A Molecular Orbital Study of the Reduction Mechanism
of Monoterpene, p-Mentha-1, 3-dien-7-al, with
Sodium in Aqueous Ammonia

By Hiroshi KAYAHARA

Laboratory of Biological Chemistry, Fac, Agric,, Shinshu Univ,

Recently, the author reportedi~2 the reduction of af-and «f, yd-unsaturated
monoterpene aldehyde. (—)-perillaldehyde (I) and p-mentha-1, 3-dien-7-al (I[)3%a~3
respectively, and also proposed the possible reduction mechanisms from the view-
point of the structures of intermediates and reduction products.

In the present paper, the author deals with the theoretical studies for the
mechanisms of the reduction of II with sodium in aqueous ammonia,

Formation of 1-p-menthen-7-al (VIII) in the early stage of the reduction
shows that the reduction must involve the initial transference of an electron from
the metallic sodium surface to the a8, yd-conjugated system of II, and that the
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Fig. 1 Reduction Mechanism of p-Mentha-1, 3-dien-7-al (II)
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anion radical hybrid (IIT-1V) is formed as in the canonical form described in Fi-
gure 1. The canonical forms are theoretically possible, but it is not obvious which
of the possible forms would be more stable. Subsequently, the anion radical
abstracts a proton from water in solution to form the radical hybrid (V< VI) and
again the transference of a second proton onto the radical hybrid leads to forma-
tion of the carbanion (VII). Protonation onto the carbanion (VII) may then occur
in the reaction mixture, leading to 1-p-menthen-7-al (VIII).

The result which reinforces the above posturated mechanism was obtained
from the molecular orbital study as an explanation of the initial 1,6-radical
addition of the metallic hydrogen onto the conjugated system,

A study by the simple molecular orbital method may provide the information
about the =-electron distribution in p-mentha-1, 3-dien-7-al (II). The heteroatom
parameters used in the calculation are described below:

ap=a-+

Bo=+/28
where ap is the coulomb integral of oxygen and fc-o is the resonance integral
between carbon and oxygen, The resulting molecular diagram was described in
Figure 2,

It seems to be reasonably considered that the radical addition occurs at the
position of the maximum value of the free valence. Therefore, the attack of the
metallic hydrogen is assumed to take place at the position of both sides of the
conjugated system. Though the limit of the calculated value is defined by the
subjectivity of the experimentalist, on comparing the experimental results with
the calculated results, it is satisfactory to consider that the reduction involves the
initial 1, 6-addition of the metallic hydrogen.

Although a conclusion cannot be drawn due to an insufficient number of the
calculating sample, the value of the free valence seems to indicate the possibility
of anticipating the position which allows to be reduced by the metallic hydrogen.
Calculation Procedure;

The secular determinant is rapidly set up as:

X 1 0 0 0 0
1 X 1 0 0 0
0 1 X 1 0 0 S T 1)
0 0 1 X 1 o0
0 0 0 1 X2
0 0 0 042 X+1
X:a-E
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Fig. 2 Molecular Diagram of p-Mentha-1,3-dien-7-al (II)
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Fig.3 HMO=-Energy Level Diagram of p-Mentha-1,3-dien-7-al (II)
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Expansion of the determinant follows directly to give the secular polynomial:

X6 X5 BX4—4X3 1 OX2 18X —2=0errrerrrrrrnnnnnns (2

Since this equation is in the sixth form, the roots are found using the inter-
poration method and X=-—2.235, —1.57, —0.68, 0.365, 1,27, 1.835 or the resulting
energy levels are E;=a+2.2358, Es=a+1.578, Es=a+0.688, E,=a—0.3658, E;=
a—1.278, Es=a—1.8358 (Fig. 3).

The six =-electrons are put into the first three MO’s, giving 6a+8.978.

1) Calculation of Coefficients and Wave Functions

To find the coefficients (C,) and the wave functions (¢*,) for the molecular
orbital corresponding to each energy, one returns to the original secular deter-
minant (1) and must calculate the element (A4,).

