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I. Introduction

The present review deals with the synthetic aspects
of the most important types of di-z-methane rear-
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rangements. The survey is limited to the all-carbon
di-7r-methane, the oxa-di-7z-methane, and the aza-di-
m-methane versions of the reaction. Mechanistic
aspects are covered in depth in other reviews! and
are discussed here to the extent required for synthetic
purposes.

Il. The All-Carbon Di- &-methane Rearrangement

The di-7-methane rearrangement was discovered
in 1967 when we realized that the photolysis of
reactants having two vinyl moieties bonded to an sp®-
hybridized carbon led to formation of a vinylcyclo-
propane.?2 The reaction was then termed a “divinyl
methane rearrangement”.? A very typical, but later,
example is the photochemical rearrangement of 3,3-
dimethyl-1,1,5,5-tetraphenyl-1,4-pentadiene (1)3 that
affords the cyclopropane 2 as depicted in Scheme 1.

Scheme 1
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However, shortly after our initial report we recog-
nized®# that the same basic rearrangement would
take place when the “methane carbon” bore an aryl
group in place of a vinyl. Note the example® in
Scheme 2. At that point the reaction name of “di-z-
methane” seemed more appropriate.

Scheme 2
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The main requirement then is that a carbon bears
two z-moieties. The rearrangement product there-
fore, more generally, is a w-substituted cyclopropane.
The very broad spectrum of types of organic mol-
ecules obtainable by the di-z-methane rearrangement
is remarkable and makes it particularly synthetically
useful. More often than not, the photoproducts are
not available by alternative routes.

The discovery of the di-z-methane rearrangement
was serendipitous. Barrelene (3) had just recently
been synthesized,® and in exploration of its chemistry
it was found that a CgHs isomer was formed on
photolysis in the presence of acetone as a sensitizer.
Having elucidated its structure as 4 (note Scheme
3), we named it semibullvalene’ and provided a
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plausible but incorrect mechanism. However, within
a year we arrived at not only the correct mechanism
but also the realization that the reaction should be
Scheme 3
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The ensuing two decades have confirmed this
observation by providing numerous examples of the
rearrangement. Interestingly, the literature contains
many superficially different reactions which, when
analyzed in detail, proceed via the precise di-z-
methane reaction mechanism. Finally, it needs to
be noted that, in addition to the basic di-z-methane
rearrangement (DPM), there are variations in which
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a carbon atom has been replaced by some other atom.
The most common is the oxa-di-7-methane rear-
rangement (ODPM) in which one of the two s-moi-
eties is a carbonyl group. Similarly the aza-di-z-
methane rearrangement (ADPM) has a C—N double
bond function as one of the & groups. These two
variants of the basic di-z-methane reaction are
discussed in sections 111 and 1V, respectively.

A. Mechanism

1. Basic Skeletal Transformation Common to
Di-t-methane Rearrangements

It is intriguing that one basic mechanism is capable
of accounting for so many transformations which on
first glance do not appear to be related. However,
the Schemes 4 and 5 do indeed permit one to predict
di-7-methane photochemistry in a very large spec-
trum of organic photochemistry. Scheme 4 portrays

Scheme 4
9, .
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the behavior of reactants having two vinyl groups as
m-moities while Scheme 5 describes the skeletal
rearrangement where one of the two z-substituents
is an aryl group. The same basic mechanism applies

Scheme 5
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Di-z-methane Rearrangement

equally to those di-z-methane rearrangements which
proceed by way of singlet excited states and to those
proceeding via triplet counterparts. The singlet
rearrangements are found among those occurring
upon direct irradiation without the use of an added
sensitizer, while the triplet rearrangements are ef-
fected by addition of a sensitizer which absorbs light,
is itself converted to a triplet species, and then
collides with the reactant, exciting that molecule to
the triplet state.

2. The Reaction Mechanism Applied to Three
Representative Examples

The example of the photochemical conversion of
barrelene (3) to semibullvalene (4, Scheme 3) at first
glance seems less straightforward; yet it was this
case which alerted one of us to the reaction mecha-
nism and to the potential generality of the reaction.
One notes that barrelene does have the requirement
of two z-bonds attached to an sp3-hybridized carbon.
That there are more than two vinyl groups bonded
to a bridgehead poses no problem, nor does the
availability of two bridgehead carbons, either of
which may be considered to be the “methane carbon”.
The basic mechanism in Scheme 4 is applied to the
barrelene (3) in Scheme 6.2

Scheme 6
7 Sens. 4 / 2
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Conformational
Change
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4 Biradical 2

Here the reaction is depicted in standard organic
notation. The biradical species (1 and 2) are drawn
since they help understand and predict reaction
courses, regioselectivity, and general reaction trends.
However, in general, such biradical entities may be
real reaction intermediates or, instead, may be
transition states. In the particular case of barrelene
there was early experimental evidence that triplet
“Biradical 2” is an intermediate? and subsequent
theoretical efforts® show this to be the case for triplet
“biradical 1” as well. Also it needs to be noted that
the barrelene to semibullvalene rearrangement is a
triplet reaction.

A similar detailed mechanism is outlined for diene
1 as an example of an acyclic di-7-methane rear-
rangement (Scheme 7).3 This, however, proceeds
without addition of a sensitizer and is known to be a
singlet process. Again, “biradical 1” and “biradical
2" are species along the mechanistic pathway.

A third example, compound 5, is acyclic but has
an aryl group as one of the m-components.® This
proceeds by a perfectly similar mechanism except
that the aromatic ring is involved in the bridging
process (Scheme 8). Again, it is the singlet excited
state which rearranges.
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The three examples given above typify the rear-
rangements of bicyclic and acyclic di-z-methane
systems. Additionally, they illustrate reactions which
proceed via triplet excited states on sensitization and
as well as reactions which occur on direct irradiation
(i.e. without use of a sensitizer). However, not all
reactions proceeding without use of a sensitizer occur
by way of the singlet excited state, since the initially
formed singlet (S;) in some instances will convert
itself to the triplet by “intersystem crossing” to give
the triplet which then rearranges.

The matters of reaction regioselectivity, reaction
multiplicity, stereochemistry, and dependence on
structure are certainly related to reaction mecha-
nism. Nevertheless, they are intimately entwined
with the scope of the reaction and are therefore
considered in the following section. Thus, for ex-
ample, where there is a question of which of two
alternative products will result because, a priori, one
sees two potential regiochemical reaction courses, or
where there is a possibility of energy dissipation and
thus no reactivity, consideration of mechanism is
necessary.

B. Scope and Limitations
1. Reaction Multiplicity

The subject of reaction multiplicity is a practical
matter in the di-z-methane rearrangement. Thus,
some molecules are unreactive when a sensitizer is
used while others require a sensitizer. The most
common sensitizers employed are ketones such as
acetophenone, benzophenone, and xanthone. The
role of the sensitizer is to generate the triplet excited
state of the di-z-methane reactant with certainty.
Without the use of a sensitizer one is more likely to
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observe the reaction of the singlet excited state but
sometimes the initially generated excited singlet will
convert to its triplet faster than it reacts; this is a
point which may be checked experimentally.

One particularly relevant reason for deciding
whether to use a sensitizer or not derives from the
oft-observed rapid decay of triplets to reactant ground
state without reaction. Clearly one wants to avoid
this. The most common mode of decay of triplet
excited states to ground state is via the “free rotor”
effect.%2¢ It has been observed that di-z-methane
triplets which have double bonds not incorporated in
a ring structure or not inhibited from free rotation
in some other manner, are commonly unreactive.
Thus triplet excited z-bonds in acyclic systems have
very low bond orders and tend to twist toward
perpendicularity. Such a twisted triplet has a ge-
ometry ideally suited to convert to ground state. For
example the tetraphenyl 1,4-diene 1 in Scheme 1 does
not react when a sensitizer is utilized, in contrast to
its reactivity on direct irradiation. Still another
example is found in the case of the unsymmetrically
substituted diene, 3,3-dimethyl-1,1-diphenyl-1,4-
hexadiene (6) (Scheme 9).%

Scheme 9
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In contrast, cyclic dienes tend to be perfectly
reactive as triplets, and this can be ascribed to their
inability to undergo free rotation in the excited state.
One example is that of the barrelene (3) to semi-
bullvalene (4) transformation depicted in Scheme 3
and another is that of 2,3-naphthobarrelene (7) as
outlined in Scheme 10.1°

Scheme 10
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7

Of course there are exceptions to any generaliza-
tion. Thus, one is dealing with the rate of radiation-
less conversion of the triplet reactant to ground state
compared with the rate of reaction. If the rate of
reaction is exceptionally rapid despite the presence
of a free-rotor group, one may well observe triplet
reactivity in an acyclic system. For example, if free
rotation is inhibited by effects such as steric hin-
drance, the triplet may be reactive. The case of 3,3-
diisopropyl-1,1,5,5-tetraphenyl-1,4-pentadiene (8)%¢ is
one where the bulky isopropyl groups inhibit free
rotation, and this acyclic diene is reactive despite its
similarity to diene 1 which is quite unreactive as a
triplet (Scheme 11).
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Having discussed examples where sensitization
leads to unreactive triplets, we need to consider when
direct irradiation may give rise to problems. The
original generalization® was that cyclic molecules are
more likely to react successfully from the triplet
excited state via sensitization while acyclic molecules
tend to perform better as singlets. In the case of
triplet reactivity this has been noted to relate better
to the absence or presence of a free rotor. Now we
are left with the fact that for many cyclic molecules,
direct irradiation with formation of the singlet excited
state does not lead to a successful di-z-methane
rearrangement.

This behavior arises not because the singlet excited
state is incapable of a di-z-methane rearrangement
but rather because many cyclic systems have poten-
tially available facile alternative pericyclic processes
which compete all too successfully. Just one ex-
ample!! is given in the following where benzobar-
relene (9) is shown on sensitization to afford ben-
zosemibullvalene (10). However, ondirect irradiation,
benzocyclooctatetraene (11) is formed by an electro-
cyclic [27 + 2] addition of the benzo group to double
bond, followed by a retrocycloaddition (Scheme 12).

Scheme 12
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Such electrocyclic processes tend to occur preferen-
tially from the singlet excited state and, in addition,
tend to be exceptionally rapid. This example is just
one of many which arise from the fact that cyclic di-
m-methane systems have available competing peri-
cyclic processes more often than acyclic ones. How-
ever, not all cyclic di-z-methane systems have such
potentially competing processes, and each example
needs to be considered on its own merits.

2. Reaction Regioselectivity

One encounters a number of examples of di-z-
methane reactants which are unsymmetrically sub-
stituted. Here one needs to predict which of the two
m-systems will survive in the photoproduct. Fortu-
nately, from mechanistic reasoning one is able to
predict the reaction regioselectivity. One example is
found in the direct irradiation of 3,3,5-trimethyl-1,1-
diphenyl-1,4-hexadiene (12)° as outlined in Scheme
13.



Di-z-methane Rearrangement

Scheme 13
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The observed regioselectivity is understood on the
basis of “biradical 1” undergoing three-ring opening
preferentially by process b rather than a. One can
predict this on the basis that the less delocalized odd-
electron center, with dimethyl substitution, is utilized
in the ring opening. This is basically equivalent to
saying that the opening occurs to afford the more
stable of two, alternative 1,3-biradicals, the one with
benzhydryl delocalization. In summary, in such
cases one obtains that regioisomer which has the less
delocalizing group on the residual double bond. The
regioselectivity of aryl—vinyl di-z-methane systems
is even easier to understand and predict. In this
case, the odd-electron center which is involved in the
three-membered ring opening is the one which re-
stores aromaticity. This is illustrated in the mech-
anism for the reaction of 3-methyl-1,1,3-triphenyl-1-
butene (5) given earlier (Scheme 8). In biradical 1,
it is seen that the three-membered ring opening
occurs utilizing the odd electron which is in the six-
membered ring with restoration of that ring’s aro-
maticity. If the benzhydryl odd electron were in-
volved in the three-membered ring opening, not only
would the benzhydryl delocalization be lost, but also
the driving force of aromatization would not be
gained.

