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Extended Hiickel Molecular Orbital calculations have been completed on 
sandwich complexes derived from the nido-pentagonal bipyramidal B6Hs4- 
and C,B4&*- ligands and the results contrasted with those obtained for 
related sandwich compounds derived from the cyclopentadienyl ligand. The 
calculations have been used to explain the electronic factors which prevent the 
formation of stable bent sandwich compounds derived from pentagonal borane 
ligands, and the bonding in “wedge” bridged sandwich compounds such as 1 
and 2. 

The skeletal geometries of many seemingly disparate cagelike molecules have 
been rationalised and indeed sometimes predicted by a set of simple empirical 
electron counting rules described collectively as the Polyhedral Skeletal Elec- 
tron Pair Theory [l-6]. These rules have their deficiencies, however, and in 
previous papers we have indicated some of the electronic factors leading to the 
breakdown of these electron counting rules and have accounted, for example, for 
the “slip” distortions in electron rich metallocarboranes [ 7-101. Grimes and 
his coworkers [11,1.2] have reported some novel metallocarboranes which 
consist of two pentagonal bipyramidal units fused at a common iron atom with 
an additional group capping triangular faces on both polyhedra simultaneously. 
In 1 the molecule contains a direct iron-cobalt bond since the Co(q-C5H,) 
moiety is located in an equatorial position on one of the pentagonal rings and 
the additional B-H unit caps two triangular faces, one from each of the penta- 
gonal bipyramidal polyhedra. In 2 there is only one transition metal atom and 
it is the Group IV atoms (Ge or Sn) which occupy the double capping or wedge 
position. Compounds of the type 1 and 2 are not readily explained in terms of 
the Polyhedral Skeletal Electron Pair Theory and alternative qualitative expla- 
nations have been proposed to describe the bonding in such complexes. Grimes 
[12] has sugg&d that in 1 and 2 there is a deficiency of two ek?CixOnS relative 
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to that required to support the presence of two fused pentagonal bipyramids, 
which causes the B-H group in 1 and the Group IV atom in 2 to adopt a 
double capping position between the pentagonal bipyramids. This represents 

C~BgH8FeKM’l -C&l) M = Sn or w 

G B6H8Fe(W 

(1) (2) 

an extension of the capping principle [13] which states that a capping group 
may be introduced without extending the number of skeletal electron pairs 
required to support the structure. King et al. 1143 have proposed an alternative 
graph theoretical explanation, which describes the bonding of the double cap- 
ping B-H group in terms of a radial interaction between B-H and a non-bonding 
orbital on the iron atom which is complemented by interactions between the 
remainingp orbitals of the B-H unit with the surface orb&is of the two penta- 
gonal bipyramidal units. In order to clarify the bonding in such molecules we 
have completed extended Hiickel molecular orbital calculations on this class of 
molecule. 

Although it has become common practice to view 1 and 2 as polyhedral 
entities they may also be considered as sandwich compounds derived from the 
relevant carborane or metallocarborane nido-pentagonal pyramidal ligands. 
This analogy is particularly pertinent when considering the bonding in [FeH,- 
WGW%)z1 (3) 115’1, since it raises a separate question of why 3 does not 
adopt the bent sandwich structure observed in the isoelectronic [MoH&- 
C5H&] complex (4) [lS] rather than the more symmetrical structure illustrated 
in 3. The rings in 3 are very close to being parallel and are inclined only by 
8”, whereas in 4 they are inclined by more than 40”. Since this structural clif- 
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ference has a bearing on understanding the formation of wedge bridged com- 
pounds such as 1 and 2 the electronic origins of this problem are also analysed 
in this publication. 

Methods of calculation 

Ail the calculations were made using the extended Hiickel method [ 17,181. 
The basis sets for the iron and cobalt atoms consisted of 3d, 4s, and 4p orbitals. 
The s and p orbit& were described by single Slater type wave functions and 
the d orbitals were taken as contracted linear combinations of two Slater type 
wave functions. The metal orbital exponents for the 3d [19 J, 4s and 4p [20, 
211 atomic orbitals were taken from the literature. The parameters for the 
extended Hiickel calculations are summarised in Table 1. 

