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A Synthetic Approach Towards Phorbol via the Intramo-
lecular Diels-Alder Reaction of Furan (IMDAF).

The tiglianes of which the phorbol esters are members
and the closely related daphnanes and ingenanes are tri-
and tetracarbocyclic diterpenes noted for their cytotoxic-
ity [1]. Phorbol esters are abundant within the genus
Euphorbiaciae which includes the spurges and the orna-
mental house plant poinsettia (E. plucherrima). The genus
owes its name to King Juba the 3rd of Mauritania (25 B.C.),
who named the species after his physician Euphorbos [2].

threonine phosphorylation [10]. Conversely, several of the
ingenanes and daphnanes have been found to show anti-
leukaemia activity [11].

Phorbols are diterpene members of the tigliane family
possessing a tetracyclic framework consisting of a trans-
perhydroazulene (A,B rings) trans-fused and a gem-
dimethylcyclopropyl (D ring) cis-fused to a cyclohexane
ring (C ring). The complex polycyclic structure of phor-
bol, together with intense interest in structure-activity
relationship studies to map the basis of the tumour promo-
tion activity have fuelled extensive efforts towards estab-
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In folkloric medicine the plant extracts have been used
to treat tumours, migraine, parasite infections, venereal
disease, skin conditions and were also used as purgatives
and abortifacients [3]. However, despite their widespread
medical use, the toxicological properties of these plants
are very severe, inducing intense inflammation [4] and
such treatments probably had a rather efficient "kill or
cure" result [5]. Indeed, the toxic extract from E. poisonii
has been used as an arrow tip poison and as a fish poison [6].

Probably the most important physiological property of
the phorbol esters is their capacity to act as tumour pro-
moters [7] and tetradodecanoyl phorbol acetate is the
most potent tumour promoter known to man, being active
at levels of 0.02 pmol [8]. The origin of such activity was
identified in 1982, when Castagna [9] showed that tetra-
decanoyl phorbol acetate bound to the ubiquitous enzyme
protein kinase C, substituting for 1-oleyl-2-acetylglycerol
which is the natural activator of protein kinase C, a Ca2*-
dependent enzyme responsible for regulating serine and

lishing efficient synthetic routes to phorbol and its deriva-
tives, culminating in Wender's total synthesis of phorbol
[12] which has also been developed in the enantiomeri-
cally pure series [13]. Other approaches, yet to lead to a
total synthesis, include the work Shibasaki [14], Rigby
[15], Bullman-Page [16], Dauben [17], McMills [18],
Paquette [19] and Little [20], in addition to our own studies.

At the outset of this work, our original retrosynthetic
analysis invoked a novel exo-intramolecular Diels-Alder
reaction of a furan diene (IMDAF) with an E-configured
dienophile to construct a highly functionalised advanced
intermediate possessing correct stereochemistry at 4 cen-
tres of the C-ring. Prediction of exo-diastereoselectivity
for the IMDAF was based upon the known reversibility of
furan Diels-Alder reactions leading to isolation of the
thermodynamically more stable exo-cycloadducts, but it
was impossible to say what control, if any, could be
exerted over the stereocentres at the perhydroazulene ring
junction.
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phorbol

Even with hindsight, it is difficult to conclude whether
we were naive or courageous to take on this approach as it
had previously been demonstrated that such IMDAF reac-
tions occurred reluctantly at best and not at all for con-
struction of 6,7-fused bicyclic systems [21]. However, our
initial model studies mapping out the structure-reactivity
profile for this previously unreported process fortunately
led us to the discovery that cycloaddition could be induced
by the application of ultra-high pressures (up to 20 Kbar)
and we were able to formulate a set of ground rules for
the cycloaddition as shown below:

S-substitution
'

bridging chain
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exo IMDAF

1 High pressures (>10 Kbar) induces IMDAF.

2. Products may cyclorevert at 1 bar.

3. R = H is more reactive than R = Me.

4 Ring size 6 > 7 >>> 5 (for unsubstituted bridging

chain).

5. Double activation > internal activation >> external
activation.

6. E-dienophile > Z-dienophile.

7. Under high pressure conditions.

N = 6; exo-adduct kinetically and thermodynami-
-cally favoured.
N = 7: exo-adduct kinetically favoured, endo-
adduct thermodynamically favoured.

8. At 1 bar, endo-adduct (N = 7) can be epimerised
to the exo-stereoisomer.

length / \ "
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activation dieno‘phile activation stereochemistry
geometry

reduced exo-adduct
v = 169 cm?mol!

