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Preface

Photochemistry is a highly valuable tool for modern organic synthesis.
It has had a very strong first period of prosperity in the early fifties and
sixties of the last century, when numerous light-induced reactions were
discovered, modified and applied to synthetic problems. A milestone of
development is related to the famous Woodward-Hoffmann rules and the
photochemical reactions which served as the experimental basis. Subse-
quently, expectations from the “‘synthetic community’” were high and the
actual output in fact remarkable, as chemists became aware of the reactivity
potential of electronic excited states of a molecule. Indeed, photochemistry
means in many cases a multiplication of reactivity options, i.e. in addition
to the ground state, the electronically excited singlets and triplets show
different chemical behavior and often differ so remarkably that they behave
as completely new molecules. If you don’t want to use them, however,
they simply disappear again by radiative or non-radiative pathways (a key
principle also of green chemistry). The techniques of time-resolved spectros-
copy approaching new fascinating time domains (‘“‘femtochemistry”) in the
last decades, enable the photochemistry community to describe a photo-
physical process in full detail and also to predict photochemical reactivity.

In spite of these exceptional advantages, light-induced reactions were
only little by little accepted by the synthetic organic community. Up to 1995,
only about 1% of the procedures and reactions in Organic Syntheses and in
Organic Reactions dealt with photochemistry! In our opinion this results
from two major problems:

First, photochemistry is always linked to photophysical aspects—the
nature of the excited state, its lifetime, its radiative and non-radiative
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iv Preface

deactivation paths have to be considered (and to be optimized) in order
to design a productive light-induced process—which makes things less
easy. Second, photochemical processes require appropriate (and some-
times also expensive) equipment, a fact which often discouraged the
interested user.

In the meanwhile, interdisciplinary research became more and more
essential and photochemistry became a perfect example as a powerful bridge
between chemistry, physics, and biology, between material science, life
science, and synthesis.

Until recently organic photochemistry has only partially focused on
stereoselective synthesis, one of the major challenges and research areas in
modern organic synthesis. This situation has dramatically changed in the
last decade and highly chemo-, regio-, diastereo- as well as enantioselective
reactions have been developed. Chemists all over the world became aware of
the fascinating synthetic opportunities of electronically excited molecules
and definitely this will lead to a new period of prosperity. Photochemical
reactions can be performed at low temperatures, in the solid or liquid state
or under gas-phase conditions, with spin-selective direct excitation or
sensitization, and even multi-photon processes start to enter the synthetic
scenery.

With contributions from 24 international subject authorities, Synthetic
Organic Photochemistry comprises a leading-edge presentation of the most
recent and in-demand applications of photochemical methodologies.
Outlining a wide assortment of reaction types, entailing cycloadditions,
cyclizations, isomerizations, rearrangements, and other organic syntheses,
this reference also ties in critical considerations that overlap in modern
photochemistry and organic chemistry, such as stereoselectivity. Select
experimental procedures demonstrate the industrial and academic value of
reactions presented in the text.

Containing a remarkable 2113 references, this volume

reviews [242], [4+ 2], and ene photooxygenation reactions,
illustrates photocycloadditions of alkenes to excited alkenes or
carbonyls,

e clarifies abstractions of y- and (y+n) hydrogens by excited
carbonyls,
describes di-n-methane and oxa-di-n-methane rearrangements,
explores photoinduced electron transfer cyclizations using radical
ions,
studies photogenerated nitrene additions to w-bonds,
surveys reactions with photoinduced aromatic nucleophilic
substitutions,
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Preface v
e covers several other photochemical methods for specific syntheses,
e inspects medium effects on photoinduced processes.

Synthetic Organic Photochemistry is an ideal resource for photo-
chemists, organic and physical chemists, and graduate students in these
disciplines.

Axel G. Griesbeck
Jochen Mattay
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Synthetic Organic Photochemistry

Axel G. Griesbeck
Institut fir Organische Chemie, Universitét zu Kéin, KéIn, Germany

Jochen Mattay
Universitét Bielefeld, Bielefeld, Germany

1.1. INTRODUCTION

This book is on synthetic organic photochemistry. With emphasis on
“synthetic.”

Considering only the electronically excited states of organic molecules
relevant for photochemistry, essentially the first excited singlet and triplet
states (in rare cases, contrary to the expectations of the Kasha rule, also the
second excited states), the reactivity options are triplicated when compared
to ground-state reactivity. Furthermore, photoinduced electron transfer
(PET) is capable of activating organic substrates by one-electron oxidation
and/or reduction and thus, in optimal cases, singlet excited states are
available to direct photon excitation, triplet states by triplet sensitization (or
via rapid and efficient ISC from the corresponding excited singlet), radical
anions by PET with an appropriate donor (e.g., an amine or thioether), and
radical cations by PET with an appropriate acceptor (e.g., cyanoaromatics
or pyrylium salts). Reactivity options are thus quintupled when compared to
ground-state reactivity.

The photochemists toolbox has several selective instruments in store to
check this multiplication in reactivity:

(a) Selective direct excitation is possible using monchromatic light
sources or appropriate filter systems (either liquid filter solutions
of glass filters) when applying polychromatic light sources.

1
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2 Griesbeck and Mattay

Additonally, triplet quenchers can be added in order to selectivity
pattern the reactivity of the first excited singlet state;

(b) Selective generation of the triplet excited state is possible by
applying appropriate triplet sensitizers, most convenient (when-
ever possible) is the use of sensitizing solvents such as acetone.
Less frequently used, but important for mechanistic analyses is
the use of chemoluminescent precursors which thermally decom-
pose to triplet excited states (as often applied for triplet carbonyl
photochemistry and the correspoding 1,2-dioxetanes as triplet
precursors);

(¢) Using the Rehm-Weller equation(s), an estimate of the optimal
redox properties of PET sensitizers is possible and thus the
selective and quantum-efficient generation of either radical anion
or radical cation of the photoactive substrate. In photoinduced
electron transfer processes either the oxidant or the reducant can
be excited electronically, thus this parameter is an additional
bonus added to the PET process.

Yield is an evergreen in synthetic chemistry; but, in addition to
chemical yields, also quantum yields have to be considered when trying to
design an efficient photochemical process. Quantum yields for photoche-
mical reactions ®, vary from zero (very bad) to 10° (very good, but a
speciality for some light-initiated radical chain reactions). Reaction
quantum yields of 2-10 look attractive and indicate quantum-chain
processes often to be found in PET processes like PET-oxygenations,
quantum yields of 0.1 to 1.0 are typical for carbonyl photochemistry like
Norrish processes or Paterno-Biichi reactions. Even lower quantum yields
can still come along with good chemical yields, but they are a waste of
energy and quite often are highly sensitive against competing reactions and
require defined reaction conditions.

Reports concerning the mechanisms of photochemical processes have
been published in overwhelming quantity in the last decades. These
investigations often originate from the interface of organic, physical, and
theoretical chemistry as well as laser spectroscopy (cf. femtochemistry).
Though often highly simplifying, the results prove to be useful for problems
in synthetic organic chemistry. Especially all aspects of stereoselectivity have
become more and more important in the last decades and also found their
way into modern organic photochemistry. This will become clear from the
following chapters, where stereochemistry plays a central role in nearly all
processes described and nearly all target molecules choosen.

A glance at Fig. 1 already illustrates the broadness of photochemical
reactions, ranging from carbonyl reactions and photooxygenations to

Copyright © 2005 by Marcel Dekker
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Figure 1 Tllustrative target molecules chosen from 16 chapters.

electron transfer cyclizations and nitrene additions. The chapters in this
book are ordered in the way of group transformations, i.e. hydrogen
transfer and cycloadditions to carbonyl groups, alkene cycloadditions,
transformations of 1,4-dienes, p,y-unsaturated carbonyl compounds,
o,B-unsaturated carbonyl compounds, 1,3-diene-photocycloadditions,
photocyclizations induced by electron transfer, oxygenation, amination by
nitrene addition, alkene photoisomerization, activation of benzylic func-
tions, aromatic substitution, ortho-, meta-, and para-photocycloaddition to
arenes. As an outlook into the possible future of photochemistry, the last
chapter describes photochemistry in constrained media. Seventeen senior
authors and further coauthors have compiled this collection of reactions
which includes more than 2000 references.

The first three chapters by Wagner, Wessig, and Griesbeck deal with
typical carbonyl chemistry: Norrish type II reactions followed by Yang-
cyclization, homologous Norrish type II reactions (i.e. hydrogen abstrac-
tions from non y-positions), and Paterno-Biichi [2+2]-photocycloadditions.
The enantiomerically pure f-amido-cyclobutanol 1 is formed from a chiral

Copyright © 2005 by Marcel Dekker
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Figure 2 Photochemical hydrogen transfer and carbonyl cycloaddition.

valerophenone derivative (from isoleucine—a readily available compound
from the pool of chiral amino acids) [1]. Two new sterecogenic centers are
formed in a highly controlled fashion via an interemediate 1,4-biradical
which is formed by a y-hydrogen transfer to the excited carbonyl triplet.
When conformationally possible, other than y-hydrogens can be active in
homolytic transfer as outlined for the synthesis of the enantiomerically pure
tricyclic a-amino acid 2. On irradiation of the bicyclic precursor diketone,
prepared in a few steps from cheap 4-hydroxyproline, a fully stereoselective
cyclization to the tricyclic amino acids 2 is observed. In the photochemically
initiated CH-transfer step, the stereogenic center at C-7 is destroyed. The
(triplet) biradical formed can, however, only be attacked from one side, and
thus, no epimerization is observed at C-7 [2].

A completely different product class, a-amido, B-hydroxy carboxylic
acids, can be obtained from the [2+2]-photocycloaddition of aldehydes to
S5-methoxyoxazoles and subsequent hydrolysis of the bicyclic oxetanes [3].
Compound 3 is available from the triplet benzaldehyde addition to dimethyl
5-methoxyoxazole in diastereomerically pure (erythro-selective) form.

The next three chapters by Fleming, Armesto, and Rao deal with
different aspects of alkene photochemistry: alkene [24-2]-photocycloaddi-
tions to other alkenes, di-n-methane (DPM) rearrangements of 1,4-dienes
and oxa-di-t-methane (ODPM) rearrangements of f,y-unsaturated
carbonyl compounds. Photocycloaddition of an ecther-tethered 1,6-diene
by Cu(I)-catalysis leads to the exo-selective formation of the bicyclic
tetrahydrofuran derivative 4 [4]. By direct electronic excitation of a
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Figure 3 Alkene photocycloaddition and DPM/ODPM rearrangements.

deconjugated enone/ene system, the DPM rearrangement product erythro-
lide A 5 was obtained in excellent yields [5]. This is probably the first
observation of the involvement of this specific photoreaction in the pro-
duction of natural products. Solvent triplet-sensitized (photolysis in
acetone) ODPM rearragement of a bifunctional enone results in the forma-
tion of a diquinane, that could be converted, by subsequent transformations
involving the annulation of the third five-membered ring as well as
epoxidation and hydroxylation steps to the natural product corioline (6) [6].

The next three chapters are by Margaretha, Sieburth, and Mattay,
and describe enone photochemistry, [4+4]-photocycloaddition reactions,
and photoinduced electron transfer processes for the synthesis of ring
systems. The fungal metabolite sterpurene (7) can be obtained in a multistep
sequence starting with a [2+2] enone-ene photocycloaddition resulting
in a bicyclooctanone from 3-methylcyclohex-2-enone and ethylene [7]. A
spectacular [4+4]-photocycloaddition reaction transforms the macrocyclic
polyunsaturated ring system of alteramide A in quantitative yield into an
annulated 1,5-cyclooctadiene simply by irradiation with solar light [8].
A ring/substituent pattern which is present in isoquinolines such as 2,7-
dideoxypancratistatin is generated by photoinduced electron transfer
cyclization of an electron-rich benzalamine derivative and results in the
formation of the tetrahydroisoquinoline 9 [9].

Copyright © 2005 by Marcel Dekker
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o H

R = t-BuMe,Si 9

Figure 4 Enone-, 4 +4-cycloadditions and PET reactions.

The next three chapters deal with the generation of highly reactive
intermediates, singlet oxygen and nitrenes, respectively. In contrast to the
chapters before, these approaches involve heteroatom transfer and not the
formation of C—C bonds. Three “type Il processes”, i.e. reactions with singlet
molecular oxygen, are described in detail by Iesce and Clennan: [2+2] and
[44-2]-cycloaddition reactions as well as ene reactions. The naturally occuring
cyclohexane diepoxides are a favorable group of target molecules for singlet
oxygen [442]-cycloaddition: the enantiomerically pure boesenoxide (10) is
produced from a cyclohexa-1,3-diene precursor and two deprotection/
protection steps [10]. The synthesis of the pentol talo-quercitol (11) starts with
cyclohexa-1,4-diene which is thermally dioxygenated and acetal-protected.
Singlet oxygen ene-reaction delivers an allylic hydroperoxide which is
transformed into 11 [11]. In a third chapter, nitrene generation and addition
to C—C double bonds are described by Abraham. These reactions can give
rise to unusual structures and, as shown for the cis,cis-trialkyltriaziridine 12,
also addition to N-N double bonds is possible [12].

The next three chapters are by Inoue and Mori, Albini, and Rossi, and
deal with alkene photoisomerization reactions, the modification of benzylic
positions and photochemical aromatic substitution reactions. (£)-2-cyclo-
heptenone is produced upon irradiation of the Z-isomer at —50 °C and can
be trapped by cyclopentadiene to afford the adduct 13 [13]. Benzyl-
substituted dihydroisoquinolinium derivatives can be used for the
photochemical synthesis of tetrahydroisoquinolines. The corresponding

Copyright © 2005 by Marcel Dekker
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Figure 5 Singlet oxygen and nitrene reactions.

Figure 6 Photoisomerization and photosubstitutions.

perchlorates have been successfully cyclized in the synthesis of the
protoberbine alkaloids xylopinine and stylopine. The reaction proceeds via
SET from the xylyl donor to the iminium moiecty, fragmentation of the
benzylsilane radical cation and carbon—carbon bond formation to give 14
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.wH
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Figure 7 Arene photochemistry.

[14]. Photochemical aromatic substitution initiated by a reductive step as in
Srnl reactions can be used for the synthesis of cephalotaxinone (15). The
corresponding iodoketone precursor cyclizes in liquid ammonia under
photolysis [15].

The last two chapters by Hoffmann and Ramamurthy deal with a
collection of photochemical reactions with arenes, the ortho-, meta- and para
photocycloadditions and with a conceptually exciting concept in organic
photochemistry, the use of contrained media. Retigeranic acid (16, by formal
asymmetric synthesis) was synthesized via a fabulous reaction sequence
involving an intramolecular meta photocycloaddition as key step [16].

These examples and many more can be found in the following
chapters. Additional examples including experimental details have also been
collected by us in an experimental course book [17].

Cologne and Bielefeld, August 2003.
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Abstraction of y-Hydrogens by
Excited Carbonyls

Peter J. Wagner
Michigan State University, East Lansing, Michigan, U.S.A.

2.1. HISTORICAL BACKGROUND
2.1.1. General Summary

Although the occurrence of intermolecular hydrogen atom abstraction from
solvent by excited ketones was known one hundred years ago, under-
standing of its intramolecular counterpart was achieved only in the past
40 years. A wide variety of carbonyl compounds undergo photoinduced
intramolecular hydrogen atom abstraction to form biradicals, which then
undergo two common competing reactions: coupling to produce cyclic
alcohols, and disproportionation back to ketone or to various enols. The
next chapter of this book is devoted specifically to the chemistry initiated
by B-, 8-, and more remote intramolecular hydrogen abstractions. The
1,4-biradicals formed by y-hydrogen abstraction undergo unique reactions
that other biradicals do not, and they do not disproportionate to enols as
other biradicals can. Thus this special chapter.

There are four distinct processes initiated by y-hydrogen abstraction in
excited carbonyl compounds: Norrish type II photoelimination, Yang photo-
cyclization (cyclobutanol formation), Yang photoenolization (o-xylylenol
formation), and B-cleavage of radicals from carbons adjacent to the radical
sites of the 1,4-biradicals. Some of these require unique structures and
generate distinct products.

Since hydrogen atom abstraction by an excited carbonyl closely
resembles hydrogen atom abstraction by alkoxy radicals, it is mainly
compounds with n,nt* excited states, namely ketones and aldehydes, that

11
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12 Wagner

perform this reaction. There are a few reports of simple esters that undergo
photo-induced reactions, but carboxylic acid derivatives in general are not
very reactive, since they do not have low-energy n,m* excited states [1]. An
exception occurs when electron transfer from a y-substituent to the excited
carbonyl induces a 1,5-proton transfer [2].

2.1.2. 1,4-Biradical Formation from Simple Ketones

The first and still best known example of such intramolecular hydrogen
abstraction is the ““type II”” photoelimination discovered by Norrish [3], who
found that dialkyl ketones with y C—H bonds cleave to methyl ketones
and alkenes rather than to acyl and alkyl radicals, the earlier discovered
“Type I” cleavage. Later workers found that both cleavage processes
compete in certain ketones and that overall quantum yields are particularly
low whenever the type II process occurs. For years the “type II”” reaction
was considered to be concerted; a 1,5-hydrogen transfer together with C-C
bond cleavage in a six-atom cyclic transition state could lead to the alkene
and the enol tautomer of the product ketone. Such a process would now be
called a retro-ene reaction. In a key experiment, Calvert and Pitts verified by
IR that the enol is indeed formed first and then is rapidly converted to
ketone [4]. However, the Yangs had already discovered competing
cyclobutanol formation and suggested that cleavage and cyclization both
arise from a 1,4-biradical intermediate formed by y-hydrogen abstraction by
the excited carbonyl group [5]. Nonetheless, suggestions were still made that
the cyclization could occur concertedly.

Before the concerted vs. two-step question was further elucidated,
another basic mechanistic puzzle was raised. One research group found that
type II cleavage of 2-pentanone was quenched by biacetyl [6], which was
known to quench excited triplets rapidly. Another group found that the
reaction of 2-hexanone was not quenched under the same conditions [7].
The two groups obviously differed as to which excited state undergoes the
reaction. The apparent conflict was neatly solved by the revelation that each
of the two ketones reacts from both states, with 2-hexanone undergoing
more unquenchable singlet reaction than 2-pentanone [8,9].

2.1.3. Normal Behavior of 1,4-Biradicals

Before the mid-1960s, most studies were performed on aliphatic ketones
until Wan and Pitts reported that phenyl alkyl ketones also undergo the
reaction [10]. Wagner and Hammond then showed that the type II reaction
of phenyl ketones is completely triplet derived and suggested that its
notoriously low quantum yields are caused by disproportionation of Yang’s
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1,4-biradical intermediate back to ketone [11]. Wagner soon discovered that
added Lewis bases markedly increase the quantum yields of triplet type 11
reactions, often to 100% [12,13]. This behavior was attributed to
suppression of biradical reversion to ketone by hydrogen bonding of the
biradical’s hydroxy group to the Lewis base: the H-bond is broken by
disproportionation, but not by cleavage or cyclization. In 1972 Wagner and
Zepp succeeded in trapping the biradicals with mercaptans [14]. Yang and
Elliot had already found that the triplet, but not singlet, component of
5-methyl-2-hexanone’s photoreactivity also produces extensive racemization
at the y-carbon, which could be caused only by disproportionation of a
1,4-biradical [15]. Wagner and Kelso found that (4)-4-methyl-1-phenyl-1-
hexanone also undergoes photoinduced racemization, the quantum yield for
racemization equaling 1 minus the quantum yield for type II products [16].
This fact equated racemization at the y-carbon with what had been called
“radiationless decay” and thus proved that what had been thought to be
physical decay of the excited state instead was chemical reversion of a
biradical intermediate to ground state ketone [16]. All of this work firmly
established 1,4-biradicals as intermediates in the triplet reaction but left
open how much they are involved in the singlet reaction. Some
unquenchable cyclization reactions indicate that singlet 1,4-biradicals are
indeed formed, even if they may not account for all cleavage reaction [17].
Although cleavage and cyclization of 1,4-biradicals are linked mechan-
istically, the cleavage process is so easy to measure that Norrish type 11
elimination has been widely studied to gain basic mechanistic information
about biradicals and about hydrogen abstraction reactions of excited
ketones.

Phenylglyoxylate esters undergo type II elimination in a unique
fashion in that the alcohol portion is oxidized to a ketone or aldehyde while
the benzoylcarboxy portion forms a hydroxyketene [18]. The interme-
diate 1,4-biradicals do not cyclize, presumably because of the strain in a
beta-lactone.

In contrast, Urry and Trecker had shown in 1962 that a-diketones
undergo photocyclization to 2-hydroxycyclobutanones, the intermediate bi-
radical cyclizing but not cleaving (which would form a hydroxyketene) [19].

2.1.4. p-Cleavage of Radicals from 1,4-Biradicals

Various o-substituted valerophenones [20] and 2-halo- or 2-thiylethanol
esters of phenylglyoxylic acid [21] form 1,4-biradicals that undergo radical
B-cleavage of the substituents to form 4-benzoyl-1-butene or vinyl
phenylglyoxylate, respectively, together with HX or RSH. This B-cleavage
of halogen atoms and thiyl radicals from biradicals was an important
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discovery: that biradicals can behave like independent monoradicals at two
different sites demonstrated that they are aptly named. Moreover, in the
valerophenone study prior knowledge of biradical lifetimes allowed the
determination of relative rate constants for many common radical
B-cleavage reactions. This knowledge then allowed estimation of lifetimes
for the glyoxylate 1,4-biradicals.

2.1.5. Photoenolization of o-Alkylphenyl Ketones

In 1961 Yang and Rivas reported that irradiation of some o-alkyl
benzophenones in the presence of a good dienophile yields products of
Diels—Alder addition of the dienophile to an o-xylylene. They surmised that
v-hydrogen abstraction occurs from the o-alkyl group, producing a
conjugated 1,4-biradical that relaxes to an enolic o-xylylene [22]. That
methanol-O-d resulted in benzylic deuteration of the starting ketone also
suggested the presence of an enolic intermediate. There have been several
forms of photo-induced enolization reported since Yang’s discovery of this
example, which can properly be called Yang photoenolization.

For some time the synthetic potential of this reaction as a source of
Diels-Alder adducts underwent considerable study. One outcome of these
studies was the realization that of the four possible o-xylylenol isomers, only
ones with the enolic OH group pointed out (the ““E-photoenol’) reacted with
dienophiles [23]. Mechanistic studies picked up in the 1970s, after Matsuura
and Kitaura reported that, in the absence of dienophiles, benzocyclobutenols
are formed from 2,6-dialkylphenyl ketones but not from simple o-alkylphenyl
ketones [24]. Previously the absence of cyclobutenol products had been quite
puzzling and led to suggestions that they were formed from the initial
biradical but underwent rapid electrocyclic opening to the o-xylylenols.

In the mid-1970s it was discovered that there are two kinetically
distinct triplets of o-alkylphenyl ketones, one with the carbonyl oxygen syn
to the o-alkyl group and thus highly reactive, and the anti rotamer which
eventually abstracts a hydrogen from the o-alkyl group after irreversible
rate-determining rotation to the syn isomer [25]. This finding prompted
Wirz and coworkers to see if there were two kinetically distinct rotamers of
the o-xylylenols; and flash kinetics showed that there is a very short-lived
one (~100ns) and a quite long-lived one (ms) [26]. The former was
identified as the Z-isomer and its rapid decay was ascribed to a highly
favorable 1,5-sigmatropic rearrangement in which the enolic proton
essentially protonates the other end of a dienol to regenerate the starting
ketone. The realization that both syn and anti o-xylylenols are formed and
that the former rapidly disappears explained why only the anti isomer is
trapped by dienophiles. This was just one of many studies of this reaction by
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flash kinetics, and over the decades structural assignments have had to be
altered as the presence of additional intermediates was realized. For example
Scaiano and coworkers found that the initial 1,4-biradical, which is the
triplet state of the o-xylylenol, decays relatively slowly (~ 1 us) to the ground
state o-xylylenol [27].

In 1991 Wagner and coworkers discovered that simple o-alkylphenyl
ketones do indeed form stable benzocyclobutenols, and that their formation
is quenched by the presence of acid [28]. This finding established that the
benzocyclobutenols are formed from the o-xylylenols, which of course
undergo very rapid acid catalyzed reketonization. Moreover, the benzo-
cyclobutenols are formed as single diastereomers in most cases, which
indicates that only one of the four possible xylylenol isomers undergoes
electrocyclization. The reason for their late discovery is that at temperatures
above 60° they undergo thermal opening to o-xylylenols which reketonize.

2.2. STATE OF THE ART MECHANISTIC MODEL
2.2.1. Acyclic Ketones

Scheme 1 shows the chronology of reactions involving y-hydrogen abstrac-
tion in simple ketones [29]. Light absorption produces an n,m* singlet that
undergoes competing hydrogen abstraction and intersystem crossing to a
triplet state. The hydrogen abstraction process produces an avoided crossing
or conical intersection wherein a fraction o of the developing biradical
forms a metastable biradical and the rest reverts to ground state reactant. The
singlet biradical undergoes mainly cleavage to enol and olefin.

The triplet ketone forms a biradical that can cleave, cyclize, and revert
to starting ketone by disproportionation. The presence of Lewis base
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solvents or additives suppresses this disproportionation and enhances
quantum yields of products, the percent suppression increasing with
concentration and basicity of the additive. Thus n,m* states of both
multiplicities undergo hydrogen abstraction in ways that cause large scale
reversion to ground state reactant.

The scheme contains a tacit message, namely that hydrogen
abstraction requires specific orientations of the carbonyl oxygen and the
C-H bond with respect to each other. Flexible acyclic ketones exist in
several conformations, some or most of which are unreactive for geometric
reasons. For some time it was thought that the C—H bond needed to be
positioned such that the H lies on the long axis of the oxygen’s half-occupied
n orbital, that being the verdict from several theoretical analyses of the
reaction. That may indeed be the most favorable intrinsic transition state
orientation for just the C=0 and the H, but it clearly is not a necessity when
the rest of the molecule does not cooperate. In situations that provide
rigidity to the molecule, such as in keto-steroids and in crystalline ketones,
hydrogen abstraction occurs even when the C=0O-H alignment is far from
ideal. Scheffer has reported many examples of efficient cyclization and
cleavage of crystalline ketones, where molecular rigidity is enforced by the
crystal lattice. His results indicate that hydrogen abstraction occurs over
a fairly wide range of C=0-H—-C dihedral angles and that the distance
between O and H is the major determinant of relative rates of y-hydrogen
abstraction [30].

Another puzzle is provided by the fact that singlet 1,4-biradicals
undergo little, if any, cyclization and disproportionation back to ketone,
whereas triplet 1,4-biradicals undergo both, often in large measure. In that
regard, the scheme does not include separate steps for intersystem crossing
of the triplet biradical to the singlet state before it forms products. Current
thinking is split between such a two-step process and a one step process
whereby movement along a reaction coordinate induces sufficient singlet
character in the biradical to allow formation of products. Their relatively
long lifetimes allow triplet biradicals to react along three different reaction
coordinates. It is commonly thought that singlet biradicals react so rapidly
that they form only the product closest in geometry to the biradical
geometry. However, the initial biradical formed by singlet state hydrogen
abstraction has a geometry more suited for cyclization than cleavage, but it
tends to undergo mostly the latter, probably because of entropic differences.

2.2.2. a-Ketoesters

The photocleavage of phenylglyoxylate esters is a simple Norrish type II
process with a secondary mechanistic twist, namely that continued
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irradiation causes the hydroxyketene to decompose to benzaldehyde and
carbon monoxide rather than tautomerize to phenylglyoxal. A similar
oxidation of the alcohol portion occurs in a-alkoxyacetophenones [31].

R
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2.2.3. a-Diketones

Photocyclization of a-diketones is unique in that hydrogen abstraction
apparently occurs only from the inner lobe of one carbonyl’s n orbital, such
that acylcyclobutanols are not formed. The behavior was once thought to
reflect mainly a conformational preference but through bond coupling of
the two oxygen n orbitals is also responsible, as the zwitterionic biradical
structure of the n,m* state depicts. Some early reports that photoinduced
cleavage to two acyl radicals occurs appear to involve hydrates, diketones
being particularly susceptible to addition of water.

neither observed
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2.2.4. p-Cleavage of Radicals from 1,4-Biradicals

The PB-cleavage of halogen atoms and thiyl radicals from biradicals
appears to follow a simple enough mechanism, as shown in Sch. 2.
After being formed, the S-substituted 1,4-biradical can undergo radical
cleavage in competition with its normal decay reactions. That leaves an

Copyright © 2005 by Marcel Dekker



18 Wagner

thv @—%_ @—g_JoSR—»Q—S_J-%RSH

Scheme 2

electron-deficient atom or radical next to an electron-rich a-hydroxy radical.
Consequently the hydroxy hydrogen gets transferred either as an atom by a
charge transfer induced disproportionation or as a proton following
complete electron transfer. Coupling of the two initial radicals would
form an unstable pseudo-hemiketal that also would revert to ketone.

2.2.5. o-Alkylphenyl Ketones

As described in the historical section, it has taken some 40 years for the
development of a relatively complete mechanism for the behavior of the 1,4-
biradicals formed by excited o-alkylphenyl ketones and aldehydes. Although
there is evidence that some acetophenones react from their n,m* singlets,
most enolization occurs from triplet n,m* states [26]. The excited state
hydrogen abstraction occurs from the syn isomer and thus the biradical
initially generated has the OH in a syn geometry. Given the conjugation of
the excited benzoyl group, the hydroxy radical site initially is conjugated to
the benzene ring, while the other site is twisted orthogonally to obey Hund’s
rule about two same-spin electrons not occupying the same orbital. Since
o-xylylenols are formed with their OH groups both syn and anti, the initial
biradical must be able to rotate its two radical sites. Since this twisted
biradical is the excited triplet of the o-xylylenol product [27], it converts to
ground state xylylenol by a 90° twist of the nonconjugated radical site, just
as triplet alkenes and dienes do. It is this twist that produces two xylylenols.

Since the stereochemistry of the benzocyclobutenol and Diels—Alder
products is determined by the geometry of the xylylenols and both reactions
occur stereoselectively, it became important to understand why specific
o-xylylenols are formed from a given carbonyl compound. Since the initial
triplet biradical can undergo conformational conversion, it likely relaxes to
ground state o-xylylenols from its lowest energy rotamer, the geometry of
which determines which two xylylenols are formed. Comparison of the
selectivities displayed by several ortho-substituted acylbenzenes indicated
that the o-xylylenols are formed from a biradical in which the radical site with
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the worst radical-stabilizing substituents is conjugated with the central
benzene ring and the site with the best radical-stabilizing substituents
is twisted 90° out of conjugation with the central benzene ring [32]. The
syn/anti orientation of the two substituents in the conjugated site, determined
by steric factors, is maintained in both o-xylylenols, whereas the other site
twists 90° in both directions to provide two ground state o-xylylenols
with each substituent on one end being anti in one isomer and syn in the other.
Sch. 4 displays one example of this triplet biradical relaxation.

2.2.6. Benzoate Esters: Electron Transfer

Although esters do not have low-lying n,m* states, their carbonyl groups
make them excellent electron acceptors. Thus with a good electron acceptor
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on the benzoate phenyl ring, irradiation forms a very electrophilic m,7*
excited state. With a good electron donor on a y-carbon, electron transfer to
the benzoate group allows a 1,5-proton transfer to the carbonyl, resulting in
the same kind of 1,4-biradical formed by simple hydrogen atom abstraction
and typical Norrish type II cleavage products [2].

0
T — oﬂ*@

2.3. SCOPE AND LIMITATIONS

2.3.1. Factors of General Importance

Since carbonyls can react from both singlet and triplet n,n* states, it is
important to recognize the general features that determine reaction rates
and product yields. Equation (1) describes the actual rate of any
photochemical reaction, where [, is the rate of light absorption in
photons/L-s and ®,, is the overall quantum yield of product formation,
which depends on how many competitive reactions each intermediate
undergoes. Equation (2) defines ®,,,, specifically for y-hydrogen abstraction,
as the sum of the probabilities that the various competing reactions in the
singlet and triplet manifolds lead to product, where o is the probability that
singlet H-abstraction produces a biradical, 'ky and “ky are the rate
constants for hydrogen abstraction, 75 and t7 are the excited state lifetimes
(which normally are determined primarily by rates of chemical reaction),
ki is the rate of intersystem crossing, and the 'P’s and *P’s are the
percentage of biradicals that cyclize or cleave. Equation (3) fully defines
the quantum yield for intersystem crossing of excited singlet ketone, where
kfl is the rate of fluorescence, which normally competes only slightly.
Equations (4) and (5) define the quantum efficiencies for cyclobutanol
formation and type II cleavage. It must be remembered that low overall
quantum yields do not necessarily mean low chemical yields, simply slow
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reactions; but ®.,./®y; does equal the cyclobutanol/cleavage ratio.
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There is only one limitation of general scope, namely the possibility for
more remote hydrogen abstraction, especially from carbons next to strong
electron donors, and for competing intramolecular Paterno-Buchi reaction
with appropriately located double bonds. Chapters 3 and 4 cover these
processes and may provide the information necessary to determine the
likelihood of such reactions competing with y-hydrogen abstraction in a
particular compound.

2.3.2. Aliphatic Ketones

As Secs. 2.1 and 2.2 point out, nonconjugated ketones and aldehydes
undergo y-hydrogen abstraction from both singlet and triplet n,m* states.
They allundergo S — T intersystem crossing with rate constants ~2 x 108 s~
so that the singlet/triplet reaction ratio depends mainly on 'k values. Both
'y and ki values vary with the type of C—H bond, simple acyclic ketones
showing tertiary/secondary/primary 'ky ratios of 20/9/1 and ki ratios of
4/1/0.1, all values in units of 10®s™". Thus 2-pentanone reacts mainly from
its triplet state while 5-methyl-2-hexanone reacts mainly from its singlet
state [8] and 4-octanone forms ~15 times as much 2-pentanone as
2-hexanone [33]. The size of o typically ranges from 0.8 to 0.16 [29]; and
the 3Pcyc and *Py values vary significantly in different compounds, with
chyc being very small for singlet states [34], for reasons not well understood.
A quite comprehensive early review of aliphatic ketone photochemistry
includes data for a large number of compounds [35].

There is an important reason to distinguish between singlet and triplet
reaction, since biradicals are longer-lived in their triplet states than in their
singlet states, giving the triplets more time to undergo conformational
interconversions. This fact has a long history and often decides both the
stereo- and chemoselectivity of biradical reactions, in the latter case the
competition between cleavage and cyclization.

There is a well established way to enforce only excited singlet reaction,
namely the inclusion of a triplet quencher at a concentration sufficient to
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quench all triplets before they can react. For this to work the lifetime of the
excited triplet must be known as well as the bimolecular rate constant for its
quenching by the chosen quencher. Conjugated dienes have often been used,
sometimes as solvent, since they quench triplet ketones with near-diffusion
controlled rate constants. Naphthalene and 1-methylnaphthalene are better
in that they absorb enough light below 330nm to sensitize formation of
excited singlet ketone [36], although disposing of them afterwards is not
as easy as distilling off pentadiene.

The naphthalene effect has been employed very effectively by Giese in
maximizing the stereoselectivity for cyclization of the 1,5-biradicals formed
by irradiation of N-(2-acylethyl)amino acids to prolines [37]. Of course
1,5-biradicals cannot cleave, so they cyclize. Since the Norrish type II
1,4-biradicals formed from excited singlets undergo very little cyclization,
the only stereochemistry they can produce is the cis/trans ratio of the olefin
cleavage product. Thus y-hydrogen abstraction by singlet excited ketones
is limited synthetically because most of the excited states do not form
biradicals and the biradicals mainly cleave. However, if cleavage is what
is desired, then a singlet state reaction is preferred, even if the quantum
efficiency is low.

Norrish type I a-cleavage occurs with rate constants close to those for
v-hydrogen abstraction and therefore often competes, especially in ketones
with a-substituents [35]. This problem is especially serious for cyclic ketones;
for example 2-(n-propyl)cyclopentanone rearranges to 7-octenal with a
quantum yield of 37%, while its type II cleavage yield is only 1% [35]. In
contrast, 2-(n-propyl)cyclohexanone undergoes both «-cleavage and
v-hydrogen abstraction in only 3-4% quantum efficiency, since triplet
cyclohexanone cleaves only 1/10 as rapidly as triplet cyclopentanone. The
2-alkyl group must be equatorial for any y-hydrogens to be close enough
to the carbonyl for H-abstraction, since trans-4-t-butyl-2-n-propylcyclo-
hexanone, with the propyl group axial, undergoes no type II reaction [38].

2.3.3. Aryl Alkyl Ketones

With intersystem crossing rates >10'"s™', aryl ketones react almost
exclusively from their n,m* triplet states, although a few examples of 'n,m*
reactivity have been reported. Rate constants for y-hydrogen abstraction
[39] in butyrophenone, valerophenone, and y-methylvalerophenone are 0.7,
16, and 50 x 10”s™", showing the usual oxy-radical 1°/2°/3° C-H selectivity
and being high enough to compete with bimolecular hydrogen abstraction
from alkane solvents and with Norrish type I a-cleavage in a-alkylated
ketones.
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Substituents on the benzene ring and at the 6-position can lower rate
constants in two separate ways. Electron-donating (o-, m-, or p-) and
conjugatively electron-withdrawing (para) ring substituents invert the
relative energies of *n,m*, and *m,m* states so as to lower the population
of the reactive *n,n* states. This change affects all triplet oxy-radical-like
reactions, so that competing product ratios undergo little if any change, the
slower overall rate of the photoreactions being the only significant effect.
Electron-withdrawing substituents on the d-carbon lower ki by a simple
inductive effect, showing a Hammett p; value of —1.85. However, rates of
competing bimolecular or a-cleavage reactions are not affected, such that
lower chemical yields of type II elimination and cyclobutanol formation
are possible.

2.3.4. a-Diketones

These compounds, which absorb violet and blue light, undergo their special
kind of y-hydrogen abstraction to form mainly hydroxycyclobutanone
products. Rate constants for the triplet abstraction are only 1% as large
as in monoketones, slow enough that phosphorescence competes. The
1,4-biradicals only cyclize and do not cleave. In some 1-phenyl-1,2-diones
enolization of the 2-carbonyl occurs, formally by a B-hydrogen transfer [40].
There also are cases in which hydroxycyclopentanones are formed [41].
These were originally ascribed to y-hydrogen abstraction followed by
transfer of the hydroxy hydrogen to the remaining carbonyl, but current
knowledge makes it more likely that 6-hydrogen abstraction occurs in
such cases.

PhCH,

PhCH CHZCHZ—C- -CHoCH,CHoPh _> “\/R m
OI benzene

90% 10%

As mentioned in Sec. 2.2, a-diketones form hydrates readily, so care
must be taken to minimize this to prevent cleavage of the two acyl groups.

2.3.5. o-Alkylphenyl Ketones

A very wide variety of such compounds have been studied in the past four
decades, primarily for synthesis of six-membered rings by Diels—Alder
cycloaddition of the initial o-xylylenol photoproducts to dienophiles.
The benzocyclobutenol products also are of synthetic interest, in that
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those formed from 2-alkylphenyl ketones revert to their o-xylylene isomers
at relatively low temperatures, making them isolable precursors for Diels—
Alder reactions. They can be modified first, as follows: strong acids cause
their slow isomerization to an equilibrium mixture of diastereomers,
presumably by Sy1 substitution at the protonated hydroxy group.
Nucleophiles other than water can of course replace the hydroxy group,
which also can be esterified. Treatment with strong base causes them to
revert to their ketone photo-precursor. The benzocyclobutenols formed
from 2,6-dialkylphenyl ketones are much more thermally stable, surviving
very hot GC injectors, and have not drawn as much synthetic attention.

Interestingly, there is one class of o-substituted phenyl ketones that do
not follow the usual photochemical reaction path. Whereas ketones with
alkoxymethyl, benzyl, ethyl, and other alkyl substituents form benzocyclo-
butenols, (o-acylphenyl)acetic acid derivatives do not. The nitrile gets
transformed to the amide [42], the parent acid undergoes decarboxylation in
benzene solvent [43], and esters and amides seem to be photoinert [43]. This
behavior all seems rooted in the lowest energy rotamer of the initial triplet
biradical having a geometry that forms only o-xylylenols with their OH
group syn, which rapidly revert to starting ketone.

2.3.6. Pyruvate Esters

These have been extensively studied by Neckers and coworkers [21]. Those
which undergo y-hydrogen abstraction cleave cleanly to aldehyde or ketone,
and thus provide a possible methodology for environmentally friendly
oxidation of alcohols. The secondary photolysis of the hydroxyketene forms
benzaldehyde and carbon monoxide, both of which could be considered
nuisances, although it might be possible to trap the carbene intermediate in
order to make a 1-phenylcyclopropanol.

Due to the low rate constants for y-hydrogen abstraction (~1% of
those for analogous phenyl ketone triplets), more remote hydrogen
abstractions and cycloadditions to remote double bonds commonly compete
and sometimes are the only reactions of pyruvates.

2.4. SYNTHETIC POTENTIAL: REACTIVITY AND
SELECTIVITY PATTERNS

Intramolecular reactions display chemo- and regioselectivity that are largely
dependent on the proximity and orientation of reactive functional groups.
Thus double bonds, aryl groups, amino groups, and thioalkoxy groups all
react rapidly with n,n* states by charge or electron transfer; ketones with
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any of them close to the carbonyl typically undergo y-hydrogen transfer in
low yields. Competition from type I a-cleavage is serious only in when an
a-carbon is tertiary or substituted with strong radical stabilizing groups.

2.4.1. Selectivity of Hydrogen Abstraction

In the absence of competitive reactions, what determines which C—H bonds
are abstracted? Generally, hydrogen atoms are abstracted much faster from
y-carbons than from &- or more distant carbons, due to a mixture of
enthalpic and entropic factors. Hexanophenone and longer phenones
undergo mainly type II elimination, photocyclization to cyclopentanols
being barely detectable. The v/d rate constant ratio is ~20/1 both
experimentally [44] and theoretically [45]. The behavior of d-methoxyvaler-
ophenone exemplifies how the inductive effects of a nearby substituent
(the methoxy group) can modify C—H reactivity so that 8- and y-hydrogen
abstraction occur equally [46]. Some compounds have more than one
hydrogen-bearing y-carbon. The behavior of 4-octanone [33] mentioned in
Sec. 2.3.2 provides an example of C—H bond strength (1° vs. 2°) determining
the regioselectivity of y-hydrogen abstraction, while the low type II yield
from o-methylvalerophenone [25] reflects the closer proximity to the carbonyl
oxygen of the o-tolyl methyl group relative to that of the y-carbon on the
butyl group.

HxCe CHa CH3
OH hv 0o hv OH |
e R —
* 97% 3% ¢
CH
N % oH CHs
+ //—

What if a compound has two separate keto groups? Since intra-
molecular energy transfer is quite fast, the carbonyl with the lower excitation
energy normally is excited more than the other carbonyl and therefore
might be expected to be the more reactive. The behavior of 1-benzoyl-4-( p-
anisoyl)butane provides a good example of how different factors affect
product ratios. At 25° the acetophenone/p-methoxyacetophenone product
ratio is 20/1, indicating that 95% of the y-hydrogen abstraction is done by
the triplet benzoyl group, even though population of the lower energy triplet
anisoyl groups is 10 times greater [47]. However, hydrogen abstraction by a
triplet anisoyl group is known to be only 1/200 as fast as it is by a triplet

Copyright © 2005 by Marcel Dekker



26 Wagner

benzoyl group. Thus the benzoyl triplet’s 200-fold greater reactivity
counteracts its 10-fold lower concentration.

oR K=10 0
= - O NS
C-on
o) -0

¢ 2x107 sec”! 1x10° sec”! l
OH o
o HO

2.4.2. Chemoselectivity of 1,4-Biradical Reactions

Once y-hydrogen abstraction occurs, all selectivity is determined by the
behavior of the 1,4-biradical, including the type, distribution, and
stereochemistry of products. The 1,4-biradicals formed by different kinds
of compounds behave differently. How the biradicals partition among
cyclization, type II cleavage, and reversion to ground state ketone varies
wildly. Since each process is very exothermic, selectivity is kinetically
controlled, with the kinetics strongly dependent on geometric factors and
multiplicity. Since disproportionation simply regenerates ground state
reactants that recycle to biradicals while light is still available, it does not
affect the cyclization/cleavage ratio, except in rare cases when it is the only
biradical reaction.

The singlet biradicals formed from 'nn* states appear to mainly
cleave, even though their initial geometry might be expected to favor both
cyclization and disproportionation, neither of which appears to occur much
at all. Such expectation would be based on the belief that singlet biradicals
react so rapidly that they undergo little or no geometric change before
reacting. Experiments and basic theory both indicate that cleavage requires
the two SOMOs of the biradical to be aligned as parallel as possible to the
o—f bond between the two radical sites. Once this was thought to require an
anti staggered biradical conformation, but it is now realized that the
SOMOs can be parallel in gauche conformations as well. Since cleavage is
preferred over cyclization both enthalpically and entropically, the observed
predominance of cleavage indicates that singlet biradicals do not undergo
barrier-free product formation, their partitioning reflecting differences in
free energy barriers along different reaction coordinates.

The behavior of triplet biradicals has received a great amount of study,
most of it aimed at understanding how T — S intersystem crossing (isc)
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affects their lifetimes and product formation. Inasmuch as their lifetimes are
determined by the rates at which they form different products, their
selectivity has been suggested to reflect different amounts of spin-orbit
coupling (soc) and thus different isc rates for different conformers [48]. This
view of events fits both current theories on the timing of isc and product
formation: either irreversible T — S isc precedes product formation; [48,49];
or isc occurs during product formation as the biradical travels along the
proper reaction coordinates [50]. The first, two-step mechanism originally
assumed that once the biradical has become a singlet it instantaneously
forms whichever product its geometry favors. However, the actual behavior
of singlet type II 1,4-biradicals does not fit that picture. Likewise product
distributions from triplet 1,4-biradicals clearly reflect likely energy barriers.

Acyclic ketones

Various computations indicate that triplet type Il 1,4-biradicals exist as
a mixture of several conformers with geometries disposed toward
product formation, as shown in Sch. 5. The initial biradical rotates such
that the p orbital on the hydroxy-substituted site is aligned nearly parallel to
the 2,3 C-C bond as required for cyclization and cleavage. The computed
percent population of four conformers are shown for valerophenone
(R=CHs;), but they do not correlate with the product distribution as
listed in Table 1.

H R
H H R
oy —
H
Ph OH
H H
gy P =
HH H /’P'h T r
% H OH \\\\
Ph/dL—yR HH ¢
000 \Q’ 2
R
Ph H
(0] H
N
PR"OH 45%
Scheme 5
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Table 1 Some Representative 1,4-Biradical Partitioning Ratios.

