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EHT and DFT calculations have been carried out on a series of triangular 50-electron M;L, clusters and of other
electron-rich related species in order to understand why they are both diamagnetic and Jahn—Teller stable,
although they exhibit weak M—M bonding. The six MOs associated with the M5 skeleton are combinations of ¢
and n_ frontier orbitals on the metal centers. In all these compounds the large calculated HOMO-LUMO gap is
the consequence of two major factors: (i) the ¢ hybrid-type of the hybrid-type ¢'* LUMO, which maintains it at a
high energy despite its weak antibonding character and (ii) the m_ d-type character of the occupied out-of-phase a}*
level, which maintains it at low energy. On the other hand, at the considered internuclear separations the a’
in-phase combination of the c metal hybrids always has enough bonding character to be low-lying. The
particularly low energy position of the a’,* level, which contains the two extra electrons, is the result of the
particular orientation of the ligands around the metal centers, which controls the orientation, the hybridization and
the energy of the m_ frontier orbitals. The presence of n-donor in-plane bridging ligands strongly favors the stability
of these electron-rich clusters, while terminal-only ligands or m-acceptor bridging ligands do not. The M—M
bonding character is mainly contained in the a’ skeletal MO. Cluster core isomerism is discussed with respect to

the opening of one M—M edge of the triangle.

Organometallic M;L, clusters presenting a regular triangular
metallic framework possess generally a total metal valence
electron (MVE) count of 48, in accordance with the 18-
electron rule and the presence of M—M single bonds. Exam-
ples of MVE counts lower than 48 are known. Their stability
can be generally rationalized through the existence of local-
ized or delocalized multiple bonding! or by the presence of
16-electron metal centers lying in a planar coordination
environment (see below). The formal addition of 2 electrons to
a 48-MVE system is expected to result in the breaking of one
M—M bond, leading to an open M; triangle in which the
metal centers still obey the 18-electron rule. There are,
however, examples of regular and more-or-less regular
50-MVE triangular clusters in which the M—M bonds are
generally longer that what one would expect for localized 2-
electron 2-center bonds.>® These compounds are listed in
Table 1a, together with their reported M—M bond distances.
Related clusters of higher nuclearity that can be described as
containing a 50-MVE triangle are listed in Table 15.°712 In all
these clusters, the metal triangle is bridged by p, or p, ligands,
which may be interpreted as indicative of some intrinsic weak-
ness of the metallic framework. However, this seems contra-
dictory with the stability and diamagnetic behavior of these
species, which suggest the existence of a significant (if not
large) HOMO-LUMO gap. This has been confirmed by theo-
retical extended Hiickel theory (EHT) investigations on some
of these complexes.3*+ 11519 Using the results of these previous
studies as well as simple symmetry arguments, one can simply
describe the metal electronic structure of these electron-rich
clusters as follows.

Starting from a regular 48-MVE M;L, species of ideal Dy,
symmetry, group theory considerations lead to a description
of the 3 localized M—M bonds as formed by 3 occupied
bonding MOs of a; and ¢’ symmetry and 3 unoccupied anti-
bonding MOs of a), and e’ symmetry, as sketched in Fig. 1(a).

In a 50-MVE species, there are 2 extra electrons in the anti-
bonding system. The occupation of the antibonding e'* level
would induce either a paramagnetic behavior or more likely a
first-order Jahn-Teller distortion, which would lead to the
breaking of one M—M bond. It turns out that in all the cal-
culated 50-MVE species, the occupied M—M antibonding
orbital is found to be the non-degenerate a,* level.>*
However, this is not a sufficient condition to stabilize a dia-
magnetic triangular system. Indeed, a small HOMO(a),*)—
LUMO(e'*) gap would induce a second-order Jahn—Teller dis-
tortion or lead to some paramagnetism. In the previously cal-
culated models, the a%* level was always found to lie at a
surprisingly low energy considering its out-of-phase character,
and the associated HOMO-LUMO gap is computed to be
large,3* as schematized in Fig. 1(b). Therefore, while the sta-
bility and diamagnetism of the triangular 50-MVE clusters
seems to be understood, important questions remain: why, in
all these 50-MVE species, is the occupied M—M a%* anti-
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Fig. 1 The molecular orbitals associated with M—M bonding in a
diamagnetic M;L, regular triangular cluster: (a) 48-MVE species, (b)
50-MVE species.
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Table 1 Structurally characterized 50-MVE M;L, triangular clusters and related compounds: M—M bond distances and some EHT-computed

