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Functionalized bicyclic electrophilic allenes and (or) spiro
ketones have been obtained through a cascade reaction
when acetylenic ω-keto esters were treated with tetra-n-bu-
tylammonium fluoride (TBAF). The isolated products can be
modulated by using different starting materials (i.e. varying
ring size, spacer length) and reaction times. The results indi-
cate that these reactions take place under kinetic control. In
line with this, a semiempirical study was carried out in order

Introduction

Cascade reactions may be defined as multi-reaction,
“one-pot” sequences in which the first reaction creates the
functionality required to trigger the second one without a
need to change the reaction conditions. The performance
of an entire sequence of bond-forming reactions in one step
requires minimal effort for the isolation, purification, and
characterization of intermediate products, therefore making
the entire synthetic process economically and ecologically
more favorable. From the standpoint of efficiency, cascade
reactions are valuable, and are highly prized if they have
broad scope and occur under mild conditions. They offer a
very efficient approach to the formation of multiple bonds
and can therefore produce polycyclic structures in a con-
trolled fashion, thus leading to complex target molecules,
mainly natural products, that are difficult or impossible to
prepare by other means.[1] This has led to the idea that
chemical groups that are considered unreactive under nor-
mal conditions may react when a reactive intermediate is
generated in their vicinity.
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to determine the preferred reaction pathways and the pre-
ferred cis/trans conformation of the bicyclic allenic deriva-
tives. An excellent correlation was found between theoretical
and experimental results, and the whole process dramatically
depends on the presence of the HF molecule.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

In this context, we have previously shown that acetylenic
ω-keto esters are readily available compounds that undergo
cascade reactions to give electrophilic allenes,[2] spiro
ketones, or oxetane derivatives when treated with different
bases.[3] However, in spite of the synthetic utility of these
systems, to the best of our knowledge, only a few reports
deal with the intramolecular reactivity of acetylenic ω-keto
esters. For example, Deslongchamps and co-workers re-
ported that polycyclic compounds could be readily ob-
tained through the intramolecular Michael addition of cy-
clic β-keto esters onto conjugated acetylenic ketones.[4]

More recently, Christoffers and Oertling achieved a seven-
membered ring annulation through an intramolecular
Michael reaction catalyzed by FeCl3.[5] Nevertheless, ole-
finic ω-keto esters have been reported to have different in-
tramolecular reactivities to those determined by our own
methodology. For example Fukumoto and co-workers, and
later Ihara and co-workers, have shown that a tandem
Michael–aldol reaction took place when olefinic ω-keto es-
ters were treated with either TBDMSOTf/NEt3 or TMSI/
(TMS)2NH.[6] On the other hand, Chiu et al. reported that
olefinic ω-keto esters undergo tandem conjugate reduction–
aldol cyclization reactions (using Stryker’s reagent) to read-
ily afford β-hydroxyketones in good yields.[7] We now wish
to report a detailed investigation of the reactivities of acety-
lenic ω-keto esters towards TBAF. We shall focus our atten-
tion on mechanistic considerations by means of semiempir-
ical MO calculations.

Semiempirical MO methods suffer certain well-known
problems, such as the description of the hydrogen bond (es-
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pecially problematic in MNDO), typical organic hyperval-
ent atoms (i.e. sulfur or phosphorus), transition metals,
transition states, or molecules that contain atoms for which
good parametrization does not exist, or simply, for which
these parameters are not available.[8] Nevertheless, these
methods can quickly offer qualitative information about the
atomic organization and electronic distribution of experi-
mentally studied systems. For this reason, semiempirical
methods have become very useful tools in organic chemis-
try. In spite of the problems associated with the use of these
methods in theoretical calculations, they have been widely
employed,[9] even in the description of very complex reac-
tion mechanisms.[10]

Scheme 1.

The theoretical contribution presented in this work con-
sists of a semiempirical MO study of the potential energy
space of an ensemble of propargylic (A) and enolate (B)
carbanions (Scheme 1). The evolution of allenic or spiro de-
rivatives, as well as the stereochemistry of the compounds
formed, will be discussed. For this purpose, the AM1 and
PM3 methods implemented in the Hyperchem 7.5 package
(see Expt. Sect. for computational details) were utilized.[11]

Results and Discussion

The acetylenic ω-keto esters 1–4 were synthesized start-
ing from the corresponding N,N-dimethylhydrazones using
our previously developed reaction sequence (Scheme 2).[3b]

We decided to study in detail the reactivity of these com-
pounds towards tetra-n-butylammonium fluoride (TBAF),
whose behavior as a relatively strong base is well-documen-
ted.[12] First, we observed that no reaction took place when
TBAF was used in a catalytic amount. In order to promote
reaction, the use of stoichiometric quantities of TBAF
proved necessary. Reactions were performed at room tem-
perature (ca. 25°C) and the reaction time was modified for
each experiment in order to gain valuable information
about the reaction kinetics.

Starting from the acetylenic ω-keto ester 1, we noticed
that the spiro derivative 5 (as a mixture of 5a, 5b, and 5c

Scheme 2.
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isomers) was formed as the main compound. Compound 6
was formed from 5 by increasing the reaction time
(Table 1).

Despite the high percentage of starting material 1 reco-
vered after 5 min (Entry 1), this was the optimal reaction
time for the production of spiro derivative 5. Nevertheless,
if our target is to obtain the polyfunctionalized ester 6, the
reaction time must be increased. Thus, after 48 h (Entry 4),
compound 6 was isolated as the main product (ca. 50%
yield) and results from the addition of a water molecule
onto the carbonyl group, followed by a ring-opening reac-
tion (Scheme 3).

When the length of the spacer between the cyclopenta-
none moiety and the electrophilic triple bond was increased
by one carbon–carbon bond, the spiro derivative 7 (a mix-
ture of the 7a, 7b, and 7c isomers) and the bicyclic allene 8
[a mixture of 8a and 8b isomers with a cis ring junction as
ascertained by NMR spectroscopy (NOESY experiments)]
[3a] were formed as the major products. These compounds
were isolated in approximately the same ratio when the re-
action time was increased from 5 to 30 min (Table 2).

