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A. INTRODUCTION 

The metal-metal bond in coordination chemistry is one of those phenomena 
which quickly moved from the realm of being thought “scarce, if any” to the 
present idea of “rather commonplace”. The literature dealing with these bonds 
continues to appear at such a rapid rate, that it is difficult to detect any sort of 
unity between the various physical methods being used, the synthetic work, and 
theoretical approaches. Several reviews have appeared14, but these have mainly 
discussed compounds by classes, in general emphasizing descriptive chemistry of 
the metal-metal bonded or metal cluster compounds. An exception is the paper by 
Lewis5 which discussed many of the X-ray crystallographic determinations through 
1964. 

In this Review, we wish to bring together the most recent results of spectro- 

l Present Address: Department of Chemistry, Hunter College. 695 Park Avenue, New 
York, N.Y. 
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scopy, crystal~ography~ and theory, to show some~~t more cfearfy what is our 
current ~nde~tandi~~ of metal-metal bonds, and where the main gaps still lie. 
An attempt has been made to survey the pertinent literature as thorou&y as 
possible through early 1967 ; however the earlier ~oI~ection of references to crystal 
structure data given by Lewis’ will not be repeated here, 

r that the great interest ma~if~ted in metal-rn~~l bonds in 
coordination compounds is justified by the key role which these bonds play in 
deter~~ing the chemistry of large classes of compo~ds, in particular compo~~ds 
with heavy metals in Iow valent states, e-q. the metal carbdnyls. Xt has been already 
pointed out3 that the chemistry of these compound is largely a matter of accident, 
when compared, for exampb, with the rules which can be set down for synthesis 
of other classes of ~be~cal compounds. The most recent work of a physic 
nature has therefore been somewhat directed towards an application of the results 
as quickly as possible to chem~~l problems. 

In view of the above, it is appropriate to ecu a disc~siu~ of rn~ta~-metal 
banding with beet-rne~tio~ of a series af papers by Dessy ef aA6 in whihieh the dec- 
tro~hemi~l scission of 55 compounds c~ntai~ng metal-metal bonds was studied. 
It was felt tbat the ~Iectro~bemi~I reduc?io~ ~tentiaIs would give at least the 
relative strengths of metal-metal bonds, in both homon~~lear and het~ronucIear 
bonds, This expectation was a~pareatly fu~~d~ 

Two general routes for the ~eductioff~ were found: 
I) m-m’l-2e’-+m:‘- +m’:- 
2) m-m’+ le--+m:-i-m’. 

Ali homo~ucIear ~ornpo~~ds foIIow~d route 1, whife heteronu~iear ~orn~o~Rds 
could follow either route I. or 2. The ordering of cathodic potentials with vacation 
of metal atoms was in agreement witb our general ideas about the re~a~v~ strea~hs 
of metal-metal bonds, e.g. Mn-Mn weaker than Re-Re, but S-S more stabIe than 
Se-Se, etc. Mn-Re appears intermediate to the two homonuclear compounds. 
Unfo~unately, as the reactions are eIectroche~~lIy i~eve~ible, it is not possible 
to make direct correIatio~ of xed~ction po~eati~ with ~errnody~a~c fu~c~o~s. 
~onethel~s, the extensive table of relative bond strengths and reacti~ti~ given 
by Dessy and co-workers wiU prove of direct aid to those exploring the chemistry 
of metal cI~te~. It wiIi be inte~ting to see if these co~~la~o~ survive the test 
of ~xpe~me~t better than previous a~ern~~‘~ 
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(ii) X-Ray crystallographic investigations 

Beginning with the determination of the structure of iron enneacarbonyl by 
Powell and Ewen? in 1939, the use of X-ray crystallographic structure deter- 
mination has been most active in the pursuit of the metal-metal bond. To date 
about 100 coordination compounds containing or suspected of containing metal- 
metal bonds have been investigated by this method. Two fundamental pieces of 
data are obtained: First, a rather accurate measure of the metal-metal distance 
and second, the molecular structure in the crystalline state is unambiguously 
determined. 

