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CHAPTER I 

INTRODUCTION 

It seems now to be quite well established that most 

known organolithium compounds are associated into oligomers 

rather than occurring as monomers. It has further been 

shown, as will be reviewed shortly, that the degree of asso-

ciation is generally 2, 4 or 6, other values being reported 

only rarely. This study is concerned with the nature of the 

relatively unusual bonding which occurs in organolithium 

compounds as a direct result of the oligomerization and 

possible explanations for that bonding. 

Brown (2, 3) has published summaries of known associa-

tion data, some of which are presented here. In hydrocarbon 

solvent ethyl- and n-butyllithium appear to be hexamers; 

isopropyl-, sec-butyl- and t-butyllithium are tetrameric; 

and benzyllithium has been reported as diweric. In donor 

solvents such as diethyl ether or tetrahydrofuran, methyl-

and n-butyllithium are tetrameric, phenyllithium is dimeric, 

and benzyl lithium mononeric. 

Upon determination of degrees of association of these 

compounds, the question arose: What is the geometry of these 

oligomers? In 1962, Brown (4) published a speculated struc-

ture of the tetramer and hexamer. The next year Dietrich (6) 



published single-crystal X-ray work on ethyllithium, and the 

following year, Weiss (13) reported the structure of methyl-

lithium from powder diffraction data. Both of these 

compounds were found to be tetrameric in the solid state, 

methyllithium being tetrahedrally symmetric (see Figure 1, a) 

while ethyllithium (Figure 1, b) appeared to be composed of 

(a) 

Fig. 1--Tetramer geometries 

two dimers distorted from tetrahedral symmetry by the non-

bonded repulsions imposed by the alkyl groups. The 

interatomic distances shown in Table I were found by Weiss 

TABLE I 

BOND DISTANCES IN (CH3Li)4 

Li-Li 2.56 ± 0.12 A 

Li-C 2.28 ± 0.06 A 

C-C 3.69 ± 0.10 A 



and will be referred to later. The Li-C-Li bond angle was 

reported as 68.3 ± 0.2°. 

After the crystal data were published, there remained 

the question: What sort of bonding was taking place in the 

oligomers? Looking at the compounds from a classical valence 

approach, one sees that a normal Lewis structure cannot be 

drawn for, say, the dimer (Figure 2, b) unless it is assumed 

that two monomers (Figure 2, a) are held together electro-

statically (Figure 2, c). In this case one would not expect 

H n L, ri j-J-.C • 
H'-c-L* H'.c: :c'H %9I 

A H U H M L
s\ 
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Fig. 2^~Lewis structures for organolithium compounds 

the length of the covalent C-Li bond to be the same as that 

of the electrostatic C-Li "bond." Since Weiss' crystal data 

show that the C-Li distances in (CH3Li)^ are all about 

equal, it is tempting to say that all of the C-Li "bonds" 

(for they cannot now be bonds in the classical sense) are 

equivalent. 

It was proposed by Rundle (12) that compounds which 

formed such "electronic deficient" oligomers were actually 

forming 2-electron bonds, but that the bonds were spread 



over 3 atoms rather than 2. In an organolithium dimer then, 

the 3-center bond can be considered to be formed by the 

mutual overlap of an sp 3 orbital on carbon and a p orbital 

on each lithium (Figure 3). Formation of analogous bonds in 

Fig, 3—Three-center bond in organolithium dimer 

the tetramer requires the use of an sp3 orbital from a 

carbon atom and an sp3 or p orbital from each of the three 

lithium atoms closest to that carbon atom (Figure 4). 

