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Abstract- Extended Hickel Molecular Orbital (EHMO) calculations were carried out on octahedral transition metal clusters with general
formula [MeXg'Ye2] (M = Molybdenum; X and Y = m-Donor Ligands) in order to rationalize their electronic structure. In these species the opti-
mal metallic electron (ME) count is of 24 but for many clusters experimentally synthesized, the ME count can vary from 20 to 48 without
dramatically altering the architecture of the octahedral cluster. Herein are reported the geometrical parameters and electronic properties, of
a series of clusters with 20 to 24 valence electrons per cluster. The calculated characteristics for all the considered structures are in excel-
lent agreement with the experimental ones and requires to learn more about the relationships that exist between their structural arrangement
and electronic properties especially the number of electrons available for metal-metal bonding in Me octahedral clusters.
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Introduction

Transition metal clusters exhibit a wide range of nuclearity with
intriguing structural diversity [1-6]. Considerable attention attract-
ed to the cluster compounds is caused by their remarkable prop-
erties and great technological application in many fields [7-10].
Systematic efforts aimed at understanding the electronic structure
and bonding of these compounds have been initiated by several
research groups by developing topological electron counting theo-
ries[3, 11-13].

The first Octahedral transition metal clusters with general formula
[MeLsLe?] (i = inner, a = apical, relatively to Shafer and Schnering
notation) [14], have been a subject of extensive investigations
because of their very interesting properties [15-21]. Such com-
pounds are built up from MsL14 units (M = transition metal, L =

Fig. 1- Structural arrangement of [MsLisL] clusters.

halogen, chalcogen) in which the Ms cluster is face-capped by
eight inner ligands (L)) and six apical ligands (L?) lie in terminal
positions (see Fig. 1).

The [MsLgiLe?] units are the basic building blocks in the early tran-
sition metal particularly in the molybdenum, tungsten and rhenium
octahedral cluster chemistry [22-28]. Several theoretical studies of
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chemical bonding in these clusters indicates that metallic electrons
occupy a set of 12 frontier orbitals, spanning aig, t, tag, t2u and eg
in the ideal Oy symmetry. For clusters with halide ligands, the full
occupation of these orbitals satisfy the closed shell requirement
and leads to an optimal electron count equal to 24; whereas the
ME count can vary from 20 to 48, owing to the topological proper-
ties of the frontier orbitals and to the metal and ligands nature (see
Table 1 for a partial list) [29-52]. In this contribution, our aim is to
analyse the electronic structure of molybdenum face-bridged octa-
hedral clusters with m-Donor ligands with 20 to 24 ME count, in
order to explain the relationships that exist between the number of
electrons available for metal-metal bonding and the structural
arrangement of these cluster compounds.

Materials and Methods

All the calculations reported here were performed according to the
extended Hickel theory (EHT) approach [49-51] utilizing
C.A.C.A.0. (Computer Aided Composition of Atomic Orbitals)
program [52] with using the weighted Hij formula. No spin-orbit
effects were introduced. The exponents (x) and the valence shell
ionization potentials (Hij in eV) were respectively shown in Table
2. The EHMO method had been applied for a single regular octa-
hedron obtained from the real bond lengths and angles found from
the X-ray diffraction.

Results and Discussion

Qualitative Approach

For [MsLisL2] unit in octahedral cluster compounds, it was shown
that the optimal metallic electron (ME) count, i.e. electrons availa-
ble for metal-metal bonding, is equal to 24. Owing to the topologi-
cal properties of the HOMO (eg in Oy symmetry), the ME count can
vary from 20 to 24 for early transition metals and from 24 to 48 for
late transition metals without significantly altering the architecture
of the MeLisL2s cluster (Table 1).

Table 1- Examples of transition metal octahedral clusters with -

Donor Ligands
dum(A) Reference

[MosSis(PEts)%] 20 2,66 29
[MosSels(PEts ] 20 27 29
[WeSig(PEt3)a] 20 2.68 30
[MosSis(PEts)os) 21 267 29
[MosSels(PEts el 21 2.71 29
[Nbsls(NH.CH)es] 2 2.75 31
[WeCliaClég] 23 263 32
[WsClisCleg]? 2 261 33
[MogCligClag]?- 24 2.62 34
[MosBriBres]> 2 263 35
[MogCligBrag) 24 2.62 36
[MosClizSCleg]* 24 2.62 37
[ReeSeisCliClag) 24 2.61 38
[ResSeisClisClag]- 24 2.61 38
[ResSeisClisCleg] 24 2.61 39
[FeeSis(PEt3)ag]2* 30 2.62 40
[FeeSis(PEL:)e]* 31 2.64 41
[FesTeis(PMes)z) 32 29 42
[CoeTels(PEtse]?* 36 3.14 43
[CosSeis(PPha)ee]* 37 2.9 44
[CoeSis(PEt3)z6]* 37 2.79 45
[CosTels(PEts)%] 38 323 4
[CosSels(PPhs)%] 38 3.01 47

i8(PEt3)26]*- 48 3.03 48

Table 2- Parameters used in extended Hiickel molecular orbital

calculations
Atom Orbital ~ Hj(eV) & 3] C1 C:
H 1s -13.60 1.30
P 3s -18.60 1.60
3p -14.00 1.60
S 3s -20.00 1.81
3p 11330 1.81
Cl 3s -26.30 2.18
3p 1420 173
Br 4s 2500 264
4p 3110 226
| 5s -17.80 2.68
5p 41200 232
Mo 5s -8.34 1.96
5p -5.24 1.92
4d -10.5 454 1.90 0.6097  0.6097

