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Abstract 

The electronic structure of O s 3 ( C O ) 8 ( C 2 P h 2 )  2 is discussed. Each acetylene 
ligand is bonded to the triosmium framework via a /~3-~2-mode, the C - C  bond 
vectors being parallel to a common Os-Os edge. Thus, each alkyne can be viewed as 
forming a ~-bond to one osmium atom, and two a-bonds to th'e other two osmium 
atoms. This simple bonding description is confirmed by the resufis of a Fenske-Hal l  
molecular orbital analysis. Compared to Os3(CO)12, Os3(CO)8(CzPh2) 2 exhibits a 
significantly deformed metal carbonyl framework. The first deformation is a 
noticeable shortening of two of the metal-metal  edges. This feature is shown to be 
due to a combination of direct metal-metal  bonding and indirect meta l -metal  
interaction via the acetylene ligands. The second framework deformation is a change 
in carbonyl orientation along the series O s 3 ( C O ) l z _ z x ( C 2 P h 2 )  x ( x  = 0, 1, 2). This is 
shown to be essential for maximum metal- l igand interaction. 

There have been several theoretical studies on the interactions of alkyne ligands 
with transition metal or borane frameworks [1-5]. Much interest has been shown in 
the weakening of the carbon-carbon bond within the acetylene as it coordinates to 
a metal framework. Previous work has focused attention on the so-called "parallel"  
and "perpendicular" modes of acetylenic coordination in compounds containing an 
M3C 2 core [2,3,5]. The bis-acetylenic trimetal clusters, Fe3(CO)8(CzPh2) 2 [6] and 
Os3(CO)8(CzPh2) 2 [7] provide interesting examples of an M3(C2) 2 core in which 
the two alkynes remain unassociated with each other and reside on opposite sides of 
the metal triangle in symmetry related "parallel" positions. Ru 3 (CO) 8 (C2 Ph 2) 2 has 
been synthesized but its crystal structure has not been determined; however, X-ray 
powder diffraction studies suggest that the structure of the ruthenium cluster is 
analogous to those of the osmium and iron derivatives [8]. In the case of osmium, a 
progressive series O s 3 ( C O ) 1 2 _ 2 , c ( C 2 P h 2 )  x ( x  = 0, 1, 2) is observed; as the first and 
then the second alkyne ligand binds, the metal framework is progressively deformed. 
One significant deformation is the shortening of two of the three Os-Os  bonds. 
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Granozzi et al. have suggested that, in the case of the related compound 
Fe3(CO)9(CzH2) , contraction of the metal triangle is required in order to accom- 
modate the small alkyne ligand [3]. We illustrate below that the contraction noted in 
Os3(CO)8(CzPh2)2 is probably due to a combination of direct metal-metal  and 
indirect metal-metal  (i.e. via the ligand) bonding. A second framework deforma- 
tion, observed as one moves along the series Os3(CO)12_zx(C2Ph2),c from X = 0 to 
2, is a change in the carbonyl ligand orientations. We show that as a pair of 
carbonyls (each carbonyl being a two-electron donor) is replaced by an acetylene 
ligand (a four-electron donor), reorientation of the remaining carbonyl ligands takes 
place so as to maximize metal to acetylene bonding. 

Experimental 

Fenske-Hall  [9] calculations were carried out by using Ru3(CO)12, and 
Ru3(CO)8(CzH2)  2 to model Os3(CO)a2 and Os3(CO)8(C2Ph2) 2 respectively, since 
basis functions for osmium are not available. The structure of Ru3(CO)8(C2H2)  2 
was idealized to C2v symmetry. All C - O  bonds were set at 1.13 ,~ and R u - C O  
bonds at 1.92 A. In Ru3(CO)12, R u - R u = 2 . 8 5 4  A. Atomic numbering for 
Ru3(CO)8(CzH2)  2 is shown in Scheme 1; Ru(1 ) -Ru(2 )=  Ru(2) -Ru(3)=  2.70 A, 
Ru(1)-Ru(3) 2.75, Ru(1)-C(4) = Ru(3)-C(5) = 2.19, Ru(2)-C(4) -- R(2)-C(5) = 
2.14, C(4)-C(5) 1.42, C - H  1.09 A. The angle C(4)C(5)H is 127 °. Atom pairs C(4) 
and C(4'), and C(5) and C(5')  are related by symmetry. For  the calculations which 
compared carbonyl orientations in Ru3(CO)8(C2H2)  2 and Ru3(CO)12, the C - R u - C  
bond angles were as shown in Table 1; the structures considered are shown in Fig. 
6. 

