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The origins of different stereoselectivities observed experimentally in the alkylations of azulenone
precursors in the guanacastepene A synthesis have been determined through density functional
theory investigations. The optimized transition structures of methylation of two different guanacas-
tepene A precursors show that steric effects, rather than torsional factors that often determine such
stereoselectivities, dictate the preferred products observed.

Introduction

The synthesis of stereochemically complex molecules re-
quires control of the introduction of new stereogenic centers.

The use of asymmetric catalysts to control the stereoselectivity
of alkylations has been of much contemporary interest in this
regard.1 Although catalyst control can give high stereoselec-
tivity, the modification of substrates to control stereoselective
alkylations is also a venerable and useful strategy in synthesis.
Understanding and predicting substrate-controlled stereose-
lective synthesis remains a challenging problem.2 Stereoselec-
tive alkylations have been investigated by computational
methods in a few cases,3 and the role of torsional effects has
been emphasized. Torsional effects control the trajectories
of attack of electrophiles on electron-rich alkenes,4 just as
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manifested fornucleophilic attackon carbonyls in theFelkin-
Anh-Dunitz-B€urgimodel.5 Here we report a computational
study that reveals that steric effects can sometimes override
torsional effects, leading to different stereoselectivities inR- or
β-alkylations of azulenone precursors in the guanacastepene
A synthesis.

In recent attempts to complete the guanacastepene A total
synthesis, opposite stereoselectivities were observed in the
methylations of two rather similar azulenone intermediates
(Scheme 1).6 Enolate A gives the β-methylation product in
72% yield with 9:1 diastereomeric ratio. Enolate B, which
has an additional double bond at the ring junction, affords
the R-methylation product in 98% yield, exclusively. The
methylation stereoselectivity observed for enolate B is con-
sistent with the experimental results reported byDanishefsky
andMehta for a related intermediate.7 In order to determine
the origins of these different stereoselectivities, we explored
these reactions computationally.

Results and Discussion

The energy-minimized geometry of enolate A shown in
Figure 1 was obtained with the B3LYP/6-31G* method.8,9

The cycloheptenolate ring adopts a chair conformation in
the substrate, and the allyl group is rotated down with
respect to the ring. The allyl group can adopt a variety
of other conformations, and the other three minimized

conformers are 0.5, 2.4, and 2.5 kcal/mol higher in energy,
respectively (Supporting Information). The cyclohepteno-
late ring can also adopt a boat conformation in enolate A;
however, the most stable boatlike conformation is less stable
than the chairlike one by 1.6 kcal/mol. As shown in the
Newman projection of enolate A, there is no difference
between torsional effects for attack on the R or β face.

The alkylation transition states for the reaction of methyl
bromide with enolate A were investigated next. Both chair-
like and boatlike conformations of enolate A were consid-
ered in the transition states, and all different conformers with
respect to the rotation of allyl and vinyl groupswere explored
(Supporting Information). For the alkylation on chairlike
enolate A, six different β-attack transition state conformers
were located with relative ΔΔGq values of 0.0, 2.6, 2.7, 3.9,
4.4, and 5.6 kcal/mol, respectively. Six TS structures with
ΔΔGq values of 1.8, 4.2, 4.3, 5.8, 6.1, and 7.5 kcal/mol
were found for the R-attack. The boatlike enolate A was
also considered for the methylation transition states. The
R-attack alkylation gave six transition state conformers
with relative ΔΔGq values of 2.4, 3.8, 4.3, 5.6, 5.7, and
5.8 kcal/mol, respectively. The β-attack transition state
structures also gave six different conformers whose ΔΔGq

are 4.1, 5.7, 6.9, 8.1, 8.3, and 8.6 kcal/mol, respectively
(Supporting Information).

From the energetics of the different transition state con-
formers, the most stable conformers of the transition states
were located to be R/β-alkylation on chairlike enolate A.
They are shown in Figure 2. The best R-methylation transi-
tion structure of enolateA (1r) is 1.8 kcal/mol higher energy
than β-methylation transition state (1β). This value was
lowered to 1.1 kcal/mol by including solvation energies with
the CPCM model10 for methanol. (The solvent used experi-
mentally was HMPA. No solvent model is available for
HMPA, but methanol has a dielectric constant very similar
to that of HMPA.) (Table 1) This value is consistent with the
1:9 R:β product ratios observed experimentally. Careful
inspection of the two transition states suggests that the
R-methylation transition state has no eclipsing (1r0), but
there are significant repulsions between a methyl bromide H
and two homoallylicHs. They are separated by only 2.28 and
2.31 Å, less than the sum of their van derWaals radii (2.4 Å).
However, there is only one H-H steric interaction

SCHEME 1. Routes for the Alkylation of Two Different

Hydroazulenone Intermediates

FIGURE 1. Lowest energy chairlike conformation of enolate A. A
Newman projection viewed from the direction indicated by the blue
arrow is also shown.
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(separated by 2.37 Å) in the β-attack transition structure,
although there is some eclipsing between the forming bond
and the axial CH bond (1β0).

