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Introduction

Transition-metal-mediated isomerization of allylic alcohols
such as 1 to enols 2 and to saturated carbonyls 3 is a known
reaction.[1,2] Various types of organometallic complexes can
perform this transformation, but among them iron carbonyls
proved to have both a good efficiency and a broad substrate
specificity.[3] When this isomerization was performed in the
presence of an aldehyde a novel reaction occurred affording
aldol-type derivatives 4 (Scheme 1). These compounds were
obtained together with small amounts of the isomerized

ketone 3 and the regioisomeric aldols 4’ (when R=

CH2R’’).[4] From a synthetic point of view this new tandem
isomerization/aldolization reaction starting from allylic alco-
hols appears particularly attractive, since it is a rare example
of an aldol-type reaction with full atom economy which also
occurs under mild and neutral conditions.[5,6] Thus, it could
be a complementary approach to the elegant direct catalytic
asymmetric aldol reaction that was developed recently.[7]

This new tandem reaction was first performed with
[Fe(CO)5] (2–5 mol%) as catalyst under irradiation condi-
tions.[4] More recently, it was established that [(bda)Fe-
(CO)3] (bda= trans-benylideneacetone) and [(cot)Fe(CO)3]
(cot=cyclooctatetraene) offer a significant improvement in
chemical reactivity, especially towards bulky aldehydes.

[a] Dr. V. Branchadell
Departament de Qu7mica
Universitat Aut:noma de Barcelona
Edifici Cn, 08193 Bellaterra (Spain)
Fax: (+34)935-812-920
E-mail : vicenc.branchadell@uab.es

[b] Dr. C. CrAvisy, Dr. R. GrAe
ENSCR, Laboratoire de SynthEses et Activations de
BiomolAcules, CNRS UMR 6052
Avenue du GAnAral Leclerc, 35700 Rennes Beaulieu (France)

[c] Dr. R. GrAe
New address: UniversitA de Rennes1
Laboratoire de SynthEse et ElectrosynthEse Organiques, CNRS
UMR 6510
Avenue du GAnAral Leclerc, 35042 Rennes cedex (France)
Fax: (+33)223-236-955
E-mail : rene.gree@univ-rennes1.fr

Supporting information (Cartesian coordinates, total energies, and
Gibbs energies of all structures reported in this paper) for this article
is available on the WWW under http://www.chemeurj.org/ or from
the author.

Abstract: The tandem isomerization–
aldolization reaction between allyl al-
cohol and formaldehyde mediated by
[Fe(CO)3] was studied with the density
functional B3LYP method. Starting
from the key [(enol)Fe(CO)3] complex,
several reaction paths for the reaction
with formaldehyde were explored. The
results show that the most favorable re-
action path involves first an enol/allyl

alcohol ligand-exchange process fol-
lowed by direct condensation of form-
aldehyde with the free enol. During
this process, formation of the new C�C
bond takes place simultaneously with a

proton transfer between the enol and
the aldehyde. Therefore, the role of
[Fe(CO)3] is to catalyze the allyl alco-
hol to enol isomerization affording the
free enol, which adds to the aldehyde
in a carbonyl-ene type reaction. Similar
results were obtained for the reaction
between allyl alcohol and acetalde-
hyde.
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However, these catalysts led to similar regio- and stereose-
lectivities.[8]

This reaction could be extended to some other transition
metal complexes: in the case of Rh and Ru complexes, com-
plete regioselectivity was obtained for the aldolization,[9]

and furthermore this type of reaction could also be per-
formed in water and protic solvents[10a–b] or in ionic liq-
uids.[10c] Finally, it was recently established that some nickel
hydride complexes are also highly efficient catalysts for this
reaction.[11]

From a mechanistic point of view, this new C�C bond for-
mation raises many intriguing questions. The mechanism
which is generally accepted for the isomerization of allylic
alcohols mediated by iron carbonyls involves a 1,3 intramo-
lecular hydrogen shift that occurs via h2 complex 5, p-allyl
hydride intermediate 6, and p-enol complex 7
(Scheme 2).[1,2]

We recently reported a theoretical study on this reaction
which confirmed this mechanistic proposal.[12] Based on
these results it can be anticipated that both the iron carbon-
yl complexes 7 and free enol 2 are good candidates as reac-
tive intermediates for addition to aldehydes affording aldol
products. Therefore, as a key step towards the development
of this novel reaction, it appeared important to obtain infor-
mation on the possible mechanisms and the catalytic cycle.
Thus, we performed an extensive computational study on
different possible pathways for aldol formation. We used
formaldehyde and acetaldehyde as models of the carbonyl
compound, and 2-propen-1-ol as the model of allyl alcohol.

