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Chapter 1

Introduction to Computational

Chemistry and Overview of the Thesis

1.1 Introduction to Computational Chemistry

Theoretical basis of computational chemistry, focusing on the methods
used in the thesis, is briefly described in this section followed by an overview
of the new results discussed in the thesis. Molecular electronic structure
theory is the application of the principles of quantum mechanics to calcu-
late the structure and the properties of molecules. Evaluation of structure,
energy and properties using ‘computer experiments’ provides insight into
the chemical behavior and supplement experimental efforts in the struc-
tural elucidation of short-lived species, in the synthesis and design of ma-

terials with desired properties etc. [1]

The emergence of electronic structure theory as a successful field was
made possible by the development in methodologies of quantum mechan-
ics and powerful computers and efficient algorithms. Applying the prin-

ciples of quantum mechanics to molecular problems is a challenging task
1



2 1. Introduction

because we cannot solve the underlying equations exactly. [2] To solve
them approximately, various theoretical models are developed. Under-
standing the strengths and weaknesses of each method helps to make the
right choice of the method for the problem at hand. Some of the factors to
be considered in choosing a model are, available computational resources,
the size of the molecules, the accuracy needed for a reliable result, number
of molecules to be computed. A theoretical model chemistry should ideally
be able to give all observable properties of a molecular system. We discuss
some of the theoretical models giving importance to the ones that are used
in the thesis. The next four chapters detail the application of electronic
structure theory to selected problems. A brief summary of these projects

is also given in the next section.

The questions that are asked in the thesis are solved by solving the time-

independent Schrodinger equation

HY =EY (1.1)

where H is the Hamiltonian operator and W is the molecular wavefunction
for a system of nuclei and electrons. [3] Since nuclei are much heavier
than the electrons, they move much slowly. Hence to a good approxima-
tion (known as Born-Oppenheimer approximation) one can consider the
electrons in a molecule to be moving in the field of fixed nuclei. [4] The

resulting molecular electronic Hamiltonian (or total energy operator, sub-
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ject to frozen nuclei), in atomic units, is

12 82 82 82 n A Zoc
H0R =33 (52 5+ ) "Ll R
1 n n 1 1 A A ZOLZB
Yy —— Yy (12)
R 2 2

where first term in the right hand side is the operator for the kinetic energy
of the electrons; the second term is the coulomb attraction between elec-
trons and nuclei; the third and fourth term represent the repulsion between
electrons and between nuclei, respectively. Partial differential equations
in 3n unknowns such as we have here are completely intractable to solve

exactly, and therefore two important approximations are usually made.

As the first approximation, we reduce the exact function (equation 1.2)
of 3n variables to n approximate functions of three variables each. That
1s, the wave function is approximated as a product of one electron wave-
functions (Molecular Orbitals) which are in turn, approximated by a Linear

Combination of Atomic Orbitals (LCAQO). The MO is represented as

Vi =Y cuidi (1.3)
i=1

, where ; is the i-th MO, ¢,; are coefficients of linear combination, ¢
is the p-th atomic orbital and n is the number of atomic orbitals. Once
an initial wavefunction is constructed, an electron is selected. The effect
of all the other electrons is summed up, and used to generate a potential.
(Thus the procedure is sometimes called a mean-field procedure.) This
gives a single electron in a defined potential, for which the Schrodinger

equation can be solved, giving a slightly different wavefunction for that
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electron. This process is then repeated for each of the other electrons,
which completes one step of the procedure. The whole procedure is then
repeated, until the change from one step to the next is sufficiently small.
This is called Hartree-Fock (HF) approximation, which is the foundation
of much of modern molecular orbital theory. The procedure for solving the

HF equation is often called self-consistent field (SCF) method.

The exact molecular orbital is an infinite set of differential equation.
Applying the second approximation we replace the exact MO by a finite
set of algebraic functions. These functions are usually called the atomic
orbital (AO) basis, because they are atom-centered and resemble solutions
to the HF problem for the constituent atoms of a molecule. The earliest
compuations were based on the use of Slater Type Orbitals (STO) as ap-

proximations to atomic orbitals. STO is represented as
0:(C,n,1,m;1,8,0) = Nr"~ e 7,,(6,0) (1.4)

where N is a normalization constant, { is called exponent. The r, 6 and ¢
are spherical coordinates and Yy, is the angular momentum part. The n, [
and m are quantum numbers: principal, angular momentum and magnetic
respectively. STO’s are computationally demanding and hence Gaussian
Type Orbitals (GTO) were introduced. GTQO’s, also called primitives is

represented as:
g(0t, 1, m,m;x,,z) = Ne™® xly"z" (1.5)

. where N is a normalization constant, ( is called exponent. The x, y and

z are cartesian coordinates. In practical calculations, the basis function ¢,
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are chosen to be contracted Gaussian functions, that is, fixed linear combi-

nation of gaussian functions such as

gs(0,r) = (20/m)¥/ e (1.6)

1’2

gpe(0t,r) = (12805 /) /4xe ™ (1.7)

The smallest possible basis set is called the minimal basis set, and it
contains one orbital for every atomic orbital of an atom (including unoccu-
pied orbitals). The STO-3G basis is a well-known minimal basis set which
contracts 3 Gaussian functions to approximate the more accurate Slater
Type Orbitals. Although a contracted GTO might give a good approxima-
tion to an atomic orbital, it lacks any flexibility to expand or shrink in the
presence of other atoms in a molecule. Hence, a minimal basis set such as
STO-3G is not capable of giving highly accurate results.

The solution is to add extra basis functions beyond the minimum num-
ber required to describe each atom. The physical purpose of providing
multiple basis functions per atomic orbital is to allow the size of orbitals
to increase (for example, along a bond axis) or diminish (for example, per-
pendicular to a bond axis). Then, the Hartree-Fock procedure can weight
each atomic orbital basis function individually to get a better description
of the wave function. If we have twice as many basis functions as in a min-
imum basis, this is called a “double zeta” (IDZ) basis set (the zeta, comes
from the exponent in the GTO). Split-valance basis sets, which have only a
single orbital for the core orbitals and two orbitals for valence orbitals are
also widely used. Often additional flexibility is built in by adding higher-

angular momentum basis functions. Since the highest angular momentum
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orbital for carbon is a p orbital, the “polarization” of the atom can be de-
scribed by adding a set of d functions on carbon. A set of 3 p functions are
used for hydrogen atom as polarization functions. Polarization is added
to describe small displacements of the orbitals from their atomic centers
in the molecular environment and for the description of electron correla-
tion. A double-zeta plus polarization basis set might be designated DZP.
A commonly used example of a split-valence double-zeta plus polariza-
tion basis set is Pople’s so-called 6-31G* basis. Here the core orbitals are
described by a contraction of 6 Gaussian orbitals, while the valence is de-
scribed by two orbitals, one made of a contraction of 3 Gaussians, and one
a single Gaussian function. The star (*) indicates polarization functions
on non-hydrogen atoms. If polarization is added to hydrogen atoms also,
this basis is labeled as 6-31G**. Finally, for anions and Rydberg excited
states, additional diffuse functions are necessary. The 6-31+G basis set has
1 diffuse s-type and p-type gaussians added to the standard 6-31G basis set

for heavy atom.

In the i-jkG type basis set one ¢ function is used for inner shells and two
sets for the valance shells. For a first row atom, there are nine ¢ functions

per atom of the form

Ny
q)ls(r) = Z dls,kgs(alkar)
k=1

Ny

¢2s’ (I‘) - Z d2s,k'gs(a2klar)
k=1
N2I

0o (1) = Z dop 8 px (02K 1)
k=1
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Non

¢2s” Z d2s k”gs(OQk )
k=1

Non
¢2px” Z drp, k”gpx(OQk )
and similar expressions for 2py’, 2py”, 2pz’ and 2pz”. The functions ¢’
and ¢" represent inner and outer parts of the valence shell. For hydrogen
inner and outer s functions are of the form

Nll

q)ls de’gs O('k/ )

k=1

Nll

O150(r) = ) dpngs(0k”,r)
k=1

For 6-31G: For heavy atoms, N1 = 6, Ny = 3, Ny» = 1. For hydrogen,
Nl' == 3, Nlll = 1

Another approach is to consider the core (inner) electrons as an av-
eraged potential, called Effective Core Potential (ECP), because the core
orbitals in most cases are not affected by changes in chemical bonding.
ECP’s reduce the number of electrons to be included in the calculations.
This makes very efficient computation and incorporation of relativistic ef-
fects can be achieved effectively. LANL2DZ is one such basis set used

widely for transition metals. [6]

The general form of ECP is ECP(r) = Y | dir"e=5" where M is the
number of terms in the expansion, d; is a coefficient for each term, r de-
notes the distance from the nucleus, n; is a power of r for the i-th term and

C; represents the exponent of the i-th term.

Hartree-Fock theory is an excellent starting point for more accurate
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methods. HF energy accounts for the bulk (~99%) of the exact energy
and is successful in predicting equilibrium geometries and some proper-
ties. Bond making and bond breaking processes are not described well at
this level. To a large extend the defects of HF method in estimating electron
correlation may be compensated by isodesmic equations, where number of
electron pairs are conserved. However, the energy that is left out could still
be important in the chemical context. The difference between the Hartree-
Fock (HF) energy and the exact nonrelativistic energy is usually termed the
electron correlation energy, since it is due to detailed correlations between
electrons which are averaged out in the HF approach. The errors in the
HF approach are caused by the two major approximations that we make,
1) use of approximate functions for exact functions and i1) use of finite set
of basis functions for complete set. Electron correlation methods try to
tackle this problem. [8] Post-HF electron correlation methods, use a linear
combination of many configurations, instead of a single configuration in
HF theory. The other configurations are generated by replacing occupied
orbitals by virtual orbitals. One of the popular methods is Moller-Plesset
(MP) or many-body perturbation theory, [7] where electron correlation is
treated as a perturbation to the HF problem. In the MP scheme, wave-
function and energy are expanded in a power series of the perturbation. In
Configuration Interaction (CI), a linear combination of configurations (HF
determinants) with all determinants formed by single and double orbital
substitutions, with coefficients determined variationally. [9] In principle,
by increasing the number of configurations included, the CI method is ca-

pable of providing arbitrarily accurate solutions to the exact wave function.
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If all possible excited configurations are included, the method gives the ex-
act solution within the space spanned by a given basis set and is referred to
as full configuration interaction (FCI). Since FCI is computationally highly
demanding, limited CI methods are used, and one popular method is CISD,
where all single and double excitations are included. [9] Quadratic Config-
uration Interaction (QCI), [10] have size-consistency added to the CISD
method. Coupled Cluster Theory (CC) uses the exponential form of the
wave function ¥ = e’ ¥y, where T=T; + 1> + ... [11] The effect of higher
excitations are included in the exponential term. The method in which all
single and double excitations are included, i.e., T = T1 + T, it is called

CCSD. [12]

Another approach in electronic structure theory is Density Functional
Theory. [13] DFT, unlike the wave function based methods, has electron
density as the fundamental property. The exact ground state energy of a
molecular system, as stated by first Hohenberg-Kohn theorem, is a func-
tional only of the electron density and the fixed positions of the nuclei.
[14] In other words, for a given nuclear coordinates, the electron den-
sity uniquely determines the energy and all properties of the ground state.
Given the functional, Hohenberg and Kohn proved that the exact electron
density function is the one which minimizes the energy (i. e., as a function

of density) thereby providing a variational principle to find the density.

The total energy, deriving from the solution of the Schrodinger equa-
tion, can be decomposed in terms of kinetic energy, 7', electron-nuclear
attraction, V,,, and electron-electron interaction contributions (plus the

nuclear-nuclear repulsion energy, which is constant at a given geometry).
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The electron-electron interactions consist of the classical Coulomb repul-
sion, J, due to the electron density, plus nonclassical terms due to the corre-
lations between electrons and exchange effects of Fermion statistics. Thus,

we have

E(p) =T(p) 4+ Ven(p) +J(p) + Vic(p) (1.8)

Kohn-Sham formulation of DFT (KS-DFT) uses the kinetic energy of
the noninteracting electrons, which can be solved exactly, and the kinetic
energy difference between real and noninteracting systems is included in
the exchange-correlation (XC) functional. [15] DFT is also an SCF method,

in which Kohn-Sham orbitals are solved iteratively.

The major problem with DFT is that the exact functionals for exchange
and correlation are not known except for the free electron gas. However,
approximations exist which permit the calculation of certain physical quan-
tities quite accurately. The most widely used approximation is the local
density approximation (LDA), where the functional depends only on the
density at the coordinate where the functional is evaluated. Generalized
gradient approximations (GGA) are still local but also take into account
the gradient of the density at the same coordinate. [16] Using the latter
(GGA) very good results for molecular geometries and ground state en-
ergies have been achieved. The combination of gradient-corrected corre-
lation functionals with the Becke exchange functional has been shown to
yield significantly more accurate relative energies than the earlier LDA-

based forms for KS-DFT.

Accuracy achieved by the DFT calculations are comparable to that of

MP2, but the computational requirement of DFT is comparable to HF
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methods. As there is no explicit construction of the molecular wave func-
tion, the basis set requirements for DFT are far more modest than those
needed to obtain reliable results via the MP2 method (or any other correla-
tion method). Perhaps the best DFT results to date have been obtained by
mixing a small part of the exact exchange interactions (as modeled in the

HF method) with gradient-corrected exchange functionals.

The discussion till now was on the evaluation of energy on fixed nuclear
positions, thereby getting a Potential Energy Surface (PES) of the different
nuclear coordinates. Geometry Optimization is the technique of arriving
at the minimum on the PES. When we are interested in the reaction path,
it is necessary to compute the Transition States and higher order Saddle
Points along the reaction coordinate. Vibrational frequency analysis helps
in characterizing the nature of the stationary points as minima or TS (zero

and one imaginary frequency respectively).

There are several state-of-the-art computational chemistry packages avail-
able such as, Gaussian 03, GAMESS, ADF, DMol etc. Visualization pack-
ages, such as GaussView, Molden, Molekel, helps in the visualization of
the structure, orbitals, electron density, laplacian, animation of frequencies
or reaction path etc. Calculations in this thesis is carried out using Gaus-
sian 94/03 program packages. The theoretical models used in the thesis
are the following. Hybrid Hartree Fock-DFT - B3LYP method which uses
a combination of the three-parameter Becke exchange functional with the
Lee-Yang-Parr nonlocal correlation functionals is used in all the projects.
The basis sets employed in the calculations are: 6-311G(d) (Chapter 2), 6-
31G* and 6-311+g* (Chapter 3), LANL2DZ (Chapters 4 and 5). Specific
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details of the computational methods are described in the methods section

of each chapter.

1.2 Overview of the Thesis

1.2.1 Nonplanarity at Tri-coordinated Aluminum and Gallium: Cyclic

Structures for X3H)' (X =B, Al, Ga)

Cyclopentadienyl cation, C3H7, the smallest 21-aromatic system, and all
the three-membered boron ring clusters are studied both theoretically and
experimentally. However very little is known about the heavier analogs of
boron, the alanes and galanes. In view of the known differences between
the hydrocarbons and the heavier analogs, it is interesting to see the dif-
ferences between boranes, alanes and galanes. Structures and energies of
X3H2_, X3H,, X3Hs, and X3Hg (X = B, Al and Ga) were investigated
theoretically at B3LYP/6-311G(d) level. The global minimum structures
of B are not found to be global minima for Al and Ga. The hydrides of
the heavier elements Al and Ga have shown a total of seven, six and eight
minima for X3H§_, X3H, and X3Hs, respectively. However, XgHg_ has
three and four minima for Al and Ga, respectively. The nonplanar arrange-
ments of hydrogens with respect to X3 ring is found to be very common
for Al and Ga species. Similarly, species with lone pairs on heavy atoms
dominate the potential energy surfaces of Al and Ga three-ring systems.
The first example of a structure with tri-coordinate pyramidal arrangement
at Al and Ga is found in X3H, (2g), contrary to the conventional wisdom

of C3Hy, B3H,, etc. The influence of m-delocalization in stabilizing the
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structures decreases from X3H§_ to X3Hgr for heavier elements Al and
Ga. In general, minimum energy structures of X3H,, X3Hs, and X3Hg'
may be arrived at by protonating the minimum energy structures sequen-
tially starting from X3H§_. The resonance stabilization energy (RSE) for
the global minimum structures (or nearest structures to global minimum

which contains 7t-delocalization) is computed using isodesmic equations.

