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CHAPTER 1 

Introduction: Scope of the Thesis and Computational 
Methodologies. 



1.1. Scope of the Thesis 

1.1.1. Polyhedral horanes: A brief history 

The chemistry of boron hydrides (boranes) started its successful journey with 

Alfred Stock's discovery of volatile and highly reactive boranes of compositions, BnHn44 

and BnHn+6. I Several experimental studies to explore their chemical propet1ies followed. 

The understanding of structure and bonding of electron deficient boron hydrides remained 

a challenge to the chemists until the corroboration of the diborane structure using three 

centre-two electron (3c-2e) bonds by Longuet-Higgins in 1949.2 The X-ray diffraction 

studies, theoretical analyses and structural predictions by Lipscomb and his collaborators 

were instrumental in furthering this field. 3 Qualitative electron counting rules played a 

vital role in their development. Lipscomb's 'styx' ,3 Wade' s (n+ 1) rule4 and Mingos ruleS 

• 

are the significant ones among them. All these studies established the concept of 

delocalized multi centre bonding which has become a standard vocabulary in the area. 

Wade's rule is applicable to families of monopolyhedral borane structures with and 

without missing vertices. According to Wade's rule, stable closo-structures have 'n+ I' 

electron pairs for its skeletal bonding where on' is the number of vertices , nido 

structures(one vertex missing) need 'n+2' electron pairs, arachno structures(two vertices 

missing) 'n+ 3' electron pairs and so forth (Figure 1.1). This leads to many negative 

charges to the polyhedral boranes as the cage receives one electron pair from each BI-I 

vertex for the skeletal bonding. A whole range of dianionic closo- polyhedral borancs 

(B,J1n'\ n=6-12) have been synthesized and many theoretical as well as experimental 

studies of their structure and reactivity are known. 3c
.
d

,6 These structures have wide-
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arachno-BsHs -6 

Figure 1.1. C/OSO, nido and arachno forms of a polyhedron. The charges are obtained by 

the Wade's rule 

applications in different areas owing to their peculiar thermal, chemical and photochemical 

stabilities. The propensity of lOB nucleus to capture a slow neutron, leading to nuclear 

decay producing high energy 4He2+ and 7Li3+ ions forms the basis for Boron Neutron 

Capture Therapy CBNCT).7 The polyhedral borane clusters are structurally tuned to vary 

the properties to make suitable for different applications such as in liquid crystalline 

materials, Langmuir-Blodgett films, electrophilic catalysts, and weakly coordinating 

. 8 
al1lons. 

Recently our group introduced a new electron counting rule, Jemmis' mno rule, 

which covers a whole range of polyhedral structures including metallocenes and condensed 

polyhedral boranes.9 According to this, a polyhedron requires m+n+o electron pairs for its 

skeletal stability where 'm' is the number of cages, 'n' is the number of vertices and '0' is 

the number of single vertex sharing present in that polyhedron. This rule forms the basis 

for discussions of condensed structures in the thesis. The focus of this thesis is on the 

following aspects of the chemistry of polyhedral boranes. 

2 
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i. Polyhedral boranes and cationic charge 

The dianionic character of the known polyhedral boranes is supported by the 

electron counting rules. Neutral polyhedral boranes are traditionally obtained by replacing 

two borons by two carbons in the closo-category or by adding bridging hydrogens in the 

open polyhedral cages such as in nido or arachno cateogry. It is anticipated that the 

presence of a large number of electropositive boron atoms may not favor a positive charge. 

There are a few reports on the cationic boron species, with only one structure belonging to 

the cluster family (nido-CsBR6+, a pentacarba-susbstituted analogue of nido-B6H6-
4 shown 

in Figure l.1): 10 others are derived from diborane and is of the BH2Lt type where L 

belonging to an acceptor ligand.3d Thus, positive charge in the electron deficient borane 

cage is a novel aspect. Approaches to cationic cages in borane chemistry constitute the 

major part of this thesis. It is obvious that the factors which can lead to a reduction in the 

electron deficiency which in tum reduces the anionic charges of the cage can be exploited 

to arrive at the cationic species in polyhedral boranes. These factors are briefly explained 

below: 

(a) Heteroatom substitution: There are many studies in the literature where the 

anionic charges in the polyhedral borane clusters are reduced by heteroatom substitution 

using atoms such as C, N, P, and S.II Among them, dicarbaboranes have attracted special 

attention due to their zero charge, and high thermodynamic and kinetic stability.12 

Icosahedral C2BIOHI2 has developed a chemistry of its own and is used in biological, 

medicinal, organic, inorganic, catalytical and materials chemistry. For example, C2BIOHI2 

derivatives are used in Boron Neutron Capture therapy (BNCT), in selective drug transport 

and in many synthetic reactions like Friedel-Craft's reactions as catalyst.7,13 The systematic 

3 



replacement of increasing number of BR of BnHn-2 by CH should lead to positively 

charged closo-species. 

CH 
B n H n -

2 :::,:;::::=::::::=:"~ C B n-\ H n -
BH-

(b) Condensation: Condensations among the deltahedral borane cages also lead to 

the possibility of positively charged boranes. Two polyhedra can fuse together by sharing 

a single vertex, an edge, a face or four vertices. The various electron requirements for such 

condensed systems follow the newly introduced electron counting mno rule.9 This is 

demonstrated in Table 1.1 using the icosahedral skeleton. 

Condensation of two icosahedral B I2H I2-
2 sharing four vertices leads to the 

experimentally known B20H16. 14 According to the mno rule 22 electron pairs (m, the 

number of polyhedra =2; n, the number of vertices =20, 0, the number of single atom 

bridges =0) are needed by this structure (Table 1.1). 16 BH vertices provide one electron 

pair each and the four shared boron atoms give 3 valence electrons each, making the 

structure neutral. Further condensation by four vertex sharing leads to a structure B28H20 

with the mno count of 31 (m=3 , n=28, 0=0). 20 BH vertices and 8 shared boron atoms 

contribute 32 electron pairs making the structure electron excess by 2 units. This structure 

is not known. Thus, the mno rule leads to the homologous series with the molecular 

formula, B8m+4H4m+lm-4. Each condensation involving the sharing of four vertices reduces 

the charge by two units. 

For the condensed product B21 H l 8 formed by the face sharing of two icosahedra. 

the 111110 rule demands 23 electron pairs (m=2, n=21, 0=0). The structure has 18 electron 

pairs from 18 BH vertices, and 4.5 electron pairs from the three shared boron atoms. Thus. 

4 



B2IHI8 should have unit negative charge. Further condensation leads to the neutral B30H24 

(m=3, n=30, 0=0). Face condensation thus, leads to a homologous series with the 

I I l'. I B H m-3 mo ecu ar 10nnu a, 9111+3 6m+6 . The decrease of charge by one unit with each 

condensation is to be contrasted to the decrease of two charges by the 4-vertex shared -

Table 1.1. Application of the mno rule: Variation of charge as a function of increasing 
condensation of polyhedra with 1, 2, 3 and 4- atom sharing. The oilly sharing that does not 
change (neither increase nor decrease) charge is edge-sharing. Experimentally known 
examples of each condensation are also listed. 

Typc of Condcnsation 

4-vcrtcx shal'ing Facc sharing Edge sharing VCI-tCX s g 
-2) -Jm+1 

(Bllm+IHIOm+2 ) 

m=\ 

m=2 

-5 

m=3 

B2SH20 
+2 

B30H2~ B32H2S 
-2 

B3~1I32 
-S 

m=4 B36H2~ 
+4 

B39H30 
+ 

BHII36 
-2 

B45H42 
-I 1 

\ n crc-
ment 
• +2 +1 0 -3 111 

Cha.-gc 

\(no" n lIido-B22 I1 22 
-2 • 23a 

closo-I(BlliillhCur324 21 lIido-B20HI6-(NCCH3h • cxanl- closo-B20 Hl6 -223b 
lIido-S2B16I116 

22b bisllido-B IS H20 pies. 

condensation. Though these face sharing closo- structures are not experimentally 

characterized, there are several nido and arachno examples. IS Face sharing is also 

observed in boron rich solids. 16 
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The edge sharing B22H20 (m=2, n=22, 0=0) and B32H28 (m=3, n=32, 0=0) are found 

to have -2 charges. The molecular formula of the homologous series, B lOm+2HSm+4·
2 

shows 

that the edge-sharing of closo- structures does not change the charge. Icosahedral closo-

structures of this kind are not known owing to the nonbonding interaction between the 

adjacent atoms of fused cages. However, many edge sharing nido systems have been 
.. 

synthesized.17 The single vertex sharing system B23H22 (m=2, n=23, 0=1) requires -5 

charges for the skeletal bonding and a further condensation increases this requirement to -8 

as in B34H32 (m=3, n=34, 0=0). The molecular formula of this homologous series is 

Bllm<IHIOm+2-3m+l. Such single vertex sharing systems are known with heavier elements at 

I h d 
.. 18 

t 1e s are posItIon. 

Thus, the charge requirement for condensation depends on the number of shared 

vertices (Table 1.1). It is obvious that the four vertex sharing and the face sharing reduce 

the electron requirement of the system. Thus, these condensation modes are another 

possible way of achieving the cationic charge in polyhedral boranes. 

(c) Encapsulation: A variety of structural patterns such as sandwich structures, and 

fused structures of borane units are known: all of them are either anionic species or neutral 

ones .14.18.19 Though single atom sharing between two cages leads to an enhanced electron 

requirement,9 an endohedral structure obtained by reducing the distance between the two 

rings on either side of the fused atom has a lower electron requirement. This can be 

demonstrated using a hypothetical structure with molecular formula BI2HI2Li (Figure 1.2). 

Thus, in addition to heteroatom substitution and condensation, stuffing an atom within the 

cage can also be a suitable approach towards cationic boranes. 2o 

6 



B6H6LiB6H6 Li@BI2HI2 
By mno rule : 2+ 13+ I = 16 electron pmrs 1-lhO-1 = 13 electron pairs 

12 electron pairs(12BH)+ I electron (LI) 12 electron palfs(12BH)+ I electron (LI) 
Charge=-7 Charge~ I 

Figure 1.2. The figure shows the reduction in charge while going from sandwich structure 
B6H6LiB6H6 to the endohedral structure Li@BI2HI2. 

ii. Boron hydrides and hydrocarbons: Diversities and similarities 

The hydrocarbons, in general, have electron sufficient 2c-2e bonds. 

and sp hybridization and the 2-dimensional aromaticity of benzene are common knowledge 

in chemistry. Boranes do not have sufficient electrons to form 2c-2e bonds. The electron 

deficient polyhedral boranes have multicentre bonds in order to overcome the electron 

scarcity. This leads to 3-dimensional delocalization and aromaticity. When the carbon 

atoms form a part of the polyhedral borane cage, several novel characteristics appears. 

Carbon atom prefers a position of higher electron density and low coordination number. 

This has been explained in many ways.21,22 The carbon sites are more exposed towards 

many reactions. When the polyhedral cage is a multicarba system, the favorable isomer is 

found to be the one where there is a maximum overlap between the ring and cap orbitals 

suggested by Jemmis. 23 The isoelectronic relationship of CH with BI-r obviously steered 

in establishing the close association between the organic compounds and polyhedral 

boranes in spite of their marked differences. There exists a whole range of structures 

which are interconnected. The attempts by Olah. Williams and others provided many leads 
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to understand the structural patterns of otherwise complicated polyhedral boranes?4-26 Not 

only there are structural relations, but also the aromatic stability is governed by the unique 

(4n+2) n electron rule for both the systems, which is explained by Jemmis and Schleyer 

with their 6n-interstitial electron rule.27 According to this rule, 6n electrons are required 

for the stability of the polyhedral boranes, even though the term "n" is strictly applicable 

here. HUckel's (4n+2) rule is a special case of the newly introduced mno rule for edge­

sharing bisarachno systems. This is demonstrated by the hypothetical hexagonal 

bipyramidal molecule, BgHg-
2 (06h) and edge-sharing condensed system B 14H12-2 (m=2, 

n=14, 0=0) (Figure 1.3). Removal of two vertices from B14H12-
2 leads to a bisnido­

structure B 12H 10 with a -6 charge (Figure 1.3). The bisarachno-structure with a -10 charge 

obtained by the removal of two more vertices is isoelectronic to naphthalene, CIOHg• The 

difference between the HUckel (4n+2) and Jemmis' mno electron counts come from the 

skeletal a-bonds, which are left out in the HUckel rule. If the number of C-C a electrons 

are added to the (4n+ 2) n electrons, we get the electrons demanded by the mno rule. All 

these connections could bring the structure and bonding of polyhedral boranes close to 

those of the hydrocarbons. 

We have tried to simplify the polyhedral borane chemistry further by drawing more 

parallels betweeh organic compounds and their polyhedral borane counterparts and by 

carrying out quantitative comparative studies between them. In our attempts towards the 

realization of cationic closo-tricarbaboranes, we have drawn the analogies of benzyl 

cation-tropylium ion rearrangement in polyhedral borane chemistry. The possibility of 

condensation among polyhedral borane cages similar to aromatic hydrocarbons led us to -

8 



13 H 
.r, 

12 10 

2+12+0+2 

B14H12·2 

2+14+0+0 

13 WHg' II\" ClIJHg 

2+10+0+4 

Figure 1.3. The relationship between I-Ilickel aromatic naphthalene and hypothetical 
hexagonal boranes shows that HUckel' s rule is a special case of mno rule. The electron 
counting according to the mno rule is also indicated below each structures. for closo­
BgHg·2, m= 1, n=8, 0=0, p(number of missing vertices) = 0. for c!OSO-BI4HI2·2, m= 2, n=14, 
0=0, p= ° for bisnido-B 12H IO•

6
, m=2, n=12, 0=0, p=2 and for bisarachno- B IOH8'

1O
, m=2, 

n= 10,0=0, and p=4. 

carry out a comparative analysis on their energetics. Similarly a quantitative study on 

benzoquinone analogs of polyhedral boranes is also included in the thesis. 

Besides being able to derive many correlations between boron chemistry and 

carbon chemistry, the attempts towards cationic polyhedral boranes also led to many novel 

structures with hypercoordinate carbon atoms. Van't Hoff and LeBel's suggestion of 

tetrahedral tetracoordination around carbon has been well appreciated and is invariably 

supported by the basic rules such as octet rule and hybridization concepts.28 In general, the 

structures of carbon are well understood and can be explained by these basic rules. 

Hoffman's theoretical suggestion of planar tetracoordinate carbon (ptC) came as a 

breakthrough in the organic structural chemistry.29 This study helped in figuring out the 
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electronic structure of methane with ptC, according to which it has an electron deficient 0"-

plane with six electrons and four bonds and a filled pn-orbital perpendicular to the 

molecular plane. This report is followed by enormous number of studies designing novel 

compounds with such unusual structural pattern and towards their experimental 

realization. 3o Multicentre bonding helps in describing the structures of hypercoordinated 

carbon compounds where violation of basic octet rule occurs. Nonclassical structures of 

hydrocarbons such as pentagonal pyramidal C6H6 +2 and transition metal carbido complexes 

can be immediately pointed out as the earlier examples of hypercoordinate carbon atom.31 

The deltahedral carbaboranes span out a range of structures with hypercoordinate carbons 

I· . 1-; 16 and have many app lcatlOns . .. 

There are many new carbaborane structures proposed in this thesis. The condensed 

products of benzene and polyhedral boranes- the benzocarboranes32 and the sandwich 

structures between two polyhedral carbaborane units are already known in the 

literature.21
,22 The cationic closo-tricarbaboranes, endohedral carbaboranes and the 

benzoquinone analogs of polyhedral boranes are the fresh candidates in this category. 

Studies on various ways of alleviating the anionic charge in closo- polyhedral 

boranes form the main subject of this thesis. These are supported by comparison of the 

polyhedral systems with known organic compounds. There are many intriguing structures 

with hypercoordinate carbon in these studies. Most of the calculations for the thesis work 

were done at the 83LYP/6-31G* level of theory33 using Gaussian 94 programme. 34 

Wherever possible, attempts are made to understand why the numbers tum out the way 

they do. The theory underlying the various computational techniques is discussed in the 

next part of this chapter. 

10 



. I Ch . t 3536 1.2. ComputatlOna emlS ry , 

1.2.1. In trod uction 

The beginning of the 20th century witnessed the birth of quantum mechanics to 

explain the behaviour of atoms and molecules. Quantum mechanics have transfigured the 

• 

understanding in many areas including chemical science, molecular biology, material 

science and computer science. It is particularly helpful in solving many fundamental 

puzzles of the time such as the nature of bonding, chemical reactivities and mechanisms, 

spectral, electrical and magnetic properties, all of which are essential to provide new 

insights to the chemists to achieve their primary task of rationally synthesizing and 

characterizing new compounds. Though the SchrOdinger equation can be easily written 

down for any problem, obtaining the exact solution of the equation presents with many 

mathematical difficulties and computational expenses. Many approximations are 

introduced to make the problem solvable. This, combined with the rapid growth in the 

development of faster computer chips and more memory and disk space, aided the progress 

of computational chemistry. Despite these, often accurate results for the complicated 

systems are not easily obtained; the results depend on choosing an appropriate model to 

which acceptable approximations can be applied. Over the years theoretical chemistry has 

evolved into a major area and its importance is widely appreciated by experimentalists as 
\-

complementary. 

The quantum mechanics most commonly used in computational chemistry can be 

divided into two groups- wave function based methods and density based methods. Ab 

initio and semiempirical methods are wave function based approaches whereas density 

functional method comes under the latter eategory.35,36 Ab initio methods refer to quantum 

1 1 



chemical methods in which all the integrals are exactly evaluated in the course of a 

calculation. The semiempirical methods employ many simplifications by deleting different 

integrals systematically. Thus, these methods are faster than the ab initio method. The 

error introduced by neglecting the integrals is minimized through the use of experimentally 

derived parameters and thus strive for accuracy. Both these methods are wave function 

based approaches. In the density functional method, the ground state electronic energy is 

determined completely by the electron density. The electron density is the square of the 

wave function, integrated over N-l electron coordinates for an N-electron system and 

depends on three coordinates independently of the number of electrons. Thus, while the 

complexity of wave function approaches increases with the number of electrons, the 

electron density approach has the same number of variables irrespective of the system size. 

Each of these methods is explained in the coming sections. 

1.2.2. Ab-Initio Method 

To describe the stationary state of a many electron system completely, it is 

adequate to know the solutions of the time independent Sclu'odinger's equation. 37 

(1.1 ) 

H is the total energy operator, termed Hamiltonian operator which includes the operators 

for both kinetic and potential energy. \f'k are the wave functions of states with energies 

Eks, which depend on the coordinates of both nuclei and electrons and also on the spin 

coordinates. There are many approximations to simplify the problem of solving this 

equation. The Born-Oppenheimer approximation38 assumes that the electronic 

arrangement of a system depends on the positions of the nuclei rather than its momentum 

in contrast to electrons where the velocity and position matters, as the nucleus is heavier 
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than the electron. Thus, Schrodinger equation becomes just the electronic Schrodinger 

equation. 

Ecl(R)\f' el (r,R) 

where, 

1 in atomic 
r·· units IJ 

( 1.2) 

(1.3 ) 

The first term in the Hamiltonian corresponds to the kinetic energy of an electron, 

the second and third terms represent the energy due to electron-nuclei and electron-electron 
~ 

interactions. Here the Hamiltonian corresponds to the alotion of electrons in a field of 

fixed nuclei in the absence of magnetic field. Each nuclear configuration has its own 
• 

characteristic energy. This approximation gets support from the spectral studies. The 

approximation fails when nontrivial coupling of electronic and nuclear motion occurs in 

cases such as lahn-Teller effect and Renner effect. Further approximations are required to 

get reliable information on the electronic structure for large molecules. 

It is obvious that the accuracy of each molecular orbital method depends on how 

the basis function is selected initially. In ab initio methods the complete wave function for 

a single electron is the product of molecular orbital, \jf(x,y,z) and spin function, o. or ~, 

named as spin orbital. 

Spin orbital, <D, = \jf(x,y,z) a(~) or \jf(x,y,z) ~(~) (1.4) 

\jf(X,y,Z) itself is usually taken as the linear combination of atomic orbitals of the 

constituent atoms (LCAO).39 This is one of the simplest assumptions and the basis of 

most of the quantum chemical calculations performed today. 

IV 

\jf(x,y,z) = L Cl'iXfJ (1.5) 
1'=1 
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The Schrodinger equation is thus, reduced to 

The Fock operator, 

A 
F = _ 1 \12 _" 

2 1 L.J 
J.I 

n /\ /\ 

I (2l - K-) 
. I J J 
J= 

/\ and /\ are the coulomb operator and the exchange operator respectively. 
J. K J J 

These equations are generally known as Hartree-Fock equations. 

Thus, energy, 

/\ 

£i = <<Pi IFI <Pi > 
n 

= 1+. + ~ (2l· - K·) 11 ~ IJ IJ 
j=1 

(1.13) 

(1.14) 

( 1.15) 

where HI\ is the average kinetic energy and the nuclear-electronic attraction energy for the 

electron in <Pi 

( 1.16) 

and the energy of interactions among thc electron i and all the electrons is given by the 

sum of coulomb integral, J1.I and exchange integral, K,.I' 

( 1.17) 

(1.18) 

J,.1 represents the energy due to the classical repulsion between the electrons and K'J is the 

exchange energy coming out of the anti symmetric nature of the wave function. Thus, ti 

can be termed as orbital energy or one electron energy. The total electronic energy by 

I-Iartree-Fock method will be obtained by summing up these one electron energies. 

However, the interelectronic interactions are counted twice here and should be subtracted. 
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Thus, 

n n 

L [2£· - L (2l· - K··)] 
,=1 1 J=I IJ IJ (1.19) 

From equation (1.15) we have 

n n 

EHF = L [2B-· + L (2l· - K··)] 
,=1 II J=I IJ 1J (1.20) 

n 

or, EHF = L (E· + B··) 
,=1 1 II (1.21 ) 

The total energy is obtained by adding the internuclear repulsion energy for the nuclei: 

Etot = EHf + V NN 

N 

2: (1.22) 

The definition of Fock operator in the equation (1.14) involves an unknown wave 

function. Thus the method of solving the equation involves an iterative process starting 

with arbitrary assumed orbitals. The initial guess set is used to generate the Fock operator, 

which in turn is used to obtain the new wave function and the process is repeated till the 

coefficients generated in the consecutive steps differ by less than some cutoff value. Since 

the resulting molecular orbitals are derived from their own effective potentials, the 

technique is called self consistent field (SCF) theory.4o 

.. B . S 36e 0 
II. aSlS ets ." 

We have seen that the ab initio method involves solving Schrodinger equation 

incorporating many approximations, one of them being the introduction of basis set. The 

initial guess function, called as molecular orbitals is represented as a set of known 

functions called a basis set. The ease of computation depends on the basis set chosen, it is 

of prime importance to select a basis set appropriate for the problem at hand. 
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N,i s are called basis functions and Cfll s are called molecular orbital expansion coefficients. 

The complete wave function for the molecule is the product of the molecular orbitals of 

single electron. 

q'e' = <I),(I)<D2(2) ..... <Dn(n) (1.6) 

Thus chosen wave function must satisfy certain conditions to be the accepta~le solutions. 

It should be orthogonal and normalized. 

JcDicDjdT = 1 ifi j; 

=0 if i :;t j (1.7) 

In addition, the electrons being fermions, the orthonormalized many electron wave 

function q' should be anti symmetric on exchange of a pair of electrons. The complete 

wave function, which is the product of one electron spin orbitals, are represented by a 

determinant called Slater determinant to incorporate the anti symmetric property. 

--~el 
<1>2(2) <1>3(2) - - -.- - - <1>11(2) , , , , , 

, , 

( l.8) 

The definition of Slater determinant so as to incorporate the antisyrnmetIy is according to ' 

the Pauli's exclusion principle which states that a molecular orbital cannot occupy two 

electrons of the same spin. If the wave function of a molecule with an even number of 

electrons is represented by a single determinant with electrons of paired spins occupying 

identical molecular orbital, the wave function is said to be of closed shell. 

14 
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Thus for a closed shell, 

~Jel 
<P 1 (2) <P2(2) <P3(2) - - -,- -- <1>nl2(2) 

(1.9) -- , , , , , , , , 
<1>1(n) <P2(n) <1>3(11) ------ <1>nnCn) 

The next task is to solve the Schrodinger equation after having defined the Hamiltonian 

operator and the trial wave function. 

i. Hartree-Fock Method40 

Hartree-Fock method approximates the trial waye function to consist of a single 

slater determinant. Once the trial wave function is generated, the problem now remains to 

solve the molecular orbital expansion coefficients. Hartree-Fock method is based on 

variational principle according to which the energy obtained using an anti symmetric wave 

function is always greater. Substitution of q; from equation (1.5) into the electronic 

Schrodinger equation (1.2) leads to 

N 

L: C~l 
~l= ! 

N 

L: c)-I~lv 
fl=! 

(1.10) 

/\ 

where, the overlap integral SIlV = f <P1l <Pv and the resonance integral H~IV = f CP~1 H cpv. 

The best wave function is obtained lJy minimizing the energy with respect to the orbital 

coefficient, CIII. 

= 0 (1.11) 

This leads to a set of algebraic equations which can be written in a determinant form and is 

called secular determinant. 41 

I H-ES 1=0 (1.12) 
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(a) Basis !UI1CtiOIlS:- There are two types of basis functions generally used for the 

electronic structure calculations, Slater Type Orbitals (STOs) and Gaussian Type Orbitals 

(OTOs). 

Slater Type Orbitals (STOs):- The functional fOIIn of the STO is 

M,n,I,m(r,8,q» = NYI,m(8,q> )r
n
.
1 
e-<;r (1.23) 

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

resembles the hydrogen like orbitals which is obvious from the exponential dependence on 

the distance between the nucleus and the electron. Though the calculation of multi centre-

two electron integrals cannot be done analytically using STO, a fast convergence is 

achieved owing to the exponential dependence. STOs do not have radial nodes, which are 

incorporated by taking linear combination of STOs. These types of basis functions are 

used for atomic and diatomic systems. 