The Fenske-Hall  calculations employed single-~ Slater functions for the ls  and 
2s functions of C and O. The exponents were obtained by curve fitting the double-~ 
functions of Clementi [10] while maintaining orthogonal functions; the double-~" 
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Tab le  1 

C ( c a r b o n y l ) - M - C ( c a r b o n y l )  b o n d  angles ( o ) 
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Os3(CO)8(C2Ph2) 2 Os3(CO)12 I I I  I I I  
or or 

R u 3 ( C O ) 8 ( C 2 H 2 ) 2  Ru3(CO)12 

92.9 90.1 90.7 - - 

97.4 179.2 98.7 - 180 

94.8 90.3 98.7 89.3 

- 102.8 - 104.5 - 

- 90.7 - 90.1 90.0 

- 89.8 - - 90.0 

C ( 1 2 ) - M ( 1 ) - C ( 1 3 )  

C ( 1 2 ) - M ( 1 ) - C ( 1 1 )  

C ( l l ) - M ( 1 ) - C ( 1 3 )  

C ( 1 3 ) - M ( 1 ) - C ( 1 4 )  

C ( l l ) - M ( 1 ) - C ( 1 4 )  

C ( 1 2 ) - M ( 1 ) - C ( 1 4 )  

functions were used directly for the 2p orbitals. An exponent of 1.16 was used for 
hydrogen. The Ru functions were augmented by 5s and 5p functions with expo- 
nents of 2.20 [11]. 

Results  and discussion 

Metal-acetylene bonding in Ru flCO)8(C~tl:), 
The bonding in R u 3 ( C O ) 8 ( C 2 H 2 )  2 is considered in terms of the interactions of 

the two acetylene ligands with a triruthenium framework (Fig. 1). The orbitals of 
each acetylene unit which are involved in binding the ligands to the metal fragment 
are illustrated in Fig. 2 and can be regarded as having 7r-symmetry, either ¢rx, ~r*, % 
or ~v~* according to the axis system shown in Scheme 1. Lower lying filled o-orbitals 
(carbon-carbon and carbon-hydrogen bonding) remain localised on the C2H 2 
fragments after ligation to the metal framework, and are therefore not considered 
further. Of the filled orbitals of the Ru3(CO)8 fragment, only four (MOs 43, 44, 50 
and 52) are significantly involved in bonding to the acetylene ligands. In addition, 
five empty metal framework MOs (53-57) are involved. Representative orbitals are 
illustrated in Fig. 3. 

The correlation diagram in Fig. 4 shows the orbital interactions between the 
Ru3(CO)8 fragment and the two C2H 2 ligands. For simplicity, only those correla- 
tions which produce MOs in Ru3(CO)8(C2H2) 2 having both metal and ligand 
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Fig. 1, St ructure  of the mode l  c o m p o u n d  R u 3 ( C O ) 8 ( C 2 H 2 )  2. 
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Fig. 2. Schematic representations of the fragment molecular orbitals of the C2H 2 ligand. 

character are presented. Note that the molecular symmetry of Ru 3(CO)8(C2H2)2 
requires that both acetylene ligands interact in an equivalent manner with the 
triruthenium framework. Immediately it is apparent that the interactions can be 
separated into metal-carbon o-interactions and metal-acetylene ~r-interactions. For 
example, MO 52 of the Ru3(CO) 8 fragment is ideally suited to interact with MO 6 
of the acetylene, leading to a donor-acceptor interaction which bonds the carbon 
atoms to Ru(1) and Ru(3) via o-bonds while, at the same time, bonding the 
carbon-carbon multiple bond to Ru(2). Similarly, MO 55 of the trimetal fragment 
interacts with MO 5 of the acetylenes via both o- and ~r-bonding modes (Fig. 5). 

Table 2 lists Mulliken populations of the fragment orbitals both in the free 
fragments and in the complex Ru3(CO)8(C2H2) 2. The changes in the Mulliken 
populations of the acetylene ligand orbitals confirm the donor-acceptor interaction 
that one expects for a conventional metal-ligand Dewar-Chatt-Duncanson model 
interaction. Acetylene MOs 4 and 5 lose 0.44 and 0.45 electrons respectively, while 
MOs 6 and 7 gain 1.00 and 0.3 electrons respectively. Note that the fact that there 
are two alkyne ligands rather than one increases the number of orbital interactions. 
For example, an in-phase combination of the ~ orbitals (MO 5) will produce a 
bonding interaction with MO 55 of the Ru3(CO)8 fragment (Fig. 6) whereas an 
out-of-phase combination will interact with MOs 43 and 53. This produces a more 
complex bonding situation than is found when one acetylene ligand bonds to the 
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Fig. 3. Schematic representations of the molecular orbitals of the Ru3(CO)8 fragment. 
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same metal framework. However, it is important to remember that despite the 
metal-ligand bonding being interpreted as simple o-donation and ~r-back-donation, 
a valence bond picture should not be envisaged. Fenske et al. [12] have emphasised 
that a molecular orbital treatment allows orbital interactions between two filled or 
between two empty fragment molecular orbitals. An analysis of the bonding in 
Ru 3 (CO) s (C2 H 2) 2 illustrates this fact since, for a multimetal system as opposed to 
a mononuclear metal-Tr-hydrocarbon complex, the range of symmetry allowed 
interactions between fragment (viz. metal and ligand) orbitals of appropriate 