data
Compound M—M distance/A M—M overlap population HOMO-LUMO gap/eV Reference
(a) 50-MVE M, systems
(1)* [Mos(5-Bi)(i3-OMe),(CO),Mo(CO),]2* 3.077, 3.087, 3.082 0.080, 0.073, 0.079 1.58 2
(2)® Mos[p;-AsMo(CO)s](1;-OMe),(CO)yMo(CO),]*+ 3.037, 3.022, 3.048 0.063, 0.062, 0.061 0.99 3
(3) Ru,(ps3-n?-PPhpy)(u-PPh,)5(CO), 3.112, 3.085, 3.112 0.054, 0.058, 0.035 1.55 4
(4) Ru,(p-Cl)(p-PPh,),(CO), 2.929, 3.222, 3.129 0.060, 0.049, 0.070 1.87 5
(5) Ru,(p;-H)(u-PPh,),[p-P(Ph)CsH,J(CO)4 3.034, 3.207, 3.146 —0.006, 0.000, 0.005 221 6
(6) Os,(11,-n*-CCPr),(1i-PPh,),(CO), 2.972, 3.246, 3.101 0.111, 0.078, 0.110 230 7
(7) Rhy(p-PPh,),(CO), 3.123, 3.222, 3.083 0.031, 0.010, 0.013 1.54 8
(8) Rh,(n-PPh,),(CO)4(PPh,H) 3.117, 3.245, 3.130 0.019, 0.000, 0.019 1.58 8
(b) Metal-bridged 50-MVE M, systems
(9) Ruj(p,-0,-n>-CCBu')(p-PPh,)[p-Ru(CO),J(CO), 3.157, 3.197, 3.025 0.067, 0.049, 0.123¢ 1.28 9
(10) Ru,(u-PPh,),[Fe(CO),](CO), 3.148, 3.171, 3.098 0.047, 0.053, 0.107¢ 1.36 10
(11) Ruy(p-PPh,),[Ru(CO),](CO), 3.178, 3.178, 3.051 0.051, 0.051, 0.116¢ 1.26 11
(12) Ru,(u-PPri),[Ru(C0O),](CO), 3.199, 3.160, 3.076 0.050, 0.057, 0.116¢ 1.23 11
(13) Ru,[p-PNPr,],[Ru(CO),J(CO), 3.106, 3.106, 3.159 0.064, 0.064, 0.099¢ 1.20 11
(14) Ru,[p-P(OEY),],[Ru(C0O),](CO), 3.232, 3.218, 3.032 0.042, 0.045, 0.130° 1.20 11
(c) Related 44-MVE M, systems
(15) Pd,(p-PBu}),(CI)(CO), 2.949, 2.949, 3.000 0.065, 0.065, 0.052 1.56 12
(16) [Pd,(u-PPh,),(u-CI)(PPh,),1* 2.933, 2.936, 2.906 0.067, 0.063, 0.053 1.27 13
(17)¢ [Pd,Pt(u-PPh,),(u-Cl)(PPh,),]* 2.878, 2.886, 2.908 0.053, 0.092, 0.086 1.61 13
(18) [Pd,(p-PPh,),(u-Cl)(PEt;);]" 2.935, 2.928, 2.894 0.066, 0.070, 0.062 1.30 14
(19) Pd4(p-SO,),(CNBu'); 2734, 2734, 2.760 15
(20) Pt,(u-PPh,),(PPh,),(Ph) 2.956, 2.956, 3.074 0.085, 0.085, 0.081 1.80 16
(21) [Pt4(u-SO,),(u-Br)(PCy3);]1~ 2.887, 2.887, 2.883 0.133, 0.133, 0.104 2.59 17
(d) Related metal-bridged 44-MVE M, system
(22) {Pt;[p-Fe(CO),15(CO),}>~ 2.751, 2.755, 2.743 0.197,° 0.197,° 0.193¢ 1.39 18¢

a One Mo atom is not directly bonded to the Mo, triangle. > Two Mo atoms are not directly bonded to the Mo, triangle. © Metal-bridged
M—M bond. ¢ Non-stoichiometric compound (Pd, ; 4Pt, 5,). The approximate stoichiometry Pd,Pt was considered in the calculations.

bonding orbital lying at a much lower energy than the other
M—M antibonding level ¢'* [Fig. 1(b)]? Why is the a,* level
high-lying in the case of the regular 48-MVE compounds [Fig.
1(a)]? In order to provide a better insight into the electronic
and structural factors that control differently the energies of
the a%,* and e¢’* levels, we have undertaken a theoretical inves-
tigation of the electronic structure of these triangular clusters.
Calculations were carried out using both EHT and density
functional theory (DFT) methods. Details of the calculations
are given below.