1.2.2 Dehydrogeno closo-Carboranes and closo-Silaboranes: A The-

oretical Study of Structure and Reactivity

In this chapter, we compare larger clusters, carborane and silaborane and
their dehydrogeno derivatives. 1,2-Carboranes, 1,2-silaboranes (C,B,H;,42,
and Si1,B,H,,42, n = 4,5,8 and 10) and their dehydrogeno derivatives are
studied using Density Functional Theory (B3LYP/6-311+G*). 1,2-De-
hydrogeno-o-dicarbadodecaborane is comparable in reactivity to benzyne.
Several isomers of dehydrogenocarboranes, 1,2-C>BoH g (8a), 2,3- and
2,6-C,BgHg (10a and 11a), and 2,3-C,BsH5(13a), were found to be more
T-stabilized than benzyne, indicating the possibility of their synthesis. The
2,3-C,BsH;s (13a) is estimated to be more favorable than the experimen-
tally available 1,2-C,BgH (8a) by 21.5 kcal/mol. This arises from the
extra stabilization gained from the better overlap of the C;B3Hj3 rings with
the 2 BH caps. These could be ideal dienophiles in pericyclic reactions,
according to Frontier Molecular Orbital Analysis. Silaboranes have simi-
lar structural features as carboranes with modifications resulting from the
larger size of Si. Dehydrogenosilaboranes differ considerably in struc-

ture and bonding from the carbon analogs so as to avoid Si-Si multiple
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bond. One of the Si atoms moves away from the surface in Si,BigHg
(15), SioBgHg (16,17 and 18), and 1,2-Si,BsH5 (19). One Si atom forms
a bridge to a trigonal surface in 2,3-Si;BsHs (20) and 1,2-Si,B4H4 (21).
Symmetrical structures based on icosahedron and octahedron are found to
be more stable compared to the other structures. Three-dimensional aro-
maticity estimated using NICS calculations follow the trend in stability;

symmetrical structures have more negative NICS values.

1.2.3 Theoretical Study on the double Insertion of Acetylene to the

Nickel Complexes of Benzyne and Carborynes.

Carborynes, didehydrogenodicarbaboranes, as showed in Chapter 3 has
similarity with benzynes in their reactions. In this chapter we explore the
possibility of transition metal complexes of carboryne and their reactivity
in comparison to that of benzyne. The carborynes, C,BgH o and C,B5Hjs,
which are theoretically estimated to be the best among the carborynes, are
chosen for the study. The reactivity of the complexes of these two carbo-
rynes along with the benzyne nickel complex are studied for the double in-
sertion reaction of acetylene. The stationary points and transition states in-
volved in the reaction mechanism are optimized under B3ALYP/LANL2DZ
level of theory. These studies would encourage experimental investigations

in the area leading to many functionalization pathways of carboranes.

1.2.4 Transition Metal Catalyzed Activation of 3-C-H bond

In the previous chapters we have seen the application of electronic structure

theory to the problems ranging from small molecules to the clusters and
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transition metal complexes. In this chapter we concentrate on a transition
metal catalyzed reaction. The activation of CH bond is central to chemistry
since they provide a solution to the industrial preparation of hydrocarbon
derivatives from the naturally available saturated hydrocarbons occurring
in the petroleum and natural gas. B-hydride elimination reaction which is a
crucial intermediate in many useful reactions are studied with the first row
transition metal as the catalyst. The free energy of reaction as a function of
varying metals is computed. The structure and the stability of the B-agostic
complex, the property of which determines the course of the reaction, is
studied in detail. The metal-ligand combinations across the whole range
of first row transition metals is analyzed to understand factors that control

the reaction.
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Chapter 2

Non-planarity at Tri-coordinated

Aluminum and Gallium! Novel Cyclic

Structures for X;H' (X=B, Al, Ga)

2.1 Introduction

Structural properties of the smallest 21t aromatic, cyclopropenyl cation and
its boron analogs have been studied in detail. Numerous experimental re-
ports are available on three-membered boron ring clusters. [1-3] The im-
portance of aromaticity in these three-membered boron ring hydrides is
well documented. [4-8] Theoretical studies have revealed that the global
minimum structures of X3H§_ (Scheme 2.1, 1a), [4,5] X3H, (Scheme 2.2,
2a), [4-6] X3H;5 (Scheme 2.3, 3a) [4,5,7,8] and Xgng (Scheme 2.4, 4b) [4,
8] (X = B, the all boron analogs of C3H§r) contain cyclic t-delocalization.
Though decreased in aromaticity, these are comparable in many ways to
the smallest aromatic species C3H§r. Heavier analogs of the cyclopropenyl
cation have been studied in detail; especially well established are the differ-

ences between carbon and silicon chemistry. However, extremely little is
19
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known for heavier homologues of boron, the alanes and the galanes. Only
one example involving a group 13 congener (Ga3H%_) has been studied
theoretically [9] and a substituted analog has been prepared by utilizing
the extraordinary bulky ligand 2,6-Mes,CgHs. [9, 10] The structural analy-
sis of Nap[GazR3] (5, R=2,6-Mes,CeH3) and K»[GasR3] (6) have shown
that the GazRj3 ring is also m-delocalized. [9, 10] Stable aromatic four-
membered ring structures stabilized by metal ions, have been observed
recently as MX, (7) [11] and M>Xy (8), [12] where M=Li, Na, Cu and
X=Al, Ga, In. Despite these developments, no systematic study exists for
the related three-membered 27-electron structures composed of Al or Ga.
Structures with the molecular formulas X3H3 ™ (1), X3H, (2), X3Hs (3)
and X3Hg_ (4); X=B, Al, Ga are discussed in detail in this chapter.

Generally, compounds containing elements from the second or higher
row exhibit structural properties that differ from those of the first row ele-
ments. [13-29] There are numerous reports highlighting such differences
between hydrocarbons and the heavier analogs in group 14. For exam-
ple, (a) the four substituents of the alkene homologues no longer lie in
a plane with the double-bonded atoms (D, symmetry), but rather show
a trans-bent orientation, [14] (b) the stability of H-bridged structures in-
creases in C3H;_ homologues, [15] (c) unlike allene, trisilaallene is shown
to be non-linear. [16] But very few such comparisons of multiple bonds be-
tween more electropositive heavier elements are known in group 13. One
example is the nonlinearity of the two substituents in galyne (Na>GasR5,
R:2,4,6—iPr3C6H2) with the Ga-Ga bond. [17,20] These structural differ-

ences of heavier analogs are attributed among others to the decrease in
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sp-hybridization caused by different radial extension of s and p valence
orbitals and their energy differences in heavier elements starting from the
second row. [13,30] It 1s of interest to establish how these effects influence
the aromatic three-membered ring structures composed of Al and Ga in
comparison to those of boron. Of the many differences we found between
the B, Al and Ga aromatic systems, the most intriguing structures are those

containing pyramidal tricoordinated Al and Ga atoms.

2.2 Computational Methods

The geometries of the structures 1, 2, 3, 4 and all the reference molecules
were optimized using the Hartree-Fock (HF) and the hybrid Hartree-Fock/DFT
(B3LYP) methods. [31,32] The B3LYP method uses a combination of the
three-parameter Becke exchange functional with the Lee-Yang-Parr non-
local correlation functionals. The 6-311G(d) basis set was used for all the
calculations. [31] The nature of the stationary points was determined by
evaluating the second derivatives of the energy (Hessian matrix). [33] All
the computations were done using the Gaussian 98 program package. [34]
All total and Zero Point energies of the optimized structures of X3H§_,
X3H, , X3Hs and Xgng are given in Tables 2.1-2.4. Fragment Molecu-
lar Orbital (FMO) and Natural Bond Orbital (NBO) methods were used to

analyze the bonding in a given structure. [25,36]
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2.3 Results and Discussion

The structures considered in this article are obtained in a systematic way
starting with the classical D3;, geometry with three terminal X-H bonds.
Various arrangements are arrived at by considering three terminal X-H
bonds, two terminal and one bridging X-H bonds, two bridging and one

terminal X-H bonds, three bridging X-H bonds, one XH, group and an X-
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Table 2.1: Total energy (in au) and Zero point energy (ZPE, in kcal/mol) of the calculated
X3H§_ isomers at B3LYP and HF levels using 6-311G(d) basis.

X Structure Total Energy B3ALYP Z.P.E. Total Energy HF Z.P.E.

B la -76.13605(0)  19.56 -75.49506(0) 20.43
1b - - - -
Ic -76.04298(0)  19.27 -75.39855(0) 20.54
1d -75.98810(3)  14.92 -75.31609(3) 16.36
le -75.98920(2)  15.59 -75.33537(0) 19.18
1f -76.07366(1)  18.26 -75.42791(0) 19.85
lg Collapsed to la -
1h -76.01688(3)  18.51 -75.36445(3) 19.50
1i - -
1j -75.98452(2)  16.05 -75.34209(2) 17.04
1k -76.04195(1)  18.17 -75.39221(1) 19.38

Al la -729.05334(0)  11.05 -727.33170(0) 12.17
1b - -
Ic -729.05814(0)  12.29 -727.33364(0) 13.01
1d -729.03639(1)  11.60 -727.30656(1) 12.43
le -729.04584(0)  12.50 -727.32263(0) 13.40
1f -729.05615(0)  11.66 -727.33140(0) 12.58
lg -729.05151(0)  11.74 -727.32938(0) 12.63
1h -729.03369(2)  12.00 -727.30792(2) 12.74
li -729.04896(0)  12.08 -727.32481(0) 12.93
1j -729.02153(1) 1091 -727.30195(0) 12.16
1k -729.05104(0)  11.66 -727.32215(0) 12.45

Ga la -5776.32355(1) 9.30  -5771.20605(0) 11.02
1b -5776.32355(0) 9.48 Collapsed to 1a
Ic -5776.33704(0)  10.98  -5771.21505(0) 11.71
1d -5776.31874(1)  10.52  -5771.18718(1) 10.78
le -5776.32482(0)  10.32  -5771.19921(0) 10.99
If -5776.32939(0)  10.28  -5771.20745(0) 10.97
g -5776.32891(0)  10.55 Collapsed to open chain
1h -5776.30626(1)  17.99  -5771.19418(1) 9.59
li -5776.32797(0)  10.55 -5771.20433(0) 11.15
1j -5776.30054(1) 9.40 -5771.18112(0) 10.02
1k -5776.32268(0) 9.13  -5771.19436(1) 9.69

H-X bridge as indicated in Scheme 2.1 for X3H%_. Similarly, Schemes 2.2,
2.3 and 2.4 represent the variety of structures considered for X3H, , X3Hs
and X3Hgr respectively. The structures in the Schemes 2.1-2.4 are arranged

so that the similarities between them can be discussed coherently as seen in
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Table 2.2: Total energy (in au) and Zero point energy (ZPE, in kcal/mol) of the calculated
X3H, isomers at B3LYP and HF levels using 6-311G(d) basis.

X Structure Total Energy B3ALYP ZPE Total Energy HF  ZPE
B 2a -76.94825(0) 27.39 -76.30896(0) 28.65
2b - -
2c Collapsed to 2a -
2d Collapsed to 2a -
2e -76.94432(0) 26.56 -76.30513(0) 28.03
2f -76.86692(2) 23.56 -76.23969(2) 24.82
2g - -
2h -76.87374(1) 25.42 -76.23057(1) 26.88
2i - -
2j -76.81261(2) 23.57 -76.17911(1) 25.46
2k - -
21 -76.90050(2) 23.46 -76.26657(0) 25.08
Al 2a -729.77469(1) 16.94 -728.05603(1) 17.93
2b -729.77635(0) 16.96 -728.05649(0) 18.09
2¢c  Collapsed to open chain -
2d -729.76814(0) 17.17 -728.04423(0) 18.10
2e -729.74222(2) 15.83 -728.02138(2) 16.77
2f -729.73719(2) 14.63 -727.98262(2) 16.34
2g -729.76166(0) 15.79 -728.03867(0) 16.62
2h -729.76241(2) 15.69 -728.03667(2) 16.44
2i -729.76495(0) 17.04 Collapsed
2j -729.76100(1) 16.76 -727.92559(0) 18.08
2k -729.76169(0) 16.40  Collapsed to 2j
21 -729.75594(0) 14.61 -728.03487(0) 15.59
Ga 2a -5777.03364(1) 15.56  -5771.92189(1) 16.73
2b -5777.03703(0) 15.28  -5771.92209(0) 16.78
2c -5777.00133(1) 15.55  -5771.86933(1) 16.17
2d -5777.03947(0) 15.17 -5771.91661(1) 15.44
2e -5777.01165(2) 1591  -5771.89775(2) 14.41
2f -5777.00188(3) 13.52  -5771.89639(2) 14.85
2g -5777.03459(0) 15.18  -5771.91562(0) 15.89
2h -5777.03620(2) 15.37  -5771.91727(2) 16.01
2i -5777.03455(0) 15.60 Collapsed
2j -5777.02480(1) 14.86  -5771.90868(0) 15.99
2k -5777.02570(0) 14.46  Collapsed to 2j
2la -5777.01450(0) 12.79  -5771.89682(1) 14.25
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Table 2.3: Total energy (in au) and Zero point energy (ZPE, in kcal/mol) of the calculated
X3Hs isomers at B3BLYP and HF levels using 6-311G(d) basis.

X Structure Total Energy, B3LYP ZPE Total Energy, HF ZPE
B 3a -77.51782(0) 34.21 -76.87666(0) 35.68
3b - -
3c Collapsed to 3] -
3d - -
3e - -
3f Collapsed to 3i -
3g Collapsed to 3i -
3h - -
3i - -
3j - -
3k -77.47429(0) 33.21 -76.84929(0) 35.08
31 -77.51758(0) 34.21 -76.87858(0) 36.03
3m -77.42558(2) 32.30 -76.79584(2) 34.22
3n - -
30 -77.42207(2) 30.39 -76.79243(2) 31.69
3p -77.39836(2) 30.97 -76.76280(2) 32.79
Al 3a -730.29625(2) 22.55 -728.57656(2) 23.82
3b -730.32620(0) 22.70 -728.61132(0) 23.96
3c -730.31360(1) 21.20 -728.60292(1) 22.22
3d -730.32333(0) 22.40 -728.60756(0) 23.38
3e -730.32147(0) 22.29 -728.60756(0) 23.39
3f -730.25477(3) 21.71 -728.52154(3) 22.83
3g -730.31962(0) 22.31 -728.60183(0) 23.48
3h -730.31914(0) 22.04 Collapsed to open chain
3i -730.32149(0) 22.87 Collapsed to open chain
3j -730.31571(0) 2192 -728.60272(0) 23.00
3k -730.32582(0) 22.62 -728.61752(0) 24.05
31 -730.27906(3) 21.04 -728.55857(3) 22.28
3m -730.30357(2) 20.12 -728.59810(0) 21.83
3n -730.30891(1) 21.23 -728.59811(0) 21.84
30 -730.28979(2) 19.46 -728.58763(1) 20.93
3p -730.27003(2) 19.66 -728.53484(2) 21.17

Schemes 2.7, 2.8 and 2.9. Relative energies and number of imaginary fre-
quencies are also given in the Schemes 2.1-2.4. Figures 2.1-2.4 gives the
important geometric parameters of the minimum energy structures. While

only two of the eleven structures indicated are minima for B3H§_, as many
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Table 2.3: Continued

X Structure Total Energy, BALYP ZPE Total Energy, HF ZPE
Ga 3a -5777.53596(2) 21.58  -5772.42651(2) 22.72
3b -5777.57175(0) 21.04  -5772.46315(0) 21.94
3c -5777.58304(1) 19.89  -5772.47294(1) 20.58
3d -5777.58863(0) 20.73  -5772.47482(0) 21.14
3e Collapsed to 3d

3f -5777.50939(3) 21.05  -5772.38410(3) 21.90
3g -5777.57670(0) 20.73  -5772.46532(0) 21.71
3h -5777.57988(0) 20.56 Collapsed to open chain
3i -5777.57856(0) 21.28 Collapsed to open chain
3j -57717.57664(0) 20.63  -5772.46821(1) 21.47
3k -5777.56954(0) 20.69  -5772.46645(0) 21.99
31 -5777.52681(2) 20.72  -5772.41419(2) 21.71
3m -5777.56377(1) 19.29  -5772.46323(1) 20.54

3n -5777.56445(0) 20.78 Collapsed
30 -5777.55548(2) 19.12  -5772.46130(1) 20.34
3p -5777.50943(3) 17.73  -5772.37900(2) 19.57

as seven are minima for A13H§_ and Ga3H§_, justifying the systematic
approach. Throughout this chapter various structures in the text are repre-
sented by the structure number followed by the atomic symbol. For exam-
ple the triangular structure 1a for B3H§_ is represented by 1a-B, A13H§_
by 1a-Al, Ga3H§_ by 1a-Ga etc. Similarly individual atoms in a structure
are identified by the atom number as superscript. For example 2b-Ga? rep-

resents the gallium atom which is numbered 2 in 2b-Ga (Figures 2.1-2.4).

