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ABSTRACT: Most applications of chiral oxazolidinone
auxiliaries in asymmetric synthesis operate through a common
set of stereocontrol principles. That is, the oxazolidinone is
made to adopt a specific, coplanar conformation with respect
to the prochiral substrate, and reaction occurs preferentially at
whichever stereoheterotopic face is not blocked by the
substituents on the oxazolidinone. In contrast to these
principles, we report here the discovery of an alternative
mechanism of oxazolidinone-based stereocontrol that does not
require coplanarity and is driven instead by allylic strain. This pathway has been uncovered through computational studies of an
asymmetric Nazarov cyclization. Chiral oxazolidinone auxiliaries provide essentially complete control over the torquoselectivity
of ring closure and the regioselectivity of subsequent deprotonation. Density functional theory calculations (M06-2X//B3LYP)
reveal that in the transition state of 4π electrocyclic ring closure, the oxazolidinone ring and the cyclizing pentadienyl cation are
distorted from coplanarity in a manner that gives two transition state conformations of similar energy. These two conformers are
distinguished by a 180° flip in the auxiliary orientation such that in one conformer the oxazolidinone carbonyl is oriented toward
the OH of the pentadienyl cation (syn-conformer) and in the other it is oriented away from this OH (anti-conformer).
Surprisingly, both conformations induce the same sense of torquoselectivity, with a 3−5 kcal/mol preference for the C5-β epimer
of the ring-closed cation. In both conformations, the conrotatory mode that leads to the C5-α epimer is disfavored due to higher
levels of allylic strain between the oxazolidinone substituent and adjacent groups on the pentadienyl cation (R4 and OH). The
excellent torquoselectivities obtained in the oxazolidinone-directed Nazarov cyclization suggest that the allylic strain-driven
stereoinduction pathway represents a viable alternative mechanism of stereocontrol for reactions of sterically congested
substrates that lie outside of the traditional coplanar (N-acyloxazolidinone) paradigm.

■ INTRODUCTION

Chiral oxazolidinone auxiliaries provide predictable control
over the stereoselectivities of numerous important C−C bond-
forming reactions, including enolate alkylation, aldol, Diels−
Alder, and radical addition reactions.1 In all of these
applications, stereoinduction is based on a common set of
mechanistic features. That is, the oxazolidinone is attached to
an unhindered carbonyl group of the substrate, thereby setting
up an equilibrium between syn and anti coplanar conformers
(Scheme 1a); addition of a Lewis acid favors one of these
conformers, and reaction takes place at the less crowded face
(e.g., Scheme 1b). High levels of stereoinduction result from
the participation of only one of the possible coplanar
conformations (syn or anti) in the transition state.2,3

In contrast to these conventional principles, we report here a
novel mechanism of oxazolidinone-based stereoinduction that
leads to high levels of stereocontrol in reactions of substrates
that cannot achieve coplanarity. Recently, we reported4,5 that

Evans’ oxazolidinones act as “master-controllers” of stereo- and
regioselectivity in the Nazarov cyclizations6 of divinyl ketones 1
(Scheme 2), affording a single isomer of the cyclopentenone 4
(dr > 20:1). The consistent and essentially complete control
over stereo- and regioselectivity in this reaction, together with
its applicability to a broad range of substrates (including
conventionally resistant substrates), are attractive features for
synthetic planning.7 However, it is not clear how these
selectivities arise. We have therefore performed density
functional theory calculations to examine the mechanisms of
stereo- and regiocontrol. Our calculations, reported here, reveal
that a novel and unexpected mechanism of stereoinduction
operates in the electrocyclic ring closure of cations 2. In striking
contrast to conventional mechanisms of oxazolidinone-based
stereoinduction (Scheme 1), the ring closure of 2 is found to
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take place through a transition state in which the auxiliary can
adopt either a syn or an anti orientation. In the conventional
model of oxazolidinone-based stereoinduction, flipping the
auxiliary from the syn to the anti conformation results in a loss
or reversal of induction, but in the Nazarov cyclization the syn
and anti conformers both favor the same stereoisomer of ring-
closed product. In this “dual-conformer” scenario, stereo-
induction is derived not from differences in facial shielding, but
from differences in allylic strain between the pentadienyl cation
and the auxiliary in the diastereomeric TSs.

