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CHAPTER 1

A BRIEF INTRODUCTION TO

COMPUTATIONAL CHEMSITRY



[1.0] GENERAL INTRODUCTION :

Computational chemistry has evolved as a useful supplement to experiments in

studying problems in chemistry. Theoretical methods have the inherent advantage over

experiments in that it can study any model systems, which are otherwise difficult to

investigate by experimental means. From the theoretical perspective, both classical

mechanics and quantum chemistry provides a useful basis for the understanding of

structure, dynamics and reactivity of molecules. The availability of several state-of-the

art quantum chemical packages, which can carry out computations on reasonably large

molecules has added momentum to this effort. Many a time, the results obtained from

such computations match with those obtained from sophisticated experimental

techniques. In this chapter, we give a brief introduction to the major methods of

electronic structure theory followed by a brief overview of the remaining chapters.



11.1] Theoretical Methods

There are two major computational methods for the study of structure and

reactivity of molecules, viz., molecular mechanics and electronic structure theory. A

brief description of these methods are given below.

|1.1.1] Molecular Mechanics

Molecular Mechanics (MM) or Empirical Force Field (EPF) method1 uses the

fundamental laws of classical mechanics. In MM method, a molecule is described by

"ball and spring" model. The basic idea behind this method is the observation that

molecules tend to be composed of units, which are structurally similar in different

molecules. There are various MM methods and each of them is characterized by their

own force field. A typical force field consists of the following :

i) a set of equations which describes the change in the potential energy of a

molecule with respect to its constituent atoms.

ii) a series of atom types which defines the characteristics of an element. The

atom type depends on the atomic number and the type of hybridization it is

involved in.

iii) a set of parameters which fit the equations and atom types to experimental

data. In a MM method, calculations are performed on the basis of

interactions between the nuclei.

The energy of a molecule is given by

EFF = Estr + Ebcnd + Ejors + Eydvv + Ees (1.1)

where Estr is the potential energy for stretching a bond between two atoms, Ebend is the

amount of energy required for bending an angle, Etors is the torsional energy for rotation



around a bond, EVdw is the van der Waals energy describing the nonbonded interactions

between atoms, Ees is the energy arising out of electrostatic interactions between polar

bonds. Some illustrative examples to estimate these individual contributors are given

below.

The stretch energy is considered as a quadratic function of the displacement of each

bond length /, from its equilibrium length luj.

Estr^lML-U)2 (1-2)

where ks, j is the force constant for the stretching bond i.

The bending energy is given by,

Ebend= - X M 9 i - e i , o ) 2 (1.3)

where 6j, 0j, o and ke, i are the angle, the equilibrium angle and the bending force

constant for the bond angle i.

The torsional energy is written as,

Elors((D)= ^Vncos(n^) (1.4)

where Vn is the barrier height and co is the torsional angle.

The energy of van der Waals interaction is written as the sum of interactions between

pairs of non-bonded atoms and is preferably given by the Lennard-Jones potential.2

(1.5)v d w ^ y ^
R12 R6

where a and b are constants and R is the interatomic distance.

The electrostatic energy, Ees arises from internal distribution of the electrons and is

given by the Coulomb potential.



where qa and qp are the point charges located at the nuclei a and (3 and Rap is the

distance between the nuclei. Different force fields differ in the details of these terms.

Even though the MM calculations are quite fast and inexpensive, they can not be used

for solving problems where electronic effects play a major role and where

transferability is minimum.

|1.1.2] Electronic Structure Methods

Electronic structure methods use the laws of quantum mechanics to study

molecules and their properties. The well known Schrodinger equation, the time

independent form of which can be expressed in the most succinct form as,

HVF=EVF (1.7)

Forms the basis for most ground state properties. There are three major classes of

electronic structure methods, viz., semi-empirical and ab-initio molecular orbital

methods,3'4 and density functional methods.5

11.1.2.2] Ab-initio Molecular Orbital Theory

Ab initio molecular orbital methods4 do not use any experimental parameters. It

is solely based on the fundamental laws of quantum mechanics, and a few physical

constants such as the Planck's constant, the speed of light and the mass and charge of

electrons and nuclei. This theory is primarily concerned with predicting the atomic and

molecular properties. Even though the ab-initio methods are computationally quite



expensive as compared to the semi-empirical methods, the results obtained from ab-

initio calculations are highly accurate. Ab initio methods use the following

mathematical approximations for solving the Schrodinger equation.

i) Born-Oppenheimer Approximation6

For a system of nuclei (a, p, ...) and electrons (i, j , ...), the Hamiltonian is given by,

a 87i"Ma l=1 „.» „.,

where r and R are the electronic and nuclear coordinates.

The potential energy V(r, R) consists of nuclear-electron attraction, electron-electron

repulsion and nuclear-nuclear repulsion. It is given by,

^ (1.9)

In eqn. (1.8), the first term denotes the nuclear kinetic energy operator TN and the

combination of the second and third term represents the electronic Hamiltonian

operator, He. Separation of the nuclear kinetic energy terms from the Hamiltonian

gives,

H(r, R) = TN(R) +He(r, R) (1.10)

The electronic operator, He(r, R) describes the motion of electrons in a fixed nuclear

framework. Since the nuclei are much heavier than the electrons, it can be assumed

that the movement of nuclei is much slower than the electrons. Therefore, one can

assume a configuration with fixed positions for the nuclei and solve the electronic

equation,

He(r, R)¥e(r, R) = E(R)Te(r, R) (1.11)



where E(R) and Vc(r, R) denote the energy and the electronic wave function for a

particular fixed nuclear framework respectively.

While the electronic wave function 4^ depends on r and R, the nuclear wave function

4 ^ depends only on R. Hence, the complete wave function can be written as

¥(r, R) = ¥e(r, R) yN(R) • (1.12)

Combining eqns. (1.10) and (1.12) one gets, • • ' .

H(r, R) V(r, R) = LTN(R) + He(r, R)] ¥e(r, R)XFN(R) (1.13)

The solution of eqn. (1.13) leads to the following two separate equations,

r, R) + V(r, R)¥c(r, R) = E(R)Te(r, R) (1.14)
i 87r2mj

and

(1.15)

or

He^e(r, R) = E(R)Te(r, R) (1.16)

and

[TN + E(R)]TN(R) =

or HN¥N(R) = ETN(R) (1.17)

Eqns. (1.16) and (1.17) represent the elec nic and nuclear Schrodinger equations

respectively. This method of separating the electronic and nuclear terms is known as

Born-Oppenheimer approximation.



ii) Variational Theorem:

Most quantum chemistry calculations are based on the variational method

which allows one to obtain an approximation for the ground state energy of a system.

According to this theorem, the expectation value of energy E for any trial wave

function \|/, will be greater than or equal to the energy for the exact wave function E°.

Thus,

[\|/*H\|/5T
E = ^ >E° (1 .18)

\\\i \\16x

A standard variational calculation involves the following steps:

(a) choose a trial wave function \\i having variable parameters

(b) write down the Hamiltonian operator H for the system

(c) minimize eqn. (1.18) for E with respect to variation in the parameters.

The trial wave function \\i must satisfy the following conditions : it should be

single valued, continuous, finite, and normalized. It is clear from eqn. (1.18) that the

lower the value of the variational integral, the better the approximation one obtains for

E°. However, in practice, in order to the variational integral, one incorporates several

parameters into the trial function \\i, and then varies these parameters.

iii) LCAO-MO Approximation

In order to solve the Schrodinger equation of a molecule having several atoms,

one has to consider a trial function for x¥. This can be done by using a linear

combination of several atomic orbitals called as basis functions.

If <|>i, (j>2, <|)3 (J)n arethe atomic orbitals, then



n

The expectation value of the energy can be calculated from the variation theorem,

n n

p !H

IT =f(C, ,C2 ,C3 Cn) (1.20)

Minimization of the energy with respect to Ci, C2, C3, , Cn gives the

stationary values of E. Thus,

9E(C,,C2, CJ = j£-dC1 + -j£-dCi+ + ^ - 5 C n = 0 (1.21)

The solution of the above equation results in the approximate values of Ej and 4V It

follows from eqn. (1.20) that

n n

where Hjj = «|>i|H|<|>j>

Rearrangement of equation (1.22) gives,

2 t c C J S l j ] (1.23)

Now, if one considers all other coefficients as fixed and differentiates eqn. (1.23) with

respect to^Cj, then the above eqn. (1.23) becomes

8



2C iH i i+2£C iH i j=E[2C iS i i+2£C iS i j] (1.24)

Applying the condition of stationarity to eqn. (1.24), one can write,

Since, the Ci and Cj are independent of each other, therefore for an arbitrary Cj,

(1.25)

Thus, if one systematically minimizes eqn. (1.24) with respect to the coefficients Ci,

C2, Cn, the following sets of secular equations are obtained.

) + C2(H12-ES12) + = 0

C1(H21-ES21) + C2(H22-ES22) + = 0

C1(Hn I-ESn I) + C2(Hn 2-ESn 2) + + Cn(Hn n-ES ) =

(1.26)

All these n equations are linear and homogeneous and are to be solved simultaneously.

They can have a non-trivial solution only if the corresponding secular determinant

vanishes. That is,

H i . i - ESg =

H n -

H 2 1 -

H n l -

ES n

ES,,

ESnl

H|2

H22

Hn 2

- E S ] 2

- F S
n^2 2- ES n 2

H l n -
H 2 n "

H n n -

ES ln

ES2n

ESnn

(1.27)

thSince this is an n order determinant, it will have n roots, viz., Ei, E2, En and

thus a set of n wavefunctions *Fi, ^2, ^n respectively. Thus, by applying the

LCAO-MO method, one can generate several molecular orbitals for each molecule.



iii) Hartree-Fock Approximation

The Hartree-Fock theory7 is a milestone in the development of theoretical

chemistry and is a powerful method for the calculation of ground state energy of many

electron atoms. One starts with this theory for more accurate approximations including

that of electron correlation.

Considering an infinitely heavy nucleus (Born-Oppenheimer approximation), the

Hamiltonian operator for an n-electron atom can be written as,

n-l n 2

' =- (1.28)

The solution of Schrodinger equation for an atom or molecule is made difficult

by the presence of inter-electronic repulsion term e2/rjj in the Hamiltonian of equation

(1.28). Neglecting the inter-electronic repulsion terms, one obtains a zeroth-order wave

function. This in turn helps to separate the total Schrodinger equation into n one-

elctron hydrogen like equations. Thus, the zeroth-order wave function can be written

as a product of n hydrogen like orbitals, i.e.,

y ^ u ^ e , , (p,)u2(r2,e2,q>2) un(rn,9n,cpn) (1.29)

where the hydrogen like orbitals are

u = Rnl(r)Y1
m(9((p) (1.30)

Even though it is qualitatively advantageous to use the approximate wave

function represented by equation (1.29), the wave function is devoid of any quantitative

accuracy. However, the accuracy of the wave function can be improved by considering

different effective numbers for different orbitals, which will take care of screening of

10



electrons. The wave function thus obtained is far from accurate. In order to further

improve the quality of the wave function, a variational function like \|/(0) (eqn. 1.29) is

considered which is independent of any restriction. This leads to the following wave

function for variation,

^ ^ , ^ ) v n(r n ,0 n , (p n) (1.31)

And then try to determine the functions vj, v2, vn that minimizes the following

variational integral.

(1-32)

Computationally, it is very difficult to find the best possible approximate wave

function. Therefore one considers a set of orbitals, which are product of a radial factor

and a spherical harmonic:

v - w ^ )¥,;"• ( 0 ; , ^ ) (1.33)

This procedure is known as the Hartree-Fock self-consistent field (SCF) method.

According to Hartree, one guesses a wave function, which is a product of several

hydrogen like orbitals with effective atomic numbers. It is given by,

O0=a1(r1,ei,(pI)a2(r2,e2,q>2) an(rn,0n,(pn) (1.34)

where each a; is a normalized function of r with a probability density of |ai|2 and is

multiplied by a spherical harmonic.

Averaging the instantaneous interactions between any one electron and all the

other electrons of the system, one obtains a situation where the electrons behave like

point charges. Thus, the potential energy of interaction between two arbitrary point

charges qi and q2 is given by,

11



v = (1.35)

Now, if q2 is smeared out into a continuous charge distribution having a charge density

of p2 and the infinitesimal charge in the volume element is p2di2, then the sum of the

interactions between qi and the infinitesimal charge element gives,

V _ __UL_ H L H T (1.36)

The total sum of all the interactions of electron 1 with other electrons in the system

results in,

V l 2 + V13 V l n =
j=2

(1.37)

The potential energy of interaction between electron 1 and the other electrons, and that

between electron 1 and nucleus is,

(1.38)
j=2

Another more accurate approximation known as the central-field approximation

is made by considering that the effective potential acting on an electron in an atom can

be adequately approximated by a function of r only. Thus, by using V|(ri) as the

potential energy, the one-electron Schrodinger equation can be written as,

(1.39)
8jr2m.

The solution of the above equation gives an improved orbital for electron 1 with the

orbital energy of E|. Equation (1.39) is the famous Hartree-Fock equation. It has the

general form of F(})j = 8j(j)j where <j)j is the ith spin-orbital, F is the effective Hartree-Fock

12



Hamiltonian called as the Fock (or Hartree-Fock) operator and the eigenvalue et is the

energy of spin-orbital i.

iv) Basis Sets

A basis set is a mathematical representation of the molecular orbitals of a

molecular system. The accuracy of the results obtained from ab initio MO or DFT

methods depend on the kind of basis sets used. A smaller basis set can not give a

proper representation to the molecular orbitals. On the other hand, a larger basis set

can approximate the orbitals more accurately by imposing fewer restrictions on the

locations of the electrons in space.

In general, electronic structure calculations are based on Slater type orbitals (STO) and

Gaussian type orbitals (GTO). A Slater type orbital8 is defined as,

X n . i . m p ) ^e- i ;rY l
m(e,(p) (1.40)

where N is a normalization constant, Y|m the spherical harmonic, r, 0, and <f> are the

polar coordinate with respect to the nucleus, n the principal quantum number and £, the

orbital exponent.

However, the Slater functions lead to two, three or four center two-electron

repulsion integrals, the evaluation of which is computationally very demanding. To get

rid of this problem, Gaussian type orbitals are introduced. It has the general form9

g = Nx iyJzke-ar2 (1.41)

where a is a constant determining the radial extent of the function (define N, x, y, z, i,

j , k...). These gaussians are called primitive gaussians.

13



Standard basis sets for electronic structure calculations use linear combination

of gaussian functions to form orbitals. In general, linear combinations of gaussian

primitives are used as basis functions, given by the following relationship:

^ (1.42)

where \\i\ is called a contracted gaussian type function and the gj's are called gaussian

primitives. In general, the gaussian type orbitals are obtained by least square fit of

STOs. These are called STO-nG basis sets where n is the number of gaussian

primitives used to fit a STO. Pople and co-workers have introduced another notation

like n-ijG or n-ijkG where n and ij (or ijk) are the number of primitives for contractions

in the inner and valence shells respectively, ij and ijk denotes the quality of the basis

sets, the former describes double zeta and the latter describes triple zeta quality of the

basis sets.

A minimal basis set contain only one basis function for each atomic orbital of a

particular atom with one coefficient assigned to it. The STO-nG is a minimal basis set.

A better MO wave function can be obtained by replacing an AO with an

extended basis set, which consists of more than one function characterized by its own

coefficient. If every MO of a minimal basis set is replaced by two functions having

different orbital exponents (Q, then the basis set is a double-zeta basis set (DZ).

Dunning-Huzinaga (D95) and cc-pCVDZ are examples of such a basis set. Similarly, a

triple zeta basis set is obtained by using three basis functions per AO. An example of

such a basis set is cc-pCVTZ.

Another type of basis set, known as the split-valence basis set, can be formed

by using two basis functions for the valence AOs and a single function for each inner

4 14



shell orbital. The basis sets 6-31G and 6-311G are examples of split-valence double

and triple zeta basis sets respectively. Even though split-valence basis sets change the

size of the orbitals, it lacks the ability to distort the shape of the orbitals. This was

overcome by the addition of orbitals with higher angular momentum than what is

necessary to describe the ground state of an atom. The basis set thus obtained is called

a polarized basis set. A polarized basis set is indicated by putting a 'star' after the

basis set or by putting the higher angular momentum orbitals within parenthesis. For

example, 6-31G** or 6-31G(d, p) indicates that d-functions and p-functions are added

as polarization on heavy atoms and H-atom respectively of the standard 6-31G basis

sets. In general, one adds d-functions to heavy atoms, f-functions to transition metal

elements and p-functions to H-atom to account for polarization. It may be noted that

the d-type functions that are added to a particular basis set to get a polarized basis set

are a single set of uncontracted gaussian primitives. There are two types of d-

functions, viz., pure and cartesian as given below.

Cartesian : dx
2, dy

2, d,2, dxy, dyz, dzx

Pure : dx
2 .y

2, dz
2, dxy, dyz, d7X.

Similarly, f-polarization function can be of 10-cartesian types, which are formed by the

linear combination of a set of seven pure f orbitals.

However, the above mentioned basis sets failed to adequately describe the

molecules containing lone pairs, anions or systems with low ionization potential or

systems in excited states. This was overcome by the addition of diffuse functions,

which are larger in size than the standard valence size functions. These gaussians have

very small exponents and decay slowly with increasing distance from the nucleus.

Diffuse functions allow orbitals to occupy a larger region of space. They are indicated

15



by a '+' sign. For example, a 6-31+G(d) basis set indicates that diffuse functions are

added to the heavy atoms.

In electron correlation methods much larger basis sets are needed to describe the

interactions between electrons. Such a basis set, known as high angular momentum

basis sets, can be generated by the addition of multiple polarization functions both on

heavy atoms (d and f functions) and hydrogen atoms (d and p functions). For example,

if the basis set is 6-31 lG(3df, 2df, p), it contains 3d functions and If function on heavy

atoms of the second and higher rows, 2d functions and 1 f function on first row heavy

atoms and lp function on H-atoms.

Computations involving heavier atoms (third and higher rows of the periodic

table) are relatively troublesome than those involving first and second row atoms. The

chief source of this problem is an increase in the number of two-electron integrals and

the relativistic effects. These dilemmas are encompassed by the use of

pseudopotentials. Since the core (inner shell) orbitals are not affected by the changes in

chemical bonding, one can treat them as an averaged potential. The valence electrons

are described by basis functions.

There are two types of pseudopotentials : ab initio model potential (AIMP)10 and

effective core potential (ECP)1 . The construction of an ECP for a particular atom

involves the following steps:

i) Generation of a good quality all-electron wave function for the atom by a

Hartree-Fock calculation.

ii) Substitution of the valence electrons by a set of nodeless pseudo-orbitals.

