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Charge Distribution in Alkylboranes and Alkylamines and their Adducts with
NH, and BH; respectively, as Calculated by Different Methods
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The charge distribution in alkylboranes and alkyl-
amines and in their adducts with NH; and BHj;,
respectively, has been calculated by four different
methods, namely, the CNDO-MO-SCF method,
the Jolly and Perry procedure, the MNDO method
and the modified Sanderson method. All of them
gave reasonable results for the isolated alkyl com-
pounds. For the adducts, fair agreement between
calculated results and experience was obtained only by
the modified Sanderson method. Neither the CNDO—
MO-SCF nor the MNDQO method leads to spillover
and pile-up effects at the acceptor atom and at the
donor atom, respectively, or to the chain-terminating
effect. For the CNDO-MO-SCF method, this
may be due to the changes in internuclear positions
produced by the strong donor—acceptor interactions
being neglected. For the MNDQO method, however,
this reason is not valid. The failure of the Jolly and
Perry method may be due to its assumption of formal
charge: this involves differentiating between a
covalent and a coordinate bond.

Introduction

As an interaction between two molecules gener-
ally involves charge transfer, it may be considered
as a donor—acceptor interaction in the widest sense
of the word [1]. Two different contributions which
are considered in quantum chemical calculations
are the effects of charge transfer and polarisation,
which cannot be unambiguously separated. In the
course of the formation of an adduct, the charge
density patterns of the reacting molecules mutually
interpenetrate and reorganise to a new overall pat-
tern for the new molecule. Although the so-called
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partial charge of an atom in a molecule cannot be
defined unambiguously, comparisons of the results
of quantum chemical calculations for reactants and
reaction products have proved to be of great qualita-
tive value to chemists, since trends in the changes
of the charge-density pattern are produced.

An entirely different approach to the problem
has been provided by the consideration of the bond-
length-variation rules and the empirical parameters
of the extended donor—acceptor approach [1].
A donor—acceptor interaction is found to lead to
lengthening of the bonds adjacent to the site of the
interaction, ie., of the bonds adjacent to the donor-
and acceptor-atom, respectively. Thus, the so-called
Goldschmidt rule according to which the bonds in
crystals become longer the greater the coordination
number, is generally valid.

Increase in bond length may be associated with
increase in bond polarity [2] and, hence, the negative
charge at the donor atom and the positive charge at
the acceptor atom should be increased. The conven-
tional view is_that the polarity of a D—A bond is in
the sense D—A, but there is now sufficient evidence
available, from the results of measurements [1,3-9]
as well as those of various quantum chemical calcula-
tions [10—15], that the ‘initial’ loss of negative
charge at the donor-atom (D) is over-compensated
by intramolecular charge transfer within the donor-
unit towards the donor-atom. Concomitantly, the
gain in negative charge at the acceptor atom (A) is
passed on to other parts in the acceptor unit, includ-
ing possibly a portion of the negative charge that
resided originally at the acceptor atom in the free
acceptor unit. These facts have been called the pile-
up effect of negative charge at the donor-atom and
the spillover effect of negative charge at the acceptor-
atom [1, 16].
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The redistribution of the charges within the new
molecule leads, in most cases, to alternating changes
in the partial changes of the subsequent atoms [l,
17]. Such changes are less pronounced the greater
the distance from the site of the donor—acceptor
interaction, and they may be unmeasurably small
in the regions which are remote from the former.
It appears, however, that the effects are more pro-
nounced at the positions by which the new system
is terminated [18, 19]. It has also been said [1]
that the donor properties originally exhibited at the
donor atom of the donor component have been
partly distributed over those atoms which are in the
positions by which the acceptor unit is terminated;
the acceptor properties originally exhibited at the
acceptor atom of the acceptor unit have been partly
distributed over the atoms terminating the donor
unit in the adduct.
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It was, therefore, of interest to learn in what ways
these results could be underpinned by various theore-
tical approaches. As model compounds, alkylboranes
and alkylamines with linear arrangements of up to 10
carbon atoms were chosen. The charge distribution was
calculated by the following methods: the CNDO—
MO—-SCF method [20], the MNDO method [21],
the method according to Jolly and Perry [22, 23],
and the Sanderson method modified by Craver et
al. [24]. These methods were also applied to the
calculations for the NH;- and BHj-adducts of the
said compounds.
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Methods of Calculation

