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Abstract: The mechanism of the iso-
merization of allyl alcohols by the 1,3-
transposition of a hydroxy group, which
is catalyzed by transition metal com-
plexes in a high oxidation state, has been
investigated by ab initio quantum chem-
ical calculations for a trioxorhenium
catalyst. The calculations point to a
cyclic transition state that consists of a
perrhenate anionic moiety and an allylic

cationic group. This is similar to the
transition state found for the [3,3] sig-
matropic rearrangement in allyl for-
mate. The energy barrier is lower in
the organometallic case. The calcula-

tions also suggest that the kinetic dis-
crimination that is observed experimen-
tally for the catalyzed cis ± trans isomer-
ization of hex-1-en-3-ol is due to
microsolvation effects of the corre-
sponding transition states by the alco-
hols that are present in the reaction
medium. All these features are ex-
plained in terms of orbital interactions
present in the transition state.

Keywords: ab initio calculations ´
allyl alcohols ´ homogeneous catal-
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Introduction

An allylic rearrangement that involves a cyclic transition state
akin to that of a Claisen-type rearrangement and which
incorporates a metal oxo unit (Scheme 1) has been recently
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Scheme 1. Proposed organometallic cyclic transition state for the allylic
rearrangement.

proposed[1] (on the basis of an original proposal of Charbardes
et al.[2]) in order to account for the isomerization of allyl
alcohols by the 1,3-transposition of a hydroxy group catalyzed
by trioxorhenium complexes and other metal oxo catalysts.[1, 3]

Since two metal ± oxo bonds are supposed to participate in the
rearrangement, the closest organic analogue to the organo-
metallic mechanism is not the Claisen rearrangement but the
1,3-acyloxy shift in allyl esters (Scheme 2). Despite this close
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Scheme 2. Organic analogue to the organometallic mechanism proposed
in Scheme 1.

similarity, the organometallic reaction is much more efficient:
enthalpies of activation of 13.3� 0.3 kcal molÿ1 and 20.9�
0.4 kcal molÿ1 have been measured[1c] for the formation of
trans-hex-2-en-1-ol (B) and cis-hex-2-en-1-ol (C), respective-
ly, in the catalyzed isomerization of hex-1-en-3-ol (A)
(Scheme 3), whereas barriers for the organic reaction range
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Scheme 3. Isomerization of hex-1-en-3-ol.

between 35 and 45 kcal molÿ1 in the gas phase,[4] depending on
the acyl moiety. Recent calculations for the 1,3-acyloxy shift in
the parent allyl formate also yield high barriers (ranging
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between 40 and 50 kcal molÿ1, depending on the method
used).[5a,b] It has been tentatively suggested[1c] that a second
oxo group, which serves as a spectator ligand, could help to
stabilize the negative charge developed on the metal in the
transition state, thereby lowering the activation barrier. It was
also suggested,[1c] in line with the known mechanistic data on
the Claisen rearrangement,[6] that in the catalyzed isomer-
ization of A the greater activation enthalpy for the formation
of the cis isomer C might be accounted for by a greater
difference in charge and/or separation (distance effect) in the
corresponding transition state. This increase in charge sepa-
ration, which would correspond to a quasi-ionic pair TS,
would also be consistent with the unexpected observation of a
positive entropy of activation.[1c]

In an effort to increase our understanding of these reaction
mechanisms we have now undertaken a theoretical study
based on ab initio calculations at the HF-SCF and MP2 levels.
Our goal was twofold: i) to shed more light on the similarities
and differences between the organometallic and organic
reactions (geometry and electronic structure of the transition
state, energetics of the process) and ii) to rationalize on more
theoretical grounds the kinetic discrimination observed for
the formation of isomers B and C. To this end, calculations
were first carried out for the rearrangements of the parent
systems OC(H)OCH2CH�CH2 (1) and [Re(O3)-
OCH2CH�CH2] (2). Subsequently, calculations were per-
formed on the methyl derivatives in order to mimic the
experimental systems more closely; that is, the propyl
derivatives A, B, and C. Thus, in the organic case the two
processes which started from the OC(H)OCHCH3CH�CH2

system (3a) and led to the cis- and trans-
OC(H)OCH2CH�CHCH3 isomers 3c and 3b, respectively,
were investigated. Similarly, in the organometallic case we
considered [Re(O3)OCHCH3CH�CH2] (4a) and the cis- and
trans-[Re(O3)OCH2CH�CHCH3] isomers, 4c and 4b, as
models of A, C, and B, respectively. Finally, the study was
extended to another transition metal by comparison of the
rhenium system 2 with the [Ta(O)(OH)2OCH2CH�CH2]
system (5).

