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The conjugate addition–Peterson olefination reaction for the preparation of
cross-conjugated cyclopentenone, PPAR-c ligands†
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5-Alkylidenecyclopent-2-enones 15a–q may be prepared via a conjugate addition–Peterson olefination
sequence, best achieved in one-pot, using exo-2-trimethylsilyl-3a,4,7,7a-tetrahydro-4,7-methanoinden-
1-one 12, followed by a retro-Diels–Alder reaction. The geometry of the exocyclic alkene may be
controlled according to the use of organometallic species in the conjugate addition step; organocuprate
reagents are found to selectively lead to the formation of E-exocyclic alkene adducts, whereas Grignard
reagents favour the formation of Z-alkenyl isomers. The use of enantiomerically enriched 12, accessed
from an asymmetric Pauson–Khand reaction, affords the corresponding enantioenriched
5-alkylidenecyclopent-2-enones and this approach is exemplified by the short, stereoselective total
syntheses of two cyclopentenone phytoprostanes 51 and 13,14-dehydrophytoprostane J1 65. The ability
of this family of synthetic compounds to activate the peroxisome proliferator activated receptor-g is
reported.

Introduction

Natural products possessing the cyclopentane structure are widely
distributed throughout the animal, bacterial and plant kingdoms.
A subset of this broader class is the family of compounds derived
from fatty acids that possess a cyclopentenone group (see Fig. 1).
These compounds are intimately involved in several important and
related cellular processes, including mediation of the inflammatory
response and involvement in cellular defence pathways.1 Evidence
indicates that these biological effects may directly result from
the covalent modification of cysteinyl groups present in proteins
following conjugate addition to the electrophilic a,b-unsaturated
ring.2 Biosynthetically, however, the origins of these structurally
related compounds appear to be different. PGA2 2 and J2 3, for
example, may be formed in mammalian systems following the
oxidation and subsequent dehydration of PGF2a 1.1 PGF2a 1 itself
being derived from the arachidonic acid-cyclooxygenase cascade.3

Further allylic dehydration of PGJ2 3, which has been reported
to occur in serum albumin, generates D12,14-15-deoxy-PGJ2 4.4
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Another facet to this story concerns the recent discovery that
structurally similar, albeit racemic, prostanoid natural products
are also formed, particularly during events of cellular (oxidative)
stress. Such compounds, termed isoprostanes to distinguish them
from the enzymatically derived prostaglandins, are thought to be
derived from the non-enzymatic oxidation of membrane-bound
polyunsaturated fatty acids.5 These natural products provide a
link to the popular current concept that dietary manipulation of
the levels of polyunsaturated fatty acids might protect cells from
the destructive influence of reactive oxygen species.6

The cross-conjugated juxtaposition of the dienone unit present
in 4 is also found in several other, structurally related, naturally oc-
curring compounds. Again these compounds, from different bio-
logical sources, appear to possess interesting biological properties.1

In plants, 12-oxophytodienonic acid 5, the biosynthetic precursor
to jasmonic acid, is derived from linolenic acid via the allene
oxide synthase pathway.7 Dehydrophytodienoic acid 6 (13,14-
dehydrophytoprostane J1 originally also called chromomoric
acid)8 has been isolated from several plant sources and, despite
the structural similarity to 5, it is not known whether this
compound is derived enzymatically, or from the plant version of
the isoprostane pathway.9 The plant congeners of the mammalian
isoprostanes are termed phytoprostanes.9 Marine derived natural
products related to 4 and 6 are also known and clavulone 7 is
a representative example.10 These compounds typically display
greater oxidation than their terrestrial counterparts and often
include halogenation.10 Recently a new class of cross-conjugated
cyclopentenone has been discovered that possesses an allylic
epoxide in the alkylidene side chain. Such racemic compounds,
exemplified by 8, are, again believed to be derived via the
isoprostane pathway.11

Primary prostaglandins, such as the historic PGF2a, elicit
their potent biological activities via their direct interaction with
specific receptors on the surface of the cell plasma membrane.1
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Fig. 1 Representative cyclopentenone fatty acid derived natural products.

Typically such C20 arachidonic acid derivatives possess pro-
inflammatory and muscle contracting effects.1,3 In contrast, the
latter, cyclopentenone-containing members of the prostaglandin
family, such as 2, 3 and particularly 4, appear to counteract these
pro-inflammatory effects.1 Evidence indicates that they may do
this by interfering with the processes of gene transcription and
ultimately protein translation via their interaction with several
transcription factors.1,3

Nuclear factor kappa B (NF-kB), discovered by Baltimore
in 1986,12 plays a pivotal role in the inflammatory response
and its downstream gene products include i-NOS, COX-2 and
various cytokines responsible for initiating and perpetuating the
effects of inflammation.13 For this reason NF-kB has emerged
as a promising target for the development of compounds aimed
at inhibiting the excessive inflammation associated with various
conditions.13 In 2000 it was shown by Karin and Santoro that
unsaturated prostanoids inhibit NF-kB by binding to a thiol
residue contained in the activation loop of the b-subunit of the
IkB kinase IKK.14 This kinase is responsible for the activation of
NF-kB in the cytoplasm of the cell, which, following activation,
relocates to the nucleus and initiates gene transcription.13,14

Cyclopentenone prostaglandins also interfere with the heat shock
response process, which is a protective mechanism that cells use
under stressful conditions including, but not exclusively, extremes
of temperature.1,15 This process is mediated by a transcription
factor (heat shock factor) the activation of which leads to the
accumulation of proteins termed heat shock proteins (HSP), in
particular HSP70, whose role as a molecular chaperone has been
documented.15

