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Abstract: This theoretical study shows how three factors influence the geometry and electronic structure of dimeric tetrahedral 
and square planar transition metal complexes of the MzLs type. The factors are (1)  the geometrical preference of the mono- 
mer, (2) the symmetry-restricted opportunities for coupling through the orbitals of the bridging groups, (3) direct metal-metal 
overlap. In analyzing the first factor, we find that in tetrahedral d’O monomers of the MXzY2 type, the angle between the bet- 
ter n acceptors and better u donors should be opened up. The structures of monomeric dinitrosyls are rationalized, including 
the minor deviations from MNO linearity. Superposition of the calculated MX2Y2 monomer structures into a XzMYzMX2 
dimer gives a reference point relative to which elongation or contraction of the bridge region as a consequence of through-bond 
coupling or metal-metal bonding can be evaluated. In the tetrahedral d9 dimers we find little direct metal-metal u bonding, 
in the d8 dimers a strong metal-metal T bond. Locally square planar dimers are studied, with an emphasis on the interconver- 
sion of the alternate square planar and tetrahedral geometries. The orbitals of the bridging group are determinative here, with 
n-donors favoring the square planar extreme. The simple twist interconverting the two structures is symmetry forbidden. We 
study the hinging distortion in the square planar dimers, failing to find a controlling electronic effect for this soft surface. Other 
geometries, such as the directly metal-metal bridged Ni2(CN)64- type, are also examined. 

The thesis of a series of theoretical investigations, of which 
this is the first contribution, is that there are three determinants 
of the geometrical and electronic structure of bridged metal 
dimer complexes: (1)  the geometrical preference of the mo- 
nomer fragment; (2) the opportunity for interaction offered 
up by the orbitals of the bridging groups-a factor we have 
called in another context “through-bond coupling”;’ (3) direct 
bonding or antibonding overlap of primarily metal-centered 
orbitals. The mix of these contributions is variable and rarely 
does a single one dominate. 

There is little novel in the recognition of these individual 
factors. To cite a few among many relevant previous studies, 
we point first of all to the elegant and far-reaching work of 
Dah1 and collaborators2 recently buttressed by theoretical 
studies of the Fenske group, on all aspects of metal-metal 
bonding but especially on the structural consequences thereof; 
to the contribution of Cotton, who incisively analyzed the entire 
range of structural deformations in confacial octahedral dimers 
with respect to an ideal face-sharing structure3; and to the work 
of Mason and Mingos on the role of bridging group orbitals on 
metal-metal  distance^.^ These and other workers5 have noted 
that direct metal-metal overlap may not be the sole cause of 
either a low-spin ground state or a short metal-metal separa- 
tion. We view as our minor contribution the systematic theo- 
retical analysis of all three factors in the context of the available 
structural information. This first paper deals primarily with 
“tetrahedral” metal dimer complexes of the general type 1. 

1 

Subsequent contributions will discuss triply bridging “octa- 
hedral” dimers, other less symmetrical structures, and po- 
lynuclear chains, while a previously published paper has ana- 
lyzed weakly coupled systems of the Cu(I1) dimer type.lb 

Structural Features of Tetrahedral Dimers 
Structural information is available for a series of edge- 

bridged tetrahedral dimers of type 1, having 8, 9, or 10 d 
electrons per metal, with several examples for each configu- 
ration. This provides an ideal opportunity for theoretical in- 
vestigation of the reasons for structural distortion and the 

nature of metal-metal interaction in bridged dimer complexes. 
W e  begin with an overview of the structural systematics of this 
type of molecule. 

In describing the structure of a symmetrical tetrahedral 
dimer, it takes one distance, M-M or M-X, and one interior 
angle, M-X-M or X-M-X, to fix the geometry of the bridging 
region. A discussion of direct metal-metal bonding generates 
a natural emphasis on the M-M separation. But an equally 
valid focus is on the assembly of the dimer from two monomeric 
units sharing a tetrahedral edge. The perturbation of metal- 
metal bonding (or antibonding) then manifests itself as a dis- 
tortion from the simple edge-sharing geometry. From this point 
of view the natural emphasis would appear to shift to the de- 
viations of the interior angles from their idealized values shown 
in 2. Fully recognizing the interrelation of the angles and dis- 

2 
tances, throughout this paper we will speak of  elongation or 
contraction of the bridging region in  terms of the M-X-M 
angle increasing or decreasing. A discussion of this angle al- 
lows us to put on one scale diverse examples, many different 
metals and bridging groups, whose similarities and differences 
perhaps would be difficult to perceive otherwise. In  our 
structures we will also include the M M  distance for more 
complete specification of the bridge region. 

Many tetrahedral dimers are known for metals with filled 
d shells. In  metal halide dimers the geometries are quite sim- 
ilar, with examples shown in 36a and 4.6b Note the elongation 

2- 

3 4 
of the bridge region (M-X-M angles greater than 70.5’), and 
an opening up of the angle between the terminal ligands.’ The 
bridge region is presumably stretched by closed shell repul- 
sions.8 To compensate for the less than tetrahedral angle a t  the 
metal one could imagine that sp rehybridization opens up  the 
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angle between the terminal ligands. Yet not all halide bridged 
d10 dimers give the appearance of elongation. Consider for 
instance the complex 5, with a relatively short Cu-Cu sepa- 

T 

1 

5 
ration and an acute angle at  the bridging iodides.9a One could 
again blame rehybridization for the geometrical features-the 
small external angle imposed by the chelate bite size forcing 
a larger interior I-Cu-I angle-but perhaps one should first 
find out what are the geometrical preferences of an uncon- 
strained 12Cu(NR3)(AsR3)- monomer. The related Zn(I1) 
monomer (TMED)ZnC12 has a Cl-Zn-Cl angle of 1 19.4°,yb 
which is not all that different from the I-Cu-I angle of 116.5' 
in 5. 

Structures of main group dimers can be related readily to 
the ideal tetrahedron because the ligands are generally of a 
similar electronic type (there are no strongly *-accepting li- 
gands) and the d levels are usually not involved (they are filled 
and at  lower energy). On the other hand transition metal 
complexes frequently have both K donor and acceptor ligands, 
and the high-lying d orbitals are of great importance to both 
metal-metal and metal-ligand interactions. It is the transition 
metal complexes that will receive our primary attention. 

To begin our series of tetrahedral dimers we have the for- 
mally dlo species, 6, the structure of which was determined in 

6 
a crystal with some disorder.IO The metal and chlorine positions 
are most accurately known, and it is clear that this dimer is also 
elongated in the bridge region; in fact, more elongated than in 
the previously mentioned dimetal hexahalides. However, while 
3 and 4 are related to tetrahedral MC14, the "monomer" of 6, 
the hypothetical Co(N0)2C12-, 7, will not be an ideal tetra- 

/ - \  

7 8 
hedron. Distortions prior to dimer formation are likely to be 
considerable, particularly with the T donor C1 and K acceptor 
NO on the same metal. In the polymeric dinitrosyl cobalt io- 
dide, 8, metal-metal repulsions should open the I-Co-I angle.2J 
Yet that angle is 96', more acute than tetrahedral, and it is the 
K accepting nitrosyls which spread apart. Such metal-ligand 
interactions must be considered before the distortions of a 
dimer can be attributed to metal-metal interactions. This we 
will do. 

There are several complexes structurally similar to 6, but 
with two less electrons, among them 9,2j 10,l2 l1,l3 and 12.14J5 
The major difference between the dy and dIo complexes is the 

T 

I 

9 

11 

cl 

Et 

10 

12 
compression in the bridge region. The metal-bridge-metal 
angles are 70-77', compared to 92' in 6. This compression and 
the 18-electron rule have led to the attractive postulate of a 
direct metal-metal bond in these molecules. However, note 
that the compression is accompanied by an increase in the in- 
terior angle at  the metal. At the same time the external angles 
between the terminal ligands are greater than in 6. This is just 
what one would expect for a dy monomer relative to dl0. For 
instance d'O ML4 complexes are regular tetrahedra, while the 
dy C U C ~ ~ ~ -  ion assumes a range of flattened tetrahedral 
geometries with the precise angle a function of the counterion 
or crystal packing.I6J7 How much then of the geometry of the 
dy dimers depends on them being built up from d9 monomer 
units and how much depends on the direct metal-metal 
bonding interaction? We will examine this problem. That the 
monomer geometry is important is signaled by a number of d9 
X2MY2MX2 structures which are far from locally tetrahedral 
at  the metal. These include cu2c162-,18 numerous oxo-bridged 
Cu(I1) dimers,I9 the hydride bridged ( [ (C6HI  ,)3- 
P ( C H ~ ) ~ P ( C ~ H I  1)31NiH)2,~O and the carbonyl bridged 
[ (PPh3)2 Rh(CO)] 2 .21  In N i ~ ( c N ) 6 ~ -  there is a very short 
Ni-Ni bond of 2.30 A and no bridging.22a Similar nonbridged 
structures are  observed for Pt2C14(C0)22- 22b and 
Pd2(CNCH3)62+,22C both with very short metal-metal 
bonds. 