These pseudo-orbitals are designed in such a way that they do not interfere

with the core orbitals, but behave correctly in the outer part.
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iv) Replacement of the core electrons by a suitable potential which accounts for

the relativistic effect,

iv) Fitting of this potential to a set of gaussian functions.

The ECP has the general form,

irn ie- f t i r
 (1 4 3 )

i=l

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

each term, r is the distance from nucleus with a power of m for the ith term, and otj is an

exponent for ith term. The use of ECP is found to be computationally very efficient,

particularly for transition metals, because it reduces the number of basis functions. One

needs to consider the basis functions for only the valence electrons. ECP also makes

room for the incorporation of relativistic effects. An extensive use of ECPs provided

by Hay and Wadt12 for Ti and Zr was made in Chapter 2 of this thesis.

[1.1.2.1] Semi-empirical Methods

These methods3 use a modified version of the molecular Hamiltonian to solve

an approximate form of the Schrodinger equation. They use experimentally available

parameters for simplification of the calculation. Thus, the availability of appropriate

parameters is very crucial for the accuracy of a computation for a given molecular

system. Semi-empirical methods save lot of computational time by reducing the

number of two-electron repulsion integrals necessary for the construction of Fock

matrix. All semi-empirical methods should satisfy the following general conditions :

a) The methods must be simple enough so that one can apply them to relatively
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large molecules without any extra computational cost.

b) The approximations introduced in a semi-empirical theory must take into

consideration all the primary physical interactions (for example, electrostatic

repulsion between electrons) which are crucial for the determination of

equilibrium geometry of the molecules.

c) The approximate wave function should be generated without considering

empirically derived information such as the covalent or ionic nature of the

molecule.

d) The theory should be made simpler for easy interpretation of the results.

Semi-empirical MO theories can be divided into two types depending on the

kind of Hamiltonian used: those using a Hamiltonian consisting of all one-electron

terms, and those using a Hamiltonian, which includes both one and two electron terms.

The Huckel and Extended Hiickel (EH)13 methods are one electron theories while the

Pariser-Parr-Pople (PPP)14, MNDO15, AMI16, PM317 are two electron methods.

The central assumption of semi-empirical method is the Zero Differential

Overlap (ZDO) approximation.311"18 According to this approximation, if <|>̂  and (|>v are

two atomic orbitals centered on either the same atom or two different atoms, then

<M>v = 0 (1.44)

wherever they occur. It implies that,

(fiv|ap) = (nn|aa)6Mv5ap (1.45)

where (j)M , <j)v, <j)a, and §p are centered on different atoms and the overlap integrals,

and the overlap integrals,

>vdT = <V (1-46)

18



The core Hamiltonian integrals are given by,

H^vd t (1.47)

The Hartree-Fock-Roothaan equation for a closed-shell species is,

ZF
MvCvi = Z S

M v C v i e i (1.48)
v

If one invokes ZDO approximation, then equation (1.48) simplifies to

£ F M v c v i = Z £ i c
M i (1.49)

V V

where the elements of the Fock matrix are given by,

FMM= H^ - ^ P M M ( ^ | ^ ) + X p a « ( ^ | a a ) (1.50)

and

* H ^ P ( l ) (1.51)

In equations (1.50) and (1.51), PMV are known as the density matrix or Mulliken

population matrix. It is given by.

occ. MOs

The two center electron-electron repulsion integrals can also be written as,

where <pM and cpa are centered on atoms A and B respectively. At large inter-atomic

distances RAB, TAB is approximately equal to I/RAB- Thus, equations (1.50) and (1.51)

simplifies to,

F = H C - - P , 7 A A + Z P R B Y A B (<IVonA) O-54)
Z B

and

(<bw on A, (j)v on B) (1.55)
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where PBB represents the total electron density associated with atom B.

The core Hamiltonian integral is,

K (1-56)

where VA
 =

 -ZA^A, is the potential due to the nucleus and inner shells of atom A.

These approximations give rise to three different types of core Hamiltonian integrals:

(4vonA) (1.57)

H M V = U M V + Z < ( P M I V B I ( P V > (both (}>, and f, on A) (1.58)

^ C(*A.B)

(cj)M on A and <J)V on B)

w h e r e U = - i v 2 + V A

If one uses these approximations, the matrix elements of the Fock Hamiltonian given

by equation (1.50) rearranges to,

FMM= U M M + ( P A A - ^ P M M ) y A A + I ( P B B Y A B " V A B )

(0VAB=ZBYAB)

Extended Huckel Method: One of the simplest, chemically intuitive and

computationally inexpensive one electron semi-empirical theory is Extended Huckel

Theory (EHT). In this method, only the valence electrons are considered. The
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Hamiltonian is the sum of one electron effective Hamiltonians which are not

considered explici t ly. The basis sets consists of Slater type orbitals (STO) and the

MOs are given as linear combination of the AOs, i.e.,

Pj (1.61)
.1=1

Application of the variational principle to eqn. (1.61) results in the following set of

secular equations:

where SSj = Jcp*cp t dx (1.63)

and Ho = Jcp^HcpjdT (1.64)

The orbital energies and the coefficients are obtained by solving the secular

determinants and the total energy is given by the sum of the energies of the occupied

orbitals.

In the Extended Hiickel method, the diagonal elements of the Hamiltonian are

considered to be equal to the valence state ionization potential (VSIP) of an electron of

the isolated atom, i.e.,

Hn = -VSIP(cpi) (1.65)

And the off-diagonal elements of the Hamiltonian are evaluated using the Wolfsberg-

Helmholz relation,

where K is an adjustable parameter.
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[1.1.2.4] Electron Correlation

In the Hartree-Fock (HF) method, an average interaction was used instead of the

actual electron-electron interaction to solve the Schrodinger equation. In other words,

the correlation of electrons are not treated explicitly in the HF method. The

difference between the HF energy and the exact non-relativistic energy is called the

correlation energy.120 There are three types of electron-correlation effects, viz.,

i) in-out or radial correlation where one electron is close to, and the other far from the

nucleus. Such effects are taken care of by the inclusion of basis sets having higher

radial exponents.

ii) left-right correlation, where the two electrons tend to stay near different nuclei,

iii) angular correlation, where the two electrons tend to stay on opposite sides of the

nucleus. This kind of correlation is incorporated by the inclusion of higher angular

momentum functions.

Any method which include electron-correlation effects should have the following

characteristics: size extensivity ~24 and size consistency?* The term size extensivity

refers to those methods which scales linearly with the number of particles. For

example, if a homogeneous system has N units, then the energy is linear in N. The size

extensivity characterizes the linear size dependence of properties such as the total

energy, polarizability etc. in the limit of an infinite system of finite density. On the

otherhand, in some quantum mechanical methods, the energy and thus the error in

energy of a particular computation vary linearly with the number of particles as the size

of the system increases. These methods are called as size consistent. The question of

size consistency becomes important when one compares the energies of molecules of

different sizes, e.g., a monomer and a dimer. A special case in hand is that of size

consistency for infinitely separable atoms. A method is said to be size consistent if the
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energy of a system made up of two infinitely apart subsystems X and Y is equal to the

sum of the energies of X and Y calculated separately by the same method. In general,

there are two major methods for treating the effect of electron-correlation in

computations, viz., Configuration Interaction (Cl)26 and Meller-Plesset perturbation

theory.27

i) Configuration Interaction (Cl):

In this method, the wave function is considered as a linear combination of many

Slater determinats. Each of these determinants represent an individual electronic

configuration and they are constructed by replacing one or more of the occupied

orbitals (<|>j, fy ) with virtual spin orbitals (<J)a, <j>b ).

If, within a given determinant, a virtual orbital (j)a replaces an occupied orbital

<()j, then it is called single substitution (\\i*). Similarly, in double substitution (vj/Jb), two

occupied orbitals are replaced by virtual orbitals and so on. In a full Cl calculation,

one considers a wave function ¥ which is a linear combination of the HF determinants

and all substituted determinants. Thus, for a full Cl,

where the 0-indexed term is the HF level, and / runs over all possible substitutions.

The sets of coefficients c are solved by minimizing the energy of the resultant

wavefunction. The full Cl is well defined, size consistent, variational, and thus is a

perfect theoretical model.

The major disadvantage of the full Cl method is that it is computationally

highly expensive, and hence is not suitable for large molecules. Generally, the Cl
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expansion is truncated at some level and only a limited set of substitution is considered.

Therefore, the following methods were introduced: CIS that includes single excitations

with the HF determinant, CID that includes double excitation, and CISD that includes

both single and double excitation. However, such limited Cl is not size-consistent,

which can be overcome by quadratic configuration interaction (QCI) method.

ii) Meller-Plesset Perturbation Theory (MPPT):

This method is mainly derived from many body perturbation theory (MBPT)

and put forward by Rayleigh and Schrodinger. It adds higher excitations to HF theory

as a non-iterative correction in contrast to the Cl methods. In the perturbation theory,

the Hamiltonian is considered as the sum of two parts, the second being a perturbation

of the first. In general, the Hamiltonian is expressed as,

+ (1.68)

where H° is the Hamiltonian for an unperturbed system. According to this assumption,

the perturbed wavefunction and energy can be expressed as a power series in H'. Thus,

) + X2x¥{2) + X2x¥(3)+ (1.69)

E = E(0) + ?iE(1) + ?i2E(2) + ^2E(3)+ (1.70)

Substitution of equations (1.64), (1.65) and (1.66) into the Schrodinger equation gives,

(H° + XH] +...)(y(0) + W{1) +...) = (E(0) + ^E(1) + ...)(¥(0) + x¥l) +...) (1.71)

After collecting terms having similar power, one gets the following equations,

H yo) = E(oyo) ( L 7 2 )

(H1 - E(1))^(0) + (H° - E ^ ) ^ 0 = 0 (1.73)

24



Solution of these equations led to different orders of correction to energy.

Truncation of the series (1.69) and (1.71) after second order, third order etc. results in

levels such as MP1, MP2, MP3, etc. As the order of the perturbation increases, the

extent of electron correlation incorporated into a calculation also increases and thus the

computing time. MPn methods are size consistent even though they are not variational.

The most commonly used MPn method is MP2. Some of the other well known

methods for treating electron correlation are Coupled Cluster (CC) theory28 and

Multiconfiguration self-consistent field (MCSCF) methods.29

[1.1.2.3] Density Functional Theory (DFT)

5 •Density Functional Theory is another approach for looking at the electronic

ground state. In contrast to the wave function based ab initio methods, the density

based DFT method provides a solid foundation for the development of computational

methodologies for the evaluation of structure, energetics and properties of molecules at

a much lower computational cost. Of particular interest is the efficiency of DFT

methods in including the effects of electron correlation. Conceptually, ab initio and

DFT methods are complementary in the sense that while the former are constructed

from single-electron orbitals, \j/j, and many electron wave functions T, the root of DFT

is the electron density p(r).

As mentioned above, the main variable in DFT is the single particle density p(r). For

an N particle system, it is defined as

p(r,) = N J Jdr,dr3 drNP(r,,r2, ,rN) (1.74)

Normalization of p(r) gives the total number of electrons, i.e.,
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Jp(r)dr = N (1.75)

For a many particle system characterized by an external potential x>(r) (due to the

nuclei) the first Hohenberg-Kohn theorem (HK-I)5c states that there is a one-to-one

mapping between the potential u(r), the particle density p(r), and the ground state wave

function 4^,

(HK-I) p(r) <-• v(r) +* To

The Hamiltonian for a system of N nonrelativistic, interacting electrons in an external

potential, u(r) is given by,

H = T + V + G

N i N N A _ 7 Ni

where T = y - - V , 2 , V = Y i>(i;) =Y Y ^ - , G = Y -
i=l a=1

Since p(r) determines N, u(r) and all the properties of the ground state, therefore, the

total energy of a system should be a functional of p(r). Thus, the ground state energy

El)(r)[p(r)] can be expressed as a function of p(r) as,

E,(r)[p(r)] = T[p(r)] + Vne[p(r)] + Vcc[p(r)]

] (1.76)

where FHK[p(r)] = T[p(r)] + Vee[p(r)] (1.77)

Equation (1.77) can be rewritten as

FHK[p(r)] = <^[p(r)]|T + Vee|^[p(r)]> (1.78)

where *¥ is the ground state wave function associated with p.

The introduction of the energy variational principle as suggested by the second

Hohenberg-Kohn theorem (HK-II)5c gives,
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Eu(r)[p(r)] - FHK[p(r)] + lp(r)u(r)dr >Eu(r)[ p0 (r)] (1.79)

where Eu(r)[p0 (r)] and p0 (r) are the ground state energy and density. The variationally

stable energy functional for a system of noninteracting electrons and a given external

potential us is,

Es[p] = <ys[p]|T + Vs|TLp]> = Ts[p] + k(r)p(r)dr >ES.O (1.80)

The Hohenberg-Kohn functional, FHK can be written as

FHK[P(F)] = Ts[p(r)] + J[p(r)] + Exc[p(r)] (1.81)

where Ts[p(r)] is the kinetic energy functional of a non-interacting system given by,

J[p(r)] is the classical Coulombic interaction energy,

J[p(r)]= I J J < ^ drdr' (1.83)
2 J J | r— r |

And Exc[p(r)] is the exchange-correlation energy.

The only difference between Hartree-Fock approximation and the above theory is the

presence of the exchange-correlation term, Exc in the later. Combining equations

(1.76), (1.81), (1.82) and (1.79), one gets

E*>[p(r)] = !P(rMr)dr + £ < *, | -\V2

+ Exc[p(r)] (1-84)

Minimization of the energy functional Eu(r)[p(r)] results in the following one particle

Kohn-Sham (KS) equation,
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= CiH>i (1.85)

where the density p(r) is obtained as the sum

(1.86)

and the KS effective potential uefl is given by

Defr(r) = i>(r) +
5p(r) 8p(r)

= v(r)+ f-B^dr'+Dxc(r) (1.87)
J r _ r

(

The energy correlation functional of the above equation is defined as,

« - 5 E xc[P( r >] H RON
Vxc —— (1.88)

5p(r)

The ground state energy is given by,

E = E 8 - - \ J ^ ^ p d r d r ' + Exc[p(r)] - Juxc(r)p(r)dr (1.89)
Y 2 i | r'|Y 2 i | r—r'|

where z\ and p are the self-consistent quantities.

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

correlation energy, Exc[p]. The local density approximation (LDA) is found to be one

of the simplest and efficient approximation for Exc[p]. It is given by,

(1.90)

where exc(p) is the exchange-correlation energy per particle of a uniform electron gas of

density p. The corresponding exchange-correlation potential represented by eqn. (1.87)

becomes,

f = exc[p(r)]
8p(r)
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Also, the Kohn-Sham orbitals are now given by,

2
r _ r

(1.92)

The self-consistent solution of the above equation is called as the LDA method.

Other widely used approximations are generalized gradient approximation

(GGA) and hybrid (HF + density) functional. One of the most popular hybrid method

is the BLYP/HF method. One such method, viz., Becke3LYP30 is extensively used in

this thesis. In this method, the exchange energy is replaced by an exchange-correlation

functional from Becke and Lee-Yang-Parr approximations using the electron density

from HF. This functional is sum of parallel-spin (Becke) and antiparallel-spin parts

(Lee-Yang-Parr). The different parameters and molecular properties obtained from this

method are comparable to those obtained from more expensive ab initio calculations

(for example, MP2).
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[1.2J Brief Overview of the Remaining Chapters

[1.2.1] Chapter 2: Theoretical Study of Structure, Bonding, Stability and

Aromaticity of Complexes of Titanocene and Zirconocene

Transition metal organometallic^ is a challenging research area of chemistry.

Even though there are many similarities in reactivity and properties between the

elements of a given group in the periodic table, there are contradictions as well. This

chapter considers the reactivity of two such elements, viz., Ti and Zr, which behave

differently under similar reaction conditions.

In the realm of transition metal organometallic chemistry, the in situ generated

metallocenes, biscyclopentadienyl titanium (Cp2Ti) and biscyclopentadienyl zirconium

(Cp2Zr) play a key role in the stoichiometric C-C coupling and cleavage reactions of

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

metallacycles, both saturated and unsaturated. results from such reactions. In the first

section of this chapter, theoretical calculations on various five membered metallacycles

of Ti and Zr are presented. The second section discusses the stabilities of an unstable

five-membered organic specie C5H4 and the differences brought in as a result of

replacement of one CH2 group by Cp2Ti or Cp2Zr. The dimerization of

metallacyclocumulene to metal substituted radialenes is presented in the last section.

[1.2.1.1] Structure and Neutral Homoaromaticity of Metallacyclopentene, -

pentadiene, -pentyne and -pentatriene

Theoretical analysis of the structure, bonding and aromaticity of a series of five

membered metallacycles (1-6) are presented. Theoretical studies at the DFT level

shows significant metal-71 interaction in all the metallacycles except 1 and 4. The ring
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strain in these metallacycles are evaluated from successive hydrogenation energies and

compared with the parent carbocycles. Nucleus Independent Chemical Shift (NICS)

calculations reveal that the rnetallacyclopentene (2) and metallacyclopentyne (5) are

neutral bishomoaromatic, while the inetallacyclopentatriene (6) is neutral in-plane

aromatic.

[1.2.1.2] Dependence of the Structure and Stability of Cyclocumulenes and

Cyclopropenes on the replacement of CH2 group by Titanocene and Zirconocene

The replacement of small groups in organic structures by transition metal

fragments has a dramatic impact on their stability and reactivity. The relative

thermodynamic stabilities of cyclocumulene (1), alkynylcyclopropene (2), dialkynyl-

methane (3) and the isomers obtained by the replacement of the CH2 group by Cp2Ti

and Cp2Zr (4, 5, and 6) are presented in this section. The resulting metallacyclo-

cumulenes (4), metallacyclopropenes (5), and metal bisacetylides (6) are important

intermediates in the transformations of conjugated and non-conjugated alkadiynes by
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Cp2Ti and Cp2Zr. The differences between 4 and 5 is calculated to be much smaller

than that between 1 and 2. Experimentally, the compound 5 is known only for Ti and it

is found to exist in a dynamic equilibrium with 4. Computational studies at the

B3LYP/LANL2DZ level suggest that both 4 and 5 could be realized for Ti and Zr by

using R =CN as the substituent on the carbon skeleton. A transition state connecting 4

and 5 is also characterized.

