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Several chiral thiepines were efficiently constructed using sulfur diimidazole in combination with a
variety of bislithiated carbon fragments. The sulfur atom in these thiepines is found to be unusually
unreactive compared to diphenylsulfide.


Introduction


The dibenzothiepine is an important substructure within many
biologically active compounds. These include isofloxythiepine
which is a potent neuroleptic1 and thiepine 1, which has shown
promising antidepressant activity.2 We have communicated the
synthesis of optically pure seven membered sulfur heterocycles –
thiepines.3 We now report the synthesis of a variety of thiepines in
full as well as reactions that were attempted with these compounds.


There are several methods for the formation of thiepines
and many include a carbon–carbon bond formation in the ring
forming step. Hence an intramolecular acylation reaction4 or
double Knovenagel condensation5 have been used (Scheme 1) as
has ring expansion6 and other methods.7 Our strategy involves
the formation of a carbon–sulfur bond in the ring forming step
with both carbon–sulfur bonds being made in the same reaction
(see Scheme 4).


Scheme 1 Formation of thiepines.


School of Chemistry, Cantock’s Close, Bristol, UK BS8 1TS


Synthesis


The strategy for the synthesis of thiepines is the same as that used
in the synthesis of corresponding phosphepines.8 The syntheses
of compounds 3 to 8 have been reported before in that context.
In brief, the overall synthesis involves the formation of a stilbene
such as difluorostilbene 2 which is then dihydroxylated, protected
(Scheme 2) and a double lithiation performed before ring closure
on electrophilic sulfur (see Scheme 4). The only carbon–carbon
bond formed in the synthesis is in making the stilbenes.


Scheme 2


We have previously used low-valent titanium made from TiCl3


for this step9 and have also used the combination of titanium
powder and trimethylsilyl chloride,10 but a much more convenient
and cost-effective method was a medium-scale Wittig reaction.11


The only poor Wittig reaction was in the formation of the
tetrafluorinated stilbene (which was reacted on to diether 11)
which was formed in only 21% yield. The equilibration of the
mixture of cis- and trans-stilbenes into trans-stilbene was achieved
using iodine and sunlight and proved most convenient.† We were
thus able to make trans-stilbenes in 40 gram batches.


Compounds 3–11 were prepared by standard methods from
the corresponding diols with a view to constructing a range of
thiepines (Fig. 1).


Lithiation of compounds


The lithiation of the compounds was achieved using either
halogen–lithium exchange or ortho-lithiation. The excellent regio-
selection of difluoride 3 at the 2-position rather than the 4-
position was reflected in the lithiation of the related MOM ether


† The one day of equilibration noted in the reference referred to Californian
sunlight which translated to seven days of sunlight in Bristol.
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Fig. 1 Substrates for lithiation.


10. This regioselection was also present with the acetal 4 and
silyl ether 5 however, although the degree of bislithiation of
diether 3 was 96% (an improvement over the previously-reported
84%) it was 43% with silyl ether 5 and only 6% with acetal 4.
Unsurprisingly, lithation of the tetrafluorinated diether 11 was
completely regioselective for the 4-position (instead of the 2-
position) and was not useful for ring synthesis. The degree of
lithiation was detected in each case by quenching with methyl
iodide and analysing the degree and position of methylation.
Hence lithiation is at least as good as the figures indicated above
because methylation, although excellent, will not be quantitative.
All the bromine containing compounds (6–9) were lithiated with
four equivalents of tert-butyl lithium (two per reactive site) and
lithiated as expected.


The sulfur transfer reagent


During the early stages of the work we were concerned with
introducing sulfur by any means possible and at any oxidation
level. Experiments were conducted using the compound which


was most reliable when it came to lithiation – diether 3. The usual
suspects of elemental sulfur, thionyl chloride, sulfuryl chloride
and SCl2 itself were tried. Although elemental sulfur did work to
a degree, giving the desired product in 10% yield, it also gave rise
to a host of other compounds and this lack of selectivity meant it
was not a useful reagent. Of all these reagents, the least bad results
were obtained with sulfuryl chloride which gave sulfone 12 in 19%
yield (Scheme 3).


Scheme 3


The main by-product was the chlorinated diether 13 (39%
yield). Given that sulfuryl chloride is a chlorinating agent this
was scarcely a surprise but it set us on the road to success. Clearly
a chloride leaving group was not suitable and we moved to using
an imidazole anion as the leaving group.


Sulfur diimidazole was readily prepared by the method of
Degen by the combination of SCl2 and TMSimidazole.12 The
SIm2 precipitates from hexane solution and could be washed with
hexane and then used immediately as a solution in THF. It is not
especially soluble and so for larger scale reactions it was added
as a fine suspension in THF. We were pleased to find reaction of
lithiated 3 with SIm2 gave the thiepine 14 in 48% yield (Scheme 4).
Given the success of sulfuryl chloride over sulfur chloride we also
prepared SO2Im2 (17) and SOIm2 but, in reaction with lithiated
3, these electrophiles gave us only starting material 3. If there is a
reaction at all with these two electrophiles perhaps the proton at


Scheme 4
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position-2 is being removed – after all, benzenesulfonylimidiazole
(16) lithiates at this position (Fig. 2).13


Fig. 2 Alternative reagents to sulfur diimidazole.


In trying to improve on sulfur diimidazole as a way to introduce
sulfur, we investigated similar reagents (made in the same way
as SIm2) but matters were not improved using sulfur ditriazole
18 (21% yield of thiepine 14) or sulfur bisbenzotriazole 19 (11%
yield). Hence we settled upon SIm2 as the reagent for all other
thiepine formation reactions. Using SIm2 a total of six novel chiral
thiepines from precursors 3 and 6–10 were prepared (Table 1).


Interestingly, treatment of thiepine 22 with a combination of
ethylene glycol and tosic acid (in an attempt to remove the acetal
function) allowed entry into the pharmaceutically important
thioxanthene ring system 24.14 The mechanism presumably in-
volves a 1,2-sigmatropic shift to contract the seven membered ring
with the resulting aldehyde being trapped by the ethylene glycol.


Formation of achiral thiepines


We imagined, incorrectly as it turned out, that the achiral thiepine
26 would be easy to synthesise and serve as a useful model for


reactions of its chiral counterpart. In fact, we were to find that
the behaviour of the precursor to the achiral thiepine (25) and
precursors to chiral thiepines (8 and 3) was radically different.


Reaction of lithiated bibenzyl 25 with sulfur diimidazole gave
only a 3% yield of simple thiepine 26. And this was on the best
occasion – usually it gave no thiepine at all. Given the success
of SIm2 with the other substrates we found this extraordinary;
particularly when heterocycles with other electrophiles have been
made with this substrate.15 However, the result was entirely
reproducible. It is fortunate that we obtained this negative result
after we had already done a successful reaction with a chiral
substrate. It would have been tempting indeed to conclude that
SIm2 was ineffective as a double sulfur electrophile for use with
organolithium reagents and abandoned it. We were to find on
other occasions that the reactivity of dibromide 25 did not mimic
the reactivity of chiral dibromides in the least.


NMR spectra


Thiepine 14 is C2 symmetrical and this is evident in the NMR
spectrum – a singlet is visible for the two benzylic protons and for
the two methyl groups. This symmetry is destroyed upon oxidation
to the sulfoxide. The difference in chemical shift between the two
diastereotopic benzylic protons of the sulfoxide is remarkable. To
the uninitiated it might appear that the expected AB quartet
is missing. In fact one of the doublets is so far downfield it
masquerades as an aromatic signal (Fig. 3).


The X-ray crystal structure of thiepine 14 has been revealed
before.3 The two benzene rings are not in the same plane but angled
so as to form a ‘butterfly’ arrangement (Fig. 4). They are twisted
so that (viewed from the sulfur atom) we see one leading edge
is slightly above the other. The anti-periplanar nature of the two
homotopic benzylic protons can also be seen. From the 13C satellite
peaks detected in the 1H NMR spectrum we found the coupling


Table 1 New thiepines


Starting material R1 X Equivalents of butyl lithium E Y Yield Compound


3 Me 3-F 2.2eq sec-BuLi SIm2 4,6-F 48% 14
3 Me 3-F 2.2eq sec-BuLi SCl2 4,6-F 3% 14
10 OCH2OMe 3-F 2.36 eq sec-BuLi SIm2 4,6-F 37% 20
8 Me 2-Br 4 eq tert-BuLi SIm2 H 38% 15
7 SiMe2


tBu 2-Br 4 eq tert-BuLi SIm2 H 19% 21
6 CMe2 2-Br 4 eq tert-BuLi SIm2 H 12% 22
9 OCH2OMe 2-Br 4 eq tert-BuLi SIm2 H 36% 23


Reagents and conditions: i, conditions in Table 1; ii, SIm2.
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Fig. 3 Detail of two NMR spectra contrasting homotopic and di-
astereotopic signals from benzylic protons.


Fig. 4 ORTEP drawing of thiepine 14; 50% probability ellipsoids.‡


constant between these hydrogen atoms was 8.6 Hz. With sulfoxide
27, a view from the front (S=O to backbone, Fig. 5a) shows a
slightly more pronounced butterfly arrangement and a view from
the side (Fig. 5b) shows how the S=O bond bends back across
the seven membered ring and is in reasonably close proximity
(2.3 Å) to one of the benzylic hydrogen atoms but not the other


‡ Crystal data for (−)-14. Single crystals of 14 were grown from petroleum
ether (bp 40–60 ◦C). C16H14F2O2S, M = 308.34, orthorhombic, a =
7.839(2) Å, b = 11.645(2) Å, c = 15.476(2) Å, a = 90◦, b = 90◦, c =
90◦, V = 1412.7(4) Å3, T = 173(2) K, space group P212121, Z = 4, l =
0.253 mm−1; 9132 reflections collected, 3223 [Rint = 0.0336] independent
reflections, R1 = 0.0264 [I > 2r(I)], wR2 = 0.0644. With a Flack parameter
of 0.02(6), the absolute stereochemistry is clearly established and is in
accord with the configuration of the starting material. CCDC reference
number 290626. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b516606c


(which is on the other side of the ring). This accounts, perhaps,
for the dramatically different environments of the diastereotopic
protons. Fig. 5 shows only one of the two independent molecules
of sulfoxide 27.


Reactivity of the thiepines


Because the thiepines are C2 symmetrical, the two lone pairs on the
sulfur atom are homotopic and there is thus no concern over the
formation of diastereomers in any reaction. A reaction of thiepine
14 that could be conducted readily was its oxidation to sulfoxide 27.
This was done in quantitative yield with mCPBA. Usually, the oxi-
dation of sulfides to sulfoxides has to be conducted carefully to
avoid over-oxidation to the sulfone.16 This was not the case here –
sulfoxide 27 could not be oxidized to the sulfone even under the
most forcing conditions. This lack of reactivity was a taste of things
to come as the sulfur atom of thiepine 14 was to prove remarkably
unreactive and known reactions of Ph2S, which we could repeat
with ease, failed. Since most of our first reactions were conducted
with thiepine 14, we initially considered that this might be due to
the electron-withdrawing nature of the fluorine atoms. However,
reactivity was not improved with the analogous thiepine 15.


Yamamoto’s tetrabutylammonium salt of chloramine T§,17


worked nicely for us to turn diphenyl sulfide into its corresponding
tosylsulfimide. When this was treated with concentrated H2SO4,
the free sulfimide was produced in 93% yield (Scheme 5).18


However reaction of thiepine 15 and the salt of chloramine T was
not successful. Either there was no reaction at all or, under more
forcing conditions, destruction of the thiepine. It was a similar
story for the reaction of thiepine 15 with PhI=NTs in the presence
of CuOTf.19, 20 Methylation failed with MeOTf,21 MeI/AgBF4


22 or
Me3OBF4.23


Scheme 5 Reactions of Ph2S and Ph2SO that fail with thiepines.24,25


Mesitylenesulfonylhydroxylamine (MSH) 28 was prepared
from ethyl (O-mesitylenesulfonyl)acetohydroxamate (Scheme 5).24


§Reaction with normal chloramine T fails.
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Fig. 5 ORTEP drawings of thiepine oxide 27; 50% probability ellipsoids.¶


Diphenyl sulfoxide reacted with MSH 28 to give the aminated
product in 78% yield25 (Scheme 5) but thiepine oxide 27 did not
react.


The reaction of sulfides with diazo compounds to give sulfonium
ylides directly is a well known process and, with electron withdraw-
ing groups present to stabilise the negative charge, these ylides can
be stable isolable compounds.26, 27 Dimethyldiazomalonate 29 was
prepared by the reaction of dimethylmalonate with sodium azide.
Thiepine 15 was reacted with the diazomalonate in the presence of
5% Rh2(OAc)4 to give ylide 30 in 75% yield (Scheme 6). The ylide
could be purified by column chromatography. Thiepine 15 also
reacted with dibenzyldiazomalonate under the same conditions to
give the corresponding ylide (32) in 63% yield.


Scheme 6


The ylide was stable to reflux conditions in dichloromethane
or toluene for several days. Unfortunately, the reactivity of
the stabilised sulfonium ylide is very limited and restricted to
exceptional Michael acceptors (unsurprisingly, the ylide failed


¶ Crystal data for (−)-27. Single crystals were grown from petroleum
ether (bp 40–60 ◦C). C16H14F2O3S, M = 324.33, triclinic, a = 7.986(3)
Å, b = 8.7928(16) Å, c = 11.254(3) Å, a = 89.389(19)◦, b = 82.07(2)◦, c =
67.49(2)◦, V = 722.3(4) Å3, T = 173(2) K, space group P1, Z = 2, l =
0.256 mm−1; 7358 reflections collected, 5913 [Rint = 0.0289] independent
reflections, R1 = 0.0432 [I > 2r(I)], wR2 = 0.0912. With a Flack parameter
of −0.06(9), the absolute stereochemistry is clearly established and is in
accord with the configuration of the starting material. CCDC reference
numbers 290627. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b516606c


to react with benzaldehyde or dicyanoethylene). Reaction with
tetracyanoethylene lead to the consumption of the ylide. Thiepine
15 was produced in the reaction and the formation of cyclopropane
31 suggested.28


Conclusions


Although sulfur diimidazole has been used a great deal for
the construction of, for instance, symmetrical trisulfides29 it has
not previously been reported as a reagent in combination with
organolithium reagents. Clearly it is a very suitable reagent for
such reactions. The chiral thiepines we have investigated have very
unreactive sulfur atoms and we thus turned our attention to the
chiral disulfides30 (dithiocines) and trisulfides (trithionines) that
could be made using the same carbon backbone. Our findings in
this area will be reported in due course.


Experimental


General


Flash chromatography was performed using Merck 9385 Kieselgel
60 according to Still et al.31 Thin layer chromatography (TLC) was
performed using commercially available glass plates coated with
Merck silica Kieselgel 60F254. The compounds were visualised
by a Mineralight UV lamp or by dipping into a potassium
permanganate solution in aqueous sodium hydroxide and heating
with a hot air gun. High performance liqiud chromatography
(HPLC) was performed using a Dynamax prepacked silica column
(25 cm × 21.4 mm internal diameter), a Gilson model 303 pump
and a Dynamax Rainin UV detector at 254 nm.


Melting points were determined on a Gallenkemp melting point
apparatus and are uncorrected. Infra red spectra were recorded
on a Perkin Elmer 141 spectrophotometer as liquid films or as
solutions in dichloromethane on sodium chloride plates. Optical
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rotations were recorded on a Perkin Elmer 241 MC polarimeter
irradiating with the sodium D line (k = 589 nm) and [a]D are given
in units of 10−1 deg cm2 g−1.


All nuclear magnetic resonance (NMR) spectra were recorded
as solutions using tetramethylsilane as the internal reference on a
Jeol GX270 MHz, GX400 MHz or k300 MHz spectrometer.


All mass spectra were recorded on a Fisons Autospec mass spec-
trometer and were determined by electron impact (EI), chemical
ionisation (CI) or fast atom bombardment (FAB) techniques.


When using alkyl lithium reagents, best results were obtained
using Hamilton 1700 series gas-tight Teflon tipped microsyringes
(<1000 ll), which did not require lubrication, and Hamilton
1700 series gas-tight Teflon tipped syringes (>1 ml) lubricated
with poly(dimethylsiloxane) 200 R© fluid with a viscosity of 100
centistokes. All solvents were distilled before use; dry solvents were
purchased from Fluka. Distilled 40–60 ◦C petroleum ether was
used for flash chromatography and distilled 60–80 ◦C petroleum
ether for recrystallisations.


Key to assignments


The notation used for aromatic protons and carbon assignments
is as follows: aromatic protons are referred to by their ring
position followed by “-ArH”. An illustration is provided with 3,3′-
difluorostilbene 2 (Fig. 6). The proton which is meta to both fluo-
rine and the olefinic substituent is referred to as 5-ArH. Aromatic
carbons are referred to in a similar manner. The carbon assignment
for difluorostilbene 2 (Fig. 7) is: 163.1 (1JCF 246.6, 3-ArC), 139.2
(3JCF 8.1, 1-ArC), 130.2 (3JCF 8.7, 5-ArC), 128.8 (4JCF 2.5, ArCH),
122.6 (4JCF 2.5, 6-ArC), 114.8 (2JCF 21.1, 2-ArC) and 112.9 (2JCF


17.2, 4-ArC). The “C” in “ArC” is the numbered carbon within
that ring and not a carbon attached to the ring. Carbons outside
the ring are italicised when “Ar” is included in the assignment
e.g. 78.4 (4JCF 1.2, ArCH). If there is possible ambiguity as to
which proton or carbon the assignment refers to the appropriate
atom is italicised. When a carbon nucleus is observed to couple
to one other nucleus then it is not referred to as a doublet. Any
greater multiplicity is noted. In some cases quaternary carbons
were not observed in the 13C-NMR spectrum and hence have not
been included in the assignment.


Fig. 6 Difluorostilbene assignments.


Fig. 7 Thiepine assignments.


Protons and carbons which form part of a ring system are
numbered according to the numbering system indicated in Fig. 7.
The exo-cyclic portion is assigned using the labels ipso, ortho,
meta and para. In an instance when a compound contains an
exo-cyclic ring and it is clear which portion an atom belongs
to, but not the exact position, then the label exo is used in the
assignment. In addition if the spectroscopic data relating to, for
example, positions “1” and “9” are homotopic or enantiotopic
(Fig. 7), only position “1” is denoted in the assignment.


When coupling constants refer to the coupling between two
protons, or between two unassigned nuclei, then no subscripts
follow “J”. In NMR spectra of mixtures of compounds, peaks
assignable to each compound are denoted. All solids were white
and all oils colourless unless otherwise stated.


Stilbenes


(3-Fluorobenzyl)triphenylphosphonium bromide. 3-Fluoro-
benzyl bromide (19.5 ml, 0.159 mol) was dissolved in DMF
(87 ml). Triphenylphosphine (45.8 g, 0.175 mol) was added to the
solution and the reaction vigorously stirred at room temperature
overnight. The mixture was poured into toluene (200 ml) and
the suspension filtered. The solid product was dissolved in
dichloromethane (150 ml) and reprecipitated by the addition of
diethyl ether (200 ml). The precipitate was isolated by vacuum
filtration to yield the phosphonium salt as a fine powder (66.3 g,
92.6%); mp >250 ◦C (lit.,32 mp 309–310 ◦C); dH(300 MHz;
DMSO) 7.96–7.89 (3 H, m, ArH), 7.81–7.68 (12 H, m, ArH),
7.36–7.26 (1 H, m, ArH), 7.20–7.11 (1 H, m, ArH), 6.91–6.75 (2
H, m, ArH) and 5.34 (2 H, d, 2JPH 15.9, ArCH); m/z (FAB) 371
(M+, 100%).


E-3,3′-Difluorostilbene 2. Sodium metal (1.12 g, 48.7 mmol)
dissolved in dry ethanol (50 ml) was added to (3-fluorobenzyl)-
triphenylphosphonium bromide (20.0 g, 44.3 mmol) in dry ethanol
(150 ml) under an argon atmosphere. After the exothermic
reaction was complete the solution was allowed to cool to room
temperature and was then added dropwise to the phosphonium
suspension. The mixture was warmed to 40 ◦C and stirred at this
temperature for 0.5 h to produce a deep orange solution. After
allowing the reaction mixture to cool to room temperature 3-
fluorobenzaldehyde (4.70 ml, 44.3 mmol), dissolved in dry ethanol
(40 ml), was added dropwise to the solution. The reaction was
heated to reflux and stirred at this temperature for 0.5 h and
then allowed to cool to room temperature before the dropwise
addition of concentrated hydrochloric acid (30 ml). The solution
was concentrated under reduced pressure, water (50 ml) was added
and the mixture extracted with toluene (3 × 100 ml). The combined
organic extracts were dried (MgSO4) and concentrated under re-
duced pressure. The residue was purified by flash chromatography,
eluting with petroleum ether, to yield a colourless oil.


The oil was dissolved in hot heptane (100 ml) to which a
few small crystals of iodine were added until a strong violet
colour remained. The solution was exposed to direct sunlight
for seven days during which time the solid product crystallised
out of the solution. The suspension was filtered and the crystals
washed with heptane (50 ml). The residue was purified by flash
chromatography, eluting with petroleum ether, and recrystallised
from petroleum ether to yield the trans-stilbene as needles (6.93 g,
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72.4%). This compound was also made by McMurry coupling
(methods A and B).


Method A. Anhydrous 1,2-dimethoxyethane (350 ml) was
added to titanium(III) chloride (25.0 g, 0.162 mol) under an argon
atmosphere. The suspension was heated to reflux and stirred at
this temperature for 1.5 h, the reaction was vigorously mixed
throughout using an overhead mechanical stirrer. The suspension
was allowed to cool to room temperature before dry copper sulfate
(3.10 g, 4.88 mmol) and zinc powder (40.7 g, 0.623 mol) were
added, the reaction heated to reflux and the suspension was stirred
at this temperature for a further two days. The reaction was allowed
to cool to room temperature, 3-fluorobenzaldehyde (4.29 ml,
40.5 mmol) was added and the reaction heated to reflux and stirred
at this temperature for 18 h. The reaction mixture was allowed to
cool to room temperature, diluted with ethyl acetate (3 × 200 ml),
filtered through a pad of Florisil and concentrated under reduced
pressure. The solid residue was dissolved in dichloromethane
and passed through silica. Recrystallisation from petroleum ether
yielded the trans-stilbene as hexagonal plates (3.77 g, 86.2%); mp
86–87 ◦C (from petroleum ether) (lit.,8 mp 86–87 ◦C); dH(300 MHz;
CDCl3) 7.33 (2 H, td, J 7.8 and 4JHF 5.7, 5-ArH), 7.27 (2 H, dt,
J 7.8 and 1.4, 6-ArH), 7.21 (2 H, ddd, 3JHF 7.8, J 2.5 and 1.4,
2-ArH), 7.06 (2 H, s, ArCH) and 6.98 (2 H, tdd, 3JHF 7.8, J 7.8,
2.5 and 1.4, 4-ArH); dC(75.5 MHz; CDCl3) 163.1 (1JCF 246.6, 3-
ArC), 139.2 (3JCF 8.1, 1-ArC), 130.2 (3JCF 8.7, 5-ArC), 128.8 (4JCF


2.5, ArCH), 122.6 (4JCF 2.5, 6-ArC), 114.8 (2JCF 21.1, 2-ArC) and
112.9 (2JCF 17.2, 4-ArC).


Method B. Anhydrous 1,2-dimethoxyethane (350 ml) was
added to titanium powder (21.8 g, 0.454 mol) under an argon
atmosphere. Trimethylsilyl chloride (19.3 ml, 0.152 mol) was added
to the suspension, the reaction heated to reflux and vigorously
stirred for five days at this temperature using an overhead
mechanical stirrer. 3-Fluorobenzaldehyde (4.29 ml, 40.5 mmol)
was added to the suspension under reflux and the reaction stirred
at this temperature for a further 3 h. The suspension was allowed
to cool to room temperature. The same work up as previously
described in method A yielded the trans-stilbene as hexagonal
plates (4.84 g, 55.3%).


(3,5-Difluorobenzyl)triphenylphosphonium bromide. 3,5-Di-
fluorobenzyl bromide (10.0 g, 48.3 mmol) was reacted in a
method similar to that used in the synthesis of (3-fluorobenzyl)-
triphenylphosphonium bromide. The product was dried under
vacuum to yield the phosphonium salt as a fine powder (22.4 g,
98.8%); mp >250 ◦C dH(300 MHz; CDCl3) 7.97–7.90 (5 H, m,
PPh3), 7.82–7.70 (10H, m, PPh3), 7.26 (1 H, tdd, 3JHF 8.7, J 4.7
and 2.3, 4-ArH), 6.70–6.64 (2 H, m, 2-ArH) and 5.27 (2 H, d, 2JPH


16.0, ArCH); dC(67.9 MHz; CDCl3) 162.7 (dd, 1JCF 247.3 and
3JCF 4.1, 3 or 5-ArC), 135.9 (4JCP 2.6, para-ArC), 134.6 (3JCP 10.4,
meta-ArC), 132.9 (dd, 2JCP 18.3 and 3JCF 8.2, 1-ArC), 130.8 (2JCP


12.3, ortho-ArC), 117.8 (1JCP 86.2, ipso-ArC), 114.9 (m, 2-ArC)
and 104.7 (t, 2JCF 21.1, 4-ArC) and 27.5 (1JCP 86.2, ArCH);
dF(282.65 MHz, CDCl3) −108.7 (t, 3JHF 8.7); dP(121.6 MHz,
CDCl3) 23.8; m/z (FAB) 389 (M+, 100%).


E-3,3′,5,5′-Tetrafluorostilbene and Z-3,3′,5,5′-tetrafluoro-
stilbene. (3,5-Difluorobenzyl)triphenylphosphonium bromide
(21.0 g, 44.7 mmol) was reacted with 3,5-difluorobenzaldehyde
(5.82 g, 40.7 mmol) in a method similar to that used in the synthesis


of stilbene 2. No attempt was made to isomerise the E : Z mixture.
The crude product was purified by flash chromatography,
eluting with petroleum ether, and recrystallised from petroleum
ether to yield the trans-stilbene as needles (1.29 g, 11.4%); mp
133.5–135 ◦C (from petroleum ether); mmax(CHCl3)/cm−1 1624
(Ar), 1600 (Ar) and 1456 (Ar); dH(300 MHz; CDCl3) 6.74–6.62
(6 H, m, ArH) and 6.66 (2 H, s, ArCH); dC(75.5 MHz; CDCl3)
163.1 (dd, 1JCF 248.2 and 3JCF 13.0, 3-ArC), 139.5 (t, 3JCF 9.9,
1-ArC), 130.3 (t, 4JCF 2.5, ArCH), 111.7 (dd, 2JCF 17.4 and 4JCF


8.1, 2-ArC) and 103.2 (t, 2JCF 25.4, 4-ArC); dF(282.65 MHz,
CDCl3) −109.5 (t, 3JHF 8.2); m/z (CI) 253.0633 (MH+. C14H8F4


requires 253.0640), 252 (MH+ − H, 100%), 233 (MH+ − HF, 31)
and 127 (ArCH2, 22); and the cis-stilbene as fine needles (1.07 g,
9.5%); mp 114–114.5 ◦C (from heptane); mmax(CHCl3)/cm−1 1623
(Ar) and 1597 (Ar); dH(300 MHz; CDCl3) 7.02–6.99 (4 H, m,
ArH), 6.99 (2 H, s, ArCH) and 6.74 (2 H, tt, 3JHF 8.7 and J 2.2,
4-ArH); dC(75.5 MHz; CDCl3) 163.3 (dd, 1JCF 247.6 and 3JCF


13.1, 3-ArC), 139.7 (t, 3JCF 9.4, 1-ArC), 129.0 (ArCH), 109.4 (dd,
2JCF 17.4 and 4JCF 8.1, 2-ArC) and 103.5 (t, 2JCF 26.0, 4-ArC);
dF(282.65 MHz, CDCl3) −109.6 (t, 3JHF 8.7); m/z (EI) 252.0565
(M+. C14H8F4 requires 252.0565) and 232 (M+ − HF, 51%).


(2-Bromobenzyl)triphenylphosphonium bromide. 2-Bromo-
benzyl bromide (96.3 g, 0.385 mol) was reacted in a method
similar to that used in the synthesis of (3-fluorobenzyl)-
triphenylphosphonium bromide. The product was dried under
vacuum to yield the phosphonium salt as a fine powder (186 g,
94.3%); mp 163–168 ◦C (from diethyl ether) (lit.,33 171–174 ◦C);
dH(300 MHz; CDCl3) 7.99–7.90 (3 H, m, ArH), 7.80–7.54 (13 H,
m, ArH), 7.34–7.28 (2 H, m, ArH), 7.22–7.16 (1 H, m, ArH) and
5.21 (2JPH 14.5, ArCH); m/z (FAB) 433 (M+, 99%) and 431 (M+,
100).


E -2,2′ -Dibromostilbene. (2-Bromobenzyl)triphenylphospho-
nium bromide (85 g, 0.166 mol) was reacted with 2-bromobenz-
aldehyde (17.6 ml, 0.151 mol) in a method similar to that used in
the synthesis of stilbene 2. The crude product was purified by flash
chromatography, eluting with petroleum ether, and recrystallised
from petroleum ether to yield the trans-stilbene as needles (43.3 g,
78.1%).


In another experiment 2-bromobenzaldehyde (3.16 ml,
27.1 mmol) was reacted according to method A. The solid residue
was dissolved in dichloromethane and passed through silica.
Recrystallisation from petroleum ether yielded the trans-stilbene
as rectangular plates (3.33 g, 73.2%); mp 109–110 ◦C (from
petroleum ether) (lit.,34 mp 108.0–108.5 ◦C); dH(300 MHz; CDCl3)
7.69 (2 H, dd, J 7.6 and J 1.7, 3-ArH), 7.56 (2 H, dd, J 7.6 and 1.2,
6-ArH), 7.37 (2 H, s, ArCH), 7.30 (2 H, td, J 7.6 and 1.2, 4-ArH)
and 7.12 (2 H, td, J 7.6 and 1.7, 5-ArH); dC(75.5 MHz; CDCl3)
136.7 (1-ArC) 133.0, 130.0, 129.2, 127.6, 127.1 and 124.2 (2-ArC).


In another experiment 2-bromobenzaldehyde (3.16 ml,
27.1 mmol) was reacted in a similar way to method B used in the
synthesis of stilbene 2. The same work up as previously described
yielded the trans-stilbene as rectangular plates (2.01 g, 44.1%).


Diols and protection


(1R,2R)-1,2-Bis(3-fluorophenyl)ethane-1,2-diol. (1R,2R)-1,2-
Bis(3-fluorophenyl)ethane-1,2-diol was prepared by the reported
method8 but was purified by flash chromatography, eluting
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with petroleum ether–ethyl acetate, and recrystallised twice from
petroleum ether–ethyl acetate (70 : 30) to yield the diol as needles
(2.19 g, 95.4%); mp 78–79.5 ◦C (from petroleum ether–ethyl
acetate) (lit.,8 79–80 ◦C); [a]22


D + 103 (c 1.00 in CHCl3) (lit.,8 + 112);
dF(282.65 MHz, CDCl3) −112.8 (td, 3JHF 7.8 and 4JHF 6.2). The
400 MHz 1H-NMR spectrum of the diol prior to recrystallisation
in comparison with a racemic sample, in the presence of Pirkle’s
reagent, indicated an enantiomeric excess of ≥99%.


(1RS,2RS)-1,2-Bis(3-fluorophenyl)ethane-1,2-diol. 3,3′ -Di-
fluorostilbene 2 (500 mg, 2.31 mmol) was reacted in a method
similar to that used in the synthesis of the above diol, except
quinuclidine was used instead of (DHQD)2PHAL and the reaction
was stirred at room temperature throughout. The crude product
was purified by flash chromatography, eluting with petroleum
ether–ethyl acetate, and recrystallised from petroleum ether–ethyl
acetate (90 : 10) to yield the diol as needles (452 mg, 78.1%). Data
were identical to the optically pure compound except: mp 118–
118.5 ◦C (from petroleum ether–ethyl acetate) (lit.,35 118–119 ◦C).


(1R,2R)-1,2-Bis(3,5-difluorophenyl)ethane-1,2-diol. 3,3′,5,5′ -
Tetrafluorostilbene (814 mg, 3.23 mmol) was reacted in a
method similar to that used in the synthesis of (1R,2R)-1,2-bis(3-
fluorophenyl)ethane-1,2-diol. The crude product was purified by
flash chromatography, eluting with petroleum ether–ethyl acetate,
and recrystallised from petroleum ether–ethyl acetate (80 : 20)
to yield the diol as fine needles (861 mg, 93.2%); mp 103–
104.5 ◦C (from petroleum ether–ethyl acetate); [a]22


D +64.5 (c 1.00
in CH2Cl2); mmax(CHCl3)/cm−1 3553 (OH), 3313 br (OH), 1626
(Ar) and 1600 (Ar); dH(300 MHz; CDCl3) 6.76–6.63 (6 H, m,
ArH), 4.62 (2 H, s, ArCH) and 2.68 (2 H, br s, OH); dC(75.5 MHz;
CDCl3) 162.9 (dd, 1JCF 248.9 and 3JCF 12.4, 3-ArC), 143.4 (t, 3JCF


9.1, 1-ArC), 109.8 (dd, 2JCF 25.4 and 4JCF 8.1, 2-ArC), 103.7 (t,
2JCF 25.4, 4-ArC) and 77.9 (t, 4JCF 1.2, ArCH); m/z (CI) 270.0656
([MH]+ − OH. C14H10F4O requires 270.0668) and 269 ([MH]+ −
H2O, 100%).


(1R,2R) - 1,2 - Bis(2 - bromophenyl)ethane - 1,2 - diol. 2,2′ - Di-
bromostilbene (65.0 g, 0.193 mol) was reacted in a method
similar to that used in the synthesis of (1R,2R)-1,2-bis(3-
fluorophenyl)ethane-1,2-diol. The crude product was purified by
flash chromatography, eluting with petroleum ether–ethyl acetate,
and recrystallised from petroleum ether–ethyl acetate (70 : 30)
to yield the diol as needles (68.7 g, 96.0%); mp 107–108.5 ◦C
(from petroleum ether–ethyl acetate) (lit.,34 105.5–106.0 ◦C); [a]22


D


−37 (c 1.20 in ether) (lit.,34 +39.9 for (S,S) enantiomer) and
2,2′-dibromobenzil as a yellow powder (1.49 g, 2.1%); mp 123–
125 ◦C (from petroleum ether–ethyl acetate) (lit.,36 115–120 ◦C);
dH(300 MHz; CDCl3) 8.03–7.98 (2 H, m, ArH), 7.72–7.68 (2 H, m,
ArH), 7.51 (2 H, td, J 7.5 and 2.0, 4 or 5-ArH) and 7.47 (2 H, td,
J 7.5 and 2.0, 4 or 5-ArH); dC(75.5 MHz; CDCl3) 191.1 (ArCO),
134.6, 134.4, 134.1, 133.3, 127.6 and 123.2. The 400 MHz 1H-
NMR spectrum of the dimethyl ether derivative 8 in comparison
with a racemic sample (rac-8), in the presence of Pirkle’s reagent,37


indicated an enantiomeric excess of ≥99%.


(1RS,2RS)-1,2-Bis(2-bromophenyl)ethane-1,2-diol. 2,2′ -Di-
bromostilbene (500 mg, 1.49 mmol) was reacted in a method
similar to that used in the synthesis of (1R,2R)-1,2-bis(3-
fluorophenyl)ethane-1,2-diol. The crude product was purified by
flash chromatography, eluting with petroleum ether–ethyl acetate,


and recrystallised from petroleum ether–ethyl acetate (90 : 10) to
yield the diol as needles (404 mg, 73.4%). Characterisation data
were identical to the enantiomerically pure compound except; mp
121–122 ◦C (from petroleum ether–ethyl acetate) (lit.,34 118.5–
119.0 ◦C).


(1R,2R)-1,2-Bis(3-fluorophenyl)-1,2-dimethoxyethane 3.
(1R,2R)-1,2-Bis(3-fluorophenyl)-1,2-dimethoxyethane 3 was
prepared in the manner reported8 but purified by flash
chromatography, eluting with petroleum ether–ethyl acetate and
recrystallised from petroleum ether–ethyl acetate (90 : 10) to
yield the diether as needles (1.97 g, 97.9%); mp 87.5–88 ◦C (from
petroleum ether–ethyl acetate)(lit.,8 88–88.5 ◦C); [a]22


D −48.2 (c
1.00 in CH2Cl2) (lit.,8 −50.8) dF(282.65 MHz, CDCl3) −113.4 (td,
3JHF 8.4 and 4JHF 5.8).


(1R,2R)-1,2-Bis(3,5-difluorophenyl)-1,2-dimethoxyethane 11.
(1R,2R)-1,2-Bis(3,5-difluorophenyl)ethane-1,2-diol (190 mg,
0.664 mmol) was reacted in a method similar to that used in the
synthesis of diether 3. The crude product was purified by flash
chromatography, eluting with petroleum ether, and recrystallised
from petroleum ether to yield the diether as a powder (202 mg,
96.8%); mp 54–55.5 ◦C (from petroleum ether); [a]22


D −58.4 (c
1.00 in CH2Cl2); mmax(CDCl3)/cm −1 2830 (CO), 1600 (Ar) and
1515 (Ar); dH(300 MHz; CDCl3) 6.64 (2 H, t, 3JHF 8.8, 4-ArH),
6.63–6.56 (4 H, m, ArH), 4.29 (2 H, s, ArCH) and 3.30 (6 H, s,
OMe); dC(75.5 MHz; CDCl3) 162.7 (dd, 1JCF 248.9 and 3JCF 12.4,
3-ArC), 142.0 (t, 3JCF 8.0, 1-ArC), 110.4 (dd, 2JCF 17.4 and 4JCF


8.1, 2-ArC), 103.3 (t, 2JCF 25.4, 4-ArC), 85.7 (t, 4JCF 1.8, ArCH)
and 57.5 (OMe); m/z (CI) 283.0746 ([MH]+ − MeOH. C15H11F4O
requires 283.0746) and 157 (100%).


(1R,2R)-1,2-Bis(2-bromophenyl)-1,2-dimethoxyethane 8.
(1R,2R)-1,2-Bis(2-bromophenyl)ethane-1,2-diol (25.0 g,
67.6 mmol) was reacted in a method similar to that used in
the synthesis of diether 3. The crude product was purified by flash
chromatography, eluting with petroleum ether–ethyl acetate, and
recrystallised from petroleum ether–ethyl acetate (95 : 5) to yield
the diether as rectangular prisms (26.7 g, 99.2%); mp 90–91 ◦C
(from petroleum ether) (lit.,8 85–85.5 ◦C); [a]22


D −107 (c 1.10 in
CH2Cl2) (lit.,8 −109).


(1RS,2RS)-1,2-Bis(2-bromophenyl)-1,2-dimethoxyethane rac-8.
(1RS,2RS)-1,2-Bis(2-bromophenyl)ethane-1,2-diol (300 mg,
0.81 mmol) was reacted in a method similar to that used in the
synthesis of diether 3. The crude product was purified by flash
chromatography, eluting with petroleum ether–ethyl acetate,
and recrystallised from petroleum ether–ethyl acetate (90 : 10)
to yield the diether as rectangular prisms (318 mg, 98.6%).
Characterisation data were identical to the enantiomerically pure
compound except; mp 121–122 ◦C (from petroleum ether–ethyl
acetate) (lit.,8 115.5–116 ◦C).


( 1R,2R ) - 1,2 - Bis( 3 - fluorophenyl ) - 1,2 - bis(methoxymethoxy) -
ethane 10. Chloromethyl methyl ether (0.91 ml, 12.0 mmol) was
added dropwise to a solution of (1R,2R)-1,2-bis(3-fluorophenyl)-
ethane-1,2-diol (1.50 g, 6.00 mmol) in dry dichloromethane (30 ml)
under an argon atmosphere. Hunig’s base (1.57 ml, 9.00 mmol) was
added to the solution and the reaction stirred for 72 h. The reaction
was quenched with 1 M hydrochloric acid (30 ml). The layers
were separated, the aqueous layer extracted with dichloromethane
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(3 × 15 ml) and the combined organic extracts washed with a
saturated sodium chloride solution (30 ml), dried (Na2SO4) and
concentrated under reduced pressure. The residue was purified by
flash chromatography, eluting with petroleum ether–ethyl acetate,
to yield the acetal as an oil (1.71 g, 84.2%); [a]22


D −130 (c 1.00
in CH2Cl2); mmax(film)/cm−1 1614 (Ar), 1592 (Ar), 1488 (Ar) and
1103 (CO); dH(300 MHz; CDCl3) 7.20 (2 H, td, J 8.4 and 4JHF 5.7,
5-ArH), 7.04–6.98 (4 H, m, 2 and 6-ArH), 6.93 (2 H, tdd, 3JHF


8.4, J 8.4, 2.6 and 1.1, 4-ArH), 4.82 (2 H, s, ArCH), 4.58 (2 H,
d, J 6.8, OCHAHBO), 4.54 (2 H, d, J 6.8, OCHAHBO) and 3.09
(6 H, s, OMe); dC(75.5 MHz; CDCl3) 162.6 (1JCF 245.1, 3-ArH),
141.1 (3JCF 6.9, 1-ArC), 129.4 (3JCF 8.0, 5-ArC), 123.2 (4JCF 2.5,
6-ArC), 114.6 (2JCF 21.1, 2-ArC), 114.4 (2JCF 22.3, 4-ArC), 94.6
(OCH2O), 80.1 (4JCF 1.9, ArCH) and 55.3 (OMe); dF(282.65 MHz,
CDCl3) −113.2 (td, 3JHF 8.4 and 4JHF 5.7); m/z (CI) 339.1393
([MH]+. C18H21F2O4 requires 339.1408), 323 ([MH]+ − Me, 2%)
and 245 ([MH]+ − Ar, 100).


(1R,2R) - 1,2 - Bis(2 - bromophenyl) - 1,2 - bis(methoxymethoxy) -
ethane 9. (1R,2R)-1,2-Bis(2-bromophenyl)ethane-1,2-diol
(1.21 g, 3.27 mmol) was reacted in a method similar to that used
in the synthesis of acetal 10. The crude product was purified by
flash chromatography, eluting with petroleum ether–ethyl acetate,
and recrystallised from petroleum ether–ethyl acetate (90 : 10) to
yield the acetal as a powder (1.22 g, 81.6%); mp 76–77 ◦C (from
petroleum ether–ethyl acetate); [a]22


D −134.2 (c 1.00 in CH2Cl2);
mmax(CH2Cl2)/cm −1 2844 (CO), 2825 (CO) 1592 (Ar) and 1568
(Ar); dH(300 MHz; CDCl3) 7.72 (2 H, dd, J 7.7 and 1.7, 3-ArH),
7.50 (2 H, dd, J 7.7 and 1.2, 6-ArH), 7.33 (2 H, td, J 7.7 and 1.2,
4-ArH), 7.12 (2 H, td, J 7.7 and 1.7, 5-ArH), 5.40 (2 H, s, ArCH),
4.40 (4 H, s, OCH2O) and 2.87 (6 H, s, OMe); dC(75.5 MHz;
CDCl3) 137.9 (2-ArC) 132.6 (6-ArC), 131.0 (3-ArC), 129.2
(5-ArC), 127.0 (4-ArC), 123.2 (1-ArC), 95.0 (OCH2O), 76.7
(ArCH) and 55.4 (OMe); m/z (CI) 458.9805 ([MH]+. C18H20Br2O4


requires 458.9807), 397 ([MH]+ − MeOCH2OH, 40%) and 367
(100).


(4R,5R) - 2,2 - Dimethyl - 4,5 - bis(3 - fluorophenyl) - 1,3 - dioxolane
4. (1R,2R) - 1,2 - Bis(3 - fluorophenyl)ethane - 1,2 - diol (1.05 g,
4.20 mmol), was dissolved in anhydrous toluene (30 ml) under
an argon atmosphere. Then 2,2-dimethoxypropane (2.50 ml,
20.4 mmol) and p-toluenesulfonic acid (30.0 mg, 0.174 mmol)
were added to the solution. The reaction was heated to 40 ◦C
and stirred at that temperature for 2 h. 1.25 M sodium hydroxide
(4.2 ml) was added, the solution allowed to cool to room
temperature and stirred overnight. The mixture was extracted
with dichloromethane (3 × 20 ml), dried (MgSO4) and concen-
trated under reduced pressure. The residue was purified by flash
chromatography, eluting with petroleum ether–ethyl acetate, and
recrystallised from petroleum ether–ethyl acetate (95 : 5) to yield
the dioxolane as rectangular plates (1.17 g, 95.2%); mp 146–147 ◦C
(from petroleum ether–ethyl acetate); [a]22


D +40 (c 1.00 in CHCl3);
mmax(CH2Cl2)/cm −1 1615 (Ar) 1594 (Ar), 1453 (Ar), 1374 (CMe2)
and 1142 (CO); dH(300 MHz; CDCl3) 7.33–7.24 (2 H, m, 5-ArH);
7.06–6.98 (4 H, m, 4 and 6-ArH), 6.92 (2 H, dt, 3JHF 8.4 and J 1.3,
2-ArH), 4.69 (2 H, s, ArCH) and 1.67 (6 H, s, OMe); dC(75.5 MHz;
CDCl3) 162.9 (1JCF 245.7, 3-ArH), 139.2 (3JCF 7.4, 1-ArC), 130.0
(3JCF 8.7, 5-ArC), 122.4 (4JCF 3.1, 6-ArC), 115.4 (2JCF 21.1, 2 or
4-ArC), 113.4 (2JCF 22.3, 2 or 4-ArC), 109.9 (OCO), 84.7 (4JCF 1.8,
ArCH) and 27.1 (Me); dF(282.65 MHz, CDCl3) −112.4 (td, 3JHF


8.4 and 4JHF 5.5), m/z (CI) 275.0877 ([MH]+ − Me. C16H13F2O2


requires 275.0844), 233 ([MH]+ − (Me)2CO, 4%) and 57 (100).


(4R,5R) -2,2-Dimethyl -4,5-bis(2-bromophenyl) -1,3-dioxolane
6. (1R,2R) - 1,2 - Bis(2 - bromophenyl)ethane - 1,2 - diol (5.00 g,
13.5 mmol) was reacted in a method similar to that used in the
synthesis of dioxolane 4. The crude product was purified by flash
chromatography, eluting with petroleum ether–ethyl acetate, and
recrystallised from petroleum ether–ethyl acetate (95 : 5) to yield
the dioxolane as rectangular prisms (5.37 g, 96.4%); mp 112–
113 ◦C (from petroleum ether) (lit.,8 114–115 ◦C); [a]22


D −11.7 (c
0.920 in CHCl3) (lit.,8 −11.4).


(1R,2R)-1,2-Bis(3-fluorophenyl)-1,2-bis[(1,1-dimethylethyl)di-
methylsiloxy]ethane 5. (1R,2R)-1,2-Bis(3-fluorophenyl)ethane-
1,2-diol (200 mg, 0.80 mmol) was dissolved in dry dichloro-
methane (10 ml) under an argon atmosphere. tert-Butyldi-
methylsilyl triflate (0.37 ml, 1.60 mmol) was added to the solution,
followed by 2,6-lutidene (0.279 ml, 2.40 mmol). The reaction was
stirred at room temperature overnight. The reaction was quenched
with saturated ammonium chloride solution (2 ml), the layers
separated and the aqueous layer extracted with dichloromethane
(3 × 5 ml). The combined organic extracts were washed with a
saturated sodium chloride solution (10 ml), dried (Na2SO4) and
concentrated under reduced pressure. The residue was purified by
flash chromatography, eluting with petroleum ether-ethyl acetate,
and recrystallised twice from petroleum ether–ethyl acetate (95 :
5) to yield the silyl ether as rectangular plates (284 mg, 97.8%); mp
87–87.5 ◦C (from petroleum ether); [a]22


D −48 (c 1.00 in CH2Cl2);
mmax(CH2Cl2)/cm−1 1588 (Ar), 1482 (Ar), 1366 (CMe3) and 1260
(SiMe); dH(300 MHz; CDCl3) 7.12 (2 H, td, J 8.5 and 4JHF 5.6,
5-ArH), 7.98–6.75 (6 H, m, ArH), 4.71 (2 H, s, ArCH), 0.88
(9H, s, C(Me)3), −0.08 (3 H, s, SiMeAMeB) and −0.20 (3 H, s,
SiMeAMeB); dC(75.5 MHz; CDCl3) 162.2 (1JCF 243.9, 3-ArH),
143.7 (3JCF 7.5, 1-ArC), 128.5 (3JCF 8.4, 5-ArC), 122.9 (4JCF 2.5,
6-ArC), 114.3 (2JCF 21.7, 2 or 4-ArC), 113.9 (2JCF 21.1, 2 or
4-ArC), 78.4 (4JCF 1.8, ArCH), 25.8 (C(CH3)3), 18.1 (C(Me)3),
−5.0 (SiMeAMeB) and −5.2 (SiMeAMeB); dF(282.65 MHz, CDCl3)
−114.6 (td, 3JHF 8.5 and 4JHF 5.6); m/z (CI) 459 ([MH]+ −
HF, 10%), 421.1840 ([MH]+ − (Me)2CH. C23H33F2O2Si2 requires
421.1831), 347 ([MH]+ − TBSOH, 26%), 217 ([MH]+ − 2 ×
TBSOH, 28) and 85 (CH2Cl2, 100).


(1R,2R) - 1,2 - Bis(2 - bromophenyl) - 1,2 - bis[(1,1 - dimethylethyl)-
dimethylsiloxy]ethane 7. (1R,2R)-1,2-Bis(2-bromophenyl)-
ethane-1,2-diol (5.00 g, 13.5 mmol) was reacted in a method
similar to that used in the synthesis of silyl ether 5. The crude
product was purified by flash chromatography, eluting with
petroleum ether–ethyl acetate, and recrystallised from petroleum
ether–ethyl acetate (90 : 10) to yield the silyl ether as rectangular
prisms (7.71 g, 96.1%); mp 145–147 ◦C (from petroleum ether)
(lit.,8 140–141 ◦C); [a]22


D −40.7 (c 1.00 in CH2Cl2) (lit.8 −39.5).


Lithiation experiments


Lithiation and methylation of (1R,2R)-1,2-bis(3-fluorophenyl)-
1,2-dimethoxyethane 3. Diether 3 (28.0 mg, 0.10 mmol) was
dissolved in dry THF (1 ml) under an argon atmosphere and
cooled to −78 ◦C. Then 1.25 M sec-BuLi (0.19 ml, 0.25 mmol)
was added dropwise to the stirred solution. After the addition
was complete the reaction was stirred for 3 h at this temperature.
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Methyl iodide (0.025 ml, 0.4 mmol.) was added, the reaction stirred
for a further 1 h at −78 ◦C before the solution was allowed to
slowly warm to room temperature and stirred overnight. 2 M
potassium hydroxide (2 ml) was added, the solution stirred for
4 h and then diluted with diethyl ether (5 ml). The layers were
separated and the aqueous layer extracted with diethyl ether
(3 × 5 ml). The combined organic extracts were washed with
a saturated sodium chloride solution (25 ml), dried (MgSO4)
and concentrated under reduced pressure. The solid residue was
dissolved in dichloromethane (5 ml), passed through a pad of silica
and concentrated under reduced pressure to yield a yellow oil.
1H-NMR spectroscopy indicated the formation of dimethylated
species (96%); dH(300 MHz; CDCl3) 7.19 (2 H, dd, J 7.9 and 1.3,
6-ArH), 7.10 (2 H, td, J 7.9 and 4JHF 5.5, 5-ArH), 6.88 (2 H, ddd,
3JHF 9.6, J 7.9 and 1.3, 4-ArH), 4.66 (2 H, s, ArCH), 3.28 (6 H, s,
OMe) and 1.76 (6 H, d, 4JHF 2.2, ArCH3); dF(282.65 MHz, CDCl3)
−115.9 (m), and starting material (4%).


Lithiation and methylation of (4R,5R)-2,2-dimethyl-4,5-bis(3-
fluorophenyl)-1,3-dioxolane 4. Dioxolane 4 (35 mg, 0.121 mmol)
was reacted in a method similar to diether 3. 1H-NMR spectro-
scopy indicated the formation of monomethylated species (63%);
dH(300 MHz; CDCl3) 4.68 (d, J 8.4, ArCHACHBAr) and 4.65 (d,
J 8.4, ArCHACHBAr); dF (282.65 MHz, CDCl3) −112.5 (1F, td,
3JHF 9.0 and 4JHF 5.5) and −116.8 (1F, dd, 3JHF 9.0 and 4JHF 5.5),
dimethylated product (31%), dH(300 MHz; CDCl3) 4.64 (s, ArCH);
dF (282.65 MHz, CDCl3) −116.9 (td, 3JHF 9.0 and 4JHF 5.9),
and starting material (6%). A similar experiment, using tert-BuLi
instead of sec-BuLi, gave an identical distribution of products.


Lithiation and methylation of (1R,2R)-1,2-Bis(3-fluorophenyl)-
1,2-bis[(1,1-dimethylethyl)dimethylsiloxy]ethane 5. Silyl ether 5
(30 mg, 0.0627 mmol) was reacted in a method similar to that
used in the reaction of diether 3. 1H-NMR spectroscopy indicated
the formation of monomethylated species (65%), dH(300 MHz;
CDCl3) 4.72 (d, J 4.5, ArCHACHBAr) and 4.70 (d, J 4.5,
ArCHACHBAr); dF (282.65 MHz, CDCl3) −114.8 (1F, td, 3JHF


9.0 and 4JHF 5.5) and −119.2 (1F, dd, 3JHF 9.0 and 4JHF 5.5),
dimethylated product (25%); dH(300 MHz; CDCl3) 4.64 (s, ArCH);
dF(282.65 MHz, CDCl3) −119.4 (dd, 3JHF 9.0 and 4JHF 5.4) and
starting material (10%).


(1R,2R)-1,2-Bis(3,5-difluoro-4-methylphenyl)-1,2-dimethoxy-
ethane. Diether 11 (100 mg, 0.318 mmol) was reacted in a
method similar to that used in the lithiation and methylation of
diether 3, except that the crude product was purified by flash
chromatography, eluting with petroleum ether, to yield the diether
as a yellow oil (92.1 mg, 84.6%); [a]22


D −24.8 (c 1.00 in CH2Cl2);
mmax(CDCl3)/cm −1 2828 (CO), 1585 (Ar), 1559 (Ar) and 1500 (Ar);
dH(270 MHz; CDCl3) 6.56 (4 H, d, 3JHF 7.6, 2-ArH), 4.13 (2 H, s,
ArCH), 3.18 (6 H, s, OMe) and 2.06 (6 H, t, 4JHF 1.7, ArCH3);
dC(67.9 MHz; CDCl3) 161.3 (dd, 1JCF 246.5 and 3JCF 9.3, 3-ArC),
138.0 (t, 3JCF 9.1, 1-ArC), 110.0 (dd, 2JCF 17.1 and 4JCF 9.3, 2-ArC),
86.0 (ArCH), 57.5 (OMe) and 7.0 (t, 3JCF 3.6, ArCH3); m/z (CI)
341.1164 ([MH]+. C18H17O2F4 requires 341.1165), 323 ([MH]+ −
HF, 26%), 311 ([MH]+ − MeOH, 57), and 171 (100).


1,2-Bis(2-bromophenyl)ethane 25. 2-Bromobenzyl bromide
(36.0 g, 0.144 mmol) was dissolved in dry THF (200 ml) under
an argon atmosphere and cooled to −78 ◦C. Then n-BuLi (45 ml
of a 1.6 M solution, 0.072 mmol) was added dropwise to the


stirred solution. After stirring at this temperature for a further
1 h, water (100 ml) was added and the reaction was allowed
to warm to room temperature. The layers were separated and
the aqueous layer extracted with diethyl ether (3 × 50 ml). The
combined organic extracts were washed with a saturated solution
of ammonium chloride (50 ml), dried (MgSO4) and concentrated
under reduced pressure. The crude product was purified by flash
chromatography, eluting with petroleum ether, and recrystallised
from petroleum ether to yield the citenzyl as platelets (22.3 g,
91.1%); mp 81–83 ◦C (from petroleum ether) (lit.,34 83–84 ◦C);
dH(300 MHz; CDCl3) 7.55 (2 H, dd, J 7.9 and 1.6, 3-ArH), 7.26–
7.16 (4 H, m, ArH), 7.10–7.04 (2 H, m, ArH) and 3.04 (4 H, s,
ArCH2); dC(75.5 MHz; CDCl3) 140.6 (1-ArC) 132.8 (ArC), 130.6
(ArC), 127.8 (ArC), 127.4 (ArC), 124.5 (2-ArC) and 36.4 (ArCH2).


General methods


Sulfur diimidazole. Sulfur dichloride (1.72 ml, 27.1 mmol)
was added to dry hexane (30 ml) under an argon atmosphere.
The reaction mixture was cooled to 0 ◦C before the dropwise
addition of 1-(trimethylsilyl)imidazole (6.32 ml, 43.2 mmol).
A white precipitate formed immediately. The suspension was
slowly allowed to warm to room temperature and stirred at this
temperature for 0.5 h. The suspension was filtered under an argon
atmosphere and washed through with more dry hexane (20 ml).
The residual solvent was removed by passing a strong flow of argon
through the precipitate for 0.1 h. Then dry THF (30 ml) was added
to the precipitate under an argon atmosphere. The fine suspension
was immediately added to the prepared lithiated compound. The
yield of sulfur diimidazole was assumed to be quantitative.


Sulfur dibenzotriazole 19. Sulfur dichloride (0.18 ml,
2.26 mmol) was reacted with N-trimethylsilyl-1H-benzotriazole
(0.95 ml, 5.24 mmol) in a method similar to the preparation
of disulfur diimidazole. The yield of sulfur dibenzotriazole was
assumed to be quantitative.


Method C. General procedure for the preparation of the
sulfides by ortho-lithiation. The thiepine precursor (1.80 mmol)
was dissolved in dry THF (5 ml) under an argon atmosphere and
cooled to −78 ◦C. Then sec-BuLi (3.60 ml of a 1.25 M solution,
4.5 mmol) was added dropwise to the stirred solution. After the
addition was complete the solution was stirred for a further 3 h
at −78 ◦C. The electrophile (10.8 mmol) was then added and the
reaction was stirred for a further 1 h at this temperature before
being allowed to warm to room temperature overnight. Water
was added and the reaction stirred for 0.5 h. The layers were
separated and the aqueous layer extracted with dichloromethane
(3 × 10 ml). The combined organic extracts were washed with a
saturated solution of ammonium chloride (10 ml), dried (Na2SO4)
and concentrated under reduced pressure. The crude mixture was
subsequently purified.


Method D. General procedure for the preparation of the
sulfides by bromine–lithium exchange. The thiepine precursor
(1.25 mmol) was dissolved in dry THF (1 ml) under an argon
atmosphere and cooled to −78 ◦C. Then tert-BuLi (2.94 ml of
a 1.70 M solution, 5.0 mmol) was added dropwise to the stirred
solution. After the addition was complete the solution was stirred
for a further 0.5 h at −78 ◦C, allowed to slowly warm to −10 ◦C
and stirred for 0.5 h at this temperature. The solution was recooled
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to −78 ◦C and stirred at this temperature for 0.5 h. The electrophile
(7.50 mmol) was then added and the reaction stirred for a further
1 h at this temperature before being allowed to warm to room
temperature overnight. Water was added and the reaction stirred
for 0.5 h. The layers were separated and the aqueous layer extracted
with dichloromethane (3 × 5 ml). The combined organic extracts
were washed with a saturated solution of ammonium chloride
(5 ml), dried (Na2SO4) and concentrated under reduced pressure.
The crude mixture was subsequently purified.


Method E. General procedure for the preparation of the
unsubstituted sulfides. 2-Bromobibenzyl 25 (2.10 g, 6.18 mmol)
was dissolved in dry THF (20 ml) under an argon atmosphere
and cooled to −78 ◦C. Then n-BuLi (5.44 ml of a 2.5 M solution,
13.6 mmol) was added dropwise to the stirred solution. After the
addition was complete the reaction solution is stirred for a further
0.5 h at −78 ◦C. The electrophile (37.1 mmol) was then added and
the reaction was stirred for a further 1 h at this temperature before
being allowed to warm to room temperature overnight. Water
(10 ml) was added and the reaction stirred for 0.5 h. The layers were
separated and the aqueous layer extracted with dichloromethane
(3 × 10 ml). The combined organic extracts were washed with a
saturated solution of ammonium chloride (10 ml), dried (Na2SO4)
and concentrated under reduced pressure. The crude mixture was
subsequently purified.


Thiepine syntheses


(10R,11R)-4,6-Difluoro-10,11-dimethoxy-10,11-dihydrodibenzo-
[b,f ]thiepine 14. Diether 3 (500 mg, 1.80 mmol) was reacted
according to method C using sulfur diimidazole (1.79 g, 10.8 mmol)
as the electrophile. Purification by flash chromatography, eluting
with petroleum ether–ethyl acetate, and recrystallisation twice
from petroleum ether yielded the sulfide as a powder (265 mg,
47.8%); mp 145–145.5 ◦C (from petroleum ether); [a]22


D +108 (c
1.00 in CH2Cl2); (Found: C, 62.27; H, 4.46; F, 12.66; S, 10.41.
C16H14F2O2S requires C, 62.30; H, 4.50; F, 12.66; S, 10.49%);
mmax(CH2Cl2)/cm −1 2853 (OC–H3), 1573 (Ar) and 1122 (CO);
dH(300 MHz; CDCl3) 7.32–7.19 (4 H, m, 1 and 2-ArH), 6.98 (2 H,
td, 3JHF 8.4, J 8.4 and 1.8, 3-ArH), 5.09 (2 H, s, ArCH) and 3.48
(6 H, s, OMe); dC(75.5 MHz; CDCl3) 161.1 (1JCF 246.4, 4-ArH),
142.5 (11a-ArC), 129.6 (3JCF 8.1, 2-ArC), 125.6 (4JCF 3.1, 1-ArC),
123.0 (2JCF 19.2, 4a-ArC), 114.7 (2JCF 23.6, 3-ArC), 83.1 (4JCF 3.1,
ArCH) and 57.1 (OMe); dF(282.65 MHz, CDCl3) −107.9 (dd,
3JHF 8.4 and 4JHF 5.0); m/z (EI) 308 (M+, 2%) 276 (M+ − MeOH,
98), 244 (M+ − 2 × MeOH, 40) and 233 (100).


In another experiment diether 3 (500 mg, 1.80 mmol) was
reacted according to method C using sulfur dichloride (0.69 ml,
10.8 mmol) as the electrophile. The same purification yielded the
sulfide as a powder (16.6 mg, 3.0%).


(10R,11R)-4,6-Difluoro-10,11-di(methoxymethoxy)-10,11-di-
hydrodibenzo[b,f ]thiepine 20. Diether 10 (159 mg, 0.470 mmol)
was reacted according to method C using sulfur diimidazole
(430 mg, 2.59 mmol) as the electrophile. Purification by flash chro-
matography, eluting with petroleum ether–ethyl acetate yielded
the sulfide as a powder (64.2 mg, 37.1%); mp 122–122.5 ◦C (from
petroleum ether–ethyl acetate); [a]22


D +25.5 (c 1.00 in CH2Cl2);
mmax(CH2Cl2)/cm −1 2825 (CO), 1610 (Ar), 1576 (Ar) and 705
(C–S); dH(300 MHz; CDCl3) 7.29–7.21 (4 H, m, 1 and 2-ArH),


7.01–6.93 (2 H, m, 3-ArH), 5.46 (2 H, s, ArCH), 4.95 (2 H, d,
J 6.8, OCHACHBO), 4.73 (2 H, d, J 6.8, OCHACHBO) and 3.42
(6 H, s, OMe); dC(75.5 MHz; CDCl3) 161.1 (1JCF 246.3, 4-ArH),
142.3 (3JCF 8.0, 11a-ArC), 129.5 (3JCF 8.1, 2-ArC), 126.2 (4JCF 3.7,
1-ArC), 123.2 (2JCF 19.2, 4a-ArC), 114.7 (2JCF 23.5, 3-ArC), 96.1
(OCH2O), 79.6 (4JCF 3.1, ArCH) and 56.1 (OMe); dF(282.65 MHz,
CDCl3) −107.8 (dd, 3JHF 6.5 and 4JHF 3.7); m/z (EI) 368.0900 (M+.
C18H18O4F2S requires 368.0894), 307 (M+ − CH3OCH2OH, 48%),
244 (M+ − 2 × CH3OCH2OH, 28), and 233 (ArSArCH, 100).


(10R,11R)-4,6-Difluoro-10,11-dimethoxy-10,11-dihydrodibenzo-
[b,f ]thiepine 5-oxide 27. Diether 3 (100 mg, 0.360 mmol) was
reacted according to method C using thionyl chloride (1.86 ll,
1.85 mmol) as the electrophile. Purification by flash chromato-
graphy, eluting with petroleum ether–ethyl acetate, and recrystal-
lisation from petroleum ether gave the sulfoxide as a powder
(9.8 mg, 8.4%); mp 87–89.5 ◦C (from petroleum ether); [a]22


D −15
(c 1.00 in CH2Cl2); mmax(CH2Cl2)/cm−1 1597 (Ar), 1574 (Ar) and
1042 (SO); dH(300 MHz; CDCl3) 7.60 (1 H, br d, J 8.2, 1 or
9-ArH), 7.49 (1 H, td, J 8.2 and 4JHF 5.5, 2 or 8-ArH), 7.46 (1 H,
td, J 8.2 and 4JHF 5.5, 2 or 8-ArH), 7.34 (1 H, br d, J 8.2, 1 or
9-ArH), 7.10 (1 H, td, 3JHF 8.2, J 8.2 and 1.3, 3 or 7-ArH), 7.00
(1 H, br t, 3JHF 8.2 and J 8.2, 3 or 7-ArH), 6.75 (1 H, d, J 8.2,
ArCHACHBAr), 4.65 (1 H, d, J 9.0, ArCHACHBAr), 3.63 (3 H, s,
OMeA) and 3.38 (3 H, s, OMeB); dC(75.5 MHz; CDCl3) 159.3 (1JCF


252.0, 4 or 6-ArH), 158.2 (1JCF 246.4, 4 or 6-ArH), 141.5 (3JCF


8.1, 9a or 11a-ArC), 139.0 (3JCF 8.1, 9a or 11a-ArC), 134.2 (3JCF


9.3, 2 or 8-ArC), 133.6 (3JCF 8.8, 2 or 8-ArC), 130.3 (4JCF 3.2, 1 or
9-ArC), 122.2 (4JCF 3.1, 1 or 9-ArC), 116.2 (2JCF 23.6, 3 or 7-ArC),
115.4 (2JCF 21.7, 3 or 7-ArC), 83.8 (4JCF 3.2, ArCAH), 75.6 (4JCF


3.2, ArCBH), 58.8 (OCAH3) and 54.5 (CBH3); dF(282.65 MHz,
CDCl3) −110.9 (1F, dd, 3JHF 9.0 and 4JHF 5.5) and −113.2 (1F, dd,
3JHF 8.2 and 4JHF 5.4); m/z (CI) 325 ([M(C2H5)]+, 10%), 325.0703
([MH]+. C16H15F2O2S requires 325.0710), 293 ([MH]+ − MeOH,
84) and 277 ([MH]+ − SO, 12).


(10R,11R)-4,6-Difluoro-10,11-dimethoxy-10,11-dihydrodibenzo-
[b,f ]thiepine 5-dioxide 12. Diether 3 (100 mg, 0.36 mmol)
was reacted according to method C using sulfuryl dichloride
(0.17 ml, 2.16 mmol) as the electrophile. Purification by flash
chromatography, eluting with petroleum ether–ethyl acetate, and
recrystallisation from petroleum ether yielded the sulfone as a
fine powder (23.0 mg, 18.8%); mp 87–89 ◦C (from petroleum
ether); [a]22


D +72 (c 1.00 in CH2Cl2); mmax(CH2Cl2)/cm−1 2828
(CO), 1597 (Ar) and 1574 (Ar); dH(300 MHz; CDCl3) 7.48 (2 H,
td, J 8.1 and 4JHF 5.4, 2-ArH), 7.27–7.25 (2 H, m, 3-ArH), 6.81
(2 H, dt, J 8.1 and 1.2, 1-ArH), 5.98 (2 H, s, ArCH) and 3.29
(6 H, s, OMe); dC(75.5 MHz; CDCl3) 159.6 (1JCF 260.7, 4-ArC),
138.7 (3JCF 8.1, 11a-ArC), 135.0 (3JCF 10.6, 2-ArC), 134.0 (2JCF


19.2, 4a-ArC), 124.0 (4JCF 3.7, 1-ArC), 117.4 (2JCF 22.9, 3-ArC),
76.7 (4JCF 2.5, ArCH) and 57.9 (OMe); dF(282.65 MHz, CDCl3)
−102.1 (dd, 3JHF 8.1 and 4JHF 5.4); m/z (CI) 341.0652 ([MH]+.
C16H15O4F2S requires 341.0659), 309 ([MH]+ − MeOH, 10%),
277 ([MH]+ − 2MeOH, 59) and 65 (100), (1R,2R)-1,2-bis(2-
chloro-3-fluorophenyl)-1,2-dimethoxyethane 13 as a yellow powder
(48.7 mg, 39.0%); mp 67–71 ◦C (from petroleum ether–ethyl
acetate); [a]22


D −76.9 (c 1.00 in CH2Cl2); mmax(CH2Cl2)/cm−1 2829
(CO), 1594 (Ar) and 1576 (Ar); dH(300 MHz; CDCl3) 7.43
(2 H, dt, J 8.1 and 1.5, 6-ArH), 7.26 (2 H, td, J 8.1 and 4JHF 5.3,
5-ArH), 7.05 (2 H, td, 3JHF 8.1, J 8.1 and 1.5, 4-ArH), 4.93 (2 H, s,
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ArCH) and 3.18 (6 H, s, OMe); dC(75.5 MHz; CDCl3) 157.7 (1JCF


247.6, 3-ArC), 138.0 (3JCF 6.9, 1-ArC), 127.3 (3JCF 8.1, 5-ArC),
124.9 (4JCF 2.5, 6-ArC), 121.2 (4JCF 21.0, 2-ArC), 115.7 (2JCF 21.1,
4-ArC), 81.0 (4JCF 2.5, ArCH) and 57.7 (OMe); dF(282.65 MHz,
CDCl3) −114.0 (dd, 3JHF 8.1 and 4JHF 5.4); m/z (CI) 347.0420
([MH]+. C16H14Cl2F2O2 requires 347.0417), 315 ([MH]+ − MeOH,
25%) and 85 (CH2Cl2, 100), and (1R,2R)-1-(2-chloro-3-fluoro)-
2-(3-fluorophenyl)-1,2-dimethoxyethane as a yellow oil (7.7 mg,
6.9%); [a]22


D −93.7 (c 1.00 in CH2Cl2); mmax(film)/cm−1 2828 (CO),
1599 (Ar) and 1576 (Ar); dH(300 MHz; CDCl3) 7.72–7.60 (2 H,
m, ArH), 7.30–7.20 (3 H, m, ArH), 7.09–7.02 (2 H, m, ArH), 5.84
(1 H, d, J 6.0, ArCHA), 5.03 (1 H, d, J 6.0, ArCHB), 3.29 (3 H, s,
OMeA) and 3.17 (3 H, s, OMeB); dC(75.5 MHz; CDCl3) 159.5
(1JCF 262.3, 3 or 3′-ArC), 157.9 (1JCF 255.3, 3 or 3′-ArC), 140.1
(1-ArC), 137.5 (1-ArC), 135.8 (3JCF 9.9, 5 or 5′-ArC), 127.4 (3JCF


7.8, 5 or 5′-ArC), 126.3 (4JCF 3.2, 6 or 6′-ArC), 125.2 (4JCF 3.6, 6
or 6′-ArC), 121.4 (2JCF 17.7, 2-ArC), 117.6 (2JCF 22.8, ArC), 115.9
(2JCF 21.3, ArC), 80.8 (ArCAH), 78.8 (ArCBH), 58.1 (OMeA) and
57.4 (OMeB); dF(282.65 MHz, CDCl3) −102.0 (1F, dd, 3JHF 10.4
and 4JHF 5.1) and −113.5 (1F, m); m/z (CI) 281.0522 ([MH]+ −
MeOH. C15H11ClF2O requires 281.0545), 173 (FClArCHOMe,
32%) and 139 (ArCHOMe, 84).


(10R,11R)-10,11-Dimethoxy-10,11-dihydrodibenzo[b,f ]thiepine
15. Diether 8 (500 mg, 1.25 mmol) was reacted according to
method D using sulfur diimidazole (2.58 g, 7.50 mmol) as the
electrophile. Purification by flash chromatography, eluting with
petroleum ether–ethyl acetate, and recrystallisation from methanol
and (a,a′,a′′)-trifluorotoluene, yielded the sulfide as fine needles
(130 mg, 38.2%); mp 63–64.5 ◦C (from methanol); [a]22


D −33.2 (c
1.00 in CH2Cl2); mmax(CH2Cl2)/cm−1 2821 (CO), 1588 (Ar), 1573
(Ar) and 700 (C–S); dH(300 MHz; CDCl3) 7.53 (2 H, dd, J 7.6 and
1.0, 1 or 4-ArH), 7.44 (2 H, dd, J 7.6 and 1.6, 1 or 4-ArH), 7.28 (2
H, td, J 7.6 and 1.3, 2 or 3-ArH), 7.13 (2 H, td, J 7.6 and 1.6, 2 or
3-ArH), 5.11 (2 H, s, ArCH) and 3.46 (6 H, s, OMe); dC(75.5 MHz;
CDCl3) 139.4 (4a or 11a-ArC), 136.5 (4a or 11a-ArC), 132.3 (1
or 4-ArC), 130.2 (1 or 4-ArC), 128.2 (2 or 3-ArC), 127.4 (2 or
3-ArC), 83.0 (ArCH) and 56.7 (OMe); m/z (CI) 273.0942 ([MH]+.
C16H17O2S requires 273.0949) and 241 ([MH]+ − MeOH, 100%).


A similar experiment, but using sulfur dibenzotriazole
(990 mg, 3.75 mmol) as the electrophile, yielded (1R,2R)-
1,2-diphenylethane-1,2-dimethoxyethane as a powder (88.6 mg,
29.3%); mp 93–95 ◦C (from petroleum ether) (lit.,38 94–95 ◦C);
[a]22


D +90 (c 1.00 in EtOH); dH(300 MHz; CDCl3) 7.18–7.12 (6
H, m, ArH), 7.02–6.95 (4 H, m, ArH), 4.30 (2 H, s, ArCH) and
3.26 (6 H, s, OMe); dC(75.5 MHz; CDCl3) 138.1 (1-ArC), 127.9
(ArC), 127.8 (ArC), 127.5 (ArC), 87.7 (ArCH) and 57.2 (OMe),
and sulfide 212 as a powder (53.0 mg, 15.6%).


(10R,11R)-10,11-Di(methoxymethoxy)-10,11-dihydrodibenzo-
[b,f ]thiepine 23. Acetal 9 (538 mg, 1.17 mmol) was reacted
according to method D using sulfur diimidazole (1.16 g, 7.02 mmol)
as the electrophile. Purification by flash chromatography, eluting
with petroleum ether–ethyl acetate, yielded the sulfide as an oil
(139 mg, 35.8%); [a]22


D +0.9 (c 4.82 in CH2Cl2); mmax(film)/cm−1


2823 (CO), 1590 (Ar), 1567 (Ar) and 701 (C–S); dH(300 MHz;
CDCl3) 7.52 (2 H, dd, J 7.7 and 1.2, 1 or 4-ArH), 7.47 (2 H,
dd, J 7.7 and 1.5, 1 or 4-ArH), 7.26 (2 H, td, J 7.7 and 1.3, 2
or 3-ArH), 7.11 (2 H, td, J 7.7 and 1.5, 2 or 3-ArH), 5.45 (2 H,
s, ArCH), 4.97 (2 H, d, J 6.8, OCHACHBO), 4.74 (2 H, d, J 6.8,


OCHACHBO), and 3.42 (6 H, s, OMe); dC(75.5 MHz; CDCl3)
139.1 (4a or 11a-ArC), 136.5 (4a or 11a-ArC), 132.4 (1 or 4-ArC),
130.8 (1 or 4-ArC), 127.9 (2 or 3-ArC), 127.3 (2 or 3-ArC), 96.1
(OCH2O), 80.1 (ArCH) and 56.0 (OMe); m/z (EI) 332.1083 (M+.
C18H20O4S requires 332.1082), 301 (M+ − MeOH, 15%), 271 (M+ −
CH3OCH2OH, 86) and 197 (100).


( 10R,11R ) - 10,11 - Dimethylmethylenedioxy - 10,11 - dihydrodi -
benzo[b,f ]thiepine 22. Dioxolane 6 (500 mg, 1.76 mmol) was
reacted according to method D using sulfur diimidazole (1.75 g,
10.56 mmol) as the electrophile. Purification by flash chromatogra-
phy, eluting with petroleum ether–ethyl acetate, yielded the sulfide
as a powder (41.4 mg, 12.0%); mp 42–44 ◦C; [a]22


D −22.0 (c 1.00 in
CH2Cl2); mmax(CH2Cl2)/cm−1 1593 (Ar), 1566 (Ar) and 1126 (CO);
dH(300 MHz; CDCl3) 7.60 (2 H, dd, J 7.7 and 1.5, 1 or 4-ArH),
7.43 (2 H, dd, J 7.7 and 1.2, 1 or 4-ArH), 7.28 (2 H, td, J 7.7 and
1.5, 2 or 3-ArH), 7.19 (2 H, td, J 7.7 and 1.6, 2 or 3-ArH), 5.23
(2 H, s, ArCH) and 1.62 (6 H, s, C(Me)2); dC(75.5 MHz; CDCl3)
138.4 (4a or 11a-ArC), 135.0 (4a or 11a-ArC), 129.3 (1 or 4-ArC),
127.6 (2 or 3-ArC), 127.3 (2 or 3-ArC), 126.4 (1 or 4-ArC), 109.6
(OCO), 78.7 (ArCH) and 27.1 (C(CH3)2); m/z (EI) 284.0875 (M+.
C17H16O2S requires 284.0871), 226 (M+ − (Me)2CO, 81%), and
197 (100).


(10R,11R)-10,11-Bis[(1,1-dimethylethyl)dimethylsiloxy]-10,11-
dihydrodibenzo[b,f ]thiepine 21. Disilyl ether 7 (800 mg,
1.33 mmol) was reacted according to method D using sulfur
diimidazole (1.33 g, 8.00 mmol) as the electrophile. Purification by
flash chromatography (loaded as a solution in petroleum ether),
eluting with petroleum ether–ethyl acetate, and recrystallisation
from petroleum ether yielded the sulfide as needles (118 mg,
18.8%); mp 90–91.5 ◦C (from petroleum ether); [a]22


D +3.3 (c 1.00 in
CH2Cl2); mmax(CH2Cl2)/cm−1 1589 (Ar), 1564 (Ar), 1434 (Si–CH3),
1265 (Si–CH3), and 705 (C–S); dH(300 MHz; CDCl3) 7.79 (2 H, dd,
J 7.6 and 1.0, 1 or 4-ArH), 7.49 (2 H, dd, J 7.6 and 1.4, 1 or 4-ArH),
7.40 (2 H, td, J 7.6 and 1.4, 2 or 3-ArH), 7.26 (2 H, td, J 7.6 and 1.3,
2 or 3-ArH), 5.12 (2 H, s, ArCH), 0.79 (2 H, s, C(Me)3), 0.34 (6 H, s,
SiMeAMeB) and 0.13 (6 H, s, SiMeAMeB); dC(75.5 MHz; CDCl3)
149.2 (4a or 11a-ArC), 136.4 (1 or 4-ArC), 136.3 (4a or 11a-
ArC), 129.8 (2 or 3-ArC), 126.8 (2 or 3-ArC), 126.6 (1 or 4-ArC),
74.7 (ArCH), 27.0 (C(CH3)3), 17.5 (C(Me)3), −2.4 (SiMeAMeB)
and −2.9 (SiMeAMeB); m/z (CI) 473.2362 ([MH]+. C26H41O2SSi2


requires 473.2366) and 205 (100%), 1-(2-bromophenyl)-2-phenyl-
1-[(1,1-dimethylethyl) dimethylsiloxy]ethylene 33 as a yellow oil
(43.9 mg, 8.5%); mmax(film)/cm−1 3054 (C=C–H), 2955 (SiC–
H3), 2928 (SiC–H3), 1585 (Ar), 1557 (Ar) and 1361 (CMe3);
dH(300 MHz; CDCl3) 7.72 (1 H, br d, J 7.7, ArH), 7.59 (2 H,
td, J 8.0 and 1.3, ArH), 7.53 (1 H, dd, J 7.9 and 1.3, ArH),
7.44–7.23 (3 H, m, ArH), 7.32 (1 H, s, ArCH), 7.11 (1 H, br
d, J 7.6 and 1.6, ArH), 0.92 (9 H, s, C(Me3)3 and 0.39 (6 H, s,
Si(CH3)2); dC(75.5 MHz; CDCl3) 143.3 (ArC), 137.4 (ArC), 136.8
(ArC), 136.3 (ArC), 133.9 (ArC), 133.2 (ArC), 128.6 (ArC), 128.3
(ArC), 128.2 (ArC), 127.6 (ArCH), 126.7 (ArC), 126.3 (ArC),
126.0 (ArC), 124.2 (ArC), 27.0 (C(CH3)3), 18.0 (C(Me)3) and
−2.9 (Si(Me)2); m/z (CI) 389.0941 ([MH]+. C20H26OBrSi requires
389.0936), 359 ([MH]+ − 2 × Me, 10%), 317 ([MH]+ − OSi(Me)2,
61), and 73 (100), and another unidentified compound as plates
(35 mg); mp 107–108.5 ◦C (from petroleum ether); [a]22


D −44.5 (c
1.00 in CH2Cl2); mmax(CH2Cl2)/cm−1 3427, 1591, 1586, 1434, 1265,
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657; dH(300 MHz; CDCl3)* 7.80 (2 H, br d, J 7.8), 7.51–7.46 (2 H,
m), 7.42 (1 H, td, J 7.5 and 1.5), 7.35 (1 H, dd, J 7.5 and 1.2), 7.30
(1 H, dd, J 7.5 and 1.2), 7.13 (1 H, td, J 7.9 and 1.6), 5.31 (1 H,
d, J 4.1), 5.15 (1 H, d, J 4.1), 0.82 (9 H, s), 0.32 (3 H, s) and 0.13
(3 H, s); dC(75.5 MHz; CDCl3) 127.8, 127.5, 127.1, 126.3, 123.9,
75.3, 75.1, 27.0, 17.6, −2.1 and −2.9 m/z (CI) 505.1545 ([MH]+.
C25H37O1S3Si2 requires 505.1541), 391 (50%), 381 (48), 333 (91),
331 (86) and 73 (100).


10,11-Dihydrodibenzo[b,f ]thiepine 26. Bibenzyl 25 (2.10 g,
6.18 mmol) was reacted according to method E using sulfur
diimidazole (6.16 g, 37.9 mmol) as the electrophile. Purification by
flash chromatography, eluting with petroleum ether–ethyl acetate,
and recrystallisation from petroleum ether yielded the sulfide as
yellow needles (34.0 mg, 2.6%); mp 47–48 ◦C (from petroleum
ether) (lit.,39 47–50 ◦C); mmax(CH2Cl2)/cm−1 1584 (Ar), 1571 (Ar)
and 703 (C–S); dH(300 MHz; CDCl3) 7.45 (2 H, dd, J 7.9 and
1.1, 4-ArH), 7.20–6.87 (6 H, m, ArH) and 3.04–2.92 (4 H, m,
CHAHA′ CHBHB′ ).


Reactions of diphenyl sulfide


Methyldiphenylsulfonium tetrafluoroborate. Diphenyl sulfide
(0.41 ml, 2.46 mmol) was stirred with silver tetrafluoroborate
(0.50 g, 2.46 mmol) in acetonitrile (2 ml) for 1 h. The suspension
was cooled to 0 ◦C before the dropwise addition of methyl iodide
(0.48 ml, 7.38 mmol). The reaction was stirred at room temperature
for 48 h. The suspension was filtered and the filtrate concentrated
under reduced pressure. Trituration with diethyl ether (5 ml)
yielded the salt as off-white platelets (300 mg, 42.3%); mp 61–
63 ◦C (from diethyl ether) (lit.,40 61–62 ◦C); dH(300 MHz; DMSO)
7.39–7.25 (10 H, m, ArH) and 3.30 (3 H, s, SCH3); dF(282.65 MHz,
DMSO) −147.9 (s, BF4).


Methyldiphenylsulfonium trifluoromethanesulfonate. Methyl
trifluoromethanesulfonate (1.36 ml, 12.0 mmol) was added drop-
wise to a solution of diphenyl sulfide (1.0 ml, 6.0 mmol) in
dry dichloromethane (10 ml) under an argon atmosphere. The
reaction was stirred at room temperature for 48 h. Then 1.25 M
sodium hydroxide (15 ml) was added and the solution stirred
overnight. The layers were separated and the aqueous layer
extracted with dichloromethane (3 × 10 ml). The combined
organic extracts were dried (MgSO4) and concentrated under
reduced pressure. Recrystallisation from ethanol yielded the salt
as platelets (1.94 g, 92.4%); mp 95–96.5 ◦C (from ethanol) (lit.,41


94–97.5 ◦C); dH(300 MHz; DMSO) 7.47–7.32 (10 H, m, ArH) and
3.23 (3 H, s, SMe); dF(282.65 MHz, DMSO) −77.7 (s, CF3).


Diphenyl-N-p-tosylsulfimide. Diphenyl sulfide (0.50 ml,
3.01 mmol) and the tetrabutylammonium salt of chloramine-T
(1.42 g, 3.01 mmol) were dissolved in dichloromethane (30 ml)
and the solution heated to 40 ◦C. The reaction was stirred at
this temperature for 5 h. The solution was allowed to cool to room


* Coupling constants verified by comparison to a spectrum of the
compound run at 400 MHz.


temperature, washed with water, dried (Na2SO4) and concentrated
under reduced pressure. The crude product was recrystallised from
methanol to yield the sulfimide as needles (773 mg, 72.5%); mp
123–124 ◦C (from methanol) (lit.,42 113 ◦C); mmax(CH2Cl2)/cm−1


1556 (Ar) and 930 (S=N); dH(300 MHz; CDCl3) 7.75 (2 H, d,
J 8.1, SO2ArH), 7.65–7.58 (4 H, m, ArH), 7.53–7.40 (6 H, m,
ArH), 7.14 (2 H, d, J 8.1, SO2ArH) and 2.33 (3 H, s, SO2ArCH3);
dC(75.5 MHz; CDCl3) 141.7 (ArC), 141.3 (ArC), 136.5 (ArC),
132.3 (ArC), 129.9 (ArC), 129.1 (ArC), 127.2 (ArC), 126.3 (ArC)
and 21.4 (ArCH3).


In a similar experiment diphenyl sulfide (0.50 ml, 3.01 mmol)
was reacted with chloramine-T trihydrate to yield the sulfimide as
needles (64.0 mg, 6.0%).


In another experiment, to a solution of copper triflate benzene
complex (333 mg, 0.663 mmol, 25 mol%) in dry acetonitrile
(10 ml) was added PhI=NTs (1.09 g, 2.92 mmol) under an argon
atmosphere. Then diphenyl sulfide (0.44 ml, 2.65 mmol) was added
and the solution stirred at room temperature for 48 h. Water (10 ml)
was added, the layers separated and the aqueous layer extracted
with diethyl ether (3 × 10 ml). The combined organic extracts
were dried (MgSO4) and concentrated under reduced pressure.
The crude material was purified by flash chromatography, eluting
with petroleum ether–ethyl acetate, to yield the sulfimide as needles
(586 mg, 62.4%).


Diphenyl sulfimine. Diphenyl-N-p-tosylsulfimine (250 mg,
70.4 mmol) was dissolved in concentrated sulfuric acid (1 ml). As
soon as the sulfimide dissolved the solution was poured into ice
water (10 ml) and sodium hydroxide solution (10 ml) added until
the solution became alkaline. The solution was extracted with
chloroform (2 × 5 ml) and concentrated under reduced pressure.
The residue was once again dissolved in concentrated sulfuric acid
(5 ml). The solution was decolourised with charcoal and sodium
hydroxide added until the solution became alkaline whereupon the
product precipitated out of solution. The suspension was filtered
to yield the free sulfimide as needles (131 mg, 93.2%); mp 56–59 ◦C
(from toluene) (lit.,18 74 ◦C); mmax(CH2Cl2)/cm−1 1557 (Ar) and 934
(S=N); dH(300 MHz; CDCl3) 7.65–7.40 (m, ArH); dC(75.5 MHz;
CDCl3) 145.5 (ArC), 141.1 (ArC), 131.0 (ArC), 131.0 (ArC), 130.4
(ArC), 129.3 (ArC), 129.3 (ArC), 129.2 (ArC), 125.9 (ArC) and
124.7 (ArC).


Diphenylsulfoxamide (2,4,6-trimethyl)phenylsulfonate.Diphenyl
sulfoxide (500 mg, 0.0248 mmol) was dissolved in dry
dichloromethane (20 ml). MSH (800 mg, 37.1 mmol) was added
and the reaction stirred at room temperature overnight. The
residue was washed with water (10 ml), dried (Na2SO4) and
concentrated under reduced pressure. The crude product was
triturated with diethyl ether (5 ml) and filtered to yield the
aminated sulfide as a gum (806 mg, 78.1%); mp 169–173 ◦C (lit.,43


179–183 ◦C); dH(300 MHz; DMSO) 7.40 (4 H, dd, J 7.9 and 3.6,
ArH), 7.27–7.24 (6 H, m, ArH), 6.67 (2 H, s, (CH3)3ArH), 2.43
(6 H, s, ArCH3) and 2.07 (6 H, s, ArCH3).


Reactions of thiepines


(10R,11R)-4,6-Difluoro-10,11-dimethoxy-10,11-dihydrodibenzo-
[b,f ]thiepine 5-oxide 27. Sulfide 14 (30 mg, 0.097 mmol) was
dissolved in dichloromethane (10 ml). 57–86% m-CPBA (32.4 mg)
was dissolved in dichloromethane (5 ml) and dried (MgSO4)
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before its addition to the reaction solution. The reaction was
stirred at room temperature for 2 h. Then 1.25 M sodium
hydroxide (10 ml) was added and the reaction stirred for a further
1 h. The layers were separated and the aqueous layer extracted
with dichloromethane (3 × 30 ml). The combined organic extracts
were dried (MgSO4) and concentrated under reduced pressure.
Purification by flash chromatography, eluting with petroleum
ether–ethyl acetate, and recrystallisation from petroleum ether
yielded the sulfoxide as a powder (31.0 mg, 99%) (characterised in
a previous experiment).


2-Diazomalonic acid dimethyl ester 29. Dimethylmalonate
(5.36 g, 40.6 mmol), triethylamine (5.7 ml, 41.2 mmol) and tosyl
azide (8.0 g, 40.6 mmol) were dissolved in acetonitrile (60 ml).
The solution was stirred at room temperature overnight. The
solution was concentrated under reduced pressure, partitioned
between dichloromethane (100 ml) and water (100 ml) and the
resulting mixture stirred for 1 h at room temperature. The organic
layer was separated, dried (MgSO4) and concentrated under
reduced pressure. Purification by flash chromatography, eluting
with petroleum ether–ethyl acetate, yielded the diazomalonate as
a yellow oil (5.33 g, 83.1%); dH(300 MHz; CDCl3) 3.85 (s, OMe);
m/z (CI) 159 ([MH]+, 35%), 127 ([MH]+ − MeOH, 32) and 101
([MH]+ − CO2Me, 100).


(10R,11R)-10,11-Dimethoxy-10,11-dihydrodibenzo[b,f ]thiepine-
5-ylidene malonic acid dimethyl ester 30. Sulfide 15 (600 mg,
2.21 mmol) and diazodimethylmalonate 29 (418 mg, 2.65 mmol)
were dissolved in dichloromethane (20 ml). Rhodium(II) acetate
(49 mg, 0.111 mmol, 5 mol%) was added and the reaction stirred
at room temperature for 72 h. The reaction was washed with
a saturated sodium chloride solution (20 ml), dried (MgSO4)
and concentrated under reduced pressure. The crude mixture
was subsequently purified by flash chromatography, eluting with
ethyl acetate. The crude material was dissolved in a minimum
amount of ethyl acetate (4 ml) and the impurities reprecipitated
by the addition of petroleum ether (15 ml). The suspension was
filtered and the filtrate concentrated under reduced pressure
to yield the sulfonium ylide as a powder (662 mg, 74.6%); mp
203–204 ◦C (from petroleum ether–ethyl acetate); [a]22


D −118
(c 1.00 in CH2Cl2); mmax(CH2Cl2)/cm−1 2951 (COO–CH3), 2830
(C–O ether), 1716 (C=O), 1475 (OCH2), 1434 (OCH2) and 704
(C–S); dH(300 MHz; CDCl3) 7.77 (1 H, br d, J 8.5, ArH), 7.70
(1 H, br d, J 8.1, ArH), 7.53–7.35 (6 H, m, ArH), 5.07 (1 H, d, J
7.9, ArCHA), 4.82 (1 H, d, J 7.9, ArCHB), 3.62 (6 H, br s, CO2Me)
and 3.30 (6 H, s, OMe); dC(75.5 MHz; CDCl3) 166.8 (CO2Me),
136.2 (4a or 5a-ArC), 135.5 (4a or 5a-ArC), 133.1 (ArC), 132.8
(ArC), 130.2 (ArC), 128.9 (ArC), 127.1 (ArC), 126.7 (ArC),
83.8 (ArCAH), 80.8 (ArCBH), 57.4 (OCAH3), 57.0 (OCBH3), 55.1
(SC(CO2Me)2) and 51.1 (CO2CH3); m/z (CI) 403.1207 ([MH]+.
C21H23O6S requires 403.1207), 371 ([MH]+ − MeOH, 100%), 339
([MH]+ − 2 × MeOH, 12) and 271 ([MH]+ − H2C(CO2Me)2, 72).


2-Diazamalonic acid dibenzyl ester. Dibenzylmalonate (12.5 g,
47.7 mmol) was reacted in a similar way to dimethylmalonate.
Purification by flash chromatography, eluting with petroleum
ether–ethyl acetate, yielded the diazomalonate as an off-white
powder (12.1 g, 88.1%); dH(300 MHz; CDCl3) 7.39–7.30 (5 H,
m, ArH), 5.27 (2 H, s, ArCH); m/z (EI) 181 (M+ − BnOH, 12%),
107 (BnO, 46) and 91 (Bn, 100).


(10R,11R)-10,11-Dimethoxy-10,11-dihydrodibenzo[b,f ]thiepine-
5-ylidene malonic acid dibenzyl ester 32. Sulfide 15 (1.21 g,
4.45 mmol) and diazodibenzylmalonate (1.49 g, 5.34 mmol) were
reacted using a similar method to that used in the synthesis of
the ylide 30. The crude mixture was subsequently purified by
flash chromatography, eluting with ethyl acetate. The product
was dissolved in a minimum amount of ethyl acetate (10 ml) and
the impurities reprecipitated by the addition of petroleum ether
(50 ml). The suspension was filtered and the filtrate concentrated
under reduced pressure to yield the sulfonium ylide as a powder
(1.69 g, 67.7%); mp 117–118 ◦C (from petroleum ether–ethyl
acetate); [a]22


D −9 (c 1.00 in CH2Cl2); mmax(CH2Cl2)/cm−1 2820
(CO), 1717 (C=O), 1557 (Ar), 1519 (Ar) and 1454 (OCH2);
dH(300 MHz; CDCl3) 7.78 (1 H, d, J 7.9, ArH), 7.69 (1 H, d, J
7.8, ArH), 7.46 (2 H, td, J 7.4 and 1.1, ArH), 7.41 (2 H, td, J 7.4
and 1.1, ArH), 7.33–7.27 (2 H, m, ArH), 7.19 (10H, m, exo-ArH),
5.11 (4 H, br s, OCH2Bn), 5.02 (1 H, d, J 7.7, ArCHA), 4.79 (1 H,
d, J 7.7, ArCHB), 3.34 (3 H, s, OMeA) and 3.22 (3 H, s, OMeB);
dC(75.5 MHz; CDCl3) 166.8 (CO2Bn), 137.2 (ipso-ArC), 136.1 (4a
or 5a-ArC), 135.5 (4a or 5a-ArC), 133.2 (ArC), 132.7 (ArC), 132.6
(ArC), 130.7 (ArC), 130.2 (ArC), 128.9 (ArC), 128.1 (exo-ArC),
127.6 (ArC), 127.3 (ArC), 127.2 (exo-ArC), 126.9 (ArC), 83.7
(ArCAH), 80.8 (ArCBH), 65.2 (OCH2Bn), 57.5 (OCAH3), 56.9
(OCBH3) and 55.0 (SC(CO2Me)2); m/z (CI) 555.1850 ([MH]+.
C33H31O6S requires 555.1841), 447 ([MH]+ − BnOH, 28%), 241
([MH]+ − CH2(CO2Bn)2, 58) and 91 (Bn, 72).


9-(1,3-Dioxolane)-9H-thioxanthene 24. Dioxolane 22 (137 mg,
0.413 mmol) was dissolved in ethylene gylcol (5 ml). Toluene-
p-sulfonic acid (156 mg, 0.907 mmol) was added and the
solution heated to 80 ◦C. The reaction was stirred at this
temperature overnight. The solution was allowed to cool to
room temperature, washed with water (5 ml), dried (MgSO4)
and concentrated under reduced pressure. Purification by flash
chromatography, eluting with petroleum ether–ethyl acetate, and
recrystallisation from petroleum ether yielded the sulfide as a
powder (76.1 mg, 68.3%); mp 160–161 ◦C (from petroleum
ether); mmax(CH2Cl2)/cm−1 2891 (CO), 1616 (Ar) and 1588 (Ar);
dH(300 MHz; CDCl3) 7.40–7.35 (4 H, m, ArH), 7.26–7.21 (4 H,
m, ArH), 5.21 (1 H, dd, J 6.6, ArCH), 4.13 (1 H, dd, J 6.6,
CH(OCH2)2) 3.91–3.81 (2 H, m, OCHAHBCHA′ HB′ O) and 3.79–
3.76 (2 H, m, OCHAHBCHA′ HB′ O); dC(75.5 MHz; CDCl3) 133.1
(4a or 10a-ArC), 132.6 (4a or 10a-ArC), 130.7 (ArC), 127.4 (ArC),
126.5 (ArC), 126.3 (ArC), 101.9 (ArCH), 65.2 (CH2CH2) and
53.9 (CH(OCH2)2); m/z (EI) 270.0710 (M+. C15H14O2S requires
270.0715), 197 (M+ − CH(OCH2)2, 88%) and 73 (100).
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Bis(azafulvene) was isolated in 55% yield by the reaction of 4 equivalents of phenyllithium with
5,5′-diformyl-3,3′,4,4′-tetraethyl-2,2′-bipyrrole followed by quenching with acetic anhydride. Unstable
bis(azafulvene)s were obtained in much higher yields by dehydrating 5,5′-bis(hydroxymethyl) derivatives
of 2,2′-bipyrrole and gem-dimethyl-2,2′-dipyrrylmethane with (Boc)2O–DMAP at room temperature.
X-Ray crystallography of two bis(azafulvene)s is reported.


Introduction


Azafulvene has long appeared in the literature of pyrrole
chemistry.1–5 It was postulated as an intermediate in the nucle-
ophilic substitution reactions at the 2-pyrrolylmethyl position and
some trapping experiments of azafulvene have been reported.1,2


However, neither parent azafulvene nor simple alkyl-substituted
azafulvene has yet been isolated, although there have been known
azafulvenes substituted with an amino group at the exo-double
bond or involved in larger cyclic p-conjugation systems such as
porphyrinoids.5 Thus, the structure and properties of azafulvene
have remained to be clarified in nonbenzenoid chemistry. Aza-
fulvene is a conjugate base of the azafulvenium ion which is
one of the most important intermediates for constructing por-
phyrinoids. It is usually generated from 2-(aminomethyl)pyrrole
or 2-(hydroxymethyl)pyrrole derivatives under acid catalysis. It is
believed that nature uses this strategy in the conversions from
porphobilinogen (PBG) to (hydroxymethyl)bilane and then to
uroporphyrinogen III (see Scheme 1).6 However, undesired side
reactions are frequently observed in the porphyrinoid synthesis
under acidic conditions required to generate azafulvenium ions.
For example, dipyrrylmethanes undergo acid-catalyzed decompo-
sition to monomeric pyrroles with the intermediacy of azafulve-
nium ions.7 Since azafulvene is of great importance not only as a
fundamental member in nonbenzenoid chemistry but also due to
its high potential in the synthesis of porphyrinoids under neutral
conditions, a convenient preparative method for azafulvene is
highly desired.


Results and discussion


Synthesis of bis(azafulvene)s


5,5′-Diformyl-3,3′,4,4′-tetraethyl-2,2′-bipyrrole 2 was reacted with
phenyllithium (4 equiv.) at −70 ◦C and the resulting solution was
quenched with acetic anhydride to give bis(azafulvene) 6a in 55%
yield.8 This reaction is explained in terms of the O-acetylation
of the tetraanionic intermediate 3 followed by elimination of
acetate ion (see Scheme 2). Although the yield of 6a is not high,
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Scheme 1 Azafulvenium ion and azafulvene.


Scheme 2 Synthesis of bis(azafulvene)s. Reagents: i, DMF, POCl3; ii,
PhLi; iii, H2O; iv, Ac2O; v, ArCONMe2, POCl3; vi, NaBH4; vii, (Boc)2O,
DMAP.


quenching 3 with water instead of acetic anhydride gave the diol
5a in 95% yield. Therefore, the N-acetylation of 3 or the instability
of azafulvene under these strongly basic reaction conditions may
be problematic. A new synthetic method allowing preparation
of azafulvene with functional groups is of great importance,
because azafulvene is a unique precursor for functional materials
based on the porphyrinoid structure. As bis(azafulvene) is a
dehydrated form of the diol, it occurred to us to examine some
reactions of the diol with dehydrating reagents. When 5a was
allowed to react with di-tert-butyl dicarbonate (2.5 molar equiv.)
under the catalysis of N,N ′-dimethylaminopyridine (5 mol%)
at room temperature in 2 h, 6a was obtained in 92% yield.
Scope of this new azafulvene synthesis would be expanded if
diols with various functional groups were available without using
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organolithium reagents. Thus, 3,3′,4,4′-tetraethyl-2,2′-bipyrrole
1 was converted into 5,5′-bis(p-nitrobenzoyl)-3,3′,4,4′-tetraethyl-
2,2′-bipyrrole 4b in 86% yield by using Vilsmeier-type aroylation.9


Then, 4b was reduced quantitatively to the corresponding diol
5b with NaBH4 according to the procedure used for 5,5′-diaroyl-
2,2′-dipyrrylmethanes by Lindsey and co-workers.10 Dehydration
of 5b proceeded smoothly with (Boc)2O–DMAP in CH2Cl2 at
room temperature for 1.5 h to give 83% yield of bis(azafulvene)
6b. This aroylation–reduction–dehydration sequence afforded
bis(azafulvene) 6c having p-methoxyphenyl substituents in 70%
overall yield from 1. This dehydration reaction worked well for the
diol 8 derived from gem-dimethyldipyrrylmethane to give gem-
dimethylbis(azafulvenyl)methane 9 in 98% yield (see Scheme 3).
The one-pot procedure of adding phenyllithium to dialdehyde 7
followed by quenching with Ac2O did not work well, because
9 formed in a lower yield, was difficult to precipitate and was
degraded during purification procedures.


Scheme 3 Synthesis of bis(azafulvenyl)methane.


1H and 13C NMR chemical shifts of bis(azafulvene)s, 6a and 9,
assigned on the basis of the 2D CH-correlation experiments are
summarized in comparison with those of the corresponding diols,
5a and 8, in Table 1. Large chemical shift changes observed for
the methine carbon and the methine proton clearly indicate the
hybridization change from sp3 for diol to sp2 for bis(azafulvene).
It is remarkable that the chemical shift of one of the pyrrole-a
carbons is shifted by ca. 50 ppm to the higher frequency region
upon going from diol to bis(azafulvene). This is indicative of
the electron deficient character of bis(azafulvene)s. The chemical
shift due to the phenyl ortho-proton of bis(azafulvene) is also in
the remarkably high frequency region, which is diagnostic of the
formation of bis(azafulvene).


Dehydration reaction


1H NMR monitoring of the dehydration reaction of 5b with
(Boc)2O–DMAP in CDCl3 indicated that conversion from 5b to an
alkyl carbonate intermediate was completed within a few minutes
at room temperature as shown in Fig. 1(b). This is supported by
the disappearance of the OH signal at 2.25 ppm and the high


Table 1 Selected NMR chemical shifts (dH and dC) of bis(azafulvene)s
(6a, 9) and diols (5a, 8) in CDCl3 at 20 ◦C


5a 6a 8 9


Position dC dH dC dH dC dH dC dH


Pyrrole-a 120.4 — 168.8 — 134.2 — 182.3 —
Pyrrole-b 122.5 — 141.7 — 102.7 5.69 126.9 6.62
Pyrrole-b′ 122.8 — 147.6 — 106.5 5.98 139.2 7.06
Pyrrole-a′ 128.0 — 154.8 — 141.8 — 155.0 —
Methine 68.2 5.95 131.5 6.98 69.2 5.31 134.7 6.89
Phenyl-ipso 142.2 135.9 141.2 135.4
Phenyl-ortho 128.6 7.40 133.0 8.33 128.0 7.32 133.1 8.34
Phenyl-meta 126.1 7.36 128.5 7.42 126.2 7.29 128.9 7.43
Phenyl-para 127.6 7.28 129.9 7.38 127.4 7.27 130.2 7.38


Fig. 1 1H NMR spectral changes by the addition of (Boc)2O
(2.5 equiv.)–DMAP (5 mol%) to 5b in CDCl3: (a) before addition;
(b) just after addition; (c) 50 min after addition; (d) 100 min after addition.


frequency shift of the NH signal at 7.5 ppm to two signals at
7.65 and 7.70 ppm. This signal splitting means that the magnetic
nonequivalence of a meso form and a (±)-form is enhanced by
the carbonation of the hydroxyl group of 5b. The alkyl carbonate
was a transient species and gradually changed to 6b in 2 h at
room temperature. Remarkably high frequency chemical shifts at
7.01 ppm of the methine proton next to the phenyl group of 6b is
characteristic of azafulvene.


This smooth reaction from the alkyl carbonate intermediate to
bis(azafulvene) can be explained in terms of a seven-membered
cyclic transition state which facilitates proton transfer from the
pyrrole nitrogen to the carbonyl oxygen in conjugation with
electron flow from the pyrrole p-bonding orbital to the anti-
bonding r*-orbital of the C–O bond (see Scheme 4). The overlap
of these two orbitals is a stereoelectronic requirement for this
elimination reaction. Steric repulsion between the aryl group and
the pyrrole b-position drives equilibrium between two possible
conformations, syn-10 and anti-10, of the cyclic transition state
to one side. This results in the formation of bis(azafulvene)s
with the syn-relationship of the aryl group and the pyrrole
nitrogen, which was confirmed by X-ray crystallographic analysis


Scheme 4 Synthesis of bis(azafulvenyl)methane.
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as shown in Fig. 2 and Fig. 3. It is remarkable that predominance
of syn-10 over anti-10 is retained even if the b-pyrrole position is
not substituted. However, the syn–anti isomerization of 9 occurred
at room temperature in several hours in solution, when additional
signals due to isomer(s) were observed at 7.08 and 6.59 ppm for
the b-pyrrole protons, at 6.91 ppm for the methine proton, and at
1.80 ppm for CH3 in CDCl3. The presence of the ethyl group at
the b-pyrrole position prohibited this isomerization in the cases
of 6a–6c. The observed stereoselective formation of syn-9 and the
subsequent syn–anti isomerization argue for the cyclic transition
state in the carbonate elimination as shown in Scheme 4 because a
simple SN1-like pathway would directly lead to a mixture of syn-9
and anti-9.


Fig. 2 ORTEP drawings of 6a with 50% thermal ellipsoids and atom
numbering scheme; a top view (top) and a side view (bottom). N(1′) is at
equivalent position (1 − x, −y, 1 − z).


X Ray crystal structures


Fig. 2 shows the X-ray structure of 6a where the molecule lies
about an inversion center. Therefore, the N–Ca–Ca–N torsion
angle of 6a is exactly 180◦. The phenyl ring is tilted by 8.36◦


with respect to the pyrrole plane. Thus, 6a is a planar molecule
allowing effective p-conjugation. Fig. 3 shows the X-ray structure
of 9 where the molecule lies with its central carbon atom C(12) on a


Fig. 3 ORTEP drawings of 9 with 50% thermal ellipsoids and atom
numbering scheme. N(1′) is at equivalent position (1 − x, −y, z).


crystallographic twofold axis. The angle between the mean pyrrole
plane and the mean phenyl plane is 16.90◦ in the case of 9. The
bond alternation in the azafulvene structure is seen by the single
bond character for the Ca–Cb bonds (1.481 and 1.469 Å for 6a;
1.456 and 1.447 Å for 9) and the double bond character for the Cb–
Cb bond (1.349 Å for 6a; 1.331 Å for 9) of the pyrrole ring, which is
in contrast to the structure of normal pyrrole (1.357 Å for the Ca–
Cb bond; 1.423 Å for the Cb–Cb bond).11 The distance of the exo
double bond (1.351 Å for 6a and 1.350 Å for 9) is very similar to
that reported for dimethylfulvene Me2C=C(CH=CH)2 (1.344 Å)
and phenylfulvene PhCH=C(CH=CH)2 (1.362 Å) (Table 2).12,13


Conclusions


Azafulvene derivatives not stabilized by heteroatom substitution
were obtained for the first time and their X-ray structures
were presented here. Bis(azafulvene) and bis(azafulvenyl)methane
described here are regarded as the best known models for
understanding the parent azafulvene structure. We have devel-
oped a versatile synthetic method for bis(azafulvene)s through
the dehydration of 2-(hydroxymethyl)pyrrole derivatives with
(Boc)2O–DMAP. The bis(azafulvene)s having functional groups
were prepared in good yields to illustrate the utility of this synthetic
method. These compounds are of interest, since bis(azafulvene)
can react with a-free pyrroles under neutral conditions without
using catalyst to give porphyrinoids.8


Experimental


General


Melting points were measured with a YANACO micro melting
point apparatus. 1H NMR and 13C NMR spectra were recorded


Table 2 Selected bond lengths (Å) with e.s.d.s of 6a and 9 in comparison with those of pyrrole, dimethylfulvene and phenylfulvenea


Bond 6a 9 Pyrroleb Dimethyl-fulvenec Phenyl-fulvened


C(1)–C(2) 1.481 (2) 1.456 (3) 1.357 1.435 1.455
C(2)–C(3) 1.349 (2) 1.331 (3) 1.423 1.346 1.341
C(3)–C(4) 1.469 (2) 1.447 (3) 1.357 1.440 1.468
C(4)–C(5) 1.351 (2) 1.350 (3) — 1.344 1.362
X(1)–C(1) 1.310 (2) 1.306 (2) 1.365 1.346 1.359
X(1)–C(4) 1.404 (2) 1.404 (3) 1.365 1.440 1.463


a X = N for 6a and 9; X = CH for dimethylfulvene and phenylfulvene. b Taken from ref. 11. c Taken from ref. 12. d Taken from ref. 13.
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on a Varian Inova 400 spectrometer (400 MHz). Chemical shifts
were referenced with respect to (CH3)4Si (0 ppm) and CDCl3


(77.05 ppm) as an internal standard. The UV-visible spectra were
measured on a JASCO V-570 spectrometer. Elemental analyses of
C, H, and N were made with a YANACO MT-5 CHN recorder.
EI-MS spectra were measured with a Shimadzu QP-2000A mass
spectrometer. Solvents were purified prior to use by conventional
methods. CDCl3 was passed through basic Al2O3 before use.
Other chemicals were of reagent grade and used as received. 5,5′-
Diformyl-3,3′,4,4′-tetraethyl-2,2′-bipyrrole 2 and 5,5′-diformyl-
gem-dimethyldipyrrylmethane 7 were synthesized according to the
literature method.14


5,5′-Bis(phenylhydroxymethyl)-3,3′,4,4′-tetraethyl-2,2′-bipyrrole
(5a)


Phenyllithium (8.8 mmol; 1 mol L−1 solution in cyclohexane–
diethyl ether) was added dropwise to a dry THF solution (30 mL)
of the dialdehyde 2 (1.66 mmol) at −50 ◦C under argon. The color
changed from orange to brown. After the reaction mixture was
stirred at −50 ◦C for 2.5 h, it was gradually warmed to room
temperature in 1 h and stirring was continued for a further 1 h at
room temperature. The deep brown solution was quenched with
water (20 mL) showing a color change to purple and then yellow.
The reaction mixture was repeatedly extracted with diethyl ether.
The organic layer was washed with water and then with brine.
After drying over anhydrous Na2SO4, the solvent was removed
under reduced pressure and the residue was precipitated by adding
hexane to a cold diethyl ether solution to give 5a as a brown
powder. Yield 95% (obtained as a mixture of a meso form and a ±
form). Mp 138–140 ◦C. NMR dH (CDCl3) 7.53 (br, 2H), 7.4–7.2
(m, 10H), 5.95 (s, 2H), 2.52 (q, 4H), 2.32 (q, 4H), 2.07 (s, 2H), 1.11
(t, 6H) and 0.97 (t, 6H); dC (CDCl3) 142.2, 128.6, 128.0, 127.6,
126.1, 122.8, 122.5, 120.4, 68.2, 17.9, 17.4, 16.8 and 16.3. MS (EI)
m/z 438 (M+ − H2O) and 420 (M+ − 2H2O). Elemental analysis,
calcd (%) for C30H36N2O2: C, 78.91; H, 7.95; N, 6.13. Found: C,
78.78; H, 8.07; N, 6.00.


6,6′-Diphenyl-3,3′,4,4′-tetraethyl-2,2′-bis(azafulvene) (6a)


Phenyllithium (8.4 mmol; 1 mol L−1 solution in cyclohexane–
diethyl ether) was added dropwise to a dry THF solution (30 mL)
of the dialdehyde 2 (1.68 mmol) at −50 ◦C under argon. After the
reaction mixture was stirred at −50 ◦C for 2.5 h, it was gradually
warmed to room temperature in 1 h and stirring was continued
for further 1 h at room temperature. To the deep brown solution
were added triethylamine (10.0 mmol) and then acetic anhydride
(8.4 mmol). After stirring for 30 min, water (20 mL) and hexane
(20 mL) was added and the reaction mixture was partitioned. The
organic layer was washed with brine and then dried over anhydrous
K2CO3. The solvent was removed under reduced pressure and the
residue was washed with methanol to give 6a as brown powder.
Yield 55%. Mp 170–175 ◦C. NMR dH (CDCl3) 8.33 (d, 4H), 7.44–
7.37 (m, 6H), 6.98 (s, 2H), 3.01 (q, 4H), 2.65 (q, 4H), 1.28 (t, 6H)
and 1.24 (t, 6H); dC (CDCl3) 168.8, 154.8, 147.6, 141.7, 135.9,
133.0, 131.5, 129.9, 128.5, 19.4, 17.7, 16.8 and 15.2. MS (EI) m/z
420 (M+). Elemental analysis, calcd (%) for C30H32N2: C, 85.67;
H, 7.67; N, 6.66. Found: C, 85.75; H, 7.93; N, 6.44. UV-Vis (kmax


(CH2Cl2)/nm (e/dm3 mol−1 cm−1): 414 (4.07 × 104).


5,5′-Bis(p-nitrobenzoyl)-3,3′,4,4′-tetraethyl-2,2′-bipyrrole (4b)


N,N ′-Dimethyl-p-nitrobenzamide (5.0 mmol) was dissolved in
POCl3 (7.5 mmol) at 45 ◦C under argon and the solution was
stirred for 24 h at room temperature. 3,3′,4,4′-Tetraethyl-2,2′-
bipyrrole (0.85 mmol) dissolved in dry dichloroethane (5 ml) was
added at once to the above solution. After the resulting reaction
mixture was stirred at room temperature for 30 h, saturated K2CO3


aqueous solution was added carefully and the two-phase mixture
was stirred for 15 min at room temperature and then for 3 h at
reflux. The organic layer was separated, washed with water, dried
over K2CO3, and evaporated to give red oil. Silica gel flush column
with CH2Cl2–diethyl ether (10 : 1) gave 4b as a light yellow powder.
Yield 86%. Mp 238–240 ◦C. NMR dH (CDCl3) 8.91 (s, 2H), 8.36
(d, 4H, J = 8.8 Hz), 7.84 (d, 4H, J = 8.8 Hz), 2.56 (q, 4H), 2.47
(q, 4H), 1.12 (t, 6H) and 1.01 (t, 6H). MS (EI) m/z 542 (M+).
Elemental analysis, calcd (%) for C30H30N4O6: C, 66.41; H, 5.57;
N, 10.33. Found: C, 66.09; H, 5.47; N, 10.26.


5,5′-Bis(p-nitrophenyl(hydroxy)methyl)-3,3′,4,4′-tetraethyl-2,2′-
bipyrrole (5b)


NaBH4 (9.40 mmol) was added in portions to a solution of
4b (0.18 mmol) in THF–methanol (1 : 1, 12 ml) under argon.
The mixture was stirred at room temperature for 3 h, then it
was partitioned between water and CH2Cl2. The organic layer
was washed with water, dried over K2CO3, and evaporated.
Crystallization from CH2Cl2–hexane afforded 5b as an orange
powder. Yield 98% (obtained as a mixture of a meso form and a ±
form). NMR dH (CDCl3) 8.20 (d, 4H, J = 8.8 Hz), 7.56 (d, 4H,
J = 8.8 Hz), 7.52 (br, 2H), 6.03 (s, 2H), 2.52 (q, 4H), 2.32 (q, 4H),
2.25 (s, 2H), 1.13 (t, 6H) and 0.97 (m, 6H). Elemental analysis,
calcd (%) for C30H34N4O6: C, 65.92; H, 6.27; N, 10.25. Found: C,
65.83; H, 6.43; N, 10.38.


6,6′-Di-p-nitrophenyl-3,3′,4,4′-tetraethyl-2,2′-bis(azafulvene) (6b)


To a mixture of the diol 5b (0.17 mmol) and 4-dimethyl-
aminopyridine (0.009 mmol) was added a dry CH2Cl2 solution
(14 ml) of di-tert-butyl dicarbonate (0.44 mmol) under argon.
After stirring for 1.5 h at room temperature, the color of the
solution turned from orange to red. Hexane (30 ml) was added
and the mixture was condensed to make complete precipitation of
6b. Yield 83%. Mp 234 ◦C (decomposed). NMR dH (CDCl3) 8.45
(d, 4H, J = 9.0 Hz), 8.26 (d, 4H, J = 9.0 Hz), 7.01 (s, 2H), 2.97
(q, 4H), 2.66 (q, 4H), 1.25 (t, 6H) and 1.27 (t, 6H). MS (EI) m/z
510 (M+). Elemental analysis, calcd (%) for C30H30N4O4: C, 70.57;
H, 5.92; N, 10.97. Found: C, 70.63; H, 5.93; N, 10.99.


5,5′-Bis(p-methoxybenzoyl)-3,3′,4,4′-tetraethyl-2,2′-bipyrrole (4c)


Yield 84%. Mp 100–102 ◦C. NMR dH (CDCl3) 8.66 (s, 2H), 7.73
(d, 4H, J = 8.8 Hz), 6.98 (d, 4H, J = 8.8 Hz), 3.89 (s, 6H), 2.68
(q, 4H), 2.57 (q, 4H) and 1.11 (m, 12H). MS (EI) m/z 512 (M+).
Elemental analysis, calcd (%) for C32H36N2O4: C, 74.97; H, 7.08;
N, 5.46. Found: C, 75.19; H, 7.48; N, 5.17.
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5,5′-Bis(p-methoxyphenyl(hydroxy)methyl)-3,3′,4,4′-tetraethyl-
2,2′-bipyrrole (5c)


Unstable compound obtained as a mixture of a meso form and
a ± form. dH (CDCl3) 7.60 (s, 2H), 7.30 (d, 4H, J = 8.8 Hz), 6.87
(d, 4H, J = 8.8 Hz), 5.90 (s, 2H), 3.79 (s, 6H), 2.49 (m, 4H), 2.33
(q, 4H), 2.12 (br, 2H), 1.11 (t, 6H) and 0.98 (m, 6H).


6,6′-Di-p-methoxyphenyl-3,3′,4,4′-tetraethyl-2,2′-bis(azafulvene)
(6c)


Yield 85% (overall from 4c). Mp 192–194 ◦C. NMR dH (CDCl3)
8.33 (d, 4H, J = 9.3 Hz), 6.94 (d, 4H, J = 9.3 Hz), 6.93 (s, 2H),
3.88 (s, 6H), 3.02 (q, 4H), 2.64 (q, 4H), 1.28 (t, 6H) and 1.23 (t,
6H). MS (EI): m/z 480 (M+). Elemental analysis, calcd (%) for
C32H36N2O2·H2O: C, 77.08; H, 7.68; N, 5.62. Found: C, 76.68; H,
7.61; N, 5.43.


gem-Dimethyl-5,5′-bis(phenyl(hydroxy)methyl)-2,2′-
dipyrrylmethane (8)


Phenyllithium (18.8 mmol; 1 mol L−1 solution in cyclohexane–
diethyl ether) was added dropwise to a dry THF solution (26 ml) of
5,5′-diformyl-gem-dimethyldipyrrylmethane 7 (2.31 mmol) cooled
at −65 ◦C under argon. After stirring for 1.5 h at −65 ◦C and
then for 1.5 h at room temperature, water (10 ml) was added.
The reaction mixture was extracted with diethyl ether, and the
organic layer was washed with brine and dried over anhydrous
K2CO3. Hexane was added to the diethyl ether solution and then
condensation under reduced pressure gave white precipitates. Yield
95% (obtained as a mixture of a meso form and a ± form). Mp
126–130 ◦C. NMR (a major component) dH (CDCl3) 10.00 (br,
2H), 7.35–7.25 (m, 10H), 5.98 (t, 2H, J = 3.0 Hz), 5.69 (t, 2H, J =
3.0 Hz), 5.31 (d, 2H, J = 7.1 Hz), 1.94 (d, 2H, J = 7.4 Hz) and
1.59 (s, 6H); dC (CDCl3) 141.8, 134.2, 106.5, 102.7, 141.2, 128.0,
127.4, 126.2, 69.2, 36.1 and 30.2. MS (EI) m/z 350 (M+ − 2H2O).
Elemental analysis, calcd (%) for C25H26N2O2: C, 77.69; H, 6.78;
N, 7.25. Found: C, 77.91; H, 7.07; N, 7.11.


6,6′-Diphenyl-2,2′-bis(azafulvenyl)-gem-dimethylmethane (9)


To a mixture of the diol 8 (0.53 mmol) and 4-dimethyl-
aminopyridine (0.028 mmol) was added a dry ether solution
(8 ml) of di-tert-butyl dicarbonate (1.57 mmol) under argon.
After stirring for 3 h at room temperature, the color of the
solution turned bright yellow. Aqueous K2CO3 solution (8 mL,
0.02 mol L−1) was added to the reaction mixture and it was
extracted with diethyl ether. After drying over anhydrous K2CO3,
hexane (5 ml) was added to the ether solution and condensed under
reduced pressure. A small amount of precipitate formed at first and
was removed by filtration and the filtrate was evaporated to give
an oily substance 9. It was solidified by storing in a refrigerator
at −20 ◦C. Yield 98%. NMR dH (CDCl3) 8.33 (d, 4H), 7.43 (t,
4H) 7.38 (t, 2H), 7.06 (d, 2H, J = 4.5 Hz), 6.89 (s, 2H), 6.62
(d, 2H, J = 4.5 Hz) and 1.82 (s, 6H); dC (CDCl3) 182.3, 154.9,
139.2, 126.9, 135.4, 133.1, 130.2, 128.9, 134.7, 42.5 and 24.9. MS
(EI) m/z 350 (M)+. Elemental analysis, calcd (%) for C25H22N2: C,
85.68; H, 6.33; N, 7.99. Found: C, 85.48; H, 6.39; N, 8.17. UV-Vis
(kmax (CH2Cl2)/nm (e/dm3 mol−1 cm−1): 350 (4.07 × 104).


X-Ray crystallography


A Bruker Smart 1000 diffractometer equipped with a CCD
detector was used for data collection. An empirical absorption
correction was applied using the SADABS program. The structure
was solved and refined by full-matrix least-squares calculations
on F 2 using the SHELXTL 97 program package.15 6a was
recrystallized by slow evaporation of a solution of CH2Cl2–
acetone: C30H32N2, M = 420.58, orthorhombic, space group Pbca,
a = 14.883(4), b = 7.830(2), c = 20.587(3) Å, V = 2399.0(11)
Å3, Z = 4, Dcalc = 1.164 g cm−3, l(Mo-Ka) = 0.067 mm−1, T =
294(2) K, crystal size 0.20 × 0.20 × 0.20 mm. A total of 2409
unique reflections were collected (4.0 < 2h < 53.9◦) using graphite-
monochromated Mo-Ka radiation. After structure solution by the
direct method, 209 parameters were refined for all non-hydrogen
atoms anisotropically and all hydrogen atoms isotropically. R1 =
0.0410, wR2 = 0.977 for 1472 reflections with I > 2.00r(I); R1 =
0.0793, wR2 = 0.1166 for all data. GOF (on F 2) = 1.010. 9 was
recrystallized by slow evaporation of a solution of THF–hexane:
C25H22N2, M = 350.45, orthorhombic, space group Fdd2, a =
17.135(3), b = 38.228(8), c = 6.1877(12) Å, V = 4053.1(14) Å3,
Z = 8, Dcalc = 1.149 g cm−3, l(Mo-Ka) = 0.067 mm−1, T =
295(2) K, crystal size 0.45 × 0.20 × 0.05 mm. A total of 2076
unique reflections were collected (4.3 < 2h < 54.6◦) using graphite-
monochromated Mo-Ka radiation. After structure solution by the
direct method, 167 parameters were refined for all non-hydrogen
atoms anisotropically and all hydrogen atoms isotropically. R1 =
0.0392, wR2 = 0.0884 for 1359 reflections with I > 2.00r(I); R1 =
0.0749, wR2 = 0.1039 for all data. GOF (on F 2) = 1.008. CCDC
reference numbers 294434 and 294435. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b518340e.
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Heterodimeric compounds based on tethering the PPARc
agonist Rosiglitazone to the RXR ligand Targretin have been
prepared.


The peroxisome proliferator-activated receptors (PPARs) are
transcription factors that play key roles in the body’s utilization
and storage of dietary fats.1 When these nuclear hormone recep-
tors are activated by ligand binding, they heterodimerize with
retinoic acid X receptors (RXRs)2 to induce the transcription of
genes encoding enzymes involved in fatty acid synthesis, storage,
and metabolism (including b- and x-oxidation, transport, and
intracellular binding).3 Because either PPAR or RXR ligands can
initiate this process,4 the simultaneous administration of agonists
for both PPAR and RXR results in greater activity than expected
based on a simple summation of the effects of the two individual
compounds.5 In addition, designed molecules combining the 2,4-
thiazolidinedione ring of PPARc ligands with the hydrophobic
moiety of RXR agonists have demonstrated a similar synergism
in effectiveness in biological assays.6


Therefore, we now report the synthesis of heterodimeric com-
pounds 1a–f, which are based on the PPARcagonist, Rosiglitazone
(2) and the RXR ligand Targretin (3). Rosiglitazone is an agent
used in the treatment of non-insulin dependent diabetes mellitus
(NIDDM, or type II diabetes), and Targretin has also shown anti-
NIDDM activity.7,8 For the tethers, polyethylene glycol chains of
various lengths are used, because they are commercially available,
stable, and soluble in water. Oligomers containing up to six
glycol units provide a total length of approximately 21 Å when fully
extended, a length beyond which the effects of increased local con-
centration are minimized. Because the ligand binding sites of the
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Scheme 1 Synthesis of hydroxy-substituted Rosiglitazone derivative 10.


two enzymes lie at approximately this distance,9 the compounds
with shorter tethers may function as antagonists, by preventing
the alignment of the proteins required for heterodimerization. The
choice of tether attachment site was dictated by prior structure–
activity studies on the glitazones10,11 and Targretin analogs.8,12


The synthesis of 1a–f was accomplished via a convergent
strategy, in which the appropriately-functionalized subunits of
Rosiglitazone and Targretin were prepared and then attached to
opposite ends of the tether. While the desired Targretin analog had
been previously reported, the substituted Rosiglitazone derivative
had not; and its preparation (Scheme 1) was based on a recent
modification13 of an earlier route.11 Thus, the synthesis began
with the protection of the amine in commercially available 2-
methylaminoethanol (4) to give compound 514 in a 92% yield.
A Mitsunobu reaction between the alcohol 5 and 4-hydroxy-
benzaldehyde produced the ether 615 in a yield of 80%, and a Kno-
evenagel condensation of this aldehyde with 2,4-thiazolidinedione
provided the benzylidene 2,4-thiazolidinedione 715 in a yield of
84%. The comparison of the chemical shift of the olefinic proton
in 7 to that of a calculated value16 suggested that (z)-isomer of
the alkene was formed, as has been reported previously for similar
systems.11


2082 | Org. Biomol. Chem., 2006, 4, 2082–2087 This journal is © The Royal Society of Chemistry 2006







Unfortunately, a number of subsequent attempts to remove the
Cbz group and reduce the olefin in one step were unsuccessful.
The alkene could be hydrogenated quantitatively with hydrogen
and Pd/C, but the nitrogen was not deprotected under these con-
ditions, even with the use of excess catalyst. Other heterogeneous
and homogeneous catalysts also failed, as did hydrogen transfer
reactions.17 Therefore, a variety of other conditions to remove
the Cbz group were examined; and the combination of PTSA
with trifluoroacetic acid18 was the most effective, removing the
Cbz group in high yield to afford 8,15 which was converted to
919 by hydrogenation. The yield of the subsequent nucleophilic
substitution reaction to produce 10 was disappointing, due to
the thermal decomposition of 9, which occurred faster than
nucleophilic attack on the pyridine functionalized with an electron
donating group.


The assembly of the target compounds is shown in Scheme 2.
First, the hydroxy groups in the oligoethylene glycols 11a–f were
converted into good leaving groups, tosylates, to give 12a–f20 in
high yield. The Targretin derivative was then connected to one end
of the tether by nucleophilic substitution with the deprotonated
oxime 1321 to afford the 14a–f. A second nucleophilic substitution
with the alkoxide derived from 10 produced all six of the target
compounds as their methyl esters 15a–f. However, a series of
attempts to hydrolyze these esters by well documented conditions
did not provide the desired acids. While lithium or potassium
hydroxide22 destroyed the molecules, gentler reagents like lithium
iodide23 and potassium carbonate had no effect on the methyl
ester 1a. Fortunately, acceptable deprotection conditions were
discovered after screening several less well established methods.
With sodium hydride (NaH) in dry, distilled THF, the ester
groups were converted to the corresponding acids 1a–f. While the
mechanism of this reaction has not been determined, it appears not
to involve hydroxide generated from NaH and adventitious water,
because NaH in wet THF also led to decomposition, a finding
that was in line with our previous observation of the sensitivity of
these molecules towards hydroxide.


In summary, a library of tethered Rosiglitazone–Targretin
heterodimers has been prepared by a highly convergent route that
should be easily adaptable to a larger and more diverse set of
compounds as ligands for the PPARc–RXR protein heterodimer.


Experimental


Unless otherwise noted, materials were obtained from commercial
suppliers and were used without further purification. The reactions
requiring anhydrous conditions were performed in oven-dried
glassware which was cooled under argon or nitrogen. Triethy-
lamine was distilled from CaH2 and THF was distilled from
sodium benzophenone ketyl. Ethanol was distilled from Mg, and
acetone was dried over 3 Å molecule sieves. NMR data were
collected at room temperature in CDCl3, DMSO-d6, or CD3OD
referenced to internal nondeuterated solvent.


2-[(N-benzyloxycarbonyl)methylamino]ethanol (5)


To a solution of 2-(methylamino)ethanol (4.4 mL, 54.0 mmol)
in CH2Cl2 (180 mL) were added benzylchloroformate (8.4 mL,
55.9 mmol) and Et3N (9.6 mL, 68.8 mmol) at 0 ◦C. The ice bath
was removed and the reaction mixture was then stirred under
nitrogen for 24 h. The solution was then washed with 10% citric
acid (120 mL) and H2O (2 × 120 mL). The organic phase was dried
with MgSO4, concentrated, and purified by chromatography with
40% EtOAc–hexanes to give 5 as a yellow oil (10.4 g, 92%). 1H
NMR (300 MHz, CDCl3) d 7.37–7.27 (m, 5H), 5.14 (s, 2H), 3.79
(br s, 2H), 3.47 (br s, 2H), 3.00 (s, 3H).


Aldehyde 6


Triphenylphosphine (8.29 g, 31.6 mmol), 5 (5.31 g, 25.4 mmol),
4-hydroxybenzaldehyde (3.77 g, 30.8 mmol), DEAD (5.2 mL,
32.0 mmol), and THF (250 mL) were placed in a 500 mL round-
bottom flask, which was then flushed with N2. After stirring at
room temperature for 24 h, the solvent was removed; and Et2O


Scheme 2 Synthesis of PEG-tethered Rosiglitazone–Targetrin derivatives.
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(250 mL) was added to the residue. After filtration, the ethereal
filtrate was washed with saturated NaHCO3 (2 × 250 mL) and
brine 2 × 250 mL), dried over MgSO4 and filtered. After removal
of the ether, the residue was subjected to chromatography on silica
with 25% EtOAc–hexanes to give compound 6 as a yellow oil
(6.36 g, 80%). 1H NMR (400 MHz, CDCl3) d 9.88 (s, 1H), 7.83–
7.78 (m, 2H), 7.36–7.30 (m, 5H), 7.00–6.90 (m, 2H), 6.91 (d, J =
6.6, 1H), 5.14 (s, 2H), 4.24–4.12 (m, 2H), 3.73–3.68 (m, 2H), 3.08
(s, 3H).


Substituted 2,4-thiazolidinedione 7


In an oven-dried 250 mL round bottom flask, benzaldehyde 6
(6.02 g, 19.2 mmol) and 2,4-thiazolidinedione (3.99 g, 34.0 mmol)
were dissolved in absolute ethanol (70 mL) and anhydrous toluene
(70 mL). Under nitrogen, piperidine (0.5 mL, 5.0 mmol) was
added, and a Dean–Stark trap filled with toluene was fitted on
the flask. The reaction was heated at reflux for 22 h to give a
bright yellow solution. The solvent was removed, and the residue
was dissolved in EtOAc (100 mL). This solution was washed with
brine (2 × 60 mL), dried with MgSO4, concentrated, and purified
by chromatography on silica with 25% EtOAc–hexanes to give 7
as a yellow solid (6.64 g, 84%). 1H NMR (300 MHz, CDCl3) d
8.11 (br s, 1H), 7.79 (s, 1H), 7.47–7.39 (m, 2H), 7.38–7.33 (m, 5H),
7.01–6.87 (m, 2H), 5.14 (s, 2H), 4.26–4.10 (m, 2H), 3.72–3.65 (m,
2H), 3.07 (s, 3H).


p-Toluenesulfonic acid salt 8


A solution of 7 (6.64 g, 16.1 mmol) and PTSA·H2O (4.66 g,
24.5 mmol) in CH2Cl2 (75 mL) and trifluoroacetic acid (61 mL)
was stirred at room temperature for 28 h. The solvent was removed,
and the residue was kept under vacuum for 40 h. This solid can be
used in next step without further purification. Chromatography
on silica with 25% MeOH–CHCl3 provided 8 as a yellow solid
(6.34 g, 88%). 1H NMR (400 MHz, CD3OD) d 7.77 (s, 1H), 7.71
(d, J = 8.4, 2H), 7.56 (d, J = 8.4, 2H), 7.24 (d, J = 8.4, 2H), 7.15
(dd, J = 6.7, 2.0, 2H), 4.34 (t, J = 5.2, 2H), 3.48 (t, J = 5.2, 2H),
2.80 (s, 3H), 2.37 (s, 3H).


5-(4-(2-methylaminoethoxy)benzyl)-2,4-thiazolidinedione
p-toluenesulfonic acid salt (9)


Compound 8 (6.34 g, 14.1 mmol) was dissolved in MeOH (160 mL)
in a medium pressure reaction flask, to which was added 10% Pd/C
(3.48 g, 3.27 mmol). The flask was shaken in a Parr apparatus at
room temperature under 50 psi hydrogen pressure for 4 d. the
mixture was filtered through celite, and the celite was washed with
large amount of MeOH. The filtrate was collected, concentrated,
and purified by chromatography with 25% MeOH–CHCl3 to give
9 as a pale yellow solid (6.37 g, 100%), 1H NMR (400 MHz,
CD3OD) d 7.71 (d, J = 8.0, 2H), 7.24 (d, J = 8.0, 2H), 7.22 (d,
J = 8.8, 2H), 6.96 (d, J = 8.8, 2H), 4.71 (dd, J = 9.2, 8.4, 1H),
4.24 (t, J = 5.2, 2H), 3.43 (t, J = 5.2, 2H), 3.36 (dd, J = 14.4, 8.4,
1H), 3.14 (dd, J = 14.4, 9.2, 1H), 2.78 (s, 3H), 2.37 (s, 3H).


Hydroxy-substituted Rosiglitazone 10


In an oven-dried 25 mL round bottom flask, 9 (0.297 g,
0.643 mmol) was mixed with diispropylethylamine (6 mL),


followed by the addition of 6-chloro-2-pyridinol (86.3 mg,
0.666 mmol). The mixture was heated at reflux under N2 for 24 h.
The solvent was removed, and the yellow residue was dissolved in
CHCl3 (25 mL). The organic phase was washed with H2O (15 mL),
dried over MgSO4, concentrated, and purified by chromatography
on silica with 5% MeOH–EtOAc to give 10 as a yellow solid
(0.240 g, 15%). 1H NMR (400 MHz, CDCl3) d 7.33 (t, J = 8.0,
1H), 7.09 (d, J = 8.8, 2H), 6.80 (d, J = 8.8, 2H), 5.89 (d, J = 8.0,
1H), 5.48 (d, J = 8.0, 1H), 4.34 (dd, J = 8.8, 4.0, 1H), 4.18–4.09 (m,
2H), 3.85–3.64 (m, 2H), 3.31 (dd, J = 14.0, 4.0, 1H), 3.08 (dd, J =
14.0, 8.8, 1H), 3.03 (s, 3H). 13C NMR (100 MHz, CDCl3) d 175.8,
172.4, 164.3, 157.7, 151.7, 143.7, 130.8, 128.8, 114.8, 103.8, 88.7,
65.9, 53.8, 51.3, 38.5, 37.8. MS (FAB+, 3−NBA/Li) m/z (relative
intensity) 397.7 (M+H2O+Li+, 100%) 380.5 (M+Li+, 9%), 378.6
(M+Li−2H+, 16%).


Oligo(ethylene glycol) ditosylates, general procedure


Tosyl chloride (1.05 equiv.) was dissolved in THF to make a
0.1 M solution. The ethylene glycol oligomer (1.00 equiv.) and
triethylamine (1.00 equiv.) were added and the mixture was stirred
under N2 for 24 h. After removal of the solvent, the reside was
dissolved in EtOAc and washed with an equal amount of water.
After drying the organic solution over MgSO4, the solvent was
removed and the residue subjected to chromatography on silica
with 25% (12a–b) 50% (12c–e) or 70% (12e) EtOAc–hexanes.


Ditosylate 12a. White solid (89%). 1H NMR (400 MHz,
CDCl3) d 7.79 (d, J = 8.0, 4H), 7.35 (d, J = 8.0, 4H), 3.53 (s,
4H), 2.44 (s, 6H).


Ditosylate 12b. White solid (100%). 1H NMR (400 MHz,
CDCl3) d 7.78 (d, J = 8.0, 4H), 7.35 (d, J = 8.0, 4H), 4.09 (t,
J = 4.8, 4H), 3.61 (t, J = 4.8, 4H), 2.45 (s, 6H)


Ditosylate 12c. Yellow oil (100%). 1H NMR (400 MHz,
CDCl3) 7.79 (d, J = 11.2, 4H), 7.34 (d, J = 11.2, 4H), 4.14 (t,
J = 6.4, 4H), 3.65 (t, J = 6.4, 4H), 3.53 (s, 4H), 2.44 (s, 6H).


Ditosylate 12d. Yellow oil (80%). 1H NMR (400 MHz, CDCl3)
d 7.79 (d, J = 11.2, 4H), 7.34 (d, J = 11.2, 4H), 4.15 (t, J = 8.0,
4H), 3.68 (t, J = 6.4, 4H), 3.59–3.563 (br s, 8H), 2.44 (s, 6H).


Ditosylate 12e. Yellow oil (83%). 1H NMR (400 MHz, CDCl3)
d 7.79 (d, J = 11.2, 4H), 7.34 (d, J = 11.2, 4H), 4.15 (t, J = 6.4,
4H), 3.68 (t, J = 6.4, 4H), 3.60 (br s, 4H) 3.58 (br s, 8H), 2.44 (s,
6H).


Ditosylate 12f. Yellow oil (81%). 1H NMR (400 MHz, CDCl3)
d 7.79 (d, J = 11.2, 4H), 7.34 (d, J = 11.2, 4H), 4.15 (t, J = 6.4,
4H), 3.68 (t, J = 6.4, 4H), 3.61 (br s, 4H) 3.57 (br s, 12H), 2.44 (s,
6H).


Alkylation of oxime 13. To a solution of oxime 13 (0.04 M
in THF) was added 60% NaH in oil (2 equiv. vs. 13) under
nitrogen. The mixture was stirred at room temperature for 1 h,
and the oligo(ethylene glycol) ditosylate 12 (2 equiv. vs. 13) was
then added. A condenser was fitted on the flask, which was heated
at reflux for 24 h. The yellow solution was diluted with CHCl3 and
washed twice with H2O. The organic layer was dried over MgSO4,
concentrated, and purified by chromatography with 25% (14a–c)
or 50% (14d–f) EtOAc–hexanes.
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Alkylated oxime 14a. Off-white solid (61%). Mp: 45–48◦ C 1H
NMR (300 MHz, CDCl3) d 7.99 (d, J = 8.4, 2H), 7.79 (d, J = 8.4,
2H), 7.49 (d, J = 8.4, 2H), 7.29 (d, J = 8.4, 2H), 7.19 (s, 1H), 6.94
(s, 1H), 4.37 (br s, 4H), 3.95 (s, 3H), 2.42 (s, 3H), 2.04 (s, 3H), 1.73
(br s, 4H), 1.35 (s, 6H), 1.25 (s, 6H).


Alkylated oxime 14b. Off white solid (53%). Mp: 36–39◦ C 1H
NMR (300 MHz, CDCl3) d 7.99 (d, J = 8.4, 2H), 7.76 (d, J = 8.4,
2H), 7.54 (d, J = 8.4, 2H), 7.28 (d, J = 8.4, 2H), 7.17 (s, 1H), 6.93
(s, 1H), 4.24 (t, J = 4.8, 2H), 4.09 (t, J = 4.8, 2H), 3.92 (s, 3H),
3.68 (t, J = 4.8, 2H), 3.56 (t, J = 4.8, 2H), 2.41 (s, 3H), 2.05 (s,
3H), 1.68 (s, 4H), 1.29 (s, 6H), 1.20 (s, 6H).


Alkylated oxime 14c. Colorless liquid (61%). 1H NMR
(400 MHz, CDCl3) d 7.96 (d, J = 8.8, 2H), 7.78 (d, J = 8.8,
2H), 7.53 (d, J = 8.8, 2H), 7.31 (d, J = 8.8, 2H), 7.15 (s, 1H), 6.93
(s, 1H), 4.31 (t, J = 4.8, 2H), 4.11 (t, J = 4.8, 2H), 3.91 (s, 3H),
3.73 (t, J = 4.8, 2H), 3.63 (t, J = 4.8, 2H), 3.50 (br s, 4H), 2.42 (s,
3H), 2.06 (s, 3H), 1.67 (s, 4H), 1.30 (s, 6H), 1.19 (s, 6H).


Alkylated oxime 14d. Colorless liquid (39%). 1H NMR
(400 MHz, CDCl3) d 7.96 (d, J = 8.4, 2H), 7.79 (d, J = 8.4,
2H), 7.53 (d, J = 8.4, 2H), 7.32 (d, J = 8.4, 2H), 7.14 (s, 1H), 6.93
(s, 1H), 4.33 (t, J = 5.2, 2H), 4.13 (t, J = 4.8, 2H), 3.91 (s, 3H),
3.76 (t, J = 5.2, 2H), 3.65 (t, J = 4.8, 2H), 3.54 (br s, 8H), 2.43 (s,
3H), 2.06 (s, 3H), 1.68 (s, 4H), 1.30 (s, 6H), 1.19 (s, 6H).


Alkylated oxime 14e. Colorless liquid (37%). 1H NMR
(300 MHz, CDCl3) d 7.96 (d, J = 8.4, 2H), 7.79 (d, J = 8.4,
2H), 7.53 (d, J = 8.4, 2H), 7.33 (d, J = 8.4, 2H), 7.14 (s, 1H), 6.93
(s, 1H), 4.33 (t, J = 5.1, 2H), 4.14 (t, J = 4.8, 2H), 3.90 (s, 3H),
3.76 (t, J = 5.1, 2H), 3.68 (t, J = 4.8, 2H), 3.58–3.52 (m, 12H),
2.43 (s, 3H), 2.06 (s, 3H), 1.67 (s, 4H), 1.30 (s, 6H), 1.19 (s, 6H).


Alkylated oxime 14f. Colorless liquid (45%). 1H NMR
(300 MHz, CDCl3) d 7.96 (d, J = 8.7, 2H), 7.79 (d, J = 8.4,
2H), 7.53 (d, J = 8.7, 2H), 7.33 (d, J = 8.4, 2H), 7.14 (s, 1H), 6.93
(s, 1H), 4.34 (t, J = 5.1, 2H), 4.15 (t, J = 4.8, 2H), 3.91 (s, 3H),
3.77 (t, J = 5.1, 2H), 3.67 (t, J = 4.8, 2H), 3.60 (br s, 8H), 3.57
(br s, 8H), 2.44 (s, 3H), 2.06 (s, 3H), 1.68 (s, 4H), 1.30 (s, 6H), 1.20
(s, 6H).


Formation of protected heterodimer 15. To a solution of com-
pound 10 (0.07 M in MeOH) was added Cs2CO3 (1.25 equiv.)
under nitrogen. The mixture was gently heated (at about 40 ◦C),
and was stirred for 3 h. The solvent was removed first via
rotary evaporation and then under high vacuum. The residue was
dissolved in DMF to make a 0.09 M solution and compound 14 (1
equiv., 0.05 M in DMF) was added under nitrogen. The solution
was heated at 80–85 ◦C for 18 h. The resulting suspension was
diluted with 3 volumes of CHCl3 and was washed with H2O. The
aqueous layer was separated and was extracted with CHCl3,
and the combined organic layers were dried over MgSO4. The
mixture was filtered, and the filtrate was concentrated via rotary
evaporation; and the DMF was removed via vacuum transfer.
Chromatography of the residue on silica was accomplished with
25% (15a–b), 50% (15c–e), or 70% (15f) EtOAc–hexanes.


Methyl ester 15a. Yellow oil (27%). 1H NMR (400 MHz,
CDCl3) d 7.97 (d, J = 8.4, 2H), 7.54 (d, J = 8.4, 2H), 7.37 (t,
J = 8.0, 1H), 7.15 (s, 1H), 7.09 (d, J = 8.8, 2H), 6.96 (s, 1H),
6.80 (d, J = 8.8, 2H), 6.02 (d, J = 8.0, 1H), 6.01 (d, J = 8.0,


1H), 4.58–4.51 (m, 4H), 4.48 (dd, J = 9.2, 4.0, 1H), 4.16–4.11 (m,
2H), 3.95–3.92 (m, 2H), 3.92 (s, 3H), 3.41 (dd, J = 14.4, 4.0, 1H),
3.12–3.07 (m, 1H), 3.10 (s, 3H), 2.06 (s, 3H), 1.68 (br s, 4H), 1.31
(s, 6H), 1.19 (s, 6H). 13C NMR (100 MHz, CDCl3) d 174.2, 170.5,
167.2, 162.6, 158.5, 157.3, 156.7, 145.5, 142.3, 141.0, 140.3, 133.0,
130.6, 130.5, 130.3, 129.7, 128.1, 127.8, 127.3, 126.7, 114.9, 97.3,
97.2, 73.2, 66.6, 63.9, 53.9, 52.5, 49.7, 38.1, 38.0, 37.9, 35.3, 35.2,
34.3, 34.1, 32.1, 19.6.


Methyl ester 15b. Yellow oil (33%). 1H NMR (400 MHz,
CDCl3) d 7.96 (d, J = 8.4, 2H), 7.54 (d, J = 8.4, 2H), 7.36 (t,
J = 8.0, 1H), 7.14 (s, 1H), 7.11 (d, J = 8.8, 2H), 6.95 (s, 1H), 6.82
(d, J = 8.8, 2H), 6.03 (d, J = 8.0, 1H), 6.01 (d, J = 8.0, 1H), 4.48
(dd, J = 9.2, 4.0, 1H), 4.38–4.32 (m, 4H), 4.14 (t, J = 5.2, 2H),
3.94–3.90 (m, 2H), 3.92 (s, 3H), 3.83 (t, J = 5.2, 2H), 3.75 (t, J =
5.2, 2H), 3.39 (dd, J = 14.4, 4.0, 1H), 3.13 (dd, J = 14.4, 9.2, 1H),
3.09 (s, 3H), 2.07 (s, 3H), 1.68 (br s, 4H), 1.30 (s, 6H), 1.20 (s, 6H).


Methyl ester 15c. Yellow oil (25%). 1H NMR (400 MHz,
CDCl3) d 8.42 (br s, 1H), 7.95 (d, J = 8.4, 2H), 7.53 (d, J =
8.4, 2H), 7.35 (t, J = 8.0, 1H), 7.14 (s, 1H), 7.10 (d, J = 8.8, 2H),
6.93 (s, 1H), 6.82 (d, J = 8.8, 2H), 6.03 (d, J = 8.0, 1H), 6.01
(d, J = 8.0, 1H), 4.46 (dd, J = 8.8, 4.0, 1H), 4.38–4.31 (m, 4H),
4.16–4.11 (m, 2H), 3.96–3.82 (m, 3H), 3.90 (s, 3H), 3.82–3.574 (m,
4H), 3.63–3.56 (m, 4H), 3.35 (dd, J = 14.4, 4.0, 1H), 3.13 (dd, J =
14.4, 8.8, 1H), 3.08 (s, 3H)), 2.06 (s, 3H), 1.67 (s, 4H), 1.30 (s, 6H),
1.19. (s, 6H).


Methyl ester 15d. Yellow oil (25%). 1H NMR (400 MHz,
CDCl3) d 8.56 (br s, 1H), 7.96 (d, J = 8.4, 2H), 7.53 (d, J =
8.4, 2H), 7.35 (t, J = 8.0, 1H), 7.14 (s, 1H), 7.10 (d, J = 8.8, 2H),
6.93 (s, 1H), 6.82 (d, J = 8.8, 2H), 6.03 (d, J = 8.0, 1H), 6.01 (d,
J = 8.0, 1H), 4.46 (dd, J = 8.8, 4.0, 1H), 4.37 (t, J = 4.8, 2H), 4.33
(t, J = 5.2, 2H), 4.13 (t, J = 6.8, 2H), 3.96–3.88 (m, 2H), 3.90 (s,
3H), 3.80–3.73 (m, 4H), 3.68–3.60 (m, 4H), 3.57 (br s, 4H), 3.33
(dd, J = 14.0, 4.0, 1H), 3.14 (dd, J = 14.0, 8.8, 1H), 3.08 (s, 3H),
2.06 (s, 3H), 1.67 (br s, 4H), 1.30 (s, 6H), 1.19 (s, 6H).


Methyl ester 15e. Yellow oil (28%). 1H NMR (300 MHz,
CDCl3) d 8.93 (br s, 1H), 7.96 (d, J = 8.4, 2H), 7.53 (d, J =
8.4, 2H), 7.35 (t, J = 8.1, 1H), 7.14 (s, 1H), 7.10 (d, J = 8.7, 2H),
6.93 (s, 1H), 6.82 (d, J = 8.7, 2H), 6.03 (d, J = 8.1, 1H), 6.00
(d, J = 8.1, 1H), 4.45 (dd, J = 8.7, 3.9, 1H), 4.39–4.30 (m, 4H),
4.18–4.10 (m, 2H), 3.94–3.86 (m, 2H), 3.90 (s, 3H), 3.81–3.74 (m,
4H), 3.66–3.60 (m, 8H), 3.56 (br s, 4H), 3.34 (dd, J = 14.1, 3.9,
1H), 3.15–3.08 (m, 1H), 3.07 (s, 3H), 2.06 (s, 3H), 1.67 (s, 4H), 1.30
(s, 6H), 1.20 (s, 6H). 13C NMR (100 MHz, CDCl3) d 179.8, 174.4,
170.5, 167.1, 162.7, 158.5, 157.3, 156.6, 145.5, 142.4, 140.9, 140.3,
133.0, 130.7 130.6, 130.5, 130.2, 129.8, 128.1, 127.9, 127.3, 126. 6,
115.0, 97.4, 97.2, 74.2, 70.8 (br), 70.1, 69.9, 69.2, 67.3, 66.3, 64.7,
55.0, 53.7, 52.4, 49.7, 37.9, 37.7, 35.4, 35.3, 34.4, 34.2, 32.1 (br),
19.7.


Methyl ester 15f. Yellow oil (19%). 1H NMR (400 MHz,
CDCl3) d 8.86 (br s, 1H), 7.96 (d, J = 8.4, 2H), 7.53 (d, J =
8.4, 2H), 7.36 (t, J = 8.0, 1H), 7.14 (s, 1H), 7.10 (d, J = 8.8, 2H),
6.93 (s, 1H), 6.82 (d, J = 8.8, 2H), 6.03 (d, J = 8.0, 1H), 6.01
(d, J = 8.0, 1H), 4.47 (dd, J = 9.0, 4.0, 1H), 4.38–4.31 (m, 4H),
4.17–4.11 (m, 2H), 3.97–3.90 (m, 2H), 3.90 (s, 3H), 3.80–3.74 (m,
4H), 3.70–3.59 (m, 12H), 3.57 (br s, 4H), 3.33 (dd, J = 14.0, 4.0,
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1H), 3.13 (dd, J = 14.0, 9.0, 1H), 3.07 (s, 3H), 2.06 (s, 3H), 1.67
(s, 4H), 1.30 (s, 6H), 1.19 (s, 6H).


Deprotection of the methyl esters to give the final acids


To a solution of methyl ester 15 (0.04 M in THF), was added
60% NaH in oil (10 equiv.) under nitrogen in one portion. The
suspension was stirred at room temperature for 8 h. The reaction
mixture was quenched with an equal volume of saturated NH4Cl,
and the aqueous layer was adjusted to pH 2 with 1 N HCl.
The mixture was extracted twice with CHCl3, and the combined
organic layers were dried over MgSO4, and concentrated. The
residue was purified by chromatography with 50% (1a–b), 60%
(1c–d), or 70% (1e–f) EtOAc–hexanes.


Heterodimeric ligand 1a. Yellow oil (29%). IR (neat): 3563,
3113, 2959, 1750, 1696, 1596, 1542, 1501, 1300, 1253, 1112, 1065,
1031, 944, 796, 783, 722 cm−1. 1H NMR (400 MHz CDCl3) d 8.01
(d, J = 8.4, 2H), 7.55 (d, J = 8.4, 2H), 7.36 (t, J = 8.0, 1H),
7.14 (s, 1H), 7.06 (d, J = 8.4, 2H), 6.95 (s, 1H), 6.76 (d, J = 8.4,
2H), 6.00 (d, J = 8.0, 2H), 4.56 (t, J = 5.0, 2H), 4.50 (t, J =
5.0, 2H), 4.47 (dd, J = 9.2, 4.0, 1H), 4.13–4.06 (m, 2H), 3.97–3.86
(m, 2H), 3.39 (dd, J = 14.0, 4.0, 1H), 3.11–3.03 (m, 1H), 3.08
(s, 3H), 2.05 (s, 3H), 1.670 (br s, 4H), 1.30 (s, 6H), 1.18 (s, 6H).
13C NMR (100 MHz, CDCl3) d 174.6, 170.8, 170.4, 162.6, 158.5,
157.3, 156.6, 145.5, 142.4, 141.7, 140.3, 132.9, 130.6, 130.3, 130.2,
128.1, 127.7, 127.3, 126.7, 114.9, 97.3, 97.1, 73.2, 66.6, 63.7, 53.9,
49.6, 37.9 (br), 35.3 (br), 34.4, 34.1, 32.1 (br), 19.6. MS (FAB−,
glycerol) m/z (relative intensity): 763.4 (M−H−, 18%), 720.4 (6%),
408.4 (55%), 348.2 (21%), 222.9 (100%). HRMS (FAB−, glycerol)
calcd. for C43H47O7N4S1 ([M−H]−): 763.3165. Found: 763.3192.


Heterodimeric ligand 1b. Yellow oil (42%). IR (neat): 3543,
3194, 2972, 1743, 1690, 1643, 1542, 1508, 1421, 1260, 1119, 1065,
736 cm−1. 1H NMR (400 MHz, CDCl3) d 8.02 (d, J = 8.4, 2H),
7.57 (d, J = 8.8, 2H), 7.36 (t, J = 8.0, 1H), 7.15 (s, 1H), 7.10 (d, J =
8.4, 2H), 6.96 (s, 1H), 6.81 (d, J = 8.4, 2H), 6.03 (d, J = 8.0, 1H),
6.01 (d, J = 8.0, 1H), 4.47 (dd, J = 9.2, 4.0, 1H), 4.38 (t, J = 5.2,
2H), 4.35 (t, J = 5.2, 2H), 4.16–4.10 (m, 2H), 3.94–3.90 (m, 2H),
3.84 (t, J = 5.2, 2H), 3.77 (t, J = 5.2, 2H), 3.40 (dd, J = 14.4, 4.0,
1H), 3.12–3.06 (m,1H), 3.08 (s, 3H)), 2.07 (s, 3H), 1.68 (br s, 4H),
1.31 (s, 6H), 1.20 (s, 6H). 13C NMR (75 MHz, CDCl3) d 174.6,
170.8 170.7, 162.6, 158.5, 157.3, 156.5, 145.5, 142.4, 141.6, 140.2,
132.9, 130.6, 130.3, 129.6, 128.1, 127.8, 127.3, 126.5, 115.0, 97.4,
97.2, 74.2, 70.0, 69.9, 66.4, 64.7, 53.8, 49.6, 37.9, 37.8, 35.3, 35.2,
34.3, 34.1, 32.1 (br), 19.6. MS (FAB−, 3-NBA/Li) m/z (relative
intensity): 815.9 (MLi+, 8%), 809.9 (MH+, 3%), 459.4 (25%), 401.4
(41%), 397.56 (75%), 327.3 (100%). HRMS (FAB+, 3-NBA/Li):
calcd. for C45H53O8N4S1(MH+): 809.3584. Found: 809.3613.


Heterodimeric ligand 1c. Yellow oil (75%). IR (neat): 3543,
3070, 1757, 1703, 1596, 1569, 1542, 1508, 1407, 1253, 1125, 1072,
1025, 836, 790, 769, 722 cm−1. 1H NMR (400 MHz, CD3OD) d 7.91
(d, J = 8.8, 2H), 7.44 (d, J = 8.8, 2H), 7.36 (t, J = 8.0, 1H), 7.19 (s,
1H), 7.11 (d, J = 8.8, 2H), 6.92 (s, 1H), 6.82 (d, J = 8.8, 2H), 6.08
(d, J = 8.0, 1H), 5.96 (d, J = 8.0, 1H), 4.62 (dd, J = 9.2, 4.0, 1H),
4.31 (t, J = 4.8, 2H), 4.28 (t, J = 4.8, 2H), 4.15 (t, J = 6.0, 2H), 3.92
(t, J = 6.0, 2H), 3.74 (t, J = 5.2, 2H), 3.65 (m, 2H), 3.60–3.52 (m,
4H), 3.37–3.35 (m, 1H), 3.070 (s, 3H), 3.06–3.00 (m, 1H), 2.18 (s,
3H), 1.68 (br s, 4H), 1.28 (s, 6H), 1.18 (s, 6H). 13C NMR (75 MHz,
CDCl3) d 177.3, 176.7, 171.4, 162.6, 158.4, 157.3, 156.8, 145.1,


142.1, 141.8, 140.3, 132.8, 130.2 (br), 127.9, 126.8 (br), 126.4 (br),
114.9, 97.4, 97.1, 74.2, 70.8 (br), 69.8 (br), 66.2, 64.4, 60.6, 54.4,
49.8, 38.0 (br), 35.4 (br), 34.3, 34.0, 32.1 (br), 19.6. MS (FAB−,
glycerol) m/z (relative intensity): 852.1 (M−, 61%), 851.1 ([M–H]−


90%), 496.2 (93%), 348.1 (100%). HRMS (FAB−, glycerol): calcd
for C47H55O9N4S1 ([M–H]−): 851.3690. Found: 851.3726.


Heterodimeric ligand 1d. Yellow oil (66%). IR (neat): 3543,
2959, 1750, 1703, 1596, 1575, 1549, 1501, 1414, 1260, 1112, 1058,
1031, 957, 836, 796, 722 cm−1. 1H NMR (400 MHz, CD3OD): d
7.94 (d, J = 8.8, 2H), 7.50 (d, J = 8.8, 2H), 7.36 (t, J = 8.0, 1H),
7.22 (s, 1H), 7.13 (d, J = 8.4, 2H), 6.94 (s, 1H), 6.83 (d, J = 8.4,
2H), 6.08 (d, J = 8.0, 1H), 5.96 (d, J = 8.0, 1H), 4.66 (dd, J = 8.8,
4.0, 1H), 4.33 (t, J = 4.8, 2H), 4.29 (t, J = 4.8, 2H), 4.16 (t, J = 5.6,
2H), 3.92 (t, J = 5.6, 2H), 3.75 (t, J = 4.8, 2H), 3.74 (t, J = 4.8, 2H),
3.612–3.55 (m, 4H), 3.53 (br s, 4H), 3.39–3.32 (m, 1H), 3.09–3.05
(m, 1H), 3.07 (s, 3H), 2.06 (s, 3H), 1.70 (br s, 4H), 1.30 (s, 6H), 1.20
(s, 6H). 13C NMR (100 MHz, CDCl3) d 178.8, 176.7, 168.4, 162.6,
158.2, 157.4, 157.2, 145.0 (br), 142.1, 140.2, 132.7, 130.7, 130.2
(br), 127.8, 126.6 (br), 114.8, 97.3, 97.1, 74.1 (br), 70.8 (br), 69.9
(br), 66.4, 49.7, 38.0 (br), 35.5, 35.3, 34.3, 34.0, 32.1 (br), 19.6. MS
(FAB−, glycerol) m/z (relative intensity): 896.4 (M−, 16%), 895.4
([M–H]−, 24%), 540.3 (100%). HRMS (FAB−, glycerol) calcd for
C49H59O10N4S1 ([M–H]−): 895.3952. Found: 895.3934.


Heterodimeric ligand 1e. Yellow oil (72%). IR (neat): 3543,
3093, 2939, 1750, 1696, 1602, 1542, 1501, 1407, 1360, 1260, 1105,
1025, 944, 796, 722 cm−1. 1H NMR (400 MHz, CDCl3) d 8.02
(d, J = 8.8, 2H), 7.57 (d, J = 8.8, 2H), 7.36 (t, J = 8.0, 1H),
7.16 (s, 1H), 7.11 (d, J = 8.8, 2H), 6.95 (s, 1H), 6.83 (d, J = 8.8,
2H), 6.04 (d, J = 8.0, 1H), 6.01 (d, J = 8.0, 1H), 4.50 (dd, J =
8.4, 4.0, 1H), 4.38 (t, J = 4.8, 2H), 4.35 (t, J = 4.8, 2H), 4.16–
4.11 (m, 2H), 3.98–3.88 (m, 2H), 3.81–3.70 (m, 4H), 3.68–3.63 (m,
4H), 3.61 (br s, 4H), 3.58 (br s, 4H), 3.32 (dd, J = 14.0, 4.0, 1H),
3.18 (dd, J = 14.0, 8.4, 1H), 3.08 (s, 3H), 2.07 (s, 3H), 1.69 (br s,
4H), 1.31 (s, 6H), 1.21 (s, 6H). 13C NMR (100 MHz, CDCl3) d
179.4, 178.2, 174.7, 162.6, 158.4, 157.4, 157.2, 156.6, 147.4, 145.3,
142.2, 140.2 (br), 132.8, 130.6, 130.5, 130.1 (br), 127.9 (br), 127.0,
126.4, 115.0, 97.3, 97.2, 74.1 (br), 70.7 (br), 70.0, 69.8, 66.3, 64.7,
49.6, 37.9, 37.6, 35.4, 35.3, 34.3, 34.1, 32.1 (br), 19.6. MS (FAB−,
glyerol) m/z (relative intensity): 940.6 (M−, 64%), 939. ([M–H]−,
100%). HRMS (FAB−, glycerol) calcd for C51H63O11N4S1 ([M–
H]−): 939.4214. Found: 939.4205.


