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Introduction

Medium-ring oxacycles constitute important structural fea-
tures present in many biologically active natural products
and have generated tremendous interest in the synthetic or-
ganic chemistry community.[1] A plethora of methods have
been developed to construct these systems which are diffi-
cult to synthesize by “classical” methods due the unfavoura-
ble entropy and enthalpy of activation associated with the
forming medium ring.[2] The development of these new syn-

thetic methods is duly reflected by a number of elegant syn-
theses of marine natural products containing medium-ring
ethers.[1] The C15-halogenated acetogenins isolated from the
Laurencia species of red algae, and those marine organisms
which feed on L. sp., have frequently been used as a testing
ground for new methods developed for the construction of
medium-ring ethers.[3] Our own strategy towards medium-
ring oxacycles has involved exploitation of the Claisen rear-
rangement of a vinyl-substituted ketene–acetal to deliver a
medium-ring lactone,[4] a reaction first reported by Petrzilka
for the synthesis of a 10-membered lactone.[5] The medium-
ring lactone is subsequently converted into the correspond-
ing medium-ring ether by methylenation followed by elabo-
ration of the so-formed exo-cyclic enol ether. This strategy
has successfully been employed in the synthesis of (+)-lau-
rencin[6] and in the preparation of fused bicyclic medium-
ring ethers and lactones.[7] To test the scope of this Claisen
rearrangement/methylenation methodology in the synthesis
of other marine-ether natural products we selected (+)-ob-
tusenyne as our synthetic target.[8]

(+)-Obtusenyne ((+)-1) was independently isolated from
L. obtusa by Imre[9] and Fenical and Clardy[10] and their re-
spective co-workers. The structure and absolute configura-
tion of (+)-1 were assigned by a com-
bination of spectroscopic analysis and
X-ray crystallography. The total syn-
thesis of (+)-obtusenyne (+)-1 was
first accomplished by Murai and co-
workers in 1999.[11] The core nine-
membered oxacycle was constructed by
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using a Keck lactonisation,[12] and the resulting lactone was
converted into the 9-membered ether by means of a se-
quence involving formation of an enol triflate, coupling of
the enol triflate with an ethyl cuprate, epoxidation of the re-
sulting endo-cyclic enol ether and reduction of the so-
formed epoxide. In 2003, the second enantioselective syn-
thesis of (+)-obtusenyne was reported by Crimmins and co-
workers.[13] In their synthesis, the core nine-membered ether
was directly synthesised from an acyclic precursor by means
of a highly efficient ring-closing metathesis. Herein, we
report a full account[8] of our synthetic efforts towards this
marine natural product which has culminated in the total
synthesis of (+)-obtusenyne. Additionally we disclose a
formal synthesis of the enantiomer of the natural product
(�)-obtusenyne and highlight some of the interesting
chemistry exhibited by medium-ring ethers. During the
preparation of this manuscript, Suzuki and co-workers dis-
closed the fourth total synthesis of (+)-obtusenyne which in-
volved the cyclisation of a linear hydroxy epoxide to form
the core nine-membered ether directly.[14]

Results and Discussion

First generation approach to natural (+)-obtusenyne : Our
retrosynthetic analysis of (+)-obtusenyne ((+)-1) is outlined
in Scheme 1. We envisioned that the D5-hexahydrooxonine 2
would serve as a key late-stage intermediate. Subsequent
stereospecific halogenations and introduction of the (Z)-
enyne side chain would complete the synthesis of (+)-1. The
thermodynamically less-favoured “trans” relationship of the
two substituents across the ether linkage in 2[15,16] was to be
established by a diastereoselective intramolecular hydrosila-
tion of the enol ether 3,[17] which would be readily prepared
from the lactone 4. Claisen rearrangement of the seven-
membered vinyl-substituted ketene acetal 5 was considered
to be the method of choice for the preparation of the lac-
tone 4, based upon much precedent.[4] The ketene acetal 5
was to be prepared in an enantioenriched form from the
chiral non-racemic methyl trans-3,4-epoxyhexanoate 6. The
success of this strategy hinges on the late-stage stereospecif-
ic halogenation of the medium-ring ether derived from 2. It
should be noted that such an operation remained relatively
unexplored when we initiated our synthetic program to-
wards 1 and some interesting aspects of the displacement re-

actions using medium-ring ether substrates came to light as
the project progressed.

Full details of the preparation of the racemic lactone
(�)-4 have been reported previously, starting with the race-
mic epoxide (� )-6.[8a] Our synthesis of the enantioenriched
lactone (�)-4 closely followed the route to racemic (� )-4,
and began with a pig liver esterase-catalysed kinetic resolu-
tion of racemic trans-methyl 3,4-epoxyhexanoate (� )-6[18] by
following the method of Tamm and co-workers[19]

(Scheme 2). Thus, the racemic epoxide was suspended in

pH 7.2 phosphate buffer and pig liver esterase was added.
The pH of the reaction mixture was monitored (pH meter)
and maintained at pH 7.2 by the addition of 1m sodium hy-
droxide solution which provided a convenient measure of
conversion. At approximately 60% conversion, the enan-
tioenriched epoxide (+)-6 ([a]21D =++26.6 (c=0.64 in
CH2Cl2), 96% ee ; ee=enantiomeric excess) could be isolat-
ed in 31% yield. The formation of emulsions at times made
isolation of the epoxide problematic, but emulsion forma-
tion could be minimised by repeated filtering of the reaction
mixture through Celite. This procedure allowed the prepara-
tion of multigram quantities of the enantioenriched epoxide
(+)-6. The enantiomeric excess of the epoxide was deter-

mined on a derivative. Thus,
exposure of (+)-6 to DBU
caused isomerization to the al-
lylic alcohol (�)-7 ([a]21D =

�25.8 (c=2.9 in CHCl3)). The
enantiomeric excess of the al-
lylic alcohol (�)-7, and hence
of the epoxide (+)-6, was de-
termined by 1H NMR spectros-
copy by using the chiral-shift
reagent [(+)-Eu ACHTUNGTRENNUNG(hfc)3] (hfc=3-
(heptafluoropropylhydroxymeth-Scheme 1. First-generation retrosynthetic analysis of (+)-obtusenyne ((+)-1).

Scheme 2. Enantioselective synthesis of the lactone (�)-4. a) Crude pig-
liver esterase, pH 7.2 phosphate buffer, 31%; b) DBU, CH2Cl2, 86%;
c) 3% aqueous H2SO4, 85%; d) TBDPSCl, imidazole, DMF, 96%;
e) DIBAL, THF, �78 8C, RT, 90%; f) CH2=CHMgBr, THF, 91%;
g) PhSeCH2CH ACHTUNGTRENNUNG(OEt)2, PPTS, toluene, reflux, 90%; h) NaIO4, CH2Cl2,
MeOH, H2O, 100%; i) DBU, toluene, reflux, 85%. DBU=1,8-
diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene; DIBAL=diisobutylaluminium hydride;
TBDPS= tert-butyldiphenylsilyl ; PPTS=pyridinium p-toluene sulfate.
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ylene)camphorate); the enantiomeric excess was confirmed
by MosherOs ester analysis of a later synthetic intermediate,
the lactone (�)-8 (vide infra). By analogy with TammOs ob-
servations,[19] the epoxide (+)-6 was presumed to have the
(3R,4R)-configuration which was confirmed by comparison
of the optical rotation of the allylic alcohol (�)-7 with the
known antipode[20] (Scheme 2). The chiral non-racemic ep-
oxide (+)-6 was readily converted into the lactone (�)-4
with yields similar to those reported for the racemic se-
ries.[8a] Thus, exposure of the enantioenriched epoxide to
aqueous acid gave the butyro-lactone (�)-8 ([a]22D =�24.1
(c=1.4 in CHCl3)}. The enantioenriched lactone (�)-8 and
the corresponding racemic lactone (� )-8 were derivatised
with (R)-(+)-methoxy-a-(trifluoromethyl)phenylacetic acid.
1H NMR spectroscopic analysis of the derived MosherOs
esters indicated that the lactone was of high enantiomeric
purity (>95%). The enantioenriched lactone (�)-8 was
readily converted into the crystalline silyl ether (�)-9 (m.p.
(hexane) 64–65 8C; [a]22D =�17.3 (c=1.5 in CHCl3)) which
on reduction with diisobutylaluminium hydride yielded the
corresponding lactols 10 as a mixture of anomers (ca. 4:1).
The purified lactols 10 were exposed to an excess of vinyl-
magnesium bromide in THF at �78 8C to give a mixture of
the allylic diols 11 in 85% yield. The diols 11 were convert-
ed into the seven-membered seleno-acetals, which on oxida-
tion gave the corresponding selenoxides. Heating the selen-
oxides in toluene under reflux in the presence of DBU de-
livered the desired enantioenriched nine-membered lactone
(�)-4 in excellent yield ([a]20D =�11.6 (c=1.0 in CHCl3)) as
a clear and colourless oil.

Conversion of the lactone (�)-4 into the diol (�)-2 : Enolate
oxidation of the lactone (�)-4 was achieved by using
KHMDS and the Davis oxaziridine,[21] as in the racemic ser-
ies[8b] (Scheme 3). This delivered the hydroxy lactone (�)-12
as a single diastereomer of unknown configuration ([a]23D =

�36.5 (c=2.7 in CHCl3)) in 79% yield after extensive chro-
matography. The extensive chromatography could be avoid-

ed by rapid chromatography of the crude reaction mixture
followed by silylation to give the a-silyloxy lactone (�)-13
in 55% yield from the lactone (�)-4.

Molecular modelling,[22] of the enol 17-TMS as a model
for the enolate derived from the lactone (�)-4 was conduct-
ed and the global minimum is shown in Figure 1. The global

minimum conformation clearly shows that the Re face of the
enol is exposed (and all conformations within 10 kJmol�1 of
the global minimum had the Re face of the enolate more ac-
cessible than the Si face) which would give rise to the hy-
droxy-lactone (�)-12 with the configuration shown. Proof of
the relative stereochemistry of (�)-12 was provided by X-
ray crystallographic analysis of a rearranged derivative from
the enolate oxidation of (� )-4 in the racemic series; the
configuration of (�)-12 was further confirmed by the syn-
thesis of the natural product (+)-1.

The protected lactone (�)-13 was methylenated by using
the Tebbe reagent,[23] giving the exo-cyclic enol ether (�)-14
in 90% yield (we also prepared the corresponding TBS-pro-
tected enol ether (� )-16 in a similar manner—see
Scheme 3). We initially investigated the elaboraton of the
exo-cyclic enol ethers in the racemic series. It had been ex-
pected that hydroboration of the more nucleophilic enol
ether in racemic (� )-16 would proceed faster than the hy-
droboration of the endo-cyclic olefin. In practice, the devel-
opment of an efficient and selective hydroboration was not
achieved. Under a variety of conditions, hydroboration of
the racemic enol ether (� )-16 caused ring opening, competi-
tive hydroboration of the endo-cyclic double bond,[24] hy-
drolysis of the enol ether and other unwanted reactions.[25]

Our attention, therefore, was turned to the addition of sele-
nenic electrophiles to the exo-cyclic enol ether by using
methodology which we had developed during studies on the
synthesis of (+)-laurencin[6] and used latterly in the synthesis
of eunicellin analogues.[26] The protected racemic enol ether
(� )-16 was exposed to phenylselenyl chloride and N,N-di-
isopropylethylamine in a mixed solvent system (Scheme 4).
Under optimised conditions, a 15:1 mixture of the selenoa-
cetals (� )-19 was obtained in 55% yield. The next step re-
quired the reduction of the acetals (� )-19 to deliver the re-
quired D5-hexahydrooxonine. We had previously used alane
for the reduction of medium-ring methoxy-acetals;[6] howev-

Scheme 3. Enolate oxidation and methylenation. a) KHMDS, THF,
�78 8C then (� )-2-(phenylsulfonyl)-3-phenyloxaziridine, then (� )-cam-
phor-10-sulfonic acid, 79%; b) TMSCl, Et3N, THF, 98%; c) Tebbe re-
agent, DMAP, THF, �40 8C, RT, 90% (�)-14, 94% (� )-16 ; d) TBSCl,
imidazole, DMF, 98%; e) TBAF, THF, 29–38%. DMAP=4-dimethylami-
nopyridine; KHMDS=potassium hexamethyl disilazide; TBAF= tetra-
butylammonium fluoride; TBS= tert-butyldimethylsilyl ; TMS= trimethyl-
silyl.

Figure 1. Global minimum conformation for 17-TMS corresponding to
the enolate derived from 4.
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er, these conditions were deemed incompatible with the
silyl-protecting groups. Independent reports from the groups
of Yamamoto[27] and Kotsuki[28,29] suggested that diisobutyla-
luminium hydride would be a suitable reagent to effect the
reduction of the acetals (� )-19. Exposure of the acetals
(�)-19 to diisobutylaluminium hydride in dichloromethane
resulted in the required reduction (with concomitant loss of
the tert-butyldimethylsilyl protecting group) to deliver the
D5-hexahydrooxonine (� )-20 in poor yield along with the
elimination products (� )-21 and (� )-18 ; the stereochemis-
try at C-2 of the D5-hexahydrooxonine (� )-20 was not as-
signed.

The combination of a titanium Lewis acid and triethylsi-
lane has been used for the reduction of bicyclic ketals.[27, 28]

Exposure of the acetals (� )-19 to titanium tetrachloride and
triethylsilane at low temperature, followed by quenching
with methanol, did not deliver the desired reduced D5-hexa-
hydrooxonine (� )-20 but rather the crystalline [4.3.1]bicy-
clic ether (� )-23 (m.p. (ether/hexane) 131–132 8C) in 59%
yield (Scheme 5).

The bicyclic skeleton of (� )-23 (Figure 2) was initially de-
duced by a 1H NMR COSY experiment and was firmly es-
tablished by X-ray crystallography,[30,31] thus confirming the
relative configuration of the a-hydroxy lactone (� )-12.

Workup of the silane reduction reaction with ammonium
chloride in place of methanol enabled retention of the silyl
protecting group to afford (� )-22. Conversion of (� )-22 to
(� )-23 could be readily effected on exposure of (� )-22 to

tetrabutylammonium fluoride. A possible mechanism for
this novel rearrangement is outlined in Scheme 6. Lewis
acid mediated exo-cyclic cleavage of the acetal (� )-19 gives
the oxocarbenium ion (� )-24, which on loss of phenylselen-
yl chloride delivers the enol ether (� )-16. Addition of phe-
nylselenyl chloride to either double bond of the enol ether
(� )-16 is possible, although attack at the enol ether double
bond would be expected to be favoured. Nevertheless sele-
nirenium-ion formation on the endo-cyclic double bond will
occur to give (� )-25, and (irreversible) formation of the bi-
cyclic oxocarbenium ion (� )-26 can then occur. Irreversible
reduction of the oxonium ion (� )-26 then delivers the
[4.3.1]-bicyclic ether (� )-22. The postulated mechanism in-
volves the enol ether (� )-16 and two pieces of circumstan-
tial evidence support this proposal. Firstly, diisobutylalumi-
nium hydride reduction of the methoxy-acetal (� )-19 pro-
duced the enol ether (� )-18. Secondly, exposure of the enol

Scheme 4. Methoxy selenation and reduction. a) PhSeCl, iPr2EtN,
MeOH, CH2Cl2, 55%; b) DIBAL, CH2Cl2, RT, 20% (� )-20, 24%
(�)-21, 12% (� )-18.

Scheme 5. Formation of the 2-oxabicycloACHTUNGTRENNUNG[4.3.1]decane (� )-23. a) TiCl4,
Et3SiH, �78 8C, then MeOH, 59% (� )-23 ; b) TiCl4, Et3SiH, �78 8C, then
NH4Cl, 79% (� )-22 ; c) TBAF, THF, RT, 68%.

Scheme 6. Proposed mechanism for formation of the 2-oxabicyclo ACHTUNGTRENNUNG[4.3.1]decane (� )-22.

Figure 2. X-ray crystal structure of the 2-oxabicycloACHTUNGTRENNUNG[4.3.1]decane (� )-23.
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ether (� )-16 to phenylselenyl chloride, titanium(IV) chlo-
ride and triethylsilane gave the same oxabicyclic-
ACHTUNGTRENNUNG[4.3.1]decane (� )-22.

Returning to the synthesis of natural (+)-obtusenyne, the
formation of the diol (�)-2 was ultimately achieved by intra-
molecular hydrosilation of the silane (�)-3 derived from the
enol ether (�)-14, a reaction first reported by Tamao[17]

(Scheme 7). The intramolecular hydrosilation of the racemic

enol ether (� )-3 has been discussed at length.[8c] However,
further studies of this powerful reaction were made in light
of the work of Evans[32] and Burgess[33] who have demon-
strated that the age of rhodium catalysts used in catechol-
borane-mediated hydroborations has some bearing on the
diastereoselectivity of these reactions. Upon reinvestigation
of the hydrosilation of the enol ether (�)-3 catalysed by
WilkinsonOs catalyst, we found that the diastereoselectivity
changed depending on the level of oxidation of the catalyst
(Table 1). Exposure of the enol ether (�)-3 to WilkinsonOs
catalyst (ex-Aldrich) in THF at reflux gave the diols (�)-2
and (�)-27 in a 10:1 ratio after Tamao–Fleming oxida-
tion.[34,35] Oxidation of WilkinsonOs catalyst with oxygen, by
using EvansOs conditions,[32] prior to addition of the enol
ether, improved this ratio to 21:1. The diastereoselectivity of
this process is, therefore, markedly influenced by the degree
of oxidation of the catalyst. Remarkably, pre-treatment of
WilkinsonOs catalyst with two molar equivalents of triphenyl-
phosphane (relative to catalyst),[32] followed by addition to
the enol ether (�)-3 gave the
diols (�)-2 and (�)-27 in a
>12:1 ratio after oxidation and
in very good yield. This pre-
treatment of the catalyst with
triphenylphosphane presuma-
bly replaces any ligand that
has been lost from the coordi-
nation sphere of the rhodium
by means of an oxidation
mechanism.[32] Hydrosilation/
oxidation of the enol ether
(�)-3 by using the pre-reduced
catalyst proved to be a robust
procedure which gave the diols

(�)-2 and (�)-27 in the highest isolated yield. On a prepara-
tive scale, the diols (�)-2 and (�)-27 could be separated by
HPLC; however, it generally proved more convenient to
separate the diols after further derivatization. The relative
stereochemistry of the racemic diols (� )-2 and (� )-27 had
been proven by 1H NMR spectroscopic analysis of the de-
rived acetonides as previously discussed.[8c]

In the racemic series, a trace amount of the cis-diol
(�)-27 was isolated from the intramolecular hydrosilation
and we decided to make use of this diol as a model system
for the late-stage stereospecific halogenations. Selective
mono-acylation of the primary hydroxyl group of the cis-
diol (�)-27 furnished the acetate (� )-28 (Scheme 8). We
have reported the bromination and chlorination of the sec-
ondary alcohol (� )-28 with the Ghosez reagents, 1-(halo-2-
methylpropenyl)dimethylamines.[36,37] Interestingly, bromina-
tion of the alcohol (� )-28 with carbon tetrabromide and tri-
octylphosphane[38] delivered a mixture of the bromides
(�)-30 and (� )-31 presumably by means of neighbouring-
group participation of acetate involving the corresponding
six-membered acetoxonium ion. Having demonstrated, in
the racemic series, that it was indeed possible to introduce
halogen atoms stereospecifically onto a medium-ring ether
system that closely resembles the core structure of (+)-obtu-
senyne (1), we turned our attention to the elaboration of
the trans-diol (�)-2.