Still another kind of situation arises. This results
from the presence of electron donors and/or acceptors
on one of both of the 7-moieties. Here a general rule
may be formulated. This is that there is a strong
tendency for electron donors to appear on the residual
m-bond of the photoproduct and for electron-with-
drawing groups to be found on the product three-
membered ring. Four representative examples are
found in the Schemes 14 and 15. It is seen that the
generalization'? operates both where the electron
donating group is directly on one of the double bonds
and also where it is a para substitutent on an aryl

Scheme 14

h . /x
— - NG
Ph ih \ oN Direct NC J\
Ph” ~Ph Ph” “Ph

NSNS

Me MeO

Chemical Reviews, 1996, Vol. 96, No. 8 3069

group. In Scheme 14, the double bond bearing the
cyano substituent is dissipated and this electron-
withdrawing group appears on the cyclopropyl ring
of product.*? Conversely, in Scheme 14, the enol
ether methoxyl group is found on the surviving
double bond of photoproduct.’? In Scheme 15 the

Scheme 15
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Ar Direct '
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Ar
Ar

Ph Ar
p-cyanophenyl groups are found on the three-mem-
bered ring of photoproduct'® while the (N,N-dimeth-
ylamino)phenyl groups remain on the double bond
of product.*

A further question occurs when there are three
m-systems bonded to a single “methane carbon”. One
might term these “tri-z-methane” reactants. When
the three bridges are nonequivalent, there is the
guestion of which two z-systems will bond. In the
cases of benzobarrelene (9),*! 2,3-naphthobarrelene
(7),*° 2,3-anthracenobarrelene,’®> and related ex-
amples, there is a preferential bonding between the
two vinyl bridges rather than between the benzo and
vinyl bridges. One exception is that of 1,2-naph-
thobarrelene where a-naphtho—vinyl bridging is
preferred.’® For all these reactions there is consider-
able mechanistic detail known'%11.1516 hyt this will
not be discussed here. A related but still different
variation in regioselectivity is encountered in systems
where the two sm-moieties are bonded to “methane
carbons” at both ends. Here there is a choice of at
which end of the molecule the #—x bridging will
occur. This situation occurs in bicyclic systems such
as in the rearrangement of 2-cyanobarrelene (13)
studied by Bender.!” The regiochemistry can be
predicted by writing the more delocalized of the
cyclopropyldicarbinyl biradicals (i.e. “biradical 1”)
which can be formed on z—x bridging. This is
outlined in Scheme 16. It is noted that the initial

Scheme 16
= -

bridging occurs between two vinyl groups to leave the
cyano group at an odd-electron center. While benzo—
vinyl bridging could also afford a cyano-stabilized
biradical, Bender has ruled this out using isotopic
labeling, and in any case such bridging would lead
to the same product in the unlabeled example here.
Furthermore, of the two three-membered ring-open-
ing possibilities, the odd-electron not stabilized by the
cyano group is the one utilized. This reasoning
permits us to predict the observed photoproduct 14.

Further examples of this general type occur in the
photochemistry of substituted benzonorbornadienes.
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Scheme 17
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Paquette!® has shown that the regiochemistry is
governed in similar fashion. Thus in the methoxy-
benzonorbornadiene (15) in Scheme 17 benzo—vinyl
bridging occurs distal to the methoxy group while in
the cyanobenzonorbornadiene (16) in Scheme 18,
Scheme 18

NC)‘b Sens cha%

benzo—vinyl bridging takes place proximate to the
cyano group to give the observed product 17. The
regioselectivity is similar to that observed with
electron-donating and -withdrawing substituents on
acyclic di-z-methane systems. Thus, one draws the
generalization that electron donors avoid positioning
themselves in conjugation with the carbinyl centers
of the cyclopropyidicarbinyl biradicals (i.e. “biradical
1”) and electron-withdrawing groups lead to stabili-
zation when so situated. Examples of DPM rear-
rangements of acyclic, cyclic, and bicyclic 1,4-dienes
are collected in Tables 1—9.2:357.89a11-53

lll. The Oxa-di- T-methane Rearrangement

As has been mentioned above, the di-z-methane
processes are not restricted to 1,4-dienes. Other 1,4-
unsaturated systems, such as j§,y-unsaturated ke-
tones and l-aza-1,4-dienes, undergo similar rear-
rangements. The first example of a reaction of this
type in a §,y-unsaturated ketone was reported as far
back as 1966 in the direct irradiation of compound
18 that affords the cyclopropyl ketone 19 by an oxa-
di--methane (ODPM) rearrangement, in 7% yield.>*
Since then a large number of studies have been
carried out on the photochemistry of 3,y-unsaturated
ketones and there are many examples of compounds
of this type that undergo synthetically useful ODPM
rearrangements. Some comprehensive reviews have
been published in the last 25 years or so on this
subject.1c-f

Ph Ph
M Ph M Ph
& Ph ok
Ph™ “ph Ph H
19

The large number of studies carried out on the
photoreactivity of 8,y-unsaturated ketones have dem-
onstrated that these compounds may undergo several
different photochemical reactions. The two main
reaction paths are the 1,3-acyl migration and the oxa-
di-7-methane rearrangement. However, other alter-
native reaction routes such as decarbonylation, ketene
formation, epimerization, 2 + 2 intramolecular cy-
cloadditions, Norrish type I and Norrish type 1l
reactions, cis—trans isomerizations, and reductions

Zimmerman and Armesto

of the C—C double bond, have also been described in
some instances depending on some particular struc-
tural features that are present in the 5,y-unsaturated
ketone.'* Nevertheless, the reactivity of 3,y-unsatur-
ated ketones is dominated by the two main processes
mentioned above. Speaking in general terms, the
1,3-acyl migration is the normal photochemical be-
havior of 3,y-unsaturated ketones on direct irradia-
tion while the ODPM rearrangement is expected on
triplet sensitized irradiation.’*=" This simplification
applies to most of the cases studied although there
are exceptions that will be discussed later. From a
synthetic point of view the ODPM rearrangement has
proved to be a useful tool in organic synthesis. The
synthetic utility of the ODPM rearrangement can be
summarized in the following general features: very
often the reaction takes place in high chemical yield,
the quantum yield is also high in many instances, it
is very general for many cyclic $,y-unsaturated
ketones, and it shows a high degree of stereoselec-
tivity or even enantioselectivity in some instances.
Therefore, it is not surprising that it has been applied
as the key step in the synthesis of some natural
products and other highly complicated molecules that
are difficult to obtain by alternative reaction routes.
Finally, the reaction can be carried out in the
presence of other functional groups that are not
affected under sensitized irradiation. This is a
characteristic of most of the photochemical reactions,
and it is an advantage that increases the synthetic
potential of the reaction.

A. The Mechanism

The ODPM rearrangement consists formally of a
1,2-acyl migration followed, or accompanied, by cy-
clization. A formal mechanism, analogous to that
shown in Scheme 4 for the DPM reaction, is given in
Scheme 19. This was first postulated by Givens and

Scheme 19

AR
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Oettle to account for the photochemical conversion
of benzobicyclo[2.2.2]octadienone into 3,4-benzotricyclo-
[3.3.0.0%%]octan-7-one.>> The mechanism explains the
regioselectivity encountered in the rearrangement.
In all the cases studied the ODPM reaction yields
the corresponding cyclopropyl ketone 22. The alter-
native ring opening of the biradical intermediate 20
that would yield the oxirane 24 has never been
observed. This regioselectivity can be understood,
considering that the opening of the cyclopropyl bi-
radical intermediate 20 occurs to afford the 1,3-
biradical 21 which is more stable than the alternative
1,3-biradical 23. As a result, the C—0O double bond
is always restored.

The biradical structures represented in Scheme 19
could be considered as true intermediates or simply
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points of low energy along the reaction coordinate in
a concerted rearrangement pathway. Efforts have
been made in order to determine whether the reac-
tion takes place by a stepwise mechanism or by
alternative concerted processes. Most of the studies
on this subject have concentrated on establishing the
stereochemistry of the process. The results obtained
show that the three possible alternatives—loss of
stereochemistry,>6-60 retention of configuration,’* and
inversion of configuration®-7*—can occur. Among the
three possibilities the latter process is the one that
has been observed more frequently. Two examples
of loss of stereochemistry are shown in Scheme 20
for compounds 25% and 27.596°

Scheme 20
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Thus, the direct irradiation of 25 gives a mixture
of 26a and 26b in which a complete scrambling of
the methyl and trideuteromethyl groups has taken
place.®® Similarly chrysene-sensitized irradiation of
the optically active acyclic ketone 27 yields a mixture
of largely racemized products 28.5%€0 These results
are in support of a stepwise mechanism via biradical
intermediates. However, sensitized irradiation of the
p-enone 29f yields the o-methane ODPM product
300 while the corresponding o-enone 29a gives the
p-methane ODPM product 30; here retention of
configuration at the methane carbon is observeds!
Scheme 21

(Scheme 21).
'\\ \\
Chrysene Li j
j Sens.
300
: Sens. °© j

Chrysene

29a
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Finally, Scheme 22 shows examples of ODPM
rearrangements that proceed with preferential inver-
sion of configuration at the methane carbon, a situ-
ation frequently observed. The acetone-sensitized

Scheme 22
Q H CH.CoH
% _CHaCOZH
ES:O Acetone
Sens.
31 (A)(-) 32 (- )
1
o Bl::_ (0] l
hv Bu
- H=:: 'H
Direct But H
33 34 (100%)
o 0
R! R2
R? hv
- R3w
Acetone .-
3 1w
R Sens. R
» R'=R2=R%= 3
R'=R®=H; R2

R'=R%=Me;R%= H
R'=H; R?=R%=Me

irradiation of the enantiomerically pure cyclic ketone
31 gives 32, in high chemical yield, and with 95%
optical purity.®®70 The direct irradiation of 33 brings
about the formation of the endo isomer 34 in quan-
titative yield.”* A series of studies on the ODPM
rearrangement of cyclopentenyl ketones 35 show that
all of them vyield preferentially the endo product
36.54755 The stereochemical results observed for the
compounds collected in Scheme 22 suggest concert-
edness or slow conformational equilibration of inter-
mediates.