Oussian Type Orbitals (OTOs):- The functional form of the GTO is 

( 8) NY (8 ) (2n-2-1) -~r2 (. I d' ) M.n,I,111 r, ,q> = I,m ,q> r e 111 po ar coor mates (1.24) 

( ) N ix Iy Iz -V2 (. . d' ) M.lx.ly,IL x,y,z = X Y z e m cartesIan coor mates ( 1.25) 

where lx, ly and lz are integers, x, y and z are cartesian coordinates and (, is the orbital 

exponent. In contrast to STOs, there is r2 dependence in the exponential for GTO. This 

leads to a zero slope for the GTO at the nucleus and thus, it fails to represent the region 

near the nucleus. Similarly at higher r values, the GTO falls off rapidly, thus that part of 

the wave function is represented poorly. Though the use of GTOs makes the computation 

easier as the product of two GTOs is another GTO, it does not have a close similarity with 

atomic orbital wave functions. GTOs are generally used for electronic structure 

calculations of polyatomic molecules though more number of GTOs are necessary for the 
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accurate results compared to the STOs. To reduce the large number of variables due to the 

large number of basis functions, certain coefficients of the basis functions are kept constant 

relative to another, thus fonning groups of Gaussian functions. The former is called 

primitive Gaussian functions and the latter, contracted Gaussian functions (CGTO). 

(b) Classification of basis sets:- Minimal basis set involves basis functions 

corresponding to all the electrons of the neutral atom. For first row elements in the 

periodic table, it uses two s-functions (1s and 2s) and one set ofp-functions. Similarly for 

second row ... elements it employs three s-functions and two sets of p-functions. 

A double zeta (DZ) type basis function takes into account double the number of 

basis functions as used in the minimal basis set. For hydrogen, it employs two basis 

functions (l sand 1 s') which differ in their s-value and for first row elements, four s­

functions (is, Is', 2s and 2s') and two sets ofp-functions (2p and 2p'). The DZ basis set is 

evolved in order to account for the electron distribution which is different in different 

directions such as in a-type and 1C-type bonds. Since chemical bonding essentially uses 

valence orbitals, the doubling of functions can be restricted to these orbitals. Such a basis 

set is referred to as split valence basis set. Similarly triple zeta (TZ) and triple split valence 

basis sets are also used according to the requirements of the problems. 

In order to allow the tails of the atomic orbitals to be varied to account for the 

different electronic properties of an element in different molecular environments one extra 

basis function is needed which permits the electron cloud to be polarised off-centre from 

the nucleus. These basis functions are called polarization functions. Thus. a polarised 

basis function allows the variation of shape of the orbitals. It adds d-functions to carbon 

atoms and f-functions to d-block elements. A diffused basis set allows orbitals to occupy 
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large region of space. Such basis sets are required for systems where the electrons are 

comparatively far from the nucleus such as molecules with lone pairs, anions, and 

molecules in their excited states. 

The basis set used in the thesis work is mainly 6-31 G* which uses six primitive 

Gaussians for core orbitals and a split-valence pair of three and one primitives for valence 
, 

orbitals, and adds a single set of polarization function to the split valence basis set. 

iii. Electron Correlation 

We have found that the Hartree-Fock wave functions are adequate to describe the 

ground state of most of the molecules. However the best single determinant wave 

functions may not always have the full symmetry of the exact wave function. Moreover 

they are inefficient in dealing with correlation between electrons with opposite spins. 

These drawbacks are reflected in the qualitative deficiency in the explanations such as the 

symmetry of degenerate orbitals in some molecules and the bond dissociation energies of 

molecules. The main methods for calculating the electron correlation are explained below. 

(a) Configuration /llteraction42 

The method of Configuration Interaction (CI) is the most common technique 

employed to improve the wave functions and energy beyond Hartree-Fock leve1.42 The 

wave [unction used in this method is a linear combination of a set of Slater determinants 

built from a set of orthonormal, linearly independent basis functions. 

(1.26) 

where \}11 s are called Configuration State Functions (CSFs) which are Slater determinants 

containing products of spin orbitals with \}1o being the Hartree-Fock wave function. 

(1.27) 
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The <I)i s are subsets of the total set which have been determined in the variational 

procedure. The remaining unused spin orbitals correspond to unoccupied or virtual spin 

orbitals. 'Pi s with i>O are generally classified into single substitution function where one 

occupied orbital is replaced by a virtual orbital, double substitution function where two of 

the occupied orbital are being replaced by virtual orbitals and so forth. In the full CI 

method, the trial wave function, 

\f' = co\f'o + LC·\}J· 
1>0 I I ( 1.28) 

where the summation is over all the substituted determinants starting from single 

substitution till n-substitution in which all occupied spin orbitals are replaced by the virtual 

orbitals. Thus, a full CI provides an exact solution of the Schrodinger equation within a 

particular basis set. The difference between the EHF and the full CI energy is the 

correlation energy within the particular basis set. Though this method is well-defined it is 

not practical except for very small systems because of the very large number of substituted 

determinants. Thus, normally the length of the CI expansion is limited by truncating at a 

given level of substitution. Configuration interaction singles (CIS), Configuration 

interaction doubles (CID) and Configuration interaction singles doubles (CISD) are 
• 

generally used models. The major drawback of this method is that it suffers from an 

incorrect dependence on the number of particles, lack of size-consistency, though at each 

level it gives an upper bound to the exact energy. 

(b) Moller-Plesset Perturbation Theory (MPPT/ 3 

An alternative procedure for finding the correlation energy is perturbation theory. 

To start with, consider a system with known Hamiltonian, eigen values and eigen 

functions. 
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H \f. = E·\f· o 1 1 1 (1.29) 

where q'i form a complete set. The changes ensue on these upon a small variation or 

perturbation in the Hamiltonian (H) is then calculated. 

, 
H = Ho + AH 

(1.30) 

AH' is the perturbation where A is a dimensionless parameter. When A = 0; H = Bo. Ho is 
.. 

taken as the sum of one electron Fock operators by Moller-Plesset theory. 

By Rayleigh-Schrodinger Perturbation Theory we have, 

(1.31 ) 

• 
(1.32) 

Substituting (1.30), (1.31), and (1.32) in the Schrodinger equation, we obtain 

(Ho + AH') (\}l(O) + A\f(l) + A2\f(2) + .. J = 

(E(O) + AE(I) + A 2E(2) + .... ) (\}l(O) + A \}l(I) + A 2q;(2) + .... ) (1.33) 

Collecting terms having similar power, we get equations 

(1.34 ) 

(1.35) 

Solving this equation we get first order correction to the energy (E(l»and wave function 

J -, E· - E· 
I J 

(1.36) 

(1.37) 

When the series (1.31) and (1.32) are truncated after second order third order etc such , 

methods are referred to as MP2, MP3 and so forth. The perturbation theory results 
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terminated at any order are not variational as they are not derived as expectation values of 

the Hamiltonian. 

1.2.3. Semi empirical Methods36 

Semi empirical methods make use of available experimental data as parameters in 

place of integrals to be evaluated. The simplest among these methods, the Huckel 

Molecular Orbital Theory (HMOT), introduced in 1931, uses an undefined one electron 

energy operator and a fundamental basis set of valence shell electrons.44 The ground state 

energy is obte.ined by assigning On' electrons to the On' lowest lying energy levels and 

summing up the energies of the occupied orbitals. It works well with planar, conjugated. 

alternant hydrocarbons, but fails in systems where there is formal charge on atoms. This 

method was improved by Roothaan who introduced a 'IT-approximation using LCAO 

approximation within Hartree-Fock model. Though the model takes care of only 1I­

electrons, Parriser, Parr and Pople method (PPP) became popular as it explicitly introduced 

the electron interaction into the Hamiltonian by adding an additional 2-electron operator. 

Extended Huckel theory developed in 1963 by Hoffmann uses the empirical one electron 

Hamiltonian defined by the matrix elements in the atomic valence shell basis.45 Here all 

overlap integrals are evaluated using slater orbitals. 

approximated from ionization potentials of atoms. 

Off-diagonal elements are 

CNDO, INDO, and NDDO are some of the semiempirical methods brought forth 

by Pople and coworkers (1965). These methods retain all the important features of the 

Hartree-Fock-Roothan equation and use some empirical parameters and assumptions 

which simplify the Hamiltonian. One of the primary difficulties encountered in the ab 

initio methods is in solving the electron repulsion integrals. The semi empirical methods 
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neglect electron repulsion integrals of different kinds depending on the particular method. 

Zero differential overlap approximation46 
is the beginning of a family of such 

approximations. 

According to ZDOA, 

and corresponding overlap integrals S J.l.Y = J ct> J.l.(1) ct>y(1 )d'tj 

are neglected. The core integrals H)lv = Jct>)l(1) H core ct>v(1)d1j 

are incorporated in order to account for the possible bonding effect of the overlap. Various 

semi empirical methods are named based on the extent to which this zero differential 

overlap approximation is involved in the evaluation of electron repUlsion integrals. 

In Complete Neglect of Differential Overlap (CNDO), the zero differential overlap 

approximation is used for all products of different atomic orbitals along with another 

approximation that the remaining two electron integrals depend on the nature of the atoms 

to which those orbitals belong. Thus this method introduces electron-electron repulsion in 

a moderate manner. The different interactions between the two electrons on the same atom 

arc not considered, and thus, it fails to explain different states arising from the same 

configuration. The PPP method mentioned earlier can be considered as a CNDO 

approximation involving only valence p-orbitals. Intermediate Neglect of Differential 

Overlap (INDO) retains the monatomic differential overlap, but only in one centre 

integrals. Another method, Neglect of Diatomic Differential Overlap (NDDO) retains the 

dipole-dipole interactions as well. It neglects differential overlap only for the atomic 

orbitals on different atoms. There are many improved versions of these methods such as 

MNDO,47 AMI ,48 PM349 etc which are being widely used today. 
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1.2.4. Density functional theory50 

The computations based on density functional theory (DFT) achieved more 

popularity over the years as it gives more information regarding the properties of the 

system at a lower cost than the traditional ab initio wave function techniques. Starting 

from the free electron theory in 1920s one could go through the emergence of DFT through 

Slater's Xu model and Hohenberg-Kohn theorem in the 1960s. The first Hohenberg-Kohn 

(HK) theorem states that the electron density per) determines the external potential u(r) and 

the total numb&r of electrons, N. 

Jp(r)dr = N (1.38) 

Nand u(r) defines the molecular Hamiltonian, consequently, energy is also a function of u 

and p. 

(1.39) 

Thus, the electron density per) determines all the properties of the system considered. 

The second HK theorem arrived at the energy of the system as 

~J(p) = Jp(r)u(r)dr + FIIK(P) ( 1.40) 

FHK(P) = T(p) + Vee(p) (1.41 ) 

where F HK(P) is the Hohenberg-Kohn functional containing the electronic kinetic energy 

functional T(p) and the electron-electron interaction functional Vee(p), which are not 

known. Later Kohn and Sham in their studies introduced orbitals such that the kinetic 

energy could be computed accurately. According to their model, the Hamiltonian of an N-

electron non interacting refernce system is defined as 

I-I -~ 1 D.2 +~ rcf- L. v L. . 2 1 . 
1 1 

( 1.42) 
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Here electron-electron interactions are excluded. All physically acceptable densities of the 

non-interacting system can be written as 

N 2 
Ps = L ItFl1 

• 
(1.43) 

I 

where 'Pi is eigen function of the one-electron operator, orbitals. 

The Hohenberg-Kohn functional, FHK can thus be written as 

FHK(P) = Ts(p) + J(p) + Exc(p) (1.44) 

where Ts represents the kinetic energy functional, 

N 1 2 
Ts(p) = L <\f'i r \7 i I \f'j > . 2 

I 

(l.4S) 

J(p) represents the classical coulombic interaction energy, 

(1.46) 

and Exc(p) is the exchange-coorelation term and represents the remaining part of the 

electron-electron interaction energy. This energy comes from the exchange energy due to 

the antisymmetric nature of the wave function and the correlation energy due to the motion 

of the individual electrons. These energy functionals can be of two types, local functional 

and gradient functionals: the former depend entirely on the electron density and the latter 

depend both on electron density and its gradient. There are many forms of these 

functionals, the most popular being Becke-Perdew (BP), Vosko-Wilk-Nussair (VWN) and · 

Le~-Yang-Parr's functionals (LYP). 

The computations carried out for the work embedded in the thesis is done at 

B3L YP level which is a hybrid functional and includes Hartree-Fock and DFT exchange 

and OFT correlation. 
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CHAPTER 2 

Cationic Closo-tricarbaboranes- Stability and Synthetic Designs 

• 



2.0. Abstract 

Stability of polyhedral borane structures with positive charge is challenging as the 

electron deficiency of polyhedral boranes is well-known. One of the wavs in which the 
• 

cationic charge can be achieved is by the replacement of three BR by three CH groups in 

the dianionic closo-BnHn clusters. Computational studies at the B3L YP/6-31 G* level 

showed that all the isomers of cationic closo-tricarba isomers are relatively stable; 

experimental studies must be worthwhile. All the isomers retain the closo-framework with 

B-B, B-C and .... C-C bond lengths falling within the range observed for the known 

carbaboranes. The possibility of a rearrangement similar to the benzyl cation - tropylium 

ion equilibrium in polyhedral borane chemistry renders a method for their exploration. 

The rearrangements are found to have favorable energy barriers with one transition state. 

The geometry of the dicarboranyl methyl cations, benzyl cation analogs. with bent CH2 

group favors the rearrangement into the next larger polyhedra. A similar study for the 

formation of monocarbaboranes shows that this method can be adopted for all the 

carbaboranes. The structure and stability of cationic closo-tricarbaboranes are explained in 

the first section. The synthetic strategy towards their realization assisted by a comparative 

study with organic counterparts is explained in the second section of this chapter. 
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2.1. Theoretical Investigation on the structure and stability of cationic ! 
c1oso-tricarbaboranes, C3Bn -3H/ (n=5,6,7,10,12) I 

! 

2.1.1. Introduction 
I 

The chemistry of carbaboranes has grown into a wide field of its own in the last few I 

decades with many novel applications. Mono- and dicarba derivatives have been well 

documented and characterized both as closo, nido, and arachno arrangements .1,2 Only the 

nido and arachno variants are known among the tri or multicarbaboranes.3 The reaction of 

alkynes with a variety of polyboranes provides a route to access the carbon excess 

carbaboranes. I
•
4 These compounds have attracted interest due to their diverse structural 

patterns, which are at the borderline between classical and nonclassical structures even in 

the context of polyhedral boranes. 1 Closo carbaboranes with more than two carbon atoms 

-
are not found in literature. A closo structure, C3BSH7 with a bare boron atom was reported) 

but later proved to bc an incorrect interpretation of the stable closo-C2BsH7.
6 Obviously 

closo structures with three carbon atoms, C3Bn-3Hn, require a positive charge to satisfy the 

skeletal electron count. This charge requirement and the anticipated reactivity must have 

been the factors which discouraged their exploration. 

The systems that were chosen for theoretical analysis range from 5-vertex to 7-

\'ertex in simple polyhedra. The 10 and 12-vertex systems were selected as models in the 

stacked polyhedral systems which are also monopolyhedra consist of stacks of rings. The 

electronic structure and relative energies of the isomers of tricarbaboranes involving 

trigonal bipyramid(l, C3B2H/), octahedron (2,C3B3Ht), pentagonal bipyramid (3, 

studied and discussed in detail. 
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2.1.2. Thc rules that govcrn thc stability of hetcroboranc isomcrs 

In view of the large number of isomers calculated for each of the molecular 

formula, a brief description of the common rules used in explaining the relative stabilities 

of closo-carbaboranes is indispensable. The common rules, which govem the stability of 

isoelectronic hetero borane isomers are, 1) William's rule7
,8 2)Gimarc's topological charge 

rule
9 

3) Jemmis ring-cap orbital overlap criteria. lO According to William's rule carbon 

prefers to be at lower cOlmectivity site and they will take nonadjacent position so as to 

minimize the ...repulsive forces. This empirical rule has been successfully used in 

dicarbaboranes. However it fails in silaboranes. 11 For example, 1,2-Si2B4H6 
• 

IS more 

favored than the L6-isomer contrary to the Williams rule. Gimarc's topological charge rule 

predicts the location of heteroatoms based on the perturbations caused on the 

homogeneous systems by a foreign atom. The charge created by this perturbation at 

various locations in the molecule decides the next preferable position for another incoming 

atom. This works well for carbaboranes but again is known to fail. I I The ring-cap orbital 

overlap criteria is applied through a fragment orbital approach. According to this, a 

polyhedron can be divided into rings and caps. The orbitals of suitable symmetry on the 

ring and cap will overlap to its maximum if the diffuseness of the cap orbitals and ring size 

match perfectly. The maximum ring-cap orbital overlap leads to the most stable isomer. 

There is a poor overlap between the orbitals of ring and cap in BsHs-2 (03h). The longer 

than usual B-B distance of the 3-membered ring helps to some extent. The 5-membered 

ring in B7I-h 2 (05h) presents the reverse problem of larger ring size than ideal for BH caps. 

The octahedral B6H6-2 provides an intermediate situation where the B4H4 ring is reasonably 

compatible with BE group in overlap.12b 1\n increase in the ring size as in hexagonal 
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I 
bipyramid has an adverse effect on the perfect ring-cap orbital overlap. For example, ! 

, 
I 

BsHl prefers D2d geometry over the D6h. \3 Another contributory factor to the relative 

energies is the number of different types of bonds. It is well known that B-C is a stronger 

bond than C-C, which, in turn, is stronger than B-B (bond energy of B-C, C- C and B-B is 

, 
I 

I 
I 
I 

89.0, 82.6 and 70±5 kcallmol respectively).14 Thus isomers with more number of . : , , 
I 

inherently stronger B-C bonds will be the thermodynamically more stable isomer. In \ 
I , 

addition the C-C and B-C bonds, being shorter than B-B bonds reduce the size of a ring. i 

2.1.3. Geometries and relative stabilities of the isomers 

i. 5-vertex clusters: Nonclassical vs. classical nature of bonding in the five vertex 

2 h b d b d' I' 15 lib 16 Thr' . fi f" BsH5' and C2B3H5 ave een e ate 111 Iterature. " ee Isomenc orms 0 catlOl11C 

closo-tricarbaborane, C3B2H5 + are shown in Figure 2.1. 

1a(49.5) 1a'(43.0) 1 b(28.4) 1c(O.O) 

Figure 2.1. Optimized geometries of C3B2H5 + isomers. The relative energies (kcal/mol) are 
given in parenthesis. The isomer 1a is a transition state with one imaginary vibrational 
frequency. 

The relative energies have been collected in Table 2.1. The stability order is le>lb>la'. 

The D 3h structure I a is not a minimum on the potential energy surface (PES), while the 

less symmetric Ie (C2v) is the most stable form. The relative energy values of these 

isomers fall in line with the idea of maximum orbital overlap, according to which, a three 

membered ring prefers a CH group rather than BH as cap so as to allow for maximum 

overlap of the corresponding orbital. In Ie the two -CH groups with less diffused orbitals 
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are at cap positions thus ensuring optimum ring-cap orbital overlap. This structure can also 

be described as a didehydrogenoallyl cation bridged by a B2I-h group. Structure Ib with 

one -CH group at the cap comes next. The D3h structure, la, which has two -BH caps 

interacting with the small C3H3 ring, is not even a minimum. A less symmetric structure, 

la' obtained by breaking one C-B bond is calculated to be a minimum, though 43.0 kcall 

mol higher in energy than Ie. The stabilization of Ie over la' and Ib can also be 

understood from the stability order of C2B3HS isomer; i.e., 1,5-C2B3Hs is more stable than 

the 1,2-and 2,3-isomers. The two C-C bonds in Ie of 1.449A (WBI=1.187) are shorter than 

normal CSp3-CSp3 distance of 1.54 A whereas C-C bonds in la' stretch to 1.591 A 

(WBI=0.757) and 1.622A (WBI=0.772). The C-C bonds in lb are also long in comparison. 

(1.629A (WBI=0.652) and 1.517A (WBI=0.920)). 

ii. Six-vertex clusters: C3B3Ht cluster can assume only two isomeric forms, (2b) 

with two C-C bonds and (2a) with three carbon atoms positioned at the vertices of a 

trigonal face of an octahedron (Figure 2.2). 2a is less stable than 2b by a small energy 

difference (9.62 kcallmol). The overlap criterion makes CH capping slightly more 

favorable than BH capping for four membered rings. Thus two CH caps along with more 

number of B-C bonds in 2b clearly explain the lower stability of 2a over 2b. Another 

isomeric form of this compound, trigonal prismatic structure involving C3 and B3 rings 

eclipsing each other on optimization goes to the most stable octahedral arrangement, 2b. 
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Table 2.1. Total Energies (Hartrees), unsealed zero point vibration energies (ZPVE, 
keallmol) and relative energies (RE, kcal/mol) of C)Bn_)H/(n 5,6,7,12) isomers at HF/6-
31 G*. (RE include ZPE, numbers in the parentheses are from B3L YP calculations at 6-
31 G* level.) All the isomers are minima except 1 a which has one imaginary vibrational 

frequency. 

Symmetry Isomer Total Energy ZPVE RE 
D3h la -165.466367 46.0 61.6 

(-166.610431) (46.0) (49.5) 
C, la' -165.482565 47.1 52.5 

( -166.617842) (47.l) (43.0) 

Cs Ib -165.514565 47.9 33.3 
(-166.647055) (47.9) (28.4) 

C2v Ie -165.569610 49.2 0.0 
(-166.694365) (49.2) (0.0) 

C3v 2a -190.840453 59.3 9.0 
(-192.168999) . (59.6) (9.6) 

C2v 2b -190.854973 59.4 0.0 
(-192.184250) (59.4) (0.0) 

C2v 3a -216.040945 67.5 83.0 
(217.580399) (63.7) (69.5) 

Cs 3b -216.083029 68.6 57.7 
(-217.610600) (68.6) (51.5) 

Cs 3c -216.114937 69.3 38.3 
(-217.638286) (69.0) (34.6) 

C2v 3d -216.144494 69.8 20.3 
(-217.665643) (69.8) (18.1) 

C2v 3e -216.177235 70.1 0.0 
(-217.694988) (70.1 ) (0.0) 

C3v 5a -342.489713 119.2 54.4 
(-345.013573) (112.5) (48.1 ) 

C2v 5b -342.519317 120.0 36.6 
(-345.039338) (113.0) (32.5) 

Cs 5c -342.548337 119.9 18.3 
( -345.065683) (113.3) (16.2) 

C2v 5d -342.552425 120.0 15.8 
(-345.070426) (113.3) (13.3) 

C3v 5e -342.578022 120.3 0.0 
(-345.092057) (113.6) (0.0) 
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2a(S.6) 2b(O.O} 

Figure 2.2. Optimized geomtries of C3B3H6 + isomers. The relative energies (kcal/mol) are 
given in parenthesis. 

iii. Seven-vertex clusters: All the isomers are found to be minima on the PES. 
; 

Calculations indicate that 3e is the most favored isomer among the five possible isomers of 

C3B4H7 + (Figure 2.3). A five membered ring prefers a BH group as a cap rather than CH, 

an outcome of ring-cap compatibility. This explains the stability of 3e and 3d over 3a, 3b 

and 3c. The reduction of ring C-C bond length in 3e to -1.480 A from normal C-C bond 

length of 1.54 A results in better ring-cap overlap and overall stability. The theoretical 

prediction of 3e as the most favorable isomer is also in tune with the large number of B-C 

bonds. The structures 3b and 3c have one BH and one CH caps. The structure 3c with 

more number of B-C bonds is lower in energy than 3b. As expected the CH and BH bonds 

of the five membered ring are bent away from the BH caps. The next possibility of 2 CH 

groups capping the five membered ring (3a) is highest in energy with the worst ring-cap 

compatibility. 
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3a(69.5) 3b(51.5) 

3c(34.6) 3d(18.1) 3e(O.O} 

Figure 2.3. Optimized geometries of C3B4H7 + isomers. The relative energies (kcallmol) are 
given in parenthesis. All the isomers are minima on the PES. 

iv. Ten-vertex clusters: Due to the lower symmetry of B IOHIO-2, there are a large 

number of isomers for C3B7HIO +. The insertion of a four membered 841-14 ring into the 

previously studied octahedral structure, C3B3H6 + provides more positions for carbon atoms 

thereby increasing the number of possible isomers. The energies of all of them are given 

separately in Table 2.2. All the isomers are calculated to be minima on the PES. The most 

stable isomer is calculated to be 4a (Figure 2.4). 

The order of relative stability among the 12 possible isomers could be explained 

easily by the relative positions of 3 CH groups, the number of C-C bonds, and the presence 

of strained C3 ring. 4a with 2 CH caps to 4-membered rings is the most stable isomer, 

which is a straightforward result of ring cap compatibility. The second type where only 
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one of the two four membered rings is capped by CH has six possible isomers (4b-

4e,4h,4j). These are the next lowest set in energy, except for 4h and 4j, which have less 

number of B-C bonds. The remaining isomers form the third category where all the CH 

groups occupy the ring positions (4f,4g,4i,4k,41). Some of them come in between the 

second type due to the stability attained from the larger number of B-C bonds in them. 

These are expected to be high in energy. This is true except for 4f and 4g, which have 

different number of B-C bonds. The least stable structure 41 has minimum number of B-C 

bonds, no CH capping to the four membered rings and a strained cyclo (CH)3 fragment. 
f 

When there is equal number of B-C bonds in two isomers the more stable isomer is the one 

where the carbon takes a lower coordination position. This explains the stability of 4c over 

4d and 4f over 4g. 
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Figure 2.4. The most stable isomer 4a. The numbering of various vertices is shown. 
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Table 2.2. Total Energies (Hartrees), unscaled zero point vibration energies (ZPVE, kcal/ 
mol) and relative energies (RE, kcal/mol) of C3B7HIO+ isomers at HF/6-31G*. The 
numbers within parenthesis below the isomer number refer to the position of carbon 
substitution (RE include ZPE, numbers in the parentheses are from B3L YP calculations at 
6-31 G* level.) All the isomers are minima on the PES. 

Symmetry Isomer Total energy . ZPVE RE 

Cs 4a -291.993209 98.7 0.0 
(1,2,10) (-294.113322) (93.9) (0.0) 

C2v 4b -291.980752 98.7 7.8 
(1,6,8) (-294.104220) (93.3) (5.1 ) 

C) 4c -291.963165 98.7 18.8 
(1,6,7) -294.086174) (93.1 ) (16.4) 

C 1 4d -291.955438 93.9 23.6 
(1,2,8) ( -294.080785) (93.1 ) (19.0) 

C) 4e -291.928398 98.3 40.3 
(1,3,6) (-294.057750) (92.8) (33.7) 

Cs 4f -291.925340 98.1 41.9 
(2,3,8) ( -294.054170) (92.5) (35.4) 

C) 4g -291.912253 97.7 49.8 
(2,4,6) (-294.047456) (92.3 ) (39.3) 

C2v 4h -291.907239 98.0 ~" 2 ).J . 

