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[1.1] Introduction 

“………….The underlying physical laws necessary for the mathematical 

theory of a large part of physics and the whole of chemistry are thus completely 

known, and the difficulty is only that the exact application of these laws leads to 

equations much too complicated to be solvable.................” – P. A. M. Dirac 

This famous statement by Dirac in the year 19291 regarding the laws of 

chemistry and physics referred mainly to the postulation of the Schrödinger 

equation.2  Over the years, several approximations have been emerged to solve the 

Schrödinger equation.3,4 Subsequently the application of quantum mechanics to 

solve problems in chemistry has been incorporated into efficient computer programs. 

These computational efforts received a critical boost when Hohenberg and Kohn5, 

and Kohn and Sham6, reformulated the Schrödinger equation into density functional 

theory (DFT),7 a theory based on the electron density.  The increase in the 

applications of quantum chemistry has been facilitated by the development of faster 

computers and quantum chemistry softwares.  This branch of chemistry that uses 

computers to assist in solving chemical problems is called computational chemistry. 

 In the begining, the application of computational chemistry was limited to 

small molecules and for computing organic reaction mechanisms.  The 

computational studies on transition-metal chemistry have lagged behind organic 

chemistry due to the requirement of more complicated quantitative wave functions. 

Currently, computational studies to predict the structure, bonding, reactivity and 

reaction mechanism of organometallic complexes have been proved to be an 

essential tool to complement the experimental research.  This thesis deals with the 
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computational study of the structure, bonding and reactivity of transition metal 

organometallic complexes and clusters.  Brief descriptions of the basis of the 

electronic structure methods used in this thesis are given in the following sections, 

followed by an overview of the remaining chapters. 

[1.2] Electronic Structure Methods 

Electronic structure methods are based upon the principles of quantum 

mechanics and employ a variety of mathematical techniques to solve the 

fundamental equations.3,4  This can usually be classified as ab initio, semi-empirical 

and density functional methods. The first method, ab initio, means “from the 

beginning” and uses only the fundamental constants to solve the Schrödinger 

equation.  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 wavefunction based methods, the density functional methods 

calculate the molecular electron probability density and calculate molecular 

electronic energy from density.  The following sections provide an overview of the 

theory underlying ab initio and density functional theory methods. 

[1.2.1] Ab initio Methods  

Ab initio methods are based on the Schrödinger equation.2 The solution to 

Schrödinger equation gives the energy and wavefunction of atoms and molecules.3,4  
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The wavefunction can be used to calculate the electronic distribution that can be 

further used to find the physical properties of the system.   

[1.2.1.1] Schrödinger Equation and Hamiltonian 

The Schrödinger equation describes the behaviour of electrons in atoms and 

molecules.2  The time-independent Schrödinger equation, in its succinct form, can be 

expressed as, 

 

where Η is the Hamiltonian operator for a system of nuclei and electrons, E is the 

total energy and Ψ  is the wave function which defines the system.  The non-

relativistic Hamiltonian operator Η  for any molecule having M nuclei and 

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

 

where Α and B refer to the nuclei and i and j  to the electrons.  Here, m  is the mass 

and r is the position vector of the particles, e  is the electronic charge, Z  is the 

atomic number,   is represented by the Planck’s constant divided by 2π and 2∇  is 

the Laplacian Operator.   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. 

(1.1) Η  = EΨ Ψ

(1.2) 
2 2 2 2 2

2 2

1 1 1 1 1 1
H = 

2 2

M N M N M M N N
A A B

A i
A i A i A B A i j iA i iA AB ij

Z e Z Z e e
m m r r r= = = = = > = >

− ∇ − ∇ − + +∑ ∑ ∑∑ ∑ ∑ ∑∑
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The energy and wave function of a molecule can be obtained by solving the 

Schrödinger equation.3,4  However, it is very difficult to solve the Schrödinger 

equation exactly for any system with more than one electron.  Thus, various degrees 

of approximations using a finite wave function are used for solving the chemical 

problems.  Some of the main approximations are briefly outlined here. 

[1.2.1.2] Born-Oppenheimer Approximation 

The Born-Oppenheimer approximation,8 which was introduced by Max Born 

and J. Robert Oppenheimer in 1927, separates the motion of the electrons in a 

molecule from the motion of the nuclei. The separation is based on the fact that the 

nuclei are much heavier than the electrons and move more slowly.  Hence, to a good 

approximation, the electrons in a molecule can be considered moving in a field of 

fixed nuclei.  Thus, the nuclear kinetic energy term can be neglected and the 

potential for the nuclear-nuclear repulsion can be considered to be a constant.  This 

gives rise to the electronic Hamiltonian Helec , which describes the motion of N 

electrons in the field of M point charges.   

 

Hence, Schrödinger equation for the electronic motion can be written in a compact 

form as, 

 

(1.3) 
2 2 2

2

1 1 1 1
H  = 

2

N M N N N
A

elec i
i A i i j ii iA ij

Z e e
m r r= = = = <

− ∇ − +∑ ∑∑ ∑∑

(1.4) = Eelec elec elec elecΗ Ψ Ψ
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The electronic energy Eelec  and the electronic wave function elecΨ depend 

parametrically on the nuclear coordinates and explicitly on the electronic 

coordinates.  The total energy of the system including the internuclear repulsion is  

 

The spectral studies support the Born-Oppenheimer approximation but it 

fails when nontrivial coupling of electronic and nuclear motion occurs in cases such 

as Jahn-Teller and Renner effects.3,4 Further approximations are required to get 

reliable information on the electronic structure for large molecules.   

[1.2.1.3] LCAO-MO Approximation 

The linear combination of atomic orbital (LCAO) approximation is 

commonly used to construct the trial wave function for a molecule.3,4  In this 

approximation, it is considered that near one nucleus the potential exerted by the 

other nuclei is negligible.  Hence, the nature of the wave function near the nucleus 

must be analogous to the wave function of a hydrogen atom centered at that point.  

Thus, the molecular orbital (Ψ) can be considered as a combination of atomic 

orbitals (φ) centered at each nucleus forming an orthonormal basis.  

 

where ic  is the coefficient of each atomic orbitals φi. 

(1.6) 
1

 = 
n

i i
i

c φ
=

Ψ ∑

(1.5) 
2

1
E = E

M M
A B

tot elec
A B A AB

Z Z e
r= >

+ ∑∑
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[1.2.1.4] Variation Theorem 

The set of molecular orbital (MO) expansion coefficients ci in LCAO 

approximation can be solved using the principles of variational theorem.  According 

to variation theorem for a given system, the exact ground state wave function has the 

lowest expectation value for Η and thus lowest energy E0.  In other words the 

energy calculated using a trial wave function is always greater than or equal to the 

exact ground state energy 0E .3,4 

 

The wave function and ground state energy can be obtained by minimizing 

EΨ with respect to parameters that define the trial wave function Ψ.  For getting 

good approximate ground state energy and wave function, many trial functions have 

to be tried and the lowest value of the variational integral gives the closest 

approximation to 0E  and ground state wave function. 

[1.2.1.5] Hartree-Fock Self Consistent Field Theory 

In the Hartree-Fock theory,3,4,9 each electron is assumed to be moving in the 

field of the nuclei and in the average field of other electrons. As a result, the motion 

of a given electron is considered independent of the actual position of the other 

electrons. It is to be noted that the Hamiltonian operator considering Born-

Oppenheimer approximation (Eq. 1.3) is a sum of three terms.  The first two terms 

depends only on the coordinates of one electron.  This is nothing but a sum of one-

(1.7) 
*

0*
E = E

d

d

τ

τΨ

Ψ ΗΨ
≥

Ψ Ψ
∫
∫
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electron Hamiltonian operators
1

N i
elec

i
h

=
∑ .  The one-electron operator 

i
elech  includes 

kinetic energy of the electrons and the potential energy due to the attractive 

coulombic interaction between the nuclei and electrons. 

 

The third term in the Hamiltonian is the sum of electron-electron repulsions, 

which depends upon the coordinates of two electrons.  The Hamiltonian can thus be 

written as the sum of one- and two- electron terms. 

 

The best approximate solution to the electronic Schrödinger equation is 

given by the variational principle (Eq. 1.7).  It will try to find the wavefunction 

elecΨ that give the lowest possible energy.  Thus, the electronic energy of an 

approximate wave function elecΨ is given by 

 

Now, considering the normalization of the electronic wavefunction, the 

equation 1.10 becomes 

 

Substitution of the electronic Hamiltonian from equation 1.9 leads to  

(1.10) 
*

*
E = 

elecelec elec
elec

elec elec

d

d

τ

τ

Ψ Η Ψ

Ψ Ψ
∫

∫

(1.9) 
2

1 1
H  = 

N N Ni
elec elec

i i j i ij

eh
r= = >

+∑ ∑∑

(1.8) 
2 2

2

12

Mi
A

elec i
Ai iA

Z eh
m r=

= − ∇ − ∑

(1.11) *E = elecelec elec elecdτΨ Η Ψ∫
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Integration of the first term leads to sum of the one-electron energies εi and is 

represented by
2

1
2

N

i
i

ε
=
∑ .  The second integral can be expressed in terms of coulomb 

integral (Jij) and exchange integral (Kij) as 
2 2

1 1
2

N N

ij ij
i j

J K
= =

−∑∑  

where, 

 

The coulomb integral Jij represents the energy of the coulombic interaction 

between an electron in orbital Ψi with an electron in orbital Ψj.  This is a 

destabilization interaction between the electrons and always positive.  The term 

exchange integral Kij arises from the consideration of the electron spin in the 

antisymetric wavefunction.  Hence, the total energy can be represented as 

 

The corresponding operator for this energy expression is called the Fock 

operator ( F ).  The energy and wave function are determined by solving the 

following Hartree-Fock equation, 

 

(1.13) * *
1 2

12

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

υ υΨ Ψ Ψ Ψ
⎛ ⎞
⎜ ⎟
⎝ ⎠

∫

 (1.16) = 1, 2,3,...........,i i iF i NεΨ Ψ =

(1.15) 
2 2 2

1 1 1
E = 2 2

N N N

elec i ij ij
i i j

J Kε
= = =

+ −∑ ∑∑

(1.12) 
2

* *

1 1
E = 

N N Ni
elecelec elec elec elec elec

i i j i ij

eh d d
r

τ τ
= = >

⎧ ⎫⎧ ⎫ ⎪ ⎪Ψ Ψ + Ψ Ψ⎨ ⎬ ⎨ ⎬
⎩ ⎭ ⎪ ⎪⎩ ⎭
∑ ∑∑∫ ∫

(1.14) * *
1 2

12

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

υ υΨ Ψ Ψ Ψ
⎛ ⎞
⎜ ⎟
⎝ ⎠

∫
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The simple approximate form for molecular wavefunction can be represented 

as linear combination of atomic orbital (LCAO). 

 

Now, introducing the LCAO approximation into the Hartree-Fock equation 

(1.16) we get,  

 

Multiplication of equation 1.18 by φν
* and then integrating over all space leads to  

 

Here, Fνυ and Sνυ are defined as the following integrals  

 

To obtain a nontrivial solution to equation 1.19 i.e. a solution for which the 

values of the coefficients cυi are non zero, the term ( )
1

F S  
K

iνυ νυ
υ

ε
=

−∑  must be equal to 

zero.  This leads to K equations known as Secular equations and the corresponding 

determinant is called Secular Determinant.    

(1.20) *F F dνυ ν υφ φ τ= ∫

 (1.17) 
1

 = 
K

i icυ υ
υ

φ
=

Ψ ∑

(1.18) 
1 1

= 
K K

i i iF c cυ υ υ υ
υ υ

φ ε φ
= =

∑ ∑

 (1.19) ( )
1

F S  = 0
K

i icυ νυ νυ
υ

ε
=

−∑

(1.21) *S dνυ ν υφ φ τ= ∫
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The solution of equation 1.22 gives a set of K energy values, ε1, ε 2, ε 3,…, εΚ 

and a set of K wave functions,  1 2, ,..., KΨ Ψ Ψ . The equation is not linear and must 

be solved iteratively.  The solution to the equation begins with the initial guess for 

the molecular wave function Ψi (Eq. 1.17).  This requires selection of a set of basis 

functions φυ and a set of guesses for the initial values of the coefficients cυi.  These 

are used to obtain a set of values for the εi. These values for the εi are then 

substituted into the secular equation 1.22 and a new set of values for the coefficients 

cυi are obtained.  This iterative process is continued until the variations in the values 

of the εi and the cυi from one cycle to the next fall below a threshold.   The resulting 

values for the  cυi are used to obtain the wave function Ψi that minimize the value of 

energy εi.  The procedure is called Self Consistent Field (SCF) method. 

[1.2.1.6] Electron Correlation 

The Hartree-Fock (HF) theory takes into account an average effect of 

electron repulsion, but not the explicit electron-electron interactions.  This indicates 

that 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. However, in reality, the movement of electrons is influenced by the 

repulsion from individual electrons and it will affect the probability of finding one 

(1.22) 

11 1 11 12 1 12 1K 1 1K

21 2 21 22 2 22 2K 2 2K

K1 K1 2 2

F S F S ... F S
F S F S ... F S

 = 0
...

F S F S ... F SK K K K KK K KK

ε ε ε
ε ε ε

ε ε ε

− − −
− − −

− − −
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electron at a particular region near other electrons.  If we consider the effect of 

explicit electron-electron repulsions into the calculation, we can improve the energy 

and the wavefunction of a system.  This is known as electron correlation.10  The HF 

energy can be improve with larger and more complete set of basis functions.  

However, the larger and complete basis sets can lower the HF energy to a limit 

called Hartree-Fock limit.3,4  The difference between the exact non-relativistic 

ground state energy Enonrel and the Hartree-Fock limit energy EHF is called the 

correlation energy ( Ecorr ). 

 

The three common methods which incorporate electron correlation viz. 

Møller-Plesset Perturbation theory,11 Configuration Interaction,12 and Coupled 

Cluster Theory13 are discussed in the following sections.  These calculations begin 

with a HF calculation and then correct for the correlation. 

[1.2.1.6.1] Møller-Plesset Perturbation Theory 

The electron correlation in Møller-Plesset Perturbation (MP) theory can be 

accounted for by treating the real molecule as a perturbed system.  This method 

takes the sum of the one electron HF operator as the zeroth order unperturbed 

Hamiltonian 
(0)

Η and is very close to the exact Hamiltonian Η . The energy and the 

wave functions of the Hamiltonian 
(0)

Η can be systematically improved by a 

parameter λ associated with the perturbating operator (
(1)

Η ).  Within the limit of 

(1.23) E = E Ecorr nonrel HF−
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perturbation theory the perturbation 
(1)

Η is presumed to be relatively small compared 

to the unperturbed Hamiltonian. 

 

In this method, the perturbed wave function and perturbed energy are 

expressed as a power series in λ 

 

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

order (MP1), 2nd order (MP2), 3rd order (MP3) and so on.  The 1st order energy 

correction is nothing but HF energy.11   

[1.2.1.6.2] Configuration Interaction Method 

A configuration interaction (CI) wave function is constructed from the HF 

wave function and adding new determinants that represent promotion of electrons 

from the occupied to virtual orbitals.  The actual wave function of the system is a 

linear combination of these Slater determinants that corresponds to different 

electronic configurations.  

Configuration interaction methods are classified by the number of excitations 

used to create 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 

(1.24) (0) (1)
 = λΗ Η + Η

(1.26)(0) (1) 2 (2)E = E E Eλ λ+ + + ⋅⋅⋅⋅⋅⋅⋅⋅

(1.25)(0) (1) 2 (2) = λ λΨ Ψ + Ψ + Ψ + ⋅⋅⋅⋅⋅⋅⋅ ⋅
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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.12  However, full CI calculations are possible only 

for small molecules.  

[1.2.1.6.3] Coupled Cluster Theory 

Here, the correlated wave function is expressed as a sum of the HF ground 

state determinant and determinants representing the promotion of electrons from this 

state to the virtual MOs.  However, unlike CI, this sum of the determinant is 

constructed by operating a series of excitation operators ( Τ ) on the HF wave 

function. 

 

where 1 2=Τ  Τ + Τ + ⋅⋅⋅⋅ ⋅ ⋅  

 The operators 1 2, ,Τ Τ ⋅⋅⋅⋅ ⋅ ⋅ represent promotion of one, two,… number of 

electrons into virtual orbitals.  The different coupled cluster methods are named as 

coupled cluster doubles (CCD), coupled cluster singles and doubles (CCSD), etc 

depending upon how many terms are included in constructing the excitation 

operator.13   

 

(1.27)  = T
HFeΨ Ψ
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[1.2.2] Basis Set 

For performing any quantum mechanical calculation the molecular orbitals 

ψi  are considered as the linear combination of a given set of functions φi, called 

basis sets.3,4 

 

These basis functions φi contain a radial ( )R nl r  and angular part ( )Ylm θϕ .    

The angular function ( )Ylm θϕ  commonly known as the spherical harmonics, which 

contains all the angular information needed to describe the wave function.  The 

different types of basis functions differ in the radial function Rnl(r).  

One such basis functions is the Slater Type Orbitals (STO).14  The atomic 

orbitals (AO) can be always represented by Slater type functions which have 

exponential radial parts.  The radial part of a STO with principal quantum 

number n can be represented in the form 

 

where, ξ  is the orbital exponent.  STOs can be used as basis functions for more 

accurate solutions for small atoms and molecules.  Sometimes two or more numbers 

of STOs are used to improve the accuracy.  The many-centre two-electron integrals 

involving STOs are rather difficult to evaluate which require numerical integration 

techniques and are very computational time consuming.  This problem can be 

overcome to some extent by the use of Gaussian type functions introduced by 

(1.29) ( ) 1 ( )R n r
nl r r e ξ− −∝

(1.28) 
1

= 
N

i i i
i

Cψ φ
=
∑
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Boys.15  These gives easily integrable poly electronic functions.  The very 

commonly used Gaussian Type Orbital (GTO) has the radial function in the form 

 

The main disadvantage of the Gaussian function is that it does not adequately 

describe 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, more number of GTOs with different orbital exponents are used to fit the 

atomic orbitals.  Depending upon the number of Gaussian functions used to describe 

an orbital, the basis set can be termed as minimal basis set, double zeta (DZ), triple 

zeta (TZ) basis set and so on.  Since mainly valence orbitals are involved in 

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

by increasing the number of GTOs only for the valence orbitals.  This results in split 

valence basis sets.   

However, to maintain the same degree of accuracy with less computational 

cost the Gaussian functions can be contracted to form contracted Gaussian type 

orbitals.  In this procedure, the number of GTOs remains the same but the number of 

variational coefficients reduces drastically.  These GTOs are then referred as 

primitives and the resulting functions as the contracted Gaussians functions.  The 

contraction can be expressed as follows 

 
(1.31) 

1
= 

Q

i ip p
p

D gφ
=

∑

(1.30) ( ) 21 ( )R n r
nl r r e α− −∝
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where, Dip are the coefficients within a given basis set and gp are the primitive 

GTOs.   

Further improvement of the basis set could be made by including 

polarization and diffusion functions.  The basis sets, which add basis functions 

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.   

Computations involving heavier atoms are relatively difficult than those 

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

increasing number of two electron integrals to be evaluated.  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 by an average potential.  The 

valence electrons can be described by appropriate basis functions.  A commonly 

used pseudo potential is the Effective Core Potential (ECP)16 and is of the general 

form, 

 

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

(1.32) ( ) 2( )ECP = i i

k
n r

i
i

r C r e α−∑
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because it reduces the number of basis functions.  ECP also makes room for the 

incorporation of relativistic effects. 

[1.2.3] Density Functional Theory 

Density Functional Theory (DFT)7 simplifies the many body problem in 

wavefunction based methods by using with the electronic charge density ρ as 

fundamental variable rather than the wavefunction. Thus, for N electrons system the 

basic variable ρ depends only on the three spatial coordinates rather than the 

intractable 3N spatial coordinates and N spin coordinates required to describe the 

many-body electronic wave function.  Here, the many-body problem of calculating 

electron-electron interaction energy is transformed into single-body problem, 

without explicitly calculating the electron-electron interaction energy.  This is done 

by using ground state density 0ρ  and the single particle wave function.   

Hohenberg and Kohn established the connection between the electron 

density and the many-electron Schrödinger equation. They (HK-I theorem)5 showed 

that all the properties of a molecular system can in principle be deduced from the 

electronic density function of the system. The ground state energy is thus a 

functional of ground state electron probability density 0ρ . 

 

Similarly, the ground-state wave function (Ψ0) for a system is a functional of the 

ground state electron density 0ρ . 

(1.33) ( )0 0E = rε ρ⎡ ⎤⎣ ⎦
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Thus, the number of electrons, (N) can be determined from the ground state electron 

density 0ρ as 

 

The HK-II theorem5 states that for every trial density function ( )rρ  that 

satisfies the equation 1.35 for total number of electrons and ( ) 0rρ ≥  for all r, the 

following inequality holds. 

 

In other words, if some density represents the correct number of electrons of the 

system, the total energy calculated from this density cannot be lower than the true 

energy of the ground state. 

 Kohn and Sham proposed a method for minimization of energy functional, 

[ ]( )E rρ known as Kohn-Sham (KS) method.6 According to this, the total-energy 

functional can be written in terms of electron density as 

 

where T[ρ(r)], U[ρ(r)] and V[ρ(r)] are the functionals for the electronic kinetic 

energy, electron-electron interaction energy and potential energy for interaction 

between electron and nuclei, called as external potential υ(r).  The potential energy 

in the given potential υ(r) is given by, 

(1.37) [ ] [ ] [ ] [ ]E ( ) = T ( ) U ( ) V ( )r r r rρ ρ ρ ρ+ +

(1.36) [ ]0 ( )E E rρ≤

(1.35) 3
0 ( )N =  r d rρ∫

(1.34) ( )0 0= rψ ρ⎡ ⎤Ψ ⎣ ⎦
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The minimization of the energy functional [ ]( )E rρ  with respect to ( )rρ  in principle 

will lead to the ground state energy of the system.   

The KS method considers a reference system of non-interacting electrons to 

approximate the kinetic energy T[ρ(r)] and electron-electron interaction U[ρ(r)] 

functionals.  According to this assumption, the kinetic energy Ts[ρ(r)] and electron-

electron interaction Us[ρ(r)]  for the reference system are exactly known.  Therefore, 

the kinetic energy T[ρ(r)] and electron-electron interaction U[ρ(r)] functionals can 

be expressed as,   

 

where ∆T[ρ(r)] and ∆U[ρ(r)] are the difference in average electronic kinetic energy 

and electron-electron repulsion terms in comparison to the non-interacting reference 

system.  Thus, substituting V[ρ(r)], T[ρ(r)] and U[ρ(r)] from Eq. 1.38, 1.39 and 

1.40, to the total-energy functional in Eq. 1.37 gives 

 

Here, the unknown terms are [ ( )]T rρ∆  and [ ( )]U rρ∆  and the sum of these terms is 

called the exchange-correlation functional, Exc[ρ(r)]. 

 
(1.42) [ ]E ( ) = [ ( )] [ ( )]xc r T r U rρ ρ ρ∆ + ∆

(1.40) [ ]U ( ) [ ( )] [ ( )]sr U r U rρ ρ ρ= + ∆

(1.38) [ ] 3V ( ) ( ) ( )r r r d rρ υ ρ= ∫

(1.39) [ ]T ( ) [ ( )] [ ( )]sr T r T rρ ρ ρ= + ∆

(1.41) [ ] 3E ( ) = [ ( )] [ ( )] [ ( )] [ ( )] ( ) ( )s sr T r T r U r U r r r d rρ ρ ρ ρ ρ υ ρ+ ∆ + + ∆ + ∫
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It can also be written as sum of the exchange and correlation functionals. 

 

where Ex[ρ(r)] is due to the Pauli principle (exchange energy) and Ec[ρ(r)] is due to 

correlations.  The accuracy of Kohn-Sham (KS) method depends on the quality of 

this exchange-correlation functional, [ ]E ( )xc rρ .   

DFT in principle gives a good description of ground state properties but the 

practical applications are based on approximations for the exchange-correlation 

functional, [ ]E ( )xc rρ .  Solving the exact exchange-correlation would solve the 

many-body problem exactly, which is not feasible in practice and thus require 

approximation.  Some of the popular approximations are described below.   

[1.2.3.1] Local Density Approximation (LDA) 

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

correlation energy is taken to be that of the homogenous electron gas density at that 

point.  When the density ρ varies with position extremely slowly then the energy 

functional [ ]E ( )LDA
xc rρ  can be expressed as, 

 

[ ( )]LDA
xc rε ρ  is the exchange-correlation energy density of homogenous electron gas 

with electron density ρ .   

(1.44) [ ] 3E ( ) = [ ( )]LDA LDA
xc xcr r d rρ ε ρ∫

(1.43) [ ] [ ] [ ]E ( ) = E ( ) E ( )xc x cr r rρ ρ ρ+
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[1.2.3.2] Local Spin-Density Approximation (LSDA) 

Unlike LDA, LSDA allows electrons with different spins to occupy different 

spatial orbitals.  Hence, for open-shell molecules and molecular geometries near 

dissociation LSDA works better than LDA.  Here, the exchange correlation energy 

is given by 

 

[1.2.3.3] Generalized Gradient Approximation (GGA) 

The LDA and LSDA use the exchange-correlation energy for the uniform 

electron gas at every point in the system regardless of the real charge density.  For a 

system of non-uniform charge density the exchange-correlation energy can deviate 

significantly from the uniform result. This deviation can be expressed in terms of the 

gradient and higher spatial derivatives of the total charge density. The GGA 

estimates the contribution of each volume element based on the magnitude and 

gradient of the electron density within that element.  This can be achieved by 

expressing the energy functional with more general functions of ρ(r) and ∇ρ(r).  