Computational Methods

The calculations were carried out with the Gaussian 94 program system.[7]

The geometries of the organometallic systems were optimized at the HF
level by the gradient technique, with the LANL2DZ basis set and
additional polarization functions on the carbon and oxygen atoms. In this
basis set the innermost core electrons of the rhenium atom (up to 4 d) are
described by the relativistic pseudopotential of Hay and Wadt[8] and the
remaining outer core and valence electrons by a (5,6,4)< 3,3,2> basis
set.[8] The first-row atoms are described by the Dunning ± Hay (9,5)
contracted into <4,2> basis set.[9] The exponents of the polarization
functions are 0.75 and 0.85 for carbon and oxygen, respectively. Single-
point calculations at the MP2 level were then performed to evaluate the
relative energies of the various structures. For the organic systems, the
geometry optimizations were carried out at both the HF and MP2 levels,
using the same basis set as for the organometallic systems. The transition
states TS1 and TS2 for the rearrangement of 1 and 2 were characterized by
a numerical frequency analysis. In both cases a single imaginary frequency
was found (634i cmÿ1 and 346i cmÿ1 for TS1 for TS2, respectively). For the
transition states corresponding to the rearrangement of the methyl-
substituted derivatives and of the tantalum system, the optimized geo-

metries are close to those of TS1 and TS2 (see Figures 1 and 2). Therefore,
we did not perform a frequency analysis for these transition states. The
standard notation level of energy calculation//level of geometry optimiza-
tion is used throughout the article.

Results and Discussion

The optimized geometries of the reactants and transition
states for the organic and organometallic systems are shown in
Figure 1 for the unsubstituted systems 1, 2, and 5, and in
Figure 2 for the corresponding methyl derivatives of the
organic system 3 and of the rhenium system 4. For the alkyl-
substituted systems, either organic or organometallic, there
are of course many conformers that are quite close in energy
and that were not differentiated experimentally.[1c] The
structures that are reported here have been obtained by a
downhill optimization from a geometry generated by a small
displacement from the transition state geometry. Thus, 3a and
3a'' correspond to TS3a and TS3b respectively; 3a is more
stable than 3a'' by 3.6 kcal molÿ1 (MP2 values). Similarly 4a
and 4a'' correspond to TS4a and TS4b ; 4a is more stable than
4a'' by only 0.9 kcal molÿ1. The computed rearrangement
barriers are presented in Tables 1 ± 3,[10] together with the
recently reported results obtained for 1 with a 6-31G* basis.[5]

Although the HF- and the MP2-optimized geometries of
the organic systems are slightly different, especially for the

Table 1. Energy barriers (in kcal molÿ1) computed at various levels of
theory for the 1,3-rearrangement in 1, 2, and 5.

Level TS1 TS2 TS5

HF//HF 55.5 31.8 46.1
MP2//HF 47.4 23.7 29.0
MP2//MP2 46.1 ± ±
B3LYP//B3LYP ± 19.5 ±
MP4/6-31G*//MP2/6-31G* [a] 46.1 ± ±
B3LYP/6-31G*//B3LYP/6-31G* [b] 41.4 ± ±
MP2/6-31G*//B3LYP/6-31G* [b] 47.4 ± ±

[a] Ref. [5a]; difference in the zero-point vibrational energy taken into
account. [b] Ref. [5b]; difference in the zero-point vibrational energy not
taken into account. At the B3LYP/6-31G* level the corresponding
correction is computed to be only ÿ1.4 kcal molÿ1.

Table 2. Reaction energies and barriers (in kcal molÿ1) computed at
various levels of theory for the isomerization of 3.

