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Abstract—The synthesis of 11-methyl-3-oxa-tricyclo[5.2.2.01,5]undecenones and their photochemical reactions upon triplet (3T) and singlet
(1S) excitation is described. Oxidation of hydroxymethylphenol gave a ketoepoxide by intramolecular cycloaddition. Manipulation of the
oxirane ring furnished the chromophoric systems. Triplet excitation of these gave tetracyclic compounds containing an oxatriquinane
framework. Singlet excitation furnished the tricyclic compound having an oxasterpurane ring system in a stereoselective fashion. q 2002
Elsevier Science Ltd. All rights reserved.

1. Introduction

Triquinanes have aroused intense interest in the recent past
due to their novel molecular architecture and wide spectrum
of biological activities.1,2 Recently, the tricyclic compounds
1–3 having an oxa-triquinane framework (Fig. 1) were
found to have potent in vitro cytotoxic activity against
murine lymphoma L1210 cells and human epidermoid
carcinoma KB cells.3a Some of these compounds and their
derivatives have also proved to be useful for the treatment of
leukaemia, osteosarcoma, breast cancer and ovarian
cancer.3b While a plethora of methods have been developed
for the syntheses of carbocyclic triquinanes,1,2 only a few
methods are known3a,c,d for the synthesis of oxa-triquinanes
and other hetero analogues of triquinanes.

In view of the important biological properties of oxa-
triquinanes, we thought to develop a novel stereoselective
method for their synthesis. We visualised that a 1,2-acyl

shift or oxa-di-p-methane rearrangement4 in the tricyclic
systems of type 4 would readily give the compounds of type
5 in a stereoselective fashion, which may be elaborated to
oxa-triquinanes. It was also considered that the tricyclic
systems of type 4 may be prepared from the aromatic
precursor of type 7 via its oxidation and intramolecular
Diels–Alder reaction in the resulting cyclohexa-2,4-
dienone. Interestingly, it was also thought that a 1,3-acyl
shift in 4 would give the tricyclic compound 6, oxa-
analogue of sterpuranes, another class of biologically
important sesquiterpenes5 (Scheme 1). We wish to report
herein an efficient synthesis of the desired tricyclic systems
of type 4 from a simple aromatic precursor of type 7 and
syntheses of oxa-triquinane frame 5 and oxa-sterpuranes 6
by modulation of chemical reactivity of 4 in excited triplet
and singlet states.6
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Figure 1.

Scheme 1.
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2. Results and discussion

2.1. Synthesis of the tricyclic chromophoric system of
type 3 and congeners

In principle, the desired tricyclic compound 4 may be
obtained by the intramolecular Diels–Alder reaction of
cyclohexa-2,4-dienone of type 8a containing a tether at C2
(Fig. 2). However, there are no methods for preparation of
cyclohexa-2,4-dienones of type 8a. Therefore, an indirect
route to 4 was devised via intramolecular Diels–Alder
reaction of 6-spiroepoxycyclohexa-2,4-dienone of type 8b
and manipulation of the resulting adduct, since the
spiroepoxy dienone 8b was thought to be readily generated
by oxidation of the o-hydroxymethyl phenol of type 7.7

Towards this objective, the hydroxymethyl phenol 11
containing the desired appendage was readily prepared
from p-cresol. Hydroxymethylation of p-cresol gave the
bishydroxymethyl derivative 9 in good yield.8 Protection of
the phenolic hydroxyl and one of the hydroxymethyl groups
by treatment of 9 with 2,2-dimethoxypropane in the
presence of p-TsOH gave the compound 10a in good
yield.9 Subsequent alkylation of 10a with allyl bromide in
NaH–THF readily gave O-alkylated derivative 10b which
was hydrolysed with HCl in THF–H2O to give the precursor
11 (Scheme 2).

Oxidation of the aromatic precursor 11 in acetonitrile with
aqueous sodium metaperiodate at ,5–108C gave the adduct
13 in reasonably good yield (58%) via generation and
intramolecular cycloaddition in 12 along with the dimer 14
formed due to competing intermolecular Diels–Alder
reaction (Scheme 3). The structure of the adduct 13 was
deduced from its spectral, analytical data and COSY spectra
as briefly presented below.

Thus, the 1H NMR (300 MHz) spectrum of the adduct 13
exhibited a characteristic signal at d 5.60 (br m) for only one
olefinic proton. It also showed signals at d 4.25 (part of an
AB system, JAB¼8.8 Hz, 1H), 3.94 (part of an AB system,