While in the hands of several investigators much information about metal- 
metal bonding has been derived from these data, one must point out at the start 
certain traps into which the uninitiated have often fallen. First there is the problem 
of interpreting the metal-metal bond distance. Powell and Ewens’ suggested that 
there was probably little or no metal-metal bonding in Fe,(CO), despite the fact 
that they measured an iron-iron distance of 2.46 A, and the compound was known 
to be diamagnetic. On the other hand, Dahl and RundIe found a Mn-Mn distance 
of 2.923 A in Mn,(CO),,, about 0.5 A larger than the sum of the covalent radii, 
yet in this compound the metal-metal bond is the only bridge between the two 
halves of the molecule. It is important to realize that sometimes a short metal-metal 
distance may result from the geometry of the molecule, i.e. bridging groups force 
two non-bonded metals into close proximity, while at other times a considerable 
amount of orbital overlap can occur even at quite long distances. Brown and 
Dunitz’” considered the former situation to obtain in CU,((C~H~),N,)~ despite 
a Cu-Cu distance of 2.45 A while on the other hand there is evidence for at least 
weak metal-metal bonding between layers of Au(dimethylglyoxime)Z+AuCIZS 

and in nickel, platinum and palladium DMG as well, though the intermetallic 
distances are on the order of 3.25 A”-13. Mills *a. *’ has shown a large variation 
in iron-iron bond lengths. Bryan l6 has recently pointed out this problem in the 
case of some compounds containing mixed metal bonds, showing that at the present 
time no suitable formula exists by which one can use additivity of atomic radii to 
calculate the length of a metal-metal bond. Furthermore, the concept of the so 
called “bent metal-metal bond” introduced by Dahl”, as well as other recent 
orbital treatments of these compounds discussed below, cast doubt on the value of 
the bond length as a useful number in treating metal-metal bonding. 

The second problem occurs when one tries to reconcile data obtained from 
other sources with crystallographic data, the problem here being the “valence 
tautomerism” of many compounds which can exist in bridged or unbridged struc- 
tures. It appears that many conflicts will be resolved only when it is recognized 
that the compound in question exists in one or more tautomeric forms, and that 
only measurements made under the same conditions of sample (phase, temper- 
ature, etc.) may be expected to give the same result. This tautomerism has now 
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been substantiatedin several cases of compounds i~voI~~g mew-metaZ b~n~~8-z4. 
In Table 1 the results of recent 

containing . metal-metal bonds are 
further discussion. 

de~r~a~o~s of corncob 
rai interesting cases warrant 

The chalcogen S~~Fe~(CO)~ was shown* to have a framework in which 
there was a square pyramid with an iron at the apex and alternate seienium and 
iron atoms in the basal plane, As the carbonyls are t~gonally bound to the apicaI 
iron &tom, and the iron was viewed as being coordinated to all of the basal atoms, 
the result is a seven c~ord~~a~ed iron atom. As the authors pointed out this is not 
surprising as Fe,(CO)p also has 7 coordination at iron if we consider that there 
is a Mets-rne~ bond in that ~om~und. The e-Z?ea,,, angte of ordy 68” 
is quite acute. The related sulfur compound [C2HSSFe(CO)J2 has an Fe-S-Fe 
angle of 68.3” in an idealized C,, structure which may be thought of as the junction 
of the basal planes of tet pyramids along the chaicogen bner7. In both of 
these compounds, it was d that bent bonds (bonds formed by the overlap 

of orbitals not along the same line) existed between the atoms, as well as 
between the iron and selenium or sulfur atoms. For octab I iron orbitals the 
angle between overlapping orbitats in the sulfur compound is 113O. The sharp 
bridging angle is viewed as necessary to give better overlap. In co~ide~~g the 
structure of Roussin’s Black salt, CsFe.&(NO)7 * Hz0 Lipscomb4’ pointed out 
that there is a four-center molecular orbital among iron atoms, which is weakIy 
bonding. This was perhaps a foreshadowing of what was to be expected in the 
structures of the ch~c~ge~ides. More recently Dahi3” has examined (C,N5FeS), 
with similar results, and Bryan 3o has likewise found a C,, nucleus in ([C,H,)C- 
S-Fe&IO)& where the Fe-S-Fe angle is only 67.4”. 