(1,2,4) ( -294.041898) (92.5) (43.4) 
C 1 4i -291.896747 97.7 59.5 

(2,3,7) ( -294.029926) (92.2) (50.5) 
C 1 4j -291.893203 97.9 61.9 

(1,2,3 ) (-294.027124 ) (92.1 ) )_ . .J C) ") 
Cs 4k -291.887185 97.2 65.0 

(2,3,4) (-294.021788) (91.9) (55.6) 
Cs 41 -291.869740 97.2 76.0 

(2,3,6) ( -294.008640) (9l. 7) (63.9) 

v. Twelve-vertex clusters: The icosahedral C3B9H12 + could exist in five different 

isomeric forms (Figure 2.5). The stability order emerged from calculations is 

Se>Sd>Sc>Sb>Sa. The bond energy consideration alone is sufficient to explain the 

relative stability order of these clusters. Se with larger number of stronger B-C bonds is the 

most stable isomer. Here all the carbon atoms are positioned such that no two carbon 

atoms are in direct contact with each other. 
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The Sa isomer contains a strained cyclopropenyl ring. where each CH can be 

considered as a cap to five membered rings with two carbon atoms in it. This makes it 

incompatible with ring-cap matching. Also closely placed three carbon atoms in the cluster 

violate the Williams principle. These factors contribute to the energy of this isomer and 

make it the least prefen'ed one. The 5b and 5c isomers, which differ by ca. 8 kcallmol 

have been associated with one C-C and two C-C bonds respectively and two CH caps on 

two five membered rings, each have only one carbon atom and one CH cap to a ring with 

two carbon atoms. The two C-C bonds in 5b place it at a higher energy than 5c. The 
i 

isomer 5d with only one C-C connectivity and an isolated third carbon atom in the 

skeleton, as expected is stable over Sa, 5b and Sc. 

5a(48.1) 5b(32.5) 5c(16.2) 

5d(13.3) 5e(O.O} 

Figure 2.5. Optimized geometries ~f C3B9H12+ i~o~ers. The relative energies (kcallmol) 
are given in the parenthesis. All the Isomers are mmima on the PES. 
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2.1.4. The stability order of various isomers across the clusters 

The perturbation caused by carbon in the borane cage affects both chemical and 

l , 
, , , 

J , 

, 
I 
I , 
, 

physical properties. The unusual stability of B12H12-2 led to the belief that the stability of ; 
I 

polyhedral boranes increases with size of the cluster. While this is true in comparison 

Many studies were carried out to get a satisfactory explanation of the stability order among 

I b IOal21517a the coso Ol·anes. ' , , This was explained finally by the concept of overlap 

matching. 12d All the studies led to a stability order for dianionic polyhedral boranes as 

H -~ B H -2 B H -2 B H -2 B H -2 shown: BI2 12 -- 6 6 > 7 7 > 10 10 > 5 5 . 

The stability of cationic carbaboranes is correlated using the following equations 

(2.1-2.4) which are nearly isodesmic. Only the most stable isomer in each category is 

considered here. The equations are calculated using the B3L YP/6-31 G* energy values of 

all species. This gives the order of stability among the members as a relative preference 

between tricarbaboranes and all boranes with B12HI2-2 as a standard. Orbital compatibility 

arguments anticipate the result that structures 1-4 are all benefited by carbon substitution 

so that all equations are endothermic. Maximum benefit is obtained by the smallest system 

as the CH caps favor the small three-membered ring over the BH cap and thus, leading to 

substitution. 

C3B2HS+ + B1?H I2-2 ----------------> C3B9H12+ + BsHs-2 
C3B3H6' +B 12H12 -2 ________________ > C3B9H12+ + B

6
H

6
-2 

C3B4H/ + B12H12-2 ----------------> C3B9HI2+ + B7H7-2 

C3B7HIO+ + B12HI2-2 ----------------> C3B9H12+ + B IOH IO-2 

C2I-h + Clot + (n-3) BHinc --------> C3Bn-3Hn+ 
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kcallmol 

125.4 
82.1 
94.1 
42.5 
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An alternative to evaluate the relative stability of these cations is to employ the 

equation (2.5), where E(CH+)=E«CH3hCH+)-E(C2H6). The energy obtained on the LHS of 

equation (2.5) is just a summation factor and it does not include any additional stabilization 

of the cluster. The reaction energy of this equation calculated using BHinc from acyclic 

delocalization, ring-cap orbital overlap and other factors. The values obtained are -453.6, 

-350.1, -226.1, -161.0 and -108.9kcallmol for n=12,10,7,6, and 5 respectively. These 

absolute values indicate total stability. The inherent stability here may bc bettcr 

f· 

approximated by dividing each of these by the number of vertices. Thus we get -37.8, -

35.0, -32.3, -26.8 and -21.8 kcallmol respectively for n=12,10,7,6 and 5, implying 

maximum inherent stabilization to the icosahedral C3B9HI2 +. What is interesting is that the 

carbon substitution has changed the order of stability of tricarbaboranes from BnHn-2. 

This is contrary to the stability order of BnHn-2 where 6-.vertex polyhedron is more stable 

than 7- and 10-vertex polyhedra. 

2.1.5. Natural charges and the delocalization 

The delocalized nature of the isomers is well understood from the charge 

distribution among the vertices. The monopositive charge is distributed among all the 

vertices and naturally those BH groups, which are near to the CH vertices, acquire the 

highest positive charge. For example in the most stable isomer of C3B9HI2+ Se, there are 

four unique vertices by symmetry_ The NBO charges obtained by adding the charge on the 

hydrogen to the heavy atom on each vertex are shown in Figure 2.6. The three equivalent 

carbon atoms have NBO charge of -0.336. The three borons (Ba) each of which are in the 
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, 
I 

vicinity of two carbon atoms and are not bonded to each other have a charge of 0.286. The \ 
I , 
I 

third set of three boron atoms (Bb), which are bonded to each other and at the same time \ 
I , , 

connected to two carbon atoms have a charge of 0.269. The charge on the remaining 3 I 
, 
• , 

boron atoms (Bc), which are connected to only one carbon atom, is 0.113. With the I 

I 

introduction of carbon atoms, the cage is polarized so that the hydrogens on the carbon i 
, 

I 

have more positive character and those on the boron atoms have less acidic character. Thus ! , 

different derivatisation is possible on both the carbon and boron vertices, forming stable 

species enabling to vary their constitution and hence the properties. This partial 

localization of the charge present in all the isomers must provide interesting variation of 

reactivity at different sites providing versatility in functionalization. 

c 

(-0336) 
C 

Ba 

Ba 

.269) 

Figure 2.6. The NBO charges on the various vertices of most favorable and symmetric 
tricarba-isomer is shown 

All of the closo- tricarbaborane cations studied here are favorable systems with the 

positive charge delocalized throughout the entire cage with a variety of reactive sites than 

the neutral and anionic counterparts. The possible ways of stabilizing these cations are the 

displacement of hydrogens by ligands and thus making it suitable for a variety of uses such 

as stabilization of unusual anions and as weakly coordinating cations. 
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2.1.6. Possible applications 

Cationic tricarbaborane systems should have promising applications, adding to the 

many known uses of boranes. Recently a variety of substituted closo- carbaboranes like 

permethylated and perhalogenated carbaborane anions (CB II R 12-) have been synthesized. 18 

The crystallinity and extremely weak coordination of CB II R 12- have been used profitably 

to stabilize and to characterize a number of unusual cations. 19 Just as these derivatives of 

B12H 12-
2 

and CB II H I2- have been used as highly noninteracting carbanions in studying 

reactive cations,19,20 appropriate derivatives of C3B9H 12+ should help as versatile cations in 

stabilizing reacti-&e anions. These cationic tricarbaboranes presumably should have 

approximate spherical geometry with a highly dispersed charge. Though spherical in 

shape, the three carbon atoms in them provide opportunities for polarization of charge 

resulting in weakly acidic sites, which can be used to advantage. For example, fullerene 

salts with alkali and alkaline earth metal counter ions have been studied extensively. The 

physics and chemistry of C60-3 depend on the counter cations used.21 The superconductivity 

of C60-3 (M+)3 is known to depend on the cation M+. Use of carbaborane based cations 

allows variation of size of the cationic species and also polarization of the charge 

depending on the positions of the carbon atoms. Recently MgB2 with negatively charged 

graphite like boron sheets and intercalated Mg+2 is shown to be superconducting.22 The 

nature of the cation may be used to fine tune these electronic properties. There is, thus, a 

need to develop highly unreactive cations with varying sizes. Cationic carbaboranes are 

possible candidates. 
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2.1. 7 Conclusions 

l , 

I 
l 
• , , 
'. , , 

An electronic and structural analysis is made on the cationic closo tricarbaboranes ' 
• 
I 
; 

obtained by the isoelectronic replacement of 3 BR by 3 CH. Models are taken from both I 

1 , , , 
simple and stacked systems. The stability order of all the isomers are explained based on i 

1 

1 

1 

the William's rule, Gimarc's rule and Jemmis ring-cap orbital overlap criterion, which :\ 
-I 

I 

govern a monopolyhedral cage. The stability order is proportional to the number of i 
, 
" 

inherently stronger B-C bonds. The introduction of more carbon atoms on the boron i 

clusters brings in more number of isomers and a reduced delocalization. 

2.2. A possible synthetic strategy towards cationic closo-tricarbaboranes 

2.2.1. Introduction 

The previous section of this chapter pointed out the stability of the isomers of closo-

C3Bn-JH/, which are potentially weakly coordinating cations by virtue of the dispersal of 

charge throughout the cage. Though many synthetic approaches towards the neutral nido 

or arachno multi-carba systems are known,3,4,23 closo-cationic tricarbaboranes remain 

elusive till date. Here a synthetic strategy is proposed towards cationic closo-carbaboranes 

based on the well-known benzyl cation-tropylium ion equilibrium. Though the studies on 

the relative energies of the various isomers on the potential energy surface of C7H/ and 

the energy barrier for their interconversion still continue. the stability of tropylium ion over 

benzyl cation is a well accepted verity.24 A reaction similar to the expansion of the six-

membered ring to seven-membered ring must lead from clOSO-C2Bn-2Hn to closo-C3Bn-JHn +. 

Theoretical studies of a synthetic strategy involving cage expansion starting from 

carboranyl carbene l-CH-l,2-C2BiOHII leading to the formation of neutral closo-C3BiOHl2 

are known. 23c 
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2.2.2. Benzyl cation-tropylium ion analogs in polyhedral boranes 

In comparison to the benzyl cation-tropylium ion rearrangement, which is 

calculated to be exothermic by 10.2 kcallmol at B3L YP/6-31 G*, the cluster expansion 

reactions are generally more exothermic (Scheme 2.1). The octahedral l-CH2-2,3-C2B4H5 + 

(1) is less stable than 2,4,S-C3B4H/ (2) by 54.0 kcallmol. The II-vertex closo­

dicarboranyl methyl cation, 1- CH2-7,9-C2B9HIO -r (3) is also less stable than the cationic 

closo-icosahedral tricarba species, 2,8,1 0-C3B9H 12 ~ (4) by 41.3 kcallmol. However, 

equation III (Scheme 2.1) which generates a 13-vertex closo-tricarbaborane (6) is 

endothermic; 2,9: 11-C3B IOH 13 + (6) is higher in energy than 12-vertex 1-CH2-8,1 0-

C2B\oH\\+ (5) by 10.5 kcallmol, possibly from the inherent extra stability of the 

icosahedral skeleton. There are several isomers possible for each tricarbaborane family; 2 

is the most stable isomer among the pentagonal bipyramidal tricarba species and 4 is the 

second-most stable one among the icosahedral family. 

2.2.3. Geometry of the dicarboranyl methyl cations: Benzyl cation analogs 

The primary cation, anticipated to be highly reactive, has its CI-h group tilted 

towards one of the boron vertex (Bp). This tilting is observed in all the cases except for 1 

where the bending is towards an edge forced by the symmetry. In 3 the CH2 group tilts to 

one of the vertex by 4S.1 0. But in the known dicarboranyl methane (C2B9H IOCH3) there is 

no tilting for the CH3 group and methyl carbon is collinear to the capping atoms. 25 It is the 

interaction of the vacant p-orbital on the CH2 group with bonding skeletal orbitals 1 a' and 

2a' of the cage (A, Figure 2.7) that leads to the tilting. This delocalization is reflected in 

the natural charge on the CH2 group (0.082). The molecular orbitals, 1 a' and 2a' are 

stabilized while 3a' which is the LUMO gets destabilized in this process (e, Figure 2.7). If 
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I 
I 

this is indeed correct, CH2 substituent with two electrons in the p-orbital should not tilt, as II 

I 
I 

is confirmed from the optimized geometries of C2BnHn+ICH2-1. 
, 

These are minima on their i 
I 
I 
I , , 

respective potential energy surface as well. I 

, + -10_2 kcal/mol 

·54,0 -·-----0 
51 7 

I I·CH, 2,3· C,ll,Hs + 2 2,4,5-C;B,H, 
+ 

·413 ------- @ 
292 

3 I·CII,7,9-C, B. H,o 
• 4 2,8,10-C,B, HIl ' 

TS(5-6) 

105-------@) 
674 

5 I·CH,8,10-C,B,oH II + 

Scheme 2.1. The optimized reactants, transition states and products calculated for the 
formation of cationic tricarbaboranes. The relative energies and the energy barriers are also 

-gIven. 
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· ' The Ba (boron to WhiCh the CH2 carbon is bonded)-C bond length in 3 is 1.482 A 

(WBI=l.l48)?6 There is a C-Ba-Bp 3-centre bond which shows enhanced delocalization 

due to the stabilizing interaction. This is further supported by the formation of a weak 

bond (WBI=0.627) between the carbon and the cage boron (Bp) towards which it is tilted. 

The tilting angle, bond lengths and the Wiberg bond indices of all the systems studied are 

given in Table 2.3. The tilting angle is less for 5 (30.4°) where the equilibrium is 

calculated to be endothermic. 

A 

2a' 

1 a' , , 

B c 
3a' 

3a' 

2a' 

1 a' 2a' 

1 a' 

Fiuurc 2.7. The cage orbitals of C2B9CI-h+ which has hyperconjugative interaction with 
th: vacant p-orbital of the CH2 group(A) and the resulting molecular orbitals of C2B9CH2 + 
with linear CH2 (B). The tilting of CI-h group enhances the interaction leading to the 
stabilization of bonding molecular orbitals, la' and 2a' and the destabilization of the 

LUMO,3a' (C). 
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2.2.4. Boranyl methyl anion-monocarbaborane rearrangement 

A similar trend both in geometry and in energetics is observed in the formation of 

monocarbaboranes from boranyl methyl systems (7-12, Scheme 2.2). The 

I 
• 
• 
I 

, 
I 
, 

monocarbaboranes precede over the boranyl methyl systems in their stability, thus making . ; 
, , 

this synthetic method a favorable one for their formation as well. The exothermicity of the .; 

equilibrium involving the formation of I3-vertex monocarbaboranes in the gas phase, 

though not very large, implies that the hitherto unknown 13-vertex closo-borane is not very 

far from experimental realization. The recent report of the synthesis of I3-vertex closo-

dicarbaborane supports our results?7 There is no bending of the methyl carbon in trianionic 

boranyl methyl systems also, but is pyramidal in contrast to the planar structure of the 

dicarboranyl methyl anions (Figure 2.8). 

Figure 2.8. Optimized geomtries of dicarboranyl methyl anions and boranyl methyl 
trianions. 
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The methyl group is pyramidalized so that the extra electron pair occupies an orbital of 

more p character with some s mixing and is not involved in the skeletal bonding. In the 

. dicarboranyl methyl systems the cage, due to its electron withdrawing character, 

incorporates the additional electron pair for the skeletal bonding and opens up. This result 

is in accord with the fact that the methyl anion is pyramidal whereas the methyl cation 

takes on a planar arrangement. 

TS(7 ·8) 

539 

TS(9·10) 

·77 9 ......... (j) 
448 

lS(II·l~) 

• ·77 ......... @ 
607 

Scheme 2.2. The optimized reactants, transition states an? products calculated .for the 
formation of anionic monocarbaboranes. The relative energIes and the energy barrIers are 

also given. 
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The formation of tricarbaboranes is found to be more feasible than the corresponding . I 
I 

monocarbaboranes except for 13-vertex closo-systems. The rearrangements involving the I 
I 
I 

[ormation of dicarbaboranes are not studied due to their relative ease of availability and I 

abundance. 

Table 2.3. The total energies in au, tilting angle (8) in degrees, the distance between the 
methyl carbon and the boron (Ba) to which it is connected (11) as well as the boron (B~) 
towards which it is bent (h), and the corresponding Wiberg bond indices (WBI). 

Compound Energy, au Tilting angle, C-Ba (A) C-BIlCA) 
8 11 WBI h WBI 

+ C2B4HsCH2 (1) -217.60895 45.4 1.457 1.308 2.496 0.185 
C2B9H lOCH2 +(3) -345.00457 45.1 1.463 1.232 1.895 0.472 
C2B lOH11 CH2 +(5) -370.50948 30.4 1.499 1.141 2.328 0.198 
BI2HII CI-h-(7) -344.39207 44.7 1.481 1.197 2.015 0.390 
B I tI-{ IOCI-h(9) -318.87012 49.7 1.482 1.148 1.752 0.627 
l36HsCI-h-(l1 ) -191.45219 40.2 1.474 1.266 1.894 0.525 

2.2.5. Reaction paths and energy barriers 

In the light of favorable exothermicities, the reaction path for the formation of the 

tropylium ion equivalent structures is traced out by IRe calculations.28 The energy barrier 

for the conversions from 1 to 2 is calculated to be 51.7 kcallmol. The energy barrier 

involved in the conversion of II-vertex (3) to icosahedral species (4) is computed to be 

29.2 kcallmol and the energy barrier for 5 to 6 is computed to be comparatively higher, 

67.4 kcallmol. Thus, the transformation from a less stable II-vertex to the most stable 

icosahedral form is more feasible than from either icosahedral or octahedral carbaborane to 

the corresponding 13-vertex and 7-vertex carbaboranes (Figure 2.9). These are to be 

compared to the barrier of 62.1 kcallmol calculated on the path of benzyl cation-tropylium 

ion conversion.29 Thus, the energy barriers for the cationic boranes appear to be accessible. 

All the rearrangements are one-step processes with a transition state that is located on the 

potential energy surface. 
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Figul-c 2.9. The reaction path traced out for all the equilibria shown in Scheme 1 and 2. 
The reaction coordinate is taken on the X-axis and the relative energy (RE) is plotted 
along Y-axis. It is obvious that the formation of icosahedral species (3->4 (tricarba­
formation) and 9-> 10 (monocarba- formation)) involves less energy barrier compared to 
other cases. 

The reaction path for the formation of the icosahedral cations starting from CH2 

susbstituted isomers of the experimentally known II-vertex dicarbaborane are also 

computed (figure 2.10).25b Two cases are studied here where the reactant is with CH2 

group attached on the boron vertex (13) and on the carbon vertex (15). Their energy 

barriers can be compared with II in scheme 2.1. The rearrangement from the (13) is 

slightly less favorable than from (3) with an energy barrier of 34.2 kcal/mol and that from 

the (15) is highly unfavorable with a barrier of 70.1 kcallmol. This shows the lower 

preference of C-substituted dicarboranyl methyl cation as the reactant. 
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TS(13-14) 

TS(IS-14) 

Figure 2.10. The optimized geometries of the reactants, transition states and the product 
obtained for the experimentally known Ii-vertex dicarbaborane reactant. The relative 
energies and the energy barriers are also given. 

2.2.6. Transition states 

All the transition states are characterized with one of the -CH2 hydrogen bridging 

the carbon-boron bond. One of the ring B-B bond is elongated to 2.780 A in TS(3-4) and 

1.980 A in TS(1-2) whereas the Ba-Bp bond is lengthened in TS(5-6) (2.292 A) to 

accommodate the -CH2 carbon. The imaginary vibrational frequency and the IRC 

calculations confirm all the transition states for the respective transformations. 

2.2.7. Conclusions 

The extension of the well-known organic reaction to polyhedral boranes will not 

only provide an additional link in our attempts to correlate the carbon chemistry and boron 

chemistry, but also enrich the carbaborane chemistry as it includes the cage expansion and 
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the introduction of carbon atoms into the cage. The computational results show that with a 

proper reactant, the exploration of the cationic polyhedral carbaboranes should be within 

the realm of the possible. There are many known reactions to emulate. The reactant with 

an icosahedral framework could be achieved by many ways such as the reaction between 

BIOHdligandh and acetylenes (C2R(R'X)), halogenaion of the methyl derivatised closo-

icosahedral borane and insertion of the properly substituted vertex on to a nido face?< 

RC-CCII2X 

nc C CllzX -----... ~ V 
or IIC - CII 13 10([1 0 

IIC 
It 

CH ---l.~ V debor"ti~n llido-C2B9H 12' • llido-(13-CHzXlCzIl9H 12 

Methylation + 
HalogenHtion 

closo-Cz B IO( R-Xhz 

R.:vIig :-.IH) 
pyrolysb 

This reactant can be either directly employed for the formation of 13-vertex cluster or 

made to undergo base promoted degradation to obtain the nido product. 3D The pyrolysis of 

the nido- B-derivatized C2B9H 13 leads to the closo-l1-vertex dicarboranyl methyl system.3 1 

Thus, the prospect of synthesizing other similar carboranyl systems, either by extending an 

analogous pathway as that of icosahedral systems or by staI1ing with a B-derivatized nido-

system, is sure to bring excitement in the area of carbon rich carbaboranes. 
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CHAPTER 3 

Endohedral Polyhedral Boranes: Relationship with Sandwich 
Complexes and their Stability 
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3.0. Abstract 

An electronic structural connection is established for sandwich complexes and 

polyhedral boranes with encapsulated atoms. The charge requirements of these extreme 

geometrical patterns depend on the size of the central atom and the distance between the 

adjacent rings. While going from the endohedral to the corresponding sandwich 

complexes the unoccupied azu and eg molecular orbitals are stabilized considerably 

requiring additional 6 electrons for stability. In the corresponding process starting from 

the double decker sandwich complexes the two endohedral atoms are found to stabilize the 

large borane skeleton. The energetics and geometries of the relatively less explored 

endohedral boranes show that endohedral silaboranes are more stable than the endohedral 

carbaboranes. In general when an atom is encapsulated in a borane cage its skeletal bonds 

are elongated. The exo bonds are shortened due to the possible reduction in the torsional 

strain between the adjacent vertices. A comparison of the endohedral complexes with its 

exoisomers shows that encapsulation brings in more strain to the system. A qualitative 

analysis of the relationship between the sandwich systems and the endohedral systems is 

presented in the first section of the chapter followed by a detailed study on the stability and 

structure of the relatively unexplored endohedral carbaboranes and silaboranes in the 

second section. 
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3.1. The relationship between polyhedral borane sandwiches 
endohedral complexes based on their electronic structure 

3.1.1. Introduction 

- ---, 
, 

I 
I 

, , 
, , 

and i , 
I 
I 
I 

I 
I 
I 

Sandwich complexes occupy a prominent place in chemistry. Though a large I 
I 
I 

majority of these are known with Cp- (CsHs-) (Figure 3.1, 1) and similar planar rings,1 ! 
I , 

I 
there are several examples known with polyhedral borane fragments such as the pentagonal I , , 

I , 
, 
I 

pyramidal C2B4H6-2 (Figure 3.1, 2,3),2-7 the ollide ions C2B9HII-2 8-10 and the BIIHII·4 i 
, 
• 

(Figure 3.1, 5,7) \I as ligands. Recognition of the similarity between the frontier orbitals of i 
, 
, 

1 
Cp- and of the polyhedral fragments C2B9H II -

2 and C2B6H6-2 was a turning point in this I 

chemistry.12 The structural connection between a sandwich complex involving two 

pentagonal pyramids (Figure 3.1, 3) and an endohedral icosahedron generated by bringing 

them closer (Figure 3.1, 9) cannot be missed. A point of concern is also that there is no 

sandwich structure of the type 3 available with boron as the central atom. The only 

sandwich structure with a central boron atom calculated to be a minimum has Si3H3 + as 

ligands.13 The details of the interaction that precludes 3 with a central boron atom are 

beginning to be understood. 13 A more general understanding, which examines the 

interrelationship between the variety of sandwich structures and the corresponding 

endohedral structures are called for. The requirements for stabilizing sandwich and 

endohedral complexes involving the main group atoms are studied here based on their 

• 

electronic structures. 

3.1.2. Qualitative analysis of the electronic structure of endohedral and sandwich 
complexes 

The analysis is carried out by constructing a correlation diagram that connects 

pentagonal pyramidal B6H6 fragments, sandwiches of the type 3 (M=Si, B), endohedral 
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complexes 9 (M=B) and BI2HI202 (FI'gtlre 3.2). Wh'l . .r. 
1 e gomg irom a hypothetical 

polyhedron made of two pentagonal pyramids with large ring-ring distance (Figure 3.2, B) 

to a sandwich structure with a large central atom such as silicon (Figure 3.2, C), the _ 

I 

(I) 

, , 
\ 

'" , 

(11) 

• . , 

(S)M=Co,Fe,Ni, Ga, Al 

(2)M=Fe,Co,NI 

fI, 

, . 

(12) 
", 

<-. __ ._> 

(6) 

(._ ......... ) 

(3)M=Fc, Hf, Co, Si, Gc 

.'\ 

(13) 
" 

1 

( .- . ) 

i 
(7)1\1 =Co, Fe, Au, NI. U, AI, S. 

<_''',0' ) 

I 
(4) 

, , 

(8) (9)M=He, Li, Be, S, AI, SI, l\<, Ga (lO)M=lfe,Li 

Figure 3.1. The continnum of structures generated from sandwich structures similar to 
ferrocene and the corresponding endohedral structures. T he central atoms of 
experimentally characterized or theoretically favorable structures are mentioned below 
each category. Charges of the respective molecules are not given due to the vari ety in the 
metal centers. 
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a2u orbital is significantly stabilized by the favorable interaction with the suitable orbital ofthe ! 

central atom. Many structures of this type are known experimentalIy.2-7 

n n 

~ ~ 
4 .. CJ = E. X@B I2H I2" F. B 12H I2-2 

A (B(,H(,) B 2(B6H(,) M B 
0 0 

i ~ n 
c D a2u 

~ 
eg Q 

-a i 

~ ~ 
• • 

~ ~ c. C 

i -a 
il eo ~ 

~ Pt Cu 
De 

AA ¥ 
i .c eu i 
~~ a I" i 0 

~~ 
a lg ~~ , 

Figur-c 3.2. Correlation Diagram connecting 2B6H6-
4 fragments (A, B), sandwich 

structures with central atom boron and silicon (C, D), and the endohedral polyhedron (E). 
F represents the MOs of parent polyhedron, B12H12-2. The MOs shown at the right side is 
that of single atom bridged structures. 