Among the many dimers with eight d electrons per metal 
there are three known with locally tetrahedral geometries. 
These are 13,23 14,24 and 15.25 In 15 the acetylene is considered 

13 

Ph2 
P 

14 
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15 
to be one ligand, located at  the center of the triple bond.26 The 
structures are remarkably similar, given how different the li- 
gands are. Compared to the d9 dimers, these d* binuclear 
complexes show a further compression in the bridge region and 
a dramatic decrease of the angle between the terminal ligands. 
Application of the 18-electron rule leads to the hypothesis of 
metal-metal double bonds in these dimers, and there is no 
doubt that direct metal-metal interaction is important. 

Yet another interesting aspect of the structure of these 
molecules is that they are in fact locally tetrahedral rather than 
square planar a t  the metal. A low spin d8 monomer would of 
course be square planar. Indeed there is a host of molecules and 
structures of d8 dimers in which the local coordination a t  the 
metal is square planar. These are exemplified by 162b and 17.27 

2-  CI. 
Br.. ,Br. I Br I' '\ 

oc-,Rp'%h \" Br/ 'Pt ' B r I  . Pt'-- \Br 

oc co 

16 17 
Metal-metal bonding cannot be the sole reason for the as- 
sumption of the tetrahedral dimer geometry, since tetrahedral 
metal-metal bridged structures can be visualized for molecules 
such as 16 or 17 as well. Still another interesting geometrical 
preference is expressed in the square planar dimer structures, 
in that they fall into two groups. Some, like RhzClz(C0)4, have 
the local square coordination planes inclined at  an angle to each 
other,28 while others, like Pt2Br62-, have the two metals and 
the six atoms directly bonded to them all in one plane.29 

Finally there are a number of tetrahedral dimers with fewer 
than eight electrons per metal. Among these are C02Cl6~-, 
d7,30 R U ~ C ~ G ~ - ,  d6,31 and Fe2C16, d5.32 The Ru  dimer is dia- 
magnetic, and the magnetic properties of the others are, to our 
knowledge, unknown. Another d5 system, the sulfide bridged 
[C6H4(CH2S)2FeS]22-, is antiferromagnetically coupled with 
J = -148 cm-i.33 A related molecule is [ ( J J - C H ~ C ~ H ~ S ) ~ -  
FeS]22-.33 With still fewer electrons one has [(CH*SiMe3)2- 
M(CSiMe3)]2, M = Nb,  Ta, both diamagnetic.34a The 
structure of the N b  compound has been determined and it has 
bridging CSiMe3 

While we have not reviewed all the tetrahedral dimer 
structures available, perhaps the selection presented is ade- 
quate to illustrate the geometrical regularities. The basic 
problem facing us is to delineate the role of the three factors 
influencing these structures-monomer geometry, indirect 
coupling through bridging group orbitals, and direct metal- 
metal bonding. W e  begin by a study of the geometrical pref- 
erences of a monomer fragment. 

Distortions in Tetrahedral Monomers 
As a "monomer" model for constructing a dimer M2X2Y4 

we choose a tetrahedral X2MY2n molecule with whatever 
charge n is required to make the formal oxidation state of the 
metal in the monomer equal to that in the dimer. The most 

-I3 

I 1 1 I 

I80 160 140 120 100 
r' 

Figure 1. Orbitals of a &d MH4 MH4 complex as T is varied 

common substitution pattern among the examples surveyed 
in the previous section is X = T donor and Y = A acceptor. We 
will work up to such a CzU fragment, X2MY2, by beginning 
with the orbitals of a hypothetical MH4 species. 

The energy of the d block orbitals of an MH4 complex going 
from a square planar to a tetrahedral geometry, through a D2d 
distortion, 18, is illustrated in Figure The specific ex- 

H H  

i a  19 
tended Huckel parametrization which we use to generate this 
figure is described in Appendix 2. Departing from D4h, the 
high-lying b2 orbital drops precipitously as overlap with the 
hydrides decreases, 19. At the same time a pair of e orbitals 
rises in energy as hydrogens move off the nodes of the xz  or y z  
orbitals35 and antibonding overlap increases, 20 -. 21. This 

H H 

20 21 22  
destabilization is relieved somewhat by interaction with a p 
orbital, which hybridizes the M O  away from the hydrogens, 
22.17d The other orbitals are much less sensitive to this dis- 
tortion. The xy orbital energy remains constant since the hy- 
drides always lie on the nodes, 23. The z2  orbital is completely 

23 24 
nonbonding in the tetrahedral geometry since the hydrogens 
also lie on the nodes at  this point, 24. As the structure deviates 
from tetrahedral in either direction, antibonding interaction 
destabilizes the z2. 

The geometrical implications of this Walsh diagram are  
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Figure 2. (a, top): Energy of the bl orbital in ML2H2, L = H, C1, CO, as 
the LML angle 0 is varied. The H M H  angle is fixed at 110'. (b, bottom): 
Energy of the bz orbital in ML2H2, L = H, CI, CO, as the HMH angle 9 
is varied. The LML angle is fixed at 110". 

clear. A low spin d8 complex, configuration ( b ~ ) ~ ( a l ) ~ ( e ) ~ ,  will 
prefer a square planar geometry. A d10 complex will be tetra- 
hedral. A d9 molecule, with one electron in the b2 orbital, will 
be poised between the two geometries. It is no surprise that a 
range of structures is exhibited by d9 complexes. 

This is the story for MH4. We proceed toward the a bonded 
XzMY2 by studying two sets of limited distortions in H2ML2 
tetrahedral complexes with L = H, Cl, CO. First, the H-M-H 
angle was fixed at  110' and the L-M-L angle was varied. In 
a separate calculation the H-M-H angle was varied while 
L-M-L was fixed at  110'. 

In these CzL. complexes the x 2  - y 2  and z2  orbitals are both 
a ] ,  the e set from MH4 splits into bl and b2 (an orbital re- 
sembling 22 for each pair of ligands), and the xy orbital has 
a2 symmetry. 

For dIo complexes the major differences in a donors and a 
acceptors appear in the orbitals of b symmetry. Figure 2a 
shows the relative changes in the energy of a bl orbital of an 
H2MI2 complex as the L-M-L angle is varied, 25. There is an 

M 

H H  H H  H 

25 26 27 
increase in the slope with which the orbital varies with 0 along 
the series L = C1 < H < CO. The orbitals are similar in energy 
at  0 = 90' but separate at wider angles. At an acute angle this 
bl orbital will resemble 22 with only CT effects operating. At  
wider angles the CT effects diminish and a effects become more 
important. In H2MCl2 the a interaction is repulsive, 26, de- 
creasingly so at  smaller 8. This lowers the slope of the orbital 
in Figure 2a. Another way of describing the effect is to say that 
as the L-M-L angle diminishes from 180' CT antibonding in- 
creases but a antibonding decreases. This is for L = C1. In 
contrast the x interaction for L = C O  is stabilizing, bonding, 
as shown in 27. As the C-M-C angle closes, the orbital not only 
turns on u antibonding but also loses a bonding. Thus this or- 
bital varies more with 0 than the analogous orbital in the chloro 
complex. 

L L=CO 

140 120 I O 0  

Figure 3. Energies of the two a1 symmetry orbitals of ML2H2, L = CI, CO, 
and LML angle Bis varied. The HMH angle is fixed at 1 I O o .  

9" 

The conclusion that is to be drawn from the different slopes 
is that for a dlo H z M L ~  at a fixed H-M-H angle the L-M-L 
angle will be greater between a acceptors than a donors. 

Now consider a second distortion, one which varies the 
H-M-H angle while keeping L-M-L at 1 lo', 28. The cor- 

28 29 
responding changes in the b2 orbital as a function of cp are 
shown in Figure 2b. b2 is the other orbital descended from the 
MH4 e set, 29. The slope of this b2 orbital is smaller for L = 
C O  than for L = C1. Qualitatively what is happening is that 
the hybridization of b2, that is the extent to which a metal p 
orbital is mixed into yz, increases with decreasing cp. Increased 
hybridization leads to greater a overlap. Recalling that such 
a bonding is stabilizing for L = CO, destabilizing for L = C1, 
we can understand the behavior of the curves in Figure 2b. 

