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The electronic structures of the edge-sharing bioctahe- 
dral chromium(II1) dimers {C5H,Cr(CH3)(p-C1)}2 (2) and 
{Me,C,Cr(CH,)(p-CH,)), (4* (Cp* derivative), 4 (Cp deriva- 
tive)), the trinuclear complex {C5H5Cr(p-Cl)}3(p-CH) (3), and 
the face-sharing bioctahedral chromium(II1) compounds 

(7*, 7) have been studied MO-theoretically by the extended 
Huckel method. Proceeding from 2 over 3 to 4*, or from 6* to 
7* a 3-center/4-electron chloride or methylene bridge is re- 
placed by a 3-center/2-electron methyl group (a methylidyne 
cap in the trimer). The 3c/2e bridges give rise to an increased 
metal - metal overlap , population due to Cr - Cr bonding 
within the core levels. In the series of 2 - 3 - 4* this is accom- 
panied by a decrease in the Cr - Cr distance (329 - 284 - 260 
pm) and effective magnetic moment, peff (2.53 - 2.05 - 1.53 pB 
per Cr at room temp.). The latter can be ascribed to an in- 
creased splitting within the chromium d-block because of the 

{M~,C,C~)~(~-CH~)Z(CL-CHZ) (6*, 6) and l{Me&&r}z(p-CH3)31+ 

shorter metal-metal separation. The bioctahedra 6* and 7* fea- 
ture even shorter Cr- Cr contacts than 4* (239 and 242 pm), 
primarily because of their face-sharing geometry. However, 
their effective magnetic moments (per Cr) are 2.33 and 1.32 pB 
at room temp. The high magnetic moment for 6* can be un- 
derstood from the orbital interactions in the frontier orbital 
metal d block A face-sharing bioctahedron shows one 0, two 
6,  and no x type overlap, while an edge-sharing bioctahedron 
(4) has cr, x, and 6 interaction between the metals. In the former 
this destabilizes only cr* sufficiently to prevent occupation by 
electrons (leaving five orbitals for six electrons, possible spin 
multiplicities S = 0, 1, 2) while for the latter both cr* and x* 
are destabilized beyond electron occupation (leaving four 
MOs for six electrons, possible spin multiplicities S = 0, 1). 
4*, 6* and 7* are unusual examples of metal - metal bonded 
complexes containing octahedral Cr"' ions. 

The subject of metal -metal bonding in transition metal 
dimers, trimers, clusters, and one-dimensional chains - 
ranging from single to quadruple bonds - is of special in- 
terest in the area of inorganic chemistry[',21. Quadruple 
bonds in dichromium(I1) tetracarboxylate complexes are an 
area of intense  theoretical['^^,^^ and experimental studies. The 
Cr - Cr distances in these tetracarboxylates of the general 
formula Cr2(RC02)4L2 range from 228 to 254 With 
chromium in the oxidation state I1 (d4-d4) - or eight d 
electrons available - we can readily assign a Cr - Cr quad- 
ruple bond to the tetracarboxylates from an MO-interaction 
diagram of two corner-sharing octahedra (not shown here; 
see for example ref.[ll). 

On the other hand, dinuclear chromium(II1) (d3) com- 
plexes should also have bond orders of three based e.g. on 
a 0'x'6~ configuration in the case of an edge-sharing bioc- 
tahedron whose schematic orbital diagram is given in Figure 
1. An edge-sharing bioctahedron represents one example of 
joining octahedra in a dinuclear complex. 

So far however, di- (or poly-)nuclear chromium(II1) com- 
plexes (d3-d3) were almost always found to exhibit repulsive 
interactions between the metal atoms (Cr-Cr > 300 pm)[". 

The majority of these chromium compounds feature two 
bridging groups between the metals as shown in 1. 

The d-d orbital diagram of a bioctahedral dimer derives 
from an interaction of the t2, and eg levels of both monomeric 
units to give t2,-bonding and antibonding (t?,), and e,-bond- 
ing and antibonding (et) combinations as illustrated in Fig- 
ure 1 for the edge-sharing case. The mixing in of the empty 
s and p levels (hybridization) has been omitted for simplicity. 
Of course, the actual position of u (above or below x) de- 
pends on the ligand field and the metal-metal distancer6'. 
Throughout the following we will refer to c-, n- and &type 
orbitals (rather than using the dxy, d ,  ... notation) to char- 
acterize the metal-metal interaction. We do not mean to 
imply a strict energy ordering for the orbitals or their dis- 
persion between bonding and antibonding levels in Figure 
1. The orbital energy ordering is rather schematic and can 
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Energy 
A 

0 J 

electrons per Cr - Cr bond, analogous to the contribution 
of one bridging methyl group in 4. 

3a 5 

In light of the rather short Cr-Cr distance of 4* (260.6 
pm)['], which approaches the upper limit of distances found 
in the quadruply bonded tetracarboxylates, the question 
arises, whether the assignment of a repulsive Cr"' - Cr"' in- 
teraction is still valid in this case. Alternatively, 4* might be 
considered an example of a metal-metal bonded com- 
pound with trivalent chromium atoms. 

I I 

Figure 1. Schematic interaction diagram of two octahedral frag- 
ments in an edge-sharing bioctahedron. A 6-below-4 pattern 

ing and antibonding below eg bonding and antibonding 
emerges from the interaction of the tlg and eg levels giving t.2g bond- H3 

Cr-Cr=  239 

only be a rough first approximation. We realize however, 
that the 18-electron rule does not exclude a metal-metal 
bond in dichromium(II1) systems. As we shall see in more 
detail later, it is a bridging geometry as in 1 that does not 
necessarily favor metal -metal bonding. 

First, however, we will introduce a series of structurally 
characterized Cr"' complexes (2-4* and 6*, 7*; 2 denotes 
a compound containing the CsHS ligand, while 4* stands for 
a compound with the C5Me5 which serve as 
illustrative examples for our discussion on metal - metal 
bonding in chromium(II1) complexes. This analysis was un- 
dertaken in an attempt to rationalize the observed decrease 
of the Cr - Cr distances in this series. 