Thus, our model studies led to the unexpected observa-
tion that, for phorbol-like systems generating a 7-mem-
bered carbocycle, the kinetic product of the IMDAF is the
exo-adduct; whereas the thermodynamic product is the
smaller, more sterically congested endo-adduct [22] under
high pressure conditions. Molar volume measurements on
a model substrate and reduced exo- and endo-cycloadducts
gave values of 183 cm3mol-!, 169 cm3mol-! and 164
cm3mol-! respectively in agreement with this observation.

v = 183 cm’mol-!

S
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v = 164 cm3mol!
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Equally important was the observation that this unex-
pected thermodynamically favoured endo-cycloaddition
of a Z-enedione precursor at high pressure is reversed at
standard pressure, with epimerisation occurring regiose-
lectively at the ring junction to furnish the desired phorbol
relative stereochemistry at all centres of the oxabicyclo-
[2.2.1]heptene [23].

/\

o 19 Kbar

endo IMDAF

Such an observation is at variance with our results
using 4-atom tethers between furan and dienophile where
the stereocontrol is the same as observed by others such
as Parker [24] and De Clerq [25]. Subsequent to these
publications on stereocontrol in the high pressure medi-
ated IMDAF, Keay reported studies which effectively
repeated that portion of our work relating to high pressure
mediated generation of decalin-derived systems using 4-
carbon tethers, apparently unaware of our previous disclo-
sures [26].

These model studies led to a revision of our synthetic
approach to involve high pressure mediated endo-IMDAF
of a Z-doubly activated dienophile, followed by regiose-
lective epimerisation of the reduced cycloadduct at stand-
ard pressure, establishing the required stereochemistry at
the B-C ring junction.

X Y

Revised retrosynthetic analysis in light of model studies.
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1 bar

Sodium Methoxide,
Methanol,
room temperature

regioselective epimerisation

We also had to consider what functionality should be
included on the furan to ease cleavage of the oxygen
bridge subsequent to IMDAF. Kotsuki et al. [27] had pre-
viously reported that using 2-methylthiofuran in the high
pressure mediated intermolecular Diels-Alder reaction,
permitted cleavage of the oxygen bridgehead of the result-
ant cycloadducts and we decided to adopt this approach
for further functionalisation of the C-ring of our cyclo-
adducts.

Following the procedure reported by Kraus [28], adding
2-(benzylthio)furan to 2-allylcyclopent-2-enone in the
presence of trimethylsilyl iodide at room temperature fur-
nished the 1,4-adduct in a 12:1 ratio in favour of the trans
isomer in an overall yield of 75% [29]. Treatment of the
adduct with ethylene glycol under acid catalysis gave a
virtually quantitative yield of the ketal and subsequent
hydroboration and oxidation afforded the primary alcohol
in a yield of 77%. Swern oxidation gave the unstable
aldehyde which was directly treated with methyl lithio-
propynoate to give the propynylic alcohol in an overall
yield of 80%. Partial hydrogenation was performed in the
presence of 5% palladium/barium sulfate to afford the
crude a,B-unsaturated ester. Since this compound was
prone to lactonisation, it was directly subjected to Swern
oxidation conditions to give the IMDAF precursor in 73%
yield for both steps.
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SCH,Ph, lodotrimethylsilane

o 2

0~ NSCH,Ph

Methylene Chloride, —70°

T4% (> 10:1 trans:cis)

Ethylene Glycol, p-Toluenesulfonic Acid
Benzene, reflux

(i) Diborane, Tetrahydrofuran,
room temperature

OH

o

77%

—60 - -50°

l Swern oxidation

Giy  Hydrogen Peroxide, OH™,
room temperature

Li~==-CO;Me

82% over two steps

5% Palladium/Barium Sulfate,
Hydrogen, ~0.5 atmosphere Ethyl Acetate

Swern oxidation
—-—

OH COMe

The precursor was subjected to 19 Kbar pressure at
room temperature in dichloromethane for 15 hours to
afford a single cycloadduct in 65% yield which, after
hydrogenation, was shown to be the endo-product.
Epimerisation furnished the C-8 epimer in 84% yield and
this structure was confirmed by X-ray spectroscopic
analysis, no epimerisation being observed at C-14. Hydrolytic
cleavage of the oxygen bridge using mercuric chloride in
aqueous acetonitrile afforded the tricycle in 58% yield.
Thus the o'-benzylthiofuran substrate not only permitted
oxygen bridgehead cleavage but also appeared to enhance
the IMDAF step to yield a cycloadduct which could be
readily manipulated to furnish a tricycle with the correct
relative stereochemistry at C-4, C-8, C-9, C-10 and C-14.