Computational details

EHT calculations?® were carried out using the CACAO
package.”! The weighted H;; formula was considered.’? The
atomic parameters used for H to Br are the standard ones.2°
For the other elements, the valence ns and np exponents (£)
and the valence shell ionization potentials (H;; in eV) are given
below. 6s(Bi): 2.653, —15.75; 6p(Bi): 2.092, —10.52; 5s(Ru):
2.078, —8.6; 5p(Ru): 2.043, —5.1; S5s(Rh): 2.135, —8.09;
5p(Rh): 2.100, —4.57; 5s(Pd): 2.190, —7.32; 5p(Pd): 2.152,
—3.75; 6s(Pt): 2.554, —9.08; 6p(Os): 2.300, —8.17; 6s(Os):
2.300, —4.81; 6p(Pt): 2.554, —5.47. The transition metal
(n — 1)d valence orbitals were described by a linear com-
bination of two Slater-type orbitals of exponents &, and &,
with the weighting coefficients C; and C,. The (n— 1)d
parameters are listed below in the order &, &,, Cy, C,, Hj;.
4d(Ru): 5.378, 2.303, 0.534, 0.637, —12.20; 4d(Rh): 5.680,
2.450, 0.544, 0.653, —12.50; 4d(Pd): 5.983, 2.613, 0.554, 0.670,
—12.02; 5d(Os): 5.000, 2.100, 0.666, 0.541, —11.84; 5d(Pt):
6.013, 2.696, 0.633, 0.551, —12.59. In the calculated models
the following bond distances (10&) were assumed:
Ru—CO(terminal) = 1.88; Ru—CO(bridge) = 2.15; Ru—P =
2.36; Ru—Cl=1245; C—0O =1.14; P—H =142. All the
Walsh diagrams were calculated assuming variation of the
Ru—Ru separation, all the other bond distances being kept
constant. Calculations on the compounds of Table 1 were
run on the X-ray molecular structures obtained from the
Cambridge Data Base system.?®> When unavailable, hydrogen
atoms were placed at calculated positions. Due to their large

510 New J. Chem., 1999, 23, 509-515

number of atoms, compounds 16, 17 and 20 were simplified by
replacing some alkyl or phenyl groups by hydrogen atoms.

DFT calculations?* were carried out using the Amsterdam
Density Functional (ADF) program.?> Electron correlation
was treated within the local density approximation in the
Vosko-Nusair parametrization (LDA).2% The numerical inte-
gration procedure applied for the calculations was developed
by te Velde and Baerends.?*? A triple-{ Slater-type orbital
(STO) basis set was used for Ru 4d and 5s augmented with a
single-{ 5p polarization function. A double-{ STO basis set
was employed for H 1s, C and O 2s and 2p, P and Cl 3s and
3p, extended with a single-{ polarization function 2p for H
and 3d for C, O, P and Cl. A frozen-core approximation was
used to treat the core electrons of C, O, P, Cl and Ru.?#

Results and discussion

The 50-MVE [Ru,(u-PH,);(CO)o]* and [Ru,(p-
Cl);(CO),] * models

The choice of [Ru,;(u-PH,);(CO)g]* of D, symmetry [see
Scheme 1(a)] as the first computed model comes from the fact
that most of the known 50-MVE triangular clusters have
bridging phosphido ligands (see Table 1a,b). This model is in
fact strongly related to compound 5.5 The EHT-computed
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(a) [Rug (1-PH, ), (CO)gI*+

(b) [Ru,(CO), ]2-

(c) [Rua(H-CO)3(CO)9]2-
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Fig. 2 EHT-computed Walsh diagram associated with the elongation of the Ru—Ru bonds (all the other geometrical parameters being kept
constant) of the 50-MVE D,, models: (a) [Ru,(u-PH,);(CO),]*; (b) [Ru,;(CO),,]*>~ (unbridged); (c) [Ru,(n-CO);(CO)y]>. Solid lines corre-

spond to skeletal MOs.

