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I. INTRODUCTION

The high catalytic activity of metallic palladium in hetero-
geneous catalysis, for example the hydrogenation of unsat-
uarated compounds,® the catalytic reforming of petroleum,?
and the conversion of carbon monoxide into methane or
methanol,® is well known. Interest in the chemistry of
palladium has been increasing since the late nineteen-fifties,
when it was found that Pall complexes can oxidise alkenes
selectively at low temperatures to give carbonyl compounds,*s
vinyl esters, acetals, and ketals.® These reactions not only
provided a basis for industrial methods for obtaining acet-
aldehyde and vinyl acetate but also initiated the development
of a new field in homogeneous metal-complex catalysis,
based on the thermodynamic analysis of possible catalyst—
substrate reactions and its use to construct a catalytic
cyele.”

In the earliest papers by Syrkin and co-workers®:¢ it was
suggested that the key compounds in the oxidation of
alkenes by palladium complexes are organic derivatives of
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palladium with a metal-carbon o-bond, produced by reac-
tions of the initially formed alkene m-complexes of Pd I
This suggestion, which at first appeared unusual and was
not immediately accepted by organometallic chemists of the
classical school, was subsequently proved by direct syn-
thetic methods’® and confirmed by kinetic studies.®!?

The chemistry of organic derivatives of palladium is now
among the most well developed fields of the organic chemistry
of transition metals.'’*2 It has become clear that the
coordination possibilities of Pd compounds, their electronic
structure, and their reactivity, which changes with change
in the nature of the solvent and the ligands not taking direct
part in the reaction, are most important factors which must
be taken into account both in the analysis of the mechanism
of the action of catalysts and in the prediction of their
catalytic effect.

In the present review, the results of the quantum-chemical
study of the electronic structure of palladium compounds
are discussed. The main aims of the review are to compare
the results obtained by different workers and by different
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methods, to compare data on the electronic structure and
properties of compounds of palladium and other elements of
the platinum group, and to find methods for the quantum-
chemical analysis of the relationship between the electronic
structure of transition metal complexes and their reactivity.

Il. GENERAL CONCEPTS

In the nature of the filling of its electron levels, the
palladium atom occupies a unique position in the periodic
system. Thus it is only for this atom in the ground state
S that the valence d-level is completely filled (electron
configuration 4d'°) while the outer 5s and 5p atomic orbitals
(AO) are unoccupied. It should be noted for comparison
that for the other elements of the platinum triad with ten
valence electrons, the outer s-level is partly or completely
filled: thus for platinum the ground state is the atomic
state °D (configuration 5d°6s?), and for nickel °F (config-
uration 3d®4s?). As a result, the ionisation potential of
the palladium atom Ipgq = 8.33 eV'? corresponds to the
ionisation of a 4d AO, whereas in the case of platinum the
first ionisation potential Ip; = 9.0 eV corresponds to the
removal of an electron from the 6s AO. This characteristic
feature of the electronic structure is related to the fact
that in the Pd atom, the outer 5s and 5p AO have relatively
high energies. Table 1 shows that the energies of electron
promotion d'® +~ d%s! and d'°® >~ d°p?! increase considerably
in the order Ni < Pt < Pd. At the same time, for palladium
the outer 5s and 5p AO are much more extended in space
(that is more diffuse) than its 4d AO. Thus the average
radius of the Hartree—Fock 5s AO of palladium, equal to
0.194 nm for the state d°s%(®D), is more than twice the
corresponding radius of the 4d AO (Ref.17, see Table 1),
and much greater than the covalent radius of palladium
(~0.13 nm).

Table 1. Ionisation potentials I, promotion energies E, and
average radii Ry of the Hartree—Fock d AO of nickel,
palladium, and platinum.

E, eV
Atom 1ev @0 d9) - e Rg, nm
@10 4%l l @0~ a%!)
Ni 5.81 [14] —1.79 [15] 1.72 18] 0.055 [17]
Pd 8.33 {14] 0.95 (15] 4.23 (131 0.076 {17]
Pt 8.20 [14] —0.76 [16] 3.28 {13] —
Note. Numbers in square brackets denote references

(Ed. of Translation).

Thus quantum-chemical calculations for palladium systems,
in particular Pd® compounds, are of considerable interest,
since the results reveal in purest form the role of the outer
s and p orbitals of the transition metal in coordinate bond
formation. Thus for example the ability of the Pd atom
with its filled d level to undergo Pd « L donor-—acceptor
interaction should be determined by the contribution of the
unoccupied 5s and 5p AO to bond formation.

In the Ni—Pd-Pt series, the relative energetic and geo-
metric characteristics of the valence d AO of palladium are
characteristic of an element of the second transition series.
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With reference to energy, these orbitals are even more
stable than the d AO of elements of the third transition
series, whereas with respect to size they are still fairly
highly localised.

Most published quantum-chemical studies have been
devoted to calculations of the electronic structure of com-
pounds of palladium in its typical formal oxidation states
Pd’ and PA!l, The problem of determining the oxidation
state in complexes of metals in low oxidation states is not
simple. The formal oxidation state of a metal in a complex
compound is defined as the charge produced on the given
atom after the removal of the ligands. It is assumed that
in the leaving carbon-containing ligands and acido-ligands
(for example H™, C17, OB7), the electron pair of the M—L
bond remains associated with the ligand (that is the ligand
is removed as an anion), and that molecular ligands are
removed as uncharged species. In view of the variety of
electronic characteristics of ligands, the classification of
complexes according to the formal oxidation state of the
metal is to a large extent arbitrary. The position becomes
even more complicated when the ligands (for example the
carbon atom in the system PdC examined in Refs.18 and 19)
do not exist as free anions in solution.

One way of determining the oxidation state is by analysing
the electron densities of the transition metal atom in a com-
plex. Sometimes, the formal oxidation state is related to
the effective charges of the atoms in the molecules, cal-
culated by quantum-chemical methods. The charge of a
transition metal atom, however, depends to a significant
extent on the population of the outer s and p orbitals, and
in the case of palladium an appreciable proportion of the
electron density of these orbitals is localised outside the
sphere of the covalent radius.?’ It seems more justified to
relate the oxidation state not to the total charge of the
palladium atom but to the total population of its valence
d AO, which are localised mainly within the sphere of the
covalent radius. If it is assumed that an increase in the
oxidation state by one unit corresponds to an increase in
the vacancy in the d level by 1 e, then the valence electron
configuration of palladium is d!° for Pd°, and d® for Pd I

To conclude this section, the quantum-chemical methods
used in the calculations for the specific systems which will
subsequently be examined can be considered. The different
approaches were analysed in detail in Ref.21, For transi-
tion metal compounds, a reliable calculation of the bond
strengths and the potential surfaces of reacticns requires
a non-empirical calculation using a large number of basis
AO with subsequent allowance for the effects of electron
correlation. A qualitatively reliable picture of the electron
density distribution, and the relative energies of coordina-
tion for the simplest systems, can also be obtained, however,
by non-empirical calculations by the SCF MO LCAO method
using small basis sets requiring a much smaller volume of
calculations. The volume of non-empirical calculations is
often further reduced by using the valence approximation,
in which the influence of the core electrons is effectively
taken into account using atom pseudo-potentials.??

Since for most palladium systems the non-empirical level
of calculation remains unattainable, simplified semi-empirical
methods involving the complete neglect of differential over-
lap (CNDO)?? and incomplete neglect of differential overlap
(INDO),?* and also the extended Hiickel method (EHM),?®
are most frequently used. The approximations introduced
in these methods lower the reliability of the quantitative
results of the calculations. To decrease the error of the
approximate methods, their parameters are calibrated using
available experimental and theoretical data. The results of
the calculations are analysed using different indices of
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electronic structure, such as the Wiberg indices WAB’ the
bond orders, and the two-centre components of the total
energies EAB.26 Comparison of these indices makes it
possible to study the regular features of the change in the
electronic structure and reactivity in a series of related
systems.

The SCF Xa scattered wave (SCF-Xo-SW) method?” has
also been used to study the electronic structure of Pd com-
pounds. This method makes it possible to calculate satis-
factorily the electronic spectra of transition metal com-
pounds. At the same time, the approximations introduced
in the SCF-Xa-~SW method do not make it possible to calcu-
late reliably the coordination energies and potential energy
surfaces, and the specific form of representation of the
wavefunction creates certain difficulties in the interpretation
of the results of the calculations, in particular in the deter-
mination of the different indices of the electronic structure.

{11, QUANTUM-CHEMICAL CALCULATIONS OF THE
ELECTRONIC STRUCTURE OF PALLADIUM COMPOUNDS

1. The Electronic Structure of Pd” Compounds

Typical palladium(Il) compounds are square-planar com-
plexes, for example K,PdCl,, and also the mixed complexes
PdX,Y, n (where X represents an acido-ligand, Y a neutral
donor ligand, and n = 2).'® Calculations for the anionic
complex PACIZ™ have been carried out by the non-empirical
SCF MO LCAO method,?®?° the SCF-Xa-SW method,*® and
the semi-empirical INDO®**? and CNDO?*%** methods.

The results of the calculations at first sight are incon-
sistent with the view that in the PdC1Z” anion the oxidation
state of palladium is +2. Thus according to the results of
a non-empirical pseudo-potential calculation in the valence
approximation in a minimum basis set?® and INDO calcula-
tions,%»32 the charge of the Pd atom is only 0.5e. If the
total population of the 4d AO is considered, however, the
electron distribution within the sphere of the covalent
radius of the Pd atom is close to that expected for a Pd
complex. The value obtained for the vacancy in the d
level (~1.5e) is only 0.5e lower than that formally assigned
to Pall (see section I).

As noted above, the low effective charge of Pd is due to
the appreciable population of the diffuse outer 5s and 5p AO
(their total population is close to 1e31'%2), Their diffuse
character is responsible for the appreciable contribution
of these partly filled Pd orbitals to the Pd—Cl covalent
bonding as a result of their extensive overlap with the
orbitals of the Cl atom. Thus the overlap integrals of the
5s and 5p, AO of palladium with the 3p, AO of chlorine are
S(583p,) = 0.23 and S(5p,3p,) = 0.32, whereas
S(4dx2-y23p,) = 0.10.32 Thus the outer 5s and 5p AQ
of palladium, together with the valence 4d AO, play an
important part in the Pdll-L bonding interaction.