[1.2.1.3] Structure and Bonding of Metallacyclocumulenes, Radialenes, Butadiyne

Complexes and Their Possible Interconversion

The Dewar-Chatt-Duncanson (DCD) model gave an elegant and simple

description of the transition metal-alkene bonding in terms of n donation and metal

back-donation. The properties of a complexed double bond, e.g., that of a metalla-

cyclocumulene, depend on the extent of back bonding. In this section, the dimerization

of metallacyclocumulenes (1-3) to either a radialene structure A or a bis(butadiyne)
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geometry B is presented. While 1 is found to dimerize to 4, 3 dimerizes to 9. At the

same time, neither 5 nor 8 could be realized for Zr. The conservation of orbital

symmetry during the transformation of 1 -» 4,4 -> 7 and 6 -> 9 are discussed. These

R

4 ; M = Ti ; L = Cp ; n=2
5 ; M = Zr; L = Cp ; n=2
6 ; M = N i ; L = NH3 ; n=1

R

1 ; M = Ti ; L =
2 ; M = Zr; L =
3 ; M = N i ;L =

Cp;
Cp;
NH3

n=2
n=2

;n=1

/
R

7 ; M
8 ; M
9 ; M

= Ti
= Zr
= Ni

B
;L
;L
;L

= Cp;
= Cp;
= NH3

R

n=2
n=2

;n=1

are all found to be symmetry allowed processes. The effect of substituents on the

dimerization of metallacyclocumulenes is also analyzed and similar energetics are

found for Ti and Zr.

[1.2.2] Chapter 3:Aromaticity of Cyclic Hydrocarbons and their B-N Analogues

Aromaticity is one of the most important concept in chemistry. The inorganic

benzene, borazine, is a textbook example of six xc-electron six membered ring.

Compared to benzene, the cyclic delocalization of electrons in the borazine ring is

reduced due to the large electronegativity difference between boron and nitrogen. Even

though borazine has equal B-N bond lengths like benzene, the polarity of the BN bond

causes borazine to show different reactivity pattern from that of benzene. Thus, it is

natural that the chemistry of borazine is dominated by addition reactions.

The linearly annelated benzene rings, also known as the polycyclic aromatic

hydrocarbons (PAHs) or acenes are important because of their role as pollutants, and in
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particular, as carcinogens. Owing to their remarkable stability, these PAHs are found

in substantial quantities in the interstellar space and are of substantial chemical interest.

While the chemistry of benzene and its linearly annelated compounds is well

developed, the corresponding B-N analogues are relatively unknown.

In the first part of this chapter, the extent of aromaticity in benzene and borazine

are compared from their respective protonation and methylation energies. The

aromaticity of the condensed derivatives of benzene and borazine are discussed in the

next part. The B-N analogues of the hydrocarbons are obtained by replacing the carbon

atoms with alternating B and N atoms.

[1.2.2.1] Parallel Aromatic Behavior of Benzene and Borazine

Even though borazine is predicted to undergo addition reactions, recent

experimental evidence shows that borazine undergoes electrophilic aromatic

substitution in the gas phase similar to its organic counterpart, benzene. Over the years,

a number of criteria were employed to estimate the aromaticity in these molecules.

Here, we attempt to judge the extent of aromaticity in benzene and borazine from their

respective protonation and methylation energies.

The results show that the stability of the o- complex obtained from protonation or

methylation is a good indicator of aromaticity. Even though there are quantitative
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differences between hydrocarbons and the B-N analogues, the general trends show that

B3N3H6 is a stable species in the context of o- complex. While the contribution of the

a- and 71- electrons to the stability of the o- complex can not be separated easily, this

stabilization is a characteristic, in estimating aromaticity. According to this, B3N3H6 is

aromatic, though it is about half of that of benzene.

[1.2.2.2] Aromaticity of Acenes and Their B-N Analogues

The stabilization or resonance energies of the linear acenes and their BN

analogues are evaluated by using the following equation:

E (« 1, 3-cyclohexadiene) + E (/raw.v-perhydroacene) = E (acene) + E (n cyclohexene)

(n =3,5,7...)

n= 1-5

n
BN-acenes

Even though the stabilization energy of the acenes and their BN analogues

increases linearly from benzene to pentacene and borazine to BN-pentacene, the

resonance energy per 71 electron remains constant only for the acenes. However, it

increases steadily for the BN-acenes. On the other hand, nucleus independent chemical

shift (NICS) calculations show that the aromaticity of the inner rings of the acenes is

more than that of benzene, but the aromaticity of the individual rings in the BN-acenes

remains constant and they are less than that of borazine.
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[1.2.3] Chapter 4: Electronic Structure and Stability of Tricoordinate

Pyramidal Boron

It is a common knowledge that the preferred conformation of tetracoordinate

carbon is tetrahedral, and, it remained unchallenged till Hoffmann mooted the idea of a

planar tetracoordinate carbon in 1970. During the last three decades, tremendous

progress has been made in the theoretical understanding and synthesis of molecules

with planar tetracoordinate carbon. This has opened the gate for other novel rule

breaking structures. In this chapter, we discuss the electronic structure and bonding of

such novel molecules having a tricoordinate pyramidal boron center by using both ab

initio MO and density functional theory. The extent of pyramidalization and the

difference in energy between the planar geometry, which is a transition state, and the

pyramidal geometry, is found to be effected by the substituents on boron as well as by

the nature of the heavy atom.
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CHAPTER 2

THEORETICAL STUDY OF STRUCTURE, BONDING,

STABILITY AND AROMATICITY OF COMPLEXES OF

TiTANOCENE AND ZiRCONOCENE



[2.0] ABSTRACT:

The reactive organometallic fragments biscyclopentadienyl titanium (Cp2Ti)

and biscyclopentadienyl zirconium (Cp2Zr) are known to catalyze C-C coupling

reactions of unsaturated molecules such as alkynes resulting in the formation of

different metallacycles having unusual structures. A systematic analysis of the

structure and bonding of a series of such metallacycles (1-6) will be discussed in the

first section of this chapter (Scheme 2.1). While there is no interaction between the

metal and the middle carbon atoms in metallacyclopentane (1) and metallacyclo-

pentadiene (4), strong metal-7t interaction is found in the other metallacycles. The

metallacyclopentene (2)and metallacyclopentyne (5)are found to be neutral bishomo-

aromatic, while the metallacyclopentatriene (6)is neutral in-plane aromatic. The

calculated N1CS values and other bonding parameters support the strong cyclic

delocalization of electrons in 2, 5 and 6.

A study of the energetics of the isomers of CsFLr-cyclocumulene (1), ethynyl-

cyclopropene (2), diethynylmethane (3), and their organometallic analogs obtained by

replacing the CH2 groups by Cp2Ti and Cp2Zr (4, 5, 6) forms the basis of the second

section (Scheme 2.4). Computational studies at the B3LYP/LANL2DZ level shows

that the transition metal fragments Cp2Ti and Cp2Zr has a dramatic impact on the

stability of strained hydrocarbons. The calculated relative energies confirm the

experimental observation that the metallacyclopropene (5) is more favorable for the Ti

complex.

The last section of this chapter discusses the dimerization of metallacyclo-

cumulenes (1, 2 and 3) to metal substituted radialenes (4, 5 and 6) (Scheme 2.7). These

40



are compared with the dimerization of ethylene to cyclobutane and cumulene to

radialene (Scheme 2.8). A possible mechanism for the formation of bis(butadiyne)

complex of Ni (9) is also presented. Correlation diagrams constructed for the

conversion of the radialene type structure to that of the bis(butadiyne) complex show

that it is allowed for both Ti and Ni.



[2.1] Structure and Neutral Homoaromaticity of Metallacyclopentene,

-pentadiene, -pentyne and -pentatriene

[2.1.1] Introduction :

In the realm of transition metal organometallic chemistry, the in situ generated

metallocenes, bis-cyclopentadienyl titanium (Cp2Ti) and biscyclopentadienyi zirconium

(Cp2Zr) with £ valence electron count, play a key role.1 In their many different forms,

these metallocenes are extensively used as catalysts in olefin polymerization which is

an important research area in catalytic chemistry.2 Their importance arises from the

extraordinary control that they have over the properties of the resulting polyolefins

such as stereoregularity and stereoselectivity. Cp2Ti and Cp2Zr are also used in the

synthesis of several precursors for the study of organometallic chemical vapor

deposition (OMCVD) of ceramic thin films.3 They play an important role in the

stoichiometric C-C coupling and cleavage reactions of unsaturated molecules such as

alkynes, olefins, acetylides and vinylides.4 A variety of metallacycles, both saturated

and unsaturated, results from such reactions, and some of these are represented in

Scheme 2.1 in the order of increasing number of formal TC bonds.5"10 The five-

M

Scheme 2.1. Representative metallacycles (1-6), M - Ti, Zr
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membered metallacycles occupy a special place in the chemistry of transition metal

organometallics as they are involved in important reactions such as the synthesis of

carbocyclic and heterocyclic compounds and their unusual ability to stabilize highly

reactive organic entities.4 The experimental approaches towards the realization of 1-6

are given in Scheme 2.2. The saturated metallacyclopentane (1) can be generated by

M

M

M +

M

M;

M
+

•x

M
+

Scheme 2.2. Experimental approaches towards 1-6
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the treatment of /m-butyl substituted zirconocene dichloride with ethylene in the

presence of w-butyl lithium.5 Complex 2 can be prepared by the 1:1 reaction of

zirconocene dichloride with enediyl-magnesium in THF,6 and 3 by the photocatalysis

of diphenyl zirconocene in the presence of a conjugated diene.7 The metallacyclo-

pentadiene (4) can be formed by the photolysis of dimethyl zirconocene or titanocene

in the presence of diphenyl acetylene.8 The recently reported metal lacyclopentyne 5 is

prepared by the reaction of zirconocene dichloride with 2 equivalents of w-butyllithium

or /7-butyl Grignard reagent and (Z)-l,4-bis-trimethylsilyl-l,2,3-butatriene.ya Metalla-

cyclocumulene 6 can be prepared by the treatment of titanocene and zirconocene

bis(trimethylsilyl)acetylene with 1,3-butadiynes or by the photocatalytic rearrangement

of permethylzirconocene bisacetylides.10 The formation of 2 and 6 through the direct

coupling of two vinylides or two acetylides is favoured thermodynamically, and the

reverse C-C cleavage reactions were observed only under drastic conditions. In

contrast, the olefin and alkyne coupling products 1 and 4 were found to be less stable,

and the reverse C-C cleavage and retro-cycloaddition often occur under very mild

conditions.12 For example, zirconacyclopentane very easily undergoes (3-p' carbon-

carbon bond cleavage to give zirconocene bisolefin complex, CpZr(CH=CH) '

While the complexes 1-4 are well known in metallocene chemistry, the more

exotic examples 5 and 6 were characterized only recently; the organic counterparts of 5

and 6 have been elusive so far.914 On the basis of single crystal X-ray structural data

and IR spectra on 1-zirconacyclo-pent-3-yne (5) with Si(CH3)3 or C(CH3)3 as

substituents, it was concluded that there is no considerable interaction between the

metal center and the C-C triple bond.9a This is in contrast with the
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metallacyclocumulene complex 6, where there is substantial interaction between the

metal and the middle C=C bond. The titanium counterpart of 5 is unknown so far.

There are few theoretical studies about the structure and bonding of these

metallacycles.15"17 An earlier study of a zirconocene-butadiene complex based on the

extended Huckel method predicts strong interaction of the metal with the terminal

carbon atoms for the cis isomer while strong metal-middle carbon interaction for the

trans isomer.15 An ab initio MO theoretical study on titanacyclopentadiene using a

small basis set shows strong interaction between the metal center and the terminal

carbon atoms while ruling out any significant interaction with the middle carbon

atoms.16 A recent density functional theory study on the cis- and /ram-butadiene

complexes of zirconocene concludes the same.17 Another DFT study on the structure

and stability of the recently synthesized zirconacyclopentyne complex 5 concludes that

it is a resonance hybrid between a metallacyclopentyne form and a cumulene complex

Lewis structure.911 This study shows effective interaction between the metal atom and

the central C=C bond of the cumulene ligand. In this chapter, we have compared the

structure and aromaticity of 1-6. The bonding parameters of various experimentally

known five-membered metallacycles is given in Table 2.1 for comparison. Our study

based on geometric and magnetic properties shows strong metal-7C interaction in these

metallacycles. The NICS values of several complexes indicate that the delocalization

of the n electrons to the Zr and Ti is substantial, leading to the description of neutral

homoaromatic to 2, 5 and 6. Homo- and bishomoaromaticity are usually observed in

charged species,18 but neutral homoaromatic systems are very rare.19 The transition

metal complexes studied here are the first examples of neutral homoaromaticity.
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Table 2.1. Bond Parameters of Different Experimentally known

Metallacycles of Ti and Zr with the Generic Ligand C5H5 or its Derivatives.

M-Cl

2.307
2.346
2.305

2.300
2.293
2.313
2.296

2.509
2.453

2.265
2.265
2.264
2.245
2.271
2.245

2.50

2.434
2.423
2.344

2.194
2.209

2.215

2.141
2.160
2.165
2.177

2 252

M-C2

3.065
3.010
3.0

2.597
2.709
2.461
2.557

2.391
2.352

3.05
3.01

2.945
2.861
3.015
2.951

2.29

2.320
2.305
2.328

3.017
2.950

3.0

2.951
2.946
2.996
2.872

2.210

C1-C2

lZr(C5R5ZrC4R8)

1.547
1.551
1.556

2Zr (c/;v-C5R5ZrC4R6)
1.451
1.469
1.436
1.450

3Zr (/ra/M-C5RsZrC4R
1.435
1.402

4Zr (C5RsZrC4R4)
1.359
1.351
1.362
1.358
1.358
1.351

5Zr (C5R5ZrC4R4)
1.415

6Zr (C5R5Z1C4R2)
1.285
1.292
1.304

ITi (CsRsTiQRg)
1.532
1.526
1.537

4Ti (C5R5TiC4R4)
1.371
1.362
1.373
1.353

6Ti (C5R5T1C4R2)
1.244

C2-C2'

1.502
1.332
1.494

1.398
1.392
1.370
1.394

6)

1.467
1.393

1.499
1.503
1.512
1.481
1.488
1.518

1.206

1.326
1.336
1.327

1.529
1.532
1.550

1.496
1.493
1.488
1.490

1.338

Ref.

5
15a
26a

7
27
19
19

29
30

8a
31a
31b
31b
31c
31d

9

10a
10b
10b

15b
26b
26b

8b
31e
lOe
15c

lOe
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[2.1.2] Computational Methods :

All the molecules (1-6) were fully optimized using the B3LYP density

functional method.20 We used the LANL2DZ basis set with the effective core

potentials of Hay and Wadt and an additional set of polarization function. Frequency

calculations were carried out at the same level to characterize the nature of the

optimized structures. The nature of bonding was studied through NBO analysis.22 In

order to judge the extent of cyclic delocalization of electrons in 1-6, nucleus

independent chemical shifts (NICS) calculations were carried out at the geometrical

center point of the ring. This gives an insight into the possible interaction between the

Ti and Zr centers and the C=C or O C bonds in the metallacycles. Gaussian 94 suite of

program was used for all the calculations.24 The contour plots were obtained by using

the MOLDEN visualization program.25 We have used the same computational

procedure for the other two sections of this chapter unless stated otherwise.

[2.1.3] Results and Discussion :

[2.1.3.1] Structure and Bonding of Metallacycles :

The optimized geometries of the parent metallacycles are given in Figure 2.1.

The theoretical bond parameters and natural bond orbital analysis of all the parent

metallacycles (1-6) are given in Tables 2.2-2.3 and of the metallacyclopentyne complex

5 with CH3 and SiH3 as the substituents in Table 2.4. Also, contour plots of the MOs

corresponding to the in-plane metal C2-C2' interaction in 1-6 are given in Figure 2.2 to

study the nature of bonding in these metallacycles.

i) Metallacyclopcntanes (1): The calculated bond parameters for lZr and ITi are

found to be comparable with the available experimental data (Tables 2.1 and 2.2).



Figure 2.1. Optimized geometries of 1-6. For a better understanding, the structure 3 is

given in two different perspectives (3 and 3f).
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Optimization gives a twisted five-membered ring (C\ symmetry) for both complexes,

and this agree well with the experimental findings.12 26 An NBO analysis shows a

typical c-bonding between M and Cl, and no interaction between M and C2 is found

(Table 2.3 and Figure 2.2). The M-C2 distance of 3.0 A might serve as reference for no

bonding. Therefore, 1 can be considered as a ^2-a,o-complex, in agreement with the

discussion in the literature.1'911 This M-C a-bond length can be used as standard for

comparison to all the other M-C distances.

ii) Metallacyclopentenes (2): Both the structures, 2Zr and 2Ti, were optimized as C\

symmetry energy minima, although they are only slightly distorted from Cs symmetry.

Due to the large interaction between the C=C double bond and the metal center, the

flve-membered ring is puckered rather than planar. The computed structural

parameters for 2Zr agree well with the available X-ray data for structures bearing

methyl or phenyl substituents. In addition, the formal C=C double bond in 2Zr of

1.399 A is longer than that in parent cyclopentene (1.335 A), but close to the benzene

value (1.400 A) at the same level. The Zr-C2 distance of 2.536 A in 2Zr is longer than

in 5Zr (2.330 A), but shorter than in lZr (3.045 A), as given in Table 2.2. Although

no experimental data are known for 2Ti, the same trend of structural changes is found

in the calculation for 2Ti, as compared with 5Ti and ITi, and this indicates a strong Ti

and C=C interaction in 2Ti.

An NBO analysis (Table 2.3) shows a C=C double bond which interacts

strongly with the metal center, and this results in a three-center and two electron (3c-

2e) bonding. Figure 2.2 shows concentration of contour in the plane defined by the

metal and the two middle carbon atoms of the metallacyclic ring in 2. In 2Zi\ Zr
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contributes 9.5%, Ti contributes somewhat more (12.0%) in 2Ti. In these 3c-2e

bondings, both carbon and metal are pure p or d orbital, and the calculated bond order

for M-C2 and C=C are 0.538 and 1.717 for 2Zr, and 0.420 and 1.687 for 2Ti,

respectively (Table 2.2). Therefore, 2 can be described as r]2-o,o + tf-n complex. In

addition to the puckered conformation, we have also computed the structure with planar

five-membered ringfor 2Zr. This planar structure (C2V) is found to have an imaginary

Table 2.2. Theoretical Bond Parameters for the Parent Metallacycles (1-

6). The NLMO Bond Order is Given Within Parenthesis.

