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Summary: Density functional theory studies of the d6

allyl complexes CpM(CO)(η3-C3H5) (M ) Fe, Ru) and the
d4 allyl complex CpMo(CO)2(η3-C3H5) show that the
interconversion for CpMo(CO)2(η3-C3H5) through the η3

f η3 f η3 pathway is intrinsically more favorable than
the η3 f η1 f η3 pathway. However, the η3 transition
states for CpM(CO)(η3-C3H5) (M ) Fe, Ru) are inacces-
sible, because one pair of the six metal d electrons has
to occupy a d orbital having significant metal-Cp
antibonding character in the transition structure.

Transition-metal η3-allyl complexes are important
intermediates in many catalytic reactions.1 These com-
plexes have attracted considerable interest both experi-
mentally2 and theoretically.3 It is well-known that these
complexes can exist as endo and exo isomers. The
relative endo-exo stability has been systematically
investigated recently.4 While the factors determining

the relative stability are now well understood, there is
still an important question regarding the mechanism
of the endo-exo interconversion5 that remains to be
answered. In the 1960s, it was already established that
the endo-exo interconversion in CpMo(CO)2(η3-allyl)
proceeds by a mechanism equivalent to rotation of the
planar π-allyl moiety about a molybdenum-allyl axis:
i.e., an η3 f η3 f η3 pathway.6 Interestingly, for d6-
CpM(CO)(η3-allyl), where M is iron7 or ruthenium,8 the
endo-exo interconversion was found to proceed by an
η3 f η1 f η3 pathway in which an η1 intermediate
species is involved. Although the interconversion mech-
anisms were clearly established from NMR experiments
as early as the 1960s, the reasons the molybdenum Cp
complexes differ mechanistically from the Cp complexes
of the iron group in the endo-exo interconversion are
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still unclear. The question has long intrigued research-
ers who have worked in the area. In the literature, there
have been many theoretical and experimental discus-
sions on the endo-exo interconversion.9 However, up
to now, no explanations have been found. In this
communication, we wish to provide better insight into
the question through density functional theory calcula-
tions10 on the model complexes CpM(CO)(η3-C3H5) (M
) Fe, Ru; 1 and 2) and CpMo(CO)2(η3-C3H5) (3).

Figure 1 shows the results of calculations on the
model complexes. Consistent with the experimental
finding that 1 and 2 favor a mechanism in which an η1

intermediate is involved, the η3 f η1 f η3 pathway was
found to have much lower reaction barriers than the η3

f η3 f η3 pathway (Figure 1a). For 3, the calculations
clearly show that the barrier for a direct 180° rotation
of the allyl group about the metal-allyl axis is surpris-
ingly low (Figure 1b). The barriers of the η3 f η1 f η3

pathways for all the complexes calculated are com-
parable, indicating that the barriers are closely related
to the metal-ligand bond dissociation energies. The free
energy barriers of the endo f exo transformation
through the favorable η3 f η1 f η3 pathway for 1 and
2 were calculated to be 24.4 and 30.4 kcal/mol, respec-
tively. The higher barrier for 2 reflects a greater Ru-
ligand interaction as compared to the Fe-ligand inter-
action. For 3, the barrier of the endo f exo trans-
formation through a simple 180° rotation of the allyl

ligand was found to be 14.6 kcal/mol. These results
converge nicely to the experimental values of 24.1 kcal/
mol for CpFe(CO)(η3-C3H5),7 28.9 kcal/mol for CpRu-
(CO)(η3-C3H5),8 and 15.5 kcal/mol for CpMo(CO)2(η3-
C3H5).9c,d The agreement clearly suggests the high
accuracy of our calculations. For 3, we were unable to
locate the transition state connecting 3exo and 3IN2,
probably due to the flatness in the potential energy
surface from the transition state to the intermediate
3IN2.

