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Non-empirical Valence-electron Calculations on Ethylene Complexes of
Silver(t) and Palladium(o)

By John N. Murrell * and Carole E. Scollary, School of Molecular Sciences, University of Sussex, Brighton
BN1 9QJ

Non-empirical valence-electron calculations have been made on the complexes [Ag(C,H,;)}]+ and [Pd(CyH,),]
(n =1, 3, 0or4). The conclusion of earlier ab-initio calculations on [Ag(C,H,)]+ that donation of electrons from
ethylene m to Ag bs and 5p orbitals is the dominant bonding feature is confirmed. For the palladium(0) complexes,
electron transfer occurs mainly from Pd to ethylene with both 6* and =* orbitals accepting electrons. A Mulliken-
population analysis shows that the net charge residing on the ligands has a greater component in ¢ than in ©

orbitals. The important role of ¢* orbitals in the bonding provides an explanation of why C,F, complexes are

more stable than CyH,.

THE qualitative theory of the transition metal-olefin
bond proposed by Dewar 1 and by Chatt and Duncanson 2
has had an important influence on organometallic chemis-
try over the past 20 years. The concept of a synergic
donation of electrons from olefin = orbitals to a vacant
metal ¢ orbital and acceptance into =* orbitals from metal
4 orbitals or dp hybrids has allowed a rationalization of
structure and other properties of such molecules to be
made. In addition to their position as a cornerstone in
the theory of organometallic chemistry, the transition
metal-olefin complexes are important models for the
heterogeneous catalysis of hydrocarbons by transition
metals. The adsorption of ethylene on to Pt(100) sur-

1 M. S. Dewar, Bull. Soc. chim. France, 1951, 18, C79.

2 J. Chatt and L. A. Duncanson, J. Chem. Soc., 1953, 2939.

3 G. C. Bond and P. B. Wells, Adv. Catalysis, 1964, 15, 91.

4 A E. Morgan and G. A. Somarjai, J. Chem. Phys., 1969, 51,
3309.

5 R. D. Bach and H. F. Henneike, J. Amer. Chem. Soc., 1970,
92, 5589.

8 J. Moore, Acta Chem. Scand., 1966, 20, 1154.

7 J. H. Nelson, K. S. Wheelock, L. C. Cusachs, and H. B.
Jonassen, Chem. Comm., 1969, 1019.

faces has been attributed to the initial formation of a
n complex.34

A few non-iterative and iterative Hiickel-type calcul-
ations ! and semiempirical CNDO calculations 1214
have been made on transition metal-olefin complexes.
Some of these have given useful insight into the structure
and stability of such complexes, but the difficulty in
deciding optimum parameters for such calculations means
that they have limited value for the prediction of electron
distributions and of orbital energies, and for the confirm-
ation or refutation of established models of bonding.
The only ab-initio SCF-MO calculation that has been

8 J. H. Nelson, K. S. Wheelock, L. C. Cusachs, and H. B.
Jonassen, J. Amer. Chem. Soc., 1969, 91, 7005.

? K. S. Wheelock, J. H. Nelson, L. C. Cusachs, and H. B.
Jonassen, J. Amer. Chem. Soc., 1970, 92, 5110.

10 J. H. Nelson, K. S. Wheelock, L. C. Cusachs, and H. B.
Jonassen, Inorg. Chem., 1972, 11, 422.

11 N. Roésch and R. Hoffmann, Inorg. Chem., 1974, 18, 2656.

12 H. Kato, Bull. Chem. Soc. Japan, 1971, 44, 348.

18 S, Sakaki, Theor. Chim. Acta, 1973, 80, 159.

14§ Sakai, H. Kato, and T. Kawamura, Bull. Chem. Soc.
Japan, 1975, 48, 195.
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reported is that of Basch 15 on [Ag(C,H,)]*, and the only
other non-empirical calculations are of the X-« type on
platinum{ir)-ethylene complexes.16

In this paper we present non-empirical SCF-MO
calculations in a valence-electron basis on some palla-
dium(0)-ethylene complexes using a method that has
already been tested on main-group and transition ele-
ments. 118 We have also studied the Ag*-C,H, system
in order to compare the results of our model with those
of Basch.’® Calculations on the complexes of Pd® with
one, three, and four ethylenes will be described, the first
of these to allow a comparison to be made with the
silver(r) complex. Green ef al.1® prepared recently a
compound which they believe is either the tris- or tetra-
kis-(ethylene)palladium(o) complex. We are as yet
unable to extend our calculations to Pt because a program
to handle f-electrons in the core is not available to us.