JAB¼8.8 Hz, 1H), d 4.07 (superimposed dd, J1¼J2¼7.5 Hz,
1H) and 3.30 (dd, J1¼11.0 Hz, J2¼7.5 Hz, 1H) for oxy-
methylene protons at C2 and C4. The methylene protons of
the oxirane ring appeared at d 3.19 (part of an AB system,
JAB¼6.0 Hz, 1H), and d 2.91 (part of an AB system,
JAB¼6.0 Hz, 1H). Further, signals were observed at d 2.74–
2.62 (complex m, 1H) and 2.41 (br m, 1H) due to protons at
C5 and C7 (bridgehead) respectively. Interestingly, one of
the methylene protons at C6 showed a downfield signal at d
2.32–2.22 as a complex multiplet while the other at high
field d 1.30 (ddd, J1¼12.5 Hz, J2¼6.6 Hz, J3¼1.5 Hz, 1H).
This is presumably due to large difference in the chemical
shifts of exo and endo protons, since the endo protons are
generally shielded and appear at high field.10 The methyl
group showed a characteristic signal at d 1.96 (d, J¼1.6 Hz,
3H, CH3) due to other protons. The above assignments were
also confirmed with the help of a COSY spectrum, which
showed a COSY relationship between the olefinic proton
and the signal at d 2.41 assigned to the bridgehead proton
(C7). The signal at d 2.41 also exhibited a COSY cross-peak
with the multiplet at d 2.32–2.22, assigned to one of the
methylene (exo) at C6. Furthermore, the multiplet at d
2.74–2.62 showed a COSY cross-peak with four signals at d
2.32, 1.30 (assigned to methylene at C6) and 4.07, 3.30
(assigned to oxy-methylene at C4) (Fig. 3). These
relationships between protons clearly established the
structure of the adduct.

The 13C NMR (75 MHz, CDCl3) spectrum also supported
its formulation as it displayed resonances at d 201.3, 146.0
and 122.7 due to carbonyl and olefinic carbons,
respectively, in addition to signals for other carbons. The
stereochemical orientation of the oxirane ring is suggested
on the basis of the general tendency of cyclohexa-2,4-
dienones to be approached by the dienophile syn to the
oxygen of the oxirane ring during their cycloaddition.7,11

Figure 2.

Scheme 2. Reagents and conditions: (i) 2,2-dimethoxypropane, dry
acetone, p-TSA (cat.), 4 Å molecular sieves, rt, 12 h (92%); (ii) NaH,
allyl bromide, THF, (94%); (iii) 1N HCl/THF (1:1), rt 12 h (88%).

Scheme 3.

Figure 3.
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Towards synthesis of the desired chromophoric systems, the
adduct 13 was treated with Zn in aqueous methanol
containing ammonium chloride at ambient temperature.12

A careful chromatography of the product mixture furnished
the desired keto–alcohol 17 (84%, as a mixture of syn/anti
isomers, 1H NMR) as a major product in addition to the
ketone 15 and the allylic alcohol 16 in minor amounts.
The keto-alcohol 17 was oxidised with Jones’ reagent13 and
the resulting b-keto-acid was decarboxylated14 to give the
tricyclic compound 18 in good yield (67%) (Scheme 4).
Interestingly, the reduction of the adduct 13 with zinc in
refluxing dry dioxane selectively gave the ketone 15 (as a
mixture of syn/anti isomers, 1H NMR) in major amounts.
Alkylation of 15 with MeI in the presence of NaH–THF
gave the chromophoric system 19 (Scheme 4). The
structures of all the products were ascertained from their
spectral data. It may be mentioned that tricyclic compounds
of type 13, 15–19 having a b,g-unsaturated carbonyl
chromophore are not readily available and this method
provides a new, efficient and versatile avenue to such
systems.

2.2. Sigmatropic 1,2- and 1,3-acyl shifts in tricyclic
systems 18 and 19 having b,g-unsaturated carbonyl
chromophore

The photochemical reactions of b,g-enones have generated
a great deal of interest in the past,15,16 which has further
enhanced recently because of their synthetic potential and
versatility.4,17 Rigid b,g-enones undergo two unique
reactions i.e oxa-di-p-methane rearrangement or 1,2-acyl
shift and 1,3-acyl shift as a result of interaction between
alkene and carbonyl chromophore.16,17 Though these
reactions are quite characteristic of their excited states
(e.g. 1,2-shift from lowest triplet (T1) and 1,3-shift from
singlet (S1) or higher triplet (T2) state), small changes in the
structure of the chromophore and substituents are known to
control the outcome in a subtle fashion.17 Moreover,
selective population of excited states are also required for
specific photochemical reaction.

We realized that, while 1,3-acyl shift in tricyclic systems of
type 18 would give the carbocyclic framework of oxa-
sterpurane, a 1,2-acyl shift (oxa-di-p-methane rearrange-

ment) would furnish the oxa-triquinane framework, respect-
ively, in a stereoselective fashion. Towards synthesis of the
oxa-triquinane framework, we first explored the photo-
chemical reaction of 18 upon irradiation. Thus, a solution of
the compound 18 in degassed dry acetone (both as a solvent
as well as sensitizer) was irradiated in a Pyrex immersion
well under nitrogen for 1.5 h. Removal of solvent in vacuo
and chromatography furnished the tetracyclic compound 20
in good yield (58%) as a colourless crystalline solid
(Scheme 5).