Cr-Cr = 329 282 261 pm 

2 3 4, 4 *  

The conceptual change that transforms 2 into 4/4* in a 
stepwise manner is the replacement of 3-center/4-electron 
chloride by 3-center/2-electron methyl bridges. In this pro- 
gression we can think of the trimer 3 as representing the 
halfway point 3a. The justification for this conceptual sub- 
stitution is given in illustration 5 (Cp ligands omitted for 
clarity). The CH3- fragment has six electrons (three electron 
pairs) available to contribute to three Cr - Cr bonds, or two 

1 - -  
242 pm 

6 ,  6' 1, 7' 

This last point was taken further with the structures of 
two related face-sharing bioctahedra, 6*[91 and 7*['01. In the 
y-methylene complex [(q5-Cp*)Cr(y-CH3)],(p-CH,) (6*) the 
Cr-Cr distance has collapsed to 239 pm, removing any 
doubts about a direct metal-metal interaction, as this value 
falls right in the range found in binuclear Cr" carboxylates 
(see above). The p-methylene complex 6* once again con- 
tains a 3-center/4-electron bridge (i.e. the CH2 group) which 
can formally be replaced again by a 3c/2e methyl bridge to 
yield the dinuclear cationic complex [(q5-Cp*),Cr2(p- 
CH,),] +[BF4] - x CHzClz (7*)['01, which then contains three 
bridging methyl groups connecting the chromium atoms. 
Contrary to initial expectations, the Cr - Cr distance of 7* 
(242 pm) is slightly longer than that of 6*. 

Magnetic Behavior 

Compounds 2 ,3  and 4* were prepared and characterized 
as part of a systematic study of the reactivity of paramag- 
netic chromium(II1) alkyls["]. The effective magnetic mo- 
ment (peff) per chromium atom of [(q5-Cp)(CH3)Cr(y-C1)]z 
(2) as derived from magnetic susceptibility measurements 
was seen to increase with temperature and reaches a value 
of 2.53 pB at room temperature[71, which may be in contrast 
to the spin-only moment of 3.87 pB expected of an isolated 
S = 312 ion like Cr"'. This behavior is characteristic of 
antiferromagnetic coupling between the metal centers['zJ, 
which is presumably mediated by the bridging ligands. 

In the methylidyne-capped trinuclear complex [(q5- 
Cp)Cr(y-Cl)],(p,-CH) (3) hff per chromium atom increases 
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with temperature and reaches a value of 2.05 pB at room 
temperatureL7]. While this behavior is certainly still consis- 
tent with antiferromagnetic coupling, the lower moment in- 
dicates a stronger interaction between the chromium atoms 
in 3 as compared to 2. 

Finally, the dimer [(q5-Cp*)(CH3)Cr(p-CH3)l2 (4*) still ex- 
hibits unpaired electrons, but the magnetic moment per 
chromium is much lower than in either 2 or 3, reaching a 
value of ca. 1.48 pB at room temperature[81. Based on the 
short Cr - Cr distance, the unusually small effective mag- 
netic moment, and the results of electronic structure calcu- 
lations (see below), we conclude that 4* exhibits 
metal - metal bonding between two octahedral Cr"' ions. 

The extremely short Cr-Cr distance of 6* might have 
been expected to lead to extensive pairing of the d electrons 
in bonding molecular orbitals, and thus we were surprised 
to find that the effective magnetic moment per chromium 
atom of 6* (2.33 pB at room temperature[']), substantially 
exceeds that of 4* and even 3. However, the structural 
change from an edge-sharing to a confacial bioctahedron 
affects interaction of the d orbitals available for metal-metal 
bonding (see below). Thus, we believe that 6* too features 
a Cr"'- Cr"' bond. 

Despite the very similar molecular structure of 6* and 7* 
the magnetic behavior of 7* is consistent with a very strong 
metal - metal interaction. The temperature dependence of 
kfl features a steadily rising moment reaching 1.32 pB per 
chromium atom at room temperature[''] being the smallest 
value for all five compounds that have been compared 
here['31. 

Electronic Structure and Bonding 

We now turn to an analysis of the influence of bridging 
ligands on the electronic structure and consider the possi- 
bility of Cr"'- Cr"' bonding in complexes 2 - 4 and 6, 7. 

The reader's attention is also drawn to a seminal paper 
by Hoffmann et al. on bridged and unbridged M2LIo com- 
plexes whose basic philosophy was very inspiring to our 
analysis [61. 

4-Electron versus 2-Electron Bridges: The 3-center/2-elec- 
tron (3c/2e) bonding mode is often found in so-called "elec- 
tron-deficient'' molecules, such as boranes [l4], methyl- 
bridged aluminum dimers (e.g. 12, 13)[15] and hydrogen- 
bridged osmium trimers (e.g. 15, 16)['61. The molecular or- 
bital picture of two 3c/2e bridges is shown in 10. The in- 
phase combinations of metal orbitals with the bridging li- 
gand orbitals correspond to two MOs with metal-metal 
bonding character, one of (J and the other of x-type. For 
comparison, the picture for two 3-center/4-electron (3c/4e) 
bridges is shown in 8. With the additional four electrons we 
can fill two more metal - ligand bonding orbitals; however, 
both of these are metal-metal antibonding in character. 
The net effect is an antibonding metal - metal interaction. 
Compounds with one 3c/2e and one 3c/4e bridge lie between 
these extremes and retain partial metal -metal bonding 
character, since only one metal-metal antibonding MO is 
filled as depicted in 9. 

L: 2 x 3c14e 3c14e 2 x 3c12e 
3c12e 

/"\ 
M\ /M 

'L' 

M-M antibonding partial M-M partial M-M 
"single" bond "double" bond 

8 9 10 

In summary, metal -metal bonding can result from the 
presence of 3-center/2-electron bridges. As 4-electron 
bridges are replaced by 2-electron bridges, a metal - metal 
antibonding interaction (8) is transformed first to a single 
metal-metal bond (9) and finally to a metal-metal double 
bond (10). Such progressions are seen and accompanied by 
a decrease in the metal-metal distance, for example, in series 
of aluminium compounds (11 - 13)['71 or trinuclear osmium 
clusters (14 - 16)[16'. 

AI-AI = 322 

11 

212 

12 

261 pm 

13 

Me Et 

0s-Os(bridged) = 308 286 261 pm 

14 15 16 

Returning to the series of Cr"' complexes (2-4*), we can 
recognize the progressive shortening of the Cr - Cr distances 
as a consequence of increasing metal-metal bonding as- 
sociated with the 3c/2e methyl bridges. The long Cr-Cr 
distance in 2 can be interpreted as being due to metal -metal 
repulsion according to 8. Trinuclear 3 with its methylidyne 
and chloride exemplifies the intermediate situation 9. We 
have shown earlier how the valence orbitals of two Cp- 
(Me)Cr fragments and the sp3 hybrid orbitals of two bridging 
methyl groups give rise to a Cr-Cr CY and n bond for 4 
within the core levels[*]. 