Although expansion of the basis set in a non-empirical
calculation for PAC1Z~ 2 has a marked influence on the
effective charges of the atoms obtained by a Mulliken
population analysis, the picture of the electron density
distribution changes little, and the reported change in the
effective charges is related to the arbitrary nature of the
Mulliken procedure. Thus the negative charge of Pd,
obtained in the non-empirical calculation in a two-exponent
basis set,?® is due to the assignment to the Pd atom of elec-
tron density associated with the polarisation p functions,
which are much more diffuse than the 5s and 5p AO of
palladium, corresponding to the bound atomic states. In
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fact, however, an appreciable proportion of this electron
density should have been assigned to the ligands.

Thus to determine whether the charges obtained by semi-
empirical methods are reasonable, they must be compared
with the charges obtained by the non-empirical SCF MO
LCAO method in a comparable minimum basis set. In this
case the INDO parametrisation schemes®!**2? apparently give
a reasonable electron distribution picture, whereas the
CNDO parametrisation scheme®® gives an unrealistic electron
distribution.

Different methods give different relative distributions of
the energies of the MO of the PdCly” ion. Thus for the
energies of the d levels (more accurately the energies of
the MO consisting chiefly of the d AO of Pd), the following
relationships have been obtained: dxz_yz > dxy >dy.,
dyz > d22,3° dxz_yz > dxz = dyz > dxy > dz2,32 and dx2~y2 >
g2 > dyy = dyg > dyy 0%

The comparison of the results of calculations by the
MO LCAO and Xao methods is somewhat arbitrary, since
the energies of the MO have a different physieal significance
in these methods. The highest occupied MO were found to
be those consisting chiefly of the d AO of the Pd atom in
Ref.30, or the AO of the Cl atom in Refs.28, 31, and 32.
The energies of the electron transitions were estimated in
Refs.29 and 32 by independent SCF calculations for the
ground and excited states; in Ref.34 by the SCF method
with allowance for electron correlation within the framework
of configuration interaction; and in Ref.30 by the transition
state method.?” The calculated energies of the lowest d—d
transition and the lowest allowed charge-transfer transition
L > Pd agree with the experimental data®® in the case of
the CNDO method.?* This agreement may be accidental,
however, since the energies of the subsequent d—d transi-
tions show less satisfactory agreement with the experimental
data.

The dependence of the electronic structure of square pall
complexes on the type of ligand has been studied.?® %37
CNDO calculations for the complexes PdX?™,%3 PdX,(C,H,)” %
(X =F, Cl, Br), and PA(PH,;),XY (X, Y = H, Cl, OCOCH,,
OH)?¥ showed that in all cases the electron density on the
Pd atom increases with decrease in the electronegativity of
the ligands. For example, the effective charge of Pd cal-
culated for the complexes trans-XYPd(PH,), increases from
0.51e for X, Y = H to 0.67e for X, Y = OR.>” As in the
case of PdClE_ examined above, the magnitude of the
vacancy in the 4d level of Pd correlates with the formal
oxidation state of palladium, that is in all cases it is close
to 2e. An important role in the bonding interaction is
played by the outer 5s and 5p AO of the Pd atom, which,
in accordance with the calculated®’ covalent components of
the Pd-L bond energy (Eg%‘i), makes a significant contri-

bution to the Pd—L covalent bonding. The observed
increase in the charge of Pd with increase in the electro-
negativity of the ligands agrees with published data on the
X-ray electron spectra®®™° of pall complexes.

A comparative estimation of the strength of the Pd—X bond
in the complexes PdXZ™ and the Pd!V complexes PdXZ”
showed®® that the strength of the Pd—X bond increases with
increase in the electronegativity of X and the coordination
number of Pd. The regular features observed agree with
conclusions*! based on the experimental determination of
the vibrational wavenumbers and force constants for the
complexes M,[PdX,] and M,[PdX;].

The static trans-influence (and also cis-influence),
revealed by the dependence of the strength of a palladium-
ligand bond on the nature of the ligand in the trans (or cis)
position, has been studied.?”*?*? The stronger the trans
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(or cis) influence of a ligand, the weaker the bond formed
by its trans (or cis) partner in the square complex. Cal-
culations have been carried out for the complexes
[PACL,L19,*? trans-X,Pd(NH,), and cis-X,PA(NH,),,* and
trans-XYPA(PH,),.}” Series giving the order of the static
influence of ligands have been constructed by analysing
the two-centre components of the total energy E and the
Wiberg indices Wy g, which correlate with the strengths of
the corresponding bonds.

The calculations for the complexes [PdClaL]q by the CNDO
method*? showed that the trans-influence of the ligand L
decreases (and the strength of the Pd—Cl bond corre-
spondingly increases) in the order CN™ > CH3 > NO; > B~ >
Cl™ > SCH; > NH, = CO = C,H, > (CH;),S > (CH;),S0 > H,0.
Exactly the same series was obtained for the corresponding
platinum complexes. From these and published data it was
concluded that the position of a ligand in the order of the
static trans-influence in palladium and platinum complexes
is determined by its donor—acceptor properties; with
increase in the donor power of the ligand, its trans-influence
generally increases.

The calculations by the INDO method for the complexes
cis-PdX,(NH,),*? gave the following order of the trans-
influence: H~ > SCN™ > NCS~ > C1” > NH, > H,0. The
cis-influence in the complexes trans-PdX,(NH;), increases
in the same order as the trans-influence in the corresponding
cis-complexes, but the range of change in the values of
ERJN with change in the nature of the cis-ligands is smaller
by a factor of approximately 3.

The calculations for the complexes trans-PdXY(PH;), by
the CNDO method®’ showed that for all ligands Y the trans-
influence of X decreases in the order X = H™ > Cl™ >
OCOCHj3 >OH™. The decrease in the trans-influence of
the ligands in this series correlates with the increase in
the negative charge on the ligand (more accurately on the
atom of the ligand closest to palladium). This agrees with
the published conclusion*? that the trans-influence of a
ligand increases with increase in its donor power. The
hydride ligand, which shows the strongest trans-influence
in the series studied, also forms the most covalent bond
with palladium (judging from the values of the effective
charges on X or from the Wiberg indices Wpyx). The
highly covalent nature of the Pd—H bond is due to the
lower electronegativity of H compared with other anionic
ligands, and to the better ability of the 1s AO of the H
atom to overlap with the diffuse 5s and 5p AO of the Pd
atom. ’

The published quantum-chemical data on the trans-
influence of the ligands in square Pd!l complexes?”s*2:*3
agree with one another. The trans-influence is revealed
thermodynamically by the dependence of the instability
constants kCl for the reaction

trans- [LMCl,]-+ H,0==[L (H,0) MCl.] +Cl-

on the nature of L.

The order of the change in k) agrees with the theoretical
order of the trans-influence,*? although the quantum-
chemical calculation did not take account of the influence
of solvation on this reaction. _The conclusion that H has
a strong trans-influence in Pd'" complexes is confirmed
by the results of an X-ray diffraction study of the complex
trans-CIPd(H)(PPh,),, for which the bond length R(Pd—Cl) =
0.247 nm is much greater than the average value for Pd
complexes, R(Pd—Cl) = 0.223 nm.*®> Thus the available
experimental data confirm the regular features of the
change in the trans-influence obtained theoretically.
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of the electronic structure of related
¢, 34,6748

A comparative stud
complexes of Pdu, Ni I, and PtII has been carried ou
The complexes MC1Z~, M,C1Z", [MCIl,(C,H,)]", and ML, with
o-donor ligands show an increase in the covalent character
of the M—X bonds in the order Ni < Pd < Pt, revealed by a
decrease in the effective charge of the central atom. A
comparative non-empirical pseudo-potential calculation for
the anion of Zeise's salt {PtC1;(C,H,)]™ and its palladium
analogue"“® showed that on going from Pd to Pt the strength
of the M—C,H, bond increases: thus the calculated energy
of the dissociation [CI;M(C,H,)]™ + [CI3M]™ + C,H, is
25 kcal mole™? for Pt, and only 12 kcal mole™® for Pd. In
both cases the structures of [C1;M(C,H,)]” with ethylene
arranged at right angles to the plane of the complex are
energetically more favourable than those with the equatorial
arrangement of the alkene molecule. The barrier to the
rotation of ethylene about the M—C,H, bond is low, and is
to a large extent due to the increase in the C—C1 repulsion
interaction on going to the planar structure. An estimate
of the strength of the bonds in the complexes ML, by the
CNDO method"“® also indicates that the strength of the M—L
bond increases with increase in its covalent character in
the order Ni < Pd < Pt. These results agree with the
experimental estimation of the strengths of the M—C,H, and
M-L bonds in the complexes [C1,M(C,H,)]” and ML,."°

The results are determined by the general regular fea-
tures, noted above, in the change in the electronic struc-
ture of the transition elements, namely the increase in the
diffuse character and simultaneous stabilisation of the
valence d orbitals on going from the elements of the first
transition series to the elements of the second and third
series. The energy of interaction of orbitals i and j can
be estimated in second-order perturbation theory using the
expression®’

_HL (1)

Ey=—
4 B‘-— 8i

where H;; is the integral of the resonance interaction of the
orbitals, which increases with increase in the degree of
overlap of the orbitals, and ¢; and ¢j are the orbital ener-
gies. The more diffuse character of the 4d AO of the Pd
atom and the 5d AO of the Pt atom compared with the 3d AO
of the Ni atom is responsible for their greater overlap with
the ligand orbitals, and hence for the higher value of Eij‘
Moreover, for Pd and Pt, the lower-lying 4d and 5d AO are
closer in energy to the ligand orbitals involved in the M-L
bonds, compared with the 3d AO of the Ni atom. This also
leads to an increase in Ej; as a consequence of the decrease
in the difference ¢; - €. Thus the electronic character-
istics of the nd AO are responsible for the increase in the
covalent bonding M—L in the order Ni < Pd < Pt.

