their corresponding single bond distances and longer than the double bonds.  The 

MOs of 1e are similar to the classical Walsh orbitals of cyclopropenyl cation and a 

delocalized π-MO over the ring. 

Structure 1g is non-planar with a tetrahedral arrangement around boron and a 

bridging hydrogen atom between Al-Al bond.  It is obtained by twisting of BH2 

group of 1a by 90º.  This structure is a first order saddle point and 30.6 kcal/mol 

higher in energy than 1a.  The imaginary vibrational frequency vector of 1g leads to 

ring opened structure. 

Structure 1h is the highest energy minimum that we have obtained on the 

PES of BAl2H3
2-; 49.9 kcal/mol higher in energy than 1a.  A similar structure is a 

first order saddle point for homocyclic boron analogue, but second most stable 

structure for the aluminum analogue.16  Both the B-Al and H-bridged Al-Al bond 

distances in 1h are shorter compared to those in 1a, with the exception of the Al-Hb 

B B

a b
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(bridging hydrogen).  The electronic structure of 1h has one 3c-2e Al-H-Al bridge to 

bind the two Al-Al atoms.  As shown in scheme 2.8b, Al-H-Al bridge has a direct 

radial overlap between aluminum atoms and as a result Al-Al bond is shorter 

(2.47Å).  Similarly, 1h has two 2c-2e B-Al bonds.  It is formed by the donation of 

lone pair of electron from the aluminum atom to the empty sp2-hybrid orbital of 

boron as shown in the scheme 2.8a and results in shortening of B-Al bonds (2.09Å).  

In addition, 1h has two 2c-2e Al-H bonds, a lone pair on B and a delocalized π-MO 

over the ring.  The lone pair on boron makes the system extremely high in energy.  

The other structural alternative of 1h, in which aluminum atom has a lone pair of 

electrons, on geometry optimization, converges to 1c which is unusual. 

B B

a b
 

Scheme 2.8: Representations of (a) 2c-2e B-Al bonds and a lone pair on boron and 
(b) a 3c-2e Al-H-Al bond in 1h. 
 

The highly unstable cyclic structure of BAl2H3
2-, 1i, having two hydrogen 

atoms bridging the Al-Al bond and a pyramidal boron atom is a transition state 

corresponding to the hydrogen shift from one aluminum atom to another in 1d.  The 

barrier for the hydrogen shift in 1d is 42.2 kcal/mol.  Similar structure for 

homocyclic boron and aluminum analogues is second and first order saddle points 

respectively.16  It is interesting to note that the isoelectronic, BSi2H3, with planar 

arrangement around boron is a minimum at QCISD(T)/6-31G* level.18  



Structure and Bonding … 

50 

In the view of large number of structures within a small range of energy, 

these structures were also optimized at QCISD(T)/6-311++G** level of theory.  

There were minimal differences in relative energies.  The geometric parameters also 

did not change dramatically.  

The structure and bonding study on various isomers of BAl2H3
2- shows its 

similarities to BSi2H3 and brings the familiar isolobal analogy between SiH and 

AlH-.  The relative stabilities of the isomer of BAl2H3
2- predict the preference of 

lower co-ordination at aluminum atoms and higher coordination at boron.  Generally 

structures with lone pairs on each aluminum are more preferred over those having 

less number of lone pairs.  Each of the isomers of BAl2H3
2- provides several sites for 

protonation.  Structures resulting from the sequential protonation of BAl2H3
2- 

provide interesting bonding characteristics.  Their electronic structure and inter-

relationships are discussed next.  

 

[2.3.2] Protonation Pathways of BAl2H3
2- to BAl2H4

-, BAl2H5 and BAl2H6  
 

The relative energy and the number of imaginary frequencies of all the 

isomers of BAl2H4
-, BAl2H5 and BAl2H6

+ are represented by schemes 2.3, 2.4 and 

2.5.  The number of minimum energy structures decreases as one goes from 

BAl2H3
2- (six) to BAl2H6

+ (four).  There are several unusual bonding arrangements 

in these compounds.  For example, structures 1a, 1c, 2b and 4d have planar tetra-

coordinate arrangement on boron.  This is due to the electron deficiency of boron 

and as a result, it becomes more flexible to form multicentre bonding in comparison 

with carbon.32  It is important to note that 1a is the global minimum structure on the 

PES of BAl2H3
2-.  The extra stability of 1a is due to a combination of effects such as 
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the tendency for divalent nature of aluminum atoms, 3c-2e σ-Al-B-Al bond and a 

two π-electron delocalization over the ring. 

Structures 1b, 2a, 2c, 3d, 3i, 4a and 4b have penta-coordinate arrangement 

around the boron atom.  A hexa-coordinate boron is seen in structure 4c.  Planar 

tetra-coordinate aluminum is present in 1e, 1h, 2b, 2d, 4a and 4c.  The planar tetra 

coordinate boron atom and aluminum in the same structure is observed in 2b.   

The easiest way to understand most of these structures is to treat them as 

protonated structures obtained from one or the other isomers of BAl2H3
2- (scheme 

2.9).  There are six minima available for BAl2H3
2-.  Arrows in scheme 2.9 indicate 

the direct structural relationship that exists between all the minimum energy 

structures of BAl2H3
2-, BAl2H4

-, BAl2H5 and BAl2H6
+ via the protonation route.  

Several direct connections appear missing.  This is because many obvious 

protonation paths lead to higher order stationary points.  Even though these are 

followed up to their eventual minima, only the minimum energy structures are given 

here.  

Let us for example consider the protonation chain; (1b-2b(2c)-3d-4b).  

Molecular orbital representation of the protonation route is shown in the scheme 

2.10.  The hydrogen atoms are not represented in the scheme 2.10.  As described 

earlier, 1b has two 3c-2e Al-H-BH bridges and one 3c-2e Al-B-Al ring and one 2c-

2e B-H bond.  In addition, it has lone pairs on each Al atoms and a bend π-ΜΟ 

between two aluminum atoms as shown in the scheme 2.10 (1b).  Both lone pairs 

and bend π-MO are out of the plane of the three membered ring and directed 

opposite to each other.  

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.3: Structures 2a-l, relative energies (kcal/mol at B3LYP/6-311+G**, in italics at QCISD(T)/6-311++G** (single point 
energy of B3LYP/6-311+G** optimized geometry)) and the number of imaginary vibrational frequencies (in parentheses) for BAl2H4

- 
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Scheme 2.4:  
 
 
Scheme 2.4:Structures 3a-l, relative energies (kcal/mol at B3LYP/6-311+G**, in italics at QCISD(T)/6-311++G** (single point energy 
of B3LYP/6-311+G** optimized geometry)) and the number of imaginary vibrational frequencies (in parentheses) for BAl2H5. 
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Scheme 2.5: Structures 4a-j, relative energies (kcal/mol at B3LYP/6-311+G**, in italics at QCISD(T)/6-311++G** (single point 
energy of B3LYP/6-311+G** optimized geometry)) and the number of imaginary vibrational frequencies (in parentheses) for BAl2H6

+. 
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Scheme 2.9: Protonation route of BAl2Hn
m (n =3 - 6, m = -2 - +1) isomers. 
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2a 2b 2c

2d 2e 2f

2g 2h 2i

2j 2k 2l
 
 
Figure 2.2: Optimized geometries and bond distances of BAl2H4

- at B3LYP/6-
311+G** level of theory. 
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3a 3b 3c

3d 3e
3f

3g 3h 3i

3j 3k 3l
 

 
Figure 2.3: Optimized geometries and bond distances of BAl2H5 at B3LYP/6-
311+G** level of theory. 
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4a 4b 4c

4d 4e 4f

4g 4h 4i

4j
 
Figure 2.4: Optimized geometries and bond distances of BAl2H6

+ at B3LYP/6-
311+G** level of theory. 
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The proton can be added to the more reactive nucleophilic centre of 1b.  

These are the lone pairs on each aluminum atoms or bend π-ΜΟ of the Al-Al bond.  

The interaction of H+ with lone pair on one of the aluminum atoms results in 2c, 

with the terminal Al-H bond out of the ring plane.  Similar structure is not observed 

for homocyclic boron or aluminum analogues.  The addition of the H+ to the bend π-

ΜΟ of the Al-Al bond in 1b results in 2a, the cyclic global minimum structure of 

BAl2H4
-.  Corresponding homocyclic aluminum analogue is 5.4kcal/mol (at 

B3LYP/6-31g*) higher in energy than its global minimum structure.16  The structure 

2c, which has a lone pair one of the aluminum atoms, is 6.1kcal/mol higher in 

energy than 2a which has lone pairs on each aluminum atom.  There are no stable 

structures that results from the protonation of 2a.  It justifies that the more reactive 

nucleophilic centre is π-MO rather than the lone pair on aluminum atom.   

 

B B

B

B B

1b 2c 3d 4b

2a

 
Scheme 2.10: Schematic molecular orbital representation for the protonation of 1b-
(2a) 2c-3d-4b.  Some of the hydrogen atoms are left out for clarity.  The structures 
are seen in schemes 2.2-2.5.  
 

Addition of a proton to 2c results in another terminal Al-H bond (3d).  This 

terminal Al-H bond is also not in the ring plane.  A structure similar to 3d is the 

global minimum for homocyclic aluminum analogue, while its planar alternative is 

global minimum for homocyclic boron analogue.  The addition of another proton on 
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3d results in bridging between two aluminum atoms (4b).  Here, the three bridging 

hydrogens are on one side of the ring and the three terminal hydrogens on the other 

side.  This structure is similar to the global minimum structure of B3H6
+.16,17a  Here, 

the π-MO is stabilized further by mixing with the in-plane combination of the three 

s-orbitals of the bridging hydrogens.  A similar structure is the third most stable 

among the isomers of Al3H6
+.16  Planar alternative of 3d is 3k, which is a second 

order saddle point on the PES.  Optimization in the direction of one of the imaginary 

vibrational frequency vector leads to the structure 3d.  Addition of H+ to 3d also 

results in 4c, with three terminal and three bridging hydrogens.  Two of the latter 

bridges the same B-Al bond.  The third one bridges the next B-Al bond, and is in the 

BAl2 plane.  

The global minimum structures 1a and 2a do not have any protonation route 

that retains the same structural details.  The higher order saddle point structures goes 

eventually to other structures.  The structure 2b is an unusual structure which has 

planar tetra-coordinate boron and aluminum atoms in the same structure.  It can be 

obtained by the protonation at the lone pair on aluminum atom in 1c (scheme 2.6a).  

The structures 1d, 1e and 1h on protonation give the same product 2d.  2d is 

formed by the interaction of H+ with lone pair on aluminum atom in 1d, Al-Al in-

plane sigma bond in 1e and lone pair on boron atom in 1h.  This structure is 

minimum for homocyclic boron analogue and first order saddle point for aluminum 

analogue.  The electronic structure of 2d consists of one 2c-2e B-H, two Al-H and 

two B-Al bonds, a 3c-2e Al-H-Al bond and a delocalized π-MO.  Protonation at B-

Al in-plane sigma bond of 1e results in 2f.  It is a transition state for the 

interconversion of 2e and the energy barrier for the interconversion is 1.3kcal/mol.  
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In 2e, all the terminal and bridging hydrogens are out of the plane of the three 

membered ring and tri-coordinated aluminum has pyramidal geometry.  This is to be 

compared to the structure of SiCBH5 with a pyramidal tri-coordinate boron21 and its 

heavier analogues16 in an unconstrained geometry.  The classical structure 2j which 

has two imaginary vibrational frequencies is considerably higher in energy.  One of 

the imaginary vibrational frequency leads to 2j where the p-orbitals of aluminum are 

brought to bonding.  Though 2g is a transition state, a structure similar to 2g is a 

minimum in the PES of the homocyclic Al3H3
2-.  Further twisting of BH2 group in 

2g results in a bridging hydrogen atom at B-Al bond (2e).  The energy difference 

between 2e and 2g are only 1.8kcal/mol at the B3LYP/6-311+G** level of theory.  