Several molecules are used as theoretical models for the idealized sin-
gle, double and H-bridged bonds for comparison. Table 1 gives the X-
X bond distances in X,Hy (single bond), X3H3 (strained single bond),
XzHi_(double bond), XgHi_ (double bond in 3-membered ring), X>Hg(doubly
bridged structure as in BoHg, and doubly bridged X,;H,. Experimentally

known Al and Ga compounds and their bond distances are used for com-
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Figure 2.1: Optimized geometries and important bond distances for B, Al (in parentheses)
and Ga (in brackets) isomers of X3H§_ at B3LYP/6-311G(d) level. Atoms are numbered
in italics
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Table 2.4: Total energy (in au) and Zero point energy (ZPE, in kcal/mol) of the calculated
Xgng isomers at B3LYP and HF levels using 6-311G(d) basis.

X Structure Total Energy, B3LYP ZPE Total Energy, HF ZPE
B 4a -77.76101(1) 39.62 -77.10125(1) 42.17
4b -77.82878(0) 41.50 -77.20284(0) 43.60
4c — -
4d - -
4e -77.79360(2) 37.95 -77.17818(1) 40.39
4f - -
4g -77.76097(2) 38.46 -77.14284(2) 40.33
4h -77.81388(0) 40.31 -77.19585(0) 42.48
4i -77.79924(1) 39.65 -77.18582(1) 41.74
45 -77.70196(3) 36.47 -77.10576(3) 38.46
4k -77.45232(4) 34.06 -76.76086(4) 36.00
Al 4a -730.58422(3) 27.28 -728.85937(3) 28.89
4b -730.67944(0) 28.26 -728.97089(0) 29.89
4c -730.70348(0) 28.45 -729.00131(0) 29.63
4d -730.67887(1) 26.74 Collapsed
4e -730.67557(1) 27.06 -728.98151(1) 28.56
4f -730.69450(0) 28.51 -728.99437(0) 30.14
4g -730.65731(1) 26.19 -728.96047(1) 27.81
4h -730.65672(1) 26.94 -728.95226(1) 28.64
4 -730.65136(2) 26.89 -728.94775(2) 28.53
4 -730.60920(3) 24.36 -728.90687(3) 25.86
4k -730.50037(5) 23.28 -728.74077(5) 26.15
Ga 4a -5777.80544(3) 26.18  -5772.69417(3) 28.03
4b -5777.90152(0) 26.00  -5772.80178(0) 27.52
4c -5777.94329(0) 2691  -5772.84951(0) 27.83
4d Collapsed to open chain
4e -5777.91435(0) 2596  -5772.82962(0) 27.18
4f -5777.92205(0) 26.78  -5772.83036(0) 27.91
4g -5777.90595(1) 25.66  -5772.81802(1) 27.03
4h -5777.88777(2) 2542  -5772.779075(2) 26.67
4 -5777.88175(3) 25.24  -5772.78556(3) 26.45
4 -5777.86430(3) 24.28  -5772.77254(3) 25.52
4k -5777.82033(3) 23.84  -5772.66887(5) 26.23

parison where appropriate.

Of all these structures, we will elaborate only the most relevant ones to

establish the major bonding features that distinguish the alanes and galanes

from the boranes. Bonding principles are highlighted for selected cases.
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Figure 2.1: (Continued)
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Table 2.5: Calculated X-X bond distances in XoHa, X3H3, XoH3 ™, X3H) ™, XoHg, XoHa
at B3LYP/6-311G(d) level of theory. The reference below involves calculations at differ-
ent levels.
XoHY X3HE XoH; ¢ XsH ¢ XoH? XoHS
B-B 1.744 1.727 1.596 1.557 1.767
Al-Al  2.621 2.664 2475 2.482 2.623  2.989
Ga-Ga 2.525 2.647 2371 2.447 2.633  3.069

aref, 22-24,7a, bref. 9,29,  ref. 20,25, ¢ ref 26-28, € ref. 19-21.

Some important geometric parameters are also given in Figures 2.1-2.4.

X3H§_. Total of seven minima were found for A13H§_ and Ga3H2_,
which contrasts the only two cyclic minima that were reported for BgHg_
(Scheme 2.1). [5] Isomer 1a with all terminal hydrogens, is the global min-
imum for B3H§_. However, H-bridged 1c¢ with its planar tetra-coordinated

heavy atom is the global minima for A13H%_ and Ga3H§_. This isomer is
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Figure 2.2: Optimized geometries and important bond distances for B, Al (in parentheses)
and Ga (in brackets) isomers of X3H, at B3LYP/6-311G(d) level. Atoms are numbered
in italics

(2.458)
[2.418]

p YR 2d, C,




34 2. Non-planarity at Tri-coordinated Al and Ga ...

Figure 2.2: (Continued)
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1.8 and 6.8 kcal/mol more stable than 1a for Al and Ga respectively. Al-
though 1c¢ is a B3H§_ minimum, it is 58 kcal/mol higher in energy than
1a which highlights the dramatic difference between B and its heavier
analogs. It is interesting to note that an isomer similar to 1c is the global
minimum for the isoelectronic Si,BH3. [37] 1a-Al is also a minimum, but
1la-Ga is a transition structure for the interconversion of Cj; structures
(1b-Ga); the energy difference between 1a and 1b is negligible. A similar
distortion from D3, to C3j, 1s also seen in PbsHg. [38] The experimentally
determined X-ray structures have C3; symmetry. [9,10] A general bonding
picture of 1b-Ga and 1a-Al,Ga may be constructed from the X-H frag-

ments in their singlet ground states with a ¢ lone pair and 2p orbitals in



2.3. Results and Discussion

35

Figure 2.3: Optimized geometries and important bond distances for B, Al (in parentheses)
and Ga (in brackets) isomers of X3H5 at B3LYP/6-311G(d) level. Atoms are numbered

in italics
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Figure 2.3: (Continued)
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Figure 2.3: (Continued)
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orthogonal planes. In Ga and to a lower extent in Al, the ¢ lone pair is

found to be mostly of s character and does not prefer to form the tradi-

tional sp? hybrid orbitals commonly seen in carbon. The bonding then
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Figure 2.4: Optimized geometries and important bond distances for B, Al (in parentheses)
and Ga (in brackets) isomers of X3Hgr at B3LYP/6-311G(d) level. Atoms are numbered
in italics
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Figure 2.4: (Continued)
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arises from donor acceptor interactions of the type indicated (Scheme 2.5).
The extent of distortion depends on the differences in the s and p orbitals,
the exact details of sp mixing, and the remaining bonds. Considering the

extremely small differences in energy between 1a-Ga and 1b-Ga, we do
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Scheme 2.5

not attempt to correlate the s and p mixing and relative energies.

The Ga-Ga distance in 1b-Ga is about 0.07A longer than those in the
experimental structures 5 and 6. We could not find any experimentally
known three-membered Al dianion ring compound to compare to 1la-Al,
but the Al-Al distance in 1a is in between that of a single bond and a double
bond length. A comparison can be made with the experimentally available
ARy (9, R=Si'Bus, R=CH(SiMe3); and R=2,4,6-("Pr)3C¢H>). [39] The
Al-Al bond distances here are 2.751A, 2.660 A and 2.647 A respectively.
These are indeed longer than the Al-Al distance in 1a-Al (2.512 A). A part
of this shortening comes from the nature of the bent bonds. For example,
the C-C distance in cyclopropane is considerably shorter than in ethane.
Another contributor is the 27 electron delocalization. A similar compari-
son can also be made to the experimental structures of Ga,Ry4 (10, 2.541
A, R=CH(SiMe3),; 2.515 A, R=2,4,6-(‘Pr)3CgH>) [40] which also show
shorter bond distances for 1b-Ga (2.495 A).

The Al-Al and Ga-Ga bond distances in 1c (Figure 2.1, 1c-Al'-Al®:
2.666 A, 1c-Ga!-Ga®: 2.628 A) are similar to those of the single bonds
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of X3H3 (D3y,). This is the result of a weak sigma bond (in fact a 3c-2e
bond) and 2x-aromatic delocalization. The H-bridged Al-Al and Ga-Ga
distances are longer than those of dialane(6) and digalane(6) but shorter
than in the doubly H-bridged Al,H, and Ga,H;. An MO analysis of 1c-
AL Ga reveals that it has two 3c-2e bonds between X-H-X and X-X(H»)-
X, two 2c-2e X-H bonds, lone pairs on X2 and X3, and a delocalized &
orbital over the ring. This is a remarkable result. Though minimum energy
structures with square planar boron atoms have been found experimentally
and theoretically, there were always lower energy alternatives. [41] Here
we find that 1c, the lowest energy that we obtained, has a square planar Al.
The unusual stability of the square planar arrangement is also seen with

Ga. 1c-Ga is the lowest energy isomer we considered.

The triply H-bridged planar isomer 1d, which can display 27 delocal-
ization, is a higher order stationary point for B and a transition structure
for both Al and Ga. The imaginary frequency indicates a distortion to a C3,,
nonplanar structure le. This isomer is about 7-8 kcal/mol less stable than
the global minimum 1¢ for both Al and Ga. Structure 1b with only terminal
hydrogen and structure 1e with only bridging hydrogens are nearly isoener-
gic for Ga, but 1e is 6 kcal/mol less stable than 1a for Al. It is interesting to
note that a Si3H;_ structure similar to 1e is nearly 42 kcal/mol higher in en-
ergy than its 1a-like global minimum at MP2/6-31G(d) level, [15] whereas,
le-B is a higher order stationary point. The observed deformation of 1d
to 1e-Ga may be understood from its molecular orbital description using
a correlation diagram which depicts the interaction of T and ¢ orbitals on

(3, distortion (Figure 2.5). [42] The HOMO in Dj3; symmetry is the non-
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Figure 2.5: Correlation diagram between 1d and 1e showing the dramatic stabilization of
the m-orbital.
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of the 1s orbitals of the hydrogen atoms, mix with the © MO when the sym-
metry is lowered to C3,, leading to the stabilization of the ® MO. Figure
2.5 shows the dramatic effect of this ¢ — T mixing.

Structure 1f 1s a minimum for both Al and Ga, and a transition structure
for B. Among all ring structures considered, 1f-Al and 1f-Ga are the sec-
ond best structures. The energy differences between 1c and 1f increases
from Al (0.6 kcal/mol) to Ga (4.1 kcal/mol). Both the X-X and H-bridged
X-X bond distances in 1f are shorter compared to those in 1¢, except for

the X-Hj. An analysis of the MO’s of 1f reveals that there are two 2c-2e
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X-X bonds, two 2c-2e X-H bonds, one 3c-2e X-H-X bond, a lone pair on
X!, and a delocalized © MO. X'-X? and X'-X3 pairs in 1c are bonded by
two 3c-2e bonds (one ¢ and one m). On the other hand 1f has a 2¢c-2e ©-
bond and a 3c-2e m-bond to bind X'-X? and X!-X3. Therefore the X!-X?
and X!-X3 bond distances in 1f are shorter than in 1c (A = 0.05 A for Al
and 0.03 A for Ga).

An unsymmetrical arrangement of hydrogens around the ring leads to
isomer 1g (Cs), which is also a minimum for both Al and Ga with an
energy difference with 1¢ of 3.6 and 4.7 kcal/mol, respectively. The H-
bridged X-X bond distance is lengthened in 1g (3.018 A) compared to 1f
(2.561 A) and 1¢ (2.797 A). An MO description of 1g-Al,Ga that account
for the long M-M distance is as follows. The structure can be visualized
as a combination of H-Al-Al and AlH,. The sigma lone pair of AlH; is
donated to the in-plane bonding combination (7-MO) of p orbitals of H-
Al-Al (Scheme 2.6a). The pseudo 7 (in-plane) AIH, MO is involved in
weak interaction with the anti-bonding combination of the in-plane p or-
bitals (Scheme 2.6b). In addition there is a delocalized 3-center T-MO that
forms the HOMO-1. This explains the long Al>-Al® distance as well as
long Al?-H° distance. The bonding in the Ga analogs is similar except that
the order of HOMO and HOMO-1 are interchanged. A structure similar
to 1g is a minima for Si;BHj3 and is 6.7 kcal/mol higher in energy than its

global minima at QCISD(T)/6-31G(d) level. [37]

Non-planar alternative 1h, obtained by a twist of the XH> group in 1c,
is a higher order saddle point for B and Al, but a transition structure for

Ga. The imaginary frequency of 1h-Ga leads to the nonplanar doubly H-
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bridged isomer 1i, which is ~5 kcal/mol higher in energy than global mini-
mum lc¢-Ga. Isomer 1i is also a minima for Al and is likewise ~35 kcal/mol
higher in energy than 1c¢-Al. The electronic structure of 1i consists of 2c-2e
X1-X2 and X-H bonds, two 3¢c-2e X-H-X bonds, and lone pairs on X2 and
X3. Its ring-delocalized m-orbital interacts with two bridged H’s leading to
a hybrid delocalized orbital similar to that in 1e.

Isomer 1j, which has two H-bridging X?-X> bonds, is a transition struc-

ture for both Al and Ga. Optimization in the direction of the imaginary
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vector (without any symmetry constrains) leads to planar isomer 1k, which
is a minimum for both Al and Ga with an energy difference of 3.8 and 7.2
kcal/mol, respectively, with 1c. We note that a similar structure is a minima
for the 1so-electronic Si3H§)F and a transition structure for SipBH3. [15,37]
The electronic structure of 1k also shows 27 electron delocalization over
the ring along with two 3c-2e H-bridged X-X bonds, one 2¢c-2e X-X bond,
and a 2c-2e X-H bond.