We can also follow the change in "bond order" from 2 
over 3a to 4 using overlap populations. Neglecting for now 
the influence of the frontier d orbitals and computing 
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Cr-Cr overlap populations due to core orbitals only, we 
find: 26+, 0.045; 3a6+, 0.115; 46+, 0.186[181. It is also inter- 
esting to note the similarity in the trend of the bridging 
parameters (metal --metal distance, M - Cbridge - M angle) 
between the chromium complexes 2-4* and the series of 
aluminium dimers 11 - 13["]. 

The Chromium Frontier Orbitals - An MO Calculation 

While metal-metal bonding due to 3cJ2e bridges is surely 
important in 4, this core level effect is probably not solely 
responsible for its short metal - metal separation. The fol- 
lowing analysis will show that the 3cJ2e bridges induce a 
change in the interactions of the Cr d orbitals from repulsive 
to bonding. Finally, possible steric effects of methyl or meth- 
ylidyne bridges will be discussed. 

The chromium complexes discussed herein differ from the 
aluminium compounds 11 - 13 by their partially filled fron- 
tier d orbitals. These orbitals afford the capability for mul- 
tiple metal-metal bonding. However, if the bonding and 
antibonding d orbital combinations are very close in energy 
- i.e. within ca. 1 eV - metal-metal bonding due to the 
d block will depend critically on the electronic configuration, 
the extremes being low-spin and high-spin configurations. 
According to Figure 1 it is, of course, the tzg-bonding and 
antibonding set that we mean when we speak about the 
orbitals of the d block. The eg sets are too high in energy 
to play a role in the Cr - Cr interaction. An important factor 
in determining the splitting between the bonding (t2J and 
antibonding (tt,) levels is the size (or diffuseness) of the metal 
orbitals involved. This is nicely illustrated by the series of 
Mi"C1;- ions of group 6, 17-19['9-211. 

M-M = 312 

17 

265 

18 

241 pm 

19 

All are isoelectronic d3-d3 dimers, but in Cr2C1; - the con- 
tracted Cr 3d orbitals allow only for weak overlap and hence 
a small t2g-tfg splitting. Antiferromagnetic coupling - i.e. 
an equilibrium of various spin states (S = 0, 1, 2, 3) - is 
the result and leads to metal - metal repulsion (physical ev- 
idence for the latter is a Cr-Cr distance which is longer 
than the distance between the midpoints of the two octa- 
hedra described by the chloride l igand~)[ '~-~~] .  The larger 
tlg- t t g  splitting in Mo2CI;- due to the larger and more 
diffuse molybdenum 4d orbitals effects pairing of two elec- 
trons in a metal -metal bond[221. The tungsten complex with 
its most diffuse and largest 5d orbitals exhibits the greatest 
d-d overlap in this series; consequently, it has the largest 
splitting and all six electrons are paired in a low-spin state 

to form a metal-metal triple bond. The increase in 
metal-metal bonding from 17 to 19 is nicely paralleled by 
the decrease of the M - M distances. 

In the bridged chromium dimers 2,3, and 4*, we will have 
to deal with small splittings between the bonding and an- 
tibonding frontier orbitals and the distinctive possibility of 
high-spin configurations (this is the reason for the popularity 
of Cr"' - Cr"' systems for studies of magnetic interactions). 

In the following we describe the results of molecular or- 
bital calculations carried out on the chromium alkyls de- 
scribed above. The computations were performed within the 
framework of a one-electron theory, namely that featuring 
an extended Huckel Hamil t~nian[~~].  Because this method 
does not explicitly include electron-electron interactions, we 
cannot expect these calculations to account quantita- 

for the observed magnetic properties of the mol- 
ecules. However, we aim at a description of the orbital struc- 
ture of the three complexes and wish to discuss on the basis 
of overlap, symmetry and relative orbital energy - all these 
factors being reasonably well handled by the extended 
Huckel method - the structures (especially Cr - Cr distan- 
ces) adopted by the various compounds. The relevant geo- 
metrical and computational details may be found in the 
Appendix. 

The dinuclear complexes 2, 3a, and 4 may be viewed as 
the union of two octahedra sharing an edge (see 20). Each 
individual octahedron possesses the usual 3-below-2 orbital 
pattern shown in Figure 1. The formation of 20 simply in- 
volves the construction of linear combinations with CZh sym- 
metry of these levels as depicted in Figure 1 as well. 

20 

The Chloride-Bridged Dimer 2 - Reversal of the "Natu- 
ral" Energy Ordering: The lowest six d orbitals of 2 accord- 
ing to a calculation are shown in Figure 2 (a). The topology 
of these MOs is not unexpected (cf. Figure 1) and we find 
the bonding and antibonding combinations of the 0, R and 
6 type. The important features of Figure 2 (a) are (i) the 
clustering of the six states within ca. 1 eV, and (ii) the relative 
energy ordering of the levels and their bonding or anti- 
bonding nature with respect to the two metal atoms. 

The small dispersion of the levels follows directly from 
the large Cr-Cr distance of 329 pm, which allows only 
weak overlap between the chromium d orbitals. This dis- 
tance is typical of polynuclear chromium(II1) complexes 
with bridging chloride ligands and consistent with the ab- 
sence of any metal -metal bondingr271. Concerning the rel- 
ative energies, it is clear that the "natural" ordering - i.e. 
bonding-below-antibonding - of the d combinations is not 
realized for the 6 sets: la, (a*) lies below lbg(6) in energy. 
The same is true for R and x*, although for these levels the 
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overlap populations 

-0.090 
+ 0.002 

Energy lev lag  +0.055 

-9 

* 
Q 

V 

* 
A 

6* 

a 
chloride-bridged dimer 2 

overlap populations 

+0.020 

la ,  +0.141 

overlap populations 
2b1 -0.180 
l b l  -0.110 
2al +0.102 
laz  -0.076 

la ,  +0.110 
1b2 +0.098 

b C 
methyl-bridged dimer 4 methylene-bridged dimer 6 

Figure 2. Frontier d orbitals of the edge-sharing chloride-bridged dimer 2 (a), the methyl-bridged chromium dimer 4 (b) and face-sharing 
p-methylene-bridged dimer 6 (c); each filled with six electrons. The overlap populations for these orbitals were calculated for doubly 
occupied levels. Note the reversal of the “natural” energy ordering in a for the 6 and A levels by a through-bond coupling effect and the 
clustering of six orbitals within ca. 1 eV because of the large Cr-Cr distance. In b the o* and A* levels are separated from the four 

lower orbitals by about 1.5 eV. Symmetry labels were assigned by assuming CZh symmetry for 2 and 4, respectively Cz  for 6 

ordering is easily reversed with slight changes in geometry. 
Despite the small energy differences involved and the ap- 
proximate nature of our calculations we think that these 
features are real, since they emerge as direct consequences 
of symmetry and overlap factors. Because of their local 
nodal properties orbitals lb, (6) and lb, (n) contain an ap- 
preciable amount of chloride p character, see 21, la, (6*) 
and 2a, (n*) on the other hand do not suffer a similar de- 
stabilization by n antibonding with the bridges, since that 
would require filled d orbitals on the C1 atoms. 