The final important cyclopentenone prostaglandin target is
another transcription factor; peroxisome proliferator activated
receptor g (PPAR-g). This, so-called, orphan nuclear receptor was
discovered in the late eighties16 and soon after was reported to be
the molecular target for a clinically useful class of drugs for the
treatment of the symptoms of type 2 diabetes.17 Several members of
this class of compounds, known as the thiazolidindiones (TZDs),
ultimately became medicines for the treatment of this steadily
growing worldwide condition (see later). PPAR-g’s role appears
to be in the control of lipid and glucose homeostasis and its
gene products include enzymes involved in lipid oxidation and

the peptide adiponectin, which controls formation of adipocytes
(fat cells). In 1995 it was demonstrated that the unsaturated
cyclopentenone, D12,14-15-deoxy-PGJ2 4, bound to and activated
PPAR-g and consequently the suggestion was made that 4 was the
natural ligand for this orphan receptor.18 This proposal, however,
has remained a contentious matter of debate, primarily since
the natural detectable levels of 4 have never been in the same
range as the levels needed to activate PPAR-g appreciably.19 One
plausible proposal explaining these detection problems and the
apparent low in vivo concentration of 4 concerns its reactivity
and the fact that free D12,14-15-deoxy-PGJ2 4 may be removed
from circulation via either conjugation to reduced glutathione
(GSH)1,2,20 and/or by association with serum albumin.20 The
reactivity of 4 with GSH and the stability of the corresponding
glutathione adduct has been investigated by Noyori and co-
workers.2 Furthermore, a relationship and interplay between
NFkB and PPAR-g has recently been uncovered which seems to
demonstrate that activation of PPAR-g leads directly to inhibition
of NFkB possibly by a nuclear export mechanism.21

Although the precise mechanisms are different, in plant species
the cyclopentenoid natural products, exemplified by 5 and 6,
appear to play important roles involving the defence and home-
ostasis of their host.9 For example, it has been reported that
either wounding of the plant, or pathogen attack, induces the
accumulation of cyclopentanoid compounds. These compounds
activate defence related genes and induce detoxification responses.
Even the exogenous application of phytoprostanes 5 and 6 initiates
the biosynthesis of secondary metabolites such as phytoalexins.22

Based on the interesting profile of biological activities demon-
strated by natural products possessing the cross-conjugated cy-
clopentenone structural motif we became interested in developing
a modular synthetic method that enabled the straightforward
preparation of analogues.23 The ultimate aim was to evaluate
these analogues in terms of their ability to activate PPAR-g in
the hope that a relationship between structure and activity could
be uncovered. We envisaged that the structural motif present in this
class of compounds could be efficiently accessed via a conjugate
addition–Peterson olefination sequence performed on a suitable
masked a-silyl cyclopentadienone synthon 9 (see Fig. 2). This
process would serve to install both the alkyl and alkylidene (C-8
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Fig. 2 Retrosynthetic analysis of cross-conjugated cyclopentenones based on a conjugate addition–Peterson olefination approach (M = metal).

and C-12) side-chains, the latter being at the desired oxidation
level. The reaction partners for this proposed sequence would
be a functionalised organometallic species represented by 10 and
an a,b-unsaturated aldehyde 11 and 9. A cyclopentene unit was
chosen to mask the endocyclic carbon–carbon double bond in the
cyclopentenone moiety, since, based on seminal studies by Stork
and Roussec,24 this group may be readily removed by a retro-Diels–
Alder process either under Lewis acidic, or flash vacuum pyrolysis
conditions. Furthermore due to its rigid, conformationally locked
molecular architecture high levels of stereoselectivity have been
observed following related conjugate addition reactions.25 Obvious
advantages in this approach include expediency and the ability to
readily vary the structures of the pendant groups in a modular
fashion. We also felt that there was a high possibility that the
conjugate addition reaction and the Peterson olefination could be
carried out sequentially, in the same reaction vessel. This efficient
one-pot transformation has been virtually ignored following its
initial disclosure in 1984,26 mainly because its success remained
limited to certain substrates. We have reported preliminary results
in this area.27

Results and discussion

Crucially, in relation to this proposed sequence, (±)-exo-2-
trimethylsilyl-3a,4,7,7a-tetrahydro-4,7-methanoinden-1-one 12 is
readily available in high yield and on multi-gram scale via an
intermolecular Pauson–Khand reaction between trimethylsily-

lacetylene 13 and norbornadiene either under our microwave
conditions,28 or traditional thermal conditions.29 Traces of the cor-
responding endo-diastereomer were detected in small amounts but
this impurity may be removed following column chromatography,
or recrystallisation from hexane (Scheme 1).

Pleasingly compound 12 readily participated in conjugate addi-
tion reactions on treatment with either organocuprate reagents
or with Grignard reagents in the presence of copper(I) salts.
These conjugate adducts could be isolated and characterised on
protonation (see for example Scheme 3) but we were, however,
delighted to find that the resultant intermediate enolate efficiently
participated in a one-pot Peterson olefination reaction with a vari-
ety of structurally diverse aldehydes.¶Table 1 summarises the one-
pot conjugate addition–Peterson olefination reactions performed.
Initial experiments focused on the addition of Gilman’s cuprate to
12 in ether (Entry 1), or THF. This reaction was found to proceed
to completion between -78 ◦C and -5 ◦C. The reaction mixture
was then re-cooled to -78 ◦C and benzaldehyde was added. On
warming, the formation of a more polar, UV active spot was
detected which on isolation proved to be the hoped for exocyclic
dienone 14a. One geometric isomer and one diastereomer were
detected and the structure of this solid compound 14a was

¶Classical Peterson olefination reactions may be performed following
initial addition of LDA to the conjugate adduct followed by benzalde-
hyde. However, in our hands the yields for this two-step process were
considerably lower than the reported, in situ, method.

Scheme 1 Proposed three-step sequence for the construction of cross-conjugated cyclopentenones.

Table 1 The one-pot conjugate addition–Peterson olefination reaction of exo-12

Entry RMa R¢ Adduct Yieldb E : Zc Entry RMa R¢ Adduct Yieldb E : Zc

1 Me2CuLi Ph 14a 93% >95 : 5 14 Me2CuLi i-Pr 14l 61% 65 : 35
2 MeMgBr Ph 14a 86% 75 : 25 15 MeMgBr i-Pr 14l 83% 30 : 70
3 n-Bu2CuLi Ph 14b 91% >95 : 5 16 n-Bu2CuLi n-Hex 14m 82% >95 : 5
4 n-Oct2CuLi Ph 14c 84% >95 : 5 17 n-BuMgCl n-Hex 14m 69% 30 : 70
5 Me2CuLi 4-O2NC6H4 14d 92% >95 : 5 18 i-PrMgCl Ph 14n 81% 60 : 40
6 Me2CuLi 4-MeOC6H4 14e 45% >95 : 5 19 VinylMgBr Ph 14o 94% 95 : 5
7 Me2CuLi 2-Furyl 14f 94% >95 : 5 20 VinylMgBr i-Pr 14p 88% 50 : 50
8 Me2CuLi 2-Pyridyl 14g 45% >95 : 5 21 n-Oct2CuLi MeO2C(CH2)5 14q 81% >95 : 5
9 Me2CuLi N-Me-3-indole 14h 13% >95 : 5 22 n-OctMgBr MeO2C(CH2)5 14q 57% 35 : 65