X3HZ, X3H5 and X3Hg_

Results on the studies of the isomers of X3H, , X3Hsand Xgng are
summarized in Scheme 2.2, 2.3 and 2.4 for X=B, Al and Ga. While each
of these structural types may be discussed individually, a better understand-
ing is obtained by considering the evolution of the isomers corresponding
to X3H, , X3Hs and X3Hg' by sequential protonation from X3H§_ which is
discussed above. These are done for B, Al and Ga separately, starting with
the minimum energy structures available for X3 Hg_ (Schemes 2.7, 2.8 and
2.9). Thus the Scheme 2.7 provides the minimum energy structures avail-
able starting from 1a and 1¢, the only two minima on the B3H§_ PES with
triangular B3 arrangement. Arrows indicate the direct relationships that ex-
ist between structures via protonation. A comparison of Scheme 2.7 with
the general Schemes 2.1-2.4 indicates that this formal protonation strategy
includes all minimum energy structures. The basic structural preferences
appear to be decided already in the isomers of X3H§_. The large number
of transition states and other higher order stationary points calculated for
B3H§_ do not lead to any minimum energy structures. There are two inter-

esting points to be noted here. First is the preference for the planar tetraco-
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ordinate arrangement at boron seen in 1¢-B, 2e-B, 31-B and 4h-B. By con-
trast stabilization of planar tetracoordinate carbon is more difficult. [43]
Differences in relative energies of 2c-2e and 3c-2e bonds involving carbon
and boron atoms contribute to this trend. Carbon-carbon single bonds are
considerably stronger than boron-boron single bonds. Still 1¢-B is higher
in energy than 1a-B by 58.12 kcal/mol. A second important aspect of the
minimum energy structures is the non-planar B3Hg_ structure. The inter-
play of mixing mentioned earlier control the energetics here. However,
the balance is delicate, as structures 2a-B, 3a-B and 31-B prefer planar ar-
rangements (see Figure 2.5 for analogous MQO’s). This is in contrast to the

behavior of Al and Ga structures seen below.

The number of triangular structures calculated to be minimum in energy
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for Al3H,, is considerably larger. Scheme 2.8 attempts to relate all struc-
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tures to the isomers of A13H%_. In addition to the propensity for square pla-
nar arrangements, there are several novel structural features seen in AlsH,,,
that are not seen with BsH,,. The most dramatic one is the unsymmetric
terminal Al-H bonds as seen in 1g-Al. This is exceptional because there
is only one structure in the entire Alz set with this feature. As explained
in Scheme 2.6 above, the structure is best considered as a combination
of AIH; and HAI-Al. The bridging hydrogen-terminal hydrogen combi-
nation is seen in the structure of Si;H, as well. [14] A symmetrical Cy,
structure with three distorted terminal Al-H bonds (1b-Al) was not a sta-
tionary point. Protonation of 1g-Al led to 2b-Al with terminal Al-H bonds
which are symmetrically placed.

The next unusual structural aspect in comparison to B3H,, is the out-
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of-plane distortion of bridging hydrogens in A13H§_, Al3H, and Al3Hs.
Structures with one bridging hydrogen is in the plane of the X3 ring in 1c¢,
1f, and 1g; but not so in 2b. Similarly the two bridging hydrogens are in
the X3 plane in 1Kk, but out-of-the plane in 1i. However protonation of 1i
and 1k leads to the same triply bridged structure 2d where all the three
hydrogens are outside the X3 plane. Three bridging hydrogens bring the
same situations as has been observed in 1e (Figure 2.5) and remain out of

the Als plane.

Another difference between boron and Al structures is the propensity
of doubly H-bridged structures with Al. Thus 2Kk, 3k, 3d, 3i, 3h, 4c and 4f
are all calculated to be minima. In contrast there are only two structures
3k-B an 4h-B with doubly H-bridged bonds amongst boron isomers. The
decrease in bond energy of a regular 2c-2e X-H bond in going from X=B

to X=Al perhaps explains this propensity for bridged structures.

Structures with H-capping the triangle, 21-Al and 3e-Al, are also special
to Als series. The interaction of the 1s orbitals of the capping hydrogens
with the orbitals of the Als is enhanced by the tilting of the Al-H; bonds
towards the side of the capping hydrogens in 21-Al. The second such struc-
ture, 3e-Al, is even more remarkable with three bridging hydrogens on the
opposite side, but the lone terminal Al-H bond tilted towards the capping
hydrogen. These structural details are in tune with the idea of compatibility

of orbitals in overlap that we have detailed elsewhere. [44,46]

The gallium series brings in the unusual structural aspects found in
Al structures in larger measure. The classical structure 1a-B and 1a-Al

does not have a counterpart with Ga. The D3y, structure distorts to 1b-
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Ga (C3). The bonding model (Scheme 2.5) which describe this structure
is also suggested to explain similar C3; structure of Group 4 compounds
such as PbsRg and Sn3Rg. [9, 15, 38] The Csj, structure 1b-Ga leads to
the C5 structure 21-Ga. However similar distortion in 1g-Ga is removed on
protonation to 2b-Ga or 2i-Ga. Similarly the tendency for the out-of-plane
distortion of the bridging hydrogens is enhanced in the structures of gal-
lium compounds. The delicate balance between a planar bridged structure
and out-of-plane tilting is also seen dramatically in the structures 2a-B,

2b-Al and 2b-Ga.

Isomer 2a obtained by protonation of a X-X bond of 1a, is the global
B3H, minimum, but it is a transition structure for Al and Ga. The imag-
inary frequency leads to non-planar structure 2b (Cy). An MO explana-
tion is provided below. We note that a similar distortion from the planar
(», structure has been reported for SiBoHy. [45] The energy difference
between 2a and 2b is only 1.0 kcal/mol for Al and 2.4 kcal/mol for Ga.
The X?-X3 bond distance is shortened and the X'-X? distance is length-
ened in 2b as compared to 2a. The electronic structure of 2a-B consists of
three 2c-2e X-H bonds, two 2c-2e X-X bonds and a 3c-2e X-H-X bond,
and an occupied ©-MO . The in-plane 3c-2e X-H-X bond is weaker for
Al and Ga, (as the X-X bond gets longer) due to the less effective overlap
of the bridging hydrogen with the bent Walsh orbitals. (Scheme 2.9(a)).
Instead, on moving the bridging hydrogen out of plane, better overlap with
the m-orbitals on X results (Scheme 2.9(b)). As a result, the bridging H
contributes to the ring-delocalized m-orbital. The 1,2-shift in cyclic vinyl

cations is another example where the bridging hydrogen is distorted from
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planarity. [46]

C,, structure 2e with a planar tetra-coordinated boron atom is a B3H,,
minima due to the strong m-delocalization and is only 1.6 kcal/mol less
stable than 2a. Both the van’t Hoff (2f) and anti-van’t Hoff (2e) structures
are higher order saddle points for Al but, the twisted nonplanar form 2g-Al
(C) is a minimum. The experimentally known neutral Al3R4 (R=Si’'Bu3)
(11) radical is known to have such a nonplanar structure, [47] but that of
GazR4 (12) reportedly has a van’t Hoff structure. [48] The reduced species
GazR, (13) (R = tBu) has, however, a completely different geometry, in
which one of the substituent’s methyl groups interacts with the Ga? atoms
leading to a very long Ga'-Ga? bond distance of 2.935 A. [48] Of the two
sets of X-X bonds in 2g, one (Al: 2.406 A, Ga: 2.355 A) 1s shorter than
a normal X-X double bond and the other (Al: 2.739 A, Ga: 2.699 A) 18
longer than a regular X-X single bond. The Al'-Al? bond distance in 2g-
Al is similar in length to that in 11, but the A1?-Al® distance is nearly 0.3
A shorter. These structures are also examples of pyramidal tricoordination

which along with planar tetracoordination rewrite the structural basis of

the main group chemistry. The tricoordinate planar geometry of CH;,r and
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BH3, are taken for granted. Recently we had shown that pyramidal tricoor-
dinate boron is a possibility. [49] Structures 2g-Al and 2g-Ga are the first
such examples with non-planar Al and Ga atoms. The electronic structure
of 2g can be best understood by comparing it with isomer 2f, which has
an empty - LUMO, formed from the p, (X2) and p, (X3) atomic orbitals
(Scheme 2.9(c)) and sp? hybridized X? and X3 atoms. Due to the decreased
sp2-hybridization for the heavier elements Al and Ga, [29] their X?-X3 and
X2-HS (X3—H7) bonds are weak. This is compensated by moving the H®
and H’ atoms out of plane to enable them to interact with the empty p,
orbital (t-MO) resulting in non-planarity of the structure and causing the

XH, group to twist.

It is interesting to note that the imaginary frequency in 3c-Ga led to 3d,
where as 3c¢-Al led to 3e! We also found that 3d-Al is a minimum. How-
ever, on optimization 3e-Ga (without any symmetry constrains) collapsed
to 3d. The singly H-bridged X'-X? and X'-X3 bonds in 3d are longer than
those in X,Hg and X>H;. The X3-H?, X3-H and X3-H° distances are very
short compared to X!-H®, X?-H> and X?-H® respectively. For example H>
is closer to X3 by 0.31A in Al3Hs and 0.45A in GasHs than to X2. This
shows that the isomer 3d can be viewed as an adduct formed by the interac-
tion between XoHT (consists of X!, X? and H4) and XH, (consists of X3,
H>, H%, H’ and H®). The NBO charges also support such an interpretation,
the sum of the natural charges on Ga® (0.72), H> (-0.35), H° (-0.35), H’
(-0.44) and H? (-0.27) is —0.7e and the sum of the charges on Ga! (0.70),
Ga? (0.60) and H* (-0.60) is +0.7e. Similar results were found for 3d-Al.

Isomer 3e-Al is very much close to 3d, since the bridging hydrogen H® is
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now interacting with both Al! and Al? in 3e instead of only with Al? in 3d.
Alternatively isomer 3e can be arrived by capping 2d with a proton. The
bond lengths in 3e show trends similar to 3d and the bonding features of
3e are almost similar to that of 3d. That is isomer 3e can also be viewed as
an adduct of AIH, (AI’, H>78) and ALLH" (Al!, Al* and H*). The NBO
chargers also support the interpretation (Al': 0.62, Al®: 1.02, H*: -0.59,
H>: -0.44, HS: -0.44, H: -0.35). The energy difference between 3d-Al
and 3e-Al is only 1.0 kcal/mol.

The potential energy surfaces of Al and Ga three rings contrasts dra-
matically with that of B three rings. The non-planarity of hydrogens with
respect to X3 ring is found to be very common for Al and Ga species. Sim-
ilarly species with lone pairs on heavy atoms dominate the potential energy
surfaces of Al and Ga three ring systems. The global minimum structures
of B are minima for Al and Ga only in case of X3H§_ and X3Hg'. Even
here GazH; 2 has a distortion from D3y, to Csp,. On the potential energy sur-
face of X3H, and X3Hs, the global minimum structures of B are not even
minima for Al and Ga. Similarly, the influence of ©t-delocalization in stabi-
lizing the structures is decreased from X3H§_ to X3Hg. For example, the
global minimum structures of X3H§_, X3H, have the 2n-delocalization
for both Al and Ga. However, the global minima of Xg,Hgr does not have
conventional 27-electrons for both Al and Ga. In case of X3Hjs the global
minima is aromatic for Al and not aromatic for Ga. The propensity of iso-
mers with bridging hydrogens and para Al and Ga atoms calculated here is
a reflection of the nature of structure and bonding observed in heavier ele-

ments of the main group. For example the lowest energy isomer of SioH»
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has two bridging hydrogens. [14] The next isomer has one bridging hy-
drogen. In view of such experimental observations available in literature,
we are confident that the novel structures that are presented here will stand

experimental scrutiny.

The resonance stabilization energy (RSE) for the global minimum struc-
tures (or nearest structures to global minimum which contains t-delocalization)

is computed using the isodesmic equations 1-6 (Scheme 2.1). [4] We tried
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Figure 2.6: Optimized geometries of the reference species X3H3(14), X3Hg (15), X3H7
(16), X3H; (17), X3Hg (18) and X3Hg (19). The important bond distances for Al (in
parentheses) and Ga (in brackets) are given at B3LYP/6-311G(d) level.
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to maintain the non planarity of bridging hydrogens in the reference species
(14-19) in accordance with isomers 2b, 2d, 3b, 3g and 4b. However on op-
timization all the reference species 14-19 (except 16¢) collapsed to planar
structures (Figure 2.6). Detailed explanations for the relative energies here

are difficult because the RSE differences between different compounds or
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Figure 2.6: (continued)
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in between Al and Ga are very small. There are many uncertainties in

deriving these energies. For example (a) the selection of the reference

molecules is not unambiguous, (b) even if we selected some very good

reference molecules, on optimization, planar or non-planar arrangement
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of hydrogens may not be consistent with the molecule for which we are
trying to get the RSE. For example isomer 2b has non-planar arrangement
of both terminal and bridging hydrogens where as the reference molecules
16a, 3m and 15a all have planar bridging hydrogens. This will certainly
have its effect on RSE since all the heavy atoms are not similar on both
sides of the equation (at least in terms of hybridization). Therefore we
caution the reader that the best way to know a particular molecule has 7-

delocalization or not is to look at its electronic structure.

2.4 Conclusions

The computational study presented in this chapter on the structures and en-
ergies of cyclic X3H§_, X3H, , X3Hs and X3ng (X=B, Al and Ga) reveals
several characteristics. The diversity of structures that are minima is large
for Al and Ga, and differs from those of B3 hydrides. The most salient fea-
tures are: (1) X3H§_ has a total of seven minima for Al and Ga in contrast
to only two cyclic minima available to B. The nt-delocalized isomer with
two lone pairs 1c is the global minima for Al and Ga. (2) X3H, has six
minima for Al and Ga, whereas for B, there are only two cyclic minima
known. Unlike X3H2™, the global minimum structure for Al and Ga are
different for X3H, . The singly H-bridged nonplanar Cs isomer 2b is the
global minima and the triply H-bridged nonplanar C; structure with two
lone pairs 2d is the second best structure for Al3H, . Contrarily, 2d is the
global minima and 2b is the second best structure for GazH, . The energy
difference between 2b and 2d is 5.4 kcal/mol and 1.6 kcal/mol for Al and

Ga respectively. A structure with tricoordinate pyramidal arrangement at
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Al and Ga is found in 2g, contrary to the conventional wisdom of C3H{,
B3Hy etc. (3) The neutral species X3Hs has a total of eight minima for Al
and Ga, whereas B has only three cyclic minima. Similar to that of X3H,,
the global minimum structures of AlsHs and GasHs are different. The
doubly H-bridged nonplanar structure 3b is the global minima for Al3Hs,
whereas the four H-bridged C; isomer 3d is the global minima for GazHs.
(4) The cationic species Xg,Hgr has three and four minima for Al and Ga
respectively. In case of B3H, there are only two cyclic structures that are
minima. The four H-bridged (3, isomer with a lone pair 4c is the global
minima for Al and Ga. (5) The non planarity of hydrogens with respect to
X3 ring is found to be very common for Al and Ga species. (6) Structures
with lone pair on heavy atoms dominate the potential energy surfaces of Al
and Ga three ring systems. (7) The influence of m-delocalization in stabi-
lizing the structures is decreased from X3H%_ to X3ng. (8) The resonance
stabilization energy (RSE) for the global minimum structures (or nearest
structure to global minimum which contains ©-delocalization) computed
using the isodesmic equations give quantitative trends, but cannot be used

as a test of aromaticity.
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Chapter 3

Dehydrogeno closo-Carboranes and
closo-Silaboranes: A Theoretical Study

of Structure and Reactivity

3.1 Introduction

Polyhedral boranes are the 3-dimensional equivalents of benzene. [1] It is
natural to expect chemistry rivaling that of benzenoid aromatics to develop
around polyhedral boranes. As stable, neutral polyhedral compounds, carbo-
ranes had taken the natural lead amongst boranes. After years of explo-
rative studies, carboranes have become important reagents in many dif-
ferent applications. Derivatives of carboranes, which can act as carriers
of 19B selectively to tumor cells, have found application in Boron Neu-
tron Capture Therapy (BCNT) of Cancer. [2] Camouflaged carboranes [3]
where hydrogens are substituted by appropriate organic substituents are
used as modules for the formation of specific molecular assemblies. Car-
borods with linearly connected 1,12-C,B9gH o and macrocycles contain-

ing carborane cages in their peripheries find uses in Nanotechnology and
69
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Molecular Recognition. [4] Mercuracarborands [5] resemble crown ethers
with reversed coordination properties and are useful in anion complexa-
tion chemistry. Carboranes can be used as building blocks for dendrimers
which can have as many as twelve primary branches. [6] Obviously, many

applications with the derivatives of carboranes remain to be discovered.