For the quantum chemical calculations within the
usual CNDO-MO-SCF framework [20] the input
parameters used have been described in the litera-
tue [25]. The geometries around the boron atom in
BH; and BH,R are changed by adduct formation
from a planar to a distorted tetrahedral environment.
For the free alkylboranes, calculations were perform-
ed for the planar as well as for the idealised tetra-
hedral arrangements The molecular geometrical
data (which are not varied in this method) were
abstracted from standard compilations [26]. The
element P\, of the density matrix P was obtained
according to the relation,

an=E2Ci>\Cia M
i

where C;, and C;, are the coefficients of the atomic
orbitals A and o in the occupied molecular orbital
i. The charge Q on an atom in the molecule is defin-
ed by,

Q=n-ZP, 2)

where the summation runs over all occupied atomic
orbitals of the atom and » is the number of valence
electrons in the atom.

The MNDO results were derived from single-deter-
minant MNDO [21, 27] calculations, without inclu-
sion of configuration interactions. The geometrical
structures were optimised by the Davidson—
Fletcher—Powell method [28, 29].

According to the so-called Jolly and Perry method
[22, 23], the charge-dependent orbital electronega-
tivities are defined for each of the hybrid bonding
orbitals represented in the valence bond structure,
From the condition of electronegativity equalisation,
one obtains:

b(h,, +h,)
———Qmnth Qmi —hn X Qi =
Npm® " mign ™ i

Snm _
=x(P)rn ~ X(P)m + N [X(8)n — X(P)n]

mn

R m m hnFn _hmFm
N [X(9)m — X(P)m] + c( ) G

Here, x(s), x(p) are orbital electronegativities from
Hinze and Jaffe [30, 31], h,, and h,, are proportional
to the orbital-ionization potentials and orbital
electron-affinities [30, 31]. S,,,, is the s<haracter of
g-orbitals given as the reciprocal value of the sum of
the o-bond orbitals and the non-bonding orbitals,
Qnm is the charge transferred from atom n to atom m,
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TABLE I. Results of Charge Calculations for BH3, NHa, H3NBH3, and their CH3- and C, Hs-Derivates.
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Atom CNDO-Method MNDQ-Method Jolly and Perry Modified Sanderson
Method Method
BH3
B 0.025 0.228 0.079 0.127
H —-0.008 -0.076 —0.026 -0.042
NH3
N —-0.254 -0.503 -0.211 —0.165
H 0.085 0.168 0.070 0.055
H3;N-BH3
N —0.133 -0.067 -0.036 —0.183
H 0.158 0.151 0.204 0.015
B -0.153 —0.247 0.173 0.148
H —-0.062 0.090 -0.137 0.024
BH;3--CH3
B 0.05 0.143 0.098 0.13
Hg -0.04 -0.072 -0.025 -0.039
C -0.20 -0.043 -0.059 -0.06
H¢ 0.09 +0.021 0.013 0.00
BH;-CH, —CH3
B 0.054 0.153 0.10 0.13
Hg -0.033 -0.070 —0.03 -0.038
Cy -0.127 -0.091 -0.074 -0.056
HCl 0.08 0.028 0.01 0.00
C, -0.095 0.042 -0.049 -0.048
ch 0.034 0.008 0.015 0.012
BH3-NH,-CH3
B -0.220 -0.230 -0.163 0.149
Hg -0.050 -0.092 -0.138 -0.023
N -0.045 0.011 -0.037 —0.180
Hy 0.111 0.151 0.804 0.038
C -0.031 0.109 0.123 -0.039
Hc 0.073 0.033 0.027 0.021
BH3;-NH,-CH, -CH;
B -0.222 -0.230 —0.163 0.149
Hg -0.052 —-0.094 -0.138 -0.023
N -0.056 0.018 0.036 -0.179
Hy 0.104 0.150 0.024 0.038
C 0.035 0.056 0.135 0.036
HQ 0.062 0.054 0.028 0.024
C, -0.101 0.011 -0.036 -0.043
Hg, 0.048 0.008 0.016 0.017
‘NH,-CH;3
N -0.153 -0.501 0.203 -0.161

