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The self-consistent-field Xa-scattered wave (SCF-Xa-SW) method is used to calculate the electronic
The resultant description of the Pt—ethylene bonding is found to be somewhat more
The o-bonding components are found to be considerably more

important than = back-bonding. Optical transitions have been calculated and found to be in agreement with the
peak positions of the experimental spectrum. Some aspects of the photochemistry are also briefly discussed on the

basis of the calculations presented.

In spite of the great fundamental and practical im-
portance of transition metal olefin complexes,?=3
there have been very few attempts at a thorough quan-
tum mechanical description due to the complexity of
such systems. One of the chief theoretical interests
in this class of compounds is in obtaining a detailed
understanding of the metal-olefin bond, from which
there is the hope that more insight into the role of tran-
sition metals as catalysts in olefin chemistry®—® might
evolve. The present work using the recently developed
SCF-Xa« scattered wave method®—!! provides the most
thorough theoretical study to date for Zeise’s anion,
[Pt(C.H,)Cl;]~. This complex has been well-studied
both experimentally and theoretically and is one of the
simplest metal-olefin compounds; it is also represen-
tative of an important class of olefin w-complexes of
platinum and palladium!©.12 which are thought to be
intermediates in catalytic processes.

The most widely accepted theoretical model for de-
scribing bonding between a transition metal atom and
an olefin is that by Dewar!® and Chatt and Dun-
canson.!* This model describes the bonding by a
two-way donor-acceptor mechanism, i.e., a o-donation
from the bonding m-electrons of the olefin to empty d
levels of the metal and a = back-donation from the
metal to the empty =* level of the ligand. Although
this model has provided an explanation of the bonding
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and the structure as well as other properties of such
complexes in a qualitative manner, the quantitative
contribution of the ¢ and = components is still a matter
of considerable discussion.!—1

Previous Calculations of Metal-Olefin Complexes

For Zeise's anion, two semiempirical calculations
have been reported, one using an iterative extended
Hiickel (IEH) method® and the other a CNDO-type
method.* Both explained the optical spectrum of
Zeise’s salt very qualitatively, but their results con-
cerning the relative importance of ¢- and w-bonding
differed. Extended Hiickel calculations have also been
carried out to gain some insight into the mechanism of
Ziegler-Natta catalysts?® and to explain the bonding of
acetylene to platinum. 2!

It is only recently that more rigorous calculations of
metal-olefin systems have become available. It was
concluded from the results of the first such study, an
ab initio calculation of the Ag*—C,H, complex,?? that
o-donation is significantly larger than = back-donation.
Another calculation using the Hartree-Fock-Slater
model implemented by the discrete variational method??
investigated the interaction between ethylene and TiF;
and NiF; clusters.2¢ It was concluded there that
7 back-donation was extremely important in these two
complexes.

In the present calculation, the SCF-Xa-SW method is
employed. This method has been used successfully to
study the electronic structure of a wide variety of
systems?>2 and in the present case provides the basis
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Figure 1. Coordinate system and geometry of Zeise’s anion; the
molecular orbitals are referred to this coordinate system.

for a discussion of the bonding and an interpretation of

the optical spectrum, 18.27—30

Details of the Calculation

The SCF-Xa-SW method is an all-electron first-
principles method which employs the scattered-wave
formalism!t to solve the SCF-Xa equations.® It has
been described in detail elsewhere.®~'* For a short
summary of the method see the preceding paper.?!
The structure of Zeise’s anion has been determined
with high accuracy by a neutron diffraction study on
Zeise’s salt;?2 this is the source of the experimental
geometry used in the present calculation. The pre-
vious calculations on Zeise’s anion®®-1% were based on
X-ray crystallographic data®?** which show significant
differences from the neutron diffraction results. The
neutron study showed the C—C double bond to be at a
right angle to the PtCl; plane and only slightly longer
(1.354 A) than the equivalent bond in ethylene (1.338 A).
The X-ray study®® found, on the contrary, a marked
bond lengthening (1.44 A). The neutron diffraction
study also confirmed the suggestion that the ethylene
unit in Zeise’s anion is not planar. The displacement
of the carbon atoms toward the platinum—with re-
spect to the plane defined by the four hydrogen atoms—
amounts to 0.18 A. The other bond lengths are:
Pt-C, 2.14; Pt—Cl, 2.33; and C-H, .10 A. The geom-
etry and coordinate system used for the calculation are
shown in Figure 1.