Walsh diagram associated with the variation of the Ru—Ru
distances from 2.5 A to 3.6 A, the M—P distances being kept
constant, is shown in Fig. 2(a). The levels associated with the
Ru—Ru bonds [see Fig. 1(b)] are represented by solid lines.
Although the ¢'* and a,* levels exhibit parallel stabilization
upon cluster expansion, ¢'* always stays high-lying while a’,*
remains at low energy. Regardless of the Ru—Ru separation,
the HOMO-LUMO gap of this 50-MVE species is large.
Since the EHT-optimized Ru—Ru distance (3.35 A) was some-
what larger than the reported experimental values, calcu-
lations were carried out assuming Ru—Ru = 3.10 A. The
corresponding MO diagram is shown in Fig. 3(b). For this
distance, the HOMO-LUMO gap is 2.03 eV. The total
Ru—Ru overlap population is 0.062, a value indicative of a
significant but still weak bonding. The Ru—Ru overlap popu-
lation in each of the ¢’* LUMOs is —0.055. The correspond-
ing value for the a%* level is —0.033. The in-phase occupied
orbitals assumed to be responsible for the Ru—Ru bonding,
namely ¢’ and a’j, have respective overlap values of 0.008 and
0.071. Clearly, the Ru—Ru bonding interaction is essentially
contained in the a} HOMO.

It is interesting to note that, at the considered Ru—Ru dis-
tance, the significantly antibonding a%* orbital is situated
below the bonding a) level. The a,* MO has a large metal
participation (85%) of which more than 84% is from 4d AO.
A rather similar situation is found for the in-phase e’ orbitals.
This is not the case for the a} and e'* levels for which the 5p
and 5s AOs contribute roughly one-third (¢'*) or one-half (a)))
of the total metallic participation. This suggests that the ener-
gies of the 6 skeletal orbitals depend not only on their
Ru—Ru bonding or antibonding nature, but also on their
5s/5p vs. 4d composition. This can be shown by a calculation
in which all the Ru—Ru overlap integrals are set equal to
zero. Such an artifact cancels all the Ru—Ru bonding and
antibonding interactions. As a result, the bonding com-
binations are somewhat destabilized and the antibonding ones
are stabilized, but some of these orbitals still remain far from
each other. While the ¢ and a%* orbitals become quasi-
degenerate at ~12.3 eV, the ¢’* LUMOs maintain a rather
high energy (—10.18 eV), lying 1.14 eV above the a} HOMO.

The skeletal MO level ordering in [Rus(u-PH,);(CO),]*
can be conceptually reconstructed from the interaction of the
frontier orbitals of the three metal centers lying in their local

ligand environment. In the three Ru(p-1/2PH,),(CO); inter-
acting fragments, the metal centers are in a local environment
that is intermediate between capped square pyramidal and tri-
angular bipyramidal (P—Ru—P = 158°). The frontier orbitals
of such fragments are well-known.?”-28 They consist of a high-
lying o-type d/s/p hybrid and a set of three poorly hybridized
d-type levels of m, m_ and & local symmetry, respectively. A
good approximation for obtaining the frontier orbital diagram
of the virtual Ru(p-1/2PH,),(CO); fragment is to extract a
Ru(PH,),(CO); unit out of [Rus(p-PH,);(CO)y]* and to
replace the two missing (u-P)—Ru bonds on the phosphorus
atoms by P—H bonds, without changing any bond angle.?®
The frontier orbital diagram of such a Ru(PH,),(CO), frag-
ment, obtained by EHT calculations, is shown in Fig. 3(a). It
is important to note that, due to its hybrid nature, the s-type
frontier level lies largely above (1.88 eV) the d-type set. When
the three Ru(u-1/2PH,),(CO); are brought together, the
major interactions associated with Ru—Ru bonding are
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Fig. 3 Generation of the EHT-MO diagram of [Ru,(p-
PH,),(CO),]" (a) from the interaction of the frontier orbitals of three
Ru(p-1/2PH,),(CO); fragments and (b) assuming Ru—Ru = 3.1 A
DFT level ordering of (¢) [Rus(u-PH,);(CO)y]* and (d) [Ru,(p-
PH,),(CO)1**. D, symmetry is considered.
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afforded by the o and =n_ frontier orbitals. By symmetry, a] is
pure ¢ and a%* is pure m_. The bonding ¢’ orbitals are mainly
T, in character with some ¢ admixture while the antibonding
e'* orbitals have a dominant o participation with some m_
participation, mixed in a destabilizing way. The n and 6 frag-
ment orbitals yield more-or-less nonbonding combinations. It
is clear from overlap considerations that the combinations of
the o hybrids are expected to exhibit a splitting larger than
the combinations of the d-type m_ orbitals. Therefore, e* is
expected to lie at high energy, always above the o hybrid of
the Ru(p-1/2PH,),(CO); fragment from which it originates,
even at large Ru—Ru separations. On the other hand, the
d-type m_ fragment orbitals being low-lying and contracted,
their out-of-phase combination a%* is expected to remain at
much lower energy. The resulting interaction diagram is
shown in Fig. 3(a, b) still assuming Ru—Ru = 3.1 A. Thus, it
appears that the existence of a large HOMO-LUMO gap for
the 50-MVE count requires two conditions: (i) non-negligible
(although weak) overlap between the o hybrids so that their
in-phase aj combination stays at sufficiently low energy and
(i)) m, orbitals on the metal centers that are essentially of
d-type character (i.e., low-lying and contracted).

