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On the Use of Complex Hybridization in Stereochemical

Investigations™®

P. LINDNER and O. MARTENSSON

Quantum Chemistry Group, University of Uppsala, Box 518, S-751 20 Uppsala 1, Sweden

Complex hybrids are used to describe the tetrahedral P, molecule
and the triangular molecules: C;H, (cyclopropane), C,H;N (ethylene
imine), C,H,O (ethylene oxide), and C,H,S (ethylene sulphide).
Overlap integrals are calculated and the choice of the atomic orbitals
and the concept of strain energy are discussed.

I. INTRODUCTION

The concept of directed valences is of essential importance for the under-
standing of stereochemistry. It is based on the existence of localized molec-
ular orbitals and on the criterion of maximum overlap.! The idea of hybridiza-
tion has been of great aid in the search for these orbitals. Recently Martensson
and Obrn 2 proposed the use of complex hybridization in order to treat bond
angles less than 90°3 with the intention of retaining the useful idea of di-
rected classical valence.

In the present work we make use of this proposal in a treatment of the
tetrahedral P, molecule and the four triangular molecules C;Hg (cyclopropane),
C,H.N (ethylene imine), C,H,O (ethylene oxide), and C,H,S (ethylene sulphide).

In accordance with the criterion of maximal overlap we restrict ourselves
to calculations of overlap integrals. The choice of the atomic orbitals is dis-
cussed.

II. COMPLEX HYBRIDIZATION

In the following we consider only hybrids formed by one s- and three
p-orbitals

4
by = 2 an,P, (1)
u=1
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with @,=s, ®,=p,, DP3=p,, and P,=p, The coefficients az, can be com-
plex numbers. The coefficient matrix should be unitary in order to keep the

hybrids on one center orthogonal to each other
ata =aat =1 (2)
The direction of a hybrid (valence) is defined as the direction from the
atomic nucleus to the center of gravity of the hybrid density |k;]2.2 The cosine
of the valence angle between two hybrids %, and &, is then 2

2. Re{am ar,*} Re{an ay*}
p—1 = ” 3 :
cos Oy [2 (Re{an aw*})? > (Relan ay*})*) )
v H

1) Tetrahedral phosphorus (P,). The coefficient matrix which fulfills the
angular and unitary conditions and which has equivalent hybrids with

respect to the s-orbital content is found to be

V'3/2 0 0
—V'3/6 0 V'6/3 ei*
—V36 V22 e —\V6/6 e (4)
—V'36 —V2/2 e* —16/6 ei*
where x is a phase factor at our disposal. The lone pair is chosen to correspond
to k, (along the z-axis) (Fig. 1). From (3) we get the angle between the other

three hybrids 1—4 cos2x
©08 B2 = 178 cost ©

DOt RO RO DO

If % is varied the angle 0,5 goes through all values in the interval (0°, 109.47°).
For cos »=0.25 the experimental value ¢ 0,,=60° is obtained.
t1) Cyclopropane (('3H2CH2?H2). The molecules CH,NHCH,, CH,0CH,
I
and CH,SCH, are treated in the same way.

|
The coefficient matrix with the properties as in i) is found to be

1
! .
1
P
t \3
! a
s
1.
Fig. 2. Hybrids in cyclopropane.

Fig. 1. Hybrids in the phosphorus molecule.
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1V'6/3+i V33 V22 0 ,
1(V'6/3+1 V'3]3) —V 2/2 0 (6)
—1(V'6/3+i V'3/3) 0 V22 ex
—1V6[3+1 V3[3) 0 —V2/2 e

*
Il
DO DO RO BOj

where %, and kb, correspond to the two CC bonds and %, and A, to the two CH
bonds with a fixed valence angle of 120° 4 (Fig. 2). This angle could be varied
by introducing a second phase factor in (6).

The angle between Ay and 4, is found to be
1—3 cos?¢
e ] @

The allowed range for 03, is then (0°, 120°). For cos »=1} the value 0,,=60°
is obtained.