The radii for the muffin-tin spheres surrounding the
various atoms are determined by symmetry and the re-
quirement of touching spheres, once the radius of the
Pt sphere is fixed. This is done by demanding that the
ratio of the Pt radius to that of a cis Cl should be equal
to the ratio of the corresponding Slater covalent radii. ®
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The radius of a carbon sphere is taken to be half the C-C
bond length, The whole cluster of atomic spheres is
surrounded by an outer sphere which touches the atomic
sphere of the trans Cl. The various radii thus deter-
mined are (in bohr) rey = 2.526, Feiransy = 1.943,
Foreis = 1.868, ro = 1.279, rg = 0.789, and reu: =
6.412. The Watson sphere radius is taken equal to the
outer sphere radius and has a positive single charge on
its surface, which provides an approximation to the
stabilization effect arising from the crystalline environ-
ment.

The atomic exchange parameters for Slater’s local sta-
tistical (Xa) approximation to the electron exchange
correlation ®® are taken from the tabulation of Schwarz. ¥
The o value for platinum has been extrapolated to be
apy = 0.7.31 The o values for the interatomic and the
extramolecular regions are set equal and taken as the
weighted average over the atomic « values, where the
ethylene subunit is given the same weight as the CI k-
gands and the central atom.

As mentioned in the preceding paper,?! it can be
shown that the mathematics of the scattered wave
formalism are valid for overlapping spheres. It has
been shown previously for the ethylene molecule that
overlapping carbon spheres provide a more accurate
potential which provides a very successful determina-
tion of the ionization potentials of this molecule.®
As the C-C bond length?®? in Zeise’s anion indicates
that the bond should be similar to the one in ethylene,
we have also adopted the overlapping sphere para-
meterization® for the ethylene subunit as an alternative
to the above procedure. In the previous ethylene cal-
culation 7. = 1.55 bohr turned out to be a proper value
to describe the C—C double bond. This leads to over-
lapping atomic potentials for C-C, C-Pt, and C-H.
As in ref 38 we have used the exchange parameters for
carbon and hydrogen which result from spin-polarized
atomic calculations.?® The results of both calculations
are given below, and the meaning of the differences is
discussed.

The core charges corresponding to the configurations
C 1Is?, Cl 1s22s22p?, and Pt up to 4d!° as determined
from atomic calculations were included but kept fixed
during the SCF cycles. This ““frozen core” approxi-
mation?® has virtually no influence on the energies and
the shapes of the one-electron molecular orbitals. The
remaining 66 electrons were fully taken into account
in the iterations to self-consistency. The SCF-Xa pro-
cedure converged for Zeise’s anion in about 30 itera-
tions, requiring 9 min of computation time on an IBM
370/165 computer. To compute the optical excitations,
Slater's ““transition-state’ procedure?®® was used. The
singlet and triplet excitations were resolved by com-
bining the results of non-spin-polarized and spin-
polarized calculations, the latter yielding the triplet
energies directly.3!

Results of the Calculation

The results for the SCF-Xa-SW ground-state orbital
energies of Zeise's anion [Pt(C;H,)Cls]~ are listed in
Table I for the two parameter sets mentioned above.
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Lett., 23, 149 (1973).

(39) J. C. Slater and J. H. Wood, private communication.

Journal of the American Chemical Society | 96:12 | June 12, 1974



Table I
According to the Irreducible Representations of the C,, Point Group®
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SCF-Xa-SW Orbital Energies (in eV) of Zeise’s Anion, Separated

Irreducible representation

a az by b,
Parameter set?
A B A A B A B
Orbital —-2.83 —-1.96 —-2.67 —-1.52
energies —4.95 -3.97 —4.92 -3.29
—8.27 —7.45 —8.19 -7.29 -7.92 —6.94 —8.16 —7.43
-9.17 —8.24 -10.77 —9.06 —8.21 —7.34 —-9.06 —8.24
—-9.76 —8.81 —12.19 —10.06 —8.95 —8.11 —10.91 -9.71
—11.18 —10.28 —10.88 —9.68 —17.41 —-16.10
—11.80 —10.96 —14.55 —-13.00
—14.23 —-13.22 —21.03 —20.29
—20.26 -19.75
-21.19 —20.51
—21.62 —22.66

e Only valence-type orbitals and the lowest empty levels are shown. d .
¢ The levels calculated from the usual parameter set are given in column A; column B shows the results for

those above the line are empty.

the case of overlapping spheres and exchange parameters from spin-polarized atomic calculations.
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Figure 2. Ground state SCF-X« electronic energy levels of Zeise’s
anion—case A. The highest occupied orbital is 6b;.