The structure of the photo-product was revealed from its
spectral data. Thus, the IR spectrum of the photoproduct
showed an absorption band at 1726 cm21 suggesting the
presence of a carbonyl group in a cyclopentane ring. The 1H
NMR (300 MHz) spectrum of 20 did not show a signal for
any olefinic proton. It exhibited resonances at d 3.90 as a
doublet of part of an AB system (JAB¼9.5 Hz, J2¼7.0 Hz,
1H) and d 3.78 also as a doublet of part of an AB system
(JAB¼9.5 Hz, J2¼2.5 Hz, 1H) due to the oxa-methylene
protons adjacent to the ring junction. Other oxy-methylene
protons appeared as parts of AB systems at d 3.70 and 3.62
(JAB¼9.5 Hz). Other protons were observed as multiplets
clustered together at d 2.76–2.54 (3H) and d 1.92–1.84
(4H). The methyl group appeared as a singlet at d 1.40 (3H).
These spectral features suggested structural reorganisation
during the irradiation via 1,2-acyl shift (or oxa-di-p-
methane rearrangement). The 13C NMR (75 MHz) spectrum
also supported the structure 20 for the photo-product since it
did not show any signal for olefinic carbons. Signals were
observed at d 214.6 (s), 73.5 (t), 67.2 (t), 51.0 (s) due to
carbonyl, oxy-methylene and one of the quaternary carbons.
In addition, signals were observed at d 46.0, 45.7, 45.1, 44.2,
43.2,13.2 (q) (one of the quaternary carbons was not
observed). Similarly, irradiation of 19 in acetone gave a
mixture of products from which the oxa-polyquinane 21 was
isolated in moderate yield.

In order to explore 1,3-acyl shift, a solution of compound 18
in dry benzene was irradiated with a mercury vapour lamp
(125 W, Applied Photo physics), in a Pyrex immersion well
(.290 nm) for about half an hour upon which a clean
reaction occurred. Removal of solvent in vacuo and a
careful chromatography of the photolysate gave a colourless
solid 22 as a result of 1,3-acyl shift in good isolated yield

Scheme 4. Reagents and conditions: (i) Zn, NH4Cl, MeOH–H2O; (ii) Zn,
NH4Cl, dioxane, D, 60%; (iii) NaH, THF, Mel, D, 65%; (iv) Jones
oxidation; (v) aq. THF, D, 67%.

Scheme 5.

Scheme 6.

V. Singh et al. / Tetrahedron 58 (2002) 9729–9736 9731



(52%) along with some unchanged starting material (15%)
(Scheme 6). The structure of the photo-product was deduced
from the following spectral data and comparison with the
spectral features of 18. The IR spectrum of 22 showed an
absorption band at 1778 cm21 that clearly suggested the
presence of carbonyl group in a four membered ring. This
indicated that 1,3-acyl shift had occurred during the
irradiation. The 1H NMR (300 MHz) spectrum exhibited a
characteristic signal for the olefinic proton at d 5.34 as a
broad multiplet. The methyl group showed an upfield
(compared to the precursor 18) resonance at d 1.32 as a
broad singlet, which also suggested a 1,3-acyl shift during
the photoreaction. The four oxy-methylene protons
appeared at d 4.49 (m of d, J¼13.0 Hz, 1H), 4.35–4.27
(as a cluster of multiplets, 2H) and 3.34 (dd, J1¼10.5 Hz,
J2¼7.5 Hz, 1H). The methylene protons a to CO showed
signals at d 3.0 (d of part of an AB system, JAB¼17.0 Hz,
J2¼8.5 Hz, 1H) and 2.80 (d of part of an AB system,
JAB¼17.0 Hz, J2¼8.5 Hz, 1H). In addition, signals were
observed at d 2.60 (m, 1H), 2.44 (m, 1H), 2.04 (ddd,
J1¼12.5 Hz, J2¼6.0 Hz, J3¼2.5 Hz, 1H) and 1.12 (ddd,
J1,12.0 Hz, J2¼8.5 Hz, J3¼4.0 Hz, 1H) for other methine
and methylene protons. 13C NMR (75 MHz) spectrum
showed signals at d 209.7 (CO), 143.5, 115.9, 73.7, 70.2,
63.0, 46.0, 34.8, 31.2, 22.8 and 20.5. It is interesting to note
the selectivity during the above reaction since no product
arising out of oxa-di-p-methane rearrangement was
observed.

In order to increase the photochemical conversion during
the above reaction, a solution of 18 in benzene was
irradiated for a longer duration (,1.5 h). However, while
the photochemical conversion was good, it gave a mixture
of products. Chromatography of this mixture gave a less
polar product (tlc) in excellent yield (82%), which was
identified as a mixture of tricyclic compound 23 having a
cyclopropane ring and an aromatic compound 24 (1H NMR,
300 MHz), in addition to minor amount of 1,3-acyl shift
product 22 (Scheme 7).

Though it was difficult to separate the compounds 23 and
24, 1H NMR (300 MHz) spectrum of the mixture clearly
suggested their presence. It appears that these products are
formed as a result of further photoreaction during the
prolonged irradiation. Such photoreactions involving ketene
elimination and aromatisation though not common, have
been observed in a few instances.18a

The detailed mechanism of formation of 23 and 24 is
difficult to suggest at the moment. It appears that the product

23 containing cyclopropane ring is formed from the initial
1,3-acylshift product 18 as a result of decarbonylation,18

while the aromatic compound 24 is generated from 18 via
ketene elimination followed by aromatisation.18a However,
formation of 23 and 24 from the diradical intermediate
formed after initial a-cleavage may not be ruled out.