Heterodimeric ligand 1f. Yellow oil (37%). IR (neat): 3543,
3100, 2946, 1750, 1703, 1602, 1542, 1495, 1407, 1260, 1105, 1025,
951, 796, 736 cm−1. 1H NMR (400 MHz, CDCl3) d 8.01 (d, J =
8.8, 2H), 7.55 (d, J = 8.8, 2H), 7.35 (t, J = 8.0, 1H), 7.15 (s, 1H),
7.10 (d, J = 8.8, 2H), 6.94 (s, 1H), 6.82 (d, J = 8.8, 2H), 6.03
(d, J = 8.0, 1H), 6.00 (d, J = 8.0, 1H), 4.48 (dd, J = 8.8, 4.0,
1H), 4.37 (t, J = 4.8, 2H), 4.34 (t, J = 5.6, 2H), 4.16–4.10 (m,
2H), 3.97–3.87 (m, 2H), 3.80–3.75 (m, 4H), 3.68–3.61 (m, 8H),
3.61 (br s, 4H), 3.57 (br s, 4H), 3.33 (dd, J = 14.4, 4.0, 1H),
3.14 (dd, J = 14.4, 8.8, 1H), 3.07 (s, 3H), 2.06 (s, 3H), 1.68 (br s,
4H), 1.30 (s, 6H), 1.20 (s, 6H). 13C NMR (100 MHz, CD3OD): d
177.5, 173.3, 172.1, 163.9, 159.8, 158.8, 158.1, 146.6, 143.5, 141.4,
141.0, 134.2, 132.4, 131.7, 130.9, 130.8, 130.7, 130.0, 129.1, 127.9,
127.3, 115.8, 98.4, 97.8, 87.8, 75.3, 71.7 (br), 71.1, 70.9, 70.6, 67.3,
65.7, 55.4, 50.5, 38.2, 37.9, 36.5, 36.3, 36.2, 36.1, 35.2, 35.0, 32.5
(br), 32.2, 32.1, 19.8. MS (FAB−, glyerol) m/z (relative intensity):
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983.8 (M−, 11%), 349.3 (100%). HRMS (FAB−, glycerol) calcd for
C53H67O12N4S1 ([M–H]−): 983.4476. Found: 983.4446
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Tosylated and acetylated imidazolinium salts revealed an unexpected reactivity when treated with
methyl iodide or benzyl bromide. Moreover an unprecedented acid-catalysed rearrangement for an
acetylated imidazolinium salt was observed during an anion metathesis.


Introduction


Tetrahydrofolate coenzymes, which are part of a one-carbon
fragment biochemical transfer,1,2 can be mimicked by several
simple imidazolinium salts.3,4 For example, the imidazolinium
iodide salt analogues 1, 2 and 3 (Scheme 1) were first prepared
from the corresponding imidazolines and MeI by Pandit’s group.5


Scheme 1


The much hindered tosylated analogue 3 revealed a different
behaviour than less hindered salts. When heated with an amine,
e.g. benzylamine, the tosyl group was attacked by the nucleophile
and the imidazoline ring left the molecule and was isolated
as the hydrolytic product 5.5 This observation is very rare for
imidazolinium analogues, however very well known for tosylated
imidazolium salts, like 1-(toluenesulfonyl)-3-methylimidazolium
triflate, which has been used as a tosylating reagent for alcohols6


and amines.7,8 The resulting imidazol ring in this reaction is not
hydrolysed.


Moreover, a few chiral imidazolinium salts have recently been
reported as chiral ionic liquids.9,10 However, the examples of this
emerging class of chiral ionic liquids remain few compared to
other types of chiral ionic liquids.11,12 In addition it is possible
to apply 2-phenyl substituted imidazolinium salts as ionic liquids
with strong bases.13


Recently, we have reported the application of some achiral
imidazolinium salts as catalysts for the aza Diels–Alder reaction.14


The salts may be considered as part of the limited number of metal-
free Lewis acids15–21 and could contribute to the important research
field of organocatalysis.22,23 In order to apply chiral analogues
of the salts as catalysts, we were interested in preparing chiral
analogues of 1 and 2, since the electron withdrawing groups
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could increase the catalytic activity of these salts. Here we would
like to discuss some unexpected results along the synthetic route
towards some of the desired chiral tosyl and acetyl substituted
imidazolinium salts, which, to the best of our knowledge, have not
been reported so far.


Results and discussion


First the precursors for the desired salts were prepared. There-
fore, (+)-(R,R)-6,24 prepared from (+)-(R,R)-1,2-diphenyl-1,2-
ethylenediamine,25 was treated with tosyl chloride or acetic acid
anhydride in the presence of triethylamine to give the imidazoline
derivatives (−)-(R,R)-7 and (+)-(R,R)-8 in 90 and 77% yield,
respectively (Scheme 2). In addition imidazoline (+)-(R,R)-9 was
synthesised in 40% yield, by the reaction of methyl chloroformate
with (+)-(R,R)-6 in the presence of sodium hydride (Scheme 2).


Scheme 2
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Moreover, imidazoline (+)-(R,R)-11 was obtained via an acetyla-
tion of (+)-(R,R)-10,26 derived from (+)-(R,R)-1,2-diphenyl-1,2-
ethylenediamine,25 in 77% yield (Scheme 2).


In order to transform imidazoline 8 into the desired salt 12 the
method reported for salts 1 and 2 was applied.5 An excess of methyl
iodide was refluxed with 3 in dichloromethane for 16 h. Therefore
(+)-(4R,5R)-1-acetyl-2,4,5-triphenyl-trans-4,5-dihydroimidazole
(8) yielded (+)-(4R,5R)-1-acetyl-2,4,5-triphenyl-3-methyl-trans-
imidazolinium iodide (12) in 84% (Scheme 3).


Scheme 3


Additionally, imidazolines 7 and 9 were treated the same way.
However, in both cases not the expected salts were found as the
major products. Instead the dimethylated salt 13 was observed
(Scheme 4). In the crude NMR mainly the dimethylated product 13
was detected besides the starting material and the desired product.
The latter could be isolated neither via column chromatography
nor by recrystallisation. When the reaction was performed in
dichloromethane at 85 ◦C in a sealed vessel, only 13 was obtained
from 7 and 9 in quantitative yield. The replacement of methyl
iodide with dimethyl sulfate resulted in both cases in a complex
mixture of compounds. When 11 was treated with methyl iodide
only a complex mixture of compounds was found.


Scheme 4


After these unexpected results 3 equiv. of benzyl bromide was
used in the reaction with 7 and 9, respectively (Scheme 4). A
reaction in refluxing dichloromethane was not observed. When
the reaction was performed at 85 ◦C in a sealed tube, mainly the
dibenzylated product 14 was found next to some starting material.
In acetonitrile a total conversion to 14 took place. The bromide salt
14 was isolated in a yield of 74% after recrystallisation. A repeat of
the reaction in acetonitrile and 1 equiv. of benzyl bromide resulted
in the isolation of the starting material and 14 in a ratio of 1 : 1 by
NMR.


These results may be explained by the following proposed
mechanism (Scheme 5), taking the behaviour of salt 3 (Scheme 1)
into consideration. In the first step the desired product, e.g. 15
is formed. Taking the nucleophilicity of halide anions in polar
aprotic solvents into account, the bromide anion of salt 15 can
attack at the sulfonyl group in a bimolecular substitution reaction.
The formation of tosyl bromide is assisted by the generation of the
very good leaving group, the imidazole 16. In the last step 16 can


Scheme 5


react with another benzyl bromide molecule to the dibenzylated
product 14. The starting material 7 reacts with benzyl bromide far
slower then 16, due to the electron withdrawing tosyl group, which
explains, that even when just 1 equiv. of benzyl bromide was used
14 and 7 were observed. When the reaction was repeated with 0.9
equiv. of benzyl bromide and stopped after 6 h, it was possible to
isolate 16 in 5% yield through column chromatography. For the
reactions involving 9 and methyl iodide a similar mechanism could
be assumed.


In order to transform salt 12 into analogues with different
anions, 12 was stirred in the presence of 1.5 equiv. of KPF6


or LiNTf2 in a mixture of dichloromethane and water. The
organic phase was separated and washed three times with water.
The more lipophilic ion pair remains in the organic solvent. In
the case of LiNTf2 the expected salt 12c was isolated in pure
form in 90% yield (Scheme 6). However, the corresponding PF6


−


salt was isolated in only 48% yield. The result of the simple
anion exchange was quite amazing. In the NMR spectra all
aliphatic signals were twice as much as required and it was found
that the unexpected product (+)-(4R,5R)-1-benzoyl-2,3-dimethyl-
4,5-diphenyl-trans-imidazolinium hexafluorophosphate (17b) was


Scheme 6
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present. The ratio of the two products was calculated according to
the 1H NMR spectra with 12b : 17b = 1 : 2.


After the discovery of the unexpected rearrangement product
17b, further experiments were carried out to find mechanistic
clues to describe the reaction in detail. A possible reason for
the result may be due to the use of KPF6. Considering that
potassium hexafluorophosphate contains traces of HF and can
slowly decompose further in water, a catalytic amount of acid
was used to influence the 1 : 2 ratio of the mixture 12b :
17b. Manipulation of the mixture 12b : 17b = 1 : 2 with a
catalytic amount of aqueous HCl in dichloromethane shifted
the equilibrium to 12b : 17b = 1 : 3. The reduced solubility
of HCl in dichloromethane could explain the poor movement
of the ratio. Therefore, the next reaction was carried out with
a solution of trifluoroacetic acid in dichloromethane. Now the
generation of the rearrangement product 12b : 17b was more
favoured and appeared according to 1H NMR spectra in a ratio
of 1 : 6 after 24 h. No total conversion of 12b to 17b was obtained,
probably an equilibrium exists, wherein an excess of 17b is ther-
modynamically favoured. In view of the empiric support, that the
rearrangement is catalysed by acidic conditions, a last procedure
was tested. (+)-(4R,5R)-1-Acetyl-2,4,5-triphenyl-3-methyl-trans-
imidazolinium trifluoromethanesulfonimide 12c was stirred with
a catalytic amount of trifluoroacetic acid in dichloromethane. The
expected mixture of 12c : 17c occurred in a ratio of 1 : 4 after 24 h.


Two possible mechanisms are imaginable: first a rearrangement
via non-ring opening. After the formation of an enol a four
membered ring could be formed followed by a 1,3-phenyl shift.
Advantages of this proposed mechanism are no ring openings,
permanently just one charge in the molecule, which can be
stabilised by tautomerism, and the necessity of a catalytic amount
of acid to form an enol in the first step. On the other hand, there is
also a disadvantage: constitution of the positively charged [3.2.0]-
system in the transition state. The second possible mechanism
would be a ring opening of the cation, followed by the formation
of the new salt with the former carbonyl carbon atom at the C-2
position.


Finally, in order to explore the behaviour of an aliphatic sulfone
rest group, (1S)-(+)-camphorsulfonyl-(2-phenyl-4,5-dihydro)-
imidazole (20) was prepared in a low yield (Scheme 7) from 2-
phenyl-4,5-dihydroimidazole (18)5 and (1S)-(+)-camphorsulfonic
acid chloride (19) under basic conditions. The imidazoline 20


Scheme 7


was then treated with methyl iodide and after an anion exchange
the expected product 21b was isolated. No side reactions were
observed (Scheme 7).


In conclusion, we have reported some unexpected behaviour of
tosylated and acetylated imidazolinium salts, which may be impor-
tant to consider for the preparation of new imidazolinium based
ionic liquids and tetrahydrofolate coenzyme model compounds.


Experimental


General experimental


All reactions were conducted under a protective atmosphere of
dry nitrogen. Dichloromethane and acetonitrile were distilled
from calcium hydride. All other chemicals, whose preparation is
not described below, were bought from Aldrich, Fluka, Merck
or Lancaster and were used without further purification. 2-
Phenyl-4,5-dihydroimidazole (18),5 (+)-(4R,5R)-2,4,5-triphenyl-
trans-4,5-dihydro-1H-imidazole24 (6) and (+)-(4S,5S)-2-methyl-
4,5-diphenyl-trans-4,5-dihydro-1H-imidazole26 (10) were pre-
pared according to literature procedures. Reactions were moni-
tored by TLC with Merck Silica gel 60 F254 plates or with neutral
aluminium oxide 60 F254 plates. Flash column chromatography27


was performed on Sorbisil C-60 or active neutral aluminium
oxide 90. Infrared spectra were recorded on a Vector 22 FT-IR
from Bruker. NMR spectra were performed in CDCl3 at ambient
temperature on a Bruker AMX 400 and a Bruker AC 200F. The
following symbols are used to analyse the 13C-spectra: +: primary
or tertiary carbon, −: secondary carbon, q: quaternary carbon.
Mass spectra were recorded on MS 5889 B from Hewlett Packard.
Electron spray mass spectrometry was performed directly on a
MS LC/MSD 1100 MSD from Hewlett Packard. High resolution
mass spectra were recorded by Dr Dräger at the Institute of
Organic Chemistry, University of Hanover. Elemental analyses
were carried out by the Institute of Pharmaceutical Chemistry,
Technical University of Braunschweig and are reported as the
average of two runs. Optical rotations were measured on a Perkin-
Elmer 243 B polarimeter. Melting points were taken with an
apparatus after Dr Tottoli and are uncorrected.


(+)-(4R,5R)-1-(Toluene-4-sulfonyl)-2,4,5-triphenyl-trans-4,5-di-
hydroimidazole (7). (+)-(4R,5R)-2,4,5-Triphenyl-trans-4,5-
dihydro-1H-imidazole (6) (2.5 g, 8.4 mmol) and triethylamine
(1.15 mL, 8.4 mmol) were dissolved in dry dichloromethane
(20 mL). After adding tosyl chloride (1.76 g, 9.2 mmol) the
resulting mixture was stirred for 2 h at r.t. The precipitate
was filtered off and the filtrate was washed with dilute sodium
bicarbonate solution and dried (Na2SO4). Evaporation yielded a
thick oil, which was purified by column chromatography on silica
with petroleum ether–ethyl acetate (5 : 1) as the eluent to give the
title compound 7 as a white solid (3.4 g, 7.5 mmol, 90%). [a]24


D =
−150 (c = 1.02, CH2Cl2), mp 122 ◦C; MS (EI), m/e 453 (M +
1, 10%), 297 (70), 91 (100); IR (KBr) 3443w, 1634s, 1368s, 1175s,
761s cm−1; 1H NMR (200 MHz) d 7.87–7.82 (m, 2 H, Ar–H),
7.56–7.40 (m, 8 H, Ar–H), 7.25–7.05 (m, 7 H, Ar–H), 6.83–6.78
(m, 2 H, Ar–H), 5.10 (s, 2 H, C–H), 2.40 (s, 3 H, Me); 13C NMR
(50 MHz) d 159.9 (q, NCN), 144.7 (q, Ar), 142.5 (q, Ar), 141.8
(q, Ar), 134.9 (q, Ar), 131.4 (+, Ar), 130.5 (q, Ar), 130.0 (+, Ar),
129.7 (Ar), 129.3 (+, Ar), 128.7 (+, Ar), 128.3 (+, Ar), 128.0 (+,
Ar), 127.9 (+, Ar), 127.4 (+, Ar), 126.2 (+, Ar), 126.0 (+, Ar),
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77.4 (+, C(5)–H), 72.6 (+, C(4)–H), 21.7 (+, Me). Anal. calcd for
C27H24O2N2S1: C, 73.61; H, 5.49; N, 6.36. Found: C, 73.87; H,
5.32; N, 6.33%.


(+)-(4R,5R)-1-Acetyl-2,4,5-triphenyl-trans-4,5-dihydroimidazole
(8). (+)-(4R,5R)-2,4,5-Triphenyl-trans-4,5-dihydro-1H -imida-
zole (6) (1.0 g, 3.36 mmol) was dissolved in dry dichloromethane
(12 mL). Acetic anhydride (0.32 mL, 3.36 mmol) and triethylamine
(0.32 mL, 3.36 mmol), dissolved in dichloromethane (2 mL),
were added to the mixture and left to stir for 1 h at r.t. The
mixture was washed with water and dried (Na2SO4). After
evaporation of the solvent, the crude product was purified by
column chromatography on Al2O3 using petroleum ether–ethyl
acetate (4 : 1) as the eluent to give the title compound 8 as a
colourless oil (0.88 g, 2.6 mmol, 77%). [a]24


D = 42 (c = 1.12 in
CH2Cl2); MS (EI), m/e 340 (M, 5%), 193 (100), 91 (40); IR
(KBr) 3445m, 3029m, 1696s, 1622m, 1321s, 1273m, 1024m, 760s,
697s cm−1; 1H NMR (200 MHz) d 7.81–7.76 (m, 2 H, Ar–H),
7.52–7.28 (m, 13 H, Ar–H), 5.19 (dd, J = 3.2 Hz, J = 11.5 Hz,
2 H, C–H), 1.89 (s, 3 H, Me); 13C NMR (50 MHz) d 168.6 (q,
C=O), 160.1 (q, NCN), 141.9 (q, Ar), 141.2 (q, Ar), 131.9 (q, Ar),
130.8 (+, Ar), 129.4 (+, Ar), 129.1 (+, Ar), 128.4 (+, Ar), 128.2
(+, Ar), 128.0 (+, Ar), 126.1 (+, Ar), 125.5 (+, Ar), 77.1 (+,
C(5)–H), 70.6 (+, C(4)–H), 25.0 (+, Me). HRMS (ESI) found:
M + H 341.1658. C23H21N2O requires: 341.1654.


(+)-(4R,5R)-2,4,5-Triphenyl-trans-4,5-dihydroimidazole-1-car-
boxylic acid methyl ester (9). A sodium hydride solution (60%
in petroleum) (0.17 g, 4.4 mmol) was washed with glyme (3 ×
5 mL) and then additional glyme (20 mL) was added. A
glyme solution (15 mL) of (+)-(4R,5R)-2,4,5-triphenyl-trans-4,5-
dihydro-1H-imidazole (6) (1 g, 3.36 mmol) was slowly added and
the mixture was stirred for 2 h. Methyl chloroformate (0.34 mL,
4.36 mmol) was then added quickly. The mixture was stirred at
r.t. for 19 h, filtered and the filtrate was evaporated in vacuum.
Purification by column chromatography on Al2O3 using petroleum
ether–ethyl acetate (5 : 1) as the eluent afforded the title compound
4 as a colourless oil (0.48 g, 1.3 mmol, 40%). [a]24


D = 63 (c = 1.03
in CHCl3); MS (EI), m/e 356 (M, 50%), 193 (100); IR (KBr)
2962s, 1735m, 1331m, 1262s, 1101s, 1022s, 801s cm−1; 1H NMR
(200 MHz) d 7.83–7.78 (m, 2 H, Ar–H), 7.53–7.29 (m, 13 H, Ar–
H), 5.18 (d, J = 4.3 Hz, 1 H, C–H), 5.16 (d, J = 4.3 Hz, 1 H,
C–H) 3.55 (s, 3 H, Me); 13C NMR (50 MHz) d 160.1 (q, C=O),
152.8 (q, NCN), 142.6 (q, Ar), 141.8 (q, Ar), 131.5 (q, Ar), 130.7
(+, Ar), 129.3 (+, Ar), 129.1 (+, Ar), 128.8 (+, Ar), 128.2 (+, Ar),
128.0 (+, Ar), 126.3 (+, Ar), 125.8 (+, Ar), 77.5 (+, C(5)–H), 70.6
(+, C(4)–H), 53.3 (+, Me). HRMS(ESI) found: M + H 357.1611.
C23H21N2O requires: 357.1603.


(+)-(4S,5S)-1-Acetyl-2-methyl-4,5-diphenyl-trans-4,5-dihydro-
imidazole (11). (+)-(4S,5S)-2-Methyl-4,5-diphenyl-trans-4,5-
dihydro-1H-imidazole (10) (2 g, 8.5 mmol) was dissolved
in absolute ethanol (15 mL). Acetic anhydride (0.8 mL,
8.5 mmol) and triethylamine (1.2 mL, 8.5 mmol) dissolved in
dichloromethane (2 mL) were added to the mixture, after which
the resulting solution was stirred for 10 h at r.t. After evaporation
of the solvent the residue was purified by column chromatography
on Al2O3 using petroleum ether–ethyl acetate (3 : 1) as the eluent
to give the crude product as a yellow solid. Recrystallisation
in ethanol gave the title compound 11 as a white solid (1.8 g,


6.5 mmol, 77%). [a]24
D = 136 (c = 1.14 in CH2Cl2), mp 133 ◦C; MS


(EI), m/e 278 (M, 10%), 236 (10), 148 (30), 131 (100), 106 (70),
89 (60); IR (KBr) 1684s, 1641m, 1379s, 1332s, 760s, 700s cm−1;
1H NMR (200 MHz) d 7.47–7.31 (m, 6 H, Ar–H), 7.23–7.17 (m,
4 H, Ar–H), 4.86 (dd, J = 1.9 Hz, J = 5.1 Hz, 2 H, C–H), 2.69
(d, J = 1.1 Hz, 3 H, N=C–Me), 1.88 (s, 3 H, CO–Me); 13C NMR
(50 MHz) d 169.1 (q, C=O), 159.5 (q, NCN), 141.93 (q, Ar),
141.91 (q, Ar), 129.6 (+, Ar), 129.0 (+, Ar), 128.3 (+, Ar), 127.9
(+, Ar), 126.1 (+, Ar), 125.2 (+, Ar), 77.8 (+, C(5)–H), 70.7 (+,
C(4)–H), 25.0 (+, N=C–Me), 19.3 (+, COMe). Anal. calcd for
C18H18O1N2: C, 77.67; H, 6.52; N, 10.06. Found: C, 77.50; H,
6.57; N, 10.11%.


(+)-(4R,5R)-1-Acetyl-2,4,5-triphenyl-3-methyl-trans-imidazo-
linium iodide (12). Compound 8 (1 g, 2.9 mmol) was dissolved in
dry dichloromethane (22 mL). Methyl iodide (2.2 mL) was added
and the mixture was refluxed. After 1 h another portion of methyl
iodide (2.2 mL) was added and the mixture was refluxed overnight.
Evaporation yielded the desired product 12 as a yellowish solid
(1.2 g, 2.5 mmol, 84%). [a]24


D = 66 (c = 0.51 in CH3CN), mp
155 ◦C; ESI, m/e 355 (M+, 100%); IR (KBr) 3048s, 3015s, 1747s,
1622s, 1497s, 1449s, 1427s, 1276s, 1225s, 756s, 701s cm−1; 1H NMR
(200 MHz) d 7.71–7.31 (m, 15 H, Ar–H), 6.01 (d, J = 11.4 Hz, 1 H,
C–H), 5.79 (d, J = 11.4 Hz, 1 H, C–H), 3.03 (s, 3 H, N–Me), 1.86
(s, 3 H, CO–Me); 13C NMR (50 MHz) d 168.7 (q, C=O), 166.27 (q,
NCN), 135.5 (q, Ar), 133.3 (+, Ar), 132.1 (q, Ar), 130.6 (+, Ar),
129.9 (+, Ar), 129.7 (+, Ar), 129.53 (+, Ar), 129.47 (+, Ar), 128.2
(+, Ar), 123.5 (q, C+), 75.8 (+, C(5)–H), 71.7 (+, C(4)–H), 35.1
(+, N–Me), 26.4 (+, COMe). HRMS (ESI) found: M+ 355.1826.
C24H23N2O requires: 355.1810.


(+)-(4R,5R)-1-Acetyl-2,4,5-triphenyl-3-methyl-trans-imidazo-
linium trifluoromethanesulfonimide (12c). Salt 12 (0.2 g,
0.41 mmol) was dissolved in dry dichloromethane (5 mL). 2 equiv.
(0.24 g, 0.83 mmol) of N-lithiotrifluoromethanesulfonimide were
added and the mixture was stirred for 2 h at room temperature.
After adding water (5 mL) and additional stirring for 1 h,
the phases were separated and the organic layer was washed
three times with water, dried (Na2SO4) and evaporated under
vacuum. Drying on the vacuum line at 40 ◦C (oil bath temperature)
yielded the title compound 12c as a yellowish solid (238 mg,
0.4 mmol, 90%). [a]24


D = 115 (c = 0.35 in CH2Cl2), mp 50–51 ◦C;
ESI, m/e 355 (M+, 100%); IR (KBr) 3068w, 2360s, 2342s, 1744s,
1624s, 1502m, 1458m, 1352s, 1195s, 1132m, 1057m cm−1; 1H NMR
(200 MHz) d 7.72–7.68 (m, 3 H, Ar–H), 7.53–7.36 (m, 12 H, Ar–
H), 5.69 (d, J = 9.7 Hz, 1 H, C–H), 5.28 (d, J = 9.6 Hz, 1 H,
C–H), 2.95 (s, 3 H, N–Me), 1.80 (s, 3 H, CO–Me); 13C NMR
(50 MHz) d 168.1 (q, C=O), 166.5 (q, NCN), 136.2 (q, Ar), 133.7
(+, Ar), 132.6 (q, Ar), 130.9 (+, Ar), 129.9 (+, Ar), 129.8 (+, Ar),
129.4 (+, Ar), 129.2 (+, Ar), 128.3 (+, Ar), 123.1 (q, Ar), 120.2
(q, J = 65.0 Hz, CF3), 75.9 (+, C(5)–H), 71.0 (+, C(4)–H), 34.3
(+, N–Me), 25.3 (+, COMe); HRMS(ESI) found: M+ 355.1820.
C24H23N2O requires: 355.1810.


(+)-(4R,5R)-1-Acetyl-2,4,5-triphenyl-3-methyl-trans-imidazo-
linium hexafluorophosphate (12b) and (+)-(4R,5R)-1-benzoyl-
2,3-methyl-4,5-diphenyl-trans-imidazolinium hexafluorophosphate
(17b). Salt 12 (0.2 g, 0.41 mmol) was dissolved in dry
dichloromethane (5 mL). 1.5 equiv. potassium hexafluorophos-
phate (0.11 g, 0.62 mmol) were added and the mixture was
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stirred for 24 h at room temperature. After adding water (5 mL)
the stirring was continued for another hour. The phases were
separated by using a pipette and the organic layer was washed with
water (2 × 2 mL), dried (Na2SO4) and evaporated under reduced
pressure. Crystallisation in methanol yielded white crystals (88 mg,
0.2 mmol, 48%). The ratio (17b : 12b = 2 : 1) was determined
by 1H NMR. Enrichment of 12b could be obtained after two
recrystallisations in diethyl ether–hexane (17b : 12b = 1 : 4). 1H
NMR (200 MHz) d 7.76–7.21 (m, 22.5 H, Ar–H of 12b + 17b),
5.73 (d, J = 10.0 Hz, 0.5 H, C–H of 12b), 5.60 (d, J = 11.6 Hz, 1 H,
C–H of 17b), 5.34 (d, J = 10.0 Hz, 0.5 H, C–H of 12b), 5.23 (d, J =
11.4 Hz, 1 H, C–H of 17b), 3.14 (s, 3 H, N–Me of 17b), 2.96 (s,
1.5 H, N–Me of 12b), 2.46 (s, 3 H, C+–Me of 17b), 1.80 (s, 1.5 H,
CO–Me of 12b). 13C NMR (50 MHz) d 168.1 (q, C=O, 12b + 17b),
168.0 (q, NCN, 17b), 166.5 (q, NCN, 12b), 136.2 (q, Ar, 12b), 134.5
(q, Ar, 17b), 134.1 (q, Ar, 17b), 133.7 (+, Ar, 12b), 132.6 (q, Ar,
12b), 132.5 (+, Ar, 17b), 131.0 (+, Ar, 12b), 130.7 (q, Ar, 17b),
130.0 (+, Ar, 17b), 129.9 (+, Ar, 12b), 129.7 (+, Ar, 12b), 129.5
(+, Ar, 17b), 129.3 (+, Ar, 12b), 129.2 (+, Ar, 12b + 17b), 128.5
(+, Ar, 12b + 17b), 127.8 (+, Ar, 17b), 123.1 (q, Ar, 17b), 122.9 (q,
Ar, 12b), 75.8 (+, C(5)–H, 12b), 75.2 (+, C(5)–H, 17b), 72.3 (+,
C(4)–H, 17b), 71.0 (+, C(4)–H, 12b), 34.3 (+, N–Me, 12b), 33.3
(+, N–Me, 17b), 25.3 (+, COMe, 12b), 16.0 (+, CMe, 17b).


(+)-(4R,5R)-1,3-Dibenzyl-2,4,5-triphenyl-trans-imidazolinium
bromide (14). Compound 7 (1 g, 2.2 mmol) was dissolved in
dry acetonitrile (10 mL). 2 equiv. freshly distilled benzyl bromide
(0.53 mL, 4.4 mmol) were added and the mixture was refluxed for
22 h. The colour was changing from colourless to yellow. After
evaporation of the solvent the residue was dried at 60 ◦C under
high vacuum to remove traces of benzyl bromide. Crystallization
in ethyl acetate yielded the title compound 14 as a white solid
(920 mg, 1.6 mmol, 74%). [a]24


D = 132 (c = 0.50 in CHCl3), mp
217 ◦C; ESI, m/e 479 (M+, 100%); IR (KBr) 3030m, 3003m, 1560s,
1454s, 1286s, 751s, 736m, 698s cm−1; 1H NMR (200 MHz) d 8.31–
8.26 (m, 2 H, Ar–H), 7.70 (dd, J = 1.1 Hz, J = 2.4 Hz, 3 H, Ar–H),
7.45–7.34 (m, 10 H, Ar–H), 7.22 (dd, J = 1.0 Hz, J = 2.4 Hz, 6 H,
Ar–H), 6.82 (dd, J = 2.2 Hz, J = 3.5 Hz, 4 H, Ar–H), 5.26 (s, 2
H, C–H), 4.69 (d, J = 15.3 Hz, 2 H, Bn–H), 4.42 (d, J = 15.3 Hz,
2 H, Bn–H); 13C NMR (50 MHz) d 167.8 (q, NCN), 133.7 (q, Ar),
133.3 (+, Ar), 132.6 (q, Ar), 130.3 (+, Ar), 130.2 (+, Ar), 129.8
(+, Ar), 129.1 (+, Ar), 129.0 (+, Ar), 128.8 (+, Ar), 128.6 (+, Ar),
122.3 (q, Ar), 73.0 (+, C(4,5)–H), 51.1 (−, CH2). Anal. calcd for
C35H31N2Br1: C, 75.13; H, 5.58; N, 5.01. Found: C, 74.86; H, 5.63;
N, 4.74%.


(+)-(4R,5R)-1,3-Dibenzyl-2,4,5-triphenyl-trans-imidazolinium
trifluoromethanesulfonimide (14c). Salt 14 (1 g, 1.8 mmol)
was dissolved in dry dichloromethane (8 mL). 2 equiv. N-
lithiotrifluoromethanesulfonimide (1.22 g, 3.6 mmol) were added
and the mixture was stirred for 3.5 h at r.t. After adding water
(8 mL) stirring was continuing for another hour, the phases were
separated by using a pipette and the organic layer was washed
with water (3 x 2 mL), dried (Na2SO4) and evaporated in vacuum.
Drying under high vacuum yielded the title compound 14c as a
white solid (1.18 g, 1.6 mmol, 83%). [a]24


D = 7 (c = 0.98 in CH2Cl2),
mp 217 ◦C; ESI, m/e 479 (M+, 100%); IR (KBr) 1591m, 1557s,
1458s, 1348s, 1323s, 1193s, 1142s, 1059s, 699s cm−1; 1H NMR
(200 MHz) d 8.01 (dd, J = 1.3 Hz, J = 1.6 Hz, 2 H, Ar–H),
7.90–7.78 (m, 3 H, Ar–H), 7.44 (dd, J = 0.9 Hz, J = 2.4 Hz, 6 H,


Ar–H), 7.31 (dd, J = 1.1 Hz, J = 2.3 Hz, 6 H, Ar–H), 7.14 (dd,
J = 2.3 Hz, J = 3.5 Hz, 4 H, Ar–H), 6.90 (dd, J = 2.2 Hz, J =
3.4 Hz, 4 H, Ar–H), 4.82 (s, 2 H, C–H), 4.73 (d, J = 15.0 Hz, 2 H,
Bn–H), 4.15 (d, J = 15.0 Hz, 2 H, Bn–H); 13C NMR (50 MHz) d
166.8 (q, NCN), 134.3 (q, Ar), 134.1 (+, Ar), 131.5 (+, Ar), 131.0
(q, Ar), 130.5 (+, Ar), 130.2 (+, Ar), 129.5 (+, Ar), 129.4 (+, Ar),
129.1 (+, Ar), 128.4 (+, Ar), 127.5 (+, Ar), 121.5 (q, Ar), 71.5
(+, C(4,5)–H), 50.3 (−, CH2). Anal. calcd for C37H31N3O4S2F6: C,
58.49; H, 4.11; N, 5.53. Found: C, 58.16; H, 4.07; N, 5.39%.


(4R,5R) -1-Benzyl -4,5-dihydro-2,4,5- triphenyl -1H - imidazole
(16). Compound 7 (0.158 g, 0.35 mmol) was dissolved in dry
acetonitrile (5 ml). Benzyl bromide (0.9 equiv.) was added, and the
mixture was refluxed for 6 h. After evaporation of the solvent under
reduced pressure, the residue was columned with ethyl acetate to
give the title compound 16 as a colourless oil (7 mg, 0.018 mmol,
5%). ESI m/e 389.2 (M+ + H, 100%); MS (EI), m/e 388 (M,
11%), 297 (M+ − Bn, 20), 193 (100), 91 (Bn, 93); IR (CHCl3)
3091m, 3036m, 1478s, 1036s, 637s cm−1; 1H NMR (200 MHz) d
7.86–7.81 (m, 2 H, Ar–H), 7.52–7.48 (m, 3 H, Ar–H), 7.40–7.20
(m, 10 H, Ar–H), 7.14–7.09 (m, 2 H, Ar–H), 6.98–6.93 (m, 2H,
Ar–H), 5.01 (d, J = 8.4 Hz, 1 H, C–H), 4.73 (d, J = 15.6 Hz, 1 H,
Bn–H), 4.35 (d, J = 8.5 Hz, 1 H, C–H), 3.94 (d, J = 15.6 Hz, 1 H,
Bn–H); 13C NMR (50 MHz) d 166.0 (NCN), 143.8 (Ar), 141.8
(Ar), 136.4 (Ar), 130.2 (Ar), 128.9 (Ar), 128.74 (Ar), 128.69 (Ar),
128.5 (Ar), 128.4 (Ar), 128.0 (Ar), 127.8 (Ar), 127.5 (Ar), 127.2
(Ar), 127.2 (Ar), 127.0 (Ar), 126.8 (Ar), 72.6 (CH), 49.6 (Bn).


(1S) - (−) -Camphorsulfonyl - (2 -phenyl -4,5 -dihydro) - imidazole
(20). 2-Phenyl-4,5-dihydroimidazole (18) (0.8 g, 5.5 mmol) was
dissolved in dry toluene (3 mL) and 1.5 equiv. triethylamine
(8.25 mmol, 0.034 mL) were added. After addition of 1.2 equiv.
(1S)-(+)-camphorsulfonic acid chloride (19) (6.6 mmol, 1.65 g)
the solution turned into a yellowish cloudy mixture, which was
stirred at r.t. for 18 h. The reaction mixture was washed with 5%
aqueous HCl (3 × 2 mL) and 10% aqueous NaHCO3 solution
(2 × 2 mL), dried (Na2SO4) and evaporated under vacuum. The
mixture was purified by column chromatography on SiO2 using
petroleum ether–ethyl acetate (1 : 2) as the eluent to give the
crude product as a colourless oil. Recrystallisation in petroleum
ether–dichloromethane gave the white pure product 20 (200 mg,
0.6 mmol, 10%). [a]24


D = −22 (c = 1.0 in CH2Cl2), mp 91–95 ◦C;
MS (EI), m/e 379 (M + H2O, 100%); IR (KBr) 3285s, 2955s,
1742s, 1726m, 1632s, 1544s, 1328s, 1144s, 697m cm−1; 1H NMR
(200 MHz, DMSO–D2O) d 8.54 (t, J = 5.4 Hz, 1 H), 7.81–7.76
(m, 2 H, Ar–H), 7.56–7.39 (m, 3 H, Ar–H), 3.38 (m, 2 H), 3.19–
3.13 (m, 2 H), 2.87 (d, J = 14.9 Hz, 1 H), 2.32–2.20 (m, 2 H),
2.01 (t, J = 4.3 Hz, 1 H), 1.89–1.80 (m, 2 H), 1.56–1.27 (m, 2 H),
0.93 (s, 3 H, Me), 0.70 (s, 3 H, Me); 13C NMR (50 MHz) d 168.1
(q, C=O), 134.2 (q, Ar), 131.7 (+, Ar), 128.6 (+, Ar), 127.2 (+,
Ar), 59.2 (q, C(1)), 49.6 (−, CH2), 49.0 (q, C(7)), 43.4 (−, CH2),
43.0 (−, CH2), 42.8 (+, C(4)), 40.5 (−, CH2), 27.1 (−, C(6)), 26.3
(−, C(5)), 19.9 (+, Me), 19.5 (+, Me). HRMS(ESI) found: M +
H2O + Na 401.1524. C19H26N2O4SNa requires: 401.1511.


(1S)-(+)-Camphorsulfonyl-(2-phenyl-3-methyl)-imidazolinium
iodide (21). (1S)-(−)-Camphorsulfonyl-(2-phenyl)-imidazole
(20) (1.15 g, 3.2 mmol) was dissolved in dry dichloromethane
(15 mL). Methyl iodide (51.2 mmol, 16 equiv., 3.2 mL) was added
and the mixture was refluxed overnight. The solvent and the
excess of methyl iodide were removed on the vacuum line to yield
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a yellowish foam (1.3 g, 2.6 mmol, 88%). 21 was used without
further purification in the anion exchange, since it was highly
hygroscopic.


(1S)-(+)-Camphorsulfonyl-(2-phenyl-3-methyl)-imidazolinium
hexafluorophosphate (21b). (1S)-(+)-Camphorsulfonyl-(2-
phenyl-3-methyl)-imidazolinium iodide (21) (0.4 g, 0.78 mmol)
was dissolved in dry dichloromethane (6 mL) and 1.5 equiv.
potassium hexafluorophosphate (0.22 g, 1.17 mmol) was added.
The mixture was stirred at r.t. overnight, quenched with water
(6 mL) and stirred for an additional hour. The organic phase was
washed with water (3 x 4 mL), dried (Na2SO4) and evaporated.
Recrystallisation in ethyl acetate gave 21b as a white solid (0.230 g,
0.4 mmol, 56%). [a]24


D = 6 (c = 1.05 in CH3CN), mp 166 ◦C;
MS (EI), m/e 375 (M+, 10%); IR (KBr) 2969m, 2929m, 1738s,
1639s, 1504m, 1445m, 1374s, 1176s, 1035m, 840s cm−1; 1H NMR
(200 MHz, DMSO) d 7.69–7.66 (m, 5 H, Ar–H), 4.52–4.16 (m,
4 H), 3.79 (d, J = 3.8 Hz, 1 H), 3.40 (d, J = 2.0 Hz, 1 H), 3.00
(s, 3 H, N–Me), 2.44–2.32 (m, 1 H), 2.05–1.89 (m, 4 H), 1.37 (d,
J = 2.0 Hz, 2 H), 0.83 (s, 3 H, Me), 0.75 (s, 3 H, Me); 13C NMR
(50 MHz) d 213.9 (q, C=O), 164.9 (q, NCN), 133.0 (+, Ar), 128.9
(+, Ar), 121.5 (q, Ar), 58.2 (q, C(1)), 51.9 (−), 48.2 (q, C(7)), 47.9
(−), 42.0 (−, C(4)), 41.9 (+, C(3)), 35.5 (+, NMe), 26.2 (−, C(6)),
24.9 (−, C(5)), 19.2 (+, Me), 19.1 (+, Me). HRMS (ESI) found:
M 375.1756. C20H27N2O3S requires: 375.1742.


Investigation of the rearrangement


Conversion of the NTf2 salt 12c with TFA. (+)-(4R,5R)-
1-Acetyl-2,4,5-triphenyl-3-methyl-trans-imidazolinium trifluoro-
methanesulfonimide (12c) (46 mg, 0.07 mmol) was dissolved
in dry dichloromethane (1.2 mL). 20% trifluoroacetic acid in
dichloromethane (0.05 mL) was added and the mixture was stirred
for 24 h at r.t. After adding water (1 mL), the mixture was shaken
strongly, the phases were separated and the organic layer was
washed with water (2 × 1 mL), dried (Na2SO4) and evaporated
under vacuum. Drying under high vacuum yielded a mixture
consisting of the starting material 12c and the rearrangement
product 17b as a yellowish oil (40 mg, 0.06 mmol, 87%). The
rearrangement product was obtained in 78% yield according to the
1H NMR spectra, where a ratio 12c : 17c = 4 : 1 was determined.


Manipulation of the PF6 salt mixture 12b : 17b with aqueous HCl.
The mixture of (+)-(4R,5R)-1-acetyl-2,4,5-triphenyl-3-methyl-
trans-imidazolinium hexafluorophosphate (12b) and (+)-(4R,5R)-
1-benzoyl-2,3-methyl-4,5-diphenyl-trans-imidazolinium hexafluo-
rophosphate (17b) (20 mg, 0.04 mmol) in a ratio 1 : 2 was dissolved
in dry dichloromethane (0.6 mL). 1 N aqueous hydrochloric acid
(0.02 mL) was added and the mixture was stirred for 24 h at room
temperature. After adding water (1 mL) the mixture was strongly
shaken, the phases were separated and the organic layer was
washed with water (2 × 0.5 mL), dried (Na2SO4) and evaporated
under vacuum. Evaporation of the remaining solvent under high
vacuum yielded a colourless oil (20 mg, 0.04 mmol, 100%). The
ratio of the rearrangement products increased from 1 : 2 up to a
ratio of 1 : 3 according to the 1H NMR spectra.


Manipulation of the PF6 salt mixture 12b : 17b with TFA.
The mixture of (+)-(4R,5R)-1-acetyl-2,4,5-triphenyl-3-methyl-
trans-imidazolinium hexafluorophosphate (12b) and (+)-(4R,5R)-
1-benzoyl-2,3-methyl-4,5-diphenyl-trans-imidazolinium hexafluo-
rophosphate (17b) (12 mg, 0.02 mmol) with a ratio of 1 : 2 was
dissolved in dry dichloromethane (0.3 mL). 20% trifluoroacetic
acid in dichloromethane (0.01 mL) was added and the mixture
was stirred for 24 h at r.t. After adding water (1 mL) the mixture
was shaken strongly, the phases were separated and the organic
layer was washed with water (2 × 0.5 mL), dried (Na2SO4) and
evaporated under vacuum. Evaporation of the remaining solvent
under high vacuum yielded a colourless oil (12 mg, 0.02 mmol,
100%). The ratio of the rearrangement products increased from
1 : 2 up to 1 : 6 according to the 1H NMR spectra.
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Chemical investigation of the marine fungus Ascochyta salicorniae led to the isolation of two new
epimeric compounds, ascolactones A (1) and B (2), in addition to the structurally-related polyketides
hyalopyrone (3), ascochitine (4), ascochital (5) and ascosalipyrone (6). The absolute configurations of
the epimeric compounds 1 and 2 were assigned as (1R,9R) and (1S,9R), respectively, through
simulation of the chiroptical properties using quantum-chemical CD calculations, and chiral GC–MS
subsequent to oxidative cleavage (Baeyer–Villiger oxidation) of the side chain.
In silico screening using the PASS software identified some of the A. salicorniae compounds (1–6) as
potential inhibitors of protein phosphatases. Compound 4 was found to inhibit the enzymatic activity
of MPtpB with an IC50 value of 11.5 lM.


Introduction


Protein phosphatases have emerged as promising drug targets for
a wide range of diseases. Eucaryotic phosphatases are involved
in signal transduction pathways with influence on pathogenic
mechanisms, e.g. Cdc25 (cell division cycle 25) phosphatase plays a
role in neoplastic events, and PTP1B (protein tyrosine phosphatase
1B) is involved in type 2 diabetes.1,2 Some procaryotic phosphatases
are assumed to influence the pathogenicity of bacteria such as
Yersinia pestis and Mycobacterium tuberculosis. Inhibition of the
phosphatase MPtpB (M. tuberculosis protein tyrosine phosphatase
B) impairs mycobacterial survival in IFN-cactivated macrophages
and in guinea pigs, which makes this enzyme a putative new target
for antimycobacterial drugs.3,4


Marine natural products are regarded as promising sources
of new phosphatase inhibitors. The sponge metabolites sulfircin
and coscinosulfate inhibit the eucaryotic dual specificity phos-
phatase Cdc25A,5,6 and pulchellalactam7 from the marine fungus
Corollospora pulchella inhibits CD45 (cluster of differentiation
45), a receptor-like transmembrane phosphatase, associated with
autoimmune and chronic inflammatory diseases. To date, however,
no marine natural products have been evaluated for activity
towards procaryotic protein phosphatases, such as MPtpB.


A culture of the fungus Ascochyta salicorniae was isolated
from the marine alga Ulva sp. collected from the North Sea
near Tönning, Germany. Surface sterilization of the algal thalli
before incubation of the algal material on suitable agar medium
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ensured that the fungus obtained was present inside the algal
tissue, i.e. was endophytic. Cultivation of this fungus under various
conditions showed it to have a very diverse secondary metabolism,
being able to produce several polyketides and alkaloids with
pronounced antimicrobial activity.8 During the current study, in
silico screening studies using the PASS (prediction of activity
spectra for substances) software9 showed some of the polyketides
identified to be potential inhibitors of protein phosphatases. In
order to verify this in silico result, polyketides from A. salicorniae
were isolated and tested towards a broad range of phosphatases.


Results and discussion


The fungus was cultivated on solid, seawater-containing medium
and yielded, after extraction and successive fractionation by
vacuum liquid chromatography (VLC) and normal and reversed
phase HPLC, the polyketide metabolites 1–6 (Chart 1). Com-
pounds 1 and 2 are two new epimeric lactones, named ascolactone
A (1) and ascolactone B (2). Compounds 3–6 were identified
as the known metabolites hyalopyrone, ascochitine, ascochital
and ascosalipyrone, respectively.8,10–14 13C NMR data evidenced
compound 5 as well as compound 6 to be mixtures of chro-
matographically inseparable diastereomers as described formerly
for samples obtained from Kirschsteiniothelia maritima and A.
salicorniae, respectively.8,14


Ascolactone A (1) was found to have the molecular formula
C15H16O7 as deduced by ESI-MS and high resolution EI-MS. The
UV maximum at 311 nm was characteristic of an extended
aromatic ring, whereas IR and the 1H NMR data (mmax 3443, 1716,
1718 cm−1; d 17.28 for OH-4; d 14.73 for OH-6) indicated the
presence of carbonyl and hydroxy groups within the molecule.
Seven of the eight elements of unsaturation deduced from the
molecular formula can be attributed to the aromatic moiety of
the molecule [C-6 (d 170.8), C-4 (d 166.9), C-7a (d 154.9), C-5 (d
104.3), C-3a (d 102.0), C-7 (d 99.1)), and to three carbonyl groups,
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Chart 1 Secondary metabolites isolated from A. salicorniae and model
compound (7) for quantum-chemical calculations.


i.e. C-8 (d 210.6), C-14 (d 176.7) and the lactone carbonyl C-3 (d
170.1). Compound 1 thus had to be bicyclic.


The aromatic region of the 1H NMR spectrum of 1 revealed
a singlet (H-7, d 6.12) of a penta-substituted benzene. Only one
1H–1H spin-system, H3-11 through to H3-12, could be deduced


from a 1H–1H COSY experiment, and showed the presence of a 2-
substituted butyl residue within the molecule. A singlet resonance
at d 1.65 in the 1H NMR spectrum of 1 indicated the presence of a
tertiary methyl group (C-13) bound to an oxygenated carbon atom.
HMBC correlations from both H3-12 and H3-13 to the carbonyl
carbon C-8, and from H3-13 to C-7a connected the side chain to
the aromatic ring. HMBC correlations from H-7 to C-8 and C-1
positioned this side chain ortho to H-7. This regiochemistry was
confirmed by an NOE observed between H-7 and H3-13. Further
HMBC correlations were detected between carbonyl carbon C-3
and the hydroxy proton OH-4, indicating the lactone carbonyl to
be bound to C-3a of the aromatic ring. This was in good agreement
with the low-field shift of the 1H NMR signal for OH-4, due to a
hydrogen bridge between the lactone carbonyl and OH-4. This left
the substitution of positions 5 and 6 of the aromatic ring with either
a hydroxy or carboxyl function to be deduced. The substitution
pattern of the aromatic ring was not easily established due to the
scarcity of hydrogens within this part of the molecule, resulting in
limited information obtained from the HMBC correlations. Strong
HMBC correlations of OH-6 with C-7 and C-5 pointed, however,
towards a substitution pattern with meta-positioned OH groups
and the carboxylic function at C-5. HPLC separation yielded a
second compound (2) with a planar structure identical to that of
ascolactone A (1). In this case the vicinal relationship between H-7
and OH-6 could be shown by an NOE between these two protons,
confirming the above conclusions regarding the regiochemistry of
the compounds.


Significant differences in the 1H and 13C NMR spectra (Table 1)
as well as the chromatographic separation of the two compounds
on achiral phases indicated that ascolactone A (1) and B (2) had
to be epimeric, either at C-1 or C-9.


The CD spectra (Fig. 1) of 1 and 2 are virtually mirror images.
Time-dependent density functional theory (TDDFT) offers a
strategy to elucidate the absolute configuration of molecules by
comparing measured and calculated CD spectra.15 Thus, in order
to assign the absolute configuration at the chiral centers C-1 and


Table 1 1H and 13C NMR data for compounds 1 and 2 (d in ppm, J in Hz)


1 a 2 a


No. d 13C b d 1H c (mult., J) HMBC d NOE e d 13C b d 1H c (mult., J) HMBC d NOE e


1 90.2 C 89.6 C
3 170.1 C 170.0 C
3a 102.0 C 101.9 C
4 166.9 C 167.0 C
5 104.3 C 104.4 C
6 170.8 C 170.9 C
7 99.1 CH 6.12 (s) 1, 3, 3a, 4, 5, 6, 8, 14 9, 11, 13 99.0 CH 6.12 (s) 1, 3, 3a, 4, 5, 6, 8, 14 6-OH, 13
7a 154.9 C 155.6 C
8 210.6 C 210.9 C
9 42.4 CH 2.71 (m) 8, 10, 11f, 12 7, 10a, 11, 12, 13 42.2 CH 2.80 (m) 8, 10, 12 7, 10a, 10b, 11, 12
10 26.5 CH2 1.43 (Ha, m) 9, 11, 12 7, 9, 11, 12 26.9 CH2 1.68 (Ha, m) 8, 9, 11, 12 9


1.16 (Hb, m) 9, 11, 12 9, 11, 12 1.32 (Hb, m) 8, 9, 11, 12 9, 12
11 11.7 CH3 0.49 (t, 7.3) 9, 10 7, 9, 10a, 10b, 12 11.9 CH3 0.85 (t, 7.3) 9, 10 9, 10a, 10b
12 17.4 CH3 1.06 (d, 6.9) 8, 9, 10 9, 10a, 10b 17.2 CH3 0.78 (d, 6.9) 8, 9, 10 9, 10a, 10b
13 23.7 CH3 1.65 (s) 1, 7a, 8 7, 9f 23.4 CH3 1.62 (s) 1, 7a, 8 7
14 176.7 C 176.7 C
4-OH 17.28 (s) 3f, 3a, 4, 5, 14 17.32 (s) 3a, 4, 5, 14
6-OH 14.73 (s) 5, 6, 7, 7af 14.88 (s) 5, 6, 7


a Assignments are based on extensive 2D NMR measurements (HMBC, HSQC, COSY) in (CD3)2CO and CD3OD. b (CD3)2CO, 75.5 MHz. c (CD3)2CO,
500 MHz. d Numbers refer to carbon resonances. e Data obtained from selective NOESY and selective ROESY experiments. f Weak correlation.
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Fig. 1 Measured CD spectra: sample A, ascolactone A (1); sample B,
ascolactone B (2).


C-9 of 1 and 2 a TDDFT-based method was applied.16 In a
first attempt, the flexible sec-butyl side chain was replaced with
a hydrogen atom (see model compound 7 in Chart 1) and the
configuration at C-1 was regarded as R. The two most stable
conformers of 12 possibilities found through a conformational
search have a relative energy of 1.58 kcal mol−1 at the MP2/6-
311++G**//HF/6-31+G* level, resulting in Boltzmann factors
of 0.909 and 0.063 at 298 K. For these two isomers, the
electronic transition energies and the rotational strengths were
then calculated with the TDDFT method employing the B3LYP
functional and the TZVP basis set.16 The averaged calculated CD
curve of these isomers is shown in Fig. 2. The calculated spectrum
has a positive Cotton effect at 291 nm followed by a negative one
at about 241 nm. These effects are comparable in position and
intensity to the experimental CD spectrum of 1 (Fig. 1) with a
positive Cotton effect at 300 nm followed by a negative one at
265 nm, and we conclude that the configuration of carbon atom
C-1 of ascolactone A (1) is very likely R.


Fig. 2 Calculated (B3LYP/TZVP//HF/6-31+G*) CD spectrum of the
1R model compound (7). The two most stable conformers out of 12 were
used to generate the spectrum. The Boltzmann factors have been calculated
at the MP2/6-311++G**//HF/6-31+G* level.


To study the influence of the sec-butyl side chain, the aldehyde
hydrogen of the most stable conformer was replaced by the either
S- or R-configured (C-9) sec-butyl side chain of ascolactone A
(1). Starting from these structures we performed conformational
searches including only the dihedral angles h5 = C9–C8–C1–C7a,
h6 = C12–C9–C8–C1 and h7 = C10–C9–C8–C1 and obtained
18 stationary points for (1R,9R) and 24 for (1R,9S). Using these
structures as starting points in subsequent geometry optimizations
at the HF/6-31+G* level resulted in 11 local minima for (1R,9R)
and 12 for (1R,9S). We then calculated the CD spectra of all
those structures of both series which are energetically not more
than 3 kcal mol−1 (MP2/6-311++G**//HF/6-31+G*) above
the corresponding most stable one [six for (1R,9R) and eight for
(1R,9S)]. The corresponding CD curves obtained as Boltzmann-
weighted superpositions are shown in Fig. 3. Both CD curves are
strikingly similar, and it is almost impossible to distinguish them
visually in the range above 200 nm.


Fig. 3 Averaged CD spectra of (1R,9R) and (1R,9S) ascolactone cal-
culated with the TDDFT using the B3LYP functional, the TZVP basis
set and HF/6-31+G* geometries. The Boltzmann-weighted CD spectra
of the six and eight most stable conformers have been superimposed
to obtain the averaged spectra of (1R,9R) and (1R,9S), respectively.
The corresponding Boltzmann factors have been calculated at the
MP2/6-311++G**//HF/6-31+G* level.


While our calculations for the 1R isomer reproduce the signs
and also approximately the kmax of the first two Cotton effects
measured for 1, we were unable to reproduce the short wavelength
region of the spectrum. This might be a result of the high flexibility
of the side chain or/and of the solvent effects which were not taken
into account in these calculations. The latter have been omitted
since we do not believe that one of the commonly used electrostatic
solvent models will be sufficient for a molecule like ascolactone
where specific interactions with a solvent such as methanol might
be important. However, since the calculations do approximate
the long-wavelength region of the CD spectrum measured for
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Scheme 1 Reaction scheme of Baeyer–Villiger oxidation and hydrolysis of ascolactone A (1).


ascolactone A (1), we conclude that 1 has either the (1R,9R)-
or (1R,9S)-configuration.


The absolute configuration at C-9 of ascolactone A (1) was
independently determined by Baeyer–Villiger oxidation of the
side chain carbonyl and subsequent hydrolysis of the resulting
ester (Scheme 1). Chiral GC–MS identified R-(−)-2-methylbutyric
acid as the reaction product. Thus, the configuration at C-9
was assigned as R. Consequently, ascolactone A (1) and its
epimer ascolactone B (2) are (1R,9R)- and (1S,9R)-configured,
respectively.


In most cases, biosynthetic processes yield enantiomerically
pure compounds. The occurrence of diastereomeric natural prod-
ucts produced during the same fermentation, as observed in the
current study, is rare and probably the result of chemical equilibria
during biosynthesis. Feeding experiments with [1,2-13C2]acetate in
a liquid biomalt medium yielded 13C-enriched ascochital (5) and
ascosalipyrone (6) (Scheme 2, 13C abundance approx. 8%). The
labelling pattern of compounds 5 and 6 was deduced from the
homonuclear couplings in the 13C NMR spectra (Table 2), and
showed the compounds to be derived from a single hexaketide
and pentaketide chain, respectively. For compound 6, a labelling
experiment with [Me–13C] methionine (13C abundance approx.
80%) allowed the deduction that all methyl groups (except for CH3-


11) were derived from SAM (S-adenosyl-methionine) (Scheme 2,
Table 2). Unfortunately, in the extracts obtained from the labelling
experiment which have to be produced by liquid cultivation,
compounds 1 and 2 could not be detected, probably because their
formation requires solid media. The biosynthesis of 1 and 2 is, how-
ever, inferred from that of 5 and 6. The presence of diastereomeric
compounds, i.e. compounds 1, 2, 5 and 6 can be explained as a
result of keto–enol tautomerism during biosynthesis (Scheme 2).


In silico screening is a promising approach to identify the
putative biological activity of compounds. Using the PASS
software,9 polyketides 1–6 were identified as potential phos-
phatase inhibitors. The probability of inhibiting phosphatases
was especially high for compounds 4 and 5 (Pa value >80%).
Thus, 1–6 were tested towards a range of eukaryotic and
prokaryotic protein phosphatases, i.e. Cdc25A (cell division cycle
25A) protein phosphatase, PTP1B (protein tyrosine phosphatase
1B), MPtpA and MPtpB (mycobacterial protein tyrosine phos-
phatases A and B),3,4,17 VE-PTP (vascular endothelial protein
tyrosine phosphatase)18 and VHR (human Vaccinia virus VH1-
related) dual-specific protein phosphatase. Ascochitine (4) inhib-
ited MPtpB with an IC50 of 11.5 lM, and PTP1B with an IC50 of
38.5 lM. Other compounds were weak phosphatase inhibitors or
were inactive (Table 3).


Scheme 2 13C labelling pattern of compounds 5 and 6 and proposed biosynthetic scheme for A. salicorniae metabolites (bold lines: carbons derived from
intact acetate unit, D: methyl groups derived via SAM).


2236 | Org. Biomol. Chem., 2006, 4, 2233–2240 This journal is © The Royal Society of Chemistry 2006







Table 2 13C NMR data for isotopically-labelled 5 and 6 [d in ppm, J in Hz, (CD3)2CO, 75.5 MHz]


5 6


No. d 13C a 1JC,C
a ,b d 13Cc 1JC,C


b ,c d 13C a d 13C c 1JC,C
a ,b ,c 1JC,C


a ,c ,d


1 102.9 63.1 102.9 63.1
2 168.9 65.9 168.9 65.9 165.2 165.2 77.4
3 107.9 65.9 107.8 65.9 99.4 99.4 77.4 47.2
4 148.5 38.4 148.7 38.4 164.6 164.7 57.6
5 113.1 57.1 113.1 57.1 101.1 101.1 57.6
6 171.0 63.1 171.0 63.1 161.5 161.7 51.0
7 177.1 177.1 49.9 50.3 51.0 34.6
8 45.4 38.4 47.0 38.4 210.8 210.9 40.6
9 213.2 39.0 213.7 39.5 46.9 46.8 40.6 33.5


10 46.8 39.0 46.3 39.5 26.3 26.8 35.1
11 25.9 35.1 27.5 34.6 11.8 11.8 35.1
12 11.9 35.1 11.7 34.6 14.4 14.3 34.6
13 17.5 16.2 16.8 16.2 33.5
14 17.6 17.4 8.5 8.6 47.2
15 190.3 57.1 190.2 57.1


a Data of diastereomer A. b [1,2-13C2]acetate-enriched. c Data of diastereomer B. d [Me-13C]methionine-enriched.


Table 3 Phosphatase inhibitory activities of compounds 2–5 a


Compound Cdc25a b PTP1B b MPtpB b


2 n.a. c n.a. 95.0 ± 10.0 d


3 n.a. n.a. 87.8 ± 6.4 e


4 69 ± 9 d 38.5 ± 6.5 e 11.5 ± 1.3 d


5 n.a. n.a. 61.2 ± 11.1 e


a Compounds 2–5 were also tested against the phosphatases VHR, MPtpA
and VE-PTP and were found to be inactive. Compounds 1 and 6 were
inactive towards all seven phosphatases. b IC50/lM, ± standard deviation.
c n.a.: not active. d n = 3. e n = 4.


Experimental


General experimental procedures


HPLC was carried out using a Merck-Hitachi system consisting
of an L-6200 A pump, an L-4500 A photodiode array detector and
a D-6000 A interface, together with a Knauer K-2300 differential
refractometer as the detector or a system composed of a Waters
515 pump and a Knauer differential refractometer. 1H (1D, 2D
COSY, selective NOESY, selective ROESY, 2D NOESY) and 13C
(1D, DEPT 135, 2D HSQC, 2D HMBC) NMR spectra were
recorded on Bruker Avance 300 DPX and Bruker Avance 500
DRX spectrometers in (CD3)2CO and CD3OD. Spectra were
referenced to residual solvent signals with resonances at dH/C


2.04/29.8 [(CD3)2CO] and dH/C 3.35/49.0 (CD3OD). UV and
IR spectra were obtained employing Perkin-Elmer Lambda 40
and Perkin-Elmer Spectrum BX instruments, respectively. Optical
rotations were measured with a Jasco DIP 140 polarimeter. CD
spectra were taken on an AVIV 62DS. HREI-MS were recorded
using a Kratos MS 50 spectrometer. LC–ESI-MS analyses were
accomplished on an Agilent 1100 system (column: Macherey-
Nagel Nucleodur-100 C-18, 5 lm, 125 × 2 mm) with an API
2000 Triple Quadrupole LC/MS/MS (Applied Biosystems/MDS
Sciex) and a DAD. HPLC columns were from Knauer (250 ×
8 mm, Eurospher-100 Si, 5 lm and 250 × 8 mm, Eurospher-100
C18, 5 lm) and Phenomenex [250 × 4.6 mm, Luna C18 (2), 5 lm].


Polygoprep 60–50 C18 from Macherey-Nagel and Merck silica gel
60 0.040–0.063 mm were used for vacuum liquid chromatography
(VLC). Sephadex LH-20 material for column chromatography was
obtained from Amersham Pharmacia Biotech AB. Chiral GC–MS
analyses were accomplished on a Perkin-Elmer AutoSystem XL
gas chromatograph linked to a Perkin Elmer Turbomass mass
spectrometer using a Perkin Elmer Cyclosil B column (30 m, ID
0.25 mm, film 0.25 lm).


Isolation and taxonomy of the fungus


Isolation and taxonomy of the fungus have been described
previously.8


Cultivation


The fungus was cultivated in Fernbach flasks on a solid medium
containing 20 g L−1 biomalt extract, 15 g L−1 agar and 80% artificial
seawater at room temperature for 52 d. The artificial seawater
contained (g L−1): KBr (0.1), NaCl (23.48), MgCl2·6H2O (10.61),
CaCl2·2H2O (1.47), KCl (0.66), SrCl2·6H2O (0.04), Na2SO4 (3.92),
NaHCO3 (0.19) and H3BO3 (0.03).


Extraction and isolation


Cultivation medium (8 L) and mycelia were extracted with ethyl
acetate (3 × 8 L) after being homogenized using an Ultra Turrax
T45. The ethyl acetate extract (3.2 g, brown oil) was fractionated
by vacuum liquid chromatography (VLC) on RP-18 material with
a gradient from MeOH–H2O (10 : 90) to MeOH in 10 steps and
then DCM to yield 11 fractions. Fractions 3 and 4 were combined
because of their similar 1H NMR spectra. The combined fractions
(600 mg) were further separated with isocratic HPLC on silica gel
[column: Knauer Si Eurospher-100, 250 × 8 mm, 5 lm, petroleum
ether–acetone (40 : 60), 2 mL min−1] to yield four fractions.
Further purification of HPLC-fraction 2 by reversed-phase HPLC
[column: Knauer C18 Eurospher-100, 250 × 8 mm, 5 lm, MeOH–
H2O (30 : 70), 2.5 mL min−1], yielded the pure compounds 1
(11.3 mg), 2 (4.2 mg) and 5 (86.0 mg).
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VLC fraction 6 was further separated by isocratic column
chromatography on Sephadex LH-20 material (60 × 2.5 cm,
MeOH) to yield 19 fractions. Fractions 5 and 6 of the separation
on Sephadex were combined and purified by HPLC [column:
Phenomenex Luna C18 (2), 250 × 4.6 mm, 5 lm, MeOH–H2O
(55 : 45), 1 mL min−1] to yield 12.2 mg of pure hyalopyrone (3).


The pure metabolites 4 and 6 were isolated from a second
ethyl acetate extract (2.8 g) obtained from 8 L of medium. The
extract was fractionated by gradient normal phase VLC [gradient
1: DCM–EtOAc (100 : 0, 90 : 10, 60 : 20, 50 : 50, 20 : 60, 0 : 100);
gradient 2: EtOAc–MeOH (75 : 25) to MeOH in four steps] to
yield 10 fractions. Further HPLC separation of fraction 3 [column:
Knauer Si Eurospher-100, 250 × 8 mm, 5 lm, petroleum ether–
acetone–EtOAc (85 : 10 : 5), 2 mL min−1] yielded 24.0 mg of 6.
VLC-fraction 1 was further purified by a second normal phase
VLC [gradient 1: petroleum ether–EtOAc (100 : 0, 90 : 10, 60 : 40,
30 : 70, 20 : 80); gradient 2: EtOAc–acetone (100 : 0, 90 : 10, 70 :
30, 30 : 70, 0 : 100)] and yielded 89.1 mg of ascochitine (4).


CD spectra of ascolactone A (1) and B (2)


CD spectra were recorded in methanol at room temperature. The
concentrations of both samples were 2.5 × 10−3 mol L−1 and the
path length was 0.05 cm. A background correction was performed
by substracting the spectrum of the neat solvent recorded under
identical conditions.


Baeyer–Villiger reaction of ascolactone A (1)


Ascolactone A (1) (4.6 mg) was dissolved in 200 lL DCM–MeOH
(50 : 50), treated with 3.5 mg MCPBA and 2.0 mg KHCO3, and
shaken at 120 rpm. Since no reaction product could be detected
after 24 h, the temperature was steadily increased from 38 to 60 ◦C
over the reaction period of 9 d. Also, an additional 3.5 mg MCPBA
and 2.0 mg KHCO3 were added after 24 and 144 h, respectively.
An aliquot of the reaction mixture was analyzed by chiral GC–MS
(column: Perkin Elmer Cyclosil B, 30 m, ID 0.25 mm, film 0.25 lm;
70 ◦C for 2.5 min, gradient 70–155 ◦C in 42.5 min) and compared
with standards of S-(+)-2-methylbutyric acid (retention time 20.9
min) and racemic 2-methylbutyric acid (retention times 20.9 and
21.3 min). Chiral GC–MS identified R-(−)-2-methylbutyric acid
as the reaction product.


Incorporation of [1,2-13C2]acetate into ascochital (5) and
ascosalipyrone (6)


The fungus was grown in 1000 mL shake flasks, each of which
contained 200 mL of liquid biomalt medium (20 g L−1 biomalt
extract in 80% artificial seawater). The flasks were shaken at 25 ◦C
and 90 rpm. 0.02 g [1,2-13C2]acetate in aqueous solution was added
five times to every flask every 12 h starting from the 84 hour-old
culture. After 10 d, the culture was extracted five times with the
same volume of ethyl acetate. The ethyl acetate extract (1.0 g,
brown oil) was fractionated by VLC on RP-18 material with a
gradient of MeOH–H2O (10 : 90) to MeOH in 10 steps and
then DCM to yield 11 fractions. Purification of fraction 4 by
HPLC [column: Knauer Si Eurospher-100, 250 × 8 mm, 5 lm,
petroleum ether–acetone (60 : 40), 2 mL min−1] yielded 42.9 mg
of labelled ascochital (5). Separation of VLC fraction 5 by HPLC
[column: Knauer Si Eurospher-100, 250 × 8 mm, 5 lm, petroleum


ether–acetone–EtOAc (85 : 10 : 5), 2 mL min−1] gave 4.7 mg of
labelled ascosalipyrone (6). The abundance of 13C in the labelled
metabolites was approximately 8%.


Incorporation of [Me-13C]methionine into ascosalipyrone (6)


The fungus was cultured as described for the incorporation of
[1,2-13C2]acetate. 0.02 g [Me-13C]methionine in aqueous solution
was added five times to every flask every 12 h starting from the 96
hour-old culture. After 9 d the culture was extracted as described
above and yielded 0.6 g of ethyl acetate extract. The crude extract
was separated into 10 fractions by VLC as described above except
for the gradient starting with MeOH–H2O (20 : 80). Fraction 5
was further purified by HPLC [column: Knauer Si Eurospher-100,
250 × 8 mm, 5 lm, petroleum ether–acetone (65 : 35), 2 mL min−1]
to yield 10.5 mg of labelled ascosalipyrone (6) (13C abundance
approx. 80%).


Ascolactone A [(1R,9R)-4,6-dihydroxy-1-methyl-1-
(2-methylbutanoyl)-3-oxo-1,3-dihydro-2-benzofuran-
5-carboxylic acid] (1)


White amorphous solid (11.3 mg, 0.35%); [a]25
D +156.4 (c 0.7 in


MeOH), [a]22
D +172.7 (c 0.7 in EtOAc); CD kmax (MeOH)/nm: 220


(1000 cm2 mol−1, −15), 240 (+5), 265 (−5), 300 (+15); UV kmax


(MeOH)/nm: 232 (e/dm3 mol−1 cm−1, 21 176), 260sh (8478), 311
(4073); IR (ATR) mmax/cm−1: 3443 (OH), 1716 (CO), 1718 (CO);
1H and 13C NMR data (see Table 1); LRESI-MS m/z: 309 (M +
H)+; LREI-MS m/z: 264 (60), 179 (100); HREI-MS m/z: 264.1000
(M+ − CO2) (calc. for C14H16O5: 264.0998).


Ascolactone B [(1S,9R)-4,6-dihydroxy-1-methyl-1-
(2-methylbutanoyl)-3-oxo-1,3-dihydro-2-benzofuran-
5-carboxylic acid] (2)


White amorphous solid (4.2 mg, 0.13%); [a]25
D −169.2 (c 0.5 in


MeOH), [a]22
D −174.6 (c 0.5 in EtOAc); CD kmax (MeOH)/nm: 220


(1000 cm2 mol−1, +15), 240 (−5), 265 (+5), 300 (−15); UV kmax


(MeOH)/nm: 232 (e/dm3 mol−1 cm−1, 21 042), 260sh (8324), 311
(3997); IR (ATR), mmax/cm−1: 3452 (OH), 1720 (CO), 1722 (CO);
1H and 13C NMR data (see Table 1); LRESI-MS m/z: 309 (M +
H)+; LREI-MS m/z: 264 (15), 179 (100); HREI-MS m/z: 264.0998
(M+ − CO2) (calc. for C14H16O5: 264.0998).


Hyalopyrone (3)


Yellowish solid (12.2 mg, 0.38%); [a]27
D −16.6 (c 1.0 in MeOH),


[lit.19 −15.9 (c 0.22 in MeOH)], 1H, 13C NMR, UV and IR data
(see ref. 10), ESI-MS m/z: 225 (M + H)+.


Ascochitine (4)


Yellow solid (89.1 mg, 3.18%); [a]27
D −65.4 (c 0.1 in CHCl3) [lit.,12


−86 (c 1.0 in CHCl3)]; 13C NMR, UV and IR data (see refs. 13 and
20), ESI-MS m/z: 277 (M + H)+.


Ascochital (5)


Brown-yellow solid (86.0 mg, 2.69%); 1H, 13C NMR, UV and IR
data (see ref. 14), ESI-MS m/z: 295 (M + H)+.
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Ascosalipyrone (6)


White solid (24 mg, 0.86%); 1H, 13C NMR, UV and IR data (see
ref. 8); ESI-MS m/z: 239 (M + H)+.


Activity prediction


In silico screening was carried out via the WWW interface of the
PASS (prediction of activity spectra for substances) software.9


Enzyme assays


Expression and purification of protein phosphatases VHR,
PTP1B and Cdc25A. Expression plasmid VHR-1-pT7 for hu-
man VHR phosphatase was a gift from J. Denu (University of
Wisconsin, Madison, USA). For protein production, plasmid
was transformed into E.coli strain BL21-CodonPlus(DE3)-RIL
(Stratagene) and grown on LB medium containing 100 lg
mL−1 ampicillin and 35 lg mL−1 chloramphenicol. The protein
expression was induced at an optical density of 0.6 at 600 nm, by
addition of IPTG to 0.4 mM, and the bacteria are grown for an
additional 6 h at 37 ◦C. Cells were lysed in buffer A [100 mM 2-
(4-morpholino)ethanesulfonic acid, pH 6.5, 1 mM EDTA, 1 mM
DTT] by passing twice through a fluidizer (Microfluidics) and
the lysate was cleared by centrifugation. The supernatant was
loaded onto a 50 mL S-Sepharose cation-exchange column pre-
equilibrated with buffer A and the enzyme was eluted with
linear NaCl gradient. Fractions containing phosphatase were
concentrated and loaded onto a Superdex G-75 gel filtration
column equilibrated with 50 mM HEPES, 40 mM NaCl, 1 mM
EDTA (pH 7.4) and 1 mM DTT. Eluted fractions containing a
single band of VHR were concentrated and stored in multiple
aliquots at −80 ◦C.


Expression plasmid pT7-PTP1B for human PTP1B phos-
phatase was a gift from Z. Zhang (Indiana University, Indi-
anapolis, USA). Transformation into E.coli, protein expression
and purification was performed as described for CDC25A.


Expression plasmid pET9A-CDC25A for human Cdc25A
phosphatase was a gift from I. Hoffmann (German Cancer
Research Center, Heidelberg, Germany). Protein expression and
lysate preparation was performed as described above except IPTG
was added to 0.1 mM and expression was performed for 16 h
at 20 ◦C. Cells were lysed in lysis buffer [50 mM Na2HPO4,
pH 8.0, 0.3 M NaCl and 2 mM b-mercaptoethanol (BME), 1 mM
PMSF] and loaded onto a 5 mL Hi-Trap Ni Sepharose column
(Pharmacia) pre-equilibrated with the lysis buffer. Protein was
eluted with a linear 5 to 200 mM imidazol gradient in 30 column
volumes. Fractions containing Cdc25A were pooled and dilysed
against 25 mM Tris pH 8.0, 100 mM NaCl, 1 mM BME and 5%
glycerol, concentrated and stored in multiple aliquots at −80 ◦C.


All enzyme assays were performed by means of an automated
system consisting of a Zymark SciClone ALH 500 in conjunction
with a Twister II and a Bio-Tek Power Wave 340 reader. The
reaction volume was 10 lL. The reaction was started by the
addition of 5 lL p-nitrophenyl phosphate to 5 lL of a solution
containing the respective enzymes which had been pre-incubated
for 10–15 min with different concentrations from two-fold dilution
series of inhibitors.


Reaction velocity was determined from the slope of the ab-
sorbance change at 405 nm and was related to control values in the


absence of the inhibitor. IC50 values were obtained as 50% of the
control from linear extrapolations of the initial reaction velocity
as a function of the logarithmic of the concentration. This non-
biased approach did not allow for the determination of IC50 values
larger than 100 lM. The error indicated in Table 3 is the standard
deviation of independent experiments. The overall experimental
error, including the water content of the DMSO stock solutions
and weighing errors, is approximately 50% of the respective IC50


values.
All buffered enzyme solutions contained 2 mM DTE (1,4-


dithio-D,L-threitol added on the day of the experiment from
100 mM stock) and 0.025% (v/v) of the detergent NP-40
(Calbiochem 492015). The buffers consisted of 50 mM Tris, 50 mM
NaCl, 0.1 mM EDTA in the case of Cdc25A and VE-PTP, or
25 mM HEPES, 50 mM NaCl, 2.5 mM EDTA in the case of
PTP1B, MPtpA and MPtpB, or 25 mM MOPS, 5 mM EDTA
in the case of VHR. The two-fold dilution series were obtained
from 10 lL of a buffered enzyme solution containing 200 lM
of inhibitor. Of this, 5 lL were removed and mixed with 5 lL
buffered enzyme solution resulting in a two-fold dilution. This
step was repeated five times. A 5 lL aliquot of the final dilution
was removed, so that each well consisted of 5 lL of the buffered
enzyme inhibitor mix. After addition of 5 lL p-nitrophenyl
phosphate, the concentrations for the enzyme reaction were 50 mM
in the case of Cdc25A or 1 mM for all other phosphatases. The
inhibitor concentrations were 100, 50, 25, 12.5, 6.25 or 3.125 lM,
respectively. For all enzymes, their concentration was adjusted with
respect to their activity to an initial velocity of 1–2 OD405 h−1. All
reactions were performed as quadruplicates from identical manual
dilutions (1 : 10 in buffer from 10 mM stock solutions in DMSO).
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The synthesis of a series of open U-shaped bis-porphyrin cavity molecules is described, with bridged
bicyclic backbones to confer rigidity, and a pendant substituted aromatic probe unit suspended on the
inside of the cavity. The dimensions and flexibility of the bis-zincporphyrin cavity were probed using
several different techniques. Initially the molecular ruler concept was employed, using flexible bidentate
ligands as guests with a range of possible linear dimensions. Secondly, NMR methods were employed
with rigid bidentate ligand guests of fixed lengths, and thirdly diffusion based NMR methods were
utilised. The range of inter-porphyrin distances estimated by these methods suggests that these types of
open-cavity systems have a surprising degree of flexibility.


Introduction


The design and construction of electronic devices that oper-
ate at a molecular level are fundamental tenets of molecular
engineering.1,2 This necessarily requires the production of molec-
ular and supramolecular assemblies which are able to operate as
molecular analogues of macroscale electronic components and
circuitry, and which can be utilised in the ultimate construction of
organised functional nanostructures. For example, the principles
of molecular relays, switches, diodes, and logic devices utilising
the concept of mechanical movement of the component parts
of particular supramolecular systems are being actively pursued,
although there is some question as to whether these state
changes will be rapid enough for the fast switching required for
the next generation of electronic componentry.3,4 These systems
often involve assemblies such as (pseudo)rotaxanes, catenanes, or
association complexes with in-built addressable functionality to
control mechanical movement of various parts of the assembly.2,3,5


We have developed an approach which incorporates a rigid U-
shaped cavity holding a pair of rigidly fused porphyrin units, and
a relay component which is free to move conformationally relative
to the cavity (Fig. 1a). This central component provides a tethered
electron relay unit which can potentially carry a signal from one
side of the system to the other, the two units being otherwise
isolated by an electrically insulating connection. These systems
have the potential to function as photo- or electro-active switches,
relays, diodes or logic gates. Similar arrangements have also
been used to probe the dynamics of electron and energy transfer
to delineate through-bond and through-solvent contributions,
mediated in some instances by the intervening tether unit.6,7


aChemistry, School of Biological, Biomedical and Molecular Sciences,
University of New England, Armidale, NSW, 2351, Australia. E-
mail: mgunter@une.edu.au; Fax: +612 6773 3268; Tel: +612 6773 2767
bSchool of Chemistry, Physics and Earth Sciences, Flinders University,
Bedford Park, Adelaide, SA, 5042, Australia. E-mail: Martin.Johnston@
flinders.edu.au; Fax: +61 8 8201 290; Tel: +61 8 8201 2317
cCentre for Molecular Architecture, Central Queensland University, Rock-
hampton, Queensland, 4702, Australia


Fig. 1 Cartoon of the arrangement of the units in the porphyrin–
spacer–porphyrin (PSP) assemblies used in previous work (a) and this
work (b).


Other related semi-rigid U-shaped porphyrinic structures which
are based on a similar architecture (as in Fig. 1a, but lacking the
flexible relay unit) have been studied for a variety of different func-
tions, including molecular capsules,8,9 a molecular scale ‘universal
joint’,10 as receptors for photoactive substrates11–13 and as possible
catalytic systems for intermolecular reactions14,15 amongst others.
These are generally referred to as porphyrinx–spacer–porphyrin
(PSP) units or space-separated porphyrins.


In most of these studies, a fundamental aspect of the basic
design has been to ensure that the size and shape of the molecular
structure is well-defined. This is achieved using a multi-bridged
polycyclic backbone, whose dimensions and geometry can be
modelled with a high degree of confidence. The expectation,
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reinforced by modelling studies, is that there is only limited
flexibility within the backbone structure.


More recently, complexation studies of a series of rigid bidentate
ligands spanning a range of sizes with selected metallated PSPs
have indicated that there is a surprising lack of discrimination
in the complexation effectiveness as measured by the various
association constants.10,13,16 These results suggest that there is
considerable flexibility in these systems as regards porphyrin–
porphyrin separation in the solution phase, and that this needs
to be factored into any new designs so as to allow for a range of
possible dimensions and geometries. Similar distortions from ideal
calculated values have been observed in electrostatically driven
geometry changes accompanying charge separation in supposedly
rigid bichromophoric systems.17


To investigate these aspects more fully, we have undertaken a
study of the solution-phase dimensions of a typical zinc-metallated
PSP which is functionalised with a non-flexible probe within its
U-shaped cavity (Fig. 1b). By careful selection of a series of both
flexible and rigid bidentate ligands spanning a range of possible
inter-ligand atomic distances we use thermodynamic and solution
NMR measurements to gauge the dimensions and the flexibility
of the host molecule.


Results and discussion


Synthesis


The syntheses of a variety of alkyl-substituted imides of the type 2
have been described previously.7,14,18 These reactions make use of
a simple two-step sequence involving heating of the appropriate
aliphatic amine with the anhydride of diacid 1 over several days.
Subsequent dehydration of the amic acid 3 by heating with
sodium acetate in acetic anhydride gives the respective imide
(Scheme 1).19,20


However, in our hands reaction of the anhydride with a
variety of aromatic amines under mild to forcing conditions
failed to produce significant yields of either the amic acids 3a–
d or the subsequent imides 4a–d. The use of high-pressure (13
kBar, rt) conditions was moderately successful, although the
major product was the bis-amide, rather than the amic acid.
Furthermore, technical logistics of the high-pressure reactions
limited the reactions to small scales, and the method was not
generally applicable.


With relatively weakly nucleophilic substituted anilines, no
amic acid was produced either by using temperatures ranging
from ambient to 84 ◦C; by heating the reactants neat at higher
temperatures; by addition of catalytic amounts of acid or base; or
by the use of a dehydrating agent 1,3-dicyclohexylcarbodiimide
(DCC) at room temperature or 62 ◦C. However, use of the
known exo,exo-fused bis-oxabridged norbornene bis-acyl chloride
derivative of 1,21 although moderately unstable, produced the amic
acids in good yields with para-substituted anilines.


Treatment of amic acids 3a–d with sodium acetate (NaOAc)
in acetic anhydride (Ac2O) at higher temperatures (120–130 ◦C)
resulted in imide formation, although the yields were often low and
unpredictable. In many instances unidentified by-products were
observed presumably as a result of competing retro-Diels–Alder
reactions to form furan and an oxa-bridged norbornene carboxylic
acid. These retro-Diels–Alder reactions could be overcome to


Scheme 1 Reagents and conditions: (i) R′NH2, heat; NaOAc–HOAc,
heat; (ii) PCl5; (iii) EDC, HOBT, THF, rt.


some extent by carrying out the reaction in a sealed tube in the
presence of excess furan, although this again was experimentally
inconvenient as well as introducing the possibility of alternative
isomer production.


Finally, the use of the reagent 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) in conjunction with 1-
hydroxybenzotriazole (HOBT) under mild conditions (dry THF
N2 atmosphere, 3 d, rt) (Scheme 1) was found to produce the imides
4a–d cleanly and in good yields.


Utilisation of the Mitsudo reaction,22 catalysed by the ruthe-
nium complex RuH2CO(PPh3)3,23 allowed the bis-cyclobutene
diester adducts 5a and 5b to be prepared from consecutive
cycloadditions of DMAD to the respective imides 4a and 4b
(Scheme 2). The structural integrity and stereochemistry of the
products were deduced from their 1H NMR spectra where a new
signal for the methine protons of the extended imides 5a and 5b
(Scheme 2) at ca. 3.2 ppm replaces the alkenyl protons (ca. 6.7 ppm)
of the starting compounds 4a and 4b, and a singlet at ca. 3.8 ppm
appears for the methyl ester protons. The oxa-bridgehead protons
in 5 resonate upfield in comparison to the starting compounds
(ca. 4.8 ppm compared to ca. 5.3 ppm) due to the removal of the
deshielding effects from the neighbouring double bond.


Two bis-epoxide derivatives 6a and 6b were prepared from 5a
and 5b respectively in equally good yields (ca. 75%) using either
tBuOOH and MeLi at −78 ◦C or tBuOOH and tBuOK at −5 ◦C
in THF (Scheme 2). The 1H NMR spectral pattern of the epoxides
is very similar to that obtained from the cyclobutene esters 5.
However, characteristic changes in the chemical shifts of the oxa-
bridge protons (Dd ca. +0.75 ppm) and the cyclobutane protons
(Dd ca. −0.36 ppm) were as expected.19,24
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Scheme 2 Reagents and conditions: (i) RuH2CO(PPh3)3; (ii) tBuOOH,
MeLi, −78 ◦C or tBuOOH, tBuOK, −5 ◦C, dry THF, N2.


For the production of U-shaped PSPs14 the building block
assembly approach utilising the ACE reaction (a 1,3-dipolar
cycloaddition reaction between an alkene and a cyclobutane epox-
ide) was employed. In particular, 6 was linked with tetrakis-(3,5-
di-tert-butylphenyl)porphyrin block 9 (tBuPBlock). This block
is based on porphyrin dione 7 and its extension with 1,2,4,5-
benzenetetramine25 subsequently developed by Warrener’s group,
has previously been synthesised by coupling 7 with a fused
polycyclic norbornene dione 8 (Scheme 3).26


A number of bis-porphyrin systems, of different shapes and
sizes, have been reported by using coupling reactions of 9 with
various spacer groups, thus demonstrating the versatility of this
building block.8–10,15,26–28


Thus tBuPBlock 9 and bis-epoxides 6 were heated in CH2Cl2


in a sealed tube at 150 ◦C for a period of 3 d, resulting in a 53%
conversion into the desired PSP 10a (Scheme 3) after purification
and recrystallisation. The products were analysed by 1H and 13C
NMR spectroscopy and all 1H peaks were satisfactorily assigned
with the aid of various 2D NMR techniques (COSY, 2D ROESY,
CH correlation). The formation of a cavity type geometry is a
direct result of the high exo,exo-stereoselectivity of these ACE
reactions when a norbornene dipolarophile is employed.26,28


Bidentate ligand binding as a probe of cavity dimensions


We have previously reported a number of complexation studies
on related open U-shaped PSP systems. In these instances we em-
ployed the complexation strengths of rigid bis-pyridine guests to


obtain information regarding the cavity dimensions and flexibility
of PSP hosts. The most extensively studied in this respect was a di-
porphyrin host derived from the condensation of two equivalents
of tBuPBlock 9 with an s-tetrazine coupling reagent.9,10,28 Complex
formation with a number of different sized bis-pyridine guests has
been described, including a bis-norbornyl s-tetrazine adduct, a
naphthyldiimide, a phenyldiimide, a bis-pyridine porphyrin, and a
tetrakis-pyridine porphyrin.8,10,11,13,16 The complexation of ligands
in this series by the host molecule was estimated by molecular
modelling to require contraction in the porphyrin centre-to-centre
distance. In the case of smaller sized guests, large contractions of
the cavity by approximately 7 Å is necessary, whereas a small
contraction in the order of 2 Å was required for the ditopic
binding of the larger guest molecules. Strong complexation in all
cases suggests that these types of PSPs must be able to undergo
significant geometric changes during complexation.9


In contrast to this, Sanders has described rigid cyclic porphyrin
oligomers that exhibit extraordinary selectivity toward single bis-
and tris-pyridine guests.29,30 Due to the rigidity of the butadiyne
linkage groups used and the additional control of the dimensions
enforced by the cyclic structure of these systems, only the guest
that closely complements the size and shape of the bis-porphyrin
cavities was complexed strongly. Any larger guests that were not
as complementary geometric matches to the cavity dimensions
of the porphyrin macrocycles exhibited substantially weaker
complexation. Nevertheless, subsequent studies on the selectivity
and rate enhancement of Diels–Alder reactions inside these
dimer and trimer cavities showed that some of these systems are
remarkably flexible and they can distort for optimal stabilisation
of the transition states.31 This was not predicted by modelling
studies, but even some of the crystal structures of these systems
showed a surprising degree of distortion. Clearly, ‘rigidity’ is a term
that should be used with caution even for those molecules where
a simple structural diagram might predict restricted flexibility.
Certainly for larger molecules even small changes in individual
atomic parameters can quickly magnify into significant geometric
distortions from a predicted inflexible structure.


Thus while not anticipating absolute rigidity, it was of interest
to estimate the degree of flexibility that might be possible in the
open U-shaped systems 10, in comparison to inherently more
constrained cyclic analogues. We now demonstrate how it is
possible to use the concept of a ‘molecular ruler’ to compare the
relative trends in ligand complexation strengths within a series of
both flexible and rigid bidentate ligands to gauge the accessibility
of the cavity to incoming ligands, and the range of dimensions
possible in these apparently semi-rigid systems. For this purpose,
we chose to use the U-shaped host 10b as a representative, as its
t-butyl group on the central aromatic ring provides a useful NMR
probe that can be used in determining solution structures and
conformations of any complex formed with bis-ligands.


Flexible ligands and the molecular ruler concept


The concept of a flexible ‘molecular ruler’ was introduced by
Crossley to determine the stereochemistry of a series of linked
porphyrins.32 The main concepts, as applied to our systems, are
delineated here. Assuming that the cavity of the PSP is a well-
defined rigid structure, a flexible ditopic ligand that is too short
to span the porphyrin-to-porphyrin distance will not exhibit a
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Scheme 3 Reagents and conditions: (i) CH2Cl2, sealed tube, 190 ◦C, 90 h. (ii) Zn(OAc)2, CHCl3–MeOH.


significant chelate effect due to the induced strain (an enthalpic
energy cost) that would accompany the doubly complexed state.
If on the other hand the ditopic ligand is much longer than
the porphyrin-to-porphyrin distance then a considerable loss of
rotational freedom (an entropic energy cost) is expected upon
complex formation. A flexible ditopic ligand of complementary
length, therefore, should have a measurably enhanced chelate
effect associated with complex formation. In other words the
concept uses the maximum calculated N–N distance of each
flexible ligand to probe the porphyrin-to-porphyrin (and hence
cavity) dimensions using each guest as a molecular tape measure
of fixed maximum length.


For a series of flexible ligands covering a range of lengths, a
number of hydroxyether derivatives of naphthalene-1,5-diol were
esterified with nicotinic acid to form a series of bis-pyridine
guests 11a–e. The geometries of all structures were calculated
using a molecular mechanics force field (MMFF94) as well as


a semi-empirical method (AM1). The calculated N–N distances
for the fully extended conformers of these guests ranged from
15.4 Å for 11a to 31.9 Å for 11e. The N–N and estimated
Zn–Zn distances calculated using the three protocols for each
of the bis-pyridine guests are presented in Table 1. The best
fit between host and guest was expected for 11b since it has
an estimated N–N distance of 22.7 Å (AM1), which is very
close to the calculated ideal porphyrin-to-porphyrin distance of
22.9 Å calculated for 10b†. This was indeed the case with a
100 fold larger association constant observed for 11b over any
other guest examined (Table 1). This provides confidence in the
methodology, with a good match between calculated host and
guest dimensions correlating with a maximum in the association
constant.


† Calculated from the Zn–Zn distance of 27.3 Å for 10 (AM1) with added
empirical Zn–N bond distances of 2.2 Å.
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Table 1 Calculated N–N and Zn–Zn interatomic distances, and association constants determined for the complexation of pyridine and the series of
flexible bis-pyridine guests 11a–e with a monomeric porphyrin host 9 and a bis-porphyrin host 10b in CH2Cl2 at 25 ◦C


Calculated N–N distance/Å Binding constants/L mol−1


Guest MMFF94 AM1 Calculated ‘ideal’ Zn–Zn distance/Åa ZntBuPBlock 9 Zn2PSP 10b


Pyridine — — — 1.26 × 104 9.8 × 103


11a 15.0 15.4 19.8 9.1 × 103 1.09 × 105


11b 22.8 22.7 27.1 5.8 × 103 1.34 × 106


11c 25.0 25.0 29.4 5.2 × 103 9.5 × 104


11d 27.7 27.7 32.1 1.00 × 104 8.0 × 105


11e 32.7 32.6 37.0 2.2 × 103 9.8 × 103


a Calculated from the N–N distance (AM1) + 4.4 Å, for two Zn–N bonds.


The methods used for analysing the complexes formed between
ditopic hosts such as the bis-zinc derivative of PSP 10b and various
bidentate ligands such as these bis-pyridine guests have been
widely used and the theory is well established. The calculation of
association constants from UV-Vis spectral analysis was based on
the assumption of the formation of a 1 : 1 complex in all cases; this
was supported by the presence of well-defined isosbestic points.


A more rigorous method, used extensively by Sanders, to
determine chain length selectivity relies on the calculation of the
‘effective molarity’ (EM) or chelation factor rather than a direct
comparison of association constants. The effective molarity is best
understood as the nominal concentration of a catalytic group that
would be required in an intermolecular process to match the rate
of the equivalent intramolecular reaction. It has the dimensions
of molarity, and can thus be considered as a ‘chelation factor’
which can give an indication of the complexing effectiveness of a
bidentate ligand in a ditopic host. A schematic view of the binding
of a bidenate ligand (LL) to a metallated bis-porphyrin (MM)
is shown in Fig. 2. Assuming independent complexation events
at each end of the ditopic host–bidentate guest system (i.e. non-
cooperative complexation), the EM for the second complexation
of a bidentate ligand (guest) can be defined using eqn (1):


EM = KLLMM


K2
1


(1)


where: K1 = the microscopic binding constant for each M–L
interaction and is estimated by eqn (2),


K1 = KLLM


KLM


× KLLM


2
(2)


and where KLLMM = the macroscopic binding constant for
complexation between bidentate ligand (LL) and bis-porphyrin
host (MM); KLMM = the macroscopic binding constant for
complexation between monodentate ligand (L; pyridine) and
bis-porphyrin (MM); KLM = the macroscopic binding constant


Fig. 2 Binding cycle of a PSP (MM) with a bidentate ligand (LL) and the
relationship between macroscopic (KLLMM) and microscopic (K1) binding
constants and effective molarity (EM).


for complexation between monodentate ligand (L) and a mono-
porphyrin analogue (M); and KLLM = the macroscopic binding
constant for complexation between bidentate ligand (LL) and
mono-porphyrin analogue (M).


In this way, the EMs for each of the flexible bis-pyridine
series of ligands 11a–e complexing to 10b can be calculated,
and a comparison made between these and the calculated N–N
distances. The results are shown in Fig. 3.


Fig. 3 Calculated effective molarities (EMs) and calculated N–N dis-
tances for each member of the flexible bis-pyridine series of ligands: n = 0
(ester 11a), n = 2 (11b), n = 3 (11c), n = 4 (11d) and n = 6 (11e)] showing
a maximum for 11b (n = 2) which has an N–N distance of 22.7 Å (AM1).
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Accessibility of the cavity


Within the Sanders method for calculating effective molarities is
the factor KLMM/KLM which is often referred to as the ‘accessibility
factor’ for a cavity or cyclic structure. In this way the ability of a
guest to access the inner cavity of a host may be quantified. Values
of 1 indicate an open accessible cavity with no steric impediments
to complexation, whereas a value of zero indicates an essentially
closed host.


The assumption used in determining the accessibility factor,
KLMM/KLM, is that one porphyrin unit in Zn2PSP 10b complexes
any pyridine ligand more or less as strongly as the corresponding
monomeric analogue, ZntBuPBlock 9, by a common factor. This
assumption simplifies the process considerably as a single ratio
of KLMM/KLM using pyridine as the ligand (L) can be used for
all EM determinations. Association constants for monodentate
ligand pyridine (L) with both ZntBuPBlock 9 (M) and Zn2PSP
10b (MM) (Fig. 2 and Table 1) were each calculated from non-
linear least squares curve fitting of absorption changes at 426 nm
(host maximum) and 434 nm (complex maximum). The presence
of isosbestic points at around 430 nm for both host–pyridine
titrations indicated the presence of just two absorbing species
(host and complex) in each case supporting the assumption of 1 :
1 complex formation and 1 : 2 complex formation,‡ respectively.
The ratio KLMM/KLM was thus calculated to be 0.8 (0.98/1.26).
A value of 0.8 for the accessibility factor indicates that the cavity
of Zn2PSP 10b is reasonably open and accessible but there may
be a small steric impediment to complexation compared with
ZntBuPBlock 9. This is presumably caused by the presence of
the bridging scaffold which limits accessibility of an approaching
ligand in 10b compared to 9.


The accessibility factor (KLMM/KLM = 0.8) was used in subse-
quent calculations of effective molarities (EMs) according to eqn
(1) and (2).


A comparison of the binding constants measured by UV-Vis
spectroscopic methods for the various flexible bis-pyridine guests
with ZntBuPBlock 9 is shown graphically in Fig. 4. Differences
in binding strengths to the monozinc porphyrin analogue were
evident which underscores the importance of determining EMs
rather than directly comparing association constants. All KLLM


Fig. 4 Binding constants (KLLM) for binding of each member of the
flexible bis-pyridine series of ligands n = 0 (ester 11a), n = 2 (11b),
n = 3 (11c), n = 4 (11d) and n = 6 (11e)] with ZntBuPBlock 9 (dark
columns) and Zn2PSP 10b (shaded columns) in CH2Cl2 at 25 ◦C.


‡ It is assumed that the complexation of pyridine with each porphyrin unit
of the bis-porphyrin host is non-cooperative.


values measured were within an order of magnitude of each other
with no obvious relationship between guest structure and binding
strength.


A comparison of binding constants for the flexible guests 11a–
e and Zn2PSP 10b revealed that two guests, 11b and 11d, were
more strongly bound to the bis-porphyrin host compared to the
other flexible bis-pyridine guests (Fig. 4). The selectivity of Zn2PSP
10b toward 11b was further emphasised by the more reliable
comparison of calculated chelating factors (Fig. 3). These results
indicate that Zn2PSP 10b has a well-defined cavity with the distance
between the zinc metal centres being in the region of 22.7 Å, which
is in excellent agreement with the ideal N–N distance predicted by
molecular modelling (22.9 Å). It should be noted that all EM
values were relatively small in absolute terms compared to the
maximum of around 100–400 M predicted for a strain-free chelate
between a porphyrin dimer host and a perfectly complementary
dipyridine guest as estimated by Sanders et al.29 and this reflects
the known conformational mobility of the guests 11a–e and may
also indicate some degree of freedom in the bis-porphyrin 10b host
system.


Rigid ligands—flexibility of the host


In addition to the flexible bis-pyridine ligands so far discussed a
series of rigid bis-pyridine guests 12–14 were also synthesised using
published procedures. The optimised geometries of these rigid bis-
pyridine guests were calculated using semi-empirical molecular
models (AM1), and the N–N distances are indicated on the
structures.


For the rigid bis-pyridine guests, limited solubility of the
perylene diimide 12 precluded measurements of an association
constant, but values for the other porphyrin-based guests could
be obtained by UV-Vis titrations in a similar manner to that
outlined above. Significant absorbance corrections were required
for strongly absorbing guests. The measured binding constants for
13 and 14 binding with Zn2PSP 10b were 2.6 × 107 M−1 and 1.5 ×
107 M−1 in CH2Cl2 at 25 ◦C, respectively.


The similar binding constant values of these two porphyrin
guests of different size is remarkable, and suggests that the bis-
porphyrin 10b is able to undergo relatively large conformational
changes with a relatively small energy cost. In order to further
investigate the conformational mobility and complexation geom-
etry of 10b upon binding with the smaller bis-pyridine porphyrin
guest 14, a number of NMR binding experiments were conducted.


NMR studies of complex conformation


In the 1H NMR spectrum of an equimolar solution of Zn2PSP 10b
and 14 in CDCl3 at 30 ◦C the chemical shifts of the resonances
assigned to the bound porphyrin guest 14 were significantly
different from those of the unbound guest (Table 2 and Fig. 5).
Some degree of broadening of the resonances for 14 was evident
in the spectrum.


The large upfield shifts of the a-pyridyl (−5.7 ppm) and b-
pyridyl (−1.7 ppm) proton resonances measured are typical
of pyridine binding axially to a zinc porphyrin.33 The upfield
shifts of the b-pyrrole (−1.3 ppm) and inner NH (−0.9 ppm)
proton resonances of 14 were also consistent with simultaneous
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complexation with both porphyrin units within 10b. At 20 ◦C the
peaks of 14 were all sharpened compared to the spectrum obtained
at 30 ◦C with no changes in chemical shifts. No significant changes
in the resolution of these peaks or the host 10b peaks occurred at
lower temperatures (−50 ◦C). Together with the large binding
constant measured by UV-Vis methods (ca. 1.5 × 107 L mol−1),
this result supports the premise that the spectra obtained near
room temperature are of a 1 : 1 complex in slow exchange on the
NMR timescale in the absence of unbound guest.


Complete free rotation of guest 14 within the cavity of host
Zn2PSP 10b is precluded because of the large size of 14 [width
approx. 20 Å]. The simple NMR spectral pattern of the bound
guest 14, along with the chemical shift changes, suggests that on
average a symmetrical ‘horizontal’ (or flat) binding geometry of
the guest porphyrin ring system within the cavity of Zn2PSP 10b is
maintained. A single peak for each of the a-pyridyl protons over a
range of temperatures (−50 to 30 ◦C) indicates a symmetrical
binding geometry in 10b with a parallel cofacial arrangement
of the two porphyrin rings of 10b with orthogonally bound
pyridine groups. Indeed molecular modelling calculations (AM1)


Table 2 Chemical shift changes of the guest 14 (G) and host 10b (H) in
an equimolar mixture of the each (CDCl3, 30 ◦C). All assignments were
supported by results from 2D NMR spectral analyses


Peak
assignment


Unbound shift
(ppm)


Bound shift
(ppm) Dd


a-Py 9.03 3.36 −5.67
b-Py 8.18 6.48 −1.70
bG 8.95 7.55 ca. − 1.3
b′G 8.81
bG 8.08 8.17 +0.09
dG 7.83 7.70 −0.13
‘Inner’ NH −2.76 −3.63 −0.87
tBuG 1.53 1.36(broad) −0.17
tBu c ‘probe’ 0.94 −0.17 −1.11
b,b′(H) 8.94 8.97 +0.03
b′′(H) 8.83 8.85 +0.02
q 8.55 8.50 −0.05
d′ 8.05 8.17and8.07 +0.12and + 0.02
d 7.94 8.00and7.94 +0.06and0.00
e 7.91 7.87 −0.04
e′ 7.77 7.76 −0.01
b 7.26 6.73 −0.53
a 6.92 6.73 −0.19
7 6.53 6.49 −0.04
6 4.69 4.63 −0.06
1 4.24 4.16 −0.08
E 3.93 3.87 −0.06
5 2.43 2.35 −0.12
3 2.37 2.31 −0.06
Ha 2.16 2.17 +0.01
Hb 2.03 2.04 +0.01
2 1.91 1.75 −0.19
4 1.87 1.72 −0.12
tBu′ 1.52and1.50 1.51and1.49 −0.01and − 0.01
tBu 1.46and1.45 1.44and1.39 −0.02and − 0.06


a (G = guest, H = host).


indicate that with a defined Zn–Zn distance of 20.0 Å required to
accommodate guest porphyrin 14, the porphyrin rings of 10b are
essentially parallel (Fig. 5)§.


The most significant change in the NMR spectrum of Zn2PSP
10b (Table 2) upon mixing with 14 was the large upfield shift
(−1.1 ppm) of the resonance assigned to the tBu(imide) group
of the central aromatic ring. This ‘probe’ signal confirms the
binding of the bis-pyridine guest within the cavity of the host 10b.
(Molecular modelling indicates a distance of 3.6–4.0 Å between a
hydrogen of the pendant tertiary butyl group and the mean plane
of the four nitrogen atoms in the centre of porphyrin 14 bound
within the cavity).


The magnitude of the changes in chemical shift of the b
(−0.53 ppm) and a (−0.19 ppm) resonances of Zn2PSP 10b
were also consistent with the protons being positioned above the
porphyrin ring of the guest 14. Smaller changes in chemical shift
for resonances of protons along the backbone of the bis-porphyrin
system 10b were also consistent, considering the relative distance
of each proton from a porphyrinic guest bound horizontally
across the cavity of Zn2PSP 10b. More specifically the ‘downward’
facing protons (2, 4 and 5) were all shielded (−0.19, −0.12 and


§ It has been shown in other related bis-porphyrin structures with semi-
rigid bridges that a non-parallel orientation of the lateral porphyrin units
results in inequivalence of the Zn-bound pyridine a-proton resonances of
a bound dipyridyl porphyrin similar to that described here.10
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Fig. 5 Conformation (top) of the 1 : 1 complex of 10b–14 deduced from
molecular modelling (MM2 and AM1) and NMR studies indicating the
essentially parallel orientation of the porphyrin subunits. The hydrogens,
ester and meso-aryl groups have been omitted for clarity. The Zn–Zn
distance is 20.0 Å. The lettering and numbers in the bottom Fig. refer
to the proton resonance assignments described in Table 2.


−0.12 ppm, respectively) slightly more than the ‘upward’ facing
protons (1, 3 and 6; −0.08, −0.06 and −0.06 ppm, respectively).
Overall the resulting NMR spectrum can be rationalised by a
strongly bound (slow exchange, bound signals only) porphyrin
guest 14 that has a symmetrical horizontal binding geometry of
the porphyrin ring (Fig. 5).


A parallel NMR study of the binding of the larger porphyrinic
guest 13 with 10b was not as informative. In this case the reso-
nances of the guest itself are broadened at ambient temperature,
and appear as overlapping sets of peaks at lower temperatures as
a result of tautomerism involving the inner N–H and imidazole
NH protons, as noted previously for related systems.34 Similar
problems were encountered in the NMR spectra of a 1 : 1 mixture
of 13 and 10b, with broadened and multiple sets of resonances.
Nevertheless, the a and b-protons of the pyridyl moieties of the
bound guest 13 were identified at 2.88 and 5.77 ppm, respectively,
and the t-Bu probe signal was at 0.04 ppm. The similarities of
these shifts and others that could be assigned to those of the 10b–
14 complex are evidence of a similar binding geometry to that of
the smaller porphyrinic guest 14.


For the association of perylene diimide 12 with 10b an NMR
study also provided evidence for a 1 : 1 complex with the
diimide bridging the two metalloporphyrin units, similar to the
conformation of 10b–14. The diimide 12 itself is essentially
insoluble in CDCl3; however, stirring and sonication of an excess
of 12 with a solution of 10b in this solvent over several hours
resulted in its gradual solubilisation. The excess solid was filtered
off, and the NMR spectrum of the resulting solution indicated
that a 1 : 1 complex had formed. Although some of the resonances
were broadened at room temperature, the spectrum at 0 ◦C was
well resolved and showed characteristic metal-bound pyridine
b and a pyridine protons at 5.62 and 3.10 ppm together with
an apparent AB quartet for the perylene aromatic protons at
8.19 ppm. Although direct correlation of absolute chemical shift
changes is precluded by the insolubility of 12 in CDCl3, the
shifts in the complex can be compared to those of the diimide
12 in trifluoroacetic acid; the Dd values for the a- and b-
pyridyl and the aromatic protons are then −5.83, −2.73 and
−0.7 ppm, respectively. Crucially, the t-butyl probe signal was
shifted by −0.23 ppm relative to its position in 10b, clearly
indicating shielding by the coordinated perylene diimide in a
horizontal conformation (indeed modelling studies indicated that
a ‘perpendicular’ conformation would be precluded by close
contacts within the van der Waals radii of the pendant t-butyl
group).


The results of this study of 1 : 1 complex formation between
Zn2PSP 10b and various sized rigid guests infers that a significant
variation of the overall molecular dimensions of the host system
is possible. A method that can be applied to the investigation of
molecular size is an NMR technique based on diffusion processes
in solution, namely diffusion ordered spectroscopy (DOSY) and
we were encouraged to apply it to these systems.


Diffusion (DOSY) NMR—estimating the overall dimensions


The DOSY NMR method has been applied by other workers
to the study of molecular complexes that are bound by non-
covalent forces35 including a study of a dimeric molecular capsule
that demonstrated a strong correlation between average calculated
molecular radii (AM1) and experimentally determined spherical
radii (rs).36 In the current study 2D DOSY NMR has been used to
investigate overall or gross molecular size changes due to complex
formation between the Zn2PSP host 10b and 14.


A 2D DOSY NMR spectrum was acquired from the solution
of a 1 : 1 mixture of Zn2PSP 10b and 14 in CDCl3 at 30 ◦C. If slow
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exchange conditions are assumed the single band observed at a
single diffusion constant (D) of 5.7 (±0.5) × 10−10 m2s−1 indicates
the presence of a single species (1 : 1 complex) in solution (Fig. 5).
The equivalent spherical molecular radius (rs) was calculated to
be 7.5 (±0.7) Å.


For comparative purposes a small library of molecular spherical
radii was generated through a series of 2D DOSY NMR experi-
ments performed under similar conditions of solvent (CDCl3) and
temperature (30 ◦C). A graphical representation of all molecules
and their respective molecular spherical radii (rs) is presented in
Fig. 6.


¶ Errors were estimated from the width of the 2D DOSY spectral band
which is correlated with the curve-fitting error.37


An obvious trend exists between the size of the molecules, as
determined by molecular modelling, and the respective spherical
radii (rs) determined experimentally using DOSY NMR. However,
several important considerations must be made when interpreting
the experimental results; (i) the hard-sphere approximation used
in the Stokes–Einstein equation used for the calculation of D
is not a realistic representation of the various shapes of all the
molecules being studied and (ii) the rate of diffusion in solution is
not solely dependent on molecular size but also on the strength of
solute–solvent interactions. Solute–solvent interactions will vary
depending on the type of functional group(s) attached to the solute
(and solvent) molecules. It is possible that two molecules of similar
size and shape, but with different functionality, may diffuse at
significantly different rates in the same solvent. However, as very


Fig. 6 A comparison of experimentally determined spherical radii (rs) of a number of molecules including the Zn2PSP 10b and a 1 : 1 complex formed
between 10b and 14. Errors range from 7% (rs of 11a) to 14% (rs of 14 and 10b).¶ Approximate molecular dimensions from computational modelling
calculations (AM1) are shown on the structures, and radii calculated from the DOSY NMR experimental data are indicated on the spheres.
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similar types of molecules are being compared in this study [e.g.
Zn2PSP 10b and a 1 : 1 complex of 10b and 14], large changes in
the diffusion rate have been interpreted as being due to changes in
molecular (or aggregate) shape and size.*


It is clear from the comparisons made in Fig. 6 that a
considerable contraction, indicated by a decrease in the spherical
radius (rs), must occur upon complex formation between Zn2PSP
10b and 14 compared with the free host 10b. This is consistent
with a closing of the two porphyrin ‘jaws’ of the host system onto
the bis-pyridine porphyrin guest 14 as it ditopically binds within
the cavity of 10b.


Conclusions


We have successfully extended the building block approach toward
bis-porphyrin cavities to synthesise an open framed U-shaped
cavity containing an internally oriented pendulous group.


This success should allow greater diversity in the design of these
types of molecules that might be adapted for specific purposes,
particularly those involving switching processes mediated by
photochemically induced electron or energy transfer.


Nevertheless, from the studies presented here for a series of
ligands over a range of dimensions, it is clear that care needs to be
exercised in the design of apparently ‘rigid’ open-framed systems,
especially those which contain large or extended backbones, as
small degrees of flexibility within each modular section can be
amplified across the molecule as a whole. For smaller molecules,
a price for more rigidity might well be at the expense of the
accessibility of the cavity for intended internal ligands. Each of
these factors should be included in any future design of purpose-
built systems.


Experimental


General


All solvents were distilled before use by using standard procedures.
Tetrahydrofuran (THF) was distilled over sodium using benzophe-
none as an indicator of water content; pyridine was stored over
KOH and molecular sieves (type 3 Å) for a minimum of 6 h and
then distilled over LiAlH4. and stored over KOH/molecular sieves
(type 3 Å); triethylamine (Et3N) was distilled over CaH2; benzene
was dried over sodium wire; AR grade acetonitrile (MeCN)
and dimethylformamide (DMF) were both dried over type 3 Å
molecular sieves. Flash column chromatography was carried out
using either aluminium oxide, activated, neutral (Brockmann
I standard grade) or silica gel (grade 9385, 230–400 mesh).
Preparative TLC was performed on 20 × 20 cm glass plates coated
with 0.5 mm thick Art. 7731 Kieselgel 60 G Merck silica.


NMR spectra were acquired using a 300 MHz Bruker AC-300P
FT spectrometer. Chemical shifts (d) are reported in parts per
million (ppm) relative to the residual solvent. Coupling constants
are reported in hertz (Hz). Gradient COSY, one-bond C–H


* For a more reliable quantitative interpretation a much larger and more
diverse library of molecules, along with a more complex mathematical
analysis of molecular shape, would be needed but this was beyond the
scope of the present study. These experiments were designed to seek further
evidence for a contraction of the host 10 cavity upon formation of a 1 : 1
complex with 14.


correlation (HMQC), long-range C–H correlation (HMBC), 2D
gradient NOESY, 2D ROESY and 2D DOSY experiments utilised
standard BRUKER pulse programs and standard BRUKER
parameters. UV-Vis spectra were recorded on a Varian Cary
IE UV-VIS spectrophotometer. IR spectra were recorded on a
either a Perkin-Elmer FT-IR 1600 series or a Perkin-Elmer FT-IR
1725X series spectrophotometer. Melting points were determined
using a Reichert microscopic hot-stage apparatus. High-pressure
reactions and high-resolution EI and ES mass spectrometric
analyses were carried out at the Centre for Molecular Architecture,
Central Queensland University, Rockhampton, Queensland.


Molecular modelling was carried out using the Spartan software
package [v4.0 (MM2) or 5.0 (MMFF94 and AM1, Wavefunction
Inc.] on a Silicon Graphics O2 workstation.


Synthetic procedures


Amic acids general procedure A. A solution of the bis-acyl
chloride of 121 (442 mg, 1.54 mmol), the appropriate substituted
aniline (1.56 mmol) and pyridine (250 mg, 3.16 mmol) in CHCl3


(15 mL) was stirred under N2 for 5 d at room temperature in
darkness. The reaction mixture was poured into water (20 mL)
and the organic layer separated. The aqueous layer was extracted
with CHCl3 (4 × 5 mL) and the combined organic layers washed
with water (5 × 20 mL). The organic layers were dried over Na2SO4


(anhydrous) and the solvent removed under reduced pressure to
give the crude product. In some instances further purification was
carried out, but generally the crude products were used directly
in the subsequent preparations without further characterisation
other than satisfactory 1H NMR spectra.


1a,2b,3a,6a,7b,8a-N-(4-tert-butylphenyl)-11,12-dioxatetracyclo-
[6.2.1.13,6·02,7]dodeca-4,9-dien-2,7-dicarboxamic acid (3a). The
residue from general procedure A was dried under vacuum
overnight giving the crude amic acid as a brown solid (85%) which
was recrystallised from EtOAc–hexane and further purified by
flash column chromatography [silica, EtOAc–hexane (1 : 1)] to
give a white solid, mp 200–201 ◦C; 1H NMR (CDCl3) d 7.31 (2H,
m, Ar), 6.96 (2H, m, Ar), 6.81(2H, m) 6.73 (2H, m), 5.39 (2H, bs),
5.26 (2H, bs), 1.29 (9H, s).


1a,2b,3a,6a,7b,8a-N-(4-methoxyphenyl)-11,12-dioxatetracyclo-
[6.2.1.13,6·02,7]dodeca-4,9-dien-2,7-dicarboxamic acid (3b). The
product was purified by recrystallisation from CHCl3–MeOH
giving white needles (43%); mp 214–215 ◦C; 1H NMR (CDCl3) d
7.05 (2H, m, Ar) and 6.82 (2H, m, Ar), 6.80 (2H, m), 6.73 (2H,
m), 5.38 (2H, bs), 5.26 (2H, bs), 3.78 (3H, s).


1a,2b,3a,6a,7b,8a-N -(4-methylphenyl)-11,12-dioxatetracyclo-
[6.2.1.13,6·02,7]dodeca-4,9-dien-2,7-dicarboxamic acid (3c). The
remaining residue was dried under vacuum overnight giving the
crude amic acid as a cream-coloured solid (85%); the product
was further purified by recrystallisation from CHCl3 giving a fine
white powder after drying; mp 209–212 ◦C; 1H NMR (CDCl3) d
7.38 (2H, m, Ar), 7.08 (2H, m, Ar), 6.75 (2H, m), 6.56 (2H, m),
5.32 (2H, bs), 5.15 (2H, bs), 2.29 (3H, s).


1a,2b,3a,6a,7b,8a -N - (4-chlorophenyl) -11,12-dioxatetracyclo-
[6.2.1.13,6·02,7]dodeca-4,9-dien-2,7-dicarboxamic acid (3d). The
remaining residue was dried under vacuum overnight giving the
crude amic acid as a light brown solid. The product was purified by
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flash column chromatography (silica, CHCl3) and dried overnight
under vacuum giving a cream-coloured powder (63%); mp 210–
214 ◦C; 1H NMR (CDCl3) d 7.46 (2H, m, Ar), 7.24 (2H, m, Ar),
6.73 (2H, m), 6.57 (2H, m), 5.31 (2H, bs), 5.16 (2H, bs).


1a,2b,3a,6a,7b,8a-N-(4-tert-butylphenyl)-11,12-dioxatetracyclo-
[6.2.1.13,6·02,7]dodeca-4,9-dien-2,7-dicarboximide (4a).


Method 1. The amic acid 3a (1.05 g, 2.75 mmol) was added
to a mixture of NaOAc (4 g) in Ac2O (40 mL) and heated to
130 ◦C for 12 h. A drying tube was attached to the reaction
vessel and the mixture was allowed to cool slowly to room
temperature. The acetic anhydride was removed under vacuum
and the remaining residues were partitioned between CHCl3 and
H2O. The aqueous layer was extracted with CHCl3 (5 × 50 mL)
and the combined organic layers washed with H2O (5 × 100
mL). The organic layers were dried over Na2SO4 (anhyd.) and
the solvent removed under reduced pressure. The residues were
dried under vacuum overnight. The product was purified by flash
column chromatography (silica), eluting with EtOAc–hexane (1 :
1) to obtain a light cream coloured solid (810 mg, 81%); mp 232–
234 ◦C; 1H NMR (CDCl3) d 7.42 (2H, m, Ar), 6.94 (2H, m, Ar),
6.74 (4H, m), 5.34 (4H, m), 1.29 (9H, s); 13C NMR (CDCl3) d 173.4,
152.1, 139.2, 128.4, 126.2, 125.4, 81.6, 69.1, 34.7, 31.2; HRMS
C22H21NO4: calculated 363.1471; m/z (EI) M+ observed 363.1482.


Method 2. The amic acid 3a (15 mg, 3.9 × 10−5 mol) and N-
hydroxybenzotriazole (HOBT, 8 mg, 6 × 10−5 mol) were dissolved
in dry tetrahydrofuran (THF, 1.5 mL) and stirred for 5 min
under N2 (g). N-(3-dimethylaminopropyl)-N ′-ethylcarbodiimide
hydrochloride (EDC, 11 mg, 6 × 10−5 mol) and Et3N (dry, 50 lL)
were added in quick succession (under N2) and the mixture was
stirred at room temperature under N2 for 3 d. THF was removed
under vacuum and the residues partitioned between CHCl3 (ca. 3
mL) and 6M HCl(aq) (ca. 2 mL). The aqueous layer was neutralised
with NaHCO3 (aq sat.) and extracted with CHCl3. The combined
organics were washed with water (3 × 5 mL), dried over NaSO4


(anhyd.) and concentrated using a rotary evaporator. The residues
were dissolved in a minimum of CH2Cl2 and precipitation of
the product was induced by the slow addition of hexane to this
solution. The fine white solid was filtered and dried under vacuum
to give a white powder (12 mg, 80%). Both the melting point and
1H NMR data were identical to results obtained from method 1
above.


1a,2b,3a,6a,7b,8a-N-(4-methoxyphenyl)-11,12-dioxatetracyclo-
[6.2.1.13,6·02,7]dodeca-4,9-dien-2,7-dicarboximide (4b).


Method 1. A mixture of the anhydride of (1) (526 mg,
2.27 mmol) and anisidine (286 mg, 2.32 mmol) in CH2Cl2 (4.5 mL)
were placed under high pressure (13 kbar) for 3 d. The solvent was
removed under reduced pressure and the residues dried under
vacuum. The crude residue was treated with NaOAc (1 g) in
Ac2O (5 mL) and this mixture was stirred at room temperature
for 2 d and then at 60 ◦C for 1 d. The acetic anhydride was
removed under high vacuum and the residues were partitioned
between CHCl3 and H2O. The aqueous layer was extracted with
CHCl3 (3 × 50 mL) and the combined organic layers washed with
H2O (3 × 100 smL). The organic layers were dried over Na2SO4


(anhyd.) and the solvent removed under reduced pressure. The
remaining residue was dried under vacuum overnight. The product
was recrystallised from EtOAc–hexane (2 : 1) giving a fine off-white


solid (360 mg, 47%); mp 275–278 ◦C; 1H NMR (CDCl3) d 6.92
(4H, s, Ar), 6.74 (4H, m), 5.33 (4H, m), 3.79 (3H, s).


Method 2. The amic acid 3b (50 mg, 1.41 × 10−4 mol) was
stirred with NaOAc (300 mg) in Ac2O (3 mL) at 130 ◦C for 3 h. The
acetic anhydride was distilled off under vacuum and the remaining
residues were partitioned between CHCl3 and H2O. The organic
layer was separated and the aqueous layer extracted with CHCl3


(4 × 5 mL). The combined organics were washed with water (4 ×
5 mL), dried over NaSO4 (anhyd.) and the solvent removed using
a rotary evaporator. The residue was dissolved in a minimum of
CHCl3 (ca. 2 mL) and approximately 1 mL of hexane was added
down the side of the flask. A fine white precipitate formed and was
filtered and dried under vacuum overnight (40 mg, 84%). Both the
melting point and NMR data were identical to results obtained
from method 1 above.


Method 3. The amic acid 3b (21 mg, 5.8 × 10−5 mol) and HOBT
(12 mg, 8.8 × 10−5 mol) were dissolved in dry THF (2 mL) and
stirred for 5 min under N2 (g). EDC (17 mg, 8.8 × 10−5 mol)
and Et3N (dry, 70 lL) were added in quick succession and the
mixture stirred at room temperature under N2 (g) for 3 d. THF
was removed under vacuum and the residues partitioned between
CHCl3 (ca. 3 mL) and 6M HCl (aq, ca. 2 mL). The aqueous
layer was neutralised with NaHCO3 (aq sat.) and extracted with
CHCl3. The combined organics were washed with water (3 ×
5 mL), dried over NaSO4 (anhyd.) and concentrated using a rotary
evaporator. The residues were dissolved in a minimum of CH2Cl2


and precipitation of the product was induced by the slow addition
of hexane to this solution. A fine white solid was filtered off and
dried under vacuum to give a white powder (13.7 mg). Yield =
70%. Both the melting point and 1H NMR data were identical to
results obtained from method 1 above.


1a,2b,3a,6a,7b,8a-N -(4-methylphenyl)-11,12-dioxatetracyclo-
[6.2.1.13,6·02,7]dodeca-4,9-dien-2,7-dicarboximide (4c). The amic
acid 3c (20 mg, 5.9 × 10−5 mol) and HOBT (12 mg, 8.8 ×
10−5 mol) were dissolved in dry THF (2 mL) and stirred for
5 min under N2 (g). EDC (17 mg, 8.8 × 10−5 mol) and Et3N (dry,
70 lL) were added in quick succession and the mixture stirred at
room temperature under N2 (g) for 3 d. THF was removed under
vacuum and the residues partitioned between CHCl3 (ca. 3 mL)
and 6M HCl(aq) (ca. 2 mL). The aqueous layer was neutralised
with NaHCO3 (aq sat.) and extracted with CHCl3. The combined
organics were washed with water (3 × 5 mL), dried over NaSO4


(anhyd.) and concentrated using a rotary evaporator. The residues
were dissolved in a minimum of CH2Cl2 and precipitation of
the product was induced by the slow addition of hexane to this
solution. The fine white solid was filtered and dried under vacuum
to give a white powder (10 mg, 50%); mp 270–273 ◦C; 1H NMR
(CDCl3) d 7.21 (2H, m, Ar), 6.88 (2H, m, Ar), 6.75 (4H, bs), 5.34
(4H, bs), 2.35 (3H, s); HRMS C19H15NO4: calculated 321.1001;
m/z (EI) M+ 321.1002.


1a,2b,3a,6a,7b,8a -N - (4-chlorophenyl) -11,12-dioxatetracyclo-
[6.2.1.13,6·02,7]dodeca-4,9-dien-2,7-dicarboximide (4d). The amic
acid 3d (50 mg, 1.4 × 10−4 mol) and HOBT (28 mg, 2.1 ×
10−4 mol) were dissolved in dry THF (4 mL) and stirred for 5 min
under N2 (g). EDC (40 mg, 2.1 × 10 −4 mol) and Et3N (dry,
160 lL) were added in quick succession and the mixture stirred at
room temperature under N2 (g) for 3 d. THF was removed under
vacuum and the residues partitioned between CHCl3 (ca. 5 mL)
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and 6M HCl(aq) (ca. 5 mL). The aqueous layer was neutralised
with NaHCO3 (aq sat.) and extracted with CHCl3. The combined
organics were washed with water (3 × 10 mL), dried over NaSO4


(anhyd.) and concentrated using a rotary evaporator. The residues
were dissolved in a minimum of CH2Cl2 and precipitation of
the product was induced by the slow addition of hexane to
this solution. The white precipitate was filtered and dried under
vacuum to give a white powder (30 mg, 63%); mp 263–266 ◦C; 1H
NMR (CDCl3) d 7.39 (2H, m, Ar), 6.97 (2H, m, Ar), 6.75 (4H,
s), 5.34 (4H, s); HRMS C18H12ClNO4: calculated 341.0455; m/z
(EI) M+ observed 341.0453.


(1a,2b,3a,4b,7b,8a,9b,10a,11b,14b)-N-(4-tert-butylphenyl)-5,6,
12,13-tetra(methoxycarbonyl)-15,16-dioxahexacyclo[8.4.1.13,8·02,9·
04,7·011,14]hexadeca-5,12-diene-2,9-dicarboximide (5a). To a sol-
ution of 4a (85.3 mg, 2.35 × 10−4 mol) and DMAD (190 mg,
1.34 mmol, 5.7 eqv.) in benzene (5 mL) was added RuH2CO(PPh3)3


(10 mol%, 21 mg). The solution was heated at reflux temperature
under N2 for 3 d. The solution was taken to dryness (rotary
evaporator) and the residue dissolved in EtOAc. Solids were
filtered off and washed well with EtOAc. The filtrate was
concentrated and the product recrystallised from EtOAc–hexane
to give a white solid (84 mg, 55%); mp 284–286 ◦C; 1H NMR
(CDCl3) d 7.49 (2H, m, Ar), 7.10 (2H, m, Ar), 4.84 (4H, s), 3.79
(12H, s), 3.26 (4H, s), 1.32 (9H, s); 13C NMR (CDCl3) d 171.9,
160.0, 152.8, 140.1, 127.9, 126.5, 125.5, 77.2 (hidden), 70.2, 52.2,
44.8, 34.9, 31.2; HRMS C34H33NO12: calculated 647.2003; m/z
(EI) M+ observed 647.1998.


(1a,2b,3a,4b,7b,8a,9b,10a,11b,14b)-N - (4 - methoxyphenyl)-5,6,
12,13-tetra(methoxycarbonyl)-15,16-dioxahexacyclo[8.4.1.13,8·02,9·
04,7·011,14]hexadeca-5,12-diene-2,9-dicarboximide (5b). To a sol-
ution of 4b (200 mg, 5.93 × 10−4 mol) and DMAD (211 mg,
1.48 mmol, 2.5 eqv.) in benzene (8 mL) was added RuH2CO(PPh3)3


(2 mol%, 11 mg). The solution was heated at reflux temperature
under N2 (g) for 2 d. The solution was taken to dryness
(rotary evaporator) and the residue dissolved in EtOAc. Solids
were filtered off and washed well with EtOAc. The filtrate
was concentrated and the residue purified by flash column
chromatography (silica, EtOAc–hexane 1 : 1) giving a white solid
(111 mg, 30%); mp 248–250 ◦C; 1H NMR (CDCl3) d 7.49 (2H,
m, Ar), 7.10 (2H, m, Ar), 4.84 (4H, s), 3.79 (12H, s), 3.26 (4H,
s), 1.32 (9H, s); HRMS C31H27NO13: calculated 621.1482; m/z
(EI) M+ observed 621.1487.


(1a,2b,3a,4b,5a,7a,8b,9a,10b,11a,12b,13a,15a,16b)-N -(4-tert-
butylphenyl)-5,7,13,15-tetra(methoxycarbonyl)-6,14,17,18-tetra-
oxaoctacyclo[9.5.1.13,9·02,10·04,8·05,7·012,16·013,15 ]octadeca-2,9-dicar-
boximide (6a). The bis-cyclobutenediester 5a (88 mg, 1.30 × 10−4


mol) was dissolved in dry THF (7 mL) and cooled to −8 ◦C.
tBuOOH (3.8 M in toluene, 89 lL, 3.4 × 10−4 mol, ca. 1.3 eqv. per
‘ene’ group) was added and the solution stirred at −5 ◦C for 10 min.
tBuOK (14.6 mg, 1.30 × 10−4 mol, 0.5 eqv. per ‘ene’ group) was
added under N2 and the reaction mixture was stirred and allowed
to rise gradually to +25 ◦C over several hours. Stirring under N2


at ca. 25 ◦C was continued overnight. An aqueous solution of
Na2SO3 (10% w/v, 7 mL) was added with CHCl3 (7 mL) and the
mixture stirred for 5 min. The organic layer was separated and the
aqueous layer extracted with CHCl3 (3 × 7 mL). The combined
organics were washed with water (3 × 20 mL), dried over Na2SO4


(anhyd.) and the solvents removed using a rotary evaporator.
The residue was dried under vacuum giving an off-white solid.
The product was purified by flash column chromatography (silica,
CHCl3) and obtained as a white solid (68 mg, 74%); mp > 300 ◦C
(sample changes colour and gradually liquifies at T > 150 ◦C); 1H
NMR (CDCl3) d 7.47 (2H, m, Ar), 6.99 (2H, m, Ar), 5.58 (4H,
s), 3.83 (12H, s), 2.90 (4H, s), 1.31 (9H, s); 13C NMR (CDCl3) d
171.4, 163.2, 152.9, 127.6, 126.6, 125.4, 80.6, 70.4, 62.7, 53.1, 48.7,
34.8, 31.2; HRMS C34H33NO14: calculated 679.1901; m/z (EI) M+


observed 679.1889.


(1a,2b,3a,4b,5a,7a,8b,9a,10b,11a,12b,13a,15a,16b)-N-(4-meth-
oxyphenyl) - 5,7,13,15 - tetra(methoxycarbonyl) - 6,14,17,18 - tetra-
oxaoctacyclo[9.5.1.13,9·02,10·04,8·05,7·012,16·013,15] octadeca-2,9-dicar-
boximide (6b). The bis-cyclobutenediester 5b (80 mg, 1.29 ×
10−4 mol) was dissolved in dry THF (5 mL) and cooled to −78 ◦C
(dry ice–acetone). tBuOOH (3.8 M in toluene, 110 lL, 4.2 ×
10−4 mol, ca. 1.3 eqv. per ‘ene’ group) was added and the solution
stirred at −78 ◦C for 10 min. MeLi (1.4 M, 0.278 mL) was added
under N2 and the reaction mixture was stirred at −78 ◦C for
30 min and allowed to rise gradually to rt over 2 h. Stirring under
N2 at rt was continued for another 6 h. The reaction mixture was
diluted with CH2Cl2 (50 mL) and washed with Na2SO3 (aq) (10%
w/v, 2 × 50 mL), water (3 × 20 mL) and dried over Na2SO4


(anhyd). The solvents were removed using a rotary evaporator
and the residue was dried under vacuum giving a white solid. The
product was further purified by flash column chromatography
(silica, CHCl3) and obtained as a white solid (63 mg, 75%); mp >
250 ◦C; 1H NMR (CDCl3) d 6.96 (4H, s), 5.57 (4H, s), 3.83 (12H,
s), 3.81 (3H, s), 2.90 (4H, s).


tBuPSP 10a. In a thick-walled glass reaction tube a solution of
tBuPBlock 9 (111 mg, 8.16 × 10−5 mol) and bis-epoxide 6a (28 mg,
4.1 × 10−5 mol) in CH2Cl2 (3.0 mL) was degassed, by freeze-
thawing (×4) under high vacuum. The reaction vessel was flame-
sealed under vacuum and the solution heated and magnetically
stirred at 140 ◦C for 90 h. The reaction mixture was added
directly to the top of a wet (2% MeOH–CH2Cl2) silica column
and the product purified chromatographically (flash column). The
product was obtained as a brown solid (80 mg) and further purified
by recrystallisation from CH2Cl2–MeOH gave the final product
(52 mg, 38%). Mp > 300 ◦C; 1H NMR (CDCl3) d 9.02 (4H, d, J =
5 Hz), 8.97 (4H, d, J = 5 Hz), 8.77 (4H, s), 8.50 (4H, s), 8.10 (8H,
s), 7.99 (4H, s), 7.95 (4H, s), 7.81 (4H, s), 7.30 (2H, m), 6.95 (2H,
m), 6.55 (4H, t, J = 4 Hz), 4.72 (4H, s), 4.26 (4H, t, J = 4 Hz),
3.96 (12H, s), 2.46 (4H, s), 2.39 (4H, s), 2.20 (2H, d, J = 10 Hz),
2.06 (2H, d, J = 10 Hz), 1.92 (4H, s), 1.90 (4H, s), 1.53 (36H, s),
1.52 (36H, s), 1.49 (72H, s), 0.98 (3H, s) −2.40 (4H, bs); 13C NMR
(CDCl3) d 172.0, 168.1, 158.5, 155.0, 153.7, 149.1, 149.0, 148.8,
145.5, 141.0, 140.7, 139.8, 139.6, 138.9, 138.1, 134.2, 133.6, 129.5,
129.0, 128.6, 128.3, 128.1, 126.5, 124.9, 123.0, 121.2, 120.7, 117.9,
89.5, 82.7, 70.6, 57.2, 52.9, 52.8, 46.7, 46.5, 43.8, 35.0, 35.0, 31.9,
31.7, 30.9.


Zn2
tBuPSP 10b. To a refluxing solution of tBuPSP 10a


(12.0 mg, 3.53 lmol) in CHCl3 (500 lL) was added a saturated
solution of zinc acetate dihydrate in MeOH (150 lL). The mixture
was heated at reflux temperature for 30 min. The reaction mixture
was partitioned between CHCl3 and H2O. The organic layer
was separated and the aqueous layer extracted with CHCl3. The
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combined organic layers were washed with H2O (3 × 10 mL), dried
over Na2SO4 (anhyd.) and the solvent removed under reduced
pressure. The product was recrystallised from CHCl3–MeOH
giving the product 10b as a brown solid (11.1 mg, 90%); m.p.
> 300 ◦C; 1H NMR (CDCl3) d 8.94 (8H, s), 8.84 (4H, s), 8.56 (4H,
s), 8.06 (8H, bs), 7.95 (8H, bs), 7.92 (4H, bs), 7.27 (2H, m), 6.93
(2H, m), 6.54 (4H, t, J = 4 Hz), 4.70 (4H, s), 4.25 (4H, bs), 3.94
(12H, s), 2.44 (4H, s), 2.38 (4H, s), 2.19 (2H, d, J = 10 Hz), 2.04
(2H, d, J = 10 Hz), 1.92 (4H, s), 1.88 (4H, s), 1.52 (36H, s), 1.51
(36H, s), 1.47 (72H, s), 0.96 (3H, s); HRMS C224H241N17O14Zn2:
calculated 3522.741; m/z (ES) (M + 2H)2+ observed 1761.369.


Nicotinic acid 5-nicotinoyloxy-naphthalen-1-yl ester (11a). To
naphthalene-1,5-diol (160 mg, 1.0 mmol), nicotinic acid (369 mg,
3.0 mmol) and HOBT (405 mg, 3.0 mmol) in dry THF (20 mL)
under N2 was added EDC (575 mg, 3.0 mmol) followed by Et3N
(dry, 800 lL). The solution was stirred under N2 at rt in darkness
for 5 d. The solvents were removed under reduced pressure and
the residue was partitioned between CHCl3 and H2O. The aqueous
layer was extracted with CHCl3 and the combined organics washed
with water, dried over NaSO4 (anhyd.) and the solvent removed
on a rotary evaporator. The product was dried under vacuum
overnight giving a reddish-brown solid (320 mg, 87%); mp 189–
192 ◦C; 1H NMR (CDCl3) d 9.55 (2H, s), 8.92 (2H, d, J = 4 Hz),
8.57 (2H, m), 7.89 (2H, d, J = 8 Hz), 7.59–7.51 (4H, m), 7.46
(2H, d, J = 8 Hz); HRMS C22H14N2O4: calculated 370.0954; m/z
(EI) M+ observed 370.0952.


Nicotinic acid 2-[5-(2-nicotinoyloxyethoxy)naphthalen-1-yloxy]-
ethyl ester (11b). A solution of 2-chloroethanol (3.2 g, 34 mmol)
naphthalene-1,5-diol (1.6 g, 10 mmol) and K2CO3 (7 g) in MeCN
(40 mL) was refluxed under N2 for 7 d. The reaction mixture
was allowed to cool to rt and the solids were filtered off and
washed with CHCl3 (30 mL). The filtrate was concentrated and the
residues were partitioned between CHCl3 and H2O. The organic
layer was washed with NaHCO3 (aq sat.), dil. HCl (aq), and
finally with H2O. The organics were dried over Na2SO4 and the
solvent removed using a rotary evaporator. The residues were
dried under vacuum overnight. To a portion of this crude 1,5-
bis-(2-hydroxyethoxy)naphthalen (355 mg, 1.43 mmol), nicotinic
acid (1.0 g, 8.1 mmol) and HOBT (1.1 g, 8.1 mmol) in dry THF
(24 mL) and CHCl3 (12 mL) under N2 was added EDC (1.2 g,
6.0 mmol) followed by Et3N (dry, 830 lL). A white precipitate
formed immediately upon the addition of triethylamine. The
mixture was stirred under N2 at rt in darkness for 3 d. The
solvents were removed under reduced pressure and the residue
was partitioned between CHCl3 and HCl (aq) (6 M). The aqueous
layer was neutralised and extracted with CHCl3 and the combined
organics washed with water and dried over NaSO4 (anhyd.). The
product was purified by recrystallisation from CHCl3–hexane
giving a light-red solid (400 mg, 60%); mp 128–130 ◦C; 1H NMR
(d6-acetone) d 9.17 (2H, d, J = 2Hz), 8.78 (2H, s), 8.35–8.31 (2H,
m), 7.86 (2H, d, J = 8.5 Hz), 7.53–7.49 (2H, m), 7.37 (2H, t, J =
8 Hz), 7.05 (2H, d, J = 8 Hz), 4.88 (4H, t, J = 5 Hz), 4.59 (4H,
t, J = 5 Hz); HRMS C26H22N2O6: calculated 458.1478; m/z (M+)
EI observed 458.1471.


Nicotinic acid 3-[5-(3-nicotinoyloxypropoxy)naphthalen-1-yloxy]-
propyl ester (11c). In a similar procedure to that for 11a, but
using 3-bromopropan-1-ol (5.6 g, 40 mmol) was obtained crude


1,5-bis-(3-hydroxy-propoxy)naphthalene. This product (204 mg,
0.74 mmol) was reacted with nicotinic acid (0.37 g, 3.0 mmol),
HOBT (0.40 g, 3.0 mmol), EDC (0.43 g, 2.2 mmol) and Et3N (dry,
500 lL) in dry THF (15 mL) and CHCl3 (5 mL) under N2 as above
giving the product as a pink solid (228 mg, 64%); mp 151–153 ◦C;
1H NMR (CDCl3) d 9.22 (2H, m), 8.76 (2H, s), 8.29–8.25 (2H,
m), 7.86 (2H, d, J = 8 Hz), 7.38–7.30 (4H, m), 6.85 (2H, d, J =
7.3 Hz), 4.67 (4H, t, J = 6 Hz), 4.30 (4H, t, J = 6 Hz), 2.41 (4H,
t, J = 6 Hz); HRMS C28H26N2O6: calculated 486.1791; m/z (M+)
EI observed 486.1786.


Nicotinic acid 4-[5-(4-nicotinoyloxybutoxy)naphthalen-1-yloxy]-
butyl ester (11d). In a similar procedure to that for 11a, but using
4-chlorobutan-1-ol (85% tech. grade, 5.0 g, 28 mmol) was obtained
crude bis-(hydroxybutoxy)naphthalene. This product (700 mg, 2.3
mmol) was reacted with nicotinic acid (1.2 g, 9.7 mmol), HOBT
(1.30 g, 9.7 mmol), EDC (1.15 g, 6.0 mmol) and Et3N (dry,
1.00 mL) in dry THF (24 mL) and CHCl3 (12 mL) under N2


as above giving the product as a thick red oil (600 mg, 60%) of the
pure product (red oil) was obtained by preparative TLC (alumina,
CHCl3–EtOAc 9 : 1); 1H NMR (CDCl3) d 9.22 (2H, d, 2 Hz), 8.75
(2H, s), 8.28–8.24 (2H, m), 7.82 (2H, d, J = 8.5 Hz), 7.37–7.30
(4H, m), 6.82 (2H, d, J = 7.6 Hz), 4.49 (4H, t, J = 6 Hz), 4.20
(4H, t, J = 6 Hz), 2.09 (8H, m); HRMS C30H30N2O6: calculated
514.2104; m/z (M+) EI observed 514.2107.


Nicotinic acid 6-[5-(6-nicotinoyloxyhexoxy)naphthalen-1-yloxy]-
hexyl ester 11e. In a similar procedure to that for 11a, but using 6-
bromohexan-1-ol (5.0 g, 28 mmol) was obtained crude 1,5-bis-(6-
hydroxy-hexyloxy)naphthalene. This product (1.29 g, 3.58 mmol)
was reacted with nicotinic acid (1.76 g, 14.3 mmol), HOBT (1.93 g,
4.3 mmol), EDC (2.05 g, 10.74 mmol) and Et3N (dry, 2.00 mL) in
dry THF (40 mL) and CHCl3 (20 mL) under N2 as above giving
the product as a red sticky oil (1.4 g, 69%); 1H NMR (CDCl3) d
9.20 (2H, bs), 8.75 (2H, bs), 8.31–8.24 (2H, m), 7.82 (2H, d, J =
8.5 Hz), 7.40–7.29 (4H, m), 6.80 (2H, d, J = 7.6 Hz), 4.39 (4H, t,
J = 6 Hz), 4.11 (4H, t, J = 6 Hz), 1.99–1.89 (8H, m), 1.68–1.56
(8H, m); HRMS C34H38N2O6: calculated 570.2730; m/z (M+) EI
observed 570.2730.


bis-[2-(4-Pyridyl)-1H-imidazo]porphyrin (13). 2,3,12,13-Tetra-
oxo-5,10,15,20-tetrakis-(3,5-di-tert-butylphenyl)porphyrin (26 mg,
2.3 × 10−5 mol), pyridine-4-carbaldehyde (6.5 mg, 6.0 × 10−5 mol)
and NH4OAc (50 mg) were stirred in refluxing AcOH (glacial)–
CHCl3 (1 : 1, 5 mL) for 4 h. The reaction mixture was washed with
water (3 × 10 mL), NaHCO3 (aq) (3 × 10 mL) and again with water
(2 × 10 mL), dried over NaSO4 (anhyd.) and the solvent removed
using a rotary evaporator. The residue was purified using flash
column chromatography (silica, CHCl3) giving 13 (10 mg, 34%);
mp > 300 ◦C; 1H NMR (CDCl3) broad unresolved spectrum; UV-
Vis (CH2Cl2) kmax (log e)/nm 423 (5.15), 516 (4.03), 551 (3.93),
587 (3.87), 638 (3.54), 659 (3.53); HRMS C88H100N10: calculated
1297.821; m/z (ES) (M + H)+ observed 1297.820
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Two strategies for the projected total synthesis of the phenomenally potent antitumour macrolides
amphidinolide N (1) and caribenolide I (2) are described. The title compounds are introduced as
challenging and unique targets for chemical synthesis, and their retrosynthetic analysis is presented.
The synthesis of the four defined key building blocks (10, 39, 67 and 72), required for the construction
of amphidinolide N (1), in their enantiomerically pure forms, is described, followed by the coupling of
10, 39 and 72 through hydrazone alkylation processes to generate the complete C6–C29 carbon
framework of the target compound (1). Fusion of the remaining C1–C5 sector (72) onto the molecule
by metathesis-based methods was unsuccessful, resulting in the adoption of a second-generation
strategy which called for the employment of one of the array of palladium-catalysed cross-coupling
reactions to generate the C5–C6 carbon–carbon bond. Vinyl bromide 125, representing the C6–C29
skeleton of caribenolide I (2), was prepared through the sequential alkylation of hydrazone 10 with
bromide 116 and iodide 55, but failed to engage in the appropriate cross-coupling reaction with a
variety of C1–C4 partners. Despite these setbacks, the information gleaned from these endeavours was
to prove invaluable in laying the foundation for the eventual successful approach to the macrocyclic
structures of amphidinolide N (1) and caribenolide I (2).


Introduction


In recent years, a remarkable array of structurally diverse and
biologically active secondary metabolites has been isolated from
a variety of marine organisms, such as fish, algal blooms and
sponges.1 It has been found that marine microorganisms, such
as bacteria and dinoflagellates, are the true producers of many
of these novel substances, through association in a symbiotic
relationship with a larger host.2 One such example of this
phenomenon is the case of the amphidinolides, a class of macrolide
natural products isolated from cultured extracts of Amphidinium
sp., the latter being symbiotic dinoflagellates harvested from inside
cells of marine acoel flatworms Amphiscolops sp. collected from
coral reefs off the coast of Okinawa. Largely through the sterling
efforts of the Kobayashi group, the number of identified members
of this ever-expanding family of chemically unique macrolides,
which possess a variety of backbone molecular architectures
and macrocyclic ring-sizes (12–29-membered), currently stands at
more than 30.3 In addition to their unprecedented structures, most
of the individual members of this natural product class have been
shown to exhibit cytotoxicity against several mammalian cancer
cell lines in vitro, with activities that can be loosely defined as
ranging from good (IC50 < 10 lM) to excellent (IC50 < 1 nM).
This combination of intriguing molecular structure and biological
properties has prompted a flurry of activity directed towards the
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laboratory synthesis of these compounds, resulting in several total
syntheses4–9 and numerous partial syntheses10 of various members
of the amphidinolide family.


The isolation of amphidinolide N (1, Fig. 1) was reported
by Kobayashi and co-workers in 1994.11 Arguably the most
structurally complex of this class of natural products (at least
in terms of the number of stereocentres), amphidinolide N (1)
was found to exhibit extraordinary cytotoxicity in vitro, with IC50


values of 0.08 and 0.09 nM against the murine lymphoma L1210
and human epidermoid carcinoma KB-31 cell lines, respectively.
This level of activity is at least an order of magnitude greater than
the next most potent members of the amphidinolide family, namely
amphidinolides B (3, Fig. 1) and H (4). Indeed, amphidinolide N
(1) is one of the most potent antitumour substances discovered
to date, with activity levels rivalling those of the spongistatins.12


Unfortunately, further studies into the efficacy of amphidinolide
N (1) as a potential therapeutic agent have been precluded by
the extremely limited amounts of material that could be isolated
from the Amphidinium sp. cultures. The relative inaccessibility of
the natural product has also hampered progress towards even
a complete stereochemical assignment. Although the relative
stereochemistry of the C14–C19 region of amphidinolide N (1)
was tentatively assigned to be as shown in Fig. 1 on the basis of
NOESY data,11 the configurations of the remaining chiral centres,
as well as the absolute configuration of the molecule, has so far
not yet been determined.


In the year following the disclosure of amphidinolide N (1),
the isolation of caribenolide I (2, Fig. 1) from cultured extracts
of an Amphidinium sp. (which in this case was a free-swimming,
rather than symbiont, dinoflagellate) was reported by Shimizu
and co-workers.13 Discovered during the course of screening for
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Fig. 1 Structures of amphidinolide N (1), caribenolide I (2), amphidinolide B (3) and amphidinolide H (4).


potent antineoplastic agents, caribenolide I (2) is clearly related
biogenetically to amphidinolide N (1). Caribenolide I (2) and am-
phidinolide N (1) share an identical carbon–carbon connectivity,
with the sole structural difference between the two molecules being
the presence of a tetrahydrofuran ring (formally the result of an
intramolecular dehydration between the C21 and C24 hydroxy
groups) in the former. The biogenetic relationship and striking
structural homology between caribenolide I (2) and amphidinolide
N (1) suggests that the stereochemical relationships are conserved
between the two molecules. However, since neither the relative nor
absolute stereochemistry of caribenolide I (2) could be determined
from the meagre amounts of material that could be procured
from the producing organism, as was the case with amphidinolide
N (1), this postulate remains unconfirmed. Caribenolide I (2)
was found to show potent cytotoxic activity against the human
colon cancer cell line HCT-116, with an IC50 value (1.6 nM)
more than 100 times smaller than that of amphidinolide B (3).
Importantly, this excellent activity was retained against the corre-
sponding drug-resistant HCT-116/VM-46 cell line. Furthermore,
caribenolide I (2) displayed activity in vivo against murine tumour
P388 (T/C = 150 at a dose of 0.03 mg kg−1 body weight).
Caribenolide I (2) would therefore also appear to be a promising
anticancer therapeutic lead, but again the scarcity of material
has prevented more detailed studies, a problem exacerbated by
the fact that no more of the originally isolated sample remains,
with it all having been consumed in the preliminary biological
testing.14


Reports of synthetic studies on amphidinolide N (1) and
caribenolide I (2) are notable only for their complete absence.
We therefore embarked on a program to address the lack of
information on these two remarkable targets with, initially, three
main goals: (1) to develop practical synthetic routes to the core
frameworks of both compounds 1 and 2, (2) to obtain information
regarding the identity of the relative and absolute stereochemistries
of the natural products, and (3) to supply viable quantities of
materials, both of the natural products themselves and also their
analogues, for further biological investigations. In this article, and
in the following paper in this issue,15 we present a full account of
our work in this area thus far.


Results and discussion


From the outset, it was anticipated that the C4–C5 allylic
epoxide unit present within both amphidinolide N (1) and


caribenolide I (2) would prove to be the most delicate functionality
contained within these molecules. In particular, the ability of this
motif to survive standard global deprotection conditions was
deemed to be questionable at best. It was therefore proposed
to install the epoxide group in the final step of the synthesis,
leading to, in the case of amphidinolide N (1), the protecting
group-free diene 5 [Scheme 1(a)] as the direct precursor of
the target molecule. Macrolide 5 would, in turn, be derived
from compound 6, which attracted our attention due to the
possibility of exploiting either an enyne cross-metathesis16 or
an enyne ring-closing metathesis macrocyclisation17 reaction to
generate its 1,3-diene system. These reactions have been very
much under-utilised in target-oriented synthesis compared to their
more prestigious alkene-based siblings,18 yet offer a potentially
convenient access to the characteristic 1,3-disubstituted 1,3-diene
system in compound 6. Thus, 6 could be derived from alkyne
7 and alkene 8 either by enyne cross-metathesis followed by
macrolactonisation, or by intermolecular esterification followed
by an enyne ring-closing metathesis macrocyclisation. The C14–
C16 subunit of alkyne 7 comprises a masked 1,3-dihydroxyketone
derivative, allowing for two further points of disconnection as
shown, to give bromide 9, hydrazone 10 and iodide 11. In the
forward synthetic direction, these three fragments would be unified
by sequential alkylation reactions of hydrazone 10. If successful,
this would represent the most advanced application to date of the
protocol developed by the Enders group for the enantioselective
synthesis of anti-disubstituted 1,3-dihydroxyacetone derivatives,
the basic principles of which are illustrated in Scheme 2.19 A similar
retrosynthetic analysis for caribenolide I (2) then simply requires
the replacement of iodide 11 with the corresponding tetrahydro-
furan 13 [Scheme 1(b)]. The proposed routes to 1 and 2 were
thus designed to have a high degree of flexibility and convergency.
Given the uncertainties regarding the stereochemistry of the target
compounds (1 and 2), it would be necessary that the routes to the
individual fragments 9, 11 and 13 be amenable to the production
of any one of the possible stereoisomers.


In the absence of overwhelming evidence to favour any one
particular stereoisomer of the natural products, the stereoselective
routes to fragments 9, 11 and 13 were designed, initially, based
upon the perceived relative ease of synthesis. The synthesis
of the amphidinolide N C17–C29 fragment 39 is illustrated
in Scheme 3, and began with the protection of commercially
available (S)-(−)-glycidol 19 as the corresponding trityl ether
20 (88%).20 The copper(I)-catalysed opening of epoxide 20 using
n-propylmagnesium bromide proceeded regioselectively21 and in
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Scheme 1 Retrosynthetic analysis of (a) amphidinolide N (1) and (b) caribenolide I (2): enyne metathesis approach.


Scheme 2 The Enders hydrazone alkylation approach to the enantiose-
lective synthesis of a,a′-disubstituted 1,3-dihydroxyketone derivatives (18).


excellent yield (97%) to afford secondary alcohol 21. Conversion
of alcohol 21 to the corresponding PMB ether (22) and subsequent


unmasking of the primary hydroxy group to furnish 23 was
followed by Swern oxidation to give aldehyde 24 (73% overall
for the three-step sequence). Chelation-controlled allylation of
aldehyde 24, using conditions reported by Keck and Boden,22


gave homoallylic alcohol 26 as the sole detectable stereoisomer
(presumably as the result of the addition to the chelated aldehyde
intermediate 25) in nearly quantitative yield. It is important to
note that the diastereofacial selectivity of this reaction could,
if desired, be reversed by using THF as the solvent instead of
Et2O.22 Protection of alcohol 26 as the corresponding TBS ether
27 was followed by regioselective hydroboration/oxidation to
give primary alcohol 28 and subsequent oxidation to aldehyde
29. Brown allylation23 of aldehyde 29 proceeded with >95%
diastereoselectivity to install the C21 stereocentre in alcohol 30
under reagent control. Silyl ether protection (30 → 31) and then
ozonolysis of the terminal alkene provided aldehyde 32, which
was subjected to another three-step sequence of Brown allylation
(32 → 33), protection (33 → 34) and ozonolysis to yield aldehyde
35, with an average yield of 92% for the five-step sequence.
Reduction of aldehyde 35 with NaBH4 gave primary alcohol
36 (98%), which was converted into iodide 37 under standard
conditions (I2, PPh3, imidazole, 98%). Completion of the synthesis
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Scheme 3 Synthesis of amphidinolide N C17–C29 fragment 39. Reagents and conditions: a) TrCl (1.1 equiv.), Et3N (2.0 equiv.), CH2Cl2, 0 → 25 ◦C,
24 h, 88%; b) n-PrMgBr (2.0 equiv.), CuI (0.2 equiv.), THF, −45 ◦C, 80 min, 97%; c) NaH (1.5 equiv.), THF, 0 → 25 ◦C, 1 h, then PMBCl (1.5 equiv.),
TBAI (0.02 equiv.), 45 → 55 ◦C, 36 h, 82%; d) TsOH·H2O (0.1 equiv.), MeOH, 25 ◦C, 20 min, 90%; e) DMSO (3.0 equiv.), (COCl)2 (1.5 equiv.), CH2Cl2,
−78 ◦C, 20 min, then 23, −78 ◦C, 30 min, then Et3N (6.0 equiv.), −78 → 25 ◦C, 1 h, 99%; f) allyltributyltin (1.7 equiv.), MgBr2·OEt2 (1.6 equiv.), Et2O,
0 ◦C, 3 h, 99%; g) TBSCl (1.7 equiv.), imidazole (2.5 equiv.), 4-DMAP (cat.), CH2Cl2, 16 h, 95%; h) BH3·SMe2 (4.0 equiv.), THF, 0 → 25 ◦C, then 3 M
aq. NaOH, H2O2 (35% in H2O), 0 → 25 ◦C, 16 h, 85%; i) DMSO (2.8 equiv.), (COCl)2 (1.4 equiv.), CH2Cl2, −78 ◦C, 20 min, then 28, −78 ◦C, 30 min,
then Et3N (5.6 equiv.), −78 → 25 ◦C, 1 h, 93%; j) allylmagnesium bromide (2.1 equiv.), (+)-Ipc2BOMe (2.1 equiv.), Et2O, −78 → 25 ◦C, 75 min, then 29,
−78 → 0 ◦C, 3 h, then 3 M aq. NaOH, 35% aq. H2O2, 0 → 25 ◦C, 16 h, 90%; k) TBSCl (2.6 equiv.), imidazole (3.6 equiv.), 4-DMAP (cat.), CH2Cl2, 7 h,
89%; l) O3, CH2Cl2, −78 ◦C, then PPh3 (1.3 equiv.), −78 → 25 ◦C, 1 h, 92%; m) allylmagnesium bromide (2.1 equiv.), (+)-Ipc2BOMe (2.1 equiv.), Et2O,
−78 → 25 ◦C, 75 min, then 32, −78 → 0 ◦C, 3 h, then 3 M aq. NaOH, 35% aq. H2O2, 0 → 25 ◦C, 16 h, 95%; n) TBSCl (2.0 equiv.), imidazole (4.0 equiv.),
4-DMAP (cat.), CH2Cl2, 16 h, 95%; o) O3, CH2Cl2, −78 ◦C, then PPh3 (1.3 equiv.), −78 → 25 ◦C, 1 h, 90%; p) NaBH4 (2.0 equiv.), MeOH, 0 ◦C, 10 min,
98%; q) I2 (2.0 equiv.), PPh3 (2.0 equiv.), imidazole (4.0 equiv.), C6H6, 0 → 25 ◦C, 30 min, 98%; r) DDQ (1.7 equiv.), CH2Cl2/pH 7 aq. buffer, 25 ◦C, 1 h,
90%; s) PivCl (12.0 equiv.), pyridine (12.0 equiv.), 4-DMAP (cat.), CH2Cl2, 0 → 25 ◦C, 22 h, 65%. DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone;
4-DMAP = 4-dimethylaminopyridine; Ipc = isopinocampheyl; Piv = pivaloyl; PMB = 4-methoxybenzyl; TBAI = tetra-n-butylammonium iodide; TBS =
tert-butyldimethylsilyl; Tr = trityl; Ts = 4-toluenesulfonyl.


of fragment 39 was achieved by selective cleavage of the PMB
group followed by reprotection of the resulting alcohol (38) as the
corresponding pivalate (59% for the two steps).


Natural L-glutamic acid (40, Scheme 4) was the chosen starting
material for the synthesis of the caribenolide I C17–C29 fragment
55, and was converted in moderate yield (48%) into lactone
41 24 (with retention of stereochemistry) via diazotisation/internal
displacement. Formation of acid chloride 42 25 was followed
by the careful addition of n-butylmagnesium bromide at low
temperature, resulting in chemoselective addition to yield ketone
43 (82% from 41).26 Reduction of the ketone group in compound
43 using K-Selectride R© then furnished alcohol 45 as a single
stereoisomer in 71% yield, presumably via a Felkin–Anh27 mode of
addition (cf. 44);26 protection of the resulting hydroxy group as the


corresponding PMB ether (46) was best effected employing PMB-
trichloroacetimidate (47) and a catalytic amount of La(OTf)3 in
toluene (91%).28 Reduction of lactone 46 using DIBAL-H then
gave lactol 48a, which could be converted into either methyl
furanoside 48b (77% from 46) or anomeric acetate 48c (80%
from 46). The Lewis acid-catalysed allylation of 48a–c to give
the (21S)-tetrahydrofuran product 49 was then investigated (see
Table 1). Initial studies were performed using allyltrimethylsilane
and BF3·OEt2 in CH2Cl2 (Table 1, entries 1–4). With lactol 48a as
the substrate, allylation was accompanied by cleavage of the PMB
group to give alcohol 57 as the isolated product in moderate yield,
albeit as a single stereoisomer (entry 1). With methyl furanoside
48b, a similar outcome was observed if the reaction was allowed to
warm to ambient temperature (entry 2), but if it was maintained
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Table 1 Lewis acid-catalysed allylation of tetrahydrofuran substrates 48a, 48b and 48c a


Entry 48 Lewis acid (equiv.) Temperature/◦C Time Yield (%)b Diastereomeric ratioc


1 a BF3·OEt2 (3.0) −78 → 25 3 h 40 (57) —
2 b BF3·OEt2 (1.1) −78 → 25 3 h 71 (57) —
3 b BF3·OEt2 (1.1) −78 6 h 68 (49 + 56)d 2.5 : 1
4 c BF3·OEt2 (1.1) −78 45 min 72 (49 + 56)d 3 : 1
5 c MgBr2 (2.5) 0 4 h 60 (48a) —
6 c ZnBr2 (2.5) −20 → 25 48 h — e —
7 c TMSOTf (0.1) −78 30 min 96 (49 + 56)d 3.5 : 1
8 c La(OTf)3 (0.15) −78 3 h 77 (49 + 56)d 3 : 1


a All reactions were performed using 3.0 equiv. of allylTMS and at a substrate concentration of 0.1 M in CH2Cl2. b Isolated yield after flash chromatography.
c Ratio of 49 : 56, determined from the 1H-NMR spectrum of the crude reaction mixture. d Combined yield of 49 and 56. e Reaction did not proceed to
completion.


Scheme 4 Synthesis of caribenolide I C17–C29 fragment 55. Reagents and conditions: a) NaNO2 (1.2 equiv.), 2 N aq. H2SO4, H2O, 25 ◦C, 21 h, 48%; b)
(COCl)2 (1.3 equiv.), DMF (cat.), CH2Cl2, 25 ◦C, 3 h; c) n-BuMgBr (0.95 equiv.), THF, −78 ◦C, 1.5 h, 82% (two steps); d) K-Selectride R© (1.1 equiv.), THF,
−78 → −10 ◦C, 3 h, 71%; e) 47 (1.6 equiv.), La(OTf)3 (0.05 equiv.), toluene, 0 ◦C, 10 min, 91%; f) DIBAL-H (1.1 equiv.), toluene, −78 ◦C, 30 min, 89%; g)
2,2-DMP (1.5 equiv.), PPTS (0.1 equiv.), MeOH, 25 ◦C, 16 h, 87%; h) Ac2O (1.4 equiv.), Et3N (2.1 equiv.), 4-DMAP (0.03 equiv.), CH2Cl2, 25 ◦C, 90 min,
90%; i) (see Table 1); j) O3, CH2Cl2, −78 ◦C, then PPh3 (1.7 equiv.), −78 → 25 ◦C, 1 h, 90%; k) allylmagnesium bromide (2.3 equiv.), (+)-Ipc2BOMe (2.3
equiv.), Et2O, −78 → 25 ◦C, 1.5 h, then 50, −78 ◦C, 3 h, then 3 M aq. NaOH, 35% aq. H2O2, 0 → 25 ◦C, 16 h, 69%; l) TBSCl (1.5 equiv.), imidazole
(2.0 equiv.), CH2Cl2, 16 h, 90%; m) O3, CH2Cl2, −78 ◦C, then PPh3 (1.3 equiv.), −78 → 25 ◦C, 1 h, 89%; n) NaBH4 (1.5 equiv.), MeOH, 0 ◦C, 15 min,
97%; q) I2 (2.0 equiv.), PPh3 (2.0 equiv.), imidazole (4.0 equiv.), C6H6, 25 ◦C, 30 min, 97%. DIBAL-H = diisobutylaluminium hydride; 4-DMAP =
4-dimethylaminopyridine; 2,2-DMP = 2,2-dimethoxypropane; Ipc = isopinocampheyl; K-Selectride R© = potassium tri-sec-butylborohydride; PPTS =
pyridinium para-toluenesulfonate; TBS = tert-butyldimethylsilyl.


at −78 ◦C then the PMB group remained intact (entry 3), with
a 2.5 : 1 mixture of 49 : 56 being formed in 68% overall yield.
That the major product was indeed the C12–C24 trans-isomer
(49) was confirmed by comparative nOe analysis of 49 and 56, and
is in accord with literature precedent for similar systems.29 Acetate
48c proved to be a superior substrate in this regard (entry 4),


requiring a much shorter reaction time than the corresponding
methoxy derivative. Having identified acetate 48c as the best
substrate for this reaction, a cursory examination of different
Lewis acids (entries 5–8) led to the identification of TMSOTf as
the reagent of choice (entry 7). Under these conditions, the desired
(21S)-allylated product 49 could be isolated in 75% yield. The
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diastereoselectivity of the allylation was relatively independent of
both the Lewis acid (entries 4, 7 and 8) and the solvent used
(results not shown). Alkene 49 was then elaborated to give iodide
55 (Scheme 4) through a sequence of six further transformations
that proceeded through intermediates 50–55 in 47% overall yield.