■ RESULTS AND DISCUSSION
Torquoselectivity of Electrocyclization. Previous com-

putational studies on the Nazarov cyclization have largely dealt
with racemic examples, focusing on the effects of substituents
on the TS geometries and energies, and exploring the further
reactions of the ring-closed cationic intermediate.8 Chirality
transfer in gold-catalyzed and allene variants of the Nazarov
cyclization has been studied theoretically by Nieto Faza, de
Lera, and co-workers,8e,h,p,s while Cavalli, Occhiato, and co-

workers have examined the torquoselectivities of cyclizations
involving cyclic vinyl ketones.8i,l

To account for the torquoselectivity of ring closure of
pentadienyl cations 2, we previously proposed4 a transition
state model in which a hydrogen bond fixes the oxazolidinone
into the syn conformation (Scheme 2). In this conformation,
the R3 group sterically hinders downward rotation by R4 but
poses no hindrance to upward rotation leading to the C5-β
product. To investigate this further, we have studied the
oxazolidinone-directed ring closure of the model pentadienyl
cation 2a (R3 = Ph, R4 = Me) by means of density functional
theory calculations at the M06-2X/6-311+G(d,p)//B3LYP/6-
31G(d) level.9,10 Geometries were optimized in the gas phase,
and SMD11 single-point calculations were then used to simulate
the effects of solvent (dichloromethane or toluene). Figure 1
shows the reactant, transition states, and products of the ring
closure of 2a, together with their computed energies in
dichloromethane and in the gas phase.
The calculations predict that the ring closure is irreversible

under the experimental conditions (ΔG⧧ for ring opening = 30
kcal/mol). The torquoselectivity of ring closure is under kinetic
control. The experimentally obtained C5-β epimer of the ring-
closed cation 3a is 1 kcal/mol less stable than the unobtained
C5-α epimer, but the TSs leading to the C5-β product (TSC
and TSD) are correctly lower in energy than the C5-α TSs. We
have termed the two different rotamers of the C5-α and C5-β
transition states “syn” and “anti” based on the relationship
between the oxazolidinone carbonyl and the protonated divinyl
ketone carbonyl (OH), but these two groups lie far from
coplanarity. The auxiliary is twisted by 37−49° with respect to
the pentadienyl cation. A similar twisted geometry is found in
the reactant (2a), but the products (α- and β-3a) have
essentially achieved coplanarity.
Contrary to our earlier TS model (Scheme 2), the

calculations indicate that hydrogen bonding does not take
place in the TS leading to the observed product. A hydrogen
bond is present in the reactant (2a-syn), but not in TSC. The
only TS that contains a hydrogen bond is TSA, which is highest
in energy and is associated with the unobserved C5-α product.
Rotation of the OH group from TSC into a hydrogen-bonded
arrangement raised the energy by 3 kcal/mol (see the
Supporting Information).
The computed torquoselectivity in dichloromethane (i.e.,

TSB vs TSD) is large (ΔΔG⧧ = 3.5 kcal/mol), in good
agreement with the experimental diastereomeric ratios of >20:1
obtained with substituted divinyl ketones.4 We also fully
optimized the transition states TSA−TSD in implicit dichloro-
methane. Optimization in solvent produced changes of ≤0.5
kcal/mol in the transition states’ relative energies. As compared
to the energies in dichloromethane reported in Figure 1, the
predicted torquoselectivity in toluene is smaller (2.0 kcal/mol),
but still >20:1.12,13 Both of these solvents give >20:1
torquoselectivity experimentally.4