Computational Methods

All geometries were fully optimized with the B3LYP[13] density functional
method implemented in Gaussian98.[14] Energy minima and transition
states were optimized by means of the standard Schlegel algorithm using
redundant internal coordinates.[15] Harmonic vibrational frequencies were
calculated for all structures to characterize them as energy minima (all
frequencies are real) or transition states (only one imaginary frequency).
In specific cases where examination of this imaginary frequency did not

allow the assignment of the transition state to the corresponding reac-
tants and products, the intrinsic reaction coordinate (IRC) was calculat-
ed.[16] In the geometry optimization we used the LANL2DZ basis set.[17]

This is a double-z 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 effec-
tive core potential. This basis set was supplemented with a set of d polari-
zation functions for C and O with exponents of 0.75 and 0.85, respective-
ly. Electron charge distribution was analyzed with the natural population
analysis of Weinhold et al.[18] Effect of solvation by cyclohexane was in-
cluded for the most significant stationary points by using the conductor-
like screening model.[19]

Energies of all stationary points were recalculated by single-point calcu-
lations using the 6-311+G(d,p)[20] basis set. For Fe it involves a triple-z
basis set with a set of f polarization functions. The reported values for
Gibbs energies at 1 atm and 298.15 K were obtained from energies calcu-
lated with the 6-311+G(d,p) basis sets and vibrational frequencies calcu-
lated with the LANL2DZ basis set. In several cases, the transition states
were relocated, and the vibrational frequencies were calculated at the
B3LYP/6-311+G(d,p) level of theory. For the reaction between free enol
and formaldehyde we also performed single-point calculations using the
BB1K density functional method developed by Zhao et al.[21] and based
on BeckeOs exchange functional[22] and B95 correlation functional.[23]

These calculations were performed with Gaussian03.[24] Finally, the reac-
tion between free enol and formaldehyde was studied by the CCSD(T)
method[25] with the 6-311+G(d,p) basis set.

Results and Discussion

We considered three possible mechanisms for aldol forma-
tion (Scheme 3). Mechanism A involves first the coordina-
tion of formaldehyde to the iron atom of [(enol)Fe(CO)3]

complex 7, and the formation of the key C�C bond for the
aldolization process occurs at a later stage. Mechanism B in-
volves direct attack of formaldehyde on the coordinated
enol of [(enol)Fe(CO)3] complex 7. Finally, in mechanism C
formaldehyde reacts with free enol 2 after enol decoordina-
tion from 7.

Mechanism A: coordination of formaldehyde to iron before
formation of the key C�C bond : In the most stable struc-
ture of (enol)Fe(CO)3 complex 7 the enol ligand is coordi-
nated through the C=C bond and through one of the oxygen
lone pairs (7a in Figure 1).[12] Decoordination of the C=C
bond can lead to intermediate 7b, in which the enol is s-
bonded to the Fe(CO)3 moiety. This process has a Gibbs ac-
tivation energy of 11.3 kcalmol�1 and a Gibbs reaction
energy of 7.4 kcalmol�1. Our previous computational study
on the transformation of 1 into 2 established that the 7a!
7b rearrangement was involved in the most favorable reac-
tion path for the enol decoordination step.[12] For this
reason, we first studied the reaction path which starts with

Scheme 2.

Scheme 3. Three possible mechanisms.
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coordination of formaldehyde to 7b. The Gibbs energy dia-
gram for this process is shown in Figure 2, and the structures
of the most relevant stationary points are presented in
Figure 3. Table 1 lists the results of natural population analy-
ses for selected stationary points.