Returning to the natural series, the trans-diol (�)-2 was
converted into the corresponding p-methoxybenzylidene
acetal and selective reductive cleavage with diisobutylalumi-

Scheme 7. Hydrosilation of the enol ether (�)-3. a) TBAF, THF, 99%;
b) (Me2SiH)2NH, NH4Cl, 100%; c) [RhCl ACHTUNGTRENNUNG(Ph3P)3], THF, reflux then
H2O2, KOH, THF, MeOH, H2O, see Table 1.

Table 1. Hydrosilation of the enol ether (�)-3.
Catalyst Ratio of

diols[a]
Isolated yield of
trans-diol
(�)-2 [%][b]

Isolated yield
of cis-diol
(�)-27 [%][b]

ACHTUNGTRENNUNG[(Ph3P)3RhCl][c] 9.9:1 64 6
ACHTUNGTRENNUNG[(Ph3P)3RhCl]+O2

[d] 21:1 58 8
ACHTUNGTRENNUNG[(Ph3P)3RhCl]+2PPh3

[e] 12.8:1 78 6

[a] Determined by HPLC. [b] After preparative HPLC. [c] As supplied.
[d] Oxygen passed through a dichloromethane solution of the catalyst fol-
lowed by exhaustive evaporation and redisolution in THF. [e] Catalyst
and triphenylphosphane dissolved in dichloromethane, evaporated and
redissolved in THF.

Scheme 8. Model halogenation study. a) Ac2O, DMAP, CH2Cl2, 78%; b) Me2C=CClNMe2, 4 R MS, CH2Cl2,
(�)-propylene oxide, 71% (� )-29 ; c) Me2C=CBrNMe2, 4 R MS, CH2Cl2, (� )-propylene oxide, 42% (� )-30 ;
d) CBr4, P ACHTUNGTRENNUNG(Oct)3, toluene, reflux, 50% (� )-30, 50% (� )-31.
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nium hydride[39,40] released the primary alcohol (�)-32
(Scheme 9). Mesylation of (�)-32 and subsequent cyanide
displacement delivered the corresponding nitrile in excellent
yield. Careful nitrile reduction with diisobutylaluminium hy-
dride furnished the relatively unstable aldehyde (�)-33, in
readiness for the incorporation of the (Z)-enyne side chain.
We first examined the Peterson-type olefination of Corey
for the selective introduction of the enyne.[41] The aldehyde
(�)-33 was treated with lithiated 1,3-bis(triisopropylsilyl)-
propyne at �78 8C to furnish the desired (Z)-enyne (�)-34
in moderate yield (50%), along with the corresponding (E)-
enyne (separable). Alternatively, the Stork–Wittig[42] reac-
tion of the aldehyde (�)-33 delivered the corresponding
(Z)-vinyl iodide (�)-35 exclusively. Subsequent Sonoga-
shira[43] coupling of (�)-35 with trimethylsilylacetylene fur-
nished the (Z)-enyne (�)-36 in good overall yield (71%
over two steps).

On the basis of the chlorination studies on the secondary
alcohol (� )-28, we decided to introduce the chlorine substi-
tutent prior to the bromine substituent. The PMB (PMB=

p-methoxybenzyl) ether in (�)-36 was readily removed with
borontrichloride-dimethyl sulfide complex[44] to provide the
secondary alcohol (+)-37 in readiness for chlorination
(Scheme 9). However, we were disappointed to find that at-
tempted chlorination of the secondary alcohol (+)-37 under
a wide variety of conditions, [1-(chloro-2-methylpropenyl)di-
methylamine,[36,37] carbon tetrachloride and trioctylphos-
phane,[45] triflate followed by benzyltriethylammonium chlo-
ride,[46] failed to yield any products containing a chlorine
substituent.

The difficulty which we experienced with introducing the
chlorine atom onto late-stage intermediates en route to
(+)-obtusenyne led us to believe that it would be necessary
to introduce the chlorine substitutent as early as possible in
the synthetic sequence. This belief was reinforced when the
first synthesis of obtusenyne was published by Murai and
co-workers.[11] In this elegant synthesis, the chlorine atom
was introduced prior to medium-ring ether formation with
the bromine atom being introduced as early as possible after
the formation of the D5-hexahydrooxonine. Subsequently
Crimmins[13] demonstrated the successful introduction of

both halogen atoms at a very late stage in the synthetic
route and hence “early-stage” halogenation is not a prereq-
uisite for synthesis of the natural product. However, our
synthetic endeavours pre-dated the Crimmins publication,
and our own and MuraiOs results indicated that “early-stage”
halogenation may be required. We, therefore, revised our
original approach to 1 and attempted to introduce the chlor-
ine and bromine atoms at an earlier stage in the synthesis.
This strategy was based upon the well-known rate suppres-
sion of nucleophilic substitution at carbon atoms carrying a
b-oxygen.[47]

The second-generation approach: the non-natural series :
Our second-generation approach to obtusenyne involved in-
troducing the chlorine atom as early as possible in the syn-
thetic sequence due to difficulties we had encountered in
the late-stage chlorination of a secondary alcohol attached
to a medium-ring ether. We have previously developed a
highly efficient synthesis of nine-membered lactones from 2-
deoxy-d-ribose and we decided to use this methodology for
our second-generation approach to obtusenyne and for fur-
ther model studies.[48,49] In part, this decision was taken be-
cause of the time-consuming kinetic resolution of the race-
mic epoxide (� )-6 discussed above. The use of 2-deoxy-d-
ribose as a starting material would ultimately give rise to a
synthesis of non-natural (�)-obtusenyne ent-1; however, we
pursued this synthetic route knowing that a number of effi-
cient preparations of 2-deoxy-l-ribose have been reported,
which would subsequently allow the synthesis of the natural
enantiomer of 1.[50] Our second-generation retrosynthetic
analysis of non-natural (�)-obtusenyne ent-1 is outlined in
Scheme 10. We envisioned that the chloro-alcohol 39 would
be smoothly brominated based upon a precedent from
MuraiOs synthesis of obtusenyne[11] to give the bishalogenat-
ed D5-hexahydrooxonine 38. Subsequent (Z)-enyne side-
chain installation would complete the synthesis of (�)-obtu-
senyne ent-1. The ethyl substituent in the chloro alcohol 39
would, in turn, be installed by a cuprate addition upon the
activated primary hydroxyl group of the trans-diol 40, which
could be readily prepared from the chloro lactone 42, by
means of an intramolecular hydrosilation of the enol ether

Scheme 9. Completion of the carbon skeleton of (+)-1. a) p-methoxybenzaldehyde, PPTS, benzene, reflux, 95%; b) DIBAL, CH2Cl2, �78!�15 8C, 1 h,
86%; c) MsCl, Et3N, CH2Cl2, 99%; d) NaCN, DMF, 60 8C, 99%; e) DIBAL, toluene, �78!�15 8C, 100%; f) TIPSC�CCH2TIPS, nBuLi, THF, �78 8C!
RT, 50%; g) Ph3P

+CH2I I
�, NaHMDS, THF, DMPU, �78 8C!RT, 73%; h) TMSC�CH, CuI, [Pd ACHTUNGTRENNUNG(PPh3)4], Et2NH, RT, 97%; i) BCl3·SMe2, CH2Cl2, 92%.

DMPU=N,N’-dimethyl-N,N’-propylene urea.
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41. The differentially protected lactone 43 would be pre-
pared by the Claisen rearrangement of the ketene acetal 44
derived from the corresponding selenoxides which would, in
turn, be available from 2-deoxy-d-ribose (45). We have pre-
viously reported the preparation of the chlorolactone
(�)-42[48] from 45, in which we had introduced the chlorine
atom prior to medium-ring lactone formation. However, this
route was not amenable to the production of gram quanti-
ties of the lactone (�)-42. Hence the decision was made to
develop an efficient route to the nine-membered lactone 43
and subsequently to introduce the chlorine atom as soon as
possible thereafter.

An efficient synthesis of the bis-tert-butyldiphenylsilyl-
protected lactone, corresponding to 43, from 45, has previ-
ously been disclosed[48,49] and the synthesis of the differen-
tially protected lactone (�)-43 closely followed this route
(Scheme 11).

Thus treatment of 45 with acidic methanol followed by si-
lylation provided the methyl glycosides 46 in 78% yield.[48,49]

Benzylation of the separated glycosides 46 (or a mixture of

glycosides) provided the benzylethers 47 in 72% yield. The
benzylethers 47 were hydrolysed to the corresponding lac-
tols on treatment with boron trichloride–dimethyl sulfide
complex. To obtain a high yield of the lactols, it was found
to be imperative that the reaction mixture was rapidly
quenched by the addition of saturated aqueous sodium car-
bonate and THF, followed by vigorous stirring and rapid
chromatography. If this protocol was not followed, then the
yield of the lactols was greatly diminished. Addition of vi-
nylmagnesium bromide to the pre-dried (azeotropic distilla-
tion with toluene) lactols provided the allylic alcohols 48 as
a mixture of diastereomers. Conversion of diols 48 into the
corresponding selenoacetals 49 was readily achieved on
treatment with phenylselanylacetaldehyde diethylacetal and
PPTS in toluene at reflux under Dean–Stark conditions. The
desired selenides 49 (isolated as a mixture of diastereomers)
were oxidised to the corresponding selenoxides and then py-
rolysed in toluene at reflux to provide the nine-membered
lactone (�)-43 in excellent yield. The nine-membered lac-
tone was readily prepared in multigram quantities from 45
in 32% overall yield and in six synthetic steps.

The use of microwaves in organic synthesis has rapidly in-
creased over the past decade and microwave reactors are
now regarded as routine equipment for the synthetic organic
chemist.[51] The selenoxide elimination/Claisen rearrange-
ment for the formation of medium-ring lactones is generally
conducted at high temperature (>100 8C) in a non-polar sol-
vent at reflux for many hours and could be potentially con-
ducted more efficiently under microwave irradiation.[52] We
have conducted a brief survey of conditions of the selenox-
ide elimination/Claisen rearrangement for the formation of
the lactone (�)-43 under microwave irradiation (Table 2).

Initial experiments indicated that the rearrangement could
be readily performed in toluene or xylene at 160 8C with mi-
crowave irradiation for 45 minutes, and gave the lactone
(�)-43 in excellent yield after column chromatography
(Table 2, entries 1–3). Moving to a more polar solvent (1,2-
dichlorobenzene), to increase the rate of dielectric heating,
decreased the reaction time and further raising the tempera-

Scheme 11. Preparation of the lactone (�)-43. a) HCl, Et2O, MeOH;
b) TBDPSCl, imidazole, DMF, 78% from 45 ; c) NaH, BnBr, TBAI, THF,
72%; d) BCl3·SMe2, THF, then Na2CO3, water, 83%; e) CH2=CHMgBr,
THF, 91%; f) PhSeCH2CHACHTUNGTRENNUNG(OEt)2, PPTS, toluene, reflux, 90%; g) NaIO4,
CH2Cl2, MeOH, water, 100%; h) DBU, toluene, reflux, 85%.

Table 2. Formation of the lactone (�)-43 by using microwave irradiation.

Entry Solvent Bmim/BF4

[%][a]
T
[8C]

t
[min][b]

Yield
[%][c]

1 toluene – 160 30 55
2 toluene – 160 45 95
3 p-xylene – 160 45 95
4 1,2-dichloroben-

zene
– 160 40 95

5 1,2-dichloroben-
zene

– 200 9 96

6 p-xylene – 180 12 86
7 p-xylene 1 180 12 95
8 p-xylene – 180 9 55
9 p-xylene 1 180 9 82
10 p-xylene 2 180 9 92

[a] Percentage by volume with respect to the solvent. [b] Time under irra-
diation. [c] Isolated yield after column chromatography.

Scheme 10. Second-generation retrosynthetic analysis of non-natural (�)-
obtusenyne, ent-1.

Chem. Eur. J. 2008, 14, 2867 – 2885 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2873

FULL PAPERSynthesis of (+)-Obtusenyne

www.chemeurj.org


ture to 200 8C allowed the reaction to be completed in only
nine minutes with the lactone being isolated in 95% yield
(Table 2, entry 5). We also examined the influence of ionic
liquids on the Claisen rearrangement as they are known to
increase the dielectric heating rates of non-polar solvents,
such as toluene and xylene, but the polarity of the bulk sol-
vent remains effectively unchanged.[53] The use of 1-butyl-3-
methylimidazolium tetrafluoroborate (BminBF4) as an addi-
tive (2% by volume) to the rearrangements conducted in
xylene and with a reaction temperature of 180 8C provided
the desired lactone (�)-43 in 92% yield after only nine mi-
nutes of irradiation (Table 2, entry 10). These reaction con-
ditions provided the lactone (�)-43 in an improved yield
compared with the standard reaction conditions (heating at
reflux in toluene). The microwave conditions were excellent
for the rapid production of small quantities (ca. 100 mg) of
material. Nevertheless the standard reaction conditions
were more convenient for the processing of 20 g batches of
material.

Debenzylation of the lactone (�)-43 was smoothly accom-
plished by the use of boron trichloride–dimethyl sulfide
complex,[44] yielding the secondary alcohol (�)-50
(Scheme 12). The debenzylation of secondary benzylethers

with this Lewis acid is known to be sluggish and the above
reaction took three days to reach completion. The stage was
now set for introduction of the chlorine substituent. Thus,
stirring the hydroxy lactone (�)-50 in dichloromethane, con-
taining 4 R molecular sieves for 20 minutes, followed by the
addition of the freshly distilled Ghosez reagent, 1-(chloro-2-
methylpropenyl)dimethylamine,[36,37] and stirring at room
temperature for four days provided the desired chlorinated
D5-oxonene (�)-42 in excellent yield (91%). If the reaction
is quenched before reaching completion, then the iso-butyric
acid ester derived from the alcohol (�)-50 may be isolated.
We have reported[37] that (� )-propylene oxide can suppress
the formation of such esters; however, it is now clear that
extended reaction times, rather than the addition of epox-

ides, are much more efficient at preventing formation of
such side products at least in the case of the alcohol (�)-50.
The rate of the previous two reactions meant that bringing
through stocks of material proved time consuming. Gratify-
ingly, conversion of the secondary alcohol into the chloro-
lactone (�)-42 could be achieved in 3 h and with quantita-
tive yield by using phosgene iminium chloride.[54] The
chloro-lactone (�)-42 was a-hydroxylated by using the pro-
tocol developed for the a-hydroxylation of the lactone
(�)-4. This procedure provided the a-hydroxy lactone
(�)-51 in 79% yield as a single diastereomer of unknown
configuration. Molecular modelling[22] of the enol 55-TMS,
as a model for the enolate derived from the lactone
(�)-42 was conducted. The global-minimum conformation is
shown in Figure 3 and indicates that the Si face of the enol

is exposed, which would give rise to the hydroxy-lactone
(�)-51 with the 3(S)-configuration; the configuration of the
hydroxy-lactone (�)-51 was confirmed by X-ray crystallo-
graphic analysis of a later intermediate (vide infra).

Having introduced the chlorine atom and an appropriate-
ly oriented hydroxy group for the late-stage bromination,
we turned our attention to the functionalization of the lac-
tone moiety through the methylenation/intramolecular hy-
drosilation sequence. We have used dimethyl titanocene[55,56]

for the methylenation of numerous medium-ring lactones
and chlorine-containing substrates.[6,7,48] However, exposure
of the lactone (�)-52 to dimethyl titanocene in toluene at
reflux provided the desired enol ether (�)-53 in rather low
yield (17%). Fortunately methylenation of the lactone
(�)-52 could be achieved in good yield on treatment with
the Tebbe reagent in THF at �50 8C (Scheme 12).[23] Remov-
al of all the titanium residues from the crude enol ether
(�)-53 required two chromatographic purifications and it
was, therefore, more practical to remove the trimethylsilyl
group from (�)-53 which allowed the hydroxy-enol ether
(�)-54 to be readily purified. The hydroxy-enol ether (�)-54
occasionally crystallized when prepared on a 300 mg scale.
A single crystal X-ray structure of the alcohol (�)-54
(Figure 4)[57] confirmed that the chlorination of the lactone
(�)-50 had proceeded with inversion of configuration at the
reacting centre and that the hydroxy group had been intro-
duced into the lactone (�)-42 with the desired stereochemis-

Scheme 12. Preparation of the silane 41. a) BCl3·SMe2, CH2Cl2, 65%;
b) Cl2C=NMe2

+ Cl�, pyridine, CH2Cl2, 0 8C!RT, 100%; c) KHMDS, tol-
uene, �78 8C then (� )-2-(phenylsulfonyl)-3-phenyloxaziridine, followed
by (� )-camphor-10-sulfonic acid 79%; d) TMSCl, Et3N, THF, 90%;
e) Tebbe reagent, DMAP, THF, �40 8C!RT; f) K2CO3, MeOH, 71%
from (�)-52 ; g) (Me2SiH)2NH, NH4Cl, 100%.

Figure 3. Global minimum structure for 55-TMS.
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try for the synthesis of non-
natural ent-obtusenyne (�)-1.
The alcohol (�)-54 was con-
verted into the silane 41 in
readiness for the intramolecu-
lar hydrosilation reaction.

We screened a wide variety
of catalysts (similar to the hy-
drosilation study for the enol
ether 3) for the hydrosilation
of 41. Surprisingly, hydrosila-
tion by using WilkinsonOs cata-
lyst, followed by Tamao–Flem-
ing oxidation,[34,35] delivered
the diols (�)-40 and (�)-58 in
moderate yield and without
any selectivity (Scheme 13).
The best catalyst proved to be
(bicycloACHTUNGTRENNUNG[2.2.1]hepta-2,5-diene)-
ACHTUNGTRENNUNG[1,4-bis(diphenylphosphino)bu-
tane]rhodium(I) tetrafluorobo-
rate, which delivered the diols
(�)-40 and (�)-58 in 85% yield as a 2:1 mixture favouring
the trans-diol (�)-40 ; the diols could be separated by prepa-
rative thin-layer chromatography but it was generally more
convenient to separate them at a later stage in the synthetic
sequence.