Vol. 36
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19 Kbar, Dichloromethane, 10 hours

endo— cyclisation

Raney Nickel,
Methanol, reflux

50°

At this stage we wished to synthesise a Diels-Alder pre-
cursor in which the furan possessed an additional methyl
substituent, in order to generate cycloadducts possessing a
methyl group corresponding to that at C-11 on phorbol.
Initially we decided to opt for the synthetically more
accessible 4-methyl-2-(phenylthio)furan [30].

Me Me.
1) Bromine
D) . Da¥
MeO,C 2) Potassium Hydroxide, HO,C 0 Br
Y Methanol, Water

Copper Powder, Quinoline,
heat

1) n-Butyllithium,

Me. Tetrahydrofuran, Me.
-78°
/\ . /\
2) Phenyl Disulfide Br
O SPh O
56%

This was incorporated into the standard synthetic
sequence to furnish our desired IMDAF precursor.

63% (optimised)

(i) Hydrogen Palladium on Carbon
(ii) Sodium Methoxide

SCH,Ph

70% over two steps
epimerisation regioselective

Mercury(II) Chloride, aquéous Acetonitrile,

1395
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+ \U\ Iodotrimethylsilane, 2-Methyl-2-butene
SPh Dichloromethane, -78°

(o}

1) Ethylene Glycol, p-Toluenesulfonic Acid,

Benzene, reflux

2) Diborane, Tetrahydrofuran,

Hydrogen Peroxide, Sodium Hydroxide

1) Swern Oxidation

2) Lithium Methyl Propiolate,
Tetrahydrofuran,
-80°

71% over two steps

Hydrogen, 5% Palladium/Barium Sulfate,
Ethyl Acetate

Swern oxidation

Disconcertingly, it was found that a range of high pres-
sure conditions with this substrate led either to the recov-
ery of starting material or decomposition and no condi-
tions could be established which led to cycloadducts.

10 Kbar, Dichloromethane, 48 hours ||
Ll

19 Kbar, Dichloromethane, 13 hours ||
N

5M Lithium Perchlorate in Diethyl Ether,
room temperature, 13 hours il
Il

B-Cyclodextrin, Water, Il /
ultrasound Il

O CoMe

74% over two steps

Vol. 36
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Molecular modeling calculations [31] indicated two
possible sources for this reluctance to undergo the key
cycloaddition step. Firstly, in the transition state, steric
interactions between the methylene protons of the cyclo-
pentane ring and the methyl group of the furan appeared
to disfavour cycloaddition (circa 1.9 angstroms or less
separation at the transition state) and secondly the 2-(phen-
ylthio)-substituent was no longer enhancing electron den-
sity of the highest order molecular orbital of the furan,
both possible reasons for the lowered propensity for
cycloaddition.

From these observations it seemed that our synthetic
strategy might be fatally flawed if the steric problems of
introducing the additional methyl group on the furan were
sufficient to tip the balance of a reluctant IMDAF to one
which would not even occur under high pressure condi-
tions. It was therefore imperative that we establish the
reason for the above failure and we decided to reconsider
incorporation of the benzylthioether functionality to see if
this would favour cycloaddition. This required a repro-
ducible route for synthesis of large quantities of 2-(ben-
zylthio)-4-methylfuran. We had previously examined the
literature procedure [32] and found the copper-quinoline
mediated decarboxylation step to be highly capricious,
producing only minute quantities of the desired material

-5°, 85%

Bromine, Dichloromethane,
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at the very best (it was this observation which had origi-
nally caused us to investigate the 2-(phenylthio)furan
series described above). However, after much experimen-
tation it was found that steam distillation of substrate, pre-
pared from ester via the known bromoadduct, following
the literature procedure, in the presence of mercury(Il) chlo-
ride [33] led to efficient decarboxylation under mild condi-
tions, permitting the desired, highly volatile 2-bromo-4-meth-
ylfuran to be isolated in a reproducible 64% yield.
Lithium-halogen exchange by treatment of the bromide
with n-butyllithium and quenching with dibenzyl disulfide
permitted isolation of the target thioether in 74% distilled
yield. With access to quantities of 2-(benzylthio)-4-meth-
ylfuran established, our previous route was followed to
furnish the thiobenzyl IMDAF precursor, the sole modifi-
cation being that the final oxidation step was carried out
using Dess-Martin periodinane.