* back- energies extends beyond simple Ol,ga~ a ~ Om~t~ 1 donation and ~r~ta~ ~ qTligan d 

donation. 
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Fig. 4. Correlation of the molecular orbitals of the fragments Ru3(CO)8 and two C2H 2 ligands in 
Ru3(CO) 8(C2H2)2. 

Table 2 

Mulliken populations of fragment orbitals before and after formation of Ru3(CO)8(C2H2) 2 

Ru3(CO) 8 C2H2 

MO Orbital Orbital MO Orbital Orbital 
population population population population 
in free in complexed in free in complexed 
Ru3(CO) 8 Ru3(CO) 8 C2H2 C2H2 

48 2.00 1.78 
49 2.00 1.54 
50 2.00 1.93 
51 2.00 0.90 
52 2.00 0.86 
53 0.00 0.69 
54 0.00 1.04 
55 0.00 0.33 
56 0.00 0.10 
57 0.00 0.30 

4 2.00 1.56 
5 2.00 1.55 
6 0.00 1.00 
7 0.00 0.30 
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MO 52 --~ M06 M05 " MO 55 

Fig. 5. Representative fragment molecular orbital interactions iUustrating the Ru(1) and Ru(3)-acetylene 
o-interactions and Ru(2)-acetylene ~r-interactions. 

J 

< 

Fig. 6. Comparison of the carbonyl ligand orientations in M3(CO)I 2 and M3(CO)s(C2R2) 2 (M = Ru, 
Os; R = H, Ph), 

Metal-metal bonding in Ru3(CO)8(C2H2)2 
Table 3 compares metal-metal Mulliken overlap populations in the Ru3(CO)8 

fragment before and after interaction with the CzH 2 units. (The geometry of the 

Table 3 

Metal--metal Mulliken overlap populations 

Bond Fragment 

Ru3(CO) 8 Ru3(CO) 8(C2H2)2 Ru3(CO)I2 

Ru(1)-Ru(2) + 0.106 + 0.073 + 0.107 
Ru(2)-Ru(3) 

Ru(1)-Ru(3) + 0.110 + 0.125 + 0.107 



146 

metal triangle is kept constant and is that found in Ru3(CO)8(C2H2)2. ) There is a 
significant decrease in the Mulliken overlap population for Ru(1)-Ru(2) and 
Ru(2)-Ru(3), while the overlap population for Ru(1)-Ru(3) increases. The values 
for metal-metal overlap populations may seem to be small [12], but when compared 
to those in Ru3(CO)I 2, in which direct metal-metal bonding must be present, they 
appear to be quite reasonable. The main cause of the changes in metal-metal 
overlap populations in the ruthenium fragment is a loss of electron density from the 
HOMO (MO 52) of the Ru3(CO) 8 fragment as it interacts with the acetylenes. The 
change from 2 electrons to 0.9 electrons in MO 52 is clearly significant. Examina- 
tion of Fig. 3 shows how depopulation of MO 52 will influence metal-metal 
bonding: Ru(1)-Ru(2) and Ru(2)-Ru(3) will become weaker (less bonding) while 
Ru(1)-Ru(3) will become stronger (less antibonding). 

Although the depopulation of the HOMO of the Ru 3 (CO)8 fragment appears to 
be the major factor which determines changes in the ruthenium triangle, other 
changes in metal fragment orbital populations must be considered. MOs 55, (Fig. 3), 
and 56 which were originally empty in the Ru3(CO)8 fragment, gain 0.33 and 0.10 
electrons respectively. These changes lead to a minor strengthening of Ru(1)-Ru(2) 
and Ru(2)-Ru(3), and partially offset the loss of 1.1 electrons from MO 52. 

