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#3-S Bonding Mode in H,M;3(CO)4S Clusters of Ru and Os.

An UV-PES and Theoretical Study
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The electronic structure of HyM3(CO)JsS clusters
(M = Ru, Os) is discussed on the basis of their He |
and He II excited gas-phase photoelectron spectra
and on the basis of CNDO quantum mechanical cal-
culations. The PE data clearly demonstrate the cleav-
age of two direct M—M interactions by operation of
the bridging hydrides, giving rise to three-center
two-electron M—H—M levels. The u3-S bonding mode
has been described in detail and compared with prev-
ious results on related u3-CY cluster derivatives. The
CNDO results on Rus(CO)sS~, HRus(C0O)y S~ and
H,Ru3(CO)yS indicate that the us-S—cluster inter-
action is mostly independent of the presence of the
bridging hydrides.

Introduction

Sulfur-bridged derivatives of transition metal
carbonyl clusters have been characterized long ago,
and today a variety of structural arrangements are
known [1] in which the sulfur atoms can act as a
2e,3e” or4e donor, namely
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Recently, S bridged species have been used as inter-
mediates for the synthesis of high-nuclearity carbonyl
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clusters, and the sulfur atoms, by virtue of adaptable
coordination numbers, have been recognized to assist
in the growth of large clusters through aggregation
of metallic fragments [2]. Furthermore, sulfur is a
severe poison for several catalysts [3] and it has
been suggested that atomic sulfur is chemisorbed on
the Ni(111) crystal face as a u;-bridging species [4].
A better knowledge of the bonding mode of suifur
with several metallic centers will then provide
information of some chemical relevance.

The electronic structure and the gas-phase UV
photoelectron (PE) spectra of derivatives of type A
and B have been already reported [5~7]. In partic-
ular, the Fe,(CO)¢S; molecule has been the object
of several theoretical [5, 8] and PE studies [5, 6];
Van Dam et al. [5], on the basis of ab initio calcula-
tions, proposed that the bonding of the briding S,
ligand occurs mainly through the donation of
electrons from the Fe,(CO)s moiety to empty
orbitals of the bridging ligand. We recently examined
PE spectra of H(SR)Os3(CO),o derivatives [7]
where the B type coordination mode is present.

We report here the He I and He II excited PE
spectra of HyM3(CO)eS (M = Ru, Os), as being repre-
sentative of the u3-S coordination mode C.
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CNDO type calculations have been also used as a
theoretical aid to discuss the PE data in order to
gain more insights into the bonding scheme; more
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Fig. 1. He I and He II PE spectra of H, Ru3 (CO)gS.

accurate quantum chemical methods are precluded by
their molecular complexity.

The aim of this work was oriented to assess the
following points:

(i) The bonding scheme relative to the 3-S coordi-
nation mode in comparison with that previously
reported for u3-CY [9, 10];

(ii) The role of H bridges with regard to the
metal—metal and cluster—sulfur interactions;

(iii) The charge density distribution within the
whole cluster framework.

Experimental

Preparation

Both complexes H,Ru3(CO)sS (I) and H,Os;-
(CO)sS (1I) have been synthesized by direct reaction
of Ru3(CO),, and Os;(CO),, respectively with H,S,
according to the literature methods [11, 12]. Their
purity was checked by IR and MS spectroscopy.

PE Spectroscopy

He I (21.217) and He II (40.814) excited PE
spectra were run on a Perkin-Elmer PS-18 spectro-
meter using a heated inlet probe system. They
were recorded in the 70—100 "C temperature range
and no decomposition evidence has been observed.
The spectrometer was connected on-line with a
Minc-23 computer (Digital Eq.). Data acquisition was
carried out by 5—6 sweeps over 500 distinct channels,
each sweep amounting to ca. 5 minutes. The ioniza-
tion energy (IE) scale was calibrated by reference
to peaks due to mixed inert gases (Xe, Ar) and to
157! He ionization. The IEs reported in Table I are
the mean values over several distinct runs.
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Fig. 2. He I and He II PE spectra of H,0s3(CO)sS.