Bridging the two pentagonal pyramids by an atom smaller than silicon, for example, boron 

(Figure 3.2, D), increases the direct unfavorable interactions between the two. Hence a2u 

and eg orbitals are pushed up in energy leading to a decreased electronic requirement for 

the structure. This is in tune with the nonexistence of the sandwich complexes of pure 

polyhedral boranes. When the rings flanking the central atom are brought closer to result 

an encapsulated arrangement, the a2u molecular orbital goes up in energy even more 
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dramatically (Figure 3.2, E). The molecular orbital pattern emerging from this correlation 

is similar to that of the parent polyhedron without a central atom. Thus, the electronic 

requirements of the polyhedron do not change by encapsulation. The charge of the 

endohedral system will differ from the parent cage, reflecting the contribution of the 

valence electrons of the central atom for skeletal bonding. Hence B@B 12H 12 should have a 

charge of + I to compensate the three electrons contributed by the central boron atom to the 

BI2Hp-2. 

The newly established mno rule for polyhedral boranes, which is an extension of 

Wade's rule, explains the HOMO-LUMO separations found for various structures in 

Figure 3.2.14 The Walsh diagram connecting the sandwich complex to the corresponding 

encapsulated polyhedron as a function of ring-ring distance is constructed (Figure 3.3). 

The stabilization of I a2u and 2eg orbitals in going from the endohedral to the sandwich 

complex is clear from the diagram. At a ring-ring distance of around 2.6A or when the 

bridging atom is small, there is no marked HOMO-LUMO gap since 2eu, la2u, 2eg and 3eg 

are separated by small energies (Figure 3.3) and it is difficult to differentiate the HOMO 

and LUMO from the Walsh diagram, which shows the variable electronic requirements for 

such structures. This point corresponds to the boron bridging complexes shown in Figure 

3.2, D. A pat'a11el analysis is carried out for the variation of electronic structure for 2, 5, 6, 

and 7 going to their corresponding endohedral- structures 8, 11 , 12 and 13, respectively. 

The HOMO-LUMO gap and the stabilization of one doubly degenerate and a non­

degenerate MO for the sandwich structures are always obtained. Thus, in all the cases the 

sandwich structures require six electrons more than the endohedral structures. Obviously 
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the nido systems (2,5) require 2 more electrons than the closo. Examples of complexes 

(2,15 3,2-7 5 16 and 78-1°) are known in the literature. 

o 

- z -

- + 
~ 4e, 
> 
" 3e. ~ 

LLJ 

- 6 
3e, 

-S; 

- 1 0 

1=====:;:::. ---------
- 1 Z 

1.4 2.2 26 

o (A) 
----------------------------------------~ 

Figure 3.3. The Walsh diagram connecting the encapsulated and single vertex sharing 
polyhedral BI3HI2 systems. The distance between the two 5-membered rings (D) is plotted 
along the x-axis. The energy (E) is plotted along the y-axis. eu is the HOMO of the 
endohedral system and as the distance between the rings increases gradually eg and a2u 
comes down in energy and eg becomes the HOMO. The optimized structure of the 
endohedral B@B 12H I2+ is shown. 

3.1.3. Extended 2-atom encapsulation 

The extension to one more cage will result in structures similar to that in transition metal 

cluster chemistry. The Walsh diagram for the structure B6H6LiBsHsLiB6H6 (4-Liz) going 

to its endohedral analog Li2@B I7H 17 (lOa-Liz) is shown in Figure 3.4. The valence 

electrons of the stuffed atoms satisfy the electronic requirements for the skeletal 

framework of the polyhedron. As per mno rule the structure 4-Liz requires 24 (3+ 19+2) 

electron pairs and the structure lOa-Liz requires 18 (1 + 17) electron pairs. BH vertices 
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provide 17 electron pairs and 2 central lithium atoms together contribute one electron pair 

in both the structural varieties. Thus, the structure IOa-Li2 is neutral and the structure 4-

Liz requires 6 more electron pairs. While going from lOa-Liz to 4-Liz, the stabilization of 

two doubly degenerate MOs (2e, 3e) and 2 nondegenerate MOs (2a l, 3al) is obvious from 

Figure 3.4, which is in agreement with the mno rule. 

\'" 1 
" \ .... ... 
~ '. 

;;:---, --
.~ 

- ------~-_ 1 
--..... __ I -. - ?" ~ 

- 4-

---
- 6 l1e 

-~- ------
- 1 D -t----:~----:~ __ ~.~~------"=:=. <-''-P.~''-'' ._~= --_. __ -il~, 

~.r--' __ -,,,-;;;~ , - -' '20 
.= ~.--~ ... ~ __ -... ---- _. __ ---- .--- --- -~To: 
~.-- ... . "- -- 1 ' ""'-=. I -_. __ ... _- --- --- .. ' .. _- ...... j 

, . . __ .0_- ----- . - .. -_ .... ", ....... ___ ~ , _ .............. , ... ,,' _ . 
.. - -- .--- " -". - -- - ' 

t ",, ' - I I ,-'-r-'-'-'--"-- 1 -- ! 

- 1 2: 

1.4 1 8 2.2 26 34 

O(A) 

-----------------------------~ 

Figure 3.4. The Walsh diagram connecting the three cage single vertex sharing systems 
[B6H6LiBsHsLiB6H6] (4-Liz) and its two atom encapsulated counterparts Li2@BI7HI7 
(lOa-Liz). The stabilization of two doubly degenerate MOs (LUMO (2e) and LUMO+ 1 
(3e) of endohedral systems) and two nondegenerate MOs (LUMO+2 (2al) and another 
higher lying antibonding orbital (3al» in the sandwich structure shows that it requires 6 
electron pairs more than the endohedral complex. 
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3.1.4. Experimental verification 

The electronic requirements anticipated by the above analysis are substantiated by 

, (3) 2-7 • I 5. , 

• , 

I 
I 
I 
! 
! 
• 

I 
I 
I 
I 
I 
I 
I 
I 

l(C2B9H11 )MCp] 16 (where M=Fe, CO, Ni, Ga, AI) (5) and [(C2B9HII)2M]8-10 (M=Fe, Co,.\ 

Ni, Si, AI) (7). 

3.1.5. Quantitative verification 

calculated to be minima on the potential energy surface(PES) with low frequency 27.63, 

4.08, and 21.10, respectively (Figure 3.5). The lowest frequencies correspond to the 

rotation of the rings along the pseudo Cs axis. But similar sandwich complexes with 

comparatively smaller atoms as the sharing vertex such as boron and carbon with an 

identical electron count as that of Al and Si complexes, respectively are found to be higher 

order saddle points on the PES. This is in accordance with the variable electronic 

requirements and hence the instability for the structural category of boron bridging 

complexes in Figure 3.3, D. The unfavorable interactions of these complexes and the high 

positive charge of the corresponding endohedral isomers (+5 and +6) preclude them 

experimentally. 
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[(C,B,H.),AI] , 
E=-60 1.0940 16 au [4.08) 

[C,B.H.),Si, 
E= -648.009730 au [27.63) 

[(C,B.H.),Ul> 
E=-36S.800723 au [21.10) 

Figure 3.5. The optimized geometries of Si, AI , Li single vertex sharing systems. The 
total energies (au) and the low frequency values are indicated in the parentheses. 

3.1.6. Conclusions 

A qualitative analysis explains the electron counts obse[\'ed for the polyhedral 

structures with single atom bridging and the corresponding endohedral complexes. 

Though sandwich complexes are identical to stuffed boranes in molecular composition, the 

molecular orbital approach shows how it forms a separate class of compounds due to its 

disparate electronic requirements. The encapsulation does not bring in new molecular 

orbitals, thus keeping the electron requirement similar to that of the parent polyhedral 

borane. Multiatom encapsulation in higher cages is found to be fa\ orable on the potential 

energy surface. 

3.2. An analysis on the stability of endohedral carba- and silaborancs, 
X@YmBnHn+mq (X=He,Ne,Li,Be; Y=B,C,Si; m=O-3; n=12-9; q=-2 to+2), 
(C2B4H6hXq (X=Li,AI,Si; q=-3,-1,O), and X2@B I7H 17q(X=He,Li; q=-2,O) 

3.2.1. Introduction 

The icosahedral structure with a central atom belongs to the family of endohedral 

complexes, which have been studied rigorously during recent years.
17 

These are known 

experimentally with the fullerenes'7a-d and even with the classical strained hydrocarbon. 

C2oIho with icosahedral symmetry.' 7c To our knowledge, no endohedral complex of 
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polyhedral borane is reported experimentally even though recent theoretical studies have 

shown that several of them are minima on their potential energy surface. 18 In view of the 

many sandwich structures involving the polyhedral fragments, where the central atom 

belongs to the main group, there is indeed the possibility of generating endohedral 

structures of the same kind. An encapsulated boron atom inside a polyhedral arrangement 

is observed in the structure of p-rhombohedral boron. 19 The related B28HI8 + (C3v) is 

d b 
.. 19c 

calculate to e a mInimum. 

Icosahedral boranes, carbaboranes, and silaboranes are the stable members of 

family of polyhedral structures and endohedral complexes are most likely to be generated 

here. Icosahedral B12H12-2 is especially favored because of the orbitals of high symmetry 

. . 

with which the central atom can interact perfectly. Trends in the calculational results of 

the structures and energies are described. The dependence of the stability of the 

endohedral boranes on the size of the parent cage as well as the size of the central atom are 

examined using the mono, di- and tri- substituted twelve vertex carbaboranes and 

silaboranes varying the central atom (Figure 3.6). A comparison of the relative energies of 

the stuffed systems with respect to the corresponding exoisomer where the heteroatom 

caps a face of the polyhedron helps to calibrate the stabilities of various endohedral 

complexes. Near-isodesmic equations are used to obtain retative preferences in a given 

series of endohedral complexes. 
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1.7,9-YJ I39H12\d"gl) 1.2)-Y,B9H1z+(d z,g_,) 234 Y 13 I~ +(d 0) ? ' ). Y B H +(1 ) 1217 Y 13 II ' ( I ) 
- ,. - J 9 '12 3'0,3 -." , ' 3 " 12 ',.g, . . -- , 4 · .: ' 5,1;5 

Figure 3.6. The parent cages along with the vertex symbols used in the te:\l. 
Y=C, Si. Symbols given in the parentheses are b, for monocarbaborane cage. 
c for dicarbaboranes and d for tricarbaboranes. Similarly e, f and g represent 
the mono, di, and trisi laboranes. 

3.2.2. Numbering notation 

In general the complexes are numbered as N(a-g)-Xn where N corresponds to the 

number of structure shown in Figure 3.1 , X corresponds to the central atom, a-g 

isomers are differentiated from the endohedral ones by a prime added at the end of the 

label. The positional isomers para, meta and ortho of dicarbaborane are identified by the 

subscripts 1, 2, and 3, respectively and those of tricarbaboranes are given numbers 1 to 5 as 

is shown in Figure 3.6. Thus, 9a-Li corresponds to the endohedral complex represented by 

9 with the icosahedral B 12H 12-
2 skeleton (a) with Li+ inside (Li@BI 2HI2-) and lOa-Lh 

stands for Li2@B\7H\7' 
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3.2.3. Energetics and geometries 

i. Stability order by various equations 

The energy involved in the encapsulation (.6..Een) of an atom inside each cage 

(Figure 3.6) is estimated using the equation, 

(3.1 ) 

, , 
, 
, 
, 

, 
, 
I 

I 

l 

, 

Where X = the central atom, Y = B, C or Si. The central atoms are so chosen as to : 
i 
I 

fit within the cavity of a given polyhedral borane. The central atom should not also result I 
I 

in unduly large negative or positive charge to the complex. The total energies for endo and II 

exo- carbaboranes and silaboranes are tabulated in Table 3.1 and Tale 3.2. 

The energy of encapsulation, .6..Een obtained from the equation is tabulated in Table 3.3. 

The varying charge requirements in the different isomers make it difficult to have a 

uniform comparison across all the isomers using .6..Een . But the endohedral carba- and 

silaboranes can be compared without any ambiguity. While endohedral interactions are 

ideal in BI2HI2-
2

, an external perturbation by substituting boron by a heteroatom such as 

carbon or silicon causes a reduction in symmetry leading to inequivalent interactions of the 

orbitals of the central atom with the skeletal orbitals. In addition, substitution of a boron 

atom by a carbon atom makes the cage size reduce a little thus, making the corresponding 

endohedral systems more strained. The .6..Een values are 169.8kcal/mol for He@B 12H 12-
2 

(9a-He), 180.2kcallmol for the monocarbasubstituted system (9b-He) and 19l.2 kcallmol 

for the dicarbaborane (9c-He). COlTesponding .6..Een values for the silaboranes are 

150.3kcallmol and 138.1kcallmol, respectively for ge-He and 9f-He systems. Similar 

trends continue for Li and Be encapsulation; .6..Ecn indicates that mono and disilaboranes 
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equatIOns, 

The size of the cage and the size of the central ion play significant role in the energetics of 

this equation. The He centered cages b.ave a stability order of 9g-He>9f-He>ge-He>9b-

He>9c-Hc>9d-He which is same as the cage size (Table 3.4). With Li the stability order 

changes to ge-Li>9b-Li>9f-Li>9c-Li>9g-Li>9d-Li. This can be attributed to the smaller 

size of the Li ion. The size of the lithium ion is such that the lithium encapsulation is more 

favorable for monosilaboranes, having maximum positive interaction with the orbitals of 

central atom and skeleton. In disilaboranes due to the large size of the cage, such bonding 

interactions are reduced. Li stuffed monocarba- and monosilaboranes being neutral are 

especially important. Similarly for the Be stuffed systems, the order is ge-Be>9b-Be>9f-

Be>9c-Bc identical to that of Li encapsulated systems. 

ii. Geometrical features 

The steric constraints arising from encapsulation is reflected in the geometrical 

parameters- skeletal bond lengths (Table 3.5) and the estimated percentage of 

cxpansion(Table 3.6). The latter is the percentage change in the distance from the centroid 

to the atoms on the surface as a result of expansion. The surface B-B distance increases 

from 1.787A in B I2H12-2 to 1.861A in 9a-He, 1.874A in 9a-Li, 1.871A in 9a-Be, 1.859A in 

9a-B and 1.998A in 9a-Nc. In monocarbaborane encapsulated systems the C-B distances 
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are within the range 1.750-1.900. This is higher than the C-B distance (1.707A) calculated 

for the parent cage CB 11 H I2-. Similarly the skeletal B-B bond lengths 

Table 3.1a. The total energies* (au), zero point vibration energies (ZPVE, kcaIlmol), 
HOMO-LUMO gap (H-L Gap,eV), charge on the central atom (Q(X)) and the lowest 
frequency eLF) of endohedral complexes X@CnBI2-nHI2Q (X=He,Ne,Li,Be; q = charge of 
the molecule). The relative energies among the various isomers are given in the 
parentheses wherever necessary. ' 

No. Isomer(No.} Symmetry Energy,au(RE,Kcal ZPVE(k H-L Q(X} LF 
Imol) cal/moll G(IJJieV) 

9a-He He@B12HI2 
,L [II -308.326599 [06.73 8.44 0.10 437.8 

9b-He He@CB II HI2' CI -321.614225 I 10.37 8.17 0.10 390.7 
ge

"
He Hc@p-CzBIOHlz DSd -334.737114(0.0) I 13.21 7.92 0.10 354.6 

ge2-He Hc@m-CzBIOHlz CZv -334.729926(4.5 [) 113.30 7.94 0.10 350.7 
gel-He He@0-CzBIOHI2 C2v -334.712837(15.23) I 12.89 7.84 0.10 359.4 
9d I,He He@I ,7,9-C3B9HI2 + C3v -347.681760(0.0) 115.02 8.00 0.10 324.3 
9d,-I'lc He@I,2,3-C3 B9H 12 + C3v -34 7.616409(41.0) 113.74 7.41 0.10 297.6 
9d ·-He ['[e@2.3,4-C)B9H\2 + Cs ·347.637524(27.8) I 14.28 7.47 0.10 325.1 , 
9d.-Hc He@2,4,5-C3B9HI2 + Cs -34 7.660395( 13.4) 114.50 7.77 O. ! 0 318.8 
9d,-Hc Hc@1.2, 12-C)B9H\2 + Cs -34 7.662260( 12.2) 114.54 7.58 0.10 .315.2 
9a·ll Li@BI21-112' [h -313.133455 106.79 8.50 -2.77 414.3 
9b-Li Li@CBIII-I12 Csv -326.241299 108.97 8.15 -2.54 357.8 
ge,-Li Li@p-C2BIOH\2 + DSd -339.179215(0.0) 110.34 7.82 -2.39 306.1 
ge,-li li@m-C2BIOI-I12 + C2v - -339.178721 (0.3) 110.73 7.80 -2.37 319.5 
ge,-Li Li@0-C2BIOHI2 + Cs -339.157362(13.7) 110.43 7.79 -2.38 307.3 
9d l-Li li@I.7.9-C)B9H\2 +2 C3v -351.937654(0.0) 110.83 7.79 -2.23 257.1 
9d,-Li Li@I ,2.3-C3B91-112 +2 C3v -351 .874829(39.4) 109.61 7.46 -2.24 211.8 
9d,-Li Li@2,3,4-CJ B9HI2 +2 Cs -351.895419(26.5) I 10. I 5 7.34 -2.24 258.2 
9d4-Li LI@2,4.5-C3B91-112 +2 Cs -35 I. 913 73 6( I 5.0 I ) 110.57 7.60 -2.23 253 .5 
9d ,-LI Li g 1.2.12-C;B9fl'2 +2 Cs -351.917648(126) I 10.42 7.66 -2.24 250.8 , 
9a·Bc 8C@[312HI2 

, 
III -320.273374 • 105 .66 8.68 1.08 409.7 

9b-Bc Be@CB"H,; C5v -333 .200342 106.55 8.26 1.33 340.4 
9~,-8c 13c@p-C2BIOHI2+2 D'd -345.948543( 1.46) 106.24 7.83 1.42 267.2 
9c.-Be Be@m-C2BIO I'[12 +2 C2v -345.950874(0.0) 106.50 7.82 1.45 276.7 
9c .. l3e Bc@0·C213IOHI2 +2 Cs -345 .931086( 12.41) 106.23 782 1.45 279.8 , 
9a-8 B@BI21-112 + 

III -329.961162 100.75 7.97 0.37 214.9 
9a-Nc Ne@BI2Hlz ·z Ih -433.948481 . 97. 12 7.51 0.09 290.1 
9b·Ne Nc @CBIIH lz' C5v -447.2 13398 99.57 7.19 0.08 86.8 
9a-Ga Ga@Bl2l-1lz + 

III -2227.892117 104.4 7 7.68 -4.34 145.3 
9a-Si Si@BlzHlz +Z 

Ih -593.993353 95.69 R.05 1.31 219.8 
lOa-He, He2@BI7HI7 ·z Cs -438.409278 153.25 5.86 0.Q7 129.9 
lOa-Liz Liz@B 17HI7 Cs -447.717853 150.79 6.22 0.66 87.0 
31\1 [(C2B4H6 hAIj' CZII -601 .094016 110.62 2. I I -0.04 4.1 
3S1 [(C2B.H6)zSij C211 -648.009730 II I. 83 6.25 0.53 27.6 
3Li [(C2B4H6h Li ·3 CZh -365.800723 104.61 4.68 -0.53 21.1 

t . . • . . 
The addillonallolal energies reqUired for the equations are BI21-112·2 -305.69021; B17H17•2 -432.99603 (A. M. Mebel, K. 

N a.Flfi an. r.v R.Schleyer: Inorg. Chem. 1998,37.6765); CBIIl-l lz' -318.994288: p-C2BIOHI2 -332.134854: m-CZBIOHI2 -
332.130514; o-C2BIOI-II2 -332.104338 (E. D. Jemmis, B. Kiran: 1. Am. Chem. Soc., 1997, 119, 4076); 1.7,9-C;B9HI2 + -
345.092057; 1.2,3-C;89H 12 + -345.013573; 2,3,4-C;B91-1 12 + -345.039338; 2,-l.5-C,B91-112 + -345.065683; 1.2.12-C,B9H 12 - -

345 .070426 (E. D Jemmis, M. Ramalingam, E. G. Jayasree: J Comput. Chem. 200 I ,22.1542.) 
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are in the range 1.840-2.050 where for the parent system the B-B bond length is well below 

1.800A. Similar lengthening of skeletal bonds occurs in all the cages. 

Ta~le 3.th. The t~tal energies (au), zero point vibration energies (ZPVE, kcallmol), the 
stram energy, the dIfference between endo and exo isomers (SE), HOMO-LUMO gap (H-L 
Gap, eV), charge on the central atom (Q(X)) and the lowest frequency (LF) of exo isomers 
XCnB I2.nH I2

Q
(X=He,Ne,Li,Be; q = charge of the molecule). The relative energies are given 

in the parentheses wherever necessary. 

No 

9a-He' 
9b·He' 
9cl-Hc' 
9c,-He' 
9c--lIe' , 
9d l -He' 
9d,-He' 
9d--I-Ie' , 
9d4-l-Ie' 
9ds-I-Ie' 
9a-Li' 
<)b-LI' 
9c I-Li' 
9c,-Li' 
9crLi' 
9d ,-Li' 
9dz-Li' 
9dr Li' 
9d4-Li' 
9d\-Li' 
9a-Bc' 
9b-Be' 
')C 1-Be' 
9c,-8e' -
9c--8c' , 
9a-8' 
9a-Nc' 
9b-Ne' 
9a-Ga' 
9a-S i' 
10a-Hez' 
10a-Lh' -

Isomer 

HeB 12Hlz-Z 

l-IeCBIIH lz-
l-Iep-CzB101-1 IZ 
Hem-CzBIOH lz 
l-Ieo-CzB IOH IZ 
Hel,7,9-C]B91-1 Iz+ 

He 1 ,2,3-C3B9H IZ + 

l-Ie2,3.4-C3B9H 12 + 
He2,4,5- C)B91-1 IZ + 

I-Ie 1 ,2_12-C3B91-1Iz + 
LiB IZ H12-

LiCBIII-I,~ 
Lip-CzB 101-1 1/ 
Lim-C2B IOH 12+ 

Lio-C2B 101-1 12 + 

Li 1,7 ,9-C3B9H I2 +2 

Li 1 ,2,3-C)B9H IZ +Z 

Li2,3,4-C)B9H IZ +2 

Li2,4,5-C3B9H IZ +2 
Li 1 ,2, 12-C)B9H 12 +z 
BeB IZH 12 

BeCBIII-I,,' _ 
Bep-CzB101-1 IZ'-
8em-CzB 101-1 IZ +z 
Beo-CzBIOI-IIZ+z 
B8IzH,z'l 
NeBlzHlz'z 
NeCBI,Il ,z 
GaBlzH lz ' 
SiB IzH I/Z 

1'-IezB17H17'
z 

Li2B17H17 

SymmetIJ' 

C3v 

C, 
C, 
Cs 
C, 
C, 
C, 
C, 
C, 
C, 
Ch 

C, 
C, 
C, 
C, 
C, 
C, 
C, 
C, 
C, 
Ch 

C, 
C, 
C, 
C, 
Clv 

C" 
C, 
C], 
C3, 

C, 
Cz 

En ergy, au (RE,kea 
I/mol 

-308.597321 
-321.901584 · 
-335 .041869(0.0) 
-335 .037518(2.7) 
-335.01165(19.0) 
-347.999407(0.0) 
-347.92091 O( 493) 
-347.946411(33.3) 
-34 7.972982( 16.6) 
-347 .977772( 13 .6) 
-313 .318124 
-326.480831 
-339.464667(3.4 ) 
-339.4 70142(0.0) 
-339.440806( 18.4) 
-352 .372334(0.0) 
-352.225726(92.0) 
-352.308514(40.1) 
-352.333605(24.3 ) 
-352.340132(20.2) 
-320.366166 
-333 .356353 
-346.1 40060( 11.4) 
-346.158195(0.0) 
-346126925(19.6) 
-330 .057921 
-434587324 
-447.891856 
-2228.195507 
-594.237695 
-438.80-.l797 
-448.086404 

ZPVE(k 
cal/mol) 

104.98 
109.04 
112.01 
111.81 
1 1 1.48 
113 .82 
112 .63 
1 13.00 
113.47 
113 .51 
107.32 
I 10.84 
112.72 
1 12.74 
112.30 
113.64 
112.67 
1 12.97 
113.4 7 
113.44 
108.45 
111.38 
112.07 
112.52 
1 1 1.98 
106.2 I 
105 .30 
109.25 
100.50 
99 .34 
150.13 
I 54. 1 1 

SE(ke 
al/I/wl 

169.88 
180.31 
191.23 
193.01 
187.50 
199.32 
191.07 
193.83 
196. 15 
197.98 
1 15.88 
150.3 1 
179.12 
182.87 
177.86 
272.76 
220.19 
259.22 
263.47 
265.11 
58.23 
97.90 
120.17 
130.10 
122.89 
60.72 
400.87 
425.73 
190.38 
153.33 
251.33 
231.27 

H-L 
Gap(eV) 

9.00 
8.79 
8.59 
853 
8.34 
8.49 
7.79 
7.93 
8.36 
8.18 
434 
602 
7.37 
7.68 
7.36 
6.86 
8.01 
6.6 1 
6.70 
6.76 
3.87 
4.56 
7. I I 
5.30 
4.93 
3.34 
9.00 
879 
2.40 
276 
7.05 
5. 16 

Q(X) 

0.00 
0.00 
000 
000 
000 
000 
000 
000 
000 
000 
006 
025 
049 
0.46 
047 
I 00 
070 
1 00 
1.00 
I 00 
0.05 
022 
045 
o 4,1 

0 42 
040 
o 0-' 
o ?? 