Level 3a!3b 3a''!3c
DE DE= DE DE=

HF//HF ÿ 0.3 � 51.3 ÿ 2.8 � 50.3
MP2//HF � 1.2 � 48.6 ÿ 1.3 � 44.9
MP2//MP2 � 1.2 � 44.5 ÿ 1.4 � 43.0

Table 3. Reaction energies and barriers (computed and experimental, in
kcal molÿ1) for the isomerization of 4 (experimental values are enthalpy of
reactions and activation enthalpies for the [Re(O3)OCH(C3H7)CH�CH2]
system A).

Level 4a!4b 4a''!4c
DE DE= DE DE=

HF//HF � 0.4 � 27.5 � 0.6 � 28.7
MP2//HF � 2.0 � 24.7 � 2.9 � 25.2
Exp � 0.9 � 13.3 ÿ 4.0 � 20.9
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O ´´´ C distances in the transitions states, the MP2//MP2 and
MP2//HF energies are similar. This justifies our choice of the
MP2//HF level for our investigations of the organometallic
systems.[11] Moreover, previous theoretical studies carried out
for [RReO3] complexes (X�H, F, CH3, h1-C3H5) have shown
that the HF level of theory is adequate for the structure
determination of systems in which Re is in the formal �vii
oxidation state.[12] Indeed, our computed Re�O bond lengths
are within the range of those found experimentally.[13] The
Re ± O single bond length computed for 2, 3, and 4 (1.83 �) is
also in good agreement with the experimental value (ca.
1.85 �) obtained recently for [ReO3(OCMe2CMe2OR)] (R�
H, Me).[14] The studies on the 1,3-acyloxy shift in allyl
formate[5] or similar studies on the Claisen rearrangement[15]

also led to the conclusion that the results are more sensitive to
the level of the energy calculation than to the level of
geometry optimization. They showed in particular that energy

barrier differences were cor-
rectly reproduced once elec-
tron correlation had been tak-
en into account, either at the
MP2, QCI, or DFT level.[5, 15]

An initial result that emerg-
es from Figures 1 and 2 is that
the structure of the transition
states is of a single type, either
boatlike only for the organic
systems, or chairlike only for
the organometallic systems.
All our attempts to obtain
the alternative structure, that
is the chair structure in the
organic case or the boat struc-
ture in the organometallic
case, were unsuccessful. This
is in contrast to the Cope and
Claisen rearrangements where
both chairlike and boatlike
structures have been
found.[5, 15] For the allyl for-
mate rearrangement the
B3LYP/6-31G* optimization
of Zipse[5b] also resulted in
only one concerted structure
for the transition state (boat-
type), which is at variance with
the MP2/6-31G* optimization
performed by Pascal et al.[5a]

where both structures were
found; the boat structure was
slightly more stable. However,
the location of a chair-type
transition state may be very
sensitive to the basis set used:
with the 6-31G basis set the
chairlike transition state has a
second imaginary frequency
and is therefore not a true
transition state.[5a]

The most salient feature of Figures 1 and 2 is the rather flat
geometry of the reacting unit in all transition structures: the
out-of-plane bending angle between the formyl group and the
plane made of the forming and breaking bonds amounts to
29.88 in the organic system TS1. In the organometallic system
TS2 the structure is chairlike and the corresponding angle for
the ReO2 unit is even smaller, 4.08. Moreover, a test
calculation on TS1 in which the bending angle was set to 08
instead of 29.88 yielded a destabilization of only 3.5 kcal molÿ1

(MP2//HF value). Similar features have been already noticed
by Zipse; he ascribed them to the strong involvement of the s-
lone pairs of the oxygen atoms instead of the p-lone pairs.[5b]

The methylene groups that are involved in the Claisen or in
the Cope rearrangement are devoid of such s-lone pairs,
which precludes the possibility of a planar or almost planar
reacting unit in these rearrangements. In fact, as clearly
pointed out by Zipse,[5b] these oxy rearrangements in the allyl