Fig. 4—Four-center bond in organolithium tetramer 

It was desired to do theoretical calculations on some 

of these organolithium compounds to look for similarities in 

the bonding and to try to interpret differences in the bond-

ing in terms of the organic moiety attached to the lithium 



atoms. In view of the non-classical nature of the bonding 

within the molecules, the molecular orbital method was 

chosen. Molecular orbital theory is an extension of Bohr's 

theory of the atom to molecules, to the extent that (1) the 

system can exist without radiating only in certain discrete 

stationary states, (2) energy is quantized in a bound system 

of particles, (3) angular momentum is quantized, and (4) an 

electronic transition from an upper state of energy to a 

lower state Eg is accompanied by emission of a photon of 

energy 

E = E - E = h . 
u e v 

Molecular orbital theory assumes that there are orbitals 

which are delocalized over the entire molecule, and that 

each of these orbitals can accommodate two electrons at the 

most, a consequence of .the Pauli principle. The wave func-

tions for these molecular orbitals will be constructed from 

a complete, linearly independent basis set. The electrons 

will then be placed in the molecular orbitals similarly to 

the Aufbau principle for atoms, that is, two electrons to 

each orbital starting with the lowest energy orbital and 

working upward. The energy of these molecular orbitals is 

given by the Schrodinger equation, where 

HY = EY. (1) 

H is the Hamiltonian energy operator, E is an energy eigen-

value, and ¥ is the wave function describing the system. The 

most frequently used approximation to the true wave function 



is the linear combination of atomic orbitals (LCAO) approxi-

mation .in which the basis set is taken to be the atomic 

orbitals on the atoms of the molecule. Hydrogenic orbitals, 

for example, are a complete set for an atomic calculation if 

an infinite order basis set is used. It has been found how-

ever that using only orbitals that are occupied in the ground 

state or in the same principal quantum level with occupied 

orbitals gives a reasonable approximation while reducing the 

calculations to practicability. The form of the wave func-

"til 
tion for the i molecular orbital is then 

v. = Yc. .<f>. , (2) 
X L. 13 f 1 ' 

J J J 

th 
where 4. is the j atomic orbital and c.. is the coefficient 

J a-D 

of the j*"*1 atomic orbital in the i*"*1 molecular orbital. • It 

is to be noted that one need not use atomic orbitals at all, 

but may use any set of functions in terms of which the mo-

lecular wave functions may be expanded as in equation (2); 

however, the problem of determining chemical characteristics 

from the calculations is simplified if the basis set is in 

some way related to the concept of the chemical bond from 

the beginning of the calculations. 

At this point a few words must be said about the cal-

culational procedure. Approximate molecular methods may be 

split roughly into three groups: a priori, semiempirical, 

and empirical. The last two will be developed in terms of 

the fî 'st. For a representative a priori calculation a good 



starting point, although easily not the most sophisticated 

level of calculation, is the single determinant Hartree-Fock 

method. The systematization of the related equations by 

Roothaan (11) in 1951 remains the standard reference work on 

this method. The Hamiltonian in this method has matrix ele-

ments 

F = H + G (3) 
yv yv yv 

where in Dirac notation 

with 

and 

Hyv = <"l " I'' ' l V> <4) 

G
u v

 = 1 pxa{ ^ y V " | O a l v A > > (S) 
A, a 

<yv|Xa> - //<j>* (1)^(1) [r12]~
14>*(2)4>0(2)dT1dx2 . (6) 

P.. = 2 Jct, c . . (7) 
Aa v xA xa 

i 

In these equations, V2 is the Laplacian, V^{~r) is the poten-

tial energy in the electrostatic field of the core and is 

summed over the various atoms A in the molecule. G , is the 
y v 

matrix element of the potential due to other valence elec-

trons and depends on the molecular orbitals via the popula-

tion matrix P^ in which the summation is over occupied 

orbitals only. The total electronic energy of the molecule 

is 

Eelectronic - ~̂/2 Y P (H + F ,) (8) 
' L ,, yv yv yv y,v 



and the total energy relative to separated valence electrons 

and Isolated cores is E t o t a l = E e l e c t r o n i c + J J Z A V
R A B 

A<B 

where is the effective atomic number of nucleus A which 

is treated as a point charge. Roothaan's equations 
Y F c . = Y s c . € . , (9) 

liv vi ^ yv vi 1 v ' 

Where S = | v^ , are solved for the orbital energies, 

the total energy being bounded from below by the variational 

principle (7). 

Calculations of this type are very time-consuming, even 

on a large computer, and about 95 per cent of the central 

4 

processing time goes for calculation of the n /2 electron 

repulsion integrals. For the methyllithium tetramer with 44 

basis functions this amounts to 1,874,048 electron repulsion 

integrals alone. Clearly, if one is to do molecules larger 

than triatomics, more approximations must be made. 