The decrease in the polarity of the M—Cl bonds is also
responsible for the observed®®®* closer relative positions
of the non-bonding levels of the M and Cl atoms for PACIZ”
and Pd,CIZ”, compared with the corresponding Pt complexes.
The highest occupied MO of the PtC1?~ and Pt,C1%™ iors
consist chiefly of the d AO of the Pt atom, and lie appre-
ciably higher than the other occupied MO. In the case of
the Pd complexes, the relatively high effective charges of
Pd and C1 stabilise the non-bonding MO consisting chiefly
of the d AO of palladium, and destabilise the non-bonding
MO localised on Cl (¢¢)- This leads to the observed?®% 3
approach of the energies of ¢ 1 @nd the highest occupied
molecular orbitals (HOMO) of the PdC1Z” and Pd,Cl1%” ions.

This review of the results of quantum-chemical calculations
for pall complexes reveals the following regular features of
their electronic structure: 1) the electronic characteristic
correlating with the formal oxidation state of palladium in



Russian Chemical Reviews, 54 (12), 1985

pall complexes is the magnitude of the vacancy in the
valence 4d level of the Pd atom, which is close to 2e for the
complexes for which calculations have been carried out; an
important role in the Pd—L bonding interaction is played not
only by the valence 4d AO but also by the outer 5s and 5p
AO of palladium; 2) the electron density at the palladium
atom ‘decreases with increase in the electronegativity of the
ligands; 3) the static trans-influence of the ligand gener-
ally increases with increase in its donor power; and 4) in a
series of related compounds of NiH, PdH, and Pt the
strength of the M—L bonds increases with increase in their
covalent character in the order Ni < Pd < Pt.

2. The Electronic Structure of Pd® and Pd! Compounds

Compounds of zero-valent palladium (formal oxidation
state 0) have been the subject of more non-empirical cal-
culations than other palladium systems. The only pal
compound for which quantum-chemical studies have been
carried out is apparently PdH.'”!®5' The reason is
probably that Pal compounds began to attract the attention
of chemists only comparatively recently.*?”%* Calculations
have been carried out®® for the hydride complex of pal
Pd,(PH;),H,. The study of the electronic structure of
this complex, however, was not the aim of this work,>® and
its results will be discussed below (section V) in relation
to the problem of the dissociative reaction of molecular
hydrogen with palladium systems.

Following the principle formulated above, the oxidation
state of palladium will be related to the magnitude of the
vacancy in its valence d level. The data given in Table 2
show that, in agreement with the above conclusion, the
magnitude of the d vacancy correlates with the formal
oxidation state. Thus for the Pd° complexes Pd(H,),
Pd(CO), and Pd(C,H,), the electron configuration of the
d AO is close to d*° (the values of the populations were not
given for Pd(C,H,), but the electron configuration of Pd is
close to d!° 5%:5%),  On the other hand, for Pdl hydride,
the configuration of the d AO is close to d®. It is also
shown below that the magnitude of the d vacancy is one of
the important electronic factors determining the relative
strength of Pd—L bonds.

Comparison of the results of calculations for the PdCO,
PdH, and PdC systems,18 carried out in the same pseudo-
potential scheme, also makes it possible to estimate the
oxidation state of Pd in palladium carbide. Table 2 shows
that the magnitude of the d vacancy for palladium in PdC
(~0.5e) is approximately equal to the average of the values
for zero-valent palladium in PACO and univalent palladium
in PdH. Thus if the above criterion is applicable, the
oxidation state of palladium in PdC is intermediate between
0 and +1. Unfortunately, there are no published data on
the electron distribution in alkylpalladium systems, in
particular for the important model system PACH;. It would
also be of interest to estimate the change in the actual
oxidation state of palladium in complexes with increase in
its coordination number. In Refs.59 and 60—62, however,
which give the results of non-empirical calculations for
Pd(C,H,), and Pd(CO),, no data are given on the population
of the d AO of the Pd atom.

The formation of a d vacancy when the palladium atom is
introduced into a complex may take place both as a result
of Pd + L transfer of electron density and as a result of
the promotion of electrons from the 4d to the 5s and 5p AO
of palladium. In all the systems given in Table 2 except
Pd(H,), the effective charge of Pd is positive as a result of
Pd + L charge transfer. In the case of Pd(H,), the
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coordination of molecular hydrogen is determined chiefly
by the donor—acceptor interaction of the filled c-orbital
(bonding orbital) of H, with the 5s and 5p AO of the Pd
atom,*! and the calculation in a minimum basis set gives a
negative charge on the Pd atom. The positive charge of
Pd, obtained in Ref.56 using two-exponent basis functions
for H, is due to the population of the diffuse components of
the 1s AO of the H atom. The assignment of a corre-
sponding proportion of electron density to hydrogen is

not completely justified, since the diffuse components of
the 1s AO of the H atom overlap considerably the diffuse
orbitals of the Pd atom, and their overlap density cannot be
separated unambiguously.

Table 2. Results of non-empirical calculations for various

simple model complexes of Pd® and Pd".

Compound Zpd € Qe Q. ¢ Qq. ¢ Eg,kJ mole™! Refs.
Pd (H,)* —0.08 0.24 0.12 9,72 23 [56]
Pd (H,) 0.07 0.11 0.09 9,73 27 [561
Pd (O) 006 | 028 | 0.2 9.56 142 {57
Pd (CO) 0.01 0.19 0.08 9.72 75 [18]
Pd (C;Hy) 0.10 — — — 50 [58]
Pd (C;H,) 0,19 — — — 272 {59}

H 0.11 0.44 0.08 9.37 108 (18]
PdH 0.32 0.35 0.11 9.22 135 [17)
PdH 0.15 0.58 0.09 9.18 193 {51}
PdC 0.20 0.10 0.11 9.59 130 (18]
PdC 0.28 0.09 0.11 9,52 121 [19]

Notes: Egj is the dissociation energy, Zpa the effective
charge on the Pd atom, and Qg, Qp, and Q4 the total
populations of the valence 4d, 5s, and 5p AO of the Pd atom.

*For Pd(H,) the first row gives the results of the calculation
in a minimum basis set, and the second row the results for
an expanded basis set.

On going along the series of compounds PdL from L = H,
to CO and C,H, °®57%% there is a considerable increase in the
dative transfer of electron density to the ligand, corre-
sponding (in the Dewar—Chatt—Duncanson model) to the
m-component of the Pd—L interaction. This is related to
the fact that the unoccupied m*-orbitals of CO and C,H,,
taking part in the dative interaction, have much lower
energies than the antibonding orbital of H,. Comparison
of the results of non-empirical calculations for Pd(H,) ®
and PdCO,57 carried out with allowance for all the electrons,
shows that the increase in the dative interaction on going
from Pd(H,) to PdCO is also accompanied by an increase in
the donor—acceptor component, that is a synergic effect is
observed. This leads to an appreciable increase in the
strength of the bond, which for L = CO or C,H, shows
clearly defined covalent character. The observed increase
in the strength of the Pd—L bond corresponds to the
decrease in the total population of the 4d AO and the
increase in the populations of the 5s and 5p AO of the Pd
atom.

Overall, however, the total population of the 5s and 5p AO
of palladium in Pd® and Pd! compounds is much lower than
le, that is the corresponding value for typical Pd T com-
plexes. This is due primarily to the fact that the ligands
in the Pd° and Pdl compounds are capable of donor—acceptor
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interaction with the 5s and 5p AO to a much smaller extent
than in the case of the anionic ligands of Pdll complexes.

In the Pa°® and Pd! compounds, the increase in the covalent
contribution to the Pd—L bonding, accompanying the change
to the electron configurations d°s® or d°v?, does not com-
pensate the expenditure of energy in the electron promotion
4d ~ 5s or 4d ~ 5p. As a result, for a coordinate bond in
these compounds, the optimum electron configuration of Pd
is one in which the 5s and S5p AO have a low population.

Calculated data on the strength of the Pd—L bond Pd® and
Pd® compounds are contradictory, as can be seen, for
example, by comparing the values given in Table 2 for the
Pd-L (L = CO, C,H,) coordination energies obtained in
different studies. It is of interest to compare the energies
of different Pd—L bonds for which non-empirical calculations
have been carried out in comparable and sufficiently large
basis sets and in the same pseudo-potential scheme for
PACO, PdH, and PdC.'® The increase in the d vacancy
(chiefly in the 4d; AO oriented in the bond direction) on
going from the zero-valent palladium compound PdCO to
the univalent palladium compound PdH decreases the Fermi
repulsion interaction between the electron of the 4d; AO of
the Pd atom and the o-orbitals of the ligands. This elec-
tronic factor is responsible for the greater strength of the
Pd—H bond, compared with the PAd—CO bond.

The Pd—C bond in palladium carbide is even stronger
than the Pd—H bond, although the magnitude of the d
vacancy is smaller in the first case.'®'® This is explained
by the specific features of the electronic structure of the
C atom acting as ligand. In the case of PdC, the c-orbital
of the carbide atom is unoccupied, and the only repulsion
interaction of the Fermi type is the interaction of the elec-
trons of the filled levels d.n—qb.n(C) , which is much weaker
than the corresponding interaction of the g-orbitals. The
resulting Pd—C bond is a single o-bond. This bond,
although stronger than the Pd—CO and Pd—H bonds,
according to Ref.19 should be weaker than M—C multiple
bonds, where M represents metals of neighbouring groups
of the periodic system.

The Pd...C,H, bond energy has been estimated®®*° by a
non-empirical calculation in the valence approximation using
different pseudo-potential schemes. The value Egq =
50 kJ mole™’ was obtained for the dissociation energy of
the Pd...C,H, bond;*® this shows qualitative agreement with
infrared and ultraviolet spectroscopic data for this compound
isolated in an inert matrix, which indicate the formation of
a weak Pd...C,H, bond.®®

The high value obtained in Ref.59 for Ey4 for Pd...C,H,
(see Table 2) is apparently due to the overestimation (in
the pseudo-potential scheme used®®) of the contribution of
the dative interaction of the 4d AO of palladium with the
antibonding o*-orbital of ethylene. The data in Ref.58,
where a different scheme was used to construct the pseudo-
potential, and also the results of a calculation for PdC,H,
by the SCF-Xo-SW method,®"* in agreement with qualitative
perturbation theory, indicate that there is practically no
interaction of the 4d AO of palladium with the high-lying
o*-orbital of C,H,.

