680 Organometallics 2005, 24, 680—686

Isomerism of Cp-Containing Transition Metal Allyl
Complexes

Siwei Bi, Alireza Ariafard, Guochen Jia,* and Zhenyang Lin*

Department of Chemistry and Open Laboratory of Chirotechnology of the Institute of
Molecular Technology for Drug Discovery and Synthesis, The Hong Kong University of
Science and Technology, Clear Water Bay, Kowloon, Hong Kong

Received September 24, 2004

The isomerism of Cp-containing transition metal 73-allyl complexes has been investigated
with the aid of density functional theory calculations. The effect of ligands and numbers of
metal d electrons on the isomerism has been examined and discussed in detail. Our studies
show that d8-CpML(#3-allyl) (L = CO, PR3, N=CR, alkyl, hydride, halides) complexes
preferentially adopt exo structural isomers in which the central allylic hydrogen (or
substituent) of the 73-allyl ligand points toward the Cp ring. However, when L = 2-olefin,
an endo form is preferred. For d*-CpMLy(53-allyl) (L. # CO) complexes, endo isomers are
preferred. When L. = CO, endo and exo isomers have comparable stability. Orbital interaction
models have been proposed to explain the different isomerism behaviors of the complexes.

Introduction

Transition metal allyl complexes display rich chem-
istry and are of considerable importance in homoge-
neous catalysis, where they often represent key in-
termediates.! This article concerns the isomerism of
n3-allyl complexes.? For a given n?-allyl complex with
an unsymmetrical ligand environment, there are two
possible structural arrangements for the n3-allyl lig-
and, i.e., the endo and exo arrangements, depending on
the relative orientations of the central carbon of the
n3-allyl ligand with respect to other ligands in the
complex (Chart 1). In many Cp-free ruthenium carbonyl
complexes Ru(73-allyl)CI(CO)Lg, the endo structural
form is found to be more stable than the exo struc-
tural form.3 The isomerism of Ru(#3-allyl)C1(CO)(PPhs),
was studied by us both experimentally and computa-
tionally in a recent paper.* It was found that the endo
structural form is intrinsically more stable than the exo
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form because the endo structural arrangement of the
n?-allyl ligand provides an optimal situation to maxi-
mize the Ru(d)-to-CO(x*) back-bonding interaction.*
Continuing the interest in the isomerism of transition
metal allyl complexes, we report our studies on the
isomerism of Cp-containing #73-allyl complexes in this
paper. Transition metal Cp-containing allyl complexes
display very interesting and rich endo—exo isomerism.
Different from the Cp-free d® complexes M(73-allyl)Cl-
(CO)(PR3)2 (M = Ru, Os), many d8-CpML(5?-allyl) (M
= Ru, Os; L = CO, PR3) complexes give more stable exo
isomers in which the central allylic hydrogen (or sub-
stituent) of the 73-allyl ligand points toward the Cp ring.
Examples include CpRu(CO)(73-C3H;),5 (5°-CoH7)M-
(CO)33-C3Hs5) (M = Fe, Ru),® CpFe(CO)(13-CsHs),”
Cp*IrCl(53-C3Hj),8 [Cp*Ir(PMes)(53-CsHs)l T,°[Cp*Ir-
(MeCN)(73-CHPhCHCHy)]", and [Cp*Ir(MeCN)-
(73-CH2CPhCHy)]".10 More interestingly, when L = 72-
olefin, the endo isomer is generally more stable. For
example, both Cp*Ru(»2-CHy=CH,)(53-CH,CHCHMe)
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and Cp*Ru(n2-CH2CHMe)(53-CsHj) have a more stable
endo isomer.!! For [Cp*Ir(n2-CoHy)(173-C3Hs)l T, the endo
isomer is also more stable than the exo isomer.!? In d*
CpMLg(53-allyl) complexes, the isomerism is more com-
plicated. In general, the endo structural form is pre-
ferred. Complexes of this type include Cp*OsXs-
(73-CH2CMeCHs) (X = Br, Me, H),'3 CpRuXa(73-C3Hs)
(X = Cl, Br),* CpRuCly(#n*-C4H,OMe),’> Cp*Ru-
(CH2CDCl(%3-C3Hs5),'¢ CpRu(R)Br(n3-CsHs) (R = Me,
CHsSiMes),!” and [Cp*Ru(amidinate)(3-C3Hs)] .18 When
L = CO, both the endo and exo structural forms have
comparable stability.19=22 For example, for Cp'Mo(CO)s-
(73-CsHs) (Cp' = C5Hy4-C(O)-Phe-OMe) the endo:exo ratio
is found to be 1:4,'9 while for CpMo(CO)z(3-CH,CRCHy)
(R = C(O)Me) the ratio was found to be 9:1.20 For CpMo-
(CO)o(173-CH.CRCHy) (R = H, Me), the endo—exo relative
stability depends on whether R is H or Me.2! Although
there are a few theoretical studies of allyl complexes in
the literature,?23 studies on how the metal d electron
counts and the types of ligands would affect the isomer-
ism are still lacking.

