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Summary 

The stoichiometries and geometries of gold and platinum tertiary phosphine 
cluster compounds of the type M,(PRs),S+ (n = 3-6) have been amalysed using 
extended Hiickel molecular orbital calculations. The isolobal nature of the 
M(PH3) fragment depends critically on the nature of the metal atom M, and 
may be used to provide a basis for predicting a wide spectrum of homo- and 
hetero-nuclear metal cluster compounds. 

In 1976 we reported a theoretical analysis of the bonding in high nuclearity 
gold tertiary phosphine cations [l] which provided the basis for the predict.ion 
and subsequent successful synthesis of the first example of an icosahedral metal 
cluster compound [2,3]. This paper describes an extension of this theoretical 
model to low nuclearity cluster compounds and mixed metal cluster compounds. 

The M(PHJ) fragment (M = Ni, Pd, Pt, Cu, Ag, or Au) is a common constitu- 
ent of the cluster compounds of the platinum and Group Ia metals [4] and has 
the frontier molecular orbit& represented schematically in Fig. la. For these 
metals the orbitals with a predominance of d orbital character are filled and the 
bonding characteristics of the fragment are determined primarily by the hy(s-z) 
and higher lying degenerate pair of metal px and pr orbit&. In terms of isolobal 
analogies [5-73 the M(PH3) fragment may be identified with either a C-H frag- 
ment, which also has a set of hy(s-z), px and py frontier orbit&, or the conical 
M(C0)3 fragment, which has the related set of frontier molecular orbit& illus- 
trated in Fig. la. Such an analogy based on symmetry considerations ignores 
possible differences in the bonding capabilities of the fragments arising from the 
rather different energies and radial characteristics of the orbitals of the central 
atom. The former is particularly important and Fig. lb therefore compares the 
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Fig_ la. A comparison of the frontier molecular orbit* of M(PH3) and M(C0)3 fragments. 

relativeenergies ofthefrontiermolecularorbitals of M(PH,) and M(CO), [5] 

fragments as derived from extended Hikkel calculations, which are described 
in further detail in the Appendix. These calculations suggest that although the 
M(PH3) fragments, when M = Cu or Ni, may be considered to be isolobd with 
M(C0)3 (M = Cr or Mn) because their frontier orbital energies are approximately 
the same the analogy is likely to be less reliable for M(PH,), when M = Au or Pt, 
because both the hy(s-z) and p,, p,. orbitals are significantly less stable than the 
corresponding orbitals of the M(C0)3 fragments. 

From Fig. lb it is apparent that the following fragments may be considered 
to a good approximation to be isolobal and pseudo-isoelectronic: Cu(PR,), 
Mn(CO),, CH*+ and Ni(PR,), Cr(CO),, CH3’. This analog-y is illustrated by the 
series of compounds shown in Fig. lc containing these fragments which are iso- 
structural. The diminished role of the metal px and py orbitals of the M(PH,) 
fragment when M is a third row transition element is demonstrated by the 
strUctural determinations on related copper and gold cyclopentadienyl com- 
plexes illustrated in Fig. Id. 

In the copper complex 181 the observed $-coordination mode maximises 
the back donation of electron density from filled e,(n) molecular orbitals on the 
cyclopentadienyl ligand to the empty and relatively low lying-p,, py orbitals of 
the Cu(PH,)+ fragment. In the case of Au(PH3)+ the px and p,, orbitals are higher 
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lying and cannot accept this electron density effectively. Consequently, for an 
q5-geometry the e,(sr)molecular orbitals enter into a pair of four electron 
tiestabilising interactions with the lower lying and filled metal d, and d,, 

@+H&u(PPh,) (C5HPh,)Au(PPh,) 

cd D 11 Fig-Id. 