®
/\
CO;Me

Water, 90%

(it) Potassium Hydroxide, Methanol,

gt
Br CO,H

(8]
Mercury(Il) Chloride, Water, reflux
64%

tert-Butyllithium, Tetrahydrofuran,
ﬂ -78°, Benzyl Disulfide
BnS distillation, 74% / \
0 Br™ ™o

This precursor was then subjected to the standard ultra-
high pressure conditions (19 Kbar, dichloromethane, room
temperature, 17 hours) and we were rewarded with the
isolation of a single cycloadduct in 45% recrystallised
yield which proved more stable than previous cyclo-
adducts, enabling X-ray crystallographic analysis to con-
firm the predicted structure.
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+ h\ Iodotrimethylsilane, 2-Methyl-2-butene
SPh

(0] Dichloromethane, -78°

74%

1) Ethylene Glycol, p-Toluenesulfonic Acid,
Benzene, reflux

2) Diborane, Tetrahydrofuran,
Hydrogen Peroxide, Sodium Hydroxide

1) Swern Oxidation

2) Lithium Methyl Propiolate,
Tetrahydrofuran, -80°

71% over two steps 5 3%

Hydrogen, 5% Palladium/Barium Sulfate, Ethyl Acetate

Dess—Martin

O CoMe

95% over two steps

Our most recent result has shown that we can achieve
regioselective epimerisation without the need to reduce
the double bond - an important advance for completion of
the synthetic route.

SBn 19 Kbar,
Dichloromethane,
17 hours

Silica Gel,
Dichloromethane

room temperature

Whatever the steric effect resulting from inclusion of
the methyl group on the furan, its presence clearly has a
beneficial effect on the stability of the cycloadduct. The
effect of the 2-thioether substituent on success or failure
of the high pressure mediated IMDAF reaction was an
unexpected and disconcerting element in our studies but
the fact that cycloaddition is possible with the benzylthio-
furan substrate has placed our synthetic approach on a
firm footing for future synthetic efforts leading to the total
X-ray structure of cycloadduct synthesis of phorbol, which we are pursuing actively.
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A Singlet Oxygen Photocycloaddition Approach to the
Mycaperoxides.

In the second part of this presentation we address the
synthetic problems associated with preparing natural
products containing an endoperoxide moiety and show
how our results shed some light upon the possible biosyn-
thetic pathway to marine secondary metabolites possessing
this novel functionality.

The mycaperoxides, typified by mycaperoxide B, make
up a family of seven structurally similar norsesterterpene
cyclic peroxides isolated from marine sponges of the
Mycale family, and constitute an important sub-group
within the class of marine cyclic peroxides isolated and
characterised so far [34]. Isolation of a norsesterterpene
triene from an Australian sponge, Latrunculia brevis [35]
led to the proposal that this, and its side chain stereoiso-
mers, might be biosynthetic precursors to the mycaperox-
ides, the endoperoxide unit being elaborated by singlet
oxygen cycloaddition across the diene, followed by reduc-
tion of the unsaturated peroxide intermediate [36]. The
co-isolation of related dienic terpenes alongside their
cyclic peroxide counterparts, retaining unsaturation in the
ring, from the herb Alpinia chinensis, has led others to the
same biogenetic conclusion [37].

mycaperoxide B

(i) dehydration
(ii) Oy(a'Ag)
(iii) C=C reduction

-—

_>
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Recently however, isolation of a novel hydroperoxide-
containing norsesterterpene endoperoxide from an
Australian sponge of the genus Sigmascreptrella has led
Capon to propose an alternative biosynthetic route [38].
This invokes hydroperoxide formation on the re or si face
of a skipped diene, the newly generated hydroperoxide at
C-6 then imposing stereochemical control over intramo-
lecular Michael to afford either cis or trans configuration
of the cyclic peroxide. The different stereochemistries at
C-2 would result from protonation of the subsequent eno-
late from either face. In this way, biosynthesis of all
known mycaperoxides can be encompassed and thus the
above triene, obtained via double bond shifts and dehy-
dration, would be a co-metabolite and not a biosynthetic
precursor of the mycaperoxides.

triene isolated from L. brevis

Proposed singlet oxygen cycloaddition biosynthetic pathway to mycaperoxides

electrophilic

(i) 2 x 1,3~hydride shift
(ii) elimination

hydroperoxidation

intramolecular
Michael addition

Capon's Michael addition proposal for mycaperoxide biosynthesis
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In an attempt to furnish evidence to distinguish between
the two pathways we embarked upon a synthetic approach
to the mycaperoxides flexible enough to permit laboratory
investigation of both modes of cyclic peroxide formation.
Our initial efforts focused on the singlet oxygen cycload-
dition route and analysis of the mycaperoxide B skeleton
indicated that cyclic peroxide formation required facially
controlled addition of the singlet oxygen to a 3,4-E, 5,6-Z-
conjugated diene. The synthetic approach was designed to
be equally applicable to synthesis of the putative mycap-
eroxide B biogenetic precursor, as well as providing sub-
strates for singlet oxygen cycloaddition studies.