The synthesis of allylic bromide fragment 67 (Scheme 5),
common to both the amphidinolide N and caribenolide I proposed
routes, began with known alcohol 58, which was prepared by the
method of Drouet and Theodorakis.30 Swern oxidation of alcohol
58 to aldehyde 59 (96%) was followed by addition of the lithium
anion of TMS-acetylene to give a 1 : 2.3 mixture of (7R)- : (7S)-
epimers 60 : 61, which were separable by flash chromatography,
in a combined yield of 98%. The major (7S)-isomer (61) could
be converted into the (7R)-isomer 60 via oxidation to the
corresponding acetylenic ketone (68) using IBX (Swern or PCC
oxidations proceeded in much lower yield) and subsequent Noyori
asymmetric transfer hydrogenation employing ruthenium catalyst
69,31 as is illustrated in Scheme 6. This served to both confirm
the identities of 60 and 61, and provide more efficient access to


Scheme 5 Synthesis of amphidinolide N/caribenolide I C6–C13 coupling
partner 67: enyne metathesis approach. Reagents and conditions: a) DMSO
(3.6 equiv.), (COCl)2 (1.8 equiv.), CH2Cl2, −78 ◦C, 20 min, then 58,
−78 ◦C, 30 min, then Et3N (7.2 equiv.), −78 → 25 ◦C, 1 h, 96%; b)
n-BuLi (1.5 equiv.), trimethylsilylacetylene (1.5 equiv.), THF, −78 ◦C,
20 min, then 59, THF, −78 → 0 ◦C, 2 h, 98% (61 : 60, 2.3 : 1); c)
TBSCl (1.7 equiv.), imidazole (3.5 equiv.), 4-DMAP (cat.), CH2Cl2, 2 h,
93%; d) O3, CH2Cl2, −78 ◦C, then PPh3 (1.7 equiv.), −78 → 25 ◦C, 1 h,
98%; e) (carbethoxyethylidene)triphenylphosphorane (1.6 equiv.), C6H6,
70 ◦C, 16 h, 98%; f) DIBAL-H (2.0 equiv.), THF, 0 ◦C, 30 min, 99%;
g) MsCl (3.0 equiv.), Et3N (4.0 equiv.), THF, 0 → 25 ◦C, 1 h, then LiBr
(10.0 equiv.), 45 min, 89%. DIBAL-H = diisobutylaluminium hydride;
4-DMAP = 4-dimethylaminopyridine; Ms = methanesulfonyl; TBS =
tert-butyldimethylsilyl.


Scheme 6 Noyori asymmetric hydrogenation of acetylenic ketone 68.
Reagents and conditions: a) IBX (1.5 equiv.), DMSO, 25 ◦C, 2 h, 78%; b)
69 (0.01 equiv.), i-PrOH, 25 ◦C, 16 h, 84%. IBX = ortho-iodoxybenzoic
acid.


the (7R)-isomer 60. Continuing with the synthesis of bromide 67
(Scheme 5), (7S)-alcohol 61 was elaborated through intermediates
62 and 63 to give ester 64, with the C11–C12 trisubstituted alkene
being installed through an E-selective Wittig reaction, in 89%
overall yield. Reduction of the ester group in compound 64 using
DIBAL-H then provided alcohol 65 in excellent yield (99%).
The final step in the sequence required the conversion of the
allylic primary hydroxy group into the corresponding bromide;
of the many methods examined to effect this transformation, the
most reliable and efficient involved the formation of a mesylate
intermediate followed by displacement with bromide anion in a
one-pot procedure (Scheme 5, 65 → 66 → 67, 89%).32


To complete the assembly of the fragments required for the
enyne metathesis-based approaches, an Evans aldol reaction
of N-acyloxazolidinone 70 with acrolein afforded alcohol 71
(Scheme 7),33 from which a number of potential C1–C4 alkene
coupling partners (72–78) were prepared as shown.


The reported method for the synthesis of hydrazone 10 involves
refluxing ketone 14 and hydrazine (R)-15 together in benzene un-
der Dean–Stark conditions for 20 h.19 We have found that a more
convenient procedure, particularly for small-scale applications,
involves stirring the two components together in CH2Cl2 and in
the presence of molecular sieves at ambient temperature for 2 h
(Scheme 8). The sequential alkylation of hydrazone 10, firstly with
bromide 67 (see Scheme 5) to give compound 79 and then with
amphidinolide N C17–C29 iodide fragment 39 (see Scheme 3),
was followed by cleavage of the hydrazone auxiliary under mild
conditions (aqueous oxalic acid)34 to give ketone 81 in good
overall yield (55% for the three steps). These key alkylation steps
performed admirably, provided that the following modifications
of literature protocols19 were implemented: (1) LDA was used as
the base (instead of t-BuLi); (2) the reactions were quenched soon
after alkylation was judged to be complete (<1 h at −78 ◦C)
by TLC analysis, rather than being allowed to warm to ambient
temperature overnight; and (3) the first alkylated intermediate (79)
was purified by flash column chromatography prior to the second
step. These fragment coupling reactions allowed for the rapid
assembly of the bulk of the carbon skeleton of amphidinolide N (1)
in a concise and efficient manner. Each alkylation step was highly
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Scheme 7 Synthesis of amphidinolide N/caribenolide I C1–C5 cou-
pling partners: enyne metathesis approach. Reagents and conditions: a)
n-Bu2BOTf (1.2 equiv.), i-Pr2NEt (1.4 equiv.), CH2Cl2, 0 ◦C, 10 min, then
acrolein, −78 → 0 ◦C, 75 min, 93%; b) NaOMe (1.4 equiv.), MeOH, 0 ◦C,
40 min, 51%; c) TBSCl (2.0 equiv.), imidazole (4.0 equiv.), 4-DMAP (cat.),
CH2Cl2, 16 h, 95%; d) TBSCl (3.0 equiv.), imidazole (6 equiv.), 4-DMAP
(cat.), CH2Cl2, 16 h, 94%; e) LiOH (4.0 equiv.), 35% aq. H2O2 (8.0 equiv.),
THF–H2O (4 : 1), 0 ◦C, 5 h, 92%; f) LiBH4 (3.0 equiv.), THF–MeOH
(50? : 1), 0 → 25 ◦C, 16 h, 70%; g) PivCl (2.0 equiv.), pyridine (3.0 equiv.),
4-DMAP (cat.), CH2Cl2, 25 ◦C, 16 h, 90%; h) TBAF (2.1 equiv.), THF,
25 ◦C, 3.5 h, 89%. 4-DMAP = 4-dimethylaminopyridine; Piv = pivaloyl;
TBAF = tetra-n-butylammonium fluoride; TBS = tert-butyldimethylsilyl;
Tf = trifluoromethanesulfonyl.


stereoselective (dr > 95 : 5 as judged by 1H-NMR spectroscopic
analysis), with ketone 81 being isolated in stereochemically pure
form after flash column chromatography.


From ketone 81, protecting group adjustments were required
before the enyne metathesis reactions could be attempted. Treat-
ment of ketone 81 with TsOH in MeOH resulted in cleavage of
the acetonide and the five TBS protecting groups, and subsequent
ketalisation to give pyranose 82 as an inseparable 1.3 : 1 mixture
of anomers in 64% yield (Scheme 9). Reprotection of the free
hydroxy groups then gave pyranoside 83 (54%), from which the
terminal alkyne was liberated by removal of the TMS group to
give compound 84 (84%). Finally, the pivalate group was excised
using Super Hydride R©, yielding alcohol 85 (74%). An alternative
alkyne coupling partner, compound 86, was prepared directly
from pyranose 82 by cleavage of the alkynyl TMS group in an
unoptimised yield of 30%, to provide a substrate which lacks the
steric congestion imposed by the five bulky TBS groups.


With alkynes 85 and 86 in hand, the stage was set for the enyne
cross-metathesis reactions. Unfortunately, and despite numerous
attempts and extensive variation of the reaction parameters, cross-
metathesis between either 85 or 86 and any one of 72, 73, or


Scheme 8 Coupling of fragments 10, 39 and 67: enyne metathesis
approach. Reagents and conditions: a) 14 (1.1 equiv.), 4 Å MS, CH2Cl2,
25 ◦C, 2 h, 98%; b) LDA (1.2 equiv.), THF, −78 ◦C, 1.5 h, then 67
(1.2 equiv.), −78 ◦C, 1 h, 84%; c) LDA (1.2 equiv.), THF, −78 ◦C, 2 h, then
39 (1.2 equiv.), −78 ◦C, 4 h; d) sat. aq. (CO2H)2, Et2O, 25 ◦C, 40 h, 64%
(two steps). LDA = lithium diisopropylamide; MS = molecular sieves.


75–78 was never observed (Scheme 10). Eventually, it was found
that, when alkyne 85 was exposed to second-generation ruthenium
carbene 88 35 in CH2Cl2 saturated with ethylene36 under microwave
irradiation,37 cross-metathesis did occur cleanly, to give diene
91 in 80% yield. Disappointingly, however, and for reasons that
are presently unclear, diene 91 proved to be resistant to alkene
cross-metathesis with any of the C1–C4 terminal alkene coupling
partners 72, 73, or 75–78.


With cross-metathesis proving not to be a viable means to
establish the 1,3-diene system, it was decided to reverse the order
of the fragment coupling and ring-closure steps. Thus, as shown
in Scheme 11, alcohol 85 underwent a rapid esterification with
acid 75 under Yamaguchi conditions38 to give enyne 94 (92%),
which contains all of the carbon atoms required to reach the
target natural product (1). However, a similar story unfolded
with regard to the ring-closing metathesis macrocyclisation as
was seen with the attempted cross-metathesis processes. Enyne 94
could not be cyclised directly to generate macrocyclic compound
95, but was cleanly converted into diene 96 in 60% yield upon
microwave irradiation in the presence of catalyst 88 under an
ethylene atmosphere. Diene 96 was apparently all but inert to
further productive metathesis events, failing either to cyclise to the
corresponding macrocycle (95) or to undergo a significant degree
of oligomerisation, despite prolonged exposure (under microwave
irradiation or purely thermal conditions) to the ruthenium-based
catalysts 87–89 or the highly active Schrock molybdenum-based
catalyst 97.39


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2119–2157 | 2125







Scheme 9 Elaboration of ketone 81. Reagents and conditions: a)
TsOH·H2O (2 × 0.5 equiv.), MeOH–CH2Cl2 (4 : 1), 25 ◦C, 20 h, 64%;
b) TBSOTf (7.5 equiv.), 2,6-lutidine (15.0 equiv.), CH2Cl2, −78 → 0 ◦C,
1.5 h, 54%; c) K2CO3 (10.0 equiv.), MeOH–Et2O (5 : 1), 25 ◦C, 4 h, 84%;
d) Super Hydride R© (4.0 equiv.), THF, 0 ◦C, 1.5 h, 74%; e) K2CO3 (10.0
equiv.), MeOH–Et2O (4 : 1), 25 ◦C, 4 h, 30%. Super Hydride R© = lithium
triethylborohydride; Ts = 4-toluenesulfonyl.


In the light of the reluctance of enyne 94 to undergo ring-closing
metathesis macrocyclisation, it was proposed that a protecting
group-free substrate could, potentially, adopt a more ‘natural
product-like’ conformation that would be more amenable to
ring-closure. Therefore, enyne 94 was treated with DDQ in a
biphasic CH2Cl2/aqueous buffer solvent system to effect the
selective cleavage of the PMB group in 89% yield (Scheme 12).
Oxidation of the resulting alcohol (98) to the corresponding
ketone (99) was most effectively carried out using the TPAP/NMO
system40 (76% yield), which avoided epimerisation of the sensitive
C10 stereocentre. Global deprotection was then carried out by
exposure of ketone 99 to 48% aq. HF in acetonitrile/CH2Cl2 at
room temperature. Under these conditions, an inseparable 1 : 1
mixture of the desired hemiacetal 100 and the unexpected bicyclic
acetal 101 was formed, a phenomenon which will be elaborated
upon more fully in the following paper in this issue,15 in 66%
yield. To our dismay, however, the mixture of enynes 100 and 101
also failed to undergo ring-closing metathesis macrocyclisation, in
this case to generate macrolide 102 (or the corresponding bicyclic
acetal). This result was particularly galling in view of the fact
that, had the ring-closure been successful, only one further step
would have been required to complete the synthesis of the first
stereoisomer of amphidinolide N (1).


At this point we began to consider alternative methods for
the construction of the latent diene system contained within
the C1–C13 sector of amphidinolide N (1) and caribenolide I
(2), and reasoned that it could be accessed through a Stille
coupling reaction41 between a vinyl bromide of generic structure
103 (Scheme 13) and a C1–C5 vinyl stannane fragment 104.


The synthesis of the vinyl bromide coupling partner began
with the Evans aldol reaction of N-acyloxazolidinone 105 with


Scheme 10 Attempted enyne and alkene cross-metathesis fragment coupling processes. Reagents and conditions: a) 88 (2 × 0.05 equiv.), CH2=CH2


(1 atm), CH2Cl2, microwaves (100 W), 55 ◦C, 2 × 20 min and 1 × 50 min, 80%.
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Scheme 11 Attempted enyne and alkene ring-closing metathesis macrocyclisation processes. Reagents and conditions: a) 75 (5.0 equiv.), Et3N
(10.0 equiv.), 2,4,6-trichlorobenzoyl chloride 93 (5.0 equiv.), toluene, 25 ◦C, 2 h, then 85 (1.0 equiv.), 4-DMAP (cat.), 25 ◦C, 45 min, 92%; b) 88 (2 ×
0.05 equiv.), CH2=CH2 (1 atm), CH2Cl2, microwaves (100 W), 55 ◦C, 2 × 20 min and 1 × 50 min, 60%. 4-DMAP = 4-dimethylaminopyridine.


Scheme 12 Global deprotection of alkyne 94, and attempted enyne ring-closing metathesis macrocyclisation. Reagents and conditions: a) DDQ
(1.7 equiv.), CH2Cl2–pH 7 aq. buffer (2 : 1), 0 ◦C, 40 min, 89%; b) NMO (5.0 equiv.), 4 Å MS, CH2Cl2, 25 ◦C, 10 min, then TPAP (1.0 equiv.),
25 ◦C, 1.5 h, 76%; c) 48% aq. HF, MeCN–CH2Cl2 (8 : 1), 0 → 25 ◦C, 4 h, 66%. DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; MS = molecular
sieves; NMO = 4-methylmorpholine N-oxide; TPAP = tetra-n-propylammonium perruthenate.


2-bromoacrolein 106,42 to afford the syn-aldol adduct 107 as
a single stereoisomer in 82% yield (Scheme 14). Following the
procedure of Crich et al.,43 treatment of compound 107 with
zinc dust and solid ammonium chloride in methanol resulted
in selective dechlorination to give the formal acetate aldol
product 108 in 81% yield, with only a small amount (< 5%)
of competing debromination. Silyl ether protection of the free
hydroxy group in bromide 108 was followed by reductive cleavage


of the oxazolidinone chiral auxiliary from compound 109, and
subsequent re-oxidation of the resulting primary alcohol (110)
to the corresponding aldehyde (111, 72% from 108).44 A Brown
crotylboration45 of aldehyde 111 then installed the C9 and
C10 vicinal stereocentres in good yield (84%) and with >98%
diastereoselectivity. Trityl tetrafluoroborate (see Scheme 4) was the
optimum acid catalyst for the conversion of the resulting alcohol
(112) to PMB ether 113 using the trichloroacetimidate method,46
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Scheme 13 Revised retrosynthetic analysis of the amphidinolide N (1)
and caribenolide I (2) C1–C13 unit: cross-coupling approach.


proving superior to either lanthanum triflate or PPTS. Selective
ozonolysis of the terminal alkene in PMB ether 113 was followed
by Wittig olefination of the crude aldehyde to give trisubstituted
alkene 114 (58% for three steps from 112). Reduction of the ester
group (114 → 115, 87%) and subsequent bromination (92%) then
completed the synthesis of C6–C13 vinyl bromide fragment 116.


The C1–C4 vinyl stannane coupling partner 121 was prepared
in four steps from alkyne 117,47 as shown in Scheme 15. Reductive
cleavage of the oxazolidinone auxiliary gave diol 118 (58%),
which was selectively tritylated at the primary hydroxy group
to give secondary alcohol 119 in 96% yield. The latter was then
treated with TBAF to effect the cleavage of the TBS group and
afford alkyne 120 in 75% yield. Regioselective palladium-catalysed


Scheme 15 Synthesis of vinyl stannane coupling partner 121:
cross-coupling approach. Reagents and conditions: a) LiBH4 (2.5 equiv.),
THF–MeOH (100 : 1), 0 → 25 ◦C, 3 h, 58%; b) TrCl (1.1 equiv.),
Et3N (1.6 equiv.), 4-DMAP (cat.), CH2Cl2, 25 ◦C, 8 h, 96%; c) TBAF
(2.0 equiv.), THF, 25 ◦C, 2 h, 75%; d) PdCl2(PPh3)2 (0.06 equiv.), n-Bu3SnH
(2.3 equiv.), THF, 25 ◦C, 61%. 4-DMAP = 4-dimethylaminopyridine;
TBAF = tetra-n-butylammonium fluoride; Tr = triphenylmethyl.


hydrostannylation48 of terminal alkyne 120 then yielded stannane
121 (61%).


Following the alkylation protocols established earlier, hydra-
zone 10 was smoothly coupled with bromide 116 to give compound
122 in 91% yield (Scheme 16). This time, the second alkylation was
performed using the caribenolide I C17–C29 iodide fragment 55
to give, following acidic hydrolysis of the crude reaction mixture
to effect the cleavage of the hydrazone auxiliary, the highly
functionalised ketone 123 in good overall yield (70%). Treatment
of ketone 123 with TsOH in methanol led to the formation of
triol 124 (57%), which could be silylated using TESOTf and 2,6-
lutidine to give the fully protected substrate 125 in 87% yield.
Pyranose 124 was isolated as a single stereoisomer, indicating


Scheme 14 Synthesis of amphidinolide N/caribenolide I C6–C13 coupling partner 116: cross-coupling approach. Reagents and conditions: a) 105,
i-Pr2NEt (1.25 equiv.), n-Bu2BOTf (1.1 equiv.), CH2Cl2, −78 ◦C, 30 min, then 106 (3.0 equiv.), −78 → 25 ◦C, 21 h, 82%; b) Zn (4.0 equiv.), NH4Cl
(3.0 equiv.), MeOH, 25 ◦C, 6 h, 81%; c) TBSOTf (1.2 equiv.), 2,6-lutidine (1.3 equiv.), CH2Cl2, −78 → 25 ◦C, 2 h, 95%; d) LiBH4 (2.5 equiv.), MeOH,
−78 → 0 ◦C, 3 h, 85%; e) Dess–Martin periodinane (1.2 equiv.), NaHCO3, CH2Cl2–DMSO (6 : 1), 25 ◦C, 1.5 h, 89%; f) KOt-Bu (1.5 equiv.), trans-2-butene
(3.0 equiv.), n-BuLi (1.5 equiv.), THF, −45 ◦C, 30 min, then (+)-Ipc2BOMe (1.5 equiv.), −78 ◦C, 1 h, then BF3·OEt2 (1.1 equiv.), −78 ◦C, 30 min, then
111, −78 ◦C, 3 h, then 3 M aq. NaOH, 35% aq. H2O2, 0 → 25 ◦C, 16 h, 84%; g) 47 (2.5 equiv.), Ph3CBF4 (0.03 equiv.), Et2O, 25 ◦C, 18 h; h) O3, CH2Cl2,
−78 ◦C, then PPh3 (4.4 equiv.), −78 → 25 ◦C, 1 h; i) (carbethoxyethylidene)triphenylphosphorane (1.3 equiv.), C6H6, 80 ◦C, 16 h, 58% (three steps); j)
DIBAL-H (2.5 equiv.), toluene, 0 ◦C, 1 h, 87%; k) Et3N (4.0 equiv.), MsCl (3.0 equiv.), THF, 0 ◦C, 1 h, then LiBr (10.0 equiv.), 0 → 25 ◦C, 30 min, 92%.
DIBAL-H = diisobutylaluminum hydride; Ipc = isopinocampheyl; Ms = methanesulfonyl; TBS = tert-butyldimethylsilyl; Tf = trifluoromethanesulfonyl.
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Scheme 16 Coupling of fragments 10, 55 and 116, and attempted Stille couplings. Reagents and conditions: a) 10 (1.15 equiv.), LDA (1.15 equiv.),
THF, −78 ◦C, 2.5 h, then 116, THF, −78 ◦C, 1 h, 91%; b) LDA (1.2 equiv.), THF, −78 ◦C, 1 h, then 55 (1.2 equiv.), THF, −78 ◦C, 1 h; c) sat. aq.
(CO2H)2, Et2O, 25 ◦C, 48 h, 70% (two steps); d) TsOH·H2O (0.5 equiv.), MeOH–CH2Cl2 (5 : 1), 25 ◦C, 16 h, then Et3N, 57%; e) TESOTf (5.0 equiv.),
2,6-lutidine (10.0 equiv.), CH2Cl2, −78 → −10 ◦C, 30 min, 87%. LDA = lithium diisopropylamide; TES = triethylsilyl; Tf = trifluoromethanesulfonyl;
Ts = 4-toluenesulfonyl.


that only one anomer had been formed at the C15 position
during the ketalisation step (123b → 124). It was not possible to
determine the configuration of this newly-formed chiral centre
unambiguously, but we tentatively propose it to be the a-anomer,
as depicted in Scheme 16. Thus, as is highlighted in Fig. 2(a),
ROESY analysis of the TES-protected derivative 125 suggested


Fig. 2 Proposed stereochemistry of the C15–C19 tetrahydropyran system
of (a) bromide 125, (b) amphidinolide N (1).


that the methoxy group occupies an axial position on the six-
membered ring, stabilised by the anomeric effect, whilst the bulky
C15 and C19 side chains reside in equatorial positions. This is in
contrast to the conformation proposed for the C14–C19 subunit
of amphidinolide N 1 [Fig. 2(b)], in which the side chain at the
C15 position adopts an axial position, and which is presumably
stabilised by intramolecular hydrogen-bonding.11 Evidence for
the conformation of 125 (and hence also that of 124) being as
shown in Fig. 2(a) is based largely on the following features
of the ROESY spectrum of 125: (1) an observable cross-peak
between the C19 proton and the C15 methoxy group, and (2)
the absence of observable cross-peaks between the C14 and C19
protons, and also between the C13 and C16 protons, with the latter
two interactions both observed in the corresponding NOESY
spectrum of amphidinolide N (1).11


Much to our chagrin, however, the coupling of vinyl stannane
121 and either of vinyl bromides 124 or 125 could not be effected
under any one of a wide range of conditions (Scheme 16). The
problem did not appear to lie with the vinyl stannane component
(121) since, as shown in Scheme 17, this compound underwent
cross-coupling with iodide 129 (prepared from the corresponding


Scheme 17 Stille coupling of iodide 129 with stannane 121. Reagents and
conditions: a) TESCl (1.2 equiv.), imidazole (2.5 equiv.), THF, 25 ◦C, 1.5 h,
45%; b) 121 (1.2 equiv.), PdCl2(PPh3)3 (0.03 equiv.), THF, 25 → 60 ◦C,
24 h, 28%. TES = triethylsilyl.
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alcohol 128 49) to give diene 130, albeit in a low (unoptimised)
yield of 28%. Furthermore, neither bromide 124 nor 125 could be
induced to undergo cross-coupling with a variety of simpler, com-
mercially available stannane reagents, such as tributyl(vinyl)tin.


Scheme 18 (a) Sonogashira coupling/alkyne reduction route to diene
130, (b) attempted Sonogashira couplings of bromides 124 or 125 with
alkyne 120. Reagents and conditions: a) 120 (0.77 equiv.), PdCl2(PPh3)2


(0.04 equiv.), CuI (0.08 equiv.), Et3N (7.7 equiv.), THF, 25 ◦C, 3.5 h,
64%; b) Red-Al R© (4.0 equiv.), Et2O, 0 ◦C, 1 h, 98%. Red-Al R© = sodium
bis(2-methoxyethoxy)aluminium hydride.


An alternative cross-coupling-based route to the diene system
would involve a Sonogashira reaction50 between bromides 124
or 125 and an appropriately substituted alkyne, followed by (E)-
selective reduction of the triple bond in the resulting enyne system.
In principle, this route seemed promising, as evidenced by the
two-step conversion of iodide 129 to diene 130, via alkyne 131, in
63% yield [Scheme 18(a)]. In practice, when applied to the more
elaborate bromides 124 or 125, this method foundered on the
recalcitrance of these substrates towards undergoing the required
sp2–sp3 coupling with alkyne 120 [Scheme 18(b)].


Mindful that the steric bulk associated with the complete
C6–C29 carbon framework in bromides 124 or 125 may have
been impeding oxidative addition of palladium(0) complexes into
the C6–Br bond, cross-couplings were attempted on the simpler
bromides 116, 134 and 135 (Scheme 19), but again to no avail. By
now it was apparent that the intrinsic low reactivity of the C6–
bromide towards oxidative addition, most likely due to the steric
hindrance imposed by the adjacent C7 stereocentre, was going
to preclude palladium-catalysed cross-couplings on this substrate
from being a viable route to the diene system. It was therefore
attempted to convert bromide 135 into the more reactive iodide
species (139). Lithium–halogen exchange (with the intention of
quenching the resulting lithiated species with an electrophilic
iodine source) resulted in the rapid destruction of the starting
material, whilst the direct Cu(I)-promoted conversion51 of 135
to 139 was ineffectual. An alternative route to vinyl iodide 139
would have been to start from 2-iodoacrolein (140),52 and elaborate
as for the corresponding 2-bromo compound (cf. Scheme 14).
Unfortunately, this was not possible due to the extreme instability
of iodide 140 with respect to polymerisation, which prevented
its isolation in a form pure enough for the subsequent Evans
aldol reaction to be successful. At this point the cross-coupling
routes to the 1,3-diene system were abandoned, since an alternative
route that was concurrently under investigation was found to
successfully provide access to the required diene system. This
methodology could subsequently be applied to generate the
complete macrocyclic frameworks of both amphidinolide N (1)
and caribenolide I (2), and will be discussed in the following paper
in this issue.15


Conclusion


Amphidinolide N (1) and caribenolide I (2) are structurally
unique, marine-derived macrolide natural products which exhibit
outstanding antitumour activity in vitro. With all of the originally


Scheme 19 Attempted cross-couplings of C6–C13 vinyl bromide derivatives. Reagents and conditions: a) TBAF (1.5 equiv.), THF, 0 → 25 ◦C, 1 h, 83%;
b) TBSCl (2.0 equiv.), imidazole (3.0 equiv.), CH2Cl2, 25 ◦C, 1.5 h, 97%. TBAF = tetra-n-butylammonium fluoride; TBS = tert-butyldimethylsilyl.
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isolated materials having been exhausted in preliminary assays,
total synthesis currently represents the only viable means to access
further quantities of these natural products, in order to allow
both further biological investigation and also proof of structure
and a complete stereochemical determination. We have developed
stereoselective routes to fragments representing the entire carbon
framework of both target compounds 1 and 2. Construction of the
1,3-diene system embedded within key late-stage intermediates en
route to both 1 and 2 has turned out to be a particularly challenging
undertaking, with both metathesis- and cross-coupling-based
procedures proving unsuccessful. Nevertheless, these synthetic
forays have not only proven the enabling ability of the Enders
hydrazone alkylation methodology to rapidly assemble the bulk
of the molecular framework through fragment coupling reactions,
but have also established potential end-game global deprotection
manoeuvres. This intelligence gathering would prove to be invalu-
able in the revised strategy and final drive towards the macrocyclic
frameworks of amphidinolide N (1) and caribenolide I (2), which
is the subject of the following paper in this issue.15


Experimental


All reactions were carried out under an argon atmosphere with
dry solvents under anhydrous conditions. Dry tetrahydrofuran
(THF) and toluene were obtained by refluxing over sodium-
benzophenone for one h, followed by distillation under argon.
Dry methylene chloride (CH2Cl2), 1,2-dichloroethane, acetonitrile
and diisopropylamine were obtained by refluxing over calcium
hydride for one h, followed by distillation under argon. Benzene
and diethyl ether (Et2O) were obtained by passing commercially
available pre-dried, oxygen-free formulations through activated
alumina columns. Reagents were purchased at the highest com-
mercial quality and used without further purification, unless
otherwise stated. Yields refer to chromatographically and spectro-
scopically (13C-NMR) homogeneous materials, unless otherwise
stated. Solvents were removed under reduced pressure using a
Büchi R114 Rotavapor. Final traces of solvent were removed
from samples using a Welch 1402 N high vacuum pump with
pressures below 2 mmHg. Reactions were monitored by thin-
layer chromatography (TLC) carried out on glass sheets pre-
coated with silica (E. Merck silica gel 60 F254), which were
visualised by the quenching of UV fluorescence (kmax254 nm)
and/or by staining with 5% w/v phosphomolybdic acid in EtOH
followed by heating. Flash chromatography was performed using
E. Merck silica gel (60, particle size 40–60 lm). Rf values are
quoted to ±0.01. Boiling points were obtained by short path
distillation and are uncorrected. Melting points were obtained
using a Thomas Hoover capillary melting point apparatus, and
are uncorrected. Specific optical rotations were recorded on a
Perkin-Elmer 343 polarimeter using the D-line of sodium at the
specified temperature. [a]D values are given in 10−1 deg cm2 g−1;
concentrations (c) are quoted in g 100 mL−1. Infrared spectra
were recorded as thin films between NaCl plates on a Perkin-
Elmer 1600 series FT-IR spectrometer. Only significant absorption
maxima (mmax) are reported, and all absorptions are reported in
wavenumbers (cm−1). Proton magnetic resonance spectra (1H-
NMR) were recorded at 400, 500 or 600 MHz using Bruker AMX-
400, DRX-500 and DRX-600 spectrometers. Chemical shifts (dH)
are reported in parts per million (ppm), and are referenced to the


residual protonated solvent peak. 1H–1H COSY, nOe or NOESY
experiments were used in selected cases to aid assignment. The
order of citation in parentheses is (1) number of equivalent nuclei
(by integration), (2) multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, qn = quintet, m = multiplet, br = broad),
(3) coupling constant (J) quoted in Hertz (Hz) to the nearest
0.1 Hz, and (4) assignment. For clarity, the labelling of the protons
corresponds to the numbering illustrated for the natural products
(1 and 2) in Fig. 1. Carbon magnetic resonance spectra (13C-NMR)
were recorded at 125 or 150 MHz using Bruker DRX-500 and
DRX-600 spectrometers. 1H–13C HSQC and HMBC experiments
were used in selected cases to aid assignment. Chemical shifts (dC)
are quoted in parts per million (ppm) and are referenced to the
appropriate solvent peak. Fluorine magnetic resonance spectra
(19F-NMR) were recorded at 376 MHz using a Bruker AMX-400
spectrometer. Chemical shifts (dF) are quoted in parts per million
(ppm). High resolution mass spectra (HRMS) were recorded on a
VG ZAB-ZSE mass spectrometer using MALDI (matrix-assisted
laser-desorption ionisation) or an Agilent ESI-TOF (electrospray
time-of-flight) mass spectrometer at 4000 V emitter voltage.


Solutions of lithium diisopropylamide (LDA) were prepared
by the dropwise addition of n-butyllithium (1.0 equiv.) a solution
of diisopropylamine (1.0 equiv.) in the stated amount of THF at
−78 ◦C and stirring for one h before the subsequent addition of
the appropriate substrate. 4-Methoxybenzyl trichloroacetimidate
(47) was prepared following the procedure of Organ and Wang.53


Hydrazone 10


To a stirred suspension of powdered, activated 4 Å molecular
sieves (ca. 1.5 g) in CH2Cl2 (12 mL) were added ketone 14 19 (1.1 g,
8.45 mmol) and (R)-(+)-1-amino-2-(methoxymethyl)pyrrolidine
15 (1.0 g, 7.68 mmol) at room temperature. After 2 h the
mixture was diluted with Et2O (20 mL) and filtered through
a pad of Celite R©, washing thoroughly with Et2O. The filtrate
was concentrated in vacuo, and the residue was purified by flash
chromatography on silica gel (gradient: 25–40% Et2O in hexanes
with 2% Et3N) to give 10 (1.82 g, 98%) as a colourless oil,
the spectroscopic data of which were in agreement with those
reported in the literature.19 Rf = 0.20 (3 : 2 hexanes–Et2O + 2%
Et3N); dH (400 MHz, CDCl3) 4.54 (1 H, d, J 16.2 Hz, CH2C=N),
4.31–4.35 (2 H, m, CH2C=N and CH2C=N), 4.24 (1 H, d, J
14.6 Hz, CH2C=N), 3.39–3.43 (1 H, m, NCHCH2OCH3), 3.35
(3 H, s, CH2OCH3), 3.23–3.28 (2 H, m, CH2OCH3 and
CH2OCH3), 3.04–3.09 (1 H, m, NCH2CH2), 2.46–2.52 (1 H, m,
NCH2CH2), 1.96–2.03 (1 H, m, NCHCH2), 1.79–1.88 (2 H, m,
NCHCH2 and NCH2CH2), 1.60–1.69 (1 H, m, NCH2CH2), 1.43
[3 H, s, O2C(CH3)2], 1.40 [3 H, s, O2C(CH3)2].


Epoxide 20 20


To a stirred solution of TrCl (209.5 g, 754 mmol) in CH2Cl2


(900 mL) was added Et3N (191 mL, 1.37 mol) at 0 ◦C, followed
by a solution of (S)-(−)-glycidol (50.325 g, 679 mmol) in CH2Cl2


(100 mL) and a catalytic amount of 4-DMAP. The solution was
allowed to warm to room temperature and stirred for 24 h, before
the addition of sat. aq. NH4Cl (1 L). The layers were separated, and
the aqueous layer was extracted with CH2Cl2 (2 × 500 mL). The
organic layers were then dried (MgSO4), filtered and concentrated
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in vacuo. The residue was then partitioned between Et2O (1 L) and
water (500 mL). The layers were separated, and the organic layer
was washed with brine (1 × 500 mL), dried (MgSO4), and filtered
through a pad of silica gel (10 cm × 10 cm), washing thoroughly
with Et2O. The filtrate was then concentrated in vacuo to give a
yellow solid that was triturated from cold EtOH, and the product
was collected by suction filtration and washed with cold EtOH to
give 20 (186.7 g, 88%) as a white powder, the spectroscopic data of
which were in agreement with those reported in the literature.20 dH


(500 MHz, CDCl3) 7.47–7.50 (6 H, m, ArH), 7.29–7.31 (6 H, m,
ArH), 7.22–7.25 (3 H, m, ArH), 3.32–3.36 (1 H, m, 24-H), 3.12–
3.17 (2 H, m, 24-H and 25-H), 2.75–2.77 (1 H, m, 26-H), 2.61–2.62
(1 H, m, 26-H); dC (125 MHz, CDCl3) 143.8, 128.6, 127.8, 127.0,
86.7, 64.7, 51.0, 44.6.


Alcohol 21


Freshly prepared n-propylmagnesium bromide (500 mL, 2.36 M in
THF, 1178 mmol) was added dropwise to a stirred suspension of
CuI (22.47 g, 118 mmol) in THF (1 L) at −45 ◦C. After 30 min, a
solution of epoxide 20 (186.4 g, 589 mmol) in THF (700 mL) was
added dropwise over 1 h, and the resulting mixture was stirred
for 20 min at −45 ◦C. The mixture was then carefully poured
into a vigorously stirred solution of ice, water, and sat. aq. NH4Cl
(2 L). Et2O (1 L) was added, and the mixture was stirred vigorously
at room temperature for 10 min. Brine (500 mL) was added, the
layers were separated, and the aqueous layer was extracted with
Et2O (2 × 1 L). The combined organic layers were dried (MgSO4),
filtered through Celite R© and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (gradient: 10–
15% Et2O in hexanes) to give 21 (206.7 g, 97%) as a colourless oil.
Rf = 0.23 (silica gel, 21 : 4 hexanes–EtOAc); [a]25


D −1.8◦ (c 1.88
in CHCl3); mmax/cm−1 (film) 3443, 3057, 2937, 1597, 1447, 1318,
1090, 762; dH (500 MHz, CDCl3) 7.45–7.47 (6 H, m, ArH), 7.29–
7.33 (6 H, m, ArH), 7.23–7.26 (3 H, m, ArH), 3.75–3.81 (1 H,
m, 25-H), 3.20 (1 H, dd, J 9.5, 3.3 Hz, 24-H), 3.06 (1 H, dd, J
9.5, 7.6 Hz, 24-H), 2.37 (1 H, br s, OH), 1.20–1.47 (6 H, m, 26-H,
26-H, 27-H, 27-H, 28-H and 28-H), 0.88 (3 H, t, J 7.1 Hz, 28-
CH3); dC (125 MHz, CDCl3) 143.9, 128.6, 127.8, 127.0, 86.6, 70.9,
67.8, 33.0, 27.6, 22.6, 14.0; HRMS (ES+) m/z calc. for C25H28O2Na
([MNa]+): 383.1981, found: 383.1981.


p-Methoxybenzyl ether 22


A solution of alcohol 21 (205.5 g, 570 mmol) in THF (700 mL) was
carefully added dropwise to a stirred suspension of NaH (34.2 g,
60% mineral oil dispersion, 855 mmol) in THF (1 L) at 0 ◦C, and
the mixture stirred for 30 min at that temperature before warming
to room temperature for 1 h. PMBCl (116 mL, 855 mmol) and
tetra-n-butylammonium iodide (4.21 g, 11.4 mmol) were then
added, and the solution was heated to 45 ◦C for 12 h, then to
55 ◦C for an additional 24 h. The reaction was then cooled to
room temperature and cautiously quenched by the addition of
sat. aq. NH4Cl (1.5 L) and extracted with Et2O (2 × 500 mL).
The combined organic layers were then dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 2–5% EtOAc in hexanes)
to give 22 (224.2 g, 82%) as a pale orange oil. Rf = 0.39 (silica gel,
21 : 4 hexanes–EtOAc); [a]25


D +19.0◦ (c 1.44 in CHCl3); mmax/cm−1


(film) 3058, 2869, 1613, 1448, 1248, 1091, 899; dH (500 MHz,
CDCl3) 7.52–7.54 (6 H, m, ArH), 7.31–7.34 (8 H, m, ArH), 7.24–
7.26 (3 H, m, ArH), 6.90 (2 H, d, J 8.6 Hz, ArH), 4.69 (1 H, d,
J 11.2 Hz, OCH2Ar), 4.51 (1 H, d, J 11.2 Hz, OCH2Ar), 3.81 (3
H, s, ArOCH3), 3.55–3.59 (1 H, m, 25-H), 3.26 (1 H, dd, J 9.8,
5.8 Hz, 24-H), 3.17 (1 H, dd, J 9.8, 4.7 Hz, 24-H), 1.55–1.59 (2
H, m, 26-H and 26-H), 1.23–1.37 (4 H, m, 27-H, 27-H, 28-H and
28-H), 0.89 (3 H, t, J 7.1 Hz, 28-CH3); dC (125 MHz, CDCl3)
159.0, 144.2, 131.1, 129.4, 128.7, 127.7, 126.8, 113.7, 86.6, 78.2,
71.7, 66.2, 55.2, 31.8, 27.6, 22.7, 14.0; HRMS (ES+) m/z calc. for
C33H36O3Na ([MNa]+): 503.2556, found: 503.2559.


Alcohol 23


To a suspension of protected diol 22 (145.1 g, 301 mmol) in MeOH
(1.6 L) was added TsOH·H2O (5.73 g, 30.1 mmol) in one portion at
room temperature. After stirring for 20 min, Et3N (14.3 mL) was
added and the reaction mixture was concentrated in vacuo. The
residue was purified by flash chromatography on silica gel (30%
EtOAc in hexanes) to give 23 (64.88 g, 90%) as a pale yellow oil.
Rf = 0.24 (silica gel, 3 : 2 hexanes–EtOAc); [a]25


D −18.8◦ (c 0.86 in
CHCl3); mmax/cm−1 (film) 3438, 2930, 1612, 1465, 1302, 1174, 822;
dH (500 MHz, CDCl3) 7.24 (2 H, d, J 8.7 Hz, ArH), 6.85 (2 H,
d, J 8.7 Hz, ArH), 4.51 (1 H, d, J 11.2 Hz, OCH2Ar), 4.44 (1 H,
d, J 11.2 Hz, OCH2Ar), 3.76 (3 H, s, ArOCH3), 3.62 (1 H, dd,
J 11.0, 2.9 Hz, 24-H), 3.42–3.49 (2 H, m, 24-H and 25-H), 2.22
(1 H, br s, OH), 1.54–1.60 (2 H, m, 26-H and 26-H), 1.26–1.32
(4 H, m, 27-H, 27-H, 28-H and 28-H), 0.87 (3 H, t, J 7.1 Hz,
28-CH3); dC (125 MHz, CDCl3) 159.1, 130.5, 129.3, 113.7, 79.4,
71.1, 64.1, 55.1, 30.5, 27.5, 22.8, 13.9; HRMS (MALDI-FTMS)
m/z calc. for C14H22O3Na ([MNa]+): 261.1461, found: 261.1463.


Aldehyde 24


A solution of DMSO (56.2 mL, 792 mmol) in CH2Cl2 (70 mL)
was added dropwise over 20 min to a stirred solution of (COCl)2


(34.5 mL, 396 mmol) in CH2Cl2 (1 L) at −78 ◦C. After 20 min, a
solution of alcohol 23 (63.1 g, 264 mmol) in CH2Cl2 (400 mL) was
added over 20 min, and the mixture was stirred for a further 30 min
at −78 ◦C before the addition of Et3N (221 mL, 1584 mmol) over
5 min. The mixture was allowed to warm to room temperature
over 1 h, and was then poured into water (1 L). The layers
were separated, and the aqueous layer was extracted with CH2Cl2


(2 × 600 mL). The combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 10–15% EtOAc in
hexanes) to give 24 (62.6 g, 99%) as a colourless oil. Rf = 0.49 (silica
gel, 3 : 2 hexanes–EtOAc); [a]25


D +59.0◦ (c 1.25 in CHCl3); mmax/cm−1


(film) 2959, 1732, 1514, 1378, 1249, 1094, 821; dH (500 MHz,
CDCl3) 9.58 (1 H, d, J 2.2 Hz, 24-H), 7.25 (2 H, d, J 8.7 Hz, ArH),
6.86 (2 H, d, J 8.7 Hz, ArH), 4.56 (1 H, d, J 11.4 Hz, OCH2Ar),
4.45 (1 H, d, J 11.4 Hz, OCH2Ar), 3.77 (3 H, s, ArOCH3), 3.69
(1 H, td, J 6.5, 2.2 Hz, 25-H), 1.60–1.65 (2 H, m, 26-H and 26-H),
1.24–1.43 (4 H, m, 27-H, 27-H, 28-H and 28-H), 0.86 (3 H, t, J
7.2 Hz, 28-CH3); dC (125 MHz, CDCl3) 204.0, 159.4, 129.6, 129.4,
113.8, 83.1, 72.1, 55.2, 29.7, 26.8, 22.4, 13.8; HRMS (MALDI-
FTMS) m/z calc. for C14H20O3Na ([MNa]+): 259.1305, found:
259.1301.
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Alcohol 26


A solution of aldehyde 24 (61.0 g, 258 mmol) in Et2O (1.5 L) was
cooled to 0 ◦C in a 5 L three-neck round-bottomed flask equipped
with an addition funnel and a mechanical stirrer, then MgBr2·OEt2


(106.7 g, 413 mmol) was added in one portion. After 10 min,
allyltributyltin (136 mL, 439 mmol) was added dropwise over
10 min. After stirring for 3 h at 0 ◦C, the reaction was quenched
by the addition of sat. aq. NaHCO3 (1 L) and warmed to room
temperature. The mixture was partitioned between Et2O (1 L) and
5% aq. KF (1 L). The layers were separated and the organic layer
was washed with brine (1 × 500 mL), and the combined aqueous
layers were extracted with Et2O (2 × 1 L). The combined organic
layers were dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by flash chromatography on silica gel
(gradient: 5–35% EtOAc in hexanes) to give 26 (70.95 g, 99%) as
a colourless oil. Rf = 0.20 (silica gel, 4 : 1 hexanes–EtOAc); [a]25


D


−17.2◦ (c 1.01 in CHCl3); mmax/cm−1 (film) 3451, 2932, 1613, 1465,
1249, 1088, 913; dH (500 MHz, CDCl3) 7.24 (2 H, d, J 8.5 Hz,
ArH), 6.86 (2 H, d, J 8.5 Hz, ArH), 5.83 (1 H, ddt, J 17.3, 10.3
and 7.0 Hz, 22-H), 5.05–5.09 (2 H, m, 21-H and 21-H), 4.56 (1 H,
d, J 11.0 Hz, OCH2Ar), 4.41 (1 H, d, J 11.0 Hz, OCH2Ar), 3.77
(3 H, s, ArOCH3), 3.52 (1 H, ddd, J 7.8, 5.5 and 4.8 Hz, 24-H),
3.28 (1 H, q, J 5.5 Hz, 25-H), 2.04–2.50 (3 H, m, 23-H, 23-H and
OH), 1.58–1.65 (1 H, m, 26-H), 1.50–1.57 (1 H, m, 26-H), 1.26–
1.36 (4 H, m, 27-H, 27-H, 28-H and 28-H), 0.89 (3 H, t, J 7.0 Hz,
28-CH3); dC (125 MHz, CDCl3) 159.2, 135.0, 130.5, 129.4, 117.1,
113.8, 81.0, 72.0, 72.0, 55.2, 38.1, 29.9, 27.4, 22.9, 14.0; HRMS
(MALDI-FTMS) m/z calc. for C17H26O3Na ([MNa]+): 301.1774,
found: 301.1773.


t-Butyldimethylsilyl ether 27


TBSCl (64.43 g, 427.5 mmol) and a catalytic amount of 4-DMAP
were added to a stirred solution of alcohol 26 (70.34 g, 252 mmol)
and imidazole (42.8 g, 628.6 mmol) in CH2Cl2 (600 mL) at room
temperature. After 16 h the reaction mixture was partitioned
between brine (1 L) and CH2Cl2 (500 mL). The layers were
separated, and the aqueous layer was extracted with CH2Cl2


(2 × 500 mL). The combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 2–4% EtOAc in
hexanes) to give 27 (103.2 g, 95%) as a colourless oil. Rf = 0.59
(silica gel, 24 : 1 hexanes–EtOAc); [a]25


D +26.3◦ (c 1.52 in CHCl3);
mmax/cm−1 (film) 2955, 2857, 1613, 1464, 1249, 1084, 1005, 836; dH


(600 MHz, CDCl3) 7.27 (2 H, d, J 8.6 Hz, ArH), 6.88 (2 H, d,
J 8.6 Hz, ArH), 5.83 (1 H, ddt, J 17.2, 10.1 and 7.2 Hz, 22-H),
5.04 (1 H, d, J 17.2 Hz, 21-H), 5.02 (1 H, d, J 10.1 Hz, 21-H),
4.54 (1 H, d, J 11.4 Hz, OCH2Ar), 4.47 (1 H, d, J 11.4 Hz,
OCH2Ar), 3.80 (3 H, s, ArOCH3), 3.78–3.80 (1 H, m, 24-H), 3.30
(1 H, ddd, J 9.2, 4.3 and 2.9 Hz, 25-H), 2.37–2.41 (1 H, m, 23-H),
2.08–2.13 (1 H, m, 23-H), 1.60–1.66 (1 H, m, 26-H), 1.43–1.49
(1 H, m, 26-H), 1.36–1.42 (1 H, m, 27-H), 1.22–1.32 (3 H, m,
27-H, 28-H and 28-H), 0.89 (3 H, t, J 7.2 Hz, 28-CH3), 0.88
[9 H, m, SiC(CH3)3], 0.03 (3 H, s, SiCH3), 0.01 (3 H, s, SiCH3);
dC (150 MHz, CDCl3) 159.1, 136.5, 131.1, 129.3, 116.4, 113.7,
81.6, 72.4, 72.0, 65.3, 36.3, 28.6, 28.4, 25.8, 22.8, 18.0, 14.1, −4.4;
HRMS (ES+) m/z calc. for C23H40O3SiNa ([MNa]+): 415.2639,
found: 415.2630.


Alcohol 28


BH3·SMe2 (104 mL, 10.0 M, 1040 mmol) was added dropwise
to a stirred solution of alkene 27 (102 g, 259.8 mmol) in THF
(700 mL) at 0 ◦C. The solution was warmed to room temperature
for 7 h, then was re-cooled to 0 ◦C before being quenched by the
careful addition 3 M aq. NaOH (1.5 L) and Et2O (500 mL), then
the dropwise addition of 35% aq. H2O2 (700 mL) with vigorous
stirring over 3 h. The solution was allowed to warm to room
temperature overnight, then partitioned between brine (500 mL)
and Et2O (500 mL). The layers were separated, and the aqueous
layer was extracted with Et2O (3 × 500 mL). The combined organic
layers were dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by flash chromatography on silica gel
(gradient: 15–25% EtOAc in hexanes) to give 28 (90.99 g, 85%) as
a colourless oil. Rf = 0.23 (silica gel, 17 : 8 hexanes–EtOAc); [a]25


D


+26.9◦ (c 1.57 in CHCl3); mmax/cm−1 (film) 3380, 2953, 1613, 1463,
1302, 1173, 893; dH (500 MHz, CDCl3) 7.22 (2 H, d, J 8.6 Hz, ArH),
6.84 (2 H, d, J 8.6 Hz, ArH), 4.49 (1 H, d, J 11.4 Hz, OCH2Ar),
4.43 (1 H, d, J 11.4 Hz, OCH2Ar), 3.77 (3 H, s, ArOCH3), 3.72–
3.75 (1 H, m, 24-H), 3.57–3.60 (2 H, m, 21-H and 21-H), 3.28
(1 H, ddd, J 9.1, 4.6 and 2.7 Hz, 25-H), 1.88 (1 H, br s, OH), 1.53–
1.71 (3 H, m, 22-H, 26-H and 26-H), 1.30–1.52 (4 H, m, 22-H,
23-H, 23-H and 27-H), 1.14–1.29 (3 H, m, 27-H, 28-H and 28-H),
0.83–0.86 [12 H, m, 28-CH3 and SiC(CH3)3], 0.01 (3 H, s, SiCH3),
−0.02 (3 H, s, SiCH3); dC (125 MHz, CDCl3) 159.1, 131.0, 129.3,
113.7, 81.7, 72.4, 72.1, 63.1, 55.2, 29.5, 28.6, 28.4, 27.6, 25.8, 22.8,
18.0, 14.1, −4.4, −4.6; HRMS (ES+) m/z calc. for C23H42O4SiNa
([MNa]+): 433.2744, found: 433.2730.


Aldehyde 29


A solution of DMSO (43.5 mL, 613.6 mmol) in CH2Cl2 (60 mL)
was added dropwise over 20 min to a stirred solution of (COCl)2


(26.8 mL, 306.8 mmol) in CH2Cl2 (700 mL) at −78 ◦C. After
20 min, a solution of alcohol 28 (90.0 g, 219 mmol) in CH2Cl2


(300 mL) was added over 20 min, and the mixture stirred for 30 min
at −78 ◦C before the addition of Et3N (171 mL, 1227 mmol).
The mixture was allowed to warm to room temperature over
1 h, and was then poured into water (1 L). The layers were
separated, and the aqueous layer was extracted with CH2Cl2


(2 × 500 mL). The combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 6–15% EtOAc in
hexanes) to give 29 (83.53 g, 93%) as a colourless oil. Rf = 0.24
(silica gel, 8 : 1 hexanes–EtOAc); [a]25


D +27.0◦ (c 0.93 in CHCl3);
mmax/cm−1 (film) 2955, 2715, 1727, 1513, 1361, 1173, 1005, 837; dH


(600 MHz, CDCl3) 9.75 (1 H, dd, J 1.7, 1.5 Hz, 21-H), 7.26 (2 H,
d, J 8.6 Hz, ArH), 6.87 (2 H, d, J 8.6 Hz, ArH), 4.51 (1 H, d, J
11.3 Hz, OCH2Ar), 4.44 (1 H, d, J 11.3 Hz, OCH2Ar), 3.79 (3 H,
s, ArOCH3), 3.77–3.79 (1 H, m, 24-H), 3.29 (1 H, ddd, J 9.5, 4.4
and 2.6 Hz, 25-H), 2.51 (1 H, dddd, J 17.4, 8.6, 5.9 and 1.5 Hz,
22-H), 2.41 (1 H, dddd, J 17.4, 8.4, 6.7 and 1.7 Hz, 22-H), 1.96
(1 H, dddd, J 14.1, 8.6, 6.7 and 3.4 Hz, 23-H), 1.63–1.67 (1 H, m,
23-H), 1.58–1.62 (1 H, m, 26-H), 1.42–1.50 (1 H, m, 27-H), 1.34–
1.40 (1 H, m, 26-H), 1.20–1.32 (3 H, m, 27-H, 28-H and 28-H),
0.88 (3 H, t, J 7.1 Hz, 28-CH3), 0.86 [12 H, s, SiC(CH3)3], 0.01
(3 H, s, SiCH3), 0.00 (3 H, s, SiCH3); dC (150 MHz, CDCl3) 202.7,
159.2, 130.9, 129.4, 113.7, 81.5, 72.0, 71.1, 55.3, 40.7, 28.7, 28.1,
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25.8, 23.6, 22.7, 17.9, 14.1, −4.3, −4.7; HRMS (ES+) m/z calc. for
C23H40O4SiNa ([MNa]+): 431.2588, found: 431.2570.


Alcohol 30


Allylmagnesium bromide (316 mL, 1.0 M in THF, 316 mmol)
was added dropwise over 20 min to a stirred solution of (+)-
Ipc2BOMe (100 g, 316 mmol) in Et2O (1.5 L) at −78 ◦C. After
15 min, the solution was warmed to room temperature for 1 h,
then cooled to −78 ◦C, where a solution of aldehyde 29 (63.0 g,
154 mmol) in Et2O (500 mL) was added over 20 min. After 3 h
at −78 ◦C, the solution was warmed to 0 ◦C before the cautious
addition of 3 M aq. NaOH (400 mL) over 90 min, followed by the
dropwise addition of 35% aq. H2O2 (100 mL) over 1 h. After the
addition of Et2O (110 mL) and H2O (700 mL), the mixture was
allowed to stir overnight warming to room temperature. The layers
were then separated, the aqueous layer was extracted with Et2O
(2 × 1 L), and the combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. Most of the isopinocampheol
by-product was removed by vacuum distillation (bath temperature
100–105 ◦C, 2 mmHg), and the residue was then purified by flash
chromatography on silica gel (gradient: 10–25% Et2O in hexanes)
to give 30 (62.3 g, 90%) as a colourless oil. Rf = 0.16 (silica gel, 4 :
1 hexanes–EtOAc); [a]25


D +26.0◦ (c 0.55 in CHCl3); mmax/cm−1 (film)
3414, 2930, 1613, 1361, 1249, 1086, 836; dH (500 MHz, CDCl3)
7.23 (2 H, d, J 8.5 Hz, ArH), 6.84 (2 H, d, J 8.5 Hz, ArH), 5.79
(1 H, dddd, J 17.2, 10.5, 7.5 and 7.0 Hz, 19-H), 5.07–5.11 (2 H,
m, 18-H and 18-H), 4.49 (1 H, d, J 11.4 Hz, OCH2Ar), 4.42
(1 H, d, J 11.4 Hz, OCH2Ar), 3.77 (3 H, s, ArOCH3), 3.71–3.74
(1 H, m, 24-H), 3.57–3.62 (1 H, m, 21-H), 3.28 (1 H, ddd, J 9.2,
4.6 and 2.7 Hz, 25-H), 2.23–2.28 (1 H, m, 20-H), 2.11–2.17 (1 H,
m, 20-H), 1.90 (1 H, br s, OH), 1.55–1.57 (3 H, m, 22-H, 22-H
and 23-H), 1.39–1.46 (1 H, m, 26-H), 1.33–1.38 (2 H, m, 26-H and
27-H), 1.21–1.28 (4 H, m, 23-H, 27-H, 28-H and 28-H), 0.85–0.89
[12 H, m, 28-CH3 and SiC(CH3)3], 0.01 (3 H, s, SiCH3), −0.02
(3 H, s, SiCH3); dC (125 MHz, CDCl3) 159.1, 134.9, 131.0, 129.3,
117.8, 113.7, 81.6, 72.6, 72.0, 71.1, 55.2, 41.8, 33.5, 28.5, 28.4,
27.5, 25.8, 22.8, 18.0, 14.1, −4.3, −4.6; HRMS (ES+) m/z calc. for
C26H46O4SiNa ([MNa]+): 473.3057, found: 473.3060.


t-Butyldimethylsilyl ether 31


TBSCl (32.63 g, 216.5 mmol) and a catalytic amount of 4-
DMAP were added to a stirred solution of alcohol 30 (61.1 g,
135 mmol) and imidazole (23.04 g, 338 mmol) in CH2Cl2 (600 mL)
at room temperature. After 3 h, additional portions of TBSCl
(20.0 g, 133 mmol) and imidazole (10.0 g, 147 mmol) were added.
After an additional 4 h, the reaction mixture was partitioned
between brine (1 L) and CH2Cl2 (500 mL). The layers were
separated, and the aqueous layer was extracted with CH2Cl2


(2 × 400 mL). The combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 1–6% EtOAc in
hexanes) to give 31 (68.0 g, 89%) as a colourless oil. Rf = 0.67 (silica
gel, 4 : 1 hexanes–EtOAc); [a]25


D +20.0◦ (c 0.77 in CHCl3); mmax/cm−1


(film) 2923, 1613, 1463, 1361, 1172, 1041, 911; dH (500 MHz,
CDCl3) 7.25 (2 H, d, J 8.6 Hz, ArH), 6.86 (2 H, d, J 8.6 Hz,
ArH), 5.80 (1 H, ddt, J 17.4, 10.3 and 7.2 Hz, 19-H), 5.01–5.05
(2 H, m, 18-H and 18-H), 4.52 (1 H, d, J 11.4 Hz, OCH2Ar),


4.45 (1 H, d, J 11.4 Hz, OCH2Ar), 3.79 (3 H, s, ArOCH3), 3.66–
3.72 (2 H, m, 21-H and 24-H), 3.27 (1 H, ddd, J 9.1, 4.5 and
2.7 Hz, 25-H), 2.20–2.23 (2 H, m, 20-H and 20-H), 1.59–1.72 (3 H,
m, 22-H, 23-H and 26-H), 1.43–1.49 (1 H, m, 27-H), 1.21–1.41
(6 H, m, 22-H, 23-H, 26-H, 27-H, 28-H and 28-H), 0.90 [9 H, s,
SiC(CH3)3], 0.87–0.89 [12 H, m, 28-CH3 and SiC(CH3)3], 0.06
(6 H, s, SiCH3 and SiCH3), 0.03 (3 H, s, SiCH3), 0.01 (3 H, s,
SiCH3); dC (125 MHz, CDCl3) 159.0, 135.3, 131.2, 129.2, 116.6,
113.6, 81.9, 72.9, 72.3, 71.9, 55.2, 42.0, 33.7, 28.6, 28.5, 27.1, 25.9,
25.9, 22.8, 18.1, 18.0, 14.1, −4.3, −4.4, −4.5, −4.6; HRMS (ES+)
m/z calc. for C32H60O4Si2Na ([MNa]+): 587.3922, found: 587.3917.


Aldehyde 32


A solution of alkene 31 (57.0 g, 100.4 mmol) in CH2Cl2 (1 L)
was cooled to −78 ◦C and a stream of ozone (ca. 10% in oxygen)
was bubbled through the mixture until TLC analysis confirmed
the complete consumption of starting material, then oxygen was
bubbled through the solution for an additional 20 min to remove
excess ozone. PPh3 (6.56 g, 25.0 mmol) was added to the solution,
which was then stirred and warmed to room temperature over
1 h. The mixture was then concentrated under reduced pressure,
and triturated with 4 : 1 hexanes–Et2O. The precipitated Ph3PO
was then removed by filtration, and the filtrate was concentrated
in vacuo. The residue was purified by flash chromatography on
silica gel (gradient: 8–10% EtOAc in hexanes) to give 32 (52.1 g,
92%) as a colourless oil. Rf = 0.26 (silica gel, 8 : 1 hexanes–
EtOAc); [a]25


D +27.3◦ (c 0.88 in CHCl3); mmax/cm−1 (film) 2956,
2712, 1727, 1513, 1361, 1172, 938; dH (500 MHz, CDCl3) 9.76 (1 H,
dd, J 2.7, 2.1 Hz, 19-H), 7.21 (2 H, d, J 8.6 Hz, ArH), 6.83 (2 H,
d, J 8.6 Hz, ArH), 4.47 (1 H, d, J 11.4 Hz, OCH2Ar), 4.44
(1 H, d, J 11.4 Hz, OCH2Ar), 4.14–4.18 (1 H, m, 21-H), 3.75
(3 H, s, ArOCH3), 3.66–3.69 (1 H, m, 24-H), 3.25 (1 H, ddd,
J 9.1, 4.3 and 2.7 Hz, 25-H), 2.49 (1 H, ddd, J 15.6, 6.6 and
2.7 Hz, 20-H), 2.45 (1 H, ddd, J 15.6, 5.0 and 2.1 Hz, 20-H),
1.64–1.68 (2 H, m, 23-H and 26-H), 1.55–1.61 (1 H, m, 22-H),
1.42–1.47 (2 H, m, 22-H and 27-H), 1.20–1.37 (5 H, m, 23-H, 26-
H, 27-H, 28-H and 28-H), 0.86 (3 H, t, J 7.1 Hz, 28-CH3), 0.85
[9 H, s, SiC(CH3)3], 0.85 [9 H, s, SiC(CH3)3], 0.05 (3 H, s, SiCH3),
0.03 (3 H, s, SiCH3), −0.01 (3 H, s, SiCH3), −0.02 (3 H, s, SiCH3);
dC (125 MHz, CDCl3) 201.9, 159.1, 131.1, 129.2, 113.6, 81.8, 72.5,
72.0, 68.4, 55.1, 50.7, 34.5, 28.6, 28.4, 26.7, 25.8, 25.7, 22.7, 17.9,
17.9, 14.0, −4.4, −4.4, −4.6, −4.6; HRMS (ES+) m/z calc. for
C31H58O5Si2Na ([MNa]+): 589.3715, found: 589.3704.


Alcohol 33


Allylmagnesium bromide (215 mL, 1.0 M in THF, 215 mmol) was
added dropwise over 20 min to a stirred solution of (+)-Ipc2BOMe
(68.1 g, 215 mmol) in Et2O (1 L) at −78 ◦C. After 15 min, the
solution was warmed to room temperature for 1 h, then cooled
to −78 ◦C, where a solution of aldehyde 32 (58.6 g, 103 mmol)
in Et2O (350 mL) was added dropwise over 20 min. After 3 h at
−78 ◦C, the solution was warmed to 0 ◦C before the cautious
addition of 3 M aq. NaOH (300 mL) over 90 min, followed by the
addition of 35% aq. H2O2 (75 mL) over 1 h. After the addition
of Et2O (100 mL) and H2O (500 mL), the stirred mixture was
allowed to warm to room temperature overnight. The layers were
then separated, and the aqueous layer was extracted with Et2O


2134 | Org. Biomol. Chem., 2006, 4, 2119–2157 This journal is © The Royal Society of Chemistry 2006







(2 × 750 mL). The combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. Most of the isopinocampheol
by-product was removed by vacuum distillation (bath temperature
100–105 ◦C, 2 mmHg), and the residue was then purified by flash
chromatography on silica gel (gradient: 6–10% Et2O in hexanes)
to give 33 (59.79 g, 95%) as a colourless oil. Rf = 0.39 (silica gel,
3 : 1 hexanes–EtOAc); [a]25


D +32.4◦ (c 1.48 in CHCl3); mmax/cm−1


(film) 3474, 2955, 1613, 1463, 1302, 1172, 916, 774; dH (500 MHz,
CDCl3) 7.25 (2 H, d, J 8.6 Hz, ArH), 6.87 (2 H, d, J 8.6 Hz, ArH),
5.83 (1 H, ddt, J 17.3, 10.3 and 7.1 Hz, 17-H), 5.08–5.12 (2 H, m,
16-H and 16-H), 4.50 (1 H, d, J 11.4 Hz, OCH2Ar), 4.47 (1 H,
d, J 11.4 Hz, OCH2Ar), 3.90–3.95 (1 H, m, 21-H), 3.79 (3 H, s,
ArOCH3), 3.77–3.81 (1 H, m, 19-H), 3.60–3.67 (1 H, m, 24-H),
3.28 (1 H, ddd, J 9.2, 4.4 and 2.7 Hz, 1H, 25-H), 3.07 (1 H, br s,
OH), 2.22 (2 H, app t, J 6.8 Hz, 18-H and 18-H), 1.22–1.69 (12 H,
m, 20-H, 20-H, 22-H, 22-H, 23-H, 23-H, 26-H, 26-H, 27-H, 27-H,
28-H and 28-H), 0.88–0.90 [21 H, m, 28-CH3, SiC(CH3)3 and
SiC(CH3)3], 0.11 (3 H, s, SiCH3), 0.11 (3 H, s, SiCH3), 0.02
(3 H, s, SiCH3), −0.01 (3 H, s, SiCH3); dC (125 MHz, CDCl3) 159.1,
134.9, 131.1, 129.2, 117.3, 113.7, 81.9, 73.2, 72.8, 72.0, 70.2, 55.2,
42.2, 42.1, 34.7, 28.6, 28.4, 26.1, 25.8, 25.8, 22.8, 18.0, 17.9, 14.0,
−4.0, −4.4, −4.5, −4.7; HRMS (ES+) m/z calc. for C34H64O5Si2Na
([MNa]+): 631.4184, found: 631.4159.


t-Butyldimethylsilyl ether 34


TBSCl (4.50 g, 29.9 mmol) and a catalytic amount of 4-DMAP
were added to a stirred solution of alcohol 33 (9.13 g, 14.9 mmol)
and imidazole (4.07 g, 59.8 mmol) in CH2Cl2 (70 mL) at room
temperature. After 7 h, the reaction mixture was partitioned
between brine (200 mL) and CH2Cl2 (100 mL). The layers were
separated, the aqueous layer was extracted with CH2Cl2 (2 ×
100 mL), and the combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 2–6% EtOAc in
hexanes) to give 34 (10.22 g, 95%) as a colourless oil. Rf = 0.33
(silica gel, 24 : 1 hexanes–EtOAc); [a]25


D +14.9◦ (c 1.52 in CHCl3);
mmax/cm−1 (film) 2955, 1612, 1463, 1252, 1091, 913; dH (500 MHz,
CDCl3) 7.27 (2 H, d, J 8.6 Hz, ArH), 6.89 (2 H, d, J 8.6 Hz, ArH),
5.84 (1 H, ddt, J 17.4, 9.7 and 7.1 Hz, 17-H), 5.05–5.07 (2 H, m,
16-H and 16-H), 4.54 (1 H, d, J 11.4 Hz, OCH2Ar), 4.48 (1 H, d,
J 11.4 Hz, OCH2Ar), 3.81 (3 H, s, ArOCH3), 3.77–3.82 (2 H, m,
19-H and 21-H), 3.72–3.75 (1 H, m, 24-H), 3.30 (1 H, ddd, J 8.9,
4.4 and 2.8 Hz, 25-H), 2.28–2.33 (1 H, m, 18-H), 2.16–2.20 (1 H,
m, 18-H), 1.58–1.77 (5 H, m, 20-H, 20-H, 22-H, 23-H and 26-H),
1.45–1.52 (1 H, m, 27-H), 1.25–1.44 (6 H, m, 22-H, 23-H, 26-H,
27-H, 28-H and 28-H), 0.90–0.94 [30 H, m, 28-CH3, SiC(CH3)3,
SiC(CH3)3 and SiC(CH3)3], 0.07–0.09 (12 H, s, SiCH3, SiCH3,
SiCH3 and SiCH3), 0.06 (3 H, s, SiCH3), 0.04 (3 H, s, SiCH3); dC


(125 MHz, CDCl3) 159.1, 135.0, 131.3, 129.2, 116.9, 113.7, 82.0,
72.9, 71.9, 69.7, 69.3, 55.2, 44.6, 42.0, 34.0, 28.7, 28.5, 26.9, 26.0,
25.9, 25.9, 22.8, 18.1, 18.1, 18.0, 14.1, −4.3, −4.3, −4.3, −4.4,
−4.5, −4.5; HRMS (ES+) m/z calc. for C40H78O5Si3Na ([MNa]+):
745.5049, found: 745.5050.


Aldehyde 35


A solution of alkene 34 (11.13 g, 15.4 mmol) in CH2Cl2 (100 mL)
was cooled to −78 ◦C and a stream of ozone (ca. 10% in oxygen)


was bubbled through the mixture until TLC analysis confirmed
the complete consumption of starting material, then oxygen was
bubbled through the solution for an additional 20 min to remove
excess ozone. PPh3 (6.56 g, 25.0 mmol) was added to the solution,
which was then stirred and warmed to room temperature over 1 h.
The mixture was then concentrated under reduced pressure, and
triturated with 4 : 1 hexanes–Et2O. The precipitated Ph3PO was
then removed by filtration, and the filtrate was concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (gradient: 1–4% EtOAc in hexanes) to give 35 (10.07 g, 90%)
as a colourless oil. Rf = 0.29 (silica gel, 8 : 1 hexanes–EtOAc);
[a]25


D +24.8◦ (c 1.80 in CHCl3); mmax/cm−1 (film) 2956, 2715, 1728,
1613, 1386, 1251, 1006, 938; dH (500 MHz, CDCl3) 9.80 (1 H,
dd, J 3.0, 1.9 Hz, 17-H), 7.25 (2 H, d, J 8.6 Hz, ArH), 6.87
(2 H, d, J 8.6 Hz, ArH), 4.51 (1 H, d, J 11.4 Hz, OCH2Ar), 4.47
(1 H, d, J 11.4 Hz, OCH2Ar), 4.29–4.34 (1 H, m, 19-H), 3.79
(3 H, s, ArOCH3), 3.69–3.74 (2 H, m, 21-H and 24-H), 3.28 (1 H,
ddd, J 9.2, 4.4 and 2.7 Hz, 25-H), 2.60 (1 H, ddd, J 15.6, 4.4
and 1.9 Hz, 18-H), 2.48 (1 H, ddd, J 15.6, 6.7 and 3.0 Hz,
18-H), 1.78 (1 H, ddd, J 13.8, 7.1 and 5.6 Hz, 20-H), 1.56–
1.68 (4 H, m, 20-H, 22-H, 23-H and 26-H), 1.43–1.50 (1 H,
m, 27-H), 1.23–1.39 (6 H, m, 22-H, 23-H, 26-H, 27-H, 28-H
and 28-H), 0.88–0.92 [30 H, m, 28-CH3, SiC(CH3)3, SiC(CH3)3


and SiC(CH3)3], 0.08 (3 H, s, SiCH3), 0.06 (6 H, s, SiCH3


and SiCH3), 0.05 (3 H, s, SiCH3), 0.04 (3 H, s, SiCH3), 0.02
(3 H, s, SiCH3); dC (125 MHz, CDCl3) 202.0, 159.1, 131.2, 129.2,
113.7, 81.9, 72.7, 72.0, 69.5, 65.7, 55.2, 50.8, 44.9, 34.1, 28.7, 28.4,
26.7, 25.9, 25.9, 25.7, 22.8, 18.0, 18.0, 17.9, 14.1, −4.2, −4.4,
−4.4, −4.5, −4.5, −4.8; HRMS (ES+) m/z calc. for C39H76O6Si3Na
([MNa]+): 747.4842, found: 747.4830.


Alcohol 36


NaBH4 (1.04 g, 27.6 mmol) was added in one portion to a stirred
solution of aldehyde 35 (10.0 g, 13.8 mmol) in MeOH (50 mL)
at 0 ◦C. After 10 min, the reaction was quenched by the careful
addition of sat. aq. NH4Cl (50 mL) and was then concentrated
under reduced pressure to remove most of the MeOH. The mixture
was then diluted with water (100 mL) and extracted with EtOAc
(3 × 75 mL). The combined organic layers were washed with brine
(1 × 100 mL), dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by flash chromatography on silica gel
(gradient: 15–25% Et2O in hexanes) to give 36 (9.86 g, 98%) as a
viscous, colourless oil. Rf = 0.31 (silica gel, 4 : 1 hexanes–EtOAc);
[a]25


D +6.0◦ (c 0.60 in CHCl3); mmax/cm−1 (film) 3454, 2955, 1612,
1471, 1360, 1251, 1092, 836; dH (500 MHz, CDCl3) 7.25 (2 H, d,
J 8.6 Hz, ArH), 6.86 (2 H, d, J 8.6 Hz, ArH), 4.51 (1 H, d, J
11.4 Hz, OCH2Ar), 4.46 (1 H, d, J 11.4 Hz, OCH2Ar), 4.04–4.09
(1 H, m, 19-H), 3.79 (3 H, s, ArOCH3), 3.79–3.84 (1 H, m, 21-H),
3.68–3.72 (3 H, m, 17-H, 17-H and 24-H), 3.28 (1 H, ddd, J 9.2,
4.4 and 2.8 Hz, 25-H), 2.57 (1 H, br s, OH), 1.85–1.92 (1 H, m,
18-H), 1.58 (6 H, m, 18-H, 20-H, 20-H, 22-H, 23-H and 26-H),
1.43–1.49 (1 H, m, 27-H), 1.23–1.41 (6 H, m, 22-H, 23-H, 26-H,
27-H, 28-H and 28-H), 0.87–0.91 [30 H, m, 28-CH3, SiC(CH3)3,
SiC(CH3)3 and SiC(CH3)3], 0.10 (3 H, s, SiCH3), 0.09 (3 H, s,
SiCH3), 0.05 (3 H, s, SiCH3), 0.04 (3 H, s, SiCH3), 0.03 (3 H, s,
SiCH3), 0.01 (3 H, s, SiCH3); dC (125 MHz, CDCl3) 159.1, 131.2,
129.2, 113.7, 81.9, 72.8, 72.0, 69.7, 69.4, 60.1, 55.2, 43.9, 37.6,
34.4, 28.7, 28.4, 26.5, 25.8, 25.8, 25.8, 22.8, 18.0, 18.0, 17.9, 14.1,
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−4.2, −4.4, −4.4, −4.5, −4.5, −4.8; HRMS (ES+) m/z calc. for
C39H79O6Si3 ([MH]+): 727.5179, found: 727.5184.


Iodide 37


To a stirred solution of alcohol 36 (9.85 g, 13.5 mmol) in benzene
(90 mL) were added imidazole (3.76 g, 55.2 mmol), PPh3 (7.24 g,
27.6 mmol), and I2 (7.00 g, 27.6 mmol) sequentially at 0 ◦C. After
warming to room temperature for 30 min, the reaction was
quenched by the addition of sat. aq. Na2S2O3 (100 mL), diluted
with water (50 mL), and then extracted with Et2O (3 × 75 mL).
The combined organic layers were washed with sat. aq. Na2S2O3


(1 × 100 mL), brine (1 × 100 mL), dried (MgSO4), filtered and con-
centrated in vacuo. The residue was triturated with 4 : 1 hexanes–
Et2O, the precipitated Ph3PO was removed by filtration, and the
filtrate was concentrated under reduced pressure. The residue was
purified by flash chromatography on silica gel (gradient: 1–2%
Et2O in hexanes) to give 37 (11.12 g, 98%) as a colourless oil.
Rf = 0.19 (silica gel, 24 : 1 hexanes–EtOAc); [a]25


D +29.8◦ (c 0.45 in
CHCl3); mmax/cm−1 (film) 2953, 1613, 1463, 1252, 1092, 909, 832;
dH (500 MHz, CDCl3) 7.23 (2 H, d, J 8.6 Hz, ArH), 6.85 (2 H, d,
J 8.6 Hz, ArH), 4.49 (1 H, d, J 11.4 Hz, OCH2Ar), 4.44 (1 H, d, J
11.4 Hz, OCH2Ar), 3.78 (3 H, s, ArOCH3), 3.78–3.81 (1 H, m, 19-
H), 3.67–3.72 (2 H, m, 21-H and 24-H), 3.26 (1 H, ddd, J 9.2, 4.4
and 2.7 Hz, 25-H), 3.14–3.21 (2 H, m, 17-H and 17-H), 2.04–2.10
(1 H, m, 18-H), 1.88–1.95 (1 H, m, 18-H), 1.41–1.67 (6 H, m, 20-
H, 20-H, 22-H, 23-H, 26-H and 27-H), 1.19–1.39 (6 H, m, 22-H,
23-H, 26-H, 27-H, 28-H and 28-H), 0.85–0.89 [30 H, m, 28-CH3,
SiC(CH3)3, SiC(CH3)3 and SiC(CH3)3], 0.07 (3 H, s, SiCH3), 0.06
(3 H, s, SiCH3), 0.05 (3 H, s, SiCH3), 0.04 (3 H, s, SiCH3), 0.02 (3
H, s, SiCH3), −0.01 (3 H, s, SiCH3); dC (125 MHz, CDCl3) 159.0,
131.2, 129.2, 113.7, 81.9, 72.7, 71.9, 69.8, 69.5, 55.2, 44.4, 41.5,
34.2, 28.7, 28.4, 26.7, 25.9, 25.9, 25.8, 22.8, 18.0, 18.0, 18.0, 14.1,
2.3, −4.2, −4.2, −4.3, −4.3, −4.4, −4.4; HRMS (ES+) m/z calc.
for C39H77IO5Si3Na ([MNa]+): 859.4015, found: 859.3994.


Alcohol 38


DDQ (3.457 g, 15.2 mmol) was added in one portion to a
vigorously stirred solution of 37 (7.52 g, 8.96 mmol) in CH2Cl2


(220 mL) and aqueous pH 7.0 buffer (75 mL) at room temperature.
After 1 h, the reaction was quenched by the addition of sat.
aq. NaHCO3 (200 mL). The mixture was diluted with CH2Cl2


(100 mL), the layers were separated, and the aqueous layer was
extracted with CH2Cl2 (3 × 100 mL). The combined organic layers
were washed with brine (1 × 200 mL), dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 2–4% EtOAc in hexanes)
to give 38 (5.80 g, 90%) as a colourless oil. Rf = 0.27 (silica gel, 23 :
2 hexanes–EtOAc); [a]25


D +10.2◦ (c 0.99 in CHCl3); mmax/cm−1 (film)
3566, 2955, 1462, 1360, 1255, 1005, 938; dH (500 MHz, CDCl3)
3.77–3.82 (1 H, m, 19-H), 3.69–3.74 (1 H, m, 21-H), 3.46–3.51
(1 H, m, 24-H), 3.37–3.41 (1 H, m, 25-H), 3.13–3.21 (2 H, m, 17-H
and 17-H), 2.10 (1 H, br s, OH), 2.02–2.08 (1 H, m, 18-H), 1.88–
1.95 (1 H, m, 18-H), 1.63–1.68 (2 H, m, 20-H, 23-H), 1.27–1.52
(10 H, m, 20-H, 22-H, 22-H, 23-H, 26-H, 26-H, 27-H, 27-H, 28-H
and 28-H), 0.87–0.90 [30 H, m, 28-CH3, SiC(CH3)3, SiC(CH3)3


and SiC(CH3)3], 0.08 (3 H, s, SiCH3), 0.07 (3 H, s, SiCH3), 0.06
(3 H, s, SiCH3), 0.05 (3 H, s, SiCH3), 0.05 (3 H, s, SiCH3), 0.03


(3 H, s, SiCH3); dH (125 MHz, CDCl3) 75.3, 72.7, 69.7, 69.0, 44.1,
41.4, 33.6, 32.3, 28.7, 28.1, 25.9, 25.9, 25.8, 22.7, 18.0, 17.9, 17.9,
14.1, 2.0, −4.0, −4.2, −4.3, −4.4, −4.4, −4.7; HRMS (ES+) m/z
calc. for C31H70IO4Si3 ([MH]+): 717.3621, found 717.3616.


Pivalate 39


Pyridine (1.43 mL, 17.6 mmol), freshly distilled PivCl (2.16 mL,
17.6 mmol), and a catalytic amount of 4-DMAP were added
to a stirred solution of alcohol 38 (2.13 g, 2.93 mmol) in
CH2Cl2 (15 mL) at 0 ◦C. After 2 h, the mixture was warmed
to room temperature for 4 h before additional pyridine (1.43 mL,
17.6 mmol) and PivCl (2.16 mL, 17.6 mmol) were added. After
a further 16 h, the reaction was then quenched by the addition
of sat. aq. NaHCO3 (50 mL), and extracted with CH2Cl2 (3 ×
30 mL). The combined organic layers were washed with sat. aq.
NaHCO3 (1 × 50 mL), brine (1 × 50 mL), dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 1–4% EtOAc in hexanes)
to give 39 (1.537 g, 65%) as a colourless oil. Rf = 0.48 (silica gel, 23 :
2 hexanes–EtOAc); [a]25


D +26.9◦ (c 1.32 in CHCl3); mmax/cm−1 (film)
2955, 1728, 1428, 1256, 1093, 939, 837; dH (500 MHz, CDCl3) 4.72
(1 H, dt, J 10.1, 3.2 Hz, 25-H), 3.78 (1 H, td, J 6.7, 4.6 Hz, 19-H),
3.71 (1 H, qn, J 5.6 Hz, 21-H), 3.56–3.60 (1 H, m, 24-H), 3.14 (2 H,
t, J 7.3 Hz, 17-H and 17-H), 2.00–2.07 (1 H, m, 18-H), 1.87–1.94
(1 H, m, 18-H), 1.59–1.68 (3 H, m, 20-H, 22-H and 26-H), 1.43–
1.54 (3 H, m, 20-H, 23-H and 26-H), 1.16 [9 H, s, O2CC(CH3)3],
1.14–1.36 (6 H, m, 22-H, 23-H, 27-H, 27-H, 28-H, 28-H), 0.85–
0.89 [30 H, m, 28-CH3, SiC(CH3)3, SiC(CH3)3 and SiC(CH3)3],
0.09 (3 H, s, SiCH3), 0.05 (3 H, s, SiCH3), 0.04 (3 H, s, SiCH3),
0.04 (3 H, s, SiCH3), 0.03 (3 H, s, SiCH3), 0.02 (3 H, s, SiCH3); dC


(125 MHz, CDCl3) 177.8, 75.4, 72.2, 69.7, 69.1, 44.4, 41.5, 38.7,
33.8, 28.2, 27.3, 27.1, 27.0, 26.5, 25.9, 25.8, 25.8, 22.4, 18.0, 17.9,
17.9, 14.0, 1.8, −4.3, −4.3, −4.4, −4.4, −4.5, −4.5; HRMS (ES+)
m/z calc. for C36H78IO5Si3 ([MH]+): 801.4196, found: 801.4191.


(2S)-5-Oxotetrahydrofuran-2-carboxylic acid 41 24


A solution of 2 N H2SO4 (600 mL) and a solution of NaNO2


(82.8 g, 1.20 mol) in water (600 mL) were slowly added simul-
taneously to a vigorously stirred suspension of L-glutamic acid
(147.13 g, 1.00 mol) in water (1 L) over 1 h (CAUTION: reaction
is highly exothermic and involves the release of large quantities
of NO2 gas). Upon completion of the additions, the reaction
was stirred at room temperature for a further 20 h, and then
concentrated under reduced pressure, and azeotroped with toluene
(2 × 250 mL). The residue was then triturated with boiling acetone
(4 × 500 mL), the solids removed, and the filtrate was concentrated
in vacuo to give a highly viscous, light yellow oil. The residue was
dried under high vacuum (0.1 mmHg) for 1 h, then taken up in hot
EtOAc (1 L), and stirred hot with NaSO4 (100 g) for 1 h, before
filtration to remove the solids, and concentration of the filtrate
under reduced pressure. The residue was then stored at −20 ◦C
overnight, where it solidified. The solid residue was triturated with
cold CHCl3, filtered, and washed with cold CHCl3. The solid was
collected and dried under vacuum (0.1 mmHg) to give 41 (62.4 g,
48%) as a colourless solid. The spectroscopic data were in accord
with the literature.24 dH (400 MHz, CDCl3) 8.12 (1 H, s, CO2H)
4.99–5.02 (1 H, s, 2-H), 2.55–2.70 (3 H, m, 3-H, 4-H and 4-H),
2.36–2.44 (1 H, m, 3-H).
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Lactone 43 25


(COCl)2 (8.72 mL, 100.0 mmol) was added dropwise to a stirred
solution of acid 41 24 (10.06 g, 77.0 mmol) in CH2Cl2 (100 mL)
with a catalytic amount of DMF (0.1 mL) at room temperature
in a round-bottomed flask equipped with a needle outlet to a
gas bubbler. The solution was stirred until gas evolution ceased
(ca. 3 h), and was then concentrated under reduced pressure, and
the residue azeotroped with benzene (1 × 50 mL) to give a light
pink residue that was dissolved in THF (250 mL) and cooled to
−78 ◦C. Freshly prepared n-butylmagnesium bromide (73.5 mL,
1.0 M in THF, 73.5 mmol) was then added dropwise, and the
solution was stirred for 1.5 h at −78 ◦C before being quenched
by the addition of sat. aq. NH4Cl (500 mL). After warming to
room temperature, the mixture was extracted with EtOAc (3 ×
200 mL), and the combined organic layers were washed with sat.
aq. NaHCO3 (1 × 400 mL), brine (1 × 400 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 33–50% EtOAc in
hexanes) to give 43 (10.27 g, 82%) as a light yellow solid. Rf =
0.46 (silica gel, 1 : 1 hexanes–EtOAc); mp 36–37 ◦C; [a]25


D −2.8◦ (c
1.07 in CHCl3); mmax/cm−1 (film) 2962, 2889, 1781, 1723, 1459,
1135, 1041; dH (600 MHz, CDCl3) 4.80–4.82 (1 H, m, 24-H),
2.44–2.62 (5 H, m, 22-H, 22-H, 23-H, 26-H and 26-H), 2.16–2.23
(1 H, m, 23-H), 1.52–1.57 (2 H, m, 27-H and 27-H), 1.26–1.32
(2 H, m, 28-H and 28-H), 0.88 (3 H, t, J 7.4 Hz, 28-CH3); dC


(150 MHz, CDCl3) 207.5, 176.0, 81.6, 38.4, 27.2, 24.8, 24.5, 22.1,
13.7; HRMS (ES+) m/z calc. for C9H14O3Na ([MNa]+): 193.0835,
found: 193.0831.


Alcohol 44 25


K-Selectride R© (66.0 mL, 1.0 M in THF, 66.0 mmol) was added
dropwise to a stirred solution of ketone 43 (10.21 g, 60.0 mmol)
in THF (240 mL) at −78 ◦C, and the resulting mixture was stirred
at −78 ◦C for 1 h before warming to −10 ◦C for an additional
2 h. The reaction was then quenched by the careful addition
of sat. aq. NaHCO3 (500 mL) at −10 ◦C, and the mixture was
warmed to room temperature before extraction with EtOAc (3 ×
250 mL). The combined organic layers were washed with sat. aq.
NaHCO3 (1 × 500 mL), brine (1 × 500 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 15–50% EtOAc in
hexanes) to give 44 (7.43 g, 71%) as an oily solid. Rf = 0.34 (silica
gel, 3 : 2 hexanes–EtOAc); [a]25


D +25.9◦ (c 1.38 in CHCl3); mmax/cm−1


(film) 3460, 2931, 2861, 1766, 1461, 1184, 914; dH (500 MHz,
CDCl3) 4.39 (1 H, td, J 7.3, 4.3 Hz, 24-H), 3.50–3.53 (1 H, m,
25-H), 2.70 (1 H, br s, OH), 2.56 (1 H, ddd, J 17.7, 9.9 and 5.2 Hz,
22-H), 2.43–2.51 (1 H, m, 22-H), 2.16–2.23 (1 H, m, 23-H), 2.04–
2.12 (1 H, m, 23-H), 1.40–1.53 (3 H, m, 26-H, 27-H and 27-H),
1.26–1.35 (3 H, m, 26-H, 28-H and 28-H), 0.86 (3 H, t, J 7.1 Hz,
28-CH3); dC (125 MHz, CDCl3) 177.6, 83.0, 73.3, 32.5, 28.6, 27.5,
23.9, 22.4, 13.8; HRMS (ES+) m/z calc. for C9H16O3Na ([MNa+]):
195.0992, found 195.0985.


p-Methoxybenzyl ether 46


La(OTf)3 (0.851 g, 1.45 mmol) was added in one portion to
a stirred solution of alcohol 44 (5.00 g, 29.0 mmol) and p-


methoxybenzyl-2,2,2-trichloroacetimidate 47 (13.02 g, 46.5 mmol)
in toluene (100 mL) at 0 ◦C. After 10 min the solution was concen-
trated in vacuo, and the residue was purified by flash chromatogra-
phy on silica gel (gradient: 20–25% EtOAc in hexanes) to give 46
(7.69 g, 91%) as a light yellow oil. Rf = 0.47 (silica gel, 1 : 1 hexanes–
EtOAc); [a]25


D +4.8◦ (c 1.47 in CHCl3); mmax/cm−1 (film) 2928, 1774,
1726, 1586, 1358, 1177, 821; dH (600 MHz, CDCl3) 7.24 (2 H, d,
J 8.1 Hz, ArH), 6.86 (2 H, d, J 8.1 Hz, ArH), 4.49–4.57 (3 H,
m, 24-H and OCH2Ar), 3.78 (3 H, s, ArOCH3), 3.36–3.39 (1 H,
m, 25-H), 2.51–2.56 (1 H, m, 22-H), 2.40–2.46 (1 H, m, 22-H),
2.15–2.21 (1 H, m, 23-H), 1.91–1.97 (1 H, m, 23-H), 1.51–1.56 (2 H,
m, 26-H and 26-H), 1.29–1.39 (4 H, m, 27-H, 27-H, 28-H and 28-
H), 0.88 (3 H, t, J 7.0 Hz, 28-CH3); dC (150 MHz, CDCl3) 177.4,
159.1, 130.2, 129.4, 113.7, 81.9, 80.0, 72.2, 55.1, 29.4, 28.4, 27.4,
24.3, 22.6, 13.9; HRMS (ES+) m/z calc. for C17H24O4Na ([MNa]+):
315.1567, found: 315.1565.


Lactol 48a


A solution of DIBAL-H (3.3 mL, 1.0 M in toluene, 3.3 mmol)
was added dropwise over 15 min to a stirred solution of lactone 46
(0.868 g, 3.0 mmol) in toluene (15.0 mL) at −78 ◦C. After stirring
for an additional 30 min at −78 ◦C, the reaction was quenched by
the addition of EtOAc (15 mL) and warmed to room temperature.
The solution was then poured into a solution of sat. aq. Rochelle’s
salt (50 mL) and stirred vigorously at room temperature for 2 h.
The mixture was then extracted with EtOAc (3 × 20 mL), and
the combined organic layers were washed with brine (1 × 50 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (20% EtOAc in
hexanes) to give 48a (0.786 g, 89%) as a light yellow oil and as an
inseparable 1 : 1 mixture of anomers. Rf = 0.34 (silica gel, 1 : 1
hexanes–EtOAc); [a]25


D −15.8◦ (c 1.09 in CHCl3); mmax/cm−1 (film)
3409, 2954, 1612, 1442, 1174, 982, 822. HRMS (ES+) m/z calc. for
C17H26O4Na ([MNa]+): 317.1723, found: 317.1722.


Data for anomer (a). dH (500 MHz, C6D6) 7.30 (2 H, d, J
8.4 Hz, ArH), 6.80 (2 H, d, J 8.4 Hz, ArH), 5.56–5.58 (1 H, m,
21-H), 4.63 (1 H, d, J 11.3 Hz, OCH2Ar), 4.51 (1 H, d, J 11.3 Hz,
OCH2Ar), 4.39 (1 H, app q, J 6.5 Hz, 24-H), 4.08 (1 H, d, J 2.6 Hz,
OH), 3.29 (3 H, s, ArOCH3), 3.23–3.26 (1 H, m, 25-H), 1.77–1.89
(3 H, m, 22-H, 23-H and 23-H), 1.54–1.64 (1 H, m, 26-H), 1.31–
1.52 (4 H, m, 22-H, 26-H, 27-H and 27-H), 1.21–1.28 (2 H, m,
28-H and 28-H), 0.87 (3 H, t, J 7.3 Hz, 28-CH3); dC (125 MHz,
C6D6) 159.6, 131.8, 129.6, 113.9, 99.0, 81.2, 80.3, 72.4, 54.7, 33.4,
30.7, 28.1, 26.4, 23.3, 14.3.


Data for anomer (b). dH (500 MHz, C6D6) 7.26 (2 H, d, J
8.4 Hz, ArH), 6.78 (2 H, d, J 8.4 Hz, ArH), 5.50 (1 H, dd, J 7.0,
5.6 Hz, 21-H), 4.51 (1 H, d, J 11.1 Hz, OCH2Ar), 4.47 (1 H, d, J
11.1 Hz, OCH2Ar), 4.25 (1 H, d, J 7.0 Hz, OH), 4.02 (1 H, ddd,
J 7.5, 7.2 and 4.6 Hz, 24-H) 3.31 (3 H, s, ArOCH3), 3.14–3.17
(1 H, m, 25-H), 1.77–1.89 (1 H, m, 22-H), 1.70–1.77 (1 H, m, 23-
H), 1.54–1.64 (2 H, m, 22-H and 26-H), 1.31–1.52 (4 H, m, 23-H,
26-H, 27-H and 27-H), 1.21–1.28 (2 H, m, 28-H and 28-H), 0.87
(3 H, t, J 7.3 Hz, 28-CH3); dC (125 MHz, C6D6) 159.7, 131.0, 129.8,
114.1, 98.8, 81.8, 81.5, 72.4, 54.7, 34.7, 31.1, 28.1, 25.5, 23.3, 14.3.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2119–2157 | 2137







Methyl furanoside 48b


PPTS (0.035 g, 0.14 mmol) was added in one portion to a
stirred solution of lactol 48a (0.400 g, 1.4 mmol) and 2,2-
dimethoxypropane (0.26 mL, 2.1 mmol) in MeOH (5 mL) at
room temperature. After 16 h the reaction was concentrated in
vacuo, and then partitioned between brine (20 mL) and EtOAc
(20 mL). The layers were separated, and the aqueous layer was
extracted with EtOAc (3 × 15 mL). The combined organic layers
were washed with brine (1 × 25 mL), dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (10% EtOAc in hexanes) to give 48b
(0.375 g, 87%) as a light yellow oil. 1H-NMR analysis revealed the
compound to be a 1.2 : 1 mixture of anomers at C-21 which, for
the purposes of characterisation, could be separated via careful
flash chromatography on silica gel (10% Et2O in hexanes).


Data for anomer (a). Rf = 0.75 (silica gel, 1 : 1 hexanes–
EtOAc); [a]25


D +47.3◦ (c 4.24 in CHCl3); mmax/cm−1 (film) 2954,
2833, 1612, 1459, 1202, 1040, 821; dH (500 MHz, C6D6) 7.29
(2 H, d, J 8.6 Hz, ArH), 6.80 (2 H, d, J 8.6 Hz, ArH), 4.95
(1 H, dd, J 3.9, 2.5 Hz, 21-H), 4.68 (1 H, d, J 11.3 Hz, OCH2Ar),
4.53 (1 H, d, J 11.3 Hz, OCH2Ar), 4.22–4.25 (1 H, m, 24-H), 3.32
(3 H, s, ArOCH3), 3.28–3.32 (1 H, m, 25-H), 3.26 (3 H, s, OCH3),
1.76–1.84 (3 H, m, 22-H, 23-H and 23-H), 1.31–1.51 (5 H, m,
22-H, 26-H, 26-H, 27-H and 27-H), 1.21–1.30 (2 H, m, 28-H and
28-H), 0.87 (3 H, t, J 7.3 Hz, 28-CH3); dC (125 MHz, C6D6) 159.6,
132.1, 129.6, 113.9, 105.6, 81.0, 80.4, 77.6, 54.7, 54.5, 32.5, 30.9,
28.3, 26.2, 23.3, 14.3; HRMS (ES+) m/z calc. for C18H28O4Na
([MNa]+): 331.1880, found: 331.1870.


Data for anomer (b). Rf = 0.71 (silica gel, 1 : 1 hexanes–
EtOAc); [a]25


D −59.3◦ (c 5.03 in CHCl3); mmax/cm−1 (film) 2952,
2834, 1612, 1458, 1205, 1040, 821; dH (500 MHz, C6D6) 7.37
(2 H, d, J 8.5 Hz, ArH), 6.70 (2 H, d, J 8.5 Hz, ArH), 4.95 (1 H,
d, J 11.2 Hz, OCH2Ar), 4.86 (1 H, d, J 4.5 Hz, 21-H), 4.61 (1 H,
d, J 11.2 Hz, OCH2Ar), 4.04–4.08 (1 H, m, 24-H), 3.33 (3 H, s,
ArOCH3), 3.33–3.36 (1 H, m, 25-H), 3.25 (3 H, s, OCH3), 1.81–
1.84 (1 H, m, 22-H), 1.61–1.70 (1 H, m, 23-H), 1.44–1.54 (3 H, m,
22-H, 23-H and 26-H), 1.34–1.42 (3 H, m, 26-H, 27-H and 27-H),
1.18–1.29 (2 H, m, 28-H and 28-H), 0.86 (3 H, t, J 7.3 Hz, 28-CH3);
dC (125 MHz, C6D6) 159.5, 132.4, 129.5, 113.9, 105.3, 84.5, 83.2,
73.1, 54.8, 54.4, 33.2, 31.5, 28.1, 26.4, 23.2, 14.3; HRMS (ES+)
m/z calc. for C18H28O4Na ([MNa]+): 331.1880, found: 331.1866.


Acetate 48c


Acetic anhydride (0.35 mL, 3.8 mmol) was added to stirred
solution of lactol 48a (0.786 g, 2.67 mmol), Et3N (0.78 mL,
5.6 mmol) and 4-DMAP (0.0070 g, 0.08 mmol) in CH2Cl2 (13 mL)
at room temperature. After 90 min, the mixture was concentrated
in vacuo, and the residue was purified by flash chromatography on
silica gel (25% EtOAc in hexanes) to give 48c (0.807 g, 90%) as a
colourless oil. 1H-NMR analysis revealed the compound to be a 1 :
1 mixture of anomers which, for the purposes of characterisation,
could be separated via careful flash chromatography on silica gel
(10% Et2O in hexanes).


Data for anomer (a). Rf = 0.42 (silica gel, 4 : 1 hexanes–Et2O);
[a]25


D +34.2◦ (c 4.49 in CH2Cl2); mmax/cm−1 (film) 2954, 1741, 1612,
1466, 1302, 1086, 970, 823; dH (600 MHz, C6D6) 7.24 (2 H, d, J


8.3 Hz, ArH), 6.78 (2 H, d, J 8.3 Hz, ArH), 6.51 (1 H, d, J 5.1 Hz,
21-H), 4.55 (1 H, d, J 11.3 Hz, OCH2Ar), 4.47 (1 H, d, J 11.3 Hz,
OCH2Ar), 4.28–4.31 (1 H, m, 24-H), 3.31 (3 H, s, ArOCH3), 3.20
(1 H, app q, J 5.7 Hz, 25-H), 1.81–1.87 (1 H, m, 22-H), 1.67–1.74
(2 H, m, 22-H and 23-H), 1.66 (3 H, s, O2CCH3), 1.38–1.45 (4 H,
m, 23-H, 26-H, 26-H, and 27-H), 1.26–1.32 (1 H, m, 27-H), 1.18–
1.25 (2 H, m, 28-H and 28-H), 0.85 (3 H, t, J 7.3 Hz, 28-CH3);
dC (150 MHz, C6D6) 169.5, 159.6, 131.7, 129.6, 113.9, 99.3, 82.2,
80.5, 72.5, 54.7, 32.1, 30.5, 28.2, 25.4, 23.2, 21.0, 14.3; MS (ES+)
m/z calc. for C19H28O5Na ([MNa]+): 359.18; found: 359.20.


Data for anomer (b). Rf = 0.33 (silica gel, 4 : 1 hexanes–Et2O);
[a]25


D −36.1◦ (c 3.60 in CH2Cl2); mmax/cm−1 (film) 2955, 1736, 1612,
1466, 1302, 1082, 958, 849; dH (600 MHz, C6D6) 7.36 (2 H, d, J
8.4 Hz, ArH), 6.80 (2 H, d, J 8.4 Hz, ArH), 6.40 (1 H, d, J 3.7 Hz,
21-H), 4.86 (1 H, d, J 11.3 Hz, OCH2Ar), 4.63 (1 H, d, J 11.3 Hz,
OCH2Ar), 4.00–4.03 (1 H, m, 24-H), 3.30 (3 H, s, ArOCH3), 3.29–
3.33 (1 H, m, 25-H), 1.69 (3 H, s, O2CCH3), 1.66–1.69 (1 H, m,
22-H), 1.39–1.52 (5 H, m, 22-H, 23-H, 23-H, 26-H and 27-H),
1.32–1.38 (2 H, m, 26-H and 27-H), 1.18–1.26 (2 H, m, 28-H and
28-H), 0.86 (3 H, t, J 7.2 Hz, 28-CH3); dC (150 MHz, C6D6) 169.4,
159.6, 132.0, 129.8, 113.9, 98.8, 85.5, 81.8, 72.9, 54.7, 32.6, 31.3,
28.0, 25.6, 23.2, 21.1, 14.3; MS (ES+) m/z calc. for C19H28O5Na
([MNa]+): 359.18; found: 359.17.


trans-Allyltetrahydrofuran 49


To a stirred solution of acetate 48c (13.15 g, 39.1 mmol) and
allyltrimethylsilane (15.5 mL, 97.5 mmol) in CH2Cl2 (200 mL) was
added TMSOTf (0.71 mL, 3.9 mmol) dropwise at −78 ◦C. After
15 min, the reaction was quenched by the addition of sat. aq.
NaHCO3 (200 mL) and warmed to room temperature, before
extraction with Et2O (3 × 150 mL). The combined organic layers
were washed with brine (1 × 150 mL), dried (MgSO4), filtered and
concentrated in vacuo. 1H-NMR analysis of the crude reaction
mixture indicated the presence of a 3 : 1 mixture of diastereomers,
based on the integration of the corresponding 21-H and 24-
H protons. The major diastereomer was obtained in pure form
after flash chromatography on silica gel (gradient: 2–10% Et2O in
hexanes) to give 49 (9.41 g, 75%) as a colourless oil. Rf = 0.32
(silica gel, 4 : 1 hexanes–Et2O); [a]25


D −16.9◦ (c 1.33 in CHCl3);
mmax/cm−1 (film) 3072, 2942, 2860, 1608, 1461, 1173, 1038, 908; dH


(500 MHz, C6D6) 7.35 (2 H, d, J 8.6 Hz, ArH), 6.81 (2 H, d, J
8.6 Hz, ArH), 5.89 (1 H, ddt, J 17.2, 10.2 and 7.0 Hz, 19-H), 5.02–
5.09 (2 H, m, 18-H and 18-H), 4.82 (1 H, d, J 11.4 Hz, OCH2Ar),
4.61 (1 H, d, J 11.4 Hz, OCH2Ar), 3.92 (1 H, dt, J 7.8, 6.5 Hz,
24-H), 3.81 (1 H, app qn, J 6.5 Hz, 21-H), 3.31–3.36 (1 H, m, 25-
H), 3.29 (3 H, s, ArOCH3), 2.36 (1 H, ddd, J 13.6, 7.0 and 6.5 Hz,
20-H), 2.20 (1 H, ddd, J 13.6, 7.0 and 6.5 Hz, 20-H), 1.23–1.61
(10 H, m, 22-H, 22-H, 23-H, 23-H, 26-H, 26-H, 27-H, 27-H, 28-H
and 28-H), 0.89 (3 H, t, J 7.3 Hz, 28-CH3); dC (125 MHz, C6D6)
159.5, 135.7, 132.2, 129.7, 116.6, 113.9, 82.6, 81.4, 78.9, 72.8, 54.7,
40.8, 31.3, 30.6, 28.3, 27.9, 23.2, 14.3; HRMS (ES+) m/z calc. for
C20H30O3Na ([MNa]+): 341.2087, found: 341.2096.


Aldehyde 50


A solution of alkene 49 (4.75 g, 15.0 mmol) in CH2Cl2 (150 mL)
was cooled to −78 ◦C and a stream of ozone (ca. 10% in oxygen)
was bubbled through the mixture until TLC analysis confirmed
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the complete consumption of starting material, then oxygen was
bubbled through the solution for an additional 20 min to remove
excess ozone. PPh3 (6.56 g, 25.0 mmol) was added to the solution,
which was then stirred and warmed to room temperature over 1 h.
The mixture was then concentrated under reduced pressure, and
triturated with 4 : 1 hexanes–Et2O. The precipitated Ph3PO was
then removed by filtration, and the filtrate was concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (20% EtOAc in hexanes) to give 50 (4.33 g, 90%) as a colourless
oil. Rf = 0.16 (silica gel, 4 : 1 hexanes–EtOAc); [a]25


D −17.8◦ (c 1.12
in CHCl3); mmax/cm−1 (film) 2946, 2728, 1724, 1610, 1463, 1174,
818; dH (500 MHz, CDCl3) 9.80 (1 H, dd, J 2.6, 1.9 Hz, 19-H),
7.26 (2 H, d, J 8.7 Hz, ArH), 6.85 (2 H, d, J 8.7 Hz, ArH), 4.60
(1 H, d, J 11.2 Hz, OCH2Ar), 4.51 (1 H, d, 11.2 Hz, OCH2Ar),
4.34 (1 H, dddd, J 7.4, 6.9, 6.5 and 5.3 Hz, 21-H), 3.94–3.98 (1 H,
m, 24-H), 3.79 (3 H, s, ArOCH3), 3.27–3.31 (1 H, m, 25-H), 2.68
(1 H, ddd, J 16.1, 7.4 and 2.6 Hz, 20-H), 2.59 (1 H, ddd, J 16.1,
5.3 and 1.9 Hz, 20-H), 2.08 (1 H, dddd, J 12.2, 8.5, 6.5 and 6.4 Hz,
22-H), 1.90 (1 H, dddd, J 12.4, 8.5, 7.0 and 5.7 Hz, 23-H), 1.66
(1 H, dddd, J 12.4, 9.4, 7.8 and 6.4 Hz, 23-H), 1.57 (1 H, dddd, J
12.2, 9.4, 6.9 and 5.7 Hz, 22-H), 1.39–1.47 (3 H, m, 26-H, 27-H and
27-H), 1.24–1.33 (3 H, m, 26-H, 28-H and 28-H), 0.88 (3 H, t, J
7.1 Hz, 28-CH3); dC (125 MHz, CDCl3) 201.5, 159.0, 131.1, 129.4,
113.6, 82.2, 80.9, 74.2, 72.4, 55.2, 49.6, 31.1, 30.6, 27.7, 27.5, 22.8,
14.0; HRMS (ES+) m/z calc. for C19H28O4Na ([MNa]+): 343.1880,
found: 343.1882.


Alcohol 51


AllylMgBr (27.0 mL, 1.0 M in Et2O, 27.0 mmol) was added to
a stirred solution of (+)-Ipc2BOMe (8.54 g, 27.0 mmol) in Et2O
(120 mL) at −78 ◦C. After 30 min, the mixture was warmed to
room temperature for 1 h, then re-cooled to −78 ◦C, where a
solution of aldehyde 50 (3.78 g, 11.8 mmol) in Et2O (30 mL) was
added dropwise, and the mixture stirred for 3 h at that temperature.
The reaction was quenched by the addition of MeOH (10 mL)
and warmed to 0 ◦C, where 3 M aq. NaOH (50 mL) was added,
followed by the dropwise addition of 35% aq. H2O2 (11 mL) over
30 min. After warming to room temperature overnight, the mixture
was extracted with Et2O (3 × 50 mL), and the combined organic
layers were washed with brine (1 × 100 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 10–35% Et2O in
hexanes) to give 51 (2.95 g, 69%) as a colourless oil. Rf = 0.08
(silica gel, 4 : 1 hexanes–EtOAc); [a]25


D −13.9◦ (c 2.35 in CHCl3);
mmax/cm−1 (film) 3447, 3067, 2924, 1609, 1461, 1243, 1076, 911; dH


(500 MHz, CDCl3) 7.27 (2 H, d, J 8.6 Hz, ArH), 6.86 (2 H, d, J
8.6 Hz, ArH), 5.82–5.86 (1 H, m, 17-H), 5.08–5.13 (2 H, m, 16-H
and 16-H), 4.59 (1 H, d, J 11.1 Hz, OCH2Ar), 4.53 (1 H, d, 11.1 Hz,
OCH2Ar), 4.16 (1 H, dtd, J 7.0, 6.8 and 4.0 Hz, 21-H), 3.91–3.95
(2 H, m, 19-H and 24-H), 3.80 (3 H, s, ArOCH3), 3.30–3.32 (1 H,
m, 25-H), 2.23–2.32 (2 H, m, 18-H and 18-H), 1.85–1.94 (2 H, m,
22-H and 23-H), 1.79 (1 H, ddd, J 14.3, 8.5 and 3.8 Hz, 20-H),
1.59–1.71 (3 H, m, 20-H, 22-H and 23-H), 1.46–1.51 (2 H, m, 27-H
and 27-H), 1.23–1.44 (4 H, m, 26-H, 26-H, 28-H and 28-H), 0.88
(3 H, t, J 7.1 Hz, 28-CH3); dC (125 MHz, CDCl3) 159.0, 135.2,
131.0, 129.5, 117.3, 113.6, 81.8, 81.0, 77.3, 72.3, 68.3, 55.2, 41.9,
40.5, 30.7, 30.5, 27.8, 27.7, 22.8, 14.0; HRMS (ES+) m/z calc. for
C22H34O4Na ([MNa]+): 385.2349, found: 385.2340.


t-Butyldimethylsilyl ether 52


Alcohol 51 (2.90 g, 8.0 mmol), imidazole (1.09 g, 16.0 mmol), and
TBSCl (1.81 g, 12.0 mmol) were combined in CH2Cl2 (80 mL) at
room temperature and the mixture was allowed to stir for 16 h.
The reaction was then quenched by the addition of sat. aq. NH4Cl
(150 mL), and extracted with EtOAc (3 × 80 mL). The combined
organic layers were washed with sat. aq. NaHCO3 (1 × 100 mL),
brine (1 × 100 mL), dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (10% EtOAc in hexanes) to give 52 (3.42 g, 90%) as a colourless
oil. Rf = 0.64 (silica gel, 4 : 1 hexanes–EtOAc); [a]25


D −45.4◦ (c 1.14
in CHCl3); mmax/cm−1 (film) 3447, 3067, 2924, 1609, 1461, 1243,
1076, 911; dH (500 MHz, CDCl3) 7.29 (2 H, d, J 8.6 Hz, ArH),
6.87 (2 H, d, J 8.6 Hz, ArH), 5.83 (1 H, ddt, J 16.4, 10.8 and
7.2 Hz, 17-H), 5.03–5.06 (2 H, m, 16-H and 16-H), 4.73 (1 H, d, J
11.2 Hz, OCH2Ar), 4.54 (1 H, d, J 11.2 Hz, OCH2Ar), 3.91–4.01
(2 H, m, 19-H and 21-H), 3.85–3.87 (1 H, m, 24-H), 3.80 (3 H, s,
ArOCH3), 3.28–3.30 (1 H, m, 25-H), 2.20–2.31 (2 H, m, 18-H and
18-H), 1.93 (1 H, ddt, J 12.4, 8.7 and 6.4 Hz, 22-H), 1.82–1.84 (1 H,
m, 23-H), 1.54–1.67 (3 H, m, 20-H, 20-H and 23-H), 1.41–1.48
(4 H, m, 22-H, 26-H, 27-H and 27-H), 1.24–1.35 (3 H, m, 26-
H, 28-H and 28-H), 0.90 [9 H, s, SiC(CH3)], 0.89 (3 H, t, J
7.3 Hz, 28-CH3), 0.09 (3 H, s, SiCH3), 0.08 (3 H, s, SiCH3);
dC (125 MHz, CDCl3) 159.8, 135.0, 131.5, 129.5, 116.8, 113.6,
82.1, 81.4, 75.9, 72.5, 69.4, 55.2, 43.2, 42.9, 31.4, 30.9, 27.9, 27.7,
25.9, 22.8, 18.1, 14.1, −4.4, −4.7; HRMS (ES+) m/z calc. for
C22H34O4Na ([MNa]+): 385.2349, found: 385.2340.


Aldehyde 53


A solution of alkene 52 (3.38 g, 7.1 mmol) in CH2Cl2 (70 mL)
was cooled to −78 ◦C and a stream of ozone (ca. 10% in oxygen)
was bubbled through the mixture until TLC analysis confirmed
the complete consumption of starting material, then oxygen was
bubbled through the solution for an additional 20 min to remove
excess ozone. PPh3 (3.25 g, 12.4 mmol) was added to the solution,
which was then stirred and warmed to room temperature over 1 h.
The mixture was then concentrated under reduced pressure, and
triturated with 4 : 1 hexanes–Et2O. The precipitated Ph3PO was
then removed by filtration, and the filtrate was concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (gradient: 5–25% Et2O in hexanes) to give 53 (3.02 g, 89%) as
a colourless oil. Rf = 0.56 (silica gel, 3 : 1 hexanes–EtOAc); [a]25


D


−35.1◦ (c 1.53 in CHCl3); mmax/cm−1 (film) 2960, 2729, 1724, 1585,
1463, 1249, 1090, 837; dH (500 MHz, CDCl3) 9.80 (1 H, dd, J 3.0,
2.2 Hz, 17-H), 7.29 (2 H, d, J 8.6 Hz, ArH), 6.86 (2 H, d, J 8.6 Hz,
ArH), 4.66 (1 H, d, J 11.1 Hz, OCH2Ar), 4.53 (1 H, d, J 11.1 Hz,
OCH2Ar), 4.37–4.39 (1 H, m, 19-H), 3.84–3.94 (2 H, m, 21-H and
24-H), 3.80 (3 H, s, ArOCH3), 3.28–3.30 (1 H, m, 25-H), 2.64
(1 H, ddd, J 15.7, 5.4 and 2.2 Hz, 18-H), 2.51 (1 H, ddd, J 15.7,
5.5 and 3.0 Hz, 18-H), 1.95 (1 H, dddd, J 12.4, 8.7, 6.9 and 6.1 Hz,
22-H), 1.83 (1 H, dddd, J 12.4, 8.7, 6.9 and 5.9 Hz, 23-H), 1.75
(1 H, ddd, J 14.2, 8.1 and 3.4 Hz, 20-H), 1.70 (1 H, ddd, J 14.2,
8.9 and 4.9 Hz, 20-H), 1.61 (1 H, dddd, J 12.4, 9.8, 6.1 and 3.0 Hz,
23-H), 1.40–1.51 (4 H, m, 22-H, 26-H, 27-H and 27-H), 1.24–1.34
(3 H, m, 26-H, 28-H and 28-H), 0.88 (3 H, t, J 7.1 Hz, 28-CH3),
0.87 [9 H, s, SiC(CH3)3], 0.10 (3 H, s, SiCH3), 0.07 (3 H, s, SiCH3);
dC (125 MHz, CDCl3) 202.3, 159.0, 131.3, 129.4, 113.6, 82.0, 81.2,
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75.5, 72.4, 66.4, 55.2, 51.8, 44.2, 31.5, 30.9, 27.8, 27.5, 25.8, 22.8,
18.0, 14.1, −4.6, −4.7; HRMS (ES+) m/z calc. for C27H46O5SiNa
([MNa]+): 501.3007, found: 501.2986.


Alcohol 54


NaBH4 (0.354 g, 9.38 mmol) was added in one portion to a stirred
solution of aldehyde 53 (3.01 g, 6.25 mmol) in MeOH (30 mL)
at 0 ◦C. After 15 min, the reaction was quenched by the careful
addition of sat. aq. NH4Cl (30 mL) and then concentrated under
reduced pressure to remove most of the MeOH. The mixture was
then diluted with water (50 mL) and extracted with EtOAc (3 ×
50 mL). The combined organic layers were washed with brine
(1 × 50 mL), dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by flash chromatography on silica gel
(gradient: 10–20% EtOAc in hexanes) to give 54 (2.92 g, 97%) as a
colourless viscous oil. Rf = 0.35 (silica gel, 3 : 1 hexanes–EtOAc);
[a]25


D −28.2◦ (c 1.16 in CHCl3); mmax/cm−1 (film) 3441, 2949, 2854,
1611, 1467, 1301, 1075, 808; dH (500 MHz, CDCl3) 7.27 (2 H, d, J
8.6 Hz, ArH), 6.86 (2 H, d, J 8.6 Hz, ArH), 4.66 (1 H, d, J 11.1 Hz,
OCH2Ar), 4.52 (1 H, d, J 11.1 Hz, OCH2Ar), 4.12–4.13 (1 H, m,
19-H), 3.83–3.91 (3 H, m, 17-H, 21-H and 24-H), 3.80 (3 H, s,
ArOCH3), 3.69 (1 H, dt, J 10.8, 5.3 Hz, 17-H), 3.27–3.29 (1 H, m,
25-H), 2.38 (1 H, br s, OH), 1.79–1.98 (3 H, m, 20-H, 22-H and
23-H), 1.58–1.76 (4 H, m, 18-H, 18-H, 20-H and 23-H), 1.39–1.49
(4 H, m, 22-H, 26-H, 27-H and 27-H), 1.24–1.35 (3 H, m, 26-H,
28-H and 28-H), 0.86–0.89 [12 H, m, 28-CH3 and SiC(CH3)3],
0.11 (3 H, s, SiCH3), 0.10 (3 H, s, SiCH3); dC (125 MHz, CDCl3)
158.9, 131.2, 129.4, 113.5, 81.8, 81.1, 75.9, 72.4, 69.7, 59.8, 55.2,
42.8, 38.7, 31.5, 30.8, 27.8, 27.5, 25.8, 22.7, 17.9, 14.0, −4.6, −4.7;
HRMS (ES+) m/z calc. for C27H48O5SiNa ([MNa]+): 503.3163,
found: 503.3147.


Iodide 55


To a stirred solution of alcohol 54 (5.50 g, 11.4 mmol) in
benzene (60 mL) were added imidazole (3.10 g, 45.6 mmol), PPh3


(5.98 g, 22.8 mmol), and I2 (5.79 g, 22.8 mmol) sequentially at
room temperature. After 30 min, the reaction was quenched by
the addition of sat. aq. Na2S2O3 (60 mL), diluted with water
(40 mL), and extracted with Et2O (3 × 50 mL). The combined
organic layers were washed with sat. aq. Na2S2O3 (1 × 50 mL),
brine (1 × 50 mL), dried (MgSO4), filtered and concentrated in
vacuo. The residue was triturated with 4 : 1 hexanes–Et2O, the
precipitated Ph3PO was removed by filtration, and the filtrate was
concentrated under reduced pressure. The residue was purified
by flash chromatography on silica gel (gradient: 2.5–5% Et2O in
hexanes) to give 55 (6.59 g, 97%) as a colourless oil. Rf = 0.41 (silica
gel, 9 : 1 hexanes–Et2O); [a]25


D −15.5◦ (c 1.29 in CHCl3); mmax/cm−1


(film) 2954, 2856, 1612, 1468, 1301, 1068, 835; dH (500 MHz,
CDCl3) 7.30 (2 H, d, J 8.7 Hz, ArH), 6.87 (2 H, d, J 8.7 Hz,
ArH), 4.72 (1 H, d, J 11.1 Hz, OCH2Ar), 4.54 (1 H, d, J 11.1 Hz,
OCH2Ar), 3.84–3.94 (3 H, m, 19-H, 21-H and 24-H), 3.80 (3 H, s,
ArOCH3), 3.29–3.31 (1 H, m, 25-H), 3.20 (2 H, t, J 7.5 Hz, 17-H
and 17-H), 2.07–2.10 (1 H, m, 18-H), 1.99–2.01 (1 H, m, 18-H),
1.92–1.95 (1 H, m, 23-H), 1.83 (1 H, dddd, J 12.5, 8.7, 6.9 and
5.9 Hz, 22-H), 1.57–1.69 (3 H, m, 20-H, 20-H and 23-H), 1.41–1.48
(4 H, m, 22-H, 26-H, 27-H and 27-H), 1.24–1.35 (3 H, m, 27-H,
28-H and 28-H), 0.90 [9 H, m, SiC(CH3)3], 0.89 (3 H, t, J 7.3 Hz,


28-CH3), 0.10 (6 H, s, SiCH3 and SiCH3); dC (125 MHz, CDCl3)
158.9, 131.4, 129.5, 113.6, 82.1, 81.3, 75.7, 72.6, 70.3, 55.2, 43.2,
42.2, 31.5, 30.9, 27.9, 27.7, 25.9, 22.8, 18.0, 14.1, 2.4, −4.4, −4.5;
HRMS (ES+) m/z calc. for C27H47IO4SiNa ([MNa]+): 613.2180,
found: 613.2175.


cis-Allyltetrahydrofuran 56


From the above procedure for the synthesis of 49, the minor
diasteromer, 56 (2.61 g, 21%) was also isolated as a colourless
oil. Rf = 0.34 (silica gel, 4 : 1 hexanes–Et2O); [a]25


D −19.5◦ (c 1.11 in
CHCl3); mmax/cm−1 (film) 3067, 2941, 2855, 1608, 1451, 1169, 1035,
909; dH (500 MHz, C6D6) 7.34 (2 H, d, J 8.4 Hz, ArH), 6.81 (2 H,
d, J 8.4 Hz, ArH), 5.85–5.91 (1 H, m, 19-H), 5.03–5.09 (2 H, m,
18-H and 18-H), 4.79 (1 H, d, J 11.3 Hz, OCH2Ar), 4.60 (1 H, d, J
11.3 Hz, OCH2Ar), 4.07 (1 H, app q, J 6.9 Hz, 21-H), 3.94–3.98 (1
H, m, 24-H), 3.29 (3 H, s, OCH2Ar) 3.24–3.28 (1 H, m, 25-H), 2.35
(1 H, ddd, J 13.5, 6.9 and 6.4 Hz, 20-H), 2.16 (1 H, ddd, J 13.5, 7.0
and 6.4 Hz, 20-H), 1.23–1.71 (10 H, m, 22-H, 22-H, 23-H, 23-H,
26-H, 26-H, 27-H, 27-H, 28-H and 28-H), 0.89 (3 H, t, J 7.3 Hz,
28-CH3); dC (125 MHz, C6D6) 159.5, 135.7, 132.2, 129.6, 116.6,
113.9, 81.9, 81.5, 78.8, 72.7, 54.7, 40.8, 31.8, 31.1, 28.7, 28.4, 23.3,
14.3; HRMS (ES+) m/z calc. for C20H30O3Na ([MNa]+): 341.2087,
found: 341.2096.


Alcohol 57


To a stirred solution of 48b (150 mg, 0.49 mmol) and allyltrimethyl-
silane (0.16 mL, 0.98 mmol) in CH2Cl2 (2 mL) was added BF3·OEt2


(68 lL, 0.54 mmol) at −78 ◦C. After stirring for 2 h at −78 ◦C,
the solution was warmed to 0 ◦C for 1 h and then quenched
by the addition of sat. aq. NaHCO3 (5 mL) and warmed to
room temperature. The mixture was extracted with EtOAc (3 ×
5 mL), and the combined organic layers were washed with sat.
aq. NaHCO3 (1 × 10 mL), brine (1 × 10 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (5% EtOAc in hexanes) to give
57 (71 mg, 71%) as a colourless oil. Rf = 0.27 (silica gel, 4 :
1 hexanes–Et2O); [a]25


D −8.5◦ (c 1.36 in CHCl3); mmax/cm−1 (film)
3448, 2931, 1465, 1247, 912; dH (600 MHz, C6D6) 5.73 (1 H, dddd,
J 17.1, 10.2, 7.2 and 6.9 Hz, 19-H), 4.97–5.02 (2 H, m, 18-H and
18-H), 3.68–3.73 (1 H, m, 21-H), 3.56 (1 H, app q, J 6.8 Hz, 24-H),
3.29–3.33 (1 H, m, 25-H), 2.63 (1 H, br s, OH), 2.23 (1 H, ddd, J
13.2, 6.9 and 6.5 Hz, 20-H), 2.07 (1 H, ddd, J 13.2, 7.2 and 6.3 Hz,
20-H), 1.51–1.64 (2 H, m, 22-H and 23-H), 1.36–1.49 (4 H, m, 23-
H, 26-H, 26-H and 27-H), 1.24–1.34 (4 H, m, 22-H, 27-H, 28-H
and 28-H), 0.88 (3 H, t, J 7.3 Hz, 28-CH3); dC (150 MHz, C6D6)
135.9, 117.5, 83.7, 79.4, 74.9, 41.1, 34.7, 31.5, 29.0, 28.4, 23.8,
15.0; HRMS (ES+) m/z calc. for C12H22O2Na ([MNa]+): 221.1512,
found: 221.1505.


Aldehyde 59


A solution of DMSO (10.7 mL, 151 mmol) in CH2Cl2 (10 mL)
was added dropwise to a stirred solution of (COCl)2 (6.59 mL,
75.5 mmol) in CH2Cl2 (150 mL) at −78 ◦C. After 20 min, a
solution of alcohol 58 30 (10.5 g, 41.9 mmol) in CH2Cl2 (20 mL) was
added over 20 min, and the mixture stirred for 30 min at −78 ◦C
before the addition of Et3N (42.1 mL, 302 mmol) and warming
to room temperature. After 1 h, the reaction mixture was poured
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into water (250 mL), the layers were separated, and the aqueous
layer was extracted with CH2Cl2 (2 × 200 mL). The combined
organic layers were dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (gradient: 10–20% EtOAc in hexanes) to give 59 (10.04 g, 96%)
as a colourless oil. Rf = 0.49 (silica gel, 3 : 2 hexanes–EtOAc);
[a]25


D +14.2◦ (c 1.38 in CH2Cl2); mmax/cm−1 (film) 2967, 1728, 1613,
1302, 1173, 822; dH (600 MHz, CDCl3) 9.68 (1 H, dd, J 3.4, 1.6 Hz,
7-H), 7.21 (2 H, d, J 8.6 Hz, ArH), 6.83 (2 H, d, J 8.6 Hz, ArH),
5.74 (1 H, ddd, J 16.9, 10.8 and 7.1 Hz, 11-H), 5.03–5.06 (2 H,
m, 12-H and 12-H), 4.48 (1 H, d, J 11.1 Hz, OCH2Ar), 4.41
(1 H, d, J 11.1 Hz, OCH2Ar), 3.88–3.91 (1 H, m, 9-H), 3.72 (3
H, s, ArOCH3), 2.52–2.57 (2 H, m, 8-H and 10-H), 2.40 (1 H, ddd,
J 16.6, 3.4 and 1.6 Hz, 8-H), 1.02 (3 H, d, J 6.9 Hz, 10-CH3);
dC (150 MHz, CDCl3) 201.2, 158.9, 139.4, 130.0, 129.0, 115.3,
113.4, 76.6, 71.0, 54.8, 44.8, 40.0, 13.7; HRMS (ES+) m/z calc. for
C15H20O3Na ([MNa]+): 271.1305, found: 271.1296.


(7R)-Alcohol 60 and (7S)-alcohol 61


n-BuLi (43.0 mL, 1.6 M in hexanes, 68.2 mmol) was added
dropwise to a stirred solution of (trimethylsilyl)acetylene (9.46 mL,
68.3 mmol) in THF (150 mL) at −78 ◦C. After 30 min, a solution
of aldehyde 59 (11.3 g, 45.5 mmol) in THF (20 mL) was added
dropwise. The mixture was stirred at −78 ◦C for 1 h, then at 0 ◦C
for a further 1 h, before being quenched by the addition of sat.
aq. NH4Cl (250 mL). The mixture was extracted with Et2O (3 ×
150 mL), and the combined organic layers were washed with brine
(1 × 250 mL), dried (MgSO4), filtered, and concentrated in vacuo.
The residue was purified by flash chromatography on silica gel
(gradient: 10–20% EtOAc in hexanes) to give 15.265 g of a 3 : 1
mixture of diastereomeric products 60 and 61 (44.0 mmol, 98%) as
a colourless oil. This mixture of diastereomers could be separated
via careful flash chromatography on silica gel (gradient: 4–50%
Et2O in hexanes).


Data for compound 60. Rf = 0.26 (silica gel, 4 : 1 hexanes–
Et2O); [a]25


D +63.7◦ (c 1.95 in CH2Cl2); mmax/cm−1 (film) 3420, 3074,
2962, 2171, 1614, 1463, 1250, 843; dH (600 MHz, CDCl3) 7.30 (2
H, d, J 8.6 Hz, ArH), 6.88 (2 H, d, J 8.6 Hz, ArH), 5.78 (1 H,
ddd, J 17.2, 10.6 and 6.8 Hz, 11-H), 5.07–5.11 (2 H, m, 12-H and
12-H), 4.60 (1 H, d, J 10.5 Hz, OCH2Ar), 4.54 (1 H, dd, J 6.6,
2.5 Hz, 7-H), 4.47 (1 H, d, J 10.5 Hz, OCH2Ar), 3.93–3.96 (1 H, m,
9-H), 3.80 (3 H, s, ArOCH3), 3.02 (1 H, br s, OH), 2.65–2.70 (1 H,
m, 10-H), 1.85–1.90 (1 H, m, 8-H), 1.71–1.75 (1 H, m, 8-H), 1.05
(3 H, d, J 6.9 Hz, 10-CH3), 0.19 [9 H, s, Si(CH3)3]; dC (150 MHz,
CDCl3) 159.2, 140.1, 130.1, 129.6, 115.0, 113.8, 106.9, 89.2, 80.0,
71.6, 60.9, 55.2, 39.2, 36.6, 13.2, −0.1; HRMS (ES+) m/z calc. for
C20H30O3SiNa ([MNa]+): 369.1856, found: 369.1850.


Data for compound 61. Rf = 0.20 (silica gel, 4 : 1 hexanes–
Et2O); [a]25


D +61.7◦ (c 1.15 in CH2Cl2); mmax/cm−1 (film) 3416, 2959,
2171, 1613, 1463, 1244, 844; dH (600 MHz, CDCl3) 7.25 (2 H, d,
J 8.5 Hz, ArH), 6.85 (2 H, d, J 8.5 Hz, ArH), 5.75 (1 H, ddd, J
16.9, 10.9 and 6.8 Hz, 11-H), 5.06–5.09 (2 H, m, 12-H and 12-H),
4.57 (1 H, d, J 10.9 Hz, OCH2Ar), 4.51 (1 H, dd, J 7.5, 6.3 Hz,
7-H), 4.38 (1 H, d, J 10.9 Hz, OCH2Ar), 3.78 (3 H, s, ArOCH3),
3.64 (1 H, ddd, J 10.1, 3.9 and 3.1 Hz, 9-H), 3.05 (1 H, br s,
OH), 2.62–2.68 (1 H, m, 10-H), 1.96 (1 H, ddd, J 14.0, 10.1 and
7.5 Hz, 8-H), 1.73 (1 H, ddd, J 14.0, 6.3 and 3.1 Hz, 8-H), 1.03


(3 H, d, J 6.9 Hz, 10-CH3), 0.16 [9 H, s, Si(CH3)3]; dC (150 MHz,
CDCl3) 159.2, 139.9, 129.4, 130.0, 115.1, 113.8, 106.4, 89.1, 79.7,
71.2, 61.9, 55.1, 39.2, 37.9, 13.1, −0.2; HRMS (ES+) m/z calc. for
C20H30O3SiNa ([MNa]+): 369.1856, found: 369.1852.


t-Butyldimethylsilyl ether 62


Imidazole (6.12 g, 89.9 mmol), TBSCl (6.587 g, 43.7 mmol) and a
catalytic amount of 4-DMAP were added sequentially to a stirred
solution of alcohol 61 (8.91 g, 25.7 mmol) in CH2Cl2 (80 mL)
at room temperature. After 2 h, the reaction was quenched by
the addition of water (100 mL), the layers were separated, and
the aqueous layer was extracted with CH2Cl2 (2 × 75 mL). The
combined organic layers were washed with brine (1 × 100 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (gradient: 1–
4% Et2O in hexanes) to give 62 (10.945 g, 93%) as a colourless
oil. Rf = 0.64 (silica gel, 3 : 2 hexanes–Et2O); [a]25


D +2.0◦ (c 2.46
in CH2Cl2); mmax/cm−1 (film) 2945, 2176, 1611, 1466, 1248, 843;
dH (600 MHz, CDCl3) 7.29 (2 H, d, J 8.2 Hz, ArH), 6.89 (2 H,
d, J 8.2 Hz, ArH), 5.82 (1 H, ddd, J 16.9, 10.9 and 7.0 Hz, 11-
H), 5.05–5.11 (2 H, m, 12-H and 12-H), 4.51–4.54 (2 H, m, 7-H
and OCH2Ar), 4.44 (1 H, d, J 11.0 Hz, OCH2Ar), 3.81 (3 H,
s, ArOCH3), 3.61 (1 H, app dd, J 8.8, 3.8 Hz, 9-H), 2.52–2.58
(1 H, m, 10-H), 1.89 (1 H, ddd, J 13.5, 8.8 and 5.8 Hz, 8-H), 1.77
(1 H, ddd, J 13.5, 9.0 and 3.8 Hz, 8-H), 1.06 (3 H, d, J 6.9 Hz,
10-CH3), 0.92 [9 H, s, SiC(CH3)3], 0.18 [9 H, s, Si(CH3)3], 0.15
(3 H, s, SiCH3), 0.12 (3 H, s, SiCH3); dC (150 MHz, CDCl3) 159.1,
140.4, 131.0, 129.3, 114.8, 113.7, 107.5, 89.3, 79.6, 71.8, 61.6, 55.2,
40.3, 39.9, 25.8, 18.2, 14.6, −0.2, −4.5, −4.9; HRMS (ES+) m/z
calc. for C25H42O3Si2Na ([MNa]+): 485.2514; found: 485.2511.


Aldehyde 63


A solution of alkene 62 (10.0 g, 21.7 mmol) in CH2Cl2 (200 mL)
was cooled to −78 ◦C and a stream of ozone (ca. 10% in oxygen)
was bubbled through the mixture until TLC analysis confirmed
the complete consumption of starting material, then oxygen was
bubbled through the solution for an additional 20 min to remove
excess ozone. PPh3 (8.54 g, 32.6 mmol) was added to the solution,
which was then stirred and warmed to room temperature over 1 h.
The mixture was then concentrated under reduced pressure, and
triturated with 4 : 1 hexanes–Et2O. The precipitated Ph3PO was
then removed by filtration, and the filtrate was concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (gradient: 2–20% Et2O in hexanes) to give 63 (9.88 g, 98%) as
a colourless oil. Rf = 0.26 (silica gel, 21 : 4 hexanes–Et2O); [a]25


D


−10.0◦ (c 1.06 in CH2Cl2); mmax/cm−1 (film) 2955, 2171, 1724, 1613,
1462, 1246, 839; dH (600 MHz, CDCl3) 9.76 (1 H, s, 11-H), 7.28
(2 H, d, J 8.5 Hz, ArH), 6.91 (2 H, d, J 8.5 Hz, ArH), 4.59–4.61
(1 H, m, 7-H), 4.55 (1 H, d, J 11.0 Hz, OCH2Ar), 4.49 (1 H,
d, J 11.0 Hz, OCH2Ar), 3.98–4.01 (1 H, m, 9-H), 3.83 (3 H, s,
ArOCH3), 2.75–2.78 (1 H, m, 10-H), 2.05–2.10 (1 H, m, 8-H),
1.85–1.89 (1 H, m, 8-H), 1.15 (3 H, d, J 7.0 Hz, 10-CH3), 0.93
[9 H, s, SiC(CH3)3], 0.21 [9 H, s, Si(CH3)3], 0.18 (3 H, s,
SiCH3), 0.15 (3 H, s, SiCH3); dC (150 MHz, CDCl3) 203.9, 159.2,
130.1, 129.4, 113.7, 106.8, 89.9, 76.6, 71.8, 60.9, 55.2, 49.8, 40.6,
25.7, 18.1, 10.0, −0.3, −4.5, −5.0; HRMS (ES+) m/z calc. for
C25H42O3Si2Na ([MNa]+): 485.2514, found: 485.2511.
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a,b-Unsaturated ester 64


Aldehyde 63 (9.51 g, 20.5 mmol) and (carbethoxyethyli-
dene)triphenylphosphorane (11.9 g, 32.8 mmol) were combined
in benzene (100 mL) and heated to 70 ◦C overnight. The solution
was then cooled to room temperature and concentrated under
reduced pressure. The residue was triturated with 4 : 1 hexanes–
Et2O, and filtered to remove the solid Ph3PO. The filtrate was
the concentrated in vacuo, and the residue was purified by flash
chromatography on silica gel (gradient: 4–15% Et2O in hexanes) to
give 64 (11.02 g, 98%) as a colourless oil. Rf = 0.32 (silica gel, 21 :
4 hexanes–Et2O); [a]25


D +2.9◦ (c 1.48 in CH2Cl2); mmax/cm−1 (film)
2959, 2169, 1710, 1614, 1462, 1249, 839; dH (600 MHz, CDCl3)
7.25 (2 H, d, J 8.3 Hz, ArH), 6.86 (2 H, d, J 8.3 Hz, ArH),
6.67 (1 H, d, J 8.7 Hz, 11-H), 4.44–4.50 (3 H, m, 7-H, OCH2Ar
and OCH2Ar), 4.16–4.20 (2 H, m, CO2CH2CH3), 3.79 (3 H, s,
ArOCH3), 3.56–3.59 (1 H, m, 9-H), 2.79–2.82 (1 H, m, 10-H),
1.91 (1 H, ddd, J 13.5, 8.5 and 5.8 Hz, 8-H), 1.83 (3 H, s, 12-
CH3), 1.71 (1 H, ddd, J 13.5, 8.7 and 3.9 Hz, 8-H), 1.29 (3 H, t, J
7.1 Hz, CO2CH2CH3), 1.04 (3 H, d, J 6.8 Hz, 10-CH3), 0.89 [9 H,
s, SiC(CH3)3], 0.14 [9 H, s, Si(CH3)3], 0.12 (3 H, s, SiCH3), 0.09
(3 H, s, SiCH3); dC (150 MHz, CDCl3) 169.0, 160.0, 144.5, 131.6,
130.3, 128.9, 114.6, 108.1, 90.5, 79.9, 73.0, 62.3, 61.4, 56.1, 41.6,
37.6, 26.7, 19.1, 16.2, 15.2, 13.6, 0.7, −3.6, −4.0; HRMS (ES+) m/z
calc. for C30H50O5Si2Na ([MNa]+): 569.3089, found: 569.3081.


Allylic alcohol 65


DIBAL-H (14.8 mL, 1.0 M in toluene, 14.8 mmol) was added
dropwise to a stirred solution of ester 64 (2.71 g, 4.93 mmol) in
THF (30 mL) at 0 ◦C. After 30 min, the reaction was quenched by
the addition of EtOAc (10 mL) and then MeOH (10 mL), and was
then warmed to room temperature. The mixture was partitioned
between EtOAc (50 mL) and sat. aq. Rochelle’s salt (50 mL) and
stirred vigorously for 3 h at room temperature. The layers were
then separated, and the aqueous layer was extracted with EtOAc
(3 × 30 mL). The combined organic layers were washed with
brine (1 × 50 mL), dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (gradient: 25–40% Et2O in hexanes) to give 65 (2.469 g, 99%)
as a colourless oil. Rf = 0.51 (silica gel, 1 : 1 hexanes–Et2O); [a]25


D


−19.5◦ (c 1.66 in CH2Cl2); mmax/cm−1 (film) 3432, 2954, 2166, 1614,
1465, 1247, 912, 843; dH (600 MHz, CDCl3) 7.27 (2 H, d, J 8.4 Hz,
ArH), 6.87 (2 H, d, J 8.4 Hz, ArH), 5.33 (1 H, d, J 8.7 Hz, 11-H),
4.48–4.52 (2 H, m, 7-H and OCH2Ar), 4.45 (1 H, d, J 11.1 Hz,
OCH2Ar), 3.98 (2 H, s, 13-H and 13-H), 3.80 (3 H, s, ArOCH3),
3.54–3.56 (1 H, m, 9-H), 2.70–2.76 (1 H, m, 10-H), 1.89 (1 H, ddd, J
13.4, 8.8 and 6.1 Hz, 8-H), 1.69–1.73 (1 H, m, 8-H), 1.68 (1 H, br s,
OH), 1.67 (3 H, s, 12-CH3), 1.00 (3 H, d, J 6.6 Hz, 10-CH3), 0.90
[9 H, s, SiC(CH3)3], 0.16 [9 H, s, Si(CH3)3], 0.14 (3 H, s, SiCH3),
0.10 (3 H, s, SiCH3); dC (150 MHz, CDCl3) 159.0, 135.2, 131.0,
129.4, 128.0, 113.7, 105.7, 89.4, 79.6, 71.9, 68.8, 61.6, 55.2, 40.3,
35.0, 25.8, 18.2, 16.0, 13.9, −0.2, −4.5, −4.9; HRMS (ES+) m/z
calc. for C28H48O4Si2Na ([MNa]+): 527.2983, found: 527.2980.


Allylic bromide 67


MsCl (0.92 mL, 11.9 mmol) was added dropwise to a stirred
solution of alcohol 65 (2.00 g, 3.98 mmol) and Et3N (2.22 mL,
15.9 mmol) in THF (70 mL) at 0 ◦C. After 1 h the mixture was


warmed to room temperature and LiBr (3.45 g, 39.8 mmol) was
added in one portion. After a further 45 min at room temperature
the reaction was quenched with water (150 mL) and extracted
with Et2O (3 × 60 mL). The combined organic layers were dried
(MgSO4), filtered and concentrated in vacuo. The residue was
purified by flash chromatography on silica gel (2–4% Et2O in
hexanes) to give 67 (2.004 g, 89%) as a colourless oil. Rf = 0.39
(silica gel, 23 : 2 hexanes–Et2O); [a]25


D +13.3◦ (c 1.34 in CH2Cl2);
dH (600 MHz, C6D6) 7.26 (2 H, d, J 8.6 Hz, ArH), 6.80 (2 H, d,
J 8.6 Hz, ArH), 5.37 (1 H, d, J 9.4 Hz, 11-H), 4.75 (1 H, dd, J
8.4, 6.0 Hz, 7-H), 4.46 (2 H, s, OCH2Ar and OCH2Ar), 3.62–3.66
(1 H, m, 9-H), 3.57 (1 H, d, J 9.5 Hz, 13-H), 3.56 (1 H, d, J 9.5 Hz,
13-H), 3.31 (3 H, s, ArOCH3), 2.54–2.60 (1 H, m, 10-H), 2.11 (1 H,
ddd, J 13.5, 8.4 and 6.0 Hz, 8-H), 1.88 (1 H, ddd, J 13.5, 8.4 and
4.2 Hz, 8-H), 1.61 (3 H, s, 12-CH3), 0.98 (3 H, d, J 6.9 Hz, 10-
CH3), 0.92 [9 H, s, SiC(CH3)3], 0.24 (3 H, s, SiCH3), 0.16 [9 H,
s, Si(CH3)3], 0.15 (3 H, s, SiCH3); dC (150 MHz, C6D6) 159.7,
133.2, 132.7, 131.4, 129.7, 114.0, 108.4, 89.5, 79.5, 72.4, 62.0, 54.7,
41.2, 41.2, 36.3, 26.0, 18.4, 15.9, 14.9, −0.1, −4.1, −4.7; mmax/cm−1


(film) 2951, 2166, 1615, 1465, 1250, 841; HRMS (ES+) m/z calc.
for C28H47


79BrO3Si2Na ([MNa]+): 589.2139, found: 589.2131.


Ketone 68


IBX (1.697 g, 6.06 mmol) was dissolved in DMSO (12 mL) at room
temperature, then a solution of alcohol 61 (1.40 g, 4.04 mmol) in
DMSO (4 mL) was added slowly and the mixture was stirred
for 2 h. The reaction mixture was then poured into a vigorously
stirred mixture of water (75 mL) and Et2O (75 mL), and then
filtered. The filtrate was diluted with Et2O (300 mL), and the
layers were separated. The organic layer was then washed with
water (1 × 75 mL), brine (2 × 75 mL), dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash chro-
matography on silica gel (4% Et2O in hexanes) to give 68 (1.083 g,
78%) as a colourless oil. Rf = 0.22 (silica gel, 22 : 3 hexanes–Et2O);
[a]25


D −1.5◦ (c 1.30 in CH2Cl2); mmax/cm−1 (film) 3076, 2960, 2151,
2093, 1681, 1421, 1122, 847; dH (600 MHz, CDCl3) 7.23 (2 H, d,
J 8.5 Hz, ArH), 6.84 (2 H, d, J 8.5 Hz, ArH), 5.78 (1 H, ddd,
J 16.7, 11.0 and 7.1 Hz, 11-H), 5.05–5.08 (2 H, m, 12-H and 12-
H), 4.48 (2 H, s, OCH2Ar), 4.01–4.04 (1 H, m, 9-H), 3.74 (3 H,
s, ArOCH3), 2.78 (1 H, dd, J 16.3, 8.5 Hz, 8-H), 2.60 (1 H,
dd, J 16.3, 4.0 Hz, 8-H), 2.50–2.56 (1 H, m, 10-H), 1.04 (3 H,
d, J 6.9 Hz, 10-CH3), 0.23 [9 H, s, Si(CH3)3]; dC (150 MHz,
CDCl3) 185.5, 158.9, 139.4, 130.1, 129.0, 115.3, 113.4, 102.1, 97.5,
77.8, 71.5, 54.8, 46.9, 40.2, 14.1, −1.1; HRMS (ES+) m/z calc. for
C20H28O3SiNa ([MNa]+): 367.1700, found: 367.1701.


Noyori reduction of 68 to 60


To a stirred solution of ketone 68 (1.35 g, 3.92 mmol) in 2-
propanol (4 mL) was added ruthenium complex 69 31 (24 mg,
0.04 mmol) in one portion at room temperature. After 16 h the
mixture was concentrated in vacuo, and the residue was purified
by flash chromatography on silica gel (gradient: 10–20% EtOAc in
hexanes) to give 60 (1.315 g, 97%) as a colourless oil.


Oxazolidinone 71


To a stirred solution of oxazolidinone 70 33 (4.665 g, 20.0 mmol)
in CH2Cl2 (60 mL) were added n-Bu2BOTf (24.0 mL, 1.0 M in
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CH2Cl2, 24.0 mmol) and then i-Pr2NEt (4.8 mL, 27.6 mmol)
dropwise at 0 ◦C. After 10 min the mixture was cooled to −78 ◦C,
and freshly distilled acrolein (7.0 mL, 104.8 mmol) was added
dropwise over 5 min. The mixture was stirred at −78 ◦C for 45 min,
then allowed to warm to 0 ◦C over 30 min, before a pH 7 aqueous
buffer solution (30 mL) and MeOH (100 mL) were added. A
2 : 1 MeOH–35% aq. H2O2 mixture (100 mL) was then added
dropwise over 20 min, and stirring continued at 0 ◦C for a further
20 min before the mixture was concentrated in vacuo to remove
most of the CH2Cl2 and MeOH. The residue was partitioned
between Et2O (200 mL) and water (200 mL). The layers were
separated, and the aqueous layer was extracted with Et2O (2 ×
200 mL). The combined organic layers were washed with sat. aq.
NaHCO3 (1 × 150 mL), brine (1 × 150 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 25–33% EtOAc in
hexanes) to give 71 (5.392 g, 93%) as white crystals. Rf = 0.31 (1 :
1 hexanes–EtOAc); mp 73–74 ◦C; [a]25


D −56.9◦ (c 1.06 in CHCl3);
mmax/cm−1 (film) 3506, 2984, 2931, 1790, 1689, 1603, 1454, 1390,
1204, 1114; dH (600 MHz, CDCl3) 7.32–7.34 (2 H, m, ArH), 7.26–
7.29 (1 H, m, ArH), 7.20 (2 H, d, J 7.7 Hz, ArH), 5.85 (1 H, ddd,
J 17.2, 10.5 and 5.5 Hz, H-4), 5.35 (1 H, d, J 17.2 Hz, H-5), 5.22
(1 H, d, J 10.5 Hz, H-5), 4.29–4.72 (1 H, m, OCH2CHN), 4.50–4.51
(1 H, m, H-3), 4.18–4.24 (2 H, m, OCH2CHN and OCH2CHN),
3.36–3.90 (1 H, m, H-2), 3.25 (1 H, dd, J 13.4, 3.0 Hz, CH2Ph),
2.79 (1 H, dd, J 13.4, 9.5 Hz, CH2Ph), 1.24 (3 H, d, J 7.0 Hz,
2-CH3); dC (150 MHz, CDCl3) 176.5, 153.1, 137.2, 134.9, 129.4,
128.9, 127.4, 116.3, 72.6, 66.2, 55.1, 42.4, 37.7, 10.9; HRMS (ES+)
m/z calc. for C16H19NO4Na ([MNa]+): 312.1206, found 312.1206.


Methyl ester 72


To a stirred solution of oxazolidinone 71 (500 mg, 1.73 mmol)
in MeOH (17 mL) was added NaOMe (130 mg, 2.41 mmol)
in one portion at 0 ◦C. After 40 min at 0 ◦C, the reaction was
quenched by the addition of sat. aq. NH4Cl (20 mL), and mixture
was concentrated under reduced pressure to remove most of the
MeOH. The residue was paritioned between EtOAc (30 mL) and
brine (20 mL). The layers were separated, and the aqueous layer
was extracted with EtOAc (3 × 20 mL). The combined organic
layers were dried (MgSO4), filtered and concentrated in vacuo. The
residue was purified by flash chromatography on silica gel (20%
EtOAc in hexanes) to give 72 (126 mg, 51%) as a colourless oil.
Rf = 0.54 (1 : 1 hexanes–EtOAc); [a]25


D −19.4◦ (c 1.54 in CHCl3);
mmax/cm−1 (film) 3489, 2996, 2953, 1733, 1648, 1459, 1436, 1151; dH


(500 MHz, CDCl3) 5.77 (1 H, ddd, J 17.2, 10.5 and 5.7 Hz, 4-H),
5.24 (1 H, app dt, J 17.2, 1.5 Hz, 5-H), 5.12 (1 H, app dt, J 10.5,
1.5 Hz, 5-H), 4.31–4.33 (1 H, m, 3-H), 3.63 (3 H, s, CO2CH3), 2.94
(1 H, br s, OH), 2.54–2.60 (1 H, m, 2-H), 1.11 (3 H, d, J 7.2 Hz,
2-CH3); dC (125 MHz, CDCl3) 175.5, 137.4, 116.0, 73.0, 51.6, 44.6,
11.2; HRMS (ES+) m/z calc. for C7H12O3Na ([MNa]+): 167.0679,
found 167.0685.


t-Butyldimethylsilyl ether 73


To a stirred solution of alcohol 72 (2.40 g, 16.7 mmol) in CH2Cl2


(80 mL) were added imidazole (4.53 g, 66.6 mmol), TBSCl (5.02 g,
33.3 mmol) and a catalytic amount of 4-DMAP sequentially at
room temperature. After 16 h the reaction was quenched with


water (150 mL), and extracted with Et2O (3 × 60 mL). The
combined organic layers were washed with brine (1 × 100 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (gradient: 2–
4% Et2O in hexanes) to give 73 (4.06 g, 95%) as a colourless oil.
Rf = 0.39 (silica gel, 10 : 1 hexanes–Et2O); [a]25


D −2.7◦ (c 1.17 in
CH2Cl2); mmax/cm−1 (film) 2940, 2862, 1739, 1463, 1252, 1080, 770;
dH (600 MHz, C6D6) 5.68–5.74 (1 H, m, H-4), 5.10 (1 H, dd, J 17.3,
1.2 Hz, H-5), 4.94 (1 H, dd, J 10.4, 0.8 Hz, H-5), 4.42–4.44 (1 H, m,
H-3), 3.38 (3 H, s, CO2CH3), 2.38–2.42 (1 H, m, H-2), 1.13 (3 H,
d, J 7.0 Hz, 2-CH3), 0.90 [9 H, s, SiC(CH3)3], −0.01 (3 H, s,
SiCH3), −0.02 (3 H, s, SiCH3); dC (150 MHz, C6D6) 173.8, 139.9,
115.3, 75.2, 51.0, 46.6, 26.0, 18.3, 11.3, −4.1, −5.0; HRMS (ES+)
m/z calc. for C13H26O3SiNa ([MNa]+): 281.1543, found: 281.1540.


t-Butyldimethylsilyl ether 74


To a stirred solution of alcohol 71 (1.10 g, 3.8 mmol) in CH2Cl2


(20 mL) were added imidazole (1.55 g, 22.8 mmol), 4-DMAP
(25 mg, 0.2 mmol) and TBSCl (1.72 g, 11.4 mmol) sequentially
at room temperature. After 16 h the reaction was quenched by
the addition of sat. aq. NH4Cl (30 mL) and extracted with Et2O
(3 × 30 mL). The combined organic layers were washed with sat.
aq. NaHCO3 (1 × 30 mL), brine (1 × 30 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (15% EtOAc in hexanes) to give
74 (1.44 g, 94%) as a white solid. Rf = 0.48 (4 : 1 hexanes–EtOAc);
mp 54 ◦C; [a]25


D −67.8◦ (c 1.76 in CHCl3); mmax/cm−1 (film) 2957,
2856, 1783, 1700, 1383, 1209, 1099, 836; dH (600 MHz, CDCl3)
7.32–7.34 (2 H, m, ArH), 7.26–7.28 (1 H, m, ArH), 7.22 (2 H, d, J
7.1 Hz, ArH), 5.85 (1 H, ddd, J 17.2, 10.4 and 6.4 Hz, 4-H), 5.20
(1 H, d, J 17.2 Hz, 5-H), 5.11 (1 H, d, J 10.4 Hz, 5-H), 4.58–4.62
(1 H, m, OCH2CHN), 4.33 (1 H, app t, J 6.4 Hz, 3-H), 4.12–4.17
(2 H, m, OCH2CHN and OCH2CHN), 3.98 (1 H, dq, J 6.4 Hz,
2-H), 3.28 (1 H, dd, J 13.4, 3.2 Hz, CH2Ph), 2.77 (1 H, dd, J
13.4, 9.7 Hz, CH2Ph), 1.21 (3 H, d, J 6.4 Hz, 2-CH3), 0.89 [9 H, s,
Si(CH3)3], 0.02 (3 H, s, SiCH3), 0.01 (3 H, s, SiCH3); dC (150 MHz,
CDCl3) 174.6, 153.1, 139.1, 135.3, 129.4, 128.8, 127.2, 115.6,
75.1, 65.9, 55.6, 44.0, 37.7, 25.7, 18.1, 12.4, −4.5, −5.2; HRMS
(ES+) m/z calc. for C22H33NO4SiNa ([MNa]+): 426.2071, found
426.2071.


Carboxylic acid 75


To a stirred solution of oxazolidinone 74 (234 mg, 0.58 mmol)
in 4 : 1 THF–water (4 mL) were added 35% aq. H2O2 (0.52 mL,
4.64 mmol) and a solution of LiOH·H2O (97 mg, 2.32 mmol) in
water (0.4 mL) sequentially at 0 ◦C. After 5 h, sat. aq. Na2SO3


(2 mL) was added, and stirring continued at 0 ◦C for a further
30 min. The mixture was then adjusted to pH 14 with 0.1 M aq.
NaOH, and washed with Et2O (1 × 20 mL). The aqueous layer was
then adjusted to pH 3 using 0.1 M aq. KHSO4, and extracted with
EtOAc (3 × 30 mL). The combined organic layers were washed
with brine (1 × 30 mL), dried (MgSO4), filtered and concentrated
in vacuo. The residue was purified by flash chromatography on
silica gel (40% Et2O in CH2Cl2) to give 75 (130 mg, 92%) as a
colourless oil. Rf = 0.61 (1 : 1 CH2Cl2–Et2O); [a]25


D −25.6◦ (c 1.28
in CHCl3); mmax/cm−1 (film) 3107, 2956, 2930, 1710, 1253, 1095,
837, 776; dH (500 MHz, C6D6) 5.68 (1 H, ddd, J 17.1, 10.4 and
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6.2 Hz, H-4), 5.13 (1 H, d, J 17.1 Hz, H-5), 4.95 (1 H, d, J 10.4 Hz,
H-5), 4.48–4.52 (1 H, m, H-3), 2.41 (1 H, qd, J 7.0, 4.8 Hz, 2-H),
1.15 (3 H, d, J 7.0 Hz, 2-CH3), 0.96 [9 H, s, Si(CH3)3], 0.08 (3 H, s,
SiCH3), 0.02 (3 H, s, SiCH3); dC (125 MHz, C6D6) 181.1, 139.3,
115.8, 74.9, 46.7, 26.0, 18.3, 10.9, −4.1, −5.0; HRMS (ES+) m/z
calc. for C12H24O3SiNa ([MNa]+): 267.1387, found 267.1389.


Alcohol 76


To a stirred solution of oxazolidinone 74 (4.31 g, 10.7 mmol) in
THF (50 mL) and MeOH (1.1 mL) was added LiBH4 (16.0 mL,
2.0 M in THF, 32.0 mmol) dropwise at 0 ◦C. The mixture was
allowed to warm to room temperature over 16 h, then recooled to
0 ◦C before being quenched by the cautious addition of 1 M aq.
NaOH. After a further 10 min of stirring, the mixture was diluted
with brine (50 mL) and extracted with EtOAc (3 × 40 mL). The
combined organic layers were washed with brine (1 × 30 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (10% EtOAc
in hexanes) to give 76 (1.73 g, 70%) as a colourless oil. Rf = 0.53
(4 : 1 hexanes–EtOAc); [a]25


D −12.5◦ (c 2.02 in CHCl3); mmax/cm−1


(film) 3356, 2956, 2929, 1472, 1253, 1028, 837, 775; dH (500 MHz,
C6D6) 5.75 (1 H, ddd, J 17.1, 10.4 and 6.2 Hz, H-4), 5.14 (1 H, d,
J 17.1 Hz, H-5), 4.99 (1 H, d, J 10.4 Hz, H-5), 4.18–4.23 (1 H, m,
H-3), 3.54–3.58 (1 H, m, H-1), 3.35–3.39 (1 H, m, H-1), 2.11 (1 H,
br s, OH), 1.71–1.71 (1 H, m, 2-H), 0.96 [9 H, s, Si(CH3)3], 0.80
(3 H, d, J 7.0 Hz, 2-CH3), 0.05 (3 H, s, SiCH3), 0.04 (3 H, s,
SiCH3); dC (125 MHz, C6D6) 139.7, 115.0, 75.7, 65.1, 41.9, 26.0,
18.4, 11.6, −4.2, −5.0; HRMS (ES+) m/z calc. for C12H26O2SiNa
([MNa]+): 253.1594, found 253.1594.


Pivalate 77


To a stirred solution of alcohol 76 (365 mg, 1.58 mmol) in
CH2Cl2 (10 mL) were added pyridine (0.39 mL, 4.75 mmol), 4-
DMAP (10 mg, 0.08 mmol) and freshly distilled PivCl (0.39 mL,
3.16 mmol) sequentially at room temperature. After 16 h, the re-
action was quenched by the addition of sat. aq. NaHCO3 (30 mL),
and extracted with Et2O (3 × 30 mL). The combined organic
layers were washed with sat. aq. NaHCO3 (1 × 20 mL), brine (1 ×
20 mL), dried (MgSO4), filtered and concentrated in vacuo. The
residue was purified by flash chromatography on silica gel (10%
EtOAc in hexanes) to give 77 (444 mg, 90%) as a colourless oil.
Rf = 0.71 (4 : 1 hexanes–EtOAc); [a]25


D −5.4◦ (c 1.27 in CHCl3);
mmax/cm−1 (film) 2958, 2854, 1732, 1474, 1283, 1153, 1032, 836,
776; dH (500 MHz, C6D6) 5.67 (1 H, ddd, J 17.2, 10.4 and 6.3 Hz,
H-4), 5.10 (1 H, d, J 17.2 Hz, H-5), 4.95 (1 H, d, J 10.4 Hz, H-5),
4.11–4.13 (2 H, m, H-3 and H-1), 4.02 (1 H, dd, J 10.8, 6.2 Hz, H-
1), 1.81–1.86 (1 H, m, 2-H), 1.18 [9 H, s, O2CC(CH3)3], 0.96 [9 H, s,
Si(CH3)3], 0.89 (3 H, d, J 6.9 Hz, 2-CH3), 0.05 (3 H, s, SiCH3),
0.04 (3 H, s, SiCH3); dC (125 MHz, C6D6) 177.4, 140.2, 114.9,
74.3, 66.3, 39.6, 38.8, 27.4, 26.0, 18.4, 11.2, −4.0, −4.9; HRMS
(ES+) m/z calc. for C17H34O3SiNa ([MNa]+): 337.2169, found
337.2171.


Alcohol 78


To a stirred solution of pivalate 77 (90 mg, 0.286 mmol) in THF
(6 mL) was added TBAF (0.6 mL, 1.0 M in THF, 0.6 mmol) in
one portion at room temperature. After 3.5 h, silica gel (ca. 1 g)


was added, and the mixture was concentrated. The solid residue
was loaded on to the top of a flash chromatography column, and
the product eluted using a gradient of 20–25% Et2O in hexanes,
to give 78 (51 mg, 89%) as a colourless oil. Rf = 0.41 (1 : 1
hexanes–EtOAc); [a]25


D −17.5◦ (c 2.35 in CH2Cl2); mmax/cm−1 (film)
3500, 2960, 2878, 1730, 1644, 1481, 1399, 1287, 1152, 990, 923; dH


(600 MHz, C6D6) 5.62–5.68 (1 H, ddd, J 17.2, 10.5 and 5.3 Hz,
H-4), 5.18 (1 H, dd, J 17.2, 1.7 Hz, H-5), 4.99 (1 H, dd, J 10.5,
1.7 Hz, H-5), 4.19 (1 H, dd, J 10.9, 6.8 Hz, H-1), 3.96–3.98 (1 H,
m, H-3), 3.91 (1 H, dd, J 10.9, 6.3 Hz, H-1), 1.91 (1 H, br s, OH),
1.73–1.79 (1 H, m, H-2), 1.12 [9 H, s, O2CC(CH3)3], 0.84 (3 H, d,
J 7.0 Hz, 2-CH3); dC (150 MHz, C6D6) 178.1, 139.7, 114.9, 73.0,
66.6, 38.8, 38.6, 27.3, 11.1; HRMS (ES+) m/z calc. for C11H20O3Na
([MNa]+): 223.1305, found 223.1306.


Hydrazone 79


A solution of hydrazone 10 (0.71 g, 2.94 mmol) in THF (10 mL)
was added dropwise to a stirred solution of freshly prepared LDA
(3.52 mmol) in THF (30 mL) at −78 ◦C. After 90 min a solution
of bromide 67 (2.00 g, 3.52 mmol) in THF (15 mL) was added
dropwise over 15 min. After a further 1 h at −78 ◦C the mixture was
poured into aqueous pH 7.0 buffer solution (60 mL), and extracted
with Et2O (3 × 40 mL). The combined organic layers were dried
(MgSO4), filtered and concentrated in vacuo. The residue was
purified by flash chromatography on silica gel (gradient: 25–40%
Et2O in hexanes with 1% Et3N) to give 79 (1.81 g, 84%) as a pale
yellow oil. Rf = 0.25 (silica gel, 3 : 2 hexanes–Et2O + 1% Et3N);
[a]25


D +24.9◦ (c 1.76 in CH2Cl2); mmax/cm−1 (film) 2961, 2166, 1615,
1465, 1302, 1172, 906, 671; dH (500 MHz, C6D6) 7.28 (2 H, d, J
8.6 Hz, ArH), 6.81 (2 H, d, J 8.6 Hz, ArH), 5.45 (1 H, d, J 9.4 Hz,
11-H), 4.81 (1 H, dd, J 8.2, 6.5 Hz, 7-H), 4.72 (1 H, dd, J 7.0,
2.3 Hz, 14-H), 4.48–4.54 (3 H, m, 16-H and OCH2Ar), 4.15 (1 H,
d, J 12.3 Hz, 16-H), 3.77–3.80 (1 H, m, 9-H), 3.54–3.61 (2 H, m,
NCHCH2OCH3 and NCHCH2OCH3), 3.32 (3 H, s, ArOCH3),
3.25–3.28 (1 H, m, NCHCH2OCH3), 3.18 (4 H, m, NCH2CH2


and CH2OCH3), 3.07 (1 H, dd, J 14.4, 2.3 Hz, 13-H), 2.79–2.87
(1 H, m, 10-H), 2.41–2.46 (1 H, m, 13-H), 2.31–2.36 (1 H, m,
NCH2CH2), 2.21–2.26 (1 H, m, 8-H), 2.04 (1 H, ddd, J 13.3, 8.2
and 4.6 Hz, 8-H), 1.85–1.91 (1 H, m, NCHCH2CH2), 1.82 (3 H,
s, 12-CH3), 1.50–1.68 (3 H, m, NCHCH2CH2, NCH2CH2CH2


and NCH2CH2CH2), 1.43 [3 H, s, O2C(CH3)2], 1.40 [3 H, s,
O2C(CH3)2], 1.12 (3 H, d, J 6.9 Hz, 10-CH3), 0.98 [9 H, s,
SiC(CH3)3], 0.18 (3 H, s, SiCH3), 0.16 [9 H, s, Si(CH3)3], 0.15
(3 H, s, SiCH3); dC (125 MHz, C6D6) 159.7, 158.2, 132.9, 131.7,
129.6, 129.0, 114.0, 108.7, 99.9, 89.4, 79.9, 76.3, 72.2, 71.8, 67.4,
62.2, 58.9, 54.7, 53.4, 41.0, 37.2, 35.7, 27.5, 27.5, 27.3, 26.0, 24.6,
23.2, 18.4, 17.6, 16.6, 15.6, −0.1, −4.1, −4.7; HRMS (ES+) m/z
calc. for C40H69N2O6Si2 ([MH]+): 729.4688, found: 729.4681.