A comparative study of the electronic structure of Pd® and
pal compounds in a series of related compounds of metals of
the platinum group has been carried out.”-*7:64786,51  p g7
the M° compounds for which calculations were carried out,
as in the M!! complexes examined above, the effective charge
of M decreases (the covalent character of the M—L bonds
increases) in the order Ni, Pd, Pt. This is due to the
fact that, as noted above, the d AO of the heavy metals
(palladium and platinum) form more covalent bonds with
the ligand orbitals, compared with the 3d AO of nickel.
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This conclusion is confirmed by an analysis of the dative
component of the M—L interaction in the mcomplexes
M(C,H,) ® and M(0,)(PH;3),.*® In the complexes of both
types, the bonding interaction of the filled d; orbitals of
the M atoms with ¥, ligand orbitals of appropriate symmetry
increases in the order Ni < Pd < Pt. This conclusion was
reached in Ref.64 from an analysis of the correlation
diagrams of the one-electron levels, obtained by the SCF-
Xa-SW method, and in Ref.66 by comparing the contribu~
tions of the dative interaction to the covalent component
EM—O?_’ obtained by the CNDO method. In the last case

it was shown that, in spite of the decrease in the transfer
of electron density and going from Ni to Pt, the energy
contribution of the dative interaction increases because

of the increase in the overlap of the d, and x, orbitals
and the corresponding increase in the contribution of the
covalent bonding M—L.

The large contribution of the dative interaction is respon-
sible for the greater strength of the coordinate bond in the
Pd(C,H,) system compared with the isoelectronic system
{Ag(C,H,)1*.5® In the case of PA(C,H,), the main contribu-
tion to the bond is made by the dative interaction of the
4d; AO of palladium with the m*-orbital of ethylene, whereas
in the case of [Ag;(C2H‘+)]+ it is made by the donor—acceptor
interaction of the 5s and 5p AO of silver with the c-orbital
of ethylene, and the bond energy in the first case is 2.3
times that in the second.

In all the compounds studied, the estimated strength of
the Pd—L bonds is lower than that of the corresponding
Pt—L bonds, but in the case of M(O,)(PH;),, and also the
hydrides MH,!? the Pd...0, and Pd...H bonds are less
stable than the Ni...O, and Ni...H bonds. Experimental
data obtained for complexes with molecular nitrogen (in
matrices)®” and phosphine complexes®®:®° of zero-valent
metals of the platinum group show that in these complexes
Pd® again forms the weakest bonds.

Thus analysis of the quantum-chemical data indicates that
the electronic factor preventing the formation of strong
bonds in Pd° compounds is the relatively small magnitude of
the d vacancy, which is related to the fact that the energy
of electron promotion nd ~ (n + 1)s or nd + (n + 1)p has
the highest value among the elements of the platinum group.
With increase in the oxidation number, the magnitude of the
d vacancy increases, but in the case of the hydride PdH it
is again lower than the corresponding values for NiH and
PtH, and the population of the 5s AO of palladium is lower
that that of the 4s AO of nickel and the 6s AO of platinum.
The Fermi repulsion interaction of the electrons of the
filled 4d; AO of palladium and the c-orbitals of the ligands
decreases the strength of the Pd—L bond.

Calculations for Pd® complexes with a coordination number
n > 1 were carried out not only in Ref.66 but also in Refs.62,
59, and 70. An interesting characteristic feature of Pa’
and Pt° complexes is that, in addition to 18-electron com-
plexes ML,, low-coordinate 16-electron trigonal planar
complexes ML, are also known. Examples of these com-
plexes are provided by the complexes of palladium with
tertiary phosphine ligands Pd(PR;); and the mixed phos-
phine complexes PAX(PR,), (X = alkene, 0,).”%’2 14-elec-
tron complexes Pd(PR;), have also been obtained,'®
Experimental data indicate that the strength of the coordi-
nate bond in Pd® complexes and the reactivity of these
complexes depend on the coordination number of palladi-
um.’®7®  The aim of the theoretical study is to determine
the electronic factors which, in addition to steric factors,
determine the optimum coordination number for Pd® com-
plexes.
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Comparative calculations for PdL, complexes with different
coordination numbers n*%7° show (in agreement with experi-
mental data) that the strength of the Pd—L coordinate bond
decreases with increase in n. Thus a non-empirical
pseudo-potential calculation for the complexes PA(C,H,),
with n = 1, 3, and 4°° showed that the coordination energy
E, corresponding to one ethylene molecule decreases on
going fromn = 1 ton = 3 and n = 4 by factors of 1.2 and
1.4 respectively. The marked decrease in the calculated
values of E, on going from n = 1 to n = 4 explains the fact
that the coordination number of palladium in the compounds
Pd(C,H,), synthesised in inert matrices does not exceed 3.3

The electronic factors responsible for the decrease in the
strength of Pd—L coordinate bonds when L is an electron
o-donor were established’’ by CNDO calculations for the
model phosphine complexes PA(PH,;), (n = 1-4) and the
hypothetical complexes PA(H,)(PH;), (n = 1-3). In this
case a criterion of coordinative unsaturation of the com-
plexes is provided by the relative energy of the lowest
unoccupied MO (LUMO), localised on the transition metal
atoms.” For phosphine complexes of Pd’, these orbitals
consist chiefly of the 5s and 5p AO of the Pd atom. Anal-
ysis of the results of the calculations’® showed that the
L,Pd...H, coordination energy and the strength of the
individual Pd—L bonds decrease considerably with decrease
in the valence angle L—-Pd-L, or, which is the same thing,
with change in the formal hybridisation of the 5s and 5p AO
of palladium. The energy of the LUMO of the complexes
PdLn increases with increase in n, that is, as expected,
the coordinative unsaturation of the complexes decreases
with increase in the number of phosphine ligands.

The electronic factor responsible for the relative stability
of the coordinatively unsaturated complexes PdL, is the fact
that the transfer of electron density to the 5p AO of the
Pd atom becomes energetically unfavourable with increase
in n.

Thus in the unsaturated 16-electron complexes PdL; and
even in the 14-electron complexes PdL,, the population of
the high-lying 5p AO of palladium involved in bonding may
reach a value such that its increase on the coordination of
new ligands is energetically unfavourable. The optimum
coordination number of the complexes of the platinum group
metals is therefore determined not only by steric factors
but also by electronic factors, in particular the relative
arrangement of the s, p, and d levels of the M atom. This
conclusion makes it possible to explain the observed dif-
ference in the coordination numbers of complexes of Ni’,
Pd’, and Pt° with the same phosphine ligands, and also the
difference in the coordination numbers for complexes ML,
with ligands having similar steric characteristics but dif-
ferent electronic characteristics.*®”?

Analysis of the results of these quantum-chemical calcula-
tions of the electronic structure of Pd’ and Pd' compounds
leads to some general conclusions. For P4’ and Pdl com-
pounds, as in the case of pall compounds, the magnitude
of the vacancy in the valence d level correlates with the
formal oxidation state of palladium. The population of the
outer 5s and 5p AO generally increases with increase in the
d vacancy. The relatively small magnitude of the d vacancy
is the electronic factor decreasing the strength of the Pd-L
bonds in the Pd® compounds. The strength of the M~L
bonds in compounds of a metal in a low oxidation state
generally increases in the order Ni < Pd < Pt, if the main
contribution to the bond is made by the dative component
of the M—L interaction. When the donor—acceptor compo-
nent of the M-L interaction is decisive, the strength of the
Pd—L bond may be the lowest among the platinum group
metals. The electronic factor responsible for the possible
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existence of coordinatively unsaturated Pd’ complexes PdLy,
(where L is an electron o-donor and n = 2 or 3) is the fact
that, with increase in n, the filling of the high-lying 5p AO
of palladium, involved in the formation of the Pd—L bonds,

becomes energetically unfavourable.

3. The Electronic Structure of Palladium Clusters

In the present section, the results of the quantum-chemical
study of atomic clusters Pd, (n = 2-79)°"7°7®5 and the few
calculations for polynuclear complexes Pdy,Ly **%**” are
discussed. The experimental and theoretical study of
clusters is an important independent field.®® At the same
time, quantum-chemical calculations for clusters, in par-
ticular palladium clusters, are also of interest for the theory
of catalysis, particularly heterogeneous catalysts, in rela-
tion to the problem of studying the electronic structure and
properties of catalytic systems. The cluster model makes
it possible to obtain valuable information on the electronic
nature of the Pd—Pd bond, and also on the dependence of
the properties of the system on the number of Pd atoms.

A key cluster system is the simplest cluster Pd,, for
which experimental spectroscopic data are available.?%*°
The main aim of the quantum-chemical studies carried out
in Refs.51 and 75 was the estimation of the strength of the
bonds formed by two palladium atoms with filled d levels.
The calculations for Pd, were carried out by the non-
empirical SCF MO LCAO method’® and also by the two-
configuration SCF method,*! in the valence approximation.
A pseudo-potential non-empirical calculation has also been
carried out for the cluster Pd;.”° A number of calculations
for the clusters Pds, Pdg, and Pd,;;, and also a study of the
adsorption of atomic oxygen and CO on Pds clusters and of
atomic hydrogen on Pdg clusters, have been carried out by
the SCF-Xa-SW method.” 7 The other cluster calcula-
tions”®™®7 were carried out in the CNDO approximation, and
also by the EHM.