IZr

2Zr

3Zr

4Zr

5Zr

6Zr

ITi

2Ti

3Ti

4Ti

5Ti

6Ti

MCI

2.313

(0.542)

2.439

(0.338)

2.504

(0.510)

2.260

(0.613)

2.440

(0.502)

2.345

(0.625)

2.201

(0.779)

2.227

(0.771)

2.435

(0.520)

2.126

(0.823)

2.341

(0.633)

2.212

(0.710)

M-C2

3.045

(0.066)

2.536

(0.538)

2.403

(0.351)

2.955

(0.110)

2.330

(0.353)

2.351

(0.366)

2.993

(0.053)

2.447

(0.420)

2.297

(0.323)

2.902

(0.078)

2.201

(0.401)

2.227

(0.419)

C1-C2

1.558

(0.997)

1.455

(1.090)

1.432

(1.154)

1.367

(1.855)

1.424

(1.098)

1.310

(1.887)

1.548

(0.999)

1.443

(1.112)

1.413

(1.415)

1.364

(1.843)

1.406

(1.139)

1.297

(1.929)

C2-C2'

1.550

(1.008)

1.399

(1.717)

1.423

(1.539)

1.488

(1.055)

1.259

(2.579)

1.335

(1.745)

1.542

(1.008)

1.397

(1.687)

1.431

(1.229)

1.474

(1.075)

1.259

(2.516)

1.337

(1.698)
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Table 2.3. Hybridization and

Metallacycles (1-6)

Orbital Occupancy (%) of the Parent

IZr

2Zr

3Zr

4Zr

5Zr

6Zr

ITi

2Ti

3Ti

4Ti

5Ti

6Ti

M-Cl/o

sd8J (Zr, 24.3%)

sp30 (Cl, 73.6%)

sd'52(Zr. 25.0%)

sp52 (Cl, 66.1%)

p (C2+C2',7.3%)

sd2l8(Zr, 26.3%)

s p " (Cl. 59.6%)

p(C2+C2M2.0%)

sd7(J(Zr. 24.4%)

sp2 0(Cl. 73.3%)

sd lb9(Zr, 23.9%)

sp44 (Cl. 64.5%)

p(C2+C2',10.0%)

sd12 5 (Zr. 23.6%)

sp22 (Cl. 64.9%)

p(C2+C2'.10.4%)

sdl5O(Ti,36.5%)

sp34 (Cl. 61.2%)

d (Ti. 33.5%)

sp5" (Cl, 56.4%)

p(C2+C2'. 6.6%)

d (Ti, 38.0%)

sp8'6 (Cl. 49.3%)

p(C2 + C2'.8.1%)

sdl46(Ti.36.2%)

sp22 (Cl. 61.2%)

d (Ti. 33.7%)

sp54 (Cl. 54.9%)

p(C2+C2',10.0%)

d(Ti, 33.7%)

sp24 (Cl. 54.5%)

p(C2+C2'.10.5%)

C1-C2/O

sp27 (Cl, 48.5%)

sp2 8 (C2. 49.6%)

sp2<1(C1.48.0%)

sp20(C2, 50.1%)

sp25 (Cl, 47.7%)

sp20(C2. 50.9%)

sp1" (Cl, 48.3%)

sp18 (C2. 50.3%)

sp30 (Cl, 46.4%)

sp"(C2. 51.7%)

sp23 (Cl. 46.4%)

sp1 ° (C2. 52.0%)

sp2'6 (Cl, 48.5%)

sp2 8 (C2. 49.7%)

sp25(C 1,47.9%)

sp : o(C2. 50.1%)

d (Ti, 37.7%)

p (Cl, 38.6%)

p(Cl+Cl'.12.0%)

p (C2. 9.3%)

sp18 (Cl. 48.3%)

sp1" (C2, 50.2%)

sp2" (Cl, 46.6%)

sp12(C2, 51.6%)

sp22 (Cl, 46.4%)

sp'°(C2, 52.0%)

C1-C2/71

d (Zr. 2.2%)

p(C 1.45.0%)

p(C2.48.5%)

d (Zr, 3.4%)

p(C 1.42.6%)

p(C2.48.4%)

d(Ti. 1.5%)

p(C 1.44.5%)

p(C2.49.1%)

d (Ti. 2.9%)

p(C 1.42.8%)

p(C2.48.2%)

C2-C27O

sp28(C2+C2',99.2%)

sp2'(C2+C2',98.8%)

sp2'(C2+C2'.98.4%)

sp2 •I(C2+C2',98.8%)

sp13(C2+C2'.98.8%)

spl4(C2+C2',98.6%)

sp2 8(C2+C2',99.2%)

sp2 '(C2+C2',98.8%)

sp27(C2.47.9%)

sp22(C2'.51.1%)

sp22(C2+C2'.98.8%)

sp' 3(C2+C2',99.0%)

sp14(C2+C2',98.8%)

C2-C2771

d (Zr, 9.5%)

p(C2+C2', 85.8%)

d(Zr, 12.2%)

p(C2+C2', 81.4%)

sp"6(Cl+Cl',4.2%)

d (Zr, 4.0%)

p (C2 + C2', 92.4%)

d (Zr, 9.2%)

p (C2 + C2', 87.0%)

d (Zr. 9.6%)

p (C2 + C2', 85.6%)

d(Ti. 12.0%)

p (C2 + C2'. 80.8%)

sp"4(Cl+Cl'.4.8%)

sdIO('(Ti. 11.7%)

sp8-6 (Cl, 45.4%)

p (C2. 38.2%)

d (Ti, 5.1%)

p(C2+C2'. 91.4%)

d (Ti, 12.8%)

p(C2+C2\ 80.4%)

sp59(Cl+Cl'.4.6%)

d(Ti, 13.2%)

p(C2+ C2', 79.0%)

sp45(Cl+CT. 4.8%)
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vibrational frequency (—891 cm"1) and therefore is a transition state on the potential

energy surface. Following the imaginary mode leads to the puckered C, structure. The

computed barrier (AG*, 298K) for the ring pocking is 9.0 kcal/mol, and this is close to

the estimated 12.8 kcal/mol at 268 K on the basis of dynamic 13C NMR

measurements.27

iii) Complexes with *-//-a/iA-774-butadiene (3): It is found experimentally that 2Zr

equilibrates with its s-tram-rf isomer (3Zr) with a ratio of 45 (2Zr) to 55 (3Zr) at 298

K in C6D6." This ratio indicates that both isomers are very close in energy. At the

same level of theory, the computed difference in free energy between 2Zr and 3Zr is

only 0.2 kcal/mol at 298 K, and this agree well with the experiment and gives also the

error limit of theory to be less than 0.5 kcal/mol. The optimized structural parameters

for 3Zr agree at least with one set of the X-ray data for the l,4-diphenyl-/ram-

butadiene,29 since there are two independent molecules in the unit cell. It is shown both

theoretically and experimentally that the Zr-C2 distance in 3Zr is shorter than the Zr-

Cl bond,30 and this is in contrast to those in 2Zr, in which the Zr-Cl bond is shorter

than the Zr-C2 distance. In comparison with free /ram-butadiene (1.341, 1.458 A), the

C-C bond lengths in 3Zr are nearly equal (1.432 and 1.423 A), and therefore it is hard

to ascribe 3Zr simply as an ^-complex.

In contrast to 3Zr, the corresponding 3Ti complex is not known experimentally

and no direct comparison is possible. The energy difference between 2Ti and 3Ti is

much larger than that bet-ween 2Zr and 3Zr. At the same level of theory, 3Ti is 5.6

kcal/mol more stable than 2Ti, and the difference in free energy at 298 K is 4.6

kcal/mol. The absence of either of them points to some inherent unfavorability of Ti in
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these geometries. This may be related to the smaller size of Ti in relation to Zr. For

example, on reaction with Me3SiOC-C=CSiMe3, Cp*2Ti forms the three-membered

titanacyclopropene (//'-complex) Cp*2Ti(>72-l,2-Me3SiC2C=CSiMe3) while Cp*2Zr

produces the five-membered zirconacyclocumulene (rj -complex) Cp*2Zr(*7 -1,2,3,4-

Me3SiC4SiMe3).1()b

NBO analysis supports a bonding description which is similar to that of 2Zr,

i.e., a strong Zr-Cl o bond and a 3c-2e bonding between Zr center and the middle C=C

double bond (Table 2.3). Compared to 2Zr, the Zr-C interactions in 3Zr involves

contribution from the terminal carbon atoms also. Therefore, one can conclude that the

bonding in the formal //4-.s-/ram-butadiene 3Zr can be described as r}2-a,a + rf-n-

complex between Zr and /rara'-l,4-but-2-endiyl.

iv) Metallacyclopentadienes (4): Both the computed and experimental8'31 structural

parameters for 4Zr (Tables 2.1 and 2.2) reveal the delocalized bonding pattern as in the

case of cyclopentadiene (1.349 and 1.479 A). Both C-C bond lengths (1.367 and 1.488

A) and NBO analysis (Table 2.3) show double bond character between Cl and C2,

while conjugated single bond between C2 and C2'. Zr contributes only slightly (2.2%)

to the C1-C2 double bond. A contour plot of 4 shows o bonding between the metal and

the terminal carbon atoms while no bonding interaction is found with the middle carbon

atoms (Figure 2.2). Therefore, bonding in complex 4 can be described as rj2-c,G. The

same is found for the Ti analog (4Ti). The computed and X-ray bond parameters show

that M-Cl bond is of a character and the C4 unit has typical butadiene characteristics,

as evidenced by our NBO analysis and in tune with earlier theoretical studies.16
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Figure 2.2. Contour plots of the MOs corresponding to the interaction of the metal and

C2-C2 for structures 1-6.
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v) l-Zirconacydopent-3-ynes (5Zr): Recently, Suzuki and co-workers reported the

synthesis of a zirconacyclopentyne complex (5) with trimethylsilyl or tert-buty\ group

as the substituents.93 The X-ray structure of 5 shows an unusually short C-C middle

bond (1.206 A) prompting them to call it a metallacyclopentyne. The Zr-C2 and Zr-C3

bonds (2.29 A) are shorter than Zr-Cl and Zr-C4 bonds (2.50 A). The cis and trans

conformations of 5Zr with R = CH3 or SiH3 as the substituents were optimized under

the Cs and C2 symmetry constraints, respectively and they were found to be minima on

the potential energy surface. The trans isomers are found to be only slightly more

stable than the cis one, and the difference in free energy (AG0) is only 0.2 kcal/mol for

R = SiH3 or CH3. This agrees well with the experimental findings. At room

temperature, for example, equilibrium cis/trans ratios of 36/64 and 12/88 are found for

R = SiMe3 and ter/-CMe3, indicating that the trans isomers are slightly more populated

than the cis one.

Table 2.4 lists a set of computed bond parameters for the parent and substituted

5Zr. The bond parameters around the five-membered ring do not depend considerably

on conformations (cis/trans) and substituents (R = SiH3 or CH3), and the only

significant change is found for the Zr-Cl distance with R = H. Our calculations show

that theory agrees reasonably well with the experiment, except for the formal C2-C2

triple bond which is calculated to be longer (1.259 A) than that found experimentally

(1.206 A) by Suzuki and coworkers.98 In addition, the computed stretch frequencies of

the triple bonds of 2018 (R - SiH3) and 2010 cm"1 (R = CH3) also agree with the

experimental values of 2014 (R = SiMe3) and 2011 cm"1 (R = C(CH3)3), respectively.

The shortening of the CsC bond led Suzuki and coworkers to conclude that Zr does not

interact considerably with the triple bond and 5Zr prefers the 7f-a,a- (A) rather than
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the 7f-n,7t bonding (B), as shown in Scheme 2.3. However, the agreement of all other

calculated geometric parameters with experiment makes one feel that the calculated

C2-C2' bond length is closer to reality. This led to the conclusion that while there may

be small contribution from structures

Table 2.4. Computed Bond Parameters and NLMO Bond Orders (in italics) for

the Parent as well as Substituted l-Zirconacyclopent-3-yne (5Zr) and 1-

Titanacyclopent-3-yne (5Ti).

Ligand (R)

5Zr

(R = H)

5Zr-c/s

(R - CH3)

5Zr-trans

(R = CH3)

5Zr-c/5

(R = SiH3)
5Zr-trans

(R = SiH3)

5Ti

(R = H)

5T\-cis

(R = CH3)

ST'i-trans

(R = CH3)

5Ti-cis

(R = SiH3)

5Ti-tram

(R = SiH3)

M-Cl

2.440

0.502

2.482

0.499

2.483

0.498

2.501

0.461

2.503

0.458

2.341

0.633

2.435

0.578

2.421

0.627

2.454

0.564

2.447

0.587

M-C2

2.330

0.353

2.336

0.355

2.337

0.358

2.333

0.365

2.333

0.366

2.201

0.401

2.220

0.626

2.215

0.404

2.216

0.565

2.213

0.563

C1-C2

1.424

1.098

1.422

1.095

1.421

1.103

1.418

1.122

1.417

1.127

1.406

1.139

1.399

1.143

1.400

1.144

1.397

1.164

1.398

1.169

C2-C2'

1.259

2.579

1.261

2.573

1.261

2.570

1.259

2.565

1.259

2.567

1.259

2.516

1.259

2.575

1.261

2.508

1.258

2.505

1.259

2.503

C1C2C2'

151.2

152.9

152.0

153.9

154.0

150.9

154.6

154.2

155.8

155.5

corresponding to A and B, major contribution to the actual structure must come from C

(Scheme 2.3). A diffraction experiment at lower temperatures may lead to a longer C2-

C2' distance.32
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In addition to the results discussed above, the interaction between Zr center and

the triple bond was also analyzed. As shown in Table 2.2, all Zr-C2 bonds are shorter

than Zr-Cl. In comparison with 2-butyne (1.473 and 1.219 A) which is calculated at

the same level of theory, the C1-C2 distance in 5Zr of 1.424 A is shorter, while the C2-

CT triple bond of 1.259 A is longer. Since the ligand in 5Zr is bent rather than linear,

calculation was also performed on bent 2-butyne with the same CCC angle of 151.2° as

Cp2Zr

J J* H R

B

772-a, (772-a,a) + 2

Scheme 2.3. Possible resonance structures (A-C) for 5.

found in 5Zr. The computed C-C triple bond length in bent 2-butyne of 1.226 A is

somewhat longer than in free 2-butyne, but still much shorter than in 5Zr. Therefore,

the elongation of the C-C triple bond in 5Zr is mainly due to the interaction with metal

rather than bending.

The strong interaction between Zr center and the triple bond is also indicated by

the calculated bond order (Table 2.4), with or without substituents. Taking the plane of

the five-membered ring as reference, there are two possible Zr-7r interactions: the in-

plane and the out-of-plane. As shown in Table 2.3, only o bonds are found for Zr-Cl

and Cl -C2, but two types of three-center and two-electron interactions (3c-2e) are
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found between Zr and the triple bond. Detailed analysis shows that the in-plane

interaction is stronger than the out-of-plane one, as indicated by the contribution from

Zr center. A contour plot of the frontier MOs of 5 also shows strong cyclic

delocalization of electrons in the ring (Figure 2.2). On this basis, one can conclude that

the bonding in 5Zr is f]2-c,o + 2 (fj2-n,n) and structure C (Scheme 2.3) should be a

reasonable resonance structure. In addition, the calculated C1-C2 and C2-C21 distances

also do not support the cumulenic resonance form (B). For example, the C1-C2 (1.422

A) and C2-C2' (1.259 A) bonds in 5Zr is too longer and too shorter than the

corresponding cumulated C=C bonds in c/s-RHC=C=C=CRH (R = H (1.330 vs. 1.281

A), CH3 (1.332 vs. 1.281 A), and SiH3 (1.333 vs. 1.282 A), respectively). On the other

hand, a cumulenic C=C double bond in interaction with a metal center should be much

longer than in its free form, as indicated by central C-C bond length of 1.399 A in 2Zr,

and this is not the case in 5Zr. Therefore, our analysis is in contrast with the work by

Lin et al where they have emphasized the importance of resonance structures A and

B.9b Such co-existing in-plane and out-of-plane cyclic delocalized systems were

considered as double aromatic, as found in 3,5-dehydrophenyl cation and

cyclo[6]carbon.33 Therefore, 5Zr can be double aromatic, indeed neutral

bishomoaromatic.

vi) l-Titanacyclopent-3-ynes (5Ti): In contrast to 5Zr, the corresponding 5Ti is yet to

be synthesized. However, similar bonding characteristics are found for 5Ti and 5Zr.

For example, as given in Table 2.4, the C2-C2 triple bond in 5Ti is also elongated and

has nearly the same bond order as in 5Zr. In addition, population analysis also shows

that Ti interacts strongly with the triple bond and forms the in-plane and out-of-plane

3c-2e interaction (Table 2.3). Therefore, 5Ti with a r]2-o,o + 2 (rj2-n,n) bonding as 5Zr
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should also be bishomoaromatic. It is found that Ti (+0.295) is less positively charged

in 5Ti than Zr in 5Zr (+1.282).

Computation was also performed on the substituted 5Ti with R = CH3 and SiH3

to aid the experimental investigators. The tram isomers are of C2 symmetry, while the

cis isomers have Ci symmetry. The Cs symmetrical cis isomers with one imaginary

frequency for the rotation of C5H5 rings are less than 0.2 kcal/mol higher in energy for

both R = CH3 and SiH3. Therefore, the Cs structures are used for analysis. The

calculated bond parameters are summarized in Table 2.4. As in the case of 5Zr, both

the trans isomers are favored energetically than the cis ones, and the calculated free

energy difference at 298 K is 1.5 kcal/mol for R = SiH3 and 1.3 kcal/mol for R = CH3,

respectively. The calculated stretching frequencies of the formal triple bonds in 5Ti

(2047 cm"1, R = SiH3) are slightly higher than those found in 5Zr.

vii) Metallacyclopentatrienes (6): For both 6Zr and 6Ti, the computed bond

parameters are comparable to those found experimentally (Tables 2.1 and 2.2).10 The

metal atom and the four carbon atoms of the metallacyclocumulene ring are coplanar.

The bonding properties have been analyzed and strong interaction between the metal

and the in-plane 7i bond is found.34 The computed bond indexes and populations

(Tables 2.2 and 2.3) reveal the cumulenic nature in 6Zr. The additional in-plane

interaction is also a 3c-2e bonding in which Zr contributes 9.6%, comparable with

those in 2Zr and 5Zr. The contour plot of 6 shows significant delocalization of

electrons in the ring similar to that in 5 (Figure 2.2). In agreement with X-ray results,

similar structural pattern is found for 6Ti. The similarity in the bonding pattern of 5

and 6 is exemplified by the frontier orbitals of 5 and 6 (Figure 2.3). This was

subsequently reinforced by the work of Lin and co-workers.9b
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Figure 2.3. The three highest occupied in-plane 7C-type MOs of structures 5 and 6 are

given at the top. The highest occupied n MOs in the perpendicular plane are given

below this.
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A better understanding of the structure 6 is obtained from a fragment molecular

orbital approach.35 The metal fragment Cp2M is in formal oxidation state of +2 with

two valence electrons and three frontier orbitals, all of which are in the MC4 plane.

The in-plane frontier orbitals of the HCCCCH fragment are formed from the sp hybrid

orbitals on the end carbon atoms, Cl and C4, and the two in-planep orbitals on the two

middle carbon atoms. These form four linear combinations, much the same in

symmetry as the 7C orbitals of butadiene. The lowest two orbitals among these are

filled. The next MO, the LUMO of the C4H2 fragment, corresponds to the LUMO of

the butadiene in symmetry and is bonding between C2 and C3. The strongest

stabilizing interaction between the Cp2M fragment and the C4H2 takes place between

this LUMO of C4H2 and the HOMO of Cp2M. This interaction stabilizes the C2-C3

bond. The consequence of this bonding is tempered by the two n MOs perpendicular to

the MC4 plane, typical of butadiene.