Another way of stating the consequences of the second test 
motion is to say that in d10 H2ML2 complexes it is easier to 
close the angle between two ligands (here hydrogens) when L 
is a a acceptor than a x donor. Very nicely the two separate 
motions we analyzed give effects which reinforce each other. 
We extrapolate with some assurance to the X2MYz complex 
with X = a donor and Y = a acceptor: In X2MY2 complexes 
the angle between the a acceptors will be greater. 

As the b orbitals rise, another orbital, a1 in C20, but de- 
scended from the b~ orbital of D4h MH4, drops. This orbital 
is mostly x 2  - y 2  near the tetrahedral geometry. In d9 and dI0 
complexes this is the highest occupied molecular orbital 
(HOMO),  and acts as the brake which prevents the complex 
from opening to a square planar geometry. At lower energy lies 
another a1 orbital, largely z2. Let us consider the effects of the 
first distortion, defined in 25, for these two a1 levels. The results 
are shown in Figure 3. The behavior of the lower a1 level is 
easily interpreted. This level is primarily z2. As such, it is in- 
volved in a bonding near the tetrahedral geometry, decreas- 
ingly so as the square planar conformation is approached. The 
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Table I. Calculated M(N0)212 and M(N0)2C12 Structures 

-13 
I20 I10 I00 90 80 

ON-M-NO angle 
- I /  , .  , 

I-M-I angle 

Figure 4. (a, top): Energy levels of Fe(N0)212 as the ON-Fe-NO angle 
is varied. (b, bottom): Energy levels of Fe(N0)212 as the IM1 angle is 
varied. 

a bonding, shown in 30 and 31, is stabilizing for L = CO, de- 
stabilizing for L = C1. 

h 

H H  H H  

30 31 
The slopes of the higher a l  orbital are influenced by mixing 

with a still higher-lying al orbital, derived from an a2,, metal 
p orbital in square planar MH4. The important role of this 
orbital has been discussed by us in another ~ 0 n t e x t . l ’ ~  The 
position of this still higher a1 is strongly influenced by the donor 
or acceptor characteristics of the ligands. For the cases under 
consideration by us the orbital appears as 32 ( L  = C1) or 33 
(L = CO). The combination 33 lies a t  much lower energy than 

A n 

32 33 
32. Therefore it mixes much more strongly with the a1 whose 
origin is x 2  - y2, and pushes the latter down as 0 increases. 
This is the reason for the lesser slope of the higher al orbital 
in Figure 3 for L = CO. 

The relative a effects on the upper and lower al orbitals 
largely cancel out. For H2MC12 the upper a1 has a large neg- 
ative slope and the lower ai a small positive slope (Figure 3).  
For H2M(C0)2 both upper and lower orbitals have a small 
negative slope as C-M-C is closed. For these angular distor- 
tions the energy change of both ai  orbitals combined is essen- 
tially the same for L = C1 or CO. Filled, this pair or orbitals 
does not have a differentiating effect on C1-M-C1 vs. OC- 
M-CO bending. However, the sensitivity of the H2ML2 upper 

d electron occupation 
Compound Angle 10 9 8 d  

M(NO)2IzU I-M-I 97 107 105 
N-M-N 121 124 109 
M-I-MC 83 73 75 

M(N0)2C12’ CI-M-CI 103 112 105 
120 124 110 

M - C - M C  77 68 75 
N-M-N 

Computed with M - N - 0  = 160°, as in the experimental dimer 
structure (ref 2j). Computed with M - N - 0  = 170°, as in the ex- 
perimental dimer structure (ref IO). i‘ Extrapolated dimer bridge angle 
if  two such monomers are superimposed. High spin configura- 
tion. 

al to L-M-L bending is much less when L = CO than when 
L = C1. Because of this, going from a d’O to a d9 complex (re- 
moving an electron from this orbital) will be removing a more 
severe restraint to the opening of a C1-M-C1 than a OC- 
M-CO angle. Thus, whatever the exact geometry of a dIo 
tetrahedral complex, the angle between K donors will open 
more than between K acceptors if an electron is removed from 
this orbital. 

Having analyzed the separate consequences of K donor or 
acceptor substitution in H2ML2, we proceeded to test our 
conclusions on two more realistic complexes with simultaneous 
donor and acceptor substitution, M(N0)212 and M(N0)2-  
C12.36 Figure 4 shows the d-block levels for M(N0)212, cal- 
culated for M = Fe. The diagram for M(N0)2C12 is very 
similar. Our conclusions check out for both I-M-I and O N -  
M-NO angle variation. Thus the b2 orbital affected by ON-  
M-NO bending has a greater slope than does the bl orbital 
involved in I-M-I bending a t  a similar angle. The a1 (x2  - y2) 
is the H O M O  for a dIo configuration throughout most of the 
angular range. It is more responsive to I-M-I than O N -  
M-NO bending. 

Next we allowed both X-M-X and ON-M-NO angles to 
vary simultaneously and computed for various d electron 
configurations those angles giving the lowest energy. The re- 
sults are shown in Table I. Note that for all d electron config- 
urations the angle between the x acceptor nitrosyl groups is 
greater than between the a donor halides. The angles calcu- 
lated for M(N0)212 agree with those found in the Co(N0)21 
polymer 8. Thus we are not surprised by an unusual elongation 
in dimer 6, even before considering specifically its electronic 
structure. The distortions in the monomer tend in that direc- 
tion. 

The point should not be lost that we undertook the analysis 
of the “monomer” distortions with the eventual aim of probing 
bonding in the dimer. However, a nice side product of our 
understanding of these monomer distortions is that we can 
apply what we have learned to a large group of “real” mono- 
mers-tetrahedral dIo compounds. For instance, in a number 
of dIo diphosphine dinitrosyl complexes3’ (for instance 34) as 

bl\ 
Ph,P PPh, Ph,P PPh, 

34 35 

well as d i ~ a r b o n y l s , ~ ~  exemplified by (C0)2Pt(PPh3)2,35, as 
well as mixed carbonyls-nitr~syls,~~ the better a acceptors, N O  
or CO, are spread apart, in contradiction to what one might 
have expected on the basis of a steric a r g ~ m e n t . ~ ~ . ~ ~  
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Copper complexes are known with two phosphine and two 
T donor ligands in which it is the phosphines which spread 
apart.42 However, all of these involve chelates or bridge systems 
in which the donor-metal-donor angle is restricted, so that sp 
hybridization effects could be r e ~ p o n s i b l e . ~ ~  

Still another distortion that occurs in the dinitrosyls is some 
departure of the M - N - 0  unit from linearity. W e  think that 
we understand the origins of this deformation. The nitrosyls 
should bend toward each other at  a small N-M-N angle, away 
from each other a t  a large N-M-N angle. The argument is 
given in Appendix 1. 

If one electron is removed from our X2MY2 models, it will 
come from the high lying al (mostly x2 - y 2 )  orbital. This 
orbital rises sharply as the angle between donors is increased, 
but is less sensitive to the angle between acceptors. Thus in a 
d9 relative to a dIo complex the angle between T donors should 
increase, but that between T acceptors less Our calcula- 
tions on M(N0)2X2 complexes indicate that for X = C1 or I 
the X-M-X angle will open by 9-10' in going from a d10 to 
a d9 metal. The angle between the nitrosyls, however, will open 
only 4' for X = C1 and 3' for X = I. Note for further reference 
that these are also the changes observed in going from the co- 
balt dimer, 6, to the iron dimers 9-11. 

Were a second electron removed from the upper a1 orbital 
to give a d8 diamagnetic complex, the result would be a square 
planar structure. An alternative is a high spin ds species in 
which the second electron is removed from the highest orbital 
of b symmetry, the orbital pushed up  by the antibonding in- 
teraction, 36, with the strongest 7 donor. As noted above, this 

36 
orbital is highly sensitive to the angle between the other ligand 
pair. Removing one of the b electrons on going from d9 to high 
spin d8 releases a severe restraint on that angle. The weakest 
T donors or the strongest ir acceptors should draw closer to- 
gether in a high spin d8 (relative to d9) complex, while the angle 
between the best K donors should be relatively unchanged. 