Anti van’t Hoff structure 2h is second order saddle point.  Optimization in the 

direction of first imaginary vibrational frequency leads to 2f, which is a transition 

state for the interconversion of 2e.  

2k and 2l are first order stationary points.  On optimization in the direction 

of the imaginary vector of 2l leads to the structure, 2d.  The structure 2k which has 

two bridging hydrogen atoms on Al-Al bond is a transition state which leads to 2b.   

The global minimum structure of BAl2H5, 3a can be obtained by the 

protonation of 2d and 2e.  All the terminal and bridging hydrogens are out of the 

plane of the three membered ring.  Structures 3i and 3j are formed by the addition of 

two protons to the π-orbital at B-Al and Al-Al respectively in 1e.  The preference for 

hydrogen bridging at B-Al over Al-Al is reflected in the energy difference of 7.9 

kcal/mol between 3i and 3j.  Structure 3e is an unusual structure, in that there is a 

tetrahedral co-ordination at boron, not seen in this series.  The electronic structure of 
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3e consists of the two 2c-2e B-H bonds, one 2c-2e Al-H bond, one 2c-2e B-Al bond 

and two 3c-2e bonds between Al-Al-H and one 3c-2e bond between B-Al-Al.   

 Protonation of 2d can also result in second order saddle point structures, 3f 

(van’t Hoff) and 3h (anti van’t Hoff).  The first imaginary vibrational frequency of 

3f leads to the structure 3b.  This is a transition state for the shifting of bridging 

hydrogen atom between two B-Al bonds in 3a.  Similarly, the first imaginary 

vibrational frequency of 3h leads to the structure 3c.  Optimization of the structure 

3c in the direction of the frequency vector leads to the structure 3a.  Structure 3g is 

also a transition state for the out-of-plane distortion of hydrogen atoms in 3a.   

The global minimum structure, 3a, on protonation gives three stable 

structures, 4a, 4b and 4d depending on the position of protonation.  Structures 4a, 4c 

and 4d have two double bridged out-of-plane hydrogen atoms in one bond and one 

in-plane bridging hydrogen atom.  All terminal hydrogen atoms are in the same 

plane of the ring.  The significant molecular orbitals contributing to the bonding in 

4a, 4c and 4d are shown in the scheme 2.11.  The preference for hydrogen bridging 

at B-Al over Al-Al explains the stability of 4a and 4c over 4d.  The higher stability 

of 4a over 4c is due to the preference of the in-plane bridging hydrogen at Al-Al 

rather than at B-Al bond.  The energies of structures 2, 3 and 4 were evaluated by 

single point calculation at QCISD(T)/6-311++G** using B3LYP/6-311+G** 

geometries.  The relative energies (given in schemes 2.3, 2.4 and 2.5) did not change 

considerably. 
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Scheme 2.11: Representations of (a) two out-of-plane bridging hydrogens and (b) an 
in-plane bridging hydrogen in 4a, 4c and 4d. 

 
Seven non-planar structures out of the 43 structures given in schemes 2.2-2.5 

appear to have an option for a planar structure with all hydrogens remaining in the 

BAl2 plane.  Yet these seven are all non-planar, despite the fact that in the planar 

structures, there will be an undisturbed π-MO.  Obviously significant stabilization is 

obtained by mixing the s-orbital of the bridging hydrogens and the in-plane p-

orbitals with the π-orbital.  The extent of this stabilizing effect is gauged by a 

correlation diagram (figure 2.5) connecting the π-MO energy at the planar geometry 

(middle of the plot, adjusted to zero) and the same MO in the non-planar geometry 

(left side).  The relative energies correspond to twice the MO energy to reflect the 

occupancy of two electrons.  As number of bridging hydrogen atoms increases the 

stabilization of the π-MO also increases.  Maximum stabilization of the π-MO is 

seen for 4b and 2a, both having three bridging hydrogens.  Structures with two 

bridging hydrogens 1b, 2c, 3a and 3d have less stabilizations of the π-MO on 

distortion from the planar structure.  The least stabilization of the π-MO is 

calculated for the structure 2e with one bridging hydrogen. 

The extent of contribution of the π-MO to the stabilizing of non-planar 

structure is indicated by the parallel behavior of the total energy also plotted in 

figure 2.5, right hand side.  However it is not only the stabilization of the π-MO that  

a b
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Figure 2.5: Stabilization of the π-MO of the structures having out-of-plane 
hydrogen bridges (left side) in comparison to corresponding planar structures.  The 
relative energies of the structures in relation to the planar arrangement are shown on 
the right side.  Relative π-MO and total energies of the homocyclic boron and 
aluminum analogues of structure 4b are also shown. 

 
controls the energetics.  Another contribution to the decrease in energy of the non-

planar structure is the H--H repulsion that exists in the planar structure.  This is 

relieved in the non-planar structure.  The steric repulsion is maximum when there 

are three bridging hydrogens in the planar structure, explaining the non-linear 

increase in energy with increasing number of bridging hydrogens.  This is to be 

compared to the planar structures preferred for B3H4
- (one bridging hydrogen) and 

B3H5 (two bridging hydrogens).  Addition of the third bridging hydrogen as in B3H6
+  

makes the structure non-planar, with the three bridging hydrogens pushed away 

from the B3 plane and opposite to the three terminal B-H bonds.  When the π-

interactions in the planar arrangements are weak, the tendency for the non-planarity 
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increases.  Thus, the structure with one bridging hydrogen (Al3H4
-) and two bridging 

hydrogens (Al3H5) are lowest in energy on their PES.  Though a structure with three 

bridging hydrogens is a minimum in energy on the PES of Al3H6
+, the lowest energy 

isomer has four bridging hydrogens.  This is not to say that there is no minimum 

energy structure with the in-plane bridging hydrogens.  Structures 1d and 2d are 

planar structures with one bridging hydrogen each and show the delicate balance of 

the various factors that bestow stability to a structure. 

The relative stabilization energy (RSE) for the minimum energy structures 

which contains π-delocalization is compared with corresponding homocyclic 

aluminum and boron analogues using the equations 1-7 (scheme 2.12).  The sum of 

Al-Al, B-B and B-Al bond energies (equations 2.8, 2.9) would indicate that all 

reactions are endothermic by 17.7 kcal/mol.  However, there are other factors 

involved.  The high negative value of ∆E for 1a is due to the more preferential 

position of lone pair on aluminum in comparison with boron atom.  It has also 

contribution from the stronger B-H (≈93 kcal/mol) in comparison with the weaker 

Al-H bonds (≈69.2 kcal/mol).  The positive value of 1e, 2d, 3a and 3d are the result 

of less π-delocalization through differential radial extension of p-orbital of 

aluminum and boron atoms.  The stronger B-H-B bridge in relation to Al-H-Al 

bridge has also contributed to the endothermicity of 1h, 2d, 3a and 3d.  The 

instability of lone pair on boron atoms leads to the high dramatic positive value for 

1h.  The stabilization obtained by mixing of the π-MO with the in-plane σ-MO is 

larger for the structure 4b than for the corresponding homocyclic boron and 

aluminum analogues (figure 2.5).  This results in exothermicity of the equation 2.7 

(scheme 2.12). 
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[2.4] Conclusions 
 

The structure and bonding of BAl2Hn
m (n =3 - 6, m = -2 - +1) are compared 

with the corresponding homocyclic boron and aluminum analogues.  Varying 

number of co-ordination mode is observed in these species.  The BAl2H3
2- shows 

similarities in geometrical and bonding pattern with BSi2H3.  There are several 

unusual geometrical and bonding patterns such as planar tetra-coordinate boron and 

aluminum atoms in the same ring in BAl2H4
- (2b) and divalent boron containing 

lone pair (1h) are common among them.  Protonation route of BAl2H3
2- to BAl2H4

-, 

BAl2H5 and BAl2H6
+ is also presented.  Double hydrogen bridging is common in 

BAl2H5 and BAl2H6
+. The bridging hydrogen at the B-Al bond prefers to be out-side 

the plane of the three membered ring.  The stabilization of the π-MO is a major 

contributor for the preference of non-planar structures with H-bridging. As number 

of bridging hydrogen atoms increases, the stabilization of the π-MO also increases.  

Most stable structures is the result of lower co-ordination of aluminum, higher co-

ordination on boron and more bridging hydrogen atom between B-Al bonds.  The 

relative stabilization energy (RSE) of BAl2Hn
m isomers depends on all these factors. 
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[3.0] Abstract 
 

DFT study on benzenoid and tris-acetylenic structure of fullerene and its 

fragments shows that tris-acetylenic model structures lead to benzenoid model 

structure, due to the proximity of π-orbitals in the former.  The tris–acetylenic model 

structures are stabilized on metal complexation in comparison to the parent benzene-

acetylene equilibrium.  In going from Cr to Co, the acetylenic metal complex 

becomes more stabilized than benzene-metal complex.  The curved surface of the 

tris-acetylenic fullerene fragments causes one set of π-orbital of the tris-acetylenic 

groups to rehybridize so as to bend more towards the metal fragments than found in 

the parent acetylene complexes.  This leads to the increased overlap between metal 

fragments and tris-acetylenic model structures.  The benzenoid and tris-acetylenic 

model complexes of C12H6 and C12H12 where five membered rings are replaced with 

more strained four membered rings are also studied. 
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[3.1] Introduction 
 

The contiguous unsaturation of fullerene C60 and bowl shaped hydrocarbons 

has led to fascinating organometallic chemistry.1,2  Synthesis of the organometallic 

complex, η2-C60Pt(PPh3)2
 started the exohedral orgnometallic chemistry of 

fullerenes.3  Several fullerene transition metal complexes have been reported since 

then.2  Most of them are η2-complexes and the major driving force for their 

formation is the release of strain energy.4 

Equally intriguing is the endohedral complexes of fullerenes.5  In fact 

fullerenes with one or more metals inside heralded the metal chemistry of 

fullerenes.5  One of the concerns in the recent years has been to find ways to open 

the cluster.6  In addition to the obvious possibilities for functionalization, this may 

provide a way to condense fullerenes to form nanotubes7 with or without 

constrictions.  One of the possibilities to open up a fullerene is to dismantle a six-

membered ring (figure 3.1).  The product of the retro-cycloaddition of a benzenoid 

ring, the tris-acetylenic structure, is so high in energy that theoretically no stationary 

point is obtained for this using any SCF method.  Attempts have been made to 

compare this with the benzene-acetylene reaction and find ways in which the tris-

acetylenic structures can be stabilized.8  The ring opening of C60 and its fragments is 

compared with the reverse process of the well-known catalytic conversion of 

acetylene into benzene.9  In our attempt to find a system where tris-acetylenic side is 

more stable than the benzenoid, we tried varying the metal fragments and the 

environment around tris-acetylenic unit.  It is desirable to try metal fragments with 

differing capabilities to bind with the open and closed structures so that these could 
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be stabilized at the extremes.  The steric and orbital requirements can be changed by 

going to smaller hydrocarbon models with lower curvature. 

 

 

 

 

 
 

        (3.1) 

 

 
 
 
 
 
 
 
Figure 3.1: Benzene-acetylene equilibrium and benzeniod and tris-acetylenic 
structure of fullerene. 
 