The lowest-energy transition state for ring closure (TSD)
places the oxazolidinone carbonyl anti to OH, below the mean
plane of the cyclizing group, with the Ph group above the plane.
The second C5-β TS (TSC) has the oxazolidinone carbonyl
syn to OH and above the cyclizing moiety, with Ph positioned
below. This TS lies 1.4 kcal/mol higher than TSD. Both TSC
and TSD are kinetically accessible under the experimental
conditions; their computed activation energies correspond to a
ratio of about 1:10 at 25 °C. This result is highly unexpected, as
it implies that flipping the auxiliary by ∼180° has no effect on

Scheme 1. (a) Syn and Anti Coplanar Conformations of N-
Oxazolidinyl-Substituted Carbonyl Compounds, and (b)
Mechanisms of Stereocontrol in Oxazolidinone-Directed
Enolate Alkylation and Aldol Reactions

Scheme 2. Oxazolidinone-Directed Asymmetric Nazarov
Cyclization4
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the stereochemical outcome. By contrast, other oxazolidinone-
directed reactions invariably rely on the participation of a single,
low energy, conformation of the transition state (e.g., Scheme
1), while the presence of multiple low energy conformers,
particularly those with reverse orientations of the auxiliary,
reduces stereoselectivity.
The torquoselectivity (TSB vs TSD) can be traced to two

factors. There is first a substantial solvent effect. Better
solvation of TSD (which has a 1.1 D greater dipole moment)
contributes 2.4 kcal/mol to the torquoselectivity in dichloro-
methane. In toluene the solvent effect is 0.9 kcal/mol. The
second factor, worth 1.1 kcal/mol, is the degree of allylic strain
between the pentadienyl cation and the auxiliary. In the
transition state, the oxazolidinone must adopt a conformation
that minimizes repulsive interactions with OH and with the
upwardly or downwardly rotating R4 (Me) group. Thus, when
the pentadienyl cation termini rotate in the clockwise direction,
moving R4 downward (TSB), the oxazolidinone adopts a
conformation that places the CO group upward, away from
Me. Conversely, when the conrotation takes place in the
anticlockwise direction, moving R4 upward (TSD), the
oxazolidinone adopts a conformation that places CO
downward. These two arrangements differ in energy because
one (TSB) suffers from allylic clashing between Ph and OH.
The allylic strain in TSB contrasts with the uncluttered
arrangement of TSD where the Ph group occupies an
unhindered region of space above the plane of the cation.

In energy terms, the allylic clashing in TSB is manifested as
strain within the oxazolidinone. The small insets in Figure 1
depict the pentadienyl and oxazolidinone fragments of
transition states TSB and TSD, and the energies of these
isolated fragments,14 which show that the oxazolidinone is 1
kcal/mol more strained in TSB than in TSD. The
oxazolidinone undergoes distortion in response to the clashing
between Ph and OH. The two oxazolidinones also differ with
respect to whether the Ph group is pseudoaxial or
pseudoequatorial, but the axial/equatorial distinction in itself
has negligible energetic consequence.15 The distortion of the
oxazolidinone in response to the allylic clashing in TSB is the
primary source of torquoselectivity in the gas phase.16

In TSC, the CHPh group of the oxazolidinone is tilted
downward, avoiding a clash with the upwardly rotating Me
group. TSC is about 1 kcal/mol less stable than TSD because
of electrostatic repulsion between the oxygen atoms (red line in
Figure 1). In TSA, the oxazolidinone is unable to avoid severe
steric clashing with the Me group. This TS is very high in
energy.

Substituent Effects on Torquoselectivity. The calcu-
lations on 1a→3a reveal an unexpected mechanism of
torquoselectivity involving the participation of two different
auxiliary conformations. To examine the generality of this
mechanism, we computed transition states analogous to TSA−
TSD for a range of other divinyl ketones, 1b−g. The computed
activation energies are listed in Table 1.