Ketone 81


A solution of hydrazone 79 (1.59 g, 2.18 mmol) in THF (8 mL)
was added dropwise to a stirred solution of freshly prepared LDA
(2.62 mmol) in THF (15 mL) at −78 ◦C. After 2 h, a solution of
iodide 39 (2.10 g, 2.62 mmol) in THF (7 mL) was added dropwise
over 15 min, and the mixture was stirred at −78 ◦C for before
being poured into aqueous pH 7.0 buffer (60 mL). The layers
were separated, and the aqueous layer was extracted with Et2O
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(3 × 25 mL). The combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
filtration through silica gel with 10% Et2O in hexanes with 1%
Et3N. This residue was then taken up in sat. aq. (CO2H)2 (17 mL)
and Et2O (17 mL) at room temperature, and was stirred vigorously
for 16 h. Additional Et2O (4 mL) and sat. aq. (CO2H)2 (4 mL) were
then added, and the mixture was stirred for an additional 24 h.
The mixture was then diluted with water (10 mL) and extracted
with Et2O (2 × 20 mL). The combined organic layers were dried
(MgSO4), filtered and concentrated in vacuo. The residue was
purified by flash chromatography on silica gel (gradient: 2–15%
Et2O in hexanes) to give 81 (1.811 g, 64% from 79) as a colourless
foam. Rf = 0.51 (silica gel, 22 : 3 hexanes–Et2O); [a]25


D +52.5◦ (c 0.75
in CH2Cl2); mmax/cm−1 (film) 2955, 2171, 1746, 1613, 1472, 1250,
1096, 775; dH (600 MHz, C6D6) 7.22 (2 H, d, J 8.4 Hz, ArH), 6.87
(2 H, d, J 8.4 Hz, ArH), 5.27 (1 H, d, J 9.2 Hz, 11-H), 4.98 (1 H,
dt, J 10.1, 3.1 Hz, 25-H), 4.68–4.70 (1 H, m, 7-H), 4.45 (2 H, s,
OCH2Ar), 4.17 (1 H, dd, J 9.8, 2.2 Hz, 14-H), 4.03 (1 H, dd, J 7.3,
4.2 Hz, 16-H), 3.87–3.92 (2 H, m, 19-H and 21-H), 3.73–3.76 (1 H,
m, 24-H), 3.64–3.67 (1 H, m, 9-H), 3.34 (3 H, s, ArOCH3), 2.65–
2.71 (2 H, m, 10-H and 13-H), 2.08–2.17 (2 H, m, 8-H and 13-H),
1.96–2.02 (1 H, m, 17-H), 1.60–1.92 (11 H, m, 8-H, 17-H, 18-H,
18-H, 20-H, 20-H, 22-H, 23-H, 23-H, 26-H and 26-H), 1.56 (3 H,
s, 12-CH3), 1.23–1.42 (5 H, m, 22-H, 27-H, 27-H, 28-H and 28-
H), 1.44 [3 H, s, O2C(CH3)2], 1.39 [3 H, s, O2C(CH3)2], 1.18 [9 H,
s, O2CC(CH3)3], 1.00 (3 H, d, J 6.8 Hz, 10-CH3), 0.98 [9 H, s,
SiC(CH3)3], 0.96 [9 H, s, SiC(CH3)3], 0.96 [9 H, s, SiC(CH3)3], 0.95
[9 H, s, SiC(CH3)3], 0.83 (3 H, t, J 6.8 Hz, 28-CH3), 0.20 (3 H,
s, SiCH3), 0.18 (3 H, s, SiCH3), 0.14 (3 H, s, SiCH3), 0.13 [9 H,
s, Si(CH3)3], 0.12 (3 H, s, SiCH3), 0.12 (3 H, s, SiCH3), 0.11 (3 H,
s, SiCH3), 0.09 (6 H, s, SiCH3 and SiCH3); dC (150 MHz, C6D6)
209.9, 177.3, 159.6, 131.6, 129.5, 129.0, 113.9, 108.6, 101.0, 89.2,
78.9, 75.4, 74.5, 74.1, 73.2, 72.2, 69.9, 69.9, 62.1, 54.7, 45.2, 41.0,
38.9, 38.4, 35.8, 34.0, 33.2, 28.7, 28.1, 27.8, 27.4, 26.2, 26.2, 26.1,
26.1, 25.0, 24.2, 24.1, 22.8, 18.4, 18.3, 18.3, 18.2, 17.3, 16.7, 14.2,
0.0, −4.1, −4.1, −4.2, −4.2, −4.3, −4.7; HRMS (ES+) m/z calc.
for C70H132O11Si5Na ([MNa]+): 1311.8508, found: 1311.8503.


Acetal 82


To a stirred solution of ketone 81 (1.80 g, 1.40 mmol) in 4 :
1 MeOH–CH2Cl2 (100 mL) was added TsOH·H2O (133 mg,
0.698 mmol) in one portion at room temperature. After 16 h,
another portion of TsOH·H2O (133 mg, 0.698 mmol) was added,
and stirring continued for a further 4 h. Et3N (2 mL) was then
added to the mixture, which was subsequently concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (gradient: 50–66% EtOAc in hexanes) to give 82 (0.716 g, 64%)
as a white foam. 1H-NMR, 13C-NMR and HSQC analysis revealed
the product to be a 1.4 : 1 mixture of anomers at the C-15 position.
Rf = 0.31 (1 : 2 hexanes–EtOAc); [a]25


D +20.8◦ (c 1.06 in CH2Cl2);
mmax/cm−1 (film) 3424, 2956, 2171, 1728, 1614, 1514, 1455, 1123; dH


(600 MHz, C6D6) 7.27 [4 H, d, J 8.2 Hz, ArH (anomers a and b)],
6.81 [4 H, d, J 8.2 Hz, ArH (a and b)], 5.29 [2 H, d, J 7.1 Hz, 11-H
(a and b)], 5.02–5.08 [2 H, m, 25-H (a and b)], 4.83 (1 H, br s, OH),
4.72–4.75 [2 H, m, 7-H (a and b)], 4.54 [2 H, d, J 11.0 Hz, OCH2Ar
(a and b)], 4.46 [2 H, d, J 11.0 Hz, OCH2Ar (a and b)], 4.24 (1 H,
br s, OH), 4.04–4.07 [1 H, m, 14-H (a and b)], 3.98–4.00 [2 H, m,
16-H (a and b)], 3.90–3.94 [2 H, m, 21-H (a and b)], 3.78–3.82 [1 H,


m, 19-H (a)], 3.68–3.75 [5 H, m, 9-H (a and b), 19-H (b) and 24-H
(a and b)], 3.37 [6 H, s, ArOCH3 (a and b)], 3.14 [6 H, s, OCH3


(a and b)], 2.82–2.87 [2 H, m, 10-H (a and b)], 2.33–2.43 [4 H, m,
13-H (a and b) and 13-H (a and b)], 2.14–2.20 [3 H, m, 8-H (a and
b) and 17-H (a)], 1.91–2.00 [5 H, m, 8-H (a and b), 17-H (b) and
18-H (a and b)], 1.72 [6 H, s, 12-CH3 (a and b)], 1.53–1.85 [15 H,
m, 17-H (a and b), 20-H (a and b), 22-H (a and b), 22-H (a), 23-H
(a and b), 23-H (a and b), 27-H (a and b) and 27-H (a and b)], 1.24
[9 H, s, O2CC(CH3)3], 1.24 [9 H, s, O2CC(CH3)3], 1.20–1.48 [6 H,
m, 20-H (a and b), 22-H (b), 27-H (a and b), 27-H (a and b), 28-H
(a and b) and 28-H (a and b)], 1.11–1.18 [2 H, m, 18-H (a and
b)[, 1.08 p6 H, d, J 6.5 Hz, 10-CH3 (a and b)], 0.88–0.93 [6 H, m,
28-CH3 (a and b)]; dC (150 MHz, C6D6) 178.2, 159.6, 133.1, 133.0,
131.1, 129.7, 129.5, 129.4, 114.0, 108.5, 97.8, 88.8, 80.8, 76.6, 76.3,
72.7, 72.6, 72.4, 72.0, 72.0, 72.0, 71.9, 71.8, 71.7, 71.5, 71.0, 67.3,
61.7, 54.8, 47.7, 42.7, 40.9, 40.8, 39.8, 39.8, 39.1, 35.5, 34.2, 34.0,
33.1, 30.8, 30.1, 29.0, 28.5, 28.5, 28.2, 27.4, 27.4, 26.6, 26.5, 25.3,
23.1, 22.9, 17.0, 16.9, 15.9, 14.2, 0.1; HRMS (ES+) m/z calc. for
C44H74O11SiNa ([MNa]+): 829.4892, found 829.4892.


t-Butyldimethylsilyl ether 83


To a stirred solution of alkyne 82 (539 mg, 0.668 mmol) and
2,6-lutidine (1.17 mL, 10.0 mmol) in CH2Cl2 (30 mL) was
added TBSOTf (1.15 mL, 5.0 mmol) dropwise at −78 ◦C. The
mixture was warmed to 0 ◦C and stirred for a further 90 min,
before being partitioned between a 1 : 1 sat. aq. NaHCO3–
brine mixture (40 mL) and CH2Cl2 (20 mL). The layers were
separated, and the aqueous layer was extracted with CH2Cl2 (2 ×
30 mL). The combined organic layers were dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 2–3% Et2O in hexanes)
to give 83 (498 mg, 54%) as a pale yellow oil. 1H-NMR, 13C-NMR
and HSQC analysis revealed the product to be a 1.4 : 1 mixture of
anomers at the C-15 position. Rf = 0.23 (24 : 1 hexanes–Et2O); [a]25


D


+3.3◦ (c 0.6 in CH2Cl2); mmax/cm−1 (film) 2953, 2857, 2171, 1728,
1614, 1514, 1462, 1250, 1123, 839; dH (500 MHz, C6D6, 343 K) 7.26
[4 H, d, J 8.5 Hz, ArH (anomers a and b)], 6.79 [4 H, d, J 8.5 Hz,
ArH (a and b)], 5.38 [2 H, d, J 9.8 Hz, 11-H (a and b)], 4.99–5.02
[1 H, m, 25-H (a)], 4.97–5.00 [1 H, m, 25-H (b)], 4.76 [2 H, dd, J 8.6,
5.6 Hz, 7-H (a and b)], 4.56 [2 H, d, J 11.2 Hz, OCH2Ar (a and b)],
4.51 [2 H, d, J 11.2 Hz, OCH2Ar (a and b)], 4.32 [2 H, d, J 9.1 Hz,
14-H (a and b)], 3.93–3.97 [2 H, m, 19-H (a and b)], 3.81–3.86
[5 H, m, 16-H (a and b), 21-H (a and b) and 24-H (b)], 3.77–3.80
[1 H, m, 24-H (a)], 3.72–3.76 [2 H, m, 9-H (a and b)], 3.41 [6 H, s,
ArOCH3 (a and b)], 3.29 [3 H, s, OCH3 (a)], 3.27 [3 H, s, OCH3


(b)], 2.80–2.86 [2 H, m, 10-H (a and b)], 2.67 [2 H, d, J 13.9 Hz,
13-H (a and b)], 2.36–2.41 [2 H m, 13-H (a and b)], 2.09–2.16
[4 H, m, 8-H (a and b) and 17-H (a and b)], 1.94–2.03 [5 H, m, 8-H
(a and b), 20-H (a and b) and 26-H (b)], 1.74 [6 H, s, 12-CH3 (a
and b)], 1.48–1.79 [16 H, m, 17-H (a and b), 18-H (a and b), 20-H
(a and b), 22-H (a and b), 22-H (a and b), 23-H (a and b), 23-H (a
and b), 26-H (a and b)], 1.24–1.44 [9 H, m, 18-H (a and b), 26-H
(a), 27-H (a and b), 27-H (a and b), 28-H (a and b) and 28-H (a
and b)], 1.20 [9 H, s, O2CC(CH3)3], 1.19 [9 H, s, O2CC(CH3)3], 1.15
[6 H, d, J 6.8 Hz, 10-CH3 (a and b)], 1.01 [18 H, s, SiC(CH3)3 and
SiC(CH3)3], 1.00 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.99 [9 H, s,
SiC(CH3)3], 0.98 [9 H, s, SiC(CH3)3], 0.98 [9 H, s, SiC(CH3)3], 0.97
[9 H, s, SiC(CH3)3], 0.96 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.87
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[3 H, t, J 7.2 Hz, 28-CH3 (a)], 0.85 ]3 H, t, J 6.9 Hz, 28-CH3 (b)],
0.26 (6 H, s, SiCH3 and SiCH3), 0.23 (6 H, s, SiCH3 and SiCH3),
0.20 (9 H, s, SiCH3, SiCH3 and SiCH3), 0.18 (3 H, s, SiCH3), 0.17
(6 H, s, SiCH3 and SiCH3), 0.16 [18 H, s, Si(CH3)3 (a and b)], 0.15
(3 H, s, SiCH3), 0.15 (9 H, s, SiCH3, SiCH3 and SiCH3), 0.13 (6 H,
s, SiCH3 and SiCH3), 0.12 (3 H, s, SiCH3), 0.11 (3 H, s, SiCH3),
0.09 (6 H, s, SiCH3 and SiCH3); dC (125 MHz, C6D6, 343 K) 177.3,
159.8, 134.0, 132.0, 129.9, 129.4, 114.2, 109.0, 100.4, 89.4, 80.4,
76.3, 75.6, 73.6, 72.9, 72.3, 71.9, 69.7, 69.5, 69.0, 68.9, 67.9, 62.5,
54.9, 48.7, 44.3, 44.1, 43.2, 41.3, 39.0, 36.1, 34.5, 34.4, 32.1, 28.6,
28.5, 27.9, 27.7, 27.5, 27.5, 26.6, 26.5, 26.2, 26.1, 25.3, 24.2, 23.0,
22.8, 19.1, 18.5, 18.4, 18.3, 16.6, 16.3, 14.0, 0.0, −2.5, −3.5, −3.6,
−3.8, −3.9, −3.9, −4.0, −4.1, −4.3, −4.5; HRMS (ES+) m/z calc.
for C74H144O11Si6Na ([MNa]+): 1399.9216, found 1392.9186.


Alkyne 84


To a stirred solution of alkyne 83 (390 mg, 0.283 mmol) in 4 : 1
MeOH–Et2O (10 mL) was added finely powdered K2CO3 (391 mg,
2.829 mmol) in one portion at room temperature. After 4 h, the
mixture was partitioned between Et2O (30 mL) and water (30 mL).
The layers were separated, and the aqueous layer was extracted
with Et2O (2 × 20 mL). The combined organic layers were washed
with brine (1 × 20 mL), dried (MgSO4), filtered and concentrated
in vacuo. The residue was purified by flash chromatography on
silica gel (gradient: 2–4% Et2O in hexanes) to give 84 (309 mg, 84%)
as a colourless syrup. 1H-NMR, 13C-NMR and HSQC analysis
revealed the product to be a 1.4 : 1 mixture of anomers at the
C-15 position. Rf = 0.21 (23 : 2 hexanes–Et2O); [a]25


D +5.3◦ (c 0.38
in CH2Cl2); mmax/cm−1 (film) 2955, 2857, 2280, 1727, 1614, 1514,
1463, 1250, 1123, 835; dH (600 MHz, C6D6, 343 K) 7.24 [4 H, d, J
8.5 Hz, ArH (anomers a and b)], 6.78 [4 H, d, J 8.5 Hz, ArH (a
and b)], 5.35 [2 H, d, J 9.1 Hz, 11-H (a and b)], 4.99–5.01 [1 H, m,
25-H (a)], 4.96–4.99 [1 H, m, 25-H (b)], 4.71–4.73 [2 H, m, 7-H (a
and b)], 4.54 [2 H, d, J 11.2 Hz, OCH2Ar (a and b)], 4.46 [2 H, d,
J 11.2 Hz, OCH2Ar (a and b)], 4.32 [2 H, d, J 9.1 Hz, 14-H (a and
b)], 3.95–3.99 [2 H, m, 19-H (a and b)], 3.81–3.85 [5 H, m, 16-H
(a and b), 21-H (a and b) and 24-H (b)], 3.77–3.80 [1 H, m, 24-H
(a)], 3.68–3.71 [2 H, m, 9-H (a and b)], 3.40 [6 H, s, ArOCH3 (a
and b)], 3.28 [3 H, s, OCH3 (a)], 3.26 [3 H, s, OCH3 (b)], 2.81–2.85
[2 H, m, 10-H (a and b)], 2.69 [2 H, d, J 13.9 Hz, 13-H (a and b)],
2.34–2.38 [2 H, m, 13-H (a and b)], 2.08–2.15 [4 H, m, 5-H (a and
b) and 8-H (a and b)], 1.95–1.99 [5 H, m, 8-H (a and b), 20-H (a
and b) and 26-H (b)], 1.72 [6 H, s, 12-CH3 (a and b)], 1.46–1.80 [20
H, m, 17-H (a and b),17-H (a and b), 18-H (a and b), 18-H (a and
b), 20-H (a and b), 22-H (a and b), 22-H (a and b), 23-H (a and b),
23-H (a and b) and 26-H (a and b)], 1.24–1.44 [7 H, m, 26-H (a),
27-H (a and b), 27-H (a and b), 28-H (a and b) and 28-H (a and
b)], 1.20 [9 H, s, O2CC(CH3)3], 1.18 [9 H, s, O2CC(CH3)3], 1.13 [6
H, d, J 6.8 Hz, 10-CH3 (a and b)], 1.00 [18 H, s, SiC(CH3)3 and
SiC(CH3)3], 0.99 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.98 [9 H, s,
SiC(CH3)3], 0.98 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.96 [9 H, s,
SiC(CH3)3], 0.95 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.87 [3 H,
t, J 7.2 Hz, 28-CH3 (a)], 0.85 [3 H, t, J 6.9 Hz, 28-CH3 (b)], 0.24
(6 H, s, SiCH3 and SiCH3), 0.22 (6 H, s, SiCH3 and SiCH3), 0.19
(3 H, s, SiCH3), 0.17 (9 H, s, SiCH3, SiCH3 and SiCH3), 0.16 (6
H, s, SiCH3 and SiCH3), 0.15 (3 H, s, SiCH3), 0.13 (3 H, s, SiCH3),
0.12 (6 H, s, SiCH3 and SiCH3), 0.12 (6 H, s, SiCH3 and SiCH3),
0.11 (3 H, s, SiCH3), 0.10 (3 H, s, SiCH3), 0.09 (6 H, s, SiCH3 and


SiCH3); dC (150 MHz, C6D6, 343 K) 177.3, 159.8, 134.1, 131.9,
129.8, 129.4, 129.2, 114.2, 100.3, 86.2, 80.1, 76.3, 75.5, 73.6, 72.9,
72.9, 72.2, 71.9, 69.6, 69.4, 68.9, 68.8, 67.8, 61.8, 54.9, 44.3, 43.2,
41.2, 39.0, 35.9, 34.4, 34.3, 32.0, 28.6, 28.5, 27.9, 27.5, 27.4, 26.7,
26.6, 26.4, 26.2, 26.1, 26.1, 25.4, 23.0, 22.8, 19.0, 18.5, 18.4, 18.3,
16.5, 16.1, 14.0, −2.5, −3.5, −3.6, −3.7, −3.9, −3.9, −4.0, −4.1,
−4.2, −4.3, −4.6; HRMS (ES+) m/z calc. for C71H136O11Si5Na
([MNa]+): 1327.8821, found 1327.8835.


Alcohol 85


To a stirred solution of pivalate 84 (300 mg, 0.23 mmol) in THF
(14 mL) was added Super Hydride R© (0.92 mL, 1.0 M in THF,
0.92 mmol) dropwise at 0 ◦C. After 1.5 h the reaction was quenched
by the cautious addition of water (5 mL). The mixture was
partitioned between sat. aq. NH4Cl (20 mL) and Et2O (20 mL), and
the layers were separated. The aqueous layer was extracted with
Et2O (2 × 20 mL), and the combined organic layers were washed
with brine (1 × 20 mL), dried (MgSO4), filtered and concentrated
in vacuo. The residue was purified by flash chromatography on
silica gel (gradient: 4–8% Et2O in hexanes) to give 85 (209 mg,
74%) as a colourless oil. 1H-NMR, 13C-NMR and HSQC analysis
revealed the product to be a 1.4 : 1 mixture of anomers at the C-
15 position. Rf = 0.32 (22 : 3 hexanes–Et2O); [a]25


D −10.8◦ (c 0.48
in CH2Cl2); mmax/cm−1 (film) 3459, 2957, 2856, 2280, 1615, 1514,
1472, 1251, 1122, 836; dH (600 MHz, C6D6, 343 K) 7.25 [4 H, d, J
8.4 Hz, ArH (anomers a and b)], 6.79 [4 H, d, J 8.4 Hz, ArH (a
and b)], 5.37 [2 H, d, J 9.1 Hz, 11-H (a and b)], 4.73–4.75 [2 H, m,
7-H (a and b)], 4.55 [2 H, d, J 11.2 Hz, OCH2Ar (a and b)], 4.47 [2
H, d, J 11.2 Hz, OCH2Ar (a and b)], 4.34–4.37 [2 H, d, J 9.1 Hz,
14-H (a and b)], 4.01–4.03 [1 H, m, 19-H (a)], 3.94–3.97 [1 H, m,
19-H (b)], 3.83–3.87 [4 H, m, 16-H (a and b) and 21-H (a and b)],
3.70–3.73 [2 H, m, 9-H (a and b)], 3.52–2.55 [2 H, m, 25-H (a and
b)], 3.47–3.49 [2 H, m, 24-H (a and b)], 3.40 [6 H, s, ArOCH3 (a
and b)], 3.30 [6 H, s, OCH3 (a and b)], 2.82–2.86 [2 H, m, 10-H
(a and b)], 2.71–2.74 [2 H, m, 13-H (a and b)], 2.36–2.40 [2 H, m,
13-H (a and b)], 2.10–2.14 [5 H, m, 5-H (a and b), 8-H (a and b)
and 17-H (a)], 1.96–2.00 [4 H, m, 8-H (a and b) and 20-H (a and
b)], 1.74 [6 H, s, 12-CH3 (a and b)], 1.46–1.79 [17 H, m, 17-H (a
and b), 18-H (a and b), 20-H (a and b), 22-H (a and b), 22-H (a
and b), 23-H (a and b), 23-H (a and b), 26-H (a and b) and 26-H
(b)], 1.25–1.40 [12 H, m, 17-H (b), 18-H (a and b), 26-H (a), 27-H
(a and b), 27-H (a and b), 28-H (a and b) and 28-H (a and b)],
1.14 [6 H, d, J 6.8 Hz, 10-CH3 (a and b)], 1.02 [18 H, s, SiC(CH3)3


and SiC(CH3)3], 1.00 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.99 [9
H, s, SiC(CH3)3], 0.99 [9 H, s, SiC(CH3)3], 0.96 [18 H, s, SiC(CH3)3


and SiC(CH3)3], 0.93 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.91 [3
H, t, J 7.3 Hz, 28-CH3 (a)], 0.87 [3 H, t, J 7.1 Hz, 28-CH3 (b)],
0.26 (6 H, s, SiCH3 and SiCH3), 0.24 (6 H, s, SiCH3 and SiCH3),
0.18 (6 H, s, SiCH3 and SiCH3), 0.17 (6 H, s, SiCH3 and SiCH3),
0.16 (3 H, s, SiCH3), 0.14 (3 H, s, SiCH3), 0.13 (3 H, s, SiCH3),
0.13 (6 H, s, SiCH3 and SiCH3), 0.12 (3 H, s, SiCH3), 0.10 (6 H, s,
SiCH3 and SiCH3), 0.09 (6 H, s, SiCH3 and SiCH3), 0.07 (3 H, s,
SiCH3), 0.07 (3 H, s, SiCH3); dC (150 MHz, C6D6, 343 K) 160.3,
134.6, 132.4, 130.3, 130.3, 129.9, 129.8, 114.7, 100.8, 86.7, 80.6,
77.1, 76.9, 74.4, 73.8, 73.4, 72.8, 72.4, 70.4, 70.3, 69.4, 68.4, 62.3,
55.4, 44.9, 44.8, 43.8, 41.8, 36.5, 36.4, 34.9, 34.5, 34.3, 33.5, 30.5,
30.0, 29.1, 28.3, 28.1, 27.2, 27.1, 27.0, 26.7, 26.7, 26.6, 25.9, 23.8,
23.6, 19.6, 19.1, 18.9, 18.8, 17.0, 16.6, 16.6, 14.7, 14.6, −2.0, −2.9,
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−3.2, −3.3, −3.4, −3.5, −3.6, −3.6, −3.7, −3.7, −4.1; HRMS
(ES+) m/z calc. for C66H128O10Si5Na ([MNa]+): 1243.8246, found
1243.8277.


Alkyne 86


To a stirred solution of alkyne 82 (113 mg, 0.14 mmol) in 5 :
1 MeOH–Et2O (7 mL) was added K2CO3 (193 mg, 1.4 mmol)
in one portion at room temperature. After 4 h the mixture was
diluted with Et2O (20 mL), filtered through a pad of Celite R©,
washing thoroughly with Et2O, and the filtrate was concentrated
under reduced pressure. The residue was triturated with CH2Cl2,
filtered and the filtrate was concentrated under reduced pressure.
The residue was purified by flash chromatography on silica gel
(gradient: 50–80% EtOAc in hexanes) to give 86 (31 mg, 30%)
as a colourless paste. 1H-NMR, 13C-NMR and HSQC analysis
revealed the product to be a 1.4 : 1 mixture of anomers at the C-15
position. Rf = 0.13 (1 : 2 hexanes–EtOAc); [a]25


D +10.3◦ (c 1.31
in CH2Cl2); mmax/cm−1 (film) 3448, 2956, 2872, 2279, 1718, 1612,
1513, 1458, 1158, 1115, 740; dH (600 MHz, C6D6, 343 K) 7.23 [4 H,
d, J 8.3 Hz, ArH (anomers a and b)], 6.81 [4 H, d, J 8.3 Hz, ArH
(a and b)], 5.27 [2 H, d, J 9.0 Hz, 11-H (a and b)], 4.99–5.03 [2 H,
m, 25-H (a and b)], 4.57–4.59 [2 H, m, 7-H (a and b)], 4.50 [2 H, d,
J 11.1 Hz, OCH2Ar (a and b)], 4.42 [1 H, d, J 11.1 Hz, OCH2Ar
(a and b)], 4.22 (2 H, br s, OH and OH), 3.99 [2 H, d, J 10.0 Hz,
14-H (a and b)], 3.89–3.92 [2 H, m, 16-H (a and b)], 3.83–3.86
[1 H, m, 21-H (a)], 3.74–3.78 [3 H, m, 19-H (a and b) and 21-H
(b)], 3.62–3.68 [4 H, m, 9-H (a and b) and 24-H (a and b)], 3.39 [6 H,
s, ArOCH3 (a and b)], 3.13 [6 H, s, OCH3 (a and b)], 2.78–2.82
[2 H, m, 10-H (a and b)], 2.42 [1 H, d, J 13.9 Hz, 13-H (a)], 2.22–
2.28 [3 H, m, 13-H (a and b) and 13-H (b)], 2.06–2.11 [2 H, m, 8-H
(a and b)], 1.85–1.95 [6 H, m, 8-H (a and b), 17-H (a and b) and
18-H (a and b)], 1.69 [6 H, s, 12-CH3 (a and b)], 1.56–1.78 [15 H,
m, 5-H (a and b), 17-H (a and b), 20-H (a and b), 22-H (a and
b), 22-H (a and b), 23-H (a and b), 23-H (b) and 26-H (a and b)],
1.22–1.47 [13 H, m, 20-H (a and b), 23-H (a), 26-H (a and b), 27-H
(a and b), 27-H (a and b), 28-H (a and b) and 28-H (a and b)],
1.21 [9 H, s, O2CC(CH3)3], 1.21 [9 H, s, O2CC(CH3)3], 1.10–1.14
[2 H, m, 18-H (a and b)], 1.04 [6 H, d, J 6.7 Hz, 10-CH3 (a and
b)], 0.87–0.90 [3 H, m, 28-CH3 (a and b)]; dC (150 MHz, C6D6,
343 K) 178.0, 159.9, 133.7, 133.5, 131.4, 129.8, 129.7, 129.6, 129.5,
125.7, 114.3, 98.3, 86.0, 80.9, 76.8, 76.6, 73.5, 73.1, 72.9, 72.6, 72.1,
72.1, 72.0, 71.8, 71.1, 71.0, 67.1, 61.2, 54.9, 47.9, 43.4, 43.2, 40.9,
40.2, 40.2, 39.1, 35.8, 34.4, 34.1, 33.5, 30.5, 30.4, 30.1, 29.7, 28.3,
28.1, 27.4, 26.9, 26.6, 25.3, 25.3, 22.9, 22.8, 17.1, 17.1, 15.8, 14.0,
14.0; HRMS (ES+) m/z calc. for C41H66O11Na ([MNa]+): 757.4497,
found 757.4496.


Diene 91


Alkyne 85 (65 mg, 53.2 lmol) and Grubbs second-generation
catalyst 88 (2.3 mg, 2.7 lmol) were dissolved in CH2Cl2 (4 mL) in a
microwave reactor tube (9.0 × 1.5 cm) equipped with a stirrer bar at
room temperature. The solution was purged with ethylene (from a
balloon) for 5 min, then sealed and microwaved (2 × 20 min, 100 W
microwave power, 55 ◦C maximum temperature). After cooling to
room temperature, the reactor tube was opened, another portion
of catalyst 88 (2.3 mg, 2.7 lmol) was added, the mixture was purged
with ethylene for 5 min, then the tube was sealed and microwaved


again (1 × 50 min, 100 W microwave power, 55 ◦C maximum
temperature). After cooling to room temperature, the reactor
tube was opened and the mixture concentrated. The residue was
purified by flash chromatography on silica gel (gradient: 2–6%
Et2O in hexanes) to give 91 (53 mg, 80%) as a colourless oil.
1H-NMR, 13C-NMR and HSQC analysis revealed the product to
be a 1.4 : 1 mixture of anomers at the C-15 position. Rf = 0.38
(21 : 4 hexanes–Et2O); [a]25


D −2.2◦ (c 0.46 in CH2Cl2); mmax/cm−1


(film) 3546, 2955, 2861, 1614, 1514, 1472, 1252, 1123, 1095; dH


(600 MHz, C6D6, 343 K) 7.30 [4 H, d, J 8.0 Hz, ArH (anomers a
and b)], 6.84 [4 H, d, J 8.0 Hz, ArH (a and b)], 6.36 [2 H, dd, J
17.7, 11.1 Hz, 5-H (a and b)], 5.56 [2 H, d, J 17.7 Hz, 5=CH2 (a
and b)], 5.46 [2 H, d, J 9.2 Hz, 11-H (a and b)], 5.07–5.10 [6 H,
m, 5=CH2 (a and b), 6=CH2 (a and b) and 6=CH2 (a and b)],
4.62–4.65 [2 H, m, 7-H (a and b)], 4.55 [2 H, d, J 11.3 Hz, OCH2Ar
(a and b)], 4.47 [2 H, d, J 11.3 Hz, OCH2Ar (a and b)], 4.37 [2 H,
app d, J 8.7 Hz, 14-H (a and b)], 4.03–4.07 [1 H, m, 19-H (a)], 4.07
[1 H, m, 19-H (b)], 3.88–3.94 [4 H, m, 16-H (a and b) and 21-H (a
and b)], 3.56–3.60 [2 H, m, 25-H (a and b)], 3.51–3.54 [4 H, m, 9-H
(a and b) and 24-H (a and b)], 3.39 [6 H, s, ArOCH3 (a and b)],
3.33 [3 H, s, OCH3 (a)], 3.33 [3 H, s, OCH3 (b)], 2.89–2.94 [2 H,
m, 10-H (a and b)], 2.74 [2 H, d, J 13.7 Hz, 13-H (a and b)],
2.44–2.48 [2 H, m, 13-H (a and b)], 2.09–2.18 [2 H, 8-H (a and
b)], 2.00–2.07 [4 H, m, 8-H (a and b) and 20-H (a and b)], 1.80
[6 H, s, 12-CH3 (a and b)], 1.48–1.90 [20 H, m, 17-H (a and b),
17-H (a and b), 18-H (a and b), 20-H (a and b), 22-H (a and b),
22-H (a and b), 23-H (a and b), 23-H (a and b), 26-H (a and b)
and 26-H (a and b)], 1.26–1.44 [10 H, m, 18-H (a and b), 27-H (a
and b), 27-H (a and b), 28-H (a and b) and 28-H (a and b)], 1.24
[6 H, d, J 6.8 Hz, 10-CH3 (a and b)], 1.06 [18 H, s, SiC(CH3)3 and
SiC(CH3)3], 1.04 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 1.03 [9 H, s,
SiC(CH3)3], 1.02 [9 H, s, SiC(CH3)3], 0.99 [18 H, s, SiC(CH3)3 and
SiC(CH3)3], 0.96 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.93 (3 H, t,
J 7.2 Hz, 28-CH3), 0.90 [3 H, t, J 7.1 Hz, 28-CH3 (b)], 0.32 [6 H, s,
SiCH3 and SiCH3 (a)], 0.29 (6 H, s, SiCH3 and SiCH3), 0.22 (6 H,
s, SiCH3 and SiCH3), 0.19 (3 H, s, SiCH3), 0.17 (6 H, s, SiCH3


and SiCH3), 0.17 (3 H, s, SiCH3), 0.15 (6 H, s, SiCH3 and SiCH3),
0.15 (3 H, s, SiCH3), 0.13 (3 H, s, SiCH3), 0.13 (6 H, s, SiCH3 and
SiCH3), 0.12 (3 H, s, SiCH3), 0.10 (3 H, s, SiCH3), 0.10 (3 H, s,
SiCH3), 0.09 (3 H, s, SiCH3); dC (150 MHz, C6D6, 343 K) 150.1,
136.0, 133.8, 132.2, 130.2, 130.2, 129.2, 129.0, 115.1, 114.2, 114.0,
100.4, 80.0, 76.6, 76.3, 73.9, 73.4, 73.0, 71.9, 71.3, 69.9, 69.8, 68.9,
67.9, 54.9, 44.4, 44.3, 43.3, 39.8, 35.6, 34.0, 33.8, 33.1, 30.5, 29.9,
29.5, 28.6, 27.7, 26.7, 26.6, 26.4, 26.1, 25.4, 23.3, 23.1, 19.1, 18.5,
18.4, 18.3, 18.3, 16.4, 16.3, 14.1, 14.0, −2.5, −2.5, −3.4, −3.6,
−3.8, −3.8, −3.9, −3.9, −4.0, −4.1, −4.2, −4.3, −4.6; HRMS
(ES+) m/z calc. for C68H132O10Si5Na ([MNa]+): 1271.8559, found
1271.8869.


Ester 94


To a stirred solution of acid 75 (134 mg, 0.548 mmol) in
toluene (6 mL) were added 2,4,6-trichlorobenzoyl chloride (86 lL,
0.548 mmol) and Et3N (153 lL, 1.096 mmol) sequentially at
room temperature. After 2 h, a solution of alcohol 85 (134 mg,
0.11 mmol) in toluene (6 mL) was added to the mixture, followed
by a few crystals of 4-DMAP. After 45 min, the mixture was
partitioned between sat. aq. NH4Cl (30 mL) and Et2O (30 mL).
The layers were separated, and the aqueous layer was extracted
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with Et2O (3 × 20 mL). The combined organic layers were washed
with a 1 : 1 sat. aq. NaHCO3–brine mixture (1 × 30 mL), dried
(MgSO4), filtered and concentrated in vacuo. The residue was
purified by flash chromatography on silica gel (gradient: 2–4%
Et2O in hexanes) to give 94 (146 mg, 92%) as a colourless oil. 1H-
NMR, 13C-NMR and HSQC analysis revealed the product to be
a 1.4 : 1 mixture of anomers at the C-15 position. Rf = 0.17 (25 :
1 hexanes–Et2O); [a]25


D −1.9◦ (c 0.48 in CH2Cl2); mmax/cm−1 (film)
2953, 2856, 2280, 1731, 1614, 1472, 1463, 1251, 1095, 837, 776; dH


(600 MHz, C6D6, 343 K) 7.26 [4 H, d, J 8.6 Hz, ArH (anomers a
and b)], 6.80 [4 H, d, J 8.6 Hz, ArH (a and b)], 5.92 [1 H, ddd, J
17.2, 10.4 and 6.8 Hz, 4-H (a)], 5.88 [1 H, ddd, J 17.2, 10.4 and
6.8 Hz, 4-H (b)], 5.38 [2 H, d, J 9.1 Hz, 11-H (a and b)], 5.22
[1 H, d, J 17.2 Hz, 4=CH2 (a)], 5.19 [1 H, d, J 17.2 Hz, 4=CH2


(b)], 5.03–5.08 [3 H, m, 4=CH2 (a) and 25-H (a and b)], 5.01 [1 H,
d, J 10.4 Hz, 4=CH2 (b)], 4.74–4.77 [2 H, m, 7-H (a and b)], 4.57
[2 H, d, J 11.2 Hz, OCH2Ar (a and b)], 4.49 [2 H, d, J 11.2 Hz,
OCH2Ar (a and b)], 4.46 [1 H, t, J 6.8 Hz, 3-H (a)], 4.42 [1 H, t, J
6.8 Hz, 3-H (b)], 4.35 [2 H, d, J 8.7 Hz, 14-H (a and b)], 3.97–4.02
[2 H, m, 19-H (a and b)], 3.86–3.89 [5 H, m, 16-H (a and b), 21-H (a
and b) and 24-H (b)], 3.83–3.85 [1 H, m, 24-H (a)], 3.72–3.75 [2 H,
m, 9-H (a and b)], 3.39 [6 H, s, ArOCH3 (a and b)], 3.32 [3 H,
s, OCH3 (a)], 3.31 [3 H, s, OCH3 (b)], 2.83–2.87 [2 H, m, 10-H (a
and b)], 2.72 [2 H, d, J 13.9 Hz, 13-H (a and b)], 2.57 [2 H, qd,
J 7.0, 6.8 Hz, 2-H (a and b)], 2.38–2.42 [2 H, m, 13-H (a and b)],
2.12–2.17 [6 H, m, 5-H (a and b), 8-H (a and b) and 17-H (a and
b)], 1.98–2.05 [4 H, m, 8-H (a and b) and 20-H (a and b)], 1.75
[6 H, s, 12-CH3 (a and b)], 1.70 [10 H, m, 17-H (a and b), 18-H
(a and b), 20-H (a and b), 23-H (a and b) and 26-H (a and b)],
1.50–1.69 [8 H, m, 22-H (a and b), 22-H (a and b), 23-H (a and b)
and 26-H (a and b)], 1.30–1.49 [10 H, m, 18-H (a and b), 27-H (a
and b), 27-H (a and b), 28-H (a and b) and 28-H (a and b)], 1.29
[3 H, d, J 7.0 Hz, 2-CH3 (a)], 1.28 [3 H, d, J 7.0 Hz, 2-CH3 (b)],
1.17 [6 H, d, J 6.8 Hz, 10-CH3 (a and b)], 1.03 [18 H, s, SiC(CH3)3


and SiC(CH3)3], 1.01 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 1.01
[9 H, s, SiC(CH3)3], 1.00 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.98
[9 H, s, SiC(CH3)3], 0.97 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.96
[9 H, s, SiC(CH3)3], 0.96 [9 H, s, SiC(CH3)3], 0.90 [3 H, t, J 7.1 Hz,
28-CH3 (b)], 0.88 [3 H, t, J 7.0 Hz, 28-CH3 (a)], 0.28 (6 H, s, SiCH3


and SiCH3), 0.25 (6 H, s, SiCH3 and SiCH3), 0.23 (3 H, s, SiCH3),
0.21 (3 H, s, SiCH3), 0.19 (6 H, s, SiCH3 and SiCH3), 0.18 (3 H, s,
SiCH3), 0.18 (6 H, s, SiCH3 and SiCH3), 0.17 (3 H, s, SiCH3), 0.16
(3 H, s, SiCH3), 0.15 (3 H, s, SiCH3), 0.14 (12 H, s, SiCH3, SiCH3,
SiCH3 and SiCH3), 0.11 (3 H, s, SiCH3), 0.10 (9 H, s, SiCH3,
SiCH3 and SiCH3), 0.08 (3 H, s, SiCH3), 0.06 (3 H, s, SiCH3); dC


(150 MHz, C6D6, 343 K) 173.6, 173.5, 159.8, 140.4, 140.2, 134.1,
134.1, 131.9, 129.9, 129.8, 129.4, 129.3, 115.7, 114.2, 100.4, 86.2,
80.1, 76.7, 76.0, 75.8, 75.7, 73.4, 73.0, 72.9, 72.3, 71.9, 69.8, 69.4,
68.9, 68.9, 67.9, 61.9, 61.8, 54.9, 47.6, 44.5, 44.2, 43.3, 41.2, 36.0,
34.5, 34.5, 31.8, 30.6, 28.7, 28.6, 28.4, 27.9, 27.7, 26.7, 26.6, 26.4,
26.2, 26.1, 26.1, 25.4, 24.1, 23.1, 22.8, 19.1, 18.5, 18.4, 18.4, 18.3,
16.5, 16.1, 14.1, 14.0, 13.5, 13.2, −2.5, −3.5, −3.6, −3.7, −3.9,
−4.0, −4.1, −4.2, −4.3, −4.5, −4.6; HRMS (ES+) m/z calc. for
C78H150O12Si6Na ([MNa]+): 1469.9635, found 1469.9624.


Diene 96


Alkyne 94 (130 mg, 90 lmol) and Grubbs second-generation
catalyst 88 (3.8 mg, 4.5 lmol) were dissolved in CH2Cl2 (7 mL) in a


microwave reactor tube (9.0 × 1.5 cm) equipped with a stirrer bar at
room temperature. The solution was purged with ethylene (from a
balloon) for 5 min, then sealed and microwaved (2 × 20 min, 100 W
microwave power, 55 ◦C maximum temperature). After cooling to
room temperature, the reactor tube was opened, another portion
of catalyst 88 (3.8 mg, 4.5 lmol) was added, the mixture was purged
with ethylene for 5 min, then the tube was sealed and microwaved
again (1 × 50 min, 100 W microwave power, 55 ◦C maximum
temperature). After cooling to room temperature, the reactor
tube was opened and the mixture concentrated. The residue was
purified by flash chromatography on silica gel (gradient: 2–2.5%
Et2O in hexanes) to give 96 (80 mg, 60%) as a colourless oil. 1H-
NMR, 13C-NMR and HSQC analysis revealed the product to be
a 1.4 : 1 mixture of anomers at the C-15 position. Rf = 0.41 (23 :
2 hexanes–Et2O); [a]25


D −10.5◦ (c 1.22 in CH2Cl2); mmax/cm−1 (film)
2956, 2860, 1732, 1615, 1514, 1471, 1250, 1123, 837; dH (600 MHz,
C6D6, 343 K) 7.30 [4 H, d, J 8.4 Hz, ArH (anomers a and b)], 6.84
[4 H, d, J 8.4 H, ArH (a and b)], 6.36 [2 H, dd, J 17.7, 11.2 Hz,
5-H (a and b)], 5.94 [1 H, ddd, J 17.3, 10.5 and 6.9 Hz, 4-H (a)],
5.90 [1 H, ddd, J 17.2, 10.3 and 6.7 Hz, 4-H (b)], 5.55 [2 H, d, J
17.7 Hz, 5=CH2 (a and b)], 5.45 [2 H, d, J 9.1 Hz, 11-H (a and
b)], 5.23 [1 H, d, J 17.3 Hz, 4=CH2 (a)], 5.20 [1 H, d, J 17.2 Hz,
4=CH2 (b)], 5.02–5.11 [10 H, m, 4=CH2 (a and b), 5=CH2 (a
and b), 6=CH2 (a and b), 6=CH2 (a and b) and 25-H (a and b)],
4.61–4.65 [2 H, m, 7-H (a and b)], 4.55 [2 H, d, J 11.3 Hz, OCH2Ar
(a and b)], 4.42 [4 H, m, 3-H (a and b) and OCH2Ar (a and b)],
4.35 [2 H, d, J 8.7 Hz, 14-H (a and b)], 3.98–4.02 [2 H, m, 19-H
(a and b)], 3.88–3.93 [5 H, m, 16-H (a and b), 21-H (a and b) and
24-H (b)], 3.86–3.88 [1 H, m, 24-H (a)], 3.50–3.53 [2 H, m, 9-H (a
and b)], 3.40 [6 H, s, ArOCH3 (a and b)], 3.33 [3 H, s, OCH3 (a)],
3.32 [3 H, s, OCH3 (b)], 2.89–2.94 [2 H, m, 10-H (a and b)], 2.71
[2 H, d, J 14.0 Hz, 13-H (a and b)], 2.58–2.63 [2 H, m, 2-H (a and
b)], 2.43–2.47 [2 H, m, 13-H (a and b)], 1.99–2.19 [9 H, m, 8-H (a
and b), 8-H (a and b), 17-H (a), 20-H (a and b) and 26-H (a and
b)], 1.79 [6 H, s, 12-CH3 (a and b)], 1.74–1.90 [9 H, m, 17-H (b),
18-H (a and b), 20-H (a and b), 22-H (a and b), 26-H (a and b)],
1.49–1.69 [8 H, m, 17-H (a and b), 22-H (a and b), 23-H (a and b)
and 23-H (a and b)], 1.31–1.48 [10 H, m, 18-H (a and b), 27-H (a
and b), 27-H (a and b), 28-H (a and b) and 28-H (a and b)], 1.31
[3 H, d, J 6.8 Hz, 2-CH3 (b)], 1.30 [3 H, d, J 6.9 Hz, 2-CH3 (a)],
1.23 [6 H, d, J 6.9 Hz, 10-CH3 (a and b)], 1.06 [18 H, s, SiC(CH3)3


and SiC(CH3)3], 1.03 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 1.03 [9
H, s, SiC(CH3)3], 1.02 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 1.00
[18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.99 [9 H, s, SiC(CH3)3], 0.98
[9 H, s, SiC(CH3)3], 0.97 [9 H, s, SiC(CH3)3], 0.92 [3 H, t, J 7.2 Hz,
28-CH3 (b)], 0.90 [3 H, t, J 6.9 Hz, 28-CH3 (a)], 0.31 (6 H, s,
SiCH3 and SiCH3), 0.28 (6 H, s, SiCH3 and SiCH3), 0.25 (3 H, s,
SiCH3), 0.23 (3 H, s, SiCH3), 0.21 (6 H, s, SiCH3 and SiCH3),
0.20 (3 H, s, SiCH3), 0.19 (3 H, s, SiCH3), 0.18 (3 H, s, SiCH3),
0.17 (3 H, s, SiCH3), 0.16 (3 H, s, SiCH3), 0.16 (6 H, s, SiCH3


and SiCH3), 0.14 (6 H, s, SiCH3 and SiCH3), 0.13 (3 H, s, SiCH3),
0.12 (3 H, s, SiCH3), 0.11 (6 H, s, SiCH3 and SiCH3), 0.10 (3 H, s,
SiCH3), 0.09 (3 H, s, SiCH3), 0.08 (3 H, s, SiCH3); dC (150 MHz,
C6D6, 343 K) 173.7, 173.6, 159.8, 150.1, 140.4, 140.2, 136.0, 133.7,
132.2, 130.3, 129.2, 129.0, 115.7, 115.1, 114.2, 114.0, 100.4, 80.0,
76.7, 76.1, 75.9, 75.7, 73.4, 73.0, 71.8, 71.3, 69.9, 69.5, 69.0, 69.0,
67.9, 54.9, 47.7, 44.4, 43.2, 39.8, 35.5, 34.6, 34.5, 31.8, 30.5, 30.1,
28.7, 28.7, 28.4, 27.9, 27.8, 26.7, 26.5, 26.2, 26.1, 25.4, 23.1, 22.9,
19.1, 18.6, 18.4, 18.3, 16.4, 16.2, 14.1, 14.0, 13.5, 13.3, −2.5, −3.5,
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−3.6, −3.8, −3.8, −3.9, −4.0, −4.1, −4.2, −4.3, −4.3, −4.5, −4.6;
HRMS (ES+) m/z calc. for C80H154O12Si6Na ([MNa]+): 1497.9948,
found 1497.9950.


Alcohol 98


To a vigorously stirred solution of alkyne 94 (200 mg, 0.138 mmol)
in CH2Cl2 (7 mL) and aqueous pH 7 buffer (3.5 mL) was added
DDQ (53.3 mg, 0.234 mmol) in one portion at 0 ◦C. After 40 min
at this temperature, the mixture was partitioned between CH2Cl2


(30 mL) and sat. aq. NaHCO3 (30 mL). The layers were separated,
and the aqueous layer was extracted with CH2Cl2 (2 × 20 mL).
The combined organic layers were washed with brine (1 × 20 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (gradient: 2–
3% Et2O in hexanes) to give 98 (159 mg, 89%) as a colourless oil.
1H-NMR, 13C-NMR and HSQC analysis revealed the product to
be a 1.4 : 1 mixture of anomers at the C-15 position. Rf = 0.19 (25 :
2 hexanes–Et2O); [a]25


D +3.1◦ (c 0.98 in CH2Cl2); mmax/cm−1 (film)
3501, 2957, 2857, 2280, 1730, 1617, 1462, 1255, 1123, 836, 776,
740; dH (500 MHz, C6D6, 343 K) 5.91 [1 H, ddd, J 17.3, 10.4 and
6.8 Hz, 4-H (anomer a)], 5.88 [1 H, ddd, J 17.5, 10.4 and 6.8 Hz,
4-H (anomer b)], 5.25 [2 H, d, J 9.6 Hz, 11-H (a and b)], 5.21
[1 H, d, J 17.3 Hz, 4=CH2 (a)], 5.18 [1 H, d, J 17.5 Hz, 4=CH2


(b)], 5.00–5.06 [4 H, m, 25-H (a and b) and 4=CH2 (a and b)],
4.79–4.82 [2 H, m, 7-H (a and b)], 4.45 [1 H, t, J 6.8 Hz, 3-H (a)],
4.41 [1 H, t, J 6.8 Hz, 3-H (b)], 4.30–4.35 [2 H, m, 14-H (a and b)],
3.94–3.99 [2 H, m, 19-H (a and b)], 3.81–3.88 [6 H, m, 16-H (a and
b), 21-H (a and b) and 24-H (a and b)], 3.77–3.80 [2 H, m, 9-H (a
and b)], 3.30 [3 H, s, OCH3 (b)], 3.30 [3 H, s, OCH3 (a)], 2.77 [2 H,
d, J 14.0 Hz, 13-H (a and b)], 2.55 [2 H, qd J 6.9, 6.8 Hz, 2-H (a
and b)], 2.39–2.44 [2 H, m, 10-H (a and b)], 2.35 [2 H, dd, J 14.0,
8.6 Hz, 13-H (a and b)], 2.09–2.16 [4 H, m, 5-H (a and b) and 17-H
(a and b)], 1.95–2.04 [4 H, m, 8-H (a and b) and 20-H (a and b)],
1.70 [3 H, s, 12-CH3 (b)], 1.70 [3 H, s, 12-CH3 (a)], 1.70–1.85 [10 H,
m, 8-H (a and b), 17-H (a and b), 18-H (a and b), 20-H (a and b)
and 23-H (a and b)], 1.45–1.67 [10 H, 22-H (a and b), 22-H (a and
b), 23-H (a and b), 26-H (a and b) and 26-H (a and b)], 1.32–1.43
[10 H, m, 18-H (a and b), 27-H (a and b), 27-H (a and b), 28-H
(a and b) and 28-H (a and b)], 1.28 [3 H, d, J 6.9 Hz, 2-CH3 (b)],
1.27 [3 H, d, J 6.9 Hz, 2-CH3 (a)], 1.03 [6 H, d, J 6.7 Hz, 10-CH3


(a and b)], 1.01 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 1.00 [18 H, s,
SiC(CH3)3 and SiC(CH3)3], 0.99 [9 H, s, SiC(CH3)3], 0.99 [9 H, s,
SiC(CH3)3], 0.99 [9 H, s, SiC(CH3)3], 0.98 [9 H, s, SiC(CH3)3],
0.98 [18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.96 [9 H, s, SiC(CH3)3],
0.95 [9 H, s, SiC(CH3)3], 0.90 [3 H, t, J 7.1 Hz, 28-CH3 (b)], 0.88
[3 H, t, J 7.1 Hz, 28-CH3 (a)], 0.25 (6 H, s, SiCH3 and SiCH3),
0.22 (6 H, s, SiCH3 and SiCH3), 0.22 (9 H, s, SiCH3, SiCH3 and
SiCH3), 0.20 (6 H, s, SiCH3 and SiCH3), 0.18 (3 H, s, SiCH3),
0.17 (3 H, s, SiCH3), 0.17 (3 H, s, SiCH3), 0.16 (6 H, s, SiCH3


and SiCH3), 0.16 (3 H, s, SiCH3), 0.15 (6 H, s, SiCH3 and SiCH3),
0.13 (6 H, s, SiCH3 and SiCH3), 0.11 (9 H, s, SiCH3, SiCH3 and
SiCH3), 0.07 (3 H, s, SiCH3), 0.06 (3 H, s, SiCH3); dC (125 MHz,
C6D6, 343 K) 173.8, 173.6, 140.5, 140.3, 135.6, 129.7, 115.7, 100.5,
86.4, 86.3, 76.8, 76.1, 75.9, 75.7, 73.5, 73.1, 72.5, 72.5, 72.0, 71.6,
69.9, 69.6, 69.1, 68.9, 67.9, 61.0, 47.8, 47.7, 44.5, 43.8, 43.7, 39.6,
39.5, 34.6, 31.9, 30.6, 28.8, 28.7, 28.5, 28.0, 27.8, 26.7, 26.7, 26.6,
26.5, 26.3, 26.2, 26.1, 25.4, 24.4, 23.2, 22.9, 19.1, 18.6, 18.5, 18.4,
18.4, 18.3, 16.9, 16.9, 16.8, 14.1, 14.0, 13.6, 13.3, −2.6, −2.6, −3.5,


−3.5, −3.6, −3.8, −3.8, −3.9, −4.0, −4.1, −4.2, −4.3, −4.4, −4.8;
HRMS (ES+) m/z calc. for C70H142O11Si6Na ([MNa]+): 1349.9059,
found 1349.9083.


Ketone 99


To a stirred suspension of alcohol 98 (140 mg, 0.105 mmol) and
powdered, activated 4 Å molecular sieves (ca. 100 mg) in CH2Cl2


(6 mL) was added NMO (62 mg, 0.527 mmol) in one portion at
room temperature. After 10 min, TPAP (37 mg, 0.105 mmol) was
added in one portion, and stirring was continued for another 1.5 h,
before the mixture was diluted with Et2O (20 mL) and filtered
through a pad of Celite R©, washing thoroughly with Et2O. The
filtrate was washed with 5% aq. Na2SO3 (1 × 25 mL) and brine
(1 × 25 mL). The combined aqueous layers were extracted with
Et2O (1 × 40 mL), and the combined organic layers were dried
(MgSO4), filtered and concentrated in vacuo. The residue was
purified by flash chromatography on silica gel (gradient: 1–2%
Et2O in hexanes) to give 99 (106 mg, 76%) as a colourless oil.
1H-NMR, 13C-NMR and HSQC analysis revealed the product to
be a 1.4 : 1 mixture of anomers at the C-15 position. Rf = 0.48
(25 : 2 hexanes–Et2O); [a]25


D +33.1◦ (c 1.01 in CH2Cl2); mmax/cm−1


(film) 2955, 2865, 2281, 1731, 1722, 1618, 1472, 1257, 1123, 834,
776; dH (500 MHz, C6D6, 343 K) 5.94 [1 H, ddd, J 17.2, 10.4 and
6.8 Hz, 4-H (anomer a)], 5.90 [1 H, ddd, J 17.2, 10.4 and 6.8 Hz,
4-H (anomer b)], 5.18–5.25 [4 H, m, 11-H (a and b) and 4=CH2


(a and b)], 5.01–5.11 [6 H, m, 7-H (a and b), 25-H (a and b) and
4=CH2 (a and b)], 4.48 [1 H, t, J 6.8 Hz, 3-H (a)], 4.43 [1 H, t,
J 6.8 Hz, 3-H (b)], 4.37 [2 H, app d, J 9.2 Hz, 14-H (a and b)],
3.98–4.03 [2 H, m, 19-H (a and b)], 3.84–3.90 [6 H, m, 16-H (a and
b), 21-H (a and b) and 24-H (a and b)], 3.33 [3 H, s, OCH3 (a)],
3.32 [3 H, s, OCH3 (b)], 3.31–3.34 [2 H, m, 10-H) (a and b)], 2.99
[1 H, dd, J 16.2, 8.7 Hz, 8-H (b)], 2.98 [1 H, dd, J 16.2, 8.7 Hz, 8-H
(a)], 2.73–2.76 [2 H, m, 13-H (a and b)], 2.65–2.70 [2 H, m, 8-H (a
and b)], 2.59 [2 H, qd, J 7.0, 6.8 Hz, 2-H (a and b)], 2.36 [2 H, dd,
J 14.2, 9.2 Hz, 13-H (a and b)], 2.11–2.19 [2 H, m, 17-H (a and b)],
2.08–2.09 [2 H, m, 5-H (a and b)], 1.99–2.07 [2 H, m, 20-H (a and
b)], 1.73 [6 H, s, 12-CH3 (a and b)], 1.71–1.89 [8 H, m, 18-H (a and
b), 20-H (a and b), 23-H (a and b) and 26-H (a and b)], 1.45–1.69
[10 H, m, 17-H (a and b), 22-H (a and b), 22-H (a and b), 23-H
(a and b) and 26-H (a and b)], 1.32–1.44 [10 H, m, 18-H (a and
b), 27-H (a and b), 27-H (a and b), 28-H (a and b) and 28-H (a
and b)], 1.31 [3 H, d, J 7.0 Hz, 2-CH3 (b)], 1.30 [3 H, d, J 7.0 Hz,
2-CH3 (a)], 1.22 [6 H, d, J 6.7 Hz, 10-CH3 (a and b)], 1.02 [9 H, s,
SiC(CH3)3], 1.02 [9 H, s, SiC(CH3)3], 1.01 [18 H, s, SiC(CH3)3 and
SiC(CH3)3], 1.01 [9 H, s, SiC(CH3)3], 1.01 [9 H, s, SiC(CH3)3], 1.00
[18 H, s, SiC(CH3)3 and SiC(CH3)3], 0.98 [18 H, s, SiC(CH3)3 and
SiC(CH3)3], 0.98 [9 H, s, SiC(CH3)3], 0.97 [9 H, s, SiC(CH3)3], 0.91
[3 H, t, J 7.1 Hz, 28-CH3 (b)], 0.89 [3 H, t, J 7.1 Hz, 28-CH3 (a)],
0.26 (6 H, s, SiCH3 and SiCH3), 0.24 (3 H, s, SiCH3), 0.23 (6 H, s,
SiCH3 and SiCH3), 0.22 (3 H, s, SiCH3), 0.21 (3 H, s, SiCH3),
0.19 (6 H, s, SiCH3 and SiCH3), 0.18 (3 H, s, SiCH3), 0.18 (6 H, s,
SiCH3 and SiCH3), 0.17 (9 H, s, SiCH3, SiCH3 and SiCH3), 0.16
(3 H, s, SiCH3), 0.15 (3 H, s, SiCH3), 0.15 (3 H, s, SiCH3), 0.12 (3
H, s, SiCH3), 0.11 (3 H, s, SiCH3), 0.10 (6 H, s, SiCH3 and SiCH3),
0.09 (3 H, s, SiCH3), 0.07 (3 H, s, SiCH3); dC (125 MHz, C6D6,
343 K) 206.2, 173.7, 173.6, 140.5, 140.3, 137.2, 137.2, 126.6, 115.8,
100.4, 85.7, 76.8, 76.1, 75.9, 75.8, 73.6, 73.1, 72.6, 71.9, 70.0, 69.6,
69.1, 69.0, 67.9, 59.7, 49.7, 49.1, 49.0, 47.8, 47.8, 44.6, 43.2, 34.6,
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34.6, 32.0, 30.6, 28.8, 28.7, 28.6, 28.1, 27.7, 26.6, 26.5, 26.3, 26.2,
26.1, 26.1, 25.5, 23.2, 22.9, 19.1, 18.6, 18.5, 18.4, 18.4, 16.8, 16.1,
14.1, 14.0, 13.6, 13.3, −2.5, −3.4, −3.7, −3.7, −3.7, −3.8, −3.8,
−3.9, −4.0, −4.0, −4.1, −4.2, −4.4, −4.8; HRMS (ES+) m/z calc.
for C70H140O11Si6Na ([MNa]+): 1347.8903, found 1347.8931.


Alkynes 100 and 101


To a stirred solution of alkyne 99 (95 mg, 71.6 lmol) in 8 : 1
MeCN–CH2Cl2 (15 mL) was added 48% aq. HF (1.4 mL) dropwise
at 0 ◦C. The mixture was allowed to warm to room temperature
and stirred for 4 h, before being poured carefully into ice-cold
sat. aq. NaHCO3 (30 mL). The mixture was diluted with EtOAc
(30 mL), then solid NaHCO3 was cautiously added with vigorous
stirring until the pH of the mixture was 8. The layers were then
separated, and the aqueous layer was extracted with EtOAc (5 ×
20 mL). The combined organic layers were dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 20% hexanes in EtOAc-
EtOAc) to give an inseparable 1 : 1 mixture (determined by 1H-
NMR) of bicyclic acetal 100 and hemiacetal 101 (29.6 mg, 66%) as
a colourless oil. Rf = 0.22 (EtOAc); [a]25


D +81.3◦ (c 1.38 in CH2Cl2);
mmax/cm−1 (film) 3414, 2956, 2872, 2280, 1734, 1720, 1619, 1454,
1076, 813. HRMS (ES+) m/z calc. for C33H53O10 ([M − OH]+):
609.3639, found 609.3633.


Data for acetal 100. dH (600 MHz, C6D6, 341 K) 5.84–5.90 (1
H, m, 4-H), 5.29–5.33 (1 H, m, 4=CH2), 5.20–5.23 (1 H, m, 11-H),
5.06–5.11 (2 H, m, 25-H and 4=CH2), 4.78–4.81 (1 H, m, 7-H),
4.54–4.56 (1 H, m, 3-H), 4.02 (1 H, dd, J 10.5, 2.3 Hz, 14-H), 3.87–
3.94 (1 H, m, 19-H), 3.81–3.84 (1 H, m, 16-H), 3.70–3.74 (1 H, m,
21-H), 3.57–3.63 (1 H, m, 24-H), 3.21–3.26 (1 H, m, 10-H), 2.72–
2.75 (2 H, m, 8-H and 8-H), 2.63–2.66 (1 H, m, 2-H), 2.51 (1 H,
app d, J 14.3 Hz, 13-H), 2.25–2.29 (1 H, m, 13-H), 2.20 (1 H, s,
5-H), 1.80–1.91 (1 H, m, 17-H), 1.73 (3 H, s, 12-CH3), 1.48–1.71
(8 H, m, 17-H, 18-H, 20-H, 22-H, 23-H, 23-H, 26-H and 26-H),
1.27–1.42 (5 H, m, 22-H. 27-H, 27-H, 28-H and 28-H), 1.18 (3 H,
d, J 7.1 Hz, 2-CH3), 1.09–1.12 (1 H, m, 20-H), 1.08 (3 H, d, J
6.9 Hz, 10-CH3), 1.02–1.06 (1 H, m, 18-H), 0.88 (3 H, t, J 7.1 Hz,
28-CH3); dC (150 MHz, C6D6, 341 K) 209.2 (C-9), 174.5 (C-1),
138.6 (C-4), 137.2 (C-12), 125.9 (C-11), 115.9 (4=CH2), 98.3 (C-
15), 85.0 (C-6), 76.7 (C-25), 73.8 (C-3), 73.8 (C-14), 73.0 (C-24),
72.7 (C-5), 68.5 (C-16), 67.0 (C-21), 66.3 (C-19), 58.8 (C-7), 47.8
(C-8), 47.4 (C-10), 45.4 (C-2), 41.0 (C-13), 35.2 (C-20), 31.5 (C-
23), 30.8 (C-26), 30.2 (C-18), 29.9 (C-22), 28.1 (C-27), 24.0 (C-17),
22.9 (C-28), 17.4 (12-CH3), 16.1 (10-CH3), 14.1 (28-CH3), 11.0
(2-CH3).


Data for hemiacetal 101. dH (600 MHz, C6D6, 341 K) 5.78–
5.85 (1 H, m, 4-H), 5.28–5.32 (1 H, m, 4=CH2), 5.20–5.23 (2 H,
m, 11-H and 25-H), 5.06–5.11 (1 H, m, 4=CH2), 4.78–4.81 (1 H,
m, 7-H), 4.47–4.49 (1 H, m, 3-H), 3.98 (1 H, dd, J 10.3, 2.3 Hz,
14-H), 3.87–3.94 (1 H, m, 19-H), 3.81–3.84 (1 H, m, 16-H), 3.74–
3.77 (1 H, m, 21-H), 3.57–3.63 (1 H, m, 24-H), 3.21–3.26 (1 H,
m, 10-H), 2.72–2.75 (2 H, m, 8-H and 8-H), 2.58–2.61 (1 H, m,
2-H), 2.51 (1 H, app d, J 14.3 Hz, 13-H), 2.24–2.28 (1 H, m, 13-
H), 2.20 (1 H, s, 5-H), 1.80–1.91 (2 H, m, 17-H and 26-H), 1.73
(3 H, s, 12-CH3), 1.48–1.71 (9 H, m, 17-H, 18-H, 20-H, 22-H, 22-
H, 23-H, 23-H, 26-H and 27-H), 1.27–1.42 (3 H, m, 27-H, 28-H
and 28-H), 1.20 (3 H, d, J 7.1 Hz, 2-CH3), 1.09–1.12 (1 H, m, 20-


H), 1.08 (3 H, d, J 6.9 Hz, 10-CH3), 1.02–1.06 (1 H, m, 18-H), 0.92
(3 H, t, J 7.2 Hz, 28-CH3); dC (150 MHz, C6D6, 341 K) 209.2 (C-
9), 174.8 (C-1), 138.6 (C-4), 137.2 (C-12), 125.9 (C-11), 115.8 (4 =
CH2), 98.5 (C-15), 85.1 (C-6), 77.1 (C-25), 73.5 (C-14), 73.4 (C-3),
72.8 (C-24), 72.8 (C-5), 68.5 (C-16), 66.6 (C-21), 66.3 (C-19), 58.8
(C-7), 47.8 (C-8), 47.4 (C-10), 45.8 (C-2), 41.0 (C-13), 35.0 (C-20),
33.3 (C-23), 30.8 (C-22), 30.1 (C-18), 28.3 (C-27), 27.4 (C-26), 24.0
(C-17), 23.0 (C-28), 17.4 (12-CH3), 16.1 (10-CH3), 14.1 (28-CH3),
11.3 (2-CH3).


2-Bromoacrolein 106 42


Br2 (25.6 mL, 500 mmol) was added dropwise to a stirred solution
of acrolein (33.4 mL, 500 mL) in CH2Cl2 (750 mL) at −78 ◦C over
10 min. After an additional 30 min at −78 ◦C, Et3N (69.4 mL,
500 mmol) was added and the mixture was warmed to room
temperature over 2 h. The reaction was then quenched by the
addition of H2O (600 mL), the layers were separated, and the
aqueous layer was extracted with CH2Cl2 (1 × 500 mL). The
combined aqueous layers were washed with a 9 : 1 mixture
of brine and 1 M HCl (500 mL), dried (MgSO4), filtered and
concentrated at room temperature and 300 torr. The residue was
purified by vacuum distillation (bp 77–81 ◦C, 120 torr) to give
2-bromoacrolein 106 (46.05 g, 68%) as a light yellow oil, the spec-
troscopic data of which were in agreement with those reported in
the literature.42 dH (400 MHz, CDCl3) 9.22 (1 H, s, 1-H), 6.88 (1 H,
d, J 2.3 Hz, 3-H), 6.87 (1 H, d, J 2.3 Hz, 3-H). This material
can be kept for several days when stored at 0 ◦C under an inert
atmosphere, but for optimum results is best used directly following
its preparation.


Oxazolidinone 107


A stirred solution of oxazolidinone 105 (23.08 g, 91 mmol) in
CH2Cl2 (225 mL) was cooled to −78 ◦C, where n-Bu2BOTf
(100 mL, 1.0 M in CH2Cl2, 100 mmol) was added dropwise over
20 min, followed by the addition of freshly distilled i-Pr2NEt
(20.1 mL, 113 mmol). After stirring for 30 min at −78 ◦C, the
solution was warmed to room temperature for 90 min, then re-
cooled to −78 ◦C, where freshly prepared 2-bromoacrolein 106
(37.11 g, 275 mmol) was added dropwise. The solution was stirred
at −78 ◦C for 5 h, then was allowed to warm to room temperature
overnight. The solution was then cooled to 0 ◦C, and quenched
by the addition of aqueous pH 7.0 buffer (250 mL) and MeOH
(250 mL), followed by the slow dropwise addition of 35% aq. H2O2


(400 mL). After 1 h at 0 ◦C, the solution was extracted with CH2Cl2


(3 × 250 mL), and the combined organic layers were washed
with sat. aq. NaHCO3 (1 × 250 mL), brine (1 × 250 mL), dried
(MgSO4), filtered and concentrated in vacuo. The solid residue was
purified by flash chromatography on silica gel (gradient: 35–75%
Et2O in hexanes) to give 107 (28.90 g, 82%) as white needles. Rf =
0.18 (silica gel, 1 : 1 hexanes–Et2O); mp 105–106 ◦C; [a]25


D +35.9◦


(c 1.73 in CHCl3); mmax/cm−1 (film) 3478, 3063, 2922, 1789, 1713,
1497, 1479, 1210, 1113, 995; dH (500 MHz, CDCl3) 7.33–7.36 (2 H,
m, ArH), 7.27–7.30 (1 H, m, ArH), 7.21–7.23 (2 H, m, ArH), 6.18
(1 H, dd, J 1.9, 1.4 Hz, 6=CH2), 6.06 (1 H, d, J 4.1 Hz, 8-H),
5.78 (1 H, dd, J 1.9, 0.8 Hz, 6=CH2), 4.76–4.78 (1 H, m, 7-H),
4.69–4.73 (1 H, m, OCH2CHN), 4.28 (1 H, dd, J 9.2, 7.7 Hz,
OCH2CHN), 4.24 (1 H, dd, J 9.2, 3.1 Hz, OCH2CHN), 3.44 (1 H,
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d, J 5.6 Hz, OH), 3.28 (1 H, dd, J 13.6, 3.4 Hz, CH2Ph), 2.85 (1
H, dd, J 13.6, 9.3 Hz, CH2Ph); dC (125 MHz, CDCl3) 167.7, 152.2,
134.4, 129.4, 129.0, 128.5, 127.5, 120.9, 74.7, 66.5, 56.5, 55.3, 37.0;
HRMS (ES+) m/z calc. for C15H16


79Br35ClNO4 ([MH]+): 387.9946,
found: 387.9938.


Oxazolidinone 108


Oxazolidinone 107 (28.90 g, 74.4 mmol), Zn dust (19.62 g,
300 mmol) and solid NH4Cl (16.17 g, 300 mmol) were combined
in MeOH (400 mL) and stirred vigorously at room temperature
for 6 h. Et2O (500 mL) was then added to the mixture, which was
then filtered through a bed of Celite R©, washing with Et2O (2 ×
100 mL), and the filtrate was concentrated under reduced pressure.
The residue was then taken up in Et2O (200 mL), filtered, and the
filtrate was concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (25% EtOAc in hexanes) to
give 108 (21.42 g, 81%) as colourless needles. Rf = 0.18 (silica
gel, 1 : 1 hexanes–Et2O); [a]25


D +30.0◦ (c 1.73 in CHCl3); mmax/cm−1


(film) 3481, 3063, 2921, 1780, 1700, 1498, 1478, 1289, 1072, 991;
dH (500 MHz, CDCl3) 7.32–7.35 (2 H, m, ArH), 7.26–7.29 (1 H,
m, ArH), 7.20–7.21 (2 H, m, ArH), 6.06 (1 H, dd, J 2.0, 1.1 Hz,
6=CH2), 5.64 (1 H, d, J 2.0 Hz, 6=CH2), 4.67–4.73 (2 H, m, 7-
H and OCH2CHN), 4.23 (1 H, dd, J 9.1, 7.6 Hz, OCH2CHN),
4.19 (1 H, dd, J 9.1, 3.0 Hz, OCH2CHN), 3.41–3.47 (2 H, m,
OH and 8-H), 3.26–3.34 (2 H, m, 8-H and CH2Ph), 2.82 (1 H,
dd, J 13.5, 9.4 Hz, CH2Ph); dC (125 MHz, CDCl3) 171.2, 153.3,
134.8, 134.0, 129.4, 128.9, 127.4, 117.6, 72.1, 66.3, 55.0, 41.2, 37.6;
HRMS (ES+) m/z calc. for C15H16


79BrNO4Na ([MNa]+): 376.0155,
found: 376.0160.


t-Butyldimethylsilyl ether 109


To a stirred solution of alcohol 108 (21.21 g, 59.9 mmol) and
2,6-lutidine (9.1 mL, 78 mmol) in anhydrous CH2Cl2 (200 mL)
was added TBSOTf (16.5 mL, 72.0 mmol) dropwise over 5 min
at 0 ◦C. The mixture was allowed to warm to room temperature
over 2 h, then EtOAc (600 mL) was added. The mixture was then
washed with sat. aq. NH4Cl (2 × 250 mL), brine (1 × 250 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (20% Et2O in
hexanes) to give 109 (26.54 g, 95%) as a colourless solid. Rf = 0.47
(silica gel, 1 : 1 hexanes–Et2O); mp 55–56 ◦C; [a]25


D +10.6◦ (c 1.05
in CHCl3); mmax/cm−1 (film) 3028, 2955, 2856, 1788, 1704, 1472,
1376, 1207, 1048, 900; dH (500 MHz, CDCl3) 7.33–7.36 (2 H, m,
ArH), 7.27–7.30 (1 H, m, ArH), 7.21–7.22 (2 H, m, ArH), 5.99
(1 H, s, 6=CH2), 5.58 (1 H, d, J 1.7 Hz, 6=CH2), 4.82 (1 H, dd,
J 8.0, 3.8 Hz, 7-H), 4.65–4.70 (1 H, m, OCH2CHN), 4.15–4.21
(2 H, m, OCH2CHN), 3.42 (1 H, dd, J 16.9, 8.0 Hz, 8-H), 3.30
(1 H, dd, J 13.4, 3.2 Hz, CH2Ph), 3.24 (1 H, dd, J 16.9, 3.8 Hz, 8-
H), 2.76 (1 H, dd, J 13.4, 9.6 Hz, CH2Ph), 0.90 [9 H, s, SiC(CH3)3],
0.12 (3 H, s, SiCH3), 0.11 (3 H, s, SiCH3); dC (125 MHz, CDCl3)
169.8, 153.3, 136.1, 135.1, 129.4, 129.0, 127.4, 117.3, 72.6, 66.1,
55.1, 43.0, 37.9, 25.7, 18.1, −4.7, −5.1; HRMS (ES+) m/z calc. for
C21H31


79BrNO4Si ([MH]+): 468.1200, found: 468.1203.


Alcohol 110


A stirred solution of oxazolidinone 109 (26.44 g, 56.4 mmol) in
THF (200 mL) and MeOH (9 mL) was cooled to −78 ◦C, where


LiBH4 (70.5 mL, 2.0 M in THF, 141 mmol) was added dropwise.
After warming to 0 ◦C over 3 h, the reaction was quenched by the
slow dropwise addition of sat. aq. NH4Cl (350 mL). The mixture
was extracted with Et2O (3 × 200 mL), and the combined organic
layers were washed with brine (1 × 200 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (20% EtOAc in hexanes) to
give 110 (14.20 g, 85%) as a colourless oil. Rf = 0.47 (silica gel, 1 :
1 hexanes–EtOAc); [a]25


D −26.4◦ (c 1.01 in CHCl3); mmax/cm−1 (film)
3345, 2955, 2885, 1625, 1472, 1408, 1254, 1026, 868; dH (500 MHz,
CDCl3) 5.93 (1 H, dd, J 1.7, 1.2 Hz, 6=CH2), 5.57 (1 H, d, J
1.7 Hz, 6=CH2), 4.40 (1 H, app t, J 5.4 Hz, 7-H), 3.86 (1 H, dt,
J 10.8, 6.2 Hz, 9-H), 3.77 (1 H, dt, J 10.8, 5.3 Hz, 9-H), 2.12
(1 H, br s, OH), 1.93 (2 H, app q, J 5.3 Hz, 8-H and 8-H), 0.91
[9 H, s, SiC(CH3)3], 0.10 (3 H, s, SiCH3), 0.08 (3 H, s, SiCH3); dC


(125 MHz, CDCl3) 136.0, 116.5, 65.2, 59.3, 37.6, 25.8, 18.1, −4.8,
−5.3; HRMS (ES+) m/z calc. for C11H23


79BrO2SiNa ([MNa]+):
317.0543, found: 317.0535.


Aldehyde 111


To a stirred suspension of alcohol 110 (14.10 g, 47.7 mmol) and
solid NaHCO3 (9.67 g, 115 mmol) in CH2Cl2 (60 mL) was added
a solution of the Dess–Martin periodinane (24.20 g, 57.2 mmol)
in 3 : 1 CH2Cl2–DMSO (120 mL) slowly at room temperature.
After 90 min the reaction was quenched by the addition of water
(200 mL). The mixture was diluted with Et2O (600 mL), washed
with sat. aq. Na2S2O3 (1 × 200 mL), brine (1 × 200 mL), dried
(MgSO4), filtered and concentrated in vacuo. The residue was
purified by flash chromatography on silica gel (10% EtOAc in
hexanes) to give 111 (12.43 g, 89%) as a colourless oil. Rf = 0.54
(silica gel, 4 : 1 hexanes–EtOAc); [a]25


D −32.0◦ (c 1.17 in CHCl3);
mmax/cm−1 (film) 2957, 2858, 1728, 1473, 1255, 986; dH (500 MHz,
CDCl3) 9.76 (1 H, dd, J 2.4, 1.9 Hz, 9-H), 5.98 (1 H, dd, 1.8, 1.1 Hz,
6=CH2), 5.58 (1 H, dd, J 1.8, 0.5 Hz, 6=CH2), 4.67 (1 H, app dd, J
7.2, 4.1 Hz, 7-H), 2.78 (1 H, ddd, J 16.3, 7.2 and 2.4 Hz, 8-H), 2.67
(1 H, ddd, J 16.3, 4.1 and 1.9 Hz, 8-H), 0.88 [9 H, s, SiC(CH3)3],
0.08 (6 H, s, SiCH3, SiCH3); dC (125 MHz, CDCl3) 200.1, 135.3,
117.1, 72.2, 49.6, 25.6, 18.0, −4.7, −5.2; HRMS (ES+) m/z calc.
for C11H21


79BrO2SiNa ([MNa]+): 315.0386, found 315.0394.


Alkene 112


To a stirred suspension of KOt-Bu (0.639 g, 5.7 mmol) in THF
(7 mL) at −45 ◦C was added trans-2-butene (1.1 mL, 11.4 mmol)
followed by the dropwise addition of n-BuLi (2.30 mL, 2.5 M
in hexanes, 5.7 mmol). After 30 min, the bright orange solution
was cooled to −78 ◦C, where a solution of (+)-Ipc2BOMe (1.80 g,
5.7 mmol) in THF (6 mL) was added, and the mixture stirred for
1 h before the addition of BF3·OEt2 (0.77 mL, 6.1 mmol). After an
additional 30 min at −78 ◦C, a solution of aldehyde 111 (1.13 g,
3.80 mmol) in THF (3 mL) was added to the mixture dropwise over
10 min. After a further 3 h at −78 ◦C, the reaction was quenched by
the addition of MeOH (1 mL) and warmed to 0 ◦C. A solution of
3 N aq. NaOH (18 mL) was then added, followed by the dropwise
addition of 35% aq. H2O2 (4 mL) over 30 min. The stirred mixture
was then allowed to warm to room temperature overnight, and
was then diluted with water (15 mL) and extracted with Et2O (3 ×
20 mL). The combined organic layers were washed with brine


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2119–2157 | 2151







(1 × 25 mL), dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by flash chromatography on silica gel
(5% Et2O in hexanes) to give 112 (1.123 g, 84%) as a colourless oil.
Rf = 0.42 (silica gel, 4 : 1 hexanes–EtOAc); [a]25


D −18.5◦ (c 2.17 in
CHCl3); mmax/cm−1 (film) 3529, 2957, 2858, 1618, 1458, 1258, 896;
dH (500 MHz, CDCl3) 5.96 (1 H, s, 6=CH2), 5.77 (1 H, ddd, J 16.6,
10.9 and 8.0 Hz, 11-H), 5.57 (1 H, s, 6=CH2), 5.06–5.09 (2 H, m,
12-H and 12-H), 4.49 (1 H, dd, J 6.3, 3.2 Hz, 7-H), 3.67 (1 H, ddd,
J 10.3, 5.6 and 1.3 Hz, 9-H), 2.56 (1 H, br s, OH), 2.17–2.19 (1 H,
dqd, J 8.0, 6.8, and 5.6 Hz, 10-H), 1.90 (1 H, ddd, J 14.3, 6.3 and
1.3 Hz, 8-H), 1.65 (1 H, ddd, J 14.3, 10.3 and 3.2 Hz, 8-H), 1.03
(3 H, d, J 6.8 Hz, 10-CH3), 0.91 [9 H, s, SiC(CH3)3], 0.10 (3 H, s,
SiCH3), 0.08 (3 H, s, SiCH3); dC (125 MHz, CDCl3) 140.3, 135.6,
116.4, 115.6, 74.8, 70.8, 44.0, 38.9, 25.7, 18.0, 15.8, −4.9, −5.5;
HRMS (ES+) m/z calc. for C15H29


79BrO2SiNa ([MNa]+): 371.1012,
found: 371.1009.


Ethyl ester 114


Solid Ph3CBF4 (0.028 g, 0.085 mmol) was added in one portion
to a stirred solution of alcohol 112 (0.99 g, 2.83 mmol) and p-
methoxybenzyl-2,2,2-trichloroacetimidate 47 (1.97 g, 7.00 mmol)
in Et2O (15 mL) at room temperature. After 18 h the reaction was
quenched by the addition of sat. aq. NaHCO3 (40 mL), the layers
were were separated and the aqueous layer was extracted with
EtOAc (3 × 20 mL). The combined organic layers were washed
with brine (1 × 40 mL), dried (MgSO4), filtered and concentrated
in vacuo. The residue was purified by flash chromatography on
silica gel (2.5% Et2O in hexanes) to give 1.04 g of a colourless
oil, which was dissolved in CH2Cl2 (70 mL) and cooled to
−78 ◦C where a stream of ozone (ca. 10% in oxygen) was bubbled
through the mixture until TLC analysis confirmed the complete
consumption of starting material. Oxygen was bubbled through
the solution for an additional 20 min to remove excess ozone. PPh3


(3.25 g, 12.4 mmol) was added to the solution, which was then
stirred and warmed to room temperature over 1 h. The mixture
was then concentrated under reduced pressure, and triturated with
4 : 1 hexanes–Et2O. The precipitated Ph3PO was then removed
by filtration, and the filtrate was concentrated in vacuo. Quick
filtration through silica gel with 20 : 1 hexanes–Et2O removed
the excess PPh3, and the residue was taken up in benzene (10 mL).
(Carbethoxyethylidene)triphenylphosphorane (1.32 g, 3.65 mmol)
was added in one portion, and the solution was heated to reflux
for 16 h. After cooling to room temperature the mixture was
concentrated in vacuo. The residue was triturated with 5 : 1
hexanes–Et2O, and the solid Ph3PO was removed by filtration. The
filtrate was then concentrated under reduced pressure, and purified
by flash chromatography on silica gel (10% Et2O in hexanes) to
give 114 (0.908 g, 58% from 112) as a colourless oil. Rf = 0.42 (silica
gel, 4 : 1 heaxnes–EtOAc); [a]25


D −6.8◦ (c 4.03 in CHCl3); mmax/cm−1


(film) 2957, 2857, 1710, 1464, 1299, 1095, 838; dH (600 MHz,
CDCl3) 7.29 (2 H, d, J 8.5 Hz, ArH), 6.91 (2 H, d, J 8.5 Hz,
ArH), 6.71 (1 H, d, J 9.7 Hz, 11-H), 5.85 (1 H, s, 6=CH2), 5.51
(1 H, s, 6=CH2), 4.57 (1 H, d, J 11.0 Hz, OCH2Ar), 4.48 (1 H, d,
J 11.0 Hz, OCH2Ar), 4.29 (1 H, dd, J 8.6, 2.9 Hz, 7-H), 4.21 (2
H, q, J 7.1 Hz, CO2CH2CH3), 3.83 (3 H, s, ArOCH3), 3.52–3.55
(1 H, m, 9-H), 2.87–2.93 (1 H, m, 10-H), 1.89 (3 H, s, 12-CH3),
1.84 (1 H, ddd, J 14.1, 8.4 and 2.9 Hz, 8-H), 1.72 (1 H, ddd, J
14.1, 8.6 and 3.1 Hz, 8-H), 1.32 (3 H, t, J 7.1 Hz, CO2CH2CH3),


1.07 (3 H, d, J 6.8 Hz, 10-CH3), 0.91 [9 H, s, SiC(CH3)3], 0.07 (3
H, s, SiCH3), 0.05 (3 H, s, SiCH3); dC (150 MHz, CDCl3) 168.0,
159.1, 143.4, 138.4, 130.8, 129.0, 128.1, 116.4, 113.7, 78.3, 73.9,
71.1, 60.4, 55.2, 39.4, 36.2, 25.7, 18.0, 14.8, 14.3, 12.7, −4.4, −5.1;
HRMS (ES+) m/z calc. for C27H43


79BrO5SiNa ([MNa]+): 577.1955,
found: 577.1941.


Allylic alcohol 115


To a stirred solution of ethyl ester 114 (0.890 g, 1.60 mmol) in
toluene (8 mL) was added DIBAL-H (4.0 mL, 1.0 M in toluene,
4.0 mmol) dropwise at 0 ◦C. After 1 h, the reaction was quenched
by the cautious addition of sat. aq. Rochelle’s salt (20 mL) and
allowed to warm to room temperature overnight. The mixture was
diluted with water (20 mL) and extracted with EtOAc (3 × 25 mL).
The combined organic layers were washed with brine (1 × 25 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (15% EtOAc
in hexanes) to give 115 (0.711 g, 87%) as a viscous, colourless oil.
Rf = 0.31 (silica gel, 1 : 1 hexanes–EtOAc); [a]25


D −22.7◦ (c 4.0 in
CHCl3); mmax/cm−1 (film) 3404, 2953, 2856, 1511, 1457, 1366, 1248,
1039, 894; dH (500 MHz, CDCl3) 7.28 (2 H, d, J 8.5 Hz, ArH),
6.88 (2 H, d, J 8.5 Hz, ArH), 5.82 (1 H, s, 6=CH2), 5.48 (1 H, d,
J 1.6 Hz, 6=CH2), 5.33 (1 H, d, J 9.3 Hz, 11-H), 4.57 (1 H, d, J
11.0 Hz, OCH2Ar), 4.43 (1 H, d, J 11.0 Hz, OCH2Ar), 4.28 (1 H,
dd, J 8.7, 3.0 Hz, 7-H), 3.99 (2 H, s, 13-H and 13-H), 3.80 (3 H, s,
ArOCH3), 3.47–3.49 (1 H, m, 9-H), 2.81–2.85 (1 H, m, 10-H), 1.72
(3 H, s, 12-CH3), 1.65–1.79 (2 H, m, 8-H and 8-H), 0.99 (3 H, d,
J 6.8 Hz, 10-CH3), 0.89 [9 H, s, SiC(CH3)3], 0.05 (3 H, s, SiCH3),
0.04 (3 H, s, SiCH3); dC (125 MHz, CDCl3) 159.0, 138.6, 135.4,
131.1, 128.9, 128.1, 116.3, 113.7, 78.8, 73.9, 70.8, 68.9, 55.3, 38.8,
34.4, 25.7, 18.1, 15.2, 13.9, −4.4, −5.1; HRMS (ES+) m/z calc. for
C25H41


79BrO4SiNa ([MNa]+): 535.1850, found: 535.1831.


Bromide 116


To a stirred solution of allylic alcohol 115 (2.80 g, 5.45 mmol)
and Et3N (3.03 mL, 21.81 mmol) in THF (50 mL) was added
MsCl (1.27 mL, 16.36 mmol) dropwise at 0 ◦C. After 1 h the
solution was warmed to room temperature and LiBr (4.73 g,
54.52 mmol) was added in one portion. After an additional
30 min at room temperature the reaction was quenched with water
(80 mL) and extracted with Et2O (3 × 60 mL). The combined
organic layers were dried (MgSO4), filtered, and concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (gradient: 2–4% Et2O in hexanes) to give 116 (2.888 g, 92%)
as a light yellow oil. Rf = 0.38 (silica gel, 9 : 1 hexanes–Et2O);
[a]25


D −17.9◦ (c 1.07 in CH2Cl2); mmax/cm−1 (film) 2955, 2856, 1613,
1461, 1302, 1096, 837; dH (600 MHz, CDCl3) 7.28 (2 H, d, J 8.4 Hz,
ArH), 6.89 (2 H, d, J 8.4 Hz, ArH), 5.83 (1 H, s, 6=CH2), 5.53
(1 H, d, J 9.3 Hz, 11-H), 5.49 (1 H, s, 6=CH2), 4.54 (1 H, d, J
10.9 Hz, OCH2Ar), 4.43 (1 H, d, J 10.9 Hz, OCH2Ar), 4.27 (1 H,
dd, J 8.5 Hz, 2.8 Hz, 7-H), 3.98 (1 H, d, J 9.6 Hz, 13-H), 3.96 (1
H, d, J 9.6 Hz, 13-H), 3.81 (3 H, s, ArOCH3), 3.45–3.49 (1 H, m,
9-H), 2.73–2.78 (1 H, m, 10-H), 1.79 (3 H, s, 12-CH3), 1.71–1.79
(1 H, m, 8-H), 1.66 (1 H, ddd, J 14.1, 8.7 and 2.8 Hz, 8-H), 0.98
(3 H, d, J 6.8 Hz, 10-CH3), 0.90 [9 H, s, SiC(CH3)3], 0.06 (3 H, s,
SiCH3), 0.04 (3 H, s, SiCH3); dC (150 MHz, CDCl3) 159.0, 138.5,
133.1, 132.4, 130.9, 129.0, 116.3, 113.7, 78.5, 73.8, 70.9, 55.3, 41.5,
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38.9, 35.4, 25.8, 18.1, 15.1, 14.9, −4.4, −5.0; HRMS (ES+) m/z
calc. for C25H40


79Br2O3SiNa ([MNa]+): 597.1006, found: 597.1017.


Alkynyl diol 118


To a stirred solution of oxazolidinone 117 47 (13.0 g, 32.37 mmol)
in a mixture of THF (250 mL) and MeOH (2.8 mL) was
added LiBH4 (40 mL, 2.0 M in THF, 80.0 mmol) dropwise over
20 min at 0 ◦C. The mixture was allowed to warm to room
temperature over 3 h, then quenched by the cautious addition
of 1 M aq. NaOH (40 mL). The mixture was then partitioned
between EtOAc (250 mL) and brine (250 mL). The layers were
separated, and the aqueous layer was extracted with EtOAc (2 ×
250 mL). The combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (50% EtOAc in hexanes) to
give 118 (4.3 g, 58%) as a white powder. Rf = 0.17 (silica gel, 3 : 2
hexanes–EtOAc); mp 74–75 ◦C; [a]25


D +3.6◦ (c 1.13 in CHCl3);
mmax/cm−1 (film) 3480, 3020, 2858, 2168, 1413, 1022, 830; dH


(400 MHz, CDCl3) 4.50 (1 H, d, J 3.2 Hz, 3-H), 3.80–3.85 (2 H,
m, 1-H and OH), 3.63 (1 H, dd, J 10.8, 4.0 Hz, 1-H), 3.21 (1
H, br s, OH), 2.02–2.11 (1 H, m, 2-H), 0.89–0.91 [12 H, m, 2-
CH3 and SiC(CH3)3], 0.09 (3 H, s, SiCH3), 0.08 (3 H, s, SiCH3);
dC (100 MHz, CDCl3) 105.2, 89.0, 66.7, 65.5, 40.1, 26.0, 16.4,
12.4, −4.7; HRMS (ES−) m/z calc. for C12H24O2Si35Cl ([MCl]−):
263.1240, found: 263.1247.


Triphenylmethyl ether 119


To a stirred solution of diol 118 (300 mg, 1.31 mmol) in CH2Cl2


(5 mL) were added TrCl (400 mg, 1.44 mmol), Et3N (0.29 mL)
and 4-DMAP (a few crystals) at room temperature. After 8 h,
the reaction was quenched by the addition of water (10 mL).
The mixture was then partioned between CH2Cl2 (20 mL) and
brine (20 mL). The layers were separated, and the aqueous layer
was extracted with CH2Cl2 (2 × 20 mL). The combined organic
layers were dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by flash chromatography on silica gel
(gradient: 10–12% CH2Cl2 in hexanes) to give 119 (591 mg, 96%)
as a colourless paste. Rf = 0.34 (silica gel, 22 : 3 hexanes–EtOAc);
[a]25


D +58.8◦ (c 1.17 in CHCl3); mmax/cm−1 (film) 3456, 3059, 2929,
2169, 1489, 1252, 1118, 836; dH (500 MHz, CDCl3) 7.46 (6 H, d,
J 7.5 Hz, ArH), 7.29 (6 H, t, J 7.5 Hz, ArH), 7.22 (3 H, t, J
7.3 Hz, ArH), 4.53 (1 H, dd, J 7.3, 3.8 Hz, 3-H), 3.39–3.43 (2 H,
m, 1-H and OH), 3.23 (1 H, dd, J 9.3, 4.9 Hz, 1-H), 2.17–2.25
(1 H, m, 2-H), 0.92–0.94 [12 H, m, 2-CH3 and SiC(CH3)3], 0.10
(3 H, s, SiCH3), 0.09 (3 H, s, SiCH3); dC (125 MHz, CDCl3) 143.6,
128.5, 127.7, 126.9, 105.7, 87.9, 87.3, 66.2, 66.1, 39.1, 26.0, 16.3,
12.7, −4.7; HRMS (MALDI-TOF) m/z calc. for C31H38O2SiNa
([MNa]+): 493.2533, found: 493.2535.


Alkyne 120


To a stirred solution of alcohol 119 (580 mg, 1.23 mmol) in THF
(4 mL) was added TBAF (2.46 mL, 1.0 M in THF, 2.46 mmol)
in one portion at room temperature. After 2 h, the reaction was
quenched by the addition of sat. aq. NH4Cl (10 mL), before being
partitioned between EtOAc (20 mL) and brine (20 mL). The layers
were separated, and the aqueous layer was extracted with EtOAc
(2 × 20 mL). The combined organic layers were dried (MgSO4),


filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (20% EtOAc in hexanes) to
give 120 (331 mg, 75%) as a colourless paste. Rf = 0.22 (silica gel,
4 : 1 hexanes–EtOAc); [a]25


D +6.7◦ (c 1.25 in CHCl3); mmax/cm−1


(film) 3424, 3297, 3058, 2929, 2108, 1490, 1220, 1071, 901; dH


(500 MHz, CDCl3) 7.47 (6 H, d, J 7.4 Hz, ArH), 7.29 (6 H, t, J
7.4 Hz, ArH), 7.22 (3 H, t, J 7.3 Hz, 3 H, ArH), 4.52 (1 H, ddd,
J 7.6, 3.6 and 2.2 Hz, 3-H), 3.67 (1 H, br d, J 7.6 Hz, OH), 3.36
(1 H, t, J 9.2 Hz, 1-H), 3.27 (1 H, dd, J 9.2, 4.5 Hz, 1-H), 2.30
(1 H, d, J 2.2 Hz, 5-H), 2.19–2.24 (1 H, m, 2-H), 0.90 (3 H, d, J
7.0 Hz, 2-CH3); dC (125 MHz, CDCl3) 143.5, 128.5, 127.7, 126.9,
87.2, 83.0, 73.5, 66.0, 65.6, 38.8, 12.5; HRMS (MALDI-FTMS)
m/z calc. for C25H24O2Na ([MNa]+): 379.1668, found: 379.1674.


Tri-n-butyltin alkene 121


To a stirred solution of alkyne 120 (290 mg, 0.814 mmol) in
THF (4 mL) was added PdCl2(PPh3)2 (33 mg, 0.047 mmol) in one
portion at RT. After 1 min, n-Bu3SnH (0.5 mL, 1.859 mmol) was
added dropwise over 3 min. TLC analysis (4 : 1, hexanes–EtOAc)
of the reaction after a further 10 min indicated the complete
consumption of alkyne starting material, and the mixture was
concentrated. The residue was purified by flash chromatography
on silica gel (6% EtOAc in hexanes) to give 121 (322 mg, 61%)
as a colourless oil. Rf = 0.26 (silica gel, 47 : 3 hexanes–EtOAc);
[a]25


D −0.6◦ (c 1.04 in CHCl3); mmax/cm−1 (film) 3485, 2924, 1599,
1451, 1072, 908, 738; dH (500 MHz, CDCl3) 7.46 (6 H, d, J
7.4 Hz, ArH), 7.30 (6 H, t, J 7.4 Hz, ArH), 7.22 (3 H, t, J
7.3 Hz, 3 H, ArH), 6.17 (1 H, dd, J 19.2, 1.3 Hz, 5-H), 5.94
(1 H, dd, J 19.2, 5.0 Hz, 4-H), 4.26–4.30 (1 H, m, 3-H), 3.16–
3.22 (2 H, m, 1-H and 1-H), 2.82 (1 H, d, J 5.4 Hz, OH), 2.03–
2.08 (1 H, m, 2-H), 1.44–1.53 [6 H, m, Sn(CH2CH2CH2CH3)3],
1.27–1.35 [6 H, m, Sn(CH2CH2CH2CH3)3], 0.88–0.91 [18 H, m,
2-CH3, Sn(CH2CH2CH2CH3)3 and Sn(CH2CH2CH2CH3)3]; dC


(125 MHz, CDCl3) 148.6, 143.8, 128.5, 127.8, 127.8, 126.9, 87.0,
66.7, 66.7, 38.6, 29.0, 27.2, 13.6, 11.5, 9.4; HRMS (MALDI-
FTMS) m/z calc. for C37H52O2SnNa ([MNa]+): 671.2881, found:
671.2905.


Hydrazone 122


A solution of hydrazone 10 (0.426 g, 1.76 mmol) in THF (10 mL)
was added dropwise to a stirred solution of freshly prepared
LDA (1.76 mmol) in THF (10 mL) at −78 ◦C. After 2.5 h, a
solution of dibromide 116 (0.882 g, 1.53 mmol) in THF (10 mL)
was added dropwise over 10 min and the reaction was stirred
at −78 ◦C for an additional hour before being quenched by the
addition of aqueous pH 7.0 buffer (50 mL) and warmed to room
temperature. The reaction mixture was extracted with Et2O (3 ×
30 mL), and the combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography (15% Et2O in hexanes with 1.5% Et3N)
to give 122 (1.03 g, 91%) as a viscous, colourless oil. Rf = 0.24
(silica gel, 3 : 2 hexanes–Et2O + 2% Et3N); [a]25


D −55.4◦ (c 1.05
in CH2Cl2); mmax/cm−1 (film) 2929, 2856, 1614, 1371, 1248, 1097,
836; dH (600 MHz, C6D6) 7.36 (2 H, d, J 8.4 Hz, ArH), 6.85
(2 H, d, J 8.4 Hz, ArH), 5.57 (1 H, s, 6=CH2), 5.43 (1 H, d, J
8.9 Hz, 11-H), 5.29 (1 H, s, 6=CH2), 4.73 (1 H, d, J 6.9 Hz, 7-
H), 4.67 (1 H, d, J 11.0 Hz, OCH2Ar), 4.49–4.54 (3 H, m, 14-H,


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2119–2157 | 2153







16-H and OCH2Ar), 4.24 (1 H, d, J 12.5 Hz, 16-H), 3.72–3.75
(1 H, m, 9-H), 3.63 (1 H, dd, J 8.8, 3.8 Hz, NCHCH2OCH3),
3.57–3.61 (1 H, m, NCHCH2OCH3), 3.31 (3 H, s, ArOCH3),
3.30–3.34 (1 H, m, NCHCH2OCH3), 3.21 (3 H, s, CH2OCH3),
3.12–3.16 (1 H, m, NCH2CH2), 3.03 (1 H, d, J 14.1 Hz, 13-H),
2.93–2.98 (1 H, m, 10-H), 2.54 (1 H, dd, J 14.1, 7.6 Hz, 13-H),
2.32–2.36 (1 H, m, NCH2CH2), 1.98–2.06 (2 H, m, 8-H and 8-
H), 1.92–1.95 (1 H, m, NCHCH2CH2), 1.87 (3 H, s, 12-CH3),
1.60–1.68 (2 H, m, NCH2CH2CH2 and NCHCH2CH2), 1.51–
1.56 (1 H, m, NCH2CH2CH2), 1.47 [3 H, s, O2C(CH3)2], 1.41
[3 H, s, O2C(CH3)2], 1.13 (3 H, d, J 6.8 Hz, 10-CH3), 1.01 [9
H, s, SiC(CH3)3], 0.11 (3 H, s, SiCH3), 0.10 (3 H, s, SiCH3); dC


(150 MHz, C6D6) 159.6, 158.6, 139.5, 132.9, 131.7, 129.9, 129.0,
116.3, 114.1, 99.9, 78.9, 76.2, 74.4, 71.4, 71.0, 67.4, 64.5, 58.9,
54.7, 53.3, 39.1, 37.4, 35.0, 27.5, 27.4, 26.1, 24.6, 23.2, 18.4, 17.6,
15.6, −4.2, −4.8; HRMS (ES+) m/z calc. for C37H62


79BrN2O6Si
([MH]+): 737.3555, found: 737.3550.


Ketone 123


A solution of hydrazone 122 (1.00 g, 1.35 mmol) in THF (8 mL)
was added dropwise to a stirred solution of freshly prepared LDA
(1.60 mmol) in THF (8 mL) at −78 ◦C. After 1 h a solution of
iodide 55 (0.945 g, 1.60 mmol) in THF (8 mL) was added slowly
over 10 min. After stirring for an additional hour at −78 ◦C,
the reaction was quenched by the addition of aqueous pH 7.0
buffer solution (40 mL) and warmed to room temperature. The
mixture was extracted with Et2O (3 × 30 mL) and the combined
organic layers were dried (MgSO4), filtered and concentrated in
vacuo. Rapid flash chromatography (5% Et2O in hexanes with 2%
Et3N) separated the excess iodide starting material and afforded
the crude bis-alkylated hydrazone, which was taken up in a mixture
of Et2O (15 mL) and sat. aq. (CO2H)2 (15 mL) and stirred
vigorously at room temperature for two days before the addition
of water (40 mL), and extraction with Et2O (3 × 40 mL). The
combined organic layers were washed with brine (1 × 40 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (gradient: 5–
10% Et2O in hexanes) to give 123 (1.02 g, 70% from 122) as a
viscous, light yellow syrup. Rf = 0.34 (silica gel, 4 : 1 hexanes–
Et2O); [a]25


D +26.4◦ (c 1.17 in CH2Cl2); mmax/cm−1 (film) 2951, 2856,
1744, 1514, 1301, 1171, 836; dH (600 MHz, C6D6) 7.38 (2 H, d, J
8.4 Hz, ArH), 7.33 (2 H, d, J 8.4 Hz, ArH), 6.83–6.88 (4 H, m,
ArH), 5.57 (1 H, s, 6=CH2), 5.63 (1 H, d, J 9.1 Hz, 11-H), 5.30
(1 H, s, 6=CH2), 4.82 (1 H, d, J 11.3 Hz, OCH2Ar), 4.61–4.63 (3 H,
m, OCH2Ar and OCH2Ar), 4.46–4.49 (2 H, m, 7-H and OCH2Ar),
4.28 (1 H, dd, 9.8, 1.5 Hz, 14-H), 4.16–4.20 (1 H, m, 19-H), 4.12
(1 H, dd, J 7.6, 3.4 Hz, 16-H), 4.05–4.10 (1 H, m, 21-H), 3.93
(1 H, q, J 6.9 Hz, 24-H), 3.66 (1 H, ddd, J 8.9, 8.6 and 3.0 Hz,
9-H), 3.33 (3 H, s, ArOCH3), 3.31 (3 H, s, ArOCH3), 3.31–3.33
(1 H, m, 25-H,), 2.81–2.87 (1 H, m, 10-H), 2.79 (1 H, d, J 14.2 Hz,
13-H), 2.30 (1 H, dd, J 15.1, 9.9 Hz, 13-H), 2.15–2.21 (1 H, m,
17-H), 2.03 (1 H, ddd, J 14.1, 8.9 and 2.8 Hz, 8-H), 1.94 (1 H,
ddd, J 14.1, 9.1 and 3.0 Hz, 8-H), 1.64 (3 H, s, 12-CH3), 1.62–1.89
(6 H, m, 17-H, 18-H, 18-H, 20-H, 20-H and 22-H), 1.47–1.61 (5 H,
m, 23-H, 23-H, 26-H, 26-H and 27-H), 1.39 [3 H, s, O2C(CH3)2],
1.34 [3 H, s, O2C(CH3)2], 1.25–1.45 (4 H, m, 22-H, 27-H, 28-H
and 28-H), 1.05–1.06 (3 H, m, 10-CH3), 1.05 [9 H, s, SiC(CH3)3],
0.99 [9 H, s, SiC(CH3)3], 0.92 (3 H, t, J 7.3 Hz, 28-CH3), 0.25


(3 H, s, SiCH3), 0.21 (3 H, s, SiCH3), 0.09 (3 H, s, SiCH3), 0.07
(3 H, s, SiCH3); dC (150 MHz, C6D6) 210.1, 159.6, 159.5, 139.5,
132.2, 132.1, 131.7, 129.5, 129.3, 129.0, 116.3, 114.1, 113.9, 101.1,
82.4, 81.4, 79.1, 76.1, 74.7, 74.5, 74.1, 72.7, 71.1, 69.9, 54.8, 54.7,
43.9, 39.4, 38.6, 35.2, 34.1, 31.7, 31.4, 28.3, 27.9, 26.3, 26.0, 24.7,
24.2, 24.1, 23.3, 18.4, 18.4, 17.0, 15.8, 14.4, −4.2, −4.2, −4.4,
−4.8; HRMS (ES+) m/z calc. for C58H95


79BrO10Si2Na ([MNa]+):
1109.5539, found: 1109.5554.


Triol 124


TsOH·H2O (26.1 mg, 0.138 mmol) was added in one portion to
a stirred solution of ketone 123 (300 mg, 0.275 mmol) in 5 : 1
MeOH–CH2Cl2 (12 mL) at room temperature. After 16 h, Et3N
(0.50 mL) was added, and the reaction mixture was concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (gradient: 15–30% EtOAc in hexanes) to give 124 (131 mg, 57%)
as a colourless oil and as a single anomer. Rf = 0.30 (silica gel,
3 : 2 hexanes–EtOAc); [a]25


D −74.7◦ (c 0.15 in CH2Cl2); mmax/cm−1


(film) 3398, 2954, 1612, 1513, 1382, 1172, 974, 821; dH (500 MHz,
C6D6) 7.31 (2 H, d, J 8.6 Hz, ArH), 7.25 (2 H, d, J 8.6 Hz, ArH),
6.81 (2 H, d, J 8.6 Hz, ArH), 6.78 (2 H, d, J 8.6 Hz, ArH), 5.86 (1
H, s, 6=CH2), 5.41 (1 H, s, 6=CH2), 5.21 (1 H, d, J 8.7 Hz, 11-H),
4.74 (1 H, d, J 11.2 Hz, OCH2Ar), 4.63 (1 H, br s, OH), 4.56 (1
H, d, J 11.2 Hz, OCH2Ar), 4.54 (1 H, d, J 11.2 Hz, OCH2Ar),
4.38–4.42 (2 H, m, 7-H and OCH2Ar), 4.19–4.24 (1 H, m, 21-H),
3.99–4.05 (3 H, m, 14-H, 19-H and OH), 3.91–3.95 (2 H, m, 16-H
and 24-H), 3.68 (1 H, ddd, J 8.6, 4.6 and 2.4 Hz, 9-H), 3.34 (3 H, s,
ArOCH3), 3.33 (3 H, s, ArOCH3), 3.26–3.30 (1 H, m, 25-H), 3.21
(3 H, s, OCH3), 2.82–2.88 (1 H, m, 10-H), 2.33–2.46 (2 H, m, 13-H
and 13-H), 1.99–2.05 (2 H, m, 8-H and 17-H), 1.86–1.95 (2 H, m,
8-H and 18-H), 1.66 (3 H, s, 12-CH3), 1.45–1.83 (9 H, m, 17-H,
20-H, 20-H, 22-H, 23-H, 23-H, 26-H, 26-H and 27-H), 1.16–1.42
(6 H, m, 18-H, 22-H, 27-H, 28-H, 28-H and OH), 1.01 (3 H, d, J
6.8 Hz, 10-CH3), 0.89 (3 H, t, J 7.1 Hz, 28-CH3); dC (125 MHz,
C6D6) 159.7, 159.6, 138.4, 133.0, 132.1, 131.2, 130.6, 129.6, 129.4,
115.9, 114.1, 114.0, 97.7, 82.5, 81.6, 79.5, 75.7, 73.9, 72.7, 72.5,
71.6, 68.8, 67.4, 54.8, 54.8, 47.7, 42.9, 41.2, 36.4, 34.9, 31.9, 28.3,
28.0, 27.2, 25.5, 23.3, 16.8, 15.1, 14.4; HRMS (ES+) m/z calc. for
C44H65BrO10Na ([MNa]+): 855.3653, found: 855.3645.


Triethylsilyl ether 125


To a stirred solution of triol 124 (74.3 mg, 89 lmol) and 2,6-
lutidine (105 lL, 900 lmol) in CH2Cl2 (4 mL) at −78 ◦C was added
TESOTf (102 lL, 450 lmol) dropwise at −78 ◦C. The mixture
was then warmed to −10 ◦C and stirred for 30 min before being
quenched by the slow addition of sat. aq. NaHCO3 (10 mL) and
warmed to room temperature. The layers were separated, and the
aqueous layer was extracted with Et2O (3 × 5 mL). The combined
organic layers were washed with sat. aq. NH4Cl (1 × 10 mL), brine
(1 × 10 mL), dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by flash chromatography on silica gel
(10% Et2O in hexanes) to give 125 (91.2 mg, 87%) as a light yellow
oil. Rf = 0.36 (silica gel, 4 : 1 hexanes–Et2O); [a]25


D −26.7◦ (c 4.35 in
CH2Cl2); mmax/cm−1 (film) 2954, 1616, 1419, 1302, 1171, 1049, 894;
dH (600 MHz, C6D6) 7.33–7.36 (4 H, m, ArH), 6.82–6.83 (4 H, m,
ArH), 5.64 (1 H, s, 6=CH2), 5.45 (1 H, d, J 8.9 Hz, 11-H), 5.32
(1 H, s, 6=CH2), 4.78 (1 H, d, J 11.3 Hz, OCH2Ar), 4.65 (1 H,


2154 | Org. Biomol. Chem., 2006, 4, 2119–2157 This journal is © The Royal Society of Chemistry 2006







d, J 11.2 Hz, OCH2Ar), 4.59 (1 H, d, J 11.3 Hz, OCH2Ar), 4.51–
4.53 (2 H, m, 7-H and OCH2Ar), 4.29–4.33 (2 H, m, 14-H and
21-H), 4.06 (1 H, app t, J 10.3 Hz, 19-H), 3.97 (1 H, q, J 6.9 Hz,
24-H), 3.88–3.90 (1 H, m, 16-H), 3.67–3.73 (1 H, m, 9-H), 3.37
(3 H, s, OCH3), 3.31 (3 H, s, ArOCH3), 3.31 (3 H, s, ArOCH3),
3.31–3.33 (1 H, m, 25-H,), 2.95–3.00 (1 H, m, 10-H), 2.64–2.70
(1 H, m, 13-H), 2.37 (1 H, dd, J 13.7, 9.8 Hz, 13-H), 2.09–2.18 (2
H, m, 8-H and 17-H), 1.99 (1 H, ddd, J 13.4, 8.7 and 2.9 Hz, 8-H),
1.89 (3 H, s, 12-CH3), 1.81–1.89 (3 H, m, 18-H, 20-H and 22-H),
1.60–1.66 (2 H, m, 20-H and 26-H), 1.49–1.57 (5 H, m, 17-H, 23-
H, 23-H, 26-H and 27-H), 1.36–1.43 (2 H, m, 22-H and 27-H),
1.16–1.31 [12 H, m, 18-H, 28-H, 28-H and Si(CH2CH3)3], 1.15
(3 H, d, J 6.8 Hz, 10-CH3), 1.08 [9 H, t, J 7.9 Hz, Si(CH2CH3)3],
1.01 [9 H, t, J 7.9 Hz, Si(CH2CH3)3], 0.86–0.91 [9 H, m, 28-CH3


and Si(CH2CH3)3], 0.70 [6 H, q, J 7.9 Hz, Si(CH2CH3)3], 0.62–
0.66 [6 H, m, Si(CH2CH3)3]; dC (150 MHz, C6D6) 159.6, 139.5,
135.6, 132.2, 131.8, 129.4, 129.1, 116.1, 114.0, 113.9, 99.8, 82.6,
79.1, 76.0, 74.5, 74.3, 72.7, 71.0, 69.1, 67.6, 54.7, 43.0, 39.1, 35.1,
31.8, 31.4, 28.3, 28.0, 25.9, 23.3, 18.3, 15.8, 14.3, 7.7, 7.5, 7.2, 6.2,
5.9, 5.3; HRMS (ES+) m/z calc. for C62H107


79BrO10Si3Na ([MNa+]):
1197.6247, found 1197.6265.


Vinyl iodide 129


To a stirred solution of NaI (25.75 g, 171.8 mmol) in acetonitrile
(200 mL) were added TMSCl (21.8 mL, 171.8 mmol) and water
(1.86 mL, 103.1 mmol) sequentially at room temperature. After
10 min, propargyl alcohol (5.0 mL, 85.9 mmol) was added in
one portion. After a further 90 min at room temperature, the
mixture was diluted with water (500 mL), and then partitioned
between Et2O (500 mL) and 5% aq. Na2S2O3 (500 mL). The layers
were separated, and the aqueous layer was extracted with Et2O
(3 × 500 mL). The combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo (60 mmHg/25 ◦C), to give crude
2-iodoprop-2-en-1-ol (128)49 as an orange oil. To a stirred solution
of the crude alcohol in THF (100 mL) were added imidazole
(14.62 g, 214.7 mmol) and TESCl (17.45 mL, 103.1 mmol)
sequentially at room temperature. After a further 90 min, the
mixture was quenched by the addition of water (100 mL). The
mixture was then partitioned between Et2O (400 mL) and 5% aq.
Na2S2O3 (400 mL). The layers were separated, and the aqueous
layer was extracted with Et2O (2 × 300 mL). The combined organic
layers were washed with brine (1 × 300 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 1–5% CH2Cl2 in
hexanes) to give 129 (11.53 g, 45% for two steps) as a colourless
oil. Rf = 0.24 (silica gel, 99 : 1 hexanes–CH2Cl2); mmax/cm−1 (film)
2955, 2877, 1627, 1412, 1133, 1009, 898; dH (500 MHz, CDCl3)
6.44 (1 H, app q, J 1.8 Hz, 6=CH2), 5.80 (1 H, app q, J 1.6 Hz,
6=CH2), 4.18 (2 H, dd, J 1.8, 1.6 Hz, 7-H and 7-H), 0.97 [9 H,
t, J 7.9 Hz, Si(CH2CH3)3], 0.63 [6 H, q, J 7.9 Hz, Si(CH2CH3)3];
dC (125 MHz, CDCl3) 122.8, 109.6, 70.7, 6.7, 4.4; MS (ES+) m/z
calc. for C9H20IOSi ([MH]+): 299.0, found: 299.1.


Diene 130


Method A – Stille coupling. To a stirred solution of iodide
129 (72 mg, 0.241 mmol) and PdCl2(PPh3)2 (5.1 mg, 0.007 mmol)
in THF (4 mL) was added a solution of stannane 121 (188 mg,


0.29 mmol) in THF (1 mL) in one portion at room temperature.
The mixture was stirred for 6 h at room temperature, then warmed
to 60 ◦C for a further 18 h. After cooling to room temperature,
the mixture was diluted with Et2O (50 mL), and washed with
water (1 × 10 mL) and brine (1 × 10 mL). The organic layer was
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (15% EtOAc in
hexanes) to give 130 (36 mg, 28%) as a colourless oil.


Method B – alkyne reduction. A solution of alkyne 131 (1.81 g,
3.44 mmol) in Et2O (15 mL) was added dropwise over 10 min
to a stirred solution of Red-Al R© (4.13 mL, 3.33 M in toluene,
13.74 mmol) at 0 ◦C. After 50 min the reaction was quenched by the
cautious addition of water (10 mL). The mixture was then diluted
with Et2O (50 mL) and sat. aq. Rochelle’s salt (100 mL), and
stirred vigorously at room temperature for 30 min. The mixture
was then washed with brine (1 × 50 mL). The aqueous layer was
extracted with EtOAc (3 × 50 mL), and the combined organic
layers were washed with brine (1 × 50 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 10–12% EtOAc in
hexanes) to give 130 (1.78 g, 98%) as a colourless oil.


Data for compound 130. Rf = 0.13 (silica gel, 9 : 1 hexanes–
EtOAc); [a]25


D −5.9◦ (c 0.51 in CHCl3); mmax/cm−1 (film) 3460, 3028,
2956, 1604, 1451, 1238, 1014, 820; dH (500 MHz, CDCl3) 7.43–7.44
(6 H, m, ArH), 7.29–7.32 (6 H, m, ArH), 7.22–7.25 (3 H, m, ArH),
6.24 (1 H, d, J 16.2 Hz, 5-H), 5.54 (1 H, dd, J 16.2, 6.0 Hz, 4-H),
5.30 (1 H, s, 6=CH2), 5.06 (1 H, s, 6=CH2), 4.27–4.30 (1 H, m,
3-H), 4.24 (1 H, d, J 14.1 Hz, 7-H), 4.21 (1 H, d, J 14.1 Hz, 7-H),
3.18 (1 H, dd, J 9.2, 4.3 Hz, 1-H), 3.11 (1 H, dd, J 9.2, 7.4 Hz,
1-H), 2.83 (1 H, d, J 5.4 Hz, OH), 2.04–2.08 (1 H, m, 2-H), 0.97
[9 H, t, J 7.9 Hz, Si(CH2CH3)3], 0.90 (3 H, d, J 7.0 Hz, 2-CH3),
0.63 [6 H, q, J 7.9 Hz, Si(CH2CH3)3]; dC (125 MHz, CDCl3) 144.0,
143.7, 130.3, 128.8, 128.5, 127.9, 127.1, 114.2, 87.1, 75.2, 66.6,
62.4, 39.1, 12.0, 6.8, 4.4; HRMS (MALDI-FTMS) m/z calc. for
C34H44O3SiNa ([MNa]+): 551.2952, found: 551.2944.


Enyne 131


To a stirred solution of alkyne 120 (1.98 g, 5.55 mmol) and
iodide 129 (2.15 g, 7.22 mmol) in THF (60 mL) were added
Et3N (7.74 mL, 55.5 mmol), PdCl2(PPh3)2 (72 mg, 0.28 mmol) and
CuI (106 mg, 0.56 mmol) sequentially at room temperature. After
3.5 h the mixture was partitioned between Et2O (100 mL) and
brine (100 mL). The layers were separated, and the aqueous layer
was extracted with Et2O (2 × 100 mL). The combined organic
layers were dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by flash chromatography on silica gel
(gradient: 9–15% EtOAc in hexanes) to give 131 (1.87 g, 64%) as
a colourless oil. Rf = 0.16 (silica gel, 9 : 1 hexanes–EtOAc); [a]25


D


+29.1◦ (c 1.86 in CHCl3); mmax/cm−1 (film) 3446, 3062, 2958, 2241,
1619, 1451, 1119, 815; dH (400 MHz, CDCl3) 7.43–7.45 (6 H, m,
ArH), 7.29–7.33 (6 H, m, ArH), 7.25–7.26 (3 H, m, ArH), 5.61 (1
H, app q, J 2.0 Hz, 6=CH2), 5.38 (1 H, app q, J 1.8 Hz, 6=CH2),
4.62 (1 H, dd, J 7.9, 3.6 Hz, 3-H), 4.07 (2 H, dd, J 2.0, 1.8 Hz,
7-H and 7-H), 3.49 (1 H, d, J 7.9 Hz, OH), 3.31 (1 H, t, J 9.2 Hz,
1-H), 3.25 (1 H, dd, J 9.2, 4.4 Hz, 1-H), 2.24–2.31 (1 H, m, 2-H),
0.98 [9 H, t, J 7.9 Hz, Si(CH2CH3)3], 0.90 (3 H, d, J 7.0 Hz, 2-
CH3), 0.64 [6 H, q, J 7.9 Hz, Si(CH2CH3)3]; dC (100 MHz, CDCl3)
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143.6, 130.3, 128.6, 127.9, 127.1, 119.4, 89.2, 87.5, 83.7, 66.8, 66.6,
64.5, 39.1, 13.0, 6.8, 4.4; HRMS (MALDI-FTMS) m/z calc. for
C34H42O3SiNa ([MNa]+): 549.2795, found: 549.2799.


Diol 134


To a stirred solution of allylic alcohol 116 (0.232 g, 0.45 mmol)
in THF (5 mL) was added TBAF (0.68 mL, 1.0 M in THF,
0.68 mmol) at 0 ◦C. The reaction was allowed to warm to room
temperature over 1 h before being quenched by the addition of
sat. aq. NH4Cl (20 mL). The mixture was extracted with EtOAc
(4 × 15 mL) and the combined organic layers were washed with
brine (1 × 20 mL), dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (60% Et2O in hexanes) to give 134 (0.149 g, 83%) as a viscous,
colourless oil. Rf = 0.05 (silica gel, 1 : 1 hexanes–EtOAc); [a]25


D


−21.5◦ (c 4.8 in CHCl3); mmax/cm−1 (film) 3374, 2959, 2871, 1611,
1384, 1123, 821; dH (500 MHz, CDCl3) 7.25 (2 H, d, J 8.4 Hz,
ArH), 6.87 (2 H, d, J 8.4 Hz, ArH), 5.92 (1 H, s, 6=CH2), 5.53
(1 H, s, 6=CH2), 5.25 (1 H, d, J 9.0 Hz, 11-H), 4.58 (1 H, d, J
10.9 Hz, OCH2Ar), 4.41 (1 H, d, J 10.9 Hz, OCH2Ar), 4.32–4.33
(1 H, m, 7-H), 3.96 (2 H, s, 13-H and 13-H), 3.79 (3 H, s, ArOCH3),
3.59–3.61 (1 H, m, 9-H), 2.83–2.92 (3 H, m, 10-H, OH and OH),
1.80–1.91 (2 H, m, 8-H and 8-H), 1.68 (3 H, s, 12-CH3), 1.00
(3 H, d, J 6.8 Hz, 10-CH3); dC (125 MHz, CDCl3) 159.2, 136.7,
135.7, 130.2, 129.4, 127.5, 116.2, 113.8, 79.1, 73.4, 71.4, 68.4, 55.2,
34.9, 34.0, 14.9, 14.0; HRMS (ES+) m/z calc. for C19H27


79BrO4Na
([MNa]+): 421.0985, found: 421.0974.


Alkene 135


To a stirred solution of allylic alcohol 116 (0.175 g, 0.34 mmol)
and imidazole (0.069 g, 1.0 mmol) in CH2Cl2 (6.0 mL) was added
TBSCl (0.105 g, 0.68 mmol) in one portion at room temperature.
After 1.5 h, the reaction was quenched by the addition of sat. aq.
NH4Cl (25 mL), and the mixture was extracted with Et2O (3 ×
15 mL). The combined organic layers were washed with brine (1 ×
25 mL), dried (MgSO4), filtered and concentrated in vacuo. The
residue was purified by flash chromatography on silica gel (10%
Et2O in hexanes) to give 135 (0.207 g, 97%) as a colourless oil.
Rf = 0.65 (silica gel, 4 : 1 hexanes–EtOAc); [a]25


D −16.8◦ (c 7.4 in
CHCl3); mmax/cm−1 (film) 2947, 2853, 1615, 1387, 1248, 1081, 891;
dH (500 MHz, CDCl3) 7.29 (2 H, d, J 8.6 Hz, ArH), 6.88 (2 H,
d, J 6.8 Hz, ArH), 5.82 (1 H, s, 6=CH2), 5.47 (1 H, d, J 1.5 Hz,
6=CH2), 5.31 (1 H, d, J 9.2 Hz, 11-H), 4.59 (1 H, d, J 11.0 Hz,
OCH2Ar), 4.41 (1 H, d, J 11.0 Hz, OCH2Ar), 4.30 (1 H, dd, J 8.8,
3.1 Hz, 7-H), 4.02 (2 H, s, 13-H and 13-H), 3.81 (3 H, s, ArOCH3),
3.50–3.52 (1 H, m, 9-H), 2.86–2.89 (1 H, m, 10-H), 1.75 (1 H, ddd,
J 14.1, 8.8 and 3.2 Hz, 8-H), 1.69 (1 H, ddd, J 14.1, 8.4 and 3.1 Hz,
8-H), 1.64 (3 H, s, 12-CH3), 0.98 (3 H, d, J 6.9 Hz, 10-CH3), 0.97
[9 H, s, SiC(CH3)3], 0.92 [9 H, s, SiC(CH3)3], 0.08 (3 H, s, SiCH3),
0.08 (3 H, s, SiCH3), 0.06 (3 H, s, SiCH3), 0.05 (3 H, s, SiCH3); dC


(125 MHz, CDCl3) 159.0, 139.0, 134.9, 131.2, 128.9, 126.3, 116.1,
113.7, 78.7, 73.9, 70.6, 68.4, 55.3, 38.6, 33.8, 26.0, 25.8, 18.4, 18.1,
14.9, 13.6, −4.4, −5.0, −5.1, −5.2; HRMS (ES+) m/z calc. for
C31H55


79BrO4Si2Na ([MNa]+): 649.2714, found: 649.2721.
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A general and highly convergent synthetic route to the macrocyclic core structures of the antitumour
agents amphidinolide N (1) and caribenolide I (2) has been developed, and the total synthesis of
iso-epoxy-amphidinolide N and des-epoxy-caribenolide I structures is described. Central to the revised
strategy was the use of a Horner–Wadsworth–Emmons olefination between b-ketophosphonate 51 and
aldehyde 14 to construct the C1–C13 sector common to both 1 and 2. Stereoselective alkylation of
hydrazone 11 with iodide 65 and then with bromide 56 allowed for the rapid assembly of the complete
caribenolide I carbon skeleton. Key steps in the completion of the synthesis of des-epoxy-caribenolide I
structure 78 included hydrolysis of a sensitive methyl ester using Me3SnOH, followed by regioselective
macrolactonisation of the resulting diol seco-acid and global deprotection. Coupling of hydrazone 11,
bromide 56 and iodide 64 was followed by an analogous sequence of late-stage manoeuvres to arrive at
the fully deprotected des-epoxy-amphidinolide N framework, obtained as a mixture of hemiacetal 83
and bicyclic acetal 84. Regio- and diastereo-selective epoxidation of the C6 methylene group in bicyclic
acetal 84 provided access to iso-epoxy-amphidinolide N stereoisomer 89.


Introduction


In the preceding paper in this issue,1 we described studies on
two synthetic approaches to the macrocyclic frameworks of the
marine-derived antitumour agents amphidinolide N 2 (1) and
caribenolide I 3 (2, Scheme 1). The primary goal of this work was
to establish a flexible and convergent synthetic route to the core
structures of both natural products 1 and 2. In turn, this would
allow for some (or ideally all) of the stereochemical uncertainties
surrounding amphidinolide N (1) and caribenolide I (2) to be
addressed, as well as enabling further biological investigations
of this important class of compounds. In this paper we detail
the third and final route investigated towards amphidinolide
N (1) and caribenolide I (2), which successfully provided an
enantioselective access to advanced intermediates related to both
target compounds 1 and 2.


Results and discussion


In the originally proposed route to the amphidinolide N structure
(1), a variety of alkynes of general structure 3 [Scheme 1(a)],
representing the complete C6–C29 carbon skeleton of the target
compound 1, were readily prepared in a highly convergent
manner. However, it did not prove to be possible to append the
required C1–C5 unit 4 onto the terminal alkyne group through
enyne metathesis-based methods,4 in either an intermolecular or
intramolecular fashion. The inability to form the final carbon–
carbon bond in this manner was the undoing of the ‘enyne
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metathesis approach’. In the second-generation strategy it was
envisaged that one of the array of palladium-catalysed cross-
coupling reactions5 could be enlisted to generate the C5–C6 bond
that was ultimately required to reach 1 or 2. A route to C6-
vinyl bromides such as 5 [Scheme 1(b)], this time representing the
caribenolide I (2) C6–C29 substructure, was therefore developed.
Disappointingly, at this point the ‘cross-coupling approach’ also
foundered, due to the stubborn reluctance of the bromide unit
to engage in the relevant cross-coupling with a variety of C1–C5
acceptor units such as 6 or 7.


We therefore sought to incorporate the key C1–C5 unit at an
earlier point in the proposed synthesis of 1 and 2, and arrived
at the retrosynthetic blueprint illustrated in Scheme 1(c). In this
‘Horner–Wadsworth–Emmons approach’, much of the developed
chemistry that had served so dutifully in the construction of both
alkynes 3 and bromides 5 would be conserved, in particular the
Enders hydrazone alkylation fragment coupling methodology6 for
the stereoselective assembly of the C14–C16 sector. This time,
however, a complete C1–C13 allylic bromide fragment 8 would
be called for, rather than the corresponding truncated C6–C13
coupling partners that were employed in the syntheses of 3 and
5. Since enantioselective routes to both the amphidinolide N
C17–C29 iodide 9 and the caribenolide I C17–C29 iodide 10
had been developed during the course of the synthesis of 3 and
5, respectively,1 the initial focus then became the synthesis of
bromide 8. Given that generation of the C5–C6 bond in diene
systems such as that contained within 8 by fragment coupling
processes had been found to be a thorny challenge, the point
of disconnection was moved one bond along the chain to the
C4–C5 (E)-alkene. This then invited the possibility of forming
8 by means of Horner–Wadsworth–Emmons olefination between
phosphonate 12 and aldehyde 13, followed by Wittig olefination to
install the C6 methylene group and functional group manipulation
at the C13 position.


2158 | Org. Biomol. Chem., 2006, 4, 2158–2183 This journal is © The Royal Society of Chemistry 2006







Scheme 1 Structures of amphidinolide N (1), caribenolide I (2) and retrosynthetic analysis: (a) enyne metathesis approach, (b) cross-coupling approach
and (c) Horner–Wadsworth–Emmons approach.


The potential viability of this Horner–Wadsworth–Emmons
olefination strategy was assessed by the model study illustrated
in Scheme 2. It was found that aldehyde 14, prepared without
difficulty from ester 15 in 88% yield by ozonolysis of the terminal
alkene,1 underwent smooth olefination with b-ketophosphonate 16
[prepared in two steps from methyl (S)-(−)-lactate]7 employing the
Masamune–Roush conditions (LiCl, i-Pr2NEt, MeCN),8 to give
the desired a,b-unsaturated ketone 17 as a single stereoisomer and
in an excellent yield of 93%. Despite the rather hindered nature of
the ketone group in compound 17, standard Wittig methylenation
could be effected with remarkable ease, to furnish diene 18 in 94%
yield.


Buoyed by this small measure of success, we began the synthesis
of the more elaborate b-ketophosphonate required for the target
compounds 1 and 2. As shown in Scheme 3, 1,5-cyclooctadiene
(19) was converted into aldehyde 20 through two sequential
ozonolysis reactions, following the procedure of Zhao and Wang,9


in an overall yield (40%) best described as workable. In contrast
with the literature protocol, it was found to be necessary to purify


Scheme 2 Synthesis of model diene 18. Reagents and conditions: a)
O3, CH2Cl2, −78 ◦C, then PPh3 (1.5 equiv.), −78 → 25 ◦C, 1 h, 88%;
b) 16 (1.0 equiv.), LiCl (1.5 equiv.), MeCN, 25 ◦C, 10 min, then
i-Pr2NEt (1.5 equiv.), 25 ◦C, 10 min, then 14 (1.2 equiv.), 25 ◦C, 36 h,
93%; c) Ph3PCH3Br (1.6 equiv.), KHMDS (1.5 equiv.), THF, 25 ◦C,
30 min, then 17, −78 → 25 ◦C, 1 h, 94%. KHMDS = potassium
bis(trimethylsilyl)amide.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2158–2183 | 2159







Scheme 3 Synthesis of alcohol 22. Reagents and conditions: a) O3,
MeOH/CH2Cl2 (1 : 1), −78 ◦C, then TsOH·H2O (0.08 equiv.),
−78 → 25 ◦C, 2 h, then Me2S, 25 ◦C, 18 h, 50%; b) O3, CH2Cl2, −78 ◦C,
then PPh3 (1.5 equiv.), −78 → 25 ◦C, 1 h, 79%; c) KOt-Bu (1.6 equiv.),
trans-2-butene (3.0 equiv.), n-BuLi (1.6 equiv.), THF, −45 ◦C, 15 min,
then (+)-Ipc2BOMe (1.6 equiv.), −78 ◦C, 1 h, then BF3·OEt2 (1.6 equiv.),
−78 ◦C, 30 min, then 20, −78 ◦C, 4 h, 69%; d) (S)-MTPA-Cl (1.5 equiv.),
Et3N (3.0 equiv.), 4-DMAP (1.0 equiv.), CH2Cl2, 25 ◦C, 2 h, 97%;
e) (R)-MTPA-Cl (1.5 equiv.), Et3N (3.0 equiv.), 4-DMAP (1.0 equiv.),
CH2Cl2, 25 ◦C, 2 h, 95%. 4-DMAP = 4-dimethylaminopyridine; Ipc =
isopinocampheyl; MTPA = methoxy-a-(trifluromethyl)phenylacetyl; Ts =
4-toluenesulfonyl.


the intermediate ring-opened product 21 prior to the second step,
as subjecting the crude material from the first step to the second
ozonolysis led to an intractable mixture from which none of the
desired aldehyde (20) could be isolated. A Brown crotylboration
reaction10 of aldehyde 20 then provided secondary alcohol 22 and
installed the C9/C10 stereodiad in 69% yield. NMR spectroscopic
analysis of the Mosher ester derivatives 23 and 24 indicated that
alcohol 22 was formed in 94% ee.11


Alcohol 22 was then protected as the corresponding PMB ether
25 under basic conditions (Scheme 4). Unexpectedly, a significant
degree of hydrolysis of the dimethyl acetal group occurred during
this step, which yielded a 4 : 1 mixture of the dimethyl acetal
25 and aldehyde 26. Therefore, the crude reaction mixture was
subjected to acetalisation conditions [cat. La(OTf)3, (MeO)3CH,
MeOH] prior to purification. This led to the reprotection of the
minor aldehyde component (26), with the desired fully protected
dimethyl acetal 25 being isolated in 96% yield for the two
steps. Ozonolysis of the terminal alkene in compound 25 then
provided the corresponding aldehyde (27) which was found to
be somewhat sensitive to epimerisation at the C10 stereocentre,
and was thus immediately subjected to an (E)-selective Wittig
reaction using stabilised phosphorane 28, to give trisubstituted
alkene 29 as a single geometrical isomer (78% yield from alkene
25). Alkene 29 was converted into aldehyde 32 by a three-step
sequence of ester reduction (29 → 30), acetal hydrolysis (30 → 31)
and TBS ether formation (31 → 32) in excellent overall yield
(91%). At this point, the intention was to install the C7 hydroxy
group through the enantioselective a-oxygenation of aldehyde 32
employing the organocatalytic protocol recently developed by
several independent research groups.12 Thus, exposure of aldehyde


Scheme 4 Elaboration of alkene 22 to give aldehyde 32, and at-
tempted organocatalytic a-oxygenation. Reagents and conditions: a) NaH
(1.6 equiv.), THF, 0 ◦C, 30 min, then PMBCl (1.6 equiv.), 70 ◦C, 16 h;
b) La(OTf)3 (0.02 equiv.), HC(OMe)3, MeOH, 0 → 25 ◦C, 16 h, 96% (two
steps); c) O3, CH2Cl2, −78 ◦C, then PPh3 (1.5 equiv.), −78 → 25 ◦C, 1 h; d)
28 (1.6 equiv.), C6H6, 70 ◦C, 32 h, 78% (two steps); e) DIBAL-H (3.0 equiv.),
THF, −78 ◦C, 2.5 h, 96%; f) TsOH·H2O (0.15 equiv.), acetone–H2O (4 :1),
25 ◦C, 3 h; g) TBSCl (1.7 equiv.), imidazole (2.6 equiv.), 4-DMAP (cat.),
CH2Cl2, 25 ◦C, 1.5 h, 95% (two steps). DIBAL-H = diisobutylaluminium
hydride; 4-DMAP = 4-dimethylaminopyridine; PMB = 4-methoxybenzyl;
TBS = tert-butyldimethylsilyl; Tf = trifluoromethanesulfonyl; Ts =
4-toluenesulfonyl.


32 to nitrosobenzene (33) and a catalytic amount of D-proline
(34) would generate a-aminoxy aldehyde 35; N–O bond cleavage
would then yield the corresponding a-hydroxy aldehyde (36).
Unfortunately, this methodology proved to be inapplicable in this
case; the instability of the a-aminoxy adduct (35) precluded its
isolation, and we were unable to find a satisfactory single-step
method for the in situ conversion of adduct 35 into the desired
alcohol 36.


Introduction of the C7 hydroxy group would therefore have to
be postponed until after the oxidation of aldehyde 32 to acid 37
(NaClO2, 78%) and its subsequent esterification (MeI, K2CO3,
97%) to give ester 38, as shown in Scheme 5. Enolate formation
followed by addition of the Davis oxaziridine 39 13 afforded a-
hydroxy ester 40 as an inseparable 3 : 1 mixture of (7S)- : (7R)-
epimers in 96% yield. That the major epimer was indeed the (7S)-
stereoisomer was confirmed by comparison of this mixture to
an authentic sample of stereochemically pure (7S) material (vide
infra). Interestingly, the stereoselectivity of this reaction was not
improved by using the chiral camphor-derived oxaziridine 41,14


which provided the same 3 : 1 epimeric mixture but in only 44%
yield. Protection of the hydroxy group in compound 40 as the


2160 | Org. Biomol. Chem., 2006, 4, 2158–2183 This journal is © The Royal Society of Chemistry 2006







Scheme 5 Conversion of aldehyde 32 to b-ketophosphonate 44.
Reagents and conditions: a) NaClO2 (1.8 equiv.), NaH2PO4 (3.5 equiv.),
2-methyl-2-butene (20.0 equiv.), t-BuOH–H2O (4 : 1), 25 ◦C, 2 h, 78%; b)
MeI (4.0 equiv.), K2CO3 (2.5 equiv.), acetone, 25 ◦C, 16 h, 97%; c) KHMDS
(2.0 equiv.), THF, −78 ◦C, 30 min, then 39 (3.0 equiv.), −78 ◦C, 1 h, 96%
[(7S) : (7R), 3 : 1]; d) TBSCl (2.5 equiv.), imidazole (5.0 equiv.), CH2Cl2,
25 ◦C, 16 h, 88%; e) dimethyl methylphosphonate (3.1 equiv.), n-BuLi
(3.0 equiv.), THF, −78 ◦C, 30 min, then 42, −78 ◦C, 1 h, 96%. KHMDS =
potassium bis(trimethylsilyl)amide; TBS = tert-butyldimethylsilyl.


corresponding TBS ether 42 was followed by the addition of a-
lithio phosphonate 43 to give the required b-ketophosphonate 44
in 84% overall yield, albeit still as a 3 : 1 mixture of C7 epimers.


Based upon the well-established a-hydroxylation chemistry
of N-acyl oxazolidinones,15 a more highly stereoselective route
to the b-ketophosphonate structure was also investigated, as
is illustrated in Scheme 6. Acid 37 was first converted into
oxazolidinone 45 (via mixed anhydride 46) in an unoptimised
yield of 44%. Hydroxylation of oxazolidinone 45 then proceeded
smoothly with >98% diastereoselectivity, and was followed by
methanolic cleavage15 of the chiral auxiliary to give (7S)-ester 49
in stereochemically pure form (56% from 45). Ester 49 could then
be converted into b-ketophosphonate 51 in two steps as described
above (79% overall).


Completion of the synthesis of the C1–C13 bromide fragment
could be achieved from either of phosphonates 44 or 51, as shown
in Scheme 7. Olefination of phosphonate 44 [Scheme 7(a)] with
aldehyde 14 gave enone 52 (92%) exclusively as the C4–C5 (E)-
isomer, which underwent Wittig methylenation to yield diene 53
(95%). Selective removal16 of the primary TBS group using PPTS
in warm EtOH then allowed for the chromatographic separation
of the C7 epimers (54 and 55), with the major (7S)-product
(54) being isolated in 56% yield. The enantiopure phosphonate
51 could also be converted into alcohol 54 through the same
three-step sequence of Horner–Wadsworth–Emmons olefination,
Wittig methylenation and TBS ether cleavage, to give 54 as a
single stereoisomer in 79% overall yield [Scheme 7(b)]. Finally,


Scheme 6 Conversion of acid 37 to enantiomerically pure
b-ketophosphonate 51. Reagents and conditions: a) t-BuCOCl (1.1 equiv.),
Et3N (1.1 equiv.), THF, −78 ◦C, 1 h; b) 47 (1.2 equiv.), −78 ◦C, 3 h,
44%; c) NaHMDS (1.2 equiv.), THF, −78 ◦C, 5 min, then 39 (1.5 equiv.),
−78 ◦C, 5 min; d) Mg(OMe)2 (0.5 equiv.), MeOH, 0 ◦C, 30 min, 56%
(two steps); e) TBSCl (3.0 equiv.), imidazole (6.0 equiv.), 4-DMAP (cat.),
CH2Cl2, 25 ◦C, 86%; f) dimethyl methylphosphonate (3.1 equiv.), n-BuLi
(3.0 equiv.), THF, −78 ◦C, 30 min, then 50, −78 ◦C, 1 h, 92%. 4-DMAP =
4-dimethylaminopyridine; NaHMDS = sodium bis(trimethylsilyl)amide;
TBS = tert-butyldimethylsilyl.


allylic alcohol 54 was converted into the corresponding bromide
56 in 95% yield, employing the optimum conditions previously
established for similar substrates (MsCl, Et3N then LiBr).1


The availability of the complete C1–C13 carbon framework
also presented us with the opportunity of validating potential
methods for the generation of the C4–C5 allylic epoxide group. As
illustrated in Scheme 8(a) for the case of amphidinolide N (1), it
was proposed to install this delicate motif in the final step of the
synthesis, through the selective epoxidation of a fully deprotected
diene precursor molecule (e.g. 59). Model epoxidation substrate
61 was therefore prepared in two steps from ester 54 [Scheme 8(b)]
through exposure to TsOH·H2O in MeOH to give triol 60 (79%)
followed by selective reprotection of the primary hydroxy group
as the corresponding TBDPS ether (77%). Treatment of diene
61 with mCPBA led to a multitude of unidentified products
arising from the non-selective epoxidation of each of the three
alkenes in the starting material, even if a sub-stoichiometric
amount of oxidant was used at low temperature. Hydroxy-directed
epoxidation methods were then investigated, with the view that
these would offer greater potential for controlling chemo- and
diastereofacial-selectivity. To our delight, the Katsuki–Sharpless
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Scheme 7 Completion of the synthesis of C1–C13 allylic bromide coupling partner from either (a) b-ketophosphonate 44, or (b) b-ketophosphonate 51.
Reagents and conditions: a) 44 (1.0 equiv.), LiCl (1.5 equiv.), MeCN, 25 ◦C, 10 min, then i-Pr2NEt (1.5 equiv.), 25 ◦C, 10 min, then 14 (1.15 equiv.), 25 ◦C,
48 h, 92%; b) Ph3PCH3Br (1.6 equiv.), KHMDS (1.5 equiv.), THF, 25 ◦C, 45 min, then 52, −78 → 25 ◦C, 1 h, 95%; c) PPTS (0.06 equiv.), EtOH, 45 ◦C,
16 h, 56% 54 + 14% 55; d) MsCl (2.0 equiv.), Et3N (4.0 equiv.), THF, 0 → 25 ◦C, 1 h, then LiBr (10.0 equiv.), 25 ◦C, 30 min, 95%; e) 51 (1.0 equiv.),
LiCl (1.5 equiv.), MeCN, 25 ◦C, 10 min, then i-Pr2NEt (1.5 equiv.), 25 ◦C, 10 min, then 14 (1.15 equiv.), 25 ◦C, 36 h, 97%; f) Ph3PCH3Br (1.6 equiv.),
KHMDS (1.5 equiv.), THF, 25 ◦C, 30 min, then 57, −78 → 25 ◦C, 1 h, 94%; g) PPTS (0.06 equiv.), EtOH, 45 ◦C, 20 h, 87%. KHMDS = potassium
bis(trimethylsilyl)amide; Ms = methanesulfonyl; PPTS = pyridinium para-toluenesulfonate.


epoxidation17 of diene 61 indeed resulted in selective epoxidation
of the desired C4–C5 alkene. Using Ti(Oi-Pr)4 (4.0 equiv.), (S,S)-
(−)-diisopropyl tartrate (4.5 equiv.) and t-BuOOH (7.5 equiv.)
in CH2Cl2 at −25 ◦C for 75 min, the product 62 could be
isolated in 31% yield, with unreacted diene starting material
(61) being recovered in 34% yield. Compound 62 was formed
as a single diastereomer, indicating that only one face of the
C4–C5 alkene had undergone epoxidation. The stereochemistry
of the newly-introduced epoxide group is assumed to be as
shown in Scheme 8(a) on the basis of the (S,S)-chirality of the
tartrate employed. While longer reaction times led to complete
consumption of the starting diene 61, the yield of product 62
dropped precipitously, presumably due to Lewis acid-catalysed
opening of the epoxide ring upon prolonged exposure to the
reaction conditions. Lower reaction temperatures or the use of
catalytic quantities of reagents18 resulted in unacceptably slow
rates of conversion. The moderate isolated yield of epoxide 62
is also due in part due to the difficulties encountered during
its isolation and purification, particularly its susceptibility to
decomposition during silica gel chromatography. Although this
epoxidation protocol was by no means optimal, and recognising
that its application to the real systems [e.g. 59, Scheme 8(a), or
the corresponding caribenolide I-type diene] would represent a
considerable increase in the demands placed upon it, we were,


nevertheless, greatly encouraged by the success and enabling
power of the Katsuki–Sharpless epoxidation in this instance. It
is interesting to note that epoxidation of diene 61 using t-BuOOH
(2.2 equiv.) and a catalytic amount of VO(acac)2 (20 mol %)19 in
CH2Cl2 at 0 ◦C afforded nearly exclusively the regioisomeric allylic
epoxide 63, which was formed in 56% yield and as a 9 : 1 mixture
of diastereoisomers (stereochemistry unassigned).


The origins of the superb regio- and stereo-selectivity exhibited
in the conversion of diene 61 to allylic epoxide 62 can be ratio-
nalised using the highly predictable empirical model proposed by
Sharpless and co-workers for the kinetic resolution of secondary
allylic alcohols,20 as depicted in Scheme 9. According to this model,
delivery of an oxygen atom to the top face of the C4–C5 alkene
by the titanium/(S,S)-(−)-tartrate catalyst system is predicted to
be fast, whilst the rate of epoxidation of the C6 1,1-disubstituted
alkene would be slowed by the steric encumbrance imposed by the
C7 alkyl chain. The rate difference between the two processes is
apparently such that only the desired mode of epoxidation, namely
that at the C4–C5 alkene, is observed experimentally.


Assembly of the complete carbon frameworks of both target
compounds 1 and 2 from their composite building block frag-
ments was made possible in an extremely concise and efficient
manner using the Enders chiral hydrazone alkylation methodology
(Scheme 10).6 Our previous studies had established optimum
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Scheme 8 (a) Proposed epoxidation of amphidinolide N precursor diene 59, (b) regioselective epoxidation of model diene 61 to give either of allylic
epoxides 62 or 63. Reagents and conditions: a) TsOH·H2O (1.0 equiv.), MeOH, 25 ◦C, 16 h, 79%; b) TBDPSCl (1.1 equiv.), Et3N (1.4 equiv.), 4-DMAP
(0.1 equiv.), CH2Cl2, 25 ◦C, 16 h, 77%; c) (S,S)-(−)-DIPT (4.5 equiv.), Ti(Oi-Pr)4 (4.0 equiv.), 4 Å MS, CH2Cl2, −25 ◦C, 30 min, then t-BuOOH (7.5 equiv.),
−25 ◦C, 30 min, then 61, −25 ◦C, 75 min, 31% 62 + 34% recovered 61; d) VO(acac)2 (0.2 equiv.), t-BuOOH (2.2 equiv.), CH2Cl2, 0 ◦C, 40 min, 56% (dr 9 :
1). acac = acetylacetonyl; DIPT = diisopropyl tartrate; 4-DMAP = 4-dimethylaminopyridine; MS = molecular sieves; TBDPS = tert-butyldiphenylsilyl;
Ts = 4-toluenesulfonyl.


Scheme 9 An empirical model to rationalise the Katsuki–Sharpless
epoxidation of model diene 61. DIPT = diisopropyl tartrate.


conditions for the alkylation of hydrazone 11 with iodides 64 or
65;1 nevertheless, the compatibility of this technology with the
highly functionalised C1–C13 bromide fragment 56 was far from
secure. Of particular concern was the potential for epimerisation
at the C2 position adjacent to the ester group in bromide 56 under
the basic conditions of the reaction. Pleasingly, however, any such
fears proved to be unfounded, following the simple reversal of
the order of the fragement coupling steps from our initial forays.1


Thus, as shown in Scheme 10, hydrazone 11 was smoothly coupled
first with caribenolide I C17–C29 iodide fragment 65 to give 66 in


88% yield, and then with bromide 56 to give, following cleavage
of the hydrazone auxiliary using aqueous oxalic acid,21 ketone 68
as a single observable stereoisomer (49% from 66). These latter
two reactions are particularly illustrative of the mildness and
functional group tolerance of the Enders hydrazone alkylation
and hydrolysis steps, and represent the state of the art in terms of
their application in complex molecule synthesis. Through a similar
three-step sequence, the whole C1–C29 skeleton of amphidinolide
N (1), represented by ketone 71, could be assembled from the three
fragments 11, 56 and 64. Thus, alkylation of hydrazone 11 with
iodide 64 proceeded in excellent yield (93%) to give 69, which was
alkylated again with bromide 56 and then treated with aqueous
oxalic acid to furnish ketone 71 in 59% yield for the two steps.


From ketones 68 or 71, relatively few manipulations were re-
quired to reach the fully deprotected core structures of am-
phidinolide N (1) or caribenolide I (2), respectively, again taking
advantage of some of the end-game chemistry developed during
the unsuccessful first-generation enyne metathesis approach. Thus,
as is shown in Scheme 11 for the case of caribenolide I-type ketone
68, removal of both PMB protecting groups was effected by
treatment with DDQ under biphasic conditions in 70% yield.
Hydrolysis of the resulting ester (72) to the corresponding acid
(73) proved to be unexpectedly problematic. A wide variety of
reaction conditions were screened, but were invariably plagued by
competing elimination of the C3 silyloxy group and/or epimeri-
sation at the C14 or C16 positions. A selection of the methods
tried includes aq. LiOH/THF, aq. KOH/MeOH, aq. NaOH/
EtOH, LiOOH/THF,22 NaSePh/EtOH,23 NaSPh/DMF,24 (n-
Bu3Sn)2O/PhMe25 and (Me2AlTeMe)2/PhMe.26 Fortunately, our
recently developed protocol27 for the mild and selective hydrolysis
of esters using Me3SnOH28 provided a timely solution to this
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Scheme 10 Assembly of the complete caribenolide I and amphidinolide N carbon frameworks in ketones 68 and 71, respectively, through hydrazone
alkylation fragment coupling reactions. Reagents and conditions: a) LDA (1.2 equiv.), THF, −78 ◦C, 1.75 h, then 65 (1.2 equiv.), −78 ◦C, 45 min, 88%; b)
LDA (1.2 equiv.), THF, −78 ◦C, 1 h, then 56 (1.2 equiv.), −78 ◦C, 1 h; c) sat. aq. (CO2H)2, Et2O, 25 ◦C, 48 h, 49% (two steps); d) LDA (1.2 equiv.), THF,
−78 ◦C, 2.5 h, then 64 (1.2 equiv.), −78 ◦C, 1 h, 93%; e) LDA (1.1 equiv.), THF, −78 ◦C, 1 h, then 56 (1.1 equiv.), −78 ◦C, 1 h; f) sat. aq. (CO2H)2, Et2O,
25 ◦C, 48 h, 59% (two steps).


problem, allowing for the conversion of ester 72 to acid 73 in 68%
yield. It should be noted that these were the only conditions found
that allowed for the clean and reproducible hydrolysis of ester 72.
In contrast to the difficulties experienced with the step preceding it,
macrolactonisation of acid 73 was found to be remarkably facile,
proceeding under standard Yamaguchi conditions29 to afford
cyclised compound 75 in 80% yield. The success of this cyclisation
may be partly due to the anchoring effect of the acetonide,
tetrahydrofuran and alkene groups in acid 73, which serve to
restrict the rotational degrees of freedom available to the substrate,
minimising the entropic cost of cyclisation. Moreover, and as
anticipated, this macrolactonisation reaction was superbly site-
selective, with cyclisation occurring exclusively at the C25 hydroxy
group. No trace of the corresponding C9 hydroxy-cyclised material
(76) was detected, possibly due to there being a prohibitively high
enthalpic barrier to forming a ten-membered ring containing an
(E)-alkene, relative to forming the larger macrocycle (75). The
structure of 75 was confirmed by 2-D NMR analysis, with an
HMBC correlation being observed between the C25 methine
proton and the ester carbonyl group. An added benefit of the site-
selectivity of the macrolactonisation reaction was that the free C9
hydroxy group in the product (75) could be directly oxidised to
the corresponding ketone 77 using TPAP/NMO30 (92%). Finally,
global deprotection of ketone 77, employing aqueous HF in


acetonitrile–CH2Cl2 (9 : 1) was accompanied by spontaneous
intramolecular hemiacetal formation at the C15 carbonyl group,
to generate tricyclic compound 78 (a des-epoxy-caribenolide
I stereoisomer) as an inseparable 6 : 1 mixture of anomers
(vide infra).


An analogous five-step sequence could also be applied to the
amphidinolide N-type ketone 71, as illustrated in Scheme 12.
Oxidative cleavage of the two PMB groups in ketone 71 using
DDQ gave methyl ester 79 (78%), which was hydrolysed to the
corresponding acid (80) using Me3SnOH (45% isolated yield of
80, 66% based on recovered starting material 79). Yamaguchi
macrolactonisation then afforded alcohol 81 (65%), which was
oxidised to give ketone 82 in 80% yield. Global deprotection of
ketone 82 [aqueous HF, acetonitrile–CH2Cl2 (4 : 1), 0 → 25 ◦C,
7 h] proceeded in excellent yield (94%) to generate a mixture of
two products in a ratio of 1.6:1. Separation of the product mixture
by careful flash column chromatography followed by comprehen-
sive spectroscopic analysis indicated that the minor component
was the expected hemiacetal (83, a des-epoxy-amphidinolide N
stereoisomer), whilst the major product was the bicyclic acetal 84
derived from closure of both the C19 and C21 hydroxy groups
onto the C15 ketone. Hemiacetal 83 was formed exclusively as
the a-anomer. While stable under ambient conditions, hemiacetal
83 was slowly converted into bridged bicyclic compound 84 upon
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Scheme 11 Completion of the total synthesis of des-epoxy-caribenolide I stereoisomer 78. Reagents and conditions: a) DDQ (3.0 equiv.), CH2Cl2–sat. aq.
NaHCO3 (15 : 1), 0 ◦C, 1 h, 70%; b) Me3SnOH (4 × 10 equiv.), 1,2-dichloroethane, 80 ◦C, 96 h, 68%; c) 74 (30.0 equiv.), Et3N (40.0 equiv.), toluene, 25 ◦C,
16 h, then add to 4-DMAP (30.0 equiv.), toluene, 25 ◦C, 22 h, 80%; d) TPAP (0.5 equiv.), NMO (4.0 equiv.), 4 Å MS, CH2Cl2, 25 ◦C, 2 h, 92%; e) 48% aq.
HF, MeCN–CH2Cl2 (9 : 1), 0 → 25 ◦C, 5 h, 65% (a : b, 6 : 1). 4-DMAP = 4-dimethylaminopyridine; DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone;
MS = molecular sieves; NMO = 4-methylmorpholine N-oxide; TPAP = tetra-n-propylammonium perruthenate.


Scheme 12 Completion of the total syntheses of des-epoxy-amphidinolide N stereoisomer 83 and bicyclic acetal 84. Reagents and conditions: a) DDQ
(3.0 equiv.), CH2Cl2–pH 7 aq. buffer (2 : 1), 0 ◦C, 20 min, 78%; b) Me3SnOH (5 × 10 equiv.), 1,2-dichloroethane, 80 ◦C, 60 h, 45% 80 + 21% 79; c) 74
(30.0 equiv.), Et3N (40.0 equiv.), toluene, 25 ◦C, 16 h, then add to 4-DMAP (30.0 equiv.), toluene, 25 ◦C, 22 h, 65%; d) TPAP (0.2 equiv.), NMO (3.0 equiv.),
4 Å MS, CH2Cl2, 25 ◦C, 2 h, 80%; e) 48% aq. HF, MeCN–CH2Cl2 (4 : 1), 0 → 25 ◦C, 7 h, 94% (83 : 84, 1 : 1.6). 4-DMAP = 4-dimethylaminopyridine;
DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; MS = molecular sieves; NMO = 4-methylmorpholine N-oxide; TPAP = tetra-n-propylammonium
perruthenate.
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exposure to mildly acidic conditions (e.g. cat. PPTS in CH2Cl2),
providing further evidence for the formulations of 83 and 84 being
as shown in Scheme 12.


Analysis of the ROESY spectra of intermediates 78, 83 and 84
revealed some interesting relationships between the conformations
of the C13–C21 sector within this class of compounds. The tetrahy-
dropyran portion of amphidinolide N (1) has been proposed to
adopt the chair conformation illustrated in Fig. 1(a), in which the
C14 side-chain resides in an axial position on the ring.2 The natural
product is presumably biased towards this seemingly unfavourable
scenario either by intramolecular hydrogen-bonding or the steric
compression imposed by the rest of the macrocyclic system in its
natural configuration. In contrast, we propose the major anomer
of synthetic caribenolide-type compound 78 to have the opposite


Fig. 1 Conformational analysis of the C13–C21 tetrahydropyran sectors
of (a) amphidinolide N (1), (b) des-epoxy-caribenolide I stereoisomer 78,
(c) bicyclic acetal 84 and (d) des-epoxy-amphidinolide N stereoisomer 83.


stereochemistry at the C15 position, as shown in Fig. 1(b), a
conjecture based largely on the absence of observable ROESY
cross-peaks between either the C14 and C19 protons, or between
the C13 and C16 protons. More substantial differences can be
seen between amphidinolide N (1) and its synthetic analogues
83 and 84. The bridged bicyclic nature of acetal 84 means that
it is forced to adopt the conformation depicted in Fig. 1(c), in
which the C15–C19 tetrahydropyran has undergone a chair-flip
compared to the corresponding structure in amphidinolide N (1).
The remaining tetrahydropyran ring in compound 84 adopts a
boat conformation, to avoid placing the C21 side-chain directly
in contact with the axial C17 proton. It should be noted that the
propensity for the formation of bicyclic compound 84 suggests
that naturally-occurring amphidinolide N (1) has the opposite
configuration at the C21 stereocentre [i.e. is (21R), rather than
(21S) as in 84]. However, the remote effects of one or more of
the remaining stereocentres on the macrocyclic perimeter most
likely not being in the naturally-occurring configuration cannot
be ruled out as contributing to the favourable formation of the
bicyclic system. Clear ROESY cross-peaks between the C14 and
C21 protons, and between the C13 and C16 protons, indicate that
the C13/C14 unit is oriented as shown in Fig. 1(c), allowing for
a stabilising hydrogen-bonding interaction between the C14 and
the (now equatorial) C16 hydroxy groups. Somewhat to our initial
surprise, the C15–C19 tetrahydropyran portion of hemiacetal 83
[Fig. 1(d)] was found to adopt a conformation analogous to that
of bicyclic acetal 84. On closer inspection, it can be argued that
the energetic ‘cost’ of placing the C19 side-chain in an axial
position is more than compensated for by the hydrogen-bonding
network that can be set up between the C14, C15 and C16
hydroxy groups in this chair conformation. Thus, while the C14–
C19 sector of this compound (83) has the same relative stereo-
chemical relationship as is found in amphidinolide N [compare 1,
Fig. 1(a), with 83, Fig. 1(d)], such two-dimensional representations
disguise the major conformational differences between these two
materials.


From diene 78, completion of the total synthesis of the first
caribenolide I stereoisomer then required the selective epoxidation
of the C4–C5 alkene. Unfortunately, it has not proved to be
possible to effect this transformation to date [Scheme 13(a)]. The
Katsuki–Sharpless epoxidation conditions which were successful
for the model system (cf. Scheme 8) did not lead to any detectable
levels of conversion of diene 78 to epoxide 85. Increasing the
number of equivalents of reagents, temperature or reaction time
did nothing to rectify this situation, with the starting diene
78 invariably being recovered unchanged. In stark contrast, the
use of reagents such as m-CPBA or t-BuOOH/cat. VO(acac)2


rapidly generated a multitude of unidentifiable oxidation products,
resulting from non-chemoselective alkene epoxidation and/or
epoxide opening. An exhaustive survey of epoxidation methods
then ensued, but yielded no favourable results. A similar story
unfolded with diene 83 [Scheme 13(b)]; to date this compound
could not be converted into the corresponding amphidinolide N
stereoisomer 86.


An alternative route to caribenolide I stereoisomer 85 from
one of the advanced intermediates in hand would be to effect
the epoxidation of protected substrate 77 to give compound
87 [Scheme 13(a)], followed by global deprotection. However,
with diene 77 containing no real handles for controlling the
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Scheme 13 (a) Attempted completion of the total synthesis of caribenolide I stereoisomer 85 through epoxidation of dienes 77 or 78, (b) attempted
completion of the total synthesis of amphidinolide N stereoisomer 86 through epoxidation of diene 83.


chemoselectivity of the epoxidation, we feared for the viability
of this particular strategy. Indeed, epoxidation of diene 77, under
a variety of conditions, was found to be even less selective than that
of the corresponding protecting group-free substrate 78, therefore
this strategy was not pursued any further.


In a similar vein, the Katsuki–Sharpless epoxidation of bicyclic
acetal 84 to give the amphidinolide N analogue 88 was unsuccess-
ful (Scheme 14). Eventually, after much experimentation, it was
found that exposure of acetal 84 to freshly prepared DMDO31


in CH2Cl2/acetone at 0 ◦C resulted in selective epoxidation of
the C6 exocyclic methylene group, affording the regioisomeric
iso-epoxy-amphidinolide N stereoisomer 89 in 31% yield. Minor
amounts of unidentified side-products were formed during this
reaction, but the moderate isolated yield of allylic epoxide 89
primarily reflects its tendency towards decomposition during
purification. Compound 89 was formed as a single epoxide
diastereomer, although the configuration of the newly-formed
chiral centre could not be determined unambiguously. Treat-


ment of either of dienes 78 or 83 with DMDO under the
same conditions did not lead to the formation of any recog-
nisable products in synthetically useful yields, indicating that
the precise three-dimensional conformation of the macrocyclic
system is essential to attaining selectivity in this epoxidation
process.


The compounds illustrated in Fig. 2 (for the preparation
of hemiacetal 92 from ketone 90 see Scheme 15, and for the
preparation of 90, 93 and 94 see the preceding paper in this
issue1) were screened for cytotoxicity in vitro against the following
human tumour cell lines: 1A9 and PTX10 (ovarian), MCF-7 and
MDA-MB-231 (breast), HCT-116 (colon), A459 (lung) and PC3
(prostate). None of these compounds showed activity against any
of the cell lines at concentrations below 1.5 lM. In comparison,
caribenolide I (2) has an IC50 value of 1.6 nM against the HCT-116
cell line,3 while amphidinolide N (1) has IC50 values of 0.08 and
0.09 nM against murine lymphoma L1210 and human epidermoid
carcinoma KB-31 cell lines, respectively.2


Scheme 14 Epoxidation of bicyclic acetal 84 using DMDO to generate iso-epoxy-amphidinolide N stereoisomer 89. Reagents and conditions: a) DMDO
(1.4 equiv.), CH2Cl2–acetone (4.5 : 1), 0 ◦C, 40 min, 31%. DMDO = dimethyldioxirane.
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Fig. 2 Amphidinolide N and caribenolide I synthetic intermediates and analogues screened for cytotoxicity in vitro.


Scheme 15 Deprotection of ketone 90 to give hemiacetal 92. Reagents
and conditions: a) DDQ (3.0 equiv.), CH2Cl2–pH 7 aq. buffer (4 : 1), 0 ◦C,
20 min, 91%; b) 48% aq. HF, MeCN, 0 → 25 ◦C, 7.5 h, 56% (a : b, 10 : 1).
DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.


Conclusion


Highly convergent and enantioselective routes to the macrocyclic
frameworks of amphidinolide N (1) and caribenolide I (2) have
been developed, culminating in the total synthesis of des-epoxy-
caribenolide I structure 78, des-epoxy-amphidinolide N structures
83 and 84, and iso-epoxy-amphidinolide N structure 89. The
success of these endeavours required the advancement of a number
of synthetic strategies and tactics, most notably the Enders
hydrazone alkylation methodology for the stereoselective con-
struction of 1,3-dihydroxyketone derivatives, and further verified
the mildness and utility of our protocol for the hydrolysis of
esters using Me3SnOH. Installment of the C4–C5 allylic epoxide


group required to complete the synthesis of amphidinolide N
(1) or caribenolide I (2) remains problematic. Nevertheless, the
flexibility and efficiency of the described strategy should allow for
its adaptation to the generation of a wide variety of analogues
and stereoisomers of the target compounds 1 and 2. This work
has opened the door for both the eventual determination of
stereostructure of 1 and 2, and further biological evaluation of
this important class of natural products.