055 
097 
000 
O· ?­

-) 

LF 

10.4 
20 I 
-324 
-I S 9 
-17 5 
I I 9 
II 2 

-267 
-70 

-16 ? 

2567 
210') 
1403 
1390 
\?97 
-20 0 
590 
, , 

-J J 

607 
-15 0 
406 X 
398 1 
36? 5 
361 8 

4280 
·17 5 
- I ? ) -

-207 1 

- 1 1 5 " 
- 1 7 9 
1698 

The percentage of expansion shows that in carbaboranes the largest expansion is 

observed at the C-H vertex (Table 3.6). The vertex near to the carbon shows a larger 

expansion among the B-H vertices. As one goes to a vertex which is far from the 

substituted site the percentage of expansion gets reduced. In silaboranes this trend is 
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reversed. This shows that the endohedral system adjusts itself to attain a nearly spherical 

shape so as to enhance the interaction between the orbitals and hence the stability. 

Table 3.2a. The total energies~ (au), zero point vibration energies(ZPVE, kcal/mol), 
HOMO-LUMO gap(H-L Gap,eV), charge on the central atom (Q(X)) and the lowest 
frequency (LF) of X@SinBI2-nHI2Q (X=He,Li,Be; q=charge of the molecule). The relative 
energies are given in the parentheses wherever necessary. 

No. Isomer ~)lf11111e[1JV Energ)l(au) ZPVE(k H-L Q(X) LF 
cuI/matI GllJ!frV) 

9c-l-Ie lIe@S iB II I-I\2- Cs\ -573.027881 105.\3 7.45 0.10 325.0 
9rl-l-Ic lIe@p-Si2BI01I12 OSd -837.559458(2.6) 102.68 7.36 0.09 279.2 
9f,-He Ile@m-Si2BIOHI2 C2v -837.563588(0.0) 102.66 6.3 I 0.09 177.1 
91'·-1 Ie > Hc@o-S i2BIOHI2 C, -837.56302 I (0.4) 102.80 6.77 0.09 250. I 
9g l-Hc I-Ie@ I,7,9-Si, B9HI2 • C3~ -1101.937307(1.9) 99.42 6.10 0.09 178.4 
9g2-lIc Ile@I,2,J -Si]B9H\2 - C3v -1101.939681(0.4) 99.88 7.53 0.08 241.0 
9gr Ilc I le@2,3,4- Si]B9HI2 + C, - I 10 I. 940253(0.0) 99.58 7.30 0.08 165.8 
9g4-I-Ic Hc@2,4 ,5-Si3BqHI 2 • C, -1101.934355(3.7) 99.61 7.17 0_09 142.7 
9g,-Hc Ile@ I,2, 12-Si)B9HI2 • C, -110 I. 93 7203( I. 9) 99.39 6.62 0.08 168.6 
9c-Li Li@S iBIIHI2 Cs\ -577.647834 104.29 6.76 -2.50 309.1 
9fl-Li Li@p-Si2BIOIII2 + 

OSd -842.005437(0.0) 100.96 6.53 -2.27 258.0 
9f,-Li L i '0m-S i 213 101-1 12 + 

Cz\ -842005406(0.02) 100.86 5.63 -2.26 204.5 -
9f,-1.1 LIq'o-Si 2B 101 112 • C2\ -842.002047(2. I ) 100.80 6.81 -2 .23 229.8 
9g1-1.1 LI0) I. 7. 9-SI ,139 1-1 12' 2 Ch -I 106.2 13376(0.0) 96.68 7.03 -2.06 195.6 
9e.,-I.I 1.1 ~ 1.2.3-SI)B91-112 ' Z C]v -1106.205720(4.8) 96.55 6.71 -2.00 196.9 
~-

9g,-LI I.I (i1:2.3,4- Si)B9H 12 -2 C, -1106.206511(4.3) 96.50 5.82 -2_00 147.7 
9g.-LI 1.1 £!;2.4 .5-Si)B91-1 12.2 C, - I 106.207960(3.4) 96.81 6.50 -2.04 183.5 
9g,-1.1 LI 0 1.2.12-SI,I)9H 12 • C, -I 106.209526(2.4) 96.53 6.66 -204 170.7 ~ . 

9c-Rc BC@SIB II II 12 • Cs\ -584.610558 102.05 7_04 1.31 301.5 
9fl-Bc BC@p-SI2BIOIII2+2 O Sd -848.794 720( 1.9) 97.58 6.58 1.29 241.8 
9f,-8c Be@:m-Si2BIOII12 ·2 C2y -848.797677(0.0) 97.70 6.77 1.32 237.7 
9fl -Be Be@'o-Si2BIOHI2 ·2 C2\ -848.792394(3.3 ) 97.55 6.18 1.17 220.1 

j rhe additional total energies required for equations are SiB II HI2' -570.365124; P-Si2BIOHI2 -570.365124; m-Si2BIOHI2-
8348777)3. o-SlzBloIll2 -834 .873540 (E O. Jcmmls, B. Kiran: 1. Am. Chem. Soc., 1997. 119,4076.); 1,7,9-Si3B91-1 12'-
109923')1 79. 1,2.3 -Si ,B91-1 12 ' -1099226018; 2,3.4-Si1B9H12' -1099.224193 (this study) 

Another interesting geometrical feature shown by all the structures is the reduction 

of the exohedral X-H bonds by the introduction of a central atom. The orbitals of the 

central atom are found to stabilize some of the bonding molecular orbitals of the cage. 18a 

Delocalization of electrons from these exo bonds to the central atom is expected to 

lengthen the X-H bonds. However, the observed reduction may be attributed to a 

reduction in the H-X-X-H torsional forces, which would stretch the X-H bonds. Longer X-

X distance reduces the torsional strain, leading to a decrease in the X-H bonds. This 
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reduction of X-H bonds is contrary to endohedral dodecahedrane where lithium insertion 

shrinks the cage and elongates the exo bonds.2o This contrasting behavior results from the 

saturated nature of the C20H20 skeleton, the extra electron brought by encapsulation of Li 

occupies a molecular orbital which is the bonding combination of the C-H 0-* orbitals. In 

polyhedral boranes, the process of encapsulation enlarges the cage thus increasing the _ 

Table 3.2b. The energies(au), zero point vibration energies(kcallmol), HOMO-LUMO 
gap(H-L Gap,eV), charge on the central atom (Q(X)) and the lowest frequency (LF) of 
XSinBI2_nHI2Q(X=He,Li,Be; q=charge of the molecule). The relative energies are given in 
the parentheses wherever necessary. 
No. Isomer Symmetry Ellergy(all) ZPVE(k SE H-L Q(X) LF 

callII/o!) Gap(eV) 

9c-He' l!eSiB II H,2- C, -573.272118 103.30 153.26 7.77 0.00 -15 .0 
9f,-!-/c' Hep-Si2B IOH 12 C, -837.784746(0.0) !00.74 141.37 7.70 0.00 -22 .8 
9f,-l-Ic' Hcm-Si2BIOI-I'2 C, -837.783644(0.69) 100.78 138.09 7.62 0.00 12.0 
9frHe' Heo-SI2BIOHI2 C, -837.780544(2.6) 100.73 /36.50 6.91 0.00 -32.6 
9g,-He' He 1.7, 9-Si3B9H 12 • C, -1102.139225(0.0) 97.52 126.70 7.40 0.00 -17 .0 
9o,-l-Ie' He 1,2,3-Si3B9H 12 + C, -1102.133134(3.8) 97.55 121.39 6.83 0.00 -8.98 b_ 

9o·-He' He2'),4- Si38 9i-/ '2 
+ C, -1102 131276(5.0) b) 97.52 119.87 6.39 0.00 -162 

9g.,-Hc' !-Ie2,4,5 -Si 3 8 91-1, ~ • C, -1102.134649(2.9) 97.69 125.68 6.76 0.00 2237 -9g,-He' He 1,2.12-Si3891-1'2 + C, -II 02.136750( 1.6) 97.59 125.22 6.92 0.00 -27.5 
9c-Li' LiSi8 ,, 1-1 ,2 C, -577.853047 105.16 128.77 6.0 I 025 223 I 
9f,-U Lip-Si~8'oH 12 

, 
C, -842 .2 19195(5.5) 101.75 134 .13 6.97 0.43 148 4 

91',-1.,' Llln-Si28 101-1 12 
, 

C -842.227934(0.0) 102.0 I 139.64 7.21 0.41 170.4 - , 
9f--Li' Lio-Si28 1011 12 

+ C, -842 .2 18991 (5.6) , 101.86 136.13 6.76 0.44 I 19.2 
9g ,-U Li 1.7, 9-Si,B9H 12'2 Ch -1106.450571(30) 98 II 148.84 7.42 0.61 10l.5 

I 9g~-U Li l.2.3-Si,89H'2 '2 C, -1106455410(00) 98.20 15668 6.80 062 970 
9"--1 I' 1.12.3.4- Si,B9H '2'2 C, -1106.450856(2 .9) 98.13 153 .33 6.54 0.66 443 .:=- 1 .J 

9g,-U L'? 4 - S B H -2 I_~ , ). I] 9 12 C, -1106 449588(3 7) 98.00 151.62 6.84 0.65 -49 1 
9g,-1 I' Li 1.2.12-SI 18 911'2 

, 
C, -1106.·147016(53) 97.83 14903 6 84 064 -10 9 

ge-I3<:' BeS i8 11 1! 12 
• C, -584 .737521 105.85 79.67 4.48 0.20 345.1 

9f,-Bc' Bep-SI28101-1'2 ·2 Cs -848. 930509( I 0 9) 10206 85.21 4.63 035 2978 
9f,-Be' Bem-SI2BIOH,2'2 C, -848947939(0.0) 102.31 94.29 4.85 0.35 264 .7 -

257.1 9f·-lk' Beo-Si2BIO H12 
-t-2 C, -84893280 I (9.5) 101.97 88. I I 4.69 0.34 , 

Table 3.3a. The energy of encapsulation (kcallmol) of stuffed systems as obtained from 
the equation, Xa + Y mBnHn+mb ----> X@YmBnHn+ma+b 

Where X = the central atom, Y = hetero atom on the borane cage, C/Si 
, , b a band a+b are the respective charaes on the systems. 

X BI2HI2-L CB 11 H12- C2BIOHI2 C3B9HI/
1 SiB 11 H12- Si2BlOHI2 Si3BgHI2+1 

I-Ie 169.8 180.2 191.2 199.1 150.3 138.1 119.9 
-

Nc 399.1 423.7 ---- ---- ---- ---- ----
-. 
Li - -99_6 23.6 150.7 275.4 1.2 98.4 190.4 

:-8~L e -584.2 -347.5 -105.5 ---- -372.2 -168.7 ----
'-- - t - • • , 

~ . . . ~ • . - -

79 



Table 3.3b. The energy of capping (kcal/mol) of systems as obtained from the equation, 
a b Y B H a+b X + Y mBnHn+m ----> X m n n+m 

Where X = the capping atom, Y = hetero atom on the borane cage, C/Si 
a band a+b are the respective charges on the systems. , , 

X BIZHIZ"l CB11H 1z" CZBlOHI2 C3B9H12+1 SiBIlHI2" Si2BIOH12 Si3B9H12+1 

He -0.04 -0.2 0.02 -0.19 0.03 0.02 ""' 0.002 

Ne -1.7 -2.0 --- --- --- --- ---

Li+ -21S.S -126.8 -34.6 2.7 -127.6 -41.9 34.6 
Be+L -642.4 -44S.4 -23S.6 --- -4S1.9 -263.0 ---

+ + • +2 • • • fl.Ecn value 10 addition are B13HI2 -1474.3; GaBI2HI2 -1089.0 SlB I2HI2 -1876.9 " 

Table 3.4. The ~E values obtained from the near isodesmic equations of the form 
X@BnHna"2 + Y mBnHn+mb ~ X@YmBnHn+ma+b + BnHn"2 
Where X == the central atom, Y = hetero atom on the borane cage, C/Si 

and a-2, a+b, and b are the charges on the system. 
LHS RHS ~E 

(kcal/mol) 
He~BIzHIZ"L CBllH 1z" Hea CB 11 H12" B12HI2"1 10.32 
He ~a BIZHIZ"l p-CZBIOHlz He P-C2BIOH12 B12H12"l 21.42 
He!iJB12HIZ"L 1,7,9-C3B9H12+ HeBll,7,9-C3B9HI/ B12Hlz=L 29.30 

He Q B1zH1z"z > He 0 CB ll H12" > He '17 n-CZBIOH12>He'Q 1,7,9-C3B9H12+ 
Li 't: B12H1z" CB llH12" Li e CB Il H12 B1ZH12"z 123.14 
Li'ri B1ZHI2" p-CZBIOH12 Li:;; p-CZBIOH12+ B12H12"l 2S0.30 
Li'ri B1ZH 1z" 1,7,9-C3B9HI/ Li'l7Jl,7,9-C3B9Hlz+L B12H12"L 37S.02 

Li 'a)B 1ZH12" > Li 'Q CB llH 1Z > Li a p-C2BIOHIZ +>Li ~ 1 ,7,9-C3B9H12 +2 

Be Q}BlzH 12 CB llH12" Be'? CB Il H12 + B12HIZ"l 236.64 
Be'?i BIZH12 m-C2B10H12 Be m-C2BIOHltL B12HIZ"L 478.66 

Be:ti BIZH12 > Be a CB ll H12 + > Be~ m-CZBIOH12 +2 
Ne1i BlzHlz"L CBllH 1z" Ne n CB llH12" B12H 1z"z 24.S8 

N e 'n B IzH IZ "> N e ~,-C_B-!I...!..:I H~12=-" -,-__ -..,._-.-___ --1 

He a BIZHIz"L SiBllH 1z" He '17 SiB ll H12" BI2H12-=T -16.S4 
He:a BIZHIZ"2 m-Si2BIOH12 He 'a m-SiZBIOHlz BI2H1Z"2- -31.78 
He BIZHIZ"l 2,3,4-Si3B9Hlt He~ClJ2,3,4-Si3B9HI/ BIZHIZ"l -50.00 

He'a 2,3,4-Si3B9H1Z+ > He!/' m-SiZBIOHlz > He~SiBllH12" > He'" BIZHIZL" 
Li rC'~ B1zH 1z" SiBllH 1z" Li '/ SiB llH12 BlzHlz=L ' . 100.74 
Li(a B1zH 1z" p-SiZBIOH12 Li 'a p-Si2BIOHlt B12HIZ"2 197.99 
Li '(i B1zH 1z" 1,7,9-Si3B9H12+ Lil7 1,7,9-Si3B9H12+l B12HI2"z 289.94 

Li@B12HI2" > Li@p-SiB IOH12+ > Li@SbB ll H12> Li@1,7,9-Si3B9H12+L 
Ben B12H12 SiB11H 1z" Be'/ SiB Il H I2+ BIZHIZ"l 211.93 
Be(t: B12H12 m-SizB1rH12 Be 'a m-SizBIOHltT B12Hlz=L 41S.43 

Be 'U B 12H 12 > Be ~ Q m -S izB IOH 12 + L > Be El:...:S..::.:iB::...!.,!1l..::.:H::..!I.:::...2 + ______ -.J 
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Table 3.5a. Skeletal bond lengths ofX@CmBnHn+ma+b calculated at B3L YP/6-31 G* 

Doped atom Skeletal Bond lengths (A) of endohedral CB II H 12- systems 
C-Ba B.-B. B,-Bb Bb-Bb Bh-Be 

He 1.779 1.843 1.850 1.869 1.876 Li 1.796 1.866 1.863 1.888 1.897 Be 1.792 1.871 1.860 1.898 1.916 Ne 1.885 1.952 1.969 2.054 2.089 Doped atoms Skeletal Bond lengths (A) of endohedral p-C2BIOHIZ systems 
CoB/CoBb B,-Bb B,-B/Bb-Bh 

He 1.794 . 1.845 1.852 
Li 1.818 1.860 1.884 
Be 1.830 1.859 I 904 

Doped atoms Skeletal Bond lengths (A) of endohedral m-CzB loH 12 systems 
CoB a CoBb CoB e B.-Ba Bh-Bb Be-Bd Ba-B, Bb- B, I3 b- Bd 13,-Bd 

He 1.792 1.783 1.774 1.847 1.841 I 879 1.83 I 1.861 1.863 1.862 
Li 1.774 1.815 1.837 1.881 I 859 1.905 1.85 I 1.893 I 887 I 892 
Be 1.767 1.818 1.863 1.896 1.854 1. 951 1.857 1.925 I 902 I 910 

Doped atoms Skeletal Bond lengths (A) of endohedral o-C2B J)H 12 s) stems 
CoB a CoBb C-C Bb-Bb Bd-Bd Ba-Bb Ba-Be Bb-Be Bb-Bd Be-Bd 

He 1.778 1.778 1.698 1.852 1.884 1.846 1.8·)/ 1.862 1.869 1.888 
Li 1.801 1.794 1.709 1.880 1.921 I 870 1.850 1.88 1 1.890 1.923 
Be 1.81 I 1.787 1.695 1.895 1.974 1.872 1.848 I 889 I 912 I 961 

Table 3.Sb. Skeletal bond lengths ofX@SimBnHn+ma+b calculated at B3L YP/6-31 G* 

Doped Skeletal Bond lengths (A) of endohedral SiB II H i :- syst.:m s 
atom Si-Ba Ba-Ba Ba-Bb Bb-Bo Bb-Be 

!-Ie 2.126 1.996 I .83 I I I 86 J I 837 
2.139 1.976 I 852 

, 
1.880 I I 863 Li I 

Be 2.130 1.942 1.858 1.889 ! I 877 
Doped Skeletal Bond lengths (A) of endohedral p-SI2BI OH12 sy; tel11; 
atoms Si-B,ISi-Bb Ba-Bb B,-B,l8h-131> 

He 1.991 I. 81 I 1.994 
Li 2.138 1.831 1.985 
Be 2.149 1.837 1.965 

Doped Skeletal Bond lengths (A) of endohedral m-Si2B IvH 12 syst.:ms 
. atoms Si-B Si-Bb C-Be Ba-B• Bb-Bh Bd-Bd Ba-BD Bb-Be Bb-Bd Be-Bd a 

He 2.143 2.145 2.107 2.510 1.816 I 836 1.875 I 9-1 I I 836 I 821 

Li 2.137 2.160 2.130 2.217 1.827 1.880 I. 913 1.957 1.861 I 849 

Be 2.135 2.156 2.137 2.031 1.844 I. 912 1.91-1 1.945 I 878 I 865 

Doped 
atoms Skeletal Bond lengths (A) of endohedral O-Si2BI OHI2 system, 

-
Si-Ba Si-Bb Si-Si Bb-Bb Bd-Bd B,-Bb Ba-B, Bb-Be Bb-l3d l3e-Bd 

He 2.281 2.103 2.395 2.0 I 0 I 821 I 936 1.798 183 I I 819 I 834 

Li 2.268 2.122 2.437 2.00 I 1.850 I. 941 1.833 I 854 I 848 -I 865-

Be 2.225 2.124 2443 1.974 I 878 I 922 1.864 1.865 1.867 I 893 
--
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Table 3.6a. Distance [rom the central atom (X) to each of the vertices in X@CmBnHn+ma+b. 
COlTesponding percentage of expansion is given in parentheses 

Doped Distance from X to the surface atoms (A in Stuffed CB 11 1-I 12· 
atom C B. Bb Be 

He 1.681 8.3 1.778 4.8 1.750 3.3) 1.729 3.2 

Li 1.692(9.0 1.801(6. 1) 1.764(3 .9) 1.740(4.1) 

Be 1.725( I L2 1.830 7.4 1.748(4.5 J .704 0.6 

Ne 1.860 19.8) 1.923(13.3 1.880(12.3 1.838 8.8 

Doped Distance from X to the surface atoms (A) in Stuffed p-C2Blo1-l12 
Atom C B/Bb 

He 1.641 7.5 1.760(3.8) 

Li 1.646(7.8) 1.785(5.3) 

Be 1.636(7.1 ) 1.799(6.2 

Doped Distance from X to the surface atoms (A) in Stuffed m-C2BJOI-II2 
atom C Ba Bb Be Bd 
lie 1.660(7.2) 1.793(5 .7) 1.762(3 .8) I. 734(3.3) I. 733(2. 7) 

Li 1678(84) 1.833(8 .0) 1.787 5.3) I. 755(4.7) 1.741(3.2) 
Be 1 700(9 .8) I. 908( 12.5) 1.803(6.3) 1.744(4.0) 1.709(1.3) 

Doped Distance from X to the surface atoms (A) in Stuffed o-C2B JOI-I 12 
atom C Ba Bb Be Bd 
He I 687(8.6) 1.798(4 .9) 1.765(4.1) 1.740(3.0) 1.719(2.9) 

. 

Li 1.717(10.5) 1 840(7.4) 1.790(5.5) 1.748(3.4) 1.721(3 .0) . 
Be 1.780( 14 .5) 1.906(11.2) 1.804(6.5) 1.727(2.2) 1.684(0.8) 

B-B bond lengths, which in turn decreases the H-B-B-H torsional forces. This results in 

the shortening of the B-H bonds. 

The polarization observed on the central atom is given in Table 3.1 and 3.2. In 

general the noble gases He and Ne do not show any significant charge transfer. Be and Li 

show rather high polarization. The abnormal charges on the Li atom obtained for Mulliken 

population analysis in the endohedral complexes prompted us to look at the natural 

charges. In all the endohedral systems lithium shows a natural charge of 0.6. The central 

atom in higher carbon substituted borane shows a greater positive charge. This can be 

attributed to the enhanced electron withdrawing character of the cage as the number of 

carbon substitution increases. 21 This trend is observed in the silaborane stuffed cages also. 
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In endohedral carbaboranes the HOMO-LUMO gap reduces in the range 0.2-0.5 eV as the 

number of carbons increases. 

Table 3.6b Distance from the central atom (X) to each of the vertices in X@S' B H a+b 

d
. 1m n n+m . 

Correspon mg percentage of expansion is given in parentheses 

Doped 
atom 

He 
Li 
Be 

Doped 
Atom 

He 
Li 
Be 

Doped 
atom 
He 

Li 
Be 

Doped 
atom 
He 

Li 
Be 

1.877(-4.6) 1.801 2.5 1.833(8.1 1.8548.5) 
2.028(3.1) 1.823(3 .8) 1.808(6.7) 1.800(5.3) 
2.1288.2) . 1.8284.0 1.786(5.4 1.7492.3) 

Distance from X to the surface atoms (A) in Stuffed p-Si2BIOHI2 

1.991 0.5) 1.850(4.8) 
2.063(4.1) 1.849(4.8) 
2.110(6.5) 1.836(4.0) 
Distance from X to the surface atoms (A) in Stuffed m-Si2BIOHI2 

Si 
1.933(-0.1) 1.854(2.5) 1.865(5.7) \.879(7.6) 1.909( 1 0.9) 

2.065(3.5) 1.868(3 .3) 1.850(4.9) 1.835(5.1 ) 1.839(6.9) 

2.IS0(7.8) 1.862(3.0) 1.833(3.9) 1.797(2.9) 1.802( 4.7) 

Distance from X to the surface aoms (A in Stuffed 0-Si2BIOHI2 
Si B, Bb Be Bd 

1.919(-6.0) 1.832( 1.2) 1865(6. 1 ) 1.907( 10.7) I.92S( 12.6) 

2.076( 1.7) 1.865(3.0) 1.849(5.2) 1.846(7.2) 1.836(7.4 ) 

2.202(7.8) 1.881(3 .9) 1.825(3.9) 1.800(4.5) 1.763(3.2) 

3.2.4. Multiatom encapsulation 

The multiatom encapsulation in polyhedral boranes has not been considered before. 

We predict here two examples of two atom doped closo polyhedra (10). He2@B I7H 17-

2(10a-He2) and Li2@B17H17 (10a-Li2) are found to be minima on their potential energy 

surface with lowest frequencies 87.0 and 129.9. The B-B skeletal distances in both the 

systems exhibit higher values than the parent B17Hl/' The i'1Ecn value for He2@B 17H17-
2 

is 251.53 kcallmol and that of Li2@B 17H17 is -95.84 kcallmol. The exothermic value of 

Li2@B17H 17 is comparable to the i'1Ecn value of Li@BI2HI2-' As shown in Figure 3.4 He2 

encapsulated complex requires 2 more electrons and its lithium counterpart is neutral. 

Even though the lithium atoms are surprisingly close (1.431 A) no bonding is observed 

between them. The Li-Li Wiberg bond index (WBI) [rom the NE022 analysis is only 
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0.036. It shows that the two Li atoms exist as cations, which are very small in size, within 

the cage and are stabilized by the surrounding anionic cage. 

3.2.5. Comparison 
Cappcd Systems 

of the Stability of Endohedral complexes with Exohedral Face 

'"" 
All the exohedral isomers are more favorable than the endohedral isomers. The 

, 

. - 1 

relative energies calculated for the stuffed systems with respect to the face capped isomers 

give a rough estimate of the strain energy involved in encapsulating a heteroatom (SE, 

shown in Tables 3.1 band 3.2b). These isomers obey the capping principle23 as well as the 

111110 rule l4
. Among the carbaboranes the least strain energy has been evaluated for Be 

doped systems. Be@CBIIHI2+ (9b-Be) has a strain energy of 97.9 kcallmol. Similarly the 

Be@C2BIOHI2+2 (9c-Be) isomers have a strain energy of 120-130 kcallmol. Li@CBI1HI2 

(9b-Li) has a value of 150.3 kcallmol where as Li@C2B IOH12+ (9c-Li) isomers show the 

strain within a range of 175-179 kcallmol. The comparatively bigger Ne atom has the 

highest strain with its encapsulated isomer (9a-Ne) less stable by 425.73 kcallmol 

compared to the corresponding capped isomer (9a-Nc'). All the He face capped isomers 

ha\·e very low value for the lowest frequency with some of them exhibiting an imaginary 

val ue even though they are lower in energy than the endohedral isomers. The isomer in 

which both the lithium atoms are capped on the triangular faces of the B 17H17-
2 (9a-Lh') 

gives a strain energy of 231.27 kcallmol for the endohedral structure. Silaboranes with its 

large size shows a low value for the strain energy when compared to the endohedral 

carbaboranes. 