3. Conclusions

In conclusion, an efficient method for the synthesis of
bicyclo[2.2.2]octenones 13–19, by intramolecular p4sþp2s

cycloaddition in spiroepoxycyclohexa-2,4-dienone and a
stereoselective route to oxa-triquinane and oxa-sterpurane
frameworks via modulation of chemical reactivity in the
excited state is presented. Manipulation of the adduct
readily gave the desired tricyclic systems having a b,g-
enone chromophore. It is interesting to note the generation
of molecular complexity (11!13, 18 and 19) from a simple
aromatic precursor, one of the most desirable features of
synthetic method and strategy.19,20 Photochemical reactions
of the tricyclic systems 18 and 19 upon triplet and singlet
excitation gave oxa-sterpurane and oxa-triquinane frame-
works in a single stereoselective step.

4. Experimental

4.1. General

IR spectra were recorded on a Perkin–Elmer 681 and
Nicolet FT-IR instrument Impact 400. UV spectra were
recorded on Schimadzu 260 instrument. 1H NMR
(300 MHz) and 13C NMR (75 MHz) spectra were recorded
on a Varian VXR 300S instrument. All the samples were
dilute solutions in CDCl3 with SiMe4 as internal standard.
HRMS were recorded on Bruker Daltronics Apex 3 Telsa
FTMS. Melting points were taken on a Veego apparatus and
are uncorrected. All the organic extracts were dried over
anhydrous sodium sulfate. Reactions were monitored with
tlc and spots visualised by exposure to iodine vapour.
Chromatographic separations were done on silica gel.

4.1.1. 8-(2-Oxa-pent-4-ene)-2,2,6-trimethyl-1,3-benzo-
dioxin (10b). To a suspension of sodium hydride (0.5 g
(50%), 20.8 mmol, previously washed with dry light
petroleum) in dry tetrahydrofuran (30 mL) was added
compound 10a (1.0 g, 4.7 mmol) and the reaction mixture
was refluxed for 3 h after which allyl bromide (2 mL,
excess) in THF (5 mL) was added drop wise to the reaction
mixture and the reaction mixture was further refluxed for
4 h. After completion of reaction (tlc), the reaction mixture
was brought to room temperature and quenched with cold
water. It was then saturated with sodium chloride after
which two layers were formed. The organic layer was
separated. The aqueous layer was extracted with ethyl
acetate (3£25 mL). The combined organic extract was
washed with brine (2£10 mL) and dried over anhydrous
sodium sulfate. The solvent was removed and the residue
was chromatographed on a silica gel column. Elution with
petroleum ether–ethyl acetate (97:3) furnished the title
compound as a colourless liquid (1.12 g, 94%). IR (neat)
nmax: 1483 cm21. 1H NMR (300 MHz, CDCl3): d 7.09 (br s,Scheme 7.
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1H, aromatic H), 6.70 (br s, 1H, aromatic H), 6.4–5.91
(complex m, 1H, CHvCH2), 5.33 (m of d, J¼14.0 Hz, 1H,
CvCH2), 5.20 (m of d, J¼9.0 Hz, 1H, CvCH2), 4.80 (s,
2H, OCH2), 4.55 (s, 2H, OCH2), 4.06 (ddd, J1¼2.5 Hz,
J2¼2.0 Hz, J3¼1.3 Hz, 2H, OCH2), 2.26 (s, 3H, CH3), 1.52
(s, 6H, C(CH3)2). Mass (m/z): 248 (Mþ). ESI HRMS Calcd
for C15H20O3 [MþþNa]: 271.1035. Found 271.1035.

4.1.2. 2-Hydroxymethyl-4-methyl-6-(2-oxa-pent-4-ene)-
phenol (11). To a solution of 10b (1 g, 4.03 mmol) in
tetrahydrofuran (40 mL) was added hydrochloric acid (1N,
40 mL) and the reaction mixture was stirred for 12 h at
ambient temperature (,308C). The organic solvent was
removed under reduced pressure at ,408C. The aqueous
solution was extracted with ethyl acetate (3£30 mL). The
combined organic layer was washed with sodium bicarbon-
ate solution (2£10 mL), brine (2£15 mL) and dried over
anhydrous sodium sulphate. Solvent was removed at ,35–
408C under reduced pressure and the crude product was
chromatographed on silica gel. Elution with petroleum
ether–ethyl acetate (9:1) gave the title compound 11 as a
colourless liquid (0.73 g, 88%). IR (neat) nmax: 3356,
1483 cm21. 1H NMR (300 MHz, CDCl3): d 7.78 (s, 1H,
OH), 6.95 (s, 1H, aromatic H), 6.8 (s, 1H, aromatic H), 6.2–
5.88 (complex m, 1H, CHvCH2), 5.32 (m of d, J¼14.0 Hz,
1H, CvCH2), 5.25 (m of d, J¼9.0 Hz, 1H, CvCH2), 4.7 (br
s, 2H, OCH2), 4.67 (s, 2H, OCH2), 4.08 (m of d, J¼6.0 Hz,
2H, OCH2), 2.54 (br s, 1H, OH), 2.24 (s, 3H, CH3). Mass
(m/z): 208 (Mþ). ESI HRMS: Calcd for C12H16O3

[MþþNa]: 231.0992. Found 231.0999.

