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The ground-state electronic structures and electronic spectra of the anions [RuClg]*, [Ru,Clg]*", and [Ru;Cl;,]*, which
have octahedral (O,), bioctahedral (D;), and trioctahedral (D;,) structures, have been calculated by the SCF-Xa-SW
method. The Fenske—Hall method has also been applied to these anions, giving results in qualitative accord with those
of the SCF-Xa—-SW method. The calculated results are in satisfactory accord with the observed electronic absorption
spectra of the [RuClg]*~ and [Ru,Cly]3" ions. In the [Ru,Clg)* ion the highest filled and lowest empty MO’s are derived
mainly from metal atom d orbitals and it is found to have an upper electron configuration ...a,"%¢’*¢””%, in which the ¢”
and e’ electrons make essentially no net contribution to the Ru~Ru bonding; there is a net single (o) bond between the
metal atoms due to the occupied a,” orbital. In the [Ru,Cl;,]* ion the highest filled orbitals are again derived mainly
from metal atom d orbitals. Again there is only a net ¢ contribution to the metal-metal bonding such that a bond order
of 0.5 can be formally assigned. In both of the polynuclear ions the atomic d orbitals form subsets with o, 7, and & character
under purely axial symmetry. However, there is very extensive mixing of the = and é (d,,,, and d,, ,2,2) types in the actual
D,;, and Dy, symmetries imposed by the sets of chlorine atoms.

Introduction

The nature of the interactions between metal atoms in ad-
jacent octahedra that share a face is a subject of fundamental
interest. These interactions have often been studied in the past
in the context of the confacial bioctahedron, especially in those
of the type [M,X,]"* where all ligands are the same and the
symmetry is high (D;;) as shown in Figure 1a. The metal-
to-metal interaction is a function of (1) the number of metal
d electrons, (2) the row of the periodic table from which the
metal comes, (3) the size of the anion, X~, and (4) even the
identity of the cations with which the anions are packed. These
metal-to-metal interactions range from those which involve
little or no direct metal-metal (M—M) bonding to those in
which there are M—M bonds of appreciable strength. These
trends are well represented in the [M,X,]* ions formed by
the group 6 metals, Cr, Mo, W, with either CI~ or Br~ ligands.
For the chloro species, structural,? magnetic,*** and spectro-
scopic®>6 evidence clearly shows that for [Cr,Cly]3 there is
no bonding between the metal atoms and only a weak coupling
between the Cr'' ions. A similar situation but with stronger
coupling has recently been shown to exist in the [Ti,Cly]* ion.’
In the [Mo,Cly]3 ion, by the same criteria, there is weak to
medium Mo—Mo bonding®'® while in the [W,Cly])*" ion there
is strong W-W bonding.!'"'* The change from [Mo,Cly]*"
to [Mo,Br,]*" causes the Mo—Mo bonding to become consid-
erably weaker.?®

In these laboratories we have been chiefly interested in
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strong M—-M bonding (rather than weak interactions) in a
variety of structural contexts, including structures made up
of octahedra sharing edges'* or faces.? Several years ago we
discovered and structurally characterized for the first time a
linear trinuclear structure of the type shown in Figure 1b,
namely, the [Ru,Cl;,]4 ion.’® The structural results suggested
that direct Ru-Ru bonds might be present. More recently the
preparation and structural characterization of Cs;Ru,Cly have
been reported by J. Darriet'¢ and here the structural and
magnetic properties clearly suggest the existence of a strong
direct Ru—Ru bond.

In this paper we report the results of a theoretical study of
both of these ruthenium species, using the SCF-Xa-SW
method.!” This work was done to obtain a detailed picture
of the bonding, especially the Ru—Ru bonding, in these related
species. In addition, we have also treated the [RuClg]? ion.
The trinuclear anion may be formally described as a Rul!l-
Ru™-Ru!" system and the dinuclear anion as a Rul'~Ru!!
system. Alternatively, they could be described, prior to Ru-Ru
bond formation, as d5-d%—d* and d°-d° systems. In addition
to the calculations, we have also attempted some preliminary
spectroscopic measurements.