The CNDO (complete neglect, of differential overlap) 

method of Pople, Santry and Segal (8, 9, 10), although 

created as a semiempirical method, can be derived from 

Roothaan's equations with the adoption of a few approxima-

tions C5), making it more satisfying than a purely semi-

empirical method. Briefly, the approximations which are 

made are these: 
1. S = S,, . which causes ) c . c . = S. . 

yv yv' £ yx yj x]| 

2. ^yv|Ao^ - o unless y = v and X ~ o, 

3. ^yy|XX^ = and does not depend on the type 

of orbital; only on its principal quantum number. 



This assumption is necessary to insure rotational 

invariance of the Hamiltonian. 

4. <u|VB|v> = o if y / v where <}>y,<j>v are on atom A. 

If p = v, ^y | Vg | and is the same for all 

valence atomic orbitals on A. 
O O 

5. H = 3 = , fi chosen to reproduce a priori 

yv yv AB yv AB' ^ — £-

calculations. 

Roothaan's equations (3-9) reduce to 
Fyy = °yy + (PAA ' 2Pyy)yAA + E^A

(PBBYAB ~ VABJ (10) 

and 

F = 3° S - ~ P Y,.„ (11) 
yv AB yv 2 yv'AB 

for diagonal and off-diagonal matrix elements respectively. 

Except for these approximations, the CNDO calculat.. :.>ns are 

carried out in a manner analogous to Hartree-Fock calcula-

tions . 

The most common type of empirical calculation is the 

Hiickel method, in which one assumes that the Hamiltonian can 

be written as a sum of one-electron effective Hamiltonians, 

H = I h?ff, (12) 

the form of which is never specified since the usual pro-

cedure is to relate the result of operation of the effective 

Hamiltonian on the wave function to some physically observ-

able quantity such as ionization potential. Since the 

properties of these free atoms would change in going over 
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to molecules, it is as reasonable to "calibrate" matrix 

elements to predict observable properties for some molecules 

and use these matrix elements for other similar molecules-, 

as it is to use strictly atomic properties. In fact, the 

best agreement with nature is obtained using this procedure, 

although the use of a different value for the same integral 

depending on the property to be predicted is at best less 

than satisfying. 

The choice of method, then, was subject to the following 

requirements: 

1. Since several systems, some of which are rather 

large, were to be calculated, the method had to be 

fast enough to make practical this volume of cal-

culation. 

2. It was of course desirable that the calculation 

method be as complete as possible. 

3. Since empirical parameters for the simpler Huckel-

type methods were not in the literature, the method 

used should contain as few empirical parameters as 

possible, that is, it should be as close to being 

a n ^ priori calculation as possible. 

The fact that there are approximate methods at all indicates 

that the Hartree-Fock method is impracticable for these 

molecules. Diatomic and some triatomic molecules are about 

as large as can be calculated with any degree of success by 

the Hartree-Fock method, and even then, agreement with 
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observed properties of molecules is frequently quite poor, 

making the inclusion of a few empirical parameters appear 

desirable. Since the Hiickel method is composed of empirical 

parameters, calling it a theoretical rather than ah experi-

mental method is open to question, and therefore the only 

method left which does not assume the answer to begin with 

is CNDO. 

CNDO has successfully predicted many molecular properties 

CI, 8, 9, 10) and seems to be the favorite method in the 

current literature. It should be emphasized at this point 

that the Hartree-Fock or an^ other method when used on mole-

+ 
cules more complicated than H2 is only an approximate method. 
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CHAPTER II 

RESULTS OF THE CNDO METHOD APPLIED 

TO ORGANOLITHIUM COMPOUNDS 

In these calculations the basis set was taken to be all 

valence orbitals on second row atoms, and Is orbitals on 

hydrogen atoms. Slater orbitals (5) were used for the atomic 

orbitals, being of the form 

Rnl(r> = Nnlr
n-,

e->
ir/aH I") 

where Nn^ is the normalization constant, y is the Slater 

exponent (y/a is sometimes called the Slater exponent), 

afl is the first Bohr radius for hydrogen, and r is a sph'er™ 

cal polar coordinate. The Slater exponents used were 1.625, 

0.65, and 1.2 for carbon, lithium, and hydrogen respectively. 