Figure 1. Optimized geometries of the reactant and corresponding transition state for the allylic rearrangement
in the systems: [OC(H)OCH2CH�CH2] (1), [Re(O3)OCH2CH�CH2] (2), and [Ta(O)(OH)2OCH2CH�CH2] (5)
together with selected bond lengths [�] and angles [8]. HF and MP2 results; MP2 values for 1 and TS1 are given in
parentheses.
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esters are best understood as ªintramolecular nucleophilic
substitution reactions (SN2'), in which the carbonyl lone pair
features as the nucleophile, and the C ± O bond adjacent to the
allyl group takes the role of the leaving group.º The same
holds for the organometallic system in which the two oxygen
atoms of the ReO4 unit also bear s-lone pairs, thus accounting
for the similarity of the geometry of the organic and organo-
metallic transitions states. Alternatively, as suggested by one
referee, both the organic and organometallic reactions can be
described as pseudopericyclic.[16] Such reactions have been
studied in the past few years,[17, 18] including, in particular,
sigmatropic rearrangements of esters.[18]

As far as their electronic structures are concerned, these
transition states correspond to an allyl cation interacting
either with a perrhenate ReOÿ

4 or with a formate HCOÿ
2

moiety: the overall charge of the ReO4 unit (as given by the
Mulliken population analysis) is ÿ0.75 e in TS2, ÿ0.81 e in
TS4b and TS4c (with opposite values for the overall charge of
the allyl cationic moiety). There is less zwitterionic character
in the organic analogues: the formate unit has a charge of
ÿ0.61 e in TS1, and ofÿ0.67 e andÿ0.66 e in TS3b and TS3c,
respectively. We must note, however, that the increase in the
negative charge on going from the reactant to the transition
state is only slightly greater for ReO4 (0.35 e, from ÿ0.40 e in
2 to ÿ0.75 e in TS2) than for HCO2 (0.31 e from ÿ0.30 e in 1
to ÿ0.61 e in TS1).

There is one important difference, however, between the
organic and the organometallic reactions: the computed
energy barriers range between 23 and 25 kcal molÿ1 (MP2//

HF level) for the rhenium complexes (29 kcal molÿ1 for the
tantalum complex), that is much less than in the organic
analogues for which a barrier of more than 45 kcal molÿ1 is
computed. This difference can best be rationalized by
considering the four-electron repulsive interactions between
the orbitals of the allylic cationic fragment and the orbitals of
either the ReOÿ

4 or the HCOÿ
2 fragment that are responsible

for the barrier.[19] In particular, one finds in the organometallic
system a four-electron repulsive interaction between the p-
allyl orbital and the orbital 6 of the ReO4 moiety (see the left
side of Figure 3); there is also some antibonding contribution
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Figure 3. Schematic interaction diagram between the occupied p-allyl
orbital of (C3H5)� and the interacting orbitals of either ReOÿ

4 (left) or
HCOÿ

2 (right) for the transition state of the allylic rearrangement.

Figure 2. Left: HF- and MP2-optimized geometries of the reactant, transition state, and product for the allylic rearrangement in the two structural isomers
3a and 3a'' of the methyl-substituted organic system [OC(H)OCHCH3CH�CH2]. MP2 values are given in parentheses. Right: HF-optimized geometries of
the reactant, transition state, and product for the allylic rearrangement in the two structural isomers 4a and 4a'' of the methyl-substituted organometallic
system [Re(O3)OCHCH3CH�CH2]. Selected bond lengths [�] and angles [8] are also given.
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from the orbital 7 and some bonding contribution from the
empty p*-orbital of the allyl. Its analogue in the organic
system is the interaction between the p-allyl orbital and 8 (see
the right side of Figure 3). However, the energy of 6 (as 7) is
much lower than that of 8 on account of its mixing with the
formally empty metal orbitals (either 5 dx2ÿy2 or 6 s). The result
is a much smaller repulsion in the organometallic system.
Thus the combination of two oxo termini and of a central
atom bearing orbitals that can stabilize the oxygen lone pairs
(here a transition metal in a high oxidation state) accounts for
the relative ease of the oxy rearrangement process in the
organometallic system. It is interesting to recall at this stage
that in calculations carried out for the Claisen rearrangement,
a decrease of the energy barrier has been found on substitut-
ing the oxyallyl unit with electron-withdrawing atoms.[21e]

Here too, one of the effects exerted by these substituents is
certainly to lower the energy of the orbitals of the oxyallyl unit
that interact with the orbitals of the facing allyl cation. One
should finally note that, at variance with results obtained for
various organic pseudopericyclic organic reactions,[17b,e, 18] the
geometries are apparently less favorable in the lower tran-
sition state TS1: the C ´´ ´ C distance between the allylic carbon
termini, 2.33 and 2.38 � in TS1 and TS2, respectively, matches
the O ´´´ O distance more closely in TS1 (2.23 �) than in TS2
(2.72 �).