Procedures

Computations. Coordinates for the three anions were taken from
experimental structural studies and idealized to Oy, D;;, and Dy,
symmetry for [RuClg]*", [Ru,Clg]*, and [Ru,Cl, ;1% respectively.
The o exchange parameters for Cl and Ru were taken from the
tabulations of Schwarz.!® In each case, an initial molecular charge
density and potential were constructed from a superposition of
Herman-Skillman atomic charge densities for Ru* and CI™, where
n was determined by the charge and composition of the complex. In
each case a Watson sphere was used to simulate the effect of sur-
rounding counterions in the lattice. Sphere radii were chosen according
to Norman’s procedure.'® Details are summarized in Table I. In
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Table 1. Input Parameters for the Calculations

Bursten, Cotton, and Fang

sphere radii, au

Watson sphere

. bond lengths, A bond angles, deg atomic outer
ion radius, au  charge
[RuCl,]* Ru-Cl 2.369 all 90 Ru 2.51501 7.09072 8.09072 4+
Cl 2.61330
{Ru,C.,]* Ru~-Ru 2,725 Ru-Ru-Cl, 55.25 Ru 2.5012 8.8622 9.8622 5+
Ru-Ch, 2,391 Ru-Ru-Cly 125.04 Cl, 2.5276
Ru-Cl; 2.332 Clg 2.6109
{Ru,Cl,}* Ru-Ru 2.805 Ru~Ru-Cly, §3.8 Ruy, ¢ 2.5111 11.3078 12.3078 6+
Ru-Cly, 2.378 Ru-Ru-Cl; 124.8 Ru,? 2.5168
Ru-Cly 2.369 Cly 2.5150
Cl, 2.6332
% Ru, is the central Ru atom; Ru, denotes the outer Ru atoms.
o S RuClg> RusC g RusC 1,54
(a)
) 7~ 126,
0] < i 10e,
s ——" Qe
________ g 1,
3¢, —
& ~ S o] ~ -9
(b) oV — Bay,
. 725,
[ ¢ ~ @] o —Ey = 18::
Figure 1. The confacial bioctahedron structure (a) and the linear .
confacial trioctahedron structure (b), discussed in this paper. TS — —_ EZ‘ —— G,
o — T2y,
each case the coordinate system was placed with the origin at the center — By = 2%
of the molecule. The z axis was directed along a Ru~Cl bond for b s —
[RuCl¢]* and along the 3-fold axis of the molecule for [Ru,Clg]*~ = . é:;g
and [Ru;Cl,,l+. o — 4y =
Schwarz’s!® ayp atomic exchange parameters were used with « -1 g U, = =
values 0.702 50 for Ru and 0.723 25 for Cl atoms. A valence-electron p— “2‘
weighted average of the atomic « values was used for the intersphere , — Ua
and outer-sphere regions. Mo eh — 3¢ =
The atomic spheres were allowed to overlap, and their radii were Lty ve' _
chosen as 89% of the atomic number radii. The outer-sphere radius s L 2 20 -
was made tangential to the outmost atomic sphere. % —
The symmetry-adapted linear combinations of atomic orbitals — 3 — 3¢
included s, p, and d spherical harmonics on the Ru atoms, s and p s L

on the Cl atoms. On the outer sphere, spherical harmonics up through
= 5 were included.

The SCF calculations were started with use of a 5% mixing of the
new potential into the old potential. This percentage was gradually
raised to 25%. The SCF calculations were considered to be converged
when the shift in potential was less than 0.001 Ry and in valence energy
levels less than 0.0001 Ry. No relativistic corrections were made since
our previous experience'’® suggests that they would be very small.

Electronic Spectrum of [Ru,Cly]*~. The compound Cs;Ru,Cly is
intensely colored. The crystals appear almost black by reflected light
but are seen by transmitted light to be red. Attempts in this laboratory
to measure the spectrum by transmission of light through powder
samples suspended in mineral oil gave poor results because of reflective
scattering. Through the courtesy of Dr. Douglas Carlson, Argonne
National Laboratory, the photoacoustic spectrum, which was consistent
with but superior to the transmission spectrum, was obtained. A
Princeton Applied Research photoacoustic spectrometer was used.
The results are as follows, where all features listed had intensities
that differed by less (on an arbitrary scale) than a factor of 2: 18000
(sh), 22700, 25000 (sh), 41000 cm™.