The stereochemistry of the diols (�)-40 and (�)-58 was
assigned on the basis of 1H NMR spectroscopic experiments
conducted on the corresponding p-methoxybenzylidene ace-
tals. The acetals (�)-56 and (+)-59 were formed in good
yield on treatment of the corresponding diols (�)-40 and
(�)-58 with p-methoxybenzaldehyde and PPTS in toluene at
reflux (Scheme 13). 1H NMR COSY and NOESY experi-
ments coupled with molecular modelling analysis[22] indicat-
ed that the structure of the p-methoxybenzylidene acetal
(+)-59 is as shown (Figure 5), thus the configuration of C-4a
and
C-11a of (+)-59 had been established. It is noteworthy that
the 1H NMR NOESY data for (+)-59 and the molecular
modelling data for 59-TMS were in close agreement. Fur-
thermore, analysis of the 1H NMR spectra of (+)-59 indicat-

ed that the coupling between H-4a and H-11a was small and
hence H-4a and H-11 were in a cis relationship.

1H NMR spectroscopic analysis of the p-methoxybenzyl-
idene acetal (�)-56 coupled with molecular modelling of 56-
TMS[22] indicated that the p-methoxybenzylidene acetal
(�)-56 had the stereochemistry shown. More specifically,
1H NMR NOESY data were in excellent agreement with a
low-energy conformation (0.94 kJmol�1 above the global
minimum) of the acetal 56-TMS found by molecular model-
ling (Figure 6). The 1H NMR NOESY data for (�)-56 does
not fit the global minimum conformation for 56-TMS. How-
ever, a weak NOE is observed between H-11a and H-8a in
(�)-56, indicating that the conformation corresponding to
56-TMS is accessible to the bicyclic structure.

The stereochemistry of the trans-diol (�)-40 was con-
firmed by X-ray crystallographic analysis of the primary al-
cohol (�)-57[58–62] formed by removal of the silyl protecting
group from (�)-56 (Scheme 13). Interestingly, the X-ray
crystal structure of (�)-57 (Figure 7) corresponds very well
with the fourth lowest-energy conformation of 56-TMS,
which best fits the 1H NMR NOE data.

Scheme 13. Hydrosilation of the enol ether 41. a) 10 mol% (bicyclo-
ACHTUNGTRENNUNG[2.2.1]hepta-2,5-diene) ACHTUNGTRENNUNG[1,4-bis(diphenylphosphino)butane]rhodium(I) tet-
rafluoroborate, THF, reflux, then H2O2, KOH, THF, MeOH, 57%
(�)-40, 28% (�)-58 ; b) p-methoxybenzaldehyde, PPTS, benzene, reflux,
98% (�)-56, 77% (+)-59 ; c) HF·pyridine, pyridine, THF, 94%.

Figure 5. Global minimum conformation for 59-TMS corresponding to the acetal (+)-59. The distances on the
molecular model are in Rngstroms (R). Selected 1H NMR NOEs are shown on structure (+)-59. Coupling
constants were calculated by using the Altona equation.

Figure 4. X-ray crystal structure of the enol ether (�)-54 showing the
ether of crystallisation.
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With the stereochemistry of the diols (�)-40 and (�)-58
secured, the next step involved the conversion of the C-2 hy-
droxymethyl group into an ethyl group. Following precedent
from our recent synthesis of (+)-laurencin,[6] the ethyl side-
chain of obtusenyne was to be introduced by displacement
of a sulfonate ester by an organocuprate. Monotosylation of
the diol (�)-40 proceeded in moderate yield to provide the
hydroxy-tosylate (�)-60 (Scheme 14). In our synthesis of
(+)-laurencin, cuprate displacement on a 1,3-trans-hydroxy-
tosylate occurred in excellent yield on exposure of the sub-
strate to the cuprate derived from methyllithium and cop-
per(I) cyanide. However, treatment of the tosylate (�)-60
with the cuprate derived from methyllithium and copper(I)
cyanide provided the trans-oxetane (�)-61 as well as the de-
sired ethyl-substituted oxonane (�)-39. The opening of oxe-

tanes with both organolithi-
ums[63] and organocuprates[64]

has been reported. Unfortu-
nately, exposure of (�)-61 to
the cuprate derived from meth-
yllithium and copper(I) cyanide
in the presence of boron tri-
fluoride etherate resulted only
in the recovery of the starting
substrate.

The reaction of alkyl bro-
mides with organocuprates is a
well-documented procedure for
the formation of carbon–carbon
sigma bonds.[65] We, therefore,
reasoned that conversion of the
diol (�)-40 into the dibromide
(�)-62 would simultaneously in-
troduce the secondary bromide
required for obtusenyne and ac-

tivate the primary hydroxyl in readiness for carbon–carbon
bond formation. In the event, exposure of the diol (�)-40 to
freshly purified carbon tetrabromide and freshly distilled tri-
octylphosphane in hot toluene[38] provided the requisite di-
bromide (�)-62 in 90% yield (Scheme 15). Attempted cou-
pling of the dibromide (�)-62 with various methylcuprates
under a variety of conditions resulted either in no reaction,
or in the formation of ring-opened products.

Further methods for the chemoselective differentiation of
the dibromide (�)-62 were attempted. We initially investi-
gated the displacement of the dibromide (�)-62 with cya-
nide with the aim of subsequently converting the introduced
nitrile into the requisite C-2 ethyl group. Unfortunately, ex-
posure of the dibromide (�)-62 to sodium cyanide under a
variety of conditions resulted in recovery of the dibromide
or conversion of the dibromide into the a,b-unsaturated ni-

Figure 6. Conformations of 56-TMS corresponding to the acetal (�)-56. The distances on the molecular model
are in Rngstroms (R). Selected 1H NMR NOEs are shown on structure (�)-56. Coupling constants were calcu-
lated by using the Altona equation.

Figure 7. X-ray crystal structure of the acetal (�)-57. The X-ray crystal
structure of (�)-57 has two different conformers in the unit cell. One of
the conformers shows some disorder in the hydroxymethyl side chain
(see the Supporting Information for details).

Scheme 14. Synthesis of the D5-hexahydrooxonines (�)-39 and (�)-61.
a) TsCl, DMAP, Et3N, CH2Cl2, 51% (�)-60, 24% (�)-40 ;
b) Me2CuLi·LiCN, Et2O, �78 8C!RT, 30% (�)-39, 70% (�)-61.

Scheme 15. Synthesis of the dibromide (�)-62. a) CBr4, P ACHTUNGTRENNUNG(Oct)3, toluene,
70 8C, 90%.

www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2867 – 28852876

J. W. Burton, A. B. Holmes et al.

www.chemeurj.org


trile (�)-65 (Scheme 16). The nitrile (�)-65 presumably
arises by an elimination/substitution sequence to give 64,
followed by conjugation of the enol ether double bond with

the installed nitrile functionality giving (�)-65. Similarly,
treatment of the dibromide (�)-62 with cesium trifluoroace-
tate in DMF,[66] resulted in another elimination/substitution
sequence to give the formate (�)-63.

The installation of the ethyl group at C-13 of non-natural
ent-obtusenyne proved problematic. Attempts to convert the
tosyloxymethyl group of (�)-60 and the bromomethyl group
of (�)-62 into ethyl groups were not fruitful and it was,
therefore, decided to adopt the more pedestrian route of
protecting the secondary hydroxyl group in (�)-40 to leave
the primary hydroxyl group available for conversion into a
methyl group. We have achieved monoprotection of 1,3-
diols by cleavage of the corresponding p-methoxybenzyl-
idene acetals with diisobutylaluminium hydride (see earli-
er).[6,7] Unfortunately, attempted regioselective cleavage of
the acetal (�)-56 with diisobutylaluminium hydride only fur-
nished the desired primary alcohol ((�)-69 see Scheme 17)
in low yield (17%); the primary silicon protecting group in
(�)-56 was found to be labile under the reaction conditions,
resulting in a poor yield of the desired primary alcohol. Sub-
sequently, an orthogonal protection–deprotection strategy
was employed to furnish the desired primary alcohol (�)-69
in good overall yield. A mixture of the diols (�)-40 and
(�)-58 was converted into the corresponding, readily separa-

ble, bis-silyl ethers (�)-68 and (�)-66 (Scheme 17).[67] The
separated bis-silyl ethers were further protected[68] and then
the tert-butyldimethylsilyl protecting group was chemoselec-
tively removed on treatment with mild acid,[69] to give the
differentially protected triol derivatives (�)-69 and (�)-67.

The trans-triol-derivative (�)-69 was esterified and the re-
sulting unstable triflate was immediately exposed to an
excess of dimethylcopper lithium in ether to give the ethyl-
substituted D5-hexahydrooxonine (�)-70 (Scheme 17).[6] The
p-methoxybenzyl ether in (�)-70 was removed by using bor-
ontrichloride–dimethyl sulfide complex[44] to reveal the sec-
ondary alcohol in excellent yield. Exposure of the alcohol to
carbon tetrabromide and trioctylphosphane[38] provided the
corresponding bromide (�)-38 in 70% yield. The structure
of the bromide (�)-38 was confirmed by single-crystal X-ray
analysis, indicating that the bromination had occurred with
inversion of configuration at C-3 (Figure 8);[70] Murai has re-

ported that the introduction of bromine in medium-ring
ethers can occur with inversion or retention of configuration
at the reacting centre depending on the conditions em-
ployed.[71]

Although the synthesis of the fully substituted core of
(�)-obtusenyne ent-1 had been completed, we encountered
difficulties in bringing through sufficient quantities of mate-
rial because the cuprate displacement of the triflate derived
from the alcohol (�)-69 proved to be capricious. The use of
dimethylcopper lithium occasionally gave the desired ethyl-
substituted D5-hexahydrooxonine in reasonable yield (65%),
although sometimes none of the desired product was formed
and, more frequently, the D5-hexahydrooxonine (�)-70 was
formed in low yield (ca. 30%) along with significant quanti-
ties of the alcohol (�)-69, which arises from attack of the
cuprate at sulfur;[72] use of the cuprate derived from methyl-
ithium and copper(I) cyanide again gave the ethyl-substitut-
ed D5-hexahydrooxonine (�)-70 in low yield (34%). We
used derivatives of the cis alcohol (�)-58 as model sub-
strates when attempting to optimize this cuprate displace-
ment reaction. Conversion of the primary alcohol (�)-67 de-
rived from the cis-diol (�)-58, into the corresponding tri-
flate, and treatment with dimethylcopper lithium resulted in
the formation of the desired D5-hexahydrooxonine (�)-71 in
low yield in tandem with formation of the bicyclic oxetane

Scheme 16. Reactions of the dibromide (�)-62. a) NaCN, HMPA, 65%;
b) CsACHTUNGTRENNUNG(O2CCF3), DMF, 100 8C, 78%. HMPA=hexamethylphosphoramide.

Scheme 17. Elaboration of the diols (�)-40 and (�)-58. a) TBSOTf, 2,6-
lutidine, CH2Cl2, �78 8C!RT, 77% (�)-68, 16% (�)-66 ; b) p-methoxyl-
benzyl trichloroacetimidate, Sc ACHTUNGTRENNUNG(OTf)3 (5 mol%), toluene, 30 min;
c) PPTS, MeOH, 3 d, 82% (�)-69 from (�)-68, 56% (�)-67 from
(�)-66 ; d) Tf2O, pyridine, CH2Cl2, �20 8C; e) Me2CuLi, Et2O, 0 8C, 62%
from (�)-69 ; f) BCl3·SMe2, CH2Cl2, 97%; g) CBr4, P ACHTUNGTRENNUNG(Oct)3, toluene,
80 8C, 70%.

Figure 8. X-ray crystal structure of the D5-hexahydrooxonine (�)-38.
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(�)-72 (Scheme 18). The loss of the p-methoxybenzyl group
during the formation of the oxetane (�)-72 prompted us to
explore the compatibility of other protecting groups with

the cuprate displacement reactions. A mixture of the cis-
and trans-diols (�)-40 and (�)-58 were readily converted
into the corresponding (separable) primary alcohols (�)-73
and (�)-75 in an analogous manner to the preparation of
(�)-67 and (�)-69 (Scheme 18).[67, 69] Conversion of the cis-
alcohol (�)-73 into the corresponding triflate and subse-
quent treatment with dimethylcopper lithium, gave the
ethyl-substituted D-hexahydrooxonine (�)-74 in 65–73%
yield; no oxetane was formed in this reaction. In contrast,
the triflate derived from the trans-alcohol (�)-75, on expo-
sure to the cuprate derived from methyllithium and cop-
per(I) cyanide gave the ethyl-substituted D-hexahydrooxo-
nine (�)-76 in 36% yield; the use of dimethylcopper lithium
gave only trace amounts of the desired product (�)-76.

Not only are these cuprate reactions sensitive to the
nature of the protecting groups within the molecule but they
are also very sensitive to the stereochemistry of the substitu-
ents adorning the medium ring. The stereochemistry of the
ring substituents is also clearly important for the success of
the displacement reactions necessary for the introduction of
the requisite halogen atoms.

Completion of the synthesis of (+)-obtusenyne and formal
synthesis of (�)-obtusenyne : While we were exploring alter-
native strategies for the installation of the ethyl substituent
in the non-natural series towards (�)-obtusenyne ent-1,
Crimmins and co-workers[13] reported their elegant total syn-
thesis of (+)-obtusenyne (+)-1, featuring two late-stage hal-
ogenations of a fully substituted D5-hexahydrooxonine not

dissimilar to the advanced intermediates we already had in
hand. We, therefore, decided to turn our attention back to
the synthesis of natural (+)-obtusenyne (+)-1 and it was en-
visaged that a late-stage bromination of the secondary alco-
hol (�)-79 would install the required bromine atom onto
the D5-hexahydrooxonine system of natural (+)-obtusenyne
1. In the event, the secondary alcohol (�)-79 was obtained
by global desilylation of the D5-hexahydrooxonine (�)-34
(Scheme 19) which had been prepared by means of the first-

generation route from the racemic epoxide (� )-6. Gratify-
ingly, upon treatment of the secondary alcohol (�)-79 with
freshly purified carbon tetrabromide and freshly distilled tri-
octylphosphane in hot toluene,[38] the desired bromide
(+)-80 was obtained in 67% yield. Subsequent removal of
the remaining hydroxyl protecting group furnished the
bromo-alcohol (+)-81, an intermediate in CrimminsOs syn-
thesis of (+)-obtusenyne ((+)-1).[13] The data for our syn-
thetic bromo-alcohol (+)-81 were in close agreement with
the data kindly provided by M. Crimmins resulting in a
formal synthesis of (+)-1. Chlorination of the secondary al-
cohol
(+)-81 by using Crimmins procedure[13] delivered natural
(+)-obtusenyne (+)-1 as a clear and colourless oil ([a]24D =

+142.5 (c=0.03 in CHCl3)). Our synthetic sample had char-
acteristics (1H and 13C NMR, IR, [a]D and MS data) in ac-
cordance with the data for both the natural product and syn-
thetically prepared material.[9–11,13]

Having completed a total synthesis of natural (+)-1 from
the ethyl-substituted lactone (�)-4, we became interested in
the preparation of the enantiomer of the lactone ent-4 as
this would constitute a formal synthesis of ent-1 and con-
clude our studies towards the synthesis of unnatural ent-ob-
tusenyne. In the event, the required lactone ent-4 was readi-
ly synthesized from the previously reported lactone
(+)-82.[49] Wittig methylenation of the lactone-aldehyde
(+)-82 furnished the vinyl-substituted lactone (�)-83
(Scheme 20). Careful reaction monitoring allowed the selec-
tive hydrogenation of the vinyl group in (�)-83 under stan-

Scheme 18. Cuprate displacement studies. a) Tf2O, pyridine, CH2Cl2,
�20 8C; b) Me2CuLi, Et2O, 0 8C, 34% (�)-71, 34% (�)-72 ; c) Me2CuLi,
Et2O, 0 8C, 65–73% from (�)-73 ; d) Me2CuLi·LiCN, Et2O, 0 8C, 36%
from (�)-75.

Scheme 19. Synthesis of (+)-obtusenyne (+)-1. a) TBAF, THF, 96%;
b) CBr4, P ACHTUNGTRENNUNG(Oct)3, toluene, 80 8C, 67%; c) BCl3·SMe2, CH2Cl2, 70%;
d) CCl4, P ACHTUNGTRENNUNG(Oct)3, toluene, 80 8C, 50%.

Scheme 20. Synthesis of the lactone ent-4—formal synthesis of non-natu-
ral (�)-obtusenyne ent-1. a) MePPh3Br, KHMDS, THF 98%; b) Pd/C,
H2, EtOH, 67%.
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dard conditions (Pd/C, H2 atmosphere),[73] to give the ethyl-
substituted lactone ent-4 in 67% yield along with the fully
saturated ethyl-substituted lactone as a minor side product
(17%). The lactone ent-4 ([a]24D =++14.5 (c=0.35 in CHCl3))
had spectroscopic characteristics (1H and 13C NMR, IR and
MS data) in accordance with its enantiomer (�)-4 ([a]24D =

�11.6 (c=1.00 in CHCl3)).

Conclusion

We have developed an efficient twenty-four step, enantiose-
lective synthesis of the halogenated marine natural product
(+)-obtusenyne ((+)-1) by using the Claisen rearrangement/
intramolecular hydrosilation approach to medium-ring
ethers. Studies towards the synthesis of non-natural ent-ob-
tusenyne (ent-1) were conducted, which eventually led to a
formal synthesis of ent-obtusenyne.

The stereochemistry of the substituents adorning the
medium-ring has a profound effect on the conformation of
the medium-ring and hence on the reactivity of those sub-
stituents. While molecular modelling has proven to be very
useful in rationalizing (and predicting) the selectivity of cer-
tain reactions involving the D5-hexahydrooxonine moiety
(e.g. enolate hydroxylation) we are currently unable to pre-
dict the catalyst dependence and general selectivity of the
hydrosilation reactions (most probably due to the highly
complex nature of the system); furthermore, we are unable
to rationalize the substrate-dependent nature of the success
of both the cuprate displacement reactions and the halogen-
ation reactions.[74] The chemistry of medium-ring ether syn-
thesis is both challenging and exciting and this work high-
lights some of the interesting reactivity displayed by
medium-ring oxygen heterocycles in addition to demonstrat-
ing the limits of current synthetic methodology towards the
synthesis of this class of natural products.

Experimental Section

General information : See the Supporting Information.

ACHTUNGTRENNUNG(3R,4R)-Methyl-3,4-epoxyhexanoate ((+)-6): This synthesis was carried
out according to the method of Tamm and co-workers.[19] Pig-liver ester-
ase powder (5.22 g) was added to a rapidly stirred suspension of the race-
mic epoxy ester (� )-6[18] (10.46 g, 72.6 mmol) in 0.1m phosphate buffer
(360 mL) at pH 7.2. Sodium hydroxide solution (143.5 mL, 60% conver-
sion) was added over a 2 h period to maintain the pH at 7.2 (pH meter).
Ice was added and the reaction mixture was filtered through a Celite pad
washing with ether. The filtrate was separated and the aqueous phase ex-
tracted three times with ether. During the extraction, an emulsion forms
which can be dispersed by filtering twice through Celite. The separated
organic extracts were combined and dried (Na2SO4). The solvent was re-
moved in vacuo and purification by flash chromatography (ether/hexane,
1:2!1:1) gave the resolved epoxide (+)-6 (3.27 g, 22.7 mmol, 31%). Rf=

0.4 (ether/hexane 1:1); [a]21D =++26.6 (c=0.64 in CH2Cl2);
1H NMR

(250 MHz, CDCl3): d=3.71 (s, 3H; CH3O), 3.03 (dt, J ACHTUNGTRENNUNG(H,H)=6, 2 Hz,
1H; 3-H or 4-H), 2.73 (dt, J ACHTUNGTRENNUNG(H,H)=6, 2 Hz, 1H; 3-H or 4-H), 2.59 (dd,
J ACHTUNGTRENNUNG(H,H)=2, 16 Hz, 1H; 2-H), 2.51 (dd, J ACHTUNGTRENNUNG(H,H)=6, 16 Hz, 1H; 2-H’), 1.59
(m, 2H; CH2), 0.99 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3);

13C NMR
(100 MHz, CDCl3): d=170.9 (1-C), 59.6, 53.6, 51.8, 37.5 (2-C), 24.7 (5-C),

9.7 ppm (6-C); IR (CCl4): n=1745 cm�1; HRMS (EI): m/z : calcd for
C7H12O3: 144.0786; found: 144.0779 (0.1) [M]+ .