3.2.6. Conclusions 

A comparison with the corresponding 
. 

exoisomer and their specific geometrical 

features enable to decide over the stability of the given endohedral cluster. The stability 
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depends on the cage size and the size of the central atom or ion. With the same central 

atom, the cage size becomes the predominant factor in deciding the stability of the 

endohedral structures. The geometries and relative energies points out that more 

symmetrical icosahedral B 12H 12-
2 is the most favorable system for encapsulating an atom 

inside. The endohedral carbaborane systems are relatively less favorable due to the small 

cage size than the endohedral silaborane systems. 
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CHAPTER 4 

Condensation in Polyhedral Boranes 

• 



4.0. Abstract 

Condensation among polyhedral cages reduces the electron deficiency. The 

electron requirement of these condensed boranes is explained by the mno rule. Here we 

derive many relationships connecting the hydrocarbons, polyhedral boranes, and metal 

borides with the aid of the mno rule. We also found an electronic structural relationship 

between fullerenes and ~-rhombohedral boron. This relationship is derived by replacing 

the 12 pentagonal pyramidal B6-
4 

units by isoelectronic C5- units and removing the central 

B 12 from the electron deficient BS4 unit leading to an isoelectronic equi val ence of B8-1· 50 

d C -12 an 60. This relationship is well supported by the experimental realization of C6oMI2 

(M=Li, K) and C4sN 12. The condensation between two polyhedral cages can occur by 

sharing one, two , three or four vertices in contrast to the benzenoids where only 2 vertex 

sharing is possible. A quantitative comparative analysis on the energetics of condensation 

of polyhedral boranes and benzene has been carried out. The study showed that stability 

reduces with increasing condensation except for edge-sharing. Polycondensation by 

sharing two vertices is energetically favorable. The constancy in charge also renders edge-

sharing suitable for polycondenstion. Benzocarboranes. the edge-shared product of 

benzene and 3-dimensional polyhedral boranes are also theoretically investigated. The 

aromaticity of the six-membered ring in these condensed structures is calculated to be 

decreased as seen in geometrical parameters and NICS values. On the otherhand, the 

aromaticity of the polyhedral cage is not substantially altered. 
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4.1. Structural connections between compounds of boron and carbon 

4.1.1. Introduction 

Though neighbors in the periodic table, boron and carbon differ ~amatically. 

Carbon is a keyplayer in much of modern material science; fullerenes and nanotubes are in 

the foreground. Yet the bonding in carbon is elegantly simple, making it into high school 

textbooks. The familiar two-dimensional aromatic compounds such as C3H3 +, CsHs- and 

C6H6 are governed by the Huckel's (4n+2)n electron rule, where en' is zero or any integer. 

At a simple level the (4n+ 2)n electron rule is applicable to condensed systems; benzene, 

naphthalene and anthracene have 6, 10, and 14 n electrons (n=I,2, and 3) respectively. 

Polycondensation in two-dimension leads to graphite. In contrast, boron provides 

unimaginable complexity in structure and bonding. The boranes, hydrocarbon equivalents, 

arc well known for their electron deficiency and multi centre bonding, and are characterized 

by aromatic polyhedral structures, BnHn-2 (n=5-12).1 Despite their complexity, structural 

connections between boranes and elemental boron continue to emerge.2 While the familiar 

benzene to graphite connection appears to be far removed from the relationship between 

icosahedral borane and elemental boron, there are several analogies that are discernible. 

4.1.2. Familiar connections 

+ + C )+ The isoelectronic relationships between the two sets CH3 , CH4, CHs , H6-, 

CH7
3
+ and BH3, BH4-, BHs, BH/, BHl+ are obvious.3

•
4 Equally obvious, but of rather 

recent origins, is the connection between C and B- in extended binary structures. The 

adjacent stacks of boron and lithium synthesized by Nesper are indeed structurally 

reminiscent of polycarbyne: the crystal structure shows a linear borynide chain (B-)II> 

isoelectronic to polycarbyne.) While the extent of charge transfer can be debated, the 
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connection to sp-hybridized carbon is obvious in thl'S 1 d' . I - ImenSlOna structure. MgB2 

provides a close analogy to the graphite structure 6,7 The h't I'k b -. grap I e- I e oron sheets (B ) 

alternating with a similar sheet of magnesium (Mg+2) with h t' I exagons wlce as arge and one 

Mg in the center of the Mg6 hexagon establish the link (Figure 4.1 , 1). 

CH 
2+ 4+ 

CH 

.. -2e -2e .. 

CH 
, , 

t t , 

t 

o () 

o 

o Q o . c o c 

MgB.J 

I 2 3 

Figure 4.1. The structural similarities between hydrocarbons and the magnesium borides. 
(1) benzene and MgB2. The diagram indicates the projection of a graphite-like boron sheet 
and a magnesium sheet into one plane. There is one magnesium on each B6 hexagon; (2) 
pentagonal pyramidal C6H6 +2, C.j B2II6 and MgB4 obtained by edge-sharing of pentagonal 
pyramidal BG units; (3) octahedral C6H/ 4, C2B4H6, and MgB6. 

The large family of three-dimensional polyhedral structures represented by BnHn-2 and 

C2Bn-2Hn is well known. I
,8 Schematically we can remove electrons from benzene and get 

CGH6,2 (Figure 4.1). While there are several structures that may be envisaged for the 
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dication, the one that relates to boron most easily is the pyramidal cation; a permethyl 

derivative with a similar structure is known in solution.9 This also satisfies Wade's Rule 

for nido structures (polyhedron with one missing vertex).10 Replacement of one or more , 

to neutralize the charge), [3 all known experimentally with pentagonal pyramidal structure. 

When another pair of electrons is taken away we have C6H6 +4, unrealistic in view of the 

high charge. Replacing four carbons by four B- and the neutral C2B4H6 gives an octahedral 

structure; [4 an all-boron octahedron has two negative charges (B6H6-2), compensated by an 

accompanying cation. [5 A similar procedure of removing electrons and arriving at the 

three-dimensional structures can be applied to the cyclopentadienyl anion as well. 

Removal of two electrons from CsHs- leads to square pyramidal CsHs +; [6 isoelectronic and 

isostructural BsH9 [7 is familiar with 4 bridging hydrogens. Removal of another electron 

4.1.3. Connection between organic structures and magnesium borides 

The isoelectronic and isostructural relationship of pentagonal pyramidal C6H6 +2 and 

square bipyramidal C6H6 +4 to polyhedral molecules, B6H6 -4 and B6H6-2 is explained earlier. 

The relationship between benzene and the periodic two-dimensional sheet structure of 

MgB2 is also obvious (Figure 4.1). A three-dimensional structure is easily seen for the B6-2 

octahedra where each B atom bonds to another B atom of the adjacent B6 unit by a two 

center-two electron (2c-2e) bond. Divalent metal ions in the interstitial space of this (B6-2)n 

solid make a neutral MB6 network. Molecular structures with an empirical formula of 

MB6 are well known with divalent metals such as Ca, Sr and Ba; the crystal structure 
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consists of an octahedral B6 unit surrounded by 8 metal ato t h f h b' ms a eac corners 0 t e cu IC 

. 11 19 I' I . 
umt ce. t IS on y a questIOn of time until MgB6 is also studied structurally. 

While B6H6-
2 

could condense to give periodic structures through 2c-2e bonds. the 

electronic requirement for condensation of pentagonal pyramidal B6H6-4 or C4B2H6 is less 

obvious. By the mno rule, an edge-shared bisnido polyhedral borane BloHs should have a 

charge of -6 (m=2, n=lO, 0=0, p (no. of missing vertices) =2.) (Figure 4.2). 

B10Hs-
6 

1+6+0+1 2+10+0+2 3+14+0+3 

Figure 4.2. The edge shared products of pentagonal pyramid B6H6 -4. The difference of B/ 
between the two consecutive fused products is obvious. The electron counting according to 
the mno rule is also indicated. 

A second condensation leads to B 14H IO-
8

. Thus condensation of each pentagonal pyramid 

results in the addition of a B4 unit and an increase of -2 charges. An analysis of thi s process 

also suggests the structure of MgB4.20 The chains of pentagonal pyramidal units are 

connected to each other by removing the hydrogen atoms of the remaining BH bonds and 

forming 2c-2e B-B bonds to complete the three-dimensional structure of MgB4! Thus we 

find the relationship between the three organic-based structures and metal borides in terms 

of MgB2, MgB4 and MgB6-based structures (Figure 4.1) . 

The structure of another possible magnesium boride can be explained by relating to 

the elemental boron. The structure of the most stable polymorph, B-rhombohedral boron , 

starts out in the most natural way by building 12 icosahedra around an icosahedron. but 
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there are many problems with this perfect packing as it would not lead to three-

dimensional periodicity.21 Incidentally 12 BI2 around a BI2 is indeed a part of boron 

chemistry but to sustain this arrangement requires electron donors in the form of metals as , , 

in YB66.22 The 12 outer icosahedra are not completed in ~-boron; only the pentagonal 

pyramidal half is retained (Figure 4.3), so that a B84 unit is generated (BI2@BI2@B60, 

Figure 4.4).2 

Figure 4.3. A fragment of B84 which shows the building up of B84 - Each vertex of BI2 is 
connected to one pentagonal pyramidal B6 unit thus leading to the formation of B84 unit. 

B -so 
84 

CI =====:> 

C ·12 
60 

Figure 4.4. The B84 fragment of ~-rhombohedral boron and fullerene are related 
structurally and electronically_ The replacement of 12 pentagonal pyramidal B6-4 by 12 Cs-
and the removal of the inner BI2 unit of the B84leads to the fulleride anion,C6o-12. 
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len two of these B84 units come too-ether two h If· h d C" • 
to , a Icosa e ra 10nn a new Icosahedron 

Igure 4.5). 

Figure 4.5. The arrangement of 2 8 S4 units in the ~-rhombohedral boron. The six 
pentagonal pyramidal B6 units on the surface of B84 complete the icosahedral framework 
with similar B6 units on other B84 units as shown. 

The size of Bs.j restricts the total number of units that can come arollnd anyone B84 in this 

fashion to six. Nature finds a way to generate icosahedra out of the remaining six half-

icosahedra of Bs.j by adding a BIO unit, which, by its unusual symmetry, provides three 

half-icosahedra (Figure 4.6). Three BS4 units can be brought around this B 10 unit. Two of 

these giant (BS4)3B!O units are cOlmected to each other by a single boron atom. 
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Figure 4.6. The 6 B6 units on the B84 surface form an icosahedron with B6 units of the BIO 
fragments. 

Removing the symmetry-related atoms, one gets the unit cell 84+10+10+ 1 = 105. This 

also generates a new structural type that can be separated by breaking 2c-2e bonds, the B57 

unit 828-8-B28 (Figure 4.7). 

Figure 4.7. B57 unit in the ~-rhombohedral boron. It consists of 2 B 28 units which are 
connected through one boron atom. Each B28 unit has three icosahedral B12s with each B12 
sharing a face with the other two B 12S. 

The electron requirement for this large structure is worked out using the mno rule by 

adding hydrogens to the dangling valencies. 2d According to this the B57 unit has three 
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extra electrons and should have a +3 charge, (The mno count of BS7H36 molecule is 

8+57+ 1 ==66; 36 electron pairs are obtained from BH vertices and 31.5 electron pairs are 

provided by the remaining boron vertices making the molecule in excess of 3 electrons) 

which is confirmed computationally as wel1.2d The remaining B48 unit (out of the BIOS) 

has 4 icosahedral B12 units and must have -8 charges. Thus the unit cell, BIOS, will be 

deficient by 5 (==8-3) electrons. An early band structure calculation by Bullet confirmed 

this deficiency in the BIOS structure.
23 

However, properties of elemental boron do not 

support this. More recent X-ray studies indicate that the unit cell is BI06 66 and there are 20 

symmetry equivalent atomic positions in the unit cell, of which 6 are partially occupied?4 

Among these, one has six fold symmetry and a partial occupancy of about 5/6 and belongs 

to the B57 part. This missing boron atom with its 3 valence electrons takes care of the +3 

charge. The unit cell still requires eight electrons; these are provided by the extra 

occupancy of 2.66 (106.66-104) boron atoms in the many holes inside B84 (2.66 x3:::::8). 

Counter ions can also impart neutrality to the structure. Lithium boride, LiB 13, with ~­

rhombohedral structure, is known experimentally.25 Here the deficiency of electrons is 

taken care of by lithium atoms (Li8B 104). This points to the possibility of MgB26 with a ~­

rhombohedral structure, thus adding one more candidate to the list of magnesium borides. 

4.1.4. Fullerene (eGo) and p-rhombohedral boron 

With the discovery of fullerenes, chemists have been fascinated by the endohedral 

chemistry possible by encapSUlating large atoms inside the vacant cavity (stuffing). Were 

the B84 (BI2@Bn) (Figure 4.4) unit electron sufficient, it would be a remarkably stable 

stuffed boron fullerene similar to the endohedral fullerenes with 24 boron atoms inside 

borafullerene, B60. The electron deficiency of B84 can be easily calculated. The 12 
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pentagonal pyramidal B6 units in B84 require 4 electrons each (a la C4B2H6), totaling 48 

electrons. An additional two electrons are required for the central B12. Thus a B84-50 

should be appropriate! Therefore, we could anticipate a stable isoelectronic SisoB34 with 
( 

50 Si atoms and lOB atoms on the fullerene-like surface.26 The molecular species B6H6-
4 

(CSV) could compensate the charge by replacing 4B- by 4C;12 an additional way that nature 

has found is to protonate four times as in B6Hto (Figure 4.8).13 

Figure 4.8. The structure of well-known B6H to. The charge of B6H6-4 is compensated by 4 
bridging hydrogens. 

An analogous Bs4H4S-2 species where each of the 12 five-membered Bs ring is quadruply 

protonated must be electron sufficient.27 We have carried out PM3 calculations on BS4HSO 

structures obtained by adding two bridging hydrogen atoms to the BS4H4S-2 isomer with a 

D3d symmetry. (There are 1256602779 isomers possible for B84HSO including geometrical 

and optical isomers, the number obtained from the enumeration of isomers reported for 

C6oHsolS The calculations showed this isomer of neutral B84Hso to be a minimum on the 

potential energy surface (Figure 4.9). 

• 
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Figure 4.9. The structure of BS.jHso. The electron deficiency of B84 is compensated by 
adding 50 bridging hydrogens. 

A more direct connection between fullerenes and ~-boron is available through the arachno 

formulation of polyhedral boranes. Removal of the axial BH group from the nido 

pentagonal pyramidal B6H6''\ leads to the arachno planar B5H:i -6 (Figure 4.10) . 

.•. 

Figure 4.10. The isoelectronic equivalcncc of urachno-B5H:i-6. cvolved from the c/oso­
B71b-2 by removing 2 vertices, with CSH5-

1 is shown. 

This is isoelectronic with the aromatic cyclopcntadienyl anion CsHs·. If the central B\2 of 

the B84 is removed and the 12 pcntagonal pyramidal B6 units are replaced by 12 C5- units , 

what remains is C60- 12 (Figure 4.4). This has already been generated from CGO as C60 Li p 
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and C60KI2.29 There is also experimental evidence now of the stable neutral structure 

4.1.5. Conclusions 
f 

The structural connections between the compounds of boron and carbon are ' 
I 

extended using the mno rule beyond the borane-carbocation continuum, the lithium boride-

polycarbyne analogy and the magnesium boride (MgB2)-graphite equivalence to p-

rhombohedral boron and fullerenes. The structural similarity of the pentagonal pyramidal 

C6H6 +2 and MgB4 is established. An interesting electronic structural relationship between 

the B84 fragment of the p-rhombohedral boron and the fulleride anion, C60-12, is derived by 

replacing the 12 pentagonal pyramidal B6-4 units by isoelectronic C5- units and removing 

the central BI2 from the electron deficient B84 unit. This relation is well supported by the 

experimental realization of C60MI2 (M=Li, K) and C48N 12. 

4.2. The stability of 3-dimensional closo-polycondensed polyhedral 
boranes:- A comparative study with benzenoids. 

4.2.1. Introduction 

Benzene and B d-I 12 -2 are the prototypes of two- and three-dimensional aromatic 

compounds. Icosahedral BI2HI2-2 is the most stable of all mono cage boranes owing to the 

coincidence that the orientation of the exohedral BH bonds in relation to the B5H5 rings 

dictated by icosahedral symmetry is close to the orientation required for ideal overlap in a 

pentagonal pyramidal B6H6. Thus it occupies a unique place in borane chemistry as its 

counterpart benzene. The relationship between boranes and benzenoids is well exploited 

by six interstitial electron rule using ring cap fragmentation of boranes.31 While aromatic 

delocalization of B 12H I2-2 and benzene share much in common, they differ in many ways. 
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Benzene can be represented by many resonance forms and can be compared with the 

hypothetical cyclohexatriene for resonance energy estimates. The delocalization of 

benzene can be forced to break down by forming exo-double bonds as in quinonoids, 

whereas placing an exo-double bond on any closo borane is proved difficult, as the cage 

will break apart.
32 

The other structural patterns of polyhedral boranes, nido and arachno 

boranes try to attain the aromatic stability by forcing bridging hydrogens on the open face, 

a phenomenon that is seldom observed in the chemistry of benzenoids.33 Carbon atoms 

tend to avoid bridging hydrogens even when they are implanted in the borane cage. These 

discrepancies in the properties show that the sigma skeleton of benzene does not depend on 

the stability due to aromaticity whereas for B12H I2 ·
2 and other polyhedral boranes structure 

and aromatic stability are sides of the same coin. 

While there are many studies on the energetic consequence of condensation of 

benzenoid aromatics, such analysis on polyhedral borancs are unknown. Macropolyhedral 

boranes, which comprise of more than one polyhedral borane unit sharing some common 

vertices is an intriguing area of research. Despite the intense activity in the experimcntal 

chemistry of macropolyhedral boranes, it is crippled by the lack of understanding of their 

structures and energetics. An analysis on these macropolyhedral boranes by carrying out 

theoretical calculations based on OFT is presented herc. The ability of condensed 

macropolyhedral boranes to sustain the three-dimensional aromaticity of the individual 

cages after fusion is analyzed by taking polycyclic aromatic hydrocarbons (P AH) as a 

reference. The charge of all the structures studied here has been evaluated using the mno 

34 rule. 
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4.2.2. Energetics of various fusion modes 

The energetic consequences of polycondensation are examined by equations similar 

to (1-2). 

+ 

2-

+ 

--> 

2-

--> 

-

(4.1) 

(4.2) 

All the condensed systems can be compared with the fused hydrocarbons employing the 

above equations that can be thought of as an effective approximation since BH2- and CH2 

are isoelectronic and minima in their singlet state. For example, condensation of two 

benzenes sharing an edge to give naphthalene (1) by the elimination of two carbenes 

(calculated as singlet for uniformity) is endothermic by 218.4 kcallmol (Table 4.1). 

Similarly, in the case of boranes condensation requires elimination of BH2-. To compare 

across these structurally diverse systems t:..E is divided by the number of the isoelectronic 

CH2 or BH2- groups that are generated (t:..Eav , Table 4.1). Even these t:..Eav values cannot 

be compared directly between the benzenoid aromatics and polyhedral boranes, as the 

differential contribution of CH2 or BH2- to energetics cannot be easily estimate<;i. However 

the relative trends of these values can be contrasted and the stability of the corresponding 

compounds can be predicted. Lower endothermicity from these equations predicts 

favorable condensation. 
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i. Benzenoids 

The decrease in aromatic stability of benzenoid rings when condensed together to 

share an edge is well documented. Condensation forces some vertices to be shared which 

are simultaneously involved in the delocalisation of multiple aromatic units and though all 

their four orbitals are used up in the process, they are still two orbitals short when 

compared to isolated monomers. The resonance energy of naphthalene is decreased by 12 

kcallmol when compared with the sum of the resonance energies of individual benzene 

rings. It is generally agreed that there is a minimum decrease of 5 kcallmol per each 

fusion. The 6.Eav for the formation of naphthalene is 109.2 kcallmol by using the earlier 

equation. The 6.Eav does not change considerably in going to anthracene (2), phenanthrene 

(3) or naphthacene (4). This is illustrated graphically in Figure 4.11. There appears to be 

minimal energetic changes with each added benzenoid ring. 

. . .. -. 

200 : , .. - ". -- ~. -.- - ,- - -- . --- -,. 

150 ' 

100 
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I , , 
J\E~ 50 • 

I 
i 0 i - J ::c:.. :. 
, 1 2 4 7 9 10 

- I _ __ 

14 16 19 27 28 , 
- .. - - .' . . -- ----- - . . - .- -_. . - . . 

:::rn=2 

mrn=3 

rn = 4 

30 33 
. .. _- - - . .. 

Figure 4.11. The variation of 6.Eav as a function ?f number of individual polyhedral u~!ts. 
The increase in 6.Eav per added polyhedra IS nearly a constant for cdge-shal1l1g 
condensation (1, 2, 4; 7, 9, 10; 30, 33). With three (14, 16, 19) an.d f?~r atom (27, 28) 
sharing condensation, 6.Eav increases with increase in. the number of.l11dlvldual polyhedral 
units. The condensation between same cages are consIdered [or plottl11g. 
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ii. Edge-sharing condensation 

Edge sharing condensation of two closo-B 12H12-
2

, unlike benzenoids, is not 

practical due to geometrical constraints on the B22H20-
2 

generated. The strain is so high 
~ 

that the skeleton breaks down on optimization of geometry shown in Figure 4.12. One BI2 

cage retains the skeleton while the other loses its closo deltahedral geometry. The 

hydrogen on the boron cap (as is defined in Figure 4.16) of the unperturbed B12 skeleton is 

bonded to the boron cap of the broken cage in a bridged manner. The bond between the 

capped boron of the broken cage and the shared boron is broken (BH-B=2.591 A). The B-

B bonds near the condensation site of the broken closo cage are elongated and the B-B 

bonds away from the fused site are reasonable and essentially bonding. However the 

distances between the nonbonded cap atoms are still short (BHcap-BHeap =1.952 A; 

Hbridge-Hcap = 1.694 A). This is clearly reflected in the very high and endothermic flEav 

value (1 69.0kcallmol). However such condensation is ideally possible 'vvith B7H7-
2 and 

B6H6-
2 (Figure 4.13). Edge sharing between two octahedral B6, B IOHS-2 (5) is found to be -

Figure 4.12. The optimized geometry of the B?2H20-2• an edge sharing polyhedron between 
two B 12 units. 
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1. e,oH. (0".) 2. C"H" [0.,) 3. C"H" Ie,,) 4. e"H" (D..) 

5. B,,,H, ' [D..) 6. B"H, : Ie",) B. 8"H" • (e.,) 

&. B"H,;' (ez,! 10. B~" Z (e.,) 11. B~,,' [C,J 

Figure 4.13. Optimized edge sharing condensed structures (1-18) at B3L YP/6-31 G* 

favorable in spite of the short Bcap-Bcap distance (2.113 A, Hcap-Hcap=2.353 A) with a 

L'lEav value of 69.6 kcallmol (equation 4.3). 

(4.3) 

Similarly the edge sharing condensation between octahedral B6 and pentagonal 

bipyramidal B7 results in B 1 d-I9-2 (6) which is the most preferred structure with a L'lEav 

value 65.5 kcallmol and large cap-cap distance (2.332 A, 2.379 A). Bd-l1O-2 (7), a 

condensed product betwecn two B7H7-2 units, is a minimum with the L'lEav value of 

65.3kcal/mol, which is almost identical to that of B11H9-2. A neutral carbaboranc analogue 

, -
C2B 10H IO of (7) must be a practical targct.°) C2B,oH,o isomer where the two carbons are in 

the opposite ends of the two 5-membered rings in (7) is calculated to be lower in energy 
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than the icosahedral monocage C2BlOHlO (orthocarboryne)35b reported experimentallT5c by 

6.5 kcal/mol. This substantiates the credibility of .6.Eav values used in discussing the 

results throughout this paper and the possibility of experimental realisation of the favorable -
compounds. 

Extending B IOHg-2 (5) to one more octahedral B6 cage leads to a structure, B14HIO-2 

(8) with D2h symmetry, which is not a minimum on the PES due to the unfavorable 

interaction between the capping hydrogen atoms (Bcap-Bcap=2.0n A, Hcap-Hcap=2.203 

A). On following the lower frequency, the C2h structure is favorable with a .6.Eav value of 

80.2 kcallmol. The capped atoms are slightly distorted away from the plane with a H-

B(capl)-B(cap2)-H dihedral angle of 34.538° thus reducing the capped H-H interactions 

(Bcap-Bcap=2.022 A, Hcap-Hcap=2.395 A). Extending B 12HIO-2 (7) to B 17H 13-
2 (9) by 

condensing an additional B7 unit does not alter the .6.Eav significantly as in the case of 

anthracene (Table 4.1). Energetics did not change much even when the fourth B7H7 -2 is 

condensed to give B22H I6-2 (10,11). Between the two isomers possible for the B22HI6-2, the 

linear C2h isomer (10) is the more stable one than the angular C2v form (11) by 2.0 

kcallmol. The preference for the C2h isomer over the C2v is validated by the .6.Eav values 

and the cap-cap distances, which is given in Table 4.1. This theoretical result is against the 

stability of edge sharing PAHs where the angular isomer is more stable than the linear one. 

Almost constant value of .6.Eav (Figure 4.11) and the constancy in the charge requirements 

render the edge sharing polyhedra ideal for condensation based polymeric forms. 

Structural patterns based on edge sharing pentagonal pyramids are already observed in 

some boron rich solids such as MgB4.
20 
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iii. Face-sharing condensation 

With aromatic hydrocarbons, condensation by sharing more than two atoms is not 

possible. However, polyhedral boranes present a bonanza. Face . sharing condensation 

between two octahedral B6 results in B9H6- (12) and is akin to BIQHg-2 (5) and B'7H
13

-2 (9) 

in its .6.Eav value (69.0 kcal/mol) (Figure 4.14). From the energetics this is the most stable 

condensed polyhedra among the face sharing systems. A face sharing polyhedra B,sH l2-

(13) between an icosahedral Bl2 and octahedral B6 falls near to B9H6- (12) in the stability 

but the higher value of .6.Eav in the former (S2.4 kcal/mol) can be attributed to the short 

cap-cap distance (2.593 A) than in the latter (2.883 A). Two molecules of B'2H'2-2 can 

condense by sharing a triangular face to give B2 ,H,s"(14) with .6.Eav of IIS.9kcallmol. 

(4.4) 

The ubiquitous presence of 3-atom sharing icosahedral arrangement in many boron rich 

solids21
,24 and in nido boranes36 shows that B2lH,s- is a reachable experimental target. This 

also leads to a variety of possible neutral CB20H,S isomers. 

