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Abstract: The conversion of allylic al-
cohols to enols mediated by Fe(CO)3 has
been studied through density functional
theoretical calculations. From the results
obtained a complete catalytic cycle has
been proposed in which the first inter-
mediate is the [(allyl alcohol)Fe(CO)3]
complex. This intermediate evolves to
the [(enol)Fe(CO)3] complex through
two consecutive 1,3-hydrogen shifts in-
volving a �-allyl hydride intermediate.

The highest Gibbs energy transition
state corresponds to the partial decoor-
dination ot the enol ligand prior to the
coordination of a new allyl alcohol
molecule that regenerates the first in-

termediate. Alternative processes for
the [(enol)Fe(CO)3] complex such as
[Fe(CO)3]-mediated enol ± aldehyde
transformation and enol isomerization
have also been considered. The results
obtained show that the former process is
unfavourable, whereas the enol isomer-
ization may compete with the enol
decoordination step of the catalytic
cycle.
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Introduction

The conversion of allylic alcohols to saturated carbonyls is a
useful synthetic process usually requiring a two-step sequence
of oxidation (reduction) followed by reduction (oxidation). A
one-pot catalytic transformation by an internal redox type
process (Scheme 1) is an attractive alternative strategy: It
resembles a complete atom economy process, which also
minimizes the number of protection ± deprotection steps often
required for such transformations.[1, 2]

Around 50 transition-metal catalysts, prepared from ten
different metals have been already used in this isomerization.
Essentially two different mechanisms have been proposed for
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this reaction. They strongly depend upon the nature of the
catalyst and involve either metal-hydride or �-allyl interme-
diates.[1b, 1c, 3] Iron carbonyls were among the first catalysts
reported for this transformation[4] and later studies have
delineated the scope and limitations of their use in organic
synthesis, with respect to the allylic alcohol substrate.[5] From
a mechanistic point of view, it has been demonstrated that
various iron carbonyl derivatives such as [Fe(CO)5], [Fe2-
(CO)9], [Fe3(CO)12] as well as [(bda)Fe(CO)3] could be used
as catalysts, affording good evidence that [Fe(CO)3] would act
as the true catalytic species.[4±6] Elegant labeling studies have
also established that the reaction involved a 1,3-shift from the
hydrogen on the carbinol center onto the � carbon and that
this transfer was intramolecular.[7] Furthermore, exploiting
the known topology of dihydrocyclopentadienes, it was also
demonstrated that the migrating H must be close to the
reactive iron carbonyl.[8] The latter result gave good indication
for a reaction occuring in the coordination sphere of the
metal, even if for allylic alcohols the kinetic isotope effect
studies afforded values lower than those observed for normal
alkenes.[9] All these data appear in good agreement with the
generally accepted mechanism (Scheme 2).[1b, c, 3]

The reaction of allylic alcohols with the iron carbonyl
catalyst leads first to a �2 alkene complex A. Then migration
of the hydrogen linked to the carbinol center onto the metal
affords a �-allyl iron hydride intermediate B. Readdition of
this hydrogen on the other side of the allylic alcohol affords
the �2 enol C. A final decomplexation regenerates the catalyst
and gives the enol which tautomerises to the corresponding
carbonyl compound. It has to be noted that this is only an

[a] Dr. V. Branchadell
Departament de QuÌmica
Universitat Auto¡noma de Barcelona, Edifici Cn
08193 Bellaterra (Spain)
Fax: (�34) 935812920
E-mail : vicenc.branchadell@uab.es

[b] Dr. R. Gre¬e, Dr. C. Cre¬visy
ENSCR, Laboratoire de Synthe¡ses
et Activations de Biomole¬cules, CNRS UMR 6052
Avenue du Ge¬ne¬ral Leclerc
35700 Rennes Beaulieu (France)
Fax: (�33) 2-23-23-81-08
E-mail : rene.gree@ensc-rennes.fr

FULL PAPER

¹ 2003 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim DOI: 10.1002/chem.200204567 Chem. Eur. J. 2003, 9, 2062 ± 20672062



2062±2067

Chem. Eur. J. 2003, 9, 2062 ± 2067 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 2063

(CO)3Fe

R
HO

R

R
R

O

HO
HO

R

OH
(CO)3Fe

(CO)3Fe

R

OH
H

A

B

C

Fe(CO)5

H

hν

Scheme 2.

extension of the mechanism proposed for the known hydro-
gen migration in alkenes mediated by iron carbonyls.[10] The
main difference, however, is that the product which is
obtained (here an enol) tautomerises to the carbonyl, to
afford an irreversible step in the reaction pathway.