Results

The [RuClJ* Ion. A preliminary SCF-Xa-SW calculation
was carried out on this open-shell species (t,,°) to see how its
ground-state electronic structure would relate to those of the
bioctahedral and trioctahedral species that are our chief in-
terest here. The calculated orbital energies are shown in Figure
2. The arrangement is a simple one and is in accord with

Figure 2, Ground-state orbital energies calculated for the three species
[RuClg]*, [Ru,Clg]*, and [Ru,Cly,]*. Dashed lines trace the
participation of the 7 and o types (ty; and e, respectively) of d orbitals
in the single octahedron as the oligomers are built up.

expectation. Between —15.2 and —12.6 eV we find all of the
molecular orbitals that arise mainly from chlorine atom 3p
atomic orbitals. The 2e, 2a,, and 2t,, orbitals are the
metal-chlorine ¢-bonding orbitals, while the remaining ones,
1ty 1ty 3y, and 1t;; are m-type orbitals. The last three of
these, lying in the range —12.6 to —13.2 eV, are essentially pure
chlorine lone-pair orbitals. The 1t,, orbital is lowered in energy
because there is an interaction with the metal 4d orbitals of
tog symmetry; in effect there is significant Ru—Cl = interaction.

The HOMO is the 2t,, orbital, which contains five electrons,
and the LUMO is the 3¢, orbital. There have been previous
indications?? that the SCF-Xa-SW method can give fairly
reliable estimates of d-orbital splittings in octahedral com-
plexes; we wanted to see if that would be the case here.
Accordingly, some excitation energies were calculated in
spin-restricted form for the [RuClg}*~ ion. The values thus
obtained are the weighted averages of those for doublet and
quartet excited states, and no corrections for relaxation effects
have been made. We predict the “ligand field transition”, 2t,,
— 3e,, to be at 19200 cm™, which is in quite good agreement
with the observed value?! of 20500 cm™. The three allowed
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Figure 3. Contour diagrams for the three highest occupied (6a,’, 8¢/, 6¢”’) and lowest unoccupied (5a,”) molecular orbitals of the [Ru,Clg]*
ion. Solid and broken lines indicate opposite signs of the wave function. The lowest contour value (1) is 0.0050 e/au®, and adjacent contours
differ by a factor of 2. This code applies to all other contour plots presented in this report.

charge-transfer transitions, 3t;, — 2t 1ty — 2t,,, and 2t,,
— 2ty,, are predicted to occur between 20000 and 30000 cm™,
while the spectrum shows strong bands that may presumably
be so assigned between 26 000 and 33000 cm™..

The [Ru,Cly]*" Ion. The results of the SCF-Xa-SW cal-
culation are presented in Table II and in Figures 2 and 3.
Tabile II gives a list of the occupied molecular orbitals formed
from chlorine 3p orbitals and ruthenium orbitals outside the
krypton core, as well as the five lowest virtual orbitals.

The three highest occupied MQO’s are predominantly metal
based, and the metal atom contributions are of predominantly
d-orbital character. The 6a,” wave function is shown in Figure
3. It is clear that it is made up mainly of the d,: orbitals of
the two metal atoms and that it provides a o bond between
the metal atoms. It is essentially nonbonding with respect to
the bridging Cl atoms and somewhat w-antibonding toward
the terminal Cl atoms. The contours of one of the 8¢’ orbitals
are shown in Figure 3, from which it is clear that these serve
to form a pair of = bonds between the metal atoms. They,
like the 6a,’ orbital, are essentially nonbonding toward the
bridging Cl atoms and somewhat 7 antibonding toward the
terminal Cl atoms. The 6¢” orbital (Figure 3), the HOMO,
is similar in character to the 8¢’ orbital, but it is Ru-Ru

(21) (a) Hartmann, H.; Buschbeck, C. Z. Phys. Chem. (Wiesbaden) 1957,
11, 120. (b) Jergensen, C. K. Acta Chem. Scand. 1956, 10, 518.

antibonding. Thus, the net Ru-Ru bond order in [Ru,Cly]*-
is approximately unity due to the electron pair occupying the
o-type 6a,” orbital. The bonding and antibonding effects of
the electrons occupying the 8¢’ and 6e” orbitals appear to
mutually offset each other to a good approximation.

The LUMO is the 5a,” orbital. As the contour diagram,
Figure 3, shows, it has o antibonding character with respect
to the Ru—Ru interaction. It is also antibonding with respect
to all Ru—Cl interactions.

Between —12.2 eV (the 5¢” orbital) and —-15.6 eV (the 3¢’
orbital) we find molecular orbitals formed mainly from the
3p orbitals of the chlorine atoms. These filled orbitals contain
a total of 27 electron pairs and comprise both the Ru-Cl
bonding orbitals and the chlorine atom lone-pair orbitals.