For the isomerization process of 4a or 4a'' into 4b or 4c, the
computed energy barriers are somewhat greater than the
experimental activation enthalpies (Table 3) and more for 4b
than for 4c. As a result, the difference in the computed barriers
is much smaller than the difference in the experimental
activation enthalpies, 0.5 kcal molÿ1 at the MP2//HF level
instead of 7.6 kcal molÿ1 experimentally. There is also a small
difference in the organic system, especially at the HF//HF and
MP2//MP2 levels (Table 2; that a reverse order is found may
be attributed to the greater difference in the stability
of 3a with respect to 3a'', 3.6 kcal molÿ1 instead of
0.9 kcal molÿ1 for 4a versus 4a''). Thus at this stage the
computed energies of the above model systems do not
account for the selectivity in the isomerization that is
observed experimentally so that some additional features
need to be investigated.

These features can be either of computational or of
chemical nature: the lack of zero-point energy corrections,
the use of CH3 to mimic the propyl substituent, as well as
solvation effects[21] arising from the bulk solvent or from
interactions between the organometallic system and the
alcohols that are present in the reaction mixture. A precise
determination of the zero-point energy corrections cannot be
performed because we did not perform a frequency calcu-
lation for the methyl-substituted systems. However, for the
rearrangement of 1, a small zero-point energy (ZPE) correc-
tion was obtained by Zipse.[5b] We also computed (at the HF
level) a small ZPE correction to the energy difference
between TS2 and 2 : ÿ1.2 kcal molÿ1. Therefore, one can
reasonably expect a small influence of the ZPE correction on
the computed energy barriers for TS4b and TS4c, and an even
smaller influence on the difference. The replacement of CH3

by an alkyl substituent with a longer chain should also not
alter greatly the difference in the energy barriers. The fact that

the geometry of both TS4b and TS4c is that of an allylic cation
sitting almost perpendicularly to a rather flat [C2O2Re] unit
(and not a cyclohexane chairlike geometry) prevents any
strong and differential steric interaction between an oxo
ligand and the propyl substituent. Finally, a great discrim-
ination between TS4b and TS4c by the solvent is not expected
(here the noncoordinating dichloromethane CH2Cl2): Since
both transition states have similar charges (vide supra) and
dipole moments (10.4 D and 10.2 D respectively) the Kirk-
wood ± Onsager dielectric effects should be similar. Self-
association effects of the solvent,[22] if any, should also be
similar for both isomerization processes. Therefore, it must be
considered how the free alcohol that is present in the reaction
mixture can interfere with the process taking place in the
rhenium coordination sphere, either by coordination to the
rhenium atom or by the formation of hydrogen bonds with the
oxygen atoms.

In order to shed some light on this point, up to four
water molecules were added successively to the transition
state TS2 and its geometry reoptimized.[23] The validity
of the use of H2O to model the hydrogen bonding or the
coordinative properties of the alcohol was checked by
means of a calculation with one CH3OH molecule instead
of one H2O molecule. The corresponding optimized geo-
metries of TS2(H2O), TS2(2 H2O), TS2(3 H2O), TS2(4H2O),
and of TS2(CH3OH) are shown in Figures 4 and 5, respec-
tively.

The optimization procedure with either one or two water
molecules started from a geometry in which one H2O was
coordinated to Re in the axial position of a trigonal
bipyramidal [Re(O)4(H2O)] unit. However, in both cases
the optimization ended with structures in which water is
hydrogen-bonded to the ligands rather than coordinatively
linked through its oxygen atom to the Re center. Thus, the
coordinating properties of the alcohol should not come into
play. Interestingly, the geometry of TS2(CH3OH) is very
similar to the geometry of TS2(H2O). This shows the validity
of the use of H2O as a model for CH3OH in our present
investigations.