Such energy functionals are of the general form 

 

Different GGAs differ in the choice of the functions ρ and ∇ρ. 

 

(1.46) 3( ), ( ), ( ), ( )E ( ), ( ) =GGA GGA
xc xc r r r rr r d rα β α β α αερ ρ ρ ρ ρ ρ∇ ∇⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦∫

(1.45) 3( ), ( )E ( ), ( ) = LSDA LSDA
xc xc r rr r d rα β α βερ ρ ρ ρ⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦∫
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[1.2.3.4] Hybrid Functional  

The hybrids functional are constructed by mixing the certain percentage of 

Hartree-Fock exchange with exchange and correlation from DFT exchange-

correlation functional. Different hybrid functionals are available based on the 

approximations to the exchange and correlation functionals.   The commonly used 

functional in this thesis is the hybrid functional B3LYP.17a-c  This is a combination 

of the Lee-Yang-Parr GGA for correlation and Becke’s three-parameter hybrid 

functional B3 for exchange.  The hybrid functional B3 is a linear combination of a 

fraction of Hartree-Fock exchange and the DFT exchange functional.  

 

where a0 = 0.20, ax = 0.72 and ac = 0.81 are the three empirical parameters 

determined by fitting the predicted values to a set of atomization energies, ionization 

potentials, proton affinities and total atomic energies. 

[1.3] Theoretical Methods Used in the Thesis 

The level of theory used in this thesis for computations is the hybrid HF-

DFT method, B3LYP17a-c and LANL2DZ17d-f basis set with the effective core 

potentials of Hay and Wadt.  Frequency calculations were carried out at the same 

level of theory to characterize the nature of the optimized structures.  Gaussian 03 

program package is used for the calculations.18  In some cases, single point energy 

calculation at higher level is performed for verification.  These cases are mentioned 

in detail in the appropriate chapters.  

(1.47) 3
0E E (E E ) (E E ) (E E )B LYP LDA HF LDA GGA LDA GGA LDA

xc xc x x x x x c c ca a a= + − + − + −
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[1.4] Overview of the Thesis 

The remaining four chapters of the thesis are organized as follows.  In the 

second and third chapters of thesis, the reactivity of the cationic Fe-borylene 

complex toward metathesis, β-hydride transfer and insertion reactions are described.  

The structure and bonding of mono and dinuclear metallacycles of Cp2Ti and Cp2Zr 

with C2-cumulenes (HNCCNH and OCCO) are studied in the fourth chapter. In the 

last chapter, a total valence electron count for the condensed transition metal clusters 

has been proposed which establishes the missing link between the electron count for 

condensed boranes (mno rule), and transition metal clusters (Mingos’ rule).  

[1.4.1] Chapter 2: Reactivity of Cationic Terminal Fe-Borylene Complex: 
Mechanism for Boron Metathesis 

Transition metal borylene complexes have received significant attention in 

the recent years, which is partially attributed to the similarities with classical 

organometallic ligand systems such as Fischer carbenes and vinylidenes. Recently 

metathesis reactions of the transition metal aminoborylene complex 

[Cp(CO)2FeBN(i-Pr)2]+(BArf
4)- (Arf = 3,5-(CF3)2C6H3) (1a) with AX (2), where A = 

Ph3P, Ph3As; X = O, S, were reported by Aldridge and co-workers (Scheme 1.1a).19 

It led to the isolation of [Cp(CO)2Fe(A)]+(BArf
4)- (3) and (i-Pr)2NBX (4). The 

reaction of Ph2CO with 1a, however, does not follow the metathesis pathway; the 

ligand transformation process, Meerwein−Ponndorf β-hydride transfer from an 

isopropyl substituent of the aminoborylene ligand to the coordinated ketone, takes 

place instead (Scheme 1.1b).20     
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Scheme 1.1: Schematic Representation of the Reactions of 1a (a) Metathesis 
Reaction with AX (b) β-Hydride-Transfer Reaction with Ph2CO.  

Obviously, not all unsaturated substrates are suitable to undergo metathesis 

with the borylene complex. This raises many interesting questions about the details 

of the reaction, the characteristics of the metal-borylene complex, and the 

unsaturated substrates likely to undergo boron metathesis.  The analysis21 shows that 

boron metathesis proceeds via the initial attack of the substrates at the positively 

charged boron atom of the metal-borylene complex and forms the more preferable 

acyclic intermediate.  On the contrary, the attack of the olefin takes place at the 

metal end of the M=C bond of the metal-carbene complex in olefin metathesis and 

proceeds via [2+2] cyclo-addition. The energetics of boron metathesis and olefin 

metathesis reactions are comparable.  Substrates which are polar and have low-lying 

σ*-MO (weak σ-bond) prefer boron metathesis reaction.  The relative stability of the 

metathesis products is controlled by the strength of the M-E and B-X bonds of the 

products (Scheme 1.1a).  The β-hydride transfer (Scheme 1.1b) is a competitive 

reaction to boron metathesis for the substrates having low-lying π*-MO.  The 

metathesis reactions of the Fe-borylene complex with various substrates indicate the 

role of polarity in tuning the reaction in a preferred direction. 
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[1.4.2] Chapter 3: Reactivity of Cationic Terminal Fe-Borylene Complex 
toward Carbodiimide and Isocyanate: Insertion versus Metathesis 
Reactions 

In contrast to boron metathesis, the reaction of the borylene complex 1a, or 

its dicyclohexylamino counterpart [CpFe(CO)2(BNCy2)]+ (1b) with 

dicyclohexylcarbodiimide (CyNCNCy) gives an insertion product, in which two 

equivalents of carbodiimide are assimilated, one into each of the Fe=B and B=N 

double bonds to form the spirocyclic complexes 5a,b (Scheme 1.2a).22 On the other 

hand, the reaction of isocyanates (R'NCO; R' = Ph, 2,6-Xyl, Cy) with 1b gives an 

entirely different type of product i.e. [CpFe(CO)2(CNR')]+ (6) via a net oxygen 

abstraction process from the heteroallene precursor (Scheme 1.2b).23  To rationalize 

the difference in the reactivity of  1a and 1b toward carbodiimide and isocyanates, 

mechanistic study has been carried out. 
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Scheme 1.2: Schematic Representation of the Reactions of 1a,b (a) Insertion 
Reaction with CyNCNCy and (b) Oxygen atom abstraction Reaction with R′NCO. 

It has been shown24 that both carbodiimide and isocyanate substrates prefer 

insertion into the Fe=B bond rather than the B=N bond of the borylene complex. In 

case of isocyanates, the net metathesis reaction is a competitive pathway to 
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insertion. The metathesis pathway is facile for isocyanate substrates if initial 

coordination at the boron atom occurs via the oxygen atom (kinetically favored).  

Insertion chemistry is feasible when the isocyanate attacks initially via the nitrogen 

atom. However, further reaction of the mono-insertion product so formed with 

excess isocyanate offers a number of facile (low energetic barrier) routes to 

[CpFe(CO)2(CNR')]+ (6) rather than to the formation of the bis-insertion product 

[CpFe(CO)2C(NR')(O)B(NR')(O)CNR2]+ (R' = Ph, 2,6-Xyl, Cy) (i.e. the direct 

analogue of the observed products (5a,b) from the carbodiimide reaction). 

Moreover, the presence of a number of facile competing reaction pathways for the 

formation of the final isonitrile products (6) indicate that the product distribution is 

better explained in terms of competing pathways, rather than differing extents of 

reaction along similar trajectories. 

[1.4.3] Chapter 4: Structure and Bonding in Mono and Dinuclear Metallacycles 
of Cp2M (M = Ti, Zr) with C2-Cumulenic Ligands XCCX (X = O, NH): 
Comparison with Metallacycles of 1,2,3-Butatriene and 1,3-Butadiyne 

The unstable 14-electron titanocene Cp2Ti and zirconocene Cp2Zr have been 

playing a vital role in the synthetic organometallic chemistry,25 olefin 

polymerization, 26 organometallic chemical vapour deposition,27 C-C coupling and 

cleavage reactions.28, 29  The carbene-type frontier orbitals of Cp2M (M = Ti, Zr) 

help in the reaction with unsaturated compounds such as 1,3-butadiynes and 1,2,3-

butatrienes to form several mono and binuclear metallacycles.30, 31  The structure and 

reactivity of these complexes are well studied both experimentally and theoretically. 

However, similar three and five membered 2,5-dihetero-substituted metallacycles 

are not reported yet. On the other hand, binuclear complexes of 2,5-dihetero 
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substituted metallacycles have been reported in the literature.32  The structure and 

boding in the mono and binuclear metallacycles of Cp2M (M = Ti, Zr) with C2-

cumulenes XCCX (X = O, NH) is investigated in this chapter (Scheme 1.3).   

1MX 2MX 4MX3MX 5MX  

Scheme 1.3: Schematic representation of the mono and dinuclear complexes of 
Cp2M (M = Ti, Zr) with XCCX (X = O, NH, CH, CH2).  [M] represents Cp2M 
fragment. 

The bonding analysis on the C2-cumulene ligands indicates that the ligand 

OCCO can be described as dianion of 1,3-butadiyne and the ligand HNCCNH as 

similar to 1,2,3-butatriene, where terminal CH2 groups are replaced by isolobal NH 

groups having lone pair.  The number of filled in plane π MOs are same in all these 

four C2-cumulenic ligands, but the two hetero-cumulenic ligands have two 

additional electrons in the perpendicular π MO.  The ligands H2CCCCH2 and 

HNCCNH can interact with the Cp2M fragment through the terminal C-X (X = CH2, 

NH) as well as central C-C π bond to form three membered metallacycles 1MX and 

2MX (Scheme 1.3).  On the other hand, three membered metallacycle 2MX are not 

the stationary points on the potential energy surface for the ligands OCCO and 

HCCCCH.  The interaction of the in-plane π MOs in 3ZrO and 3MNH is similar to 

that of the metallacyclocumulene and metallacyclopentyne.  However, the anti-

bonding interaction in the third filled perpendicular π MO results in distortion of the 
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five membered ring of 3ZrO and 3MNH.  The relative stability of the five 

membered metallacycle 3MX as compared to three-membered metallacycle 1MX 

increases when X changes from O to CH2.  This trend is more pronounced in Zr 

complexes due to the bigger size of Zr.  All the cis- binuclear complexes except 

4MCH are non-planar and the bending of the metallocene fragments from the plane 

of XCCX are larger for X = NH and O.  The rehybridization of the in-plane and 

perpendicular π MO probably results in the bending of the two metallocene 

fragments in 4MX with respect to XCCX plane.  Unlike the cis-dimetallabicycles, 

the two Cp2M fragments in 5MX are in the same plane with respect to XCCX 

ligand. 

[1.4.4] Chapter 5: mno Rule for Condensed Boranes versus Mingos’ Rule for 
Condensed Transition Metal Clusters: The missing link  

In this chapter, the topographic and electronic similarities between the poly-

condensed transition metal clusters and polyhedral borane clusters are investigated 

with the help of electron-counting rules.33-41  The correlation between the electron 

count for the polyhedral boranes (Wade’s n + 1 rule)37 and for the transition metal 

clusters (PSEPT, 7n + 1 rule)38 can be understood from the isolobal analogy between 

BH and transition metal fragments.  The relationship between the electron count of 

poly-condensed polyhedral boranes (mno rule)39 and poly-condensed transition 

metal clusters (Mingos’ rule)41a,b is not straightforward.  The mno rule for condensed 

boranes and Mingos’ rule for transition metal clusters are based on different sets of 

parameters and thus one to one correspondence between these two rules is missing.  

In this chapter, a total valence electron count for the condensed transition metal 
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clusters is proposed which establishes the missing link between the electron count 

for condensed boranes (mno rule), and transition metal clusters (Mingos’ rule).  

According to this rule, m + n + o + 6n - 3(m - 1) = 7n - 2m + o +3 (n = number of 

vertices, m = number of polyhedra, o = number of single vertex sharing) number of 

electron pairs are necessary for the stability of closo polycondensed transition metal 

clusters.  The additional electron pairs required for nido and arachno polyhedra, one 

and two respectively, are to be added separately.  Comparison of this electron count 

with Mingos’ rule gives a relation between ns (number of shared vertices), yb 

(number of bonds between the shared atoms) and m (number of polyhedra) as yb = 

2ns - 3(m - 1) + o.  The rule is also extended as m + n + o + p + 6x - xs/ns{3(m - 1)}, 

(where x = number of transition metals, xs = number of shared transition metals and 

ns = number of shared atoms) to the incorporate the electron counts of the 

metallaboranes.  This rule converts to mno rule (where x = xs = 0) for condensed 

boranes and 7n - 2m + o + 3 rule (where x = n, xs = ns) for condensed transition 

metal clusters.   
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Abstract 
 
 

 
The mechanism of the boron metathesis reaction of the transition-metal-

aminoborylene complex Cp(CO)2FeBN(CH3)2
+ (8) with EX, where EX = H3PO (9ap), 

H3AsO (9bp), H3PS (9aq), H3AsS (9bq), CH3CHCH2 (9cr), (NH2)2CCH2 (9dr), H2CO 

(9ep), and (NH2)2CO (9dp) was investigated at the B3LYP/LANL2DZ level. The 

analysis of bonding and charge distribution shows that the Fe-borylene complex (8) is a 

Fischer-type carbene analogue. The attack of the olefin takes place at the metal end of 

the M=C bond of the metal-carbene complex in olefin metathesis and proceeds via [2 + 

2] cycloaddition, while in boron metathesis, the initial attack of the substrates takes 

place at the positively charged B atom of the Fe-borylene complex and forms the 

preferred acyclic intermediate. The energetics of boron metathesis is comparable to that 

of the olefin metathesis. Substrates that are polar and a have low-lying σ* molecular 

orbital (weak σ bond) prefer the boron metathesis reaction. The relative stability of the 

metathesis products is controlled by the strength of the Fe-E and B-X bonds of the 

products 13 and 14, respectively. The possibility of a β-hydride-transfer reaction in the 

Fe-borylene complex has also been investigated. 
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[2.1] Introduction  

It is fascinating to compare and contrast the chemistry of the two adjacent 

elements in the periodic table, boron and carbon.1 Differences among them are 

plentiful. Carbon provides the basic structural framework for life, while boron is 

needed only in trace quantities to sustain it. Compounds of carbon provide the best 

examples for two-center, two-electron bonding. In contrast, boron and its 

compounds ushered in multicenter bonding. Despite these differences, there are 

several aspects common to both carbon and boron.2-5 Advances in the chemistry of 

one element in a particular direction, however, can go faster than those of the other. 

Hydroboration, for example, was discovered in 1948 and led to a Nobel Prize for H. 

C. Brown.2 It took another 30 years for hydrocarbation to be established.3  

Olefin metathesis,4 discovered in 1967, provides a reverse scenario. The 

versatility of the metathesis reaction in chemistry is recognized by the award of 2005 

Nobel Prize to Robert Grubbs, Richard Schrock and Yves Chauvin.6 The metathesis 

reactions involving atoms such as Si,7 S8, Ga,9 and N10 have been slowly coming to 

light. There are limited examples of metathesis involving MeB=C(SiMe3)2,11 and 

these metathesis reactions proceed through [2 + 2] cycloaddition and the 

regiospecificity is decided by the polarity of both B=C and the attacking double 

bonds. Despite the fact that there are several transition-metal-borylene complexes 

known,12 no metathesis reactivity studies on those complexes have been reported to 

date. Even though there is a close relationship between transition-metal-borylene 

complexes and metal-carbene complexes, most of the earlier studies of the reactivity 

of borylene complexes toward unsaturated substrates containing C=C and C=O 
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bonds have shown the borylene ligand to undergo a displacement reaction13 rather 

than the cycloaddition or metathesis reactions, which are commonly observed in 

metal-carbenes. Recently, metathesis reactions of the transition-metalaminoborylene 

complex [Cp(CO)2FeBN(i-Pr)2]+(BArf
4)- (Arf = 3,5-(CF3)2C6H3) (1) with AX (2), 

where A = Ph3P, Ph3As; X = O, S, were reported by Aldridge and co-workers 

(Scheme 2.1a).14 It led to the isolation of [Cp(CO)2Fe(A)]+(BArf
4)- (4) and (i-

Pr)2NBX (5). An addition-substitution pathway through intermediate 3 (Scheme 

2.1a) was suggested for the reaction. The amino(oxo)boryl intermediate 

Cp(CO)2FeBN(i-Pr)2OPPh3
+ (3, where A = Ph3P, X = O) was isolated for the 

reaction of Ph3PO and the Fe-borylene complex 1.  

The reaction of Ph2CO with 1, however, does not follow the metathesis 

pathway; a ligand transformation process, Meerwein-Ponndorf β-hydride transfer 

from an isopropyl substituent of the aminoborylene ligand to the coordinated ketone, 

takes place instead (Scheme 2.1b).15 Obviously, not all unsaturated substrates are 

suitable to undergo metathesis with the borylene complex. This raises many 

interesting questions about the details of the reaction, the characteristics of the 

metal-borylene complex and the unsaturated substrates likely to undergo boron 

metathesis. It will also be intriguing to probe the detailed mechanism and the 

energetics of the boron metathesis reaction. These questions are especially attractive 

in view of the interest in finding parallels in the chemistry of boron and carbon1b-f,3b 

and prompted the study of these reactions using the model borylene complex 

Cp(CO)2FeBN(CH3)2
+ (8) with the unsaturated substrates H3PO (9ap), H3AsO 

(9bp), H3PS (9aq), H3AsS (9bq), CH3HCCH2 (9cr), (NH2)2CCH2 (9dr), H2CO 
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(9ep) and (NH2)2CO (9dp) (Scheme 2.2). The boron metathesis reaction of the 

derivative of the first three substrates with the Fe-borylene complex (1) is observed 

experimentally. The substrates 9cr, 9dr, 9ep and 9dp were chosen so that the 

reactivity of the Fe-borylene complex toward alkenes and carbonyl compounds 

could be examined. 
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Scheme 2.1: Schematic representation of the reactions of 1: (a) metathesis reaction 
with AX and (b) β-hydride-transfer reaction with Ph2CO. 

[2.2] Computational Details 

All structures were optimized using the hybrid HF-DFT method, 

B3LYP/LANL2DZ, based on Becke’s three-parameter functional including the 

Hartree-Fock exchange contribution with a nonlocal correction for the exchange 

potential proposed by Becke16,17a,b together with the nonlocal correction for the 

correlation energy suggested by Lee et al.16,17c The LANL2DZ basis set uses the 



Boron Metathesis 

 48 

effective-core potential of Hay and Wadt.16,18 The nature of the stationary points was 

characterized by vibrational frequency calculations. The Gaussian03 program 

package was used in this study.19 The charge distributions were obtained by NBO 

analysis.20  
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Scheme 2.2: Schematic representation of the mechanism of boron metathesis and β-
hydride-transfer reaction of the Fe-borylene complex 8 with EX. 

Scheme 2.2 shows the numbering used. The structures are numbered using 

Arabic numerals. The various substrates (EX) are represented by the combination of 

two letters. E is represented by five letters (a = H3P, b = H3As, c = CH3CH, d = 

(NH2)2C and e = H2C) and X is represented by three letters (p = O, q = S and r = 

CH2). For example, 10ap describes structure number 10 in which the substrate (EX) 

attached to the Fe-borylene complex is H3PO, which will correspond to the entry 

under row a and column p in scheme 2.2. The structure numbers 13a and 14p, for 

example, represent the final metathesis products where a corresponds to H3P and p 

corresponds to O. 
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[2.3] Results and Discussion 

The reactants for olefin metathesis are metal-carbene complexes and olefins, 

while metal-borylene complexes and polar substrates are the reactants for boron 

metathesis.  Though the structure and bonding of borylene complexes are described 

in the literature,12d,15,21 a brief recapitulation for the Fe-borylene complex 

Cp(CO)2FeBN(CH3)2
+ (8) is given in order to understand the reaction. The details of 

the mechanism of the metathesis reaction obtained from the theoretical calculations 

are discussed next, followed by the competitive β-hydride transfer reaction. Even 

though the aminoborylene complex is formally isolobal to the vinylidene complex,5 

the more general carbene complex for olefin metathesis was taken as the reference 

for comparison. 

[2.3.1] Electronic Structure of the Fe-Borylene Complex Cp(CO)2FeBN(CH3)2
+  

All the theoretical studies on metal-borylene complexes show that the metal-

boron bond is formed by the σ donation from the boron to the metal and the π back-

donation from the metal to boron.12d,15,21 The calculated geometrical parameters of 

the Fe-borylene complex are close to the experimentally reported values (Table 

2.1).14 It is possible to anticipate from the difference in the electronegativity of the B 

and Fe atoms that the Fe-borylene complex 8 is a Fischer-type carbene analogue 

with a polarization of charge, making Fe the negative end. The analysis of natural 

charge distribution on the Fe-borylene complex 8 shows negative charge on Fe (-

0.38) and positive charge on B (+0.95). The charges on the fragments, +0.34 on 

Cp(CO)2Fe and +0.66 on BN(CH3)2, also indicate the electropositive nature of B as  
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Table 2.1: Important bond lengths (in Å) of all the molecules.  Experimental values 
are given in parenthesis. 
 

Bond distance (Å) 
Molecule 

Fe-B B-N B-X E-X M-E 
8 1.861 

 (1.859)
1.355 

 (1.324)
- - - 

9ap - - - 1.619 - 
9bp - - - 1.707 - 
9aq - - - 2.136 - 
9bq - - - 2.203 - 
9cr - - - 1.350  
9dr - - - 1.365 - 
9dp - - - 1.258 - 
9ep - - - 1.241 - 

10ap 2.033 
 (2.057)

1.402 
 (1.397)

1.512 
 (1.469)

1.648 
 (1.540)

3.796 

10bp 2.038 1.404 1.503 1.731 3.904 
10aq 2.017 1.404 2.096 2.209 4.111 
10bq 2.006 1.400 2.123 2.288 4.544 
10dr 2.060 1.422 1.642 1.507 3.972 
10dp 2.013 1.405 1.523 1.310 3.881 
10ep 2.018 1.392 1.538 1.269 3.787 

11ap (TS) 2.164 1.391 1.398 1.810 2.719 
11bp (TS) 2.164 1.392 1.401 1.868 2.798 
11aq (TS) 2.221 1.399 1.870 2.472 2.825 

11ep 2.353 1.377 1.355 1.487 2.024 
12ep 3.987 1.346 1.263 1.548 1.987 
13a - - - - 2.329 
13b - - - - 2.405 
13c     1.826 
13d - - - - 1.962 
13e - - - - 1.796 
14p - 1.380 1.241 - - 
14q - 1.378 1.665 - - 
14r - 1.374 1.403 - - 

15dr (TS) 1.985 1.529 1.608 1.555 4.484 
15dp (TS) 1.964 1.525 1.412 1.466 4.373 
15ep (TS) 1.949 1.472 1.476 1.327 4.251 

16dr 1.983 1.551 1.585 1.555 4.540 
16dp 1.991 1.599 1.357 1.548 3.677 
16ep 1.983 1.596 1.360 1.465 3.669 
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compared to Fe. The molecular orbital (MO) analysis shows the σ donation from B 

to Fe and the π back-donation from Fe to B (Scheme 2.3). 

-7.53

-11.46

-13.12

-13.29

-12.63

-12.42

-12.73

-12.47

-10.94

B NFe

Cp

-12.76

+

-8.00

-11.77

-12.78

-13.29

-13.26
-13.25

-13.10

-12.71

-13.26

-13.15

-10.81

B NFe +2

(a) (b)  
 
Scheme 2.3: Schematic representation of σ donation from B to vacant d orbital of 
Fe and π back donation from filled d orbital of Fe to vacant p orbital on B.  The 
figure depicts the interaction diagram of (a) (CO)5Fe2+ and BN(CH3)2 fragments in 
(CO)5FeBN(CH3)2

2+, isoelectronic to Cp(CO)2FeBN(CH3)2
+ and (b) Cp(CO)2Fe+ 

and BN(CH3)2 fragments in Cp(CO)2FeBN(CH3)2
+ using Extended Hückel 

(CACAO) program.  The energy values are given in eV. 

Generally, metal-carbenes involved in olefin metathesis are 16- or 14-

electron complexes,6,22 while the Fe-borylene 8 is an 18-electron complex with 

greater negative charge on the metal. The highest-occupied molecular orbital 

(HOMO) of the Fe-borylene complex is a nonbonding metal orbital, whereas the 

lowest-unoccupied molecular orbital (LUMO) is a π*-MO localized mainly on the B 

atom (Scheme 2.4a). This is in contrast to the carbene complexes that undergo olefin 

metathesis, where the HOMO is generally a π MO between the metal and the carbon 
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and the LUMO is a d orbital on the metal (Scheme 2.4b). Hence, the electrophilic 

center is the B atom in the Fe-borylene complex and the metal atom in the metal-

carbene complexes. As a result, the unsaturated substrates prefer to interact with the 

B atom in the Fe-borylene complex and with the metal atom in the metal-carbene 

complexes. 