(A,) is the determinant of the next lower order formed by striking out row
and column of the original determinant:

A =X+ X+—3X3-2X24+2X

Ay=— X4 X34 4X?1-2X —2
Ay=X34-X2—3X—1

Ay=—X2—X+2
A5:X+1
A(;:"'Z
Ei=a+2 2358, X=—2, 235
_ A A _As
Ci= A, =1 Csy= A, =0. 02352 Cy= A, =0, 0394
= A4 = ——_14_5_—— = AG = 2
Cs= A, =0. 0645 Cs= A, =0, 1048 Ce A, 0.1200

¢1=171140, 02352%5-+0. 0394%5+0. 0645740, 1048%;5--0, 1200%,
Applying the normalization condition (N=1, 0157), one find:

¢*1=0, 9845%,+0, 023215+ 0, 388%3-+0. 0635740, 1032%5 0. 1181

This procedure can be repeated for each wave function of the corresponding
energy level.

Hence:

Ey=a+1.578, X=—1.57, N=62.6733;

*,=0. 0160%; 0. 5230X2+0. 47953+ 0. 2299%,—0. 1186X5— 0. 2942%¢
E;=a+0.688, X=—0.68, N=2,7255;
d*3=0. 3669%;+0. 4063%,—0. 3423%3—0. 6391%4—0. 09224540, 407624
E=a-0,3658, X=0,365 N=9.4931:

*,==0, 105321 —0. 2480%;—0, 58872340, 4630% 4 +0. 4206X5—0, 4357%¢
Es=a—1.278, X=1.27, N=4.2657:
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¢*5=0. 2344%,—0. 5931%54-0. 2909% 3 4- 0. 2236%—0. 574915+ 0. 3581%,
Ee=a—1,8358, X=1.835 N=1,1474:
¢*e=0.8715%;—0, 1996+ 0. 2514%,—0. 26472 ,40. 2344%5—0. 11697,

it) Bond orders
Coulson® introduced the partial mobile bond order PFPi,, for the r-—s bond
in the jth MO defined as:

Pi = CC jpreneesnnnnennenns (3)
The corresponding bond order is:
doce

Pjrs:Z_ NC,jrvevereneneens (4)
7

in which N is the number of electrons in the jth MO.
Hence:

Py=2 (0.9845 x 0. 0232+0. 0160 x 0. 5230+ 0, 3669 x 0, 4063)=0. 3605
Thus:

Pay=0, 2252, Pyy=0,6629, Pu;=0,0765 Pg=0.0190,

i) Electron Densities
The total electron density at an atom @; is the sum of the electron densities
contributed by each electron in each MO:

Qj:l'-% NCZI'

C; is the coefficient of the atom j in the jth MO, which is occupied by N elect-

ron,
Hence:
Q1=1—2(0. 984520, 016020, 3669%)
=-—1,2082
Thus:

Q:=0.1216, Q;=0,3029, €.=0.0693, @;=0,9336, Q:=0.4667,

) Free valence
The free valence index F; has been defined by Coulson® as:

Fl':NmarmNi

=4.732— > \P7;— > \P7;
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in which N; is the sum of the orders of all bonds joining the atom ¢ and N, is
the maximum value.

Hence:
F,=4,732—3-0.3605=1. 3715
Thus:
Fy;=1.1463, F;=0.8439, Fy=0.2606, F;=0.9045, Fz=2.9810

Discussion

The concept of the bond order generally relates to the valency multiplicity
between the atoms in molecules. Various definitions of the bond order based on
the quantum mechanical theories have been proposed and the correlations with
the bond distances have been suggested.6~7

Nevertheless, this quantity has a rough phygical significance, since the product
of the coefficients of the adjacent atoms may be construed as a bond electron
density.

The French workers have advocated particularly the use of the free valence
for the radical reactions® and Kooyman? determined the relative reactivities of
the trichloromethyl radical toward aromatic hydrocarbons and observed an exce-
llent correlation with the highest free valence index of the hydrocarbon.

In the case of p-mentha-1, 3-dien-7-al (II), the structure is assumed as so
called “pseudo aromatic”, and the free valence theory seems to provide a satis-
fying interpetation of the initial 1, 6-radical addition of the metallic hydrogen onto
the «f, y6-unsaturated system.

The significance of this study is to demonstrate that the attacking position of
the metallic hydrogen in this type of the reduction is anticipated by using the
simple MO method, although the other factors probably contribute to the finer
details.
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