[2.1.3.2] Ring Strain in metallacycles (1-6) : The ring strain in the metallacycles were

calculated by successive hydrogenation energies from the unsaturated metallacyclo-

pentatriene (6) to the saturated metallacyclopentane (1). As given in Table 2.5, the two

C=C double bond in cyclopentadiene (4CH2, obtained by replacing the L2M fragment

of the metallacycles by CH2 group) does not differ much as that in cyclopentene

(2CH2), since the hydrogenation energies are close to each other (23.1 and 25.8

kcal/mol, and the experimental values are 24.0 and 26.4 kcal/mol,36 respectively). The

same is also found for the 4Ti and 2Ti (20.1 and 19.8 kcal/mol), but their

hydrogenation energies are smaller than those of 4CH2 and 2CH2. In contrast, the

hydrogenation energy of 4Zr of 30.4 kcal/mol is larger than that of 2Zr (13.1
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kcal/mol). It is interesting to note that the hydrogenation energy of 2Ti is larger that

that of 2Zr, but that of 4Ti is smaller than 4Zr.

Table 2.5. Successive Hydrogenation Energies (kcal/mol)"

M 2 ^ 1 4^2 5 — 2 6-+4

CH2
h 25.8(23.1) 23.1 (25.8) ~

Cp2Ti 19.8 20.1

Cp2Zr 13.1 30.4

aAt B3LYP/LANL2DZp + ZPE (B3LYP/LANL2DZp; bThe energies of the
hydrocarbon equivalents (obtained by replacing the L2M fragment with CH2) of the
metallacycles are given for comparison. The numbers within parenthesis indicate the
experimental values.

As expected, the C-C triple bond in cyclopentyne (5CH2) and the C-C

cumulenic bond in cyclopentatriene (6CH2) have huge hydrogenation energies (106.3

and 123.4 kcal/mol). which are more than four and five times the value of

cyclopentadiene. Such large differences indicates the enhanced strain in both 5CH2

and 6CH2 and this is not very surprising why they are still elusive.

In contrast to the parent hydrocarbons, the hydrogenation energy of 5Ti is very

close to those of 2Ti and 4Ti, while that of 6Ti is about double of those of 2Ti, 4Ti and

5Ti, respectively. That both 4Ti and 6Ti are known in the experimental literature, the

currently elusive 5Ti should be the target for experimental realization. The small

hydrogenation energies for both 5Zr and 6Zr, which are close to that of 4Zr, indicate

that these molecules are not strained as pointed out by Lin and co-workers.9b These

reduced hydrogenation energies can be ascribed to the very strong stabilization

interaction between the metal center and the ligands, as indicated by the NBO analysis,

and the aromatic stabilization as discussed below.
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(2.1.3.3] NICS Characterization: NICS calculations (Table 2.6) give a fair idea about

cyclic delocalization of electrons or aromaticity23 as well as possible interaction

between the metal and the C=C bond in these metallacycles. As expected, the saturated

metallacyclopentanes (1) are non-aromatic. This is also indicated by the calculated

NICS values at the ring center, NICS (0), and 1 A above the ring center, NICS (1).

Similarly, metallacyclopentadienes 4Zr and

Table 2.6. Calculated NICS (x) Values for Five-Mem bered Metallacycles.8

lZr

2Zr

4Zr

5Zr

6Zr

ITi
2Ti

4Ti
5Ti
6Ti

NICS (0)

-5.8

-32.0

+0.3

-49.4

-34.4

-8.3

-33.2

-3.2

-53.3

-36.2

N I C S (0.5)

-5.1

-18.2b

(-31.6)c

-0.7

-37.2

-26.3

-6.6

-16.8'1

(-35.0)c

-3.4

-40.2

-28.3

NICS(l)

-3.5

-11.9b

(-18.1)c

-1.5

-19.8

-15.0

-3.4

-10.6h

(-21.7)c

-2.8

-21.3

-16.7

NICS (1.5)

-1.2

-8.7b

(-12.0)c

-1.8

-11.5

-9.6

-1.0

-7.9b

H6.3)c

-2.0

-12.5

-11.4
a) Calculated at the center (0) and above the ring center (0.5 to 1.5A).
b) At the convex side, c) At the concave side

4Ti with small NICS (1) values of-1.5 and -2.8 are also not aromatic which is in

agreement with their geometric parameters.

In contrast, very strong metal-7i interaction is found in both 2Zr and 2Ti, as

indicated by their large NICS(0) and NICS (1) values. These are due to the 3c-2e

bonding. The NICS (1) values for the concave (-18.1 vs. -21.7) side and convex

(-11.9 vs. -10.6) side are larger or close to the benzene value. Thus, one might

conclude that they are neutral bishomoaromatic, as compared tothe parent 4-
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cyclopentenyl cation.37 As given in Table 2.6, cyclocumulene complexes 6Zr and 6Ti

have nearly the same NICS(O) values (-34.4 and -36.2) as cyclopentene derivatives

2Zr (-32.0) and 2Ti (-33.2). This is due to the fact that they have the in-plane 3c-2e

interaction as indicated in the population analysis (Table 2.3). Therefore, complex 6

can be considered to be in-plane aromatic.

From the population analysis in Table 2.3, we found two 3c-2e interaction in the

metallacyclo-pentyne complexes (5Zr and 5Ti), the in-plane and the out-of-plane

types. Therefore, it is expected that the NICS values at the ring centers in 5Zr and 5Ti

should be more negative than those in 2 and 6. Indeed, we found more negative NICS

(0) values for 5Zr (-49.4) and 5Ti (-53.3), and one might conclude that they are

neutral bishomoaromatic.

[2.1.4] Conclusions :

A comparison of the structure and bonding of the metallacycles 1-6 shows that

there is consider-able metal-rc interactions in 2, 5, and 6. Our analysis of geometric and

magnetic properties (NICS) shows the presence of strong delocalization in these

systems including that of the metal lacyclopentyne (5), which is contrary to previous

conclusions.9 The metallacyclopentene (2) and metal lacyclopentyne (5) are found to be

neutral bishomoaromatic, while the metallacyclocumulene (6) is in-plane aromatic. A

comparison of the hydrogenation energies of the parent carbocycles and metallacycles

shows that the strain present in cyclopentynes and cyclopentatrienes is practically

removed when the CH2 group is replaced by a Cp2M fragment (M = Ti, Zr).
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[2.2] Dependence of the Structure and Stability of Cyclocumulenes

and Cyclopropenes on the replacement of CH2 group by Titanocene

and Zirconocene

(2.2.1] Introduction :

After discussing the structure, bonding, aromaticity and ring strain of various

metallacycles in the previous section, we move on to compare the stability of some

hydrocarbons with their organometallic counterparts. The replacement of small groups

in organic structures by transition metal fragments results in a broad class of

organometallic compounds which are extensively used in industry.4 The transforma-

tion of the organic moiety as a result of the attachment of a metal fragment is so

delicate and specific that apparently similar fragments make large changes in the

TO

system. Here, we consider, the relative thennodynamic stabilities of cyclocumulene

(1), alkynylcyclopropene (2), dialkynylmethane (3) and the isomers obtained by the

replacement of the CH2 group by Cp2Ti and Cp2Zr. The resulting metallacyclo-

cumulenes (4), metallacyclopropenes (5), and metal bisacetylides (6) are important

intermediates in the transformations of conjugated and non-conjugated alkadiynes by

Cp2Ti and Cp2Zr.4U9 The reactivity of the Ti and the Zr complexes differ dramatically.

Using similar reaction conditions where 4 is generated, Ti forms the C-C coupled

structure 7 whereas Zr favors the structure 8, where coupling between the two internal

carbon atoms are absent. A three membered metallacyclopropene 5 with M = Ti and

R1 = R2 = SiMe3 has been reported recently.10*1 The attempt to synthesize similar

complexes for Zr has been unsuccessful so far. On the otherhand, the five membered

metallacyclocumulene complex, 4, as well as the bisacetylide complex, 6, are known

for both Ti and Zr.10' 4()' 41 The experimentally reported structures of 4, 5 and 6 are

given in Scheme 2.4.
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The metallacyclocumulenes (4) exist in a dynamic equilibrium with their

respective three membered (r|2-) isomer, 5 (Scheme 2.5). The metallacyclopropenes (5)

may also convert to the degenerate alternative through a sliding of the metallocene unit

along the butadiyne chain.103 The bis (o-alkynyl) complexes of Ti and Zr (6) are

known to undergo photochemical rearrangement to the cyclocumulenic complex (4). c"

41 These bisacetylide complexes were used for the preparation of homo and

heterobinuclear complexes containing bridging o-n alkynyl groups between the metal

centers.42 Experimental and theoretical studies are unraveling the details of these

intricate set of reactions.4'10 38 While the relative energies of the organic isomers are

part of general knowledge in organic chemistry, similar understanding is only

beginning to take shape in transition metal organometallics.

Scheme 2.5

UM

L,M

R

4
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[2.2.2] Results and Discussion :

i) Relative stability of 1 - 6 and TS connecting 4 and 5 : The relative energies of the

organic molecules are as anticipated. Assigning a zero value for the least strained

acyclic species 3,43 the cyclocumulene derivative 1 is higher in energy by 51.6 kcal/mol

and the cyclopropene derivative 2 is higher in energy by 16.7 kcal/mol. Such clear

spread of energy between the three structures vanishes with the Cp2Ti and Cp2Zr

analogue (Table 2.7 and Figure 2.4). The introduction of a metal brings in dramatic

change in the stability of these molecules. The three cumulative double bonds are

Table 2.7: Relative Energies in Kcal/mol for the Cp2M Substituted Cumulene

(4), Cyclopropene (5), Bis(acetylide) (6), and the Transition State (TS) Connecting

4 and 5 at the B3LYP/LANL2DZ Level Including ZPVE

Metal Ligand Substituent (R) 4 5 6 TS
Ti Cp

Zr Cp

C5H4
a 0.0(1) -34.9(2) -51.6(3)

aThe energies of the hydrocarbon equivalent of 4, 5, and 6, i.e., cyclocumulene (1),
alkynylcyclopropene (2) and dialkynylmethane (3) are given for comparison.

highly strained in the organic structure 1. In the metallacyclocumulene 4, the in-plane

n orbitals are stabilized by their interaction with the in-plane orbitals of the metal atom

(Figure 2.7). Such a stabilization in the cyclopropene derivative 2 corresponds to

typical ethylene n donation and back bonding. Another component of the reduction in

strain in going from the organic molecules to the metal substituted ones arises from the

longer M-C bonds as opposed to the corresponding C-C bonds. The C1-C2-C3 angle in
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Figure 2.4. Comparison of relative energies (kcal/mol) of 1, 2, and 3 with that of 4, 5,

and 6 respectively at the B3LYP level. Structures of 3 and 6 are kept at the reference

value of 0.0.
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1 of 114.7° is far away from the ideal linearity anticipated for cumulenes. The

complexation with metal increases this to 145.1° in 4 (with M = Ti and R = H).

Calculations indicate that the cyclocumulene 4 as well as the bisacetylide 6 are

comparable in energy for both Ti and Zr. The difference between Ti and Zr is shown

up in the relative energies of the metallacyclopropene derivative. The titanacyclo-

propene is lower in energy than the other two isomers, while the zirconacyclopropene

is higher in energy. How do these relate to experiments? The in situ generated

metallocene fragment reacts with butadiyne to give either a metallacyclocumulene (4)

or a metallacyclopropene (5). It also forms the isomeric bisacetylide complex (6). It is

clearly seen from the experiments so far that the Cp2Ti fragment prefers a

metallacyclopropene structure. Several products implied in reactions (Scheme 2.6)

indicates the presence of 5 with Ti as the metal.lod 4c On the other hand, similar

experiments with Zr gives no indication of products arising from 5; instead, a structure

9 is observed which may be derived from 4.'ob 4e For M = Ti and R = H and CN, the

structure 5 is lower in energy than 4 by 8.2 and 10.3 kcal/mol respectively (Figure 2.5).

Substitution of the R group by F increases the energy of 5 for both Ti and Zr. The

higher stability of the CN substituted r|2-complexes (5) may come from extended

conjugation of the CN group with the MC4 skeleton.

We located a transition state (TS) connecting 4 and 5 (Figure 2.6), and the

magnitude of the barrier height which dictates the ease of interconversion of these

complexes. The barrier for the process 4 -> 5 with different butadiyne substituents

increases in the order CN<H<F for both Ti and Zr. The relatively low barrier height of

the complexes with M = Ti, enables them to exist in a dynamic equilibrium as found

experimentally (Scheme 2.5).10b It should be possible to shift the equilibrium by fine
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Scheme 2.6

Cp*2T'

Cp*2Ti

-« Cp*2T

Ti
Cp*2

Cp*2Zr
2CO2

Cp*2Zr

tuning the substituents on the Cp rings. The computed barrier height for the process

4—>5 is much lower than what is known experimentally. For Ti, the experimental

barrier height is found to be approximately 10.7 Kcal/mol, while the computed values

are 6.2 and 1.9 kcal/mol with R = H and CN respectively. This difference may come

from the change in ligand and the butadiyne substituent in our calculations compared to

those in the experimental system. The structure 5 can also be stabilized for Zr by

choosing the proper butadiyne substituents. The calculations show that this can be

achieved by using cyanide (CN) as the substituent. The unusual stability of 5 results

from simultaneous 7i bonding and metal back bonding. This is reflected in the longer

C-C bond length as well as in the C-C stretching frequency of the three membered

ring (Vc-c = 1683 cm'1 (H) and 1753 cm"1 (CN) for M = Ti; 1587 cm"1 (H) and 1664

cm"1 (CN) for M = Zr). The lower frequencies for the Zr complex indicates the strong

back bonding and consequent greater stability.
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10,

Figure 2.5. Potential energy diagram for the isomerization of 4 -» 5 at the

B3LYP/LANL2DZ level. Structure 4 is kept at the reference value of 0.0. The labels

at the extreme right and left hand side of the figure indicates the substituents on

butadiyne, viz., H, F, and CN.
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ii) Structure and Bonding Analysis of 4, 5, and the TS Connecting 4 and 5 :

The structures and the geometrical parameters of all the complexes are given in

Figure 2.6 and Table 2.8 respectively. The metal-carbon and the carbon-carbon bond

distances obtained for these models are comparable to those found experimentally. The

three C-C bond lengths in 4 are almost equal. All the M-C bonds are within the

bonding range and the middle M-C bonds are marginally longer than the end ones. The

bite angle, i.e., the angle between the the geometrical center point of the Cp rings and

the metal is about 132°. The M-C1-C2 angle does not vary much with the change in

the metal. However, when the substituent is F, it increases from 74° to 80°. The M-Cl

and M-C4 bonds are more polarized toward the carbon atom, more so when M = Zr,

having a weightage of more than 72% on the carbon atom as against 60% when M = Ti.

This polarization of the M-C bonds increases with different butadiyne substituent in the

order H<F<CN. An analysis of the natural charge obtained from the NBO indicates the

same. The positive charge on the Zr atom (1.2) is more than that in Ti (0.2), indicating

greater Zr to C4 back bonding.

All the C-C bond lengths in 5 are within the expected range. Both the M-C

bonds are of almost equal order as evident from the Wiberg Bond Indexes (WBI).

There is a marked reduction in the bite angle from the experimental value of 141.4°, the

calculated bite angle is 135.0°. This reduction in the bite angle may arise because the

experiments were done with Cp*. There is no interaction between the C3-C4 bond and

the metal in 5 as evident from the near linearity of the C2-C3-C4 angle of 176.0°. The

natural charge analysis computes a higher positive charge on the metal than in the T|4-

complexes. The total charge on the Cp ligand is identical to that in 4, viz., about 0.0 in

Ti complexes and -0.3 in Zr complexes.
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1.302

1.344

4 TS 5

Figure 2.6. The transition state (TS) connecting 4 and 5. The bond lengths (in A)

are given for M = Ti, L = Cp and R = H. The Cp rings are omitted for clarity.

In going from 4 to 5 through the transition state, the following changes take

place in the M-C and C-C bond distances (Figure 2.6). For example, when M = Ti and

R = H, the M-C3 bond changes from 2.259A (4)^2.576A (TS)->3.3I2 (5); the C2-C3

bond distance goes from 1.344A (4)->1.358A (TS)->1.398A (5); the C1-C2-C3 angle

changes from 145.1° (4)-> 160.9° (TS)-> 144.8° (5).

Although the M-C3 bond is somewhat elongated, it is still within the bonding

distance as indicated by the WBI of 0.114 (Table 2.8). Similar changes were noticed

with the other substituents (F and CN) for both Ti and Zr. The Cp ligand shows similar

electronic effects as in 4, 5 and 6. A correlation diagram was constructed to

understand the changes in the frontier orbitals in going from 4 to 5 via the transition

state (TS) as shown in Figure 2.7. Even though many bonds appear to be breaking and

many formed, the overall M-C4H2 bonding is not affected considerably. The only

orbital that goes up substantially during the reaction is the HOMO. Even this MO is
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Table 2.8: Important Geometric Parameters of the Structures at the B3LYP/LANL2DZ Level. The numbers in italics indicate

Wiberg Bond Index (WBI).

lecule
4

5

TS

M
Ti

Zr

Ti

Zr

Ti

Zr

L
Cp

Cp

Cp

Cp

Cp

Cp

R
H

F

CN

H

F

CN

H

F

CN

H

F

CN

H

F

CN

H

F

CN

M-Cp
2.144

2.126

2.118

2.292

2.276

2.268

2.124

2.115

2.097

2.295

2.288

2.271

2.116

2.103

2.084

2.275

2.269

2.253

M-Cl
2.242
0.663
2.153
0.698
2.267
0.549
2.353
0.624
2.30
0.647
2.379
0.519
2.043
0.792
2.010
0.822
2.064
0.676
2.179
0.784
2.159
0.796
2.203
0.654
2.133
0.682
2.036
0.784
2.112
0.606
2.256
0.712
2.183
0.767
2.262
0.608

M-C2
2.259
ft 338
2.337
0.305
2.284
0.314
2.373
0.294
2.450
0.261
2.40

0.265
2.069
0.692
2.092
0.692
2.085
0.643
2.197
0.704
2.227
0.669
2.221
0.626
2.179
0.476
2.196
0.466
2.255
0.424
2.240
0.514
2.272
0.480
2.289
0.429

M-C3

3.312
0.030
3.339
0.029
3.320
0.029
3.484
0.028
3.517
0.027
3.492
0.027
2.576
0.144
2.767
0.119
2.709
0.114
2.860
0.104

3.0
0.093
2.844
0.108

C1-C2
1.302
2.047
1.318
1.871
1.308
1.858
1.316
1.992
1.327
1.861
1.320
1.820
1.325
1.837
1.319
1.769
1.332
1.694
1.349
1.783
1.339
7.758
1.353
1.664
1.301
1.995
1.305
1.826
1.309
1.817
1.316
1.913
1.318
1.804
1.320
/. 754

C2-C3
1.344
1.467
1.337
1.574
1.327
1.559
1.342
1.554
1.335
1.637
1.325
1.644
1.398
1.205
1.396
1.194
1.381
1.265
1.405
1.194
1.404
1.179
1.388
1.253
1.358
1.322
1.350
1.387
1.343
1.406
1.362
1.330
1.355
1.383
1.338
1.447

C3-C4

1.232
2.722
1.221
2.623
1.238
2.437
1.232
2.733
1.221
2.639
1.237
2.447
1.251
2.448
1.267
2.316
1.252
2.216
1.251
2.480
1.265
2.347
1.259
2.181

L-M-L
130.9

132.1

132.1

130.3

131.6

131.7

134.9

134.8

136.3

134.1

134.0

135.8

133.8

134.6

136.3

133.9

133.9

134.6

M-C1-C2
73.9

80.7

74.0

74.7

80.1

74.8

C1-C2-C3
145.1

138.8

145.7

146.6

141.8

147.1

144.8

146.3

143.7

138.8

140.1

138.6

160.9

165.3

160.9

175.9

178.6

171.9

C2-C3-C4

176.2

176.3

175.1

176.1

176.2

174.9

165.0

157.2

176.9

164.0

156.9

166.8
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Figure 2.7. Correlation diagram for the conversion of 4 to 5 via the transition state

(TS). The ligands (Cp) are omitted for clarity.



stabilized by the incipient C3-C4 triple bond formation (see the decrease in this bond

length, Figure 2.6). Similarly, there is a weak M-C4 bonding interaction even in the

TS. The retention of major bonding interactions even in the TS explains the low

barrier for the transformation.

|2.2.3] Conclusions :

A comparison of the energetics of metallacyclocumulene (4), metallacyclo-

propene (5) and bis-acetylide (6) with their hydrocarbon analogs (1, 2 and 3) show that

the metal fragment has a dramatic impact on the relative energies. The replacement of

the CH2 group by CP2M (M = Ti, Zr) makes structures 4, 5 and 6 comparable in energy.