4.1.3. 3-Oxa-11-methyl-8-spiroepoxy-endo-tricyclo-
[5.2.2.01,5]undec-10-en-9-one (13). To a solution of 11
(1 g, 4.8 mmol) in acetonitrile (50 mL) was added a solution
of sodium metaperiodate (5 g, 23.3 mmol, in water (50 mL))
in about 1 h, at ,108C. The reaction mixture was stirred for
12 h. It was then saturated with sodium chloride and
acetonitrile layer was separated. It was washed with brine
(2£10 mL) and dried over anhydrous sodium sulfate. The
remaining aqueous layer was extracted with ethyl acetate
(3£30 mL) and washed with brine (3£10 mL). It was dried
over anhydrous sodium sulfate. Both the acetonitrile and
ethyl acetate extracts were combined and the solvent was
removed under reduced pressure. The residue was chro-
matographed on silica gel. Elution with petroleum ether–
ethyl acetate (95:5) gave the adduct 13 (0.57 g, 58%) as a
solid which was recrystallized from petroleum ether–ethyl
acetate (97:3). mp 1028C. IR (KBr) nmax: 1727 cm21. UV
(MeOH), lmax: 220 and 305 nm. 1H NMR (300 MHz,
CDCl3): d 5.60 (br m, 1H, olefin H), 4.25 (part of an AB
system, JAB¼8.8 Hz, 1H, OCH2), 4.07 (superimposed dd,
J1¼J2¼7.5 Hz, 1H), 3.94 (part of an AB system,
JAB¼8.8 Hz, 1H), 3.30 (dd, J1¼11.0 Hz, J2¼7.5 Hz, 1H,
OCH2) for oxy-methylene protons and 3.19 (part of an AB
system, JAB¼6.0 Hz, 1H, oxirane CH2), and 2.91 (part of
an AB system, JAB¼6.0 Hz, 1H, oxirane CH2), 2.74–2.62
(complex m, 1H), 2.41 (m, 1H), 2.32–2.22 (complex
m, 1H), 1.96 (d, J¼1.6 Hz, 3H, CH3), 1.30 (ddd,
J1¼12.5 Hz, J2¼6.6 Hz, J3¼1.5 Hz, 1H). 13C NMR
(75 MHz, CDCl3): d 201.3 (CO), 146.0, 122.7, 71.2, 68.5,
60.5, 56.9, 51.6, 45.2, 43.7, 23.7, 20.0. Mass (m/z): 206
(Mþ). Analysis: Found C, 70.16; H, 6.86% requires C, 69.9,
H, 6.7% for C12H14O3.

Continued elution with petroleum ether–ethyl acetate
(88:12) gave the dimer 14 as a crystalline colourless solid
(0.21 g, 22%), mp 88– 898C. IR (KBr) nmax: 1728,
1689 cm21. 1H NMR (300 MHz, CDCl3): d 6.76 (s, 1H, b
proton of a, b-enone), 5.84–5.98 (complex m, 2H, olefin
proton), 5.77 (m, 1H, olefin proton of b,g-enone), 5.32 (m,
1H), 5.27 (m, 1H), 5.22 (m, 1H), 5.19 (m, 1H), 4.14 (d,
J¼1.6 Hz, 2H), 4.07–3.99 (m, 4H), 3.89 (AB system,
JAB¼8.4 Hz, 2H), 3.16 (part of an AB system, JAB¼6.0 Hz,
1H, OCH2), 2.96 (part of an AB system, JAB¼6.0 Hz, 1H,
OCH2), 2.85 (AB system, JAB¼6.0 Hz, 2H), 2.6 (br m, 1H),
2.2 (d, J¼1.8 Hz, 1H), 1.88 (d, J¼1.6 Hz, 3H, CH3), 1.4 (s,
3H, CH3). 13C NMR (62.5 MHz, CDCl3): d 203.8, 191.7,
147.5, 143.1, 136.5, 134.3, 134.2, 124.8, 117.3, 117.1, 72.7,
71.8, 66.1, 65.6, 62.3, 58.4, 58.1, 58.0, 53.0, 48.2, 46.2,
45.6, 23.9, 20.8 (24 carbons). Mass (m/z): 206 (Mþ/2) (it
undergoes retro Diels–Alder reaction during mass spec-
trometry). ESI HRMS: Calcd for C24H28O6 [MþþNa]:
435.1778. Found 435.1785.