Figure 1. The reactant, transition states, and products of electrocyclic ring closure of the oxazolidinone-substituted pentadienyl cation 2a, computed
at the M06-2X/6-311+G(d,p)//B3LYP/6-31G(d) level in conjunction with SMD (M06-2X) solvation corrections. The transition states TSC and
TSD lead to the experimentally obtained stereoisomer of the product. Free energies in dichloromethane are shown in bold, gas-phase free energies
are shown in parentheses, and electronic potential energies are shown in brackets (kcal/mol). Distances are given in angstroms. The small insets
show the ΔErel of the pentadienyl and oxazolidinone fragments of TSB and TSD.
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Like 1a, each of the divinyl ketones 1b−g is predicted to
undergo cyclization favoring the C5-β product. The torquose-
lectivities are slightly higher with the iPr-containing oxazolidi-
none (1f,1g) than with the Ph-containing oxazolidinone (1a−
1e), and are largest when the divinyl ketone bears a Ph group at
R4 (1d,1g), but all are >99:1, consistent with experiment.
The syn/anti conformer preference (TSC vs TSD) depends

on the R4 substituent on the divinyl ketone. A phenyl group at
R4 favors the syn oxazolidinone conformation (TSC, ∼80:1).
When R4 is Me or iPr, there is either a slight preference for the
anti TS (TSD, ∼10:1) or no difference between the syn and
anti TS energies. All of the syn-β transition states favor the non-
hydrogen-bonded structure in solution, as seen above for 1a.
BF3 Catalysis of the Nazarov Cyclization. An exper-

imental test of the theoretically predicted torquoselectivity
mechanism was conducted by performing a Nazarov cyclization
of 1h using BF3 as the catalyst (Scheme 3). The Lewis acid BF3
rules out any possibility of chelation (which would be
analogous to hydrogen bonding) in the syn TS. Previous
work4 had indicated that under Brønsted acid catalysis, the
cyclization of 1h (Scheme 3a) leads exclusively to the C5-β
enol 12h. Computed transition states for a model BF3-catalyzed

cyclization (Scheme 4) predict a large C5-β selectivity (4.0
kcal/mol), similar to the Brønsted acid-catalyzed reaction. The

syn and anti C5-β transition states (TSF and TSH) are close in
energy, separated by only 0.8 kcal/mol. Consistent with these
predictions, the treatment of 1h with BF3·THF in CH2Cl2 at 0
°C to room temperature (Scheme 3b) was found to lead
rapidly and quantitatively to the C5-β enol 12h, the same
product as that obtained using the Brønsted acid MeSO3H.

4,17

Regioselectivity of Cyclopentenone Formation. Fol-
lowing ring closure, the intermediate 3 undergoes deprotona-
tion and enol−keto tautomerization to give a single regio- and
stereoisomer of cyclopentenone 4. As shown in Scheme 5, the
formation of cyclopentenone 4 results from deprotonation of 3
at C1, via enol 10. None of the isomeric cyclopentenone 13
(derived from deprotonation at C5) is detected. The strict
aversion to C5 deprotonation was illustrated synthetically by
the Nazarov cyclization of divinyl ketone 1h (Scheme 3a),4

where the exo double-bonded product 12h was obtained in
essentially quantitative yield. To examine the regioselectivity of
cyclopentenone formation, we computed the transition states,
intermediates, and products of regioisomeric deprotonation

Table 1. Predicted Stereoselectivities for Nazarov
Cyclizations of Oxazolidinone-Substituted Divinyl Ketones
Proceeding through Transition States Analogous to TSA−
TSDa

aM06-2X-SMD//B3LYP. Relative free energies of activation in
dichloromethane are shown (kcal/mol), with gas-phase values in
parentheses.

Scheme 3. (a) Brønsted Acid-Catalyzed4 and (b) BF3-
Catalyzed Nazarov Cyclizations of 1h

Scheme 4. Computed Transition States for BF3-Catalyzed
Electrocyclic Ring Closure of 1aa

aRelative free energies of activation in dichloromethane are shown
(M06-2X-SMD//B3LYP, kcal/mol), with gas-phase values in
parentheses.
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pathways starting from the ring-closed intermediate β-3c
(R1,R2,R4 = Me, R3 = Ph)18 using the model base NMe3.