The electronic transitions that might be expected below
50000 cm™ are listed in Table I11, and these may be compared
with the experimental data presented in Procedures. The
allowed transitions at ca. 6000 and 11000 cm™ were not within
the range of observation. The group of allowed bands between
about 20000 and 25000 cm™ may correspond with the broad
absorption with shoulders or maxima between 18000 and
25000 cm™!. Transitions predicted at ca. 29 000 and 34 000
cm™! do not correspond to any observed maxima, but the
observed spectrum in this region, though featureless, has high
intensity. The predicted transition at 42 500 cm™ might ac-
count for the observed maximum at ca. 41 000. The transitions
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Figure 4. Contour diagrams for the five highest occupied (7a,5, 9¢;, 10e,, 9¢,, 7a;,) and lowest unoccupied (8a;,) molecular orbitals of the
{Ru;Cl,,]% ion. The 6a,, orbital, which contributes to Ru-Ru bonding, is also shown.

predicted for ca. 46 000 and 50000 cm™! are out of range of
the recorded spectrum. In summary, the observed spectrum
is not at all inconsistent with that predicted, but because of
the poor resolution, this does not constitute a firm validation
of the theoretical results.

The [Ru,Cl,,}* Ion. As may be seen in Figure 2 and Table
IV, the highest five filled molecular orbitals have predomi-
nantly metal atom d-orbital provenance, whereas all molecular
orbitals below this have predominantly (in many cases, ex-
clusively) chlorine 3p orbital character. These latter orbitals,

occupied by a total of 36 electron pairs, are either Ru—Cl
bonding orbitals or chlorine lone-pair orbitals.

Let us now examine the top five filled molecular orbitals.
The HOMO is the 7a,, orbital, which is nonbonding and
consists almost entirely of the d,: orbitals of the two outer
ruthenium atoms. The 9¢, and 10e, orbitals are also essentially
nonbonding in all respects and are very similar to each other,
as shown in Figure 4. Here again they are made up almost
entirely of d orbitals on the outer ruthenium atoms. The 9¢,
orbital, on the other hand, is largely localized on the central



[RuClg]*, [Ru;,Clo]*, and [Ru,Cly,]+

Table II. Upper Valence Molecular Orbitals of [Ru,Cl,]?"

% Ru angular
contribn®

% contribn®
level* energy,eV Ru Cl, Clg INT OUT s p d

10e’ -5.5835 0 3 3 47 47
7a,’ —6.0355 1 2 2 53 42
9e’ -7.8222 55 16 18 9 2 100
7¢" -8.2177 58 10 23 7 2 100
5a,”" —10.0641 79 7 8 6 0 100
6e’ - —10.8580 73 1 18 7 0 100
8e' —10.8657 68 9 14 8 0 100
6a,” —11.4639 54 7 29 9 1 100
Se”’ -12.1877 0 10 78 10 1
2a,"  —12.2056 0 9 80 10 1
7¢’ —12.3220 0 6 81 11 1
la,” -12.3294 0 0 87 12 1
4a,” —12.3397 1 31 §7 8 2
6e' —12.6721 3 39 46 10 1
4¢" —13.1641 12 15 60 12 1 10 90
la,” ~13.3031 0 77 8§ 14 0
5e —~13.4603 8 20 59 12 1
Sa," —13.5472 20 6 64 7 2 10 22 68
4a,” -13.8513 18 11 56 15 1 9 91
3a,” —13.9493 12 2 72 13 1 16 21 63
3e” -14.1261 17 11 59 11 1 19 81
4e' —14.6816 20 43 20 16 0 4 96
2a?” —~15.0639 15 44 27 13 1 52 48
2e’ ~15.0947 34 38 21 6 1 100
32, 153668 20 55 13 11 0 55 7 38
3¢’ —-15.6468 36 40 19 4 0 100

@ The HOMO is the 6" level ? Abbreviations for charge distri-
butions: INT = intersphere; OUT = outer sphere. € Listed only
for levels with 10% or more Ru contributions.