Computational Details

Geometry optimizations for all compounds without sym-
metry constraints were performed using density functional
theory calculations at the Becke3LYP (B3LYP) level.2* Fre-
quency calculations at the same level of theory have also been
performed to identify all stationary points as minima (zero
imaginary frequency). The effective core potentials (ECPs) of
Hay and Wadt with a double-{ valence basis set (LanL2DZ)%*
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were used to describe Ru, Os, Ir, Cl, Br, and P. The 6-31G
basis set was used for H, C, and O. Polarization functions were
also added for C(&q = 0.600), O(&q = 1.154), Cl(&q = 0.514),
Br(¢q = 0.389), and P(q = 0.340).26 All calculations were
performed with the use of the Gaussian 03 software package?’
on PC Pentium IV computers.

Results and Discussion

dé-CpML(73-allyl) Complexes. As mentioned in the
Introduction, d® Cp-containing allyl complexes were
found to preferentially adopt exo isomeric structures.
The results of our density functional theory calculations
on both the exo and endo structural isomers of CpRuL-
(ﬂS-CHQCHCHQ) (L = CO, PHg), CpII‘X(?’]s-CHQCHCHg)
(X = Cl, H), and [CpIr(NCMe)(73-CH2,CHCHy)]* are
consistent with the general observation that the exo
isomers are found to be more stable. Figure 1 shows the
results of relative energies together with selected struc-
tural parameters. From the structural parameters
shown in Figure 1, we see that the metal—#3-allyl M—C
bond distances for the exo isomers are in general shorter
than those in the corresponding endo isomers, indicating
that the higher stability of the exo isomers in compari-
son to their endo isomers is a result of stronger metal—
n3-allyl interactions in the exo isomers.

To better understand the metal—73-allyl interactions
in these complexes, it is necessary to discuss the
fragment orbitals of CpM. Figure 2 shows schematically
the frontier orbitals for a d®-CpM metal fragment, the
7 orbitals of an #3-allyl anionic ligand, and three types
of relevant orbital interactions between CpM and #3-
allyl. The frontier orbitals of d®-CpM consist of three
occupied metal d orbitals (d.2, dyy, di>-,2), which are
available for metal(d)-to-ligand(ss*) back-bonding inter-
actions, and three unoccupied orbitals (2a;+e1), which
can interact with orbitals accommodating ligands’ o
electron pairs. In consideration of the high lying 7y
orbital of the #3-allyl ligand, it is expected that repulsive
interaction between metal d electrons and 73 electrons
is important.

On the basis of the discussion above, the orbital
interaction diagram between d%-CpM and (L + #3-allyl),
shown in Figure 3, can be constructed. The three
unoccupied frontier orbitals of CpM mainly interact with
the three occupied orbitals from L and the #3-allyl
ligand, giving three bonding and three antibonding
molecular orbitals. Among the three occupied d orbitals,
d,2—,2 and d,? are stabilized through their interaction
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Figure 1. Optimized structures of species having a
general formula of d8-CpML(33-allyl).