The polynuclear iron carbonyls and ~arbo~y~ferrates have been the subject 
of several ~v~~gatio~s. The structure of Fe&!O),. was foundz9 to consist of 
four iron atoms at the corners of a tetrahedron, to each of which is bonded three 
CO groups. The thirteenth lies beneath one of the planes of the tetrahedron and is 
symmetrically bridged to three irons. On the basis of this structure the authors 
have asserted that it is not possible to add a fourt~nth CO group to the molecuIe 
in place of the two electrons, as consideration of models showed that there was no 
stereochemi~lIy reasonable way to arrange fo~~n CO’s about the iron frame- 
work. Cotton7 has however pointed out the danger of drawing conclusions about 
the feas~i~ty of synth~~~g po~ynuclear organometai~~ on the basis of stereo- 
chemical considerations, Thus, though the ar~ment relating to the hitherto 
unknown Fe,(CO) I a is convincing, it should provide a challenge to ske~ti~i 
synthetic chemists. 

Fe, (CO), s has long been the subject of controversy, as it has been thought 
to *be impossible to reconcile the infrared spectrum46 in the CO stretc~ng region 
with a triangular array of metal atoms. That this is indeed the structure of the 
solid, however, seems ~~u~tionable, as a result not only of inv~~~~o~ of 
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Fe&X3) l 2 itsetf2s*47 (~~mp~~ated by a disorder in the crystal), but also of related 
compound such as ~~e~(CO)~ 1- 28 and P~~P~~~(CO~~ 126. In all cases the struc- 
ture may be viewed as one in which one of the boding CO groups of Fe,(CO), 
has been replaced by a cis di-substi~ted octahedral Fe(CO), unit. The position 
of the hydrogen atom in WFeJ(CO) 1 i -, which is not observed, is inferred as being 
a symmetrical bridge between the two iron atoms which are join_ed by the bridging 
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CO%. This is then regarded by the authors as a pro&mated men&-m 
Although it may yet be possible to resolve the conflict. between infrared and 
~~t~lo~a~~c data grout a valence ~utome~sm argument (i.e, two or more 
s~c~es for ~e&X3) 1 2 in solution) pre~~na~ attempts at expe~menta~ veri- 
fication of this ~g~ent2~ have been negative. 

A similar controversy betw~~ c~stal~ c data and i~rared soiutio~ 
spectra in the 5 micron (CO stretching) region48 occurs in the case of Co,(CO),,, 
for which Co~d~~4~ proposed the structure shown in Figure 1, despite a crystal 
disorder preyentjng the removal of al uuce~i~~_ DahlZ4t has however recently 
verifkd this s~cture and found the same structure for Rb,(CO), 2, thou~ a 
simple tetrahe~~l st~u~~re, with three CO’s bonded te~i~a~y to each metal 
atom was found for Ir,(CO),,. Smith** proposed the structure ~~~trated in 
Figure 2 to explain the infrared sob&ion data for the cabalt compound, and 

‘recentIy C0tt0n2” attempted a ratio~~~tion of these problems based upon the 
j~~~r~o~v~~io~ of CorradiSs s~uc~ur~ to Smith% structure through an un- 
bridged structure of the i~dium type_ 