Fig. 2(a) shows significant destabilization of the a’,* orbital
at short Ru—Ru separation, suggesting stability for the
closed-shell 48-electron configuration [such as in Fig. 1(a)].
The EHT-optimized distance in [Rus(u-PH,);(CO)o]?* for
this configuration is 2.84 A. At this distance, the m, interaction
is stronger and the Ru—Ru overlap population (0.132) is
indicative of a real single bond. As a matter of fact, the related
48-MVE compound Re,(u-PPh,);(CO), has been isolated and
characterized (Re—Re = 2.91 A).3°

In order to bring a more quantitative overview to our EHT
analysis, we have also carried out DFT calculations on the
D;, models [Rus(u-PH,)5(CO),1* and [Ruj(p-
PH,);(CO),1** (see Computational details). The major struc-
tural and electronic results corresponding to the optimized
geometries are given in Table 2 and Fig. 2. It is clear from
comparing Fig. 3(b) and 3(c) that both types of calculations
are in a very good agreement. The optimized Ru—Ru separa-
tion of the 50-MVE cation is slightly longer than the corre-
sponding average value of the related compound 5.° DFT
calculations found the a,* level to be the HOMO of the
monocation with a large HOMO-LUMO gap (2.50 eV), in
full agreement with EHT and experiment. The stability of the
D, arrangement with respect to the open triangle was evalu-
ated by doing several optimizations of [Ru,(u-PH,);(CO)y]"
in the C,, and C, symmetries. No significant distortion away
from the regular triangular structure was found. However, the
exploration of the potential energy surfaces indicates that
small distortions away from the ideal D, symmetry require
little energy.

DFT calculations found also a large HOMO-LUMO gap
for the 48-MVE D, cation, suggesting stability for such
species, but with significantly shorter M—M bonds. The
metrical data optimized for [Ru;(u-PH,)5(CO)4]%* (Table 2)
are consistent with the X-ray structure of the isoelectronic
complex Re;(u-PPh,);(CO), .30

We have also investigated the electronic structure of the iso-
electronic [Ru,(u-Cl);(CO)y]" D,, model [Scheme 1(b)]. The
EHT results (including the Walsh and MO diagrams) are very
similar to those obtained for the isoelectronic [Rus(p-
PH,),;(CO),]* model. At Ru—Ru = 3.1 A, the corresponding
overlap population is 0.067, with a HOMO-LUMO gap of
1.77 eV. Obviously, the triangular architecture appears to be
able to house 50 MVEs. DFT calculations (Table 2) show also
strong similarities between the phosphido- and chloro-bridged
D;, models. The DFT HOMO-LUMO gap is large (2.53 eV)
and unique in the frontier MO region. The stability of the
regular triangle with respect to the open triangle was evalu-
ated by doing several optimizations in the C,, and C, sym-
metries. As for the phosphido relative, although the associated
potential energy surface was found to be rather flat, no signifi-
cant stabilization upon distortion away from the ideal D,y
symmetry was computed.

The unbridged 48-MVE and 50-MVE [Ru;(CO),,]%2~
models

48-MVE M;L;, (M =Ru, Os) compounds are known to
adopt the unbridged molecular structure exemplified by
Ru4(CO),, in Scheme 1(c).!**3! In order to understand why
no unbridged 50-MVE cluster is known so far, we have inves-
tigated the electronic structure of the unbridged
[Ru,;(CO),,]%?~ systems. The EHT-computed Walsh
diagram associated with the variation of the Ru—Ru dis-
tances is shown in Fig. 2(b). As for [Ru,(u-PH,);(CO)y] ", the
e’* and a,* levels exhibit parallel stabilization upon cluster
expansion. However, in contrast to the phosphido and chloro
derivatives, the energy separation between these two levels is
smaller and the a%* orbital never reaches a low energy. At a
Ru—Ru separation of 3.1 A, the a%* level lies 0.93 eV above
the a} level and 1.04 eV below the e¢'* level. Even at this rather
long distance, the 50-MVE count does not appear to be
strongly favored. The EHT-optimized Ru—Ru distances are
2.68 and 2.93 A for the 48-MVE and 50-MVE counts, respec-
tively.