This mechanism globally accounts for all data but leaves
open some important questions such as the position of the
highest energy transition state on the reaction pathway and its
exact structure. Furthermore, the detailed mechanism of the
last step (C ±A) is a key issue for the knowledge of the
catalytic cycle; at this stage, dissociative as well as associative
mechanisms could be envisaged.

The purpose of this paper is to report, for the first time, an
extensive theoretical study of this isomerization reaction.
Using allyl alcohol as a simple model, high level computa-
tional studies have provided structural information on all
intermediates involved in this process, as well as on the
transition states. From the results obtained a complete
catalytic cycle has been proposed.

Computational Methods

All geometries have been fully optimized using the B3LYP[11] density
functional method implemented in the Gaussian98 program.[12] Energy
minima and transition states have been optimized by means of the standard
Schlegel algorithm using redundant internal coordinates.[13] Harmonic
vibrational frequencies have been computed for all structures to character-
ize them as energy minima (all frequencies are real) or transition states
(one and only one imaginary frequency). In the geometry optimizations we
have used the LANL2DZ basis set.[14] This is a double-� basis set for C, O
and H and for the valence space of Fe whereas the inner shells of Fe (up to
2p) are represented by an effective core potential. This basis set has been
supplemented with a set of d polarization functions for C and O with
exponents 0.75 and 0.85, respectively.

Energies of all stationary points have been recalculated through single
point calculations using the 6-311�G(d,p)[15] basis set. For Fe it involves a
triple-� basis set with a set of f polarization functions. The reported energies
have been calculated with the larger basis set whereas zero-point and
thermal corrections to the energy and entropies at 1atm and 298.15 K have
been obtained from vibrational frequencies computed with the LANL2DZ
basis set.

Results and Discussion

The photodissociation of [Fe(CO)5] can lead to the formation
of [Fe(CO)4] and [Fe(CO)3].[16] The � complexation of olefins
by these iron carbonyls is a well established process, affording
�4 and/or �2 complexes.[17] As we have mentioned in the
introduction, [Fe(CO)3] is very likely the species involved in
the catalytic process. The structures of the complexes
corresponding to the coordination of allyl alcohol to the iron
carbonyls are shown in Figure 1. The iron tetracarbonyl

Figure 1. Structures of the [(allyl alcohol)Fe(CO)4] (1) and [(allyl alco-
hol)Fe(CO)3] (2a and 2b) complexes and of transition states corresponding
to Fe�CO bond dissociation and conformational changes. Selected
interatomic distances in ä.

complex 1 presents a trigonal-bipyramid structure with the
olefin in one of the equatorial positions, in excellent agree-
ment with the experimental gas phase structure of the
[(ethylene)Fe(CO)4] complex.[18] The computed Fe�olefin
bond dissociation energies are 24.4 kcalmol�1 for 1 and
26.2 kcalmol�1 for [(ethylene)Fe(CO)4]. The latter value is
smaller than the experimental estimate of 36� 4 kcalmol�1.[19]

The computed values correspond to the spin-allowed proc-
esses which lead to the formation of singlet Fe(CO)4, which is
8.9 kcalmol�1 higher in energy than the triplet ground state at
the same level of calculation.

Two different conformers, 2a and 2b for the iron-tricar-
bonyl complexes are shown in Figure 1. These are 16e species
that are stabilized by interactions involving the alcohol
oxygen atom (2a) or one of the C�H bonds (2b). We have
also located the transition state corresponding to the 2a,b
conformational change. Table 1 presents the relative energies
and Gibbs energies of all these structures. As we can observe,
the most stable conformer of the iron tricarbonyl complex is
2a. The computed Fe�olefin bond dissociation energy for this
complex is 43.5 kcalmol�1, so that the Fe�olefin bond in 2a is
notably stronger than in the iron tetracarbonyl complex. This
value is notably larger than the experimental estimate of 20 ±
25 kcalmol�1 for the [(1-pentene)Fe(CO)3] complex.[20] For
this system we have computed Fe�olefin bond dissociation
energy and the obtained value is 34.7 kcalmol�1.
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The formation of 2a from 1 by Fe�CO bond dissociation is
endothermic with a reaction energy of 24.4 kcalmol�1. This
value is notably lower than the experimental first bond
dissociation energy of [Fe(CO)5], 42� 2 kcalmol�1.[21] The
computed value for this process is 38.0 kcalmol�1.