The strnctxxraf work on mangau~se carbony showed some time ago9 that 
the Mn-Mn disttsnce was long, 2.923 A. The isomorphous rheuium compound also 
showed a fang metal-metal bond distance of 3.02 A, anti recently it was reported34 
tbat the compound Tc~(CO)~~ was also jsomorpho~ with matinee ~bouyl 
and has a Tc-Tc distance of 3.036 A. It seems that the ch~a~te~s~~~y large 
met&-metal distances is inherent in the bon~g scheme of the uub~dg~, ~~~he~al 
compIexes of this sort, however uo detailed work has been carried out to e~u6idate 
the reasons for this as yet. Cotton and Dunne”’ reported that the compounds 
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Fe,(CO)sI, and ((CH,NC)&O),~+ are also isostructural with Mn2(CO)ro, the 
Co-Co distance being 2.74 A. Further study of the implications of the structural 
work on all of these compounds should be exceedingly useful, for it bears heavily 
on the question of the forces involved in metal-metal bonding, pointing up the 
differences in such a dramatic way between the bridged and the unbridgedcom- 
plexes. It is, in a sense, the clearest inorganic example of the competing etiects of 
steric and electrical forces in determining structure and bonding. The work on 
valence tautomerism in the metal-metal bonded compounds is, of course, along 
these same lines. 

Several papers have appeared in the recent literaturer4’ Is, which have used 
crystallography as a tool to analyze and identify the products of a reaction. It 
seems strange at first that one should have to resort to such an elaborate analytical 
tool, but this merely points up the fact recently mentioned by Cotton3 that 
the chemistry behind the production of compounds containing clusters of metal 
atoms is very much accidental, and we have as yet no clear-cut synthetic methods 
to produce particular compounds. It would seem that these methods will be the 
result not only of more synthetic work, but also of increased perseverance on 
the theoretical front, leading to a better understanding of the nature of the bonding. 

In summary, it is apparent that crystallographic structure data is an absolute 
necessity before we may begin to compare any theoretical work with experiment. 
The structure, bond lengths and angles are essential pieces of information. How- 
ever, it must be kept in mind that they give us only limited information about the 
forces between the atoms, the shape of the potential when we stretch a metal- 
metal bond, what energy is needed to dissociate it, and what conditions are needed 
to form it. For these data we must appeal to other methods. 

(iii) Infrared and Raman spectroscopy 

Commercial far infrared instrumentation has been available for almost 5 
years, and inexpensive, laser-exc’ted commercial Raman instrumentation for about 
3 years; nevertheless, to date very few vibrations involving metal-metal bonds 
have been reported. For molecules possessing only one metal-metal bond about 
a center of symmetry, the metal-metal stretching frequency will only be Raman 
active; however, in cases of more than one metal-metal bond, or lower symmetry, 
it will frequently be possible to observe these stretches in the far infrared region. 
The expected low frequencies (250-100 cm-‘) are a result of both the heavy atomic 
weights of the atoms involved in the vibration, and the generally low force constants 
expected for these bonds in many molecules. In the absence of any significant 
amount of data on the force constants, we can in any case assume that the vibra- 
tions fall in the above region mainly as a consequence of the weight. The proof 
of a vibrational assignment of an infrared or Raman band to a metal-metal 
stretch is not usually trivial. In general, pure stable isotopic compounds are not 
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avaiIabie, so what one tends to do is to compare ligand vibr&ions with those of the 
uncoordinated ligand, more or less subtract away this spectrum, and hope that the 
rem~~g bands belong to the me~f-meal skeleton. These baads 
more expected to show Iittle variation in fr~uency as ligands are varied within a 
given class (e.g. Cl, Br, I). 

A few frequencies have been reported. Woodwards”, many years ago, 
measured the Raman spectrum of the Hgs2+ ion in aqueous solution as the 
nitrate salt, finding a band at 169 cm-t. More recently, Corbett” examined the 
Cdzat ion (AK&- salt) and found a band at 183 cm-’ for the m&en salt, which 
shifted to 177 cm- 1 in the solid, ~tbou~l~ comparison of the two frequencies is 
disgust, it appears that the force ~ousta~~ of the Cd-Cd bond is considerably iess 
that of the Hg-Hg. 