It was envisaged that a series of potential diene sub-
strates would be derived by equatorial attack of organo-
metallic species upon (2R,9S,105)-2,5,5,10-tetramethyl-
octahydronapthalen-1-one, available in 33% yield over 4
steps from (—)-carvone [39].

Vol. 36

A literature survey of nucleophilic additions to
decalones indicated that the methyl groups flanking the
carbonyl have a profound effect on the stereochemical
outcome, making it difficult to predict whether axial or
equatorial attack would predominate [40]. In a model
study to examine alkylation of our substrate, treatment
with methyl magnesium bromide gave a 10:1 mixture of
isomeric tertiary alcohols in almost 90% yield. Separation
of the isomers by column chromatography afforded the
minor isomer as a crystalline solid. X-ray crystallographic
analysis showed the hydroxyl group to be in an equatorial
configuration and hence demonstrating that the major iso-
mer was derived from equatorial attack of the Grignard
reagent, in accordance with our requirements.

MeMgBr

X-ray structure of minor adduct
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Encouraged by this finding we embarked upon the syn-
thesis of E,E-diene using a Julia coupling protocol. The
aldehyde substrate for Julia coupling was prepared from
4-hydroxy-2-butanone in 30% overall yield by protection
of the primary alcohol, Wadsworth-Emmons reaction and
two-step conversion of the ester to the aldehyde [41]. The
nmr analysis of the material obtained from the Wadsworth
Emmons reaction showed a mixture of isomers (E:Z 4:1)
but these proved inseparable at this stage.

OH OC(Me),0Me
\n/\/ i ji,iii,iv |
—_—
0

OHC

i. 2-Methoxypropene, Phosphorus Oxychloride, 93%; ii. Triethyl Phos-
phonoacetate, Sodium Hydride, Tetrahydrofuran, 25°, 47%; iii. Diiso-
butylaluminum Hydride, Diethyl Ether, -78°, 88%; iv. Tetrapropyl-
ammonium Perruthenate, 4-Methylmorpholine N-Oxide, 4-(Dicyano-
methylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran, 25°, 78%.

ey
TBDPSO\): E
Me

CHO

|
MeO(Me)zCO/\):
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The synthesis of 2-[(35)-6-r-butyldiphenylsilyloxy)-
3-methylpropylsulfonyl]benzothiazole was achieved in
three steps from (S)-3-bromo-2-methylpropan-1-ol in an
overall yield of 83%.

i, il jii

HOVE TBDPSO\/_E S
: Me T Me
H H

i. Imidazole, tert-Butylchlorodiphenylsilane, N,N-Dimethylformamide,
25°, 97%; ii. Mercaptobenzothiazole, Sodium Hydride, N,N-Dimethyl-
formamide, 25°, 92%; iii. m-Chloroperoxybenzoic Acid, N,N-Dimethyl-
formamide, 25°, 93%.

The stereochemical outcome of the one-pot olefination
procedure developed by S. Julia [42] is often substrate
dependent [43] but, when lithium bis(trimethylsilyl)amide
(2 equivalents) was added to a mixture of the two sub-
strates at -78°, coupling was achieved in high yield and
stereoselectivity (95%, no Z-isomer detectable). Selective
cleavage of the ketal permitted separation of the 4:1 mix-
ture of alkene isomers resulting from the earlier Wadsworth
Emmons reaction, furnishing pure E,E-alcohol in 52%
yield which was converted to the iodide in 95% yield
using triphenylphosphine/imidazole/I, [44].

X
\/YVY\OTBDPS
Mé H

.. X = Oc(Me)OMe
i, X-on

iy

i. Lithium bis(Trimethylsilyl)amide, 2 equivalents, Tetrahydrofuran, -78°, 87%, (>95/5 E:Z); ii: p-Toluenesulfonic Acid, Ethanol, 25°,
52%; iii: Triphenylphosphine, Imidazole, I,, 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran.