In TS2(H2O) one water molecule is hydrogen-bonded to
one spectator oxo ligand (through one of its hydrogen atoms)
and to two hydrogen atoms of the allylic cation (through its
oxygen atom). In TS2(3 H2O) the two additional water
molecules are hydrogen-bonded to the oxo ligands that
participate in the rearrangement. They also interact with the
equatorial hydrogen atoms of the C3H5 unit through their
oxygen atom; the corresponding O ´´´ H distances are 2.24 and
2.23 �. This dual interaction leads to a lengthening of the
O ´´´ C distance by �0.3 � (it has also been found that the
transition state has more dissociative character upon solvation
in the case of the Claisen rearrangement[21e±h]). The binding of
an extra water molecule in TS2(2 H2O) and in TS2(4H2O)
does not interfere with the structure: one hydrogen atom of
the extra water molecule interacts with the second oxo
spectator ligand; however, this hardly changes the geometry
of the system.[24] The most salient feature shown by the
various structures of TS2(nH2O) is that the chair character of
the transition state increases as successive H2O molecules are
added: the folding angle varies from 1768 in TS2 to �1648 in



FULL PAPER S. Bellemin-Laponnaz, J. P. Le Ny, and A. Dedieu

� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0062 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 162

Figure 5. HF-optimized geometries of the transition state and product for
the allylic rearrangement in the [Re(O3)OCH2CH�CH2] (2) in the
presence of one methanol molecule. Selected bond lengths [�] and angles
[8] are also given.

TS2(H2O) and TS2(2 H2O), and to �1558 in TS2(3 H2O) and
TS2(4 H2O) (Figure 4). The increased folding results from the
necessity of the two oxo ligands that are participating in the
rearrangement to interact simultaneously with the two carbon
atoms of C3H5 and with the two hydrogen atoms of the
hydrogen-bonded water molecules.[27]

Therefore, the discrimination observed when the allylic
moiety has an alkyl (e.g. propyl) substituent can be tentatively
attributed to the interference of the free alcohol molecules in
the rearrangement process. These free alcohol molecules
should wrap around the perrhenate moiety, while retainingÐ
through their oxygen atomÐsome interaction with the
hydrogens of the allylic cation, as exemplified by the
structures of TS2(nH2O), n� 1 ± 4. Thus, the transition state
would be akin to a solvent-shared ion-pair.[28] As a result of
this wrapping, the transition state adopts a chairlike geometry.
The precise location of the alcohol molecules should depend
on their size and on the position of the alkyl substituent.

However, one can reasonably
expect more congestion and
more steric repulsionÐand
therefore a higher energy barri-
erÐwhen the alkyl group sub-
stitutes for the axial hydrogen
(as in TS4c) rather than when it
substitutes for the equatorial
hydrogen (as in TS4b).

In order to place this proposal
on a firmer basis we com-
puted the transition state struc-
tures for the bismethyl-sub-
stituted systems [Re(O3)-
OCHCH3CH�CHCH3] ´ 3 H2O.
In this system the two methyl
substituents are symmetrically
placed either in the equatorial
(TSeq) or in the axial position
(TSax), and three water mole-
cules can participate in the in-
teraction (Figure 6).[29] As in
TS2(nH2O), the water mole-
cules in TSeq and TSax arrange
themselves in order to maximize

the number of hydrogen bonds, which produces a more
congested structure for TSax : the O ´´´ Callyl distance is 2.851 �
instead of 3.030 � in TSeq.[30] Moreover, in TSax the allyl group
is almost perpendicular to the plane of the forming and
breaking bonds, instead of producing a folding angle of 114.48,
as in TSeq. Simultaneously, the folding angle of the ReO4 unit
is larger: 162.78 as compared to 143.38 in TSeq. These
variations in the folding angles both lead to an increased
overlap of the orbitals 6 and 7 with the p-orbital of the allyl
group and hence contributes to a greater four-electron
repulsive orbital interaction in TSax. It is therefore not
surprising that the stability of TSax is less than that of TSeq

by 8.6 kcal molÿ1.[31]

In fact, the destabilization of TSax can be totally attributed
to the deformation imposed on the [ReO2C3] skeleton by the
interacting H2O molecules, and not to a differential effect in
the stabilization provided by the H2O molecules. The
stabilization provided by the H2O molecules is equal for both
TSax and TSeq, that is 34.6 kcal molÿ1.[32] On the other hand, the
[Re(O3)OCHCH3CH�CHCH3] unit is less stable in the
structure corresponding to TSax than in the structure corre-
sponding to TSeq by 8.5 kcal molÿ1, which is the difference in
energy between TSax and TSeq. Thus all our results strongly
suggest that microsolvation effects of the alcohols present in
the reaction medium are at the origin of the selectivity that is
experimentally observed.

