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ABSTRACT

A mild, convenient oxido-alkylidenation of alkynes is described. The three-step sequence involves the 1,3-dipolar cycloaddition of a nitrone
and an alkynoate, oxidation of the resulting isoxazoline, and stereoselective extrusion of nitrosomethane. Quantum mechanical calculations
identified the interactions of R3 with the oxidant and the preferred conformation of a diradical intermediate as major factors controlling the
stereoselectivity of the oxidation and torquoselectivity of the extrusion.

We report the origins of selectivity in the oxido-alkylidenation
of alkynes involving a reaction sequence which exploits a
regioselective 1,3-dipolar cycloaddition, stereoselective N-
oxidation, and spontaneous torquoselective cheletropic extrusion
(Scheme 1). The sequence provides a facile entry to the
preparation of alkylidene �-ketoesters, which prove to be useful
precursors to the divinyl ketones of value in the Nazarov
cyclization.1 Padwa first reported examples of these reactions
but did not provide unequivocal evidence for the alkene
geometries or a rationale for the origins of selectivity.2

We have now found that a variety of propiolates and

nitrones react with highly HOMO-LUMO-controlled regi-
oselectivity3 to give isoxazoline intermediate 1. Upon
treatment with m-CPBA, the ring nitrogen of 1 is thought to
undergo oxidation to give intermediate 2, which cannot be
isolated or even observed by NMR spectroscopy. Instead,
immediate cheletropic extrusion of nitrosomethane occurs
at low temperature to yield trisubstituted alkenes 3 and 4 in
high yield (Table 1). Assignment of E and Z isomers was
accomplished by analysis of 3JC,H coupling constants. For
most substrates, the extrusion was highly stereoselective,
favoring alkene diastereomer 3 (termed the “in” isomer
because the torquoselective rotation of R3 occurs in an
“inward” fashion, Scheme 2). In a few cases, alkene 4 (the
“out” isomer) dominated (entries 9-12). We and others have
shown that stereoelectronic effects control the torquoselec-
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tivity of numerous pericyclic reaction types,4-7 but only one
group of related torquoselective extrusions has been reported,
involving an achiral nitrogen center.8

Quantum mechanical calculations were performed to
identify the factors controlling the stereoselectivity of the
oxidation and extrusion steps. All structures were computed
using UB3LYP9 density functional theory as implemented
in Gaussian 03.10 The structures and energies reported in
Schemes 5 and 6 were calculated with the 6-31+G(d)11 basis
set. Because calculations at the UB3LYP/6-31G(d)12 level
resulted in virtually no geometry or energy change, the
remaining structures are calculated at this level of theory.
All stationary points were verified as minima or first-order

saddle points by vibrational frequency analysis. All free
energies are reported in kcal·mol-1.

Performic acid was used to model the oxidant and
isoxazoline 1a (Scheme 3) was used to model Table 1, entry
4 as a typical “in”-yielding isoxazoline. Although isoxazoline
conformation 1a-trans is more stable than 1a-cis, oxidation
of 1a is selective for N-oxide diastereomer 2a-cis due to an
unfavorable interaction between the oxidant and phenyl π
system in TS1a-trans.

The decomposition of intermediate 2 can occur via a
concerted or stepwise sequence (Scheme 4). The barrier for
the concerted pathway was calculated to be 6 kcal·mol-1

higher than that of the stepwise. Reactions that preferentially
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Scheme 1

Table 1. Oxido-Alkylidenation Resultsa

a R2 ) CO2Et for all entries. b Reaction conditions: alkyne (1.0 equiv),
nitrone (1.3 equiv), toluene, 50 °C, 12 h. c Reaction conditions: isoxazoline
(1.0 equiv), m-CPBA (1.5 equiv), CH2Cl2, 0 °C, 5 min.

Scheme 2. Extrusion of Diastereomeric Isoxazoline N-Oxides
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proceed through low energy diradical NO intermediates such
as 5 are not uncommon.13

To explain the torquoselectivity, the “inward” and “out-
ward” decompositions of unsubstituted 2 (R1 ) R2 ) R3 )
H) were investigated (Scheme 6). The N-O bonds of 2,
bearing a pseudoaxial oxygen, and 2′, bearing a pseudoequa-
torial oxygen, readily cleave to form “in” and “out” diradicals
5 and 5′, respectively. While the N-oxide exhibits a modest
selectivity for outward ring-opening, the resulting 5′ is 3.9

kcal·mol-1 less stable than “in” diradical 5 due to repulsion
between the oxygen lone pairs in 5′. Diradical 5′ undergoes
a nearly barrierless rotation via TS4 to the more stable 5,
which then extrudes nitrosomethane to yield “in” alkene 3.
The rotational barrier for the C-N bond of 5′ (TS5, Scheme
5), which would give the more stable conformation 5-ent
and subsequently “out” alkene 4, is 2.6 kcal·mol-1 higher in
energy than TS4.

Having established that the relative energies of TS3 and
TS3′ (C-N bond cleavage of 5 and 5′) determines the alkene
ratio, these transition structures were located for the “in”
and “out” diradicals resulting from decomposition of sub-
stituted N-oxide 2a-cis. Consistent with experimental results
the “in” alkene was calculated to be favored by 3.0
kcal·mol-1 (Figure 1).

To explain “out” product 4, entry 10 of Table 1 was
modeled by 1b (Figure 2). The oxidation selectivity was
calculated to be similar to that of “in”-yielding isoxazoline
1a, with a 3.6 kcal·mol-1 preference for TS1b-cis over TS1b-
trans. These results show that formation of 4 is not due to
a change in the oxidation selectivity.

The stereochemistry-determining C-N bond cleavage
transition state was next investigated (Figure 3). In agreement
with experimental results, decomposition to “out” alkene 4b
was calculated to be favored by 0.8 kcal·mol-1. The reversal

(13) (a) Breton, G. W.; Nickerson, J. E.; Greene, A. M.; Oliver, L. H.
Org. Lett. 2007, 9, 3005. (b) Leach, A. G.; Houk, K. N. Org. Biomol. Chem.
2003, 1, 1389. (c) Leach, A. G.; Houk, K. N. Chem. Commun. 2002, 12,
1243. (d) Leach, A. G.; Houk, K. N. J. Am. Chem. Soc. 2002, 124, 14820.

Scheme 3. Oxidation Stereoselectivity

Scheme 4. Possible Decomposition Mechanisms of 2

Scheme 5

Figure 1. Model MeNO extrusion TSs; Table 1, entry 4.

Figure 2. Transition structures for oxidation of 1b.
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of torquoselectivity of 1b is attributed to steric clash between
an ortho ethyl group of R3 and the planar allyl radical in
TS3b.

In conclusion, stereoselective oxidation of 1 occurs to
minimize steric hindrance between the oxidizing agent and
substituent alpha to the isoxazoline nitrogen (R3). A stepwise
extrusion that maximizes the distance between the two radical
oxygens in the diradical intermediate (e.g., 5 vs 5′) explains
the general formation of “in” alkene 3. This selectivity is
reversed when large ortho substituents on R3 destabilize the
diradical intermediate of type 5.
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Scheme 6

Figure 3. Model MeNO extrusion TSs; Table 1, entry 10 (relative
enthalpies in parentheses).
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