The calculated geometries of high spin d8 M(N0)2X2 
(Table I) behave as expected, the ON-M-NO angle de- 
creasing sharply while the X-M-X angle remains almost un- 
changed. Experimentally, in the high spin Ni(I1) complex 
(Ph3P)~NiBrz the angle between the R donor bromines is 123" 
while that between the phosphines is an acute 1 Some 
related cases are also c o n s i ~ t e n t . ~ ~ ~ - ~  

The previous analysis has been directed toward the effect 
of 7-donors and acceptors on the angular distortions in a tet- 
rahedral complex. The u effects have been by-passed simply 
because the known dimers are substituted with T active groups 
such as C1, NO, CO. W e  now return to the role of a-donation 
and acceptance. 

Let us go back to MH4 and open up one angle 8, defined in 
the same way as it was in 25. The metal orbitals strongest af- 
fected by this motion are the metal xz and x 2  - y2.  z2  is mildly 
moved and xy and yz by symmetry remain at  constant energy. 
The effect of u donation or acceptance may be simulated by 
varying the energy of the two ligand orbitals being moved. In 
the calculations this is easily done by changing the Hii of the 
two hydrogens. Both x 2  - y 2  and x z  are lowered in energy as 
the ligands moved are made worse u donors (lower H,i, more 
electronegative) and both are raised when the ligands are made 
better u donors (higher Hi[, more electropositive) than the 
remaining two hydrogens. But the differential effect is greater 
on the xz  orbital. Its slope is diminished for a worse u donor, 

M-M distance ( A )  

E 296 "I"' 364 3:5, 

I I I I 1 
80 90 100 60 70 

M - I - M  angle 

Figure 5. The ten d block levels of M2(NO)412 as a function of M-I-M 
angle 8.  A nonlinear M-M distance scale is indicated at the top. 

increased for a better u donor. Through this controlling effect 
we come to the conclusion that in a dIo tetrahedral complex 
the angle between the better u donors will be increased, that 
between the worse u donors decreased from the reference 
tetrahedral angle. 

At times the T and u effects may conflict. For instance in 
diphosphine dinitrosyl complex 34 the phosphine is clearly the 
better u donor and nitrosyl the better .x acceptor. In this case 
the T effect clearly dominates and the N-M-N angle is wider 
than the P-M-P angle. 

With less R active groups it is difficult to assess the relative 
merits of u donation and P acceptance. Perhaps the u effect is . 
relevant to the geometry of the iodide bridged Cu(1) dimer, 5. 
If we choose as a drastically simplified monomer model 
12Cu(NH3)2- and optimize its geometry, we obtain N-Cu-N 
96', I-Cu-I 126'. We think this distortion is dominated by 
the relative electronegativity or u donation effects, but ob- 
viously the steric bulk of the I ligands could be playing a role. 
If the dimer ( N H ~ ) ~ C U I ~ C U ( N H ~ ) ~  is constructed as a simple 
superposition of the calculated monomer units, it would have 
a Cu-I-Cu angle of 54'. So the observed angle of 63.5' in 5 
may actually represent an elongation! 

There is no question that the molecular orbital argument 
leading up to our general conclusion for Y2MX2 geometries 
is a labored one. We were persistent in seeking the argument 
out, for in dealing with approximate molecular orbital calcu- 
lations of the extended Hiickel type one definitely needs the 
supporting structure of a symmetry and overlap based expla- 
nation. W e  proceed to combine the X2MY2 units to form the 
dimers. 

The Electronic Structure of the Dimers 
The behavior of all the d levels of M2(N0)412 on deforma- 

tion of the bridge is shown in Figure 5. D2h symmetry is 
maintained throughout. The rise and fall of all those levels gives 
a messy appearance to this figure, but hidden in it is a great 
deal of order. First we draw a schematic representation of the 
d orbitals a t  some realistic bridging geometry. This is done in 
Figure 6. The levels are not arranged in order of energy here, 
but are grouped in pairs according to their metal character. 
One immediately recognizes that these ten orbitals are sym- 
metric (S) and antisymmetric (A) combinations, with respect 
to the xy plane, of the monomer orbitals we have just consid- 
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Figure 6.  Schematic drawing of the ten d block orbitals of M2(NO)dlz .  
Mixing of z2 and x 2  - y 2  occurs in all ag and b, ,  orbitals, especially in 2b) ". 
The levels are shown in matched pairs. 

ered: bl, and a, are derived from the xy orbital a2, la, and 1 bl 
primarily from the z2  a ] ,  2a, and 2b1, mainly from the x 2  - 
y 2  a l ,  b2u and b3, from the yz b2, b3, and b2g from the xz bl. 
Each combination mixes into itself in an antibonding manner 
appropriate symmetry orbitals of the bridging halogens. 

Since the dimer levels so obviously come in S and A pairs 
of monomer levels, it suggests itself that it would be informative 
to replot Figure 5, pairwise summing the energies of the sym- 
metry related S and A orbitals. The result is shown in Figure 
7. W e  ask the reader to compare Figure 7 with the earlier 
Figure 4b, in which the orbitals of the M(N0)212 monomer 
were plotted as a function of the I-M-I angle. The resemblance 
is remarkable. It is difficult to escape the conclusion that the 
response of the average energy of each S-A pair in the dimer 
to an angular distortion is essentially the same as the response 
of the monomer model. 

The individual level slopes in the dimer are important in their 
own right, especially the higher levels which will set the ge- 
ometry of the d8 and d9 dimers. In general the energy ordering 
and slopes of each level pair are set by the usual factors of direct 
(through-space, metal-metal bonding) and indirect 
(through-bond coupling, superexchange) interaction. Let us 
examine them one by one. The xy pair a, and b1, maintains 
a fairly constant splitting as a function of M-I-M angle, with 
a, always below bl,. This is consistent with a dominant 
through-bond coupling, for a, finds no symmetry match among 
bridging halogen orbitals, but bl, is destabilized by interaction 
with a halogen py combination. The through-space or direct 

-I3 
I , , I I 

I-M-I(deg)IZO I10 100 90 80 
M-I-M(deg) 60 70 80 90 100 

Figure 7. Average energies of the symmetric-antisymmetric pair of orbitals 
in M2(N0)412 as a function of I-M-I angle. The level energies which come 
from Figure 5 and are summed for the horizontal pairs i n  Figure 6. A 
nonlinear M-M distance scale is indicated at the top, and an M-I-M scale 
at bottom. This drawing is 'to be compared to Figure 4b. 

metal-metal interaction is 6 type and not significant at  realistic 
metal-metal separations. 

The b2,-b3, pair starts out a t  a large M-I-M angle (long 
M-M) with b2, (S) above b3, (A). This is again through-bond 
coupling a t  work, with halogen orbitals destabilizing the b2, 
combination. But b2, is metal-metal H bonding and b3g is 
metal-metal A antibonding. As the M-I-M angle drops and 
correspondingly the metal atoms come together, the direct 
overlap stabilizes b2,, and destabilizes b3,. The two levels cross 
at  M-I-M < 60'. The through bond coupling pattern also sets 
the order b2, (A) below b3, (S) in the xz  pair. Because of the 
hybridization apparent in Figure 6, the through-space inter- 
action is turned on only slowly, and the crossing of these A 

bonding levels occurs to the left of Figure 5. 
Direct and indirect effects a re  also operative in the levels 

descended from the monomer al pair-a, and bl, in the dimer 
D2h symmetry. Their analysis is somewhat complicated by the 
presence of two a, and two bl, levels. The mixing of the two 
could be seen in the comparison of Figures 7 and 4a, where the 
lower la, t 1 bl, energy sum fell more steeply than the lower 
al in Figure 7, while the upper 2a, t 2b1, sum rose more 
sharply with decreasing M-I-M angle. A consequence of this 
mixing is that in each level z2  and x 2  - y 2  mix, and this will 
subsequently have an impact on our discussion of the evidence 
for direct metal-metal bonding in the d9 dimers. 

We proceed to examine the bonding in dIo, d9, and ds dimers 
using the information of Figure 5. In the d'O dimers all ten 
levels are occupied. The result is a slight repulsion that elon- 
gates the dimer relative to the single metal complex. The cal- 
culated M-X-M angles of the d10 M2(N0)4X2 complexes are 
94' for X = I and 92' for X = C1, compared to 83' and 77' 
estimated from superimposing the calculated monomer 
geometries, Table I. We have already pointed out that the 
geometry of 6 is unusually elongated,1° with a Co-C1-Co angle 
of 92', because the metal-ligand interactions in the monomer 
tend in that direction. 