For the rearrangement involving the tantalum system 5, the
overall shape of the corresponding transition state is very
similar to that of TS2 (see Figure 1). The Ta ± O bond
distances are slightly longer: 1.773 � instead of 1.723 �. The
greatest difference is found for O ´´´ C, which amounts to
2.008 � instead of 2.148 �. Therefore, TS5 appears to be
tighter than TS2. A greater energy barrier is computed for
TS5, as expected from experiments carried out either with

Figure 4. HF-optimized geometries of the transition state and product for the allylic rearrangement in the
[Re(O3)OCH2CH�CH2] (2) in the presence of one, two, three, or four water molecules. Selected bond lengths [�]
and angles [8] are also given.
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[MoO2(OR)2] or [VO(OR)3] catalysts.[1a,b] One factor that
accounts for this feature is the smaller charge separation in
the Ta system compared to the Re system: in TS5 the
[TaO2(OH)2] unit has an overall charge of ÿ0.59 e, the allyl
cation bears a �0.59 e charge, whereas in TS2 the calculated
values are ÿ0.75 e and �0.75 e for TaO4 and C3H5, respec-
tively. A more careful decomposition reveals that this differ-
ence arises almost entirely from the difference in the charges
of the [Ta(OH)2] and [ReO2] spectator groups with respective
charges of �1.23 e and �1.03 e. This is in agreement with the
earlier proposal that the two spectator oxo ligands in the Re
system can be more effective in the accommodation of the
excess negative charge.[1c] The smaller charge separation in
TS5 results in a smaller electrostatic attraction between the
two units: a calculation which used the atomic point charges
of the two transition states (as obtained from a Mulliken
population analysis) yielded an attraction of 39.6 kcal molÿ1

for TS5 instead of 54.9 kcal molÿ1 in TS2. This is somewhat
counterbalanced by a smaller repulsive interaction between
the p-orbital of the allylic moiety and the orbital correspond-
ing to 6 in TS5, which is also due to this reduced charge
separation.[33] Finally, as far as the effects of the alcohols that
are present in the reaction medium are concerned, we can use
the results from previous theoretical studies that have related
the acceleration of the Claisen rearrangement in aqueous
solution to the transition state geometry. In particular, it has
been found that a loose (tight) transition state structure leads
to a rate increase (decrease).[21c,e] Since TS5 is tighter than TS2
(it has also a smaller charge separation) one expects a rate
enhancement by the alcohols to be smaller in the tantalum
systems than in the rhenium systems.

Conclusions

Our calculations confirm the original proposal[1, 2] of the
involvement of a cyclic transition state in the allylic re-

arrangement catalyzed by a tri-
oxorhenium complex that leads
to the isomerization of allyl
alcohols by 1,3-transposition of
a hydroxy group. This transition
state has a structure very sim-
ilar to that of the transition
state found in 1,3-acyloxy shifts
in allyl esters.[34] However, the
corresponding energy barrier is
much lower as a result of a
smaller repulsion between the
oxo lone pairs and the p-allyl
orbitals. This repulsion is highly
dependent on the folding angles
in the chair structure of the
[ReO2C3] skeleton. These an-
gles can be strongly affected by
microsolvation effects of the
alcohols present in the reaction
medium. We have suggested
that such effects on the angles,

rather than a variation in the charge difference and/or
separation of the transition state, account for the kinetic
discrimination (in terms of activation enthalpies) that is
observed for the catalyzed cis ± trans isomerization of hex-1-
en-3-ol. At present we have no clear-cut explanation of the
entropy effects.[1c] Hydrophobic effects of the allylic cation
might well come into play. They certainly warrant the further
theoretical studies that are currently in progress.[36]
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