RESULTS AND DISCUSSION

The method used for the calculations has been des-
cribed fully in an earlier paper 17 and is implemented on
the ATMOL program.20 It is a valence-electron method
which aims to reproduce the results of an equivalent all-
electron calculation. Up to two orbitals of a given sym-
metry type can be included in the basis. It has been
shown in calculations on compounds of the first transition
series that 3s, 3p, 34, 4s, and 4p orbitals need to be inclu-
ded in the valence basis in order to get good agreement
with the all-electron results: treating 3s and 3p orbitals
as part of the core gives markedly poorer results and some-
times fails to give convergence to the correct electron
configuration.

The nuclear potentials used in the calculation are
Coulombic, but a correction is made to the one-centre
one-electron integrals to allow for the non-Coulomb na-
ture of the core potential. This correction is determined
by separate calculations on the component atoms of the
molecule.l” In earlier calculations on first-row ele-
ments,?! the 1s electrons were taken as the core, but the
saving in integral time by removing the 1s orbital from
the basis is trivial. In these calculations we therefore
included the carbon 1s orbitals in the basis, and no
separate atomic calculation is needed on this atom.
The carbon basis is therefore the best-atom single-zeta
orbitals of Clementi and Raimondi,?? and the hydrogen
1s orbital is a single Slater function with exponent 1.2.

Atomic Calculations on Ag and Pd.—Although it is
recognized that a minimal basis of Slater-type orbitals
will give a far from accurate representation of Hartree—
Fock orbitals for atoms or molecules, it is generally found
to be adequate to reproduce the correct ordering of the

* Throughout this paper: 1 au. = 27.211652 eV; 1 eV »

1.60 x 10719 J.

15 H. Basch, J. Chem. Phys., 1972, 56, 441.

18 N. Résch, R. P. Messmer, and K. H. Johnson, J. Amer.
Chem. Soc., 1974, 98, 3855.

17 J. N. Murrell and I. G. Vincent, J.C.S. Faraday II, 1975,
890.

18 J.N. Murrell and C. E. Scollary, J.C.S. Dalton, 1976, 818.

19 M. Green, J. A. K. Howard, J. L. Spencer, and F. G. A.
Stone, J.C.S. Chem. Comm., 1975, 449.
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orbital energies. However, for the transition metals,
with nearly closed d shells, a minimal STO basis for the 4
orbitals is extremely bad. Although it will give the cor-
rect order of orbital energies for the atoms, the relative
energies are so far from the Hartree-Fock limits that
when such orbitals are combined in a molecular calcul-
ation with orbitals of main-group elements they may give
an incorrect order for the molecular orbitals and unrealis-
tic electron distributions in the molecule.

There is, however, relatively little to be gained in com-
puting time by ignoring core orbitals in a calculation
which uses a double-zeta basis for d orbitals. The reason
for this is that most of the time for integral evaluation is
taken up by integrals involving the 4 orbitals and one
would therefore only make a saving from what is a rela-
tively small part of the total integral time. Our valence
method must therefore be used in a minimal basis for 4
orbitals in order to justify the errors introduced through
our approximations by the saving in computer time. The
compromise we made was to work in a single STO basis
but with the exponents for the valence d orbitals chosen
to reproduce (approximately) the d-orbital eigenvalue
of a double-zeta d-orbital basis.

