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ABSTRACT: Cycloadditions of 1,3-dipoles and related species to a cis-
oxabicyclo[3.3.0]octenone occur on the more sterically crowded
concave face. These cycloadditions were studied experimentally by
Gais and co-workers in 1998 (Eur. J. Org. Chem. 1998, 257−273) and
have now been studied computationally with density functional theory
(DFT). Transition states have been computed for various types of (3 +
2) cycloadditions, including diazomethane 1,3-dipolar cycloadditions, a
thermally promoted methylenecyclopropane acetal cycloaddition, and a
Pd-catalyzed cycloaddition of methylenecyclopropane to an
oxabicyclo[3.3.0]octenone. The concave stereoselectivities arise from
alkene predistortion that leads to torsional steering in the transition
states.

■ INTRODUCTION

The pentalenolactone family includes natural products with
antibiotic, antiviral, and antitumor activities.1 Gais and co-
workers undertook the synthesis of pentalenolactone F, a
precursor in the biosynthesis of other members of the
pentalenolactone family (Figure 1).2a The Binger- and Trost-
type palladium-catalyzed cycloadditions3,4 were used to
generate tricyclic quinanes.

Gais and co-workers report that the contrasteric product was
unexpectedly formed for many of the reactions they perform-
ed.2a Scheme 1 shows the reactions of CH2N2, silylmethylallyl
acetate, 2, and 4 with 1 as well as reported product distributions
reported by Gais and co-workers. They proposed that the
stereoselectivity associated with the CH2N2 cycloaddition
resulted from electrostatic stabilization only possible in concave
transition states.2a We used quantum mechanical calculations to
probe the origins of the stereoselectivities and evaluated these
factors and others that lead to stereoselectivity in spite of
obvious steric barriers to reaction.
Torsional effects have been shown to influence the manner

by which a reagent adds to an unsymmetrical π bond.8a The

selectivity typically arises from favorable torsional effects
(staggering) in one transition structure and unfavorable
torsional effects (eclipsing) in the other. Felkin proposed this
for nucleophilic additions to carbonyls,5 and transition state
calculations have revealed the importance of these effects for
stereoselective hydride reductions of ketones6 and other types
of nucleophilic attack7 and reactions of electrophiles,8 radicals,9

as well as concerted cycloadditions.8a,10

Norbornene is a bicyclic hydrocarbon featuring a cyclo-
pentene fixed in a pronounced envelope conformation. Huisgen
discovered strong exo-stereoselectivity and rate acceleration
associated with cycloadditions to the strained alkene.11 Our
group explained that the exo-stereoselectivity resulted from
torsional steering.12

Additions to conformationally flexible cyclopentenes are
more complicated, but addition is generally preferred to the
concave face of the envelope cyclopentene.13 Overman
reported a contrasteric OsO4 dihydroxylation that occurs
from the concave face of a [3.3.0] bicycle, and our group
determined that torsional effects direct that and related concave
dihydroxylations.14 Figure 2 shows 3,4-fused cyclopentenes
studied by Danishefsky (epoxidations)13 and Overman
(OsO4).

14

■ COMPUTATIONAL METHODS
All computations were carried out with the GAUSSIAN 09 series of
programs.15 Stationary points for the Pd-catalyzed (3 + 2) cyclo-
additions were computed using the M0616 level of theory with the
LANL2DZ17 pseudopotential for Pd and the 6-31G+(d,p) basis set for
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Figure 1. Pentalenolactone and pentalenolactone F.
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all other atoms in the gas phase. Single-point energy calculations on
these geometries were performed using M06/6-311+G(d,p). The
single-point calculations include solvation by toluene using the integral
equation formalism polarizable continuum model (IEFPCM).18

The stationary points corresponding to the CH2N2 and
methylenecyclopropane acetal cycloadditions were optimized employ-
ing M06-2X19 and the double-ζ split-valence 6-31+G(d,p) basis set.
Some transition states for the methylenecyclopropane acetal could not
be located with gas-phase calculations. It has been shown that
polarizable continuum models are sometimes necessary to locate
stationary points in polar media; it does not significantly alter
frequencies.20 Therefore, M06-2X/6-31+G(d,p) IEFPCMMeCN was
utilized for optimizations for the computations involving methyl-
enecyclopropane acetal. Single-point energy calculations on the
diazomethane and methylenecyclopropane acetal stationary points
were carried out using M06-2X/6-311+G(d,p) IEFPCMEt2O and M06-
2X/6-311+G(d,p) IEFPCMMeCN, respectively.
All optimizations used tight convergence criteria, and an ultrafine

grid was used throughout this work for numerical integration of
density.21 Vibrational analysis confirmed all stationary points to be
minima (no imaginary frequencies) or first-order saddle points (one
imaginary frequency). Thermal corrections were computed from
unscaled frequencies for a standard state of 298.15 K and 1 atm.