Our calculations support the experimental observation that the metal lacyclopropene (5)

is more favorable for the Ti complex. Under similar reaction conditions, Ti reacts

through the cyclopropene structure 4 whereas Zr reacts through the cumulenic structure

5.IOa However, it should be possible to obtain both the cyclocumulene (4) and

cyclopropene (5) type complexes for Ti and Zr by using the proper substituent on the

carbon skeleton. The transition state connecting 4 and 5 retains most of the M-C

bonding interactions leading to low barrier for conversion.
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[2.3] Structure and Bonding of Metallacyclocumulenes, Radialenes,

Butadiyne Complexes and their Possible Interconversion

[2.3.1] Introduction :

The Dewar-Chatt-Duncanson (DCD) model gave an elegant and simple

description of the transition metal-alkene bonding in terms of n donation and metal

back-donation.44 The properties of a complexed double bond depend on the extent of

back bonding. " We consider here a 7t bond which is flanked by n bonds on either side

in an orthogonal plane as in cumulenes. Metallacyclocumulenes (1 and 2), obtained

from Cp^Ti and Cp2Zr fragments contain such n bonds (Scheme 2.7).1' l() The Ti

complex also dimerizes to give a radialene derivative (4), arising from a 2+2

cycloaddition of the middle n bond.46 However, this structural type is not known for Zr

(5). In principle, a cycloreversion of 4 could lead to the bis(butadiyne) complex (7 or

8). This structural pattern is indeed known, but with the metal Ni (9).47 Yet, neither

the metallacyclocumulene 3 nor the radialene 6 is known with Ni. In this section, the

nature of bonding of the middle 7i-bond in the metallacyclocumulene complexes 1, 2,

and 3, correlation diagrams for its dimerization to the radialenes 4 and 5, and its

isomeric butadiyne structures of Ti and Ni (7 and 9) are discussed. The electronic

structure of the titanium substituted radialene (4) and the ways to get similar complexes

for zirconium using different substituents at the 1,4-position of the butadiyne are also

probed. Moreover, the electronic structure of butadiyne bridged nickel complex (9)

and the dimerization energy for the process 1 -> 4 are presented briefly.

Initial studies involving Cp2Ti, Cp2Zr, Cl2Ti and Cl2Zr fragments have

indicated that the energetic trends are reproduced by the dichloro derivatives.38*1'48
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Scheme 2.7

M = T i ; L = Cp ; n=2
M = Zr; L = Cp ; n=2
M = Ni ;L = NH3;n=1

4 ; M = Ti ; L = Cp ; n=2
5 ; M = Zr; L = Cp ; n=2
6; M = Ni ;L = NH3 ; n=1

7 ; M = T i ; L = Cp; n=2
8 ; M = Zr; L = Cp ; n=2
9 ; M = N i ;L = NH3;n=1

However, absolute comparisons between Cp2Ti and Cp2Zr systems required Cp ligands.

Since this is not practical with our computational facilities to optimize the dimers (4-9)

with four Cp rings, we have used Cl in place of Cp. The bis(butadiyne) complex of Ni (9)

and the hypothetical structure 3 were optimized by modeling pyridine with NH3. We used

H, OH and NH2 as the butadiyne substituents, R1 and R2, in complexes 1 to 5. For all

other structures, H is used as the substituent.

[2.3.2] Results and Discussion :

The structure and bonding of the cyclocumulenes will be discussed first

followed by description of the dimerization reactions and finally the nature of bonding

in these metal substituted radialenes.

i) Structure and Bonding of Metallacyclocumulenes (M=Ti, Zr and Ni):

The structure and bonding of metallacyclocumulenes, 1 and 2, are already

discussed in greater detail in the first section of this Chapter. However, few points will
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be made about their bonding characteristics in contrast to the hypothetical

nickellacyclocumulene structure 3.

All the three metallacyclocumulenes, 1, 2, and 3 are planar with the four carbon

atoms and the metal atom lying in the same plane. For M=Ti (1) and Zr (2), all the

three C-C bond lengths are of almost equal order (=1.3 A) and they are within the

range of C-C distance expected for a sp2-sp bond (Table 2.9). The geometrical

features of the Zr complex 2, is similar to that of 1.1(>e However, our calculated bond

lengths differ from that of the experimental structure.1011 While the calculated M-C

distances (1 : M-Cl = 2.11, M-C2 - 2.14 and 2 : M-Cl = 2.264, M-C2 = 2.298) are

shorter than those from the experimental geometry (1 : M-Cl = 2.252, M-C2 = 2.209

and 2 : M-Cl = 2.357, M-C2 = 2.303), the C-C bond lengths (1 : C1-C2 = 1.311, C2-

C3 = 1.347 and 2 : C1-C2 - 1.324, C2-C3 = 1.343) are longer (1 : C1-C2 = 1.243, C2-

C3 = 1.339 and 2 : C1-C2 = 1.28, C2-C3 = 1.31). The experimental structures have Cp

or Cp* as the ligand and lBu, Ph or SiMe3 as substituents, whereas calculations were

performed using Cl instead of Cp and H in place of lBu, Ph or SiMe3. These would

contribute to the differences in the geometries between the model structures calculated

and the experimental values. The middle C-C bond in the hypothetical nickel complex

is longer than the other two C-C bond, thereby showing back-bonding interaction

between the filled metal d-orbitals and the in-plane empty n orbital of the middle C-C

bond. This is also reflected in the length of the Ni-C bonds. The Ni-C2 bond is shorter

than the Ni-Cl bond by 0.17 A. Thus the Ni complex, 3, has the typical DCD bonding.

The bonding of the middle C-C bond in both the Ti and Ni complexes can be described

in terms of the DCD model except that there are no electrons in the metal orbitals of the

Ti complex for back bonding with the in-plane 7i-orbitals. Interaction diagrams
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constructed using the calculated geometries at the extended Huckel level exemplifies

this anticipation. The 1 A) and 1B2 (Figure 2.8, i and ii) of the Ti complex corresponds

to the in-plane and out of plane combination of the o-hybrid orbitals of the end carbons

Table 2.9: Important Geometric Parameters of the Metallacyclocumulenes at the

B3LYP/LANL2DZ Level of Theory. The Numbers in italics Indicate Wiberg

Bond Index (WBI).

M L R M-Cl M-C2 C1-C2 C2-C3 C1-IM-C4 M-C1-C2 C1-C2-C3

Ti Cl H 2.11 2.14 1.311 1.347 108.5 73.3 142.4

109.3 75.5 139.8

110.7 73.4 141.3

Zr Cl H 2.264 2.298 1.324 1.343 101.4 74.5 144.7

101.7 76.5 142.4

103.1 74.4 144.0

Ni NH3 H 2.19 2.02 1.287 1.369 110.2 65.1 149.8

112.0 68.4 145.5

111.6 66.5 146.9

of the cumulenic unit interacting with the metal orbitals. On the other hand, back

donation plays a very dominant role in the Ni complex where the metal is formally d8.

The corresponding MOs are shown in Figure 2.8 (iii and iv). With an intact middle n

bond, which is in the c plane, 1 and 2 are expected to dimerize. The geometrical

parameters of the parent metallacycles 1, 2, and 3 are mostly unaffected by the change

of substituents from H to OH and NH2. The variations in the dimerization energy of

the 71 bond is discussed next.

H

OH

NH2

H

OH

NH2

H

OH

NH2

2.11
0.737

2.069
0.755

2.078
0.758

2.264
0.695

2.232
0.691

2.242
0.695

2.19
0.351

2.116
0.353

2.156
0.328

2.14
0.404

2.163
0.419

2.125
0.469

2.298
0.343

2.326
0.346

2.284
0.389

2.02
0.183

2.036
0.188

2.027
0.193

1.311
1.979

1.332
1.757

1.338
1.676

1.324
1.948

1.341
7.757

1.347
1.678

1.287
2.358

1.302
2.153

1.305
2.104

1.347
7.457

1.338
7.570

1.331
7.604

1.343
7.574

1.336
7.647

1.330
7.676

1.369
1.378

1.365
7.446

1.365
7.445
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1A,

(i)

2B2

(ii)

3A'

(iii)

4A"

(iv)

Figure 2.8. Three dimensional drawings of molecular orbitals showing the "bonding"

and "back-bonding" interaction between the metal and the middle C-C bond, (i) and

(ii) shows the metal- carbon bonding in the Ti complex and (iii) and (iv) represents the

n bonding and back-donation in the Ni complex respectively.
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ii) Dimerization Energies for the Process 1 -> 4 and the Structure and Bonding of

Metal Substituted Radialenes :

The first point to note here is that experimentally a Zr based cumulene structure

is not known to give a radialene, even though the dimerization of the Ti complex is

well known. Calculations on the model complexes 1, 2, and their dimers 4 and 5

indicate that these are minima. The difference between the two dimerization energies

is small; it is not possible to assign any specific explanation for the experimental

observation. Calculations using the cyclopentadienyl ligands could change this small

energy difference. Estimation of the barrier heights for dimerization is required to

explain the difference in behavior of Ti and Zr complexes. The dimerization energies

of different combinations of metal and substituent is shown in Table 2.10. To provide a

comparison with the parent hydrocarbon systems, we calculated the dimerization

energies of ethylene and cumulene at the same level of theory (Scheme 2.8). The

dimerization energy of cumulene is more than that of ethylene. The sp hybridized

middle C=C n bond of cumulene releases more energy upon dimerization. The

unavoidable closed shell repulsions between the 7i bond and the psuedo CH2 n orbital

on either side may be destabilizing this n bond. This is also evident from a comparison

of the hydrogenation of ethylene to ethane and cumulene to 1,3-butadiene (eqns. 3 and

4). The hydrogenation energy of cumulene is more exothermic than that of ethylene by

-11.0 kcal/mol. Further, the radialene is stabilized by the cyclic delocalization of 71-

electrons of the four exocyclic C=C bonds around the ring, which is absent in the

parent cyclobutane. On the other hand, the dimerization energies of 1 and 2, where the

metal is formally d°, are less than that of cumulene (eqn. 5). This reduction in the

dimerization energy comes from the delocalization of perpendicular 71 orbitals of the
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carbon atoms to the vacant d levels of Ti and Zr. It is also possible that the

destabilization of the middle C-C n bond mentioned above is not as high in 1 and 2 as

in the parent cumulene because of the nonlinearity of the carbon string in 1 and 2.

Table 2.10 : Dimerization Energies of the Metal Substituted Radialenes at

B3LYP/ LANL2DZ Level of Theory Including ZPVE. The energies of C2H4, C4H4

and their Dimers are given for Comparison.

M

Ti

Zr

Ni

L

Cl

Cl

NH3

C2H4

C4H4

R

H

OH

NH2

H

OH

NH2

H

OH

NH2

•^monomer (<*U)

-241.57810

-391.98639

-352.27406

-230.09988

-380.50955

-340.79346

-379.25407

-529.65470

-489.92064

-78.52689

-154.64576

Edimcr(au)

-483.22853

-784.07610

-704.61738

-460.27737

-761.12674

-681.65573

-758.59569

-1059.39810

-979.91701

-157.07658

-309.37967

Dimerization Energy
(Kcal/mol)

-45.4

-64.8

-43.5

-48.7

-67.5

-43.2

-54.9

-55.6

-47.5

-14.3

-55.3

The dimerization energies are dependent on the butadiyne substituents. These

increase in the order NH2<H<OH. A contributor to the enhanced dimerization energy

of the OH substituted complex is the O-H—O bonding. On the otherhand, hydrogen

bonding is not very significant in NH2 substituted complexes. The calculated

geometrical parameters of the metal substituted radialenes are comparable to those

found experimentally (Table 2.11). In the H and OH substituted complexes of Ti and

Zr, the metal and all the four carbon atoms of the metallacycle are in the same plane.

However, in the NH2 substituted complexes , the metal atom is forced out of the plane

of the metallacycle (Figure 2.9). With M=Zr and R=NH2, the central cyclobutane ring
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Scheme 2.8

+ H2

II • *

AE = -14.3 kcal/mol (1)

AE = - 55.3 kcal/mol (2)

AE = -33.6 kcal/mol (3)

AE = -44.7 kcal/mol (4)

1 ; M = Ti; L = Cl
2 ; M = Zr; L = Cl

AE = -45.4 kcal/mol ; M = Ti

= -48.7 kcal/mol; M = Zr
(5)

4 ; M = Ti; L = Cl
5 ; M = Zr; L = Cl

deviates from planarity by about 5°. However, such deviations are not found for the Ni

complex 9. The M-C bond is more polarized toward the carbon atom as expected,

more so when the metal is Zr. A cycloreversion can in principle lead to a bis-

(butadiyne) complex 7, but this is not observed with 4. Structure 3 or any other

cumulene complex of Ni is not known experimentally. The radialene structure of Ni

(6) on optimization collapses to the bis(butadiyne) complex 9. Such a complex has

been synthesized by starting with a monomeric Ni complex, (2,6-Me2C5H3N)Ni(iV,T|2-

C7H|2).
lOc The model nickel complex, 9 with R=H, OH, and NH2 and L=NH3

calculated at the same level of theory is a planar molecule with both the Ni atoms

bridged by two butadiyne units (Table 2.11). The nickel atoms are in zero oxidation
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Figure 2.9. Optimized geometries of some of the metal substituted radialenes. The
dramatic structural changes to the skeleton of Zr complex brought in by the NH2
substituent is shown in (iii) for Zr. Structure (Hi') is the perpendicular view of (ni).
Similar changes are found for the Ti complex as well.
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state. The environment around both the nickel atom is trigonal planar with each Ni(0)

atom coordinated to one NH3 ligand and one each of the C=C bonds of two different

butadiyne units. The calculated Ni-C bond lengths are comparable to the experimental

values47 and indicate considerable delocalization of electrons between the metal atom

and the butadiyne unit. The middle C-C bond in 8 varies between 1.40 A -1.41 A, as

expected for a sp-sp bond.

Table 2.11 : Important Geometric Parameters of the Metal Substituted

Radialenes at the B3LYP/LANL2DZ Level of Theory.1 The numbers in italics

Indicate Wiberg Bond Index (WBI).

~"M T R M-Cl M-C2 C I -C 2 C2-C3 C2-C21 Cl-M M-Cl C1-C2 C3-C2
-(4 -C2 - (3 -Cl'

Ti Cl

Zr Cl

H

OH

Nil,

II

OH

NH,

Ni NHj

OH

NH,

2.015

0.903

2.02

0.892

2.02

0.859

2.176

0.792

2.181

0.784

2.166

0.765

1.956

0.388

1.912

0.457

1.902

0.458

2.420

0.196

2.430

0.213

2.354

0.263

2.583

0.146

2.575

0.163

2.512

0.202

1.989

0.307

1.941

0.384

1.926

0.438

1.353

1.704

1.364

1.525

1.375

1.454

1.361

/. 740

1.368

1.575

1.381

1.505

1.286

2.289

1.268

2.260

1.261

2.255

1.578

0.915

1.542

0.963

1.567

0.935

1.579

0.942

1.546

0.981

1.575

0.956

1.284

2.299

1.302

2.059

1.318

1.932

1.494

1.012

1.473

1.046

1.471

1.059

1.497

1.01

1.473

1.038

1.474

1.053

1.412

1.170

1.40

1.194

1.398

1.224

106.0 89.7 127.3 90.0

105.3 89.6 127.1 90.0

109.1 86.2 128.2 90.0

99.1 90.8 129.6 90.0

99.6 89.5 130.1 90.0

103.0 87.3 130.8 89.8

164.2 72.5 115.5 90.2

163.1 81.0 118.1 92.4

165.5 74.5 116.3 85.2

"For Ni, the C2-C3 bond lengths are replaced by that of Cl '-C2'

The inability to get optimized geometries corresponding to 6 and 7 prompted us

to analyze the conservation of orbital symmetry during the transformation of 1 —» 4

(Figure 2.10), 4 -> 7 (Figure 2.11) and 6 -> 9 (Figure 2.12). These are all found to be

symmetry allowed processes. The specifics of individual reactions need to be studied
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for further quantitative details. It is interesting to note that complexation with metal

changed the symmetry disallowed dimerization of cumulene to an allowed one.