When B9H6- (12) is extended to one more cage by condensing one more 

octahedron, B12H6 (15) results with a .6.Eav value of 103.S kcallmol. This shows further 

condensation to be less favorable than the preceding condensed product. The extension of 

B2l H,s- (14) to one more cage results in three different fusion isomers for B30H24 (16-18). 

Among these, D3d structure (16) is more stable followed by C2v (17) and C2 (18). This and 

the result of edge sharing polyhedral borane, B22H'6-2 (10,11) show that the angular fusion, 

which was favored in benzenoid hydrocarbons is not a pronounced choice with polyhedral 
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12. B,H. (O .. ) 15. B,,H. (0.,) 

17. B.H,. (C..) 18. B",H,.(C,) 

19. B,,H,,,' (0.,) 20. B .. H.. (C,) 21. B"H" (0 .. 1 

2.3. B"H" (CJ 24. 8,.H" (0 .. 1 25. B"H,; (CJ 

Figu rc 4.14. Optimized geometries of face sharing condensed products 

-

- - -I , 

boranes. Two isomers of the next analogue, B39H30+ (19,20) are calculated next. The 

increased 6Eav makes them less attractive. Further face sharing condensation is likely to 
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be less favorable with the increased positive charge. Adding one more B6 cage to B
1S

H
I2

' 

on the icosahedral side leads to neutral B 1SH I2, (21-23) which as well has three isomers. In 

this the angular isomer is the more preferred one both by relative energy measurements and 

by the L1Eav values as in the case of polycondensed aromatic hydrocarbons. Thus the C2v 

isomer (22) is more stable than D3d form (21) only by 0.2 kcallmol and the C? isomer (23) 

is the least stable one among them by 6.9 kcallmol. These two results illustrate that the 

steric factors that is more pronounced in the angular isomer of the B30H24 causes it to be 

more energetic than the linear isomer and in BISHI2 this steric strain is less due to the 

condensation of still small B6 cage on to icosahedral B 12. 

On the other hand neutral B24 H I8 (24) obtained as a result of the face sharing 

condensation of icosahedral B/2 with B 1SH I2- (13) on the octahedral part yields only one 

structural pattern and is found to be still more destabilized than the neutral b l 8H I2 with a 

L1Eav difference of 20.5 kcallmol. This confirms that extended condensation of any 

condensed product with an icosahedron will be less favorable than with a smaller cage due 

to steric factors. 

iv. Four-atom sharing condensation 

Four atom sharing condensation of B12H12-2 leads to the experimentally known 

B20H I6 (27, Figure 4.15) .37 The ilEa\ (1 ~8.5kcal/mol) for this system (equation. 4.5) can 

be used as an experimental upper limit. 

(4.5) 

This implies that with ilEav values below 138.5 kcallmol, many edge sharing and face 

sharing systems described earlier should be within the realm of the possible. Another [our 

atom sharing BI2 unit on B2oHI 6 (27) leads to B 2sI-ho+
2 (28) with the ilEav value of 194.1 
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kcal/mol, indicating that further condensation is still less favorable. We did not consider a 

fourth polyhedron in the 4-atom sharing condensation as the application of the mno rule 

leads to the tetracation B36H20 +4. Obviously the infinite extension of four-vertex sharing 

condensation38 proposed earlier is improbable without substitutions that compensate the 

positive charge apart from the jumping up of ~Eav values. 

27. B",H. (D"J 28. B",H","(D"J 29. B,.Hn • (C,) 

Figm'e 4.15. Optimized geometries of four vertex sharing condensed products 

4.2.3. Aromaticity and NICS values 

The above results can be further validated by adding the computed NICS values. 

For this purpose the isotropic chemical shift at the central position of the each cage of the 

condensed system is given in Table 4. I. It can be observed that for edge sharing systems 

the NICS values does not change much as more and more cages are getting condensed. 

for example, the NICS of BIOHS-2 is -21.91 and that of the end cage of BI4H 1o'? is -22.13. 

This is what is obtained from the equation discussed earlier. This behavior is identical to 

that observed in benzenes (Table 4.1). The NICS value of the central cage in the case of 

B14H IO-2 (-14.55) and B I7H!3-2 (-8.84) is reduced considerably compared to their parent B6 

(-27.05) and B7 (-21.33) cages. This is in contrast to what is observed in anthracene where 

it is increased (-12.56) from the parent benzene (-9.66). But phenanthrene shows a similar 

trend as that of the polyhedral cages (Table 4.1). NICS value goes down with increase in 

the number of cages for face sharing and 4-vertex sharing systems and the magnitude of 
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the reduction is high for the 4-vertex sharing systems. For B21 H
1S

·, the NICS value is _ 

20.72 and for B30H24 it is -18.62 whereas for the four-vertex shared systems B20H I6 it is _ 

23 .63 and for B28H20 +2 it is -16.49. However a comparison across the various fusion 

modes shows the 4-vertex sharing B20H16 to be more delocalized. As the number of shared 

atoms increases the system tends to remain as a single cage and hence delocalization 

becomes more with 4-vertex sharing systems. In general, it is observed that the NICS 

value of the condensed cages is reduced compared to the parent polyhedral cages. 

4.2.4. Geometrical features of the condensed systems 

The trends observed in the above energetic analysis are reflected in the geometric 

data as well. The magnitude of the distance between the cap atoms Bland B4 incident to 

a shared edge B2-B3 and the dihedral angle DH (BIB2B3B4) reflects the stability of the 

condensed systems (Figure 4.16). 

H 
1 

Figure 4.16. The dihedral angle BIB2B3B4 (DH) around a shared bond B2-B3. 

Bland B4 are the capping atoms. 

Ideal tetrahedral arrangement of these four atoms will have the dihedral angle of 70.529° 

(2sin-I(1I~3)) where all six B-B distances will be equal. The distance between the capping 

groups Bland B4 should ideally fall in the nonbonding range. Comfortable nonbonding 

distances are achieved by stretching the B I-B2 and B I-B3 bonds and/or by increasing the 
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DB. Table 4.1 lists the minimum DH observed in the equilibrium geometry, the longest 

distance between the shared atom to the cap and the shortest cap-cap distance. 

The condensed products obtained by edge sharing are the systems where the 

geometry itself induces shorter cap-cap distances. But the energetics favors them to be 

more favorable than any other possible mode. This can be attributed to the number of _ . 
• 

orbitals involved in the delocalization of the resulting condensed system. When two cages 

are condensed the atoms at the condensed sites donate all their orbitals for bonding. 

However the number of orbitals used up in delocalisation in the condensed product is still 

lcss than the sum of orbitals for the isolated monomers. Lesser the number of orbitals 

exhausted in delocalization less will be the stability of the associated compounds. This 

argument favors the preference for edge sharing condensation over three and four atom 

sharing fusion. Moreover the reduction in the s character of the orbitals of the atoms at the 

condensed sites involved in condensation also reduces the stability as one goes from the 

edge sharing, face sharing to four atom sharing systems. The edge sharing system B12H I0
2

-

(7) is more comfortable with a DH of95.303°. A good correlation exists between the 6Eav• 

DH and the given bond distances (Table 4.1) as is obvious from the table. In each category 

where the value of om' is constant, the most favorable compound will be the one with 

longest NH (nonbonding distance between capped hydrogen atoms) distance and a DH, 

which is reasonable with the angle specified above. 

For three atom sharing, depending upon the geometry of the individual cages 

involved the DH will change. B9H6- (12) and B1SH 12- (13) are characterized with optimum 

Max values and large NB and DH values that will completely forbid any unwanted 

interactions betwecn the nearest atoms among the different cages and thus these are turn 
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out to be the most favorable ones among the face sharing systems. The 3-vertex sharing 

systems between icosahedral BI2 cages try to reduce the nonbonding interactions by 

adjusting the DH and the Max. Structure (14) has DH value less than 90°. Hence, to avoid 

shorter NB and NH values, the bond between the cap and the shared atom is elongated 

(1.9017, Table 4.1) and, thus maximizes the cap-cap distance (2.330). Similar is the case 

with structures (16-18) and (19,20) as is shown in Table 4.1. In general, the longest bond 

is found between the cap and the shared boron (B I-B2). The interatomic distances and the 

energetics show the extended systems of B30H24 (16-18) to be favorable, contradicting the 

earlier predictions.36b 

For four-atom sharing between the icosahedra (27 and 28), the DH values are in the 

range 110°-115 ' and hence BI-B2 bond elongation is not observed. 

The immediately perceivable difference in all these condensed systems is the 

higher co-ordination number (6-8) of the shared boron atoms. This is a major obstacle 

only in the non-shared site due to ring-cap mismatch and several open and stable 

macropolyhcdral boranes are isolated experimentally. The higher coordination at the 

shared site in itself is not a destabilizing factor as several known condensed open systems 

and B12 based solids exhibit even 9 and 10 coordination.39 Theoretically, it is reported to 

accommodate 12 neighbours.39c 

The geometries and the energies predict greater favorability for condensed systems 

in the order edge shared systems> face shared systems> 4-vertex shared systems. But the 

nuclear independent chemical shift values show that the delocalization is more for the 4-

vertex shared B20HI6 rather than B2IHIS-. This, in turn points out that the delocalization 

cannot be attributed directly to the stability. 

114 



Table 4.1. Total Energies in a.u. at the B3LYP/6-31G* level for structures 1-19; i1Eav, 

average energy (kcal/mol) deduced from Equation 1;:10 m, number of cages; n, number of 
vertices; c, number of condensed atoms; DH, dihedral angles (degrees) between a shared 
edge and the adjacent caps(B1, B2, B3, B4); Max, longest bond length between the shared 
atom (B2 or B3) and cap (B1 or B4); NB, Non-bonding distance between two capping 
borons(B3, B4); NH, the non-bonding distance between two Hs connected to the capping 
borons. The definition of Bl, B2, B3, B4 is illustrated in Figure 4.16. NICS values 

:ea for the condensed are also . 

-385.89273 2 ---
2 -539,53052 110,2 3 14 4 ---
3 -539.53866 108,9 3 14 4 ---
4 -693,16581 110.8 4 18 6 ---

shari condensed 

---
---
---
---

--­, 
---
---
---

---
---
---
---

-) -253,28709 69.6 10 2 80,700 1.872 2.113 2.353 

6 -278.79148 65,5 2 11 2 87,884 1,964 2.332 2.379 
7 -304.28365 65.3 2 12 2 95,303 1.924 2.537 
8 -353.85472 80.2 3 14 4 77.510 2.142 2.023 
9 -430.39702 69.6 3 17 4 94,567 1.960 2.498 

10 BnHI6 -556.49335 72.8 4 22 6 94.291 1.979 2.495 

12 -227.28188 
13 -380.25676 
14 -533.12037 
1 5 -301.57912 
16 -760.30385 
17 -760.30300 
18 -760.30041 
19 -987,34351 
20 -987,29795 

21 B -454,63439 
22 B -454.63472 
23 -454.62372 
24 B -607.46582 
25 B -528,82183 
26 -602.87115 

94,125 2.483 
4 22 6 93,752 1.95 I 2.470 

3-vertcx sh 
69.0 2 9 

2 15 
118.9 221 
103.8 3 12 
144.7 3 30 
144.8 3 30 
145.0 3 30 
163.3 4 39 
166.5 439 

102,0 3 18 
102.0 3 18 
103,2 3 18 
123,7 3 24 
121.9 4 21 
139.0 5 24 

94 ,625 
condensed 

3 141.731 1.751 
3 111.511 1.793 
3 88 ,27 1,902 
6 143,193 1.802 
6 87,867 1.937 
6 87,150 1.954 
6 88.427 1.984 
9 87.368 1.966 

87.995 1.966 
87,368 

6 110277 1.813 
6 110809 1.824 
6 1 P,806 1.825 
6 110,322 1,852 
9 1 13,893 1.84-l 
1 114.971 1.852 
2 

2.475 

2.883 
2.593 

2.984 
2.359 
2.310 
2.374 
2.386 
2.386 
2.369 
2.61 I 
2.59 I 
2.62 I 
2.667 
2.645 
1.668 

2.419 
2.395 
2.384 
2.384 
2.380 
2,375 
2,371 

4.147 
2.959 
2.1 

---
2,096 
2,019 
2,097 

---
2.099 
2,086 
2.934 
2964 
2,986 

---
---
---

-9.96 
-8, -12.56 
-I -6.80 
-7.83,-12,57 

-21. 91 
-18 -17.68 

-14.76 
-22.13.-14,55 
-15.1 -8.84 
-14.57,-9.35 

-14.49,-9,23 

-14.97 
-18.54,-21.97 

-20.72 
-8. 15,67 

-18. 1.88 
-18.57 -19,61 
-15,3 18.98 
-15.1 -20.62 
-17,67,-21.54 

-14,6 1.22 
-16.41.-21.48 
-15 -21.07 
-21.3 -19.91 
-13,5 .84 

-12,76, 

- -, 

! 
. \ 

, 

27 
4-vertex shari condensed 

-506.90851 138.5 2 20 4~1~13~,6~6~0~~1~,8~7~0 ~-=-2-:.6783~-=-2.-=7=-:20::-T-----:_2:-::3-:;.673---1 
28 -707.41872 194.1 3 28 8 110091 1.908 2.673 2,656 -16.4 16.91 

Mixed condensation 
-733.93621 166,2 329 787,6783 1.915 2.329 2.097 -16,20.-23 .71 

111,948 2.675 2.640 
(a] The tolal energies required in addition are C6H6 (D6,,) : -232.24866; BI2H12 (h): - 305.69021; B7H7 (05,,):-

178,143 19; B6H6·2( 0h): -152.6516 I ; CH2 (Cb .) : -39.12825 ; BH~' (C2,,) : -25.89723, C2B IOH IO( condensed)= -330.780560; 
C2BIOHIO(monocage)=-330.770183, all at the same level. NICS values in addition are C6H6=-9.66; B6H6·

2 = -27,05; B7H7' 
2 = -21,33; BI2H12·2 = -25,92 
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4.2.5. Conclusions 

Obviously several unknown condensed systems are energetically more favorable 

than the known B20H 16. Due to the reduction in the number of delocalized orbitals, 

aromaticity is reduced during condensation. The reduction in stabilization is directly 

proportional to the number of shared atoms as seen in going from (7) to (14) and (24) 

(Table 4.1). Stability reduces further with the extended condensation except in the case of 

edge sharing systems. This clearly delineates the candidates for possible synthesis of 

condensation-based polyhedral borane polymers. These examples are only illustrative. In 

view of the large number of polyhedral boranes, the possibilities for polycondensation arc 

endless. The current results help to select the energetically more favorable candidates. 

4.3. Benzocarboranes: A comparative analysis on their stability and 
aromaticity 

4.3.1. Introduction 

Many compounds are known either with a basic unit of benzene or with a basic unit 

of mono polyhedral cage present in their structural framework. The structures \vhcre both 

these units are present invite a special scenario where many interesting characteristics are 

yet to unravel. The only possible mode of mixed condensation between benzenoid 

aromatics and polycondensed boranes is by two-atom sharing. The benzocarborane was 

first synthesized by Matteson and Hota in 1968, where the question of aromaticity and the 

stability factors were raised. 40 This synthesis is followed by the study of many relatcd 

systems and all studies came to the same conclusion that the benzene ring does not possess 

substantial n_delocalization.41
,42 The structure of naphthocarborane and anthracarboranc 

were subsequently characterised.43
,44 These interesting structures and many related 
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hypothetical systems are studied theoretically to uncover their peculiar geometrical 

features and the extent of delocalization. The previous section pointed out that the edge-

sharing fusion is suitable to be considered for the extended condensation based on their 

i1Eav values. A similar comparative study is made here as well on these edge-fused 2d- 3d 

systems. 

The ability to sustain the delocalization in polyhedral boranes is well known 

whereas compounds with delocalization broken for benzenoids as in quininoid systems by 

external perturbation exist. This undoubtedly points out the necessity of delocalization in 

polyhedral boranes more than in a benzenoid system. We have taken fused systems of 

benzene with the most stable monopolyhedral cages such as 6-vertex, 7-vertex, lO-vertex 

and 12-vertex boranes. The charge of the molecules is decided by the mno rule. We have 

calculated the structures where the fused atoms are both borons, one boron and one carbon, 

and both carbons so that a cross comparison can be made. All the structures discussed here 

are calculated using B3L YP/6-31 G* method implemented in Gaussian 94 programme 

package. 

There are three structural varieties in each case depending on the type of atoms 

which is being shared; the structures with the sharing sites are occupied by tv,'O boron 

atoms (a), one boron and one carbon (b), · and two carbon atoms (c), are separately 

discussed below. The structures with two carbon atoms at the shared site are neutral, the 

latter ones have -2 and -1 charge respectively by mno rule. The energetic consequences of 

these edge sharing structures are examined by equation (4.6). 

-2 -2 

+ --> (4.6) 
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Depending on the condensed products the fragments that are to be eliminated varies such , 

as 2 CH2 for structures a; 1 CH2 and 1 BH2- for structures band 2 Bl-F for structures c. 

The values are approximated on the assumption that the differential contribution of 

isoelectronic fragments BH2- and CH2 to energetics are comparable. 

4.3.2. Condensed product of planar 6-mcmbcrcd ring and 12-vertex icosahedral 

borane 

(1 b), though not known experimentally are found to be minimum on their respective 

potential energy surfaces. The structure 1a can be considered as a product of B12H I2-
2 and 

cis-butadiene from their geometries. The B-B bond lengths (1.780A, 1,790A) are 

correlating with that in icosahedral B 12 Hp -
2 (1.787A) calculated at the same level. The C-

C bond lengths 1.350 A and 1.460 A in 1a can be equated with that of cis-butadiene. 

Similarly, in the case of 1 b the geometrical parameters are in agreement with the parent 

cage CB l d-I 12- l and the cis-butadiene. The 6Ea\ value for 1a and 1b are estimated using 

the equations given below. 

1b is found to be energetically more favourable than lao 
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Indeed the product of condensation ofB12H12-2 and C6H6 (Ie) is already known though the 

. . I d· fii 40 41 startmg matena s are I erent. ' This is the fused product of two different delocalized 

bonding systems where the benzenoid ring is sharing an edge with the icosahedral 

polyhedral borane cage. The .6.Eav value for the equation, 

(4.7) 

is 137.9 kcallmol for C6BIOHI4 (Ie). We have calculated all the possible isomers of this 

compound, which retain the ortho carbaborane skeleton (Table 4.2). These isomers can be 

categorized into three: one where both the carbon atoms are at the shared position (one 

isomer), where only one carbon atom at the shared site (two isomers) and both the carbon 

atoms are located away from the fused site (six isomers). The isomer where both the 

carbon atoms (Icc) are at the condensed site is the least stable isomer. This is synthesized 

from 1,2-dilithiocarborane and cis-l,4-dichloro-2-butene and then the dehydrogenation of 

the resulting 1,4-dihydrobenzocarborane by NBS.40 The spectral studies indicated a partial 

aromatic character in the 6-membered ring. Theoretically the relative energies of all the 

isomers lay within a range of 5 kcallmol to each other except the least stable one whose 

relative energy is 9.64 kcal/mol. The more favorable isomer among the structures of 

C6BJOHI4 where the condensation involves only the ortho-carbaborane unit has two boron 

atoms at the shared position (lca), showing the preference for boron at the condensation 

site. The high bond alternation and the minimal downfield shift observed in the IH-NMR 

of C-H protons indicate practically no aromaticity in the six membered ring.41 In this 

respect the carbocycles are different from the boranes.40 The latter requires aromaticity for 

its very existence. Localization of benzenoid structures on the other hand is possible with 

different chemistry, ego the quinones. In all the isomers of this category the C-C bond 
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lengths and the planarity shows the C4 part of 6-membered ring to be like a l,3-butadiene 

moiety. The alternate bond lengths are within the range, C1-C2, and C3-C4=1.354 A-1.359 

A and Cr C3= 1.463 A -1.466 A. The next favorable category where one carbon is at the 

fused site also shows the same trend in these bond lengths. One among these isomers 

(Isomer no. 7, Table 4.2 ) is known experimentally.41 The bond length variation obviously 

points to the localized nature of bonds in the 6-membered ring even though a slight ring 

current is being observed by experiments in the known forms. However the bond length 

variation of B-B bonds in the closo-borane part is at the second decimal position. All bond 

distances fall within the range 1.750 A -1.800 A indicating that the 3-dimensional 

delocalization is retained in the cage even after the condensation. Condensing one more 

icosahedral cage to the benzene unit of (Ie) gives C6B20H22 (ld) . Among the possible 

isomers, the linear D2h isomer is not a minimum as it forbids double bond localization in 

the hexagonal ring. But the angular C2v isomer (ld), which resembles phenanthrene has 

6Eav values almost constant and is the ideal fusion mode for extended condensation. 

(ld) 

120 



---, 

12 

Table 4.2. The total energies (a.u); and the relative energies, RE (kcal/mol) of all the 
possible isomers of the mixed condensed polyhedron of benzocarborane C6BlOHl4 which 
retains an ortho-position for the carbon atoms. The position of carbon atoms on the 
polyhedral cage is specified in the table. 

1. 3 8-, -485.720139 0.0 
2. 3 4-, -485.719459 0.4 
3. 5 9-, -485.717928 1.4 

4. 1 6-, -485.717439 1.7 
5. 49-, -485.716979 2.0 
6. 1 5-, -485.716956 2.0 
7. 23- -485.714788 3.4 
8. 1 -485.713838 4.0 
9. 2 7- -485.704781 9.6 

4.3.3. Condensed product of planar 6-membered ring and IO-vertex polyhedral 
boranc 

The geometrical parameters of C4BIOH I2·
2 (2a) which consists of a BI0 unit and a 

cis-butadiene unit are in well agreement with these parent molecules. Similarly the 

geometrical parameters of C5B9H12·1 (2b) and C6BSHI2 (2c) are almost identical to their 

parent molecules CB9HIO·1 and cis-butadiene, and C2BSHIO and cis-butadiene respectively. 

Thus, the planar six-membered ring loses its identity on fusion with any polyhedral borane 

or carbaboranes. The bEav values shows the same trend as observed in icosahedral 

condensed products. The isomer 2b is found to be energetically more favorable with a 
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i1Eav value of 91.4 kcal/mol; 2a comes next with a i1Eav value of 114.9 kcallmol and 2c has 

a i1Eav value of 127.1 kcal/mol. 

4.3.4. Condensed product of planar 6-membered ring and 7-ve.·tex polyhedral boranc 

Here each structure can be looked upon as the product of the respective parent 

polyhedral cage and cis-butadiene. C4B7H9-
2 (3a) is a combination product of B7H7-

2 and 

cis-butadiene. Similarly, CSB6H9-1 (3b) and C6B5H9 (3c) are the combination products of 

corresponding monocarbaborane and cis-butadiene, and dicarbaborane and cis-butadiene. 

3a has a i1Eav value of 110.7 kcallmol, 3b has a i1Eav value of65.5 kcallmol and 3c, a i1Eav 

value of 85.3 kcallmol. 

4.3.5. Condensed product of planar 6-membered ring and 6-vertex polyhedral borane 

The geometrical parameters of all the structures 4a, 4b. and 4c are in accordance 

with the earlier observation that they can be considered as the product of corresponding 

122 



--.--, , 

polyhedral borane cage and cis-butadiene. The ,0.Eav values calculated are 112.1, 64.8 and 

83.9 kcallmol respectively. 

4.3.6. Aromaticity and NICS values 

It has been found that the planar ring loses its aromatic n-delocalization by the 

condensation with polyhedral cages. The degree of delocalization in both 3-dimensional 

polyhedral cage and 2-dimensional planar ring after the condensation can be evaluated by 

calculating the NICS values. It is tabulated in Table 4.3. The values show that the NICS 

values of the polyhedral cages in the condensed product (Table 4.3; I) are approximately 

equal or slightly greater than the NICS values calculated for the parent polyhedral cages 

(Table 4.3; 1'). Thus, there is no destruction of the delocalized stability for the cage by the 

fusion. But on the other hand, the ring current of the six-membered ring has reduced 

substantially compared to that of benzene. The NICS of benzene is -9.65, but after the 

condensation the NICS value of the ring in all the compounds has reduced. These values 

fall within the range 1-3. This substantiates the earlier geometrical observation that all the 

condensed products can be considered as the product of cis-butadiene and the related 

polyhedral cage. 
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Table 4.3. The total energies (au); the NICS values for the polyhedral cage of the 

condensed product (I), of the parent polyhedral cage (I'), and of the 6-membered ring; the 

lowest vibration frequency; and the .6.Eav values (kcal/mol) calculated using the eqn (5.1). 

No Molecule 

-
1. • • • • 

2. 
3. 
4. 
5. C 
6. 
7. 
8. CsB 
9. 3c 

10. 4a 

11. 
12. 

4.3.7. Conclusions 

B3LYPI 
6-31G* (a.u) 

-459.3 11914 
-472.601720 
-485.704781 
-408.269931 
-421.575610 

-

-434.693096 
-331.782582 
-345.157520 
-358.325427 
-306.286470 
-319.668158 
-332.838404 

I 

-26.09 
-26.26 
-26.03 
-26.47 
-27.39 
-27.86 
-22.63 
-18.39 
-23.29 
-27.22 
-29.27 
-30.05 

NICS 
I' 

-25.92 
-26.33 
-26.19 
-25.86 
-27.25 
-29.10 
-21.33 
-2l.97 
-22.16 
-27.05 
-28.58 
-29.06 

II 

-1.72 
-1.73 
-l.68 
-2.17 
-2.32 
-2.55 
-l.91 
2.76 
-l.32 
-5.81 
" 7" -J. J 

-2.8 

Low 
Freq 
146.3 
155.1 
167.6 
143.8 
147.9 
163.1 
138.3 
147.4 
155.3 
168.0 
168.7 
184.3 

~Eav 
(kcalfmol) 

116.2 
97.8 
137.9 
114.9 
91.4 
127.1 
110.7 
65.5 
85.3 
112.1 
64.8 
83.9 

All the edge-shared condensed products of planar 6-membered ring and the 

polyhedral borane cages are found to be stable on the potential energy surface. The 

benzenoid ring loses its aromatic n-delocalisation after the condensation substantially 

which is reflected in the bond lengths and the NICS values. The .6.Eav values, which 

reflects the stability of the condensed product, shows that the structure with one boron and 

one carbon at the shared site is energetically more favorable than the other two isomers. 
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CHAPTERS 

CO Vertices in Polyhedral Boranes: A New Class of 
Hypercloso-systems 



5.0. Abstract 

A theoretical analysis on the benzoquinone analogues of polyhedral boranes 

showed that the polyhedral cage retains the aromatic delocalization in contrast to its 2-

dimensional organic counterpat1s. Jalm-Teller distortion is observed in the p-isomers due 

to the presence of partially filled degenerate frontier orbitals. The conesponding 

quinolate anlogues, dianionic isomers have more electron delocalization and are found to 

be favorable. 