Experimental


For general experimental details, see the preceding paper in this
issue.1


Aldehyde 14


A solution of alkene 15 1 (4.00 g, 15.5 mmol) in CH2Cl2 (150 mL)
was cooled to −78 ◦C and a stream of ozone (ca. 10% in oxygen)
was bubbled through the mixture until a deep blue color persisted.
Oxygen was then bubbled through the solution for an additional
20 min to remove excess ozone. PPh3 (6.11 g, 23.3 mmol) was
added to the solution, which was then stirred and warmed to room
temperature over 1 h. The mixture was then concentrated under
reduced pressure, and triturated with 4 : 1 hexanes–Et2O. The
precipitated Ph3PO was then removed by filtration, and the filtrate
was concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 2.5–10% Et2O in hexanes)
to give 14 (3.563 g, 88%) as a colourless oil. Rf = 0.12 (silica gel,
23 : 2 hexanes–Et2O); [a]25


D +33.4◦ (c 1.31 in CH2Cl2); mmax/cm−1


(film) 2950, 2862, 1739, 1252, 1031, 836; dH (500 MHz, C6D6) 9.41
(1 H, s, H-4), 4.26 (1 H, d, J 3.6 Hz, H-3), 3.34 (3 H, s, CO2CH3),
2.72 (1 H, qd, J 7.0, 3.6 Hz, H-2), 1.05 (3 H, d, J 7.0 Hz, 2-CH3),
0.86 [9 H, s, SiC(CH3)3], −0.03 (3 H, s, SiCH3), −0.07 (3 H, s,
SiCH3); dC (125 MHz, C6D6) 201.5, 173.2, 78.6, 51.4, 42.7, 25.8,
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18.3, 10.8, −4.6, −5.3; HRMS (ES+) m/z calc. for C12H24O4SiNa
([MNa]+): 283.1336, found: 283.1331.


a,b-Unsaturated ketone 17


A solution of phosphonate 16 7 (0.403 g, 1.30 mmol) in acetonitrile
(10 mL) was added to flame-dried LiCl (0.085 g, 2.0 mmol) in
a round-bottomed flask at room temperature. After 10 min, i-
Pr2NEt (0.36 mL, 2.0 mmol) was added, and the mixture stirred
for a further 10 min before the addition of a solution of aldehyde
14 (0.406 g, 1.56 mmol) in acetonitrile (4 mL). The mixture was
then allowed to stir for 36 h at room temperature, before being
quenched by the addition of water (35 mL). The mixture was
then extracted with Et2O (3 × 20 mL), and the combined organic
layers were washed with brine (1 × 35 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (5% Et2O in hexanes) to give 17
(0.540 g, 93%) as a colourless oil. Rf = 0.41 (silica gel, 4 : 1 hexanes–
Et2O); [a]25


D −3.8◦ (c 1.25 in CHCl3); mmax/cm−1 (film) 2954, 1746,
1698, 1634, 1435, 1362, 1081, 837; dH (600 MHz, CDCl3) 6.90 (1 H,
dd, J 15.6, 5.0 Hz, 4-H), 6.68 (1 H, d, J 15.6 Hz, 5-H), 4.71 (1 H,
dd, J 5.0, 4.7 Hz, 3-H), 4.28 (1 H, q, J 6.7 Hz, 7-H), 3.66 (3 H, s,
CO2CH3), 2.57 (1 H, qd, J 7.0, 4.7 Hz, 2-H), 1.29 (3 H, d, J 6.7 Hz,
7-CH3), 1.11 (3 H, d, J 7.0 Hz, 2-CH3), 0.89 [9 H, s, SiC(CH3)3],
0.88 [9 H, s, SiC(CH3)3], 0.06 (3 H, s, SiCH3), 0.06 (3 H, s, SiCH3),
0.01 (3 H, s, SiCH3), −0.01 (3 H, s, SiCH3); dC (150 MHz, CDCl3)
201.9, 174.8, 148.8, 124.8, 75.3, 73.8, 52.6, 46.4, 26.7, 26.8, 21.7,
19.1, 18.9, 11.5, −3.4, −4.0, −4.0, −4.4; HRMS (ES+) m/z calc.
for C22H45O5Si2 ([MH]+): 445.2800, found: 445.2791.


Diene 18


Methyltriphenylphosphonium bromide (0.693 g, 1.94 mmol) was
dried under high vacuum (0.1 mmHg) for 16 h at room temper-
ature, then THF (6 mL) was added. KHMDS (3.65 mL, 0.5 M
in toluene, 1.82 mmol) was then added dropwise to the stirred
suspension at room temperature. After 30 min, the bright yellow-
orange solution was cooled to −78 ◦C, where a solution of ketone
17 (0.540 g, 1.21 mmol) in THF (2 mL) was added dropwise. After
stirring for 1 h, the mixture was warmed to room temperature
and then quenched by the addition of sat. aq. NH4Cl (15 mL).
The mixture was then extracted with Et2O (3 × 10 mL), and
the combined organic layers were washed with brine (1 × 15 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue was
triturated with 9 : 1 hexanes–Et2O, and the precipitated Ph3PO
was then removed by filtration. The filtrate was concentrated
under reduced pressure, and then the residue was purified by flash
chromatography on silica gel (5% Et2O in hexanes) to give 18
(0.498 g, 94%) as a colourless oil. Rf = 0.66 (silica gel, 4 : 1
hexanes–Et2O); [a]25


D −18.7◦ (c 1.23 in CHCl3); mmax/cm−1 (film)
2955, 1742, 1433, 1361, 1094, 837; dH (600 MHz, CDCl3) 6.12
(1 H, d, J 16.1 Hz, 5-H), 5.70 (1 H, dd, J 16.1, 7.0 Hz, 4-H), 5.22
(1 H, s, 6=CH2), 5.00 (1 H, s, 6=CH2), 4.45 (1 H, q, J 6.3 Hz,
7-H), 4.39 (1 H, dd, J 7.0, 6.5 Hz, 3-H), 3.63 (3 H, s, CO2CH3),
2.54 (1 H, qd, J 7.0, 6.5 Hz, 2-H), 1.26 (3 H, d, J 6.3 Hz, 7-CH3),
1.16 (3 H, d, J 7.0 Hz, 2-CH3), 0.89 (9 H, s, SiC(CH3)3), 0.87
[9 H, s, SiC(CH3)3], 0.04 (3 H, s, SiCH3), 0.03 (3 H, s, SiCH3),
0.02 (3 H, s, SiCH3), 0.00 (3 H, s, SiCH3); dC (150 MHz, CDCl3)
174.7, 149.8, 130.3, 130.0, 113.3, 75.1, 68.8, 51.5, 47.1, 25.8, 25.7,


24.6, 18.3, 18.1, 11.8, −4.2, −4.9, −5.1; HRMS (ES+) m/z calc.
for C23H47O4Si2 ([MH]+): 443.3007, found: 443.3002.


4,4-Dimethoxybutanal 20 9


A solution of alkene 21 (9.5 g, 40.9 mmol) was dissolved in CH2Cl2


(300 mL), and the mixture was cooled to −78 ◦C. A stream of
ozone (ca. 10% in oxygen) was bubbled through the solution until
a deep blue color persisted, then argon was bubbled through the
solution for an additional 15 min to remove excess ozone. PPh3


(16.1 g, 61.3 mmol) was added in one portion to the solution,
which was then stirred and warmed to room temperature over
1 h. The mixture was then concentrated under reduced pressure,
and triturated with 4 : 1 hexanes–Et2O. The precipitated Ph3PO
was then removed by filtration, and the filtrate was concentrated
in vacuo. The residue was purified by distillation under reduced
pressure (bp 66–75 ◦C, 13 mmHg) to give 20 (8.54 g, 79%) as a
colourless oil, the spectroscopic data of which were in agreement
with those reported in the literature.9 Rf = 0.16 (silica gel, 4 : 1
hexanes–Et2O); dH (400 MHz, CDCl3) 9.72 (1 H, t, J 1.5 Hz, 1-H),
4.35 (1 H, t, J 5.6 Hz, 4-H), 3.30 [6 H, s, CH(OCH3)2], 2.48 (2 H,
td, J 7.2, 1.5 Hz, 2-H and 2-H), 1.92 (2 H, td, J 7.2, 5.6 Hz, 3-H
and 3-H).


(4Z)-1,1,8,8-Tetramethoxyoct-4-ene 21


1,5-Cyclooctadiene (40.0 g, 369.6 mmol) was dissolved in 1 :
1 CH2Cl2–MeOH (800 mL), and the mixture was cooled to
−78 ◦C. A stream of ozone (ca. 10% in oxygen) was bubbled
through the solution for 2.5 h, then argon was bubbled through
the solution for an additional 10 min to remove any residual ozone.
TsOH·H2O (5.32 g, 28.0 mmol) was added to the mixture, which
was then stirred and allowed to warm to room temperature over
2 h under an atmosphere of argon. Me2S (200 mL) was then
added, and stirring continued for a further 18 h. The mixture
was then concentrated under reduced pressure, and the residue
was taken up in sat. aq. NaHCO3 (800 mL) and extracted with
CH2Cl2 (3 × 500 mL). The combined organic layers were dried
(MgSO4), filtered and concentrated in vacuo. The residue was
purified by flash chromatography on silica gel (gradient: 20–33%
Et2O in hexanes) to give 21 (43.1 g, 50%) as a pale yellow oil.
Rf = 0.24 (silica gel, 2 : 1 hexanes–Et2O); mmax/cm−1 (film) 2943,
2829, 1447, 1365, 1124, 916; dH (500 MHz, CDCl3) 5.38 (2 H, t,
J 4.6 Hz, 9-H and 9′-H), 4.36 (2 H, t, J 5.8 Hz, 6-H and 6′-H),
3.32 [12 H, s, CH(OCH3)2 and CH(OCH3)2], 2.10 (4 H, td, J 7.8,
4.6 Hz, 8-H, 8-H, 8′-H and 8′-H), 1.65 (4 H, td, J 7.8, 5.8 Hz, 7-H,
7-H, 7′-H and 7′-H); dC (125 MHz, CDCl3) 129.2, 103.8, 52.5, 32.2,
22.2; HRMS (ES+) m/z calc. for C12H24O4Na ([MNa]+): 255.1567,
found: 255.1574.


Alcohol 22


To a stirred solution of KOt-Bu (10.77 g, 96.0 mmol) in THF
(95 mL) at −45 ◦C was added trans-2-butene (17.0 mL, 180 mmol)
followed by the dropwise addition of n-BuLi (60.0 mL, 1.6 M in
hexanes, 96.0 mmol) over 25 min. After 15 min, the bright yellow
solution was cooled to −78 ◦C where a solution of (+)-Ipc2BOMe
(30.37 g, 96.0 mmol) in THF (75 mL) was added, and the mixture
stirred at that temperature for 1 h before the addition of BF3·OEt2


(12.2 mL, 96.0 mmol). After an additional 30 min, a solution
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of aldehyde 20 (8.02 g, 60.0 mmol) in THF (30 mL) was added
dropwise, and stirring continued for 4 h at −78 ◦C before the
reaction mixture was quenched by the addition of MeOH (20 mL)
and warmed to 0 ◦C. A mixture of 3 M aq. NaOH (300 mL)
and 35% aq. H2O2 (65 mL) was added dropwise over 30 min, and
the solution was warmed to room temperature overnight, before
being extracted with Et2O (3 × 200 mL). The combined organic
layers were washed with water (1 × 200 mL), brine (1 × 200 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (gradient: 20–
60% Et2O in hexanes) to give 22 (7.79 g, 69%) as a light yellow
oil. Rf = 0.23 (silica gel, 1 : 1 hexanes–Et2O); [a]25


D −2.4◦ (c 1.08
in CH2Cl2); mmax/cm−1 (film) 3459, 3073, 2952, 1455, 1369, 1126,
999; dH (500 MHz, C6D6) 5.70 (1 H, ddd, J 16.6, 11.0 and 8.2 Hz,
11-H), 4.92–4.97 (2 H, m, 12-H and 12-H), 4.30 (1 H, t, J 5.6 Hz,
6-H), 3.22–3.26 (1 H, m, 9-H), 3.14 [6 H, s, CH(OCH3)2], 2.01–
2.07 (1 H, m, 10-H), 1.89 (1 H, dddd, J 13.9, 9.7, 5.7 and 5.6 Hz,
7-H), 1.72 (1 H, dddd, J 13.9, 9.6, 5.8 and 5.6 Hz, 7-H), 1.65 (1 H,
br s, OH), 1.49–1.55 (1 H, m, 8-H), 1.42–1.47 (1 H, m, 8-H), 0.94
(3 H, d, J 6.7 Hz, 10-CH3); dC (125 MHz, C6D6) 140.8, 115.6,
104.8, 74.5, 52.4, 52.2, 44.7, 29.6, 29.4, 16.4; HRMS (ES+) m/z
calc. for C10H20O3Na ([MNa]+): 211.1305, found 211.1299.


(R)-Mosher’s ester 23


To a stirred solution of alcohol 22 (35 mg, 0.186 mmol) in CH2Cl2


(2.5 mL) were added 4-DMAP (23 mg, 0.186 mmol), Et3N (78 lL,
0.558 mmol) and (S)-(+)-methoxy-a-(trifluromethyl)phenylacetyl
chloride (52 lL, 0.279 mmol) sequentially at room temperature.
After 2 h the mixture was poured into sat. aq. NaHCO3 (20 mL)
and CH2Cl2 (20 mL), and the layers were separated. The aqueous
layer was extracted with CH2Cl2 (2 × 15 mL), and the combined
organic layers were washed with brine (1 × 20 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 15–20% Et2O in
hexanes) to give 23 (73 mg, 97%) as a colourless oil. The ee of
this material was determined to be 94% by 1H- and 19F-NMR
studies. Rf = 0.49 (silica gel, 1 : 1 hexanes–Et2O); [a]25


D −16.4◦


(c 1.4 in CH2Cl2); mmax/cm−1 (film) 2950, 2831, 1744, 1641, 1451,
1262, 1169, 1125, 1081, 923, 720, 500; dH (500 MHz, C6D6) 7.71
(2 H, d, J 7.8 Hz, ArH), 7.07–7.10 (2 H, m, ArH), 7.01–7.05
(1 H, m, ArH), 5.60 (1 H, ddd, J 17.0, 10.5 and 8.0 Hz, H-11),
5.08–5.11 (1 H, m, 9-H), 4.87–4.88 (1 H, m, 12-H), 4.85 (1 H,
ddd, J 10.5, 1.7 and 0.8 Hz, 12-H), 4.17–4.19 (1 H, m, 6-H), 3.43
(3 H, s, F3CCOCH3), 3.09 [3 H, s, CH(OCH3)2], 3.08 [3 H, s,
CH(OCH3)2], 2.23–2.30 (1 H, m, 10-H), 1.58–1.70 (4 H, m, 7-H,
7-H, 8-H and 8-H), 0.77 (3 H, d, J 7.0 Hz, 10-CH3); dC (125 MHz,
C6D6) 166.4, 138.7, 133.0, 129.7, 128.5, 127.9, 124.3 (q, 1J19F–13C


288.5 Hz), 116.3, 104.2, 85.1 (q, 2J19F–13C 27.5 Hz), 79.9, 55.4, 52.6,
52.4, 41.3, 28.9, 26.5, 15.8; dF (376 MHz, C6D6) −70.98 (major
diasteroisomer), −70.95 (minor diastereoisomer); HRMS (ES+)
m/z calc. for C20H27F3O5Na ([MNa]+): 427.1703, found 427.1702.


(S)-Mosher’s ester 24


To a stirred solution of alcohol 22 (41 mg, 0.218 mmol) in CH2Cl2


(3.5 mL) were added 4-DMAP (27 mg, 0.218 mmol), Et3N (91 lL,
0.653 mmol) and (R)-(−)-methoxy-a-(trifluromethyl)phenylacetyl
chloride (61 lL, 0.327 mmol) sequentially at room temperature.


After 2 h the mixture was poured into sat. aq. NaHCO3 (20 mL)
and CH2Cl2 (20 mL), and the layers were separated. The aqueous
layer was extracted with CH2Cl2 (2 × 15 mL), and the combined
organic layers were washed with brine (1 × 20 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 15–20% Et2O in
hexanes) to give 24 (84 mg, 95%) as a colourless oil. The ee of
this material was determined to be 94% by 1H- and 19F-NMR
studies. Rf = 0.47 (silica gel, 1 : 1 hexanes–Et2O); [a]25


D −35.3◦ (c
1.62 in CH2Cl2); mmax/cm−1 (film) 3075, 2954, 2832, 1746, 1643,
1452, 1259, 1122, 1017, 924, 720; dH (500 MHz, C6D6) 7.71 (2 H,
d, J 7.7 Hz, ArH), 7.07–7.11 (2 H, m, ArH), 7.02–7.06 (1 H,
m, ArH), 5.63 (1 H, ddd, J 17.0, 10.5 and 8.0 Hz, 11-H), 5.08–
5.11 (1 H, m, 9-H), 4.91–4.92 (1 H, m, 12-H), 4.88–4.90 (1 H, m,
12-H), 4.16 (1 H, t, J 5.3 Hz, 6-H), 3.42 (3 H, s, F3CCOCH3),
3.05 [3 H, s, CH(OCH3)2], 3.03 [3 H, s, CH(OCH3)2], 2.26–2.32
(1 H, m, 10-H), 1.42–1.64 (4 H, m, 7-H, 7-H, 8-H and 8-H),
0.86 (3 H, d, J 7.0 Hz, 10-CH3); dC (125 MHz, C6D6) 166.5,
139.1, 133.0, 129.7, 128.5, 127.9, 124.4 (q, 1J19F–13C 288.3 Hz),
116.2, 104.1, 85.2 (q, 2J19F–13C 27.5 Hz), 55.5, 52.6, 52.1, 41.5, 28.5,
26.3, 16.0; dF (376 MHz, C6D6) −70.97 (major diasteroisomer),
−71.00 (minor diastereoisomer); HRMS (ES+) m/z calc. for
C20H27F3O5Na ([MNa]+): 427.1703, found 427.1703.


p-Methoxybenzyl ether 25


To a stirred suspension of NaH (2.40 g, 60% dispersion in mineral
oil, 60.0 mmol) in THF (125 mL) was added a solution of alcohol
22 (7.06 g, 37.5 mmol) in THF (50 mL) dropwise at 0 ◦C. After
30 min, PMBCl (8.2 mL, 60.0 mmol) and n-Bu4NI (0.70 g,
1.9 mmol) were added, and the solution was heated to reflux
for 16 h. After cooling to room temperature, the reaction was
quenched by the careful addition of water (200 mL), and was
then extracted with Et2O (3 × 100 mL). The combined organic
layers were washed with brine (1 × 150 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was then taken
up in MeOH (50 mL) and cooled to 0 ◦C, where HC(OMe)3


(20 mL) and La(OTf)3 (0.33 g, 0.56 mmol) were added. The stirred
solution was allowed to warm to room temperature over 16 h.
The reaction mixture was then concentrated to half its original
volume under reduced pressure, and sat. aq. NaHCO3 (150 mL)
was added. The mixture was extracted with Et2O (3 × 150 mL),
and the combined organic layers were washed with brine (1 ×
150 mL), dried (MgSO4), filtered and concentrated in vacuo. The
residue was purified by flash chromatography on silica gel (10%
Et2O in hexanes) to give 25 (11.20 g, 96% from 22) as a colourless
oil. Rf = 0.53 (silica gel, 1 : 1 hexanes–Et2O); [a]25


D −11.8◦ (c 1.00
in CH2Cl2); mmax/cm−1 (film) 2941, 2830, 1613, 1511, 1461, 1242,
1126, 958; dH (500 MHz, C6D6) 7.23 (2 H, d, J 8.6 Hz, ArH),
6.79 (2 H, d, J 8.6 Hz, ArH), 5.81–5.93 (1 H, m, 11-H), 5.01–5.04
(2 H, m, 12-H and 12-H), 4.30–4.39 (3 H, m, 6-H and OCH2Ar),
3.31 (3 H, s, ArOCH3), 3.21 (1 H, dt, J 7.4, 4.3 Hz, 9-H), 3.15
[6 H, s, CH(OCH3)2], 2.42–2.48 (1 H, m, 10-H), 1.85–1.93 (1 H,
m, 7-H), 1.64–1.74 (3 H, m, 7-H, 8-H and 8-H), 1.04 (3 H, d,
J 6.9 Hz, 10-CH3); dC (125 MHz, C6D6) 159.6, 141.3, 131.6, 129.4,
114.5, 114.0, 104.7, 82.3, 71.5, 54.7, 52.3, 52.1, 40.8, 29.3, 26.0,
15.0; HRMS (ES+) m/z calc. for C18H28O4Na ([MNa]+): 331.1880,
found: 331.1883.
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a,b-Unsaturated ester 29


A solution of alkene 25 (29.0 g, 94.0 mmol) in CH2Cl2 (500 mL)
was cooled to −78 ◦C and a stream of ozone (ca. 10% in oxygen)
was bubbled through the mixture until TLC analysis confirmed
the complete consumption of starting material, then oxygen was
bubbled through the solution for an additional 20 min to remove
excess ozone. PPh3 (37.0 g, 141 mmol) was added to the solution,
which was then stirred and warmed to room temperature over
1 h. The mixture was then concentrated under reduced pressure,
and triturated with 4 : 1 hexanes–Et2O. The precipitated Ph3PO
was then removed by filtration, and the filtrate was concentrated
in vacuo. Quick filtration through silica gel with 20 : 1 hexanes–
Et2O removed the excess PPh3, the filtrate was concentrated, and
the residue was taken up in benzene (400 mL). Phosphorane 28
(43.3 g, 119 mmol) was added in one portion, and the solution was
heated to 70 ◦C for 16 h. An additional portion of phosphorane
28 (12.0 g, 33.1 mmol) was then added, and stirring continued for
an additional 24 h at 70 ◦C. The solution was then cooled to room
temperature and concentrated in vacuo. The residue was triturated
with 5 : 1 hexanes–Et2O, and the precipitated Ph3PO was removed
by filtration. The filtrate was concentrated under reduced pressure,
and then purified by flash chromatography on silica gel (gradient:
9–20% Et2O in hexanes) to give 29 (28.9 g, 78% from 25) as a
colourless oil. Rf = 0.35 (silica gel, 1 : 1 hexanes–Et2O); [a]25


D +1.1◦


(c 0.72 in CH2Cl2); mmax/cm−1 (film) 2953, 2928, 1707, 1647, 1510,
1450, 1364, 1068, 823; dH (500 MHz, C6D6) 7.20 (2 H, d, J 8.6 Hz,
ArH), 7.04 (1 H, dq, J 10.0, 1.4 Hz, 11-H), 6.78 (2 H, d, J 8.6 Hz,
ArH), 4.36 (1 H, d, J 11.3 Hz, OCH2Ar), 4.32 (1 H, d, J 11.3 Hz,
OCH2Ar), 4.24 (1 H, t, J 5.4 Hz, 6-H), 4.03 (2 H, app qd, J 7.1,
2.7 Hz, CO2CH2CH3), 3.29 (3 H, s, ArOCH3), 3.14–3.20 (1 H,
m, 9-H), 3.13 [6 H, s, CH(OCH3)2], 2.66–2.70 (1 H, m, 10-H),
1.91 (3 H, d, J 1.4 Hz, 12-CH3), 1.79–1.83 (1 H, m, 7-H), 1.61–
1.70 (2 H, m, 7-H and 8-H), 1.55–1.59 (1 H, m, 8-H), 0.96 (3 H,
t, J 7.1 Hz, CO2CH2CH3), 0.93 (3 H, d, J 6.8 Hz, 10-CH3); dC


(125 MHz, C6D6) 167.7, 159.7, 144.2, 131.3, 129.5, 128.4, 114.0,
104.6, 81.6, 71.8, 60.3, 54.7, 52.4, 52.2, 36.9, 28.9, 26.7, 15.8, 14.3,
12.9; HRMS (ES+) m/z calc. for C22H34O6Na ([MNa]+): 417.2247,
found: 417.2249.


Allylic alcohol 30


To a stirred solution of ethyl ester 29 (9.60 g, 24.3 mmol) in
THF (120 mL) was added DIBAL-H (48.0 mL, 1.5 M in toluene,
73.0 mmol) dropwise at −78 ◦C. After 2.5 h, the reaction was
quenched by the careful addition of MeOH (10 mL) and then
warmed to 0 ◦C, where sat. aq. Rochelle’s salt (250 mL) was
added. After stirring vigorously at room temperature for 2 h,
the mixture was extracted with EtOAc (3 × 125 mL), and the
combined organic layers were washed with brine (1 × 200 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (gradient: 20–
60% EtOAc in hexanes) to give 30 (8.22 g, 96%) as a colourless
oil. Rf = 0.30 (silica gel, 1 : 1 hexanes–EtOAc); [a]25


D −18.0◦ (c 0.35
in CH2Cl2); mmax/cm−1 (film) 3433, 2932, 1611, 1455, 1370, 1176,
1067, 954; dH (500 MHz, C6D6) 7.25 (2 H, d, J 8.6 Hz, ArH), 6.79
(2 H, d, J 8.6 Hz, ArH), 5.44 (1 H, dq, J 9.5, 1.2 Hz, 11-H), 4.43
(1 H, d, J 11.3 Hz, OCH2Ar), 4.39 (1 H, d, J 11.3 Hz, OCH2Ar),
4.31 (1 H, t, J 5.5 Hz, 6-H), 3.80 (2 H, d, J 5.3 Hz, 13-H and


13-H), 3.30 (3 H, s, ArOCH3), 3.21 (1 H, dt, J 7.5, 4.4 Hz, 9-H),
3.14 [6 H, s, CH(OCH3)2], 2.71 (1 H, dqd, J 9.5, 6.8 and 4.4 Hz,
10-H), 1.86–1.91 (1 H, m, 7-H), 1.67–1.73 (2 H, m, 7-H and 8-
H), 1.60 (3 H, s, 12-CH3), 1.59–1.64 (1 H, m, 8-H), 1.42 (1 H, t,
J 5.3 Hz, OH), 1.06 (3 H, d, J 6.8 Hz, 10-CH3); dC (125 MHz,
C6D6) 159.6, 135.7, 131.6, 129.5, 127.7, 114.0, 104.8, 82.4, 71.7,
68.7, 54.8, 52.5, 52.1, 35.3, 29.3, 26.4, 16.5, 14.0; HRMS (ES+)
m/z calc. for C20H32O5Na ([MNa]+): 375.2142, found: 375.2142.


Aldehyde 32


TsOH·H2O (1.86 g, 9.79 mmol) was added in one portion to a
stirred solution of dimethyl acetal 30 (23.0 g, 65.25 mmol) in 4 :
1 acetone–water (600 mL) at room temperature. After 3 h, the
mixture was concentrated in vacuo to remove most of the acetone,
and was then partitioned between sat. aq. NaHCO3 (200 mL)
and EtOAc (200 mL). The mixture was extracted with EtOAc
(3 × 200 mL), the combined organic layers washed with brine
(1 × 200 mL), dried (MgSO4), filtered and concentrated in vacuo.
The residue was filtered through silica gel with 15% Et2O in
hexanes, and the filtrate was concentrated in vacuo. The resulting
oil was then dissolved in CH2Cl2 (300 mL), and imidazole (11.51 g,
169 mmol), a catalytic amount of 4-DMAP and TBSCl (15.68 g,
104 mmol) were added sequentially to the stirred solution at room
temperature. After 90 min, the reaction was quenched with water
(300 mL), the layers were separated, and the aqueous layer was
extracted with Et2O (3 × 200 mL). The combined organic layers
were washed with brine (1 × 300 mL), dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 9–33% Et2O in hexanes)
to give 32 (25.84 g, 95% from 30) as a colourless oil. Rf = 0.52
(silica gel, 1 : 1 hexanes–Et2O); [a]25


D −14.0◦ (c 1.00 in CH2Cl2);
mmax/cm−1 (film) 2943, 2716, 1720, 1609, 1466, 1440, 1245, 1076,
775; dH (500 MHz, C6D6) 9.36 (1 H, dd, J 1.9, 1.1 Hz, 6-H), 7.22
(2 H, d, J 8.6 Hz, ArH), 6.81 (2 H, d, J 8.6 Hz, ArH), 5.42 (1 H, dd,
J 9.5, 1.3 Hz, 11-H), 4.37 (1 H, d, J 11.1 Hz, OCH2Ar), 4.24 (1 H,
d, J 11.1 Hz, OCH2Ar), 3.97 (2 H, s, 13-H and 13-H), 3.30 (3 H, s,
ArOCH3), 3.07 (1 H, dt, J 8.6 Hz, 4.1 Hz, 9-H), 2.61–2.66 (1 H,
m, 10-H), 2.08 (1 H, dtd, J 16.6, 7.4 and 1.9 Hz, 7-H), 1.97 (1 H,
dtd, J 16.6, 7.0 and 1.1 Hz, 7-H), 1.59 (3 H, s, 12-CH3), 1.55–1.71
(2 H, m, 8-H and 8-H), 0.98 [12 H, m, 10-CH3 and SiC(CH3)3],
0.06 (6 H, s, SiCH3 and SiCH3); dC (125 MHz, C6D6) 200.7, 159.7,
135.2, 131.3, 129.6, 127.2, 114.0, 81.6, 71.7, 68.9, 54.7, 40.7, 35.1,
26.1, 24.0, 18.6, 16.0, 13.8, −5.0, −5.1; HRMS (ES−) m/z calc. for
C24H39O4Si ([M − H]−): 419.2623, found: 419.2621.


Carboxylic acid 37


Solid NaH2PO4 (3.99 g, 33.3 mmol) and NaClO2 (1.93 g,
17.12 mmol) were added sequentially to a stirred solution of
aldehyde 32 (4.00 g, 9.51 mmol) and 2-methyl-2-butene (20.15 mL,
190.18 mmol) in 4 : 1 t-BuOH–H2O (60 mL) at room temperature.
After 2 h, the reaction was quenched by the addition of sat. aq.
Na2SO3 (30 mL) and sat. aq. NH4Cl (30 mL). The mixture was then
acidified to a pH of 3.0 using 1 M aq. KHSO4, and extracted with
EtOAc (4 × 60 mL). The combined organic layers were washed
with brine (1 × 100 mL), dried (MgSO4), filtered and concentrated
in vacuo. The residue was purified by flash chromatography on
silica gel (gradient: 20–50% EtOAc in hexanes) to give 37 (3.247 g,
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78%) as a colourless oil. Rf = 0.47 (silica gel, 1 : 1 hexanes–EtOAc);
[a]25


D −14.9◦ (c 0.61 in CH2Cl2); mmax/cm−1 (film) 3520, 2949, 2851,
1730, 1708, 1509, 1459, 1247, 1071, 936; dH (500 MHz, C6D6) 7.23
(2 H, d, J 8.6 Hz, ArH), 6.81 (2 H, d, J 8.6 Hz, ArH), 5.45 (1 H,
d, J 9.6 Hz, 11-H), 4.40 (1 H, d, J 11.2 Hz, OCH2Ar), 4.31 (1 H,
d, J 11.2 Hz, OCH2Ar), 3.97 (2 H, s, 13-H and 13-H), 3.31 (3 H, s,
ArOCH3), 3.18 (1 H, dt, J 8.4, 4.2 Hz, 9-H), 2.65–2.70 (1 H, m,
10-H), 2.36 (1 H, ddd, J 14.7, 8.3 and 6.3 Hz, 7-H), 2.25–2.29
(1 H, m, 7-H), 1.72–1.82 (2 H, m, 8-H and 8-H), 1.60 (3 H, s, 12-
CH3), 0.98–0.99 [12 H, m, 10-CH3 and SiC(CH3)3], 0.07 (3 H, s,
SiCH3), 0.07 (3 H, s, SiCH3); dC (125 MHz, C6D6) 180.2, 159.7,
135.2, 131.4, 129.5, 127.2, 114.0, 81.4, 71.9, 68.9, 54.7, 35.2, 30.8,
26.5, 26.1, 18.6, 16.1, 13.8, −5.0, −5.1; HRMS (ES−) m/z calc. for
C24H39O5Si ([M − H]−): 435.2572, found 435.2567.


Methyl ester 38


To a stirred suspension of carboxylic acid 37 (4.50 g, 10.3 mmol)
and powdered K2CO3 (3.55 g, 25.8 mmol) in dry acetone (50 mL)
was added MeI (2.50 mL, 40.8 mmol) in one portion at room
temperature. After stirring for 16 h, the reaction mixture was
concentrated under reduced pressure, and was then partitioned
between sat. aq. NH4Cl (75 mL) and Et2O (50 mL). The layers
were separated, and the aqueous layer was extracted with Et2O
(3 × 50 mL). The combined organic layers were washed with sat.
aq. NaHCO3 (1 × 75 mL), brine (1 × 75 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (10% Et2O in hexanes) to give
38 (4.51 g, 97%) as a colourless oil. Rf = 0.58 (silica gel, 1 : 1
hexanes–Et2O); [a]25


D −14.9◦ (c 1.00 in CH2Cl2); mmax/cm−1 (film)
2955, 2919, 1735, 1511, 1461, 1247, 1037, 887; dH (500 MHz, C6D6)
7.22 (2 H, d, J 8.4 Hz, ArH), 6.79 (2 H, d, J 8.4 Hz, ArH), 5.45
(1 H, d, J 9.5 Hz, 11-H), 4.41 (1 H, d, J 11.2 Hz, OCH2Ar),
4.32 (1 H, d, J 11.2 Hz, OCH2Ar), 3.96 (2 H, s, 13-H and 13-H),
3.33 (3 H, s, CO2CH3), 3.31 (3 H, s, ArOCH3), 3.20 (1 H, dt,
J 8.5, 4.3 Hz, 9-H), 2.66–2.70 (1 H, m, 10-H), 2.33–2.40 (1 H,
m, 7-H), 2.24–2.30 (1 H, m, 7-H), 1.78–1.92 (2 H, m, 8-H and
8-H), 1.60 (3 H, s, 12-CH3), 0.99 (3 H, d, J 8.5 Hz, 10-CH3), 0.97
[9 H, s, SiC(CH3)3], 0.06 (3 H, s, SiCH3), 0.06 (3 H, s, SiCH3); dC


(125 MHz, C6D6) 173.7, 159.8, 135.3, 131.7, 129.7, 127.6, 114.2,
81.8, 72.0, 69.2, 54.9, 51.2, 35.4, 31.0, 27.0, 26.3, 18.8, 16.4, 14.0,
−4.8, −4.9; HRMS (ES−) m/z calc. for C25H41O5Si ([M − H]−):
449.2729, found: 449.2725.


a-Hydroxy ester 40


To a stirred solution of methyl ester 38 (3.61 g, 8.0 mmol) in
THF (60 mL) was added KHMDS (32 mL, 0.5 M in toluene,
16.0 mmol) dropwise at −78 ◦C. After 30 min, a solution of the
Davis oxaziridine 39 13 (6.61 g, 24.0 mmol) in THF (20 mL) was
added and the solution was stirred at −78 ◦C for an additional 1 h.
The reaction was then quenched by the addition of sat. aq. NH4Cl
(150 mL), warmed to room temperature, and extracted with Et2O
(3 × 60 mL). The combined organic layers were washed with sat.
aq. NaHCO3 (1 × 150 mL), brine (1 × 150 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 15–30% Et2O in
hexanes) to give 40 (3.59 g, 96%) as a colourless oil and as a
3 : 1 mixture of diastereomers at the C7 position (determined


by 1H-NMR analysis). Full characterisation of the major (7S)-
diastereomer is given below (49).


t-Butyldimethylsilyl ether 42


TBSCl (2.86 g, 19.0 mmol) was added in one portion to a stirred
solution of alcohol 40 (3.58 g, 7.60 mmol) and imidazole (2.58 g,
38.0 mmol) in CH2Cl2 (40 mL). After 16 h, the reaction was
quenched by the addition of water (100 mL), and was extracted
with Et2O (3 × 50 mL). The combined organic layers were then
washed with sat. aq. NaHCO3 (1 × 100 mL), brine (1 × 100 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (7.5% Et2O
in hexanes) to give 42 (3.87 g, 88%) as a light yellow oil and as
a 3 : 1 mixture of diastereomers at the C7 position (determined
by 1H-NMR analysis). Full characterisation of the major (7S)-
diastereomer is given below (50).


b-Ketophosphonate 44


To a stirred solution of dimethyl methylphosphonate (2.22 mL,
20.5 mmol) in THF (50 mL) was added n-BuLi (12.8 mL, 1.55 M
in hexanes, 19.8 mmol) dropwise at −78 ◦C. After 30 min a
solution of ester 42 (3.83 g, 6.6 mmol) in THF (20 mL) was
added dropwise. After stirring for 1 h at −78 ◦C, the reaction was
quenched by the addition of sat. aq. NH4Cl (100 mL), warmed to
room temperature, and extracted with EtOAc (4 × 60 mL). The
combined organic layers were washed with brine (1 × 100 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (50% EtOAc
in hexanes) to give 44 (4.26 g, 96%) as a highly viscous colourless
oil and as a 3 : 1 mixture of diastereomers at the C7 position
(determined by 1H-NMR analysis). Full characterisation of the
major (7S)-diastereomer is given below (51).


N-Acyl-oxazolidinone 45


To a stirred solution of carboxylic acid 37 (3.20 g, 7.33 mmol)
in THF (20 mL) were added Et3N (1.12 mL, 8.06 mmol) and
freshly distilled pivaloyl chloride (0.99 mL, 8.06 mmol) dropwise
at −78 ◦C, and the mixture was stirred for 1 h. In a separate
flask, n-BuLi (3.5 mL, 2.5 M in hexanes, 8.80 mmol) was added
dropwise to a stirred solution of (S)-4-benzyl-2-oxazolidinone
(1.56 g, 8.80 mmol) in THF (20 mL) at −78 ◦C. After 1 h, the
solution of oxazolidinone anion 47 was transferred by cannula
into the solution of mixed anhydride 46, and the resulting mixture
allowed to stir at −78 ◦C for 3 h. The reaction was then quenched
with sat. aq. NH4Cl (80 mL), and extracted with Et2O (2 ×
40 mL). The combined organic layers were washed with sat. aq.
NaHCO3 (1 × 80 mL), brine (1 × 80 mL), dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 10–30% EtOAc in hexanes)
to give 45 (1.902 g, 44%) as a colourless oil. Rf = 0.21 (silica gel, 4 :
1 hexanes–Et2O); [a]25


D +12.0◦ (c 1.20 in CH2Cl2); mmax/cm−1 (film)
2936, 1783, 1697, 1513, 1384, 1174, 834; dH (600 MHz, C6D6) 7.27
(2 H, d, J 8.5 Hz, ArH), 7.05–7.08 (2 H, m, ArH), 7.00–7.03
(1 H, m, ArH), 6.89–6.90 (2 H, m, ArH), 6.77 (2 H, d, J 8.5 Hz,
ArH), 5.47 (1 H, dd, J 9.5, 0.8 Hz, 11-H), 4.48 (1 H, d, J 11.2 Hz,
OCH2Ar), 4.37 (1 H, d, J 11.2 Hz, OCH2Ar), 4.14–4.18 (1 H, m,
OCH2CHN), 3.96 (2 H, s, 13-H and 13-H), 3.53 (1 H, dd, J 8.9,


2172 | Org. Biomol. Chem., 2006, 4, 2158–2183 This journal is © The Royal Society of Chemistry 2006







2.8 Hz, OCH2CHN), 3.34 (3 H, s, ArOCH3), 3.29–3.33 (2 H, m,
9-H and OCH2CHN), 3.13 (1 H, ddd, J 17.3, 8.6 and 6.0 Hz, 7-H),
3.00 (1 H, ddd, J 17.3, 8.6 and 6.0 Hz, 7-H), 2.94 (1 H, dd, J 13.3,
3.2 Hz, CH2Ph), 2.75–2.81 (1 H, m, 10-H), 2.34 (1 H, dd, J 13.3,
9.4 Hz, CH2Ph), 1.91–2.02 (2 H, m, 8-H and 8-H), 1.62 (3 H, s,
12-CH3), 1.04 (3 H, d, J 6.8 Hz, 10-CH3), 0.93 [9 H, s, SiC(CH3)3],
0.04 (3 H, s, SiCH3), 0.03 (3 H, s, SiCH3); dC (150 MHz, C6D6)
172.9, 159.5, 153.4, 136.0, 135.2, 131.5, 129.6, 129.6, 128.9, 127.4,
127.2, 113.9, 81.7, 71.8, 68.9, 65.7, 55.0, 54.8, 37.8, 35.2, 32.6,
26.1, 26.0, 18.5, 16.1, 13.9, −5.1, −5.1; HRMS (ES+) m/z calc. for
C34H49NO6SiNa ([MNa]+): 618.3221, found: 618.3204.


a-Hydroxy ester 49


A solution of oxazolidinone 45 (1.85 g, 3.10 mmol) in THF (5 mL)
was added dropwise to a stirred solution of NaHMDS (3.73 mL,
1.0 M in THF, 3.73 mmol) in THF (8 mL) at −78 C. After 5 min,
a solution of the Davis oxaziradine 39 13 (1.28 g, 4.66 mmol) in
THF (4 mL) was added, and stirring continued for 5 min before
the rapid addition of a solution of AcOH (1 mL) in THF (3 mL).
The mixture was then poured into sat. aq. NaHCO3 (50 mL),
and extracted with EtOAc (3 × 30 mL). The combined organic
layers were washed with sat. aq. NaHCO3 (1 × 50 mL), brine (1 ×
50 mL), dried (MgSO4), filtered and concentrated in vacuo. The
residue was filtered through silica gel with 20% EtOAc in hexanes,
and the filtrate was concentrated under reduced pressure to give
1.30 g of a residue (68) that was used without further purification
in the next step. The crude alcohol 48 (0.500 g, 0.817 mmol) was
then taken up in MeOH (4 mL) and added to a stirred solution
of Mg(OMe)2 (1.36 mL, 1.2 M in MeOH, 1.64 mmol) in MeOH
(8 mL) at 0 ◦C. After 30 min, the reaction mixture was poured
into sat. aq. NH4Cl (25 mL), and then extracted with EtOAc (3 ×
20 mL). The combined organic layers were washed with brine (1 ×
25 mL), dried (MgSO4), filtered and concentrated in vacuo. The
residue was purified by flash chromatography on silica gel (30%
Et2O in hexanes) to give 49 (0.313 g, 56% from 45) as a colourless
paste. Rf = 0.32 (silica gel, 1 : 1 hexanes–Et2O); [a]25


D −36.7◦ (c 0.09
in CH2Cl2); mmax/cm−1 (film) 3468, 2955, 1738, 1514, 1361, 1174,
939; dH (600 MHz, C6D6) 7.28 (2 H, d, J 8.6 Hz, ArH), 6.77 (2 H, d,
J 8.6 Hz, ArH), 5.39 (1 H, d, J 10.5 Hz, 11-H), 4.56 (1 H, d, J 10.8,
Hz, OCH2Ar), 4.51 (1 H, d, J 10.8 Hz, OCH2Ar), 4.47–4.49 (1 H,
m, 7-H), 3.92 (2 H, s, 13-H and 13-H), 3.72–3.75 (1 H, m, 9-H),
3.39 (1 H, br s, OH), 3.34 (3 H, s, CO2CH3), 3.29 (3 H, s, ArOCH3),
2.67–2.73 (1 H, m, 10-H), 2.04 (1 H, ddd, J 14.0, 10.6 and 2.7 Hz,
8-H), 1.65 (1 H, ddd, J 14.0, 10.2 and 2.4 Hz, 8-H), 1.56 (3 H, s,
12-CH3), 0.99 (3 H, d, J 6.8 Hz, 10-CH3), 0.93 [9 H, s, SiC(CH3)3],
0.02 (6 H, s, SiCH3 and SiCH3); dC (150 MHz, C6D6) 176.2, 159.6,
135.4, 131.5, 129.6, 127.0, 114.0, 79.3, 72.9, 68.9, 68.3, 54.8, 51.8,
37.0, 35.8, 26.1, 18.5, 16.0, 13.8, −5.1; HRMS (ES+) m/z calc. for
C25H42O6SiNa ([MNa]+): 489.2643, found: 489.2649.


t-Butyldimethylsilyl ether 50


TBSCl (436 mg, 2.89 mmol) was added in one portion to a stirred
solution of alcohol 49 (450 mg, 0.964 mmol), imidazole (394 mg,
5.79 mmol) and a catalytic amount of 4-DMAP in CH2Cl2 (8 mL)
at room temperature. After 16 h the reaction was quenched by the
addition of water (25 mL), and then extracted with CH2Cl2 (3 ×
15 mL). The combined organic layers were dried (MgSO4), filtered


and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 8–12% Et2O in hexanes) to
give 50 (484 mg, 86%) as a light yellow oil. Rf = 0.67 (silica gel, 1 :
1 hexanes–Et2O); [a]25


D −20.4◦ (c 1.67 in CH2Cl2); mmax/cm−1 (film)
2957, 2856, 1751, 1583, 1359, 1146, 777; dH (500 MHz, C6D6) 7.25
(2 H, d, J 8.6 Hz, ArH), 6.77 (2 H, d, J 8.6 Hz, ArH), 5.35 (1 H,
d, J 9.3 Hz, 11-H), 4.53–4.57 (2 H, m, 7-H and OCH2Ar), 4.39
(1 H, d, J 11.0 Hz, OCH2Ar), 3.94 (1 H, d, J 12.3 Hz, 13-H), 3.93
(1 H, d, J 12.3 Hz, 13-H), 3.64 (1 H, ddd, J 9.5, 3.9 and 2.4 Hz,
9-H), 3.36 (3 H, s, CO2CH3), 3.32 (3 H, s, ArOCH3), 2.83–2.91
(1 H, dqd, J 9.3, 6.8 and 3.9 Hz, 10-H), 2.06 (1 H, ddd, J 13.9,
9.5 and 3.1 Hz, 8-H), 1.85 (1 H, ddd, J 13.9, 9.6 and 2.4 Hz, 8-H),
1.60 (3 H, s, 12-CH3), 0.98 (3 H, d, J 6.8 Hz, 10-CH3), 0.96 [9 H, s,
SiC(CH3)3], 0.95 [9 H, s, SiC(CH3)3], 0.11 (3 H, s, SiCH3), 0.04
(6 H, s, SiCH3 and SiCH3), 0.03 (3 H, s, SiCH3); dC (125 MHz,
C6D6) 174.0, 159.6, 135.5, 131.5, 129.1, 126.9, 114.0, 78.8, 71.2,
70.3, 68.7, 54.8, 51.2, 37.3, 34.3, 26.2, 26.1, 18.6, 18.5, 15.1, 13.8,
−4.4, −5.0; HRMS (ES+) m/z calc. for C31H56O6Si2Na ([MNa]+):
603.3507, found: 603.3510.


b-Ketophosphonate 51


To a stirred solution of dimethyl methylphosphonate (276 lL,
2.55 mmol) in THF (8 mL) was added n-BuLi (1.0 mL, 2.5 M in
hexanes, 2.5 mmol) dropwise at −78 ◦C. After 30 min a solution
of ester 50 (470 mg, 0.823 mmol) in THF (4 mL) was added
dropwise. After stirring for a further 1 h at −78 ◦C, the reaction
was quenched by the addition of sat. aq. NH4Cl (20 mL), warmed
to room temperature, and extracted with EtOAc (4 × 10 mL). The
combined organic layers were washed with brine (1 × 20 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (50% EtOAc in
hexanes) to give 51 (507 mg, 92%) as a highly viscous colourless
oil. Rf = 0.25 (silica gel, 1 : 1 hexanes–EtOAc); [a]25


D +3.4◦ (c 1.00
in CH2Cl2); mmax/cm−1 (film) 2935, 1725, 1513, 1360, 1249, 1094,
777; dH (500 MHz, C6D6) 7.31 (2 H, d, J 8.6 Hz, ArH), 6.81 (2 H,
d, J 8.6 Hz, ArH), 5.38 (1 H, d, J 9.2 Hz, 11-H), 4.50–4.53 (2 H, m,
7-H and OCH2Ar), 4.38 (1 H, d, J 10.9 Hz, OCH2Ar), 3.55–3.58
(1 H, m, 9-H), 3.43 (3 H, d, J 11.2 Hz, POCH3), 3.40 (3 H, d,
J 11.1 Hz, POCH3), 3.35 (3 H, s, ArOCH3), 3.12 (1 H, dd, J 22.1,
14.5 Hz, 5-H), 2.94 (1 H, dd, J 21.7, 14.5 Hz, 5-H), 2.86–2.91
(1 H, m, 10-H), 1.94 (1 H, ddd, J 14.1, 9.2 and 4.3 Hz, 8-H), 1.70
(1 H, ddd, J 14.1, 8.5 and 2.7 Hz, 8-H), 1.60 (3 H, s, 12-CH3), 0.99
(3 H, d, J 6.8 Hz, 10-CH3), 0.95 [9 H, s, SiC(CH3)3], 0.94 [9 H, s,
SiC(CH3)3], 0.12 (3 H, s, SiCH3), 0.05 (3 H, s, SiCH3), 0.04 (6 H, s,
SiCH3 and SiCH3); dC (125 MHz, C6D6) 202.7 (d, 2J31P–13C 6.2 Hz),
159.6, 135.6, 131.3, 129.5, 126.5, 114.0, 78.9, 77.1, 71.2, 68.6, 54.8,
52.4 (d, 2J31P–13C 6.3 Hz), 52.3 (d, 2J31P–13C 6.0 Hz), 36.1, 35.8 (d,
1J31P–13C 131.1 Hz), 34.1, 26.1, 26.1, 18.5, 18.4, 15.1, 13.8, −4.4,
−5.0, −5.1, −5.1; HRMS (ES+) m/z calc. for C33H61O8PSi2Na
([MNa+]): 695.3535, found: 695.3537.


a,b-Unsaturated ketone 52


A solution of phosphonate 44 (8.08 g, 12.0 mmol) in acetonitrile
(10 mL) was added to a stirred suspension of flame-dried LiCl
(0.763 g, 18.0 mmol) in acetonitrile (100 mL) in a round-bottomed
flask at room temperature. After 10 min, i-Pr2NEt (3.10 mL,
18.0 mmol) was added and the mixture stirred for a further
10 min before the addition of a solution of aldehyde 14 (3.562 g,
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13.7 mmol) in acetonitrile (10 mL). The mixture was then allowed
to stir for 48 h at room temperature, before being quenched by the
addition of water (250 mL). The mixture was then extracted with
Et2O (3 × 100 mL), and the combined organic layers were washed
with brine (1 × 150 mL), dried (MgSO4), filtered and concentrated
in vacuo. The residue was purified by flash chromatography on
silica gel (gradient: 5–15% Et2O in hexanes) to give 52 (8.93 g, 92%)
as a colourless oil and as a 3 : 1 mixture of diastereomers at the C7
position (determined by 1H-NMR analysis). Full characterisation
of the major (7S)-diastereomer is given below (57).


Diene 53


Methyltriphenylphosphonium bromide (6.29 g, 17.6 mmol) was
dried under high vacuum (0.1 mmHg) for 16 h at room tem-
perature, and was then suspended in THF (60 mL). KHMDS
(33.0 mL, 0.5 M in toluene, 16.5 mmol) was then added dropwise
to the stirred suspension. After 45 min, the bright yellow-orange
solution was cooled to −78 ◦C, where a solution of ketone 52
(8.88 g, 11.0 mmol) in THF (15 mL) was added dropwise. After
stirring for 1 h, the mixture was warmed to room temperature
and then quenched by the addition of sat. aq. NH4Cl (150 mL).
The mixture was then extracted with Et2O (3 × 100 mL), and the
combined organic layers were washed with brine (1 × 150 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue was
triturated with 9 : 1 hexanes–Et2O, and the precipitated Ph3PO
was then removed by filtration. The filtrate was concentrated
under reduced pressure, and then the residue was purified by
flash chromatography on silica gel (10% Et2O in hexanes) to
give 53 (8.51 g, 95%) as a colourless oil and as a 3 : 1 mixture
of diastereomers at the C7 position (determined by 1H-NMR
analysis). Full characterisation of the major (7S)-diastereomer
is given below (58).


Allylic alcohols 54 and 55


Method A – from 53 (diastereomeric mixture). PPTS (0.146 g,
0.58 mmol) was added in one portion to a stirred solution of diene
53 (7.78 g, 9.66 mmol) in EtOH (390 mL) at room temperature,
and the solution was then heated to 45 ◦C for 16 h. After cooling
to room temperature, the reaction was quenched by the careful
addition of sat. aq. NaHCO3 (500 mL), and was then concentrated
under reduced pressure to remove most of the EtOH. The mixture
was then diluted with water (150 mL) and extracted with EtOAc
(3 × 400 mL). The combined organic layers were then washed with
brine (1 × 500 mL), dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (gradient: 10–20% hexanes–Et2O) to give 54 (3.74 g, 56%)
followed by 55 (0.937 g, 14%), both as viscous, colourless oils.


Method B – from 58 (single diastereomer). PPTS (8.3 mg,
0.033 mmol) was added in one portion to a stirred solution
of diene 58 (0.440 g, 0.546 mmol) in EtOH (22 mL) at room
temperature, and the solution was then heated to 45 ◦C for 20 h.
After cooling to room temperature, the mixture was concentrated
under reduced pressure. The residue was then partitioned between
sat. aq. NaHCO3 (30 mL) and EtOAc (30 mL), the layers were
separated, and the aqueous layer was extracted with EtOAc (2 ×
30 mL). The combined organic layers were then washed with brine
(1 × 30 mL), dried (MgSO4), filtered and concentrated in vacuo.


The residue was purified by flash chromatography on silica gel
(50% Et2O in hexanes) to give 54 (0.329 g, 87%) as a viscous,
colourless oil.


Data for alcohol 54. Rf = 0.24 (silica gel, 14 : 11 hexanes–
Et2O); [a]25


D +17.1◦ (c 1.14 in CH2Cl2); mmax/cm−1 (film) 3441, 2952,
2862, 1738, 1614, 1514, 1462, 1247, 1096; dH (600 MHz, CDCl3)
7.25 (2 H, d, J 8.7 Hz, ArH), 6.86 (2 H, d, J 8.7 Hz, ArH), 6.07
(1 H, d, J 16.1 Hz, 5-H), 5.68 (1 H, dd, J 16.1, 7.0 Hz, 4-H), 5.48
(1 H, dd, J 9.4, 1.2 Hz, 11-H), 5.05 (1 H, s, 6-CH2), 5.03 (1 H, s, 6-
CH2), 4.45 (1 H, d, J 11.3 Hz, OCH2Ar), 4.38 (1 H, d, J 11.3 Hz,
OCH2Ar), 4.31 (1 H, dd, J 8.0, 4.9 Hz, 7-H), 4.27 (1 H, app t,
J 7.0 Hz, 3-H), 4.00 (2 H, br dd, J 3.2, 0.8 Hz, 13-H and 13-H),
3.79 (3 H, s, CO2CH3), 3.59 (3 H, s, ArOCH3), 3.40–3.44 (1 H,
m, 9-H), 2.68–2.74 (1 H, m, 10-H), 2.49 (1 H, app qn, J 7.0 Hz,
2-H), 1.91 (1 H, br s, OH), 1.75–1.79 (1 H, m, 8-H), 1.69 (3 H, s,
12-CH3), 1.62–1.66 (1 H, m, 8-H), 1.16 (3 H, d, J 7.0 Hz, 2-CH3),
1.00 (3 H, d, J 6.9 Hz, 10-CH3), 0.89 [9 H, s, SiC(CH3)3], 0.87
[9 H, s, SiC(CH3)3], 0.03 (6 H, s, SiCH3 and SiCH3), 0.00 (3 H, s,
SiCH3), −0.04 (3 H, s, SiCH3); dC (150 MHz, CDCl3) 174.8, 158.9,
148.3, 135.4, 131.2, 130.7, 129.6, 129.1, 127.1, 114.5, 113.6, 78.9,
75.6, 70.8, 70.8, 68.7, 55.2, 51.6, 47.4, 39.4, 34.4, 25.9, 25.7, 18.1,
18.1, 17.0, 13.8, 12.6, −4.1, −4.5, −5.1, −5.1; HRMS (ES+) m/z
calc. for C38H66O7Si2Na ([MNa]+): 713.4239, found 713.4233.


Data for alcohol 55. Rf = 0.15 (silica gel, 1 : 1 hexanes–Et2O);
[a]25


D −42.8◦ (c 1.91 in CHCl3); mmax/cm−1 (film) 3471, 2949, 2852,
1740, 1458, 1246, 832; dH (600 MHz, C6D6) 7.32 (2 H, d, J 8.5 Hz,
ArH), 6.87 (2 H, d, J 8.5 Hz, ArH), 6.18 (1 H, d, J 16.2 Hz,
H-5), 6.05 (1 H, dd, J 16.2, 6.7 Hz, H-4), 5.34 (1 H, d, J 8.7 Hz,
H-11), 5.31 (1 H, s, 6=CH2), 5.00 (1 H, s, 6=CH2), 4.75 (1 H,
d, J 9.3 Hz, H-7), 4.64 (1 H, d, J 10.8 Hz, OCH2Ar), 4.43 (1 H,
dd, J 6.7, 5.8 Hz, H-3), 4.41 (1 H, d, J 10.8 Hz, OCH2Ar), 3.89
(2 H, s, H-13 and H-13), 3.69 (1 H, ddd, J 10.0, 3.7 and 1.3 Hz,
H-9), 3.39 (3 H, s, CO2CH3), 3.39 (3 H, s, ArOCH3), 2.93–2.98
(1 H, m, H-10), 2.44 (1 H, qd, J 7.0, 5.8 Hz, H-2), 2.08 (1 H, br s,
OH), 1.87 (1 H, dd, J 13.3, 10.0 Hz, H-8), 1.74 (1 H, ddd, J 13.3,
9.3 and 1.3 Hz, H-8), 1.68 (3 H, s, 12-CH3), 1.17 (3 H, d, J 7.0 Hz,
2-CH3), 1.04 (3 H, d, J 6.8 Hz, 10-CH3), 0.96 [9 H, s, SiC(CH3)3],
0.93 [9 H, s, SiC(CH3)3], 0.08 (3 H, s, SiCH3), 0.04 (3 H, s, SiCH3),
0.02 (6 H, s, SiCH3 and SiCH3); dC (150 MHz, C6D6) 174.2, 159.6,
149.7, 136.2, 131.6, 131.5, 130.3, 129.1, 127.7, 114.6, 114.1, 80.1,
75.5, 71.1, 70.2, 68.5, 54.8, 51.2, 47.3, 40.6, 33.7, 26.1, 26.0, 18.4,
18.3, 14.6, 14.1, 12.0, −3.9, −4.0, −4.9, −5.0; HRMS (ES+) m/z
calc. for C38H66O7Si2Na ([MNa]+): 713.4239, found: 713.4230.


Bromide 56


To a stirred solution of allylic alcohol 54 (1.01 g, 1.45 mmol) in
THF (30 mL) were added Et3N (0.81 mL, 5.80 mmol) and MsCl
(0.23 mL, 2.90 mmol) dropwise at 0 ◦C. After 1 h, the mixture was
warmed to room temperature and LiBr (1.26 g, 14.5 mmol) was
added in one portion. Stirring was continued for an additional
30 min before the reaction was quenched with water (60 mL)
and extracted with Et2O (3 × 30 mL). The combined organic
layers were dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by flash chromatography on silica gel
(5% Et2O in hexanes) to give 1.04 g 56 (1.38 mmol, 95%) as a light
yellow oil. Rf = 0.60 (silica gel, 1 : 1 hexanes–Et2O); [a]25


D −34.7◦


(c 1.35 in CHCl3); mmax/cm−1 (film) 2958, 1738, 1511, 1361, 1096,
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836; dH (600 MHz, C6D6) 7.27 (2 H, d, J 8.6 Hz, ArH), 6.84 (2 H,
d, J 8.6 Hz, ArH), 6.16 (1 H, d, J 16.2 Hz, H-5), 5.96 (1 H, dd,
J 16.2, 6.7 Hz, H-4), 5.27–5.29 (2 H, m, H-11 and 6=CH2), 4.99
(1 H, s, 6=CH2), 4.68 (1 H, dd, J 9.1, 1.5 Hz, H-7), 4.53 (1 H,
d, J 10.8 Hz, OCH2Ar), 4.43 (1 H, dd, J 6.7, 5.6 Hz, H-3), 4.33
(1 H, d, J 10.8 Hz, OCH2Ar), 3.64 (1 H, d, J 9.8 Hz, H-13), 3.63
(1 H, d, J 9.8 Hz, H-13), 3.58 (1 H, ddd, J 9.7, 4.0 and 1.8 Hz,
9-H), 3.39 (3 H, s, CO2CH3), 3.38 (3 H, s, ArOCH3), 2.75 (1 H,
dqd, J 9.8, 6.8 and 4.0 Hz, H-10), 2.40 (1 H, qd, J 7.0, 5.6 Hz,
H-2), 1.79 (1 H, ddd, J 14.2, 9.7 and 1.5 Hz, H-8), 1.68 (3 H,
d, J 1.6 Hz, 12-CH3), 1.58 (1 H, ddd, J 14.2, 9.3 and 1.8 Hz,
H-8), 1.15 (3 H, d, J 7.0 Hz, 2-CH3), 0.95 [9 H, s, SiC(CH3)3],
0.91 [9 H, s, SiC(CH3)3], 0.89 (3 H, d, J 6.8 Hz, 10-CH3), 0.04
(3 H, s, SiCH3), 0.01 (3 H, s, SiCH3), 0.01 (3 H, s, SiCH3), 0.00
(3 H, s, SiCH3); dC (150 MHz, C6D6) 173.8, 159.6, 149.6, 133.5,
132.8, 131.6, 131.4, 130.1, 129.1, 114.5, 114.1, 79.6, 75.4, 71.2,
69.9, 54.8, 51.1, 47.2, 41.0, 40.8, 34.7, 26.2, 26.0, 18.4, 18.3, 15.0,
14.1, 11.8, −3.9, −4.0, −4.9, −4.9; HRMS (ES+) m/z calc. for
C38H65


79BrO6Si2Na ([MNa]+): 775.3395, found: 775.3395.


a,b-Unsaturated ketone 57


A solution of phosphonate 51 (0.404 g, 0.60 mmol) in acetonitrile
(4 mL) was added to flame-dried LiCl (0.038 g, 0.90 mmol) in
a round-bottomed flask at room temperature. After stirring for
10 min, i-Pr2NEt (0.16 mL, 0.90 mmol) was added, and stirring
continued for a further 10 min before the addition of a solution
of aldehyde 14 (0.180 g, 0.69 mmol) in acetonitrile (2 mL). The
mixture was then allowed to stir for 36 h at room temperature,
before being quenched by the addition of water (15 mL). The
mixture was then extracted with Et2O (3 × 10 mL), and the
combined organic layers were washed with brine (1 × 15 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (7.5% Et2O
in hexanes) to give 57 (0.476 g, 97%) as a colourless oil. Rf =
0.31 (silica gel, 4 : 1 hexanes–Et2O); [a]25


D +3.0◦ (c 1.32 in CHCl3);
mmax/cm−1 (film) 2954, 1741, 1697, 1616, 1450, 1362, 1075, 837; dH


(600 MHz, C6D6) 7.32 (2 H, d, J 8.4 Hz, ArH), 7.00 (1 H, dd,
J 15.7, 4.6 Hz, 4-H), 6.84 (2 H, d, J 8.4 Hz, ArH), 6.71 (1 H,
d, J 15.7 Hz, 5-H), 5.43 (1 H, d, J 9.0 Hz, 11-H), 4.70 (1 H, dd,
J 8.5, 4.1 Hz, 7-H), 4.66 (1 H, dd, J 4.6, 3.8 Hz, 3-H), 4.57 (1 H,
d, J 10.9 Hz, OCH2Ar), 4.43 (1 H, d, J 10.9 Hz, OCH2Ar), 4.02
(1 H, d, J 12.8 Hz, 13-H), 3.99 (1 H, d, J 12.8 Hz, 13-H), 3.66–
3.70 (1 H, m, 9-H), 3.33 (6 H, s, ArOCH3 and CO2CH3), 2.91–2.96
(1 H, m, 10-H), 2.32 (1 H, qd, J 7.0, 3.8 Hz, 2-H), 2.04 (1 H, ddd,
J 13.9, 9.4 and 4.1 Hz, 8-H), 1.82 (1 H, ddd, J 13.9, 8.5 and 2.1 Hz,
8-H), 1.66 (3 H, s, 12-CH3), 1.10 (3 H, d, J 7.0 Hz, 2-CH3), 1.03
(3 H, d, J 6.5 Hz, 10-CH3), 1.01 [9 H, s, SiC(CH3)3], 1.00 [9 H, s,
SiC(CH3)3], 0.95 [9 H, s, SiC(CH3)3], 0.18 (3 H, s, SiCH3), 0.10
(9 H, s, SiCH3, SiCH3 and SiCH3), 0.03 (3 H, s, SiCH3), 0.00
(3 H, s, SiCH3); dC (150 MHz, C6D6) 198.9, 173.4, 159.7, 147.3,
135.8, 131.4, 129.4, 126.7, 125.4, 114.1, 79.2, 76.5, 73.2, 71.4, 68.8,
54.8, 51.2, 45.6, 36.9, 34.3, 26.2, 26.0, 26.0, 18.6, 18.3, 15.0, 13.9,
10.7, −4.0, −4.1, −4.8, −5.0, −5.1, −5.1; HRMS (ES+) m/z calc.
for C43H78O8Si3Na ([MNa]+): 829.4896, found: 829.4894.


Diene 58


Methyltriphenylphosphonium bromide (0.343 g, 0.96 mmol) was
dried under high vacuum (0.1 mmHg) for 16 h at room tempera-


ture, and was then suspended in THF (6 mL). KHMDS (1.80 mL,
0.5 M in toluene, 0.90 mmol) was then added dropwise to the
stirred suspension at room temperature. After 30 min, the bright
yellow-orange solution was cooled to −78 ◦C, where a solution of
ketone 57 (0.480 g, 0.60 mmol) in THF (2 mL) was added dropwise.
After stirring for 1 h, the mixture was warmed to room temperature
and then quenched by the addition of sat. aq. NH4Cl (15 mL).
The mixture was then extracted with Et2O (3 × 10 mL), and
the combined organic layers were washed with brine (1 × 15 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue was
triturated with 9 : 1 hexanes–Et2O, and the precipitated Ph3PO
was then removed by filtration. The filtrate was concentrated
under reduced pressure, and then the residue was purified by flash
chromatography on silica gel (10% Et2O in hexanes) to give 58
(0.560 g, 94%) as a colourless oil. Rf = 0.51 (silica gel, 4 : 1
hexanes–Et2O); [a]25


D −34.7◦ (c 0.91 in CHCl3); mmax/cm−1 (film)
2956, 1741, 1616, 1459, 1362, 1098, 837; dH (600 MHz, C6D6) 7.38
(2 H, d, J 8.4 Hz, ArH), 6.92 (2 H, d, J 8.4 Hz, ArH), 6.26 (1 H, d,
J 16.2 Hz, 5-H), 6.08 (1 H, dd, J 16.2, 6.4 Hz, 4-H), 5.45 (1 H, d,
J 8.9 Hz, 11-H), 5.40 (1 H, s, 6=CH2), 5.06 (1 H, s, 6=CH2), 4.83
(1 H, d, J 9.1 Hz, 7-H), 4.69 (1 H, d, J 10.8 Hz, OCH2Ar), 4.56
(1 H, dd, J 6.4, 5.7 Hz, 3-H), 4.45 (1 H, d, J 10.8 Hz, OCH2Ar),
4.04 (1 H, d, J 12.7 Hz, 13-H), 4.00 (1 H, d, J 12.7 Hz, 13-H),
3.75 (1 H, dd, J 9.6, 2.5 Hz, 9-H), 3.40 (3 H, s, CO2CH3), 3.37
(3 H, s, ArOCH3), 3.00–3.05 (1 H, m, 10-H), 2.49 (1 H, qd, J 7.0,
5.7 Hz, 2-H), 1.96 (1 H, dd, J 13.7, 9.6 Hz, 8-H), 1.79 (1 H, dd,
J 13.7, 9.1 Hz, 8-H), 1.71 (3 H, s, 12-CH3), 1.25 (3 H, d, J 7.0 Hz,
2-CH3), 1.08 (3 H, d, J 6.8 Hz, 10-CH3), 1.02 [9 H, s, SiC(CH3)3],
1.01 [9 H, s, SiC(CH3)3], 0.97 [9 H, s, SiC(CH3)3], 0.13 (3 H, s,
SiCH3), 0.11 (6 H, s, SiCH3 and SiCH3), 0.08 (3 H, s, SiCH3), 0.08
(3 H, s, SiCH3), 0.07 (3 H, s, SiCH3); dC (150 MHz, C6D6) 174.0,
159.7, 149.9, 135.4, 131.8, 131.5, 130.3, 129.0, 127.2, 114.4, 114.1,
80.0, 75.4, 71.0, 69.9, 68.8, 54.7, 51.1, 47.3, 40.6, 33.6, 26.2, 26.2,
26.0, 18.6, 18.4, 18.3, 14.4, 13.9, 11.7, −3.8, −4.0, −4.9, −4.9,
−5.0, −5.0; HRMS (ES+) m/z calc. for C44H80O7Si3Na ([MNa]+):
827.5104, found: 827.5104.


Triol 60


TsOH·H2O (0.140 g, 0.737 mmol) was added in one portion
to a stirred solution of alcohol 54 (0.511 g, 0.737 mmol) in
MeOH (14 mL) at room temperature. After 16 h, the mixture was
concentrated to half its original volume under reduced pressure,
and sat. aq. NaHCO3 (30 mL) was added. The mixture was then
extracted with EtOAc (4 × 20 mL), and the combined organic
layers were dried (MgSO4), filtered and concentrated in vacuo. The
residue was purified by flash chromatography on silica gel (30%
hexanes in EtOAc) to give 60 (0.268 g, 79%) as a white powder that
crystallised from benzene as colourless plates. Rf = 0.44 (silica gel,
EtOAc); mp = 102 ◦C; [a]25


D −32.4◦ (c 1.02 in CH2Cl2); mmax/cm−1


(film) 3388, 2957, 2873, 1731, 1717, 1456, 1418, 1248, 1068, 903;
dH (500 MHz, CDCl3) 7.26 (2 H, d, J 8.6 Hz, ArH), 6.86 (2 H, d,
J 8.6 Hz, ArH), 6.18 (1 H, d, J 16.2 Hz, H-5), 5.64 (1 H, dd, J 16.2,
6.4 Hz, H-4), 5.26 (1 H, s, 6=CH2), 5.19 (1 H, d, J 8.9 Hz, H-11),
5.11 (1 H, s, 6=CH2), 4.59 (1 H, d, J 10.8 Hz, OCH2Ar), 4.55–4.57
(1 H, m, H-7), 4.37 (1 H, d, J 10.8 Hz, OCH2Ar), 4.28–4.30 (1 H,
m, H-3), 3.90 (2 H, s, H-13 and H-13), 3.78 (3 H, s, CO2CH3), 3.64
(3 H, s, ArOCH3), 3.58 (1 H, ddd, J 9.8, 3.7 and 1.3 Hz, H-9), 3.31
(3 H, br s, OH, OH and OH), 2.84–2.88 (1 H, m, H-10), 2.53 (1 H,
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qd, J 7.1, 5.2 Hz, H-2), 1.82–1.86 (1 H, m, H-8), 1.63–1.67 (1 H,
m, H-8), 1.62 (3 H, s, 12-CH3), 1.12 (3 H, d, J 7.1 Hz, 2-CH3),
0.98 (3 H, d, J 6.8 Hz, 10-CH3); dC (125 MHz, CDCl3) 175.4,
159.1, 147.8, 135.5, 130.7, 130.4, 129.4, 129.0, 127.1, 114.4, 113.7,
79.4, 73.3, 71.1, 69.0, 68.0, 55.1, 51.7, 45.1, 35.5, 33.2, 14.3, 13.9,
11.6; HRMS (ES+) m/z calc. for C26H38O7Na ([MNa]+): 485.2510,
found: 485.2491.


Diol 61


TBDPSCl (120 lL, 0.45 mmol) was added to a stirred solution of
triol 60 (190 mg, 0.41 mmol), Et3N (90 lL, 0.62 mmol), and 4-
DMAP (5 mg, 0.04 mmol) in CH2Cl2 (2 mL) at room temperature.
Ater 16 h the reaction was quenched with sat. aq. NH4Cl (15 mL),
and the mixture was extracted with EtOAc (3 × 10 mL). The
combined organic layers were washed with brine (1 × 15 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (25% EtOAc
in hexanes) to give 61 (221 mg, 77%) as a highly viscous, yellow
oil. Rf = 0.51 (silica gel, 1 : 1 hexanes–EtOAc); [a]25


D −10.6◦ (c
1.24 in CHCl3); mmax/cm−1 (film) 3447, 3414, 2956, 1734, 1718,
1512, 1301, 1168, 823; dH (500 MHz, C6D6) 7.78–7.81 (4 H, m,
SiArH), 7.29 (2 H, d, J 8.6 Hz, ArH), 7.24–7.25 (6 H, m, SiArH),
6.83 (2 H, d, J 8.6 Hz, ArH), 6.39 (1 H, d, J 16.1 Hz, H-5), 5.88
(1 H, dd, J 16.1, 5.5 Hz, H-4), 5.49 (1 H, d, J 9.4 Hz, H-11),
5.41 (1 H, s, 6=CH2), 5.09 (1 H, s, 6=CH2), 4.72 (1 H, dd, J 9.0,
1.7 Hz, H-7), 4.58 (1 H, d, J 10.9 Hz, OCH2Ar), 4.43 (1 H, d,
J 10.9 Hz, OCH2Ar), 4.36–4.40 (1 H, m, H-3), 4.10 (2 H, s, H-
13 and H-13), 3.72 (1 H, ddd, J 9.8, 4.7 and 2.2 Hz, H-9), 3.34
(3 H, s, CO2CH3), 3.31 (3 H, s, ArOCH3), 2.80–2.87 (1 H, dqd,
J 9.4, 6.8 and 4.7 Hz, H-10), 2.62 (1 H, br s, OH), 2.42 (1 H, qd,
J 7.1, 4.6 Hz, H-2), 2.19 (1 H, br s, OH), 1.96 (1 H, ddd, J 14.3,
9.8 and 1.7 Hz, H-8), 1.70 (1 H, ddd, J 14.3, 9.0 and 2.2 Hz, H-
8), 1.60 (3 H, s, 12-CH3), 1.18 [9 H, s, SiC(CH3)3], 1.14 (3 H, d,
J 7.1 Hz, 2-CH3), 1.03 (3 H, d, J 6.8 Hz, 10-CH3); dC (125 MHz,
C6D6) 175.3, 159.7, 149.7, 136.0, 134.7, 134.2, 131.5, 130.6, 130.1,
129.9, 129.6, 128.1, 127.5, 114.1, 113.6, 80.3, 73.0, 72.4, 69.4, 68.7,
54.8, 51.3, 45.5, 38.7, 35.3, 27.1, 19.5, 15.8, 13.9, 11.6; HRMS
(ES+) m/z calc. for C42H56O7SiNa ([MNa+]): 723.3687, found:
723.3676.


Allylic epoxide 62


To a stirred suspension of powdered, activated 4 Å molecular sieves
(50 mg) in CH2Cl2 (1 mL) was added (−)-diisopropyl D-tartrate
(0.642 mL, 0.5 M in CH2Cl2, 0.321 mmol) at room temperature.
The mixture was cooled to −25 ◦C, and was maintained at
this temperature until the work-up. Freshly distilled Ti(Oi-Pr)4


(0.571 mL, 0.5 M in CH2Cl2, 0.285 mmol) was then added
dropwise. After 30 min tert-butyl hydroperoxide (0.973 mL, 0.55 M
in 1 : 9 decane–CH2Cl2, 0.535 mmol) was added dropwise. After
a further 30 min, a solution of diene 61 (50 mg, 71.3 lmol) in
CH2Cl2 (1 mL) was added dropwise, and stirring was continued
for a further 75 min, before the addition of NaOH (5 ml, 1 M
in brine) and stirring for another 5 min. The mixture was then
partitioned between water (20 mL) and CH2Cl2 (20 mL). The
layers were separated, and the aqueous layer was extracted with
CH2Cl2 (3 × 15 mL). The combined organic layers were washed
with brine (1 × 20 mL), dried (MgSO4), filtered and concentrated


in vacuo. The residue was purified by flash chromatography on
silica gel (gradient: 20–33% EtOAc in hexanes) to give 62 (16 mg,
31%, 65% based on recovered starting material) as a colourless
oil. Rf = 0.22 (silica gel, 1 : 1 hexanes–EtOAc); [a]25


D −14.3◦ (c
1.36 in CH2Cl2); mmax/cm−1 (film) 3467, 3071, 2956, 1738, 1513,
1248, 1097, 823; dH (500 MHz, C6D6) 7.80–7.82 (4 H, m, SiArH),
7.29 (2 H, d, J 8.6 Hz, ArH), 7.23–7.27 (6 H, m, SiArH), 6.82
(2 H, d, J 8.6 Hz, ArH), 5.56 (1 H, d, J 9.5 Hz, 11-H), 5.24
(1 H, s, 6=CH2), 5.18 (1 H, s, 6=CH2), 4.57 (1 H, d, J 11.0 Hz,
OCH2Ar), 4.45–4.49 (2 H, m, 7-H and OCH2Ar), 4.12 (2 H, s,
13-H and 13-H), 3.80–3.84 (m, 1 H, 3-H), 3.70–3.73 (1 H, m, 9-
H), 3.52 (1 H, d, J 2.0 Hz, 5-H), 3.32 (3 H, s, CO2CH3), 3.28
(3 H, s, ArOCH3), 3.00 (1 H, dd, J 3.4, 2.0 Hz, 4-H), 2.81–2.86
(1 H, m, 10-H), 2.55 (1 H, qd, J 7.1, 4.9 Hz, 2-H), 2.39 (1 H, d,
J 4.2 Hz, OH), 2.30 (1 H, d, J 3.9 Hz, OH), 1.86–1.89 (2 H, m,
8-H and 8-H), 1.61 (3 H, s, 12-CH3), 1.17–1.19 [12 H, m, 2-CH3


and SiC(CH3)3], 1.05 (3 H, d, J 6.5 Hz, 10-CH3); dC (125 MHz,
C6D6) 174.8, 159.8, 148.8, 136.0, 134.8, 134.3, 131.5, 129.9, 129.7,
129.6, 127.4, 114.1, 80.1, 72.6, 72.5, 70.9, 70.0, 69.4, 61.1, 55.4,
54.8, 51.4, 43.0, 37.6, 35.5, 27.1, 19.6, 16.1, 13.9, 11.7; HRMS
(ES+) m/z calc. for C42H58O8SiNa ([MNa]+): 739.3636, found:
739.3625.


Allylic epoxide 63


To a stirred solution of diene 61 (50 mg, 71.3 lmol) and VO(acac)2


(5 mg, 14.3 lmol) in CH2Cl2 (2 mL) was added tert-butyl
hydroperoxide (0.29 mL, 0.55 M in 1 : 9 decane–CH2Cl2, 159.5
lmol) at 0 ◦C. After 40 min at 0 ◦C the reaction was quenched
by the addition of 5% aq. Na2SO3 (5 mL). The mixture was
partitioned between CH2Cl2 (20 mL) and 5% aq. Na2SO3 (20 mL),
and the layers were separated. The aqueous layer was extracted
with CH2Cl2 (2 × 15 mL), and the combined organic layers
were washed with brine (1 × 20 mL), dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 20–33% EtOAc in hexanes)
to give 63 (28.5 mg, 56%) as a colourless oil and as a 9 : 1 mixture
of epoxide diastereoisomers (determined by 1H-NMR). Rf = 0.28
(silica gel, 1 : 1 hexanes–EtOAc); [a]25


D −21.6◦ (c 1.30 in CH2Cl2);
mmax/cm−1 (film) 3476, 2956, 2856, 2280, 1738, 1514, 1248, 1111,
812; dH (600 MHz, C6D6) – major diastereomer only – 7.80–7.81
(4 H, m, SiArH), 7.28 (2 H, d, J 8.5 Hz, ArH), 7.23–7.26 (6 H,
m, SiArH), 6.82 (2 H, d, J 8.5 Hz, ArH), 6.01 (1 H, dd, J 15.7,
1.5 Hz, 5-H), 5.92 (1 H, dd, J 15.7, 4.9 Hz, 4-H), 5.59 (1 H, d,
J 9.5 Hz, 11-H), 4.58 (1 H, d, J 11.0 Hz, OCH2Ar), 4.49 (1 H,
d, J 11.0 Hz, OCH2Ar), 4.28–4.30 (1 H, m, 3-H), 4.08–4.13 (3 H,
m, 7-H, 13-H and 13-H), 3.77 (1 H, ddd, J 9.4, 4.7 and 2.6 Hz,
9-H), 3.32 (3 H, s, CO2CH3), 3.27 (3 H, s, ArOCH3), 2.81–2.87
(1 H, m, 10-H), 2.80 [1 H, d, J 5.6 Hz, 6-(O)CH2], 2.47 (1 H, br
d, J 5.0 Hz, OH), 2.38 [1 H, d, J 5.6 Hz, 6-(O)CH2], 2.36 (1 H,
br s, OH), 2.32 (1 H, qd, J 7.2, 4.4 Hz, 2-H), 1.94 (1 H, dd, J 13.6,
10.0 Hz, 8-H), 1.59–1.61 (1 H, m, 8-H), 1.59 (3 H, s, 12-CH3),
1.19 [9 H, s, SiC(CH3)3], 1.09 (3 H, d, J 7.2 Hz, 2-CH3), 1.06
(3 H, d, J 6.9, 10-CH3); dC (150 MHz, C6D6) – major diastereomer
only – 175.2, 159.7, 136.0, 134.7, 134.3, 133.5, 131.6, 129.9, 129.6,
127.8, 127.6, 127.3, 114.0, 79.9, 72.7, 72.1, 69.3, 68.1, 60.5, 54.8,
52.4, 51.3, 45.0, 35.7, 35.5, 27.1, 19.6, 16.1, 13.9, 11.4; HRMS
(ES+) m/z calc. for C42H56O8SiNa ([MNa]+): 739.3636, found:
739.3625.
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Hydrazone 66


A solution of hydrazone 11 6 (0.703 g, 2.9 mmol) in THF (10 mL)
was added dropwise to a stirred solution of freshly prepared
LDA (3.48 mmol) in THF (20 mL) at −78 ◦C. After 1.75 h,
a solution of iodide 65 (2.056 g, 3.48 mmol) in THF (10 mL)
was added dropwise over 15 min, and the reaction was stirred at
−78 ◦C for an additional 45 min before being quenched by the
addition of aqueous pH 7.0 buffer (50 mL) and warmed to room
temperature. The reaction mixture was extracted with Et2O (3 ×
30 mL), and the combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography (33% Et2O in hexanes with 1.5% Et3N)
to give 66 (1.797 g, 88%) as a viscous, colourless oil. Rf = 0.31
(silica gel, 3 : 2 hexanes–Et2O + 2% Et3N); [a]25


D −59.1◦ (c 0.64
in CH2Cl2); mmax/cm−1 (film) 2947, 1614, 1463, 1373, 1247, 905,
835; dH (600 MHz, C6D6) 7.37 (2 H, J 8.6 Hz, ArH), 6.85 (2 H,
J 8.6 Hz, ArH), 4.83 (1 H, d, J 11.3 Hz, OCH2Ar), 4.58–4.61
(2 H, m, 16-H and OCH2Ar), 4.50 (1 H, dd, J 12.5, 1.5 Hz, 14-H),
4.24–4.28 (1 H, m, 19-H), 4.19 (1 H, d, J 12.5 Hz, 14-H), 4.06–
4.11 (1 H, m, 21-H), 3.93 (1 H, app q, J 7.0 Hz, 24-H), 3.67 (1 H,
dd, J 8.9, 4.1 Hz, NCHCH2OCH3), 3.60 (1 H, qd, J 7.6, 4.1 Hz,
NCHCH2OCH3), 3.31 (3 H, s, ArOCH3), 3.31–3.34 (2 H, m, 25-H
and NCHCH2OCH3), 3.21 (3 H, s, CH2OCH3), 3.05–3.09 (1 H, m,
NCH2CH2CH2), 2.29–2.37 (2 H, m, 17-H and NCH2CH2CH2),
1.95–2.05 (2 H, m, 17-H and NCHCH2CH2), 1.79–1.88 (2 H,
m, 18-H and 18-H), 1.47–1.86 (11 H, m, 20-H, 20-H, 22-H, 22-
H, 23-H, 26-H, 26-H, 27-H, NCHCH2CH2, NCH2CH2CH2 and
NCHCH2CH2), 1.41 [3 H, s, O2C(CH3)2], 1.36 [3 H, s, O2C(CH3)2],
1.25–1.43 (4 H, m, 23-H, 27-H, 28-H and 28-H), 1.07 [9 H, s,
SiC(CH3)3], 0.90 (3 H, t, J 7.3 Hz, 28-CH3), 0.27 (3 H, s, SiCH3),
0.21 (3 H, s, SiCH3); dC (125 MHz, C6D6) 159.6, 158.4, 132.2,
129.5, 113.9, 99.8, 82.3, 81.4, 76.6, 76.1, 72.7, 71.8, 69.9, 67.3,
64.4, 59.0, 54.7, 53.4, 43.7, 34.0, 31.8, 31.3, 28.3, 27.9, 27.7,
27.1, 26.3, 24.6, 23.3, 23.3, 23.1, 18.5, 14.3, −4.1, −4.4; HRMS
(ES+) m/z calc. for C39H69N2O7Si ([MH]+): 705.4868, found
705.4858.


Ketone 68


A solution of hydrazone 66 (0.815 g, 1.15 mmol) in THF (5 mL)
was added dropwise to a stirred solution of freshly prepared LDA
(1.38 mmol) in THF (5 mL) at −78 ◦C. After 1 h a solution of allylic
bromide 56 (1.04 g, 1.38 mmol) in THF (5 mL) was added dropwise
over 15 min. After stirring for an additional 1 h at −78 ◦C, the
reaction was quenched by the addition of an aqueous pH 7.0
buffer solution (25 mL) and warmed to room temperature. The
mixture was extracted with Et2O (3 × 20 mL), and the combined
organic layers were dried (MgSO4), filtered and concentrated in
vacuo. Rapid flash chromatography (10% Et2O in hexanes with 2%
Et3N) separated the excess bromide starting material and afforded
the crude bis-alkylated hydrazone 67, which was taken up in a
mixture of Et2O (15 mL) and sat. aq. (CO2H)2 (15 mL) and stirred
vigorously at room temperature for 48 h. The mixture was then
diluted with water (30 mL) and extracted with Et2O (3 × 20 mL).
The combined organic layers were washed with brine (1 × 30 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (gradient: 5–
10% Et2O in hexanes) to give 68 (0.710 g, 49% from 66) as a viscous,


light yellow syrup. Rf = 0.49 (silica gel, 7 : 3 hexanes–Et2O); [a]25
D


+13.5◦ (c 1.00 in CH2Cl2); mmax/cm−1 (film) 2951, 2856, 1744, 1612,
1470, 1442, 1301, 1171, 1005, 869; dH (500 MHz, C6D6) 7.37 (4 H,
d, J 8.6 Hz, ArH), 6.92 (2 H, d, J 8.6 Hz, ArH), 6.85 (2 H, d,
J 8.6 Hz, ArH), 6.26 (1 H, d, J 16.1 Hz, 5-H), 6.07 (1 H, dd,
J 16.1, 6.7 Hz, 4-H), 5.41 (1 H, s, 6=CH2), 5.31 (1 H, d, J 8.8 Hz,
11-H), 5.07 (1 H, s, 6=CH2), 4.85 (1 H, d, J 9.2 Hz, 7-H), 4.82
(1 H, d, J 11.3 Hz, OCH2Ar), 4.68 (1 H, d, J 10.9 Hz, OCH2Ar),
4.62 (1 H, d, J 11.3 Hz, OCH2Ar), 4.54–4.56 (1 H, m, 3-H), 4.44
(1 H, d, J 10.9 Hz, OCH2Ar), 4.28–4.31 (1 H, m, 14-H), 4.16–
4.20 (1 H, m, 16-H), 4.10–4.12 (1 H, m, 19-H), 4.06–4.09 (1 H,
m, 21-H), 3.91–3.95 (1 H, m, 9-H), 3.74–3.76 (1 H, m, 24-H), 3.41
(3 H, s, CO2CH3), 3.37 (3 H, s, ArOCH3), 3.33 (3 H, s, ArOCH3),
3.32–3.33 (1 H, m, 25-H), 2.96–3.00 (1 H, m, 10-H), 2.83 (1 H,
dd, J 15.3, 1.7 Hz, 13-H), 2.46–2.51 (1 H, m, 2-H), 2.29 (1 H,
dd, J 15.3, 9.7 Hz, 13-H), 2.14–2.21 (1 H, m, 17-H), 1.94–1.98
(1 H, m, 8-H), 1.70 (3 H, s, 12-CH3), 1.37 [3 H, s, O2C(CH3)2],
1.32 [3 H, s, O2C(CH3)2], 1.26–1.87 (16 H, m, 8-H, 17-H, 18-H,
18-H, 20-H, 20-H, 22-H, 22-H, 23-H, 23-H, 26-H, 26-H, 27-H,
27-H, 28-H and 28-H), 1.24 (3 H, d, J 7.0 Hz, 2-CH3) 1.04–
1.08 [12 H, m, 10-CH3 and SiC(CH3)3], 1.01 [9 H, s, SiC(CH3)3],
0.98 [9 H, s, SiC(CH3)3], 0.91 (3 H, t, J 7.3 Hz, 28-CH3), 0.25
(3 H, s, SiCH3), 0.21 (3 H, s, SiCH3), 0.12 (3 H, s, SiCH3), 0.09
(3 H, s, SiCH3), 0.07 (3 H, s, SiCH3), 0.06 (3 H, s, SiCH3); dC


(125 MHz, C6D6) 210.1, 174.0, 159.6, 159.5, 150.0, 132.2, 131.7,
131.5, 130.3, 129.5, 129.4, 129.0, 128.5, 114.4, 114.1, 113.9, 101.0,
82.4, 81.4, 80.0, 76.1, 75.4, 74.7, 74.4, 72.7, 71.0, 69.9, 69.8, 54.1,
51.1, 47.3, 43.9, 40.8, 38.4, 34.4, 34.1, 31.7, 31.4, 28.3, 27.9, 26.3,
26.2, 26.0, 24.7, 24.2, 24.1, 23.3, 18.4, 18.3, 17.3, 14.9, 14.4, 11.8,
−3.8, −4.0, −4.2, −4.4, −4.9, −5.0; HRMS (ES+) m/z calc. for
C71H120O13Si3Na ([MNa]+): 1287.7929, found: 1287.7927.


Hydrazone 69


A solution of hydrazone 11 6 (0.420 g, 1.73 mmol) in THF (10 mL)
was added dropwise to a stirred solution of freshly prepared LDA
(2.07 mmol) in THF (15 mL) at −78 ◦C. After 2.5 h, a solution
of iodide 64 (1.73 g, 2.07 mmol) in THF (10 mL) was added
dropwise over 15 min, and the reaction was stirred at −78 ◦C for an
additional hour before being quenched by the addition of aqueous
pH 7.0 buffer (50 mL) and warmed to room temperature. The
mixture was extracted with Et2O (3 × 30 mL), and the combined
organic layers were dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (15% Et2O in hexanes with 1% Et3N) to give 69 (1.53 g, 93%) as
a viscous, colourless oil. Rf = 0.35 (silica gel, 3 : 2 hexanes–Et2O +
2% Et3N); [a]25


D −7.6◦ (c 1.09 in CH2Cl2); mmax/cm−1 (film) 2955,
2857, 1616, 1472, 1301, 1172, 937; dH (500 MHz, C6D6) 7.29 (2 H,
d, J 8.6 Hz, ArH), 6.85 (2 H, d, J 8.6 Hz, ArH), 4.59 (1 H, d,
J 6.4 Hz, 16-H), 4.55 (1 H, d, J 11.5 Hz, OCH2Ar), 4.47–4.50 (2 H,
m, 14-H and OCH2Ar), 4.19 (1 H, d, J 12.6 Hz, 14-H), 4.00–4.08
(2 H, m, 21-H and 19-H), 3.88–3.90 (1 H, m, 24-H), 3.69 (1 H, dd,
J 8.8, 4.1 Hz, CH2OCH3), 3.58–3.64 (1 H, m, NCHCH2OCH3),
3.42–3.45 (1 H, m, 25-H), 3.36 (1 H, dd, J 8.8, 8.2 Hz, CH2OCH3),
3.33 (3 H, s, ArOCH3), 3.27 (3 H, s, CH2OCH3), 3.06–3.10 (1 H, m,
NCH2CH2), 2.26–2.36 (2 H, m, NCH2CH2 and NCH2CH2), 1.77–
2.17 (9 H, m, 17-H, 18-H, 20-H, 20-H, 22-H, 23-H, NCH2CH2,
NCH2CH2CH2 and NCH2CH2CH2), 1.51–1.70 (7 H, m, 17-H, 22-
H, 23-H, 26-H, 26-H, 27-H and 27-H), 1.42 [3 H, s, O2C(CH3)2],
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1.37 [3 H, s, O2C(CH3)2], 1.30–1.46 (3 H, m, 18-H, 28-H and 28-
H), 1.05 [9 H, s, SiC(CH3)3], 1.04 [9 H, s, SiC(CH3)3], 1.02 [9 H, s,
SiC(CH3)3], 0.92 (3 H, t, J 7.3 Hz, 28-CH3), 0.22 (3 H, s, SiCH3),
0.20 (9 H, s, SiCH3, SiCH3 and SiCH3), 0.14 (3 H, s, SiCH3),
0.10 (3 H, s, SiCH3); dC (150 MHz, C6D6) 159.7, 158.6, 131.7,
129.4, 114.0, 99.8, 82.2, 76.7, 73.6, 72.2, 71.7, 70.2, 70.1, 67.2,
64.2, 59.0, 54.7, 53.3, 45.3, 34.5, 33.0, 29.0, 28.9, 27.8, 27.5, 27.0,
26.2, 26.1, 24.5, 24.0, 23.2, 23.1, 18.3, 18.3, 14.3, −3.9, −4.0, −4.1,
−4.1, −4.2; HRMS (ES+) m/z calc. for C51H99N2O8Si3 ([MH]+):
951.6703, found: 951.6700.


Ketone 71


A solution of hydrazone 69 (1.66 g, 1.75 mmol) in THF (10 mL)
was added dropwise to a stirred solution of freshly prepared LDA
(1.92 mmol) in THF (10 mL) at −78 ◦C. After 1 h, a solution
of allylic bromide 56 (1.45 g, 1.92 mmol) in THF (10 mL) was
added dropwise over 15 min. After stirring for an additional hour
at −78 ◦C, the reaction was quenched by the addition of an
aqueous pH 7.0 buffer solution (25 mL) and warmed to room
temperature. The mixture was extracted with Et2O (3 × 20 mL),
and the combined organic layers were dried (MgSO4), filtered and
concentrated in vacuo. Rapid flash chromatography (10% Et2O
in hexanes with 2% Et3N) separated the excess bromide starting
material and afforded the crude bis-alkylated hydrazone 70, which
was taken up in a mixture of Et2O (30 mL) and sat. aq. (CO2H)2


(30 mL) and stirred vigorously at room temperature for 48 h. The
mixture was then diluted with water (60 mL), and extracted with
Et2O (3 × 30 mL). The combined organic layers were washed with
brine (1 × 60 mL), dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (gradient: 2–7% Et2O in hexanes) to give 71 (1.56 g, 59% from
69) as a viscous, light yellow syrup. Rf = 0.45 (silica gel, 4 : 1
hexanes–Et2O); [a]25


D + 32.2◦ (c 1.71 in CH2Cl2); mmax/cm−1 (film)
2953, 1743, 1610, 1457, 1361, 1171, 1004, 835; dH (500 MHz, C6D6)
7.37 (2 H, d, J 8.7 Hz, ArH), 7.30 (2 H, d, J 8.7 Hz, ArH), 6.92
(2 H, d, J 8.7 Hz, ArH), 6.85 (2 H, d, J 8.7 Hz, ArH), 6.27 (1 H,
d, J 16.1 Hz, 5-H), 6.08 (1 H, dd, J 16.1, 6.7 Hz, 4-H), 5.41 (1 H, s,
6=CH2), 5.31 (1 H, d, J 8.3 Hz, 11-H), 5.07 (1 H, s, 6=CH2),
4.85 (1 H, d, J 9.0 Hz, 7-H), 4.69 (1 H, d, J 10.8 Hz, OCH2Ar),
4.54–4.57 (2 H, m, 3-H and OCH2Ar), 4.49 (1 H, d, J 11.5 Hz,
OCH2Ar), 4.45 (1 H, d, J 10.8 Hz, OCH2Ar), 4.30 (1 H, dd, J 7.7,
1.7 Hz, 14-H), 4.13 (1 H, dd, J 7.5, 4.2 Hz, 16-H), 3.98–4.05 (2 H,
m, 19-H and 21-H), 3.88–3.92 (1 H, m, 24-H), 3.75 (1 H, ddd,
J 9.7, 4.0 and 1.8 Hz, 9-H), 3.41 (3 H, s, CO2CH3), 3.41–3.45
(1 H, m, 25-H), 3.38 (3 H, s, ArOCH3), 3.35 (3 H, s, ArOCH3),
2.95–3.02 (1 H, m, 10-H), 2.83 (1 H, dd, J 15.2, 1.7 Hz, 13-H),
2.49 (1 H, qd, J 7.0, 5.5 Hz, 2-H), 2.28 (1 H, dd, J 15.2, 7.7 Hz,
13-H), 2.05–2.16 (2 H, m, 17-H and 23-H), 1.90–2.01 (4 H, m, 8-H,
17-H, 18-H and 26-H), 1.75–1.87 (4 H, m, 8-H, 20-H, 20-H and
26-H), 1.71 (3 H, s, 12-CH3), 1.55–1.66 (4 H, 18-H, 22-H, 22-H
and 23-H), 1.38 [3 H, s, O2C(CH3)2], 1.34 [3 H, s, O2C(CH3)2], 1.25
(3 H, d, J 7.0 Hz, 2-CH3), 1.23–1.45 (4 H, 27-H, 27-H, 28-H and
28-H), 1.07 (3 H, d, J 6.8 Hz, 10-CH3), 1.05 [9 H, s, SiC(CH3)3],
1.04 [9 H, s, SiC(CH3)3], 1.03 [9 H, s, SiC(CH3)3], 1.02 [9 H, s,
SiC(CH3)3], 0.98 [9 H, s, SiC(CH3)3], 0.92 (3 H, t, J 9.3 Hz, 28-
CH3), 0.22 (3 H, s, SiCH3), 0.21 (3 H, s, SiCH3), 0.20 (3 H, s,
SiCH3), 0.19 (3 H, s, SiCH3), 0.14 (3 H, s, SiCH3), 0.13 (3 H, s,
SiCH3), 0.10 (3 H, s, SiCH3), 0.09 (3 H, s, SiCH3), 0.08 (3 H, s,


SiCH3), 0.06 (3 H, s, SiCH3); dC (125 MHz, C6D6) 210.0, 173.9,
159.7, 159.6, 149.9, 132.2, 131.7, 131.5, 130.3, 129.4, 129.3, 129.0,
128.5, 114.3, 114.1, 114.0, 101.0, 82.2, 80.0, 75.4, 74.6, 74.5, 73.5,
72.2, 71.0, 70.1, 70.0, 69.9, 54.8, 54.7, 51.1, 47.3, 45.4, 40.8, 38.4,
34.4, 33.2, 29.1, 29.0, 27.6, 26.2, 26.1, 26.0, 25.2, 24.2, 24.1, 23.2,
18.4, 18.4, 18.3, 17.2, 14.8, 14.3, 11.8, −3.8, −4.0, −4.1, −4.2,
−4.8, −4.9; HRMS (ES+) m/z calc. for C83H150O14Si5Na ([MNa]+):
1533.9764, found: 1533.9775.


Diol 72


To a vigorously stirred solution of ketone 68 (314 mg, 0.248 mmol)
in 15 : 1 CH2Cl2–sat. aq. NaHCO3 (5.5 mL) was added DDQ
(170 mg, 0.75 mmol) in one portion at 0 ◦C. After 1 h at 0 ◦C
the reaction mixture was partitioned between sat. aq. NaHCO3


(15 mL) and CH2Cl2 (15 mL). The layers were separated, and
the aqueous layer was extracted with CH2Cl2 (2 × 15 mL). The
combined organic layers were washed with brine (1 × 20 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (gradient: 10–
20% Et2O in hexanes) to give 72 (179 mg, 70%) as a colourless
oil. Rf = 0.31 (silica gel, 2 : 1 hexanes–Et2O); [a]25


D +38.8◦ (c 1.03
in CH2Cl2); mmax/cm−1 (film) 3511, 2954, 2855, 1745, 1461, 1383,
1252, 1196, 1082, 976; dH (500 MHz, C6D6) 6.27 (1 H, d, J 16.1 Hz,
5-H), 6.08 (1 H, dd, J 16.1, 6.8 Hz, 4-H), 5.46 (1 H, s, 6=CH2),
5.09 (1 H, s, 6=CH2), 5.01–5.06 (2 H, m, 7-H and 11-H), 4.53 (1 H,
app t, J 6.2 Hz, 3-H), 4.17 (1 H, dd, J 10.8, 3.1 Hz, 14-H), 4.06–
4.08 (1 H, m, 16-H), 4.00–4.04 (1 H, m, 19-H), 3.91–3.97 (1 H, m,
21-H), 3.56–3.61 (2 H, m, 9-H and 24-H), 3.42 (3 H, s, CO2CH3),
3.32–3.38 (1 H, m, 25-H), 2.67 (1 H, dd, J 13.9, 3.1 Hz, 13-H),
2.56 (1 H, br s, OH), 2.49–2.54 (1 H, m, 2-H), 2.44 (1 H, br s,
OH), 2.37–2.34 (1 H, m, 10-H), 2.22 (1 H, dd, J 13.9 Hz, 10.8 Hz,
13-H), 2.11–2.17 (1 H, m, 17-H), 1.90 (1 H, dd, J 13.2, 9.6 Hz,
8-H), 1.50 (3 H, s, 12-CH3), 1.39 [3 H, s, O2C(CH3)2], 1.37 [3 H, s,
O2C(CH3)2], 1.25 (3 H, d, J 7.0 Hz, 2-CH3), 1.23–1.83 (16 H, m,
8-H, 17-H, 18-H, 18-H, 20-H, 20-H, 22-H, 22-H, 23-H, 23-H, 26-
H, 26-H, 27-H, 27-H, 28-H and 28-H), 1.05 [9 H, s, SiC(CH3)3],
1.02 [9 H, s, SiC(CH3)3], 0.98 [9 H, s, SiC(CH3)3], 0.90–0.94 (6 H,
m, 10-CH3 and 28-CH3), 0.24 (3 H, s, SiCH3), 0.16 (6 H, s, SiCH3


and SiCH3), 0.15 (3 H, s, SiCH3) 0.09 (3 H, s, SiCH3), 0.07 (3 H, s,
SiCH3); dC (125 MHz, C6D6) 210.1, 173.9, 149.9, 133.5, 131.4,
131.3, 130.4, 114.3, 101.4, 82.8, 76.2, 75.5, 74.8, 74.4, 72.1, 72.1,
69.9, 69.8, 51.1, 47.4, 43.7, 43.3, 40.2, 39.7, 34.1, 33.8, 32.3, 28.3,
27.7, 26.2, 26.0, 24.2, 23.9, 23.8, 23.2, 18.5, 18.4, 18.3, 16.7, 16.2,
14.3, 11.9, −3.9, −4.2, −4.4, −4.5, −4.9; HRMS (ES+) m/z calc.
for C55H104O11Si3Na ([MNa]+): 1047.6778, found: 1047.6761.


Acid 73


Methyl ester 72 (0.380 g, 0.370 mmol) was dissolved in 1,2-
dichloroethane (4 mL) in a 25 mL round-bottomed flask and
Me3SnOH (0.670 g, 3.70 mmol) was added. The reaction vessel
was then sealed under argon and the stirred mixture was heated to
80 ◦C. Additional portions of Me3SnOH (0.670 g, 3.70 mmol) were
added every 24 h over a period of three days. Twenty-four hours
after the final addition, the reaction mixture was cooled to room
temperature, diluted with EtOAc, filtered through a pad of Celite R©,
and the filtrate was concentrated in vacuo. The residue was purified
by flash chromatography on silica gel (gradient: 10–20% EtOAc in
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hexanes) to give 73 (0.254 g, 68%) as a highly viscous, light yellow
oil. Rf = 0.51 (silica gel, 2 : 1 hexanes–EtOAc); [a]25


D +30.1◦ (c 0.25
in CH2Cl2); mmax/cm−1 (film) 3510, 2956, 2857, 1744, 1713, 1472,
1382, 1173, 976; dH (500 MHz, C6D6) 6.30 (1 H, d, J 16.1 Hz, 5-H),
6.10 (1 H, dd, J 16.1 Hz and 6.5 Hz, 4-H), 5.47 (1 H, s, 6=CH2),
5.11 (1 H, s, 6=CH2), 5.08 (1 H, d, J 10.0 Hz, 7-H), 5.02 (1 H, d,
J 9.1 Hz, 11-H), 4.63 (1 H, app t, J 5.5 Hz, 3-H), 4.20 (1 H, dd,
J 10.7, 2.7 Hz, 14-H), 4.08–4.10 (1 H, m, 16-H), 4.01–4.05 (1 H,
m, 19-H), 3.93–3.98 (1 H, m, 21-H), 3.58–3.63 (2 H, m, 9-H and
24-H), 3.36–3.39 (1 H, m, 25-H), 2.69 (1 H, dd, J 14.1, 2.7 Hz,
13-H), 2.50–2.55 (1 H, m, 2-H), 2.30–2.37 (1 H, m, 10-H), 2.24
(1 H, dd, J 14.1, 10.7 Hz, 13-H), 2.12–2.17 (1 H, m, 17-H), 1.92
(1 H, dd, J 12.6, 9.5 Hz, 8-H), 1.52 (s, 3 H, 12-CH3), 1.41 [3 H, s,
O2C(CH3)2], 1.39 [3 H, s, O2C(CH3)2], 1.25 (3 H, d, J 7.0 Hz,
2-CH3), 1.20–1.85 (18 H, m, OH, OH, 8-H, 17-H, 18-H, 18-H,
20-H, 20-H, 22-H, 22-H, 23-H, 23-H, 26-H, 26-H, 27-H, 27-H,
28-H and 28-H), 1.06 [9 H, s, SiC(CH3)3], 1.02 [9 H, s, SiC(CH3)3],
1.00 [9 H, s, SiC(CH3)3], 0.93 (6 H, m, 10-CH3 and 28-CH3), 0.25
(3 H, s, SiCH3), 0.16 (9 H, s, SiCH3, SiCH3 and SiCH3), 0.14
(3 H, s, SiCH3), 0.11 (3 H, s, SiCH3); dC (125 MHz, C6D6) 210.2,
179.2, 149.7, 133.5, 131.1, 131.0, 130.5, 114.4, 101.4, 82.7, 76.3,
75.0, 74.8, 74.4, 72.3, 72.2, 70.0, 69.9, 47.2, 43.6, 43.4, 40.1, 39.6,
34.0, 33.8, 32.3, 28.3, 27.7, 26.2, 26.1, 24.2, 24.0, 23.9, 23.2, 18.5,
18.4, 16.8, 16.3, 14.3, 11.2, −3.9, −4.2, −4.4, −4.5, −4.9, −5.0;
HRMS (ES+) m/z calc. for C54H102O11Si3Na ([MNa]+): 1033.6622,
found: 1033.6611.


Macrolactone 75


To a stirred solution of carboxylic acid 73 (250 mg, 0.25 mmol) and
Et3N (1.38 mL, 9.85 mmol) in toluene (15 mL) was added 2,4,6-
trichlorobenzoylchloride 74 (1.16 mL, 7.41 mmol) at room tem-
perature. After 16 h, the solution was diluted with an additional
portion of toluene (15 mL) and then added dropwise via syringe
pump to a stirred solution of 4-DMAP (906 mg, 7.41 mmol) in
toluene (400 mL) over 6 h. After stirring for a further 16 h at room
temperature, the reaction was quenched by the addition of 0.01 M
aq. KHSO4 (400 mL), and the mixture was extracted with EtOAc
(3 × 300 mL). The combined organic layers were washed with
brine (1 × 200 mL), dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by flash chromatography on silica
gel (gradient: 5–10% Et2O in hexanes) to give 75 (197 mg, 80%)
as a colourless foam. Rf = 0.37 (silica gel, 4 : 1 hexanes–Et2O);
[a]25


D +35.3◦ (c 0.53 in CH2Cl2); mmax/cm−1 (film) 3443, 2951, 2854,
1742, 1731, 1472, 1251, 1091, 834; dH (500 MHz, C6D6) 6.38 (1 H,
d, J 16.1 Hz, 5-H), 6.14 (1 H, dd, J 16.1 5.7 Hz, 4-H), 5.38 (1 H, s,
6=CH2), 5.29 (1 H, d, J 9.9 Hz, 11-H), 5.15 (1 H, s, 6=CH2),
4.86–4.89 (2 H, m, 7-H and 25-H), 4.57 (1 H, app t, J 5.7 Hz,
3-H), 4.24–4.28 (1 H, m, 14-H), 4.04–4.16 (3 H, m, 16-H, 19-H
and 21-H), 3.77–3.83 (2 H, m, 9-H and 24-H), 2.61 (1 H, app qn,
J 6.9 Hz, 2-H), 2.51 (1 H, dd, J 14.1 3.1 Hz, 13-H), 2.35–2.42
(2 H, m, 10-H and 13-H), 2.02–2.11 (2 H, m, 17-H and OH),
1.65–1.89 (9 H, m, 8-H, 8-H, 17-H, 18-H, 18-H, 22-H, 23-H, 26-H
and 26-H), 1.60 (3 H, s, 12-CH3), 1.45–1.56 (3 H, m, 23-H, 27-H
and 27-H), 1.25–1.40 [14 H, m, 20-H, 20-H, 22-H, 28-H, 28-H,
2-CH3, O2C(CH3)2 and O2C(CH3)2], 0.99–1.03 [21 H, m, 10-CH3,
SiC(CH3)3 and SiC(CH3)3], 1.00 [9 H, s, SiC(CH3)3], 0.92 (3 H, t,
J 7.0 Hz, 28-CH3), 0.23 (3 H, s, SiCH3), 0.20 (3 H, s, SiCH3), 0.19
(3 H, s, SiCH3), 0.14 (3 H, s, SiCH3), 0.12 (3 H, s, SiCH3), 0.11


(3 H, s, SiCH3); dC (125 MHz, C6D6) 210.6, 174.0, 149.2, 132.3,
131.1, 129.9, 129.6, 113.5, 101.0, 79.0, 75.9, 74.9, 74.8, 74.6, 74.3,
72.6, 71.0, 69.7, 47.7, 43.9, 43.4, 39.5, 39.1, 35.0, 32.0, 31.7, 27.9,
27.3, 26.3, 26.2, 26.1, 24.9, 24.2, 24.1, 23.1, 18.5, 18.4, 17.6, 17.4,
14.3, 14.0, −3.8, −4.0, −4.1, −4.4, −4.6, −4.8; HRMS (ES+) m/z
calc. for C54H100O10Si3Na ([MNa]+): 1015.6516, found: 1015.6512.


Macrocycle diketone 77


To a stirred suspension of alcohol 75 (30.1 mg, 30 lmol) and
powdered, activated 4 Å molecular sieves (ca. 30 mg) in CH2Cl2


(1.5 mL) were added TPAP (5.5 mg, 15 lmol) and NMO (14.2 mg,
121 lmol) at room temperature. After 2 h the reaction was filtered
through a pad of Celite R©, washing thoroughly with CH2Cl2, and
the filtrate was concentrated under reduced pressure. The residue
was purified by flash chromatography on silica gel (7% Et2O in
hexanes) to give 77 (27.7 mg, 92%) as a colourless foam. Rf = 0.52
(silica gel, 4 : 1 hexanes–Et2O); [a]25


D +51.0◦ (c 1.07 in CH2Cl2);
mmax/cm−1 (film) 2956, 2856, 1742, 1717, 1456, 1252, 1092, 908; dH


(600 MHz, C6D6) 6.41 (1 H, d, J 16.1 Hz, 5-H), 6.15 (1 H, dd,
J 16.1 4.6 Hz, 4-H), 5.31 (1 H, s, 6=CH2), 5.19 (1 H, d, J 9.4 Hz,
7-H), 5.16 (1 H, s, 6=CH2), 5.10 (1 H, d, J 10.2 Hz, 11-H), 4.90
(1 H, td, J 6.6 3.6 Hz, 25-H), 4.59 (1 H, app t, J 4.9 Hz, 3-H), 4.21
(1 H, dd, J 8.0, 3.6 Hz, 14-H), 4.06–4.12 (2 H, m, 16-H and 19-H),
3.98–4.02 (1 H, m, 21-H), 3.76 (1 H, td, J 7.3, 3.6 Hz, 24-H), 3.35
(1 H, dq, J 10.2, 6.5 Hz, 10-H), 2.82 (1 H, dd, J 16.1, 9.4 Hz, 8-H),
2.47–2.57 (3 H, m, 2-H, 8-H and 13-H), 2.31 (1 H, dd, J 14.9,
8.0 Hz, 13-H), 2.02–2.04 (1 H, m, 17-H), 1.62 (3 H, s, 12-CH3),
1.61–1.85 (7 H, m, 17-H, 18-H, 18-H, 22-H, 23-H, 26-H and 26-H),
1.44–1.54 (3 H, m, 23-H, 27-H and 27-H), 1.25–1.38 [14 H, m, 20-
H, 20-H, 22-H, 28-H, 28-H, 2-CH3, O2C(CH3)2 and O2C(CH3)2],
1.22 (3 H, d, J 6.5 Hz, 10-CH3), 1.03 [9 H, s, SiC(CH3)3], 1.01
[9 H, s, SiC(CH3)3], 0.98 [9 H, s, SiC(CH3)3], 0.92 (3 H, t, J 6.7 Hz,
28-CH3), 0.20 (3 H, s, SiCH3), 0.18 (6 H, s, SiCH3 and SiCH3),
0.12 (6 H, s, SiCH3 and SiCH3), 0.11 (3 H, s, SiCH3); dC (150 MHz,
C6D6) 209.7, 208.0, 173.6, 148.6, 134.7, 131.6, 128.2, 126.6, 112.9,
100.9, 78.9, 75.8, 74.8, 74.6, 73.6, 73.4, 70.5, 69.7, 49.6, 48.6, 47.8,
43.2, 38.3, 34.9, 32.0, 31.6, 27.8, 27.3, 26.2, 26.1, 25.0, 24.1, 24.0,
23.1, 18.5, 18.4, 17.4, 15.1, 14.2, 13.9, −3.9, −4.0, −4.3, −4.4,
−4.6, −5.0; HRMS (ES+) m/z calc. for C54H98O10Si3Na ([MNa]+):
1013.6360, found: 1013.6359.


Hemiacetal 78


Ketone 77 (125 mg, 0.126 mmol) was dissolved in 9 : 1 acetonitrile–
CH2Cl2 (20 mL) in a plastic vial and cooled to 0 ◦C, where 48% aq.
HF (2 mL) was carefully added dropwise. The reaction mixture
was slowly warmed to room temperature over 2 h, then stirred
for a further 3 h at that temperature. The reaction was then
quenched by adding the solution dropwise to sat. aq. NaHCO3


(50 mL) at 0 ◦C. Upon completion of the addition, solid NaHCO3


was added slowly until the pH of the mixture was greater than
8.0. The mixture was then extracted with EtOAc (5 × 20 mL),
and the combined organic layers were dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 50–70% EtOAc in hexanes)
to give 78 (49.7 mg, 65%) as an amorphous, colourless solid and
as a 6 : 1 mixture of a- : b-anomers (determined by 1H-NMR).
Rf = 0.48 (silica gel, EtOAc); [a]25


D −136.5◦ (c 1.48 in CH2Cl2);


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2158–2183 | 2179







mmax/cm−1 (film) 3400, 2933, 1709, 1458, 1351, 1193, 1074, 901; dH


(500 MHz, C6D6) – major anomer only – 6.08 (1 H, d, J 16.2 Hz,
5-H), 5.73 (1 H, s, 6=CH2), 5.69 (1 H, dd, J 16.2, 7.2 Hz, 4-H),
5.24 (1 H, d, J 9.9 Hz, 11-H), 5.14 (1 H, s, 6=CH2), 5.05 (1 H, d,
J 9.3 Hz, 7-H), 4.91–4.96 (1 H, m, 25-H), 4.67 (1 H, br d, J 4.4 Hz,
3-OH), 4.58–4.61 (1 H, m, 3-H), 4.53 (1 H, br s, 14-OH), 4.00–
4.06 (3 H, m, 16-H, 19-H and 21-H), 3.88 (1 H, br s, 16-OH), 3.77
(1 H, ddd, J 7.1, 6.1 and 2.7 Hz, 14-H), 3.52–3.55 (1 H, m, 24-
H), 3.49–3.51 (2 H, m, 7-OH and 15-OH), 3.26 (1 H, dd, J 18.5,
2.7 Hz, 8-H), 2.80 (1 H, dq, J 9.9, 6.7 Hz, 10-H), 2.62 (1 H, qd,
J 7.1, 2.2 Hz, 2-H), 2.58 (1 H, dd, J 14.4, 6.1 Hz, 13-H), 2.48
(1 H, dd, J 14.4, 7.1 Hz, 13-H), 2.29 (1 H, dd, J 18.5, 9.3 Hz, 8-H),
2.06–2.12 (1 H, m, 17-H), 1.80–1.87 (2 H, m, 17-H and 18-H), 1.53
(3 H, s, 12-CH3), 1.15–1.63 (11 H, m, 20-H, 20-H, 22-H, 22-H,
23-H, 26-H, 26-H, 27-H, 27-H, 28-H and 28-H), 1.11 (3 H, d,
J 6.7 Hz, 10-CH3), 1.08 (3 H, d, J 7.1 Hz, 2-CH3), 1.03–1.12 (2 H,
m, 18-H and 23-H), 0.86 (3 H, t, J 6.8 Hz, 28-CH3); dC (125 MHz,
C6D6) – major anomer only – 212.0 (C9), 173.6 (C1), 147.2 (C6),
136.7 (C12), 131.2 (C5), 128.5 (C4), 125.2 (C11), 114.5 (6=CH2),
96.1 (C15), 81.6 (C24), 77.2 (C25), 76.8 (C14), 75.1 (C21), 75.0
(C3), 67.2 (C7), 66.7 (C16), 66.5 (C19), 48.2 (C2), 47.7 (C8), 47.3
(C10), 42.5 (C20), 41.4 (C13), 31.9 (C22), 31.0 (C26), 27.5 (C27),
27.4 (C23), 26.5 (C17), 25.6 (C18), 22.8 (C28), 17.3 (12-CH3), 14.9
(10-CH3), 14.1 (2-CH3), 9.4 (28-CH3); HRMS (ES+) m/z calc. for
C33H52O10Na ([MNa]+): 631.3452, found: 631.3459.


Diol 79


To a vigorously stirred solution of ketone 71 (1.45 g, 0.96 mmol)
in 2 : 1 CH2Cl2–aqueous pH 7.0 buffer (15 mL) was added DDQ
(0.68 g, 3.0 mmol) in one portion at 0 ◦C. After 20 min the reaction
was quenched by the addition of sat. aq. NaHCO3 (15 mL), and
extracted with Et2O (3 × 20 mL). The combined organic layers
were washed with sat. aq. NaHCO3 (1 × 20 mL), brine (1 × 20 mL),
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (gradient: 5–
15% Et2O in hexanes) to give 79 (0.96 g, 78%) as a viscous, yellow
oil. Rf = 0.19 (silica gel, 4 : 1 hexanes–Et2O); [a]25


D +36.5◦ (c 1.41
in CH2Cl2); mmax/cm−1 (film) 3510, 2956, 2859, 1746, 1738, 1382,
1172, 939; dH (500 MHz, C6D6) 6.29 (1 H, d, J 16.2 Hz, H-5),
6.11 (1 H, dd, J 16.2, 6.8 Hz, H-4), 5.48 (1 H, s, 6=CH2), 5.11
(1 H, s, 6=CH2), 5.03–5.07 (2 H, m, H-7 and H-11), 4.55 (1 H,
dd, J 6.8, 5.3 Hz, H-3), 4.16 (1 H, dd, J 11.0, 2.5 Hz, H-14),
4.10 (1 H, dd, J 6.8, 4.1 Hz, H-16), 3.97–4.03 (2 H, m, H-19 and
H-21), 3.53–3.63 (3 H, m, H-9, H-24 and H-25), 3.43 (3 H, s,
CO2CH3), 2.68 (1 H, dd, J 13.9, 2.5 Hz, H-13), 2.51–2.57 (2 H,
m, H-2 and OH), 2.28–2.37 (1 H, m, H-10), 2.24 (1 H, dd, J 13.9,
11.0 Hz, H-13), 2.10–2.17 (1 H, m, H-17), 1.89–1.98 (4 H, m, H-8,
H-17, H-23 and OH), 1.68–1.84 (5 H, m, H-8, H-18, H-20, H-26
and H-26), 1.55–1.67 (4 H, m, H-18, H-20, H-22 and H-23), 1.50
(3 H, s, 12-CH3), 1.41 [3 H, s, O2C(CH3)2], 1.36 [3 H, s, O2C(CH3)2],
1.27 (3 H, d, J 7.0 Hz, 2-CH3), 1.32–1.53 (5 H, m, H-22, H-27,
H-27, H-28 and H-28), 1.07 [9 H, s, SiC(CH3)3], 1.04 [9 H, s,
SiC(CH3)3], 1.03 [9 H, s, SiC(CH3)3], 0.99 [9 H, s, SiC(CH3)3],
0.96 [9 H, s, SiC(CH3)3], 0.91–0.94 (6 H, m, 10-CH3 and 28-CH3),
0.26 (3 H, s, SiCH3), 0.20 (3 H, s, SiCH3), 0.19 (3 H, s, SiCH3),
0.19 (3 H, s, SiCH3), 0.18 (3 H, s, SiCH3), 0.16 (3 H, s, SiCH3),
0.14 (3 H, s, SiCH3), 0.10 (3 H, s, SiCH3), 0.09 (3 H, s, SiCH3), 0.08
(3 H, s, SiCH3); dC (150 MHz, C6D6) 209.9, 173.9, 149.8, 133.5,


131.4, 130.4, 131.2, 114.3, 101.3, 76.2, 75.5, 74.7, 73.1, 72.2, 72.1,
69.9, 69.8, 69.7, 51.1, 47.4, 44.9, 43.7, 40.2, 39.7, 33.9, 33.1, 32.6,
29.2, 28.6, 26.1, 26.1, 26.1, 26.0, 25.0, 23.9, 23.2, 18.5, 18.4, 18.3,
18.3, 16.7, 16.1, 14.3, 11.9, −3.8, −4.0, −4.0, −4.1, −4.1, −4.3,
−4.4, −4.9; HRMS (ES+) m/z calc. for C67H134O12Si5Na ([MNa]+):
1293.8613, found: 1293.8600.


Acid 80


Methyl ester 79 (0.83 g, 0.650 mmol) was dissolved in 1,2-
dichloroethane (20 mL) in a 50 mL round-bottomed flask and
Me3SnOH (1.18 g, 6.50 mmol) was added. The reaction vessel was
then sealed under argon, and the stirred mixture was heated to
80 ◦C. Additional portions of Me3SnOH (1.18 g, 6.50 mmol) were
added every 12 h over a period of two days. Twelve hours after
the final addition, the reaction was cooled to room temperature,
diluted with EtOAc, filtered through a pad of Celite R©, and the
filtrate was concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (15% EtOAc in hexanes) to
give 80 (0.365 g, 45%, 66% based on recovered starting material
79) as a highly viscous, light yellow oil. Rf = 0.36 (silica gel, 3 :
2 hexanes–Et2O); [a]25


D +33.8◦ (c 7.70 in CH2Cl2); mmax/cm−1 (film)
3493, 2955, 2890, 1745, 1711, 1471, 1361, 1092, 835; dH (500 MHz,
C6D6) 6.30 (1 H, d, J 16.1 Hz, 5-H), 6.10 (1 H, dd, J 16.1, 6.4 Hz,
4-H), 5.48 (1 H, s, 6=CH2), 5.12 (1 H, s, 6=CH2), 5.06 (1 H, d,
J 9.9 Hz, 11-H), 5.02 (1 H, d, J 9.0 Hz, 7-H), 4.63 (1 H, app t,
J 5.0 Hz, 3-H), 4.16 (1 H, d, J 10.0 Hz, 14-H), 4.07–4.11 (1 H, 16-
H), 3.96–4.01 (2 H, m, 19-H and 21-H), 3.60 (1 H, app t, J 9.1 Hz,
9-H), 3.52–3.57 (2 H, m, 24-H and 25-H), 2.67 (1 H, d, J 13.1 Hz,
13-H), 2.49–2.54 (1 H, m, 2-H), 2.30–2.37 (1 H, m, 10-H), 2.21–
2.25 (1 H, m, 13-H), 2.06–2.16 (1 H, m, 17-H), 1.87–1.97 (4 H, m,
8-H, 17-H, 18-H and 22-H), 1.56–1.81 (9 H, m, 8-H, 18-H, 20-H,
20-H, 22-H, 23-H, 26-H, OH and OH), 1.51 (3 H, s, 12-CH3),
1.47–1.53 (2 H, m, 26-H and 27-H), 1.41 [3 H, s, O2C(CH3)2], 1.37
[3 H, s, O2C(CH3)2], 1.30–1.44 (4 H, m, 23-H, 27-H, 28-H and
28-H), 1.25 (3 H, d, J 6.9 Hz, 2-CH3), 1.06 [9 H, s, SiC(CH3)3],
1.04 [9 H, s, SiC(CH3)3], 1.03 [9 H, s, SiC(CH3)3], 1.01 [9 H, s,
SiC(CH3)3], 0.96 [9 H, s, SiC(CH3)3], 0.91–0.94 (6 H, m, 10-CH3


and 28-CH3), 0.25 (3 H, s, SiCH3), 0.19 (3 H, s, SiCH3), 0.19
(3 H, s, SiCH3), 0.18 (3 H, s, SiCH3), 0.18 (3 H, s, SiCH3), 0.17
(3 H, s, SiCH3), 0.14 (3 H, s, SiCH3), 0.13 (3 H, s, SiCH3), 0.11
(3 H, s, SiCH3), 0.09 (3 H, s, SiCH3); dC (125 MHz, C6D6) 210.0,
179.3, 149.7, 133.5, 131.2, 130.9, 128.5, 114.4, 101.3, 76.1, 75.0,
74.7, 73.1, 72.2, 72.1, 69.9, 69.8, 47.2, 44.9, 43.6, 40.1, 39.6, 33.8,
33.1, 32.5, 29.1, 28.5, 26.2, 26.2, 26.1, 26.1, 26.0, 24.9, 23.9, 23.9,
23.2, 18.5, 18.4, 18.3, 18.3, 16.7, 16.2, 14.3, 11.1, −3.8, −3.9, −4.0,
−4.0, −4.1, −4.1, −4.3, −4.4, −4.8, −4.9; HRMS (ES+) m/z calc.
for C66H132O12Si5Na ([MNa]+): 1279.8479, found: 1279.8474.


Macrolactone 81


To a stirred solution of carboxylic acid 80 (0.160 g, 0.127 mmol)
and Et3N (0.71 mL, 5.08 mmol) in toluene (8 mL) was added
2,4,6-trichlorobenzoyl chloride 74 (0.60 mL, 3.81 mmol) at room
temperature. After stirring for 16 h, the solution was diluted with
an additional portion of toluene (10 mL) and then added dropwise
via syringe pump to a stirred solution of 4-DMAP (0.480 g,
3.81 mmol) in toluene (200 mL) over 6 h. After stirring for a
further 16 h at room temperature, the reaction was quenched by
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the addition of 0.01 M aq. KHSO4 (200 mL), and the mixture
was extracted with EtOAc (2 × 150 mL). The combined organic
layers were dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by flash chromatography (10% Et2O in
hexanes) to give 81 (0.1032 g, 65%) as a colourless foam. Rf = 0.52
(silica gel, 4 : 1 hexanes–Et2O); [a]25


D +59.6◦ (c 0.70 in CH2Cl2);
mmax/cm−1 (film) 3389, 2955, 1744, 1718, 1472, 1382, 1082, 835;
dH (600 MHz, C6D6) 6.39 (1 H, d, J 16.0 Hz, 5-H), 6.23 (1 H, d,
J 16.0 Hz, 4-H), 5.56 (1 H, s, 6=CH2), 5.26 (1 H, d, J 9.9 Hz,
11-H), 5.17 (1 H, s, 6=CH2), 5.11–5.14 (1 H, m, 25-H), 5.05 (1 H,
d, J 7.5 Hz, 7-H), 4.58–4.61 (1 H, m, 3-H), 4.41 (1 H, d, J 9.8 Hz,
14-H), 4.10–4.13 (1 H, m, 16-H), 4.04–4.07 (1 H, m, 19-H), 3.96–
4.01 (2 H, m, 21-H and 24-H), 3.75–3.79 (1 H, m, 9-H), 2.71 (1 H,
d, J 14.1 Hz, 13-H), 2.63–2.67 (1 H, m, 2-H), 2.48 (1 H, br s,
OH), 2.38–2.42 (1 H, m, 10-H), 2.21 (1 H, dd, J 14.1, 9.8 Hz,
13-H), 2.04–2.10 (1 H, m, 17-H), 1.98–2.02 (1 H, m, 20-H), 1.71–
1.91 (9 H, m, 8-H, 8-H, 17-H, 18-H, 20-H, 22-H, 22-H, 26-H and
27-H), 1.55–1.91 (3 H, m, 18-H, 23-H and 26-H), 1.52 (3 H, s,
12-CH3), 1.47 [3 H, s, O2C(CH3)2], 1.42 [3 H, s, O2C(CH3)2], 1.32
(3 H, d, J 7.1 Hz, 2-CH3) 1.29–1.49 (4 H, m, 23-H, 27-H, 28-H and
28-H), 1.05–1.06 [12 H, m, 10-CH3 and SiC(CH3)3], 1.04 [9 H, s,
SiC(CH3)3], 1.03 [9 H, s, SiC(CH3)3], 1.02 [9 H, s, SiC(CH3)3], 1.01
[9 H, s, SiC(CH3)3], 0.94 (3 H, t, J 7.1 Hz, 28-CH3), 0.30 (3 H, s,
SiCH3), 0.26 (3 H, s, SiCH3), 0.25 (3 H, s, SiCH3), 0.20 (3 H, s,
SiCH3), 0.18 (6 H, s, SiCH3 and SiCH3), 0.16 (9 H, s, SiCH3,
SiCH3 and SiCH3), 0.14 (3 H, s, SiCH3); dC (150 MHz, C6D6)
210.1, 173.7, 149.7, 133.1, 131.0, 130.4, 128.8, 144.1, 101.3, 76.2,
75.9, 74.9, 73.1, 72.6, 72.3, 70.0, 69.7, 69.5, 47.7, 44.3, 44.2, 39.3,
38.6, 33.4, 32.9, 28.7, 28.5, 28.4, 26.3, 26.2, 26.2, 26.1, 24.7, 24.3,
24.1, 23.1, 18.6, 18.5, 18.3, 18.3, 17.5, 17.1, 14.3, 13.1, −3.6, −3.8,
−4.0, −4.1, −4.2, −4.2, −4.4, −5.0; HRMS (ES+) m/z calc. for
C66H128O11Si5Na ([MNa]+): 1261.8351, found 1261.8335.


Macrocyclic diketone 82


To a stirred suspension of alcohol 81 (98.3 mg, 79 lmol) and
powdered, activated 4 Å molecular sieves (ca. 100 mg) in CH2Cl2


(3 mL) was added TPAP (5.5 mg, 15 lmol) and NMO (28 mg, 240
lmol) at room temperature. After 2 h, the reaction was filtered
through a pad of Celite R©, washing thoroughly with CH2Cl2, and
the filtrate was concentrated under reduced pressure. The residue
was purified by flash chromatography on silica gel (5% Et2O
in hexanes) to give 82 (78 mg, 80%) as a colourless foam. Rf


= 0.66 (silica gel, 4 : 1 hexanes–Et2O); [a]25
D −19.0◦ (c 3.90 in


CH2Cl2); mmax/cm−1 (film) 2955, 2857, 1745, 1719, 1462, 1255, 979;
dH (600 MHz, C6D6) 6.28 (1 H, d, J 16.1 Hz, H-5), 6.00 (1 H,
dd, J 16.1, 5.5 Hz, H-4), 5.38 (1 H, s, 6=CH2), 5.13–5.17 (3 H,
m, H-7, H-11 and H-25), 5.09 (1 H, s, 6=CH2), 4.83 (1 H, app
t, J 3.9 Hz, H-3), 4.22–4.23 (1 H, m, H-14), 4.08–4.09 (1 H, m,
H-16), 4.01–4.05 (2 H, m, H-19 and H-21), 3.93–3.95 (1 H, m,
H-24), 3.34 (1 H, dq, J 10.1, 6.6 Hz, H-10), 2.83 (1 H, dd, J 15.7,
9.5 Hz, H-8), 2.50 (1 H, d, J 15.7 Hz, H-8), 2.43–2.46 (2 H, m,
H-2 and H-13), 2.36 (1 H, dd, J 14.8, 7.2 Hz, H-13), 2.00–2.05
(1 H, m, H-17), 1.79–1.98 (7 H, m, H-17, H-18, H-20, H-20, H-
22, H-23 and H-26), 1.63 (3 H, s, 12-CH3), 1.62–1.77 (4 H, m,
H-18, H-22, H-23 and H-26), 1.34 (3 H, d, J 7.0 Hz, 2-CH3), 1.33
[3 H, s, O2C(CH3)2], 1.30 [3 H, s, O2C(CH3)2], 1.30–1.45 (4 H, m,
H-27, H-27, H-28 and H-28), 1.12 (3 H, d, J 6.5 Hz, 10-CH3),
1.02 [9 H, s, SiC(CH3)3], 1.01 [9 H, s, SiC(CH3)3], 1.01 [9 H, s,


SiC(CH3)3], 1.00 [9 H, s, SiC(CH3)3], 0.99 [9 H, s, SiC(CH3)3],
0.91 (3 H, t, J 7.1 Hz, 28-CH3), 0.24 (3 H, s, SiCH3), 0.22 (3 H, s,
SiCH3), 0.21 (3 H, s, SiCH3), 0.19 (6 H, s, SiCH3 and SiCH3),
0.18 (3 H, s, SiCH3), 0.16 (3 H, s, SiCH3), 0.16 (3 H, s, SiCH3),
0.15(3 H, s, SiCH3), 0.12 (3 H, s, SiCH3); dC (150 MHz, C6D6)
209.6, 208.1, 173.0, 149.0, 134.9, 132.5, 129.1, 127.0, 113.7, 100.9,
76.0, 74.6, 74.0, 73.5, 73.1, 70.3, 70.0, 69.6, 49.7, 48.6, 47.2, 44.5,
38.0, 33.3, 32.9, 28.6, 28.3, 27.9, 26.2, 26.2, 26.1, 26.1, 25.0, 24.2,
24.1, 23.0, 18.5, 18.4, 18.3, 18.3, 18.3, 15.2, 14.2, 10.8, −3.8, −4.0,
−4.1, −4.1, −4.2, −4.3, −4.4, −4.4, −4.5, −5.0; HRMS m/z calc.
for C66H128O11Si5Na ([MNa]+): 1259.8195, found: 1295.8165.


Hemiacetal 83 and bicyclic acetal 84


Ketone 82 (0.105 g, 0.085 mmol) was dissolved in 4 : 1 acetonitrile–
CH2Cl2 (20 mL) in a plastic vial and cooled to 0 ◦C, where
48% aq. HF (2 mL) was carefully added dropwise. The reaction
mixture was slowly warmed to room temperature over 2 h,
then stirred for a further 5 h at that temperature. The reaction
was then quenched by adding the solution dropwise to sat. aq.
NaHCO3 (50 mL) at 0 ◦C. Upon completion of the addition,
solid NaHCO3 was added slowly until the pH of the mixture was
greater than 8.0. The mixture was then extracted with EtOAc (5 ×
20 mL), and the combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (gradient: 70–100% EtOAc in
hexanes) to give 51 mg (94%) of a colourless foam. 1H-NMR
analysis indicated the presence of a 1 : 1.6 mixture of products 83 :
84, which could be separated via careful flash chromatography on
silica gel (gradient: 50–100% EtOAc in hexanes).


Data for hemiacetal 83. Rf = 0.18 (silica gel, EtOAc); [a]25
D


−116.0◦ (c 0.51 in CH2Cl2); mmax/cm−1 (film) 3414, 2932, 1721,
1707, 1442, 1351, 1185, 1071, 902; dH (500 MHz, C6D6) 6.24 (1 H,
d, J 16.1 Hz, 5-H), 5.85 (1 H, dd, J 16.1, 4.7 Hz, 4-H), 5.58 (1 H, s,
6=CH2), 5.22 (1 H, d, J 10.0 Hz, 11-H), 5.20 (1 H, s, 6=CH2),
4.95–5.01 (2 H, m, 7-H and 25-H), 4.43 (1 H, br d, J 4.3 Hz, OH),
4.32–4.36 (1 H, m, 3-H), 4.04 (1 H, br s, OH), 3.78–3.87 (5 H, m,
14-H, 16-H, 19-H, 12-H and OH), 3.61 (2 H, br s, OH and OH),
3.54–3.57 (1 H, m, 24-H), 3.21 (1 H, dq, J 10.0, 6.6 Hz, 10-H),
3.08 (1 H, dd, J 17.4, 1.8 Hz, 8-H), 2.74 (1 H, qd, J 7.2, 4.0 Hz,
2-H), 2.49 (1 H, dd, J 17.4, 10.1 Hz, 8-H), 2.43 (1 H, d, J 13.1 Hz,
13-H), 2.28 (1 H, dd, J 13.1, 11.4 Hz, 13-H), 1.99–2.09 (2 H, m,
17-H and 26-H), 1.72–1.76 (2 H, m, 17-H and OH), 1.63 (3 H, s,
12-CH3), 1.44–1.63 (7 H, m, 18-H, 20-H, 22-H, 22-H, 23-H, 26-
H and 27-H), 1.26–1.39 (4 H, m, 23-H, 27-H, 28-H and 28-H),
1.15 (3 H, d, J 6.6 Hz, 10-CH3), 1.06–1.12 (1 H, m, 20-H), 1.06
(3 H, d, J 7.2 Hz, 2-CH3), 0.99 (1 H, d, J 13.8 Hz, 18-H), 0.93
(3 H, t, J 7.1 Hz, 28-CH3); dC (125 MHz, C6H6) 211.7 (C9), 174.5
(C1), 147.6 (C6), 135.8 (C12), 129.7 (C5), 129.1 (C4), 127.2 (C11),
113.0 (6=CH2), 97.2 (C15), 76.0 (C25), 73.9 (C14), 73.4 (C3), 72.1
(C24), 69.3 (C16), 68.6 (C7), 66.3 (C21), 63.7 (C19), 47.9 (C10),
47.2 (C8), 46.3 (C2), 41.5 (C13), 34.7 (C20), 33.7 (C22), 30.1 (C23),
29.9 (C18), 28.4 (C27), 25.2 (C26), 23.6 (C17), 23.1 (C28), 16.9 (12-
CH3), 15.6 (10-CH3), 14.4 (28-CH3), 11.8 (2-CH3); HRMS (ES+)
m/z calc. for C33H53O10 ([M − OH]+): 609.3633, found: 609.3641.


Data for bicyclic acetal 84. Rf = 0.28 (silica gel, EtOAc); [a]25
D


−143.2◦ (c 1.16 in CH2Cl2); mmax/cm−1 (film) 3409, 2931, 1721,
1706, 1485, 1346, 1185, 1023, 902; dH (500 MHz, C6D6) 6.05 (1 H,
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d, J 16.2 Hz, 5-H), 5.73 (1 H, dd, J 16.2, 6.2 Hz, 4-H), 5.66
(1 H, s, 6=CH2), 5.14 (1 H, s, 6=CH2), 5.09 (1 H, ddd, J 8.5, 5.1
and 3.8 Hz, 25-H), 5.02 (1 H, d, J 9.9 Hz, 11-H), 4.93 (1 H, d,
J 8.8 Hz, 7-H), 4.77–4.80 (1 H, m, 3-H), 4.70 (1 H, br s, 3-OH),
4.13–4.16 (2 H, m, 14-OH and 7-OH), 3.95–4.00 (1 H, m, 21-H),
3.80–3.86 (2 H, m, 14-H and 19-H), 3.66–3.73 (2 H, m, 16-H and
24-H), 3.59 (1 H, br s, 16-OH), 3.16 (1 H, br s, 24-OH), 3.11 (1 H,
dq, J 9.9, 6.6 Hz, 10-H), 3.04 (1 H, dd, J 17.9, 2.5 Hz, 8-H), 2.56
(1 H, qd, J 7.1, 3.6 Hz, 2-H), 2.42–2.48 (2 H, m, 8-H and 13-H),
2.19 (1 H, dd, J 13.0, 11.9 Hz, 13-H), 1.88–1.96 (1 H, m, 17-H),
1.72–1.84 (3 H, m, 23-H, 23-H and 26-H), 1.60–1.70 (2 H, m, 17-H
and 22-H), 1.57 (3 H, s, 12-CH3), 1.23–1.58 (8 H, m, 18-H, 20-H,
22-H, 26-H, 27-H, 27-H, 28-H and 28-H), 1.17 (3 H, d, J 7.1 Hz,
2-CH3), 1.10 (3 H, d, J 6.6 Hz, 10-CH3), 1.07–1.10 (1 H, m, 20-
H), 0.95–1.00 (1 H, m, 18-H), 0.90 (3 H, t, J 7.1 Hz, 28-CH3);
dC (125 MHz, C6D6) 212.1 (C9), 173.8 (C1), 147.2 (C6), 135.9
(C12), 130.8 (C4), 130.0 (C5), 127.5 (C11), 113.6 (6=CH2), 96.9
(C15), 77.0 (C25), 73.8 (C24), 73.7 (C14), 73.5 (C3), 69.5 (C16),
68.1 (C7), 66.1 (C19), 65.8 (C21), 47.2 (C10), 46.9 (C8), 45.4 (C2),
43.3 (C13), 36.0 (C20), 33.7 (C22), 30.0 (C26), 30.0 (C18), 29.4
(C23), 28.4 (C27), 24.0 (C17), 23.0 (C28), 16.0 (12-CH3), 15.3 (10-
CH3), 14.3 (28-CH3), 10.0 (2-CH3); HRMS (ES+) m/z calc. for
C33H52O10Na ([MNa]+): 631.3452, found: 631.3447.


Allylic epoxide 89


To a stirred solution of diene 84 (7.5 mg, 12.3 lmol) in CH2Cl2


(1.5 mL), was added freshly prepared DMDO26 (336 lL, 0.052 M
in acetone, 17.5 lmol) dropwise at 0 ◦C. After 40 min at 0 ◦C,
the reaction was quenched by the addition of Me2S (1 drop)
and was then concentrated in vacuo. The residue was purified
by preparative thin-layer chromatography on silica gel (EtOAc)
to give 89 (2.4 mg, 31%) as a colourless oil. Rf = 0.24 (silica gel,
EtOAc); [a]25


D −70.8◦ (c 0.24 in CH2Cl2); mmax/cm−1 (film) 3412,
2928, 2856, 1726, 1714, 1664, 1458, 1386, 1264, 1192, 1097, 743;
dH (600 MHz, C6D6) 5.83 (1 H, d, J 15.5 Hz, 5-H), 5.79 (1 H,
dd, J 15.5, 3.7 Hz, 4-H), 5.02–5.05 (1 H, m, 25-H), 4.93 (1 H,
d, J 10.1 Hz, 11-H), 4.80–4.82 (1 H, m, 3-H), 4.35 (1 H, br s,
3-OH), 4.21 (1 H, dd, J 9.9, 2.3 Hz, 7-H), 4.19 (1 H, br s, 14-OH),
3.84–3.91 (3 H, m, 14-H, 21-H and 24-OH), 3.76–3.79 (2 H, m,
19-H, 16-OH), 3.74 (1 H, br s, 7-OH), 3.66–3.72 (2 H, m, 16-H
and 24-H), 3.29 [1 H, d, J 6.4 Hz, 6(O)CH2], 3.09 (1 H, dq, J 10.1,
6.5 Hz, 10-H), 2.95 (1 H, dd, J 17.4, 2.3 Hz, 8-H), 2.54 (1 H, dd,
J 17.4, 9.9 Hz, 8-H), 2.46 (1 H, d, J 13.6 Hz, 13-H), 2.37 (1 H,
m, 2-H), 2.34 [1 H, d, J 6.4 Hz, 6(O)CH2], 2.13 (1 H, dd, J 13.6,
11.8 Hz, 13-H), 1.82–1.87 (2 H, m, 17-H and 23-H), 1.66–1.77
(4 H, m, 17-H, 22-H, 23-H and 26-H), 1.55 (3 H, s, 12-CH3),
1.35–1.62 (3 H, m, 18-H, 20-H, 22-H), 1.20–1.34 (5 H, m, 26-H,
27-H, 27-H, 28-H and 28-H), 1.08 (3 H, d, J 6.5 Hz, 10-CH3),
1.07 (3 H, J 7.1 Hz, 2-CH3), 0.97–1.05 (2 H, m, 18-H and 20-H),
0.90 (3 H, t, J 7.1 Hz, 28-CH3); dC (150 MHz, C6D6) 211.9 (C9),
173.5 (C1), 136.0 (C12), 132.4 (C5), 127.5 (C11), 127.0 (C4), 97.0
(C15), 76.5 (C25), 74.0 (C21), 73.2 (C24), 71.9 (C3), 69.4 (C16),
68.3 (C7), 66.1 (C19), 65.8 (C14), 61.0 (C6), 53.8 [6(O)CH2], 47.3
(C10), 44.4 (C2), 43.2 (C13), 42.6 (C8), 35.8 (C20), 33.1 (C22), 30.4
(C26), 29.9 (C18), 29.3, (C23), 28.4 (C27), 23.9 (C17), 23.0 (C28),
15.7 (12-CH3), 15.0 (10-CH3), 14.2 (28-CH3), 9.3 (2-CH3); HRMS
(ES+) m/z calc. for C33H52O11Na ([MNa]+): 647.3402, found:
647.3402.


Diol 91


To a vigorously stirred solution of ketone 90 (0.621 g, 0.57 mmol)
in 4 : 1 CH2Cl2–aqueous pH 7.0 buffer (10 mL) was added
DDQ (0.388 g, 1.71 mmol) in one portion at 0 ◦C. After 20 min
the reaction was quenched by the addition of sat. aq. NaHCO3


(25 mL), and warmed to room temperature. The layers were
separated, and the aqueous layer was extracted with Et2O (3 ×
20 mL). The combined organic layers were washed with sat. aq.
NaHCO3 (1 × 25 mL), brine (1 × 25 mL), dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (gradient: 10–20% Et2O in hexanes)
to give 91 (0.441 g, 91%) as a highly viscous, colourless oil. Rf =
0.41 (silica gel, 1 : 1 hexanes–Et2O); [a]25


D +47.1◦ (c 1.20 in CH2Cl2);
mmax/cm−1 (film) 3510, 2956, 1745, 1461, 1382, 1094, 938, 837; dH


(600 MHz, C6D6) 5.72 (1 H, s, 6=CH2), 5.37 (1 H, s, 6=CH2),
5.02 (1 H, d, J 10.1 Hz, 11-H), 4.72 (1 H, d, J 8.6 Hz, 7-H), 4.16
(1 H, dd, J 10.6, 2.8 Hz, 14-H), 4.08 (1 H, dd, J 7.0, 3.7 Hz, 16-H),
4.01–4.05 (1 H, m, 19-H), 3.92–3.97 (1 H, m, 21-H), 3.60 (1 H, q,
J 7.0 Hz, 24-H), 3.54 (1 H, app t, J 9.0 Hz, 9-H), 3.34–3.38 (1 H,
m, 25-H), 2.66 (1 H, dd, J 13.9, 2.8 Hz, 13-H), 2.48 (1 H, br s,
OH), 2.38 (1 H, br s, OH), 2.20–2.28 (2 H, m, 10-H and 13-H),
2.13–2.17 (1 H, m, 17-H), 2.01 (1 H, dd, J 12.8, 10.2 Hz, 8-H),
1.66–1.97 (8 H, m, 8-H, 17-H, 18-H, 20-H, 20-H, 22-H, 23-H and
27-H), 1.45 (3 H, s, 12-CH3), 1.39 [3 H, s, O2C(CH3)2], 1.35 [3 H, s,
O2C(CH3)2], 1.22–1.64 (8 H, m, 18-H, 22-H, 23-H, 26-H, 26-H,
27-H, 28-H and 28-H), 1.03 [18 H, s, SiC(CH3)3 and SiC(CH3)3],
0.92 (3 H, t, J 7.3 Hz, 28-CH3), 0.86 (3 H, d, J 6.6 Hz, 10-CH3),
0.20 (3 H, s, SiCH3), 0.16 (6 H, s, SiCH3 and SiCH3), 0.15 (3 H, s,
SiCH3); dC (150 MHz, C6D6) 210.2, 139.3, 133.6, 131.0, 115.8,
101.3, 82.8, 76.2, 74.8, 74.4, 74.1, 72.2, 71.4, 69.9, 43.4, 42.1, 40.0,
39.7, 34.1, 33.8, 32.3, 28.3, 27.7, 26.2, 26.0, 24.2, 23.9, 23.2, 18.4,
18.4, 16.8, 16.2, 14.3, −4.2, −4.5, −4.5, −4.9; HRMS (ES+) m/z
calc. for C42H80


79BrO8Si2 ([MH]+): 847.4569, found: 847.4558.


Hemiacetal 92


To a stirred solution of diol 91 (150 mg, 0.177 mmol) in acetonitrile
(5 mL) in a plastic vial was added 48% aq. HF (0.25 mL)
dropwise at 0 ◦C. After 30 min, the mixture was warmed to
room temperature and stirred for an additional 7 h. The reaction
was then quenched by pouring the mixture slowly into sat. aq.
NaHCO3 (50 mL) at 0 ◦C. After stirring for a further 30 min, the
mixture was warmed to room temperature and extracted with
EtOAc (6 × 20 mL). The combined organic layers were then
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (80% EtOAc in
hexanes) to give 92 (56.3 mg, 56%) as a colourless foam and as a
10 : 1 mixture of a- : b-anomers (determined by 1H-NMR). Rf =
0.28 (silica gel, EtOAc); [a]25


D −32.6◦ (c 1.12 in CH2Cl2); mmax/cm−1


(film) 3385, 2955, 1628, 1446, 1266, 1092, 895; dH (600 MHz, C6D6,
343 K, major anomer only) 6.06 (1 H, s, 6=CH2), 5.52 (1 H, s,
6=CH2), 5.23 (d, J 9.3 Hz, 11-H), 4.58–4.62 (1 H, m, 7-H), 4.17–
4.23 (2 H, m, 19-H and 21-H), 4.02–4.05 (1 H, m, 14-H), 3.93–3.96
(1 H, m, 17-H), 3.66–3.70 (2 H, m, 9-H and 24-H), 3.32–3.35 (1 H,
m, 25-H), 2.59–2.63 (1 H, m, 13-H), 2.44–2.48 (1 H, m, 10-H),
2.37–2.42 (1 H, m, 13-H), 2.14–2.20 (1 H, m, 20-H), 2.04–2.07
(1 H, m, 8-H), 1.87–1.92 (1 H, m, 8-H), 1.75 (3 H, s, 12-CH3),
1.72–1.80 (2 H, m, 20-H and 18-H), 1.47–1.68 (5 H, m, 17-H,
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17-H, 22-H, 22-H and 26-H), 1.20–1.45 (8 H, m, 18-H, 23-H,
23-H, 26-H, 27-H, 27-H, 28-H and 28-H), 0.90–0.95 (6 H, m, 10-
CH3 and 28-CH3); dC (150 MHz, C6D6, 343 K, major anomer
only) 137.6 (C6), 135.0 (C12), 131.0 (C11), 116.1 (6=CH2), 97.7
(C15), 83.4 (C24), 76.4 (C21), 75.0 (C25), 74.1 (C7), 74.0 (C9), 73.3
(C14), 68.0 (C19), 66.2 (C21), 43.0 (C20), 41.0 (C13), 39.6 (C10),
39.0 (C8), 34.0 (C23), 32.1 (C22), 28.2 (C26), 28.1 (C27), 26.9
(C17), 25.8 (C18), 23.1 (C28), 17.1 (12-CH3), 16.8 (10-CH3) 14.1
(28-CH3); HRMS (ES+) m/z calc. for C27H47


79BrO8Na ([MNa]+):
601.2346, found: 601.2340.
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Despite attracting tremendous interest for well over a century, the field of furan syntheses is
continuously and rapidly developing. This brief overview highlights recent progress in the syntheses of
polysubstituted furans primarily guided by substitution pattern. Accordingly, methods are categorized
as providing access to either di-, tri- or tetrasubstituted furans.


Introduction


Polysubstituted furans represent an important class of five-
membered heterocycles that can be broadly found as structural
elements of many natural products and pharmaceutically impor-
tant substances.1 Furthermore, they can be employed as useful
intermediates in synthetic chemistry.2 Therefore, a tremendous
number of synthetic methods to approach substituted furans is
known.3 The most frequently used methods include the cyclocon-
densation of 1,4-dicarbonyl compounds (Paal–Knorr synthesis),4


and the classical Feist–Benary synthesis.5 Although these methods
have proven very useful for the synthesis of furan derivatives,
there are some limitations, including the difficulty in accessing
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furans that contain sensitive functional groups and the inability
to provide furans with high flexibility regarding their substitution
pattern. For these reasons, the development of even newer and
more efficient methods for the synthesis of highly functionalized
furans under mild conditions remains an area of ongoing interest.


Most, but not all furan syntheses can be generally divided
into two categories: the first, functionalization of existing furan-
containing precursors by introduction of new substituents, and
the second, construction of the heterocyclic core by cyclization
of acyclic substrates.1 This article provides a personal selection
among recent examples of these two categories. The focus lies
on methods that allow the mild and selective formation of poly-
substituted furans offering a synthetic advantage over previously
reported procedures.


Functionalization of existing furans


The methods based on functionalization of existing furan pre-
cursors are typically not general. For example, derivatization of
furans via electrophilic substitution is somewhat restricted due to
the low stability of furans under acidic and aerobic conditions.1


Methods involving the metalation of furan derivatives followed by
quenching with various electrophiles are mostly limited to base-
stable furans.3d An interesting metalation protocol that partially
overcomes the latter limitation is reported by Knochel and co-
workers.6 Therein, halogen–magnesium exchange becomes an
attractive method to generate positionally stable functionalized
furylmagnesium compounds under mild conditions tolerating
various functional groups such as esters, nitriles or amides.
Thus, furan 1 bearing an electron-withdrawing ester underwent
an exchange to give the magnesiated species 2. The subsequent
reaction with iminium salt 3 provided 2,5-disubstituted furan 4
containing a propargylic amine functionality (Scheme 1). The
magnesiation protocol can also be applied to multiply halogenated
furans which undergo a single regioselective halogen–magnesium
exchange. Starting from dibrominated furan 5, this strategy was
utilized for the construction of the advanced intermediate 6
in a synthetic approach to furanocembrane carbon skeletons.7


Since further substitution of the remaining bromine can easily be
achieved using a variety of methods, the magnesiation protocol
offers a mild access to multiply substituted furans that are
otherwise difficult to prepare. Furthermore, it provides a powerful
alternative to the well established regioselective cross-coupling
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Scheme 1 Functionalized furans by halogen–Mg exchange.


reactions of polyhalogenated furans which failed in the case of
furan 5.8


Recent investigations by Wright and co-workers examined an
electrooxidative coupling of furans and silyl enol ethers for the
assembly of annulated furans.9 These studies demonstrated that
the electrooxidative annulation can be carried out on substrates
bearing functional groups, such as olefins, acetals, esters, and
carbamates (e.g. 7 → 8; Scheme 2).


Scheme 2 Electrooxidative synthesis of annulated furans.


Synthesis of furans via cyclization reactions


The vast majority of the routes to multiply substituted furans have
involved cyclization approaches starting from acyclic precursors.
A particularly effective approach is through transition metal
catalyzed cycloisomerization of unsaturated acyclic precursors,
which usually proceeds under rather mild conditions. Many
different strategies involve allenyl ketones as starting materials
for furan synthesis mostly using Rh(I), Ag(I), Au(III), and Pd(0/II)
compounds as catalysts for 5-endo-trig cyclizations.10 An alterna-
tive strategy involves catalyzed cyclization of alkynyl ketones,10e,11


alcohols,12 or epoxides.13 Alkynes are typically considered to be
more attractive starting materials than allenes, since practical
routes to allenes that contain sensitive functional groups are some-
what limited. Furthermore, transition metal catalyzed cyclization
of alkynyl or allenyl substrates has been typically used to prepare
di- and trisubstituted furans, while tetrasubstituted furans are
not readily accessed. As a consequence, recent research mainly
focuses on two developments: expanding the scope of suitable
starting materials for these transformations, and minimizing the
restrictions in substitution pattern.


Disubstituted furans


An interesting multicomponent strategy, which involves a con-
jugate addition, a palladium-catalyzed coupling–cyclization, a
decarboxylative elimination and a double bond isomerization,


was developed by Balme and co-workers for the synthesis of 3,4-
disubstituted furans (e.g. 12) bearing a benzyl group (Scheme 3).14


Using easily accessible starting materials (9, 10, 11), the one-
pot procedure proved practical for the formal synthesis of (±)-
burseran (13). An alternative one-pot protocol by Müller and co-
workers combines a Sonogashira coupling, an addition of NaI, a
cyclocondensation and a subsequent Suzuki coupling to prepare
2,4-disubstituted furans in reasonable yields.15


Scheme 3 One-pot synthesis of 3,4-disubstituted furans.


Gevorgyan and co-workers16 have investigated the utility of
alkynyl ketones 14 as readily available starting materials for the
synthesis of 2,5-disubstituted furans. The Cu(I)-catalyzed and
base-assisted cycloisomerization is believed to proceed through
the intermediary allenyl isomer 15 (Scheme 4). The method gave
furans 16 possessing different functional groups, such as alkenes,
ethers, acetals, esters, and free hydroxyl groups.


Scheme 4 Cu(I)-catalyzed synthesis of 2,5-disubstituted furans.


Trisubstituted furans


Extension of the methodology developed for preparing 2,5-
disubstituted furans was accomplished by using 4-thio- and 4-
acyloxybut-2-ynones 17 and 18 in a novel Cu(I)-catalyzed route
to trisubstituted furans 19 and 20, respectively.17 A key step
in the proposed reaction pathway involves a 1,2-migration of
the heteroatom-containing groups providing 3-thio-17a and 3-
acyloxy-substituted17b furans (Scheme 5). In the case of 3-acyloxy-
substituted furans, the method is reported to be limited to the
use of phenyl- and tert-butyl alkynyl ketones to obtain the furan
products as a single regioisomer. Nevertheless, the synthesis of
3-thio-substituted furans 19 was realized in excellent yields and
regioselectivities using a broad variety of substituents for R2.


Since olefins are more readily accessible than are alkynes and
allenes, Widenhoefer and co-worker have studied the utilization of
alkenyl substrates as suitable starting materials for the transition
metal catalyzed synthesis of furans via heterocyclization.18 For
example, a-alkenyl-b-diketone 21 underwent furan formation in
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Scheme 5 Synthesis of 3-thio- and 3-acyloxy-substituted furans.


the presence of a Pd(II) source and CuCl2 as an oxidant to provide
the trisubstituted furan 22 in 62% yield (Scheme 6). However,
variation of the substituents remains limited using this protocol.


Scheme 6 Oxidative alkoxylation of an a-alkenyl-b-diketone.


A fascinating strategy for the synthesis of trisubstituted furans,
which begins with cyclopropenyl ketones 23 or alkylidenecy-
clopropyl ketones 26, was developed by Ma and co-workers
(Scheme 7).19 Cycloisomerization of cyclopropenyl ketone 23
provided the 2,3,4-trisubstituted furan 24 with excellent regiose-
lectivity using CuI as the catalyst; the 2,3,5-trisubstituted furan 25
was formed using PdCl2(CH3CN)2.19a Although the starting cyclo-
propenes are not so readily accessible, the approach is potentially
powerful due to the total control of regioselectivity. Further studies
focused on the use of alkylidenecyclopropyl ketones 26 as starting
materials in a ring-opening cycloisomerization sequence.19b The
generality of this approach was explored using catalytic amounts
of PdCl2(CH3CN)2 and NaI to provide the trisubstituted furans
27. In the absence of NaI, the formation of 4H-pyrans was
observed. Moreover, treatment of alkylidenecyclopropyl ketones
with 5 mol% of NaI led to the formation of the corresponding
furans, although not as cleanly and rapidly as in the presence of
a Pd(II)-catalyst. A speculative rationale to account for this effect
has been proposed.


Scheme 7 Ring-opening cycloisomerization approach to furans.


Another mechanistically novel protocol provides access to di-
and 2,3,5-trisubstituted furans 29 via a phosphine mediated reduc-
tive cyclization reaction of c-acyloxy butynoates 28 (Scheme 8).20 It
is suggested that the reaction proceeds via a betaine intermediate,
which after the loss of phosphine oxide gives allenic ketones as
furan precursors. Perhaps most importantly, c-acyloxy butynoates


Scheme 8 Phosphine-mediated synthesis of trisubstituted furans.


are readily obtained through the condensation of ethyl propiolate
with aldehydes followed by acylation.


An alternative reaction sequence, which begins with a ring-
closing metathesis of acyclic enynes 30 followed by a Diels–Alder
reaction with singlet oxygen, was developed by Tae and co-workers
to give the trisubstituted furans 32 (Scheme 9).21 The intermediary
1,2-dioxines 31 were converted into the furans by treatment with
FeSO4 in varying yields. Subsequent reductive cleavage of the N–O
bond enhances the utility of this method.


Scheme 9 RCM–Diels–Alder sequence.


2-(1-Alkynyl)-2-alken-1-ones 33 have been employed in nu-
merous ways as suitable starting materials for the construction
of furans 34.22 It is proposed that a transition metal catalyzed
cyclization forms an oxonium ion intermediate that is trapped by
various nucleophiles (Scheme 10). For example, Larock and co-
workers have described the reaction catalyzed by AuCl3 to give
trisubstituted furans with high diversity.22a,b A survey of other
transition metal salts demonstrated that the optimum catalyst in
CH2Cl2 at room temperature is AuCl3 based on reaction time and
yield. Yamamoto and co-workers have also reported cyclization
of 2-(1-alkynyl)-2-alken-1-ones, in this case catalyzed by CuBr.22c


In these studies, the selection of the solvent proved to be critical.
Whereas cyclization in DMF at 80 ◦C delivered the corresponding
furans in good yields, use of other solvents did not give furan
formation.


Scheme 10 Synthesis of furans from 2-(1-alkynyl)-2-alken-1-ones.
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Tetrasubstituted furans


As an extension of their investigations of the utility of 2-
(1-alkynyl)-2-alken-1-ones for forming furans, Larock and co-
workers studied cyclizations induced by an electrophile.22b The
products of transformations of this type22d are iodine-containing
tetrasubstituted furans which are useful intermediates for the
synthesis of more complex products using known palladium
chemistry. Furyl iodide 36, which was derived from iodine
induced cyclization of 2-(1-alkynyl)-2-alken-1-one 35, was further
functionalized to provide furanoic acid 37 (Scheme 11).


Scheme 11 Electrophilic cyclization of 2-(1-alkynyl)-2-alken-1-ones.


A Au(III) catalyzed selective cycloisomerization of haloallenyl
ketones 38 was used by Gevorgyan and co-workers23 to construct
di-, tri-, and tetrasubstituted furans 39 with a halogen at the 3-
position (Scheme 12). A mechanism via a halirenium intermediate
and involving a 1,2-migration of the halogen is proposed. It is
notable that the use of gold(III) was required to obtain the 3-
halofurans with high selectivity. In the presence of (Et3P)AuCl,
the 2-halofurans were formed exclusively. The reaction may
be compatible with a wide variety of functionalities. A Ag(I)
catalyzed sequence proceeding via similar intermediates gave
tetrasubstituted furans, which contain sulfonyloxy, phosphatyloxy
or acyloxy groups at the 3-position.17b


Scheme 12 Synthesis of halofurans from haloallenyl ketones.


Starting from allenyl ketones,10 the introduction of substituents
at the 4-position of the corresponding furans using a transition
metal catalyzed cycloisomerization approach is difficult. Recent
investigations by Ma and co-workers examined a Pd(0)-catalyzed
cross-coupling cyclization sequence to form tetrasubstituted fu-
rans 41 from 1,2-allenyl ketones 40 (Scheme 13).24 On the basis of
the proposed mechanism, it appears that the scope of the process
may easily be extended to substituents other than simple aryls and
alkyls which have been used so far.


Scheme 13 Coupling cyclization approach to tetrasubstituted furans.


Scheme 14 Synthesis of tetrasubstituted furans via a propargyl-Claisen
rearrangement–cyclization cascade.


A cascade reaction of a propargyl-Claisen rearrangement
and heterocyclization was employed by Kirsch and co-workers
in efforts towards the synthesis of tetrasubstituted furans
(Scheme 14).25 The strategy underlying this synthetic approach
was to catalyze a formal [3,3]-sigmatropic rearrangement of
propargyl vinyl ethers 42. A transition metal catalyzed cyclization
of 2,3-allenyl ketone intermediates 43 would then generate the
fully substituted furans 44. A variety of acceptor substituted
propargyl vinyl ethers were surveyed for this transformation
using cationic triphenylphosphinegold(I) complexes as efficient
catalysts for both steps in the reaction cascade. It is important
to note that gold(III) complexes failed to give the desired furans
in high yields. The acceptor substituents in the 3-position do
not necessarily have to be esters. Gratifyingly, the reaction also
takes place with ketones and amides.26 Utilizing this protocol,
trisubstituted furans are also accessible (R1 = H or R2 = H). The
transformation 42 → 44 demonstrates the remarkable functional
group tolerance of gold(I)-catalyzed reactions. Moreover, it is not
necessary to take special precautions to exclude air and moisture
from the reaction mixture. Preliminary experiments indicated that
heterocyclization forming furans with substituents other than
methyl at the 5-position (R3 �= H) was slow under the influence
of the standard catalyst system. For example, 5-ethylfuran 45 was
obtained in 45% yield after 24 h at 38 ◦C. Other transition metal
catalysts might be effective in overcoming this limitation. The
strategy employed in this synthesis differs from almost all other
applications of transition metal catalyzed cyclization reactions
of allenyl ketones, as allenyl ketones are typically used in a 5-
endo cyclization making it difficult to introduce substituents at
the 3- and/or 4-positions. The 5-exo-dig cyclization of 2,3-allenyl
ketone precursors 43 represents a significant departure from this
conventional strategy. Of primary importance, propargyl vinyl
ethers 42 are easily accessible from propargyl alcohols and 2-
propynoic acid derivatives.