The coupling was achieved by direct treatment of a
mixture of the two substrates, at -90° with two equivalents
of tert-butyllithium to furnish a 7:1 mixture of diastereo-
isomers. Column chromatography furnished the major
isomer in 56% yield and desilylation with tert-butylam-
monium fluoride furnished the primary alcohol in 95%
yield. Finally, two step oxidation to the carboxylic acid
and esterification with TMS-diazomethane without purifi-
cation of intermediates gave methyl ester in 65% overall
yield.
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W\;(\OTBDPS
Mé H

X
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ii [~ R=CH0TBDPS

R = CH,0H
i g CO,H

v [ R=coMe

i. tert-Butyllithium (2 equivalents), Diethyl Ether, -90°, 56%; ii. Tetrabutylammonium Fluoride, Tetrahydrofuran, 25°,
95%; iii. a) Dess-Martin Periodinane, 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran, 25°;
b) Sodium Chiorite, 2-Methyl-2-butene, Sodium Hydrogen Phosphate, 25°; iv. Tetramethylsilane(cyanamide),

Toluene, Methanol, 25°, 65%.

The final dehydration of ester was accomplished with
50% sulfuric acid to afford the natural product in 65%
yield. The 'H and 13C nmr data were identical with those
reported for the natural product and the specific rotation
[a]p?2 = +5.5 (¢ = 2.4, chloroform) was in accord with
the reported value for the isolated material, [0]p = +13.3
(¢ = 2.55, chloroform), supporting the absolute configura-
tion assigned to the triene isolated from L brevis.

The proposed biogenetic precursor to mycaperoxide B
differs in possessing the (R)-configuration at the side
chain stereocentre and the Z-geometry of the 5,6-double
bond. The Z-2-methyl-5-hydroxypent-2-enal precursor for
side chain construction was efficiently prepared as its
tetrahydropyran ether in five steps from 3-butyn-1-ol in
an overall yield of 75%.

—_ i,ii

HO\/—————‘ — .

THPO. COOMe vy
\/>_-——_/ _vv

THPO, _—=—CO0Me

ii

THPO\/>_/CHO

Following the previously established conditions for

i. 3,4-Dihydro-2H-pyran, Pyridinium p-Toluenesulfonate, 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-
4H-pyran, 25°, 96%; ii. n-Butyllithium, Methyl Chloroformate, Tetrahydrofuran, -60°, 95%; iii. Copper(l) lodide,
lodomethane, -78°, 91%; iv. Diisobutylaluminum Hydride, Diethyl Ether, -78°, 97%; v. Tetrapropylammonium
Perruthenate, 4-Methylmorpholine N-Oxide, 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran, 93%.

in excellent yield and stereoselectivity. Removal of the

Julia olefination, reaction of 2-[(3R)-6-t-butyldiphenylsilyl-
oxy)-3-methylpropylsulfonyl]benzothiazole with 2 equiv-
alents of lithium bis(trimethylsilyl)amide gave the E,Z-diene

tetrahydropyran ether and conversion of the alcohol to the
iodide using previous conditions occurred in greater than

80% overall yield.

150 i

SO, S Z

TBDPSO\/E & 208 OTHP
A Me

i R = OTHP
i
R=0H

iii R=1

i. Lithium bis(Trimethylsilyl)amide, 2 equivalents, Tetrahydrofuran, -78°, 95% (>95/5 E:Z); ii. Pyridinium p-Toluenesulfonate,
Ethanol, 55°, 85%; iii. Triphenylphosphine, Imidazole, I,, 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-
4H-pyran, 25°, 95%.
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The coupling of decalone and iodide was achieved in
70% yield applying previously optimized conditions.
Attempts to confirm the stereochemistry of the alkylative
coupling step were thwarted by our inability to obtain
crystals of sufficient quality for X-ray crystallographic
analysis. However, the trityl ether of the side-chain
epimer did provide crystals which permitted X-ray crys-
tallographic analysis to be carried out, confirming equato-
rial alkylation in this instance.

Desilylation with tert-butylammonium fluoride was
achieved in 94% yield and two-step oxidation of the pri-
mary alcohol as before furnished the target carboxylic
acid in 80% yield.

1403

i :» R = CH,0TPS

R = CH,0H
i, R CooH

i. tert-Butyllithium (2 equivalents), Diethyl Ether, -85°, 70%; ii. Tetrabutylammonium Fluoride, Tetrahydrofuran, 25°,
94%; iii. a) Dess-Martin Periodinane, 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran, 25°;
b) Sodium Chlorite, 2-Methyl-2-butene, Sodium Dihydrogen Orthophosphate, 25°, 80%.