10 Me2CuLi N-Ts-3-indole 14i 83% >95 : 5 23 Me2CuLi t-Bu 14r — —
11 Me2CuLi E-PhCH=CH 14j 68% >95 : 5 24 Me2CuLi PhCOMe 14s — —
12 Me2CuLi E-MeCH2CH=CH 14k 88% 90 : 10 25 Me2CuLi (CH2)5CO 14t — —
13 MeMgBr E-MeCH2CH=CH 14k 93% 75 : 25

a Conditions: 2 eq. RLi, 1 eq. CuI, Et2O; or: 1.5 eq. RMgBr–Cl, 10 mol% CuI, Et2O (for further details see Experimental section). b Yield following
purification by flash column chromatography. c Ratio determined by 1H-NMR spectroscopy of crude adducts 14.
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unambiguously confirmed by X-ray diffraction (Fig. 3).30 This
indicated that the formation of an E-alkene had occurred and that
the initial conjugate addition had taken place on the less sterically
encumbered, lower face. Based on isolated yields we found that the
use of ether as a solvent for this process was preferable and further
investigations focused on its use. Addition of a solution of 12 in
ether to a mixture of methylmagnesium bromide in the presence
of 10 mol% copper(I) iodide again resulted in smooth conjugate
addition between -78 ◦C and -5 ◦C (Entry 2). The intermediate
enolate was re-cooled to -78 ◦C and benzaldehyde was added.
In terms of conversion the reaction proceeded equally effectively
under these conditions, however, in this instance inspection of
the crude 1H-NMR spectrum indicated the presence of two
compounds in a ratio of 75 : 25. The minor compound was
separable and proved to be the corresponding Z-adduct 14a.
Alternative alkyl organocuprate reagents proceeded in a similar
fashion with benzaldehyde (Entries 3 and 4); in each case only the
E-alkenyl isomer was detected. The use of alternative aromatic
and heteroaromatic aldehydes was successfully investigated in
conjunction with Me2CuLi (Entries 5–10) and again only one
geometrical isomer was detected for the newly formed double
bond. Based on the yields encountered it appears that electron
rich and Lewis basic aldehydes (i.e. Entries 6, 8 and 9) do
not participate as effectively as their more reactive, electron
poorer counterparts (Entry 5 and 10). The process described also
proceeded efficiently with a,b-unsaturated aldehydes (Entries 11,
12 and 13), thereby providing a strategy for the installation of
the exocyclic dienone unit present in natural products 4, 6 and 7

Fig. 3 X-Ray crystal structure of adduct 14a (Ortep representation).

(Fig. 1). The 1,4-addition of isopropylmagnesium chloride, and
vinylmagnesium bromide proceeded smoothly using catalytic CuI
(10 mol%) and in both cases the corresponding magnesium enolate
reacted efficiently with benzaldehyde, affording enones 14n and
14o as separable mixtures of E- and Z-stereoisomers (Entries 18
and 19).

At this stage it was of interest to ascertain whether aldehydes
possessing a-protons would participate in the process, or whether
intermediate 17 might prove to be incompatible with such,
potentially acidic, reaction partners. This concern proved to be
unfounded and freshly distilled isobutyraldehyde gave good yields
of the corresponding adducts 14l using either the Gilman cuprate,
or MeMgBr (Entries 14 and 15). Interestingly, the stereochemical
integrity of the double bond formed was much less well defined
in these instances and significant amounts of the readily separable
Z-stereoisomers were formed. As before (Entries 2) this lack of
stereoselectivity was most marked when the organomagnesium
reagent was employed. Finally, this reaction sequence described
was then applied to a rapid synthesis of (±)-TEI-9826 15q, an
analogue of PGA2 2 which has been evaluated in vivo as a potential
anticancer agent.31 Thus, addition of either (n-Oct)2CuLi, or n-
OctMgBr (10 mol% CuI) to 12, followed by addition of methyl
7-oxoheptanoate32 afforded the exocyclic enone 14q in good yield
(Entries 21 and 22). This latter reaction indicated that additional
carbonyl functionality in the aldehyde Peterson olefination partner
is tolerated under the reaction conditions. The use of pivaldehyde,
acetophenone and cyclohexanone (Entries 23–25) only afforded
the corresponding conjugate adduct and none of the hoped-for
product of Peterson olefination. Based on these failures it appears
that steric effects, in addition to the electronic reactivity of the
carbonyl species, play an important role in this process (see also
Scheme 5).

The retro-Diels–Alder reactions of the norbornadiene adducts
E-14a–14q were performed in dichloromethane at 40 ◦C using
MeAlCl2 and an excess of maleic anhydride as a cyclopentadiene
trap (Table 2).25,33 Generally, this method provided good yields of
the corresponding cross-conjugated cyclopentenones E-15a–15q
with only minimal alkylidene isomerisation. Notable exceptions
were compounds containing basic azo-functionality (Entries 8
and 9); in these examples none of the cyclopentenone products
15h and 15i were detected. It was also of interest that, following

Table 2 The preparation of cross-conjugated prostanoid mimics 15 by retro-Diels–Alder cycloaddition

Entrya R R¢ Yieldb E : Zc Entry R R¢ Yieldb E : Zc

1 Me Ph E-15a 84% >95 : 5 12 Me E-MeCH2CH=CH E-15k 33%g 90 : 10
2 Me Ph Z-15a 64%d >95 : 5 13 Me E-MeCH2CH=CH E-15k 92%h >95 : 5
3 n-Bu Ph E-15b 83% >95 : 5 14 Me i-Pr E-15l 82% 90 : 10
4 n-Oct Ph E-15c 76% >95 : 5 15 Me i-Pr Z-15l 67%i 90 : 10
5 Me 4-O2NC6H4 E-15d 85% >95 : 5 16 n-Bu n-Hex E-15m 84% >95 : 5
6 Me 4-MeOC6H4 E-15e 68% >95 : 5 17 n-Bu n-Hex Z-15m 33%j 65 : 35
7 Me 2-Furyl E-15f 64% >95 : 5 18 i-Pr Ph E-15n 87% >95 : 5
8 Me 2-Pyridyl E-15g NRe — 19 Vinyl Ph E-15o 73% >95 : 5
9 Me N-Me-3-indole E-15h NRe — 20 Vinyl i-Pr E-15p 73% 90 : 10