Metal-metal vs. metal-acetylene bonding 
The total Mulliken overlap populations for metal-acetylene bonding are large 

(0.111 to Ru(1), 0.214 to Ru(2), 0.111 to Ru(3)) and there is no doubt that the metal 
triangle experiences a "clamp" effect as the alkyne ligands bind to the metal 
framework. This we term "'indirect metal-metal bonding". However, we have 
illustrated that metal triangle deformation can also be attributed to changed in 
direct metal-metal bonding. Obviously, the two effects are not mutually exclusive; 
depopulation of the HOMO of the Ru3(CO)8 fragment cannot occur in the absence 
of, for example, the acetylene ligands. However, we feel it is useful to point out that 
the triangle deformation is not simply a physical shrinking which is required in 
order to accommodate the alkyne ligands' "bite-size" [3]. 

Carbonyl ligand orientation 
Figure 6 shows schematic representations of the structures of Os3(CO)~2 and 

Os3(CO)8(C2Ph~_) 2. Attention is drawn to the differences in carbonyl ligand orien- 
tation. The Os3(CO)s fragment is generated from Os3(CO)12 by the removal of two 
axial carbonyl ligands from Os(2), and the removal of one carbonyl ligand from 
each of atoms Os(1) and Os(3). The positions of the three carbonyl ligands on Os(1) 
(and, by symmetry, Os(3)) in Os3(CO)8(C2Ph2) 2 can be derived from those of 
Os3(CO)12 either by removal of an axial or equatorial carbonyl ligand followed by 
deformation of the remaining ligands (Fig. 7). A change in the number of carbonyl 
ligands in going from Os3(CO)12 to Os3(CO)8(C2Ph2) 2 is clearly needed, as one 
can consider the transition as the double substitution of a 4-electron donor 
acetylene ligand for two carbonyls, each a 2-electron donor. An obvious explanation 
for the observed carbonyl rearrangement at atoms Os(1) and Os(3) is steric effects. 
A space filling diagram of Os3(CO)8(CzPh2) 2 is given in Fig. 8. The close 
proximity of the phenyl groups to the carbonyl ligands shows that steric effects may 
indeed be important. However, by considering electronic factors, we illustrate below 
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(1I) (llI) 
Fig. 7. Generation of the M(CO)3 ( M = R u  or Os) ligand arrangement at M(1) or M(3) in 
M3(CO)8(C2R2) 2 from M3(CO)12 (a) by removal of an axial ligand and (b) by removal of an equatorial 
ligand, 

Fig. 8. Space filling diagram of Os3(CO)s(C2Ph2) 2. 
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Fig. 9. Frontier molecular orbitals 19-21 of Ru(CO)3 for structures I, II and III. 

that reorientation of the carbonyl ligands is prerequisite to maximizing 
metal-acetylene bonding. 

Beginning with the carbonyl ligands around Os(1) in Os3(CO)12, an axial ligand 
can be removed to generate the Os(CO)3 unit shown in Fig. 7a, structure I. 
Alternatively, removal of an equatorial carbonyl ligand leads to structure II (Fig. 
7b). The experimental geometry of the Os(CO)3 unit, III, at Os(1) in 
Os3(CO)8(C2Ph2)2 can be readily generated from either I or II (Fig. 7). By using 
Ru3(CO)12_x(CzH2) x to model Os3(CO)12_x(C2Ph2)x, the frontier orbitals of the 
Ru(CO)3 unit with structures I, II and III were compared. These MOs are 
schematically illustrated in Fig. 9. The frontier orbitals of the "conical" and 
"T-shaped" Ru(CO)3 fragments have previously been described [13,14]. Since I and 
II are remnants of approximate octahedral arrangements of "ligands", (adjacent 
metal atoms included as well as carbonyls), one expects to see a frontier orbital 
pointing toward the vacant octahedral site [15,16]. This is indeed observed. The 
orbitals of the conical fragment, I, will only interact effectively with one of the 
alkyne ligands in Ru3(CO)8(CzH2) 2. Indeed, this carbonyl arrangement is observed 
in the mono-acetylene compound, Os3 (CO) 10 (C2 Ph2) [17 * ]. The T-shaped flag- 
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ment ,  II, possesses frontier orbitals which are in  the p lane  of the metal  tr iangle.  The  
Ru(1) and  Ru(3) fragments can, therefore, interact  equal ly with the two C2H 2 
ligands. However,  in ter-f ragment  orbi tal  in te rac t ion  is increased signif icantly as the 
carbonyls  are t ipped back, i.e. in  going from II  to III .  The  most  not iceable  effect is 

that  rehybridisa t ion of MO 20 produces an  out -of-p lane  orbi tal  which poin ts  
directly at the carbon atoms of the two alkynes. In  addi t ion,  in II, M O  21 has less 
metal  character than  in  III.  Thus, we consider  that  the observed ca rbonyl  arrange-  

men t  in Os3(CO)8(C2Ph2) 2 is controlled,  at least in  part ,  by  electronic effects, 
rather  than  wholly by  steric effects. 
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