The results of the calculations for Pd, carried out by
different methods are contradictory. Thus the calculation
by the two-configuration SCF method®! gives the dissociation
energy value E5 = 72.3 kJ mole™, in satisfactory agreement
with the spectroscopic estimate of 63 + 19 kJ mole™.*® On
the other hand, a non-empirical SCF MO LCAO calculation’®
in a minimum basis set with the addition of polarisation d
functions gave a bond energy value close to zero. A cal-
culation in a basis set selected according to the "counter-
balance" scheme,®® that is using a complete molecular basis
set in the calculation for individual palladium atoms, gave
a potential curve of the repulsion type. In Ref.75, a
calculation for the cluster Pd,; was carried out using the
same basis set as for Pd,, and, as in the case of Pd,, it
was concluded that no bond is formed. The standard
choice of basis set and the use of the "counterbalance"
scheme give the same value of E4 for Pd;. The most
stable Pd; structure examined was the linear structure.’”®

A possible reason for the lack of agreement in the results
in Refs.51 and 75 may be that in Ref.75 the effects of
Coulombic correlation, which are particularly important
for transition metal clusters,’? were not taken into account.

According to the results of non-empirical calculations5%:7%
and CNDO and EHM calculations,”®! the bond between
palladium atoms with a filled 4d level is due chiefly to the
participation of the unoccupied 5s AO of the Pd atoms in
the bonding interaction. According to Refs.75 and 79,
palladium in Pd, has a valence electron configuration close
to d’°. On the other hand, the electron configuration
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calculated in Refs.51 and 81 is close to d°s'. This differ-
ence is undoubtedly due to the characteristic features of
the calculation methods used.

A comparison®? of the results of calculations for the
clusters Pd,; and Pd;y by the standard EHM and the version
self-consistent with respect to charges and configurations
showed that the first method gives an insufficiently reliable
picture of the electron density distribution. In the stan-
dard version, in particular, the total population of the 4d
AO of palladium is lowered considerably, and this may be
the reason for the electron configuration d°s* obtained for
Pd, in Ref.81. In the case of the non-empirical calcula-
tion,* the use of the atom pseudo-potential to take effective
account of the interaction of the valence and core electrons
gives an incorrect (compared with the experimental esti-
mate’®) difference in the energies of the configurations d*°
and dgsl, and this may influence the calculated values of
the population of the 5s AO. To obtain more reliable
information on the electron configuration of Pd in Pg, it is
apparently necessary to carry out a more rigorous non-
empirical calculation with allowance for all the electrons,
and also with allowance for the effects of Coulombic corre-
lation.

Thus even for the simplest palladium cluster, the data on
the nature of the Pd—Pd bond are still unreliable, With
allowance for this, the analysis of the results of calculations
for more complex clusters can be carried out primarily on
the basis of qualitative conclusions about the regular fea-
tures of the change in the electron characteristics in a
series of related systems. Calculations for clusters larger
than Pd, have been carried out by the EFM,??®% and Pd,,
has also been studied by the SCF-Xa-SW method.”®

In Ref.76 it was found that an appreciable charge
accumulates on the central Pd atom in Pd,;. The orbitals
localised on the outer atoms are mainly the HOMO, many of
which are non-bonding. In turn, a low-lying bonding MO
with an appreciable contribution from the 5s AO of palladium
is localised chiefly on the central Pd atom. These results
show gualitative agreement with the results of a calculation
for the cluster Pd,,, self-consistent with respect to charges
and configurations, carried out by the EHM.®?

The adsorption of atomic hydrogen on Pd clusters was
studied in Refs.77, 79, and 85, and the adsorption of
atomic oxygen and CO on Pd; was studied in Ref.78 (the
calculations for the reaction of H, with Pd, and Pd, clusters,
carried out in Ref.85, will be discussed in section IV). For
all the clusters, an appreciable contribution to the Pd-L
bond is made by the 5s and 5p AO of palladium. Thus in
the octahedral cluster PdgH, according to the results of a
calculation by the SCF-Xo-SW method,”” the contribution of
the 5s and 5p AO of palladium to the MO corresponding to
the Pd—H bond is 76% of the contribution of the d AO.

In Ref.78, the same method was used to carry out a cal-
culation for two structures of Pds;(O) modelling two possible
versions of the coordination of O on a metallic palladium
surface. In the first structure, the O atom is coordinated
to the central Pd atom of a Pd; cluster (all the Pd atoms lie
in the same plane). In the second structure, four Pd
atoms lie in same plane, and the O atom and the fifth Pd
atom lie on the principal axis of Pd,, on different sides of
this plane. The calculated spectra and the experimental
infrared spectra for the adsorption of atomic oxygen on
metallic palladium were compared. It was concluded that
the single-point adsorption of O corresponds to the experi-
mentally observed form of adsorption with a weak O—M bond,
and that the many-point adsorption corresponds to the form
of adsorption with a relatively strong O—M bond.
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The electronic structure of dinuclear palladium complexes
has been studied.®*%%:87 In Ref.87, calculations were
carried out for the linear systems formed by the Pd° phos-
phine complexes Pd,(PH;), and Pd,(PPhH,),, and also for a
number of structures Pd,(PPhH,),, modelling the intramolec-
ular coordination Pd...P in the dinuclear complexes
Pd,(PPh,),.’*»** The results of the population analysis
indicate that a weak Pd—Pd bond is formed. This bond,
in agreement with the results obtained for the dinuclear
clusters Pd,, can be described as a o-bond produced mainly
by the interaction of the 4d 22 AO of one Pd atom and the
58 AO of the other Pd atom.

As noted in Ref.87, the formation of a Pd—Pd multiple
bond might have been expected for the linear structures.
Thus in terms of the concept of isolobality developed by
Hoffmann,"’5 if the difference in the filling of the orbitals
are ignored, the fragment PdL, which has boundary sp;,
Py, and Py orbitals, can be compared with a CH group.

As shown by the analysis in Ref.87, however, Pd--Pd
multiple bonds involving spd hybrid orbitals are not formed,
since electron promotion for the 4d to the high-lying 5p AO
is energetically unfavourable.

The unoccupied 5p AO of palladium in Pd,L, can take part
in additional interactions. Thus the bonding donor—
acceptor interaction of the 5p AO of a Pd atom with a
phenylphosphine ligand of a neighbouring Pd atom (more
accurately with the filled m-orbital of the aromatic ring)
leads to additional stabilisation of the complex Pd,L, and is
possibly the reason for the observed stability of the coor-
dinatively unsaturated complexes Pd,(PPh;),.%’

In dinuclear and polynuclear pall compounds, the distance
between the palladium atoms is usually appreciably greater
than the sum of their covalent radii. The electronic struc-
ture of the complex of palladium with dithioacetic acid
Pd,(CH,;CS8S),, which has a short Pd—Pd bond and in which
all four dithioacetate ligands occupy bridging positions, has
been studied.®® It is of interest to compare the results
obtained with the results of a calculation®® for the complex
Pd,C1?” with two bridging ligands, where it is known that
there is no direct Pd—Pd interaction. According to Refs.34
and 86, the absolute magnitude of the effective charge of
the bridging ligands Cl and CH;C8S (Zn) = -0.41e,
ZCHacSS = -0.50e) is smaller than that of the corresponding
values Z¢) = —-0.60e and ZCH3CSS = —0.53e for the terminal

Cl atoms in Pd,ClZ” and the ligands CH;CSS in the mono-
nuclear complex PA(CH;CSS),. The Pd—Pd bond in
Pd,(CH,CSS), is a weak o-bond. In Ref.34 it was noted
that it is important to take account of configuration inter-
action in the calculation of the electronic spectra of Pd,Cl§".
Allowance for this factor leads to a marked displacement of
the bands in the calculated spectra of Pd,C1?” to longer
wavelengths compared with PdC1Z™, and to better agreement
with the experimental data.®®™°®

IV. THE QUANTUM-CHEMICAL STUDY OF REACTIONS
INVOLVING PALLADIUM COMPOUNDS

The results of the quantum-chemical study of the key
elementary stages of processes catalysed by palladium com-
plexes, or reactions responsible for the production of the
catalyst, will be examined. The quantum-chemical mecha-
nisms of the most important reactions of palladium com-
pounds, namely the reaction of Pdll and Pa°® complexes with
molecular hydrogen, the hydroxopalladation of alkenes, and
various other reactions, have been studied.55’56+79,85,99-105
The first non-empirical calculations in this field were carried
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out in studies of the reaction of molecular hydrogen®® and
methane®® with a palladium atom, and also the calculation for
the model reaction of the insertion of CO into the Pd—H
bond in the [HPACO]* system.’®® The other calculations
were carried out by the CNDO method using the paramet-
risation schemes proposed in Refs.36 and 37, and also by
the EHM.

1. The Study of the Reaction of Molecular Hydrogen with
Palladium Compounds

An important preparatory stage in catalytic processes
involving the reactions of molecular hydrogen is the coordi-
nation of H, to a transition metal atom. In all published
quantum-chemical studies of the activation of H, by the
reaction with palladium compounds, 5% 58:79,85,101,102 thq
initial systems examined contained H, coordinated in the
molecular form to a Pd atom or (in polynuclear systems) at
a Pd—Pd bond.

The calculations show that molecular hydrogen can be
coordinated as an isolated ligand. The results of a com-
plete non-empirical calculation for the simplest system
Pd(H,), % partly discussed above are of particular inter-
est. According to Ref.56, the Pd...H, interaction gives
a complex containing bound (albeit weakly) molecular
hydrogen. Thus the calculation in the largest of the
basis sets used in Ref.56 for a fixed H-H bond length
(R(H-H) = 0.074 nm) gives for the optimum T-shaped
structure with R(Pd—H) = 0.2 nm a bond energy of E4 =
27 kJ mole™!, As noted above, the coordination of H,
involves chiefly a donor—acceptor interaction with the outer
5s and 5p AO of the Pd atom. The results of Ref.56 led to
the general suggestion that transition metals can form stable
complexes with molecular hydrogen as an isolated ligand.
The theory of this type of coordinate bond was developed
in Ref.106. A recent report'®’ of the direct structural
identification of tungsten and molybdenum complexes with
molecular hydrogen confirmed this suggestion.