(Z,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-3-hydroxy-4,7,8,9-
tetrahydro-3H-oxonin-2-one ((�)-12): A solution of the lactone (�)-4
(183 mg, 0.434 mmol) in THF (4 mL) was added to a solution of
KHMDS (0.91 mL of a 0.5m solution in toluene, 0.455 mmol) in THF
(5 mL) at �78 8C. The mixture was stirred at �78 8C for 30 min and then
a solution of (� )-phenylsulfonyloxaziridine (227 mg, 0.879 mmol) in
THF (4 mL) was added dropwise. After stirring at �78 8C for 30 min,
(�)-camphor-10-sulfonic acid (312 mg, 1.343 mmol) in THF (3 mL) was
added to quench the reaction. The cooling bath was removed to allow
the mixture to warm to room temperature. The mixture was poured into
water (20 mL) and the aqueous layer was extracted with ether (3S
20 mL). The combined organic extracts were dried (MgSO4), filtered and
concentrated in vacuo to give the crude product. Purification by flash
column chromatography (hexane/ether 2:1) yielded the impure hydroxy
lactone (�)-12 (159 mg). For characterisation purposes, further purifica-
tion by flash chromatography (CH2Cl2), gave analytically pure material.
Rf=0.31 (hexane/ether 1:1); [a]21D =�41.6 (c=0.25 in CHCl3);

1H NMR
(500 MHz, CDCl3): d=7.68–7.71 (m, 4H; Ar), 7.40–7.49 (m, 6H; Ar),
5.29–5.35 (m, 1H; CH=CH), 5.09–5.20 (m, 1H; CH=CH), 4.91–4.95 (m,
1H; 8-H or 9-H), 4.35 (ddd, J ACHTUNGTRENNUNG(H,H)=0.3, 6.0, 2.5 Hz, 1H; 3-H), 3.70 (dd,
J ACHTUNGTRENNUNG(H,H)=8.7, 8.7 Hz, 1H; H-8 or H-9), 2.45–2.49 (m, 2H; ring CH2),
2.24–2.31 (m, 1H; ring CHH), 2.12 (d, J ACHTUNGTRENNUNG(H,H)=10.3 Hz, 1H; OH), 1.98–
2.04 (m, 2H; ring CHH, CHHCH3), 1.57–1.68 (m, 1H; CHHCH3), 1.07
(s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.92 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3H; CH2CH3);

13C NMR
(100 MHz, CDCl3): d =173.8 (2-C) 135.9, 135.89, 133.8, 133.1, 133.0,
130.0, 129.9, 127.9, 127.7, 122.0, 82.7, 75.7, 70.9, 35.3 (CH2), 32.1, 27.0
(SiC ACHTUNGTRENNUNG(CH3)3), 25.2 (CH2, SiC ACHTUNGTRENNUNG(CH3)3—accidental equivalence), 19.3,
9.8 ppm (CH2CH3); IR (film): ñ=1732 cm�1; MS (CI, NH3): m/z (%): 439
(20) [M+H]+ , 246 (100); HRMS (CI, NH3): m/z : calcd for C26H35O4Si:
439.2305; found: 439.2305; elemental analysis calcd (%) for C26H34O4Si:
C 71.19, H 7.81; found: C 71.1, H 7.9.

(Z,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-3-trimethylsilany-
loxy-4,7,8,9-tetrahydro-3H-oxonin-2-one ((�)-13): Chlorotrimethylsilane
(0.22 mL, 1.73 mmol) was added to a solution of the impure hydroxy lac-
tone (�)-12 (150 mg) in THF (7 mL) and triethylamine (0.30 mL,
2.15 mmol). The reaction mixture was stirred at room temperature for
2 h, quenched with saturated aqueous NaHCO3 solution (5 mL) and di-
luted with water (10 mL). The aqueous layer was extracted with ether
(3S20 mL). The combined organic extracts were dried (MgSO4), filtered,
and concentrated in vacuo to give the crude product. Purification by
column chromatography (hexane/ether 9:1) furnished the TMS-ether
(�)-13 (122 mg, 53% over two steps) as a pale-yellow oil. Rf=0.39
(hexane/ether 9:1); [a]24D =�36.7 (c=0.33 in CHCl3);

1H NMR (500 MHz,
C6D6); d =7.81–7.85 (m, 4H; Ar), 7.26–7.31 (m, 6H; Ar), 5.72 (m, 1H;
CH=CH), 5.59 (dt, J ACHTUNGTRENNUNG(H,H)=9.3, 8.0 Hz, 1H; 8-H or 9-H), 5.31 (br s, 1H;
CH=CH), 4.48 (dd, J ACHTUNGTRENNUNG(H,H)=7.8, 4.1 Hz, 1H; H-3), 4.03 (dt, J ACHTUNGTRENNUNG(H,H)=

2.0, 8.0 Hz, 1H; 8-H or 9-H), 2.61 (br s, 1H; ring CHH), 2.51 (br s, 1H;
ring CHH), 2.38–2.43 (m, 2H; ring CH2), 2.00 (br s, 1H; CHHCH3), 1.58–
1.65 (m, 1H; CHHCH3), 1.23 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 1.05 (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz,
3H; CH2CH3), 0.18 ppm (s, 9H; Si ACHTUNGTRENNUNG(CH3)3);

13C NMR (100 MHz, C6D6);
d=173.4 (2-C), 136.25, 136.21, 134.12, 133.65, 130.6, 130.2, 130.1, 128.1,
125.3, 80.9, 76.6, 72.9, 33.9 (br, CH2), 33.5, 27.2 (SiC ACHTUNGTRENNUNG(CH3)3), 26.2, 19.5
(CH2, SiCACHTUNGTRENNUNG(CH3)3), 9.7 (CH2CH3), �0.3 ppm (Si ACHTUNGTRENNUNG(CH3)3); IR (film): n=

1730 cm�1; MS (CI, NH3): m/z (%): 511 (30) [M+H]+ , 90 (100); HRMS
ACHTUNGTRENNUNG(CI, NH3): m/z : calcd for C29H43O4Si2: 511.2700; found: 511.2700; ele-
mental analysis calcd (%) for C29H42O4Si2: C 68.18, H 8.29; found: C
68.4, H 8.4.

(Z,2S,3R,8R)-3-tert-Butyldiphenylsilanyloxy-2-ethyl-9-methylene-8-trime-
thylsilanyloxy-2,3,4,7,8,9-hexahydrooxonine ((�)-14): The bis-silylether
(�)-13 (280 mg, 0.55 mmol) and DMAP (239 mg, 2.20 mmol) were dis-
solved in THF (15 mL). The solution was freeze–thaw degassed (three
cycles) and cooled to �40 8C. Tebbe reagent (4.0 mL of a 0.5m solution in
toluene, 2.00 mmol) was then added to this mixture and the resulting
dark-red solution was stirred at �40 8C for 0.5 h and then warmed to
room temperature and stirred for a further 45 min. The reaction mixture
was re-cooled to �10 8C and a 2.5m aqueous solution of NaOH (1.5 mL)
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was added to quench the reaction. The reaction mixture was then
warmed to room temperature and poured into ether (30 mL) over anhy-
drous sodium sulphate. The supernatant was filtered through a short plug
of Celite and the filtrate was concentrated in vacuo to give the crude
product. Purification by flash chromatography (hexane/ether 20:1) fur-
nished the enol ether (�)-14 (225 mg, 80%) as a clear and colourless oil.
Rf=0.57 (hexane/ether 9:1); [a]24D =�23.7 (c=0.27 in CHCl3);

1H NMR
(500 MHz, C6D6); d=7.83–7.86 (m, 4H; Ar), 7.28–7.34 (m, 6H; Ar), 6.06
(dt, J ACHTUNGTRENNUNG(H,H)=10.7, 5.9 Hz, 1H; CH=CH), 5.65 (dt, J ACHTUNGTRENNUNG(H,H)=10.7, 5.9 Hz,
1H; CH=CH), 4.34 (d, J ACHTUNGTRENNUNG(H,H)=1.4 Hz, 1H; OC=CHH), 4.27 (dd,
J ACHTUNGTRENNUNG(H,H)=9.4, 5.9 Hz, 1H; 8-H), 4.19 (d, J ACHTUNGTRENNUNG(H,H)=1.4 Hz, 1H; OC=

CHH), 4.16–4.17 (m, 1H; 2-H or 3-H), 4.03 (ddd, J ACHTUNGTRENNUNG(H,H)=8.4, 5.2,
3.0 Hz, 1H; 2-H or 3-H), 2.99 (dt, J ACHTUNGTRENNUNG(H,H)=11.5, 10.2 Hz, 1H; ring
CHH), 2.86 (dt,
J ACHTUNGTRENNUNG(H,H)=13.5, 3.5 Hz, 1H; ring CHH), 2.34 (dt, J ACHTUNGTRENNUNG(H,H)=11.5, 5.9 Hz,
1H; ring CHH), 2.24 (dt, J ACHTUNGTRENNUNG(H,H)=13.5, 4.3 Hz, 1H; ring CHH), 1.93
(dqn, J ACHTUNGTRENNUNG(H,H)=14.3, 7.4 Hz, 1H; CHHCH3), 1.78 (dqn, J ACHTUNGTRENNUNG(H,H)=14.3,
7.4 Hz, 1H; CHHCH3), 1.26 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.93 (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz,
3H; CH2CH3), 0.27 ppm (s, 9H; Si ACHTUNGTRENNUNG(CH3)3);

13C NMR (100 MHz, C6D6):
d=166.9 (9-C), 136.3, 136.3, 134.4, 133.9, 130.4, 130.1, 128.6, 127.9, 89.8
(C=CH2), 85.8, 76.0, 74.6, 33.8 (CH2), 32.4, 27.3 (SiC ACHTUNGTRENNUNG(CH3)3), 26.0, 19.5
(CH2, SiC ACHTUNGTRENNUNG(CH3)3), 8.7 (CH2CH3), 0.5 ppm (SiACHTUNGTRENNUNG(CH3)3); IR (film): ñ=

1631 cm�1; MS (CI, NH3): m/z (%): 509 (30) [M+H]+ , 90 (100); HRMS
(CI, NH3): m/z : calcd for C30H45O3Si2: 509.2907; found: 509.2910; ele-
mental analysis calcd (%) for C30H44O3Si2: C 70.81, H 8.72; found: C
71.0, H 8.7.

(Z,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-3-hydroxy-2-methyl-
ene-2,3,4,7,8,9-hexahydrooxonine ((�)-18): TBAF (0.19 mL of a 1.0m so-
lution in THF, 0.190 mmol) was added to a solution of the enol ether
(�)-14 (92 mg, 0.181 mmol) in THF (3.5 mL) at �10 8C. The reaction
mixture was stirred at this temperature for 15 min and was then
quenched by the addition of a saturated solution of aqueous NaHCO3

(5 mL), followed by the addition of ether (5 mL). The aqueous layer was
separated, extracted with ether (3S15 mL) and the combined organic ex-
tracts were washed with brine (10 mL), dried (MgSO4) and filtered. The
solvent was removed in vacuo and the residue was purified by flash
column chromatography (hexane/ether 3:1) to give the hydroxy enol
ether (�)-18 as a colourless oil (72 mg, 89%). Rf=0.55 (hexane/ether
3:1); [a]24D =31.3 (c=0.60 in CHCl3);

1H NMR (500 MHz, C6D6): d=

7.83–7.89 (m, 4H; Ar), 7.26–7.35 (m, 6H; Ar), 4.73–5.79 (m, 1H; CH=

CH), 5.51 (dt, J ACHTUNGTRENNUNG(H,H)=10.2, 6.8 Hz, 1H; CH=CH), 4.25 (d, J ACHTUNGTRENNUNG(H,H)=

1.9 Hz, 1H; OC=CHH), 4.13 (d, J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H; OC=CHH), 4.05–
4.11 (m, 2H; 3-H, 8-H or 9-H), 4.01 (ddd, J ACHTUNGTRENNUNG(H,H)=8.0, 5.5, 2.4 Hz, 1H;
8-H or 9-H), 2.54–2.60 (m, 2H; ring CH2), 2.38 (dt, J ACHTUNGTRENNUNG(H,H)=13.2, 6.5 Hz,
1H; ring CHH), 2.30 (ddd, J ACHTUNGTRENNUNG(H,H)=11.9, 6.2, 5.0 Hz, 1H; ring CH2),
1.97 (dqn, J ACHTUNGTRENNUNG(H,H)=14.7, 7.3 Hz, 1H; CHHCH3), 1.68–1.73 (m, 2H;
CHHCH3, OH), 1.25 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.94 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H;
CH2CH3);

13C NMR (100 MHz, C6D6): d=166.9 (2-C), 136.3, 136.3,
134.4, 133.8, 130.2, 130.1, 129.9, 128.0, 126.6, 87.7 (C=CH2), 86.2, 75.8,
73.0, 33.5 (2SCH2), 27.2 (SiC ACHTUNGTRENNUNG(CH3)3), 26.3, 19.5 (CH2, SiC ACHTUNGTRENNUNG(CH3)3),
9.1 ppm (CH2CH3); IR (film): ñ=3389, 1633 cm�1; MS (CI, NH3): m/z
(%): 437 (23) [M+H]+ , 181 (100); HRMS (CI, NH3): m/z : calcd for
C27H37O3Si: 437.2512; found: 437.2512.

(Z,2S,3R,8R)-3-tert-Butyldiphenylsilanyloxy-8-dimethylsilanyloxy-2-
ethyl-9-methylene-2,3,4,7,8,9-hexahydrooxonine ((�)-3): The hydroxy
enol ether (�)-18 (72.3 mg, 0.166 mmol), 1,1,3,3-tetramethyldisilazane
(0.30 mL, 2.10 mmol) and NH4Cl (ca. 2 mg) were stirred at 60 8C for 18 h.
The mixture was diluted with hexane (10 mL) and the NH4Cl was then
filtered off. The solvent was removed in vacuo to give the silane (�)-3
(79.4 mg, 100%) as a colourless oil. Rf=0.55 (hexane/ether 3:1); [a]25D =

�27.6 (c=0.29 in CHCl3);
1H NMR (500 MHz, C6D6): d =7.82–7.86 (m,

4H; Ar), 7.27–7.33 (m, 6H; Ar), 6.03 (dt, J ACHTUNGTRENNUNG(H,H)=10.9, 5.0 Hz, 1H;
CH=CH), 5.62 (dt, J ACHTUNGTRENNUNG(H,H)=10.9, 5.7 Hz, 1H; CH=CH), 5.05 (sp,
J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; SiMe2H), 4.36 (d, J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H; RORC=

CHH), 4.26 (dd, J ACHTUNGTRENNUNG(H,H)=9.5, 5.8 Hz, 1H; 8-H), 4.23 (d, J ACHTUNGTRENNUNG(H,H)=1.6 Hz,
1H; RORC=CHH), 4.17 (ddd, J ACHTUNGTRENNUNG(H,H)=11.0, 8.0, 4.0 Hz, 1H; 3-H), 4.03
(ddd, J ACHTUNGTRENNUNG(H,H)=9.1, 5.3, 4.0 Hz, 1H; 2-H), 2.98 (q, J ACHTUNGTRENNUNG(H,H)=10.7 Hz, 1H;
7-H), 2.85 (ddd, J ACHTUNGTRENNUNG(H,H)=13.5, 11.0, 2.5 Hz, 1H; 4-H), 2.36 (ddd,
J ACHTUNGTRENNUNG(H,H)=12.0, 5.8, 5.8 Hz, 1H; 7-H’), 2.24 (ddd, J ACHTUNGTRENNUNG(H,H)=13.5, 4.4,

4.4 Hz, 1H; 4-H’), 1.90 (dqn, J ACHTUNGTRENNUNG(H,H)=14.3, 7.4 Hz, 1H; CHHCH3), 1.74
(dqn, J ACHTUNGTRENNUNG(H,H)=14.3, 7.4 Hz, 1H; CHHCH3), 1.25 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.92
(t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3H; CH2CH3), 0.28–0.30 ppm (m, 6H; Si ACHTUNGTRENNUNG(CH3)2H);
13C NMR (100 MHz, C6D6); d=166.1 (2-C), 136.3, 136.3, 134.4, 133.9,
130.10, 130.08, 128.7, 128.3, 128.0, 90.2 (C=CH2), 85.9, 76.0, 33.4, 32.4,
27.3 (SiC ACHTUNGTRENNUNG(CH3)3), 26.0 (CH2), 19.5 (SiCACHTUNGTRENNUNG(CH3)3), 8.7 (CH2CH3), �0.6 (Si-
ACHTUNGTRENNUNG(CH3)2), �0.7 ppm (Si ACHTUNGTRENNUNG(CH3)2); IR (film): ñ=2120, 1632 cm�1; MS (CI,
NH3): m/z (%): 495 (12) [M+H]+ , 181 (100); HRMS (EI): m/z : calcd for
C29H42O3Si2: 494.2673 [M]+ ; found: 494.2673.

(Z,2S,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-3-hydroxy-2-hy-
droxymethyl-2,3,4,7,8,9-hexahydro-oxonine ((�)-2) and (Z,2R,3R,8R,9S)-
8-tert-butyldiphenylsilanyloxy-9-ethyl-3-hydroxy-2-hydroxymethyl-
2,3,4,7,8,9-hexahydrooxonine ((�)-27): WilkinsonOs catalyst (10.3 mg) and
triphenylphosphane (5.3 mg) were mixed in CH2Cl2 (1 mL) and the sol-
vent was removed in vacuo. The residue was dissolved in THF (1 mL)
and put to one side under a nitrogen atmosphere. The silane (�)-3
(79 mg, 0.160 mmol) was dissolved in THF (4 mL) and was freeze–thaw
degassed (3 cycles). A portion of the catalyst solution (0.12 mL) was then
added to the solution of the silane (�)-3 and the reaction mixture was
heated under reflux for 16 h. The mixture was allowed to cool, diluted
with ether (10 mL) and passed through a short pad of Florisil washing
with ether. The solvent was removed in vacuo to give a pale-brown oil,
which was subsequently dissolved in THF (1 mL) and MeOH (1 mL). A
15% aqueous solution of KOH (0.10 mL) and 27.5% aqueous solution
of H2O2 (0.16 mL) were then sequentially added. The resultant suspen-
sion was stirred at room temperature for 1.5 h. Powdered anhydrous
sodium sulphate (ca. 20 mg) was added (exothermic). The mixture was
stirred for 20 min, diluted with CH2Cl2 (15 mL), dried (MgSO4), filtered
and concentrated in vacuo to give the crude product. Purification by
flash chromatography (CH2Cl2/MeOH 95:5) furnished the 1,3-trans diol
(�)-2 (60.1 mg, 83%) contaminated with a trace amount of the 1,3-cis
diol (�)-27. For characterisation purposes the diols (�)-2 and (�)-27
could be readily separated by HPLC or could be separated later in the
synthetic route.