The difficulty in getting a radialene type structure for Ni may arise from the non

availability of the in plane n orbitals of the middle C-C bond of the parent

cyclocumulene which is already involved in bonding and back-bonding interaction with

the metal d orbitals. But, in the Ti complex, where there is no back-bonding, these

orbitals are readily available for interaction with another cyclocumulene unit. In view

of these calculations, it is clear that the formation of the diyne structure 9 does not

involve the cyclocumulene 3. We suggest the following notional mechanistic steps for

the formation of 9 (Scheme 2.9). The first step involves the coordination of a

butadiyne molecule to the Ni atom forming the monoligand Ni(0) olefin-alkyne

complex.49 This is followed by coordination of one more molecule of butadiyne to the

metal atom and subsequent removal of the diene moiety. There is precedence for such

type of mechanism in the literature.50'51 In the third step, one more molecule of the

initial monoligand Ni(0) diene complex attacks one of the two butadiyne unit available

for coordination. The formation of such dinuclear complexes by coordination of two

Ni(0) complex fragments at one 1,3 - diyne is well known.51 In the last step, the diene

unit is removed from the coordination sphere of the Ni atom and the bis(butadiyne)

complex of Ni is formed.47



o .o -

-1.0-

-2.0-

-3.0-

-4.0-

-5.0-

Figurc 2.10. Correlation diagram for the dimerization of Ti substituted cumulene. The

hydrogen atoms and the ligands (Cl) are omitted for clarity.
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0.0

-1.0 —

-2.0—

9

|5

-4.0—1

-5.0-H

Ti V
y

Ti

Figure 2.11. Correlation diagram for the process 4 —> 7. The hydrogen

atoms and the ligands (Cl) are omitted for clarity.
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-3 .0-

-4.0—

Figure 2.12. Correlation diagram for the process 6 —> 9. The hydrogen atoms

and the ligands (pyridine) are omitted for clarity.
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Scheme 2.9

[2.3.3] Conclusions :

The Ti complex is found to dimerize to 4, but such a process is not observed for

Zr. Quantitative studies of the reaction barrier is needed to establish the details. With a

d° electron count, the back-bonding part of the DCD model is not applicable here.

Though the corresponding Ni complex, 3 is shown to be a minimum, its radialene

dimer, 6, is not even a stationary point. A bis(butadiyne) complex, 9, is obtained

instead. Corresponding complexes of Ti and Zr (7 and 8), on optimization, collapses to

the radialenes 4 and 5. Correlation diagrams constructed for the dimerization of 1 and

2 as well as for conversion of the radialene type structure to that of the bis(butadiyne)

complex show that these are symmetry allowed. The effect of substituents on the

dimerization of metallacyclocumulenes is also studied and it shows similar energetics

for Ti and Zr.
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CHAPTER 3

AROMATICITY AND REACTIVITY OF BENZENOID

AROMATICS AND THEIR B-N ANALOGUES



|3.0] ABSTRACT :

The extent of aromaticity in benzene and borazine is evaluated by using energetic

criteria. A comparison of the energetics of the formation of o- complex of benzene and

borazine shows that they differ only in the quantitative details. This is in tune with the

recent experimental evidence for the electrophilic aromatic substitution reaction of

borazine in the gas phase. The calculated geometric parameters of both the cyclic and

open chain compounds of the hydrocarbon and the corresponding B-N compound also

show similar parallel behaviour. Stability of the a- complex is another parameter,

which is used to judge the extent of aromaticity. Even though borazine shows aromatic

character and reactivity pattern parallel to benzene, its condensed derivatives show

different pattern from that of its hydrocarbon equivalents. As per the nucleus

independent chemical shift (N1CS) values in acenes, the aromaticity of the inner rings

is more than that of benzene, whereas in BN-acenes, there is no substantial change in

the aromaticity of the individual rings.
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[3.1-1 Introduction :

The inorganic benzene, borazine, is a textbook example of six 7i-electron six

membered ring.1 Compared to benzene, the cyclic delocalization of electrons in the

borazine ring is reduced due to the large electronegativity difference between boron

and nitrogen. Even though, like benzene, borazine has equal B-N bond lengths like

benzene, the polarity of the BN bond causes borazine to show different reactivity

pattern from that of benzene. Thus, it is natural that the chemistry of borazine is

dominated by addition reactions.1 However, recent experiments of Chiavarino et al

demonstrate that borazine undergoes electrophilic aromatic substitution in the gas

phase similar to its organic counterpart.2 The electrophiles first attack at nitrogen

centers and form corresponding conjugate acid, H3B3N3H3E"1" (E = electrophile; H+,

+ etc.) similar to the benzonium ion' and, under basic conditions, substitution

reactions occur. This new experimental data prompted us to re-examine the criteria

used to understand the aromatic nature of borazine and related systems. The benzenoid

aromatics are characterized by the formation of o- and K- complex as intermediates in

eletrophilic aromatic substitution reactions. However, the nature of the o- and 71-

complex in the parent system and the thennodynamic contributions to their stability are

still open questions.3

Energetic criterion has been used to estimate the extent of aromaticity of

borazine. Early studies by Fink, Gordon and others using homodesmotic equations, led

to the conclusion that borazine has non negligible resonance energy (9.6 kcal/mol)

which is close to half of the value for benzene (21.9 kcal/mol) thus indicating

substantial aromaticity.45a Following the studies on benzenoid aromatics, the idea of

ring current and resulting magnetic properties have been used to describe aromaticity.
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However, the different magnetic criteria used to understand the nature of the ring

current indicate that borazine is not aromatic.5 Neither the diamagnetic susceptibility

exaltation (-1.7 for borazine and 13.7 for benzene),5d nor the !H chemical shifts of H(B)

and H(N) (5.0 and 5.5), nor nucleus independent chemical shift (N1CS) computations (-

2.1 for borazine and -11.5 for benzene) indicate the presence of appreciable ring

current. Krygowski et. al., in a discussion of geometric indices, observed that borazine

derivatives are less aromatic compared to the benzene analogues,6 but not non-

aromatic.

Thus, the theoretical evaluations of aromaticity (magnetic, energetic and

geometric) do not go parallel to each other.7 While the magnetic criterion is useful in

describing the aromaticity of hydrocarbon systems, the reactivity criterion is more

important in describing the same for more polar BN systems. There are few theoretical

studies which have taken reactivity as a criterion of aromaticity.8 The present

computational study shows parallel behavior in hydrocarbon systems and BN systems

towards protonation and methylation. In view of the traditional emphasis of

substitution rather than addition as a hallmark of aromaticity, the energetics of these

reactions are important in the evaluation of aromaticity.

While the chemistry of benzene and its linearly annelated compounds is well

developed,9 the corresponding B-N analogues are relatively unknown. There is a

renewed interest in the study of borazine based polycyclic compounds because of their

use as precursors for boron containing polymers and ceramics.10 Also, the linearly

annelated benzene rings, also known as the polycyclic aromatic hydrocarbons (PAHs)

or acenes, have recently received much attention because of their role as pollutants, and
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in particular, as carcinogens.11 Owing to their remarkable stability, these PAHs are

found in substantial quantities in the interstellar space12 and are of substantial chemical

interest. Almost four decades ago, Laubengayer and co-workers13 reported the

isolation of the BN analogues of naphthalene and biphenyl, viz. borazanaphthalene

(B5N5H8) and diborazine (B6N6H|0) respectively. These were further detected in the

gas-phase mass spectrometric analysis of borazine.14 Recently, Sneddon and co-

workers reported the synthesis and X-ray characterization of these two molecules. • To

the best of our knowledge, there is only one theoretical report on the structure and

aromaticity of BN-analogues of PAHs, viz., that of BN-naphthalene.16

In this chapter, we present a comparison of the energetics of o- complex

formation in borazine, benzene and related systems. We also discuss the aromaticity of

linearly condensed compounds of benzene and their B-N analogues. The emphasis is

to compare and contrast the properties of the borazines with those of their PAH

counterparts. We considered two sets of molecules for our study: cyclobutadiene, 1,3-

butadiene, benzene, 1,3,5-hexatriene and their protonated and methylated species form

the first set for the evaluation of relative aromaticity of benzene and borazine and the

corresponding B-N analogues. Naphthalene, anthracene, tetracene, pentacene along

with their /raw>-perhydro derivatives as well as eyclohexene and 1,3-cyclohexadiene

constitutes the second set for the study of aromaticity of acenes and their B-N

analogues. The B-N analogues of the hydrocarbons are obtained by replacing the

carbon atoms with alternating B and N atoms.

[3.2.] Computational Methods :

All the structures (1-46, Figure 3.1, 3.5, 3.6) are fully optimized using the

hybrid HF-DFT method B3LYP as implemented in the Gaussian 94 suite of
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programs. ' The frequencies for the molecules 1-24 are evaluated at the same level.

Only the minimum energy structures were included in the energy evaluations. Further,

single point calculations at the CCSD(T)/6-31G* level are carried out for 1-24 to gauge

the reliability of the relative energies obtained at the B3LYP/6-311+G** level. Due to

the lack of computational resources, the frequency analysis of the structures of 25-46

are carried out at B3LYP/6-31+G* level by taking the optimized geometries from

calculation at B3LYP/6-311+G** level. The total energies are calculated by adding the

zero point vibrational energy (ZPVE) obtained from B3LYP/6-31+G* level to the

energy values obtained from B3LYP/6-311+G** level. The condensed polycyclic

hydrocarbons and their BN counterparts were optimized under the D2h and C2V

symmetry constraints respectively. We performed NICS19 calculations for benzene,

borazine and their poly-condensed derivatives to judge the aromaticity of the individual

rings.

|3.3.] Results and Discussions :

The parallel aromatic behavior of benzene and borazine will be discussed first

on the basis of their protonation and methylation energies which will be followed by a

comparison of the aromaticity of acenes and their B-N analogues.

|3.3.1.] Parallel Aromatic Behavior of Benzene and Borazine :

The protonation and methylation energies are evaluated using the equations 1 -8

(Scheme 3.1). Though isolated protonation energies are not helpful in understanding

the delocalized nature of electrons, useful comparisons can be made with open chain

and antiaromatic systems. This provides a clear picture of the stabilities and
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Figure 3.1. Optimized structures (1-24) along with important bond lengths (A)
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Scheme 3.1'

Equations

(1). (I

13

(2).

19

(3).

(4).

(5).

16

(6).

22

N B

(8).

10

H

H
AE

-181.9
(-182.6)

-208.8
(-207.1)

-226.2
(-227.9)

191.7
(-190.8)

-190.1
(-193.9)

-198.4
(-204.5)

-206.5
(-210.0)

-193.7
(-199.2)

AErel

0.0
(0.0)

-26.9
(-24.5)

-44.3
(-45.3)

-9.8
(-8.2)

0.0
(0.0)

-8.3
(-10.6)

-16.4
(-16.1)

-3.6
(-5.3)

AE

-79.7
(-81.9)

-106.6
(-105.6)

-128.6
(-131.6)

-90.2
(-90.0)

-83.7
(-89.8)

-94.1
(-101.6)

-102.1
(-107.5)

-89.1
(-96.0)

AErel

0.0
(0.0)

-26.9
(-23.7)

-48.9
(-49.2)

-10.5
(-8.1)

0.0
(0.0)

-10.4
(-11.8)

-18.4
(-17.7)

-5.4
(-6.2)

aThe energy values within parentheses are given at the CCSD(T)/6-31G*//B3LYP/6-

311+G** level.

reactivities of the systems involved. The magnitude of protonation energy is an

indication of the stability of the polyene; the lower the magnitude, the more stable is

the polyene. As expected, the lowest value of protonation energies are calculated for

benzene. This is lower than that of hexatriene by 24.5 kcal/mol, a reflection of the lack
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of aromatic stabilization in the linear system. Butadiene with two n electrons has less

delocalisation energy. However, butadiene has a lower protonation energy than

hexatriene. This is due to an additional factor that controls the protonation energy. The

cation generated by protonation of butadiene is less favourable because of the size

effect. A larger molecule can accommodate a charge better. For this reason,

protonation energies of molecules of widely varying sizes cannot be used directly for

drawing general inferences. Comparison between molecules of similar size, however,

helps in understanding relative stabilities. The large magnitude of the antiaromaticity

of cyclobutadiene is gauged by comparing its protonation energy with that of

butadiene. Among the B-N systems under study, borazine, as anticipated, has the

lowest protonation energy. The hexatriene equivalent, B3N3H8 (22), has the relative

protonation energy of-10.6 kcal/mol. Obviously, the stabilization in the cyclic n-

electron system, B3N3H6, is considerably lower than that in benzene. The

antiaromaticity in the cyclobutadiene equivalent, B2N2H4 (4), is also low as indicated

by the relative protonation energy. It is found that protonation at boron centers is less

favourable and therefore not considered here.

A graphical representation of the relative protonation and methylation energies

(Figures 3.2 and 3.3), shows a striking similarity between the hydrocarbon and the B-N

analogues. The changes observed are only in the quantitative detail. The aromaticity

of benzene and the antiaromaticity of cyclobutadiene are reflected in their B-N

analogues, albeit to a lower extent. Thus, in terms of the stability of the o- complex, an

acknowledged indicator of aromatic systems, both benzene and borazine behave

similarly, the differences are only in quantitative detail.
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Figure 3.2 Protonation energies (Kcal/mol) of CH and BN systems 1-4. Series 1
indicates the hydrocarbon systems and series 2 indicates the corresponding B-N
systems. The molecules considered were cyclobutadiene (1), 1,3-butadiene (2),
benzene (3) and 1,3,5-hexatriene (4) and their B-N analogues.
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Figure 3.3. Methylation energies (Kcal/mol) of CH and BN systems 1-4. Series 1
indicates the hydrocarbon systems and series 2 indicates the corresponding B-N
systems. The molecules considered were cyclobutadiene (1), 1,3-butadiene (2),
benzene (3) and 1,3,5-hexatriene (4) and their B-N analogues.
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The reaction energies (Table 3.1) can also be used to estimate the aromatic

stabilization energies (ASE). For example, the ASE of benzene is the difference in

protonation energy between 13+20 and 19+14 (26.9 Kcal/mol). The ASE is close to

the earlier estimates that had employed different reference molecules. Similarly, for

borazine, the ASE is 8.2 Kcal/mol (from 16+23 and 17+22) which is very close to the

other estimates. The antiaromatic destabilization energy (ADE) of C4H4 is -34.5

Kcal/mol (1+8 and 2+7) and for B2N2H4, ADE is -12.8 Kcal/mol (4+11 and 5+10).

The reaction energies considered here confirm that borazine is less aromatic than

benzene, but sufficient enough to show similar gas phase reactivity pattern. Similarly,

the antiaromaticity in B2N2H4 is one third of that in cyclobutadiene.

The parallel behavior observed in reaction energies of CH and BN systems is

reflected in their geometries as well. Protonation or methylation of all these systems

result in a chain of alternating single and double bonds starting from the site of the

electrophile attack. The extent of variation in the bond lengths before and after

protonation is shown in Figure 3.4. As observed in the case of energies, the bond

length variations of CH and BN systems also go in parallel. With the exception of the

antiaromatic molecules, both open chain and aromatic molecules have similar

geometrical features. C4H4 is planar with localized single (1.557A) and double bonds

(1.333A), but B2N2H4 is puckered (C2v) with equal bond lengths (1.452A). The

puckering in B2N2H4 is due to the pyramidalization of the two lone pairs on nitrogen

atoms and, by symmetry, it shows equal B-N bond lengths. This also reduces the

antibonding 71-interaction. Such an option is not available for cyclobutadiene.

Reaction with electrophiles reverses the geometrical features. While protonated

cyclobutadiene is puckered, with developing 1-3 interaction (C1-C3 = 1.77A, Wiberg
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Table 3.1. Total Energies of all the Molecules (1-24) Calculated at the B3LYP/6-

311+G** Level of Theory Including Zero Point Vibrational Energy (ZPVE)

Correction

Molecule

C4H4(1)

C4H4-H
+ (2)

C4H4-Me+ (3)

B2N2H4 (4)

B2N2H4-H
+ (5)

B2N2H4-Me+ (6)

C4H6 (7)

C4H6-H
+ (8)

C4H6-Me+ (9)

B2N2H6(10)

B2N2H6-H
+(11)

B2N2H6-Me+(12)

C6H6(13)

C6H6-H
+(14)

C6H5-Me+(15)

B3N3H6(16)

B3N3H6-H
+(17)

B3N3H6-Me+(18)

C6H8(19)

C6H8-H
+ (20)

C6H8-Me+ (21)

B3N3H8 (22)

B3N3H8-H
+(23)

B3N3H8-Me+ (24)

Total Energy (au)

-154.65995

-155.02050

-194.32509

-161.69763

-162.02667

-201.32051

-155.95606

-156.26157

-195.56005

-162.90598

-163.21462

-202.50816

-232.21118

-232.50113

-271.79843

-242.65535

-242.95836

-282.24890

-233.34954

-233.68234

-272.97961

-243.78849

-244.10464

-283.39873
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Figure 3.4. Variation in the bond lengths of hydrocarbon systems (dark) and the

corresponding B-N systems (shaded) for molecules 1-4.

Bond Index = 0.41, an indication of developing homoaromaticity20), the BN analogue is

planar. The apparent dichotomy in the geometrical features of C4H4 and B2N2H4 is the

result of the tendency for pyramidalization by the nitrogen lone pair when not involved

in stabilizing delocalization. All observations made here are applicable to methylation

energies with minor variations.

The observations from energetic and geometric behavior of CH and BN systems

differ from the conclusion obtained from magnetic criteria which point out that

borazine is not aromatic. Anomalous magnetic properties associated with aromatic

molecules are mainly due to the cyclic n electrons. However, the structure, energy and

reactivity are determined by both a and n electrons.21 Localized lone pairs in borazine

do not generate any ring current, but the stabilized B-N bonds, as shown by 9 kcal/mol

resonance energy, does play a role in reactivity. It is a common practice to use both

aromaticity and ring current interchangeably. Aromaticity is a concept best represented
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by a cluster of properties: energetics, structure, reactivity, magnetic properties etc.

Aromatic molecules exhibit anomalous behavior compared to the nonaromatic

molecules in the above said properties. The ring current represents only the magnetic

peculiarities of aromatic molecules. The failure to recognize a suitable, alternative

criterion of aromaticity made the ring current model the fingerprint of aromaticity.

Though it is difficult to uniquely define resonance energy, we emphasize that energetic

criterion is equally important in understanding the aromatic nature of a given molecule.

(3.3.2.1 Aromaticity of Acenes and Their B-N Analogues :

The optimized geometries of the hydrocarbons (13, 25-35) and their BN counterparts

(16, 36-46) are shown in Figures 3.5 and 3.6 respectively. The calculated C-C bond

lengths which range from 1.363 to 1.455A, are comparable to those reported earlier.22

Compared to the acenes, the changes in the corresponding B-N bond lengths of the

BN-acenes are very small (1.425 A to 1.460 A). The stabilization or resonance

energies of the linear acenes and their BN analogues were evaluated by using Eqn. (3)

as suggested by Schleyer and co-workers.23

E (w 1, 3-cyclohexadiene) + E (/ram-perhydroacene) = E (acene) + E (n cyclohexene)

(n =3,5,7...)