Although torsional control of electrophilic or nucleophilic
attack has been observed in a wide variety of situations,4 it
seems that the steric factors override the torsional effects in
the stereoselective alkylations studied here. The two transi-
tion states are both staggered to a similar extent, but steric
effects differentiate R and β-attack.

The geometry of enolate B was also optimized and is
shown in Figure 3. In contrast with enolate A, the cyclohep-
tadienolate ring adopts the twist-boat conformation in sub-
strate B, and the allyl group is rotated up with respect to the
ring. This conformer has literature precedent.11 The energe-
tically favorable twist-boat conformation of enolate B is
more stable than the chair conformation as a result of the
constraints of the additional double bond at the ring junc-
tion.11b The other three minimized conformers with respect
to the rotation of allyl groups are 0.7, 1.8, and 2.3 kcal/mol

higher in energy, respectively. As shown in the Newman
projection of enolate B, there is no torsional difference for
R or β attack.

Transition states of both R- and β-alkylation with methyl
bromide on enolate B were then located, and all different
rotamerswith respect to the rotation of allyl and vinyl groups
were considered (Supporting Information). Six different
R-alkylation transition state conformers were obtained
with relative ΔΔGq values of 0.0, 1.3, 1.5, 2.5, 2.7, and
4.1 kcal/mol, respectively. For the β-alkylation transition
states, another six different conformers were obtained whose
ΔΔGq are 5.2, 6.8, 7.6, 8.8, 9.1, and 9.9 kcal/mol with respect

FIGURE 2. Transition structures for theR- and β-attack ofmethyl bromide on enolateA. Newman projections, 1r0 or 1β0, are viewed from the
directions indicated by the green arrows.

TABLE 1. Summary of Free Energies of 1r, 1β, 2r, and 2β

G298 (gas) G298 (solvent)
a

ΔGq (1r-1β) 1.8 kcal/mol 1.1 kcal/mol
ΔGq (2β-2r) 5.2 kcal/mol 4.6 kcal/mol

aSolvent correction used the CPCM polarizable conductor calcula-
tion model as implemented in Gaussian 03. For 1r, 1β, methanol was
specified as the solvent (εMeOH= 32.6, while the experimental solvent is
εHMPA = 30). For 2r, 2β, THF was specified as the solvent.

FIGURE 3. Lowest energy conformation of enolate B. The New-
man projection is viewed from the direction indicated by the blue
arrow.
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to the lowest energy R-alkylation transition state. The most
stable transition state conformers are shown in Figure 4. The
R-methylation transition state (2r) is 5.2 kcal/mol more
stable than the corresponding β-methylation transition state
(2β). This value is 4.6 kcal/mol when including solvation
energies (Table 1, THF, CPCM model). This is in an
excellent agreement with the experimental observation that
methylation of enolate B takes place exclusively from the
R-face. The large energydifference between the two transition
structures is also due to steric factors rather than torsional
effects. Both transition states have some torsional strain,

shown in 2r0, 2β0. However, in contrast to the R-alkylation
transition structure where only one H-H steric interaction
exists (separated by 2.31 Å), β-alkylation process suffers
significant steric repulsions between H on methyl bromide
and two Hs on the substrate separated by 2.08 and 2.26 Å,
respectively.

In fact, the qualitative origins of alkylation stereoselectiv-
ities can be identified from the geometry of the starting
substrate (Figure 5).

As can be seen by inspection of the energetically favorable
chair conformation of enolate A (3A), the R-face of the

FIGURE 4. Transition structures for theR- and β-attack ofmethyl bromide on enolateB. Newman projections, 2r0 or 2β0, are viewed from the
directions indicated by the green arrows.

FIGURE 5. Optimized model reactants A and B looking along CdC.
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cycloheptene ring is seriously blocked. Approach of the
electrophile (CH3I) is clearly preferred at the β-face for
enolate A, which is consistent with the result obtained by
TS exploration. With respect to enolate B, however, by
adopting the twist-boat conformation, the left part of the
cycloheptadienolate ring flips up (3B), which results in
blocking the β-face toward attack and favoring the R-attack
of the electrophile. The analysis of the geometries of the
substrates again confirms that the stereoselectivities of alky-
lation result from steric effects. The allyl groups in 3A and 3B
can adopt less hindered conformations, but the more rigid
bicyclic groups dictate β and R attack, respectively.

In summary, the diastereoselectivities observed experi-
mentally in azulenone enolates alkylation originate from
the steric interactions between the alkylation reagent and

the substrate. This investigation provides examples of steric
effects controlling stereoselectivities with no torsional dif-
ferentiation and provides guidance for the control of
stereoselectivities by conformation manipulation of the
substrates.
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