Calculations

Quantum mechanical calculations were performed
by a version of the CNDO method [13] suitable for
transition metal complexes. Ru semi-empirical para-
meters were obtained [13] from atomic
spectroscopical data, whereas the C, O, H and S para-
meters are Pople’s standards [14]. The geometrical
data used in the calculation refer to the Xray struc-
tural determination of I [11]. The molecule contains
a mirror plane and the MOs are labelled according to
the C4 point group. The computed eigenvalues were
related to the measured IEs assuming the validity of
the Koopmans’ theorem [15]. Gross atomic charges
and overlap populations were obtained by Mulliken’s
population analysis [16] of the de-orthogonalized
[17] eigenvectors.

Results and Discussion

PE Data

The He I and He II excited gas-phase PE spectra
of I and II are shown in Figs. | and 2 respectively
and the pertinent IEs are reported in Table I.

In the lowest IE region (up to 13.5 eV of the He
I spectra) both I and II present four well-resolved
bands labelled as A, C, D and E in the Figs. and a
broad band B with several components (shown as B,
B”, B™). Minor differences between I and II, how-
ever, are evident as far as the relative intensity of
bands A, B and C with respect to the higher IE bands.
In particular, the increased intensities in II is certain
to be related to the larger He I photoionization cross-
section of Sd orbitals with respect to 4d ones
(‘heavy metal effect’) [18], and this experimental
evidence furnishes information in order to recognize
the bands related to ionizations from MOs mainly
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TABLE I. Experimental Ionization Energies (eV) of the
Studied Clusters.

Band HaRuz(CO)oS H,0s3(CO)oS
A 7.80 8.09
B’ 8.38 8.88
B 8.81 9.31
B” 9.31 9.62
B” 9.77 9.96
C 10.28 10.78
D 11.08 11.55
E 11.54 12.18

localized on the metallic framework. Further infor-
mation is obtained by the analysis of the He I/He
Il intensity changes (Figs. 1 and 2): the marked
decrease of bands D and E is to be related to high
contributions from hydrogen 1s and/or sulfur 3p AOs
to the corresponding MOs, due to their very low
photoionization cross-section at the He II wavelength
[19].

The spectral region beyond 13.5 eV consists of
a very broad and unresolved envelope, mostly due to
ionizations from levels localized on the carbonyl
framework (50, 1w and 40 MOs of free carbon
monoxide). This broad band prevents the detection
in this region of resolved bands pertaining to MOs
not localized on the carbonyl groups. Further analysis

TABLE II. CNDO Results for HyRu3(CO)sS.
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of this region is not productive and we shall confine
ourselves to the discussion of the lower IE region.

In this section we will discuss qualitatively the
PE data on the basis of experimental criteria and
comparison arguments with previously reported
related molecules. In particular, the recent PE
data on several trimetallic clusters of Ru and Os [7,
20~22] have shown that the lower IE region (up to
13.5 eV) can be divided into three parts, which
correspond to ionizations with a peculiar predomi-
nant character, ie. metal-metal bonding, metallic
‘nd’ non-bonding, and cluster—substrate bonding.

Band A in both I and II is assigned to ionization
from a metal—metal bonding level: their IEs are very
similar to those found in triangular clusters contain-
ing three or two direct metal—metal interactions
[7, 20-22]. It is interesting to note, however, that
in the present case one well-resolved and sharp band
has to be attributed to just one direct metal—metal
bonding level. Band B (with its shoulders) and band
C are related to ionizations from MOs largely localiz-
ed on the metal atoms with predominant
non-bonding ‘nd’ character (referenced as ‘t;glike’
because of their parentage with pseudo-t,, orbitals
of a M(CO), fragment [23]). As previously shown [7,
24] the ionizations within the ‘t;glike’ set can be
split into several components according to the geo-
metrical arrangement of the metallic framework and
the nature of the bridging ligands. Actually, the band
labelled as C in Figs. 1 and 2 is always present at
the same IE in the spectra of all the trinuclear clusters