19

Results are shown in Figure 2.
Deprotonation of β-3c at R1−Me (TSK) is preferred in the

gas phase, but in solution, R1−Me and C1 deprotonation (TSI)
have about the same energy. Deprotonation at C5 (TSJ) is too
high in energy to be significant at experimental temperatures

(ΔG⧧
rel = 4.9 kcal/mol). The C5 deprotonation is disfavored

because it requires an unfavorable reorientation of the auxiliary
(syn→anti) and because it generates a crowded CC bond
with a methyl group cis to an oxazolidinone, as opposed to the
less crowded cis-dimethyl-substituted CC bond that is
obtained upon C1 deprotonation. Among the three possible
enol intermediates 10c−12c, the C1-deprotonated enol 10c is
favored by ≥2.8 kcal/mol. The corresponding cyclopentenone
4c is the overall most stable product. Experimentally,
cyclization in the presence of catalytic MeSO3H leads initially
to a mixture of cis- and trans-4, but excess acid (10 equiv)
accelerates equilibration between these two products to give
exclusively the trans isomer. The relative activation energies of
the TSs and the stabilities of the intermediates in Figure 2
predict that no C5-deprotonation will be detected under the
experimental conditions, and any exo enol 12 that is formed by
R1-deprotonation will ultimately be converted back to 3 and
then to the thermodynamic product 4.

■ CONCLUSION

Density functional theory calculations reveal that the Nazarov
cyclizations of divinyl ketones 1 embody a novel mechanism of
oxazolidinone-based stereoinduction. Theory correctly predicts
the torquoselectivities, cis/trans diastereoselectivities, and
regioselectivities of these reactions. The mechanism of
stereoinduction in the 4π electrocyclic ring closure of cations
2 is unexpected, and it represents a striking departure from the
well-established mechanisms of stereoinduction that are known

Scheme 5. Regioisomeric Pathways for Deprotonation of 3

Figure 2. Transition states for deprotonation of the ring-closed oxyallyl cation (β)-3c by NMe3. TSI leads to the experimentally obtained
regioisomer of product, TSJ leads to the other (unobserved) endo regioisomer, and TSK leads to an exo methylene group. Relative free energies of
isomers in dichloromethane are shown (M06-2X//B3LYP, kcal/mol), with gas-phase values in parentheses.
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to apply to most oxazolidinone-directed reactions.1 In the
Nazarov TSs, there is an unusually small energy difference
between the syn and anti oxazolidinone orientations.
Surprisingly, these two conformations favor the same sense of
conrotation, even though opposite faces of the cyclizing cation
are shielded in each conformer. The origins of torquoselectivity
are summarized pictorially in Scheme 6. Conrotation leading to

the α product is unfavorable with either a syn or an anti
oxazolidinone, because both of these TS conformations suffer
from steric repulsions between R3 and the pentadienyl cation
substituents (R4 or OH). Such repulsions are avoided in the β
TSs, both syn and anti, because both of these conformations
place R3 well away from groups OH and R4.
The usual paradigm of stereoinduction in oxazolidinone-