Conclusions


The creative assemblies of furans highlighted herein demonstrate
that a manifold of powerful methods is available to access
polysubstituted furans. Due to functional-group tolerance, the
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use of readily accessible precursors, and predictable selectivity
for the introduction of substituents, these methods facilitate the
synthesis of various furans with regard to their substitution
pattern. However, it is important to point out that every method
has some limitations. In view of the ongoing importance of
heterocyclic compounds in various fields, the development of even
more general methods for furan synthesis will certainly play a key
role in the diversity-oriented synthesis of this important class of
compounds.27


It is certain that many more protocols for the construction of
polysubstituted furans will be described in the future. Two future
trends are easy to predict: a larger variety of methods will be
available for economic and environmetally friendly furan syntheses
on larger scales, and a larger variety of processes combining ease
of access to starting materials and flexibility of the substitution
pattern will be developed.
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The pKa values in water and in dilute surfactant solution for 15 ring-substituted phenyl P1 pyrrolidino
phosphazenes PhN=P(NC4H8)3 and the phenyl P1 dimethylamino phosphazene PhN=P(NMe2)3


previously studied in acetonitrile (AN) and tetrahydrofuran (THF) are reported. The nonionic
surfactant Tween 20 was used for the basicity measurements of some compounds to overcome the
solubility problems. Measurements with a control group of phosphazenes in both media were used to
validate the use of the obtained pKa values as estimates of aqueous values. The pKa values of the
studied phosphazenes in aqueous medium vary from 6.82 (2,6-dinitro-) to 12.00 (4-dimethylamino-).
The basicity span is 5.18 pKa units. The aqueous pKa values of the P1 phosphazenes were correlated
with the respective basicity data in AN and THF and from these correlations the pKa values in water
for the parent compounds HN=P(NC4H8)3 and HN=P(NMe2)3 were estimated as 13.9 and 13.3. Also
a comparison of the basicity of phosphazenes and some guanidines, amines and pyridines was made. In
water the parent phosphazenes and guanidines are the strongest of all the groups of bases studied. In
AN and THF the parent phosphazenes are clearly the strongest bases followed by guanidines, amines
and pyridines which are bracketed between the basicities of phenyl phosphazenes. In the gas phase the
phosphazenes for which data are available are clearly more basic than the other compounds referred to
here. Comparison of the basicity data of P1 phosphazenes and some guanidines confirms earlier
conclusions about the partly ylidic character of the N=P double bond.


1 Introduction


In the course of our research aimed at design and basicity measure-
ments of strongly basic phosphazene bases their basicity has been
earlier investigated in acetonitrile1–2 (AN), in tetrahydrofuran3–5


(THF) and in the gas phase.4 However, to the best of our
current knowledge, no basicity data of phosphazenes in the most
common solvent-water-are available. This is probably due to the
low solubility of most of the alkylated phosphazene bases used
in practice and also due to the high basicity of many of them.
Thus the aim of this work was to fill this gap by measuring the
pKa values of a series P1 phosphazenes in water (see Scheme 1 for
compound definitions, numbering and acronyms) and to compare
the basicities of phosphazenes in water and in other media.


The basicity of a neutral base B in solvent S is commonly
expressed as the dissociation constant Ka of the conjugate acid
BH+ of the base or as its negative logarithm pKa:


BH+ + S � B + SH+ (1)


Ka = a(SH+)a(B)
a(BH+)


, pKa = − log Ka (2)


where a is the activity of the corresponding species.
The solubility in water of all the phosphazene bases studied in


this work is limited. With some bases it was possible to make
aqueous solutions of sufficient concentration. With others the
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Scheme 1 Structures of the phosphazene bases measured in this work.


measurements were conducted in dilute solutions of nonionic
surfactant Tween 20 to improve the solubility.


A number of studies of acidic and basic properties of molecules
in surfactant solutions have been carried out.6–10 A study of
spectral and acid–base properties was carried out with some
solvatochromic acid–base indicators in self-assembled surfactant
aggregates.6 Another work carried out with acid–base indicators
focused on tuning the pKa values by changing the properties of
the medium by adding different surfactants.7 In ref. 8 the behavior
of 2-aminofluorene was studied as a function of concentration
of different surfactants of the Tween family at fixed pH value
and as a function of pH at given Tween concentration. It was
observed that the higher the concentration of Tween and also the
larger the molecules of Tween used, the bigger were the shifts
in the pKa values obtained. It has also been reported that the
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presence of surfactants leads to a change in the transition interval
of acid–base indicators thymol blue and bromothymol blue.9 The
pKa values of ascorbic and maleic acid were determined poten-
tiometrically, spectrophotometrically and conductometrically in
cationic, anionic and nonionic surfactants and it was concluded
that the acid–base properties of these acids are dependent on the
type and concentration of surfactants used.10


The data available from the literature thus suggest that surfac-
tants often shift the pKa values of acidic or basic species when
compared to the pKa values in pure water. In this work the shifts
observed were very small as verified by the measurements with a
control set of bases that had satisfactory solubility. This might be
explained by the fact that the concentration of surfactant solution
used in this work was 1–2 orders of magnitude lower than that
used in other reports.6–10


2 Experimental


Chemicals


Synthesis, purification and identification of the used noncommer-
cial phosphazene bases is described as follows: compounds 1–4,
7, 9–11, 15 in ref. 11, compound 5 in ref. 12, compounds 6, 12–14,
16 in ref. 3 and compound 8 in ref. 2.


The surfactant Tween 20 was purchased from Fluka. The buffer
solutions for spectrophotometric measurements were prepared
from Tris (tris(hydroxymethyl)aminomethane) (Reakhim, grade
“pure”), glycine (Reakhim, grade “pure for analysis”), potas-
sium hydroxide (Reakhim, grade “chemically pure”). The 0.1 M
hydrochloric acid was prepared from a concentrate in a sealed
ampoule (Lach-Ner, “Normanal”). Potassium chloride was from
Reakhim, grade “chemically pure”.


Experimental setup


pKa values of the bases were measured using a combined method
of UV-Vis spectrophotometry and potentiometry. All spectropho-
tometric measurements were carried out using a Nicolet Evolution
300 spectrophotometer equipped with a Single Cell Peltier Device
for thermostating the sample cell to 25.0 ± 0.1 ◦C. The spectropho-
tometer was controlled from a PC and the spectra were stored in
a digital form for further data processing. Fused silica cells with
an optical path length of 1 cm were used. pH measurements were
carried out with Metrohm 713 pH Meter and WTW combined
pH-electrode SenTix-42. The electrode was calibrated using four
standard calibration solutions with the following pH values: 2.00,
4.00, 6.88 and 10.06. Also a buffer solution with a pH value of
12.00 was used when measuring the bases with higher pKa values.
A linear regression line was used for the calibration. The slope of
the electrode system was in the range of 94.6 to 95.5% from the
theoretical value of 59.16 mV per pH unit. The standard deviation
of the calibration points from the calibration line was in the range
of 0.03 to 0.06.


For the preparation of the solutions of a measured base a small
amount of the latter was suspended in about 250 ml of distilled
water or 0.1% (i.e. ca. 8 × 10−3 M) Tween 20 solution in water.
The solution was stirred using a magnetic stirrer for several hours
and in most cases left to stand overnight. Then the solution was
filtered (approximately the first 100 ml of solution was discarded


to avoid possible contamination from the filter) and the filtrate was
used as the stock solution of the base. For the spectrophotometric
measurement a series of working solutions were prepared by
mixing 10 ml of the base stock solution with 2 ml of a buffer
solution of approximately known pH value. The buffer solutions
were prepared by mixing the following solutions: 0.1 M HCl, 0.2 M
Tris (containing 0.1 M KCl), 0.2 M glycine (containing 0.1 M KCl)
and 0.1 M KOH solution. The buffer solutions were prepared in
such a way as to obtain working solutions with different indicator
ratios for the base and with ionic strengths in the range of 0.015–
0.025 M. One of the solutions was prepared with sufficiently acidic
pH so that essentially the whole base would be in protonated form.
If possible, i.e. if it did not lead to extremely high pH values or
decomposition of the base, then one solution was prepared with
sufficiently high pH to ensure that the base is in neutral form. This
involved KOH solutions with ionic strengths up to the range 0.2–
0.8 M. With each working solution the pH was measured and after
that the spectrum of the solution was recorded. Distilled water (or
the solution of Tween 20), to which the same buffer solution was
added, was used as reference. The pKa values were determined as
mean values of 4 to 14 measurements with working solutions.


Compounds 1–6 and 8 were measured in both water and
aqueous surfactant solution; for compounds 7 and 9–16 the dilute
aqueous surfactant solution was the only suitable medium for
measurements due to the limited solubility at higher pH values of
the solution.


Calculation method


For the calculation of pKa values from the absorbance data ana-
lytical wavelengths were picked for the compounds corresponding
to the maximum difference in absorbances between the neutral
and protonated form. Two calculation methods were used.


Method 1 uses the absorbances of both neutral and cationic
forms of the base at the analytical wavelength. According to
the Lambert–Beer Law the net absorbance at the analytical
wavelength k can be written as in eqn (3) (the optical path length,
1 cm, is equal for all measurements and is included in Ak, and the
absorbance caused by the solvent or solution where the base was
dissolved is compensated for):


Ak
x = [B] ek


B + [BH+] ek
HB+ (3)


where ek
x values are molar absorptivities of the respective species


at wavelength k.
Taking into account that Cbase = [B] + [BH+], a(BH+) = [BH+]f


and a(B) = [B] in dilute aqueous solutions (in aqueous solution
the activity coefficient of neutral form [B] is equal to unity) we
obtain from eqn (2):


Ka = a(H+)[B]
[BH+]f


(4)


From this it can be shown that


Ka = a(H+)
f


Ak
BH+ − Ak


Ak − Ak
B


(5)


where a(H+) is the activity of hydrogen ions, f is the activity
coefficient of the base in the protonated form [BH+], Ak


BH+ is the


absorbance of the solution of the base in protonated form, Ak
B is


the absorbance of the solution of the base in neutral form and
Ak is the absorbance of the solution containing both neutral and
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protonated forms. All absorbances are given at wavelength k. In
eqn (5) it is assumed that the overall concentration of the base Cbase


is the same in all solutions. The value of the activity coefficient f
of [BH+] was calculated using the Debye–Hückel equation.13


Method 2 was used for the stronger bases for which a solution
containing only the neutral form of the base could not be prepared
due to too high a basicity being necessary. Rearranging eqn (5)
results in eqn (6):


Ak = 1
Ka


a(H+)
f


(Ak
BH+ − Ak) + Ak


B (6)


Eqn (6) represents a linear regression equation with slope 1/Ka


and with intercept Ak
B. The calculation of the pKa value for a base


from the linear regression data is straightforward. For an example
of the quantitative treatment of the experimental data, see Item 1
in the ESI.†


2.1 Results


The pKa values of phosphazenes and some other bases are
presented in Table 1.


Altogether 23 basicity measurements in water or 0.1% Tween
20 solution were carried out for 16 phosphazenes previously
measured in acetonitrile and tetrahydrofuran.


3 Discussion


Validity of the aqueous pKa values determined using the surfactant


Due to the limited solubility pKa values of the compounds 7 and
9–16 presented in Table 1 have been determined in a 0.1% solution
of nonionic surfactant Tween 20. Because of the hydrophobic


interactions between the phosphazene molecules (and possibly
also the phosphazenium cation) and the surfactant molecules the
pKa values obtained this way do not necessarily coincide with
those obtained in pure water as solvent. Also, the pH electrode
system (especially the reference electrode) may behave differently
in 0.1% Tween solution from in the aqueous buffers where it was
calibrated.


To assess the possible effect of the surfactant the pKa values
of those phosphazene bases that were sufficiently soluble in pure
water (1–6, and 8) were determined in both media. As can be
seen from Table 1 the differences between the values are with both
signs. The average difference is −0.022 pKa units and the standard
deviation of the differences is 0.055 pKa units. This means that
there is no well-defined systematic effect. The maximum difference
was observed with 3 and was 0.08 pKa units.


Similar measurements in both media were also made with some
other bases: 20 and 23. The agreement between the value obtained
in water and the value obtained in 0.1% Tween 20 solution is good:
the difference is 0.01 pKa units for both 20 and 23. These results
validate our approach for pKa determination of bases not readily
soluble in water. Considering the very small average deviation
given above it is clear that there is no need to introduce any
correction factors and we can thus handle the obtained pKa values
as estimates of the aqueous pKa values.


We estimate the combined uncertainty of the pKa values
determined directly in aqueous medium as ±0.15 pKa units (k = 2).
In the case of pKa determination in Tween solution we estimate the
effect of the surfactant on the pKa values as ±0.1 pKa units (k = 2).
Combining these values according to the uncertainty propagation
rules gives a combined uncertainty of ±0.18 pKa units (k = 2)
for the values determined in the surfactant solution. It is also


Table 1 The pKa values of some phosphazenes in aqueous solution (this work, if not indicated otherwise), in acetonitrile (AN), in tetrahydrofuran
(THF) and their gas-phase basicities (GB)


pKa


Compound Base H2O 0.1% Tween 20 ANa THFb GB/kcal mol−1


1 4-NMe2–C6H4P1(pyrr) 12.00 12.07 23.88 17.1
2 4-MeO–C6H4P1(pyrr) 11.94 12.00 23.12 16.6 255.2c


3 PhP1(pyrr) 11.52 11.60 22.34 15.9 252.0c


4 4-Br–C6H4P1(pyrr) 11.23 11.27 21.19 15.3
5 PhP1(dma) 10.64 10.60 21.25 15.3
6 4-CF3–C6H4P1(pyrr) 10.65 10.59 20.16 14.6
7 2-Cl–C6H4P1(pyrr) 9.98 20.17 13.2 251.1c


8 4-NO2–C6H4P1(pyrr) 9.22 9.24 18.51
9 2,5-Cl2–C6H3P1(pyrr) 9.21 18.52 11.9 248.4c


10 2,6-Cl2–C6H3P1(pyrr) 9.00 18.56 11.8
11 2-NO2-4-Cl–C6H3P1(pyrr) 8.37 17.68 10.8
12 2-NO2-5-Cl–C6H3P1(pyrr) 8.33 17.27 10.1
13 2-NO2-4-CF3–C6H3P1(pyrr) 8.14 16.54 9.6
14 2,6-Cl2-4-NO2–C6H2P1(pyrr) 7.50 14.43 7.8
15 2,4-NO2–C6H3P1(pyrr) 7.34 14.88 8.0
16 2,6-NO2–C6H3P1(pyrr) 6.82 14.12 7.5
17 HP1(pyrr) 13.93d 27.01 20.8 255.1e


18 HP1(dma) 13.32 d 25.85 19.7 249.6e


Reference compounds
19 TMG 13.6f 23.3g 15.3 234.8h


20 PhTMG 11.77 11.76 20.84 14.0 240.4i


21 Pyrrolidine 11.27f 19.56 13.5 218.8i


22 Et3N 10.7j 18.82 12.5 227.0i


23 4-NMe2-Pyridine 9.66 9.65 17.95 11.2 232.1i


a Ref. 2. b Ref. 3 and 4. c Ref. 4. d Estimated from the pKa values determined in AN and THF. e Ref. 18. f Ref. 19. g Ref. 20. h Ref. 16. i Ref. 21. j Ref. 22.
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necessary to mention that the uncertainties of the pKa differences
of the bases are smaller than this value due to the strong correlation
of the values determined using the same method.


These experimental observations of the small influence of the
surfactant on the pKa values of bases are also supported by the
general knowledge that the pKa values of bases (that is pKa values
of their cationic conjugate acids) are far less sensitive to medium
than the pKa values of neutral acids. This is not unexpected since
dissociation of a cationic acid involves only rearrangement of the
cationic charge between different species in solution (eqn (1)) while
dissociation of a neutral acid involves generation and separation
of two charged species. As an example, comparison of pKa values
of a wide selection of different bases in water and DMSO from
ref. 14 yields the following correlation: pKa(H2O) = − 0.317 +
1.023pKa(DMSO); s(intercept) = 0.93, s(slope) = 0.11, n = 31,
r2 = 0.764, S = 1.55. One sees that not only the sensitivity but
also the absolute pKa values are similar in these rather different
solvents. Another very relevant example is determination of pKa


values in solutions of quaternary ammonium salts.15 It has been
demonstrated that upon moving from water to a 7.75 molal
solution of tetrabutylammonium bromide the pKa value of various
amines changes at most by only 1.21 pKa units. At the same time
7.75 molal tetrabutylammonium bromide solution contains 71%
of the salt, being thus a medium very different from water and far
less water-like than the very dilute surfactant solution used in this
work. Tetrabutylammonium bromide is itself a rather powerful
surfactant providing thus a relevant comparison for this work.


pKa values of phosphazenes in different media


As seen from Table 1 the pKa values of substituted PhP1(pyrr)
phosphazenes vary from 6.82 (2,6-dinitro-) to 12.00 (4-
(dimethyl)amino-). The whole span is thus 5.18 pKa units. The
comparison with AN and THF as well as with the gas phase shows,
that as expected, the differentiating ability of water is the smallest
among all the media considered. The same span in AN and in
THF is nearly two times wider: 9.8 and 9.6 pKa units, respectively.
Another obvious trend is that as the polarity and solvating power
of the medium decreases the relative basicity of phosphazenes with
respect to other families of bases increases. Thus, while in water
even amines can compete with most phenyl P1 phosphazenes and
tetramethylguanidine is stronger than any of the studied phenyl
P1 phosphazenes, in the gas phase the same phosphazenes are
distinctly the strongest bases among those studied.


Correlation of the phosphazene pKa values (compounds 1–16)
in water and AN results in the following equation: pKa(H2O) =
− 0.920 + 0.550pKa(AN); s(intercept) = 0.48, s(slope) = 0.025,
n = 16, r2 = 0.972, S = 0.29. Correlation of the phosphazene pKa


values in water and THF yields the correlation line pKa(H2O) =
3.06 + 0.522pKa(THF); s(intercept) = 0.22, s(slope) = 0.017, n =
16, r2 = 0.986, S = 0.22. The available amount of gas-phase data is
too small to obtain a meaningful correlation between the aqueous
pKa values and the gas-phase acidities. In order to compare the
basicity of different types of P1(pyrr) and P1(dma) phosphazenes,
it would be interesting to know also the aqueous pKa values of the
parent compounds HP1(pyrr) and HP1(dma). As these compounds
are obviously too basic for direct measurement in aqueous solution
and do not have chromophores for the spectrophotometric
method, we took advantage of the correlations given above. Using


these correlations of the phosphazene pKa values in water and AN
or THF, it is possible to predict the pKa values of HP1(pyrr) and
HP1(dma) in aqueous solution. Both correlations, i.e. correlation
with AN and THF resulted in very similar pKa values for both
HP1(pyrr) and HP1(dma). For HP1(pyrr), these pKa values are
13.95 (correlation with AN) and 13.91 (correlation with THF),
for HP1(dma) these values were 13.31 and 13.33, respectively. Thus
the estimates of the pKa values of HP1(pyrr) and HP1(dma) can be
obtained as follows: 13.9 and 13.3. These estimates are somewhat
crude but allow us to draw qualitative conclusions.


It is of interest to compare the pKa values of the pyrrolidinyl-
and dimethylaminophosphazenes 3 and 5. The pyrrolidinyl phos-
phazene is stronger in all media, the differences being 0.88, 1.09
and 0.60 pKa units in water, AN and THF respectively. Using the
correlations above, the basicity differences can be normalized to
a common medium (water in this case) by multiplying them with
the slopes of the respective correlation lines. The following basicity
differences are then found for water, AN and THF: 0.9, 0.6, and
0.3 respectively. The different differentiating ability of the solvents
is taken into account by the normalization procedure. Thus, if all
other effects were absent then the differences would be equal. The
main additional effect that should be considered is the increase in
the level of steric hindrance when moving from dimethylamino-
phosphazene to the more bulky pyrrolidino-phosphazene. This
increase in steric hindrance reduces the possibility of solvation of
the protonation centre of the protonated phosphazene molecule.
The pattern of change of the normalized differences supports this
qualitative interpretation: it is easy to see that the larger the solvent
molecule, the smaller the normalized difference decreasing from
0.9 for the smallest solvent—H2O—to 0.3 for the bulkiest solvent
under consideration-THF.


Comparison of pKa values of phosphazenes with other types of
bases


If the pKa values of the reference compounds (19–23) in water
are examined (see Table 1 and Fig. 1), it can be pointed out that
guanidines (19, 20) are more basic than the phosphazenes under
study. As for amines (21, 22) and pyridine (23), the basicity of
these compounds in water is “bracketed” between the pKa values
of phosphazenes. The situation is similar in AN and THF, but
on an average the pKa values of phosphazenes are slightly higher
relative to the reference compounds. In the gas phase the situation
is completely different from that in the condensed media: it is
possible to clearly distinguish between two groups—phosphazenes
and reference compounds. Phosphazenes are in the gas phase
obviously more basic than guanidines, amines and pyridines in
the reference group.


Another interesting point is to compare the basicities of the
substituted PhP1(pyrr) phosphazenes studied in this work with
corresponding anilines. pKa values of substituted anilines in water
correlate well with the pKa values of the respective substituted
PhP1(pyrr) phosphazenes in water: pKa(Phosphazene) = 8.98 +
0.495pKa(aniline); s(intercept) = 0.11, s(slope) = 0.03, n = 12, r2 =
0.960, S = 0.35. As seen, the basicity of PhP1(pyrr) phosphazenes
is around two times less sensitive towards the substitution in the
aromatic ring than the basicity of anilines. The corresponding
correlation can be seen in Fig. 2.
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Fig. 1 Interrelations between basicities of bases belonging to different families in different media. aThe absolute pKa values in different media are not
directly comparable, so phenyltetramethylguanidine (PhTMG) has been used as an arbitrary reference compound for placement of the scales on the
figure. bThe pKa values for the gas phase (GP) are found according to the following equation pKa(GP) = GB × 2.30/RT = GB/1.364. The gas-phase
basicities (in kcal mol−1) are given in brackets. cThe pKa arrow is divided into pKa units but as the pKa values in different media cannot be compared
directly, the numbers were not added to the division markers.


Fig. 2 Correlation of pKa values in water of phenyl-substituted anilines
and PhP1(pyrr)phosphazenes. The pKa values of anilines are from ref. 2,
19, 23.


It is of interest to compare the effect of the substitution of the
imino-hydrogen by phenyl ring in tetramethylguanidine and in
P1(pyrr) and P1(dma) phosphazenes. In all condensed media the
basicity decreasing effect is larger in the phosphazenes (compare
3 and 17; 5 and 18) than in tetramethylguanidine, the effects being
as follows: 2.3 (in water), 4.67 (in AN) and 4.8 (in THF) pKa units
for 17 and 3; 2.64, 4.6 and 4.4 pKa units for 18 and 5; 1.83,
2.46 and 1.3 for 19 and 20 (the same order of solvents). The
effects of substitution of the imino-hydrogen in guanidines has
been thoroughly discussed16 and the comparison of substituted
imino-hydrogen in guanidines with phosphazenes is given in ref.
17, which also describes the basicity decrease. In the gas phase the
substitution of the imino-H in tetramethylguanidine by a phenyl
ring leads to a basicity increase, and in the phosphazenes to a
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small basicity decrease. These data for three different media allow
us to generalize the earlier suggestion about the nature of the P=N
double bond in phosphazenes. In a previous paper1 it was proposed
that this bond in phenyl P1 pyrrolidino phosphazenes and in
phenyl P1 dimethylamino phosphazenes has a certain contribution
from the ylidic (zwitterionic) structure. The basicity decreasing
effects of the compounds studied in this work lead to the same
conclusion.
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J. Org. Chem., 2002, 67, 1873–1881.


4 I. Kaljurand, T. Rodima, A. Pihl, V. Mäemets, I. Leito, I. A. Koppel
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Benzanilides containing two or more potentially stereogenic amide axes exist in solution as mixtures of
conformers which are detectable by NMR. For simple tertiary benzanilides carrying an ortho
substituent on each ring, conformational control can be high (up to about 10 : 1) providing the
substituents are large, indicating that the two axes are in conformational communication with one
another. For more complex diamides, conformational communication breaks down, and mixtures of
conformers are evident by NMR.


Introduction


Over the last few years there has been a growing interest in
the preparation of non-biaryl atropisomers.1,2 Because of the
rigidity of the amide group, the most studied of these non-biaryl
atropisomers have been either benzamide derivatives 1 or anilides
2 (Fig. 1). Our own work has concentrated primarily on ortho-
substituted tertiary benzamides 1,3 in which the amide group lies
more or less perpendicular to the plane of the aromatic ring.3c


Provided rotation about the Ar–CO bond is slow enough, which is
usually the case with 2,6-disubstituted benzamides (1: X, Y �=
H), atropisomeric chirality results from this perpendicular ar-
rangement. Even for less hindered compounds (mono-ortho-
substituted benzamides for example, 1: X or Y = H), transient
chirality (on the NMR timescale) manifests itself spectroscopically
in the diastereotopicity of groups attached to the ring or the amide
nitrogen atom.


Fig. 1 Benzamides, anilides and benzanilides.


Axial chirality in ortho-substituted anilides 2 was recognized
more than fifty years ago.4,5 While differentially N,N-disubstituted
amides generally prefer to exist as Z-rotamers (i.e. largest group
cis to the oxygen) for steric reasons, it has been known for
some time that N-alkyl acetanilides 2 (R2 = Me)6 and many
N-alkyl benzanilides 2 (R2 = Ar)7 prefer to exist as the E-
rotamer, which places the aryl group and the amide oxygen in the
trans conformation, as shown for 2. In general, atropisomerism
is observed when an anilide carries two different non-hydrogen
ortho-substituents X and Y. A large number of anilides with axial
chirality have been described,8 and we have recently reported
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that mono-ortho-substituted anilides may also exhibit chirality
provided that the ortho substituent is iodo.9


We now report the preparation and conformational studies of
compounds combining the amide structural motifs of both 1 and
2—2,2′-disubstituted benzanilides 3 (Fig. 1). Using NMR, we
demonstrate a degree of conformational interaction between the
Ar–CO and N–CO axes, suggesting their potential application in
stereochemical relay systems.10


Results and discussion


Conformational ratios in benzanilides


Compounds 3a–o were prepared by the standard method shown in
Scheme 1: available anilines and benzoyl chlorides were condensed
to yield secondary anilides 4 (R = H). Alkylation of these
compounds gave tertiary benzanilides 3a–o, whose 1H-NMR
spectra at 25 ◦C in CDCl3 show that they exist as a mixture of
conformers about two or more of the Ar–CO, Ar–N and N–CO
bonds in solution. All of these bonds are expected to rotate slowly
on the NMR timescale at 25 ◦C, though fast on the laboratory
timescale: typical barriers to rotation of such bonds in similar
compounds lie in the region of 60–80 kJ mol−1.3h,9 Table 1 shows
the ratios of the two or more conformers quantified by integration
of the paired signals.


Scheme 1 Synthesis of 2,2′-disubstituted benzanilides.


The degree of conformational control is governed by the size
of the substituents at the ortho positions (X and Y) and also the
substituent at the nitrogen (R): the bulkier they are, the higher the
conformational ratio. In 3a (X = Y = I, R = Bn) and 3j (X =
NO2, Y = I, R = Bn) the ratios reach a remarkable 10 : 1 and 12 :
1 respectively. Addition of a third bulky ortho-substituent, i.e. an
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Table 1 Conformational ratios of benzanilides 3a–o


Compound X Y R Conformer ratioa


3a I I Bn 10 : 1
3b I I o-I–Bn 16 : 1.2 : 1
3c I I Et 4.3 : 1
3d I I i-Pr 2.5 : 1
3e Benzob I Bn 7 : 1
3f Benzob CO2Et Bn 5 : 1
3g Benzob CO2H Bn 3.25 : 1
3h I CO2Et Bn 5.3 : 1
3i I CO2H Bn 3.5 : 1
3j NO2 I Bn 12 : 1
3k NO2 I Et 6.4 : 1
3l NO2 I Me 3.6 : 1
3m NH2 I Bn Broad
3n NH2 I Et Broad
3o NH2 I Me Broad


a Ratio in CDCl3 at 25 ◦C. b 1-naphthamide.


extra iodo group at the ortho position of the N-benzyl group, adds
a third conformer to the mixture: 3b displays a conformational
ratio of 16 : 1.2 : 1. The ratio between the two major conformers
is nonetheless similar to the one observed for 3j.


As the size of any of the substituents (X, Y or R) decreases,
the conformational ratio also drops. For example, taking 3a as a
reference with X = Y = I and R = Bn, a reduction in size of any
of the three groups shows lower ratios, as can be observed in 3c
and 3d with a smaller R (Et, i-Pr), 3e with a smaller X, and 3f and
3g with smaller Y groups.


The broad signals in the NMR spectra of 3m–o indicate fast
interconversion of the possible conformations, making determi-
nation of the conformational ratio impossible. In contrast, spectra
of the analogous compounds with a NO2 group, 3j–l, have sharp
signals characteristic of slow exchange. Fast Ar–CO rotation in
3m–o is most likely due to stabilisation of the planar transition
state for Ar–CO rotation by the electron-donating amino group.3h


Identification of the conformers


The X-ray crystal structures of 3a and 3b showed the expected
E-rotamer6,7 about the N–CO bond in the solid state, with the
two iodo substituents on opposite faces of the plane of the
amide, presumably in order to avoid steric interactions (Fig. 2
and 3). We confirmed that this E-anti conformer observed in
the crystal structure is also the major conformer in solution by
dissolving a crystal of 3a in cold CDCl3. The 1H-NMR spectrum
of this solution at low temperature showed a single conformer
corresponding to the major conformer in the spectrum at room
temperature. Allowing the solution to warm restored the 10 : 1
ratio. By contrast, a sample prepared at room temperature and
cooled to −50 ◦C showed a mixture of conformers throughout.


Fig. 2 X-Ray structure of 3a.


Fig. 3 X-Ray structure of 3b.


Scheme 2 shows the four possible conformations of 3 that result
from rotation about the Ar–N, Ar–CO and N–CO bonds, starting
from the E-anti conformer. Molecular mechanics calculations
(MMFF force field implemented by Spartan) for 3a (X = Y =
I; R = Bn) are in agreement with assignment of the E-anti
conformation to the lowest energy conformer. The calculations
also indicate that both E rotamers (syn and anti) have lower energy
levels than the two Z rotamers. From this analysis we assume
that the minor conformers observed by 1H-NMR are the E-syn
conformers, and that the ratios in Table 1 represent the ratio of
E-anti-3 to E-syn-3, with the exception of 3b, in which another
conformer is evident, probably a Z rotamer about the amide N–
CO bond.


Scheme 2 Rotational interconversions in 3. (a) Energy calculated
(MMFF, Spartan) in kJ mol−1 relative to E-anti-3 for X = Y = I; R = Bn.


Variable temperature NMR studies of 3a, 3b and 3c were carried
out. 3a and 3b showed no change in their spectra over the range
−50 to +50 ◦C in CDCl3 or at +90 ◦C in d6-DMSO, indicating that
all three pertinent bond rotations have barriers of >75.1 kJ mol−1.
In contrast, VT NMR studies of 3c in toluene (−70 to +100 ◦C)
showed coalescence of the signals due to the two conformers of 3c,
allowing us to estimate a barrier to rotation for either the Ar–CO
or Ar–N bond (whichever is the lower) of only 63.5 kJ mol−1.


Conformational ratios in diamides


The high levels of conformational control in certain benzanilides
3 indicate that there is some degree of conformational com-
munication between the Ar–CO and the N–CO axes, provided
that the rings bear sufficiently large substituents. We recently
reported a case in which conformational communication through
a series of six Ar–CO axes facilitated the remote transmission of
stereochemical information,11 and with the aim of developing a
similar system based on benzanilides we set about the synthesis
of the diamides 5. We were encouraged in this aim by reports that
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N-alkylated oligo(p-benzamides)12 and oligo(m-benzamides)13


adopt a well-defined, helical secondary structure.
Our initial attempts to prepare diamides 5 from carboxylic acid


derivatives of 3 (3g for example) via the acyl chloride led instead to
the oxazinones 6 by cyclisation (Scheme 3). However, compounds
5a–o were eventually successfully prepared by acylation of the
amino derivatives 3m–o, themselves produced by reduction of the
nitro compounds 3j–l (Scheme 3).


Scheme 3 Synthesis of the diamides 5.


Table 2 shows the conformational ratios observed by 1H-NMR
at rt in CDCl3 for compounds 5a–o. Compounds 5a, 5d, 5f, 5h,
5k and 5n, with R2 = H, are comparable conformationally to
compounds 3 (Table 1) because a secondary amide cannot generate
a stereogenic Ar–CO axis and will exist as the Z amide rotamer (Ar
and C=O cis). These compounds display ratios from 22 : 1 to 5.5 :
1, depending on X, Y and R1, suggesting that the benzoylamino
groups allow good levels of stereocommunication between the two
remaining axes in the molecule.11


Alkylation of the second amide group (i.e. introduction of R2 �=
H) introduces a third (and if X �= H, a fourth) potentially
stereogenic axis to the molecule. Unfortunately, in all such cases,
complex mixtures of conformers were observed: the two amide
Ar–CO axes fail to interact with each other either directly or
via the Ar–N axis. In the majority of the compounds the ratio
between the conformers can be established by the integration
of the signals corresponding to each conformer. However this


Table 2 Conformational ratios of 5a–o


Compound X Y R1 R2 Ratio


5a I I Bn H 12 : 1
5b I I Bn CH3 6.8 : 2 : 1
5c I I Bn Bn Complex


mixture
5d NO2 I Bn H 22 : 1
5e NO2 I Bn CH3 4.5 : 1 : 1
5f NO2 I CH3 H 6.5 : 1
5g NO2 I CH3 Et 3.2 : 2.5 : 1.5 : 1
5h NO2 I Et H 5.5 : 1
5i NO2 I Et CH3 4.5 : 2 : 1
5j NO2 I CH3 CH3 4.2 : 4 : 1
5k H I CH3 H 4.5 : 1
5l H I CH3 Bn 1.33 : 1 : ?
5m H I CH3 Et 2 : 1 : ?
5n H H Bn H 8 : 1
5o H H Bn Bn Broad


becomes impossible in some cases—for example 5c has a 1H-
NMR spectrum too complex for resolution of the signals of the
individual conformers. In other cases, e.g. 5l and 5m, it is possible to
identify the ratio of only the two major conformers (by integration
of the signal corresponding to the methyl group). Other partly
overlapping signals suggest that other conformers are populated,
but in ratios that cannot be determined. In the absence of any ortho
substituents, i.e. 5o, faster interconversion between the conformers
leads to broad signals.


Molecular mechanic calculations (Spartan MMFF) suggest that
in benzanilides with a bulky ortho substituent (here NR2COAr)
on the benzamide ring the Z rotamer becomes preferred to the E
rotamer,7 thus placing one amide group of 5 in the E conformation
and the other in the Z (Fig. 4). Even with N–CO bonds orientated
in this way, four or eight conformers can exist, and the differences
in energy between them are minimal.


Fig. 4 Conformation of the diamide 5.


Conformational communication between benzamide and
anilide-type amide axes


With our conformational analysis of compounds 3 and 5 we have
probed the ability of a pair of amide axes connected either as shown
in Fig. 5A or Fig. 5B to communicate with one another: the results
suggest that communication can be successful (subject to the size
of the substituents) for A but is not successful for B. Compounds
of type C, which contain two adjacent benzamide-type amide axes,
are known in many cases to display high levels of conformational
control,3f ,3t,14 and a detailed publication presenting out findings
in this area is in preparation.15 A final pairing—bis-anilides of
type D—was investigated by Cheng et al.16 but with tertiary amide
groups 7d exists as a mixture of conformers in solution.17 In the
solid state the typical7 E-rotamer about the N–CO bond (Ar and
C=O trans) is observed, with the two anilide groups disposed
anti. In the crystal structure of 7e, however, in which the ortho
positions carry a fluorine atom, while the anilides are still anti,
the unexpected opposite Z N–CO rotamer is populated,7,18 an
effect possibly related to the calculated switch from the E to the Z
conformation in one of the amide bonds of 5.


Fig. 5 Conformational communication between pairs of amide axes (axes
are represented by bold bonds).
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We prepared 7b and 7c (Scheme 4) with ortho-iodo substituents
in order to slow the rotation about the bonds associated with
the amide groups with the aim of establishing the conformational
ratios in such compounds in solution. The 1H-NMR spectrum
showed a simple 5 : 1 ratio between only two conformers of 7b at rt
in CDCl3. In the solid state, 7b adopted a conformation with both
N–CO bonds Z and the anilides anti, comparable to that reported
for 7e18—the X-ray crystal structure of 7b is shown in Fig. 6. We
assume that this is the major conformer in solution, but we have
no evidence to allow assignment of the conformation of the minor
conformer. It is notable that each crystal of 7b contains only one
enantiomeric conformer—the crystals have a chiral space group:
monoclinic P2(1).19 An analogue, 7c, carrying N benzyl groups,
showed only broad signals in its 1H-NMR spectrum.


Scheme 4 Synthesis of the diamides 7.


Fig. 6 X-Ray crystal structure of 7b.


Conclusion


Conformational analysis of representative members of three
classes of aromatic amides and diamides—compounds 3a–o for
those represented as Fig. 5A, 5a–n, for those represented as
Fig. 5B, and 7b for those represented as Fig. 5D—shows that
for compounds of types A and D moderate to high levels of
conformational control can be achieved when the amides carry
bulky substituents. Type B compounds 5 with two tertiary amide
groups exist as complex conformational mixtures whereas the
analogous compounds with meta13 and para12 substituted amides
exist largely as single conformers. Poor control in this situation
may be due to population of the usually disfavoured (for anilides)
Z N–CO conformer, a feature also seen in 7. Type C compounds, as
previously reported,3f ,3h,3t show excellent conformational control in
solution, and a detailed report concerning this class of compounds
is in preparation.15


Experimental
1H and 13C-NMR spectra were recorded on a Varian XL 300 MHz
or Bruker Ultrashield 500 MHz instrument. VT NMR studies
were recorded on an Inova 300 MHz instrument. NMR data
are presented as follows: chemical shift d (in ppm relative to
dTMS = 0), multiplicity, coupling constant J (quoted in hertz,
Hz), integration, and assignment. IR spectra were recorded on
an ATi Matson Genesis Series Fourier Transform spectrometer.
Wavelengths of maximum absorbance are quoted in wavenumbers
(cm−1). Low resolution mass spectra (EI and CI) were recorded
on a Fisons VG Trio 2000 quadrupole mass spectrometer. High
resolution mass spectra were recorded on a Kratos Concept-IS
mass spectrometer. Analytical TLC was carried out on Machery-
Nagel pre-coated 0.2 mm silica plates with fluorescent indicator on
aluminium. Flash column chromatography was carried out using
Fluorochem Davisil 40–63 lm 60 A silica under a positive pressure
of air. Conformational ratios were calculated by integration of the
NMR signals corresponding to the same proton(s) relating to
each conformer. When only two conformers are observed they
are referred to as major and minor conformers, when more than
two are observed they are referred to as conformers A, B, C· · ·
listed in decreasing ratio. The purity of compounds 5b, 5c, 5e,
5g, 5l, 5m, 5o and 7b was confirmed by HPLC (Supelcosil LC
18 DB 4.6 mm × 250 mm, 90 : 10 hexane–isopropanol, flow
0.5 mL min−1).


2-Iodo-N-(2-iodophenyl)benzamide 4a


To a solution of 2-iodoaniline (1 g, 4.56 mmol) and triethylamine
(3.2 ml, 22.9 mmol) in ethyl acetate (25 mL) was added a solution
of 2-iodobenzoyl chloride (1.22 g, 4.58 mmol) in ethyl acetate
(25 mL). The mixture was stirred at rt under nitrogen overnight.
The resulting suspension was filtered and the solid was washed
with ether and NaHCO3 aqueous saturated solution to yield the
title compound as a white solid (1.1 g, 53%). 1H-NMR (CDCl3,
300 MHz) d 6.91 (td, J = 7.8 and 1.5 Hz, 1H), 7.18 (td, J = 7.8
and 1.5 Hz, 1H), 7.41 (d, J = 7.5 Hz, 1H), 7.47 (t, J = 7.5 Hz,
1H), 7.58 (d, J = 7.5 Hz, 1H), 7.75 (bs, 1H), 7.83 (dd, J = 8.1 and
1.5 Hz, 1H), 7.97 (dd, J = 8.1 and 1 Hz, 1H), 7.97 (d, J = 8.1 Hz,
1H). 13C-NMR (CDCl3, 75.5 MHz) d 90.3 (Cq), 92.5 (Cq), 122.3
(CH), 126.6 (CH), 128.1 (CH), 128.4 (CH), 129.4 (CH), 131.7
(CH), 137.9 (Cq), 138.9 (CH), 140.4 (CH), 141.6 (Cq), 167.2 (Cq).
IR (film) 3245, 1650 cm−1. HRMS calcd for C13H9ONI2: 448.8768.
Found: 448.8776. Anal. calcd for C13H9NOI2 (449.0)·1/4 H2O: C,
34.43; H, 2.11; N, 3.09. Found: C, 34.18; H, 1.87; N, 2.99%. Mp
184–185 ◦C.


N-(2-Iodophenyl)-1-naphthamide 4b


To a solution of 2-iodoaniline (1 g, 4.56 mmol) and triethylamine
(3.2 ml, 22.9 mmol) in ethyl acetate (50 mL) was slowly added
1-naphthoyl chloride (0.7 mL, 4.64 mmol). The mixture was
stirred overnight at rt under nitrogen. The resulting suspension
was filtered and the solid was washed with ether and NaHCO3


aqueous saturated solution to yield the title compound as a yellow
solid (909 mg, 53%). 1H-NMR (CDCl3, 300 MHz) d 6.92 (ddd,
J = 7.8, 7.5 and 1.5 Hz, 1H), 7.45 (td, J = 8.4 and 1.2 Hz, 1H),
7.53–7.64 (m, 3H), 7.84 (dd, J = 7.8 and 1.5 Hz, 1H), 7.87 (dd,
J = 8.4 and 1.2 Hz, 1H), 7.92 (dd, J = 7.5 and 1.8 Hz, 1H), 8.01


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2106–2118 | 2109







(d, J = 8.4 Hz, 1H), 8.08 (bs, 1H), 8.48–8.54 (m, 2H). 13C-NMR
(CDCl3, 75.5 MHz) d 90.7 (Cq), 122.1 (CH), 124.8 (CH), 125.3
(CH), 125.4 (CH), 126.3 (CH), 126.7 (CH), 127.5 (CH), 128.4
(CH), 129.4 (CH), 130.2 (Cq), 131.5 (CH), 133.8 (Cq), 133.9 (Cq),
138.5 (Cq), 138.9 (CH), 167.4 (Cq). IR (film) 3248 and 1648 cm−1.
HRMS calcd for C17H13NOI: 374.0036. Found: 374.0044. Anal.
calcd for C17H12NOI (373.2): C, 54.71; H, 3.24; N, 3.75. Found: C,
54.71; H, 3.14; N, 3.68%. Mp 160–161 ◦C.


Ethyl 2-(1-naphthamido)benzoate 4c


To a solution of 2-ethoxycarbonilaniline (1 g, 6.05 mmol) and
triethylamine (4.5 mL, 32.3 mmol) in ethyl acetate (50 mL)
was slowly added 1-naphthoyl chloride (0.91 mL, 6.04 mmol).
The mixture was stirred overnight at rt under nitrogen. The
mixture was diluted with ethyl acetate and washed with water. The
aqueous layer was extracted with ethyl acetate and the combined
organic layers were dried, filtered and the solvent was removed
under reduced pressure. The crude product was purified by flash
chromatography (DCM) to yield 4c (1.14 g, 58%). 1H-NMR
(CDCl3, 300 MHz) d 1.37 (t, J = 7.2 Hz, 3H), 4.33 (q, J = 7.2 Hz,
2H), 7.17 (ddd, J = 8.1, 7.2 and 1.2 Hz, 1H), 7.53–7.61 (m, 3H),
7.66 (td, J = 7.2 and 1.5 Hz, 1H), 7.88 (dd, J = 7.2 and 1.2 Hz,
1H), 7.90 (dd, J = 7.8 and 1.2 Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H),
8.12 (dd, J = 8.1 and 1.8 Hz, 1H), 8.54 (dd, J = 8.1 and 1.5 Hz,
1H), 9.03 (dd, J = 8.4 and 0.9 Hz, 1H), 11.74 (bs, 1H). 13C-NMR
(CDCl3, 75.5 MHz) d 14.1 (CH3), 61.4 (CH2), 115.6 (Cq), 120.5
(CH), 122.8 (CH), 124.9 (CH), 125.4 (CH), 125.6 (CH), 126.4
(CH), 127.2 (CH), 128.3 (CH), 130.4 (Cq), 130.9 (CH), 131.3 (CH),
133.9 (Cq), 134.5 (Cq), 134.6 (CH), 141.7 (Cq), 167.9 (Cq), 168.2
(Cq). IR (film) 3261, 1675 cm−1. HRMS calcd for C20H18NO3:
320.1281. Found: 320.1281. Anal. calcd for C20H17NO3 (319): C,
75.22; H, 5.37; N, 4.39. Found: C, 74.79; H, 5.39; N, 4.35%. Mp
83–84 ◦C.


Ethyl 2-(2-iodobenzamido)benzoate 4d


To a solution of 2-iodobenzoylchloride (1.63 g, 6.12 mmol) and
triethylamine (4.2 mL, 30.1 mmol) in ethyl acetate (50 mL)
was added ethyl 2-aminobenzoate (0.9 mL, 6.09 mmol), and the
mixture was stirred overnight at rt under nitrogen. The mixture was
basified with NaHCO3 aqueous saturated solution and extracted
with DCM. The organic layer was dried and filtered and the
solvent was removed under reduced pressure. The crude product
was purified by flash chromatography (DCM) to yield 4d (1.94 g,
80%). 1H-NMR (CDCl3, 300 MHz) d 1.43 (t, J = 7.2 Hz, 3H), 4.39
(q, J = 7.2 Hz, 2H), 7.18 (td, J = 7.5 and 1.8 Hz, 1H), 7.19 (td, J =
7.5 and 1.2 Hz, 1H), 7.48 (td, J = 7.5 and 1.2 Hz, 1H), 7.60 (dd,
J = 7.8 and 1.8 Hz, 1H), 7.67 (dd, J = 7.5 and 1.5 Hz, 1H), 7.98
(dd, J = 8.1 and 1.2 Hz, 1H), 8.13 (dd, J = 8.1 and 1.8 Hz, 1H),
8.93 (d, J = 7.8 Hz, 1H), 11.48 (bs, 1H). 13C-NMR (CDCl3, 75.5
MHz) d 14.1 (CH3), 61.5 (CH2), 92.7 (Cq), 115.7 (Cq), 120.5 (CH),
123.0 (CH), 128.0 (CH), 128.3 (CH), 130.9 (CH), 131.4 (CH),
134.6 (CH), 140.4 (CH), 141.2 (Cq), 142.0 (Cq), 167.6 (Cq), 168.1
(Cq). IR (film) 3257, 1680 cm−1. HRMS calcd for C16H15NO3I:
396.0091. Found: 396.0091. Anal. calcd for C16H14NO3I (395.2):
C, 48.63; H, 3.57; N, 3.54. Found: C, 48.61; H, 3.64; N, 3.54%.
Mp 53–54 ◦C.


N-(2-Iodophenyl)-2-nitrobenzamide 4e


To a solution of 2-iodoaniline (2.13 g, 9.72 mmol) and pyridine
(2.6 mL, 32.2 mmol) in DCM (30 mL) was slowly added 2-
nitrobenzoyl chloride (2 g, 9.70 mmol). The mixture was stirred
overnight at rt under nitrogen. Petroleum ether was added and the
resulting suspension was filtered and the solid was washed with
NaHCO3 aqueous saturated solution to yield the title compound
(3.54 g, 99%). 1H-NMR (CDCl3, 300 MHz) d 6.98 (td, J = 7.5
and 1.5 Hz, 1H), 7.47 (t, J = 7.5 Hz, 1H), 7.66–7.82 (m, 3H), 7.87
(dd, J = 7.8 and 1.5 Hz, 1H), 8.19 (d, J = 8.1 Hz, 1H), 8.33 (d,
J = 6.9 Hz, 1H). 13C-NMR (CDCl3, 75.5 MHz) d 90.8 (Cq), 123.0
(CH), 124.9 (CH), 127.0 (CH), 128.3 (CH), 129.5 (CH), 131.1
(CH), 132.5 (Cq), 134.0 (CH), 137.6 (Cq), 138.9 (CH), 146.6 (Cq),
164.2 (Cq). IR (film) 1635 cm−1. HRMS calcd for C13H10O3N2I:
368.9731. Found: 368.9727. Mp 182 ◦C.


N-Benzyl-2-nitro-N-phenylbenzamide 4f


To a solution of 2-nitrobenzoyl chloride (90%, 658 mg, 3.20 mmol)
in DCM (12 mL), were added pyridine (1 mL, 12.38 mmol) and
aniline (0.3 mL, 3.29 mmol), and the mixture was stirred overnight
at rt under nitrogen. The mixture was basified with NaHCO3 aque-
ous saturated solution and extracted with DCM. The organic layer
was washed with HCl 2 M, dried and filtered and the solvent was
removed under reduced pressure. The residue was dissolved in dry
THF (40 mL), and NaH (60%, 406 mg, 10.15 mmol) and benzyl
bromide (1.6 mL, 13.4 mmol) were added and the mixture was
stirred overnight at rt under nitrogen. The solvent was removed
under reduced pressure, the residue was partitioned between ethyl
acetate and water, and the aqueous phase was extracted with ethyl
acetate. The organic extracts were dried and filtered and the solvent
was removed under reduced pressure. The crude product was
purified by flash chromatography (petroleum ether to petroleum
ether–AcOEt 50%) to yield 4f (1.06 g, quantitative). 1H-NMR
(CDCl3, 500 MHz) d 4.96 (s, 2H), 6.73–6.76 (m, 2H), 6.86–6.89
(m, 3H), 7.06–7.17 (m, 7H), 7.23–7.27 (m, 1H), 7.73 (d, J = 8 Hz,
1H). 13C-NMR (CDCl3, 75.5 MHz) d 52.9 (CH2), 124.3 (CH),
127.6 (CH), 127.8 (CH), 128.2 (CH), 128.5 (CH), 128.9 (CH),
129.1 (CH), 129.29 (CH), 129.34 (CH), 133.26 (Cq), 133.34 (CH),
136.6 (Cq), 141.1 (Cq), 155.7 (Cq), 167.1 (Cq). IR (film) 1651 cm−1.
HRMS calcd for C20H16N2O3Na: 355.1053. Found: 355.1051. Mp
97–99 ◦C.


2-Amino-N-benzyl-N-phenylbenzamide 4g


To a solution of 4f (1 g, 3.00 mmol) in DMF (30 mL) was
added SnCl2·H2O (7.7 g, 34.1 mmol). The mixture was stirred
at rt for 24 h and was basified with NaHCO3 aqueous saturated
solution and extracted with DCM. The organic extracts were
washed with brine, dried and filtered and the solvent was removed
under reduced pressure. The crude product was purified by flash
chromatography (petroleum ethereum ether to AcOEt) to yield
4g (783 mg, 86%). 1H-NMR (CDCl3, 500 MHz) d 4.52 (bs,
2H), 5.02 (s, 2H), 6.21 (td, J = 7.5 and 1 Hz, 1H), 6.53 (dd,
J = 8.1 and 1 Hz, 1H), 6.66 (dd, J = 7.8 and 1.5 Hz, 1H),
6.83–6.87 (m, 3H), 6.93–6.97 (m, 1H), 6.98–7.03 (m, 2H), 7.10–
7.22 (m, 6H). 13C-NMR (CDCl3, 125 MHz) d 53.3 (CH2), 116.6
(CH), 116.9 (CH), 119.9 (Cq), 126.5 (CH), 126.9 (2CH), 127.3
(CH), 128.1 (2CH), 128.5 (2CH), 128.9 (2CH), 129.6 (CH), 130.5
(CH), 137.5 (Cq), 143.6 (Cq), 146.4 (Cq), 170.9 (Cq). IR (film)
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3359 and 1619 cm−1. HRMS calcd for C20H19N2O: 303.1492.
Found: 303.1501.


2-Iodo-N-benzyl-N-(2-iodophenyl)benzamide 3a


To a suspension of NaH (60%, 37 mg, 0.92 mmol) in THF (5 mL)
were added 2-iodo-N-(2-iodophenyl)benzamide 4a (110 mg,
0.24 mmol) and benzyl bromide (110 lL, 0.92 mmol). The
mixture was stirred overnight at rt under nitrogen. The mixture
was diluted with ethyl acetate and washed with water. The
organic layer was dried and filtered and the solvent was removed
under reduced pressure. The crude product was purified by flash
chromatography (petroleum ether to petroleum ether–AcOEt
20%) to yield 3a (110 mg, 91%). 1H-NMR (CDCl3, 300 MHz)
major conformer d 4.22 (d, J = 14.1 Hz, 1H), 6.00 (d, J =
14.1 Hz, 1H), 6.83–6.76 (m, 1H), 6.86 (dd, J = 5.7 and 1.8 Hz,
1H), 6.91 (dd, J = 6.9 and 1.5 Hz, 1H), 6.93 (dd, J = 6.9 and
1.5 Hz, 1H), 7.08 (ddd, J = 7.8, 7.5 and 1.2 Hz, 1H), 7.26–7.29
(m, 3H), 7.37–7.40 (m, 3H), 7.66 (dd, J = 8.1 and 1.2 Hz, 1H),
7.79 (dd, J = 7.8 and 1.2 Hz, 1H). Minor conformer d 4.60 (d,
J = 14.1 Hz, 1H), 4.73 (d, J = 14.1 Hz, 1H), 6.76–8.01 (m, 13H
masked by the major conformer). Ratio 10 : 1. 13C-NMR (CDCl3,
75.5 MHz) d 51.3 (CH2), 94.0 (Cq), 99.3 (Cq), 126.4 (CH), 127.3
(CH), 127.7 (CH), 128.1 (CH), 128.6 (CH), 129.5 (CH), 130.0
(CH), 131.8 (CH), 136.0 (Cq), 139.2 (CH), 139.8 (CH), 141.4
(Cq), 142.8 (Cq), 169.5 (Cq). IR (film) 1655 cm−1. HRMS calcd
for C20H16NOI2: 539.9316. Found: 539.9321. Mp 118–119 ◦C.


2-Iodo-N-(2-iodobenzyl)-N-(2-iodophenyl)benzamide 3b


To a suspension of NaH (60%, 40 mg, 1 mmol) in THF (5 mL)
were added 2-iodo-N-(2-iodophenyl)benzamide 4a (104 mg,
0.23 mmol) and 2-iodobenzyl bromide (276 mg, 0.93 mmol). The
mixture was stirred overnight at rt under nitrogen. The mixture was
diluted with ethyl acetate and washed with water. The organic layer
was dried and filtered and the solvent was removed under reduced
pressure. The crude product was purified by flash chromatography
(petroleum ether to petroleum ether–AcOEt 25%) to yield 3b
(140 mg, 88%). 1H-NMR (CDCl3, 300 MHz) conformer A d 4.62
(d, J = 14.5 Hz, 1H), 6.00 (d, J = 14.5 Hz, 1H), 6.80 (dd, J = 7.5
and 1.5 Hz, 1H), 6.82 (dd, J = 7.5 and 1.5 Hz, 1H), 6.85 (dd, J = 7.5
and 1.5 Hz, 1H), 6.92 (dd, J = 7.5 and 1.5 Hz, 1H), 6.95 (dd, J = 7.5
and 1.5 Hz, 1H), 7.09 (ddd, J = 7.8, 7.5 and 1.2 Hz, 1H), 7.37 (ddd,
J = 7.8, 7.5 and 1.5 Hz, 1H), 7.42 (dd, J = 7.8 and 1.5 Hz, 1H), 7.66
(dd, J = 7.8 and 1.5 Hz, 1H), 7.67 (dd, J = 7.8 and 1.5 Hz, 1H),
7.77 (dd, J = 7.8 and 1.5 Hz, 1H), 8.07 (dd, J = 7.8 and 1.5 Hz, 1H).
Conformer B d 4.81 (d, J = 14.5 Hz, 1H), 5.97 (d, J = 14.5 Hz, 1H),
6.78–8.09 (m, 12H masked by the major conformer). Conformer
C d 4.89 (d, J = 14.5 Hz, 1H), 4.99 (d, J = 14.5 Hz, 1H), 6.78–
8.09 (m, 12H masked by the major conformer). 13C-NMR (CDCl3,
75.5 MHz) d 54.4 (CH2), 93.9 (Cq), 100.5 (Cq), 100.8 (Cq), 126.7
(CH), 127.4 (CH), 128.5 (CH), 128.8 (CH), 129.5 (CH), 129.7
(CH), 130.1 (CH), 131.6 (CH), 131.7 (CH), 139.1 (CH), 139.26
(CH), 139.27 (Cq), 140.0 (CH), 141.0 (Cq), 142.2 (Cq), 170.0
(Cq). Ratio 16 : 1.2 : 1. IR (film) 1650 cm−1. HRMS calcd for
C20H14NOI3Na: 687.8102. Found: 687.8089. Mp 182–184 ◦C.


2-Iodo-N-ethyl-N-(2-iodophenyl)benzamide 3c


To a suspension of NaH (60%, 70 mg, 1.75 mmol) in THF
(5 mL) was added 2-iodo-N-(2-iodophenyl)benzamide 4a (199 mg,


0.40 mmol) and iodoethane (100 lL, 1.24 mmol). The mixture was
stirred at rt under nitrogen overnight. The mixture was diluted
with ethyl acetate and washed with water. The organic layer was
dried and filtered and the solvent was removed under reduced
pressure. The crude product was purified by flash chromatography
(petroleum ether–AcOEt 10%) to yield 3c (196 mg, 92%). 1H-
NMR (CDCl3, 300 MHz) major conformer d 1.29 (dd, J = 7.2
and 6.9 Hz, 3H), 3.22 (dq, J = 14 and 6.9 Hz, 1H), 4.63 (dq, J =
14 and 7.2 Hz, 1H), 6.81 (dd, J = 7.5 and 1.5 Hz, 1H), 6.89 (dd,
J = 7.5 and 1.5 Hz, 1H), 7.07 (td, J = 7.5 and 1.2 Hz, 1H), 7.16
(td, J = 7.5 and 1.5 Hz, 1H), 7.29 (dd, J = 7.5 and 1.5 Hz, 1H),
7.41 (dd, J = 7.8 and 1.5 Hz, 1H), 7.69 (dd, J = 7.8 and 1.2 Hz,
1H), 7.81 (dd, J = 7.8 and 1.5 Hz, 1H). Minor conformer d 1.10
(dd, J = 6.9 and 7.2 Hz, 3H), 3.53 (m, 2H), 6.80–7.50 (m, 6H
masked by the major conformer), 7.89 (dd, J = 7.8 and 1.2 Hz,
1H), 7.96 (d, J = 7.8 Hz, 1H). Ratio 4.3 : 1. 13C-NMR (CDCl3, 75.5
MHz) d 12.2 (CH3), 43.3 (CH2), 94.1 (Cq), 99.7 (Cq), 126.2 (CH),
127.4 (CH), 128.6 (CH), 129.4 (CH), 129.9 (CH), 130.9 (CH),
139.0 (CH), 139.9 (CH), 141.6 (Cq), 143.1 (Cq), 169.2 (Cq). IR
(film) 1651 cm−1. HRMS calcd for C15H14NOI2: 477.9159. Found:
477.9163. Mp 139–140 ◦C.


2-Iodo-N-(2-iodophenyl)-N-isopropylbenzamide 3d


To a solution of 2-iodo-N-isopropylaniline20 (174 mg, 0.67 mmol)
and pyridine (0.27 mL, 3.68 mmol) in dry DCM (6 mL) was added
2-iodobenzoyl chloride (268 mg, 1.00 mmol). The mixture was
stirred overnight at rt under nitrogen. The mixture was diluted with
DCM and washed with saturated aqueous NaHCO3. The organic
layer was dried and filtered and the solvent was removed under
reduced pressure. The crude product was purified by flash chro-
matography (petroleum ether to petroleum ether–AcOEt 10%)
to yield 3d (246 mg, 75%). 1H-NMR (CDCl3, 300 MHz) major
conformer d 1.29 (d, J = 6.6 Hz, 3H), 1.66 (d, J = 6.6 Hz, 3H), 4.61
(h, J = 6.6 Hz, 1H), 6.81 (dd, J = 7.5 and 1.5 Hz, 1H), 6.90 (dd, J =
7.5 and 1.5 Hz, 1H), 7.11 (td, J = 7.5 and 1.2 Hz, 1H), 7.21 (td, J =
7.5 and 1.5 Hz, 1H), 7.60 (dd, J = 7.8 and 1.5 Hz, 1H), 7.62 (dd,
J = 7.8 and 1.5 Hz, 1H), 7.65 (dd, J = 7.8 and 1.5 Hz, 1H), 7.79 (dd,
J = 7.8 and 1.5 Hz, 1H). Minor conformer d 1.16 (d, J = 6.7 Hz,
3H), 1.34 (d, J = 6.7 Hz, 3H), 4.13 (h, J = 6.7 Hz, 1H), 6.81–7.72
(m, 6H masked by the major conformer), 7.91 (d, J = 7.8 Hz, 1H),
8.00 (d, J = 7.8 Hz, 1H). Ratio 2.5 : 1. 13C-NMR (CDCl3, 75.5
MHz) major conformer d 19.4 (CH3), 21.6 (CH3), 51.5 (CH), 93.9
(Cq), 102.8 (Cq), 126.6 (CH), 127.1 (CH), 128.6 (CH), 129.4 (CH),
129.7 (CH), 130.9 (CH), 139.0 (CH), 140.0 (CH), 142.1 (Cq), 142.8
(Cq), 169.7 (Cq). Minor conformer d 20.8 (CH3), 23.7 (CH3), 52.8
(CH), 92.9 (Cq), 102.3 (Cq), 126.7 (CH), 128.0 (CH), 128.9 (CH),
129.4 (CH), 130.1 (CH), 130.8 (CH), 139.4 (CH), 140.1 (CH),
169.4 (Cq). IR (film) 1649 cm−1. HRMS calcd for C16H16NOI2:
491.9316. Found: 491.9322. Mp 161–162 ◦C.


N-Benzyl-N-(2-iodophenyl)-1-naphthamide 3e


To a suspension of NaH (60%, 94 mg, 2.35 mmol) in THF
(10 mL) was added N-(2-iodophenyl)-1-naphthamide 4b (257 mg,
0.69 mmol) and benzyl bromide (350 lL, 2.93 mmol). The mixture
was stirred overnight at rt under nitrogen. The mixture was diluted
with ethyl acetate and washed with water. The organic layer was
dried and filtered and the solvent was removed under reduced


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2106–2118 | 2111







pressure. The crude product was purified by flash chromatography
(petroleum ether to petroleum ether–AcOEt 20%) to yield 3e
(296 mg, 93%). 1H-NMR (CDCl3, 300 MHz) major conformer
d 4.32 (d, J = 14.1 Hz, 1H), 6.12 (d, J = 14.1 Hz, 1H), 6.37
(m, 1H), 6.66 (m, 1H), 7.16 (d, J = 7.2 Hz, 1H), 7.19 (d, J =
7.2 Hz, 1H), 7.27–7.53 (m, 7H), 7.63 (d, J = 8.4 Hz, 1H), 7.70–
7.73 (m, 1H), 7.74 (d, J = 7.2, 1H), 8.09 (d, J = 8.4 Hz, 1H).
Minor conformer d 4.54 (bd, J = 14.1 Hz, 1H), 4.82 (m, 1H),
4.40–7.99 (m, 16H masked by the major conformer). Ratio 7 :
1. 13C-NMR (CDCl3, 75.5 MHz) d 51.6 (CH2), 99.4 (Cq), 123.7
(CH), 124.2 (CH), 125.2 (CH), 125.9 (CH), 126.6 (CH), 127.7
(CH), 128.1 (2CH), 128.4 (2CH), 129.0 (CH), 129.1 (CH), 129.6
(2CH), 130.2 (Cq), 131.3 (CH), 133.1 (Cq), 133.6 (Cq), 136.8 (Cq),
139.8 (CH), 143.4 (Cq), 170.0 (Cq). IR (film) 1649 cm−1. HRMS
calcd for C24H19NOI: 464.0506. Found: 464.0507. Anal. calcd for
C24H18NOI (463.3)·1/4 H2O: C, 61.62; H, 3.99; N, 2.99. Found: C,
61.55; H, 3.98; N, 2.94%. Mp 182–184 ◦C.


Ethyl 2-(N-benzyl-1-naphthamido)benzoate 3f


To a suspension of NaH (60%, 111 mg, 2.77 mmol) in THF
(10 mL) were added ethyl 2-(1-naphthamido)benzoate 4c (251 mg,
0.79 mmol) and benzyl bromide (400 lL, 3.34 mmol). The mixture
was stirred overnight at rt under nitrogen. The mixture was diluted
with ethyl acetate and washed with water. The organic layer was
dried and filtered and the solvent was removed under reduced
pressure. The crude product was purified by flash chromatography
(petroleum ether to petroleum ether–AcOEt 30%) to yield 3f
(193 mg, 60%). 1H-NMR (CDCl3, 300 MHz) major conformer
d 1.45 (t, J = 6.9 Hz, 3H), 4.28 (d, J = 14.4 Hz, 1H), 4.36–4.49
(m, 2H), 6.21 (d, J = 14.4 Hz, 1H), 6.59 (d, J = 7.8 Hz, 1H),
6.94 (td, J = 7.5 and 1.5 Hz, 1H), 7.06 (td, J = 7.5 and 1.2 Hz,
1H), 7.15 (d, J = 8.1 Hz, 1H), 7.17 (d, J = 8.1 Hz, 1H), 7.30–7.48
(m, 5H), 7.53 (dd, J = 8.4 and 1.5 Hz, 1H), 7.55 (dd, J = 8.4
and 1.5 Hz, 1H), 7.64 (d, J = 8.1 Hz, 1H), 7.73 (d, J = 8.4 Hz,
1H), 7.76 (dd, J = 7.5 and 1.5 Hz, 1H), 8.17 (d, J = 8.1 Hz, 1H).
Minor conformer d 1.48 (t, J = 6.9 Hz, 3H), 4.35–4.49 (m, 4H
masked by the major conformer), 6.88–7.98 (m, 15H masked by
the major conformer), 8.11 (dd, J = 7.5 and 1.5 Hz, 1H). Ratio 5 :
1. 13C-NMR (CDCl3, 75.5 MHz) d 14.1 (CH3), 53.1 (CH2), 61.4
(CH2), 124.1 (CH), 124.6 (CH), 125.3 (CH), 125.8 (CH), 126.4
(CH), 127.46 (CH), 127.50 (CH), 128.0 (CH), 128.2 (Cq), 128.4
(2CH), 128.9 (CH), 129.3 (2CH), 130.2 (Cq), 130.9 (CH), 131.3
(CH), 131.9 (CH), 133.1 (Cq), 133.8 (Cq), 137.4 (Cq), 141.7 (Cq),
164.5 (Cq), 169.5 (Cq). IR (film) 1718 and 1648 cm−1. HRMS
calcd for C27H24NO3: 410.1751. Found: 410.1750. Anal. calcd for
C27H23NO3 (409.5)·1/4 H2O: C, 78.34; H, 5.72; N, 3.38. Found: C,
78.20; H, 5.81; N, 3.28%.


2-(N-Benzyl-1-naphthamido)benzoic acid 3g


To a solution of 3f (516 mg, 0.99 mmol) in EtOH (10 mL) was
added NaOH 40% aqueous solution (40 mL) and the mixture was
stirred at reflux temperature for 3 h. The mixture was acidified with
HCl 6 N and extracted with ethyl acetate. The organic extracts were
dried and filtered and the solvent was removed under reduced pres-
sure to yield 3g (468 mg, 97%). 1H-NMR (CDCl3, 300 MHz) major
conformer d 4.33 (d, J = 14.4 Hz, 1H), 6.19 (d, J = 14.4 Hz, 1H),
6.61 (bd, J = 6.9 Hz, 1H), 6.98–7.04 (m, 1H), 7.10–7.21 (m, 3H),
7.30–7.59 (m, 7H), 7.67 (d, J = 8.1 Hz, 1H), 7.75 (d, J = 7.8 Hz,


1H), 7.91 (d, J = 7.5 Hz, 1H), 8.19 (d, J = 7.8 Hz, 1H). Minor
conformer d 4.60–5.00 (m, 4H), 6.87–6.89 (m, 1H), 6.99–7.76 (m,
13H masked by the major conformer), 7.98 (d, J = 7.5 Hz, 1H),
8.23 (d, J = 7.2 Hz, 1H). Ratio 3.25 : 1. 13C-NMR (CDCl3, 75.5
MHz) d 53.4 (CH2), 124.4 (CH), 125.3 (CH), 126.0 (CH), 126.7
(CH), 126.9 (CH), 127.6 (CH), 127.8 (CH), 128.2 (CH), 128.3 (Cq),
128.5 (2CH), 129.2 (CH), 129.5 (2CH), 130.2 (Cq), 131.2 (CH),
132.3 (CH), 133.0 (CH), 133.2 (Cq), 133.7 (Cq), 137.2 (Cq), 142.4
(Cq), 169.7 (Cq), 170.1 (Cq). IR (film) 3060, 1718 and 1594 cm−1.
HRMS calcd for C25H19NO3Na: 404.1257. Found: 404.1260.


Ethyl 2-(N-benzyl-2-iodobenzamido)benzoate 3h


To a solution of 4d (1 g, 2.53 mmol), in dry THF (40 mL), were
added NaH (60%, 320 mg, 8 mmol) and benzyl bromide (1.25 mL,
10.4 mmol) and the mixture was stirred overnight at rt under
nitrogen. The mixture was diluted with ethyl acetate and washed
with water. The organic layer was dried and filtered and the solvent
was removed under reduced pressure. The crude product was
purified by flash chromatography (petroleum ether to petroleum
ether–AcOEt 40%) to yield 3h (834 mg, 68%). 1H-NMR (CDCl3,
300 MHz) major conformer d 1.53 (t, J = 7.1 Hz, 3H), 4.09 (d, J =
14.3 Hz, 1H), 4.52 (q, J = 7.1 Hz, 2H), 6.03 (d, J = 14.3 Hz, 1H),
6.83 (ddd, J = 8, 7.5 and 1.8 Hz, 1H), 6.96 (dd, J = 7.5 and 1.8 Hz,
1H), 7.06 (td, J = 7.5 and 1 Hz, 1H), 7.13–7.22 (m, 3H), 7.28–7.32
(m, 3H), 7.39–7.42 (m, 2H), 7.68 (dd, J = 8 and 1 Hz, 1H), 7.87
(dd, J = 7.5 and 1.8 Hz, 1H). Minor conformer d 1.41 (t, J =
7.1 Hz, 3H), 4.30–4.80 (m, 4H masked by the major conformer),
6.80–7.44 (m, 8H masked by the major conformer), 7.50 (dd, J =
7.8 and 1.8 Hz, 1H), 7.55 (dd, J = 7.5 and 1 Hz, 1H), 7.78 (dd,
J = 7.6 and 1 Hz, 1H), 7.94 (dd, J = 8 and 1 Hz, 1H), 8.02 (dd,
J = 7.8 and 1.5 Hz, 1H). Ratio 5.3 : 1. 13C-NMR (CDCl3, 75.5
MHz) d 14.3 (CH3), 52.9 (CH2), 61.7 (CH2), 94.0 (Cq), 127.1 (CH),
127.3 (CH), 127.5 (CH), 128.0 (CH), 128.2 (2CH), 129.6 (2CH),
129.7 (CH), 131.5 (2CH), 132.4 (CH), 136.5 (Cq), 139.1 (CH),
140.9 (Cq), 142.0 (Cq), 165.7 (Cq), 169.1 (Cq). IR (film) 1716
and 1652 cm−1. HRMS calcd for C23H21NO3I: 486.0561. Found:
486.0570. Anal. calcd for C23H20NO3I (485.3): C, 56.92; H, 4.15;
N, 2.89. Found: C, 57.36; H, 4.28; N, 2.79%. Mp 102–104 ◦C.


2-(N-Benzyl-2-iodobenzamido)benzoic acid 3i


To a solution of 3h (405 mg, 0.83 mmol) in EtOH (10 mL) was
added NaOH 40% aqueous solution (30 mL) and the mixture was
stirred at reflux temperature for 3 h. The mixture was acidified
with HCl 6 N and extracted with DCM. The organic extracts were
dried and filtered and the solvent was removed under reduced
pressure to yield 3i (382 mg, quantitative). 1H-NMR (CDCl3, 300
MHz) major conformer d 4.90 (d, J = 14.4 Hz, 1H), 6.10 (d,
J = 14.4 Hz, 1H), 6.84 (ddd, J = 7.8, 7.5 and 1.5 Hz, 1H), 7.00–
7.12 (m, 2H), 7.17–7.35 (m, 6H), 7.42–7.45 (m, 2H), 7.70 (d, J =
7.8 Hz, 1H), 8.01 (dd, J = 7.5 and 1.8 Hz, 1H), 10.37 (br s, 1H).
Minor conformer d 4.67–4.73 (m, 1H), 4.86–4.91 (m, 1H), 7.00–
7.75 (m, 11H masked by the major conformer), 7.97 (d, J = 7.8 Hz,
1H), 8.19 (dd, J = 7.8 and 1.2 Hz, 1H). Ratio 3.5 : 1. 13C-NMR
(CDCl3, 75.5 MHz) d 53.2 (CH2), 93.9 (Cq), 127.1 (Cq), 127.3
(CH), 127.5 (CH), 127.6 (CH), 128.26 (2CH), 128.30 (CH), 129.7
(2CH), 129.9 (CH), 131.6 (CH), 132.4 (CH), 133.3 (CH), 136.3
(Cq), 139.1 (CH), 141.4 (Cq), 141.6 (Cq), 169.6 (Cq), 169.7 (Cq).
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IR (film) 3031, 1720 and 1596 cm−1. HRMS calcd for C21H15NO3I:
456.0102. Found: 456.0096.


N-Benzyl-N-(2-iodophenyl)-2-nitrobenzamide 3j


To a solution of 4e (1.2 g, 3.26 mmol), in dry THF (40 mL),
were added NaH (60%, 460 mg, 11.5 mmol) and benzyl bromide
(1.6 mL, 13.4 mmol) and the mixture was stirred overnight at
rt under nitrogen. The solvent was evaporated under reduced
pressure. The residue was partitioned between ethyl acetate and
water, and the aqueous phase was extracted with ethyl acetate.
The organic extracts were dried and filtered and the solvent was
removed under reduced pressure. The crude product was purified
by flash chromatography (petroleum ether to petroleum ether–
AcOEt 50%) to yield 3j (1.43 g, 96%). 1H-NMR (CDCl3, 300 MHz)
major conformer d 4.31 (d, J = 14.1 Hz, 1H), 6.01 (d, J = 14.1 Hz,
1H), 6.72 (dd, J = 7.8 and 1.8 Hz, 1H), 6.83 (td, J = 7.5 and 1.8 Hz,
1H), 6.93 (td, J = 7.5 and 1.5 Hz, 1H), 7.30–7.42 (m, 6H), 7.51
(td, J = 7.5 and 1.5 Hz, 1H), 7.75 (dd, J = 7.8 and 1.5 Hz, 1H),
7.80 (dd, J = 7.8 and 1.5 Hz, 1H), 7.97 (dd, J = 8.1 and 1.5 Hz,
1H). Minor conformer d 4.71 (s, 2H), 6.70–7.81 (m, 10H masked
by the major conformer), 7.90 (dd, J = 7.8 and 1.5 Hz, 1H), 7.91
(dd, J = 7.8 and 1.5 Hz, 1H), 8.35 (dd, J = 8.1 and 1.5 Hz, 1H).
Ratio 12 : 1. 13C-NMR (CDCl3, 75.5 MHz) d 51.4 (CH2), 99.5
(Cq), 124.2 (CH), 127.8 (CH), 127.9 (CH), 128.4 (2CH), 128.9
(CH), 129.7 (CH), 129.89 (CH), 129.92 (2CH), 131.2 (CH), 132.7
(Cq), 133.6 (CH), 135.5 (Cq), 140.0 (CH), 142.3 (Cq), 145.4 (Cq),
166.5 (Cq). IR (film) 1653, 1527 and 1346 cm−1. HRMS calcd for
C20H15N2O3INa: 481.0020. Found: 481.0016. Mp 158–160 ◦C.


N-Ethyl-N-(2-iodophenyl)-2-nitrobenzamide 3k


To a solution of 4e (503 mg, 1.37 mmol), in dry THF (10 mL),
were added NaH (60%, 257 mg, 6.4 mmol) and ethyl iodide
(1 mL, 12.4 mmol) and the mixture was stirred overnight at
rt under nitrogen. The solvent was evaporated under reduced
pressure. The residue was partitioned between ethyl acetate and
water, and the aqueous phase was extracted with ethyl acetate.
The organic extracts were dried and filtered and the solvent
was removed under reduced pressure. The crude product was
purified by flash chromatography (petroleum ether to petroleum
ether–AcOEt 50%) to yield 3k (458 mg, 85%). 1H-NMR (CDCl3,
300 MHz) major conformer d 1.34 (t, J = 7.2 Hz, 3H), 3.28 (dq,
J = 14 and 7.2 Hz, 1H), 4.60 (dq, J = 14 and 7.2 Hz, 1H), 6.91 (td,
J = 7.5 and 1.5 Hz, 1H), 7.16 (td, J = 7.5 and 1.5 Hz, 1H), 7.30 (dd,
J = 8.1 and 1.5 Hz, 1H), 7.37 (ddd, J = 8.1, 7.5 and 1.5 Hz, 1H),
7.47 (td, J = 7.5 and 1.5 Hz, 1H), 7.61 (dd, J = 7.5 and 1.5 Hz,
1H), 7.82 (dd, J = 7.8 and 1.5 Hz, 1H), 7.98 (dd, J = 7.5 and
1.5 Hz, 1H). Minor conformer d 1.06 (t, J = 7.2 Hz, 3H), 3.55 (q,
J = 7.2 Hz, 2H), 6.8–8.0 (m, 7H masked by the major conformer),
8.29 (dd, J = 8.1 and 1.5 Hz, 1H). Ratio 6.4 : 1. 13C-NMR (CDCl3,
75.5 MHz) major conformer d 11.6 (CH3), 43.6 (CH2), 100.1 (Cq),
124.2 (CH), 127.4 (CH), 129.2 (CH), 129.6 (CH), 129.8 (CH),
130.2 (CH), 132.9 (Cq), 133.6 (CH), 140.1 (CH), 143.2 (Cq), 166.1
(Cq). Minor conformer representative signals only, d 13.3 (CH3),
46.4 (CH2), 124.8 (CH), 128.1 (CH), 129.7 (CH), 130.1 (CH), 134.5
(CH), 139.7 (CH), 145.9 (Cq). IR (film) 1655 cm−1. HRMS calcd
for C15H14N2O3I: 397.0044. Found: 397.0043.


N-Methyl-N-(2-iodophenyl)-2-nitrobenzamide 3l


To a solution of 4e (501 mg, 1.36 mmol), in dry THF (10 mL),
were added NaH (60%, 235 mg, 5.9 mmol) and methyl iodide
(0.9 mL, 14.5 mmol) and the mixture was stirred overnight at
rt under nitrogen. The solvent was evaporated under reduced
pressure. The residue was partitioned between ethyl acetate and
water, and the aqueous phase was extracted with ethyl acetate.
The organic extracts were dried and filtered and the solvent was
removed under reduced pressure. The crude product was purified
by flash chromatography (petroleum ether to AcOEt) to yield 3l
(407 mg, 78%). 1H-NMR (CDCl3, 300 MHz) major conformer
d 3.43 (s, 3H), 6.87 (td, J = 7.5 and 1.5 Hz, 1H), 7.14 (td, J =
7.5 and 1.5 Hz, 1H), 7.32 (dd, J = 7.5 and 1.5 Hz, 1H), 7.34
(ddd, J = 8.1, 7.5 and 1.5 Hz, 1H), 7.46 (td, J = 7.5 and 1.2 Hz,
1H), 7.62 (dd, J = 7.5 and 1.5 Hz, 1H), 7.76 (dd, J = 7.5 and
1.5 Hz, 1H), 7.95 (dd, J = 8.1 and 1.2 Hz, 1H). Minor conformer
d 3.09 (s, 3H), 7.10 (ddd, J = 8.1, 7.5 and 1.5 Hz, 1H), 7.50 (td,
J = 7.5 and 1.5 Hz, 1H), 7.59–7.84 (m, 4H masked by the major
conformer), 7.94 (dd, J = 8.1 and 1.2 Hz, 1H), 8.27 (dd, J =
8.1 and 1.2 Hz, 1H). Ratio 3.6 : 1. 13C-NMR (CDCl3, 75.5 MHz)
major conformer d 36.7 (CH3), 99.1 (Cq), 124.2 (CH), 127.9 (CH),
128.9 (CH), 129.71 (CH), 129.75 (CH), 129.96 (CH), 132.7 (Cq),
133.6 (CH), 140.1 (CH), 145.1 (Cq), 167.1 (Cq). Minor conformer
representative signals only, d 39.1 (CH3), 124.7 (CH), 128.2 (CH),
128.7 (CH), 129.8 (CH), 130.00 (CH), 130.1 (CH), 132.7 (CH),
134.8 (CH), 145.6 (Cq). IR (film) 1654 cm−1. HRMS calcd for
C14H12N2O3I: 382.9887. Found: 382.9883.


2-Amino-N-benzyl-N-(2-iodophenyl)benzamide 3m


To a solution of 3j (400 mg, 0.87 mmol) in DMF (9 mL) was
added SnCl2·H2O (2.02g, 8.94 mmol). The mixture was stirred at
rt for 24 h and it was basified with NaHCO3 aqueous saturated
solution and extracted with DCM. The organic extracts were
washed with brine, dried and filtered and the solvent was removed
under reduced pressure to yield the title compound 3m (374 mg,
quantitative). 1H-NMR (CDCl3, 300 MHz) d 3.96 (bs, 2H), 4.39
(d, J = 14.4 Hz, 1H), 5.77 (d, J = 14.4 Hz, 1H), 6.34 (bs, 1H), 6.62
(d, J = 7.8 Hz, 1H), 6.71 (d, J = 8.1 Hz, 1H), 6.82–7.03 (m, 4H),
7.20–7.37 (m, 5H), 7.82 (d, J = 7.8 Hz, 1H). 13C-NMR (CDCl3,
125 MHz) d 51.8 (CH2), 99.2 (Cq), 116.0 (CH), 116.2 (CH), 118.8
(Cq), 127.3 (CH), 128.1 (CH), 128.2 (2CH), 128.5 (2CH), 128.6
(CH), 129.0 (CH), 130.5 (CH), 131.1 (CH), 136.4 (Cq), 139.7 (CH),
144.4 (Cq), 146.7 (Cq), 170.5 (Cq). IR (film) 3364 and 1634 cm−1.
HRMS calcd for C20H18N2OI: 429.0458. Found: 429.0462.


2-Amino-N-ethyl-N-(2-iodophenyl)benzamide 3n


To a solution of 3k (458 mg, 1.16 mmol) in DMF (10 mL) was
added SnCl2·H2O (2.77 g, 12.3 mmol). The mixture was stirred at
rt for 24 h and it was basified with NaHCO3 aqueous saturated
solution and extracted with DCM. The organic extracts were
washed with brine, dried and filtered and the solvent was removed
under reduced pressure. The crude product was purified by flash
chromatography (petroleum ether to AcOEt) to yield 3n (417 mg,
98%). 1H-NMR (CDCl3, 300 MHz) d 1.21 (t, J = 7.2 Hz, 3H),
3.44–3.55 (m, 1H), 4.29 (bs, 1H), 4.65 (bs, 2H), 6.31 (bs, 1H),
6.58 (d, J = 7.5 Hz, 1H), 6.80–7.20 (m, 5H), 7.84 (d, J = 7.2 Hz,
1H). 13C-NMR (CDCl3, 75.5 MHz) d 12.2 (CH3), 44.5 (CH2), 99.9
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(Cq), 116.7 (CH), 116.8 (CH), 119.9 (Cq), 128.6 (CH), 129.0 (CH),
129.2 (CH), 130.9 (CH), 131.1 (CH), 140.3 (CH), 147.0 (Cq), 170.9
(Cq). IR (film) 3360 and 1620 cm−1. HRMS calcd for C15H16N2OI:
367.0302. Found: 367.0302.


2-Amino-N-(2-iodophenyl)-N-methylbenzamide 3o


To a solution of 3l (595 mg, 1.56 mmol) in DMF (10 mL) was
added SnCl2·H2O (3.7 g, 16.40 mmol). The mixture was stirred at
rt for 24 h and it was basified with NaHCO3 aqueous saturated
solution and extracted with DCM. The organic extracts were
washed with brine, dried and filtered and the solvent was removed
under reduced pressure to yield 3o (548 mg, quantitative). 1H-
NMR (CDCl3, 300 MHz) d 3.36 (s, 3H), 4.73 (bs, 2H), 6.39 (bs,
1H), 6.69 (d, J = 8.4 Hz, 1H), 6.83–7.21 (m, 5H), 7.83 (d, J =
7.8 Hz, 1H). 13C-NMR (CDCl3, 75.5 MHz) d 37.8, (CH3), 98.8
(Cq), 116.8 (CH), 119.1 (Cq), 129.1 (CH), 129.7 (CH), 131.1 (CH),
140.3 (CH), 147.2 (Cq), 171.4 (Cq). IR (film) 3358 and 1620 cm−1.


N-Benzyl-N-(2-iodophenyl)-2-(2-iodobenzamido)benzamide 5a


To a solution of 3m (389 mg, 0.91 mmol) and pyridine (0.5 mL,
6.18 mmol) in DCM (5 mL) was added 2-iodobenzoyl chloride
(97%, 250 mg, 0.91 mmol). The mixture was stirred at rt for 24 h
and it was basified with NaHCO3 aqueous saturated solution
and extracted with DCM. The organic extracts were dried and
filtered and the solvent was removed under reduced pressure. The
crude product was purified by flash chromatography (DCM to
DCM–MeOH 0.5%) to yield 5a (436 mg, 73%). 1H-NMR (CDCl3,
300 MHz) major conformer d 4.35 (d, J = 14.4 Hz, 1H), 5.72 (d,
J = 14.4 Hz, 1H), 6.75–6.72 (m, 2H), 6.91 (ddd, J = 7.8, 7.5 and
1.5 Hz, 1H), 7.03 (dd, J = 7.8 and 1.5 Hz, 1H), 7.13 (ddd, J = 7.8,
7.5 and 1.5 Hz, 1H), 7.19–7.40 (m, 6H), 7.49–7.51 (m, 2H), 7.82
(dd, J = 8.1 and 1.5 Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H), 8.38 (d, J =
8.1 Hz, 1H), 9.73 (s, 1H). Minor conformer d 4.57–4.64 (m, 1H),
5.21–5.27 (m, 1H), other signals masked by the major conformer.
Ratio 12 : 1. 13C-NMR (CDCl3, 75.5 MHz) d 53.7 (CH2), 92.8
(Cq), 99.8 (Cq), 122.5 (CH), 122.8 (CH), 124.4 (Cq), 127.76 (CH),
127.79 (CH), 128.2 (CH), 128.3 (CH), 128.4 (2CH), 128.9 (CH),
129.3 (2CH), 130.8 (CH), 131.3 (CH), 131.4 (CH), 136.1 (Cq),
137.1 (Cq), 140.1 (CH), 140.3 (CH), 141.7 (Cq), 144.1 (Cq), 167.1
(Cq), 169.5 (Cq). IR (film) 3338, 1683 and 1632 cm−1. HRMS calcd
for C27H20N2O2I2Na: 680.9506. Found: 680.9507. Mp 112–114 ◦C.


N-Benzyl-N-(2-iodophenyl)-2-(2-iodo-N-
methylbenzamido)benzamide 5b


To a solution of 5a (95 mg, 0.14 mmol), in dry THF (5 mL), were
added NaH (60%, 30 mg, 0.75 mmol) and methyl iodide (0.1 mL,
1.60 mmol) and the mixture was stirred overnight at rt under
nitrogen. The residue was partitioned between DCM and water,
and the aqueous phase was extracted with DCM. The organic
extracts were dried and filtered and the solvent was removed under
reduced pressure. The crude product was purified by flash chro-
matography (petroleum ether to petroleum ether–AcOEt 30%) to
yield 5b (90 mg, 93%). 1H-NMR (CDCl3, 300 MHz) conformer A d
3.24 (br s, 3H), 4.55 (d, J = 14.5 Hz, 1H), 6.72 (d, J = 14.5 Hz, 1H),
6.81–7.94 (m, 17H). Conformer B d 4.90 (d, J = 15 Hz, 1H), 5.20
(d, J = 15 Hz, 1H), other signals masked by the major conformer.
Conformer C d 4.32 (d, J = 14 Hz, 1H), 6.98 (d, J = 14 Hz, 1H),


other signals masked by the major conformer. Ratio 6.8 : 2 : 1.
13C-NMR (CDCl3, 75.5 MHz) d 41.5 (CH3), 53.1 (CH2), 92.0 (Cq),
98.2 (Cq), 126.9 (CH), 127.3 (2CH), 128.32 (2CH), 128.41 (CH),
128.44 (CH), 128.5 (CH), 129.0 (CH), 129.1 (CH), 129.5 (CH),
130.1 (CH), 130.9 (CH), 133.6 (Cq), 133.9 (CH), 136.8 (Cq), 138.8
(CH), 139.8 (CH), 141.8 (Cq), 142.3 (Cq), 144.5 (Cq), 167.4 (Cq),
170.7 (Cq). IR (film) 1652 cm−1. HRMS calcd for C28H22N2O2I2Na:
694.9663. Found: 694.9672. Mp 156–158 ◦C. HPLC 5.49 min.


N-Benzyl-N-(2-iodophenyl)-2-(N-benzyl-2-
iodobenzamido)benzamide 5c


To a solution of 5a (200 mg, 0.30 mmol), in dry THF (5 mL),
was added NaH (60%, 54 mg, 1.35 mmol) and benzyl bromide
(0.2 mL, 1.67 mmol) and the mixture was stirred overnight at rt
under nitrogen. The mixture was partitioned between ethyl acetate
and water, and the aqueous phase was extracted with ethyl acetate.
The organic extracts were dried and filtered and the solvent was
removed under reduced pressure. The crude product was purified
by flash chromatography (petroleum ether to petroleum ether–
AcOEt 30%) to yield 5c (227 mg, quantitative). 1H-NMR (CDCl3,
300 MHz) d 3.78–6.22 (m, 4H), 6.65–8.09 (m, 22H). IR (film)
1649 cm−1. HRMS calcd for C34H26N2O2I2Na: 770.9976. Found:
770.9987. HPLC 5.48 min.


N-Benzyl-N-(2-iodophenyl)-2-(2-nitrobenzamido)benzamide 5d


To a solution of 3m (1 g, 2.34 mmol) and pyridine (1 mL,
12.4 mmol) in DCM (15 mL) was added 2-nitrobenzoyl chloride
(90%, 486 mg, 2.35 mmol). The mixture was stirred at rt for 24 h
and it was basified with NaHCO3 aqueous saturated solution and
extracted with DCM. The organic extracts were dried and filtered
and the solvent was removed under reduced pressure. The crude
product was purified by flash chromatography (DCM) to yield
5d (1.14 g, 85%). 1H-NMR (CDCl3, 500 MHz) major conformer
d 4.34 (d, J = 14.3 Hz, 1H), 4.65 (d, J = 14.3 Hz, 1H), 6.75–
6.79 (m, 2H), 6.89 (ddd, J = 8, 7.5 and 1.5 Hz, 1H), 7.00 (dd,
J = 7.5 and 1.5 Hz, 1H), 7.11 (ddd, J = 8, 7.5 and 1.5 Hz, 1H),
7.15–7.30 (m, 5H), 7.58 (dd, J = 7.5 and 1 Hz, 1H), 7.66 (td,
J = 8 and 1.5 Hz, 1H), 7.75 (td, J = 7.5 and 1 Hz, 1H), 7.81
(dd, J = 8 and 1.5 Hz, 1H), 8.13 (d, J = 8.5 Hz, 1H), 8.27 (d,
J = 8.5 Hz, 1H), 9.79 (s, 1H). Minor conformer d 4.61 (d, J =
15 Hz, 1H), 5.25 (d, J = 15 Hz, 1H), other signals masked by the
major conformer. Ratio 22 : 1. 13C-NMR (CDCl3, 125 MHz) d
52.9 (CH2), 99.2 (Cq), 122.6 (CH), 123.1 (CH), 124.4 (Cq), 124.7
(CH), 127.7 (CH), 128.0 (CH), 128.24 (CH), 128.28 (2CH), 129.18
(CH), 129.28 (2CH), 129.34 (CH), 130.7 (CH), 130.9 (CH), 131.5
(CH), 133.0 (Cq), 133.8 (CH), 135.9 (Cq), 136.8 (Cq), 140.2 (CH),
144.2 (Cq), 146.6 (Cq), 164.1 (Cq), 169.6 (Cq). IR (film) 3329,
1688 and 1633 cm−1. HRMS calcd for C27H20N3O4INa: 600.0391.
Found: 600.0393.


N-Benzyl-N-(2-iodophenyl)-2-(N-methyl-2-
nitrobenzamido)benzamide 5e


To a solution of 5d (103 mg, 0.18 mmol), in dry THF (5 mL),
were added NaH (60%, 35 mg, 0.87 mmol) and methyl iodide
(0.1 mL, 1.60 mmol) and the mixture was stirred overnight at
rt under nitrogen. The residue was partitioned between DCM
and water, and the aqueous phase was extracted with DCM. The
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organic extracts were dried and filtered and the solvent was
removed under reduced pressure. The crude product was purified
by flash chromatography (petroleum ether to petroleum ether–
AcOEt 50%) to yield 5e (105 mg, quantitative). 1H-NMR (CDCl3,
300 MHz) conformer A d 3.23 (br s, 3H), 4.53 (d, J = 14.5 Hz, 1H),
5.72 (d, J = 14.5 Hz, 1H), 6.86–7.66 (m, 13H), 6.90 (dd, J = 7.7 and
1.5 Hz, 1H), 7.50 (dd, J = 7.9 and 1 Hz, 1H), 7.94 (dd, J = 7.9 and
1.4 Hz, 1H), 8.25 (dd, J = 7.6 and 1.8 Hz, 1H). Conformer B d 4.88
(d, J = 15 Hz, 1H), 5.14 (d, J = 15 Hz, 1H), other signals masked
by the major conformer. Conformer C d 4.32 (d, J = 13.8 Hz,
1H), 5.98 (d, J = 13.8 Hz, 1H), other signals masked by the major
conformer. Ratio 4.5 : 1 : 1. 13C-NMR (CDCl3, 75.5 MHz) d 41.2
(CH3), 53.2 (CH2), 98.3 (Cq), 124.5 (CH), 127.0 (CH), 127.3 (CH),
128.2 (3CH), 128.3 (CH), 129.1 (CH), 129.2 (2CH), 129.4 (CH),
129.6 (CH), 131.1 (CH), 133.0 (Cq), 133.5 (Cq), 133.6 (CH), 134.6
(CH), 137.1 (Cq), 139.8 (CH), 141.3 (Cq), 144.5 (Cq), 144.8 (Cq),
167.8 (Cq), 168.3 (Cq). IR (film) 1652 and 1529 cm−1. HRMS calcd
for C28H23N3O4I: 592.0728. Found: 592.0734. HPLC 5.59 min.


N-(2-Iodophenyl)-N-methyl-2-(2-nitrobenzamido)benzamide 5f


To a solution of 3o (371 mg, 1.05 mmol) and pyridine (0.5 mL,
6.19 mmol) in DCM (5 mL) was added 2-nitrobenzoyl chloride
(0.9%, 222 mg, 1.07 mmol). The mixture was stirred overnight at
rt and it was basified with NaHCO3 aqueous saturated solution
and extracted with DCM. The organic extracts were dried, filtered
and the solvent was removed under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether to
petroleum ether–AcOEt 50%) to yield 5f (460 mg, 87%). 1H-NMR
(CDCl3, 300 MHz) major conformer d 3.36 (s, 3H), 6.77 (t, J =
7.5 Hz, 1H), 6.91 (d, J = 8 Hz, 1H), 6.97 (dd, J = 8 and 1.5 Hz, 1H),
7.20–7.29 (m, 3H), 7.63–7.76 (m, 3H), 7.81 (d, J = 8 Hz, 1H), 8.10
(d, J = 8 Hz, 1H), 8.27 (d, J = 8.3 Hz, 1H), 9.97 (br s, 1H). Minor
conformer d 7.14–7.07 (m, 2H), 7.46–7.52 (m, 2H), 7.81–7.96 (m,
1H), 8.39–8.43 (m, 1H), 9.45 (s, 1H), other signals masked by the
major conformer. Ratio 6.5 : 1. 13C-NMR (CDCl3, 75.5 MHz) d
37.8 (CH3), 98.4 (Cq), 122.8 (CH), 123.2 (CH), 124.0 (CH), 124.8
(Cq), 128.6 (CH), 128.7 (CH), 129.2 (CH), 129.8 (CH), 129.9 (CH),
130.8 (CH), 131.0 (CH), 133.0 (Cq), 133.9 (CH), 137.0 (Cq), 140.1
(CH), 146.5 (Cq), 146.7 (Cq), 164.2 (Cq), 170.1 (Cq). IR (film)
3306, 1686, 1631 and 1529 cm−1. HRMS calcd for C21H17N3O4I:
502.0258. Found: 502.0264.


N-(2-Iodophenyl)-N-methyl-2-(N-ethyl-2-
nitrobenzamido)benzamide 5g


To a solution of 5f (98 mg, 0.2 mmol), in dry THF (5 mL), were
added NaH (60%, 39 mg, 0.97 mmol) and ethyl iodide (0.2 mL,
2.48 mmol) and the mixture was stirred at rt under nitrogen
overnight. The residue was partitioned between ethyl acetate and
water, and the aqueous phase was extracted with ethyl acetate.
The organic extracts were dried and filtered and the solvent was
removed under reduced pressure. The crude product was purified
by flash chromatography (petroleum ether to petroleum ether–
AcOEt 50%) to yield 5g (93 mg, 90%). 1H-NMR (CDCl3, 300
MHz) conformer A d 0.86–1.51 (m, 3H), 3.17–3.85 (m, 1H), 3.27
(s, 3H), 4.78–4.93 (m, 1H), 6.80–8.12 (m, 11H), 8.28–8.32 (m,
1H). Conformer B d 3.42 (s, 3H), other signals masked by major
conformer. Conformer C d 3.23 (s, 3H), other signals masked
by major conformer. Conformer D d 3.46 (s, 3H), other signals


masked by major conformer. Ratio 3.2 : 2.5 : 1.5 : 1. IR (film) 1649
and 1528 cm−1. HRMS calcd for C23H21N3O4I: 530.0571. Found:
530.0560. HPLC 4.49 min.


N-Ethyl-N-(2-iodophenyl)-2-(2-nitrobenzamido)benzamide 5h


To a solution of 3n (417 mg, 1.14 mmol) and pyridine (0.5 mL,
6.19 mmol) in DCM (5 mL) was added 2-nitrobenzoyl chloride
(0.9%, 260 mg, 1.26 mmol). The mixture was stirred at rt overnight
and it was basified with NaHCO3 aqueous saturated solution and
extracted with DCM. The organic extracts were dried and filtered
and the solvent was removed under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether to
petroleum ether–AcOEt 50%) to yield 5h (524 mg, 89%). 1H-NMR
(CDCl3, 300 MHz) major conformer d 1.18 (t, J = 7.2 Hz, 3H),
3.53 (dq, J = 7.2 and 6.9 Hz, 1H), 4.25 (dq, J = 7.2 and 6.9 Hz,
1H), 6.77 (ddd, J = 7.8, 7.5 and 1.2 Hz, 1H), 6.92 (dd, J = 7.5 and
1.2 Hz, 1H), 6.97 (dd, J = 7.5 and 1.2 Hz, 1H), 7.14 (dd, J = 7.8
and 1.5 Hz, 1H), 7.21–7.31 (m, 2H), 7.61–7.79 (m, 3H), 7.84 (dd,
J = 7.8 and 1.2 Hz, 1H), 8.13 (d, J = 8.1 Hz, 1H), 8.26 (d, J =
8.1 Hz, 1H), 9.91 (br s, 1H). Minor conformer d 1.15–1.21 (m, 1H,
masked by the major conformer), 3.63–3.77 (m, 1H), 3.81–3.95
(m, 1H), 6.77–8.30 (m, 12H, masked by the major conformer),
9.22 (br s, 1H). Ratio 5.5 : 1. 13C-NMR (CDCl3, 75.5 MHz) d
12.1 (CH3), 44.8 (CH2), 99.4 (Cq), 122.8 (CH), 123.2 (CH), 124.6
(Cq), 124.8 (CH), 128.3 (CH), 128.7 (CH), 129.2 (CH), 129.5 (CH),
130.8 (CH), 130.9 (CH), 131.2 (CH), 133.1 (Cq), 134.1 (CH), 136.9
(Cq), 140.3 (CH), 144.4 (Cq), 146.4 (Cq), 165.0 (Cq), 170.6 (Cq).
IR (film) 3307, 1682 and 1632 cm−1. HRMS calcd for C22H19N3O4I:
516.0415. Found: 516.0406.


N-Ethyl-N-(2-iodophenyl)-2-(N-methyl-2-
nitrobenzamido)benzamide 5i


To a solution of 5h (99 mg, 0.19 mmol), in dry THF (5 mL),
were added NaH (60%, 43 mg, 1.07 mmol) and methyl iodide
(0.15 mL, 2.40 mmol) and the mixture was stirred overnight at rt
under nitrogen. The residue was partitioned between ethyl acetate
and water, and the aqueous phase was extracted with ethyl acetate.
The organic extracts were dried and filtered and the solvent was
removed under reduced pressure. The crude product was purified
by flash chromatography (petroleum ether to petroleum ether–
AcOEt 50%) to yield 5i (102 mg, quantitative). 1H-NMR (CDCl3,
300 MHz) conformer A d 1.16 (t, J = 6.9 Hz, 3H), 3.28 (s, 3H),
3.66 (dq, J = 7.2 and 6.9 Hz, 1H), 4.58 (dq, J = 7.2 and 6.9 Hz,
1H), 6.76–7.68 (m, 8H), 7.79–8.01 (m, 3H), 8.22–8.27 (m, 1H).
Conformer B d 1.12 (t, J = 7.2 Hz, 3H), 3.20 (s, 3H), 3.53–3.60 (m,
1H), 3.95 (dq, J = 7.5 and 7.2 Hz, 1H), 6.76–8.27 (m, 12H, masked
by the major conformer). Conformer C d 3.52 (s, 3H), other signals
masked by major conformer. Ratio 4.5 : 2 : 1. IR (film) 1650
and 1529 cm−1. HRMS calcd for C23H21N3O4I: 530.0571. Found:
530.0577.


N-(2-Iodophenyl)-N-methyl-2-(N-methyl-2-
nitrobenzamido)benzamide 5j


To a solution of 5f (94 mg, 0.19 mmol), in dry THF (5 mL),
were added NaH (60%, 38 mg, 0.95 mmol) and methyl iodide
(0.15 mL, 2.41 mmol) and the mixture was stirred overnight
at rt under nitrogen. The residue was partitioned between ethyl
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acetate and water, and the aqueous phase was extracted with ethyl
acetate. The organic extracts were dried and filtered and the solvent
was removed under reduced pressure. The crude product was
purified by flash chromatography (petroleum ether to petroleum
ether–AcOEt 50%) to yield 5j (54 mg, 56%). 1H-NMR (CDCl3,
300 MHz) conformer A d 3.28 (s, 3H), 3.43 (s, 3H), 6.83–8.27
(m, 12H). Conformer B d 3.22 (s, 3H), 3.31 (s, 3H), 6.83–8.27 (m,
12H). Conformer C d 3.46 (s, 3H), 3.58 (s, 3H), 6.83–8.27 (m,
12H). Ratio 4.2 : 4 : 1. IR (film) 1657, 1650 and 1529 cm−1. HRMS
calcd for C22H19N3O4I: 516.0415. Found: 516.0411.


2-Benzamido-N-(2-iodophenyl)-N-methylbenzamide 5k


To a solution of 3o (399 mg, 1.13 mmol) and pyridine (0.5 mL,
6.19 mmol) in DCM (5 mL) was added benzoyl chloride (0.2 mL,
1.72 mmol). The mixture was stirred at rt overnight and it
was basified with NaHCO3 aqueous saturated solution and
extracted with DCM. The organic extracts were dried, filtered
and the solvent was removed under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether
to petroleum ether–AcOEt 50%) to yield 5k (335 mg, 65%). 1H-
NMR (CDCl3, 500 MHz) major conformer d 3.41 (s, 3H), 6.71 (t,
J = 7.5 Hz, 1H), 6.91 (t, J = 7.5 Hz, 1H), 6.97 (d, J = 7.5 Hz,
1H), 7.10 (d, J = 7.3 Hz, 1H), 7.23–7.29 (m, 2H), 7.52–7.57 (m,
3H), 7.78 (d, J = 7.7 Hz, 1H), 8.04 (d, J = 7 Hz, 2H), 8.48 (d,
J = 8.3 Hz, 1H), 10.70 (s, 1H). Minor conformer d 3.34 (s, 3H),
7.65–7.70 (m, 1H), 7.94–8.00 (m, 2H), 8.50–8.57 (m, 1H), 10.05
(s, 1H), other signals masked by the major conformer. Ratio 4.5 :
1. 13C-NMR (CDCl3, 125 MHz) d 38.0 (CH3), 98.5 (Cq), 121.9
(CH), 122.1 (CH), 122.9 (Cq), 127.3 (2CH), 128.8 (2CH), 129.0
(CH), 129.1 (CH), 129.57 (CH), 129.60 (CH), 131.1 (CH), 131.9
(CH), 134.6 (Cq), 138.3 (Cq), 140.3 (CH), 146.7 (Cq), 165.0 (Cq),
170.6 (Cq). IR (film) 3337, 1676 and 1634 cm−1. HRMS calcd for
C21H18N2O2I: 457.0407. Found: 457.0406.


2-(N-Benzylbenzamido)-N-(2-iodophenyl)-N-methylbenzamide 5l


To a solution of 5k (93 mg, 0.20 mmol), in dry THF (5 mL),
were added NaH (60%, 30 mg, 0.75 mmol) and benzyl bromide
(0.1 mL, 0.84 mmol) and the mixture was stirred overnight at rt
under nitrogen. The mixture was partitioned between ethyl acetate
and water, and the aqueous phase was extracted with ethyl acetate.
The organic extracts were dried and filtered and the solvent was
removed under reduced pressure. The crude product was purified
by flash chromatography (petroleum ether to petroleum ether–
AcOEt 50%) to yield 5l (81 mg, 73%). 1H-NMR (CDCl3, 300 MHz)
conformer A d 3.25 (s, 3H), 4.24 (d, J = 15 Hz, 1H), 6.05 (d,
J = 15 Hz, 1H), 6.55–7.97 (m, 18H). Conformer B d 3.42 (s,
3H) other signals masked by major conformer. Other conformers
masked. Ratio 1.33 : 1 : ?. IR (film) 1651 cm−1. HRMS calcd for
C28H23N2O2INa: 569.0696. Found: 569.0697. HPLC 5.45 min.


2-(N-Ethylbenzamido)-N-(2-iodophenyl)-N-methylbenzamide 5m


To a solution of 5k (90 mg, 0.197 mmol), in dry THF (5 mL), were
added NaH (60%, 45 mg, 1.125 mmol) and ethyl iodide (0.2 mL,
2.49 mmol) and it was stirred at rt under nitrogen overnight.
The mixture was partitioned between ethyl acetate and water, and
the aqueous phase was extracted with ethyl acetate. The organic
extracts were dried and filtered and the solvent was removed


under reduced pressure. The crude product was purified by flash
chromatography (petroleum ether to petroleum ether–AcOEt
50%) to yield 5m (67 mg, 70%). 1H-NMR (CDCl3, 300 MHz)
conformer A d 1.25 (t, J = 6.9 Hz, 3H), 3.23 (s, 3H), 3.60–3.90 (m,
2H), 6.54–7.98 (m, 12H). Conformer B d 3.36 (s, 3H), 4.34–4.51
(m, 1H), 4.60–4.74 (m, 1H) other signals masked by the major
conformer. Other conformers masked. Ratio 2 : 1 : ?. IR (film)
1647 cm−1. HRMS calcd for C23H21N2O2INa: 507.0540. Found:
507.0542. HPLC 5.48 min.


2-Benzamido-N-benzyl-N-phenylbenzamide 5n


To a solution of 4g (780 mg, 2.58 mmol) and pyridine (1 mL,
12.4 mmol) in DCM (10 mL) was added benzoyl chloride (0.4 mL,
3.44 mmol). The mixture was stirred overnight at rt and it was
basified with NaHCO3 aqueous saturated solution and extracted
with DCM. The organic extracts were dried and filtered and
the solvent was removed under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether
to petroleum ether–AcOEt 50%) to yield 5n (1.03 g, 98%). 1H-
NMR (CDCl3, 500 MHz) major conformer d 5.16 (s, 2H), 6.71
(ddd, J = 8, 7.5 and 1 Hz, 1H), 6.87–6.90 (m, 2H), 6.93 (dd,
J = 7.5 and 1 Hz, 1H), 7.09–7.17 (m, 3H), 7.21–7.23 (m, 3H),
7.25–7.30 (m, 3H), 7.52 (dd, J = 7.5 and 7 Hz, 2H), 7.58 (ddd,
J = 7.5, 7 and 1.5 Hz, 1H), 7.98 (d, J = 8.5 Hz, 1H), 8.40 (dd,
J = 8.5 and 1 Hz, 1H), 10.51 (s, 1H). Minor conformer d 7.46
(dd, J = 8 and 7.5 Hz, 1H), 8.10 (dd, J = 8.5 and 1 Hz, 1H),
other signals masked by the major conformer. Ratio 8 : 1. 13C-
NMR (CDCl3, 125 MHz) d 54.0 (CH2), 121.9 (CH), 122.4 (CH),
123.8 (Cq), 127.06 (CH), 127.16 (2CH), 127.23 (2CH), 127.5 (CH),
128.0 (2CH), 128.5 (2CH), 128.8 (2CH), 129.2 (2CH), 129.3 (CH),
130.8 (CH), 131.9 (CH), 134.4 (Cq), 136.9 (Cq), 138.0 (Cq), 143.1
(Cq), 165.1 (Cq), 170.2 (Cq). IR (film) 3332, 1677 and 1632 cm−1.
HRMS calcd for C27H23N2O2: 407.1754. Found: 407.1752.


N-Benzyl-2-(N-benzylbenzamido)-N-phenylbenzamide 5o


To a solution of 5n (205 mg, 0.50 mmol), in dry THF (5 mL),
were added NaH (60%, 80 mg, 2 mmol) and benzyl bromide
(0.3 mL, 2.51 mmol) and it was stirred overnight at rt under
nitrogen. The mixture was partitioned between ethyl acetate and
brine, and the aqueous phase was extracted with ethyl acetate.
The organic extracts were dried and filtered and the solvent was
removed under reduced pressure. The crude product was purified
by flash chromatography (petroleum ether to AcOEt) to yield
5o (188 mg, 75%). 1H-NMR (CDCl3, 300 MHz) d 4.10 (d, J =
15 Hz, 1H), 5.10–5.30 (m, 2H), 5.97 (d, J = 15 Hz, 1H), 6.54–7.70
(m, 24H). IR (film) 1644 cm−1. HRMS calcd for C34H28N2O2Na:
519.2043. Found: 519.2044. HPLC 5.42 min.


Attempted synthesis of ethyl 2-(2-[N-benzyl-2-
iodobenzamido]benzamido)benzoate


A solution of 3i (200 mg, 0.44 mmol) in thionyl chloride (5 mL) was
refluxed for 3 h. The excess of thionyl chloride was removed under
reduced pressure and the residue was dissolved in AcOEt (10 mL).
The solution was cooled to 0 ◦C and Et3N (0.5 mL, 3.59 mmol)
and ethyl 2-aminobenzoate (65 lL, 0.44 mmol) were added.
The mixture was allowed to warm to rt and stirred overnight.
The mixture was partitioned between ethyl acetate and aqueous
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NaHCO3 saturated solution, and the aqueous phase was extracted
with ethyl acetate. The organic extracts were dried and filtered
and the solvent was removed under reduced pressure. The crude
product was purified by flash chromatography (DCM) to yield 2-
(2-iodophenyl)-4H-benzo[d][1,3]oxazin-4-one 6a (114 mg, 75%).
1H-NMR (CDCl3, 300 MHz) d 7.24 (ddd, J = 7.8, 7.5 and 1.8 Hz,
1H), 7.53 (td, J = 7.5 and 1.2 Hz, 1H), 7.63 (td, J = 7.5 and
1.2 Hz, 1H), 7.79 (dd, J = 8.1 and 1.2 Hz, 1H), 7.89 (td, J =
7.8 and 1.8 Hz, 1H), 7.91 (td, J = 8.1 and 1.5 Hz, 1H), 8.08 (dd,
J = 7.8 and 1.2 Hz, 1H), 8.33 (dd, J = 7.8 and 1.5 Hz, 1H). 13C-
NMR (CDCl3, 75.5 MHz) d 94.6 (Cq), 116.9 (Cq), 127.3 (CH),
128.2 (CH), 128.6 (CH), 129.0 (CH), 130.9 (CH), 132.3 (CH),
135.5 (Cq), 136.7 (CH), 141.1 (CH), 146.2 (Cq), 157.8 (Cq), 159.2
(Cq). IR (film) 1764 cm−1. HRMS calcd for C14H9NO2I: 349.9672.
Found: 349.9672. Anal. calcd for C14H8NO2I (349.1) C, 48.16; H,
2.31; N, 4.01. Found: C, 48.59; H, 2.30; N, 3.96%. Mp 120–122 ◦C.


Attempted synthesis of ethyl 2-(2-[N-benzyl-1-
naphthamido]benzamido)benzoate


A solution of 3g (468 mg, 1.23 mmol) in thionyl chloride (10 mL)
was refluxed for 3 h. The excess of thionyl chloride was removed
under reduced pressure and the residue was dissolved in AcOEt
(12 mL). The solution was cooled to 0 ◦C and Et3N (2.6 mL,
18.6 mmol) and ethyl 2-aminobenzoate (0.18 mL, 1.22 mmol)
were added. The mixture was allowed to warm to rt and stirred
overnight. The mixture was partitioned between ethyl acetate and
aqueous NaHCO3 saturated solution, and the aqueous phase
was extracted with ethyl acetate. The organic extracts were
dried and filtered and the solvent was removed under reduced
pressure. The crude product was purified by flash chromatography
(DCM) to yield 2-(naphthalen-4-yl)-4H-benzo[d][1,3]oxazin-4-
one 6b (289 mg, 86%). 1H-NMR (CDCl3, 300 MHz) d 7.53–7.61
(m, 3H), 7.66 (ddd, J = 8.4, 6.9 and 1.5 Hz, 1H), 7.79 (dd, J =
8.1 and 1.2 Hz, 1H), 7.85 (dd, J = 6.9 and 1.5 Hz, 1H), 7.92 (dd,
J = 8.1 and 1.5 Hz, 1H), 8.04 (d, J = 8.1 Hz, 1H), 8.29 (dd,
J = 7.8 and 1.2 Hz, 1H), 8.31 (dd, J = 7.5 and 1.2 Hz, 1H), 9.15
(d, J = 8.4 Hz, 1H). 13C-NMR (CDCl3, 75.5 MHz) d 116.8 (Cq),
124.7 (CH), 125.7 (CH), 126.3 (CH), 126.8 (Cq), 127.3 (CH), 127.8
(CH), 128.46 (CH), 128.54 (CH), 128.8 (CH), 130.0 (CH), 130.7
(Cq), 133.1 (CH), 134.0 (Cq), 136.5 (CH), 146.7 (Cq), 157.6 (Cq),
159.7 (Cq). IR (film) 1762 cm−1. HRMS calcd for C18H12NO2:
274.0863. Found: 274.0863. Mp 108–130 ◦C.


N ,N ′-Di(2-iodobenzoyl)benzene-1,2-diamine 7a


To a solution of 1,2-diaminobenzene (255 mg, 2.36 mmol) and
pyridine (1 mL, 12.4 mmol) in DCM (10 mL), was added 2-
iodobenzoyl chloride (1.24 g, 4.65 mmol). The mixture was stirred
at rt under nitrogen for 24 h. To the resulting suspension petroleum
ether was added and the mixture was filtrated to obtain 7a as
an unsoluble solid (1 g, 75%) which was used without further
purification. m/z (ES−) 567 (100%, M–H+).


N ,N ′-Di(2-iodobenzoyl)-N ,N ′-dimethylbenzene-1,2-diamine 7b


To a suspension of 7a (102 mg, 0.18 mmol) in THF (25 mL), was
added NaH (60%, 60 mg, 1.5 mmol), and methyl iodide (0.50 mL,
8.04 mmol). The mixture was stirred at rt under nitrogen for 24 h.
The residue was partitioned between DCM and water, and the


aqueous phase was extracted with DCM. The organic extracts
were dried and filtered and the solvent was removed under reduced
pressure. The crude product was purified by flash chromatography
(petroleum ether to petroleum ether–AcOEt 50%) to yield 7b
(91 mg, 85%). 1H-NMR (CDCl3, 300 MHz) major conformer
d 3.26 (s, 3H), 7.14 (ddd, J = 7.8, 7.5 and 1.8 Hz, 2H), 7.33–7.37
(m, 2H), 7.44 (dd, J = 7.2 and 0.9 Hz, 2H), 7.46–7.52 (m, 2H),
7.57–7.60 (m, 2H), 7.91 (d, J = 7.8 Hz, 2H). Minor conformer
d 3.57 (s, 3H), 6.88 (td, J = 7.8 and 1.5 Hz, 2H), 7.04–7.92 (m,
8H, masked by the major conformer), 7.79 (d, J = 7.8 Hz, 2H).
Ratio 5 : 1. 13C-NMR (CDCl3, 75.5 MHz) d 39.9 (CH3), 92.4 (Cq),
126.9 (CH), 128.4 (CH), 129.3 (CH), 130.5 (CH), 130.6 (Cq), 139.5
(CH), 142.1 (Cq), 170.5 (Cq). IR (film) 1649 cm−1. HRMS calcd
for C22H19N2O2I2: 596.9530. Found: 596.9530. HPLC 5.50 min.


N ,N ′-Dibenzyl-N ,N ′-di(2-iodobenzoyl)benzene-1,2-diamine 7c


To a suspension of 7a (126 mg, 0.22 mmol) in THF (25 mL),
were added NaH (60%, 96 mg, 2.4 mmol), and benzyl bromide
(0.25 mL, 2.09 mmol). The mixture was stirred at rt under nitrogen
for 24 h. The residue was partitioned between DCM and water, and
the aqueous phase was extracted with DCM. The organic extracts
were dried and filtered and the solvent was removed under reduced
pressure. The crude product was purified by flash chromatography
(petroleum ether to petroleum ether–AcOEt 50%) to yield 7c
(132 mg, 79%). 1H-NMR (CDCl3, 300 MHz) d 4.33–4.97 (m,
4H), 5.95–6.05 (m, 1H), 6.56–7.93 (m, 21H). Complex mixture of
conformers. IR (film) 1649 cm−1. HRMS calcd for C34H27N2O2I2:
749.0156. Found: 749.0154.


X-Ray crystallography


Data for the X-ray crystal structures described in this paper have
been deposited with the Cambridge Crystallographic database.†


3a. Crystal data C20H15I2NO; M = 539.13; triclinic P-1; a =
9.0770(8) Å; b = 10.3330(9) Å; c = 10.9250(9) Å; a = 95.4550(10);
b = 101.4960(10); c = 106.2000(10); V = 951.82(14) Å3; T =
100(2) K; Z = 2; l = 3.310 mm−1; 8260 reflections; Rint = 0.0128;
R(F) 0.0188; CCDC reference number 299474.


3b. Crystal data C20H14I3NO; M = 665.02; orthorhombic
Pbcn; a = 17.2130(10) Å; b = 14.9120(8) Å; c = 15.6580(9) Å;
V = 4019.1(4) Å3; T = 100(2) K; Z = 8; l = 4.674 mm−1; 33041
reflections; Rint = 0.0250; R(F) 0.0255; CCDC reference number
299475.


7b. Crystal data C22H18I2N2O2·CH2Cl2; M = 681.11; mono-
clinic P2(1); a = 7.984(5) Å; b = 24.878(5) Å; c = 12.520(5) Å;
V = 2459.5(19) Å3; T = 100(2) K; Z = 4; l = 2.797 mm−1; 14331
reflections; Rint = 0.0267; R(F) 0.0411; CCDC reference number
299476.
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A novel and convenient approach, the domino retro Diels–Alder/Diels–Alder reaction sequence for
highly stereo- and regioselective synthesis of various bicyclo[2.2.2]octenone and
bicyclo[2.2.2]octadienone derivatives is presented. Thus, the masked o-benzoquinones (MOBs) 2a–e
generated by the pyrolysis of the respective dimers 3a–e participated in this novel synthetic strategy with
a variety of olefinic and acetylenic dienophiles at 220 ◦C to provide the title compounds in good to
excellent yields.


Introduction


The Diels–Alder (DA) reaction is clearly one of the most important
and widely used of all processes in organic synthesis. With
the potential of forming carbon–carbon, carbon–heteroatom
and heteroatom–heteroatom bonds, the reaction is a versatile
synthetic tool for constructing simple and complex molecules.1,2


Aside from the DA reaction, the retro Diels–Alder (rDA) is an
important part of the armory of the synthetic chemist seeking
to make alkenes or 1,3-dienes.3,4 The cycloreversion occurs when
the diene and/or dienophile are particularly stable molecules
(i.e. formation of an aromatic ring, nitrogen, carbon dioxide,
acetylene, ethylene, nitriles, etc.) or when one of them can be
easily removed or consumed in a subsequent reaction. Retro
DA followed by a DA reaction is one of the examples of a
domino reaction. In recent years there has been a great deal of
interest in the exploration of new domino reactions due to their
various advantages such as formation of several bonds in one
operation and obviating the need of isolating the intermediates and
changing the reaction conditions.5 Furthermore, domino reactions
proved to be economically and ecologically favorable because
of the minimization of solvents, reagents, adsorbents and labor.
Domino rDA/DA reactions, while finding limited application
compared to simple rDA processes, have been incorporated into
numerous synthetic sequences. Recent examples where a domino
rDA/DA process was utilized as one of the key steps include the
taxane skeleton,6 the DCB carbon framework of phorbol,7 and a
clever and efficient total synthesis of pseudoptabersonine.8 Highly
reactive selenoaldehydes were regenerated by the rDA process
and trapped with 2-methoxyfuran via a DA reaction to give new
selenium-containing heterocycles which thereby formed penta-2,4-
dienoates in high yields with deposition of elemental selenium.9 A
novel [1,3]benzoxazino[2,3-b][1,3]benzoxazine was also prepared
by a domino cascade of tandem rDA/DA transformation.10


Recently, the DA reactions of 6,6-dialkoxycyclohexa-2,4-
dienones, generically known as masked o-benzoquinones (MOBs),
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are extensively studied.11 MOBs are highly reactive and are known
for their facile dimerization.12 However, the bicyclo[2.2.2]octenone
derivatives are provided by the in situ generated MOBs when
trapped with various dienophiles.12–14 The synthetic potential of
these functionally rich bridged cycloadducts as valuable starting
materials was demonstrated on several instances by using them
as key synthons in the total synthesis of various structurally
complex natural products.11 In the course of our extensive inves-
tigations on the DA reactions of MOBs, we found MOBs derived
from guaiacol, 5-methyl- and 6-methyl-2-methoxyphenols and 5-
carbomethoxy-2-methoxyphenol produced the cycloadducts in
low yields along with a considerable amount of dimers.12–14 To
circumvent this problem, we have developed a detour method by
introducing an easily removable bromo substitution at C-4 of these
2-methoxyphenols. Though the overall yields of the DA adducts
are better by this method, it consists of three synthetic operations14


(sequential bromination of 2-methoxyphenol, oxidation and cy-
cloaddition, and debromination). In the context of minimizing the
number of steps involved in this route and in the view to improve
the yield of the cycloadducts, an alternative method, the domino
rDA/DA strategy, is sought for the synthesis of these bicyclic
compounds.15 We present herein a full account of our investiga-
tions on this novel and convenient approach for highly stereo-
and regioselective synthesis of various bicyclo[2.2.2]octenone and
bicyclo[2.2.2]octadienone derivatives, employing the dimers 3a–e
as starting compounds.


Results and discussion


Dimers 3a–e12,14b were synthesized in excellent yields by self-
dimerization of two MOBs via the DA reaction of a dienophilic
MOB and a dienic MOB when 2-methoxyphenols 1a–e in
methanol were treated with diacetoxyiodobenzene (DAIB) a
hypervalent iodine reagent as oxidizing agent (Scheme 1).


Our previous investigations on DA reactions of MOBs revealed
that 6,6-dimethoxycyclohexa-2,4-dienone (MOB 2a) is the most
unstable intermediate towards self-dimerization, leading to low
yields of desired DA adducts with concomitant formation of
dimer 3a.12,13 At the outset, dimer 3a was of interest to probe
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Scheme 1 Preparation of the dimers 3a–e.


Table 1 Standardization of domino rDA/DA reaction condition with
N-phenylmaleimide (9)


Yield (%)


Entrya Temperature/◦C Time/h 23a Recovered 3a


1 150 24 — 85
2 180 24 25 70
3 200 8 35 60
4 220 2 90 —
5 250 2 88 —


a 5 equivalents of dienophile (with respect to the MOB generated) were
used.


the proposed reaction. We initiated our study by selecting N-
phenylmaleimide (NPM, 9) as the dienophile, an excellent trapping
agent in rDA reactions,3 to optimize the reaction conditions. After
much experimentation, entry 4 of Table 1 was found to be the most
suitable conditions for the success of this process. Accordingly,
MOB 2a generated in situ by the pyrolysis of dimer 3a in anhydrous
mesitylene in the presence of dienophile 9 in a sealed tube at 220 ◦C
furnished the DA adduct 23a in 90% yield. At this point it should
be noted that 23a could be attained in 45% yield following method
A (see the Experimental section) in addition also led to 48% of
dimer 3a.16 The reaction was very slow at lower temperatures and
large amounts of starting material remained unchanged even after
longer reaction times (Table 1). The in situ generated MOB has
two competing reactions, DA dimerization and formation of the
expected DA adduct. At low temperatures it appears that the rate
of DA dimerization is higher compared to the rate of DA reaction
between MOB and the added dienophile and the pre-equilibrium
of MOB dimer and MOB is slow.


The dramatic increase in the yield of 23a encouraged us to
apply this strategy to dienophiles, methyl acrylate (4, 25 eq.) and
styrene (8, 25 eq.) separately. Polymerization of these dienophiles
took place, making the purification of formed DA adducts from
the reaction mixtures difficult. At this instant it was predicted
that if lower molar ratios of these dienophiles are used, the
reaction might not be complete but purification of the products
formed should become easy as the amount of polymer formed


would be less. Subsequently 5 eq. of dienophiles 4 and 8 were
used in the reaction. To our surprise, DA adducts 18aN +
18aX (83% for dienophile 4); 22aN + 22aX (85% for dienophile
8) were produced in very good yields and easily purified by
column chromatography but the stereoisomers formed could
not be separated (entry 1 and 5 of Table 2). Though the present
strategy gave inseparable mixture of stereoisomers, it became
clear that both the electron-rich and electron-poor dienophiles
are compatible for this reaction (Scheme 2).


Scheme 2 Domino rDA/DA approach for the synthesis of bicy-
clo[2.2.2]octenones and bicyclo[2.2.2]octadienones.


Recent studies on inverse electron-demand DA reactions,
dienophiles benzyl vinyl ether (6), vinyl phenyl sulfide (7) and
dihydrofuran (12) gave lower yields of cycloadducts with MOB 2a,
along with substantial amounts of dimer 3a.13 We envisaged the
possibility of using the present protocol with these dienophiles.
The dienophiles 6, 7 and 12 could afford the DA adducts in
81–87% total yields (entries 3, 4 and 13 of Table 2) with 8% of
stereoisomers 20aX and 21aX in the cases of dienophiles 6 and 7,
respectively. It is interesting to note entry 15 of Table 2; dimer 3a
and dicyclopentadiene (13) provided the DA adduct 27a in 81%
yield via the DA reaction of their in situ generated monomers
(MOB 2a and cyclopentadiene).


At this stage, we decided to apply this strategy to the dienophiles
cyclopentene (10) and 2,4-cyclohexadiene (11) which failed to
undergo DA reaction with MOB 2a in previous methods.17


Although a greater number of equivalents of dienophile 10 had to
be used, DA adduct 24a was achieved in considerable yield (35%,
entry 10 of Table 2). Dienophile 11 did not give the expected
product, instead DA adduct 25 was obtained in acceptable yield
(Fig. 2 and entry 10 of Table 2). The diagnostic analytical data
shown in Fig. 2 suggest the formation of compound 25. For an
externally added conjugated diene there are two possible reaction
pathways; (i) MOB can act as a diene while the added conjugated
diene acts as a dienophile or (ii) when added conjugated diene acts
as a diene, MOB acts as a dienophile.


Our earlier reports on the DA reactions of MOBs with cyclopen-
tadiene gave a mixture of adducts (following both the reaction
pathways) in different ratios, depending on the substitution of
MOB.18 But at higher temperatures a more stable bicyclo[2.2.2]
system was obtained as a single product after Cope rearrangement
of the initially formed side product.18 This dual nature of MOB
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was observed both in inter- and intramolecular versions of DA
reactions.19,20 The current example, namely cyclohexadiene (11),
might be following the second reaction pathway or the adduct 25
is more stable than the other possible products under the reaction
conditions utilized.


The reaction was further exploited with acetylenic dienophiles
14–17 (Fig. 1) which are known to be less reactive in DA
reactions with MOBs. Generally, higher temperatures are required
to obtain DA adducts with acetylenic dienophiles. Thus, only
stable MOBs, which are less prone to self-dimerization, had to be
used in these reactions.21–23 On the other hand, the present strategy
could provide an easy access to the bicyclo[2.2.2]octadienones in
excellent yields. Initially, dimethylacetylenedicarboxylate (15) was
used in the reaction to produce 29a (92%, entry 2 of Table 3).
In contrast to phenylacetylene (16) and 1-hexyne (17), which
provided single regioisomers 30aN and 31aN, respectively, (entry
7, 8 of Table 3) ethyl propiolate (14) gave two regioisomers 28aN
and 28aX in an almost 1 : 1 ratio (entry 1 of Table 3). This may be
attributed to the profound electron-donating effect of phenyl in 16
and alkyl in 17 than the ethoxy carbonyl group in 14; the observed
behavior of these dienophiles is in accord with our previous
investigations.22,23 These results are particularly pertinent since
earlier attempts to synthesize these bicyclo[2.2.2]octadienones
were unsuccessful. Thus, our new approach looks to be superior
to the existing procedures for acetylenic dienophiles.


Having established the efficacy of this methodology with dimer
3a and a number of olefinic and acetylenic dienophiles, we
speculated this reaction could be generalized to other MOB dimers


Fig. 1 Dienophiles successfully employed in this study.


Fig. 2 MOB 3a acting as dienophile.


bearing electron-donating and electron-withdrawing substituents.
Thus, our attention was turned to the dimers 3b–e. The study
was performed with a few selected dienophiles, namely 9, 13 and
15. When NPM (9) was treated separately with the dimers 3b–
e under similar conditions as for dimer 3a, DA adducts 23b–
e could be obtained in 81–96% yields (entries 6–9 of Table 2),
thus proving the generality of this protocol. Encouraged by this
result, when dicyclopentadiene (13) was used, DA adducts 27b–e
(entries 16–19 of Table 2) could be obtained in good yields via
DA reaction of in situ generated monomers, i.e. cyclopentadiene
and MOBs 2b–2e. Acetylenic dienophile 15 produced 29b–d in
excellent yields as shown in Table 3, whereas in previous methods21


the reaction led to the exclusive formation of the corresponding
self-dimerization products. Dienophile 9, which gave only 45%
of DA adduct with MOB 2e in method A, provided 81% in
this protocol. Similarly, dienophile 2,3-dihydrofuran (12) which
previously gave a 36% yield of 26e, could be improved to 50%.
Interestingly, when acetylenic dienophile DMAD (15) was used
in the reaction, no desired bicyclic compound could be isolated,
instead compound 3224 was obtained in 50% yield whose formation
is expected to come from the initially formed DA adduct as
depicted in Scheme 3. An uncharacterizable product was also
isolated along with compound 32. Attempts to isolate the DA
adduct at lower temperatures 180 ◦C and 200 ◦C failed, and
the reactions provided the same products, compound 32 and an
unknown compound, though the reaction was not complete with
large amounts of dimer still present.


Scheme 3 Domino rDA/DA followed by rDA providing 32.


The structures of all the new compounds were assigned on
the basis of their IR, 1H NMR and 13C NMR, DEPT, and low-
and high-resolution mass spectral analyses. For most of the high-
resolution mass spectra recorded in electron impact mode (70 eV),
the peaks corresponding to the molecular ion (M+) could not be
seen; instead the peaks corresponding to M+ −28 were observed,
indicating that the extrusion of CO resulted from facile fragmen-
tation. The 1H NMR of the known compounds 18aN–22aN, 23a,
23d, 26a, 26e, 27a–e and 32 were compared with those of the
authentic compounds.12,13,16–18,24 All the cycloadducts exhibited IR
absorptions at 1731–1742 cm−1 due to the characteristic features of
the carbonyl functional group adjacent to a,a-dimethoxyl groups
in the functionalized bicyclo[2.2.2]octenone skeleton.12–14,19 All the
compounds showed 13C resonance at about d 192.1–204.6 and d
89.2–95.0 revealing the presence of carbonyl and a quarternary
carbon bearing two methoxy groups.


The regio- and stereochemistry of the new compounds were
confirmed by decoupling and NOE experiments. For instance,
in 20aX, saturation of both the –OMe gave rise to an increase
in the signal intensity of Hc (1.9%) while the saturation of Hc
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Table 3 Domino rDA/DA reactions of MOB dimers 3a–e with selected acetylenic dienophiles


Method A


Entrya Dimer Dienophile/eq.b Reaction time/h Adduct/yield (%) Adduct/yield (%) Equivalentsb


1 3a 2 28aN or 28aX/0c 25


2 3a 2 29a/0c 25


3 3b 8 29b/0c 10


4 3c 1.5 29c/0c 10


5 3d 2 29d/0c 10


6 3e 2 29e/0c 10


7d 3a 2 30aN/0c 25


8d 3a 8 31aN/0c 30


a A 0.25 M solution of dimer in mesitylene was used in the reaction. b Number of equivalents of dienophile used is with respect to the MOB generated.
c Exclusive formation of dimer of the corresponding MOB. d Reaction was conducted in the absence of solvent.


brought about a significant NOE effect in Hd (1.1%) and He (1.4%)
thus confirming the assigned regiochemistry. As the structure
of 20aN was already confirmed earlier, 20aX should be none
other than its stereoisomer, hence confirming the regio- and
stereochemistry. Similarly, in the case of 21aX, NOE studies could
provide the structure of this bicyclo[2.2.2]octenone (Fig. 2). For
28aN, the regiochemistry was confirmed by irradiating Hc to find
an enhancement in the signal intensity of Hd (1.6%). Likewise,
saturation of He in compound 28aX brought about a significant
NOE effect on Hd (1.3%), confirming the assigned regiochemistry.
The regiochemistry of 30aN and 31aN were also assigned in a
similar way on the basis of NOE studies. (Fig. 3). On the basis
of these analyses, the inseparable products 18aX and 22aX are
tentatively assigned as exo isomers of 18aN and 22aN, respectively.


The regioselectivity of these cycloadditions were very high in
many cases, and are in accord with our earlier results due to


the greater influence of the carbonyl functionality than the two
methoxy groups present on the MOB moiety.12,13 The selectivities
observed in the present study have literature precedents.11 The
results illustrated here are particularly notable due to their high
regio- and stereoselectivities, even in such harsh conditions. To
gain more insight into whether the formation of the stereoisomers
18aX, 20aX, 21aX and 22aX is a kinetically controlled or
thermodynamically controlled process, the following reactions
were carried out. We separately subjected 20aN and 21aN to the
standard rDA/DA reaction conditions (mesitylene, sealed tube,
220 ◦C) and did not observe any 20aX and 21aX as indicated
by the 1H NMR of crude reaction mixtures, suggesting that the
formation of isomers is a kinetically, rather than thermodynam-
ically, controlled process. Analogous experiments were executed
with 18aN and 22aN, which were synthesized by following the
previously reported procedures. Even in these cases, no 18aX
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Fig. 3 1H NMR studies of NOE (%) for 20aX, 21aX, 28aN, 28aX, 30aN
and 31aN.


and 22aX were observed in the 1H NMR of their crude reaction
mixtures.


Conclusions


In summary, a detailed investigation of the domino rDA/DA
reaction, a novel and efficient approach to synthesize bicy-
clo[2.2.2]octenones and bicyclo[2.2.2]octadienones, is presented.
Though the reaction works well with a series of electronically
and sterically distinct olefinic and acetylenic dienophiles (Fig. 1),
there were quiet a few dienophiles which could not undergo this
tandem rDA/DA reaction to provide the expected DA adducts.
The failure of the reaction with dienophiles cyclopentenone and
cyclohexenone can be attributed to their fixed s-trans configura-
tion; steric factors influence the reactivity of dienophiles like 4,4-
dimethylcyclopentene and 2,2-dimethyl-4-cyclopenta-1,3-dione.
The reaction of MOBs with monosubstituted acetylenes, com-
pared to the corresponding disubstituted ones [diphenylacetylene,
bis(trimethylsilyl)acetylene] may arise basically from the steric
effect. However, the effects of substituents on the relative reactivity
in the cases of mono- and di-substituted acetylenes is presumably
derived from electronic effects which may not be ruled out. Other
factors can be ascribed to the side reactions (polymerization,
decomposition) which resulted in messy 1H NMR readings.


The choice in the synthetic strategy of domino rDA/DA
methodology served 4 main purposes; (i) improving the yield
of DA adducts, (ii) utilization of a dimer which was a side
product in the DA reactions of MOBs, (iii) decreasing the number
of synthetic steps, (iv) decreasing the number of equivalents of
dienophiles, thus making it a cost effective method. Even though
the dienophiles 4–8 and 14 produced two stereoisomers in this
protocol, an increase in the yield of the endo-adduct, which is the
major reaction product, was observed and the two stereoisomers
in the cases of dienophiles 6, 7 and 14 could be easily separated
by column chromatography. Under these conditions 27a–e were
achieved in good yields, although previous method still offered
the best results. The results showed remarkable selectivity even at
that higher temperature. As a new direct and efficient method for
the preparation of highly functionalized bicyclo[2.2.2]octenones
and bicyclo[2.2.2]octadienones, we have discovered that this


methodology should prove to be of value in various synthetic
applications.


Experimental section


Unless stated otherwise, reagents were obtained from commercial
sources and used without further purification. All reactions were
performed under a nitrogen atmosphere in anhydrous solvents
which were dried prior to use following standard procedures.
Reactions were monitored with thin-layer chromatography carried
out on 0.25 mm E. Merck silica gel plates (60F-254) using 7%
ethanolic phosphomolybdic acid as developing agent. The product
composition of each reaction was determined from the 1H NMR
(400 MHz) spectrum of the crude reaction mixture. Standard
column chromatography was performed using 230–400 mesh silica
gel obtained from E. Merck. Melting points are uncorrected. IR
spectra were recorded as films on NaCl plates. 1H and 13C spectra
were recorded at 400 and 100 MHz, respectively, in CDCl3 and
chemical shifts are reported in d (ppm) using solvent resonance
as the internal reference. Mass spectra were recorded by the NSC
Instrumentation Center at Hsinchu, Taiwan. Elemental analyses
were performed by the NSC Instrumentation Center at Taichung,
Taiwan.


General procedure for the preparation of the dimers 3a–e


To a solution of phenol (1 mmol) in dry methanol was added
at room temperature DAIB (1.2 mmol) previously dissolved in
methanol. The reaction mixture was left overnight to stir at am-
bient temperature. Solvent was removed with rotary evaporation
and then treated with saturated NaHCO3 and then ethylacetate
was used for the extraction. The crude product remaining after the
removal of solvent was recrystallised from ethyl acetate–hexane to
give the corresponding dimer.


General procedure for the domino rDA/DA reaction


To a solution of 0.25 mmol of the dimer in 1 ml of mesitylene in
a tube was added a specified equivalents of dienophile. The tube
was then sealed after degassing by freeze-thaw purge technique.
Reaction mixture was subjected to the appropriate temperature
for an appropriate time to give the corresponding products.


General procedure for method A


To a mixture of DAIB (2 mmol) and dienophile in MeOH (6 mL)
was added a 2-methoxyphenol (1 mmol) in MeOH (4 mL) during a
period of 1 h time with the aid of a syringe pump at rt. The reaction
mixture was stirred until the reaction was complete. Then, all the
volatiles were removed under reduced pressure and the residue was
subjected to purification by column chromatography on silica gel
using a mixture of ethyl acetate and hexanes as eluent to obtain
the cycloadducts.


The analytical data for compounds 3a,14b 3b,14b 3c,14b 3d,12 3e,12


18aN,12 19aN,12 20aN,13 22aN,13 26a,13 26e,13 and 3224 are identical
with those already reported in the literature.


Methyl (1R*,2R*,4S*)-8,8-dimethoxy-7-oxobicyclo[2.2.2]oct-5-
ene-2-carboxylate (18aX). Selected 1H NMR peaks dH


(400 MHz, CDCl3) (from the mixture) 2.11–2.14 (2 H, m, CH2),
3.16–3.19 (1 H, m, CHCO2Me), 3.31 (3 H, s, OCH3), 3.35 (3 H,
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s, OCH3), 3.67 (3 H, s, CO2CH3), 6.23 (1 H, ddd, J 1.6, 6.4,
8.0, CH=CH), 6.29 (1 H, ddd, J 1.6, 6.4, 8.0, CH=CH). The
following data is obtained for the mixture of endo and exo-isomers,
mmax(film)/cm−1 of the mixture 2952, 2836, 1744, 1737, 1093, 1061;
dC(100 MHz, CDCl3) 24.2 (CH2), 25.9 (CH2), 37.4 (CH), 38.3
(CH), 38.6 (CH), 41.5 (CH), 47.4 (CH), 49.7 (CH3), 49.9 (CH),
50.2 (CH3), 52.1 (CH3), 93.7 (C), 125.7 (CH), 129.2 (CH), 132.0
(CH), 135.3 (CH), 173.3 (C), 201.0 (C); m/z (EI) 212.1080 (M+ −
CO, C12H16O5 requires 212.1049) 211 (19), 201 (54), 195 (33), 183
(40), 180 (95), 173 (30), 167 (85), 166 (73).


(1R*,4S*,7R*)-7-(Benzyloxy)-3,3-dimethoxybicyclo[2.2.2]oct-
5-en-2-one (20aX). Obtained as a colorless oil; mmax(film)/cm−1


3102, 3023, 2944, 1742, 1057, 728 and 696; dH (400 MHz, CDCl3)
1.85 (1 H, ddd, J 3.6, 9.6 and 13.2, CH2), 1.97 (1 H, ddd, J 2.8,
6.4 and 13.2, CH2), 3.10 (1 H, m, CH–C(OMe)2), 3.31 (3 H, s,
OCH3), 3.34 (3 H, s, OCH3), 3.52 (1 H, ddd, J 1.2, 3.6 and 6.8,
CH–CO), 3.82 (1 H, ddd, J 3.6, 6.4 and 9.6, BnO–CH), 4.56 (1 H,
d, J 12.0, Ar–CH2–O), 4.61 (1 H, d, J 12.0, Ar–CH2–O), 6.02
(1 H, ddd, J 1.6, 6.8 and 8.0, CH=CH), 6.41 (1 H, ddd, J 1.2,
6.4 and 8.0, CH=CH), 7.23–7.30 (5 H, m, Ar–H); dC(100 MHz,
CDCl3) 28.6 (CH2), 38.4 (CH), 49.8 (CH3), 50.0 (CH3), 53.2 (CH),
70.3 (CH2), 75.7 (CH), 94.4 (C), 125.6 (CH), 127.3 (CH), 127.6
(2 × CH), 128.3 (2 × CH), 136.3 (CH), 140.0 (C), 201.3 (C); m/z
(EI) 260.1468 (M+ − CO, C16H20O3 requires 260.1412) 260 (M+ −
CO, 7), 181(7), 105 (16), 91 (100), 79 (12), 77 (14), 69 (8), 59 (17).


(1S*,4R*,7R*)-3,3-Dimethoxy-7-(phenylsulfanyl)bicyclo[2.2.2]-
oct-5-en-2-one (21aN). Obtained as a light brown colored oil; dH


(400 MHz, CDCl3) 1.22 (1 H, ddd, J 2.8, 5.2 and 13.2, CH2), 2.53
(1 H, ddd, J 2.8, 8.0 and 13.2, CH2), 3.09 (1 H, m, CH–C(OMe)2),
3.23 (1 H, ddd, J 1.4, 2.4 and 6.2, CH–CO), 3.28 (3 H, s, OCH3),
3.29 (3 H, s, OCH3), 3.65 (1 H, ddd, J 2.4, 6.0 and 8.0, PhS–CH),
6.15 (1 H, dddd, J 1.2, 1.4, 6.2 and 8.0, CH=CH), 6.48 (1 H,
ddd, J 1.4, 6.2 and 8.0, CH=CH), 7.26–7.36 (5 H, m, Ar–H);
dC(100 MHz, CDCl3) 28.3 (CH2), 38.4 (CH), 41.5(CH), 49.8
(CH3), 50.0 (CH3), 52.3 (CH), 93.7 (C), 126.1 (CH), 127.3 (CH),
129.0 (2 × CH), 131.5 (2 × CH), 134.6 (CH), 135.6 (C), 200.9 (C).


(1S*,4S*,7R*)-3,3-Dimethoxy-7-(phenylsulfanyl)bicyclo[2.2.2]-
oct-5-en-2-one (21aX). Obtained as a light brown colored oil;
mmax(film)/cm−1 3060, 2963, 2944, 2360, 1741, 1057, 740, 691; dH


(400 MHz, CDCl3) 1.91 (1 H, ddd, J 2.4, 7.2 and 14.0, CH2), 2.04
(1 H, ddd, J 3.2, 5.2 and 14.0, CH2), 3.15 (2 H, ddd, J 1.6, 2.8
and 4.4, CH–C(OMe)2 and CH–CO), 3.31 (3 H, s, OCH3), 3.34
(1 H, ddd, J 3.2, 5.2 and 7.2, PhS–CH), 3.40 (3 H, s, OCH3), 6.08
(1 H, ddd, J 1.6, 6.4 and 8.0, CH=CH), 6.45 (1 H, ddd, J 1.6, 6.4
and 8.0, CH=CH) 7.26–7.32 (3 H, m, Ar–H), 7.45–7.47 (2 H, m,
Ar–H); dC(100 MHz, CDCl3) 27.5 (CH2), 38.7 (CH), 43.5 (CH),
49.7 (CH3), 49.9 (CH3), 52.4 (CH), 66.1 (C), 94.1 (C), 127.8 (CH),
128.3 (CH), 129.1 (2 × CH), 133.3 (2 × CH), 136.0 (CH), 200.7
(C); m/z (EI) 262.1069 (M+ − CO, C15H18O2S requires 262.1028)
231 (3), 153 (100), 121 (38), 79 (33), 77 (41), 75 (75), 47 (23), 28
(48).


(1R*,4S*,7R*)-3,3-Dimethoxy-7-phenylbicyclo[2.2.2]oct-5-en-
2-one (22aX). Selected 1H NMR dH (400 MHz, CDCl3) (from
the mixture) 2.01 (1 H, dt, J 3.6, 12.8 and 12.8, CH2), 2.15 (1 H,
dd, J 6.4 and 14.0, CH2), 6.34 (1 H, t, J 7.6, CH=CH), 6.44 (1 H,
t, J 7.2, CH=CH). The following data is obtained for the mixture
of endo and exo-isomers, mmax(film)/cm−1 3065, 3031, 2968, 2944,


1737, 1095, 1056, 764 and 691; dC(100 MHz, CDCl3) d 29.6 (CH2),
29.9 (CH2), 39.3 (CH), 49.9 (CH3), 50.2 (CH3), 55.0 (CH), 93.9
(C), 125.8 (CH), 126. 7(CH), 127.5 (CH), 127.7 (CH), 135.4 (CH),
144.2 (C), 201.7 (C); m/z (EI) 230.1339 (M+ − CO, C15H18O2


requires 230.1307) 230 (100), 155 (69), 128 (18), 91 (44), 75 (74),
59 (23), 51 (16).


(1R*,2R*,6R*,7R*) - 9,9 - Dimethoxy - 4 - phenyl - 4 - azatricyclo-
[5.2.2.02,6]undec-10-ene-3,5,8-trione (23a). Obtained as a white
colored solid, mp 227–228 ◦C; mmax(film)/cm−1 2975, 2839, 1781,
1735, 1718, 1598 and 1498; dH (400 MHz, CDCl3) 3.34 (3 H, s,
OCH3), 3.38 (1 H, dd, J 3.2, 8.4 Hz, CH–CH), 3.40 (3 H, s,
OCH3), 3.56 (1 H, dd, J 3.6, 8.4 Hz, CH–CH), 3.74 (1 H, ddd,
J 1.6, 3.2 and 6.4, CH–C(OMe)2), 3.79 (1 H, ddd, J 1.2, 3.6 and
6.4, CH–CO), 6.25 (1 H, ddd, J 1.6, 6.4 and 8.0, CH=CH), 6.42
(1 H, ddd, J 1.2, 6.4 and 8.0, CH=CH), 7.16 (2 H, dd, J 1.6 and
3.6, Ar–H), 7.42 (3 H, m, Ar–H); dC(100 MHz, CDCl3) 40.0 (CH),
40.7 (2 × CH), 48.8 (CH), 50.3 (2 × CH3), 92.9 (C), 126.3 (2 ×
CH), 127.0 (CH), 128.9 (CH), 129.2 (2 × CH), 131.5 (C), 133.1
(CH), 174.9 (C), 176.3 (C), 198.4 (C); m/z (EI) 299.1156 (M+ −
CO, C17H17NO4 requires 299.1157), 299 (M+ − CO, 72), 284 (76),
252 (100), 151 (6), 121 (13), 105 (36), 76 (11).


(1R*,2R*,6S*,7R*)-9,9-Dimethoxy-7-methyl-4-phenyl-4-aza-
tricyclo[5.2.2.02,6]undec-10-ene-3,5,8-trione (23b). mmax(film)/cm−1


3067, 2978, 2944, 2837, 1779, 1741, 1714, 1598, 1498 and 1456;
dH (400 MHz, CDCl3) 1.57 (3 H, s, CH3), 2.98 (1 H, d, J 8.4,
CH–CH), 3.34 (3 H, s, OCH3), 3.40 (3 H, s, OCH3), 3.57 (1 H, dd,
J 3.2 and 8.4, CH–CH), 3.75–3.78 (1 H, m, CH–C(OMe)2), 5.92
(1 H, dd, J 0.8 and 8.4, CH=CH), 6.38 (1 H, dd, J 6.4, 8.0 Hz,
CH=CH), 7.15–7.43 (5 H, m, Ar–H); dC(100 MHz, CDCl3) 14.7
(CH3), 40.2 (CH), 41.5 (CH), 44.7 (CH), 50.3 (2 × CH3), 51.2 (C),
92.7 (C), 126.4 (2 × CH), 128.9 (CH), 129.2 (2 × CH), 131.6 (C),
132.1 (CH), 132.7 (CH), 174.3 (C), 176.3 (C), 200.2 (C); m/z (EI)
313.1327 (M+ − CO, C18H19NO4 requires 313.1314), 313 (24), 298
(28), 266 (19), 264 (100).


(1R*,2R*,6R*,7S*)-9,9-Dimethoxy-11-methyl-4-phenyl-4-aza-
tricyclo[5.2.2.02,6]-undec-10-ene-3,5,8-trione (23c). mmax(film)/cm−1


2972, 2946, 2837, 1779, 1738, 1713, 1498, 1384, 1189 and 1138;
dH (400 MHz, CDCl3) 1.85 (3 H, s, CH3), 3.34 (3 H, s, OCH3),
3.34 (1 H, m, CH–CH), 3.39 (3 H, s, OCH3), 3.40 (1 H, d, J
3.2 Hz, CH–CH), 3.60 (1 H, m, CH–C(OMe)2), 3.68 (1 H, dd, J
1.6, 6.8 Hz, CH–CO), 6.00 (1 H, m, CH=CCH3), 7.12–7.47 (5
H, m, Ar–H); dC(100 MHz, CDCl3) 20.8 (CH3), 40.5 (CH), 40.6
(CH), 40.7 (CH), 50.1 (CH3), 50.4 (CH3), 53.9 (CH), 93.3 (C),
124.6 (CH), 126.3 (2 × CH), 129.0 (CH), 129.3 (2 × CH), 131.6
(C), 137.3 (C), 175.0 (C), 176.6 (C), 198.3 (C); m/z (EI) 313.1331
(M+ − CO, C18H19NO4 requires 313.1314) 313 (32), 298 (41), 268
(18), 267 (100), 194 (10).


(1R*,2R*,6R*,7R*)-9,9-Dimethoxy-10-methyl-4-phenyl-4-aza-
tricyclo[5.2.2.02,6]-undec-10-ene-3,5,8-trione (23d). Obtained as a
white solid, mp 165–166 ◦C; (found: C, 66.61; H, 5.91; N, 3.98,
C19H19 NO5 requires C, 66.85; H, 5.61; N, 4.10%): mmax(film)/cm−1


2945, 2824, 1765, 1742, 1713, 1062 and 754; dH (400 MHz, CDCl3)
1.92 (3 H, d, J 1.6, CH3), 3.60 (6 H, s, 2 × OCH3), 3.36 (1 H, dd, J
3.6 and 8.6, CH–CH), 3.52 (1 H, dd, J 3.4 and 8.6, CH–CH), 3.61
(1 H, dd, J 1.8 and 3.6, CH–C(OMe)2), 3.63 (1 H, dd, J 3.4 and
6.0 Hz, CH–CO), 5.82 (1 H, ddq, J 1.6, 6.0 and 1.8, CH=CCH3),
7.12–7.15 (2 H, m, Ar–H), 7.38–7.45 (3 H, m, Ar–H); dC(100 MHz,
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CDCl3) 21.8 (CH3), 39.9 (CH), 41.1 (CH), 45.4 (CH), 48.8 (CH),
50.1 (CH3), 50.7 (CH3), 93.1 (C), 118.1 (CH), 126.2 (2 × CH),
128.8 (CH), 129.2 (2 × CH), 131.6 (C), 144.1 (C), 175.2 (C), 176.2
(C), 198.5 (C); m/z (EI) 313.1314 (M+ − CO, C18H19NO4 requires
313.1314) 313 (M+ − CO, 85), 298 (33), 266 (100), 135 (10), 119
(21), 91 (20), 59 (9)


Methyl (1R*,2R*,6R*,7S*)-10,10-dimethoxy-3,5,11-trioxo-4-
phenyl-4-azatricyclo[5.2.2.02,6]undec-8-ene-8-carboxylate (23e).
mmax(film)/cm−1 1716 and 1748; dH (400 MHz, CDCl3) 3.33 (3 H, s,
OCH3), 3.42 (3 H, s, OCH3), 3.47 (1 H, dd, J 3.2 and 8.0,
CH–CH), 3.58 (1 H, dd, J 3.2 and 8.0, CH–CH), 3.76 (3 H, s,
CO2CH3), 3.98 (1 H, dd, J 3.2 and 8.0, CH–C(OMe)2), 4.33
(1 H, dd, J 2.0 and 1.6, CH–CO), 7.07 (1 H, dd, J 1.6 and
8.0, CH=CCO2CH3), 7.30–7.44 (5 H, m, Ar–H); dC(100 MHz,
CDCl3) 39.6 (CH), 40.6 (CH), 41.5 (CH), 48.1 (CH), 50.2 (CH3),
50.2 (CH3), 52.5 (CH3), 92.4 (C), 126.2 (2 × CH), 128.9 (CH),
129.2 (2 × CH), 130.9 (C), 131.2 (C), 140.9 (CH), 162.6 (C), 173.7
(C), 175.5 (C), 197.2 (C); m/z (EI) 385.1172 (M+, C20H19O7N
requires 385.1162), 357 (M+ − 28, 29), 311 (19), 310 (100), 179
(11), 163 (38).


(1R*,2R*,6S*,7R*)-9,9-Dimethoxytricyclo[5.2.2.02,6]undeca-10-
en-8-one (24a). Obtained as a colorless oil; mmax(film)/cm−1 2918,
1731 and 1415; dH (400 MHz, CDCl3) 1.20 (3 H, m), 1.64 (1 H,
broad dd, J 6.0), 1.82 (2 H, m), 2.46 (1 H, ddd, J 2.4, 8.0 and 9.6),
2.57 (1 H, ddd, J 2.8, 9.6 and 10.0), 3.08 (2 H, m), 3.28 (3 H, s,
OCH3), 3.30 (3 H, s, OCH3), 6.09 (1 H, dddd, J 1.2, 2.4, 6.0 and
8.0, CH=CH), 6.32 (1 H, ddd, J 0.8, 5.2 and 8.0, CH=CH);
dC(100 MHz, CDCl3) 26.8 (CH2), 31.4 (CH2), 31.7 (CH2), 38.3
(CH), 41.2 (CH), 42.8 (CH), 49.6 (CH3), 50.3 (CH3), 52.9 (CH),
94.1 (C), 127.7 (CH), 134.5 (CH), 203.8 (C); m/z (EI) 194.1341
(M+ − CO, C12H18O2 requires 194.1307) 194 (87), 163 (35), 147
(25), 119 (81), 91 (100), 77 (39), 59 (30), 51 (21).


(1R*,2R*,6S*,7R*)-9,9-Dimethoxytricyclo[5.2.2.02,6]undec-10-
en-8-one (24d). Obtained as a colorless oil; mmax(film)/cm−1 2952
(m), 2861 (w), 1733 (s), 1642 (w), 1050 (m) cm−1; dH (400 MHz,
CDCl3) 0.95–1.05 (1 H, m), 1.12–1.34 (2 H, m), 1.58–1.67 (1 H,
m), 1.74–1.84 (2 H, m), 1.87 (3 H, s, CH3), 2.39 (1 H, dd, J 9.6,
18.8 Hz), 2.51 (1 H, ddd, J 2.8, 10.0, 12.8 Hz), 2.83 (1 H, t, J
2.0 Hz), 2.93 (1 H, dd, J 2.4, 6.4 Hz), 3.28 (3 H, s, OCH3), 3.29
(3 H, s, OCH3), 5.64 (1 H, d, J 6.0 Hz, =CH); dC(100 MHz,
CDCl3) 23.5 (CH3), 27.0 (CH2), 30.9 (CH2), 31.4 (CH2), 38.2
(CH), 39.9 (CH), 47.7 (CH), 49.5 (CH3), 50.5 (CH3), 52.1 (CH),
94.3 (C), 118.7 (CH), 144.3 (C), 204.2 (C); m/z (EI) 236.1425 (M+,
C14H20O3 requires 236.1412) 236 (98), 208 (20), 176 (43), 151 (61).


(1R*,2S*,7R*,8R*)-3,3-Dimethoxytricyclo[6.2.2.02,7]dodeca-5,9-
dien-4-one (25). Obtained as a white solid; (found: C, 71.93; H,
7.92, C14H18O3 requires C, 71.77; H, 7.74%): mmax(film)/cm−1 3021,
2937, 2866 and 1704; dH (400 MHz, CDCl3) 1.36–1.43 (1 H, m),
1.51–1.65 (3 H, m), 2.49 (2 H, t, J 7.2), 2.64 (1 H, br m), 2.85–2.90
(1 H, br m), 2.97 (3 H, s, OCH3), 3.25 (3 H, s, OCH3), 5.80 (1 H,
t, J 7.6, CH=CH), 5.84 (1 H, dd, J 1.2 and 10.0, CH=CH), 6.04
(1 H, t, J 7.2, CH=CHCO), 6.44 (1 H, dd, J 4.0 and 10.0 Hz,
CH=CHCO); dC(100 MHz, CDCl3) 23.6 (CH2), 27.6 (CH2), 30.7
(CH), 35.7 (CH), 42.7 (CH), 44.8 (CH), 48.4 (CH3), 49.9 (CH3),
99.4 (C), 127.4 (CH), 132.7 (CH), 133.1 (CH), 150.9 (CH), 194.6
(C); m/z (EI) 234.1241 (M+, C14H18O3 requires 234.1256), 234
(73), 206 (28), 154 (100), 131.0 (45), 127 (21), 123 (45), 111 (45).


(1R*,2R*,6S*,7R*)-9,9-Dimethoxytricyclo[5.2.2.02,6]undeca-4,
10-dien-8-one (27a). Obtained as a colorless oil; mmax(film)/cm−1


3052, 2841, 1737, 1094 and 1052; dH (400 MHz, CDCl3) 1.97
(1 H, dm, J 17.2, CH2–CH=CH), 2.54 (1 H, dm, J 17.2, CH2–
CH=CH), 2.90 (1 H, m, CH–CH), 2.97 (1 H, m, CH–C(OMe)2),
3.12 (1 H, ddd, J 1.6, 2.8 and 6.0, CH–CO), 3.19 (1 H, m,
CH–CH), 3.30 (s, 3 H, –OCH3), 3.35 (3 H, s, –OCH3), 5.41
(1 H, m, CH2–CH=CH), 5.65 (1 H, ddd, J 2.4, 6.0 and 3.6,
CH2–CH=CH), 6.04 (1 H, m, CH=CH), 6.24 (1 H, m, CH=CH);
dC(100 MHz, CDCl3) 33.7 (CH), 38.4 (CH2), 43.7 (CH), 49.4
(CH), 49.6 (CH3), 50.2 (CH3), 52.0 (CH), 94.7 (C), 127.7 (CH),
130.0 (CH), 131.8 (CH), 133.1 (CH), 203.4 (C); m/z (EI) 220.1100
(M+, C13H16O3 requires 220.1099), 192 (M+ − CO, 100), 177 (7),
161 (78), 127 (9), 117 (39), 96 (8), 75 (20).


(1S*,2R*,3S*,7R*)-9,9-Dimethoxy-7-methyltricyclo-[5.2.2.02,6]-
undeca-4,10-dien-8-one (27b). mmax(film)/cm−1 3050, 2945, 2908,
1733, 1454, 1241, 1158, 1145, 1056 and 988; dH (400 MHz,
CDCl3) 1.20 (3 H, s, CH3), 1.97–2.02 (1 H, m, CH2–CH=CH),
2.49–2.56 (1 H, m, CH2–CH=CH), 2.81–2.85 (1 H, m, CH–CH),
2.89–2.96 (1 H, m, CH–CH), 3.10–3.13 (1 H, m, CH–C(OMe)2),
3.29 (3 H, s, OCH3), 3.34 (3 H, s, –OCH3), 5.49–5.52 (1 H, m,
CH=CH), 5.68–5.70 (2 H, m, CH=CH), 6.18–6.22 (1 H, t, J
6.4, CH=CH); dC(100 MHz, CDCl3) 15.5 (CH3), 35.2 (CH), 38.7
(CH2), 43.2 (CH), 49.7 (CH3), 50.3 (CH3), 52.3 (C), 54.7 (CH),
94.5 (C), 128.7 (CH), 131.3 (CH), 133.2 (CH), 134.0 (CH), 204.6
(C); m/z (EI) 234.1243 (M+, C14H18O3 requires 234.1256), 234 (5),
225 (14), 208 (15), 207 (15), 206 (100).


(1S*,2R*,6S*,7R*)-9,9-Dimethoxy-11-methyltricyclo[5.2.2.02,6]-
undeca-4,10-dien-8-one (27c). Obtained as a white solid; (found:
C, 70.84, H, 7.76, C14H18O4 requires C, 71.15, H, 7.74%):
mmax(film)/cm−1 3046, 2951, 2842, 1734, 1442, 1148, 1095, 1055,
978, 833, 790 and 698; dH (400 MHz, CDCl3) 1.74 (3 H, d, J
1.6 Hz, CH3), 2.04 (1 H, dm, J 17.2 Hz, CH2–CH=CH), 2.54
(1 H, dm, J 17.2 Hz, CH2–CH=CH), 2.89 (1 H, m, CH–CH),
2.94 (1 H, t, J 2.4 Hz, CH–CO), 3.03 (1 H, dd, J 2.8, 6.4 Hz,
CH–C(OMe)2), 3.25 (1 H, m, CH–CH), 3.33 (3 H, s, –OCH3),
3.37 (3 H, s, –OCH3), 5.40 (1 H, m, CH=CH), 5.67 (1 H, ddd,
J 2.0, 4.4 and 5.6 Hz, CH=CH), 5.85 (1 H, dm, J 6.4 Hz,
CH=C–CH3); dC(100 MHz, CDCl3) 21.4 (CH3), 33.5 (CH), 38.2
(CH2), 43.0 (CH), 49.0 (CH), 49.6 (CH3), 49.9 (CH3), 57.4 (CH),
94.8 (C), 123.3 (CH), 129.3 (CH), 132.9 (CH), 136.6 (C), 203.2
(C); m/z (EI) 234.1255 (M+, C14H18O3 requires 234.1256), 206
(M+ − 28, 99), 191 (13), 175 (100), 159 (6), 153 (10), 131 (30), 117
(14), 91 (5), 75 (33).