Bond lengths were not used as a variational parameter on all 

molecules because of the vast amount of computer time which 

would have been required and also because CNDO is known to 

give interatomic distances which are too small (2, 3). The 

variation was,however, performed on the methyllithium monomer 

to determine the effect upon the total energy and gross 

atomic populations of varying the carbon-lithium bond length. 

The result was that in varying this bond length from 2.0 to 
O 

3.0 A the total energy changed by about 2.0 per cent while 

the gross atomic populations of lithium and cax'bon atoms 

13 
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changed by 1.9 and 2.3 per cent respectively. Since this is 

within the limit of precision of the method (or the Hartree-

Fock method, for that matter), the variation of geometry was 

considered unnecessary. 

The geometries used were those of the tetramers when 

available, and in cases such as vinyllithium where crystal 

data were not available, several reasonable geometries were 

used. For calculation of the dimeric and monomeric species, 

geometries were lifted from the tetrameric species of the 

same compound, the only change being that dimers were 

flattened from the bent shape which they take in the tetramer. 

The calaculation is an iterative one since the wave 

function appears in the Hamiltonian operater through the 

elements of the population matrix, ^iV* coefficients 

c^j are chosen first from a Huckel-type calculation, then 

used to calculate the elements of the F matrix. A new set 

of eigenfunctions which satisfy the Schrodinger equation 

(equation 1) are determined and from this set are found the 

new elements of the population matrix. This procedure con-

tinues until the difference in total energy between two 

successive cycles is less than one hundred-millionth of the 

total energy. 

The program, called CNDO/^, was obtained from the 

Quantum Chemistry Exchange, Indiana University, Bloomington, 

Indiana, and carries their catalog number QCPE 100.1. The 

program required little modification and was run on the 
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CDC 6600 computer at the University of Texas at Austin. 

Approximate running times, number of basis functions, and 

number of cycles required are shown in Table II, while the 

geometries of the molecules are shown in Figure 5. 

TABLE II 

RUNNING TIMES OF CND0/2 ON CDC 6600 

Molecules. 
Geometry in 
Figure 5 

Number of 
Basis 

Functions 

Number of 
Cycles 
Required 

Approximate 
Running 

Time, Sec. 

MeLi a 11 5 3 

(MeLi)2 b 22 8 35 

(MeLi) * c 44 1 
t 177 

EtLi d 17 8 30 

(EtLi) 2 e 34 9 94 

ViLi f 15 10 35 

(ViLi)2 g 30 14 70 

(ViLi)2 h 30 13 65 

AlLi 1 21 10 117 

(AlLi)2 i 42 10 250 

(AlLi) 2 j 42 10 250 

Although energy levels are obtained from the calcula-

tions, the unoccupied levels are, in general, not good 

approximations to excited levels, as the energy of the 

occupied orbitals was minimized at the expense of the empty 

levels. To determine a transition energy it is necessary to 
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O -

(a) (b) 

( d ) Ce) (f) 

Cg) ( h ) 

Fig. 5 Geometries of organolithium compounds used for 
calculations. 
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( k ) (1) 

(m) (n) 

Fig. 5--Continued 
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do a complete calculation on the excited state, then use 

Roothaan's equation (4) 

) - E f1 $ o) = €• -fc. - fj. - K. ) ± K. (14) iaJ J a l v xa ia; la 

where the first term is the excited state energy after an 

electron has jumped from orbital i to orbital a, €-a and 

are the corresponding orbital energies, and J. and K. are 
lei let 

the coulomb and exchange integrals as in equations (5) and 

(6), with molecular orbitals in the integrand. 

Of considerably more interest than the energy levels 

are the results shown in Table III. This table lists the 

total energy of the molecule, the energy change (AE) asso-

ciated .with the formation of the oligomer (RLi) , from the 

next lower associated specie, and the various gross atomic 

populations and Mulliken overlap populations in the molecule. 

The gross atomic population is defined as 
pi - I clA (15). 

and represents the charge on an atom, while the Mulliken 

overlap population is defined as 

R. . = 7 c, .c, .N. S, . (16) 
i] J ki k] k x] 

th th 

where c ^ and c ^ are the i and j " atomic orbital coeffi-

cients in occupied molecular orbital k, is the occupancy 

of molecular orbital k, and the overlap integral between 

atomic orbitals i and j. The overlap population is one fre-

quently used measure of bonding and reveals more about 
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TABLE III 

ENERGIES, GROSS ATOMIC POPULATIONS, AND MULLIKEN OVERLAP 
POPULATIONS OF ORGANOLITHIUM COMPOUNDS 

Molecule 

Property- Location MeLi 

Total 
Energy, 
e .v. 