Getting a handle on carboranes for further manipulation is important
in any such endeavor. Chemistry of benzene provides a hint. One of the
dramatic aspects of benzene chemistry has been the generation of ben-
zyne. [7] Generation of an equivalent ’carboryne’ would provide a handle
to introduce substituents on the carborane skeletons. This has indeed been
achieved experimentally with the icosahedral 1,2-C,BoH{> (1a) [8] and
should be possible with the remaining 1,2-C,B,H,, 1, (2a-7a). [9] The car-
boryne, CoB1gH (8a), generated from 1a undergoes Diels-Alder and Ene
reactions with dienes, acetylenes, and similar entities, which are typical
of reactive multiple bonds. [10] In view of the many carboranes available
with adjacent C-C bonds in the polyhedra, there should be many such can-
didates. The stability and reactivity of these “benzyne equivalents” (Fig-
ure 3.1, 8a-14a) must vary considerably. We present a detailed theoretical
study of the structure and reactivity of these dehydrogeno-carboranes using
electronic structure theory. Dehydrogenocarboranes, 2,3-C>,BsHs (13a),
that may be generated from the known 2,3-C,BsH7 (6a), [11] is calculated
to be more favorable than C,BgH¢ (8a). These are compared and con-
trasted with those of benzynes. The carborynes also provide easy entry to
heterocondensed structures such as benzo-o-carboranes [12] (Scheme 1)

whose electronic requirements can be understood using the mno rule. [13]
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The interactions between 2- and 3-dimensional delocalized systems and
opportunities for further condensation should provide exciting new direc-

tions in chemistry.

\\J=@ @

Scheme 3.1

A related question is the nature of the silaborane analogues. Silaben-
zene, where one carbon atom of benzene is substituted by silicon shows
aromaticity. [14] There are very few experimental reports of disilaboranes.
Theoretical studies show that silaboranes have structures similar to carbo-
ranes, but they differ in the relative energy of the positional isomers. [15]
A Twelve-vertex dimethyldisiladodecaborane, Si,BigHi9Me,, has been
synthesized. [16] Its reactivity is substantially different from its carbo-
rane analogues. For example, nucleophilic bases attack Me,Si;BigH2
resulting in the loss of an MeSi vertex; [17] while in carboranes the re-
action is centered on a boron adjacent to carbon. [18] The Si analogue of
C2B1oHjp is not known. In view of the largely diverse nature of Si-Si
multiple bonds [19] in general, Si,B,,H,, series should present examples of
unusual structure and bonding. We contrast the disilaboranes, SioB,H,,
(1b-7b) and their dehydrogeno derivatives, Si,B,H,,, n=4,5,8 and 10 (8b-
14b) to the corresponding carboranes. Alternatives to multiple bonds in
the dehydrogeno systems (15-21)are also analyzed.

Aromaticity of boranes and carboranes based on Nuclear Independent
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Chemical Shifts (NICS), shows that the more symmetrical structures, based
on octahedron and icosahedron, are more aromatic. [20] The relative sta-
bility and aromaticity of 1,2-carboranes and dehydrogeno derivatives, and
their Si analogues are presented here to get further insight into the nature
of these polyhedral systems when the bonding is disturbed by dehydro-
genation. A preliminary communication on the icosahedral system was
published previously. [21] Recent developments in the chemistry of poly-
hedral carboranes [5,22] and silaboranes [23] and lack of similar attempts
in smaller polyhedral structures prompted us to present the details of our

study.

3.2 Methods

All the structures (C,B,H,,;» (1a-7a), C,B,H,, (8a-14a), Si,B,H,,+> (1b-
8b) and Si,B,H,, (15-21) were optimized at the B3LYP/6-31G* [24, 25]
level of theory. Stationary points were characterized through vibrational
frequency analysis. NICS [26] values were computed at GIAO-HF/6-
31+G* at B3LYP/6-31G* optimized geometries. Structures were further
optimized at B3LYP/6-311+G* level and the resulting energies were used
for comparison. GAUSSIANO94 package [27] of programs was used /for

all calculations.

3.3 Results and discussions

The results pertaining to closo-carboranes are discussed first. This is fol-

lowed by the discussion of silaboranes. Stability and aromaticity of the
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Table 3.1: Total Energies (hartrees) at B3LYP/6-311+G*, X-X bond length, Wiberg Bond
Index at B3LYP/6-31G*, Relative energies, NICS at GIAO-HF/6-31+G*//B3LYP/6-31G*

level.

Molecule TE XX WBI RE NICS
1,2-CyBjoHi2(1a)  -332.14679 1.625 0.7401 -445.32 -34.53
1,2-C,BgHjo(2a) -281.15416 1.535 0.8618 -335.97 -29.69
2,3-CBioH10(3a) -281.12712 1.668 0.6858 -318.71 -33.47
2,6-CoBioHip(4a) -281.12791 1.689 0.6866 -319.16 -34.15
1,2-C,BsH7(5a) -204.69702 1.642 0.7467 -191.57 -27.66
2,3-C,BsHy(6a) -204.73560 1.464 1.0375 -215.87 -28.05
1,2-CoB4He(7a) -179.26010 1.543 0.8632 -174.35 -34.92
1,2-CoB1oHio (8a) -330.81240 1.356 1.6486 -483.69 -40.58
1,2-C,BgHg(9a) -279.80778 1.327 1.8050 -356.57 -25.82
2,3-C,BgHg(10a) -279.79980 1.481 1.1495 -368.49 -24.75
2,6-CoBgHg(11a) -279.79458 1.329 1.7809 -366.84 -26.52
1,2-C,BsHs(12a)  -203.34109 1.453 1.3960 -241.60 -38.75
2,3-C;BsHs(13a)  -203.43546  1.305 1.8081 -227.31 -36.94
1,2-Cy;B4Hy(14a) -177.87248 1356 1.7599 -198.01 -46.05
1,2-SipB1oH2(1b)  -834.94761 2.316 0.4867 -483.69 -33.82
1,2-SioBgHjp(2b) -783.92692 2.216 0.7499 -356.57 -28.41
2,3-Si,BgH0(3b) -783.94610 2.375 0.3788 -368.49 -29.48
2,6-SioBgHjo(4b) -783.94292 2.348 0.5183 -366.84 -28.83
1,2-Si,BsH(5b)  -707.51535 2.387 0.4788 -241.60 -28.77
2,3-SipBsH;(6b)  -707.49207 2.173 1.0429 -227.31 -26.18
1,2-SioB4Hg(7b)  -682.03591 2.246 0.7427 -198.01 -35.34
1,2-Si;B1oHo(15) -833.65592  2.325 0.6109 -437.20 -34.41
1,2-Si;BgHg(16) -782.67509 2.269 0.3072 -335.51 -21.11
2,3-Si;BgHg(17) -782.65288 2.485 0.3063 -321.38 -20.18
2,6-SioBgHg(18) -782.66130 2.287 0.8114 -326.51 -21.00
1,2-Si,BsH5(19)  -706.24678 2.400 0.4627 -209.66 -44.95
2,3-Si;BsHs(20)  -706.26933  2.338 0.7482 -224.71 -20.33
1,2-Si;B4H4(21) -680.78059 2.364 0.6799 -174.15 -35.57

above systems are compared at the end.

3.3.1 Closo -Dicarbaboranes and dedydrogenocarboranes

Closo-dicarbaboranes (C,B,,H,,+2, n = 4,5,8,10) where carbon atoms oc-

cupy adjacent positions are all known experimentally and several theo-

retical studies are available. [9] Geometry of these polyhedral structures
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Figure 3.1: Schematic drawings of closo-dicarbaboranes la-7a (C,B,H,> and closo-
disilaboranes 1b-7b (Si,B,H,>. The two black spheres indicate the position of the CH or
SiH groups. Relative energies of the isomers are given in parenthesis (kcal/mol) wherever
more than one isomer is considered.
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with carbon atoms in the adjacent positions (1a-7a) and their dehydrogeno
derivatives (8a-14a) are optimized and are found to be minima. The only
dehydrogenoderivative synthesized as a transient species, CoBigHjg (8a)
[8] shows interesting reactivity, comparable to benzyne. The calculated C-
C bond lengths are in tune with the high reactivity of C,BgH1g. The C-C
bond length in 1a of 1.625 A is reduced to 1.356 A in 8a. Wiberg bond
index (1.648) indicates double bonding—WBI for 1a is 0.740. This C-C
bond length is still considerably longer than that calculated for benzyne
(1.245 A). The skeletal requirement of rigid icosahedral borane cage does

not allow further decrease in the C-C distance.

Just as the rigid icosahedral skeleton demands a rather long C-C dis-
tance in 1a, varying C-C distances are demanded by the peculiar structures
in the nonicosahedral analogues. For example, isomers of the ten ver-
tex polyhedra C,BgHg has relatively long C-C distances (e.g., 1.668 Ain
3a and 1.481A in 10a). On the other hand, the structures based on the

pentagonal bipyramid have short distances, (1.464 A in 6a and 1.305A in
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13a). The structural variation can be explained based on the ring-cap or-
bital overlap matching. [28] Four membered rings have poor overlap with
BH caps as the caps have relatively more diffused orbitals. The ring-cap
overlap can be enhanced by stretching the bonds involved in the four mem-
bered rings explaining the longer C-C distances in 3a and 10a. On the other
hand, the five membered ring in Sa, 6a, 12a and 13a are too large in rela-
tion to the caps. The ring-cap overlap can be improved by decreasing the
bond lengths of the five membered rings, leading to short C-C distance of
1.464A in 6a and 1.305A in 13a. Thus C-C distance in C,B,H,,;2 spans
a large range of 1.464 A in 2,3-C,BsH7 (6a), 1.535 A in 1,2-C,BgH;q
(2a), 1.543 A in CyB4Hg (7a), 1.625 A in C,B19H > (1a) and 1.642 A in
1,2-C,BsH7 (5a). This is indeed a large range for structures with similar
polyhedral bonding. Dehydrogenation shifts this range to 1.304 A to 1.481
A.

In contrast to the large number of experimental studies involving C2B9Hjg,
the dehydrogenation of lower vertex dicarbaboranes is not reported so far.
We compare here the stability of 1,2-closo-dicarbaboranes, C,B,H,, 1> (n
=4,5,8 and 10) (1a-7a) and their dehydrogenodervatives using theoretical
methods. -bonding is inherently destabilizing for any system in compar-
ison to o-bonding. The extent of this destabilization of the dehydrogeno-
carboranes in relation to the destabilization of the m-bond in ethylene is

computed using equation 3.1.

C,B,H, 42 + CHy — CoHg + C2B,H, 3.1

where n=4,5,8 and 10.
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Figure 3.2: Dehydrogenocarboranes and the extent of T-bond destabilization from equa-

tion 1(in kcal/mol).
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The reaction energy (AH) for 8a is 59.2 kcal/mol whereas for benzyne
it is 60.1 kcal/mol (Figure 3.1). Among the isomers of ten vertex dehy-
drogenocarboranes, the t-bond in 1,2-C,BgHg (9a) is slightly less stable
than benzyne whereas 2,3- and 2,6-C,BgHg (10a and 11a) have more fa-
vorable t-bond. The external ®-bond in the seven vertex 2,3-C,BsHs(13a)
is more favorable than that in benzyne by 22.4 kcal/mol. This is best ex-
plained by the ring-cap matching. [28] The pentagonalbipyramidal B7H%_
is highly reactive because the BsHs ring is too large to interact optimally
with the BH caps (Scheme 2a). Replacements of two BH groups of the
five membered rings by two CH groups decreases the ring size so that 2,3-
C,BsH7 is considerably more favorable than B7H%_ (Scheme 2b). The or-
bital matching can be even better if the ring size could be further reduced
as 1s possible in the dehydrogeno structure 2,3-C,BsHs (13a). The natural
requirement of a smaller ring size to enhance the ring-cap overlap coin-
cided here with the enhanced C-C m-interactions (Scheme 2). The ®-bond
stabilization in C;B4H4 (14a) is much less, probably due to the decreased

overlap of splayed out exohedral orbitals.

An estimate of the reactivity of dehydrogenocarboranes towards Diels-
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Scheme 3.2

Alder reactions can be made using Frontier Molecular Orbital theory. The
relative reactivity of a diene-dienophile system is reflected in the stabiliza-
tion energy of the transition state which in turn is known to depend on
the interaction of the Highest Occupied Molecular Orbitals (HOMO) and
Lowest Unoccupied Molecular Orbitals (LUMO) of the reacting species.
The smaller the difference in energy between the interacting orbitals, the
higher is the reactivity. For the systems studied here, the relevant orbital
pairs are the HOMO of butadiene and the LUMO of the ene (C,B,H,).
The E(HOMOy,sqdiene-LUMOg,,. ) for all carboranes studied here, is lower
than that for ethylene and benzyne (Figure 3.3). In view of the easy Diels-
Alder reactions of ethylene, benzyne and 8a with butadiene, other dehy-
drogenocarboranes should also show similar reactivity. While the reactiv-
ity with butadiene based on HOMO-LUMO difference puts 2,3-C,BsHs
in the same group as other C,B,H,, systems, the short C-C distance of
1.301A and the largem-mt* energy difference indicate a strong bond. This
should therefore be an example of relatively stable ethyleneic double bond,
still more reactive than benzyne to towards butadiene. Derivatives of 6a is
already known. [11]. Attempts to synthesize 13a equivalent should be re-

warding.
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Figure 3.3: The energy difference between HOMO of butadiene and LUMO of the 8a-
14a, ethylene and benzyne, shown as dark squares. The dark spheres indicate the &t — t*
energy difference for the pi-bond in 8a-14a ethylene and benzyne.
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3.3.2 Closo-o-Disilaboranes and closo-o-dehydrogenodisilaboranes

In contrast to the well-developed chemistry of carboranes, silaboranes are a
novelty. The icosahedral 1,2-S1,B1gH|9oMe;, was synthesized recently. [29]
The calculated structure of 1,2-Si;BjgHj> (1b), compares well with the
salient features of the experimental structure. The topological features of
Si,B,H,, 1, are very similar to those of the corresponding C,B,,H,,4; skele-
tons. However, the inherently longer Si-Si distance, in relation to the C-C
distance, has dramatic energetic and structural consequences. For example,
in 1,2-C,B9H/2 (1a) the standard C-C distance of 1.54 Ais lengthened to
1.625A to accommodate the rigid polyhedral skeleton with average B-B
distance of 1.70A. On the other hand, in Si,B|9H> (1b) the standard Si-Si
distance of 2.34A of Si>Hj is compressed to 2.316A to accommodate the

shorter B-B distance of the polyhedral skeleton.

Replacement of carbon by silicon in closo-boranes substantially changes
the energetics. This is reflected in the relative energies of various isomers
(2b-4b, 5b-6b, Figure 3.2) as well as in other aspects. The relative energies
of the position isomers of closo-disilaboranes, Si,B,H,, 1, are in different
order compared to the corresponding carboranes. The reversal of the iso-
mer stability is better understood by the ring-cap matching rule. [15, 28]
Since valence orbitals of SiH are more diffused compared to those of CH,
SiH prefers to cap large rings. Thus, SiH is better suited to cap five-
membered rings, CH is the better choice while for four-membered ring.
Among the three isomers of eight vertex systems, 1,2 isomer in which SiH
caps a four-membered ring, is higher in energy than the others. In seven-

vertex system, the 2,3-isomer has a SipB3 ring for which even the BH cap
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1s not large enough. Therefore the 1,2-isomer where one of the ring Si

atoms replaced by B is calculated to be lower in energy.

The dehydrogeno structure, SipB1gHig (15) has a shorter Si-Si distance
than SioBigH > (1b) but the decrease is not very large. The icosahedral
skeleton is highly strained to accommodate the long Si-Si distance in 1b.
Any decrease in the Si-Si distance is stabilizing for the icosahedron. The
requirement of the relatively long distances for icosahedral structures is

also seen in the contrasting energetics of the equation 3.2 and 3.3.