orbitals. These destabilising interactions are relieved by a “slip” distortion which 
leads to a coordination mode intermediate between q’ and $ for the gold atom. 
The way in which these “slip” distortions reduce the four electron destabilising 
interactions in such situations has been discussed in some detail by us elsewhere 
[12] _ The extended Hiickel calculations which we have completed on these and 
related systems suggest that the M(PH3) fragments (M = Au or Pt) approximate 
to being isolobal with CH3, Mn(CO)5 and Fe(qXSH,)(CO), fragments since the 
p, andp, orbitals play only a secondary bonding role. The kolobal nature of 
these fragments has been recognised for some time and is amply demonstrated 
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by the following series of related molecules: CH3--CH3, CH3-Au(PPh,), 
(OC),Mn-Mn(CO), and (OC),Mn-Au(PPh,). The isolobal nature of Au(PPh,) 
and H is more interestingly illustrated by the following pair of cluster com- 
pounds [ 131: 

PPh3 

/ 

0s3H2(CO),, O+HIAu(PPh,)-j(CO)l,, 

I%1 E3 bl 

The high lying nature of the hy(s-Z) orbital of the Au(PH3) fragment indi- 
cated by the calculations and summarised in Fig. lb, suggests that in complexes 
of the type (OC)&In-Au(PPh3) the metal-metal bond will be polarised such 
that the gold atom will bear a positive charge and the manganese atom a nega- 
tive charge. 

The isolobal relationships discussed above estend to homonuclear cations 
derived from these fragments and may be used to account qualitatively for the 
molecular orbitals of the [Au,,(PHs),lS* cations illustrated in Fig_ 2. The sym- 
metries, nodal characteristics and relative energies of the molecular orbitals 
derived from the hy(s-z) orbit& of Au(PH,) fragments are entirely analogous 
to those of the isostructural H,,“’ aggregates [1,14]_ From Fig. 2 it is apparent 
that this analogy is valid because the molecular orbitals derived from the px and 
pu orbitals of the Au(PH3) fragments are considerably more higher lying and in 
general will not make an important contribution to skeletal bonding in this type 
of unbridged cluster. 

The analogy between H and Au(PR3) fragments leads directly to the impor- 
tant conclusion that the gold-gold bonding interactions in [Au,(PR3),]“* are 
maximised for metal polyhedral arrangements based on closed triangles of metal 
atoms, because these arrangements provide for the maximum number of next 
neighbour bonding interactions and thereby stabilise most effectively the lowest 
lying totally symmetric molecular orbital. This generalisation is authenticated 
by numerous structural studies on gold and platinum cluster compounds con- 
taining the M(PRJ) fragment [4]. The molecular orbital calculations which are 
summarised in Fig_ 2 suggest that for low nuclearity clusters the bonding is 
dominated by the totally symmetric combination of Au(PHs) hy(s-z) orbitals 
and predict the occurrence of the following stable species: Au&PR&+, triangu- 
lar, 38 valence electrons; Au4(PR&*+, tetrahedral, 50 valence electrons; 
Au~(PR&~+, trigonal, bipyramidal, 62 valence electrons; Au~(PR~)~~*, octa- 
hedral, 74 valence electrons. 

However, the presence of only a single bonding molecular orbital in each of 
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these clusters carries with it the implication (confirmed by the Mulliken over- 
lap population analyses reproduced in Fig. 2) of a diminution of gold-gold 
bonding with increased cluster nuclearity . Therefore the formation of isoelec- 
tronic compounds with bridging ligands should enhance the overall stabilities 
of such compountis. This has been corrobomted by extended Hiickel molecu- 
lar orbital calculations on the hydridoclusters Pt,H,(PH&, and encouraged by 
the recent report by Howard, Spencer and their coworkers [ 151 of the tetm- 
hedral platinum cluster compound Pt4H2(PR&, which is isoelectronic with 
Ay(PR3),,‘* discussed above. These calculations also suggest that the bridging 
ligands could result in the participation of the non-bonding cluster molecular 
orbit& in Fig. 2 and thereby influence the total electron count. Thus it is 
possible to predict the occurrence of two platinum octahedral hydridocluster 
compounds, viz. Pt6H2(PR3)6 and Pt,H8(PR3)6 with the latter arising from the 
involvement of the non-bonding t,, molecular orbitals of the octahedral cluster 
shown in Fig. 2. The role of the briding ligands is discussed in more detail 
below. 