Compound 2a is the most stable structure of the [(allyl
alcohol)Fe(CO)3] complex. However, 2b has a more appro-
priate geometry to allow hydrogen migration onto the metal.
The 2a, b rearrangement involves a rotation around a C�C
bond and the computed Gibbs activation energy is
11.1 kcalmol�1. Compound 2b presents a �-agostic interaction
involving one of the C�H bonds. The values of Fe�C, Fe�H,
and C�H distances are in the range of values observed for this
kind of interaction.[22]

At this stage, migration of the hydrogen onto the metal
leading to the formation of the �-allyl hydride intermediate
becomes possible. The structures of the stationary points
involved in this process are shown in Figure 2 and the
corresponding relative energies and Gibbs energies are
presented in Table 2.

Figure 2. Structures of the stationary points corresponding to the isomer-
ization of allyl alcohol to enol mediated by [Fe(CO)3]. Selected interatomic
distances in ä.

The computed Gibbs activation energy for the formation of
the �-allyl hydride intermediate 3 is 3.8 kcalmol�1, so that this
process is expected to be very fast.[20] At the transition state
between 2b and 3 the Fe�H distance is very close to the value
corresponding to 3, but the C�H bond has not been
completely broken yet. The value of the Fe�H bond length

of 3 is slightly smaller than the experimental value corre-
sponding to H2Fe(CO)4.[23]

The next step in the isomerization mechanism is a hydrogen
shift onto the terminal carbon with a concomitant reorgan-
isation at the metal centre to give 4a (see Figure 2 and
Table 2). This process is slower than the first hydrogen shift, in
such a way that the transition state between 3 and 4a becomes
the highest energy transition state along the isomerization
reaction path. Compound 4a presents a C�H agostic inter-
action. The values of the geometry parameters associated to
this interaction show that it is weaker than for 2b. The value of
the Fe�H distance at the transition state TS(3-4a) is very
similar to the value corresponding to 3.

From the �2 complex 4a a final reorganisation around the
metal centre occurs to give the �3 complex 4b which is slightly
more stable. Therefore, 4b may be considered as a key
intermediate in the isomerization process. Starting from 2a
the activation Gibbs energy for the complete process towards
4b is 12.9 kcalmol�1 with the highest point being between 3
and 4a. Such a relatively low Gibbs activation energy strongly
suggests that all the processes between 2a and 4b should be
reversible.

In order to complete the catalytic cycle for the isomer-
ization, a decoordination process has to be found for the enol.
The Fe-enol bond dissociation energy for 4b is 34.9 kcalmol�1.
This bond is weaker than the Fe-allyl alcohol bond in 2a
(43.5 kcalmol�1). The �G corresponding to the dissociation of
4b into Fe(CO)3 and free enol is 18.6 kcalmol�1. This value
provides an upper limit for the activation Gibbs energy for a
decoordination step.

Starting from the key intermediate 4b two different
decoordination paths, either associative or dissociative, have
been considered. The transition states and intermediates
corresponding to these two reaction paths are represented in
Figure 3 and the corresponding relative energies and Gibbs
energies are shown in Table 3.

The direct addition of allyl alcohol on 4b (path I) induces a
decoordination of the oxygen atom of the enol ligand to give
intermediate 5a where both the enol and the allyl alcohol are
bonded in a �2 mode. The activation Gibbs energy for this
process is 12.2 kcalmol�1.

The values of the Fe�C distances show that 5a presents a
very weak enol ± Fe interaction. When the enol ligand is
moved away, the energy monotonously increases to yield the
[(allyl alcohol)Fe(CO)3] complex 2c. So, there is not a
transition state on the potential energy surface for this

Table 1. Relative energies and Gibbs energies for the stationary points
corresponding to the formation and conformational changes of the [(allyl
alcohol)Fe(CO)3] complex.[a]

�E [kcalmol�1] �G 0
298 [kcalmol�1]

1� 2a�CO
TS(1-2a) 28.9 24.5
2a�CO 24.4 9.2

2a� 2b
TS(2a-2b) 12.6 11.1
2b 7.8 6.4

[a] See Figure 1.