H,S1i = SiH; + C,Hg — SioHg + HoC = CHy; — 12.92kca1/m01 (3.2)

C2B1oHi2(1a) + SioB1oH o(8b)+ — C2B1oH 9(8a) + SizxB1gHi2(1b);

26.79kcal /mol (3.3)

The exothermicity of equation 3.2 is attributed among other factors to
the strong C-C m-bonds. However, equation 3.3 is endothermic. A prob-
able explanation for the reversal could be obtained from the structural de-
tails of the icosahedral skeletons. The B-B distance in B12H%2_ 1s 1.800
A. To accommodate this skeletal distance, the C-C bond in 1a is stretched
to 1.625 A. The strain goes up further in 8a (Figure 3.2) because the C-
C double bond is energetically more expensive to stretch. The calculated
distance of 1.356 A in 8a is only marginally longer than that in ethylene

(1.329 A). The structure is distorted considerably from an ideal skeleton.
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Figure 3.4: Si,BioHjo (8b is transition state and 15 is minima). Important orbitals are
shown. Orbitals of trans (V) and monobridged(VI) Si;Hy, trans (VII) and cis-Sio H4(VII).

| yit P
%uf’ A *g;‘ ?‘% 9‘%{ %%%
1|.|"III :

Another source of strain is the pyramidalization of the carbons in 8a. A
contraction, instead of elongation, is in order in 8b; the Si-Si distance de-
creases to 2.228 A. This is still far from the standard icosahedral value of
1.800A in B12H%2_ . Further reduction of strain is achieved in the silicon
system by the introduction of the double bond. In addition, the pyramidal-
ization at Si is less demanding energetically. Thus, the combination of 1a
and 8b is better compared to 8a and 1b. Despite this, 8b is calculated to
be a transition state. Following the imaginary frequency led to an unusual

structure 15 with C; symmetry.

The surface of 15 is kinky. One Si atom has moved out of the icosahe-
dral surface (Si,,;, Figure 3.4) and the other has moved slightly in (Si;,).
The average Si-B bond distance of 2.121 A in 15 has gone to 2.360 A for
the Si,,; and 2.043 A for the Si;,. The Si-Si1 distances and WBI values in
1b (2.316 A. 0.57) and 8b (2.325A, 0.67) are comparable. However, the
Si-S1 bond in 8b is very different from that in 1b. The results indicate that
a good approximation to bonding can be obtained starting with the inter-
action of two sp? hybrid Si groups. In a symmetrical arrangement as in

8b, there is a ¢ orbital and a 7 orbital (I and II, Figure 3.4). In 15 one
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of the Si atoms goes up and the other goes down, resulting in two differ-
ent MO’s. The ¢ MO arises from the interaction of the p orbital on Si,,
with the sp” hybrid on Si;;, (IV). A lone pair formed on Si,,; is the HOMO
(III). There are a few examples in literature where the p-orbital of one Si
accepts electrons from the hybrid orbital of the adjacent Si. The trans and
the monobridged SioH> (V and VI, Figure 3.4) present the closest compar-
ison. Although the environment around Si is very different in SioH;, and
15, the SipH» structures present such an interaction. The Si; unit in 15 can
also be compared to that in SioHy. The trans structure (VII) is calculated
to be more favorable than the cis (VIII) structure; the latter is not even a
stationary point. However, the constraints of the By template force a cis-

arrangement with the unusual bonding pattern (IIT and IV).

Similarly other Si;B,H,, (9b-11b) also distorts to give (16-18). 1,2-
SioBsHs (19) has a pentagonal bipyramidal structure. The Si that is part
of the five membered ring has a lone pair of electrons. Structure 19 com-
pletes the n+1 skeleton electron pair count by accepting formal lone pair
of electrons from the capping Si atom to the skeletal bonding. The 2,3-
Si,BsHs (13b) distorts to a qualitatively different structure (20) and can
be visualized as an octahedron with the silicon capping one of the faces.
Similarly, Si,B4H,4 (21) also distorts to a trigonal bipyramid structure with
silicon capping one face. These structures with reduced cage size (20 and
21) satisfy the (n+1) electron count by accepting two electrons from the
bridging atom. In this respect these structures are equivalent to the BH
bridging structures such as Bi3Hi3 (a BjpHj> with one of the triangular

faces bridged by a BH group) and smaller analogues described earlier. [30]
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Figure 3.5: Structure of Dedhydrogenosilaboranes (Si,B,H,) optimized at the B3LYP/6-
31+G*.

The BH-Si isolobal analogy anticipates this equivalence.

3.3.3 Relative Stabilities and Aromaticity of Carboranes and Silabo-

ranes

Several methods have been used for calculating the stability of borane clus-
ters. [31] In the following equations 3.3-3.6, in which n BH fragments
combine with a heteroatom unit giving X,;B,H,,+>, or X,B,H,, the quan-
tity, heat of reaction divided by n (AH/n), is taken as the relative stability
of the cluster with n+2 vertex where n=4,5,8 and 10. BH;,. is the dif-
ference energy between B3Hs (C,, planar) and BoHy(ethylene-like, Dyy).
The species used for calculating BHj;,. is chosen such that hyperconguja-
tion or delocalization is avoided.

The extend of exothermicity of the equations (3.3-3.6) is a measure of
the relative stability of the cluster formed. It is evident form Figure 3.6
that six and twelve vertex clusters are most stable for the carboranes and
silaboranes while for dehydrospecies, 7 vertex structure stands out. The

2,3-SipBsH;s (20) is actually an octahedron with one Si capped to a face
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Table 3.2: Relative energy of formation of the carboranes, silaboranes and their dehy-
drogenoderivaties from the BH units obtained by dividing the reaction energies (equation
3.3-3.6) by n, where n+2 is corresponds to the number of vertexes.
Equation eq.# 10 8 5 4
CH; + nBH;, — C;B,H,+2  3.4) -51.4(1a) -49.5(2a) -49.2(5a) -52.0(7a)
49.03a)  -61.1 (6a)
48.4(4a)
SioHz + nBHjpe — SiaB,Hp42  (3.5) -48.4(1b) -44.6(2b) -48.3(5b)  -49.5(7b)
-46.1(3b) -45.4(6b)
-45.9(4b)
C, + nBH;,. =+ C2B,H, (3.6) -44.5(8a) -41.99a) -38.3(12a) -43.5(14a)
39.8(10a) -43.1 (13a)
-39.9(11a)
Si + nBH;, — Si,B,H, 3.7y -43.7(15) -41.9(16) -41.9(19) -43.5(21)
402(17)  -44.9 (20)
-40.8(18)

and is represented at n=6 in the Figure 3.6. The stabilization energy of 19
is used at n=7. Similarly 1,2-Si,B4H, (21) is a pentagonal bipyramid with
an Si capping to one of the faces. It should be noted that though cross com-
parison among, carboranes, silaboranes and its dehydrogeno derivatives, is
not possible based on equation 3.3-3.6 since the heteroatom fragments are
not isoelectronic, i.e., C> and C>Hj, or Si» and Si;Hj, the exothermicity of
2,3-C,BsH7 (6a) is clearly seen.

The aromatic character of the species considered here can be estimated
from the magnitudes of Nucleus Independent Chemical Shift (NICS). Ab-
solute chemical shieldings (with the sign reversed) calculated at the cage
center of the molecule indicates the ring current; positive values indicate
antiaromatic and negative values aromatic nature. All the compounds have
large, negative NICS values. This reflects that multiple bonds on carbo-
rane or silaborane surfaces, or reduction from higher vertex to lower vertex
systems has very little effect on the three-dimensional aromatic nature of

boranes in general. The plots of NICS values (Figure 3.7) show that the
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Figure 3.6: Plots of relative stabilities (kcal/mol) of most stable position isomers of
C,B,Hpi2, C2B,H,, SiuB,H, 4> and SiB,H,, using the equations 3.3-3.6 (relative en-
ergy values divided by n).

Relative Stability (kcal/mol)

No. of Vertexes
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Figure 3.7: Plots of NICS (ppm) of most stable position isomers of C,B,H;;>, CoB,H,,
SianH,H_z and SianHn

NICS, ppm
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magnetic criterion of aromaticity is affected more by the symmetry of the
cage. The delocalization is more for the most symmetrical cages. Six ver-
tex octahedral and twelve vertex icosahedral compounds of all these four
family of compounds are more aromatic than the others. The dehydrogen-
odisilaboranes brings in an additional complication. The 6-vertex Si,B4Hy
has a pentagonal bipyramidal structure, 21, with an Si bridging a face and
is represented as a five vertex structure in Figure 3.5. Similarly the more
favorable 2,3-Si,B5Hj5 structure is based on the octahedron (20). Thus the
relative energies are strictly plotted according to the shapes in Figure 3.5.
The general reactivity and stability follow the same trends as found for

aromaticity.

3.4 Conclusions

Structural details of individual polyhedra determine the ease of dehydro-
genation of carboranes and silaboranes. The effect of dehydrogenation is
different in o-carboranes and o-silaboranes. Carboranes gives a double
bonded system while Silaborane gives face-bridged system. Stability con-
siderations show that double bonded dehydrogenocarboranes other than
the experimentally found one (1,2-C,B9Hj¢), are synthetic possibility and
Frontier Molecular Orbital Energy considerations show that they could be
more reactive. Dehydrogeno silaborane, on the other hand, adopts a differ-
ent structure in which one Si atom 1is off the cluster surface. In six vertex
and seven vertex clusters, one of the Si atoms moves out and bridge to the
triangular face of the skeleton, which is a polyhedra with vertex size re-

duced by one. Relative stabilities of carboranes and silaboranes show that
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the more symmetrical structures are more stable. The dehydrogeno species
follow the same pattern of relative stability except for the seven vertex sys-
tems. NICS calculations show that aromaticity also follow the trends in
stability, that is, the most symmetrical structures are more aromatic. The
multiple bonding in the surface and the reduction of the cage do not af-
fect aromaticity, which in turn shows that bonding inside the cage is least

affected by the transformation on the surface.
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Chapter 4

Theoretical Study on the Double
Insertion of Acetylene to the Nickel

Complexes of Benzyne and Carborynes.

4.1 Introduction

Carboranes stand out among the polyhedral boranes as stable, neutral, aro-
matic compounds. [1] Many carborane derivatives have become impor-
tant reagents in many different applications. Derivatives of carboranes,
which can act as carriers of '“B selectively to tumor cells, have found ap-
plication in the Boron Neutron Capture Therapy (BNCT) of cancer. [2]
Macromolecules such as camouflaged carboranes, [4] carborods, [4] den-
drimers, [5] find applications in many areas. Fine tuning of the carborane’s
functionality requires newer methods of synthesis and functionalization of
carborane derivatives. An approach in this context is to compare and adopt
the reactions of the two dimensionally aromatic systems, benzene and ben-
zyne. Carborynes (dehydrogenocarboranes) are shown to behave similar to

benzynes in cycloaddition reactions. [6,7]
95
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Reactions of benzynes can be modified by coordination with metals.
Benzynes form complexes with, early and late transition metals. Benzyne
metal complexes undergo reductive coupling with various species such as,
alkene, alkyne, CO. [8,9] Among the various insertion reaction of ben-
zyne metal complexes, the double insertion of substituted acetylenes to the
benzyne nickel complex is particularly interesting, as it gives substituted
naphthalenes as the final product. As the formation of naphthalenes and
benzocarboranes through the pericyclic pathway is known, it would be in-
teresting to study their formation in the catalytic way.

Ni(nz—C6H4)L2 (2L=dcpe, 2P-i-Pr3, 2PEt3) has been made by reduction
of the corresponding (2-bromophenyl)nickel(II) chloro complexes with 0.5-
1.0 % sodium amalgam. Ni(n?-CgH4)L, inserts successively 2 equiv. of
alkynes to give substituted naphthalenes, after reductive elimination of the
Ni(PEt;), moiety, with fair to good regioselectivity. [10] The similarity of

RCCR NiL

/ R 2
©| RCCR o \ + NiL
TNk - NiL. - ?
2 \
RCCR | /
NiL,
Scheme 4.1

benzyne with carboryne prompts us to compare the metal complexes of
benzyne with carborynes. A study of the stability and reactivity of metal
complexes of carborynes is important in this regard.

Here we present a computational study of the double insertion of acety-
lene to carboryne-nickel complex with a proposed reaction mechanism,

comparing the energetics of the reaction in each step with experimentally
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known reaction of benzyne. Carborynes considered here are C,B1oH;g and
C;,BsHs. The selection was based on the theoretical study which showed
that they are the best among the carborynes with vertex sizes 6,7,10 and
12. [12] Phosphines are used as the ligands instead of the experimental

ligands to reduce the computational cost.

4.2 Methods

All structures were optimized at B3LYP/LANL2DZ [6, 8, 24]using Gaus-
sian 03 program package [9] at Maui High Performance Computing Cen-
ter. In view of the large number of structures involved we selected this
method which is economical and reproduces the trends well. [27] Total
energies are corrected with Zero-Point vibrational Energy. The stationary
points were characterized as minima or transition state using the vibra-
tional frequency analyzes. The stationary points in the reaction are labeled
with the numbers 1-15 appended with the letters represent the "ynes’ (ben-
zyne or carboryne): a for acetylene; b for benzyne; ¢ for C,BgH o and
d for C,BsHs. For example, 1b represent (benzyne)(bisphosphine)nickel
complex. Total energy, Zero-poing energy and number of imaginary fre-

quencies are given in Tables 4.1-4.4

4.3 Results and Discussions

The discussion is organized in the following lines. The geometry of the
metal phosphine complexes of acetylene, benzyne and carborynes are dis-

cussed in relation to the experimentally found benzyne nickel complexes.
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Table 4.1: Total Energy (T.E., au), Zero-point Vibrational Energy (Z.P.E, kcal/mol)
and Number of imaginary frequecies for the structures 1la-16a) calculated at
B3LYP/LANL2DZ level.

Molecule  T.E.(au)  Z.PE. (kcal/mol) T.E.+Z.P.E. (au) NImag

la -263.21732 51.12 -263.13585 0

2a -340.52922 67.49 -340.42167 0

3a -332.26885 53.00 -332.18439 0

4a -254.91463 34.22 -254.86010 0

Sa -332.24489 54.83 -332.15752 0

6a -332.29507 55.84 -332.20609 0

Ta -340.59201 73.00 -340.47568 0

8a -409.63083 74.00 -409.51290 0

9a -409.71237 77.31 -409.58918 0
10a -409.63083 74.00 -409.51290 0
11a -409.71237 77.31 -409.58918 0
12a -417.90786 90.49 -417.76367 0
13a -418.07586 95.78 -417.92323 0
14a -417.90787 90.49 -417.76366 0
15a -418.07586 95.78 -417.92323 0
16a -232.21333 63.55 -232.11205 0
TSa3-5  -332.24302 53.93 -332.15707 1
TSa8-9  -409.62288 74.92 -409.50349 1
TSalO-11 -409.62288 74.92 -409.50349 1
TSal2-13 -417.89795 90.86 -417.75316 1
TSal4-15 -417.89795 90.86 -417.75316 1

The bonding energy and relative stability of these compounds are presented
next. This is followed by the details of the reaction mechanism of the dou-

ble insertion of acetylenes.