4.1.4. 3-Oxa-8,11-dimethyl-endo-tricyclo [5.2.2.01,5]-
undec-10-ene-9-one (15). To a solution of the adduct 13
(1 g, 4.86 mmol) in 30 mL dry dioxane, was added activated
zinc (5 g, excess) and ammonium chloride (1 g, 18.7 mmol,
excess) and the reaction mixture was refluxed for 8 h. After
completion of reaction, the reaction mixture was filtered
through a celite pad, which was then washed with ethyl
acetate. The filtrate was concentrated in vacuo. The residue
was diluted with water (20 mL) and extracted with ethyl
acetate (3£30 mL). The combined organic extract was
washed with brine (2£20 mL) and dried over anhydrous
sodium sulphate. Removal of solvent under reduced
pressure gave the crude product, which was chromato-
graphed (petroleum ether–ethyl acetate, 95:5) to give the
compound 15 (mixture of syn/anti isomers) as a solid
(0.56 g, 60%) mp 56–588C. IR (KBr) nmax: 1712
(CO) cm21. UV (MeOH) nmax: 219 and 291 nm. 1H NMR
(300 MHz, CDCl3): d 5.48 (m, 1H, b H of b,g-enone
group), 4.19 (two sets of part of an AB system, JAB¼9.0 Hz,
total 1H, OCH2), 3.99 (two sets of superimposed dd,
J¼7.5 Hz, total 1H), 3.88 (part of an AB system,
JAB¼9.0 Hz, 1H, OCH2), 3.20 (dd, J1¼11.0 Hz,
J2¼7.5 Hz, 1H), 2.64–2.57 (m, 1H), 2.45–2.30 (m, 1H),
2.12–1.96 (m, 2H), 1.91 and 1.90 (two sets of d, J¼1.5 Hz,
total 3H, CH3), 1.24–1.15 (m partly hidden under methyl
signal, 1H), 1.14 and 0.99 (two sets of d, J¼6.0 Hz, total 3H,
CH3). Analysis: Found: C, 74.79%, H, 8.6%; Calcd: C,
75%, H, 8.3% for C12H16O2.

4.1.5. 3-Oxa-11-methyl-8-hydroxymethyl-endo-tricyclo-
[5.2.2.01,5]undec-10-ene-9-one (17). To a suspension of
activated zinc (7 g, excess) in MeOH–H2O (7:1, 25 mL)
was added a solution of adduct 13 (1 g, 3.85 mmol),
followed by addition of ammonium chloride (1 g,
18.7 mmol, excess) and the reaction mixture was stirred at
room temperature (,308C) for about 12 h. The reaction
mixture was filtered through a celite pad, which was further
washed with ethyl acetate (6£10 mL). The filtrate was
concentrated in vacuo. The residue was diluted with water
(20 mL) and extracted with ethyl acetate (3£30 mL). The
combined organic extract was washed with water
(2£10 mL), brine (2£10 mL) and dried over anhydrous
sodium sulphate. Removal of solvent under reduced
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pressure gave the crude product, which was chromato-
graphed over silica gel. Elution with petroleum ether–ethyl
acetate (97:3) furnished a small quantity of deoxygenated
compound 15 as a colourless solid (0.093 g, 10%).
Continued elution with petroleum ether–ethyl acetate
(95:5) furnished a very small amount of the dienol 16 as a
colourless liquid (0.04 g, 4%), which was briefly character-
ized. IR (neat) nmax: 3414 cm21. 1H NMR (300 MHz,
CDCl3): d 5.56 (br m, 1H, olefin H), 5.08 (d, J¼2.1 Hz,
exocyclic olefin, 2H), 4.0–3.9 (m, 4H, 3 protons of OCH2

and one proton of H–C–OH), 3.10 (dd, J1¼10.7 Hz,
J2¼7.0 Hz, 1H), 2.88 (m, 1H), 2.62 (complex m, 1H), 2.0
(br s, 1H, OH exchangeable with D2O), 1.94–1.84 (m, 1H),
1.82 (d, J¼1.5 Hz, 3H, CH3), 1.18 (ddd, J1¼12.0 Hz,
J2¼7.0 Hz, J3¼2.0 Hz, 1H).

Further elution with petroleum ether–ethyl acetate (88:12)
furnished b-keto alcohol 17 (as a mixture of syn/anti
isomers) as a thick colourless liquid (0.85 g, 84%). IR (neat)
nmax: 1712 (CO), 3396 (broad, OH) cm21. 1H NMR
(300 MHz, CDCl3) d 5.52 and 5.51 (br m, total 1H, olefinic
H), 4.20 (merged d, J¼8.5 Hz, 1H), 4.02 (overlapped m,
1H), 3.9 (set of two d, J¼8.5 Hz, for each set, total 1H), 3.8
and 3.7 (set of two dd, J1¼11.5 Hz, J2¼7.0 Hz, for each set,
total 1H), 3.65 (m, partly merged with the dd at 3.7, 1H), 3.2
(two sets of dd, J1¼9.5 Hz, J2¼6.0 Hz, total 1H), 2.8 (m,
1H), 2.64–2.20 (sets of m, total 3H), 2.08–1.99 (m, 1H),
1.93 (two sets of d, J¼1.5 Hz, total 3H, CH3), 1.25, 1.16 (m
of dd, J1¼13.0 Hz, J2¼7.0 Hz, total 1H). Mass (m/z): 208
(Mþ), 190 (Mþ2H2O). ESI HRMS: Calcd for C12H16O3

[MþþNa]: 231.0992. Found: 231.0995.

This keto-alcohol was immediately subjected to oxidation
and decarboxylation as described below.