10 Me N-Ts-3-indole E-15i 28%f 75 : 25 21 n-Oct MeO2C(CH2)5 E-15q 86% 80 : 20
11 Me E-PhCH=CH E-15j 78% 90 : 10

a Conditions unless otherwise stated: 1–1.5 eq. MeAlCl2, 5–10 eq. maleic anhydride, DCM, 40 ◦C (for further details see Experimental section). b Yield
following purification by flash column chromatography. c Ratio by 1H-NMR spectroscopy. d 84% based on recovered E-14a. e NR = no reaction. f 1 eq.
MeAlCl2, 5 eq. N-methyl maleimide, DCM, m-wave, 70 ◦C, 25 min, 85%. g 83% based on recovered 14k. h 1.5 eq. MeAlCl2, 15 eq. maleic anhydride, DCM,
m-wave, 120 ◦C, 70 sec. i 89% based on recovered E-14l. j 95% based on recovered E-14m.
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employment of this Lewis acid based methodology, the purified
Z-exocyclic enones 14a, 14l and 14m (Entries 2, 15 and 17) under-
went significant alkene isomerisation, affording predominantly the
E-cross-conjugated cyclopentenone products 15a, 15l and 15m.
For example, treatment of Z-14l gave 15l in 67% yield (E : Z,
90 : 10) and 22% of isomerised starting material, E-14l. The
functionalised adduct 14q was smoothly converted to the target
dienone 15q in 86% yield.

In certain instances it proved advantageous to use alternative
reaction conditions. For example, the use of N-methyl maleimide
in conjunction with microwave heating gave E-15i in 85% yield,
whereas under standard conductive heating the isolated yield was
significantly lower (28%). The use of the alternative dienophile in
this case facilitated product purification (Entry 10). Microwave
irradiation for relatively short periods was also found to be
useful in the conversion of E,E-14k into the corresponding cross-
conjugated trienone E-15k, where both improved product yields
and reduced alkylidene isomerisation was observed (Entries 12
and 13).

In summary, the one-pot conjugate addition–Peterson olefina-
tion reaction was employed in order to efficiently install both the
2-alkylidene and 3-alkyl side-chains present in cross-conjugated
cyclopentenone natural products. The stereochemistry of the 2-
alkylidene side-chain depends on the type of organometallic
reagent employed in the conjugate addition reaction. Use of
organocuprate reagents afforded high levels of E-selectivity,
whereas copper-catalysed Grignard reagents gave significant
amounts of the corresponding Z-isomer. In all examples the
separation of geometrical alkylidene isomers proved possible by
flash column chromatography.

It seems reasonable to speculate that the observation concerning
the selective formation of E-Peterson olefination products with
organocuprate reagents versus the formation of Z-adducts (albeit
with variable selectivity) with Grignard reagents is due to a
change in counterion in the intermediate 17 (i.e. Li → MgBr)34

and that the identity of this enolate influences the path of the
subsequent Peterson reaction. Another observation concerning
the stereoselectivity was that the preponderance for Z-alkylidene
formation increases corresponding to the size of the aldehyde. For
this reason the one-pot conjugate addition–Peterson olefination
process using isobutyraldehyde was further investigated. Using
the Gilman cuprate to form 17 and subsequent addition of
isobutyraldehyde at -78 ◦C afforded the adduct 14l as a separable
mixture of E- and Z-isomers (E : Z ; 65 : 25 determined
by 1H-NMR spectroscopy of the crude reaction mixture). The
corresponding reaction with methylmagnesium bromide and a
catalytic amount of copper(I) iodide preferentially formed Z-14l
(E : Z; 30 : 70), which seemed to be relatively independent of the
temperature (i.e. -78 ◦C to 0 ◦C) at which the aldehyde was added.
Following addition of Gilman’s cuprate to 12 the intermediate 17
(M = Li) was treated with 2 equiv. of ZnCl2. Subsequent addition
of isobutyraldehyde, at -78 ◦C, afforded 14l in low yield (29%) but
predominantly as Z-14l (E : Z; 20 : 80). This serves to highlight,
again, that the counter ion plays a pivotal role in the stereochemical
outcome of the Peterson olefination process (Scheme 2).

The initial carbon–carbon bond forming reaction could dictate
the stereochemical outcome dependant on the identity of M.35

We feel that this initial bond formation is likely to occur on
the Si-face of 17 (for the diastereoselective protonation of 17 see
Scheme 3, compound 20); from this point the initial diastereomeric

Scheme 2 Mechanistic considerations in the conjugate addition–Peterson olefination reaction.

Scheme 3 Organocuprate and zinc conjugate addition reactions of 12.
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adducts 18 and 19 would then generate the corresponding products
of Peterson olefination via a concerted silyloxy-elimination type
pathway. Although this seems to be a plausible explanation and
chelate (Zimmerman-Traxler–type) and open transition states
can be postulated, the situation is somewhat clouded by the
possibility that the initial diastereomeric adducts may undergo an
initial Brook-type rearrangement, enabling bond rotation prior
to elimination: it is also possible that the adducts may undergo
post-Peterson isomerisation to some extent.

At this stage we became interested in applying this one-
pot procedure for the preparation of more complex molecules.
Therefore, the use of organozinc reagents was considered since it is
well-documented that such species not only efficiently participate
in conjugate addition reactions but that they are also able to carry
functionality (such as carboxylic acid esters) not compatible with
organolithium and magnesium reagents.36 Initial investigations
were conducted to determine whether 12 underwent conjugate
addition with diethylzinc under standard conditions (Scheme 3).36

Whereas cyclopentenone 12 readily undergoes conjugate addition
under standard organocuprate conditions the analogous organoz-
inc reaction was sluggish under several literature conditions and
yields of only 10–40% of adduct 21 were obtained.36 Optimum
yields of 21 were achieved using Noyori’s sulfonamide promoted
conditions,37 however, due to the low conversion of 12 into
21 and the use of additional additives we felt that the use of
organozinc species was not attractive in terms of our one-pot
Peterson approach. The stereochemistry of the newly formed a-
keto centre was probed using NOE experiments. Irradiation of
the methyl silicon substituent gave an enhancement to one of the
diastereotopic methylene bridging protons thereby indicating that
protonation of the enolate 17 occurs on the Si face.