Benzene Benzene Alcohol Alcohol
Ketone cl)clim d)cyc (Z/C)a cl)clim d)cyc (I/C)a
PhCOCH,CH,CHj3 1 0.36 0.04 ~0.90 ~0.10
PhCOCHMeCH,CH; 2 0.28 0.12 (>20)
PhCOCMe,CH,CH;° 3 0.007  0.057
PhCOCH,CHMeCH; 4 0.26 0.045
PhCOCH,CMe,CH; 5 0.19 0.01
PhCOCH,CH,CH,CH; 6 0.30 0.06 (3:1) 0.88 0.12 (2:1)
PhCOCH,CH,CH,-C2H; 7 0.24 0.06 (3:1) 0.82 0.12
PhCOCH,CH,CH,CMe; 8 0.22 0.086 (2:1) 0.83 0.17 (1:1)
PhCOCHMeCH,CH,CHj; 9 0.17 0.12 (3:1)
PhCOCMezCHZCHZCH3b 10 0.04 0.08 (4:3) ~0.10 ~0.20 (4:5)
PhCOCH,CH,CHMe, 11 0.26 0.04

PhCOCHFCH,CH,CH; 12 0.34 0.35
PhCOCF,CH,CH,CHj; 13 <0.01 0.60

PhCOCH,CH,CH,Ph 14 047  0.05
PhCOCH,CH,CH,OMe 15 021  0.11(7:1)
PhCO(CH,);CH,OMe® 16 033  0.10 (>20) 0.47 0.8 (4:1)

PhCO(CH,);CH,CO,Me 17 0.58  0.17
PhCOCH,-O-CH,CHj 18 035  0.62(11:1)

PhCOCH,CH,CH=0 19 <0.05 0.30 <0.05 0.40
PhCOc-C4H; 20 0.01 0.03

PhCOc-CsHy 21 0.40 0

PhCOc—CgHy, 22 0.008  0.005

2)-Substituent/1-phenyl; *competing a-cleavage; “competing 8-H-abstraction.

The behavior of 2 and 3 compared to 1 and of 9 and 10 compared to 6
shows how wa-alkylation increases the normally low cyclization/cleavage
ratio [51], while 12 and 13 show how a-fluorination does likewise [52].
In both cases altered biradical geometries are thought to be responsible,
although the relatively high energy of a difluoroenol has been suggested to
hinder cleavage from 13. The high cyclization yields for 18 and 19 clearly
cannot be due to steric hindrance. Cleavage of 19 would form a ketene and
cyclization may be aided by internal H-bonding; cleavage of 18 forms an
aldehyde, while cyclization of the biradical is eased by the oxygen atom.

Internal hydrogen-bonding in the biradicals from 17 and 18 increases
overall quantum yields for product formation by impeding disproportiona-
tion. Likewise most polar solvents enhance quantum yields but lower the
cyclization/cleavage ratio, presumably because H-bonding of solvent to the
hydroxyl group increases steric hindrance to bond rotations.
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Cyclic Compounds

Acylcycloalkanes undergo y-hydrogen abstraction with different efficiencies
and the 1,4-biradicals show widely varying cleavage/cyclization selectivity,
as the table indicates. These variations apparently reflect the different
abilities of the half-occupied p orbitals in biradicals of different ring-size to
align for cleavage. A second substituent on the acyl-containing ring-carbon
tends to significantly enhance cyclization efficiency, just as in the acyclic
ketones. The high cleavage efficiency of benzoylcyclopentane produces a
v-allyl product that undergoes further y-hydrogen abstraction to produce
a biradical that cyclizes to both 4- and 6-membered rings.

H 6 —1 h
~3x10° s ° \Y
H — H —» = — Ph
>95%
*oy P Ho PP HO_ Ph

The same behavior holds for some endo-benzoyl-substituted
bicycloalkanes [53].

hv hv
1 C6H6 R C6H6
o~Ph HOS Yph 307 HO Vg,
100%, @ = 0.49 100%, ® =0.13
hv O
o D_F(Ph by mPh
2 5%ph ‘ 4 CeHs o
>95%, ®=0.10 O~ Ph >95%, @ = 0.04

2.4.3. Stereoselectivity of 1,4-Biradical Reactions

Type 11 cleavage generates double bonds; but there has not been much study
of cis/trans selectivity in this process. Photolysis of B,y-diphenylbutyro-
phenone forms exclusively trans-stilbene, the thermodynamically favored
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product [54]. This experiment was designed to determine whether cleavage
of the triplet 1,4-biradical might form triplet stilbene, which would have
decayed to a 55:45 trans/cis mixture of stilbenes. Instead the preferred
conformation of the biradical determines product geometry; and that
principle probably holds for type II cleavage of most compounds.

There has been considerable interest in the factors that control the
stereoselectivity of cyclobutanol formation. Three main factors were
identified quite early: pre-existing conformational preferences due to steric
effects or to internal hydrogen bonding; solvation of the OH group; and
variable rotational barriers for cyclization. More recently Griesbeck has
proposed that orbital orientation favoring soc produces another form of
conformational preference in triplet biradicals [55]. These factors have
different importance depending upon the molecule.

Acyclic Ketones

Valerophenone 6 and ao-methylbutyrophenone 2 both form 2-methyl-
1-phenylcyclobutanol; but 2 forms only the trans product, whereas the
former cyclizes with a small preference for the thermodynamically favorable
trans isomer. Ketone 2 provides an example of stereoselectivity determined
by pre-existing conformational preference in the biradical, while 6
demonstrates selectivity driven by nonbonded interactions created during
the bond rotations required for cyclization as well as a small energy
difference between the two biradical conformers most disposed to cyclize.

Perusal of Table 1 reveals that the less substituted ketones cyclize with
a 3- or 4-fold preference for the frans cyclobutanol, whereas the more
sterically congested ketones cyclize with very little selectivity. In contrast,
ketones containing ether oxygen atoms show very high selectivity,
presumably due to internal H-bonding of the OH to the ether oxygen of
the biradical. When the solvent is a Lewis base, stereoselectivity is decreased
significantly, again reflecting the increased bulk of the solvated OH group.
In all cases basic solvents decrease the stereoselectivity of cyclization.

Cyclic Compounds

Acylcyclohexanes have received considerable study and, especially as solids,
undergo highly stereoselective cyclization, since H-abstraction occurs with
the phenyl twisted away from the a-methyl, where it stays until the biradical
cyclizes [56]. Addition of a chiral ammonium salt to the benzene ring fosters
enantioselective cyclization, presumably by inducing a tilt of the benzoyl
group that leads to preferred abstraction from one of the two y carbons [57].
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Scheffer also has provided examples of phase dependent cyclization
diastereoselectivity [58].

Me Ar hv Me
S
H-- }O

H solid benzene Ar

Ph—-CO,”

2.4.4. o-Diketones

There does not seem to have been much study of the stereoselectivity of
cyclization of o-diketones. Scheffer and coworkers reported that 1,2-
cyclodecanedione forms only the cis-1-hydroxybicyclo-[6,2,0]decan-2-one
when irradiated as crystals, but a 7:1 cis/trans ratio in benzene [59]. In
solution the products proceed to cleave to a B-ketoaldehyde, probably by
Norrish type I cleavage. This problem can affect any o-hydroxyketone
photoproduct if light below 330 nm is used to irradiate the a-diketone. Since
a-diketones absorb above 400nm, use of such wavelengths can avoid
the problem.

H H H
Oy hv S CHO
LN CI
H O Ny © e 0

2.4.5. o-Alkylphenyl Ketones

As described in Sec. 2.2, the o-xylylenols formed by hydrogen abstraction
cyclize thermally to benzocyclobutenols, which at high temperatures reopen
to the same o-xylylenols, which can undergo rapid [4+2]-cycloaddition
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to dienophiles or revert to starting ketone. In early studies of Diels—Alder
products formed by this process it was suggested that product stereo-
selectivity could be due to steric effects during cycloaddition. However, it
now appears that the stereochemistry of both the Diels—Alder adducts and
the cyclobutenols are determined by the geometry of the o-xylylenols, which
is established by decay of the twisted biradical triplet to ground state
o-xylylenol, the geometry of the biradical first being determined by the
relative ability of different substituents to stabilize the two radical sites.
Prediction of this geometry can be intuitive but requires computational
methods in some cases. It has not been established how the geometry of the
biradical formed by excited singlet hydrogen abstraction may affect the
o-xylylenol geometry.

2.4.6. Biradical Rearrangements

Since each end of a 1,4-biradical is able to undergo normal radical behavior
in competition with biradical decay [60], appropriate substituents can effect
rearrangements leading to longer biradicals that cyclize to larger rings [61],
60 two examples of which are shown below, another being that of
v-vinylvalerophenone shown above.

0 SR Gl S
S EN R T

2.4.7. Summary of Synthetic Potential

Norrish type II elimination itself provides a unique method for inserting a
double bond into a structure in a way that need not disturb other functional
groups. It also produces enols in a neutral environment, which already has
allowed detailed study of the kinetics of acid/base catalysis [62]. As regards
cyclization, prediction of its yield is difficult; its stereochemistry is more
predictable and can be fine-tuned by choice of solvent as well as by
functional groups to which the OH group can hydrogen-bond. Type II
cleavage of glyoxylate esters provides a clean nonionic method to oxidize
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alcohols. Photoenolization of o-allkylphenyl ketones to o-xylylenols
provides one-step access to both bimolecular and intramolecular Diels—
Alder formation of various tetralin derivatives. Prediction of stereochem-
istry requires computation of the lowest energy conformer of the initially
formed biradical. The monoradical reactions of 1,4-biradicals also have
synthetic potential: B-cleavage of halogen atoms yields acids, making the
overall reaction possibly useful for photoimaging; rearrangements can lead
to larger cyclic alcohols.

2.5. REPRESENTATIVE PROCEDURES

Excited state y-hydrogen abstraction being an intramolecular reaction and
thus kinetically unimolecular results in relatively simple experimental
procedures. As in any photochemical reaction, only wavelengths absorbed
by the reacting chromophore produce the desired products, care to avoid
exciting other chromophores in the molecule also being necessary. Thus the
major requirement is finding the right light source, sometimes together with
proper filtering to narrow the range of wavelengths emitted. Since mono-
ketones undergo n,m* absorption in the 310-370 nm range, simple medium
pressure mercury lamps usually suffice. The simplest method generally is to
place a de-oxygenated glass tube containing the reactant close to the light
source. Vacuum-walled immersion wells with the lamp in the center allow
temperature-control of a reactant solution in the outer chamber. Several lasers
produce linear beams in the required wavelength range and allow irradiation
of distant samples in any sort of vessel that has a transparent window.

In many cases irradiation of neat compound, as liquid or solid, is quite
adequate. Irradiation of solids works best with small crystals packed in
sealed glass tubes. Since product ratios are often solvent-dependent,
reactions often need to be performed in solution. Beer’s Law must be
remembered, since the amount of light absorbed and thus the rate of
reaction decreases as reactant concentration decreases. A general potential
problem is possible light absorption by products. Fortunately the
cyclobutanols and alkenes formed by simple type II chemistry generally
do not present this problem, although the type II ketone product absorbs
the same as the reactant. Fortunately this is not much of a problem: at high
concentrations of reactant ketone in the proper solvents, excited product
ketone only transfers energy to ground state reactant ketone [63].

The aldehyde products formed from glyoxylate esters not only absorb
light but are highly reactive substrates for attack by excited ketones and can
be depleted by over-irradiation.
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The proclivity for the 2-hydroxycyclobutanones formed from
a-diketones to cleave to y-ketoaldehydes is mentioned in Sec. 2.4.4, but this
occurs only at near-uv wavelengths and not above 400 nm.

Finally, the o-xylylenols formed from o-alkylphenyl ketones may
undergo photo-induced electrocyclic reactions, one example having been
discovered recently [64].

A general potential problem is possible light absorption by products.
Fortunately the cyclobutanols and alkenes formed by simple type II
chemistry generally do not present this problem, although the type II ketone
product absorbs the same as the reactant. Fortunately this is not much of a
problem: at high concentrations of reactant ketone in the proper solvents,
excited product ketone only transfers energy to ground state reactant ketone
[63]. In contrast, the aldehyde products formed from glyoxylate esters not
only absorb light but are highly reactive substrates for attack by excited
ketones and can be depleted by over-irradiation. Likewise, the proclivity
for the 2-hydroxycyclobutanones formed from a-diketones to cleave to
v-ketoaldehydes is mentioned in Sec. 2.4.4, but this occurs only at near-uv
wavelengths and not above 400 nm. Finally, the o-xylylenols formed from
o-alkylphenyl ketones may undergo photo-induced electrocyclic reactions,
one example having been discovered recently [65]. In all cases where
products absorb with results detrimental to those desired, one must simply
stop the reaction at partial conversion, separate products from reactant, and
start over. Since both cleavage and cyclization products are usually formed
even without further complications, the Norrish type II reaction requires
significant product separation efforts.

Another potential problem is the presence of other functional groups
on the molecule that may react with the excited carbonyl, such as double
bonds and good electron-donors. Amino groups in particular react rapidly
with excited ketones; and their ability to quench y-hydrogen abstraction by
electron transfer was demonstrated 30 years ago [66]. However, recent
synthetic efforts have emphasized protecting amino groups by acylating
them, thus minimizing their electron-donor potential. One example is the
photocyclization of a variety of a-amino-ketones to a-aminocyclobutanols
[67]. The ketones were synthesized by Friedel-Crafts acylation of toluene
with appropriate N-acetylated a-amino acid chlorides. Solutions containing
0.2mmol of ketone in 50 mL of benzene were irradiated under nitrogen at
15°C for 5h with phosphor-coated low pressure mercury lamps emitting in
the 330-370 nm range. Reaction progress was followed by TLC and GC
analysis. Products were isolated and purified by normal procedures, with
chemical yields of 75-80%. Unlike the case for simple alkanophenones,
cyclobutanol formation occurred in proportions comparable to or greater
than type II elimination; and type I cleavage competed in proportions <20%.
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The type I a-cleavage was most likely promoted by the radical-stabilizing
ability of the a-acylamino group. The high yields of cyclization apparently
were promoted by H-bonding of the OH to the N-acetyl group in the
1,4-biradical intermediates. Thus acylation provided two benefits, one
preventing internal quenching and one inducing regio- and stereoselectivity.

0 h OH o o) 0
p-Tol—S_/*R v p-ToIJ—':r . p-Tol‘g JRU 4+ ] 1o /_/—R
[ ]
HNCOMe HNCOMe HNCOMe HNCOMe

2.6. TARGET MOLECULES: NATURAL AND NONNATURAL
PRODUCT STRUCTURES

The Norrish type II reaction is occasionally used in synthetic
processes, mostly when other procedures leading to a desired product are
difficult or costly. Simple type II elimination has been put to use in several
ways:

Glycosides made from y-hydroxy ketones undergo photoelimination
to give O-vinyl glycosides, which can undergo a Claisen rearrangement in
certain deoxy sugars [68].

_OAc ~OAc ~OAc
’ Iy /<—_C>\ A o
AcO/<_=$\ AT =T\ A
0 _
CHO

Irradiation of a phenylglyoxylamides forms B-lactams [69]. Irradiation
of a para-substituted phenylglyoxylamide as a suspension of crystals in
hexane formed a f-lactam in > 91% yield and 99% ee, the selectivity induced
by a chiral ammonium cation paired with the carboxylate anion [70].

OH
v Ph Ar, FQH M?\A .

PhCOCON(Me,) — | ‘OZE—Q—COCON(iPr)Z v
07 N e  RoNH 0% Nupp,

Copyright © 2005 by Marcel Dekker



36 Wagner

Possibly the most unusual use of type II elimination was Goodman
and Berson’s preparation of meta-xylylene [71].

L = [ |
R

A somewhat similar approach led to ene-diyne syntheses, in 1:1 E/Z
ratio [72].

R R
= =7
2 v + PhCOMe
R R
Properly alkylated bicyclo[4.2.0]-octan-2-ones formed by 242 photo-

cycloaddition of alkenes to cyclohexenones cleave to 6,e-unsaturated
ketones, one example leading to a sesquiterpene synthesis [73].

0]

The enol formed by irradiation of a-disubstituted indanones and
tetralones bearing at least one hydrogen in the y-position undergoes
enantioselective tautomerization to ketone in the presence of catalytic
amounts of optically active aminoalcohols [74].

O OH O
@ﬁg/ - (-)ephedrine @unl
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There have been many succesful syntheses of tricyclic structures by
Diels—Alder reactions of the o-xylylenols formed from o-alkylphenyl
ketones. Below is an intramolecular example aimed at the synthesis of
podophyllotoxin [75].

-~

l _ COgEt 0o 9
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< O J [ COqEt <O O‘
< OH o CO,Et
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3.1. INTRODUCTION AND HISTORICAL BACKGROUND

The photochemistry of ketones is mainly dominated by two types of
reactions, both of them are connected with the partial radical character of
the oxygen atom in the n—n*-excited state. The first one includes the attack
of this oxygen atom onto a C—C double bond, is called Paterno-Biichi
reaction and will be discussed in the following chapter. The second one,
comprising the predominantly intramolecular abstraction of a hydrogen
atom, was already introduced in the preceding chapter, which dealt with the
abstraction of y-hydrogen atoms. This reaction is above all connected with
the names Norrish and Yang. It was Norrish and his coworker Appleyard
nearly seventy years ago [1], who discovered that ketones undergo a
cleavage reaction upon irradiation. Nowadays, this process is called
the Norrish Type II cleavage. Even though they assumed a concerted
mechanism, they certainly didn’t suspect anything about the second kind of
products, which are much more interesting for preparative chemists. In 1958
only Yang and Yang recognized the formation of cyclobutanes besides the
Norrish Type II cleavage products [2]. This discovery was the basis of a very
versatile and valuable ring closure reaction that should therefore be named
the “Norrish—Yang reaction”.

For reasons discussed in detail in the preceding chapter, the y-position
with respect to the excited carbonyl group is preferably attacked by the
oxygen atom and 1,4-biradicals are formed. This chapter deals with
reactions that are initiated by hydrogen abstraction from a non-y-position
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as well as with methods to shift the spin density of one of the two radical
centers to the adjacent atom and thus the formation of (1,4 + 1)-biradicals
from 1,4-biradicals and 1,6-biradicals from 1,5-biradicals. Due to the great
resemblance of the initial steps of both y- and (y £ n)-hydrogen abstraction,
most of the historical background and the elucidation of the mechanism,
provided in the preceding chapter are also applied to this chapter and,
therefore, should not be duplicated.

The historical roots of cyclization reactions that are based on (y & n)-
hydrogen abstraction are not clearly discernible. The first examples of such
reactions were published in the first half of the 1970s. Wagner [3], Lappin
[4a], and Pappas [4b] succeeded in the preparation of five-membered rings
(cyclopentanes [3a], indanes [3b], and benzofuranes [4]) through 3-hydrogen
abstraction by blocking the vy-position, and Roth [5] discovered the
formation of cyclopropanes by B-hydrogen abstraction. The latter reaction
is accompanied by a photoelectron transfer (PET), which is also important
for the hydrogen abstraction from remote positions. More than 10 years
later, the first syntheses of six-membered rings by the Norrish—Yang
reaction appeared. Thus, Sauers investigated the transannular cyclization of
cyclodecanone to decaline-4a-ol [6] and pointed out the importance of
hydrogen back transfer for the regioselectivity of the Norrish-Yang
reaction. The “blocking strategy,” already successful in the preparation of
five-membered rings, allowed a photochemical access to naphthalines [7]
and piperidine-2-ones [8].

The preparation of macrocyclic compounds, one of the great
challenges for organic chemists, was also achieved using the Norrish—
Yang reaction. The obvious difficulties in these cyclizations caused by
entropic factors were surmounted by two different approaches. The first one
is characterized by the presence of a rigid molecular scaffold or a suited
molecular constitution that prevents hydrogen abstraction from near
positions with respect to the carbonyl group. Thus, Breslow [9] and Baldwin
[10] reported the photochemical formation of macrocyclic compounds by
irradiation of benzophenones bearing ester linked alkyl groups in the para-
position. Kraus and Wu [11] have developed a route to eight-membered
rings by irradiation of various phenylglyoxylates. As a rigid building block
served cyclopropanes, benzene rings, cyclohexanes, and cis-configured
alkenes. The second approach is based on an intramolecular photoinduced
electron transfer and has proven to be very efficient. While only few
examples are known in which the chromophoric group was an aromatic
ketone [12], a variety of macrocyclic rings were prepared by the irradiation
of phthalimide derivatives [13].

An entirely different approach was previously reported by Wessig [14].
The initial step an intramolecular y- or d-hydrogen abstraction providing
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1,4- or 1,5-biradicals in the usual manner. A leaving group is tethered at the
carbon atom, adjacent to the hydroxy-substituted radical center, and causes
a very rapid elimination reaction. In the resulting new biradical the spin
density is shifted by one atom and, consequently, the ring in the final
products consists of (1,44 1) or (1,5 % 1) atoms. This approach is called spin
center shift. In this way, cyclopropanes [14a,b], 1,3-oxazines [l4c], and
indanones [14d] were prepared.

3.2. STATE OF THE ART MECHANISTIC MODELS

The basic mechanistic details of y-hydrogen abstraction discussed in the
preceding chapter apply to the (y & n)-hydrogen abstraction to the greatest
possible extent and, therefore, the reader is referred to this chapter. Here,
especially regio- and stercoselectivity phenomena that are connected with
the preparation of cyclic systems consisting of (4 & n) atoms, i.e., three-, five-
and six-membered rings, macrocycles as well as bicyclic compounds will be
discussed.

The following mechanistic remarks concerning the regioselectivity are
subdivided in three parts. The first part deals with concepts that are within
the framework of the “classical” Norrish—Yang reaction, i.e., the reaction
underlies a homolytic hydrogen transfer. In the second part the cycliza-
tion reactions that are based on photoinduced electron transfer (PET)
will be discussed and in the third part the spin center shift approach is
elucidated.

As pointed out above, the y-hydrogen abstraction by an excited
carbonyl group is strongly favored compared to other positions. While the
homolytic B-hydrogen abstraction is unfavorable due to the ring strain of
the corresponding cyclic transition state, the (y + n)-hydrogen abstractions
suffer from increasing entropic disadvantage. The six-membered transition
state of the y-hydrogen abstraction represents an optimal compromise
between these two contrary factors. This situation can be partially altered
if the C—H bond energy of the 3-C—H bonds (or more remote C—H bonds)
is remarkably decreased compared with those of the y-C-H bonds. A
classic example is the photochemical behavior of d-methoxyvalerophenone
1. On irradiation both cyclobutane 2 and cyclopentane 3 are formed
(Sch. 1) [3a].

As a rule, such a decrease of C—H bond energy cannot completely
overcome the preference of the y-hydrogen abstraction. A more reliable
concept is based on the structural blocking of all positions between the
desired (y+ n)-position and carbonyl group with the exception of the
B-position, which doesn’t need to be blocked. Blocking is the introduction of
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atoms or atom groups that do not bear any hydrogen atoms that are
susceptible to the excited carbonyl group. The atoms or atom groups that
fulfill this blocking function can be heteroatoms (O, N), quaternary carbon
atoms, amide groups, or aromatic rings. It should be noted that the
hydrogen atoms of aromatic rings are generally not attacked by excited
carbonyl groups because of the relatively high C—H bond energy. In Sch. 2
the different ““blocking methods” are summarized. The two types I and
II, which represent the reactants for the preparation of five- and six-
membered rings respectively, should be classified. The main feature of
type I is that the y-position is blocked by an atom group Z and thus a
hydrogen abstraction from the 8-position is forced, whereas in type II both
the y- and the &-position are blocked by groups Y and Z and, consequently,
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the hydrogen abstraction can proceed from the e-position. The remain-
ing groups X and Y in type I and X in type II may also be involved
depending on their structure. Various combinations of the atoms and
atom groups, mentioned above, provide 12 reactant systems Ia-h (Fig. 1)
and ITa—d (Fig. 2). Their photochemical behavior will be discussed in the
following sections.

Though the approach to prevent a hydrogen abstraction from a
normally preferred position by introducing blocking groups was quite
successful, it comes up against limiting factors, even if larger than six-
membered rings have to be prepared. To solve this problem one needs a
process in which the rate is still faster than the homolytic hydrogen transfer.
This applies to the photoinduced electron transfer (PET) in many cases.
The prerequisite of such a PET process is the presence of a functional group
with a relatively low oxidation potential, such as amines, thioethers, alkenes,
or arenes. The general mechanism is briefly depicted in Sch. 3. Initially, an
electron is transferred from the group Y to the excited carbonyl group that
provides the radical anion-radical cation pair IV. It is an important
characteristic feature of this step that it can take place even in case of
relatively large distances between the donor group Y and the excited
carbonyl group. The strong electron-withdrawing effect of the radical
cation, formed from Y induces an increased C—H-acidity at the neighboring
carbon atoms and consequently a proton transfer results that gives the
biradical V. This proton transfer occurs mostly (but not always) from the
more remote C—H-position. In the last step, the biradical cyclizes to
the products VI (Sch. 3).
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There were relatively few examples reported, in which the chromo-
phoric group was an aryl ketone (IIla) whereas much more PET induced
cyclizations with phthalimides (IIIb) are known, sometimes other
imides, such as succinimides and maleimides were also used. Phthalimides
differ from aryl ketones in some respects despite their apparently similar
photophysical properties. On one hand, their reduction potential is
remarkably lower in comparison with aryl ketones [13]. On the other hand,
the radical anion derived from phthalimides is clearly more stable than the
corresponding species from aryl ketones [15]. Both facts increase the
thermodynamic driving force of a PET and facilitates applications that are
unknown from aryl ketones. In this context, one of the most successful
approaches is a PET-induced decarboxylation—cyclization route, developed
by Griesbeck [13]. The details of this interesting method will be discussed in
Sec. 3.4.6.

All of the so far described concepts have in common that the size of
the initially formed biradical, i.e., the number of atoms between the radical
centers, directly determines the ring size of the product. The recently
developed spin center shift [14] considerably extends the scope of the
Norrish—Yang reaction. The basic idea of this approach is to tether a leaving
group X at the carbon atom adjacent to the carbonyl group. After the
intramolecular hydrogen abstraction the hydroxy-substituted biradical
undergoes a very rapid elimination of the acid HX that provides a new,
keto-substituted biradical. The spin density of the formerly hydroxy-
substituted radical center has been shifted to one of the adjacent atoms.
Depending on the position of the leaving group, two reactant types VII and
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XI must be distinguished. The photochemical behavior of VII and XI is
summarized in Sch. 4. In type VII, the leaving group is placed at one atom
of the chain between the reaction centers whereas in type XI this leaving
group is tethered to an atom behind this chain. The biradicals IX and XIII,
formed after the elimination step, can be considered both as C—C-biradicals
IXa and XIIIa respectively and as O-C-biradicals IXb and XIIIb
respectively. It is noteworthy that all of the carbocyclic (Xa, XIVa) and
heterocyclic (Xb, XIVb) products may be selectively prepared depending on
the structure of the reactants.

Until now three basic concepts for the preparation of rings differing
from four-membered ones by means of the Norrish—Yang reaction have
been discussed, yet two important mechanistic factors must be mentioned.
Until now the question of the spin state, of the excited carbonyl compound
remained unmentioned. Generally, it depends on the structure of the
chromophoric group whether the photochemical reaction course is
dominated by a singlet state, a triplet state, or both. The most important
difference between these states is the extremely short-lived singlet state
in contrast to the relatively long-lived triplet state of the biradicals formed.
The consequences of this difference will be discussed in detail in Sec. 3.3.1.

Another important phenomenon, which must not be underestimated,
is the tendency of hydroxy-substituted biradicals to undergo the reverse
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reaction to the reactants by back-transfer of the hydrogen atom. Several
examples are known, in which the intrinsic regioselectivity of the hydrogen
abstraction by the excited carbonyl group is entirely covered up by the
distinct inclination of the preferred biradical to undergo this back-transfer.
Therefore, the quantum yields of the product formation and consequently
the maximal possible extend of the reverse reaction should always be taken
into account in connection with mechanistic considerations.

3.3. SCOPE AND LIMITATIONS
3.3.1. Suitable Reactants

Not every carbonyl compound is a suitable reactant for the Norrish-Yang
reaction. In most carbonyl compounds with one or two heteroatoms adjacent
to the carbonyl group (carboxylic acids, esters, carbonates, amides,
urethanes, and ureas) the electron-donating character of the heteroatom
causes an increase of the n,n* gap. Consequently, these carbonyl compounds
have larger n,m* excitation energies than ketones or aldehydes and are less
important for photochemical reactions. Aldehydes were rarely used as
reactants in the Norrish—Yang reaction as well most probably owing to the
low C—H bond energy in the formyl group. In the following section the most
common chromophores and their photophysical properties will be presented.

3.3.1.1. Ketones

3.3.1.1.1. Aliphatic Ketones. Only few applications of the synthesis
of carbo- or heterocycles via Norrish—Yang reaction with (y & #)-hydrogen
abstraction starting from dialkyl ketones are known. From a practical
chemist point of view, aliphatic ketones are less suitable, because the n,m*
absorption band of aliphatic ketones is located in an unfavorable wavelength
region (270-300 nm). Most common glasses are transparent for wavelengths
>300 nm (pyrex, solidex, normal lab glass) or >190 nm (e.g., quartz glass). In
addition to that, the photophysical properties are undesirable. The n,m*-
lowest singlet excited state of aliphatic ketones undergoes an intersystem
crossing to the lowest triplet excited state much slower (ksc = 10%/s) than the
n,m*-lowest singlet state of aromatic ketones (kjsc >10'"/s). As aliphatic
ketones have a longer singlet lifetime, products are produced from both the
excited singlet and triplet state. From the singlet state the yields of cyclization
products are near-zero, because the efficiency of the hydrogen back-transfer
is much higher. Contrary to aromatic ketones, the irradiation of aliphatic
ketones without y-hydrogen atom preferentially leads to Norrish Type I
cleavage products due to their large excitation energies.
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3.3.1.1.2. Aromatic Ketones. Aromatic ketones are characterized by
a strong spin-orbit coupling, because the S; and the T, state are nearly
degenerated. Therefore a rapid intersystem crossing (kjsc >10'/s) of most
aromatic ketones usually leads to exclusive triplet reactivity, so that they are
much more appropriate for Norrish—Yang reactions [16]. From a synthetic
point of view, the absorption band for the n,m*-transition (300-330 nm) is
much more favorable in comparison to that of aliphatic ketones (see Sec.
3.3.1.1.1). However, one must observe that ring substituents have an
substantial effect on the efficiency of the triplet hydrogen abstraction [17].
(For details see Sec. 3.3.2.2.)

3.3.1.1.3. 1,2-Dicarbonyl Compounds.

33.1.1.3.1. 12-DIKETONES. A large variety of both alkyl- and aryl-1,2-
diketones are used as reactants for the Norrish—Yang reaction [18], but
no synthetic application with (y=+n)-hydrogen abstraction has been
established.

33.1.1.3.2. 2-KETO ESTERS. The Norrish—Yang reaction of 2-keto esters
has been the subject of only a limited number of studies [19,20,
21d,22]. Encinas and his coworkers investigated the photochemistry of
some alkyl esters of benzoylformic acid [23a]. These aromatic 2-keto
esters have a n,m* absorption maxima >330nm. Similar to aromatic
monocarbonyl compounds all observed products originate from an excited
triplet state.

In contrast, aliphatic 2-keto esters show a n,m* absorption of a low
extinction coefficient in the 300-350nm region [23b]. Excited aliphatic
2-keto esters are not completely converted into the triplet state. Upon
addition of either a triplet sensitizer or a triplet quencher, each of the two
spin states can be promoted [19].

3.3.1.2. Imides

Surprisingly, imides possess a photochemical behavior that is very similar to
that of ketones. On regarding the imides as N-acyl amides it becomes clear
that the electron-withdrawing character of the acyl group compensates the
electron-donating character of the N-atom adjacent to the carbonyl group.
Therefore, imides have n,m*-excitation energies comparable to those of
ketones.

3.3.1.2.1. Alicyclic Imides. In contrast to their aliphatic ketone
counterparts, N-alkyl alicyclic imides (succinimides and glutarimides
derivatives) could obtain a certain importance in the Norrish-Yang
reaction. With a n,m* absorption band between 230 and 270nm, the
254 nm emission of a low-pressure mercury lamp is convenient for exciting
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alicyclic imides. Contrary to aliphatic ketones, the Norrish type I cleavage
doesn’t play an important role due to the large C—N bond energy in the
imide group.

3.3.1.2.2. Phthalimides. Like their aromatic ketone counterparts,
N-alkyl phthalimides participate in hydrogen atom abstraction reactions to
form a large variety of heterocyclic compounds. However, despite many
similarities between phthalimides and aromatic ketones, there are some
important differences. In contrast to aromatic ketones, electronically excited
phthalimides are not transformed quantitatively into the triplet state, and
thus they may react from both the singlet and the triplet state. In addition,
phtalimides are much more inclined to photoinduced single-electron-
transfer (PET) reactions [24,25]. (For details see Sec. 3.3.2.1.)

3.3.2. Interaction with Functional Groups

In the following section, the effect of different functional groups on the
Norrish—Yang reaction will be discussed.

3.3.2.1. Photoinduced Single-Electron-Transfer (PET)

In the presence of an electron-rich functional group electronically excited
carbonyl compounds can undergo photoinduced single-electron-transfer
(PET) instead of hydrogen abstraction and the electronically excited
carbonyl group acts as the electron-acceptor. The equation which describes
the change of the free energy associated with the electron transfer is
the Rehm—Weller relationship [26]. This equation can easily be used to
determine (if all photophysical and electrochemical data are available) or to
estimate the thermochemistry of such a reaction. A simplified version is
given in Eq. (1).

AGpeT = ng_(D) - Eoed.(A) + Ecoul — E(;ko M

T

in which E? (D) is the standard oxidation potential of the donor, EY,; (A)
the standard reduction potential of the acceptor, £, the excitation energy,
and E.,, a coulombic interaction term in a given solvent. Therefore, it is
necessary that the excitation energy £, is higher than the difference between
the redox potentials of donor and acceptor ES, (D) — E°; (A) [AGpgr have
to be smaller than 0]. In their original work Rehm and Weller showed that
an empirical relationship exists between the rate of electron transfer (k,)
and AGpgt [26]. If AGpgt is less than —21kJ/mol the electron transfer
is diffusion-controlled for bimolecular reactions and, consequently,
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rotation-controlled in the intramolecular case. An intramolecular electron
transfer of an excited carbonyl compound primarily leads to a zwitterionic
biradical instead of a nonionic biradical. Mostly a mesolytic cleavage [27] of
a CH-bond adjacent to the radical cation and therefore a proton transfer to
the radical anion or rarely an addition of a solvent molecule (e.g., ROH)
follows the electron transfer. The resulting 1,n-biradical combines to give
the corresponding carbo- or heterocyclic compound. Typical electron-
donating partners for electronically excited carbonyl compounds are arenes,
alkenes, amines, and thioethers.

As mentioned in Sec. 3.3.1.2.2 PET-promoted cyclization reactions are
above all a domain of phthalimides in contrast to aromatic ketones. It is well-
known that the PET process of phthalimides occurs via the S| (w,n*) [28]
excited state which has an excitation energy of about 335kJ/mol [29] and,
therefore, is unsignificantly higher than the triplet energy of aromatic ketones
(e.g., valerophenone: Ej, =300-311kJ/mol, depending on the solvent used)
[30]. However, the reduction potential of pthalimides is remarkably lower
compared with aromatic ketones (e.g., N-methylphtalimide in DMEF:
E% , =—1.37V [25a], valerophenone: E%; =—2.07V [30]). The radicals A
and the radical anions B formed by hydrogen or electron transfer onto the
triplet excited phthalimide are more stable than the corresponding species
derived from aryl ketones (C and D), even though the triplet energies are very
close (A is more stable than C by about 29 kJ/mol, Sch. 5) [31].

This stabilization of the radical intermediates, arising from a better
mesomeric stabilization of radicals in the phthalimide moiety, consequently
increase the exoenergicity of reactions and, according to the Bell-Evans—
Polanyi principle, lowers the activation barrier and thus enables processes
that are unknown from ketones. The unique photochemical reactivity of
phthalimides will be demonstrated with some examples.

With regard to the simplified version of the Rehm—Weller relation-
ship (1) follows that in the presence of an electron donor with an
oxidation potential less than ca. 2.1V an exergonic electron transfer can
occur [25b].

OH 0o OH 0o
N— N—
(0] (0]
A B C D
Scheme 5
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3.3.2.2. CT-Quenching

It is well-known that the carbonyl triplets of aromatic ketones are efficiently
deactivated by B-aryl [7a,32] or B-vinyl [33] groups. This quenching process
requires a n,m* triplet state and typically leads to triplet lifetimes of about
I ns at room temperature and is rather insensitive to substituent effects.
It is suggested that this quenching process involves charge transfer
interactions [32a].

3.3.2.3. Substituent Effects

3.3.2.3.1. Ring Substituents. One has to bear in mind that two main
effects of ring substituents on the Norrish—-Yang reaction of aromatic
ketones exist.

First of all, ring substituents have a substantial effect on the efficiency
of the triplet hydrogen abstraction. Aromatic ketones can have either an
n,t* or a w,n* lowest triplet state, of which the n,m* triplet state (with a
distinct spin localization at the oxygen atom) is much more reactive than the
n,n* triplet state (with a delocalized spin density). In ring-unsubstituted
phenyl ketones the n,m* triplet is below the lowest m,n* triplet. Compre-
hensive investigations of Wagner on ring-substituted phenyl ketones [17a]
have illustrated that the substituent effects on triplet reactivity involve
several factors and don’t follow a simple rule. The essential message for a
practical chemist is that in most cases an electron-withdrawing group can
increase and an electron-donating substituent can reduce the rate constant
for triplet hydrogen abstraction. However, only very strong electron donors
(-OR, -NR, with R=H or alkyl) are able to produce large enough gaps
between the n,m*- and m,m*-lowest triplet (m,m* < n,m*), so that reactivity
becomes undetectable. In polynuclear aromatic ketones and biphenylyl
ketones the difference between the n,m*- and ©,mt*-lowest triplet state is large
enough that only m—n* reactivity can be observed.

Second of all, on certain conditions an appropriate ortho-substituent
in electronically excited aryl ketones (-R, -OR, -NR, with R =alkyl) can
serve as alternative hydrogen donor, i.e., an hydrogen atom may be
abstracted from this ortho-substituent rather than from the side chain. In
this way, carbo- and heterocycles with an annulated aromatic ring are
accessible via Norrish—Yang reaction. (For synthetic applications see Secs.
3.4.2 and 3.4.3.)

3.3.2.3.2. Substituents in o-Position. To rationalize the ratio
between Norrish type II cleavage and cyclization (see preceding chapter)
the influence of a-substituents on cyclization were studied exclusively on
straight-chain aryl ketones with preferential y-hydrogen abstraction.
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However, the Norrish Type II cleavage doesn’t matter in carbonyl
compounds with (y=+n)-hydrogen abstraction. In this case, one has to
bear in mind that electron-donating a-substituents can promote the Norrish
Type I cleavage by stabilizing the resulting radical. For that reason,
a-cleavage can compete with the desired cyclization.

A completely different situation arises if an adequate leaving group X
is introduced at the carbon atom adjacent to the carbonyl group. In this case
an elimination of the acid HX occurs at the stage of the 1,n-biradical (after
hydrogen abstraction) to form a (1,n=+ 1)-biradical. (For details see Secs.
3.4.1.2,3.4.2.2,and 34.3.2)

3.4. SYNTHETIC POTENTIAL: REACTIVITY AND
SELECTIVITY PATTERN

3.4.1. Cyclopropanes
3.4.1.1. By B-Hydrogen Abstraction

The precondition for the synthesis of cyclopropanes as products of a
Norrish—Yang reaction is the formation of 1,3-biradicals and consequently a
hydrogen abstraction from the B-position with respect to the carbonyl
group. The geometrical parameters of the corresponding five-membered
transition state, especially the O-H—C bond angle, differ substantially from
the ideal parameters reported by Scheffer [34]. Therefore, it is not surprising
that only few syntheses of cyclopropanes via the Norrish—Yang reaction are
known [35,36]. In most of these cases, it was either proven or considered to
be very likely that the initial step is a photoinduced electron transfer (PET).
In addition, the hydrogen atom is transferred not homolytically, but a
proton shift occurs after PET. These conditions limit the preparative scope
because the electron rich functional groups responsible for the PET cause a
considerable sensitivity of the cyclopropanes to oxidative ring opening.

The best investigated compounds that react in this manner are
B-dialkylamino propiophenones 4 [35]. Upon irradiation, they are converted
into triplet-betains 5 by intersystem crossing (ISC), PET and afterwards
a proton migration takes place to give the triplet 1,3-biradicals 6. After
ISC back to the singlet state, these biradicals cyclize to cyclopropanes
7, which are sensitive against oxygen and therefore readily converted into
ao,B-unsaturated ketones 8 (Sch. 6).

The cyclization to 7 proceeds with high diastereoselectivity. Further-
more, from a mechanistic point of view it is noteworthy that, if enantio-
merically pure aminoketones 4 are used, only one enantiomer of
the cyclopropanes is obtained [35¢]. Obviously, the biradicals 6 are so
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short-lived (<1 ns) that no rotations can take place around the C—C-single
bonds and, consequently, the chirality information of the reactant 4 is
conserved in the course of the photochemical cyclization. This observation is
a very early and hardly noticed example of the memory effect of chirality in
photochemical reactions.

3.4.1.2. By y-Hydrogen Abstraction and Subsequent
Spin Center Shift

The task to generate a 1,3-biradical in order to prepare a cyclopropane,
may also be achieved by an elegant reaction cascade called spin center
shift. The method utilizes a well-known behavior of monoradicals for
the chemistry of biradicals that are produced in the Norrish—Yang reaction.
Thus, if a leaving group X is introduced at the carbon atom adjacent to the
carbonyl group (9), an elimination of the acid HX occurs at the stage of the
biradicals 10, which proceeds fast enough to compete with “classic”
Norrish-Yang processes (cleavage and cyclization). As a result, the
hydroxy-substituted site of biradicals 10 is converted into an enolate radical
(oxoallyl radical) and the spin density is shifted to the adjacent atom. In
fact, a 1,4-biradical (10) is transformed into a 1,3-biradical (11) [14a].
After ISC the biradicals 11 cyclize to the benzoylcyclopropanes 12 (Sch. 7,
Table 1).

The method tolerates a wide range of functional groups. Though the
lifetimes of biradicals 11 are not yet measured, the experimental results
strongly suggest that they are very short (<25ns). This can be concluded
especially from the irradiation of the cyclopropyl substituted compound 9f,
which cyclized in good yields to the bis-cyclopropyl ketone 12f without any
detectable opening of the cyclopropyl ring. In general, cyclopropylcarbinyl
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Table 1 Yields of Cyclopropanes 12.
12 R! R? X Yield (%)
a H H OMs 87
b Me H OMs 90
c COOMe H ONO, 59
d H OBn OMs 46
e H Ph OMs 78
f H C;H* OTs 68
g H CoH;® OTs 80
Ms = Methanesulfonyl, Ts =4-Toluenesulfonyl.
#Cyclopropyl.
*Vinyl.
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radicals undergo a very fast ring opening to butenyl radicals (k=4.0 x
107/s) and this reaction is often used to determine radical lifetimes (‘‘radical

clock™) [37].

The cyclopropane synthesis is also suitable for the preparation
of highly strained bicyclic hydrocarbons such as [2.1.0]bicyclopentanes (14)
and spiropentanes (16) [14a,b]. The formation of the spiropentane 16
is particularly remarkable as it is the result of a homolytic hydrogen
abstraction from a cyclopropane ring. Those processes are very rarely
observed due to the relatively high C-H-bond energies of cyclopropanes

(Sch. 8).
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3.4.2. Five-Membered Rings
3.4.2.1. By &-Hydrogen Abstraction

As outlined in Sec. 3.2, the most convenient way to five-membered rings is
to block the y-position in order to avoid the hydrogen abstraction from this
position. In the following section, each of the formal blocking types Ia—h,
summarized in Sch. 2, will be verified with concrete examples.

Ia: X,Y = C(sp’), Z = O — Tetrahydrofurans

Taking into account the wide-spread occurrence of molecules contain-
ing the tetrahydrofuran substructure, it is astonishing that there are only few
examples of synthesis of these heterocycles by means of the Norrish-Yang
reaction [38]. Interestingly, both aliphatic and aromatic ketones were used
as exemplified by the photocyclization of ketones 17 [38b], 19 [38c], and 21
[3a] (Sch. 9).

Ib: X,Y = C(sp’), Z = NR” — Pyrrolidines

In 1981 Henning and his coworkers developed a synthesis of
pyrrolidines from B-aminopropiophenones [39a]. It should be noted that
the introduction of an electron withdrawing group at the nitrogen atom
was decisive for circumventing the cyclopropane formation dicussed in the
preceding section. In due course, Henning thoroughly investigated the
influence of various substituents and developed a diastereoselective route to
substituted prolines [39b,c]. Based on this work, enantiomerically pure
prolines were prepared. Thus, on irradiation the N-substituted glycine amide
23 bearing a C,-symmetric chiral auxiliary gave the proline amide 24 in high
yields and in a fully diastereoselective manner [40]. Besides the auxiliary
controlled asymmetric synthesis, the utilization of the chiral pool of natural
products is wide-spread and was also applied on the photochemical
synthesis of prolines. Starting from aspartic acid 25, the glycine esters 26
were prepared and stereoselectively cyclized to pyrrolidines 27, which may
be regarded both as - and p-prolines. Remarkably, the three protective
groups in 27b are orthogonal to each other and can be removed
independently, which makes this pyrrolidine derivative become a very
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attractive building block for peptide synthesis [41]. The stereoselectivity of
the formation of pyrrolidines 24 and 27 demands that the intermediate
biradicals have sufficient lifetimes to allow conformational equilibration.
This applies only to triplet biradicals which are formed exclusively from
phenyl ketones. A completely different situation is present when the
photoreaction commences with singlet-excited ketones and singlet biradicals
are formed. Due to the extremely short lifetimes of these singlet biradicals,
conformational changes are almost impossible at this stage and, conse-
quently, the stereochemical information of the reactant can be conserved
even if a chirality center is formally destroyed by hydrogen abstraction.
Such a behavior was recently observed on the irradiation of alanine
derivative 28 bearing an a-ketoester side chain at the nitrogen atom. If the
triplet state of the ketone is quenched by addition of naphthalene, a
considerable memory effect of chirality with respect to the alanine moiety
is observed, though the diastereoselectivity was as low as expected
(Sch. 10) [19].

Ice: X,Y = C(sp’), Z = C"R"” — Cyclopentanes
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There is only one example of this approach, which was elaborated

by Wagner in 1972 (Sch.

11) [3a]. The formation of cyclopentane 3

from &-methoxyvalerophenone 1 has already been mentioned in Sec. 3.2

(cf. Sch. 1).