1% 1b” 
21 

This through-bond coupling effect has been analyzed in 
detail by Hoffmann and co-workers for molecularP8’ and 
extendedt291 edge-sharing tetrahedral systems. In all cases the 
net result is that for long M - M distances the metal-metal 
bonding MO is shifted upward in energy relative to its an- 
tibonding counterpart. 

Dimer 2 is a d3-d3 system: thus a total of six electrons 
must be accommodated in the d block of the complex and 

owing to the small energetic splitting of the t2,-derived levels 
various configurations and spin states will arise. The mol- 
ecule may assume four spin states, namely a singlet (S = 0), 
a triplet (S = l), a quintet (S = 2), and a septet (S = 3). 
The calculation of the coefficients for all possible 6-electron 
configurations lies beyond the reach of our computational 
tool. The structure displayed by 2 is dictated by the various 
contributions of different spin states to the spin equilibrium. 
Only the S = 3 state (high-spin form) is pure in the sense 
that it results from only one configuration (all MOs singly 
occupied by a or p spins). The fact that this state contributes 
significantly to the long Cr-Cr distance may be gleaned from 
an examination of the variation of the sum of orbital en- 
ergies as a function of change in the Cr - Cr distance. Figure 
3 shows a Walsh diagram for the breathing motion depicted 
in 22, and superimposed onto it, is the sum of the orbital 
energies for the S = 3 and S = 0 states. For the curve 
describing the latter, a two-electron occupation of the lowest 
three MOs was used. 

c - 
t-- 

CI c 
22 
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The energetic behavior of each of the six d-centered levels 
represented in the figure is easy to understand: As d(Cr - Cr) 
decreases, direct metal - metal overlap pushes the strongly 
bonding ones low in energy (CT = la,, n = 2bJlb,) and 
destabilizes their antibonding counterparts (o* = IbJ2b,, 
7c* = 2aJ. Within this range of distance, the 6 type MOs 
remain essentially unaltered. The total energy curve for S 
= 0 follows the trend dictated by la, and Ib,. Reversibly, 
S = 3 is dominated by the changes in 2b, and 2a,. Note 
that the sum of orbital energies does not depend on the spin 
of the electrons occupying these MOs. More specifically, 
configurations which feature unpaired electrons with op- 
posite spins (for lower spin states) will contribute, in terms 
of the orbital energies, to a stabilization of the long Cr-Cr 
distance geometry. 

-8.5 

+. F -9.5 

B 

-10.5 

-11.5 
240 260 280 300 320 340 360 380 

Cr-Cr distance, d /pm 

Figure 3. Walsh diagram for the breathing motion in the chloride- 
bridged dimer 2 (cf. 22). The d-block orbitals are sketched in Figure 
2 (a). The two thick lines represent the relative variation of the sum 
of orbital energies for two specific configurations and refer to the 
right-hand axis. The dashed lines help to visualize an avoided cross- 
ing. Note how a high-spin configuration (S = 3) contributes to a 
long Cr - Cr distance (the experimentally determined metal sepa- 

ration is 329 pm) 

The above analysis was aimed at a semi-quantitative de- 
scription of the Cr - Cr interaction in the chloride-bridged 
dimer 2. The availability of various spin states results in a 
repulsive interaction between the two metal atoms and gives 
rise to an overlap population which is either vanishingly 
small or negative. Thus, it appears that octahedrally coor- 
dinated Cr"' ions show little propensity to form covalent 
bonds between each other. The large overlap between t2,- 
derived d orbitals, which is required for bond formation, 
must be possible only at very short distances normally pro- 
hibited by core-core repulsions. However, under very special 
circumstances - e.g. in the presence of core-core attractions 
due to 3-center/2-electron bridges - the chromium atoms 
may move close enough together to lead to substantial over- 

lap and splitting of the d orbitals and thus make Cr - Cr 
bonding possible (see below). 

The Methyl-Bridged Dimer 4: The frontier d orbitals of 4 
resulting from a calculation were shown in detail in Figure 
2 (b). Their energy ordering is what we would consider nor- 
mal, with CT below 71, 7c below 6 etc. However, this time the 
Cr d orbitals are spread over 1.8 eV. 

Again the extent of Cr - Cr bonding depends strongly on 
the assignment of electrons to levels, i.e. the electron config- 
uration. The low-spin configuration (spin angular momen- 
tum, S = 0) OY = (la,)2(1b,)2(1b,)2 with all electrons paired 
in the lower three Cr -Cr bonding orbitals is strongly bond- 
ing (total d block overlap population 0.378), while the high- 
spin state (S = 3) 'Y = (lag)1(lbu)1(lbg)'(la,)1(2ag)1(2bu)1 is 
nonbonding ( - 0.007 overlap population). However, due to 
the large energy gap between the la, and 2a, levels we sug- 
gest that only the four lowest levels are energetically acces- 
sible for 4, leading to a singlet-triplet equilibrium. This hy- 
pothesis is consistent with the low magnetic moment of 4*. 

Once again, however, the two states must be described 
by linear combinations of 6-electron configurations (Slater 
determinants) and the calculation of the coefficients asso- 
ciated with these linear combinations is impossible with our 
method. But we can give an upper and lower bound by 
looking at the configurations which contribute to the singlet 
and triplet states. The four configurations for the S = 0 
state[''] and the six for the S = 1 state are listed in Table 1 
along with their contributions to the Cr -Cr overlap pop- 
ulation of 4. All configurations contribute to Cr - Cr bond- 
ing and most of them do so very strongly. While the splitting 
of its d orbitals is not sufficient to enforce pairing of all 
electrons in a triply bonded and thus diamagnetic molecule, 
4 nevertheless emerges as an unusual example of 
metal - metal bonding between octahedral Cr"' ions. 