The calculations were made on the ICL 2900 computer at the Oxford Uni- 
versity Computing Service using the ICONS program developed by Hoffiann 
and his coworkers at Cornell University [ 17,181. Calculations were made on 
the model compounds [Fe(B&)J6-, [FeHZ(B6H&14-, and [Fe(BH)(B6H&14-. 
The B6H6 fragment was idealised as a nido-, C5”, pyramidal fragment with dimen. 
sions BeQ -B,, = 1.73 A, B,, -Be, = 1.69 A and B-H = 1.200 A. The iron 
atom was placed at a distance of 2.17 si from the two pentagonal borane cages. 

The dimensions for the ferrocene molecule (C-C = 1.42 8, C-H = 1.1 A and 
Fe-C = 2.05 8) were taken from published data 1221. In the corresponding 
hydrido complexes Fe-H was set equal to 1.60 A and the H-Fe-H bond 
angle equal to 80”, except & those calculations where the hydrido ligand 
bridges an FeBB face. In these cases Fe-H was set equal to 1.56 A, and set to 
lie 0.780 A above the triangular face. In the B-H capped compounds the B-H 
fragmeht was placed 1.91 i from the iron atom_ 

All calculations were performed using the modified Wolfsberg-Helholtz 
formula described in ref. 23. 

TABLE 1 

PARAMETERSFOREXTENDEDHtiCKELCALCTJLATIONS 

Orbital slateI 
exponent 

Hii teV) Ref. 

H IS 1.300 -13.60 18 
B 2s 1.300 -15.20 18 

2P 1.300 -8.60 18 
C 2s 1.626 -21.40 18 

2P 1.625 -11.40 18 

Fe 4s 1.900 -9.17 20.21 

4P 1.900 -5.37 20.21 
CO 4s 2.000 -S-54 20.21 

4P 2.000 4.76 20.21 

d wavefunctions 

orbital Hii<eV) El Cl c2 w Ref. 

Fe 343 -12.70 5.35 0.6366 1.80 0.6678 19.21 
CO 3d -12.11 5.55 0.6060 2.10 0.6060 19.21 
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Results and discussion 

As in previous calculations which we have reported on metallocarboranes 
[7-101 the following strategy has been adopted for analysing the bonding. 
Initially the calculations were completed for the isoelectronic borane analogues, 
in order to maximise the symmetries of the molecules and assist in the delinea- 
tion of the important electronic effects, then the effects of the carbon and 
metallocyclopentadienyl substituents were evaluated as perturbations on the 
general bonding model so developed. 

Figure 1 illustrates the frontier molecular orbit& of the nido-pentagonal 
bipyramidal B,J& fragment_ As we have noted previously the frontier mole- 
cular orbitals of this fragment closely resemble those of the cyclopentadienyl 
anion [lo], and in particular the 3e2, 3e,, and 4uI molecular orbitals have nodal 
characteristics very similar to the n-molecular orbit& of C5HS-_ However, 
these orbit&s have lower ionization energies for the borane fragment because 
of the lower electronegativity of boron compared to carbon. Figure 1 also 
indicates a significant difference between the frontier orbitals of B&Is and 
CSH5. The former has a degenerate set of molecular orbitals (2e,) which iies 
between 3el and 4cI and are localised predominantly on the open face of the 
ligand. These orbitals, however, only interact weakly with the metal valence 
orbitals in sandwich complexes derived from this ligand because the boron p 
orbitals which contribute to this MO lie within the face of the ligand. 

Figure 2 illustrates the molecular orbital interaction diagram for the sym- 
metrical sandwich compound [Fe(7]-B,H&J6- with DSh symmetry. The 
bonding closely resembles that for the more widely studied ferrocene mole- 
cule [23]. In particular the most significant interaction involving the metal d 
orbitals arises from the overlap between XZ, yz and the ligand 3e;’ combination. 
The metal x*-y* and my orbitals enter into a weak four electron destabilising 
interaction with the ligand 2ei combination derived from 2e2 in Fig_ 1. The 
metal z* orbital enters into a similar four electron destabilising interaction 
with 4a: (the symmetrical combination of the 4a, orbital illustrated in Fig. I), 

J 3e2 

-10 w 

Fii. 1. Frontier molecular orbit&s of the nido-BgH& pentagonal bipyremidel fragment. 
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Fe [Feh-BsHsq~- ‘%“s )2 