If each metal center carries nine d electrons, then the highest 
energy orbital in Figure 5, 2blu, will be vacant. The gap be- 
tween this orbital and the next highest level is nearly l eV a t  
M-I-M = 75O, which should be sufficient to ensure a low-spin 
diamagnetic complex, as is observed in the cited examples 

The 2bl, orbital rises sharply as the bridge angle is closed. 
Thus, when this orbital is vacant, the angle should be smaller 
than when it is filled. Our calculated geometries do show this 
trend. The optimum M-X-M angles calculated for d9 com- 

9- 12. 
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plexes are 76' for X = I and 74' for C1 compared to 94' and 
92' in the dIo complexes. Experimentally the 73' angle in 
Fe2(N0)412, 9,2J is also more acute than the 92' angle in 
C02(N0)4C12, 6." 

Is there a direct metal-metal bond in these d9 complexes? 
Yes and no. Since the bl, orbital rises steeply as the bridge 
region is compressed and the metals approach one another, 
there is a temptation to say that this L U M O  of the d9 dimer 
is primarily a metal-metal antibonding orbital. If that  is SO, 
it should have a bonding counterpart which decreases in energy 
with decreasing metal-metal separation. 2a, would be one 
candidate for this bonding role, but, as one can see in Figure 
5, it does not have the desired slope. Moreover, 2ag is more 
6-like than u over a large range of angles. This was implied in 
the schematic drawings of Figure 6 and is made more specific 
by Table 11, which lists the composition of the a, and bl, levels 
of the dimer as a function of M-X-M angle. 

If 2a, is not a good candidate for the metal-metal u bond, 
we must consider the lower la,. This orbital is primarily z2 and 
so better fits the u specification. It falls in energy with de- 
creasing metal-metal distance. If any level is to be identified 
as the metal-metal u bond, this must be the one. 

Nevertheless, we remain hesitant about saying that direct 
metal-metal interaction is responsible for the compression of 
the bridging region in the d9 complexes. First, when we ex- 
amine the energy of not only the la,  but the entire block of 
occupied a l  orbitals, la, + lbl ,  + 2a,, we find that the con- 
tribution of the six electrons is almost independent of the bridge 
angle. Second, and more important, the calculated and ex- 
perimental M(N0)4X2 dimer structures, as measured by the 
interior angles, are close to the structures expected from edge 
sharing M(N0)2X2 monomers. For instance in Fe2(N0)412 
we calculate an optimum Fe-I-Fe angle of 76'. The experi- 
mental angle is 73'. Edge sharing of undistorted monomer 
fragments (Table I)  would lead to an extrapolated Fe-I-Fe 
angle of 73'. All these values a re  close to each other, and we 
do not see much evidence of a special extra contraction due to 
metal-metal bonding. 

W e  must now consider the diamagnetic dimers with eight 
d electrons per metal, 13-15. Reasoning back from the fact 
that the angle between the terminal ligands in these dimers 
(88-100') is much smaller than in the d9 complexes (116- 
122'), we infer that the second vacant orbital must rise as those 
angles close. The b2, and b3, orbitals (Figure 5, redrawn in 37 

37, b,, 38, b,, 

and 38) fulfill this requirement. In Figure 5 these levels are 
buried among the other d orbitals. However, as the terminal 
ligands move closer together, the average energy of the bzu and 
b3g will rise much as the b2 orbital does in the monomer (Figure 
4a). 

The d8 tetrahedral dimers which are known have either 
phosphido or acetylene bridges, 13-15. W e  therefore went over 
to a different model compound, Rh~(C0)4(PH2)2 .  Figure 8 
shows the way that the energy levels for this model vary with 
deformation of the bridge region. The b3g and bzU orbitals lie 
below the highest 2b1, level. The levels are nicely separated 
(1.4 eV a t  M-PH2-M = 70') with the metal-metal a-bonding 
b2, orbital a t  lower energy. The diamagnetism of the d8 dimer 
with 2blu and b3g orbitals vacant is assured. The phosphido 
bridged dimers have also been the subject of an excellent study 
by B ~ r d e t t , ~ ~  where similar level orderings are obtained. 

Summeruille, Hoffm 

-12 

-13 

60 70 80 90 
Rh-P-Rh angle (deg)  

Figure 8. Energy levels of tetrahedral Rhz(CO)d(PHz)z as a function of 
Rh-P-Rh angle. Only selected levels are identified by symmetry type. 