with 73, while the d,, orbital is destabilized due to the
four-electron repulsive interaction with the occupied 72
orbital. For simplicity, the & orbitals of L. are omitted
from Figure 3. The omission should not affect applica-
tion of the diagram to the systems studied here in view
of the fact that the exo isomers are more stable than
the endo isomers regardless of having m-donating L,
m-neutral L, or z-accepting L (see Figure 1).
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Figure 2. Schematic illustration of the three types of
orbital interactions between a CpM metal fragment and
an n3-allyl ligand.
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The question now is what factors govern the isomeric
preference. The molecular orbitals derived from the
orbital interactions between the three unoccupied fron-
tier orbitals (2a;+e;) of CpM and the orbitals from the
allyl ligand and L are not lying in the frontier region
(Figure 3). Therefore, we anticipate that these molecular
orbitals play less important roles in determining the
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exo—endo relative stability. The d.,—m2 repulsive inter-
action and the d—m3 back-bonding interactions, which
give rise to the frontier molecular orbitals, are expected
to be important to the stability difference between the
exo and endo isomers. Scheme 1 illustrates the d.,—mo
repulsive interaction for both endo and exo structural
arrangements. Significant difference in the repulsive
interaction can be seen between the two structural
arrangements. The d.,—mx repulsive interaction in the
endo isomers is more significant because of the better
orbital overlap (Scheme 1). The exo isomers are expected
to experience weaker d.,—m repulsive interaction.
Scheme 2 illustrates the d—m3 back-bonding interactions
for both the endo and exo structural arrangements. We
can see that the endo arrangement has a better orbital
overlap between d,2 and 73, but a poorer one between
d,>—,2 and m3. A reverse situation is found for the exo
arrangement; that is, the d,2_,2 orbital overlaps with the
73 orbital better. In comparison to d.2, d,2—,2? is higher
in energy and better for back-bonding interaction due
to the o*-antibonding character with L. Therefore, the
back-bonding interactions also favor the exo structural
arrangement.

In summary, the smaller d,,—m repulsive interaction
and greater d—u3 back-bonding interactions in the exo
structural arrangement are responsible for the observed
stronger metal—73-allyl bonding interactions. The argu-
ments here are supported by the molecular orbital
calculations. The d,, orbital, which is weakly antibond-
ing with 79, is found to be the highest occupied molec-
ular orbital (HOMO) for all the structures shown in
Figure 1, indicating the importance of the d.,—m»
repulsive interaction. Figure 4 gives the plots of the
HOMOs for both the endo and exo isomers of CpIrH-
(n3-allyl), showing the d,,—x2 antibonding interaction.
The results of calculations also show that all the exo
isomers, which have smaller d,,—m2 repulsive interac-
tion, have more stable HOMOs and larger HOMO—
LUMO gaps than their endo counterparts (see Figure
1). The d.2-,2 orbital is found to be the second highest
occupied molecular orbital. Again, all the calculated exo
isomers, which have better d,2>-,2—m3 back-bonding
interaction, have more stable second-HOMOSs than their
endo counterparts.

The qualitative arguments above also find support
from our charge decomposition analysis (CDA) calcula-
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Figure 4. Spatial plots of the HOMOs for both the endo
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tions.?® The more stable exo isomers have more signifi-
cant electron donation from the #3-allyl anionic ligand
to the metal fragments as well as more significant back-
donation from the metal fragments to the 5 orbital of
the n3-allyl ligand than their less stable endo counter-
parts. For example, electron donation of 0.895e¢ and
back-donation of 0.214e were calculated for RuCO-exo.
Smaller electron donation of 0.857¢ and smaller back-
donation of 0.171e were calculated for RuCO-endo. For
the iridium chloride complex, electron donation of 0.898e
and back-donation of 0.249e were calculated for IrCl-
exo. Smaller electron donation of 0.823e and smaller
back-donation of 0.215e were calculated for IrCl-endo.
For the two ruthenium complexes, the endo—exo
energy differences do not differ much (Figure 1). Among
the three iridium complexes, the endo—exo energy
differences are also close to each other. These results
suggest that the endo—exo energy differences in these
d6-CpML(#3-allyl) complexes are mainly related to the
differences in the metal—3-allyl interactions between
the two isomeric structural forms. The three iridium
complexes have greater endo—exo energy differences
than the two ruthenium complexes, a result of stronger
Ir—n?3-allyl interactions than Ru—#3-allyl interactions,
as evidenced by the metal—#3-allyl bond distances.
We now come to understand the reason why the
isomerism in Ru(y3-allyl)C1(CO)(PR3)s, in which the
endo isomer was found to be intrinsically more stable
than the corresponding exo isomer, is quite different
from what we see in the CpRuL(z?-allyl) (L. = CO, PR3)
complexes, although CpRulL is isolobal with RuCl(CO)-
(PR3)2. In Ru(#?-allyl)CI(CO)(PR3)q, there are no d—um»
repulsive interactions because the three d orbitals that
accommodate the metal d electrons are very different
from those in the Cp complexes. Scheme 3 shows the
three occupied metal d orbitals that are available for
metal(d)-to-ligand(s*) back-bonding interactions. The
d,2-,2 orbital interacts with the 3 orbital from the allyl
ligand while the d.. and d,, orbitals mainly interact with