Table IIl. Calculated Transition Energies for [Ru,Cl,]*

transition energies

orbital transition  dipole® eV cm™!
6e’ —>5a," a, xy 0.8018 6467
8¢’ —>5a,” f 0.8099 6532
6a, > 5a,"” a,z 1.4440 11647
5¢" —>5a,” a, xy 2.5612 20657
6e’ = 7e" a, Xy 2.6543 21408
8¢’ —> 7" a,z 2.6555 21414
8¢’ = 9¢’ a, xy 3.0542 24634
6e"’ = 9¢ a,z 3.0607 24686
6a,’ > 7e" f 3.2527 26235
6a," > 9e’ a, xy 3.6531 29464
Se'’' = 7e" a,xy 4.2196 34033
8¢' —>7a,’ a, Xy 5.2717 42519
6e" = 7a,’ f 5.2951 421708
8¢’ = 10¢’ a, xy 5.7150 46 094
6e" — 10¢’ a,z 5.7477 46 358
6a," >7a,’ f 5.7565 46429
6a,’ > 10¢ a, xy 6.2071 50063

@ Abbreviations: a, allowed; f, forbidden.

ruthenium atom, and it too is essentially nonbonding, as shown
in Figure 4.

The metal-metal bonding is essentially ¢ bonding, and the
main contribution is made by the 7a;, orbital, whose contours
are shown in Figure 4. This orbital is also bonding in character
toward the Ru-Cl, ¢ bonds. However, the next lower a,,
orbital, 6a;,, also contributes significantly to the metal-metal
o bonding, as its contours in Figure 4 show. The LUMO is
the 8a,, orbital, and this is strongly antibonding not only in
a metal-metal sense but also with respect to the Ru—Cl in-
teractions. Its contours are shown in Figure 4.

Fenske—Hall Calculations. These were carried out on the
[RuClL]*, [Ru,Cl]*, and [Ru;Cl;]4 ions. The results ob-
tained were in good qualitative accord with those obtained by
the SCF-Xa-SW method. As usual, the energies obtained
from the Fenske-Hall calculations were more spread out.
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Figure 5. Qualitative energy level diagrams for the metal-metal

interactions in [Ru,yCly]* (upper) and [Ru;Cl;5]* (lower).

There was, however, a generally good correspondence in the
ordering of the levels.

The Fenske-Hall results were used to compute Mulliken
atomic charges, and the results are shown in Table V. The
charge distributions so obtained are physically very reasonable.
In both [Ru,Cly]*~ and [Ru,Cl,,]* the bridging chlorine atoms
have considerably lower charges than the terminal ones. This
agrees with experimental results by X-ray photoelectron
spectroscopy,? in which it is consistently found that the 2p
binding energies of bridging chlorine atoms are greater (by
0.5-1.2 V) than those for terminal chlorine atoms.

It is also notable that the charges for the central and outer
ruthenium atoms are quite consistent with the formal oxidation
numbers being +3 and +2, respectively, subject, of course, to
the expectation based on the electroneutrality principle that
actual metal atom charges remain less than 1+.

Discussion

Our principal objective in this work was to develop a reliable
description of the Ru-Ru interactions in the [Ru,Cly]* and
[Ru;Cl;,]* ions. We have also compared the computational
results with the small amount of spectroscopic data available
and shown that there is a reasonable measure of agreement.
Let us now turn to a consideration of how the computational
results may be interpreted in qualitative and chemically
meaningful terms.

Let us consider first the dinuclear complex [Ru,Clg]*. A
qualitative attempt to describe the electronic structure of this
closed-shell species might conveniently proceed as follows. We
first consider each octahedral RuClg portion of the dinuciear

(22) Ebner, J. R.; McFadden, D. L.; Tyler, D. R.; Walton, R. A. Inorg.
Chem. 1976, 15, 3014.
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Table IV, Upper Valence Molecular Orbitals of [Ru,Cl,,]4"
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b