(continued overleaf)
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TABLE I. (continued)
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Atom CNDO-Method MNDO-Method Jolly and Perry Modified Sanderson
Method Method
Hy 0.041 0.172 0.071 -0.059
C -0.055 0.242 0.003 —0.034
Hc 0.042 ~0.037 0.002 0.264
NH,~CH, ~CH3;
N -0.164 -0.274 -0.202 ~0.160
Hy 0.037 0.094 0.071 0.060
C,; 0.016 0.072 0.015 -0.031
HCl 0.374 -0.025 0.020 0.029
C, —0.100 0.031 -0.043 —-0431
He, 0.042 -0.005 0.016 0.018
H3N-BH,—-CH3
N -0.111 0.065 —0.035 -0.182
Hyn 0.136 0.150 0.020 0.035
B -0.028 -0.278 -0.136 0.146
Hp —0.075 -0.019 -0.136 -0.026
C -0.203 0.480 —0.188 -0.055
Hc 0.012 —-0.049 0.006 0.005

F, is the formal charge of the atom, N, is the bond
order.

By solving the m-equations the n unknown q;-
values were obtained. The charge on atom 7 is then
given by

Q;=F; +Z%‘ 4)

In the original Sanderson method [32] and its
modifications [24], the equalised electronegativity
is approximated by

X= l/Hm 5)

where the x; are the electronegativities or stability
ratios of the atoms or of atomic groups [32]. The
partial charges Q; are given in both the original and
the modified method by

Qi =(X — %)/ Ax: ©)

where Ay; is a normalising factor usually taken as
2.08 \/x;. In order to adapt this model to the struc-
ture of the molecules investigated, Craver et al. [24]
modified the method of Sanderson. According to
this method, the partial charge on an atom in a mole-
cule is obtained from a group stability ratio (or group
electronegativity )x, as calculated for the atom and
for the groups surrounding it. x, is used instead of

x; in eqn. (5). The group for which X, is defined is
the atom of interest (central atom) and all sub-
groups directly bound to it. These sub-groups can be
terminal atoms (bonded only to the central atom)
or other groups of atoms.

For the calculations by the CNDO-MO-SCF
and the Jolly—Perry method, computer programs
for the Cyber 74 computer of the Technical Univer-
sity of Vienna were available, The MNDO calcula-
tions were carried out at the Institute for Theoreti-
cal and Radiation Chemistry of the University of
Vienna.

Results and Discussion

The results of the charge calculation for BHj,
NH; and the adduct H3NBH; and of their CH;-
and C,Hs-derivatives are given in Table I and the
eigenvalues as obtained by the CNDO-MO-SCF
method for BH;, NHj, and NH3BH; in Table II.
For longer alkylboranes, alkylamines and their
adducts with NH; and BH;, the most character-
istic results are summarised in simplified graphical
form (Figs. 1-6) in which the results for the hydro-
gen atoms are not included. The lines between the
points have been drawn in order to pick out the
general pattern along the chains as obtained for
molecules containing between 6 and 10 carbon
atoms.
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TABLE II. Molecular Orbital Energies of BH3, NH3, NH3—
BHj3 Eclipsed and NH3-BHj Staggered, Calculated by Means
of the CNDO/2 Method (*signifies that the orbital is occupi-
ed with 2 electrons).

BH3 NHj3
MO-energy Degree of MO-energy Degree of
[eV] degeneration [eV] degeneration
-27.23 1* -37.70 1*
-13.89 2% —14.14 1*
3.94 1 -13.54 1*
9.57 1 -11.65 1*
9.69 2 11.34
11.43
11.86

H3;N—-BHj3 eclipsed H3;N—-BH3 staggered

MO-energy Degree of MO-energy Degree of
feV] degeneration [eV] degeneration
-44.06 1* —44.07 1*
-25.05 1* -25.08 1*
-17.99 2% -17.94 2*
-13.06 1* —13.09 1*
-9.96 2% -10.04 2*
8.20 1 8.19 1
9.37 2 9.37 2
9.48 1 9.46 1
11.19 2 11.18 2
11.70 1