Stammreich and co-~v~rkers’~ exa~ned the Raman spectrum of Cd(Co 
(CG)~)~ and Hg(Co(C~)~)~ in me~aao~, benzene, and cy~~ohexau~ solutions, 
and d~te~ined that the s~metric Co-M-Co stretching f~que~cy occured at 
152 om-1 in the Cd compound and 161 cm-” in the Hg. Recently E 
hsve reported the asymmetric stret~~~ frequency for the Hg co 
cm-l in tetrahydrofuran solution. ~th~ugh results have not yet 
it seems reasonable that one can make some assumptions about the io~l~atio~ 
of motion of the Co(CO), units in these molecules and derive force constants 
which should reproduce the symmet~c and asymmet~c frequencies. This will 
a good measure of one aspect of the bonding in these compounds. 

All other rest&s extant in the literature are of a more speculative nature, 
Cross and Gloekling sJ have assigned a band at 228 cm-’ to a Ge-Ge stret~~ug 
mode in Ph,Ge,GeH and Ph,Ge,GeCH,, however more detailed info~ation 
was notgiven. 

Cotton and Wi~gss tentatively assi~ed a band at 120 cm-r in the Ramau 
spectrum of Re2(CO) i 0 to the Re-Re s~etc~ng mode. This wouId result in a 
force constant of about 0.8 mdynes It will be quite interesting to see what force 
consist result from the Mn, Re, d Tc decaMrbonyls to compare with other 
metal-metal bonds and discover if any connation can be found be n the long 
bond length and the force constant. 

Adams et ~f.“~ briefiy noted that an infrared band at 219 cm- ’ may be au 
iron-mercu~ stretch in ~~C~)~(Hg~l)~. As the bromo and iodo compounds 
are well known it should be possible to determine both the symmetric and asym- 
metric stretching frequencies, as we11 as to get some idea of the magnitude of the 
variation in interaction of the different halogens in the mew-metal bond. The 
mixed halo compounds wouId, of course, also be quite interesting to look at. 

In the far infrared spect~m ions RhzX,(SnX3)44- one band was 
fo~ud$* which remained nearly co for X=Cl and Br. This was found at 
209 cm-” in the chloro compound d 217 cm-” in the bromo ~~rnpo~nd. It 
was assigned to an Rh-Su stretchin ode. In the same paper, the authors re* 
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pact one d in the very s~et~c Pt(S~~)~3- ion which could not be 
assigued to an SK& vibration (X=Ci, Br). This band was found at “CQ. 200 cm-“” 
and was split into two bands in the bromo compuund. Further details are not 

ven, however this is probably a Pt-Sn stret~~ug mode. 
For seven compounds conning oc~~e~ai clusters of molybdenum and 

tungsten atoms Cotton et uLs9 recently reported metal-metal stretching vibrations 
in the region of 210-24Ocm -l for six MO clusters, and 150 cm- ’ for the single 
W cluster examined, 

It is quite likely that there remains a good deal of unpublished data which 
will appear in the literature in the next year in this area. These data will be of great 
value for comparison with the ~lculatio~s of molecular orbital theory on the 
compounds in question. We have seen in the past” how valuable accurate force 
constant can be in interpreting biding in coo ~na~iou compounds, especially 
if we at the same time keep in mind the appro~mations we have made to obtain 
these force constants, the importance of interaction constants which are difficult 
to dete~~e~l, and the bridge we have used between the molecular orbital picture 
and the force constants. Although the experimental data can be ob~ined, the 
last point, i~te~retation of these data, is the area where effort must be ~~~ntr~ted. 
Little or no concrete work on metal-metal bonds yet exists in this area. 