N(CH3)2

Fe=B
(a)

N(CH3)2

M=C
(b)

E=X
(c)

9ap, 9bp, 9aq, 9bq 9dr, 9ep, 9dp

HOMO

LUMO

 

Scheme 2.4: Schematic representation of the HOMO and LUMO of (a) Fe-borylene 
complex, (b) metal-carbene complex and (c) substrates. 

[2.3.2] Metathesis Reaction of the Fe-Borylene Complex Cp(CO)2FeBN(CH3)2
+  

In order to understand the mechanism for boron metathesis reaction of 

transition-metal-borylene complexes, the model complex 8 and the substrates H3PO 

(9ap), H3AsO (9bp), H3PS (9aq), H3AsS (9bq), CH3HCCH2 (9cr), (NH2)2CCH2 

(9dr), H2CO (9ep) and (NH2)2CO (9dp) were used (Scheme 2.2). The energetics of 

the boron metathesis reaction, evaluated using reaction 2.1, gives insight into the 

feasibility of boron metathesis with various substrates. 
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B

N
CH3H3C

E

X

B
N

CH3H3C

X

+ +

8 9 1413

E

Fe
OC

OC Fe
OC

OC  (2.1)

+ +

 

 
Table 2.2: Energies (∆E in kcal/mol) from reaction 2.1 and distribution of natural 
charges on E and X in the substrates 9.a   
 

aNote that ∆c is the difference between the natural charge on E and X. 

The reaction energies of the Fe-borylene complex 8 with the substrates H3PO 

(9ap), H3AsO (9bp), H3PS (9aq) and H3AsS (9bq) are calculated to be exothermic 

(Table 2.2). The substrates 9ap and 9bp, which have the same X substituent (X = 

O), show almost similar reaction energies. Similarly, the substrates 9aq and 9bq (X 

= S) also have comparable reaction energies. The analysis of charge distribution 

(Table 2.2) shows that the more polar E-X bonds (9ap and 9bp) give more 

exothermic reactions as compared with the less polar E-X bonds (9aq and 9bq). 

Owing to the lower polarity of propene (9cr), the reaction is largely endothermic 

(Table 2.2); therefore, the reaction mechanism for 9cr was not investigated. The 

reaction of more polar H2CO (9ep) is calculated to be exothermic by 1.7 kcal/mol. 

In order to understand the effect of electron-donating substituents, the H and CH3 

groups on carbon in 9cr and 9ep were substituted by NH2 groups. The reaction of 

Substrate 9ap 9bp 9aq 9bq 9cr 9dr 9ep 9dp 
∆E -74.4 -76.0 -43.8 -41.4 +45.5 -6.2 -1.7 -33.2 

∆c 2.09 2.28 0.98 1.26 0.25 1.03 0.73 1.54 

Charge  
on E +1.12 +1.29 +0.46 +0.69 -0.18 +0.41 +0.23 +0.84 

Charge  
on X -0.97 -0.98 -0.52 -0.57 -0.43 -0.62 -0.51 -0.70 
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the resultant diaminoalkene (9dr) is exothermic by 6.2 kcal/mol. Similarly, the 

reaction of 9dp is more exothermic as compared with 9ep. It is clear from the 

energetics that the more polar substrates like H3PO (9ap), H3AsO (9bp), H3PS (9aq) 

and H3AsS (9bq) are preferred for boron metathesis reaction (Table 2.2). The 

experimental observation of the boron metathesis reaction for the derivatives of the 

substrates 9ap, 9bp and 9bq supports this result. 

Table 2.3: Reactions to estimate the relative stabilities of Fe-E and B-X Bonds in 13 
and 14. 

Reaction ∆E  
(kcal/mol)  

H3PO + (CH3)2NBS  H3PS + (CH3)2NBO -30.7 (2.2a) 
H3AsO + (CH3)2NBS  H3AsS + (CH3)2NBO -34.5 (2.2b) 
(NH2)2CO + (CH3)2NBCH2  (NH2)2CCH2 + (CH3)2NBO -27.0 (2.2c) 
   
Cp(CO)2FeC(NH2)2

+ + H3PO  Cp(CO)2FePH3
+ +  
(NH2)2CO -41.2 (2.3a) 

Cp(CO)2FeCH2
+ + H3PO  Cp(CO)2FePH3

+ + H2CO -72.7 (2.3b) 
Cp(CO)2FeC(NH2)2

+ + H3AsO  Cp(CO)2FeAsH3
+ +  

(NH2)2CO -42.8 (2.3c) 

Cp(CO)2FeCH2
+ + H3AsO  Cp(CO)2FeAsH3

+ + H2CO -74.3 (2.3d) 

The energetics of the boron metathesis reaction can be analyzed using the 

relative stabilities of the Fe-E and B-X bonds of the products 13 and 14 as compared 

to the Fe-B and E-X bonds of the reactants 8 and 9. Reactions 2.2 and 2.3 (Table 

2.3) are used to explain these relative stabilities. The preference for hard-hard and 

soft-soft interactions explains the greater stability of the B-O bond compared with 

the B-S bond (reactions 2.2a and 2.2b). Reaction 2.2c specifies that the formation of 

the B-C bond (14r) is less favorable than that of the B-O bond (14p). Hence, the 

order of stability of the B-X bond in 14 is B-O (14p) > B-C (14r) > B-S (14q). The 

formation of the Fe-P (13a) and Fe-As (13b) bonds is 41.2 and 42.8 kcal/mol more 
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favorable when compared with the Fe-C(NH2)2 bond formation in 13d (reactions 

2.3a and 2.3c). Similarly, the reactions 2.3b and 2.3d show that the Fe-P (13a) and 

Fe-As (13b) bonds are 72.7 and 74.3 kcal/mol more stable than the Fe-CH2 bond 

(13e). The comparison of reactions 2.3a,b and 2.3c,d indicates that the Fe-C bond in 

Fe-C(NH2)2 is more stable than the Fe-C bond in Fe-CH2. The π-donor NH2 ligands 

raise the energy of the p orbital on the carbene, making it a better σ donor and a 

poor π acceptor to the metal. As a result, the Fischer carbene 13d (Fe-C(NH2)2) is 

more stable in comparison with 13e (Fe-CH2). Hence, the order of stability of the 

Fe-E bond is as follows: Fe-As (13b) > Fe-P (13a) > Fe-C(NH2)2 (13d) > Fe-CH2 

(13e). 

The greater exothermicity of the reaction 2.1 for the substrates H3PO (9ap) 

and H3AsO (9bp) can be attributed to the formation of the more stable B-O bond in 

14p as well as the Fe-P and Fe-As bonds in 13a and 13b. The reactions for the 

substrates H3PS (9aq) and H3AsS (9bq) are less exothermic than those for the 

substrates H3PO (9ap) and H3AsO (9bp). This is partially due to the formation of 

the less stable B-S bond in 14q. The substrate 9cr gives the least stable products due 

to the formation of the less stable B-C (14r) and Fe-CH2 (13e) bonds. The relative 

stabilities of the Fe-C(NH2)2 (13d) and Fe-CH2 (13e) bonds as well as the B-O (14p) 

and B-C (14r) bonds explain the order of energies (Table 2.2) for the reactions of 

the substrates 9dr, 9ep and 9dp. The reaction energies for the substrates are in the 

order 9dp (B-O and Fe-C(NH2)2) > 9dr (B-C and Fe-C(NH2)2) > 9ep (B-O and Fe-

CH2). 
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Figure 2.1: Reaction energy profile for metathesis reaction of the Fe-borylene 
complex (8) with the substrates (9) indicating the relative energies of the 
intermediates (10, 11ep and 12), the transition states (11ap, 11bp and 11aq) and the 
products (13 and 14). 

Let us now discuss the details of the individual steps involved (Figure 2.1). 

The first step of the reaction is the formation of acyclic intermediate 10, where X of 

EX forms a bond with B (Scheme 2.2). The HOMO of the Fe-borylene complex (8) 

is a d orbital and the LUMO is a π* MO largely localized on B (Scheme 2.4a). The 

HOMO of the substrates 9ap, 9bp, 9aq and 9bq is a lone pair on more 

electronegative X and LUMO is the σ* MO at the E-X bond (Scheme 2.4c). On the 

other hand, HOMO of 9dr, 9ep and 9dp is a π MO, which is mainly localized on X 

and the LUMO is the π* MO mainly localized on E. Hence, the acyclic intermediate 

10 is formed by the donation of electrons from the HOMO of EX to the empty p 

orbital on the B atom (LUMO). This is in contrast to the formation of the four-

membered cyclic intermediate in olefin metathesis by the attack of the π MO of 
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olefin to the LUMO on metal. An acyclic intermediate Cp(CO)2FeBN(i-Pr)2OPPh3
+ 

(3, where A = Ph3P, X = O) was isolated for the reaction of Ph3PO and Fe-borylene 

complex 1.14 The geometrical parameters of 10ap are comparable to this 

experimentally reported structure (Table 2.1). The Fe-B-X-E dihedral angle varies 

within a range of 0-20° in 10ap (18.0°), 10bp (22.4°) and 10aq (1.2°), but the Fe-B-

S-As dihedral angle in 10bq is 67.8°. The larger value of this dihedral angle arises 

from the nonbonded interaction between the large H3As group and the ligands on Fe. 

The donation of π electrons from EX to the empty p orbital on B is also reflected in 

the elongated E-X, Fe-B and B-N bond distances in intermediate 10 (Table 2.1). The 

substrates 9dr, 9dp and 9ep also form the acyclic intermediates 10dr, 10dp and 

10ep. 

The descending order of negative charge on X in 9 is as follows: 9bp > 9ap 

>9dp > 9bq > 9dr > 9aq > 9ep (Table 2.2), while the order of stability of the 

intermediate 10 is 10bp > 10ap > 10dr > 10dp > 10ep > 10bq > 10aq (Figure 2.1). 

The stability of 10dr and 10ep is not in accordance with the order of the negative 

charge on X. The analysis of charge distribution shows that 10ep should be the least 

stable intermediate and 10dr should be less stable than 10dp and 10bq. The stability 

of 10dr over 10dp is also not in tune with the greater stability of the B-O bond 

compared with the B-C bond (reaction 2.2c). The pyramidal N atom in 9dr becomes 

planar in the intermediate 10dr and results in the delocalization of electrons in the 

BCH2C(NH2)2 moiety, which causes the additional stabilization. The extent of 

stabilization gained by 10ep compared with 10bq and 10aq is attributed to the 

formation of the more stable B-O bond in 10ep rather than the weak B-S bond in 
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10bq and 10aq. Thus, in general, the intermediate 10 is more stable when X of EX 

has more negative charge. After the donation of π electrons from EX to the empty p 

orbital on the B atom, a decrease in the positive charge on the B atom and in the 

negative charge on X in the intermediate 10 is observed (Table 2.3). 

Table 2.3: Natural charges on Fe, B, N, E (E = H3P, H3As, H2C, (NH2)2C) and X (X 
= O, S, CH2) in intermediate 10. 
 
 

Charge on 
Molecule 

Fe B N E X 

10ap -0.31 +0.96 -0.81 +1.15 -1.00

10bp -0.33 +0.96 -0.81 +1.36 -1.03

10aq -0.32 +0.65 -0.85 +0.52 -0.24

10bq -0.33 +0.67 -0.84 +0.74 -0.32

10dr -0.31 +0.82 -0.84 +0.62 -0.88

10dp -0.31 +0.93 -0.83 +0.88 -0.74

10ep -0.30 +0.93 -0.81 +0.31 -0.59

 

The transition states 11ap, 11bp and 11aq are 21.3, 15.0 and 30.4 kcal/mol 

higher in energy than the respective intermediates 10. Here the major interaction is 

between the filled metal d orbital (HOMO) and the σ* MO (LUMO), which is more 

localized on positively charged E (Scheme 2.4c). Therefore, the greater the positive 

charge on E in 10, the lower the barrier for the formation of the products (Figure 

2.1). The natural charges on E in 10ap, 10bp and 10aq are +1.15, +1.36 and +0.52, 

respectively (Table 2.3). The descending order of charges on E in 10, 10bp > 10ap > 

10aq, agrees with the ascending order of the energy barrier, 11bp < 11ap < 11aq. It 

is possible that the nonbonded interaction between H3As and the ligands on Fe, 
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which results in the dihedral angle of 67.8° in 10bq, prevents the approach of H3As 

toward the metal center. A transition state for this step could not be located. The 

cyclic intermediate 11ep is similar to the intermediates in olefin metathesis and is 

formed by the donation of electrons from the d orbital of Fe (HOMO) to the empty 

π* orbital (LUMO) at the O-C bond (Scheme 2.4a and c). The C-O σ bond in 11ep 

is not considerably affected in comparison to 11ap, 11bp and 11aq and thus the 

four-membered cyclic intermediate can be stabilized. The structures 11dp and 11dr 

could not be located on the potential energy surface, probably due to the 

destabilizing non-bonded interaction between the ligands of the Fe-borylene 

complex and the substrates. 
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Figure 2.2: Four-membered transition states of different olefin metathesis reactions 
from the literature. The energy barriers (∆Ea in kcal/mol) for the formation of the 
transition states and reference numbers are given below each structure. 

The transition states 11ap, 11bp and 11aq lead to the products 13 and 14 by 

breaking the Fe-B and E-X bonds. The energetics of the boron metathesis is greatly 

influenced by the bond energy of the Fe-E and B-X bonds in the products. The 

cyclic intermediate 11ep goes to the products 13e and 14p via another acyclic 

intermediate 12ep. The intermediates similar to 12ep are not stationary points on the 

potential energy surfaces for the other substrates. The calculated energy barriers for 

the boron metathesis reaction are within the range of 15-30 kcal/mol. Figure 2.2 
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shows various four-membered transition states of the olefin metathesis reaction 

available in the literature.22 The energy barriers for the formation of the transition 

states in the metathesis reaction of the Fe-borylene complex are in the range of those 

obtained for the olefin metathesis. 

[2.3.3] β-Hydride Transfer versus Boron Metathesis 

The reaction of Ph2CO and [Cp(CO)2FeBN(i-Pr)2]+(BArf
4)- (1) does not 

follow the metathesis pathway; the ligand transformation process, similar to the 

Meerwein-Ponndorf β-hydride transfer from an isopropyl substituent of the 

aminoborylene ligand to the coordinated ketone, takes place instead (Scheme 2.1b). 

In order to understand the energetics involved for this β-hydride transfer in 

comparison to the boron metathesis reaction, the possible β-hydride-transfer 

products for all the substrates were calculated. The intermediate 10 can give either 

metathesis products (13 and 14) or hydride-transfer product (16) (Scheme 2.2). The 

metathesis products are formed by the donation of metal d electrons to the LUMO of 

the EX and the hydride-transfer product is formed by the interaction of β-hydrogen 

with the LUMO of EX. Therefore, the preference of β-hydride transfer over 

metathesis depends upon the relative energies of these two interactions. 

Figure 2.3 shows the correlation diagram connecting the HOMO, σ* and π* 

MO levels of the substrates as well as the HOMO and LUMO of the Fe-borylene 

complex 8. It is clear from the diagram that the substrates 9ap, 9bp, 9aq and 9bq 

have a low-lying σ* MO and the substrates 9dr, 9ep and 9dp have a low-lying π* 



Chapter 2 

 61

MO. This difference in energy levels is due to the weaker σ bond in 9ap, 9bp, 9aq 

and 9bq compared with that in 9dr, 9ep and 9dp. The interaction of the hydride 

from the CH3 group in N(CH3)2 with the low-lying σ* MO of 9ap, 9bp, 9aq and 

9bq leads to the rupture of the E-X bond. As a result, β-hydride-transfer products 

could not be observed for these substrates.  
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Figure 2.3: Correlation diagram between the HOMO, σ* and π* MO levels of the 
substrates 9. The HOMO and LUMO levels of 8 are also shown. 

On the other hand, in the boron metathesis reaction, the metal d electrons 

(HOMO) are donated to the σ* MO of the E-X bond, resulting in four membered 

cyclic transition states (11). This transition state then undergoes Fe-B and E-X bond 

breaking and leads to the metathesis products 13 and 14 (Scheme 2.2). The β-

hydride transfer is the competitive reaction to boron metathesis for the substrates 

with a low-lying π* MO (9dr, 9ep and 9dp) (Figure 2.3). The substrates that have a 
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low-lying σ* MO (9ap, 9bp, 9aq and 9bq) prefer boron metathesis to β-hydride 

transfer. Hence, substrates with a polar bond and a weak σ bond would be ideal for 

boron metathesis. 

On the contrary, the hydride donates its electrons to the low-lying π* MO of 

9dr, 9ep and 9dp and leads to the β-hydride-transfer products 16dr, 16dp and 16ep 

through a six-membered cyclic transition state (15) (Scheme 2.2). The donation of 

metal d electrons to the π* MO can form a four-membered cyclic intermediate as the 

E-X σ bond remains unbroken. However, the formation of the cyclic intermediate 

11ep is only observed for the small substrate 9ep (H2CO). The larger size of 

(NH2)2C in 9dr and 9dp prevents their approach toward the metal center and hence, 

intermediates 11dr and 11dp could not be located on the potential energy surface. 

This indicates that the substrates having a low-energy σ* MO prefer the metathesis 

reaction over the β-hydride transfer. Both β-hydride transfer and metathesis 

reactions may take place when the substrates have a low-lying π* MO. These 

reactions are also influenced by the steric nature of the substrate as well as the 

ligands on the metal-borylene complexes. 

The relative energetics for the β-hydride transfer in comparison to the 

metathesis reaction, acquired by taking the intermediate 10 as the reference, is 

shown in figure 2.4. The energy barriers for the formation of the transition states 

15dr, 15ep and 15dp are 52.6, 15.6 and 51.1 kcal/mol, respectively.  
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Figure 2.4: Relative energies of the metathesis products (13 and 14), the transition 
states (15) and hydride-transfer products (16) for the substrates 9dr, 9ep and 9dp 
with respect to intermediate 10. 

The order of stability of the hydride-transfer products is 16ep > 16dp > 

16dr. The structure 16ep is more stable than that of 10ep, whereas both 16dp and 

16dr are less stable than the corresponding intermediates 10. It is also more stable 

than the metathesis products 13e and 14p (Figure 2.4). On the other hand, the 

hydride-transfer products 16dp and 16dr are less stable than the corresponding 

metathesis products. The NH2 group in 10dp and 10dr is planar and stabilized by 

conjugation whereas that in the transition states (15dr and 15dp) as well as in the 

hydride-transfer products (16dp and 16dr) is pyramidal. This results in the high 

barrier for the transition states 15dp and 15dr and the formation of corresponding 

hydride-transfer products becomes unfavorable. The greater stability of 16ep 
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compared with 10ep is also attributed to the delocalization present in the CH2NBO 

fragment. The nature of the β-hydride-transfer products is almost similar to the 

corresponding intermediates (10). Thus, the relative stabilities between the 

metathesis products and the β-hydride-transfer product in comparison to the 

intermediate 10 depend on the stability of the Fe-E bond formed in the metathesis 

product 13. Since the Fe-C bond in Fe-C(NH2)2 is more stable than the Fe-C bond in 

Fe-CH2, the metathesis product formation of the substrates 9dp and 9dr is more 

favorable than that of the corresponding β-hydride-transfer products. Since the Fe-

CH2 bond in 13e is less stable, the metathesis product formation for 9ep is less 

favorable compared with the formation of β-hydride-transfer product 16ep. This 

supports the experimental observation for the formation of the β-hydride-transfer 

product for the reaction of Ph2CO with 1. 

The substituents without a β-hydrogen atom on boron can be used to direct 

the reactivity of borylene complexes toward metathesis. In summary, β-hydride 

transfer from the ligand on boron may be a competitive reaction to boron metathesis. 

The substrates having a low-energy σ* MO prefer boron metathesis to hydride 

transfer. 

[2.4] Conclusions 

The metathesis reaction of the Fe-borylene complex takes place with the 

initial attack of the electronegative end (X) of the substrate EX on the B atom, 

leading to an acyclic intermediate 10. The positively charged E of this acyclic 
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intermediate accepts electrons from the metal d orbital and forms a four-membered 

intermediate or transition state, which depends on the σ* and π* levels of the 

substrate EX. The boron metathesis is more favorable for those substrates that have 

a low-lying σ* MO (weak σ bond). The β-hydride transfer is a competitive reaction 

to boron metathesis for the substrates having a low-energy π* MO. The relative 

stability of the products is controlled by the strength of both Fe-E and B-X bonds. 

The energetics of the boron metathesis reaction is comparable to that of the olefin 

metathesis. The metathesis reactions of the Fe-borylene complex 8 with all the 

substrates (Scheme 2.2) indicate the role of polarity in tuning the reaction in a 

preferred direction. 

Similar transition-metal-borylene complexes with other metals are good 

candidates for boron metathesis reactions using polar substrates. Experimentally 

aryl-borylene and boryl complexes are also known to undergo different types of 

reactions with substrates containing double bonds, e.g., C=C and C=O. These 

complexes are not yet explored for the metathesis, but the present study points to a 

rich chemistry awaiting for the reactions of arylborylene and boryl complexes 

toward metathesis.  
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Abstract 
 
 

 
The reactions of terminal borylene complexes of the type [CpFe(CO)2(BNR2)]+ 

(R = i-Pr, Cy) with heteroallenes have been investigated. Reaction with 

dicyclohexylcarbodiimide (CyNCNCy) gives a bis-insertion product, in which one 

equiv of carbodiimide is assimilated into each of the Fe=B and B=N double bonds to 

form a spirocyclic boronium system. In contrast, isocyanates (R′NCO, R′ = Ph, 2,6-Xyl, 

Cy; Xyl = C6H3Me2) react to give isonitrile complexes of the type 

[CpFe(CO)2(CNR′)]+, via a net oxygen abstraction (or formal metathesis) process. Both 

carbodiimide and isocyanate substrates are shown to prefer initial attack at the Fe=B 

bond rather than the B=N bond of the borylene complex. Further mechanistic studies 

revealed that the carbodiimide reaction ultimately leads to the bis-insertion compounds 

[CpFe(CO)2C(NCy)2B(NCy)2CNR2]+, rather than to the isonitrile system 

[CpFe(CO)2(CNCy)]+, on the basis of both thermodynamic (product stability) and 

kinetic considerations (barrier heights). The mechanism of the initial carbodiimide 

insertion process is unusual in that it involves coordination of the substrate at the 

(borylene) ligand followed by migration of the metal fragment, rather than a more 

conventional process: i.e., coordination of the unsaturated substrate at the metal 

followed by ligand migration. In the case of isocyanate substrates, metathesis products 

are competitive with those from the insertion pathway. Direct, single-step metathesis 

reactivity to give products containing a coordinated isonitrile ligand (i.e. 

[CpFe(CO)2(CNR′)]+) is facile if initial coordination of the isocyanate at boron occurs 
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via the oxygen donor (which is kinetically favored); insertion chemistry is feasible 

when the isocyanate attacks initially via the nitrogen atom. However, even in the latter 

case, further reaction of the mono-insertion product so formed with excess isocyanate 

offers a number of facile (low energetic barrier) routes which also generate 

[CpFe(CO)2(CNR′)]+, rather than the bis-insertion product 

[CpFe(CO)2C(NR′)(O)B(NR′)(O)CNR2]+ (i.e., the direct analogue of the observed 

products in the carbodiimide reaction). 
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[3.1] Introduction 

Transition metal borylene complexes have received significant recent 

attention, from structure, bonding and reactivity perspective, due, in part, to 

similarities with classical organometallic ligand systems such as Fischer carbenes 

and vinylidenes.1-3 A range of fundamental reaction types have been demonstrated, 

including metathesis, insertion and hydride transfer chemistries.3 For example, it has 

been reported that the cationic aminoborylene complex [CpFe(CO)2BN(i-Pr)2]+ (1a) 

undergoes metathesis reactions with Ph3PO, Ph3PS and Ph3AsO (Scheme 3.1a),3g 

but, by contrast, undergoes a Meerwein-Ponndorf type hydride transfer reaction with 

Ph2CO (Scheme 3.1b).3i Theoretical studies  in chapter 1 suggest that the metathesis 

reaction is favorable for substrates having a low-lying σ* orbital, and hydride 

transfer is a competitive reaction for substrates having a low-lying π* orbital.4  
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Scheme 3.1: Experimentally observed reactivity of [CpFe(CO)2BN(i-Pr)2]+ (1a): (a) 
metathesis reactions with AX (A = Ph3P, Ph3As; X = O, S); and (b) hydride transfer 
with Ph2CO. 

Interestingly, the reaction of the same borylene complex 1a, or its 

dicyclohexylamino counterpart [CpFe(CO)2(BNCy2)]+ (1b) with 

dicyclohexylcarbodiimide (CyNCNCy) gives an insertion product, in which two 
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equivalents of carbodiimide are assimilated, one into each of the Fe=B and B=N 

double bonds to form the spirocyclic complexes 4a,b (Scheme 3.2a).3e Preliminary 

theoretical results show that the insertion of the first carbodiimide molecule into the 

Fe=B bond is preferred over the B=N bond.5 
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Scheme 3.2: Potential mechanisms for the reactions of aminoborylene complexes 1a 
and 1b with heteroallenes: (a) insertion of CyNCNCy; and (b) oxygen atom 
abstraction from isocyanates, R'NCO (R' = Ph, 2,6-Xyl, Cy). 