Table 1 shows the valence-orbital energies obtained
in three all-electron calculations on Ag* (44%°5s%. The
first calculation used the single STO basis reported by
Clementi ¢t al.®3 for Ag (4d°5s%; 2D). The 4d exponent

TaABLE 1

Valence-orbital energies (a.u.) of Ag* using the same
minimal bases but with different choices of 4d orbitals

Minimal  Minimal except Minimal
Orbital {42 3.806 4 for double 44 %42 3.10
4s —3.6511 —4.1679 —4.5872
4p —2.4386 —2.9164 —3.290 2
4d —0.2892 —0.7155 —0.7811
5s —0.1421 —0.1791 —0.1816
5p —0.0078 —0.0494 —0.054 7
Total —5154.3071 —5156.6581 —5.1530146
energy

for this is 3.8064. This basis was augmented by 5p orbi-
tals with the same exponent as that of the 5s. The sec-
ond calculation employed the same basis except that
double-zeta 4d orbitals were used with exponents deduced
by Roetti and Clementi 2 for their complete double-
zeta basis (2.583 74 and 4.988 96). Lastly we return to
the minimal basis but with the 44 exponent of 3.10 which
reproduced to a good approximation the 44 eigenvalue
of column 2.

We note from these calculations that the 4d eigenvalue
obtained by the use of {44 3.1 is close to that predicted
from experiment 25 on the basis of Koopmans’ theorem:
Agt(4d 19 — Ag?+(4d®); Ioxp = 0.789 a.u.* Although

20 ATMOL, Atlas Computer Laboratory, Chilton, Didcot.

2t M. Horn and J. N. Murrell, J.C.S. Faraday 11, 1974, 769.

22 E, Clementi and D. L. Raimondi, J. Chem. Phys., 1963, 38,
262’6.}3. Clementi, D. L. Raimondi, and W. P. Reinhardt, j.
Chem. Phys., 1967, 47, 1300.

24 C. Roetti and E. Clementi, J. Chem. Phys., 1974, 60, 4725.

2 C. E. Moore, ‘Atomic Energy Levels,” vol. TTI, Nat. Bur.
Stand., Circular no. 467, 1958.
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the 4s and 4p energies differ quite appreciably in our
three calculations, this is not likely to be important as
these orbitals are effectively part of thecore. Thevirtual-
orbital 5s and 5p energies are quite similar in the double-
zeta and %44 3.10 calculations. The total energy cal-
culated for Ag* with L4, 3.1 is greater by 1.3 a.u. than
for the energy-optimized exponent, but this is of little
relevance for our molecular calculations as we are only
interested in relative energies. However, we still
must show that the molecular results obtained with our
basis are sensible, and this we have done by comparing
our calculations on [Ag(C,H,)]* with those of Basch.
Calculations were made on Pd® similar to those des-
cribed above for Ag*. Preliminary calculations on Pd%-
C,H, indicated that the valence state of Pd® was approxi-
mately 44 19, and the optimum 44 exponent was chosen by
atomic calculations on this state. The results are shown
in Table 2. We note again that the energies of the 44,

TABLE 2

Valence-orbital energies (a.u.) of Pd(44'%) calculated from
the minimal basis of ref. 24 except for the 44 functions
which are single or double as defined in the text

> {4.771 73

Orbital 2.471 21 Caa 2.87
4s —3.3581 —3.7473
4p —2.1690 —2.514 6
44 —0.1949 —0.193 6
5s 0.120 6 0.116 2
5p 0.246 4 0.2380

5s, and 5p orbitals are very similar in the two calcul-
ations.

[Ag(C,H,)]*.—To test our method against the results
of Basch1® we used his geometrical parameters. The
ethylene molecule was taken to be planar, although the
evidence of related compounds 26 is that the hydrogen
atoms are likely to be pushed back from the side of the
Ag*t. Table 3 shows the valence-orbital energies and
binding energy of the complex obtained from our calcul-
ations, and its comparison with all-electron calculations
using the same basis and the results of Basch. The
valence-electron calculations were some four times faster
than the all-electron calculations.