Our group had previously studied both these approaches in a limited way 

using semi-empirical SCF-MO calculations.  Those studies on the structure and 

energetics of exohedral η5-and η6-transition metal organometallic complexes of C60 

and C70 showed that suitable transition metal fragment (ML) such as C3H3Co and 

C4H4Fe could overcome to a large extent the unfavorable interaction10 arising from 

the splayed out π-orbital of the five and six membered rings of C60 and C70 on 

complexation.11  Studies on sumanene (single point Hartree-Fock and hybrid density 

functional theory calculation on PM3 optimized geometry) and C6H6ML (C6H6 

constrained geometry) had also suggested similar possibilities.11  It was also showed 

that the acetylenic bonds of the ring-opened structure of C60 and C70 can be stabilized 
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by the transition metal fragments of the form CnHnM, where n=3 to 6 and M=Cr, 

Mn, Fe, Co, and Rh.8  While these are encouraging, more reliable results at better 

levels of theory are clearly needed in this area.  The current attempt is to study these 

problems by Density Functional Theory (DFT), expanding the substrates as well.  It 

is also necessary to seek more strained models so that stable ring-opened structures 

are more favorable.  Our results on complexes of C6H6, C21H12, C36H12, C60 and 

highly strained hydrocarbons, C12H6 and C12H12, where five membered rings are 

replaced with more strained four membered rings are detailed in this chapter. 

 

M M M M

 

Scheme 3.1: Schematic representation for the diffuse nature of the different metal 
fragments. 
 

It has been established that the fragment molecular orbitals of CnHnM 

become more diffuse with decreasing value of n (scheme 3.1).11  The additional way 

of increasing the size of the orbital is to use heavier metals.  Thus we selected 

CrC6H6, MnC5H5, FeC4H4, CoC3H3 and RhC3H3 as metal fragments so that the 

fragment molecular orbitals become progressively more diffuse.  This can be 

compared with the recent experimental observation on (C60Me5)FeC5H5.12  In any 

such fullerene fragment-ML combination, the electron count around the metal has to 

be carefully controlled.  All complexes considered here have 18 electrons around the 
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metal.  The C-C bonds in the 6-membered rings of C60 and its fragments are of two 

kinds, one that is a part of 6-membered rings and the other which is a part of 5-

membered rings.  The C-C bonds of former kind are shorter than the latter.  It must 

be easier to cleave the longer C-C bonds.  Thus the resulting tris-acetylenic 

structures should have three disconnected 6-membered rings capped by a transition 

metal fragment. 

 

[3.2] Computational Details 
 

All calculations are carried out using ADF (Amsterdam Density Functional) 

package.13  The total bonding energy of each molecule is calculated using the 

generalized gradient approximation at Becke-Perdew level.  This includes the 

Becke's non-local correction14 to the local exchange energy expression and the 

Perdew's non-local correction15 to the local expression of the correlation energy.  

Within ADF program Slater Type Orbital (STO) basis set with double ζ quality 

without polarization functions are employed.  Inner shells are treated within the 

frozen core approximation (1s for C and up to 3p for Cr-Co and Rh).  The total 

bonding energy of ring opened and closed structure with and without metal 

complexation is shown in table 3.1.  The optimized geometries are shown in figure 

3.2. 
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Table 3.1: Total bonding energy (in kcal/mol) of benzenoid and tris-acetylene 
model structures (open) of fullerene C60 and its fragments with and without metal 
complexation.  
 

‘a’ indicates that the specific structure is not a stationary point. 

 

 

 

 

 

 

Total energy for metal complexation 
CnHm Total energy 

FeC4H4 CoC3H3 

C6H6 -1669.8 -2904.4 -2581.8 

C2H2 -504.2 -2749.7 -2433.5 

C21H9 -4733.0 a -5635.9 

C21H9-open a a -5505.7 

C36H12 -7911.1 -8805.6 -8811.3 

C36H12-open a -8722.6 -8705.6 

C60 -11363.6 -12588.7 -12265.3 

C60-open a -12503.6 -12174.2 

C12H6 -2645.9 -3870.8 -3558.4 

C12H6- open -2678.6 -3916.0 -3602.2 

C12H12 -3264.9 -4504.4 -4180.6 

C12H12-open -3215.4 -4455.3 -4142.2 
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Figure 3.2: Optimized geometries of benzenoid and tris-acetylenic model metal 
complexes of fullerene and its fragments. 
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[3.3] Results and Discussion 
 

The molecules studied are C60, C36H12, C21H9, C12H6 and C12H12.  Benzenoid 

and tris-acetylenic structure of fullerene and its fragments can be compared with 

benzene-acetylene equilibrium (equation 3.1, figure 3.1). 

The reaction energy of the benzene-acetylene equilibrium obtained by DFT 

method is found to be endothermic by 157.2 kcal/mol, higher than the value 

obtained at PM3 (128.6 kcal/mol) (table 3.2).  At PM3 level, the tris-acetylenic 

structure (open structure) of C60 is calculated to be less stable than the benzenoid 

structure (closed structure) by 255.4 kcal/mol.  All the tris-acetylenic structures 

without metal complexation collapse to the benzenoid structure on optimization at 

the DFT level. 

 
Table 3.2: The reaction energy (kcal/mol) obtained from equation 3.2 for different 
metal complexations on benzene-acetylene equilibrium.  ∆E (DFT) and ∆E (PM3)  
are the reaction energy from DFT and PM3 calculation.  Non-bonded distance (in Å) 
is the distance between the nearest carbon atoms of two different acetylene 
molecules on DFT optimized geometry. 
 
Metal fragment ∆E (DFT) ∆E (PM3) Non-bonded distance 

CrC6H6 166.1 93.4 2.439 

MnC5H5 155.8 68.9 2.501 

FeC4H4 154.8 68.2 2.537 

CoC3H3 148.4 48.3 2.715 

RhC3H3 152.2 49.7 3.129 
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[3.3.1] Complexation of Metal Fragments (CrC6H6, MnC5H5, FeC4H4, CoC3H3 
and RhC3H3) on Benzene and Tris-acetylenes 

 
On complexation with metal fragments, CrC6H6, MnC5H5, FeC4H4, CoC3H3 

and RhC3H3, the reaction energy of benzene-acetylene equilibrium is changed to 

166.1, 155.8, 154.8, 148.4 and 152.2 kcal/mol respectively (equation 3.2, table 3.2).  

A similar trend is observed for the endothermicity of the reaction in going from 

CrC6H6 to RhC3H3 at PM3 level as well (table 3.2). 

 

                 (3.2) 

 
Complexation with metal reduces the endothermicity of reaction compared to 

benzene-acetylenic equilibrium, except for Cr.  This higher reaction energy, when 

ML=CrC6H6 may be due to the less diffused orbitals of Cr.  In all other cases (ML= 

MnC5H5, FeC4H4, CoC3H3 and RhC3H3) the reaction energy is lower than that of 

benzene-acetylene equilibrium and is minimum for CoC3H3.  The magnitude of the 

reduction in the endothermicity is very much less than that calculated previously by 

PM3 method.10  Acetylene has two π-orbitals which are perpendicular to each other 

and one of them is better oriented compared to the π-orbitals of benzene, towards the 

metal fragment (scheme 3.2).  This leads to increased overlap of the metal fragments 

with acetylene units in comparison to benzene.  From table 3.2, it is clear that on 

complexation the distance between the nearest carbon atoms of two different 

acetylene molecules increases on going from CrC6H6 to RhC3H3.  

C6H6ML (C2H2)3ML
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CnHmML open-CnHmML

       

M

M

 

Scheme 3.2: Schematic representation of the interaction of metal orbital with two 
types of π-orbital of acetylenes 
 

[3.3.2] Benzenoid and Tris-acetylenic Model Metal Complexes (FeC4H4, 
CoC3H3) of Fullerene and Its Fragments (C60, C36H12, C21H9, C12H6 and 
C12H12) 

 
The difference in energy between the FeC4H4 and CoC3H3 complexes of 

benzenoid and tris-acetylenic model structures of C60 are 85.0 and 91.1 kcal/mol 

from DFT study (table 3.3) and 8.3 and 23.5 kcal/mol from PM3 study (equation 

3.3).  Even though metal complexation with benzenoid model is more favorable than 

corresponding tris-acetylenic model, the tris-acetylenic model structures get more 

stabilized on going from C6H6 to C60.  

 
        (3.3) 

 
 

 

 



Chapter 3 

 87

Table 3.3: The difference in total bonding energy (kcal/mol) between metal 
complexes of benzenoid and tris-acetylenic model structures of fullerene C60 and its 
fragments from equation 3.3. 

 
 FeC4H4 CoC3H3 

C6H6 154.8 148.4 

C21H9 a 130.3 

C36H12 83.1 105.7 

C60 85.0 91.1 

C12H6 -45.2 -43.8 

C12H12 49.0 38.5 

‘a’ indicates that the specific structure is not a stationary point. 
 
The difference between total bonding energy of the tris-acetylenic model and 

benzenoid model structures for CoC3H3 complexation is reduced from 148.4 to 91.1 

kcal/mol for C6H6 and C60 respectively (equation 3.3, table 3.3).  Similar trend is 

obtained for FeC4H4 also.  The plot of the difference in total bonding energy 

between the benzenoid and tris-acetylenic model structure of various fullerene 

fragments (equation 3.3) for CoC3H3 complexation and their curvature θ as defined 

in figure 3.3 are shown in figure 3.4. 

 

θ

 

Figure 3.3: θ is the curvature of fullerene fragment 
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Figure 3.4: ∆E (kcal/mol) for different fullerene fragments for CoC3H3 
complexation as well as their curvature θ (in degree) as a function of fullerene 
fragments, CnHm. 
 

The curved surfaces of the ring opened fullerene fragments cause one set 

of π-orbital of the tris-acetylenic groups to rehybridize so as to bend more towards 

the metal fragments than found in parent acetylene complex (scheme 3.3).  On the 

other hand the π-orbital in the benzenoid structures is inclined away from the metal 

atoms.  This reduces the bonding interaction between the metal fragment and the 

benzenoid structure.  The curvature increases from benzene to C36H12; C60 lies in 

between.  An estimate of this can be obtained from dihedral angle involving the 

centre of the six membered ring, two adjacent carbon atoms on the rings and one 
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carbon atom connected to it externally (figure 3.3).  This constraint is released in the 

acetylenic structure and leads to increased stabilization of the metal complex.  But in 

the tris-acetylenic model structure without the metal fragment, the π-orbitals are too 

close and lead to the benzenoid arrangements on optimization. 

 

 
 

Scheme 3.3: Schematic representation of the inclinations of π-orbitals of six 
membered rings in bowl shaped hydrocarbons as a function of curvature. 
 

[3.3.3] Relative Stability of Benzene and Tris-acetylenic Model Metal 
Complexes 

 
Using equation 3.4, we can estimate the stabilization of open fullerene 

fragment by complexation, on going from small bowl shaped hydrocarbon to higher 

ones compared to benzene-acetylene equilibrium (table 3.4). 

 
        (3.4) 

 
From table 3.4, it is clear that on going from benzene to C60, the reaction 

becomes more exothermic for the CoC3H3 metal fragment complex.  C12H6, which 

contains a benzene ring surrounded by three cyclobutadienes, is a very strained 

molecule.  The high strain predisposes the benzenoid structure to tris-acetylenic 

structure, but aromaticity of benzene ring prevents it. 

CnHmML 3C2H2 open-CnHmML C6H6+ +
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Table 3.4: The reaction energy (kcal/mol) obtained from the equation 3.4 for 
CoC3H3 and FeC4H4 complexation on different fullerene fragments.  The curvature, 
θ (in degree) calculated as per figure 3.3 is also given. 