The use of alternative nucleophilic species as reaction partners
in the conjugate addition–Peterson olefination reaction with the
same enone 12 were investigated. The results of these studies
are summarised in Scheme 4. It was found that a THF solution
of PhSLi and benzaldehyde, or isobutyraldehyde generated an
uncharacterised diastereomeric mixture of 22 (60 : 40) in 96%
and 90% yields respectively. The formation of this adduct appears
to result from an initial conjugate addition–Peterson olefination
process followed by nucleophilic attack at the exocyclic double

bond and elimination. Optimum yields for this process were
achieved following a one-pot reaction protocol in which all the
reagents were added simultaneously (Scheme 4).

It has been shown that lithiodithiane, in the presence of a
polar aprotic additive such as HMPA or DMPU,38 undergoes
1,4-conjugate addition to various enones. In our hands, although
we could successfully generate adduct 23, resulting from 1,4-
conjugate addition and protonation, attempts to affect in situ Pe-
terson olefination were unsuccessful. The use of malonate anions
were also studied and again, although under standard conditions39

the conjugate addition was successful, we were unable to link this
process to the Peterson olefination in order to prepare adducts
with a functional handle for further elaboration. It seems likely
that under these conditions the intermediate enolate (of the type
17) is formed reversibly and then undergoes protonation, which in
turn facilitates the protodesilylation process, thereby affording 24.
Interestingly, under similar reaction conditions, in the absence of
dimethylmalonate, 12 underwent efficient desilylation, a process
we feel is likely to proceed via reversible methoxide conjugate
addition.

At this stage all our experience of conducting the one-pot
conjugate addition–Peterson olefination reaction had been us-
ing the same compound, namely exo-2-trimethylsilyl-3a,4,7,7a-
tetrahydro-4,7-methanoinden-1-one 12. Consequently, it was of
interest to investigate whether alternative a-silicon bearing a,b-
unsaturated carbonyl compounds would also participate in this
tandem reaction. Therefore, compounds 26 and 27 possessing
different silicon substituents, were prepared using an inter-
molecular PKR (Scheme 5). Compound 28, in which a methyl
substituent is present in the b-position was also prepared and
these alternative cyclopentenone adducts were subjected to the
reaction conditions described in Table 1. Whereas, compound
12 efficiently generated 14k, the product of methyl conjugate
addition and Peterson olefination with E-pent-2-enal (Entries 1
and 2), substrate 26 gave solely the conjugate adduct 30 with
both organocuprate and Grignard reagents (Entries 3 and 4).
We attributed the recalcitrance of the intermediate enolate to
participate in the Peterson olefination reaction on the basis of
the increased steric bulk of the triisopropylsilyl unit. Use of
the less-bulky tert-butyldimethylsilyl group (Entry 5) led to a

Scheme 4 Attempted conjugate addition–Peterson olefination using alternative nucleophilic reagents.
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Scheme 5 Attempted conjugate addition–Peterson olefination using different PK adducts.

mixture of the conjugate adduct 31 (30%) and the Peterson
product 14k (41%) suggesting again that steric factors play a
significant role in the Peterson olefination reaction of this series of
compounds. We found that substrate 28 was particularly reluctant
to undergo conjugate addition under standard conditions, indeed
this compound only underwent conjugate addition in the presence
of TMSCl whereupon 32 was isolated in 44% yield following
silyl enol ether cleavage. Based on the stereoselective formation
of 20, we assume that the formation of 30 to 32 generated the
diastereomer resulting from protonation on the Si face of the
enolate although this was not fully investigated.

Alternative substrates do, however, effectively participate in
the process (Scheme 6). Monocyclic trimethylsilanes 35 and 36
were prepared in three steps according to a four-step literature
procedure40 and under the standard conditions, indicated in
Table 1, cyclopentenone 35 and cyclohexenone 36 afforded the
trans-enones 37, 38 and 39 stereoselectively albeit in variable,
unoptimised yields (32–94%).

The chemoselective alkylidene reduction of the products of
conjugate addition–Peterson olefination was investigated since
on reduction followed by retro-Diels–Alder cycloaddition, 4,5-
dialkyl substituted cyclopentenones of the type present in PGA2

2 and J2 3 would be accessed—such species would be of
potential interest in terms of biological comparison with their
cross-conjugated analogues. It has been reported that lithium
tri-tert-butoxyaluminium hydride preferentially participates in the
1,4-selective reduction of a,b-unsaturated ketones resembling
14.24b Therefore, we investigated whether we could utilise this
reagent for the preparation of dialkyl-substituted cyclopentenones
of the type 42. It was found that the use of THF as opposed
to Et2O was crucial in order to obtain reasonable 1,4-reduction
selectivity in the formation of 41b and 41m. However, significant
amounts of the corresponding (separable) 1,2-reduced products
40b and 40m were still obtained (Scheme 7). The stereochemistry
of the newly formed stereogenic centre was probed using NOE
experiments; irradiation of the benzylic protons enhanced one of

Scheme 6 The conjugate addition–Peterson reaction with cyclopent-2-enone 35 and cyclohex-2-enone 36.

Scheme 7 The conjugate reduction of exocyclic Peterson olefination adducts 14b and 14m.
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the diastereotopic bridging methylene protons (see also Scheme 3).
Subsequent retro-Diels–Alder cycloaddition, under the conditions
described (Table 2), afforded the corresponding cyclopentenones
42b and 42m in good yield.

Due to the rigid conformation of exo-12, the diastereoselec-
tivity of the conjugate addition reaction (and, for that matter,
protonation of the intermediate enolate) is high. Consequently, if
enantiomerically enriched forms of this compound were available,
the preparation of either enantiomer of cross-conjugated com-
pounds 15a–q could be envisaged using the chemistry described.
There are several reasons why a stereoselective synthesis of the
types of compound illustrated in Fig. 1 is of interest. Firstly,
from a biological perspective a comparison of the activities of
racemic with enantioenriched materials is important. From a
chemical perspective the configurational stability, or otherwise, of
the doubly allylic stereogenic centre is also of interest. Finally,
the question of stereogenicity and stereostability in this class
of compound is of interest more generally since, although the
prostanoids are synthesised following an enzymatically controlled
pathway, the isoprostanes are formed in racemic form via the
non-stereoselective oxidation of unsaturated fatty acids. The
stereochemistry of the plant congeners is currently not completely
known. Studies have shown that 12-oxophytodienoic acid 5 is
formed in optically active form via the jasmonic acid allene
oxide synthase–cyclase pathway. However, despite the structural
similarities, it has been proposed that compound 6 is not formed
following this pathway but is formed via the plant variant of
the isoprostane pathway and is therefore, racemic. Following the
original natural product isolation an optical rotation of +20 for
the isolated dPPJ1-I methyl ester 6 was reported by Bohlmann
and co-workers.8 Consequently, we felt that it was of interest
to investigate the synthesis of such compounds in non-racemic
form.

