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New and simple protocols are described for the conversion
of the enzymatically-derived and enantiomerically pure cis-
1,2-dihydrocatechol 7 (X = I) and its 6-methylated derivative
into either antipodal form of compounds embodying the
tricyclic frameworks of terpenoids 1–6. Key steps include
intramolecular Diels–Alder (IMDA) and (in some cases)
singlet or triplet-based photochemical processes.

Bicyclo[2.2.2]octanes incorporating a 1,2-fused cyclopentane or
cyclohexane ring are encountered in a number of interesting
natural products.1 For example, platencin (1), a structurally novel
and potent anti-bacterial agent isolated from several strains of
Streptomyces platensis, contains such a bicyclic framework that is
fused to a cyclohexenone moiety.2 The atisane,1b,3 seco-atisane4 and
rhodolaurane5-type terpenoids also incorporate the same tricyclic
ring system. On the other hand, 11-O-debenzoyltashironin (2),
an anistatin-type natural product isolated from the Eastern Asian
Illicium merrillianum and which promotes neurite outgrowth at
concentrations as low as 0.1 mmol, embodies the cyclopent-
annulated variant.6 The latter ring system is also encountered
in the khusiane,7 eremolactone,8 lacinane9 and duprezianane10

families of sesquiterpenoid or diterpenoid natural products. A
representative member of the first of such families is (-)-khusiol
(allo-cedrol) (3).1c,11

A further interest in the title frameworks derives from the
potential of their bicyclo[2.2.2]oct-4-en-1-one derivatives to en-
gage in various photochemically-promoted processes,12 including
decarbonylation, and thus presenting the possibility (vide infra)
of obtaining the tricyclic ring systems associated with other ter-
penoids such as viridianol (4),13 tamariscene (5)14 and subergorgic
acid (6).15

On the basis of the foregoing, we sought to develop efficient and
flexible methods for obtaining 1,2-cyclopentannulated and 1,2-
cyclohexannulated bicyclo[2.2.2]octanes in either enantiomeric
form.16 The key elements of our approach are shown in Fig. 1
and rely on the initial conversion of the enzymatically-derived and
enantiomerically pure cis-1,2-hydrocatechols of the general form
717 into the corresponding alkene-tethered system 8 (n = 1 or
2). The engagement of the latter systems in Type 1 intramolecular
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Fig. 1

Diels–Alder (IMDA) cycloaddition reactions should then lead, via
endo-type transition states, to adducts of the form 9 or 10 in which
the former product arises from addition of the dienophile to the
b-face of the diene while the latter involves the corresponding
process taking place at the a-face.18 The pseudo-enantiomeric
relationship between products 9 and 10 is demonstrated by the
fact that removal of the OP groups within each of these would lead
to hydrocarbons 11 and ent-11, respectively. So, by controlling the
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facial selectivity of the IMDA process, either enantiomeric form
of the target tricyclic framework could be obtained from a single
enantiomeric form of the precursor cis-1,2-dihydrocatechol.

The details associated with the implementation of this basic
strategy are provided in Schemes 1 and 2. Thus, as reported
earlier,19 the known and readily available acetonide derivative
1220 of diol 7 (X = I, Scheme 1) participated in a Negishi-type
cross-coupling reaction with the organic zinc compound 1319 to
give product 14 (65–85%) as a 1 : 1 mixture of diastereoisomers.
Upon heating in refluxing toluene, compound 14 engaged in an
endo-selective IMDA reaction to give a ca. 10 : 1 mixture of the
b- and a-face addition products 15 and 16, respectively, in 98%
combined yield. The individual diastereoisomeric forms of these
cycloadducts was each fully characterized by spectroscopic means
including single-crystal X-ray diffraction analysis.19 Compound

Scheme 1 Reagents and conditions: (i) (MeO)2CMe2, p-TsOH·H2O
(4 mole%), 18 ◦C, 1 h; (ii) Pd(PPh3)4 (10 mole%), THF, 18 ◦C, 3 h;
(iii) BHT (3 mole%), toluene (reflux), 16 h.