5.1. CO vertices in polyhedral boranes: a new class of hypercloso­
systems 

5.1.1. Introduction 

The results of the previous chapter showed that the polyhedral borane cage retains 

three dimensional delocalization even after condensation. How does it change when a 

carbonyl group is introduced in to the polyhedral borane cage? The carbonyl is an 

important functional group in organic chemistry. Carbon monoxide is a wcll-kno\vn ()-

donor and n-acceptor ligand in transition metal complexes. When CO groups are 

incorporated into the benzenoids the cyclic delocalization disappears as seen in quinones. 

Compounds involving quinone structures are abundant in nat.ure. The presence of a low 

lying LUMO in quinones leads to interesting properties. They are used as organic 

conductors based on charge transfer complexes\ and some of them show antitumor 

activity.2 Though, there are many such studies on quinones in the literature, there is only 

one report of a polyhedral borane structure with CO vertex.3 The characterized structure 

is with a CO vertex capping a nido-CB\\H\\ cage, 1,2-C2B\oH\\0. The polyhedral 

boranes with CO vertices demand a deeper understanding of their structure and bonding, 
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which may provide another link in connecting the electron deficient polyhedral boranes 

and well-known organic compounds. 

By the electron counting rules benzene requires 9 electron pairs (arachno 

structure, n+ 3; n=6) which is provided by the 6 carbon vertices. The benzoquinone 

structure is deficient of one electron pair demanded by the electron counting rules which 

also explains the presence of a low lying empty orbital whereas the quinolate ion, 

C6H40 2 -2 is electron sufficient (Figure 5.1). The corresponding polyhedral carbaborane 

analogs, the dianionic C2Bn_2Hn_202-2, are quinolate analogs which are electron sufficient. 

The neutral ones are benzoquinone analogs. Thus, the benzoquinone equivalent 

polyhedral carbaboranes, closo-C2Bn-2Hn-202 are n vertex- n electron systems and come 

under the category 'hypercloso '. 4 Hypercloso structures are closo systems with the 

number of skeletal electrons short of what is needed by the electron counting rules. The 

idea of exohedral multiple bonding on polyhedral boranes have been discussed in the 

1· ) lterature. 

I 

C 2[31\_2Hn 

o 
II 

II 
o 

o 
II 

II 

0-
I 

o­
J 

o 0-

Figure 5.1. All the three benzenoid structures need (m+n+p=l+6+2) 9 electron pairs by 
electron counting rule. The six carbon atoms in benzene provide 6 electron pairs each and 
is neutral. The CO vertex can give only two electrons for skeletal bonding, thus 
benzoquinone C6H40 2 is Sh011 of an electron pair. The quinolate ion C6H40 2-

2 is electron 
sufficient. Their analogous polyhedral carbaborane cages are also shown. 
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A quantitative treatment is needed to understand the nature of CO bond and the 

geometrical changes of the polyhedra in these neutral and dianionic clusters. With this 

aim, a theoretical investigation on the structure and stability of dianionic and neutral 

C2Bn-2Hn-202 isomers (n=6, 7,10,12) are carried out. The polyhedral carbaborancs with 

one CO vertex CBn_1 Hn- I 0-
2 

(n=6,7, I n.12) are also calculated. These structures are 

discussed first. In both the cases the structures with 5-membered rings are discussed first 

and are numbered accordingly follov· .. ed by the structures with 4-membercd rings. 

Structure with one CO vertex and one 5-membered ring is structure (1) and structures 

with one CO vertex and two 5-membered rings is structure (2). Octahedral and bicapped 

square anti prismatic structures with one CO vertex are numbered 3 and 4. Then the 

dianionic isomers with two CO veliices are numbered, first the pentagonal bipyramidal 

structures (5-8) and icosahedral structures (9-11) followed by octahedral (12 .13) and 

bicapped square antiprism structures (14-20). The neutral isomers are numbered by 

adding "'a" to the number of the corresponding dianionic isomers. A comparative 

analysis of quinone equivalent polyhedral carbaboranes with benzoquinones is also 

included in the current study. 

5.3.2. Polyhedral borancs with onc CO vertcx 

The dianionic mono CO substituted polyhedral boranes, CBn-d-ln-'O-) rctain the 

closo-skelcton (Figure 5.2) and are equiyalents ofCB]]H12- where C-I-I is replaced by C-

0 -. The significant change observed is the elongation of B-C bonds when compared to 

the parent monocarboranes. The frontier n-bonding molecular orbitals (BMO) of the 

open cage interacts with the CO n* orbitals which are higher lying than the CH r-orbital s. 

Thus there is a destabilization of the resulting n-BMOs of the CO substituted cage , 
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compared to the parent carbaboranes. Since these BMOs are essentially ring-cap bonding 

the destabilization should lengthen the ring-cap distance. In the CO substituted 

polyhedral boranes the shift of electrons is more towards the oxygen reducing the charge 

on carbon as well as on the boron atoms to which this carbon is connected. The 

calculated reduced overlap population values support this argument (Table 5.1):6 the 

overlap population of B-C bonds are reduced in the CO substituted boranes compared to 

the parent carbaborane. The CO bond lengths in these structures approximately fall in 

the CO bond length range observed for phenolate ions (1.260 A, calculated at B3L YP/6-

31 G*). The CO bond lengths observed in the carbonyl substituted polyhedral boranes 

(B I2H 10(CO)2) comes around 1.21 A which is close to the normal carbonyllength.7 

1.276 
1.270 

1.268 1.783(1. ) 1.293 

1.8~1(1.741) 1.691(1.627) 

3. CB;I-l,o-2 

Figure 5.2. The optimized geometries of dianionic mono (CO) substituted polyhedral 
boranc~. The numbcr~ in the parenthesis shows that of parent carbaboranes. 

Table 5.1. The overlap population of B-C bonds in the dianionic mono (CO) substituted 
polyhedral borancs and the parent polyhedral carbaborane cages and the total energy of 
the CB n_1 Hn- I 0-2 isomers_ 

No. n 

1 7 
2 12 
., 

6 .) 

4 10 

Overlap Population 
CBn-1Hn-

B-C 
0.42 
0.47 
0_55 
0_58 

CBn_IHn_IO-L 

1
.,.., 
.)j 

B-C 
0.31 
0_36 
0.45 
0.48 

Total 
energy,au 

-265.966434 
-393_500441 
-240_506900 
-342.489345 



5.3.3. Polyhedral boranes with two CO vel-tices 

• 
l. Clusters involving 5-mcmbcrcd -rmgs:- Icosahedral and pentagonal 

bipyramidal structures, C2Bn-2Hn-202 (n=7,12) are included in this pali of the discussion. 

The isomers with adjacent carbon atoms are included under the ortho isomers' the , 

isomers with carbon atoms as caps and are opposite to each other are categorized under 

the para isomers and the remaining ones are included in the meta category. 

In the dianionic o-isomer 2.3-C2B5Hs02-2 (5) where the carbon atoms are on the 

ring, the BH caps move away from the ring centre, thus , getting opened up with a B-C 

bond length of 2.130 A. This structure is in contrast to the structure of its parent 

dicarbaborane where the BH caps are bonded to all the ring atoms. 8 Here the 

destabilizing lI-BMOs due to the interaction of the higher lying CO 1I* orbitals have large 

coefficients on the carbon atoms than on the boron atom leading to the slipping of the 

caps away from carbon atoms. A similar di stortion with the capping atoms deviating 

from ring centre is observed in the other o-isomer. 1.2-C2BsI-IsO.,-? (6) \vhich has one 

carbon on the ring and one carbon at0111 as the cap and in the icosahedral o-isomer, 1,2-

C2B 10H IOO,-' (9). In isomer (6) the capping CO carbon is bonded to the ring boron atoms 

with B-C bond lengths 1.598 A. The remaining 8-C bond distance is 2.331 A and the C-

C bond length is 2.719 A. The other BH cap moves away from ring carbon, thus , the B-C 

bond is elongated to 2.245 A. In the case o f icosahedral isomer (9) C-C bond is 

lengthened to 2.120 A compared to 1.625 A in the parent orfho dicarbaborane. An 

interaction diagram showing the interaction of the frontier molecular orbitals of the nido 

caoe and the CO orbitals in the dianionic icosahedral o-i somer is given in Figure 5.4. 
o 
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7a.p-C2B;H;02 

Figure 5.3. The optimized geometry of pentagonal bipyramidal C2BsHs02-2/0 isomers 

• • 

co 

.. -. 2e 3a" ~ 
e ••••••• __ ...... - .. 

.. .f'o .. .. .. .. .. .. .. .. .. .. .. .. .. .. 
.......... 3a' .... :...... .. .. :: .... 

. - ...... .. .," .. .... ..... .. .. ...... .. .. .. .. .... .. .. .. .. ...... ...... .. .. Ie ? ' .... : ... ,'.... ...... )a, .. ~ .... _a .. .. _ .. - .. .. --------- ........ .. .. .... .--... .. ~ ... ",- .. .. 
........ 7 " .... ------..:.;...::, ... --:':~~-=.. .... :~~bl .... .. -, a··· --- ...... -- ..... .. .. -- ...... .. .. ----------- .. b ._-------" ) < -

I a2 

Figure 5.4. A diagram showing the interaction of the CO antibonding orbitals with the 
parent nido system CBIOHIOO-4. The CO vertex in CB IOH100-4 is on the open face. The 
shifting of the degeneracy by replacing a BH vertex in BIIHII-4 by CO and the secondary 
interactions taking place in the o-isomer C2BIOHIO02-2 is shown. 

When a BH vertex is replaced by a CO on the open face in BIIHII-4 the frontier orbitals, 

1 e and 2e shift their degeneracy. When the carbon atom is on the open face the splitting 

of the degenerate orbitals are higher than in any other positions. When one more CO is 

placed as cap to the open face, the CO antibonding orbitals interact with the frontier 

orbitals of the cage, which are the primary interactions. The n:-type HOMO 3a" interacts 
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much strongly with the CO orbitals since their energies are closer. The resulting bonding 

molecular orbital (2a2, BMO) of the o-C2BIOHI002-2 is being pushed up by secondary 

interaction with the in-plane BMO, 2a". The interaction between the remaining 7t-MO, 

3a' and the in-plane orbital, 2a' is also significant. The overall result of this secondary 

interaction is that it leads to the frontier orbitals with major contribution from the in-plane 

orbitals in o-C2BIOHI002-2. The MO, which has major contribution from the n-MO is 

stabilized and becomes HOMO-3. HOMO-l with major contribution from the in-plane 

orbital is found to be stabilized to a greater extent when compared to the orbitals or 

corresponding dianionic icosahedral m- (10) and p-isomers (11). This stabilization along 

with strong 0- ... 0- repulsion causes the distortion of the cage and deviation of the cap 

orbitals from the ring centre in (6) and (9). Moreover carbon cap on a 5-memberecl ring 

has ring-cap compatibility problems as well.9 All these factors lead to the observed 

structural deviation. 

Marked geometry changes are seen on optimization in the corresponding neutral 

isomers. There are two o-isomers for the pentagonal bipyramidal species. They arc one 

with two COs on the ring (5) and another isomer with one CO on the ring and one CO as 

cap (6). The corresponding neutral isomers converge to identical structure \\ hile 

optimizing (Sa, 6a). One of the vertex :noves to cap a trigonal face apart from the 

structural deviation observed due to the incorporation of CO vertices as is seen in 

dianionic isomers. The hypercloso structures of BnI-In are found to have a face capped 

BH after optimization.4 The neutral form of the icosahedral o-isomer C2B IOII,oOc (9a) 

also forms a geometry with one of the CO veliex moving to a face capping position. The 

CO bond lengths and their vibrational frequencies show significant variations in both 
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dianionic and neutral isomers (Table 5.2). The CO bond length in the dianionic isomers 

are found to be 1.263 A (WBJ=1.452) in 5, 1.230 A (cap(CO);WBJ=1.605) and 1.279 A 

(WBI=1.461) in 6; and 1.259 A (WBI=1.393) in 9. Similarly the CO bond length in their 

neutral isomers are 1.170 A (WBJ= 1.987) in Sa and 6a and 1.189 A (WBJ=I.892) in 9a. 

In the dianionic p-isomer 1,7-C2B5Hs02-2 (7) of the pentagonal bipyramidal 

geometry, both CO caps depart from the ring centre. One of the CO caps is slightly 

deviated with one longer B-C bond (1.950 A). The second CO cap deviates more and 

bridges an edge with three longer B-C bonds (3.110 A and 2.580 A). This unsymmetrical 

distortion can be explained on the basis of ring-cap orbital overlap.9 The ring hydrogens 

are bent towards one of the carbon veliex in order to attain the better ring cap-overlap. 

However, this reduces the overlap of the other carbon cap and the ring. The former 

carbon vertex thus shifted slightly and the latter, more. This type of distortion is not 

found in the dianionic icosahedral p-isomer, 1, 7-C2BIOHIO02-2 (10). It retains its DSd 

symmetry though the B-C bond length is larger (1.786 A) than the parent dicarbaborane 

(1.708 A). The elongation of B-C bond lengths can be explained on the basis of the 

charge transfer due to the electron withdrawing nature of the CO vertex. The CO bond 

lengths in 7 are 1.273 A (WBI=1.351) and 1.229 A (WBI=1.664) and that in 10 is 1.276 

A (WBI=1.316). 

The neutral p-isomer of the pentagonal bipyramid (l,7-C2BIOHIO02, 7a) has a 

doubly degenerate HOMO with only two electrons. This leads to a structural distortion so 

that the degeneracy can be iifted (Jahn-Teller distortion). Thus on optimization, a 

distorted structure (7a) is obtained with one of the frontier 1C-MO being destabilized to a 

greater extent. One of the bonds (B-B bond, each of this boron is bonded to one CO and 
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one hydrogen, 7a) is elongated to 1.812 A and the vertex, which is opposite to this bond 

comes closer thus causing an out of plane distortion of the 5-membered ring. Each of the 

CO is bonded to one of the vertex with B-C bond length 1.490 A (WBI=1.193). The CO 

bond length is 1.150 A (WBI=2.167). 

The neutral icosahedral p-isomer, C2B lOH lO0 2 is optimized (lOa) in C2v symmetry 

and is a minimum on the potential energy surface with low vibrational frequency value 

89.52. Though it loses its symmetry from DSd to C2v, it still retains the c!oso form with 

reasonable bond lengths. The CO bond length is found to be 1.254 A (WBI=I.415). The 

attempt of the 12-vertex polyhedral species to retain its icosahedral framework at any 

expense is obvious here. 

The m-isomer, 2,4-C2BsHs02-2 (8) of the pentagonal bipyramid retains its closo 

skeleton with CO bond length 1.291 A (WBl=1.314). Its neutral isomer (8a) is optimized 

to an octahedral geometry with a CO vertex capping one of the trigonal faces. This is in 

agreement with the hypercloso-geomctry obtained for the B"H" species. The CO bond 

lengths obtained are 1.193 A (cap CO; WBI=1.764) and 1.217 A (WBI=1.560). The 

dianionic icosahedral m-isomer 2.4-C2BIOHI002-2 (11) also retains the closo-structure. 

The distortion observed among the o-isomer (6) is not found as the secondary interactions 

mentioned above are not prominent here. The CO bond length is 1.275 A (WBI=1.310). 

The icosahedral framework is retained in the neutral form (lla) with CO bond length 

1.254 A (WBI=I.403). 
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Figure 5.5. The optimized geometries of icosahedral C2BsHg02-2/0 isomers 

ii. Clusters involving 4-membered rings:- In the case of o-isomers, when we 

compare the parent dicarbaboranes and the dianionic 1,2-C?B4H402 (12) the obvious 

distinction is in the C-C bond length which is elongated to 1.870 A from 1.540 A. 

Figure 5.6. The optimized geometries of octahedral C?RtH,,02-2/0 isomers 
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18a m-C2B,H~02 

Figu rc 5.7. The optimized geometries of lO-vertex C2BgHg02-2/0 isomers 

This can be attributed to the destabilization of the in-plane bonding molecular orbital 

with large coefficients on the carbon atoms due to the interaction with higer lying CO 

anti bonding orbitals_ 

• 

• 
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Similarly in the neutral quinone analog (l2a) an electron pair is removed from this 

destabilized MO (shown above) and the 2 1t-MOs shown below are stabilized. 

~ 
~ 

_._., 

The closo-geometry is broken and one of the BH cap goes away from the symmetry axis 

and bridges an edge. The unsymmetric distortion is caused by the bending of ring 

hydrogens and the large coefficients on the carbon atom and thus favors maximum ring-

cap orbital overlap. The CO bond length in the dianionic form (12) is 1.275 A 

(WBI=1.364) and that in the neutral form (12a) it is 1.181 A (WBI=1.940). 

There are three o-isomers for la-vertex polyhedron (14,15,16). Among the 

dianionic o-isomers, the C-C and B-C bond elongation can be explained based on the 

charge transfer and the destabilization of the n:-BMOs. Apart from this bond length 

elongation one of the CO is shifted to a face capping position in their neutral counterparts 

(14a,15a,16a). 

In contrast to the o-isomers 1,2-C2B4H402-2 (12) where the in-plane bonding MO 

is destabilized, the in-plane BMO is stabilized and the degenerate n:-bonding MOs are 

destabilized in the dianionic p-isomer 1,6-C2B4H402-2 (13) in comparison to the parent p-

dicarbaborane, thus leading to the shortening of the B-B bonds and lengthening of the B-

C bonds. But (13) has a D4d structure with a CO bond length of 1.298 A (WBI=1.268). 

The neutral D4d structure has its frontier electrons in a doubly degenerate level, a case 
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similar to the neutral p-isomer of the pentagonal bipyramid (4a). Thus, on optimization, 

Jahn-Teller distorted structure is obtained. The diagonal atoms in the 4-membered ring 

come closer. Each of the caps which had bonding interaction with these diagonal atoms 

going towards the remaining diagonal atoms with the B-C bond length of 1.470 A 

(WBI= 1.244). The CO bond length is calculated to be approximately 1.156 A with a 

WBI of 2.1 09. The dianionic p-isomer (17) of the lO-vertex family shows similar trends 

in their geometry. The neutral isomer (17a) undergoes lahn-Teller distortion reducing 

the symmetry to C2v. The opposite ring B-B bonds are elongated and the remaining ring 

bonds are shortened. The dianionic m-isomers (18,19,20) show B-C bond elongation and 

their neutral counterparts (18a,19a,20a) has one CO moving to a face capping position. 

The CO bond lengths in the dianionic isomers are longer than that in the neutral isomers 

as observed earlier (Table 5.2). 

5.3.4. Comparison of the stability with benzoquinones 

The aromatic destabilization due to the loss of cyclic delocalization in 

benzoquinone and their polyhedral analogues is calculated by employing similar 

equations given below. The LHS of the equation involves the delocalized benzene or the 

dicarbaborane and the RHS involves the quinones or its analogues of polyhedral 

carbaboranes. All the other systems involved in the equation do not possess any cyclic 

delocalization and thus the 6.H evolving from the equation is an indicator of the loss of 

aromatic stabilization in the quinone ring or the cage. 
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The p-benzoquinone is computed to be deprived of aromatic stability by 29.5 kcallmol 

compared to benzene. The.6.H of the equation involving the o-isomer is 36.6 kcal/mol 

and that of the m-quinone is 82.5 kcallmol. The high .6.H value of the m-quinone is 

supported by its unavailability. In the case of carbaborane analogues, the .6.H values 

show that there are potential candidates, which can be accessible experimentally. The p-

isomers of the quinone analogs of polyhedral boranes are open structures due to Jahn-

Teller distortion except 12-vertex species. The.6.H values of the octahedral quinone 

equivalents are computed to be 52.5 kcallmol and 59.7 kcallmol for p- and o-isomer 

respectively. The pentagonal bipyramidal isomers may be even more accessible. The 

isomers with CO caps are calculated to have less .6.H values compared to benzoquinones. 

The distorted p-isomer with 2 CO caps (7a) has a .6.H value of 21.3 kcallmol and the 0-

isomer with one CO cap (6a) has a .6.H value of 26.0 kcallmol. The loss of aromatic 

delocalization in the icosahedral isomers is found to be \'ery high. The p-isomer (lOa) is 

less stable with a .6.H value of 127.0 kcallmol, m-isomer (l1a) with 128.0 kcallmol and 

the o-isomer (9a) with 91.2 kcallmol than their corresponding parent dicarbaborane 

cages. This makes them less favorable though their dianionic structures should be 

accessible. 
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Table 5.2:- Th~ total energy (au), the delocalization energy (~H in kcallmol), the CO 
bond lengths (r m A), the asymmetric and symmetric CO stretching frequency (u in cm-I) 
the Wiberg Bond Indices of the CO bond (WBI), and the NICS values. The NICS value~ 
in the parentheses are that of the corresponding parent dicarbaborane. 

Isomer Total L\H(keal r(C-O) (A) u(C-O) WBI NICS , 

Ener~y,au fmol) em-I 
o-BsHs(COh-L (5) -353.849391 1,263 1533,1605 I A52 -22 ,17 
o-BsHs(CO)z (Sa) -353.874142 50.38 1,170 1948,2018 1.987 -15.93 (-22-73) 
o-BsHs(CO)z-! (6) -353,849429 1.230©, 1,270 1519,1723 1,605,IA61 -17,83 
o-BsHs(CO)2 (6a) -353,874259 26,0 I 1. 170©, 1. 150 1938,2136 1.987 -11.95 (-2U6) 
p-BsHs(CO)2-2 (7) -353.785984 1.273,1.220 1452,1735 1.351, I ,664 -10,28 
p-BsHs(COh (7a) -353.841502 21.29 1. 151,1.140 2141,2161 2.167 -17,08 (-21.68) 
m-BsHs(CO)z-L (8) -353 ,847591 1.291 1433 ,1449 1314 -23-17 
m-BsHs(CO)z (8a) -353.846924 84A4 1.210©,1.190 1721,1850 1,560,1.764 -10,74 (-22.98) 
o-B IOHIO(CO)2-\9) -481.315903 1.259 1491,1553 1.393 -n12 
o-B IOH IO(COh(9a) -481.209435 9L17 L189 1828,1867 1,892 -9.51 (-26,22) 
p-BIOH IO(CO)z-2(1 0) -481.305326 1,276 1423,1436 1.316 -23 ,54 
p-B IOH IO(CO)z(1 Oa) -481,182573 127,05 1,254 1463,1465 1 A 15 -139,95 (-21-63) 
m-B,oHlo(CO)2-2(11) -481.306108 1,275 1423,1436 1310 -25 ,99 
m-BIOHIO(CO)z{lla) -481.176708 128,00 1,253 1451,1467 1A03 14Ul(-27,00) 
o-B-,H,(CO)z -2( 12) -328,358235 1,275 1528,1532 1364 -36 ,11 
o-B~H4(COH12a) -328,386153 59 ,73 Ll81 1899,1976 1,940 -8,17 (-29,34) 
p-B4 H4(CO)2-"( 13) -328.345223 1,298 1409.1495 1268 -29,74 
p-B4H4(CO)z(l3a) -328A 11281 52-52 Ll56 2136,2190 2. 109 -9A5 (-29,81) 
o-BsHs(CO)z-L(14) -430300525 1 ,274©, 1,250 1490,1536 1,325,1,397 -22-96 
o-BsH s(CO)z(14a) -430,257765 68 ,34 Ll80©, Ll50 1944,2140 1.953,2 ,152 -1026 (-24.28) 
o-BsI-lS(CO)2 -"( 15) -430,293003 1,267 1482.1519 1 A 16 -18A8 
o-Bsl-ls(CO)z(15a) -430,220904 74 , I I 1.173,1.190 1826, 1955 1.948,'-883 -3-92 (-n71) 
o-Bsl-Is(CO)z-"( 16) -430,306691 1.245 1630,1653 1.605 -1-65 
o-Bslls(CO)z( 16a) -430,257532 51 A I 1.159 2078,2109 2,097 -10,95 (-28,90) 
p-Bsl-l s(CO)2-L(17) -430.328978 1,287 1423 , 1469 1,280 -20.85 
p-Bsl-ls(CO)z{l7a) --130,258234 108,09 1,232 1588,1608 1,54 I 140,59( -23-30) 

m-BsHs(CO)z -!(18) -430,301137 1286©, 1,270 1445,1469 1.277,'-364 -22.01 

m-Bsl-ls(CO)z( 18a) -430,232699 102A9 1 ,235©, 1,231 1576,1595 1,505, I A90 14.01 (-25,50) 

m-BsH8(CO)2-"( 19) -430,270923 L278 1422,1465 1,329 -22-99 

m- BsH8(COh(19a) -430.209531 91-54 1,232 1584,1609 1 A95 H5 (-29,08) 
111- BsH8( CO)2 -2(20) -430,274726 1,272 1458,1464 1362 -22-65 

m- BsHg( CO )z(20a) -430,20873 7 96A5 1.211, L220 1627,1728 1.622,1,508 4.21 (-29,15) 
• 

©CO bond lengths of cap CO vertIces 
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5.3.5. Aromaticity and NICS values 

The variation in aromaticity is studied by the nuclear independent chemical shift 

(NICS) values. to All the quinone analogs are found to have small NICS values compared 

to the corresponding dianionic isomers. The benzoquinones are found to be antiaromatic 

by NICS values, the magnitude of which is high for the known p- (8.42) and 0- isomers 

(10.12) of the benzoquinones and less for the m-quinone (0.26). The quinone analogs of 

polyhedral boranes are found to · have reasonable aromatic NICS values. The NICS 

values of the dianionic isomers and the corresponding parent dicarbaboranes are 

comparable where as that of quinone analogs the magnitude is comparatively smaller 

(Table 5.2). The aromatic destabilization energies and the NICS values indicate potential 

candidates for experimental scrutiny. 

5.3.6. Conclusions 

Benzoquinone analogues of polyhedral carbaboranes are found to be favorable on 

the potential energy surface. They can be grouped under the hyperc!oso-category as they 

are n vertex-n electron systems. The p-isomers show Jahn-Teller distortion due to the 

presence of partially occupied frontier degenerate orbitals. The corresponding dianionic 

isomers are found to be more favorable by NICS values. 
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