Data for (�)-2 : Rf=0.22 (CH2Cl2/MeOH 95:5); m.p. 68–69 8C (from
hexane); [a]25D =�24.0 (c=0.20 in CHCl3);

1H NMR (500 MHz, CDCl3):
d=7.68–7.72 (m, 4H; Ar), 7.40–7.48 (m, 6H; Ar), 5.44 (dt, J ACHTUNGTRENNUNG(H,H)=

10.2, 6.8 Hz, 1H; CH=CH), 5.02 (dt, J ACHTUNGTRENNUNG(H,H)=10.3, 8.0 Hz, 1H; CH=

CH), 3.91 (ddd, J ACHTUNGTRENNUNG(H,H)=9.2, 4.5, 2.5 Hz, 1H; 8-H or 9-H), 3.87 (dd,
J ACHTUNGTRENNUNG(H,H)=11.0, 1.5 Hz, 1H; CHHOH), 3.74 (dd, J ACHTUNGTRENNUNG(H,H)=11.0, 5.3 Hz,
1H; CHHOH), 3.65 (t, J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H; 8-H or 9-H), 3.52 (dt,
J ACHTUNGTRENNUNG(H,H)=9.3, 1.5 Hz, 1H; 2-H or 3-H), 3.20 (ddd, J ACHTUNGTRENNUNG(H,H)=8.5, 5.3,
2.5 Hz, 1H; 2-H or 3-H), 2.61–2.71 (m, 2H; ring CH2), 2.13–2.19 (m, 2H;
ring CH2, OH), 2.09 (ddd, J ACHTUNGTRENNUNG(H,H)=13.6, 7.6, 7.6 Hz, 1H; ring CH2),
1.97–2.05 (m, 2H; CHHCH3, OH), 1.50 (dqn, J ACHTUNGTRENNUNG(H,H)=14.4, 7.4 Hz, 1H;
CHHCH3), 1.06 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H;
CH2CH3);

13C NMR (100 MHz, CDCl3): d=136.01, 135.95, 134.2, 133.4,
129.7, 129.9, 129.4, 127.8, 127.6, 125.0, 84.4, 74.0, 73.8, 70.8, 64.1
(CH2OH), 33.5 (CH2), 30.6, 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 24.2 (CH2), 19.4 (SiC-
ACHTUNGTRENNUNG(CH3)3), 10.3 ppm (CH2CH3); IR (film): ñ=3617 cm�1; MS (CI, NH3):
m/z (%): 455 (4) [M+H]+, 199 (100); HRMS (CI, NH3): m/z : calcd for
C27H39O4Si: 455.2618; found: 455.2618.

Data for (�)-27: Rf=0.26 (CH2Cl2/MeOH 95:5); m.p. 89–91 8C (from
hexane); [a]22D =�72.2 (c=4.0 in CHCl3);

1H NMR (250 MHz, CDCl3):
d=7.68–7.63 (m, 4H; Ar), 7.47–7.35 (m, 6H; Ar), 5.75–5.68 (m, 1H;
CH=CH), 5.58–5.50 (m, 1H; CH=CH), 4.01–3.85 (m, 2H), 3.90 (dd,
J ACHTUNGTRENNUNG(H,H)=11.5, 5.9 Hz, 1H; CHHOH), 3.76 (dd, J ACHTUNGTRENNUNG(H,H)=11.5, 2.9 Hz,
1H; CHHOH), 3.67 (dt, J ACHTUNGTRENNUNG(H,H)=5.7, 2.7 Hz, 1H), 3.28 (dt, J ACHTUNGTRENNUNG(H,H)=5.4,
5.0 Hz, 1H), 2.70–2.59 (m, 2H; allylic CH2), 2.30–2.03 (m, 4H; allylic
CH2, 2SOH), 1.50–1.28 (m, 2H; CH2CH3), 1.05 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
0.62 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H; CH2CH3);

13C NMR (100 MHz,
CDCl3): d=136.0, 135.9, 134.0, 133.6, 130.2, 129.8, 129.76, 127.7, 127.6,
126.1, 85.6, 80.4, 74.7, 72.8, 63.3 (CH2OH), 32.5, 30.1, 27.0 (SiC ACHTUNGTRENNUNG(CH3)3),
25.8 (CH2), 19.3, (SiC ACHTUNGTRENNUNG(CH3)3)), 8.7 ppm (CH2CH3); IR (CCl4): ñ=

3517 cm�1; MS (CI, NH3): m/z (%): 455 (8) [M+H]+ , 199 cm�1 (100);
HRMS (CI, NH3): m/z : calcd for C27H39O4Si: 455.2618; found: 455.2618.

(Z,2S,4aS,6S,7R,11aR)-7-tert-Butyldiphenylsilanyloxy-6-ethyl-2-(4-me-
thoxyphenyl)-4a,6,7,8,11,11a-hexahydro-4H-1,3,5-trioxabenzocyclonon-
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ACHTUNGTRENNUNGene and (Z,2S,4aR,6S,7R,11aR)-7-tert-butyldiphenylsilanyloxy-6-ethyl-2-
(4-methoxyphenyl)-4a,6,7,8,11,11a-hexahydro-4H-1,3,5-trioxabenzocyclo-
nonene : Freshly distilled p-anisaldehyde (24 mL, 0.197 mmol), anhydrous
MgSO4 (ca. 10 mg) and PPTS (4 mg, 0.016 mmol) were added to a mix-
ture of the diols (�)-2 and (�)-27 (58 mg, 0.132 mmol) in dry benzene
(3.5 mL). The mixture was heated at reflux for 2 h. The mixture was al-
lowed to cool and was concentrated in vacuo to give the crude product.
Purification by flash chromatography (hexane/ether 4:1) furnished the
trans-PMP acetal (Z,2S,4aS,6S,7R,11aR)-7-tert-butyldiphenylsilanyloxy-6-
ethyl-2-(4-methoxyphenyl)-4a,6,7,8,11,11a-hexahydro-4H-1,3,5-trioxaben-
zocyclononene (59.4 mg, 83%) and the cis-PMP acetal (Z,2S,4aR,6S,7-
R,11aR)-7-tert-butyldiphenylsilanyloxy-6-ethyl-2-(4-methoxyphenyl)-
4a,6,7,8,11,11a-hexahydro-4H-1,3,5-trioxabenzocyclononene (4.4 mg, 6%),
both as clear and colourless oils.

Data for the trans-PMP acetal : Rf=0.34 (hexane/ether 4:1); [a]25D =�39.1
(c=0.34 in CHCl3);

1H NMR (500 MHz, CDCl3): d=7.69–7.72 (m, 4H;
Ar), 7.41–7.50 (m, 6H; Ar), 7.35–7.37 (m, 2H; Ar), 6.86–6.88 (m, 2H;
Ar), 5.36–5.46 (brm, 1H; CH=CH), 5.40 (s, 1H; ArCHO2), 4.86–4.97
(brm, 1H; CH=CH), 4.27 (dd, J ACHTUNGTRENNUNG(H,H)=10.5, 4.4 Hz, 1H; CHHO), 3.80
(s, 3H; OCH3), 3.66–3.74 (m, 3H; 3SOCH), 3.48 (td, J ACHTUNGTRENNUNG(H,H)=10.5,
2.5 Hz, 1H; OCH), 3.30–3.37 (m, 1H; OCH), 2.69–2.88 (m, 2H; ring
CH2), 1.97–2.22 (m, 3H; ring CH2, CHHCH3), 1.32–1.43 (m, 1H;
CHHCH3), 1.06 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 3H;
CH2CH3);

13C NMR (125 MHz, CDCl3): d =160.1, 136.0, 135.9, 134.2,
133.4, 130.3, 129.9, 129.7, 129.6, 127.8, 127.6, 127.4, 125.2, 113.6, 101.3,
84.8, 79.7, 74.6, 71.8 (CH2), 66.1, 55.3 (OCH3), 33.4 (CH2), 28.2, 27.0
(SiC ACHTUNGTRENNUNG(CH3)3), 25.4 (CH2), 19.5, (SiC ACHTUNGTRENNUNG(CH3)3), 10.5 ppm (CH2CH3);
13C NMR (100 MHz, CDCl3): d =160.1, 136.0, 135.9, 134.2, 133.4, 130.3,
129.9, 129.7, 129.6, 127.8, 127.6, 127.4, 125.2, 113.6, 101.3, 84.8 (OCH),
79.7 (OCH), 74.6, 71.8 (CH2), 66.1 (OCH), 55.3 (OCH3), 33.4 (CH2),
28.1, 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 25.4 (CH2), 19.5 (SiC ACHTUNGTRENNUNG(CH3)3), 10.5 ppm; IR
(CCl4): ñ=3072 cm�1; MS (CI, NH3): m/z (%): 573 (10) [M+H]+ , 137
(100); HRMS (CI, NH3): m/z : calcd for C35H45O5Si: 573.3036; found:
573.3040; elemental analysis calcd (%) for C35H44O5Si: C 73.39, H 7.74;
found: C 73.2, H 7.8.

Data for the cis-PMP acetal : Rf=0.26 (hexane/ether 4:1); [a]25D =87.0 (c=
0.22 in CHCl3);

1H NMR (500 MHz, CDCl3): d =7.65–7.69 (m, 4H; Ar),
7.38–7.47 (m, 8H; Ar), 6.86–6.88 (m, 2H; Ar), 5.87 (dt, J ACHTUNGTRENNUNG(H,H)=10.8,
5.8 Hz, 1H; CH=CH), 5.57 (dt, J ACHTUNGTRENNUNG(H,H)=10.8, 5.8 Hz, 1H; CH=CH), 5.46
(s, 1H; ArCHO2), 4.26 (d, J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 1H; CHHO), 3.99–4.20 (m,
2H), 3.95 (dd, J ACHTUNGTRENNUNG(H,H)=12.4, 1.7 Hz, 1H; CHHO), 3.80 (s, 3H; OCH3),
3.43–3.44 (m, 1H; OCHCH2O), 3.21 (dd, J ACHTUNGTRENNUNG(H,H)=10.0, 5.2 Hz, 1H), 2.94
(q, J ACHTUNGTRENNUNG(H,H)=11.3 Hz, 1H; ring CH2), 2.76–2.81 (m, 1H; ring CH2), 2.24
(dt, J ACHTUNGTRENNUNG(H,H)=12.0, 5.8 Hz, 1H; ring CH2), 2.07 (dt, J ACHTUNGTRENNUNG(H,H)=12.0, 5.8 Hz,
1H; ring CH2), 1.45–1.54 (m, 1H; CHHCH3), 1.26–1.33 (m, 1H;
CHHCH3), 1.09 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.72 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3H;
CH2CH3);

13C NMR (125 MHz, CDCl3): d =159.8, 135.9, 135.8, 133.9,
133.7, 130.9, 130.7, 129.8, 129.7, 127.7, 127.6, 127.5, 125.1, 113.5, 85.7
(OCH), 77.6 (OCH), 75.0 (OCH), 73.2 (OCH), 70.5 (OCH2Ar), 55.3
(OCH3), 29.3 (CH2), 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 26.9 (CH2), 25.5 (CH2), 19.3 (SiC-
ACHTUNGTRENNUNG(CH3)3), 8.8 ppm (CH2CH3); IR (film): ñ=2961 cm�1; MS (CI, NH3): m/z
(%): 590 (10) [M+NH4]

+ , 573 [M+H]+ (100); HRMS (ES): m/z : calcd
for C35H45O5Si: 573.3036; found: 573.3033.

(Z,2S,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-2-hydroxymethyl-
3-(4-methoxybenzyloxy)-2,3,4,7,8,9-hexahydro-oxonine ((�)-32): DIBAL-
H (0.28 mL of a 1.5m solution in toluene, 0.420 mmol) was added to a so-
lution of the trans-PMP acetal described above (50 mg, 0.087 mmol) in
CH2Cl2 (1 mL) at �78 8C. The reaction mixture was stirred at this tem-
perature for 10 min and was then warmed to �15 8C and stirred for an-
other 45 min. The reaction was quenched with MeOH (1 mL) at �78 8C.
A saturated solution of aqueous NH4Cl (1 mL) was then added and the
reaction mixture was warmed to room temperature. Water (5 mL) was
added to the resultant suspension and the aqueous layer was extracted
with ether (5S15 mL). The combined organic extracts were dried
(MgSO4), filtered and concentrated in vacuo to give the crude product.
Purification by column chromatography (hexane/ether 1:1) furnished the
alcohol (�)-32 as a colourless oil (44 mg, 88%). Rf=0.31 (hexane/ether
1:1); [a]25D =�55.4 (c=0.34 in CHCl3);

1H NMR (500 MHz, CDCl3): d=

7.68–7.71 (m, 4H; Ar), 7.38–7.47 (m, 6H; Ar), 7.23–7.25 (m, 2H; Ar),
7.23–7.25 (m, 2H; Ar), 5.38–5.43 (m, 1H; CH=CH), 5.00–5.05 (m, 1H;
CH=CH), 4.59 (d, J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; CHHAr), 4.37 (d, J ACHTUNGTRENNUNG(H,H)=

11.0 Hz, 1H; CHHAr), 3.81 (s, 3H; OCH3), 3.71–3.77 (m, 1H), 3.62–3.68
(m, 3H), 3.51 (dt, J ACHTUNGTRENNUNG(H,H)=2.7, 9.0 Hz; 1H), 3.26–3.28 (m, 1H), 2.52–
2.64 (m, ring CHH, 2H; CH2OH), 2.31–2.38 (m, 1H; ring CHH), 2.01–
2.16 (m, 2H; ring CH2), 1.92–2.01 (m, 1H; CHHCH3), 1.46–1.56 (m, 1H;
CHHCH3), 1.06 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.95 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H;
CH2CH3);

13C NMR (100 MHz, CDCl3): d=159.4, 135.99, 135.95, 125.6,
114.0, 83.8 (CH), 76.9 (CH), 74.0 (CH), 73.7 (CH), 71.0 (CH2), 63.5, 55.3
(OCH3), 33.2 (CH2), 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 26.0 (CH2), 24.1, 19.4 (SiC ACHTUNGTRENNUNG(CH3)3),
10.1 ppm (CH2CH3); IR (film): ñ=3617 cm�1; MS (CI, NH3): m/z (%):
575 (10) [M+H]+ , 319 (100); HRMS (CI, NH3): m/z : calcd for
C35H47O5Si: 575.319; found: 575.319; elemental analysis calcd (%) for
C35H46O5Si: C 73.13, H 8.04; found: C 73.1, H 8.3.

(Z,2S,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-2-methansulfonyl-
ACHTUNGTRENNUNGoxymethyl-3-(4-methoxybenzyloxy)-2,3,4,7,8,9-hexahydrooxonine : Metha-
nesulfonyl chloride (50 mL, 0.646 mmol) was slowly added to a solution
of the alcohol (�)-32 (44 mg, 0.073 mmol), DMAP (40 mg, 0.368 mmol)
and triethylamine (0.25 mL, 1.79 mmol) in CH2Cl2 (1 mL). The reaction
mixture was stirred for 1 h at room temperature and was then quenched
by the addition of a saturated solution of aqueous NaHCO3 (10 mL). The
aqueous layer was extracted with CH2Cl2 (3S20 mL). The combined or-
ganic extracts were dried (MgSO4), filtered and concentrated in vacuo to
give the crude product. Purification by flash chromatography (hexane/
ether 1:1) furnished the title compound as a colourless oil (49 mg,
100%). Rf=0.31 (hexane/ether 1:1); [a]25D =41.1 (c=0.51 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.67 (m, 4H; Ar), 7.38–7.47 (m, 6H;
Ar), 7.26–7.28 (m, 2H; Ar), 6.87–6.88 (m, 2H; Ar), 5.37–5.45 (m, 1H;
CH=CH), 5.03–5.13 (m, 1H; CH=CH), 4.56 (d, J ACHTUNGTRENNUNG(H,H)=10.5 Hz, 1H;
CHHAr), 4.50 (dd, J ACHTUNGTRENNUNG(H,H)=10.5, 2.8 Hz, 1H; CHHOMs), 4.37 (d,
J ACHTUNGTRENNUNG(H,H)=10.5 Hz, 1H; CHHAr), 4.26 (dd, J ACHTUNGTRENNUNG(H,H)=10.5, 1.3 Hz, 1H;
CHHOMs), 3.81 (s, 3H; OCH3), 3.61–3.66 (m, 2H), 3.57 (dt, J ACHTUNGTRENNUNG(H,H)=

8.6, 3.0 Hz, 1H), 3.46–3.51 (m, 1H), 3.00 (s, 3H; SO2CH3), 2.53–2.58 (m,
2H; ring CH2), 2.39–2.42 (m, 1H; ring CHH), 2.15–2.20 (m, 1H; ring
CHH), 1.95–2.00 (m, 1H; CHHCH3), 1.42–1.47 (m, 1H; CHHCH3), 1.05
(s, 9H; CACHTUNGTRENNUNG(CH3)3), 0.97–0.98 ppm (m, 3H; CH2CH3);

13C NMR (100 MHz,
CDCl3): d =159.3, 135.99, 135.95, 134.1, 133.3, 129.9, 129.8, 129.75,
128.85, 127.78, 127.6, 125.6, 114.0, 84.0 (CH), 75.1 (CH), 73.3, 72.7 (CH),
71.1 (CH2), 68.8, 55.3 (OCH3), 37.5, 33.1, 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 25.9 (CH2),
23.9 (CH2), 19.4 (SiC ACHTUNGTRENNUNG(CH3)3), 9.6 ppm (CH2CH3); IR (film): ñ=

3095 cm�1; MS (CI, NH3): m/z (%): 670, 80 [M+NH4]
+ , 121 (100);

HRMS (CI, NH3): m/z : calcd for C36H52NO7SSi: 670.3234; found:
670.3230; elemental analysis calcd (%) for C36H48O7SSi: C 66.23, H 7.41;
found: C 66.3, H 7.4.