15 embodies the natural enantiomeric form of the tricyclic
hydrocarbon framework associated with platencin and has been
used, by us, to establish a formal total synthesis of this natural
product.19 On the other hand, congener 16 embodies the non-
natural enantiomeric form of the same target and efforts to
elaborate this to ent-platencin (ent-1) are now underway in our
laboratories.

The early stages of the reaction sequences shown in Scheme 2
serve to highlight another method for tethering a dienophilic
residue to the cis-1,2-dihydrocatechol core and so providing
precursors to 1,2-cyclopentannulated bicyclo[2.2.2]octanes. Thus,
treatment of the readily available acetal derivatives 12, 17 and 18
of diol 7 (X = I) and its 6-methylated derivative21 with isopropyl
magnesium chloride then copper(I) bromide/dimethylsulfide com-
plex followed by reaction of the ensuing cuprates with either of the
readily prepared dialkenylketones 1922 or 2023 gave the expected
conjugate addition products 21 (65%), 22 (63%), 23 (74%) or 24
(60%).24 The first three of these products engaged in the anticipated
IMDA reaction (Entries 1–3, Table 1). Thus, substrate 21 provided
a near 1 : 1 mixture of the expected b- and a-face adducts 2525

(44%) and 2625 (39%), respectively, while congener 22 afforded
a ca. 3 : 1 mixture of the analogous adducts 27 (59%) and 28
(21%). In contrast, the sole isolable product of reaction arising
from thermolysis of substrate 23 was the b-face addition product
2925 (45%) and this was only generated upon heating the former
compound in refluxing mesitylene for four days. Interestingly, the
more heavily substituted substrate 24 failed to engage in the hoped-
for IMDA reaction (Entry 4, Table 1) even under the forcing
conditions defined immediately above for congener 23.

The lack of reaction of compound 24 was disappointing
because the hoped-for adducts would have incorporated the
two contiguous quaternary carbon centres associated with the
natural products 2 and 3. This inertness might arise from
conformational restrictions imposed upon substrate 24 by the
side-chain carbonyl26 and a consequent inability of the molecule
to assume the transition state geometry required for the IMDA
reaction. On this basis both compound 24 and congener 23 were
subject to reduction with sodium borohydride and the resulting
1 : 1 mixtures of diastereoisomeric alcohols 30 (84%) and 31 (83%)
were heated in mesitylene and by such means the adducts 32 (44%)
and 33 (46%) were formed. Each of these adducts was obtained as
a single diastereoisomer possessing the illustrated configuration
of the free hydroxyl group on the newly formed five-membered
ring. The structure of compound 33 was confirmed through a
single-crystal X-ray analysis of the derived 3,5-dinitrobenzoate
34.25 The stereoselective formation of IMDA adducts 32 and 33
from an epimeric mixture of precursors is notable. Presumably

Table 1 Outcomes of the IMDA reactions of substrates 21–24, 30 and 31

Entry Substrate Reaction conditions b-Adduct (%) a-Adduct (%)

1 21 toluene, BHTa, 112 ◦C, 16 h 25 (44) 26 (39)
2 22 toluene, BHT, 112 ◦C, 16 h 27 (59) 28 (21)
3 23 mesitylene, BHT, 165 ◦C, 96 h 29 (45) not observed
4 24 mesitylene, BHT, 165 ◦C, 96 h no isolable product no isolable product
5 30 mesitylene, BHT, 165 ◦C, 96 h 32 (44) not observed
6 31 mesitylene, BHT, 165 ◦C, 96 h 33 (46) not observed