(1S*,2R*,6S*,7R*)-9,9-Dimethoxy-10-methyltricyclo[5.2.2.02,6]-
undeca-4,10-dien-8-one (27d). mmax(film)/cm−1 3048, 2949, 2842,
1735, 1444, 1230, 1139, 1087, 1051, 979, 824 and 719; dH


(400 MHz, CDCl3) 1.91 (3 H, d, J 1.6, CH3), 1.92 (1 H, dm, J
16.8, CH2–CH=CH), 2.55 (1 H, dm, J 16.8, CH2–CH=CH),
2.89 (1 H, m, CH–CH), 2.96 (1 H, t, J 2.4, CH–C(OMe)2), 3.04
(1 H, dd, J 6.8 and 2.4, CH–CO), 3.20 (1 H, m, CH–CH), 3.35
(3 H, s, –OCH3), 3.36 (3 H, s, –OCH3), 5.39 (1 H, m, CH=CH),
5.60 (1 H, dm, J 6.8, CH=CCH3), 5.68 (1 H, ddd, J 6.0, 4.4 and
2.4 Hz, CH=CH); dC(100 MHz, CDCl3) 23.6 (CH3), 33.7 (CH),
37.6 (CH2), 48.2 (CH), 48.6 (CH), 49.6 (CH3), 50.5 (CH3), 51.9
(CH), 94.9 (C), 118.4 (CH), 129.9 (CH), 132.9 (CH), 141.7 (C),
203.7 (C); m/z (EI) 234.1260 (M+, C14H18O3 requires 234.1256),
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206 (M+-28, 100), 191 (19), 175 (42), 153 (12), 131 (95), 117 (30),
105 (8), 91 (26), 75 (30).


(1R*,2R*,6S*,7R*)-9,9-dimethoxy-11-methyoxy-carbonyltricy-
clo[5.2.2.02,6]undeca-4,10-dien-8-one (27e). mmax(film)/cm−1 2947,
1740, 1719, 1630, 1441, 1283, 1235, 1136 and 1099; dH (400 MHz,
CD3COCD3) 2.02 (1 H, d, J 17.6, CH2–CH=CH), 2.57 (1 H, d, J
17.6, CH2–CH=CH), 2.96 (1 H, d, J 0.8, CH–CH), 3.24 (3 H, s,
–OCH3), 3.28 (1 H, m, CH–CH), 3.36 (3 H, s, –OCH3), 3.50
(1 H,dd, J 6.8 and 2.8, CH–C(OMe)2), 3.63 (1 H, dd, J 2.8 and
2.0, CH–CO), 3.70 (3 H, s, CO2CH3), 5.42 (1 H, m, CH=CH),
5.64 (1 H, m, CH=CH), 7.26 (1 H, ddd, J 6.8, 2.0 and 0.8,
CH=C(CO2Me)); dC(100 MHz, CD3COCD3) 34.4 (CH), 38.9
(CH2), 45.6 (CH), 49.9 (CH3), 50.2 (CH), 50.4 (CH3), 52.1 (CH3),
52.3 (CH), 95.0 (C), 130.4 (CH), 131.9 (C), 134.0 (CH), 142.8
(CH), 164.8 (C), 202.2 (C); m/z (EI) 278.1151 (M+, C15H18O5


requires 278.1154), 250 (M+ − CO, 100), 219 (84), 203 (16), 191
(26), 185 (12), 159 (17), 127 (17), 115 (42).


Ethyl (1R*,4R*)-8,8-dimethoxy-8-oxobicyclo[2.2.2]octa-2,5-
diene-2-carboxylate (28aN). Obtained as a colorless oil;
mmax(film)/cm−1 3016, 2901, 1737, 1710 and 1050; dH (400 MHz,
CDCl3) 1.27 (3 H, t, J 7.2, CO2CH2CH3), 3.27 (3 H, s, OCH3),
3.30 (3 H, s, OCH3), 4.11 (2 H, dt, J 6.8 and 1.6, CO2CH2CH3),
4.20 (1 H, ddd, J 1.2, 7.2 and 8.4, CH–C(OMe)2), 4.53 (1 H, td,
J 6.8 and 2.0, CH–CO), 6.41 (1 H, dt, J 6.0 and 1.6, CH=CH),
6.50 (1 H, dt, J 7.2 and 1.6, CH=CH), 7.30 (1 H, dd, J 1.6 and
7.2, CH=CCO2Et); dC(100 MHz, CDCl3) 14.1 (CH3), 44.8 (CH),
49.9 (CH3), 50.4 (CH3), 53.6 (CH), 61.1 (CH2), 89.8 (C), 129.9
(CH), 132.2 (CH), 134.5 (C), 142.1 (CH), 163.5 (C), 193.8 (C);
m/z (EI) 224.1082 (M+ − CO, C12H16O4 requires 224.1049), 224
(7), 193 (10), 151 (6), 105 (69), 91 (9), 77 (27), 74 (44), 59 (100).


Ethyl (1R*,4R*)-7,7-dimethoxy-8-oxobicyclo[2.2.2]octa-2,5-
diene-2-carboxylate (28aX). Obtained as a colorless oil;
mmax(film)/cm−1 3018, 2905, 1737, 1713 and 1052; dH (400 MHz,
CDCl3) 1.29 (3 H, t, J 6.8, CO2CH2CH3), 3.29 (3 H, s, OCH3),
3.32 (3 H, s, OCH3), 4.11 (1 H, dt, J 1.6, 6.0 and 7.6, CH–CO),
4.22 (2 H, ddd, J 2.8, 6.8 and 10.0, CO2CH2CH3), 4.56 (1 H,
td, J 2.0 and 4.0, CH–C(OMe)2), 6.40 (1 H, dt, J 1.6, 5.6 and
7.2 Hz, CH=CH), 6.53 (1 H, dt, J 1.6, 7.2 and 8.0, CH=CH),
7.30 (1 H, dd, J 2.0 and 6.0, CH=CCO2Et); dC(100 MHz, CDCl3)
14.1 (CH3), 43.9 (CH), 50.4 (2 × CH3), 55.2 (CH), 61.0 (CH2),
89.8 (C), 128.1 (CH), 133.8 (CH), 137.4 (C), 138.3 (CH), 163.9
(C), 193.9 (C); m/z (EI) 224.1044 (M+ − CO, C12H16O4 requires
224.1049), 224 (8), 151.1 (8), 105 (77), 91 (10), 77 (34), 74 (42), 59
(100), 51 (9).


Dimethyl (1R*,4R*)-7,7-dimethoxy-8-oxobicyclo[2.2.2]octa-2,5-
diene-2,3-dicarboxylate (29a). Obtained as a light yellow colored
oil; mmax(film)/cm−1 2953, 2846, 1737, 1718, 1645 and 1071; dH


(400 MHz, CDCl3) 3.31 (6 H, s, 2 X–OCH3), 3.78 (3 H, s,CO2CH3),
3.80 (3 H, s, CO2CH3), 4.32 (1 H, dd, J 1.6 and 5.2, CH–C(OMe)2),
4.41 (1 H, dd, J 2.4 and 6.0, CH–CO), 6.51 (2 H, m, CH=CH);
dC(100 MHz, CDCl3) 46.2 (CH), 50.0 (CH3), 50.6 (CH3), 52.2
(CH3), 52.5 (CH3), 53.0 (CH), 58.6 (C), 89.2 (C), 128.7 (CH),
133.0 (CH), 137.1 (C), 139.0 (C), 164.9 (C), 192.1 (C); m/z (EI)
268.0940 (M+ − CO, C13H16O6 requires 268.0947), 268 (57), 221
(68), 210 (89), 178 (92), 135 (70), 105 (81), 92 (82), 76 (61).


Dimethyl (1R*,4R*)-8,8-dimethoxy-1-methyl-7-oxobicyclo-
[2.2.2]octa-2,5-diene-2,3-dicarboxylate (29b). Obtained as a
colorless oil; mmax(film)/cm−1 2978, 2946, 2836, 1735, 1703,
1646, 1455, 1159 and 1056; dH (400 MHz, CDCl3) 1.41 (3 H, s,
CH3), 3.27 (3 H, s, OCH3), 3.29 (3 H, s, OCH3), 3.74 (3 H, s,
CO2CH3), 3.77 (3 H, s, CO2CH3), 4.52 (1 H, dd, J 1.6 and 6.8,
CH–C(OMe)2), 6.04 (1 H, dd, J 2.0, 6.8 Hz, CH=CHCH3),
6.50 (1 H, t, J 6.8 Hz, CH=CHCH3); dC(100 MHz, CDCl3)
12.0 (CH3), 43.6 (CH), 49.9 (CH3), 50.6 (CH3), 52.3 (CH3), 52.5
(CH3), 57.0 (C), 89.7 (C), 133.5 (CH), 133.6 (CH), 146.0 (2 × C),
162.9 (C), 166.0 (C), 193.5 (C); m/z (EI) 310.1050 (M+, C15H18O7


requires 310.1053), 310 (5), 283 (8), 282 (19), 280 (5), 279 (22).


Dimethyl (1R*,4R*)-7,7-dimethoxy-5-methyl-8-oxobicyclo-
[2.2.2]octa-2,5-diene-2,3-dicarboxylate (29c). Obtained as a
colorless oil; mmax(film)/cm−1 2999, 2954, 2915, 2840, 1738, 1731,
1725, 1659, 1632, 1435 and 1266; dH (400 MHz, CDCl3) 1.93
(3 H, s, CH3), 3.28 (3 H, s, OCH3), 3.31 (3 H, s, OCH3), 3.78
(3 H, s, CO2CH3), 3.79 (3 H, s, CO2CH3), 4.06 (1 H, d, J 1.6,
CH–C(OMe)2), 4.24 (1 H, d, J 6.4, CH–CO), 6.04–6.07 (1 H, m,
CH=CCH3); dC(100 MHz, CDCl3) 19.1 (CH3), 45.8 (CH), 49.9
(CH3), 50.9 (CH3), 52.6 (2 × CH3), 60.8 (CH), 89.7 (C), 125.1
(CH), 136.6 (C), 139.5 (C), 139.8 (C), 165.0 (C), 165.2 (C), 192.5
(C); m/z (EI) 310.1035 (M+, C15H18O7 requires 310.1053), 310 (5),
282 (23), 279 (4).


Dimethyl (1R*,4R*)-8,8-dimethoxy-5-methyl-7-oxobicyclo-
[2.2.2]octa-2,5-diene-2,3-dicarboxylate (29d). Obtained as a
colorless oil; mmax(film)/cm−1 3050, 2945, 2910, 1740, 1734,
1721, 1654, 1615, 1422 and 1272; dH (400 MHz, CDCl3) 1.91
(3 H, s, CH3), 3.19 (3 H, s, OCH3), 3.26 (3 H, s, OCH3), 3.70
(3 H, s, CO2CH3), 3.71 (3 H, s, CO2CH3), 4.06 (1 H, d, J 5.6,
CH–C(OMe)2)), 4.08 (1 H, d, J 2.4, CH–CO), 5.93–5.95 (1 H,
m, CH=CCH3); dC(100 MHz, CDCl3) 20.1 (CH3), 50.2 (CH3),
50.5 (CH3), 50.9 (CH), 52.3 (CH3 × 2), 54.9 (CH), 89.4 (C), 120.2
(CH), 138.0 (C), 138.4 (C), 144.4 (C), 164.6 (C), 165.0 (C), 192.2
(C); m/z (EI) 310.1049 (M+, C15H18O7 requires 310.1053) 310
(10), 283 (18), 279 (25).


(1R*,4R*)-3,3-Dimethoxy-6-phenylbicyclo[2.2.2]octa-5,7-dien-
2-one (30aN). Obtained as a colorless oil; mmax(film)/cm−1 3100,
3022, 2944, 1737 and 1071; dH (400 MHz, CDCl3) 3.34 (3 H, s,
OCH3), 3.36 (3 H, s, OCH3), 4.20 (1 H, m, CH–C(OMe)2)), 4.47
(1 H, m, CH–CO), 6.56 (3 H, m, CH=CH and CH=CPh), 7.27
(1 H, td, J 7.2 and 1.2, Ar–H), 7.33 (3 H, m, 3 × Ar–H), 7.47 (1 H,
t, J 3.6, Ar–H); dC(100 MHz, CDCl3) 44.3 (CH), 50.1 (CH3), 50.2
(CH3), 57.2 (CH), 90.8 (C), 118.9 (CH), 125.4 (2 × CH), 127.9
(CH), 128.3 (2 × CH), 128.6 (CH), 133.3 (C), 133.4 (CH), 134.9
(C), 195.3 (C); m/z (EI) 228.1181 (M+ − CO, C15H16O2 requires
228.1150), 228 (5), 197 (35), 154 (49), 153 (32), 115 (7.16), 77 (17),
74 (71), 59 (100).


(1R*,4R*)-6-Butyl-3,3-dimethoxybicyclo[2.2.2]octa-5,7-dien-2-
one (31aN). Obtained as a colorless oil; mmax(film)/cm−1 3069,
2965, 2930 and 1738; dH (400 MHz, CDCl3) 0.86 (3 H, t, J 7.2,
CH3), 1.25 (2 H, dd, J 6.8 and 14.4, nBu), 1.38 (2 H, dd, J 7.2 and
14.4, nBu), 2.20 (2 H, apparent tt, J 1.6 and 6.8 Hz, nBu), 3.29
(3 H, s, OCH3), 3.30 (3 H, s, OCH3), 3.78 (1 H, td, J 2.0 and 5.6,
CH–CO), 3.85 (1 H, m, CH–C(OMe)2)), 5.94 (1 H, ddd, J 1.2,
3.2 and 4.8, CH=C-nBu), 6.41 (2 H, m, CH=CH); dC(100 MHz,
CDCl3) 13.8 (CH3), 22.0 (CH2), 29.2 (CH2), 33.2 (CH2), 43.6
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(CH), 49.9 (CH3), 50.1 (CH3), 58.8 (CH), 91.0 (C), 124.4 (CH),
130.1 (CH), 133.3 (CH), 143.7 (C), 195.5 (C); m/z (EI) 236.1408
(M+, C14H20O3 requires 236.1412), 236 (2), 208 (20), 178 (13), 151
(65), 119 (4), 105 (8), 102 (11).
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The appearance of structurally diverse fluorinating reagents displaying a large spectrum of reactivity
has been critical to the development of the catalytic asymmetric fluorination processes known to date.
In this article, we discuss how this area of research emerged and which strategies have allowed for the
successful development of both nucleophilic and electrophilic catalytic enantioselective fluorinations.
We also present the fundamental understanding of catalytic activity and enantioselectivity for the most
efficient processes and highlight the first synthetic application with the preparation of a complex
fluorinated target.


Introduction


Chemists have developed numerous catalytic asymmetric processes
that transform prochiral substrates into chiral products with
impressive levels of enantioselectivity. Enzymes,1 transition metal
complexes2 or small organic compounds3 are commonly used
as catalytic species to mediate a wide variety of fundamental
reactions such as hydrogenation, isomerisation, epoxidation,
dihydroxylation, cyclopropanations and aziridination of alkenes,
carbonyl reductions or additions, aldol condensations or pericyclic
processes.4 Catalytic asymmetric halogenations have also attracted
considerable attention, as the resulting products have long been


University of Oxford, Chemistry Research Laboratory, 12 Mansfield Road,
Oxford, UK OX1 3TA. E-mail: veronique.gouverneur@chem.ox.ac.uk;
Fax: int (0) 1865 275 644


Carla Bobbio received her M.Sc. degree at the University of Parma (Italy) under the direction of Professor Corrado Pelizzi. She completed
her Ph.D. in 2003 at the Ecole Polytechnique Fédérale de Lausanne (Switzerland) under the guidance of Professor Manfred Schlosser. Her
research topic focused on the synthesis of fluorinated aromatic heterocycles and their functionalisation through organometallic reagents. She
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valued as useful synthetic intermediates.5 These reactions allow
for the preparation of various halogenated intermediates or
products not readily available from natural sources. In this
respect, synthetic routes to enantiopure fluorinated compounds
are highly valuable as naturally occurring fluorinated compounds
are extremely rare, especially metabolites featuring the F-group
on a stereogenic centre.6 Owing to their unique properties, fluoro-
organic compounds are eminently important in the agrochemical
and pharmaceutical industry.7 Chiral non-racemic compounds
containing a stereogenic C–F centre have also appeared in liquid
crystals.8 Therefore it is not surprising that research in the field
of synthetic fluorine chemistry is flourishing more than ever. To
date, both transition metal complexes and organocatalysts have led
to numerous successful enantioselective fluorinations. This article
provides an overview of this exciting and rapidly growing field since
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its outset in 2000 and highlights future challenges for the years to
come.9 The known catalytic asymmetric fluorinations reported in
the literature fall broadly into two categories: processes based on
the use of transition metal complexes, or on organocatalysts.


Asymmetric catalytic metal-mediated fluorinations


Two general strategies can be considered for the development of
a catalytic asymmetric fluorination based on the use of metal
complexes: the use of enantiopure metal–fluoro complexes as
catalysts for nucleophilic fluorination reactions or, alternatively,
the nucleophilic or electrophilic fluorination of substrates acti-
vated by non-racemic chiral Lewis acids. The first approach is
probably the most challenging. Preliminary work in this direction
has been carried out by Togni et al. who have reported the
synthesis and reactivity of Ru(II) fluoro complexes (Scheme 1).10,11


These complexes were found to be nucleophilic fluorinating
reagents, efficiently undergoing halide metathesis allowing for
the conversion of various allylic and benzylic bromides into
the corresponding fluorides with concomitant formation of the
Ru–bromo complex.10 This metathesis process could be catalytic
using a sub-stoichiometric amount of the ruthenium species
1 in combination with thallium fluoride, which acts as both
the stoichiometric fluoride source and the halide scavenger.11


However, only a very modest asymmetric induction (ee ≈ 16%)
was measured at low conversion, for the fluorination of racemic
1-phenyl ethyl bromide with various non-racemic chiral Ru–F
complexes. The observation that the enantioselectivity decayed
toward 0% ee when the substrate was completely consumed,
indicated that the enantiomeric excess measured at low conversion
was likely the result of a kinetic resolution process. Although
no catalytic enantioselective fluorination process emerged from
this study, this preliminary work is encouraging as it suggests
that metal–fluoride complexes are suitable fluorinating reagents
and could therefore potentially lead to successful enantioselective
catalytic fluorinations.


The second approach featuring the fluorination of substrates
activated by chiral Lewis acids proved to be highly successful for
the development of both nucleophilic and electrophilic catalytic
enantioselective fluorinations, although most efforts focused on
the use of electrophilic fluorinating reagents.


Scheme 1 Halide metathesis with Ru complex 1.


Nucleophilic fluorination


Catalytic enantioselective nucleophilic fluorinations are rare, with
only few examples reported in the literature. Haufe and co-
workers have examined the enantioselective desymmetrisation of
meso-epoxides upon ring-opening with nucleophilic fluorinating
reagents. Initial attempts with chiral EuIII complexes led to very
low asymmetric induction.12 Cyclohexene oxide was, however,
desymmetrised successfully with a variety of fluoride sources in
presence of Jacobsen’s Cr-Salen complex 2 as the catalytic chiral
Lewis acid. A stoichiometric amount of Bu4N+H2F3


− combined
with 20 mol% of catalyst 2 and 20 mol% of silver fluoride
afforded anti-fluorocyclohexanol (3) in 67% ee and 42% yield,
together with traces of the undesired chlorohydrin 4. Moderate
enantioselectivities (44–74% ee) were obtained when AgF was the
main fluorinating agent, but these desymmetrisations required
stoichiometric or 50 mol% of the chromium complex 2. The
reaction was successfully applied to cyclopentene and cyclohep-
tene oxides but failed with some other meso substrates. Racemic
unsymmetrical epoxides, such as styrene oxide and phenyl glycidyl
ether, reacted under similar conditions delivering enantioenriched
fluorohydrins with 74 and 65% ee, respectively. The high level
of enantiocontrol as well as diastereocontrol for these reactions
suggested that an SN2 process is likely to operate in the ring-
opening process (Scheme 2).


In an unrelated study, the beneficial effect of fluoride additives
on the enantioselective intermolecular hydroamination reaction


Scheme 2 Enantioselective nucleophilic fluorinations of epoxides catalysed by Cr(III) complex 2.
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catalyzed by Ir(I) complexes led to the question of whether or
not fluoride could attack cationic Pd(II) p-allyl complexes.13 If
this reaction is possible, it can lead to the development of an
enantioselective allylic fluorination process. Several experiments
and theoretical studies revealed that no such reaction could be
realized and that this process is highly endothermic.11a,13,14 The
addition of fluoride to cationic 1,3-dicyclohexyl Pd(II) p-allyl
complexes led to products of elimination with the fluoride acting
as a base and not as a nucleophile. It is noteworthy that 1,3-
diphenyl allyl fluoride reacted in the presence of Pd(0) catalysts
and underwent oxidative addition leading to the corresponding
cationic Pd(II) p-allyl complex. These results suggest that the
nucleophilic fluorination of g3 Pd p-allyl complexes is not a viable
transformation for the development of a catalytic enantioselective
route to allylic fluorides (Scheme 3).


Scheme 3 Attempts towards Pd-mediated allylic fluorinations.


Electrophilic fluorination


With the emergence of electrophilic fluorinating agents of tuned
reactivity, the fluorination of unactivated or activated carbonyl
groups on the a-position became possible, and these advances
prompted many groups to develop a catalytic asymmetric vari-


ant for this transformation. Studies in racemic series on the
reactivity of 1,3-dicarbonyls in the presence of [N–F]+ reagents
demonstrated that the addition of sub-stoichoimetric amounts
of a Lewis acid, such as zinc dichloride, facilitates enolisation
and subsequent electrophilic fluorination.15 With the aim of
developing a catalytic enantioselective electrophilic fluorination
of activated b-ketoesters, Togni and Hintermann screened a series
of transition metal complexes and discovered that TADDOL-
modified titanium complexes gave the best results with Selectfluor
as the fluorinating agent.16 A catalyst loading of 5 mol% of
complex 5a or 5b was sufficient to fluorinate, at room temperature,
branched b-ketoesters in high yields (80–95%) with enantiomeric
excesses ranging from 62 to 91% (Scheme 4). The steric bulk of the
catalytic species played a major role in the level of enantiocontrol.
For all reactions, the presence of naphthyl (Np) groups instead
of phenyl (Ph) groups on the catalyst increased the enantiomeric
excess of the resulting fluorinated product. Similarly, the use of
substrates with the ester group derived from a bulky alcohol
was beneficial, as reflected by the higher ee of the corresponding
fluorinated ketoesters. The approach is restricted to branched b-
ketoesters, since the Ti-catalyst can induce enolisation of tertiary
fluorinated a-carbon, leading to racemisation and formation of
achiral a,a-difluorinated ketones.


Based on the experimental results, a mechanism has been
proposed for the fluorination and verified by theoretical studies.17


The bidentate b-ketoester, which in the absence of catalyst would
react slowly with Selectfluor,15b coordinates to the metal complex
and subsequently undergoes fast enolisation, with concomitant
elimination of a chloride ligand from the complex, leading to
a neutral intermediate 6 (Scheme 5). Computational studies on
the structure of intermediate 6 show that, for the most stable
diastereomer, the naphthyl group of the TADDOL ligand shields
the Re-face of the enolate, directing the attack of the fluorinated
reagent to the more available Si-face. This is in accordance
with the sense of enantiocontrol observed experimentally (S-
configuration). Although Selectfluor is more often referred to as
an electrophilic source of fluorine,18 the authors propose a single
electron transfer (SET) process as the most likely mechanism
for the fluorination step. Computational studies on the fluorine
transfer in acetonitrile indicate that, at short distances, SET


Scheme 4 Catalytic enantioselective fluorinations of b-ketoesters catalysed by Ti(TADDOL) complexes 5a and 5b.
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Scheme 5 Intermediates involved in the stereocontrolled attack of the enolate to the fluorine source.


occurs from the enolate to the [N–F]+ reagent. Small amounts of
chlorinated product (4%) were detected for less reactive substrates,
possibly with the chloride source originating from the catalyst.
Since Selectfluor is inert towards chloride,19 a single electron
transfer from a free chloride ion to a [N–F] radical delivering
a Cl radical would account for the by-product observed. Indeed, a
radical scavenger prevented the chlorination without affecting the
fluorination, a result supporting this mechanistic hypothesis. This
landmark paper sets the stage for further developments.


Sodeoka and co-workers further exploited the concept of
two-point binding of 1,3-dicarbonyl compounds and performed
successful catalytic asymmetric fluorinations of b-ketoesters in
the presence of Pd-based complexes derived from homochiral
bis(phosphanes) (7 and 8, Scheme 6).20 For these catalytic
systems, N-fluorobenzenesulfonimide (NFSI) was the preferred
and most effective fluorinating agent. In the reactions, the b-
ketoesters were activated to form a chiral palladium enolate,
which reacted with NFSI. The fluorination of tert-butyl 2-
oxocyclopentanecarboxylate (9) with NFSI in the presence of


Scheme 6 Pd complexes used in enantioselective fluorinations of enolis-
able carbonyls.


5 mol% of catalyst 7a in THF afforded the 2-fluorocyclopentanone
derivative 10 in 72% yield and 79% ee (Table 1, entry 1). The
use of more congested catalysts such as 7b or 8c was found to
be beneficial, improving both the chemical yield and the level
of enantiocontrol for the fluorination (Table 1, entries 2 and 3).
The catalyst loading could be reduced to 2.5 mol% although
longer reaction times were then required to reach completion.
Interestingly, the use of a polar solvent such as ethanol allows for
the reaction to be completed within 18 h at room temperature
without loss of enantiomeric excess for the product (Table 1,
entry 4).


The scope and limitation of this catalytic process was subse-
quently established and a variety of cyclic and acyclic b-ketoesters
were fluorinated under the optimised conditions (NFSI in the
presence of 2.5 mol% of catalyst 8c in ethanol) in high yields (82–
96%) and ee (83–94%). As the use of polar solvents complicates the
recovery and recycling of the catalysts, a procedure upon which
the catalysts are immobilized in an ionic liquid was developed,
allowing for the fluorination to be run for ten cycles without loss
of enantioselectivity.21


The authors proposed that the reactive form of the catalyst
is possibly a bifunctional ‘PdOH’ complex, which exhibits both


Table 1 Catalytic enantioselective fluorination of tert-butyl 2-oxocyclo-
pentanecarboxylate (9) with Pd–aquo complexes


Entry Catalyst (mol%) Solvent T/◦C t/h Yield (%) Ee (%)


1 7a (5) THF −20 12 72 79
2 7b (5) THF −20 39 99 88
3 8c (2.5) THF 10 48 93 92
4 8c (2.5) EtOH 20 18 73 92
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Scheme 7 Pd(OH) complex-mediated activation of b-ketoesters in electrophilic fluorinations.


Brønsted base and Lewis acid properties, with the metal activating
the carbonyl in a Lewis acid fashion and the hydroxy group acting
as a base for the deprotonation of the a-carbon.22 The high level of
enantiocontrol observed would arise from congestion of one face
of the enolate by a steric interaction between the ester group of
the substrate and one of the aryl groups of the phosphine ligand,
a hypothesis supported by the superior efficiency of catalyst 8c
featuring 3,5-di-(tert-butyl)phenyl groups (Scheme 7).


The fluorination of the unsubstituted b-ketoester tert-butyl 3-
oxo-3-phenylpropanoate afforded 54% of racemic monofluori-
nated product along with a trace amount (4%) of the difluoro
derivative.20 These results suggest that in the presence of the
catalyst, enolisation of the monofluoro-b-ketoester occurred under
the reaction conditions leading to racemisation. The reaction is
therefore limited to the preparation of quaternary fluorinated
centres, similar to the Ti–TADDOL-mediated process developed
by Togni and Hintermann.16


Following these studies, Cahard23,24 and Shibata et al.25 selected
structurally similar b-ketoester substrates for the identification of
additional metal-based catalysts allowing for enantiocontrolled
electrophilic fluorination. They found that Cu(II) and Zn(II)
in combination with C2-symmetric chiral bis(oxazoline) ligands
(11, Scheme 8) were highly efficient catalytic entities for the
enantioselective fluorination of these substrates. For the fluori-
nation of tert-butyl 2-oxocyclopentanecarboxylate (9), Cahard
and Ma demonstrated that the copper complex Cu(OTf)2/(R)-
PhBOX [Cu–(R)-11] was superior as shorter reaction times were
required for the fluorination to reach completion (Table 2, entries
1 and 2).23 In the presence of 1 mol% of Cu–(R)-11 and one
equivalent of NFSI at 20 ◦C in diethyl ether, tert-butyl (+)-
1-fluoro-oxocyclopentanecarboxylate (10) was isolated in 96%
yield and 73% ee (entry 2). The addition of one equivalent of
hexafluoroisopropyl alcohol (HFIP) improved the asymmetric
induction (85% ee) without affecting the yield (96%, entry 3).
HFIP has already been found to be beneficial in other copper-


Scheme 8 Bis(oxazoline)–metal complexes as catalyst for the fluorination
of b-ketoesters.


Table 2 Catalytic enantioselective fluorination of tert-butyl 2-oxocyclo-
pentanecarboxylate (9) with Cu(II) and Zn(II) complexes


Entry
Catalyst (R,
mol%) t/h Yield (%) Ee (%)


1 Zn-11 (10) 12 84 74
2 Cu-11 (1) 0.5 96 73
3a Cu-11 (1) 0.5 96 85


a Reaction carried out in the presence of 1 equiv. of HFIP.


catalysed reactions such as Mukaiyama–Michael and amination
reactions, presumably facilitating the release of the product from
the catalyst.26 Other cyclic and acyclic a-fluoro-b-ketoesters could
be prepared in good yields but with lower enantioselectivities. The
authors also reported that the heterobimetallic complex Li–Al-
bis(naphthoxide) catalysed the fluorination of 9 with similar levels
of enantiocontrol leading to the formation of fluorinated com-
pound 10 in 58% yield and with a respectable enantiomeric excess
of 67%. For this reaction, N-fluoropyridinium tetrafluoroborate
(NFPY) was the fluorinating reagent and HFIP was used as the
additive.24 This catalytic system was not further explored.


The results of Cahard23,24 are consistent with data obtained
independently by Shibata et al. on the fluorination of ketoesters
derived from tert-butyl 1-indanone-2-carboxylate (12a).25 The
Cu(OTf)2/(S)-PhBOX [Cu–(S)-11, Scheme 8] catalyst proved
again its efficiency, affording 69% ee and 72% yield of tert-butyl
(S)-2-fluoro-1-indanone-2-carboxylate (13a) when the fluorina-
tion was performed in diethyl ether at room temperature using
NFSI as the fluorinating reagent. It is noteworthy that the benzyl
ester (R)-13b was obtained with a lower level of enantiocontrol
(35% ee) under similar reaction conditions, demonstrating once
again the importance of the choice of the ester group (Scheme 9).24


Moreover, Shibata et al. showed that the fluorination of tert-
butyl 1-indanone-2-carboxylate (12a) in dichloromethane in the
presence of 10 mol% of Ni–(S)-(PhBOX) delivered the fluorinated
product of opposite absolute configuration (R-enantiomer) but
with a similar level of enantiocontrol (76% ee).25 This reversal
of stereoinduction originates from the difference in geometry
around the metal centre upon complexation with the substrate.
The structures of Cu(BOX) complexes, known to catalyse a broad
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Scheme 9 Fluorination of indanones 12 with Cu–(PhBOX). The effect of
the ester group on the ee.


range of asymmetric reactions, have been thoroughly investigated
and the geometry of the reactive intermediates involved in the
key reaction steps has been clearly elucidated.27 Theoretical
calculations as well as crystal structures indicate that the metal
coordinates ketoesters in a two-point binding fashion adopting
a distorted square pyramidal geometry. For substrate 12a, the
asymmetric induction for the fluorination is consequently the
result of steric interactions between the substituents (aryl or tert-
butyl) of the ligand and the tert-butyl ester group of the substrate.
Therefore, one face of the enolate reacts preferentially with the
fluorine source. On the other hand, substrates coordinated to
nickel complexes adopt a tetrahedral geometry around the metal.
In this case, p–p interactions between the ligand and the aromatic
ring of the substrate would be responsible for the preferential
attack to the Re-face.25 Additional studies revealed that the
dielectric constant of the solvent and the presence (or absence)
of achiral ancillary ligand, such as water, could also affect the
geometry of the metal–substrate complex, therefore reversing the
sense of stereoinduction (Scheme 10).28


A significant increase in enantiocontrol was achieved with
the more rigid, tridentate ligand 4,6-bis((R)-4-phenyl-4,5-dihydro-


Scheme 10 Geometries for the complexes of 12a with Cu–(S)-BOX (left)
or Ni–(S)-BOX (right).


oxazol-2-yl)dibenzo[b,d]furan (dbfox-Ph).29 The fluorination in
the presence of Ni(II) complexes derived from dbfox-Ph, such as 14,
was found to be a highly enantioselective process for a variety of
two-point binding substrates, such as cyclic b-ketoesters, acyclic b-
ketoesters and oxindoles (83–99% ee). This work led to a catalytic
enantioselective preparation of the BOC-protected precursor of
BMS-204352 (MaxiPost), an effective opener of maxi-K channels
(Scheme 11). Sodeoka and co-workers achieved the synthesis of
the same target molecule by asymmetric fluorination in presence
of Pd(bisphosphane) complex 8b.30


The catalytic enantioselective synthesis of oxindoles and Maxi-
Post illustrates that fluorination mediated by transition metal
complexes is not limited to b-ketoesters substrates. Enantioen-
riched fluorinated targets successfully prepared by catalytic
fluorination also include a-fluoro-b-ketophosphonates31 and a-
fluorocyanoacetates,32 now accessible in the presence of non-
racemic chiral Pd–aquo complexes or Ni(II), Zn(II) and Cu(II)
bis(oxazoline) catalysts (Scheme 12).


Scheme 12 Enantioenriched fluorinated b-ketophosphonates and
a-cyanoesters are accessible via metal-mediated catalysis.


These results showed that metal-mediated fluorination is a
viable approach for the preparation of enantioenriched fluorinated
products. Although numerous substrates were successfully fluori-
nated, this approach remains ineffective for the formation of eno-
lisable a-fluorinated carbonyl products and is more often restricted
to substrates which feature two binding points. These limitations
prompted other research groups to investigate conceptually novel
approaches towards catalytic enantioselective fluorination.


Asymmetric organocatalytic fluorinations


Phase-transfer catalysis with cinchona alkaloid derivatives


Studies carried out by Shibata et al.33 and Cahard et al.34 demon-
strated that N-fluoroammonium salts smoothly exchange fluorine
with cinchona alkaloids, generating a new fluorinated chiral
reagent. This strategy was successfully used for the preparation


Scheme 11 Catalytic asymmetric synthesis of MaxiPost with Ni–(R)-(dbfox) catalyst 14.
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Scheme 13 Catalytic fluorination with cinchona alkaloid 15 under phase-transfer conditions.


of enantioenriched a-fluoro-b-ketoesters,33,34 a-fluoro-b-
cyanoesters,33 2-fluoro-1-oxindoles,33 allylic fluorides35 and
precursors of fluorinated amino acids.36 The development of a
catalytic variant of this process was compromised by the higher
reactivity of Selectfluor in comparison with the in situ-generated,
non-racemic, chiral fluorinating reagent.9b Kim and Park
subsequently developed a conceptually different catalytic method
based on the use of quaternised cinchona alkaloids and NFSI.37


They performed the fluorination of b-ketoesters using chiral
quaternary salts in combination with a stoichiometric amount
of NFSI under phase-transfer conditions. The electrophilic
fluorination of activated indanones was performed with NFSI
in the presence of phase-transfer catalysts 15 derived from
cinchona alkaloids (10 mol%) and an inorganic base, such as
K2CO3 or Cs2CO3. Optimal reaction conditions provided the a-
fluoroindanone 16 in 92% yield and in moderate enantioselectivity
(69% ee). This approach was extended to the fluorination of
a-cyanoacetates allowing for the preparation of the corresponding
fluorinated products with moderate ee values (73–76%) and yields
ranging from 64 to 76% (Scheme 13).38


Homogeneous catalysis using proline and imidazolidinone
derivatives


Enamine and iminium intermediates derived from carbonyls
and chiral secondary amines have been exploited for numerous
asymmetric reactions with electrophiles, nucleophiles and for
cycloaddition reactions.39 Recently, three research groups have
reported simultaneously their findings on the use of various cyclic
secondary amines as catalysts for the direct a-fluorination of
aldehydes with excellent asymmetric induction.40–42 These results
were a significant improvement in comparison with a study carried
out by Enders and Hüttl on the very first direct organocatalytic
a-fluorination of aldehydes and ketones.43 This preliminary work
focused on the fluorination of a series of enolisable and non-
enolisable aldehydes using S-proline as the catalytic entity, and
on the fluorination of cyclohexanone in the presence of eight
different organocatalysts. All these reactions used Selectfluor as
the fluorinating reagent. S-Proline proved to be a poor catalyst
for the fluorination of aldehydes as the fluorinated products
were formed in moderate yields. No enantiomeric excesses were
reported for these reactions. Out of the eight catalysts used for
the fluorination of cyclohexanone, the highest reaction rate was
obtained with S-proline. After 2.5 h, 43% of the substrate was
converted into the desired fluorinated ketone with an enantiomeric
excess of 29%. Slightly better conversions (up to 60%) and ee values


(up to 34%) were obtained with unprotected or silyl-protected
hydroxyproline derivatives, when the reaction was left for up to
21 h (Scheme 14).


Scheme 14 Fluorination of cyclohexanone with Selectfluor promoted by
a proline derivative.


Further studies carried out by Barbas and co-workers,40


Jørgensen’s group41 and MacMillan and Beeson42 revealed that
the choice of the fluorinating reagent was crucial for these
organocatalysed reactions. One major issue to be addressed
upon enantioselective fluorination of aldehydes is the need to
suppress further enolisation of the newly formed enantioen-
riched, fluorinated compound that could lead to racemisation
and/or the formation of achiral, difluorinated side-products.
The reaction conditions reported by Jørgensen and co-workers
allow for the introduction of the fluorine a to the carbonyl
group of unbranched aldehydes with high enantiomeric excesses
and chemical conversions.41 A total consumption of NSFI was
observed for the fluorination of 3-phenylpropanal in methyl-
tert-butyl ether at room temperature after 1 h with 10 mol%
of TMS-protected (S)-2-(diphenylmethyl)pyrrolidine (17), which
was found to be the best chirality promoter (Scheme 15). A
lower catalyst loading of 1 mol% provided better conversion
(from 53 to >90%), suppressing further fluorination of the
primary a-fluoroaldehyde product (S-18) whilst maintaining the
enantioselectivity (93%). Owing to their instability, the products
were isolated more often as the corresponding a-fluoroalcohols
after their reduction with hydrides sources.


Scheme 15 Organocatalytic fluorination of 3-phenylpropanal with pro-
line derivative 17.
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Table 3 a-Fluorination of aldehydes catalysed by amine 17


Entry R t/h Yield (%) Ee (%)


1 Pr 6 >95a 96
2 tBu 2 >90a 97
3 1-Ad 2 75b 96


a Yield based on GC analysis of the crude mixture. b Yield of the isolated
alcohol after reduction with sodium borohydride.


The groups of both Jørgensen41 and Barbas40 observed that
the rate of fluorination for aldehydes bearing an additional a-
substituent was decreased due to steric hindrance. On the other
hand, additional substitution on the b-carbon of the aldehyde did
not affect the chemical conversion and the level of enantiocontrol.
Fluoroaldehydes were obtained with excellent enantioselectivity,
even in presence of sterically demanding b-substituents such as the
adamantyl group (Table 3).41


The observed stereochemical integrity of the newly formed
fluorinated stereogenic centre under the reaction conditions could


not easily be rationalised on steric grounds by a higher energy
transition state for the formation of the fluorinated enamine 19,
due the relatively small Van der Waals radius of the fluorine
in comparison with hydrogen.44 A close examination of the
preferential fluorinated (S,S)-iminium intermediate resulting from
an attack of NFSI on the Si-face of the enamine revealed that the
remaining a-hydrogen atom is protected toward deprotonation
by the shielding substituents present on the catalyst, preventing
racemisation through enamine formation. The traces of unwanted
difluorinated aldehyde are likely to be the result of further
fluorination of the minor disfavoured (R,S)-iminium intermediate
featuring a more exposed a-hydrogen (Scheme 16).


A control experiment was undertaken to confirm this hypothe-
sis. Upon treatment of a racemic mixture of the a-fluoroaldehyde
18 with 0.5 equivalents of NFSI and 1 mol% of catalyst 17, 20%
of difluorinated product was formed. The monofluoroaldehyde
18 was recovered from this kinetic resolution experiment in 20%
enantiomeric excess in favour of the S-enantiomer. This control
experiment confirmed the hypothesis that the R-enantiomer is
indeed much more prone to enolise in the presence of the
organocatalyst 17 (Scheme 17).


Organocatalysts containing an imidazolidinone core unit pro-
mote high asymmetric inductions in a wide range of reactions
based on enamine and iminium intermediates.39 Their recent use
for the enantioselective fluorination of aldehydes confirms their


Scheme 16 Proposed explanation for the configurational stability of (S)-18 under the reaction conditions.
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Scheme 17 Kinetic resolution experiment with (±)-18.


broad reaction scope. In the catalyst screening carried out by
Barbas’s group, imidazolidinones 20a and 20b afforded higher
enantiomeric excesses than proline-based catalysts. Using 30 mol%
of catalyst 20a and 20b in DMF at 4◦C, the linear aldehyde 21 was
fluorinated in 76% and 88% ee, respectively.40 A better conversion
was obtained with catalyst 20a (Scheme 18).


Scheme 18 Enantioselective fluorination of 21 in the presence of NFSI
and catalyst (R)-20a or b.


Much higher enantioselectivities (up to 96%) were obtained with
a series of linear aldehydes when the chiral imidazolidinones were
used in stoichiometric amounts. For branched aldehydes, high
yields of moderately enantioenriched fluorinated products were
obtained with proline-based catalysts (28 to 66% ee).


Simultaneously, independent work was carried out by MacMil-
lan and Beeson.42 They also used N-fluorobenzenesulfonimide as
a fluorine source, a reagent that could “presumably participate in
the requisite closed transition state via sulfone-proton bonding
and concomitant fluorine/enamine activation”. They showed
that, compared to Barbas’s reaction conditions, a much higher
level of enantiocontrol can be achieved using a slightly different
catalyst and changing the reaction solvent. Fluoroaldehyde 22
was obtained with excellent ee (98%) and yield (98%) using
20 mol% of the dichloroacetic salt of catalyst (S)-20b when
the reaction was performed at −10 ◦C in a 9 : 1 mixture of
THF and isopropanol (Scheme 19). Interestingly, high levels of
enantiocontrol could be obtained in a wide range of solvents,
including acetone, providing that 10% of isopropanol was present
as the co-solvent. Similarly to proline 17, catalyst 20b tolerates the
presence of bulky substituents on the a-carbon of the aldehyde. A
range of functional groups (protected amines, esters and olefins)


Scheme 19 Highly enantioselective synthesis of fluoroaldehyde 22 using
(S)-20b.


Scheme 20 Diastereo- and enantioselective ‘formal addition of HF’ by
organo-cascade catalysis.


was found to be compatible with this catalytic fluorination process.
The reaction conditions are remarkably mild as they allowed for
the preparation of highly enolisable fluorinated targets such as
(R)-2-fluorophenylacetaldehyde. Full mechanistic details remain
to be elucidated to understand the origin of enantiocontrol and to
validate their initial working hypothesis (Scheme 19).


The possibility of applying organocatalysis to the preparation of
complex molecular structures through specific catalytic pathways
is superbly demonstrated by MacMillan and co-workers in their
first report on enantioselective organo-cascade catalysis.45 In this
study, imidazolidinones are involved in a cascade of catalytic
processes that allows for the asymmetric addition of both a
nucleophile and an electrophile to a,b-unsaturated aldehydes. This
concept was applied to a series of nucleophiles and electrophiles,
including the use of a hydride reagent combined with an elec-
trophilic source of fluorine. These reactions effectively allowed the
asymmetric addition of HF across trisubstituted olefin systems, an
overall transformation with no precedent in asymmetric synthesis.
In a first catalytic cycle, the catalyst activates the conjugated
double bond towards Michael addition with a hydride via an
iminium intermediate. After consumption of the hydride, the
catalyst triggers the formation of the nucleophilic enamine, which
then reacts with NFSI. Based on this strategy, (2R,3R)-2-fluoro-3-
phenylbutanal, (R,R)-23, was formed in 60% yield with excellent
enantioselectivity (99% ee) and moderate level of diastereocontrol
(anti/syn 3 : 1) when (E)-3-phenylbut-2-enal was treated with
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20 mol% of catalyst 24 in the presence of a stoichiometric amount
of the Hantzsch ester as the hydride source and NFSI as the
electrophilic fluorinating agent. The sense and level of enantio- and
diastereocontrol of each catalytic step could also be programmed
employing a one-pot combination of two discrete amine catalysts.
Both diastereomers of 23 were accessible in high enantiomeric
excesses (99% ee) and diastereomeric ratios by using the same pair
of catalysts, keeping identical the absolute configuration of the
‘iminium catalyst’ but inverting the absolute configuration of the
‘enamine catalyst’. The judicious choice of simple amine catalysts
could therefore control both the diastereo- and enantioselective
outcome of these cascade reactions (Scheme 20).


Conclusions and perspectives


Within a period of ca. five years, spectacular advances have been
made with the emergence of truly efficient catalytic and enantiose-
lective fluorination processes. Conceptually, in the enantioselective
catalytic fluorinations reported to date, the chiral environment is
defined on the substrate, which is subsequently fluorinated by an
achiral fluorine source (substrate control). Therefore the method-
ologies are severely restricted by matching substrate/catalyst
interaction. Very preliminary studies suggest that in situ-generated
chiral N–F reagents may be produced and could offer a solution
towards catalytic enantioselective fluorinations, but so far the
enantiomeric excesses remain modest.46 Chiral catalytic entities
able to deliver a fluorine atom from the metal to the substrate
have yet to be developed. Most of these reactions allowed for the
preparation of an a-fluorinated carbonyl motif. To date, processes
relying on the use of transition metals are limited to substrates
prone to enolise, more often ketoesters, leading to products with
fluorinated quaternary centres. This limitation has been lifted
with the appearance of the first organocatalytic fluorinations,
which allow the preparation of enantioenriched structurally di-
verse enolisable fluorinated aldehydes. Although Enders obtained
encouraging results, none of the catalytic processes reported in
the literature are synthetically suitable for the enantioselective
fluorination of unactivated ketones and this constitutes a challenge
for the future. Also, the enantioselective fluorination of less
activated positions remains unexplored although attempts were
made towards the development of a catalytic enantioselective route
to allylic fluorides. This may be the reason why this chemistry
has been applied to only one more complex target synthesis, the
preparation of MaxiPost. With continuing progress in catalyst
design, practical routes to complex fluorinated targets with
multiple stereocentres may be realized in the future to introduce
all stereochemical elements independently and efficiently. Of
particular interest, would be the development of catalytic routes
to targets featuring more than one fluorinated stereogenic centre
or the development of innovative strategies towards catalytic
enantioselective nucleophilic or electrophilic trifluoromethylation.
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Microwave irradiation (2.45 GHz, 300–500 W) of N-(alkoxy)thiazole-2(3H)-thiones in low-absorbing
solvents affords alkoxyl radicals, which were identified by (i) spin adduct formation (EPR-spectroscopy)
and (ii) fingerprint-type selectivities in intramolecular additions (stereoselective synthesis of
disubstituted tetrahydrofurans), b-fragmentations (formation of carbonyl compounds), and
C,H-activation of aliphatic subunits, by d-selective hydrogen atom transfer. C-Radicals formed from
oxygen-centered intermediates were trapped either by Bu3SnH, L-cysteine ethyl ester, the reduced form
of glutathione (reductive trapping), or by bromine atom donor BrCCl3 (heteroatom functionalization)
The results suggest that microwave activation is superior to UV/Vis-photolysis and conductive heating
for alkoxyl radical generation from N-(alkoxy)thiazolethiones. It offers by far the shortest
reaction times along with the option to reduce the amount of trapping reagent significantly.


Introduction


The potential of microwaves (2.45 GHz) to increase the rate,
selectivity, and efficiency of chemical transformations that pro-
ceed via polar intermediates has been well documented in the
literature.1,2 Considerably less, however, is known about the role
of microwave activation in radical-based transformations.3,4 The
issue of selective alkoxyl radical formation and a concise study on
the chemistry that follows under these conditions has, to the best
of our knowledge, not yet been addressed. In view of this back-
ground, the present investigation on the feasibility of microwave-
induced generation of oxygen-centered radicals starting from
N-(alkoxy)thiazole-2(3H)-thiones I5–8 has been performed with
the aim of documenting the applicability of such intermediates
in the three most relevant O-radical elementary reactions: (i)
intramolecular addition (II → III), (ii) b-fragmentation (IV →
V), and (iii) homolytic substitution (VI → VII) (Scheme 1).9


Results


1. Synthesis of N-(alkoxy)thiazole-2(3H)-thiones


O-Alkyl derivatives of N-(hydroxy)-5-(p-methoxyphenyl)-4-
methylthiazole-2(3H)-thione [MAnTTOR 1: R1 = CH3, R2 =
An (p-H3COC6H4)] and N-hydroxy-4-(p-chlorophenyl)thiazole-
2(3H)-thione [CPTTOR 2: R1 = CP (p-ClC6H4), R2 = H] that
were required for conducting spin-trapping experiments (1a–d),
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nische Universität Kaiserslautern, D-67663, Kaiserslautern, Germany. E-
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Scheme 1 The consequent alkoxyl radical chemistry upon microwave
activation of N-(alkoxy)thiazole-2(3H)-thiones I [R1 = CH3 or p-ClC6H4


(CP);5,6 R2 = H or p-H3COC6H4 (An); R′ = e.g. CH3, C6H5].7–9


intramolecular additions (1e, 1h, 2e–h), b-fragmentations (1i, 1j),
and homolytic substitutions (1k, 1m) (Fig. 1), were prepared
by selectively O-alkylating the corresponding N-hydroxythiazole-
2(3H)-thione tetraethylammonium salt, in an extension of the
literature procedures.5,6,8,10–12


2. Microwave-assisted transformations


2.1 Alkoxyl radical trapping by 5,5-dimethylpyrrolidine-
N-oxide (3). The feasibility of alkoxyl radical generation
upon microwave activation of N-(alkoxy)thiazole-2(3H)-thiones
was verified by heating solutions of 5-(p-methoxyphenyl)-
4-methyl-substituted heterocycles 1a–d (c0 = 10−2 M) and
5,5-dimethylpyrrolidine-N-oxide (3) (DMPO) (c0 = 1.8 × 10−2 M)
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Fig. 1 Numbering of N-(alkoxy)thiazole-2(3H)-thiones 1 and 2. An =
p-H3COC6H4. R1 = CH3, R2 = An for 18,10–12 and R1 = p-ClC6H4, R2 = H
for 2.5,6


in C6H6 to 120 ◦C in a mono-mode microwave device using
appropriate vessels, instrumentation, and control units for
temperature and pressure regulation (Scheme 2; see Experimental
section).§ EPR-spectra, which were recorded from likewise
prepared solutions, showed characteristic signals of spin adducts
4a–d (for 4b and 4d see Fig. 2).13 Coupling constants aN, aH


b and
aH


c (Table 1) were calculated on the basis of spectrum simulation
and numerical analysis of fitted curves.14


Scheme 2 Microwave-assisted reaction between N-(alkoxy)thiazole-
thiones 1a–d and DMPO (3). For indexing of nitroxyl radicals 4 see Table 1.


Table 1 Coupling constants of spin adducts 4a–d (C6H6, 20 ◦C)


Entry 4 R g aN/G aH
b/G aH


c/G


1 a CH3 2.008 12.8 6.6 1.7
2 b C2H5 2.008 12.9 6.9 1.7
3 c CH(CH3)2 2.008 12.9 6.3 1.9
4 d C(CH3)3 2.008 13.1 9.3 1.5


§ All microwave-assisted experiments were performed using special glass-
ware and microwave equipment. lW = Microwave irradiation. Chiral N-
(alkoxy)thiazolethiones 1 and 2 were used as racemates, thus leading to
racemic products.


Fig. 2 EPR spectra of spin adducts 4b (top) and 4d (bottom) in C6H6


(20 ◦C).


2.2 Bu3SnH-mediated reactions


(i) Additions – intramolecular C,O bond formation. Suit-
able conditions for pursuing microwave-accelerated syntheses of
substituted tetrahydrofurans were established using N-(2-phenyl-
4-penten-1-oxy)-5-(p-methoxyphenyl)-4-methylthiazole-2(3H)-
thione (1e) as a reporter molecule. The compound was converted
into 2-phenyl-4-penten-1-al (6e, 27%),15 2-phenyl-4-penten-1-ol
(7e, 16%),16 5-(p-methoxyphenyl)-4-methylthiazole-2(3H)-thione
(9, 31%),17 5-(p-methoxyphenyl)-4-methylthiazole (10, 2%), and
disulfide 11 (5%), if heated to 80 ◦C for 10 min in a solution of
C6H5CF3 using a mono-mode microwave device (Table 2, entry 1).
The starting material 1e was recovered in 52% yield. The stability
of thione 1e decreased considerably if heated in the presence of
Bu3SnH under otherwise identical conditions. Suitable parameters
that allowed the complete consumption of N-alkenoxy compound
1e on a reasonable time scale were established by varying the
temperature profiles, the tin hydride concentration and amount
(data not shown). As a baseline result of this screening, 2.5 equiv.
of Bu3SnH were required in order to convert thione 1e (within
1 min) into 2-methyl-4-phenyltetrahydrofuran (5e, 64%)18 and
the tributyltin adduct 8 (91%), besides minor amounts of the
aldehyde 6e (5%) and alkenol 7e (2%), as established by 1H
NMR analysis (Table 2, entry 2). The major compounds formed
in the latter reaction were isolated in similar but not identical
yields from a larger scale experiment (Table 2, entry 2, numbers
given in brackets). For comparison, 4.0 equiv. of Bu3SnH were
necessary in order to prepare tetrahydrofuran 5e (64%, cis : trans =
88 : 12) from thiazolethione 1e (within 5–10 min) by conductive
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Table 2 Screening for reactivity – microwave-assisted transformations of N-(2-phenyl-4-penten-1-oxy)-5-(p-methoxyphenyl)-4-methylthiazole-2(3H)-
thione (1e)a


Entry Bu3SnH (equiv.) t/min T/◦C Solvent 5e (%) (cis : trans) 6e (%) 7e (%) 8 (%) 9 (%) 10 (%) 11 (%)


1 0 10b 80 C6H5CF3 –c [27] [16] — [31] [2] [5]
2 2.5 1.0 80 C6H5CF3 64 [53] (88 : 12) 5 2 91 [87] —c —c —c


3 2.0 3.0 60 C6H5CF3 56 (88 : 12) —c —c 78 4 —c —c


4 2.5 1.5 80 C6H6 59 (88 : 12) —c —c 89 3 —c —c


a An = p-H3COC6H4. Yields were determined by 1H NMR, except for the values in square brackets, which are isolated yields. b 48% conversion of 1a.
c Not detected (1H NMR).


heating (oil bath). If photolyzed for 20 min (350 nm, 30 ◦C)
in a solution of C6H5CF3 and 4.0 equiv. of Bu3SnH, thione 1e
provided 2-methyl-4-phenyltetrahydrofuran (5e, 63%) (data for
the latter two experiments is not shown). A decrease of the bulk
temperature and the amount of Bu3SnH slightly reduced the yield
of target compound 5e (Table 2, entry 3, 1H NMR). Experiments
in C6H6 (80 ◦C) took 1.5 min in order to quantitatively convert
thiazolethione 1e in the presence of Bu3SnH into disubstituted
tetrahydrofuran 5e (Table 2, entry 4). As a standard, the use of
2.0–2.5 equiv. of Bu3SnH, with C6H5CF3 as solvent, a reaction
temperature of 80 ◦C, a total time of 2.0–2.5 min, and 500 W
microwaves were set as optimized conditions in order to perform
the succeeding experiments.


Control experiments on the stability of relevant prod-
ucts showed that 2-methyl-4-phenyltetrahydrofuran (5e) (cis :
trans = 88 : 12), and 5-(p-methoxyphenyl)-4-methyl-2-(tri-n-
butylstannylsulfanyl)thiazole (8) were quantitatively recovered,
whereas disulfide 11 afforded 9% 4,5-disubstituted thiazole 10,
if microwave-heated (80 ◦C) in C6H5CF3, according to 1H
NMR analysis. Treatment of [5-(p-methoxyphenyl)-4-methyl-2-
thiazyl]disulfide (11) with Bu3SnH under these conditions afforded
28% of thiazolethione 9 (Scheme 3).


In order to obtain additional information on the selectivity
of alkoxyl radical cyclizations upon microwave activation of N-
(alkenoxy)thiazolethiones, 4-(p-chlorophenyl)-substituted com-
pounds 2e–h were treated with Bu3SnH under the established op-
timized conditions (see Table 2, entry 2). Each of the reactions fur-
nished the corresponding disubstituted tetrahydrofuran 5e–h (52–
70%) and 2-(tributylstannyl)sulfanyl-4-(p-chlorophenyl)thiazole
12 (74–93%, 1H NMR analysis).5 Cis-diastereoisomers were
favored in syntheses of 2,4-substituted heterocycles 5e (cis : trans =
88 : 12) and 5f (cis : trans = 90 : 10) (Table 3, entries 1–2), whereas
trans-diastereoisomers were favored in syntheses of 3-(tert-butyl)-
2-methyltetrahydrofuran (5g) (cis : trans <2 : 98) and 5-isopropyl-
2-phenyltetrahydrofuran (5h) (cis : trans = 30 : 70; Table 3, entries
3–4).11,19 Carbonyl compounds (6e: 8%, 6f: 12%, 6g: 4%, 6h: 11%;
1H NMR analysis), and alkenols (7e: 5%, 7f: 7%, 1H NMR
analysis, Table 3) were formed as minor products.11 If repeated


Scheme 3 Control experiments for investigating product stability under
microwave conditions.


on a preparative scale (1 mmol), thiazolethione 2e provided 61%
of 2-methyl-4-phenyltetrahydrofuran (5e) (cis : trans = 88 : 12)
and 84% of tributyltin adduct 12 (Table 3, entry 1, numbers in
brackets) after purification of the reaction mixture.


A search for a substitute for Bu3SnH for possible future syn-
thetic applications of microwave-assisted alkoxyl radical reactions
under reductive conditions showed that derivatives of the a-
amino acid cysteine, i.e. L-cysteine ethyl ester hydrochloride (L-
CysOEt·HCl) or the reduced form of glutathione (GSH), were ad-
equate for this purpose.20 Since both compounds are water-soluble,
transformations between N-(2-phenylpentenoxy)thiazolethione
2e and GSH, or the reagent combination of L-CysOEt·HCl and
NaOH, were conducted in 1,4-dioxane–H2O (2 : 1, v/v), to provide
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Table 3 Conversion of N-(alkoxy)-4-(p-chlorophenyl)thiazolethiones 2e–h in the presence of Bu3SnH under microwave conditionsa


Entry 2, 5–7 Ra Rb Rc Rd 5 (%) (cis: trans) 6 (%) 7 (%) 12 (%)


1 e H C6H5 H H 70 [61] (88 : 12) 8 5 93 [84]
2 f H C(CH3)3 H H 54 (90 : 10)b 12 7 74
3 g H H C(CH3)3 H 52 (<2 : 98)b ,c 4 —d 81
4 h C6H5 H H CH3 58 (30 : 70) 11 —d 88


a CP = p-ClC6H4; 2.0–2.5 equiv. Bu3SnH. Yields of compounds 5–7 and 12 were determined by 1H NMR, except for the values in square brackets, which
are isolated yields. b GC. c Cis-5g was not detected (1H NMR). d Not detected (1H NMR).


2-methyl-4-phenyltetrahydrofuran (5e) in 31% yield (with GSH
as the hydrogen atom donor) or 43% yield (with L-CysOEt·HCl,
Scheme 4). Both syntheses provided minor amounts (12–18%) of
2-phenylpentenal (6e) as a side product (Scheme 4). No evidence
(TLC and 1H NMR) for formation of the expected adduct of the
L-cysteine-derived S-radical to the thione sulfur in 2e was evident
from the crude reaction mixtures. On a qualitative basis, thiazole-


Scheme 4 The use of water-soluble thiols as reactive hydrogen atom
donors in tetrahydrofuran syntheses starting from N-(2-phenyl-4-penten-
1-oxy)thiazolethione 2e (CP = p-ClC6H4). a Addition of 9 equiv. of NaOH
required. b 2 : 1, v/v.


derived products resembled those specified for the conversion of
thione 1e in the absence of Bu3SnH (Table 2).20


(ii) b-C,C-cleavage – formation of carbonyl compounds. N-
(Cis-2-methylcyclopentoxy)-5-(p-methoxyphenyl)-4-methylthia-
zole-2(3H)-thione (1i) afforded hexanal (13i, 78%) (GC), 2-
(tributylstannyl)sulfanylthiazole (8, 96%) and a small amount of
5-(p-methoxyphenyl)-4-methylthiazole (10), if treated for 1 min
at 70 ◦C in a solution of C6H5CF3 with Bu3SnH (3.0 equiv.)
in a mono-mode microwave device (Table 4, entry 1). In order to
prevent loss of aldehyde 13i due to evaporation, the temperature
was constrained to 70 ◦C in this experiment. The same conditions
were applied to prepare 4-phenylpentanal (13j, 42%)21 (1H NMR),
and tributyltin adduct 8 (93%) from cis-2-phenylcyclopentoxy-
substituted thiazolethione 1j and Bu3SnH (Table 4, entry 2).


2.3 BrCCl3-mediated reactions


(i) Additions – 5-exo-trig bromocyclizations. The feasibility
of heteroatom-trapping of alkoxyl radical reaction products22


under microwave conditions was explored using BrCCl3 as
the heteroatom donor and N-(alkenoxy)-5-(p-methoxyphenyl)-
4-methylthiazolethiones 1e and 1h as O-radical sources. Based


Table 4 Formation of aldehydes from 2-substituted N-(cyclopentoxy)thiazolethiones 1i and 1j and Bu3SnH


Entry 1, 13 Re 13 (%) 8 (%) 10 (%)


1 i CH3 78b 96 4
2 j C6H5 42 93 —c


a An = p-H3COC6H4; 3.0 equiv. of Bu3SnH. Yields were determined by 1H NMR, unless otherwise noted. b GC. c Not detected (1H NMR).
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Table 5 Microwave-assisted conversion of N-(alkenoxy)thiazolethiones 1e and 1h in the presence of BrCCl3
a


Entry 1, 6, 7, 14 Ra Rb Rd 14 (%) (cis : trans) 6 (%) 7 (%) 15 (%)


1 e H C6H5 H 68 [62] (88 : 12) 18 12 84 [79]
2 h C6H5 H CH3 51 (30 : 70) 15 16 76


a An = p-H3COC6H4; 3.0 equiv. of BrCCl3; 3.0–5.0 equiv. of AIBN. Yields were determined by 1H NMR, except for the values in square brackets, which
are isolated yields.


on results from a supplementary study (data not shown), AIBN
(3.0 equiv.) had to be added, in order to drive the bromination
reactions to completion within 2 min. Application of these
parameters furnished 2-bromomethyl-4-phenyltetrahydrofuran
(14e,23 68%, cis : trans = 88 : 12), aldehyde 6e (18%), alkenol
7e (12%) and 5-(p-methoxylphenyl)-4-methyl-2-(trichloromethyl-
sulfanyl)thiazole (15, 84%) from N-(alkenoxy) compound 1e
(Table 5, entry 1; 1H NMR analysis).24 If repeated on a 1 mmol
scale, bromomethyltetrahydrofuran 14e (62%, cis : trans = 88 : 12),
and trichloromethyl adduct 15 (79%) were isolated as analytically
pure samples after chromatographic work up of the reaction
mixtures (Table 5, entry 1, figures in square brackets). In order
to compare the efficiency of microwave activation, conductive
heating, and photochemical reactions for initiating O-radical
reactions starting from N-(alkoxy)thiazolethiones, two further
experiments were performed. Under thermal condititions, (5–
10 min of heating in an oil bath at 80 ◦C in C6H5CF3), 10–
15 equiv. of AIBN and 5.0 equiv. of BrCCl3 were necessary for
converting thione 1e into bromocyclization product 14e (55%,
cis : trans = 88 : 12). In the photochemically induced reaction, 2-
bromomethyl-4-phenyltetrahydrofuran (14e, 59%, cis: trans = 88 :
12) was prepared upon irradiating (350 nm, 30 ◦C) a solution of
N-(2-phenylpentenoxy)thiazolethione 1e and 5.0 equiv. of BrCCl3


in C6H5CF3 for 20 min (data for the latter two experiments is not
shown).


In a final bromocyclization experiment, a solution of N-(5-
methyl-1-phenyl-4-hexen-1-oxy)-5-(p-methoxyphenyl)-4-methyl-
thiazole-2(3H)-thione (1h) in C6H5CF3 was heated under opti-
mized microwave conditions to afford 2-(1-bromo-1-methylethyl)-
5-phenyltetrahydrofuran (14h, 51%, cis : trans = 30 : 70),22 5-
methyl-1-phenyl-4-hexen-1-one (6h, 15%), the derived alkenol 7h
(16%) and trichloromethylsulfanylthiazole 15 (76%) (Table 5,
entry 2).


(ii) Homolytic substitution – remote functionalization. Heat-
ing of a solution of N-(1-pentoxy)-5-(p-methoxyphenyl)-4-
methylthiazolethione 1k, AIBN (3.0 equiv.), and BrCCl3 (5.0
equiv.) in C6H5CF3 for 2.5 min in a mono-mode microwave
instrument provided 4-bromopentan-1-ol (16k,6 64%) (1H NMR;
Table 6, entry 1). In a similar way, 4-bromo-4-phenylbutan-
1-ol (16m,25 37%) was obtained from thione 1m (1H NMR;
Table 6, entry 2). Attempts to purify phenyl-substituted d-
bromohydrine 16m by chromatography (SiO2, petroleum ether–
Et2O = 1 : 1, v/v) resulted in a quantitative conversion of
the bromoalcohol into 2-phenyltetrahydrofuran.26 The hetero-
cyclic subunit of radical precursors 1k and 1m was trans-
formed in both reactions into 5-(p-methoxyphenyl)-4-methyl-2-
(trichloromethylsulfanyl)thiazole (15, 81% from 1k and 82% from
1m) and bisthiazyl disulfide 11 (3%).


Table 6 Formation of d-bromohydrins 16 from N-(alkoxy)thiazolethiones 1a


Entry 1, 16 Rf AIBN (equiv.) 16 (%) 15 (%) 11 (%)


1 k CH3 2.0 64 81 3
2 m C6H5 4.0 37 82 3


a An = p-H3COC6H4; 5.0 equiv. of BrCCl3. Yields were determined by 1H NMR.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2313–2322 | 2317







Discussion


(i) Alkoxyl radical precursors


The synthesis of N-substituted thiazolethiones 1 and 2 was
performed according to established procedures or extensions
thereof.6,8 The selectivity of product formation and the associated
yields followed trends that have been discussed in detail for
structurally related derivatives of compounds 1 and 2.6,9 In view of
the severe difficulties noted in earlier reports of preparing tertiary
O-alkyl derivatives of cyclic thiohydroxamates,5,6,27 the newly
developed synthesis of N-(tert-butoxy)thiazolethione 1d deserves a
comment. The compound was finally obtained in 25% yield using
O-tert-butyl-N,N-diisopropylisourea28 as the alkylating reagent.
This procedure is under current investigation in order to improve
its yield and scope.


(ii) N,O-Cleavage, alkoxyl radical generation, and radical chain
mechanism


If dissolved in a low-absorbing solvent and heated in mi-
crowave device (2.45 GHz), N-(alkoxy)-5-(p-methoxyphenyl)-4-
methylthiazolethiones 1 undergo N,O-homolysis to furnish pri-
mary, secondary, or tertiary alkoxyl radicals, as shown by the
formation of spin adducts 4. The latter intermediates were iden-
tified by their characteristic g-values, magnitudes of the hyperfine
coupling constants aN, aH


b, and aH
c, and (decisively) by the changes


of EPR-parameter by gradually increasing the steric encroach-
ment at the c-position (Table 1).13 The yields of spin adducts 4a–d
were not quantified, and therefore the efficiency of N,O-homolyses
in thiones 1a–d under such conditions remained unclear. In
order to determine this crucial parameter, N-(2-phenyl-4-penten-
1-oxy)thiazolethione 1e, as a reporter molecule, was microwave-
irradiated in a mono-mode microwave instrument (500 W,
80 ◦C).29–31 Approximately half of this compound decomposes
within 10 min at 80 ◦C to afford 2-phenyl-4-pentenal (6e), 2-
phenyl-4-penten-1-ol (7e), and a total of three thiazole derivatives
(Table 2). Although it is tempting to interpret these findings in
terms of alkoxyl radical generation and subsequent dispropor-
tionation, the mechanism that leads to formation of products 6e,
7e, and thiazole derivatives 9–11 has not hitherto been known.
The fact that no 5-exo-trig cyclization products were detected
(1H NMR) points to a non-radical fragmentation mechanism,
which requires future investigation. Selective N,O-fragmentation
by the alkoxyl radical mechanism, however, is attainable by adding
reactive atom-transfer reagents to microwave-irradiated solutions
of, e.g., thiones 1e or 2e, as documented by the formation of
2-methyl-4-phenyltetrahydrofuran (5e) and tributyltin adducts
8 or 12 (using Bu3SnH as mediator).9 The synthesis of these
compounds under such conditions is considered to occur by a
chain mechanism (Scheme 5). Experimental evidence to support
this interpretation originate from (i) results of spin-trapping
experiments, (ii) stereochemical preferences for formation of major
cyclization products of 5e–h, which follow the guideline for the 4-
penten-1-oxyl radical ring closure that is distinctively different
from selectivities in polar cyclizations,32 and (iii) the mass balance
between tributyltin adducts 8 and 12 and cyclic ethers 5e–h. The
sequence is considered to start by thermal activation of, for in-
stance, N-(2-phenyl-4-pentenoxy)thiazolethione 1e. Alkoxyl rad-
ical release furnishes intermediate 17e, which selectively cyclizes


Scheme 5 Elementary reactions for the formation of 2-methyl-4-
phenyltetrahydrofuran (5e) and 2-bromomethyl-4-phenyltetrahydrofuran
(14e) in radical chain reactions starting from N-(2-phenyl-4-pentenoxy)-
thiazolethione 1e. Step A: 5-exo-trig cyclization. Step B: hydrogen
(Bu3SnH) or bromine atom transfer (BrCCl3) onto cyclized radical 18e.
Step C: addition of the chain carrying the Y• radical (Bu3Sn• or •CCl3) to
a second molecule of thione 1e. X–Y = H–SnBu3, Br–CCl3.


in a 5-exo-trig manner in a fast, kinetically controlled reaction
to afford cyclized radical 18e.18 Trapping of tetrahydrofuryl-2-
methyl radical 18e with Bu3SnH (see also section (iii) in the
Discussion) provides 2-methyl-4-phenyltetrahydrofuran (5e) and
radical Bu3Sn•. The tin radical adds to the C=S group in 1e to
afford an adduct (not shown) that undergoes N,O-homolysis, thus
leading to the formation of tributylstannylsulfanyl-substituted
thiazole 8 and a second O-radical 17e.


(iii) Hydrogen atom trapping


Bu3SnH (BDE Sn–H = 326.4 kJ mol−1)33 in a solution of C6H5CF3


was the most effective mediator for performing alkoxyl radical
reactions in this study. Application of this reagent furnished disub-
stituted tetrahydrofurans (intramolecular additions) or aldehydes
(b-fragmentations) without the necessity to add AIBN for the
complete consumption of O-radical precursor 1 or 2.9 A change
of hydrogen donor to water-soluble non-toxic thiols (BDE S–H:
e.g. n-PrS–H = 365.7 kJ mol−1)34 offers the benefit to apply an
aqueous solvent at the expense of a slightly reduced yield of cyclic
ether 5e.20


(iv) Bromine atom trapping


Bromine atom trapping experiments (BDE Cl3C–Br = 231 ±
4 kJ mol−1)35 required the use of at least 2.0 equiv. of AIBN,
in order to prepare organobromine compounds in synthetically
useful yields. By considering its decomposition parameters, it is
obvious that the azo compound cannot be completely consumed
within the time span applied for converting thiones 1 and 2 into
target compounds 14 or 16 under microwave conditions.36 Results
from additional experiments indicated that the only detectable
spin adduct that is formed in a microwave-heated solution
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of N-(methoxy)-5-(p-methoxyphenyl)-4-methylthiazolethione 1a,
AIBN, and DMPO (3) in C6H5CF3 (Tmax = 120 ◦C) originates
from •C(CH3)2CN addition to the nitrone (not shown in Table 1).
On the other hand, no products of C(CH3)2CN addition to
sulfur, similar to structures of sulfides 8, 12, 15, were detected
in any of the bromination reactions. The role of AIBN in these
reactions therefore has to be restricted to •CCl3 radical generation
from BrCCl3. A second pathway that provides •CCl3 radicals
is associated with the closing homolytic substitution step of
the synthesis of bromocyclization products 14 (Scheme 5) or d-
bromohydrins 16. If a bimolecular rate law for •CCl3 addition
to the C=S p-bond in N-(alkoxy)thiazole-2(3H)-thiones applies,
the radical concentration is the key for controlling the rate of this
process in order to make it fit into the kinetic scheme of the
proposed chain mechanism (Scheme 5).9 The propensity of the
•CCl3 radical to carry a chain reaction in thiohydroxamate-
based free radical brominations has been well documented in the
literature.22,37 In view of the fact that 2.0 equiv. of AIBN (and
sometimes more) are required in order to obtain the yields of
organobromine compounds that are listed in Tables 5 and 6, it is,
however, unlikely that a very efficient chain reaction is maintained
under these conditions.


(v) Comparison between radical precursors and methods for
initiating alkoxyl radical reactions


According to the results of the present study, microwave irradiation
is a powerful method for activating N-(alkoxy)thiazolethiones
by the alkoxyl radical pathway. Its use offers the advantage to
cut reaction times by a factor of about 10 and to lower the
required amount of trapping reagent by a factor of approximately
2, if compared to the parameters applied in experiments initiated
by conductive heating or UV/Vis photolysis. The O-radical
selectivities observed in microwave-assisted transformations con-
sistently agreed with those measured in related studies.9,22 The
observed microwave effect is therefore restricted to the alkoxyl
radical-forming step. Whereas AIBN is generally required for
initiating thermally induced alkoxyl radical generation from N-
(alkoxy)thiazolethiones 1 or 2 by conductive heating, its use under
microwave conditions was restricted to bromination reactions.
Free radical bromocyclizations that proceed in the absence of
additional AIBN, however, are attainable. In this case the reaction
between a given N-(alkoxy)thiazolethione 1 or 2 and BrCCl3 has
to be initiated using an appropriate light source.22,38


The differences between the ability of N-(alkoxy)-5-(p-meth-
oxyphenyl)-4-methylthiazolethiones 1 and 4-(p-chlorophenyl)-
substituted derivatives 2 to afford products of alkoxyl radical-
based transformations were small (see ESI†). In the present
study, the use of 5-(p-methoxyphenyl)-4-methylthiazolethiones 1
was favored, due their more efficient synthetic access, improved
characteristics, and reliable performance in 5-exo-trig cyclizations,
b-fragmentations, and remote functionalizations.


As a final remark, it is worth mentioning that a removal of O2


using freeze–pump–thaw cycles (with Ar as inert gas), which was a
prerequisite for obtaining adequate yields in thermally (conductive
heating) or photochemically-induced reactions, was not necessary
for successfully performing synthetic alkoxyl radical chemistry
under microwave conditions. None of the latter experiments were
performed under Ar.


Conclusions


Microwave activation constitutes a significant improvement for
the generation of O-radicals from N-(alkoxy)thiazolethiones.
The intermediates formed in the present study underwent effi-
cient cyclizations (synthesis of disubstituted tetrahydrofurans), b-
fragmentations (formation of carbonyl compounds), and C,H-
activation of aliphatic subunits by d-selective hydrogen atom
transfer under mild and neutral conditions. The advantage of
the microwave method originates from considerably shorter re-
action times and the use of smaller amounts of trapping reagents.
It is compatible with aqueous and organic solvents, without the
necessity to perform radical-based transformation in an inert gas
atmosphere.


Experimental


1. General remarks


Standard instrumentation and general remarks have been dis-
closed previously (see also ESI†).22


Microwave and EPR instrumentation. The following mi-
crowave equipment was used: A MLS–Ethos R© 1600 mono-mode
instrument (Milestone) [500 W, quartz glass vessel (length 15 cm,
diameter 2 cm), equipped with a 20 bar excess pressure valve,
stirring device, cooling fan, and temperature measurement by fiber
optics], and a Discover R© instrument (CEM) [300 W, quartz glass
vessel (length 9 cm, inside diameter 1.3 cm) equipped with a 20 bar
excess pressure valve, stirring device, cooling fan, and temperature
measurement by an IR sensor; mode: power time]. EPR spectra
were recorded with an ESP 300 spectrometer (Bruker) operating
in the X-band mode at 15 mW microwave power and a modulation
amplitude of 1.0 G at 20 ◦C.


Materials. NEt4OH (25% solution in MeOH, w/w), Bu3SnH,
BrCCl3, a,a′-azobis(isobutyronitrile) (AIBN) were obtained
from commercial sources and were used as received (Fluka, Merck,
Lancaster). N-(Hydroxy)-4-(p-chlorophenyl)thiazole-2(3H)-
thione tetraethylammonium salt,8 N-(hydroxy)-5-(p-methoxy-
phenyl)-4-methylthiazole-2(3H)-thione tetraethylammonium salt,8


2-phenyl-4-penten-1-yl p-toluenesulfonate,18 1-chloro-5-methyl-1-
phenyl-4-hexene,19 n-pentyl p-toluenesulfonate,19 trans-2-methyl-
cyclopentyl p-toluenesulfonate,21 trans-2-phenylcyclopentyl p-
toluenesulfonate,21 2-(1,1-dimethylethyl)-4-penten-1-yl p-toluene-
sulfonate,11 3-(1,1-dimethylethyl)-4-penten-1-yl p-toluene-sul-
fonate,11 N-methoxy-5-(p-methoxyphenyl)-4-methylthiazole-2(3H)-
thione (1a),8 and N-(ethoxy)-5-(p-methoxyphenyl)-4-methyl-thia-
zole-2(3H)-thione (1a)6 were prepared according to published pro-
cedures. 4-Phenyl-1-butyl p-toluenesulfonate was prepared from
the corresponding alcohol by adapting a general procedure for the
preparation of alkyl tosylates.39 All solvents and reagents were
purified following recommended standard procedures.40 Petro-
leum ether refers to the fraction boiling in the range 45–55 ◦C.


2. Synthesis of N-(alkoxy)-5-(p-methoxyphenyl)-4-
methylthiazole-2(3H)-thiones


General procedure. A round-bottomed flask was charged
with N-(hydroxy)-5-(p-methoxyphenyl)-4-methylthiazole-2(3H)-
thione tetraethylammonium salt (0.84 g, 2.20 mmol), an
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appropriate alkyl chloride or tosylate (2.20 mmol), and DMF
(7 mL) under argon to exclude moisture. The reaction mixture was
stirred for 4–6 days at 20 ◦C in the dark. Afterwards, it was diluted
with tert-butyl methyl ether (30 mL). H2O (30 mL) was added and
the phases were separated. The aqueous layer was extracted with
tert-butyl methyl ether (3 × 20 mL). The combined organic phases
were washed with a saturated aqueous solution of NaHCO3


and brine (10 mL each). After drying (MgSO4), the solvent was
removed under reduced pressure to furnish an oil, which was
purified by chromatography (SiO2, petroleum ether–Et2O).


N -(Isopropoxy)-5-(p-methoxyphenyl)-4-methylthiazole-2(3H)-
thione (1c). Yield: 0.47 g (73%) from 2-propyl tosylate (0.47 g,
2.20 mmol); Rf = 0.40 (SiO2, petroleum ether–Et2O = 2 : 1, v/v),
light orange powder. C14H17NO2S2 (295.42) requires C 56.92, H
5.80, N 4.74, S 21.71; found C 56.81, H 5.93, N 4.86, S 21.34; dH


(250 MHz; CDCl3) 1.38 (d, J = 6.1, 6 H, CH3), 2.29 (s, 3 H, CH3),
3.83 (s, 3 H, OCH3), 5.50 (sept., J = 6.1, 1 H, OCH3), 6.94 (d,
J = 8.8, 2 H, Ar–H), 7.24 (d, J = 8.8, 2 H, Ar–H); dC (63 MHz;
CDCl3) 12.7 (CH3), 20.6 (CH3), 25.4, 55.4 (OCH3), 78.6 (OCH),
114.3, 114.5, 119.3, 122.7, 129.9, 130.4, 133.4, 159.9, 179.2 (C=S);
kmax (EtOH)/nm (lg e) 334 (4.48), 258 sh; m/z (EI, 70 eV) 295 [M+]
(55%), 237 [C11H11NOS2


+] (100), 178 [C10H10SO+] (35).


N -(2-Phenyl-4-penten-1-oxy)-5-(p-methoxyphenyl)-4-methyl-
thiazole-2(3H)-thione (1e). Yield: 0.87 g (67%) from 2-phenyl-
4-penten-1-yl tosylate (0.70 g, 2.20 mmol); Rf = 0.35 (SiO2,
petroleum ether–Et2O = 2 : 1, v/v), colorless solid (petroleum
ether–Et2O), mp 69 ◦C (DTA), dec. 105 ◦C (DTA); C22H23NO2S2


(397.57) requires C 66.47, H 5.83, N 3.52, S 16.13; found C 66.31,
H 5.97, N 3.48, S 15.87; dH (400 MHz; CDCl3) 1.96 (s, 3 H, CH3),
2.54 (ddd, J = 1.4, 8.1, 14.2, 1 H), 2.73 (ddd, J = 1.1, 6.1, 13.1,
1 H), 3.29 (ddt, J = 6.3, 7.5, 13.6, 1 H), 3.83 (s, 3 H, OCH3), 4.50
(t, J = 7.5, 1 H), 4.76 (dd, J = 6.3, 7.6, 1 H), 5.00 (dd, J = 1.9,
12.2, 1 H), 5.07 (dd, J = 1.8, 17.1, 1 H), 5.74 (dddd, J = 6.9, 10.4,
13.9, 17.2, 1 H), 6.91 (mc, 2 H, Ar–H), 7.16 (mc, 2 H, Ar–H) (mc =
centred multiplet), 7.22–7.30 (5 H, m, Ph); dC (100 MHz; CDCl3)
11.6 (CH3), 36.5, 44.4, 55.4 (OCH3), 79.2, 114.5, 117.1, 122.5,
127.0, 128.0, 128.5, 129.8, 135.4, 140.8, 159.9, 178.7 (C=S); m/z
(EI, 70 eV) 237 [C11H11NOS2


+] (5%), 222 (1), 131 (78), 91 (100).


N-(5-Methyl-1-phenyl-4-hexen-1-oxy)-5-(p-methoxyphenyl)-4-
methylthiazole-2(3H)-thione (1h). Yield: 0.94 g (52%) from
1-chloro-5-methyl-1-phenyl-4-hexene (0.46 g, 2.20 mmol); Rf =
0.35 (SiO2, petroleum ether–Et2O = 3 : 1, v/v), yellowish solid,
mp 78–80 ◦C; C24H27NO2S2 (425.61) requires C 67.73, H 6.39,
N 3.29, S 15.07, found C 67.78, H 6.48, N 3.48, S 15.37; dH


(400 MHz; CDCl3) 1.48 (s, 3 H, CH3), 1.59 (s, 3 H, CH3), 1.68
(s, 3 H), 2.03–2.19 (m, 4 H), 3.79 (s, 3 H, OCH3), 5.09 (dt, J =
1.2, 5.2, 1 H), 6.09 (dd, J = 6.2, 8.0, 1 H), 6.85 (d, J = 6.2, 2 H,
Ar–H), 7.01 (d, J = 7.0, 2 H, Ar–H), 7.34–7.40 (m, 5 H, Ph); dC


(100 MHz; CDCl3) 12.6 (CH3), 18.1, 24.7, 26.1, 32.3, 86.5, 114.8,
123.5, 129.0, 129.2, 129.6, 130.0, 130.3, 134.2, 137.2, 180.0 (C=S);
m/z (EI, 70 eV) 188 [C13H16O+] (13%), 105 (100), 77 (38).


N -(1-Pentoxy)-5-(p-methoxyphenyl)-4-methylthiazole-2(3H)-
thione (1i). Yield: 0.72 g from 1-pentyl tosylate (0.53 g,
2.20 mmol); Rf = 0.35 (SiO2, petroleum ether–Et2O = 2 : 1, v/v),
colorless solid (petroleum ether), mp 50 ◦C (DTA), dec. 114 ◦C
(DTA); C16H21NO2S2 (323.48) requires C 59.41, H 6.54, N 4.33, S


19.82; found C 59.64, H 6.42, N 4.34, S 19.48; kmax (EtOH)/nm (lg
e) 336 (4.76); dH (400 MHz; CDCl3) 0.94 (t, J = 7.2, 3 H), 1.41 (ddd,
J = 6.9, 7.7, 14.7, 2 H), 1.53–1.45 (m, 2 H), 1.85 (dd, J = 6.8, 13.5,
2 H), 2.32 (s, 3 H, CH3), 3.83 (s, 3 H, OCH3), 4.45 (t, J = 6.7, 2 H),
6.94 (mc, 2 H, Ar–H), 7.22 (mc, 2 H, Ar–H); dC (100 MHz; CDCl3)
12.4 (CH3), 14.3, 22.9, 27.9, 28.2, 55.8 (OCH3), 76.8, 114.7, 119.7,
123.0, 130.2, 132.6, 160.3, 179.1 (C=S); m/z (EI, 70 eV) 323 [M+]
(28%), 307 (7), 237 (74), 221 (11), 178 (19), 146 (18), 70 (21).


N -(4-Phenyl-1-butoxy)-5-(p-methoxyphenyl)-4-methylthiazole-
2(3H)-thione (1j). Yield: 0.85 g (44%) from 0.67 g of 4-phenyl-1-
butyl tosylate; Rf = 0.40 (SiO2, petroleum ether–Et2O = 2 : 1, v/v),
colorless solid (petroleum ether), mp 71 ◦C (DTA), dec. 116 ◦C
(DTA); C21H23NO2S2 (385.55) requires C 65.42, H 6.01, N 3.63,
S 16.63; found C 64.85, H 5.89, N 3.68, S 16.35; dH (400 MHz;
CDCl3) 1.88 (mc, 4 H), 2.30 (s, 3 H, CH3), 2.72 (t, J = 7.1, 2 H),
3.84 (s, 3 H, OCH3), 4.45 (t, J = 5.9, 2 H), 6.94 (mc, 2 H, Ar–H),
7.22 (mc, 2 H, Ar–H), 7.18–7.32 (m, 5 H, Ph–H); dC (100 MHz;
CDCl3) 12.4 (CH3), 27.8, 27.9, 31.3, 55.8 (OCH3), 76.4, 114.9,
119.7, 122.9, 126.3, 128.7, 128.8, 130.2, 132.5, 142.2, 160.3, 179.1
(C=S); m/z (EI, 70 eV) 237 [C11H11NOS2


+] (2%), 222 (1), 148 (8),
104 (100), 91 (43).


N -(Cis-2-methylcyclopentoxy)-5-(p-methoxyphenyl)-4-methyl-
thiazole-2(3H)-thione (1k). Yield: 0.75 g (77%) from trans-2-
methylcylopentyl tosylate (0.56 g); Rf = 0.30 (SiO2, petroleum
ether–Et2O = 3 : 1, v/v), yellowish solid (petroleum ether–Et2O),
mp 62 ◦C (DTA), dec. 106 ◦C (DTA); C17H21NO2S2 (335.49)
requires C 60.86, H 6.31, N 4.18, S 19.11; found C 60.60, H 6.45,
N 4.12, S 18.59; kmax (EtOH)/nm (lg e) 338 (4.11), 230 (4.15); dH


(400 MHz; CDCl3) 1.27 (s, 3 H, CH3), 1.62 (mc, 1 H), 1.70 (mc, 1
H), 1.78 (mc, 1 H), 1.87–1.97 (m, 1 H), 1.92 (mc, 1 H), 1.98 (mc,
1 H), 2.22–2.15 (m, 1 H), 2.30 (s, 3 H, CH3), 3.83 (s, 3 H, OCH3),
5.62 (dt, J = 4.8, 4.9, 1 H), 6.94 (mc, 2 H, Ar–H), 7.24 (mc, 2 H, Ar–
H); dC (100 MHz; CDCl3) 12.5 (CH3), 13.6, 21.9, 29.6, 31.4, 39.3,
55.4 (OCH3), 89.8, 114.5, 119.3, 122.7, 129.8, 133.6, 159.8, 179.3
(C=S); m/z (EI, 70 eV) 335 [M+] (27%), 237 (100), 151 (15), 98 (42).


N -(Cis-2-phenylcyclopentoxy)-5-(p-methoxyphenyl)-4-methyl-
thiazole-2(3H)-thione (1m). Yield: 0.87 g (53%) from trans-2-
phenylcyclopentyl tosylate (0.70 g); Rf = 0.35 (SiO2, petroleum
ether–Et2O = 2 : 1, v/v), yellow solid (petroleum ether–Et2O), mp
85 ◦C (DTA), dec. 100 ◦C (DTA); C22H23NO2S2 (397.56) requires
C 66.47, H 5.83, N 3.52, S 16.13; found C 66.22, H 5.93, N 3.40, S
15.85; kmax (EtOH)/nm (lg e) 338 (4.14), 232 (4.16); dH (400 MHz;
CDCl3) 1.94 (s, 3 H, CH3), 1.84–2.38 (m, 6 H), 3.34 (ddd, J = 4.4,
7.2, 1 H), 3.82 (s, 3 H, OCH3), 6.01 (t, J = 3.9, 1 H), 6.91 (mc,
2 H, Ar–H), 7.13 (mc, 2 H, Ar–H), 7.21 (mc, 1 H, Ph), 7.32 (mc,
2 H, Ph), 7.50 (mc, 2 H, Ph); dC (100 MHz; CDCl3) 12.6 (CH3),
22.3, 29.4, 30.3, 50.7, 55.8 (OCH3), 89.2, 114.8, 123.1, 126.9, 128.4,
129.2, 130.2, 134.0, 138.9, 160.2, 180.1 (C=S); m/z (EI, 70 eV) 397
[M+] (0.1%), 160 (45), 118 (17), 104 (100), 91 (22).


N-(Tert-butoxy)-5-(p-methoxyphenyl)-4-methylthiazole-2(3H)-
thione (1d). A solution of tert-butanol (74.1 mg, 1.00 mmol)
and diisopropyl carbodiimide (139 mg, 1.10 mmol, 0.17 mL)
was treated with CuCl (2.00 mg, 20.2 lmol) and stirred for
24 h at 20 ◦C. This mixture was treated at −40 ◦C with a
solution of N-(hydroxy)-5-(p-methoxyphenyl)-4-methylthiazole-
2(3H)-thione (0.38 g, 1.50 mmol) in CH2Cl2 (2 mL). Stirring
was continued for 24 h at 20 ◦C. The solids were removed by
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filtration to afford a clear solution, which was concentrated under
reduced pressure. The residue was purified by chromatography
(SiO2, petroleum ether–Et2O = 2 : 1, v/v) to afford 77.8 mg
(25%) of N-(tert-butoxy)thiazolethione 1d. Rf = 0.31 (petroleum
ether–Et2O = 2 : 1, v/v); C15H19NO2S2 (309.44) requires C 58.22,
H 6.19, N 4.53, S 20.72; found C 58.21, H 6.02, N 4.36, S 20.38;
dH (400 MHz; CDCl3) 1.63 (s, 9 H, 2-H), 2.31 (s, 3 H, 4′-CH3),
3.83 (s, 3 H, O-CH3), 6.94 (mc, 2 H, Ar–H), 7.25 (mc, 2 H, Ar–H);
dC (100 MHz; CDCl3) 14.2 (CH3), 28.9, 55.4 (OCH3), 91.9, 114.5,
119.3, 123.0, 129.9, 134.3, 159.8, 182.5; m/z (EI, 70 eV) 309
[M+] (21%), 253 [C11H11NO2S2


+] (100), 160 [C10H10NO+] (30), 77
[C6H5


+] (7), 57 [C4H9
+] (11).


3. Microwave-assisted transformations


Temperature programs (TPs). For reactions using the MLS–
Ethos R© 1600 instrument (500 W, stirring device and cooling fan
turned on): TP1 (reactions in C6H6): 20 → 80 ◦C (1.5 min),
T iso = 80 ◦C (1.0 min), 80 → 20 ◦C (3.0 min). TP 2 (reactions in
C6H5CF3): 20 → 80 ◦C (1.5 min), T iso = 80 ◦C (for reaction times
refer to Schemes and Tables), 80 → 20 ◦C (5.0 min). TP 3:
(reactions in C6H5CF3): 20 → 60 ◦C (1.0 min), T iso = 60 ◦C
(3.0 min), 60 → 20 ◦C (3.0 min). TP 4 (reactions in C6H5CF3):
20 → 70 ◦C (1.0 min), T iso = 70 ◦C (1.0 min), 70 → 20 ◦C
(3.0 min). TP 5 (reactions in 1,4-dioxane–H2O): 20 → 80 ◦C
(1.0 min), T iso = 80 ◦C (1.0 min), power off (1 min), T iso =
80 ◦C (1.0 min), 80 → 20 ◦C (3.0 min). For reactions using the
CEM-Discover R© instrument (300 W, stirring device and cooling
fan turned to on): TP 6 (reactions in C6H6): 30 s reaction time,
which includes heat ramp 20 → 120 ◦C.


Experiments analyzed by 1H NMR spectroscopy. (i) Bu3SnH
as trapping reagent. In a typical run, an N-(alkoxy)-4-(p-
chlorophenyl)thiazole-2(3H)-thione (2) (0.054 mmol) was dis-
solved in C6H6 (1 mL) or C6H5CF3 (1 mL). Bu3SnH (36 lL,
0.14 mmol) was added to the reaction mixture. The reaction
vessel was closed, placed into the microwave device, and irradiated
according to TP 1–4. The solvent was evaporated under reduced
pressure to afford a residue, which was taken up with CDCl3


(0.6 mL). Anisole (8.6 mg, 0.08 mmol) was added as internal stan-
dard. The yields of reaction products (Tables 2–4) were deduced
from the relative intensities of proton resonances, referenced to the
anisole OCH3 signal (1H NMR). Control experiments, which were
performed in C6D6 using TP 1, gave identical results, within ex-
perimental error. (ii) BrCCl3 as trapping reagent. N-(Alkoxy)-5-(p-
methoxyphenyl)-4-methylthiazole-2(3H)-thione (1) (0.054 mmol)
was dissolved in C6H5CF3 (1 mL). BrCCl3 (3.0 equiv., 0.16 mmol,
16 lL) and AIBN (3.0 equiv., 0.48 mmol, 79 mg) were added.
The reaction vessel was closed, placed into the microwave device,
and irradiated according to TP 2. The solvent was evaporated
under reduced pressure to afford a residue, which was taken up
with CDCl3 (0.6 mL). Anisole (8.6 mg, 0.08 mmol) was added
as internal standard. The yields of reaction products (Tables 2–4)
were deduced from the relative intensities of proton resonances,
referenced to the anisole OCH3 signal (1H NMR). Control
experiments, which were performed in C6D6 using TP 1, gave
identical results, within experimental error.


Experiments analyzed by GC. (i) Bu3SnH as trapping
reagent. In a typical run, an N-(alkoxy)-5-(p-methoxyphenyl)-4-


methylthiazole-2(3H)-thione (1) (50 lmol) and a defined amount
of n-tetradecane (internal standard) were dissolved in C6H5CF3


(1 mL). Bu3SnH (2.0 equiv., 36 lL, 0.14 mmol) was added
to the mixture. The reaction vessel was closed, placed into
the microwave device and irradiated according to TP 4. The
reaction mixture was immediately analyzed by GC. For yields
refer to Tables 3 and 4. (ii) L-Cysteine derivatives as hydrogen
atom donors. A quartz glass vessel equipped with a 20 bar pres-
sure valve was charged with N-(2-phenyl-4-penten-1-oxy)-4-(p-
chlorophenyl)thiazole-2(3H)-thione (2e) (26.4 mg, 0.068 mmol),
L-cysteine ethyl ester hydrochloride (0.126 g, 0.68 mmol), NaOH
(27.2 mg, 0.61 mmol), 1,4-dioxane (1 mL), and H2O (0.5 mL).
The vessel was closed and irradiated according to TP 5. The
reaction mixture was analyzed by GC as described previously.20


The yields of 2-methyl-4-phenyltetrahydrofuran (5e) and 2-phenyl-
4-pentenal (6e) are compiled in Scheme 4. The reaction between
N-alkoxythiazolethione 2e and the reduced form of glutathione
(0.209 g, 0.68 mmol) and thiazolethione 2e was conducted and
analyzed as in the previous experiment.


Preparative scale transformations. (i) In the absence of addi-
tional trapping reagents. A quartz glass vessel equipped with a 20
bar pressure valve was charged with N-(2-phenyl-4-penten-1-oxy)-
5-(p-methoxyphenyl)-4-methylthiazole-2(3H)-thione (1e) (0.40 g,
1.01 mmol). C6H5CF3 (10 mL) was added. The vessel was closed
and irradiated according to TP 2 (T iso = 10 min). The solvent was
evaporated under reduced pressure, and the residue was purified by
column chromatography (SiO2, petroleum ether–tert-butyl methyl
ether = 9 : 1, v/v) and thiazoles 9–11 to furnish 2-phenyl-4-
pentenal (5e) (43.7 mg, 27%, Rf = 0.48), 2-phenyl-4-penten-1-ol
(6e) (26.2 mg, 16%, Rf = 0.19 for petroleum ether–ethyl acetate =
9 : 1, v/v). 5-(p-Methoxyphenyl)-4-methylthiazole-2(3H)-thione
(9). Yield: 0.24 g (31%); Rf = 0.72 (SiO2, petroleum ether–
acetone = 2 : 1, v/v), colorless crystals (MeOH); C11H11NOS2


(237.33) requires C 55.67, H 4.67, N 5.90, S, 27.02; found C 55.43,
H 4.51, N 5.75, S 26.13. HR MS calcd. 237.0282, found 237.0282;
kmax (EtOH)/nm (lg e) 284 (4.23); dH (250 MHz; CDCl3) 2.31 (s,
3 H, CH3), 3.84 (s, 3 H, OCH3), 6.94 (d, J = 8.6, 2 H, Ar–H). 7.25
(d, J = 8.6, 2 H, Ar–H); dC (63 MHz; CDCl3) 33.7 (CH3), 36.6, 55.4,
114.4, 130.0, 159.8, 171.5; m/z (EI, 70 eV) 237 [M+] (100), 222 (17),
178 (5), 163 (14). 5-(p-Methoxyphenyl)-4-methylthiazole (10).
Yield: 4.1 mg (2%); Rf = 0.54 (SiO2, petroleum ether–acetone =
2 : 1, v/v), colorless powder (petroleum ether–Et2O); C11H11NOS
(205.28) requires C 64.36, H 5.40, N 6.82, S 15.62; found C 64.96,
H 5.23, N 6.54, S 15.47; HR MS calcd. 205.0561, found 205.0563;
dH (250 MHz; CDCl3) 2.55 (s, 3 H, CH3), 3.86 (s, 3 H, OCH3),
6.97 (d, J = 8.9, 2 H, Ar–H), 7.37 (d, J = 8.9, 2 H, Ar–H), 8.77
(s, 1 H); dC (63 MHz; CDCl3) 15.5 (OCH3), 55.4 (CH3), 107.9,
114.3, 123.4, 130.5, 146.8, 149.9, 159.7; m/z (EI, 70 eV) 205 [M+]
(100), 190 (44), 178 (11), 163 (23). 2,2′-Bis[5-(p-methoxyphenyl)-
4-methylthiazyl]disulfide (11). Yield: 4.8 mg (5%). Yellow needles
(MeOH); Rf = 0.63 (SiO2, petroleum ether–Et2O = 5 : 1, v/v);
C22H20N2O2S4 (472.65) requires C 55.91, H 4.27, N 5.93, S 27.13;
found: C 55.27, H 4.08, N 5.36, S 27.02; HR MS calcd. 472.0408,
found 472.0407; kmax (EtOH)/nm (lg e) 330 nm (4.37), 300sh (4.12);
dH (250 MHz; CDCl3) 2.46 (s, 6 H, CH3), 3.84 (s, 6 H, OCH3), 6.94
(d, J = 8.3, 4 H, Ar–H), 7.33 (4 H, d, J 8.3, Ar–H). m/z (EI, 70 eV)
472 [M+] (20), 237 (100), 205 (9), 178 (23), 163 (28). (ii) Bu3SnH
as hydrogen atom donor. A quartz glass vessel equipped with a
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20 bar pressure valve was charged with N-(2-phenyl-4-penten-
1-oxy)-5-(p-methoxyphenyl)-4-methylthiazole-2(3H)-thione (1e)
(0.40 g, 1.01 mmol), C6H5CF3 (10 mL), and Bu3SnH (0.53 mL,
2.02 mmol). The vessel was closed and irradiated according to
TP 2. The solvent was evaporated under reduced pressure to
furnish a residue, which was purified by column chromatography
(SiO2, petroleum ether–Et2O = 2 : 1, v/v) to afford 2-methyl-
4-phenyl tetrahydrofuran (5e) (86.8 mg, 53%) as colorless liquid
(cis-5e : trans-5e = 88:12), and 5-(p-methoxyphenyl)-4-methyl-2-
(tri-n-butylstannylsulfanyl)thiazole (8). Yield: 0.46 g (87%). Rf =
0.45 (SiO2, petroleum ether–Et2O = 5 : 1, v/v), colorless oil;
C23H37NOS2Sn (526.39) requires C 52.48, H 7.08, N 2.66, S 12.18;
found C 52.23, H 7.45, N 2.54, S 11.27; HR MS calcd. 527.1339,
found 527.1338; kmax (EtOH)/nm (lg e) 318 (4.17); dH (250 MHz;
CDCl3) 0.94 (t, J = 7.3, 9 H, CH3), 1.35 (mc, J = 7.3, 8.3, 12
H, CH2CH2), 1.62 (mc, J = 8.3, 6 H, CH2), 2.32 (s, 3 H, CH3),
3.83 (s, 3 H, OCH3), 6.91 (d, J = 8.8, 2 H, Ar–H), 7.29 (d, J
8.8, 2 H, Ar–H); dC (63 MHz; CDCl3) 13.7 (CH3), 15.9 (CH2Sn),
27.1 (CH2), 28.6 (CH2), 55.3 (CH3), 107.8, 114.0, 114.2, 124.8,
130.2, 158.9, 171.6 (2 × C); m/z (EI, 70 eV) 526 [M+] (0.2%),
470 [M+ − C4H9] (100), 356 (34), 237 (18), 204 (9), 177 (8).
(iii) In the presence of BrCCl3. A quartz glass vessel equipped with
a 20 bar pressure valve was charged with N-(2-phenyl-4-penten-
1-oxy)-5-(p-methoxyphenyl)-4-methylthiazole-2(3H)-thione (1e)
(0.40 g, 1.01 mmol), C6H5CF3 (10 mL), BrCCl3 (3.03 mmol,
0.3 mL), and AIBN (3.03 mmol, 497 mg). The vessel was
closed and irradiated according to TP 2 with T iso extended to
2.5 min. The solvent was concentrated under reduced pressure
and purified by column chromatography (SiO2) to furnish 2-
bromomethyl-4-phenyltetrahydrofuran (14e) (151.0 mg, 62%) as
a colorless liquid [Rf = 0.45 (SiO2, petroleum ether–tert-butyl
methyl ether = 9 : 1, v/v)] and 5-(p-methoxyphenyl)-4-methyl-2-
(trichloromethylsulfanyl)thiazole (15). Yield: 0.28 g (79%). Rf =
0.77 (SiO2, petroleum ether–acetone = 4 : 1, v/v), yellowish
crystals (MeOH). C12H10Cl3NOS2 (354.70) requires C 40.63, H
2.84, N 3.95, S 18.08; found C 40.27, H 2.77, N 3.75, S 16.52;
HRMS: calcd. 352.9269, found 352.9269; kmax (CH3CN)/nm (lg
e) 324 (4.33); dH (250 MHz; CDCl3) 2.59 (s, 3 H, CH3), 3.86 (s,
3 H, OCH3), 6.99 (d, J = 7.5, 2 H, Ar–H), 7.41 (d, J = 7.5, 2
H, Ar–H); dC (63 MHz; CDCl3) 16.3 (CH3), 55.4 (OCH3), 114.4,
123.0, 130.6, 141.6, 150.3, 160.1, 182.5; m/z (EI, 70 eV) 354 [M+]
(15), 236 (100), 177 (42).


Spin-trapping experiments in the presence of DMPO (3).
A quartz vessel was charged with a solution of N-
(alkoxy)thiazolethiones 1a–d (c0 = 10−2 M) and DMPO (c0 =
1.8 × 10−2 M) in anhydrous C6H6. The solution was purged with
Ar (5 min). The vessel was crimped, irradiated according to TP 6,
and placed in the cavity of the EPR spectrometer. The EPR data
are compiled in Table 1.
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A screening of non-conventional yeast species and several Saccharomyces cerevisiae (baker’s yeast)
strains overexpressing known carbonyl reductases revealed the S. cerevisiae reductase encoded by
YMR226c as highly efficient for the reduction of the diketones 1 and 2 to their corresponding
hydroxyketones 3–6 (Scheme 1) in excellent enantiomeric excesses. Bioreduction of 1 using the
genetically engineered yeast TMB4100, overexpressing YMR226c, resulted in >99% ee for
hydroxyketone (+)-4 and 84–98% ee for (−)-3, depending on the degree of conversion. Baker’s yeast
reduction of diketone 2 resulted in >98% ee for the hydroxyketones (+)-5 and (+)-6. However,
TMB4100 led to significantly higher conversion rates (over 40 fold faster) and also a minor
improvement of the enantiomeric excesses (>99%).


Introduction


Optically active bicyclo[2.2.2]octane derivatives have attracted
interest as rigid building blocks in natural product synthesis1–3 and
have recently been investigated as therapeutic agents for cocaine
abuse.4


The diketones 1 and 2 (Scheme 1) have been used as starting
materials for the synthesis of CNS-modulators,5 and optically
active 2 for the synthesis of chiral ligands.6,7


Optically active 2 has previously been obtained by resolution of
the racemate by fractional recrystallization of its dihydrazone of
(R)-5-(1-phenylethyl)semioxamazide,8 by a 1,2-carbonyl transpo-
sition route from (1R,4S,6S)-6-hydroxybicyclo[2.2.2]octan-2-one9


or from its corresponding enantiomer of 1.10,11


The racemic diketone 1 has been resolved as diastereomeric di-
ethyl(R,R)-(+)-tartrate acetals using HPLC10 and as an inclusion
complex with (S)-(−)-10,10-dihydroxy-9,9-biphenantryl.11 In the
work of Hill et al.10 and Lightner et al.12 the diacid 7 (Scheme 2)
was also resolved as its brucine salt followed by electrolysis to give
(−)-1 of 90.4% ee, however in low total yield. For the synthesis
of the diketones 1 and 2 in multigram quantities of high optical
purity we did not find any of these routes satisfactory. Interestingly,
Lightner et al. also used baker’s yeast for the resolution of (±)-1, to
give hydroxyketone (−)-3 and unreacted diketone (+)-1 of varying
ee values depending on the incubation time. Although baker’s
yeast, Saccharomyces cerevisiae, is readily available, inexpensive
and non-pathogenic,13 drawbacks such as low reductase activities
towards xenobiotic compounds, low yields and low ee values
due to competing enzymes with overlapping activities, have often
limited its applicability.14,15 However, the use of recombinant
DNA technology can deal with many of these shortcomings.
Overexpression of relevant reductases not only increases reaction
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Scheme 1 Reagents and conditions: (a) yeast transformation; (b) H2,
Pd/C, EtOH, 1 atm, rt, 3 h; (c) TPAP, NMO, 3 Å molecular sieves, CH2Cl2,
rt, 2 h.


rates but also reduces the fraction of unwanted products from
competing enzymes and yeast metabolism thereby increasing both
yield and ee.15 The reductions can often be achieved with smaller
amounts of yeast in a shorter time, thus facilitating product
recovery. Moreover, by employing a strain with a decreased phos-
phoglucose isomerase (PGI) activity, the glucose consumption
can be decreased several fold without affecting the supply of
the needed NADPH cofactor.16,17 This decreases the formation
of ethanol and other metabolic by-products and prolongs the
activity of the yeast by keeping the concentration of inhibitory
metabolites low and by delaying glucose depletion. Previous work
has shown that the open reading frames (ORFs) YMR226c,
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Scheme 2 Reagents and conditions (Paquette et al.10,12): (a) 210 ◦C, 2 h
(15%); (b) H2O, 80 ◦C (90–95%); (c) pyridine, H2O, NEt3, 45 V (42%); (d)
H2, Pd/C (10 wt%), EtOH, 1 atm, 3 h (80–100%).


YDR368w (encoding the YPR1 gene) and YOR120w (GCY1)
displayed high activities towards bicyclo[2.2.2]octane-2,6-dione,17


which is structurally similar to 1 and 2. Also, YOL151w (GRE2)
has been shown to reduce many dicarbonyls, often with a different
selectivity, generating other diastereomers and enantiomers than
normally obtained in baker’s yeast catalysed reductions.15 It is also
known that non-conventional yeast species can generate other
products or reduce compounds not accepted by S. cerevisiae15


and it has been seen in screenings of non-conventional yeast
libraries that in particular species of Rhodoturula and Candida
tend to give rise to different stereoisomers.18,19 Based on these
findings we thus anticipated that the bioreduction of (±)-1 could
be improved and that bioreduction of (±)-2 could be achieved. We
here report the screening of several yeast species, both S. cerevisae
strains with overexpressed reductases and non-conventional yeast
strains, for the stereoselective reduction of the diketones (±)-1
and (±)-2 to form the hydroxyketones (−)-3, (+)-4, (+)-5 and
(+)-6 (Scheme 1) in excellent enantiomeric excesses. It should be
noted that these hydroxyketones are not easily obtained directly
by conventional Diels–Alder routes and although seemingly
uncomplicated structures, (+)-4 has not previously been reported
in the literature and 5 only as a racemic mixture of isomers.20


Results and discussion


The racemic diketone 1 was prepared by the method of Lightner
et al.12 (Scheme 2) with minor modification. Although the yield
in the first step was low (15%), the starting materials are
cheap, purification easy and the reaction could be performed
in large scale. Racemic diketone 2 has been reported to be
available via a Diels–Alder reaction of (a) the lithium enolate of
cyclohexenone and 2-(N-methylanilino)acrylonitrile,21 (b) 2-((tri-
methylsilyl)oxy)-1,3-cyclohexadiene and a-acteoxyacrylonitrile22


or (c) 2-((trimethylsilyl)oxy)-1,3-cyclohexadiene and 2-chloro-
acrylonitrile.9 However the dienophile in route (a) requires mul-
tistep synthesis and when routes (b) and (c) were attempted,
the yields were low (typically varying between 10–25%). For
multigram quantities, racemic diketone 2 was most conveniently
prepared from 1 by catalytic hydrogenation of the double bond.11


In the work of Lightner et al., the best yeast reduction of (±)-
1 (preparative scale) afforded (−)-3 of 100% ee (12% yield) and
(+)-1 of 85% ee (28% yield) in a reduction period of 5 d.


In a similar experiment, using approximately twice the amount
of baker’s yeast and an incubation time of 2.5 d, we obtained a
somewhat different result. The hydroxyketone (−)-3 was isolated
in 45% yield and 80% ee, the recovered diketone (+)-1 in 40%
yield and 94% ee and the hydroxyketone (+)-4 was formed in 12%
yield and 80% ee. Also, further reduction experiments revealed, in
agreement with Lightner et al., that the ee values were depending
on the incubation time. Long incubation time led to a higher ee
(and lower yield) of the recovered diketone (+)-1 and a lower ee
(and higher yield) of (−)-3 while the opposite was true for a short
incubation time.


To improve the enantioselectivity and possibly the diastere-
oselectivity in the baker’s yeast reduction and to achieve a
higher reproducibility of the enantiomeric excesses of the isolated
products, a screening of yeast species for the asymmetric reduction
of (±)-1 was performed (Table 1). Non-conventional yeasts and
S. cerevisiae strains expressing various reductase genes were
compared to the control strain TMB4094 and to regular baker’s
yeast. In addition to the hydroxyketones (−)-3 and (+)-4, small
amounts of diols due to over-reduction of the hydroxyketones were
observed for several of the recombinant strains. Excellent ee values
(>99%) and high yields were obtained for (+)-4 using the yeasts
TMB4100 and TMB4091, both expressing the ketoreductase
encoded by YMR226c. However, the overexpression of YDR368w
and YOR120w resulted in lower ee values as compared to the
control strain. This is most likely the cause for the low enan-
tioselectivity observed in the reduction with baker’s yeast, which
should contain a higher relative proportion of these reductases as
compared to YMR226c. The results for TMB4097 was very similar
to baker’s yeast and the control strain TMB4094, indicating that
the overexpressed YOL151w has very little or no activity towards
diketone 1.


For the hydroxyketone (−)-3, a larger variation of the ee
values was observed as compared to (+)-4. The best ee values
were obtained with baker’s yeast, TMB4097 (YOL151w) and
TMB4094 (control). TMB4100 and TMB4091, both expressing
YMR226c, displayed different ee values of the major enantiomer
(−)-3, varying conversions and amounts of by-products. The ee
dependence on reduction time and conversion could be explained
if 3 was further reduced to form diols. To investigate this
hypothesis, the ee of (−)-3 was monitored during a prolonged
reduction of 1 with TMB4100 (Fig. 1).


The yield of (−)-3 reached a maximum of 42% after 3–4 h after
which it steadily decreased along with the concomitant formation
of diols and a marked drop in ee from 99 to 87%. The yield of
ketoalcohol (+)-4 increased on the other hand until it reached its
theoretical maximum of 50% after about 24 h with excellent ee
(>99%).


Reductions with non-conventional yeasts showed no improve-
ment in ee for (+)-4 as compared to baker’s yeast, though
several Candida strains reached a higher conversion. For (−)-3,
all non-conventional yeasts displayed a lowered ee. A reversed
diastereoselectivity, favoring the formation of (+)-4 over (−)-3,
was observed for Candida intermedia, Rhodoturula gracilis and
Rhodoturula mucilaginosa.


For the generation of (+)-4 and (−)-3 a bioreduction of (±)-1
was performed in a preparative scale (5 g) (Fig. 2).


TMB4100 overexpressing YMR226c and having a 1% PGI
activity was deemed the most appropriate strain. The lowered
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Table 1 Screening of yeast species for the stereo-selective reduction of (±)-1


Yeast strain (−)-3 : (+)-4 ratio Conversion of (±)-1 (%) (−)-3 ee (%)b (+)-4 ee (%)b


Saccharomyces cerevisiae strains
Baker’s yeast 84 : 16 27 97 81
TMB4100 (1% PGI, YMR226c) 45 : 55 95 (8)c 84 >99
TMB4091 (YMR226c) 63 : 37 76 (3)c 93 >99
TMB4093 (YDR368w) 52 : 48 49 (<1)c 67 16
TMB4096 (YOR120w) 60 : 40 49 (<1)c 64 48
TMB4097 (YOL151w) 84 : 16 22 96 77
TMB4094 (control strain, empty plasmid) 90 : 10 25 96 86
Non-conventional yeasts
Candida boidini CBS8030 86 : 14 <2 69 77
Candida intermedia PYCC4715 43 : 57 8 84 31
Candida tropicalis CBS094 54 : 46 30 76 33
Candida wickerhamii 50 : 50 21 56 72
Rhodoturula gracilis 40 : 60 3 65 54
Rhodoturula mucilaginosa 38 : 62 4 66 69
Pichia pastoris GS115 61 : 39 4 78 72


a 5 g l−1 dw yeast, 60 g l−1 glucose, 100 mM citric acid buffer pH 5.5, 24 h. b Determined by GC on an a-DEX capillary column. c Figures in parentheses
represent the amount of diols formed.


Fig. 1 Bioreduction of 5 g l−1 diketone 1 to (−)-3 and (+)-4 with 15 g l−1


dw TMB4100 in 5 ml scale (X = enantiomeric excess of (−)-3; �= 1; � =
(−)-3; � = (+)-4; � = diols).


PGI activity in TMB4100 decreases the glucose consumption
and ethanol formation rates thereby delaying glucose depletion
and allowing NADPH dependent bioreductions to continue to
higher product titers. The reaction was run in semi fed-batch
mode to decrease possible substrate inhibitory effects, which had
been observed for the reduction of a similar bicyclic diketone.16


Reduction of (−)-3 proceeded rapidly while (+)-4 lagged behind
as observed in the previous experiment. After about 15 h, most
diketone was consumed and another batch was added. Formation
of hydroxyketone (−)-3 soon reached its maximum, while (+)-


Fig. 2 Semi fed-batch reduction of diketone 1 (�) with 15 g l−1 dw
TMB4100 to (−)-3 (�) and (+)-4 (�).


4 slowed to a halt after 50–60 h at a concentration of about
15 g l−1 (theoretical maximum 20 g l−1). However, a similar
experiment using half the concentration of 1 (10 + 10 g l−1) in
100 mg scale showed an almost full conversion to (+)-4 after 65 h,
demonstrating that the substrate concentration is of importance
for the conversion. In this experiment a decrease of (−)-3 was
observed in the end due to diol formation (data not shown). The
observed difference in conversion to (+)-4 for the two reductions
was likely caused by the inability of the aging yeast to continue
to reduce the substrate for the additional time required when the
higher substrate concentration was used. This effect could be more
pronounced if 1, (−)-3 or (+)-4 have toxic effects on the yeast.


The diastereomers (−)-3 and (+)-4 were easily separated by
column chromatography. Thus, hydroxyketone (+)-4 of >99% ee
was obtained in 32% isolated yield and (−)-3 of 94% ee in 38%
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isolated yield. The diketone (+)-1 of 98% ee was recovered in 10%
yield. A higher total yield of the hydroxyketones was obtained
using TMB4100 (70%) as compared to the baker’s yeast (62%),
but the total amount of recovered material (including unconverted
1) after work up and purification was lower. In this case 80% for
TMB4100 as compared to 97% for baker’s yeast. This difference
in material recovery is most likely caused by over-reduction of
the hydroxyketones to diols, which is more pronounced with
TMB4100, which has a higher conversion rate than baker’s
yeast. Extraction of the diols from the aqueous phase, especially
in the preparative scale, was difficult due to their high water
solubility. This implies that diols may be present in larger amounts
than was observed by GC also for the screening experiments,
although a proportionally larger amount of solvent was used for
the extraction of those samples than for the preparative scale
experiments. For the best possible yields of the hydroxyketones
(−)-3 and (+)-4 to be obtained, further optimization of the process
would be required.


The screening of yeast species for the asymmetric reduction of
the racemic diketone 2 (Table 2) revealed several strains able to
generate (+)-5 and (+)-6 with excellent ee values (>98%). The
best results were again obtained using TMB4100 and TMB4091,
both overexpressing YMR226c. These two strains also displayed
a somewhat changed diastereoselectivity, favouring (+)-6 over
(+)-5, as compared to the other S. cerevisiae strains. TMB4093
and TMB4096 expressing YDR368w and YOR120w, respectively,
showed a decreased ee for (+)-6. Baker’s yeast and the control
strain also produced >98% ee for both diastereoisomers, but had
a poorer conversion. Also in these cases, diol formation was
observed during prolonged incubation times. However, in contrast
to the diastereomer (−)-3 (from the diketone 1), over-reduction did
not affect the ee of the corresponding isomer (+)-5.


The screening of the non-conventional yeasts did not reveal any
strain with improved properties as compared to baker’s yeast.


Although Candida boidini had a somewhat higher conversion
of 2, it also showed a marked decrease in ee for both (+)-5
and (+)-6. None of the other non-conventional yeasts showed
any improvement of neither ee nor conversion. Similarly as for
diketone 1, a reversed diastereoselectivity (favoring (+)-6 over (+)-
5) was observed with several strains.


Corresponding to diketone 1, reductions of 2 using baker’s yeast
and TMB4100 were performed in a preparative scale. The hydrox-
yketones (+)-5 and (+)-6 were isolated as diastereomeric mixtures
in 86 and 72% total yield for the baker’s yeast and TMB4100,
respectively, with ee values similar to those in the screening
experiments (Table 2). In the baker’s yeast reduction a higher
isolated yield was obtained even though full conversion of the
starting material was not achieved as was the case for TMB4100.
This result can again be explained by the larger amounts of diols
formed as a result of over-reduction using the more efficient
strain TMB4100. The best yields of the diastereomeric mixture of
(+)-5 and (+)-6 were obtained at approximately 90% conversion
of the diketone. Comparing the conversion rates (g diketone
reduced/g yeast × h) TMB4100 was found to be >40-fold faster.
In both experiments, small amounts of the diols were isolated;
predominantly the endo/exo-diol, as confirmed by 1H NMR.


Separation of the diastereomeric mixture (+)-5 and (+)-6 was
not easily achieved. Separation was unsuccessful using column
chromatography and the separation by preparative HPLC was
insufficient. Several ether and ester derivatives of the mixture were
synthesized without improving the ease of purification. Eventually
the diasteroisomers were separated by column chromatography as
their acetal acetates 9a and 9b (Scheme 3).


Ketalization followed by esterification (step a) of the di-
astereomeric mixture of (+)-5 and (+)-6 and deprotection (step
b) of the separated diastereomers 9a and 9b were performed
sequentially without purification of the intermediate hydroxy
acetal mixtures 8a and 8b to give (+)-5 and (+)-6 in total


Table 2 Screening of yeast species for the stereoselective reduction of (±)-2


Yeast strain (+)-5 : (+)-6 ratio Conversion of (±)-2 (%) (+)-5 ee (%)b (+)-6 ee (%)b


Saccharomyces cerevisiae strains
Baker’s yeast 58 : 42 26 (<1)c 99 99
TMB4100 (1% PGI, YMR226c) 48 : 52 91 (7)c >99 >99
TMB4091 (YMR226c) 45 : 55 98 (12)c >99 98
TMB4093 (YDR368w) 57 : 43 28 (<1)c 98 91
TMB4096 (YOR120w) 51 : 49 38 (<1)c 98 95
TMB4097 (YOL151w) 58 : 42 28 >99 98
TMB4094 (control strain, empty plasmid) 61 : 39 26 98 99
Non-conventional yeasts
Candida boidini CBS8030 55 : 45 39 86 88
Candida intermedia PYCC4715 56 : 44 8 98 90
Candida tropicalis CBS094 30 : 70 7 97 66
Candida wickerhamii 48 : 52 19 86 95
Rhodoturula gracilis 22 : 78 6 87 78
Rhodoturula mucilaginosa 25 : 75 4 85 88
Pichia pastoris GS115 28 : 72 10 81 81


a 5 g l−1 dw yeast, 60 g l−1 glucose, 100 mM citric acid buffer pH 5.5, 24 h. b Determined by GC on an a-DEX capillary column. c Figures in parentheses
represent the amount of diols formed.
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Scheme 3 Separation of the diastereoisomers (+)-5 and (+)-6. Reagents
and conditions: (a) (i) ethylene glycol, PTS, benzene, reflux, 12 h; (ii) acetic
anhydride, pyridine, 24 h and (iii) separation of 9a and 9b by column
chromatography; (b) (i) K2CO3, MeOH, H2O, 24 h and (ii) 2M HCl,
acetone, 2 h.


yields of 39 and 38%, respectively, over the entire separation
sequence.


As we needed large amounts of the hydroxyketone (+)-6 for fu-
ture applications, it was desirable to avoid this separation sequence.
Therefore the following route was applied. Hydroxyketone (+)-6
of >99% ee was obtained in 99% yield by catalytic hydrogenation
of (+)-4 and also by baker’s yeast reduction of optically pure (+)-
2 (obtained by resolution with baker’s yeast of (+)-1 followed by
catalytic hydrogenation of the double bond). Treating the diketone
(+)-2 with 12 g l−1 dw TMB4100 for 6 h selectively gave (+)-6 of
>99% ee in 85% yield. In this experiment, the endo,endo-diol was
also isolated in 5% yield. Treating optically pure (+)-2 with baker’s
yeast resulted in slow conversion of the starting material. After a
reduction period of 7 d with yeast and glucose additions every 48 h,
the reaction was stopped and (+)-6 was isolated in only 65% yield.
It should be noted that although the diketone (+)-1 obtained from
the baker’s yeast reduction is not optically pure, the enantiomeric
excess could be increased to >99% ee by recrystallization from
diisopropyl ether. Although these routes resulted in hydroxyketone
(+)-6, the most efficient one was to reduce diketone (±)-1 to (+)-4
using TMB4100 followed by catalytic hydrogenation of the double
bond (Scheme 1).


The formation of only the diastereoisomer (+)-6 from (+)-
2 also confirms the absolute configuration of (+)-6. Lightner
et al. previously determined the absolute configuration of (−)-
3 and thus the absolute configuration of (+)-5 was confirmed by
hydrogenation of the double bond of (−)-3.


Oxidation of the hydroxyketones 3–6 using tetrapropylam-
moniumperruthenate (TPAP) smoothly afforded the optically
active diketones (+)-1, (−)-1, (+)-2 and (−)-2 in 91–100% yield
with ee values corresponding to their precursor hydroxyketones
(Scheme 1).


Conclusions


The screening of the non-conventional and genetically modified
yeasts identified several yeast strains that markedly improved the
bioconversions of the diketones 1 and 2 to their corresponding
hydroxyketones. The genetically modified yeast TMB4100 was
successfully applied for the synthesis of the optically active
hydroxyketones 3–6 with high ee values. These compounds


are otherwise not straightforwardly obtained via baker’s yeast
reduction due to poor conversion rates and, for (−)-3 and (+)-
4, only moderate ee values were obtained. In this screening, the
selection of yeast strains was based on the previous knowledge
that certain yeast reductases were able to reduce the related
bicyclic compound bicyclo[2.2.2]octane-2,6-dione.17 As for 1 and
2 in this work, overexpression of YMR226c was found to give
the highest reduction rate. However, for bicyclo[2.2.2]octane-2,6-
dione, YDR368w gave the highest optical purity, >98%, compared
to 93% for YMR226c.17 This demonstrates that even though
reductases may have different selectivities for related substrates,
a limited screening of modified yeast strains could be sufficient to
quickly identify a suitable strain when reductases accepting similar
compounds are already known.


This work also presents a route to the diketones 1 and 2 in
high enantiomeric excesses through the oxidation of their corre-
sponding hydroxyketones. The results presented herein may allow
for improvements of conversion rates, yields and enantiomeric
excesses for substrates where regular baker’s yeast previously has
been used with limited success.


Experimental


General


Compressed commercial baker’s yeast (Kronjäst from Jästbolaget
AB, Sollentuna, Sweden), was purchased from a local distrib-
utor. Saccharomyces cerevisiae CEN.PK113-7A [MAT a, MAL-
8c; SUC2; his3-D1] was a gift from Dr P. Kötter, Institute of
Microbiology, Frankfurt, Germany. S. cerevisiae strains over-
expressing YMR226c (TMB4091), YDR368w (TMB4093),23


YOR120w (TMB4096)17 and a control with an empty plasmid
(TMB4094)23 were previously constructed from a CEN.PK back-
ground. TMB4100 (YMR226c) was previously constructed from
S. cerevisiae RBY 7–1 (ENY.WA-1A, with 1% PGI activity,
encoded by YBR196c) as described elsewhere.17


The non-conventional yeast strains used in the screening
were the following: Candida wickerhamii obtained from the
Yeast Culture Collection of the University of the Free State,
Bloemfontein, South Africa, Candida tropicalis CBS094, Candida
boidini CBS8030 Candida intermedia PYCC4715, Rhodotorula
mucilaginosa and Rhodotorula gracilis obtained from the Division
of Food Biotechnology and Microbiology, Warsaw Agricultural
University, Poland and Pichia pastoris GS115 (Invitrogen). Es-
cherichia coli DH5a (Life Technologies, Rockville, MD) was used
for all subcloning.


GLC (Perkin-Elmer AutoSystem XL) was performed with
a Factor Four capillary column (Varian, 30 m × 0.25 mm,
0.25 lm film thickness) and with an a-DEX 120 permethylated
a-cyclodextrin fused silica capillary column (Supelco, 30 m ×
0.25 mm, 0.25 lm film thickness) for determination of enan-
tiomeric compositions. The samples were analysed at 100 ◦C (60
min) −2 ◦C min−1 −180 ◦C. The retention times were: 79.34 min
((+)-3), 79.64 min ((−)-3), 83.84 min ((−)-4), 84.17 min ((+)-
4), 84.45 min ((−)-5), 84.80 min ((+)-5), 86.67 min ((−)-6) and
86.98 min for (+)-6.


HPLC analyses were performed on a Chiralcel OD–H column
(250 × 4.6 id, 5 lm) (Daicel) on a Varian Prostar system equipped
with a PDA detector. Flow rate: 1.0 ml min−1, detection at 220 nm.
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Solvent: hexane–2-propanol 90 : 10, 13.6 min ((−)-1), 19.3 min
((+)-1).


All NMR spectra were recorded on a Bruker ARX 300
spectrometer, unless otherwise indicated, using CDCl3 (CHCl3 d
7.26 (1H) and 77.9 (13C)) or C6D6 (C6H6 d 7.16 (1H) and 128.39
(13C)) as solvents. Column chromatography was performed on
Matrex (25–70 lm) silica gel. TLC was carried out on silica gel
(60 F254, Merck), the plates were impregnated with a solution of
KMnO4 (10 g), K2CO3 (50 g), 5% NaOH (20 ml) and H2O (900 ml)
and the compounds visualized upon heating. All Rf values are
given using heptane–EtOAc 1 : 1 as the mobile phase. Melting
points were taken on a Sanyo Gallenkamp melting point apparatus
(MPD.350.BM3.5) and are uncorrected. Optical rotations were
measured on a Perkin-Elmer 241 polarimeter at 22 ◦C and are
given in 10−1 deg cm2g−1. Elemental analyses were performed by
H. Kolbe Mikroanalytisches Laboratorium. Organic extracts were
dried using Na2SO4 throughout.


General description 1


For the baker’s yeast catalysed reductions performed on a prepar-
ative scale, the following procedure was applied: Sucrose (35.5 g)
and Baker’s yeast (35.5 g compressed yeast corresponding to 9.6 g
dry weight) was added to a solution of diketone (22.0 mmol) in
water (185 ml). The resulting suspension was slowly stirred at 30 ◦C
for 60 h ((±)-1) (48 h for (±)-2 and 7 d for (+)-2) and then filtered
through a pad of Celite. The resulting yeast cake was incorporated
in the Celite by stirring with a spatula to remove lumps before it
was carefully rinsed with EtOAc. The aqueous phase was extracted
with EtOAc (5 × 150 ml) and dried. The organic phase was filtered
and the solvent removed at reduced pressure.


General description 2


For the preparative scale reductions using the genetically engi-
neered yeast TMB4100, the following procedure was applied:
bioreductions were performed at 30 ◦C in 100 mM citric acid
buffer, pH 5.5 supplemented with 60 g l−1 of glucose. Reductions
in 5 ml scale were run in glass vials with rubber stoppers equipped
with magnetic stirrers and syringes for outlet gas and sampling.
Reductions in 90 and 120 ml scale were performed in a 150 ml
water tempered fermentor equipped with a magnetic stirrer and a
cotton plugged syringe for outlet gas. Cell free medium from the
reductions was collected by centrifugation at 4000 g for 5 min.
The reductions were performed with 15 g l−1 dry weight TMB4100
except for the reduction of (+)-2 which used 12 g l−1 dw. The
reduction times were 67.5 h ((±)-1) (6 h for (±)-2 and 6.5 h
for (+)-2). The yeast was separated from the reaction mixtures
by centrifugation and the resulting yeast pellets were washed
once with a small amount of Milli-Q water (10% of the reaction
volume). The wash water was combined with the reaction medium


and the combined aqueous phase was repeatedly extracted with
EtOAc and dried. The organic phase was filtered and the solvent
removed at reduced pressure.


General description 3


For the screening of yeast species for asymmetric reduction of 1
and 2 to give 3–6, the following procedure was applied: Screening
for whole-cell reduction of (±)-1 and (±)-2 was made with 5 g l−1


dry weight yeast in 1 ml medium composed of 100 mM citric acid
buffer, pH 5.5 and 60 g l−1 of glucose using 5 mg of (±)-1 or (±)-2.
The experiments were carried out at 30 ◦C on a rocking table in
1.5 ml Eppendorf tubes provided with syringe holes for outlet gas
for 24 h. The reaction mixtures were extracted with EtOAc (5 ml),
dried (Na2SO4), filtered and analyzed by GC.


Molecular biology methods


Plasmid DNA was prepared with the Biorad miniprep kit (Her-
cules, CA). DNA enzymes were obtained from Fermentas (St.
Leon-Rot, Germany) or Life Technologies (Rockville, MD). DNA
extractions from PCR reactions and agarose gels were made using
the QIAquick extraction kit (Qiagen, Hilder, Germany).


Competent DH5a E. coli cells were prepared using the method
of Inoue et al.24 Yeast transformation was made as described
elsewhere.25 E. coli transformants were selected on Luria–Bertani
(LB) medium26 plates with 100 lg ml−1 ampicillin (IBI Shelton
Scientific, Inc., Shelton, CT). E. coli transformants were grown
over night in LB medium with 100 lg ml−1 ampicillin. S. cerevisiae
transformants were selected on minimum medium agar plates
containing 40 g l−1 glucose, 6.7 g l−1 nitrogen base and 20 g l−1


agar.


Construction of strain TMB4097


The YOL151w (GRE2) gene was amplified from chromosomal
S. cerevisiae DNA using primers containing specific restriction
sites (Table 3). The shuttle vector p423-GPD (with HIS3 marker)
and the YOL151w PCR product were digested with BamHI, SpeI
and ligated at 16 ◦C overnight. The resulting plasmid p423GPD-
YOL151w (HIS3) was amplified in E. coli DH5a and used to
transform S. cerevisiae CEN.PK113-7A generating TMB4097.


Yeast growth


Yeast strains were kept at −80 ◦C and streaked on rich agar
plates containing 20 g l−1 glucose, 20 g l−1 tryptone, 10 g l−1 yeast
extract, 15 g l−1 agar and 100 mM phosphate buffer pH 6.3, except
TMB4100 which was streaked on the same medium but with 20 g
l−1 fructose and 1 g l−1 glucose. Colonies were taken from the agar
plates and used to inoculate 25–200 ml medium in shake flasks with
sterile cotton applicators. Non-conventional yeasts were grown in


Table 3 Primers and restriction sites (bold) for the construction of the S. cerevisiae strain TMB4097 overexpressing the reductase encoded by YOL151w


Primer for amplification of YOL151w (GRE2) Restriction site


5′-AAACTAGTAACAGATAGCAGTATCACACGCCCGTAAAT-3′ SpeI
5′-AAGGATCCGAAGAGAAAAATGCGCAGAGATGTACTAGATGAT-3′ BamHI
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20 g l−1 glucose, 20 g l−1 tryptone, 10 g l−1 yeast extract in 100 mM
phosphate buffer pH 6.3. TMB-strains were grown in 20 g l−1


glucose and 7 g l−1 yeast nitrogen base in 100 mM phosphate buffer
pH 6.3, except TMB4100 which was grown in the same medium
but with 20 g l−1 fructose, 1 g l−1 glucose and supplemented with
50 mg l−1 of tryptophan, uracil and leucine. The cells were grown
over-night at 30 ◦C and 200 rpm, except TMB4100 which was
grown for 40 h. Cells were harvested by centrifugation at 4000 g
for 5 min and washed once with Milli-Q water. Cell concentration
was determined by dry weight. Culture broth (1–5 ml) was filtered
and the filter (0.45 lm membrane filter, Pall) was washed with
3 volumes of distilled water and dried in a microwave oven to
constant weight (7 min, 350 W). Dry weight measurements were
carried out in duplicate.


(±)-Bicyclo[2.2.2]oct-7-ene-2,5-dione (1). Compound 1 was
prepared by modification of the literature procedure12 as follows. A
solution of (±)-5,7-dioxobicyclo[2.2.2]octan-2,3-dicarboxylic acid
(18.5 g, 81.8 mmol) in pyridine (150 ml), water (150 ml) and
triethylamine (25 ml) was electrolyzed using Pt electrodes at 45 mV
(0.8 A) in an open water-cooled (5–10 ◦C) vessel for 6 h. The
reaction mixture was concentrated at reduced pressure to give a
black tar where after aqueous sat. NaCl (100 ml) was added. The
resulting mixture was acidified to pH 1 with conc. HCl and worked
up as follows: extraction with EtOAc (3 × 100 ml) followed by
drying, filtration and removal of the solvent at reduced pressure.
The residue was column chromatographed (SiO2, heptane–EtOAc
2 : 1) and the fractions containing 1 (Rf 0.46) were concentrated
to give impure 1 as a yellow oil. Recrystallization from isopropyl
ether gave 1 (4.70 g, 42%) as white needles: mp 95–98 ◦C (lit.10: mp
95–99 ◦C). 1H NMR data were consistent with those reported.10


Synthesis of (−)-3 and (+)-4 by baker’s yeast reduction


Following the general description 1, (±)-1 (3.00 g, 22.0 mmol) was
reduced with baker’s yeast. The residue was purified by column
chromatography (SiO2, heptane–EtOAc 4 : 1 until (+)-1 eluted
and then 1 : 1, TLC Rf 0.46 for (+)-1, 0.21 for (+)-4 and 0.11 for
(−)-3) to give recovered (+)-1 (1.19 g, 40%) of 94% ee (HPLC,
Chiralcel OD–H) as a white solid (mp 97–100 ◦C; [a]D +1116 (c
0.22, CHCl3)) (lit.12: mp 98–100 ◦C; [a]D +1005 (c 0.107, CHCl3)).


(1R,4R,5S)-5-Hydroxybicyclo[2.2.2]oct-7-en-2-one ((+)-4).
Hydroxyketone (+)-4 (0.38 g, 12%) of 80% ee (GC, a-DEX 120)
was obtained as a pale yellow semi-solid; ([a]D +397 (c 1.00,
tBuOMe)). IR (KBr) 3426, 1715 cm−1. 1H NMR (CDCl3) d 6.39
(1 H, t, J 7.3), 6.19 (1 H, t, J 7.1), 4.10 (1 H, m), 3.07 (1 H, m),
2.96 (1 H, m), 2.65 (1 H, dd, J = 18.5 and 1.3), 2.14 (2 H, m),
1.94 (1 H, dd, J 18.5 and 1.8), 1.51 (1 H, dt, J = 14.0 and 2.5). 13C
NMR (CDCl3) d 212.5, 135.3, 129.8, 67.2, 49.0, 40.5, 33.3, 32.7.
HRMS (FAB+, direct inlet) [M + H] calcd for C8H11O2: 139.0759;
found 139.0743. (Found: C, 69.68; H, 7.24%. C8H10O2 requires C,
69.54; H, 7.30%).


(1S,4S,5S)-5-Hydroxybicyclo[2.2.2]oct-7-en-2-one ((−)-3). Hy-
droxyketone (−)-3 (1.37 g, 45%) of 80% ee (GC, a-DEX 120)
was obtained as a white solid; (mp 149–158 ◦C; [a]D −463 (c 0.27,
CHCl3)) (lit.12: 140–157 ◦C; [a]D −528 (c 0.123, CHCl3)). 1H NMR
data were consistent with those reported.12


Synthesis of (−)-3 and (+)-4 by reduction with the genetically
engineered yeast TMB4100


Following general description 2, (±)-1 (5.00 g, 36.7 mmol) was
reduced with TMB4100. The reduction was performed in semi
fed-batch mode with a starting concentration of 20 g l−1 of (±)-1
(125 ml scale). Another batch of substrate together with 60 g l−1 of
glucose was added when the reaction had slowed down and most
diketone was reduced. The residue was purified as described for
the baker’s yeast reduction above to give recovered (+)-1 (0.49 g,
10%) of 98% ee (HPLC, Chiralcel OD–H) as a white solid (mp 88–
96 ◦C; [a]D +1252 (c 0.55, CHCl3)), (+)-4 (1.60 g, 32%) of >99%
ee (GC, a-DEX 120) as a white solid (mp 149–152 ◦C; [a]D +542
(c 0.52, tBuOMe)) and (−)-3 (1.91 g, 38%) of 94% ee (GC, a-DEX
120) as a white solid (mp 163–165 ◦C; [a]D −554 (c 0.41, CHCl3)).
1H NMR data were consistent with those reported for the baker’s
yeast reduction above.


Synthesis of (+)-5 and (+)-6 by baker’s yeast reduction


Following general description 1, 2 (2.50 g, 18.1 mmol) was
reduced with baker’s yeast. The residue was purified by column
chromatography (SiO2, heptane–EtOAc 1 : 1, TLC Rf 0.15) to
give an inseparable mixture of the diastereomers (+)-6 and (+)-5
(2.19 g, (86%) as a white solid; (mp 235–238 ◦C; [a]D +5.99 (c 1.84,
EtOH)).


Separation of the diastereoisomers (+)-5 and (+)-6 via the acetals
(+)-9a and (+)-9b


Ethylene glycol (12.0 ml, 214 mmol) and PTS (140 mg, 810 lmol)
was added to a mixture of (+)-5 and (+)-6 (2.00 g, 14.3 mmol)
in benzene (50 ml) under an argon atmosphere in a Dean–Stark
apparatus. Water removal was performed at reflux temperature
over night and then cooled to ambient temperature where after
diethyl ether (150 ml) was added. The resulting solution was
washed sequentially with sat NaHCO3 (2 × 30 ml) and water
(30 ml) followed by drying, filtration and removal of the solvent
at reduced pressure to give a diastereomeric mixture of hydroxy
acetals 8a and 8b (2.20 g, 84%) as a transparent oil; TLC Rf 0.25,
which was used directly in the next step. An analytical sample
was column chromatographed (pentane–diethyl ether 3 : 2) and
a pure fraction of the hydroxy acetal (+)-8a was obtained as a
transparent oil.


(1R,2S,4R)-[Spiro[bicyclo[2.2.2]octan-5,2′-[1,3]dioxolane]]-2-ol
((+)-8a). [a]D +11.8 (c 2.99, tBuOMe). IR (NaCl) 3387 cm−1.
1H NMR (C6D6) d 4.04 (1 H, m), 3.63 (2 H, m), 3.50 (2 H, m),
2.46 (1 H, m), 2.20–1.95 (4 H, m), 1.89 (1 H, dt, J 14.3 and 2.8),
1.76 (1 H, q, J 3.1), 1.70–1.61 (2 H, m), 1.55–1.32 (2 H, m). 13C
NMR (C6D6) d 110.9, 68.5, 64.3, 64.3, 39.7, 34.9, 33.7, 33.6, 21.9,
18.1. HRMS (FAB+, direct inlet) [M + H] calcd for C10H16O3:
184.1099; found 184.1111. (Found: C, 65.03; H, 8.76%. C10H16O3


requires C, 65.19; H, 8.75%).
Acetic anhydride (3.50 ml, 36.9 mmol) was added to a solution


of the crude mixture of 8a and 8b (1.70 g, 9.23 mmol) in pyridine
(7.8 ml) under an argon atmosphere. The resulting solution was
kept at room temperature for 24 h and then filtered through a
10 cm plug of silica (heptane–EtOAc 9 : 1) for removal of excess
pyridine. The solvent was removed at reduced pressure and the
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residue was column chromatographed (SiO2, heptane–EtOAc 87 :
13) to give (+)-9a (1.01 g, 50%) as an oil (TLC Rf 0.63) and (+)-9b
(0.94 g, 47%) as an oil (TLC Rf 0.57).


(1R,2S,4R)-[Spiro[bicyclo[2.2.2]octan-5,2′-[1,3]dioxolane]]-2-yl
acetate ((+)-9a). [a]D +9.1 (c 0.55, tBuOMe). IR (KBr) 2949,
2874, 1734, 1367, 1248, 1121, 1020 cm−1. 1H NMR (C6D6) d 5.10
(1 H, m), 3.57–3.32 (4 H, m), 2.49 (1 H, m), 2.00–1.74 (5 H, m),
1.69 (3 H, s), 1.54 (1 H, p, J 3.1), 1.52–1.42 (1 H, m), 1.35 (2 H,
m). 13C NMR (C6D6) d 170.1, 110.4, 72.0, 64.4, 64.3, 39.4, 33.4,
31.6, 31.0, 21.7, 21.2, 18.8. HRMS (FAB+, direct inlet) [M + H]
calcd for C12H19O4: 227.1283; found 227.1276. (Found: C, 63.78;
H, 7.94%. C12H18O4 requires C, 63.70; H, 8.02%).


(1S,2S,4S)-[Spiro[bicyclo[2.2.2]octan-5,2′-[1,3]dioxolane]]-2-yl
acetate ((+)-9b). [a]D +17 (c 0.90, tBuOMe). IR (KBr) 2939,
2872, 1732, 1371, 1242, 1132, 1024 cm−1. 1H NMR (400 MHz,
C6D6) d 4.86 (1 H, m), 3.51 (2 H, m), 3.37 (2 H, m), 2.39 (1 H,
m), 1.98 (2 H, m), 1.88 (1 H, m), 1.81 (1 H, m), 7.73 (1 H, ddd,
J 14.3, 3.3 and 1.6), 1.67 (3 H, s), 1.53 (1 H, p, J 3.0), 1.48
(1 H, m), 1.26 (1 H, m), 1.05 (1 H, m). 13C NMR (C6D6) d 170.3,
110.5, 71.6, 64.4, 64.2, 35.8, 33.7, 32.0, 31.6, 22.6, 21.2, 20.8.
HRMS (FAB+, direct inlet) [M + H] calcd for C12H1942: 227.1283;
found 227.1286. (Found: C, 63.49; H, 7.88%. C12H18O4 requires
C, 63.70; H, 8.02%).


Deprotection of (+)-9a and (+)-9b to give (+)-5 and (+)-6.
K2CO3 (2.26 g) was added to a mixture of (+)-9a (1.13 g, 5.00
mmol) (or (+)-9b (1.00 g, 4.42 mmol)) in MeOH (29 ml) and water
(11 ml). The resulting mixture was stirred at room temperature for
24 h where after the MeOH was removed at reduced pressure.
The mixture was concentrated to approximately 29 ml followed
by acidification with 2 M HCl where after acetone (29 ml) was
added. The reaction mixture was stirred at room temperature
for 2 h before it was concentrated to approximately 35 ml and
then extracted with EtOAc (5 × 50 ml). Drying of the organic
extracts, filtration and removal of the solvent at reduced pressure
was followed by column chromatography (SiO2, heptane–EtOAc
1 : 2).


(1R,4R,5S)-5-Hydroxybicyclo[2.2.2]octan-2-one ((+)-5). Hy-
droxyketone (+)-5 of >99% ee (GC, a-DEX 120) was obtained
as a white solid in 92% yield. TLC Rf 0.14; mp 241–242 ◦C (melt
and subl.); [a]D +4.15 (c 2.73, EtOH). IR (KBr) 3426, 1727 cm−1.
1H NMR (CDCl3) d 4.11 (1 H, m), 2.40–2.10 (6 H, m), 2.06 (1 H,
br s), 1.93 (1 H, m), 1.78 (1 H, m), 1.62 (1 H, m), 1.49 (1 H, m).
13C NMR (CDCl3) d 216.6, 68.0, 42.6, 41,7, 35.6, 33.9, 23.1, 17.5.
HRMS (FAB+, direct inlet) [M + H] calcd for C8H13O2: 141.0916;
found 141.0917. (Found: C, 68.42; H, 8.70%. C8H12O2 requires C,
68.54; H, 8.63%).


(1S,4S,5S)-5-Hydroxybicyclo[2.2.2]octan-2-one ((+)-6). Hy-
droxyketone (+)-6 of >99% ee (GC, a-DEX 120) was obtained
as a white solid in 96% yield. TLC Rf 0.14; mp 151 ◦C (subl.); [a]D


+13.1 (c 2.70, EtOH). 1H NMR data were consistent with those
reported.9


Synthesis of (+)-5 and (+)-6 by reduction with the genetically
engineered yeast TMB4100


Following the general description 2, (±)-2 (100 mg, 0.72 mmol)
was reduced with TMB4100. The reduction was performed in


batch mode at a concentration of 20 g l−1 of (±)-2 (5 ml scale). The
residue was purified as described for the baker’s yeast reduction
above to give an inseparable mixture of the diastereomers (+)-5
and (+)-6 (73 mg, (72%), both of >99% ee (GC, a-DEX 120), as a
white solid; (mp 243–244 ◦C; [a]D +8.55 (c 1.45, EtOH)).


Synthesis of (+)-6 by baker’s yeast reduction


Following the general description 1, (+)-2 (1.23 g, 8.91 mmol) was
reduced with baker’s yeast. Additional yeast (12.5 g) and sucrose
(14 g) was added every 48 h. The residue was purified by column
chromatography (SiO2, heptane–EtOAc 1 : 1, TLC Rf 0.14) to give
(+)-6 (807 mg, (65%) of >99% ee (GC, a-DEX 120) as a white
solid; (mp 151 ◦C (subl.); [a]D +13.1 (c 3.57, EtOH).


Synthesis of (+)-6 by reduction with the genetically engineered
yeast TMB4100


Following the general description 2, (+)-2 (1.80 g, 13.0 mmol) was
reduced with TMB4100. The reduction was performed in batch
mode at a concentration of 20 g l−1 of (+)-2 (90 ml scale).


The residue was purified as described for the baker’s yeast
reduction above to give (+)-6 (1.56 g, 85%) of >99% ee (GC, a-
DEX 120) as a white solid (mp 151 ◦C (subl.); [a]D +13.6 (c 2.52,
EtOH)) and the endo,endo-bicyclo[2.2.2]octane-2,5-diol (87 mg,
5%) (as determined by comparison to an authentic sample by 1H
and 13C NMR9).


Synthesis of (−)-1, (+)-1, (−)-2 and (+)-2 by TPAP oxidation


N-Methylmorpholine-N-oxide (51 mg, 0.43 mmol), 3 Å crushed
molecular sieves (150 mg) and tetrapropylammonium perruthen-
ate (3.8 mg, 5 mol%) were added to a solution of the hydrox-
yketones (3–6) (0.22 mmol) in CH2Cl2 (5 ml) under an argon
atmosphere. The resulting mixture was stirred at room temperature
for 2 h and then filtered through a pad of silica (bottom layer) and
celite (top layer), rinsing with EtOAc. The solvent was removed
at reduced pressure and the residue was column chromatographed
(SiO2, heptane–EtOAc 1 : 1) to give (−)-1, (+)-1, (−)-2 and (+)-2 in
91–100% yield. For (−)-1 (from (−)-3 of 94% ee): mp 101–103 ◦C;
[a]D −1222 (c 0.55, CHCl3), (+)-1 (from (+)-4 of >99% ee): mp
89–94 ◦C; [a]D +1256 (c 0.55, CHCl3), (−)-2 (from (+)-5 of 88%
ee): mp 208–213 ◦C (melt and subl.); [a]D −48 (c 0.42, CHCl3) and
(+)-2 (from (+)-6 of >99% ee): mp 212–213 ◦C (melt and subl.);
[a]D +50 (c 0.44, CHCl3), respectively.


Synthesis of (+)-5 and (+)-6 by catalytic hydrogenation


The hydrogenation catalyst, 10 wt% Pd/C (327 mg) was added
to a mixture of (−)-3 (100 mg, 0.72 mmol) (or (+)-4 (300 mg,
2.17 mmol)) in ethanol (10 ml for (−)-3) or 30 ml for (+)-4) at room
temperature. The resulting slurry was stirred under a hydrogen
atmosphere at room temperature at atmospheric pressure for 3 h
and then filtered through a pad of silica (bottom layer) and celite
(top layer). The solvent was removed at reduced pressure and
the residue purified by column chromatography (SiO2, heptane–
EtOAc 1 : 1) to give (+)-5 (or (+)-6) in 99% yield. For (+)-5 (from
(−)-3 of 80% ee): mp 238–239 ◦C; [a]D +1.45 (c 1.45, EtOH) and
(+)-6 (from (+)-4 of >99% ee): mp 151 ◦C (subl.); [a]D +13.6 (c
2.61, EtOH).
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Oxidized methionine residues in peptide thioesters can be reduced rapidly with NH4I to the
corresponding sulfide by using Me2S as coreductant. Comparative reduction studies employing a
28-amino acid peptide thioester with an N-terminal methionine oxide as model system revealed the
importance of the Me2S addition to avoid hydrolysis of the reactive thioester functionality. In addition,
an NH4I–Me2S containing cleavage cocktail has been used for the global deprotection of various
thioesters which revealed no hydrolysis or oxidative side products. These results demonstrate the
general applicability of sulfoxides as protecting groups in advanced peptide synthesis techniques by
facilitating the preparation and handling of methionine containing peptide thioesters for native
chemical ligation (NCL).


Introduction


Peptide thioesters have become valuable compounds and useful
building blocks in modern bioorganic chemistry. A common
feature of thioesters is a rapid thioester equilibrium at neutral pH
upon the addition of thiols.1 This thioester–thiol exchange reaction
has found widespread spectroscopic and synthetic applications.
Backbone thioester exchange (BTE) has been used to determine
the conformational stability and formation of peptidic secondary
and tertiary structures.2 Most importantly, thioester exchange can
facilitate the connection between a polypeptide thioester and an N-
terminal Cys protein or peptide through native chemical ligation
(NCL).3 Expressed protein ligation (EPL),4 which enables the
connection of expressed protein fragments with synthetic peptides
via NCL, has proven to be particularly suitable for accessing
semisynthetic proteins with various natural and unnatural protein
modifications in the N- or C-terminal part of the protein.


Various routes for the access of thioesters have been developed.
A common biochemical process is intein expression, which
delivers large proteins with a C-terminal thioester.5 Synthetic
thioesters can be derived from Fmoc-based solid phase peptide
synthesis (SPPS) using different resins and cleavage strategies.6


These include the alkane-sulfonamide “safety-catch” resin,7 which
requires an activation step with diazomethane or iodoacetonitrile
prior to peptide cleavage with thiols,8 or the conversion of
peptides on HMBA (4-hydroxymethylbenzoic acid) or PAM
(4-hydroxymethyl-phenylacetamidomethyl polystyrene) resins to
thioesters with alkylaluminium thiolates.9 Alternatively, highly
acid-labile resins (TGT10 or 2-chlorotrityl resin11) have been used
to allow orthogonal cleavage under mild acidic conditions without
deprotection of peptide side chains. Subsequently, the C-terminal
carboxylic acid can be transformed selectively to the thioester by
HBTU–DIEA activation.


Freie Universität Berlin, Institute of Chemistry and Biochemistry, Takustr. 3,
14195, Berlin, Germany. E-mail: hackenbe@chemie.fu-berlin.de; Fax: +49
30 838 52551; Tel: +49 30 838 52451
† Electronic supplementary information (ESI) available: MS spectra for
thioesters 1, 1 with Val27Asn, 2, 5 and 6. See DOI: 10.1039/b603543d


The synthetically attractive but sometimes problematic feature
of thioesters is their high electrophilicity, which often leads to hy-
drolysis to the carboxylic acid. In consequence, the high thioester
reactivity often requires the development of more sophisticated
protocols for the access and handling of peptide thioesters, as
exemplified in the development of Fmoc deprotection protocols
with non-nucleophilic bases to replace commonly employed
piperidine.12


In this paper a convenient protocol for the nucleophilic re-
duction of sulfoxides with NH4I in the presence of a thioester
functionality is presented. In the course of these investigations
it was demonstrated that the use of Me2S as a coreductant and
a careful optimization of the reaction conditions could prevent
thioester hydrolysis, which is initiated by treatment of thioesters
with NH4I alone. The motivation for the development of a
protocol to reduce sulfoxides in peptide thioesters is twofold. First,
it presents the first strategy to reduce Met sulfoxide containing pep-
tide thioesters, which showed undesired sulfoxide formation during
the synthesis or prolonged storage. Second, the method extends
the use of methionine sulfoxides as protected methionine analogues
in peptide thioester syntheses, because oxidized methionines have
been proposed as methionine surrogates to avoid alkylations of the
methionine thioethers during peptide cleavage after the SPPS. The
latter application could provide important advantages in thioester
syntheses via the sulfonamide catch strategy for the use in NCL. In
previous investigations it was shown that the activation reagent
iodoacetonitrile alkylates methionines and thus lowers the yield
for the final thioester product.13


Results and discussion


Peptide synthesis


The 28-amino acid thioester 1 with an N-terminal Met residue was
employed as a model system for the reduction studies (Scheme 1A).
The thioester was accessed in reduced (1) and oxidized form (2)
via the acid-labile linker (TGT) strategy by using a non-reductive
cleavage cocktail for the final global deprotection (Scheme 1B).
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Scheme 1 A) Im7 peptide sequence (1–28); B) SPPS synthesis of thioester
1 using the acid-labile TGT resin. Reagents and conditions: (a) i) 20%
piperidine–DMF; ii) Fmoc-Xaa-OH or Boc-Met-OH, HBTU, HOBt,
DIEA, NMP; (b) 0.5% TFA, CH2Cl2; (c) BnSH, HBTU, DIEA, THF;
(d) modified cleavage cocktail K (TFA, phenol, PhSMe, TIS, H2O). See
Experimental section for details.


Thioester 1, resembling the N-terminal part of the 87-amino
acid immunity protein Im7, has recently been employed in the
semisynthesis of Im7 variants via EPL for protein folding studies.14


All 27 amino acids were coupled to the commercially available
Fmoc-Ala-TGT-Resin using standard Fmoc-based SPPS coupling
conditions with HBTU–HOBt activation. The N-terminal Met


was coupled as its Boc-protected analogue to deliver the un-
protected N-terminus in the final deprotection step. Finally, the
peptide was cleaved from the resin under mild acidic conditions
(0.5% TFA in CH2Cl2) and treated with benzylmercaptan, HBTU
and DIEA in THF to furnish the corresponding thioester, which
was globally deprotected with reagent K15 in which EDT was
omitted. After HPLC analysis, considerable amounts of the Met
oxidized analogue 2 were detected (Fig. 1A), which were isolated
by HPLC and used for subsequent reduction studies (Fig. 1B).16


Reduction of thioester sulfoxides with NH4I–Me2S in TFA


Several groups have previously reported protocols for the reduc-
tion of methionine sulfoxides in peptide systems using NH4I in
TFA.17,18 This reaction is based on a nucleophilic iodide attack
on the protonated sulfoxide leading to the reduced methionine
sulfide and the formation of iodine as the reduction byproduct
(Scheme 2). In order to minimize the formation of iodine and
iodosulfonium ions, which have been reported to induce side re-
actions like Trp dimerizations to 2,2′ indolylindoline derivatives,19


Me2S was previously found to accelerate the reaction and serve
as an efficient coreductant leading to the formation of dimethyl
sulfoxide and iodide. Although it is well documented that iodine
promotes the cleavage of thioesters to acids,20 we envisioned that
a careful optimization of the reaction conditions and the use of
Me2S as coreductant could avoid the formation of iodine and
thereby lead to a selective nucleophilic reduction of the methionine
sulfoxide 2 to 1 while leaving the thioester intact.


Initial attempts to reduce the oxidized thioester 2 with 20
equivalents NH4I in TFA at 0 ◦C for 60 min led to formation
of iodine, as observed as a brown precipitate which dissolved
upon the addition of ascorbic acid. Subsequently, complete
decomposition of the starting material was observed, since only


Fig. 1 HPLC spectra of Im7 peptides. A) Peptide thioester 1 with oxidized side product 2 and non converted peptide 3 after SPPS thioester synthesis
and cleavage with cocktail K; B) oxidized thioester 2 after purification; C) ESI-MS of purified oxidized thioester 2; D) hydrolyzed peptide 3 after 60 min
reduction in TFA, 0 ◦C with 20 equiv. NH4I; E) reduced thioester 1 after 30 min reduction in TFA, 0 ◦C with 20 equiv. Me2S–NH4I; F) ESI-MS of
reduced thioester 1. For cleavage cocktail contents and HPLC gradients see supporting Experimental part.
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Scheme 2 Mechanism and potential hydrolysis pathway for the reduction
of sulfoxides with NH4I in TFA in peptidic systems with (solid line) and
without (dashed line) the addition of Me2S .


the hydrolyzed peptide 3 was detected by HPLC-MS (Fig. 1D).
Fortunately, a reaction of the oxidized peptide thioester 2 with
NH4I–Me2S in TFA at 0 ◦C showed full conversion to the reduced
peptide thioester (Fig. 1E). In the course of further optimization
studies, it became evident that the reaction was complete after 30
minutes using 20 equivalents of Me2S. Prolonged treatment with
NH4I–Me2S (>6 hours) at 0 ◦C led to the formation of iodine
and the destruction of the thioester functionality. Trials to reduce
thioester 2 with Me2S without the addition of NH4I showed no
reduction capability.


The NH4I–Me2S containing cleavage cocktail H for the global
deprotection of thioesters


The successful reduction and stability of sulfoxide thioesters
prompted us to use NH4I–Me2S as additives for cleavage cocktails
for global deprotections of thioesters (Step d in Scheme 1 and
Experimental section for details). The use of these reagents in the
cleavage cocktail H has previously been restricted to the synthesis
of methionine containing peptides without a C-terminal thioester
functionality.21 We employed this cleavage cocktail in various
thioester syntheses containing mutations in the Im7 sequence
using the TGT resin and obtained the reduced thioester in very
good overall conversions with no Met-sulfoxide or hydrolysis
byproducts. (Scheme 3 and Experimental section). These included
glycopeptides like 5 and 6 which carry an N-linked chitobiose
modification at position 27 or 5. It is important to mention that the
use of cleavage cocktail H in glycopeptide thioester deprotections
had another beneficial effect: The use of cleavage cocktail H for
the deprotection of glycopeptide thioesters prepared from building
block 422 did lead to the removal of all carbohydrate TBDMS
protecting groups. Comparative cleavages with cocktail K resulted
in the isolation of a side product still containing one TBDMS
group.23


Conclusion


In summary, a protocol for a fast reduction of oxidized methionine
thioesters with NH4I has been developed. Undesired hydrolysis
of the thioester can be avoided by adding an excess of Me2S to
the reaction mixture. These optimized reduction conditions led to
the development of a modified cleavage cocktail H, which allows
the reduction (or prevention) of oxidized methionine residues
after the installation of the thioester functionality. These studies
furthermore support the use of sulfoxides as protecting groups for
methionine amino acids during peptide synthesis as their reduced
analogues in highly functional and reactive thioester building
blocks have become accessible by this strategy.


Experimental


General methods


All reagents, solvents, and amino acids, were purchased from
commercial suppliers and used without further purification.
All solvents were reagent grade and used as received. HPLC


Scheme 3 A) Use of a modified cleavage cocktail H for the deprotection of peptide thioesters after SPPS; B) HPLC spectra of glycopeptide thioester 5
(gradient: 7% to 95% CH3CN with 0.1% TFA over 35 min) after cleavage with the modified cleavage cocktail H.
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measurements were performed on a Waters HPLC system, specific
conditions are given in the appropriate section. ESI-MS spectra
were recorded on a PE Biosystems Mariner mass spectrometer. See
Fig. 1C and 1F and the supplementary material for all recorded
MS spectra.†


Peptide synthesis


Peptide thioesters were synthesized on an ABI 431A peptide
synthesizer on a TGT-Resin (Novabiochem) to which the first
amino acid (alanine) was already attached. Standard amide double
coupling protocols (HBTU–HOBt in NMP) were used throughout
the solid phase peptide synthesis.


Thioester synthesis


The thioester synthesis was pursued as described previously.
Briefly, the desired peptide was cleaved from the TGT resin with
0.5% TFA in DCM for 2 h delivering the peptide selectively
deprotected at the C-terminus. The resin was filtered off and
washed with CH2Cl2. To the combined filtrates ice-cold hexanes
(50 mL) were added which precipitated the protected peptides.
After removal of the organic solvents in vacuo, the protected
peptides were dissolved in THF (5 mL), and HBTU (4 equiv.),
DIEA (8 equiv.) and benzylmercaptan (4 equiv.) were added for the
conversion into the corresponding thioesters. THF was removed in
vacuo and the peptide was globally deprotected with the following
cleavage cocktails.


a) Modified cleavage cocktail K (without ethanedithiol (EDT)):
90% TFA; 5% thioanisole; 5% H2O; with additional phenol
(75 mg), and triisopropylsilane (TIS, 100 lL) added per mL;


b) Modified cleavage cocktail H: 82.5% TFA; 2.5% EDT; 5%
thioanisole; 5% H2O; 5% dimethyl sulfide (Me2S); with additional
phenol (75 mg), NH4I (50 mg) and triisopropylsilane (TIS, 100 lL)
added per mL.


Peptide thioesters were precipitated from ice-cold ether (40 mL),
redissolved in H2O–CH3CN mixtures (1 : 1) and purified via
preparative HPLC (C18-column, flow: 15 ml min−1, water–
acetonitrile (with 0.1% TFA) gradient). Electrospray ionization
mass spectrometry (ESI-MS) analysis was used to confirm the
identities of the unglycosylated and glycosylated thioesters.


Synthesis of the reduced and oxidized thioesters 1 and 2


The peptide thioester, containing the 1–28 Im7 sequence
(Scheme 1A) was globally deprotected with the modified cleavage
cocktail K as described in the previous section. HPLC analysis
(gradient of 7% to 95% CH3CN over 30 min) revealed the presence
of the reduced (∼20%) and the oxidized (∼50%) thioesters 1 and
2, whereas 1 eluted at 24.1 min and 2 at 23.7 min (See Fig. 1A).