Truhlar’s quasiharmonic approximation correction was applied to all
optimizations, which sets frequencies less than 100 to 100 cm−1 for
thermal corrections and entropies.22

■ RESULTS/DISCUSSION

The computed structures of the global minimum, a conformer
of bicyclic lactone 1, and the crystal structure2a,23 of 1-CS are
shown in Figure 3. The C4 of the cyclopentene moiety is “up”
in the global minimum and “down” in conformer 1-down. The
dihedral angle formed by C1C2C3C4 is constrained to 10°
below the plane of the cyclopentene moiety. Figure 3 shows
Newman projections of fully optimized 1 and a constrained 1-
down looking down the highlighted bond. 1-down is not the
global minimum, since it produces eclipsing along the green
bond.
1-down is 3.5 kcal mol−1 above 1 and collapses to 1 upon

unconstrained optimization. The global minimum shows the
sp2 vinylic carbons attached to the ester are pyramidalized by 4°
in the convex direction. The structure of 1 was determined by
X-ray crystallography, and the alkene is indeed pyramidalized
4° in the convex direction.2a The computed structure is nearly
identical to that resolved by X-ray crystallography. However,
the crystal structure shows the ester and alkene in an s-cis
configuration. We compute the s-cis configuration of 1 to be 0.3
kcal mol−1 above the s-trans configuration.
The transition structures for addition of CH2N2 on the

concave and convex faces of 1 were located (TS1-conc and TS-
conv, respectively). The transition structures involve nucleo-
philic attack of the diazomethane carbon terminus on the β-

Scheme 1. Experimental Conditions and Product Ratios for the (3 + 2) Cycloadditions with Diazomethane (first row),
Methylenecyclopropane 2 (second row), Silylmethylallyl Acetate, and Methylenecyclopropane Acetal 3 (fourth row).2a

Figure 2. 3,4-Fused cyclopentenes studied by Danishefsky and
Overman.
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carbon of the α,β-unsaturated ester. The other regioisomeric
transition structures were located but are much higher in
energy. Figure 4 shows the lowest energy transition structures
and computed activation free energies.
The transition structures reflect the polar nature of the ester

on the double bond of 1; they are concerted but asynchronous.
Both concave transition structures have shorter forming C−C
bond lengths than C−N bond lengths (2.07 and 2.08 Å vs 2.54
and 2.50 Å, respectively). TS1-conc is lower in free energy than
TS1-conv by 6.4 kcal mol−1. This is an overestimation of the

concave:convex substantial stereoselectivity (98:2), but the
calculations do reflect great concave stereoselectivity.
The distortion/interaction model was used to analyze the

origins of diazomethane cycloaddition stereoselectivity. The
activation energy (ΔE‡) is dissected into distortion energy

Figure 3. (Left) Geometries of 1 and 1-down. (Right) Newman
projections looking down the highlighted bond for 1 and 1-down.
Computed at the M06-2X/6-31+G(d,p) level of theory.

Figure 4. Optimized transition structures for concave and convex
attack of CH2N2 on 1. Bond lengths are reported in Angstroms.
Computed at the M06-2X/6-311+G(d,p) IEFPCMEt2O//M06-2X/6-
31+G(d,p) level of theory. Activation free energies are reported in kcal
mol−1.

Figure 5. Newman projections looking down the alkene−allylic C−C
bonds of TS1-conc are shown in the top row, and those for TS1-conv
are shown in the bottom row. Computed at the M06-2X/6-31+G(d,p)
level of theory.

Scheme 2. Theoretical Reaction of 1a with CH2N2

Figure 6. Overlaid geometries of reactants 1 (red) and 1a (blue).
Computed at the M06-2X/6-31+G(d,p) level of theory.