The activation of molecular hydrogen in a catalytic pro-
cess involving transition metals leads finally to the rupture
of the H—H bond. Both homolytic and heterolytic rupture
of the H—H bond can be expected, depending on the nature
of the transition metal, its oxidation state, and the nature
of the coordinated ligands. The role of the electronic
factors determining the mechanism of the activation of H,
in its reaction with palladium compounds has been
studied,°®7%:85101,102 1 Ref.101, a CNDO calculation was
carried out for the heterolytic rupture of the H—H bond
by a dissociative replacement mechanism in the reaction
of H, with PA!l complexes. In the other works cited,
the homolytic rupture of the H-H bond in the reaction of
H, with Pd’ compounds was modelled.

The heterolytic rupture of the H—H bond is regarded as
the initial stage in the selective catalytic hydrogenation of
unsaturated compounds.?®1%8711%  The starting materials in
this reaction are mixed pall complexes PdX,L, where L is
phosphine ligand. An interesting feature of this reaction
is that the complexes PdX,L, with oxygen-containing ligands
X show a much higher activity towards H, than the corre-
sponding complexes with halide ligands. From an analysis
of experimental data, a four-centre mechanism was proposed
for this reaction,°®11® gccording to which the central atom
captures a hydride ion, while the coordinated anionic ligand
facilitates the capture by accepting the proton liberated:

PdX,L,+ H,— (H) XPdL, + HX
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The process is controlled by the interaction of the orbitals
which are involved to the greatest extent in the bonds
which are being formed or being broken in the dissociative
replacement. These orbitals are the 1s AO of the H atoms,
the localised hybrid orbitals of the Pd and X atoms, taking
part in the PA—X bonds, and the orbital of the unshared
pair of the ligand X. In the state in which the H, molecule
occupies a vacant coordination position in the original com-
plex, the highest occupied MO are the MO of the unshared
pair of X and the MO which corresponds to the antibonding
combination of the bonding orbitals of the H—H and Pd—X
bonds. The lowest unoccupied MO is the bonding combina-~
tion of the antibonding orbitals of the H~H and Pd—X bonds.
In the final state, the highest occupied MO will be the
orbital of the unshared pair of X, formed as a result of
the rupture of the Pd—X bond, and the MO which corre-
sponds to the antibonding combination of the bonding
orbitals of the Pd—H and H-X bond. The lowest unoccupied
MO will be the bonding combination of the antibonding
orbitals of the Pd—H and H—X bonds.

The intermediate cyclic state of the system can be exam-
ined by analogy with a five-orbital system of the polyene
type,!! if it is assumed that the ends of the chain are the
orbitals of the anionic ligand X, not interacting with one
another. The correlation diagram for this process differs
from the familiar diagram®!? for the symmetry-forbidden
redistribution of the bonds in the four-centre four-electron
system

N—X'+Y—Y'—->XY+ XY

only in the presence of the unshared pair of the anionic
ligand X. This difference, however, may lead to significant
differences in the energies of these two processes. The
non-bonding orbital of the unshared electron pair of the
ligand X correlates with the practically non-bonding HOMO
of the intermediate state, so that the dissociative replace-
ment, generally speaking, is not symmetry-forbidden.

The initial stage of this process was modelled in Ref.101.
The calculation was carried out after selecting structures
describing the coordination of H, in the unoccupied coordi-
nation position of square complexes PdX,(PH;),, where X =
Cl, OH, OCOCH,, and also structures in which the coordi-
nated H, molecule was displaced towards the anionic acido-
ligand.

The calculations show that one of the electronic factors
responsible for the heterolysis of H, is the donor—acceptor
interaction of the filled c-orbital of H, (the bonding combi-
nation of the 1s AO of hydrogen) with the unoccupied 5sp
hybrid orbital. The rehybridisation of this orbital when
H, is displaced towards the acido-ligand X ensures a bonding
Pd...H, interaction when H, approaches X in all the struc-
tures examined. This bonding interaction facilitates the
heterolysis. The donor—acceptor transfer of electron
density o(H,) -~ 5sp(Pd) to the H atoms produces a positive
charge, which is responsible for the direct reaction of the
coordinated H, molecule with the anionic acido-ligand X.
This interaction leads finally to the heterolytic rupture of
the H—H bond.

The rupture of the H—H bond corresponds to the filling
of the o*-orbital of H, (antibonding combination of the
1s AO of hydrogen). In the case of dissociative replace-

- ment by a four-centre mechanism being considered, the

metal-complex system does not have a high symmetry, and
the filling of o*(H,) involves the mixing of the LUMO of
the original structure, which contains a contribution from
o*(H,), with the orbital of the unshared pair of the ligand
X and the occupied MO containing a contribution from the
bonding c-orbital of H,. The resulting HOMO of the
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transition state has a node at the H atom closest to the
anionic ligand, and describes the polarisation of the coordi-
nated H, molecule.

The electronic factors stabilising the HOMO of the inter-
mediate state should also stabilise the intermediate state as
a whole, that is it should lower the activation barrier of the
reaction. In the case being considered, where the HOMO
has an electron density deficit at the H atom closest to X,
this electronic factor is the Coulombic attraction H®*...X9™
The calculation in Ref.101 indicates that there is appreciable
direct interaction between the coordinated H, molecule and
the oxygen-containing anionic ligands OH and OCOCH,, to
which the main contribution is made by the Coulombic
attraction H6+...OR6_.

Analysis of the two-centre components Eyy and the
relative energies of the structures modelling the displace-
ment of H, towards X shows!’! that the heterolytic rupture
of the H~H bond should be easier for complexes with
oxygen-containing ligands than for chloride complexes.
This is because the ligand OR has a greater affinity for the
H atom carrying the positive charge. Greater basic
strength in X should also facilitate the stabilisation of the
final state, making the formation of HX energetically more
favourable. The results of the calculations in Ref.101 make
it possible to explain the available experimental data and
confirm the four-centre mechanism, proposed!’®»*!° on the
basis of these data, for the heterolytic rupture of the H—H
bond in the reaction with Pdll complexes.

In the reaction of molecular hydrogen with P4’ compounds,
the activation of H, takes place by a different mechanism,
namely the oxidative addition of H, with the homolytic
rupture of the H—H bond:

H
Myt Ho M,

For example, the dissociative chemisorption of H, on metallic
palladium takes place by the oxidative addition mechanism.!®
This mechanism was studied by quantum-chemical methods in
Refs.79, 85, and 102. In Ref.102, the complete non-
empirical SCF MO LCAO method in a minimum basis set was
used to carry out a calculation for the dissociation of H, in
the coordination sphere of a Pd atom. In Ref.79, the CNDO
method was used to study the reaction of H, with a Pd,
cluster, and in Ref.85 a calculation was carried out for the
Pd,H system by the EHM. In addition, in Ref.55, the CNDO
method and the parametrisation scheme used in Ref.79 were
used to carry out a comparative calculation for the reaction
of H, with mononuclear phosphine complexes of Pd’ and Pt°
of the type ML,, and also with a dinuclear complex Pd,L,.

In Ref.102, the dissociation of H, in the Pd(H;) system
was modelled by increasing the H—Pd—H angle (a) for a
fixed bond length R(Pd—H) = 0.17 nm, since the optimum
Pd—H bond length was found to be close to 0.17 nm both for
the original complex with molecular hydrogen (o = 25°) and
for the final linear dihydride structure.

With increase in the angle o, the population of the 5s and
50 AO of the Pd atom increases sharply, and in the case of
angular structures with o = 90—-148° the valence electron
configuration of the Pd atom becomes close to d®s*. With
further increase in a, the symmetry of the Pd orbitals involved
in the H-Pd—H interaction changes. This leads to inversion
of the populations of the boundary orbitals; the highest
occupied MO is then the orbital corresponding to the inter-
action of the 5p, AO of the Pd atom with the o*-orbital of
H,, and the valence electron configuration of Pd becomes
close to d®p?!.1%?
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It was found that the formation of the dihydride is ener-
getically unfavourable. This is due to the fact that the
covalent bonding of the 1s AO of hydrogen with the hybrid
sp (for o < 148°) and pd (for o > 148°) orbitals of Pd does
not compensate the expenditure of energy in the electron
promotion from the 4d AO to the high-lying 5s and 5p AO of
the Pd atom. As a result, the molecular complex (o = 25°)
is most stable. The angular structure undergoes an
activationless transformation into the molecular complex
The linear structure has a higher energy than the angular
structure, but there is an energy barrier between them,
associated with the rearrangement of the electron configura-
tion d%!-d°%?!. It follows from the results in Ref.102 that
for a metal such as palladium, the dissociation of hydrogen
on a single centre is impossible, since it involves the pro-
motion of an appreciable electronic charge to the high-lying
58 and 5p AO of palladium,

In Ref.79, where a CNDO calculation was carried out for
the Pd,H, system, it was again concluded that the dissocia-
tion of H, to give terminal hydride bonds Pd—H is ener-
getically unfavourable. The molecular complex in which
the H, molecule, coordinated in a bridging position, is
arranged symmetrically and perpendicular to the Pd—-Pd
axis, is most stable. The structures Pd—Pd—H, with single-
point coordination of H, are less stable, but all the struc-
tures with H, in the molecular form are more stable than the
linear and rectangular dihydride structures.”

The conclusion®7%1% regarding the relative stability of
the molecular coordination of H, in its single~point and two-
point interaction with Pd atoms agrees qualitatively with the
results of an experimental study of the chemisorption of H,
on the surface of palladium black.'*® In this study®!® pulse
volatilisation under super-high vacuum conditions (~5 x
10° mmHg) detected four different states of chemisorbed
H,; on the palladium surface. The study of the physical
characteristics of these states indicated that the state which
is formed at a temperature below 100 K and which is desorbed
at 250 K with an activation energy of 54—58 kJ mole™? prob-
ably corresponds to the molecular state of chemisorbed
hydrogen. According to Ref.113, this molecular state may
play the role of intermediate in the absorption of molecular
hydrogen by metallic palladium.

The EHM has been used®® to study the dissociative chemi-
sorption of H, in the model cluster system Pdy—H,. In this
case the dissociation of H, is energetically favourable.