This means that there is no interconversion between
these spirocyclic and allenic forms. However, by increasing
the reaction time, allenic derivative 8 was completely trans-
formed into the β-keto ester 9. The latter probably results
from the intramolecular addition of the corresponding alk-
oxide onto the central carbon of the electrophilic allene,
affording a highly strained oxete ring, which evolves
through a ring-opening process to give the β-keto ester 9
(Scheme 4).

By replacing the cyclopentanone ring by a cyclohexa-
none ring in the starting acetylenic ω-keto ester (com-
pounds 3 and 4), we observed that either the allene deriva-
tive 10 (mixture of isomers 10a and 10b) was formed as the
major product along with the spiro derivatives 11, or the
unique compound 12, depending on the length of the
spacer (m value) (Table 3).

Note that the cis or trans diastereoselectivity observed in
the formation of the bicyclic allenes 10 and 12 depends on
the m value. The structures of these compounds were unam-
biguously secured by X-ray diffraction.[13]

In summary, the reactions of the acetylenic ω-keto esters
1–4 with TBAF generated two major products: spiro com-
pounds 5, 7, and 11, and allene compounds 8, 10, and 12.
Compounds 6 and 9 result from a subsequent transforma-
tion of the initial “primary” adducts, that is, of the spiro
and allene derivatives, respectively (Scheme 3 and
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Scheme 3.

Scheme 4.

Table 1. Reaction of acetylenic ω-keto ester 1 with TBAF.

Entry Reaction time Yield of 5a, 5b, and 5c [%][a] Yield of 6 [%] Yield of 1 [%][b]

1 5 min 56 – 39
2 30 min 45 8 –
3 3 h 30 min 39 36 –
4 48 h 22 49 –

[a] The 5a, 5b, and 5c ratio (1:0.5:0.36) was only determined after 30 min. [b] Recovered starting material.

Table 2. Reaction of acetylenic ω-keto ester 2 with TBAF.

Entry Reaction time Yield of 7a, 7b, and 7c [%][a] Yield of 8a and 8b [%] Yield of other [%]

1 5 min 40 35 7[b]

2 30 min 55 43 –
3 3 h 30 min 30 – 44[c]

4 48 h[d] – – –

[a] The 7a, 7b, and 7c ratio (1:0.14:0.06) was only determined after 30 min. [b] Recovered starting material (2). [c] Compound 9 (Scheme 4).
[d] Decomposition occurred.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 4346–43584348
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Table 3. Reaction of acetylenic ω-keto esters 3 and 4 with TBAF.

m value Reaction time Yield of 10a + 10b [%] Yield of 11a + 11b [%] Yield of 12a + 12b [%] Yield of other [%]

1 5 min 45 15 – 25[a]

30 min 59 15 – –
4 h[b] – – – –

2 5 min – – 50 50[c]

30 min – – 70 20[c]

4 h – – 45 20[c]

[a] Recovered starting material 3. [b] Decomposition occurred. [c] Recovered starting material 4.

Scheme 5.

Scheme 4). Thus, TBAF can remove either one of two pro-
tons. 1) A propargylic proton leading to carbanion A which
undergoes intramolecular addition onto the carbonyl car-
bon to give the alkoxide A1. The allene derivatives 8, 10,
and 12 were then isolated by prototropy A1 � A2 (upper
line in Scheme 5). 2) A hydrogen atom located in the posi-
tion α to the carbonyl group in order to give carbanion
B, which evolves through an intramolecular Michael-type
addition to afford the spiro derivatives 5, 7, and 11 (middle
line in Scheme 5).

Of course, an intramolecular process could also be in-
volved. For instance, carbanion B could result directly from
carbanion A by intramolecular hydrogen transfer or vice
versa (lower line in Scheme 5).

Thus, it seems quite clear that the structures of the pro-
ducts obtained depend on the cycloalkanone ring size (n
value), the length of the spacer (m value), and the reaction
time. By combining these variables, we can synthesize a rel-
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atively wide range of new polyfunctionalized bicyclic com-
pounds (Scheme 6).

Scheme 6.

Moreover, due to the fact that the structures of interest
were formed within only five minutes, and taking into ac-
count the fact that only allenic or spiro structures were gen-
erated in situ, we can conclude that i. the reaction takes
place under kinetic control, ii. the two kinds of products
(allenic or spiro derivatives) are not interconvertible, that
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is, the A1 &rlhar2 B1 equilibrium does not exist, and iii. a
relationship exists between the combined m and n values
and the major product formed.

In addition, it should be mentioned that we were unable
to isolate the acetylenic derivatives represented as carban-
ion A1 because they evolve towards the allenic form A2,
which is expected to be less stable.

In order to clarify these different points, we carried out
an extensive semiempirical study.

Semiempirical MO Study

For this study, we focussed our attention on acetylenic
ω-keto esters 1 and 4 which generate a single class of deriva-
tive. We considered that three different carbanions (A, B,
and C) could be formed in each case, which will be referred
to as 1A–C and 4A–C, depending on the starting com-
pound and the type of carbanion formed. In the A-type
carbanions of compound 4 (cyclohexanone ring), the alky-
nyl chain may be present in either an equatorial or an axial
position,[14] corresponding, respectively, to isomers 4Aeq

and 4Aax (Scheme 7).

Scheme 7.

In order to obtain energy minima for all the species, we
first carried out a systematic conformational analysis em-
ploying the AM1 method. Next, the geometries were opti-
mized by performing PM3 calculations. In all cases we in-
variably found that the A-type anions were the most stable.
There are two main reasons for this particularly effective
stabilization. First, A-type carbanions have the most ex-
tended charge delocalization. Secondly, the greater the
charge delocalization, the greater the number of possible
attractive intramolecular interactions with hydrogen atoms.
Similarly, the resonant structure of B-type carbanions,
which has a more substituted C=C double bond, is thermo-
dynamically more stable than the C-type anions. The latter
are relatively high in energy from a thermodynamic point-
of-view and we did not detect any compounds derived from
them (i.e. functionalized bridged bicyclic systems). This evi-
dence led us to discard them from this study. In the same
way, the axial conformers of A-type carbanions are, in gene-
ral, slightly more stable than the corresponding equatorial
conformers. This is essentially due to the fact that an axial

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 4346–43584350

disposition of the chain provides a greater number of nega-
tive charge–hydrogen-stabilizing interactions (Table 4).