Formaldehyde coordinates to 7b without potential energy
barrier to form 8a with a Gibbs reaction energy of 1.2 kcal
mol�1. Complex 8a is a trigonal bipyramid in which the enol
group is in an axial position and the formaldehyde group is
in an equatorial one. We could not find a transition state for
aldol formation starting from this structure. Enol and form-
aldehyde ligands can easily exchange positions through a
Berry pseudorotation[26] leading to 8b. Then, rotation
around the two Fe�O bonds brings the carbon atom of
formaldehyde close to the C(2) atom of the enol ligand to
allow formation of a new C�C bond.

This process affords the first aldol-type intermediate 9a.
The Gibbs activation energy for 8b!9a is 17.7 kcalmol�1,
and the Gibbs reaction energy is �16 kcalmol�1. The natural
population analysis (see Table 1) shows that, at the transi-
tion state TS(8b-9a), electron density is transferred from
enol to formaldehyde, whereas the charge of the Fe(CO)3
moiety only slightly changes with respect to 8b. On the
other hand, a remarkable charge transfer from the Fe(CO)3
moiety to the aldol ligand is observed in 9a. The latter com-
pound can be formally considered as a FeII complex in
which an aldol ligand is coordinated through two s bonds
(Fe�C and Fe�O) and a dative bond involving one of the
OH lone pairs.

Note that intermediate 9a is not the final aldol complex,
since the hydrogen atom is still bonded to the oxygen atom
of the enol. Proton transfer to the oxygen atom that origi-
nated from formaldehyde takes place with a very low Gibbs
activation energy (0.8 kcalmol�1) to form 10a, which is ther-
modynamically more stable than 9a (DG=�8.9 kcalmol�1).
This process involves an important diminution of the charge
transfer between Fe(CO)3 and the aldol ligand. Complex
10a can be viewed as a Fe0 complex in which the aldol
ligand is coordinated through the p system of the carbonyl
group and one of the lone pairs of OH.

The complete reaction path from 7a to 10a via 8a and 8b
has a Gibbs activation energy of 26.4 kcalmol�1. Further-
more, the overall process is highly exergonic with a Gibbs
reaction energy of �16.2 kcalmol�1.

An alternative reaction path begins with the coordination
of formaldehyde to 7a. The Gibbs energy diagram is shown
in Figure 4, and the structures of the most relevant station-
ary points are presented in Figure 5. The first step affords
8c, in which the enol is coordinated only through the C=C
bond. Starting from 8c reorganization occurs in the coordi-
nation sphere of the metal to afford the intermediate 8d, in

Figure 1. Structures of the [(enol)Fe(CO)3] complex 7. Selected inter-
atomic distances in P.

Figure 2. Gibbs energy diagram for the aldol-formation reaction involving
coordination of formaldehye to 7b. Relative Gibbs energies in kcal
mol�1.

Figure 3. Structures of selected stationary points corresponding to the
aldol-formation reaction starting with the coordination of formaldehyde
to 7b. Selected interatomic distances in P.

Table 1. Natural population analysis[a] for selected stationary points[b]

corresponding to the reaction paths involving coordination of formalde-
hyde to [(enol)Fe(CO)3].

Fe(CO)3 Enol H2CO Aldol

8b �0.101 0.064 0.037
TS(8b-9a) �0.061 0.241 �0.180
9a 0.404 �0.404
10a 0.250 �0.250
8e 0.237 0.177 �0.414
TS(8e-9b) 0.269 0.001 �0.270
9b 0.334 �0.334

[a] In a.u. [b] See Figures 3 and 5.

Chem. Eur. J. 2004, 10, 5795 – 5803 www.chemeurj.org J 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5797

Computational Study on Isomerization/Aldolization 5795 – 5803

www.chemeurj.org


which the carbonyl group is now bonded to the iron atom in
an h2 mode and there is a hydrogen bond between the enol
and carbonyl groups. Rotation around the Fe–formaldehyde
bond leads to 8e, in which the hydrogen bond between enol
and formaldehyde is stronger than in 8d. At the same time,
the enol Fe�C distances notably increase. This change in the
coordination mode affords a significant stabilization for 8e
as compared to 8c (DG=�5.5 kcalmol�1).

Starting from this already preorganized complex 8e, we
localized the transition state for the key C�C bond coupling.
This process affords 9b, which is similar to 9a (see Figure 3)
but exhibits a C�H agostic interaction instead of an OH
dative one. Complex 9b can rearrange to the more stable
conformer 9a with a Gibbs activation energy of 7 kcalmol�1

and then to the complexed aldol 10a. Therefore, the reac-
tion path from 7a to 10a via 8c and 8e has a Gibbs activa-
tion energy of 26.2 kcalmol�1. This represents a difference
of only 0.2 kcalmol�1 to the path in Figure 2.