directed asymmetric reactions involves the sole participation of
a single, coplanar conformer in the transition state, and
stereoinduction results from differences in steric crowding on
the two prochiral faces of the substrate. In these situations,
flipping the auxiliary by 180° with respect to the prochiral
center leads to a loss or reversal of chiral transfer. By contrast,
in the “dual-conformer” pathway discovered here for the
Nazarov cyclizations of 1, the two different auxiliary
conformations favor the same stereoisomer of product.
Stereoinduction does not require coplanarity and is driven by
1,3-allylic strain. While the cyclizing pentadienyl cation adopts a
helical transition state in the Nazarov cyclization, it appears
unlikely that the allylic-strain driven stereocontrol mechanism is
specific to this type of arrangement. What is clear is that high
levels of chiral induction can be achieved from noncoplanar
intermediates and transition states, which are quite distinct
from the types of substrates that are usually considered to be
the best venues for oxazolidinone-based stereoinduction (N-
acyloxazolidinones). High levels of chiral transfer can be
achieved though minimization of allylic strain as the new
stereocenter (sp2 to sp3) forms. These principles are likely
relevant to various other reactions of sterically congested
substrates, where coplanarity between substrate and auxiliary in
the TS is likewise not possible. Some notable examples, which
have been shown experimentally to afford high levels of
stereocontrol, include conjugate additions to α-substituted N-
acryloyl oxazolidinones,20 SmI2-promoted cyclizations of N-
acyloxazolidinones onto alkenes,21 and tandem 6π electro-
cyclizations/Diels−Alder cycloadditions of oxazolidinone-sub-

stituted hexatrienes.22 Allylic strain is also known to influence
the stereochemical course of epoxidations and cyclopropana-
tions of oxazolidinone-substituted cis-alkenes.23 Our present
findings should be useful for the rationalization of stereo-
selectivity in these reactions, and for the design of further new
methodology for asymmetric synthesis, having revealed that
high levels of induction can be achieved through minimization
of allylic strain in nonplanar transition states.

■ THEORETICAL CALCULATIONS
Density functional theory calculations were performed with the
Gaussian 0924 software. Geometry optimizations and conformational
searches were carried out at the B3LYP/6-31G(d) level.9 Vibrational
frequency calculations at this level were used to identify stationary
points as minima or transition states and to calculate unscaled
thermochemical corrections. Single-point energies were then com-
puted at the M06-2X/6-311+G(d,p) level10 and used in conjunction
with the B3LYP thermochemical corrections to calculate free energies
in the gas phase. Free energies in dichloromethane were obtained by
addition of SMD11 solvation energies, computed at the M06-2X/6-
31G(d) level. Selected species were also fully optimized in implicit
dichloromethane (see the Supporting Information). For comparison
with the B3LYP-optimized geometries, the transition states for
cyclization of 2a were also optimized at the M06-2X/6-31G(d)
level. The use of M06-2X geometries led to a larger predicted
torquoselectivity in dichloromethane (ΔΔG⧧ = 4.1 kcal/mol, as
compared to 3.5 kcal/mol using B3LYP geometries) and predicted a
larger syn/anti energy difference between TSC and TSD (ΔΔG⧧ = 1.9
kcal/mol, cf., 1.4 kcal/mol from the B3LYP geometries), but the
qualitative conclusions remain the same. A comparison of results
obtained with the B3LYP and M06-2X functionals is provided in the
Supporting Information. Free energies are reported at 298.15 K at a
standard state of 1 mol/L.

■ EXPERIMENTAL SECTION
(S)-3-[(4R,5S)-2-Hydroxy-4-methyl-3-methylene-4,5-diphe-

nylcyclopent-1-en-1-yl]-4-isopropyloxazolidin-2-one (12h).
BF3·THF complex (22 μL, 0.2 mmol) was added to a solution of
1h (111 mg, 0.28 mmol) in CH2Cl2 (2.5 mL) at 0 °C, and the solution
was warmed to room temperature over 1 h. After this time, saturated
NaHCO3 aq (7 mL) was added, and the mixture was stirred for 20
min. More CH2Cl2 (10 mL) was added, and the phases were
separated. The organic phase was dried over MgSO4 and concentrated
under reduced pressure to afford 12h (111 mg, 100%), the 1H NMR
spectrum of which was identical to that previously reported.4
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Angew. Chem., Int. Ed. 2009, 48, 8757−8760. (o) Lemier̀e, G.;
Gandon, V.; Cariou, K.; Hours, A.; Fukuyama, T.; Dhimane, A.-L.;
Fensterbank, L.; Malacria, M. J. Am. Chem. Soc. 2009, 131, 2993−3006.
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