Fig. 2. Molecular orbital interaction diagram for [Fe(BeH&16- with D5h symmetry. The bigbest occupied 
molecular orbital in this hypothetical anion by arrows. 

however the antibonding component is stabilised somewhat by a significant 
overlap with the higher lying metal 4s orbital. The ligand e: combinations are 
also stabilised by interactions with the higher lying metal 4p, and 4p, orbitals. 
The ligand e: orbitals remain non-bonding since there are no metal orbitals 
with matching symmetry, 

The lower electronegativity of boron compared with carbon leads to signifi- 
cant differences in the bonding in [Fe(q-BsH6),]6- compared to ferrocene. In 
particular the highest occupied molecular orbit& in the former are localised 
predominantly in the ligand rather than the metal. The lowest unoccupied 
molecular orbital has ey symmetry and represents the antibonding component 
of the ligand 3eq combination with the metal xz, yz orbit&. Again it is localised 

predominantly on the ligand (62%). Overall the metal-ligand interactions are 
stronger in the case of the bomne sandwich compounds because of the electro- 
negativity effect, and are reflected in the following overlap populations: Fe-B 
0.232, and Fe-C 0.154. 

9 
e=tao* M C 

& 

o= Qi& 
or 

& “6 z 

e M 

8-z 160* 
(5) (6) 
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Energy leV I 

Fig. 3. ComParisolls of the sums of the total one electron energies for [Fe(B,+g)2]ns. where n = 6 or 2, 
and IFe(CgH&P*. where m = 0 or 4. as a function of the interplanar ligand angle ~3 _ 

Figure 3 compares the energies of [Fe(q-136H6)2]6- and [Fe(rpCSHS)J as the 
interplanar angle, 0, is reduced from 180” (parallel)(5) to 135” (bent)(6). The 
potential energy surface is substantially softer for ferrocene than the borane 
sandwich anion. There are two basic reasons for this. Firstly, there is a purely 
geometzic reason arising from the fact that the C-C distance in the cyclopenta- 
dienyl complex of 1.42 & is significantly shorter than the B-B distance of 
1.69 a in the borane complex anion. Consequently when the rings are bent back 
the boron atoms lying on the mirror plane and their associated hydrogen atoms 
move more closely together and stronger four electron destabilising interactions 
between the filled ByB bonding and B-H bonding molecular orbit&, on the 
two rings are generated. These interactions are illustrated schematically in 7 
and 8. Secondly, the weaker ring-metal interactions for ferrocene means that 

(7) (81 

less stabilization energy is lost when the rings are distorted away from their 
more symmetrical equilibrium arrangement. 
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M 

Fig. 4. Comparisons of the Walsh diagrams for the bending distortion in related metallocene (Fig. 4a) 
and metalloborane sandwich <Fig. 4b) complexes. For reasons of clarity only those curves for orbit&s 
which mix extensively have been illustrated in Fig. 4b. The remaining orbitals derived from a; and e: 
are only shown for 8 = 180G and 136O. 

The differences in the gradients of the potential energy surfaces become even 
more pronounced when four electrons are removed from the highest occupied 
molecular orbitals of the cyclopentadienyl and borane sandwich complexes to 
form [Fe(q-C,H&]4’ and [Fe(~-BgH&]*-, respectively. For the former the 
potential energy surface shows a minimum at 0 = 160” and an energy difference 
of only 0.66 eV separates the 8 = 180” and 13 = 136” geometries. This energy 
difference is significantly smaller than the typical metal-ligand bond energy 
and consequently it is possible to form a wide range of 18 electron bent sand- 
wich complexes of the type M(~J-C,H,),L, [24]. For the corresponding borane 
anion, IFd~&Ul*-_, a large energy separation stilI separates the 6 = 180” and 
8 = 136” geometries (5.48 eV) and it remains highly unfavouzable to form bent 
borane sandwich complexes of the type [ Fe(q-BgH6)2L2]. The reasons for the 
maintenance of a steep potential energy surface for the borane anion may be 
appreciated by comparing the Walsh diagrams in Fig. 4 for the bending distor- 
tion in the two classes of complex. In a d6 cyclopentadienyl complex the 
highest occupied molecular orbit& are 1ocaIised predominantly on the metal 
and are essentially non-bonding, i.e. ai(z*) and e&y, x*_Y*) in Fig. 4a. As 6 
is decreased these orbitals mix more extensively with lower lying ligand 
orbitals and consequently become inore antibonding. In addition substantial 
mixing between the al@*) and a1(x2--y2) components, now permitted in the 
lower symmetry (C,,) bent sandwich structure, occurs. This mixing has signifi- 
cant consequences for the bonding capabilities of bent sandwich fragments and 
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TABLE 2 