The high energy of the a%* orbital in Ru,;(CO),, can be
easily understood by looking at its EHT MO diagram based
on the interaction of three Ru(CO), fragments, as shown in
Fig. 4(a, b) for a Ru—Ru separation of 3.1 A. It is well-known
that an octahedron-derived ML, fragment has two frontier
orbitals of o and =m_ local symmetry, which are high-lying
hybrids.?8:2° Therefore, even at very large Ru—Ru distances
the a%* MO cannot be stabilized below the energy of the m_
hybrids from which it derives. It follows that the unbridged
ML, , architecture is not suitable for the 50-MVE count.

DFT geometry optimizations fully confirm the EHT
analysis (see Table 2 and Fig. 4). A large HOMO-LUMO gap
is computed for the 48-MVE Ru;(CO),, cluster (2.84 eV) for
which the computed Ru—Ru distances are close to the experi-
mental ones.>!** On the other hand, no large stabilization
upon occupation of the a%* level is observed in the 50-MVE
dianion of Dj, symmetry. Moreover, this regular triangular
structure is unstable with respect to a bridged arrangement in
which only two Ru—Ru bonds are present (see below).

Table 2 Major DFT-optimized bond distances (in A) of the computed D, models [Ru,(1-X),(CO),]*/** (X = PH,, Cl) and [Ru,(CO),,]1%>~

Compound MVE count Ru—Ru Ru—(p-X) Ru_(Co)in-plane Ru_(CO)oul-of-plane C_Obridging C_Oin-plane C_Oout-of-plane
[Ru,(u-PH,),(CO),1* 50 3.169 2.379 1.906 1.957 — 1.142 1.140
[Ru,(u-PH,);(CO)o1** 48 2.807 2.403 1.997 1.983 — 1127 1.132
[Ru,(p-Cl);(CO),]* 50 3.012 2.405 1.920 1.971 — 1.138 1.136
[Ru,(p-Cl)4(CO) 13 * 48 2.710 2.397 2.082 2.009 — 1.121 1.127
[Ru,(CO),,1*~ (unbridged) 50 3.272 — 1.917 1.942 — 1.167 1.158
[Ru4(CO),,] (unbridged) 48 2.833 — 1.935 1.956 — 1.145 1.146
[Ru;(u-CO)4(CO),1*~ 50 3.102 2.154 1.879 1.941 1.187 1.167 1.159
[Ru,(u-CO)5(CO)o] 48 2.922 2.144 1913 1.968 1.159 1.149 1.142
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Fig. 4 Generation of the EHT-MO diagram of the unbridged cluster
Ru,4(CO),, (a) from the interaction of the frontier orbitals of three
Ru;(CO), fragments and (b) assuming Ru—Ru = 3.1 A. DFT level
ordering of (c) Ru,(CO),, and (d) [Ru;(CO),;,]1*>". Dy, symmetry is
considered.

The bridged 48-MVE and 50-MVE [Ru,(u-CO);(CO),] %2~
models

Since bridging ligands appear to favor the 50-MVE count, we
have investigated the stability of a bridged 50-MVE
[Ru;(CO),,]*>~ species. The EHT-computed Walsh diagram
associated with the variation of the Ru—Ru distances of this
arrangment is shown in Fig. 2(c). At first sight, it looks quite
similar to the one of the unbridged Ru;(CO),, system [Fig.
2(b)], with an a’, level stabilized upon cluster expansion, but
still remaining at high energy. It turns out, however, that this
a), level is not a skeletal MO, but one of the 6 bonding
Ru—(p-CO) orbitals that are expected to be occupied, even in
the 48-MVE species [there are 6 Ru—(u-CO) bonds]. The
other 5 Ru—(u-CO) MOs lie at lower energy. This high-lying
a’, orbital is mainly derived from a n*(CO) combination, sta-
bilized by a 5p(Ru) combination. Because of the high energy
of the ©*(CO) orbitals and poor overlap with the metal 5p
AOs, this Ru—(u-CO) bonding combination remains at high
energy and is not occupied for the 48-MVE count when con-
sidering large Ru—Ru separations. Rather, it is the low-lying
skeletal a%,* MO that is occupied. Indeed, the level ordering of
the skeletal MOs in [Ru,(u-CO),5(CO)]%2~ is very similar to
that of [Rus(u-PH,),;(CO),]*/** [Fig. 3(a, b)]. In other words,
when going from the phosphido-bridged to the carbonyl-
bridged cluster, there is a level crossing between two a)
orbitals of very different nature, at least at large Ru—Ru
separation.3? They mix somewhat at short Ru—Ru distances,
starting progressively to exchange their character below
Ru—Ru~28 A and consequently providing a significant
HOMO-LUMO gap for the 48-MVE count. This D, bridged
structural arrangement is, however, unlikely to favor the
50-MVE count since the a), Ru—(p-CO) bonding level
remains high in energy, even at very large Ru—Ru separa-
tions.