In contrast to the chemistry found with CyNCNCy, the reaction of 

isocyanates (R'NCO; R' = Ph, 2,6-Xyl, Cy) with 1b gives an entirely different type 

of product i.e. [CpFe(CO)2(CNR')]+ (6b) via a net oxygen abstraction process from 

the heteroallene precursor.3r In theory, such isonitrile complexes could be the result 

of a number of different mechanistic pathways (Scheme 3.2b), including (i) cleavage 

of the 4-membered heterocyclic rings of intermediate(s) formed by insertion 

chemistry analogous to that seen for carbodiimides and (ii) a via a single metathesis 

step. It is interesting to note that in situ monitoring of the reaction of 1b with 

PhNCO by electrospray mass spectrometry (ESI-MS) reveals peaks consistent with 
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an intermediate - for which the measured value of m/z, the isotope profile and the 

exact mass determination are consistent with a compound equivalent to 1b plus two 

molecules of PhNCO – and which subsequently converts to [CpFe(CO)2(CNPh)]+ 

(i.e. 6b).3r 

To rationalize the difference in the reactivity of 1a,b towards carbodiimide 

and isocyanates substrates we have studied the mechanisms for both reactions using 

quantum chemical methods. Moreover, given the results of VT-NMR experiments,3r 

which imply a highly unusual mechanism for the insertion chemistry of CyNCNCy 

with 1a,b (i.e. coordination of the substrate at the (borylene) ligand followed by 

migration of the metal fragment rather than the more conventional coordination at 

the metal followed by ligand migration) we were interested in mapping this reaction 

profile computationally. Of particular interest was an in-depth rationale for the 

observed preference for the insertion of the carbodiimide into the Fe=B bond (c.f. 

the B=N bond). These studies were additionally designed to shed light on the 

differing reactivity of cationic terminal borylene complexes towards delocalized 

heteroallene substrates, as compared to molecules containing simple isolated C=O 

(hydride transfer),3i or C=N bonds (simple coordination at boron).3i Finally, since 

the isonitrile complex products resulting from the reaction of isocyanates with 1a,b 

can conceivably be obtained either from initial insertion or metathesis steps, a 

comprehensive mechanistic study was also thought to be of use in understanding 

which of these (precedented) reaction pathways is the more likely to operate for this 

particular substrate class. 
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[3.2] Computational Details 

All structures were optimized using the hybrid HF-DFT method, 

B3LYP/LANL2DZ, based on Becke’s three-parameter functional including Hartree-

Fock exchange contributions with a non-local correction for the exchange potential 

proposed by Becke,6,7a,b together with the non-local correction for the correlation 

energy suggested by Lee et al.6,7c The LANL2DZ basis set uses the effective core 

potential (ECP) of Hay and Wadt.6,8a-c The nature of the stationary points were 

characterized by vibrational frequency calculations.  The Gaussian 03 program 

package was used in this study;9 reaction energies are given in terms of the free 

energy change (∆G, in kcal/mol), while orbital energies are given in Hartrees.  

In order to verify the validity of the structural simplifications employed (e.g., 

Me versus Cy, i-Pr, Ph, etc.) and of level of theory, viz. B3LYP/LANL2DZ, we 

have performed energy calculations on the optimized geometries (at the 

B3LYP/LANL2DZ level) of the isomeric intermediates 2d,e (with various 

substituents at both R and R′) using both B3LYP and BP86 methods and the def2-

TZVPP basis set.7b,d,e,8d The trends in the energy difference between 2d,e (with 

various substituents) are very similar at the higher levels of theory. The average 

error and the mean absolute deviation of the relative energies of the isomers 2d,e at 

the B3LYP/LANL2DZ level as compared to B3LYP/def2-TZVPP are -5.2 and 5.2 

kcal/mol, respectively. Similar values for the BP86/def2-TZVPP level are 0.5 and 

2.0 kcal/mol, respectively. Thus, the relative energies at the B3LYP/LANL2DZ 

level are overestimated by an average of 5.2 kcal/mol as compared to the 

B3LYP/def2-TZVPP level. This systematic deviation in the energies of model 
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complexes between the B3LYP/LANL2DZ level employed and B3LYP/def2-

TZVPP does not affect the relative stability of the thermodynamically most stable 

products reported in this chapter. 

[3.3] Results and Discussion 

Detailed computational studies were carried out to get an insight into the 

mechanism of the reaction of carbodiimide and isocyanate with N(i-Pr)2- and NCy2- 

substituted borylene complexes 1a,b. For computational efficiency, the bulky R and 

R' groups both in the borylenes themselves, and in the CyNCNCy and R'NCO 

molecules were replaced by Me. We have used a self-consistent combination of 

Arabic numerals and letters to represent specific complexes, which are key to the 

study. The structures corresponding to experimentally known species are 

represented by a and b, while c-e are used for the model complexes. Thus, the iron 

borylene complexes with N(i-Pr)2 and NCy2 substituents are represented as 1a and 

1b respectively, with the corresponding (model) NMe2 complex being 1c. 

Furthermore, intermediates obtained in the (experimentally determined) reactions of 

1a,b with CyNCNCy or R'NCO (R' = Ph, 2,6-Xyl, Cy; where Xyl = C6H3(Me)2) are 

similarly indicated by the letters a or b after the structure number (Scheme 3.2b). 

Intermediate and product species obtained from the reactions of the model 

compound [CpFe(CO)2(BNMe2)]+ (1c) with MeNCNMe are represented by the 

suffix c. For the reaction of 1c with the model isocyanate substrate MeNCO, there 

are two possibilities for the attack of the MeNCO molecule i.e. via initial O- or N-

coordination. The intermediates in the O-attack pathway are represented by the 
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suffix d while those derived from the N-attack pathway are represented by the suffix 

e. To avoid the complexity of drawing three-dimensional structures, we have used a 

representative schematic as shown in scheme 3.3. First, we will discuss the 

mechanism of insertion of carbodiimide into the Fe=B and B=N bonds of 1a,b; the 

mechanisms of the more complex reactions with isocyanates are discussed later. 

Fe

OC
OC

B N
Me
Me Fe

OC

OC

B N
Me

Me

[Fe] = CpFe(CO)2+

[Fe] B N
Me

Me

1c
 

 
Scheme 3.3: Schematic representation followed throughout the chapter: projection 
of the three-dimensional structure (in this case of 1c), where the [CpFe(CO)2]+ 
fragment is represented by the symbol [Fe]. 

[3.3.1] Mechanistic Study of the Insertion of Carbodiimide into the Fe=B and 
B=N Bonds of 1a and 1b 

The reaction of 1a,b with one equivalent of CyNCNCy has been shown 

crystallographically to give the mono-insertion product 3a,b, in which the 

carbodiimide molecule has undergone insertion into the Fe=B bond of the complex; 

when two equivalents of carbodiimide are used the bis-insertion products 4a,b are 

rapidly formed (Scheme 3.2a).3e Computational studies were carried out to 

understand the mechanisms of these reactions using the model systems 1c and 

MeNCNMe. 
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[3.3.1.1] Reaction with One Equivalent of Carbodiimide 

The first step of the reaction is the interaction of the carbodiimide 

(MeNCNMe) with the iron borylene complex 1c, to form the acyclic intermediate 2c 

(Scheme 3.4). The formation of this intermediate is calculated to be exothermic by 

24.4 kcal/mol. This can be attributed to the donation of one of the nitrogen-centered 

lone pairs (the HOMO of MeNCNMe; figure 3.1a) of the carbodiimide to the 

LUMO of 1c (Figure 3.1b), which is mainly located on the boron atom. A closely 

related intermediate [CpFe(CO)2{BNCy2(CyNCNCy)}]+ (2b) has been 

characterized by low temperature NMR spectroscopy as an intermediate in the 

reaction of 1b with CyNCNCy (Scheme 3.2a).3e Similar acyclic intermediates of this 

type have been isolated from the reactions of 1a with Ph3PO (Scheme 3.1a)3g and i-

PrN=CMe2.3i 
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Scheme 3.4: Schematic representations of two possible pathways for the formation 
of spirocyclic complex 4c by the reaction of 1c with two equivalents of MeNCNMe. 
All energies ∆G, in kcal/mol 
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Figure 3.1: Important molecular orbitals of (a) the carbodiimide MeNCNMe and (b) 
the model iron borylene complex 1c. Energies are given in Hartrees. 
 

In the model intermediate 2c, the planar MeNCNMe moiety lies 

approximately perpendicular to the least squares plane defined by the FeBNMe2 unit 

(Figure 3.2). 2c can then undergo insertion into the Fe=B (pathway I) or B=N 

(pathway II) bond to form complexes 3c or 7c respectively (Scheme 3.4). Complex 

3c, formed by insertion into the Fe=B bond, is thermodynamically more stable than 

complex 7c (the B=N insertion product) by 25.3 kcal/mol; a similar trend has been 

suggested in preliminary DFT studies.5  The relative energy difference between the 

intermediates 3c and 7c is similar for both Cy (26.8 kcal/mol)5a and Me (25.3 

kcal/mol) substituents. This further reconfirms our calculations with the model 

complexes using Me substituents.  Such a finding is, of course, consistent with the 

experimental isolation of complex 3b (Scheme 3.2a).3g 
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Figure 3.2: Important molecular orbitals of the intermediate borylene-carbodiimide 
complex 2c. Energies are given in Hartrees. 

These findings imply that the first insertion step of the MeNCNMe molecule 

is thermodynamically more favorable at the Fe=B bond rather than the B=N bond. 

The HOMO of complex 2c is mainly iron d orbital in character (Figure 3.2b), while 

the LUMO is a C-N π* orbital (Figure 3.2a), thus offering a facile pathway for 

formation of a Fe-C bond and ultimate formation of complex 3c. By contrast, 

complex 7c can be formed by interaction between the LUMO and the HOMO-2 of 

2c (a lone pair type orbital at N; figure 3.2c). From an orbital energy perspective, 

(Figure 3.2), the iron-centered HOMO (-0.3590 a.u.) is clearly likely to be a better 

donor orbital than the lower lying HOMO-2 (-0.3745 a.u.), thus implying that the 

experimental formation of complex 3c (rather than 7c) may be due to more favorable 

orbital interactions. In addition, the larger negative charge calculated by Mulliken 

population analysis on iron (-0.998) as compared to nitrogen (-0.136) offers an 

alternative electrostatic rationale for the observed regiochemistry of insertion. In 

simplistic terms, the nitrogen lone pair is utilized in the formation of the B-N1 π 

bond and is consequently less available (lower lying); this is reflected in the planar 

geometry around N1 and similarities between the B-N1 bond distances in 1c (1.355 

LUMO 
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Å), 2c (1.360 Å) and classical B=N double bonds, such as those found in 

[R(R')N=B=NR(R')]+ [R = t-Bu, R' = CH2Ph; 1.324(6) Å].10 Furthermore, since the 

relative energy of the intermediate in the insertion reaction at the B=N bond (i.e. 7c) 

is very high in comparison to the corresponding intermediate for insertion into the 

Fe=B bond (and experimental evidence also points to Fe=B insertion), we did not 

explore further reaction paths for B=N insertion. A detailed mechanistic study of the 

insertion reaction at the Fe=B bond is explored below (Scheme 3.5). 
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Scheme 3.5: Schematic representation of the mechanism of insertion of one 
molecule of MeNCNMe into the Fe=B bond of 1c (includes only the intermediates). 
All energies ∆G, in kcal/mol. 

The formation of the acyclic donor-acceptor adduct 2c from 1c by the 

coordination of the carbodiimide MeNCNMe at boron is exothermic by 24.4 

kcal/mol (Scheme 3.5 and Figure 3.3). The corresponding transition state (1c-2c) is 

only 5.3 kcal/mol higher in energy than the reactants themselves (Figure 3.3), 

consistent with the high reactivity of the borylene towards nucleophilic attack.3s-v,11 

The formation of a similar complex has previously been reported in the metathesis 

reactions of 1a,3g and related species containing imine donors have been structurally 
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characterized.3i In addition the boron-centered electrophilicity of 1c is supported by 

the calculated Mulliken charge at boron (+0.683, c.f. -0.937 at iron). 
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Figure 3.3: Potential energy diagram (including intermediates and transition states) 
for insertion of one molecule of MeNCNMe into the Fe=B bond of 1c (Scheme 3.5). 
The dotted line indicates the formation of the dissociated products. All energies ∆G, 
in kcal/mol. 

Mechanistically, the next step in the formation of 3c is the formation of the 

four-membered metallacyclic intermediate 5c by the interaction of the HOMO of 2c, 

which is mainly concentrated at iron (Figure 3.2b) with the LUMO, which is 

ostensibly the C1-N3 π* anti-bonding molecular orbital (Figure 3.2a). As a result, 

the C1-N3 bond distance in 5c (1.261 Å) is somewhat longer than the corresponding 

distance in 2c (1.179 Å). Moreover, in 5c the methyl substituents on N1 and N2 do 

not lie in the same plane (dihedral angle ∠N1BN2C = 20.1°) presumably to avoid 

unfavorable steric interactions. Thus, the non-planar structure of the complex 5c can 
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be attributed to the optimization of the mutually repulsive interactions between the 

methyl groups on N1 and N2, and the bonding pair-lone pair repulsive interaction 

between N2-Me and the lone pair on N3. The 4-membered metallacycle 5c is less 

stable than the acyclic complex 2c by 12.8 kcal/mol. Nevertheless, a similar 

metallacyclic intermediate has been suggested in the metathesis reaction of the 1a 

with various unsaturated substrates,4 and has been isolated in the reaction of the 

closely related neutral borylene complex CpMn(CO)2B(t-Bu) with CyNCNCy or 

Ph2CO.3h 

 
Figure 3.4: Fe-B antibonding and C-N π molecular orbitals of the metallacycle 5c. 
Energies are given in Hartrees. 

The cyclic intermediate 5c can then undergo scission of the Fe-B bond to 

form a second acyclic intermediate (8c) which is more stable than 5c by 8.2 

kcal/mol; the energy barrier for this process is 1.0 kcal/mol. Since the Fe-B bond in 

5c is likely to be weaker (ca. 85.5 kcal/mol) than the C-N bond (179.5 kcal/mol),2f,12 

metallacycle cleavage in 5c via Fe-B bond breakage is likely to be more feasible 

than breakage of the C-N bond. In addition, the LUMO of the intermediate 5c is the 

Fe-B σ* orbital (Figure 3.4), and donation of C-N π electron density (from the 

HOMO-5) to the Fe-B σ* orbital therefore results in Fe-B bond breakage to form 8c. 

LUMO 
(-0.2310) 

HOMO-5 
(-0.4336) 
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Consequently, this interaction leads to the elongation of the C1-N2 bond in 8c 

(1.503 Å) compared to the C1-N2 bond in 5c (1.401 Å). The C1-N2 bond length in 

8c is in the range expected for C-N single bonds, and facile rotation about C1-N2 

can therefore give a further acyclic intermediate 9c. This rotation brings N3 closer to 

the boron center in 9c (d(N3-B) = 3.272 Å) when compared to the corresponding 

distance in 8c (d(N3-B) = 3.570 Å). The intermediate 9c is less stable than 

intermediate 8c by 2.6 kcal/mol and the energy barrier for this rotation is 3.5 

kcal/mol. The C1-N2 bond in the intermediate 9c (1.604 Å) is also elongated with 

respect to that in 5c (1.401 Å); at this point dissociation at the C1-N2 bond could 

conceivably yield the metathesis products 6c and 10c. The energy barriers for the 

dissociation of 8c or 9c (via breakage of the C1-N2 bond) to give the common 

metathesis products 6c and 10c are 6.2 and 3.6 kcal/mol, respectively, and the 

reactions are exothermic by 20.7 and 23.3 kcal/mol. However, it seems more likely 

at this point that the intermediate 9c would undergo a very facile cyclization to give 

3c by the donation of the lone pair at N3 into the B-N2 π* orbital. The formation of 

3c from 9c is exothermic by 40.8 kcal/mol and the corresponding energy barrier is -

3.2 kcal/mol, indicating a very flat potential energy surface for the cyclization 

process.13 A cyclic intermediate similar to 3c has been isolated from the reaction of 

CyNCNCy with 1b (Scheme 3.2a).3g 

Once formed, the possibility for dissociation of 3c into the metathesis 

products 6c and 10c appears to be fairly remote, due to a very high energy barrier 

(46.3 kcal/mol) for this process and its inherent endothermicity (17.5 kcal/mol). 

Experimentally, the absence of [CpFe(CO)2(CNCy)]+ among the products of the 

reaction of 1b with CyNCNCy, and the correspondingly high isolated yields of 
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insertion products are consistent with these predictions. On the other hand, the 

exothermicity of the conversion of the 9c to 3c (40.8 kcal/mol) and the low energy 

barrier (-3.2 kcal/mol) suggests that the reaction of carbodiimide with the 1c would 

proceed via the pathway 2c  5c  8c  9c  3c. The unusual stability of cyclic 

product 3c can be attributed to π delocalization in the 4-membered ring (Figure 3.5). 

The exocyclic B-N1 π orbital of the complex 3c is also further delocalized into the 

4-membered ring (Figure 3.5), and is therefore characterized by a slightly longer B-

N1 linkage (1.373 Å) when compared to the B-N1 distance in the model borylene 

complex 1c (1.355 Å). From a bond strength perspective, the presence of three 

strong B-N (92.7 kcal/mol) and C-N bonds (179.5 kcal/mol) presumably also 

contributes to the high stability of 3c.14 

 
 
Figure 3.5: Important molecular orbitals of the mono(insertion) product 3c obtained 
from 1c and one equivalent of MeNCNMe, showing the delocalization in the plane 
of the 4-membered N2CN3B ring. Energies are given in Hartrees. 

[3.3.1.2] Reaction with Two Equivalents of Carbodiimide 

The product 3c, generated by the insertion of one molecule of carbodiimide 

into the Fe=B bond of 1c, can undergo further reaction with a second molecule of 

carbodiimide. Indeed, variable temperature NMR experiments imply that the 
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corresponding reaction of cyclohexyl substituted complex 3b with CyNCNCy is 

facile at -20oC. In a similar fashion to the first insertion step, the lone pair of one of 

the nitrogen atoms of the second molecule of carbodiimide (MeNCNMe) attacks the 

electrophilic boron centre atom to form an intermediate, in this case 11c (Scheme 

3.6).  

-79.4

Me

B N
N

C
N

Me

Me

N
Me

Me

18c

-43.1

2c

+

MeB
N

N
CN

Me

Me

Me
B N

N
C

N

Me

Me

N
Me

+

Me

-66.6

-41.0

-59.1

-44.9

Me

NMe

11c
12c 13c

16c
14c

17c

-62.3
-61.5

+

3 1

4
5

3

14

5

13
4

5

-58.0

3c

1
2

3

[Fe] B N
N

C
N

Me

Me

Me

Me

2 3
MeN C NMe

6c

[Fe] C N Me
6c

3
6c

N

N
C

Me

Me

4

5

1

2

3

[Fe] B
NN

C
N

Me

Me

Me
Me

NN C
Me

Me4 5

1

2

3

[Fe] B
NN

C

N

Me

Me

Me
Me

N
N

C

Me
Me

4
5

1

2

3

[Fe] B
NN

C
N

Me

Me

Me

Me

N
N

C

Me

Me

4
5

1

2

3

[Fe] B

N
N

C
N

Me

Me

MeMe

-60.2
15c

N

N
C

Me

Me

4

5

1

2

3

[Fe] B N
N

C
N

Me

Me

Me

Me

N
N

C

Me

Me
4

5

1
2

3

[Fe] B

NN
C

N

Me

Me

Me

Me

1

2

2

1

11

1 2

2
2 2

2

1

1

22

1

2

+

[Fe] C N Me
31

[Fe] C N Me
31

 
 
 
Scheme 3.6: Schematic representation of the mechanism for the insertion of a 
second molecule of MeNCNMe into the B=N bond of 3c (includes only the 
intermediates). All energies ∆G, in kcal/mol. 

This reaction is both kinetically favorable due to a low energy barrier (1.7 

kcal/mol) and exothermic (by 3.5 kcal/mol; Figure 3.6). From 11c, rotation about the 

B-N4 bond gives the closely related intermediate 12c, in which C2 is significantly 
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closer to N1 (d(C2-N1) = 2.767 Å, c.f. 3.639 Å in 11c). The relative energies of 11c 

and 12c are very close, differing by only 0.8 kcal/mol. The next reaction step is the 

formation of the bicyclic intermediate 13c by the interaction of the lone pair at N1 

with the LUMO of the (second) carbodiimide fragment, which is mainly located at 

C2. This ring-closure process is exothermic by 4.3 kcal/mol; the resulting (second) 

4-membered ring is planar and perpendicular to the existing C1N2BN3 ring. An 

alternative mechanism for the formation of 13c from 3c is a concerted [2+2] 

cycloaddition process involving interaction of the B-N1 π orbital with the C2-N4 π* 

orbital.15 The transition state corresponding to this [2+2] cycloaddition process 

could not be located. Conceivably, this reflects the fact that the B-N1 π bond in 3c is 

stabilized due to delocalization into the existing 4-membered ring (Figure 3.5). 
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Figure 3.6: Potential energy diagram (including intermediates and transition states) 
for the insertion of a second molecule of MeNCNMe into the B=N bond of the 
intermediate 3c (Scheme 3.6). The dotted line indicates the formation of the 
dissociated products. All energies ∆G, in kcal/mol. 
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The final products in the reactions of 1a,b with two equivalents of 

CyNCNCy are the spirocyclic systems 4a,b (Scheme 3.2a). The formation of the 

related model compound 4c from the intermediate 13c can take place via further 

(acyclic) intermediates 14c and 15c (Scheme 3.6 and Figure 3.6) the formation of 

which necessitates rearrangement of the second heterocycle. The breakage of the B-

N1 bond (1.655 Å) in the intermediate 13c leads to the formation of 14c; this 

reaction is endothermic by 7.5 kcal/mol and the corresponding energy barrier is 16.3 

kcal/mol. From 14c, subsequent rotation about the C2-N4 bond generates 15c, which 

is 1.1 kcal/mol lower in energy. Both 14c and 15c are structurally similar to the 

intermediate 3c (Scheme 3.6), with one of the methyl groups attached to N1 (in 3c) 

being formally replaced by a C(NMe)NMe2 group. This is reflected in similar 

geometrical parameters and energies for the cyclic components of three 

intermediates. Rotation about the C2-N4 bond in 14c to form 15c brings N5 close to 

the boron atom, such that donation of the lone pair of N5 to the p-orbital at boron 

gives the final bis-insertion product 4c. This final coordination step reaction is 

exothermic by 19.2 kcal/mol.  

A further reaction consideration, which is particularly relevant given the 

experimental findings with isocyanates,3r is that any or all of the intermediates 13c, 

14c, 15c and 4c could potentially undergo breakage of the C1-N2 and B-N3 bonds to 

form the isonitrile complex 6c (together with the corresponding boron-containing 

products 16c, 17c and 18c).16 It should be noted (Figure 3.6) that all combinations of 

the dissociation products (6c and 16c, 17c and 18c) are significantly higher in 

energy than the corresponding precursors (13c, 14c, 15c and 2c). This can be 

attributed, at least in part, to the high bond dissociation energy of the B-N and C-N 
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bonds,14 and explains the experimental observation that only the double insertion 

products 4a,b are isolated from the reactions of 1a,b with excess CyNCNCy, with 

no trace of the dissociation product [CpFe(CO)2(CNCy)]+ being detected (Scheme 

3.2a). 

[3.3.2] Mechanistic Study of the Reaction of Isocyanates with 1b 

The reactions of the borylene complex 1b with isocyanates R'NCO (R' = Ph, 

2,6-Xyl, Cy) have been shown by crystallographic and in situ ESI-MS experiments 

to give the isonitrile products [CpFe(CO)2CNR']+ (6b, R' = Ph, 2,6-Xyl, Cy; scheme 

3.2b),3r in contrast to the corresponding reaction with CyNCNCy, which gives the 

bis-insertion product 4b (Scheme 3.2a).3e In an attempt to understand the underlying 

reasons for the differing product distributions obtained for superficially similar 

heteroallene substrates, a further series of calculations was carried out utilizing (in 

the first place) the model systems 1c and MeNCO. 

[3.3.2.1] Reaction with One Equivalent of Isocyanate 

 Unlike the reaction of carbodiimides, an additional complication is that the 

initial interaction of an isocyanate molecule with the borylene ligand can take place 

via O-attack at boron (to give 2d) or via N-attack (to give 2d; scheme 3.7). Both 

pathways can then lead to the insertion products 3d (net insertion into the Fe=B 

bond) and/or 7d (net insertion into the B=N bond).  As in the case of the borylene-

carbodiimide complex 2c (Schemes 2 and 4), the HOMO of the donor-acceptor 

adduct 2d is mainly iron d-orbital in character and the lone pair orbital at N2 is 



Chapter 3 

 93

much lower lying. Therefore, from the orbital energy perspective, the MeNCO 

insertion product 3d (insertion into Fe=B bond) is not only more stable than 7d (by 

21.0 kcal/mol) but its formation is also more facile. Hence, we have studied the 

detailed mechanism only for the insertion into the Fe=B bond of 1c; both O-attack 

(Scheme 3.8a) and the N-attack (Scheme 3.8b) pathways have been examined in an 

attempt to understand differences in reactivity between isocyanate and carbodiimide 

substrates. 
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Scheme 3.7: Schematic representation of two possible pathways for the formation of 
spirocyclic complex 4d by the reaction of model iron borylene complex 1c and 
MeNCO. All energies ∆G, in kcal/mol. 

In the O-attack and N-attack pathways, the formation of the acyclic 

intermediate 2d or 2e takes place by the attack of the lone pair at O or N, 

respectively, with the LUMO of 1c, which is largely located at boron (Figure 3.1b). 