COMPARISON OF THE ELECTRON DISTRIBUTIONS IN Fe(CsH& AND Fe(BgH& FRAGMENTS 
WITH 6 136O 

Compo8ltion. 5% 

Ligands Metal 

21 23 48~2.11~. 8~2~2.58 

b2 49 43~~. 8~ 

“1 25 57x* - ~2.17~2 

Fe(BdZ& 
Orbital Ligands Metal 

301 65 17~2.14~. 2r*-_r2,2s 

2kz 80 9XY. IlY 

a1 70 2622.48 

this aspect has been discussed in some detail by several groups [23-251. The 
compositions of the relevant frontier orbit& of the bent metallocene fiag- 
ment are summarised in Table 2. 

For the borane anion the highesk occupied molecular orbitals are localised 
predominantly on the ligands and although the bending distortion is associated 
with the more complicated Walsh diagram illustrated in Fig. 4b its important 
features can be qualitatively understood using simple perturbation theory 
arguments. Those molecular orbitals which are antisymmetric with respect to 
the horizontal mirror plane in the molecule, i.e. ai and ei are destabilised as 
the rings are bent because the out of phase inter-ring boron-boron overlap 
integrals increase (see 9 for example). 

a; bl 
(9) (10 1 

Those’orbitals which are symmetric with respect to the horizontal mirror 
plane, i.e. e; and e;, each give rise to a, zind bz components in the bent sand- 
wich structure. The lower lying CI~ molecular orbital which has a significant 
amount of zz characterSalso gives rise to an aI component; The b2 components 
mix extensively: the higher lying 2bz having 50% (ei) and 28% (ei) chara&er ’ 
and the lower lying lb2 having 37% (e;) and 53% (ei) character. In addition 
the former has a much higher contriiution froni the metal 3cy (10%) and y 
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(11%) orbitals and consequently resembles more closely the & orbital of the 
bent metahocene fragment. The relative contributions of the ligand and metal 
orbitals in the cyclopentadienyl and borane angular fragments are compared in 
Table 2. The 2bz orbital, which is illustrated schematically in 10, plays an 
important role in bonding between the bent metahoborane fragment and 
incoming Iigands. 

The al component derived from e)r does not change either its composition 
or energy greatly as a result of the bending distortion since it is primarily 
an in-plane orbital rather than an out-of-plane orbital and is noded at those 
boron atoms which are closest together in the bent structure (see 11). In the 
Walsh diagram in Fig. 4b the orbital is labelled 2a1 in the bent geometry. The 
a, components derived from e;, e; and a; mix extensively giving rise to the 
characteristic avoided crossing pattern in Fig. 4b. The mixing of the two lower 
lying molecular orbit& can be represented schematically by 12. 

(11) 

The higher lying orbital becomes more localised on the metal as the bending 
angle is decreased and has only 65% ligand character when 6 = 136”. It is this 



orbital which most closely approximates to the 2q molecular orbital of the 
bent cyclopentadienyl sandwich fragment (see Table 2 for a comparison of the 
relevant orbitals) . 

Comparison of the bonding in bent sanwich complexes derived from cyclopenta- 
dienyl and BsH6 

The bent sandwich borane fragment [Fe(q-BsHs)J2- (6) utilises its 2b, (10) 
and 3al (12) molecular orbitals m much the same way as that described previously 
for cgclopentadienyl bent sandwich compounds [ 24]- Figure 5 illustrates the 

R .H 

ti 

FekH CP H 

F.;;;;, 

Q 

(13) (14) 

interaction diagram for the formation of the dihydrido complex [FeH2(B&&]4- 
(13) from the bent [Fe(q-BJ&)2]2- fragment. The hydrido a, and bz linear 
combinations interact primarily with the metalloborane 3al and 2b2 molecular 

