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INTRODUCTION

The [2+2] photocycloaddition of enones to olefins is a classic reaction in synthetic organic

chemistry. It was first reported by Ciamician in 1908 in the photo-

induced conversion of carvone (1) to the highly strained carvonecamphor Scheme 1.

(2) (Scheme 1).! This example illustrates the potential for this o .
transformation for the synthesis of mono and polycyclic ring systems e, 2%40
containing a central, highly strained cyclobutane moiety under ) )

“reagentless’ conditions.

[2+2] Photocycloadditions have been a source of considerable interest for almost a century and
has been extensively investigated.? Mechanistic studies have revealed much about the intermediates of
the photocycloaddition,®* but their high reactivity has made it difficult to control regio- and
stereoselectivity. In addition, the general reaction pathway has yet to be fully elucidated. Despite these
obstacles, this reaction has often been used in the total synthesis of natural products.>®’® Also, new
developments have overcome problems in both regio- and stereoselectivity. This report will summarize
the reaction mechanism, recent developments in stereoselective photocycloadditions, and some
applications of this methodology in the total synthesis of natural products.

MECHANISM
Background

In the landmark synthesis of caryophyllene (3) and isocaryophyllene (4) (Scheme 2), Corey and
coworkers discovered that irradiation of enone 5 in the presence of isobutylene 6 resulted in the
formation of a mixture of isomeric products. head-to-tail adducts 8 as the major products and head-to-

head adducts 7 as minor constituents.” Intrigued by this observation, they examined several additional
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intermolecular [2+2] photocycloadditions of cyclic enones to olefins with the goal of understanding the
factors responsible for the regio- and stereoselectivity.® It was observed that in general, electron rich
olefins yielded mainly head-to-tail cycloadducts with enones whereas el ectron deficient olefins provided
head-to-head products. Also, it was observed that the use of either cis or trans 2-butene resulted in
identical product mixtures. Corey concluded that upon excitation of the enone 9 to triplet 10, the
reaction proceeded though an oriented T-complex or exciplex 11, which defines the regiosel ectivity of
bond formation to the olefin, affording triplet 1,4-biradical intermediate 12 (Scheme 3). Free rotation
about the single bond results in scrambling of configuration before collapse to cyclobutane 13.
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Trapping of Triplet 1,4-Biradical Intermediates

The intermediacy of atriplet 1,4-biradical intermediate 12 is central to the proposed mechanism
of cycloaddition. Seeking evidence for this species, Weedon and coworkers designed a study to trap
newly formed radica intermediates with hydrogen selenide before the cycloaddition could occur.™
Irradiation of a solution of 2-cyclopentenone (14) and methyl acrylate 15 yielded a 1:1 mixture of head
to head and head to tail products (Scheme 4). When the experiment was repeated in the presence of the
radical trap H,Se, a mixture of saturated esters 18-21 was isolated with no cycloadducts detected
(Scheme 5). Each of these corresponded to a specific biradical intermediate 22-25, giving strong
evidence for the existence of the proposed intermediate 12. Interestingly, the ratios of head to head and
head to tail cycloaddition products did not match those of the trapped intermediates.”? This suggests that
the major cycloadducts do not come from those biradicals that form at the fastest rates; rather those
products come from the biradicals that show a greater Scheme 4.
propensity to close and not revert to ground state headto head head to tail
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I ntramolecular Photocycloadditions. The Rule of Five

The regioselectivity of intramolecular photocycloaddition is generaly very high in systems
where the two double bonds are connected by a three, or four atom tether. Generally, in these systems
the initial radical addition to the olefin will preferentially form five-membered rings over larger rings.

This observation is known as the “Rule of Five'®

and is likely due to the increasingly unfavorable
entropies of cyclization that correspond to the formation of larger rings.*

This rule was tested by Weedon and coworkers in a second radical trapping study.™® Irradiation
of enone 25 (Scheme 6) in the presence of H,Se resulted in exclusive formation of spiro ketone 26,
presumably formed from the biradical intermediate 27, with no evidence of cycloaddition products.

This experiment provided clear evidence for the validity of the Rule of Five.
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ENANTIOSELECTIVE [2+2] PHOTOCYCLOADDITIONS
Enantioselective Photocycloadditions of Chiral Allenes

The use of alenes in [2+2] photocycloadditions with enones has been successfully
demonstrated.>** Recently, Carreira and coworkers developed a new strategy for the enantioselective
intramolecular [2+2] photocycloaddition of enones to opticaly active silyl-substituted allenes.®®

Irradiation of cyclic enones 28-29 afforded a mixture of diastereomers with high enantioselectivity



(Table 1).® Interestingly, irradiation of coumarin 30 resulted in the formation of 33 as a single
diastereomer with excellent enantioselectivity. The authors proposed that this high diastereosel ectivity
was due to a conformational memory effect'® in the closing of the putative 1,4-biradical intermediate.
When the silyl group was replaced with atertiary butyl group, greater enantioselectivities were realized.
Enantioselectivity with a Chiral Host