The energy change on formation of the N-bound isomer 2e is endothermic by +12.2 

kcal/mol, while that for the formation of 2d is somewhat smaller at +1.6 kcal/mol. 

The corresponding energy barrier for the N-attack pathway is 18.2 kcal/mol while 

that for O-attack is only 3.0 kcal/mol (Figure 3.7). 
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Scheme 3.8: Schematic representation of the mechanism of insertion of one 
molecule of MeNCO into the Fe=B bond of 1c (includes only the intermediates): (a) 
O-attack pathway; and (b) N-attack pathway. All energies ∆G, in kcal/mol. 
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Figure 3.7: Potential energy diagram (including intermediates and transition states) 
for the reaction of one molecule of MeNCO into the Fe=B bond of 1c (Scheme 3.8). 
The dotted line indicates the formation of the dissociated products. All energies ∆G, 
in kcal/mol. 
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The approach of the N2 centered lone pair of the isocyanate towards the 

boron atom is presumably more sterically encumbered due to the methyl 

substituent.17 Such steric factors are also reflected in the geometry of 2e (Figure 

3.8), in which the methyl group attached to N2 lies in a plane perpendicular to that 

containing Fe, B and N1; a similar geometry is found for intermediate 2c, formed in 

the reaction of 1c with MeNCNMe (Figure 3.8). On the other hand, the MeNCO 

fragment in the O-bound isomer 2d is able to lie in the FeBN1 plane (Figure 3.8). It 

is also to be noted that the negative charge, calculated by Mulliken population 

analysis, on O is much greater in magnitude (-0.262) than that on N (-0.005). Thus, 

both steric and electrostatic factors imply that the O-attack pathway is more facile 

than N-attack. 

 
Figure 3.8: Important bond lengths (Å) of the intermediates 2c, 2d and 2e. 

The next mechanistic step is the formation of the metallacyclic intermediates 

5d and 5e by the donation of iron d-electron density into the LUMO+4 (-0.1476 

a.u.) or LUMO (-0.2387 a.u.) of the intermediates 2d or 2e, respectively (Scheme 

3.8); each acceptor orbital is formally antibonding in the NCO framework and 

mainly concentrated on C1 (Figure 3.9). 

2c 

1.408
1.582

1.295

2.035

1.179
O

C

C

C

C

Fe

C

C

N
B C

C

C

O

N

C

N

C

C

2d 

1.3921.994

1.172

1.614

1.241
O

C

C

C

C

NFe
CB

C

C

C

O

C

O

C

N

C

2e 

1.402

1.264

2.014

1.179

1.649

O

C

C

C

C

Fe

C

N

C

B

C

C

C

O

O

N

C

C



Metathesis versus Insertion 

 96 

 
Figure 3.9: The LUMO+4 of the acyclic intermediate 2d and LUMO of the 
alternative intermediate 2e. Energies are given in Hartrees. 

While the formation of cyclic intermediate 5d from 2d is endothermic by 

14.9 kcal/mol, the formation of 5e from 2e is actually exothermic (by 9.3 kcal/mol). 

The interaction of the HOMO of the iron borylene complex (which is mainly iron d 

orbital in character) with the much more high-lying LUMO+4 makes 5d less stable 

(compared to 5e) by 13.6 kcal/mol. This is reflected in the elongated C1-O bond in 

5d (1.468 Å, c.f. 1.241 Å in 2d); in contrast the bond lengthening is much less 

pronounced for 5e (1.382 Å c.f. 1.264 Å for 2e). Subsequent rearrangement of the 

intermediate 5d to 19d is exothermic by 6.9 kcal/mol and the energy barrier is 5.0 

kcal/mol. The structure of the intermediate 19d is rather unusual; the boron atom 

forms a bond with one of the carbon atoms of the Cp ring (d(B-C) = 1.690 Å) and 

the Fe-B bond is elongated (d(Fe-B) = 2.644 Å) to the extent that it is well outside 

the sum of the conventional covalent radii of iron and boron (ca. 2.05 Å).18 This 

asymmetry is also reflected in the variation of calculated Fe-C(Cp) distances 

(shortest d(Fe-C) ) 2.219 Å; longest d(Fe-C) ) 2.324 Å) as well as in the C-C 

distances of the Cp ring itself (shortest d(C-C) ) 1.396 Å; longest d(C-C) ) 1.529 Å).  

The interaction of highly Lewis acidic borane fragments with the carbons of metal-
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bound Cp ligands has previously been reported in a number of systems.19 The 

intermediate 19d dissociates at the C(Cp)-B and C1-O bonds into the metathesis 

products 6c and 10d. This reaction is highly exothermic (48.7 kcal/mol) and the 

corresponding energy barrier is 5.2 kcal/mol. 

In contrast, the intermediate 5e, formed by initial N-coordination, rearranges 

to form the acyclic intermediate 8e. An intermediate similar to 8e is also observed 

for the insertion of carbodiimide into 1c (i.e. 8c, scheme 3.5). The formation of the 

acyclic intermediate 8e from 5e by the breakage of the Fe-B bond is exothermic by 

9.3 kcal/mol and the energy barrier is 3.3 kcal/mol. In a similar fashion to the 

carbodiimide chemistry, subsequent rotation about the C1-N2 bond in 8e leads to the 

intermediate 9e, which cyclizes to 3d by the donation of the lone pair on oxygen to 

boron. The energy barrier for the formation of 9e from 8e is 3.1 kcal/mol and that of 

3d from 9e is 1.5 kcal/mol. The formation of this additional donor-acceptor bond is 

exothermic by 25.4 kcal/mol. It should be noted that, as with the reaction of 

MeNCNMe with 1c, both intermediates 8e and 9e can dissociate to give the 

metathesis products 6d and 10c via breakage of the C1-N2 bond. The energy 

barriers for these dissociation processes are 5.3 and 4.5 kcal/mol respectively. 

However, dissociation is endothermic by 2.2 kcal/mol. The insertion product 3d can 

also undergo dissociation at both the C1-N2 and O-B bonds to give 6d and 10c, but 

this also is endothermic (in this case by 27.5 kcal/mol) and the corresponding energy 

barrier is 31.0 kcal/mol. On the other hand, dissociation in the alternative sense at 

the C1-O and B-N2 bonds to give 6c and 10d is exothermic by 7.4 kcal/mol. 

However, the energy barrier for this dissociation process is very high at 32.2 

kcal/mol. The formation of the stronger B-O bond (192.6 kcal/mol) in 10d plays a 
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major role in the stability of the dissociation products 6c and 10d over the insertion 

product 3d.4,14 This can be understood by the isodesmic equation (Scheme 3.9), 

which shows that the combined free energies of 3c and 10d are less than that of 3d 

and 10c by 25.7 kcal/mol. This analysis also indicates that the insertion product for 

carbodiimide (3c) is more stable than the insertion product for isocyanate (3d). 

 
 
Scheme 3.9: Isodesmic equation linking 3c, 10d and 3d, 10c. 

To summarize, the initial interaction of the borylene complex with an 

isocyanate molecule via O-attack leads exclusively to metathesis product 6c, 

whereas the N-attack pathway appears to generate the insertion product 3d, with 

subsequent breakdown to give 6c involving surmounting a large energy barrier, and 

that to give 6d being strongly endothermic. The energy barrier for the initial O-

attack step by MeNCO is 3.0 kcal/mol, while that for N-attack is 18.2 kcal/mol; the 

O-attack pathway is therefore kinetically more favorable. These computational 

results are consistent with the experimental observations that the reaction of iron 

borylene complex 1b with R'NCO (R' = Ph, 2,6-Xyl, Cy), gives isonitrile complexes 

of the type [CpFe(CO)2(CNR')]+ as the major product in each case, these being both 

the thermodynamically and kinetically favorable products. However, the presence of 

small quantities of [CpFe(CO)3]+ (6d) implies that the N-attack pathway is also 
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unfeasible. With this in mind, the kinetics of the initial O and N-attack steps provide 

further predictions concerning the product distributions using PhNCO and 2,6-

XylNCO substrates.3r The presence of two methyl groups in the ortho positions of 

the phenyl ring in 2,6-XylNCO would be expected to make the approach of the N 

donor toward the boron atom more sterically encumbered. As a result, the O-attack 

pathway will be more preferred over the N-attack pathway and the isonitrile product 

analogous to 6c will be obtained. The less bulky PhNCO substrate is more likely to 

be able to react through both O- and N-attack pathways. As a result, 6c is obtained 

as the major product (via O-attack), but 6d is also obtained as minor product (via N-

attack). This is indeed observed experimentally for PhNCO. We have calculated the 

barrier for the initial step in the O- and N-attack pathways in the reaction of 1c with 

PhNCO and 2,6-XylNCO. In the case of PhNCO, the energetic barriers for the O-

attack (4.7 kcal/mol) and N-attack (18.3 kcal/mol) pathways are close in energy to 

those calculated for the model MeNCO system (Figure 3.7). However for 2,6-

XylNCO, the energy barrier for the N-attack pathway increases significantly (23.9 

kcal/mol) compared to PhNCO, while the barrier for O-attack (4.4 kcal/mol) remains 

essentially unchanged. Thus, the more bulky isocyanate prefers the O-attack 

pathway. It is interesting to note that the N-attack pathway leads to the insertion 

reaction, whereas the O-attack pathway, in effect, leads to a metathesis reaction. 

This supports the earlier finding that substrates containing more polar bonds have 

greater preference for metathesis reactivity over species containing less polar 

bonds.4 Here, the more polar bond C-O (Mulliken charge difference, 0.174) 

undergoes an overall metathesis reaction (O-attack pathway), whereas the less polar 

C-N bond (Mulliken charge difference, 0.049) gives insertion (N-attack pathway). 



Metathesis versus Insertion 

 100 

Reactions where the C-N bond of an isocyanate undergoes insertion have been 

observed previously.20 

 Furthermore, in order to understand the effects of variation in substituent 

bulk at boron, we have computed the relative energy difference between the 

isomeric adducts 2d-R-R′ (formed via O attack) and 2e-R-R′ (formed via N attack) 

with various substituents (R = Me, Cy and R′ = Ph, 2,6-Xyl) (Table 3.1). It is 

evident from these calculated energy differences that the Cy substituent does not 

change the relative stability when R′ = Ph. However, the relative energy difference 

between the two isomers increases with R′ = 2,6-Xyl. This further precludes the 

formation of the metathesis product 6c via the N-attack pathway as we observed 

experimentally.  We have also obtained the energies of these isomers (2d-R-R′ and 

2e-R-R′) at the B3LYP/def2-TZVPP and BP86/def2-TZVPP levels of theories as a 

representative test case in order to understand the reliability of the employed level of 

theory, viz. B3LYP/LANL2DZ. 
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Table 3.1: Relative energy (∆E) of 2e-R-R' with respect to 2d-R-R', deviation of 
energies from B3LYP/def2-TZVPP level of theory (∆Err), average error ( Err∆ ) and 
mean absolute deviation ( Err∆ ).  All the energies are in kcal/mol. 
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[3.3.2.2] Reaction with Two Equivalents of Isocyanate 

As outlined in the discussion above (and in Figure 3.7), the isocyanate 

insertion product 3d has high energetic barriers for dissociation into either 6c (32.2 

kcal/mol) or 6d (31.0 kcal/mol). Thus, in presence of two or more equivalents of 

isocyanate, 3d can react further. The second molecule of isocyanate can also attack 

in one of two possible orientations viz. O- and N-attack (Scheme 3.10 and Figure 

3.11) and each of these possibilities has been examined. The formation of the 

bicyclic intermediates 13d and 13e via O- and N-attack, respectively, can take place 

via a [2+2] cyclo-addition reaction between the B-N1 π orbital of 3d (HOMO, 

Figure 3.10a) and the C2-N3 (HOMO) or C2-O (HOMO-2) π orbital of the 

isocyanates (Figure 3.10b); this type of [2+2] cycloaddition behavior has recent 
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literature precedent in the reactivity of strongly Lewis acidic boranes with 

heteroallenes.15 In the current case, the [2+2] reactivity is reflected in a reduction in 

B-N1 multiple bond character and in increased bond lengths (1.630 Å for 13d, 1.621 

Å for 13e) in comparison with 3d (1.363 Å). The energetic barriers for the formation 

of 13d via B-O bond formation (23.8 kcal/mol) and that of 13e via B-N bond 

formation (20.5 kcal/mol) are comparable, while intermediate 13d is less stable than 

intermediate 13e by 19.5 kcal/mol (Figure 3.11). A similar trend in the stability of 

the cyclic intermediates 5d,e was noted in the case of insertion of the first molecule 

of isocyanate (Scheme 3.8, Figure 3.7). 
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Scheme 3.10: Schematic representation of the mechanism of insertion of a second 
molecule of MeNCO into B=N bond of 3d (includes only the intermediates): (a) O-
attack pathway; and (b) N-attack pathway. All energies ∆G, in kcal/mol. 
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Figure 3.10: (a) The HOMO of the cyclic intermediate 3d and (b) the HOMO and 
HOMO-2 of MeNCO. Energies are given in Hartrees. 

The cyclic intermediates 13d and 13e can then dissociate in one of two 

possible ways, either by breaking the C1-O and B-N2 bonds (to give 6c), or 

alternatively, by breaking the C1-N2 and B-O bonds (to give 6d). In each case, the 

formation of 6c is energetically far more profitable; dissociation of 13d into 6c (and 

20d) by breaking of the C1-O and B-N2 bonds is exothermic by 4.1 kcal/mol, while 

the formation of 6d (and 21d) is endothermic by 34.9 kcal/mol. Similarly, the 

dissociation of 13e into 6c (and 20e) is exothermic by 8.3 kcal/mol, while formation 

of 6d (and 21e) is endothermic by 36.2 kcal/mol. The summation of the C-N (179.5 

kcal/mol) and B-O (192.6 kcal/mol) bond enthalpies is estimated to be greater than 

that of the C-O (256.3 kcal/mol) and B-N bonds (92.7 kcal/mol) by ca. 23 

kcal/mol.14,21,22 Thus, from a thermodynamic perspective, the breaking of the C1-O 

and B-N2 bonds is more likely than the (stronger) C1-N and B-O bonds, and the 

isonitrile complex 6c is a more feasible product than carbonyl complex 6d. 

However, the energetic barriers to the formation of 6c are not insignificant (20.9 

kcal/mol from 13d, 19.8 kcal/mol from 13e). Thus, although dissociation to give the 

isonitrile product 6c is thermodynamically favorable (via either route), the sizeable 

calculated barriers for the final dissociation step give an indication that the 
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intermediates 13d,e might have significant lifetimes in solution. Such a finding is 

consistent with ESI-MS results for the 1b/PhNCO system, which are consistent with 

measureable concentrations in solution of a species whose mass corresponds to 

borylene complex 1b plus two equivalents of isocyanate. 
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Figure 3.11: Potential energy diagram (including intermediates and transition states) 
for the reaction of MeNCO into the B=N bond of the complex 3d (Scheme 3.10). 
The dotted line indicates the formation of the dissociated products. All energies ∆G, 
in kcal/mol. 

On the other hand, the bicyclic intermediates 13d and 13e could also be 

converted to the bis-insertion product 4d via the acyclic O-bound intermediates 14d 

and 15d or the more stable N-bound species 14e and 15e (Figure 3.11 and Scheme 

3.10). The barrier for the formation of 14d from 13d by breakage of the B-N1 bond 
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is 13.5 kcal/mol; the corresponding barrier for the formation of 14e from 13e is 20.8 

kcal/mol. That said, intermediate 14e is more stable than 14d by 14.4 kcal/mol. The 

intermediates 14d and 14e can then go on to form the closely related species 15d 

and 15e by simple rotation about the C2-O or C2-N3 bonds, respectively; 15d and 

15e are marginally more stable than 14d and 14e by 1.9 and 2.8 kcal/mol, 

respectively. As with a number of earlier intermediate species, 15d and 15e can also 

dissociate into 6c and other boron-containing products (22d and 22e) by breakage of 

the C1-O and N2-B bonds. The dissociated products (i.e. isonitrile complex 6c 

together with 22d,e) arising from the breakage of the C1-O and N2-B bonds are 

more stable than the intermediates 15d and 15e by 9.3 and 10.6 kcal/mol 

respectively. The breakage of the C1-N2 and O-B bonds in 15d and 15e, on the 

other hand, leads to carbonyl complex 6d (and the boron-containing products 23d 

and 25d); these dissociation processes are endothermic by 38.3 and 23.0 kcal/mol 

respectively. Alternatively, the bis-insertion product 4d, analogous to the 

crystallographically authenticated final products formed with carbodiimide reagents, 

can be accessed from 15d or 15e. These steps are exothermic (by 22.6 and 4.6 

kcal/mol respectively), and the corresponding energy barriers are 6.2 and 13.6 

kcal/mol. 

It is worth noting at this stage that, while the conversion of 13d,e into 14d,e 

(key steps in the formation of the bis-insertion product, 4d) are endothermic by 2.3 

and 5.5 kcal/mol (Figure 3.11), the alternative dissociation pathways for 13d,e (to 

give 6c) are actually exothermic by 4.1 and 8.3 kcal/mol respectively. Thus, it 

appears that the formation of the formal metathesis product 6c from these 

intermediates is thermodynamically favorable; this then offers a further route to the 
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formation of the isonitrile products [CpFe(CO)2(CNR')]+ in keeping with the 

experimental observations for borylene complex 1b. 

The four membered rings BOC2N1 and BN3C2N1 in the bicyclic 

intermediates 13d and 13e are devoid of delocalization over all the four atoms of the 

ring because of tetra-coordination at N1. Hence, they are less stable than the final 

spirocyclic system 4d, in which both rings in the bicyclic system allow for 

delocalization over the three atoms N, C and O. Nevertheless, the calculated 

energies of 13e and 4d are actually very close (1.7 kcal/mol). The possibility that 4d 

can also dissociate into 6c or 6d has also been examined. 4d is more stable than the 

dissociated products 6c and 24d by 2.4 kcal/mol, and than 6d and 25d by 45.4 

kcal/mol. Thus it seems unlikely that the products of the reaction of 1b with R'NCO 

(i.e. [CpFe(CO)2(CNR')]+) are derived from a species (i.e., 4d) which is analogous to 

the bis-insertion products of the reaction of 1a,b with CyNCNCy (i.e. 4a,b) – since 

the final step would then be energetically uphill. During the progress of the reaction 

of 1b and PhNCO, an ESI-MS peak was detected corresponding to an intermediate 

which has the mass of one equivalent of the borylene complex plus two equivalents 

of isocyanate. This intermediate is subsequently converted into the major isonitrile 

product [CpFe(CO)2(CNPh)]+. The fact that heterocycle cleavage in the bis-insertion 

product 4d to give the dissociated products (6c and 24d) is calculated to be 

significantly endothermic, means that this ESI-MS detected intermediate is unlikely 

to be 4d. However, the formation of the 6c from other insertion intermediates (e.g. 

13d and 13e) which also have a mass consistent with the assimilation of two 

molecules of isocyanate by the borylene starting material, is thermodynamically 

feasible. This finding, together with the fact that the barriers to dissociation of 13d,e 
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are relatively high (ca. 20 kcal/mol) – such that these species may attain 

measureable concentrations in solution – offers 13d,e as more viable candidate 

intermediates. 

[3.4] Conclusions 

We have compared the mechanisms for the reactions of the iron borylene 

complexes [CpFe(CO)2(BNR2)]+, (R = i-Pr, Cy) with the carbodiimide CyNCNCy 

and with the isocyanates R'NCO (R' = Ph, 2,6-Xyl, Cy). It has been shown that both 

carbodiimide and isocyanate substrates prefer insertion into the Fe=B bond rather 

than the B=N bond of the borylene complex. Mechanistic studies reveal that the 

carbodiimide reaction ultimately leads to the bis-insertion compounds 

[CpFe(CO)2C(NCy)2B(NCy)2CNR2]+ (R = i-Pr, Cy) rather than to the isonitrile 

systems [CpFe(CO)2(CNR')]+ (via a net metathesis reaction), on the basis of both 

thermodynamic (product stability) and kinetic considerations (barrier heights). In 

case of isocyanates, the net metathesis reaction is a competitive pathway to 

insertion. The metathesis pathway is facile for isocyanate substrates if initial 

coordination at the boron atom occurs via the oxygen donor (which is kinetically 

favored); insertion chemistry is feasible when the isocyanate attacks initially via the 

nitrogen atom. However, further reaction of the mono-insertion product so formed 

with excess isocyanate offers a number of facile (low energetic barrier) routes to 

[CpFe(CO)2(CNR')]+ rather than to the formation of the bis-insertion product 

[CpFe(CO)2C(NR')(O)B(NR')(O)CNR2]+ (R' = Ph, 2,6-Xyl, Cy) (i.e. the direct 

analogue of the observed products from the carbodiimide reaction). Moreover, the 
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thermodynamic stability of these hypothetical spirocyclic species means that they 

are unlikely to be viable intermediates in the formation of the final isonitrile 

products, which are then better rationalized in terms of competing pathways, rather 

than differing extents of reaction along similar trajectories. 
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Abstract 

 

A comprehensive structural and bonding analysis of three- and five-membered 

metallacycles and cis- and trans- dinuclearmetallabicycles of Cp2M with the C2-

cumulene ligands XCCX (X = O, NH) is presented.  These are compared with the 

corresponding complexes of 1,2,3-butatriene and 1,3-butadiyne.  The energetics for the 

conversion of the three membered metallacycles 1MX to the five memebered 

metallacycles 3MX revealed greater tendency for Zr to stabilize five memebered 

metallacycles. Unlike the metallacycles of 1,2,3-butatriene and 1,3-butadiyne the cis-

dinuclear metallabicycles of heterocumulene ligands were calculated to be more stable 

as compared to their trans isomers.  The energy barrier for the cis to trans conversion of 

the dinuclearbimetallacycles (4MX to 5MX) was calculated to be very high.  Fragment 

molecular orbital analysis showed that the structural and energetic differences of the 

metallacycles of C2-heterocumulenic ligands can be attributed to the additional 

occupancy in the perpendicular π molecular orbital 3
⊥Ψ  as compared to 1,2,3-butatriene 

and 1,3-butadiyne.   
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[4.1] Introduction 

The unstable 14-electron titanocene Cp2Ti and zirconocene Cp2Zr have been 

playing a vital role in synthetic organometallic chemistry,1 olefin polymerization, 2 

organometallic chemical vapour deposition3 and C-C coupling and cleavage 

reactions.4,5  The carbene-type frontier orbitals of Cp2M (M = Ti, Zr) help in the 

reaction with unsaturated compounds such as 1,3-butadiynes and 1,2,3-butatrienes to 

form several mono and dinuclear metallacycles (Scheme 4.1).4j,4k,6 
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Scheme 4.1: Schematic representations of the reactivity of Cp2M (M = Ti, Zr) with 
1,2,3-butatriene and 1,3-butadiyne. 

 The stability of these metallacycles as compared to their organic counterpart 

is attributed to the interaction of in-plane π molecular orbitals of unsaturated carbon 



Mono and Dinuclear Metallacycles  
 

 122 

skeleton with the vacant d-orbital of the metallocene fragments.7  The structure, 

bonding and reactivity of these complexes are well studied both experimentally and 

theoretically. However, as per our knowledge similar three and five membered 2,5-

dihetero-substituted metallacycles are not reported. Rosenthal and coworkers 

suggested involvement of 1-zircona-2,5-diazacyclopent-3-yne as an intermediate in 

the reaction of isocyanide ligands with 1-zirconacyclopent-3-yne, which leads to a 

substituted 1-zircona-2,5-diazacyclopent-3-ene, anellated with a cyclobutene ring 

having two exocyclic double bonds.8   

On the other hand, dinuclear complexes of 2,5-dihetero substituted 

metallacycles  have been reported in the literature (Scheme 4.2).  Hessen and co-

workers reported the formation of Cp2Ti-(Cl)[µ-(η3:η3-RNCCNR)]Ti(Cl)Cp2 (R = t-

Bu) containing NCCN skeleton in a trans geometry.9 The complexes of Mo,10 

Nb11,12 and Ta12 are reported with the NCCN skeleton in a cis geometry. Structurally 

similar dinuclear complex of ruthenium and tungsten13 with SCCS skeleton in a cis 

geometry and uranium complex14 of cyclic-C3O3
2- having a planar skeletal 

arrangement have also been reported. This intrigue the study of structure, nature of 

bonding and stability of 2,5-dihetero-substituted metallacycles. Here, we present a 

comprehensive structural and bonding analysis of three and five membered mono-

metallacycles as well as cis and trans dinuclearmetallabicycles of Cp2M with 

ethenedione (OCCO) and ethenediimine (HNCCNH) ligands. The structure, bonding 

and stability of these metallacycles are also compared with the metallacycles of 

1,2,3-butatriene and 1,3-butadiyne.   
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Scheme 4.2: Experimentally known dinuclear complexes of 2,5-dihetero 
metallacycles. 

[4.2] Computational Details 

All structures were optimized using the hybrid HF-DFT method, 

B3LYP/LANL2DZ, based on Becke’s three-parameter functional including Hartree-

Fock exchange contribution with a non-local correction for the exchange potential 

proposed by Becke15,16a-b together with the non-local correction for the correlation 

energy suggested by Lee et al.15,16c  The LANL2DZ basis set uses the effective core 

potential (ECP) of Hay and Wadt.15,17  The nature of the stationary points were 

characterized by vibrational frequency calculations.  The Gaussian 03 program 

package was used in this study.18  We used fragment molecular orbital approach19 to 
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understand the geometrical and bonding patterns in mono and dinuclear 

metallacycles of Cp2M (M = Ti, Zr) with C2-cumulenic ligands XCCX (X = O, 

NH).   