4.1.6. 3-Oxa-11-methyl-endo-tricyclo[5.2.2.01,5]undec-
10-ene-9-one (18). To a solution of the b-keto alcohol 17
(3 g, 14.42 mmol) in acetone (80 mL) was added dropwise a
freshly prepared Jones’ reagent with stirring at ,5–108C.
After the reaction was complete (tlc, 2 h), the solvent was
removed under reduced pressure at ,308C. It was diluted
with water (75 mL) and extracted with ethyl acetate
(5£30 mL). The combined extract was washed with water
(2£10 mL), brine (1£10 mL) and dried over anhydrous
sodium sulphate. Removal of solvent gave the b-keto acid
(3.08 g (96%). IR (KBr) nmax: 3500, 1740 cm21) which was
directly subjected to decarboxylation as follows. The b-keto
acid thus obtained was dissolved in tetrahydrofuran–water
(3:2; 50 mL) and the reaction mixture was refluxed for 12 h.
Tetrahydrofuran was removed in vacuo and the remaining
aqueous medium was diluted with water (50 mL). It was
then extracted with ethyl acetate (3£50 mL). The combined
extract was washed with saturated sodium bicarbonate
(2£10 mL), water (2£10 mL), brine (2£10 mL) and dried
over anhydrous sodium sulphate. Removal of solvent
followed by column chromatography petroleum ether–
ethyl acetate (95:5) furnished title compound 18 as a
colourless solid (1.74 g, 67%), mp 76–778C. IR (KBr):
1707 cm21. UV lmax (MeOH): 218 and 289 nm. 1H NMR
(300 MHz, CDCl3): d 5.49 (m, 1H), 4.21 (part of an AB
system, JAB¼9.0 Hz, 1H), 4.01 (superimposed dd,
J1¼J2¼7.5 Hz, 1H), 3.90 (part of an AB system,
JAB¼9.0 Hz, 1H), 3.20 (dd, J1¼12.0 Hz, J2¼7.5 Hz, 1H),

2.8 (m, 1H), 2.5 (complex m, 1H), 2.12 (m of part of an AB
system, JAB¼12.0 Hz, 1H); 2.08 (m of part of an AB
system, JAB¼12.0 Hz, 1H) (Dn/JAB¼,1, total 2H); 1.98–
1.92 (m, 1H), 1.90 (d, J¼1.5 Hz, 3H), 1.24 (dd, J1¼12.5 Hz,
J2¼6.5 Hz, 1H). 13C NMR (75 MHz, CDCl3): d 208.2 (s),
148.4 (s), 121.2 (d), 71.5 (t), 69.0 (t), 60.9 (s), 42.56 (d),
39.4 (d), 38.1 (t), 26.6 (t), 19.6 (q). Mass (m/z): 178 (Mþ),
136 [Mþ2(CH2vCvO)]. Analysis Found: C, 73.99; H,
7.81%. Calcd: C, 74.15; H, 7.86% for C11H14O2.

4.1.7. 3-Oxa-8, 8,11-trimethyl-endo-tricyclo [5.2.2.01,5]-
undec-10-ene-9-one (19). Sodium hydride (60% suspen-
sion in oil, 0.550 g, 12.5 mmol) was placed in a flask fitted
with a nitrogen inlet and condenser. It was washed with dry
petroleum ether to remove the oil and dry THF (10 mL) was
added. To this was added a solution of the compound 15
(0.25 g, 1.38 mmol) in dry THF (10 mL) and the reaction
mixture was refluxed for 1 h after which it was brought to
room temperature, and MeI (4 mL, excess) in dry THF
(10 mL) was added in a drop wise manner. The reaction
mixture was further refluxed for 8 h. After completion of
reaction, the reaction mixture was brought to room
temperature and carefully quenched with cold water. It
was saturated with NaCl, after which two layers were
formed. The organic layer was separated and the remaining
aqueous layer was extracted with ethyl acetate (3£20 mL).
Combined organic extracts were washed with brine and
dried over anhydrous sodium sulphate. Removal of solvent
followed by column chromatography (petroleum ether–
ethyl acetate, 96:4) gave the compound 19 as a colourless
low melting solid (0.173 g, 65%). IR (film) nmax:
1721 cm21, UV lmax (MeOH): 223 and 290 nm, 1H NMR
(250 MHz, CDCl3): d 5.44–5.42 (m, 1H); 4.17 (part of an
AB system, JAB¼8.8 Hz, 1H), 3.98 (superimposed dd,
J¼7.5 Hz, 1H), 3.88 (part of an AB system, JAB¼8.8 Hz,
1H), 3.18 (dd, J1¼10.7 Hz, J2¼7.5 Hz, 1H), 2.52–2.45 (m,
1H), 2.42–2.38 (m, 1H), 2.18–2.08 (J1¼12.5 Hz,
J2¼8.7 Hz, J3¼3.5 Hz, 1H), 1.91 (d, J¼1.5 Hz, 3H, CH3),
1.16–1.08 (m overlapped with a s, 1H), 1.11 (s, 3H, CH3),
1.06 (s, 3H, CH3). 13C NMR (62.8 MHz, CDCl3): d 212.6,
149.1, 119.9, 71.7, 69.2, 60.7, 51.31, 43.8, 42.2, 25.2, 24.4,
23.7, 21.1. Mass (m/z): 206 (Mþ). HRMS: Calcd for
C13H18O2: 206.1301. Found 206.1307.