The hydrogen bond between the enol and formaldehyde
ligands in 8e is remarkably strong. Moreover, proton trans-
fer must occur to form the final enol product. In the mecha-
nism discussed above, this proton transfer takes place after
C�C bond formation. We also considered the possibility
that these two processes take place in the reverse order.
Figure 6 shows the corresponding Gibbs energy diagram,
and the structures of stationary points are presented in

Figure 7. Proton transfer in 8e
leads to the formation of 11
with a Gibbs reaction energy of
�0.04 kcalmol�1. We located a
transition state for this process
with a very low energy barrier
(0.5 kcalmol�1 with the
LANL2DZ basis set, and
1.2 kcalmol�1 with 6-311+
G(d,p)), but this structure be-
comes lower in Gibbs energy
than 8e. This result indicates

that the proton is mainly delocalized among both ligands. In
the next step, 11 rearranges to oxoallyl complex 12, from
which a transition state for C�C bond formation was local-
ized. This process, which can be considered as a C�C reduc-
tive elimination, leads to the formation of 10b, in which the
aldol ligand is coordinated only through the carbonyl group.
Complex 10b can then rearrange to the more stable isomer
10a, which is 7.1 kcalmol�1 lower in Gibbs energy. The

Figure 4. Gibbs energy diagram for the aldol-formation reaction involving coordination of formaldehyde to 7a.
Relative Gibbs energies in kcalmol�1.

Figure 5. Structures of selected stationary points corresponding to the
aldol-formation reaction starting with coordination of formaldehyde to
7a. Selected interatomic distances in P.

Figure 6. Gibbs energy diagram for the aldol-formation reaction involving
proton transfer prior to C�C bond formation. Relative Gibbs energies in
kcalmol�1.

Figure 7. Structures of selected stationary points corresponding to the
aldol-formation reaction involving proton transfer prior to C�C bond
coupling. Interatomic distances in P.
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Gibbs activation energy for the 12!10b transformation is
29.0 kcalmol�1, and 32.8 kcalmol�1 when calculated with re-
spect to 7a+ formaldehyde. This value is notably larger than
the 26.2 kcalmol�1 for the path shown in Figure 4.

Among the three reaction paths considered up to now,
that involving proton transfer prior to C�C coupling
(Figure 7) can be discarded. However, the two paths in
which proton transfer takes place after C�C coupling (Fig-
ures 2 and 4) involve very similar Gibbs activation energies.
In fact, the corresponding rate determining transition states
TS(8b-9a) and TS(8e-9b) are remarkably similar. Figure 8

shows a superposition of the structures of these two transi-
tion states, which can be considered to be of the Zimmer-
mann–Traxler type. These two structures differ mainly in the
coordination of iron to the enol ligand: through oxygen in
TS(8b-9a) and through the C=C bond in TS(8e-9b). This
fact has consequences for the electron distribution (see
Table 1). In TS(8b-9a) electron density is transferred mainly
from enol to formaldehyde, whereas in TS(8e-9b) charge
transfer takes place between Fe(CO)3 and formaldehyde.

To complete the catalytic cycle, replacement of the aldol
ligand by the allyl alcohol must be performed on the
Fe(CO)3 unit. We explored two different paths (Scheme 4).
Starting from 10a, decoordination of the OH group leads to
the intermediate 10b (Figure 7), in which the carbonyl
group is still bonded in a h2 mode to the Fe(CO)3 unit. Then
modification of the coordination mode leads to s complex
10c (Figure 9). Allyl alcohol can coordinate to this inter-
mediate without potential energy barrier to give 13a. Aldol
elimination from 13a restores the complexed allyl alcohol 5.
This process involves a rotation around the alcohol C(1)�
C(2) bond to allow coordination of the OH group in 5 with
a Gibbs activation energy of 4.9 kcalmol�1.[12]

Alternatively, decoordination of the carbonyl group of the
aldol ligand in 10a can lead to 10d (Figure 9). This process
is slightly more favorable than the 10a!10c rearrangement.
The coordination of allyl alcohol to 10d affords 13b, from
which the aldol ligand can be eliminated. The highest point
in Gibbs energy for this aldol decoordination is 10d (DG=

11.1 kcalmol�1 with respect to 10a). Overall this process is
slightly exergonic, with a Gibbs reaction energy of
�1.4 kcalmol�1. According to these results, the aldol decoor-
dination step is kinetically much more favorable than the
aldol formation step.