Figure 7. Transition structures for the 1,3-dipolar cycloaddition of
CH2N2 and 1a. Activation free energies are computed at the M06-2X/
6-311+G(d,p) IEF-PCMEt2O//M06-2X/6-31+G(d,p) level of theory.
Values are activation free energies and reported in kcal mol−1. Bond
lengths are given in Angstroms.
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(ΔEd
‡) and interaction energy (ΔEi‡).24 Distortion energy is

the energy required to distort each of the reactants into their
respective transition state geometries without allowing them to
interact. The interaction energy is the energy of interaction
between the destabilized cycloaddends. It is often a net
stabilizing quantity that results from charge transfer from
occupied−vacant orbital interactions, electron transfer, polar-
ization, and closed-shell (steric) repulsions.
The distortion energies of TS1-conc and TS1-conv are 24.6

and 26.1 kcal mol−1, respectively. The interaction energies are
−18.8 and −13.4 kcal mol−1, respectively. ΔΔEi

‡ is larger than
ΔΔEd

‡ and mainly responsible for the stereoselectivity. We
evaluated torsional effects in TS1-conc and TS1-conv using
Newman projections, which are shown in Figure 5.
Newman projections of TS1-conc show partially staggered

newly forming C−N and C−C bonds (a and a′ = 20° and 26°,
respectively). The newly forming C−N bonds are almost
perfectly eclipsed in TS1-conv (a and a′ = 9° and 10°,
respectively). This torsional strain in TS1-conv manifests itself
as reduced interaction energy because the eclipsing occurs
between the two reacting cycloaddends (−18.8 vs −13.4 kcal
mol−1, respectively). The vicinal ester-CC−CH2 and HCCH
bonds are staggered in TS1-conc (b and b′ = 56° and 48°),
while these are nearly eclipsed in TS1-conv (b and b′ = 47° and
15°). Since 1 must distort into a conformation with eclipsed
vicinal C−H bonds to reach the convex transition structures,
this torsional strain is reflected as increased distortion energy
(24.6 and 26.1 kcal mol−1).
Gais and co-workers proposed that electrostatic interaction

between the nucleophilic carbon terminus of CH2N2 and the
electrophilic lactone carbon in 1 stabilizes TS1-conc and not
TS1-conv.2a We evaluated this hypothesis by computing the
reaction of 1a with CH2N2 (Scheme 2). 1a differs from 1 only
in that the carbonyl oxygen in 1 is replaced with a methylene

group in 1a. The global minima of 1 (red) and 1a (blue) are
overlaid in Figure 6 to compare their ground state structures.
These structures are nearly identical and are in a fixed

envelope conformation. The vinyl ester is pyramidalized in the
convex direction by 4° in both 1 and 1a. Figure 7 shows the
transition states for attack of CH2N2 on the concave and
convex faces of 1a. Activation free energies are shown below
each structure.
Despite greatly reducing the potential electrostatic stabiliza-

tion of the concave transition states, the reaction is still
predicted to be highly concave stereoselective (ΔΔG‡ = 6.7
kcal mol−1). Our computations show that electrostatic
stabilization of the concave transition structures is not
responsible for concave stereoselectivity, but torsional effects
do explain stereoselectivity. Gais and co-workers found that the
reactions of CH2N2 with hemiacetal 1b and acetal 1c are
nonstereoselective (Scheme 3).2a We computationally inves-
tigated the origins of the low selectivities of CH2N2
cycloadditions to 1b and 1c.
Figure 8 shows an overlay of the global minima of 1b

(orange) and 1c (green), and another overlay compares the
structures of 1c (green) and 1 (red).
Figure 8 shows that 1b and 1c are nearly identical in

structure and feature planar cyclopentene moieties. 1 prefers an
envelope conformation, a predistortion that makes it resemble
the concave addition. Figure 9 shows the transition structures
for the 1,3-dipolar cycloadditions of CH2N2 with 1b and 1c. We
also computed the transition structures for two other
configurations of the OH and OMe in 1b and 1c, respectively

Scheme 3. Product Ratios Found for Reactions of 1b and 1c
with CH2N2

2a

Figure 8. Overlay of 1b (orange) and 1c (green) is shown on the left side, and overlay of 1 (red) and 1c (green) is shown on the right side.
Computed at the M06-2X/6-31+G(d,p) level of theory.

Figure 9. 1,3-Dipolar cycloaddition transition structures for reactions
of diazomethane with 1b and 1c. Bond lengths are reported in
Angstroms. Activation free energies computed at the M06-2X/6-
311+G(d,p) IEF-PCMEt2O//M06-2X/6-31+G(d,p) level of theory.
Energies are reported in kcal mol−1.
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(coordinates and energies can be found in the Supporting