 

 CoC3H3 FeC4H4 Dihedral angle Curvature, θ 

C6H6 -8.8 -2.4 180.0 0.0 

C21H9 -26.9 a 144.7 35.3 

C36H12 -51.0 -74.1 139.0 41.0 

C60 -66.0 -72.1 140.4 39.6 

C12H6 -201.0 -202.3 177.2 2.8 

C12H12 -118.7 -108.1 176.6 3.4 

‘a’ indicates that the specific structure is not a stationary point. 
 

The tris-acetylenic structures without metal complexation are more stable 

than the benzenoid structures.  The stabilization of tris-acetylenic model with metal 

complexation is more than that of benzenoid complex.  The reaction energy obtained 

from the isodesmic equation (equation 3.4) reveals this factor.  In C12H12, the 

benzenoid model structure is more stable than tris-acetylenic model structure by 

49.5 kcal/mol.  This is due to the increased delocalization in the closed structure 

even though the geometry is highly strained.  This delocalization breaks down when 

it opens.  But on complexation, the total bonding energy differences come down to 

49.0 and 38.4 kcal/mol for FeC4H4 and CoC3H3 respectively.  While these highly 

strained systems are only models, attempts to bring similar strained fragments on to 

fullerene cluster may be worthwhile. 
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[3.4] Conclusions 
 

The tris-acetylenic model structure of the fullerene fragments cyclises to the 

benzenoid form due to the strain in the open structure.  The closeness of π-orbitals in 

the tris-acetylenic model helps in the formation of the benzenoid arrangements.  

Metal complexes of tris-acetylenic model structures are preferentially stabilized over 

their benzenoid isomers in going from smaller fragments to higher ones.  The curved 

surface of the ring opened fullerene fragments causes one set of π-orbital of the tris-

acetylenic groups to rehybridize so as to bend more towards the metal fragments 

than found in parent acetylene complex.  This leads to increased overlap of metal 

fragments with tris-acetylenic model structure than benzenoid structure.  The metal 

complex of tris-acetylenic C12H6 is more favorable than benzenoid complex due to 

the release of strain energy. 

 

 

 

 

 

 

 

 

 

 

 

 



The Effect of Metal Complexation … 

 92 

[3.5] References 
 
(1) Billups, W. E.; Liufolin, M. A. Buckminsterfullerene; VCH Publishers: 1993. 

(2) (a) Balch, A. L.; Olmstead, M. M. Chem. Rev. 1998, 98, 2123. (b) Balch, A. 

L.; Hao, L.; Olmstead, M. M. Angew. Chem., Int. Ed. Engl. 1996, 35, 188. (c) 

Fagan, P. J.; Calabrese, J. C.; Malone, B. Acc. Chem. Res. 1992, 25, 134. (d) 

Balch, A. L.; Catalano, V. J.; Lee, J. W.; Olmstead, M. M. J. Am. Chem. Soc. 

1992, 114, 5455. (e) Bahsilov, V. V.; Petrovskii, P. V.; Sokolov, V. I.; 

Lindeman, S. V.; Guzey, I. A.; Struchkov, Y. T. Organometallics. 1993, 12, 

991. (f) Balch, A. L.; Lee, J. W.; Noll, B. C.; Olmstead, M. M. Inorg. Chem. 

1993, 32, 3577. (g) Schreiner, S.; Gallaher, T. N.; Parsons, H. K. Inorg. Chem. 

1994, 33, 3021. (h) Park, J. T.; Cho, J.; Song, H. Chem. Commun. 1995, 15. (i) 

Mavunkal, I. J.; Chi Y.; Peng, S.; Lee, G. Organometallics 1995, 14, 4454. (j) 

Hsu, H.; Shapley, J. R. J. Am. Chem. Soc. 1996, 118, 9192. (k) Lee, K.; Hsu, 

H.; Shapley, J. R. Organometallics 1997, 16, 3876. (l) Chernega, A. N.; Green, 

M. L. H.; Haggitt, J.; Stephens, A. H. H. J. Chem. Soc. Dalton Trans. 1998, 

755. (m) Park, J. T.; Song, H.; Cho, J.; Chung, M.; Lee, J.; Suh, I. 

Organometallics 1998, 17, 227. (n) Maggini, M.; Guldi, D. M.; Mondini, S.; 

Scorrano, G.; Paolucci, F.; Ceroni, P.; Roffia, S. Chem. Eur. J. 1998, 4, 1992. 

(o) Frash, M. V.; Hopkinson, A. C.; Bohme, D. K. J. Am. Chem. Soc. 2001, 

123, 6687. 

(3) Fagan, P. J.; Calabrese, J. C.; Malone, B. Science 1991, 252, 1160. 

(4) (a) Koga, N.; Morokuma, K. Chem. Phys. Lett. 1993, 202, 330. (b) Haddon, R. 

C. J. Comput. Chem. 98, 19, 139. (c) Fowler, P. W.; Ceulemans, A. J. Phys. 

Chem. 1995, 99, 508. 



Chapter 3 

 93

(5) (a) Saunders, M.; Jiménez-Vázquez, H. A.; Cross, R. J.; Poreda, R. J. Science 

1993, 259, 1428. (b) Saunders, M.; Jiménez-Vázquez, H. A.; Cross, R. J.; 

Mroczkowski, S.; Freedberg, D. I.; Anet, F. A. L. Nature 1994, 367, 256. (c) 

Wieske, T.; Böhme, D. K.; Hrušák, J.; Krätschmer, W.; Schwarz, H. Angew. 

Chem., Int. Ed. Engl. 1991, 30, 884. (d) Caldwell, K. A.; Giblin, D. E.; Hsu, C. 

S.; Cox, D.; Gross, M. L. J. Am. Chem. Soc. 1991, 113, 8519. (e) Shimshi, R.; 

Cross, R. J.; Saunders, M. J. Am. Chem. Soc. 1997, 119, 1163. 

(6) (a) Arce. M.; Viado. A. L; An, Y.; Khan, S. I.; Rubin, Y. J. Am. Chem. Soc. 

1996, 118, 3775. (b) Rubin, Y.; Ganapathi, P. S.; Franz, A.; An, Y.; Qian, W.; 

Neier, R. Chem. Eur. J. 1999, 5, 3162. (c) Schick. G.; Jarrosson. T.; Rubin, Y. 

Angew. Chem. Int. Ed. Engl. 1999, 38, 2360. 

(7) Saito, R.; Dresselhaus, G.; Dresselhaus, M. S. Physcial Properties of 

Nanotubes; Imperial College Press: London, 1998. 

(8) Jemmis, E. D.; Sharma, P. K. J. Mol. Graphics Mod. 2001, 19, 256. 

(9) (a) Finar, I. L. Organic Chemistry; English Language Book Society and 

Longmans, Green and Co Ltd: London, 1967, Vol. I. (b) Maitlis, P. M. J. 

Organomet. Chem. 1980, 200, 161. (c) Reppe, W.; Schweckendiek, W. J. 

Liebigs Ann. Chem. 1948, 560, 104. 

(10) Rogers, J. R.; Marynick, D. S. Chem. Phys. Lett. 1993, 205, 197. 

(11) (a) Jemmis, E. D.; Manoharan M. Curr. Sci. 1999, 76, 1122. (b) Jemmis, E. D.; 

Manoharan, M.; Sharma, P. K. Organometallics 2000, 19, 1879. 

(12) Sawamura, M.; Kuninobu, Y.; Toganoh, M.; Matsuo, Y.; Yamanaka, M.; 

Nakamura, E. J. Am. Chem. Soc. 2002, 124, 9354. 



The Effect of Metal Complexation … 

 94 

(13) (a) ADF2002.03, SCM, Theoretical Chemistry, Vrije Universiteit,  

Amsterdam, The Netherlands, http://www.scm.com (b) Baerends, E. J.; Ellis, 

D. E.; Ros, P. Chem. Phys. 1973, 2, 41. (c) Boerrigter, P. M.; Velde, G.; 

Baerends, E. J. Int. J. Quant. Chem. 1988, 33, 87. (d) te Velde, G.; Baerends, 

E. J. J. Comput. Phys. 1992, 99, 84. 

(14) Becke, A. D. Phys. Rev. A 1988, 38, 3098. 

(15) Perdew, J. P. Phys. Rev. B 1986, 33, 8822. 



 

 

 

 

 

 

 

 

CHAPTER 4 

BINUCLEAR ORGANOMETALLIC COMPOUNDS 
CONTAINING PLANAR TETRA-COORDINATED CARBON 

ATOMS: THEORETICAL STUDY ON GEOMETRICAL 
AND BONDING PATTERNS 
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[4.0] Abstract 
 

Structure and bonding in the binuclear complex, 1, the 

metallacyclocumulene, 2 and the metal-acetylene complex, 3, are studied using 

Density Functional Theory.  The C-C bond lengths in metal-acetylene complex 

mainly depend on the diffuseness of the orbitals of the metal atom.  Since the C1-

C2-C3 angle in 2 changes to get effective overlap as the size of the metal is changed, 

the central C-C bond length of the cumulene remains nearly constant.  In many 

ways, the ML2 fragments in 2 dictate the bond angles C1-C2-C3 and C4-C3-C2 and 

the distance C2-C3 to have effective overlap with the C4H2 frame.  Four in-plane 

delocalized molecular orbitals and two π-molecular orbitals perpendicular to the 

MC4M′ plane contribute to the stability of the planar tetra-coordination around the 

two central carbon atoms.  At the B3LYP/LANL2DZ levels, the stability of the 

complex 1, increases with decrease in the size of the M′. 
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[4.1] Introduction 
 

Transition metal binuclear heterometallic complexes are important in 

stoichiometric and catalytic reactions.1  The synergetic effect of the two metals plays 

a key role in their reactivity such as insertion of polar molecules into metal-metal 

bonds and the Cannizzaro disproportionation reaction with aryl aldehydes.2  The 

complexation of one ligand to two electron poor transition metals is rare.3  Such 

combinations are found to be useful in organometallic chemical vapour deposition 

(OMCVD) to give ceramic thin films.4  Rosenthal and co-workers reported 5 the 

binuclear complex (PPh3)2Ni(µ-η2: η4−butadiyne)MCp2, 1a,b, where M=Zr, Ti from 

the reaction of (PPh3)2Ni(η2−PhCCCCPh) with Cp2Ti or Cp2Zr.  They suggested a 

metallacyclocumulene species 2, as an intermediate (scheme 4.1).  Recently, 

Choukroun and co-workers reported another such complex Cp2V(µ-

η2:  η4−butadiyne)Zr(C5H4t-Bu)2, 1c, synthesized by the reaction of Cp2V with 

(C5H4t-Bu)2Zr(CCPh)2
  and its structure was established by X-ray Diffraction.6  

Over the years several complexes of this variety have been synthesized.  The length 

of the middle C-C bond of 1 varies with the metal M′: 1.410Å (1a); 1.419Å (1b); 

1.432Å (1c) and 1.447Å (1d).  

One of the striking features of 1 is two planar tetra-coordinate carbons 

adjacent to each other.  While there have been several examples of structures with 

single planar tetra-coordinated carbon atom,7 structures with two of them adjacent to 

each other are not common.  The success in the stabilization of tetra-coordinated 

planar carbon depends on the ability of the substituents to stabilize the in-plane 

multicentre orbitals around carbon and to delocalize the lone pair of electrons 
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perpendicular to the plane.  It would be interesting to see the ways in which the two 

metals on the opposite sides of the C-C bond achieve this. 