Recall that case A is the standard parameter set and
that case B uses overlapping carbon spheres, and «a’s are
determined by spin-polarized atomic calculations. The
levels are labeled according to the irreducible represen-
tations of the C,, point group. Only the lowest un-
occupied levels and the valence-type orbitals are in-
cluded in the table; orbitals which are completely
localized within atomic ‘“‘muffin-tin” spheres, such as
the Pt 4f!¢ ““frozen core” levels, are not listed. When
labeling the various orbitals of the same representation,
a sequential numbering is used starting with the lowest
occupied orbitals listed in Table I. For example, we
refer to the two lowest empty levels as 10a; and Sb,,
respectively, The levels of Table I, case A and case B,
are also shown in Figures 2 and 3, respectively, and are
compared with the SCF-X« atomic levels of Pt and Cl
and the SCF-X«-SW orbital energies of ethylene.

Discussion

Bonding in Zeise’s Anion. For discussing the bonding
in Zeise’s anion use has been made of contour plots of
the individual orbitals as well as the orbital charge
distribution as obtained from the SCF-Xa-SW calcu-
lations. 1In the latter case, one determines for each
orbital the fraction of charge in the various atomic
spheres as well as in the interatomic and extramolecular

Levels below the dashed line are fully occupied in the ground state;

For details see text.
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Figure 3. Ground state SCF-Xa electronic energy levels of Zeise’s
anion—case B. The highest occupied orbital is 6by.

regions. This procedure, based on the partitioning of
space which is the basis of the scattered wave method, is
analogous to a conventional population analysis. In
the following we will discuss the bonding in Zeise’s
anion as deduced from the calculations using both
parameter set A and parameter set B; a comparison of
the results obtained will be provided. It should be
mentioned at this stage, however, that this comparison
shows only very small differences.

One of the most striking features in looking at the
orbital contour plots and orbital charge distributions is
the degree to which ethylene is preserved as a subunit
in the molecule. This is of course consistent with
much chemical®5-1? and spectroscopic information.? 2
The ethylene levels, .40 2a,, 2bi,, 1bsy, 3a, and Ibg,,
can be identified in Zeise’s anion as the laj, 1b,, 2by, 4a,,
and la, orbitals, respectively, for case A; see Figure 2.
For case B, the same identification can be made except
that in this case the 1b;, orbital of ethylene corresponds
to the 2a, orbital of Zeise’s anion, see Figure 3. This
identification is consistent with the Dewar—Chatt
scheme!?!4 in which these orbitals are also not con-
sidered to contribute to the metal-olefin bonding. The
bs, orbital of ethylene, usually referred to as the = level

(40) A.J. Merer and R. S. Mulliken, Chem. Rev., 69, 639 (1969).
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Figure 4. Contour plots of o-like bonding orbitals of Zeise’s
anion. The contour values increase in absolute magnitude with
increasing absolute values of the contour labels. The sign of the
labels gives the sign of the orbital lobes. The set of contour values
plotted is the same for each of the three orbitals. The interior nodes
at the various atoms are not shown for clarity of presentation: (a)
the 5a; orbital, (b) the 6a, orbital, and (c) the 7a; orbital showing
significant interaction between the ethylene w-orbital and the Pt
d,2_ orbital.

and thought of as being a basic component of the metal-
olefin bond, undergoes very significant mixing with Pt
orbitals and contributes nearly equally to the 5a,, 6a,,
and 7a, orbitals. Contour plots of these orbitals for
case B are shown in Figure 4. Apparently the *‘classic”
argument of g-donation!? ¢ from the ethylene m-orbital
to the empty d,. orbital of Pt is somewhat too simplistic,
as this description applies only to the 5a; orbital of
Figure 4a. The other two ¢-orbitals involve the eth-
ylene w-orbital with a combination of the Pt d,. and
d,»_,» orbitals. These features can be clearly seen in
Figure 4b and 4c.