Mechanism B: addition of formaldehyde to coordinated
enol : Next we studied the direct addition of formaldehyde
to the enol moiety of [(enol)Fe(CO)3] complexes 7a and 7b.

The attack of formaldehyde from the top face and anti to
the Fe(CO)3 unit of 7a’

[27] was found to be possible, and the
structure of the corresponding transition state is shown in
Figure 10. This process leads to the formation of 10b’, which

Figure 8. Superposition of the structures of transition states TS(8b-9a)
(white) and TS(8e-9b) (gray) in the plane defined by the olefinic carbon
atoms of the enol ligand and the carbon atom of formaldehyde. CO
ligands omitted for clarity.

Scheme 4. DG values given in kcalmol�1.

Figure 9. Structures of intermediates corresponding to the allyl alcohol/
enol exchange processes shown in Scheme 4. Interatomic distances in P.
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is a diasteromer of 10b, with a Gibbs activation energy of
25.1 kcalmol�1 and a Gibbs reaction energy of �8.8 kcal
mol�1. This transition state has a hydrogen bond between
the enol and the aldehyde. Examination of the transition
vector shows that proton transfer from the enol ligand to
the incoming formaldehyde makes an important contribu-
tion to the reaction coordinate. The natural population anal-
ysis (Table 2) shows that the electron density of the enol

fragment only slightly changes on going from 7a’ to the
transition state, while a remarkable charge transfer occurs
from Fe(CO)3 to formaldehyde. After formation of the key
C�C bond, 10b’ can rearrange to the more stable isomer
10a’ (diastereomer of 10a) with a Gibbs reaction energy of
�7.8 kcalmol�1. Alternatively it can also rearrange to 10c
(DG=3.8 kcalmol�1) and coordinate an allyl alcohol mole-
cule to complete the catalytic cycle, as described earlier (see
Scheme 4).

We also studied the direct attack of formaldehyde on the
enol moiety of 7b, and the corresponding transition state is
shown in Figure 10. This process leads to the formation of
10c (Figure 9) with a Gibbs activation energy of 20.3 kcal
mol�1 (25.1 kcalmol�1 relative to the 7a+ formaldehyde
asymptote) and a Gibbs reaction energy of �12.4 kcalmol�1.
Complex 10c can rearrange to the most stable isomer 10a
with DG=�11.3 kcalmol�1 or coordinate an allyl alcohol
molecule to complete the catalytic cycle (see Scheme 4). For
this aldolization starting from 7b, the Gibbs activation
energy with respect to the 7a+ formaldehyde asymptote is
27.6 kcalmol�1, 2.5 kcalmol�1 higher than the value corre-
sponding to TS(7a’-10b’). The natural population analysis
(Table 2) shows that, on going from the reactant to the tran-
sition state, the charge transfer takes place mainly between
the enol ligand and formaldehyde, whereas the charge on
the Fe(CO)3 fragment changes only slightly.

Mechanism C: decoordination followed by aldolization of
the free enol : The last step in the 1!2 isomerization is de-
coordination of the enol. The most favorable mechanism in-
volves the coordination of allyl alcohol to 7b followed by
enol decoordination.[12] The transition state of highest Gibbs
energy is associated with the 7a!7b rearrangement, so that
the Gibbs activation energy for enol decordination is
11.3 kcalmol�1. Moreover, the process is exergonic with a
Gibbs reaction energy of �8.7 kcalmol�1. The Gibbs activa-
tion energy corresponding to this decoordination is more
than 10 kcalmol�1 lower than those corresponding to the
previous aldolization processes (mechanisms A and B).
Therefore, it appeared of interest to study also the attack of
formaldehyde on free enol. For this carbonyl-ene type aldol
reaction, we located the transition state corresponding to
the formation of the aldol product 4 (Figure 11). The Gibbs