The valence-electron method is seen to be very success-
ful as measured against the orbital energies of the cor-
responding all-electron calculation. The only differences
greater than 0.01 a.u. are in the virtual orbitals. The
binding energy is, however, less accurate, and suggests
that the accumulation of small errors in the orbital
energies is effective in this case. The comparison with
the results of Basch is also quite satisfactory for orbitals
above 4b,. The lowest four orbitals (94,, 104,, 5b,, and
4b,) are predominantly the Ag 4s and 4p orbitals and
these are effectively part of the core. Table 1 shows
that the error in these is transferred almost exactly from
the atomic calculations.

The orbital wavefunctions obtained from our valence
basisare also in qualitative agreement with those obtained
by Basch. Table 4 shows the Mulliken populations of
the four top-occupied molecular orbitals in terms of the
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component valence orbitals of Ag* and C,H,. The occu-
pancies of all the ¢ orbitals of C,H, were accumulated.
There are no differences between the two calculations

TABLE 3

Comparison of valence- and all-electron.calculations on
[Ag(C,H,)]" using the basis defined in the text, with the
contracted Gaussian basis of Basch 18 (Ag: 5s, 4p, 34;
C: 25,2p; H: 1s). Energiesina.u. Valence-electron
calculations on [Pd(C,H,)] are also included for com-
parison and those levels shown with an asterisk have an
order different from that in the silver(1) complex

Valence-
Symmetry Valence- All- electron
in Cyy electron electron Basch 15 [Pd(C,H,)]
9a, —4.872 —4.558 —4.192 —3.804
10a, —3.280 —3.261 —2.873 —2.669
5b, —3.272 —3.260 —2.872 —2.649
4b, —3.271 —3.259 —2.872 —2.644
1la, —1.253 —1.254 —1.247 —1.023
65, —1.003 —1.005 —1.006 —0.784
5b, —0.8551 —0.856 6 —0.858 3 —0.6296
12a, —0.791 4 —0.790 9 —0.800 8 —0.562 0
13a, —0.7621 —0.7564 7 —0.749 4 —0.4151 *
2a, —0.759 9 —0.7511 —0.7459 —0.4939 *
14a, —0.755 6 —0.7480 —0.743 2 —0.2896 *
6b, —0.755 2 —0.746 6 —0.7410 —0.2934 *
7b, —0.7574 —0.748 3 —0.740 7 —0.2950 *
3a, —0.7104 —0.7119 —0.715 0 —0.2865 *
15a, —0.5949 —0.5790 —0.5923 —0.248 8
Virtual
16a, —0.1221 —0.1333 0.1385
86, —0.0701 —0.078 3 0.175 2
7by —0.0205 —0.0307 0.2383
9b, 0.072 4 0.068 8 0.347 2
17a, 0.1103 0.1019 0.4124
Binding 0.080 7 0.0458 0.044 2 0.103 2
energy
TABLE 4

Mulliken populations of the four highest-occupied molecular
orbitals from the valence calculation (i) and from the
results of Basch (77)

Agt C,H,
ﬁ55 5}1 411ﬁ “n n* o4 ¢ *
(9) 0.959 0.040
65, {(ii) 0.98 0.02
- {(i) 0.980 0.008 0.011
11 (45) 0.98 0.02
3 {(i) 0.032 0.968
%2 (53) 0.08 0.92
15 {(z) 0.072 0.047 0.070 0.805 0.005
% \(55) 0.085 0.035 0.08  0.82

other than what one would expect from the different
bases. The net charge deduced on the Ag from these
calculations is 4-0.85 from the valence calculations and
+0.95 from that of Basch.