DFT geometry optimizations are in good agreement with
the EHT calculations (sce Table 2 and Fig. 5). A large
HOMO-LUMO gap is computed for the 48-MVE Ru,(p-
CO);(CO), cluster (2.71 eV). On the other hand, adding two
electrons does not significantly stabilize the a; HOMO in the
optimized 50-MVE D, species. Consistent with the nature of
this HOMO, the optimized Ru—Ru separations of the
48-MVE and 50-MVE species are not very different (Table 2).
Moreover, frequency calculations performed on these Dj,
geometries indicated that Ru,(p-CO);(CO), is a true
minimum, while the dianion yielded an imaginary frequency.
When the symmetry constraint of the triply bridged dianion is
lowered to C,, or C,, the geometry optimization leads to a
structure in which one Ru—Ru bond is broken. The lowest

(a) (b) (c)
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Fig. 5 EHT-MO diagram of the bridged cluster Ru;(u-CO);(CO),
(a) assuming Ru—Ru = 3.1 A. DFT level ordering of (b) Ru,(p-
C0),(CO), and (c) [Ru,(p-CO);(CO)g]*>~. Dj, symmetry is con-
sidered.

energy was found for a geometry close to C,, but of exact C,
symmetry presenting two short intermetallic separations of
2930 A and one long nonbonding contact of 3.79 A. This
open structure is more stable than the D,, arrangement by
0.51 eV. An even lower energy was found for an open triangu-
lar structure in which there are only two p-CO ligands bridg-
ing the same Ru—Ru edge. In this C; arrangement, which can
be derived from the one of Fey(CO);,*® by breaking one
metal-metal bond, the Ru—Ru separations are equal to 2.97
(bridged), 3.10 and 4.38 A. It is more stable than the D,, form
by 1.02 eV. Because of the bridging vs. terminal versatility of
the carbonyl ligands in these species,®®® it was not possible to
fully explore the potential energy surface of [Ru(CO),,1>".
Nevertheless, these results show clearly that simply the pres-
ence of carbonyl (or other m-acceptor) ligands favors the open
triangular electron-precise form.

Electronic characteristics of the known 50-MVE M,L,
triangular clusters and related compounds

In order to check the consistency of the results described
above over the whole series of reported 50-MVE triangular
complexes, we have carried out EHT calculations on all the
experimental crystal structures that were available elec-
tronically through the Cambridge Data Base system?® (see
Computational details) for this type of compound. Clusters of
higher nuclearity but containing a 50-MVE triangle for which
the other metal centers can be considered as part of its ligand
system were also included in our analysis. The major results
are given in Table 1(a,b). In all the computed compounds the
HOMO-LUMO gap is the unique large-energy gap in the
frontier orbital region. In most of them the HOMO resembles
the a} HOMO of [Ru,(u-PH,);(CO),]* while the second or
third HOMO resembles the a,*. The M—M overlap popu-
lations of the 50-MVE M; systems [Table 1(a)] are all in the
range of weak bonding, as for the [Ru,(u-PH,);(CO)y]"*
model. There is no significant bonding in 5, as well as for one
Rh—Rh bond in 8 for which the two other bonds are very
weak. Clearly, the relative strength of the weak M—M inter-
action is tuned by the nature of the ligands (compare the
closely related compounds 7 and 8, for example). It appears
also that weak bonding (or even no bonding at all) within the
M, triangle does not affect the width of the HOMO-LUMO
gap, which always remains large. For example, in the case of 5
there are two nearly degenerate LUMOs that can be very
clearly identified as being e'*, while the fourth HOMO corre-
sponds to a%*. Although these orbitals are all weakly anti-
bonding in 5, they are separated by an energy gap of 2.21 eV
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because of their different nature (o-hybrid vs. pure d-type).
One is in the situation of [Ru,(u-PH,);(CO),]* at very large
Ru—Ru separation (left side of Fig. 2).

The metal-bridged 50-MVE triangular systems [Table 1(b)]
present similar characteristics. The M—M bonding is some-
what stronger, especially in the case of the metal-bridged
bond. This peculiarity has been analyzed by others!!*'2 and
is due to a donation from the a%* orbital (and some other
MOs) into an empty frontier orbital of the bridging
organometallic ligand. Bridging a 50-MVE triangle by a d®
ML, unit helps to release its electron richness.