The most important issue now is to understand why
the η3 f η3 f η3 pathway in 1 or 2 is less favorable as
compared to the η3 f η1 f η3 pathway but the former
pathway is more favorable in 3. Comparison of the
frontier molecular orbitals for the species involved
provides insight into this important issue. Figure 2
shows the orbital correlation diagram of the five metal
d orbitals for 2exo and 2TS3. For 2exo, the three
orbitals that accommodate the six metal d electrons
correspond to the three highest occupied molecular
orbitals (HOMOs). The HOMO and HOMO-2, which are
the dxy and dz2 orbitals, are stabilized through metalfπ*
(carbonyl) back-donation interaction. However, the dxy
orbital is higher in energy than the dz2 orbital, due to
its antibonding interaction with the occupied π2 orbital
of the η3-allyl anionic ligand. An allyl ligand has three
molecular orbitals: i.e., bonding (π1), nonbonding (π2)
and antibonding (π3).5 The HOMO-1 is dx2-y2 and has a
slightly bonding interaction with the unoccupied π3
orbital of the η3-allyl anionic ligand. The two lowest
unoccupied molecular orbitals, LUMO and LUMO+1,
correspond to dyz and dxz, respectively. These two
unoccupied metal d orbitals have antibonding interac-
tions with both the Cp and allyl ligands’ π orbitals.

For the transition state 2TS3, the three occupied
orbitals are dxz, dx2-y2 and dxy. The two unoccupied
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Figure 1. Energy profiles for the exo-endo interconversion in (a) 1 and 2 and (b) 3. The relative energies and free energies
(in parentheses) are given in kcal/mol.
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orbitals become dyz and dz2. Compared to those in 2exo,
both the dxy and dyz orbitals in 2TS3 are slightly
stabilized, while the dx2-y2 orbital is destabilized. The
rotation of the η3-allyl ligand from 2exo to 2TS3 reduces
the antibonding interaction between dxy and the π2
orbital of the η3-allyl ligand. Simultaneously, the rota-
tion also reduces the bonding interaction between dx2-y2

and the π3 orbital of the η3-allyl ligand. The correlation
diagram shows that drastic changes occur for the dz2

and dxz orbitals. In 2exo, the dz2 orbital is the lowest
among the five d orbitals. In 2TS3, it is the highest,
however, because it is strongly antibonding with one
terminal carbon pπ of the η3-allyl ligand. In 2exo, the
dxz orbital is unoccupied. In 2TS3, it becomes occupied
and is the HOMO. For the dxz (HOMO) orbital in the
transition state, the orientation of the η3-allyl ligand
minimizes its antibonding interaction with the orbitals
from the η3-allyl ligand. However, its antibonding
interaction with the Cp’s orbital remains. Therefore, a
crucial cause of the remarkable instability of the transi-
tion state 2TS3 (or 1TS3) can be attributed to occupation
of the dxz (HOMO) orbital, which significantly weakens
the metal-Cp bonding interactions. Calculations show
that the average metal-C(Cp) distances in 1TS3 and
2TS3 are about 0.010-0.050 Å longer than those in their
stable endo and exo structures.10 1TS3 is relatively
higher than 2TS3, likely because of its more crowded
ligand arrangement due to the smaller size of the Fe
center in comparison with Ru.

Figure 3 shows the correlation diagram of the d
orbitals of 3. 3 can be formally described as a d4 complex.
The HOMO and HOMO-1 correspond to dz2 and dx2-y2.
The three unoccupied d orbitals are dxz, dyz, and dxy. The
90° rotation of the allyl ligand in 3, similar to 1 and 2,
destabilizes the dz2 orbital and causes it to be the
LUMO+2. Opposite to what was seen for 1 and 2, the
rotation does not stabilize the dxz orbital. Instead, the
rotation causes the dxy orbital to be the HOMO, because

the rotation turns off the strong σ*-antibonding interac-
tions. The dxz and dyz orbitals, having the metal-Cp
antibonding character, again remain the lowest unoc-
cupied molecular orbitals (LUMO+1 and LUMO). Un-
like in the d6 systems, the situation in the d4 system is
that the two d orbitals, which accommodate the four d
electrons in the η3 transition state 3TS3, do not have
significant metal-ligand antibonding character. There-
fore, the η3 transition state 3TS3 is relatively much more
stable than the corresponding transition states in the
d6 systems (1TS3 and 2TS3). This is further supported
by comparison of the energy difference between the
HOMOs of the exo isomer and its η3 transition state
(1.52 eV for 1, 1.33 eV for 2 and 0.042 eV for 3).