MO € (eV) pop., % dominant character
Ru S 2H 9CO
Ru3 Rul,2
282" (LUMO) +2.09 19 68 2 0 11 Rul—-Ru2 antibonding
34a’ (HOMO) —-6.07 1 87 2 0 10 Rul-Ru2 bonding
33a’ -7.53 24 48 16 4 8
273" -7.78 18 59 12 7 4
32a’ -7.91 18 59 14 0 9
26a” -8.03 4 86 1 0 9
253" 8.37 15 76 0 0 9 > ‘t2g-like’ non-bonding metallic levels with
. - * .
242" _8.41 23 59 7 1 10 some mixture of sulfur and n* CO orbitals
314’ —8.46 32 57 0 1 10
30a’ -8.76 51 38 2 0 9
29a’ -9.17 54 36 1 2 7
233" -9.25 48 25 2 15 10 A
28a’ -941 41 30 2 12 15 Ru3 Rul,2 bonding
274 -10.58 12 31 46 1 10 } elike’ S-cluster bondi
222" ~1098 2 20 40 6 10 ke S-cluster bondme
26a’ -13.04 13 20 54 6 7 ‘aylike’ S-cluster bonding
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Fig. 3. CNDO correlation diagram between Ru3(CO)g, Ru3(CO)g s, HRu3(C0)9S and HyRu3(CO)oS.

containing a M3(CO), subunit [21, 22]. In our opi-
nion this feature is evidence to assign band C to a
‘taglike’ level representing a stabilized in-phase com-
bination of metallic ‘nd’ orbitals.

Bands D and E are to be related to M—H—M and
M;--S bonding levels. However, experimental criteria
are not sufficient to assign the two bands with
enough confidence. The theoretical results reported
in the next section will allow us to discuss the
bonding scheme and the assignment in more detail.

Theoretical Results

On the basis of the empirical EAN rule, the title
compounds can be qualitatively described as 48-
electron saturated clusters when the sulfur atom is
considered as a four electron donor. This qualitative
method, however, cannot give information about the
actual electronic distribution. Qualitative analyses of
the u3-S bonding scheme have been already reported
for the related paramagnetic Coz(CO)sS molecule
[25, 26] ; however, in this case, the emphasis was on
the localization of the unpaired electron and the dis-
cussion of the bonding of the whole cluster has been
limited to symmetry considerations.

CNDO computed eigenvalues and eigenvectors of
the 15 outermost occupied MOs and of the LUMO of
H,Ru3(CO),S are reported in Table II. As already
noted in previous studies [20, 21], the CNDO
method reproduces the major PE spectral features

(within the Koopmans’ theorem [15]). In fact, the
assignment of the PE spectra discussed in the previous
section on the basis of purely comparative experi-
mental arguments are fully confirmed by the
results of Table I, where the predominant character
of each MO is also shown. In particular the HOMO
342, well distinct in energy from the subsequent
MOs, relates to the non-bridged Rul—Ru2 bond and
is assigned to the band A of Figs. 1 and 2. The sub-
sequent nine MOs, largely localized on the metal
centers, are associated to the ‘t;.like’ bands B and
C whereas the 23a”, 28a’, 27a’, 22a" MOs, with high
contributions from S and H atoms, are related to
bands D and E. The only discrepancy between the
computed and experimental IEs consists in the energy
spacing between the Ru~H-Ru and Ru;-S bonding
MOs. According to the theoretical results, the ioniza-
tion associated to the inner 26a’ Ruz;—S bonding
orbital should be expected under the broad band due
to the carbonyl ionizations at higher IE.

It is worth noting that the CNDO computed
LUMO 282" (Table II) has a metal-metal
antibonding character, in agreement with the results
obtained for the localization of the further unpaired
electron in the related Co3(CO)sS molecule [25, 26].

A more detailed picture of the bonding scheme is
obtained by reference to Fig. 3 where a correlation
diagram between the outmost MOs of the Ru3(CO),,
Ru3(C0)¢S™, HRu3(CO)S™ and H,Ru3(CO),S sys-
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Fig. 4. CNDO gross atomic charges and overlap populations for Ru3(CO)g (a), RU3(CO)9$= (b), HRu3(C0O)¢S™ (c) and H,Ruz-

(CO)gS (d).

tems is reported. The geometry of the fragments has
been kept frozen as in the dihydride cluster* and the
energy levels have been shifted in order to match the
energy of the outmost Ru—Ru bonding MO in the
fragments.