It is seen that the resonance energies of both the acenes and their BN analogues

increase linearly from benzene (1) to pentacene (5) and from borazine (13) to BN-

pentacene (17) respectively (Table 3.2). However, the resonance energies per n

electron (REn) of the two systems do not go parallel to each other. While the REn of

the acenes is almost constant throughout the series, that of the BN analogues increases

non-uniformly in going from borazine to BN-pentacene. It increases significantly from
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35

Figure 3.5. Optimized (B3LYP/6-311+G**) structures for the hydrocarbons (1-12)
along with important bond lengths (A). NICS values for the individual rings were given
within the circle. The upper number in bold and the lower number in italics indicate the
NICS values in the plane and 1 A above the plane of the ring respectively.
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Figure 3.6. Optimized (B3LYP/6-311+G**) structures for the BN analogues of the
hydrocarbons (13-24) along with important bond lengths (A). NICS values for the
individual rings were given within the circle. The upper number in bold and the lower
number in italics indicate the NICS values in the plane and 1 A above the plane of the
ring respectively.
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Table 3 .2 . Total Energies (B3LYP/6-311+G**) Including Zero Point Vibrational

Energy (B3LYP/6-31+G*) of all the Molecules (1-24) and Resonance Energies

(Kcal/mol), Total (RE,) and per n (REn) Electron for the Aromatic Hydrocarbons

and their Corresponding B-N Analogues

Molecule

C6H6 (13)

C10H8(25)

C,4H10(26)

C,«H12(27)

C22H14(28)

C6H,,,(29)

C6H8 (30)

Trans-CbWn (31)

7Vc(/7A'-CioHi8 (32)

Trans-C\4W24 (33)

7ra/w-Ci8H3o(34)

7hms-C22H36 (35)

B3N3H6(16)

B5N5H8 (36)

B7N7H10(37)

B9N9H|2(38)

B,,N,,H,4(39)

B3N3H,0(40)

B3N3H8 (41)

/ra/tt-B3N3Hi2(42)

//WW-B5N5H18 (43)

trans-Y$-jN-iY[24 (44)
•pV -ILT » T / A £ \

trCMS-Di)iyi)ri2o (45)

trctns-B\ 1N1 iH36 (46)

Total Energy (a.u.)

-232.21071

-385.84115

-539.46601

-693.08850

-846.70984

-234.56659

-233.36139

-235.77422

-391.77179

-547.76935

-703.76709

-860.30943

-242.65525

-403.27502

-563.89443

-724.51386

-885.13313

-244.93255

-243.77339

-246.11068

-409.01641

-571.91685

-734.81591

-897.71453

RET (RE B )

32.7(5.45)

59.8 (5.98)

83.5 (5.96)

105.5(5.86)

127.6(5.80)

13.3(2.22)

33.2(3.32)

56.2 (4.0)

80.1 (4.45)

104.2(4.74)
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(13) to (14) and then uniformly to (17). This dramatic change in REn in going from (13)

to (17) may be attributed to difference in the degree of electron delocalization in these

systems.

We attempted to quantify the extent of electron delocalization in each ring with

the help of NICS calculations.19 A negative NICS value indicates aromatic character

while a positive value indicates antiaromatic character. Among the acenes, the middle

ring of anthracene has the highest negative NICS values, -13.2 and -15.0 in the plane

and lA above the plane of the ring respectively (Figure 3.5). It is found that the inner

rings of all the acenes are more aromatic than the terminal ones. This is in contrast

with the trends for BN acenes. Among the BN analogues, borazine (13) is endowed

with the highest negative NICS values, -1.6 and -2.6 (Figure 3.6), which decrease

rather gradually in the series. This indicates that unlike the benzenoid rings, there is no

appreciable change in the aromaticity of the individual rings of BN-acenes.

[3.3.3] Conclusions :

The protonation and methylation energies of C6H6, C4H4, B3N3H6 and B2N2H4

are calculated theoretically. The results show that the stability of the a- complex

obtained from protonation or methylation is a good indicator of aromaticity. Even

though there are quantitative differences between hydrocarbons and the B-N analogues,

the general trends show that B3N3H6 is a stable species in the context of o- complex.

While the contribution of the a- and 7r- electrons to the stability of the o- complex

cannot be separated easily, this stabilization is a characteristic, useful in estimating

aromaticity. According to this criterion, B3N3H6 should be considered aromatic,
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though only half as much as benzene, which is in agreement with earlier theoretical

results.4

The stability and aromatieity of benzene (13), naphthalene (25), anthracene

(26), tetracene (27), pentacene (28) and their BN analogues (16, 36-39) are evaluated

by using density functional theory. Even though the stabilization energy of the aeenes

and their BN analogues increases linearly from 13-»25-»26-»27-»28 and

13->36—>37—»38—»39 respectively, the resonance energy per TI electron remains

constant for the aeenes. However, it increases steadily for the BN-acenes. On the other

hand, NICS calculations show that the aromatieity of the inner rings of the aeenes is

more than that of benzene, but the aromatieity of the individual rings in the BN-acenes

remains constant and they are less than that of borazine.
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CHAPTER 4

ELECTRONIC STRUCTURE AND STABILITY OF

TRICOORDINATE PYRAMIDAL BORON



[4.0] ABSTRACT:

Theoretical studies characterize CBSiH5, CBGeH5, and CBSnH5, all with a

tricoordinate pyramidal boron atom as minima on their respective potential energy

surfaces. The extent of pyramidalization as well as the energy for inversion through the

planar structure depend on the substituents on boron.

[4.1] Introduction :

The last two decades have witnessed a significant improvement in the

theoretical understanding and experimental realization of novel molecules having

unusual structures. The search for such molecules is spearheaded by that of planar

tetracoordinate carbon atom.1 The latest to join the club of molecules having such

unusual structural features is the silicon analogue of aliened Recently, Erker and

coworkers have reviewed the existence of various compounds having planar

tetracoordinate carbon atoms.3 On the other hand, the question of planar

tetracoordinate boron atoms is addressed only computationally. The reports of such

molecules having unusual geometries have set the stage for other rule breaking

structures. Preference of trigonal planar arrangement in carbenium ions and in

tricoordinate boron is one of the tenets of main group chemistry that remains

unchallenged. An unconstrained pyramidal carbenium ion or its boron equivalent has

remained elusive so far. In this chapter, we discuss the first computational5 discovery

of a neutral ground state molecule silaborirane (CSiBHs) 1, which contains a

tricoordinate pyramidal boron. The conventional planar geometry 2 is a transition state

with the imaginary frequency corresponding to pyramidalization around the boron

atom. Similar results are obtained even when Si in 1 is replaced by Ge and Sn.
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[4.2] Results and Discussion :

Structure 1 is derived from the cyclopropyl cation, 3 (C2,,), which is calculated

to be a transition state.6ab Replacement of {CH}+ by {BH} leads to borirane 4, which

is a minimum with a trigonal planar boron center/* Replacement of one CH2 group by

an SiH2 group yields a three membered ring comprised of three different atoms. Its

conventional structure 2, with a planar tricoordinate boron atom, is calculated to be a

transition state with an imaginary frequency (331.4cm"1at B3LYP/6-311+G**).7 This

leads to the minimum energy structure 1 with a pyramidal arrangement at the boron

center, which is lower in energy by 2.4 kcal mol"1. This energy difference increases to

4.1 kcal mol1 at the CCSD(T)/ 6-311+G**level.8"10

Pyramidalization at the boron center causes substantial changes in the structure

(Figure 5.1). In order to understand these changes, the structures 1 and 2 are visualized

from different perspectives. While there is very little change in the H-Si-H and H-C-H

angles of 1 and 2, the H-Si-C and H-C-Si angles change on the transition from 2 to 1,

which is indicative of an unusual twisting of the CH2 and SiH2 groups with respect to

each other (Table 4.1).

By symmetry, the pairs of angles H-Si-C (116.8°), H-C-Si (119.7°) and H-Si-B

(122.2°) are the same in 2. However in 1, one of the H atoms attached to the silicon

center moves closer to the CH2 group and the other H atom moves away from it (Hl-

Si-C = 99.5°; H2-Si-C = 125.2°). A similar change is noticed at the CH2 moiety. In

addition, the SiH2 group rotates by a few degrees around a hypothetical axis

perpendicular to the SiHi plane and passing through the Si atom, so that the two H-Si-B

angles are 125.9 and 123.2°. In this process the nature of C-Si bonding changes

125



2 C

Figure 4.1. Structure of 1 and 2 viewed from different angles. The top row represents

structure 1 with a pyramidal boron atom. The corresponding view of 2 with a trigonal

planar boron atom is given below for comparison.

Table 4.1. Geometric Parameters of |Cy(CH2)(SiH2)(B-H)) Calculated at the

CCSD(T)/6-311+G** Level of Theory. Bond Lengths are in A and Angles are in

Degrees. The Numbers in Italics Indicate Wiberg Bond Index (WBI).

Molecule B^Si C^SI H-Si-H H-C-H Hl-Si-C H2-Si-C I13-C-Si H4-C-Si

CBSiH5 K498 L9T2 2.107
., .-, " 1.303 1.115 0.601

7o2

CBSiH5 1.573 1.971 1.903 113.5
0.946 0.986 0.828

( ^ )

UTJ

110.4

9 9 !

16.8

\252 86^7

19.7

137.9

considerably. What was nearly an sp -sp" bond in CSiBHs now becomes an almost

pure p-p bond (Table 4.2), which leads to an elongation of the C-Si bond to 2.109A.

Correspondingly there is an increase in the s character of the C-B and Si-B bonds,

which corresponds to a reduction in their bond lengths.
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Table 4.2. Hybridization of the B C , B-Si and C-Si Bonds in 1 and 2 at the

B3LYP/6-311+G** Level of Theory using the NBO method.12

Molecule

CBSiH$(l,C'i)

CBS1H5 (2, Cs)

Bond

X-Y

B-C

B-Si

C-Si

B-C

B-Si

C-Si

Occupancy

1.98

1.96

1.68

1.98

1.97

1.97

% X

33.2

48.5

70.8

32.2

51.6

70.1

%s (X)

31.7

27.6

8.6

28.5

28.6

21.3

%P (X)

67.9

71.9

91.1

71.2

71.1

78.5

% Y

66.8

51.5

29.2

67.8

48.4

29.9

%s (Y)

39.2

34.2

8.6

28.7

24.4

17.9

%P(Y)

60.6

65.3

90.0

71.1

75.0

81.0

A bonding description of structures 1 and 2 can be obtained in terms of Walsh

orbitals." The planar C.v structure 2 has two Walsh orbitals along the periphery of the

ring (HOMO and HOMO-1, Figure 4.2). The LUMO is a p orbital on the boron center,

which is perpendicular to the C-Si-B plane. There is a hyperconjugative stabilization

of the 7t-type CH2 and SiH2 orbitals by the boron p orbital (not indicated in the Figure).

One of the Walsh orbitals of structure 1 is stabilized by bringing the vacant p orbital

(the LUMO of 2) into a bonding form. This is achieved by reorienting the SiH2 group

as a whole, so that the sp hybrid on SiH2 can interact with the new .sy; hybrid on the

boron atom, which is pyramidalized (HOMO of 1, Figure 4.2). Pyramidalization,

therefore, is an attempt to involve the vacant p orbital on the boron atom in bonding to

the Si atom. This behavior leads to the structural reorganizations that are shown in

Figure 4.1. Such a process is not attractive in borirane (C2BH5) as the strong C-C bond

determines the structure. An equivalent description of the bonding in 1 can be

constructed by dividing 1 into SiH2 and H2C-BH fragments (Scheme 4.1a and b). The

empty pn orbital on SiH2 receives electrons from the n MO of H2C=BH which are

concentrated on the carbon atom (Scheme 4.1c). The second interaction involves the

donation of the lone pair on SiH2 to the vacant hybridized orbital on the boron atom

(Scheme 4d).

127



LUMO

HOMO

HOMO-1

Figure 4.2. Frontier MOs corresponding to the planar (2) and pyramidal (1) structure:

B (pink); Si (yellow); C (gray); H (white).
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Scheme 4.1

a)

.....9
3

0

b)

0

In view of the novelty of these results, we have carried out the optimization of 1

and 2 at the following levels of theory: HF/6-31G*, HF/6-311+G**, MP2/6-31G*l6bJ,

B3LYP/6-31G*, B3LYP/6-311+G**, B3LYP/LANL2DZ7 and CCSD(T)/6-311+G**8"

10. At all these levels the Ci structure with a pyramidal geometry is found to be a

minimum (Table 4.3). At HF/6-31G* and HF/6-311+G** levels, the pyramidalization

angle 0 (calculated as 360° minus the sum of the three angles around boron) is 0.5° and

1.5° respectively, which makes the energy difference between 1 and 2 negligible. An

allyl-type structure 5 is also calculated because the allyl cation 6 is more stable than the

cyclopropyl cation 3. At all levels, 5 is calculated to be higher in energy than either 1

or 2.
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T a b l e 4 .3 . Total Energies (Including Zero Point Vibrational Energy (ZPVE)

correction) of the Planar (2), Allyl (5) and Pyramidal (1) Isomers of

|Cy(CH2)(SiH2)-(B-H)] Calculated at Various Level of Theory. Values in

Parentheses Indicate the Number of Imaginary Frequencies. Erei (kcal mol1) is the

Energy Difference Between the Planar and Pyramidal Isomers. 9 is the

Pyramidalization Angle at Boron given in Degrees.

Planar (2) Allyl (5) Pyramidal (1) Ert., 0

HF/6-31G* -354.23407(1) -354.21118(1) -354.23387(0) -0.1 0.5

HF/6-311+G** -354.27551(1) -354.25660(1) -354.27518(0) -0.2 1.5

MP2/6-31G* -354.51730(1) -354.50932(1) -354.52106(0) 2.4 19.0

B3LYP/6-31G* -355.32435(1) -355.31846(1) -355.32781(0) 2.2 17.3

B3LYP/LANL2DZ -69.69861(1) -69.69574(1) -69.69843(0) -0.1 14.1

B3LYP/6-311+G** -355.37132(1) -355.36744(1) -355.37513(0) 2.4 16.5

CCSD(T)/6-311+G** -354.71997 -354.71749 -354.72653 4.1 18.2

If the incentive for pyramidalization at the boron center is to involve the p

orbital of B into Si-B bonding, substituents on boron that donates electrons to the

vacant p orbital and thus make it less available for bonding, must reduce

pyramidalization. We have calculated (B3LYP/6-311+G**)7 the geometries of the

derivatives of 1 and 2 where the hydrogen atom attached to boron is replaced by SiH3,

CH3 and F (Table 4.4). The pyramidalization angle at the boron center decreases in

going from H to F (H (16.5°) > SiH3 (14.7°) > CH3 (11.1°) > F (8.8°)). Thus, electron

donation through n or pseudo Ttorbitals decreases the tendency to pyramidalize.

If one Si atom causes the pyramidalization, two of them should enhance the

effect. We have calculated SJ2BHs structure at various levels and found it to have a C,

structure (7) with a pyramidal boron atom. The corresponding C2v structure (8) with a
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Table 4.4. Geometric Parameters and Relative Energies (Including ZPVE

Correction) of |Cy(CH2XSiH2)(B-R)], (R = H, SiH3, CH3, and F) Calculated at the

B3LYP/6-311+G** Level of Theory. Bond lengths are in A and Angles are in

Degrees; Wiberg Bond Index (WBI) Values are in Parentheses.

1.482(1.369) 1.502(1.20) 1.515(1.082)

1.557 (0.985) 1.553 (0.976) 1.539 (0.988)

1.916(1.114) 1.943(1.043) 1.947(1.0)

1.982 (0.959) 1.977 (0.964) 1.955 (0.983)

2.103(0.573) 2.023(0.680) 1.988(0.749)

1.894 (0.848) 1.912 (0.837) 1.943 (0.816)

14.7 11.1 8.8

0.0 0.0 0.0

0.0 0.0 0.0

2.2 0.5 -0.1

planar boron center is found to be higher in energy. The calculated value of #is larger

than that of 1. The energy differences are also found to be considerably higher (Table

4.5).

The heavier group 14 elements, Ge and Sn, must also influence the

pyramidalization of boron. Calculations at the B3LYP/LANL2DZ level find that 0

decreases as Si (14.1°) is replaced by Ge (7.7°) or Sn (6.5°; Table 4.6). However, the

inversion barrier increases in going from Si (0.7) to Ge (7.5) to Sn (12.7 kcal mol'1).

The unexpected nonplanar arrangement of tricoordinate boron center in 1 provides

another demonstration of the many novel structural patterns that the heavier elements

of the main group can contribute to the first-row elements.

B-C

B-Si

C-Si

6

Erel

c,
cs
c,
cs
Ci

cs
Ci

Cs

c,
Cs

1.481 (1.331)

1.551 (1.0)

1.911 (1.117)

1.966(0.980)

2.109(0.617)

1.904(0.856)

16.5

0.0

0.0

2.4
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Table 4.5. Total Energies (Including ZPVE correction) of |Cy(SiH2)(SiH2)(B-H))

Isomers Calculated at Various Levels of Theory. Values in the Parentheses

Indicate the Number of Imaginary Frequencies. Ere) (kcal mol"1) is the Energy

Difference Between Planar and Pyramidal Isomers. 6 is the Pyramidalization

Angle at Boron in Degrees.

Planar Allvl Pyramidal Ere| 6

HF/6-31G*

HF/6-311+G**

MP2/6-31G*

-605.27179(0)

-605.32475 (0)

-605.50241 (1)

B3LYP/6-31G* -606.70217 (2)

B3LYP/LANL2DZ -35.46612(1)

B3LYP/6-311+G** -606.76040 (1)

CCSD(T)/6-311+G** -605.71564

-605.27199(1)

-605.32671 (1)

-605.52265(1)

-606.71952(1)

-35.48618 (0)

-606.77952 (0)

-605.73714

-605.27310(0) 0.8 22.8

-605.32765(0) 1.8 21.4

-605.52333(0) 13.1 17.0

-606.71932(0) 10.8 8.1

W

-605.73842

[a]

14.3 14.4

leads to the allyl structure.

Table 4.6. Relative Energies (in kcal mol1) of |Cy(CH2)(B-HKYH2)], (Y= Si, Ge,

Sn) with Pyramidal (CO and Planar (Cs) Boron Atoms, Calculated at the

B3LYP/LANL2DZ Level of Theory. 6 is the Pyramidalization Angle at Boron

given in Degrees.

e

Si

Ere|+ZPVE C, 0.0
(kcalmol" ) Q A I I

i4.i

Ge Sn

0.0

6.5

7.7

0.0

11.2

6.5
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[4.3] Conclusions

The electronic structure and bonding of molecules having a tricoordinated

pyramidal boron atom were discussed using both ab initio and density functional

theory. The extent of pyramidalization, and the difference in energy between the planar

geometry (which is a transition state) and the pyramidal geometry, are found to be

affected by the substituents on boron as well as by the nature of the heavy atom. The

results were verified by performing calculations at different levels of theory.
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