(28) Dapprich, S.; Frenking, G. CDA 2.1; 1994. The program is
available via: ftp.chemie.uni-marburg.de/pub/cda.
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the 7* orbitals of the carbonyl ligand. It is because there
is no d—me repulsive interaction and d,2-,2—m3 back-
bonding interaction does not differ much between the
endo and exo structural arrangements in the Cp-free
complexes that their isomerism is mainly governed by
the metal(d)-to-CO(sr*) back-bonding interaction. The
endo structural arrangement provides an optimal situ-
ation to maximize the Ru(d)-to-CO(7*) back-bonding
interaction because the two strong Ru—C(terminal)
bonds form larger angles with the CO ligand.*

dé-CpM(olefin)(33-allyl) Complexes. Compared
to the d8-CpML(53-allyl) complexes discussed above,
dé-CpM(olefin)(13-allyl) complexes display different isom-
erism in which the endo isomeric form is found to be
slightly more stable than the exo isomeric form. Figure
5 shows structures and relative energies of two calcu-
lated complexes. The results are consistent with the
isomerism observed experimentally and summarized in
the Introduction. The osmium complex has a greater
endo—exo energy difference than the ruthenium com-
plex, reflecting stronger osmium—Iligand interactions.
Olefin ligands differ from the ligands studied in the
preceding section in that an 72-olefin is a very strong
single-face r-accepting ligand. Examining the structural
arrangement of the olefin ligand in the structures
calculated (Figure 5), we can see that the d,, orbital is
used for the metal(d)-to-olefin(;r*) back-bonding interac-
tion. Because of the metal(d)-to-olefin(xr*) back-bonding
interaction, the d.,—72 repulsive interaction becomes not
a problem for the endo structural form in the d%-CpM-
(olefin)(3-allyl) complexes. A push—pull of allyl(z2)-to-
metal(d,y)-to-olefin(7*) bonding scenario is actually
achieved in these olefin complexes. The results of our
calculations indicate that the push—pull bonding inter-
action significantly enhances both the metal—72-olefin
and metal—n3-allyl bonding interactions, evidenced by
their shorter bond distances in the more stable endo
isomers (Figure 5). Clearly, the push—pull interaction
is so dominant in the olefin complexes that the differ-
ence in the d—3 back-bonding interactions between the
two structural forms becomes unimportant to their
stability difference.

In addition to the push—pull factor, there is another
very important factor that also contributes to the
switching of the isomerism in these olefin complexes.
The greater ligand—ligand repulsion in the exo arrange-
ment due to the more sterically demanding olefin ligand
in comparison to CO and phosphines results in asym-
metric coordination of both 73-allyl and 7?-olefin in the
exo isomeric structural form (Figure 5), giving the
instability of the exo isomers and relatively stabilizing
the endo isomers. To further support the steric argu-
ments here, we carried out calculations of several
osmium complexes in which the olefin and #3-allyl
ligands have methyl substituent(s) (Figure 5). We can
see from Figure 5 that the endo—exo energy differences
for the osmium complexes increase with the number of
methyl substituents, supporting the arguments that the
ligand—ligand repulsive interaction is more significant
in the exo isomers.

d*-CpMLg(73-allyl) Complexes. To study the isom-
erism of d*-CpMLa(53-allyl) complexes, we calculated
CpRuCly(73-allyl), CpMo(PHj3)q(173-allyl), and CpMo(CO)s-
(p3-allyl). The results, shown in Figure 6, are quite
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OsEthylene-CH3-endo (0.0 kcal/mol)  OsEthylene-CH3-exo (4.7 kcal/mol)

OsEthylene-3CH3-endo (0.0 kcal/mol) OsEthylene-3CH3-exo (6.6 kcal/mol)

Figure 5. Optimized structures of representative d5-CpM-
(n2-olefin)(n3-allyl).

interesting. In the former two complexes, the endo
isomers are found to be more stable and the ruthenium
chloride complex has a much greater endo—exo energy
difference than the molybdenum phosphine complex. In
the molybdenum carbonyl complex, the exo isomer is,
however, slightly more stable than the endo isomer.
CpMLg(73-allyl) can be formally viewed as having a
four-legged piano-stool structure when the #3-allyl
ligand is considered as forming two o bonds with the
metal center from its occupied 711 and 73 orbitals. In a
d* CpMLs(73-allyl) complex, the four metal d electrons
occupy the d.2-,2 and d.2 orbitals, which are available
for back-bonding interactions. There are no d electrons
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MoCO-CH3-endo (0.0 kcal/mol) MoCO-CH3-exo (1.9 kcal/mol)

Figure 6. Optimized structures of species having a
general formula of d4-CpMLq(73-allyl).
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in the d,, orbital because d,, is involved in the metal—
ligand o-bonding.