Table 2. Relative energies and Gibbs energies for the stationary points
corresponding to the isomerization of the allyl alcohol in the presence of
[Fe(CO)3].[a]

�E [kcalmol�1] �G 0
298 [kcalmol�1]

2b 0.0 0.0
TS(2b-3) 5.1 3.8
3 � 3.0 � 3.7
TS(3-4a) 8.0 6.5
4a � 1.6 � 2.1
TS(4a-4b) 5.9 4.1
4b � 4.3 � 4.1

[a] See Figure 2.
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process. The inclusion of entropy makes the process thermo-
dynamically favourable, with a �G of �6.9 kcalmol�1. Com-
pound 2c can easily rearrange through a rotation around the
C�C bond to the most stable conformer 2a with a Gibbs
activation energy of only 0.3 kcalmol�1. It has to be noticed
that the activation Gibbs energy for the whole associative
process (4b ± 2a) is 12.2 kcalmol�1 and that �G is
�8.7 kcalmol�1. On the other hand, the enol would tauto-
merize to the corresponding carbonyl. The computed �G for
the enol ± propanal transformation is �10.5 kcalmol�1.

The first step of path II involves a decoordination of the
C�C double bond of the enol ligand affording the intermedi-
ate 4c where the enol is �-bonded to the iron tricarbonyl unit.
For this dissociative process the transition state is very close to
4c and the corresponding Gibbs activation energy is
11.3 kcalmol�1.

Allyl alcohol coordinates to 4c without any potential
energy barrier yielding the intermediate 5b, where the allyl
alcohol is �2 bonded to iron while the enol is � bonded through
the oxygen lone pair. The Gibbs reaction energy correspond-
ing to this process is �6.6 kcalmol�1. The decoordination of

the enol from 5b takes place
without a transition state lead-
ing to the formation of 2d. This
process is endothermic by
12.2 kcalmol�1, but the inclu-
sion of entropy leads to a �G of
�1.5 kcalmol�1. Compound 2d
is a minimum on the potential
energy surface of the [(allyl
alcohol)Fe(CO)3] complex that
can easily rearrange to 2b and
finally to the most stable con-
former 2a.

The comparison of the results
obtained for the two decoordi-
nation pathways shows that, at
least on this simple model,
path II (�G�� 11.3 kcalmol�1)
is slightly more favourable than

path I (�G�� 12.2 kcalmol�1). However, the difference is too
small to completely discard path I.

The decoordination of the enol ligand is not the only
possible reaction which has to be considered for 4b. By
analogy with the isomerization process described previously,
it was proposed earlier that the hydroxyl hydrogen could
migrate onto the metal to give a hetero �-allyl transition metal
hydride. Then a second migration onto the carbon atom would
give the corresponding carbonyl coordinated to the catalyst
(Scheme 3).[24]

(CO)3Fe
R

R O
HO

R

O
(CO)3Fe Fe(CO)3H

Scheme 3.

Such a mechanism was proposed for the RhI-catalyzed
isomerization of allylic alcohols and it could explain why some
asymmetric induction was observed when optically active
ligands were introduced on these catalysts.[24]

We have studied this kind of process for the iron carbonyl
mediated isomerization of allyl alcohol. The structures of the
transition states and intermediates involved in this process are
shown in Figure 4 and the corresponding relative energies and
Gibbs energies are presented in Table 4.

The transfer of hydrogen from 4b leads to the formation of
the oxoallyl iron hydride complex 6. The activation Gibbs
energy of this process, 20.0 kcalmol�1, is much higher than the
values computed for the alternative processes. At the
transition state TS(4b-6) the Fe�H distance is larger than
for other transition states involved in hydrogen transfers from
C�H bonds such as TS(2b-3) and TS(3-4a) (Figure 2).

From 6 a second hydrogen transfer leads to the formation of
the [(aldehyde)Fe(CO)3] complex 7 with a �G� of
8.5 kcalmol�1. Although the process from 4b to 7 is thermo-
dynamically favourable (�G��11.0 kcalmol�1) it appears
very unlikely for iron carbonyls since it is kinetically much less

Table 3. Energies and Gibbs energies relative to 4b and allyl alcohol for
the enol decoordination step.[a]

�E [kcalmol�1] �G 0
298 [kcalmol�1]

path I
TS(4b-5a) 2.0 12.2
5a � 6.2 8.4
2c�enol 2.6 1.5
TS(2c-2a) 2.9 1.8
2a � 9.5 � 8.7

path II
TS(4b-4c) 12.8 11.3
4c 10.7 8.2
5b � 10.7 1.6
2d�enol 1.5 0.1
TS(2d-2b) 3.6 2.8
2b 0.3 � 2.3
TS(2b-2a) 3.6 5.0
2a � 7.5 � 8.7

[a] See Figure 3.