The picture of the dissociative interaction of H, with one
and with two Pd atoms obtained in Refs.79 and 102 shows
complete agreement with the results of the comparative cal-
culation®® by the CNDO method for the interaction of H,
with mononuclear phosphine complexes of Pd° and Pt° of the
type M(PH;), and the dinuclear complex Pd,(PH;),. The
latter models the complex Pd,(PPh;), formed by the reduc-
tion of the compound [(Ph;P)Pd(OAc),] by molecular
hydrogen.®®® Pd,(PPh,), reacts with H, and palladium (II)
complexes to form the polynuclear complexes [(PhP),Pdsl;,
responsible for the catalysis.

Comparative calculations for mononuclear complexes of Pd’
and Pt° and also dinuclear Pqd° complexes, are of interest,
since these complexes show different reactivities towards
H,. Thus mononuclear phosphine complexes PdL,, where
L is a phosphine ligand, do not react with molecular hydro-
gen,’?:7% the dinuclear complex Pd,(PPh,), adds on H,
easily and reversibly,®¥® and the Pt° complexes PtL, under-
go dissociative addition of hydrogen under mild conditions
to give dihydride complexes of PtII 73

The change from mononuclear Pd complexes to the dinu-
clear complex corresponds to an increase in both the sta-
bility of the molecular complexes LyPd,,(H,) with respect to
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dissociation to LoPd,, and H, and the relative stability of
the dihydride structure HPd,L,H compared with the corre-
sponding molecular complex L,Pd,(H,). The explanation
is that the formation of multicentre bonds Pd...H,...Pd in
the molecular complex and of multicentre hydride bonds
Pd—H-Pd with the same strength as the corresponding
bonds in the mononuclear complexes requires a smaller total
transfer of electronic charge from the 4d to the 5s and 5p
AQO of palladium. In all the hydride structures, the popu-
lation of the 5s and 5p AO is much greater than in the
corresponding complexes with the H, molecule, and the
hydride H atoms carry a negative charge.®®

The dissociative addition of H, to the dinuclear complex
P4,L, is energetically unfavourable, although to a smaller
extent than tne dissociative addition of H, to the mononuclear
complexes PdL,. The highest stability corresponds to the
dinuclear structure in which the hydrogen molecule is
arranged symmetrically and at right angles to the Pd—Pd
bond. In the case of dinuclear structures in which H, is
coordinated to one palladium atom, the H,...Pd,, coordination
energy is lower and almost the same as for the mononuclear
complexes. For reaction with two Pd atoms, the coordina-
tion energy of H, increases additively, and this is respon-
sible for the additive character of the outer slightly filled
5s and 5p AO of the Pd atom with the c-orbital of H,.%°

The platinum complexes have a greater ability to undergo
the dissociative addition of H,, compared with the palladium
complexes.®® This difference is due to the fact that the
transitions d + s and d + p take place more readily in the
case of platinum.

The above results®® make it possible to explain experi-
mental data on the difference in the reactivities of mono-
nuclear and dinuclear Pd° complexes, and also Pt° com-
plexes, with respect to molecular hydrogen. A comparison
of calculated and experimental data®® indicated that the com-
pound formed by the reaction of Pd,(PPh;), with H, is
apparently the first example of a complex with H, in the
molecular form. As noted above, similar complexes were
recently identifiec for tungsten and molybdenum.'®’

These calculation results show the role of the outer s and
p orbitals of the transition metal in oxidative addition. In
the case of Pd’ compounds, the oxidative addition of H, to
one or two palladiuin atoms is energetically unfavourable
because the formation of "normal" covalent bonds Pd—H
involves considerabie expenditure of energy to give the
Pd atom a valence electron configuration close to d%’.

It may be assumed that with increase in the number of
palladium atoms reacting directly with H,, the strength of
the Pdp,...H, bond will increase (both for structures with
molecular H, and for dihydride structures), just as it
increases, according to calculations,55 on going from mono-
nuclear to dinuclear systems.

Thus the dissociative chemisorption of molecular hydrogen
on a metal is due to the multicentre interactions of the H
atoms of the dissociating molecule with several metal atoms
on the surface. According to Refs.55 and 114, a possible
mechanism for the dissociative chemisorption of H, in its
reaction with polynuclear palladium systems involves the
initial adsorption of the H, molecule on a Pd atom or a Pd—Pd
bond, after which the H atoms move apart into neighbouring
interstices. The stabilisation of the resulting hydride
structures takes place as a result of the increase in the
number of metal atoms with which the hydrogen atoms
interact.

The principal results of quantum-chemical studies of the
reaction of molecular hydrogen with P4’ and PqIl compounds
can be summarised. The initial stage of the reaction of
molecular hydrogen with pall and Pd° compounds is the
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formation of a bound molecular complex in which H,, acting
as an isolated ligand, occupies a vacant position in the
coordination sphere of Pd. The electronic factors facili-
tating the heterolytic rupture of the H—H bond in the
reaction of H, with Pd'' complexes are the high basic
strength of the anionic ligands and the involvement of the
outer 5s and 5p AO of the Pd atom. The fact that the
oxidative addition of H, to one Pd atom in PAd° compounds is
unfavourable is related to the appreciable expenditure of
energy required to give the Pd atom the configuration d®s?
necessary for the formation of covalent Pd—H bonds. The
greater ability of phosphine complexes of Pt® to undergo
the dissociative addition of H,, compared with phosphine
complexes of Pd’, is due to the greater ease of d ~ s and

d + p promotion in the case of platinum. The dissociative
chemisorption of molecular hydrogen on metallic palladium is
due to the multicentre interaction of the H atoms of the
dissociating molecule with several metal atoms on the surface.

2, The Study of Hydroxopalladation

The practical importance of hydroxopalladation as an
effective industrial method for obtaining carbonyl compounds
from alkenes’ is responsible for the interest in the mechanism
of nucleophilic addition to the double bond, catalysed by
palladium(II) complexes. It has been established experi-
mentally,” 1% that under the conditions of the reaction,
the mononuclear m-complexes PdC1,(OB)(C,H,)” and
PdCI1,(H,0)(C,H,), and also the dinuclear derivatives
Pd,Cls(OH)(C,H,)?” and Pd,Cl5(H,0)(C,H,)", are formed.

It is considered®!® that the hydroxo-complexes can be
converted into o-bonded organopalladium compounds by
the inner-sphere cis-migration of the coordinated hydroxo-
group to the coordinated alkene molecule. In solutions with
high concentrations of H30+ ions and (or) CI1™ ions, however,
when the formation of hydroxo-complexes is hindered,
according to Ref.116 trans-attack by the non-coordinated
nucleophile on the coordinated alkene molecule takes place,
that is the reaction involves an outer-sphere mechanism.

CNDO?%+1%* and EHM!?® calculations have been carried out
for nucleophilic trans-attack in model palladium m-complexes.
cis-Attack in alkene complexes of pall ang nucleophilic
addition in hydroxomercuration have also been studied.?®

A mechanism has been proposed!!® for the stabilisation of
the intermediate state in cis-attack by a coordinated
hydroxo-group on a coordinated alkene. According to
this mechanism,*!® the approaching ligands form a "quasi-
m-allyl" orbital system. The electron density on the C
atom closest to the nucleophile decreases, and that on the
neighbouring C atom of the double bond increases. The
stabilisation of the transition state in this case may be due
to the donor—acceptor transfer of electron density from a
non-bonding orbital of the quasi-allyl fragment to orbitals
of the central atom.!'” In the case of square planar Pd
complexes, this acceptor orbital is the partly filled 4dx2~y2
AO of palladium. As noted in Ref.115, the presence of
the partly filled d orbital in pall may facilitate nucleo-
philic cis-attack for the palladium systems, compared with
the corresponding process for Hg'II complexes with the
electron configuration d°,

The results of a comparative calculation®® for nucleophilic
cis-attack on the alkene in the systems [PdL,(C,H,,)(OH)]”
and HgX(CnHm)(OH), where X = F, Cl, or Br, and
CpH,, = C,H,, C;Hg, or CyH,, confirm the proposed!!®
"quasi-m-allyl" stabilisation mechanism. In accordance with
the "quasi-allyl" model, it was found’® that the alkene is
appreciably polarised by the nucleophilic group. Thus for
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PdCl1,(C,H,)(OH) , the effective charge of the C atom closest
to OH™ is +0.12e, whereas the charge on the farther removed
C atom is —0.32e. The contributions of the 4d AO of the

Pd atom to the Pd—-C and Pd—O bonding interactions are
much greater than the corresponding contributions of the

5d AO of the Hg atom in the systems Hg(C,Hz,)(OH).

A calculation®® for intermediate structures PAC1,(OH)(C Hg)~
corresponding to nucleophilic attack at different atoms of
propene showed that nucleophilic attack at the less exten-
sively hydrogenated position of the alkene is facilitated by
the polarisation of the alkene molecule as a result of the
hyperconjugation of the methyl group. This explains why
Markovnikov's rule is obeyed in this reaction.

To determine the role of the central atom in nucleophilic
trans-attack on a coordinated alkene, a comparative calcula-
tion was carried out®® for the addition of the hydride ion to
ethylene in the model systems H™...C,H, and H~...(C,H,)PdCl;.
The reactivity of coordinated ethylene towards the addition
of H™ depends markedly on the nature of the coordination of
ethylene to palladium.

The reaction of H™ with the symmetrical m-complex
(n?-C,H,)PdC]; is less favourable than the reaction with
free ethylene. The deactivation of coordinated ethylene
is due to the increase (compared with free ethylene) in the
energy of the lowest unoccupied m*-MO, which makes the
main contribution to the interaction of the symmetrically
coordinated ethylene with H™.

The displacement of ethylene with a change from the
symmetrical coordination of the n,-type to coordination of
the n;-type causes H™ attack to be facilitated, compared
with free ethylene. This is due to the increase in the
strength of the bond formed by Pd with the nearest C atom,
and the corresponding localisation of the LUMO on the
farther removed C atom, which is attacked by the nucleo-
phile. There is a particularly large change in the contri-
bution of the m-orbital of C,H, to the bonding; in the
original structure, the interaction of this orbital with the
1s AO of the H atom is a repulsion, whereas in the structure
with unsymmetrical coordination of ethylene the m-orbital
makes a significant contribution to the H™...C,H, bonding
interaction.