Scheme 4.2

Important geometric parameters of the benzyne and carboryne com-
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Table 4.2: Total Energy (T.E., au), Zero-point Vibrational Energy (Z.P.E, kcal/mol)
and Number of imaginary frequecies for the structures 1b-16b) calculated at
B3LYP/LANL2DZ level

Molecule  T.E. (au) Z.PE.(kcal/mol) T.E.+Z.PE. (au) NImag

1b -416.83235 82.28 -416.70123 0

2b -494.14090 83.70 -494.00752 0

3b -485.87742 84.15 -485.74332 0

4b -408.52588 65.41 -408.42164 0

5b -485.88559 85.93 -485.74865 0

6b -485.93982 86.48 -485.80201 0

7b -494.23383 103.63 -494.06869 0

8b -563.27375 104.64 -563.10699 0

9 -563.34035 107.37 -563.16925 0
10b -563.27415 104.65 -563.10738 0
11b -563.34152 107.84 -563.16967 0
12b -571.54687 120.78 -571.35439 0
13b -571.62118 125.67 -571.42090 0
14b -571.54865 120.68 -571.35632 0
15b -571.62376 125.61 -571.42359 0
16b -385.83316 93.43 -385.68426 0
TSb3-5  -485.87114 84.51 -485.73647 1
TSb8-9  -563.26487 104.71 -563.09800 1
TSb10-11 -563.26139 105.40 -563.09343 1
TSb12-13  -571.53393 121.15 -571.34086 1
TSb14-15 -571.53182 121.11 -571.33882 1

plexes are given in Scheme 2. (CgHy4)Ni(PH3); used as the model com-
pound, is compared with X-ray structure of (CgHy)Ni(dcpe). Calculated
and experimental values of bond lengths are: C-C=1.358 A,1.331 A; Ni-
C=1.897 A; 1.870 A; Ni-P=2.278 A, 2.153 A. Considering that the lig-
ands used in the calculation are simplified form of the actual ligands, the
geometric parameters are in reasonable agreement with the experimental
values. The C-C bond length in benzyne and carborynes are elongated on
complexation. The C1-C2 bond length in free benzyne is 1.266A which
is stretched to 1.358A. Similarly, in (C2B1oH19)Ni complex, C-C bond
length is 1.556 A which is longer compared to that in C,B1gHjg, 1.368
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Table 4.3: Total Energy (T.E., au), Zero-point Vibrational Energy (Z.P.E, kcal/mol)
and Number of imaginary frequecies for the structures 1c¢-16¢) calculated at
B3LYP/LANL2DZ level.

Molecule T.E. (au) Z.PE. (kcal/mol) T.E.+Z.PE.(au) NImag

Ic -516.59588 128.17 -516.39163 0

3c -585.63573 129.73 -585.42899 0

4c -508.28177 111.04 -508.10482 0

5¢ -585.65276 131.21 -585.44366 0

6¢ -585.70395 132.74 -585.49242 0

Tc -594.00605 150.01 -593.76700 0

8c -663.04277 151.06 -662.80204 0

9¢ -663.08583 153.39 -662.84140 0
10c -663.04154 150.95 -662.80100 0
I1c -663.09896 153.85 -662.85379 0
12¢ -671.31702 167.10 -671.05073 0
13c -671.38139 171.34 -671.10834 0
l4c -671.31758 166.54 -671.05218 0
15¢ -671.38450 170.18 -671.11330 0
16¢ -485.54283 138.77 -485.32168 0
TSc3-5  -585.62802 130.01 -585.42083 1
TSc8-9  -663.03169 151.54 -662.79019 1
TSc10-11 -663.00516 151.33 -662.76400 1
TScl12-13 -671.30054 167.44 -671.03371 1
TScl14-15 -671.27791 167.67 -671.01072 1

A. The C-C bond length in C,BsHjs is elongated from 1.327 Ato 1.448 A
on complexation. The corresponding distances in acetylene and its com-
plex are 1.222 and 1.297 A. The increase in bond length are 0.092, 0.188,
0.121 and 0.075 A for benzyne, C>,B1oH|9, CoBsHs and acetylene. The
larger increase in carboryne compared to that of acetylene and benzyne are
due to the release of strain. C-C bond in carborynes are highly strained
because they are stretched from the normal C=C distance to accommodate
the skeletal requirement. In C,B19Hjg, C-C bond length is 1.556 A, com-
pared to the regular icosahedral dodecacarborane vertex size 1.787 A and

the C=C bond in benzyne, 1.347 A. On complexation C-C bond length
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Table 4.4: Total Energy (T.E., au), Zero-point Vibrational Energy (Z.P.E, kcal/mol)
and Number of imaginary frequecies for the structures 1la-16a) calculated at
B3LYP/LANL2DZ level.

Molecule  T.E. (au) Z.PE. (kcal/mol) T.E.+Z.PE.(au) NImag

1d -389.26963 82.12 -389.13876 0

2d -466.58043 98.96 -466.42272 0

3d -458.31359 83.97 -458.17978 0
4d -380.96029 65.20 -380.85639 0
5d -458.31128 85.41 -458.17517 0

6d -458.36833 86.31 -458.23079 0

7d -466.66634 103.60 -466.50124 0

8d -535.70327 104.52 -535.53671 0

9d -535.75493 106.90 -535.58457 0
10d -535.70146 104.37 -535.53513 0
11d -535.76757 107.58 -535.59614 0
12d -543.97816 120.76 -543.78572 0
13d -544.05598 124.53 -543.85753 0
14d -543.97439 120.14 -543.78294 0
15d -544.04960 123.79 -543.85234 0
16d -358.22589 92.46 -358.07855 0
TSd3-5  -458.30105 84.22 -458.16683 1
TSd8-9  -535.69496 104.97 -535.52768 1
TSd10-11 -535.67458 105.18 -535.50696 1
TSd12-13  -543.96131 121.06 -543.76840 1
TSd14-15 -543.94454 120.81 -543.75203 1

increases by 0.188 A which reduces the strain of the cage. The strain re-
lease is less in C,BsH5 because pentagonal bipyramid with BH caps would

prefer smaller rings and thus increase on complexation is 0.121 A.[12]

1t-bonds in alkene and alkyne coordinates with metals. Both the worbitals
in acetylene can form bonds with metals, compared to one in ethylene.
Deviation from linearity helps in increasing the overlap of the in-plane or-
bitals with the metal orbitals. The bent C-C-C bond in benzynes, forced
by the geometry of the six membered ring, helps in better overlap with the
metal. Similar should be the case with carborynes. Among the carborynes,

heptacarboryne has more splayed out orbitals. These trends can be qual-
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itatively tested with the geometric parameters, and with the complexation
energies of ML, fragments with alkynes or carborynes. The stronger the
interaction, the more it behaves like metallacycle.

The relative stability of the complexes of carborynes compared to that of
acetylenes and benzynes are calculated using the equations 4.1-4.3. These
equations show that all the three compounds make better complexes than
acetylene, the relative stability being C,B9H9> benzyne > C,BsHs. To
a large extend, the instability of the -yne is reflected in these isodesmic

equations.

CoHy + (C6H4)Ni(PH3)2 — (Csz)Ni(PH3)2 +CgHy; AG =35.72 (4.1)

CoHy +(C2B1oH10)Ni(PH3), — (CoH2)Ni(PH3), +C2B1oH10;AG = 45.43
4.2)

CoH; + (C2BsHs)Ni(PH33), — (CoH,)Ni(PH3), + C2BsHs; AG = 34.32
(4.3)

The relative preference between the carboranes for complexation is esti-

mated using the following reactions.

(C2B10H10)Ni(PH3),+C,BsHs — (C2BsHs)Ni(PH3), +C2B1oHi0;AG=11.1
4.4)

Another comparison of relative stability can be obtained as the complexa-

tion energy of benzynes and carborynes with NilL, fragment. The energy

released on the formation of the corresponding metal complex from two
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fragments as is calculated from the following equation (equation 4.5).

Ni(PH3)2 + X — Ni(PH3)2(X) 4.5)

where X=acetylene, benzyne, C,BgH9, CoBsHs. The complexation en-
ergy of benzyne is 60.38 kcal/mol. Complexation energies are 70.09 kcal/mol
for CoB1oH |0 and 58.99 kcal/mol for C,BsHs and 24.66 for acetylene. The
low value calculated for acetylene is a consequence of the geometric dis-
tortion required in the complex from a linear geometry. The benzynes and

the carborynes are already in a geometry appropriate for complexation.

4.3.1 Acetylene insertion to (CqH4)Ni(PH3),(1b)

The sequential insertion of two acetylene molecules to the benzyne com-
plex is analyzed next. The proposed reaction mechanism is shown in Fig-
ure 4.1. Insertion of acetylene to benzyne nickel complex can be associa-
tive or dissociative. In the associative pathway acetylene coordinates with
the benzyne-nickel complex. Release of PH3 from this geometry gives
(benzyne)(acetylene)nickel complex. In the dissociative way the release of
PH3 occurs first providing a vacant site, followed by the addition of acety-
lene. Insertion of acetylene to Ni-C bond occurs with the rearrangement of
(benzyne)(acetylene)nickel complex to give the five membered nickelacy-
cle.

Experiments to study the regioselectivity of the insertion of unsymmet-
rical acetylenes to 1b showed that the first insertion occurs under steric
control and forms a nickelaindane in which the substituted carbon atom is

bound to nickel, and second insertion occurs in the nickel-vinyl bond of



104 4. Double Insertion of Acetylene to Nickel Complexes...

Figure 4.1: Insertion of acetylene to benzyne nickel complex
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this species, not nickel-aryl bond, also under steric control. [11]

First stationary point in the associative pathway is (acetylene)(benzyne)-
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Figure 4.2: Reaction profile for the insertion of acetylene to benzyne nickel complex (1b)
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bis(phosphine) nickel (2b). This process is calculated to be endothermic
by 4.37 kcal/mol. Release of PH3 from 2b to give 3b is exothermic by
4.12 kcal/mol. In the dissociative pathway the release of PH3 to give 4b
occurs first. This step is endothermic 9.25 kcal/mol. The next step is the
exothermic addition of acetylene to 4b giving 3b with the release of en-
ergy 9.00 kcal/mol. Comparison of energetics involved in the associative
and dissociative paths shows that, associative substitution is more favor-
able. The substitution of PH3 in 1b by acetylene to form 3b, is exothermic
(0.25 kcal/mol). The complex, 3b, rearranges to Sb. Acetylene in 3b is
inserted to the benzyne triple bond through a transition state TSb3_5 with
an activation energy 5.18 kcal/mol. Sb is an intermediate structure where

four carbon atoms are coordinated to the Ni in n*-fashion. 5b rearranges to
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the nickelacycle, 6b. Association of one more PH3 gives 7b with exother-

micity 1.88 kcal/mol.

In the case of second insertion of acetylene to the nickelacycle there
are two bonds to which acetylene can be inserted: Ni-vinyl and Ni-aryl.
For each of this, there are associative and dissociative pathways. In the
dissociative pathway, acetylene coordinates to the two possible sites of 6b
to give 8b and 10b. In 8b, acetylene is nearer to the vinyl group, whereas
in 10b acetylene is nearer to the aryl group. 8b lead to 9b through the
transition state, TSg_ o with an activation energy of 6.47 kcal/mol; 10b
lead to 11b through the transition state, TS19—11, with an activation en-
ergy of 10.54 kcal/mol. Th structure 9b is lower in energy than 11b by
0.25 kcal/mol. 9b and 11b coordinates with a molecule of PH3; to form
the nickelacycles 13b and 15b respectively with endothermicity 12.13 and
9.42 kcal/mol.

First step in the associative path is the association of acetylene to 7b.
Acetylene can be coordinated to the site nearer to the benzene ring or far-
ther. The former (14b) is more stable than the latter (12b) by 1.21 kcal/mol.
The insertion of acetylene in 14b to Ni-aryl bond leads to 15b, through
TS14_15 with an activation energy of 12.0 kcal/mol. Similarly, acetylene
in 12b inserts to the Ni-vinyl bond to form 13b through the transition state,

TS12-13, with the activation energy of 9.07 kcal/mol.

Reductive elimination of Ni(PH;), from the nickelacycles 13b an 15b

gives naphthalene.
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Figure 4.3: Reaction profile for the dissociative insertion of acetylene to 6b
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4.3.2 Acetylene insertion to C,BgH;p and C,BsH5 nickel bisphos-
phine

We considered the same mechanism as benzyne for the carborynes. The
coordination of PH3 to 1d to form 2d is endothermic by 12.40 kcal/mol,
whereas The complex 2c¢ is not a local minima at this level. The steric
crowding of C,B|gHj¢p makes the unfavorable situation around Ni. The
endothermicity of the formation of 2d is 8.03 kcal/mol higher than that
of 2b. In the dissociative pathway, the release of PH3 is endothermic with
13.94 and 11.21 kcal/mol from 1¢ and 1d respectively compared to 9.25 for
1b. The resulting complexes 4¢ and 4d are then coordinated with acetylene

to form 3¢ and 3d respectively which are exothermic steps with energy
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Figure 4.4: Reaction profile for the associative insertion of acetylene to 7b

5714

-571.45

Energy (hartrees)

-571.5

1 1 1 | 1 1 1 if3
Reaction Profile

11.05 and 10.23 kcal/mol. The overall reaction, the substitution of PH3
by acetylene is endothermic (2.89 and 0.98 kcal/mol). 3c¢,d has acetylene
and carboryne coordinated to Ni in n?-fashion in addition to the phosphine
ligand. The five membered nickelacycle is formed by the insertion of the
acetylene to the C-Ni bond of 3¢,d. The transition states for this conversion
is calculated (TS(c,d)3—5) and activation barriers are computed as 6.23
kcal/mol for 3¢ to Sc and 8.74 kcal/mol for 3d to Sd. The complexes
Sc¢,d with n4—coordinati0n, rearranges to 6¢,d. The addition of one more
phosphine gives the nickelacycles 7¢,d.

The coordination of acetylene to the nickelacycles 7¢,d is the first step
in the associative insertion reaction. Among the possible coordination

sites, one 1s cis to the Ni-vinyl bond and the other cis to the Ni-aryl bond.
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Figure 4.5: Reaction profile for the insertion of acetylene to (C;oB19oH9)Ni
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The former structure 12¢ is less stable than the latter 14c. On the other
hand, 12d and 14d are nearly isoenergetic. The activation energy for the
insertion to the Ni-aryl bond is very high, 30.25 kcal/mol for 14¢ and 21.50
kcal/mol for 14d, compared to the barrier for insertion to the Ni-vinyl
bond, 11.75 and 11.33 kcal/mol respectively for 12¢ and 12d. Insertion
to the Ni-vinyl bond gives the nickelacycle 13c¢,d and to the Ni-aryl bond
gives 15¢,d.

The substitution of phosphine by acetylene of 7¢,d for the dissociative
insertion pathway is endothermic by 4.24 kcal/mol for 7¢ to 8¢ and 3.38
kcal/mol for 7¢ to 8d. The acetylene in 8c,d is cis to the Ni-vinyl bond.
The isomer, 10¢,d, also have similar reaction energies for the substitution

of phosphine trans to the Ni-vinyl bond by acetylene; 4.41 kcal/mol for
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Figure 4.6: Reaction profile for the insertion of acetylene to (C,BsHs)Ni complex
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Figure 4.7: Reaction profile for the associative insertion of acetylene to 7c
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Figure 4.8: Reaction profile for the associative insertion of acetylene to 7d
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Figure 4.9: Reaction profile for the dissociative insertion of acetylene to 6¢
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Figure 4.10: Reaction profile for the dissociative insertion of acetylene to 6d
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10c¢ and 3.80 kcal/mol for 10d. The acetylene in 8c,d insert to the Ni-vinyl
bond through the transition state TSc,dg_g¢ with the activation energies
8.46 and 7.09 kcal/mol. The insertion to the Ni-aryl bond in 10c,d has
much higher activation energy 24.41, 19.77 kcal/mol.
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Table 4.5: Free energy of reaction (AG, kcal/mol) for the steps shown in Figure 4.1 cal-
culated at B3LYP/LANL2DZ.