activation energy associated with this process is 22.2 kcal
mol�1, and the Gibbs reaction energy is �9.0 kcalmol�1. Ex-
amination of the transition vector shows an important con-
tribution of proton transfer between enol and formaldehyde
in the reaction coordinate, as was already been observed for
TS(7a’-10b’) (Figure 10). In fact, there are remarkable simi-
larities between the two transition states, the main differ-
ence being the O�H distances associated with proton trans-
fer. The natural population analysis shows that an important
charge transfer from enol to formaldehyde (0.246 a.u.) takes
place at the transition state. The Gibbs activation energy
calculated with respect to the 7a+ formaldehyde asymptote
is 13.5 kcalmol�1, a value notably lower than those associat-
ed with any of the previous reaction paths.

The potential-energy barrier associated with the reaction
between 2 and formaldehyde is 9.8 kcalmol�1 when calculat-
ed with the 6-311+G(d,p) basis set. This value is much
lower than that of 26.2 kcalmol�1 reported by CoitiÇo
et al.[28] for the reaction between vinyl alcohol and formalde-
hyde at the Hartree–Fock level of theory. To verify that the
B3LYP method provides a good description of this process,
we performed single-point calculations at the BB1K/6-311+
G(d,p) and CCSD(T)/6-311+G(d,p) levels, and the calculat-
ed potential energy barriers are 9.5 and 11.4 kcalmol�1, re-
spectively.

We also examined a reaction path involving attack of a
free enol molecule on a species in which formaldehyde is co-
ordinated to the Fe(CO)3 moiety. One of the possible inter-
mediates involved in mechanism A, namely, 8e (see Fig-
ures 4 and 5), exhibits an h2-coordinated formaldehyde and

Figure 10. Structure of transition states corresponding to the attack of
formaldehyde on coordinated enol. Interatomic distances in P.

Table 2. Natural population analysis[a] for selected stationary points[b]

corresponding to the reaction paths involving direct attack of formalde-
hyde on [(enol)Fe(CO)3].

Fe(CO)3 Enol H2CO

7’a �0.042 0.042
TS(7a’-10b’) 0.140 0.085 �0.225
7b �0.145 0.145
TS(7b-10c) �0.151 0.274 �0.123

[a] In a.u. [b] See Figure 10.

Figure 11. Structure of the transition state corresponding to the reaction
between formaldehyde and 1-propen-1-ol. Interatomic distances in P.
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a weak Fe–enol interaction, so that formation of a free enol
seems feasible. The complete removal of the enol from 8e
to afford the [(formaldehyde)Fe(CO)3] complex 14
(Figure 12) involves lowering of the Gibbs energy by

6.4 kcalmol�1. Starting from 14, we located the transition
state for the attack of free enol from the top face of the co-
ordinated formaldehyde and anti to the Fe(CO)3 moiety.
This process, which involves a Gibbs activation energy of
32.7 kcalmol�1, leads to the formation of 10d (see Figure 9)
with DG=1.8 kcalmol�1. The Gibbs activation energy calcu-
lated with respect to the 7a+ formaldehyde asymptote is
25.7 kcalmol�1. This value is very close to those obtained in
the calculations performed for mechanisms A and B, but it
is much higher than for the previous reaction starting from
the free enol.

Comparison of results : Table 3 lists the Gibbs energies of
the rate-determining transition states associated with the re-
action paths presented above. To allow comparison, they are

referred to the same origin: the 7a+ formaldehyde asymp-
tote.

The transition state of lowest Gibbs energy is TS(2-4),
that is, that associated with mechanism C. The other transi-
tion states are at least 11.5 kcalmol�1 higher in Gibbs
energy, and furthermore they are within a range of less than
3 kcalmol�1. These values do not significantly change when
solvent effects are taken into account. Therefore, the main
conclusion of this study is that mechanism C, corresponding
to addition of the free enol to the aldehyde, is highly fa-
vored, at least in the case of reactions catalyzed by iron car-
bonyl complexes. The Gibbs energies listed in Table 3 are

based on geometries and vibrational frequencies obtained
with the LANL2DZ basis set. We reoptimized the geome-
tries of 1, formaldehyde, 5, 7a, and the rate-determining
transition states at the B3LYP/6-311+G(d,p) level of theory
and calculated the corresponding vibrational frequencies.
The calculated Gibbs activation energies are very similar to
those based on LANL2DZ geometries; the largest differ-
ence is 0.4 kcalmol�1 for TS(14-10d) (Figure 12).