Table 1. Contributions of the S = 0 and S = 1 d-block configu- 
rations to the Cr - Cr d overlap population in the methyl-bridged 

dimer 4 

The Electronic Structure of the Trimer 3 In the following, 
we describe the electronic structure of the trimer 3 and wish 
to discuss on the basis of our calculations the type of inter- 
action that exist between the Cr atoms in this system. Com- 
plex 3 belongs to a class of compounds - trinuclear clusters 
of early transition metals - for which various orbital de- 
scriptions have been recently provided[311. It could be shown 
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that the extended Hiickel and SCF Xu-SW method agree 
well in their bonding description (relative MO energy or- 
dering) for Cp3M3-type clusters[31b1. Yet, 3 seems to be some- 
what unusual since it features d3-Cr atoms, formally sur- 
rounded by an octahedrally arranged set of ligands, within 
what is believed to be a bonding distance. As mentioned 
earlier, trinuclear clusters of this type with metal - metal 
bonds do exist, but with atoms not being chromium. Sys- 
tems which involve Cr atoms so far have displayed only 
long (> 320 pm) intermetallic distances[321. Yet, the mean 
Cr - Cr distance of 282 pm in 3 falls well within the accepted 
range of Cr-Cr single bonds[331. Counting each Cp- and 
C1- as uninegative and the C-H cap as -3, we charac- 
terize the trimer 3 as a d3-d3-d3 system. One may therefore 
envision three distinct possibilities, schematically repre- 
sented in 23a-c, of organizing the 9 electrons. In 23a (only 
one resonance form is shown), eight of them are paired up 
to generate three CJ and one IT bond. The magnetic data 
presented in an earlier section are inconsistent with one 
unpaired electron so that 23a is ruled out. Similarly, 23b 
would possess three CJ bonds and a total of three unpaired 
electrons: An S = 112, S = 312 spin equilibrium would result 
and the room-temperature magnetic moment that we ob- 
serve tells us that 23b must be discarded[M! There remains 
23c with no metal-metal bond (derived from the frontier 
orbitals) and the possibility of a spin equilibrium between 
S = 112, S = 312, S = 512, S = 712, S = 912 spin states. 
The magnetic data can accommodate such a possibility, but 
the short Cr - Cr distances now become a puzzle since, in- 
terpreted at face value, they imply the existence of spin pair- 
ing in covalent bond orbitals, as in 23b. 

a b 
23 

C 

We begin with a rapid description of the electronic struc- 
ture of 3. The orbital structure of this type of complex may 
be derived in several ways, and Figure 4 shows one manner 
of doing so, primarily on the basis of symmetry considera- 
tions. The starting point [Figure 4 (a), extreme left] is the 
splitting pattern resulting from the assemblage of a metal 
with a Cp ligand. These fragment orbitals have been de- 
scribed at length elsewhere[351 and suffice it to say that one 
finds a t2,-like set, followed higher in energy by an e set 
(remnant of the octahedron eg set) strongly hybridized away 
from Cp, and then an sp hybrid of cylindrical symmetry. 
Taking C3" symmetry-adapted combinations[361 of these six 
fragment MOs, we can generate for each of them either an 
{a, + e} or an {a2 + e> set[371, as indicated in Figure 4 (b). 
The actual complex 3 is of lower C, symmetry. The sym- 
metrization employed here which consists in a 180" rotation 
of one Cp ligand only simplifies but does not fundamentally 

alter the interaction diagram. Now, turning to the right- 
hand side of Figure 4 (d), each chloride will present three p 
orbitals which can interact with the d block. Figure 4 (d) 
combines in C3, symmetry the nine p functions of three 
briding chlorides. The two a, and the a2 combination are 
shown in 24 (no significant sp hybridization is observed). 

a b C d 
Figure 4. Constitution of the molecular orbital scheme for the trimer 
3 without the p-CH cap; see text. Symmetry labels were assigned 

in C3" symmetry 

Regardless of the exact magnitudes of the interactions, 
the approximate MO structure of the trimer 3 minus the 
C-H cap, is then constructed on symmetry grounds: The 
two {al + e} and {a2 + e> sets of the C1 atoms will be 
pushed down by {al + e> and {a2 + e) sets of the trinuclear 
core. This is summarized by the arrows in Figure 4. What 
we are left with for the fragment in Figure 4 (c), ready to 
interact with the p3-CH cap, are the various orbitals boxed- 
in with a dashed line in Figure 4 (c) and an {a, + e) set 
directly below. The cap offers an {a, + e} set (see 25) which 

n 

81 

24 
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interacts mostly with the just mentioned lower {al + e} set 
in Figure 4 (c) to form the three Cr - C c bonds. The boxed- 
in orbitals are even slightly stabilized to give the d block 
frontier orbitals shown in 26. As expected, the d block of 
the trimer 3 is constituted of 9 orbitals descending from the 
C3” combination of three tzs sets produced by the local oc- 
tahedral environment of each of the Cr atoms. 

81 
25 

e 

In 26 we show the splitting as it actually comes out of 
the calculation on 3 with the Cr-Cr distances set at the 
experimental geometry (282 pm). 

-8 f eV = 3e 

1 -9t 

The overall pattern agrees well with that found by Jiang 
et al. in the geometrically analogous Mo3(p2-C1)C19(p3-S) 
cluster[311. Owing to the packing of 7 levels (le to laz) within 
less than 1.5 eV, the exact occupation of each level becomes 
again difficult to assert, and the existence of a spin equilib- 
rium is all the more obvious. From the energy diagram 
shown in 26, we believe that the contribution of states with 
spin S = 712 and S = 912 to such a spin equilibrium should 
be small due to the large energy gap between la2 and 3e (cf. 
to the orbital splitting of 4). Hence, we do not take these 
configurations into account in the following. Having at most 
an S = 512 spin state agrees well with the experimental 
observation of a somewhat lower magnetic moment for 3 
(2.05 pB at room temperature) as compared to 2 (2.53 pB) 
where S = 3 was the highest spin state accessible. 

Configuration ‘’’Y represents in some way the case of 
structure 23a. Would it solely contribute to the structural 
choice made by the trimer, shorter Cr - Cr distances would 
be observed. This was tested by allowing the trimer to relax 
and contract from its equilibrium structure by varying the 
Cr - C1- Cr and Cr - C(H) - Cr angles concurrent with a 
change in Cr-Cr separation. Figure 5 shows the sum of 
one-electron orbital energy variations as the trinuclear core 
shrinks or expands, for the configurations ’IzY, 3’2Y, and 
5/2Y. 

Not unexpectedly, the minima are shifted towards long 
Cr-Cr distances as one goes from ‘/’Y to 5/2Y. The fact 
that the experimental distance lies close to the minimum of 
5/zY is considered fortuitous. Yet, we believe it shows how 
the availability of high-spin states shifts upward the opti- 
mum Cr - Cr distance relative to what it would be if orbital 
energies were the only factor at work just like in the dimer 
case 2, little metal-metal d overlap allows population of 
Cr - Cr antibonding levels by unpaired spins. However, even 
after such a lengthy discussion we should not overestimate 
the frontier d orbital influence for the Cr - Cr bond length. 
We feel that they merely provide a fine-tuning and that for 
the most part the much smaller Cr - Cr distance observed 
for the trimer is the result of one 3c/2e bridge which provides 
a core metal-metal overlap population of 0.086 for 3. 