Information). These structures are 1.7−3.1 kcal mol−1 higher in

energy than those shown in Figure 9.
The computed activation free energies show a preference for

cycloadditions to the concave face for 1b and 1c of only 0.6

kcal mol−1 in both cases. Although these results suggest a slight

preference for attack on the concave face of 1b and 1c, ΔΔG‡

values are very small.
Methylenecyclopropane Acetal Cycloadditions. Cyclo-

additions of methylenecyclopropane acetals were first per-
formed by Yamago and Nakamura in 1989.25 Thermolysis
causes a 2π disrotatory electrocyclic ring opening26 of
methylenecyclopropane acetals to generate the zwitterionic

Scheme 4. (a) Disrotatory Electrocyclic Ring Opening Reaction; (b) Stepwise Pathway Involving Zwitterionic Intermediate 4

Figure 10. Computed free energy profile for the stepwise pathway of concave (blue) and convex (red) additions to 1. Energies reported in black
correspond to ring opening of 3. Free energies and enthalpies are reported in kcal mol−1 and relative to 1 and 3. Computed at the M06-2X/6-
311+G(d,p) IEF-PCMMeCN//M06-2X/6-31+G(d,p) IEF-PCMMeCN level of theory.
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1,3-dipole 4. Previous computational studies showed that the
most stable form of the dipole is the closed-shell singlet
species.27 Experimentally, the cycloadditions follow the “endo
rule”, and a highly polar transition state has been proposed.28

Scheme 4a shows the electrocyclic ring opening of 3 to form 4,
and Scheme 4b shows the subsequent stepwise addition of 4 to

1. Gais and co-workers report that the concave:convex product
ratio is 2:1.2a

Figure 10 shows the free energy profile for the mechanism
shown in Scheme 4. The energies are relative to separated
reactants (1 and 3). The computed structures of relevant
species from Scheme 4 are shown in Figures 11 and 12.
Formation of reactive intermediate 4 is highly endergonic

(ΔG = 24.1 kcal mol−1). No transition states for a concerted
cycloaddition of 4 and 1 at various levels were located. In line
with this, a two-dimensional relaxed scan of the potential
energy surface suggested the concerted process was barrierless.
This is because of the negative enthalpic barriers for TS(1→ 5-
conc) and TS(1 → 5-conv), −4.2 and −0.2 kcal mol−1,
respectively. Therefore, a variational transition state treatment
is required to determine ΔΔG‡ for this reaction more
accurately.
Transition structures corresponding to stepwise addition of 4

to 1 [TS(1→ 5-conc) and TS(1→ 5-conv)] were located and
found to be only 11.6 and 14.9 kcal mol−1 higher in free energy
than 4 and 1, respectively, and in fact lower in ΔH than
separated reactants 4 and 1. Stepwise addition to the concave
face is preferred (35.7 kcal mol−1) to the convex face addition
(39.0 kcal mol−1). The ΔΔG‡ between TS(1 → 5-conc) and
TS(1 → 5-conv) is 3.3 kcal mol−1, a significant overestimation
of ΔΔG‡ that corresponds to the experimentally observed
concave:convex product ratio (2:1). These computed transition
structures and the resulting zwitterionic intermediates (5-conc
and 5-conv) are shown in Figure 12.
TS(1 → 5-conc) and TS(1 → 5-conv) have newly forming

C−C bond lengths of 2.41 and 2.39 Å, respectively. In line with
the analysis done for the CH2N2 cycloadditions, we evaluated
the torsional effects in TS(1 → 5-conc) and TS(1 → 5-conv)
using Newman projections looking along the C2−C3 bond of
the cyclopentene moiety (Figure 13).
Figure 13 shows staggering of HCCH bonds (vinyl H−

methylene H) in TS(1 → 5-conc) and eclipsing of the same
bonds in TS(1 → 5-conv). Despite the increased size and
mechanistic complexity of this reaction as compared to the
CH2N2 cycloaddition, torsional effects are responsible for
concave stereoselectivity.

Pd-Catalyzed (3 + 2) Cycloaddition. Pd-catalyzed (3 + 2)
reactions involving methylenecyclopropane 2 afford syntheti-
cally useful fused cyclopentanes.29 The cycloadditions of
methylenecyclopropanes with electron-deficient alkenes have
been shown to be catalyzed by Pd and Ni.4,30 Previous
computational mechanistic studies of intramolecular Pd-
catalyzed (3 + 2) cycloadditions were done by Caŕdenas et
al. and include an alternate mechanism involving a σ-allyl
palladium complex.31 Those results guided our computations
that lead to the most favorable mechanism (Scheme 5). Our

Figure 11. Geometries of methylenecyclopropane acetal 3, ring-opening transition state [TS(3 → 4)], and reactive intermediate 4. Bond lengths are
reported in Angstroms. Computed at the M06-2X/6-31+G(d,p) IEF-PCMMeCN level of theory.