Platinum and palladium M;L, clusters usually exhibit
planar coordination with 16-electron metal centers. For these
species, the MVE count associated with 3 localized M—M
single bonds is 42. This number corresponds to the electron-
precise 48-MVE count after having depopulated 3 non-
bonding metal orbitals, the skeletal electronic structures being
related in both systems. Adding 2 extra electrons to planar
42-MVE clusters renders them analogous to the title 50-MVE
compounds, with respect to M—M bonding. Previous theo-
retical studies have shown that the a’, MO is indeed occupied
in these 44-MVE systems.!®:17:34:35 These compounds are
listed in Table 1(c,d) together with their reported M—M bond
distances and some EHT-computed data. Note that other
44-MVE M;,L, clusters, which are not electron-rich with
respect to M—M bonding, are not considered in this
study.!™*36 For example, there are 44-MVE electron-precise
triangular systems made of the assembly of one 18-electron
and two planar 16-electron centers.*® Compound 193 could
also have a different electronic structure, but the lack of avail-
able structural data prevented us from calculating it.

The data of Table 1(c,d) are quite similar to those of Table
1(a,b). The computed Pt—Pt overlap populations are larger
than any other M—M values (Table 1). This may be partly
due to an artifact of the method or of the choice of atomic
parameters. Nevertheless, one can see that compound 22,
which has its 3 Pd—Pd bonds bridged by Fe(CO), units,
exhibits larger Pt—Pt overlap populations than for the other
Pt, systems. This is the consequence of a large electron trans-
fer from a’,* into the Fe(CO), accepting orbitals. In this com-
pound there is extensive delocalization of the extra electrons
over the whole Pt;Fe; framework.

Finally, it is noteworthy that in all the listed compounds
(except 1 and 2) there are approximately in-plane bridging
ligands, associated with large bridge—M—bridge angles, that
provide the metal center with a low-lying ©_ d-type frontier
orbital and a high-lying ¢ hybrid. The closely related com-
pounds 1 and 2 are different from the other clusters in that the
metal centers lie in a local distorted octahedral environment
with both ¢ and =, being members of the t,, set.3 It turns out
that the distortion of the local octahedral ligand sphere splits
the t,, degeneracy in such a way that o lies ~0.5-0.6 eV
above m_. Moreover, the orientation of the local octahedra
with respect to the M; triangle is such that the two sides of
the Moj; triangle are inequivalent. This renders the n_ frontier
orbitals partly out-of-plane and their ovelap partly 6-type in
character. On the other hand, plots of the o frontier orbitals
indicate that they remain approximately in-plane, presumably
due to the distortion of the local octahedra. These factors are
sufficient for creating a significant splitting between e'* and
a,* and consequently a large HOMO-LUMO gap for 50-
MVEs. Clearly, the 50-MVE clusters 1 and 2 have enough
geometrical flexibility to allow them to adjust their molecular
structure to fullfill the closed-shell requirement.

Conclusions

The studied 50-MVE triangular clusters exhibit weak or very
weak M—M bonding, mainly contained in the aj MO. Never-
theless, the HOMO-LUMO gap always remains large. This is
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due to the fact that, at the considered internuclear separations,
the weakly antibonding a’* level remains at low energy [Fig.
1(b)] due to its d-type nature. On the contrary, the out-of-
phase e'* orbitals are maintained at high energy, mainly
because of their s/p/d hybrid nature, while their in-phase a
counterparts maintain sufficiently bonding character to stay
low-lying. The hybrid vs. pure d character of the frontier
orbitals on the metal centers is controlled by the geometry of
the ligand environment (in particular, the presence of in-plane
n,-ligands with large bridge—M—bridge angles). However,
bridging m-acceptor ligands do not appear to favor 50-MVE
counts, at least for M = Ru and probably for other group
VIII metals. This may be the reason why the 50-MVE cluster
Ru;(i3-n2-PPhpy)(u-PPh,)(CO),, closely related to com-
pound 3 but having only one phosphido bridge, adopts the
open triangular electron-precise structure.3” The presence of
the bridges also helps to maintain the weakly bound metal
centers together, although they cannot always prevent the M,
triangle from opening. A nice example of cluster core isomer-
ism has been shown to exist and investigated theoretically in
the case of compound 20.!® Our EHT calculations on the
open form of 20 lead to Pt—Pt overlap populations (0.162)
that are much larger than in the closed form (averaged
value = 0.084). The value corresponding to the open Pt---Pt
edge indicates no bond (0.000). A similar result is found for
the open triangular Ru;(p;-n2-PPhpy)(u-PPh,)(CO), cluster’
(corresponding values 0.156, 0.177 and —0.017), as compared
to the related triangular cluster 3 (averaged value = 0.049).
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