(iv) h#&s .spectrometry 

Complementary information to that obtained from infrared and Raman 
inv~tigations of metal-metal bonds comes from the recent work on the mass 
spectra of these compounds. This work provides information abuut the stability 
of the metal-rn~~1 framework relative to the attache ligands, and may also give 
information about the energy needed to break metal-metal bonds. Thus iufrared 
s~tros~opy supplies us with data about the lower part of the potential curve, 
while mass spectra attempt to examine the upper, dissociation section, 

~~rirne~~lly, mass spectroscopists have been hesitant about allowing 
i~org~~~ theists to put their samples into the mass spectrometer, as the metals 
may short circuit the ion source, as welt as deposit in various places, a partic~lariy 
troublesome spot being the detector. The use of photoionization has partly eli- 
minated these problems, and the metal deposits have apparently not heen as severe 
a bother as was once supposed. It is of course important, th;t the compound have 
some realistic vapor pressure so that a mass spectrum can be obtained without 
u~~onable amounts of heating of the sampIe, As will be seen below, hating, 
even to moderate temperatures, can result in substantially different mass spectra. 

Winters and Kiser62 were the first to investigate the mass spectra of com- 
pounds confining metal-metal bonds, though Hurd et aZ.63 reported some mass 
spectral data as proof of the composition of mangan~~ carbonyl some time ago. 
In a detailed investi ion of the mass spectra of Mn,(CO) 10 and Co,(CO)s it 
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was found that ions of the type ace 
relatively high abundance. l~di~t~o~s were that n occurs by suc- 
cessive removal of CO groups from the me~I-meta f From appe3ra~~e 
potential data it was c~ncIud~ that Co(~O~~ - but not any - is formed in 
the dissociative process to a signi~~nt extent. An attempt was made to combine 
the appearance potential data with published data for the heat of formation of 
Co,(CO), to derive a value for the bond dissociation energy of the Co-Co bond 
in the reaction Co,(CO),-+2 Co(CO),, 76 k~~~rnole being obtained. Since the 
appear~~ce of this report, B~di~osti and McIntyre have also examined the mass 
spectra of these two compounds64*6s using a pyrolysis cell described by Bidinosti 
and Porter@. By varying the tem~ra~~re between 35 and 85” C, radicals could 
be product which were then widows to effuse into the m~s spectru~e~er. By 

the increase of the ratio ~~CO~~~~Co~(~O)~** for example, and 
ninny the tem~~~re at which Co(CO),+ could be d~~~~ed below its appear- 
ance p~~~n~~a~, the ~on~~~~o~ pot~~tja~ for the reaction Cog -~e~Co~~U~~~ 
+2e could be determined, and the appearance potential for Co(CO),* in the 
assumed reaction CO~(CU)~ -#-~-+CO(CO)~” +Co(CO), --t-2e was measured using 
the method of Warren6’. The d~r~nce of the appearance potential and the 
io~~a~ion potential thus d~ter~ned might be the radical dissaciation energy for 
the metal-metal bond; in the case of Co,(CO), a value of 11.514.6 kcal was 
obtained by t&is method. For M~I,(CO)~ 0 a radical dissociation energy of I&9& 1.4 
kcai was obtained. Just what relating these values bear to the 76 kcaI for Co~~CO)s 
of Riser6’ and the 34rt: 13 kcal for ~n~~~~~~ e given by Cotton and Mo~~h~mp68 
is an intriguing question. It seems likely that one must consider more ~~~~y 
the processes taking place in fra~~ntation, and that perhaps the view of ~idi~~st~ 
et ~2. is ove~~mp~i~ed. On the other hand, all four values may be accu~te deter- 
minatio~s for different presses. More work is needed, 