 
Scheme 4.1: Schematic diagram of the binuclear complex (1), the 
metallacyclocumulene (2) and the metal-acetylene complex (3).  The lines here 
meant to imply the nature of bonding in the ligands and do not represent the 
numbering of bonds.  Experimental geometrical parameters of these complexes are 
shown in the table below.  C-C bond length is C2-C3, C2-C3 and C1-C2 bond 
lengths in 1, 2 and 3 respectively.  As there are more than 42 structures of the type 3, 
only a limited set of structures are indicated.  
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Str. 
No. 

M M′ R L L′ C-C bond  
length (Å) 

Ref. 

    1a Zr Ni H Cp PPh3 1.410 5 

1b Ti Ni H Cp PPh3 1.419 5 

1c Zr    V Ph C5H4t-Bu Cp      1.432    6a 

1d Zr V H C5H4SiMe3 Cp 1.447 6b 

2a Zr  t-Bu Cp  1.310 16a 

2b Zr  Ph Cp*  1.327 16b 

2c Ti  t-Bu Cp  1.338 17 

2d Zr  SiMe3 Cp*  1.337 16b 

3a  Zr SiMe3  Cp 1.302 11 

3b  Ti t-Bu, SiMe3  Cp 1.280 12 

3c  V CO2Me  Cp 1.287 13 

3d  Ni Ph, SiMe3  PPh3 1.273 14 
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The complex 1 can be considered in-part as a metallacyclocumulene, 2, and 

also as a metal-acetylene complex, 3.  Another point of interest is the variation of the 

central C-C bond length from 1.45Å to1.27Å in structures 1-3.  

 

[4.2] Computational Details 
 

All structures were optimized using the hybrid HF-DFT method, 

B3LYP/LANL2DZ, based on Becke’s three-parameter functional8a including 

Hartree-Fock exchange contribution with a non-local correction for the exchange 

potential proposed by Becke8b together with the non-local correction for the 

correlation energy suggested by Lee et al.8c  The LANL2DZ basis set uses the 

effective core potentials (ECP) of Hay and Wadt.9  The nature of the stationary 

points was characterized by vibrational frequency calculations.  The Gaussian 94 

programme package was used for all calculations.10  Structures of the binuclear 

complexes are numbered by 1 with the small letters a-d corresponding to the 

experimentally characterized structures (scheme 4.1).  The metal atom symbols are 

added after the number to indicate the structures calculated.  The metal fragments 

involved are Cp2Zr, Cp2Ti, Cp2V and (PH3)2Ni.  The metallacyclocumulenes are 

given number, 2, and the metal-acetylene complexes, 3. 

 

[4.3] Results and Discussion  
 

The binuclear complex 1 has readily recognizable structural parts such as the 

metallacyclocumulene, 2, and the acetylene complex 3.  The variations in the 

structural parameters of the smaller complexes are discussed first.   
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[4.3.1] Metal-acetylene complexes, (3Zr, 3Ti, 3V and 3Ni) 
 

The complexes of acetylene with electron poor and electron rich metal 

fragments such as Cp2Zr, Cp2Ti, Cp2V and (PH3)2Ni (scheme 4.1) provide direct 

comparisons to the binuclear cumulene complex, 1.  The computed geometrical 

parameters of acetylene-metal complex are compared to the experimental values 

(table 4.1).11-14  

 

Table 4.1: Geometrical parameters (Distances in Angstroms and bond angles in 
degrees) of the acetylene-metal complex calculated at B3LYP/LANL2DZ level of 
theory.  Experimental values for specific structures are given in parenthesis. 

Experimental data of  aCp2(thf)Zr(SiMe3CCSiMe3)11,  bCp2Ti(SiMe3CC(t-Bu))12, 
 c(Cp2)V(MeO2CCCCO2Me)13, and d(PPh3)Ni(PhCCSiMe3)14 

 
As expected, the C-C bond length in acetylene, 1.220Å (B3LYP/LANL2DZ 

level) increases on complexation with metal fragments (table 4.1).  The diffuseness 

of the metal orbitals controls the C-C distance and the C-C-H bond angles (table 

4.1).  The C-H bending maximizes overlap with orbitals of the metal atoms.  The 

nickel exhibits traditional planar coordination and the ligands are in the plane of the 

ring. 

Bond lengths in Å Bond angles in degrees  
Structure 

No. 

 
Molecule 

C-C M-C C-C-H C-M-C 

3Zr C2H2ZrCp2 1.345 
(1.302)a 

2.181 
(2.204)a 

133.3 35.9 
(33.9)a 

3Ti C2H2TiCp2 1.319 
(1.280)b 

2.052 
(2.018)b 

139.6 37.5 
(35.6)b 

3V C2H2VCp2 1.301 
(1.287)c 

2.058 
(2.084)c 

144.7 36.9 
(35.8)c 

3Ni C2H2Ni(PH3)2 1.297 
(1.273)d 

1.919 
(1.826)d 

147.3 39.5 
(39.0)d 
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The interaction between the metal fragment and acetylene can be described 

in terms of the traditional Dewar-Chatt-Duncansan (DCD) model15 of ligand to 

metal donation and metal to ligand back donation.  In principle, the back donation 

process should be stronger for electron rich metals than the electron poor ones.  But 

a closer look at the C-C bond lengths given in table 4.1 reveals that the electron poor 

metal Zr accounts for the longer C-C bond in the series 3Zr, 3Ti, 3V and 3Ni.  The 

donor levels of the electron poor Cp2Zr and Cp2Ti fragments are closer in energy to 

the π* levels of acetylene, leading to better back bonding and longer C-C distances.  

In addition the size of the metal atoms also contributes to this; Zr leads to a complex 

with longer C-C distances.  This is shown diagrammatically in scheme 4.2.  

 

 

 
 
 
 
 
 
 

Scheme 4.2: The dependence of the size of the metal atom on the C-C bond length 
in acetylene-metal complex.  The dotted line corresponds to 3Zr and thick line to 
3Ni.  
 

[4.3.2] Metallacyclocumulenic complexes, (2Zr, 2Ti, 2V and 2Ni) 
 

Several derivatives of metallacyclocumulenes, 2, Cp2MC4H2 (M=Zr, Ti) are 

known experimentally.16-17  The parent structures are calculated to be minima on 

their potential energy surfaces.  The nickellacyclocumulenic complex, 2Ni, on 

M'

1

2

1'

2'
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optimization, rearranges to the cyclopropene complex, a derivative of which was 

synthesized by Rosenthal and co-workers.18 

 
Table 4.2: Geometrical parameters (Distances in Angstroms and bond angles in 
degrees) of the cumulene-metal complex calculated at B3LYP/LANL2DZ level of 
theory.  Experimental values for specific structures are given in parenthesis.  

Experimental data of  a Cp2ZrC4(t-Bu)2
16, b Cp2TiC4(t-Bu)2

17 
 
The theoretical and experimental geometrical parameters of all structures 

represented by 2 are given in table 4.2.  The C2-C3 bond lengths in all of them are 

of comparable magnitude, indicating a similarity in the electronic structure as well.  

The electronic structure of metallacyclocumulene is best analyzed from fragment 

molecular orbital approach.19,20  The metal in the Cp2M fragment is in the formal 

oxidation state of +2 with two valence electrons (three electrons in Cp2V).  The 

three frontier orbitals of Cp2M are in the MC4 plane.  The in-plane frontier orbitals 

of the HCCCCH fragment are formed from the two in-plane p-orbitals on the two 

middle carbon atoms and the sp-hybrid orbitals on the end carbon atoms, C1 and C4.  

These form four linear combinations, similar to the π-orbitals of butadiene.  The 

lowest two orbitals among these are filled.  The next MO, the LUMO of the C4H2 

Bond lengths in Å 
Bond angles in 

degrees Structure 
No. Molecule 

C1-C2 C2-C3 M-C1 M-C2 C1-C2-
C3 

M-C1-
C2 

        
2Zr C4H2ZrCp2 1.316 

(1.280)a 

1.342 

(1.310)a 

2.353 

(2.357)a 

2.373 

(2.303)a

146.6 

(150.0)a 

74.7 

2Ti C4H2TiCp2 1.302 

(1.277)b

1.344 

(1.338)b

2.242 

(2.252)b

2.259 

(2.210)b

145.1 

(147.6)b 

73.9 

2V C4H2VCp2 1.296 1.349 2.191 2.217 144.1 74.0 



Binuclear Organometallic Compounds … 

 104 

fragment, corresponds to the in-plane equivalent of the LUMO of the butadiene π-

orbitals and is bonding between C2 and C3. 

 

 

 
 
 
 
 
 

 
 

 

 

 

Scheme 4.3: Interaction diagram between the cumulene and metal fragment. 
 

The strongest stabilizing interaction is between this LUMO of C4H2 and the 

HOMO of Cp2M (1a1).  This interaction stabilizes the C2-C3 bond (scheme 4.3).  

This is in contrast with the familiar Dewar-Chatt-Duncanson model of metal to π* 

back-bonding, which decreases C2-C3 bonding, lengthening the C2-C3 bond.  The 

consequence of this bonding is tempered by the two π-MOs perpendicular to the 

MC4 plane, typical of butadiene.  Another interaction is the donation of electrons 

from the HOMO of C4H2 to the empty d orbital of the metal atom (1b1).  The 

variation in the C1-C2-C3 angle with the metal is small, but the decrease from 

146.6°, 145.1° to 144.1° corresponds to the decrease in the size of the metal atoms.  

The LUMO of the metallacyclocumulene is a nonbonding metal orbital.  The extra 

electron in vanadocyclocumulene, 2V, in comparison to 2Zr and 2Ti, occupies this 

H

H

H

H
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nonbonding metal orbital.  The frontier molecular orbitals of Cp2MC4H2 on the side 

of C4 away from the metal are ideally suited for further reactions.  These are 

analyzed in the next section. 

 

[4.3.3] Organobimetallic Compounds Containing Planar Tetra-coordinated 
Carbon Atoms, (1Zr-Zr, 1Zr-Ti, 1Zr-V, 1Zr-Ni, 1Ti-Zr, 1Ti-Ti, 1Ti-V 
and 1Ti-Ni) 

 
We studied molecules of the type L′2M′(µ-η2: η4

−butadiyne)ML2, where 

ML2=ZrCp2 and TiCp2 and M′L′2= ZrCp2, TiCp2, VCp2 and Ni(PH3)2.  The C1-C2 

and C2-C3 bond distances are longer than those in the cumulenic complexes (table 

4.3).  But the elongation of the C2-C3 bond distance is much more than that of C1-

C2.  It is as if the M′L′2 fragment molecular orbitals dictate the C4 unit to adopt 

geometries suitable for best overlap with changes in the C1-C2-C3 and C4-C3-C2 

bond angles and C2-C3 bond distance (scheme 4.4, table 4.3).  The M-C2 bond 

distances are higher than that in the cumulenic complex, but are within the distances 

found, in general, for similar structures. 
  

 
 
 
 
 
 
 
 
 
 
 
Scheme 4.4: The dependence of the size of the metal atom (M′) on C2-C3 bond 
length and C1-C2-C3 bond angle.  The dotted line corresponds to Cp2MC4H2ZrCp2 
and thick line Cp2MC4H2Ni(PH3)2.  
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Table 4.3: Geometrical parameters (Distances in Angstroms and bond angles in degrees) of the binuclear organometallic complex 
calculated at B3LYP/LANL2DZ level of theory.  Experimental values for specific structures are given in parenthesis.  First and second 
metal symbols in structure number correspond to η4 and η2 coordination respectively. 

Experimental data of a (C5H4t-Bu)2ZrC4(Ph)2VCp2
6,b Cp2ZrC4H2Ni(PPh3)2

5, c Cp2TiC4H2Ni(PPh3)2
5 

Bond lengths in Å Bond angles in degrees  
Structure 

No. 