The Ru3(CO)y fragment shows three high-lying
‘tyglike’ levels (irl the same region of the three Ru—
Ru metal bonds and labelled with an asterisk in Fig.
3) which are suitable to donate charge to the us-S
atom**. A clear description of the interaction involv-
ing the sulfur atom is obtained by the comparison
with the levels of Ru3(CO)S™. The ‘t,glike’ levels
now span over a small energy range because of
stabilization of the high-lying levels and destabiliza-
tion of the inner ones. This reflects respectively a
charge donation from Ru3(CO), to virtual AOs of
the sulfur atom and a mixing of the filled inner
sulfur orbitals with ‘t;glike’ cluster levels which
are close in energy.

The former mechanism explains the high sulfur
contribution to the 33a’, 27a" and 32a’ MOs shown
in Table II. The inner sulfur based MOs are grouped
in two sets which relate to ‘edike’ and ‘a,-like’ in

*In our opinion this procedure eliminates arbitrariness in
the choice of the geometry of the fragments and furnishes a
better description of the interaction pattern.

**These pending MQs arise from the peculiar geometrical
arrangement of the fragment. When the ideal C3, geometry is
assumed, results very similar to those obtained by Schilling
etal, [27] and Sherwood et al. [24] are reproduced.

an jdeal C;, symmetry; the bonding scheme is very
similar to that previously proposed for the CY frag-
ment over a metallic triangle [9, 10]. A remarkable
difference, however, is found for the energy of this
‘e-like’ bonding level: in H3Ru;3(CO)yCY [10] this
‘e-like’ level lies at higher energy with respect to
the ‘t,glike’ metallic levels, whereas in the present
case and in Co;(CO),CY [9] this ‘e-like’ orbital
lies at lower energy.

The major effect (Fig. 3) of interaction with one
(HRu4(CO),S™) or two hydrogen atoms (H,Ru;-
(CO),S) is the cleavage of one or two Ru—Ru bonds
giving rise to lower-lying Ru—H—Ru bonding MOs.
The perturbation of H-bridges on the Ru;—S bonding
system can be considered negligible.

The atomic gross charges and overlap populations
(Fig. 4) obtained by Mulliken’s population analysis
of the CNDO eigenvectors provide further insight into
the electronic charge distributions. This analysis is
of particular significance when carried out in a
comparative way, such as that employed in Fig. 4
where the data for the various fragments are
compared. Let us follow the building up of the
cluster from the fragments (Fig. 4): in the frozen
Ru3(CO), unit (Fig. 4a) there is a large charge un-
balance between the metal centers because of the
non-equivalent Ru—Ru distances (see the correspond-
ing overlap populations). The presence of the sulfur
atom (Fig. 4b) balances the metallic atomic charges
by means of selective interactions: the Rul and Ru2
atoms gain charge by a strong charge donation from
sulfur into a Rul—Ru2 antibonding level (see the
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reduction of the Rul—Ru2 overlap population*).
However, the observation that the three Ru—S and
Ru—Ru overlap populations are eventually equivalent
(Fig. 4b) shows that the sulfur—cluster interaction
is not far from a C,, symmetric description. The
introduction of the hydrogen atom (Fig. 4c and 4d)
draws charge at the bridged metallic edges and mark-
edly reduces the corresponding Ru—Ru overlap
populations. Both these facts are the consequence
of the mentioned conversion of Ru—Ru bonding
MOs into three-center two-electron Ru—H—Ru
orbitals. As a consequence, the sulfur atomic charge
reduces progressively whereas no significant varia-
tion in the Ru--S overlap populations is found.

These findings are supported by the diffraction
studies of the related clusters HOs3(CO)yS™ (X-ray)
[28] and H,0s;(C0O),S (II) (X-ray and neutron)
[29]. In the anion there are two short and one long
(probably hydride-bridged) Os—Os distances; in the
parent cluster there are one short and two long
(hydride-bridged) Os—Os bonds; however the mean
Os—S distances in the two molecules are almost
identical.
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