Id: X,Y = o-Aryl, Z = O — Benzofuranes

The replacement of the two sp’-carbon atoms between the oxygen
atom and the carbonyl group in type Ia by an aromatic ring furnishes the o-
alkoxy-alkyl-aryl ketones 32, the photochemical behavior of which has been
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Table 2 Yields of Benzofuranes 33.
R! R? R? R* R’ Yield (%)*  Ref.
Ph H H H CO-Ph 77 42a
Ph Ph H H CO-Ph 100 42a
Me Ph H H CO-Me 17 42a
Me OMe O-MOM OMe H 47 42b
Me OMe O-MOM H H 77 42b
Me H OMe H H 55 42b
(CH,),OH OMe O-MOM H H 30 42b
Ph Ph H O(Ci2H»s) H 67 4a
H COOEt H H H 46 42¢
Me COOEt H H H 86 42¢
COOMe Ph H H H 89 42d

MOM =MeOCH,.
*Yield of 33a+ 33b.

intensively studied. The variability of substituents at the two side-chains
as well as at the aromatic core, tolerated by the photocyclization, is
remarkable. Furthermore, in many cases only one diastereomer of the
benzofuranes 33 is obtained upon irradiation of 32 (Sch. 12, Table 2) [4,42].

Ie: X,Y = 0-Aryl, Z = NR” — Indoles

A special case exists if the two carbon atoms between the carbonyl
group and the nitrogen atom (cf. type Ib) are members of an aromatic
ring. Due to the strong electron donating character of the nitrogen atom,
the lowest excited state of these compounds reveals m—m*-character, and
consequently there is hardly any Norrish-Yang reactivity to be observed.
But the introduction of electron acceptor groups holds pitfalls, too. Taking
into account that the nitrogen atom is a part of the chromophore, it is
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not very surprising that the photochemical behavior of compounds
34 (R?=Tosyl) is mainly characterized by a homolytic cleavage of the
N—-S-bond. Reactions like that were described previously for N-tosyl-B-
amino-o,B-unsaturated ketones [43]. Only the trifluoromethane sulfonyl
group (Tf) facilitates the formation of 2,3-dihydroindoles 35 [20]. Another
interesting approach to suppress the electron donating character of the
nitrogen atom is to let it become a part of quaternary ammonium salts such
as 36, which cyclizes upon irradiation giving the indoline 37 (Sch. 13) [44].

If: Y = 0-Aryl, Y,Z = CR"R"” — Indanes
Ig: Y = C(sp®), Y, Z = o-Aryl — Indanes

These two concepts were seldom used for preparative purposes, but
proved to be useful for mechanistic considerations (Sch. 14) [3b,45,46].

Th: X = C(sp?), ¥, Z = CO—NR” — Pyrrolidin-2-ones (y-Lactams)

The necessity of protecting the nitrogen atom by an electron
withdrawing group to avoid PET, mentioned in connection with type Ib,
can also be carried out by the introduction of a carbonyl group in the
B-position, resulting in B-ketoamides 42. On irradiation they provided an

R' R’ Ph Ph
OH OH
hv hv

eeslioeflost
~ + +

N R? N, N /N\

ke R /\ BF,

34 35 36 37 (100%)

R'=COOMe, R%=Tf, R>=OMe 85%
R'=Ph, R?=Tf, R®>=OMe 83%
R'=Ph, R?=Tf, R%=N(CH,),  90%

Scheme 13
2 1 2
Ph Ph R R R R
OH Ph
[e] hv hv OH
—_— —_—
R3 o} &3 Ph
R R4
38 39 40 41
Scheme 14
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Table 3 Yields of y-Lactams 43.

Entry R! R? R? R* Yield (%) Ref.
a COOMe H -(CH,)s- 44 2la
b Ph H Ph CH,Ph 83 2lc
¢ Ph Et Me Et 66 21d
d Ph iBu Ph CH,Ph 86 2le

access to y-lactams 43 (Sch. 15) [21]. The reaction possesses a considerable
variability with respect to the residues R'-R*, as shown with the examples
summarized in Table 3. Notably, 6-hydrogen transfer proceeds even in cases
in which y-hydrogen atoms in R? are present (42c,d).

3.4.2.2. By y-Hydrogen Abstraction and Subsequent
Spin Center Shift

The idea of the spin center shift, which was successfully applied to the
preparation of cyclopropanes (cf. Sec. 3.4.1.2) can be extended to
five-membered rings. Accordingly, o-alkyl substituted aryl ketones 44 that
bear a leaving group in the a-position undergo y-hydrogen abstraction
giving 1,4-biradicals 45, which entirely eliminate the acid HX, providing 1,5-
biradicals 46. After ISC the 1,5-biradicals cyclize to indanones 47 in good
yields (Sch. 16, Table 4) [14d]. This reaction was originally developed for
photochemically removable protective groups [47], but not used to prepare
such substances so far.

3.4.3. Six-Membered Rings
3.4.3.1. By e-Hydrogen Abstraction

In a similar manner as described for five-membered rings, the synthesis of
six-membered rings may be attained by blocking positions bearing available
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Table 4 Yields of Indanones 47.
Entry R! R? Yield (%) Solvent
a H H 42 CH2C12
b Me H 73 CH2C12
c Et H 69* MeOH
d iPr H 46° MeOH
e Ph H 52 MeOH
f COOEt H 82 tBuOH
g CON(CHy)4 H 70 tBuOH
h H Me 70 MeOH
43% 47a.

°427% 47a.

C—H-bonds. Though, both the y- and the d-position have to be occupied by
such blocking moieties. The four formal blocking types II, depicted in Sch. 2,
will be discussed here in detail.

Ila: X = C(sp’), Y—Z = o-Aryl — Naphthalines
IIb: X = C(0), Y—Z = o-Aryl — Naphthalines

This approach is taken by compounds 48. The preparative appli-
cability of compounds bearing two sp>-carbon atoms between the carbonyl
group and the aromatic ring (48a) is limited, because the quantum yields of
product formation are very low (®=0.0012 in MeOH for 48a). The low
reactivity is attributed to a rapid internal CT quenching as a result of an
efficient interaction between the B-aryl and the carbonyl group in the excited
state [7a]. For a moment, the behavior of diketones 48b—d is surprising,
because they bear two carbonyl groups. Based both on enthalpic and
entropic considerations one would expect, that preferably the carbonyl
group adjacent to the aromatic ring reacts, affording benzocyclobutenes.
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Table 5 Yields of Naphthalines 49.
Entry R! R? R? X Yield (%) Ref.
a H Me Ph CH, 60-90 7a
b H H Me (0] 35 7b
c Me Me Prop (0] 85 Tc
d Me Me Me (0] 88 Tc

Indeed, these products are isolated if irradiation is performed in hexane
whereas the utilization of methanol as a solvent furnishes benzocyclobutenes
only in trace amounts. The unusual outcome of the reaction was explained
either by a hydrogen shift from a primarily formed hydroxy benzyl radical
to the aliphatic carbonyl group [7b] or by a radical attack of the o-benzyl
radical onto the aliphatic carbonyl group forming an alkoxy radical [7c]
(Sch. 17, Table 5).

Ilc: X = C(sp®), Y—Z = CO—NR” — §-Lactams

From a synthetic point of view, the extension of the concept, described
in Sec. 3.4.2.1 (type Ih), on y-ketoamides, does not only provide an
attractive method but also a molecular system that is very valuable for the
improvement of the mechanistic understanding of the Norrish—Yang
reaction. Thus, on irradiation y-ketoamides 50 cyclize to 6-lactams 51 in
good yields [48]. It should be noted that the reaction outcome strongly
depends on the solvent used. Whereas the irradiation in dichloromethane
gives the Od-lactams 51, the only products formed in diethylether were
pinacols [49]. The formation of cyclopropanes from 50 [50] described earlier
is probably based on a misinterpretation of the spectral data [49].

The &-lactams bear two newly formed stereogenic centers and thus two
diastereomers may be formed. The ratio of these diastereomers depends on
the ring size of the cyclic secondary amine moiety in 50, on the substituents
and on the solvent. It has been shown that small rings and substituents at
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Table 6 Yields of 5-Lactams 51.
H
H
D 51a [%] 51b [%] de (51a)
52 0 >99
—-—N<> 67 23 49
54 9 71
_N<j 55 0 99
33 8 61
34 8 61
—N<:| 48 6 78

the carbon atom adjacent to the nitrogen atom increase the diastereoselec-
tivity in favor of Sla (Sch. 18, Table 6). This could be substantiated by
consideration of different triplet biradical conformers [48].

The stereochemical situation is more complicated if a chirality center is
already present in the reactant. In this case, two phenomena must be
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considered: the simple diastercoselectivity and the asymmetric induction.
Commencing with aspartic acid, the enantiomerically pure benzoylalanine
amides 52 were prepared and irradiated to give the ornithine lactams 53
(Sch. 19) [51]. Later results with other substituents were also obtained by
Griesbeck [52].

Despite the fact that the asymmetric induction from the chirality
center C3 on C6 proceeds with high efficiency (>99%), the simple
diastereoselectivity with respect to the bond C5-C6 is only moderate.
That is why it was not very promising to complicate the system by
introducing of additional chirality centers. Therefore, the photochemical
behavior of dipeptides 55 is surprising. Prepared from N-protected
benzoylalanines 54 by peptide coupling with proline esters, they cyclize to
“bicyclic B-turn dipeptides” 56, which are potential peptide mimetics, in
good yields. The high stereoselectivity was explained by a synergistic effect
of the two chirality centers at the stage of triplet biradicals (Sch. 20) [53].

IId: X,Y = 0-Aryl, Z = O — Chromanes
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Little is known about the synthesis of six-membered rings that bear an
oxygen atom. In 1985, Meador and Wagner described the photocyclization
of a-(o-benzyloxyphenyl)acetophenone 57, which may formally be derived
from ketones 32 (cf. Sec. 3.4.2.1, type Id) by insertion of a methylene
group between the keto group and the aromatic ring. The desired
3-hydroxychromane 58 was obtained in 80% yield as a 1.6/1 mixture of
diastereomers (Sch. 21) [54].

3.4.3.2. By é-Hydrogen Abstraction and Subsequent
Spin Center Shift

The idea of a spin center shift as an extension of the synthetic scope of the
Norrish—Yang reaction was already discussed twice in this chapter. A third
example applies to the preparation of six-membered rings. Thus, by treating
B-ketoamides 42 (Sec. 3.4.2.1, Th) with hypervalent iodine(IIl) reagents the
a-methanesulfonyloxy-B-ketoamides 59 are obtained in excellent yields. On
irradiation, the 1,5-biradicals 60 are formed, which are converted into the
biradicals 61 by elimination of methanesulfonic acid.

In contrast to the applications of spin center shift mentioned above, the
enolate radical moiety of biradicals 61 reacts solely as oxygen radicals 61-A
to give the oxazinones 62. This result was explained considering the relative
energy of different biradical conformers (Sch. 22, Table 7) [55].

3.4.4. Bi- and Tricyclic Compounds

The formation of bi- and tricyclic compounds by transannular photochemical
cyclization of monocyclic reactants mostly follows special rules that are
caused by the molecular rigidity, equilibria of ring conformers and distinct
stereoelectronic effects and, therefore, will be discussed in a separate section.
Naturally, it is no longer possible to strictly structure the reactions according
to the size and the type of the ring and, furthermore, vastly different examples
are known. Therefore, only some representative examples will be discussed in
this section and the selection does not claim to be complete.
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Table 7 Yields of Oxazinones 62.
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One of the first examples of a transannular hydrogen abstraction is
Padwa’s bicyclo[1.1.1]pentane synthesis published in 1967 [56]. By virtue of
the considerable ring strain of bicyclo[1.1.1]pentanes the formation of 64
from 63 impressively demonstrates the synthetic scope of the Norrish-Yang
reaction (Sch. 23).

Two other examples of the synthesis of bicyclic compounds whose
skeleton consists only of carbon atoms are shown in Sch. 24, each of them is
instructive in its own way. Upon irradiation of the cyclohexane derivative
65, not the expected product from a hydrogen abstraction from the allylic
position, but the bicyclo[3.3.1]heptane 67 was obtained by cyclization of the
less stable biradical 66-B [57]. The reason for this is the exclusive hydrogen
back-transfer of the more stable biradical and it underlines the importance
of this process in regioselectivity phenomena of the Norrish—Yang reaction.

The bicyclo[2.2.1]Theptane 71 is not directly formed in the course of
a Norrish-Yang reaction but the primarily formed 1,4-biradical is
trapped intramolecularly by an allyl group in a kind of 1,5-exo-cyclization
of a hexenyl radical well-known from monoradical chemistry [58].
Disappointingly, in most cases the cyclization of alkenyl radicals proceeds
too slowly [59] to compete with the “normal’ reactions of the Norrish-Yang
biradicals and thus this concept seems not to be commonly applicable.
Furthermore, the decay quantum yield of 68 is very low, which is caused by
a charge transfer quenching of the excited carbonyl group by the vinyl group
(Sch. 24).

Different C—H-bond energies as well as different ring conformers of
the reactant may be responsible for the photochemical reaction course of 1,4-
ditosylpiperazines 72. From the chair-like conformer 72-A, the 3,8-
diazabicyclo[3.2.1]octanes 73 are formed by a hydrogen abstraction from
one of the alkyl groups affixed to the 6-position of the piperazine ring in
yields between 3% and 6%, whereas 2,5-diazabicyclo[2.2.1]heptanes 74 are
formed from conformer 72-B in yields between 15% and 29% (Sch. 25) [60].

The regioselective attack of nonactivated C-H-bonds by an excited
carbonyl group is demonstrated with the transannular cyclization of bicyclic
diketones 76, which can easily be prepared from cyclic ketones 75 according
to Stetter et al. [61]. Upon irradiation, the selectively excited benzoyl
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group abstracts a hydrogen atom from the formal §-position, because the
y-position is unattainable due to the rigid molecular framework. Whereas
the noradamantane 77a was obtained as a mixture of diastereomers, the
heterocyclic compounds 77b,c were formed fully diastereoselectively with
respect to the newly formed C—C-bond despite lower yields. This result was
substantiated by the directing effect of intramolecular hydrogen bonds at
the stage of triplet biradicals (Sch. 26) [62].

The strategy outlined in Sch. 26 was extended to enantiomerically
pure tricyclic a-amino acids. On irradiation the bicyclic diketones 78
prepared in a few steps from cheap 4-hydroxyproline undergo a fully
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stereoselective cyclization to the tricyclic amino acids 80. Interestingly,
in the photochemical key step, the chirality center at C-7 is destroyed by
the hydrogen abstraction. Naturally, the formed radical center A of
biradical 79 can only be attacked by the radical center B from the underside
of the pyrrolidine ring and, therefore, no racemization can take place
(Sch. 27) [63].

3.4.5. Macrocycles

In this section it will be shown, how special molecular constitution and
conformation may force the formation of macrocycles. Furthermore,
examples will be discussed in which the photoinduced electron transfer
(PET) from electron rich functional groups to the excited keto carbonyl
group initiates a macrocyclization. The exceptionally successful PET assisted
macrocyclizations of phthalimides will be treated separately in Sec. 3.4.6.
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The spin center shift approach is based on the very rapid acid
elimination in hydroxysubstituted radicals, bearing a leaving group at the
adjacent carbon atom. Another very rapid process is the ring opening of
cyclopropyl carbinyl radicals, which proceeds fast enough to be able to
compete with the “normal” biradical cyclization. This idea was pursued
by Kraus and Wu [22]. Upon irradiation, the a-ketoesters 81 undergo
1,5-hydrogen migration that affords the 1,4-biradicals 82. Besides the
cyclopropylcarbonyl compounds 83, which are products of the Norrish
Type II cleavage, the unsaturated seven-membered-ring lactons 85 are
obtained in the course of an opening of the cyclopropane ring. The presence
of the phenyl group is necessary for the formation of lactons 85, because
it accelerates the opening of the cyclopropane ring dramatically (Sch. 28,
Table 8) [64].

1 R1
81 82 83
(o] 3 0 R
)]\./Ra OH
0
© . Ph
P R2 OH RN\
Ph R R2
84 85
Scheme 28

Table 8 Yields of 83 and 85.

R! R2 R? Yield of 83 Yield of 85

H H Ph traces 25%
(CHa)4 Ph 38% 30%
(CH2)4 CH3 90/0 360/0
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In the same work, Kraus and Wu described the preparation of eight-
membered-ring lactons 87 in (partly) remarkable high yields from
phenylglyoxylates 86. The formation of the deuterated lacton 87b unam-
biguously revealed that the reaction really proceeds via a 1,9-hydrogen
migration and not by a rearrangement of initially formed 1,4-biradicals. It
seems that, compared with C—H-bonds in y-position, the remote hydrogen
transfer in 86 is facilitated by both a restriction of conformational degrees of
freedom and a decrease of the bond energy of the remote C-H-bond
(Sch. 29).

A concept called “remote functionalization”, which based on the
photochemical preparation of macrocyclic para-cyclophanes and subse-
quent oxidative cleavage of the macrocyclus, was developed by Breslow [65]
and Baldwin [66]. Commencing with alkyl esters of benzophenone-4-
carboxylic acid 88, a remote hydrogen abstraction took place on irradiation
and, after ISC, macrocyclic lactons 90 were formed. The regioselectivity
of the hydrogen abstraction is low and consequently each carbon
atom between C-10 and C-19 of the carbon chain was attacked. Therefore,
the preparative value of this method appears to be limited. A dramatic
improvement of the regioselectivity was achieved when the conforma-
tionally rigid steroid skeleton was attached in place of the flexible alkyl
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R2

91 92
Scheme 31

chain. Though, cyclization was only observed to a small extend and
the main product (65%) was the result of a radical disproportionation
(Sch. 30).

The photoinduced electron transfer (PET) was used for the prepara-
tion of eight- to 10-membered-ring lactons by Hasegawa [67]. Thus, the
aminoalkyl esters of benzoylacetic acids 91 were irradiated and, after an
electron transfer from the nitrogen atom to the excited carbonyl group, a
proton transfer took place, mainly from a remote methylene group. The best
yields of macrocycles 92 were attained when two benzyl groups were
tethered to the nitrogen atom and the hydrogen atoms of the methylene
group of the benzoylacetic acid moiety were replaced by methyl groups
(Sch. 31, Table 9).

3.4.6. Photochemistry of Imides

As discussed in Sec. 3.3.1.4, besides ketones also imides can be used as
reactants in the Norrish-Yang reaction. For clarity, photochemical
reactions of imides, which are initiated by a hydrogen abstraction both
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Table 9 Yields of Lactons 92.

R! R?

n Yield (%)
H 2 33
H Ph 2 52
Me Ph 2 63
H H 3 34
Ph 4 25

from the y-position and other positions with respect to the excited carbonyl
group will be outlined in this section.

Phthalimides represent the most frequently used type of imides in
photochemical syntheses. They were originally investigated by Kanaoka and
later many valuable preparative applications were developed mainly by
Griesbeck.

A remarkable reaction of phtalimides is the photodecarboxylation of
N-phthaloyl amino acids that might be initiated by a hydrogen abstraction
from the carboxyl group [68]. A very versatile cyclization method, which is
based on the irradiation of the potassium salts of N-phthaloyl amino acids
in an acetone/water mixture is owed to the Griesbeck group. Under these
special conditions a simple decarboxylation does not occur if the carboxyl
group is in the d-position (or in more remote positions with respect to the
excited carbonyl group), but the resulting diradicals preferably cyclize. In
this way both small-sized rings such as pyrrolizidine 94 [69] as well as
macrocycles 96 can be obtained [70] (Sch. 32).

Another fascinating photochemical modification of phthaloyl amino
acids utilizes the two following reactions of the primarily formed diradicals
that have rarely been observed in the ketone photochemistry, too: the
radical disproportionation and the photoelimination. As a result, B,y-
unsaturated amino acid derivatives are accessible, which are very interesting
as peptide building blocks as well as versatile synthons. As shown in Sch. 33,
the yields of the unsaturated compounds 98 strongly depend on whether the
B-carbon atom bears one or two substituents. Whereas the valine and
isoleucine derivatives 97b,c afforded the desired products in good yields,
the method is ineffective from a synthetic point of view if amino butyric
acid or norvaline is used (98a,d) [71]. The photoelimination seems to be
more generally applicable. Thus, compounds 99 that are prepared from
L-methionine or L-homoserine and bear a leaving group in the y-position,
provided the vinyl glycine derivative 100 in good yields [72].

Besides these applications, which have in common that an analogous
behavior of aryl ketones has rarely been observed, now cyclization reactions
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have to be presented, which are also known from aryl ketones, though PET
processes often play an important role.

The y-hydrogen abstraction affords bicyclic azetidines 102 which are
O,N-acetals that undergo an immediate ring expansion yielding the
benzazepinediones 103 [71,73]. If the residue R' bears hydrogen atoms
in the B-position, then once more a photochemical hydrogen transfer takes
place and the formed 1,4-diradicals cleave in most cases giving the
6-unsubstituted benzazepinedione [71,74], though a cyclization was
observed in one case [75]. It should be noted that the reaction from the
S-substituted cystein derivatives 101f only proceeds in the presence of the
triplet quencher piperylene, whereas otherwise the annulated products 104
are formed. The reason seems to be the different behavior of the radical
anion/radical cation pair formed by an initial PET from the sulfur atom. In
the singlet case, a rapid reverse electron transfer occurs and products
are only formed from the homolytic y-hydrogen transfer. In contrast to that,
the triplet ion pair persists some time and a proton migration from the
kinetically more acidic remote CH-position may take place [74]. If only
8-CH’s are available as in the phthaloyl tert-leucine ester 105 the expected
pyrrolizidine 106 is formed in excellent yields (Sch. 34, Table 10) [76].

Less intensively investigated than phthalimides was the photochem-
istry of maleimides, succinimides, and glutarimides.

In 1983 Bryant and Coyle described the cyclization of N-(w-
morpholino-alkyl)-maleimides 107, which is initiated by a photo-
induced electron transfer (Sch. 35) [77]. To the best of our knowledge,

R1
0 HO 0 R2
R1
hv COOMe
N —_— N —_— COOMe
COOMe NH
o]
o 0
101 102 103"
HO,
101f ——~ N Ncoome
acetone COOMe Cilé coome P
o]
104 (48-95%) 106 (95%)

) For R? see Table 10.

Scheme 34
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Table 10 Yields of Benzoacepines 103.

101 R! Yields of 103 R2
a H 60 =R!
b Me 60 =R!
c 3,4-(0CMe,0)Ph 100 =R'
d Et 60 H
e CHMe, 67 H
f SCHR'R” 953 H

“Irradiation in the presence of piperylene.

R R N
hv |
| N—(CHp), —N o) —_— | N-(CHahn
R R
0 o)
107 108
aR=Hn=2 33%
b R-R' = (CHy)s, n =2 37%
¢ R-R'=(CHyp)s n=3 17%
Scheme 35

no applications of maleimides are known, which are based on a homolytic
hydrogen transfer.

The photochemistry of succinimides was also investigated by
Kanaoka for the first time nearly 25 years ago [24]. The most frequently
observed pathway of N-substituted succinimides 109 is the y-hydrogen
abstraction, followed by the formation of azetidinols 110. These highly
strained compounds could not be isolated, but immediately undergo a
ring-opening of the O,N-acetal moiety to give the e-lactams 111 as final
products in a similar manner as described above for phthalimides.
Interestingly, in contrast to the analog maleimide 107a the irradiation of
morpholinoethyl succinimide 112 afforded the e-lactam 113 (Sch. 36,
cf. Sch. 33) [77b].

The ring enlargement approach depicted in Sch. 35 was recently
applied by Thiem et al. on a series of sugar-derived succinimides [78].
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The photoreactive succinimide moiety was introduced in various posi-
tions of the pyrane ring of suitable protected monosaccharides.
Interestingly, the regioselectivity of the hydrogen abstraction by the
excited succinimide depends sensitively on the ring conformation of the
pyrane ring, which is in turn influenced by the substituents and protective
groups used.

In N-glycosides 114, the pyrane ring can exist in two different chair-
like ring conformations. If the residue R® is a hydrogen atom (114a),
the conformation 114-A is preferred and, consequently, the bicyclic lactams
115 are obtained as products of a y-hydrogen abstraction (cf. Sch. 35). If
R? is replaced by a more bulky CH,OSiR;-group, the conformation 114-B,
in which the succinimide moiety adopts an axial position, predominates.
Now, a weak C-H-bond in 5-position becomes attainable. The ratio
of y-hydrogen abstraction from 2-position and 6-hydrogen abstraction
from 5-position sensitively depends on the protective groups of 3- and
6-hydroxy groups. Whereas the TBS-protected compound 114b afforded
a mixture of products 115 and 116, the TMS-protected compound
114¢ produced the bicyclic lactam 116 exclusively (Sch. 37, Table 11)
[78a,b,d].

Spirocyclic derivatives 118 of pyranoses were prepared in moderate
yields by tethering the succinimide on C-6 of the protected monosaccharide
skeleton [24c]. The photochemical behavior of 1,6-anhydro sugars 119 [78¢],
121 [78f), and 123 [78¢] that bear the succinimide moiety in 2-, 3-, and

Copyright © 2005 by Marcel Dekker



Abstraction of (y+ n)-Hydrogen by Excited Carbonyls 79

R3
R3 (0] R2 5 0
R1 1 R1 1
=0 N D H
o=N_o
R2 2 Hg \V\_7?

114-A 114-B

hv 1 hv

115 116
Scheme 37

Table 11 Irradiation of Glycosylimides 114.

Entry R! R? R? 115 116

a OTBS OTBS H 52% —
OTBS OTBS CH,OTBS 21% 62%

¢ OTMS OTMS CH,OTMS — 83%

4-position respectively, is also summarized in Sch. 38. Finally, it should be
noted that also glutarimides were used occasionally [78e,f].

3.5. REPRESENTATIVE EXPERIMENTAL PROCEDURES
3.5.1. trans-1-Benzoyl-2-methyl-cyclopropane (12b) [14b]

Irradiation of the ketone 9b was performed in CH,Cl, (400mL) at a
concentration of 0.0l mmol/mL in the presence of N-methylimidazole
(2 equiv.), using a high pressure mercury arc lamp (150 W). Light of
wavelength below 300 nm was absorbed using a Pyrex™ glass jacket between
the lamp and the reaction vessel. The reaction was monitored by TLC and

Copyright © 2005 by Marcel Dekker



80 Wessig and Miihling

o
N 1
6 0. (OR! hv Oj(\io WOR R'-R% R:-R®=CMe, 36%

R'= Me, R?= R® = TMS 49%

3 "'///ORZ
3 o2 R°O
OR
R°O \ OR3
OR
117 118
(0]
(0]
(0]
.2
o “IN hv
(o]
(0]
119

R=TBS

122b (26%)

123 124 (85%)
Scheme 38

aborted when the reactant had completely disappeared (45min). The
solution was washed with H,O (2 x 100 mL), dried over anhydrous MgSO,
and concentrated in vacuo to 10% of the original volume. To the
solution was added silica gel, and the remaining solvent was removed
under reduced pressure. The residue was purified immediately by flash
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0 hv, CH,Cl, o)
IO L A
OMs 2 eq. N-methylimidazole
9b 12b (90%)
Figure 3

column chromatography (petroleum cther/ethyl acetate mixtures: 100:5) to
give trans-1-Benzoyl-2-methyl-cyclopropane 12b as colorless oil (90% yield)
(Fig. 3). IR (film, cm™"): 1665, 1448, 1402, 1222, 699. '"H-NMR (300 MHz,
CDCl;, ppm): 8.03-7.99 (m, 2H); 7.57-7.45 (m, 3H); 2.45-2.38 (m, 1H);
1.67-1.56 (m, 1H); 1.54-1.47 (m, 1H); 1.23 (d, J=5.9, 3H); 0.94-0.87 (m,
1H). *C-NMR (75.5 MHz, CDCl;, ppm): 200.0 (C=0); 138.0 (aromat. Cq);
132.5, 128.4, 127.9 (aromat. CH); 26.3 (CH); 21.2 (CH); 20.0 (CH,; 18.2
(CH3). EI-MS: m/z (%): 160 (15, M™), 105 (100), 77 (49), 57 (19), 55 (19), 51
(19), 43 (21). Anal. calcd. for C;1H,0 (160.21): C, 82.46; H, 7.55. Found: C,
81.78; H, 7.54.

3.5.2. (2R,4aS,5aS,8R,9aR,9bR)-Perhydro-1-[(2R,3R)-3-
hydroxy-3-phenyl-N-tosylprolyl]-2,8-diphenyl-
2H,5H,8H-bis[1,3]dioxino[5,4-b:4',5'-d]pyrroline
(24) [40]

A solution of the ketone 23 in cyclohexane/benzene 4:1 (ca. 107> mol/L) was
rinsed with dry, O,-free Argon for 30 min. The solution was irradiated until
no reactant was detectable by TLC (ca. 1 h), using a high pressure mercury
arc lamp (150 W). Light of wavelength below 300 nm was absorbed using a
Pyrex™ glass jacket between the lamp and the reaction vessel. After
evaporation, the crude photoproducts were separated by flash column
chromatography and purified by medium-pressure liquid chromatography
to give 24 as a colorless solid (70% yield) (Fig 4.). M.p.: 222-225°C. IR
(KBr, cm™'): 3436, 2924, 1676, 1349, 1138. '"H-NMR (300 MHz, CDCl;,
ppm): 0=7.85-7.01 (m, 19 aromat. H); 5.57, 5.41 (2s, H-C(2), H-C(8));
5.55, 5.03 (2d, J(4A,4B)=13.46, J(6A,6B)=16.21, HA\—C(4), HA—C(6));
5.06 (s, H-C2)); 4.39, 4.12 (25, H-C(%a), H-COb)); 4.28 (d,
J(4a,6B)=2.32, H-C(4a)); 4.00-3.94 (m, Hg—C(4), Hp—C(6)); 3.85-3.63
(m, 2H-C(5")); 3.66 (s, OH); 3.22 (s, H-C(5a)); 2.40 (s, MeCgHy); 2.28-2.16
(m, 2H-C(4')). >*C-NMR (75.5 MHz, CDCls, ppm): 8 =168 (C=0); 144.2,
143.3, 137.5, 137.0, 129.5, 129.2, 129.1, 128.5, 128.3, 128.2, 127.6, 127.5,
126.1, 126.0, 124.5 (aromat. C); 100.0, 99.2 (C(2), C(8)); 83.6 (C(3)); 78.4,
77.2 (C(9a), C(9b)); 71.0 (C(2")); 67.3, 64.3 (C(4), C(6)); 57.2, 54.3 (C(4a),
C(5a)); 47.6, 43.6 (C(4), C(5)); 21.6 (MeC4H,). FAB-MS: m/z (%): 683
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(81, [M +HJ™), 577 (20), 527 (20), 316 (100), 144 (33), 105 (62), 91 (96),
77 (22).

3.5.3. 1,2,3,6,7,8,9,10,11,12,13,14,15,21b-Tetradecahydro-
21b-hydroxy-17H-[1,5]diazacyclo-heptadecino[2,1-a]
isoindole-4,17(5H)-dione (96b) [70]

A suspension of K,CO;5; (10mmol) and 95b (2mmol) in water (3mL)
and acetone (200 mL) was irradiated (A =300 nm =+ 5nm) in a Pyrex tube for
12-24h while purging with a slow stream of nitrogen and cooling to ca.
15°C. After decantation, the solvent was evaporated at 40 °C/10 Torr and
the residue was washed with cold Et,O. The resulting light-yellow
precipitate was crystallized from acetone to give 96b in 71% yield (Fig. 5)
M.p.: 161-162°C (from acetone/H,0). IR (KBr, cm™'): 3292, 3078, 2930,
2856s, 1678, 1640s, 1552, 1407, 1049, 706. '"H-NMR (250 MHz, CDCl;,
ppm): 8 =1.19-1.42 (m, 14H); 1.45-1.78 (m, 4H); 1.89 (m, 1H); 2.14 (m, 2H);
2.40 (m, 1H); 3.05-3.29 (m, 4H); 4.56 (s, OH); 5.98 (¢, J= 5.4, 1H); 7.39 (ddd,
J=3.2, 5.3, 7.4, 1H); 7.49-7.56 (m, 2H); 7.60 (d, J=17.4, 1H). *C-NMR
(63 MHz, CDCl;, ppm): 8 =25.4 (CH,); 25.5 (CH»); 26.0 (CH»); 26.2 (CH»);
26.3 (CH,); 26.5 (CH,»); 26.8 (CH,»); 26.9 (CH,); 35.3 (CH,); 36.2 (CH,); 37.2
(CH,); 38.6 (CH,); 81.1 (C); 122.1 (CH); 123.4 (CH); 129.6 (CH); 131.7 (C);
132.1 (CH); 146.2 (C); 167.2 (C); 173.3 (C).
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3.6. TARGET MOLECULES: NATURAL AND NONNATURAL
PRODUCT STRUCTURES

See target.cdx.
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4.1. HISTORICAL BACKGROUND

The first photocycloaddition of an aromatic carbonyl compound (benzal-
dehyde) to an alkene (2-methyl-2-butene) was published by Paterno and
Chieffi. They described this long-term experiment (104 days) with the words:
“In una prima esperienza abbiamo esposto un miscuglio equimolecolare di
amilene (gr. 43) e di aldeide benzoica (gr. 67) in un tubo chiuso, dal 5
dicembre 1907 al 20 marzo 1908, cio¢ per circa tre mesi ¢ mezzo della
stagione invernale’ [1]. This and other experiments were repeated by Biichi
and his coworkers in the mid-1950s and the oxetane constitution of the
photogenerated product was confirmed [2]. The regioselectivity of this
specific transformation, however was not correctly established until a
publication by Yang et al. in 1964 [3]. In the following time, two features of
this reaction were investigated in detail: the influence of the state properties
of the electronically excited species and of the alkene properties on rate,
efficiency, as well as selectivity of the oxetane formation. Furthermore, a
detailed discussion of diastereo- and enantioselective modifications of
intramolecular variants is presented in the following chapters. After
discussion of the features of the carbonyl addends, the olefinic reaction
partners are discussed. A number of extensive reviews about special features
of this reaction type appeared in the last two decades which are
recommended for further reading [4].

89
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4.2. STATE OF THE ART MECHANISTIC MODELS

Considering the orbital interactions between alkenes and nm* excited
carbonyls, Turro has classified two possible primary trajectories: (i) the
nucleophilic attack of the alkene towards the cabonyl half-filled » orbital,
characterized as ““perpendicular approach” and (ii) the nucleophilic attack
of the carbonyl by its half-filled ©* orbital towards the alkenes empty m*
orbital, characterized as ‘‘parallel approach” [5]. First-order orbital
correlation diagrams are in line with this model and predict the formation
of a carbon—carbon bonded 1,4-biradical for the parallel and a carbon-
oxygen bonded biradical for the perpendicular approach [6]. What approach
dominates, is controlled by the relative positions of the alkene HOMO and
LUMO. For the interaction between electron-rich alkenes with carbonyl
compounds the perpendicular approach is favored, for electron-deficient
alkenes the parallel approach. Several ab initio calculations have been
published [7]. A recent MC-SCF-study resulted in the prediction that ISC
from triplet to singlet leads to the same biradical ground-state pathways
that are entered via singlet photochemistry [8]. Following this line of
argumentation, the product-determining molecular geometry is expected to
be similar either from the first excited singlet or triplet state of the carbonyl
reactant. The biradical model has been used for decades in order to describe
chemo- and regioselectivity phenomena (Fig. 1).
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At least for triplet 1,4-biradicals (2-oxatetramethylenes or preoxetanes)
this assumption has been confirmed by several experimental facts. Trapping
experiments (e.g., with triplet oxygen and sulfur dioxide) [9] as well as the
application of radical clocks [10] revealed, that short-lived (1-10ns) triplet
1,4-biradicals are formed when triplet excited carbonyl compounds interact
with alkenes. Spectroscopic evidences for these species came from laser flash
photolysis experiments of electron-rich olefines with benzophenone [11]. In
this case also the radical anion of the ketone was detected, demonstrating
that electron transfer processes can sometimes interfere with the formation
of oxetanes. The existence of an exciplex as precursor of the 1,4-biradicals as
well as of the radical ion pair was deduced from a correlation of oxetane
formation with the fluorescence quenching of singlet excited ketones by
electron-rich and electron-deficient alkenes [12]. A series of experiments on
substrate diastercoselectivity have been performed in order to differentiate
between reactive states (nm* vs. mrn*) and multiplicities (singlet vs. triplet).
Simple rules have been deduced which could be used as first approxima-
tions: triplet nm* carbonyls lead to a lower degree in stereoselectivity than
singlet nw* carbonyls [13].

4.3. SCOPE AND LIMITATIONS
4.3.1. Aromatic Aldehydes and Ketones

There is an impressive number of Paterno-Biichi reactions with substituted
benzophenones or benzaldehydes. A special group of aromatic carbonyl
reagents are heteroarenes such as acyl derivatives of furan and thiophene
which could in principle undergo [2+42] cycloaddition to the C=0 group as
well as to one of the ring C=C groups. This reaction periselectivity is
controlled by the heteroatom and the substitution pattern which influences
the nature of the lowest excited triplet state [14]. Cantrell has published
a series of experiments with 2- and 3-substituted benzoyl-, acetyl-, and
formylthiophenes and furans. The aldehydes 1 and 3 (X=S, O) gave with
high selectivity the oxetanes 2,4 with 2,3-dimethyl-2-butene as alkene
addend (Sch. 1) [15]. Similar results were reported for 2-benzoylfuran and
thiophene 5 (X'=S, O) whereas the corresponding 2-acetyl substrates 6 gave
mixtures of [2+2] and [44+2] photoproducts 7-9 [16].

Vargas and Rivas reported the photocycloaddition of acetylseleno-
phene (10) to tetrasubstituted alkenes resulting in two [2+2]-photoadducts,
one of them (11) involves the C=C bond of the monoalkene and the f,y-
double bond of the selenophene. The second product 12 is a Paterno-Biichi
photoadduct involving the carbonyl group of the selenophene and the C=C
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bond of the monoalkene (Sch. 2) [17]. In contrast to 2-acetylthiophenone
which also yields a [4+2]-cycloaddition product, no such adducts were
found with 2-acetyl selenophene. This was rationalized by the difference in
size of the heteroatom, which might disfavor a Diels-Alder approach for the
selenium compound in contrast to the corresponding sulfur- and oxygen
heterocycles.

Photoinduced [242] cycloadditions of 1H-1-acetylindole-2,3-dione
(13) with alkenes gave spiro-oxetanes 14 in moderate to high yields,
displaying the typical triplet n-n* reactivity of acetylisatin (Sch. 3) [18]. The
regioselectivity and diastercoselectivity of these reactions depends on the
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reaction mechanism: reactions involving alkenes with high oxidation
potential exclude single-electron transfer (SET) processes, and thus the
regioselectivity can be rationalized by considering frontier molecular orbital
interactions of the two addends and the diastereoselectivity by applying the
Salem—Rowland rules for triplet to singlet biradical intersystem crossing
(vide infra).

As an extension of this work, photoinduced [242]-cycloadditions of
l-acetylisatin (13) with cyclic enolethers (furan, benzofuran, 2-phenylfuran,
8-methoxypsoralen), and acyclic enolethers (n-butyl vinyl ether and vinyl
acetate) were investigated which afforded the spiro-oxetanes in high yields
(82-96%) and with high regio- and diastereoselectivity (Sch. 4) [19].
Treatment of the furan-derived oxetane 15 with acid resulted in oxetane ring
opening and yielded the 3-(furan-3-yl)indole derivative 16.

4.3.2. Carboxylic Acid Derivatives and Nitriles

The photochemistry of carboxylic acid derivatives has been summarized by
Coyle [20]. For arene carboxylic acid esters it has been shown that [2+2]
cycloaddition competes with hydrogen abstraction by the excited ester from
an allylic position of the alkene. The addition of methyl benzoate 17 to

Copyright © 2005 by Marcel Dekker



94 Griesbeck

©)L0Me hv )vk(ﬂ
=
18 (33%) 19 (34%)
CNH

A
Scheme 5

Qlf

CN
@ hv
—
= Ph)\(
20

2-methyl-2-butene gave a 1:1 mixture of the Paterno-Biichi adduct 18 and
the coupling product 19 [21]. Less electron rich alkenes, e.g., cyclopentene
did preferentially add towards the benzene ring of 17 in a ortho- and meta-
cycloaddition manner. Furans could also be added photochemically to
methyl benzoate and other arenecarboxylic acid esters. The resulting bicyclic
oxetanes could be transformed into a series of synthetically valuable
products [22]. [2+2]-Cycloadducts and/or their cleavage- or rearrangement
products have also been described for photoreactions of alkenes with
diethyloxalate [23], benzoic acid [24], and carbamates [25]. The site
selectivity of alkene addition to benzonitrile 20 has been studied with a
series of cyclic and acyclic olefins (Sch. 5). Again, two reaction modes
could be observed: [242]-cycloaddition to the nitrile group leading to
2-azabutadienes (deriving from the primarily formed azetines, e.g., 21 from
2,3-dimethyl-2-butene) [26] and ortho-cycloaddition to the benzene ring
(e.g., 22 from 2,3-dihydrofuran) [27].

Recently, Hu and Neckers reported that triplet excited states of alkyl
phenyl glyoxylates react rapidly and with high chemical yields with electron-
rich alkenes forming oxetanes 24 with high regio and stereoselectivity
(Sch. 6) [28]. The intramolecular y-hydrogen abstraction (Norrish type II)
cannot compete with intermolecular reactions in most cases. When less
electron-rich alkenes were used, the Norrish type II reaction became
competitive.

Griesbeck and Mattay described photocycloaddition of methyl and
ethyl trimethyl pyruvates (25) with di-isopropyl-1,3-dioxol. In contrast to
the reaction with ethyl pyruvate, the bicyclic oxetane 26 was formed with
very high (>98%) diastereoisomeric excess (Sch. 7) [29]. An X-ray analysis
revealed the unusual endo-tert-butyl configuration. Semiempirical calcula-
tion indicated that this clearly is the kinetic product formed by a biradical
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combination reaction which might be controled by favorable spin-orbit
coupling geometries.

4.3.3. a-Ketocarbonyl Compounds, Acyl Cyanides

a-Diketones undergo primary photochemical addition to olefins to form
[442] and [242] cycloadducts in competition to hydrogen abstraction,
a-cleavage, and enol formation. The product ratio 28:29:30:31 of the
biacetyl (27)/2,3-dimethyl-2-butene photoreaction strongly depends on the
solvent polarity and reaction temperature, indicating an exciplex inter-
mediate with pronounced charge separation and possibly free radical ions
from a photo-electron-transfer (PET) step (Sch. 8) [30].

Similar product ratios were reported for the methyl pyruvate/2,3-
dimethyl-2-butene photoreaction. In this case, however, a state selectivity
effect is responsible for the formation of the different ether and alcohol
products [31]. Obviously the existence of allylic hydrogens favors the
formation of unsaturated acyclic products via hydrogen migration steps at
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the triplet biradical level. More electron rich alkenes without (or with
unfavorable) allylic hydrogens do give oxetanes with excited a-dicarbonyl
compounds. Furan, indene [32] as well as isopropenyl ethyl ether [33] were
converted to the corresponding [242] cycloadducts (e.g., 32) with biacetyl
27 and methyl pyruvate, respectively. Chiral phenyl pyruvates have been
investigated intensively as carbonyl addends with medium to remarkably
high diastereoselectivities (vide infra). Benzoyl cyanie 33 gives mixtures of
cycloaddition and coupling products with 2,3-dimethyl-2-butene [34],
whereas the addition of 33 and a series of other acyl cyanides to furan is
chemoselective and leads to bicyclic oxetanes 34 with variable endo/exo
ratios [35].

Symmetric *nm*-excited 1,2-diarylethanediones (35) undergo highly
regio- and sterecoselective head to head additions to various captodative-
substituted alkenes (2-aminopropenenitriles 36) forming oxetanes 37 in
moderate to good yield (Sch. 9) [36].

Also unsymmetric 1,2-diarylethanediones 38 result in the formation
of cycloadducts 39 [37]. Only one regioisomer of the a priori conceivable
regioisomers has been detected for each case (Sch. 10). The connectivity and
the preferred configuration of the products is rationalized in terms of the
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geometry of the more stable (including captodative stabilization) 1,4-
biradical intermediate.

In all cases, the cyclic amino substituent in the major diastereoisomer
is oriented cis to the aryl moiety of the participating aroyl group whereas
the nonparticipating aroyl group is cis to the nitrile function. Whereas
2-naphthyl-substituted diones from oxetanes, 1,1’-naphthyl- and 1-(1-
naphthyl)-2-phenyl ethanedione are unreactive. The latter effect probably
reflects the n* nature of the lowest excited triplet state of these diones.

4.3.4. Enones and Ynones

There is a striking difference between the photochemical reactivity of o,f-
unsaturated enones and the corresponding ynones. Whereas many cyclic
enones undergo [2+2] cycloaddition to alkenes at the C=C double bond of
the enone (probably from the triplet mr* state) to yield cyclobutanes, acyclic
enones casily deactivate radiationless by rotation about the central C-C
single bond. Ynones on the other hand behave much more like alkyl-
substituted carbonyl compounds and add to (sterically less encumberd)
alkenes to yield oxetanes (Sch. 11) [38,39]. The regioselectivity of the
Paterno-Biichi reaction is similar to that of aliphatic or aromatic carbonyl
compounds with a preference for primary attack at the less substituted
carbon atom (e.g., 41 and 42 from the reaction of but-3-in-2-one 40 with
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isobutylene). A serious drawback is the low chemoselectivity. For most
substrates a (formal) [3 + 2] cycloaddition is the major reaction path which
constitutes a possible rearrangement at the preoxetane biradical level [40].
A detailed kinetic and spectroscopic investigation of the reaction showed
that the [242] adducts 43 are formed from the singlet biradical precursors
whereas the [3+2] adducts 44 derive from the corresponding triplet
biradicals [41].

The first examples of exclusive oxetane formation upon olefin
photoaddition to the cyclohexen-1,4-dione 4-oxoisophorone 45, leading to
two novel 2-substituted 1-oxaspiro[3,5]non-5-en-7-ones 46 and 47, respec-
tively, was reported by Catalani and coworkers (Sch. 12) [42]. They
demonstrated that the chemoselectivity of the olefin-enone photochemistry

Copyright © 2005 by Marcel Dekker



Photocycloadditions of Alkenes to Excited Carbonyls 99

can be directed to exclusive oxetane formation when sufficient steric
hindrance prevails cyclobutane formation.

4.3.5. Quinones

The photoaddition of 1,4-benzoquinone 48 to electron-donor substituted
alkenes is an efficient process which leads to spiro-oxetanes (e.g., 49a) in
high yield [43]. The use of quinines as carbonyl compounds is advantageous
because of their long-wavelenght shifted nn* transitions (430-480 nm). Most
reactive are strained alkenes such as norbornene or norbornadiene were also
rearrangement products are formed (Sch. 13) [44]. Due to their convenient
absorption behavior, benzoquinones have been used to study trapping
reactions of intermediates. Wilson and Musser have reported the first
oxygen trapping experiments using the 1,4-benzoquinone 48/fert-butyl-
ethene system [45].

Whereas a triplet 1,4-biradical has been assigned as the most probable
intermediate at that time, later work on intramolecular trapping reaction
favored the assumption of radical ion pairs [46]. Efficient lactonization
reaction to form 51 during irradiation of pent-4-enoic acid 50 and 48
accounts for an olefin radical cation which undergoes electrophilic addition
towards the carboxyl group. Another type of rearrangement has been
detected in the photoreaction of tetramethylallene and 48 [47]. 5-Hydroxy-
indan-2-ones 52 are formed in high yields probably via instable spiro-
oxetanes 49b as intermediates.