Molecule 
 

Cp2MC4H2M′ L′2 
C1-C2 C2-C3 M-C1 M-C2 M′-C2 C1-C2-C3 C2-M′-C3 

         
1Zr-Zr Cp2ZrC4H2ZrCp2 1.355 1.540 2.223 2.584 2.211 132.1 40.8 

1Zr-Ti Cp2ZrC4H2TiCp2 1.350 1.491 2.232 2.539 2.086 134.2 41.9 

1Zr-V Cp2ZrC4H2VCp2 1.346 

(1.334)a 

1.465 

(1.432)a  

2.240 

(2.240)a 

2.512 

(2.462)a 

2.089 

(2.133)a 

135.7 

(137.6)a 

41.1 

(39.5)a 

1Zr-Ni Cp2ZrC4H2Ni(PH3)2 1.346 

(1.322)b 

1.450 

(1.410)b 

2.248 

(2.239)b 

2.480 

(2.389)b 

1.910 

(1.911)b 

137.2 

(139.4)b 

44.6 

(43.1)b 

1Ti-Zr Cp2TiC4H2ZrCp2 1.347 1.561 2.087 2.547 2.188 127.1 41.8 

1Ti-Ti Cp2TiC4H2TiCp2 1.342 1.499 2.095 2.476 2.067 130.2 42.5 

1Ti-V Cp2TiC4H2VCp2 1.337 
 

1.464 2.100 2.425 2.078 132.3 41.3 

1Ti-Ni Cp2TiC4H2Ni(PH3)2 1.335 

(1.333)c 

1.449 

(1.419)c 

2.109 

(2.118)c 

2.380 

(2.340)c 

1.909 

(1.907)c 

134.1 

(133.3)c 

44.6 

(40.6)c 
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A major point of interest in this structure is the two planar tetra-coordinate 

carbons adjacent to each other.  The molecular orbitals of 1, where M=Zr and M′ 

=Zr, Ti (1Zr-Zr, 1Zr-Ti) are shown in scheme 4.5.  

 

2b1 (HOMO)

3a1 (LUMO)

1a1

2a1

1b2

1a2

1b1

  
Scheme 4.5: Molecular orbitals of 1 (L2MC4H2M′L′2) 

 
Bonding can be understood by taking HCCCCH as a tetra anion and the 

metals in the +4 oxidation state.  The π-molecular orbitals (1b2 and 1a2) 

perpendicular to the MC4M′ plane do not interact substantially with the metals.  As 

an approximation, these four electrons can be considered as lone pairs of the two 

tetra-coordinate planar carbon atoms.  It is stabilized through the delocalization over 
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all the four carbon atoms.  The molecular orbitals, 1a1, 1b1, 2a1 and 2b1 are 

delocalized across the two metals.  These account for the remaining eight valence 

electrons ensuring the planarity of the M2C4 unit.  In 1Zr-V (M′ =V), the LUMO of 

1Zr-Zr, 1Zr-Ti becomes the SOMO, which has negligible interaction with the 

orbitals on the C4 skeleton.  The important bonding molecular orbitals of 1Zr-Ni 

(M′ =Ni) are almost the same, except in the relative ordering of energy. 

The 2a1 molecular orbital can be considered as formed by the donation of 

electrons from the filled HOMO of the metallacyclocumulene to the empty d-orbital 

of the metal (M′).  This reduces the C2-C3 bonding interaction.  The HOMO (2b1) 

represents the back donation from the filled metal orbital (M′) to the empty LUMO 

of the metallacyclocumulene.  This leads to an increase in the antibonding 

interaction between the C2-C3 bonds.  Both of these interaction leads to the 

elongation in the C2-C3 bond.  The analysis remains nearly the same in all 

complexes even with M′=Ni.  The stability of these complexes can be judged from 

the following isodesmic equations (table 4.4). 

 
 

                                                                                                                               (4.1) 

                                                                                                                                    
 
 

 
When M=Ti and M′ varies form Zr to Ni, (1Ti-Zr to 1Ti-Ni), the 

exothermicity (∆ETi) of the reaction increases.  It is clear from table 4.4 that when C-

C-H bond angles in 3 are closer to C1-C2-C3 bond angle of 2, the exothermicity of 

the reaction and hence the stability of the complex increases.  Similarly when M=Zr, 
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and, M′ varies form Zr to Ni, (1Zr-Zr to 1Zr-Ni), the exothermicity (∆EZr) of the 

reaction increases.  Binuclear complexes with M=Zr, Ti; M′=Ni (1a, 1b) and M=Zr; 

M′=V (1c, 1d) are known experimentally and these are shown to be more favorable 

from the equation 4.1 (table 4.4). 

 

Table 4.4: ∆Ezr and ∆ETi are the energies obtained from isodesmic equation 4.1.  C-
C-H is the angle of C2H2ML2, 3.  C1-C2-C3 angles of 2Zr and 2Ti are146.6 and 
144.1.   

 

 

 

 

 

 

  

[4.4] Conclusions 
 

We compared the structure and bonding in the binuclear complex 1, the 

metallacyclocumulene, 2 and the metal-acetylene complex, 3.  The diffuseness of 

the orbitals of the metal atom and the extent of back bonding are the main reasons 

for the elongation on the C-C bond length in metal-acetylene complexes.  The 

central C-C bond length in 2 is almost same for all the metals, because the C1-C2-

C3 bond angles in 2 change to get effective overlap as the size of the metal changes.  

The central C-C bond length in 1 increases with an increase in the size of the metal 

M′ as in the case of metal-acetylene complex, 3.  The planar tetra-coordinate 

arrangements around two adjacent carbons are stabilized through the four in-plane 

 
C2H2M′L2 

C-C-H 
Angle 

 

∆Ezr 
(kcal/mol) 

∆ETi 
(kcal/mol) 

3Zr 133.3 -1.8 -4.8 

3Ti  139.6 -6.0 -6.9 

3V  144.7 -8.0 -8.5 

3Ni 147.3 -9.3 -9.1 
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delocalized molecular orbitals resulting from the interaction with the metal fragment 

orbitals and two π-molecular orbitals perpendicular to the MC4M′ plane.  When the 

C1-C2-C3 bond angle of 2 comes closer to the C-C-H bond angle of 3, the stability 

of the complex, 1, increases.  
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[5.0] Abstract 
 

The mechanism of the insertion of heteroallenes, XCY (CO2, COS, and CS2,) 

into metal-metal polar bond of early-late heterobimetallic (ELHB) complexes, 

(NH2)3M-M´(CO)2Cp (where M=Ti, Zr and M´=Fe, Ru) is studied using Density 

Functional Theory.  The reactions of CO2 and COS with M-M′ bond of ELHB 

complexes (9p) give the initial intermediates, 10pq which undergo isomerization to 

the four membered metallacycles, 12pq through transition states, 11pq.  The 

synergetic effect of both transition metals plays a key role in the reactivity towards 

the heteroallenes.  The greater strain arising from the smaller size of titanium and 

oxygen rules out the formation of the metallacycles, 12aa and 12ba.  On the other 

hand, larger size of sulphur averts the formation of 10pc.  The first row late 

transition metal has more effective interaction with LUMO of XCY and the greater 

population in LUMO induces the XCY bending to generate bonding interaction.  

This stabilizes the bimetallic complexes, 10pq and 12pq.  The isomerization of the 

complexes, 10ab and 10bb to 12ab and 12bb have relatively high energy barrier 

and is endothermic.  The larger size of the zirconium atom results in the greater 

stability of bimetallic complexes, 12cb and 12db than the titanium complexes, 12ab 

and 12bb. 
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[5.1] Introduction 
 

Early-late heterobimetallic (ELHB) complexes have widespread interest in 

catalytic reactions,1 synthetic organometallic chemistry2,3 and materials science.4  

Interest in these complexes arises from the possibility of utilizing the 

complementary reactivities of the electron-poor early transition metal and the 

electron-rich late transition metal in reactions with organic substrates.  The 

synergetic effect of the two metals plays a key role in their reactivity such as 

insertion of polar substrate into metal-metal bonds, Cannizzaro disproportionation 

reaction with aryl aldehydes etc.2 

Even though numerous theoretical studies are available to understand the 

polarity of the metal-metal bond in ELHB complexes,5,6 the complete mechanistic 

study to understand its cooperative reactivity is lacking.  Here, we discuss the 

process of insertion of heteroallenes such as CO2, COS and CS2 into metal-metal 

bonded systems.  Since these heteroallenes are most abundant source of C1 

chemistry, the activation and functionalization of these molecules through transition 

metal complexes have received much attention.  The bonding of heteroallenes such 

as CO2 and CS2 to transition-metal fragments and its fluxional behaviour in 

coordination complexes have been investigated in the literature.7  There are mainly 

three types of coordination possible for the interaction of metal fragment with 

heteroallenes (scheme 5.1) and all of them are found experimentally.8  It is 

interesting to explicate a general trend for the variation in the coordinative properties 

when heteroallenes undergo reaction with early-late bimetallic complexes. 
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Scheme 5.1: End-on, C-on and side-on coordination of metal-XCY complexes 

Several insertion reactions of heteroallenes into metal-metal bond are also 

known experimentally. Gade and co-workers had reported the insertion reaction of 

heteroallenes such as CO2, CS2 and RCN into metal-metal bond of ELHB 

complexes (scheme 5.2, 4, 5).2a  In this type of reaction, the early transition metal 

centre undergoes electrophilic attack to the more Lewis basic part of the polar 

substrate and the late transition metal centre undergoes nucleophilic attack to the 

more Lewis acidic part of the polar substrate.  Bergman and co-workers reported a 

similar reaction of CO2 with Cp2Zr(µ-Nt-Bu)IrCp* (scheme 5.2, 6)9 where one C=O 

bond of CO2 undergoes direct addition to Zr-Ir bond (scheme 5.2, 7).  On the other 

hand, the addition of allene to 6 gives 8 which is similar to structure, 5.9   

In view of the divergent coordination products encountered by varying the 

metals of ELHB and heteroallenes, we have studied the possible mechanism for the 

insertion of heteroallenes into metal-metal polar bonds.  We have chosen the model 

bimetallic complexes as (NH2)3M-M´(CO)2Cp where M= Ti, Zr; M´= Fe, Ru, and 

heteroallenes as XCY (CO2, COS and CS2).  The structure and bonding of various 

intermediates and transition states are also presented.  
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Scheme 5.2: Experimentally known reactions of heteroallenes with ELHB 
complexes. 
 

[5.2] Computational Details 
 

All structures were optimized using the hybrid HF-DFT method, 

B3LYP/LANL2DZ, based on Becke’s three-parameter functional10a including 

Hartree-Fock exchange contribution with a non-local correction for the exchange 

potential proposed by Becke10b together with the non-local correction for the 

correlation energy suggested by Lee et. al.10c  The LANL2DZ basis set uses the 

effective core potentials (ECP) of Hay and Wadt.11  The nature of the stationary 

points was characterized by vibrational frequency calculations.  The Gaussian 03 

programme package12 was used for all calculations.  In view of the large number of 

structures, the following labeling scheme is used (figure 5.1).  A number followed 
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by one letter is used to indicate the initial ELHB complexes.  Thus, 9a corresponds 

to the complex with M=Ti and M′=Fe.  A second letter is added to this to represent 

the complex with XCY.  Thus, 10aa would correspond to the adduct structure, 10pq 

with M=Ti and M′=Fe and XCY=CO2.  The generic letters p and q are used to 

represent to the complete set.  Thus, 11pq corresponds to all the structures of the 

type 11 considered in this paper (p=a-d, q=a-c). 