Table 4. AM1- and PM3-calculated relative energies of carbanions
A, B, and C for compounds 1 and 4.[a]

PM3 energyEntry Anion AM1 energy [kcalmol–1] [kcalmol–1]

1 1A 0 0
2 1B +5.4 +2.2
3 1C +12.5 +6.2
4 4Aax 0 0
5 4Aeq +2.4 +1.0
6 4B +6.1 +0.6
7 4C +11.4 +11.1

[a] See Scheme 1 within the Supporting Information for a graphical
representation of the energies with respect to the reaction coordi-
nate.

Note that carbanions A and B have very similar energies
according to the PM3 calculations. Although B anions can
be obtained directly by the reaction of TBAF with the start-
ing materials, the most stable conformations of anions A
and B are related by a hydrogen atom that can easily be
transferred between the two centres of negative charge. In-
deed, it can be seen that these hydrogen atoms are close
enough (2.646 and 2.847 Å, respectively) to allow this trans-
fer process (Figure 1).[15]

PM3 calculations show that this hydrogen-transfer pro-
cess occurs with a low activation energy, as well as there
being small energy differences between the A and B carban-
ions. This led us to presume that both carbanions are prob-
ably involved in a dynamic equilibrium (Scheme 6, Table 5).
Conversely, Tables 4 and 5 show that AM1 calculations give
particularly high energies for these systems.

Note that hydrogen transfer is much more likely for com-
pound 4. This means that a six-membered transition state
is preferred for this process. In addition, the chain in carb-
anion 4A can have either an equatorial or an axial confor-
mation. The results demonstrate, however, that the transfer
process in an axial conformation is particularly unstable rel-
ative to that in an equatorial position (ca. 3–4.5 kcalmol–1).
In fact, in the transition state the system changes to a boat
conformation in order to obtain an equatorial position for
the chain. Therefore, the chain must be in an equatorial
position in the starting carbanion (4A) in order to optimize
the hydrogen-transfer process (Figure 2). Note also that en-
ergy values obtained from AM1 calculations are signifi-
cantly higher than those obtained by PM3 calculations.[16]

Allenic versus Spiro Pathways

In the formation of allenic derivatives, the diastereoselec-
tivity of the bicycle formation must be considered. Indeed,
carbanion A could attack the carbonyl carbon atom either
on the α-face (cis addition) or on the β-face (trans addition)
(Scheme 8).

Another difference should be highlighted. Formation of
the allenic derivative implies a two-step process: 1) forma-
tion of the A1-type carbanion and 2) hydrogen transfer to
give the A2-type carbanion. For the spiro compounds only
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Figure 1. PM3 representations of the most stable conformers of anions 1A and 1B, and the transition state for hydrogen transfer (1A-B
TS) between them.

Table 5. Activation energy for the prototropy between anions A and
B.[a]

Activation energy for the A �
Species Method B hydrogen transfer[b]

[kcalmol–1]

1A-B TS AM1 +18.6
PM3 +8.9

4Aeq-B TS[c] AM1 +13.8 (+11.4)
PM3 +4.8 (+3.8)

4Aax-B TS[d] AM1 +15.8
PM3 +7.0

[a] See Scheme 1 within the Supporting Information for a graphical
representation of the energies with respect to the reaction coordi-
nate. [b] The energies are given relative to those of compounds 1
and 4 (zero energy) in Table 4. [c] Activation energy for the equato-
rial conformer. The energy values given in brackets are given rela-
tive to the energy of 4Aeq, the zero reference. [d] Activation energy
for the axial conformer. In the transition state, the chain is no
longer in an axial position but the system changes to a boat confor-
mation.

Figure 2. PM3 six-membered transition states for the 4Aeq and
4Aax � 4B hydrogen transfer.

one step is required: the formation of the B1-type anion (see
Scheme 5).

Compound 1 (n = m = 1)

Table 6 summarizes the energy values of the first step in
the synthesis of allenic and spiro derivatives from 1 (forma-
tion of A1 and B1 carbanions, respectively). In both cases
this step corresponds to the generation of a new C–C bond.

Eur. J. Org. Chem. 2005, 4346–4358 www.eurjoc.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4351

From Table 6 the following conclusions can be deduced.
First, the allenic derivatives are undoubtedly formed
through a cis addition process (Entries 2 and 3). This is not
surprising since diquinanes are mostly characterized by a
cis ring junction. The trans ring junction leads to highly
strained compounds (Figure 3). However, if we take into
account the relative energies of 1A and 1B (Table 4), the
absolute energies of the corresponding transition states (En-
tries 2 and 9) determined by AM1 calculations are approxi-
mately the same. This is a consequence of the large differ-
ence in the energies of the parent carbanions (1A and 1B,
respectively) found by this semiempirical method and shows
that treatment by the AM1 method is inadequate for this
particular chemical problem. From PM3 calculations these
carbanions have a more similar energy and therefore the
spiro pathway is always favored, as found experimentally.
Nevertheless, even if the energy difference between both
transition states is similar, the rate conversion in each case
is considerably different. Thus, at the beginning, molecules
have different choices: 1A can be transformed into 1B, 1A
can be transformed into 1A1cis, 1B can be transformed
back to 1A, and 1B can be transformed into 1B1. Statistic-
ally it seems clear that for the majority of the time 1A is
transformed into 1B and vice versa because they have the
most favorable activation energy (8.9 kcalmol–1according
to PM3). In fact, 1B will be converted faster into 1A be-
cause the activation energy for the process 1B � 1A is only
6.7 kcalmol–1 (Table 4).

Thus, owing to the low energy barrier for the 1A � 1B
transformation we find at any given moment an appreciable
population of 1B in solution. Moreover, one must remem-
ber that 1B can be formed in solution by direct reaction
with TBAF, as we have suggested before, and this is proba-
bly the main source of 1B. Therefore, both species are pres-
ent in solution and will be transformed independently into
1A1cis or 1B1, respectively, depending on their correspond-
ing activation energies (Table 6). In addition, the more reac-
tive species in solution (namely the 1B anion) has the most
favorable activation energy (by several kcalmol–1) to pro-
ceed along the reaction coordinate. This vision is strongly
supported if the reaction occurs under kinetic control, as
supported by the experimental data (see Table 1), and also
applies to compound 4, which is studied in the next section.
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Scheme 8.