Because of no d electrons in the d,, orbital, the
d,,—72 interaction becomes stabilizing rather than de-
stabilizing like in the case of d® CpML(73-allyl) com-
plexes. Since the d,,—m interaction is stabilizing, the
endo arrangement favors the interaction because of
better orbital overlap (Scheme 4). In the d—m3 back-
bonding interactions, both the d,2-,? and d.2 orbitals are
involved. Again, there is a better orbital overlap between
d;2 and 73 but a poorer one between d,2,2 and 73 for
the endo arrangement, and vice versa for the exo
arrangement (Scheme 5). We argue here that the endo
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arrangement also favors the d—3 back-bonding interac-
tions because d,2 has a greater back-bonding capability
than d,2-,2 due to its higher orbital energy, which has
been well recognized in four-legged piano-stool com-
plexes.?? Unlike in CpML(#73-allyl), d.2,2 in CpMLa(73-
allyl) does not have o*-antibonding character, with the
two L ligands residing on the nodal planes. This is the
reason d,?_,2 is lower in energy than d,? in a four-legged
piano-stool complex but vice versa in a three-legged
complex. Sterically, the endo arrangement is also favor-
able. In the exo arrangement, the C—C—C moiety
eclipses the two M—L bonds, giving significant repulsive
interactions. Summarizing all the arguments, the endo
structural form in a d* CpMLg(1?-allyl) complex is intrin-
sically more stable both electronically and sterically.

The ruthenium chloride complex has a greater endo—
exo energy difference than the molybdenum phosphine
complex. Chloride ligands possess good m-donating
properties, enhancing the d—x3 back-bonding interac-
tions. Therefore, the difference derived from the back-
bonding interactions between the two different struc-
tural isomers is expected to be significant.

The molybdenum carbonyl complex is interesting
(Figure 6), as the exo isomer is more stable than the
endo isomer, although we concluded that the endo
structural form is intrinsically more stable than the exo
form. To understand the unusual behavior of this
complex, we again have to analyze the following two
aspects: (1) the d,,—72 bonding interaction and (2) d—m3
back-bonding interactions, which are important in
determining the endo—exo relative stability as men-
tioned above. (1) In terms of the d,,—m2 bonding interac-
tion, we still see that the endo isomer still favors this
interaction, as the Mo—C(terminal) bonds of the
Mo—n3-allyl moiety in the MoCO-endo isomer are
shorter than those in the MoCO-exo isomer (Figure 6).
However, because of the strong Mo—CO bonding inter-
actions, the weakened Mo—C(terminal) bonds due to
poorer d,,—p interaction in the MoCO-exo isomer have
been compensated by the strengthened Mo—CO bonds;
that is, the MoCO-exo isomer has shorter Mo—CO
bonds (Figure 6). The energy gained from the strength-
ened Mo—CO interactions seems to balance the energy
lost from the weakened Mo—C(terminal) bonding inter-
actions. (2) As mentioned above, the endo structural
form favors the d—m3 back-bonding interactions because
the d,? orbital has a better donating capability. Since
CO is also a very strong m-accepting ligand, carbonyl
¥ orbitals are expected to prefer to interact with the
d.2 orbital in the back-bonding interaction. Therefore,
the endo structural form in the molybdenum carbonyl
complex expects to experience a fierce competition for
metal(d)-to-ligand(7*) back-donation between the two

(29) (a) Cubacek, P.; Hoffmann, R.; Havlas, Z. Organometallics 1982,
1, 180. (b) Poli, R. Organometallics 1990, 9, 1892. (c¢) Lin, Z.; Hall, M.
B. Organometallics 1993, 12, 19.
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carbonyls and the n3-allyl ligand. This is because of the
competition that destabilizes the endo isomer, giving a
more stable exo isomer in the carbonyl complex. The
competition for back-bonding interactions indeed weak-
ens significantly the Mo—C(central) bond of the
Mo—#3-allyl moiety in the MoCO-endo isomer; that
is, the Mo—C(central) bond in the MoCO-endo isomer
is much longer than that in the MoCO-exo isomer
(Figure 6).