AE, 
e. v. 

to 
c 

o o 
U) -H -H 
W S -P 
O O nS 
U -P H 
o < $ 

Ck 
o 
Pa 

C 
£ O 
Q) OrH 
M td 4J 
* H «—HI fd 
i—i M i—I 
H CD 3 
3 > a, 
£ O O 

Pm 

-261.2 

Li 

a - C 

6 - C 

y - C 

a -.H 

3 - H 

y - H 

Li 
„a 

Li 

C 

Li-C 
c "C

D 

a 3 
c„-c 
6 Y 

C -H 
a a 

c r H e 
Cy -H^ 

6322 

4383 

9764 

7026 

7261 

(MeLi) 

-539.7 

17.3 

. 8036 

4.4190 

,9242 

. 3963 

, 0129 

. 4057 

,7107 

(MeLi)„ 

-1113.2 

33. 8 

. 9077 

4.3417 

.9206 

,2282 

, 0105 

2942 

7043 

EtLi 

•496.9 

5881 

3412 

0841 

• a 

9911 

0000 

6756 

8267 
• • 

7057 

7915 

(EtLi)2 

-1012.1 

18. 3 

. 7584 

4.3095 

4.1015 
• • • 

.9597 

. 9705 

. 3777 

.0121 

. 3895 

. 8064 
• • 

.6907 

. 7870 

A B signifies that atoms A and B are on oppose t~e sides 
of the C2Li2 cluster. 

bAverage of all protons on the same carbon atom. 

°Planar; corresponds to Figure 5, g. 

^Nonplanar; Figure 5, h. 

Figure 5, j. Available computer time was exhausted 
before this and the preceding molecule could be fully calcu-
lated. 



TABLE III-"Continued 
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Molecule 

ViLi (ViLi)2 (ViLi)2 
d AlLi (AlLi)2 (AlLi) 2' 

•451. 3 -918.6 -916. 4 •674.1 -1391.9 -1394.5 

16.0 

. 5988 

4.3030 

4.0857 

.9954 

1.0086 

. 8394 

4.2182 

4.1232 
• • • 

.9495 

.9348 

. 8303 

4.2462 

4.1012 
• • • 

.9480 

. 9372 

. 7173 

4.3741 

3.9550 

4.2017 

.9544 

.9826 

. 9802* 

. 6851 

1.2844 
• • • 

.6659 

.7775* 

. 3440 

- .0126 

. 4135 

1.0503 
* • • 

. 6786 

. 7968 b 

- .2829 

- .0111 

.4254 

1.0508 

m m m 

. 6807 

.7886 
b 

. 3001 

• .0024 

. 3478 

. 7804 

1.3061 

. 7148 

.7370 

. 7950* 

•^Figure 5, i. 
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bonding than bond orders since the former includes the 

overlap integral while the latter does not. The bond order 

P.. between atoms i and j is defined as 
3-D 

P. . = 7 c, . c. .N. (17) 
1] £ ki k3 k 

where the symbols have the same meaning as in equation (16). 

Figure 6 illustrates the basic difference between and 

P. . . 
3-D 

0© 00 

(a) (b) (c) 

Fig. 6—Sigma-bonding (a), non-bonding (b), and Pi-
bonding (c) situations-with equal bond orders. 

Assuming the coefficients of all orbitals in Figure 6 to be 

the same, all three bond orders would be the same; however, 

with the inclusion of overlap, the cr-bonding (Figure 6, a) 

situation would certainly be different from that of 

it-bonding (Figure 6, c) and both would be different from 

Figure 6, b,where the overlap integral is zero. 

The total energies and the resulting energy changes 

upon oligomerization show that for each compound, the most 

stable species is the most associated of the aggregates cal-

culated. The gross atomic population figures show that the 
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positive charge on lithium and the negative charge on carbon 

both decrease with aggregation of organolithium compounds. 