To verify whether the conclusion about the most favora-
ble mechanism holds for other aldehydes, we extended our
study to acetaldehyde. We located the rate-determining
transitions states for the same reaction paths explored for
the reaction with formaldehyde. The structures of these
transition states are shown in Figure 13, and the correspond-

ing Gibbs activation energies are included in Table 3. The
presence of the methyl group in the aldehyde increases the
Gibbs activation energies by between 2.8 and 7.4 kcalmol�1,
depending on the transition state. However, the transition
state corresponding to the reaction between free enol and
acetaldehyde, TS(2–4), is clearly the most favorable. Hence,
the conclusions reached for the reaction of formaldehyde
are still valid for acetaldehyde.

Figure 14 schematically presents the catalytic cycle for the
tandem reaction involving formation of allylic alcohol and
aldol isomerization. The first stage of the process is
Fe(CO)3-mediated isomerization of allylic alcohol. The tran-
sitions state of highest Gibbs energy corresponds to the
enol/allyl alcohol substitution step, which has a Gibbs acti-
vation energy of 13.6 kcalmol�1 with respect to 5. After enol
decoordination, attack of formaldehyde leads to formation
of the aldol 4. This step involves the transition state with the
highest Gibbs energy of the whole process (Gibbs activation
energy 15.8 kcalmol�1 with respect to the 5+ formaldehyde
asymptote). The corresponding Gibbs reaction energy is
�15.4 kcalmol�1.

Figure 12. Structure of stationary points involved in the attack of enol 2
on [(formaldehyde)Fe(CO)3] complex 14. Interatomic distances in P.

Table 3. Gibbs activation energies[a] for the rate-determining transition
states[b] corresponding to different mechanisms of aldol formation for re-
actions with formaldehyde and acetaldehyde.

Mechanism Transition state Formaldehyde Acetaldehyde
gas phase cyclohexane gas phase

A TS(8b-9a) 26.4 (26.3) 26.0 31.0
A TS(8e-9b) 26.2 (26.3) 26.6 33.3
B TS(7a’-10b’) 25.1 (25.1) 27.0 28.5
B TS(7b-10c) 27.6 (27.6) 28.3 30.4
C TS(2–4)[c] 13.5 (13.6) 12.7 19.4
C TS(14–10d) 25.7 (26.1) 25.3 33.1

[a] Relative to the 7a+aldehyde asymptote in kcalmol�1. In parentheses:
values calculated from B3LYP/6-311+G(d,p) geometries and frequen-
cies. [b] See Figures 3, 5, 10, 11, and 12. [c] Relative to 7a+aldehyde+1.

Figure 13. Structures of the rate-determining transition states associated
with different paths for the reaction between acetaldehyde and enol 2.
Interatomic distances in P.
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Interestingly, during the Rh+-mediated isomerization of
allyl alcohols to carbonyl compounds, free enols could be
characterized by NMR spectroscopy and, in some cases,
were even isolated in pure form.[29,30] Furthermore, it has
been demonstrated that such enols undergo ene-type addi-
tion with very strong electrophiles such as iminium salts,
tosyl isocyanate, and tetracyanoethylene.[29b] To the best of
our knowledge their possible reactions with aldehydes have
been reported only once, as a possible source of byproducts
in the isomerization process.[29a]

Starting from the results obtained here it is possible to
discuss why the most favorable mechanism for aldol forma-
tion involves the reaction between free enol and aldehyde
molecules (mechanism C) instead of Fe(CO)3-coordinated
species (mechanisms A and B). The formation of the aldol
involves two key aspects: the first is an electron transfer
from the enol (as a nucleophile) to the electrophilic alde-
hyde, which is associated with the formation of the new C�
C bond, and the second is proton transfer from the enol to
the aldehyde. In mechanism C C�C bond formation takes
place simultaneously with proton transfer between the enol
and the aldehyde, as we observed for the transition state
TS(2–4) (see Figure 11). An efficient catalyst should be able
to favor at least one of these two processes.