Table 6. Energies of the carbanions 1A, 1A1, and 1A2 (considering the cis/trans addition modes), 1B, 1B1, and the corresponding transition
states. Allenic versus spiro compounds.[a]

Series Entry Anion AM1 energy [kcalmol–1] PM3 energy [kcalmol–1]

Allenic 1 1A 0 0
2 1Acis TS +16.4 +14.6
3 1Atrans TS +34.2 +30.9
4 1A1cis +13.7 +12.1
5 1A1trans +30.6 +28.3
6 1A2cis –9.7 –7.1
7 1A2trans +8.3 +10.4

Spiro 8 1B 0 0
9 1B TS +11.7 +11.1
10 1B1 –12.5 –15.1

[a] See Scheme 2 within the Supporting Information for a graphical representation of the energies with respect to the reaction coordinate.

Figure 3. PM3 transition states for the 1A � 1A1 and 1B � 1B1 transformations.

Compound 4 (n = m = 2)

The energy values of the first step (C–C bond formation)
in the synthesis of allenic and spiro derivatives from 4 are
summarized in Table 7.

In contrast to the previous case (m = n = 1), note
that PM3 calculations show that the formation of allenic
derivatives is kinetically preferred (ca. 5 kcalmol–1) over
that of the spiro compound (Entries 5 and 13). However,
the AM1 method gives approximately the same energies
for both transition states (A � A1 and B � B1) (Fig-
ure 4). The energy difference between 4A1transeq and
4A2transeq explains why the former compound was never
isolated. The reaction always progresses toward allene for-
mation. This significant energy difference can be ex-
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plained by taking two factors into account: first, the
delocalization of the negative charge in the allene system
(4A2transeq) is much more important than the more
localized charge in the alkoxide (4A1transeq) and secondly,
the exocyclic allene derivative (sp2-hybridized carbon) is
less strained than the acetylenic side-chain (sp3-hybridized
carbon).[18] Moreover, activation energies indicate that
trans diastereoselectivity would be expected for decalin
skeleton formation (Entries 5 and 4), as found experimen-
tally.

In order to explain the formation of the allenic deriva-
tives it is also necessary to calculate the transition-state en-
ergy of the second step, that is, the 4A1transeq � 4A2transeq

conversion.
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Table 7. Energy values for carbanions 4A, 4A1, and 4A2 considering the cis/trans addition, 4B, 4B1, and the corresponding transition
states.[16] Allenic vs. spiro compounds.[a]

Series Entry Anion AM1 energy [kcalmol–1] PM3 energy [kcalmol–1]

Allenic 1 4Aax 0 0
2 4Aeq +2.4 +1.0
3 4Acisax TS +19.1 +19.3
4 4Aciseq TS +17.4 +18.9
5 4Atranseq TS[b] +14.8 +15.3
6 4A1cisax +15.0 +14.3
7 4A1ciseq +12.7 +12.4
8 4A1transeq

[b] +10.8 +12.1
9 4A2cisax –8.6 –3.8
10 4A2ciseq –11.4 –6.2
11 4A2transeq

[b] –12.2 –5.6
Spiro 12 4B 0 0

13 4B TS +14.1 +20.4
14 4B1 –13.3 –13.2

[a] See Scheme 3 within the Supporting Information for a graphical representation of the energies with respect to the reaction coordinate.
[b] The trans-axial isomer (4A1transax) is geometrically impossible.

Figure 4. PM3 transition states for the 4A � 4A1 and 4B � 4B1
transformations.

The 4A1transeq � 4A2transeq Transformation

From the results displayed in Tables 6 and 7 it can be
seen that the energy of A1 lies about 10 kcalmol–1 above
that of the starting material (A carbanion). The “normal”
evolution of the A1 carbanion would be to undergo pro-
totropy to give carbanion A2. This process can take place
directly by transfer of the chain’s base hydrogen to the al-
ready formed alkoxide, which implies the formation of a
four-membered transition state (4A1transeq TS) (Table 8).

Since this transition state connects two atoms with an
axial/equatorial relative configuration, a large deformation
of the natural angles is found (132° for a sp3 carbon!), as
depicted in Figure 5. This is the main reason for the high
activation energies calculated for this process.

Eur. J. Org. Chem. 2005, 4346–4358 www.eurjoc.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4353

Table 8. Energies of the direct 4A1transeq � 4A2transeq hydrogen-
transfer process.[a]

Hydogen AM1 energy PM3 energyAniontransfer [kcalmol–1] [kcalmol–1]

Direct 4A1transeq 0 0
4A1transeq TS +33.8 +27.0
4A2transeq –23.0 –17.8

[a] See Scheme 3 within the Supporting Information for a graphical
representation of the energies with respect to the reaction coordi-
nate. This direct hydrogen transfer can take place only if there is a
cis relative configuration between the bridge-head oxo anion and
the propargylic hydrogen. This means that the side-chain must be
in an axial position.[17]

Therefore, according to these observations, the spiro
compounds should once again be the major products, in
contrast to the experimental results, which show the forma-
tion of only allenic derivatives.

One possible way to achieve this is to diminish the strain
energy by avoiding the formation of the four-membered
transition state. Thus, it should be noted that the formation
of the A carbanions induced by TBAF is accompanied by
the generation of a hydrogen fluoride (HF) molecule. By
studying the role of this species, we have found that, indeed,
HF is able to catalyze this hydrogen transfer.

The catalytic effect of the HF molecule can be seen from
the data in Table 9. The presence of HF dramatically lowers
the activation energy for the hydrogen-transfer process from
ca. 27 (Table 8) to ca. 15 kcalmol–1. The proposed mecha-
nism for this process is depicted in Scheme 9.

We suggest that HF can interact with the alkoxide
4A1transeq through the formation of two hydrogen-like
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Figure 5. Transition state for direct hydrogen transfer in compound
4.

Table 9. Energies of the HF-catalyzed 4A1transeq � 4A2transeq hy-
drogen-transfer process.[a]

H-Transfer Anion PM3 energy [kcalmol–1]

HF-Catalyzed 4A1transeq-HF 0
4A1transeq-HF TS1 +15.0
E1act +15.0
4A1transeq-HF inter +8.7
4A1transeq-HF TS2 +9.1
E2act +0.4
4A2transeq-HF –7.9

[a] See Scheme 4 within the Supporting Information for a graphical
representation of the energies with respect to the reaction coordi-
nate. For this case, only the PM3 method can properly treat the
presence of the fluorine atom.