With a series of substrates available, we were now able
to turn our attention to generation of the cyclic peroxides
via singlet oxygen 471 + 21 photocycloaddition across the
side chain diene. A solution of silyl ether in dichlorometh-
ane containing 10 mole % tetraphenylporphyrin as sensi-
tiser was cooled to -780 and irradiated using a high pres-
sure mercury lamp (125 W). The reaction mixture was
agitated by passage of a stream of dry oxygen during 30 min-
utes when analysis by tlc indicated appearance of a more
polar material. Removal of solvent and column chro-
matography furnished a single product along with unre-

acted starting material (40% recovery). Analysis by 'H
and 13C nmr spectroscopy indicated the new material to
consist of a 1:1 mixture of diastereoisomers. Particularly
noteworthy was the appearance in the 'H nmr spectrum of
two deuterium oxide removable singlets at & 8.13 and
8.54, indicative of hydroperoxide protons. In addition,
two doublets were observed at 8 4.77 (0.5H, J = 8.0 Hz)
and 0 4.80 (0.5H, J = 7.5 Hz) coupled to two double dou-
ble doublets at 6 5.45 (0.5H, J= 1.0, I'=8, J" = 16 Hz) and
0547 (0.5H,1 =10, =7.5,J" = 16 Hz) and these in
turn were coupled to a broadened double doublet at & 5.78
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(1H, J = 7.5, J' = 16 Hz). The 1 Hz coupling of the
absorptions centred on 8 4.77 and & 4.80 and the 7.5 Hz
coupling of the absorption centred on & 5.78 could be cor-
related with the broadened apparent septet at 8 2.45 corre-
sponding to the methine proton at C-2. Finally, the
appearance of two broadened singlets at 3 5.10 and 6 5.14
(0.5H apiece) and a broad singlet centred on 6 5.03 (1H)
led us to conclude that desired cycloaddition had not
occurred but that an ene reaction had led to the formation
of two diastereoisomeric hydroperoxides in 33% isolated
yield.

5,10,15,20-Tetraphenyl-21H,23H-porphine,
hv, Oxygen, Dichloromethane

Repeating the reaction with unprotected alcohol like-
wise gave a mixture of diastereoisomeric ene products
isolated in 66% yield. The 1H nmr spectrum was directly
comparable to before, showing inter alia two pairs of
broadened singlets at & 5.03, 5.11 and & 5.04, 5.15, corre-
sponding to the geminal vinylic protons, in a ratio of 2:1.
Finally, the acid was also subjected to the same conditions
and gave rise to a 35% purified yield of a 1:1 mixture of
diastereomeric hydroperoxides with no starting material

-78°, 30 minutes

5,10,15,20-Tetraphenyl-21H,23H-porphine,
hv, Oxygen, Dichloromethane

X = CH,OH, CO,H

being recovered. Judging that reluctance of the E,Z-diene
moiety to adopt the required S-cis conformation could
explain absence of 4 + 2n cycloaddition [45], we sub-
jected the epimeric E,E-diene-silyl ether to the same con-
ditions. After 80 minutes only a single material was visi-
ble by tlc analysis. Once again, the 'H nmr spectrum indi-
cated signals consistent with a pair of diastereoisomers
arising from an ene reaction, isolated in 64% yield.

-78°, 30 minutes

5503
-1 510,5.14

OOH 68.13,8.54
~—— §4.77,4.80

OH {e— 8545547
N-— 55.78

OTBDPS

33%

X = CH,0H, 66%
X =COH, 35%

Vol. 36
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As it was becoming evident that the C-6 methyl group
was the conduit for ene reaction, we constructed the silyl
ether possessing a 1,4-disubstituted E,E-diene and sub-
jected this to the standard singlet oxygen conditions, giv-
ing a new material by tlc analysis. Removal of solvent
and chromatographic purification led to the recovery of
starting material (35%) and a substance which, although
clearly a 1:1 mixture of diastereoisomers by H nmr anal-
ysis, gave different spectroscopic data to the hydroperox-
ides previously isolated from such reaction mixtures. In
the 'H nmr spectrum, the key resonances were a 2H
multiplet at & 5.94, two broadened doublets at 8 4.61
(0.5H, I =7.3 Hz) and 3 4.64 (0.5H, J = 5.5 Hz) and a 1H
multiplet at & 4.35-4.45. These absorptions correlate well
with those for the ring protons of the endoperoxide
derived from reaction of singlet oxygen with E,E-hexa-
2,5-diene [46] which appear at § 5.95 and J 4.65 respec-
tively. The 13C spectrum of the new material showed pairs
of peaks at & 65.2, 65.6 and & 78.9, 79.0 as well as a group at
8 126.1, 126.9, 127.6 and & 128.5, 129.6. These correspond
with 13C spectrum for the simpler endoperoxide which
shows resonances at 8 129.0 and & 74.7 for the ring carbons.
On the basis of these data, the new product could be assigned
a cyclic peroxide structure with an isolated yield of 39%.