However, the high stereochemical control often
observed in many ODPM rearrangements does not
necessarily imply that the reaction is taking place
via concerted mechanisms. A stepwise process is also
consistent with the stereochemical outcome of the
reaction, where there are conformational or configu-
rational restrictions to rapid C—C rotation. This
subject has been extensively discussed and reviewed
by Schuster.t®

B. The Nature of the Excited State Involved in
the ODPM Rearrangement

The problem of the nature of the excited states
involved in the ODPM rearrangement has also
deserved a lot of attention. The first examples
reported on the photochemical reactivity of f,y-
unsaturated ketones fit a pattern in which direct
irradiation yielded products resulting from 1,3-acyl
migration while the triplet-sensitized irradiation
brought about the formation of ODPM products.*~f
On the basis of these results, together to CNDO-MO
calculations,”? phosphorescence studies,74-7¢ quench-
ing and sensitization experiments,336273.77.78 the ex-
cited state responsible for the rearrangement was
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considered to be the alkene T, state. The fact that
the 1,3-acyl shift was not observed on triplet-
sensitized irradiation and was not quenched by
triplet quenchers,””78 in addition to nuclear polariza-
tion effects (photo-CIDNP)™2b favored the assign-
ment of a keto S; (n,7*) excited state for the 1,3-acyl
shift reaction. However, later results have shown
this not to be general. Thus, independent studies by
Schuster® and Schaffner’® have provided evidence
suggesting that the 1,3-acyl shift can take place from
both S; (n,7*) and T, (n,7*) excited states. Other
authors have also concurred in the involvement of
the T, (n,z*) state in the 1,3-acyl shift.8%82 On the
other hand, a study of Koppes and Cerfontian® has
demonstrated that ketones 37 undergo the ODPM
rearrangement on direct irradiation yielding com-
pounds 38, in a reaction thought to take place from
the S; (r,7*) state. In another study Rogers et al.84¢
have reported that direct irradiation of ketones 39
give 40, by the ODPM rearrangement, in a reaction
that was said to originate from some excited state
other than the T; (7,7*) state. An extensive discus-
sion can be found in Schuster’s review.!®

c Ok

o M}iy

39 R'=R%=H 40
R'=OMe;R2=H
R! = H; R? = OMe

C. The ODPM Rearrangement of Acyclic
p.y-Unsaturated Ketones

As has been mentioned above, the ODPM rear-
rangement has proved to be very general for a large
number of cyclic and polycyclic 3,y-unsaturated ke-
tones. However, there are only a few examples of
acyclic B,y-unsaturated ketones that undergo this
reaction. In most acyclic and medium- and large-ring
cycloalkenyl ketones the triplet excited state nor-
mally undergo free-rotor deactivation with E/Z C—-C
double-bond isomerization. This situation contrasts
with the DPM process in which many acyclic 1,4-
dienes undergo efficient rearrangement in the singlet
excited state, affording the corresponding cyclopro-
pane derivatives in high yield. The difference be-
tween the two reactions may be understood as a
consequence of the more efficient deactivation of the
triplet excited state in the §,y-unsaturated ketone by
the “free rotor effect”. This interpretation also is in
accord with the lack of DPM reactivity of acyclic 1,4-
dienes in the triplet state. The central carbon of the
B,y-unsaturated ketone is usually dialkyl substituted.
However, examination of the photoreactivity de-
scribed in the literature for acyclic 8,y-unsaturated
ketones, in the triplet excited state, shows that other
factors should be taken into account as well. In the
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majority of the cases in which the ODPM rearrange-
ment of acyclic systems is operative, not only is there
methane carbon substitution but also the C—C double
bond is conjugated with one or two phenyl groups at
the y-position of the enone. The compounds that fall
in these groups are illustrated in structures 27
(Scheme 20),°8 41,85 and 42—-45.8¢ All of them
undergo the ODPM rearrangement to the corre-
sponding cyclopropyl derivatives in reasonable yields
(Table 10). Compound 46, in which the alkene
moiety is conjugated with a vinyl group also under-
goes the rearrangement, on benzophenone-sensitized
irradiation.®” The ODPM reaction is also observed,
although in low yield, on direct irradiation of com-
pounds 47 and 48, in which the alkene is part of a
conjugated enone system.®’

25 g
ﬁ*ﬁ* By

However, there are two cases in which the ODPM
rearrangement takes place in the absence of disub-
stitution at the central carbon. As mentioned above,
the cyclopropyl ketone 19 is obtained in 7% yield on
the direct irradiation of compound 18 with monophe-
nyl substitution at C2.54 Another example of this
situation is found in ketone 49 that on sensitized
irradiation, using p-benzoylbiphenyl, gives the cor-
responding cyclopropyl derivative in 70% yield.3¢ The
reactivity observed in these two cases could be due
to the bulk of the substituents at C-2 (phenyl and
isopropyl) that overcomes the absence of disubstitu-
tion at that position. It seems that the key structural
features favoring the ODPM rearrangement of 3,y-
unsaturated acyclic ketones are (i) conjugation of the
alkene moiety with phenyl, vinyl, or oxo groups and
(ii) disubstitution or, alternatively, mosubstitution by
bulky substituents at the central carbon. The former
requirement ensures that the triplet energy from the
sensitizer will be concentrated in the vinyl group of
the enone. Also, this type of substitution stabilizes
the biradical intermediates 20 and 21 (Scheme 19)
favoring the ODPM process relative to alternative
reaction paths. The lack of ODPM reactivity is
encountered in many other acyclic 5,y-unsaturated
ketones. Thus, none of the ketones 50—52,81:88 53—
55,88 56—58,8% 59—61,8% 62,°0 63—65,°! 66,8 and
678 undergo the rearrangement on triplet sensitiza-
tion. In most cases the only reactivity observed was
E/Z isomerization around the C—C double bond.
Some of them (56, 59, 62, 66, and 67) do not have
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methane disubstitution or, alternatively monosub-
stitution by bulky substituents, at the central carbon.
Thus, these compounds lack the substitution pattern
insuring both efficient energy transfer from the
triplet sensitizer, slow radiationless decay to reac-
tant, and the necessary stabilization of the biradical
intermediates. Interestingly, ketones 68,% 69,89 709
and 718 having disubstitution at the central carbon,
and phenyl or vinyl substituents at the y-position
have been reported as unreactive. Examples of
ODPM rearrangement of acyclic ketones, including
yields and references, are collected in Table 10.

D. The ODPM Rearrangement of Cycloalkenyl
p.y-Unsaturated Ketones

Contrary to the lack of reactivity observed so far
in the studies on the ODPM reactivity of many acyclic
B,y-unsaturated ketones, the majority of cyclic sys-
tems undergo the rearrangement very efficiently.
Incorporation of the alkene moiety into a four- or five-
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membered ring allows one to observe the ODPM
rearrangement in high yield. Engel and Schexnay-
der,®3 published a study on the influence of ring size
on the ODPM rearrangement of cycloalkenyl ketones
72 showing that an increase in the size of the ring is
detrimental for the reaction. Thus, cyclobutenyl and
cyclopentenyl ketones 72a and 72b undergo the
ODPM rearrangement to the corresponding bicyclic
derivatives 73 on acetone-sensitized irradiation. How-
ever, when the size of the ring is increased to six,
seven, and eight, as in ketones 72c—e, the rear-
rangement does not take place. These results dem-
onstrate that the triplet-state photochemistry of
ketones 72 depends on the rigidity of the C—C double
bond and absence of the free rotor effect. Surpris-
ingly, ketone 74 without alkyl substitution at the
methane carbon undergoes the ODPM rearrange-
ment to 75, both on direct and sensitized irradiations.
However, no isolated yields of products are given in
this study.®

72a:n=1 72¢:n=1 73a:n=1
72b:n=2 72d:n=2 73b:n=2
72e:n=3
(o]
Ty
74 75

Other examples of this class of compound that
undergo the rearrangement in high yield are collected
in Table 11.6671.87.94 |n some cases a high degree of
stereochemical control is observed.®¢71.% This feature
has been considered before for ketones 337 and 35.%¢
In this context it is worth mentioning the unusual
photochemical reactivity of the keto ester 76.%* This
compound undergoes diastereoselective ODPM rear-
rangement, on direct irradiation at 350 nm, affording
77 in 32% yield. However, triplet sensitization of 76
brings about the formation of a mixture of all-cis-
cyclononatrienes 78, resulting from a ring-opening
process. Quenching experiments indicated that both
products 77 and 78 are formed via different triplet
excited states.®* See Scheme 23.

Scheme 23

Direct

0 77 CO.Me
hv
COR!
COQMe
Sens.
76 —
COR?

78a: R' = Me, R? = OMe
78b: R' = OMe, R? = Me
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E. The ODPM Rearrangements of Monocyclic and
Condensed Polycyclic  f,y-Unsaturated Ketones

The ODPM rearrangement of 5,y-unsaturated ke-
tones in which both the carbonyl group and the
alkene moiety are part of a cyclic system usually
takes place very efficiently. Quite a few cases of this
type of compound have been described and represen-
tative examples are collected in Table 12. The second
example of an ODPM rearrangement was described
by ziffer and Williams®® in the direct irradiation of
the hexahydronaphthalene 79 that gives more than
50% vyield of the corresponding tricyclic derivative
80.789 Even in cases in which the alkene unit is part
of a medium size ring, as in 81, the reaction still
takes place.®” This is in contrast to the results
obtained for the cycloalkenyl ketones 72c—e in which
the presence of the double bond in a six-, seven-, or
eight-membered ring suppresses the ODPM rear-
rangement.®® Still further examples of ODPM reac-
tivity in cycloheptenone derivatives have been re-
ported for ketones 82° and 83° although in these
cases the flexibility of the double bond is much more
restricted than in 81.

eyl
Cp

The incorporation of the carbonyl group to a small
ring system seems to facilitate the rearrangement
even in cases in which the alkene moiety is free to
rotate. This is the case of ketones 295! (Scheme 21)
and 3782 that yield the corresponding ODPM products
on chrysene sensitization and direct irradiation
respectively. Many of the studies in this area have
been dedicated to steroidal compounds such as 25%¢
(Scheme 20) and 295! (Scheme 21). In some of the
cases reported, the reaction takes place with a high
degree of stereochemical control as mentioned
before for ketone 29 although in other cases, such as
25, loss of stereochemistry is observed. Examples
of ODPM rearrangement of cyclic ketones, with
yields and references, are collected in Table
12_56,57,69,70,78,87,95,977102

The photochemistry of ,y,0,e-unsaturated spiroke-
tones is very interesting. These compounds undergo
regioselective and diastereoselective ODPM rear-
rangements. Furthermore, and of considerable mecha-
nistic interest, the studies carried out have shown a
wavelength selectivity in their reactivity.'°®> Thus,
irradiation of ketones 84, at 254 nm, brings about
an electrocyclic ring opening of the cyclohexadiene
ring to the corresponding conjugated trienone 85 via
an S, (mw,n* excited state, Scheme 24). At 300 nm
o-cleavage takes place giving aldehyde 86 from an
S: (n,7*) state. On irradiation at 350 nm the trans-
fused ODPM product 87 is obtained, in addition to
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Scheme 24
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S 2
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(o] R1 R‘
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Sens.
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84a:R'= R2=H
84b: R' = Me, R>=H
84c:R' = H, R? = Me

86, in a reaction that is highly regio- and diastereo-
selective. The rearrangement to 87 is proposed to
occur from the T, (mr,7*) excited state populated by
intersystem crossing from S; (n,7*). Finally acetone-
sensitized irradiation of 84 yields 88 resulting from
a vinylogous oxa-di-r-methane rearrangement, in
both the trans and cis configurations, in addition to
87. AT, (™) state was proposed to account for the
latter result (Scheme 24).103

Within this area of research an example of enan-
tiospecific ODPM rearrangement has been described
for the spiro compound 89 that yields quantitatively
the tricyclic derivative 90 both on direct, at wave-
lengths above 340 nm, and on acetone-sensitized
irradiations. The formation of 90 is proposed to take
place from the T; (z,7*) excited state.l®* A similar
study has been carried out on homoconjugated spi-
rocyclobutanones.'®® In this instance a dependence
of methyl substitution in the starting enone on the
photoproduct distribution was observed. Thus, on
sensitized irradiation using Michler’s ketone, unsub-
stituted ketone 91 yields the ODPM product 92.
However, under the same conditions, trimethyl-
substituted ketone 93 gives a mixture of products 94

COQMS

<:/§c§cone m

(+)-1-90

@ﬂ? o
ks
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and 95 resulting from a normal oxa-di-z-methane
rearrangement and the vinylogous ODPM reaction,
respectively.’® The results of these studies on spiro-
homoconjugated ketones, including yields and refer-
ences, are collected in Table 13.103-105

F. The ODPM Rearrangement of Bridged Cyclic
B.y-Unsaturated Ketones

The studies carried out on the photoreactivity of
bridged bicyclic ketones have probably been the most
rewarding area of research within the ODPM rear-
rangement. In fact the majority of ODPM reactions
reported in the literature deals with ,y-unsaturated
ketones in which both the alkene moiety and the keto
group are part of a constrained bicyclic system. The
rearrangement of these ketones allows the synthesis
of tricyclic compounds that, in most cases, are dif-
ficult to obtain by alternative methods. Many of the
reactions described in this class of compound give
high isolated yields of products and, furthermore, the
reactions are highly stereospecific and in some cases
enantiospecific. Therefore, it is not surprising that
the ODPM rearrangement of these compounds has
been used as the key step in the synthesis of quite a
few natural products. The potential of the ODPM
in this area should be realized by the more conven-
tional organic synthetic chemist.