Using the four methods, essentially the same
charge distributions were obtained only for the free
BH;, the alkylboranes, NHj, and the free alkyl-
amines. The inductive effects in alkylboranes due to
the positive charge of the boron atom, and those
in alkylamines due to the negative charge of the nitro-
gen atom, respectively, are reflected in the differences
in charges of the C;-atoms. The latter are negative in
the alkylboranes (Figs. 1, 2, 3) and positive in the
alkylamines (Figs. 4, 5, 6). As expected, the alternat-
ing differences in charges at the subsequent carbon
atoms are found to be smaller the further the carbon
atoms lie from the B- and N-atoms, respectively.
These differences are in agreement with the experi-
mental findings of the alternating differences in
nucleophilic and electrophilic properties for the
chain carbon atoms [1, 17, 18] : in alkylboranes the
even-numbered carbon atoms have a larger positive
charge (enhanced acceptor-properties) than the odd-
numbered carbon atoms. In alkylamines the even-
numbered carbon atoms are more negatively charged
(enhanced donor-properties) than the odd-numbered
carbon atoms. In agreement with the bond-length-
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Fig. 1. Charge distribution in alkylboranes and their NHj
adducts, calculated by the CNDO method; o, free alkyl-
boranes, calculated for planar coordination around the g-
atom; +, free alkylboranes, calculated for tetrahedral
coordination around the g-atom; X, NH3-adduct.
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Fig. 2. Charge distribution in alkylboranes and their NHj
adducts, calculated by the Jolly and Perry method; o, free
alkylborane; X, NHj-adduct.
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Fig. 3. Charge distribution in alkylboranes and their NH3

adducts, calculated by the modified Sanderson method; g,
free alkylborane; X, NH3-adduct.
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Fig. 4. Charge distribution in alkylamines and their BHj3
adducts, calculated by the CNDO method; o, free
alkylamine; X, BH3-adduct.
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Fig. 5. Charge distribution in alkylamines and their BHj3
adducts, calculated by the Jolly and Perry method; o, free
alkylamine; X, BH3-adduct.
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Fig. 6. Charge distribution in alkylamines and their BHj3
adducts calculated by the modified Sanderson method; o,
free alkylamine; X, BH3-adduct.

variation rules [1], the effects noted are more
strongly pronounced at the chain-terminating atoms
but direct comparison is not justified, because of the
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different atomic environments. Consequently, the
chain-terminating C-atoms in alkylboranes, which
consist of an even number of carbon atoms, have
higher positive charge than do those consisting of
an odd number of carbon atoms. The charges at the
terminating C-atoms are more negative in alkyl-
boranes than in alkylamines.

The introduction of a BH,-group (acceptor) at
one end of a hydrocarbon leads to an increase in
negative charge and, hence, in the donor-properties
of the C-atom at the other end. On the other hand,
the introduction of a NH,-group (donor) leads to
a decrease in negative charge at the other end of the
chain and, hence, to acceptor-properties. These
effects are most strongly pronounced in the results
of the CNDO-method.

The changes which are expected to result from the
donor-acceptor interactions are partly produced by
the results of the modified Sanderson method. These
show clearly an increase in the positive charge at the
boron-atom in the NHj-adducts (spillover effect)
of the alkylboranes as well as an increase in negative
charge at the nitrogen atom in alkylamines (pile-
up effect) as compared with the free compounds
(Table I, Figs. 3 and 6). These results are in qualita-
tive agreement with results from ab-initio calcula-
tions of similar systems [33—35]. It has been shown
that the Sanderson method, in many cases, agrees
well with experimental data as obtained, for example,
by ESCA- and Méssbauer measurements [24, 36].

Neither the spillover- nor the pile-up-effect was
obtained by means of the CNDO- and the MNDO-
method. Our calculations lead to B—N bond polarisa-
tion by assigning a negative charge to the B-atom
and a positive charge to the N-atom. These results
are in clear contradiction to those of the Sanderson
method and the quoted ab-initio calculations. The
CNDO-method used is not suitable for finding the
correct internuclear distances in the adducts through
an optimisation formalism. This means that the latter
method is not flexible enough to account for changes
induced within the molecules on adduct formation.
However, neither were these effects found by the
MNDO-method.

The semi-empirical calculations carried out accord-
ing to Jolly and Perry also do not show the spill-
over and pile-up effects: this method involves expli-
citly a distinction between °‘coordinate—covalent’
bonds and ‘normal’ covalent bonds in referring to the
use of formal charges. It is not clear whether such
a distinction is physically meaningful.

