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NOTES

An Extended Huckel Molecular Orbital Study of
the Acetoxylation of Propylene over Palladium Metal
and Salts Catalysts

Acetoxylation of olefins catalyzed by
palladium ion in solutions has been re-
ported (/). However, the reaction by palla-
dium metal catalysts is not yet studied suf-
ficiently, and the reaction scheme for
allylic products has not fully been eluci-
dated.

In order to clarify the difference
between the catalytic activities of palla-
dium metal and salts, we previously at-
tempted to acetoxylate propylene in the
gas phase with both catalysts under the
same reaction conditions (2). We found
that over palladium salt catalysts propyl-
ene gives acetone and allyl acetate, the
former being formed by secondary hydro-
lysis of isopropenyl acetate, while over
palladium metal catalyst propylene gives
allyl acetate selectively as indicated in
Table 1.

In this paper, the mechanism of ace-
toxylation catalyzed by palladium metal or
palladium salts is discussed from the view
point of the extended Hiickel molecular
orbital theory.

Method of calculation. The LCAO-MO
procedure employed in this study is a mod-
ification of the extended Hiickel molecular
orbital theory used by Hoffmann (3). As
is usually done in the extended Hiickel
method, the diagonal matrix elements (Hii)
were approximated by valence-state ioni-
zation potentials (VSIP) as shown in Table
2. The off-diagonal terms were given as
Hij = KSi§j(Hii + Hjj)[2 (K = 1.75). The
overlap integrals are calculated from the

294

Copyright © 1975 by Academic Press, Inc.
All rights of reproduction in any form reserved.

formulas for Slater-type orbitals, using
atomic-orbital exponents (u) as prescribed
by Burns (4). The diagonal terms (Hii)
were calculated iteratively using the
method of Rein et al. (5). This method as-
sumes a linear dependence of the ioniza-
tion potential on the net atomic charge g,
as expressed by Hii = Hii (0) — qAa. The
orbital exponents of each iteration were
adjusted for the charge on the atom ac-
cording to w= u®+ (0.135/n), where u°
and u are the exponents for orbitals on the
neutral and charged atom, respectively.
This is merely an extension of Slater’s
rules, where n is the effective principal
quantum number. Iterations were con-
tinued until the atomic charges became
constant for every atom to within 0.02
electronic charge.

TABLE 1
CONVERSION AND PRODUCT DISTRIBUTION IN
ACETOXYLATION OF PROPYLENE®

Product distribution (%)

Conversion  Isopropenyl Allyl
Catalyst® (%) acetate Acetone acetate  Others
PdCi,-AC 8.6 0 73 27 0
PA(NO;),-AC 4.4 0 79 20 I
PdSO,-AC 3.1 0 68 27 6°
Pd(OAc),-AC 3.0 5 49 43 3
Pd-y-ALO, 36 0 0 89 e
Pd-AC 3.5 3 2 92 3

“ Fixed-bed reactor. Reaction conditions: W/t = 10.0 g-cat hr/mol,
135°C. Feed ratio: propylene:oxygen:acetic acid = 5:2:5.

“ Palladium salts supported on activated carbon (AC). Palladium metal
supported on activated carbon or y-alumina.

“ Isopropyl acetate.

“ n-Propenyl acetate.

 Diacetate compounds.
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TABLE 2
INPUT PARAMETERS FOR THE ATOMS

Carbon Chlorine Palladium
Hydrogen
Orbital ls 2s 2p 3 p Ss Sp 4d
Hii (eV) ~13.60 -21.43 —11.42 —25.23 —13.34 -7.60 —3.84 —12.02
Aa (eV) 14.00 11.90 14.20 6.90
7 1.200 1.550 1.325 2.183 1.733 1.675 0.900 3.068
Structural parameters. Bond lengths and  PdCl; (IV) were calculated by extended

angles were taken from the X-ray structure
analyses of Pd,Cl(allyl); (6) and
[PACL(C,Hy) ], (7). The X, Y plane was
defined by the s-allyl group and -
complex, respectively. The Z axis perpen-
dicular to the X, Y plane shows the direc-
tion of these w-electron orbitals. In order
to determine the geometries of adsorption
on palladium metal and salt, the total elec-
tron energies of mr-allyl complex with Pd
(D, 7-complex with Pd (II), 7-complex
with PdCl, (II), and m-allyl complex with
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(I) x~-allyl complex with Pd.
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(III) N -complex with Pdcl3.