(Z,2S,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-2-cyanomethyl-9-ethyl-3-
(4-methoxybenzyloxy)-2,3,4,7,8,9-hexahydrooxonine : The mesylate, pre-
pared above, (49 mg, 0.075 mmol) was mixed with sodium cyanide
(13 mg, 0.265 mmol) and then dry DMF (0.3 mL) was added. The mix-
ture was heated at 60 8C for 6 h. The solution was then diluted with water
(10 mL) and extracted with CH2Cl2 (5S15 mL) and ether (5S15 mL).
The combined organic extracts were dried (MgSO4), filtered and concen-
trated in vacuo to give the crude product. Purification by flash chroma-
tography (hexane/ether 2:1) furnished the title compound as a colourless
oil (43 mg, 99%). Rf=0.60 (hexane/ether 1:1); [a]25D =�27.1 (c=0.43 in
CHCl3);

1H NMR (500 MHz, CDCl3): d=7.67–7.70 (m, 4H; Ar), 7.39–
7.47 (m, 6H; Ar), 7.22–7.25 (m, 2H; Ar), 6.87–6.90 (m, 2H; Ar), 5.33–
5.39 (m, 1H; CH=CH), 4.96–5.04 (m, 1H; CH=CH), 4.60 (d, J ACHTUNGTRENNUNG(H,H)=

10.7 Hz, 1H; CHHAr), 4.37 (d, J ACHTUNGTRENNUNG(H,H)=10.7 Hz, 1H; CHHAr), 3.81 (s,
3H; OCH3), 3.57–3.62 (m, 3H), 3.36–3.41 (m, 1H), 2.78 (dd, J ACHTUNGTRENNUNG(H,H)=

17.0, 3.2 Hz, 1H; CHHCN), 2.62–2.66 (m, 2H; ring CH2), 2.57 (dd,
J ACHTUNGTRENNUNG(H,H)=17.0, 3.9 Hz, 1H; CHHCN), 2.33–2.36 (m, 1H; ring CHH),
2.04–2.10 (m, 2H; ring CHH, CHHCH3), 1.34–1.43 (m, 1H; CHHCH3),
1.05 ppm (m, 12H; CH2CH3, C ACHTUNGTRENNUNG(CH3)3);

13C NMR (100 MHz, CDCl3): d=

159.5, 135.9, 134.1, 133.2, 129.9, 129.7, 129.2, 127.8, 127.6, 125.1, 117.9,
114.0, 108.8, 84.5 (CH), 78.4 (CH), 73.7 (CH), 71.4 (CH2), 69.7 (CH),
55.3 (OCH3), 33.3 (CH2), 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 25.4 (CH2), 24.4, 19.4 (SiC-
ACHTUNGTRENNUNG(CH3)3), 10.2 ppm (CH2CH3); IR (film): ñ=2260 cm�1; MS (CI, NH3):
m/z (%): 601 (95) [M+NH4]

+ , 584 (70) [M+H]+ , 121 (100); HRMS (CI,
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NH3): m/z : calcd for C36H49N2O4Si: 601.3462; found: 601.3460 ACHTUNGTRENNUNG[M+NH4]
+ ;

elemental analysis calcd (%) for C36H45NO4Si: C 74.06, H 7.77; found:
C 73.9, H 7.7.

(Z,2S,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-2-formylmethyl-3-
(4-methoxybenzyloxy)-2,3,4,7,8,9-hexahydrooxonine ((�)-33): DIBAL-H
(33 mL of a 1.5m solution in toluene, 0.050 mmol) was added to a solution
of the nitrile, prepared above, (12.3 mg, 0.021 mmol) in toluene (1.1 mL)
at �78 8C. The reaction mixture was stirred at this temperature for
15 min and was then warmed to �15 8C. Stirring was continued for anoth-
er 1.5 h at this temperature. The reaction was quenched by the addition
of MeOH (1 mL) at �78 8C. A saturated solution of aqueous NH4Cl was
then added and the reaction mixture allowed to warm to room tempera-
ture, followed by the addition of water (10 mL). The aqueous layer was
extracted with ether (4S15 mL) and the combined organic extracts were
dried (MgSO4), filtered and concentrated in vacuo to give the crude
product. Purification by column chromatography (hexane/ether 2:1) fur-
nished the aldehyde (�)-33 (12.3 mg, 100%) as a colourless oil. Rf=0.61
(hexane/ether 1:1); [a]25D =�55.9 (c=2.6 in CHCl3);

1H NMR (500 MHz,
CDCl3): d=9.57 (dd, J ACHTUNGTRENNUNG(H,H)=1.6, 3.5 Hz, 1H; CHO), 7.68–7.70 (m, 4H;
Ar), 7.39–7.47 (m, 6H; Ar), 7.20–7.22 (m, 2H; Ar), 6.86–6.89 (m, 2H;
Ar), 5.48–5.53 (m, 1H; CH=CH), 5.24–5.29 (m, 1H; CH=CH), 4.47 (d,
J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H; CHHAr), 4.26 (d, J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H;
CHHAr), 3.86–3.89 (m, 1H), 3.81 (s, 3H; OCH3), 3.70–3.72 (m; 1H),
3.48 (ddd, J ACHTUNGTRENNUNG(H,H)=9.5, 6.2, 3.5 Hz, 1H), 3.34 (ddd, J ACHTUNGTRENNUNG(H,H)=9.5, 9.5,
3.5 Hz; 1H), 2.71 (ddd, J ACHTUNGTRENNUNG(H,H)=15.5, 4.7, 1.6 Hz, 1H; CHHCHO), 2.62
(ddd, J ACHTUNGTRENNUNG(H,H)=15.5, 7.7, 3.5 Hz, 1H; CHHCHO), 2.29–2.47 (m, 4H; 2S
ring CH2), 1.75–1.85 (brm, 1H; CHHCH3), 1.55–1.63 (m, 1H;
CHHCH3), 1.06 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.74 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H;
CH2CH3);

13C NMR (100 MHz, CDCl3): d=199.5 (CO), 159.4, 136.1,
136.0, 134.1, 133.3, 130.1, 129.8, 129.4, 128.1, 127.8, 127.6, 126.7, 113.9,
80.0, 72.4 (CH), 70.6 (CH2), 55.3 (OCH3), 49.1 (CH2), 31.9 (CH2), 27.5
(CH2), 27.1 (SiC ACHTUNGTRENNUNG(CH3)3), 23.4 (CH2), 19.5 (SiC ACHTUNGTRENNUNG(CH3)3), 8.7 ppm
(CH2CH3); IR (film): ñ=1718 cm�1; MS (CI, NH3): m/z (%): 604 (30)
[M+NH4]

+ , 587 (35) [M+H]+ , 121 (100); HRMS (CI, NH3): m/z : calcd
for C36H47O5Si: 587.3193 [M+H]+ ; found: 587.3190.

(Z,2S,3R,8R,9S)-3-tert-Butyldiphenylsilanyloxy-2-ethyl-8-(4-methoxyben-
zyloxy)-9-((Z)-5-triisopropylsilanylpent-2-en-4-ynyl)-2,3,4,7,8,9-hexahy-
drooxonine ((�)-34): nBuLi (50 mL of a 1.6m solution, 0.080 mmol) was
added to a stirred solution of the 1,3-bistriisopropylsilanylpropyne
(32.9 mg, 0.093 mmol) in THF (1 mL) at �20 8C. The resultant yellow so-
lution was stirred at this temperature for 15 min and then a portion of
this solution (0.65 mL) was added to a stirred solution of the aldehyde
(�)-33 (11.9 mg, 0.020 mmol) in THF (1 mL) at �78 8C. The reaction
mixture was stirred at this temperature for 30 min, then warmed to room
temperature and stirred for another 30 min. The reaction was quenched
with a saturated solution of aqueous NH4Cl (3 mL) and water (10 mL).
The aqueous layer was extracted with ether (4S15 mL). The combined
organic extracts were dried (MgSO4), filtered and concentrated in vacuo
to give the crude product. Purification by flash chromatography (hexane/
ether 10:1) furnished the (Z)-enyne (�)-34 (8.0 mg, 50% yield). Rf=0.49
(hexane/ether 4:1); [a]24D =�7.3 (c=0.15 in CHCl3);

1H NMR (500 MHz,
CDCl3): d=7.68–7.70 (m, 4H; Ar), 7.37–7.46 (m, 6H; Ar), 7.22–7.24 (m,
2H; Ar), 6.86 (m, 2H; Ar), 6.07 (dt, J ACHTUNGTRENNUNG(H,H)=11.1, 6.2 Hz, 1H; CH2CH=

CH), 5.57 (d, J ACHTUNGTRENNUNG(H,H)=11.1 Hz, 1H; CH2CH=CH), 5.45–5.53 (m, 1H; 5-
H or 6-H), 5.18–5.29 (m, 1H; 5-H or 6-H), 4.49 (d, J ACHTUNGTRENNUNG(H,H)=11.1 Hz,
1H; CHHAr), 4.38 (d, J ACHTUNGTRENNUNG(H,H)=11.1 Hz, 1H; CHHAr), 3.80 (s, 3H;
OCH3), 3.66–3.72 (m, 1H), 3.43–3.57 (m, 2H), 3.29–3.35 (m, 1H), 2.71–
2.86 (m, 2H; allylic CH2), 2.20–2.47 (m, 4H; 2Sallylic CH2), 1.82–1.93
(m, 1H; CHHMe), 1.54–1.64 (m, 1H; CHHMe), 1.10–1.11 (m, 21H;
TIPS), 1.06 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.70–0.78 ppm (m, 3H; CH2CH3);
13C NMR (125 MHz, CDCl3): d =159.2, 136.0, 135.9, 134.3, 133.4, 130.2,
129.7, 129.6, 127.6, 127.5, 113.7, 110.2, 104.0, 95.6, 71.1 (OCH2Ar), 55.2
(OCH3), 33.7, 29.7 (ring CH2), 26.8 (SiC ACHTUNGTRENNUNG(CH3)3), 23.7 (CH2CH3), 19.4
(SiC ACHTUNGTRENNUNG(CH3)3), 18.6 (CACHTUNGTRENNUNG(CH3)2), 11.3 ppm (CH2CH3); IR (film): ñ=

1613 cm�1; MS (ES): m/z (%): 787 (100) [M+Na]+ ; HRMS (ES):
m/z : calcd for C48H68O4Si2Na: 787.4554; found: 787.4566.

(Z,2S,3R,8R,9S)-3-tert-Butyldiphenylsilanyloxy-2-ethyl-9-((Z)-3-iodo-
prop-3-enyl)-8-(4-methoxybenzyloxy)-)-2,3,4,7,8,9-hexahydrooxonine

((�)-35): Iodomethyltriphenylphosphonium iodide (183 mg, 0.343 mmol)
was suspended in dry THF (5.2 mL) and NaHMDS (0.343 mL of a 1.0m

solution in THF) was added dropwise. The orange solution was stirred
for 1 min and then cooled to �78 8C. DMPU (0.173 mL) was added and
the resultant solution was cooled to �90 8C. The aldehyde (�)-33
(162 mg, 0.276 mmol) was added as a solution in THF (5 mL, 2 mL rinse)
via cannula. The mixture was stirred at �90 8C for 10 min and was then
gradually allowed to warm to room temperature. After stirring for a fur-
ther 30 min, the mixture was poured onto saturated NaHCO3 (15 mL)
and the aqueous phase was extracted with ether (6S20 mL). The organics
were dried (Na2SO4), evaporated and purification by flash chromatogra-
phy (hexane/ether, 3:1) gave the vinyl iodide (�)-35 as a colourless gum
(144 mg, 73%). Note the vinyl iodide should be used immediately in the
next reaction as it is prone to isomerisation. Rf=0.4 (hexane/ether 4:1);
[a]22D =�30.6 (c=2.9 in CHCl3);

1H NMR (200 MHz, C6D6): d=7.95–7.82
(m, 4H; Ar), 7.40–7.22 (m, 8H; Ar), 6.96–6.88 (m, 2H; Ar), 6.41 (dt,
J ACHTUNGTRENNUNG(H,H)=4.6, 7.4 Hz, 1H; CH=CHI), 6.08 (dm, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H;
CH=CHI), 5.74–5.39 (m, 2H; 5-H, 6-H), 4.44 (d, J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H;
CHHAr), 4.26 (d, J ACHTUNGTRENNUNG(H,H)=11.0, 1H; CHHAr), 3.97–3.86 (m, 1H;
CHO), 3.73 (td, J ACHTUNGTRENNUNG(H,H)=6.8, 3.0 Hz, 1H; CHO), 3.61 (dd, J ACHTUNGTRENNUNG(H,H)=10.5,
4.2 Hz, 1H; CHO), 3.42 (s, 3H; OCH3), 3.34–3.27 (m, 1H; OCH), 2.85–
2.40 (m, 6H; allylic CH2), 2.10–1.92 (m, 1H; CHHMe), 1.77–1.62 (m,
1H; CHHMe), 1.25 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H;
CH2CH3); IR (CHCl3): ñ=2959 cm�1; MS (CI, NH3): m/z (%): 711 (45)
[M+H]+ , 121 (100); HRMS (CI, NH3): m/z : calcd for C37H48O4Isi:
711.2366 [M+H]+ ; found: 711.2370.

(Z,2S,3R,8R,9S)-3-tert-Butyldiphenylsilanyloxy-2-ethyl-8-(4-methoxyben-
zyloxy)-9-((Z)-5-trimethylsilanylpent-2-en-4-ynyl)-2,3,4,7,8,9-hexahy-
drooxonine ((�)-36): Copper(i) iodide (cat.) was added to diethylamine
(2 mL). TMS-acetylene (70 mL) was then added and the mixture stirred
at room temperature for 5 min. The vinyl iodide (�)-35 (174 mg,
0.245 mmol) and [Pd ACHTUNGTRENNUNG(Ph3P)4] (cat.) were dissolved in diethylamine
(1 mL) and stirred for 2 min. This mixture was then rapidly added via
cannula to the pre-complexed acetylene mixture (diethylamine rinse,
1 mL). This mixture was stirred overnight in the dark. The resultant
black solution was diluted with ether (10 mL), poured into 10% NH4OH
(10 mL) and saturated NH4Cl (10 mL) was added. The mixture was ex-
tracted with ether (5S15 mL) and the organic extracts were dried
(Na2SO4) and evaporated. The residue was purified by flash chromatog-
raphy (hexane/ether 9:1) to give the enyne (�)-36 as a colourless gum
(161 mg, 97%) as a single isomer. Rf=0.4 (hexane/ether 4:1); [a]21D =�3.7
(c=2.12 in CHCl3);

1H NMR (200 MHz, CDCl3): d=7.73–7.68 (m, 4H;
Ar), 7.44–7.37 (m, 6H; Ar), 7.28–7.24 (m, 2H; Ar), 6.89–6.84 (m, 2H;
Ar), 6.16 (ddd, J ACHTUNGTRENNUNG(H,H)=11.1, 8.1, 5.1 Hz, 1H; CH2CH=CH), 5.58 (d,
J ACHTUNGTRENNUNG(H,H)=11.1 Hz, 1H; CH2CH=CH), 5.54–5.37 (m, 1H; 5-H or 6-H),
5.23–5.04 (m, 1H; 5-H or 6-H), 4.50 (d, J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H; CHHAr),
4.38 (d, J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H; CHHAr), 3.79 (s, 3H; OCH3), 3.75–3.29
(m, 4H; 4SOCH), 2.98–2.15 (m, 6H), 2.05–1.85 (m 1H; CHHMe), 1.70–
1.51 (m, 1H; CHHMe), 1.07 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 0.85 (t, J ACHTUNGTRENNUNG(H,H)=7.1, 3H;
CH2CH3), 0.20 ppm (s, 9H; (CH3)3Si);

13C NMR (50 MHz, CDCl3):d=

159.2, 141.9, 135.97, 135.92, 134.3, 133.4, 130.3, 129.7, 129.6, 128.1, 127.7,
127.5, 126.5, 113.8, 110.2, 102.4, 99.1, 78.9, 74.1, 73.2, 71.2, 55.2, 33.5, 32.6,
27.0, 23.9, 19.4, 9.7, 0.01 ppm; IR (CHCl3): ñ=1612 cm�1; MS (CI, NH3):
m/z (%): 681 (1) [M+H]+, 121 (100); HRMS (CI, NH3): m/z : calcd for
C42H57O4Si: 681.3795; found: 681.3795.

(Z,2S,3R,8R,9S)-3-tert-Butyldiphenylsilanyloxy-2-ethyl-8-hydroxy-9-[(Z)-
5-trimethylsilanylpent-2-en-4-ynyl]-2,3,4,7,8,9-hexahydrooxonine
((+)-37): BCl3·SMe2 (0.16 mL of a 2.0m solution in CH2Cl2, 0.320 mmol)
was added to the ether (�)-36 (108 mg, 0.159 mmol) in CH2Cl2 (5 mL).
The reaction mixture was stirred for 10 min and then poured onto satu-
rated aqueous NaHCO3 (15 mL). The organic phase was separated and
the aqueous phase was extracted with CH2Cl2 (5S20 mL). The combined
organic extracts were dried (Na2SO4) and purification by flash chroma-
tography (hexane/ether 6:1) gave the title compound (+)-37 as a colour-
less gum (82 mg, 92%). Rf=0.2 (hexane/ether 4:1); [a]21D =++51.3 (c=1.6
in CHCl3);

1H NMR (250 MHz, CDCl3) d =7.71–7.64 (m, 4H; Ar), 7.47–
7.34 (m, 6H; Ar), 6.18 (dt, J ACHTUNGTRENNUNG(H,H)=10.1, 5.5 Hz, 1H; CH2CH=CH), 5.64
(d, J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; CH2CH=CH), 5.41 (td, J ACHTUNGTRENNUNG(H,H)=10.1, 7.0 Hz,
1H; 5-H or 6-H), 4.97 (td, J ACHTUNGTRENNUNG(H,H)=10.1, 7.0 Hz, 1H; 5-H or 6-H), 3.68–

www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2867 – 28852882

J. W. Burton, A. B. Holmes et al.

www.chemeurj.org


3.29 (m, 4H; 4SOCH), 2.95–2.48 (m, 8H), 1.62–1.49 (m, 1H; CHHMe),
1.03 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H; CH2CH3), 0.17 ppm
(s, 9H; (CH3)3Si));

13C NMR (100 MHz, CDCl3): d=141.3, 136.0, 135.96,
134.3, 133.2, 129.8, 129.7, 129.1, 127.8, 127.6, 125.4, 111.5, 102.1, 99.8,
84.4, 73.98, 73.97, 71.2, 33.7, 33.3, 29.9, 27.1, 24.4, 19.4, 10.6, �0.01 ppm;
IR (CHCl3): ñ=3563 cm�1; HRMS (CI, NH3): m/z (%): calcd for
C34H49O3Si2: 561.322; found: 561.322 [M+H]+ ; elemental analysis calcd
(%) for C34H48O3Si2: C 72.86, H 8.73; found: C 72.8, H 8.63.