Scheme 9.
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bonds. According to PM3 calculations, hydrogen transfer
occurs by a two-step mechanism that involves the genera-
tion of two six-membered transition states, in contrast to
the “direct” transfer in which a four-membered transition
state was required. The first step of this mechanism
(4A1transeq-HF � 4A1transeq-HF inter) involves the proton-
ation of the alkoxide anion by breaking the HF bond.
Then, the generated fluoride anion picks up the propargylic
hydrogen atom (4A1transeq-HF inter � 4A2transeq-HF) to
finally afford the corresponding allene derivative.

Nevertheless, in order for the A � A1 and B � B1 trans-
formations to have comparable energies, it is necessary to
recalculate their energies in the presence of HF. These val-
ues are collected in Table 10.

Table 10. Energies of the anions 4Aax, 4A1transeq, 4B, 4B1, and the
corresponding transition states. Allenic versus spiro compounds in
the presence of HF.[a]

Series Anion PM3 energy [kcalmol–1]

Allenic 4Aax-HF 0
4Atranseq-HF TS +16.3
4A1transeq-HF +5.3

Spiro 4B-HF 0
4B-HF TS +22.2
4B1-HF –12.6

[a] See Schemes 4 and 5 within the Supporting Information for a
graphical representation of the energies with respect to the reaction
coordinate.

Compound 4A1transeq-HF lies ca. 5 kcalmol–1 above the
starting material. This means that the presence of HF
greatly stabilizes the intermediate 4A1transeq, which was ca.
12 kcalmol–1 above 4A in the absence of HF (Table 7, En-
try 8). It has been shown (Table 9) that the activation en-
ergy for hydrogen transfer in this intermediate is ca.
15 kcalmol–1 (4Atranseq-HF TS), and therefore this transi-
tion state is ca. 20 kcalmol–1 above 4A. This process is the
most energy-demanding in the allenic pathway. However,
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the transition state for the 4B-HF � 4B1-HF transforma-
tion is 22 kcalmol–1 above the starting material, showing
that the presence of HF favors the allenic pathway, in ac-
cord with the experimental results. Of course, 2 kcalmol–1

in the correct sense (that is to say, in agreement with the
experimental results) is not a big difference in energy, but it
is necessary to recognize that in the absence of the HF
molecule this value was much higher in the opposite sense.
Therefore, we can say that a drastic change in the reaction
preference has taken place, and 2 kcalmol–1 becomes a sig-
nificant amount for this particular problem.

Compound 1 (n = m = 1) Revisited

Owing to the large effect of HF on the energies calcu-
lated for the transformations of compound 4, it is also nec-
essary to consider the effect of HF on the transformations
of carbanion 1. In this case, more significant differences
were obtained in the presence of HF, as can be seen in
Table 11.

Table 11. Energies of the anions 1A, 1A1cis, 1B, 1B1, and the corre-
sponding transition states. Allenic versus spiro compounds in the
presence of HF.[a]

Series Anion PM3 energy [kcalmol–1]

Allenic 1A-HF 0
1Acis-HF TS +12.8
1A1cis-HF +4.3
1A1cis-HF TS1 +19.4
E1act +15.1[b]

1A1cis-HF inter +13.5
1A1cis-HF TS2 +13.8
E2act +0.2
1A2cis-HF –6.5

Spiro 1B-HF 0[c]

1B-HF TS +15.1
1B1-HF –18.7

[a] See Schemes 6 and 7 within the Supporting Information for a
graphical representation of the energies with respect to the reaction
coordinate. [b] The activation energy for the non-HF-catalyzed pro-
cess (1A1cis TS species) is 21.4 kcalmol–1 (PM3). See Scheme 2 in
the Supporting Information. [c] The 1B-HF structure is only
0.6 kcalmol–1 more stable than the 1A-HF isomer according to the
PM3 calculations.

In this case, compound 1A1cis-HF is only ca. 4 kcalmol–1

above the starting material, and the hydrogen transfer pro-
cess in this intermediate has an activation energy of ca.
15 kcalmol–1 (therefore the transitions state is ca.
19 kcalmol–1 above 1A). However, for the 1B-HF � 1B1-
HF transformation, the activation energy is ca.
15 kcalmol–1. Thus, the expected product is the spiro deriv-
ative, in accord with the experimental results, and in line
with previous calculations (Table 6).

We have analyzed proton transfer in other species. For
instance, it is known that commercial TBAF contains a
small amount of water. Thus, calculations carried out with
water as a catalyst (instead of HF) showed similar behavior,
but the activation energies are slightly higher. Other calcula-
tions have been carried out involving both water and HF,
but the best results were obtained when only HF molecules
were considered. Evidently, in solution, there are almost in-
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finite possibilities, but we think that the most probable is
the easiest, and once the fluoride anion picks up a hydrogen
atom, the HF species then formed remains in the neighbor-
hood of the anion because of strong electrostatic interac-
tions between the anion and the HF molecule. Secondly,
the fluoride atom in HF needs to be surrounded by the
maximum number of hydrogen atoms in order to be stabi-
lized. It seems normal that a very small molecule like HF,
with strong interactions with the molecules under study and
in the proximity of the reaction centre, can participate more
easily, catalyzing the process. Furthermore, treatment of
these molecules with other bases such as NaH, K2CO3, Na-
OEt, tBuOK, did not afford any allene derivatives.[3] This
probably means that the presence of HF is absolutely neces-
sary.

Conclusions

The synthesis of allenic or spiro derivatives from acetyle-
nic ω-keto esters can be modulated by changing the ring
size (n value), the chain length (m value), or the reaction
time. Compounds 1 and 4 have been shown to be suitable
starting materials because only one type of product was
formed (spiro or allenic derivatives) from them. On the
other hand, with regard to the products observed, no evi-
dence for allene–spiro interconversion has been found.
Thus, it is clear that the reactions take place under kinetic
control. In order to justify the complex behavior of these
kinds of products, a semiempirical study was carried out
to account for the products formed in each case and the
stereochemistry of the bicyclic system generated in the case
of the allenic derivatives. In all cases (allenic or spiro), an
intramolecular reaction between the frontier orbitals of A
(for allenic derivatives) or B (for spiro compounds) occurs.
The activation energy of this process varies as a function of
both the size of the cycloalkanone moiety and the chain
length. A correct explanation for the whole process can be
obtained from PM3 calculations and involves an HF-cata-
lyzed reaction that is very important for compound 4. In
addition, from a qualitative point-of-view, an excellent cor-
relation between the experimental results and the theoreti-
cal calculations has been found. For compound 4, good
agreement with the experimental results is found only if we
consider that kinetic control (activation energies) governs
the reaction.