Qualitatively, the structure of [MsLsiLs?] can be described as con-
sisting of six MLs fragments where each metal centre have 5 metal
-ligand s bonds with a square pyramidal arrangement. The frontier
orbitals denoted FO are one s-type hybrid and the tog set (two d (p)
and one d (d)) [53]. In the O symmetry of the cluster, the orbital
interaction among the six s hybrid frontier orbitals gives rise to one
strongly bonding orbital a+4 and five antibonding molecular orbitals
(trut eg). The result of the interaction among the six sets of “tzy”
frontier orbitals gives for the 12 d (p) orbitals, six bonding MO’s (t1y
+ tag) and six antibonding (tau+ t1g); and the interaction of the six
FOs d(d) gives one non-bonding orbital (a2,) and five antibonding
(eu + tog). Due to the existence of MO’s having the same sym-
metry, there is a second order mixing which leads to two widely
separated sets: 12 bonding and 12 antibonding MO’s. Therefore,
for the complete occupation of all bonding MO’s, the optimal count
for these compounds is of 24 ME (Fig. 2).
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Fig. 2- Qualitative molecular orbital interaction diagram for
[M6Li8La6] clusters
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Molecular Orbital Calculations

EHMO calculations were first carried out on 24 ME then on 20 ME
count cluster models respectively [(MosClis) Lag]> (M = Mo, L = ClI,
Br, or 1) and [MosSis(PH3)2s). The crystal structures of isomorphous
complexes Cs2[(MsClig) L2g] (M = Mo or W; L = Cl, Br, or I), have
been determined from single-crystal X-ray diffraction [36]. The
mean metal-metal distances are Mo-Mo 2:615 + 0-006 A. Calcula-
tion were performed on [(MosClis) L2g]? using idealised geometry
in Op symmetry. The molecular orbital diagram obtained schemati-
cally illustrated in Fig. 3 complies with the qualitative one (Fig. 2).
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Fig. 3- Molecular orbital diagram of [MosClisClg]2 and [MosS's
(PEts)2].

For all apical ligands (L = Cl, Br or ) the molecular orbital diagram
exhibit a sizable gap of 1.46 eV separating the highest occupied
molecular orbital (HOMO) eg, from the lowest unoccupied molecu-
lar orbital (LUMO) azg, leading to diamagnetic electron configura-
tion and ensuring the stability of the cluster for 24 EM count. For-
mally, each metal atom is in the +2 oxidation state; however the
analysis of results shows that the chemical bond is partially cova-
lent with significant delocalization throughout the system.

Tables 3 and 4 show respectively the atomic net charges and the
overlap populations. It is clear that our compound possesses 24
metal electrons, without localized bonds (2 electron / 2 centres).
The inner ligands are slightly positive but apical ones are largely
negative which indicate that M-L bonds are essentially covalent in
nature, whereas M-L2 bonds are rather ionic in character.

For [MogSis(PHs3)2] cluster, the molecular orbital diagram (Fig. 3)
show that among bonding levels only ten (10) are occupied. The
HOMO-LUMO energy gap calculated is of 0.596 €V, it is low in
comparison with the energy gap between the LUMO e4 and the
level a4 directly above which is of 1.32 eV. The LUMO ¢4 is con-

stituted by 75% of Mo d type orbitals and 25% of S (s, p) type
orbitals with Mo-Mo slightly bonding character and slightly Mo-S
antibonding character. The filling of the LUMO, in this case, corre-
sponds to the hypothetical charged species [MogSis(PHs)%]*-
which leads to the optimal electron count of 24 ME. Based on
these results, clusters with intermediate electron counts from 20 to
24 electrons should be favoured [29-31]. We note that for 21, 22
and 23 EM species, we have a partial occupation of the LUMO
(eg) which is doubly degenerate leading to a distortion of the octa-
hedral core by Jahn-Teller effect and these clusters exhibit para-
magnetic properties.

The overlap population computed for [MosSis(PH3)2] are of 0.235
for M-M bonds and of 0.425 for M-Li. Compared to 24 ME species,
the same relatively octahedral unit is observed with some signifi-
cant lengthening of Mo-Mo distances and some shortening of the
M-Li separations (see Table1).

Table 3- Computed Mulliken Net Charges in selected [MosCligLag]-2
models

Net Charge
(] Xa

[MogCligClag]2 0.249 0.055 -0.656
[MoeCligBrag]2 0.212 0.058 -0.623
[MogCliglag]2 0.161 0.052 -0.463

Table 4- Computed overlap populations in selected [MoeCligLag}-2
models

[l\/|06(.\/|i5(.\/|ae]‘2

[MogCligBrag]2
[l\/|OeC|i5|ae]‘z

Conclusion

The molecular orbital calculations described above have shown
that, for the molybdenum octahedral face bridged clusters
[MeLelLe?] with -Donor ligands, the complete occupation of the
Metal-Metal bonding MOs fuffills the closed-shell requirement with
24 ME count. According to MO diagrams, the HOMO egq level is
lying in the middle of large energy gap between the bonding tay
and antibonding azq levels and the energy gap is controlled by the
nature of apical ligands La and their contribution in molecular orbit-
als which is in agreement with the existence of two favoured
closed-shell electron counts of 20 and 24, as well as with interme-
diate one of 21, 22 and 23. Finally, we note that the calculations
performed confirm all qualitative and MO analysis reported in
literature and are in full agreement with experimental data.
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