III. INVARIANCE PROPERTIES

Consider two atoms A and B with hybridization matrices a* and a®.
The bonding overlap between two hybrids is defined as

S = HPAP) + RPRA} (8)
and the total bonding overlap between A and B as .
§= 3 Su ©)

Table 1. Overlap integrals between hybrids; Slater orbitals with fixed ¢ (eqn. 12).°

Bond cee cee oct ONe cof oS PPh
Angle? R=1.52| R=149| R=147| R=149| R=1.44| R=1.82 | R=2.21

normal

bond ¢ 0.656 0.670 0.679 0.563 0.490 0.423 0.645
109.°47 0.555 0.568 0.577 0.477 0.416 0.351 0.539
60° 0.484 0.496 0.504 0.418 0.366 0.303 0.384

4 Internuclear distance R in A (Ref. 4).
b Angle between the hybrids (eqns. 5 and 7).
¢ Two 8p® hybrids directed along the internuclear axis.
4 CH,CH,CH, (cyclopropane).
I !

¢ (13H2S(IDH2 (ethylene sulphide); R..=1.48 in (‘;‘H,NH(‘)HE.
1 E‘JH—Z(;CHz (ethylene oxide).

4 CHzNiI?’H2 (ethylene imine).

e,
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1) Case a*=aP®. This occurs, e.g., in P, and between the atoms C, N, O,
and S in the other molecules considered here. By use of the unitary properties
of @ and the fact that the hybrids are equivalent with respect to their s-orbital
content we find

S=1 ]?_; Zv {aky*alv+aly*akv} <¢/1A|¢v By = 4<¢1A|¢1B> (10)
YRR
The total overlap § is thus independent of the type of hybridization used,
unless the atomic orbitals have a dependence on the phase factor » (bond
angle 0). In Table 1 and Fig. 3 we report the values for S, for ““fixed”” atomie
orbitals and for some 0-values of interest. The hybrids 2,* and %® are those
directed towards A and B, respectively.

s
Skl Kl
] ]
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Fig. 3. Overlap integrals (eqn. 8) as function of the valence angle.

—— fixed ¢ (eqn. 13)

----- variable ¢ (eqn. 13).

a) P,.

b) cyclopropane (C—C bond).

1) Case a® +a®. This is the situation for the CH-bonds and in that case
we get

. ,
S = %k=zl {<sulty) 4 <Mylsyd} :k% Re{akp}<snl¢u> = 28| D> (11)

For “fixed” atomic orbitals the largest S;;-value occurs for the real case
(spB-case) if h, is directed towards the H-atom.
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IV. THE CHOICE OF THE ATOMIC ORBITALS

In view of the results above it seems natural to let the atomic orbitals
@, depend on the valence angle 6 through the phase factor ». A first simple
attempt in this direction would be to assume proportionality between the
covalent radius of the atom and the distance to the gravity point of |k,

If Slater type orbitals 3

¢nlm(7'0(0) = N,u?‘"—'le_(‘/")’ Y,,,,(O,go) (12)

are used and the conventional sp3-hybridization is taken as norm we find ¢

Rop V32
R, [ ary? © cos?xy )"
HFL

Cp = Csps

(13)

where the coefficients ay,’=az, exp(ix,) and ¢, and ¢ are the effective
nuclear charges for hybridization % and sp®, respectively. R, and E; are the
corresponding covalent radii. ¢ is determined by Slaters rules.® Results
by use of this method are shown in Fig. 3.

A more satisfactory way of determining the c-values would be by use of
the criterion of maximal overlap. At the present time this, however, seems
to destroy the simple and intuitive picture given here.

V. THE STRAIN ENERGY

Complex hybridization with fixed c-values makes it possible to approach
the concept of strain energy ? for molecules of the type considered here in a
new way. The strain energy in a bond could be defined as the difference
between the bond energy in sp3-hybridization and the energy in the hybridiza-
tion corresponding to the experimental bond angles, if the energies are cal-
culated for the same overall geometry. If we then confine to the approxima-
tion of localized bonds the total strain energy will be the sum of the strain
energies in the bonds. In case ¢ in (12) depends on » the concept of strain
energy is meaningless.

The main advantages of the concepts discussed in this paper lie on the
conceptual side. However, considerations along the lines indicated can also
be of great help in problems concerning the stability of transition states in
chemical reactions.
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