(Z,2S,3R,8R,9S)-2-Ethyl-3-hydroxy-8-(4-methoxybenzyloxy)-9-((Z)-9-
pent-2-en-4-ynyl)-2,3,4,7,8,9-hexahydrooxonine ((�)-79): TBAF (52 mL of
a 1.0m solution in THF, 52 mmol) was added to a solution of the (Z)-
enyne (�)-34 (5.2 mg, 6.8 mmol) in THF (0.35 mL) at 0 8C. The reaction
mixture was stirred at this temperature for 10 min, then warmed to room
temperature and stirred for another 1.5 h. The reaction mixture was puri-
fied directly by flash chromatography (hexane/ether 1:1), furnishing the
alcohol (�)-79 (2.4 mg, 95%). Rf=0.22 (hexane/ether 1:1); [a]24D =�8.0
(c=0.23 in CHCl3); IR (film): ñ =3287 cm�1; 1H NMR (500 MHz,
CDCl3): d=7.28–7.30 (m, 2H; Ar), 6.88–6.90 (m, 2H; Ar), 6.22 (dt,
J ACHTUNGTRENNUNG(H,H)=11.0, 7.2 Hz, 1H; CH2CH=CH), 5.67–5.76 (m, 2H; 5-H, 6-H),
5.57 (dd, J ACHTUNGTRENNUNG(H,H)=11.0, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; CH2CH=CH), 4.58 (d,
J ACHTUNGTRENNUNG(H, H)=10.9 Hz, 1H; CHHAr), 4.41 (d, J ACHTUNGTRENNUNG(H,H)=10.9 Hz, 1H;
CHHAr), 3.82 (s, 3H; OCH3), 3.62–3.68 (m, 2H), 3.33–3.39 (m, 2H),
3.11 (d, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; C=CH), 2.79–2.85 (m, 1H; allylic CH2),
2.72–2.75 (m, 1H; allylic CH2), 2.45–2.61 (m, 4H; allylic CH2), 1.79 (dqn,
J ACHTUNGTRENNUNG(H,H)=14.8, 7.4 Hz, 1H; CHHCH3), 1.68–1.76 (m, 1H; CHHCH3),
0.98 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3H; CH2CH3);

13C NMR (125 MHz,
CDCl3): d=159.2, 142.7 (CH2CH=CH), 135.7, 130.1, 129.7, 125.5, 113.8,
109.3, 81.9 (C=CH), 80.7 (C=CH), 79.0, 69.0, 71.1 (OCH2Ar), 55.3
(OCH3), 34.2, 33.6, 32.0 (allylic CH2), 29.7 (CH2CH3), 9.2 ppm
(CH2CH3), owing to the conformational mobility of (�)-79, two of the
carbon atoms adjacent to oxygen are broadened to the baseline; IR
(film): ñ=3287 cm�1; MS (ES): m/z (%): 393 (10) [M+Na]+ ; HRMS
(ES): m/z : calcd for C23H30O4Na: 393.2042; found: 393.2046.

(Z,2S,3S,8R,9S)-3-Bromo-2-ethyl-8-(4-methoxybenzyloxy)-9-((Z)-pent-2-
en-4-ynyl)-2,3,4,7,8,9-hexahydrooxonine ((+)-80): The alcohol (�)-79
(3.1 mg, 8.4 mmol) was mixed with CBr4 (55.0 mg, 0.165 mmol; previously
purified by sublimation and neutralisation by passage through a short
pad of basic alumina) and toluene (0.5 mL) was added to the mixture. To
this stirred solution at room temperature was added freshly distilled tri-
octylphosphane (74 mL, 0.166 mmol). The reaction mixture was heated at
80 8C for 2 h and the resultant yellow solution was subjected directly to
column chromatography (hexane/ether 3:1), furnishing the bromide
(+)-80 (2.3 mg, 63% yield) as a colourless oil. Rf=0.69 (hexane/ether
1:1); [a]24D =++47.5 (c=0.04 in CHCl3);

1H NMR (500 MHz, CDCl3): d=

7.28–7.30 (m, 2H; Ar), 6.89–6.91 (m, 2H; Ar), 6.23 (dt,
J ACHTUNGTRENNUNG(H,H)=11.0, 6.1 Hz, 1H; CH2CH=CH), 5.76 (dt, J ACHTUNGTRENNUNG(H,H)=10.5, 7.4 Hz,
1H; 5-H or 6-H), 5.54 (dd, J ACHTUNGTRENNUNG(H,H)=11.0, 4J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H;
CH2CH=CH), 5.45 (dt, J ACHTUNGTRENNUNG(H,H)=10.5, 6.5 Hz, 1H; 5-H or 6-H), 4.60 (d,
J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; CHHAr), 4.40 (d, J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H;
CHHAr), 4.04–4.06 (m, 1H), 3.88 (dt, J ACHTUNGTRENNUNG(H,H)=9.8, 3.8 Hz, 1H; 3-H),
3.83 (s, 3H; OCH3), 3.48–3.35 (m, 3H; 2SOCH, allylic CH2), 3.13 (d,
4J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H; C=CH), 2.95–3.03 (m, 2H; allylic CH2), 2.54–2.61
(m, 2H; allylic CH2), 2.21 (dd, J ACHTUNGTRENNUNG(H,H)=14.0, 7.4 Hz, 1H; allylic CH2),
1.78–1.89 (m, 2H; CH2CH3), 0.80 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 3H;
CH2CH3);

13C NMR (125 MHz, CDCl3): d=143.4 (CH2CH=CH), 130.9,
129.9, 129.7, 127.0, 113.9, 109.0 (CH2CH=CH), 81.9 (C=CH), 79.8 (C=

CH), 71.1 (OCH2Ar), 55.7 (C-3), 55.3 (OCH3), 34.0, 31.6, 30.0 (allylic
CH2), 28.5 (CH2CH3), 9.8 ppm (CH2CH3); IR (film): ñ=3291 cm�1; MS
(ES): m/z (%): 457 (50) [M+Na]+ , 455 (50) [M+Na]+ , 435 (10) [M+H]+

, 433 (10) [M+H]+ ; HRMS (ES): m/z : calcd for C23H29O3Na79Br:
455.1198; found: 455.1200.

(Z,2S,3R,8S,9S)-8-Bromo-9-ethyl-3-hydroxy-2-((Z)-pent-2-en-4-ynyl)-
2,3,4,7,8,9-hexahydrooxonine ((+)-81): BCl3·SMe2 complex solution
(21 mL of a 2.0m solution in CH2Cl2, 42 mmol) was added to a stirred solu-
tion of the bromide (+)-80 (3.0 mg, 6.9 mmol) in CH2Cl2 (0.5 mL) at 0 8C.
The reaction mixture was warmed up to room temperature and stirred
for another 10 min. The reaction was quenched by the addition of a satu-
rated solution of aqueous NaHCO3 (ca. 0.2 mL). The reaction mixture

was dried (MgSO4), filtered and concentrated in vacuo to give the crude
product. Purification by column chromatography (hexane/ether 2:1) fur-
nished the alcohol (+)-81 (1.5 mg, 70%) as a colourless oil. Rf=0.29
(hexane/ether 1:1); [a]24D =++46.7 (c=0.06 in CHCl3) (lit.

[13] [a]24D =++105.8
(c=1.00 in CH2Cl2);

1H NMR (500 MHz, CDCl3): d=6.26 (dt, J ACHTUNGTRENNUNG(H,H)=

10.9, 6.9 Hz, 1H; CH2CH=CH), 5.87 (dt, J ACHTUNGTRENNUNG(H,H)=10.0, 8.2 Hz, 1H; 5-H
or 6-H), 5.60 (dd, J ACHTUNGTRENNUNG(H,H)=10.9, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; CH2CH=CH),
5.50 (dt, J ACHTUNGTRENNUNG(H,H)=10.0, 6.8 Hz, 1H; 5-H or 6-H), 4.12 (brd, J ACHTUNGTRENNUNG(H,H)=

11.2 Hz, 1H; 2-H), 3.80–3.84 (m, 1H; 3-H), 3.64–3.68 (m, 1H), 3.37–3.40
(m, 1H), 3.20–3.28 (m, 1H; allylic CH2), 3.16 (d, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H;
C=CH), 2.94–2.98 (m, 2H; allylic CH2), 2.70 (dt, J ACHTUNGTRENNUNG(H,H)=15.8, 7.0 Hz,
1H; allylic CH2), 2.59 (ddd, J ACHTUNGTRENNUNG(H,H)=10.8, 6.3, 4.1 Hz, 1H; allylic CH2),
2.15–2.20 (brm, 1H; allylic CH2), 1.85–1.89 (m, 2H; CH2CH3), 1.69 (d,
J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 1H; OH), 0.84 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 3H; CH2CH3);
13C NMR (125 MHz, CDCl3): d=142.7 (CH2CH=CH), 129.8 (5-C), 127.5
(6-C), 109.6 (CH2CH=CH), 82.4 (C=CH), 80.4 (C=CH), 81.5, 72.9, 55.7
(3-C), 34.1, 33.5, 33.2 (allylic CH2), 28.5 (CH2CH3), 9.8 ppm (CH2CH3);
IR (film): ñ=3409 cm�1; MS (ES): m/z (%): 337 (50) [M+Na]+ , 335 (50)
[M+Na]+ , 315 (10) [M+H]+, 313 (10) [M+H]+ ; HRMS (ES): m/z : calcd
for C15H21O2Na79Br: 335.0623; found: 335.0622.

(Z,2S,3S,8S,9S)-3-Bromo-8-chloro-2-ethyl-((Z)-pent-2-en-4-ynyl)-
2,3,4,7,8,9-hexahydrooxonine, (+)-obtusenyne (1): Freshly distilled trioc-
tylphosphane (34 mL, 0.076 mmol) was added to a stirred solution of the
alcohol (+)-81 (2.2 mg, 7.05 mmmol) and CCl4 (7 mL, 0.073 mmol) in tolu-
ene (0.5 mL) at room temperature. The reaction mixture was heated at
80 8C for 4 h and the resultant pale-yellow solution was subjected directly
to column chromatography (hexane/ether 3:1), furnishing (+)-1 as a
crude product. Further purification of this crude residue by column chro-
matography (hexane/CH2Cl2 1:1) afforded a pure sample (+)-obtusenyne
1 (1.2 mg, 51%) as a colourless oil. Rf=0.33 (hexane/CH2Cl2 1:1); [a]

24
D =

+142.5 (c=0.03 in CHCl3) (lit.[13] [a]24D =++151 (c=0.13 in CHCl3));
1H NMR (500 MHz, 50 8C, C6D6): d =5.92 (dt, J ACHTUNGTRENNUNG(H,H)=10.8, 7.3 Hz, 1H;
CH2CH=CH), 5.33–5.43 (m, 3H; CH2CH=CH, 5-H, 6-H), 4.13–4.20 (m,
1H; 9-H), 3.90 (dt, J ACHTUNGTRENNUNG(H,H)=10.8, 2.8 Hz, 1H; 3-H), 3.77 (dt, J ACHTUNGTRENNUNG(H,H)=

10.8, 3.0 Hz, 1H; 8-H), 3.68–3.74 (m, 1H; 2-H), 3.02 (ddt, J ACHTUNGTRENNUNG(H,H)=14.2,
7.1, 1.2 Hz, 1H; CHHCH=CH), 2.92 (d, 4J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; C=CH),
2.87 (dt, J ACHTUNGTRENNUNG(H,H)=14.7, 7.0 Hz, 1H; CHHCH=CH), 2.78–2.62 (m, 2H; 7-
H, 4-H), 2.52 (ddd, J ACHTUNGTRENNUNG(H,H)=12.9, 6.5, 3.0 Hz, 1H; 4-H’), 2.40 (ddd,
J ACHTUNGTRENNUNG(H,H)=13.2, 6.6, 2.9 Hz, 1H; 7-H’), 1.91 (dq, J ACHTUNGTRENNUNG(H,H)=14.2, 7.4 Hz, 1H;
CHHCH3), 1.74 (dq, J ACHTUNGTRENNUNG(H,H)=14.2, 7.4 Hz, 1H; CHHCH3), 0.85 ppm (t,
J ACHTUNGTRENNUNG(H,H)=7.4, 1H; CH2CH3);

13C NMR (125 MHz, 34 8C, C6D6): d=140.7
(CH2CH=CH), 110.7 (CH2CH=CH), 82.8 (C=CH), 80.1 (C=CH), 63.3 (8-
C), 56.6 (3-C), 35.3 (CH2CH=CH), 32.0 (7-C), 31.2 (4-C), 28.7 (CH2CH3),
10.1 ppm (CH2CH3); owing to the conformational mobility of the natural
product the signals due to 6-C and C-13 were broadened to the baseline;
signals assignable to C-9 and C-10 were obscured by solvent; IR (film):
ñ=3290 cm�1; MS (ES): m/z (%): 357 (25) [M+Na]+ , 355 (100)
[M+Na]+ , 353 (80) [M+Na]+ ; HRMS (ES): m/z : calcd for
C15H20ONa79Br35Cl: 353.0278; found: 353.0278.

Acknowledgements

We thank the Royal Society for the award of University Research Fel-
lowships (JWB, SIP), Universities UK and the Cambridge Common-
wealth Trust (studentship to S.Y.F.M.), Merck Sharp & Dohme (CASE
award to A.J.W.) and the EPSRC for generous financial support, includ-
ing financial assistance towards the purchase of the Nonius CCD diffrac-
tometer and provision of the Swansea National Mass Spectrometry Serv-
ice. We are grateful to Professor M.T. Crimmins for supplying spectro-
scopic data of (+)-81 and (+)-1. We thank the ARC, VESKI and CSIRO
for support.

[1] For recent reviews concerning the synthesis of medium-ring ethers
see: a) M. C. Elliott, J. Chem. Soc. Perkin Trans. 1 2002, 2301; b) M.
Inoue, Chem. Rev. 2005, 105, 4379; c) K. Fujiwara in Topics in Heter-

Chem. Eur. J. 2008, 14, 2867 – 2885 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2883

FULL PAPERSynthesis of (+)-Obtusenyne

http://dx.doi.org/10.1039/b201515n
http://dx.doi.org/10.1021/cr0406108
www.chemeurj.org


ocyclic Chemistry (Ed.: H. Kiyota), Vol. 5, Springer-Verlag, Berlin,
2006, pp. 97–148; d) M. Sasaki in Topics in Heterocyclic Chemistry
(Ed.: H. Kiyota), Vol. 5, Springer-Verlag, Berlin, 2006, pp. 149–178.

[2] a) K. B. Wiberg, Angew. Chem. 1986, 98, 312; K. B. Wiberg, Angew.
Chem. 1986, 98, 312; Angew. Chem. Int. Ed. Engl. 1986, 25, 312;
b) G. Illuminati, L. Mandolini, Acc. Chem. Res. 1981, 14, 95.

[3] For a recent review see reference [1c].
[4] R. W. Carling, A. B. Holmes, J. Chem. Soc. Chem. Commun. 1986,

325.
[5] M. Petrzilka, Helv. Chim. Acta 1978, 61, 3075.
[6] J. W. Burton, J. S. Clark, S. Derrer, T. C. Stork, J. G. Bendall, A. B.

Holmes, J. Am. Chem. Soc. 1997, 119, 7483.
[7] J. W. Burton, P. T. OOSullivan, E. A. Anderson, I. Collins, A. B.

Holmes, Chem. Commun. 2000, 631.
[8] For our previous work on the synthesis of obtusenyne see: a) N. R.

Curtis, A. B. Holmes, M. G. Looney, Tetrahedron 1991, 47, 7171;
b) N. R. Curtis, A. B. Holmes, M. G. Looney, Tetrahedron Lett. 1992,
33, 671; c) N. R. Curtis, A. B. Holmes, Tetrahedron Lett. 1992, 33,
675; d) S. Y. F. Mak, N. R. Curtis, A. N. Payne, M. S. Congreve, C. L.
Francis, J. W. Burton, A. B. Holmes, Synthesis 2005, 3199.

[9] T. J. King, S. Imre, A. Oztunc, R. H. Thomson, Tetrahedron Lett.
1979, 20, 1453.

[10] B. M. Howard, G. R. Schulte, W. Fenical, B. Solheim, J. Clardy, Tet-
rahedron 1980, 36, 1747.

[11] K. Fujiwara, D. Awakura, M. Tsunashima, A. Nakamura, T. Honma,
A. Murai, J. Org. Chem. 1999, 64, 2616.

[12] E. P. Boden, G. E. Keck, J. Org. Chem. 1985, 50, 2394.
[13] M. T. Crimmins, M. T. Powell, J. Am. Chem. Soc. 2003, 125, 7592.
[14] T. Uemura, T. Suzuki, N. Onodera, H. Hagiwara, T. Hoshi, Tetrahe-

dron Lett. 2007, 48, 715.
[15] R. W. Carling, J. S. Clark, A. B. Holmes, J. Chem. Soc. Perkin Trans.

1 1992, 83.
[16] R. W. Carling, N. R. Curtis, A. B. Holmes, Tetrahedron Lett. 1989,

30, 6081.
[17] K. Tamao, Y. Nakagawa, Y. Ito, Organometallics 1993, 12, 2297.
[18] J. Falbe, H. J. Shulze-Steinen, F. Korte, Chem. Ber. 1964, 97, 1096.
[19] P. Mohr, L. Rosslein, C. Tamm, Tetrahedron Lett. 1989, 30, 2513.
[20] K. Burgess, I. Henderson, Tetrahedron: Asymmetry 1990, 1, 57.
[21] F. A. Davis, B. C. Chen, Chem. Rev. 1992, 92, 919.
[22] Molecular modelling was conducted with in vacuo simulation by

using a Monte Carlo conformational search (G. Chang, W. C. Guida,
W. C. Still, J. Am. Chem. Soc. 1989, 111, 4379) by using the MM2*
forcefield (N. L. Allinger, J. Am. Chem. Soc. 1977, 99, 8127) as im-
plemented in MacroModel v 8.0. MacroModel is available from
Schrçdinger (http://www.schrodinger.com).

[23] F. N. Tebbe, G. W. Parshall, G. S. Reddy, J. Am. Chem. Soc. 1978,
100, 3611.

[24] Nicolaou and co-workers have reported the preferential epoxidation
of a D5-alkene in the presenece of a D2-enol ether in a tetrahydroox-
onine see: K. C. Nicolaou, C. V. C. Prasad, W. W. Ogilvie, J. Am.
Chem. Soc. 1990, 112, 4988.

[25] We encountered similar problems when attempting analogous hy-
droborations in the eight-membered ring series: see refer-
ence [6,15,16].

[26] J. E. P. Davidson, R. Gilmour, S. Ducki, J. E. Davies, R. Green, J. W.
Burton, A. B. Holmes, Synlett 2004, 1434.

[27] K. Ishihara, A. Mori, H. Yamamoto, Tetrahedron 1990, 46, 4595.
[28] H. Kotsuki, Synlett 1992, 97.
[29] H. Kotsuki, Y. Ushio, I. Kadota, M. Ochi, J. Org. Chem. 1989, 54,

5153.
[30] a) X-ray crystallographic structure determination of the bicyclic

ether (� )-23 : Crystal data: Empiracal formula: C33H42O3SeSi; Mw:
593; colourless block, 0.38S0.22S0.14 mm3; orthorhombic P212121
(no.19); a=12.032(2), b=14.869(2), c=17.197(4) R; V=3074(1) R3;
Z=4; T=298(2) 8K; DX=1.28 gcm�3 ; l =1.5418 R; m=1.688 mm�1;
Nicolet R3 diffractometer; 3.748<q<608 ; 4988 measured reflec-
tions, 4428 independent. The structure was solved by direct methods
(SHELX, reference [31]) and refined by least squares (SHELX, ref-
erence [31]) to R1=0.053, wR2=0.058 (all data). The original data

and computer files for this structure are lost; this information and
the coordinate data were retrieved from the printed pages of a
thesis. b) CCDC 655152 ((� )-23), 655151 ((�)-54), 655143 ((�)-57)
and 655147 ((�)-38) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif

[31] G. M. Sheldrick, SHELXS-97/SHELXL-97. University of Gçttingen,
1997 (Germany).