Thus it is the possibility of unsymmetrical coordination of
the alkene to the central Pd atom in the intermediate state
of the nucleophilic trans-addition that is responsible for the
activation of the alkene in this reaction. The approach of
the HO™ ion to the ethylene molecule might have led to the
production of the carbanion CH,CH,0H~., The formation of
this species, however, is energetically so unfavourable that
ethylene (unlike acetylene, whose antibonding orbitals are
slightly lower than those of ethylene) not only does not
react with the hydrated OH™ ion but also does not even
react with fused NaOH. The function of the palladium atom
in the scheme examined!?? evidently reduces to the stabilisa-
tion of the unstable carbanion produced. A comparative
calculation for the systems H™...(C,H,)ML,,, where ML, =
PdCl3, PtCl3, (CsHy),WHY, Fe(CO)Z", Fe(CO),, (CsH9Fe(COY;,
and Ni(PH;),, showed that palladium and platinum have the
greatest ability to activate alkenes towards nucleophilic
addition.

Calculations®® for the nucleophilic trans-attack by the
hydroxide anion in model complexes of Pd" and Hg!l indi-
cate that the reactivity of the fragment ML, towards trans-
attack by OH™ increases with increase in its acceptor power,
which can be estimated from the extent of the transfer of
electronic charge from X in the complexes X[MLn]q. Cal-
culations for the complex PdX;(C,H,)” and the hypothetical
m-complexes [Hg(C,H,)1** and [HgX(C,H,)]*, where X =F,
Cl, Br, showed®® that the electron density on the C atom
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decreases on going from free ethylene to ethylene coordi-
nated to Pd!l, and decreases further on going to ethylene
coordinated to HgH. The strength of the C...O bond
formed in the nucleophilic addition of OH™ increases in the
same order. The quantum-chemical data obtained agree
with the difference in the kinetics of the corresponding
reactions; hydroxomercuration is very rapid,''® hydroxo-
palladation is slow,''® and OH™ does not add on to free
ethylene in the absence of a catalyst.

An increase in the reactivity of complexes X[MLn]q with
respect to trans-attack by the OH™ anion with increase in
the acceptor power of the fragment X[MLn]q was also
observed for m-allyl complexes.'® Thus the replacement
of the anionic ligand C1” (a strong electron c-donor) by
the neutral ligands PH,; and CO (weaker c-donors, which
also have m-acceptor properties) leads to an increase in the
energy of the addition of OH™ and to an increase in the two-
centre component of the total energy Eqc in the order:
PACl,(1-C3Hg)™ << PACI(PH,)(1-C,H;) < PACIHCO)(m-C,Hg) <
Pd(PH,),(n-C;H;)*. The quantum-chemical data obtained
agree with the experimentally observed*?? increase in the
rate of nucleophilic addition to [PdCl(m-C;H;)], when tri-
phenylphosphine is added to the reaction mixture.

The EHM has been used!’® to study the stage following
the nucleophilic addition in the catalytic oxidation of
ethylene to acetaldehyde, that is the decomposition of the
B-hydroxyethyl o-complex (B-palladiumethanol) formed in
the preceding stage; this decomposition is accompanied by
the intramolecular 1,2-transfer of hydrogen. The authors
cited,!®® however, in fact carried out the calculation not
for R-palladiumethanol but for the system M(CH,—CH,=0)
with a quinquevalent carbon atom, and this lowers the value
of the results of this study.

The above quantum-chemical studies of the separate
stages of hydroxopalladation lead to some general conclu-
sions. The electronic factor stabilising the transition state
of nucleophilic cis-addition to alkenes is the donor—acceptor
interaction of the non-bonding orbital of the "quasi-n-allyl”
system with the slightly filled orbitals of palladium. In
the case of nucleophilic trans-attack, the activation of the
alkene towards the addition of the nucleophilic group is due
to the possible unsymmetrical coordination L,M...CnHyp.
The reactivity of the coordinated alkene increases with
increase in the acceptor properties of MLy, .

3. Mon-Empirical Calculations for the Model System PdCH,
and the Insertion of CO into a Pd—H Bond

The results of non-empirical calculations by the SCF MO
LCAO method in a minimum basis set will be examined for
two model reactions: the reaction of methane with a palladium
atom®® and the insertion of CO at the Pd—H bond in the
systems [HPACO]* and H,PdCO.**® In Ref.99 the authors
continued for the model system Pd...CH, the study of the
activation of saturated compounds by reaction with a palla-
dium atom, begun in Ref.56 with a calculation for the
simplest system Pd(H,) (see above). The problem of the
interaction of saturated hydrocarbons with transition metal
atoms or ions is of considerable importance for the theo-
retical analysis of associative and dissociative chemisorption,
and also for an understanding of the key reactions in
catalysis by metal complexes, namely oxidative addition
and reductive elimination.??

For the calcula’(ion,g‘3 three symmetrical structures were
selected, in which methane is oriented with one, two, or
three H atoms directed towards the Pd atom. As in the
case of the Pd...H, interaction examined above, the results
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of the calculation for Pd...CH, show that the outer 5s and
5p AO play an important role in the interaction of the Pd
atom with saturated compounds. It is the participation of
these orbitals in the bonding that enables the Pd atom with
its filled d level to act as an electron acceptor in the reac-
tion with methane. The absolute magnitude of the calcu-
lated values of the Pd...CH, bond energy decreases with
increase in the number of H atoms directed towards the Pd
atom, but the values are nevertheless close to one another.
The equilibrium Pd—H distance also increases in this order.

The energy of the bond formed by molecular hydrogen
with the Pd atom, calculated in the same basis set, is almost
double the energy of the bond formed by methane.®® At
first sight this result appears strange, since judging from
the energy of the LUMO and the experimental ionisation
potentials, methane should be a better electron donor than
hydrogen. In this case, however, the reaction is deter-
mined by the geometric factor, that is not by the difference
in the energies of the levels but by the degree of overlap
of the filled orbitals of CH, with the filled 4d and vacant
5s and 5p AO of the Pd atom.

In the structure in which only one H atom of methane can
be in direct contact with the Pd atom, the overlap conditions
are responsible for the weaker donor—acceptor interaction
compared with H,. In the structures in which the CH,
molecule is oriented with two or with three H atoms directed
towards the Pd atom, however, the principal role in the
interaction with Pd is played by the C atom. The latter has
a much larger covalent radius than the hydrogen atom, so
that there is a greater Fermi repulsion interaction between
the valence electron levels of Pd and CH,. As a result,
the complex of palladium with molecular hydrogen is more
stable than the complex with methane.

The results®® show that methane (and apparently alkanes
in general), like hydrogen, can take part in a bonding
interaction with the Pd atom in which the most important
role is played by the overlap of the localised orbitals of the
ligand with the diffuse outer orbitals of the transition metal.

The insertion of CO at a Pdgyyf—H bond

Pdg,¢ —H + CO 2 Pdgs ~-CHO

which has been studied'’® by a non-empirical calculation for
simple molecular models, is one of the stages (possibly the
limiting stage) in the heterogeneous catalytic reduction of
CO by hydrogen. The catalyst in this reaction is palladium
deposited on an oxide support.? In an earlier paper®’ on
the calculation of the electronic structure of the model
system Pd(CO) the authors cited'® suggested that the
ability to insert CO into the M—H bond to give a formyl
complex should increase with increase in the acceptor power
of the transition metal. This suggestion is confirmed by
experimental data which show that the active species in the
reduction of CO are ionic forms of Pd stabilised by the
carrier. It has also been found that the rate of the
reduction of CO by hydrogen on palladium catalysts
increases with increase in the electron—acceptor properties
of the carrier.?

The dependence of the direction and the energy barrier
of the migration on the magnitude of the effective charge on
the Pd atom has been studied*’® by comparative calculations
for the model systems [HPACO1* and H,PACO. The first
models the limiting case of a strongly electron-accepting
environment; the second, which differs from the first in
the addition of the hydride ion, which is a strong o-donor,
models the coordinative saturation of Pd in an electron-donor
environment. For each system, the calculations were
carried out for three structures: the original carbonyl
hydride structure, an intermediate structure with a bridging
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Pd-H-C bond, and the final formyl structure. It was
found that the addition of the hydride ion leads to a com-
plete qualitative change in the nature of the potential curve
for the migration of H to the CO group. 7The [HPACO]*
system can be regarded as structurally non-rigid, since
there is no energy barrier to migration, and the formyl
structure is even slightly more stable than the carbonyl
hydride structure. On the other hand, in the case of the
H,PdCO system, the formyl structure is energetically
unfavourable, and the barrier for the reverse reaction of
elimination is ~15 keal mole™, The fact that the migration
of H to CO is energetically unfavourable in the last case is
due to the extensive population of the 5s and 5p AO of
palladium, preserved throughout the reaction.

From these results it was concluded!® that, in agreement
with experimental data, the increase in the positive charge
on the Pd atom accompanying an increase in its acceptor
power favours the relative stabilisation of the formyl struc-
ture. Correspondingly, an increase in the acceptor prop-
erties of the carrier may facilitate the formyl mechanism of
the reduction of CO by hydrogen on palladium catalysts.

Thus the energy effect of the above model reactions and
the electron density distribution accompanying them depend
to a significant extent on the participation of the outer 5s
and 5p AO of the Pd atom in the bonding interaction.

---00o---

The above review of the results of quantum-chemical
studies shows that the electronic structure and reactivity
of palladium compounds are determined to a large extent
by the characteristic features of the electronic structure
of the Pd atom. These characteristic features, as noted
above, are the complete filling of the 4d level in the ground
state of the atom and the presence of diffuse outer 5s and
5p AO.

Further progress in the understanding of the mechanism
of the reactions of palladium compounds will probably be
associated to a large extent with the accumulation and
analysis of experimental and theoretical data on the elec-
tronic character and relative strength of Pd—L bonds in
series of complexes of different transition metals. In
particular, the study of the electron density distribution
in palladium systems in order to determine the preferred
direction of attack on these complexes by different reagents
is of considerable interest.
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