-1 
‘2 zig 

lbl2al+ 
lb2 * 

Ial --ic 
b2 

=1 0 

Fig. 5. Molecular orbital interaction diagram for CFeH2(B6H&14-in the bent sandwich geometry with 
6 136O. 
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orbital% Clearly in terms of the total electron count such a structure is accep- 
table since the 18 valence electrons lead to a filling of all the bonding and non- 
bonding molecular orbitals. However, it is less stable than the alternative sym- 
metrical structure 14 because the hydride-metal interactions are less strong 
than those in the corresponding bent cyclopentadienyl sandwich compound. 
This results because the frontier orbitals are less localised on the metal. The 
interactions between the hydrido ligands and the cage atoms are significantly 
larger for the borane sandwich complex. This is effectively illustrated by the 
following computed overlap populations: 

Fe-H 
B<orC)-H 

0.425 
0.091 

0.487 
0.044 

The extended Hiickel calculations suggest that the bent sandwich structure is 
favouredoverthealtemativesymmetical(0 = 18~“)structureby1.3 eVinthe 
case of the cyclopentadienyl complex. However, for the corresponding borane 
complex the opposite is true and the symmetrical sandwich structure 14 is 2.5 

AE=O-00 

AE = 0.10 l V 

(16) 

AE = O-04 l v 

AE=O -004 l V 



AE= O-85 eV 

(19) 

eVmorestablethanthebentstxucture13withO = 136”_Althoughthisdiffer- 
ence can in large measure be attributed to the greater energy required to distort 
the sandwich structure in the case of the borane complex, it is also influenced by 
the weaker metal-hydrogen bonding in the borane complex. This arises from 
the smaller degree of localisation of the frontier orbitals of the [Fe(BsH&]*- 
fragment on the metal atom_ 

In the X-ray structural determination of [FeH2(q-C2B4H6)2] the hydrogen 
atoms could not be located directly but it was proposed on the basis of NMR 
evidence that the hydrogens reside on FeBB triangular faces. We have completed 
extended Hiickel calculations on the alternative hydrido isomers 15 to 19 
which satisfy this requirement. The structures 15 to 18 were found to have 
total energies within 0.1 eV of each other and consequently cannot be distin- 
guished within this level of approximation. Only structure 19 with the two 
hydrogens in close proximity (H-H = 0.988 8) was found to be energetically 
disfavoured. These results are compatible with the NMR studies which have 
indicated that in 3 the hyclrogens are involved in a low energy fluxional process 
involving migration of the hydrogen atoms over the alternative FeBB triangular 
faces. 

Interactions between the sandwich compounds and a double capping B-H 
fragment 

The B-H fragment is characterised by a filled low lying outpointing hybrid 
orbital by(m) of (T symmetry and a degenerate pair of empty boron py and pz 
orbitals of ‘IT symmetry. Therefore, the B-H ligand potentially has a coordina- 
tion chemistry akin to that of cylindrically symmetric n-acid ligands such as 
CO and should form multiple bonds with metal fragments having the appropriate 
vacant and filed orbitals. Indeed the possibility of boryue complexes is en- 
couraged by the recent syntheses of stable carbyne complexes particularly 
by Fischer, S&rock and their coworkers [Z&26]. 
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B-H 6-H 

Fig. 6. Molecular orbital interaction diagram for the formation of a sandwich compound with a double 
capping wedge ligand. The right hand side of the figure illustrates the situation for 8 180° and the left 

band side for I3 136O. 

Furthermore since the carbonyl complex Mo(CO)(q-C,H,), is well documentec 
the corresponding bent sandwich carbyne and boryne complexes Mo(CR)(v- 
CsH& and Re(BR)(q-CsH,), (20) would appear to be electronically satisfactory. 
However, the results described above for [FeH,(q-B,H,),]4- suggest that struc- 
ture 21 might be an alternative structure for such sandwich compounds. More- 
over, the related borane complexes 1 and 2 have been shown to have such a 
structure. Therefore, we have completed extended Hiickel calculations for 
cyclopentadienyl and B,H, sandwich complexes with B-H based on the geome- 
tries illustrated in 20 and 21. 

Figure 6 illustrates the relevant interaction diagrams for [Fe(BH)(B6H6)J4- 
in the alternative geometries 20 and 21. For the more symmetrical sandwich 
structure (i.e. 6 = 180”) the B-H, el, hy(s-p,) orbital interacts primarily with 
the a1 component derived from e: . In addition there is a supplementary 
interaction with a lower lying a1 orbital having a substantial degree of dr2 
character and this is schematically illustrated in 22. 