Kochi and coworkers reported the photochemical addition of various
stilbenes and chloroanil (53) which is controlled by the charge-transfer (CT)

R! g2
o}
4
hv for 49b @:O
R]
o=
48 49a (R’ R2 = Me) 52

49b (R!, R? = CMe,)

[¢] (0]
)Ok/\/ ——*hv _<::)>:
HO 48
50 51
HO

Scheme 13
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activation of the precursor electron donor—acceptor (EDA) complex
(Sch. 14) [48]. The [2+2] cycloaddition products 54 were established by
an X-ray structure of the trans-oxetane formed selectively in high yields.

Time-resolved (fs/ps) spectroscopy revealed that the (singlet) ion-
radical pair is the primary reaction intermediate and established the
electron-transfer pathway for this Paterno-Biichi transformation. The
alternative pathway via direct electronic activation of the carbonyl
component led to the same oxetane regioisomers in identical ratios. Thus,
a common electron-transfer mechanism applies involving quenching of the
excited quinone acceptor by the stilbene donor to afford a triplet ion-radical
intermediate which appear on the ns/us time scale. The spin multiplicities
of the critical ion-pair intermediates in the two photoactivation paths
determine the time scale of the reaction sequences and also the efficiency of
the relatively slow ion-pair collapse (k.=210%/s) to the 1,4-biradical that
ultimately leads to the oxetane product 54.

4.3.6. Alkenes, Alkyl-, and Aryl-Substituted

Arnold and coworkers reported a series of reactions between benzophe-
nones and monoalkenes. In most cases the oxetanes were the major products
and could be isolated in good yields [49]. Benzaldehyde 55, which has a
triplet nt* as the reactive state [50], is less chemoselective and gave with
cyclohexene besides oxetane 56 also several hydrogen abstraction and
radical coupling products 57-58 (Sch. 15) [51].

A clear evidence for a long-lived intermediate came from investiga-
tions of the stereoselectivity of the Paterno-Biichi reaction with cis and trans
2-butene as substrates. when acetone [52] or benzaldehyde [53] was used as
carbonyl addends, complete stereo-randomization was observed. Acetelde-
hyde and 2-naphthaldehyde showed stereoselective addition reactions which
accounts for the singlet nm* as the reactive state [43]. Fleming and Gao
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reported the photocycloaddition of the trimethylsilyl ether of cinnamic with
benzaldehyde to proceed with high stereoselectivity to give the trans-oxetane
60 in 20% yield (Sch. 16) [54]. In competition to the Paterno-Biichi reaction,
cis—trans-isomerization leads to cis and trans isomers of the substrate in a
1.6:1 ratio.

4.3.7. Alkenes, Electron Donor-Substituted

The regioselectivity of the Paterno-Biichi reaction with acyclic enol ethers is
substantially higher than with the corresponding unsymmetrically alkyl-
substituted olefins. This effect was used for the synthesis of a variety of
3-alkoxyoxetanes and a series of derivatives [55]. The diastereoisomeric cis-
and trans-1-methoxy-1-butenes were used as substrates for the investigation
of the spin state influence on reactivity, regio- and stereoselectivity [56]. The
use of trimethylsilyloxyethene 62 as electron rich alkene is advantageous and
several 1,3-anhydroapiitol derivatives such as 63 could be synthesized via
photocycloaddition with 1,3-diacetoxy-2-propanone 61 (Sch. 17) [57].
Branched-erythrono-1,4-lactones are accessible from the oxetane
66 which was derived thermally from diethyl mesoxalate 64 and 2,2-di-
isopropyl-1,3-dioxole 65 [58]. An impressive improvement in the regio-
selectivity of oxetane formation was discovered with 2,3-dihydrofuran 67 as

Copyright © 2005 by Marcel Dekker



102 Griesbeck

CH,0Ac
0 hv OSiMe;
ACOH,C
AcO OAc =
Ao ~OSiMe; 0
61 62 63 (57%)
o
0 ZnCh o} L
Eto\n)j\n/OEt =\ Et0OC
0.0 o
0 O YY COOEt
64 65 66 (84%)
H
5= ¢h
Co 0
67 H
68 (52%)

Scheme 17

alkene addend. For the acetone/2,3-dihydrofuran cycloadduct 68 a >200:1
ratio of the two possible regioisomers was determined [59]. Acyclic thioenol
ethers also have been investigated in their photocycloaddition behavior with
benzophenone. In contrast to acyclic enol ethers these substrates exhibit
high regioselectivity with almost exclusive formation of the 3-alkylthio
oxetanes [60].

Photocycloaddition reactions of aromatic aldehydes with cyclic ketene
silylacetates have been investigated by Abe and coworkers [61]. Regio- and
diastereoselective formation of the bicyclic 2-alkoxyoxetanes 69 was
observed in high yields. Hydrolysis of these acid-labile cycloadducts with
neutral water efficiently gave aldol-type adducts 70 with high threo-
selectivity (Sch. 18).

The Paterno-Biichi photocycloaddition of silyl O,X-ketene acetals
(with X=0, S, Se) and aromatic aldehydes was intensively investigated by
Abe and coworkers in the last decade [62]. The regioselectivity of the
reaction (71 vs. 72) is highly affected by the heteroatom (Sch. 19) [63,64].
The regioselectivity is rationalized by (a) the relative stability of the 1,4-
biradicals and (b) the relative nucleophilicity of sp>-carbons in the respective
O, X-ketene acetal.

Recently, the photocycloaddition of L-ascorbic acid derivatives 73
with 4-chlorobenzaldehyde and benzylmethyl ketone was described which
led to preferential attack on the less hindered a-face of the enone to give
the oxetanes 74 and 75 (Sch. 20), respectively, with approximately 2:1
regioselectivity (33% de both) [65]. When the substrate is changed to
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benzophenone, the regioselectivity was reversed, even though the facial
selectivity remained the same (35% de). This was proposed to be the result
of a mechanistic switchover, from a 1,4-biradical process for benzophenone
to a photoinduced electron transfer process for the other substrates.

4.3.8. Alkynes

Oxetenes (oxets) have been postulated as primary photoadducts between
carbonyl compounds to alkyl- and aryl-substituted alkynes and alkylthio-
acetylens [66]. The first evidence for an unstable intermediate with a lifetime
of several hours at —35°C was reported for the benzaldehyde 55/2-butyne-
photoproduct 76 [67]. On further irradiation in the presence of excess
benzaldehyde, a bis-oxetane 77 was formed (Sch. 21).

At elevated temperatures rapid ring-opening to o,B-unsaturated
ketones occurs, which are the major products for photocycloaddition of
alkynes with carbonyl addends at room temperature. The parent oxetene
has been prepared from 3-hydroxyoxetane [68].

4.3.9. Allenes and Ketenimines

The photocycloaddition of a variety of carbonyl compounds with methyl-
substituted allenes has been reported to proceed with high quantum yields
(0.59 for acetophenone/tetramethylallene) [69] to give 1:1 and 1:2 adducts
[70]. The 2-alkylidencoxetanes are useful precursors for cyclobutanones,
e.g., 79ab from the benzophenone/tetramethylallene-cycloadduct 78
(Sch. 22) [71].

Upon prolonged irradiation in the presence of an excess ketone,
the monoadducts are converted into 1,5- and 1,6-dioxaspiro[3.3]heptanes
(e.g., 80a,b) [53]. The regioisomeric 2- and 3-imino-oxetanes could be
prepared by photolysis of ketenimines in the presence of aliphatic or
aromatic ketones [72].

The photocycloaddition of aliphatic aldehydes to 1,1-dimethylallene
was investigated by Howell et al. [73]. The major products, the 2-alkylidene

Ph
L, =,
Ph” 'H = H 55 O——é—H
55 Ph Ph
76 77

Scheme 21
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oxetanes 81 and 82 were obtained in a 2:1 ratio (Sch. 23). This low degree in
regioselectivity was rationalized by both steric and electronic factors. On the
other hand, the allene 83 with enolether structure reacted with isovaler-
aldehyde with a high degree of regioselectivity to give the 2-methylene
oxetane 84.

4.3.10. Dienes and Enynes

Because of their low triplet energies (55-60 kcal/mol), 1,3-dienes are often
used as quenchers for excited triplet states of carbonyl compounds. Besides
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physical quenching, however, also cycloaddition leading to oxetanes can
occur as side reaction, as demonstrated for benzophenone [74]. Chemical
yields are low because of competing diene dimerization and hydrogen
abstraction reactions. The corresponding photoreactions with aliphatic
ketones [75] or aldehydes [76] are much more effective in the sense that
oxetanes are formed with high quantum yields and good chemical yields by
a mechanism involving the singlet excited carboxyl added. Carless and
Maitra have shown that the photocycloaddition of acetaldehyde 85 to the
diastereomeric E- and Z-penta-1,3-dienes is highly regio- and stereoselective
(e.g., oxetanes 86a—d from the Z-isomer) which also accounts for a singlet
mechanism (Sch. 24) [77]. A locoselective reaction has been reported for
the benzophenone cycloaddition to an 1,3-enyne with exclusive addition to
the C=C double bond [78].

4.3.11. Furans

The photocycloaddition of benzophenone to furan 87a was originally
described by Schenck et al. [79]. Additionally to the 1:1 adduct 88 also two
regioisomeric 2:1 adducts 89a,b were isolated [80], the structure of 89a was
revised by Toki and Evanega [81]. All prosterecogenic carbonyl addends
when photochemically added to furan showed regioselectivities >99:1 in
favor of the bicyclic acetal product (Sch. 25).

This is also the case for 2-substituted furans, however, mixtures of
acetal- and ketal-type oxetanes (e.g., for 87b) were obtained [82]. The use of
furans with steric demanding substituents (e.g., 87¢) [66a,83], or a acetyl
substituent (e.g., 87d) [66b] at the 2-position largely improves the regio-
selectivity. A huge number of carbonyl compounds have been investigated
in the last 10 years by Zamojski [84] and especially by Schreiber [85] who
used furan-carbonyl adducts as intermediates in total synthesis of natural
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products. Acid-catalyzed rearrangement of these adducts is a useful method
for the synthesis of 3-substituted furans [86].

The photocycloaddition of methyl arylglyoxylates 90 with cyclo-1,3-
dienes was investigated by Hu and Neckers (Sch. 26) [87]. These reactions
proceed with high regioselectivity whereas the diastereoselectivity strongly
depends on the nature of the aryl substituent.

Oxetanes 91 (shows with furan as the diene component) were formed
with high endo-aryl selectivity with bulky aryl groups while insignificant
stereoselectivity was observed with glyoxylates containing sterically less
demanding aryl groups. This observations was rationalized by the stability
of the intermediate triplet 1,4-biradical geometries during the ISC process.
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The rates of the competing ortho-hydrogen abstraction (for ortho-
methylated aryl groups) varied significantly among the substrates.

D’Auria and coworkers investigated the photocycloaddition of
5-methyl-2-furyl-phenylmethanol 92 with benzophenone resulting in two
adducts 93 and 94 in a 1:1 ratio while the addition to 4,4’-dimethoxy-
benzophenone, benzaldehyde or 4-methoxybenzaldehyde, respectively, gave
merely the adducts 93 (Sch. 27) [88].

The photocycloaddition of carbonyl compounds with 2-siloxyfurans
95 has been investigated in detail by Abe and coworkers [89]. The
stereoselective formations of exo-oxetanes 96 and 97 were observed in
high yields (Sch. 28). The regioselectivity was found to be largely dependent
upon the nature of the carbonyl component, the substitutents at the furan
ring, and the excited state of the carbonyls (singlet vs. triplet). Aldehydes
resulted in bicyclic oxetanes 96 and 97, respectively, with low regioselectivity
independent of the nature of the excited states and the substituents at the
furan. Triplet excited ketones gave regioselectively the exo-oxetanes, except
for 4-methyl-2-siloxyfuran.

1
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4.3.12. Other Heteroaromatic Substrates

Methylsubstituted thiophenes afford oxetanes with high regioselectivity
when reacted with excited benzophenone [90]. Pyrroles, imidazoles, and
indoles behave similarly when substituted at the nitrogen atom with
electron-acceptor groups [91]. Pyrroles, when alkyl-substituted at the
nitrogen atom, however, gave rearranged pyrroles, probably via an oxetane
intermediate [92]. The photocycloaddition of 2,4,5-trimethyloxazole 98 to
carbonyl compounds afforded the bicyclic oxetanes 99 with high regio and
excellent (exo) diastereoselectivity [93]. Hydrolytic ring opening of bicyclic
oxetane yielded erythro a-actamido-B-hydroxy ketones 100 (Sch. 29).

4.3.13. Strained Hydrocarbons

The photocycloaddition of triplet benzophenone to norbornene has been
originally reported by Scharf and Korte (Sch. 30) [94]. The photoproduct
101 which is formed in high exo-selectivity could be thermally cleaved to
the d,e-unsaturated ketone 102, an application of the ‘“‘carbonyl-olefin-
metathesis” (COM) concept [95].

The 1.,4-biradical formed in the interaction of norbornene with
o-dibenzoyl-benzene was trapped in an intramolecular fashion by the

R
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second carbonyl moiety [96]. A highly regioselective reaction of triplet
benzophenone was reported with 5-methylenenorborn-2-ene with prefer-
ential attack towards the exo C=C-double bond [97]. A number of
publications have been appeared which discuss photocycloaddition reac-
tions of triplet carbonyl compounds to norbornadiene and quadricyclane
and the competition between Paterno-Biichi reaction and the sensitized
norbornadiene/quadricyclane interconversion [98]. Oxetane formation has
also been reported for the photoreaction of biacetyl as well as para-quinones
with benzvalene [99].

The irradiation of methyl phenylglyoxylate, benzil, benzophenone as
well as 1,4-benzoquinone in the presence of homobenzvalene 103 gave, as
products of the Paterno-Biichi reaction, oxetane derivatives which contain
the tricyclo[4.1.0.0%7] heptane subunit as well as ring-opened products
(Sch. 31) [100].

In the case of benzophenone, the cycloaddition competes with the
isomerization of 103 to cycloheptatriene. Exclusive isomerization was
observed with acetophenone and acetone. Carbonyl compounds with triplet
energies lower than 69 kcal/mol prefer the cycloaddition path. Cyclopent-
2-en-1-one is an exception to this rule: in spite of its triplet energy of
74 kcal/mol, 2 42 cycloadducts were formed rather efficiently.

4.3.14. Alkenes, Electron Acceptor-Substituted

In contrast to photocycloaddition reactions of carbonyl compounds to
electron-rich alkenes (which proceed with a low degree of stereoselectivity
in the case of triplet excited carbonyls), reactions with electron-deficient
alkenes, such as cyanoalkenes, are, although rather inefficient, but highly
stereoselective [101]. Kinetic analysis showed that these reactions involve the
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interaction with the singlet excited carbonyl via a parallel approach [102].
An important side reaction is the photosensitized geometrical isomerization
of alkene C=C double bond, e.g., cis-1,2-dicyanoethylene and acetone gives
the cis-oxetane and trans-1,2-dicyanoethylene. 2-Norbornanone was used as
a model reagent for investigation of the influence of steric hindrance on the
face-selectivity of oxetane formation with electron-donor and electron-
acceptor substituted alkenes [103]. Chung and coworkers have reported,
that the photocycloaddition of methacrylonitrile to 5-substituted adamant-
2-ones 104 produces two geometrically isomeric oxetanes 105 and 106,
respectively, with the oxetane-ring oxygen and the substitutent at C-5 in anti
or syn positions (Sch. 32) [104]. This selectivity is discussed for the syn-face
attack in terms of transition state hyperconjugation.

4.3.15. Exocyclic Olefins

The photochemistry of ketones in the presence of exocyclic olefins has not
yet been systematically studied. Chung and Ho reported the photochemistry
of acetone in the presence of several exocyclic olefins. Surprisingly,
homoalkylation occurred resulting in a series of 4-cycloalkylbutan-2-ones
(with quantum yields of 0.14 £0.01) rather than the expected Paterno-Biichi
reaction (Sch. 33). With perdeuterated acetone, the photocycloaddition path
increased due to the primary kinetic isotope effect (as shown for products
108 and 109, respectively, from 2-methyleneadamantane 107) [105].

Similar effects were obtained for methylenecycloalkanes 108 with
preferential formation of the photo-Conia products 111. Increasing ring size
in 110 as well as H/D exchange favored the formation of the Paterno-Biichi
products 112.

4.4. SYNTHETIC POTENTIAL: REACTIVITY AND
SELECTIVITY PATTERN

The combination of two prostercogenic substrate molecules, the carbonyl
and the alkene component, in the course of a Paterno-Biichi reaction, leads
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to a photoadduct with three new stereogenic centres. Control of the relative
and absolute configuration of these stereogenic centers is a challenge for
synthetic chemistry in that many interesting products could in principle be
derived from oxetane precursors. A detailed knowledge of the photophysical
properties of the electronically excited compound (which is in most cases
the carbonyl addend) is necessary to understand (and predict) the
stereochemical result of such a [2+2] cycloaddition reaction. Therefore
the configuration of the excited state, its lifetime and IC as well as ISC
properties should be known. For clean transformations the carbonyl group
should be the only absorbing chromophore in the reaction mixture (i.e., the
product should not absorb at the wavelength used), the solvent should not
interfere with the cycloaddition step by competing reactions (e.g., hydrogen
abstraction) and the polarity influence of the reaction medium on biradical
or photoinduced electron transfer (PET) steps ought to be carefully
investigated. Considering the simple model for the spatial distribution of
electron density in the nn* state, a nonprostereogenic nn* excited carbonyl
compounds has two pairs of enantiotopic faces for interaction with an
alkene addend. Analogously to ground state nucleophilic addition reaction,
considering the Umpolung effect, electron-deficient alkenes should prefer-
entially interact with the nucleophilic ©* orbital. Such as orientation has
been named the parallel approach. On the other hand, electron-rich alkenes
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should preferentially interact with the electrophilic n-orbital perpendicular
to the m plane. Consequently such an orientation has been named the
perpendicular approach. Analyses of the product stereochemistry cannot
uncover these primary orientation phenomena. A study of Stern-Volmer
kinetics of several 2-norbornanones with the electron-rich cis-diethoxy-
ethylene (¢-DEE) and the electron-poor trans-dicyanoethylene (--DCE) as
quenchers did corroborate this model [103]. In these cases the carbonyl
compounds are chiral and exhibit two pairs of diastereotopic faces for
interaction with the alkene addends. In an additional paper it was shown by
Turro and Farrington that the -DCE addition is a highly stereoselective
process indicating an exclusive interaction with the first excited singlet
state of the carbonyl compound [103]. An increase in steric hindrance
toward the approach from the exo-side reduced the rate of fluorescence
quenching, however, the efficiency of oxetane formation was increased.
Therefore it was interpreted that for sterically more hindered ketones a
possible exciplex intermediate is much more effectively transformed into the
photoproduct. This may be due to a puckering effect of the nn*-excited
carbonyl group which leads to enhanced efficiency of photoproduct forma-
tion from the exciplex intermediate. Ketones with homotopic faces have
been widely used to determine the stereoselectivity in Paterno-Biichi
reactions with E- and Z-isomers of electron-rich and electron-poor olefins.

The photocycloaddition of acetone to cis- or trans-2-butene leads to a
mixture of diastereomeric oxetanes in a constant ratio of 64:36 (£2%)
independent from the substrate configuration [106]. No isomerization of the
alkene substrates could be detected at low to medium conversion. The
photocycloaddition of acetone to cis- and trans-1-methoxy-1-butene has
been studied in order to show the divergent stereoselectivity of singlet and
triplet excited carbonyl states [107]. By use of piperylene as triplet quencher
and investigation of the concentration (quencher as well as substrate)
dependency of the stereoselectivity of the Paterno-Biichi reaction a
consistant mechanism was established. At high concentrations of the
alkene or the triplet quencher maximum d.r. (diastereomeric ratio) values of
82:18 and 27:73 were found for the diastereoisomeric oxetanes, respectively.
Therefore it was concluded that the stereochemistry of the initial butene is
retained in the oxetanes when singlet excited acetone attacks the alkene,
whereas a scrambling effect is obtained for the triplet case indicating a long
lived triplet biradical intermediate.

In some cases, however, a high degree of stereoselectivity could be
obtained even with “pure” triplet excited carbonyl compounds. In these
cases, e.g., the photocycloaddition of benzophenone to several methyl vinyl
sulphides 113, the intermediary triplet 1,4-biradical preferentially undergoes
one of two possible cyclization modes after intersystem crossing (Sch. 34) [60].
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The nonstereospecific (using Zimmerman'’s definition) [108] nature of
this reaction has been demonstrate by the use of stereoisomeric substrates
which lead to oxetanes 114 in identical diastereomeric ratios. Another
possibility for obtaining stereoisomerically pure oxetanes is the use of
alkenes which simultaneously serve as quenchers for the carbonyl triplets,
e.g., dienes. The photocycloaddition of acetone and 2-methyl-2,4-hexadiene
(115) represents such a process leading to two regioisomeric oxetanes 116
and 117 where the substrate configuration is retained in 117 [75].

4.4.1. Prostereogenic Carbonyl Groups:
Product Stereoselectivity

Simple (noninduced) diastereoselectivity in general describes a selection
process where two stereogenic elements (or more) are generated in a
chemical process without stereogenic elements present already in the starting
materials, whereas induced diastereoselectivity describes a selection process
where stereogenic elements are generated in a chemical process from
substrates with at least one stereogenic elements already present. Thus, in
case of Paterno-Biichi reactions, the combination of two prostereogenic
substrate molecules leads to a photoadduct with maximum three new
stereogenic centers with a characteristic simple diastereoselectivity.

4.41.1. Simple Diastereoselectivity

In contrast to the results with acetone (vide infra) the photoaddition of
acetaldehyde with trans (and analogous with the cis-isomer) 2-butene is
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highly stereoselective (or stereospecific [108]) [53]. Aromatic carbonyl
compounds such as benzaldehyde show low stereoselectivites independent
from their concentrations (in contrast to aliphatic ketones) due to fast
intersystem crossing into the triplet manifold of the carbonyl substrate.
If, however, the configuration of the triplet excited state switches form
nm* to mn* the product stereoselectivity rises again. In these cases (e.g.,
2-naphthaldehyde) the carbonyl singlet is the reactive state in photo-
cycloaddition reactions involving the carbonyl group. Obviously the
quantum yields for such a process are low (about 5% of triplet reactivity)
because of efficient deactivation via the triplet nn* states. Another
concentration study has been published by Jones II et al. where they
describe the photocycloaddition of aliphatic aldehydes to medium ring
cycloalkenes. The variation in photoadduct distribution is due to sterco-
specific addition of the aldehyde singlet (dominant at high alkene
concentrations) accompanied by a less stereoselective triplet pathway at
lower concentrations of the cycloalkenes [109].

In case of Paterno-Biichi reaction of cycloalkenes with prostereogenic
aromatic carbonyl compounds (which show rapid ISC to the triplet excited
carbonyl) less clear results were obtained. The reaction of cyclohexene with
benzaldehyde was reported in the literature [51] and the spectral data of
the main product 56 (35%) described as consistent with the assignment of
exo-stereochemistry (Sch. 35) [110].

A detailed study of the photocycloaddition of (triplet) benzaldehyde
with several cycloalkenes revealed that endo-stercoselectivity is an inherent
property for these processes [111]. Especially the addition of benzaldehyde
to 2,3-dihydrofuran was significant: only one regioisomer 118 (analogous
to the reaction with acetone) [59] is formed in a diastereomeric ratio
of 88:12. Increasing steric demand of the carbonyl addend leads to an
increase in diastereoselectivity, e.g., for mesityl aldehyde only the endo-
diastercomer 118b could be detected [112]. Substituent effects have also
been described for methyl-substituted cycloalkenes which were in accord
with the postulated principle for control of stereoselectivity in triplet
reactions [113]. This selectivity effects could be explained by the assumption
of certain 1,4-diradical conformers which fulfill the prerequisites (Salem
rules) [114] for rapid intersystem crossing to form the 1,4-singlet biradicals.
These can interconvert without spin barrier into the products and thus
exhibit a ‘“conformational memory” [111,113]. In contrast to the triplet
pathway, singlet excited carbonyl compounds such as the 1- or 2-
naphthaldehydes do add with high exo stereoselectivity to 2,3-dihydrofuran
[115]. Both singlet and triplet excited carbonyl compounds underwent
photocycloaddition to furan with high exo selectivity to give adducts 119
(Sch. 36).
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Additionally only one regioisomer is formed in these reactions which
show high efficiency and proceed with excellent yields [79,82,116]. The
oxetanes formed in these reactions are acid-labile compounds and can be
converted into the corresponding aldol products. Schreiber et al. used this
property for the synthesis of several key compounds as substrates for the
synthesis of natural products by “photo-aldol reaction” [85,117]. Besides
the addition of aldehydes to furan, also ketones and esters as well as
substituted furans had been used as staring materials [22,118]. In most cases
the locoselectivity (for furans with unsymmetric substitution pattern) is
moderate [119], but the regioselectivity (exclusive formation of the acetal
product) and the stereoselectivity stays high (>500:1 in some cases) [84]. The
same degree of regio- and steroselectivity has been observed for other
heterocyclic substrates such as thiophenes, oxazoles, pyrazoles, and many
more [90,91]. A somewhat lower degree in stereoselectivity was reported for
the photocycloaddition of carbonyl compounds to 1,3-cyclopentadiene
(with propanal: exo/endo=280:20) [76] and 1,3-cyclohexadiene (with
acetaldehyde: exo/endo=88:12) [120]. Another group of highly efficient
carbonyl addends are o-keto esters such as alkyl pyruvates, alkyl
glyoxylates, and esters of phenylk glyoxylic acid. Photocycloadditon with
electron-rich cycloalkenes such as dioxoles and furans have been reported to
proceed highly regio- and diastereoselectively. The Paterno-Biichi reaction
of 2,2-di-isopropyl-1,3-dioxole with ethyl pyruvate leads to a 80:20 mixture
of diastereomeric oxetanes 120 [121]. Zamojski has report a highly selective
reaction of triplet excited n-butyl glyoxylate 121 with furan [122]. Similar to
the reactions with aromatic aldehydes [116] only the exo-photoproduct 122
is formed.

The simple diastereoselectivity of the photocycloaddition of electro-
nically excited carbonyl compounds with electron rich olefins was studied
as a function of the substituent size—at identical starting conditions
ignoring the electronic state involved in the reaction mechanism [123]. The
[242] photocycloaddition of 2,3-dihydrofuran with different aldehydes in
the nonpolar solvent benzene resulted in oxetanes 118 with high regioselec-
tivity and suprising simple diastereoselectivites: the addition to acetaldehyde
resulted in 45:55 mixture of endo and exo diastereoisomer, with increasing
the size of the a-carbonyl substituent (Me, Et, i-Bu, #-Bu), the simple
diastercoselectivity increased with preferential formation of the endo
stereoisomer (Sch. 37).

The benzaldehyde addition which was most intensively inves-
tigated gave a 88:12 mixture of endo and exo diastereoisomers 118. Thus,
the thermodynamically less stable stereoisomers (>1.5kcal/mol, from
ab initio calculation) were formed preferentially. To further enlarge
the phenyl substituent, ortho-tolyl and mesitaldehyde as well as
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2,4-di-tert-butyl-6-methylbenzaldehyde were applied and actually the
diastereoselectivity did further increase (Sch. 38).

In contrast to the diastercoselectivity of the 2,3-dihydrofuran
photocycloaddition, the photocycloaddition of furan with aromatic as
well as aliphatic aldehydes proceeded with unusually high exo-diastereo-
selectivity to give the bicyclic oxetanes 119 in good yield (Sch. 39) [123]. The
diastereoselectivity of reaction of furan with acetaldehyde and benzaldehyde
(exo/endo) were 19:1 and 212:1, respectively.

The exchange of the hydrogen in benzaldehyde by a methoxy group
completely inverted the diastereoselectivity in the photocycloaddition with
furan. Further modification of the ao-substituent in the benzoyl substrates
disclosed a distinct dependence of the exo/endo ratio on the size of this
substituent. The photocycloaddition of acetophenone with furan gave only
one product, whereas a 77:23 mixture of diastercoisomers resulted from the
addition of benzoyl cyanide. Increasing the size of the aryl group from
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phenyl to mesityl in aroyl cyanides led to an increase in exo-diastereoselec-
tivity from 3.7:1 up to 16:1.

Steric hindrance can also reach a critical value during bond formation
and might favor the formation of thermodynamically more stable product.
Park et al. described the photocycloaddition of benzaldehyde to 2,2-
diethoxy-3,4-dihydro-2H-pyran (123) as preferentially resulting in the exo-
phenyl product 124 (Sch. 40) [124].

Bach and coworkers investigated the photocycloaddition of N-acyl,
N-alkyl enamines 125 with benzaldehyde [125]. The 3-amido oxetanes 126
were formed with excellent regioselectivity (analogous to reactions with
enolethers—vide supra) and good diastereoselectivity (Sch. 41). Enamines,
not deactivated by acylation at the nitrogen atom are poor substrates for
Paterno-Biichi reactions due to preferred electron transfer reactivity (forma-
tion of the corresponding enamine radical cation and subsequent reactions).
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Silylenolethers 127 were also investigated by Bach et al. in the last
decade [126]. A series of photocycloaddition reactions of benzaldehyde with
these substrates showed a trend in stereoselectivity which at first sight was in
contradiciton to the rules described above, i.e., the thermodynamically more
stable Z diastereoisomers 128 (with respect to the substituent at C-2 and
C-3) were formed preferentially and the Z/E ratio increases with increasing
size of the C-3 substituent (Sch. 42).

This peculiar stereoselectivity might be attributed to a memory effect
from the approach geometry between the triplet excited benzaldehyde
and the alkene. Abe and coworkers have also observed a comparable
stereochemical effect in the Paterno-Biichi reaction of 4-cycanobenzalde-
hyde with O-silylated thioketene acetals 129 (Sch. 43) resulting in the highly
functionalized oxetanes 130 [64].

Recently, Bach and coworkers reported the photocycloaddition of
a-alkyl-substituted enecarbamates 131 to benzaldehyde affording 3-amino
oxetanes 132 (Sch. 44) in moderate to good yields (46-71%) [127]. The
a-phenyl substituted enecarbamate did not lead to a photocycloaddition
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product presumably due to rapid energy transfer (tripler sensitization) from
the elctronically excited aldehyde. An increase in steric bulk of the alkyl
substituent R shifted the diastereomeric ratio Z/E in direction of the
thermodynamically more stable Z product.

4.4.1.2. Induced Diastereoselectivity

The first report concerning an “‘asymmetric” Paterno-Biichi reaction with a
chiral carbonyl component was reported in 1979 by Gotthardt and Lenz
[128]. The photocycloaddition of the enantiomerically pure menthyl ester of
phenylglyoxylic acid 133 with 2,3-dimethyl-2-butene gave the oxetane 134
with a diastereomeric excess of only 37% (Sch. 45).

The corresponding chiral glyoxylates gave even lower diastereomeric
excesses of 54+2% when reacted with furan [129]. The unique behavior
of chiral phenyl glyoxylates has later been demonstrated by Scharf and
coworkers. Despite the fact that in all cases the stereogenic centers are
localized in the alcohol part of the a-keto ester and therefore remarkably far
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away from the reactive (triplet excited) carbonyl group, the (induced)
diastereoselectivities were exceedingly high (>96% in many cases) with
8-phenylmenthol as chiral auxiliary [130]. The temperature dependence of
the auxiliary-induced diastereoselectivity has been studied by the same
group [131]. As substrates for the photoaddition of phenyl glyoxylates
several electron-rich cycloalkenes were used which had already been studied
in their reaction behavior with o-keto esters [132]. Besides normal
isoselectivity effects in most cases also an inversion of the induced
diastereoselectivity was found at certain temperatures. Consequently this
effect was named isoinversion principle and in the meanwhile demonstrated
to be a general phenomena for many two-step reactions [133]. The inherent
(noninduced) diastereoselectivity for these photoadditions (e.g., oxetane 135
from a dioxole derivative and the 8-phenylmenthyl phenyl glyoxylate) was
>96% with the phenyl group being directed into the endo-position. The
applications of Cram-like model compounds such as isopropylidene
glyceraldehyde [134] or acyclic a-chiral ketones [84] did, however, not lead
to high stereoselectivities.

4.4.2. Effect of Temperature on Diastereoselectivity

Recently, Adam and coworkers reinvestigated the Paterno-Biichi reac-
tion of cis- as well as trans-cyclo-octene (136) with electronically excited
benzophenone (Sch. 46) [135]. They reported an unprecedented temperature-
dependent diastercoselectivity, where the more stable substrate diasterco-
isomer (cis-cyclo-octene) leads, with increasing reaction temperature, to
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increasing amounts of the less stable product diastereoisomer 137 (trans-
oxetane).

Adam rationalized the unprecedented experimental facts for the
[242]-photocycloaddition of the diastereoisomeric cyclo-octenes with
benzophenone in terms of a consistent mechanism [136]: (i) The cis-136
displays a remarkable temperature dependence in that the trans-2 oxetane is
favored with increasing temperature. (il) For trans-136 the trans geometry is
preserved in trans-cycloadduct over a broad temperature range of 180°C.
(ii1) The extent of trans to cis isomerization in the cycloaddition with the
trans-cyclo-octene increase with temperature.

A huge number of acyclic and cyclic alkenes and alkadienes have been
used as addends for Paterno-Biichi reaction with carbonyl compounds and
many of them are mentioned in the former chapters. Dioxoles [137] and 2,3-
dihydro-oxazoles [138] have been found to be remarkably effective addends.
These alkenes are highly electron-rich compounds with low-lying ionization
potentials and also serve as potent electron-donor substrates. This property
make the application of electron-rich alkenes sometimes critical because
PET (photo-electron-transfer) reactions can interfere with the “‘normal”
photocycloadditons via triplet 1,4-biradicals. The use of unpolar solvents is
therefore recommended, however, an analysis of the energetics (Rehm—
Weller relationship) should always be included [139]. Intensive investiga-
tions of the diastereofacial selectivity of ketone photocycloaddition to
norbornene and norbornadiene have been reported. The biacetyl addition to
norbornene (138a) is highly (>24:1) exo-selective whereas the syn-7-tert-
butyl derivative 138b showed inverted (<1:30) exo-selectivity (Sch. 47) [140].

Introduction of a hydroxy group at the 7-syn-position of norbornene
(138c¢) re-inverts the diastereoselectivity: in this case the exo-adduct 139c is
formed with d.e. >97%. The later effect could be due to hydrogen bonding
which precomplexes the excited carbonyl species. A similar photoreaction
has been reported for norbornadiene [141]. As was shown by Gorman et al.,
ketone triplets do not add to but interconvert norbornadiene it to
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quadricyclane isomer which serves a substrate for the subsequent Paterno-
Biichi reaction [98,142].

4.4.3. Effect of Hydrogen Bonding on Diastereoselectivity
of Paterno-Biichi Reaction

The Paterno-Biichi reaction of 2-furylmethanol derivatives 140 with
benzophenone was recently investigated by D’Auria and coworkers [143].
The regio- and stereoselecitivity of the reaction was exceedingly high and
rationalized by assuming a decisive hydroxy bonding interaction favoring
the approach of the electronically excited carbonyl group toward one of
the diastereotopic faces of the furan ring and formation of only one diasterco-
isomeric oxetane 141 (Sch. 48). When the OH group was masked by means
of a methyl ether, the reactivity dropped remarkably.

Hydrogen bonding is a possible reason also for the diastereoselectivity
of the [242] photocycloaddition of benzophenone also in case of acyclic
chiral allylic alcohols 142 (Sch. 49). These substrates afforded only one
regioisomer of the diastereomeric threo, erythro oxetanes 143 and
preferentially the threo isomer [144]. The diastereoselectivity was remark-
ably reduced in the presence of a protic solvent (methanol as a competitive
intermolecular hydrogen bonding substrate) and totally disappeared in case
of the silylated substrate [145].

Bach and coworkers investigated the effect of ground-state hydrogen
bonding interactions in a complex between a rigid chiral host 144 which
assists the control of enantiofacial- and diastereofacial selectivity (Sch. 50)
[146]. Irradiation of this chiral host with 3,4-dihydro-1H-pyridino-2-one 145
in benzene gave the oxetanes 146 with high diastereoselectivity, where the
attack of the electronically excited aldehyde occurs exclusively on one of the
two enantiotopic faces of the alkene. The N-methylated chiral host, which is
no longer hydrogen-bond active, gave no significant diastereomeric excess.
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125

Recently, the effect of hydrogen bonding in the first excited singlet vs.
the first excited triplet state of aliphatic aldehydes in the photocycloaddition
to allylic alcohols and acetates (147) was compared (Sch. 51) [147]. The
simple diastereoselectivity was nearly the same, but the presence of
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hydrogen bonding interactions increases the rate of the Paterno-
Biichi reaction. Moreover, the effect of hydrogen bonding for simple
diastereoselectivity was completely different than that for the induced
diastereoselectivity, which was confirmed by comparison with the (highly
diastereoselective) mesitylol (149) photocycloaddition to aliphatic aldehydes
resulting in the formation of the trans oxetane 150.

4.4.4. Asymmetric Induction via Chiral
Carbonyl Compounds

Numerous applications were developed by the Scharf group using chiral
a-keto esters in [24+2] photocycloadditions to electron-rich cycloalkenes
which have already been mentioned in the text [130-133,137,138]. An
optically active acetal was used as substrate in the synthesis of
prostaglandins. The induced (anti) diastercoselectivity was high (>90%),
the inherent diastereoselectivity was not reported [148]. An interesting
solvent dependency of the face-selecitivty was reported for 3.4,6-tri-O-
acetyl-D-glucal as carbohydrate substrate [149]. Oppenlinder and
Schonholzer studied the diastereoface differentiation in the Paterno-Biichi
reaction using the 4-(S)isopropyl-2-benzoyl-2-oxazoline 151 (prepared
from condensation of phenylglyoxylic acid with (S)-valinol) as a chiral
auxiliary (Sch. 52) [150]. The [242] photocycloaddition gave a mixture
of diastereoisomeric /- and u- (like and unlike) oxetanes 152 in equal
amounts.

4.4.5. Asymmetric Induction via Chiral Alkenes

The induced diastereoselectivity in a Paterno-Biichi reaction resulting from
a stereogenic center in the alkene part was recently described by Bach and
coworkers in the photocycloaddition of chiral silylenol ethers 153 with
benzaldehyde (Sch. 53) [151]. The substituents R at the stereogenic center
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were varied in order to evaluate the influence of steric bulk and possible
electronic effects. In accord with the 1,3-allylic strain model, the facial
diastereoselectivity was maximum with large (R = #-Bu, SiMe,Ph) and polar
(R=OMe) substituents at the y-position of silyl enol ether (d.r. of oxetanes
154 is >95/5).

Several efforts were also made by the same group to achieve chiral
auxiliary control in N-acyl enamines 155, but only moderate diastereoselec-
tivities for the 3-amido oxetanes 156 were reported (Sch. 54) [152]. The
photocycloaddition of an axial chiral N-acyl enamine 157 with benzalde-
hyde resulted in oxetane (158) formation with moderate diastercomeric
excess [153].

The stereogenic center in a dihydropyrrol derivative was used as the
key directing element in the synthesis of natural product (+)-preussin via a
[24-2] photocycloaddition with benzaldehyde [154].
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The difference between the simple diastereoselectivities in photo-
cycloaddition reactions following the singlet vs. the triplet route were
studied by determination of the concentration dependence of the Paterno-
Biichi reaction [155]. Carbonyl substrates which have both reactive singlet
and triplet states, exhibit one characteristic substrate concentration where
a 1:1 ratio of single and triplet reactivity, i.e., spinselectivity, could be
detected. The shape of these concentration/diastercoselectivity corrrelations
reflects the different kinetic contributions to this complex reaction scenario.
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The mixtures of diastereoisomers formed in the singlet and triplet pathway,
respectively, are termed C and D (Sch. 55).

The selectivity C/D is controlled by the geometry of the conical
intersection for the singlet reaction and by the optimal ISC-geometry of the
2-oxatetramethylene biradical (*X) for the triplet reaction. The situation is
described for the propionaldehyde/2,3-dihydrofuran photocycloaddition
reaction. At low concentrations (0.005 M, triplet conditions), the diastereo-
selectivity (endo-159/ex0-159) approaches a maximum endo/exo value of
85:15 (Sch. 56). At high concentrations (0.5M, singlet conditions), the
diastercoselectivity decreased to 52:48.

The concentration dependence of the photocycloaddition of cis- and
trans-cyclo-cocetene 136 with aliphatic aldehydes was studied in order to
test the spin-selectivity with respect to the cis/trans oxetane ratio and/or the
endo/exo-selectivity relevant for the cis-photoadduct [156]. The results
indicate a moderate but still significant spin correlation effect in the
Paterno-Biichi reaction of cyclo-octene with aliphatic aldehydes. The exo-
diasterecoisomers were formed with similar probability as the endo-diastereo-
isomers in the singlet carbonyl manifold, whereas the triplet excited
aldehydes preferred the formation of the endo-diastercoisomer and trans
fused products.

4.4.6. Intramolecular Paterno-Blichi Reactions

The reactivity and selectivity trends described for the intermolecular version
of the Paterno-Biichi reaction are also valid for the intramolecular version.
Special aspects of intramolecular photocycloadditions have been reviewed
[157]. A crucial role for the reactivity mode of unsaturated carbonyl com-
pounds is the tether length, i.c., the distance between reactive carbonyl and
C-C double bond. Conjugated systems, i.c., o,B-unsaturated carbonyls,
prefer photodeconjugation or photocycloaddition invovling the C—C double
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bond of the Michael system. Homoconjugated system, i.e., ,y-unsaturated
carbonyls, represent substrates for the oxa-di-n-methane rearrangement (see
Chap. 7), but, in special cases, can also result in bicyclic (“housane”-type)
oxetanes. The major side reaction, however, is Norrish I cleavage resulting
in an allylic radical. Increasing tether lengths lead to highly photoactive
substrates for the intramolecular Paterno-Biichi photocycloaddition. Most
promising substrates are y,6-unsaturated ketones and aldehydes, especially
when connected by a rigid hydrocarbon system. The first examples in the
norbornane series has been reported by Sauers et al. for acetylnorbornene
(160) [158], where exclusively the tetracyclic oxetane 161 is formed, nicely
demonstrating the rule of five approach [159] with primary bond forma-
tion between the carbonyl oxygen and the proximate alkene carbon atom
(Sch. 57).

An elegant application of this photocycloaddition in the field
of triquinane synthesis has been reported by Reddy and Rawal [160].
The initially formed oxetane 163, formed from the Diels-Alder adduct 162,
is easily cleaved reductively (by use of LiDBB=lithium di-zert-butyl-
biphenylide) to give 164. This approach was also used for the
construction of structurally diverse di- and (propellane-type as well as
linear or angular anellated) triquinanes [161]. The classic linear triquinane
hirsutene is also available via this route [162]. Star-like molecules like the
tiene 167 are available via a sequence of intramolecular photocycloaddition
(from the 1,3-cyclohexadiene/acylallene adduct 165) and oxetane (166)
ring-opening (Sch. 58) [163]. Further examples of intramolecular
Paterno-Bilichi reactions with acyclic substrates are described in two
reviews [157].
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4.5. REPRESENTATIVE EXPERIMENTAL PROCEDURES

4.5.1. Photocycloaddition of Benzaldehyde to
2,3-Dihydrofuran [308 nm XeCl Excimer Photolysis
on the 1 mol Scale]

The Paterno-Biichi [24+2]-photocycloaddition of 2,3-dihydrofuran (70.0 g,
1 mol) and benzaldehyde (74.0g, 0.7mol) in ethanol was performed in a
XeCl excimer preparative radiation system. The excimer reactor which has
been constructed for scaleable preparative organic photoreactions consists
of a commercially available 60cm 3kW XeCl excimer lamp which is
operated in a vertical position and surrounded by a falling-film setup. The
latter consists of a cooled solvent reservoir (1.5-5L solvent volume), a
magnetic stirrer and a solvent supply tube which transports the solution
to the edge of the falling film glass barrel. Two apertures are used for inert
gas supply and temperature and pH-determination. After 14h of irradia-
tion, the solvent was evaporated and 130 g of the oxetane 168 was isolated
(75%, purified by distillation, b.p. 127-129°C/10 Torr) [164].

4.5.2. Photocycloaddition of Benzaldehyde to
2,4-Dimethyl-5-methoxyoxazole with Subsequent
Ring Opening

A mixture of the 2,4-dimethyl-5-methoxyoxazole (5mmol) and the
benzaldehyde (5mmol) was dissolved in 50mL benzene, the solution
transferred to a vacuum-jacket quartz tube and degassed with a steady
stream of N, gas (Sch. 59). The reaction mixture was irradicated at 10°C in
a Rayonet photoreactor (RPR-208, 4 =3004 10nm) for 24 h. The solvent
was evaporated (40°C, 20 Torr) and the crude product was purified by
preparative thick-layer chromatography (EA:H =1:4) to give 0.59 g (72%)
of the oxetane 169 as a colorless oil. To a solution this photoproduct
(2mmol) in 20 mL methylene chloride, 0.5 mL of conc. HCI was added. The
mixture is stirred in an open flask at room temperature for 2h and the
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reaction was controlled by TLC. The reaction mixture was quenched by
pouring into water and extracted with methylene chloride (3 x 20mL). The
organic layer was washed with 5% NaHCO;, brine, dried over anhydrous
MgSO,. The solvent was removed in vacuo and the residual oil was purified
by preparative thick layer chromatography to yield 0.32 g (65%) of the 170
as a colorless oil [165].

4.6. TARGET MOLECULES: NATURAL AND NONNATURAL
PRODUCT STRUCTURES

Several naturally occuring terpenoids contain the oxetane ring structure and
are in the focus of modern organic synthesis (Fig. 2). The anti-tumor active
taxol and taxane derivatives (taxoids, e.g., from Taxus yunnanensis [166] and
oxetane ring-opened species [167], also from other Taxus species) [168] are
among the most attractive target molecules, however, no successful
photochemical approach has been reported in the literature [169]. Another
terpenoid compounds with neurotrophic activity are merrilactone, a
complex pentacyclic bislactone [170], partho-oxetine [171], and a guaiane
dimer [172]. A novel signaling molecule, bradyoxetin, involved in symbiotic
gene regulation has a surprisingly symmetric bis-oxetane structure [173].
Oxetanocin is a microbial nucleoside with promising biological and
pharmaceutical activities and the enantioselective preparation of this
oxetane [174] as well as its carbocylic analogue, carba-oxetanocin, is an
actual synthetic problem. Among the longest-known compounds with an
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Figure 2

oxetane ring as central active element is the eicosanoide thromboxane
TXA,, the active substance inducing blood platelet aggregation. Photo-
chemical attempts to this compound, ring-expanded derivatives [175], and
fluoro-analogous have been reported [176].
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Photocycloaddition of Alkenes to
Excited Alkenes

Steven A. Fleming
Brigham Young University, Provo, Utah, U.S.A.