Early work in this area by Ipaktschi showed that
bicyclo[3.2.0]hept-6-en-2-ones 96 undergo the ODPM
rearrangement to the corresponding bicyclo[1.1.0]
derivatives 97 on sensitized irradiation (Table 14).5.106
In another study by the same author the reaction was
extended to bicyclo[2.2.1]hept-5-en-2-ones 98 and 99
that gave, under the same experimental conditions,
the corresponding tricyclic derivatives 100 and 101
in high yield (Table 15).53:62

4

96a: R' = Me, R? = 97a:R = Me
96b: R' = H, R? = 97b:R=H
96c:R'=R?= H

i Zyozwo
vﬁv%%

(1R, 45) (18, 4R)
(+)-102 (-)-102
M H
H H
(1S,5R) (1R, 59)
(-)-103 (+)-103
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However, the largest amount of work in the area
of the photochemistry of bridged bicyclic ketones has
been in the study of bicyclo[2.2.2]octenone deriva-
tives. The ODPM reactivity of these compounds has
proved to be very general. Furthermore, the reac-
tions take place with a high degree of stereochemical
control and in high yield. Early work by Givens et
al. demonstrated that acetone-sensitized irradiation
of the racemic parent compound 102 gave the corre-
sponding tricyclic derivative 103, resulting from an
ODPM rearrangement.’® Many years later Demuth,
Schaffner, et al. showed that the optical active
compounds (1R,4S)-(+)-102 and (1S,4R)-(—)-102 un-
dergo enantiospecific rearrangements, on acetophe-
none-sensitized irradiation, to the corresponding
products (1S,5R)-(—)-103 and (1R,5S)-(+)-103, re-
spectively, in 84—85% yield.1®” A stepwise mecha-
nism, as shown in Scheme 25, with conformational
restrictions was proposed.'%’

Scheme 25
(@]
X -t
(+)-102
H
:l: — oy
0o =
H
(-)-103

Due to the above-mentioned features the ODPM
rearrangement of bicyclo[2.2.2]octenones has been
used as the key step in the synthesis of some natural
products. Demuth and Schaffner have used the
tricyclooctanones resulting from the ODPM reaction
of bicyclo[2.2.2]octenones as building blocks that
provided enantiospecific access to diverse cyclopen-
tanoid derivatives.1% The total synthesis of boschnia-
lactone, allodolicholactone, irido- and isoiridomyr-
mecin, loganin aglucone 6-acetate, forsythide aglucone
dimethyl ester, and (—)-coriolin have been achieved
by this method. First steps toward the enantiospe-
cific total synthesis of carbaprostacyclins and 9,11-
dehydroestrone have also been made. This synthetic
approach has been reviewed.®® The synthesis of
polycyclopentanoids and related compounds by this
photochemical method has some advantages over
ground-state alternatives; namely: (a) it is enan-
tiospecific, (b) it allows incorporation of different
substitution patterns, and (c) the starting materials
are readily accessible from commercially available
aromatic compounds. Furthermore, the ODPM rear-
rangement of bicyclo[2.2.2]octenones can be carried
out in some cases at exceptionally high concentra-
tions (>20%). A variant of this synthetic approach
has been used by Demuth and Hinsken'®® to carry
out the first synthesis, in enantiomerically pure form,
of the angular triquinane (—)-silphiperfol-6-en-5-one
(104) as shown in Scheme 26. The synthesis starts
from the ketone (—)-105 which is transformed in two
steps into the bicyclo[2.2.2]octenone (+)-106. The
acetone-sensitized irradiation of 106 gives (—)-107 in
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Scheme 26
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(-)-104

70% yield, resulting from the ODPM rearrangement,
and 4% of compound 108 which is formed by a
competing 1,3-acyl shift due to residual light absorp-
tion by 106. The tricyclooctanone 107 is converted
into the angular triquinane 104, in >97% enantio-
merical excess, in seven steps.1%®

Other authors have also used the ODPM rear-
rangement of bicyclo[2.2.2]octenone derivatives in the
synthesis of cedranoid sesquiterpenes.’'® Thus, the
acetophenone-sensitized ODPM rearrangement of
109 gives 110 in 76% yield. Compound 110 was
transformed in several steps into the g-diketone 111,
a key intermediate in the synthesis of cedrol (112,
Scheme 27).1102

Scheme 27
MeO,C COoMe
MeO,C hv
4 —_— (o]
MeO,C Sens.
(o] H

109 110 (76%)
several 1
steps
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A photochemical approach to [3.3.3]propellanes by
the ODPM rearrangement has allowed the synthesis
of the sesquiterpene hydrocarbon (4)-modhephene
(113).1* In this instance the synthesis starts from
the readily available diene 114 that is transformed
into the bicyclo[2.2.2]octenone (115) through a Diels—
Alder cycloaddition using a-chloroacrylonitrile as the
ketene equivalent. Acetone-sensitized irradiation of
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115 brings about the formation of the tetracyclic
ketone 116 in 50% yield. This was converted by
conventional procedures into the propellane (%)-
modhephene (113, Scheme 28).

Scheme 28
98 ﬁo
I 7
114 115
Sens
§ )=o
several
steps
116 (50%)

In a synthesis of pentalenolactone P methyl ester,
the most highly condensed pentalenolactone antibi-
otic, Paquette et al.''?> have also made use of the
ODPM rearrangement. One of the key steps in this
synthesis is the very efficient conversion (91% yield)
of the bicyclo[2.2.2]octenone derivative 117 into 118
by acetone-sensitized irradiation (Scheme 29).

Scheme 29
OPv
OPv
hv
/ —l
o OPv Sens.
. H
Pv = Pivaloyl
117 4 118 (91%)

The synthetic utility of the ODPM rearrangement
has also been demonstrated in its application to the
synthesis of special molecules such as peristylanes.
Thus, a key step in the synthesis of the hydroxyl-
substituted [3]peristylane 119 is the ODPM rear-
rangement of the bicyclo[2.2.2]octenone 120 that
gives 121 in 91% vyield (Scheme 30).1%3

Scheme 30
OH
Ho_ O,
hv
/ —
Sens.
(0]
120 (Me3Sn), 121 (91%)
hv
OH
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A variant of the ODPM rearrangement of bicyclo-
[2.2.2]octenones is observed in the sensitized irradia-
tion of 1-methoxybicyclo[2.2.2]octenones in the pres-
ence of isopropyl alcohol.14%5 Thus, under these
conditions, compound 122 gives the 1,4-diketone 123
in 75% yield.'*®> To account for this result, a mech-
anism has been proposed consisting in the ODPM
rearrangement of 122 to 124, followed by photolytic
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cleavage of the three membered ring that gives the
biradical 125. This intermediate transforms into 126
by hydrogen abstraction from the solvent. Loss of a
methyl radical from 126 affords the observed product
123 (Scheme 31).114115

Scheme 31
R R
73 hv q:}o
MeO Acetone-
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R = CH,CH,OMe 123 (75%)

hv / \_Me

R R R
h H
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124 125 126

The synthetic utility and generality of the ODPM
reaction of bicyclo[2.2.2]octenone is illustrated by the
examples collected in Table 16, including yields and
references.67:68.107-113,115-122  However, it should be
pointed out that there are limitations in the type of
substitution that can be present in the bicyclo[2.2.2]-
octenone skeleton. Demuth has summarized the
influence of substitution by electron-acceptor and
electron-donor groups on the outcome of the reaction.
According to this generalization, compounds of the
type represented by structure 127 undergo the
ODPM reaction while those with a substitution
pattern as in 128 are unreactive. A detailed discus-
sion of this influence of substitution can be found in
the Demuth review.'f

A D
A D
i/ i/
D A
D o Ao

127 128

ODPM reactive ODPM unreactive

A = electron acceptor: CO,Me, CO,H or CO,’
D = electron donor: OMe, Me or H

Bicyclo[2.2.2]octenediones (129) are another type
of compounds that undergo efficient ODPM rear-
rangement to tricyclooctadiones (130). These reac-

(0]
g H
°
7. ;] :
H
0 (o]

129 130

tions have found interesting applications in the
synthesis of natural products such as (—)-coriolin?3
and cedranoid sesquiterpenes.'’® An attractive fea-
ture of the photoreactivity of these compounds is that
the reaction can be carried out at high concentration
(greater than 20%) without the formation of side
products. Examples of the ODPM rearrangement of
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bicyclo[2.2.2]octendiones showing the carbonyl group
involved in the rearrangement, the yields of the
reactions, and the references are collected in Table
17_110,123

The ODPM rearrangement of bridged bicyclic
ketones has also been extended to less constrained
molecules such as bicyclo[3.2.1]octenones,*?415 bicyclo-
[3.3.1]nonadiendiones,*?® and bicyclo[4.2.1]nonatri-
enones.'?” An interesting observation has been de-
scribed in the photoreactivity of bicyclo[3.3.1]nona-
3,7-dien-2,6-diones.*? These compounds undergo
two successive ODPM rearrangements to give tri-
asterandione derivatives in reasonable yields. Thus,
for example, direct irradiation of compound 131
affords 132 in 58% isolated yield. These and other
related examples, including yields and references, are

collected in Table 18.124-129
(o]
/ o o
0

131 132 (58%)

G. Competition between the All-Carbon DPM and
the ODPM Processes

The intramolecular competition between the DPM
and ODPM rearrangements in compounds that have
both the 1,4-diene and the j,y-unsaturated ketone
moieties has been studied. Early work in this area
by Hart and Murray®*® showed that benzobicyclo-
[2.2.2]octadienones 133 and 134 undergo the regio-
selective ODPM rearrangement on acetone-sensitized
irradiation giving compounds 135 (26%) and 136 (9%)
respectively. These results indicated that keto—vinyl
bridging takes preference over the alternative benzo—
vinyl bonding, as shown for structure 134. A similar
result was obtained in another study by Givens and
Oettle®>67:68 of the triplet reactivity of benzobicyclo-
[2.2.2]octadienone 137. Again in this instance the
ODPM product 138 was obtained in 21% yield. On
the basis of deuterium-labeling experiments a con-
certed mechanism was proposed for the reaction.