To this end the enzymatic kinetic resolution of racemic allylic
alcohol 43 and acetate 44 was investigated. This approach is
attractive from the perspective of an investigation into the
biological properties of this compound class since, in principle,
both enantiomers of 15 may be accessed. However, under standard

conditions41 no conversion of either compound could be achieved
(Scheme 8). This failure was attributed to steric congestion
around the reactive centre; therefore, alternative approaches were
explored.

Recently we have reported several P,S chiral ligands for the
asymmetric intermolecular Pauson–Khand reaction. The chiral-
pool derived enantiopure ligand PuPHOS (45) and the PNSO
ligand 46 both provided excellent results in the cyclisation with
norbornadiene.42 In the case of 46 both enantiomers are readily
available in a multigram scale since they are prepared from the
commercially available tert-butylsulfinamide. Ligand 46 can be
stored either as its borane complex or as a borane-free ligand
(Scheme 8). Release of the borane protection group in situ with
DABCO and reaction of either 45 or 46 with the acetylene-
hexacarbonyl dicobalt complex afforded a biased mixture of
diastereomeric complexes (3 : 1 for 45, 12 : 1 for 46) from which
the major complex 47 can be isolated by crystallisation.

The subsequent Pauson–Khand cyclisation from 47 enabled the
preparation of the desired enantiomer of 12. Thus, starting from
the crystalline complex 47 the oxidative Pauson–Khand reaction
with norbornadiene afforded (+)-12 in high yield and 96–97% ee.42

Recrystallisation of this material from hexane gave (+)-12 in 99%
ee. In our case, subsequent synthetic studies focused on the use
of this enantiomer since conjugate addition–Peterson olefination
would generate compounds possessing the S-configuration present
in the naturally occurring cross-conjugated cyclopentenones (see
Fig. 1).

Part of the argument in favour of the non-enzymatic phyto-
prostane pathway is that regioisomeric compounds 51 are formed
in addition to compounds exhibiting the type of structure exem-
plified by 5 and 6.9 We employed a similar approach used in the
preparation of TEI-9826 14q (Table 1, Entry 21) for the synthesis of
ethyl phytoprostane 51 as the methyl ester (Scheme 9). Thus, both
geometrical isomers of aldehyde 49 were prepared stereoselectively
from 8-bromooctanoic acid and propargyl alcohol 48 using a
known route.43 Although it was found that Z-49 readily underwent
isomerisation both on prolonged storage in CDCl3 and on
silica gel during chromatographic purification, use of the crude

Scheme 8 Studies aimed towards the preparation of enantioenriched exo-12.
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Scheme 9 Preparation of phytoprostanes 51.

Z-aldehyde directly in the conjugate addition–Peterson olefination
using (±)-12, gave the adduct 50 in good yield and stereoselectivity
(E,Z > 95%). Proton NMR spectroscopy confirmed retention
of the Z-alkene (J, 10.5 Hz). Finally, retro-Diels–Alder reaction
gave the phytoprostane natural product E,Z-51 (methyl ester)
as the 9-cis-geometrical isomer. It was found that the use of
short reaction periods and microwave irradiation was the key to
minimise isomerisation of the alkylidene bond formed following
the Peterson reaction. An identical synthetic approach using E-49
gave the corresponding 9-E stereoisomer (E,E-51). Following the
optimisation of this sequence in the racemic series an identical
approach was performed using (+)-12 and E-49. In this manner
(+)-E,E-51 was obtained in 56% overall yield for the two steps.
Analysis by chiral HPLC indicated that this material had an
enantiomeric excess of >99% thereby demonstrating that no
epimerisation of the doubly allylic, single stereogenic centre had
occurred during the retro-Diels–Alder reaction and purification.
Conversion of E,E-51 to the corresponding carboxylic acid E,E-
52 was efficiently achieved using hog liver esterase.44

Next we investigated the preparation of phytoprostane 6, and
its double bond stereoisomers employing analogous chemistry to
that reported by us previously for the synthesis of D12,14-15-deoxy-
PGJ1 61.45 Appropriately functionalised organometallic species
were prepared as illustrated in Scheme 10.

When the Grignard reagent 58 was employed in the tandem se-
quence, compound 62 was isolated (following Peterson olefination
with E-pent-2-enal) in 84% yield with an E : Z ratio of 65 : 35 for
the newly formed double bond (Scheme 11, Entry 2). In contrast,
use of corresponding cuprate 60 gave enone 62 in good yield as

essentially only the E-stereoisomer (E : Z; >95 : 5). As previously
observed the geometrical isomers of 62 were separable via flash
column chromatography. A standard deprotection–oxidation se-
quence was then employed to furnish the carboxylic acid in good
overall yields for the three-step sequence. Finally, unmasking of
the cyclopentenone group following an extremely rapid Lewis-acid
mediated retro-Diels–Alder reaction performed under microwave
irradiation gave (±)-6 in good yield. Alternatively, methylation
followed by the microwave-mediated retro-Diels–Alder process
afforded the methyl ester (±)-65 (39% overall). Saponification
of (±)-65 proceeded smoothly using hog liver esterase affording
carboxylic acid 6.

An identical sequence was employed using cuprate 60 and
(+)-12 in order to access enantioenriched enone (+)-65. All the
intermediates on this sequence demonstrated strongly dextroro-
tary optical rotations and chiral HPLC analysis of the product
(+)-65 (Chiralpak AS) indicated an enantiomeric excess of 94%,
again demonstrating that epimerisation of the doubly allylic
single asymmetric centre did not occur to any significant extent.
The dextrorotary reading obtained for 65 {[a]D +144 (c = 1.0,
CHCl3)} compares in sign with the literature value {[a]D +20
(c = 1.0, CHCl3)} recorded during the natural product isolation;8

however, the significant difference in magnitude suggests either
epimerisation during extraction from the natural source, or that
in nature, 6 is formed non-stereoselectively via the phytoprostane
pathway. Several geometric isomers of 6 have been synthesised
previously in racemic form by both the Bohlmann and Liu
groups8,46 and our synthetic compound corresponds with reported
literature values in terms of spectroscopic data.

Scheme 10 Preparation of silyl ether protected organometallic reagents.
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Scheme 11 Use of the conjugate addition–Peterson olefination reaction in the preparation of cross-conjugated cyclopentenones possessing oxidised
alkyl substituents.