Table 11. Occupation of Specified Metal Atomic Orbitals in 
Fe(NOhI2 

% of electron density on both metals 
at specified M-I-M angle 

M O  A 0  a 60" 70" 80" 90" 
~~~~~ ~ 

S S Z  2 6 9 11 
x 2 -  2 28 23 26 32 

2biu 
Y 

22 26 30 26 21 
S + Z  16 13 11 9 

x 2 -  2 32 45 58 68 
2% 

Y 
z* 9 8 8 9 

Iblu S + Z  10 3 3 2 
x2 + y2 9 7 4 1 

2 2  38 45 53 60 
S + Z  0 2 3 5 

x 2 -  2 5 5 4 0 
la ,  

Y 
Z2 62 53 44 38 

a We have added together the population of the metal 4s and 4p 
orbitals. 

That the b2, and b3, levels are so nicely split apart in energy 
is not a consequence of the smaller OC-Rh-CO angle. That 
angle assures the rise in energy of the bzu-b3, pair, but not their 
relative ordering, which in our Fez(N0)412 calculations was 
b3g below b2,, with a level crossing a t  M-I-M < 60'. The 
slopes of the b2u and b3, levels are similar in Fe2(N0)412 and 
Rhl(C0)4(PH2)2, but their ordering differs. The change in 
ordering must come about as a result of the change of the 
bridging ligands from I or C1 to PH2. This was probed by a 
calculation on a hypothetical Rh2(C0)4C12 (the real molecule 
has a very different structure, 16) in which the OC-Rh-CO 
angle was the same as in Rh2(C0)4(PH2)2. The results are 
shown in Figure 9. Both bz, and b3, are a t  higher energy, but 
their ordering is similar to that in Fe(N0)412. The hypothetical 
tetrahedral Rh2(C0)4C12 would be a triplet ground state. 

Here we see clearly the consequences of a differential 
through bond coupling effect. The orbitals of the C1 and PH2 
bridges obviously have a major effect on the energy ordering 
of the higher levels of the dimer. It is important to analyze what 
has happened. 

Referring back to 38, we note that as a first approximation 
the b3g orbital is not affected by the bridging ligands. Indeed 
a comparison of Figures 8 and 9 shows that the b3g level is es- 
sentially identical in the two cases. The b2,, level does mix into 
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Ah-Cl-Rh angle (deg) 

Figure 9. Energy levels of tetrahedral Rh2(C0)4C12 as a function of 
Rh-CI-Rh angle. Only selected levels are identified by symmetry type. 

itself ligand orbitals-in the halogen bridge case a lone pair 
39, in the PH2 bridge case the PH B and u* orbitals 40 and 41. 

39 40 41 

In the C1 bridged dimer the lone pair 39 mixes with the metal 
d orbitals in an  antibonding manner, destabilizing the b2,, or- 
bital. In the PH2 bridged dimer the B bonding orbital 40 plays 
a similar role, but interacts less strongly because it is localized 
more on the PH2 hydrogens. The o* orbital 41 is relatively low 
lying and concentrated on the phosphorus. It mixes with the 
metal d orbitals in a stabilizing manner. In our calculations the 
opposing interactions with 40 and 41 nearly cancel, and b2,, 
always lies below b3g, even a t  large metal-metal separa- 
tions. 

The b2,, and b3g orbitals are primarily composed of hybrids 
on one metal pointing toward the other one. There is significant 
metal-metal overlap, even a t  large metal-metal separations. 
This accounts for the significant slopes of the b2,, and b3g levels 
in Figure 8 or 9. A metal-metal T bond exists in the equilib- 
rium geometry of these dimers. Concerning the G bond in the 
same molecules, we are  left with the same ambiguity that 
bedeviled our consideration of Fez(N0)4X*. 

Square Planar vs. Tetrahedral Dimers 
The question was raised earlier as to why some d8 dimers are 

“tetrahedral”, like 13, whereas others are “square planar”, like 
16. We now examine the question in the context of alternative 
geometries 42a and 42b for Rh2(C0)4X2, X = C1, PH2. W e  

X 

420 42b 
noted earlier that the locally square planar d8 complexes come 
in two types, all planar, as shown in 42b, and with the coordi- 

nation planes inclined relative to each other, as in the actual 
structure of Rh2(C0)4C12, 16. The next section will discuss 
this “hinge” type of distortion, but for reasons of simplicity in 
comparing the tetrahedral and square planar extremes we 
assume in this section the D2h structure 42b.47 

The simplest intramolecular motion which interconverts the 
two D2h forms 42a and 42b is a concerted twisting of the two 
bridging ligands (or the four terminal groups) around the 
metal-metal axis. This motion was considered in our earlier 
discussion of C U ~ C I ~ ~ - . ’ ~  The intermediate symmetry is C 2 h .  
We have constructed potential energy surfaces for these twists. 
Their presentation is complicated by the fact that the optimum 
angles at  the bridge are very different in the two extremes. For 
instance, for X = C1 Rh-C1-Rh = 50’ in the tetrahedral ge- 
ometry, but 97’ in square planar. For X = PH2 Rh-P-Rh is 
calculated as 64’ in tetrahedral, 102’ square planar. Instead 
of presenting a curve that shows an actual twisting energy, we 
show a correlation diagram, Figure 10, for Rh2(C0)4C12 be- 
tween the above cited optimum geometries in either extreme. 
The compression-elongation does not break the C2h symme- 
try. 

The most striking feature of this diagram, as well as of the 
one for Rh2(C0)4(PH2)2 is that the twisting motion is ac- 
companied by a level crossing. It is a symmetry forbidden re- 
action. The vacant levels on the tetrahedral side are blu and 
b3g. On the square planar side they are obviously the symmetric 
and antisymmetric combinations of metal xz, 43a and 43b, bzu 

Y 

t z  

430, b,, 

and bjg. One of these levels correlates across, but the other one 
does not. The immediate implication is that the existence of 
isomeric ds dimers, square-planar and tetrahedral, separated 
by a sizeable activation energy, is in principle a possibility. This 
interesting prediction is tempered by our realization that the 
interconversion of the extreme forms 42a and 42b need not 
necessarily proceed by a simple twist. Alternatively it could 
come about by an associative equilibrium with other ligands, 
or by rupture of a single M-X bond. 

We still have not answered the question as to why the chloro 
bridged dimer prefers to be square-planar while the phosphido 
bridged molecule is tetrahedral. Although metal-metal 
bonding favors tetrahedral dimers, it is not the sole reason for 
the different geometries of halide and phosphido bridged 
complexes. Even if the bz,, (a) orbital is occupied in a tetra- 
hedral Rh>(C0)&12 complex, the square planar dimer is still 
lower in energy by 2.3 eV a t  the respective minima. The 
phosphido bridged complex, on the other hand, prefers the 
tetrahedral structure by 0.55 eV over the square planar one. 
If one compares the PR2 and C1 ligands, one comes to the 
conclusion that they differ most in those orbitals which are out 
of the M X M X  plane. We focus our attention on these. 

There a re  two metal orbitals which can interact with out- 
of-plane bridge ligand wave functions. These are the b2” and 
b l g  combinations of Figure 6 (bz,, is also shown in 37). The 
corresponding orbitals in the square planar complex are 44 and 
45. In 44, the square planar counterpart of 37, the d orbitals 

X 

44, b,, 
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are no longer in the plane of the terminal ligands. AS a result, 
they are not hybridized toward the center of the bridge system, 
and so will interact less with the bridge ligand orbitals. At 
Rh-X-Rh = 101.2’, 44 with C1 bridges is 0.51 eV above the 
equivalent with PH2 bridges. In the tetrahedral geometry 
(Rh-X-Rh = 67.8’) 37, with X = C1, is 1.16 eV above the 
orbital with X = PH2. With two electrons in these orbitals the 
difference amounts to a 1.3 eV greater preference for the 
square planar dimer when X = C1 instead of PH2. 

The tetrahedral bl, and 45 do not differ in hybridization, 
but do have considerably different M-X-M angles. This is 
illustrated in a somewhat exaggerated manner in 46 and 47. 

46 47 
The bridge-metal i~ bonding is greater in the tetrahedral ge- 
ometry. In the square planar dimer the energy of 47 is 0.66 eV 
higher with C1 bridges than with PH2 bridges. In the tetrahe- 
dral dimer with C1 bridges, 46, is 1.1 1 eV above the orbital with 
PH2 bridges. With two electrons in these orbitals the interac- 
tions with C1 bridges again favor the square planar geometry 
more than the same interactions with PH2. This time the dif- 
ference is 0.9 eV. 

The tendency for the dimer to adopt a square planar rather 
than tetrahedral structure is 2.88 eV greater in Rh2(C0)4C12 
than in Rh2(C0)4(PH2)2. Of this difference most (-2.2 eV) 
arises from the out-of-plane interactions we have just de- 
scribed. 

The similarity of the acetylene bridged complex 15 to the 
other dimers is now obvious. Acetylene has no high-lying filled 
orbitals which are antibonding between the carbons. Such 
“out-of-plane” orbitals could push the geometry toward square 
planar, just as they do in the Rh2(C0)&12 case. In general we 
would expect any ds four-coordinate dimer to be tetrahedral 
about the metals if the bridging ligands are not T donors. In 
particular Rh2(C0)4(PR2)2 should be tetrahedral, in contrast 
to Rh2(C0)4C12. If the bridging ligands are good T acceptors, 
then other distortiocs, to be discussed below, may yet occur. 

The Hinging Distortion in Square Planar Dimers 
In  the geometries of locally square planar d8 dimers one 