(22) 
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There is a considerable degree of Bcap-Bcage bonding involved as a result of 
these interactions since the a1 component of e: is local&d on the ligand to 
the extent of 7’7% and the lower lying a, orbital 45%. In order for these inter- 
actions to be stabilising it is necessary for the [Fe(B&&] fragment to have an 
empty orbital in its non-bonding set, i.e. it must have an overall charge of 4--. 

This forward donation component is supplemented by back donation com- 
ponents from filled orbitals on the [Fe(B6H&] fragment to the empty py and 
pr orbitals of B-H. The B-H py orbital interacts in this fashion with the b2 
component of e{ (see Fig. 6) and the B-H pr orbital interacts primarily with 
the bI component of ez, which is localised exclusively on the BsJ& ligands, and 
to a lesser extent with the bI orbital derived from the ‘orbital of a;’ symmetry in 
the isolated sandwich compound. These back donation components also give 
rise to substantial Bcap-Bcage bonding since these orbit& are localised exten- 
sively on the borane ligands. This is confirmed by the computed overlap popu- 
lations summarised below: 

tFe(BH)<B6H&14- CFe<BH)W$W#+ 

Fe-BH 0.316 0.326 
Bcap-B<or C) 0.356 0.168 

In the related compound involving the cyclopentadienyl ligand structure 21 
is less favoured because the frontier orbitals of the Fe(C5H5)2 fragment are 
more stable and less localised on the ring atoms. The hy(s-p,) B-H molecular 
orbi+A interacts effectively with the a, component of e; of Fe(CSH5)2 form- 
ing the basis of the dative HB-Fe dative bond. The back donation component 
is, however, limited to an interaction between the bz component derived from 
e;(lE’-y*, xy) and the B-H p,, orbital. This interaction involves an Fe(C,H,), 
orbital which is localised extensively on the metal and results in little B,,-C 
bonding. The other B-H p orbital, pz, finds no effective interaction since the 
Fe(C,H,), fragment has no counterpart to the ei orbital illustrated in Figure 
6 and the a: orbital of [Fe(C,H,)2] is much lower in energy and does not effec- 
tively back donate into the B-H pt orbital. These effects are emphasized by 
the overlap populations given above for [Fe(BH)(C,H,),]*’ which show strong 
bonding between Fe and B-H, but weak C-BH bonding. 

As the rings are bent back to give structure 20 with f3’= 136” the borane capped 
complex [Fe(BH)(B6&)2]4- is destabilised by a substantial amount (4.4 eV). In 
part this large energy difference originates from the large energy required to 
bend back the pentagonal rings in the [Fe(B6H6)2]‘- fragment, but in addition 
there is a contribution from the weaker B-Heap-Bcage interactions in the bent 
sandwich structure. In part this is compensated for by stronger Fe-B-H bond- 
ing but not completely_ Figure 6 illustrates the effect of the bending distortion 
on the important frontier orbitals of [Fe(B6&)2] and their interactions with 
the B-H &igment in the bent sandwich stmrcture. Although the energy of the 
CII component of e; rises as a result of the bending distortion the Fe-B-H 
interaction is strengthened because of the rehybridisation and loc&lization 
effects of the resultant 3al orbital illustrated in 12. The back donation com- 
ponent resulting from the 2&-pu interaction also remains strong and gains 



243 

om the rehybridisation effects at the metal illustrated in 10. These effects 
Be reproduced by the following computed overlap populations: 

---(B&j)2 6 =180° e =136O 

N-M1 0.283 0.463 

i-h 0.126 0.186 
.-b 1 0.322 0.132 

bwever, the other back donation component originating from the overlap of 
cbitals of bI symmetry is reduced considerably. This interaction involved an 
rbital which was loczilised exclusively on the cage boron atoms when 8 = 180” 
nd its overlap with the capping B-H pz orbital is reduced considerably. as the 
ngs are bent back. 