There is also one other possible pathway for the
endo-exo interconversion involving a bis-η1 transition
state, shown in Scheme 1. This pathway is similar to
the “ring-flip” process of the metallacyclic five-mem-
bered ring in many group 4 metal-(s-cis-butadiene)
complexes.11 The ring-flip transition states (TSring-flip)
lie very high on the potential energy surface (49.1, 55.4,
and 58.5 kcal/mol in the free energy for 1TSring-flip,
2TSring-flip, and 3TSring-flip relative to their stable endo
structures, respectively). These results are consistent
with the findings reported by Webster and Hall for
[CpIr(PH3)(allyl)]+.9b In the ring-flip transition struc-
tures, all the carbon atoms of the allyl ligand and the
metal center lie approximately on a common plane. This
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Figure 2. Orbital correlation diagram for the d orbitals
of 2exo and 2TS3. The d orbitals labeled are approximate,
for the purpose of discussion.

Figure 3. Orbital correlation diagram for the d orbitals
of 3exo and 3TS3.

Scheme 1
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structural arrangement turns off the back-bonding
interaction between the metal center and the middle
carbon of the allyl ligand and, at the same time,
produces a large ring strain because of the approxi-
mately planar four-membered-ring structure. To esti-
mate the contribution of the ring strain to the instability
of the transition states TSring-flip, we also calculated
the barrier height of the ring-flip process for the d0 allyl
complex [Zr(Cp)2(allyl)]+, in which there is no metal-
(d)-to-allyl(π*) back-bonding interaction. The large bar-
rier of 43.1 kcal/mol implies that the ring strain plays
a crucial role. In the d0 complex, we found that the
η3 f η1 f η3 pathway, having an approximate barrier
of 21.7 kcal/mol, is responsible for the interconversion.
The three frontier orbitals available for ligands in a bent
[Cp2Zr]2+ fragment have their maximum amplitudes in
the plane perpendicular to the Ct-Zr-Ct plane (Ct is
the centriod of the Cp ring). It is therefore understand-
able that the η3 f η3 f η3 pathway is not possible,
because the relevant transition state has a structure in
which the allyl ligand cannot be stabilized by the
available frontier orbitals of the metal fragment.

In summary, the significant difference between 1TS3
(or 2TS3), the η3 transition state for the d6 system
CpML(η3-allyl), and 3TS3, the η3 transition state for the
d4 system CpML2(η3-allyl), can be described as follows.
In 1TS3 (or 2TS3), one pair of the six metal d electrons
has to occupy a d orbital having significant metal-Cp
antibonding character because of the ligand arrange-
ment in the transition state. In the η3 transition state
for the d4 system CpML2(η3-allyl), the metal d electrons

occupy two d orbitals which do not contain significant
metal-ligand antibonding character. Therefore, for the
d4 system CpML2(η3-allyl) the η3 f η3 f η3 pathway is
expected to be intrinsically more favorable than the η3

f η1 f η3 pathway. This conclusion is supported by the
fact that many other d4 complexes were found to have
the endo-exo interconversion via the η3 f η3 f η3

pathway.9c-f For a d6 system CpM(η3-allyl)(L), the η3 f
η1 f η3 pathway is generally more favorable. Here, we
anticipate that when a Cp ring slippage, which can
alleviate the metal-Cp antibonding in the HOMO of
the η3 transition state, is possible, the η3 f η3 f η3

pathway for the d6 system CpML(η3-allyl) could become
competitive. Webster and Hall reported that the η3

transition state for the endo-exo interconversion in
[CpIr(η3-allyl)(PH3)]+ has a significant ring slippage.9b

The barrier of the η3 f η3 f η3 pathway is higher than
that of the η3 f η1 f η3 pathway by about 3.7 kcal/mol
only. In contrast, the barrier differences between the
η3 f η3 f η3 and η3 f η1 f η3 pathways are substan-
tially large, 18.1 kcal/mol for 1 and 8.1 kcal/mol for 2,
because the η3 transition states do not have a similar
ring slippage.
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