-92 7 . % -93 

c 
-94 

-97 
250 270 290 310 

Cr-Cr distance Ipm 

Figure 5. Variation of the sum of orbital energies for three specific 
configurations for the breathing motion in the methylidyne-capped 
chromium trimer 3 = (le)4(la1)2(2a1)2(2e)’; 312Y = 
(le)4(1a!)2(2al)1(2e)2; ’”Y = (le)4(1a1)1(2a1)1(2e)2(1a2)’). Note how 
high-spin configuration (S = 3/2 and 5/2) shift the minima towards 
long Cr -Cr distances. The arrow indicates the experimental dis- 

tance of 282 pm 

The Clamping Effect and Bridge-Bridge Repulsion: One 
might argue that in stressing the concept of 3c/2e versus 3c/ 
4e bridges we may have overlooked the geometrical con- 
straints imposed by the Cr - bridge bond lengths, 
bridge - bridge distances and/or Cr - bridge - Cr angles. 
The Cr-Cr distance might be largely determined by an 
optimization of the Cr - bridge - Cr angle in what could be 
called a “clamping effect” of the C1 and CH3 bridges or the 
CH cap - thus forcing the chromium atoms together (or 
apart) (cf. ref. r61). 

A test of this hypothetical clamping effect must involve a 
determination whether the observed structures of 2, 3, and 
4 coincide with those dictated solely by the Cr - bridge - Cr 
angles. We arrive at the predicted structures by minimizing 
the corresponding total energy. Because we are interested 
here in what could be called the “natural” bite angle of the 
bridges or cap, the numbers were computed on a system 
possessing no d electrons[61. Thus, the optimum 
Cr - bridge - Cr angle is governed only by the low-lying 
Cr - C bonding MOs. Figure 6 summarizes the variations 
in total energy upon changing the Cr-Cr distances of 26+,  
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3'+, 46+ (cf. 22, Figure 3) while keeping the Cr-bridge 
distances constant. 

pretation of this result is that the structure of 3, or more 
specifically the apparently bonding contacts between the 

* .  4 . . . . . . .  - ' l l  2 

170 210 250 290 330 370 
Cr-Cr distance /pm 

Figure 6. Variation in the total core level energy for 26+, 39+, and 
46+ as a function of Cr-bridge-Cr angle variation, concurrent 
with the Cr-Cr distance plotted as the abscissa (breathing mode, 
cf. 22). The positive charge serves to remove the ambiguous con- 
tribution from the d-block frontier orbitals. The minima in total 

core level cnergy reflect a maximum in Cr - bridge bonding 

The maximum amount of Cr-bridge bonding - corre- 
sponding to a minimum in total energy - for 2 is found for 
a geometry with a Cr-Cr distance of around 330 pm, i.e. 
approximately the experimental one. This is consistent with 
the expectation that in the absence of a strong Cr-Cr re- 
pulsion or attraction the Cr2C12 core geometry should be 
governed by the bridging constraints. For 4, we calculate a 
rather shallow minimum, somewhat shorter than the exper- 
imental distance of 260 pm. Here we see that both core level 
effects - namely 3c/2e bridges and the clamping effect - 
work in the same direction; their relative importance is thus 
not easily discernable. 

However, for 3 the energy optimization predicts a Cr - Cr 
distance or ~ 3 1 5  pm (or alternatively an optimum 
Cr-C-Cr angle of zIO~",  coinciding with a tetrahedral 
environment for the methine carbon). This is appreciably 
larger than the 282 pm of the actual structure. Our inter- 

Cr( + 3) ions, result from the electronic consequences of a 
3c/2e bridge overriding the Cr - C bond optimization (the 
clamping effect). Consequently, we conclude that for 4 also 
the electronic influence from the two 3c/2e bridges is much 
more important than a methyl clamping effect. 

It is also illustrative to consider the geometrical conse- 
quences of a fixed Cr-bridge distance upon the Cr-Cr 
distances in these molecules. While structures 2 and 4 rep- 
resent edge-sharing octahedra, 6 and 7 feature face-sharing 
ones. If we approximate the chromium-bridge core with a 
square at a fixed metal- bridge distance a, the correspond- 
ing metal - metal and bridge - bridge contacts are given by 
al/Z = 1 .414~  in the edge-bridging bioctahedra. For the 
face-sharing bioctahedron with an idealized inner core (all 
bridge-metal-bridge angles 90") the metal -metal separation 
is calculated as 2 a f l  = 1.155a, the bridge-bridge dis- 
tance as u f i .  In Table 2 the values for 2, 4, 6 and 7 cal- 
culated for an idealized core geometry are compared to the 
observed contacts. 

One notes a good agreement or only slight distortion for 
2. The large differences (over 40 pm) between the observed 
distances and the calculated ones for the methyl-bridged 
dimer 4* are striking. We are certain that a bridge-bridge 
repulsion cannot account for this distortion - at the ide- 
alized distance of 309 pm the bridge-bridge core-level over- 
lap population is only -0.003. Rather, {Me,C,(Me)Cr(p- 
CH3)I2 (4*) is an exceptional case of a Cr(II1) - Cr(II1) metal 
bond. 

The p-Methylene-Bridged Dimer 6: 6* features the shortest 
contact between two chromium(II1) centers known to us to 
date. This Cr-Cr separation is even shorter than some 
Cr - Cr bond lengths found in the Cr(I1) tetracarboxylates 
(range: 228 to 254 pm), which are generally assigned a 
Cr-Cr quadruple bond"]. For such a short metal-metal 
distance one should expect a large splitting within the metal 
d block between bonding and antibonding levels, such that 
a diamagnetic complex might result. However, experimen- 
tally we find that 6* has a larger magnetic moment than the 
closely related compound { MeSCS(Me)Cr(p-CH3)}2 (4*), 
which exhibits a 20 pm longer Cr - Cr separation. 