As the absorptions due to protons of the decalin system
were complicating the spectroscopic analysis of the prod-
ucts, we decided to study singlet oxygen reactions on side

-78°, 80 minutes

5,10,15,20-Tetraphenyl-21 H,23 H-porphine,
hv, Oxygen, Dichloromethane

chain fragments in order to better verify our initial con-
clusions. Accordingly, the E,Z-alcohol coupling precursor
was treated under standard conditions for 1 hour to fur-
nish a reaction mixture containing two new components
and residual starting material, isolated in 12% yield after
chromatography. The most polar component, isolated in
19% yield, was readily identified as a mixture of diaster-
eoisomers resulting from ene reaction showing a pair of
singlets at 8 9.79 and & 9.85 integrating to one proton as
well as characteristic multiplets corresponding to four
alkene protons and a proton adjacent to the hydroperox-
ide. The third, least polar component showed signals at &
8.37 and & 8.53, implying the presence of a pair of diastereo-
isomeric hydroperoxide containing compounds, but also
signals at § 5.65, & 6.45 and & 4.53, characteristic of an
endoperoxide. The 13C nmr spectrum exhibited nine pairs
of signals, excluding those corresponding to the tert-
butyldiphenylsil group and a distortionless enhancement
by polarization transfer experiment indicated only two
methylene groups to be present showing that the product
possessed one less carbon than the starting material.
These data, in addition to consideration of couplings by
2D-analysis, led to assignment of a hydroperoxy-endoper-
oxide structure to this new product in which a methylene
group has been lost. Spectrometric analysis provided fur-
ther evidence for this unexpected result, showing a high-
est mass peak of 377, corresponding to M+-0,/O,H.

-78°, 40 minutes
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-78°, 60 minutes

This totally unexpected result can be rationalised by the
mechanistic sequence outlined below which takes into
account the known reluctance of these trisubstituted E,Z-diene
systems to undergo 4m + 27 singlet oxygen cycloaddition.
Acid catalyzed addition of oxygen [47] to the least substi-
tuted double bond of the substrate in an S-trans conforma-
tion would generate a stabilised tertiary allylic carbo-
cation which can be trapped by the hydroxyl to generate
an oxetane intermediate.

hv

l-P Oxygen
e

Formaldehyde

Vol. 36

OOH
OOH

CH,OTBDPS

Photochemically allowed reverse Paterno-Biichi extru-
sion of formaldehyde would then form a 1,3-disubstituted
diene. This could then undergo either an ene reaction with
more singlet oxygen followed by acid catalysed closure of
the secondary hydroperoxide group or a second acid cat-
alysed addition of oxygen to generate a tertiary carbocat-
ion which is quenched by the secondary hydroperoxide.

Support for this mechanism comes from the fact that
the tetrahydropyran ether derivative furnished only the

hv, Oxygen

®
ene H

H

—

(reverse Paterno-Biichi)

Oxygen
— CH,OTBDPS
HOO K H
OH
00H CH,0TBDPS

%,

o-d uH
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normal ene product in 45% isolated yield under the same
conditions; whereas the E,E-disubstituted analogue with
an unprotected hydroxyl group gave recovered starting
material in 42% yield and the expected cyclic endoperox-
ide in 37% yield.

5,10,15,20-Tetraphenyl-21H,23H-porphine,
hv, Oxygen, Dichloromethane
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of his work.
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H.

y, -78°, 60 minutes

CH,OTBDPS

Taken as a whole, these results challenge the viewpoint
that the mycaperoxides - or any other 3,3,6-trisubstituted-
1,2-dioxanes are constructed in vivo by singlet oxygen
cycloaddition. However, they do not invalidate such a bio-
synthetic pathway for 3,6-disubstituted-1,2-dioxanes.
Indeed, a survey of naturally occurring cyclic peroxides
gives circumstantial support for the operation of both
pathways. Most trisubstituted endoperoxides, such as the
mycaperoxides have saturated rings and possess a 3-(2-propa-
noic acid) or related substituent, as would be expected
from a hydroperoxide Michael type cyclisation pathway;
whereas the disubstituted systems commonly possess the
4,5-double bond that would be formed in the singlet oxy-
gen cycloaddition to a 1,4-disubstituted diene.

The implications regarding the biosynthesis of the
mycaperoxides notwithstanding, the consequences of the
intervention of ene-type chemistry in the reaction of sin-
glet oxygen with E,Z-trisubstituted dienes means that the
singlet oxygen approach is unlikely to lead to successful
synthetic access to the mycaperoxides, although it
remains a valid approach to disubstituted unsaturated
endoperoxides.
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