Experimental Section
General Remarks: Reactions were carried out under argon with
magnetic stirring and by using degassed solvents. Et2O and THF
were distilled from Na/benzophenone. Thin-layer chromatography
(TLC) was carried out on silica gel plates and the spots were visual-
ized under a UV lamp (254 or 365 nm) and/or sprayed with a solu-
tion of vanillin (25 g) in EtOH/H2SO4 (98:2; 1 L) or with phos-
phomolybdic acid followed by heating on a hot plate. For column
chromatography, silica gel (40–60 μm) was used. Melting points
(m.p.) were measured on a hot stage apparatus. IR spectra were
recorded as CCl4 solutions. 1H NMR spectra were recorded at 200
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or 300 MHz and 13C NMR spectra at 50 or 75 MHz using the
signal of the residual nondeuteriated solvent as the internal refer-
ence. Significant 1H NMR spectroscopic data are tabulated in the
following order: chemical shift (δ) expressed in ppm, multiplicity (s,
singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet), coupling
constants J in Hertz, number of protons. The ratios of compounds
indicated below were calculated from the NMR integrations.

General Procedure for the Treatment of Compounds 1–4 with TBAF:
TBAF [1 m solution in THF (1.1 equiv.)] was added to a stirred
solution of acetylenic ω-keto esters (1 equiv., 0.4 mmol) in dry THF
(5 mL) at room temperature. The yellow solution was stirred at
the specified temperature for 30 min, hydrolyzed with a saturated
aqueous NH4Cl solution (10 mL), washed with water (3×10 mL),
and extracted with Et2O (2×10 mL). The organic layers were then
washed with a saturated NaCl solution (10 mL), dried with
MgSO4, filtered, and concentrated under reduced pressure (15 Torr,
25 °C). The residue was purified by chromatography on a silica gel
column (15 g SiO2; ethyl acetate/hexane, 1:99 to 15:85) to afford
the different products formed.

Compound 1: Colorless oil. IR (CCl4): ν̃ = 2240, 1714 cm–1. 1H
NMR (200 MHz, CDCl3, 25 °C): δ = 1.30 (t, J = 7.1 Hz, 3 H),
1.38–188 (m, 8 H), 2.00–2.33 (m, 3 H), 2.34 (t, J = 7.3 Hz, 2 H),
4.22 (q, J = 7.1 Hz, 2 H) ppm. 13C NMR (50 MHz, CDCl3, 25 °C):
δ = 14.1, 18.8, 20.8, 25.7, 29.1, 29.7, 38.1, 48.7, 61.8, 73.5, 88.7,
153.8, 220.7 ppm. C13H18O3 (222.28): C 70.24, H 8.16, O 21.59;
found C 70.01, H 8.22.

Compound 2: Colorless oil. IR (CCl4): ν̃ = 2239, 1742, 1714 cm–1.
1H NMR (200 MHz, CDCl3, 25 °C): δ = 1.30 (t, J = 7.1 Hz, 3 H),
1.15–2.30 (m, 11 H), 2.34 (t, J = 6.8 Hz, 2 H), 4.21 (q, J = 7.1 Hz,
2 H) ppm. 13C NMR (50 MHz, CDCl3, 25 °C): δ = 13.9, 18.4, 20.7,
26.8, 27.6, 29.3, 29.5, 37.7, 48.5, 61.4, 74.2, 88.6, 153.7, 217.5 ppm.
C14H20O3 (236.31): C 71.16, H 8.53, O 21.31; found C 71.17, H
8.66.

Compound 3: Colorless oil. IR (CCl4): ν̃ = 2239, 1712 cm-1. 1H
NMR (300 MHz, CDCl3, 25 °C): δ = 1.24 (t, J = 7.1 Hz), 1.25–
1.40 (m, 3 H), 1.45–1.70 (m, 6 H), 1.71–1.90 (m, 2 H), 1.91–2.10
(m, 2 H), 2.28 (td, J = 1.5, 7.2 Hz, 2 H), 4.14 (q, J = 7.1 Hz, 2
H) ppm. 13C NMR (75 MHz, CDCl3, 25 °C): δ = 14.1, 18.8, 24.9,
25.3, 27.9, 28.7, 33.9, 40.0, 50.1, 61.6, 73.2, 88.9, 153.7, 212.6 ppm.
C14H20O3 (236.31): C 71.16, H 8.53, O 21.31; found C 71.19, H
8.66.

Compound 4: Colorless oil. IR (CCl4): ν̃ = 2240, 1714 cm–1. 1H
NMR (300 MHz, CDCl3, 25 °C): δ = 1.27 (t, J = 7.1 Hz), 1.35–
2.25 (m, 15 H), 2.32 (t, J = 7.1 Hz), 4.18 (q, J = 7.1 Hz, 2 H) ppm.
13C NMR (75 MHz, CDCl3, 25 °C): δ = 14.0, 18.5, 24.9, 26.4, 27.6,
27.99, 28.7, 33.9, 42.0, 50.5, 61.7, 73.2, 89.1, 153.8, 213.1 ppm.
C15H22O3 (250.34): C 71.97, H 8.86, O 19.17; found C 72.03, H
9.00.

Spiro Ketones 5: Spiro ketones 5a and 5b (mixture, as a colorless
oil) were not separated. IR (mixture 5a + 5b, CCl4): ν̃ = 1742, 1714,
1652 cm–1. C13H18O3 (222.28) (mixture 5a + 5b): C 70.24, H 8.16,
O 21.59; found C 70.20, H 8.32.

Spiro Ketone 5a: 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.22 (t,
J = 7.1 Hz, 3 H), 1.55–2.15 (m, 8 H), 2.20–2.45 (m, 2 H), 2.50–
2.60 (m, 1 H), 2.85–3.00 (m, 1 H), 4.03 (qd, J = 2.2, 7.1 Hz, 2 H),
5.50 (t, J = 2.5 Hz) ppm. 13C NMR (75 MHz, CDCl3, 25 °C): δ =
14.2, 19.5, 23.5, 33.5, 36.8, 38.2, 38.3, 59.7, 62.5, 113.0, 166.4,
170.5, 219.6 ppm.