Of particular note is the conclusion deduced from
Figure 4¢, that the d,._ ,. orbital of Pt is important in
describing the o-bonding of ethylene in Zeise’s anion.
To our knowledge, this is the first suggestion that this
orbital contributes significantly to o-bonding in such
complexes.

We also find that the m-bonding (back-bonding) into
the 7* ethylene orbital is rather less important than the

Figure 5. Contour plot of the =-like bonding orbital of Zeise’s
anion. The set of contour values are the same as those in Figure 4,
This is the 2b, orbital.

o-bonding, amounting perhaps to at most 259 of the
total bonding of ethylene to Pt. This w-orbital is the
2b, orbital of Zeise’s anion, and is shown for case B in
Figure 5. Its importance in bonding can be roughly
judged by comparing it to the o-orbitals of Figure 4;
all four orbital plots use the same contour values. Our
results therefore seem to indicate a strong covalent bond
formed between the metal and the olefin ligand mainly
through a; orbitals. This is consistent with nuclear
magnetic resonance studies which have indicated that
the ethylene executes large amplitude rotational oscilla-
tions about the platinum-ethylene bond,*! thus sug-
gesting that the 7 back-bonding cannot be very strong.

The findings of the present study disagree with those
of both previous calculations on Zeise’s anion.®:1% In
the extended Hiickel-type calculation,’® = back-dona-
tion was calculated to be more important than ¢ dona-
tion. (Although it was concluded that the two effects
were about equal, an examination of their results shows
that the charge transfer due to ¢ donation should be
0.23 electron in contrast to the 0.33 electron claimed;
this has the effect of increasing the importance of =
donation.) One has to be careful, however, when trying
to draw quantitative conclusions from EHT calcula-
tions, especially by the use of an LCAO population
analysis. Mulliken and Lowdin analyses have been
shown to give quite different results (e.g., atomic
charges varying by >1.0 electron) for Pt-olefin com-
plexes, 42

In the CNDO-type calculation,!® the o- and m-bond-
ing were found to be nearly equally important: how-
ever, one would hardly expect a charge of —0.558 on
Pt as obtained from that calculation. In particular the
Pt 6p population of 2.941 electrons seems to be almost
completely an artifact of the basis functions chosen.
It is therefore quite conceivable that the large amounts
of 7 back-bonding found in these semiempirical LCAO
calculations!8: 1% are spurious and to a large extent caused
by the basis set chosen. This is reminiscent of similar
fallacious conclusions concerning the importance of d
orbitals in molecules such as SO~ 1!

The strong metal-olefin bond in Zeise’s salt is ac-
companied by a weakening of the bond to the chlorine
in the trans position to the ethylene; this results in a
very marked trans effect.>®® In the present calcula-

(41) (a) S. Maricic, C. R. Redpath, and J. A. S. Smith, J. Chem, Soc.,
5905 (1963); (b) C. E. Holloway, G. Hulley, B. F. G. Johnson, and J.
Lewis, J. Chem. Soc. 4, 1653 (1970).

(42) K. S. Wheelock, J. M. Nelson, L. C. Cusachs, and H. B, Jonas-
sen, J. Amer. Chem. Soc., 92,5110 (1970).
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tions, this is reflected in the fact that the orbitals con-
tributing most of the charge to the trans CI sphere have
mainly nonbonding character: 9a,, 6b;, and 4bs..

It is also instructive to compare the orbitals of Zeise’s
anion with those of PtCl,2~,31.4? both calculated by the
SCF-Xa-SW method. In PtCl,>~ the metal-ligand
mixing was found to be stronger than usually assumed,
resulting in significant d character for the bonding
orbitals. Also the traditional d-like orbitals were
found to be energetically close to the ligand orbitals.
Compared to the 40-509 d character of the bonding
orbitals in PtCl,2~, the low lying levels in Zeise’s anion,
Sa;, 6a;, 2b,, 3b;, and 2a,, show an even more pro-
nounced Pt character (e.g., 50, 45, 75, 62, and 659,
respectively, for parameter set A). The levels from 8a,
upwards may be characterized as nonbonding or anti-
bonding and the fraction of charge inside the platinum
sphere never exceeds 219 compared to 44-599 for
the antibonding orbitals in PtCl,>~.