5.1. INTRODUCTION

A number of reviews have been published concerning the synthetic utility of
photochemical 242 cycloadditions [1]. We have previously summarized the
observed regio- and stereocontrol of photocycloaddition between alkenes
and excited © systems [2]. Control of solution photochemistry has been
demonstrated with use of templates, tethering of reagents, and substituent
stabilization to affect the regioselectivity and/or stereoselectivity. The types
of photoreactions that have been investigated using these techniques are
numerous.

There are several reasons for the interest in controlled photocyclo-
additions. First, a cycloaddition (the 242, for example) allows access
to the four-member ring system. Second, investigation of the regio- and
stereochemical outcome of the cyclization process allows for a better
understanding of the mechanistic pathway the reaction takes. The reaction
is studied not only for synthetic exploitation, but for basic understanding of
the photochemical process.

A third reason for the interest in the 2+2, in particular, is that it allows
for a logical analysis of orbital symmetry arguments. Few photochemical
reactions are as predictable as the Diels-Alder reaction, but the 242
photocycloaddition is a good starting point for comparison.

Synthetic utility for the 2+2 photocycloaddition has been a driving
force for understanding the mechanism of cyclization. Stereocontrol of the
242 photocycloaddition allows an efficient synthesis of small ring
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Scheme 1 Cyclobutane ring manipulation for synthetic applications.

compounds with a potential of four adjacent stereocenters. The cyclobutane
ring itself can be further manipulated by ring expansion [3], ring contraction
[4], or ring opening [5] (see Sch. 1). Thus, stereocontrol of this carbon—carbon
bond forming process could be a valuable tool for synthetic chemists.

5.2. MECHANISTIC DETAILS

There are only a few examples of singlet photoreaction between alkenes
that are not tethered or constrained in close proximity. In these cases,
calculations have suggested the presence of exciplex [6] and/or diradical
intermediates [7]. The short lifetime of the typical alkene singlet excited state
(on the order of 10-20ns) [8] limits the chance for productive collisions.
On the other hand, photochemistry between electron rich and electron poor
alkenes such as tetracyanoethylene and methoxy substituted alkenes,
provides evidence for an electron transfer process [9]. These matched pairs
benefit from ground state attraction and a resulting preorientation that
enhances the alkene orbital overlap. Alternatively, electron transfer path-
ways have been accessed by employing clectron transfer sensitizers (see
Sch. 2), DCA is dicyanoanthracene) [10].

Semiempirical calculations on the 242 photocycloaddition between
two propene molecules has suggested that there is a preference for a head-
to-tail approach and a concerted pathway [7]. The authors suggest that
intermolecular cycloaddition between alkenes with electron withdrawing
groups should favor formation of the trans-1,3-disubstituted cyclobutane.
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Scheme 2 Photocycloaddition via radical/cation and radical/anion pathway.
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Scheme 3 Stepwise or concerted 2+2 cycloaddition in the singlet manifold.

The photochemistry of tethered alkenes is more predictable than the
nontethered situation. There is evidence of m-stacking for closely held
moieties which presumably improves the orbital interactions between the
alkenes. Exciplex formation is likely involved when the reacting groups are
within 5 angstroms. Cornil et al. have shown that m systems can couple
within this distance [11]. This exciplex could lead to a concerted cyclo-
addition from the excited state which would be consistent with the observed
products. Although stepwise addition (see Sch. 3) cannot be ruled out even
in these tethered singlet reactions. Ring closure must be very rapid if
diradicals are involved, since no radical-trapped species have been found.
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Penn and coworkers studied the 2+2 photocycloaddition between 1,2-
diphenylcycloalkenes and various alkenes [12]. They provided evidence of
exciplex formation for the diphenylcyclobutene chromophore paired with
dimethylhexadiene. This exciplex led to 2+2 cycloaddition. The more steri-
cally hindered methylated 1,2-diphenylcyclobutene did not form an exciplex
with alkenes and, as a result, it did not undergo photocycloaddition.

Alkene systems that use copper as a tethering agent should probably
be included in this discussion of excited alkene photocycloaddition to
alkenes. Although it can be argued that the copper complex rather than the
alkene is the chromophore in these examples. Mechanistic details of this
singlet photochemistry are found in Salomon’s work. He invokes an alkene—
copper—alkene complex excited state that has two absorption bands. The
shorter wavelength band (236nm) is a metal to alkene charge transfer
(MLCT) excitation and the more accessible band (272 nm) is probably an
alkene ligand to metal charge transfer (LMCT) process. He points out that
it is not clear which excitation process leads to cycloaddition. The excited
complex can undergo a concerted cycloaddition or a sequential cationic or
radical cyclization to yield the cyclobutane photoadduct and reform the
copper I species (see Sch. 4) [13]. The cationic cyclization would follow from
the LMCT excited state and the ring forming step would be an electrophilic
abstraction or a reductive elimination. The radical cyclization would
originate from a MLCT excitation where the final step of the catalytic cycle
would be a radical reductive elimination.

There are a number of examples in the literature of tripet alkene
excited states adding to a second alkene in a 2+2 fashion. Stereochemical
analysis of the photoproducts is the best analysis of the mechanism for these
examples. Complete stereoselectivity in the triplet reaction is not typical.
The triplet intermediate formed after the first bond of the 242 is made,
has a lifetime that allows for bond rotation prior the final cyclization. As
a result, the stereoselectivity should be significantly in favor of the
thermodynamically more stable cyclobutane product. If there is reversibi-
lity in the first bond forming step of this stepwise reaction, then the
regioselectivity (head-to-head vs. head-to-tail addition) can also be
thermodynamically controlled (see Sch. 5). If there is no reversibility, then
the observed regioselectivity may be explained by a Frontier Molecular
Orbital argument based on a polarized excited state or perhaps a n-stacking
preorientation aligns the aryl substituted alkenes in a head-to-head fashion.

Caldwell has published mechanistic details of the cycloaddition
between an excited state 1-phenylcyclohexene in the triplet manifold and a
ground state phenylcyclohexene [14]. His analysis is consistent with the
mechanistic pathway indicated in Sch. 5. A diradical is the proposed
excited state for the styryl group with its p-orbitals perpendicular to each
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other. When the initial diradical adds to another styrenyl group, a triplet
1,4-diradical intermediate is formed and it has time to assume the more
stable conformation before closing. The initial 1,2-diradical intermediate is
supported by rate studies and quenching data. Caldwell points out that an
exciplex formed prior to cycloaddition cannot be discounted.

5.3. EXAMPLES OF ALKENE + ALKENE
PHOTOCYCLOADDITION

A. Nontethered Examples

One of the first examples of efficient intermolecular alkene photocyclo-
additions was published by Lewis in 1976 [15]. He reported that irradiation
of diphenylvinylene carbonate with various alkenes led to the formation of
two cyclobutane products with very good selectivity. Furthermore, benzil
triplet sensitization led to different product ratios than did the direct
irradiation, which presumably went through a singlet mechanism (see
Sch. 6). The rationalization for the observed selectivity stems from steric and
electronic considerations. The triplet reactions favored the products with
more thermodynamic stability, while the singlet reactions resembled
concerted reactions, where the lowest-energy transition states had the
greatest frontier orbital overlap. The product distribution indicates that -
stacking plays an important role in the reaction by stabilizing the transition
states. The quantum yield data also suggest formation of a loose exciplex in
both the singlet and triplet reactions.

The nontethered styrene cycloadditions initially reported by Dauben
[16] have been further studied by Caldwell [14b]. The 1-phenylcyclohexene

(0]
)k Ph P Ph Ph
o 0 benzene
5—( Pyrex 7 0
e (0]
P Ph 450W ’\o
96% 2. : 1

(0]
P Ph Ph
@ benzene
Pyrex
/\ /\ 450W o /\
direct 4
benzil sens. 1

Scheme 6 Nontethered intermolecular 242 photocycloaddition.
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Scheme 8 Triplet manifold photocycloaddition of styrenyl groups.

photodimer is formed in a 3:1 ratio (anti:syn) of the head-to-head isomers
(see Sch. 7). The cyclobutane photoproducts from the sensitized irradiation
are the same and the ratio is only slightly altered (4:1). The triplet photo-
cycloaddition of p-acylstyrene gives the products shown in Sch. 8 in a 11:1
ratio when short irradiation times are used. Prolonged irradiation leads to
secondary photochemistry of the cyclobutanes.

Photoreactions of polyacetylenes and alkenes have also been
investigated [17].

Shim and coworkers have published several examples of the 242
between aryl-substituted alkynes and alkenes. Their data suggests that the
singlet and triplet pathways give rise to the observed cyclobutenes. Exciplex
emission was detected for the alkyne—alkene pairs.

B. Tethered Photocycloaddition

Copper (I) coordination has been used as a tether to preorganize alkene
reactants so that they will undergo [2+2] photocyclization. Both diallyl
ethers and 1,6-heptadienes will cyclize to form cyclobutane products when
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Scheme 10 Silicon tethered 242 photocycloaddition between styrenyl groups.

irradiated in the presence of copper triflate (see Sch. 9 [18]. Hydroxyl
substitution on the carbon framework appears to assist with the copper
coordination.

Various silyloxy tethered cycloadditions, where one of the alkenyloxy
groups in each case is the chromophore (the cinnamyloxy group), have been
reported [19]. Irradiation of compounds that have radical-stabilizing «
systems result in cyclobutane formation in good to excellent yields (see
Sch. 10]. When the tethered group is a simple alkene, then only cis-trans
isomerization or hydrogen-abstraction products are obtained. The observed
cyclobutane products all resulted from conformations in the excited state in
the maximum possible n-overlap between the two ligands. This suggests a
n-stacking exciplex is involved in the reaction pathway. A weak ground state
complex may provide preorientation of the alkenes.

Alkyl tethered alcohols such as p-mannitol and L-erythritol [20], have
been used to bring cinnamyl units together for photocycloadditions.
However, this probably involves cycloaddition between an excited enone
moiety and the tethered alkene. Other examples of carbon linked alkenes
include perhaps the earliest example of alkene+alkene photocycloaddition.
Liu and Hammond [21] reported the formation of cyclobutane from the
triplet irradiation of myrcene (see Sch. 11).

Akabori et al. employed an interesting tethering system by linking
cinnamyl groups onto the amine of a diazacrown ether [22]. Since the
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Scheme 12 Photocycloaddition of amine-tethered alkenes.
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Scheme 13 Alkyl tethered styrenes.

chromophore for this example is the cinnamyl amide group, one might
argue that it involves excited state alkene photochemistry rather than enone
photochemistry. In a similar study, alkenes tethered by an amine group
(see Sch. 12) have been shown to undergo 2+2 cycloaddition with high
stereoselectivity. The selectivity is attributed to steric interactions in the
triplet diradical intermediate [23]. The high degree of selectivity is quite
impressive for this case, in light of the triplet pathway.

Perhaps the most common tethering is the use of alkyl linked styrenes
that result in cyclophanes upon irradiation [24]. Okada et al. have reported
several systems that undergo efficient alkene4alkene photocycloaddition
(see Sch. 13) [25]. A common explanation for the effectiveness of the
cycloaddition between these tethered styryl groups is that n-stacking orients
the alkenes in close proximity so that the excited state alkene can readily
interact with the adjacent ground-state alkene.
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5.4. REGIO- AND STEREOSELECTIVITY
A. Nontethered Alkenes

Phenylcyclohexene has been shown to undergo a regio- and stereoselective
intermolecular [2+2] photocycloaddition (see Sch. 7) [14a,16]. Both the
singlet and the triplet pathways give cycloadducts where the major product
is the more thermodynamically stable ring system. These examples favor the
head-to-head cyclobutane product with the two aryl groups trans to each
other, but it is not the exclusive product. The trans:cis ratio is 3:1 for the
direct irradiation and 4:1 for the sensitized pathway. The trans stereo-
selectivity may easily be rationalized as a result of sterics for the triplet
cycloaddition since there should be sufficient time for bond rotation before
the putative diradical intermediate closes to give the four-member ring. The
singlet reaction presumably does not involve a diradical intermediate of
significant lifetime so its selectivity is more difficult to explain. The
preference for trans isomer may be inherent to the approach of the alkenes
or, perhaps, it is a function of selective reversibility of diradical
intermediates (see Sch. 3).

In Caldwell’s styrene study (see Sch. 8) [14b], the regioselectivity is
completely head-to-head. Only 1,2-diarylcyclobutane was observed upon
irradiation at 355 nm. The stereoselectivity is approximately 11:1 in favor of
the trans isomer in the p-acylstyrene to styrene cycloaddition.

A recent example of intermolecular photocycloaddition between
acephenanthrylene demonstrates the role of m-stacking [26]. The singlet
excited state gives only the cis dimer that the authors suggest arises from an
excimer state. The triplet excited state results in formation of both cis and
trans cyclobutanes. Interestingly, in the presence of oxygen the cis dimer is
the only product due to quenching of the triplet excited state.

B. Tethered Alkenes

Irradiation of hydroxy-substituted 1,6-heptadienes in the presence of CuOTf
results in formation of bicyclo[3.2.0]heptanes with complete regioselectivity
and impressive stereoselectivity [27]. For example, when the S isomer of
6-methyl-1,6-heptadien-3-ol was irradiated in the presence of CuOTf the
endo-bicyclo photoadduct shown in Sch. 14 was obtained in 98% ec.e.
Interestingly, the endoselectivity of this reaction increases in polar solvents.
The authors argue that the copper intramolecular coordination between the
hydroxyl group and the alkenes is favored in increasingly polar media.
Copper catalyzed 242 of ether tethered alkenes has also shown regio-
and stereoselectivity [18a]. Irradiation of the substituted diallyl ether shown
in Sch. 15 vyields predominantly the exo product via a coordinated
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Scheme 14 Copper assisted photocycloaddition.
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Scheme 15 Copper catalyzed photocycloaddition of diallyl ether.

species that avoids unfavorable steric interactions between the substituent
groups. The fact that any endo product was formed suggests that there is
some stepwise nature to this reaction (see Sch. 4). Although the
stereoselectivity for the cycloaddition of the cis alkene was not reported,
one might expect it to give a similar preference for the exo product.

Consistent with most tethered photocycloadditions, the photo-
products obtained from silicon tethered irradiations are formed with
complete regiocontrol [19]. Several examples of silyl tethered groups have
been reported. Scheme 16 lists the variants that have been successful. As
mentioned previously, the mechanistic pathway that is most consistent with
the results involves interaction between the alkenes prior to cycloaddition.
The experimental observation is that cycloadducts are formed only when the
alkenes have extended m systems attached.

One silicon tethered example that is unique in its selectivity is the
cinnamyl tethered silyl enol ether shown in Sch. 17. Unlike all of the other
silyl tethered examples, this compound gives a photoadduct that is the result
of a cross 242. However, it is the product expected if the cycloaddition is a
stepwise process involving radical intermediates. It is also the product
expected if the reaction pathway is controlled by n-stacking.

Another example of excellent photoproduct control is found in the
cyclophane studies mentioned previously. The head-to-tail isomers that
would result from a cross 242 in these tethered alkenes are significantly
strained, which presumably accounts for the complete regioselectivity for
the head-to-head products. Stereocontrol of the cycloaddition is usually
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Scheme 16 Silyl tethered groups that undergo cycloaddition.
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Scheme 17 Cross 242 from silyl enol ether.

based on steric arguments. For example, Okada et al. [28] reported that
irradiation of the styrenyl groups tethered at the meta position (see Sch. 18
yielded exclusively the adduct which had the cyclobutane ring in the exo
orientation. They suggested that this selectivity results from the steric
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Scheme 19 Photocycloaddition of tethered vinylnaphthalenes.

interactions that would result between the tether and the cyclobutane in the
endo product.

In the divinyl substituted tethered aryl systems shown previously
in Sch. 13 the steric interaction between the cyclobutane and the
ortho methoxy groups is obvious. The authors indicate that the observed
product, the exo—exo isomer, has 6 kcal/mol less strain energy than the exo—
endo compound. The suggestion that the major photoadduct is formed
because it has less steric strain implicates reversibility in a reaction pathway
which eventually leads to the most thermodynamically stable product.
However, it does not preclude a reversibly formed exciplex or ground state
complex.

In a similar study, the alkyl tethered vinyl naphthalenes shown in
Sch. 19 were found to produce cyclobutanes with complete regio- and
stereocontrol [29]. Like the phenyl analogues, sterics play an important role
in the vinyl naphthalene cycloaddition. The tethered a-methyl substituted
alkenylnaphthalene resulted in the endo adduct, whereas the B-methyl
alkenyl reagent yielded only the exo adduct. This reversal in selectivity is due
to the steric interaction between the methyl hydrogens and the ring
hydrogens that would occur in the exo product of the a-methyl compound.
It was also found that if the alkenes were trisubstituted, no cycloaddition
occurred. The authors suggested that the lack of reactivity was due to alkene
being too crowded to react efficiently. Otherwise, m-stacking, as well as the
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Scheme 20 Cycloaddition of tethered vinylphenanthrenes.

tether, helps the two alkene substituents come close enough together to
cyclize upon irradiation.

A similar effect is observed in the reaction of tethered alkenyl-substi-
tuted phenanthrenes [30]. As expected, this example proceeds with
total regiocontrol (see Sch. 20). Only the head-to-head isomer is formed.
The stereocontrol is also impressive, the exo is the sole product observed.
The authors suggest n-stacking plays an important role in the preorganiza-
tion of the reactants.

In terms of synthetic methodology, the 2+2 photocycloaddition
reaction can be an effective method for predictably forming cyclobutanes.
Tethering the two reacting species clearly helps facilitate the reaction,
provides control of the regiochemistry, and maximizes the stereocontrol as
well. Tethered groups that hold the alkenes in close proximity give a more
reliable result. Triplet sensitization is often necessary for alkenes that are not
conjugated by aryl substitution. The triplet pathway usually yields the
thermodynamically more stable product due to its stepwise nature. This
selectivity is often excellent. But there is still considerable room for the
study of stereoselective cyclobutane formation, especially in the area of
asymmetric synthesis.

5.5. EXPERIMENTAL PROCEDURES
A. Photocycloaddition of Silyl-Tethered Alkenes

In a typical experiment: A solution of 0.01 M silane in distilled CH3CN
was deoxygenated by bubbling nitrogen for 30 min prior to irradiation.
Nitrogen outgassing was continued as the solution was irradiated with a
water-cooled Hanovia 450 W mercury medium pressure lamp through
quartz for 2h. The solution was concentrated in vacuo and the resulting
oil subjected to chromatographic separation. Depending on the ease of
hydrolysis of the silane (dialkoxy silanes are more prone to hydrolyze
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than mono-alkoxy silanes) the crude photomixture can be immediately
subjected to desilation using NH4F. This treatment involves refluxing the
concentrated photomixture in a 0.5M NH4F in methanol solution using
approximately 10eq. of fluoride to silane [31]. Chromatographic purifica-
tion of the resulting diol is much easier than the dialkoxysilane. Yields are
typically 50-90%.

B. Photocycloaddition of Copper-Tethered Alkenes

A solution of 0.05M diene in freshly distilled ether (sodium benzophenone
ketyl) was treated with 0.1 molar equivalent of cupric trifluoromethane-
sulfonate [32]. The solution was agitated by bubbling nitrogen until it was
homogenous. Irradiation using a water-jacketed Hanovia 450 W mercury
medium pressure lamp was followed by an ice cooled conc. aq. NH,OH
quench. The organic layer was dried over Na,SO, then concentrated in
vacuo. The crude photomixture was purified by chromatography. Yields
are usually 70-80%.

5.6. TARGET MOLECULES
A. Cubane

Cubane-type compounds have been synthesized by a variety of routes.
Most take advantage of the tethered 2+2 photocycloaddition. The
first synthesis was reported by Eaton [33], although his synthetic route
employed an enone-+alkene photocycloaddition. An alkene+alkene cyclo-
addition was used to synthesize the propellacubane shown in Sch. 21 [34].
A more recent report decribed the synthesis of permethylated cubane using
the alkene + alkene photochemical approach [35]. That photocycloaddition
is shown in Sch. 22. Although this particular reaction is inefficient,
the product was made in sufficient quantity to allow for its complete
characterization.

‘ pentane
S 500W
o
4 : 1

Scheme 21 Propellacubane synthesis.
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Scheme 24 Pyridine based cubane-like synthesis.

B. Cubane-like Structures

Other approaches to the novel multicyclic strained systems have been
reported [36]. Chou et al. have demonstrated that novel cage structures can
be obtained using the alkene + alkene methodology (see Sch. 23). More
recently an aza analogue has been reported. This example is shown in
Sch. 24.

C. High Energy Compounds

The imidazolinone shown in Sch. 25 has been dimerized by irradiating in
acetone [37]. The bis-urea substituted cyclobutane that was obtained has
been further modified to produce several high energy explosives. The most
energetic product is the nitrourea shown. It is hydrolytically and thermally
stable, but sensitive to impact.
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Scheme 25 Intermolecular photocycloaddition of imidazolinone.
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Scheme 27 Ipsdienol photocycloaddition.

D. Cage Structures

Norbornene structures can be linked by long chain diesters. The copper
catalyzed photocycloaddition of these alkenes gives rise to the cyclobutane
shown in Sch. 26 [38]. The intramolecular reaction is stereoselective.

E. Terpenoids

A recent publication described the carbon tethered 242 photocycloaddition
of the terpene ipsdienol [39]. The pseudoterpene photoproduct (see Sch. 27) is
formed as a single stereoisomer. The authors suggest that the hydroxyl group
avoids the developing gem-dimethyl group due to steric interactions.
They propose the transition state shown although the reaction is triplet
sensitized and presumably proceeds in a step-wise fashion. The monoterpene,
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Scheme 28 Grandisol synthesis.

B-necrodol, has also been synthesized using an alkene+alkene photocy-
cloaddition [40]. In this case the authors use a copper catalyzed approach.

F. Insect Pheromone

Grandisol has previously been synthesized using a number of photochemical
procedures. Two recent reports demonstrate the utility of the copper
catalyzed photocycloaddition (see Sch. 28) in the synthesis of the four
member ring observed in the boll weevil pheromone. The first example [41] is
a chiral synthesis and the second pathway [42] provides the racemic product.
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6.1. HISTORICAL BACKGROUND

The chemistry of alkenes is one of the pillars of organic chemistry. These
substrates undergo many synthetically useful transformations such as
electrophilic and nucleophilic additions, oxidations, reductions, [142] and
[242]-cycloadditions, metathesis, polymerizations [1]. This chemistry also
applies to dienes and higher polyenes. Conjugated dienes undergo specific
reactions, such as conjugated additions and [4+2]-cycloadditions (Diels-
Alder reactions) that have found important synthetic applications [1].
However, the double bonds of nonconjugated dienes behave as two separate
alkenes in most reactions, an exception being 1,5-dienes that undergo
Cope and Claisen rearrangements [1]. In particular, C—C double bonds in
1,4-dienes tend to react as two separated entities in most of the reactions
mentioned above, although a few specific reactions of compounds contain-
ing the 1,4-diene have been observed in the chemistry of some natural
products such as polyunsaturated fatty acids and prostaglandins.

The photochemical reactivity of alkenes is also of great interest [1,2].
Studies in this area have led to an expansion of the synthetic utility of these
substances. Typical photochemical reactions include cis-trans isomeriza-
tions, inter- and intramolecular cycloadditions, photooxidations, and
electrocyclic ring opening and closing of conjugated dienes and polyenes.
Many of these photoreactions have thermal counterparts. In contrast,
1,4-dienes can undergo a unique photochemical transformation affording
vinylcyclopropanes, as shown schematically in Sch. 1.

This process is known as the di-t-methane (DPM) rearrangement [3].
One of the first examples of this reaction was reported in 1966 by
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Zimmerman et al. in the triplet-sensitized irradiation of barrelene 1 that
yields semibullvalene 2 (Sch. 2) [4]. Zimmerman also recognized the
generality of the process and proposed a mechanistic interpretation for
the reaction that it is still commonly accepted [5]. Since then, a large number
of studies by Zimmerman and his coworkers, and by other research groups
worldwide, have demonstrated that the rearrangement is very general and
that it usually occurs with a high degree of regioselectivity and stereochemical
control [3].

In many instances, high chemical and quantum yields have been
observed for this process. The reaction also takes place when an alkene unit
is replaced by an aryl ring [3]. A representative example of the aryl-di-m-
methane version of the rearrangement is found in the conversion of 3 to the
cyclopropane 4, in 93% yield (Sch. 3) [6]. The large number of different
cyclopropane derivatives that can be obtained by using the DPM
rearrangement reaction is remarkable, making the reaction particularly
useful from a synthetic point of view [3].

The di-n-methane rearrangement is not restricted to 1,4-dienes. Other
1,4-unsaturated systems also undergo similar photoreactions. The extension
of the rearrangement to PB,y-unsaturated ketones occurred almost simulta-
neously with the discovery of the DPM rearrangement [7]. These compounds
react from their triplet exited state to give the corresponding cyclopropyl-
ketones regioselectively, in what is known as the oxa-di-t-methane (ODPM)
version of the rearrangement. The large number of studies which have been
carried out on the photochemistry of B,y-unsaturated ketones show that the
ODPM reaction usually occurs with a high degree of diastereoselectivity and,
under special conditions, even enantioselectivity [3a,3e,8]. Therefore, it is not
surprising that the ODPM rearrangement has been applied as the key step in
the synthesis of natural products and other highly complex molecules that
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are difficult to obtain by alternative preparative routes [8¢]. The reaction has
been extended recently to B,y-unsaturated aldehydes that have been
considered for many years unreactive in this mode [9]. Because of its
important synthetic applications, the ODPM rearrangement is discussed in a
separate Chapter.

In spite of the large number of studies carried out on the DPM and the
ODPM rearrangements since 1966, ten years elapsed before the reaction was
extended to other 1,4-unsaturated systems, particularly to C—N double bond
derivatives. The first example of a 1-aza-di-t-methane (1-ADPM) rear-
rangement was reported by Nitta et al. in a study on the photoreactivity of
the tricyclic oximes 5 [10]. Direct irradiation of compound Sa brought about
the formation of the DPM product 6 and the 1-ADPM derivative 7a, in the
first example of competition between these two processes. However, the
methyl substituted derivative 5b yielded the 1-ADPM photoproduct 7b,
exclusively (Sch. 4) [10a].

The first I-ADPM rearrangement of an acyclic derivative, reported
five years later, was observed in studies of the sensitized irradiation of the
B,y-unsaturated imine 8 that yielded the corresponding cyclopropylimine 9
exclusively (Sch. 5) [11]. This photoproduct undergoes hydrolysis during
isolation to generate the corresponding cyclopropane carbaldehyde 10.

A series of studies in this area since then have demonstrated that the
1-ADPM rearrangement is as general as the DPM and ODPM counterparts
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and that it can be used to regioselectively form hydrolytically stable C—N
double bond containing cyclopropylimine derivatives, such as oxime esters,
acylhydrazones, and semicarbazones [3e,12].

For more than 30 years, di-nt-methane processes were limited to the
three different types of B,y-unsaturated systems mentioned above. However,
recent studies have shown that the rearrangement is applicable to 2-aza-1,4-
dienes [13]. Thus, triplet-sensitized irradiation of compound 11 affords the
cyclopropylimine 12 and the N-vinylaziridine 13 (Sch. 6). The photoreaction
of 11 represents the first example of a 2-aza-di-n-methane rearrangement
(2-ADPM) that brings about the formation of a heterocyclic product. The
reaction has been extended to other 2-azadienes that yield the corresponding
cyclopropylimines regioselectively [13b].

A few examples of DPM rearrangements in B,y-unsaturated com-
pounds in which the methane carbon is replaced by a boron or silicon atom
have been described. However, the di-n-borate [14] and di-n-silane [15]
alternatives of the rearrangement do not have the scope and synthetic
applications of the other alternatives mentioned before.

Those interested in seeking detailed information about covering
different versions of the rearrangement reaction should consult the many
reviews which have been published over the years [3,8,12].

6.2. MECHANISTIC MODELS

The classical di-t-methane rearrangement can be considered as a 1,2 shift of
one of the « units to the other followed or accompanied by ring closure to
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form a cyclopropane ring. Concerted and biradical mechanisms have been
proposed to account for the rearrangement. Studies on the reaction
stereochemistry have shown that the configuration at C-1 and C-5 of the
1.4-diene is retained [16] while the configuration at C-3 (i.e., the
sp>-hybridized carbon) is inverted during rearrangement to the vinylcyclo-
propane [17,18]. These stereochemical features can be explained considering
that the rearrangement takes place via a [;2,+-2.+s2a] concerted transition
state. However, a biradical mechanism as shown in Sch. 7 for compound
14 has been normally used to justify the rearrangement because it provides
a convenient way to understand the regioselectivity and the influence of
substitution observed for the reaction [19]. Thus, compound 14 affords
the vinylcyclopropane 17 exclusively.

The alternative regioisomer 19 is not formed in this reaction. This
regioselectivity can be easily explained considering that irradiation of 14
generates the cyclopropyldicarbinyl biradical 15. Ring opening in 15 by
breaking of bond a affords the more stable 1,3-biradical 16, the precursor of
17. The alternative ring opening in 15 by breaking of bond b does not occur
because biradical 18 is less stable than 16. This interpretation permits a
prediction of the regioselectivity of the reaction. However, it should be
pointed out that the biradical species shown in Sch. 7 should not be
considered necessarily as true intermediates but they might merely represent
points along a reaction surface. The stereoselectivity observed for the
reaction can also be explained by using the biradical mechanism if the rates
of bond rotation in these species are lower that those for bond formation
and cleavage. However, the issue of whether the DPM reaction occurs
via a concerted or a biradical mechanism is still under discussion. Thus,
while theoretical calculations support the concerted 1,2-vinyl migration
[20], kinetic studies on the aryl-di-m-methane rearrangement favor the
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conventional biradical mechanism [21]. Nevertheless, the latter mechanistic
approach is the most widely used since it depicts the reaction course in a
very simple way.

Biradical mechanisms, similar to that shown in Sch. 7, have been used
to account for the regioselectivity and the influence of substituents in the
ODPM and 1-ADPM versions of the rearrangement [8,12]. In these
instances the ring opening of the 1,4-cyclopropyl biradical intermediates
always restores the C-O and C-N double bonds, affording the correspond-
ing cyclopropylketones and cyclopropylimines, exclusively. This
regioselectivity can be explained based on the stability of the intermediates
as shown in Sch. 8 for the 1-ADPM rearrangement of oxime acetate 20 [22].

Thus, triplet-sensitized irradiation of 20 affords the cyclopropyl
biradical 21. Ring opening of bond a in 21 gives the 1,3-biradical 22, the
precursor of the observed photoproduct 23. The alternative ring opening in
21, by rupture of bond b, does not occur because the 1,3-biradical 24 is less
stable than 22. In this instance the reaction is also diastereoselective
affording the trans-cyclopropane 23, exclusively. Similar stereoselectivity
affording predominantly or exclusively the most stable diastereoisomer has
been observed in other instances [23].

However, the regioselectivity observed in the triplet-sensitized
2-ADPM reaction (Sch. 6) is more difficult to justify based on the dif-
ferences in stability of the 1,3-biradical intermediates and further studies
are necessary to understand the factors that control this novel rearrange-
ment [13].

For more than 30 years di-rt-methane rearrangements have stood as the
paradigm reactions that occur in the excited state manifold exclusively.
However, recent studies have shown that rearrangements of the di-n-methane
type can also occur in ground state of radical-cation and radical-anion
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intermediates. The first example of a di-n-methane rearrangement via radical-
cation intermediates was reported in the irradiation of 2-azadiene 11, using
9,10-dicyanoanthracene (DCA) as electron-acceptor sensitizer, that affords
the N-vinylaziridine 13, arising from a 2-ADPM rearrangement, and the
cyclopropylimine 28, resulting from an aryl-di-n-methane reaction (Sch. 9)[13].

Other 2-azadienes also react under these conditions to generate
N-vinylaziridines regioselectively, via radical-cation intermediates [13]. In
some instances, imine and olefin centered cation-radical intermediates
undergo alternative reactions to produce isoquinoline and benzoazepine
products. The formation of 13 and 28 can be justified by a mechanistic
pathway involving the generation of an olefin-localized cation-radical 25,
which reacts by C—N bond formation to afford the aziridinyldicarbinyl
radical-cation 26. Ring opening in 26, by breaking of bond a, generates the
radical-cation 29 that undergoes back electron transfer and cyclization to
yield 13. A competitive route involving phenyl migration in 25 gives the
radical-cation 27, the precursor of 28 (Sch. 9) [13].

1-Aza-1,4-dienes also undergo 1-ADPM reactions via radical-cation
intermediates, generated under SET-sensitized irradiation conditions,
yielding the corresponding cyclopropane derivatives regioselectively, as
shown in Sch. 10 for the 1-ADPM rearrangement of oxime acetate 30 that
affords the cyclopropane 31 [24]. Interestingly, in this instance, the yield of
products increases considerably when dicyanodurene (DCD) is used as
electron acceptor sensitizer instead of DCA (Sch. 10) [24b].
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Within the area of SET-promoted di-m-methane reactions, recent
studies have shown that irradiation of 1-aza-1,4-dienes, such as 32, and the
1,4-diene 34, using N,N-dimethylaniline (DMA) as electron-donor sensiti-
zer, leads to production of the corresponding cyclopropane derivatives 33
and 35 resulting from 1-ADPM and DPM rearrangements, respectively, in
reactions that take place via radical-anion intermediates (Sch. 11) [25].

The results obtained in these studies on the photoreactivity of different
B,y-unsaturated systems under SET-sensitization have opened new lines of
research in the area of di-m-methane photochemistry. However, further
studies will be necessary to determine the scope and synthetic potential of
these new reactions of the di-nt-methane type via radical-ion intermediates.

6.3. SCOPE AND LIMITATIONS

The DPM reaction is an extremely general process. A large variety of
bicyclic and polycyclic 1,4-dienes undergo the rearrangement in the triplet
excited state to form, in many cases, highly constrained molecules in high
yields. However, the reaction of acyclic 1,4-dienes has some limitations.
Thus, disubstitution by alkyl, aryl, or different functional groups at the
methane carbon seems to be essential for the success of the rearrangement
reactions in these systems [26]. On the other hand, the DPM reaction in
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most acyclic dienes usually occurs in the singlet excited state, therefore, the
reaction is restricted to 1,4-dienes that absorb at approx. 250 nm or longer
wavelengths.

The aryl-di-nt-methane version of the rearrangement is also very
general. The need for disubstitution at the methane carbon does not apply in
this instance and examples of allylbenzenes, unsubstituted [27a,27b] and
monosubstituted [27c—e] at C-3, undergoing the rearrangement have been
reported. The reaction has been extended to compounds in which the two =n-
units participating in the rearrangement are heteroaromatic rings, broad-
ening the scope of the aryl-di-t-methane process. Thus, irradiation of the
thiophenetriptycene derivative 36 affords the diaryl-di-t-methane product
37 in 90% yield (Sch. 12) [28].

In another example, direct irradiation of compound 38 yields
cyclopropane 39 and the thiopyrane derivative 40, arising from secon-
dary photolysis of 39 (Sch. 13). The formation of 39 is rationalized based
on a di-m-methane rearrangement involving the participation of two
benzo[b]thiophene rings present in 38 [29].

In spite of the limitations mentioned above, the number of 1,4-dienes
that undergo the DPM reaction is very high and this rearrangement is
among the most general of all types of photoreactions yet discovered.

The triplet 1-ADPM rearrangement has proved to be very general for
a series of acyclic and bicyclic 1-aza-1,4-dienes affording the corresponding
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cyclopropanes in high yield and after remarkable short irradiation times
[3e,12]. However, in the absence of substituents at position 4 of the
l-azadiene system, such as aryl rings or C—C double bonds, that would
stabilize the biradical intermediates, the efficiency of the reaction and the
yield of products diminish considerably [30-32].

Regarding the influence of substitution on nitrogen in the 1-ADPM
process, the reaction has proved to be general for a series of imines,
oxime esters, benzoylhydrazones, and semicarbazones [3e,12]. However,
oxime acetates are usually the most convenient substrates for this
reaction because they are easily accessible, hydrolytically stable and the
chemical and quantum efficiencies of the corresponding reactions are
usually higher than with the corresponding imines [31,33]. The 1-ADPM
rearrangement of acyclic B,y-unsaturated oxime acetates is limited to
aldoxime acetates. The corresponding ketoxime derivatives usually undergo
the rearrangement very inefficiently [31]. The possible influence of
substitution at C-3 has not been explored yet in this reaction. Finally,
owing to the fact that the 2-ADPM reaction and the rearrangements of the
di-n-methane type via radical-cation and radical-anion intermediates have
only recently been uncovered, their synthetic potential has not yet been
established.

6.4. SYNTHETIC POTENTIAL: REACTIVITY AND
SELECTIVITY PATTERN

6.4.1. The Reaction Regioselectivity

As mentioned above, the regioselectivity of the DPM reaction can be
predicted in most cases by considering that competitive ring opening of the
cyclopropyldicarbinyl biradical intermediate will occur to afford the most
stable 1,3-biradical intermediate (Sch. 7). The aryl-di-t-methane reaction is
also regioselective. In this instance the aromaticity of the aryl ring is always
restored yielding arylcyclopropanes, exclusively. However, other situations
must be considered. Studies of the influence of electron-donor and electron-
acceptor functional groups on the regioselectivity of the rearrangement
show that acyclic 1,4-dienes bearing electron donating groups at C-1 afford
regioselectively the cyclopropane with the electron donating functional
groups attached to the vinyl unit, while dienes with electron-withdrawing
groups at C-1 yield the corresponding photoproduct in which the electron-
withdrawing substituents are attached to the cyclopropane unit (Sch. 14)
[19]. This regioselectivity is also observed in cases where the electron
donating and electron withdrawing groups are situated at the para-position
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of phenyl rings attached at C-1 and C-5 of the 1,4-diene skeleton (Sch. 14)
[34,35].

Apart from the stability of the biradical intermediates, other factors
should be taken into account in order to predict the result of the reaction of
barrelene derivatives. Theses systems must be considered as tri-w-methane
systems. Therefore, in order to predict the regioselectivity of the reaction,
it is necessary to know which two of the three m units would be involved
preferentially in the di-n-methane process. Some general rules have
been established based on studies of a series of benzo-, naphtho-, and
anthrabarrelenes. Thus, benzobarrelenes and anthrabarrelenes usually yield
di-t-methane photoproducts resulting from vinyl-vinyl bridging and not
from aryl-vinyl bridging. In the case of naphthobarrelenes the following
pattern of preferred bridging reactivity is observed: o-naphtho-vinyl
> vinyl-vinyl > f-naphtho—vinyl > benzo—vinyl [36]. On the other hand,
the regioselectivity in substituted benzobarrelene derivatives can be
predicted based on the relative stability of the possible biradical
intermediates. Thus, for example, triplet-sensitized irradiation of benzo-
barrelene 41 yields semibullvalene 43, exclusively. The alternative
regioisomer 45 is not formed [37]. This result can be interpreted considering
that vinyl-vinyl bridging in 41 occurs between positions 2 and 6 (arbitrary
numbering) to afford biradical 42, stabilized by conjugation with the cyano
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group, the precursor of 43. The alternative bridging in 41 between positions
3 and 5 does not occur because biradical 44 is less stable than 42 (Sch. 15).
These general rules also apply to other bicyclic systems [38].

The 1-ADPM rearrangement of 1-aza-1,4-dienes affords the corre-
sponding cyclopropylimines regioselectively. However, in order to predict
the outcome of the reaction in pyrazinobarrelenes, quinoxalinobarrelenes,
and other polycyclic systems, two different factors should be taken
into account. One is the possible competition between the DPM and the
1-ADPM rearrangements, and the other is the influence of substitution on
the stability of the reaction intermediates. However, in most of the cases
studied, the 1-ADPM process takes place preferentially over the DPM
reaction [3e]. An example of competition between these two reactions is
shown in Sch. 4 for compound 5a [10a].

6.4.2. The Excited State Involved in the Rearrangement

For practical proposes, it is important to know the nature of the excited
state involved in any photoreaction. Some reactions occur in the singlet
excited state while others take place in the triplet state manifold. The former
are normally carried out by using direct irradiation and, therefore, the
starting compound must absorb light in accessible UV-spectral regions. The
latter reaction types usually require the use of a triplet sensitizer that
absorbs the incident light and, after ISC, transfers its triplet energy to the
diene reactant.

Di-n-methane rearrangements of acyclic and monocyclic 1,4-dienes
usually occur in the singlet excited state and, therefore, the reaction takes
place on direct irradiation. This is an important limitation since
nonconjugated alkenes absorb below 250nm. Consequently, the DPM
reaction in acyclic and monocyclic dienes is restricted to compounds in
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48 sens. P
® direct=0.11 49
® sens. =0.53
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which at least one of the double bonds is conjugated with functional groups
that would shift the absorption of the alkene to longer wavelengths.
However, acyclic 1,4-dienes with electron withdrawing groups (such as
cyano and ester) at position 3 of the 1,4-diene system rearrange both on
direct and triplet sensitized conditions. Thus, diene 46 affords cyclopropane
47 with comparable quantum vyields in the triplet and singlet excited
states [39], while the triplet-sensitized irradiation of diene 48 gives
cyclopropane 49 five times more efficiently than on direct irradiation
(Sch. 16) [40].

Dienes with electron withdrawing groups at C-1 also undergo the
DPM rearrangement in the singlet and triplet excited states. In these
instances the regioselectivity of the reaction depends on the excited state
involved in the rearrangement [39,40]. Thus, for example, direct irradiation
of diene 50 affords cyclopropane 47, in which the methoxycarbonyl groups
appears in the cyclopropane ring, whereas in the triplet reaction the only
product obtained is 51, with the electron withdrawing groups attached to
the residual double bond (Sch. 17) [39]. In this instance, the quantum yield
for the triplet reaction (& =0.92) is almost three times higher than for the
direct run (& =0.39).

Bicyclic and polycyclic dienes usually rearrange in the triplet excited
state, and therefore, the reaction must be carried out using a triplet
sensitizer. The other versions of the rearrangement (ODPM, 1-ADPM, and
2-ADPM) occur in the triplet excited state, also. This is normally an
advantage since nonconjugated double bonds can accept triplet energy from
sensitizers with high triplet energies, such as acetone. Aromatic ketones,
acetone, and polycyclic aromatic hydrocarbons are frequently used as triplet
sensitizers. In considering which sensitizer should be used, one should take
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51
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into account the fact that the sensitizer should absorb light at longer
wavelength than does the diene. Furthermore, the sensitizer’s triplet energy
should be higher than that of the alkene to ensure efficient energy transfer.
Other factors that should be considered in selecting an appropriate sensitizer
for a specific reaction are solubility, separation problems, and concentra-
tion. However, in most cases the choice is relatively simple since the
absorption properties and triplet-energy values for a large number of
compounds have been determined [41].

6.5. REPRESENTATIVE EXPERIMENTAL PROCEDURES

The following examples have been selected with the intention of illustrating
the detailed experimental conditions used for direct and triplet-sensitized
DPM rearrangements and for triplet-sensitized and SET-sensitized
1-ADPM reactions.

6.5.1. DPM Rearrangements

6.5.1.1. 6,6-Diphenyl-2-diphenylmethylenebicyclo[3.1.0]hex-
3-ene (53) (Sch. 18) [42].

Direct irradiation of 1-diphenylmethylene-4,4-diphenylcyclohexa-2,5-diene
(52): A solution of 52 (252 mg, 0.64 mmol) in ~-BuOH (252 mL) was purged
for 1h with purified nitrogen and subsequently irradiated under a positive
pressure of nitrogen for 1h through a Pyrex filter using a Hanovia 450-W
medium pressure Hg lamp. After completion of the irradiation, the solution
was concentrated, leaving 261 mg of light yellow oil whose NMR showed
quantitative conversion to 53. The product was dissolved in Et,O, filtered
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through silica gel, and concentrated to give a colorless oil (237 mg, 93%).
Crystallization from 95% EtOH gave 53 (202 mg, 80%).

6.5.1.2. 3-(2,2-Dicyanovinyl)-1,1,2,2-tetraphenylcyclopropane
(55) (Sch. 19) [40]

Acetophenone-sensitized photolysis of 1,1-dicyano-3,3,5,5-tetraphenyl-
penta-1,4-diene (54): A solution of 54 (500mg, 1.18 mmol) and
acetophenone (20.0g, 167 mmol—this large amount is necessary in order
to exclude direct excitation of the substrate) in benzene (525 mL) was purged
for 1h with purified nitrogen and subsequently irradiated under a positive
pressure of nitrogen for 10min through a Pyrex filter using a Hanovia
450-W medium pressure Hg lamp. After completion of the irradiation, the
solvent and the sensitizer were removed under reduced pressure, affording
544 mg of an off-white fine crystalline solid. Recrystallization from EtOH
gave 55 (448 mg, 90%), as colorless crystals.

6.5.2. 1-ADPM Rearrangements

6.5.2.1. endo-5-Methyl-3-phenylbicyclo[3.1.0]hexane-
6-carbonitrile (58) (Sch. 20) [43]

Acetophenone-sensitized photolysis of 1-methyl-3-phenyl-2-cyclohexene-
carbaldehyde oxime acetate (56): A solution of 56 (298 mg, 1.16 mmol)
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and acetophenone (5.6 g, 46.6 mmol) in dry CH,Cl, (450 mL) was purged for
1 h with argon and subsequently irradiated under a positive pressure of
argon for 7min through a Pyrex filter using a 400-W medium pressure Hg
arc lamp. After completion of the irradiation, the solvent and the sensitizer
were removed under reduced pressure and the products were separated by
flash chromatography on silica gel using hexane/Et,O (98:2) as eluent to
afford starting oxime acetate 56 (12mg, 4%) and the nitrile 58 (195 mg,
91%), as a colorless oil, resulting from elimination of acetic acid in the
1-ADPM product 57 during workup.

6.5.2.2. (Ecycios Ec-n)-2,2-Dimethyl-3-
phenylcyclopropanecarbaldehyde oxime acetate (23)
(Sch. 21) [24b]

DCD-sensitized photolysis of (Ec_n, Ec_c)-2,2-dimethyl-4-phenyl-3-butenal
oxime acetate (20): A solution of 20 (263 mg, 1.14 mmol), biphenyl (20 mg,
0.13mmol), and DCD (25mg, 0.11 mmol) in dry acetonitrile (450 mL) was
purged for 1h with argon and subsequently irradiated under a positive
pressure of argon for 1h through a Pyrex filter using a 400-W medium
pressure Hg arc lamp. After completion of the irradiation, the solvent was
removed under reduced pressure and the sensitizer, the cosensitizer and the
products were separated by flash chromatography on silica gel, using
hexane/Et,O (95:5) as eluent, to afford the starting oxime acetate 20 (87 mg,
33%) as a 3:1 mixture of (Ec_n, Ec_c)/(Ec—n,Zc_c) isomers and the
(E¢ycios Ec-n)-cyclopropane 23 (131 mg, 60%) as an oil.
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6.6. TARGET MOLECULES: NATURAL AND
NONNATURAL PRODUCTS

Among all of the versions of the di-m-methane rearrangement, ODPM
reactions have been widely used as key steps in the synthesis of natural
products or highly strained molecules [8d,e]. However, in spite of the large
number of studies carried out on the DPM reaction, there are only a few
examples in which this rearrangement has been used in the synthesis of
natural products. The first example, reported almost simultaneously by
Baeckstrom [44] and Pattenden [45], involves the direct irradiation of
dienoate 59 to afford methylchrysanthemate 60 in low yield. Interestingly,
Baeckstrom also observed that triplet-sensitized irradiation of 59 afforded
the other possible regioisomer 61, showing for the first time that the
regioselectivity of the rearrangement, in 1,4-dienes with electron with-
drawing groups at C-1, depends on the excited state involved in the reaction
(Sch. 22) [44].