notices a variation in the “hinge” angle A, the dihedral angle 
between the local coordination planes. In many molecules X 
= 180°,2y but in a significant subset X is less than 180°, or the 

48 49 
molecule is h i r ~ g e d . ~ ~ , ~ ~  The structures themselves hint that 
the energies involved in this particular deformation are small, 
for electronically quite similar species are sometimes planar, 
sometimes hinged. For instance, in the ubiquitous Pd(I1) halide 
bridged allyl complex series, 49, one has planar geometries for 
the following allyl substitution patterns: 2 - m e t h ~ 1 , ~ ~ ’  
l,l,3,3-tetramethyl,2yi 2 - n e 0 p e n t y 1 , ~ ~ ~  cyclobutenyl,2yg and 
the unsubstituted while 1,2,3-trimethyl,2s’ 2-methyl- 
1 -tert-butyl,28i 1 , 3 - d i m e t h ~ l , ~ ~ ~  and cyclohepteny12gm are all 
hinged. Among the Rh(1) chloride bridged dimers 

1J-D 

X 

,F?tC,,Rh. Cl.. 

\ 

D2h ‘2h D2h 
Figure 10. A correlation diagram between tetrahedral (left) and square 
planar (right) Rh2(C0)&12. The HOMO is bzu at left and bl, at right. 

X2RhC12RhY2 one has a planar structure for X2,Yz = cy- 
~ l o o c t a - 1 , 5 - d i e n e ~ ~ ~  but a hinged one for X2 = cycloocta- 
1,5-diene, Y = P(OPh)3,28g X,Y = ethylene,28f X,Y = C0,2b  
X2Y2 = 4-methylpe11ta-l,3-diene,~~~ and X = CO, Y = 
PMe2Ph.28i 

We have studied the hinging distortion for a model 
Rh2C12(C0)4, which has been examined by Burdett as 
The calculated equilibrium geometry in our calculations is 
planar, X = 180’. This is not the correct geometry, which in 
the solid state has X = 124’. However, the computed variation 
of the energy with X gives the expected picture of a soft motion. 
To deform from X = 180’ to X = 140’ costs 3.1 kcal/mol, to 
X = 120° 7.5 kcal/mol. The way that the individual energy 
levels vary with X is shown in Figure 11. There is no obvious 
controlling orbital in the picture. Some levels move up, mainly 
those antisymmetric with respect to theyz plane; some move 
down, mainly the symmetric ones. But the overall effect is 
slight. The bridging chlorines provide effective coupling be- 
tween the metal orbitals over a wide range of A. The softness 
of the potential energy curve for hinging was checked by 
varying the bridging ligand X in Rh2X~(C0)4 .  For instance 
for X = PH2 a bent molecule, X -120°, was preferred to a 
planar one by approximately 9 kcal/mol. Unfortunately we 
see no way at  this time to predict whether a given ds dimer will 
be hinged or planar. Steric and crystal packing forces are likely 
to be determinative, for there is no large identifiable electronic 
effect influencing this distortion. 

Dimers with Fewer Electrons and Unusual Geometries 
The previous sections have dealt with tetrahedral d8, d9, and 

d i o  dimers and square planar d8 species. We turn briefly to a 
discussion of the tetrahedral dimers with fewer than eight d 
electrons and conclude with an account of some less typical 
geometries. 
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1 bzu. The lower seven levels are close together, and their spacing 
is to some extent sensitive to the Fe-SR torsion angle. Again 
we cannot predict the magnitude of the magnetic coupling, 
except to say that a very large negative J is unlikely and that 
the maximum magnetism should correspond to four unpaired 
spins. The experimental facts are more definitive in giving a 
J = -148 

An unusual carbyne bridged series of complexes of N b  and 
Ta has been synthesized by Mowat and W i l k i n ~ o n . ~ ~ ~  A 
structure of one compound was determined34b and is shown 
in 53 ( R  = SiMe3). If the C R  bridge is viewed as triply nega- 

K 
P 

-131 \ L 
R 

1 1  1 1 > a ,  i 
180 I60 I40 120 100 

Hinging angle A (deg) 

Figure 11. Variation in  energy of the d block levels with the hinging angle 
X in Rh2(C0)4C12. The primary d orbital contributing is indicated at left. 
Note that the coordinate system is appropriate to the C2[ symmetry 
maintained, but differs from that used above for the square planar di- 
mers. 

c02c162- has been observed as a counterion in a cyclo- 
hexaphosphazene structure,30 and Fe2C16 as a gaseous 
species.32 Their structures are shown below. Our calculations 
indicate that for both molecules the d band is little differen- 
tiated-in 50 the ten d orbitals spread out over a range of 1.7 

50 51 

eV, in 51 over 2.0 eV. The ordering of the levels differs sig- 
nificantly from that shown in Figure 5 ,  in that the K type b ju  
and b2" levels join 2a, and 2b1, near the top of the band. This 
is a consequence of ?r-antibonding with terminal chlorines. 
Whatever the level ordering, the spacing of the levels is close. 
W e  are not able to predict quantitatively the extent of the 
magnetic coupling to be expected in these molecules, but we 
would not anticipate a large J in either the dS or the d7 dimer. 
W e  have not studied RU2C162-, which is diamagnetic, with a 
Ru-C1-Ru angle of 87.4" and a Ru-Ru distance of 3.26 
A.3' 

Holm and co-workers have synthesized several sulfide 
bridged tetrahedral dimers of Fe(II1) in their elegant studies 
of analogues for the active sites of nonheme iron-sulfur pro- 
teins. These are of the general type 52, with the geometry in- 

52 
dicated for R = p-tolyl.33 Our calculations modeled this 
structure with R = H. The d band was split over some 2.9 eV, 
with a significant 1 eV gap between the three highest levels and 
the lower seven. The three high-lying levels are 2b,,, b3", and 

53 
the ,  this is formally a Nb(V) do complex. W e  studied a model 
compound with R = H. Though the charge on N b  is far from 
+5, this is like a do complex in that ten orbitals, identifiable 
as primarily d, are vacant. Our calculations fully support 
Wilkinson's view that this is a quasi-aromatic system. The 
carbyne lone pairs donate to the appropriate symmetry N b  d 
orbitals, as shown in 54a and 54b. A gap of 1.3 eV between the 

54 a 5 4 b  

HOMO and the bottom of the d band is sufficient to yield a 
diamagnetic complex. 

There is a set of d9 dimers that do not bridge but form direct 
metal-metal bonds. Ni2(CN)64- and Pd2(CNCH3)62+ have 
had their structures determined.22a,c Each metal is nearly 
square planar, and the coordination planes are twisted by ap- 
proximately 90" relative to each other, as shown schematically 
in 55. The Ni-Ni separation is very short, some 0.2 A shorter 

L 
N 

55 
than the supposedly Ni-Ni single bonded bridged dimer 12. 
The Pd dimer also has a short Pd-Pd distance of 2.53 A. 
Pt2(C0)2C142- has a related structure, but with the coordi- 
nation planes forming an angle of 60" and the carbonyls 
transoid.22b It also has a short Pt-Pt separation of 2.58 A. 

Our calculation on Ni2(CN)64- in an idealized geometry 
close to that observed in the crystal structureZZa yielded a 
picture typical of square planar d8 systems. A sizeable gap of 
2.6 eV separated filled from unfilled levels. A potential energy 
curve for torsion around the Ni-Ni bond is shown in Figure 
12. There is little resistance to a small twist from the observed 
orthogonal form, but a large barrier to making the molecule 
planar. The source of that barrier is traced by us to the ex- 
pected steric repulsion. When those repulsions are removed by 
incorporating the ligands in a ring, an all planar structure is 
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feasible. This is found in a recent structure of ((CH3)2- 

Why do these d9 dimers avoid the alternative bridging ge- 
ometry 56? To probe this question we studied a model tetra- 

N 4 -  
C 

P ( C H ~ ) * ) ~ A U ~ C ~ ~ . ~ ~ ~  

56 
hedral dimer 56. Its energy came out 1.2 eV above the observed 
structure. More important, there was a minute gap of 0.06 eV 
between the filled and unfilled levels. The tetrahedral dimer 
would be a high spin complex or would be subject to a sec- 
ond-order Jahn-Teller distortion. 

The level pattern in 56 is quite different from that of the 
other d9 tetrahedral dimers which we have studied earlier. The 
2bl, level, which in Figure 5 could be seen clearly isolated as 
the highest d band orbital, in N ~ ~ ( C N ) G ~ -  finds a place in the 
middle of the band. It is depressed in energy by interaction with 
the relatively low-lying A* acceptor orbitals of the bridging 
cyanides-in contrast to in-plane donation in the chloro and 
phosphido bridged cases discussed earlier. In general the ter- 
minal and bridging cyanide n*  levels keep any of the d levels 
from rising too high and forming a well-defined gap between 
filled and unfilled levels. We think a similar effect pushes 
(PPh3)2Rh(CO)*Rh(PPh3)2 away from an idealized tetra- 
hedral dimer structure and toward the most interesting ge- 
ometry that it does assume.*I In general we expect 
X2MY2MX2 species with Y = n-acceptor to avoid the tetra- 
hedral dimer structure. 

While we have examined a number of geometrical extremes, 
it is clear that our job is far from complete. For instance we 
have avoided discussion of the pathways interconverting the 
Ni2(CN)64- type dimers with their tetrahedral and square 
planar counterparts, as well as the possible processes inter- 
changing sites in all these species. We have not discussed the 
ethane type structures, represented by (PPh3)(N0)2Ir- 
I ~ ( N O ) Z ( P P ~ ~ ) ~ ~  or the triply bonded M02(CH2SiMe3)6,~~ 