Figure 12. Stepwise transition structures for addition of 4 and 1 and
corresponding zwitterionic intermediates. Bond lengths are reported in
Angstroms. Computed at the M06-2X/6-31+G(d,p) IEF-PCMMeCN

level of theory.

Figure 13. Newman projections of TS(1 → 5-conc) and TS(1 →
5conv). Calculated at the M06-2X/6-31+G(d,p) level of theory. The
methyl ester is hidden for clarity.
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computational results utilize PMe3 instead of the experimental
ligand, P(iPr)3; this approximation does not change the
conclusions of this study. A mechanism involving coordination
to the enolate oxygen of 9 was found to be higher in energy and
discarded. The geometries and energies of relevant stationary
points for the alternate mechanism are given in the Supporting
Information.
Gais and co-workers generated the catalyst by treating

[Pd(Cp)(allyl)] with P(iPr3) at −78 °C.2a Fujimoto reported

that Pd(0) preferentially oxidatively inserts into the distal σ
bond of methylenecyclopropane to form TMM−PdL2 complex
7.32 Figure 14 shows the free energy profile for the mechanism
shown in in Scheme 5. The reported energies correspond to
stationary points resulting from concave additions. The ΔΔG‡

between the concave and the convex nucleophilic addition
transition states will be discussed to continue our investigations
of stereoselectivity. The other stationary points corresponding
to addition to the convex face are not shown in Figure 15, but

Scheme 5. Mechanism of Pd-Catalyzed (3 + 2) Cycloaddition Computed Here

Figure 14. Free energy profile for the mechanism for the Pd-catalyzed (3 + 2) cycloaddition of 1 with 2 and Pd(PMe3)2. Values are reported in kcal
mol−1 and relative to separated 1, 2, and Pd(PMe3)2. All energies are computed at the M06/LANL2DZ-/6-311+G(d,p) IEF-PCMtoluene//M06/
LANL2DZ−6-31+G(d,p) level of theory.
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the geometries and energies are given in the Supporting
Information.
The oxidative addition step is rate determining (ΔG‡ = 28.9

kcal mol−1), and the four-membered palladacycle 7 is formed
endergonically (ΔG = 5.1 kcal mol−1). Then 7 adds
nucleophilically to the concave or convex face of 1 [TS(7 +
1)-conc and TS(7 + 1)-conv, respectively]. TS(7 + 1)-conc is
lower in energy than TS(7 + 1)-conv by 0.8 kcal mol−1. This
ΔΔG‡ is a slight underestimation of the concave:convex
product (7:1) ratio observed by Gais and co-workers.2a The
large exergonicity of the overall reaction indicates that product
formation is irreversible and the selectivity is under kinetic
control. The stationary points leading up to and including the
stereodetermining step are shown in Figure 13. The free
energies are relative to 1, 2, and Pd(PMe3)2 and shown below
each structure.
We utilized Newman projections to evaluate torsional effects

in TS(7 + 1)-conc and TS(7 + 1)-conv to probe the origins of
the concave stereoselectivity for this reaction. Figure 16 shows
the Newman projections looking down the C2−C3 C−C bond
of 1 in TS(7 + 1)-conc and TS(7 + 1)-conv.
The Newman projection for TS(7 + 1)-conc shows both

allylic C−H bonds and newly forming C−C bonds are almost
perfectly staggered. Conversely, TS(7 + 1)-conv shows some
eclipsing of both allylic C−H bonds and the newly forming C−
C bonds. The torsional strain is visible in the Newman
projection of TS(7 + 1)-conv and indicates that the concave

stereoselectivity arises from torsional effects in the transition
state.

■ CONCLUSION
We determined the origins of concave stereoselectivity for
cycloadditions to an oxabicyclo[3.3.0]octenone. The torsional
effects are different on the two faces when the alkene is in a
rigid envelope conformation.8a The π bond of 1 is
pyramidalized 4° in the convex direction, which causes the
alkene to be predistorted and resemble concave-attack
transition structures. Less distortion energy is required to
reach the geometry of the concave-attack transition structures, a
result of favorable torsional effects. The convex transition
structures are disfavored because the alkene must undergo
additional distortion to overcome predistortion and achieve the
geometries of convex-attack transition structures. In addition,
qualitative inspection of the convex transition structures shows
that torsional strain manifests itself as both decreased
interaction energy and increased distortion energies in these
transition structures. This effect is general to the three types of
reactions studied experimentally by Gais and co-workers and
here through quantum mechanical calculations.
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