; benzo-vinyl E% keto-vinyl ; ;

ODPM
136 138
ODPM ODPM

In a study by Luibrand et al.,**! acetone-sensitized
irradiation of dimethyl[2.2.2]octenone 139 gives 140.
Results with deuterium-labeled starting material
indicate that 140 is formed in a DPM rearrangement
and not in an ODPM reaction. These authors have
made an attempt to rationalize the intramolecular
competition between the two processes. Their con-
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clusion is that in the competition between different
DPM paths the relative rates follow a sequence
determined by the type of bridging obtained in the
reaction. The order of preference proposed by the
authors is vinyl—vinyl bridging > keto—vinyl bridg-
ing > benzo—vinyl bridging.'3! This preference is in
agreement with the order suggested?® for the ordi-
nary DPM, the results obtained for the compounds
mentioned above and also with the energy require-
ments involved in breaking vinyl, carbonyl, and
aromatic w-bonds. Other studies are also in good
accordance with this generalization. Thus, in the
acetophenone-sensitized irradiation of a series of
spirooxirano-substituted bicyclo[2.2.2]octadienones,
a total regiospecific DPM rearrangement was ob-
served.’®® As an example, compound 141 gives the
tricyclic derivative 142, in 53% yield, exclusively. The
absence of the other possible regioisomer 143, that
could have also been formed by the DPM path, was
explained as a consequence of the differences in the
stability of the two alternative 1,3-biradical inter-
mediates that could result from the ring opening of
the 1,4-cyclopropyl biradical formed in first place. The
results obtained in this study corroborate Luibrand’s
postulate showing that vinyl—vinyl bridging takes
preference over keto—vinyl bridging.

(o)
o
7
139

MeO,C 7
MeO,C

143
Not Observed

141 142 (53%)
DPM

However, this situation is not general and other
factors, apart from the bond strength, should be
taken into account to explain the results obtained in
other cases. Thus, for instance, sensitized irradiation
of the bicyclo[2.2.1]heptenone derivative 144 was
reported to give the ODPM product 145 in 62%
isolated yield, showing that keto—vinyl bridging
takes preference over vinyl—vinyl bridging in this
instance.5® In another study, the direct or sensitized

(0]
\
0 7
A

145 (62%)
144 ODPM

irradiation of ethenobenzocycloheptenones 146 brings
about the formation of the corresponding DPM prod-
ucts 147 exclusively.'®® This result shows that for
compounds 146 aryl—vinyl bridging is preferred to
keto—vinyl bridging. The greater stability of the bi-
radical intermediate 148, resulting from benzo—vinyl
bridging, compared to biradical 149, which would
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(0]

150 151 (80%)

DPM

o]

o

7 o

Ph Ph
o Ph
Ph
153 (69%)
152 ODPM

have been formed in a keto—vinyl bridging, could
explain the results obtained in this study. Neverthe-
less, other factors, apart from the bond energy and
the stability of the intermediates, may also be
important in the outcome of the competition. Thus,
benzophenone-sensitized irradiation of compound 150
gives the DPM product 151 in 80% yield.** However,
under the same experimental conditions, compound
152 rearranges to 153, in 69% vyield, by the ODPM
path.’** Structural factors such as ring constraint
and different interactions between the carbonyl group
and the vinyl groups are postulated to explain the
regioselectivity observed in these two cases.

Other studies have shown that the two processes,
DPM and ODPM, can be operative in the same
substrate. Thus, acetophenone-sensitized irradiation
of 154 gives 49% of the DPM product 155 in addition
to 156 (2%) resulting from an ODPM rearrange-
ment.*¥> This result shows that the presence of
substituents at the vinyl moiety can make the
competition possible. In a study by Cerfontain et
al.'3% sensitized irradiation of dienone 157 yields the
DPM product 158, in 52% vyield, and the ODPM
products 159, in 35% vyield, as a mixture of two
stereoisomers. The preference for the DPM over the
ODPM rearrangement is explained in terms of lower
bond strength of the vinyl unit compared to the
carbonyl w-bond (Table 19). However, dienones 160
and 161 under similar reaction conditions give E/Z
isomerization and decomposition, respectively.'3® The
results of these studies on the competition between
the ODPM and the DPM rearrangements, including
yields, are collected in Tables 19,53.5567,68,130,134-136



Di-z-methane Rearrangement

MeO,C. CO,Me MeO,C CO,Me

MeO,C
€0y 7

(o} (o)
MeO,C
H H
154 155 (49%) 156 (2%)
DPM ODPM

157 158 (52%) 159 (34%)

DPM ODPM

9%

160 161

Ph/o

20,52 and 21.1%% Examples of competition between
the DPM and ODPM processes in f3,y-unsaturated
aldehydes, as well as competition between the DPM
and the aza-di-z-methane (ADPM) rearrangements
will be discussed in the following sections.

H. The ODPM Rearrangement of f,y-Unsaturated
Aldehydes

The results discussed above on the photoreactivity
of B,y-unsaturated ketones demonstrate clearly that
the ODPM rearrangement is the normal photochemi-
cal behavior of these compounds in the triplet excited
state. However, the usual photoreactivity reported
for the majority of 3,y-unsaturated aldehydes, until
very recently, was decarbonylation. Thus, Schaffner
et al. demonstrated in a series of reports, published
almost 20 years ago, that 3,y-unsaturated cycloalk-
enyl aldehydes 16213 and 163, steroidal S,y-
unsaturated aldehydes 164,38 165,13 and 166'*° and
the j,y-unsaturated aldehyde with an exocyclic double
bond 16737 underwent decarbonylation on direct
irradiation. The triplet-sensitized reactivity of alde-
hyde 163 was also investigated. Again, under these
conditions, decarbonylation took place. Triplet-state
photoreduction to alcohol and homologization to the
corresponding methyl and ethyl ketones were ob-
served on direct irradiation of aldehyde 168.137° In
another study by Durr et al.**! direct or acetophe-
none-sensitized irradiation of aldehydes 169 gave two
products resulting from decarbonylation and 6-elec-
tron cyclization of the cis-stilbene type. The photo-
reactivity of acyclic aldehydes 170*? and 1713 was
also investigated. These aldehydes undergo decar-
bonylation on direct irradiation. Ambiguous results
were obtained on acetophenone sensitization of al-
dehyde 171.

However, two examples of aldehydes that do not
follow this general rule have been described in early
studies. The first example of an ODPM rearrange-
ment in a 3,y-unsaturated aldehyde was reported by
Schaffner et al.'* in the direct or acetophenone-
sensitized irradiations of the steroidal aldehyde 172.
Under these conditions 172 gives the ODPM product
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CHO
CHO o
ECHO

164

R' R2
OAc OHC
0
4
o CHO R' = R?= OCH,CH,0
1
CHO j

R' = OH, Rz—Me

Ph_ CHO

QPh

Ph_ Ph
CHO CHO
Ph / Ph {
Ph Ph
170 171

173 and two other compounds 174 and 175 derived
from 1,3-formyl migration and decarbonylation, re-
spectively (Scheme 32). Many years later Zimmer-

Scheme 32

hv

Direct or
Sens.

173 (30%) 174 175

man and Cassel'*® reported the ODPM reactivity of
the sterically hindered aldehyde 176 that afforded
the cyclopropyl aldehyde 177, in quantitative yield,
on acetophenone-sensitized irradiation (Scheme 33).
From all these precedents a general conclusion,
which is reflected in all the reviews and monographs,
was that decarbonylation is the normal photoreac-

tivity of fg,y-unsaturated aldehydes. The ODPM
Scheme 33
l cHo _hv Ph
Ph Ph Sens. Ph CHO
176 177 (100%)
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reaction was considered to be an exception with only
two precedents. The 1,3-acyl migration, which is the
normal photochemical reactivity of ,y-unsaturated
ketones in the S; (n,7*) excited state, was also
observed in the irradiation of aldehyde 172.144

On the basis of these results a general consensus
on the lack of ODPM reactivity of 5,y-unsaturated
aldehydes resulted.’*" However, this situation has
changed recently. Armesto et al.*¢ have reported the
ODPM rearrangement of a series of acyclic and cyclic
B,y-unsaturated aldehydes on triplet-sensitized ir-
radiation. In most cases the reaction gives the
corresponding cyclopropyl aldehydes in high vyield
after a short irradiation time. Thus, acetophenone-
sensitized irradiation of aldehyde 178, for 15 min,
affords the ODPM product 179 in 90% yield as the
trans isomer. Under similar conditions aldehyde 170
gives the cyclopropyl derivative 181 in 82% yield,
after 10 min of irradiation. It seems that decarbon-
ylation product 1,1,3,3-tetraphenylcyclopropane 180
results from longer irradiation.

}CHO Phn W
Ph

H H CHO
179 (90%)
Ph_ Ph

PhA R2
CHO o
Ph .RS .

181 (82%) 182
R! = Me or Ph
R? = Ph
R®=HorPh

Two factors were considered to be responsible for
the efficient ODPM reactivity of aldehydes 178 and
170; namely (a) the excitation of the molecule to the
T, (7r,*) excited state and (b) the stabilizing influence
of the phenyl group on the bridging 1,4-biradical
reaction intermediates 182. To confirm this hypoth-
esis the photoreactivity of aldehyde 171 was rein-
vestigated.'#® The result obtained in this study
shows that m-methoxyacetophenone-sensitized ir-

PhPZKCHO O‘ CHO O’

183 (57%) 184
CHO
A
. CHO
186 (83%) 187 (96%)
CHO H_ CHO
n( ﬁ '“&
Ph h“
188a: n 189a: n=1 (90%)

188b: n

1
2 189b: n=2 (25%)
188c: n=3

189c: n=3 (25%)

Zimmerman and Armesto

radiation of 171 (2 h) brings about the formation of
the cyclopropyl aldehyde 183, resulting from an
ODPM rearrangement, in 57% isolated yield. Fur-
ther support for the above postulates was obtained
in the acetophenone-sensitized irradiation of alde-
hydes 184 and 185 that undergo the ODPM rear-
rangement to the corresponding cyclopropyl alde-
hydes 186 (83%) and 187 (96%), respectively.
Cycloalkenyl aldehydes 188 also undergo the rear-
rangement to the corresponding ODPM products 189.
In one case (188b) the 1,3-migration product 190
(25%) was obtained in addition to the ODPM product
189b (25%). Direct irradiation of 188b affords the
diene 191 resulting from decarbonylation (Scheme

34).
Direct d\
10 min Ph + 188b
(\j[lo 191 (63%) (20%)
hv
Ph

Scheme 34

H_ CHO
188b Sens. |§
20 min PR + 188b

190 (25%) 189b (25%) (11%)
The ODPM reactivity of 3,y-unsaturated aldehydes
is not restricted to y-phenyl-substituted compounds
but can also be extended to systems in which the
intermediate biradicals are stabilized by conjugation
with a vinyl group. Thus, m-methoxyacetophenone-
sensitized irradiation of 192, for 20 min, affords the
cyclopropyl derivative 193 (47%) as a 1:8 mixture of
cis—trans isomers. Similarly, irradiation of 194, for
15 min, under the same conditions, yields 195 (52%)
as the trans isomer exclusively. The synthesis of

§1o i

193 (47%)
Ph. Ph
Ph
CHO Y\(
| Ph
195 (52%) 196 197 (14%)

compounds 193 and 195 by the ODPM rearrange-
ment opens a novel photochemical route to chrysan-
themic acid and other cyclopropyl components present
in pyrethrins and pyrethroids.'4” Even in the ab-
sence of phenyl or vinyl substituents at the y-position
of the f,y-unsaturated aldehyde the rearrangement
can take place although very inefficiently. Thus,
acetone-sensitized irradiation of aldehyde 196, for 30
min, gives the alkene 197 (14%) resulting from
decarbonylation and the ODPM aldehyde 183 in 8%
yield. The reactivity observed for 196 could be due
to the facile ring opening of the 1,4-cyclopropyl
biradical intermediate formed by vinyl—vinyl bridg-
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ing. This interpretation is in agreement with similar
increases in efficiency and triplet reactivity promoted
by phenyl substitution at the methane carbon, ob-
served by Zimmerman in the DPM process.19:43:145148

An intriguing observation in this study is that
aldehyde 171 undergoes the ODPM rearrangement
while the analogous methyl ketone 70 does not react
in this mode. This is the first example of such a
situation and, therefore, it opens the possibility of
observing ODPM reactions in other aldehydes with
substitution patterns similar to ketones that do not
undergo the rearrangement.