M02(NMe2)6,~' and W2(NMe2)6.52 These are problems for 
the future. 

The conclusions we come to have been stated in the intro- 
ductory paragraph of this paper. The geometrical and elec- 
tronic structure of these tetrahedral dimers is set by three 
factors: the geometrical preference of the monomer, the dif- 
ferential through-bond coupling, and direct metal-metal 
bonding. While our simultaneous analysis of all three factors 
may have been involved, it has led us to a better understanding 
of the dimers as well as some interesting sidelights on the ge- 
ometry of dIo MX2Y2 complexes and the choice between tet- 
rahedral and square planar dimers. 
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Appendix 1 
Bending of Nitrosyl Groups in Tetrahedral Dinitrosyl 

Complexes. In tetrahedral dinitrosyl complexes the M - N - 0  
angles often depart by moderate amounts from 180'. Thus in 

I I I 

90 60 33 
Twist angle (deg) 

Figure 12. Total energy as a function of twist angle in  Ni2(CN)64-. The 
energy scale markings are 1 eV apart. 

8 the N-Co-N angle is 118' and the nitrosyls are bent toward 
each other, with a Co-N-0  angle ~ 1 7 0 ' . ~ j  In (Ph3P)z- 
Rh(N0)2+ the N-Rh-N angle is 157.5' and the nitrosyls are 
bent away from each other with an Rh-N-0  angle of 1 59°.37g 
In the intermediate case 34 with an N-Os-N angle of 139' the 
bending is less, with an average Os-N-0  angle of 177' bent 
away.37a Though the extent of bending in these cases is con- 
siderably less than in the strongly bent nitrosyls, the variable 
direction of bending is interesting and has received some at- 
tention.37~40~41~53 The degree and direction of this bending can 
be explained quite easily as a secondary function of the 
N-M-N angle. The angle between the nitrosyls is set by the 
factors we have already discussed; that is, the better the pos- 
sible n bonding with the metal donor orbitals the wider will be 
the N-M-N angle. 

Once the general magnitude of the N-M-N angle is es- 
tablished, it is possible to talk about the bending of the nitro- 
syls. Two metal orbitals are most affected by this bending 
motion, 57 and 58. Orbital 57, of bl symmetry in Czti. is de- 

57 

58 
stabilized by the ligand lone pair at  acute N-M-N angles. 
Distortion A, bending the nitrosyls away from each other, 
enhances this repulsion by placing the lone pair density at  an 
effectively smaller angle. The N O  a* orbitals are not effective 
in stabilizing this distortion because the N p orbital density will 
be near the node of the metal d-p hybrid. Distortion B, on the 
other hand, places the N O  lone pair on the node of the metal 
orbital and allows the N O  n*  to stabilize the metal orbital. 
Thus interactions with orbital 57 favor distortion B, bending 
the nitrosyls toward each other. 

Interactions with the al ,  predominately x 2  - y2,  orbital 58, 
however, favor distortion A. As the nitrosyls bend apart, the 
NO lone pair-metal d antibonding overlap decreases, and the 
T* orbitals become more metal-nitrosyl bonding. In distortion 
B this orbital is pushed up by increased repulsions between the 
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Table 111. 
a Function of N-Co-N Angle 

Bending Preference of Nitrosyls in C O ( H ) ~ ( N O ) ~ -  as 

N-CO-Nu Co-N-Oa 
O 0  do 

110 
130 
150 

169 
179 
188 

The angles are defined in 59. 

Table IV. 
Calculated Metal-Metal Bond Distances 

Metal 4s and 4p Exponents Which Give Reasonable 

Compound 
Metal ( M-M, A 
4% 4P Calcd Exptl 

CrdCO)lo*- 1.7 2.99 2.97a 
Mn2(CO)10 1.8 2.93 2.92h 
Fe2(C0)g2- 1.9 2.80 2.79' 
COACO)S 2.0 2.67 2.66d 

Reference 2n. L. F. Dah1 and R. E. Rundle, Acta Crystallogr., 
16,419 (1963). H .  B. Chin, M. B. Smith, R. D. Wilson, and R. Bau, 
J .  Am. Chem. Soc., 96, 5285 (1974). The Co-Co distance in (n- 
BuJP)ZCO~(CO)~: J. A. Ibers, J .  Orgunomet. Chem., 14, 423 
(1968). 

lone pair and metal while the ligand acceptor orbitals remain 
ineffective. 

The result of distortion is thus in opposite directions for 57 
and 58. Which one dominates depends on the N-M-N angle. 
The distortion causes the greatest stabilization when it occurs 
in the most antibonding situation. 57 has a greater slope a t  low 
N-M-N angle, 58 for a more open ON-M-NO grouping. 
Thus stabilization of 57 through distortion B predominates at  
low N-M-N angles. At  large N-M-N angles, stabilization 
of 58 through distortion A is most important. A sample cal- 
culation on (ON)2CoH2-, 59, shows these effects (Table 111). 

59 
For another rationalization of the dinitrosyl distortions the 
reader is directed to the work of Enemark and Feltham.4' 

Appendix 2 
Computational Details. All the calculations were of the  ex- 

tended Huckel type.54 Parameters used previously54 for carbon, 
nitrogen, oxygen, and hydrogen were kept fixed during all 
charge iterations. Exponents for the 3s and 3p orbitals of 
chlorine and phosphorus were calculated from Burns' rules.j5 
Exponents for the 5s and 5p orbitals of iodine are from the work 
of Clementi and Roetti.j6 For metals of the first transition 
series 3d orbital exponents for the + 1 ions were taken from the 
work of Richardson et For second-row metals 4d, 5s, and 
5p exponents are those determined by Basch and Gray.j* 

It has been noteds9 that the available 4s and 4p exponents 
for the first transition series55~s7*60 are  small compared to the 
corresponding parameters for the second- and third-row 
metals.58 Increasing the exponents for the first-row metals 
leads to a larger interaction with ligand CT orbitals and generally 
better computational  result^.^^.^] In  particular the diffuse 
metal s and p orbitals we have used previously result in small 
negative metal-metal overlap populations in transition metal 

Table V. Extended Hiickel Parameters 

Hci. 
Orbital eV 

Exponentso 
( 1  fi 

H Is 
c 2s 
c 2p 
N 2s 
N 2P 
0 2s 
0 2P 
P 3s 
p 3P 

c 1 3 s  
C13p 

15s  
I 5 P  

Cr 4s 
Cr 4p 
Cr 3d 
Mn 4s 
Mn 4p 
Mn 3d 

Fe 4s 
Fe 4p 
Fe 3d 
Co 4s 

Co 3d 
Ni  4s 
Ni 4p 
Ni 3d 
cu 4s 

Cu 3d 
Nb 5s 
Nb 5p 
Nb 4d 
Mo 5s 
Mo 5p 
Mo 4d 
Rh 5s 
Rh 5p 
R h  4d 
Pt 6s 
Pt 6p 
Pt 5d 

Co 4p 

cu 4p 

- 13.6 
-21.4 
-11.4 
-26.0 
-13.4 
-32.3 
-14.8 
- 18.6 
-14.0 
-26.3 
-14.2 
-23.3 
-14.0 

-8.66 
-5.24 

-9.75 
-5.89 

-11.67 
-9.10 
-5.32 

-9.21 
-5.29 

-13.18 
- 10.95 

-6.27 
-14.2 
-1 1.4 

-14.0 
-10.1 

-12.1 

-11.2 

-12.6 

-6.06 

-6.86 

-8.34 
-5.24 

-10.50 
-8.09 
-4.57 

-9.077 
-5.475 

-12.5 

- 12.59 

1.3 
1.625 
1.625 
1.950 
1.950 
2.275 
2.275 
1.75 
1.30 
2.183 
1.733 
2.68 1 
2.322 
1.7 
1.7 
4.95 (0.5060) 
1.8 
1.8 
5.15 (0.5320) 
1.9 
1.9 
5.35 (0.5505) 
2.0 
2.0 
5.55 (0.5680) 
2.1 
2.1 
5.75 (0.5798) 
2.2 
2.2 
5.95 (0.5933) 
1.89 
1.85 
4.08 (0.6401) 
1.96 
1.90 
4.54 (0.6097) 
2.135 
2.10 
4.29 (0.5807) 
2.554 
2.554 
6.01 3 (0.6334) 

1.80 (0.6750) 

I .90 (0.6490) 

2.00 (0.6260) 

2.10 (0.6060) 

2.30 (0.5782) 

2.30 (0.5744) 

1.64 (0.5516) 

1.90 (0.6097) 

1.97 (0.5685) 

2.696 (0.5513) 

Two Slater exponents are listed for the 3d functions. Each is fol- 
lowed in parentheses by the coefficient in the double zeta expan- 
sion. 

dimers, even in complexes such as Fe*(CO)s2- which have 
obvious metal-metal bonds. We have adjusted the metal 4s and 
4p exponents to give proper metal-metal distances in dimers 
with unsupported metal-metal bonds. Except for the metal- 
metal distance the experimental geometries were maintained 
throughout these calculations. The exponents of the s and p 
orbitals were assumed to be equal for a given metal. To em- 
phasize the approximate nature of these parameters they are 
estimated only to two places in Table IV. In order to check the 
behavior of the parameters of Basch and Grayj8 for the heavier 
metals the Mo-Mo bond length in Mo2(CO)102- 2n was cal- 
culated using those exporients. The calculated Mo-Mo distance 
was 3.1 1, the experimental 3.13 A.2r1 

The exponents for metal 4s and 4p orbitals listed in Table 
IV are now more in line with the parameters for the heavier 
metalsSX which also seem to give reasonable metal-metal bond 
lengths. In addition these new 4s and 4p functions are similar 
to those determined by the Fenske group from maximum 
overlap criteria.2w.59.62 
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Metal Hii's for Cr,63 Mn,17d Ni,64 & , I b  and Pt65 were taken 
from other work. For Fe, Co, Nb,  and Rh charge iterations 
were performed on suitable model compounds (Fe2(N0)412, 
Co*(N0)4C12, Nb2(CH3)4(CH)2, and Rh(C0)2C12-) as- 
suming a quadratic dependence of metal Hij's on charge.66 In 
the iodide bridged dimer the iodine Hit's were assumed to vary 
in a linear way with charge with a slope of 7.9 eV/e from 
neutral atom VSOIP's of 21 .O eV for the 5s and -10.45 eV for 
the 5p orbitals. A linear dependence was also assumed for the 
chlorine Hij's in Co2(N0)&12 with a slope of 10.66 eV/e from 
neutral atom VSOIP's of -25.9 eV for the 3s and -13.8 eV 
for the 3p orbitals. In the iteration on Rh(C0)2C12- the C1 
Hij's were fixed at -27.5 eV for the 3s and -17.4 eV for the 
3p orbitals. All geometrical deformations were examined by 
extended Huckel calculations without charge iteration using 
the parameters obtained from these models. These are collected 
in Table V. 
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