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Abstract: Irradiation of allene-enoate 1 affords alkyne 3 as the major photoproduct.
Selectively deuterated analog d—1 affords a single diastereomer on irradiation. This result
supports a stepwise mechanism for enantioselective [2+2]}-photocycloadditions involving a 1.4-
biradical intermediate 2 which collapses to products more rapidly than it undergoes reversion to
starting material, resulting in the observed high levels of asymmetric induction.
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We have previously described asymmetric, intramolecular allene-enone and allene-enoate
photocycloadditions which provide access to complex carbocyclic frameworks in enantiomerically pure form.1
In the course of applying the transformation to the synthesis of several natural products we observed that
irradiation of optically active (92% ee) 1 with a medium pressure Hg lamp through a Pyrex filter afforded alkyne
3 (Eq 1) with complete asymmetric induction (92% ee). These results prompted us to scrutinize the reaction
with the aim of gaining mechanistic insight into the formation of the unusual alkyne photoproduct. In this
communication, we describe an isotopic labeling experiment which supports the intermediacy of a putative 1,4~
biradical 2 which fails to undergo ring closure to furnish the expected exoalkylidene cyciobutane and instead
preferentially undergoes a rapid, stereospecific 1,5-hydrogen shift.2

Ph O

Ph O

Two distinct mechanistic pathways involving an intermediate 1,4-biradical can account for the formation
of alkyne 3 (Scheme 1). Irradiation of the substrate generates an enoate triplet which adds to the proximal
terminus of the allene to give an intermediate 1,4-biradical (2). In principle, this biradical has three fates
following intersystem crossing to the singlet state: (1) ring closure to give exoalkylidene cyclobutane 4, as
would be anticipated for a typical enone-olefin photocycloaddition reaction; alternatively, (2) 1,5~hydrogen
transfer to give acetylenic product 3 directly; and (3) reversion to starting material. In the photochemical
reactions that we have conducted to date with related substrates that afford alkyne adducts we have failed to
observe the intermediacy of ring-closed products such as 4. Nonetheless, if 4 is transiently formed it could
undergo a strain-induced retro-Conia fragmentation3 to give rise to enol 5 which would tautomerize to afford
the observed product 3. We speculated that a simple experiment utilizing deuterio-labeled allenes would allow
these two mechanistic alternatives to be readily distinguished.
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Scheme 1

Two limiting experimental outcomes are possible upon irradiation of labeled, racemic allene d-1.4 If the
formation of products proceeds through enol 6 then tautomerization ought to lead to a diastereomeric mixture of
deuterium labeled products 7 (Eq 2). Additionally, when the reaction is conducted in the presence of a protic
solvent, exchange of the enolic proton should be faster than tautomerization, leading to unlabeled product 3. In
contradistinction, if the product arises via direct formation of the acetylene by 1,5-hydrogen transfer then, on the
basis of molecular modeling,5 deuterium incorporation at C-2 should occur stereoselectively, giving (2R)-7 (Eq
3). Additionally, conducting the reaction in MeOH should not lead to loss of the deuterium label under the
neutral conditions of the reaction.

Irradiation of d-1 in CH;Cl, afforded deuterium-labeled acetylenic product; analysis by tH NMR
spectroscopy revealed that (2R)-7 had been formed in >20:1 diastereoselectivity (Figure 1).6 Additionally,
irradiation of d-1 in 1:1 CH,Cl;:MeOH + 1% N-methyl morpholine furnished the same labeled product (2R)-7
stereospecifically. In order to demonstrate that the enol-keto tautomerization of 6 to 7 would afford a mixture of
deuterium stereoisomers, the lithium enolate of 3 was generated and quenched at -78 °C with D,O to give two
diastereomers (2R)-7/(25)-7 in a 2.2:1 ratio.”8 Collectively these results can only be accommodated by a
mechanistic pathway involving biradical intermediate 2 which undergoes a stereospecific 1,5-deuterium shift.
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Figure 1. Partial 500 MHz 1H NMR spectra of (2R)-7 and (25)-7 in CgDg generated under photochemical
conditions and by deprotonation with LiN/Pr; followed by a D20 quench.

We have previously proposed a working model that accounts for the high levels of asymmetric induction
in photocycloadditions of optically active allenes with cyclic enones and enoates to form cyclobutanes (Scheme
2).1 The observation of high optical activity in the photoadducts suggests a mechanism in which the
stereochemistry of the products is established kinetically upon addition of the enone excited state to the least
hindered allene face (8 — 9 — 10). Importantly, within the lifetime of the putative 1,4-biradical intermediate
10/10', allylic C-C single bond rotation and inversion of the vinyl radical occur (10 2 10')9 with consequent
loss of olefin geometry.10:11 The observation of asymmetric induction in the photoaddition that leads to alkyne
formation is consistent with a mechanism in which H-atom transfer by the putative 1,4-biradical 10' is faster
than retroaddition, k; (10' - 11) >>k; (10/10' —» 9).12 These experiments demonstrate that high optical
induction can be expected in [2+2]-photoadditions not only when the biradical can cyclize to a four-membered
ring product, but also when other processes are available to this high-energy intermediate that are faster than ring
closure, such as 1,5-H transfer.

Scheme 2
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