[32] D. A. Evans, G. C. Fu, B. A. Anderson, J. Am. Chem. Soc. 1992, 114,
6679.

[33] K. Burgess, W. A. Vanderdonk, S. A. Westcott, T. B. Marder, R. T.
Baker, J. C. Calabrese, J. Am. Chem. Soc. 1992, 114, 9350.

[34] K. Tamao, N. Ishida, T. Tanaka, M. Kumada, Organometallics 1983,
2, 1694.

[35] I. Fleming, Chemtracts, Org. Chem. 1996, 9, 1.
[36] L. Ghosez, I. George-Koch, L. Patiny, M. Houtekie, P. Bovy, P. Nshi-

myumukiza, T. Phan, Tetrahedron 1998, 54, 9207.
[37] J. G. Bendall, A. N. Payne, T. E. O. Screen, A. B. Holmes, Chem.

Commun. 1997, 1067.
[38] For the use of CBr4 and P ACHTUNGTRENNUNG(oct)3 to convert a medium-ring alcohol

into the corresponding bromide see: references [6,11,13] and K. Fu-
jiwara, S. Yoshimoto, A. Takizawa, S. Souma, H. Mishima, A.
Murai, H. Kawai, T. Suzuki, Tetrahedron Lett. 2005, 46, 6819; S.
Baek, H. Jo, H. Kim, H. Kim, S. Kim, D. Kim, Org. Lett. 2005, 7,
75; K. Tsushima, A. Murai, Tetrahedron Lett. 1992, 33, 4345; A.
Murai, H. Murase, H. Matsue, T. Masamune, Tetrahedron Lett. 1977,
18, 2507; M. T. Crimmins, K. A. Emmitte, J. Am. Chem. Soc. 2001,
123, 1533; M. T. Crimmins, K. A. Emmitte, Org. Lett. 1999, 1, 2029.

[39] S. L. Schreiber, Z. Y. Wang, G. Schulte, Tetrahedron Lett. 1988, 29,
4085.

[40] Reduction of the corresponding benzylidene acetal took 96 h at
room temperature see reference [8b].

[41] E. J. Corey, C. Rucker, Tetrahedron Lett. 1982, 23, 719.
[42] G. Stork, K. Zhao, Tetrahedron Lett. 1989, 30, 2173.
[43] K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett. 1975, 16,

4467.
[44] M. S. Congreve, E. C. Davison, M. A. M. Fuhry, A. B. Holmes, A. N.

Payne, R. A. Robinson, S. E. Ward, Synlett 1993, 663.
[45] R. K. Boeckman, J. Zhang, M. R. Reeder, Org. Lett. 2002, 4, 3891.
[46] D. Berger, L. E. Overman, P. A. Renhowe, J. Am. Chem. Soc. 1993,

115, 9305.
[47] A. Streitwieser, Chem. Rev. 1956, 56, 571.
[48] E. A. Anderson, J. E. P. Davidson, J. R. Harrison, P. T. OOSullivan,

J. W. Burton, I. Collins, A. B. Holmes, Tetrahedron 2002, 58, 1943.
[49] M. S. Congreve, A. B. Holmes, A. B. Hughes, M. G. Looney, J. Am.

Chem. Soc. 1993, 115, 5815.
[50] Q. Ji, M. L. Pang, J. Han, S. H. Feng, X. T. Zhang, Y. X. Ma, J. B.

Meng, Synlett 2006, 2498; B. H. Cho, J. H. Kim, H. B. Jeon, K. S.
Kim, Tetrahedron 2005, 61, 4341; A. J. Stewart, R. M. Evans, A. C.
Weymouth-Wilson, A. R. Cowley, D. J. Watkin, G. W. J. Fleet, Tetra-
hedron: Asymmetry 2002, 13, 2667; F. Fazio, M. P. Schneider, Tetra-
hedron: Asymmetry 2001, 12, 2143; F. Fazio, M. P. Schneider, Tetra-
hedron: Asymmetry 2000, 11, 1869; M. E. Jung, Y. Xu, Org. Lett.
1999, 1, 1517; W. J. Zhang, K. S. Ramasamy, D. R. Averett, Nucleo-
sides Nucleotides 1999, 18, 2357; M. E. Jung, Y. Xu, Tetrahedron
Lett. 1997, 38, 4199; S. D. Schimmel, R. D. Bevill, Analytical Bio-
chemistry 1970, 37, 385.

[51] For reviews see: Microwave Assisted Organic Synthesis (Eds.: J. P.
Tierney, P. Lidstrçm), Blackwell, Oxford, 2005 ; P. Lidstrom, J. Tier-
ney, B. Wathey, J. Westman, Tetrahedron 2001, 57, 9225; A. de la
Hoz, A. Diaz-Ortiz, A. Moreno, Chem. Soc. Rev. 2005, 34, 164; L.
Perreux, A. Loupy, Tetrahedron 2001, 57, 9199.

[52] For a recent example of the use of microwaves to accelerate a Clais-
en rearrangement for the construction of a medium ring see: X. Li,
R. E. Kyne, T. V. Ovaska, Tetrahedron 2007, 63, 1899.

[53] S. V. Ley, A. G. Leach, R. I. Storer, J. Chem. Soc. Perkin Trans. 1
2001, 358.

www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2867 – 28852884

J. W. Burton, A. B. Holmes et al.

http://dx.doi.org/10.1002/ange.19860980405
http://dx.doi.org/10.1002/ange.19860980405
http://dx.doi.org/10.1002/ange.19860980405
http://dx.doi.org/10.1002/anie.198603121
http://dx.doi.org/10.1021/ar00064a001
http://dx.doi.org/10.1039/c39860000325
http://dx.doi.org/10.1039/c39860000325
http://dx.doi.org/10.1002/hlca.19780610833
http://dx.doi.org/10.1021/ja9709132
http://dx.doi.org/10.1039/b000303o
http://dx.doi.org/10.1016/S0040-4020(01)96169-1
http://dx.doi.org/10.1016/S0040-4039(00)92339-6
http://dx.doi.org/10.1016/S0040-4039(00)92339-6
http://dx.doi.org/10.1016/S0040-4039(00)92340-2
http://dx.doi.org/10.1016/S0040-4039(00)92340-2
http://dx.doi.org/10.1016/S0040-4039(01)86176-1
http://dx.doi.org/10.1016/S0040-4039(01)86176-1
http://dx.doi.org/10.1016/0040-4020(80)80069-X
http://dx.doi.org/10.1016/0040-4020(80)80069-X
http://dx.doi.org/10.1021/jo990212i
http://dx.doi.org/10.1021/jo00213a044
http://dx.doi.org/10.1021/ja029956v
http://dx.doi.org/10.1016/j.tetlet.2006.11.080
http://dx.doi.org/10.1016/j.tetlet.2006.11.080
http://dx.doi.org/10.1039/p19920000083
http://dx.doi.org/10.1039/p19920000083
http://dx.doi.org/10.1016/S0040-4039(01)93860-2
http://dx.doi.org/10.1016/S0040-4039(01)93860-2
http://dx.doi.org/10.1021/om00030a046
http://dx.doi.org/10.1002/cber.19640970422
http://dx.doi.org/10.1016/S0040-4039(01)80438-X
http://dx.doi.org/10.1021/cr00013a008
http://dx.doi.org/10.1021/ja00194a035
http://dx.doi.org/10.1021/ja00467a001
http://dx.doi.org/10.1021/ja00479a061
http://dx.doi.org/10.1021/ja00479a061
http://dx.doi.org/10.1021/ja00168a069
http://dx.doi.org/10.1021/ja00168a069
http://dx.doi.org/10.1016/S0040-4020(01)85584-8
http://dx.doi.org/10.1055/s-1992-21280
http://dx.doi.org/10.1021/jo00282a037
http://dx.doi.org/10.1021/jo00282a037
http://dx.doi.org/10.1021/ja00043a010
http://dx.doi.org/10.1021/ja00043a010
http://dx.doi.org/10.1021/ja00050a015
http://dx.doi.org/10.1021/om50005a041
http://dx.doi.org/10.1021/om50005a041
http://dx.doi.org/10.1016/S0040-4020(98)00558-4
http://dx.doi.org/10.1039/a701999h
http://dx.doi.org/10.1039/a701999h
http://dx.doi.org/10.1016/j.tetlet.2005.08.024
http://dx.doi.org/10.1021/ol047877d
http://dx.doi.org/10.1021/ol047877d
http://dx.doi.org/10.1016/S0040-4039(00)74256-0
http://dx.doi.org/10.1016/S0040-4039(01)83805-3
http://dx.doi.org/10.1016/S0040-4039(01)83805-3
http://dx.doi.org/10.1021/ja005892h
http://dx.doi.org/10.1021/ja005892h
http://dx.doi.org/10.1021/ol991201e
http://dx.doi.org/10.1016/S0040-4039(00)80423-2
http://dx.doi.org/10.1016/S0040-4039(00)80423-2
http://dx.doi.org/10.1016/S0040-4039(00)86930-0
http://dx.doi.org/10.1016/S0040-4039(00)99640-0
http://dx.doi.org/10.1016/S0040-4039(00)91094-3
http://dx.doi.org/10.1016/S0040-4039(00)91094-3
http://dx.doi.org/10.1055/s-1993-22563
http://dx.doi.org/10.1021/ol0267174
http://dx.doi.org/10.1021/ja00073a063
http://dx.doi.org/10.1021/ja00073a063
http://dx.doi.org/10.1021/cr50010a001
http://dx.doi.org/10.1016/S0040-4020(02)00049-2
http://dx.doi.org/10.1021/ja00066a056
http://dx.doi.org/10.1021/ja00066a056
http://dx.doi.org/10.1016/j.tet.2005.03.001
http://dx.doi.org/10.1016/S0957-4166(02)00738-3
http://dx.doi.org/10.1016/S0957-4166(02)00738-3
http://dx.doi.org/10.1016/S0957-4166(01)00386-X
http://dx.doi.org/10.1016/S0957-4166(01)00386-X
http://dx.doi.org/10.1016/S0957-4166(00)00146-4
http://dx.doi.org/10.1016/S0957-4166(00)00146-4
http://dx.doi.org/10.1021/ol990838v
http://dx.doi.org/10.1021/ol990838v
http://dx.doi.org/10.1080/07328319908044612
http://dx.doi.org/10.1080/07328319908044612
http://dx.doi.org/10.1016/S0040-4039(97)00870-8
http://dx.doi.org/10.1016/S0040-4039(97)00870-8
http://dx.doi.org/10.1016/0003-2697(70)90063-1
http://dx.doi.org/10.1016/0003-2697(70)90063-1
http://dx.doi.org/10.1016/S0040-4020(01)00906-1
http://dx.doi.org/10.1016/S0040-4020(01)00905-X
http://dx.doi.org/10.1016/j.tet.2006.12.057
http://dx.doi.org/10.1039/b008814p
http://dx.doi.org/10.1039/b008814p
www.chemeurj.org


[54] A. Klemer, B. Brandt, U. Hofmeister, E. R. Ruter, Liebigs Ann.
1983, 1920.

[55] N. A. Petasis, S. P. Lu, E. I. Bzowej, D. K. Fu, J. P. Staszewski, I. Ak-
ritopoulouZanze, M. A. Patane, Y. H. Hu, Pure Appl. Chem. 1996,
68, 667.

[56] N. A. Petasis, E. I. Bzowej, J. Am. Chem. Soc. 1990, 112, 6392.
[57] X-ray crystallographic structure determination of (�)-54 : Crystal

data: Empirical formula: C30H43ClO4Si; Mw=531.18; colourless
block, 0.23S0.09S0.09 mm3; monoclinic P21 (no. 4); a=13.0614(8),
b=8.1844(3), c=14.0059(8) R; b=95.253(2)8 ; V=1490.9(2) R3; Z=

2; T=180(2) 8K, DX=1.183 gcm�3 ; l =0.71073 R; m=0.200 mm�1,
Nonius Kappa CCD diffractometer equipped with an Oxford Cryo-
systems Cryostream cooling apparatus; 3.588<q<25.048 ; 8936 mea-
sured reflections; 4937 independent (Rint=0.034); 4288 with I>
4s(I). The structure was solved by direct methods (SHELXS-97, ref-
erence [31]) and refined by least squares (SHELXL-97, refer-
ence [31]) by using Chebyshev weights on Fo

2 to R1=0.041, wR2=

0.087 [I>2s(I)]; 335 parameters; goodness-of-fit on F 2 1.026; resid-
ual electron density 0.33 eR�3.

[58] X-ray crystallographic structure determination of (�)-57: Crystal
data: Empirical formula=C18H23ClO5·1/2 ACHTUNGTRENNUNG(H2O); Mw=727.64; col-
ourless block, 0.46S0.05S0.05 mm3; monoclinic P21 (no. 4); a=

14.2670(3), b=4.6914(1), c=26.6612(9) R; b =99.77953(1)8 ; V=

1758.56(8) R3; Z=4, T=240(2) 8K; DX=1.374 gcm�3 ; l=

0.71073 R; m=0.245 mm�1; Nonius Kappa CCD diffractometer
equipped with an Oxford Cryosystems Cryostream cooling appara-
tus, 5.118<q<25.028 ; 9463 measured reflections, 5577 independent
(Rint=0.03), 3287 with I>3s(I). The structure was solved by direct
methods by using the program SIR92 (reference [57]) and refined
by full-matrix least-squares procedure on F. Graphical calculations
were performed by using the CRYSTALS program suite (refer-
ence [38,59]) to R=0.050, wR=0.053 [I>3s(I), refinement of F];
453 parameters; goodness-of-fit on F=1.167; residual electron den-
sity=0.54 eR�3. The non-hydrogen atoms were refined with aniso-
tropic displacement parameters. Hydrogen atoms were located in
Fourier maps and their positions adjusted geometrically (after each
cycle of refinement) with isotropic thermal parameters. One hydrox-
yl group was modelled as disordered over two positions (O ACHTUNGTRENNUNG(101)�H-
ACHTUNGTRENNUNG(401) and O ACHTUNGTRENNUNG(102)�H ACHTUNGTRENNUNG(402)) with refined occupancies. A Chebychev
weighting scheme was applied (reference [60]).

[59] A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, J. Appl.
Crystallogr. 1993, 26, 343.

[60] P. W. Betteridge, J. R. Carruthers, R. I. Cooper, K. Prout, D. J.
Watkin, J. Appl. Crystallogr. 2003, 36, 1487.

[61] D. J. Watkin, C. K. Prout, L. J. Pearce, CAMERON, 1996, Crystal-
lography Laboratory, Oxford (UK).

[62] N. Walker, D. Stuart, Acta Crystallogr. Sect. A 1983, 39, 158.
[63] M. J. Eis, J. E. Wrobel, B. Ganem, J. Am. Chem. Soc. 1984, 106,

3693.
[64] A. Alexakis, D. Jachiet, J. F. Normant, Tetrahedron 1986, 42, 5607.
[65] B. H. Lipshutz, Synlett 1990, 119, and references therein.
[66] A. A. Bell, L. Pickering, M. Finn, C. delaFuente, T. M. Krulle, B. G.

Davis, G. W. J. Fleet, Synlett 1997, 1077.
[67] E. J. Corey, H. Cho, C. Rucker, D. H. Hua, Tetrahedron Lett. 1981,

22, 3455.
[68] A. N. Rai, A. Basu, Tetrahedron Lett. 2003, 44, 2267.
[69] C. Prakash, S. Saleh, I. A. Blair, Tetrahedron Lett. 1989, 30, 19.
[70] X-ray crystallographic structure determination of (�)-38 : Crystal

data: Empirical Formula: C27H36BrClO2Si; Mw=536.01; colourless
block 0.18S0.18S0.09 mm3; monoclinic P21 (no. 4); a=10.8644(5),
b=9.8760(4), c=13.4194(6) R; b=110.439(2)8 ; V=1349.2(2) R3;
Z=2; T=180(2) 8K; DX=1.319 gcm�3 ; l =0.71073 R; m=

1.688 mm�1; Nonius Kappa CCD diffractometer equipped with an
Oxford Cryosystems Cryostream cooling apparatus; 3.638<q<

27.458 ; 8801 measured reflections, 5659 independent (Rint=0.039),
4628 with I>4s(I). The structure was solved by direct methods
(SHELXS-97, reference [31]) and refined by least squares
(SHELXL-97, reference [31]) by using Chebyshev weights on Fo

2 to
R1=0.041, wR2=0.076 [I>2s(I)]; 293 parameters; goodness-of-fit
on F 2=1.044; residual electron density=0.26 eR�3.

[71] K. Fujiwara, M. Kobayashi, D. Awakura, A. Murai, Synlett 2000,
1187.

[72] J. R. Pougny, Tetrahedron Lett. 1984, 25, 2363.
[73] J. Kruger, R. W. Hoffmann, J. Am. Chem. Soc. 1997, 119, 7499.
[74] For a recent rationalisation regarding the outcome of halogenation

reactions on eight-membered ethers see: H. Kim, H. Lee, D. Lee, S.
Kim, D. Kim, J. Am. Chem. Soc. 2007, 129, 2269.

Received: October 5, 2007
Published online: January 29, 2008

Chem. Eur. J. 2008, 14, 2867 – 2885 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2885

FULL PAPERSynthesis of (+)-Obtusenyne

http://dx.doi.org/10.1351/pac199668030667
http://dx.doi.org/10.1351/pac199668030667
http://dx.doi.org/10.1021/ja00173a035
http://dx.doi.org/10.1107/S0021889892010331
http://dx.doi.org/10.1107/S0021889892010331
http://dx.doi.org/10.1107/S0021889803021800
http://dx.doi.org/10.1107/S0108767383000252
http://dx.doi.org/10.1021/ja00324a060
http://dx.doi.org/10.1021/ja00324a060
http://dx.doi.org/10.1016/S0040-4020(01)88165-5
http://dx.doi.org/10.1055/s-1990-21009
http://dx.doi.org/10.1055/s-1997-1541
http://dx.doi.org/10.1016/S0040-4039(01)81930-4
http://dx.doi.org/10.1016/S0040-4039(01)81930-4
http://dx.doi.org/10.1016/S0040-4039(03)00282-X
http://dx.doi.org/10.1016/S0040-4039(01)80311-7
http://dx.doi.org/10.1016/S0040-4039(01)80256-2
http://dx.doi.org/10.1021/ja970914u
http://dx.doi.org/10.1021/ja068346i
www.chemeurj.org