4.1.8. 2-Methyl-10-oxa-tetracyclo[6.3.0.01,3.02,6]unde-
can-4-one (20). A solution of the compound 18 (0.075 g,
0.42 mmol) in dry acetone (110 mL) was irradiated under
nitrogen with a mercury vapour lamp (125 W, Applied
Photophysics) in a Pyrex immersion well for about 1.5 h.
The solvent was removed in vacuo and the residue was
chromatographed on silica gel. Elution with petroleum
ether–ethyl acetate (92:8) furnished the compound 20 as a
colourless solid (0.043 g, 58%), mp: 57–598C. IR (KBr)
nmax: 1726 cm21. 1H NMR (300 MHz, CDCl3): d 3.90 (d of
part of an AB system, JAB¼9.5 Hz, J2¼7.0 Hz, 1H), 3.78 (d
of part of an AB system, JAB¼9.5 Hz, J2¼2.5 Hz, 1H), 3.70
(part of an AB system, JAB¼9.5 Hz, 1H), 3.62 (part of an
AB system, JAB¼9.5 Hz, 1H), 2.76–2.54 (m, 3H), 1.92–
1.84 (m, 4H), 1.40 (s, 3H). 13C NMR (75 MHz, CDCl3): d
214.6 (s), 73.5 (t), 67.2 (t), 51.0 (s) (due to carbonyl, oxy-
methylene and one of the quaternary carbons), 46.0, 45.7,
45.1, 44.2, 43.2 (it was difficult to ascertain their multi-
plicities since these are clustered together), 13.2 (q) (one
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quaternary carbon was not observed). Mass (m/z): 178
(Mþ). Analysis: found C, 74.17; H, 7.93%. Calcd. C, 74.15;
H, 7.86% for C11H14O2.

4.1.9. 2,5,5-Trimethyl-10-oxa-tetracyclo[6.3.0.01,3.
02,6]undecan-4-one (21). A solution of the compound 19
(0.075 g, 0.36 mmol) in dry acetone (110 mL) was
irradiated under nitrogen with a mercury vapour lamp
(125 W, Applied Photophysics) in a Pyrex immersion well
for 1 h. The solvent was removed in vacuo and the residue
was chromatographed on silica gel. Elution with petroleum
ether–ethyl acetate (92:8) gave the compound 21 (0.024 g,
32%) as a colourless liquid. IR (KBr) nmax: 1728 cm21. 1H
NMR (300 MHz, CDCl3þCCl4): d 3.88–3.58 (m, 4H),
2.26–2.21 (m, 2H), 2.01–1.97 (m, 2H), 1.76–1.68 (m, 1H),
1.42 (s, 3H), 1.01 (s, 3H), 0.87 (s, 3H). 13C NMR (75 MHz,
CDCl3þCCl4): d 216.2, 73.7, 67.4, 58.4, 51.2, 50.7, 43.8,
43.0, 40.9, 40.6, 28.7, 18.0, 14.3. Mass (m/z): 206 (Mþ).
HRMS: Calcd for C13H18O2: 206.1301. Found 206.1303.

4.1.10. 3-Methyl-10-oxa-tricyclo [6.3.0.03,6] undec-1-en-
4-one (22). A solution of the compound 18 (0.11 g,
0.061 mmol) in dry benzene (100 mL) was irradiated
under nitrogen with a mercury vapour lamp (125 W,
Applied Photophysics) in a Pyrex immersion well with
cold-water circulation (,108C) for about 0.5 h. Benzene
was removed in vacuo at ,408C and the residue was
chromatographed on silica gel. Elution with petroleum
ether–ethyl acetate (96:4) furnished the compound 22 as a
colourless solid (0.057 g, 52%), mp 39–408C. IR (KBr):
1778 cm21. UV lmax (MeOH): 217 and 289 nm. 1H NMR
(300 MHz, CDCl3): d 5.34 (br m, 1H), 4.49 (m of d,
J¼13.0 Hz, 1H), 4.35–4.27 (overlapped m, 2H), 3.34 (dd,
J1¼10.5 Hz, J2¼7.5 Hz, 1H), 3.0 (d of part of an AB
system, JAB¼17.0 Hz, J2¼8.5 Hz, 1H), 2.80 (d of part of an
AB system, JAB¼17.0 Hz, J2¼8.5 Hz, 1H), 2.60 (m, 1H),
2.44 (m, 1H), 2.04 (ddd, J1¼12.5 Hz, J2¼6.0 Hz,
J3¼2.5 Hz, 1H), 1.32 (s, 3H, CH3), 1.12 (ddd,
J1,12.0 Hz, J2¼8.5 Hz, J3¼4.0 Hz, 1H). 13C NMR
(75 MHz, CDCl3): d 209.7 (CO), 143.5, 115.9, 73.7, 70.2,
63.0, 46.0, 34.8, 31.2, 22.8, 20.5. Mass (m/z): 178 (Mþ).
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