On the basis of the arguments above, we can come to
the following conclusion. It is the competition for back-
bonding interactions that makes the MoCOQO-endo iso-
mer less favorable. Here, one may ask whether there is
similar competition in the d® CpRu(CO)(#3-allyl) com-
plex. The answer is that the competition is not signifi-
cant because the metal center in these d® complexes has
three occupied d orbitals. The CO ligand mainly looks
for d,2 and d,, for back-bonding interactions, while the
n3-allyl ligand can use d,2_,* to avoid competition. In the
d* complexes, the competition becomes significant be-
cause there are less metal d electrons available for back-
bonding interactions.

The small energy difference between the endo and exo
isomers calculated for the CpMo(CO)q(53-allyl) model
complex (Figure 6) explains the experimental observa-
tion that both the endo and exo isomers of Cp'Mo(CO)e-
(y3-allyl) (Cp' = C5H4-C(O)-Phe-OMe)!? are present in
solution in a ratio of 1:4 on the basis of H! NMR
spectroscopy. The small energy difference also allows
us to understand an earlier experiment showing that a
Me substituent at the central carbon of the #3-allyl
ligand in CpMo(CO)s(33-allyl) switches the exo—endo
relative stability.?! Calculations of CpMo(CO)q(73-Hg-
CCMeCHzy) indeed show that the endo isomer becomes
slightly more stable (Figure 6).

The recently characterized { [;?,7'-CsH4(CHg)sNMey] V-
(73-C3H5)(PMe3)} + complex?®® requires some comments
here. Instead of having a d* metal center, the complex
has a d2 metal center. Similar to other carbonyl-free d*
complexes, this d2 complex also adopts an endo struc-
ture. Adoption of the endo structure suggests that the
two d electrons occupy the d,2 orbital, having better
metal(d)-to-1?-allyl(r*) back-bonding interaction. It should
be noted that the arguments discussed above for
CpMo(CO)s(n3-allyl) are also applicable to the analogous
[CpMo(CO)NO)(33-allyD)]* complexes.3!

Conclusions

Transition metal 73-allyl complexes display interest-
ing isomerism. Cp-containing 73-allyl complexes are
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unique when compared to Cp-free complexes and show
different isomeric preference from one type of complexes
to another. In d®-CpML(73-allyl) complexes, the exo
structural form is more stable than the endo one. The
exo structural arrangement of the #3-allyl ligand avoids
repulsive interaction between one pair of d electrons and
the 2 electrons from the 73-allyl ligand and favors the
metal(d)-to-r*-allyl(n*) back-bonding interactions. When
L = olefin, the endo structural form interestingly
becomes more stable than the exo form. In the endo
structural form, the 7% orbital of the very strong single-
face w-accepting 72-olefin ligand stabilizes significantly
the pair of d electrons that are responsible for the
repulsive interaction in the olefin-free d®-CpML(#3-allyl)
complexes. The d—ums repulsive interaction becomes no
longer a problem for the d®-CpM(5n2-olefin)(;3-allyl)
complexes. In addition, the more strically demanding
n?-olefin in comparison to other ligands L, such as CO
or phosphines, disfavors the exo structural form because
of the more crowded ligand arrangement, giving a more
stable endo structural form for d®-CpM(n2-olefin)(53-
allyl) complexes. In d4-CpMLg(53-allyl) complexes, the
endo structural form is found to be intrinsically more
stable. Because of two d electrons less than the d°
complexes, the d—ms interaction becomes stabilizing and
favors the endo structural form. The endo arrangement
of the 73-allyl ligand also minimizes the ligand—ligand
repulsion and has greater metal(d)-to-»3-allyl(z*) back-
bonding interactions due to the favorable orbital overlap
between 7* of the 73-allyl ligand and the better n-base
metal d.2 orbital observed in a four-legged piano-stool
complex. When L = CO, both the endo and exo struc-
tural forms are found to have comparable stability. CO
is a strong double-face -accepting ligand that requires
four metal d electrons for back-bonding interactions. The
endo structural arrangement of the n-allyl ligand
creates an unfavorable situation in that the #3-allyl
ligand competes against CO for back-bonding interac-
tions, significantly weakening the metal—carbonyl bond-
ing interactions, destabilizing the endo form, and mak-
ing the endo form comparable in stability to the exo
form.
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