Optimal internuclear distances resulting from the
MNDO-method are given in Table III. In the adducts,
the bonds adjacent to the sites of the donor—acceptor
interaction appear to be lengthened. The C;—H dis-
tances are shortened (according to the bond length
variation rules {1}) but no significant changes are
found for the C,—H distances. In the alkylborane
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TABLE III. Internuclear Distances, Calculated by Means of the MNDO-Method.

Compound Internuclear Distance, A

H-N N-B B-H N-C; B-C; C;-H C1-C, C,—-H
BH;4 1.155
NH3; 1.007
H3B-NH3 1.015 1.591 1.180
BH,CHj; 1.160 1.335 1.112
H3N-BH,CHj3 1.015 1.600 1.186 1.582 1.112
NH,CH; 1.008 1.460 1.118
H3;B-NH,CHj3 1.020 1.609 1.179 1.497 1.110
BH,CH,CH; 1.160 1.543 1.118 1.527 1.109
H3;N-BH,CH,CHj3; 1.016 1.599 1.186 1.593 1.117 1.529 1.110
NH,CH,CH3; 1.009 1.467 1.120 1.534 1.109
H3;B-NH,CH,CHj; 1.020 1.609 1.179 1.503 1.117 1.536 1.109

TABLE 1V. Free Enthalpies of Formation from the Atoms
and Dipole Moments as Calculated by the MNDO-Method.

Molecule AH [Kcal/Mol]  u(calc.) [D]
BH; 11.73 0.00586
NH; -6.30 1.70
H3B-NH; -22.66 6.02
BH,CH; -7.82 0.625
H3N-BH,CH; ~35.64 5.8
NH,CHs -75 1.48
H3B-NH,CH3 ~17.18 6.07
BH,CH,CH3 ~1291 0.586
H3N—BH,CH,CH; ~39.64 5.74
NH,CH,CH; -13.50 143
H3B-NH;CH,CH3 ~22.64 6.26

adducts the C,;—C, distances appear longer, but
shorter in the alkylamine-adducts, Table IV gives
further results of the MNDO-calculations, namely,
for the enthalpies of formation from the atoms and
the calculated dipole moments. The latter may
be compared with the experimental dipole moments
of NH;, H3N—BH;, and NH,CHj;; the values are
147, 492, and 1.31 D, respectively and, clearly,
agreement with experiment is not particularly
good.

We are forced to the conclusion that the MNDO
method is, as yet, not sufficiently accurate to reprod-
uce the subtle bond-shortening—lengthening pheno-
mena associated with donor—acceptor bond forma-
tion.

Calculations were performed for these alkyl-
compounds in order to study the influence of the
C-chain length on the energies of the highest occupied
molecular orbitals (HOMO) and the energies of the
lowest unoccupied molecular orbital (LUMO). These
are of interest, as relationships are known between
HOMO-energies and donor numbers as well as LUMO-
energies and acceptor numbers of solvents [37].
The results are presented in Table V.

The HOMO-energies and the LUMO-energies are
lower the greater the chain length of the model com-
pounds (with the exception of the free alkylboranes
with the unrealistic assumption of tetrahedral
coordination around the B-atom). A steady decrease
in LUMO-energies is generally found with increase
in chain length but, in the free alkylboranes, alternat-
ing differences in LUMO-energies are revealed in
going from a molecule with N carbon atoms to a
molecule with (N + 1) carbon atoms (Table V). This
means that there is a stepwise enhancement of the
acceptor-properties of the alkylboranes with an
increase in chain length. Corresponding alternations
were not found for HOMO-energies in the free alkyl-
amines. HOMO- and LUMO-energies of the NHj;
adducts of the alkylboranes are higher than those in
the free alkylboranes. The HOMO levels in the adduct
of the alkylamines with BH; are not significantly
changed, whereas their LUMO-energies are lowered.
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TABLE V.; Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) Energies [eV] of
the Linear Alkylboranes with Planar (p) and Tetrahedral (t) Arrangements as well as of Alkylamines and Their NH3 and BHj
Adducts Calculated by the CNDQO/2 Method.

Compound HOMO LUMO Compound HOMO LUMO
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NH3BH,CgH 13 ~6.002 6.960 NH,CeHi3 -7.152 7.812
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