a BHT = butylated hydroxytoluene (added as a free radical chain inhibitor).
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Scheme 2 Reagents and conditions: (i) i-PrMgCl (1.2 mole equiv.), THF, -30 to 0 ◦C, 2 h then cool to -78 ◦C, CuBr·SMe2 (0.1 mole equiv.), HMPA
(3.0 mole equiv.), TMS-Cl (3.0 mole equiv.), 19 or 20 (2.1 mole equiv.), 1.5 h then warm to 18 ◦C, 16 h; (ii) see Table 1; (iii) NaBH4 (1.9 mole equiv.),
methanol, 0 to 18 ◦C, 2 h; (iv) 3,5-(O2N)2C6H3COCl (2.6 mole equiv.), Et3N (3.5 mole equiv.), DMAP (3.5 mole equiv.), CH2Cl2, 18 ◦C, 16 h.

the transition states leading to the observed products are lower-
lying in energy than those associated with their epimers because
the hydroxyl groups and endo-orientated methyl group at C-6 are
significantly further apart in the former case.

The capacity to manipulate the IMDA adducts described
above is highlighted by the transformation of compound 26
shown in Scheme 3. Thus, as a prelude to conducting various
photochemical conversions, adduct 26 was subjected to stereo-
selective reduction with L-selectride. O-Methylation of the
resulting alcohol 3525 (87%) with methyl iodide in the presence
of sodium hydride then gave the ether 36 (85%). Treatment of
a methanol–water solution of the latter compound with acidic
resin resulted in cleavage of the acetonide residue and formation
of the diol 37 (77% at 90% conversion) that could be selectively
oxidized to the acyloin 38 (84%) using the sterically demanding
oxammonium salt derived from 4-(N-acetamido)-TEMPO and
p-toluenesulfonic acid.27 Following protocols we have applied to
analogous 2,3-cyclopentannulated systems,27 the readily derived
O-benzoyl derivative 39 (99%) of compound 38 was subject to
direct irradiation (in benzene at 300 nm using a Rayonet reactor).
As a consequence, a 1,3-acyl-migration reaction28 took place and
thereby forming the cyclobutanone 40 (61%). This was accompa-
nied by small amounts (16%) of the corresponding cyclopropane
41 that arises from a photochemically-promoted decarbonylation
reaction of compound 40 (on sustained irradiation a pure sample
of compound 40 was converted into cyclopropane 41 in 73%
yield). In contrast, triplet-sensitised irradiation of substrate 39
resulted in an oxa-di-p-methane rearrangement29 and formation
of the expected tetracyclic compound 42 (54%). This product was
accompanied by 8% of the previously observed cyclopropane 41.

Since each of photoproducts 40–42 embody the tricyclic
frameworks of the natural products 4–6, respectively, or their

Scheme 3 Reagents and conditions: (i) L-selectride (2.0 mole equiv.),
CH2Cl2, -78 ◦C, 1 h; (ii) MeI (3.0 mole equiv.), NaH (1.2 mole equiv.),
THF, 20 ◦C, 18 h; (iii) activated DOWEX 50WX28-100 ion exchange resin,
5 : 1 v/v methanol–water, 110 ◦C, 72 h; (iv) 4-(NHAc)TEMPO (2.2 mole
equiv.), p-TsOH·H2O (2.2 mole equiv.), CH2Cl2, 0 to 20 ◦C, 3 h; (v) BzCl
(3.0 mole equiv.), DMAP (4.0 mole equiv.), CH2Cl2, 0 to 20 ◦C, 20 h; (vi)
irradiation at 300 nm, benzene, 20 ◦C, 2 h; (vii) irradiation at 300 nm,
acetone, 20 ◦C, 10 h.
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enantiomers, the protocols detailed here should be applicable
to the preparation of these and other structurally related
sesquiterpenoids. Work directed towards such ends is now
underway in these laboratories. The capacity for enantiodivergent
synthesis is also being refined by, inter alia, enhancing the a-
or b-facial selectivity of the IMDA reactions described here
through “tuning” of the groups used to protect the hydroxyl
moieties within the cis-1,2-dihydrocatechol subunit of the relevant
substrates.
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