Figure 3. Structures of the stationary points corresponding to the enol decoordination from [Fe(CO)3] in the
mechanism of allyl alcohol isomerization. Selected interatomic distances in ä.
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Figure 4. Structures of the stationary points corresponding to enol ± alde-
hyde isomerization mediated by [Fe(CO)3]. Selected interatomic distances
in ä.

favourable than the previously considered decoordination
pathways.

For the isomerization of normal alkenes mediated by iron
carbonyls it is known that the reaction continues along the
chain leading to a mixture of regio- and stereoisomers.[10] This
led us to consider also the possibility of 1,3-shifts for the enols
complexed to [Fe(CO)3] (Scheme 4). For that purpose we

(CO)3Fe CH3
HO

Fe(CO)3

CH2
HO

CH2
HO

CH3
HO

O

Scheme 4.

have selected the simple model 8a, similar to 4a but with an
extra methyl vicinal to the OH, and studied its isomerization
to complex 10 containing an ethyl chain (Figure 5). The
relative energies and Gibbs energies computed for the
stationary points corresponding to this process are shown in
Table 5.

Compound 8a is stabilized through a �-agostic interaction
involving one of the methyl groups. This complex can easily
rearrange to the slightly less stable conformer 8b, where the
agostic interaction involves the methyl group vicinal to OH.
From 8b, the hydrogen transfer onto the metal leads to the �-
allyl iron hydride intermediate 9 with an activation Gibbs
energy of 8.7 kcalmol�1. From the latter intermediate a
second hydrogen transfer occurs leading to 10, which is the

Figure 5. Structures of the stationary points corresponding to enol isomer-
ization mediated by [Fe(CO)3]. Selected interatomic distances in ä.

transposed enol, complexed to [Fe(CO)3]. The activation
Gibbs energy of this type of enol isomerization is of the same
order of magnitude (around 10 kcalmol�1) than the values
calculated for the allyl alcohol to enol isomerization (2a ± 4b).
Therefore it appears very likely that all these processes will be
in competition. This result would be in agreement with recent
experimental data in a novel tandem isomerization ± aldoli-
sation reaction mediated by iron carbonyls, since during this
reaction not only the expected aldols were obtained but also a
small amount of their regioisomers. This was explained by the
isomerization of complexed enol intermediates, via such a 1,3-
hydrogen shift.[25]

The results obtained for the allyl alcohol to enol isomer-
ization mediated by iron tricarbonyl are summarized in the
catalytic cycle shown in Figure 6.

The � complexation of the alcohol with [Fe(CO)3] leads to
the formation of 2a, which is the first intermediate in the
catalytic cycle. After a C�C bond rotation from 2a to 2b,
hydrogen migration leads to a �-allyl iron hydride 3 inter-
mediate from which a second hydrogen migration affords the
�3 complexed enol 4b. The attack of a new allyl alcohol
molecule to 4b may lead to the formation of 5b, where both
the enol and the allyl alcohol are coordinated to [Fe(CO)3].
This intermediate is unstable with respect to enol decoordi-
nation leading to 2d which is a conformer of the [(allyl
alcohol)Fe(CO)3] complex that easily evolves to the most
stable conformer 2a in two steps. The activation Gibbs

Table 4. Relative energies and Gibbs energies for stationary points
corresponding to the enol ± aldehyde isomerization mediated by [Fe-
(CO)3].[a]

�E [kcalmol�1] �G 0
298 [kcalmol�1]

4b 0.0 0.0
TS(4b-6) 23.1 20.0
6 � 2.1 � 4.0
TS(6-7) 7.0 4.5
7 � 10.3 � 11.0

[a] See Figure 4.

Table 5. Relative energies and Gibbs energies for stationary points
corresponding to enol isomerization mediated by [Fe(CO)3].[a]

�E [kcalmol�1] �G 0
298 [kcalmol�1]

8a 0.0 0.0
TS(8a-8b) 5.0 4.3
8b 1.8 1.9
TS(8b-9) 11.9 10.6
9 � 2.4 � 2.6
TS(9-10) 11.4 10.0
10 0.8 0.6

[a] See Figure 5.
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Figure 6. Catalytic cycle corresponding to the isomerization of allyl
alcohol to enol mediated by Fe(CO)3. Gibbs activation energies (bold)
and Gibbs reaction energies (italics) in kcalmol�1.

energies involved in all steps are low and the highest value,
11.3 kcalmol�1, corresponds to the partial decoordination of
the enol ligand from 4b. Moreover the reaction Gibbs energy
of the whole cycle is �6.4 kcalmol�1, corresponding to a
slightly exergonic process.
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