We conclude from these calculations on [Ag(C,H,)]*
that the valence-electron method is a good approximation
to the corresponding all-electron calculation and the
basis used gives results very similar to those obtained
by Basch from a larger Gaussian basis. We would not
therefore expect to reach any conclusions about the
nature of the Ag*-C,H, bond that were not reached by

28 W. C. Hamilton, K. A. Klandermann, and R. Sprately,
Acta Cryst., 1969, A25, S172.
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Basch. The most important conclusion is that donation
of electrons from the ethylene = orbital to the Ag 5s and
5p orbitals, which shows up mainly in the Mulliken popul-
ation of the highest-occupied orbital (154,), is much more
important than the donation (backbonding) from 44 orbi-
talsinto the ethylene =* (showing in 7b;). However, the
backbonding will be inhibited by the charge already
residing on the silver atom, and we can expect a different

c o

A
(/

Ficure 1 Structure of [Pd(C,H,)] adopted from.ref. 11.
Each ethylene is face-centred to the metal

conclusion for the palladium-ethylene complexes.
Basch also showed that approximately half of the total
binding energy of the complex can be accounted for by
the polarization energy of the ethylene in the field of
the positive charge of Ag*. This polarization is accom-
panied by a mixing of = and o orbitals of ethylene, and
this is shown in our calculation mainly in the populations
of the lower a, orbitals (114,—144;). This mixing is
accompanied by a net transfer of 0.05 from the = to the
o orbitals.

Palladium(0)—Ethylene Complexes.—As no structural
parameters are known for these complexes, we inferred
data from platinum(0) complexes with a reduction of the
metal-carbon bond lengths to allow for the fact that the
atomic radius of Pd is slightly less than that of Pt.?
Green et al.1® found Pt-C bond lengths of 225 pm in
[Pt(CoFg)(C.Hy)) and 222 pm in [Pt(C;H,,);). We
adopted the value of 220 pm for [Pd(C,H,)] and [Pd-
(CoH,)s), and 230 pm in [Pd(C,H,),] to allow for the effect
of steric crowding as predicted by Résch and Hoffman.11
In all cases the ethylene unit was assumed to be planar
with the same geometry as used for the [Ag(C,H,)]* cal-
culations: C-C 137, C-H 108.6 pm, HCH 117.6°. In all
the complexes the ethylene units were taken as face-
centred to the metal. A Dy, configuration was adopted
for [Pd(C,H,);), in conformity with the structure of the
known platinum complexes,'® and a quasidodecahedral
D,;geometry (asin Figure 1) was adopted for [Pd(C,H,),]:
this was the predicted favoured structure of [Ni(C,H,),]
from the extended-Hiickel calculations of Résch and
Hoffmann.! We did not attempt any optimization of
geometry as, even with our valence-electron calculations,
the computing time for a single structure is considerable.

Table 3 lists the orbital energies from the valence-
electron calculation on [Pd(C,H,)] for comparison with
the [Ag(C,H,)]* calculations. The order of orbitalsis the
same except for those indicated with an asterisk. There
is a good correlation between the two sets of orbital
energies, with those of the neutral complex being raised
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by an amount varying from 0.7 to 0.25 a.u. from their
position in the positively charged complex. We have
information to show that the valence-electron energies
are as close to the all-electron calculations as for the
silver(1) calculations, and that the levels above 4b, have
energies close to those of a double-zeta 4d calculation.
This information may be obtained from the authors on
request.

The binding energy for [Pd(C,H,)] is predicted to be
709, greater than that of the silver complex, and although
we expect our method to overestimate the value appro-
priate to an all-electron calculation this ratio should be
approximately correct. As there will be only a small
polarization contribution to the binding energy of the
neutral complex, this increase suggests a much larger in-
crease in the covalent (overlap-dependent) contribution
to the binding energy.

Examination of the orbital populations (some of which
are shown in Table 5) confirms the increased covalent
bonding in the palladium complex; and we calculate a
net loss of 0.19 e from the metal which is made up
primarily of two parts. There is a gain of 0.05 e in the
a, orbitals (much less than the 0.17 e in the case of Ag™)
and a loss of 0.24 e in the b, orbitals (much greater than
the 0.02 e in the case of Ag'). The relative importance
of the two charge-transfer processes is therefore the
reverse of that found for the silver(1) complex; donation
from the metal (mainly 4d) into vacant C,H, orbitals
is the dominant contribution. These conclusions can
obviously be rationalized by the relative positions of the
metal and olefin orbitals (Figure 2).