[4.3] Results and Discussion  

 These metallacycles can be best described by the interaction of the bent 

metallocene fragments Cp2Ti and Cp2Zr with ligands XCCX (X = O, NH, CH, 

CH2).  The structure, bonding and stability of these metallacycles were studied.  The 

discussion starts with metallocene fragments and the ligands fragments separately.  

This is followed by the analysis on three- and five membered metallacycles.  Lastly, 

the structure and bonding in cis- and trans-dinuclearmetallabicycles are described. 

[4.3.1] Bent Metallocenes, Cp2M (M = Ti, Zr) 

The titanocene and zirconocene are highly reactive and generated in the 

reaction medium for immediate reaction.20  The high reactivity of these 14-electron 

metallocences arises due to their electron deficiency, which forces them to accept 

electrons from other ligands.  Unlike ferrocene, they have bent geometry.  These 

bent metallocenes Cp2M (M = Ti, Zr) have three in-plane valence molecular orbitals 

and two electrons (d2 system) available for bonding with other ligands (Figure 4.1).  

This is similar to the frontier orbitals of carbene,4b where carbene has two in-plane 

molecular orbitals in contrast to three in-plane molecular orbitals of the Cp2M 

fragment.  These three frontier molecular orbitals of Cp2M fragment can rehybridize 

to form suitably oriented molecular orbitals for the interaction with the ligand.  
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Figure 4.1: Frontier molecular orbitals of Cp2M (M = Ti, Zr). 

[4.3.2] C2-Cumulenic Ligands, XCCX (X = O, NH) 

The C2-cumulenic organic ligands considered for this study are ethenedione 

(OCCO),21 ethenediimine (HNCCNH).22 The reactivity of these ligands is attributed 

to the π electrons in their unsaturated backbone. Despite their highly reactive nature, 

the linear or quasi-linear hetero cumulenes have been characterized by 

neutralization-reionization and collisional activation mass spectrometry.21c,22a  The 

geometrical and bonding patterns of the two hetero-cumulenic ligands as compared 

to 1,3-butadiyne (HCCCCH)23 and 1,2,3-butatriene (H2CCCCH2)24 are given below.  

The linear OCCO ligand has one imaginary frequency (i424 cm-1) in its 

singlet electronic state.  The imaginary frequency vector corresponds to the 

dissociation into two CO molecules.21d  However, the linear OCCO ligand is 

minimum in the triplet electronic ground state.21d  The C-C bond length in this 

ligand is (1.288Å) closer to the central C-C bond length of 1,2,3-butatriene (1.266Å) 

(Scheme 4.3).   

 

Cp2M 
M = Ti, Zr 
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Scheme 4.3: Optimized geometries and important geometrical parameters of the 
ligands XCCX (X = O, NH, CH, CH2) at the B3LYP/LANL2DZ level of theory.  
Distances are in Å and bond angles are in degree. 

On the other hand, the MO description shows that the in-plane and 

perpendicular π-type frontier orbitals form four linear combinations, much the same 

in symmetry as the π orbitals of 1,3-butadiyne.  The highest occupied molecular 

orbitals (HOMO) of OCCO are degenerate singly occupied 3Ψ  and 3
⊥Ψ , which 

correspond to the degenerate lowest unoccupied molecular orbitals (LUMO) of 1,3-

butadiyne in symmetry (Scheme 4.4).  These molecular orbitals (MO) have bonding 

interaction between the central carbon atoms, which in turn shortens the C-C bond 

length in OCCO molecule with respect to the central C-C bond distance (1.377Å) in 

1,3-butadiyne.  Hence, the bonding of OCCO can be better described by considering 

this ligand as dianion of 1,3-butadiyne.   

Triplet 

Cis Trans 
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Scheme 4.4:  Schematic representation of the in-plane ( Ψ ) and perpendicular 

( ⊥Ψ ) π MOs of the ligand XCCX (X = O, NH, CH, CH2).  

The ligand HNCCNH is non-linear and the trans isomeric form is slightly 

(1.6 kcal/mol) more stable than the cis-form.  The C-C bond length of cis-isomer 

(1.291Å) is more close to the central C-C bond length of the 1,2,3-butatriene 

(1.266Å), whereas the C-C bond length in the trans-isomer (1.313Å)  is amidst of 

the central C-C bond length of the 1,2,3-butatriene (1.266Å) and 1,3-butadiyne 

(1.377Å) (Scheme 4.3).  However, the perpendicular π MOs 2
⊥Ψ  and 3

⊥Ψ  of 

HNCCNH correspond to the interaction of lone pair on N atoms with the C-C π MO 

(Scheme 4.4).  It is to be noted that the perpendicular central C-C π MO ( 1
⊥Ψ ) in 

1,2,3-butatriene is localized.  Hence one can consider the bonding of HNCCNH 

ligand as similar to 1,2,3-butatriene, where terminal CH2 groups are replaced by 

isolobal NH groups having lone pair.  It is interesting to note that the number of 

filled in plane π MOs are same in all these four ligands (for bent OCCO), but the 
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two hetero-cumulenic ligands have two additional electrons in the perpendicular π 

MO. 

[4.3.3] Three-Membered Metallacycles, 1MX and 2MX 

The terminal C-X as well as the central C-C bond of ligand XCCX (X = O, 

NH, CH, CH2) can coordinate with Cp2M fragment to form three membered 

metallacycles 1MX and 2MX respectively.  Rosenthal and coworkers reported the 

metallacycle similar to 1MCH with titanocene and (t-Bu)CCCC(t-Bu) ligand.27  

They had also characterized by NMR technique the three membered metallacycle of 

titanocene with terminal C-C bond of hexatriyne.29  The complexes 1MO and 

1MCH can be described as formed by the interaction of one of the formal C-X triple 

bond with Cp2M fragment.  On the other hand, the complexes 1MNH and 1MCH2 

can be viewed as formed by the interaction of one of the formal C-X double bond 

with the Cp2M fragment. 

The bonding in 1MX can be described as similar to Dewar-Chatt-

Duncanson25 description of π donation from the C-X bond and back-donation from 

Cp2M fragment to the C-X π* molecular orbital.  The MOs in XCCX corresponding 

to these interactions are 2Ψ  and 3Ψ .  The Cp2M fragment does not have proper 

symmetrical metal d-orbitals to interact with the perpendicular π MOs of the ligands. 

Thus, the LUMO of the complex 1MX is an unoccupied in-plane metal d-orbital.7g,h    

This bonding description explains elongation of the coordinated C-X bond in the 

complex 1MX as compared to the free ligands (Schemes 4.3 and 4.5).    The more 
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elongated C-X bond of 1ZrX as compared to 1TiX is attributed to the bigger size of 

Zr.7   

Owing to the similar bonding description for the 1MX for all X, we have 

calculated the dissociation energy (Eq. 4.1, Table 4.1) to understand the relative 

stability as X changes from O to CH2.  The order of the dissociation energy of 1MX 

is 1MO > 1MNH > 1MCH > 1MCH2. This indicates that OCCO ligand forms the 

most stable three membered metallacycle than the other ligands.   The dissociation 

energy of Zr complexes is higher than Ti complexes (Table 4.1).  The free ligands 

OCCO and HNCCNH are highly reactive due to the presence of two additional π 

elelctrons as compared to HCCCCH and H2CCCCH2 ligands (Scheme 4.4).  This 

results in high dissociation energies for 1MO and 1MNH.   

According to earlier discussion, the central C-C bond of H2CCCCH2 is a 

localized double bond. The ligand HNCCNH can be considered as isolobal to 

H2CCCCH2 where the CH2 group is replaced by NH having lone pair.  Hence, these 

ligands can interact with the Cp2M fragment through the central C-C π bond to form 

three membered metallacycle 2MX.  This is not possible for the ligands HCCCCH 

and OCCO.  However, the structure 2ZrNH is not a stationary point on the potential 

energy surface.  The complex similar to 2MCH2 has been recently reported by 

Suzuki and coworkers by the interaction of Cp2Zr with 1,3,5-hexatriyne.26   
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Scheme 4.5:  Schematic representation of various three- and five membered 
metallacycles Cp2M(XCCX) (X = O, NH, CH, CH2; M = Ti, Zr).  Important bond 
lengths (Å) and relative energies (kcal/mol) at B3LYP/LANL2DZ level of theory 
are given.  The values in normal font corresponds to M = Ti and that in italics 
corresponds to M = Zr.  *The structure 3TiO is a first order saddle point on the 
potential energy surface. 
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The complex 1TiNH is more stable than 2TiNH by 13.9 kcal/mol, while the 

relative energies of 1MCH2 and 2MCH2 are comparable (Scheme 4.5).  This trend 

in the energy difference can be explained by considering the more susceptible π MO 

at the C-N bond as compared to C-C bond in HNCCNH ligand.  It is to be noted that 

the Cp2M fragment is coordinated to C-C π bond in both 1MCH2 and 2MCH2, 

whereas it is coordinated to the C-N π bond in 1TiNH and C-C π bond in 2MNH.  

This is reflected in the higher dissociation energy of 1TiNH.   

 

 
Table 4.1:  Dissociation energy (kcal/mol) of metallacycles 1MX, 2MX and 3MX 
into Cp2M (M = Ti, Zr) fragments and XCCX ligands (X = O, NH, CH, CH2). 

 

1MX (∆E1) 2MX (∆E2) 3MX (∆E3) 
X 

Ti Zr Ti Zr Ti Zr 

O 53.9 81.9  - - - 65.6 

NH 46.0 73.1  32.1 - 31.7 69.8 

CH 28.6 52.8  - - 20.5 57.5 

CH2 25.9 47.3  26.3 47.4 23.6 59.7 

 

 

 

1MX  Cp2M + XCCX       ∆E1                                                            (4.1) 

2MX  Cp2M + XCCX       ∆E2                                                            (4.2) 

3MX  Cp2M + XCCX       ∆E3                                                            (4.3) 
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[4.3.4] Five-Membered Metallacycles, 3MX 

The three membered metallacycle 1MX has in-plane vacant metal d-orbital 

(LUMO) and hence is electron deficient.7g,h  The electron deficiency can be 

overcome by accepting electrons from the electron donating ligands such as PMe3
6b 

or by coordinating with the other unsaturated C-X π bond of the same ligand.  One 

such possibility is the rearrangement to five membered metallacycle 3MX.  It has 

been reported that the five membered metallacyclocumulenes (3MCH) exist in a 

dynamic equilibrium with their respective three membered isomers (1MCH).27,7d  
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Figure 4.2: Reaction energy profile for the conversion of 1MX to 3MX (X = O, 
NH, CH, CH2) at B3LYP/LANL2DZ level of theory. 

The energetic for the transformation of the three membered metallacycle 

1MX to five membered metallacycle 3MX is shown in figure 4.2.  It is interesting to 

note that as X changes from O to CH2
, the relative stability of the five membered 

metallacycle 3MX increases.  The gradual decrease in the energy barrier for this 
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rearrangement supports the trend in the relative energy.  This trend is more 

pronounced for Cp2Zr complexes.  All the five membered metallacycles of Cp2Ti are 

less stable than the corresponding three membered metallacycles.  This can be 

attributed to less preference of smaller Ti to form five membered metallacycles.7  

However, the complexes 3ZrO and 3ZrNH are less stable while the complexes 

3ZrCH and 3ZrCH2 are more stable than the corresponding three membered 

metallacycles.   

It is to be noted that 3TiO is a transition state for the sliding of the Cp2M 

fragment along OCCO ligand for the conversion of 1TiO to its degenerate 

alternative.  The energy barrier for this transformation is 23.3 kcal/mol.  The three 

membered metallacycle 1ZrO is more stable than 3ZrO by 16.2 kcal/mol and the 

energy barrier for the transformation is 17.2 kcal/mol.  The closer energies and 

geometrical parameters of 3ZrO and the transition state indicate more feasibility for 

the rearrangement of 3ZrO to 1ZrO.  However, the relative energy difference 

between the complexes 1ZrNH and 3ZrNH is 3.3 kcal/mol while the complex 

1TiNH is more stable than 3TiNH by 14.3 kcal/mol.   

The above-mentioned relative energies can be rationalized based on the 

FMO approach.  As we have described in Scheme 4.4, the ligands differ in the 

number of perpendicular π electrons.  Thus, one can expect the in-plane interaction 

in all these 3MX to be similar.  Earlier studies show that the interaction between the 

in-plane π MOs of the ligands and the metal fragment is similar for both 3MCH and 

3MCH2.7d,e  The bonding in these complexes can be described by the donation of 

two filled in-plane π MOs ( 1Ψ  and 2Ψ ) to the metal fragment and back donation of 
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metal d-electrons to third in-plane π MO ( 3Ψ ).  However, these two metallacycles 

differs in the perpendicular π MOs.  The metallacycle 3MCH2 has a localized 

perpendicular π MO 1
⊥Ψ  at C1-C2 bond whereas 3MCH has delocalized 

perpendicular π MOs 1
⊥Ψ  and 2

⊥Ψ .  As a result, the C1-C2 bond distance in 3MCH2 

is shorter (1.266Å for both 3TiCH2 and 3ZrCH2) than 3MCH (1.344Å for 3TiCH 

and 1.342Å for 3ZrCH).  The comparable dissociation energy of 3MCH2 and 

3MCH also supports this bonding description (Eq. 4.3, Table 4.1).  On the contrary, 

1MCH has higher dissociation energy than 1MCH2 (Eq. 4.1, Table 4.1).  It has to 

be noted that 1MCH2 is formed by the interaction of formal double bond of 1,2,3-

butatriene with Cp2M fragment whereas, the complex 1MCH is formed by the 

interaction of one of the formal triple bond of 1,3-butadiyne. 

Even though the linear OCCO ligand is stable in triplet electronic state, the 

cis-OCCO fragment in 3ZrO can be considered as similar to HNCCNH ligand.  The 

interaction of the in-plane π MOs in 3ZrO and 3MNH is similar to that of the 

metallacyclocumulene and metallacyclopentyne (Figure 4.3).  The third filled 

perpendicular π MO ( 3
⊥Ψ ) has anti-bonding interaction between the terminal C-N 

and C-O bonds (Scheme 4.4).  This anti-bonding interaction results in the distortion 

of the five membered ring in 3ZrO and 3MNH.  The similarity in the bonding is 

adequately reflected in similar dissociation energy of 3ZrO (65.6 kcal/mol) and 

3ZrNH (69.8 kcal/mol).  On the other hand, the dissociation energy of 1ZrO (81.9 

kcal/mol) is higher than 1ZrNH (73.1 kcal/mol).  This indicates that the interaction 

of Cp2Zr fragment with the terminal C-O bond in OCCO ligand is stronger as 
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compared to the interaction of the terminal C-N bond in HNCCNH ligand in 

1ZrNH.  Hence, the relative energy difference between three membered and five 

membered metallacycles is higher in MO as compared to MNH.  The higher 

stability of the three membered metallacycles 1MO and 1MNH can be ascribed to 

stronger in-plane interaction between the metal and terminal C-O and C-N π bond as 

compared to the interaction between the metal and non-planar OCCO and NHCCNH 

ligands in five membered metallacycle.  This indicates that the relative energy 

difference between the three membered (1MX) and five membered (3MX) 

metallacycles is mainly governed by the relative stability of the metallacycle 1MX. 

 

Figure 4.3:  Important MOs of 3MO and 3MNH showing in-plane interaction with 
the Cp2M fragment and non-interacting perpendicular π MO of the ligands.   
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[4.3.5] Dimetallabicycles, 4MX and 5MX 

The interaction of another Cp2M fragment with the central C-C bond of the 

five membered metallacycle 3MX can lead to the dinuclear metallacycle 4MX, 

where XCCX fragment is in cis orientation.  The M1-C1 (M1-C2) distance is longer 

and M1-X1 (M1-X2) distance is shorter in 4MX as compared to the corresponding 

distances in 3MX (Schemes 4.5 and 4.6).  This variation in bond length is more 

predominant in 4MO and 4MNH.  It is to note that the five membered ring 

(MXCCX) in 3MCH and 3MCH2 are planar whereas it is non-planar in 3MO and 

3MNH.  The XCCX fragment in 3MO and 3MNH are in out-of-plane trans 

orientation with respect to the central C1-C2 bond whereas it is in cis orientation in 

4MX.  All the cis dinuclear complexes except 4MCH are non-planar.  The non 

planarity of these complexes can be measured by the bending angles θ1 and θ2, 

which are the deviations of M1 and M2 from the XCCX plane respectively 

(Figure 4.4).   

θ1
θ2

θ1
θ2

 

 
 
Figure 4.4: Schematic representation of 4MX.  The bending angles θ1 and θ2 are 
the deviations of M1 and M2 from the XCCX plane respectively. 

 

Ti  Zr  

X θ1 θ2  θ1 θ2 

O 20.2 9.6  14.5 3.4 

NH 23.7 13.7  26.4 11.8 

CH 0.0 0.0  0.0 0.0 

CH2 6.0 -2.1  15.9 -0.8 
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Scheme 4.6:  Schematic representation of dinuclearbimetallacycles 
Cp2M(XCCX)MCp2, (X = O, NH, CH and CH2).  Important bond lengths (Å) and 
relative energies (kcal/mol) at B3LYP/LANL2DZ level of theory are given.  The 
values in normal font corresponds to M = Ti and that in italics corresponds to M = 
Zr.   
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These bending angles are larger when X = NH and O.  The nitrogen atoms in 

4MNH are planar whereas pyramidal in 3MNH.  The non-planarity of 4MX can be 

understood from the fragment molecular orbital approach by considering the out-of-

plane cis-3MX interacting with second metallocene fragment.  However, the 

metallacycles similar to 3MO and 3MNH in which XCCX in out-of-plane cis-

orientation are not stationary points on the potential energy surface whereas, cis- and 

trans- metallacyclopentenes of Cp2M (Ti, Zr) are reported.28  Earlier studies on the 

structural and bonding analysis showed that the five membered ring in the cis- as 

well as trans-isomer is pocked due to the large interaction between C=C double 

bond and metal center.7e 

Cp2M

X
X X X

Cp2M

 

 

Scheme 4.7: Schematic representation of the bonding in cis five-membered 
metallacycle Cp2M(XCCX).  

The bonding in cis-3MO and cis-3MNH can be explained by two 

fragmentation models (Scheme 4.7).  Model A represents electron-sharing bond 

between X and Cp2M fragment whereas model B represents donor-acceptor 

interaction.  According to bonding model A the ligand possesses two electrons in the 

third perpendicular π MO 3
⊥Ψ .  This MO can be stabilized by the interaction with the 

vacant d-orbital of the metallocene fragment.  This can be effectively done by the 

out-of-plane distortion of the metallocene fragment.  Earlier reports show similar 

bending of the metal fragment to reduce the antibonding interaction in the dinuclear 

 B A 
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complex of 1,2,3-butatriene.6b,7h  The similar distortion of the Cp2M fragment can 

also be explained from the fragmentation model B, where the metal electrons are 

donated to 3
⊥Ψ .  On the contrary, the five membered metallacycles 3MCH and 

3MCH2 have two electrons less in the π molecular orbitals, which in turn makes it 

planar.  These frontier π MOs of cis-3MX interact with the second metallocene 

fragment to form cis-dimetallabicycles. 

 
Figure 4.5:  Important frontier MOs of (a) showing interaction of the metal 
fragments with the perpendicular π MO in 4MO and 4MNH and (b) non-interacting 
perpendicular π MO for 5MO and 5MNH.   

This interaction of cis-3MX with second Cp2M fragment is similar to 

familiar DCD model.25  The perpendicular ( 3
⊥Ψ ) and the in-plane ( 3Ψ ) π MOs  in 
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3MO and 3MNH have same symmetry and can possibly interact with the vacant d-

orbital of the second Cp2M fragment to form 4MX.  Likewise, the localized 

perpendicular π orbital ( 1
⊥Ψ ) in 3MCH2 has the same symmetry as that of 3Ψ .  This 

leads to the rehybridization of the in-plane and perpendicular π MO and results in 

the bending of the two metallocene fragments with respect to XCCX plane (Figure 

4.5).  In contrast to that, the highest occupied in-plane ( 3Ψ ) and perpendicular ( 2
⊥Ψ ) 

π MO of 3MCH have different symmetry.  This leads to planar geometry for 

4MCH. 
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X O NH CH CH2 

Ti - -35.0 -6.0 7.9 

Zr -39.0 -34.0 -1.8 10.7 

The reaction energy obtained from the isodesmic equation (Eq. 4.4) shows 

that the cis-dimetallabicycles 4MX are more stable than the five membered 

metallacycles 3MX.  The reaction energy decreases when X changes from O to CH2.  

The filled perpendicular π MO ( 3
⊥Ψ ) having anti bonding interaction at C-X bond in 

3MO and 3MNH leads to their higher reactivity.  As shown earlier, the stability of 

the cis-dinuclear metallacycle 4MX will be greater when the C-C-H bond angle in 

the metal-acetylene complex is closer to the C1-C2-C3 angle of 3MX.7g,h  Therefore, 

the reaction energy ∆E4 is higher for 4MCH as compared to 4MCH2. 
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The metal atom M2 in 4MX has vacant d-orbital as similar to three 

membered metallacycle 1MX. The electron deficiency due to this vacant metal d-

orbital can be overcome by rearranging the XCCX skeleton to the trans orientation 

(5MX) or by accepting electrons from Lewis bases such as PMe3.6b  Unlike the cis-

dimetallabicycles, the two Cp2M fragments in 5MX are in the same plane with 

respect to XCCX ligand.  The M1-C2 (M2-C1) distances are shorter as compared to 

M1-C1 (M1-C2) distances in 4MX and longer as compared to M2-C1 (M2-C2) 

distance in 4MX (Scheme 4.6).  This indicates the better interaction of the metal 

fragments with in-plane π MO of the XCCX ligand in trans geometry.  The energetic 

for the cis to trans transformation is exothermic when X = CH and CH2 and is 

endothermic for other two complexes.  However, the respective energy barriers for 

the transformation are very high (Figure 4.6). 
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Figure 4.6: Reaction energy profile for the conversion of 4MX to 5MX (X = O, 
NH, CH, CH2) at B3LYP/LANL2DZ level of theory.  
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Scheme 4.8: Schematic representation of the orbital interaction in planar and non-
planar geometry of 4MX and 5MX. 

The perpendicular π MO 3
⊥Ψ  in planar cis-4MX (X = NH and O) does not 

have proper symmetry to interact with the in plane metal d-orbitals (Scheme 4.8a).  

However, it is stabilized by the interaction with Cp2M fragments in non-planar 

geometry (Scheme 4.8b).  On the other hand, the Cp2M fragments do not have 

appropriate symmetric metal d-orbital to interact with 3
⊥Ψ in both planar and non-

planar geometry of trans-5MX (X = NH and O) (Schemes 4.8c and 4.8d).  As a 

result, 5MNH and 5MO are planar unlike their cis isomers.  This results in the 

destabilization of trans isomers 5MNH, 5MO. 

[4.4] Conclusions 

The structure and bonding in mono- and dinuclear metallacycles of C2-

cumulenic ligands OCCO and HNCCNH are studied in this chapter and compared 
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with the similar metallacycles of 1,2,3-butatriene and 1,3-butadiyne.  The ligand 

OCCO can be described by considering it as dianion of 1,3-butadiyne and the ligand 

HNCCNH as similar to 1,2,3-butatriene, where terminal CH2 groups are replaced by 

isolobal NH groups having lone pair.  The number of filled in plane π MOs are same 

in all these four C2-cumulenic ligands, but the two hetero-cumulenic ligands have 

two additional electrons in the perpendicular π MO.  The ligands H2CCCCH2 and 

HNCCNH can interact with the Cp2M fragment through the terminal C-X (X = CH2, 

NH) as well as central C-C π bond to form three membered metallacycles 1MX and 

2MX.  On the other hand, three membered metallacycle 2MX are not the stationary 

points on the potential energy surface for the ligands OCCO and HCCCCH.  The 

interaction of the in-plane π MOs in 3ZrO and 3MNH is similar to that of the 

metallacyclocumulene and metallacyclopentyne.  However, the anti-bonding 

interaction in the third filled perpendicular π MO results in distortion of the five 

membered ring of 3ZrO and 3MNH.  The relative stability of the five membered 

metallacycle 3MX as compared to three membered metallacycle 1MX increases 

when X changes from O to CH2.  This trend is more pronounced in Zr complexes 

due to the bigger size of Zr.  All the cis-dinuclear complexes except 4MCH are non-

planar and the bending of the metallocene fragments from the plane of XCCX are 

larger for X = NH and O.  The rehybridization of the in-plane and perpendicular π 

MO results in the bending of the two metallocene fragments in 4MX with respect to 

XCCX plane.  Unlike the cis-dimetallabicycles, the two Cp2M fragments in 5MX 

are in the same plane with respect to XCCX ligand. 
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mno RULE FOR CONDENSED BORANES VERSUS 
MINGOS’ RULE FOR CONDENSED TRANSITION METAL 

CLUSTERS: THE MISSING LINK 
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Abstract 
 
 

 
The correlation between the electron count for the polyhedral boranes 

(Wade’s n + 1 rule) and for the transition metal clusters (PSEPT, 7n + 1 rule) can be 

understood from the isolobal analogy between BH and transition metal fragments.  