 

[5.3] Results and Discussion 
 

The insertion of heteroallenes (XCY) such as CO2, COS and CS2 into ELHB 

complexes, 9p gives the inserted bimetallic complexes, 10pq and 12pq and the 

transition states for their interconversion, 11pq (figure 5.1).  The reaction of CO2 

and COS with M-M′ bond of ELHB complexes, 9p results in the formation of the 

initial intermediates, 10pa and 10pb which undergo isomerization to the final 

products, 12pa and 12pb through their respective transition states, 11pa and 11pb.  

On the other hand, CS2 gives direct insertion products, 12pc without forming the 

initial intermediates, 10pc.  The initial complexes, 10aa and 10ba are more stable 

than 12aa and 12ba and do not isomerize.  A detailed analysis of the geometrical 

and bonding pattern of each complex is given in the following sections. 
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Figure 5.1: Mechanistic scheme for the insertion of heteroallenes (XCY) into 
ELHB complexes, 9p.  10pq and 12pq are the complexes resulting from XCY 
insertions and 11pq is the transition state for the interconversions.  Here, p stands 
for a-d indicating the M-M′ complexes and q for a-c indicating the heteroallenes, 
XCY. 
 

[5.3.1] Bimetallic Complexes (9p) and Heteroallenes (XCY) 
 

An analysis of the structure and bonding of ELHB complexes, 9p (M= Ti, Zr 

and M′= Fe, Ru) helps to understand the structure, bonding and its reactions with 

heteroallenes, XCY.  The geometrical parameters and charges on each metal of the 

bimetallic complexes are given in the table 5.1.  The experimental bond lengths are 

in agreement with the theoretically calculated bond lengths. 

The polar nature of the M-M′ bond of the ELHB complexes can be 

understood from the Mülliken charge analysis, which shows positive charge on early 

transition metal (M) and negative charge on late transition metal (M′).  The positive 

charge on early transition metal, M is more when it is connected to the first row late 
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transition metal (M′=Fe) in comparison to second row (M′=Ru).  On the other hand, 

the negative charge on the late transition metal, M′ is more when it is connected to 

the second row early transition metal (M=Zr) in comparison to the first row (M=Ti).  

The charge difference between M and M′ shows that the polarity decreases in the 

order 9c>9a >9d> 9b.  The polarity of the M-M′ bond based on the electronegativity 

difference is in the order 9d > 9b >9c >9a (table 5.1).  

 
Table 5.1: Metal-metal bond lengths of the model complexes in Å (experimental 
values are given in parentheses) and Mülliken charges on each metal of the ELHB 
complexes (9p) at B3LYP/LANL2DZ level of theory. The charge and 
electronegativity differences are also shown. 

 

Experimental data of aMeSi{SiMe2N(C6H4Me)}3Ti-FeCp(CO)2,
2c 

b(Me2N)3Ti-RuCp(CO)2,6l cMeSi{SiMe2N(C6H4Me)}3Zr-FeCp(CO)2
2b and 

d(CH2)(CH2NSiMe3)2(Cp)Zr-RuCp(CO)2 2i
  

 
The HOMO and the HOMO-1 are mainly concentrated on M′ and slightly 

antibonding between M and M′.  The LUMO of the ELHB complexes, 9p is mainly 

concentrated on M and it is antibonding between the metals (figure 5.2a).  The 

LUMO of the ELHB complexes is likely to interact with the nucleophilic part of the 

substrate and HOMO and HOMO-1 with electrophilic part.  In other words, the late 

Mülliken 
charge on  Structure 

No. 

Bond 
length 
M-M´ M M´ 

Charge 
diff. 

between 
M and M´ 

Electronegativity 
diff. between 
 M and M´ 

9a 2.482 
(2.460)a 

1.064 -0.511 1.575 0.29 

9b 2.590 
(2.561)b 

1.025 -0.046 1.071 0.66 

9c 2.648 
(2.605)c 

1.484 -0.707 2.191 0.50 

9d 2.756 
(2.828)d 

1.381 -0.173 1.554 0.87 
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transition metal M' has nucleophilic and early transition metal M has electrophilic 

character.  

HOMO-1 HOMO LUMO

a)

 

LUMOLUMOHOMOHOMO

b)

 

Figure 5.2: Important molecular orbitals of a) 9p and b) XCY.  The molecular 
orbitals are almost the same for similar type of structures, except in the relative 
ordering of energy.  
 

The geometrical parameters and Mülliken charge on each element of the 

heteroallenes are shown in the table 5.2.  Here, the carbon atom is sp hybridized. 

Mülliken charge analysis shows that the electron density on X (or Y) reduces on 

going from CO2 to CS2.  The degenerate HOMO corresponds to the lone pairs on X 

and Y (figure 5.2b).  The LUMO has antibonding character between all the elements 

and is mainly located on carbon.  Hence, the nucleophilic centers in XCY are X and 

Y, and electrophilic centre is carbon atom.  

Table 5.2: Geometrical parameters and Mülliken charges on each element of XCY 
at B3LYP/LANL2DZ level of theory. 

Bond length (Å) Mülliken charges on XCY C-X C-Y X C Y 
O=C=O 1.193 1.193  -0.178 0.356 -0.178 

O=C=S 1.189 1.611  -0.089 -0.031 0.118 

S=C=S 1.601 1.601  0.157 -0.314 0.157 
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[5.3.2] Bimetallic Complexes (10pq) 
 

The possible coordination modes of the interaction of heteroallenes with 

transition metal fragments are shown in the scheme 5.1.5  The end-on coordination 

mode (scheme 5.1, 1) results from the nucelophilic attack of X in XCY to the early 

transition metal.  On the other hand, the electrophilic attack of carbon in XCY to the 

late transition metal leads to the second type of coordination mode (scheme 5.1, 2).  

The synergic effect of the both early and late transition metals results in the insertion 

of X-C bond of XCY into the M-M′ bond in 9p and gives bimetallic complexes, 

10pq.  Insertion of XCY to M-M′ bond results in the cleavage of M-M′ bond and the 

formation of M′-C and M-X bonds.  Here, the C-X bond undergoes insertion in 

which carbon is attached to late transition metal and X to the early transition metal.  

The insertion of C-O bond of CO2 and COS into M-M′ bond in 9p results in the 

complexes, 10pa and 10pb, while the insertion of C-S bond of CS2 converts 10pc 

into 12pc. 

The geometrical parameters and Mülliken charges on each metal of the 

bimetallic complexes, 10pq are given in the table 5.3.  The hybridization on carbon 

has changed to nearly sp2 in 10pq.  This results in the elongation of both C-X and C-

Y bonds in 10pq.  All the C-X bond lengths are close to single bond lengths and the 

C-Y bond lengths are close to localized double bond lengths (table 5.3).  As 

expected the electron density on CO2 and COS is mostly concentrated on oxygen 

(table 5.2).  This results in the nucleophilic attack of oxygen in XCY to the electron 

poor early transition metal (M) of the ELHB complexes.  Even though there is lone 

pair on sulphur in COS, the positive charge on the sulphur prevents its coordination 

to M.  As a result the bimetallic complexes of type 10pq in which sulphur is 
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coordinated to early transition metal are not stationary points on the potential energy 

surface.  On the other hand higher diffused orbital on two sulphur atoms in CS2 

preclude the formation of 10pc, but it directly gives 12pc.  Since the M-X and M'-C 

bonds are more polar than the M-M′ bond, the positive charge on M increases and 

the negative charge on M′ decreases in the complexes, 10pq as compared to 9p 

(tables 5.1 and 5.3). 

 
Table 5.3: Geometrical parameters (bond lengths in Å and angles in degree) and 
Mülliken charges on each metal of bimetallic complexes (10pq) at 
B3LYP/LANL2DZ level of theory.  ∆H (∆G) (kcal/mol) is the reaction energy from 
the equation 5.1. 
 

 
The interaction of XCY with the M-M' bond in 10pq is shown in the 

interaction diagram (figure 5.3).  The HOMO (1a') of XCY donates its electrons to  

Mülliken 
charge on Structure 

No. 

 
M-X 

 
C-X 

 
C-Y 

 
M′-C 

 
X-C-Y

M M′ 

∆H 
(∆G) 

9p 10pq 
10aa 1.848 1.383 1.245 1.968 119.6 1.256 -0.442 -28.0 

(-20.1) 
10ba 1.840 1.369 1.243 2.084 121.0 1.275 0.110 -25.3 

(-16.6) 
10ca 2.015 1.377 1.245 1.975 119.9 1.505 -0.451 -26.0 

(-18.1) 
10da 2.014 1.365 1.244 2.089 121.3 1.520 0.108 -24.0 

(-15.1) 
10ab 1.872 1.348 1.721 1.971 119.3 1.262 -0.290 -20.2 

(-11.0) 
10bb 1.871 1.342 1.720 2.079 119.9 1.267 0.250 -18.1 

(-8.7) 
10cb 2.198 1.324 1.777 1.947 119.5 1.331 -0.248 -20.0 

(-9.9) 
10db 2.031 1.339 1.715 2.085 120.5 1.518 0.245 -16.5 

(-6.8) 
10pc Converging to 12pc on optimization. 
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Figure 5.3: Interaction diagram between XCY and bimetallic complexes (9p) to 
form the complexes, 10pq. 
 
LUMO (3a) of the bimetallic complexes, 9p which is antibonding between M-M′ 

and mainly localized on M.  Since Zr is more electropositive than Ti, LUMO of the 

9a and 9b is closer in energy to HOMO of the XCY.  Hence, the donation is more 

effective when XCY forms complexes with Ti (10aq and 10bq).  This results in the 

cleavage of M-M′ bond and the formation of M-X bond.  The second interaction is 

the back donation of electron from HOMO (2a) and HOMO-1 (1a) of the 

complexes, 9p which is mainly concentrated on M′ to the LUMO (2a') of XCY.  

Since Ru is more electronegative than Fe, the HOMO and HOMO-1 of the 

complexes, 9b and 9d are more stabilized than 9a and 9c.  This results in the 

effective interaction of HOMO and HOMO-1 of the complexes, 9a and 9c with 

LUMO of the XCY, which are closer in energy.  This interaction elongates C-X and 
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C-Y bonds.  The bending of XCY enhances the bonding interaction and stabilizes 

the LUMO.  Hence, the occupation of electrons in the LUMO (figure 5.2b and 5.3) 

favors the bending of XCY.  Since first row late transition metal is more electron 

rich than second row transition metal, former donates more effectively to LUMO of 

the XCY.  As a result the bending of XCY is more when it is connected to first row 

late transition metal (table 5.3).  The important molecular orbitals are shown in the 

figure 5.4. 

HOMO-1

LUMO+1

HOMO-2

HOMO  

Figure 5.4: Important molecular orbitals of the complexes, 10pq.  The molecular 
orbitals are almost the same, except in the relative ordering of energy.  
 

Hence, the acceptance of the electrons from the HOMO and the donation to 

LUMO of the XCY is more pronounced when the early and late transitions metals 

are from the first row.  This is reflected in the stability order of the complexes, 10pq 

which can be analyzed by the following equation.  

 9p + XCY 10pq (5.1)
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The ∆H and ∆G obtained from the equation (5.1) shows that the stability of 

the complex for CO2 insertion is in the order 10aa > 10ca > 10ba > 10da (table 5.3).  

The same order is retained for the COS inserted complexes, but the magnitude of the 

stabilization energy is less than that for the complexes resulting from CO2 insertion.  

This may be due to the greater electron density on oxygen in CO2 than that in COS. 

It is interesting to note that the stability order is not in accordance with the polarity 

order either based on Mülliken charges or electronegativity differences.  