The overlap populations indicate (1) considerable bonding 

between lithium atoms, contrary to a proposal of Brown (1), 

(2) net anti-bonding between a-carbons, (3) decreased C-H 

bonding closer to the C-Li cluster, (4) increased C-Li bond-

ing within the C-Li cluster. 
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CHAPTER III 

DISCUSSION 

It is noteworthy that methyl-, ethyl-, and vinyllithium 

are all stabilized by roughly 17 e.v. (392 kcal/mole) upon 

dimeriz.ation. The one compound small enough to be calculated 

in the tetrameric configuration, methyllithium, shows a 33.8 

e.v. stabilization upon tetramerization. Although CNDO does 

not always give good absolute energies, trends are much more 

reliable. These data are in agreement with known association 
» 

data, . although the stability of the oligomers is probably 

overemphasized due to the neglect of some repulsion integrals. 

An indication of the reason these compounds prefer to 

associate is given by the gross atomic populations. In the 

methyllithium monomer about 37 per cent of the lithium atoms 

electron has been given to the carbon atom, or, in other 

words, the carbon-lithium bond is about one-third ionic. In 

the dimer, only about 20 per cent of that electron is given 

to carbon, while in the tetramer the carbon atom receives 

only about 9 per cent. Since work is required in the separa-

tion of unlike charges, the stability of the aggregates 

would seem to be due to the ability of the lithium atoms in 

an aggregate to hold more electrons, resulting in less charge 

separation. This effect is also present in ethyl- and 

24 



vinyllithium. A logical extension of this idea is that 

organolithium compounds which contain an organic moiety 

capable of delocalizing the excess negative charge from the 

a-carbon atom would find it less necessary to associate, and 

would have a lower electron density on the lithium atoms if 

they did associate. Unfortunately, the available computer 

time was exhausted before this hypothesis could be fully 

tested (k, m, and n in Figure 5 represent other important 

geometries which were also to be calculated). The one com-

pound of this type which was calculated, an allyllithium 

dimer, did indeed have a lower gross atomic population on 

its lithium atoms than any other molecule calculated. 

The explanation of this increase in the lithium atom's 

electronic capacity lies in the fact that the orbitals which 

are affected most by the aggregation are the n=2 orbitals of 

the lithium and the a-carbon atoms; the rest of the organic 

group is essentially unchanged. Therefore, the new molecular 

orbitals which are formed upon, say, dimerization of methyl-

lithium are located principally within the C2Li2 central 

cluster. This abundance of molecular orbitals in the 

vicinity of the lithium atoms -increases the residence of 

electrons on any given lithium atom, thereby counteracting 

the lithium atom's tendency toward low electronegativity— 

the aggregation gives the lithium atom more places to put 

electrons. 
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The effect of this proliferation of orbitals in the 

C2Li2 cluster can be seen in the Mulliken overlap popula-

tions; lithium-carbon bonding is inversely proportional to 

association, while lithium-lithium bonding increases with 

association (the numbers in Table III represent one lithium-

lithium bond in the case of the dimer, but each of three such 

bonds for the tetramer). 

Dimer and tetramer formation decreases the gross atomic 

populations of the a-protons and the Mulliken overlap popu-

lations between the a~protons and the a-carbon atoms. This 

should be reflected in increased acidity of these protons. 

The activating influence of an adjacent carbon-lithium bond 

on the ability to metalate a carbon has been verified by 

polylithiation studies of West (2, 3), while the higher 

electron density of B-hydrogen atoms is indicated by exclu-

sive B-elimination of lithium hydride in pyrolysis studies 

by Glaze (1). 

It will be noticed that both the allyl dimers calculated 

were more stable than two monomers. This is not a meaning-

ful comparison since the geometry of the dimers indicates 

covalency while the monomer is in an ionic configuration. 

It is significant, however, that the allyl dimer which pro-

vides an opportunity for Tr-bonding of the Y~carbon to the 

lithium atoms is more stable than that which does not. This 

bonding does not show up in the overlap population (R = 
y-Li 

0.0227), but is reflected in the gross atomic populations of 
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the 3- and y-carbon atoms. This is because the potential 

due to the lithium atoms in the vicinity of the y-carbon 

combines with hyperconjugative effects to make the y-carbon 

a more comfortable location for electrons than the £5-carbon. 
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