The DPM rearrangement has provided a simple route for the
construction of the carbon skeleton present in the sesquiterpenoid
taylorione, isolated from Mylia taylori [46]. Thus, direct irradiation of the
E-cyclopentenone 62 results in efficient, regiospecific DPM reaction
affording the trans-cyclopropane 63 in 70% yield. Compound 63 was
easily transformed into rrans-desoxytaylorione 64 by using a Wittig reaction
(Sch. 23).

In another study, erytrolide A (66), isolated from the Caribbean
octocoral Erythropodium caribaeorum, is considered to originate in nature
from terpenoid 65 by a DPM rearrangement, probably the first observation
of the involvement of this photoreaction in the production of natural
products [47]. In order to test this possibility, compound 65 was irradiated in
benzene for 3 h, using a medium-pressure Hg arc lamp, affording 66 in 87%

hv
— (Ref. 44, 45)
direct CO,Me
|\ — 60
CO,Me
59
hv
| (Ref. 44)
sens.
61  COMe
Scheme 22
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N =
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yield. Irradiation of 65 in 5% methanolic seawater with sunlight for 8 days
also afforded 66 in 37% yield (Sch. 24) [47].

Another example of a natural product that undergoes the DPM
rearrangement is the artemisia triene 67, which on direct irradiation results
the cyclopropane 68 in quantitative yield (Sch. 25) [48].

Finally, the neoflavonoid latifolin, a major constituent of Dalbergia
latifolia, and its dimethyl and diethyl derivatives, undergo aryl-di-n-methane
rearrangements on both direct and triplet-sensitized irradiation [27d,e]
Thus, Pyrex filtered irradiation of the dimethyl derivative 69 affords the
trans-cyclopropane 70 in 90% yield (Sch. 26).

Sunlight was also effective in promoting this reaction which yielded 70
quantitatively after 5 or 6 day exposure times [27d]. Representative
examples of cyclopropane derivatives that can be obtained by the DPM
rearrangement, including isolated yields and references, are shown in Schs.
27 [18,49,50], 28 [51-53], 29 [53-56], 30 [57-59], and 31 [60-62].

The 1-ADPM rearrangement was considered for many years to be the
main synthetic alternative overcoming the reported lack of ODPM reactivity
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of PB,y-unsaturated aldehydes [8e]. Thus, aldehydes, reported to be
unreactive in the ODPM mode, could be transformed into the correspond-
ing cyclopropyl aldehydes by a simple route consisting of (1) transformation
into the corresponding imine; (2) triplet sensitized irradiation; and (3)
hydrolysis of the cyclopropylimine to the corresponding aldehyde. However,
recent studies have shown that, contrary to the common belief, B,y-
unsaturated aldehydes do undergo the ODPM reaction very efficiently in
the triplet excited state manifold [9]. This observation reduces the synthetic
importance of the 1-ADPM reaction. Nevertheless, in some instances
alternative reactions, such as decarbonylation to the corresponding alkene,
compete with the ODPM rearrangement [9c]. In these cases the 1-ADPM
reaction of the corresponding oxime acetates could still be considered as an
alternative for the synthesis of cyclopropanecarbaldehydes.

The 1-ADPM reaction has been used as the key step in the synthesis of
a series of cyclopropanecarboxylic acids present in insecticidally-active
pyrethrins and pyrethroids [63]. Thus, acetophenone-sensitized irradiation
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of l-azatriene 71, for 30 min, brings about the formation of cyclopropane
72, in 45% vyield, as a 1:1 mixture of cis:trans diastereoisomers [23].
Compound 72 was converted into chrysanthemic acid 73 by a pathway
involving transformation of the oxime acetate to the nitrile, followed by
reduction to the aldehyde and oxidation to the acid (Sch. 32) [23].

As mentioned earlier the DPM rearrangement has been used in the
synthesis of methyl chrysanthemate 60 [44,45]. However, the 1-ADPM
reaction should be considered as a better alternative since the DPM reac-
tion of 59 afforded compound 60 in 12-15% only, after 30 h of irradiation
(Sch. 22).

Other cyclopropanecarboxylic acids, present in pyrethroids and of
known insecticidal activity, are easily synthesized by the 1-ADPM reaction.
Thus, triplet-sensitized irradiation of oxime acetates 74, 76, and 78 affords
cyclopropanes 75, 77, and 79, respectively, in good yields. These
photoproducts can be transformed to the corresponding carboxylic acids
by using conventional routes (Sch. 33) [23].
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Representative examples of cyclopropane derivatives that can be
obtained by the 1-ADPM rearrangement, including isolated yields and
references, are shown in Schs. 34 [30,31,50,64,65] and 35 [66,67].

In summary, di-n-methane rearrangements have proved to be very
general for a large number of I,4-unsaturated systems affording the
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corresponding cyclopropane derivatives in good isolated yields in most of
the cases studied. These reactions have been used in the synthesis of
molecules of high structural complexity that, very often, are difficult to
obtain by alternative reaction routes. In addition, the rearrangements
usually occur with high regio- and stereochemical control. The number of
cyclopropane derivatives that can be obtained using the different versions of
the rearrangement is remarkable making these reactions particularly useful
from a synthetic point of view. The novel versions of the rearrangement, via
radical-cation and radical-anion intermediates, have opened new lines of
research in the area of di-m-methane photochemistry although their
synthetic potential has not yet been established.
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7.1. HISTORICAL BACKGROUND

The photochemical rearrangement of B,y-unsaturated carbonyl compounds
involving 1,2-acyl migration coupled with cyclization leading to the
formation of three membered rings is termed oxa-di-n-methane (ODPM)
rearrangement. The photochemical oxa-di-t-methane rearrangement is
analogous to the di-m-methane rearrangement (see the previous chapter).
The first example of an ODPM rearrangement was reported [1] in 1966 for
the B,y-unsaturated ketone A and it was largely unnoticed (Sch. 1).

Later Swenton [2] suggested the first mechanistic pathway and Givens
[3] subsequently described the mechanism for the photochemistry of the
butyrolactone derivative B as analogous to the di-n-methane rearrangement.
These developments were utilized by Dauben [4] and led to the description
of the reaction as oxa-di-n-methane (ODPM) rearrangement. Since then
numerous investigators were involved in this subject and a large number of
publications appeared. It is essential at this point to mention that the
photochemistry of B,y-unsaturated ketones is dominated by ODPM
rearrangement and acyl migration routes, although there are several other
pathways like ketene formation, elimination of carbon monoxide, [242]-
cycloaddition, or cis-trans isomerization available. The preference for
ODPM rearrangement and acyl migration in these B,y-unsaturated ketone
photochemistry is directly reflected in the higher chemical yields and higher
photochemical reaction quantum yields. This observation promoted many
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workers to apply ODPM rearrangement reaction for the synthesis of a
variety of complex natural products and intermediates, which are otherwise
difficult to obtain by thermal routes. Specifically, ODPM rearrangement
originates from the triplet manifold and this turned out to be advantageous
for the high synthetic potential of the reaction. Triplet sensitization can be
carried out on various substrates inducing selective ODPM rearrangements
and leaving other functionalities of the substrate untouched. The large
number of studies on this ODPM rearrangement has been reviewed several
times [5—12] during the last three decades. In this chapter we have provided a
brief introduction, state-of-the-art mechanism and mainly highlighted the
synthetic potential of this rearrangement associated with B,y-unsaturated
ketones. Scope, limitations, and especially the stereochemical aspects of the
ODPM rearrangement are discussed where appropriate. More details can be
obtained by consulting the detailed reviews and the particular references
cited therein.

7.2. STATE OF THE ART OF MECHANISTIC MODELS

Nature of the reactive excited state: The excited state involved in the
ODPM rearrangement reactions is found to be a triplet excited state in most
cases. In initial studies carried out on a series of model compounds (Sch. 2)
revealed [13-15] that ODPM rearrangement can be achieved by direct
excitation and also by triplet sensitization and this led to the proposal that
the ODPM rearrangement can originate from either a singlet or a triplet
excited state.

Detailed studies on a set of more elaborated model compounds (Sch. 3)
[14,16,17] indicated, that indeed the ODPM rearrangement originates from
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the triplet excited state only. Theoretical studies suggested [18] that a *mr*
excited state is involved in these ODPM rearrangement reactions and this
Snn* excited state is well below the energy level of the corresponding *nm*
excited state.

Remarkably, one study [19] reported that ODPM rearrangement
is also possible from the singlet excited state, but this is a matter of debate.
For the triplet excited state of these B,y-unsaturated ketones, it was
clearly pointed out that it is ©n* in origin based on low temperature
phosphorescence measurements, theoretical and mechanistic studies [20-23].
Furtheron, these phosphorescene and mechanistic studies indicated that the
>nn* excited state is approx. 8—12 kcal/mol lower to the corresponding *nm*
excited state [25].

The acyclic and cycloalkenyl-derived B,y-unsaturated ketones shown
in Sch. 4 did not exhibit the ODPM rearrangement [24-26] neither upon
direct excitation nor by triplet sensitization (Sch. 4).

A plausbile explanation reason is that these ketones have relatively less
strained double bonds and undergo and efficient £— Z isomerization,
thereby dissipating the excited state energy, termed as the “free rotor”
effect. In another report [27] it was indicated that the 1,2-acyl shift can

Copyright © 2005 by Marcel Dekker



192 Jayathirtha Rao and Griesbeck

Ri Re g R; =Ph,R; =H,R3;=H, Ry = Me, Rg = i-Pr
| R; =Ph,R, =H,R;=H, R, = Et, Rs=Me
R3 RS Rl=H,R2=H,R3=Ph,R4=Me,R5=MC
R4 R; =Ph, R, = Ph, R3= H, R4 = Me, Rs = Me
Scheme 5

L]
ﬁ e e T —— T
O
0]

Scheme 6

compete with the “free rotor” effect to induce effectively the ODPM
rearrangement in certain substrates (Sch. 5). It is found that the 1,3-acyl
shift occurs in these B,y-unsaturated ketones from the singlet (S;) and the
higher excited triplet (75) excited states of nm* origin [28-31].

Considering the data given above, indicates that the selection of a
suitable sensitizer with appropriate triplet energy is one of the key factors in
successfully carrying out photochemical ODPM rearrangements.

There are at least three types of mechanisms discussed in order
to explain the ODPM rearrangement. The first mechanism (Sch. 6) is
radicaloid in nature: in involves a Norrish type I cleavage leading to the
formation of acyl and allyl radical and recombination of these radicaloid
species to the ODPM rearrangement product in two ways.

The second mechanism is a concerted (Sch. 7) rearrangement involving
symmetry-allowed processes. The third mechanism is a mixed mechanism,
involving one concerted process leading to radicals and followed by radical
combination to give the ODPM rearrangement products.

These different mechanistic routes were applied in order to explain
selectivity phenomena within the ODPM rearrangement. The results shown
in Sch. 9 support the assumption [32-34] of radical-type intermediates in the
ODPM reaction, i.e., the stereorandom formation of products.
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Scheme 10 suggested a concerted reaction mechanism due to the high
stereospecificity fo the respective transformations of the bicyclic substrates 1
and 3, resulting in the corresponding diastereoisomeric cyclopropanes 2 and
4, respectively [35]. Support for the mixed mechanism came for the example
shown [16,23,36] in Sch. 11, were mixtures of diastereoisomers were formed.
These mechanisms are still a matter of debate and create enough of curiosity
to continue creative and innovative research in order to understand the
ODPM rearrangement. Interesting questions are, why [,y-unsaturated
ketones upon excitation largely prefer the ODPM rearrangement pathway,
even though several other pathways are available which in general dominate
the photochemistry of ketones, also how the excitation energy is localized
with in the molecule and utilized to cleave (with high mode selectivity) a
particular chemical bond.

7.3. SCOPE AND LIMITATIONS

Cyclohexadienones were described to undergo ODPM rearrangement upon
direct excitation [37] in highly polar solvents like trifluoroethanol due to a
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change in order of the excited states leading to a nn states as the lowest
excited singlet states (Sch. 12) which, after intersystem crossing (ISC),
results in the formation of the *rr state.

When the ODPM rearrangement of 2,4-cyclohexadienones is
performed in constrained media [38], not only is the diastereoselectivity of
the cyclopropane formation influenced but also the asymmetric induction
exhibited by an chiral auxiliary covalently connected to the chromophore.
The photochemistry of 2,4-cyclohexadienones is known to be strongly
solvent-dependent with the a-cleavage preferred in unpolar solvents
(presumably via the nn*-state) and ODPM preferred in unpolar solvents
(presumably via the mr*-state). State switching can also be induced in alkali
exchanged Y zeolites [39]. The diastereoselectivity of the ODPM rearrange-
ment of 5 leading to the diastereoisomers 6 and 7, respectively, strongly
dependent on the alkali metal used in the MY-zeolite host. Also the aspect
of enantioselectivity has been studied in the presence of chiral dopants like
ephedrine (Sch. 13).

Cyclopentenylmethylketones undergo ODPM rearrangement and as
well as 1,3-acyl shift (Sch. 14) reactions in solution phase [40]. Schaffner
et al. carried out the gas phase photolysis of cyclopentenylmethyl ketones (8)
in the presence of scavengers [41]. Their studies enlightened the mixed type
of mechanism responsible for ODPM rearrangement (to give 9) and also the
1,3-acyl shift reaction (to give 10). These studies indicate that one can
conduct the ODPM rearrangement even in gas phase and this enhances the
general scope of the reaction.

van der Anton and Cerfontain [42] prepared several acyclic B,y-
unsaturated ketones for the purpose of studying ODPM rearrangement. All
these compounds (Sch. 15) underwent efficient E— Z isomerization (free
rotor effect), but in competition to that the compounds did also undergo a
slow ODPM rearrangement.

The results were explained by making use of substituent effect and the
mechanism proposed is in favour of radicaloid type. In another study,
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Koppes and Cerfontain [43] synthesized several substrates including
(Sch. 16) B,y- and 7y,5-dienones and studied their photochemistry.

Selective sensitization gave ODPM rearrangement products, whereas
direct photolysis resulted in efficient £ — Z isomerization and inefficient
1,3-acyl shift processes. The results indicated that y,6-double bonds or
benzoyl groups present in these systems did not act as intramolecular triplet
quencher. The new argument placed by the authors was the charge transfer
interaction within the molecule enhances the internal conversion process
there by a reduction in the ODPM rearrangement reactivity.

Margaretha et al. [44] described a nice example of ODPM rear-
rangement with the starting material 11 containing two carbonyl groups,
where the double bond is situated o, to one of the carbonyl groups and at
the same time it becomes B,y to another carbonyl group. Nevertheless, the
product 12 (Sch. 17) was derived from ODPM rearrangement with high
quantum yield (& =0.67) and high selectivity under a variety of photolytic
conditions.
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Highly strained substrates can be transformed into even more strained
isomers by ODPM rearrangement. This has been shown by Murata et al. for
the synthesis of a valence isomer of azulene [45]. Albeit the photochemical
reaction yielded only 20-25% of the bicyclo[1.1.0]butane derivative 15, the
synthesis of the precursor cyclobutene (14) is straight-forward from the
bicyclo[3.3.0]octenone 13 (Sch. 18). This substrate has obviously a diverse
reactivity pattern when directly excited, however, triplet sensitization
reduces these competitive pathways because alkene excitation is excluded.
Also benzo-annulated azulene valence isomers were generated by this
approach [46].

The photolyses of conformationally fixed B,y-unsaturated ketones can
also be performed in constrained media. This was described for the ODPM
rearrangement of bicyclo[2.2.1]heptenone and bicyclo[2.2.2]octenone in MY
zeolites [47]. It is remarkable that direct irradiation of the guest-
incorporated thallium-Y (TIY) zeolites at 254 nm resulted in higher yields
of ODPM products than the triplet-sensitized solution photolyses (Sch. 19).
This indicates that the triplet carbonyl species are generated more efficiently
in the supercages of the zeolites presumably because of the presence of heavy

O =. CQ? e C@
(0]
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Scheme 18
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/ > O
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atoms. The ODPM rearrangement of bicyclo[2.2.1] heptenone 16 leads to
the highly strained housane derivative 17.

Under normal circumstances, direct excitation of the carbonyl
chromphore in bicyclo[2.2.2]octenones induces cleavage of the a-carbonyl
C—C bond (Norrish I process) and the biradical generated can undergo a
variety of subsequent reactions. This dichotomy of photochemical reactions
depending on the spin state of the excited substrate is nicely corroborated in
a report by Liao et al. on the photochemistry of 3,3-dialkoxybicyclo[2.2.2]
oct-5-en-2-ones 18 [48]. The ether-bridged substrates, when irradiated in
acetone solutions, results in the formation of a highly functionalized
tetracyclic products 19, whereas direct excitation (using the same
wavelength as for sensitization—the sensitizer serving therefore also as an
internal filter) in benzene solution resulted in decarbonylation and
formation of functionalized cyclohexenes 20 (Sch. 20).

If rapid bond formation at the stage of the Norrish I fragments
competes with decarbonylation, 1,2-acyl shift products are formed as the
major components from direct photolysis. In case of the cyclobuteno-
annulated bicyclo[2.2.2]octenone 21, 1,2-acyl shift results in the cyclo-
butanone 22, whereas ODPM rearrangement (photolysis in acetone) results
in the cyclobuteno-diquinane 23 in 44% yield (Sch. 21) [49].
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In case of efficient (i.e., proceeding with high quantum yields) and
rapid ODPM reactions, the products from photochemical transformations
can sometimes not be isolated because of further photochemical transfor-
mations. When the epoxyenone 24 is photolysed in acetone in order to
generate an oxirane to carbonyl transformation, an appreciable amount of
side product 26 was isolated originating from a photochemical rearrange-
ment of the desired reaction product 25 (Sch. 22) [50].

7.4. SYNTHETIC POTENTIAL: REACTIVITY AND
SELECTIVITY PATTERN

A general approach to the synthesis of linear polyquinanes with the desired
cis-trans-cis-ring junction of the central tricyclopentanoid structure from the
corresponding annulated bicyclo[2.2.2]octenones was reported by Singh
et al. [51]. An extensive set of compounds were reacted in a primary thermal
Diels-Alder reaction between cyclohexadienones and cyclic as well as
bicyclic dienophiles such as spiroannulated cyclopentadienes, pentafulvene,
indene, cycloalkenes and -alkadienes and norbornadiene. The cycloadducts
27 were rearranged by acetone-sensitization following the di-m-methane
route. Neither the intramolecular [242]-photocycloaddition (a prominent
side-reaction in bridged and conformationally rigid dienes) nor the 1,3-acyl
shift competed with the triquinane (28) formation. The dimethylated
starting material 29 resulted in the triquinane 30 in 55% yield. A set of
structurally diverse products which originate from the correspond-
ing annulated bicyclo[2.2.2]ocetenones are also shown in Sch. 23. The
protoncatalyzed ring-opening of the cyclopropane unit has been studied as a
further route to accomplish the synthesis of linear polyquinanes.

The propellane-type terpene modhephene is a further example of a
structurally highly complex target molecule which can be traced back
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retrosynthetically to a rather simple Diels-Alder cyclo-adduct. The central
bridging five-membered ring must be bridgehead-connected in the substrate
prior to the di-m-methane rearrangement [52]. The required bicyclo[2.2.2]
octenone 32 is generated from the bicyclooctenone 31 by Grignard addition
of methyl magnesium bromide and subsequent addition of a masked ketene
(Sch. 24). Triplet-sensitized photolysis of 32 led to the formation of the
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propellane system 33 in moderate yield. The total synthesis of the natural
product modhephene was accomplished in five further steps.

A chemoenzymatic route to the enantiomerically pure linear triquinane
(—)-hirsutene can be accomplished starting from toluene via an ODPM
rearrangement as the photochemical key step [53]. Microbial dihydroxylation
of toluene provided the enantiomerically pure 1,2-dihydrocatechol which
was reacted with cyclopentenone to the endo-product 34 in a high-pressure
[44-2]-cycloaddition. Futher modifications gave the substrate 35 for the
ODPM rearrangement which was performed by triplet sensitization and
led to the triquinane 36 in 80% yield (at 71% conversion). The total synthesis
of the (—)-enantiomer of hirsutene was completed by reductive cyclopropane
ring-opening, carbonyl transposition, and methylenation (Sch. 25).

Also angularly annulated triquinanes can be obtained by the ODPM
route. This was demonstrated for the terpene isocomene by Uyehara et al.
[54]. In contrast to the approaches described above, annulation of the third
five-membered ring is disconnected from the ODPM rearrangement and
follows a classical enolate alkylation procedure (Sch. 26). The bridgehead-
alkylated bicyclo[2.2.2]octenone 37 is covered into the tricyclic ketone
38 which, using a traditional a-alkylation procedure and subsequent
funtionalization/defuntionalization (cyclopropane ring-cleavage) steps led
to the angularly annulated triquinane 39. Thus, the correct alignment of the
activated Cs-chain and the degree of substitution at the a-carbonyl atom
determines the type of annulation, i.e., from the gemdimethyl substrate 40,
the [3.3.3]-propellane ring system (as existing in modhephene, vide supra)
becomes available.
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Cyclohexadienones are not only ODPM-active substrates, but can
also easily converted into more reactive tricyclic B,y-unsaturated ketones
by intramolecular thermal [4+2]-cycloaddition (Sch. 27). As versatile
starting materials for this methodology, 6-alkenyl-2-4-cyclohexadien-1-
ones 41 were converted into the annulated tricyclic B,y-unsaturated
ketones 42 and subsequently irradiated in the presence of acetophenone
as triplet sensitizer to yield the tetracyclic products 43 [55]. Even the
highly strained tetracyclic ketone 44, combining a diquinane with
annulated cyclopropane and cyclobutane ring systems was isolated with
66% after long irradiation times (48 h). The perhydrotriquinacene skeleton
(as in 45) is available in excellent yield as well as ring-enlarged or
benzoannulated derivatives.
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Bridging bicyclo[2.2.2]octenones by unsaturated hydrocarbon chains
at positions C3 and C7 or C8, respectively, leads to ODPM substrate which,
upon triplet sensitization, result in bridged diquinanes [56]. Depending on
the relative position of the hydrocarbon linker, more or less strained
products are formed which can undergo further photochemical conversion
(Sch. 28). An interesting light-induced reaction was documented with the
intermediate 47 (by ODPM from the Cs-bridged bicyclo[2.2.2]octenone 46)
leading to an 1,4-acyl shift with formation of a half-cage structure 48, i.c., a
type of oxa-di-n-ethane rearrangement. No such reaction was observed with
the corresponding epoxide 49. Photochemical stability was also observed for
the 1,3-linked diquinane 50, resulting from the triplet-sensitized ODPM
rearrangement of the C3-C8 bridged bicyclo[2.2.2]octenone. Also the
corresponding epoxide 51 was generated by the same process.

Biased homoconjugated ketones (like 52) offer two pathways for
ODPM rearrangement: direct and vinylogue version [57]. The second
variant take advantage of the allylic radical, that is formed in the first step of
the ODPM, which has two reactive sites for C—C combination (Sch. 29). The
preferred formation of the ‘“normal” rearrangement product (3:1 ratio
53:54) is expected on basis of the least motion principle. Higher amounts of
the vinylogue products were formed from the nonmethyl-substituted
starting material (9:4 ratio). A “‘concerted triplet mechanism” has also
been discussed by the authors as a direct way to normal and vinylogue
products. A thermal path was also detected which transforms normal
ODPM-products in vinylogue products by a 1,3-sigmatropic shift with
retention of configuration [58].

The ultimate challenge for an efficient synthetic pathway to complex
chiral target molecules is the generation of enantiomerically pure products
either by use of enantiomerically pure starting materials or by application of
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asymmetric induction using prochiral substrates. The parent bicy-
clo[2.2.2]octenone is available in enantiomerically pure form by a simple
resolution procedure from the racemic mixture involving the acetal
diastercoisomers formed with tartaric acid (Sch. 30) [59]. Irradiation of
the separated parent compound enantiomers under conditions of triplet
sensitization leads to the expected diquinanes in high enantiomeric purity
[59]. Another approach to enantiomerically pure ODPM substrates is
described for bicyclo[2.2.1]Theptenone [60].

This concept has been applied for the synthesis of the structurally
complex and highly oxyfunctionalized triquinane (—)-coriolin (Sch. 31) [61].
Two carbonyl groups, both in the right position for 1,2-acyl shift were
present in the trimethyl-functionalized bicyclo[2.2.2]octenone 58. With a
site-selectivity of 85% the expected regioisomeric tricyclic dione 59 was
formed as a mixture of epimers (Sch. 31). Subsequent transformations
involving the annulations of the third five-membered ring as well as
epoxidation and hydroxylation steps led to the desired natural product
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coriolin. An impressive collection of additional target molecules has been
prepared following the concept described above, e.g., iridoid terpene
structures [62], the aglucons of forsythide [63], loganine [64], and
silphiperfolenone (vide infra) [65].

Throughout the successful applications of ODPM rearrangement for
the total synthesis of complex polyoxyfunctionalized target molecules, three
major limitations were constantly reported and accepted: that no hetero-
cyclic three-membered rings can be obtained, that [,y-unsaturated
aldehydes are ODPM-unreactive in the majority of cases and that the
reaction has to be initiated by photon absorption, i.e., always occurs with
the electronically excited carbonyl substrates. All three “rules’ have been
recently questioned by Armesto et al. A thorough investigation of the
photochemistry of B,y-unsaturated aldehydes revealed, that these species,
contrary to literature opinion, are reactive substrates also for the ODPM
rearrangement [66]. In the course of photoinduced electron transfer 2-
nitrogen-DPM (2-ADPM) rearrangement (thus involving the radical cation
of the substrate and not the electronically excited carbonyl analogue), also
aziridines were isolated [67]. Crucial for the success of ODPM (as likewise
ADPM) rearrangements appears to be at least one aryl substituent at the
alkene part of the DPM substructure. In Sch. 32 the ODPM synthesis of
cyclopropane carbaldehydes 62 from the B,y-unsaturated aldehydes 61 is
highlighted. As sensitizers acetophenone or m-methoxyacetophenone,
respectively, were used.
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7.5. REPRESENTATIVE EXPERIMENTAL PROCEDURES
7.5.1. Synthesis of Tricyclo[3.3.0.0.0]octane-3-one [59]

A solution of 10 g of the B,y-unsaturated bicyclic ketone 55 (cf. Sch. 30) in
1000 mL of acetone was purged with argon and irradiated in a water-cooled
quartz vessel placed in a Rayonet RPR-208 photochemical reactor equipped
with RUL-3000 lamps (4~ 300 nm). Irradiation was continued for 72 h and
the reaction was monitored by tlc. After 72 h of irradiation, the conversion
was ~98% and the only detectable compound was the ODPM rearrange-
ment product, tricyclo[3.3.0.0.0Joctane-3-one 57. The solvent was distilled
off and the residue was chromatographed over silica gel using a benzene/
ether solvent mixture. The product which was eluted (8.6 g) was further
distilled under vacuum (50 °C/1 mm) to get the pure ODPM rearrangement
product (tricyclic ketone 57) in 81% yield with 99.5% purity. The quantum
efficiency determined was found to be ® =1.0.

7.5.2. Synthesis of 4,4,9,9-Tetramethyltetracyclo
[6.4.0.0.0]dodecane-7,12-dione [44]

A solution of 1.25g of 8,8,9,9-Tetramethyl-1,3,4,6,7,8-hexahydro-1,4-
ethanonaphthalene-2,5-dione 11 (a 6-oxo-B,y-unsaturated ketone; cf. Sch.
17) in 300 mL cyclohexane was degassed by bubbling nitrogen through the
solution and was irradiated for 3h in a Rayonet photochemical reactor
(2 ~300nm). The reaction was monitored by tlc and only one product was
detectable. Evaporation of the solvent and recrystallization of the crude
photolysate afforded the ODPM rearrangement product 12 in 78% yield.
The quantum yield of the reaction was determined as ® =0.67. Solvents like
acetonitrile, benzene, or acetone and sensitizers like acetone or xanthone,
respectively, can be employed for this reaction without altering the yield of
the ODPM rearrangement product.

7.6. TARGET MOLECULES: NATURAL AND NONNATURAL
PRODUCT STRUCTURES

There are numerous examples of compounds from the polyquinane family
described in the literature as potential targets for ODPM-synthesis (Fig. 1).
The annulation pattern can be adjusted in a highly variable way to give
linear, angularly, or propellane-type annulated products and bridged
systems like the triquinacence skeleton. From the basis ring structures,
not only can further annulation been performed to give polycyclic products,
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but also ring-cleavage processes can be performed to reduce the ring number
with concomitant increase in functional groups like in the synthesis of
iridoid terpenes. Future, will definitively show more applications, pre-
sumably also in alkaloid synthesis, for which ODPM rearrangements
currently are rarely applied [68].
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Photocycloaddition of
Cycloalk-2-enones to Alkenes

Paul Margaretha
University of Hamburg, Hamburg, Germany

8.1. HISTORICAL BACKGROUND

The photocycloaddition of (cyclic) ao,B-unsaturated ketones to alkenes
affording cyclobutanes as products comprises the four reaction types shown
in Sch. 1, i.e., (a) intermolecular enone + alkene cycloaddition; (b) cyclo-
isomerization of alkenylsubstituted enones; (c) photocyclodimerization of
enones, one ground state enone molecule acting as ‘“‘alkene’; and (d)
cycloisomerization of bis-enones.

The first such reaction published in 1908 by Ciamician and Silber was
the light induced carvone — carvonecamphor isomerization, corresponding
to type b [1]. Between 1930 and 1960 some examples of photodimerizations
(type c¢) of steroidal cyclohexenones and 3-alkylcyclohexenones were
reported [2-5]. In 1964, Eaton and Cole accomplished the synthesis of
cubane, wherein the key step is again a type b) photocycloisomerization [6].
The first examples of type a) reactions were the cyclopent-2-enone+
cyclopentene photocycloaddition (Eaton, 1962) and then the photoaddition
of cyclohex-2-enone to a variety of alkenes (Corey, 1964) [7,8]. Very soon
thereafter the first reviews on “photocycloaddition of o,B-unsaturated
ketones to alkenes’ appeared [9,10]. Finally, one early example of a type d)
isomerization was communicated in 1981 [11]. This chapter will focus
mainly on intermolecular ‘“‘enone + alkene” cycloadditions, i.e., type a),
reactions and also comprise some recent developments in the intramolec-
ular, i.e., type b) cycloisomerizations.
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An early synthetic application of such intermolecular enone + alkene
photocycloadditions was presented by de Mayo in 1964. 5,5-Dimethyl-3-
hydroxycyclohex-2-enone (1), i.e., the enol of dimedone, adds to e.g.,
cyclohexene, and the primarily formed cyclobutane 2 undergoes a
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consecutive retroaldol ring opening to yield bicyclo[6.4.0]octanedione 3
(Sch. 2) [12]. The first industrial application of such a reaction (Sch. 3) was
the synthesis of grandisol (4), the male sex pheromon of the boll weevil,
and included the photocycloaddition of 3-methylcyclohex-2-enone (5) to
ethylene affording bicyclo[4.2.0]octan-2-one 6 [13].

8.2. STATE OF THE ART, MECHANISTIC MODELS

In the preparative application of [2+ 2]-photocycloadditions of cyclic
enones to (substituted) alkenes, two factors concerning product formation
are of decisive relevance, namely the regioselectivity and the (overall) rate
of conversion. Regarding the regioselectivity in the addition to mono- and
1,1-disubstituted alkenes, Corey had shown that the preferred addition
mode of cyclohex-2-enone to isobutene or 1,1-dimethoxyethylene was the
one leading to—both cis- and trans-fused—bicyclo[4.2.0]octan-2-ones with
the substituents on C(7) [8]. In contrast, in the reaction with acrylonitrile,
the alternate orientation was observed to occur preferentially. Similar results
were also reported by Cantrell for the photocycloaddition of 3-methyl-
cyclohex-2-enone to differently substituted alkenes [14]. No significant
differences in the overall rates of product formation for the different alkenes
were observed in these studies. In order to explain these observed
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regioselectivities it was assumed that an Umpolung effect occurs in the
charge distribution of the C—C-double bond in the (reactive) triplet excited
cyclohexenone [8]. Shortly thereafter, a mechanistic sequence was proposed
by de Mayo involving the formation of an exciplex between the triplet
excited enone and alkene (which should be determining for the regio-
chemical outcome), followed by that of a triplet 1,4-biradical, which in turn
after intersystem crossing affords the final product(s) via 1,4-cyclization
[15]. It was also assumed that the triplet excited enone should exhibit an
electrophilic behavior and therefore react faster with electron-rich than
electron-deficient alkenes. This mechanistic description was corroborated in
studies of photocycloadditions of 4-oxacyclohex-2-enones to 2-chloro-
difluoromethyl-3-chloro-3,3-difluoropropene [16].

In a relevant paper describing triplet lifetime measurements by using
nanosecond flash photolysis, Schuster and Turro tackled the problem of
describing ‘‘relative rates” for such reactions because product yields in
multistep processes depend on overall quantum efficiencies and not on the
rate of a single specific step [17,18]. The results were, that (a) the rate
constants for quenching of enone triplets are much larger for electron
deficient alkenes than for those bearing electrondonor substituents, and (b)
no correlation whatsoever was seen between these quenching rates and the
(overall) quantum yield for product formation. These results were found to
be inconsistent with expectations based on the exciplex model described
above, and the direct formation of triplet biradicals from triplet enone and
alkene was therefore suggested as a plausible reaction step. Slightly later,
based on results of photocycloaddition between cyclopent-2-enone and
acrylonitrile, Weedon concluded that it was unnecessary to introduce an
exciplex into the mechanism of the photocycloaddition reaction of cyclic
enones with alkenes in order to explain the reaction regiochemistry [19,20].

This mechanistic sequence (Sch. 4) wherein the triplet excited enone
adds to the alkene, either via an exciplex intermediate or directly, to afford
triplet 1,4-biradicals, which (after undergoing intersystem crossing) either
cyclize to product(s) or revert to ground state reactants, is confirmed by
both semi-empirical and ab-initio calculations [21-24]. The origin of
regioselectivity is supposed to stem from the primary binding step, the
enone triplet being considered as a (nucleophilic) alkyl radical at C(3) linked
to an (electrophilic) a-acyl radical at C(2) [25]. Thus additions of C(2) to
the less substituted terminus of electron rich alkenes and of C(3) to the
least substituted terminus of electron deficient alkenes should occur
preferentially [26].

In contrast to these intermolecular enone + alkene photocyclo-
additions, the regioselectivity in the corresponding intramolecular
cycloisomerizations of alkenylcycloalkenones is controlled primarily by
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the number of atoms between the two reactive C=C bonds [27]. Many
examples wherein these two bonds are separated by one, two, or three
additional atoms are governed by the so-called “rule of five,” which states
that “if triplet cyclizations can lead to rings of different size, the one formed by
1,5-cyclization is preferred kinetically’ [28,29].

8.3. SCOPE AND LIMITATIONS

Regarding the cycloalkenone itself, the reaction is limited to five- and six-
membered unsaturated ketones, as smaller rings tend to undergo (mono-
molecular) ring opening reactions and for larger rings, Z/E isomerization of
the cycloalkenone becomes predominant. This latter type of (monomolecu-
lar) deactivation of the triplet enone is also observed for six membered
S-heterocycles, e.g., 2,3-dihydro-4H-thiin-4-ones as these rings rather
resemble cyclohept-2-enones due to the longer bond length of the C-S
bond [30-32]. In a recent review on enone—olefin cycloadditions, it has
already been pointed out that the regiochemical control of such
intermolecular photocycloadditions is the most critical aspect of the
reaction from the standpoint of synthetic utility [33]. This is illustrated
in Sch. 5 for the regiochemical outcome of the cycloaddition of various
enones to 2-methylpropene: while cyclopent-2-enone (7) and cyclohex-2-
enone (8) afford 3:1 mixtures of regioisomers 9+ 10 and 11+ 12 [8,34], the
corresponding 4-heteracycloalk-2-enones 13 and 14 add regiospecifically to
afford exclusively the socalled head to tail regioisomers 15 and 16,
respectively [30,35-39]. This reflects the higher degree of Umpolung in the
C-C double bond of the triplet enone due to the adjacent heteroatom, which
in turn facilitates exciplex formation with electron rich alkenes [40].

When the ionization potential of the alkene is even lower, e.g., for
tetramethoxyethylene IP =6.82¢V, charge transfer from the alkene to the
triplet excited enone in the exciplex affording a contact ion pair, which in
turn gives oxetanes as final products becomes the predominant path (Sch. 6)
[41]. Thus, cyclohex-2-enone (8) affords oxaspirononene 17 selectively. The
amount of the contact ion pair increases with growing difference in redox
potentials for the enone reduction on the one side and the alkene oxidation
on the other one. Easily reducible enones, e.g., 6-fluorocycloalk-2-enones
18, already afford predominantly oxetanes 19 with 2,3-dimethylbut-2-ene
(IP=8.27¢V) [42,43].

Appropriately substituted triplet 1,4-biradicals can undergo direct 1,5-
and 1,6-cyclization to triplet cyclopentenylcarbenes or triplet 1,2-cyclohexa-
dienes, respectively (Sch. 7) [44—46]. The typical substitution pattern for such
competitive reactions is the presence of a sp-hybridized C-atom linked to one
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of the tetramethylene radical centers. Selected examples are the formation of
tricyclic furans 20 from 2-alkynylcyclohex-2-enones 21 or the ‘““photo-
dehydro-Diels-Alder-cycloaddition™ of 2,5,5-trimethylcyclohex-2-enone (22)
to 2-methylbut-1-en-3-yne to afford hexahydronaphthalenone 23.
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The intermediate singlet 1,4-biradical can undergo hydrogen atom
transfer to give products where only one C—C single bond has been formed,
i.e., alkylated cycloalkanones 24 (Sch. 8). This is most often observed when
the biradical has a gem-dimethyl substitution pattern, and is again
favored, when the enone itself is easily reducible, e.g., for o/-fluoro- or
o/ -trifluoromethylcycloalkenones [47].
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A different competitive reaction on the singlet 1,4-biradical level is
observed for 2-acylcyclohex-2-enones 25, which on irradiation in the
presence of 2,3-dimethylbut-2-ene afford both 1-acylbicyclo[4.2.0]octan-2-
ones 26 as well as 3.4,4a,5,6,7-hexahydro-8 H-isochromen-8-ones 27 (Sch. 9).
These concurrent photochemical [4 + 2]-cycloadditions represent the first
examples of dihydropyran formation from enones and alkenes to be
reported in the literature [48].

Finally it should be mentioned that many other compounds containing
C—C- and C-O double bonds afford cyclobutanes on irradiation in the
presence of alkenes. Examples of monocyclic compounds include endiones,
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e.g., homobenzoquinones [49], unsaturated lactones and lactams [50,51],
cyclic cinnamic acid derivatives, i.e., coumarins, thiocoumarins, and
quinolones [52-54], as well as the isomeric isocoumarins and isothiocou-
marins [55]. This chapter will be limited to “true” enones, i.e., cyclic
ao,B-unsaturated ketones.

8.4. SYNTHETIC POTENTIAL, REACTIVITY, AND
SELECTIVITY PATTERNS

As already mentioned (see Chaps. 8.2 and 8.3), the addition of an
unsymmetrical enone to an unsymmetrical alkene usually affords a mixture
of the possible regioisomers. This is illustrated in Sch. 10 for the reaction
of cyclopentenone 28 with allylic alcohol as alkene where a mixture of
eight cycloadducts is obtained. A very efficient way in controlling the
regiochemical outcome for such a reaction has been proposed by Crimmins
by using a siloxane as temporary tether, i.e., cyclopentenone 29 in an
intramolecular reaction which now proceeds regioselectively to give first
tricycle 30 and then the desired cycloadduct 31 [56].

hv
CH,OH
CH,OH
28 eight isomers
R=CO,Me ref. 56
(0}
R
75%
35% CH,0H
Osgr ™~ 0—31\
/ N\
29 30 31
Scheme 10
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0
0 = 34
32: n= ref. 58
! _ hv |
" lem o
(CHa)n 33: n=2
—
35 ref. 57
Scheme 11

Although the outcome of such intramolecular photocycloisomeriza-
tions is usually predictable, depending on the number of atoms between the
two reactive C=C bonds, slight modifications of the starting material
sometimes lead to unforeseen inversions in the regiochemical outcome. This
is illustrated in Sch. 11 for the allyl- and butenylfuranones 32 and 33.
Whereas the former affords the expected straight cycloadduct 34, a complete
reversal of the regiochemistry is observed for the latter which affords
selectively the crossed adduct 35 [57,58].

The stereochemical outcome of a photochemical [2 4 2] photocycload-
dition depends highly on the approach of the two reactants as well as the
sterochemical features of the product(s). In this context stereoseclective
[2 4 2]-photocycloaddition reactions have emerged as powerful C—C bond
forming transformations leading to useful and versatile building blocks
[59,60]. Some examples of such reactions are presented below.

Simple diastercoselectivities are observed in the reaction of cyclo-
alkenones with cyclic alkenes, e.g., cyclopentene, wherein the transoid
tricycle is formed preferentially. Whereas cyclopent-2-enone (7) affords 36
selectively, the more flexible cyclohex-2-enone (8) gives a 3:1 mixture of
diastereoisomers 37 and 38 [7,61]. A stereogenic center in the cycloalkenone
also has a strong impact on the product ratio as shown for the reactions of
4-alkylcyclohex-2-enones 39 and 40 with acyclic alkenes wherein the major
diastereoisomer formed is the one in which the enone-alkyl group is trans to
the new ring forming C-C bonds, i.e., 41t and 42t, respectively (Sch. 12)
[62,63]. Cycloadducts 42 have been further converted to the pheromone
periplanone-B.

A combination of these two effects, i.c., the preferential formation of
one of two possible transoid tricyclic adducts (43 vs. 44), is illustrated in
Sch. 13 for the cycloaddition of furanones 45 to cyclopentene [64].
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(0] (0] H
hv
’ ref. 7
7
36
0 0
H H
hv
—_— +
O [y
8 38
3:1 ref. 61
(0] (0]
H
hv
—_— + ref. 62
H
4:1
39 41t
O (0]
H
/
hv
— + ref. 63
H2C=C=CH2
H
2:1
40 42t 42¢
Scheme 12

As already mentioned, the stereochemical conditions of approach of
the two reactants is an important parameter in such photocycloadditions.
Very elegant supporting evidence therefore comes from an investigation of
the photocycloaddition of diastereomeric hexahydro-indenones 46 and 47 to

Copyright © 2005 by Marcel Dekker



224 Margaretha

H;C - H;C
] s TR
R N R
O i
45 43 44

R = iCsH; 1:4 ref. 64

Scheme 13

hv
—— i
46 48
H 0 ref. 65
hv .
— no reaction
H
47
Scheme 14

ethene (Sch. 14) in the course of which only the trans-fused bicyclic enone
reacted to give tricycle 48 [65].

Enantioselectivity in intermolecular enone + alkene photocycloaddi-
tions is quite difficult to accomplish, due to the fact that stereochemical
information inherent in the starting materials can easily be lost on the stage
of the triplet 1,4-biradical intermediate. Nevertheless highly enantioselective
photocycloadditions of quinolones to alkenes mediated by a chiral lactam
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90% conversion: 63% ee

40% conversion: 82% ee ref. 66
(¢}
hv
—
- 40° 94% de
O
[0}
o Q[ro 52
(e}
Et0° /
(0}
ref. 67

EtO0C CH,CH,0H

53
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host which interacts with the (quinolone) guest molecule via hydrogen
bonding have been recently reported, but this method is limited to enones
containing a N-atom [54]. This “problem” connected to triplet state
intermediates has been elegantly circumvented by Mariano in a general
startegy for absolute stereochemical control in such photocycloadditions
by using eniminium salts of enones instead of the enones themselves, as
these react from their singlet excited states [66]. Quite good enantiomeric
excesses of tricycle 49 at moderate degrees of conversion of the chiral

eniminium salt 50 (Sch.

Copyright © 2005 by Marcel Dekker
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Alternatively, enantioselective intramolecular photocycloisomerizations
result from the use of hydroxy acids as chiral tethers, as illustrated in the
conversion of 3-oxocyclohexenylcarboxylate 51 to the tricyclic lactone 52
which proceeds with 94% ee [67]. The chiral tether can be recycled by
saponification to 53 and this hydroxyacid again converted to lactone 54
without loss of optical purity.

Some typical experimental procedures for the preparation of
cyclobutanes will be presented (see Chap. 8.5) and the synthesis of
cyclobutane containing natural products will be discussed (see Chap. 8.6).
Very often photochemically generated cyclobutanes are used as synthetic
intermediates wherein the cyclobutane ring is chemically altered. An
excellent treatise on such transformations of cyclobutanes has appeared
recently including both elimination- and ring-opening reactions, these latter
proceeding by hydrogenolysis, addition reactions, cycloreversion, or
rearrangement [68].

The central bond in (photochemically) easily accesible bicyclo[n.2.0]-
alkan-2-ones (n =3, 4) can be cleaved by retro-aldol reaction (cf. Sch. 2), but
also by treatment with Broenstedt- and Lewis-acids. This is shown in Sch. 16
for the synthesis of (+)descarboxyquadrone (55) starting from indenone 56
via the cycloadduct 57 which reacts with HCI to 58 [69], or by the
preparation of the AB-ring core of Taxol 59 from cyclopentenone 60 via
cycloadduct 61 which rearranges to 62 in the presence of TiCly [70].

Furthermore this same central bond in enone + alkene photocycload-
ducts can be cleaved by thermally induced cycloreversion (Sch. 17). The re-
arrangement of tricycle 63 — obtained from 3,5,5-trimethylcyclohex-2-enone
(64) and methyl cyclobut-1-ene-1-carboxylate — to give the frans-decalin 65
proceeds via a sequence wherein the cycloreversion is followed by a
transannular ene-reaction [71]. The photocycloisomer 66 of cyclopentenone
67 rearranges further to 68 containing a 5,8,5-sesquiterpene core [72].

The external bonds in bicyclo[4.2.0Joctan-2-ones can be cleaved both
by reductive and oxidative processes, both reactions affording disubstituted
cyclohexanones. This is illustrated (Sch. 18) by the Sml,-promoted
formation of 3-alkyl-3-ethylcyclohexanones 69 from 6-alkylbicyclo[4.2.0]-
octan-2-ones 70 [73], and by the formation of 2-alkyl-3-acylcyclohexanones
71 from 7-trimethylsilyloxybicyclo[4.2.0]octan-2-ones 72 via single electron
oxidation [74].