% angular contribn®

% contribn Ru, Ru,
level® energy, eV Ru, Ru, ClL Cly, INT OUT $ P d $ p d
12, -7.1173 5 53 16 17 7 1 100
10e, ~7.2202 0 59 12 19 7 1 100
lleg -8.1571 53 6 29 3 7 0 100
8a,, -9.3175 26 58 6 6 4 0 100 100
Ta,u ~9.8888 0 73 7 12 6 0 100
9, -9.9427 0 75 4 14 7 0 100
10, —9.9473 1 73 S 13 7 0 100
e, —10.8310 72 2 15 4 6 0 100
Ta.g —11.0983 37 12 16 26 8 1 100 2 98
2a,5 ~11.5845 0 0 3 86 10 0
2a,y, -11.5916 0 0 2 87 10 0
8e, ~11.5926 0 0 5 84 10 0
8eg -11.6363 3 0 4 81 11 0
6a,y ~11.8922 0 3 34 54 7 1
Teg —12.1836 3 6 23 57 10 1
Teu -12.2207 0 6 29 53 10 1
62,4 ~12.6121 17 17 5 50 10 1 2 98 8 3 89
la,g ~12.6745 0 0 86 3 11 0
6e, -12.7167 1 8 36 44 10 0
la,y —12.9815 0 0 85 1 13 0
6eg ~12.9957 1 13 14 60 11 0 23 77
Sa,, —13.0298 0 9 7 70 12 0
5a,g —13.0566 1 8 5 73 12 0
Seqy —13.2565 0 5 55 27 11 1
4a,, -13.7105 2 14 52 20 11 0 15 2 83
Seg —14.1113 7 17 46 19 11 0 2 98
4e, -14.1712 3 9 67 6 14 0
3a,, —14.6551 3 10 68 9 10 0 81 8 11
3e, ~14,7850 0 31 48 16 4 0 100
de, ~14.7937 14 16 56 5 9 0 100 3 97
da,y -14.8617 10 7 60 9 13 0 27 73
3a,g -15.3781 13 9 66 2 10 0 61 39
3eg —15.5377 28 7 57 2 5 0 100

% The HOMO is the 7a,,, level. b Abbreviations for charge distributions: INT = intersphere; OUT = outer sphere. € Listed only for levels
with 10% or more Ru contributions. Ru, is the central ruthenjium atom, and Ru, denotes the peripheral ruthenium atoms.

Table V. Mulliken Atomic Charges from Fenske-Hall
Calculations

RuCl;?" Ru,Cl, %" Ru,Cl,,* ¢
Ru 1.077+ Ru 0.890+ Ru, 0.266+
Ru,  0.890+
Cl, 0379~ Ch 0333
Ci 0.680— ClL 0.607— Cly 0.674—

% Ru, is the central ruthenium atom, and Ru, denotes the peri-
pheral ruthenium atoms.

unit using one 3-fold axis of the octahedron as the axis of
quantization. The d,, and d,, orbitals are then the ones to be
used in Ru~Cl ¢ bonding and the d 2, d,,, and d,= 2 orbitals
are those available to hold the metal d electrons and, to some
extent, engage in Ru—Cl = interactions. When two such oc-
tahedra are fused on a common triangular face, to give a
structure of D;, symmetry, we obtain a structure in which the
two d,2 orbitals have ¢ character and can overlap to form o
and o* MQ’s, whose symmetry designations would be a,” and
a,”, respectively. At the same time the d,,/d,» ,» pairs will
have 6 character and can interact to form § and 6* MO’s, with
symmetry designations e’ and e/, respectively. For the
[Ru,Clg]* ion, there are 10 electrons to occupy the MO’s just
discussed. A qualitative energy level diagram based on the
above analysis is presented in Figure 5.

On this basis we correctly predict a closed-shell ground state
with a net Ru—Ru bond order of unity. We also predict, in
agreement with the SCF-Xa—SW and Fenske—Hall calcula-
tions, that the HOMO is an ¢” orbital and the LUMO an a,”
orbital. There is, however, a certain measure of disagreement
between the qualitative picture and the quantitative one. It

was assumed, qualitatively, that, because of their directional
properties, the d,, and d,, orbitals on the one hand and the
d,,, d,2,2 orbitals on the other would play rather different and
independent roles: the former would be mainly engaged in
Ru—-Cl ¢ bonding and the latter mainly used to form the e’
and e¢” molecular orbitals. There is, in fact, an almost complete
hybridization of these two sets, with the result that both the
¢ and ¢” molecular orbitals are of very mixed character and
not all of the pure é character envisioned in the qualitative
argument. In addition there is practically no difference in the
energies of the 8¢/ and 6¢” orbitals.

This high degree of mixing of the d= and dé type atomic
orbitals under the D;; symmetry of the chlorine atom ar-
rangement does not, in fact, come as a surprise; it was already
found in Ginsberg’s calculation'® on the [Mo,Cly]* ion. There
is, in fact, excellent overall agreement between the [Ru,Cly]*"
and [Mo,Clg}* results.