This interpretation of the bonding in Zeise’s anion
based on the results of SCF-Xa-SW calculations is
essentially identical for both the parameter sets A and
B. The set B gives a more satisfactory description for
ethylene itself, *® mainly through an upward shift of the
orbital energies. In Zeise’s anion we find also a cor-
responding shift of all levels upward by ~0.8 eV on the
average (¢f. Table I). The only exception to this
general trend is the la; orbital, corresponding to the
2a, level of ethylene, thus indicating a slightly stronger
interaction between platinum and ethylene.

Besides the four orbitals of Figures 4 and 5 which are
essentially responsible for the bonding of ethylene to Pt,
there are a few other orbitals which make rather smaller
contributions to the bonding. These latter orbitals
are the 3b, and 4b, orbitals which involve the =* orbital
of ethylene and the d,, orbital of Pt and the la, orbital
which involves the interaction of p orbitals in the plane
of the ethylene unit with the d,, orbital of Pt in a §-bond-
ing fashion.

Optical Spectrum and Photochemistry. The results
shown in Table I and Figures 2 and 3 were used as the
starting point for carrying out transition-state calcula-
tions.”-*! The transition energies obtained are shown
in Table II (case A) and Table III (case B) together with
the experimental absorption energies®® and a rough
characterization of the orbitals involved as derived from
orbital contour plots and the calculated charge distri-
butions of the orbitals. Ligand field transitions are
denoted by d — d, charge transfer from chlorine to
platinum by I — M, and charge transfer from platinum
to ethylene by M — ol.

As can be seen from Tables II and III the agreement
between theory and experiment is quite good in the sense
that, for each of the five absorption peaks determined
experimentally, one or more calculated transitions can
be assigned. However, as a consequence of the relaxed
selection rules in [PtCl;(C.H,)]~, it is very difficult to
make any unique assignments. We have not even
calculated all the possible allowed transitions, since they
lie quite close in energy to ones which have been calcu-
lated and included in Tables IT and III.

There are some differences in the calculated transition

(43) (a) R. P. Messmer, U. Wahlgren, and K. H. Johnson, Chem.
Phys, Lett., 18, 7(1973); (b) R. P. Messmer, Int. J. Quantum Chem., 7S,
371 (1973).
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Table II. Transition-State Energies, Case A
Calced
transi- Exptl
tion transition
) Sym- state energies
Transition metry Type energy (eV)
6b, — 10a, B, LM 3.0 2.9-3.3
5b1 b d 1031 3B1 L—-M 3.2
9a1—> 10a1 aAl LM 3.3
332 - sz 3B1 M — ol .5 3,3-3.8
S5by — 10a, 1B, LM .8
9a; — 10a, 1A, L—-M 4.1
8a, — 10a,; 3A, d—d 4.2 3.9-4.3
3b; — 10a; B, L—-M 4.2
3a, — 5be B, M — ol 4.3
6b, — 10a, 1B, L—-M 4.5
8a, — 10a, 1A, d—d 4.7 4.3-4.8
7a, — 5b. :B, M — ol 4.8
3b, — 10a, B, L—-M 5.1 _
Ta; — Sbe 1B, M — ol 5.4 4852
Table III. Transition-State Energies, Case B
Calced
transi- Exptl
tion transition
Sym- state energies
Transition metry Type energy (eV)
6b1 ndd lOa; aBl L—-M 3.1 _
4b, — 10a, B, LM 3.2 2.9-3.3
931 - 1031 aAl LM .5 _
5by — 108, B, LM 6 3.3:3.8
6b; — 10a,; 1B, L-M 4.0
332 - 5b2 3B, M — ol 4.2
5b, — 10a; 1B, L-M 4.2 3.9-4.3
831 - 1031 aAl d—d 4.2
9a; — 10a, 1A, LM 4.3
3b, — 10a, B, LM 4.5
831—’ 1031 1A1 d—’d 4.7 4.3-4.8
731 - 1031 aAl d—d 4.8
332 - sz 1B1 M — ol 5.0
3b, — 10a, B, L—-M 5.2 52
7a, — 108, 1A, d—d 53 4%
Ta, — 5b, B, M — ol 5.5