Activation of PPAR-c

The cluster of so-called metabolic diseases, including type 2
diabetes hypertension and obesity represent a major global health
concern. For example, it is currently estimated that approximately
5% of the world’s population suffers from type 2 diabetes and
this value appears to be on the increase and consequently
has received widespread media coverage.17,47 All appear to be
closely linked to problems associated with our consumption
and ability to process fatty acids. Notably inflammation is a
characteristic additional problem associated with many disease
states including diabetes. Therefore, a dual acting compound
capable of inhibiting the development of inflammation via the
inhibition of NFkB and promotion of lipid metabolism and
insulin sensitivity via the activation of PPAR-g could be a useful
combination. The thiazolidindione (TZD) class of drugs for the
treatment of the symptoms of type 2 diabetes [such as rosiglitazone
66 (Avandia, GSK)] are currently widely prescribed to patients
suffering from the symptoms of this disease. These compounds
improve the patient prognosis by increasing the sensitivity of
cells towards insulin, possibly due to the release of a hor-
mone called adiponectin, indirectly by binding to and activating
PPAR-g.

Due to the structural similarity of our synthetic compounds to
the putative natural PPAR-g ligand, D12,14-15-deoxy-PGJ2 4, we
investigated whether our synthetic cross-conjugated compounds
possessed the ability to activate PPAR-g. In order to achieve
this a cell-based PPAR-g assay was employed based on the
Gal4-luciferase reporter gene.48 Synthetic compounds at different
doses were added to confluent human embryonic kidney cells
(HEK293T) transfected with murine PPAR-g and the luciferase
vector. Activation of PPAR-g was then determined based on
luminescence. Dose response curves were constructed and the
concentration at which 50% of the maximal activation (EC50) was
calculated. The level of PPAR-g activation was also determined
and was reported as a fold activation versus the baseline level
of activation (Table 3). Additionally, our levels of activation

were compared with controls, including D12,14-15-deoxy-PGJ2 4
(Entry 15) and rosiglitazone 68 (Entry 16).

Simple cross-conjugated compounds possessing either benzyli-
dene, or isopropylidene R¢ and methyl, or n-butyl side-chains
(Entries 1–3) did not significantly alter residual PPAR-g levels.
However, increasing the lengths of both side chains did lead to
compounds that activated this transcription factor. For example,
15m (R¢ = hexylidene and R = n-butyl) proved to be reasonably
effective in terms of PPAR-g activation. This effect was observed
particularly for the E-stereoisomer (Entry 4); Z-15m proved to be a
significantly less effective activator (Entry 5). Similarly, compound
42m, in which the exocyclic enone has undergone reduction (see
Scheme 7), also displayed diminished activation as compared to its
cross-conjugated analogue E-15m (Entry 6). It was subsequently
of interest to gauge whether the presence of an oxidised side chain
led to increased activity, particularly since the fatty acid derived
natural products possess this type of group (Fig. 1). Thus, E-15q
(TEI-9826) was studied and although this did increase the levels
of PPAR-g activation the additional functional group in the R¢
side-chain was found not to improve activation in comparison to
E-15m (Entry 7). The synthetic phytoprostane natural products
were then evaluated. Thus, it was found that both methyl ester
E-65 and carboxylic acid E-6 did indeed activate PPAR-g, in
the case of the methyl ester did this slightly more effectively,
possibly due to better cell permeation (Entries 8 and 9). Although
the levels of activation were higher than E-15m and E-15q the
EC50 value was not vastly improved. As before the corresponding
Z-alkylidene, Z-65 proved to be a much less effective agonist
compared to its E-isomer (Entry 10).49 Evaluation of (+)-65 (ee
94%) indicated that the presence of the 9-S stereogenic centre did
not improve activation compared to its racemic counterpart (Entry
11). The phytoprostane isomer 51 possessing a drastically different
orientation of the R and R¢ side-chains proved to be a poor
PPAR-g activator (Entry 12). Finally, our synthetic prostanoids E-
D12,14-15-deoxy-PGJ1 64 (Entry 13) and Z-D12,14-15-deoxy-PGJ1 64
(Entry 14) were evaluated and these compounds both proved to be
the most effective synthetic PPAR-g activators, particularly, again,
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Table 3 Activation of PPAR-g by selected cross-conjugated D12,14-15-deoxy-PGJ2 mimics and phytoprostanes

Entry Compound R R¢ PPAR-g EC50
a(SEM)b Fold activationc

1 E-15a Me Ph ND — —
2 E-15l Me i-Pr ND — —
3 E-15b n-Bu Ph ND — —
4 E-15m n-Bu n-Hex 2.0 mM (0.09 mM) 4.5
5 Z-15m n-Bu n-Hex 7.0 mM (2.5 mM) 5.5
6 42m n-Bu n-Hex 10.0 mM (4.0 mM) 3.5
7 E-15q n-Oct MeO2C(CH2)5 2.0 mM (0.7 mM) 3.0
8 E-65 (CH2)7CO2Me E-CH=CHCH2Me 1.6 mM (0.09 mM) 5.0
9 E-6 (CH2)7CO2H E-CH=CHCH2Me 2.2 mM (0.2 mM) 4.0

10 Z-65 (CH2)7CO2Me E-CH=CHCH2Me 4.1 mM (1.2 mM) 4.0
11 (+)-E-65 (CH2)7CO2Me E-CH=CHCH2Me 2.4 mM (0.3 mM) 5.5
12 E-51 Et E-CH=CH(CH2)7CO2Me 4.5 mM (2.2 mM) 2.0
13 E-64 (CH2)6CO2Me E-CH=CH(CH2)4Me 0.5 mM (0.07 mM) 6.0
14 Z-64 (CH2)6CO2Me E-CH=CH(CH2)4Me 1.2 mM (0.11 mM) 3.0
15 4 R = Z-CH2CHCH(CH2)3CO2H;

R¢ = E-CH=CH(CH2)4Me
0.8 mM (0.07 mM) 8.0

16 68 Rosiglitazone 1.4 mM (0.05 mM) 40

a Based on an average of three experiments, each run in triplicate. Values calculated using PRISM software. b Standard error of the mean value. c Maximal
value versus the control run containing only the vehicle.

the E-stereoisomer. The levels of PPAR-g activation displayed by
E-64 mimic rather closely the putative ligand D12,14-15-deoxy-PGJ2