Table 4 lists the potential energy barriers associated with
the aldol-formation step for the different mechanisms. If we
take as the reference the value corresponding to the reac-
tion between free enol and formaldehyde, that is, 9.8 kcal
mol�1 for TS(2–4), we observe only one case in which the
potential energy barrier decreases, namely, TS(7b-10c). For

TS(8b-9a) and TS(7a’-10b’) the barrier increases by less
than 4 kcalmol�1, whereas in the remaining two cases,
TS(14–10d) and TS(8e-9b), the increase is much larger.

Mechanism B involves the attack of formaldehyde on a
coordinated enol. We considered two different coordination
modes: h3 in 7a/7a’, and h1 in 7b. In both complexes the
natural population analysis shows that electron charge den-
sity is transferred from the enol to the Fe(CO)3 unit (see
Table 2), so that the electron-donor ability of the enol mole-
cule decreases and charge transfer from the enol to an in-
coming aldehyde is not favored. Proton transfer depends on
the coordination mode of the enol. For 7a/7a’ the Fe–enol
interaction involves p orbitals of the ligand. These orbitals
do not make any contribution to the O�H bond, so the
proton donor ability of the enol is not expected to increase.
Thus, the coordinated enol in 7a/7a’ is not activated for
charge transfer or for proton transfer, and the potential
energy for the attack of formaldehyde on 7a’ (13.6 kcal
mol�1) is larger than that corresponding to attack on the
free enol (9.8 kcalmol�1). On the other hand, when the enol
is coordinated in an h1 mode, as in 7b, the Fe–enol interac-
tion involves electron donation from an in-plane oxygen sp-
type orbital with O�H bonding character (Figure 15). Thus,

coordination to Fe increases the proton donor ability of the
enol. For this reason, the potential energy barrier corre-
sponding to attack of formaldehyde on the enol ligand in 7b
(8.9 kcalmol�1) is slightly lower than that corresponding to
attack on the free enol, and TS(7b-10c) (Figure 10) exhibits
a larger degree of proton transfer than TS(4–2) (Figure 11).
However, 7b is 9.4 kcalmol�1 higher in energy than 7a’, and
therefore TS(7b-10c) becomes less favorable than TS(7a’-
10b’).

In mechanism A the aldol reaction takes place after coor-
dination of formaldehyde to the [(enol)Fe(CO)3] complex.
There are two different modes of coordination: h1, as in 8b,
and h2, as in 8e. The natural population analysis (see
Table 1) shows that for 8b formaldehyde acts as an electron
donor, in such a way that it becomes activated for accepting
electrons from the enol. However, the enol ligand is not ac-
tivated, so the potential energy barrier for aldol formation
increases with respect to that corresponding to TS(2–4).

On the other hand, for 8e electron transfer occurs from
Fe to formaldehyde, and the aldol-formation step (8e!9b
in Figure 4) involves a much larger potential energy barrier

Figure 14. Catalytic cycle for tandem allyl alcohol isomerization/aldol for-
mation. Gibbs activation energies (boldface) and Gibbs reaction energies
(italics) in kcalmol�1.

Table 4. Potential energy barriers[a] for the aldol-formation step in the
different mechanisms.

Mechanism Transition state[b] DE�

A TS(8b-9a) 13.5
A TS(8e-9b) 25.5
B TS(7a’-10b’) 13.6
B TS(7b-10c) 8.9
C TS(2-4) 9.8
C TS(14-10d) 19.5

[a] In kcalmol�1. [b] See Figures 3, 5, 10, 11, and 12.

Figure 15. Molecular orbital of 2 involved in the interaction with
Fe(CO)3 in 7b.
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(25.5 kcalmol�1), since both ligands are electronically deacti-
vated. The same kind of deactivation of the formaldehyde
ligand can be observed in TS(14–10d).

As a consequence of this extensive computational study
several important aspects can be emphasized. First, we con-
clude that the role of the iron tricarbonyl-based catalysts is
to favor the allylic alcohol to enol isomerization, which af-
fords the free enol. Then, the aldol product is formed by re-
action between the aldehyde and the free enol (mecha-
nism C). The very facile carbonyl-ene-type aldol reaction is
noteworthy, since it has not been considered previously in
aldol processes and therefore warrants future exploration,
both from mechanistic and synthetic point of views. Work
along these lines is underway.
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