Bach and coworkers have recently reported on the use of a chiral complexing reagent to effect
enantioselective [2+2] photocycloadditions of a 2-quinolone substrate to olefins®® Irradiation of
guinolone 34 and an olefin in the presence of chiral host 35 (Scheme 7) gave either exo-adduct 36 or
endo-adduct 37 in high diastereo- and enantioselectivity (Table 2).>® Enantioselectivity is presumably
controlled by a hydrogen-bonded complex of 34 with 35 which imparts a facial bias for olefin addition.
When styrene was used, the reaction failed to go to completion, and 10% of endo-adduct 37 was

recovered along with 65% of quinoline 34.
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Stereocontrol Through a Concerted Reaction M echanism

A common disadvantage associated with [2+2] photocycloadditions is the scrambling of
configuration associated with the putative 1,4-biradical intermediate 12. However, if the cycloaddition
occurred in a concerted manner, this problem would be nonexistent. Mariano and coworkers have
recently reported a way to control the mechanism.”* Their strategy employs the use of eniminium salts
as enone surrogates. Since eniminium salts possess only TeT?* excited states, intersystem crossing from
singlet to triplet excited states should be slow. As a result, [2+2] cycloadditions of these substrates
should occur from singlet excited states and thus follow a concerted mechanism.

A second key feature of their strategy was the

Table 3.
incorporation of a chiral directing group to control facial D
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selectivity in the cycloaddition. During their initial study, = LU ¥

Clog CH:CN  ClO, z
Mariano and coworkers found that irradiation of 38 led ij\om H
to formation of photoadduct 39 (Table 3).*** However, R = CH,0CH;

38 39
longer irradiation  periods led to lower
Entry Temperature Conversion Yield ee

enantioselectivities. Also, it has yet to be determined

1 20°C 90% 51% 63%
whether this methodology will be successful in avoiding 20 °C 56% 65%  75%
the scrambling of the configuration of the alkene. 3 20°C 40% 61% 8%

4 4°C 60% 60% 78%

5 4°C 46% 56% 80%

APPLICATIONS
Total Synthesis of Ginkgolide B

Ginkgolide B (40) was first isolated from the root bark of Ginko biloba by Furukawa in 1932.%
Because of its complex ring molecular architecture and biological activity as a potent platel et-activating
antagonist,” Ginkgolide B is an attractive synthetic target.

Crimmins and coworkers reported a racemic synthesis of 40 using a double diastereoselective
[2+2] photocycloaddition as the key step (Scheme 8).” Cycloaddition precursor 42 was prepared from



commercialy available 3-furaldehyde in 8 steps. Irradiation of 42 provided the desired photoadduct 44
in quantitative yield, presumably through a chair-like transition state 43. The natural product 40 was
afforded from cycloadduct 44 in 17 steps, which included a regiosel ective cyclobutane cleavage and an
acid-catalyzed closure of the E ring. This synthesis provides an excellent example of the utility of the

[2+2] photocycloaddition of an enone to an olefin to set multiple stereocentersin asingle step.
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[2+2] Photocycloaddition/Thermal Fragmentation

The high ring strain associated with cyclobutanes typically alows for their efficient
fragmentation to less strained products. If the cyclobutane is fused to one or more rings, this process can
provide many ring expansion products. As a result, a tandem [2+2] photocycloaddition/fragmentation
sequence offers a powerful route to medium-sized rings and has been extensively studied in the
literature.* %

White and coworkers have recently reported the total synthesis of (+)-byssochlamic acid 45
(Scheme 9).2 A [2+2] photocycloaddition/thermal fragmentation strategy for the construction of the
nine-membered ring was employed. Coupling of 46 and 47 led to a 1:1 cisitrans mixture of
photosubstrate 48 in 2 steps. Subsequent intramolecular [2+2] photocycloaddition of 48 yielded
photoadducts 49 and 50 in 56% vyield, which upon thermal fragmentation gave the desired
cyclononadiene 51 as a 1.1 mixture of epimers in quantitative yield. Further elaboration and
epimerization of the propyl group gave byssochlamic acid. The rapid construction of this fused
macrocyclic ring system highlights the utility of the tandem [2+2] photocycloaddition/thermal

fragmentation methodol ogy.
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CONCLUSION
The [2+2] photocycloaddition of enones to olefins has been shown to be highly effective in the

1:1 cis:trans

51 45

generation of cyclobutanes in an enantioselective fashion. In particular, Mariano’s strategy shows great
promise and has the capacity to develop into a genera method for stereocontrol in [2+2]
photocycloadditions.  Furthermore, the [2+2] photocycloaddition/thermal fragmentation strategy
provides a powerful method for the generation of medium sized rings which are frequently found in
natural products.
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