Spiro Ketone 5b: 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.18 (t,
J = 7.1 Hz, 3 H), 1.55–2.15 (m, 8 H), 2.20–2.45 (m, 2 H), 2.85–
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3.00 (m, 2 H), 4.10 (q, J = 7.1 Hz, 2 H), 5.85 (t, J = 1.9 Hz, 1
H) ppm. 13C NMR (75 MHz, CDCl3, 25 °C): δ = 14.2, 20.3, 23.2,
36.3, 37.2, 37.4, 39.0, 59.6, 60.9, 112.71, 165.58, 168.82,
219.28 ppm.

Spiro Ketone 5c: Colorless oil. IR (CCl4): ν̃ = 1712, 1650 cm–1. 1H
NMR (300 MHz, CDCl3, 25 °C): δ = 1.23 (t, J = 7.1 Hz, 3 H),
1.35–2.15 (m, 7 H), 2.25–2.45 (m, 3 H), 2.94 (ABXYZ, JAB = 15.3,
JAX = JAY = JAZ = 1.4, JBX = JBY = JBZ = 2.1 Hz, δA = 2.88, δB

= 3.00, 2 H), 4.09 (q, J = 7.1 Hz, 2 H), 5.88 (m, 1 H) ppm. 13C
NMR (75 MHz, CDCl3, 25 °C): δ = 14.1, 19.9, 30.0, 34.2, 34.3,
36.9, 37.4, 61.0, 64.2, 132.9, 136.6, 171.0, 221.0 ppm. C13H18O3

(222.28): C 70.24, H 8.16, O 21.59; found C 70.18, H 8.12.

Compound 6: Colorless oil. IR (CCl4): ν̃ = 3500, 2959, 1739,
1652 cm–1. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.23 (t, J =
7.1 Hz, 3 H), 1.72 (q, J = 7.3 Hz, 2 H), 1.78 (quint., J = 7.1 Hz, 2
H), 1.85–2.05 (m, 2 H), 2.13 (t, J = 7.3 Hz, 2 H), 2.29 (t, J =
7.5 Hz, 2 H), 3.04 (s, 1 H), 4.10 (q, J = 7.1 Hz, 2 H) ppm. 13C
NMR (75 MHz, CDCl3, 25 °C): δ = 14.1, 22.8, 23.4, 27.6, 33.3,
34.4, 35.4, 36.3, 60.5, 129.1, 138.1, 171.6, 177.0 ppm. C13H20O4

(240.30): C 64.98, H 8.39, O 26.63; found C 65.08, H 8.38.

Spiro Ketone 7a: Colorless oil. IR (CCl4): ν̃ = 1739, 1714,
1635 cm–1. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.22 (t, J =
7.1 Hz, 3 H), 1.35–1.95 (m, 8 H), 2.00–2.40 (m, 5 H), 2.66 (dt, J =
9.7, 18.6 Hz, 1 H), 4.06 (ABX3, JAX = 7.1, JBX = 7.1, JAB =
13.5 Hz, δA = 4.09, δB = 4.09, 2 H), 5.72 (s, 1 H) ppm. 13C NMR
(75 MHz, CDCl3, 25 °C): δ = 14.2, 19.2, 19.6, 23.8, 30.9, 34.2, 34.7,
37.1, 54.8, 59.9, 115.0, 159.1, 166.5, 218.3 ppm. C14H20O3 (236.31):
C 71.16, H 8.53, O 20.31; found C 71.22, H 8.42.

Spiro Ketone 7b: Colorless oil. IR (CCl4): ν̃ = 1739, 1717,
1635 cm–1. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.17 (t, J =
7.1 Hz, 3 H), 1.30–1.55 (m, 3 H), 1.60–1.90 (m, 6 H), 2.10–2.40 (m,
4 H), 3.51 (dt, J = 4.2, 14.0 Hz, 1 H), 4.04 (qd, J = 2.1, 7.1 Hz, 2
H), 5.34 (s, 1 H) ppm. 13C NMR (75 MHz, CDCl3, 25 °C): δ =
14.1, 18.7, 21.8, 26.2, 27.1, 35.2, 35.7, 38.5, 57.0, 59.6, 113.8, 161.4,
166.3, 219.5 ppm. C14H20O3 (236.31): C 71.16, H 8.53, O 20.31;
found C 71.18, H 8.44.

Spiro Ketone 7c: Colorless oil. IR (CCl4): ν̃ = 1750, 1648 cm–1. 1H
NMR (300 MHz, CDCl3, 25 °C): δ = 1.25 (t, J = 7.1 Hz, 3 H),
1.50–2.50 (m, 12 H), 2.82 (AB, JAB = 15.1 Hz, δA = 2.96, δB = 2.68,
2 H), 4.10 (q, J = 7.1 Hz, 2 H), 5.89 (t, J = 3.7 Hz, 1 H) ppm. 13C
NMR (75 MHz, CDCl3, 25 °C): δ = 14.2, 19.2, 19.8, 23.8, 30.9,
34.7, 35.0, 37.1, 54.7, 59.9, 115.0, 159.1, 166.5, 218.3 ppm.
C14H20O3 (236.31): C 71.16, H 8.53, O 20.31; found C 71.30, H
8.62.

Compound 9: Colorless oil. IR (CCl4): ν̃ = 1746, 1682, 1614 cm–1.
1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.24 (t, J = 7.1 Hz, 3 H),
1.35–1.65 (m, 3 H), 1.70–2.05 (m, 5 H), 2.10–2.40 (m, 3 H), 2.45–
2.90 (m, 2 H), 3.54 (AB, JAB = 15.7 Hz, δA = 3.57, δB = 3.51, 2
H), 4.17 (q, J = 7.1 Hz, 2 H) ppm. 13C NMR (75 MHz, CDCl3,
25 °C): δ = 14.1, 22.0, 23.7, 26.0, 27.2, 32.2, 33.1, 45.1, 47.8, 61.0,
127.1, 162.5, 168.1, 194.3 ppm. C14H20O3 (236.31): C 71.16, H 8.53,
O 20.31; found C 71.22, H 8.42.