The possible competition between the ODPM and
the DPM processes was also studied. Irradiation of
198 using m-methoxyacetophenone as sensitizer, for
10 min, affords the cyclopropyl aldehyde 199 (19%),
as a 3:2 mixture of cis—trans (i.e. formyl—diph-vinyl)
isomers, resulting from an ODPM rearrangement
exclusively. However, under the same conditions,
aldehyde 200 yields the cyclopropyl aldehyde 201
(48%), resulting from a DPM rearrangement, asa 1:1
mixture of cis—trans isomers. The selectivity ob-
served was interpreted as being dependent on the
relative stabilities of the 1,4-bridged biradicals for the
two possible rearrangement paths.

CHO

i Ph
PhN\p, PH CHO
198 199 (19%)
ODPM
Ph Ph
— H =
PH l CHO o Ph
Ph Ph  CHO
200 201 (48%)
DPM

The results obtained in this study indicate that the
ODPM rearrangement of 8,y-unsaturated aldehydes
occurs when the triplet energy from the sensitizer is
efficiently transferred to the alkene moiety generat-
ing a T, (r,7*) excited state and, furthermore, when
the biradical intermediates are stabilized by phenyl
or vinyl substitution. Aldehydes that do not meet
these two requirements, as in most of the cases
previously reported, undergo decarbonylation. Ex-
amples of ODPM rearrangement of 3,y-unsaturated
aldehydes, including yields and references, are col-
lected in Table 22.144-146

IV. The Aza-di- &-methane (ADPM)
Rearrangement

The photochemistry of the C—N double bond has
not been studied as extensively as the photoreactivity
of other functional groups such as alkenes and
ketones. As a consequence, the extension of the di-
m-methane rearrangement to ,y-unsaturated C—N
double bond is relatively recent. However, in the last
15 years there has been an increasing interest in the
photochemistry of nitrogen-containing compounds.
Among the new reactions uncovered in the study of
the photochemistry of imine derivatives, the aza-di-
m-methane rearrangement has been most studied.
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A. The ADPM Rearrangement of f,y-Unsaturated
Imines and Oxime Acetates

The first example of an aza-di-z-methane (ADPM)
rearrangement was reported by Nitta et al. in a study
on the photoreactivity of the tricyclic oximes 202.
Direct irradiation of compound 202a brought about
the formation of products resulting from the DPM
and the ADPM rearrangements in the first example
of competition between these two processes. Surpris-
ingly, the methyl substituted derivative 202b under-
goes the ADPM reaction exclusively (Scheme 35).14%

Scheme 35
NOH
R
NOH DPM ( 24%, R = H)
hv
% Direct NOH
R R
202a:R=H —
202b: R = Me
ADPM (55%, R = H)
ADPM (54%, R = Me)
NOH NOH
MeQ,
hv MeOQ, R
g Direct
R ¥
203: R = H or Me (20-57%)

A few years later the study was extended to the re-
lated tricyclic oximes 203. Direct irradiation of com-
pounds 203 affords the corresponding products result-
ing from the ADPM rearrangement (Scheme 35).14°
These have been the only examples of ADPM reactiv-
ity in 3,y-unsaturated oximes until very recently.

The first ADPM rearrangement in an acyclic
derivative was reported by Armesto et al. in the
sensitized irradiation of the f,y-unsaturated imine
204a that yielded exclusively the corresponding
cyclopropyl imine 205a (Scheme 36).15°

Scheme 36
WS @4
Phjg N CHO
Ph Sens
204a 2053

Early studies in this area suggested that while the
ADPM reactivity of 5,y-unsaturated imines was quite
general, the corresponding rearrangement of oximes
was limited to compounds 202 and 203 and closely
related systems were unreactive.'*®® The ADPM
rearrangement of 204a was extended to other imines

R® R R R®

R2
ﬁ Ph%\rRz
Ph g, VR i T
~R!
204b-g 205b-g

R' = PhCH,, Ph, PhCHMe, Ph(CH,),, Pr;
R2=H, Me; R®=Me, Ph
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204b—g.150151  Acetophenone-sensitized irradiation of
compounds 204 brought about the formation of the
corresponding cyclopropyl imines 205.

Quenching and sensitization experiments showed
that the reaction was taking place via the triplet
excited state.’® A biradical mechanism similar to
those shown in Schemes 4 and 19, for the DPM and
ODPM rearrangements, was proposed for the ADPM
reaction (Scheme 37). This mechanism explains the

Scheme 37

R
Ph N~gr Sens. Ph N\R \

Ph Ph
N\

Ph
Ph - -
. \
Ph | Ph N—R
N-R Ph
R
|

Ph™ Ph
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regioselectivity observed for the rearrangement. The
reaction always yields cyclopropylimines. The cor-
responding aziridines that could have resulted from
the alternative ring opening of the 1,4-cyclopropyl
biradical intermediates have never been observed.
This regioselectivity is analogous to that encountered
in the ODPM rearrangement.

However, studies on the influence of substitution
on the efficiency of the reaction, carried out in a series
of N-aryl 20652 and N-benzyl 207%%3 f,y-unsatu-
rated imines, showed that the quantum vyield of
the cyclization increases with electron-withdrawing
groups at the para position of the N-aryl or N-benzyl

groups.
/\ /(/>§‘ Ar
th\ N
ph A PP en
206a: Ar = Ph 207a: Ar = Ph

206b: Ar = p-MeOCgH,
206¢: Ar = p-CICgH,
206d: Ar = m-MeOCgH,
206e: Ar = p-CNCgH,

207b: Ar = p-MeCgH,
207c: Ar = p-CICgH4
207d: Ar = m-FCgH,
207e: Ar = p-CF306H4

The excellent linear correlation between log ¢ and
ot obtained in both cases demonstrates the depen-
dence of reactivity on the conjugative interaction
between the aryl group and the nitrogen lone pair in
206 and also on the homoconjugative interaction
between the benzyl group and the nitrogen lone pair
in 207. This is evidence in support of the postulate
that an electron transfer from the imine nitrogen to
the alkene group is detrimental to the cyclization. To
account for these results a decay mechanism involv-
ing the electron transfer process, adversely affecting
the efficiency of the reaction, was proposed (Scheme
38).152.153

This mechanism gives a reasonable explanation for
the previously reported failure of oxime 208! and

Zimmerman and Armesto

\
Ph/%N‘R

Ph

h%ens. \

Scheme 38

Ph ) R

oxime ether 2095 to undergo the aza-di-z-methane
rearrangement.

/(/>§\ N ﬁ N
Php, N~oH  PhN, N-ome
208 209

Thus, in these cases efficient SET from the nitrogen
lone pair to the alkene moiety due to the low
ionization potential of the oxime and oxime ether
groups makes the rearrangement very inefficient, or
failing. Thus, it was postulated that the rearrange-
ment would be operative provided that the ionization
potential of the oxime could be raised. This was
easily achieved by incorporating an electron-with-
drawing group by simple acetylation of the oxime.
Acetophenone-sensitized irradiation of oxime acetate
210a gave the ADPM product 211a in 86% yield in
agreement with the above postulate (Scheme 39).1%5

Scheme 39
fg hv Ph
l \ g
N. Acetophenone  Ph |
Ph Ph OAc Sens. N\OAc
210a 211a (86%)

This was the first example of an ADPM rearrange-
ment in an acyclic C—N double-bond-stable deriva-
tive. The ADPM reaction has been extended to a
series of acyclic and cyclic f,y-unsaturated oxime
acetates 210a—h,155-158 212 159 214 159 216,159 218,159
and 220a,b.'%% All of them undergo the ADPM re-
arrangement to the corresponding cyclopropyl oxime
acetates 211a—h, 213, 215, 217, 219, 221a,b, re-
spectively. In most cases the reaction gives the
corresponding ADPM products in high isolated
yield.

The chemically efficient ADPM reactivity of oxime
acetates 212, 214, 216, and 218 has opened a new
synthetic route to chrysanthemic acid and other
cyclopropanecarboxylic acids present in pyrethroids
of known insecticidal activity.’® Quantum vyield
measurements show that the quantum efficiency for
the formation of 210a by acetophenone sensitization
is 0.12, that is 10-fold better than the quantum yield
for the cyclization of the N-aryl-substituted imines
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206. The ADPM reaction can be extremely efficient
as shown by the cyclization of oxime acetate 210b
that yields the corresponding cyclopropane 211b with
a quantum yield of 0.82.1%6

The studies carried out so far allow the establish-
ment of some general rules on the scope of the ADPM
rearrangement. Thus, aldoxime acetate 210a reacts
more efficiently than the corresponding methyl ke-
tone derivative 210d and the phenyl ketoxime ace-
tate 222 does not undergo the rearrangement.!>®
These results indicate that ketoxime acetates are less
reactive in the ADPM mode than the corresponding
aldoxime acetates. Aldoxime acetates with substit-
uents at the y-position that insure both, efficient
energy transfer from the triplet sensitizer and sta-
bilization of the 1,4-cyclopropyl biradical intermedi-
ates, undergo the ADPM rearrangement very effi-
ciently. This is the situation for compounds 210a,b,
210e, 212, 214, 216, and 218 where the alkene
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moiety is conjugated with phenyl or a vinyl groups.
Disubstitution at that position by methyl groups, or
other groups, as in compound 210c also allows to
observe the rearrangement although with lower
efficiency. When the alkene moiety is incorporated
to a medium-size ring, as in compounds 220a,b, the
rearrangement also takes place even in the absence
of y-substitution that would stabilize the biradical
intermediates. In this instance the increase of the
size of the ring affects the reaction adversely and
oxime acetate 220c is unreactive in the ADPM
path.1®® It is interesting to note that the photochemi-
cal reactivity of the methyl ketones 72 related to the
aldehydes 223, used as precursors of the oxime
acetates 220, has been studied.®®* This work estab-
lished that only the cyclobutenyl and cyclopentenyl
ketones undergo the ODPM rearrangement on triplet-
sensitized irradiation although as a secondary reac-
tion path. The results obtained in the study of oxime
acetates 220 show that the ADPM rearrangement is
more general than the oxa-di-z-methane analog and
avoids secondary reactions such as 1,3-acyl migration
or intramolecular [2 + 2] cycloadditions.®3

Q><CHO
nl

Ph
223
222 n=120r3
h
R ~OAc
224a-f

R = CO,Et, CN, CH,0Ac,
CH,OMe, CO,BU', Cyclohexyl

\ Ph%
I\ \

OAc ~ OAc
226

H
& (]
N~ N-oac
No

OAc
227 228 229

Oxime acetates without substituents at the y-posi-
tion that will insure sufficient stabilization of the 1,4-
cyclopropyl biradical intermediates do not undergo
the ADPM rearrangement. This is the case of oxime
acetates 224 that give cis/trans isomerization570.158
and compound 225,57 which is unreactive. Phenyl
substitution at position 4 of the 1-aza-1,4-diene
system promotes a different reaction. Thus, aceto-
phenone-sensitized irradiation of oxime acetates 226
and 228 yields 227 and 229, respectively, resulting
from a 1,3-migration of the acetoxyimino group.t57a161
These are the first examples of a 1,3-migration of
C—N double bond in 1-aza-1,4-diene derivatives.
Examples of the ADPM rearrangement of fS,y-
unsaturated oxime esters, including yields and refer-
ences are collected in Table 23.
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B. The ADPM Rearrangement of Other C —N
Double-Bond Derivatives

The ADPM reactivity of C—N double-bond-stable
derivatives of 8,y-unsaturated aldehydes is not lim-
ited to oxime acetates. A study has shown that other
oxime esters such as oxime benzoate 230a'%? and
oxime trifluoroacetate 230b,162® and hydrazine de-
rivatives such as semicarbazone 213a,%%? acetyl hy-
drazone 231b,%?* benzoyl hydrazone 231c,'%? and
tosyl hydrazone 231d,6 also undergo the rearrange-
ment. Acetophenone-sensitized irradiations of com-
pounds 230a and 231 brough about efficient conver-
sion to the corresponding cyclopropyl derivatives
232a and 233, respectively, in yields ranging from
90% to 9%. The photocyclization of the trifluoroace-
tate derivative 230b is very efficient and irradiation
for a mere 10 min affords the cyanocyclopropane 234
(80%) resulting from thermal elimination of trifluo-
roacetic acid during the work-up procedure. This
provides a new synthetic route to cyanocyclopropanes
from derivatives of 5,y-unsaturated aldehydes since
a direct path by the irradiation of g,y-unsaturated
nitriles fails.