King6g measured the mass spectra of several polyn~~lear metal carbo~yls. 
For ~0~~~0) rz all ions of the type ~o~(~O)~~ II = 1-12 were found; afthou~h 
relative abundances were not given. It was asserted that the Co,+ ion was 
perhaps a tetrahedral cluster of cobalt atoms. Similarly, successive removal of 
CO groups from Ru&IX&~ to give the Ru3 + ion was observed, but for Fe&JO) x z 
stepwise loss of CO was found only up to the Fe3(CO)3+ ion after which rupture 
of the iron-iron bonds occurred. This implies that the iron-iron bonds are weaker 
than the ~~e~urn-ruthe~um or cobalt-cczbah bonds in these compounds. This 
concision wouId be comp~eteSy co nt with Dahf’sz4*28 results on the struc- 
tures of the poly~uc~~r ~arbony~s. has also reported ia the same paper that 
the mass spectrum of [C~~~Cr(~O)~~~ shows no Crz+ ion or any other ion con- 
taining two chromium atoms, whereas the co~~pondj~g malybde~~m compound 
showed all ions of the forrn~l~ (Cs~s)~Mo~(CO~~ x = 0, 2, 3, 4, 5, 6. It thus 
appear that unlike its molybdenum analog the chro~~m impound readily 
~~u~iat~ to the rnon#rn~ in the gas phase. 
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Jolson ef aZ.‘O have compared the mass spectra of Mn,{CO) x0, Re,(CO) f o 
and ~nR~C0) t e. The doubly charged species Re&CO),* * were seen, but for the 
other two compounds tbey were not observable. It was felt this provided 
some evidence for the fact that the Mn-Re bond was proba inte~~iate in 

a in-Mn and Re-Re. The fa& that MaR~CO)s~ appears inr 
may ‘be indi~tive of the fact that 5 CO ups are lost quite 

easily from this molecule, though this concSusion is perhaps a bit p~rna~re. Other 
poiynuclear carbonyls were also examined in this work, ~cIudiug OSCAR, 
wbicb showed no fragmentation to mono- or binudear species, and gave successive 
removal of CO groups to the OS,” core. Rh,(CO) 1 2 showed the I&” core, plus 
f~gme~tation to binucfear species, and Os,O,(CO),, gave a mass spectrum which 
was believed to be consistent with the schematic formulation of this compound 
as an adduct of Os,(CO), + and 0~0,. 

In an examination of the mass spectra of halogen bridged metal uitrosyls7’, it 
was found that the breakdown pattern observed depended upon the stability not 
only of the metal-metal bond but of the four membered ring as well. The spectra 
indicated that CO groups were lost more readily than NO ups in metal-metal 
bonded compound. Thus far there has been no quantitative work in this direction, 
however. 

A few ven~~~~ have been made into the area OF a deception of the metal- 
metal bond from the point of view of bonding theory. Those due to Cotton have 
recently been summa~ed 3. Essentiahy the approach used by Cotton and co- 
workers to treat Re2Cls2- 72S73 Re3C1,23-, Mo6C/s4~, and Ta6Ci122+ 74is an 
approximate molecular orbital treatment (more exact in the case of the Re,Cls2” 
ion than for the others) which is in practice limited to consideration of the bonding 
within the metal polyhedra. Despite the approximations, the work of Cotton and 
Haas does account for the observed magnetic properties of the ions considered, 
and seems to predict well the relative orbital energies. More data, careful- 
ly analyzed, on the electronic spectra of the complex ions is needed before we 
can know just how well these calculations have [succeeded in determining the 
molecular orbital picture of the moiecule. (One attempt’5 made thus far for 
Nb6Xrz2* and Ta6X12 ZZ* disagrees partially with Cotton% results, but u~ither 
work is free from ambi~ous interpretation.) The work of Cotton also points up 
the inadeq~cy of using standard electron pair bond concepts and methods in 

ese ions. In view of this, it is somewhat surprising that the authors have 
to ~~b~h the de of multiple bonding in these and other com- 

s done by d~~~n~ the number of electron pairs in bo~~~~ mole- 
the number of pairs of adjacent metal atoms. For Re,Xa2’ this 