4 (Entry 15). Rosiglitazone 68 is a much more potent PPAR-
g ligand than any of these prostanoids and prostanoid mimics
(Entry 16).‖ However, several side-effects have been reported for
the TZD drug class, particularly related to patients’ weight gain
and odema.50 These side-effects have been linked to the high level
of PPAR-g activation, indicating that in the future less potent
PPAR-g compounds may have improved side-effect profiles.51

Conclusion

In conclusion, we have developed an efficient and novel method
for the synthesis of cross-conjugated cyclopentadienones in two
high yielding steps. Significantly the conjugate addition reaction
proceeds with very high diastereoselectivity; the corresponding
enantioenriched Pauson–Khand adducts have been employed to
generate enantioenriched substrates. Furthermore, many of our
synthetic compounds mimic the behaviour of 4, the benchmark
PPAR-g activating fatty acid. In terms of the likely biological
mechanism by which these compounds elicit these agonistic effects,
it has been shown that a sulfahydryl, cysteine residue resides
in the PPAR-g–TZD binding pocket (Cys285)52 and one can
speculate that this residue forms a conjugate adduct with the
electrophilic, endocyclic alkene.2a In terms of a related biological
precedent for this type of protein modification, a link can be
made with the well-appreciated prenylation of cysteinyl containing
proteins.53

‖ The EC50 value of 1.4 mM is somewhat misleading since 68 begins
to activate at a comparatively lower concentration and maintains and
increases activation at doses above 10 mM reaching approximately a 40-
fold activation over the control.

Experimental section

General procedure for the conjugate addition–Peterson
olefination reactions

3-Methyl-2-[1-phenylmeth-(E)-ylidene]-2,3,3a,4,7,7a-hexahydro-
4,7-methano-inden-1-one, E-14a. At -78 ◦C under nitrogen, a
slurry of CuI (509 mg, 2.67 mmol, 1.2 eq.) in Et2O (25 cm3)
was treated dropwise with a 1.6 M solution of MeLi in hexanes
(3.36 cm3, 5.37 mmol, 2.4 eq.). The reaction was warmed to -10 ◦C
over a period of 2 h. This solution was cooled to -20 ◦C before a
cooled (-20 ◦C) solution of the enone exo-12 (485 mg, 2.23 mmol,
1 eq.) in Et2O (25 cm3) was added in a dropwise fashion. The flask
containing exo-12 was washed with Et2O (5 cm3) and this was
also transferred to the reaction mixture. Stirring was continued
for 1.5 h during which time the temperature rose to -10 ◦C. Upon
cooling to -78 ◦C, benzaldehyde (0.35 cm3, 3.44 mmol, 1.5 eq.)
was added. The reaction was stirred for 3 h and warmed from
-78 ◦C to 10 ◦C. A saturated solution of NH4Cl (25 cm3) was
added and the resultant aqueous phase was further extracted
with Et2O (3 ¥ 25 cm3). The combined organic extracts were
dried over MgSO4, filtered and the solvent removed in vacuo. The
crude product was then purified by flash column chromatography
(Hex–Et2O; 19 : 1) affording E-14a as a colourless solid (520 mg,
93%). Recrystallisation from n-hexane gave crystals of E-14a
suitable for X-ray crystallography. Mp 82 ◦C (Hex); Rf 0.15
(Hex–Et2O; 19 : 1); (Found C, 85.95; H, 7.42%, C18H18O requires
C, 86.36; H, 7.25%); nmax/cm-1 2934, 1694, 1609, 1494, 1448,
1332, 1236, 1183; dH (400 MHz, CDCl3) 1.25 (3H, d, J 7.0 Hz,
CH3), 1.28 (1H, dt, J 1.5, 9.5 Hz, CH2), 1.36 (1H, d, J 9.5 Hz,
CH2), 1.93 (1H, d, J 7.5 Hz, CH), 2.48 (1H, d, J 7.5 Hz, CH),
2.86 (1H, s, CH), 3.12 (1H, s, CH), 3.19 (1H, q, J 7.0 Hz, CH),
6.18–6.26 (2H, m, CH), 7.28 (1H, d, J 2.0 Hz, CH), 7.34–7.44
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(3H, m, ArH), 7.57 (2H, d, J 7.5 Hz, ArH); dC (100 MHz, CDCl3)
21.2, 38.9, 43.2, 48.5, 49.2, 49.5, 53.3, 128.8, 129.4, 130.7, 133.4,
135.9, 137.6, 139.0, 145.1, 209.0; m/z (EI) 250 (M+, 25%), 183
(100%), 156 (50%), 141 (50%), 128 (40%), 115 (70%), 91 (50%),
66 (90%).

General procedure for the retro-Diels–Alder reactions: synthesis of
adducts 15a to 15q

4-Methyl-5-[1-phenylmeth-(E)-ylidene]cyclopent-2-enone, 15a.
Under nitrogen, a solution of E-14a (250 mg, 1.0 mmol, 1.0 eq.)
and maleic anhydride (490 mg, 5.0 mmol, 5.0 eq.) in DCM (10 cm3)
was treated with a 1.0 M solution of MeAlCl2 in hexane (1.1 cm3,
1.1 mmol, 1.1 eq.). This mixture was heated to reflux for 6 h.
On cooling, silica (ca. 2.5 g) was added and the solvent was
removed under reduced pressure. Flash column chromatography
(Hex–EtOAc; 3 : 1) gave the title compound E-15a (138 mg, 75%)
as a colourless solid. Mp 64–66 ◦C; Rf 0.25 (Hex–EtOAc; 3 : 1);
(Found C, 84.66; H, 6.60%, C13H12O requires C, 84.78; H, 6.57%);
nmax/cm-1 3077, 2983, 2944, 2886, 2340, 1680, 1623, 1580, 1446,
1380; dH (400 MHz, CDCl3) 1.22 (3H, d, J 7.0 Hz, CH3), 3.84–
4.00 (1H, m, CH), 6.40 (1H, dd, J 1.75, 5.75 Hz, CH), 7.39–7.44
(4H, ArH), 7.54 (2H, d, J 7.0 Hz, ArH), 7.60 (1H, ddd, J 1.0, 2.5,
5.75 Hz, CH); dC (100 MHz, CDCl3) 16.3, 38.8, 128.7, 129.3, 130.6,
131.7, 133.6, 134.8, 138.3, 163.9, 197.4; m/z (CI) 202 (NH4

+, 20%),
185 (MH+, 100%); Found 185.09654, C13H13O requires 185.09665
(-0.6 ppm).
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