o™
B Pd
0-4_
- +
A * 5
ool A9 —_—T sp
- $
5
. 1]
N —5 cH
> — 2 4
> _o2+ 5s —— 4
[}
2 L
oal —_—
- —0
_0.6_
_og —4¢

FiGure 2 Energies of the highest-occupied and lowest-vacant
orbitals of the components which are most important for
bonding

Although there are no strong polarization forces on the
ethylene in the palladium complex, we still find that there
is appreciable mixing of = and o orbitals as shown by the
coefficients of the a; and b, orbitals. Of the net 0.19 e
gained by the ethylene, 0.06 e go into the = system and

27 G. H. Aylward and T. J. V. Findlay, * SI Chemical Data,’
Wiley, Sydney, 1971.
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0.13 e into the . We therefore conclude that direct
donation from Pd(4d) orbitals into ethylene antibonding
o* as well as n* is occurring. The relative position of the
orbitals in Figure 2 shows that donation to o* is likely to
be energetically quite favourable. Mulliken-population

TABLE 5

Energies (a.u.) and Mulliken populations of the highest-
occupied orbitals of palladium(0)—ethylene complexes

Desig-

nation Energy 4s 4 5s 4p 4 5p 4d w4 mw*ocJ o*
Mono
la, —0.4939 0.010 0.990
6a, —04151 0.008 -—-0.001 0.200 0.769 0.023
4b, —0.2950 0.873 0.108 0.019
3b, —0.293 4 0.004 0.981 0.015
Tay —0.289 6 0.001 0.992 0.002 0.005
2a, —0.286 5 0.990 0.010
8a, —0.248 8 0.114 0.040 0.695 0.143 0.010
Tris
5a,’ —0.499 —0.006 0.251 0.725 0.030
lal” —0.490 1.000
7e’ —0.439 —0.006 0.447 0454 0.104
e’ —0.381 0.934 0.064
6a,’ —0.329 0.109 0.669 0.216 0.007
8¢’ —0.300 0.066 0.302 0.605 0.027

Tetrakis

2a, —0.49 1.000
b, —0.46 —0.008 0.415 0.184 0.408
Ta, —0.45 0.022 0.017 0.336 0.625
e —0.44 —0.006 0456 0.193 0.357
8a, —0.38 0.004 0.828 0.044 0.124
3b, —0.38 0.951 0.049
10e —0.28 0.058 0.414 0.142 0.383
8b, —0.27 0.082 0.417 0.228 0.272

analyses show that of the 0.13 e gained by the o system,
0.02 e are accommodated in o (b;) orbitals and 0.11 e in
o* (a,) orbitals. Similarly, of the net 0.06 e gained by the
w system, 0.22 e are gained by the =* orbital through b,
orbitals and 0.16 e are lost by the = orbitals to Pd through
a, orbitals.

Although Table 3 shows the similarity of the orbital
patterns in the two complexes, the differences in relative
energies of the component metal and olefin orbitals shows
up in the orbital wavefunctions. Thus the four highest-
occupied orbitals of the neutral complex are predomin-
antly Pd(4d), whereas for the positively charged complex,
orbitals 154, and 24, are (as can be seen from Table 4} pre-
dominantly ethylene orbitals.

Our conclusion that electron transfer from the Pd to
ethylene is the dominant contribution to bonding is
supported by several pieces of evidence for the platinum
complexes. First, it has been noted 28-3¢ that electroneg-
ative substituents on the olefin increase the stability;
secondly, from X-ray photoelectron studies on {Pt(C,H,)-
(PPhy,),] it has been deduced that the Pt loses 0.8 e to the
olefin, although this is thought to be an overestimate.3!