Based on a geometric calculation (Table 2; below and 
ref.'']) it may seem unnecessary to invoke metal-metal 
bonding to explain the short contact in 6*. Rather, the 
metal-metal interaction may be viewed as the result of a 

Table 2. Comparison between calculated and observed Cr -Cr and bridge - bridge distances for some chromium dimers 

Compound 
Ideal, calculated Observed 

Cr-Cr bridge- Cr-Cr bridge- Ref. Cr - bridge["] 
CPml CPml bridge CPml bridge 

CSH5(Me)Cr(p-Cl) 2 235.6 333.2 333.2 328.7 331.6 171 
4* 218.8 309.4 309.4 260.6 351.5 

jMc,C,(Me)Cr(p-C~311, M ~ s C S C ~ } ~ ( ~ - C H ~ ) ~ ( ~ - C H ~ )  6* 204.0 (Cr-CH,) 244Lb1 298 [bl 239.4 301.6["] [91 

7* 211.6 251.3 301.1 242.3 3 12.9["] [lo1 

[a1 

215.0 (Cr-CH,) 
c{ MesC5Cr)2(P-CH3)3If 

Averaged values. - lb1 Based on an averaged Cr- bridge contact of 211 pm. 
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6* 7* 

short M - M contact. As in the molecular orbital study of 
4, we found earlier that the two 3c/2e methyl bridges play 
an important role in providing a strong metal-metal over- 
lap population (0.206) from the core orbitals. Their metal- 
bridge bonding orbitals possess an inherent metal - metal 
bonding character[’]. The 3c/4e methylene bridge on the 
other hand has only a minor effect on the core level Cr - Cr 
overlap population, since its filled Cr - CHI bonding com- 
binations also give rise to a metal-metal antibonding core 
level. 

Qualitatively, a 6-below-4 pattern is found in general for 
confacial bioctahedra for the ten d levels - just as for an 
edge-sharing bioctahedron (cf. Figure 1). The lower six are 
split again with the details of the pattern, the magnitudes of 
the energy gap depending strongly on the metal and the 
M - X - M bridging angle[21,382391. In 6 (C2c symmetry) the 
six chromium d frontier orbitals (the “t2g-t2g” interaction) 
present a metal-metal cr and two 6 type overlaps with their 
bonding and antibonding combinations, shown in Figure 
2 (c). The 2br cr* level, however, is too high in energy (1.5 
eV above lbl)  to be populated in an electronic ground state. 
The remaining five levels lie within 1.0 eV and are filled with 
six electrons. Again, although the extended Hiickel 
method[231 does not take into account electron-electron in- 
teractions and can thus not be expected to give a reliable 
prediction for the ground state of 6, our calculation point 
to a mixture of singlet, triplet and pentet configurations 
entering the ground state. The contribution of these frontier 
orbitals to Cr-Cr bonding depends on the electron config- 
uration chosen. Most configurations within each spin state 
(‘Y, ‘Y, 2Y), are bonding and from the ten configurations 
contributing to 0Y[301 and the five of ‘Y, we estimate the d 
contribution to the total Cr -Cr overlap population to be 
somewhat smaller than that from the core levels. The upper 
limit for the d block overlap population is 0.310 for ‘Y = 
(lal)’(lb2)2(2a,)2, the lower limit -0.088, set by ‘Y = 

(1 b2)I(1a2)’( 1 bl)’ upon populating antibonding levels. 
Having two 6- and no x-type overlap in the (“tIg”) d block 

of two metal-centered face-sharing octahedra is, of course, 
the explanation for the high magnetic moment of 6* when 
compared to 4*. 4 featured both cr and x bonding between 
the metals (cf. Figure 2), thus destabilizing both the o* and 
7c* levels beyond possible occupation, leaving only four 
MOs for 6 electrons (possible spin multiplicities S = 0, 1). 
However, 6 exhibits both CY and 6 overlap and only the cr* 
orbital is destabilized sufficiently to prevent occupation by 
electrons, thus leaving five MOs to be filled with six electrons 
(possible spin multiplicities S = 0, 1, 2). 

The Triply Methyl-Bridged Dimer 7: The Cr - Cr bond in 
6 was bridged by two 3c/2e methyl and one 3c/4e methylene 
bridge. We have emphasized that 3c/2e bridges play an im- 
portant role in providing an inherent, strong metal - metal 
overlap population from core orbitals. Within this picture, 
one would expect the Cr-Cr core overlap population to 
increase and the M-M separation to decrease upon re- 
placement of the 3c/4e methylene by a 3c/2e methyl bridge. 
However, while the metal-metal core overlap population 
indeed increases from 0.206 (6) to 0.249 (7) for the cyclo- 

pentadienyl model complexes, the measured Cr - Cr dis- 
tance is slightly longer in 7* (242 pm) than in 6* (239 pm). 

How can we understand this deviation between prediction 
and experiment? First, we have to contrast the experimental 
metal-metal contact with a theoretical value based on an 
ideal confacial geometry (all C - Cr - C = 90°, Cr - C - Cr 
= 70.5”) assuming an average Cr - Cbridge bond distance of 
211 pm for 6 and 217.6 pm for 7. Such a geometric calcu- 

Figure 7. Space-filling plot of 7* based on X-ray data[”]. Spheres 
for C and H are drawn at about 70% of the van-der-Waals radii. 
Note that the methylbrldge - methylc, distance of 330- 350 pm is less 
than the sum of their van-der-Waals radii (200 pm). The same is 
true for the methylb,,d,-carbonc, distance of 310- 330 pm (the 
half-thickness of an aromatic molecule is 170 pm). (van-der-Waals 
radii from L. Pauling, The Nature of the Chemical Bond, Cornell 

University Press: Ithaca, 1960, NY, 3rd ed., p. 260) 
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lation (see Table 2) yields an anticipated Cr - Cr distance of 
244 pm for 6 and 251 pm for 7. Although the calculated 
value for 6 is somewhat uncertain due to the unsymmetric 
nature of the bridges, one can clearly argue that the Cr - Cr 
bond in 7* is shortened (with respect to the ideal geometry) 
and relatively more so than in 6*. 

While one would not necessarily invoke metal - metal 
bonding to explain the observed contact of 239, relative to 
244 ppm in 6, we feel the distance of 242 pm in 7* has to 
be explained by a sizable metal -metal interaction, espe- 
cially since the bond shortening seems to operate against a 
methylbndge - methylcd repulsion. A space-filling plot for 7* 
in Figure 7 illustrates what is meant. We provide evidence 
for such a repulsion in Figure 8, which contains the varia- 
tions in total core level energies as a function of Cr-Cr 
separation for 66+, 6*6+, 77+, and 7*’+ (6, 7* being the 
permethylated Cp complexes). The energies were computed 
on systems possessing no d electrons to avoid a distortion 
through ambiguous d block occupation[61 (cf. the breathing 
modes of 2 to 4 in Figure 6). The Cr - bridge bond lengths 
were kept constant. 

The cyclopentadienyl model complexes 6 and 7 do not 
show a relative minimum within the range of Cr - Cr dis- 
tances plotted here. However, their permethylated parent 
complexes do. We can most easily understand these minima 
as the result of methylbndge - methykp* repulsions. For 6* 
we calculate the minimum approximately at the experimen- 
tally observed Cr -Cr distance. Such a coincidence may be 
fortuitous, but in 7* the calculated minimum lies clearly at 
larger Cr-Cr separation with respect to both its experi- 
mental value and the minimum for 6*. The shift to a longer 
metal-metal contact from 6* to 7* is understandable in 
the light of the replacement of a “flat” methylene by a 
“round” methyl group. 