 

[5.3.3] Bimetallic Complexes (12pq) 
 

The first inserted complexes, (10pa and 10pb) of CO2 and COS can 

isomerize to a four membered metallacycles, 12pq by coordinating the free end of 

XCY to the early transition metal, M.  The insertion of CS2 directly leads to the 

complexes, 12pc without forming the initial intermediates, 10pc.  12aa and 12ba are 

not stable in the PES and converged into 10aa and 10ba respectively on geometry 

optimization.  Since Ti has less diffused orbital than Zr, OCO has to bend more for 

getting effective overlap to form the complexes, 12aa and 12ba.  It leads to increase 

strain which prevents the formation of 12aa and 12ba.  On the other hand, the higher 

diffused orbital on Zr reduces the strain in the OCO angle and stabilizes the 

bimetallic complexes, 12ca and 12da.  Our group has studied the similar size effect 

for the stability of metallacyclocumulene and metallacyclopropene.14 The 

metallacyclopropene is reported to be more stable for Ti and metallacyclocumulene 

for Zr.  The geometrical parameters and charges on each metal atom of the 

bimetallic complexes, 12pq are given in the table 5.4. 
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The complexes, 12pq have the shorter C-X bond and longer C-Y bond in 

comparison to those in 10pq and these bond lengths are with in the range of 

distances observed in delocalized systems.  The XCY bond angle (table 5.4) is lower 

for 12aq and 12bq in comparison to 12cq and 12dq.  Since the titanium has less 

diffused orbital in comparison to zirconium, the XCY has to bend more to get 

effective overlap in 12aq and 12bq.  Similar to the initial intermediates, 10pq the 

first row late transition metal is more electron rich than the second row.  This helps 

the first row late transition metal to donate more effectively to LUMO of the XCY 

than the latter.  As a result the XCY angle is less when it is connected to first row 

late transition metal (tables 5.3 and 5.4).  The bending of XCY increases the s-

orbital contribution on carbon and leads to the reduction of M′-C bond length in 

comparison to that in 10pq.  It is interesting to note that both positive charge on M 

and negative charge on M′ decreases in 12pq in comparison to 10pq.  It is in 

contrast to the increase in positive charge on M and decreases in negative charge on 

M′ of the complexes 10pq in comparison to 9p.  Since the total energy and free 

energy differences between the complexes, 10pq and 12pq are very low, the 

feasibility for their interconversions is also more (table 5.5).  Since all the 

complexes, 10pc are converged to 12pc, the energetic for the direct formation of the 

complexes, 12pc from 9p can be calculated by the equation (5.2) (table 5.4).  

  

 
The stability order is 12cc > 12dc > 12ac > 12bc.  The reduced strain in the 

XCY bond angle due to larger size of Zr stabilizes the complexes, 12cc and 12dc 

more than the titanium complexes, 12ac and 12bc.  Stability of 12pc is more when  

9p + 12pcSCS (5.2)



 

Table 5.4: Geometrical parameters (bond lengths in Å, angle in degree and experimental values in parenthesis) and Mülliken charges 
on each metal of bimetallic complexes (12pq) at B3LYP/LANL2DZ level of theory. ∆H (∆G) are from the equation (5.2). 
 

Experimental data of  aHC{SiMe2N(2,3,4-F3C6H2)}3Zr(µ-O2C)FeCp(CO)(C3Ph2),2h   bMeSi(SiMe2NTol)3Zr{OSMe2}(µ-O2C)Ru-
Cp(CO){S(Me2)}2g and cHC(SiMe2NC6H4-F-2)3Zr(µ-S2C)Fe(Cp2)(CO)2

2f 

Mülliken 
charge on  Structure 

 No. M-X M-Y X-C C-Y M´-C X-C-Y 
M M´ 

∆H (∆G) 
9p 12pc 
kcal/mol 

12aa 
12ba 

Converging to 10aa and 10ba on optimization 

12ca 2.226 
(2.148)a 

2.404 
(2.152) 

1.341 
(1.308) 

1.305 
(1.303) 

1.938 
(1.895) 

113.6 
(111.9) 

1.359 
 

0.355 

12da 2.233 
(2.222)b 

2.408 
(2.255) 

1.334 
1.294 

1.305 
(1.275) 

2.048 
(2.087) 

114.4 
(116.3) 

1.377 0.285 

12ab 2.144 2.671 1.296 1.812 1.941 112.7 1.015 -0.270 

12bb 2.156 2.665 1.296 1.804 2.053 113.5 1.026 0.305 

12cb 2.311 2.792 1.297 1.821 1.942 113.8 1.255 -0.260 

12db 2.316 2.794 1.297 1.812 2.054 114.5 1.272 0.310 

 

12ac 2.819 2.583 1.744 1.783 1.944 117.0 0.877 -0.202 -10.6 (0.4) 

12bc 2.580 2.827 1.781 1.741 2.057 117.6 0.886 0.408 -7.3 (3.0) 

12cc 2.764 
(2.632)c 

2.901  
(2.643) 

1.783 
(1.745) 

1.753 
(1.745) 

1.942 
(1.935) 

118.2 
(116.1) 

1.138 -0.189 -14.9 (-4.6) 

12dc 2.913 2.767 1.750 1.780 2.055 118.6 1.145 0.415 -12.0 (-2.7) 
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the late transition metal is from the first row.  This is the result of the increased 

population of LUMO of the XCY (figure 5.2b) which favours the bending when the 

late transition metal is from the first row. Some of the important molecular orbitals 

of the complexes, 12pq are shown in figure 5.5.  HOMO-3 and HOMO-6 contribute 

to M′-C bond and HOMO-5 corresponds to M-X and M-Y bonds.  These are formed 

by intramolecular interaction of filled HOMO of 10pq which is largely localized on 

Y with LUMO+1 which is mainly localized on M (figure 5.4).  As a result the M-Y 

bond forms and C-Y bond elongates in comparison to those in 10pq.  The resulting 

bimetallic complexes, 12pq have shorter XCY bond angle.  The bending of XCY 

increases the bonding interaction between these three atoms.  Hence, the C-X bond 

lengths are shorter in the complexes, 12pq than those in 10pq.  

 

HOMO-3

HOMO-5HOMO-6

 
Figure 5.5: Important molecular orbitals of the complexes, 12pq.  The molecular 
orbitals are almost the same for all the structures, except in the relative ordering of 
energy.  
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[5.3.4] Transition States (11pq) 
 

The complexes, 10pq and 12pq are stable only for M=Zr; M′=Fe, Ru and 

XCY=CO2 and M=Ti, Zr; M′=Fe, Ru and XCY=COS.  The geometrical parameters  

of the transition states, energy barrier and the isomerization energy between the 

complexes, 10pq and 12pq are shown in the table 5.5.  All the M-Y bond distances 

are longer than that in 12pq and are within Van der Waals distances.  The X-C, C-Y, 

M´-C bond distances, X-C-Y bond angles and Mülliken charges are in between the 

complexes, 10pq and 12pq.  The energy difference and energy barrier for 

isomerization is very low except for the titanium complexes, 11ab and 11bb.  It 

indicates that the zirconium complexes (10cq and 10dq) undergo easy isomerization 

reaction compared to the titanium complexes (10aq and 10bq).  

The potential energy diagram (by plotting ∆G) for the insertion reaction of 

the heteroallenes into the M-M′ bond of ELHB complexes, 9p is shown in the figure 

5.6.  It is important to note that the titanium complexes resulting from the CO2 

insertion, 10aa and 10ba are the stable initial intermediates and do not isomerize to 

12aa and 12ba (not shown in the diagram).  The zirconium complexes resulting 

from the CO2 insertion (10ca and 10da) have lower barrier for isomerization to 12ca 

and 12da.  The initial intermediates resulting from the COS insertion (10pb) is less 

stable than those resulting from the CO2 insertion.  Out of these COS inserted 

complexes, the titanium complexes, 10ab and 10bb have relatively high energy 

barrier for the interconversion to 12ab and 12bb and its isomerization is 

endothermic.  On the other hand, the zirconium complexes, 10cb and 10db have low 

energy barrier for interconversion and relative energy differences for their 

interconversion are also very low.  



 

 

 
Table 5.5:  Important geometrical parameters and Mülliken charges on each metal of the complexes, 11pq and the isomerization energy 
∆H (∆G) for 10pq 12pq and their energy barriers ∆Ha (∆Ga) at B3LYP/LANL2DZ level of theory. 

 
 

 

Bond lengths (Å)  Mülliken charges Structure 
 No. M-X M-Y X-C C-Y M´-C X-C-Y  M M´ 

∆H (∆G) 
10pq 12pq 

kcal/mol 

∆Ha (∆Ga) 
10pq 11pq 

kcal/mol 

11ca 2.008 3.150 1.376 1.261 1.958 117.9  1.432 -0.410 -1.3 
(0.4) 

0.6 
(2.4) 

11da 2.090 3.114 1.366 1.263 2.067 118.6  1.429 0.197 -0.8 
(-0.13) 

1.0 
(2.3) 

11ab 1.901 3.280 1.348 1.754 1.956 116.3  2.107 -0.280 4.7 
(5.4) 

11.1 
(12.4) 

11bb 1.908 3.267 1.340 1.753 2.064 117.6  1.097 0.275 4.5 
(5.2) 

10.8 
(11.4) 

11cb 2.231 3.174 1.338 1.753 1.964 118.0  1.341 -0.336 0.08 
(-0.26) 

3.4 
(3.8) 

11db 2.125 3.168 1.337 1.755 2.069 118.9  1.336 0.287 -0.92 
(1.3) 

4.1 
(4.3) 
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Figure 5.6: Potential energy diagram for the insertion of heteroallenes to metal-
metal polar bond of ELHB complexes, 9p. 

 
The complexes resulting from the CS2 insertion, 10pc are not a stationary 

point on the potential energy surface and converge into 12pc on geometry 

optimization (not shown in the diagram).  More strain in TiOCO ring due to smaller 

size of titanium and oxygen prevent the formation of 12aa and 12ba.  Conversely 

smaller size of titanium averts the formation of 10ac and 10bc.  The optimal size of 

COS leads to the formation of both bimetallic complexes 10pb and 12pb.  The 

larger size of Zr and hence less strain in the OCS bond angle stabilize 12cb and 

12db more than the corresponding titanium complexes.  The energy barrier for the 

isomerization of COS complexes are high compared to CO2 complexes.  This may 

be due to the greater electron density on oxygen than sulphur for the second 

coordination.  
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[5.4] Conclusions 
 

The mechanism for the insertion of heteroallenes, XCY (CO2, COS, and CS2) 

into metal-metal polar bond (M- M´) of ELHB complexes (NH2)3M-M´(CO)2Cp; 

(where M= Ti, Zr and M´= Fe, Ru) are studied.  The insertion of CO2 and COS into 

the complexes, 9p forms the intermediates, 10pq which undergo isomerization to 

the final products, 12pq through transition states, 11pq.  The size of the early 

transition metal and electron donating capacity of late transition metal have major 

role in the stabilization of the complexes, 10pq and 12pq.  The titanium prefers to 

form more stable complexes, 10pq, while zirconium prefers to 12pq.  It reflects in 

the high stability of the complexes, 10aa and 10ba which do not undergo 

isomerization to 12aa and 12ba.  On the other hand, the complexes, 10pc is not 

stable and converted into the complexes, 12pc on optimization.  The first row late 

transition metal stabilizes the LUMO of XCY which favors the bending more 

effectively than the second row.  This reflects in the more stability of the complexes, 

10pq which have the late transition metal from the first row.  The smaller atomic 

size of Ti and hence more strain in the OCS angle destabilize the complexes, 12ab 

and 12bb more than 10ab and 10bb. 
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