Alternative ways of involving the non-bonding tl, molecular orbit& of the 
octahedral ALQ,(PR~)~ cluster result from distortions of the polyhedron which 
stabilise preferentially certain components of the tI, set of non-bonding molec- 
ular orbit& and thereby improve the gold-gold bonding. Two distortional 
modes which reduce the symmetry of the octahedron from Oh to either II,,, or 
C:, are illustrated below. The resultant LIZ,, polyhedron may be described in 
terms of two tetrahedra which have been fused along a common edge. The C:,, 
polyhedron may alternatively be described as a bicapped tetrahedron. These 
polyhedra are closely related and the bicapped tetrahedron may be generated 
from the fused tetrahedra by the formation of an additional bonci between non- 
adjacent vertices of the tetrahedra. 

EDGE SHARING TElRAHEDRA 

OCTAHEQRON 

BICAPPEO C I AAHEDRON 

The affects of such distortions on the frontier molecular orbit& of the octa- 
hedral Au~(PII~)~ cluster arc illustmtcd in Fig. 3a and 3b. In each case the lowest 
lying a IA molecular orbital is essentially unaffected, but the C ,,, set of molecular 
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puted overlap populations for the AQ(PH~)~ 2* ion which are reproduced in the 
figure below demonstrate clearly the bonding advantage gamed in terms of 
met&-metal bonding compared to the related Au~(PH~)~~+ ion with an octa- 
hedral geometry, where the Au-Au overlap population is computed to be only 
0.134. Qualitatively, the preference for a fused tetrahedral structure can be 
appreciated in terms of forming two tetrahedral entities each with a totally 
symmetric and filled bonding molecular orbital rather than the parent octa- 
hedral structure which has only a single in phase bonding molecular orbital. 

Ph3P PPh3 

co(co~, 

Aue(PPh3)4{Co(C0)4}2 

Bond lengths (A) 

The trends in the computed overlap populations reproduced above account 
nicely for the range of metal-metal bond lengths reported for Au&PPh& 
< Co(CO),) 2 [16] and. summarised above. The computed overlap populations 
and bond lengths given above reflect the nodal characteristics of the highest 
occupied molecular orbital, bl, in Fig. 3a. This molecular orbital is localised 
extensively on the three edges of the fused tetrahedra which are bisected by 
the major two-fold axis of the ion. Furthermore, it is strongly o-bonding along 
the outer two edges and x-bonding along the common edge of the fused tetra- 
heclra (see Fig. 3a). This type of asymmetry in bonding readily accounts for 
the observed trends in overlap populations_ 

There has been a report of an octahedral cluster with the stoichiometry 

Aub(PPh&‘+ , which as we have pointed out previously does not conform to 
the bonding ideas developed above [l] _ Since this compound was only prepared 
in very small quantities and characterised by means only of a single crystal 
X-ray analysis [ 171 these calculations reinforce the doubts expressed previously 
concerning the charge on this cation. 

The isoZobaZ nature of Au(PR,) and the M(CO), fragment as illustrated in 
Fig. lb may be used profitably in conjunction with the cluster molecular 
orbital calculations described above to predict the occurrence of the following 
series of tetrahedral and triangular mixed metal compounds, which have a single 
skeletal electron pair. 
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/ 

pyy(p pqp ; 
P p’ H 

Pt4 (PH314 PtA(PH3)A H2 Hz 
Fig. 4. Interaction diagram for the formation of the edge bridged hydrido- cluster compound PQHz<PH3)4_ 
For the parent Pta(PH3)4 cluster the a1 molecular orbital derived from hy(s-z) & more stable than the 
comparable orbital in the gold complex and lies within the d band of molecular orbitals. It interacts little 
with the hydrogen 1s orbitals of the bridging hydrido- ligands. In Pt4(PH3)4Hz the electronic configura- 
tion is (lb~)z(la~)2(d-band)36(~~-hy(~-.z))2. i.e. a total of 50 valence electrons if the Pt-P bonding molec- 

ular orbitals are included. 