The relationship between the electron count of poly-condensed polyhedral boranes 

(mno rule) and poly-condensed transition metal clusters (Mingos’ rule) is not 

straightforward.  Here, a total valence electron count for the condensed transition 

metal clusters was proposed, which establishes the missing link between the electron 

count for condensed boranes (mno rule) and transition metal clusters (Mingos’ rule).  

According to this rule, m + n + o + 6n - 3(m - 1) = 7n - 2m + o +3 (n = number of 

vertices, m = number of polyhedra, o = number of single vertex sharing) number of 

electron pairs are necessary for the stability of closo polycondensed transition metal 

clusters.  The additional electron pairs required for nido and arachno polyhedra, one 

and two respectively, are to be added separately.  Comparison of this electron count 

with Mingos’ rule gives a relation between ns (number of shared vertices), y 

(number of bonds between the shared atoms) and m (number of polyhedra) as y = 2ns 

- 3(m - 1) + o.  Two possible ways of dividing the total electron count into skeletal 

and non-skeletal bonding electron pairs were discussed.  The rule is also extended as 

m + n + o + p + 6x - xs/ns{3(m - 1)}, (where x = number of transition metals, xs = 

number of shared transition metals and ns = number of shared atoms) to incorporate 

the electron counts of the metallaboranes.  This rule gives mno rule (x = xs = 0) for 
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condensed boranes and 7n - 2m + o + 3 rule (x = n, xs = ns) for condensed transition 

metal clusters. 
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[5.1] Introduction 

Electron-counting rules1-11 are efficient tools to predict qualitatively the 

structure, stability and bonding of molecules and clusters.  The octet rule1 for main 

group molecules, the 18-electron rule2 for transition metal complexes, Hückel 4n + 2 

rule3 for aromatic planar cyclic systems, Lipscomb’s styx rule4 for boranes and 

CVMO8,9 for transition metal clusters are some of the well known examples.  

Electron counts based on graph theoretical approaches10 are occasionally used for 

boranes and transition metal clusters.  Contributions of Wade5 and Mingos’11 in 

formulating the electronic requirement for boranes and transition metal clusters 

especially stand out.  Wade’s n + 1 rule5 is not only helpful in rationalizing the 

known cage structures of polyhedral boranes, but also in suggesting the probable 

structures of unknown polyhedral boranes.  Wade5a and Mingos11a recognized a 

common structural and electronic relationship between main group and transition 

metal polyhedral clusters in the early 1970’s.  This lead to the development of 

PSEPT,11b according to which stable closo boranes require n + 1 skeletal electron 

pairs respectively, (n is the number of vertices) whereas, the electronic requirement 

for isostructural closo polyhedral transition metal clusters is 7n + 1 total valence 

electron pairs.  One and two additional electron pairs are required for nido and 

arachno polyhedra. 

The difference between the skeletal electron pairs in boranes and total 

valence electron pairs in transition metal clusters is therefore 6n, which corresponds 

to metal-ligand exohedral bonding electrons and non-bonding metal electrons 

(Figure 5.1, top).  This can be rationalized by isolobal analogy,12 according to which 
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BH fragments in boranes and d8ML3 fragments [e.g. Ru(CO)3, CoCp] in transition 

metal clusters contribute three orbitals and two electrons for the skeletal bonding.  

For example the two ‘eg’ electrons of Ru(CO)3 would correspond to two valence 

electrons in the BH group.  The ‘t2g’ (6 electrons) and 3 CO groups (6 electrons) 

contribute 6 additional electron pairs for Ru(CO)3 fragment.  Accordingly, the 

skeletal electron pairs for octahedral B6H6
-2 is 7 (n = 6) and the total valence 

electron pairs for octahedral Ru6(CO)18
-2 is 43 (n = 6).  The difference between the 

two electron counts is 36 (= 6n) electron pairs (Figure 5.1, top).   

Mingos’ proposed another rule to explain the condensation of polyhedral 

transition metal complexes.11c,d  This rule states that “the total electron count in a 

condensed cluster is equal to the sum of the electron counts for the parent polyhedra 

(A) and (B) minus the electron count (∆c) characteristic of the shared unit (atom, 

pair of atoms etc.)”.  If polyhedron (A) is characterized by ‘a’ number of valence 

electrons and polyhedron (B) by ‘b’ number of valence electrons, then the 

condensed cluster (C) will have a total of ‘a + b - ∆c’ valence electrons.  The 

characteristic electron count (∆c) for vertex sharing is 18, edge sharing is 34 and 

triangular face sharing is 48 (or 50, when (A) and (B) are deltahedra with number of 

vertices ≥ 6).11c,d  A generalized skeletal electron counting rule, the mno rule,6 for 

polycondensed polyhedral boranes has been introduced by Jemmis and coworkers.  

According to this rule, m + n + o skeletal electron pairs are necessary for a closed 

macro-polyhedral system to be stable.  Here, m is the number of condensed 

polyhedra; n is the number of vertices and o is the number of single-atom sharing 

between two polyhedra.  Wade’s n + 1 rule is a special case of m + n + o rule, where 
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m = 1 and o = 0.6  However, unlike Wade’s n + 1 rule for boranes and 7n + 1 rule for 

non-condensed transition metal clusters, the relation between mno rule and Mingos’ 

rule for poly-condensed systems is not obvious.   

 

Figure 5.1: Schematic representation of the correlation among the electron count 
rules for mono cage and condensed polyhedral boranes and transition metal clusters. 
SEP is number of skeletal electron pairs and TVEP is number of total valence 
electron pairs. 

For example, the skeletal electron pairs for edge shared bioctahedral B10H8
-2 

is 12 (by mno rule, where m = 2, n = 10 and o = 0) (Figure 5.1, bottom).  The total 

valence electron pairs (TVEP) for isostructural edge shared metal cluster 

Ru10C2(CO)24
-2 is 69 (by Mingos’ rule, where ‘a’ = ‘b’ = 43 electron pairs, ∆c = 17 

B6H6
-2 

SEP = n + 1 = 7 
Wade’s rule 

Ru6(CO)18
-2 

TVEP = 7n + 1 = 43 
PSEPT 

6n 

6n -3(m - 1) 

B10H8
-2 

SEP = m + n + o = 12 
mno rule 

Ru10C2(CO)24
-2 

TVEP = 43 + 43 -17 = 69 
Mingos’ rule 
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electron pairs).  For mono-cage polyhedra, the difference between the electron count 

of boranes and transition metal cluster is 6n (Figure 5.1, top).  However, the 

difference between the electron counts of isostructural condensed transition metal 

cluster Ru10C2(CO)24
-2 and borane B10H8

-2 is 57 electron pairs (= 69 - 12, Figure 5.1, 

bottom), which is less than 6n = 60 electron pairs (n = 10).  Analysis of a large 

number of experimentally known condensed transition metal clusters (Table 5.1) 

shows that addition of 6n to the skeletal electron pair of isostructural condensed 

boranes (mno rule) does not give TVEP for isostructural transition metal clusters 

(Mingos’ rule), as it does for Wade’s n + 1 and 7n + 1  rules (PSEPT).  In that 

scenario, what is the relationship between mno rule and Mingos’ rule for poly-

condensed clusters?  The mno rule for condensed boranes and Mingos’ rule for 

transition metal clusters are based on two entirely different sets of parameters and 

thus one to one correspondence between these two rules is missing.  In our attempt 

to determine this missing link between these two electron counting rules, the 

electron count for the condensed transition metal clusters is revised in terms of 

parameters m, n and o.  This has been done by analyzing a series of the crystal 

structures of the condensed polyhedral transition metal clusters (Table 5.1).   

[5.2] Total Valence Electron Pair (TVEP) Count for Transition 
Metal Clusters: 7n - 2m + o + 3 

The total valence electron pairs for the closo condensed transition metal 

clusters can be expressed in terms of the number of vertices (n), the number of 

polyhedra (m) and the number of single vertex sharing (o) as m + n + o + 6n - 3(m - 

1) = 7n - 2m + o + 3.  For nido and arachno metal clusters, one and two additional 
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pairs of electrons are required (7n - 2m + o + 3 + p; p = 1 for nido and p = 2 for 

arachno).  According to this electron count, the number of TVEP required for the 

stability of edge sharing octahedral cluster Ru10C2(CO)24
-2 (Figure 5.1, bottom) is 7n 

- 2m + o + 3 + p = 69 (m = 2, n = 10, o = 0 and p = 0).  This number is same as 

predicted by Mingos’ rule (Figure 5.1, bottom).  When number of polyhedra (m) is 

one, the TVEP count 7n - 2m + o + 3 becomes 7n + 1 (o = 0) electron pairs, which is 

equal to the total valence electron pairs obtained by the PSEPT for closo systems.  

Therefore, our revised rule gives a generic electron count for condensed and non-

condensed transition metal clusters.  Applications of this electron count rule for a 

large number of condensed clusters are discussed in section 5.5.  

The difference between the mno count in boranes and total valence electron 

count in condensed transition metal clusters is 6n - 3(m - 1).  What does this 

difference ‘6n - 3(m - 1)’ signify?  In the condensed boranes, assignment of the 

skeletal and exohedral electron pairs is straightforward.  The terminal BH fragment 

donates two electrons and shared boron atom, which does not have any exohedral 

bond, donates three electrons to the cluster bonding.  However, this kind of 

assignment of the total electron count for condensed transition metal clusters is not 

practical due to the presence of closely spaced d orbitals. Thus, the simple argument 

of one to one mapping using isolobal analogy of BH and transition metal fragment is 

not sufficient to classify the TVEP of transition metal clusters into skeletal and non-

skeletal electron pairs.  On the other hand, the number of electrons donated by the 

shared metal fragment to the cluster bonding depends on the number of ligands 

attached to the metal.  Since the connectivity of the terminal vertices does not 

change upon condensation, they would contribute equal numbers of electrons in 
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non-condensed as well as in condensed clusters.  Therefore, it is apparent that the 

variable numbers of orbitals donated by shared metals are responsible for this 

difference in the electron count.   

 

Chart 5.1 

The TVEP count 7n - 2m + o + 3 can be empirically divided into two ways – 

(a) {m + n + o - 3(m - 1)} + {6n} and (b) {m + n + o} + {6n - 3(m - 1)}– to account 

for the skeletal and non-skeletal electron pairs for the condensed transition metal 

clusters.  In chart 5.1a, it is assumed that the skeletal electron count for the 

condensed transition metal clusters is m + n + o - 3(m - 1).  It is observed that the 

number of ligands attached to the shared metals in condensed transition metal 

clusters commonly vary from one to three, which is less than the number of ligands 

attached to terminal vertices.  The number of electrons contributed by these metal 

fragments for cluster bonding can be understood from secondary isolobal analogy.12  

The analysis of the frontier orbitals of the ML3 fragment indicates presence of three 

orbitals in the frontier region (Figure 5.2a).  The prime consequence of removing 

two ligands along the z-axis from a ML4 fragment is the stabilization of the metal 

7n - 2m + o + 3 

{m + n + o - 3(m -1)} + {6n} {m + n + o} + {6n - 3(m -1)} 

non-bonding  
and 

exohedral bonding  
electron pairs 

non-bonding  
and 

exohedral bonding  
electron pairs 

skeletal  
electron pairs 

skeletal  
electron pairs 

(a) (b) 



Chapter 5 

 161

dz2 orbital (Figure 5.2b).12  Similarly, when four ligands from the ML5 fragment is 

removed, dz2 and dx2-y2 orbitals become stabilized (Figure 5.2c).   
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Figure 5.2: Frontier orbitals of metal ligand fragments (a) ML3 (b) ML2 obtained by 
removing two ligands from ML4 and (c) ML obtained by removing four ligands from 
ML5. 

According to the above-mentioned argument, the d8ML2 and d10ML 

fragments would not contribute any electron to the cluster bonding and d8ML3 

(isolobal to BH fragment) would donate two electrons.  This also holds true for other 

metal fragments as well.  Therefore, in contrast to the shared B atoms in the 

condensed boranes, which donate three electrons as compared to terminal BH 

groups, all the transition metal fragments in the shared positions would donate less 

number of electrons for the skeletal bonding as compared to the terminal metal 

fragments.  This accounts for the decrease in the number of skeletal electron pairs 

for the condensed transition metal clusters.   
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However, one can argue that a constant number of skeletal electrons are 

necessary for the stability of any particular topology.  Therefore, division of the 

TVEP in the above-mentioned fashion implies different skeletal electrons for similar 

topology of boranes and transition metal clusters.  This contradiction suggests the 

second way of dividing the TVEP into skeletal and non-skeletal components i.e. {m 

+ n + o} + {6n - 3(m - 1)} (Chart 5.1b).  In this case, it is assumed that the skeletal 

electron pairs remain invariant for both condensed transition metal clusters and 

boranes of identical topology.  It implies additional participation of 3(m - 1) number 

of non-bonding electron pairs by the shared metal fragments as compared to non 

shared metal fragments.   

The electronic requirement of transition metal clusters depends upon the 

types of condensation as well as the nature of the shared metal fragments and 

number of ligands attached to it.  Therefore, the TVEP count is considered the best 

way to describe condensed transition metal clusters rather than skeletal electron 

count. 

[5.3] Correlation between Mingos’ Rule and TVEP Count for Poly-
Condensed Transition Metal Clusters 

In most of the cases, the TVEP count (7n – 2m + o + 3) gives the same 

electrons as predicted by Mingos’ rule (Table 5.1, section 5.5).  This indicates the 

existence of a one to one relationship between these two rules.  The difference ∆c in 

Mingos’ rule can be expressed as 9ns – y number of electron pairs, where ns = 

number of shared atoms and y = number of bonds between the shared atoms.   
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This transforms the electron count by Mingos’ rule as a + b - (9ns - y) 

electron pairs, where ‘a’ and ‘b’ are number of total valence electron pairs of the 

parent polyhedra.  According to the PSEPT theory, 7n + 1 (n = number of vertices of 

the polyhedra) number of electron pairs are required for closo non-condensed 

polyhedra.11a,b  Applying the PSEPT theory to the Mingos’ rule, we get the TVEP 

count for the poly-condensed transition metal clusters as (7na + 1) + (7nb + 1) - (9ns - 

Chart 5.2 
 

Mingos’ Rule: 
a + b - (9ns - y) electron pairs 

For condensation of two polyhedra, the required number of electron pairs 
= a + b - (9ns - y) 
= (7na + 1) + (7nb + 1) - (9ns - y) 
= (1 + 1) + 7(na + nb - ns) - (2ns - y) 
= 2 + 7n - (2ns - y) 
= m + 7n - (2ns - y) 

For condensation of three polyhedra, the required number of electron pairs 
= a + b + c - (9ns - y) 
= (7na + 1) + (7nb + 1) + (7nc + 1) - (9ns - y)  
= (1 + 1 + 1) + 7(na + nb + nc - ns) - (2ns - y)  
= 3 + 7n - (2ns - y)  
= m + 7n - (2ns - y) 

Hence, in general Mingos’ electron count can be expressed as 
= m + 7n - (2ns - y) electron pairs  

ns = number of shared vertices 
y = number of bonds between the shared atoms 
na = number of vertices in polyhedra A 
nb = number of vertices in polyhedra B 
n = number of vertices in the condensed polyhedra 
m = number of polyhedra 

TVEP Count: 
m + 7n + o - 3(m - 1) electron pairs  

Comparing Mingos’ Rule (5.1) and TVEP count (5.2) we get, 
2ns - y = 3(m - 1) - o 

OR, y = 2ns - 3(m - 1) + o 

(5.1) 

(5.2) 

(5.3) 
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y), where na and nb are the number of vertices of the polyhedra A and B (Chart 5.2).  

From chart 5.2, it is clear that Mingos’ rule for the condensed transition metal 

clusters can be written as m + 7n - (2ns - y), and the number of bonds formed 

between the shared atoms (y) depend upon the number of shared atoms (ns), the 

number of polyhedra (m) and number of single vertex sharing.  For nido and 

arachno polyhedra one and two additional electron pairs is to be added in both eq. 

5.1 and 5.2 (Chart 5.2).   

[5.4] Extension of TVEP Count for Condensed Metallaboranes and 
Metallacarboranes 

The electronic requirement for the condensed metallaboranes and 

metallacarboranes can be explained by the mno rule,6 where the exohedral electrons 

are not involved in the skeletal bonding.  However, sometimes it is difficult to 

understand the number of electrons donated by the metal fragments for skeletal 

bonding in a metallaboranes.  This difficulty is more predominant for the poly-

condensed transition metal clusters due to great influence of the exohedral ligands 

on the number of electrons participating in the skeletal bonding.  Therefore, the 

skeletal electrons for the main group elements and total valence electrons for the 

transition metal fragments are considered for metallaboranes.  

As discussed earlier, the difference in the electron counts for boranes by mno 

rule and transition metal clusters by TVEP count arises from the atoms in the shared 

positions.  Therefore, the terminal transition metal fragment would donate 6x (x = 

number of metal atom) number of electron pairs, in comparison with 1 electron pair 
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donated by terminal B-H.  Hence, the TVEP count for the condensed 

metallaboranes, where the metal occupies the terminal position, will be m + n + o + 

6x. 

A similar argument can be invoked when the transition metal fragments 

occupy the shared positions.  The shared transition metal fragments in transition 

metal clusters contain less number of ligands and as a result donate less number of 

electrons as compared to the terminal transition metal fragments.  These difference 

is manifested by “3(m - 1)” in our electron count for the condensed transition metal 

clusters.  This implies that all the metal fragments in the shared position together 

will contribute “3(m - 1)” electron pairs less in comparison with the terminal 

transition metal fragments irrespective of the mode of condensation.  Thus, “3(m - 

1)” electron pairs is to be subtracted from the total valence electron pairs if all the 

shared positions are occupied by transition metal fragments.  This gives an electron 

count of m + n + o + 6x - 3(m - 1) electron pairs for this type of condensed 

metallaboranes. 

The metallaboranes where both boron and transition metal fragment are 

present in the shared position are also reported.  For these metallaboranes, the 

aforementioned electron count cannot be used.  Here, “xs/ns{3(m - 1)}” number of 

electron pairs is to be subtracted from the total valence electron pairs, m + n + o + 

6x, where ns is the total number of shared atoms and xs is the number of shared metal 

atoms.  For example, if one of the shared position of an edge shared metallaborane is 

occupied by a transition metal fragment, then the subtraction parameter in electron 

count will be “1/2{3(m - 1)}”.  Similarly, for a face shared metallaborane, where one 
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shared position is occupied by a transition metal fragment, the reduction in the 

electron count will be “1/3{3(m - 1)}”.  Thus, in order to incorporate all these 

factors we propose one electron count that can explain the electronic requirement of 

the condensed boranes, metallaboranes as well as transition metal clusters; m + n + o 

+ 6x - xs/ns{3(m - 1)}.  Here m is the number of polyhedra, n is the total number of 

vertices, o is the number of single atom sharing, x is the number of metal atoms, ns is 

the number of shared vertices and xs is the number of shared metal atoms.  One 

additional electron pair is to be added for each missing vertex in terms of the 

variable p.  For condensed boranes, x and xs is 0; then, the electron count m + n + o 

+ 6x - xs/ns{3(m - 1)} is equivalent to m + n + o.  If three is no metal atom in the 

shared position of metallaboranes, then, xs = 0 and the electron count becomes m + n 

+ o + 6x - 0/ns{3(m - 1)} = m + n + o + 6x.  For transition metal clusters, x = n and xs 

= ns then the electron count becomes, m + n + o + 6n - ns/ns{3(m - 1)} = m + n + o + 

6n - 3(m - 1).  Thus, this electron count can be in principle applicable to the 

condensed boranes, metallaboranes and transition metal clusters.  In case of boranes, 

this electron count reduces to mno rule and in case of transition metal clusters it 

equals m + n + o + 6n - 3(m - 1).  It has to be noted that for those condensed 

metallaboranes, where isolobal analogy can be used for the transition metal 

fragments, mno rule can be applied directly.  For metallaboranes, where mno rule is 

difficult to apply, this rule for the mixed cluster might be useful (Table 5.2, Figure 

5.4, Section 5.5).   
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[5.5] Illustrations of TVEP Count  

Table 5.1 illustrates the application of TVEP count on experimentally known 

transition metal clusters.13-15  The Mingos’ electron count (TVEC) for all the 

structures is also given.  The detailed description of some selected structures is 

presented in figure 5.3.  The description of structures starts with the planar clusters 

followed by clusters having tetrahedral, and octahedral skeletal units.  Unless 

specified, all the clusters obey Mingos’ electron count rule.  The extension of the 

TVEP count for the polycondensed metallaboranes are illustrated in table 5.2 and 

figure 5.4.  Nevertheless, there are other structures which obey this TVEP count.13 

[5.5.1] Application to Transition Metal Clusters 

[5.5.1.1] Clusters Based on Planar Skeleton (Structures 1-3) 

The structures of this class of cluster are based on triangular units.  The 

smallest triangular cluster Os3(CO)12 (1) has three Os(CO)4 metal fragments.  The 

metal fragment Os(CO)4 (d8ML4) utilizes one electron pair for the skeletal bonding 

(Figure 5.2) and the corresponding isolobal main group fragment is CH2.  

Apparently this molecule can be viewed as an arachno system derived from a 

trigonal bipyramid, where two of the apical vertices are removed.  Hence, number of  

polyhedra, m = 1, number of vertices, n = 3, number of single atom sharing, o = 0 

and number of missing vertices, p = 2.  Therefore, according to the rule total valence 

electron pairs required for the molecule is (7×3 - 2×1 + 0 + 3 + 2) = 24.  The 3 Os 

atoms contribute 12 electron pairs and 12 CO groups together also contribute 12 

electron pairs.   
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Table 5.1: TVEP count for transition metal clusters by 7n - 2m + o + 3 + p rule16 
and Mingos’ rule are given. It is compared with the number of electron pairs 
provided by the constituent metal fragments. 

St. 
No. 

Molecular formula m n o p calc. 
TVEP16

obs. 
TVEP

c Mingos’ 
Count 

Ref

1. Os3(CO)12 1 3 0 2 24 24 0 24 8 
2. Os5(CO)19

  2 5 1 4 39 39 0 39 8 
3. Os6(CO)21

  4 6 0 8 45 45 0 45 8 
4. Ir4(CO)11CN(tbu) 1 4 0 1 30 30 0 30 15g
5. Os6Pt(CO)18H8

 2 7 1 2 51 51 0 51 15h
6. Os6(CO)18H2 1 6 0 0 43 43 0 43 15d
7. Os7(CO)21 2 7 0 1 49 49 0 49 15d
8. Ru10C2(CO)24

-2 2 10 0 0 69 68 -2 69 14r,s
9.b Ru6Pt3(CO)21H4 2 9 0 0 62 62 0 61 14k,n
10.b Ru6Pt3(CO)21[Au(PEt3)]2H2 2 9 0 0 62 62 0 61 14m
11.b [Ir9(µ-CO)7(CO)13]-3 2 9 0 0 62 60.5 -3 61 14i 
12.b [Ir12(µ-CO)8(CO)18]-2 3 12 0 0 81 80 -2 79 14j 
13.a,b [Rh8Pt(CO)7(µ3-CO)3(µ-CO)9]-2  2 9 0 0 62 60 -4(-2) 61 14g
14. Rh11(CO)23

-3 3 11 0 0 74 72.5 -3 72.5 15c
15.a Os6Pt2(CO)16(COD)2

 3 8 0 2 55 54 -2(0) 55 15e,f
16. Os7(CO)19Au2(dppm) 4 9 0 2 60 60 0 60 15b
17.a,b Ru8Pt2(CO)23H2 4 10 0 2 67 66 -2(0) 50 14o
18.b [Ir9(µ-CO)7(CO)12H]-4 2 9 0 0 62 60 -4 60 14b
19.b Os6Pt4(CO)21(COD)H2 2 9 0 0 62 62 0 62 14d
20. Ru5Pt5(CO)18(COD)2H2 3 10 0 1 68 68 0 68 14f 
21.b Ru6Pt3(CO)20(µ3-Ph2C2)H2 2 9 0 0 62 62 0 61 14k,n
22.b Ru6Pt3(CO)21[Au(PEt3)]H3 2 9 0 0 62 62 0 61 14m
23.b Ru6Pt3(CO)21(µ3-IrCp*)H2 2 9 0 0 62 62 0 61 14p
24.b [Ru6Pt3(CO)21(µ3-HgI)H2]- 2 9 0 0 62 61.5 -1 61 14p
25.b Os6Pt4(CO)21(COD)2 2 9 0 0 62 62 0 61 14d
26. [Os10C(CO)24]-2 5 10 0 4 67 66 -2 67 14a
27. [Ru6Pt3(CO)21H3]- 2 9 0 0 62 61.5 -1 62 14n
28.a,b Ru7Pt3(CO)22H2

 4 10 0 2 67 66 -2(0) 50 14o
29. Ru6Pt3(CO)19(SMe2)(µ3-Ph2C2)H2 2 9 0 0 62 62 0 62 14q
30. Os6Pt4(CO)22(COD) 2 9 0 0 62 62 0 62 14d,e
31.a,b [Rh9(CO)7(µ3-CO)3(µ-CO)9]-3  2 9 0 0 62 59.5 -5(-3) 61 14c
32. [Rhl0(CO)21]2- 3 10 0 0 67 66 -2 67 14h
33. Ru6Pt3(CO)18(µ3-η6-PhC2H4Ph)H4 2 9 0 0 62 62 0 62 14l 
34. Ru6Pt3(CO)18(η6-TolC2H4Tol)H4 2 9 0 0 62 62 0 62 14l 
35. Ru6Pt3(CO)21[µ-PhCC(H)Ph]H 2 9 0 0 62 62 0 62 14n
36. Os6Pt2(CO)17(COD)2 3 8 0 2 55 55 0 55 15e,f
37. Os8(CO)22

-2 3 8 0 2 55 54 -2 55 15d
 m = number of polyhedra; n = number of vertices; o = number of single vertex bridge; p = number of missing 
vertices; c = charge of the molecule obtained by TVEP count and actual charge is given in parenthesis.  Last column 
gives the references to experimental structures. 
a indicates structures that do not obey the electron count 7n - 2m + o + 3 + p and b indicates structures where 
Mingos’ count does not match the electron count.   
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Figure 5.3: Schematic representation of some experimentally known metal clusters.  
The ligands are omitted for clarity. 