Therefore, the experimental Cr - Cr distance in 7* of 242 
pm has to be judged in the light of metal-metal bonding 
overcoming a strong methylbridge - methylcp* repulsion, in 
addition to its longer “ideal” value of 251 pm. Looking 
ahead, we also conclude from Figure 8 that in the absence 
of methylbrldge - methylcp* repulsion still shorter Cr- 
(111) - Cr(II1) bonds may be possible, using either cyclopen- 
tadienyl instead of its permethylated analogue or by sub- 
stituting smaller hydride ligands for the methyl bridges. 

The interaction diagram for 7 (not shown) reveals only 
minor differences from the one for 6 (ref.[’]), most notably 
in the disappearance of the antibonding core levels stem- 
ming from the 3c/4e methylene bridge in 6. In particular, 
the d-block splitting is very similar, thus, it fails to predict 
the dramatic reduction in pcN (6*: 2.33 pe, 7*: 1.32 pB). Thus, 
we are forced to conclude that other factors (charge effects, 
counterion-mediated intermolecular exchange coupling?) 
play a role in determining its magnetic behavior. However, 
the low magnetic moment of 7* does reinforce our notion 
of a strong metal - metal interaction. 

With their 3c/2e methyl bridges the core level bonding 
in 6 and 7 is related to that in other confacial bioctahedra 
with two metals bridged by three hydrides such as (p3)Fe(p- 
H)3Fe(p3)+ (Fe-Fe = 233 pm, Fe-H-Fe = 79”), 

(a~~)Co(p-H)~Co(as~)+ (Co-Co = 237 pm, Co-H-Co = 
88°)[401 (with p3, as3 = H3C(CH2PPhz)3, H3C(CH2A~Ph2)3) 
and Me5CsIr(p-H)31rC5Me: (Ir - Ir = 246 pm, Ir - H - Ir 
= 89.5”)[411. Although the metal-metal distances in these 
compounds are quite short, a comparison of the M - H - M 
angles with the ideal value of 70.5”r’9-2’,381 shows that they 
are not compressed, as one would expect if a metal-metal 
bond were present. The bonding in these hydrido-bridged 
dimers has been analyzed previouslyPi1 and the elongation 
traced to a geometrical preference for H-M-H angles 
smaller than 90”. In contrast to 6 and 7, however, for d6-d6 
systems (Fe - Fe, Ir - Ir) the six (“t2g17) frontier orbitals of a 
confacial bioctahedron are completely filled, contributing 
essentially nothing to metal - metal bondingf211. 

Conclusions 

The magnetic moments of a series of di- and trinuclear 
chromium(II1) complexes (2, 3, 4*, 6*) can be rationalized 
based on the splitting pattern of the frontier orbital metal 
d block. A one-electron MO approximation of the contri- 
butions of various spin states and configurations enables a 
qualitative interpretation of the changes in peN within a series 
of edge-sharing chromium(II1) dimers as the Cr - Cr contact 
is shortened (2 over 3/3a to 4) and going from an edge- to 
a face-sharing bioctahedron (4 to 6). Fundamental to the 
decrease in the Cr - Cr distance in this series is the replace- 
ment of 3-center/4-electron (chloride) by 3-center/2-electron 
(methyl) bridges with their inherent metal - metal bonding 
character from the core levels. The methyl-bridged 
chromium(II1) dimers (MesHSCr(CH3)(p-CH3))2 (4*), 

CH,),] + (7*) provide examples of metal - metal bonding be- 
tween chromium atoms in the formal oxidation state + 111, 
which hitherto has been thought to give rise only to repul- 
sive metal-metal interactions. 

Appendix 
The calculations have been performed by using the ex- 

tended Huckel method[231 including the weighted Hij  formu- 
laF4*] for the evaluation of the H ,  term. The atomic para- 
meters have been taken from previous work and are listed 
in Table 3. The calculations have employed idealized ge- 
ometries closely approximating the experimental structures: 
2 Cr-Cr = 330, Cr-Cl = 236, Cr-C(Cp) = 224, 
Cr - C(Me) = 210, Cr - Cp(center) = 190.25, C - C(Cp) = 
139 pm, Cr-Cr-C(Me) = 96.6”, Cr-Cr-Cp(center) = 
140.14”; 3 Cr-Cr = 282, Cr-C(cap) = 194, Cr-Cl = 
236, Cr-C(Cp) = 219, Cr-Cp(center) = 183.235, 
C-C(Cp) = 141, C-H(cap) = 100 pm, Cp(cen- 
ter) - Cr - C(cap) = 130” (Note: The actual angle is closer 
to 120”, which, however, gives H(cap)-H(Cp) and 
H(Cp) - H(Cp’) contacts below 100 pm), C(cap) - Cr - C1 = 
96.5”, C(cap)-Cr-Cr’-C1 = 180” (each chlorine lies in 
the plane formed by the two adjacent chromium atoms and 
the methine carbon). 4 Cr-Cr = 260, Cr-C(bridge) = 
220, Cr-C(termina1) = 210, Cr-C(Cp) = 230, 
Cr-Cp(center) = 195.2, C-C(Cp) = 143 pm, 

(MeSCSCr}2(pL-CH3)2(p-cH3) (6*) and [{Me5CSCr)Z@- 
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Cr - Cr - C(termina1) = 94.2", Cr - Cr - Cp(center) = 
148.07'. 6 Cr-Cr = 240, Cr-CH2 = 204, Cr-CH, = 
215, Cr-C(Cp) = 225.2, Cr-Cp(center) = 190.6, 
C - C(Cp) = 141 pm; idealized CZv symmetry. 7: Cr - Cr = 
242, Cr - CH3 = 217.6, Cr - C(Cp) and C - C(Cp) as for 6. 
For 2 - 4,6, and 7: C - H(Cp) = 109, C - H(Me) = 96 pm. 

Table 3. Parameters used in the extended Huckel calculations 

Atom Orbital Hii re V] Ial [hl (cl ['I) LzLhl (c~['~) Ref. 

Cr 4s -8.66 1.70 1431 

4P -5.24 1.70 
3d - 11.22 4.95 (0.4876) 1.60 (0.7205) 

c 2s -21.4 1.625 1231 
2p -11.4 1.625 

c1 3s -30.0 2.033 [441 

3p -15.0 2.033 
H Is -13.6 1.3 1231 

Orbital energies. - Slater exponents. - Coefficients used 
in the double expansion of the d orbitals. 
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