energies between the two parameters sets (A and B),
but at low energy they both start with transitions to
triplet states involving L — M type transitions. This is
consistent with the experimental fact that in the low
energy region the extinction coefficient is smaller than
at higher energies; this is of course the usual case. All
of these lower energy transitions involve the 10a, orbital
as the final state; however, at somewhat higher energies,
3.5 eV for case A and 4.2 eV for case B, a transition to
5b, becomes possible. The 5b, orbital is essentially
antibonding with respect to the Pt and ethylene. Thus
the 3a, — 5b, transition would be expected to weaken
the Pt—ethylene bond. In fact, Zeise’s anion in solution
undergoes a photoaquation reaction in which the
ethylene is replaced by a water molecule. The onset of
this reaction is at about 3.6 eV and reaches a maximum

Rosch, Messmer, Johnson | Electronic Structure of Zeise’s Anion, [P C:H)Cl5]~



3860

quantum yield at about 4.2 eV.?®* Case A predicts two
such transitions to the 5b, orbital, one at 3.5 ¢V and
the other at 4.3 eV. Thus it is quite possible that it is
these transitions to the S5b, orbital which weaken the
Pt—ethylene bond and allow the aquation to take place.
For case B, only one transition in this region is pre-
dicted, at 4.2 eV,

In summary, we believe that these results have pro-
vided not only new insight regarding the bonding in
Zeise’s anion but also a reasonable description of the
optical spectrum and certain features of the photo-
chemistry. Thus we are encouraged that the SCF-Xa-
SW method will provide useful information about other
complex systems in the future.
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Abstract:

Detailed studies are reported for the Zn(II) catalyzed decarboxylation of oxalacetate.

Two relaxations

were observed, an initial absorbance increase being complete in about 30 sec and a subsequent absorbance decrease

being complete after 15-30 min.

Observation of these absorbance changes as functions of total metal ion, total

acetate buffer, and hydrogen ion concentrations led to identification and characterization of the processes and of

participant species.

Use of high speed computational techniques allowed resolution of observed relaxation times

into microscopic rate constants and definition of a number of formation constants for participant Zn(II)-oxalacetate

complexes.
catalyzed decarboxylation.
able.

Decarboxylation of B-keto acids is an important
metabolic process in many biological systems. It
is catalyzed by certain classes of enzymes that have a
metal ion requirement and by metal ions alone, albeit
at slower rates. Similarities in the enzymatic and
chemical processes have stimulated interest in the single
metal ion catalyzed reactions as models for the enzy-
matic systems.2=® This interest has been focused mainly
on the decarboxylation of oxalacetic acid (Hyoxac) and
its derivatives.’—%
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The first relaxation arises from metal ion promoted keto-enol tautomerization and the second from
The subsequent protonation of zinc pyruvate enolate product is rapid and unobserv-

When metal ion and oxalacetate solutions are mixed,an
absorbance increase occurs which achieves a maximum
value in a few seconds. It is followed by a slower
absorbance decrease over a period of minutes. Stein-
berger and Westheimer? observed similar behavior in
the Cu(Il) and Fe(IlI) catalyzed reactions of «,a-di-
methyl oxalacetate, which can exist only in the keto
form. These workers proposed the highly absorbing
complexed pyruvate enolate, whose formation would
give rise to the absorbance increase, as an intermediate.

Mn*:
_9 —(Os
3 V ——
C———C
7
(o] CR:CO;
Mnf Mn+
SN /S
-0 o u- 00
| ! —> ‘ i
CW_"C:CRZ C—- —CCRzH
7/ 7
C

Interpretation of the similar absorbance changes in
the oxac systems is not as straightforward because oxac
itself can exist in either keto or enol forms.

Gelles and Hay? showed that the zero time ab-

(24) E. Bamann and V. S. Sethi, Arch. Pharm. ( Weinheim), 301, 78
(1968).

(25) M. Munakata, M. Matsui, M. Tabushi, and T. Shigematsu,
Bull. Chem. Soc. Jap., 43, 114 (1970).

(26) C.Reyes-Zamora and C. S. Tsai, Chem. Connun., 1047 (1971).

(27) P. M. Nossal, Aust. J. Exp. Biol. Med. Sci., 27,143, 313 (1949).

(28) R. L. Belford, A. E. Martell, and M. Calvin, J. Inorg. Nucl.
Chem., 2,11 (1956).

Journal of the American Chemical Society | 96:12 | June 12, 1974