Hiickel method. The coordinate systems
used for the calculations are shown in Fig
1. The values of total electron energies of
(I), (II), (III), and (IV) were calculated as
—448.55, —444.07, —784.24 and
—775.29 eV. These results indicate that
propylene reacts with palladium metal to
form sr-allyl complex by abstraction of hy-
drogen of the methyl group rather than
simple w-complex as the reaction interme-
diate since the total electron energy of (I)
is lower than that of (II) and that propyl-
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(Iv) M-allyl complex with Pdc13.

FiG. 1. The molecular structure used for the calculation on the a-allyl complex with Pd (I), m-complex
with Pd (II), w-complex with PdCl; (IIT). and #r-allyl complex with PdCl, (IV) (all numbers in A).



296

TABLE 3
MOLECULAR ORBITALS FOR w-ALLYL SYSTEM

Atomic orbital population

Atomic ™ Ta T
charge” —15.260 eV —10.048 eV —0.593 eV
C, +0.371 0.1070 0.5029 0.5384
C, —0.065 0.2629 0.0 1.0942
Cy +0.371 0.1070 0.5029 0.5384
Pd +0.021
H —0.664

“ Population analysis [from R. S. Mulliken, J. Chem. Phys.

23, 1833, 1841 (1955)].

ene reacts with palladium salt to form =-
complex rather than sr-allyl complex by
abstraction of hydrogen since the total
electron energy of (II) is lower than that
of (IV). Therefore, the atomic orbital popu-
lations of #-electron orbitals of complex (I)
and (III) are discussed in detail.

m-Allyl complex. As in the simple
Hiickel method (6), three molecular or-
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extended Hiickel calculation: one oc-
cupied bonding orbital (7,) involving all
three carbons, one empty non-bonding or-
bital (7,) with all of the electron density on
the two extreme carbons, and one empty
anti-bonding orbital (77,). Since hydrogen is
considered to be abstracted from propyl-
ene as hydride ion, =, orbital is the lowest
vacant orbital. The large value of electron
density of s, orbital on the extreme
carbons as is shown in Table 3 leads to
high reactively for nucleophilic reaction
(8). In view of this, the nucleophilic
reagent such as acetate anion reacts with
one of the identical extreme carbons to
give allyl acetate as a major product. This
agrees well with the results shown in Table
1. It seems reasonable to consider that the
hydrogen of methyl group of propylene is
abstracted by palladium atom to give #-
allyl complex, and the nucleophilic addi-
tion in the s-allyl complex to give allyl
acetate.

CH,=CH—CH; + Pd — CH,~=CH-==CH,,

OAc™

l
CH,—CH—CH,

H*—Pd,—H

Pd—H

— CH2=CH_(,:H2 + HZ_Pdn’

OAc

H,— Pd, + 30, — H,0 + Pd,.

bitals described below are formed in a
three-center arrangement of carbon atoms
for the #r-allyl palladium complex by this

TABLE 4
MOLECULAR ORBITALS FOR 7-COMPLEX

Atomic orbital population

Atomic T Te

charge —13.446 eV —5.596 eV
C, -0.037 0.1136 0.7022
C, 0.0 0.0698 0.7606
C; —0.067 0.0168 0.0004
Pd 0.307

m-Complex. Our calculation shows that
two molecular orbitals are formed on
carbon-carbon double bond after the coor-
dination with palladium salts, one is the
occupied bonding orbital (7,) involving
three carbons and the other is the empty
antibonding orbital (7,) (Table 4). As the
difference in electron density of #, orbital
between extreme carbon 1 and middle
carbon 2 is not so large, the acetate anion
can react with both carbons and gives allyl
acetate as well as isopropenyl acetate.
Electron density of carbon 2 is, however,
somewhat larger than that of carbon 1, and
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FIGURE 2.

so the amount of acetone which is formed
by the hydrolysis of isopropenyl acetate
(2) is larger than that of allyl acetate. The
vapor phase reaction on supported palla-
dium salts catalysts appears to follow the
same reaction scheme as in the solution.
This calculation supports the mechanism
(Fig. 2) proposed by Stern (9).
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