Representative Experimental Procedures

Three typical procedures will be presented (Sch. 19). The first represents one
of the (only) two ‘“enone+ alkene” photocycloaddition reactions which
have published as a procedure in Organic Synthesis [75], the second one is of
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O O HO
—_— AcO 5 _Eg_» N
= OH
OAc
Cl
56 57 58
o ¥
ref. 69
55
(6) (0]
hy TiCly
——— —
H2C=C=CH2 78%
84%
60 61 / 62
o e
ref. 70
0 59
Scheme 16

singular importance, as it refers to a reaction wherein the photolysis of
the “enone” affords the same photocycloadduct, both in the absence or in
the presence of the alkene [76], and finally the third one exemplifies a
photocycloaddition which affords a mixture of two diasteroisomers, but
wherein one of the products can be quantitively converted to the second one
by base-catalysis [55].
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96%
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ref. 72
68

R=alkyl ref. 73

R, R?*=alkyl ref.7:

1. Photocyclization of an Enone to an Alkene:

6-Methylbicyclo[4.2.0]octan-2-one [75]

The irradiation apparatus, consisting of a triple walled Dewar constructed
of Pyrex, is charged with a solution of 25.0g (0.277mol) of 3-methyl-
cyclohex-2-enone (5) in reagent-grade CH,Cl,. A gas outlet tube to an
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(o) (0]
H
hv
e ref. 75
CH;
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(6] \ decomp.
(¢] 3%
\h: CO, CO,, H,CCCO

74 ref. 76
0 0
H
hv
s +
: : H
75 3:1
76 77
refs. 55 & 77 Hoe
Scheme 19

efficient hood is placed in one 14/20 standard taper joint; in the other, there
is a stopper that can be removed for periodic sampling. The cooling water is
turned on and the apparatus is immersed in a dry-ice/propan-2-ol bath while
the chilled solution is saturated with ethylene, a flow of ca. 100 mL/min
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for 2-3h being adequate. The lamp, either a GE H1000-A36-15 or a
Westinghouse H-36GV-1000, both 1000-W street lamps, is inserted into the
irradiation well and turned on. Progress of the irradiation is conveniently
followed by gas chromatography. After about 8h, most of the starting
material has reacted. At this time, the lamp is turned off and the apparatus
removed from the cooling bath. The reaction mixture is degassed with a
slow stream of N, while it warms to r.t., dried over MgSQ,, and concen-
trated with a rotary evaporator at a temperature below 30°C. The product is
isolated by distillation to afford 27-28g (86-90%) of 6-methyl-
bicyclo[4.2.0]octan-2-one (6), b.p.: 62—65°C (3.5mm) of >90% purity.

2. lrradiation of 2,2-Dimethyl-2 H-furo[3,4-b]pyran-4,7(3H,5H)-
dione (73) in the Absence and Presence of
2-Methylpropene [76]

2a) Irradiation of 75. An argon-degassed solution of 1.82g
(0.01 mol) 75 in 20mL 7.BuOH is irradiated for 80h in a Rayonet RPR-
100 photoreactor equipped with 350nm lamps in combination with a
liquid filter with cut-off at 2 =340nm. Evaporation of the solvent and
recrystallization of the residue from diethyl ether/pentane affords 300 mg
(13%) of 74 (see below).

2b) [Irradiation of 73 and 2-Methylpropene. An argon-degassed
solution of 1.82g (0.0lmol) 75 in 20mL ¢BuOH is saturated with
2-methylpropene at r.t. and irradiated for 16h in a Rayonet RPR-100
photoreactor equipped with 350 nm lamps in combination with a liquid
filter with cut-off at A=340nm. Evaporation of the solvent and
recrystallization of the residue from diethyl ether/pentane affords 1.81¢g
(76%) of 3,3,10,10-tetramethyl-2,8-dioxatetracyclo[4.3.2.0"'Jundecane-5.9-
dione (74), m.p.: 128-130°C.

3. Photocycloaddition of 5,5-Dimethylcyclohex-2-enone (75) to
2,3-Dimethylbut-2-ene [55,77]

An argon-degassed solution of 1.24g (0.0l mol) 75 and 8.4g (0.1 mol)
2,3-dimethylbut-2-ene in benzene (100mL) is irradiated with a 250-W
Hg-lamp in a double-walled immersion well using a filter solution (7g
Pb(NO3), + 750 g NaBr/100 mL water, cut-off at 2 =340 nm) as coolant for
12 h. After evaporation of the solvent and excess alkene the residue (2.0 g)
consisting of a 3:1 mixture of trans- and cis-fused bicyclo-octanones 76 and
77 is refluxed for 2h in a solution of 4 g KOH in methanol (100 mL). After
cooling to r.t. the mixture is neutralized with 5% aq. HCI, the methanol
evaporated and the residue extracted three times with ether (25mL). The
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combined ethereal extracts are washed with water and brine and dried over
MgSO,. Evaporation of the solvent and Kugelrohr-distillation of the
residue at 150°C/0.01 mm affords 1.65g (77%) pure la,60-4,4,7,7,8,8-
hexamethylbicyclo[4.2.0]octan-2-one  [77]. 'H-NMR: J, ), H6) = 8.9 Hz,
Ju@), ue=17.7Hz. The trans-diastereoisomer 76 can be obtained in pure
form by preparative gas chromatography. 'H-NMR: Jy 1) 16 = 13.3 Hz,
JH(3),H(3) =13.6 Hz.

8.5. NATURAL- AND NONNATURAL TARGET MOLECULES

Several sesquiterpene skeletons include cyclobutane rings [78]. Some
representative examples are summarized in Sch. 20. As can be easily seen,
syntheses of caryophyllanes 78 and panasinsanes 79 are based on
photocycloadditions to 2-methylpropene, those of tritomaranes (kelsoanes)
80, protoilludanes 81, and sterpuranes 82 are based on photocyclo-
additions to ethylene, while the bourbonane skeleton 83 is accessible via

79
80 81 82
Scheme 20
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Scheme 21

photocycloaddition of an accordingly substituted cyclopentenone to
3-methylcyclopentene. A recent synthesis of the fungal metabolite sterpurene
(84) in 15% overall yield starting from bicyclo-octanone 6 is illustrated in
Sch. 21 [79].

Other examples of cyclobutane-ring containing natural products
include the lycopodium alkaloid annotinine (85), fomannosin (86), the
biologically active sesquiterpene metabolite of a wood-rotting fungus, and,
as already illustrated in Sch. 3, the male sex pheromon of the oll weevil,
grandisol (4) (Sch. 22). While for the two former compounds the syntheses of
the four membered rings are achieved by nonphotochemical paths [80,81]
several photochemical routes exist for the synthesis of 4, a more recent one,
using 3-methylcyclopent-2-enone (87) as starting material, being illustrated
in Sch. 23 [82].

A complete overview of syntheses of “nonnatural” cyclobutanes via
enone + alkene photocycloadditions would be far beyond the scope of this
chapter, recent reviews on this topic having been published recently [33,83].
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Therefore only some (subjectively) representant examples will be mentioned.
The syntheses of both cubane (88) and [4,4,4,4]-fenestrane (89) include an
(intramolecular) photocycloisomerization step of an appropriate alkenyl-
cycloalkenone (Sch. 24) [6,84].

Recent synthetic applications of intermolecular photocycloadditions
have dealt with the question of chemoselective additions of alkenes to one
(out of two) reactive excited double bonds (Sch. 25). In this context, it is of
interest that 2,3-dimethylbut-2-ene adds selectively to benzodipyran 90
(affording 91) and thiopyranobenzopyran 92 to give 93, respectively [52,85].
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Photocycloaddition of Alkenes
(Dienes) to Dienes ([4+2]/[4+4])

Scott McN. Sieburth
Temple University, Philadelphia, Pennsylvania, U.S.A.

9.1. HISTORICAL BACKGROUND

Among the earliest photochemical reactions was photodimerization of
anthracene 1 to give dimer 2 (Sch. 1), reported by Fritzsche in 1867 [1-3].
While not technically a reaction of 1,3-dienes, it was the first [4+4]
cycloaddition reaction, and predates the first [24-2] photocycloaddition by a
decade [3]. More than fifty years would pass before investigations of 1,3-
diene photochemistry would be undertaken, and cycloaddition reactions
were not reported until the early 1960s. The initial investigations, mercury-
sensitized reactions of dienes, reported fragmentations [4]. Seminal
investigations by Srinivasan at the University of Rochester in 1960 [5] and
they by Hammond at the California Institute of Technology [6] led to the
first examples of photo-[2+2], [4+2] and [4+4] cycloadditions by 1,3-dienes.
Continuing studies of diene photochemistry have refined our under-
standings of the interrelated aspects of the chemistry that include
conformation, exiplex and intermediate lifetimes. Several reviews have
concentrated on 1,3-diene photochemistry [7-9].

9.2. STATE OF THE ART MECHANISTIC MODELS

Woodward-Hoffman rules define photochemical [4+2] cycloadditions as
disallowed based on orbital symmetry considerations, whereas [4+4]
cycloadditions are allowed [10]. This is only true, however, when the
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Scheme 1

photoreaction involves a singlet excited state. Consequently, photo-initiated
[4+2] reactions likely proceed in an asynchronous, stepwise fashion; [4+4]
cycloadditions can be concerted, but other reaction paths exist. The
monograph by Michl and Bonaci¢-Koutecky details the many aspects of
electronic transitions [11]. The use of frontier molecular orbitals and their
applications to photocycloadditions has been described by Fleming [12].

Photoexcitation of 1,3-dienes can occur by direct irradiation of the
diene chromophore, in which case a singlet excited state is initially
produced. Intermolecular association of the diene with another molecule
to form an exiplex can lead to concerted cycloadditions or, when the eximer
has a strong charge-transfer character, solvent separated radical ion pairs
can result [13]. The use of a sensitizer to channel the light energy to the
reactants leads to a triplet excited state and the generation of biradical
intermediates [14]. When electron deficient species are introduced, photo-
chemically-initiated electron-transfer results in ionic intermediates,
particularly in polar solvents, and ionic reaction pathways [15-18]. Access
to this reaction manifold photochemically is often preferred over the use of
ground state oxidants because the reaction conditions are generally less
harsh.

Recent reports detail a computational analysis of the photodimeriza-
tion of 1,3-butadiene that located conical intersections for concerted [4-+4]
and [2+2] cycloaddition paths [19,20] and have correlated these results with
the products observed experimentally [21].

9.3. SCOPE AND LIMITATIONS

The photochemistry of 1,3-dienes can be highly dependent on the diene
structure and reaction conditions. Important variables include the ground
state conformation [22,23], the reaction concentration, the use (or not) and
properties of a triplet sensitizer [14] or an electron acceptor [18], and solvent
polarity. The simplest dienes also often yield the most complex chemistry.
For example, 1,3-butadiene 3 undergoes unimolecular isomerization in
“dilute solution” to give only cyclobutene 4 and bicyclobutane 5 (Sch. 2),
and polymerization in ‘‘concentrated” solution [24]. At intermediate

Copyright © 2005 by Marcel Dekker



Photocycloaddition of Alkenes (Dienes) to Dienes ([4+2])/[4 + 4]) 241

concentrations a set of dimers is formed. The overall conversion to dimers,
less than 10% of the diene consumed, produce [2+2] 6, [4+2] 7, [4+4] 8 and
bicyclic dimers 9 in a ratio of 30:0:8:50, plus one unidentified dimer [24].
When the dimerization of 3 was conducted using a sensitizer, this ratio
changed to 98:2:0:0 with benzophenone, and 37:63:0:0 with camphor
quinone [25]. Reactions that are highly selective in site, regio- and
stereoselectivity are also well known (see below).

A significant factor leading to the somewhat complex photochemistry
of 1,3-butadiene 3, is its s-trans:s-cis conformer ratio, substantially
disfavoring the s-cis conformation that is needed for [4+2] and [4+4]
cycloaddition reactions. The position of this equilibrium is dependent, of
course, on the diene substitution.

An instability of some cycloadducts can lead to identification
problems because of nonphotochemical transformation. The cis-1,2-
divinylcyclobutane 10—a [24-2] product of 1,3-butadiene dimerization—
will undergo Cope rearrangement at the relatively low temperature of 120 °C
to give 1,5-cyclo-octadiene 11 (Sch. 3). In contrast, the tricyclic dienes
related to 12—potentially derived by [4+4] cycloaddition of 1,3-cyclohexa-
diene—are thermally unstable relative to the cyclobutane 13 and will often
undergo Cope rearrangement under exceptionally mild conditions, some-
times at room temperature. The instability of 12 is generally ascribed to
nonbonding interactions, and similar Cope rearrangements have been
observed in a broad set of closely related structures [26-30].
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s-cis 3 strans 3 gijlute soln. 4 5
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O
O
¥
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9.4. SYNTHETIC POTENTIAL: REACTIVITY AND
SELECTIVITY PATTERNS

Intermolecular [4 + 2] Cycloaddition

Irradiation of simple 1,3-dienes in the presence of a sensitizer leads to
dimers, with the product ratio dependent on the triplet energy of the
sensitizer. For example, acetophenone 14 converts 1,3-butadiene 3 almost
exclusively to the [242] adduct 6 (80:20: trans:cis), (Sch. 4) [31], whereas the
use of pyrene 15 gives mostly the [4+2] adduct 7 [25].

Similarly, isoprene 16 gave a sensitizer-dependent mixture of [2+42],
[44-2] as well as [4+4] dimers (Sch. 5). This outcome is complicated by the
isomers resulting from unsymmetric methyl substitution. Once again, [2+2]
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adducts were dominant with acetophenone 14 as the sensitizer, and [4+42]
adducts were in the majority when pyrene 15 was employed [25].

The sensitizer-dependence of these product ratios has been attributed
to triplet energies that differ for the s-cis and s-trans conformers (Sch. 6).
Conversion of the dienes to triplet biradicals 24 and 25 lock in the initial
conformations. Subsequent bond formation with a second diene leads to
two allylic radicals 26 and 27, again preserving the geometries. Spin
inversion and bond formation then forms the cyclobutane 6 from 26 and the
cyclohexene 7 from 27. The higher population of s-cis conformer for
isoprene 16 is reflected in the higher proportion of [4+2] cycloadducts 20
and 21 as well as the appearance of [44+4] cycloadducts 22 and 23 in the
product mixture (Sch. 5) [32].

Sensitized irradiation of dienes with 1-acetoxy acrylonitrile 29 also
gave a sensitizer-dependent product mixture of [4+2] 30 and [2+2] 31
(Sch. 7), with a good correlation with the results of Hammond for 1,3-diene
dimerization (Sch. 4), and consistent with triplet sensitization of the diene
[33-35].

When the diene is locked into an s-cis conformation, such as
cyclopentadiene 32, cycloadditions lead to higher proportions of [4+42]

strans3 96:4  scis3 24 25
g g
/ .
6 26 7

27
Scheme 6
vV
X+ +
CN  sensitizer @rOAC &0/\6
CN CN
3 29 30 31

AcPh 14 0.7% 34%

pyrene 15 17% 38%
Scheme 7
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products as well as [4+2] isomers not readily formed by the thermal
cycloaddition (Sch. 8). Thermal Diels—Alder reaction yields only the endo
adduct 33, whereas sensitized photoreaction yields a mixture of endo 33, exo
34, and [24-2] adduct 35 [36].

Numerous photodimerization studies of 1,3-cyclohexadiene 36 have
been reported (Sch. 9). Thermal cycloaddition yields a 4:1 mixture of endo/
exo [4+2] adducts 37 and 38 in modest yield. Irradiation of the diene in
cyclohexane near its Apa, of 254 nm yields very little dimer, but irradiation
at 313 nm leads to a mixture of dimers, favoring the [242] adducts 39 [37].
The use of y-radiation produces similar mixtures [38,39]. A triplet sensitizer
leads to largely the [24+2] adducts plus exo 38 and little of the endo [4+2]
isomer 37 [40]. When the photochemistry is conducted in the presence of the
electron acceptors anthracene 41, LiClO4-42 or pyrylium 43, only [4+2]

HH
@ conditions LM <:I_:|:>
——— Vi + Va +
endo exo H A
33 34 35

32
A 1:0:0
hv, acetone 1:1:1

Scheme 8

© conditions , N M + + unknown
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36 38 3™ 4 . .
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A 4:1:-:- 32% OOO I
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adducts are produced. With anthracene 41 the reaction outcome is similar to
the thermal cycloaddition, but the yield is nearly twice as high [41].
Dimerization of cyclohexadiene sensitized by 41 has been compared with
dimerization using 1,8-dicyanonaphthalene 67b [42]. Use of the LiClO4-42
mixture as an electron acceptor results in no endo/exo selectivity, whereas
pyrylium ion 43 is higher yielding and more selective for endo 37 than the
thermal reaction [43]. Binapthyl 44 is better still, with good yields and a high
selectivity for the endo isomer [44]. The use of high pressure (up to 200 MPa)
has only a small effect on the endo/exo ratio [45]. An extensive study of
quantum yields as a function of concentration, sensitizer and solvent has
appeared [40].

Sensitized addition of cyclic dienes with chlorinated alkenes, employ-
ing an excess of the latter, yields mixtures of [4+2] and [2+42] adducts
(Sch. 10). A substantial proportion of [4+42] adduct 46a is formed when
cyclopentadiene 32 is the diene, but cyclohexadiene 36 yields almost entirely
the [2+2] adduct 46b. Use of acyclic 1,3-dienes leads only to [2+2] products.
The regioselectivity of the cycloadditions is consistent with a biradical
intermediate 48 [47]. Sensitized irradiation of cyclopentadiene with
l-acetoxy acrylonitrile 49 also gives a [4+2] and [242] mixture, but with a
higher proportion of the [4+2] adduct than the reactions using chloro-
alkenes 45 [33-35].

Benzophenone-sensitized photoreaction of cyclopentadiene/1,3-buta-
diene mixtures gave three cross products (Sch. 11). Two [4+2] adducts 52
and 53 were formed, with the vinyl norbornene 52 as the dominant [4+2]
isomer. Cyclobutane 54, a mixture of two isomers, was the major product.
One isomer of 54 rearranges to the norbornene 52 while the other isomer
rearranges to the [4+4] adduct 55 [48].

Photo-induced radical-cation [442] cycloadditions between cyclohexa-
diene 36 and 1,3-dioxole 56a yields 57a and 58a (Sch. 12). The ratio of

|
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Cl Cl .
hv ( )n cl via Cl
+ X a0 — 4 c o, /
n X n %
1:10 45 47
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products is mildly dependent on the sensitizer, and the product ratio can
resemble that derived from nonphotochemical generation of radical cations.
Dimers of both 36 and 56a were also detected [43]. For dihydro-1,4-dioxin
56b, the yields are low but only the endo adduct 57b was formed [17].
Arene-substituted alkenes can undergo radical-cation [4+42] cycloaddi-
tions with 1,3-dienes when they are irradiated in the presence of an
electron acceptor (Sch. 13) [49]. Good levels of regio and stercoselectivity

Copyright © 2005 by Marcel Dekker



Photocycloaddition of Alkenes (Dienes) to Dienes ([4+2])/[4 + 4]) 247

are seen: both (E) and (Z) B-methyl styrenes (e.g., 64) maintain stereo-
chemical integrity [50]. For mixtures of alkenes and dienes with
dicyanonaphthalene 67a as the electron acceptor, a ternary reaction
complex involving a singlet excited state has been implicated [50]. A closely
related study of the cycloaddition of indene and cyclohexadiene promoted
by 67a also indicated that a ternary complex was present in the transition
state [42].

Furan 69 can also act as the diene component (Sch. 14). A mixture of
furan 69 and indene 68 (but not styrene), using dicyanonaphthalene 67b as
an electron acceptor, yields the [442] adduct 70 as the major product [51].
Indole 72 can also function as the dienophile using triphenylpyrylium ion
63b as the electron acceptor. Good yields of 73 and 74 require trapping of
the easily oxidized products as the acetamides [52].

Both thermal and photo-[4+2] reactions between Cgq 75 and (E,Z)-
diene 76 (Sch. 15) gives largely adduct 77 in which the substituents of the
newly formed cyclohexene substituents are trans, instead of the expected
cis isomer, a result consistent with stepwise bond formation [53].

Styrenes can also participate as the diene component in photo-
chemically-mediated radical cation [4+42] cycloadditions, as well as in
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dimerization reactions (Sch. 16) [54]. Irradiation of 78 in the presence of
excess isobutylene 79, using nitrile ester 81 as the electron acceptor, gives 80
in 45% vyield. The reaction rate increases with solvent polarity [55,56]. The
related electrophilic dimerization/cyclization of 82 leads to intermediate 84
which subsequently isomerizes and regenerates the aromatic ring. Dimer-
ization of 82 using dicyanonaphthalene 67a in the presence of methyl
acrylate 83 gencrates 84, which is intercepted by an ene reaction with the
acrylate to give ester 85 in surprisingly good overall yield [57].

Intramolecular [4+2] Cycloaddition of Dienes

Sensitized intramolecular reaction of two 1,3-dienes (86) (Sch. 17) yields
predominantly the [2+2] adduct 87, with small amounts of [4+4] adduct 89
and little, if any, [442] product 88 [58,59], consistent with Hammond results
for intermolecular reactions of acyclic dienes (Sch. 4). Benzophenone-
sensitized reaction yields a mixture of two isomers of 87. Heating this
mixture to 200°C converts both isomers of 87 to cyclo-octadiene 89 [58].
Unsensitized photoreaction of 86 in the presence of copper(l) triflate gives a
significant amount of [4+2] adduct 88. Extended irradiation time converts
much of 87 and 89 into 88, as well as producing secondary products [59].
Copper triflate-mediated photocycloaddition of a related tethered diene-
monoalkene, gave only the [2+2] adduct [59].

Generation of the highly strained tricyclic 91 (Sch. 18) can be
accomplished by transannular photo-[4+2] cycloaddition of 1,3,6-cyclo-
octatrience 90 by direct (unsensitized) irradiation, albeit in modest yield
[60]. Structures such as 91 can, however, be unstable toward a thermal
retro-Diels—Alder reaction [61].

Radical cation-mediated intramolecular [4+2] cycloaddition proceeds
efficiently only when the diene and dienophile are separated by three atoms
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and when the diene is cyclic, i.e., 92 (Sch. 19). The yield for [4+2]
cycloadduct 93 is high when the electron acceptor is dicyanoanthracene 41.
Use of benzophenone or an acyclic diene gives only [2+42] adducts [62].

When 2-pyridones are symmetrically tethered through nitrogen with a
two-carbon chain (95) (Sch. 20), benzophenone-sensitized cycloaddition
leads to the [4+2] adduct 96 in good yield. Other tether lengths largely
lead to [2+42] products (see Sch. 43 for a [44+4] adduct using a four-carbon
tether) [63].

Photo-[4+2] Cycloadditions of Enones

Intramolecular [4+2] addition of the enone to the proximal 1,3-diene
in 97—a product of thermal [6+4] dimerization—Ileads to the strained
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structure 98 [64]. This is an unusual example of an enone photo-[4+2]
reaction because the product retains the original enone stereochemistry.

Cyclic enones with ring sizes of six-to-eight carbons can be
photochemically induced to undergo [442] cycloadditions via isomerization
to a strained trans isomer (Schs. 22-24). Irradiation of 2-cycloheptenone
99 leads to [242] dimerization of an intermediate trans-2-cycloheptenone
100, but if this irradiation is conducted with an excess of cyclopentadiene 32
at —50°C, a single [4+2] adduct 101 is isolated in very high yield [65,66]. The
somewhat less strained trans-2-cyclo-octenone can be generated and trapped
by subsequent addition of a cyclopentadiene [67,68]. Extension of this
reaction to intramolecular examples has recently been reported [69].

The photo-[4+2] cycloaddition of furan with Pummerer’s ketone 102
[70,71] gives evidence for the intermediacy of the highly twisted enone
intermediate 103, and a biradical cycloaddition pathway (Sch. 23). The
structures of the endo and exo products 104 were confirmed by X-ray
crystallography [72,73]. In a related comparison of cyclohexenone and
cyclopentenone photochemistry, conditions that gave [4+2] adducts for the
cyclohexenone produced only [2+2] adducts from cyclopentenone [74].
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Photo-[4+2] reactions of the dienone steroid 105 illustrates interest-
ing regio-, stereo-, and site selectivities (Sch. 24) [75-78]. Reaction with
l1-acetoxy-1,3-diene 106 gives trans adduct 107 in good yield, epimeric at the
acetate. The trans cycloaddition was attributed to a triplet pathway rather
than a twisted enone intermediate [75]. Reaction with 2 3-dimethyl-1,3-
butadiene 108 leads to four [442] adducts, with reaction at both alkenes
groups of the dienone. Note that the products of reaction at the y,6-alkene
are both cis.

Additional [4+2] Cycloaddition Examples

The twisted, chiral diene 112 undergoes photosensitized [442] cyclo-
additions but only with heteroalkenes (Sch. 25). Napthoquinone 113
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yields 114 as a single stereoisomer. The absolute configuration of the
biphenyl unit is not altered during this photocycloaddition [79].

An interesting example of photochemically-mediated [4+2] cycloaddi-
tion was found for 115 (Sch. 26), which does not undergo cycloaddition with
butadiene 3 thermally. Irradiation is believed to transiently expel carbon
monoxide, leading to co-ordination of butadiene to the iron (116). The diene
is then delivered intramolecularly, to form 117 [80].

Intermolecular [4+4] Cycloaddition

Direct irradiation of 2,3-diphenyl-1,3-butadiene 118 (Sch. 27) leads to the
[44+4] dimer 119, in unspecified yield, in addition to tricyclic 120,
cyclobutene 121 (15%), and diphenylacetylene 122, which may derive
from 121, The [4+4] adduct 119 is isolated by distillation, and may arise by
rearrangement of an unidentified 1,2-divinylcyclobutane [2+2] adduct.
Pyrolysis of 120 at 170 °C converts it to 119 [81].

The conformationally rigid s-cis diene 123-(Sch. 28) yields, after triplet
sensitized irradiation and distillation, the [4+4] adduct 127. Inspection of
the dimeric products before distillation, however, found that the cyclo-
octadiene 127 was not present, only two [242] adducts 124 and 125, and one
[4+2] adduct 126. The cis divinylcyclobutane 124 rearranges during
distillation [82].

Unsymmetrically substituted diene 128 (Sch. 29) undergoes dimeriza-
tion under electron-transfer conditions with dicyanoanthracene as the
catalyst. This dimerization is promoted by polar solvents and yields are also

Copyright © 2005 by Marcel Dekker



Photocycloaddition of Alkenes (Dienes) to Dienes ([4+2])/[4 + 4]) 253

— Ph
Ph Ph
Ph Ph .
r=ie ) iR ny u B
isooctane !
Ph Ph Ph L Ph o
118 119 120 121 122
Scheme 27
L_"< Ph2CO [£ b EE ‘j U: j l:[ ]:]
pentane
123 124 (58%) 125 (29%) 126 (13%) 127 (0%)
A
Scheme 28
Ph Ph
. Ph Ph
Ph
solvent 130
benzene 0% 0%
CHJCl, 3% 56%
acetonitrile 1% 32%
Scheme 29

I\ vv an i
LD O = ﬁi s
131 1:10 32

Scheme 30

affected by the irradiation time. A [4+4] cycloaddition of 128 with the
cyanoanthracene also competes with the dimerization [83].

Furans do not undergo [4+4] dimerization, however irradiation of a
mixture of 2,5-dimethylfuran with an excess of cyclopentadiene leads to a
mixture of two cross products 132 and 133 (Sch. 30) [84]. The alkene
position in 133 was not determined, but 133 could have been formed by
Cope rearrangement of the cis [44+4] adduct 134 that was not observed.
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In contrast to furans, when the heterocyclic dienes take the form of
2-pyrones (135, Sch. 31) or 2-pyridones (139, Sch. 32), photo-[4+4]
dimerization becomes a major reaction path [85-87]. In the case of
4,6-dimethyl-2-pyrone 135a, irradiation forms a mixture of trans 136a and
cis 137a plus a portion of [2+2] adduct (possibly resulting from a Cope
rearrangement of 137a) [88]. Heating this mixture leads to extrusion of
carbon dioxide and formation of the 1,3,5,7-tetramethyl cyclo-octatetraene
138a (18% overall) [89]. The utility of this application was demonstrated by
the preparation of tetra-tert-butyl cyclo-octatetraene 138b (72%!), although
the mechanism in this case may involve an alternative cyclobutadiene
pathway [90]. For the 4,6-diphenyl-2-pyrone 135c¢, solid state photodimer-
ization yields exclusively the trans [4+4] adduct 136¢, whereas in solution
only [2+2] adducts were formed [91].

Pyridone photodimerization has been extensively studied. It proceeds
via a short-lived singlet excited state, and tolerates a broad range of
substitution [87]. Little solvent effect is observed for this dimerization, with
comparable yields and trans/cis ratios using solvents ranging from water to
benzene [92]. When the pyridone carries appropriate substitution, alignment
in micelles can lead to very high proportions of the cis isomer [93]. The cis
isomer 141 is thermally labile, undergoing Cope rearrangement under very
mild conditions (ca. 60°C) to give cyclobutane 142 [92].

Selective [4+4] cycloaddition with mixtures of 2-pyridones has been
shown to be possible using 4-alkoxy-2-pyridone 144 as one component
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(Sch. 33) [94] because 4-alkoxy substituent is incompatible with dimerization
[95]. An excess of 144 is required to compete with dimerization of 143, but
the unreacted 144 is recovered in high yield.

Mixtures of pyridones and 1,3-dienes lead to cross-[44+4] products
(Sch. 34), although dimerization of the pyridone can be a dominating
reaction. With an excess of cyclopentadiene 32, a 1:1 mixture of the trans
147 and cis 148 isomers are formed. The cis 148 subsequently rearranges to
give 149 [96,97].

When the diene is acyclic, [44+4] cycloaddition remains the primary
reaction pathway even when the result is a highly reactive and unstable
trans-alkene product, e.g., 150 and 151 (Sch. 35). With 1,3-butadiene, these
intermediates are intercepted by an additional equivalent of the diene, to
give the 2:1 adducts 152 and 153. When a diene is used that cannot achieve
an s-cis conformation such as 154, Diels—Alder reaction with [4+4] adducts
155 and 156 is impossible and these compounds relieve strain via Cope
rearrangement to give cyclobutanes 157 and 158, respectively [98]. An
intramolecular version of this reaction has been reported [99].

Intramolecular [4+4] Cycloaddition

Proximity of two s-cis-1,3-dienes in the same molecule allows for [4+4]
photocycloaddition. An extensively studied example is the tetraene 159
(Sch. 36) [100-106]. For the simplest example, R =H, this C;yH;, molecule
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Scheme 36

is a constitutional isomer of semibullvalene. Irradiation leads to the highly
strained 160. This molecule has been found to be in thermal equilibrium
with 161 (and related structures when R # H). Recently, this mechanism has
been invoked for the transformation of the Cgy adduct 162 (see Sch. 15) into
the expanded structure 164 [107-109]. The intermediacy of 163 has been
questioned, however, with a di-nt-methane mechanism proposed as an
alternative pathway [110,111].

Tetraene 165, with the dienes separated by two two-atom linkages,
undergoes photocycloaddition to give the strained 166 (Sch. 37) [112].
Double extrusion of carbon monoxide from 167 yields tetraecne 168 with the
dienes separated by two three-carbon chains. This tetraene yields pentacyclic
169 in 50% overall yield [113].
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The electronically and structurally more complex alteramide A 170
(Sch. 38) undergoes a quantitative [4+4] cycloaddition after 24 h of sunlight
irradiation [114].

Intramolecular [4+4] cycloaddition of 2-pyrones with furans has
been studied by West and coworkers (Sch. 39). Irradiation of 172, with a
furan tethered to C6 of the pyrone, leads to a mixture of trans 173 and cis
174 [115]. Interestingly, the Cope rearrangement of the cis isomer 174 yields
an equilibrium mixture with cyclobutane 175. The effect of a stereogenic
center on the tether was also determined in this study. With the furan
tethered to C3 of the triflate-substituted pyrone 176, the trans isomer 177
was formed with good selectivity and isolated in very good yield [116].

Pyridone—pyridone [4+4] photocycloaddition can be intramolecular
with both 3- and 4-atom tethers (Sch. 40). Photocycloaddition of 179 yields
the trans 180 and cis 181 in a ratio that is similar to the intramolecular
reactions (Sch. 32) [117]. The cis isomer undergoes Cope rearrangement
producing cyclobutane 182 above 50 °C. Cope product 182, unlike the [4+4]
adducts 180 and 181, has a conjugated m-system and on irradiation
undergoes photocleavage back to 179 and photocycloaddition again. Two
cycles of heat and irradiation converts the 2:1 mixture of [4+4] adducts to an
18:1 mixture, without a substantial change in yields [118].
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When the tether is four carbons (183), only the frans isomer 184 is
observed. The product 184 is substantially more strained than 180, in large
part because the cyclohexane derived from the tether is rigidly held in a boat
conformation [119].

The cis/trans ratio for three carbon-tethered pyridones 185 (Sch. 41)
was found to be solvent dependent when both pyridones lack nitrogen
substitution [120]. For substrate 185a with a single N-methyl group, only
the trans isomer 186a was formed regardless of the solvent. Without the
N-methyl group, 185b, the trans/cis ratio was solvent dependent, as well as
concentration dependent for solvents of intermediate polarity such as ethyl
acetate. The high cis selectivity of 185b is due to a hydrogen bonded dimer
188 that aligns the substrates [121].
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The natural propensity of 2-pyridone photodimerization to favor the
head-to-tail [44+4] adducts can be reversed by the use of a tether (Sch. 42).
For head-to-head 189, photocycloaddition leads to a 1:1 mixture of the cis
and trans adducts [122]. For tail-to-tail isomer 192, a high proportion of the
cis adduct 194 is generated, although product mixtures for both reactions
change under extended irradiation times, favoring the cis isomers [123].

When the symmetric tether is four carbons in length and attached at
nitrogen (195), (Sch. 43), benzophenone-sensitized reaction yields a 2:1
mixture of [242] adduct 196 and [4+4] adduct 197. Continued irradiation
converts 196 to 197 [63]. Other tether lengths lead to only [242] and [4+2]
adducts (see Sch. 20).
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9.5. REPRESENTATIVE EXPERIMENTAL PROCEDURES
Photo-[4+2]-cycloaddition of 59 and 60 [49]

M @ = Isg 7 Fols

63a 63a Ar = p-MeO- C6H4

26:1 (56%

A solution of 2-vinylbenzofuran 59 (288 mg, 2 mmol), 1,5,5-trimethyl-1,3-
cyclohexadiene 60 (488 mg, 4 mmol) and 63a (20 mg, 2 mol%) in methylene
chloride (120mL) was cooled to 10-15°C and irradiated with xenon arc
lamp using a filter (4 >345nm) for 4 h. The product was filtered through a
short column of silica gel to remove the pyrylium salt and then
concentrated. Flash chromatography (cyclohexane) gave 61 (295 mg, 56%).

CuOTf{-Catalyzed Irradiation of 86 [59]

O/—//_\\ hv . CE%]
\__\\_// CuOTf OC@ °
86

quartz, 120 h 88 198

(45%) . (18%)
A homogeneous solution of the tetraene ether 86 (1.28 g, 8.5 mmol) in 85 mL
of THF (0.1 M) with 43 mg (0.17 mmol, 2mol%) of CuOTf was irradiated
for five days under argon by using a quartz immersion well. Evaporation of
the solvent gave a brown, oily residue which was purified by filtration over
basic alumina to give a 2.5:1 mixture of 88 and 198 (63%) which were
separated by HPLC.

Photo-[4+2]-cycloaddition of Enone 102 and Furan [73]

J\ hv
+ —_—
(0] pyrex
69 104a (68%) 104b (22%)
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A solution of 102 (526 mg, 2.5 mmol) in freshly distilled furan (50 mL) was
degassed with argon and irradiated with a 450 W medium pressure mercury
lamp using a pyrex filter for 18 h. After evaporation of the furan, the residue
was recrystallized from ethanol. Preparative thin layer chromatography (3:1
methylene chloride/hexane) gave 104a and 104b which were recrystallized
from ethyl acetate/ethanol (1:5).

Photodemerization of 1-Methyl-2-pyridone 139 [92]

head-to-tail head-to-head
(o} [o) (o) (o]
hv 7 ~ 7 - 4 _ 7 -
N N— N— N— N
@ P A~ 7 oz o
N"So o ~N N
| trans cis O trans cis
139 140 141 199 200

A fine stream of nitrogen was bubbled through a solution of 139 (546 mg,
Smmol) in water (10 mL) in a pyrex cell, irradiated by a 400 W high-pressure
mercury lamp for 15h. The resulting mixture was evaporated in vacuo
below 40 °C. The residue was diluted with a small amount of ethanol and the
precipitate was removed by filtration. The filtrate was concentrated and
chromatographed on silica gel (99:1 methylene chloride/methanol) to give
140 (51%), 141 (11%), 199 (1%), and 200 (7%). Note that 199 and 200 are
only observed when using water as the solvent.

Photocycloaddition of Tetraene 168 [113]

0 o)
l hv
Z quartz \ b,
-2CO
168

167 169 (50%)

A benzene solution (500mL) of the dione 167 (500 mg, 2.12 mmol) was
carefully purged with a slow stream of nitrogen for 15 min. The solution was
then irradiated with a Hanovia 450-W medium-pressure mercury vapor
lamp in a quartz immersion vessel. After being irradiated for 30 min, solvent
was evaporated and the residue chromatographed over silica gel (hexane)
furnishing 180 mg (50%) of the crystalline diene 169.
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9.6. TARGET MOLECULES: NATURAL AND NON-NATURAL
PRODUCT STRUCTURES

Natural products containing six-membered rings are ubiquitous, therefore
the following set of target molecules are limited to those containing eight-
membered rings that would be accessible via [4+4] cycloadditions. Notably,
1,5-cyclo-octadienes 88 can be converted to bicyclo[3.3.0]octanes 201
transannular electrophilic [124] and radical cyclization (Sch. 44) [125].

I__ H
O =&
—_—
88 H oG
201
Scheme 44

(a) Polyquinane Natural Products

Pentalenolactone [126], silphinene [127], coriolin [128], and modhephene
[129].

}

pentalenolactone silphinene coriolin modhephene

(b) Monocarbocyclic Cyclo-octanoid Natural Products

Spartidiendione [130] and vulgarolide [131].

vulgarolide

spartidienedione
202 OH 203
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(c) Bicarbocyclic Cyclo-octanoid Natural Products

Dactylol [132], pachylactone [133], asteriscanolide [134], and salsolene oxide
[135].

OH
HY N/ = s \H A\
< (e} 0)
dactylol pachylactone asteriscanolide salsolene oxide
204 205 206 207

(d) Tricarbocyclic Cyclo-octanoid Natural Products:
dicyclopenta[a,d]cyclo-octanes

Ophiobolins [136], fusicoccin [137], epoxydictymet [138].

ophiobolin A fusicoccin A epoxydictymene
208 209 210

7,8-epoxy-4-basemen-6-one [139], and pleuromutilin [140].

7,8-epoxy-4-basmen-6-one pleuromutilin
211 212

Copyright © 2005 by Marcel Dekker



264 Sieburth

(e) Tetracarbocyclic Cyclo-octanoid Natural Products
Longipenol [141] and kalmanol [142].

longipenol kalmanol
213 214

(f) Fused Cyclohexyl-Cyclo-octanoid Natural Products
Neolemnane [143], variecolin [144], taxol [145].

AcO.,,
(e) OH
neolemnane : variecolin taxol
215 216 217
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10.1. HISTORICAL BACKGROUND

Although photoinduced electron transfer reactions occupy a central position in
the chemistry of life [1] their application to organic synthesis started only a
few decades ago [2]. At first glance this is somewhat surprising since
analogous reactions via neutral radicals are already known for a long time
[3]. The reason for this delayed development of photoinduced electron
transfer (PET) reactions may be simply related to the role of photochemistry
in chemistry in general. Although the beginnings of modern organic
photochemistry were laid more than 100 years ago [4], the fundamental
understanding of electron transfer in general [5] and of PET processes in
particular [1] developed relatively late in the middle of the twentieth century.
Therefore, many photochemical transformations that are initiated by
electron transfer were originally thought to proceed via homolytic steps.
Meanwhile, the basis of photoinduced electron transfer as well as
the mechanisms of fundamental processes such as PET-sensitization,
co-sensitization or medium and salt effects are widely understood [6]. As
a consequence the number of applications of PET reactions in organic
synthesis has increased dramatically as noticeable from a series of summa-
rizing reviews and book chapters [2,7]. Among these applications are for
example cycloadditions [8], fragmentations [9], macrocyclizations [10], and
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addition reactions [9], respectively. In order to keep this chapter within
an acceptable length we will restrict ourselves to intramolecular cyclization
reactions of radical ions. Readers interested in other aspects of photo-
reactions involving radical ions may refer to the above mentioned reviews
[2,7-10].

10.2. STATE OF THE ART MECHANISTIC MODELS

A number of excellent reviews on the theoretical aspects of photoinduced
electron transfer have appeared in the literature and the interested reader
may refer to these original articles. Due to the fundamental importance of
the electron transfer step for the title process and in order to facilitate
reading this chapter a brief introduction on PET will be given [2,6].

Upon electronic excitation the redox properties of either the electron
donor (D) or the acceptor (A) are enhanced. The feasibility of an electron
transfer can be estimated from a simple free reaction energy consideration as
customary in the frame of the Rehm—Weller approach (Eq. (1)) [11], where
E?/XZ(D) and E{{/ezd(A) represent the oxidation and reduction potential of
the donor or the acceptor, respectively. AE..; stands for the electronic
excitation energy, whereas A E.,, indicates the coulombic interaction energy
of the products formed (most commonly: radical ions). This simplified
approach allows a first approximation on the feasibility of a PET process
without considering the more complex kinetics as controlled by the Marcus
theory [6¢]. For exergonic processes (AG <0) a PET process becomes
thermodynamically favorable.

AG = F(E(I)/XZ(D) - Eﬁ/ezd'(A)) - AEexcit + AEcoul

In intermolecular PET processes, radical ions are formed either as
close pairs or as free species from neutral molecules (Sch. 1) [2,6]. Most
commonly, carbonyl compounds or related derivatives as for example enol
ethers, cyclopropyl ketones, and siloxycyclopropanes are used for intra-
molecular cyclization reactions. With the exception of cycloadditions the
ring-building key step is always an intramolecular bond formation. In PET

*

hv A + D ET - ot o T3

A + D — or — |A D —_— A+ D
A + D*

Scheme 1 Photoinduced electron transfer between neutral donor and acceptor
molecules.
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reactions this step can be an addition (or recombination) reaction of a
radical or radical ion or a nucleophilic capture of a cation or radical cation,
respectively.

In the intramolecular version, donor and acceptor are linked via a
tether. P. J. Wagner splendidly described the photocyclization behavior of
these so-called donor-bridge-acceptor molecules as “a bug that opens its
mouth when struck by light, can hold it open for only a short time, and during
that time can swallow anything within striking range of its open mouth
including its own tail”’ [12]. The donor moiety is either incorporated into the
newly formed ring-system (most common) or eliminated prior to cyclization.
Typical electron donors for this approach are thioethers (Me,S:Eqx, =1.2V
vs. SCE [13]) or tertiary amines (R3;N:Eqy =0.7-1.3V vs. SCE [13]).
Alternatively, electron-rich alkenes, alkynes, or arenes have been applied.
Frequently used acceptors are carbonyl compounds as, for example,
ketones, esters, or imides.

According to Eq. (1), the thermodynamic driving force of a PET
process increases with the solvent polarity and therefore, photoreactions can
be simply switched from energy transfer to electron transfer by changing
the solvent [8]. However, back electron transfer (BET) often diminishes
the yields of radical ions formed and therefore various efforts have been
undertaken to circumvent this energy loss process [14]. Among these
approaches two processes have been widely used and will thus be described
in more detail.

Scheme 2 outlines the general mechanism of PET-sensitization. The
basic process is an electron transfer from the donor (D) to the acceptor (A4,
in Sch. 2: Sens), which proceeds most commonly via the electronically
excited acceptor (A* or Sens*). Since the acceptor is regenerated through a

Sens” D
Sens :Sensitizer
hv ET D : Donor (Substrate)
P : Product
Sens Sens™*
ET .
o >
P pt
Scheme 2
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Sens” C D

Sens : Sensitizer

hv D : Donor (Substrate)
ET, ETy C : Cosensitizer
P : Product
Sens Sens-.
ET, c* D+.

5 50 . /

Scheme 3 Co-sensitized PET process.

secondary electron transfer process from the product radical cation, it acts
as a sensitizer (Sens = A4).

For oxidative purposes, electron-deficient arenes e.g., dicyanoanthra-
cene (DCA), dicyanonaphthalene (DCN), or triphenylpyrylium salts
are frequently used. For reductive PET reactions (not shown in Sch. 2)
electron donor substituted arenas or amines are generally applied. The
latter substrates are consumed during the reaction and are thus sacrificial
co-substrates rather than sensitizers. Nevertheless, the strategy of a
sacrificial electron transfer provides an effective way to avoid back electron
transfer.

A more economic way to circumvent the BET pathway is co-sensitiza-
tion as illustrated in Sch. 3 [2,15]. In this strategy the substrate is not directly
oxidized (or reduced) by the electronically excited sensitizer but by the
radical ion of the co-sensitizer (ET}). This thermal electron transfer is not
affected by back electron transfer since (i) sensitizer and substrate radical
ions are separated from each other (back electron transfer from Sens™ to
D) and (ii) a back electron shift from C to D't is thermodynamically
unfavourable. As a consequences co-sensitized reactions often proceed with
higher efficiencies and different selectivities if compared with “‘simple”
sensitized PET reactions.

Ion pair separation can also be facilitated by utilizing salt effects
[2,6,16]. The basic principle is exemplary illustrated in Sch. 4 for a special
salt effect induced by the addition of e.g., lithium perchlorate (generally in a
polar solvent like acetonitrile). Applying this procedure, the primarily
formed radical ion pairs (either as contact or solvent separate ion pairs) are
subsequently replaced by the formation of a new and tight ion pair between
the acceptor radical anion (A"") and lithium cation (Li*). PET reactions
often proceed solely under these condition, e.g., when using ketones as
PET-sensitizers [16].
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— e+
" (& D)s| [+ . .
A + p X or N T 1
o— -t
(As Dg)

Scheme 4 Ion separation of contact and solvent separated ion pairs due to the
special salt effect.

10.3. SCOPE AND LIMITATIONS

A large number of PET photocyclizations have appeared in the literature.
Since the synthesis of complex polycyclic or macrocyclic ring-system is still a
challenge in synthetic organic chemistry [10,17], we have tried to select
recent examples of preparative value for this paragraph. Specific target-
structures are highlighted in chapter 10.6 (vide infra).