\ Ph;;
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Ph’ﬁﬂ‘“ocoa Ph™Nen NHR  pp ]

Ph N.
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231a: R = CONH,

230a: R = Ph 231b: R = Ac 232a (90%)

230b: R = CF3 231c: R= COPh
231d: R = Tosyl

K X
Ph IN Ph CN

“NHR

234 (80%)
233 (71% t0 9%)

The results obtained in the irradiation of 230 and
231 clearly demonstrated that the ADPM rearrange-
ment can be extended to different stable derivatives
from fg,y-unsaturated aldehydes. However, these
derivatives can also undergo alternative reactions
apart from the ADPM rearrangement. Thus, ke-
toxime trifluoroacetate 235 does not undergo the
ADPM rearrangement. In this instance acetophe-
none-sensitized irradiation of 235 brings about the

formation of diene 236.162b
ﬁ( o >_>:
Ph N~ococr,

Ph Ph
235 236 (40%)
R2
Ph \ \
N |
‘ Ph N.
Pt ';11 ph  NHTs
R
237a: R' = CONHy, R? = H 238

237b:R' = Ac, R2=H
237c: R' = COPh, RZ=H
237d: R' = Tosyl, R? =
237e: R = Tosyl, R2 = Me
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Competition between the ADPM rearrangement
and alternative reaction paths has also been observed
in the acetophenone-sensitized irradiation of hydra-
zine derivatives 231. These compounds undergo, in
addition to the ADPM rearrangement, a novel cy-
clization to afford dihydropyrazoles 237. The keto
derivative 238 undergoes exclusively the cyclization
to the dihydropyrazole 237¢, in 75% yield. No ADPM
product was obtained in this case. Again SET
involvement from the alkene moiety to the acyl or
tosyl groups may be responsible for this novel cy-
clization.'®3 Examples of the ADPM rearrangement
of B,y-unsaturated imines and hydrazine derivatives,
including yields and References are collected in Table
24,

Literature precedents indicated that S,y-unsatur-
ated oximes were unreactive in the ADPM mode.5%1%4
However, recent results have shown that these
compounds can undergo the rearrangement with high
chemical efficiency. This situation is observed in
cases in which the biradical intermediates are highly
stabilized as in compounds 239, 240, and 241 that
afford the corresponding ADPM product 242, 243 and

244 respectively, on acetophenone-sensitized irradia-
tion_164,165

Ph_ Ph R —
l
ﬁ ‘I N. /(/>\<
N. OH -
P en OH O P ey, O

239 240a: R=H 241
240b: R = Me
240c: R = Ph

Ph_ Ph

K
Ph [
N\OH
242 (74%) 243a: R = H (63%) 244 (30%)

243b: R = Me (66%) ADPM
243c: R = Ph (20%)

The ADPM rearrangement of the ketoxime deriva-
tives 240b and 240c is very surprising since previous
studies indicated that imines and oxime acetate
derivatives from f,y-unsaturated ketones were less
reactive than those derived from the corresponding
aldehydes.'¢ Particularly, the efficient ADPM reac-
tivity of 240c is in clear contrast with the fact that
phenyl ketoxime acetate 222 is photochemically
inert.!®® The ADPM reactivity observed for ke-
toximes 240b and 240c might be due to the special
characteristics of the triplet excited state of the
dihydronaphthalene unit as demonstrated by Cald-
well et al.1%6

However, there are other fj,y-unsaturated ke-
toximes such as 245 which do not undergo the ADPM
rearrangement. In this instance an alternative reac-
tion takes place, yielding the dihydroisoxazoles 246,
on acetophenone-sensitized irradiation.'®” A mech-
anism involving single electron transfer from the
diphenylvinyl moiety to the ketoxime group has been
proposed to account for this novel reaction. The
above results have forced a reinvestigation of the
photoreactivity of oxime 208, previously reported as
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photochemically unreactive.’> The reinvestigation
showed that, contrary to the previous report, sensi-
tized irradiation of 208 gives a mixture of the ADPM
product 247 and the heterocycle 248 in comparable
yields.165

R R
| Ph N
Ph N~ ‘
ph oM o
245a: R = Me 246a: R = Me (15%)
245b: R = Ph 246b: R = Ph (38%)
Ph \
\X\ Ph N
Ph IN o
“OH Ph
247 248

From the foregoing it is clear that 5,y-unsaturated
oximes, which were previously considered photo-
chemically inert, can undergo synthetically useful
photochemical reactions. Examples of the ADPM
rearrangement of 3,y-unsaturated oximes, including
yields and references are collected in Table 25. The
ADPM rearrangement has also been observed in
some heterocyclic systems. Thus, 4H-1,2-diazepines
249 rearrange to 6H-1,4-diazepines 250 via a 1,2-
diazabicyclo[3.2.0]hepta-2,6-diene 251 in a process
that can be considered as an example of an ADPM
reaction (Scheme 40).1%8 In another study dihy-

Scheme 40
R
H Ph
/ N’N n={ Ph
R

251 250
249: R = Me or Ph

drobenzocarbazoles 252 undergo a photochemical
rearrangement to indenoquinolines 253. An ADPM
mechanism, as shown in Scheme 41, is proposed to

Scheme 41

hv

E—

Direct

252a: R =H
252b: R = Me

(O

R

253a:R=H (21%)
253b: R = Me (42%)

account for this result.’®® The ADPM rearrangement
has been extended to bridged cyclic compounds as the
dihydroquinoxalinobarrelene (254) that yields the
ADPM product 255 (20%), both on direct and sensi-
tized irradiations (Scheme 42).170
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Scheme 42
L@*N\ hv <I>/\h<
N‘Q Direct N=
or Sens.
254 255 (20%)

C. Competition between the DPM and ADPM
Processes

As has been mentioned above, the first example of
competition between the DPM and ADPM rearrange-
ments was described by Nitta et al.?4% in the direct
irradiation of oximes 202 (Scheme 35). The results
obtained showed that, while oxime 202a undergoes
both reactions, oxime 202b yields the ADPM product
exclusively. In another study aimed at detecting
intramolecular competition between the all-carbon di-
m-methane (DPM) rearrangement and the ADPM
process, acetophenone-sensitized irradiation of oxime
acetate 256a affords the cyclopropane 257a, resulting
from the DPM process, in 84% yield.*®* Similar DPM
rearrangement was observed for the corresponding
oxime trifluoroacetate 256b that gives the nitrile 258,
in 90% yield. This nitrile is formed from the photo-
product 257b by thermal elimination of trifluoroace-
tic acid during work up. These are examples of
triplet DPM reactivity in acyclic substrates where the
central carbon has only one electron-withdrawing
group. There is only one case of such reactivity in
the aryl di-z-methane process.'”* However, oxime
trifluoroacetate 259 undergoes the ADPM rearrange-
ment exclusively affording cyclopropane 260, in 30%
yield, again resulting from thermal elimination of
trifluoroacetic acid. The selectivity observed for
compounds 256 and 259 is interpreted as being
dependent on the relative stabilities of the corre-
sponding 1,4-bridged biradical intermediates.'®* Simi-
lar results have been obtained in a study of the
photochemical reactivity of the related S,y-unsatur-
ated aldehydes 198 and 200 (see section 111.H).146

Ph
Ph Ho o
= Ph
Ph Ph
[ |
Ph N~ Ph
pn - OR N-oc
256 257a (84%)
256a: R = Ac DPM
256b: R = COCF3
Ph Ph
H o= H o=
Ph
Ph Fh Ph
pn ON P 1l
~COCF3
258 (90%) 257b
DPM
Ph
. \KCN
Ph/§1<N‘OCOCF3 Ph
260 (30%)
259 ADPM
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Scheme 43
vinyl-vinyl
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bridging
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The competition between the di-z-methane and the
aza-di-r-methane rearrangements has also been
studied in the photochemistry of the pyrazine deriva-
tives of barrelene 261a,b.1’? Direct or acetophenone-
sensitized irradiation of these brings about the for-
mation of pyrazinosemibullvalenes in a typical di-z-
methane process (Scheme 43). Thus, compound 261a
gives 262a (53%), by a DPM path, and two other
products 263a (25%) and 264a (22%), resulting from
an ADPM rearrangement. However, compound 261b
yields semibullvalenes 263b (57%) and 264b (43%)
coming from an ADPM rearrangement exclusively.

Similar regioselectivity was observed for pyrazi-
nobarrelene 265 that affords 266 (76%) and 267

Bu
CN :, ; CN [ N‘e‘CN

265 266 (7 s%)
ADPM

267 (24%)
ADPM

(24%) again as a result of an ADPM process. Ben-
zoquinoxalinobarrelenes 265—267 also show a pref-
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P

N
@n ()

262a (53%)

& 5755,

263a: R =H (25%)
263b: R=CN (57%) 264b: R = CN (43%)

264a: R = H (22%

erence for the ADPM rearrangement. Thus, direct
and sensitized irradiations of compounds 268 give
benzoquinoxalinosemibullvalenes 269 and 270, re-
sulting from a quinoxalino—vinyl bridging exclusively
(Scheme 44).173

However, benzoquinoxalinobarrelenes 271a and
271b give the corresponding ADPM compounds 272a
and 272b as the major products in addition with a
small percentage of the DPM products 273a and
273b.*® The incorporation of a chlorine atom as in
271c enhances the quinoxalino—vinyl bridging and
again the ADPM product 272c is obtained exclu-
sively. These results show that the ADPM reaction
can compete favorably with the di-z-methane rear-
rangement in this system. Examples of competition
between the DPM and the ADPM rearrangements,
including yields and references are collected in Table

From all the foregoing is clear that the ADPM
rearrangement of different C—N double-bond deriva-
tives from g,y-unsaturated aldehydes is very general
and has considerable synthetic potential. The reac-
tion takes place in cases in which the triplet energy
is efficiently transferred from the sensitizer to the
alkene part of the molecule generating a T, (,7%)

Scheme 44
Bu\ By
. . . N
quinoxalino-vinyl 7 '\
bridging N= R
ADPM
Bu' N 269a (21%) R
S 269b (15%)
Bu! NQR hv 269c (14%)
R
Bu'
268a: R =H
268b: R = Me . L
268¢: R = Cl quinoxalino-vinyl /) h{
bridging Bu' N=
R
ADPM

270a (78%)

270b (45%)
270c (54%)
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DPM

excited state. The stabilization of the biradical
intermediates by the adequate substitution at the
y-position of the fS,y-unsaturated system is also
important in promoting the reaction. When these
conditions are not fulfilled other alternative reactions
such as E/Z isomerization or cyclizations to different
heterocycles can take place. The novel photochemical
synthesis of heterocyclic systems by irradiation of
1l-aza-1,4-diene derivatives may also have synthetic
utility.