28 F. R. Hartley, Chem. Rev., 1969, 69, 799.

20 S. Cenini, R. Ugo, F. Bonati, and G. La Monica, Inorg.
Nuclear Chem. Letters, 1967, 8, 191.

3 J. Chatt, B. L. Shaw, and A. A. Williams, J. Chem. Soc.,
1962, 3269.

31 C. D. Cook, K. Y. Wan, U. Gelius, K. Hamrin, G. Johansson,
E. Olsson, H. Siegbahn, G. Nordling, and K. Seigbahn, J. Amer.
Chem. Soc., 1971, 93, 1904.
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Schematic orbital-interaction diagrams for the tris-
and tetrakis-(ethylene) complexes have been given by
Rosch and Hoffman 1! for the geometries we are consider-
ing. Table 5 shows the occupied valence energies of the
tris-and tetrakis-(ethylene) complexes above —0.5 a.u.
These orbitals contain the majority of the 44, =, and =*
Convergence of the SCF cycle to the usual
accuracy was not reached with these molecules, for reasons
of time, and the energies are only quoted to three and two
places of decimal respectively. The binding energies of
the tris and tetrakis complexes are calculated to be 0.256
and 0.29 a.u. respectively. These are 2.5 and 2.8 times
the binding energies calculated for the mono complex, so
that the binding energy per ligand falls slightly as more
are added.

The Mulliken populations of the occupied orbitals
whose energies are above —0.5 a.u. are shown in Table 5
for all three palladium—ethylene complexes. The mixing
of 4d orbitals with ligand orbitals increases from mono
to tris and again to tetrakis. For the mono complex
only six of the molecular orbitals have significant 44 char-
acter (populations greater than 0.1) whereas for tris and
tetrakis this rises to eight (accounting for degeneracies).
Likewise the mixing of = and o orbitals of the ethylene
increases with more ligands.

The net charges on the metal are 4-0.78 for the tris
and +40.80 for the tetrakis complex and these are, per
ligand, both greater than for the mono complex (40.19).
Of the electrons gained by the ligands, more goes into the
o system than the = (tris: % 0.09, c0.17; tetrakis: = 0.05,
s 0.15 e) supporting the conclusion from the mono com-
plex that donation from 44 into ¢ orbitals of the ligands
makes an important contribution to the bonding.

Conclusions.—It has been shown that a non-empirical
valence-electron method, previously developed, can give a
good approximation to exact ab-imitio calculations on
transition-metal-ethylene complexes. The most im-
portant qualitative conclusion from our calculations is
that the net electrons gained by the ethylene in the
palladium(o) complexes are found mainly in the o orbitals,
although we recognize that a Mulliken-population analy-
sis may not always give a reliable guide to electron dis-
tributions.32

A recognition of the importance of o* orbitals leads to
a better understanding of the reasons why electronegative
substituents, such as fluorine, on the ethylene give rise to
stronger complexes. It is known from the evidence of
photoelectron spectroscopy 3234 that fluorine substituents
stabilise o more than = orbitals. Calculations by Snyder
and Basch ® on C,H, and C,F, show that the lowest
=* orbital is actually raised by 0.002 a.u. by the fluorines,
whereas the lowest o* orbital in C,H, is 0.042 a.u. lower
than that in C,H,. This increase of ca. 1 eV in the o-

orbitals.

32 K. S. Wheelock, J. H. Nelson, L. C. Cusachs, and H. B.
Jonassen, J. Amer. Chem. Soc., 1970, 92, 5110.

33 B. Narayan and J. N. Murrell, Mol. Phys., 1970, 19, 169.

3 C. R. Brundle, M. B. Robin, and N. A. Kuebler, J. Amer.
Chem. Soc., 1972, 94, 1466.

3 L. C. Snyder and H. Basch, ‘ Molecular Wave Functions
and Properties,” Wiley—Interscience, New York, 1972.
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electron affinity should lead to a considerably enhanced
bonding for the tetrafluoroethylene.

Our calculations have all been based on model geo-
metries with planar ethylene molecules. The out-of-
plane distortion of the ethylene, which has been deter-
mined for some complexes, would lead to an initial
mixing of ¢ with = and o* with =* orbitals. Inverting
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this line of argument, we could say that it is this mixing of
orbitals by bonding with the metal which is the driving
force for the distortion of the ethylene molecule.
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