10.3.1. Photocyclizations of Donor-Bridge-Acceptor
Molecules

10.3.1.1. PET Cyclization of Aromatic Oxoesters

PET cyclizations of donors-substituted phenylgloxylates have been inten-
sively studied by the groups of Neckers and Hasegawa. For the thioether
derivatives 1 the efficiency of the cyclization depended on the linker chain
length (Sch. 5) [18]. With increasing carbon tether (n=2-10) the yield
dropped steadily and secondary reductive dimerizations or Norrish Type 11
processes became competitive. Consequently, the C;;-linked substrate solely
underwent dimerization and cleavage [18b].

Hasegawa and Yamazaki investigated related amino-substituted
phenylgloxylates 3 [19]. In line with the corresponding thioethers, cycli-
zation exclusively occurred at the remote o position to nitrogen (Sch. 6).
This remarkably high regioselectivity has been assigned to the increased
acidity of the a-CH of the radical cation in combination with the close
donor-acceptor geometry prior to cyclization. The photoreaction of the
dibenzylated compound (R' =Ph, R?>=Bn) proceeded most efficiently due
to the benzylic stabilization, and the quantum yield for its disappearance
(®y) was determined to be unity. However, the higher efficiency for
cyclization caused a lower diastercoselectivity and a ca. 1:1 isomeric mixture
was obtained in total yield of 73%.

Photochemical reactions of alkenyl phenylglyoxylates have been
additionally studied but PET induced photocyclization only occurred
when alkenyl group was situated at a proper distance and in a suitable
configuration [20]. Otherwise, dimerizations, Norrish Type II cleavage and
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Paterno-Biichi reactions became dominate. Consequently, synthetic appli-
cations based on these derivatives are limited.

In recent publications, Hasegawa et al. were able to show that
aromatic [(-oxoesters are also capable for macrocyclization reactions
initiated via photoinduced electron transfer. Upon irradiation in benzene,
the thioether linked substrates 5 gave the eight-membered thia-lactones 6 in
moderate yields (Sch. 7) [21]. Cyclization occurred exclusively at the remote
position o to the heteroatom.

In contrast to that, regioisomeric azalactones (8) and lactones (9) were
obtained when the corresponding amino analogues 7 were irradiated in
benzene (Sch. 8) [22]. The photoproducts arising from hydrogen transfer
from the near side o to nitrogen were formed in only yields, and their
formation was totally suppressed by using twofold N-benzyl-substituted
starting materials. Obviously, the rigidity of the chromophore-bridge-donor
system is partly compensated for most of these derivatives which allows a
competing proton transfer from both sides of the nitrogen radical cation.

PET reactions of aliphatic dialkylamino acetoacetates were much
more sensitive towards the substitution pattern at the nitrogen atom and
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7 PET: hv, benzene 8 (25-52%) 9 (6-7%)
Scheme 8

solely derivatives carrying at least one benzyl group underwent effective
cyclization [23]. A similar behavior was observed for aromatic y-oxoesters
and only substrates incorporating terminal benzylamino substituents gave
the corresponding azolactones [24].

10.3.1.2. PET Cyclizations of Phthalimides

As noticeable from a number of reviews, the photochemistry of the
phthalimide system is attracting ongoing attention [25]. From the simple
alkylthio-substituted phthalimide derivatives (10) [26], the corresponding
unbranched azathiacyclols (11) were formed as major products (Sch. 9) in
moderate to good yields, thus reflecting the higher kinetic acidity of the
primary vs. secondary o-CH group. The only exception was the butylene-
linked substrate, which exclusively gave the branched product 12 by means
of geometrically favored e-CHj-activation.

Using the phthalimide/methylthioether-pair, a variety of photochemi-
cal transformations resulting in medium- and macrocyclic sulfur containing
amines, lactams, lactones, and crownether analogues, respectively, with a
maximum ring-size of 38 atoms have been described [26,27]. Scheme 10
summarizes some selected examples.

Photoinduced electron transfer reactions of aminoalkyl-substituted
phthalimides are highly exergonic, but since amines are potent hydrogen
donors, photoreductions are commonly observed side-reactions. The
product spectrum parallels that of the thioether case (vide supra) although
yields were in general lower [28]. Higher conversions and yields up to 39%
were obtained for dibenzylated amines [28c].

The progress of intramolecular PET-reactions involving alkenyl
phthalimides in essentially influenced by the solvent [29]. Upon irradiation
in MeCN, [r*+ c’J-addition to the C(O)-N bond takes place and
benzazepinediones are obtained. In alcohol, the intermediary formed radical
cation is trapped in an anti-Markovnikov fashion depending on the polarity
as well as the nucleophilicity of the solvent [30]. Recently, Xue et al.
described an interesting modification of the latter process using tetrachloro-
phthalimides with remote hydroxyalkyl substituents (13) [31]. During
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photolysis in benzene and in the presence of alkenes, the alkene radical
cation intermediate was trapped by the terminal hydroxy function, followed
by an intramolecular radical-radical combination to give macrocyclic
lactones, e.g., 14 in 50% yield (Sch. 11).

Griesbeck et al. have developed the decarboxylative photocyclization
(PDC) of phthalimido w-alkylcarboxylates (15) as a versatile route to
macrocyclic ring systems (16). The carboxylate serves as electron donor and
CO, is eliminated during the course of the reaction. Applying this concept,
the syntheses of medium- and macrocyclic amines, polyethers, lactams,
lactones, as well as cycloalkynes were accessible but the limitations
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concerning functional groups or maximum ring size have not been exactly
explored yet (Sch. 12) [32,33].

The efficiency and selectivity of the cyclization can be improved by
incorporating a suitable leaving group in a-position to the electron donor.
The trimethylsilyl-, trialkylstannyl, or carbonxylate function has been
utilized for this strategy [34].

10.3.2. Photocyclizations Initiated via Oxidative PET

An efficient photoinduced electron transfer initiated cyclization of
a-trimethylsilylmethyl amines has been systematically evaluated by
Pandey et al. [35]. Using this strategy, various mono- or bicyclic amines
have been constructed via o-trimethylsilylmethyl amine radical cations
(Sch. 13). The photosystem employed to generate this reactive intermediate
utilized 1,4-dicyanonaphthalene (DCN) as the light harvesting electron
acceptor. Extrusion of the a-trimethylsilyl group and subsequent cyclization
to a tethered m-functionality gave the corresponding N-heterocycle.

In a series of publications, Pandey et al. described a variety of
synthetic applications of this PET-mediated cyclization and, for example,
the syntheses of (&)-isoretronecanol [35a], (£)-epilupinine [35a], and 1-N-
iminosugars [35¢c—¢] have been realized.

A similar radical cyclization reaction of unsaturated amino acid
derivatives has been recently reported by Steckhan et al. [36]. The PET-
catalyzed cyclization reaction proceeds under mild conditions using 9,10-
dicyanoanthracene (DCA) as sensitizer and biphenyl (BP) as co-sensitizer
(Sch. 14). The diastereoselectivity of the cyclization step was found to be
moderate to high depending on the substitution pattern of the starting
material. In almost all cases examined, the trans-diastercoisomer was
predominately formed.

An elegant example of the latter reaction was its application to peptide
chemistry for inducing structural changes within the peptide chain. Peptide
23 readily cyclized to the 4-methylproline-containing derivative 24 in 64%
yield (Sch. 15). The diasterecoisomeric ratio was found as 2:1 in favor of the
cis-isomer for this example. The cis-selectivity reflects the approach of the
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intermediate radical towards the double bond which is determined by
the predominant conformation of the peptide chain. Based on changes in the
CD spectra it was concluded that a change of the secondary structure had
occurred during the PET transformation of 23 to 24.
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PET activations of cyclic tertiary amines utilizing 1,4-dicyanonaphtha-
lene (DCN) as electron acceptor have been studied by Pandey et al. [37]. The
iminium cationic intermediates are generated via a electron—proton—electron
(E-P-E) transfer sequence in a highly regiospecific fashion and as an
example, tetrahydro-1,3-oxazines (26) were synthesized from substrates 25
with high control of regio- and stereoselectivity (Sch. 16).

The synthetic value of these transformations was further demonstrated
through the synthesis of optically active a-alkyl piperidines or a-amino acid
derivatives, respectively [37].

PET cyclizations of B,y-unsaturated oximes (27) have been established
by Armesto and Horspool [38]. This 9,10-dicyanoanthracene (DCA)
sensitized reaction provides an efficient route for the synthesis of
dihydroisoxazole derivatives (28) in reasonable to good yields (Sch. 17).
Key step in the mechanistic scenario is an electron transfer from the oxime
group to DCA in its excited singlet state. The radical cationic intermediate
thus generated undergoes subsequent exo-cyclization with the olefinic
moiety. Further, proton and electron transfer steps complete the reaction. A
major limitation of this process is the restriction to molecules incorporating
two aryl groups [38a].

Mattay et al. examined the regio- and stereoselective PET-cyclization
of unsaturated silyl enol ethers using DCA or alternatively DCN as
sensitizers [39]. The regiochemistry (6-endo vs. 5-exo) of the cyclization
could be controlled via the solvent applied. In the absence of a nucleophilic
solvent such as alcohol the cyclization of the siloxy radical cation to 30
dominates, whereas the presence of a nucleophile favors a reaction

2 OH PET n OH n o
—_— | ——
N\/’/ NJ N\J
R R R

25(n=1,2;R=Alkyl) PET: hv, DCN, H,0/MeCN 26 (88-92%)

Scheme 16
.-+
HO HO_
N N —0
PET | Ar
XY T | R T R
Ar Ar Ar
27 PET: hv, DCA, MeCN 28 (35-64%)

Scheme 17
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pathway to 31 via the corresponding a-keto radical (Sch. 18). The resulting
stereoselective cis ring junction is due to a favored reactive chair-like
conformer with a pseudeo-axial arrangement of the substituents. However,
recent investigations on the mechanism of the latter pathway indicated that
solely the differing rate for saturation of the intermediate causes this solvent
sensitivity [40].

As an extension of this work, Mattay et al. have used this metho-
dology for the construction of unnatural steroid analogues [41]. The
polycyclic framework was build-up via a cascade cyclization of the silyl enol
ether 32 using DCA as sensitizer (Sch. 19). The two major products 33 were
formed with remarkable high trans, anti-stereoselectivity.

A versatile strategy for efficient intramolecular a-arylation of ketones
was achieved by the reaction of silyle enol ethers with PET-generated arene
radical cations. This strategy involved one-electron transfer from the excited
methoxy-substituted arenes to ground-state DCN [42]. Pandey et al.
reported the construction of five- to eight-membered benzannulated as
well as benzospiroannulated compounds using this approach (Sch. 20) [42a].
The course of the reaction can be controlled via the silyl enol ether obtained
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from the starting ketone 34. The thermodynamically controlled silyle enol
ether gave the branched cyclization products 35, whereas kinetically
controlled silyl enol ethers lead to the unbranched substrates 36.

Demuth et al. recently developed an efficient radical cationic
cyclization of functionalized polyalkenes using 1,4-dicyano-tetramethylben-
zene (DCTMB) as an acceptor and biphenyl (BP) as co-sensitizer [43]. The
transformation is in general highly stereo- and chemoselective and the
substitution pattern of the polyalkene allows the construction of either five-
or six-membered rings (Sch. 21). So far, this methodology has been applied
for the synthesis of several natural products such as stypoldione,
hydroxyspongianone and abietanes, respectively [43].

A new synthetic pathway for the construction of cyclic acetals (41)
from homobenzylic ethers (40) has been recently developed by Floreancig
et al. [44]. The electron transfer initiated oxidative cyclization is efficiently
catalyzed by N-methylquinolinium hexafluorophosphate (NMQPE) in the
presence of oxygen (Sch. 22). For gram-scale preparations solid Na,S,0;
has to be used as an additive to suppress decomposition caused by the
reactive oxygen species involved.
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The electron transfer photochemistry of geraniol (42) employing DCA
and 1,4-dicyanobenzene (DCB) as sensitizers has been examined by Roth
et al. [45]. The course of the reaction is controlled by the energy of the
electron transfer step and thus by the sensitizer applied (Sch. 23).

The marginal driving force (AG=-0.2¢V) of the DCA sensitized
reaction in CH,Cl, causes the formation of contact radical ion pairs
(CRIPs) The close proximity to the sensitizer forces the predominant
formation of the cis-fused radical cation and ensures fast back electron
transfer to the cyclized radical cation. Further, transformation give the
cyclopentane derivative 43 in good yield. In contrast, the photoreactions
involving DCB are exergonic with AG =—0.7eV in MeCN which favors the
generation of solvent-separated radical ion pairs (SSRIPs) but lowers the
stereoselectivity of the primary cyclization step. Due to the reduced back
electron transfer efficiency, secondary cyclization takes place. Subsequently,
reduction or coupling with the sensitizer radical anion gives mixtures of the
diastereoisomeric 3-oxabicyclo[3.3.0]octanes 44.
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10.3.3. Photocyclizations Initiated via Reductive PET

The synthesis of bicyclic cyclopentanols (46) via photoreductive cyclization
of d,e-unsaturated ketones (45) has been realized by Belotti et al. using
hexamethylphosporic triamide (HMPA) or triethylamine (TEA) as electron
donor [46]. The photocyclization proceeded remarkably efficient when
HMPA was used as donor and solvent (Sch. 24). Furthermore, only one
stereoisomer was obtained carrying methyl and hydroxy groups in trans-
configuration. In contrast, the yields for cyclization dropped significantly
when TEA in a polar solvent such as acetonitrile was used. As an example,
the yield for 46 (n=1) decreased from 81% in HMPA to 50% in TEA/
MeCN.

The PET-cyclization of 2-bromomethyl-2-(3-butenyl)benzocyclic-1-
alkanones developed by Hasegawa et al. can be regarded as a related
version of the latter reaction [47]. In sharp contrast to thermal reactions
involving Sml, [47a], irradiations of 47 in acetonitrile and in the presence of
1,3-dimethyl-2-anisylbenzimidazoline (DMABI) afforded the 5-exo cycliza-
tion products (48) in good yields (Sch. 25).

Mattay et al. used triethylamine as electron donor in tandem
fragmentation/cyclization reactions of a-cyclopropylketones (49) [48]. The
initial electron transfer to the ketone moiety is followed by subsequent
cyclopropylcarbinyl-homoallyl rearrangement yielding a distonic radical
anion (50). With an appropriate unsaturated side chain attached to the
molecule both annelated and spirocyclic ring systems are accessible in
moderate yields. Scheme 26 shows some representative examples.

Pandey et al. recently developed two useful photosystems for one-
electron reductive chemistry and applied them to the activation of aldehyde

o OH i
—_——
n n
H

45(n=1,2) PET:hv, HMPA 46 (76-81%)

Scheme 24
47 (n—l 3) PET: hv, DMABL, MeCN 48 (57-60%)
Scheme 25
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Ph3P_O 4—— Ph3P C/\;T
PhsP DCA™ O;\"/
=, o
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Scheme 28

or ketones tethered with activated olefins (55) [49a] and a,B-unsaturated
ketones (56) [49b], respectively (Sch. 27).

Key-step in the mechanistic scenario is a primary electron transfer
process involving a sacrificial electron donor as exemplary shown for the
triphenylphosphine case in Sch. 28. The 9,10-dicyanoanthracene radical
anion (DCA'™) thus generated undergoes a secondary thermal electron
transfer to the unsaturated ketone. The resulting carbon-centered radical or
radical anionic intermediate, subsequently cyclizes stereoselectively with a
proximate olefin. The observed 1,2-anti-stereochemistry of the C—C bond
formation step contrasts with the commonly observed syn-stercoselectivity
of 5-hexenyl radical cyclizations. As sacrificial electron donors, the
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R? R
ArO_ A0~ R!
N R? PET NOPPR +HS N
3 w 3 [
R R! R3 R}
59 (Ar = p-C¢H4CN) PET: hv, DMN, 1,4- 60 (13-78%)

cyclohexadiene, MeCN

Scheme 29

ascorbate ion, combination with 1,5-dimethoxynaphthalene (DMN) as
primary electron donor, or triphenylphoshine have been applied.

The versatile applicability of this photocyclization concept was
demonstrated through the synthesis of important structural frameworks
as for example triquinanes [49a] or furanosides [49b], respectively.

Photochemical transformations of y,6-unsaturated oximes ethers (59)
to 3,4-dihydro-2H-pyrrole derivatives (60) have been developed by
Mikami and Narasaka [50]. Irradiations were performed in the presence
of 1,5-dimethoxynaphthalene (DMN) as sensitizer and 1,4-cyclohexadiene
as hydrogen source. Mono- and bicyclic products were obtained selectively
by 5-exo cyclization in moderate to good yields (Sch. 29).

10.4. SYNTHETIC POTENTIAL: REACTIVITY AND
SELECTIVITY PATTERN

Depending on the structure of the starting material and the course of the
reaction, at least one new stereogenic center is produced during the PET
cyclization. Due to the involvement of excited-states and thus different spin
multiplicities (single vs. triplet), the analysis and predictability of the regio-
and stereoselectivity of the bond formation step has often been regarded as
difficult and problematic. Recent investigations have led to a wider
understanding in the stereochemistry of photochemical processes in general
[51], and new concepts as spin-selectivity [52] or photochirogenesis [53] have
been established.

10.4.1. Regioselectivity

For donor-bridge-acceptor systems, the regioselectivity of the C—C bond
formation step critically depends on the position of the donor moiety along
the tether chain and thus of the ring-size of the product. Conformational
restrictions by certain functional groups within the tether can further
influence the selectivity [12].
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Contradictory results on the regioselectivity for cyclization have been
reported for the amino substituted phenylglyoxylate 61 (Sch. 30). According
to one report, the C—C bond formation of this particular compound
occurred selectively and with 77% yield of 62 at the near side o to nitrogen,
and this divergent behavior was attributed to the geometry imposed by the
heteroatom to the conformations of the corresponding intermediates [18a].
In contrast to that report, it was described that 61 underwent solely remote
photocyclization although the yield of 63 was significantly reduced with 44%
[19]. The latter authors also extended their study to other derivatives and
always observed similar regioselectivities, thus underlining the differences in
kinetic acidity in combination with a close donor—acceptor geometry.

One strategy to overcome the regioselectivity problem and to enhance
the efficiency for the photocyclization is the use of a suitable leaving
group in o-position to the donor (Sch. 31). The intermediate donor
radical-cation formed after electron transfer subsequently undergoes
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SiMe;
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Scheme 32

secondary a-fragmentation to its corresponding radical. Among the
a-fragmentation processes that have been widely used for amines are
base-promoted retro-Mannich cleavage (64 — 65), unimolecular decarboxy-
lation (66 — 65), silophile-induced  desilylation (67— 65), and
destannylation (68 — 65), respectively [34b,54].

However, the efficiency of the latter strategy decreases when other
potent electron donors are present in the donor-acceptor system. An
illustrative example is the mixed ether/thiotether-linked phthalimide 69,
which yielded the branched macrocyclic compound 71 arising from
competing sulfur oxidation as main product (Sch. 32) [55].

Another approach for regioselectivity control, which additionally
circumvents the incorporation of the donor group into the product ring
system, makes use of a terminal dithiane or dithiolane group as directing
electron donor [56a]. However, the latter concept failed of the correspond-
ing phenylglyoxylates possibly due to steric hindrance imposed by the
dithianyl or dithiolanyl group, respectively [56b].

10.4.2. Diastereoselectivity

The stereochemistry generated via the cyclization step is in general
controlled by the geometry of the corresponding intermediate and thus,
especially by the ring-size of the product [51]. In addition to recent attempts
to predict the stereochemical outcome via computer simulations [57],
the analysis of the product-stereochemistry is still essential. This is especially
important since the stereoselectivity seems often obscure and does not
always match with intuitive expectations. Additionally, even small changes
in the substitution pattern of the starting material can drastically influence
or even reverse the seterochemistry of the C—C bond formation step.

A representative and interesting example for the dependency on
the product’s ring-size is the PET-cyclization of alkene-silylamine deriva-
tives as described by Pandey et al. (Sch. 33) [35a]. 1,5-Cyclization (19,
n=1) predominantly gave the cis-isomer whereas the corresponding
1,6-cyclization (19, n=2) yielded the opposite trans-isomer, respectively.
Both findings were rationalized by chair-like transition states.
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Recently, Inoue et al. have established the concept of multidimensional
control of asymmetric photochemistry [58]. Applying this strategy, the pro-
duct stereoselectivity can be inverted by environmental factors such as the
temperature, pressure or solvent, and this control has been interpreted
in terms of the contributions of both enthalpy (AH i) and entropy (AS i).
Although originally designed for enantiodifferentiating photosensitization of
cycloalkenes [58], Miranda et al. were able to apply it to PET cyclizations of
o-allylaniline derivatives [59]. In particular, irradiations at different tem-
peratures revealed a significant entropy-controlled diastereoselectivity for
compound 72 and the equipodal temperature was found at 292 K (Sch. 34).

10.4.3. Enantioselectivity

Highly selective cascade cyclizations of terpenoid polyalkenes via photo-
induced electron transfer have been accomplished by Demuth et al. 1,4-
Dicyanotetramethylbenzene (DCTMB) and biphenyl (BP) were applied as
electron-acceptor couple and a spirocyclic dioxinone/(—)-menthone pair
was used as chiral auxiliary [43c,h]. Although this directing group was
placed in a remote location from the initiation site of the reaction, cyclization
gave the enantiomerically pure cyclic terpenoids (75) through exclusive
diastereofacial differentiation (Sch. 35). The efficient remote asymmetric
induction is hereby most likely induced by enantioselective chiral folding of
the polyalkene chain. Noteworthy, eight stereogenic centers were created in a
single step and only 2 out of 256 possible isomers were formed.

The phenomenon of memory of chirality [60] was recently extended
to PET-cyclization reactions. An interesting example was the highly
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selective synthesis of pyrrolobenzodiazepines and photolysis of the
proline derivatives 76 gave 77 with high enantiomeric excess (ee) values
(Sch. 36) [61]. A reasonable explanation of this remarkably high memory
effect was based on the restricted rotations about the amide C-N and the
arene-N bonds in 76. Consequently, when the ortho-phenylene linker
was replaced by the conformationally more flexible ethylene linker,
chirality memory vanished and a mixture of stereoisomeric products was
obtained [61c].

10.5. REPRESENTATIVE EXPERIMENTAL PROCEDURES
10.5.1. General Remarks

The large variety of different PET-approaches for cyclizations results in a
number of specific experimental procedures. Nevertheless, most of these
procedures are relatively simple and vary mainly in the photochemical
equipment applied and the composition of the starting material. As in any
photochemical reaction, certain experimental features must be considered.
To circumvent further photodecomposition of the desired product, a
suitable wavelength should be selected which avoids absorption by the
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Scheme 37

product. In general, the choice of the right light source together with a
proper filter can drastically influence the outcome of the photochemical
transformation.

Illustrative examples for the latter precaution are the contradictory
results on PET cyclizations of nonactivated alkene-silylamine systems as
independently reported by the groups of Pandey [35a,b] and Mariano [62]
(Sch. 37). In his study, Mariano obtained the pyrrolidinone 78 when he
repeated the DCN-sensitized irradiation of 19 under condition which closely
matched those of Pandey. Aware of this obvious discrepancy, Pandey
launched a detailed study on the experimental conditions of this application.
After he proofed the correctness of his earlier results and even extended the
photoreaction to other nonactivated systems, he concluded that the only
significant difference in the experimental conditions used by Mariano was a
gap of ca. 40 nm in the applied wavelength.

In addition to common light-sources as e.g., medium or high pressure
mercury lamps two alternative techniques deserve further mentioning.
Griesbeck et al. have recently realized photoreactions in multigram
quantities using a commercially available 60 cm 3kW XeCl excimer lamp
[63]. Furthermore, isolated examples of photocyclizations using solar
radiation [27a,43] either direct or concentrated sunlight have appeared in
the literature [64]. Due to the growing demand for alternative and environ-
mentally friendly technologies, a growing number of future large-scale
applications can be expected from both applications.

10.5.2. Radical Cationic Photocyclization of the
Oligopeptide (23) [ >345 nm Photolysis on a
0.1 mmol Scale] [36]

i-Bu iBu
" H hV>345nm FMoc., )jr
mm)ﬁr )ﬁr A J\[r \)L e N\)L
R | DCA,BP, )Y -
MeOH/MeCN 0 iBu
23 24 (64%)
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A solution of the oligopeptide 23 (95 mg, 0.1 mmol), biphenyl (4 mg), and
9,10-dicyanoanthracene (4mg) in 50mL of MeOH/MeCN (2:3) was
irradiated for 1h under argon with a 1000 W xenon arc lamp (4 >345nm).
The crude product was purified by flash chromatography yielding 56 mg of
a 2:1 mixture of cis- and trans-24 (64%).

10.5.3. Radical Anionic Photocyclization of the
a-Cyclopropyl Ketone (79) [300+20 nm
Photolysis on a 0.9 mmol Scale] [48b]

The PET-reaction of 79 (150 mg, 0.92 mmol) with TEA (1.0 g) in acetonitrile
(12mL) was conducted using a Rayonet photoreactor fitted with 300 4+
20nm lamps. After roughly five days of irradiation, the solvent was
evaporated and 40mg of 80 were isolated (27%, purified by column
chromatography).

H

hv30nm o :
oA e [ =o

TEA, MeCN =

80 (27%)

10.5.4. Photodecarboxylative Cyclization of the
N-Phthaloylanthranilic Acid Amide of L-Leucine (81)
[308 nm XeCl Excimer Photolysis on a 32 mmol
Scale] [63b]

[e) [¢)
N N OH
hv308am
0 EEEE— i-Bu
H H,O/acetone NH
\-COK
le} (o)
i-Bu
81 82 (52%)
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Table 1.
Target structure yield
of class Photochemical key-step [%] Ref.
bcrbcrinc (analog) 30*3 1 [66]
CL Jﬁ —>0Me
oMe n=1lor2
(+)-epilupinine = n.g. [3521]
H :OH SxMe };I :
| U 2
N
(+)-isofagomine 60 [35C,d]
OH 4
Bn
Ho:é Xoﬁ SIMC:__> >< r&
HO' H
conine HO, Ph 80 [373]
QX — X
68 [42b]
20-30  [43b]
HO'
R = CH;0Ac, COEt
27 [68]
HQ
. o aﬁ:& _ (trans: 595)
H
.(‘,’-fUrgénositfl? = \/\COzMe RO™ "0 . 25 [49b]
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A detailed description of the excimer set-up is given in reference [63a].
The potassium salt of 12 g (31.7mmol) N-phthaloylanthranilic acid amide
81 was irradiated in ca. 2000 mL of water/acetone (40:1) for 3 h. The crude
reaction mixture was extracted with ethyl acetate, the combined organic
layers were dried over MgSO, and evaporated to give 5.5g of the
pyrrolobenzodiazepine 82 (52%, 4:6 trans:cis-mixture). Alternatively, a
Rayonet photochemical reactor equipped with phosphor coated
300 & 10 nm lamps can be used for reactions on a smaller scale.

10.6. TARGET MOLECULES: NATURAL AND
NONNATURAL PRODUCT STRUCTURES

Numerous applications of PET cyclization reactions in organic synthesis
appeared over the last years [65], and we have tried to summarize important
target compounds in the following Table 1. Since most preparations follow
multi-step procedures, we have additionally included the photochemical
key-step. The interested reader may refer to the original article for further
details.
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11.1. HISTORICAL BACKGROUND

The first example of an 1,4-endoperoxide by photo-oxygenation was
reported in 1928 by Windaus and Brunken [1] who obtained the peroxide of
ergosterol by irradiation in the presence of oxygen and a dye (eosin) (Sch. 1).

More than 40 years later did two different groups [2,3] isolate [2+2]-
cycloadducts (1,2-dioxetanes) by photo-oxygenation of alkenes shortly after
Kopecky had synthetized the first stable dioxetanes by base-catalyzed
cyclization of a-bromohydroperoxides (Schs. 2,3) [4].

Since these pioneering works a considerable number of conjugated
dienes or alkenes have been photo-oxygenated and have led to the
corresponding endoperoxides [5] or 1,2-dioxetanes [6]. A large part of
these compounds prove stable enough to be isolated and characterized. In
many cases they have been trapped by suitable reagents or postulated on the
basis of the resulting oxygenated products. However, the synthetic potential
of [4+2] and [2+42] photo-oxygenation reactions was recognized early and
an enormous number of applications are reported in literature.

Photo-oxygenation is a process which usually combines a substrate,
light, oxygen in the presence of a sensitizer. The electronically excited
sensitizer can either activate the substrate by energy or hydrogen transfer
which in turn reacts with molecular oxygen (type I) or activates the oxygen
to singlet excited-state oxygen which then reacts with the substrate (type II)
[7a]. A recently defined Type III-process is also possible involving substrate
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radical cations or superoxide radical anion [7b—d]. Proper choise of the
reaction conditions can discriminate among the various possibilities. Thus,
dyes, sun lamps, halogenated or deuterated solvents, and low temperatures
favor II type reactions. The latter reactions, due to the mild experimental
conditions as well as the generally high selectivity of the oxygenating species
(singlet oxygen), represent a potent means to introduce oxyfunctionaliza-
tions in organic material. Singlet oxygen can react with unsaturated
substrates by [4+2] or [2+2] or ene-mode (Sch. 4) or with heteroatoms as
sulfur or undergoes physical quenching [8].

Its involvement can be easily confirmed through experimental
techniques which include quenching with 1,4-diazabicyclo[2.2.2]octane
(DABCO) or B-carotene, increasing of reaction rate in deuterated solvents,
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Scheme 4

identical product distribution with different sensitizers, competitive inhibi-
tion with singlet oxygen acceptors as tetramethylethylene [5a,8a]. The
frequently used sensitizer-solvent systems are tetraphenylporphine (TPP)
or 5,10,15,20-tetrakis(pentafluorophenyl)porphine (TPFPP) in dichloro-
methane, Rose Bengal (RB) or methylene blue (MB) in methanol, polymer-
bound Rose Bengal (Sensitox) in acetone [5b,c,8a]. The use of halogenated
or deuterated solvents and low temperature are recommended to accelerate
the peroxide formation and minimize that of probable radical-derived by-
products. The use of filters to remove ultraviolet light or a lamp with low
ultraviolet content is useful in preventing UV-initiated rearrangement of the
peroxides [5b,c,8a].

Most reactions reported in this chapter are of Type II involving singlet
oxygen in the first electronically excited state (' A,) and, in particular, photo-
oxygenation of [442] and [2+42] type will be illustrated. Excellent books
[5,6,8] and reviews [9] cover the extraordinarialy wide literature on the
mechanistic and synthetic aspects of these reactions, and in the recent years
attention has been given to the stereochemical aspects, especially in view of
the application of these reactions in asymmetric synthesis [10].

11.2. [4+2] PHOTO-OXYGENATION
11.2.1. State of Art Mechanistic Models

Due to the topographical similarity to the Diels—Alder reaction, the addition
of singlet oxygen to conjugated systems is generally described as a concerted
reaction ([4n+2m]-cycloaddition). Actually, the frontier MO theory applied
to the reaction with naphthalenes and other polycyclic aromatic compounds
shows good correlations between the highest occupied molecular orbital
(HOMO) on the diene system and the lowest unoccupied molecular orbital
(LUMO) on singlet oxygen [11]. However, over the years the assumption
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of a simple concerted reaction has been shown limited in perspective and a
variety of mechanisms has been proposed which vary from concerted (A) to
nonconcerted (B) and include diradical (C) and/or open-chain zwitterionic
intermediates (D) or perepoxide (E) (Sch. 5) [5,8b].

The intermediacy of a perepoxide which had been proposed on the
basis of MINDO/3 [12] has been excluded by successive theoretical
calculations on the 1,4-cycloaddition of singlet oxygen to s-cis-1,3-butadiene
[13]. On the basis of this investigation, a diradical intermediate has been
found on the lowest energy pathway to the 1,4-adduct [13]. However, a very
recent work [14] suggests a concerted—even if highly nonsynchronous—
mechanism in the formation of the cyclohexadiene endoperoxide. The
debate still continues and the multiplicity of versions reflects a general
problem in scrutinizing reactions of electronically excited molecules such as
singlet oxygen by theoretical methods.

From the experimental perspective, most of the data (the lack of
appreciable solvent effects [15], the stereospecificity observed in different
reactions [16], the effects of the substituents [17]) are consistent with the

Copyright © 2005 by Marcel Dekker



Photo-oxygenation of the [4+2] and [2+2] Type 303

concerted mechanism. However, the formation of methanol-trapping
products [18] or the nonstereospecificity observed in some cases [18b]
indicate that stepwise mechanisms proceeding through open zwitterion or
biradical intermediates are feasible as well. The reversible formation of
exciplex intermediates has been also proposed (F, Sch. 5) [19]. In particular,
kinetic data of singlet oxygen [4+2] cycloaddition with furans and cyclopent-
adienes suggest that this step is followed by a symmetrical and unsymmetrical
concerted collapse to the [442] cycloadduct depending on the substrate
(only symmetrical furans react symmetrically) and/or solvatation [19b]. The
reversible formation of an exciplex as the primary reaction intermediate also
accounts for the near-zero activation energy found in the singlet oxygen
[442] cycloaddition [20] and for the solvent insensitivity [15], as well as for
the stereochemical results [10]. So, this species appears to describe best and
in a unifying manner the reaction mechanism.

11.2.2. Chemoselectivity

1,4-Addition of singlet oxygen can compete with the ene-reaction in the
presence of allylic hydrogens or with the 1,2-addition particularly in the
presence of heteroatom substituents which have a pronounced activation
effect on dioxetane formation. However, the reactivity pattern can often be
predicted with a detailed knowledge of electronic and structural factors
which promote one type of reactivity at the expense of the other. [4+2]-
Cycloaddition is favored by even little amounts of cis-conformer but it can
be surpassed by ene reaction in the presence of an easy to ionize olefinic
linkage (tri- or tetrasubstituted double bond). Due to its electrophilic
character, singlet oxygen prefers ro react with electron rich bonds [21]. Thus,
only a-mircene 1 gives endoperoxide 2 (79% yield) [17], while for 3 the
attack at the more substituted bond occurs leading to ene-adducts 4 and 5
(25-35% and 50%, respectively, by I.R.) [22] (Sch. 6).

O

1 ~0

W 02 )\/\J/\)
NS

1 2 (79%)
OOH
)\/\)J\/ 0, )\(\)L/ + W
OOH
3
4 (25-35%) 5 (50%)
Scheme 6
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In spite of the small dimensions of singlet oxygen, steric interaction
also plays an important role. Singlet oxygen attacks both compounds 6 and
8 at the less hindered face. However, only the oxygenation of compound
6 affords the endoperoxide 7 [23b] while in the other case it leads to
ene-adducts 9 and 10 (Sch. 7) [23a].

The absence of an endoperoxide formed by approach to the sterically
less hindered a-face of 8 has been assigned to a severe 1,3-interaction as
shown in 11 (Sch. 7). It appears more likely that the high chemoselectivity is
due to a correct orthogonal alignment of the allylic hydrogen to the olefinic
plane, and this is a condition which strongly favors the ene reaction [9a]. The
distance between the terminal carbons CI1-C4 appears equally important in
determining the rate of 1,4-addition [16a,24]. Therefore, too large a distance
would be responsible of the poor 1,4-reactivity of the dienes 12 and 15 as
these preferentially undergo [2+42] addition which is favored by the presence
of the heteroatom substituents (Sch. 8) [24]. Even, the 1,4-unsubstituted
diene 19 is recovered unchanged.

11.2.3. Stereochemistry

Owing to the inherent lack of stereochemical features in the singlet
oxygen molecule, stereoselectivity is directed by the substrate. In view of the
formal analogy to the classical Diels—Alder reaction, a stercochemical
requirement imposed by the concerted mechanism is that the configura-
tion of the diene system is retained in the cycloadduct, as occurs for diene
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20 which gives the peroxide 21 stereospecifically, with 92% of yield [17]

(Sch. 9).

This control, however, can be tested only in acyclic dienes, which lack

of the conformational rigidity of cyclic substrates.

Loss of the stereo-

chemical information could be due to isomerization of the starting diene

[18b,19¢], to two-step processes [1§],

or to the reversible formation of

an exciplex which, depending on the substrate structure, may have a

zwitterionic and/or diradical character [19].

For plane-nonsymmetric dienes, either acyclic or cyclic molecules,
there is an additional stereochemical feature which is the n-facial selectivity.
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The attack of singlet oxygen occurs generally at the less hindered of the
two different faces, as highlighted in Sch. 7, and this sensitivity to steric
control accounts for the high m-facial selectivity generally observed in
the photo-oxygenation of polycyclic substrates [8d]. However, efforts
have been made to evaluate the m-facial directing effects of functional
groups on the attack. These effects may be steric but also electronic
(attraction, repulsion, H-bonding interaction), and their knowledge may be
used for prediction and control of the stereoselectivity and, hence, is
essential for preparative purposes, particularly in the synthesis of natural
products.

In the reaction of compounds 22, which have diene moieties embedded
in rigid polycyclic frames, the carbonyl-face selectivity is completely
reversed through protection of the carbonyl groups as mono- or bis-acetals.
This suggests the use of protecting groups as stereodirectors (Sch. 10) [25].

The tert-butyldimethyl silyl group also behaves as stereodirecting
group since it enhances the diastereofacial selectivity significantly in the
endoperoxidation of dienes 25. (Sch. 11) [26].

Indeed, the photo-oxygenation of 25a leads to endoperoxides 26a
and 27a (total yield 80%) with the B-isomer 26a resulting from the
attack at the face opposite to the silyl group as the dominant product
(54:1). In comparison, the reaction carried out on the desilylated 25b
affords the corresponding B- and a-endoperoxides 26b and 27b in a ratio
of 3:2 [26].

Cyclobutane

face
102
102
Carbonyl
face
X Y 23 24
CcO (o]0 78 22
C(OMe),  CO - 100
CcO -OCH,CH,O- 14 86
Scheme 10
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Adam has found that in compounds 28 the reaction occurs with a
diastereoselectivity anti:syn >90:10, whatever the substituent, and, hence,
the stereocontrol is exclusively by steric bias (Sch. 12) [10d].

The loss of stereochemical control in the oxygenation of the
isodicyclopentadiene derivative 29, even compared with typical carbon
dienophiles, cannot be due to steric factors by the norbornane ring, since
remote, and has been rationalized in terms of electronically facilitated
reversal of the exciplex on that n-face which is most conducive to bonding in
the first instance (Sch. 13) [27].

In particular, it has been suggested that the higher selectivity of 28
than 29 is due to its higher activation and, hence, higher reactivity [10d].

In chiral molecules as 30, in addition to steric and electronic factors,
energies of different rotamers can come into play and have to be considered.
So, by oxygenation of a series of chiral naphtalene derivatives 30, a
significative stereoelectronic control has been highlighted, particularly by a
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hydroxy group, which has been explained on the basis of the mechanistic
picture in Sch. 14 [10d].

Since in naphtalene substrates a steric interaction exists between the
substituent at the stereogenic center and the peri H, the preferred
conformations A and B bear the small hydrogen substituent proximate to
this atom so that the attack of oxygen can be controlled by steric and
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electronic factors. The small dimensions of the OH group and its attractive
interaction with the incoming oxygen can account for the favored [like-
attack [10b,d]. The determinant role of H-bonding is confirmed by the low
selectivity observed when protecting the free hydroxy group (Sch. 14,
X=0Me) or when the reaction is performed in methanol (/-31:
u-31 =55:45) [10b]. The unlike-selectivity for X = CO,Me (but also for Br,
Cl, SiMe;, COOH) might be due to electrostatic repulsion in the [like
approach between the negatively charged 'O, and the electronegative
substituent. The steric bias alone is not particularly effective as shown by the
poor (66:34) selectivity in the photo-oxygenation of tert-butyl-substituted
derivative.

Different from the naphthyl alcohol, the presence of a hydroxy-
substituted stereogenic center in acyclic diene 32 appears to scarcely affect
the diastereoselectivity (Sch. 15) [10d].

Due to the absence of appreciable allylic strain, the diastereoselectivity
might be primarily determined by stereoelectronic effects with a preference
for one of the conformations. The moderate control may be accounted for
by a reduced sensitivity of singlet oxygen towards stereoelectronic factors.

1 |2
§ Oz o)
HzC™ OX HzC~™ "OX
32
X dr
a; H 54:46
7 ke b: Me 32:68 (u)
— c; SiMes 31:69 (u)
4
(0)4
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Gy Sg [
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H R
A B C
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Scheme 15
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So, due to the high reactivity, it captures the various rotamers of the
substrate, all of which are populated in the ground state (Sch. 15) [10d].
More satisfactory results have been achieved by steric control using optically
active 2,2-dimethyloxazolidines as chiral auxiliaries (Sch. 16) [10c].

As shown in the corresponding Table, the oxygenation of the amides
33 occurs with a n-facial diastereoselectivity which increases with increasing
branching at the o-carbon atom of the R' group (CH,Ph~ CH,NPh <
i-Pr < Ph). Complete stereochemical control (diastereomeric ratio > 95:5) is
achieved for 33e where the two methyl adjacent to the C-4 position force the
phenyl group of the benzyl substituent to be placed directly over the reacting
diene moiety [10c].

11.2.4. Scope and Limitations
11.2.4.1. Cyclic Dienes

Endoperoxidation is the preferred process for cyclic dienes, and simple five,
six, seven, and eight membered ring aliphatic dienes lead, by photo-
oxygenation, only to the corresponding endoperoxides which, except for
that of cyclopentadiene, are quite stable (Sch. 17) [28].

There is, however, about a tenfold decrease in the rate constant when
the ring size is increased by one methylene unit [29], and an ideal C1-C4
distance is responsible for the impressive reactivity of cyclopentadiene in
comparison to larger cyclic homologues [16a]. Electron-donating substitu-
ents enhance the reactivity, and for 1,3-cyclopentadiene derivatives
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the [4+2]-cycloadduct is still the only product even in the presence of alkyl
[10d,30] or aryl [30] substituents. For higher homologues the extent of the
reaction depends on the factors reported above as the substitution site and/
or steric shielding. Thus, the two alkyl groups at positions 1 and 4 favor the
formation of the endoperoxide from o-terpinene 35 [31a] while it is less
dominant from compound 36 with one alkyl group at position 2 [31a,b] or
in the 1,4-unsubstituted diene 37 [31c] (Schs. 18-20).

Endoperoxides derived from cyclohexa-1,3-dienes are the most
abundant in this category due to the greater stability compared to their
analogues and to the substrate availability [5¢,8d]. This subunit is present in
a great number of terpene and steroid products. Most of steroid
endoperoxides are 5,8-derivatives in which the oxygen bridge has the
a-configuration [1,5¢,8d]. The steric demand of the methyl at C-10 appears
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to determine upon which face of the steroid singlet oxygen attacks, so,
the formation of B-endoperoxides is found in steroids with a-methyl group
at C-10 [5¢,8d,32].

Photo-oxygenation of 1,3,5-cycloheptatrienes 39 which can undergo
valence tautomerization to norcaradiene isomers, leads to the bicyclic
endoperoxides 40 and/or tricyclic derivatives 41 depending on the steric and
electronic nature of the substituents (Sch. 21) [33].

In particular, in the reaction of 7-substituted trienes 39, if R' is more
bulky than R?, the norcaradiene endoperoxide 41 is favored, especially with
n-electron acceptor substituents (CO,R, COR, CONH,), while the
tropilidene endoperoxide 40 is the only one formed with substituents with
n-clectron donor ability, such as OMe [33c—]. Starting from asymmetric
compounds, complex mixtures of endoperoxides are formed depending on
the location and type of substituent [5c,33a,b]. A good example of high
regioselectivity (but inverse) m-facial selectivity has been found in the [4+42]
photo-oxygenation of colchicine 42 [34a] and its isomer isocolchicine 44
[34b] which gave stereoselectively the tropilidene endoperoxides syn-43
and anti-45, respectively (Sch. 22).
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The diastereoselectivity in the reaction of 42 was proven to be
independent of the polarity of the solvent used and is therefore considered a
consequence of steric factors [34a]. Photo-oxygenation of 1,3,5-cycloocta-
triene [35] affords both the bicyclic and tricyclic endoperoxides (isolated
yield 20 and 5%, respectively) as found for the heptatriene 39a, while for
cyclooctatetraene [36] only the bicyclic peroxide is obtained in 26% yield.

11.2.4.2. Acyclic Dienes

Photo-oxygenation of acyclic dienes is complicated by the possibility that all
three types of singlet oxygen reactions occur. It is, however, possible
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according to the above considerations to predict and/or to favor formation
of the 1,4-adduct. The decreasing yield of 1,4-adducts from 46 [17] to 47 [17]
or 48 [19¢] can be easily explained on the basis of steric factors which play a
role in the s-cis/s-trans conformational isomerism (Sch. 23).

A cis-1-substituent on a diene increases the strain energy of the cis
conformation required for the 1,4-cycloaddition so that this reaction mode
becomes difficult and other oxygenations such as [2+2]- or ene-addition,
take place (Sch. 24).

On the contrary, a bulky substituent at 2-position as in 49 makes the
trans conformation less stable and, hence, favors the 1,4-addition [17]. From
a stereochemical perspective, some results agree with a concerted mechan-
ism as found, for example, in the stereospecific formation of the above 21 or
of the cis-cycloadduct 51 (isolated yield 85%) from E,E-1,4-dimethylbuta-
1,3-diene 50 [37] (Sch. 25).

However, E,Z-50 leads to a mixture of both the expected trans-
and, also, cis-adduct 51 [37], and the oxygenation of either (E,E)- or (E,Z)-1-
aryl-1,3-pentadienes 52 gives mainly cis-endoperoxides 53a—c (72-84%)
(Sch. 26) [38].

These results have been explained through a photoinduced isomeriza-
tion of the (Z,Z)-isomers in the presence of both tetraphenylporphine and
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singlet oxygen [37,38], or of sensitizers with low oxidation potential [38]. The
isomerization is followed by the concerted Diels—Alder addition. It has
recently been found that singlet oxygen adds to 1,3-diene 54, whose E—Z
isomerization cannot take place, to give a mixture of stereoisomeric 1,4-
endoperoxides 55 (Sch. 27) [39].

To explain these results, the authors assume that in this case a primary
zwitterion (or perepoxide) is formed, which attacks the double bond at both
faces [39].

In the photo-oxygenation of vinylcycloalkenes 56, the ratio of [4+2]
cycloaddition to ene reaction is significantly influenced by the ring size
(Sch. 28) [40].

This appears to be related to the availability of allylic hydrogens
capable of approaching a position orthogonal to the olefinic plane, thus
favoring the ene reaction [40]. Attempts to control the diastereoselectivity
with a hydroxy group next to C1 lead to moderate facial selectivity (Sch. 29)
[10d], and similar results have been found in semicyclic dienes with the
hydroxy group next to C2 [40] of the diene moiety.
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High steric control by remote groups has been observed in the
oxygenation of diene 57, which gives the peroxide 58 with 87% yield and
excellent stereoselectivity (>95%) (Sch . 30) [41]. The a-face diastereo-
preference has been attributed to the presence of the OMEM group and the
C-12 angular methyl group [41].

11.2.4.3. Aromatic Compounds

The capability of aromatic compounds to react with singlet oxygen increases
with increasing number of conden