V. Experimental Conditions

A. Practical Aspects of Using Sensitizers

Our discussion here applies to much of organic
photochemistry, since the di-z-methane rearrange-
ment is perfectly typical from the experimental
standpoint. The first question is whether one should
use a sensitizer or not, and this has been discussed
above in connection with the “free rotor” effect. Thus,
for acyclic “divinyl methane”-type reactants, direct
irradiation is the method of choice while for bicyclics
and other reactants with constrained m-systems,
sensitization often is needed for optimum yields. In
using a sensitizer there are several considerations.
(1) One must pick a sensitizer of sufficient triplet
energy to excite the reactant ground state. (2) The
sensitizer must absorb light at a wavelength where
reactant does not absorb too strongly, and the sen-
sitizer's concentration must be high enough, such
that, at that wavelength essentially all of the light
is absorbed by the sensitizer and not by the starting
material. Thus, one wants energy delivered via the
sensitizer to the reactant and not directly to the
reactant. (3) The sensitizer should be reasonably
separable from the reactant and products. (4) One
must adjust the concentration of reactant to be low
enough that the singlet excited state of the sensitizer,
formed by light absorption, has time to convert itself
to the needed triplet before collision of the initially
formed singlet with reactant. Otherwise one will
merely deliver singlet excitation to the reactant. (5)
The concentration of reactant cannot be so low that
the triplet sensitizer molecule will decay to useless
ground state before collision with reactant and triplet
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energy transfer. (6) There are other, practical mat-
ters such as having a sensitizer which, itself, is un-
reactive and stable. It should be soluble in solvents
being used. However, such items are subject to com-
mon sense and need not be considered further here.
Turning now to specifics, we note that acetophe-
none is a particularly useful sensitizer. Itis remov-
able under high vacuum at room temperature, it
absorbs light in the 300—350 nm region where many
reactants are relatively transparent, and it has a
reasonably high triplet energy of 74 kcal/mol. Ac-
etone has a still higher triplet energy in the neigh-
borhood of 80 kcal/mol but absorbs only weakly and
at shorter wavelengths. Benzophenone absorbs in
the 300—360 nm region and has a 69 kcal/mol triplet
energy, but separation from photoproduct requires
chromatography or careful recrystallization.

B. The Role of Reactant Concentration

With regard to concentrations to be used, it is
helpful to recognize that most ketone triplets have
lifetimes at room temperature in solution of about
10 us which corresponds to a rate of disappearance
by decay of about 10° s71.174 The bimolecular rate of
diffusion in most ordinary solvents will be close to 5
x 10° L mol~ts™1. Thus, at a reactant concentration
of 1072 M, the pseudounimolecular rate of collision
of triplet with the reactant will be 5 x 10° s~ which
is 1 order of magnitude faster than the decay and
loss of the sensitizer triplet. This means that nine
of 10 triplet sensitizer molecules will collide success-
fully with the ground-state reactant. Another point
to be considered is whether we need to concern
ourselves with any singlet energy transfer with these
concentration conditions. Since, many ketone singlet
excited states are converted to their triplets at rates
above 10% s, and we have just decided that the
collision of an excited state with reactant will occur
at a pseudounimolecular rate of about 5 x 10% s™* at
the selected concentration, we note that excited
singlet collisions are too slow to give difficulty.
However, if one were to use a hydrocarbon sensitizer
one needs to be more cautious and redo the calcula-
tion, since hydrocarbon singlets do not convert to
their triplets at comparably rapid rates.

In brief, using a reactant concentration in the
range of 5 x 1073 to 102 M, we can be fairly assured
that triplet sensitization will occur efficiently without
danger of a singlet energy transfer. A final practical
point to be considered in deciding whether or not to
use a sensitizer is the relative reactivity of the triplet
excited states of reactant and product. If one has a
situation in which the starting material reacts fairly
efficiently on sensitization (i.e. as the triplet), but the
initial photoproduct is unreactive, then there may
well be a real advantage to employing a sensitizer
for the photoreaction. Particularly if the primary
photoproduct reacts efficiently as the excited singlet
(i.e. on direct irradiation), the use of a sensitizer may
become a necessity. One such example is given in
Scheme 45.%° In this case the triplet photoproduct
is unreactive toward further reaction and is obtained
nicely under sensitized conditions. However, al-
though this initial photoproduct is formed on direct
irradiation, it reacts rapidly onward as a singlet and



3088 Chemical Reviews, 1996, Vol. 96, No. 8

Scheme 45
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a triplet and only very low yields of photoproduct can
be obtained without use of a sensitizer.

C. Choice of Solvents for Irradiation

Clearly, solvents used for photochemical syntheses
need to be optically transparent in the spectral region
used. Additionally they should not react with start-
ing materials, products, or excited states involved.
Finally, they need to dissolve reasonable quantities
of the reactants and products. tert-Butyl alcohol is
an ideal solvent in satisfying essentially all of these
criteria in most instances. In particular, tert-butyl
alcohol does not have hydrogen atoms which are
readily abstractable by (e.g.) n-7* excited states of
ketones. Benzene is another solvent which does not
have easily abstractable hydrogen atoms, and for
reactants being irradiated at 300 nm and higher,
there is no light absorption problem. Acetonitrile is
another solvent which has been useful. For water-
soluble compounds with unreactive starting materi-
als and products, irradiation in aqueous solution can
work well as long as there are no photochemical
intermediates sensitive to water. Solvents such as
ether, pentane and hexane not only have abstractable
hydrogen atoms but also are flammable and run the
risk of ignition by electrical equipment employed.
Nevertheless, they have seen use.

D. Wavelength of Irradiation

Most of the di-7-methane reactants of interest have
chromophores absorbing at wavelengths above 300
nm. This simplifies the photolysis procedure, since
Pyrex transmits ultraviolet wavelengths above this
point and cuts off most light below this region. Such
a filter is termed a “short cut-off” type. There is no
need to concern oneself about cutting off light of
wavelengths longer than absorbed by the reactant or
sensitizer since this light will be transmitted harm-
lessly. Hence, although “long cut-off filters” are
available, they are most often not needed.

The main objective, however, is to maximize the
amount of light absorbed (a) by the reactant, but not
by the product in direct irradiations, and (b) by the
sensitizer and neither the reactant nor the product
in sensitized photolyses. This means that one should
have ultraviolet spectra of all components and com-
pute the absorbances of each compound at the
concentration employed. There will be instances
where one wishes to have a short cut-off filter at
wavelengths longer than 300 nm to accomplish this

Zimmerman and Armesto

objective. Cupric sulfate in 5% sulfuric acid cuts off
nicely at wavelengths in the 300—320 nm region,
depending on concentration. Sodium metavanadate
cuts off in the 320—360 nm region, again depending
on its concentration. A variety of inorganic short cut-
off filters is known.1”> However, the disadvantage
is that one then needs to circulate such filter solu-
tions, instead of cooling water, through the irradia-
tion apparatus and in the process one needs to cool
the circulating filter solution. Most often Pyrex is
adequate and filter solutions are unnecessary.

E. The Apparatus

While there is considerable flexibility in the ap-
paratus employed, probably one of the most simple
and commonly used choices for photochemical uses
is the “Hanovia Immersion Well” type.1’® The well
is used with cylindrical flasks of varying sizes.
Usually the well is fabricated of quartz. However,
Pyrex can be used for work above 300 nm. If quartz
is used, then it is convenient to have Pyrex tubing
available to surround the lamp and filter light below
300 nm for those runs where this is desired. Other
tubing, filtering light below different cut-off points,
can be used where available.

The flask used for the solution being irradiated
should have a nitrogen inlet and outlet with provision
for magnetic stirring at the bottom. The nitrogen
inlet can be a 10/30 joint with ~1 mm polyethylene
tubing leading to the flask bottom. This provides
purging of oxygen prior to and during irradiation.

Alternatively, one can use apparatus more suitable
to quantitative work as well as permitting more
choices of filter solutions to provide relatively narrow
ranges of wavelengths. One such choice is the
“Wisconsin Black Box” 17> which consists of a six inch
parabolic reflector machined from a cylindrical alu-
minum solid cylinder. A mercury or mercury—xenon
lamp is then mounted at the focus of the parabola to
give a six inch diameter beam.

Another type of apparatus which has been com-
monly used is the “Rayonet Reactor” which consists
of a number of low-pressure mercury lamps mounted
in an array surrounding the reaction vessel and with
a reflector surrounding these. While the apparatus
is commercially available,*”” it also can be con-
structed using readily available and inexpensive
germicidal lamps. Such ordinary low-pressure lamps
emit almost a single mercury line at 254 nm which
often is not suitable for general purposes, since
products as well as reactants and sensitizers tend to
absorb at this wavelength. However, lamps coated
with phosphors emitting at longer wavelengths (e.qg.
300 nm, 360 nm) are available. These afford rather
wide ranges of ultraviolet light which are sometimes
too broad, sometimes 80—100 nm in wavelength
spread, for a given purpose.

VI. Conclusions

This review has dealt with representative examples
of the various types of di-z-methane rearrangements
from a synthetic viewpoint. For inclusion examples
needed to have product isolation and a report of
actual yields. We limited the survey to the all-carbon
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di-7z-methane, the oxa-di-z-methane, and the aza-di-
m-methane versions of the reaction. Other interest-
ing variations such as the di-z-borane, di-w-ethane,
and di-z-propane were reserved for future reviews
when a larger number of examples have been re-
ported. Our overall intent has been to provide
representative examples from the literature.

One of the roles of the di-z-methane rearrangement
is to provide routes to compounds not as readily
constructed by other means. We hope that this
review will help the more conventional organic
synthetic chemists to include these photochemical
alternatives in their arsenal of synthetic approaches.

Although this article has had a synthetic objective,
one cannot help but note the mechanistic facets of
the reaction, namely involving state multiplicity,
regioselectivity, stereochemistry, and the relationship
between structure and reactivity.
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VIll. Tabular Survey

The examples given in the tables are selected with
the aim of being representative. In particular,
examples were chosen where sufficient detail is
available, including actual yields and precise condi-
tions. However, it needs to be recognized that the
literature is immense and the goal here is selectivity.
Many examples in natural product synthetic work
involve complex structures without providing opera-
tional information available in less-involved systems,
and these are not included. The categories chosen
are representative of the most studied types of
systems. In these tables, for each example, both the
yield and the extent of conversion are given in
parentheses, in this order. In the few cases selected
where actual absolute yields were not given, the
product ratio is designated.
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Table 26 (Continued)

Refs.

Product(s) and Yield(s) (%)

Conditions

Reactant

Refs.

Product(s) and Yield(s) (%)

Bu'
:__—j BU' N
ADPM (45)

Conditions

Reactant

Bu'
N
Bu' N

N 173
e
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/
j N
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o
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& X_Z 2
8 Z
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a
o
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z"
N
Q-
p=l
. @
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™
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=
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N
\ /\' —<: 1 ?/ "{
< \>~ NQ\
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Direct or
Sens.

N
N
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