edges as those occupied by the hydrido- ligands in the cluster above requires the 
Dzd distortion of the A-P, skeleton illustrated below. For the calculations 
described in this paper the phosphine ligands were distorted in this fashion until 
the Au-Au-P bond angle was equal to 180”. 

This distortion has the effect of raising the energy of the totally symmetric 
combination of molecular orbit&s derived from hy(s-z) of the isolated Au(PH3) 
fragments. The distortion also raises the degeneracies of the higher lying tz and 
e molecular orbital% The b2 component of the tz set is stabilised by a large 
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Fig. 6. Illustration of the orbital interactions between Au4<PH3)4 and the frontier molecular orbit& of 

the bridging iodide ligands. The highest occupied molecular orbital in Au412(PH3)2 is 2~1. This leads to a 
total electron count of 54 if the iodides are viewed as 1 electron bridging ligands. 

cation. However, the overlap populations computed for such an ion and repro- 
duced above suggest that there is little effective gold-gold bonding in such an 
ion. This results because the la, and lb? molecular orbit& are so intensively 
localised on the iodide ligands that little bonding electron density remains 
between the gold atoms. 

The situation is improved significantly by the population of the higher lying 
2q molecular orbital in Fig. 6. The computed overlap populations for the 
resultant neutral molecule, Au~I*(PH~)~, summarised above indicate that the 
additional electron pair resides in a molecular orbital which is considerably 
more bonding between the gold atoms and only slightly antibonding between 
gold and iodide. The fact that this molecular orbital is not strongly gold-iodide 
antibonding is at first sight surprising since this molecular orbital may be iden- 
tified as the antibonding partner to la, in Fig. 6. However, the antibonding 
character of 2~2, is significantly diminished by a contribution from the higher 
lying and empty cluster molecular orbitsi of ELM symmetry derived from the e 
set of the undistorted tetrahedron (see Fig. 5 and 6). The manner by which this 
mixing diminishes the antibonding gold-iodide character of the 2~2, molecular 
orbital is illustrated schematically overleaf. 

At the same time population of this orbital leads to a substantial strengthen- 
ing of the gold-gold bonding within the tetrahedron. Therefore the calculations 
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+ 

suggest that the neutral gold cluster Au,I~(PR~)~ with 54 valence electrons is the 
more stable cluster species. 

Such a molecule has recently been synthesised and structurally characterised 
by Manaserro, Naldini and Sansoni [ 191, who noted that the Au-Au bond 
lengths in the cluster were shorter for those edges bridged by iodide than the 
remaining four edges. The nature of this structural asymmetry is clearly indi- 
cateci in the figure below. 

I 
2.35 

Ph3F 
2.65 _ 

PPil, 

2.73 

x% 

I FPh3 

PhsP 
I 

Au412(PPh3),-Bond lengths (8) 

b2 

The calculations which we have completed on this molecule suggest that this 
asymmetry can be attributed primarily to the bonding contribution of the clus- 
ter b2 molecular orbital, which is more strongly bonding along the two bridged 
edges (see Fig. 5 and 6). The computed overlap populations which reproduce 
this trend are summarised on p_ 191. 