Let us turn now to the [Ru;Cl;,]* ion. As already discussed
briefly in the paper reporting the discovery of this ion,'” a
delocalized set of MO’s, based on metal d orbitals, spanning
the three metal atoms and occupied by 16 electrons should lead
to equivalent Ru-Ru bonds of order !/,. The qualitative
reasoning leading to this conclusion is the same, mutatis
mutandis, as that outlined in detail above for [Ru,Cly]* and
leads to the qualitative level diagram shown in Figure 5. Of
the occupied orbitals shown, two are nonbonding, the two
occupied e, orbitals cancel each other, and what remains is
a net two-electron, three-center bond. This is broadly similar
to the result of the SCF-Xa—SW calculation, which gives a
o antibonding orbital (8a,,) as the LUMO, and the top five
occupied MO’s are of the same types as those shown in the
qualitative picture. The ordering of these five levels is not fully
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in accord with the computational result, but the general picture
is reasonable. Once again, a high degree of mixing of the d=
and dé orbitals is revealed by the quantitative treatment. It
is not, of course, surprising that since this occurred in
[Ru,Cly]* it would continue to occur in the homologous
[RU3C112]4_ ion.

The Ru-Ru distances in the [Ru,Clg]* and [Ru;Cl,,]* ions,
2.725 (3) and 2.805 (1) A, respectively, are consistent with
the formal bond orders of 1.0 and 0.5, respectively. Obviously,
in structures of this kind where the metal-metal distance is
a function of several other factors, especially the presence of
bridging atoms, no simple quantitative correlation between

metal-metal distance and metal-metal bond order alone is to
be expected.
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The He I and He II photoelectron spectra of three Au(III) complexes, [AuMe;L] (L = PMe;, PMe,Ph, and PMePh,),
have been recorded in the gas phase. The spectra have been assigned with use of the previously assigned [AuMe(PMe,)]
spectrum and the cross section differences between the He I and He IT spectra. The Au 5d,2_,2 orbital is heavily involved
in bonding—mainly to the phosphines. An attempt is made to assign the other Au 5d ionizations in a rather small (0.75
€V) range. Trends in binding energies for the three complexes indicate that the donor strength of the phosphines increases
in the order PMe, < PMe,Ph < PPh,Me. A semiquantitative molecular orbital diagram for these complexes is constructed.

Introduction

Organogold(IIT) complexes, [AuMe;L] (L = phosphine),
are found to undergo reductive elimination of ethane after
dissociation of the phosphine ligand. Their catalytic properties
in providing a pathway for the coupling between alkyllithium
reagents and alkyl halides are well recognized.! The thermal
stability of [AuMe,L] thus depends on the ease of dissociation
of L, giving rise to gold(1II) (AuMe,) and gold(I) (AuMe)
species as reactive intermediates. The presence of a strong
Au-L bond, which is not readily cleaved, is responsible for the
thermal stability of these complexes.®

As a continuation of our study of the bonding in gold
phosphine complexes,>® we report the He I and He II pho-
toelectron spectra of three square-planar’ [AuMe;L] (L =
PMe,, PMe,Ph, PMePh,) complexes. We had two major
objectives in mind. First, we wanted to clarify the order of
a-donor ability of these ligands. The better o-donor ligand
is expected to increase the electron density at the metal, leading
to a smaller binding energy for the Au 5d orbitals and the
Au-C o-bonding orbital.® It is also expected that the phos-
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phine lone-pair orbital on the best donor will be stabilized the
most upon complexation. Second, the overall molecular orbital
diagram and in particular the role of the Au 5d orbitals in
bonding are of considerably interest.® In our previous pho-
toelectron study on [AuMe(PMe;)],* we confirmed that the
Au 5d,z orbital is involved in bonding; such d involvement has
been widely used to explain the high tendency of Au(I) to form
linear complexes.!®*? Using our assignment of the photo-
electron spectra, we are able to comment on the Au 5d in-
volvement in bonding and derive a semiquantitative molecular
orbital diagram for our Au(IIl) complexes.

Experimental Section

The four gold(I1I) complexes, [AuMe;L] (L = PMe,, PPhMe,,
PPh,Me, and PPh;), were prepared by using literature methods.!>!3
The complexes were then characterized with use of their characteristic
melting points and 'H NMR spectra.

The He I and He II photoelectron spectra of the complexes were
run on our McPherson ESCA-36 photoelectron spectrometer using
a hollow-cathode ultraviolet He lamp'¢ and computer fitted to Lor-
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