Cmrdis. Ckem. l&w., 2 (1967) 371-384 
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procedure gives the interring result that there is a ,Re-Re q~d~F1~ bond. 
Further, Cotton has shown that the degree of m~t~pIe bonding ~c~ated in this 
way seems to decrease with the metal-metal bond length. It should be pointed out 

at such ~o~~lat~o~s must be used with extreme caution, because they ~se~~~y 
tra~la~oo of molecular orbital, delo~~~ed~ results, into e~~tro~ pair 

Kettle, iF a series of papers 76-*z, has discussed the use of equivalent orbitals 
for the irea~eni of ~ornpou~ds with rne~a~-metal bcmds, It is clear that tbo~gh 
we gain ~erne~do~sly in, our ability to explain the p of the metal cluster 
corn~ou~~ when’ we leave the elec~on pair bond b d and go to mo~~ular 
orbital d~s~~~ons, there is a certain loss of the concept of the bond itself. This 
can be recovered in certain cases (note p he req~rement that S = 0, no 
unpaired electrons) through the use of orbitals. These were firsr de- 
veloped by ~~n~d-J~~~ and Pople” for just this reason. From the 
SCF rno~~~~ orbit& iinear combinations are constructed ~thout regard to 
symmetry type, along the bonds. The details and several simple examples are to 
b d in an article by Poplea4. J0rgenson*s b pointed out the advan and 
d ies in working witb equivalent orbltals. hat has been done by e iii 
tie case of metal-me bonded compounds is to use this to~o~o~~~~ ~qrnv~~~~ 
orbital method to calculate relative orbital energies, making many of the approxi- 
mations inherent in Cotton’s ~~trne~t but in&din a#l con~ibu~o~s due to 
ribald sites, aad see what Fict~re of the me~i atom cIuster, with~~~an~r~~~rs. 
Ia generic, the same relative orbital ~ner~es are obtained as those of Cotton’2-74 
but the larger basis set used results in a better picture of the bonding in the ions, 
together with a better “feeling” for the forces in rhe metal-metal bonds. Tbe latter 
i of course the r~on for this work. A lar number of oc~edr~l, tet~~~~al 
and trian~~ar cornp~e~~ have been tr~ted in this way ore recently, the method 
has been applied to the metal ~~rbo~ylsso~81. The ge considera~o~s, preli- 
minary to description of the electronic structure in detail, were reported for 
rr4(eoh2 o4CC0)~2~ %KPh21 Fe,GQh2, Fe2KXh, C~2~CO~s~ Ma2 

KPl,, ia first article, and in the second the very inte~sting compound Rhb 
(CO),, was treated in more detail. This compound is one of the only known metal 
carbonyls which does not obey the so called rare gas de, that is, it has two 
electrons more than the nearest closed shell. Kettle has shown, however, that if 
one ~~~c~ eq~va~e~t orbitals for this mol~ule and b ns to allocate e~~tro~s 

or~~~is, one has two electrons Iess 6o--62 an the ourn~r needed 
to fitI the booing orbitafs. This is explained as being due to the d~~bi~~on 
of an AZ orbital, causing it to be bonding but unoccupied. The problem comes in 
evai~t~~ such a d~stabil~~o~, or, in other words, eva~nating the extent of 
Metal-~~~ orbital intera~~~n. From an ~~~en~ point of view, it is clear 
that if the d~c~~t~o~ of Kettle is re~o~&b~e, as it seems to be, then the ~~~rar~ 
sod eletztronic spectra of ~~(~O)~~- and ~~(CO)~~2- would provide a quanti- 
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tat& method of evaluating the interaction between the CO n antibonding orbitais 
as a function of negative charge on the ion. To date these ions have not bwn 
synthesized. 

It is a pIeasure to thank Prof. Walter F. Edgell for stimulating our interest 
in this subject. B. J. B. thanks the physical chemistry institute, ETH, Ziirich, for 
hospitaiity during the preparation of the manuscript, and the National Science 
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