In Au.&(PH,),, which has a total of 54 valence electrons, the ligand q com- 
bination enters into a 3 orbital 4 electron interaction with the cluster (zl molec- 
ular orbitals derived from hy(s-z) and the e set. This situation is possible because 
the middle component of such an interaction (2a, in Fig. 6) is reasonably low 
lying, non-bonding with respect to the bridging ligands, and bonding with res- 
pect to the cluster. If the energies of the (I~ and b2 combinations of the ligand 
orbit& match those of the cluster skeletal molecular orbit& more closely then 
the situation alters dramatically and the (I~ orbitals enter into a two electron 
three orbital interaction, rather than a four electron three orbital interaction. 
The reasons for this can be clearly appreciated from Fig_ 7 which illustrates the 
effect of bridging the tetrahedral cluster with two angular Au(PH& fragments 
in the following fashion: 





188 

e 

/ 

“1*% 

e 

e 

?yp p_j!$p 

P P 

p‘i 

P 

.\t p 

*A, 

2+ 
Au4 U’H3)/, 

2+ 
Au4(PH3)~ [P -Au(P”3)21 2 

Fig_ ‘i. Illustration of the orbital interactions between Auq<PH& and two edge bridging Au<PH3)2 
ligands. The highest occupied molecular orbital is lb2_ 

Although this analysis has been undertaken for the Au(PH~)~ fragment as a 
bridging ligand in order to get the most suitable match in cluster and bridging 
ligand orbitals similar arguments are relevant to other fragments which are 
isoiobal with Au(PH~)~, e.g. Mn(CO)5 and COG. The Au(PH3) fragment 
could also be viewed as being isolobal with Au(PH~)~ and therefore it could be 
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into account the secondary contribution made by the 6p, and 6p, orbit& of 
gold in order to satisfactorily account for the stoichiometies and bond lengths 
of small gold cluster compounds derived from this fragment. Condensed poly- 
hedral structures based on the tetrahedron appear to be particularly favourable 
for small gold phosphine cluster compounds, because they provide for the 
masimum number of nearest neighbour gold-gold interactions and a pair of 
bonding cluster molecular orbitals derived from the hy(s-z) orbit& of the iso- 
lated Au(PH3) fragment. 
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Appendix 

All the calclulations were performed using the extended Hiickel method 
121,221 *and the relevant orbital parameters are given in the Tables below. 

The Hii for the bridging hydrido ligands were set equal to -10.0 eV rather 
than the usual value of -13.60 eV in order to model more effectively the 
hydridic nature of these ligands 1241. The conclusions reached in the paper are 
not altered when the usual Hii is used, but the resultant charge distributions 
conform more closely to electroneutrality when the lower values are used. 

T-ABLE l-4 

PARAMETERS FOR NON-METAL ATOMS 

_4tom Orbital skxter exponent Hii 
<ew 

ref. 

H ls(in PH3) 1.30 -13.60 21 
H ls(Bridging) 1.30 -10.00 24 
P 3s 1.60 -18.60 25 

3P 1.60 -14.00 25 
I 5s 2.63 -22.30 26 

5P 2.20 -11.00 26 

TABLE 2A 

PARAMETERS FOR METAL ATOMS 

AtOm Orbital *ii k-1 =I E2 =2 ref. 

<em 

Pt 6s -9.80 2.55 27 
6~ -5.35 2.55 27 

5d -10.61 6.01 0.633 2.70 0.551 27 

Au 6s -9.22 2.60 1 

6~ -4.27 2.58 1 
5d -11.85 6.16 0.648 2.73 0.539 1 
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All the parameters conform to those which have been used to give reliable 
conclusions for organo-transition metal compounds [6,28]. The off diagonal 
terms in the extended Hiickel calculations were estimated from the expression 
Hij = 1_75S,(Hii + Hii)/ [21,29]. 

The following bond lengths were used for the calculations: Au-Au 2-70 A, 
Pt-Pt 2.70 A., Au-P 2.27 A, Pt-P 2.27 91, Au-I 2.90 A, Pt-H 1.80 8, P-H 
1.42 A. The calculations were performed on the ICL 2980 Computer at this 
University using the programs ICONS and FM0 [ 221. 
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