For the related cyclopentadienyl complex the bent geometry with the 
onventional type of metal-boryne bonding is preferred to the wedge bridged 
;ructure by 0.5 eV. This arises because the weaker HB-C interactions in the 
ent sandwich structure are compensated for by stronger Fe-B bonding since 
le relevant frontier orbitals of the Fe(C5H5)2 fragment are more localized on 
le iron atom (see Table 2). The relatively soft calculated potential energy 
.&ace for the interconversion of structures 20 and 21 in the case of the 
yclopentadienyl-boryne complex leads to the interesting prediction that 
ach complexes and the related carbyne complexes may undergo a facile 
iuxional process involving the making and breaking of B-H (or C-H)-cage 
onds. 

(23) (24) 

The computed atomic charges for [Fe(BH)(BsH6)J4’ illustrated in 23 suggest 
hat overall the wedge B-H ligand is acting as a o-donor rather than a n-accep- 
or since the capping atom bears an overall positive charge of +0.62 e. The 
symmetric charge distribution introduced into the pentagonal faces of the 
&& ligads also suggests on the basis of first order perturbation theory argu- 
rents the following site preferences for substituents. More electronegative 
;olobal substituents such as C-H should-occupy those negatively charged cage 
lositions farthest from the B-H capping ligand, whereas less electronegative 
ubstituents should occupy those positions adjacent to the capping B-H ligand, 
‘he structural determination completed on 1 which is isoelectronic with [Fe- 
BH)(B,&)2]4’ (a8 far a8 the cage bonding is concerned) bears out these site 
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preference arguments. Furthermore, since a Sn or Ge atom is isolobal with 
B-H the bonding model developed above is readily applicable to the isoelec- 
tronic compounds illustrated in 2. 

As part of the analysis we also considered the alternative isoelectronic struc- 
ture illustrated in 24 which has the B-H ligand capping a single BBB face 
rather than a wedge position. In agreement with considerations based on the 
capping principle 1131 such a structure leads to a closed shell electronic confi- 
g_uation, however the structure is substantially (1.5 eV) less stable than the 
alternative wedge structure. The reason for this originates in the local&&ion 
of the frontier orbitals of [Fe(B6H&]4- on the pentagonal faces of the ligands 
which leads to larger overlap integrals with the B-H group in the wedge rather 
than the capping position. 

The structural determination of [Fe(BH)(CoCpC2B3MezH3)(CzBaMezHa)] (1) 
has demonstrated that the wedge (or capping) B-H ligand is not bonded to the 
two pentagonal bipyramidal cages in a symmetrical fashion. In particular the 

BHwedge -B distances to the cage not containing cobalt are exceptionally long 
(average 2.14 8) and some 0.4 A longer than the BHwedge-B distance to the 
cage containing the cobalt atom. Therefore from a theoretical point of view 
it was necessary to establish whether this asymmetry is a general feature of 
wedge compounds or a specific feature of 1 which arises fi-om the asymmetry 
introduced by the cobalt substituent. Calculations on the model compound 
[Fe(BH)(B,H,)J4- have demonstrated that the most stable structure is that 
shown in 21 with the BH ligand interacting in a symmetrical fashion with both 

. pentagonal bipyramidal cages, suggesting that it is the effect of the cobalt 
substituent which is causing the asymmetric bonding. This is supported by a 
calculation on the model compound [Fe(BH)(BsH6)(CoCpBSHS)I”- which 
demonstrated that the overlap populations to the cage not containing cobalt 
were significantly smaller than that to the cobalt containing cage (see 25). 
These asymmetric bonding effects can be readily appreciated using perturbation 
theory arguments in conjunction with the bonding model developed above. 

436H6 %Hc, CoCP 

(25) (261 

The introduction of the CoCp fragment into the B,H, cage raises the degener- 
acy of the 3e, orbital and the symmetric component illustrated in 26 lies 
approximately 1.8 eV higher in energy then the corresponding antisymmetric 
component_ Similarly the energy of the antisyuunekic component of 2e, is 
raised by a similar amount. Consequently these molecular orbitals are able to 
interact more effectively with the pr and pr orbit& of the cappingB-H ligand 
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leading to stronger bonding to the cobalt containing cage. The introduction 
of the cobalt substituent also has the effect of increasing the coefficients of 
thep orbit& of those boron atoms adjacent to cobalt (see 26) and thereby 
increasing the overlap with the capping R-H group. Therefore the bonding 
model developed above not only accounts for the total electron count in such 
molecules but also the observed distortions. 
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