Thus, the charge of the molecule is zero.  PSEPT (7n + 1 + p) also gives the same 

electron count.  On the other hand, Os3(CO)12 is considered equivalent to saturated 

cyclic hydrocarbon (cyclo-propane).11  Hence, it cannot be considered as an arachno 

fragment of trigonal bipyramid geometry.  The ideal arachno fragment of a trigonal 

bipyramid geometry of borane is B3H3
-6.  Hence, the corresponding metal cluster is 
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Os3(CO)9
-6, where each vertex Os(CO)3 is isolobal to BH.  These three additional 

electron pairs are provided by three CO ligands in Os3(CO)12.   

The molecule Os5(CO)19 (2) shows a vertex sharing between two triangular 

metal clusters.  The total electron count for this cluster is 39 [m = 2, n = 5, o = 1, p = 

4].  The electron pairs contributed by 5 Os atoms and 19 CO groups are 20 and 19 

respectively and thus it is neutral.  This cluster can also be considered as an 

equivalent to the saturated hydrocarbon system.  The molecule Os6(CO)21 (3) 

exhibits face sharing among four triangular metal clusters, where all the three edges 

of the central triangle is shared.  According to 7n - 2m + o + 3 + p electron count, it 

should have 45 total valence electron pairs [m = 4, n = 6, p = 8].  The 6 Os atoms 

and 21 CO groups donate the 24 and 21 electron pairs respectively and this makes 

the molecule neutral.  As mentioned above, this molecule can be considered 

equivalent to the saturated cyclic hydrocarbon rather than fragment of polyhedral 

clusters.  According to Mingos’ rule, the electronic requirement of planar Os3(CO)12, 

Os5(CO)19 and Os6(CO)21 are 24, 39 and 45 electron pairs respectively, which is 

same as obtained from 7n - 2m + o + 3 + p electron count.11  

[5.5.1.2] Clusters Based on Tetrahedral Skeleton (Structures 4-5) 

This class of structures can be considered as a nido fragment of trigonal 

bipyramidal cluster.  The number of total valence electron count for the non-

condensed tetrahedral cluster Ir4(CO)11CN(tbu) (4) is 7n - 2m + o + 3 + p = 30 

electron pairs (m = 1, n = 4, p = 1).  Each Ir atom contributes 4.5 electron pairs, 11 
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CO groups and one CN(tbu) group contribute 12 electron pairs.  Hence this cluster is 

neutral.   

The vertex shared cluster Os6Pt(CO)18H8 (5) has number of polyhedra, m = 

2, number of vertices, n = 7, number of single vertex sharing, o = 1 and number of 

missing vertices, p = 2.  Thus according to the total electron count (7n - 2m + o + 3 

+ p ) the number of electron pairs required for its stability is 51.  The six Os(CO)3 

vertices donate 42 electron pairs, Pt atom donates 5 electron pairs and 8 hydrogen 

atoms give 4 electron pairs.  This results a neutral cluster.   

[5.5.1.3] Clusters Based on Octahedral Skeleton (Structures 6-13) 

Os6(CO)18H2 (6) is an example for non-condensed clusters based on 

octahedral skeleton .  In this cluster m = 1, n = 6, and o = 0.  Hence, the number of 

total valence electron pairs is 43 [7n - 2m + o + 3 + p = 43]. The six Os atoms 

donate 48 electrons, each CO group contributes 2 electrons to the valence electron 

count and two hydrogen atoms donate 2 electrons.  Hence, the cluster is neutral 

according to this electron count rule.   

The simplest extension of octahedral cluster is Os7(CO)21 (7), where one of 

the triangular face of the octahedra is capped by Os(CO)3 fragment.  This structure 

demonstrates the validity of the electron count in the capped polyhedra.  Here the 

number of polyhedron m = 2, the number of vertices n = 7, the number of single 

vertex sharing o = 0, and number of missing vertex p = 1 (considering the capped 

vertex as a nido fragment derived from trigonal bipyramid).  The number of total 

electron pairs is 49 (7n - 2m + o + 3 + p = 49).  The seven Os atoms and 21 CO 
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groups contribute 49 total valence electron pairs and hence the cluster is neutral.  If 

the Os(CO)3 is considered as a capped vertex, it would donate two valence electrons 

to the octahedral Os6(CO)18
-2 and form a neutral cluster Os7(CO)21.   

As per our knowledge, there is no example, until date, of the vertex shared 

octahedral metal cluster in the literature.  The non-existence of these clusters is 

probably due to the non-bonded repulsive interaction between the ligands on the 

vertices adjacent to the shared atoms.  An example of edge sharing between two 

octahedra is demonstrated by the molecule Ru10C2(CO)24
-2 (8).  The electron count 

(7n - 2m + o + 3 + p) gives 69 total valence electron pairs (m = 2, n = 10, o = 0).  

The 10 Ru atoms donate 40 electron pairs, two carbon atoms donate 4 electron pairs 

and 24 CO groups contribute 24 electron pairs.  Therefore, the metal cluster requires 

two negative charges to be stable and it is predicted to be a dianion.   

Next example describes the validity of the electron count in a cluster 

Ru6Pt3(CO)21H4 (9), where two octahedra are fused by a face.  Here, m = 2, n = 9, o 

= 0 and hence, this structure requires 62 valence electron pairs.  The molecule has 6 

Ru atoms contributing 24 electron pairs and 3 shared Pt atoms that contribute 15 

electron pairs.  The 21 CO groups and 4 bridging H atoms contribute 21 and 2 

electron pairs respectively.  This makes the molecule neutral.  On the other hand, 

Mingos’ electron count gives different electron counts for the cluster (Table 5.1).11c,d   

According to Mingos’ the characteristic electron count (∆c) for the triangular face 

sharing is 50 when number of vertices of one or both deltahedral ≥ 6.  Therefore, it 

predicts 61 valence electron pairs as the required number of electron pairs for a 

stable face shared bioctahedral cluster.  The structures 10-13, 18-19, 21-25 have 
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similar skeleton where two or more octahedra are fused by face.  In these structures 

CO ligands are replaced by other ligands like COD, Ph2C2, Tol2C2 etc.  They also 

obey the electron count and have appropriate charges and bridging H atoms to 

satisfy the electron count.  The principle of capping is valid in this class of clusters 

also, as demonstrated by Ru6Pt3(CO)21[Au(PEt3)]2H2 (10).  This molecule has two 

capping vertices.  Since m = 4, n = 11, o = 0 and p = 2, the structure requires 74 

electron pairs for stability.  The 6 Ru atoms, 3 Pt atoms, 21 CO groups and 2 

bridging H atoms contribute 61 electron pairs for skeletal bonding.  The 2 Au(PEt3) 

groups contribute 13 electron pairs and thus the molecule is neutral.  Similar 

structure (St. 22, Table 5.1) with one capping Au(PEt3) group also obeys the total 

valence electron couunt.  The cluster [Rh8Pt(CO)19]-2 (13) is another example of face 

shared bioctahedra which requires 62 electron pairs [m = 2, n = 9, o = 0].  The 8 Rh 

atoms, 1 Pt atom and 19 CO groups contribute 60 electron pairs.  The molecule 

needs 4 more electrons to satisfy the electron count and hence it is electron deficient.  

However, this molecule is observed as dianion and hence does not obey electron 

count rule.  On the other hand, Mingos’ electron count predicts this cluster to be 

dianion (Table 5.1).  Interestingly, it is found to decompose to smaller fragments 

under CO atmosphere.13g  The isoelectronic structure Rh9(CO)19
-3 (St. 31, Table 5.1) 

also undergo decomposition in CO atmosphere,14c which is also electron deficient by 

two electrons according to our electron count rule. 

[5.5.1.4] Some Special Cases 

[Ru11(CO)23]-3 (14) : This structure can be described as the condensation of 

three octahedra by four atoms.  Here, m = 3, n = 11, o = 0 and hence it require 74 
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electron pairs to be stable.  The 11 Rh atoms and 23 CO groups donate 49.5 and 23 

electron pairs respectively.  Hence, the cluster requires 1.5 electron pairs and thus 

exists as trianion.  This structure also obeys Mingos’ electron count.  The Mingos 

considered this cluster as a condensation of a butterfly unit between an octahedra 

and a component polyhedra which is formed by face sharing between two 

octahedron.11  The St. 32 (Table 5.1) also shows condensation between three 

polyhedra by four atoms and obeys the total valence electron count. 

Os6Pt2(CO)16(COD)2 (15) : This molecule shows a relatively rare 

condensation of three polyhedra in which one trigonal bipyramid and one 

tetrahedron are fused by face and that fused polyhedra shares an edge with another 

tetrahedron.  According to our electron count it requires 55 valence electron pairs [m 

= 3, n = 8, p = 2].  There are 6 Os atoms, 2 Pt atoms, 16 CO groups and 2 COD 

groups and together contribute 54 skeletal electron pairs.  Thus, it is electron 

deficient by 2 electrons and also found to be converted to stable structure (St. 36, 

Table 5.1) in CO atmosphere.14e,f  According to Mingos’ approach, it can be 

considered as an edge sharing between, a tetrahedron, and a bicapped tetrahedron.  

The Mingos’ electron count for this cluster is 55 total valence electron pairs, same as 

predicted by our rule.   

Os7(CO)19Au2(Ph2PCH2PPh2) (16) : This complex is essentially a face fused 

system between two trigonal bipyramid having two capping vertices.  Application of 

our total electron count to this system predicts an electron count of 60 skeletal 

electron pairs (m = 4, n = 9, p = 2).  The 28 electron pairs are provided by 7 Os 

atoms, 11 electron pairs by 2 Au atoms, 19 electron pairs by 19 CO groups and 2 



Chapter 5 

 175

electron pairs by Ph2PCH2PPh2 ligand.  As a result, the molecule is stable as a 

neutral species.  Mingos’ electron count for this cluster is also the same. 

[5.5.2] Application to Metallaboranes 

[5.5.2.1] Clusters where mno Rule can be Applied 

The structures 38 is a triple decker sandwich compound and thus the number 

of polyhedra, m = 3.  In this structure, the number of vertices (n) is 17 and there are 

two metal atoms in the vertex-shared position.  Hence, x, xs, ns and o equals to 2.  

The Cp* ligand on Ru and Co can be considered as nido fragments derived from 

pentagonal bipyramid, which gives p = 2.  Therefore, the electron count for this 

cluster according to m + n + o + p + 6x - xs/ns{3(m - 1)} is 3 + 17 + 2 + 2 + 6×2 - 

2/2{3(3 - 1)} = 30 electron pairs.  This structure contains 3 BH groups, 10 CMe 

groups and 2 CR groups.  They contribute 21 electron pairs.  The number of electron 

pairs contributed by Ru and Co are 4 and 4.5 electron pairs respectively.  The H 

attached to Ru contributes 1 electron.  Therefore, the total number of electron pairs 

in this metallaborane is 21 + 4 + 4.5 + 0.5 = 30.  The electron count for this cluster 

can also be obtained by applying mno rule (m + n + o + p; the m, n, o and p 

represents the same variables as described earlier), which predicts an electron count 

of 3 + 17 + 2 + 2 = 24 electron pairs (m = 3, n = 17, o = 2 and p = 2).  In this case, 

the skeletal electron pairs contributed by Ru and Co are 1 and 1.5 electron pairs 

respectively.  It is also considered that the H attached to Ru will donate its electron 

for the cluster bonding.  This makes the electron count by mno rule as 24 electron 

pairs (21 electron pairs contributed by CMe, CR and BH groups and 3 electron pairs 

contributed by Ru, Co and one negative charge). 



mno rule versus Mingos’ rule  

 176 

 

C
C B

B
B

Ru H

Co

H

H

H BH

HB

B

BH BH

HB

IrH

BH

BH

PPh3

PPh3

PPh3

BH
BHHB

B
H

BH

B B

BH

Ru

BH

RuRu

H

H

OC OC

COOC

P

OC CO

P

38 39

41 4342

40

BH

HB
BH

BH

BH

Fe

B
H

BH

C
C

B

BB

Co

Co

H

H

H

C

C
B

B
B

H

H

H

Mo CO
CO

B

B

B

B
BB

B
B

Ru

B

H
H

H

H

H

H

H
H

H

Rh Rh

O
C

COOC

CO

Ph

Ph

 

Figure 5.4: Schematic representation of some experimentally known metallaboranes 
and metallacarboranes.  A point at the vertex and a line drawn from the vertex 
represents the CH group and the CMe group respectively. 
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Table 5.2: The electron count of metallaboranes and carboranes according to mno 
(m + n + o + p) and m + n + o + p + 6x - xs/ns{3(m - 1)} rules.  It is compared with 
the number of electron pairs provided by the constituent fragments. 

 
St. No.* m n O p x xs ns electron pairs Ref
        mno obs. new rule obs.  
38 3 17 2 2 2 2 2 24 24 30 30 18a
39 2 16 1 1 1 1 1 20 20 23 23 18b
40 1 10 0 0 1 1 1 11 11 17 17 18c
41a 2 14 0 1 3 1 3 17 16 34 34 18d
42a 4 23 3 2 3 3 3 32 30 41 41 18e
43a 4 24 3 4 3 3 3 34 30 44 44 18f
44 1 12 0 0 1 0 0 13 13 19 19 18g
45 2 13 1 0 1 1 1 16 16 19 19 18h
46b 1 10 0 0 1 0 0 11 10 17 16 18i
47b 2 15 1 3 1 1 1 21 18.5 24 23.5 18j
48 3 22 2 1 2 2 2 28 28 34 34 18k
49a 2 14 0 1 3 1 3 17 16 34 34 18l
50 4 21 3 4 3 3 3 32 32 41 41 18m
 
m = number of polyhedra; n = number of vertices; o = number of single vertex bridge; p = number of missing 
vertices.  Last column gives the references to experimental structures. 
a indicates the structures whose electron count does not obey mno rule but obey rule A and b indicates 
where both the rule fails. *Molecular Formula of the structures are given below 
38 : RuCo(Cp*)2B3H4C2Et2; 39 : FeMe3C5B7H12; 40 : Ir(PPh3)3CB8H9;  
41 :Ru3(CO)6(PPhMe2)2C2B9H9Me2; 42 : Co2(Cp*)2Mo(CO)2B6H6C4Et4 
43 : Rh2(Cp*2)Ru(CO)4C2B9H11; 44 : [C8H20N1]+[Ru(PPh3)2C2B9H12]¯ 
45 : FeH2C4B8(Et)12; 46 : Os(PPh3)2B7H8B(OMe)C(Ph); 47 : CpRu(PPh3)CB8H12 
48 : Cp*RuRhB9C6(Me6)H9; 49 :Os3(CO)8B8H8C(NMe3); 50 : Ru3(Cp*)2B8H20 

The complex 39 can be considered as a sandwich structure, where the Fe 

atom is shared between a carboranes unit and an arene ring.  Here, number of 

polyhedra m = 2, number of vertices n = 16 and number of single atom sharing o = 

1.  The arene ring can be considered as a nido fragment and thus p = 1.  Since, this 

structure has only one metal atom, which occupies the shared position, the value of 

x, xs and ns is 1.  Thus, according to m + n + o + p + 6x - xs/ns{3(m - 1)} the total 

valence electron count of this transition metal cluster is 2 + 16 + 1 + 1 + 6 - 2/2{3(2 

- 1)} = 23 electron pairs.  There are 5 CH groups and 3 CMe groups, contributing 12 

electron pairs and 7 BH groups contributing 7 electron pairs.  The Fe atom 
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contributes 4 electron pairs.  As a result, the total electron count for this cluster 

becomes 12 + 7 + 4 = 23 electron pairs.  The electronic requirement of this structure 

can be determined from mno rule in a similar fashion as described for the structure 

38 (Table 5.2).  

The structure 40 is a 10-vertex closo structure (m = 1, n = 10, o = 0 and p = 

0), where one vertex is a transition metal fragment.  Therefore, the electron count 

according to mno rule will be m + n + o + p = 1 + 10 = 11 electron pairs.  According 

to the electron count for mixed cluster, the electronic requirement is m + n + o + p + 

6x = 1 + 10 + 6×1 = 17 electron pairs.  This structure contains 7 BH groups, one CH 

and one BPh3 groups.  They will together contribute 10 electron pairs.  The 

secondary isolobal analogy (Figure 5.2) predicts that the Ir(PPh3)2 group donates 1 

electron for skeletal bonding.  In addition, H also donates 1 electron to the cluster 

bonding.  Therefore, the total skeletal electron pairs for this cluster are 11 electron 

pairs.  Hence, this cluster obeys mno rule.  The Ir(PPh3)2 fragment would contribute 

6.5 electron pairs (4.5 by Ir atom and 2 by two PPh3 groups) if we consider the 

electron count rule for the mixed cluster.  As a result, the total number of electron 

will be equal to 17 electron pairs (10 electron pairs from 7 BH, 1 CH and 1 BPh3; 

6.5 electron pairs from Ir(PPh3)2 and 0.5 electron pair from H atom).  Thus, this 

structure obeys both mno and the electron count for the mixed metallaboranes and 

carboranes.  
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[5.5.2.2] Clusters where mno Rule cannot be Applied 

The structure 41 is a face shared polyhedra, where one icosahedron and one 

nido square pyramid are condensed. One of the vertex of the shared face is metal 

atom and remaining two are B atoms.  Here, m = 2, n = 14, o = 0 and p = 1.  

Therefore, the electron count according to mno rule (m + n + o +p) will be 2 + 14 + 

0 + 1 = 17 electron pairs.  The 7 BH, 2 CH groups and 2 B atoms of this cluster will 

contribute 7, 3 and 3 electron pairs respectively.  The two Ru(CO)2(PPhMe2) groups 

also contributes 2 electron pairs and 2 H atoms will give 1 electron pair.  According 

to the secondary isolobal analogy discussed earlier (Figure 5.2) the Ru(CO)2 

fragment will not donate any electron pair to the skeletal bonding.  Hence, the total 

electron pairs for the skeletal bonding by mno rule are 7 + 3 + 3 + 2 + 1 = 16 

electron pairs.  It implies that the cluster is electron deficient by 2 electrons, but, this 

cluster is neutral.  If we apply the m + n + o + p + 6x - xs/ns{3(m - 1)} electron count 

for this cluster, the electron count becomes 2 + 14 + 0 + 1 + 1 + 6×3 - 1/3{3(2 - 1)} 

= 34 electron pairs (x = 1, xs = 1 and ns = 3).  The electron pairs donated by 7 BH 

groups, 2 CH groups, 2 B atoms and 2 H atoms will remain the same, but the total 

electron pairs donated by 3 Ru atoms, 5 CO groups and 2 (PPhMe2) groups will be 

12, 5 and 2 respectively.  Thus, the total valence electron count for this cluster is 7 + 

3 + 3 +1 + 12 + 8 = 34.  This matches the electronic requirement for this cluster.   

The structure 42 exemplifies a tetra-decker mixed cluster of transition metal 

and carborane.  The electron count for this cluster following the mno rule (m + n + o 

+p) is 4 + 23 + 3 + 2 = 32 (m = 4, n = 23, o = 3 and p = 2).  It includes 6 BH, 10 

CMe and 4 CEt groups.  They contribute 6, 15 and 6 electron pairs to the cluster 
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bonding respectively.  The 2 Co atoms will contribute 3 electron pairs.  The 

Mo(CO)2 group will not contribute any electron pairs to the cluster bonding 

according to the secondary isolobal analogy (Figure 5.2).  Thus, the total valence 

electron count is 6 + 15 + 6 +3 = 30, which is less by 2 electron pairs than the 

electronic requirement provided by mno rule.  However, this cluster is neutral and 

therefore does not obey mno rule.  The values for x = xs = ns = 3, since his cluster 

has 3 transition metal fragments and all are in the vertex shared position.  Therefore, 

the total valence electron pairs required for this cluster are 4 + 23 + 3 + 2 + 6×3 - 

3/3{3(4 - 1) = 41 electron pairs.  The 27 electron pairs are contributed by 6 BH, 10 

CMe and 4 CEt groups.  The total electron pairs donated by two Co atoms and one 

Mo atom are 9 and 3 electron pairs respectively.  The 2 CO groups attached to the 

Mo donate 2 electron pairs.  Thus, the total valence electron pairs for this cluster are 

6 + 15 + 6 + 9 + 3 + 2 = 41, same as predicted by the electron count for the mixed 

cluster.   

 The last example (43) depicts condensation of 4 polyhedra (m = 4) and it has 

24 vertices (n = 24).  The triangular metal skeleton (2Rh and 1Ru) is considered as 

bis-nido trigonal bipyramid.  The 2 Rh are shared by the Cp* ligand (nido 

pentagonal bipyramid) and the Ru atom is shared by closo icosahedral carboranes.  

Therefore, the number of missing vertices p = 4 and the number of single vertex 

sharing o = 3.  The mno rule (m + n + o + p) predicts 4 + 24 + 3 + 4 = 35 skeletal 

electron pairs for this cluster.  There are 9 BH groups, which contributes 9 electron 

pairs.  The 10 CMe and 2 CH groups contribute 18 electron pairs.  The 2 Rh atoms, 

1 Ru atom and 4 bridging CO groups can be divided into 2 Rh(CO)2 groups and one 
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Ru atom so that the electron pairs contributed by the transition metal fragments 

become 2 (1 by Ru and 1 by 2 Rh(CO)2, following the secondary isolobal analogy 

discussed in Figure 5.2).  Thus, the skeletal electron pairs for this cluster are 9 + 15 

+ 3 + 1 + 1 = 29.  This suggests that this cluster is electron deficient by 6 electron 

pairs, whereas the cluster is neutral.  Application of the electron count for the mixed 

cluster to this structure gives the total electron count as m + n + o + p + 6x - 

xs/ns{3(m - 1)} = 4 + 24 + 3 + 4 + 6×3 - 3/3{3(4 - 1)} = 44 electron pairs (x = xs = ns 

= 3).  The number of electron pairs donated by 9 BH, 10 CMe and 2 CH groups will 

remain the same.  The total electron pairs donated by 2 Rh atoms, 1 Ru atom and 2 

CO groups are 9, 4 and 4 respectively.  Thus, the total valence electron pairs for this 

cluster are 9 + 15 + 3 + 9 + 4 + 4 = 44 electron pairs.   

 This new rule, however, has its limitations.  Some of the exceptions to this 

are illustrated in the Table 5.2.  This rule is useful for those metallaboranes, where 

the number of skeletal electron pairs donated by the transition metal fragments 

cannot be assigned appropriately.   

[5.6] Concluding Remarks 

The connection between the skeletal electron count in polycondensed 

boranes by mno rule and total valence electron pairs in polycondensed transition 

metal clusters by Mingos’ rule is established.  The total electron count of the 

transition metal clusters can be expressed as m + n + o + 6n - 3(m - 1), where m = 

number of polyhedra, n = number of vertices and o = number of single vertex 

sharing.  One and two additional pairs of electrons have to be added to the total 
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electron count for nido and arachno systems respectively.  This rule indicates the 

difference between the electron count for condensed boranes (mno rule) and 

transition metal clusters as 6n - 3(m-1) and establishes the missing link between the 

electron count in boranes and transition metal clusters.  According to this rule, 6n - 

3(m - 1) numbers of electron pairs have to be added to the mno count of boranes to 

achieve the total valence electron pairs of an isostructural transition metal clusters.  

This rule gives a unifying electron count for the electron count of both condensed 

and non-condensed transition metal clusters.  The 7n + 1 rule for non-condensed 

transition metal cluster becomes a special case of this generalized rule, when m = 1.  

This can successfully explain the stability and charge of a large number of transition 

metal clusters.  The variables in the Mingos’ rule is correlated with the variables in 

the mno rule by the relation y = 2ns - 3(m - 1) + o, where ns = number of shared 

vertices, y = number of bonds between the shared atoms and m = number of 

polyhedra.  It is not possible to identify the skeletal and non-skeletal electron pairs 

for the condensed transition metal clusters unambiguously.  This is due to the 

difficulty in defining a sharp boundary for the skeletal electrons in case of 

condensed transition metal clusters.  In the attempt to bridge the gap between the 

electron count rule in condensed boranes (mno rule) and transition metal clusters 

(Mingos’ rule) we have also formulated a counting rule to incorporate all the clusters 

ranging from boranes to metallaboranes to transition metal clusters under the same 

umbrella.  This rule gives the total valence electron pairs of the condensed polyhedra 

as m + n + o + p + 6x - xs/ns{3(m - 1)}, where x = number of transition metals, xs = 

number of shared transition metals and ns = number of shared atoms. 
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