Step a b c d
1+CoHy—2 11.14 437 - 12.40
2—3+PH; | -14.62 -4.12 - -11.42

1—4+PH; 8.15 9.25 1394 11.21
4+CoHp—3 | -11.63 -9.00 -11.05 -10.23
1+CH,—3+PH;3 -3.48 0.25 2.89 0.98
3—TS3-5 16.91 5.18 6.23 8.74
3—=5 17.17  -3.18 -8.58 3.32

5—=+6| -29.71 -32.77 -29.76 -34.92
6+PH3—7 -3.26  -1.88 -6.70 -3.70
1+CoHp—7 | -19.29 -37.58 -42.16 -34.32
6+CoHy—8 -1.07 0.19 -246 -0.32
8—TS8-9 7.27 6.47 8.46 7.09
8—=9 | -4825 -39.26 -24.10 -29.42
6+CoH,—10 -1.07  -0.37 -2.30 0.10
10—TS10-11 7.27 1054 2441 19.77
10—11 | -48.25 -38.70 -24.27 -29.83
T+CoHy—12 10.88 12.47 13.34 13.24
12—TS12-13 7.17 9.07 11.75 11.33
12—13 | -100.21 -37.53 -34.40 -43.96
7+CoHy— 14 10.89 11.19 9.32 13.25
14—TS14-15 7.17  12.00 30.25 21.50
14— 15 | -100.22 -39.20 -34.12 -41.50
9+PH3—13 | -43.28 12.13 -1.20 -4.68
11+PH3—15 | -43.28 9.18 -495 -221
7+CoHy—13 | -89.33 -25.06 -21.06 -30.72
7+CoHp—15 | -89.33 -28.01 -24.81 -28.24
13—16 1.53 -49.34 -16.18 -20.76
15—16 1.53 -46.39 -12.43 -23.23
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4.4 Conclusion

The coordination of acetylene to 1a,b,d is endothermic with lowest value
for 1b. (Table 4.5) The dissociation of PHj3is also endothermic for a-d.
For 1a,d associative pathway for the substition of PH3; by acetyelene is
the lowest energy pathway whereas for 1b dissociative pathway is more
favorable. The activation energy for the insertion step is 5.18 kcal/mol
for 3b. 3a,c and 3d has higher activation barriers, 16.91, 6.23 and 8.74
kcal/mol respectively. The activation energy for the insertion to the vinyl
C-C bond in the second insertion step is more favorable than to the aryl C-
C bond. Similarly for the dissociative pathway also insertion to the vinyl
bond is more favorable than to the aryl bond. The dissociative insertion is

more favorable than the associative insertion.
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Chapter 5

Transition Metal Catalyzed Activation

of B-C-H Bond

5.1 Introduction

Many useful chemicals are derivatives of saturated hydrocarbons. Since
alkanes are the main constituent of petroleum and natural gas, efficient re-
actions which convert alkanes into desired products are highly sought after.
However the CH bond is well-known for its inertness under normal reac-
tion conditions, and under drastic conditions, reactions are uncontrollable.
Thus selectively activating the CH bonds is necessary for the synthesis of
the hydrocarbon derivatives. In many such high barrier reactions, catalysis
by transition metals are helpful. In the activation of CH bonds transition
metal catalysis is found to be especially effective. Binding a transition

metal to the CH bond is found to leverage its breaking. [1]

The formation of the agostic complex is first step in the CH bond acti-
vation reactions. Agostic interaction, a term first introduced by Brookhart

and QGreen, 1s described as an attractive interaction between metal atom and
119
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the CH fragment of an appended ligand. [2] The term agostic is “used to
discuss the various manifestations of covalent interactions between carbon-
hydrogen groups and transition metal centers in organometallic compounds,
in which a hydrogen atom is covalently bonded simultaneously to both a
carbon and to a transition metal atom”. All the CH activation reactions
proceed from the initially formed agostic complex in various directions
leading to the different products.

Among the vast variety of reactions involving agostic complexes, the
B-hydride elimination reaction is chosen for the current study. Activation
of B-C-H bond is unique because addition does not involve a formal oxida-
tion at the metal since the product is an ethylene-hydride complex; there is

only an increase of 2 in the electron count around the metal. This is a com-
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Scheme 5.1

mon intermediate step in many important processes. This step involves the
transformation of metal ethyl complex to -agostic complex which go on
to form an ethylene hydride complex, from which many other process can
continue. For example, in the polymerization reaction, agostic complex is
the resting state, from where propagation, termination or hydride exchange
can occur.

Even though the agostic complexes are widely talked about, there are

very few experimentally characterized structures. -agostic complexes re-

ported in CCSD are: TiCls(dmpe), [3] CoCp* (PPh;), [4] C19Hp50s™ (m°-
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Mesitylene)—(2,3,5—n4—3a,4,6,7,7a-pentahydro—4,7—methan0—1H-inden-5— yl)-
osmium(ii) hexafluorophosphate), [5] (norbornyl)PtL, [10] Ni T (dmpe). [11]
Though not large in number, the available examples point to the occurrence
of B-agostic interactions across the periodic table. The energy of a C-H
bond at the B-position is not expected to vary considerably with changes in
other parts of the molecule. On the other hand metals across the periodic
table (for example with metals from Ti-Ni with Valance State Ionization
Potentials (eV) for the d-orbitals: Ti=-10.81, V=-11.00, Cr=-11.22, Mn=
-12.53, Fe=-12.70, Co= -13.18, Ni= -13.40) are involved in the agostic in-
teraction and 3-CH bond activation. The differing ligand combinations on
different metals must lead to appropriate frontier orbitals that stabilize the
agostic interactions. Our objective is to study the agostic complexes across
the first row transition metals and to decipher the ways in which ligands
enable every metal to support agostic interactions. As the experimental
structures are not available for all of them, we have tried some preliminary
calculations to find the agostic structures, which also lead to structures
for the metal ethyl complex and metal ethylene hydride complex. With
these model compounds, we have studied the CH addition step. The model
structures are neutral or cationic metal complexes, with a combination of
phosphine and cyclopentadienyl ligands which gives a VE count of 12 for
early and 16 for late TM’s. Among the many possible combinations of
ligands, we have chosen the ones which gave local minima for all the three

species involved in the step.
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5.2 Methods

The molecules considered are, TiCpEt(PH3),, V' CpEt(PH3),, Cr*Cp,Et,
MnEt(PHz3)4, Fe"Et(PH3)4, Co"CpEt(PH3), NiCpEt. We use the follow-
ing labels for the structures: M5 for the metal ethyl complex with a co-
ordinated solvent (PH3); M 7,4, for the metal fragment without the solvent
molecule; M, for non-agostic metal ethyl complex; M, for the agostic
intermediate; and M., for metal ethylene hydride complex. All geometries
are optimized and characterized by frequency analysis at B3LYP/LANL2DZ
[6-8] level using Gaussian 03 program package. [9] Total Energies and
Relative energies of the optimized geometries are given in Table 5.1 and

the geometric parameters are given in Table 5.2.

5.3 Results and discussions

The formation of agostic complex in B-elimination reaction is preceded by
the detaching of a solvent molecule or a labile ligand attached to the metal.
(Scheme 5.1, Step I) The stability of agostic structure is decided by factors
such as the electrophilicity around the metal center, spatial orientation of
the ligands, electron density of the CH bond etc. In this study the metals
and the ligand combinations are varied in order to stabilize the agostic com-
plex. Agostic complexes can go on to form the metal(ethylene)(hydride)
complex under favorable conditions. (Scheme 5.1, Step II) The reaction

profile is shown in the Figure 5.1.
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Table 5.1: Total energy (in au), Zero point energy (ZPE, in kcal/mol) Total Energy with
Zero Point correction (in au) and Relative Energy (RE, in kcal/mol) at B3LYP level using

6-31G* basis.

Molecule TE. ZPE. TE+ZPE. R.E.
Tis -355.58967 141.52 -355.36414 -
Ti,; -347.33754 12424 -347.13955 0.44
Ti,e -347.33825 12490 -347.13921  0.00
Ti,, -347.32536 123.07 -347.12923  8.09
Vs -368.62585 143.68 -368.39688 -
V., -360.36134 126.00 -360.16055 7.75
Ve -360.37369 127.10 -360.17114  0.00
V., -360.33648 125.55 -360.13641 23.35
Cr,s -560.50816 165.37 -560.24462 -
Cr,, -552.19775 148.19 -551.96159 18.55
Crqe -552.22731 148.52 -551.99064  0.00
Cr,, -552.21002 146.74 -551.97617 10.85
Mn,;s -224.44479 123.67 -224.24770 -
Mn,, -216.15559 105.87 -215.98688 5.16
Mn,, -216.16382 106.36 -215.99433  0.00
Mn,;, -216.16141 105.60 -215.99312 1.51
Fe.s -243.82108 125.53 -243.62104 -
Fe.; -235.52144 107.82 -235.34962 9.09
Fe,, -235.53592 108.37 -235.36323  0.00
Fe., -235.52312 107.15 -235.35237 8.03
Coys -434.11580 128.65 -433.91078 -
Co,; -425.79714 110.28 -425.62139 10.50
Coue -425.81387 11099 -425.63700  0.00
Co,, -425.79957 109.49 -425.62508  8.98
Nigs -450.27669 109.60 -450.10204 -
Ni,; -441.96714 92.12 -441.82033 7.92
Nig, -441.97977 9234 -441.83261  0.00
Ni., -441.97272 90.71 -441.82817 4.42

5.3.1 Dissociation of solvent

The dissociation of the solvent, i.e., M¢g — Myqe + S, is endothermic

for all the metal complexes, because the removal of the solvent leaves a

coordinatively unsaturated species, M r,,,. The optimization of the M ¢4,

species lead to M,;. The formation of M, is endothermic for all the metals,

except for Ti and V. The close examination of the structures Ti,; and V;
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Figure 5.1: Reaction profile for the reaction Myg — My +S — My +S — Mg, + S
calculated at B3ALYP/LANL2DZ.
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shows that their o-CH is involved in an agostic interaction with the metals
which is characterized by the C-H bond length and MCH bond angle. One
of the a-CH distance, in Ti,; (1.114 A) is longer than the other, 1.101 A.
The MCH angle is small 97.97°for agostic CH than the other, 122.63°. V,
1s more stable by 3.98 kcal/mol than V,; even though there are two a-CH
interactions in the V,;. This is seen in the Cy-H distance of 1.125A and
MCyH bond angle of 83.5°. (Table 5.2) The geometry of Ti,; and V,; is

shown in the Figure 5.2.
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Table 5.2: Selected geometric parameters of the structures optimized at
B3LYP/LLANL2DZ
Bond(A) compound Ti A" Cr Mn Fe Co Ni
Agostic 1.122 1.128 1.143 1.172 1.170 1.173 1.171
Cs-H Ethyl 1.101 1.098 1.096 1.102 1.098 1.096 1.098
Hydride
Agostic 1.549 1.534 1.526 1.524 1.520 1.512 1.516
Co-Cp Ethyl 1.555 1.552 1.530 1.563 1.544 1.521 1.534

Hydride 1.457 1.420 1.395 1.424 1.401 1.398 1.409
Agostic 2264  2.131 2.015 1.845 1.842 1.785 1.763
M-H Ethyl
Hydride 1.733 1.590 1.540 1.596 1.526 1.473 1.465
Agostic 2.110 1.999 2.086 2.070 2.001 1.956 1.901
M-Cq Ethyl 2.107 2.144 2.260 2.093 2.005 1.907 1.887
Hydride  2.108 2.249 2.351 2.133 2.184 2.155 2.047
Agostic 2.623 2.480 2.440 2.320 2.297 2.219 2.195
M-Cg Ethyl 2.968 3.083 3.178 2.905 3.166 3.091 2.930
Hydride  2.201 2.264 2.362 2.173 2.199 2.175 2.048
Agostic 1.097 1.093 1.093 1.097 1.094 1.091 1.094
Cp-H’ Ethyl 1.101 1.098 1.096 1.102 1.098 1.096 1.098
Hydride
Agostic 90.23  88.121 83451 78.809  80.182  78.409  79.073
M-Cq-Cg Ethyl 107.20 112.094 112.543 104.314 125774 128.460 117.450
Hydride  73.734 71.105 73204 69.191 71943 71950 69.879
Agostic 11277 112.696 113.033 112991 111.889 112.649 111.412
Co-Cg-H Ethyl

Hydride
Figure 5.2: a-agostic complexes of Ti and V.
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5.3.2 [-agostic complex

The formation of agostic complex, Mg, from the M5 species is endother-

mic for the metals other than Ti and V. The energy involved in the forma-
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Figure 5.3: Agostic stabilization, the energy difference between the agostic and nonagos-
tic structure (AE 4051ic = Eqg — E¢r), and the energy difference between the M-C-CH or-
bitals on agostic and nonagostic geometry, calculated at B3LYP/LANL2DZ level of the-
ory for the first row transition metal complexes.

The energy difference between the MCCH
orbitals on agostic and nonagostic structures
= —a Agostic Stabilization energy (AE =E _-E)

agostic | ag

100 — 100 —

50— —
50— .

tion of agostic complex is the sum of the dissociation energy of the solvent
and the agostic stabilization. In other words, it gives the magnitude of sta-
bilization offered by the formation of agostic interaction compared to that
given by the coordination of solvent molecule. Th metal ethyl complex,
M,;, which is non-f-agostic structure, rearranges to the B-agostic structure,

M, and the energy involved in this rearrangement is agostic stabilization.

The agostic stabilization is calculated as the energy difference between
the agostic structure and the nonagostic structure (AEqqo51ic = Eag — Eer).
The agostic stabilization is presented in the Figure 5.3. The plot also shows
the energy difference between the 6-CH bonding MO and the vacant metal

MO. The variation of the energies of corresponding orbitals across the pe-



5.3. Results and discussions 127

Figure 5.4: The energies of the vacant metal orbital and 6-CH orbital for the metal ethyl
complexes
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riodic table is shown in the Figure 5.4. The complexes of Ti, Mn and Ni
are separated from those of V, Cr, Fe and Co as as the latter all positively
charged. The MO energy differ largely in these systems and hence analysis
i1s more meaningful this way. The interaction between CH donor and the
metal acceptor orbitals results in the delocalized MO in M, shown in Fig-
ure 5.5. The torus of the M d . orbital interacts with the pseudo-m*-orbital

of the ethyl group which give a delocalization over M-H-C-Cg.

All the M, structures show B-agostic stabilization. For Ti,, which
has a B-agostic interaction is only 0.44 kcal/mol more stable than the Ti,,
structure which has an a-agostic interaction. For vanadium, the B-agostic

structure is 7.75 kcal/mol more stable than the ai-agostic structure.

Highest magnitude of agostic stabilization among the complexes under
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Figure 5.5: The delocalized orbitals of M.
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study are seen in Cr,. The changes in geometrical parameters on go-
ing from Cr, to Cry, are: CB—H increased by 0.047 A, Ca—CB distance
decreased by 0.004 A; M-C, distance decreased by 0.176 A; M—CB de-
creased by 0.738 A; MCqCg angle reduced from 112.5°to 83.5°. Similar
trends in geometric parameters are seen in Mn, Fe, Co and Ni complexes.
The optimized geometries of the agostic structures M, is given in the Fig-

ure 5.6.
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Figure 5.6: Optimized geometries of M, at B3ALYP/Lanl2DZ

Cr
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5.3.3 Ethylene hydride complex

The formation of ethylene hydride metal complex is endothermic for all
the complex, highest for V and lowest for Mn. (See Figure 5.1) In Ti,,
V., and Ni,;, complexes, MH is orthogonal to the ethylene plane, while
in others MH is coplanar to the ethylene group. The optimization of Ti,,
V., and Ni,j, structures with coplanar ethylene and hydride falls back to

agostic structure.
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5.4 Conclusion

In this model study of B-hydride elimination reaction, we have engineered
the complex in such a way to get the optimized structure for all the three
species, metal ethyl, agostic metal, and metal ethylene hydride complex.
We have analyzed the stability and geometric characteristics of the struc-
tures. Further study is needed to fine-tune the ligands so that the agos-
tic structures are only stabilized to the extend needed to trigger the reac-
tion, but not to be very stable structure. For the B-elimination reaction
to proceed from the agostic complex, ethylene hydride complex should
be thermodynamically more stable than the agostic complex. In all the
structures under study, it was observed that agostic complexes are more
stable. Further tuning of the ligands around the metal and the ethyl car-
bons are required to attain synthetically feasible reactions. However this
study demonstrates that given a specific metal it is possible to do so. It is
clear from these studies that any metal can be taken and the ligands can
be fine-tuned to stabilize an agostic interaction. Further, changes can be
brought in to make the agostic systems more or less stable that the addition

is quick.
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