Allene 10a: Colorless crystals with m.p. 65–66 °C. IR (CCl4): ν̃ =
3601, 1964, 1717 cm–1. 1H NMR (300 MHz, CDCl3, 25 °C): δ =
1.21 (t, J = 7.1 Hz, 3 H), 1.35–1.65 (m, 9 H), 1.80–1.95 (m, 2 H),
2.00–2.15 (m, 1 H), 2.60–2.70 (m, 2 H), 4.11 (ABX3, JAB = 10.8,
JBX = 7.1 Hz, δA = 4.07, δB = 4.15, 2 H), 5.59 (t, J = 4.1 Hz, 1
H) ppm. 13C NMR (75 MHz, CDCl3, 25 °C): δ = 14.1, 23.1, 24.3,
26.4, 28.0, 28.6, 34.4, 47.3, 60.6, 83.3, 90.8, 112.3, 166.1,
207.0 ppm. C14H20O3 (236.31): C 71.16, H 8.53, O 20.31; found C
71.05, H 8.70.
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Allene 10b: Colorless oil. IR (CCl4): ν̃ = 3500, 3392, 1963,
1716 cm–1. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.26 (t, J =
7.1 Hz, 3 H), 1.35–1.70 (m, 10 H), 1.80–2.00 (m, 1 H), 2.05–2.25
(m, 1 H), 2.50–2.70 (m, 1 H), 2.71–2.85 (m, 1 H), 4.16 (q, J =
7.1 Hz, 2 H), 5.69 (t, J = 4 Hz, 1 H) ppm. 13C NMR (75 MHz,
CDCl3, 25 °C): δ = 14.2, 23.6, 24.0, 26.4, 28.1, 28.3, 34.1, 46.8,
60.8, 83.0, 91.0, 113.6, 166.72, 206.78 ppm. C14H20O3 (236.31): C
71.16, H 8.53, O 20.31; found C 71.32, H 8.69.

Spiro Ketone 11a: Colorless oil. IR (CCl4): ν̃ = 1709, 1657 cm–1.
1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.26 (t, J = 7.1 Hz, 3 H),
1.50–1.90 (m, 8 H), 1.95–2.15 (m, 2 H), 2.25–2.65 (m, 2 H), 2.90
(ddd, J = 2.5, 6.7, 7.7 Hz, 2 H), 4.14 (q, J = 7.3 Hz, 2 H), 5.67 (t,
J = 2.5 Hz, 1 H) ppm. 13C NMR (75 MHz, CDCl3, 25 °C): δ =
14.2, 22.1, 22.8, 26.8, 33.0, 37.1, 38.1, 39.1, 59.6, 63.4, 114.3, 166.7,
168.6, 211.0 ppm. C14H20O3 (236.31): C 71.16, H 8.53, O 20.31;
found C 71.13, H 8.48.

Spiro Ketone 11b: Colorless oil. IR (CCl4): ν̃ = 1709, 1739 cm–1.
1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.24 (t, J = 7.1 Hz, 3 H),
1.50–2.15 (m, 8 H), 2.20–2.50 (m, 4 H), 3.04 (ABXYZ, JAX = JAY

= JAZ = 2.0 Hz, 2 H), 4.12 (q, J = 7.1 Hz, 2 H), 5.77 (dddd, J =
4.4, 1.3, 2.3, 3.6 Hz, 1 H) ppm. 13C NMR (75 MHz, CDCl3, 25 °C):
δ = 14.1, 22.1, 26.4, 29.7, 34.3, 35.6, 35.8, 39.6, 60.5, 64.6, 130.3,
138.2, 171.7, 213.2 ppm. C14H20O3 (236.31): C 71.16, H 8.53, O
20.31; found C 71.21, H 8.65.

The spectroscopic data for the allene derivatives 8a, 8b and 12a,
12b have already been reported.[3a]

Computational Details: The computational study was performed by
means of AM1 and PM3 semiempirical MO methods implemented
in the HyperchemTM 7.5 package. Close-shell type calculations
(RHF) were carried out, unless otherwise indicated, using the Po-
lak–Ribiere optimization algorithm, except for the transition states
for which an eigenvector-following algorithm was employed. Con-
vergence limits for geometry optimization were fixed at
0.01 kcalÅ–1 mol–1 (RMS gradient). The limit for the iterative SCF
calculations was fixed at 0.001 kcalmol–1. Transition states were
evaluated from estimated initial geometries using a transition-state
search implemented in the HyperchemTM 7.5 package by means of
a trial-and-error sequence. This transition state is characterized by
its unique negative frequency. Geometries for all the starting carb-
anions were obtained after a systematic conformational search
using the semiempirical methods mentioned above by changing all
the dihedral angles in ±30° steps for the acyclic torsion variations.
The energies and Cartesian coordinates of all the structures studied
are included in the Supporting Information.
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e) C. Öğretir, S. Yarhgan, H. Berber, T. Arslan, S. Topal, J.
Mol. Model. 2003, 9, 390–394.



A. J. Mota, A. Klein, F. Wendling, A. Dedieu, M. MieschFULL PAPER
[16] Higher level DFT (B3LYP/6-31+G*) calculations were carried

out for the 1A-B hydrogen transfer to test both the accuracy
of semiempirical calculations and the treatment of anions. We
found that this transfer occurs with an activation energy of
+15.3 kcalmol–1, compared with values of +18.6 (AM1) and
+8.9 kcalmol–1 (PM3) found by semiempirical calculations.

[17] The formation of 4A1 derivatives implies the generation of two
diastereomers depending on the axial or equatorial position of
the electrophilic acetylene side-chain after the cyclisation pro-
cess. The energies given in Table 7 for these derivatives corre-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 4346–43584358

spond to the most stable isomer in the transition state. Accord-
ing to PM3 calculations the axial diastereomer is preferred by
ca. 2 kcalmol–1, while AM1 calculations showed a preference
of only ca. 0.6 kcalmol–1 for this conformation.

[18] a) K. B. Wiberg, Angew. Chem. Int. Ed. Engl. 1986, 25, 312–
322; Angew. Chem. 1986, 98, 312–322; b) T. Dudev, C. Lim, J.
Am. Chem. Soc. 1998, 120, 4450–4458.

Received: May 11, 2005
Published Online: September 1, 2005