Thioesters 1 and 2 were purified with HPLC (gradient of 7% to
95% CH3CN over 50 min), in which 1 eluted at 34.0 min and 2 at
33.5 min (Fig. 1B).


MS (ESI-MS) of 1. 1126.4 ([M/3]+, observed), 1126.9
([M/3]+, calculated); 845.1 ([M/4]+, observed), 845.4 ([M/4]+,
calculated) (see supplementary material†).


MS (ESI-MS) of 2. 1132.1 ([M/3]+, observed), 1132.2
([M/3]+, calculated); 849.1 ([M/4]+, observed), 849.4 ([M/4]+,
calculated) (Fig. 1C).


Reduction studies of thioester 2 with NH4I and Me2S


General procedure: the oxidized peptide thioester 2 was dissolved in
an Eppendorf tube in TFA to obtain a 1 mM solution and cooled
to 0 ◦C by inserting the tube in a 50 mL falcon tube with ice. NH4I
(20 equiv.) and/or Me2S (20 equiv.) were added to the Eppendorf
tube and the falcon tube was shaken for the time mentioned in the
text (if necessary, the ice was refilled). The reaction was quenched
with a saturated solution of ascorbic acid and the final mixture
was directly analyzed by HPLC and ESI-MS.


Peptide thioester 2 was reduced according to the general
procedure with different reducing agents.


During the reduction with NH4I (20 equiv., 60 min at 0 ◦C)
a brown iodine precipitate was observed which disappeared
after quenching with ascorbic acid. HPLC and ESI-MS analysis
revealed the hydrolysis of thioester 1.


Reduction with NH4I and Me2S (20 equiv. each, 30 min at
0 ◦C) showed full reduction to 1, which was confirmed by HPLC
(Fig. 1E) and ESI-MS (Fig. 1F).


MS (ESI-MS) of 1. 1126.4 ([M/3]+, observed), 1126.9
([M/3]+, calculated); 845.3 ([M/4]+, observed), 845.4 ([M/4]+,
calculated) (Fig. 1F).


Treatment with Me2S (20 equiv., 60 min at 0 ◦C) did not reduce 2.
Prolonged treatment with NH4I and Me2S (20 equiv. each, 6 hours
at 0 ◦C) lead to the formation of a brown iodine precipitate.


Global deprotection of thioesters with the modified cleavage
cocktail H


Peptide thioesters containing different mutations in the Im7
sequence were prepared as described in the thioester synthesis
section and globally deprotected with the modified cleavage
cocktail H, containing NH4I–Me2S. Glycosylated thioesters were
synthesized similarly using building block 4 during the SPPS.21


Thioesters were purified via HPLC at a gradient of 7–95% CH3CN
over 35 min and analyzed with ESI-MS. See supplementary
material for all MS spectra.†


MS (ESI-MS) of 1. 1126.4 ([M/3]+, observed), 1126.9
([M/3]+, calculated); 845.2 ([M/4]+, observed), 845.4 ([M/4]+,
calculated).


MS (ESI-MS) of 1 with Val27Asn. 1132.0 ([M/3]+, observed),
1131.9 ([M/3]+, calculated); 849.2 ([M/4]+, observed), 849.2
([M/4]+, calculated).


MS (ESI-MS) of glycopeptide thioester 5 (Val27Glyco). 1267.5
([M/3]+, observed), 1267.2 ([M/3]+, calculated); 950.9 ([M/4]+,
observed), 950.7 ([M/4]+, calculated).


MS (ESI-MS) of glycopeptide thioester 6 (Asn5Glyco). 1262.4
([M/3]+, observed), 1262.3 ([M/3]+, calculated); 947.1 ([M/4]+,
observed), 946.9 ([M/4]+, calculated).
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Diels–Alder cycloadditions of p-benzoquinone with 9R-(1-methoxyethyl)anthracene provides a 60 : 40
ratio of cycloadducts when heated at reflux in xylene. Mechanistic studies to explore the origins of this
selectivity have shown that at lower temperatures the kinetic product predominates, giving a 96 : 4 ratio
of cycloadducts.


Introduction


The importance of p-benzoquinone and its derivatives as synthetic
building blocks have been amply demonstrated by their extensive
use in natural product synthesis.1 For example, the asymmetric
synthesis of (+)-cyclophellitol 1, an inactivator of b-glucosidase
isolated from the mushroom Phellinus sp., has been recently de-
scribed via a synthetic pathway relying upon a palladium-catalysed
kinetic resolution of the racemic conduritol B tetraacetate 2, easily
accessed from p-benzoquinone 3 (Scheme 1).2


Scheme 1 Synthesis of (+)-cyclophellitol 1.


Moreover, the cyclohexane epoxide backbone is a common
framework found in a huge range of structurally diverse naturally
occurring compounds isolated mainly from fungi and higher
plants. Many of these highly oxygenated six-membered rings
have attracted synthetic interest because of their varied biological
properties (Fig. 1).3


Fig. 1 Cyclohexane epoxide natural products.


For example, bromoxone 4 was isolated from the marine acorn
worm4 and showed potent anti-tumour activity against P388
cells in vitro, while related epiepoformin 5 and epiepoxydon
6, inhibitors of lettuce seed germination, were isolated from
an unidentified fungus separated from diseased carpemyrtle
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leaves of Lagerstroemia indica.5 Although these three com-
pounds have been prepared from ethyl (1R,2S)-5,5-ethylendioxy-
2-hydroxycyclohexanecarboxylate, the synthetic routes are gener-
ally arduous giving low overall yields.6


The literature contains a large number of examples of
Diels–Alder reactions with p-benzoquinone 3, including re-
action with cyclopentadiene,7 cycloheptadiene,8 butadiene,9


trans,trans-1,4-diphenylbuta-1,3-diene,10 and an isodicyclopenta-
diene derivative.11 Given this precedent, cycloadditions of p-
benzoquinone 3 to the 9R-(methoxyethyl)anthracene 7 appeared
to be an attractive alternative for further development of a chiral
auxiliary strategy that employs a key Diels–Alder/retro Diels–
Alder reaction that we12,13,14 and others15 have been developing.
The resulting cycloadduct would be highly functionalised and
as such would offer wide scope as a key building block for the
synthesis of target molecules based upon a cyclohexane backbone.
A number of functional group transformations were envisaged
with this substrate (Scheme 2).


Scheme 2 Diastereoselective Diels–Alder addition.


Thus, the carbonyl groups facilitate both 1,2-nucleophilic addi-
tion and enolate alkylation, while the enone may be functionalised
through standard electrophilic and Michael addition reactions.
The work described herein describes our investigation of the
viability of the Diels–Alder reaction of anthracene derivatives
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with p-benzoquinone and attempts to rationalise the selectivity
observed.


Results and discussion


Thermal cycloadditions


An initial assay was conducted to investigate the difference in the
relative reaction rates of anthracene 8 and 9-substituted methyl
ether 7 with p-benzoquinone 3 by heating at reflux in mixed xylenes
for 24 h and sampling each reaction at selected time intervals
(Scheme 3, Table 1, Chart 1).


Scheme 3 Thermal Diels–Alder cycloadditions.


Table 1 Diels–Alder cycloadditions of anthracene 8 and ether 7 with
p-benzoquinone 3 in mixed xylenes at reflux


Conversion (%)a


Time/h 9 10 & 11


1 75 14
2 81 20
5 98 32


15 100 41
24 100 60


a Conversion calculated from the ratio of signals for the starting material
and product(s) in the 1H NMR spectrum.


Chart 1 Reactions rates of anthracene 8 and ether 7 with p-benzoqui-
none 3.


From the rate profiles, the methoxyethyl substituent at the 9-
position of anthracene causes a six fold decrease in the apparent
reaction rate, kobs, when compared with anthracene 8. This could
be a consequence of the substituted anthracene ring system not


adopting a fully planar conformation in the transition state and
therefore diminishing p-stacking interactions with the dienophile.
However, given that maleic anhydride and N-methylmaleimide in
toluene or benzene react more slowly with anthracene 8 than with
ether 7,12 it is perhaps more likely that the apparently slow reaction
rate here is based on the existence of a competing retro Diels–Alder
reaction.


The stereochemical outcome of the thermal cycloaddition of p-
benzoquinone 3 with the ether 7 was then considered (Scheme 4).


Scheme 4 Diastereoisomers formed from the cycloaddition reaction.


Analysis of the crude 1H NMR spectrum indicated a conversion
of 60% from starting material into a mixture of the two possible
diastereoisomers 10 and 11 in an approximate ratio of 60 :
40, respectively, determined by integration of the appropriate
signals. Separation by flash column chromatography afforded both
diastereoisomers in a 31 and 27% yield, respectively, and their
relative stereochemistry was confirmed by single crystal X-ray
diffraction (Fig. 2).


Cycloadduct 10 crystallised as a hemi-dichloromethane solvate
with the dichloromethane on a twofold axis and clearly shows the
orientation of the methoxy group away from the carbonyl with
the methyl substituent antiperiplanar to the ring system which is
in good agreement with the previous elucidated structures of the
cycloadducts from maleic anhydride and N-methylmaleimide.12 By
contrast the conformation of the 9-substituent in isomer 11 locates
the methoxy group antiperiplanar to the newly formed ring system
with the methyl substituent oriented away from the carbonyl,
possibly due to strong steric and electrostatic repulsions. It is also
noteworthy to mention the shallow boat conformation of the 2-
ene-1,4-dione ring in structure 10, in which C15–C16 and C19–
C20 bonds are coplanar (rms deviation 0.011 Å). The two carbonyl
moieties represented by the sets of atoms C15/C19/C17/O1 and
C16/C20/C18/O2 (rms deviation 0.007 and 0.010 Å, respectively)
are bent away from the underlying phenyl ring with dihedral angles
with the previous plane C15/C16/C20/C19 of 25.0 and 13.1◦,
respectively. This conformation is similar to that reported for the
crystal structure of the addition product 9 from the reaction of
p-benzoquinone and anthracene.16 Somewhat surprisingly the six-
membered diketone ring in structure 11 adopts a flat conformation
in which all atoms involved (C15/C16/C17/C18/C19/C20) fall in
a plane (rms deviation 0.049 Å). The carbonyl groups O1/C17 and
O2/C18 have now dihedral angles with this plane of 4.0 and 10.1◦,
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Fig. 2 X-Ray structures of diastereoisomers 10 and 11, respectively.
Ellipsoids shown at 50% probability.


respectively, this resulting in a considerably more constrained
conformation of the rigid bicyclic system.


The reversibility of the Diels–Alder reactions of the cycloadduct
9 and the isolated single diastereoisomer 10 were investigated by
refluxing with equimolar amounts of N-methylmaleimide 12 in
toluene for 5 h (Scheme 5). Analysis indicated the appearance of
the crossover cycloadducts 13 and 14 in 16 and 100% conversion,
respectively, as determined by integration of the appropriate
signals in the 1H NMR spectra. Such results confirmed the
existence of a retro Diels–Alder reaction in equilibrium with the
forward cycloaddition which thus explained their relative rates of
formation noted earlier.


Additionally, both isolated single diastereoisomers 10 and
11 were resubjected to the original cycloaddition conditions in
toluene (Scheme 6).


Scheme 5 Reversibility of Diels–Alder reaction.


Scheme 6 Reversibility of Diels–Alder reaction.


Both cycloadducts 10 and 11 were found to partially cleave back
producing the ether 7 in 45 and 67% yields, respectively. Such
results confirmed a lower stability associated with benzoquinone-
derived cycloadducts 10 and 11 under thermal conditions in
comparison to maleate-based cycloadducts, which show very little
cycloreversion.13 The increased amount of cleavage obtained for
the syn-diastereoisomer 11 is also in agreement with what would
be predicted from the X-ray crystal structure, owing the more
constrained conformation adopted when compared to the anti-
cycloadduct 10. Interestingly, the crude mixture from the cleavage
reaction of the anti-cycloadduct 10 was an 80 : 20 mixture
of 10 : 11, which indicated that the reaction was not totally
equilibrated under the conditions given and illustrated the slow
forward process taking place with this diastereoisomer at this
temperature. Similarly, the reaction of the syn-cycloadduct 11 also
returned increased amounts of the initial diastereoisomer as a 35 :
65 mixture of 10 : 11. These results confirmed an equilibrium for
this reaction taking place under the conditions studied.


The facile reversibility encountered in the Diels–Alder reaction
of the ether 7 and p-benzoquinone 3 suggests an explanation of
the diastereoselectivity based on the thermodynamic stability of
the products. Molecular modelling studies of the ground state
conformations were carried out for the two addition products
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Table 2 Molecular modelling of diastereoisomers 10 and 11


Cycloadduct DH f Calculated K eq
a Predicted drb Observed drb


10 −20.24 0.77 61 : 39 60 : 40
11 −20.04


a Obtained from the calculated energy differences at 110 ◦C. b Ratio (anti :
syn).


10 and 11. The predicted equilibrium constant for the two
diastereoisomers obtained from their calculated heats of formation
agree reasonably well with the observed experimental results
(Table 2).


Investigation of the mechanism of the Diels–Alder reaction


The poor diastereoselectivity observed for the Diels–Alder re-
action of the ether 7 to p-benzoquinone 3 was intriguing when
compared to the highly diastereoselective systems (>98% de) found
with maleate-type dienophiles.12 This was further confounded by
measuring oxygen–oxygen distances between the methoxy group
and the proximal carbonyl group as well as appropriate bond
angles (x) in the X-ray crystal structure of addition product
10 (3.1 Å, 111.1◦) and comparing to these of the addition
products of ether 7 with maleic anhydride (3.5 Å, 114.1◦) and
N-methylmaleimide (3.5 Å, 112.7◦) (Fig. 3).


Fig. 3 Atom distances taken from X-ray crystallographic information.


The similar distances and bond angles noted suggest that
comparable electronic and/or steric factors should be involved in
the transition states of the respective cycloadditions if the reactions
proceeded through the same reaction mechanism, which vastly
contrast with the observed difference in the selectivity.


Initial thoughts to account for the stereochemical outcome
were based upon a possible epimerisation of the stereogenic
centre of the addition products 10 and/or 11 through radical
abstraction of the methine proton and epimerisation (Scheme 7).
Such an argument was supported by the previous use of p-
benzoquinone 3 as a reagent for the oxidation of aryl conjugated
allylic alcohols under similar conditions to those used herein
(xylene, 120 ◦C).17 However, this was ruled out by subjecting the
isolated single diastereoisomer 10 to thermal cleavage as described
earlier (Scheme 6), which led to the ether derivative 7 with a specific
rotation identical to the starting material.


This led us to consider an alternative reaction may be proceed-
ing. Although the synthetic potential of cycloaddition reactions
was outlined by Diels and Alder long ago,18 the mechanistic inter-


Scheme 7 Possible epimerisation by radical abstraction.


pretation of these reactions is still controversial in some respects.19


The choice between the concerted and the stepwise mechanism
by radical or zwitterionic intermediates cannot always be made
easily. Recently many kinetic studies of substituent and solvent
effects have appeared.20 In addition, electron-transfer processes
via charge-transfer interactions between anthracene dienes and
dienophiles, including p-benzoquinone, in the transition state of
Diels–Alder reactions have recently been reported.21,22 Such a step-
wise process would naturally lead to poor stereocontrol, especially
if initial attack occurred at the position distal to the stereodirecting
group.


However, direct experimental evidence to demonstrate the
existence of a charge transfer complex was difficult to determine
using in situ UV/Vis measurements of the reactions. Attempts to
detect the semiquinone radical anion were carried out as described
in the literature,23 by measuring the change in initial absorbance
of different concentrations of ether 7 and p-benzoquinone 3 at
various wavelengths with a UV/Vis spectrometer in deaerated
chloroform at 298 K, but unfortunately no absorption maxima
could be observed around the area expected for this species (kmax =
422 nm)22 presumably due to the very short lifetimes of such radical
species. Although this cannot rule out a possible stepwise reaction
mechanism, further work would be needed to demonstrate the
existence of an intermediate charge transfer complex.


Lewis acid catalysed Diels–Alder reactions


Following recent examples in the literature, which reported
remarkable selectivity for Diels–Alder additions catalysed by
a new family of Lewis acid complexes derived from pyridyl-
bis(oxazoline) ligands and samarium and gadolinium triflates,24


attempts to enhance the selectivity of the Diels–Alder cycload-
ditions of ether 7 and p-benzoquinone 3 were carried out under
similar conditions. A ligand–metal triflate survey was performed
by heating reactants at 70 ◦C in CH3CN in a range of different lig-
ands (bipy 15, BEN 16, N,N ′-dibenzylidenepropane-1,3-diamine
17 and 4,4′,5,5′-tetrahydro-4,4,4′,4′-tetramethyl-2,2′-bioxazole 18)
and metal triflates (Mg2+, Cu2+, Sc3+, Y3+, La3+, Gd3+). The highest
reactivity was observed when the bisoxazole ligand 18 was used
in combination of Cu2+ and Y3+ as catalyst systems for periods
of 16 h (Table 3). However, exposing the reaction under longer
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Table 3 Lewis acid catalysed Diels–Alder cycloadditions of ether 7 with p-benzoquinone 3a


Conversion (%) (ratio of diastereoisomers anti : syn)b


M(OTf)n–ligand Blank


Blank 11 (98 : 8) NA NA NA NA
Mg(OTf)2 NA 11 (97 : 3) 11 (98 : 2) 11 (100 : 0) 9 (96 : 4)
Cu(OTf)2 NA 11 (100 : 0) 11 (95 : 5) 13 (96 : 4) 35 (87 : 13)
Sc(OTf)3 NA 12 (85 : 15) 14 (86 : 14) 16 (81 : 19) 16 (81 : 19)
Y(OTf)3 NA 12 (88 : 12) 14 (87 : 13) 15 (90 : 10) 20 (87 : 13)
La(OTf)3 NA 11 (90 : 10) 9 (90 : 10) 10 (100 : 0) 15 (90 : 10)
Gd(OTf)3 NA 7 (100 : 0) 11 (96 : 4) 9 (97 : 3) 10 (95 : 5)


a Reactions performed with ether 7 and p-benzoquinone 3 in a 1 : 1 ratio in CH3CN at 70 ◦C for 16 h. b Calculated from the integral of the signals
corresponding to starting material and addition products in the 1H NMR spectrum.


reaction times (48 h) led to decomposition of the starting materials.
On the other hand, encouraging results were obtained for those
background reactions in the absence of catalyst when heated in
CH3CN at 70 ◦C, achieving a 56% conversion after 48 h and a 93 :
7 ratio in favour of diastereoisomer 10.


Thermal additions at lower temperature


These preliminary results led to a more detailed study into the role
of the temperature in the outcome of the Diels–Alder reaction of
ether derivative 7 and p-benzoquinone 3. Reactants were heated
in toluene at different temperatures for 48 h and the conversions
and relative ratios of diastereoisomers 10 and 11 were determined
by integration of the appropriate signals in the 1H NMR spectra
of the crude material (Table 4).


As the temperature of the reaction was increased, the amount
of addition products obtained was seen to decrease. These results
were somewhat surprising since it was expected for thermal
cycloadditions to show an increased reactivity at elevated temper-
atures of reaction, as anticipated for the additions of anthracene
8. This apparent anomalous reactivity could be explained by
the retro Diels–Alder reaction for these compounds being more
facile at high temperatures. Interestingly, the reactions at lower
temperature showed a higher selectivity in favour of the anti-
diastereoisomer, which agrees with the previous reactions carried
out in CH3CN. Subsequently, the highest diastereoselectivity


Table 4 Diels–Alder cycloaddition of ether 7 with p-benzoquinone 3 at
different temperaturesa


Temperature (◦C) Conversion (%)b drc


70 67 96 : 4
80 52 93 : 7
90 46 88 : 12


100 45 82 : 18
110 31 58 : 42


a Reactions performed with ether 7 and p-benzoquinone 3 in a 1 : 1 ratio in
toluene at specified temperature for 48 h. b Ratio calculated by integration
of the signals corresponding to starting material and addition products 10
and 11 in the 1H NMR spectrum. c Ratio calculated by integration of the
signals corresponding to each diastereoisomer 10 : 11, respectively.


(96 : 4) was obtained at the lowest temperature (70 ◦C), which
also gave the highest conversion (67%). These were, therefore,
accepted as the optimised conditions for the Diels–Alder reaction
of ether 7 and p-benzoquinone 3. In addition, slow cooling of the
reaction mixture caused precipitation of product crystals making
the purification step by flash column chromatography unnecessary
and affording the desired cycloadduct 10 in an enhanced 62% yield
and >98% de This optimised procedure, under the new conditions,
fulfilled the crucial requirement of high diastereoselectivity in the
addition step and widely enhanced the potential of the described
methodology.


To investigate the extent of the retro Diels–Alder reaction under
these optimised conditions, both isolated single diastereoisomers
10 and 11 were subjected to thermal cleavage by heating at 70 ◦C in
toluene for 48 h in the presence and absence of N-methylmaleimide
12 (1 eq.) (Table 5). Interestingly, only cycloadduct 10 could
be partially cleaved back at this temperature affording similar
conversions to both ether 7 and maleimide adduct 14. The outcome
of this retro Diels–Alder reaction (22–29%) is in agreement with
the unconverted ether 7 observed previously for the forward
process (33%), which indicates a complete re-equilibration of both
reactions after 48 h. In addition, the diastereoisomer returned was
identical to starting material 10, which confirms that only the
kinetic product 10 is formed under these reaction conditions.


The enhanced conversion and selectivity obtained in the cy-
cloaddition of ether 7 and p-benzoquinone 3 at low temperatures
(70 ◦C) in conjunction with the decreased competing retro Diels–
Alder reaction observed for both addition products 10 and 11,
now suggested an explanation based upon kinetic control being


Table 5 Retro Diels–Alder exchange reactions of adducts 10 and 11a


Conversion to 7 (%)b Conversion to 14 (%)b


No maleimide 1 eq. N-methyl maleimide


10 29 22
11 0 0


a Reactions performed with ether 7 with and without N-methyl maleimide
in a 1 : 1 ratio in toluene at 70 ◦C for 48 h. b Ratio calculated by integration
of the signals corresponding to starting material and addition products in
the 1H NMR spectrum.
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more satisfactory to explain the diastereoselectivity. Therefore, a
similar rationalisation to those previously used in the additions of
maleate dienophiles could be used to explain the facial selectivity
in Diels–Alder reactions of p-benzoquinone 3 at low tempera-
ture (70 ◦C). Subsequently, the dienophile would preferentially
approach the ether 7 by the opposite face to the methyl group,
and the selectivity would be established through minimisation of
electrostatic repulsions between the dienophile carbonyl oxygen
and the methoxy group of the diene to yield the anti-cycloadduct
10 (Fig. 4).15


Fig. 4 Models for diastereoselection.


Thermal additions of cyclohexenone derivatives


Attempts at the thermal Diels–Alder reaction of ether 7 with
the new range of cyclohexenone derivatives 19–22 (Fig. 5) were
performed by both heating the reactants at 160 ◦C in a Fischer-
Porter apparatus at 20 bar in toluene for 48 h and also by the
optimised conditions (toluene, 70 ◦C, 48 h).


Fig. 5 Other cyclohexenone dienophiles.


However, quite disappointingly, only unreacted starting ma-
terials could be observed in all the cases. These results, which
are in agreement with similar studies in the literature,25 indicated
that the absence of a second ketone functionality and/or double
bond moiety make the enone derivatives 19–22 less reactive
than p-benzoquinone 3. Experiments examining the reactivity of
substituted benzoquinones are currently underway.


Conclusion


We have successfully developed a highly diastereoselective cycload-
dition protocol for accessing densely functionalised benzoquinone
building blocks. The potential application of this methodology to
the synthesis of structurally related targets is enormous and is
currently under investigation.


Experimental


All solvents used were freshly dried over sodium except CH2Cl2


which was dried over LiAlH4. Et3N was distilled over KOH. p-
Benzoquinone was recrystallised from petrol 60–80. A xylenes
mixture was used in all reactions in xylene unless otherwise stated.


Glassware was flame dried and cooled in vacuo before use and all
reactions were carried out under nitrogen unless otherwise stated.
TLC was carried out using Merk aluminium TLC sheets (silica
gel 60 F254). Visualisation of the TLC plates was carried out using
a UV lamp or by dipping in KMnO4 then exposure by heating.
Flash column chromatography was carried out with Fluorochem
Limited Silica Gel 40–63u 60A.


Melting points were measured on a Gallenkamp apparatus and
are uncorrected. Specific rotations were performed on a Optical
Activity LTD. AA-10 automatic polarimeter at 589 nm (Na D-
line) and measured at 20 ◦C unless otherwise stated. [a]D values
are given in 10−1 deg cm2 g−1. All infrared spectra were recorded on
a Perkin Elmer Spectrum RX/FT-IR system with a DuraSampl
IR II ATR accessory. 250 and 300 MHz 1H NMR were carried
out on a AC-250 or Avance 300 instrument respectively supported
by an Aspect 200 or Aspect 300 data system. 100 MHz 13C
NMR were carried out on a Bruker AMX-400 spectrometer.
500 MHz 1H NMR and 125 MHz 13C NMR were carried out on
JEOL (Japan Electron Optical Limited) k 500 MHz spectrometer.
Residual proton signals from the deuterated solvents were used
as references [chloroform (1H 7.25 ppm, 13C 77 ppm)]. Coupling
constants were measured in Hz. Mass spectra were recorded on a
Micromass Autospec M spectrometer. Elemental microanalysis
was performed using a Perkin Elmer 2400 CHNS/0 Series II
elemental analyzer. Elemental analysis for some cycloadducts was
calculated taking into account the percentage of CH2Cl2 in the
product crystals since removal was proved to be difficult. These
arguments were also supported by the appearance of solvent
molecules in the X-ray crystal structures. Chlorine analysis was
determined by the classical wet method of elemental anion analysis
using the Schöniger oxygen flask combustion method. UV-Vis
spectra were recorded on a Varian Cary 50 spectrometer.


Data collected were measured on a Bruker Smart CCD area
detector with Oxford Cryosystems low temperature system. Single
crystals of compounds 10 and 11 were grown by liquid diffusion
from dichloromethane–petrol (40–60), mounted in inert oil and
transferred to the cold gas stream of the diffractometer.


Minimised structures were generated using molecular modelling
calculations with Quantum CAChe software (version 3.2, Oxford
Molecular Ltd) by first minimising using MM3 parameters,
followed by PM3 parameters.


The following compounds were prepared by following estab-
lished literature procedures: 7,12 16,26 17,27 18.28


General procedure for the thermal Diels–Alder reactions of
compounds 7 and 8 with p-benzoquinone 3


A solution of anthracene 7 or 8 (3.0 mmol) and p-benzoquinone
(4.6 mmol) in dry degassed solvent (5 cm3) was heated at reflux
and a sample removed at a specified time interval as appropriate.
Removal of the solvent produced the desired cycloadduct (conver-
sion calculated from 1H NMR spectrum).


Preparation of 4a, 9,9a,10-tetrahydro-9,10-[1′,2′]-
benzenoanthracene-1,4-dione (9)29


Anthracene 8 (0.5 g, 2.8 mmol) and p-benzoquinone 3 (0.45 g,
4.2 mmol) were heated under reflux in xylene (5 cm3) for 5 h.
The hot solution was poured into a beaker and cooled overnight
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at 5 ◦C. The solid formed was filtered, washed with cold xylene
(20 cm3) and petrol 40–60 (20 cm3) and the solvent evaporated to
yield the title compound 9 (0.65 g, 81%) as yellow crystals: mp
231–233 ◦C (from petrol 40–60) (lit.,30 227–232 ◦C); dH (250 MHz;
CDCl3; Me4Si) 3.14 (2H, s, COCH), 4.86 (2H, s, 9-H and 10-H),
6.31 (2H, s, C=CH), 7.05–7.11 (2H, m, ArCH), 7.16–7.20 (4H,
m, ArCH), and 7.38–7.41 (2H, m, ArCH).


Preparation of (4aR,9aS)-4a,9,9a,10-tetrahydro-9-[(1R)-1-
methoxyethyl]-9,10[1′,2′]-benzenoanthracene-1,4-dione (10) and
(4aS,9aR)-4a,9,9a,10-tetrahydro-9-[(1R)-1-methoxyethyl]-
9,10[1′,2′]-benzenoanthracene-1,4-dione (11)


(R)-9-(1-Methoxyethyl)anthracene 7 (0.71 g, 3.0 mmol) and p-
benzoquinone 3 (0.50 g, 4.6 mmol) were heated at reflux in dry
degassed xylene for 24 h. Removal of the solvent gave a mixture of
two diastereoisomers in a 60 : 40 ratio (60% conversion calculated
from 1H NMR spectrum). Separation of the diastereoisomers was
carried out by flash column chromatography (from 50 to 100%
CH2Cl2–petrol 40–60). Compound 10 (31%) as yellow crystals:
mp 164–166 ◦C (from CH2Cl2–petrol 40–60); [a]22


D −140.0 (c 1 in
CHCl3); (found: C, 80.1; H, 5.7. Calc. for C23H20O3: C, 80.2; H,
5.85%); mmax (ATR)/cm−1 1663 (CO), 1458 (C=C); dH (250 MHz;
CDCl3; Me4Si) 1.81 (3H, d, J 6.2, CH3CH), 3.01 (1H, dd, J 2.4 and
8.9, COCH), 3.46 (1H, d, J 8.9, COCH), 3.69 (3H, s, OCH3), 4.44
(1H, q, J 6.2, CH3CH), 4.61 (1H, d, J 2.4, PhCHCH), 6.02 (2H, s,
2 × C=CH), 7.06–7.24 (6H, m, ArCH), 7.35–7.40 (1H, m, ArCH),
7.93–7.97 (1H, m, ArCH); dC (100 MHz; CDCl3; Me4Si) 16.5
(CH3), 50.1 (CH), 51.1 (CH), 52.0 (CH), 56.4 (9-C and OCH3),
74.0 (CH3CH), 123.4 (ArCH), 123.5 (ArCH), 125.1 (ArCH),
125.8 (ArCH), 126.4 (ArCH), 126.6 (ArCH), 126.7 (ArCH), 127.1
(ArCH), 138.1 (C=C), 138.4 (ArC), 138.8 (ArC), 139.8 (ArC),
141.3 (C=C), 142.7 (ArC), 197.8 (CO), 199.2 (CO); m/z (ES+)
367.1294 (M + Na+, 100%. C23H20O3Na requires 367.1310), 259
(15), 205 (8).


Compound 11 (27%) as yellow crystals: mp 166–168 ◦C (from
CH2Cl2–petrol 40–60); [a]22


D +120.0 (c 1 in CHCl3); (found: C,
73.95; H, 5.5; Cl, 7.0. Calc. for C23H20O3·0.395 CH2Cl2: C, 74.3;
H, 5.6; Cl, 7.4%); mmax (ATR)/cm−1 1661 (CO), 1457 (C=C); dH


(250 MHz; CDCl3; Me4Si) 1.97 (3H, d, J 6.4, CH3CH), 3.12–
3.27 (2H, m, COCH and COCH), 3.61 (3H, s, OCH3), 4.37 (1H,
q, J 6.4, CH3CH), 4.58 (1H, d, J 2.1, PhCHCH), 6.08 (2H, d,
J 1.2, 2 × C=CH), 7.08–7.21 (6H, m, ArCH), 7.36–7.39 (1H,
m, ArCH), 7.89–7.92 (1H, m, ArCH); dC (100 MHz; CDCl3;
Me4Si) 14.0 (CH3), 50.3 (CH), 50.9 (CH), 52.0 (CH), 55.1 (9-
C), 56.8 (OCH3), 76.8 (CH3CH), 123.6 (ArCH), 124.2 (ArCH),
125.1 (ArCH), 126.3 (ArCH), 126.7 (ArCH), 127.0 (ArCH), 127.4
(ArCH), 127.5 (ArCH), 139.0 (C=C), 139.3 (ArC), 140.3 (ArC),
141.1 (ArC), 141.6 (C=C), 143.6 (ArC), 198.3 (CO), 199.2 (CO);
m/z (EI+) 344.1416 (M+, 0.15%. C23H20O3 requires 344.1412), 236
(96), 235 (94), 221 (100), 205 (39), 178 (30).


Crystal structure determination of compound 10†


Crystal data. C23.50H21ClO3, M = 386.85, monoclinic, a =
13.5591(16), b = 9.7766(12), c = 27.715(3) Å, U = 3639.8(8) Å3,
T = 150(2) K, space group C2/c, Z = 8, l(Mo Ka) = 0.233 mm−1,


† CCDC reference numbers 601816–601817. For crystallographic data in
CIF format see DOI: 10.1039/b603819k


12893 reflections measured, 4210 unique (Rint = 0.0443) which
were used in all calculations. The final wR(F 2) was 0.1205 (all
data).


Crystal structure determination of compound 11†


Crystal data. C23H20O3, M = 344.39, monoclinic, a =
16.221(8), b = 7.386(4), c = 28.003(13) Å, U = 3250(3) Å3, T =
150(2) K, space group C2/c, Z = 8, l(Mo Ka) = 0.092 mm−1,
17536 reflections measured, 3733 unique (Rint = 0.0704) which
were used in all calculations. The final wR(F 2) was 0.1525 (all
data).


General procedure for the competition experiment between
cycloadducts 8, 10 and 11 with N-methylmaleimide 12 under
thermal conditions


A solution of cycloadduct (0.16 mmol) and N-methylmaleimide 12
(0.02, 0.18 mmol) was heated under reflux for 5 h in dry degassed
toluene (5 cm3). Removal of the solvent produced the desired
cycloadduct (conversion calculated from 1H NMR spectrum). 1H
NMR data for cycloadducts 13 and 14 were in accordance with
the literature.31,12


General procedure for the retro Diels–Alder reactions of
compounds 10 and 11 under thermal conditions


A solution of adduct 10 or 11 (0.05 g, 0.2 mmol) in dry toluene
(5 cm3) was heated under reflux for 24 h. Removal of the solvent
produced ether 7 in 47 and 70% conversion and unreacted
cycloadducts 10 and 11 in 80 : 20 and 35 : 65 ratios, respectively
(conversions and ratios calculated from 1H NMR). Purification
by flash column chromatography (50% CH2Cl2–petrol 40–60)
afforded (R)-9-(1-methoxyethyl)anthracene 7 in 45 and 67% yields,
respectively, each of >98% ee.


Attempted procedure for detection of the semiquinone radical anion
using in situ UV/Vis measurements


A CHCl3 solution (0.8 cm3) containing p-benzoquinone 3 (10−4 M)
and different concentrations of (R)-9-(1-methoxyethyl)anthracene
7 (0.1, 0.25, 0.5, 1 and 2 eq.) in a square plastic cuvette (1 mm)
was deaerated by bubbling with nitrogen gas for 5 min. A wave-
length scan was then carried out (200–400 nm) using a UV/Vis
spectrometer but only the absorption maxima corresponding to p-
benzoquinone 3 (242 nm) and (R)-9-(1-methoxyethyl)anthracene
7 (243, 258, 331, 348, 366 and 385 nm) were observed in all the
cases.


General procedure for the Lewis acid catalysed Diels–Alder
reactions of ether 7 with p-benzoquinone 3


(R)-9-(1-Methoxyethyl)anthracene 7 (20 mg, 0.08 mmol) and p-
benzoquinone 3 (14 mg, 0.12 mmol) were added to a pre-stirred
solution either in the presence or absence of ligand (20% mol)
and metal triflate (20% mol) in dry degassed CH3CN (2 cm3). The
resulting mixture was heated at 70 ◦C for 16 h and allowed to
cool to rt. The solution was filtered through silica gel with CH2Cl2


washing (10 cm3) and the solvent removed (conversions calculated
from the 1H NMR spectra).
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Improved method for the preparation of (4aR,9aS)-4a,9,9a,10-
tetrahydro-9-[(1R)-1-methoxyethyl]-9,10[1′,2′]-benzenoanthracene-
1,4-dione 10 with enhanced diastereoselectivity


(R)-9-(1-Methoxyethyl)anthracene 7 (0.70 g, 3.0 mmol) and p-
benzoquinone 3 (0.50 g, 4.6 mmol) were heated at 70 ◦C in toluene
(5 cm3) for 48 h. Slow cooling produced yellow crystals of the title
compound 10 (0.63 g, 62%) (>98% de from 1H NMR spectrum)
which were filtered, washed with petrol 40–60 (3 × 5 cm3) and
dried in vacuo.


General procedure for the retro Diels–Alder reactions of
compounds 10 and 11 at 70 ◦C


A solution of cycloadduct (0.16 mmol) in the presence and absence
of N-methylmaleimide 12 (0.02, 0.18 mmol) in dry degassed
toluene (5 cm3) was heated at 70 ◦C for 48 h. Removal of the
solvent produced the desired cycloadduct (conversion calculated
from 1H NMR spectrum).
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An asymmetric synthesis of the tubulin polymerisation inhibitor (S)-(−)-N-acetylcolchinol is reported
based on an intramolecular biaryl oxidative coupling of a 1,3-diarylpropyl acetamide intermediate
using phenyliodonium bis(trifluoroacetate) as the final step. Three syntheses of the penultimate
1,3-diarylpropyl acetamide intermediate (S)-(−)-N-[1-[3-(tert-butyldimethylsilyloxy)phenyl)]-3-
(3,4,5-trimethoxyphenyl)propyl] acetamide are described which differ in the means by which the
stereogenic centre was introduced.


Introduction


The first indication that colchicine (1) affects malignant tumour
growth was described by Dominici in 19321 and shortly thereafter
the likely mode of action, mitotic poisoning, was reported by
Lits2 and Dustin.3 Widespread interest in the subject was aroused
by Amoroso’s observations in 1935 of tumour regression in mice
and dogs caused by injections of colchicine.4 However, the hope
that colchicine might find a place in cancer chemotherapy was
thwarted by its high toxicity (LD50 = 1.6 mg kg−1 in rats). A
significant development in cancer chemotherapy was the discovery
that allocolchinoids with a benzene ring in place of the tropolone
ring also arrest mitosis by inhibiting tubulin polymerisation.5


Examples include N-acetylcolchinol methyl ether (3), which binds
to tubulin more strongly than colchicine itself,6–8 and 7-deamino-7-
oxocolchinol methyl ether (5).9 ZD6126 (6) is under development
by AstraZeneca as a water-soluble phosphate pro-drug which is
converted in vivo to N-acetylcolchinol (2).10,11 In animal models,
ZD6126 selectively induced tumour vascular damage and tumour
necrosis at well tolerated doses and it is currently undergoing
clinical trials.12


The allocolchinoids are typically obtained by transformation of
colchicine (1) (Scheme 1). Thus, N-acetylcolchinol (2) is obtained
by treatment of colchicine (1) with 30% hydrogen peroxide and
O-methylation affords the methyl ether 3 in 33% overall yield.9,13,14


Recently 3 has been obtained by photooxygenation of colchicine
(1) to give the peroxide 4 which then rearranges on treatment
with triphenylphosphine to give 3 in 40% overall yield.15 Given
their structural simplicity and early promise as chemotherapeutic
agents, it is surprising that so little effort has been invested in
the synthesis of allocolchinoids.16 In their pioneering syntheses
of N-acetylcolchinol methyl ether (3), Cook17 and Rapoport18


first installed the biaryl as the phenanthrene derivatives 8 and 9
after which oxidative scission of ring B preceded its reconstitution
as a 7-membered ring in the closing stages (Scheme 2). The
synthesis of (±)-N-acetylcolchinol (2) by Sawyer and Macdonald19


featured a non-phenolic oxidative coupling of the 1,3-diarylpropyl
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bAstraZeneca Pharmaceuticals, Alderley Edge, Mereside, Macclesfield,
Cheshire, UK SK10 4TG. E-mail: p.j.kocienski@leeds.ac.uk


Scheme 1


acetamide derivative 10 to construct the biaryl and 7-membered
ring simultaneously.20 A similar strategy was employed by LeBlanc
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Scheme 2


and Fagnou21 in their recent synthesis of (−)-allocolchicine (7) in
which the biaryl was fashioned from the 1,3-diarylpropane 11 by a
Pd(0)-catalysed direct arylation. In all the previous syntheses, the
aromatic rings were extant in the starting materials whereas the
Wulff synthesis of (−)-allocolchicine22 departs from convention
by constructing the aromatic ring C by a Diels–Alder reaction of
diene 12. We now report three short asymmetric syntheses of (−)-
N-acetylcolchinol (2), the active component of ZD6126, based
on a variant of the Sawyer–Macdonald oxidative biaryl coupling.
The three syntheses converge on the common 1,3-diarylpropyl
acetamide intermediate 10 and differ primarily in the chemistry
used to construct the single stereogenic centre.


Results and discussion


Route 1: Asymmetric reduction installs the stereogenic centre


A crossed aldol condensation of cheap, commercially avail-
able 3-hydroxyacetophenone with 3,4,5-trimethoxybenzaldehyde
(Scheme 3) gave the crystalline chalcone 1323 in 87% yield on a
0.5 mol scale thereby installing all the carbon atoms of the target


Scheme 3


in the first step. Reduction of the alkene to the 1,3-diarylpropanone
14 was complicated by over-reduction of the carbonyl to an alcohol
and thence hydrogenolysis to give a 1,3-diarylpropane. Even use
of the Lindlar catalyst in methanol for 9 h as described by Holt
and co-workers23 gave the 1,3-diarylpropane as the major product.
By using Adams’ catalyst (PtO2) in a mixture of ethyl acetate and
dichloromethane, fast and selective reduction ensued to give the
desired crystalline ketone 14 in 85% yield. After protection of
the phenolic hydroxyl in 14 as its tert-butyldimethylsilyl ether 15,
the ketone was reduced enantioselectively to the (R)-alcohol 17
by three methods. With lithium borohydride in the presence of a
stoichiometric amount of the chiral Lewis acid (+)-TarB-NO2,24


the reduction occurred in THF at room temperature to give 17
in 99% yield and er = 94 : 6 on a small scale.25 Similar efficiency
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(99% yield, er = 94 : 6) was obtained by the second method, the
Corey–Bakshi–Shibata reduction26,27 using 10 mol% of an (S)-
oxazaborolidine catayst. However, Noyori asymmetric transfer
hydrogenation28–30 using 1 mol% Ru[(1R,2R)-N-p-toluenesulfonyl-
1,2-diphenylethanediamine]-(g6-p-cymene) (16) was superior in
terms of cost and scalability, giving 17 in 96% yield (er = 96 :
4) on a 24 mmol scale.


The next phase of the synthesis required nucleophilic substitu-
tion of the hydroxyl group in 17 with a nitrogen nucleophile. A
Mitsunobu-type reaction using diisopropyl azodicarboxylate and
diphenylphosphoryl azide31 gave an 85% yield of the inverted azide
18 but a tedious chromatographic separation from the diisopropyl
hydrazinedicarboxylate by-product was required. Tanaka and
co-workers32 reported a variation of the Mitsunobu azidation
using 2,4,4,6-tetrabromo-2,5-cyclohexadien-1-one to activate the
triphenylphosphine instead of diisopropyl azodicarboxylate and
Zn(N3)2·2Pyr as the azide source.33 The reaction worked on a
small scale to give the desired azide 18 in 84% yield but once
again chromatography was required to separate the copious 2,4,6-
tribromophenol by-product. A very simple and atom efficient
two-step procedure was the method of choice. Alcohol 17 was
converted to its mesylate ester whence nucleophilic substitution
with sodium azide in DMF at room temperature gave the azide
18 in 90% overall yield for the two steps. Reduction of the azide
to the corresponding amine was best achieved by hydrogenation
using Pd(OH)2 as catalyst, pyridine and a mixture of dioxane and
methanol as solvent. Both catalyst and solvent choice were critical
to success. With other solvent and Pd(0) catalyst combinations, a
significant side reaction was hydrogenolysis of the amino function
to give a useless 1,3-diarylpropane. Reduction of the azide to
the amine was also accomplished in 89% yield using excess
zinc and ammonium chloride in methanol. After acetylation
of the amine under the usual conditions, the crystalline 1,3-
diarylpropyl acetamide 10 was obtained in 85% overall yield from
18. Recrystallisation from ethyl acetate–hexane afforded product
that was at least 99.6% enantiomerically pure according to chiral
HPLC.


The final and key step of the sequence was the oxidative cycli-
sation of 1,3-diarylpropyl acetamide 10. In their pioneering work,
Sawyer and Macdonald19 performed the reaction by addition of
thallium(III) trifluoroacetate (TTFA, 1.1 equiv.) to a dilute solution
of 1,3-diarylpropyl acetamide 10 and boron trifluoride etherate
(35 equiv.) in a 20:1 mixture of trifluoroacetic acid (TFA) and
trifluoroacetic anhydride (TFAA) at 0 ◦C. In our hands these
conditions delivered N-acetylcolchinol (2) in 31% yield in contrast
to the 71% yield reported. The conditions reported by Taylor
and McKillop34–36 gave better results. Thus, a dichloromethane
solution of 10 was added to a 4 mM solution of TTFA (1.1 equiv.)
in TFA–TFAA (20 : 1) at −4 ◦C followed by addition of the boron
trifluoride etherate (35 equiv.) to give 2 in 47% yield. However,
the requirement for large amounts of boron trifluoride etherate
under high dilution conditions using an expensive and toxic Tl(III)
reagent militated for cheaper and safer alternatives.


Kita and co-workers have published extensively37 on the use
of Lewis acid-activated hypervalent iodine(III) reagents for the
oxidative nucleophilic substitution of phenol ether derivatives,38


the oxidative aryl–aryl coupling of phenols to spirodienones and
phenol ethers to biaryls.39 Especially pertinent to the present
study was the report of efficient oxidative cyclisation of 1,3-


diarylpropane derivatives to dibenzocycloheptene derivatives us-
ing phenyliodonium bis(trifluoroacetate) (PIFA) in the presence
of only 1–2 equiv of boron trifluoride etherate in dichloromethane
at −40 ◦C.40 Unfortunately application of these conditions to
1,3-diarylpropyl acetamide 10 gave N-acetylcolchinol in only
12% yield. Eventually we found that the use of PIFA (1.2
equiv.) and boron trifluoride etherate (2.4 equiv.) in a mixture
of TFA, TFAA and dichloromethane at −4 ◦C gave the cleanest
reactions consistently returning N-acetylcolchinol in 50% yield
after aqueous workup. The remainder of the mass consisted of
highly polar chromatographically immobile materials and several
minor components which were not identified. Use of TBSOTf41


(2.2 equiv.) in a mixture of TFA, TFAA and dichloromethane
at −4 ◦C also gave N-acetylcolchinol in ca. 50% yield but there
were several minor by-products that were difficult to separate by
crystallisation or chromatgraphy. Two of these minor products
were identified (see experimental). Polyoxometallate activation of
the PIFA failed.39


As part of our optimisation studies we examined the cyclisation
of relatives of 1,3-diarylpropyl acetamide 10 in which the TBS
group was replaced by TIPS, Ac and MOM. With MOM none
of the desired product was obtained whereas TIPS and Ac
gave slightly inferior yields (47%). TBS was optimal in terms
of stability, yields and cleanliness of reaction. Surprisingly, the
unprotected phenol cyclised in up to 25% yield using PIFA–
BF3·OEt2 suggesting that the reaction could take place, at least in
part, by a phenolic oxidative pathway (Scheme 4). However, when
the cyclisation of 1,3-diarylpropyl acetamide 10 was followed by
LCMS, we found no evidence for removal of the TBS during the
cyclisation and therefore its eventual loss must occur on aqueous
workup. Consequently, the mechanism of the cyclisation is likely to
follow the non-phenolic pathway (Scheme 5) in which the first step
entails the formation of a charge transfer complex 21 involving the


Scheme 4
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Scheme 5


more electron-rich trimethoxy-substituted arene followed by single
electron transfer to the radical cation 22. Kita and co-workers38


have provided conclusive ESR evidence for the formation of
radical cations in the PIFA oxidation of phenol ethers.


Route 2: Nucleophilic addition to a homochiral N-sulfinyl imine
installs the stereogenic centre


In the route to 1,3-diarylpropyl acetamide 10 described above, the
creation of the 3-carbon bridge between the two arene rings, the
installation of the stereogenic centre and the transformation of a
secondary alcohol to an amino function were three separate opera-
tions. In the second route (Scheme 6) we achieved the construction
of the 3-carbon bridge and the installation of the secondary amino
function in a single operation42 by the addition of an arylmag-
nesium bromide to a homochiral N-tert-butylsulfinyl imine as
described extensively by Ellman and co-workers.43 The requisite
sulfinyl imine 27 was generated by condensation of (S)-(−)-tert-
butylsulfinamide44 with 3-(3,4,5-trimethoxyphenyl)propanal44


which is prepared in two steps from commercial 3-(3,4,5-
trimethoxyphenyl)propanoic acid. Addition of an ethereal solu-
tion of 3-(tert-butyldimethylsilyloxy)phenylmagnesium bromide


Scheme 6


to a solution of sulfinyl imine 27 in dichloromethane at −65 ◦C
occurred in 99% yield to give an easily separable mixture of
diastereoisomeric adducts (dr = 94 : 6) in which the desired
(SS,S)-diastereoisomer 29 predominated.45 The stereochemistry
of the addition was established by X-ray crystallography (see the
Experimental section) and corresponds to internal delivery of the
arene in intermediate 28 according to the chelation-controlled
model of Ellman and co-workers.46


Acidolysis of the tert-butylsulfinyl group with excess HCl was
accompanied by removal of the TBS protecting group. The
resultant aminophenol was acetylated to give acetamide 30 in
79% overall yield from 29. Restoration of the TBS protector was
then accomplished in two standard steps to give 1,3-diarylpropyl
acetamide 10 in 98% yield.
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Route 3: An asymmetric metallation and 1,2-metallate
rearrangement installs the stereogenic centre


The third route to the 1,3-diarylpropane 10 (Scheme 7) ex-
ploits a stereospecific 1,2-metallate rearrangement of an a-
(carbamoyloxy)alkylboronate according to a protocol described
by Hoppe and co-workers.47 The sequence began with the
enantioselective metallation of the N,N-diisopropylcarbamate
31 with the s-BuLi-(−)-sparteine complex. The resultant (S)-
organolithium reagent reacted with clean retention of configu-
ration with borate ester 32 to give the stable and storable a-
(carbamoyloxy)alkylboronate 33 in 70% yield. The remarkable
stability of 33 can be explained by the intramolecular coordination
of the carbamate carbonyl oxygen to the boron atom as revealed
by an X-ray crystal structure of racemic 33 (see the Experi-
mental section). a-(Carbamoyloxy)alkylboronate 33 reacted with
3-(tert-butyldimethylsilyloxy)phenylmagnesium bromide in Et2O


Scheme 7


to give an intermediate boronate complex 34 which underwent
a Matteson-type48,49 1,2-metallate rearrangement with inversion
of configuration to the boronate 35.50 Workup with hydrogen
peroxide under mildly basic conditions then effected oxidation
of 35 to give the alcohol 17 (er = 94 : 6) in 73% overall yield
from 33. Alcohol 17 was converted to the desired 1,3-diarylpropyl
acetamide 10 in 3 steps as described in Scheme 3.


A one-pot variation of the chemistry depicted in Scheme 7 also
inverts the roles of the two fragments (Scheme 8). Thus, the inter-
mediate organolithium 36 added to the boronic acid derivative 37
to give the same boronate complex 34. Addition of magnesium
bromide and replacement of ether by 1,2-dimethoxyethane51


effected the 1,2-metallate rearrangement after 12 h at reflux. The
resultant boronate 35 was finally oxidised by addition of hydrogen
peroxide (1.4 equiv.) and potassium carbonate to give the alcohol
17 in 65% overall yield (er = 98 : 2).


Scheme 8


Conclusion


In conclusion, we have described a synthesis of (−)-N-
acetylcolchinol based on the oxidative cyclisation of 1,3-
diarylpropyl acetamide intermediate 10 mediated by phenyliodo-
nium bis(trifluoroacetate) and boron trifluoride etherate (50%
yield). The key cyclisation reaction, based on the work of
Kita and co-workers,37 is a safer and cheaper variant of the
reaction previously used by Sawyer and Macdonald19 to prepare
racemic N-acetylcolchinol. Three syntheses of the penultimate 1,3-
diarylpropyl acetamide intermediate 10 are described that differ
in the method by which the stereogenic centre was installed.
In the first synthesis (Scheme 3, 7 steps, 51% overall), the
stereogenic centre was introduced by a Noyori asymmetric transfer
hydrogenation of 1,3-diarylpropan-1-one 15 (96%, er = 97 : 3).
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In the second synthesis (Scheme 6, 8 steps, 61% overall from
3-(3,4,5-trimethoxyphenyl)propanoic acid), 3-TBSOC6H4MgBr
added with high diastereoselectivity (dr = 94 : 6) to the (SS)-N-tert-
butylsulfinyl imine 27 in 99% yield. The third synthesis (Scheme 7,
8 steps, 33% overall from 3-(3,4,5-trimethoxyphenyl)propanoic
acid) exploited a stereospecific 1,2-metallate rearrangment of the
a-(carbamoyloxy)alkylboronate 34 to construct the stereogenic
centre in 17 (73% yield, er = 94 : 6). In the first synthesis, the
construction of the propane bridge, installation of the stereogenic
centre and the amination reaction were three separate transforma-
tions. All three transformations were conflated into a single step
in the second synthesis, whereas the third synthesis required two
transformations (1,2-metallate rearrangement and amination).
Although the N-sulfinyl imine route was the most efficient in terms
of yield, the first synthesis was the most scalable and four of the six
intermediates (10, 13, 14, 15) were easily purified by crystallisation.


Experimental


Reactions requiring anhydrous conditions were conducted in
flame-dried apparatus under a static atmosphere of nitrogen.
Organic extracts were evaporated at 5–20 mm Hg using a rotary
evaporator. Samples were freed of remaining traces of solvents
under high vacuum (0.1 mmHg). Where appropriate, solvents and
reagents were dried by standard methods, i.e. distillation from the
usual drying agents prior to use: diethyl ether and tetrahydrofuran
were distilled from sodium–benzophenone; acetonitrile, pentane,
dichloromethane, N,N-dimethylformamide, toluene were distilled
from calcium hydride; diisopropylethylamine, pyridine and tri-
ethylamine were distilled from potassium hydroxide; methanol was
distilled from magnesium methoxide. Boron trifluoride etherate
was distilled from calcium hydride just before use. Alkyllithium
and Grignard reagents were titrated against salicylaldehyde
phenylhydrazone.52 All reactions were magnetically stirred and
were monitored by thin layer chromatography using Macherey–
Nagel Alugram SiO2 G/UV254 pre-coated aluminium foil sheets,
layer thickness 0.25 mm. Compounds were visualised by UV
irradiation (254 and 366 nm) and 20% (w/v) phosphomolybdic
acid in ethanol. Column chromatography was performed on Fisher
Scientific Matrex Silica 60 (35–70 lm). The chiral HPLC columns
were purchased from Daicel Chemical Industries Ltd. Optical
rotations were recorded on an Optical Activity AA-1000 polarime-
ter (units in 10−1 deg cm2 g−1). Melting points were measured
on a Griffin electrothermal apparatus and are uncorrected. IR
spectra were recorded on a Perkin Elmer Spectrum One FT-IR
spectrometer as thin films supported on sodium chloride plates or
on a Diffuse Reflectance sampling cell. Absorptions are reported
as values in cm−1 followed by the relative intensity: s = strong,
m = medium, w = weak. 1H and 13C NMR spectra were recorded
on Brüker DPX300 or DRX500 Fourier Transform spectrometers
using an internal deuterium lock. All spectra were obtained in
CDCl3 or CD3OD solution in 5 mm diameter tubes, and the
chemical shift in ppm is quoted relative to the residual signals
of chloroform (dH 7.26, dC 77.4) or methanol (dH 3.34, dC 49.9) as
the internal standard unless otherwise specified. 11B NMR spectra
were recorded on a Bruker ARX 250 spectrometer using BF3·OEt2


as an external standard. Multiplicities in the 1H NMR spectra are
described as: s = singlet, d = doublet, t = triplet, q = quartet,
quin = quintet, m = multiplet, br = broad and app = apparent.


Coupling constants (J) are reported in Hz. Numbers of attached
protons in the 13C NMR spectra were revealed by the DEPT
spectral editing technique, with secondary pulses at 90 and 135◦.
Signal assignments were based on COSY, HMQC and HMBC
correlations. For ease of identification, all NMR assignments are
based on the atom positions shown in structure A except for N-
acetylcolchinol which is based on structure B:


Mass spectrometry (MS) was carried out on a VG autospec mass
spectrometer, operating at 70 eV, using electron impact ionisation
(EI). Electron spray ionisation (ES) was performed on either a
Micromass LCT TOF spectrometer or a Waters-Micromass ZMD
spectrometer. High resolution mass spectrometry (HRMS) was
obtained by peak matching using perfluorokerosene or reserpine
as a standard. Ion mass/charge (m/z) ratios are reported as values
in atomic mass units followed, in parenthesis, by the peak intensity
relative to the base peak (100%). Mass spectra were recorded on
samples judged to be ≥95% pure by 1H and 13C NMR spectroscopy
unless otherwise stated. High performance liquid chromatography
(HPLC) was performed on a Dionex Autosampler Model ASI-100
with the columns and solvents specified.


(E)-1-(3-Hydroxyphenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-
one (13)


The title compound was prepared by a modification of a literature
procedure.53 To a 5 L flask containing a stirred solution of freshly
prepared NaOMe in MeOH (2.0 M, 1.0 L) at 0 ◦C was added
dropwise a solution of 3,4,5-trimethoxybenzaldehyde (100 g, 0.51
mol) and 3-hydroxyacetophenone (69.4 g, 0.51 mol) in dry MeOH
(1.0 L) over 1 h. The resulting solution was allowed to stir at
ambient temperature for 4 d. The solvent was then removed in
vacuo and the residue cautiously dissolved in water (1.5 L). The
basic aqueous layer (pH 12) was washed with Et2O (3 × 400 mL),
and acidified by addition of conc. HCl until pH 1. The aqueous
layer was then extracted with EtOAc (3 × 500 mL), and the
combined AcOEt extracts concentrated under reduced pressure.
The residual yellow solid was recrystallised from ethanol–water
to afford the chalcone 13 (140 g, 0.45 mol, 87%) as a yellow
solid: mp 177–178.5 ◦C, lit.53 mp 173–174 ◦C. 1H and 13C NMR
spectroscopic data agree with those described by Holt and co-
workers.23


1-(3-Hydroxyphenyl)-3-(3,4,5-trimethoxyphenyl)propan-1-one (14)


The title compound was prepared by a modification of a literature
procedure.53 A 500 mL round-bottomed flask was charged with
chalcone 13 (15.7 g, 50 mmol), platinum(IV) oxide (227 mg,
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1.0 mmol) and EtOAc–CH2Cl2 (3 : 1, 300 mL). The reaction
mixture was degassed 5 times with hydrogen, and stirred under
1 atm of H2 for 4 h until complete dissolution of the suspension.
The reaction mixture was then filtered (celite). The filtrate was
concentrated under reduced pressure leaving a white solid that
was recrystallised from acetone–hexane to give the title compound
(13.5 g, 43 mmol, 85%) as colourless plates: mp 140.5–141.5 ◦C
(lit.53 mp 140–140.5 ◦C). 1H and 13C NMR spectroscopic data
agree with those described by Holt and co-workers.23


1-[3-(tert-Butyldimethylsilyloxy)phenyl]-3-(3,4,5-
trimethoxyphenyl)propan-1-one (15)


To a solution of ketone 14 (13.0 g, 41 mmol) and tert-
butyldimethylsilyl chloride (7.4 g, 49 mmol) in CH2Cl2 (200 mL)
at 0 ◦C was added imidazole (7.0 g, 102 mmol) in one portion. The
cooling bath was removed and the reaction mixture stirred for 12 h
at r.t. Water (200 mL) was added and the aqueous layer extracted
with CH2Cl2 (3 × 100 mL). The combined organic extracts
were washed with 10% aqueous HCl (250 mL), water (250 mL),
brine (250 mL) and then dried over anhydrous MgSO4, filtered
and concentrated under reduced pressure. The solid residue was
recrystallised from EtOAc–hexane, affording the title compound
(16.5 g, 38 mmol, 93%) as colourless needles: mp 75–76.5 ◦C. IR
(diamond compression system): m = 2997 m, 2940 s, 1685 s, 1588 s,
1506 s, 1454 s, 1434 s, 1359 s, 1279 s, 1263 m, 1241 s, 1181 m,
1163 m, 1147 m, 1124 s, 1009 s, 976 m, 915 s, 897 s, 835 s, 817 s,
776 s cm−1. 1H NMR (500 MHz, CDCl3): dH = 7.55 (1H, ddd, J
7.7, 1.5, 1.1, C6′H), 7.42 (1H, app t, J 2.1, C2′H), 7.31 (1H, t, J 7.9,
C5′H), 7.04 (1H, ddd, J 8.1, 2.6, and 1.0, C4′H), 6.46 (2H, s, C2′′H
and C6′′H), 3.84 (6H, s, C3′′OCH3, and C5′′OCH3), 3.82 (3H, s,
C4′′OCH3), 3.26 (2H, t, J 7.7, C2H2), 3.01 (2H, t, J 7.7, C3H2),
1.00 (9H, s, C(CH3)3), 0.22 (6H, s, Si(CH3)2). 13C NMR (75 MHz,
CDCl3): dC = 199.4 (C=O), 156.4 (C3′), 153.6 (C3′′ and C5′′), 138.8
(C1′), 137.5 (C4′′), 136.7 (C1′), 130.0 (C5′H), 125.3 (C4′H), 121.6
(C6′H), 119.7 (C2′H), 105.7 (C2′′H and C6′′H), 61.3 (C4O′′OCH3),
56.5 (C3′′OCH3 and C5′′OCH3), 41.1 (C2H2), 31.1 (C3H2), 26.0
(C(CH3)3), 18.6 (SiC), −4.0 (Si(CH3)2). LRMS (ES): m/z (%) =
431 (M + H)+ (80), 432 (55), 385 (45), 181 (100). HRMS (ES):
m/z calcd for C24H35O5Si (M + H)+: 431.2254. Found 431.2265.
Anal. calcd for C24H34O5Si: C, 66.94; H, 7.96%. Found: C, 66.75;
H, 8.20%.


(R)-(+)-1-[3-(tert-Butyldimethylsilyloxy)phenyl]-3-(3,4,5-
trimethoxyphenyl)propan-1-ol (17) via asymmetric hydrogenation


To a suspension of the protected ketone 15 (10.4 g,
24.2 mmol) in iPrOH–MeOH (1 : 1) (70 mL, HPLC grade),
under argon was added Ru[(1R,2R)-N-p-toluenesulfonyl-
1,2-diphenylethanediamine]-(g6-p-cymene) (16)28 (145 mg,
0.242 mmol, 1 mol%) in one portion. The solution turns brown
after dissolution of the starting material. The reaction mixture was
stirred at r.t. for 3 d before removal of the solvent under reduced
pressure. The residue was purified by column chromatography
(SiO2, 4 : 1 EtOAc–petrol) to give the title compound (10.0 g,
23.0 mmol, 96%) as a colourless oil. HPLC (Chiralpak AS–RH,
particle size 5 lm, 4.6 × 150 mm, MeCN–H2O) indicated the er =
96 : 4 [tR 27.1 min (minor); 28.5 min (major)]. [a]D (24 ◦C) +14.8
(c = 1, CHCl3). IR (neat): m = 3467 s, 2997 m, 2948 s, 2932 s,


2858 s, 1590 s, 1508 s, 1483 s, 1463 s, 1421 s, 1390 m, 1361 m,
1337 m, 1240 s, 1183 m, 1128 s, 1064 m, 1004 m, 969 m, 839 s,
781 s, 733 m cm−1. 1H NMR (500 MHz, CDCl3): dH = 7.19 (1H,
t, J 7.9, C5′H), 6.93 (1H, d, J 7.7, C6′H), 6.86 (1H, s, C2′H), 6.75
(1H, dd, J 8.0 and 2.0, C4′H), 6.39 (2H, s, C2′′H and C6′′H),
4.63 (1H, app t, J 7 and 6, C1H), 3.81 (6H, s, C3′′OCH3 and
C5′′OCH3), 3.80 (3H, s, C4′′OCH3), 2.70–2.61 (1H, m, C3HAHB),
2.62–2.53 (1H, m, C3HAHB), 2,29 (1H, bs, OH), 2.12–2.04 (1H,
m, C2HAHB), 2.03–1.92 (1H, m, C2HAHB), 0.99 (9H, s, C(CH3)3),
0.20 (6H, s, Si(CH3)2). 13C NMR (75 MHz, CDCl3): dC = 156.2
(C3′), 153.5 (C3′′ and C5′′), 146.7 (C1′), 138.1 (C1′′), 136.4 (C4′′),
129.8 (C5′H), 119.6 (C6′H), 119.3 (C4′H), 118.1 (C2′H), 105.7
(C2′′H and C6′′H), 74.0 (C1H), 61.2 (C4′′OCH3), 56.4 (C3′′OCH3,
and C5′′OCH3), 40.9 (C2H2), 32.8 (C3H2), 26.1 (C(CH3)3), 18.6
(SiC), −4.3 (Si(CH3)2). LRMS (ES): m/z (%) = 455 (M + Na)+


(40), 176 (45), 207 (85), 181 (100). HRMS (ES): m/z calcd for
C24H36O5SiNa (M + Na)+ 455.2230; found: 455.2219.


An alternative synthesis of 17 is summarised in Scheme 9.
Reduction of the ketone 14 using the Corey–Bakshi–Shibata
procedure26 gave the diol 36 in 94% yield (er = 99 : 1). Diol
36 could be obtained enantiopure by recrystallisation. Selective
protection of the phenolic hydroxyl then gave 17.


Scheme 9


(R)-(+)-3-[1-Hydroxy-3-(3,4,5-trimethoxyphenyl)propyl]phenol
(36)


A 5 mL flame-dried round-bottomed flask was charged
with (S)-tetrahydro-1-butyl-3,3-diphenyl-1H,3H-pyrrolo[1,2-c]-
[1,3,2]oxazaborole54,55 (446 lL of a 0.2 M solution in toluene,
89.2 lmol) under nitrogen. A stoichiometric amount of BH3·Me2S
(138 lL of a 0.65 M solution in THF) was added. Then separate
solutions of ketone 14 (0.282 g, 0.89 mmol, azeotropically dried
with benzene) in dry THF (1.6 mL) and BH3·Me2S (1.0 M,
1.6 mL) were then added simultaneously to the solution of the
oxazaborolidine catalyst over 1 h. After the addition was complete,
the reaction mixture was stirred for an additional 20 min, before
the cautious addition of MeOH (3 mL), followed by 10% HCl
aq. solution (2 mL). The reaction was first extracted with CH2Cl2


(5 mL) and then with EtOAc (4 × 5 mL). The combined organic
extracts were washed with brine (20 mL), dried over anhydrous
Na2SO4, filtered and concentrated in vacuo. HPLC analysis on
the crude mixture (Chiralpak AS–RH, HPLC, particle size 5 lm,
4.6 × 150 mm, 5% 2-propanol in hexanes, 1 mL min−1, k =
210 nm) showed an er = 99 : 1; tR: 119.9 min for the minor isomer;
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130.1 min for the major isomer. An analytical sample was prepared
by filtration through a pad of silica gel (6 : 1, hexanes–EtOAc →
EtOAc), followed by recrystallisation from acetone–hexanes af-
forded the title compound (0.268 g, 0.84 mmol, 94%) as white
plates: mp 123–125 ◦C (acetone–hexanes). [a]D (26 ◦C) +13.8 (c =
1, acetone). IR (neat): m = 3510 m, 3462 s, 3252 s, 2994 m, 2950 s,
2934 s, 2829 m, 1591 s, 1508 m, 1458 s, 1420 m, 1327 m, 1240 s,
1121 s, 1060 m, 1002 m, 880 m, 826 m, 779 m, 705 m cm−1. 1H NMR
(500 MHz, CDCl3): dH = 7.18 (1H, m app t, J 7.7, C5′H), 6.87–6.84
(2H, m, C4′H, C2′H), 6.75 (1H, d, J 7.7, C6′H), 6.38 (2H, s, C2′′H
and C6′′H), 6.26 (1H, bs, ArOH), 4.63 (1H, m, C1H), 3.81 (6H, s,
C3′′OCH3 and C5′′OCH3), 3.80 (3H, s, C4′′OCH3), 2.70–2.64 (1H,
m, C3HAHB), 2.61–2.55 (1H, m, C3HAHB), 2.47 (1H, bs, OH),
2.09–2.06 (1H, m, C2HAHB), 2.02–1.93 (1H, m, C2HAHB). 13C
NMR (75 MHz, CD3OD): dC = 158.8 (C1′), 154.6 (C3′′ and C5′′),
148.2 (C3′), 140.2 (C1′′), 137.3 (C4′′), 130.6 (C5′H), 118.6 (C4′H),
115.4 (C2′H), 114.2 (C6′H), 106.9 (C2′′H and C6′′H), 74.6 (C1H),
61.4 (C4′′OCH3), 56.8 (C3′′OCH3 and C5′′OCH3), 42.3 (C2H2),
33.8 (C3H2). LRMS (ES+): m/z = 341 (M + Na)+ (100%), 181
(95), 207 (80), 342 (30). HRMS (ES+): m/z calcd for C18H22O5Na:
341.1365; found: 341.1380. Anal. calcd for C18H22O5: C, 67.91; H,
6.97. Found: C, 67.7; H, 6.9%.


Selective protection of the phenol 36 to give 17


To a solution of phenol 36 (0.076 g, 0.24 mmol) in CH2Cl2


(5 mL), imidazole (0.041 g, 0.60 mmol) and TBSCl (0.036 g,
0.024 mmol) were added. The solution was stirred at r.t. for 12 h,
then poured into water (10 mL) and extracted with Et2O (2 ×
10 mL). The combined extracts were dried (Na2SO4), concentrated
and the crude product purified by column chromatography (SiO2,
hexanes–Et2O) to give the TBS ether 17 (0.066 g, 0.153 mmol, 63%)
as a colourless oil and recovered phenol 36 (0.014 g, 0.044 mmol,
18%). The yield based on recovered starting material was 81%.
Chiral HPLC of 36 revealed an er = 96 : 4. The 1H and 13C NMR
were identical to those reported above.


(S)-(−)-1-Azido-[3-(tert-butyldimethylsilyloxy)phenyl]-3-(3,4,5-
trimethoxyphenyl)propane (18). A solution of the alcohol 17
(9.1 g, 21.1 mmol) in CH2Cl2 (40 mL) was cooled to 0 ◦C in
an ice/salt bath. Triethylamine (4.4 mL, 31.6 mmol) was added
followed by methanesulfonyl chloride (2.0 mL, 25.3 mmol).
After stirring for 30 min with ice/salt bath cooling, the reaction
was quenched with ice cold water (40 mL). The organic layer
was separated and washed successively with cold aqueous HCl
(10%, 2 × 15 mL), saturated aqueous NaHCO3 (2 × 15 mL)
and brine. The organic phase was dried over MgSO4, filtered
and concentrated under reduced pressure to yield the unstable
mesylate (10.5 g, 98%) as a pale yellow oil which was used directly
in the next step. A sample gave 1H NMR (500 MHz, CDCl3):
dH = 7.31 (1H, t, J 7.9, C5′H), 7.02 (1H, d, J 7.7, C6′H), 6.91 (2H,
m, C2′H and C4′H), 6.45 (2H, s, C2′′H and C6′′H), 5.50 (1H, dd,
J 8.5 and 5.1, C1H), 3.89 (6H, s, C3′′OCH3 and C5′′OCH3), 3.87
(3H, s, C4′′OCH3), 2.80–2.68 (2H, m, C3H2), 2.67 (3H, s, OMs),
2.45 (1H, m, C2HAHB), 2.18 (1H, m, C2HAHB), 1.03 (9H, s,
C(CH3)3), 0.25 (6H, s, Si(CH3)2).


To a solution of the crude mesylate (10.5 g) in anhydrous DMF
(70 mL) was added NaN3 (4.1 g, 63.2 mmol) in one portion. After
stirring at r.t. for 18 h, the solvent was evaporated under reduced


pressure (oil pump) and the residue partitioned between EtOAc
(60 mL) and water (40 mL). The organic layer was separated and
washed with brine, dried (MgSO4) and evaporated under reduced
pressure. The residue was then purified by column chromatogra-
phy (SiO2, 4 : 1 hexanes–Et2O) to give the title compound (8.7 g,
19.0 mmol, 90%) as a colourless oil: [a]D (25 ◦C) −58.1 (c = 1,
CHCl3). IR (CHCl3): m = 2955 s, 2931 s, 2858 m, 2096 s, 1589 s,
1508 m, 1484 m, 1462 m, 1421 m, 1278 s, 1239 s, 1152 m, 1129 s,
1003 m, 965 m, 839 s, 782 s cm−1. 1H NMR (300 MHz, CDCl3):
dH = 7.25 (1H, t, J 7.7, C5′H), 6.90 (1H, d, J 7.7, C6′H), 6.81 (2H,
m, C2′H and C4′H), 6.37 (2H, s, C2′′H and C6′′H), 4.36 (1H, dd,
J 7.7 and 6.4, C1H), 3.85 (6H, s, C3′′OCH3 and C5′′OCH3), 3.83
(3H, s, C4′′OCH3), 2.71–2.52 (2H, m, C3H2), 2.17–1.95 (2H, m,
C2H2), 1.00 (9H, s, C(CH3)3), 0.21 (6H, s, Si(CH3)2). 13C NMR
(75 MHz, CDCl3): dC = 156.5 (C3′), 153.6 (C3′′ and C5′′), 141.3
(C1′), 137.1 (C4′′), 136.6 (C1′′), 130.2 (C5′H), 120.4 (C6′H), 119.1
(C2′H and C4′H), 105.6 (C2′′H and C6′′H), 65.6 (C1H), 61.3
(C4′′OCH3), 56.5 (C3′′OCH3 and C5′′OCH3), 38.1 (C2H2), 33.2
(C3H2), 26.1 (C(CH3)3), 18.6 (SiC), −4.0 (Si(CH3)2). LRMS (ES):
m/z (%) = 480 (M + Na)+ (50), 481 (10), 415 (65), 207 (100).
HRMS (ES): m/z calcd for C24H35N3O4SiNa (M + Na)+: 480.2295;
found: 480.2294.


(S)-(−)-N -[1-[3-(tert-Butyldimethylsilyloxy)phenyl)]-3-(3,4,5-
trimethoxyphenyl)propyl] acetamide (10). To a solution of the
azide 18 (9.0 g, 19.7 mmol) in MeOH (40 mL) and dioxane
(40 mL), pyridine (1.6 mL, 19.7 mmol) was added followed by
Pd(OH)2 (0.14 g, 5 mol%). The resulting suspension was flushed
with H2 and stirred for 51 h at r.t. under 1 atm of H2 (balloon).
The suspension was filtered through celite and concentrated under
reduced pressure to afford the crude amine as a dark brown oil:
1H NMR (500 MHz, CDCl3): dH = 7.15 (1H, t, J 7.7, C5′H), 7.02
(1H, d, J 7.7, C6′H), 6.83 (1H, s, C2′H), 6.77 (1H, dd, J 8.0 and
2.0, C4′H), 6.33 (2H, s, C2′′H and C6′′H), 3.96 (1H, m, C1H),
3.82 (6H, s, C3′′OCH3 and C5′′OCH3), 3.80 (3H, s, C4′′OCH3),
2.37–2.30 (1H, m, C3HAHB), 2.28–2.21 (1H, m, C3HAHB), 2.16–
2.08 (1H, m, C2HAHB), 2.02–1.93 (1H, m, C2HAHB), 0.96 (9H, s,
C(CH3)3), 0.18 (6H, s, Si(CH3)2). 13C NMR (75 MHz, CDCl3): dC =
156.1 (C3′), 153.1 (C3′′ and C5′′), 147.9 (C1′), 137.8 (C1′′), 136.0
(C4′′), 129.5 (C5′H), 120.6 (C6′H), 119.5 (C2′H), 118.1 (C4′H),
105.2 (C2′′H and C6′′H), 60.9 (C4′′OCH3), 56.0 (C3′′OCH3 and
C5′′OCH3), 55.7 (C1H), 41.0 (C2H2), 33.2 (C3H2), 25.7 (Si(CH3)3),
18.2 (SiC), −4.3 (Si(CH3)2).


Reduction of the azide 18 to the corresponding amine was
also accomplished by the following procedure. A 250 mL flask
equipped with a nitrogen outlet, was charged with azide 18
(3.0 g, 6.55 mmol), zinc dust (17.0 g, 262 mmol), ammonium
chloride (14.0 g, 262 mmol) and methanol (130 mL). The mixture
was vigorously stirred at r.t. for 24 h. The mixture was filtered
and the residual solid was washed thoroughly with methanol.
The combined filtrate and washes were concentrated under
reduced pressure. The residue was treated with aq. NaOH (1 M,
100 mL), and extracted with Et2O (3 × 100 mL). The combined
organic extracts were dried over anhydrous Na2SO4, filtered and
concentrated in vacuo to give the crude amine (2.51 g, 5.81 mmol,
89%) as a yellow oil.


To a solution of the crude amine in CH2Cl2 (40 mL) and
pyridine (40 mL) was added a few crystals of DMAP. The mixture
was cooled to 0 ◦C and Ac2O (6.0 g, 59.1 mmol, 3 equiv.)) was
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added dropwise. The reaction mixture was then stirred at r.t. for
48 h. EtOAc (100 mL) was added and the solution was washed
with saturated copper(II) sulfate solution (3 × 50 mL), saturated
NaHCO3 solution (3 × 50 mL), water (2 × 50 mL) and brine. The
organic layer was dried (MgSO4), filtered and evaporated under
reduced pressure to give a pale yellow solid. Recrystallisation from
EtOAc–hexane afforded the title compound (6.4 g, 13.5 mmol,
69%) as colourless plates, mp 106–108 ◦C. The er (99.8 : 0.2)
was determined by HPLC (Chiralgel OD–RH, particle size 5 lm,
4.6 × 150 mm, MeCN–H2O) tR 22.9 min (minor); 24.2 min
(major). [a]D (25 ◦C) −42 (c = 1, CHCl3). The mother liquor
was concentrated under reduced pressure and recrystallisation of
the residue afforded a second crop of the title compound (1.5 g,
3.2 mmol, 16%). The er of the second crop was 97.5 : 2.5. IR
(CHCl3): m = 3282 m, 3006 s, 2932 s, 2858 s, 1651 s, 1590 s, 1544 m,
1508 s, 1485 m, 1463 s, 1422 m, 1278 s, 1240 s, 1151 m, 1129 s, 1003
m, 840 m, 781 m, 756 s cm−1. 1H NMR (500 MHz, CDCl3): dH =
7.21 (1H, t, J 7.7, C5′H), 6.89 (1H, d, J 7.7, C6′H), 6.77 (2H, m,
C2′H and C4′H), 6.36 (2H, s, C2′′H and C6′′H), 5.73 (1H, d, J 7.9,
NH), 4.97 (1H, dd, J 15.6 and 7.4, C1H), 3.83 (6H, s, C3′′OCH3


and C5′′OCH3), 3.81 (3H, s, C4′′OCH3), 2.61–2.46 (2H, m, C3H2),
2.21–2.13 (1H, m, C2HAHB), 2.09–2.01 (1H, m, C2HAHB), 1.97
(3H, s, O=C–CH3), 0.98 (9H, s, C(CH3)3), 0.20 (6H, s, Si(CH3)2).
13C NMR (75 MHz, CDCl3): dC = 169.6 (C=O), 156.1 (C3′), 153.5
(C3′′ and C5′′), 143.7 (C1′), 137.6 (C4′′), 136.4 (C1′′), 130.1 (C5′H),
120.0 (C6′H), 119.5 (C2′H), 119.0 (C4′H), 105.5 (C2′′H and C6′′H),
61.3 (C4′′OCH3), 56.4 (C3′′OCH3 and C5′′OCH3), 53.6 (C1H),
37.9 (C2H2), 33.6 (C3H2), 26.1 (C(CH3)3), 23.7 (O=C–CH3), 18.3
(SiC), −4.0 (Si(CH3)2). LRMS (ES): m/z (%) = 474 (M + H)+


(90), 475 (40), 496 (M + Na)+ (40), 415 (100). HRMS (ES): m/z
calcd for C26H40NO5Si: 474.2676; found: 474.2668. Anal. calcd for
C26H39NO5Si: C, 65.93; H, 8.30; N, 2.96%. Found: C, 66.75; H,
8.45; N, 2.95%.


(S)-(−)-N -(3-Hydroxy-9,10,11-trimethoxy-6,7-dihydro-5H-
dibenzo[a,c]cyclohepten-5-yl)-acetamide [(−)-N-acetylcolchinol]
(2). A 50 mL flame-dried two-neck flask equipped with a stirring
bar, nitrogen inlet and an immersion thermometer was charged
with phenyliodonium bis(trifluoroacetate) (1.1 g, 2.5 mmol) and
CH2Cl2 (45 mL). TFA (20 mL) and TFAA (5 mL) were added and
the mixture was cooled to −4 ◦C (ice/salt bath). To the colourless
solution was added a solution of the acetamide 10 (1.0 g,
2.1 mmol) in CH2Cl2 (5 mL) followed immediately by BF3·OEt2


(0.64 mL, 5.0 mmol). The reaction mixture turned yellow on
addition of the acetamide and then from yellow to green and to
dark brown on addition of BF3·OEt2. The reaction mixture was
removed from the ice/salt bath and allowed to warm to r.t. After
4 h at r.t., saturated NaHCO3 solution was added portionwise
to the resulting dark brown solution at 0 ◦C. The organic layer
was separated and the aqueous layer extracted several times
with CH2Cl2. The extracts were combined, washed with brine,
dried over MgSO4 and evaporated under reduced pressure. The
brown residue was purified by column chromatography (SiO2,
EtOAc) to afford the title compound (0.375 g, 1.05 mmol, 50%)
as an off-white fluffy solid. Recrystallisation from MeOH–H2O
afforded white prisms: mp 209–212 ◦C; lit.14 mp: 213–215 ◦C. The
1H NMR spectra recorded in CDCl3 revealed three components
presumed to be atropisomers/rotamers. 1H NMR (500 MHz,
CDCl3): Isomer 1 (ca. 45%) dH = 7.52 (1H, bs, OH), 7.35 (1H,


d, J 8.2, C1H), 6.80 (1H, d, J 2.8, C4H), 6.77 (1H, dd, J 2.5,
10.7, C2H), 6.57 (1H, s, C8H), 5.96 (1H, d, J 7.7, NH), 4.78 (1H,
m, C5H), 3.94 (3H, s, C9OCH3), 3.90 (3H, s, C10OCH3), 3.53
(3H, s, C11OCH3), 2.44–2.33 (4H, m, C6H, C7H), 2.01 (3H, s,
(O=C–CH3). Isomer 2 (ca. 40%): dH = 8.4 (1H, bs, OH), 7.37
(1H, d, J 8.4, C1H), 6.83 (1H, dd, J 2.6, 8.3, C2H), 6.81 (1H, d, J
2.8, C4H), 6.66 (1H, s, C8H), 5.40 (1H, d, J 8.8, NH), 5.05 (1H,
m, C5H), 3.93 (3H, s, C10OCH3), 3.93 (3H, s, C9OCH3), 3.61
(3H, s, C11OCH3), 2.57–2.50 (2H, m, C7H2), 2.18–2.12 (1H, m,
C6HAHB), 1.82–1.79 (1H, m, C6HAHB), 1.64 (3H, s, O=C–CH3).
Isomer 3 (ca. 15%): 8.65 (1H, bs, OH), 6.60 (1H, s, C8H), 6.18
(1H, d, J 2.8, NH), 4.26 (1H, m, C5H), 3.92 (3H, s, C9OCH3),
3.57 (3H, s, C11OCH3), 1.73 (3H, s, O=C–CH3). The 1H and 13C
NMR spectra recorded in CD3OD revealed a single isomer. 1H
NMR (500 MHz, CD3OD): dH = 7.26 (1H, d, J 8.1, C1H), 6.81
(1H, d, J 2.6, C4H), 6.75 (1H, dd, J 8.3 and 2.6, C2H), 6.73 (1H, s,
C8H), 4.64 (1H, dd, J 12.2 and 6.4, C5H), 3.90 (3H, s, C9OCH3),
3.88 (3H, s, C10OCH3), 3.51 (3H, s, C11OCH3), 2.53–2.51 (1H,
m, C6HAHB), 2.29–2.27 (2H, m, C7H2), 2.03 (3H, s, O=C–CH3),
1.99–1.93 (1H, m, C6HAHB). 13C NMR (125 MHz, CD3OD):
dC = 172.7 (C=O), 158.2 (C3), 154.0 (C9), 152.4 (C11), 142.7,
142.6 (C10, C4a), 136.9 (C7a), 132.4 (C1H), 127.0 (C11b),
126.8 (C11a), 114.4 (C2H), 111.1 (C4H), 109.3 (C8H), 61.9
(C10OCH3), 61.6 (C11OCH3), 56.9 (C9OCH3), 50.8 (C5H), 40.1
(C6H2), 31.8 (C7H2), 22.9 (O=C–CH3). LRMS (ES): m/z (%) =
380 (M + Na)+ (70), 358 (M + H)+ (65), 300 (30), 299 (100).
HRMS (ES): m/z calcd for C20H23NO5Na (M + Na)+: 380.1474;
found: 380.1465. The 1H and 13C NMR spectra of synthetic 2
recorded at 500 and 125 MHz, respectively, were identical to
those recorded on an authentic sample of (−)-N-acetylcolchinol
derived from degradation of colchicine.14 For a discussion of the
conformational analysis of colchinoids by NMR spectroscopy see
the review by Boyé and Brossi.56


When the forgoing experiment was repeated on the same scale
using TBSOTf to activate the PIFA instead of BF3·OEt2, N-
acetylcolchinol was obtained in similar yield but it was contami-
nated by a coloured impurity along with several minor products
that were difficult to separate by chromatography. Two of these
minor products (ca. 5% each estimated by NMR spectroscopic
analysis of the crude reaction mixture) were identified as the
indane derivatves 38a and 38b. Indane 38a was slightly less
polar than N-acetylcolchinol and could be separated by column
chromatography. The more polar product 38b co-eluted with N-
acetylcolchinol and was separated by HPLC.


N - [(1S,3S) - 6 - Hydroxy - 3 - (3,4,5 - trimethoxyphenyl)] - 2,3-di-
hydro-1H-inden-1-yl)acetamide (38a). Pale yellow solid, mp 111–
112 ◦C (MeOH–H2O). [a]D (22 ◦C) −80 (c = 0.5, MeOH). IR
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(diamond compression system): m = 3334 br s, 2939 s, 2840, 2480
m, 1629 s, 1589 s, 1415 s, 1344 s, 1230s, 1122 s, 994 s cm−1. 1H
NMR (500 MHz, CD3OD): dH = 6.73 (1H, d, J 8.4, C4H), 6.72
(1H, dd, J 1.9, 0.7, C7H), 6.68 (1H, ddd, J 8.2, 2.4, 0.8, C5H),
6.56 (2H, s, C2′H and C6′H), 5.37 (1H, dd, J 9.1, 7.8, C1H), 4.14
(1H, dd, J 10.3, 7.3, C3H), 3.80 (6H, s, C3′OCH3 and C5′OCH3),
3.78 (3H, s C4′OCH3), 2.90 (1H, td, J 12.4, 7.3, C2HAHB), 2.07
(3H, s, CH3C=O), 1.85 (1H, dt, J 12.3, 10.1, C2HAHB). 13C NMR
(75 MHz, CD3OD): dC = 174.1 (C=O), 159.0 (C), 155.4 (C3′ and
C5′), 147.2 (C), 143.2 (C), 138.7 (C), 138.5 (C), 127.5 (CH), 117.1
(CH), 111.8 (CH), 107.3 (C2′H and C6′H), 62.0 (C4′OCH3), 57.4
(C3′OCH3 and C5′OCH3), 55.2 (C1H), 50.2 (C3H), 46.7 (C2H2),
23.6 (CH3C=O). HRMS (ES): m/z calcd for C20H24NO5 (M +
H)+: 358.1649. Found: 358.1655.


The stereochemistry of 38a was assigned on the basis of
NOE enhancements observed by irradiating first C1H (2.3%
enhancement of C3H) and then C3H (3.3% enhancement of C1H).
No NOE enhancement was observed in the case of the same NMR
experiment carried out with 38b.


N - [(1S,3R) - 6 - Hydroxy - 3 - (3,4,5 - trimethoxyphenyl)] - 2,3 - di-
hydro-1H-inden-1-yl)acetamide (38b). Pale yellow solid, mp 106–
107 ◦C (H2O). [a]D (22 ◦C) −59 (c = 0.3, MeOH). IR (diamond
compression system): m = 3307 br s, 2939 s, 2829 s, 2480 m, 1629
m, 1587 s, 1539 m, 1500 s, 1451 s, 1418 s, 1330 m, 1231 m, 1122 s,
995 m cm−1. 1H NMR (500 MHz, CD3OD): dH = 6.89 (1H, d, J
8.2, C4H), 6.81 (1H, d, J 2.3, C7H), 6.73 (1H, ddd, J 8.2, 2.4, 0.5,
C5H), 6.42 (2H, s, C2′H and C6′H), 5.45 (1H, t, J 6.3, C1H), 4.44
(1H, t, J 6.9, C3H), 3.78 (6H, s, C3′OCH3 and C5′OCH3), 3.76
(3H, s, C4′OCH3), 2.41 (2H, dd, J 6.8, 6.5, C2H2), 2.01 (3H, s,
CH3C=O). HRMS (ES): m/z calcd for C20H24NO5 (M + H)+:
358.1649. Found: 358.1650.


3-(3,4,5-Trimethoxyphenyl)propanal (26). To a solution of 3-
(3,4,5-trimethoxyphenyl)propionic acid (7.2 g, 30 mmol) in dry
THF (35 mL) was added dropwise at 0 ◦C BH3·THF (33 mL of 1 M
solution in THF, 33 mmol). The reaction mixture was stirred at r.t.
for 21 h before the cautious addition of water–THF (1 : 1, 40 mL)
at 0 ◦C. Potassium hydroxide pellets (5 g, 90 mmol) were added
and the solvent removed in vacuo. The aqueous layer was then
extracted with Et2O (4 × 30 mL), the ethereal extracts were dried
over anhydrous MgSO4, filtered and concentrated in vacuo. The
residue was purified by Kugelrohr distillation (bp 142 ◦C, 0.05 mm
Hg; lit.57 bp 136–139 ◦C, 0.3 mm Hg) to give the corresponding
alcohol (6.72 g, 29.7 mmol, 98%) as a pale yellow oil. 1H NMR
(500 MHz, CDCl3): dH = 6.39 (2H, s, C2′′H, C6′′H), 3.81 (6H, s,
C3′′OCH3 and C5′′OCH3), 3.79 (3H, s, C4′′OCH3), 3.66–3.63 (2H,
m, C1H2), 2.63–2.60 (2H, m, C3H2), 2.13 (1H, bs, OH), 1.88–
1.82 (2H, m, C2H2). 13C NMR (75 MHz, CDCl3): dC = 153.2
(C3′′ and C5′′), 138.0 (C1′′), 136.0 (C4′′), 105.3 (C2′′H and C6′′H),
62.1 (C1H2), 61.0 (C4′′OCH3), 56.1 (C3′′OCH3 and C5′′OCH3),
34.4 (C2H2), 32.7 (C3H2). This procedure is more convenient than
the reduction with lithium aluminium hydride (88%) reported by
Rapoport and Campion.57


To a solution of 3-(3,4,5-trimethoxyphenyl)propan-1-ol (4.52 g,
20.0 mmol) in CH2Cl2 (160 mL) at 0 ◦C was added freshly
prepared Dess–Martin periodinane58 (10.17 g, 24.0 mmol) in one
portion. The reaction mixture was stirred at r.t. for 3 h before
the addition of sat. Na2S2O3 aq. solution (100 mL). The layers
were separated and the aqueous layer extracted with CH2Cl2 (3 ×


100 mL). The combined organic extracts were then washed with
sat. NaHCO3 aq. solution (4 × 100 mL), brine (2 × 100 mL),
dried over anhydrous MgSO4, filtered and concentrated in vacuo.
The residue was purified by column chromatography on silica
gel (1 : 1, hexanes–Et2O) followed by Kugelrohr distillation (bp
160 ◦C, 0.05 mm Hg; lit.59 bp 173–176 ◦C, 666.6 Pa) to give the
title compound (4.03 g, 18.0 mmol, 90%) as a yellow oil which
was used immediately in the following step. 1H NMR (500 MHz,
CDCl3): dH = 9.75 (1H, m, C1H), 6.36 (2H, s, C2′′H, C6′′H),
3.79 (6H, s, C3′′OCH3 and C5′′OCH3), 3.76 (3H, s, C4′′OCH3),
2.86–2.82 (2H, m, C3H2), 2.74–2.70 (2H, m, C2H2). 13C NMR
(75 MHz, CDCl3): dC = 201.7 (C1H), 153.4, 153.2 (C3′′, C4′′,
C5′′), 136.4 (C1′′), 105.3 (C2′′H and C6′′H), 60.9 (C4′′OCH3),
56.2 (C3′′OCH3 and C5′′OCH3), 45.5 (C2H2), 28.6 (C3H2). This
procedure was more efficient and reproducible on a larger scale
than the procedure of Müller and co-workers using pyridinium
chlorochromate.59 Oxidation with TEMPO (10 mol%) was slow
and gave a 63% yield of the aldehyde at best.


(SS ,E) - (+) - 2 - Methyl - N - [3 - (3,4,5 - trimethoxyphenyl)pro-
pylidene]propane-2-sulfinamide (27). To a solution of (SS)-2-
methyl-2-propanesulfinamide44 (500 mg, 4.12 mmol) in dry
CH2Cl2 (7 mL) was added pyridinium p-toluenesulfonate (50 mg,
0.2 mmol) and anhydrous MgSO4 (2.4 g, 0.2 mol), followed by
aldehyde 26 (1.79 g, 8.0 mmol). The mixture was stirred at r.t. for
24 h. MgSO4 was filtered through a pad of celite and thoroughly
washed with CH2Cl2. The combined filtrate and washes were
concentrated and the residue chromatographed on silica gel (1 :
1, hexanes–Et2O, 0.5% v/v Et3N) to afford the title compound
(1.26 g, 3.7 mmol, 90%) as a yellow oil: [a]D (22 ◦C) +137.8 (c =
1.93, CHCl3). IR (neat): m = 2958 s, 2838 s, 1723 m, 1622 s, 1590 s,
1508 s, 1456 s, 1422 s, 1362 m, 1342 m, 1332 m, 1239 s, 1184 m, 1152
m, 1128 s, 1086 s, 1011 s, 823 m cm−1. 1H NMR (500 MHz, CDCl3):
dH = 8.09 (1H, t, J 4.3, C1H), 6.39 (2H, s, C2′′H and C6′′H), 3.81
(6H, s, C3′′OCH3), C5′′OCH3), 3.78 (3H, s, C4′′OCH3), 2.92–2.87
(2H, m, C3H2), 2.85–2.80 (2H, m, C2H2), 1.10 (9H, s, C(CH3)3).
13C NMR (75 MHz, CDCl3): dC = 168.3 (C1H), 153.1 (C3′′, C5′′),
136.2 (C1′′), 135.9 (C4′′), 105.1 (C2′′H and C6′′H), 60.7 (C(CH3)3),
56.4 (C4′′OCH3), 55.9 (C3′′OCH3 and C5′′OCH3), 37.4 (C3H2),
31.7 (C2H2), 22.1 C(CH3)3). LRMS (ES+): m/z = 350 (M + Na)+


(40%), 382 (15), 206 (100). Anal. calcd for C16H25NO4S: C 58.69,
H 7.70, N 4.28, S 9.79; found: C 58.85, H 7.75, N 4.35, S 9.8.


(SS)-N -[(S)-1-[3-(tert-Butyldimethylsilyloxy)phenyl]-3-(3,4,5-
trimethoxyphenyl)propyl]-2-methylpropane-2-sulfinamide (29).
To a solution of (SS)-(+)-27 (327 mg, 1.0 mmol) in dry CH2Cl2


(6 mL) was added the Grignard reagent prepared from (3-
bromophenoxy)-tert-butyldimethylsilane60 (1.3 mL of a 1.64 M
solution in Et2O, 2 mmol) at −65 ◦C, over 5 min. The reaction was
allowed to warm to r.t. over 24 h and then quenched by addition
of sat. NH4Cl aq. solution (2 mL). The layers were separated,
the aqueous layer was extracted with Et2O (4 × 2 mL) and the
combined organic extracts were dried over anhydrous Na2SO4,
filtered and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (1 : 4, hexanes–Et2O →
Et2O) to afford the title compound (531 mg, 0.99 mmol, 99%) as a
viscous yellow oil (94 : 6 mixture of diastereoisomers determined
by integration of the signals of the aromatic protons at 6.19 and
6.38 ppm in the 1H NMR spectrum of the crude mixture). IR
(CHCl3): m = 2957 s, 2932 s, 2902 m, 2860 m, 1590 s, 1508 s, 1484 s,
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1463 s, 1421 m, 1277 s, 1252 s, 1239 s, 1150 m, 1129 s, 1059 m,
1004 m, 909 s, 839 s, 782 m cm−1. LRMS (ES+): m/z = 536 (M +
H)+ (80%), 537 (50), 430 (70), 415 (100). HRMS (ES+): m/z
calcd for C28H46NO5


28Si32S: 536.2866; found: 536.2845. Major
diastereoisomer (SS,S)-29: Rf 0.3 (Et2O). [a]D (21 ◦C) +33.4 (c =
1.38, CHCl3). 1H NMR (500 MHz, CDCl3): dH = 7.10 (1H, m
app t, J 7.7, C5′H), 6.81 (1H, d, J 7.7, C6′H), 6.80–6.65 (2H, m,
C2′H, C4′H), 6.19 (2H, s, C2′′H and C6′′H), 4.23 (1H, m, C1H),
3.73 (6H, s, C3′′OCH3 and C5′′OCH3), 3.69 (3H, s, C4′′OCH3),
3.36 (1H, bd, J 3.1, NH), 2.46–2.25 (3H, m, C2HAHB, C3H2),
2.05–1.85 (1H, m, C2HAHB), 1.29 (9H, s, SC(CH3)3), 1.10 (9H, s,
C(CH3)3), 0.86 (6H, s, Si(CH3)2). 13C NMR (75 MHz, CDCl3):
dC = 155.4 (C3′), 152.6 (C3′′ and C5′′), 143.1 (C1′), 136.7 (C1′′),
135.5 (C4′′), 129.3 (C5′H), 119.9 (C6′H), 119.2 (C4′H), 118.4
(C2′H), 104.6 (C2′′H and C6′′H), 60.2 (C4′′OCH3), 57.5 (C1H),
55.5 (C3′′OCH3 and C5′′OCH3), 55.1 (SC(CH3)3), 37.6 (C2H2),
31.8 (C3H2), 25.2 (C(CH3)3), 22.1 (SiC(CH3)3), 17.7 (SiC), −4.9
(Si(CH3)2). Minor diastereoisomer (SS,R)-29: Rf 0.17 (Et2O). [a]D


(20 ◦C) +48 (c = 0.6, CHCl3). 1H NMR (500 MHz, CDCl3): dH =
7.24 (1H, app t, J 6.7, C5′H), 6.93 (1H, d, J 7.7, C6′H), 6.82 (2H,
d, J 6.7, C2′H and C4′H), 6.38 (2H, s, C2′′H and C6′′H), 4.39
(1H, m, C1H), 3.87 (6H, s, C3′′OCH3 and C5′′OCH3), 3.84 (3H, s,
C4′′OCH3), 3.42 (1H, bd, J 3.1, NH), 2.57–2.50 (2H, m, C3H2),
2.30–2.15 (2H, m, C2H2), 1.17 (9H, s, SC(CH3)3), 1.01 (9H, s,
SiC(CH3)3), 0.22 (6H, s, Si(CH3)2). 13C NMR (75 MHz, CDCl3):
dC = 155.9 (C3′), 153.2 (C3′′ and C5′′), 143.3 (C1′), 136.9 (C1′′),
129.5 (C5′H), 120.8 (C6′H), 119.4 (C4′H), 119.2 (C2′H), 105.2
(C2′′H and C6′′H), 60.8 (C4′′OCH3), 59.0 (C1H), 56.1 (C3′′OCH3


and C5′′OCH3), 55.5 (SC(CH3)3), 40.2 (C2H2), 32.8 (C3H2), 25.6


(SC(CH3)3), 22.6 (SiC(CH3)3), 18.2 (SiC), −4.4 (Si(CH3)2). The
C4′′ signal could not be located.


The reaction described above was also performed using (RS)-
(−)-27 and a single crystal X-ray analysis† established the absolute
configuration of the sulfinamide product (RS,R)-29 (Fig. 1).
C22H31NO5S, CH2Cl2, orthorhombic, space group P212121, a =
9.7734(11 )Å, b = 13.3223(16) Å, c = 20.380(2) Å, V = 2653.5(5)
Å3, Z = 4, qcalc = 1.268 mg m−3, l = 0.355 mm−1, crystal
size: 0.18 × 0.12 × 0.04 mm, data collection range: 2.31 ≤
h ≤ 23.09◦, 100306 measured reflections, final R(wR) values:
0.0545, (0.1448) for 5205 independent data and 297 parameters [I
>2r(I)], largest residual peak and hole: 0.802, −0.629 e Å−3. The
structure solved in spacegroup P212121 and the asymmetric unit
contains one molecule of the title compound and one molecule
of dichloromethane. Hydrogen atoms, H(31) and H(8), attached
to N(31) and O(8) respectively, were found from the Fourier
difference map and H(31) was found to be positioned pyramidally.
Both the position and thermal parameters of H(31) and H(8) were
allowed to freely refine resulting in a N–H distance of N(31)–
H(31), 0.82 Å and an O–H distance of O(8)–H(8), 0.79 Å. All other
hydrogen atoms were positioned geometrically with the following
carbon–hydrogen distances: methyl, 0.98 Å; methylene, 0.99 Å;
methine, 1.00 Å; aromatic C–H, 0.95 Å. All carbon Uiso(H)
values were constrained to be 1.2 times Ueq of the parent atom.
The absolute configuration was established since the molecule
contained a chiral reference of known absolute configuration and


† CCDC reference numbers 601950–601951. For crystallographic data in
CIF format see DOI: 10.1039/b603857c


Fig. 1 X-Ray structure of sulfinamide (RS,R)-29. The ellipsoid probabilities are 50%.
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this was confirmed by anomalous dispersion effects since the Flack
parameter refined to 0.04(10).


Acetic acid (S)-(−)-3-[1-acetylamino-3-(3,4,5-trimethoxy-
phenyl)propyl]phenyl ester (30). To a solution of (SS,S)-29
(0.54 g, 1.0 mmol) in methanol (4 mL) was added 6 M HCl (4 mL,
24 mmol). The reaction mixture was stirred at r.t. for 20 min
and then concentrated to dryness before addition of Et2O. The
precipitate was filtered off, washed thoroughly with Et2O and
dried under reduced pressure. The crude amine hydrochloride was
then dissolved in dry CH2Cl2 (10 mL) and cooled at 0 ◦C, before
the drop-wise addition of DIPEA (0.45 mL, 0.65 g, 5 mmol)
followed by acetyl chloride (140 lL, 157 mg, 2 mmol). The
reaction mixture was then stirred at r.t. for 6 h, before addition of
sat. NH4Cl aq. solution (10 mL) and extraction of the aqueous
layer with CH2Cl2 (3 × 10 mL). The combined organic extracts
were washed with 10% HCl aq. solution (30 mL), brine (30 mL),
dried over anhydrous Na2SO4, filtered and concentrated in vacuo.
The residue was purified by column chromatography on silica
gel (EtOAc) to afford the title compound (317 mg, 0.79 mmol,
79% over two steps) as a viscous yellow oil. [a]D (25 ◦C) −41 (c =
1, CHCl3). IR (CHCl3): m = 3019 s, 1765 m, 1670 m, 1591 m,
1507 m, 1422 m, 1215 s, 1130 m, 928 m, 757 s cm−1. 1H NMR
(300 MHz, CDCl3): dH = 7.39 (1H, m app t, J 7.7, C5′H), 7.23
(1H, d, J 7.7, C2′H), 7.11–7.05 (2H, m, C4′H, C6′H), 6.44 (2H, s,
C2′′H and C6′′H), 5.95 (1H, d, J 8.5, NH), 5.11 (1H, dd, J 7.7,
15.3, C1H), 3.90 (6H, s, C3′′OCH3 and C5′′OCH3), 3.88 (3H, s,
C4′′OCH3), 2.71–2.57 (2H, m, C3H2), 2.35 (3H, s, O=C(N)CH3),
2.27–2.09 (2H, m, C2H2), 2.02 (3H, s, O=C–CH3). 13C NMR
(75 MHz, CDCl3): dC = 169.1 and 169.0 (C=O), 152.9 (C1′),
150.7 (C3′′ and C5′′), 143.4 (C3′), 136.6 (C1′′), 135.9 (C4′′), 129.4
(C5′H), 123.9 (C4′H), 120.4 (C2′H), 119.6 (C6′H), 105.0 (C2′′H
and C6′′H), 60.5 (C4′′OCH3), 55.8 (C3′′OCH3 and C5′′OCH3),
52.4 (C1H), 36.9 (C2H2), 32.6 (C3H2), 23.1 (O=C(N)CH3), 20.8
(O=C–CH3). LRMS (ES+): m/z = 402 (M + H)+ (100%), 343
(85), 181 (58), 424 (M + Na)+ (55%). HRMS (ES+): m/z calcd
for C22H28NO6: 402.1917; found: 402.1905.


Conversion of phenol acetate 30 to phenol silyl ether 10. Phenol
acetate 30 (0.21 g, 0.52 mmol) was dissolved in a mixture of CH2Cl2


(3 mL) and MeOH (6 mL). Water (0.5 mL) was added followed
by potassium carbonate (0.29 g, 2.08 mmol). The mixture was
allowed to stir at ambient temperature for 10 min whereupon
the solvent was evaporated and the residue partitioned between
CH2Cl2 and water. The organic layer was dried (Na2SO4) and
concentrated in vacuo. The residue was dissolved in CH2Cl2 (4 mL)
and tert-butyldimethylsilyl chloride (0.094 g, 0.62 mmol) was
added followed by imidazole (0.088 g, 1.3 mmol). After 8 h at
r.t., the mixture was diluted with Et2O (20 mL) and then extracted
with HCl (0.1 M, 15 mL), sat. aq. NaHCO3 (10 mL) and water
(10 mL). The organic layer was dried (Na2SO4) and concentrated
in vacuo. The residue was filtered through a plug of silica gel
(hexanes–Et2O, 1 : 1) to give the title silyl ether 10 (0.51 mmol
98%) as a colourless oil. The 1H and 13C NMR spectroscopic data
were identical to those described above.


Di(isopropyl)carbamic acid 3-(3,4,5-trimethoxyphenyl)propyl es-
ter (31). The procedure of Hoppe and co-workers61 was em-
ployed. To a solution of 3-(3,4,5-trimethoxyphenyl)propanol57


(6.08 g, 26.9 mmol) in pyridine (74 mL) was added (i-Pr)2NCOCl


(4.8 g, 29.5 mmol) followed by DMAP (73 mg). The solution was
stirred under N2 at 90–100 ◦C for 12 h. The reaction mixture
was then cooled to r.t., diluted with Et2O (200 mL), washed
consecutively with 5% HCl (3 × 200 mL), water, sat. aq. NaHCO3


and then dried (Na2SO4) and concentrated in vacuo. The yellow
residue was purified by column chromatography (SiO2, hexanes–
Et2O) to give carbamate 31 (8.14 g, 23.0 mmol, 86%) as a pale
yellow oil. IR (film): m = 2967 s, 2838 m, 1689 s, 1590 s, 1509 s,
1463 s, 1369 s, 1310 s, 1239 s, 1189 s, 1130 s, 1058 s, 1012 s,
773 s cm−1. 1H NMR (500 MHz, CDCl3): dH = 6.41 (2H, s,
C2′′H and C6′′H), 4.13 (2H, t, J 6.8, C1H2), 3.93 (2H, br, 2 ×
(CH3)2CH), 3.85 (6H, s, C3′′OCH3 and C5′′OCH3), 3.82 (3H, s,
C4′′OCH3), 2.66 (2H, dd, J 7.3, 8.1, C3H2), 1.98 (2H, dq, J 6.4,
8.1, C2H2), 1.23 (12H, d, J 6.8, 4 × CH3). 13C NMR (75 MHz,
CDCl3): dC = 155.9 (C=O), 153.3 (C3′′ and C5′′), 137.4 (C4′′), 136.2
(C1′′), 105.3 (C2′′H and C6′′H), 64.1 (C1H2), 61.0 (C4′′OCH3), 56.2
(C3′′OCH3 and C5′′OCH3), 45.9 (2 × (CH3)2CH, broad), 33.0
(C3H2), 31.0 (C2H2), 21.2 (4 × CH3, broad). HRMS (ES): m/z
calcd for C19H32NO5 (M + H)+: 354.2280. Found: 354.2290.


Diisopropylcarbamic acid (S)-1-(4,4,5,5-tetramethyl[1,3,2]-
dioxaborolan-2-yl)-3-(3,4,5-trimethoxyphenyl)propyl ester ((S)-
(+)-33). The compound was prepared by a 1-step simplification
of Hoppe’s 2-step general procedure47 by using 2-isopropoxy-
4,4,5,5-tetramethyl[1,3,2]dioxaborolane 32 instead of tri-iso-
propyl borate. To a solution of carbamate 31 (0.707 g, 2.0 mmol)
and (−)-sparteine (0.56 g, 2.4 mmol) in anhydrous Et2O (10 mL),
at −78 ◦C, s-BuLi (1.8 mL, 1.35 M, 2.4 mmol) was added
dropwise. The solution was stirred at −78 ◦C for 5 h and
then 10 mL of Et2O was added followed by freshly distilled
2-isopropoxy-4,4,5,5-tetramethyl[1,3,2]dioxaborolane (32, 0.56 g,
3.0 mmol, dropwise). The stirring was continued for 1 h at −78 ◦C
whereupon water (5 mL) was added. The mixture was allowed
to warm to r.t. and extracted with Et2O (2 × 10 mL), dried
(Na2SO4), filtered and concentrated to give a pale yellow oil (1.45
g). The crude product was purified by column chromatography
(SiO2, CH2Cl2–Et2O) to give (S)-(+)-33 (0.67 g, 1.39 mmol, 70%)
as a colourless oil: [a]D (26 ◦C) +44.4 (c = 1, CHCl3). IR (film):
m = 3450 w, 2970 s, 2838 m, 1631 s, 1589 s, 1457 s, 1420 s, 1371 s,
1337 s, 1313 s, 1237 s, 1127 s, 1010 s, 1011 s, 970 s, 899 s cm−1. 1H
NMR (500 MHz, CDCl3): dH = 6.43 (2H, s, C2′′H and C6′′H),
4.07 (1H, septet, J 6.8, (CH3)2CH), 3.84 (6H, s, C3′′OCH3 and
C5′′OCH3), 3.82 (3H, s, C4′′OCH3), 3.86–3.81 (1H, m, C1H),
3.78 (1H, septet, J 6.8, (CH3)2CH), 2.79 (1H, ddd, J 14.1,
9.8, 5.3, C3HAHB), 2.67 (1H, ddd, J 14.1, 9.2, 6.6, C3HAHB),
2.09–1.99 (1H, m, C2HAHB), 1.96–1.87 (1H, m, C2HAHB), 1.26
(6H, d, J 6.8, (CH3)2CH), 1.22 (6H, d, J 6.4, (CH3)2CH), 1.19
(12H, s, (CH3)2CC(CH3)2). 13C NMR (75 MHz, CDCl3): dC =
162.7 (C=O), 153.0 (C3′′ and C5′′), 138.3 (C4′′), 135.8 (C1′′),
105.3 (C2′′H and C6′′H), 79.7 (Me2CCMe2), 79.3 (br, C1H), 60.8
(C4′′OCH3), 55.9 (C3′′OCH3 and C5′′OCH3), 48.4 ((CH3)2CH),
46.6 ((CH3)2CH), 34.7 (C3H2), 33.3 (C2H2), 25.3 and 24.9
((CH3)2CC(CH3)2), 20.5 ((CH3)2CH), 20.3 ((CH3)A(CH3)BCH),
20.2 ((CH3)A(CH3)BCH). HRMS (ES): m/z calcd for C25H43BNO7


(M + H)+: 480.3133. Found: 480.3123.
Racemic 33 was also prepared by the general procedure


of Hoppe and co-workers.62 To a solution of carbamate 31
(3.54 g, 10.0 mmol) and TMEDA (1.39 g, 12.0 mmol) in
anhydrous Et2O (20 mL) at −78 ◦C, s-BuLi (10.3 mL, 1.16 M,
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12.0 mmol) was added dropwise. The solution was stirred at
−78 ◦C for 1 h and then freshly distilled 2-isopropoxy-4,4,5,5-
tetramethyl[1,3,2]dioxaborolane (32, 1.86 g, 10.0 mmol) was added
dropwise. At this point the mixture became viscous and the stirring
stopped whereupon Et2O (80 mL) was added to restore stirring.
Stirring was continued for 1 h at −78 ◦C whereupon water (20 mL)
was added. The mixture was allowed to warm to r.t. and extracted
with Et2O (2 × 50 mL), dried (Na2SO4), filtered and concentrated
to give a pale yellow oil (4.65 g). The crude product was purified
by column chromatography (SiO2, hexanes–Et2O) to give a white
sticky solid which was transferred to a sinter funnel and washed
several times with hexane to give rac-33 (2.69 g, 5.6 mmol, 56%)
as a white solid.


A sample of rac-33 recrystallised from Et2O–hexane (mp
99–100 ◦C) was analysed by X-ray crystallography† (Fig. 2).
C25H44BNO8, orthorhombic, space group Pca21, a = 13.3627(3)
Å, b = 15.6068(3) Å, c = 27.3395(7) Å, V = 5701.6(2) Å3, Z =
8, qcalc = 1.159 mg m−3, l = 0.084 mm−1, crystal size: 0.19 ×
0.09 × 0.03 mm, data collection range: 3.0 ≤ h ≤ 26.0◦, 29479
measured reflections, final R(wR) values: 0.0437, (0.1028) for 5715
independent data and 669 parameters [I >2r(I)], largest residual
peak and hole: 0.158, −0.191 e Å−3. The structure solved in space
group Pca21 with two molecules of rac-33 and two molecules
of water in the asymmetric unit. Both molecules have the same
numbering scheme and are distinguished with the suffixes A and
B. All hydrogen atoms attached to carbon were placed in calculated
positions and refined using a riding model. C–H distances: methyl,
0.98 Å; methylene, 0.99 Å; methine, 1.00 Å; aromatic C–H, 0.95 Å.
All carbon Uiso(H) values were constrained to be 1.2 times
Ueq of the parent atom. Hydrogens in the water molecules were
located in the Fourier difference map. Those attached to O1S were
refined freely whereas those attached to O2S were constrained


to have bond lengths of 1.00 Å. In the absence of significant
anomalous scattering effects, the absolute configuration could not
be confirmed from the diffraction data and Friedel pairs were
merged. The depicted model has been arbitrarily chosen.


The C=O–B coordination revealed in Fig. 2 is reflected in
the 11B NMR spectrum of 33 (80 MHz, CDCl3): d = 12 ppm.
Tricoordinate boron atoms with one C and two O ligands typically
resonate at d = 32 relative to BF3·OEt2 whereas the signals are
shifted upfield by d = 5–15 for tetracoordinate compounds.63


(R) - 1 - (3 - (tert - Butyldimethylsilyloxy)phenyl) - 3 - (3,4,5 - tri-
methoxyphenyl)propan-1-ol (17) via 1,2-metallate rearrangement.


Method A. The procedure generally follows Hoppe’s
methodology47 but the use of milder base (K2CO3 instead of
NaOH) was crucial to avoid the substantial deprotection of
TBS ether in the oxidation step. To a solution of 1-bromo-3-
(tert-butyldimethylsilyloxy)benzene60 (0.57 g, 2.0 mmol) in Et2O
(10 mL) was added Mg (0.096 g, 4.0 mmol) followed by 1 drop
of 1,2-dibromoethane. The mixture was refluxed for 4 h, then
cooled to r.t. and a solution of boronate (+)-33 (0.48 g, 1.0 mmol)
in Et2O (10 mL) transferred by cannula (1 mL of Et2O was
used for washing). The solution was stirred at r.t. for 12 h, then
treated with an aq. solution of K2CO3 (2.4 mL, 0.5 M, 1.2 mmol)
and H2O2 (0.18 g, 0.16 mL, 30%, 1.4 mmol). The mixture was
stirred for 15 min at r.t. then poured into brine (10 mL) and
extracted with Et2O (3 × 20 mL). The combined extracts were
washed with aq. sat. Na2S2O3, dried (Na2SO4) and concentrated
to give a yellow oil (0.66 g). The crude product was purified by
column chromatography (SiO2, CH2Cl2–Et2O) to give 17 (0.32 g,
0.73 mmol, 73%) as a colourless oil, er = 94 : 6 (chiral HPLC).
The 1H and 13C NMR spectra recorded at 500 and 75 MHz,
respectively, were identical with the sample prepared above.


Fig. 2 X-Ray structure of rac-33 The ellipsoid probabilities are 50%.
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Method B. To a solution of carbamate 31 (0.35 g, 1.0 mmol) and
(−)-sparteine (0.28 g, 1.2 mmol) in Et2O (10 mL), at −78 ◦C, was
added dropwise s-BuLi (1.3 M, 0.92 mL, 1.2 mmol). The solution
was stirred at −78 ◦C for 5 h and then a solution of arylboronate
37 (0.37 g, 1.1 mmol) in diethyl ether (5 mL) was added dropwise
followed by MgBr2 (prepared from 1,2-dibromoethane (0.226 g,
1.2 mmol), Mg (0.048 g, 2 mmol) in Et2O (10 mL) by stirring at
rt for 4 h). The mixture was allowed to warm gradually to r.t. for
12 h while nitrogen was passed through it to remove the solvent. To
the solid residue DME (10 mL, freshly distilled from CaH2) was
added and the mixture refluxed for 12 h. The mixture was cooled
to r.t. and then treated with an aq. solution of K2CO3 (2.4 mL,
0.5 M, 1.2 mmol) and H2O2 (30%, 0.18 g, 0.16 mL, 1.4 mmol).
The mixture was stirred for 15 min at r.t. then poured into water
(10 mL) and extracted with Et2O (3 × 10 mL). The combined
extracts were washed with aq. sat. Na2S2O3, dried (Na2SO4) and
concentrated to give a yellow oil (0.68 g). The crude product was
purified twice by column chromatography (SiO2, first CH2Cl2–
Et2O and then hexanes–Et2O) to give 17 as a colourless oil (0.28 g,
0.65 mmol, 65%). The product had some impurities (ca 10%) that
were impossible to remove by column chromatography. The er of
the product, determined by chiral HPLC, was 98 : 2.


4,4,5,5-Tetramethyl-2-(3-tert-butyldimethylsilyloxyphenyl)-1,3-
dioxaborolane (37). To a solution of 4,4,5,5-tetramethyl-2-(3-
hydroxyphenyl)-1,3-dioxaborolane (0.99 g, 4.5 mmol) in DMF
(10 mL) was added imidazole (0.77 g, 11.4 mmol) followed
by TBSCl (0.82 g, 5.42 mmol). The solution was stirred at
r.t. for 12 h, then poured into water (100 mL) and extracted
with Et2O (2 × 20 mL). The combined extracts were dried
(Na2SO4), concentrated in vacuo and the residue purified by
column chromatography (SiO2, hexanes–Et2O) to give silyl ether
37 (1.25 g, 3.75 mmol, 83%) as a colourless oil that solidified
after storing a few days in a refrigerator: mp 37–38 ◦C. IR (film):
m = 3047 s, 2950 s, 2931 s, 2859 s, 1574 s, 1487 m, 1422 s, 1356 s,
1314 s, 1235 s, 1145 s, 969 s, 838 s cm−1. 1H NMR (500 MHz,
CDCl3): dH = 7.40 (1H, d, J 7.2, CH), 7.24 (1H, t, J 7.7, C5H),
7.27 (1H, s, C2H), 6.93 (1H, dd, J 1.6, 8.0), 1.35 (12H, s, 4 ×
CH3), 1.00 (9H, s, C(CH3)3), 0.21 (6H, s, (CH3)2Si). 13C NMR
(75 MHz, CDCl3): dC = 155.3 (C3), 130.7 (br, C1), 129.0 (CH),
127.9 (CH), 126.3 (CH), 123.0 (CH), 83.9 (2 × C(CH3)2), 25.9
(C(CH3)3), 25.0 (4 × CH3CO), 18.3(C(CH3)3), −4.2 (Si(CH3)2).
11B NMR (80 MHz, CDCl3): d = 30.8 ppm. HRMS (ES): m/z
calcd for C18H31BO3Si (M + H)+: 335.2208 Found: 335.2224.
Anal. calcd for C18H31BO3Si: C, 64.66; H, 9.35%. Found: C, 64.4;
H, 9.5%.
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Enantiopure cis-2,3-dihydrodiols, available from dioxygenase-catalysed cis-dihydroxylation of
monosubstituted benzene substrates, have been used as synthetic precursors of the corresponding
trans-3,4-dihydrodiols. The six-step chemoenzymatic route from cis-dihydrodiol precursors, involving
acetonide, tetraol, dibromodiacetate and diepoxide intermediates, and substitution of vinyl bromide
and iodide atoms, has been used in the synthesis of ten trans-dihydrododiol derivatives of substituted
benzenes. The general applicability of the method has been demonstrated by its use in the synthesis of
both enantiomers of the trans-1,2-and 3,4-dihydrodiol derivatives of toluene.


Introduction


The dioxygenase-catalysed metabolism of mono- and poly-cyclic
arenes, in prokaryotic (bacterial) cells, has been widely studied.
Since the first report by Gibson et al.,1 several hundred examples
of cis-dihydrodiol metabolites have been reported to date, and
in many cases the bioproducts have been used as synthetic
precursors.2–12 Alternative metabolic pathways for arenes A have
been adopted in eukaryotic (animal, plant and fungal) cells
involving monooxygenase enzymes to yield the corresponding
arene oxides B1,2, B2,3 and B3,4 as initial metabolites (Scheme 1).
Arene oxide intermediates are often unstable and rapidly isomerise
to phenols (mainly D2 and D4) or undergo epoxide hydrolase-
catalysed hydrolysis to yield the corresponding trans-dihydrodiols
C1,2, C2,3 and C3,4. The small number of arene oxide metabolites
that have been isolated (or detected) to date include the monocyclic
arene oxide derivatives (B1,2 = B2,3 = B3,4 where R = H and B1,2


where R = CO2Me) from benzene13 (A, R = H) and methyl
benzoate14 (A, R = CO2Me) respectively (Scheme 1). Arene oxide
intermediates have also been isolated from polycyclic aromatic
hydrocarbon (PAH) metabolism, e.g. naphthalene15 and polycyclic
azaarene metabolism e.g. quinoline.16 Similarly, only a few trans-
dihydrodiol metabolites have been isolated from monocyclic
arenes e.g. benzene (C1,2 = C2,3 = C3,4 where R = H)17 and
monosubstituted benzene substrates (C2,3 where R = CO2H)18,19


and (C3,4 where R = Cl, Br, CO2H).18,20,21 In contrast, trans-
dihydrodiols are generally the major mammalian metabolites from
PAHs including potent carcinogens such as benzo[a]pyrene.22


trans-Dihydrodiols have been found to be much more stable
than the corresponding cis-dihydrodiols and thus could, in
principle, be more useful as synthetic precursors.23 However, at
present only trans-dihydrodiols C2,3 and C3,4 (R = CO2H) of
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Scheme 1


benzoic acid are available in significant quantities from arene
biotransformations,18,19 and have proved to be versatile start-
ing compounds for the synthesis of natural products.24 trans-
Dihydrodiols C containing substituents other than a carboxylic
group are not yet available as direct bacterial biotransformation
products. To address this issue a limited range of trans-3,4-
dihydrodiols of type C3,4 (Scheme 1), were earlier obtained
using a novel chemoenzymatic route from the corresponding cis-
dihydrodiol precursors. Thus, in a preliminary communication we
reported that trans-diols C3,4 (R = Cl, Br, I) can be produced via
the corresponding anti-benzene dioxide intermediates.25 This route
has now been adopted for a wider range of both trans-dihydrodiol
regioisomers and enantiomers.


In the Results and discussion section, the term cis-2,3-
dihydrodiol has been used to describe bioproducts obtained
via cis-dihydroxylation at the 2,3-bond of a monosubstituted
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benzene. Similarly, the terms trans-1,2-dihydrodiol and trans-3,4-
dihydrodiol have been used to describe derivatives formed by epox-
idation/hydrolysis at the 1,2- and 3,4-bonds of monosubstituted
benzenes. However, it should be noted that the correct systematic
nomenclature used in the Experimental section describes each of
these 2,3-cis-, 1,2-trans- and 3,4-trans-dihydrodiols as 1,2-diols.


Results and discussion


The cis-dihydrodiol metabolites of fluorobenzene (1a), chloroben-
zene (1b), bromobenzene (1c), iodobenzene (1d), and toluene
(1e) are readily available in good quantities through large-scale
biotransformations, using the UV4 constitutive mutant strain of
the soil bacterium Pseudomonas putida.26 With the exception of
the cis-dihydrodiol of fluorobenzene 1a (ca. 60% ee), the other
diols 1b–1e were enantiopure (>98% ee).


A six-step synthetic sequence, involving acetonide formation
(1 → 2), cis-dihydroxylation (2 → 3 or 2 → 4), deprotection (3 →
5), dibromodiacetylation (5 → 6), benzene dioxide formation (6 →
7) and reduction (7 → 8), was used to form the corresponding


halogenated trans-dihydrodiols 8a–8d (Scheme 2). The bromine
and iodine atoms present in trans-dihydrodiols 8c and 8d were,
in turn, found to be readily substituted yielding additional trans-
dihydrodiols 8f, 8h and 8i (Scheme 3). Minor modification of the
procedure, involving separation of the isomeric cis-diols 3e and
4, via dibenzoates 3eBz and 4Bz (Scheme 4), were required for the
synthesis of the corresponding toluene trans-dihydrodiol 8e and
14 (Schemes 2 and 4).


Protection of cis-dihydrodiols 1a–1e, as acetonides 2a–2e, was
achieved in high yield (93–97%) using a mixture of acetone and
dimethoxypropane. The acetonide derivatives 2a–2e have been
widely used in synthesis, since they are less likely to aroma-
tise than the corresponding cis-dihydrodiols.27–31 The acetonide
group present in compounds 2a–2e was used to stereodirect
further oxidation. Thus, the steric requirements of the acetonide
group ensured that catalytic cis-dihydroxylation of acetonides
2a–2d, using osmium tetroxide and 4-methylmorpholine-N-oxide
(NMNO), yielded the diol acetonide derivatives 3a–3d (70–87%
yield) exclusively (Scheme 2). cis-Dihydroxylation of acetonide 2e
proved to be exceptional; it gave a 60 : 40 mixture of regioisomers


Scheme 2 Reagents: i 2,2-DMP; ii NMNO, OsO4, Me2CO, H2O; iii THF, TFA, H2O; iv AcOCMe2COBr, MeCN; v NaOMe, Et2O; vi Pd(OAc)2, CO,
K2CO3, THF, H2O.


Scheme 3 Reagents: i Pd(OAc)2, CO, NaOAc, MeOH; ii KOH, H2O; iii H+; iv (Ph3P)4Pd, Bu3SnC4H3S; v TBDMSOTf, CH2Cl2, Et3N; vi PhMgBr,
Ni(ac)2, EtO2; vii Bu4NF, THF.
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Scheme 4 Reagents: i OsO4, NMNO, Me2CO, H2O; ii BzCl, pyridine; iii NaOH, MeOH; iv THF, TFA, H2O; v AcOCMe2COBr, MeCN; vi NaOMe,
Et2O; vii Pd(OAc)2, CO, K2CO3, THF, H2O.


3e and 4 in which the diol moiety was anti to the acetonide group
in each case. This mixture was separated, by flash chromatography
(25% EtOAc in hexane), as dibenzoates 3eBz and 4Bz. Base-
catalysed hydrolysis of dibenzoate 3eBz regenerated a pure sample
of the required diol acetonide 3e (Scheme 4).


Hydrolysis of the diol acetonides 3a–3e, under acidic conditions
(TFA or HCl) yielded (90–96%) the corresponding tetraols 5a–
5e (Scheme 2). Treatment of each of the tetraols 5a–5e, with 2-
acetoxyisobutyryl bromide (2.5 mol equiv.), then afforded (70–
88%) bis-trans-bromoacetates 6a–6e. The latter isomers were
formed, exclusively, via nucleophilic attack of bromide at the allylic
positions of the transient 1,3-dioxolane intermediates.


Treatment of bis-trans-bromoacetates 6a–6e with sodium
methoxide gave anti-benzene dioxides 7a–7e (68–82% yield,
Scheme 2). Dioxides 7a–7e proved to be configurationally stable
at elevated temperatures, in contrast to the corresponding syn-
benzene dioxides which were found to racemize, at ca. 85 ◦C, via
an electrocyclic rearrangement through the valence tautomeric
1,4-dioxocins.25


The final stage of the six-step synthesis, from cis-2,3-
dihydrodiols 1a–1e, involved a novel palladium catalysed re-
duction reaction (Scheme 2). Aryl iodides can be substituted
with a carboxy group, on treatment with catalytic quantities
of Pd(OAc)2 in a mixture of K2CO3, THF, H2O under CO
atmosphere.32 When these conditions were applied to the anti-
benzene dioxide 7d, substitution of the vinylic iodine atom did
not occur; instead reduction to the corresponding trans-3,4-
dihydrodiol 8d (90% yield) was observed. Similar conditions were
then employed to convert the other anti-benzene dioxides 7a–7c, 7e
to the corresponding trans-dihydrodiols 8a–8c, 8e (68–86% yield).
While the mechanism of this catalytic redox reaction has not been
elucidated yet, it is assumed that it proceeds through the reduction
of Pd(II) diacetate to Pd(0) with concomitant oxidation of CO to
CO2. The assumption was supported by the observation that the
anti-benzene dioxides 7 were also reduced, in lower yields, to the
corresponding trans-dihydrodiols 8, with (PPh3)4Pd in a mixture
of K2CO3, THF, H2O without the CO atmosphere.


Substitution of the vinylic halogen atoms of trans-3,4-
dihydrodiols 8 (8c where R = Br; 8d R = I), prepared by the Pd(0)
catalysed reduction method, provided additional members of this
series (Scheme 3). Thus, the iodine atom in trans-dihydrodiol 8d


was directly replaced by a carbomethoxy group using similar
conditions to those used for the reduction of the anti-benzene
dioxides 7a–7e (Scheme 2), i.e. Pd-catalysed carbonylation in
MeOH containing sodium acetate to yield (80%) trans-3,4-
dihydrodiol 8f (Scheme 3). The alkaline hydrolysis of the methyl
ester group in a racemic sample of compound 8f has been reported
to gave racemic carboxylic acid 8g (KOH, H2O; 74% yield).33 Both
trans-2,3- and 3,4-dihydrodiol derivatives of benzoic acid have also
been reported as enantiopure secondary metabolites of the shiki-
mate pathways using recombinant cells of Escherichia coli18 and
Klebsiella pneumoniae.19 trans-3,4-Dihydrodiol 8g is now available
by a direct biotransformation procedure,18 chemical synthesis33


or by our chemoenzymatic method. Palladium-catalysed cross-
coupling, using (PPh3)4Pd and 2-(tributylstannyl)thiophene and
trans-dihydrodiol 8d as starting material, resulted in the direct
replacement of the iodine atom by a 2-thienyl group to give trans-
dihydrodiol 8h (83% yield, Scheme 3).


Protection of the trans-dihydrodiol 8c by reaction with TB-
DMSOTf yielded di-TBDMS derivative 9 (92%) and facilitated
the indirect cross-coupling of the vinyl bromide with phenyl-
magnesium bromide in the presence of nickel(II) acetylacetonate.
The phenyl di-TBDMS derivative 10 (52% yield) on deprotection
yielded (89%) the trans-3,4-dihydrodiol derivative of biphenyl 8i
(Scheme 3).


Diol acetonide 4, obtained in high yield (87%) by hydrolysis
of the corresponding dibenzoate derivative 4Bz, was used as a
precursor in the synthesis of the (+)-trans-1,2-dihydrodiol 14
(Scheme 4). The sequence used for the chemoenzymatic synthesis
of diol 14 (70% yield from dioxide 13) was similar to that used in
Scheme 1 and involved tetraol (11, 82% yield), bis-bromoacetate
(12, 79% yield), anti-benzene dioxide (13, 68% yield) intermediates.
The versatility of this method is shown by the synthesis of
both trans-1,2- (14) and trans-3,4-dihydrodiols (8e) from the
corresponding cis-2,3-dihydrodiol precursor (1e).


The present method also appears to be applicable to a rela-
tively wide range of trans-3,4-dihydrodiol derivatives (e.g. 8a–8h,
Schemes 2 and 3) that could be synthesised from monosubstituted
benzene cis-2,3-dihydrodiol precursors (e.g. 1a–1e). Unfortu-
nately, only trans-1,2-dihydrodiol derivatives of monosubstituted
benzene rings (ipso-trans-dihydrodiols) bearing an alkyl (e.g. 14)
or aryl group are likely to be sufficiently stable to permit their
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Scheme 5 Reagents: i P. putida UV4/O2; ii 2,2-DMP; iii OsO4, NMNO, Me2CO, H2O; iv THF, TFA, H2O; v H2, Pd–C, NaOAc, MeOH; vi
AcOCMe2COBr, MeCN; vii NaOMe, Et2O; viii Pd(OAc)2, CO, K2CO3, THF, H2O.


synthesis and isolation. Thus, no attempts were made to synthesise
the trans-1,2-dihydrodiols from the corresponding halobenzene
cis-dihydrodiols (1a–1d).


Using 4-iodotoluene 15 as substrate, the corresponding cis-
dihydrodiol metabolite 16 had earlier been isolated as a bioproduct
from whole cells of P. putida UV4 (65% yield).34 Conversion
of the available cis-dihydrodiol 16 (ca. 80% ee) to (−)-trans-
dihydrodiol 14 ([a]D −37, 82% ee, Scheme 5), was carried out
by employing a synthetic sequence similar to that used earlier
to convert the cis-dihydrodiol 1e (>98% ee) precursor into (+)-
trans-dihydrodiol 14 ([a]D +45, >98% ee, Schemes 2 and 4).
The only significant difference was the inclusion of a catalytic
hydrogenolysis step (19 → 11). The synthetic sequence again
involved the formation of acetonide 17, diol acetonide 18, tetraols
19 and 11, bis-bromoacetate 12, and anti-benzene dioxide 13
intermediates, in similar yields to those previously reported,
followed by the reduction step to give the (−)-trans-dihydrodiol
14 (Scheme 5). Iodotetraol intermediate 19 was also converted
to trans-dihydrodiol 22, via dibromodiacetate 20 and dioxide 21
intermediates, to provide a further example of this novel type
of ipso-trans-dihydrodiol. Direct substitution of the iodine atom
in compound 22, using methods already described (Scheme 3)
could, in principle, yield a further range of ipso-trans-dihydrodiol
derivatives of disubstituted benzene substrates.


In a similar manner, hydrogenolysis of the cis-dihydrodiol
metabolite 16 (82% ee) derived from 4-iodotoluene 15 yielded the
abnormal (−)-cis-dihydrodiol enantiomer of toluene 1e which was
converted to the corresponding (+)-trans-3,4-dihydrodiol 8e (ca.
80% ee) using the route shown in Scheme 2.


Conclusion


A generally applicable route to the synthesis of a series of trans-3,4-
and -1,2-dihydrodiols of either absolute configuration, from the


corresponding cis-2,3-dihydrodiol metabolites, via the formation
and reduction of the corresponding anti-benzene dioxide inter-
mediates, has been devised. A minor modification of this method
has allowed the synthesis of both enantiomers of the 1,2- and
3,4-trans-dihydrodiols (14 and 8e) of toluene.


Experimental


NMR (1H and 13C) spectra were recorded on Bruker Avance
DPX-300 and DPX-500 instruments and mass spectra were run
at 70 eV, on a VG Autospec Mass Spectrometer, using a heated
inlet system. Accurate molecular weights were determined by the
peak matching method, with perfluorokerosene as the standard.
Elemental microanalyses were carried out on a PerkinElmer 2400
CHN microanalyser. For optical rotation ([a]D) measurements
(ca. 20 ◦C, 10−1 deg cm2 g−1), a PerkinElmer 341 polarimeter
was used. Flash column chromatography and preparative layer
chromatography (PLC) were performed on Merck Kieselgel type
60 (250–400 mesh) and PF254/366 respectively. Merck Kieselgel type
60F254 analytical plates were used for TLC. Compounds (1S,2S)-
1a (ca. 60% ee), (1S,2S)-1b–1d, (1S,2R)-1e, 2d–6d (ca. 98% ee)
and (1R,2R)-16 (ca. 80% ee), available from earlier work,26,34,35


were used for this study.


Syntheses of acetonide derivatives 2a–2c, 2e and 17


To an ice cooled solution of cis-dihydrodiol (2.5–10 mmol),
in a mixture of acetone (5 cm3) and 2,2-DMP (10 cm3), p-
toluenesulfonic acid (0.05 g) was added. The reaction mixture
was stirred in an ice bath (15 min) and then at room temperature
until the diol had reacted completely (TLC analysis). The solvents
were removed under reduced pressure and the residue extracted
with a mixture of water (25 cm3) and diethyl ether (2 × 30 cm3).
The diethyl ether extract was washed with water (20 cm3), dried
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(Na2SO4), concentrated, and the crude acetonide obtained was
purified by flash column chromatography (20% EtOAc in hexane).
Acetonides 2a–2c and 2e were found to be spectrally identical to
those reported.27–31


(3aS,7aS)-4-Fluoro-2,2-dimethyl-3a,7a-dihydro-1,3-benzodioxole
2a27. Colourless oil (1.6 g, 95%); [a]D +2 (c 1.4, CHCl3);
dH(500 MHz, CHCl3) 1.43, 1.46 [3 H × 2, s, C(Me)2], 4.72 (1 H,
dd, J3a,F 9.3, J3a,7a 3.5, 3a-H), 4.87 (1 H, dd, J7a,7 6.0, J7a,3a 3.5,
7a-H), 5.59 (1 H, dd, J7,6 9.7, J7,7a 6.0, 7-H), 5.74 (1 H, dd, J6,7 9.7,
J6,5 3.8, 6-H), 5.91 (1 H, dd, J5,F 10.9, J5,6 3.8, 5-H); m/z (EI) 155
(M+ − Me, 3%), 128 (3), 113 (31), 112 (100), 100 (15), 97 (4), 84
(17), 73 (6), 57 (34), 53 (8), 43 (29), 39 (15) and 31 (7).


(3aS,7aS)-4-Chloro-2,2-dimethyl-3a,7a-dihydro-1,3-benzodioxole
2b28. Colourless oil (0.6 g, 94%); [a]D +43 (c 0.67, CHCl3); (lit.28


[a]D +45); dH(300 MHz, CDCl3) 1.42, 1.43 [3 H × 2, s, C(Me)2],
4.68 (1 H, d, J3a,7a 5.3, 3a-H), 4.78 (1 H, dd, J7a,3a 5.3, J7a,7 4.1,
7a-H), 5.92 (2 H, m, J6,5 4.1, 6-H, 7-H), 6.12 (1 H, d, J5,6 4.1, 5-H).


(3aS,7aS)-4-Bromo-2,2-dimethyl-3a,7a-dihydro-1,3-benzodioxole
2c29. Colourless oil (0.57 g, 95%); [a]D +45 (c 0.70, CHCl3);
dH(300 MHz, CDCl3) 1.43, 1.44 [3 H × 2, s, C(Me)2], 4.73 (2 H,
m, 3a-H, 7a-H), 5.88 (1 H, J6,7 9.6, J6,5 6.0, 6-H), 5.96 (1 H, m,
7-H), 6.35 (1 H, d, J5,6 6.0, 5-H).


(3aR,7aS)- and (3aS,7aR)-2,2,4-Trimethyl-3a,7a-dihydro-1,3-
benzodioxole 2e31. Colourless oil (1.3 g, 97%); [a]D +98 (c 0.65,
CHCl3); (lit.31 [a]D +95); dH(500 MHz, CDCl3) 1.27, 1.43 [3 H × 2,
s, C(Me)2], 1.89 (3 H, s, Me), 4.40 (1 H, s, J3a,7a 8.7, 3a-H), 4.63 (1 H,
dd, J7a,3a 8.7, J7a,7 4.2, 7a-H), 5.77 (1 H, J5,6 6.2, 5-H), 5.83 (1 H,
dd, J7,6 9.7, J7,7a 4.2, 7-H), 5.97 (1 H, dd, J6,7 9.7, J6,5 6.2, 6-H).


(3aS,7aR) Enantiomer, colourless oil, [a]D −89 (c 0.53, CHCl3).


(3aS,7aS)-4-Iodo-2,2,7-trimethyl-3a,7a-dihydro-1,3-benzodioxole
17. Colourless viscous oil (1.07 g, 93%); Rf 0.53 (10% Et2O
in hexane); [a]D +69 (c 0.77, CHCl3); (Found: M+, 291.9949.
C10H13O2I requires 291.9960); dH(500 MHz, CDCl3) 1.43, 1.44
[3 H × 2, s, C(Me)2], 1.88 (3 H, s, Me), 4.46 (1 H, d, J7a,3a 8.4, 7a-
H), 4.74 (1 H, d, J3a,7a 8.4, 3a-H), 5.50 (1 H, d, J6,5 6.2, 6-H) 6.55
(1 H, d, J5,6 6.2, 5-H); dC(125 MHz, CDCl3) 20.29, 25.39, 26.90,
76.03, 78.82, 96.27, 106.33, 120.54, 134.30, 134.91; m/z (EI) 292
(M+, 78%), 277 (84), 235 (80), 165 (24), 150 (87), 127 (86), 109
(90), 77 (77), 65 (87), 59 (84), 41 (93), 38 (85) and 29 (100).


Syntheses of diol acetonides 3a–3c and 18


To a solution of acetonides 2a–2c or 17 (1.5–3.0 mmol), in a
mixture of acetone–water (5 : 1; 15 cm3), was added NMNO
(2.3 mol equiv.) and a catalytic amount of osmium tetroxide (ca.
0.002 g). The reaction mixture was stirred at room temperature
until the dihydroxylation was completed (TLC analysis). A
saturated solution of sodium metabisulfite (1 cm3) was added
and the reaction mixture stirred at room temperature (30 min).
The solvents were removed in vacuo, a saturated solution of NaCl
was added (30 cm3), and the mixture extracted with EtOAc (2 ×
35 cm3). The organic extract was dried (Na2SO4), concentrated
under reduced pressure, and the crude diol acetonides 3a–3c or 18
purified by flash column chromatography (50% EtOAc in hexane).


(3aS,4R,5R,7aS)-7-Fluoro-2,2-dimethyl-3a,4,5,7a-tetrahydro-
1,3-benzodioxole-4,5-diol 3a. Viscous oil which solidified on


standing to give an off-white crystalline solid (0.27 g, 89%); mp
48–50 ◦C; [a]D −46 (c 0.77, CHCl3); (Found: M+ − Me 189.0566.
C8H10FO4 requires 189.0563); dH(500 MHz, CDCl3) 1.39, 1.47
[3 H × 2, s, C(Me)2], 4.01 (1 H, dd, J4,3a 6.3, J4,5 3.7, 4-H), 4.45
(1 H, dd, J5,4 4.8, J5,6 4.4, 5-H), 4.48 (1 H, dd, J3a,7a 7.7, J3a,4 6.3,
3a-H), 4.71 (1 H, dd, J7a,F 4.8, J7a,3a 3.4, 7a-H), 5.43 (1 H, dd,
J6,F 14.7, J6,5 4.4, 6-H); dC(125 MHz, CDCl3) 26.02, 27.86, 65.59,
70.40, 70.90, 76.19, 106.00, 111.04, 157.60; m/z (EI) 189 (M+ −
Me, 74%), 129 (19), 117 (12), 111 (25), 101 (100), 99 (18), 83 (17),
73 (12), 59 (33) and 55 (29).


(3aS,4R,5R,7aS)-7-Chloro-2,2-dimethyl-3a,4,5,7a-tetrahydro-
1,3-benzodioxole-4,5-diol 3b. Colourless oil (0.50 g, 72%); [a]D


−8 (c 0.67, CHCl3) (lit.36 [a]D −8.1); dH(300 MHz, CDCl3) 1.41,
1.44 [3 H × 2, s, C(Me)2], 2.78 (1 H, br s, OH), 2.83 (1 H, br s,
OH), 4.16 (1 H, m, 4-H), 4.41 (1 H, br s, 5-H), 4.46 (1 H, m, J3a,7a


5.6, 3a-H), 4.60 (1 H, d, J7a,3a 5.6, 7a-H), 5.93 (1 H, d, J6,5 3.4,
6-H).


(3aS,4R,5R,7aS)-7-Bromo-2,2-dimethyl-3a,4,5,7a-tetrahydro-
1,3-benzodioxole-4,5-diol 3c. Colourless crystals (0.4 g, 70%); mp
114 ◦C (lit.36 mp 113–114 ◦C); [a]D −11 (c 0.57, CHCl3), (lit.35 [a]D


−11.6); dH(500 MHz, CHCl3) 1.41, 1.44 [3 H × 2, s, C(Me)2], 2.52
(2 H, br s, OH), 4.19 (1 H, t, J4,3a = J4,5 5.4, 4-H), 4.37 (1 H, br s,
5-H), 4.45 (1 H, m, 7a,-H), 4.66 (1 H, dd, J3a,4 5.4, J3a,2 1.4, 3a-H),
6.16 (1 H, dd, J6,5 3.2, J6,2 0.9, 6-H).


(3aR,4R,5R,7aS)-7-Iodo-2,2,4-trimethyl-3a,4,5,7a-tetrahydro-
1,3-benzodioxole-4,5-diol 18. Colourless crystals (0.9 g, 91%); mp
149 ◦C (EtOAc–hexane); Rf 0.47 (50% EtOAc in hexane); [a]D +34
(c 0.46, CHCl3); (Found: C 36.45, H 4.4; C10H15IO4 requires C
36.8, H 4.6%); dH(500 MHz, CDCl3) 1.39 (3 H, s, Me), 1.39, 1.46
[3 H × 2, s, C(Me)2], 4.10 (1 H, d, J3a,7a 4.8, 3a-H), 4.11 (1 H,
d, J5,6 2.1, 5-H), 4.61 (1 H, d, J7a,3a 4.8, 7a-H), 6.32 (1 H, d, J6,5


2.1, 6-H); dC(125 MHz, CDCl3) 24.30, 27.01, 27.99, 71.70, 72.94,
79.45, 81.10, 101.93, 110.89, 139.79; m/z (EI) 326 (M+, 2%), 311
(30), 283 (27), 253 (5), 251 (12), 225 (22), 223 (10), 207 (9), 195
(12), 167 (11), 141 (7), 126 (15), 124 (100), 115 (89), 95 (33), 81
(16), 74 (27), 68 (31), 65 (8) and 59 (88).


Syntheses of diol acetonides 3e and 4


Catalytic cis-dihydroxylation (OsO4) of acetonide 2e (1.0 g,
6.0 mmol) gave a mixture, of diastereoisomeric diols 3e and 4,
which was converted into the corresponding benzoate derivatives
(benzoyl chloride/pyridine). The mixture was separated by flash
column chromatography (25% EtOAc in hexane) to provide pure
samples of dibenzoates 3eBz and 4Bz.


(3aR,4S,5R,7aR) - 4 - (Benzyloxy) - 2,2,7 - trimethyl - 3a,4,5,7a-
tetrahydro-1,3-benzodioxol-5-yl benzoate 3eBz. Colourless vis-
cous oil (1.38 g, 56%); Rf 0.48 (25% EtOAc in hexane); [a]D −252
(c 0.72, CHCl3); (Found: M+ − Me, 393.1323. C23H21O6 requires
393. 1338); dH(500 MHz, CDCl3) 1.43, 1.51 [3 H × 2, s, C(Me)2],
1.96 (3 H, s, Me), 4.66 (1 H, d, J7a,3a 6.1, 7a-H), 4.75 (1 H, dd,
J3a,4 8.2, J3a,7a 6.1, 3a-H), 5.52 (1 H, dd, J4,5 3.9, J4,3a 8.2, 4-H),
5.75 (1 H, dd, J5,6 4.1, J5,4 3.9, 5-H), 5.85 (1 H, d, J6,5 4.1, 6-H),
7.35–7.42 (4 H, m, Ar-H), 7.50–7.55 (2 H, m, Ar-H), 7.96–7.99
(4 H, m, Ar-H); m/z (EI) 393 (M+ − Me, 17%), 366 (14), 245 (54),
228 (62), 147 (23), 106 (90), 95 (15), 77 (61), 51 (100), 43 (85) and
39 (32).
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(3aS,4R,5R,7aS) - 4 - (Benzyloxy) - 2,2,4 - trimethyl - 3a,4,5,7a-
tetrahydro-1,3-benzodioxol-5-yl benzoate 4Bz. White crystalline
solid (1.0 g, 41%); mp 111–112 ◦C (from hexane); Rf 0.29 (25%
EtOAc in hexane); [a]D +146 (c 0.99, CHCl3); (Found: C 70.45,
H 5.6; C24H24O6 requires C 70.6, H 5.9%); dH(500 MHz, CDCl3)
1.36, 1.38 [3 H × 2, s, C(Me)2], 1.42 (3 H, s, Me), 4.23 (1 H, d,
J3a,7a 5.2, 3a-H), 4.73 (1 H, dd, J7a,3a 5.2, J7a,7 3.9, 7a-H), 5.65 (1 H,
d, J5,6 3.9, 5-H), 5.70 (1 H, m, J7,6 10.3, J7,7a 3.9, 7-H), 5.99 (1 H,
dd, J6,7 10.3, J6,5 3.9, 6-H), 7.46–7.49 (4 H, m, Ar-H), 7.60–7.62
(2 H, m, Ar-H), 8.07–8.13 (4 H, m, Ar-H); m/z (EI) 409 [(M +
H)+, 0.2%], 289 (12), 231 (5), 203 (6), 125 (11), 115 (19), 105 (100),
86 (22), 84 (35) and 77 (24).


(3aS,4R,5R,7aR)- and (3aR,4S,5S,7aS)-2,2,7-Trimethyl-3a,4,
5,7a-tetrahydro-1,3-benzodioxole-4,5-diol 3e. A solution of
dibenzoate 3eBz (1.5 g, 3.7 mmol) in MeOH (30 cm3) was treated
with aqueous NaOH (5%, 15 cm3) and the mixture stirred at room
temperature until the starting material had reacted completely
(TLC analysis). A saturated aqueous solution of NH4Cl (5 cm3)
was then added and the mixture heated (15 min) on a water bath
(60 ◦C). The solvents were removed under reduced pressure and
the residue obtained was purified by flash column chromatography
(50% EtOAc in hexane). Diol acetonide 3e was obtained as a white
crystalline solid (0.7 g, 95%); mp 90 ◦C; [a]D −96 (c 0.58, CHCl3);
(Found: M+, 200.1042. C10H16O4 requires 200.1048); dH(500 MHz,
CDCl3) 1.39, 1.44 [3 H × 2, s, C(Me)2], 1.87 (3 H, s, Me), 3.89 (1 H,
dd, J4,5 3.7, J4,3a 7.1, 4-H), 4.26 (1 H, dd, J5,4 3.7 J5,6 3.2, 5-H), 4.34
(1 H, dd, J3a,4 7.1, J3a,7a 6.0, 3a-H), 4.48 (1 H, d, J7a,3a 6.0, 7a-H),
5.63 (1 H, d, J6,5 3.2, 6-H); dC(125 MHz, CDCl3) 20.39, 25.99,
27.95, 66.41, 71.20, 75.42, 75.91, 109.45, 124.29, 136.04; m/z (EI)
200 (M+, 18%), 185 (90), 167 (61), 125 (91), 112 (27), 109 (38), 107
(90), 100 (93), 86 (32), 84 (100), 82 (89), 77 (93), 73 (95), 66 (92),
60 (87), 57 (93), 50 (87), 44 (72), 42 (95), 39 (93), 30 (47) and 27
(86).


(3aR,4S,5S,7aS) Enantiomer, mp 85 ◦C, [a]D +76.0 (c 0.51,
CHCl3).


(3aS,4S,5S,7aS) - 2,2,4 - Trimethyl - 3a,4,5,7a - tetrahydro - 1,3-
benzodioxole-4,5-diol 4. Alkaline hydrolysis of the dibenzoate 4Bz


(0.9 g, 2.2 mmol) under similar conditions, yielded diol acetonide 4
as white crystalline solid (0.4 g, 91%); mp 59–60 ◦C (from EtOAc–
hexane); [a]D +79 (c 0.62, CHCl3); (Found: M+ − Me, 184.9923.
C9H13O4 requires 184.9937); dH(500 MHz, CDCl3) 1.36 (3 H, s,
Me), 1.36, 1.46 [3 H × 2, s, C(Me)2], 2.63 (1 H, br s, OH), 2.87
(1 H, br s, OH), 4.13 (1 H, s, 5-H), 4.18 (1 H, d, J3a,7a 5.0, 3a-H),
4.64 (1 H, dd, J7a,3a 5.0, J7a,7 2.7, 7a-H), 5.67 (1 H, m, J7,6 10.3, 7-H),
5.75 (1 H, d, J6,7 10.3, 6-H); dC(125 MHz, CDCl3) 23.82, 26.57,
27.78, 69.29, 72.50, 73.31, 79.82, 109.59, 127.67, 129.62; m/z (EI)
185 (M+ − Me, 39%), 157 (7), 127 (31), 125 (54), 115 (98), 107
(27), 100 (7), 97 (66), 87 (12), 83 (24), 81 (62), 74 (33), 69 (28), 59
(62), 53 (25), 45 (17), 43 (98), 41 (68), 32 (100) and 28 (90).


Syntheses of tetraols 5a–5c, 5e, 11 and 19


Method (a): a solution of the diol acetonide (1.5–5.0 mmol) in
MeOH (25 cm3) was treated with aqueous HCl solution (1.5 M,
10 cm3) and the mixture heated at 50 ◦C until the starting
material had reacted completely (TLC analysis). The crude tetraol,
obtained after removal of the solvents, was purified either by
chromatography or by crystallization. Method (b): alternatively,


a solution of the diol acetonide (1 mmol), in a mixture of THF
(4 cm3), water (1 cm3) and TFA (0.5 cm3), was heated at 50 ◦C
until the starting material had reacted completely.


(1R,2R,3S,4S)-5-Fluoro-5-cyclohexene-1,2,3,4-tetraol 5a. Re-
moval of the acetonide group of diol 3a (method a) gave tetraol
5a as colourless crystals (0.7 g, 90%); mp 152–155 ◦C (from
MeOH–acetone); [a]D −3.0 (c 0.5, MeOH); (Found: C 43.6, H
5.5; C6H9FO4 requires C 43.9, H 5.5%); dH(500 MHz, CD3OD)
3.54 (1 H, dd, J3,2 10.3, J3,4 4.4, 3-H), 3.68 (1 H, dd, J2,3 10.3,
J2,1 4.7, 2-H), 4.07 (1 H, dd, J1,6 5.3, J1,2 4.7, 1-H), 4.12 (1 H,
dd, J4,F 8.0, J4,3 4.4, 4-H), 5.25 (1 H, dd, J6,F 13.8, J6,1 5.3, 6-H);
dC(125 MHz, CD3OD) 64.88, 66.80, 68.23, 68.56, 106.38, 160.99;
m/z (EI) 164 (M+, 2%), 146 (2), 128 (4), 129 (33), 117 (8), 113 (12),
111 (21), 104 (43), 85 (31), 71 (74), 57 (79), 43 (100), 39 (17), 32
(13) and 29 (27).


(1R,2R,3S,4S)-5-Chloro-5-cyclohexene-1,2,3,4-tetraol 5b.
Cleavage of acetonide group of diol 3b (method b) yielded tetraol
5b, a white solid, (0.56 g, 92%); mp 147–149 ◦C (from acetone);
[a]D −161 (c 0.47, MeOH); (Found: M+ − H2O, 162.0091.
C6H7ClO3 requires 162.0084); dH(500 MHz, D2O) 4.01 (1 H, dd,
J3,2 9.9, J3,4 4.4, 3-H), 4.14 (1 H, dd, J2,3 9.9, J2,1 5.1, 2-H), 4.44
(1 H, d, J4,3 4.4, 4-H), 4.47 (1 H, t, J1,2 = J1,6 5.1, 1-H), 6.19 (1 H,
d, J6,1 5.1, 6-H); dH(75 MHz, D2O) 66.73, 68.21, 68.99, 71.22,
127.37, 135.47; m/z (EI) 162 (M+ − H2O, 13%), 133 (22), 122
(75), 120 (100), 93 (42), 91 (82), 60 (40), 39 (36) and 29 (40).


(1R,2R,3S,4S)-5-Bromo-5-cyclohexene-1,2,3,4-tetraol 5c.
Cleavage of acetonide group of diol 3c (method b) gave tetraol
5c as colourless crystals (0.32 g, 94%); mp 99–102 ◦C (from
MeOH–acetone); [a]D −74 (c 0.47, MeOH); (Found: C 32.3, H
3.9; C6H9BrO4 requires C 32.1, H 4.0%); dH(500 MHz, D2O) 3.95
(1 H, dd, J3,2 9.8, J3,4 4.3, 3-H), 4.09 (1 H, dd, J2,3 9.8, J2,1 4.4,
2-H), 4.36 (1 H, m, 1-H), 4.44 (1 H, d, J4,3 4.3, 4-H), 6.36 (1 H,
d, J6,1 5.1, 6-H); dC(75 MHz, D2O) 67.45, 68.28, 69.34, 72.70,
126.51, 131.76; m/z (EI) 206 (M+ − H2O, 4%), 177 (5), 164 (100),
135 (28), 127 (7), 109 (12), 81 (31), 69 (22), 60 (55).and 57 (26).


(1R,2R,3R,4R)- and (1S,2S,3S,4R)-5-Methyl-5-cyclohexene-
1,2,3,4-tetraol 5e. Deprotection of the acetonide group of diol
3e (method a) yielded tetraol 5e (0.8 g, 80%), as a white crystalline
solid, mp 176–178 ◦C (from MeOH); [a]D −280 (c 0.86, H2O) (lit.37


[a]D −272, H2O); (Found: C 52.5, H 7.4; C7H12O4 requires C 52.5,
H 7.5%); dH(500 MHz, D2O) 1.73 (3 H, s, Me), 3.76 (1 H, dd, J2,3


10.5, J2,1 4.0, 2-H), 3.80 (1 H, dd, J3,2 10.5, J3,4 3.9, 3-H), 4.02 (1
H, d, J4,3 3.9, 4-H), 4.15 (1 H, dd, J1,6 5.0, J1,2 4.0, 1-H), 5.55 (1
H, d, J6,1 5.0, 6-H); dC(125 MHz, D2O) 20.06, 66.91, 68.69, 69.07,
70.82, 124.38, 138.77; m/z (EI) 142 (M+ − H2O, 10%), 124 (16),
133 (11), 100 (97), 96 (34), 81 (11), 71 (100), 69 (17), 60 (10), 57
(18), 55 (25), 43 (59), 41 (49), 39 (34) and 31 (15).


(1S,2S,3S,4R) Enantiomer, white solid, mp 178–180 ◦C, [a]D


−220 (c 0.89, H2O).


(1S,2S,3S,4S)-2-Methyl-5-cyclohexene-1,2,3,4-tetraol 11.
Deprotection of the acetonide group of diol 4 (method a) yielded
tetraol 11 as colourless viscous oil (1.6 g, 82%); [a]D +43 (c
0.58, MeOH); (Found: M+ − H2O, 142.0634. C7H10O3 requires
142.0630); dH(500 MHz, D2O) 1.21 (3 H, s, Me), 3.67 (1 H, d, J3,4


3.3, 3-H), 3.98 (1 H, d, J1,6 2.7, 1-H), 4.33 (1 H, dd, J4.5 = J4,3 3.3,
4-H), 5.52–5.54 (2 H, br s, 5-H, 6-H); dC(125 MHz, D2O) 22.83,
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66.85, 69.71, 74.97, 75.96, 129.38, 130.09; m/z (EI) 142 (M+ −
H2O, 6%), 125 (20), 113 (13), 99 (90), 97 (33), 95 (24), 86 (82), 81
(50), 74 (88), 69 (36), 57 (85), 55 (68), 53 (44), 45 (25), 43 (83), 41
(71), 39 (66), 21 (50), 29 (100) and 27 (61).


(1R,2R,3R,4S)-5-Iodo-2-methyl-5-cyclohexene-1,2,3,4-tetraol
19. Deprotection of diol acetonide 18 (method a) furnished
tetraol 19 as colourless glassy solid (0.8 g, 90%); mp 98–100 ◦C; Rf


0.27 (10% MeOH in CHCl3); [a]D −20 (c 1.1, MeOH); (Found: M+,
285.9703. C7H11IO4 requires 285.9702); dH(500 MHz, D2O) 1.35
(3 H, s, Me), 3.80 (1 H, d, J3,4 3.8, 3-H), 4.05 (1 H, d, J1,6 4.2, 1-H),
4.30 (1 H, d, J4,3 3.8, 4-H), 6.39 (1 H, d, J6,1 4.2, 6-H); dC(125 MHz,
D2O) 22.15, 71.41, 71.61, 73.25, 75.25, 104.47, 140.73; m/z (EI)
286 (M+, 28%), 268 (99), 250 (13), 212 (84), 123 (23), 85 (47), 74
(92), 57 (57), 43 (73), 31 (100) and 7 (21).


Hydrogenolysis of iodotetraol 19 to yield (−)-tetraol 11


A solution of the iodotetraol 19 (0.3 g, 1 mmol) in MeOH
(10 cm3) containing NaOAc·3H2O (2 mmol) and Pd/C (3%,
0.05 g) was stirred under hydrogen atmosphere, at atmospheric
pressure. When the hydrogenolysis was complete (TLC analysis),
the reaction mixture was filtered through a pad of celite and
the filtrate concentrated under reduced pressure. The crude
hydrogenolysed product was purified by charcoal–celite (1 : 1,
w/w) column chromatography (water → 10% EtOH in water)
to yield (1R,2R,3R,4R)-2-methyl-5-cyclohexene-1,2,3,4-tetraol 11
(0.16 g, 95%); [a]D −34.4 (c 0.58, MeOH). The sample had identical
spectral characteristics to (1S,2S,3S,4S)-tetraol 11.


Syntheses of bis-bromoacetates 6a–6c, 6e, 12 and 20


To a stirred suspension of the tetraol (0.3–3.0 mmol) in dry
acetonitrile (10 cm3) at 0 ◦C under nitrogen atmosphere, 1-
bromocarbonyl-1-methyl-ethylacetate (2.5 mol equiv.) was added
dropwise. The reaction mixture was kept stirring at 0 ◦C (15 min)
and then at room temperature (2 h). The solvent was removed
under reduced pressure and the residue thoroughly extracted with
a mixture of ether (50 cm3) and 3% aqueous NaHCO3 (30 cm3).
The ether extract was washed with water, dried (Na2SO4), and
concentrated to afford the crude sample of bis-bromoacetate.


(1S,2R,5S,6S)-6-(Acetyloxy)-2,5-dibromo-3-fluoro-3-cyclohexenyl
acetate 6a. Colourless crystals (1 g, 87%); mp 122–129 ◦C (from
toluene–hexane); Rf 0.45 (25% EtOAc in hexane); [a]D +35 (c 0.71,
CHCl3); (Found: M+ − OAc, 312.8883. C8H8Br2FO2 requires
312.8875); dH(500 MHz, CDCl3) 2.11, 2.13 (3 H each, s, 2 ×
OCOMe), 4.65 (1 H, dd, J2,F 8.2, J2,1 4.8, 2-H), 4.70 (1 H, dd, J5,6


5.1, J5,4 3.5, 5-H), 5.41 (1 H, dd, J6,1 7.2, J6,5 5.1, 6-H), 5.50 (1 H,
dd, J1,6 7.2, J1,2 4.8, 1-H), 5.75 (1 H, dd, J4,F 12.2, J4,5 3.5, 4-H);
dC(125 MHz, CDCl3) 20.64, 20.65, 39.40, 40.80, 71.59, 72.52,
107.70, 154.48 (JC3,F 2.0), 169.03, 169.14; m/z (EI) 313 (M+ −
OAc, 33%), 295 (12), 233 (19), 193 (45), 129 (51), 112 (47), 101
(81), 70 (33), 59 (70) and 43 (100).


(1S,2R,5S,6S)-6-(Acetyloxy)-2,5-dibromo-3-chloro-3-cyclo-
hexenyl acetate 6b. White crystals (0.55 g, 83%); mp 77–79 ◦C
(from MeOH); [a]D +276 (c 0.53, CHCl3); (Found: C 30.8, H 2.9;
C10H11Br2ClO4 requires C 30.8, H 2.8%); dH(500 MHz, CDCl3)
2.11, 2.13 (3 H each, s, 2 × OCOMe), 4.66 (2 H, m, 2-H, 5-H),
5.41(1 H, dd, J1,6 6.8, J1,2 4.27, 1-H), 5.54 (1 H, dd, J6,1 6.8, J6,5


4.2, 6-H), 6.22 (1 H, d, J4,5 3.1, 4-H); dC(125 MHz, CDCl3) 20.66,
20.67, 41.51, 46.17, 70.98, 72.49, 127.14, 132.61, 168.99, 169.10;
m/z (EI) 391 (M+, 10%), 389 (4), 311 (9), 309 (7), 251 (33), 249
(26), 209 (50), 207 (45) and 128 (50).


(1S,2R,5S,6S)-6-(Acetyloxy)-2,3,5-tribromo-3-cyclohexenyl ac-
etate 6c. White crystals (0.2 g, 80%); mp 88–90 ◦C (from CHCl3–
hexane); [a]D +189 (c 0.51, CHCl3); (Found: C 27.55, H 2.5;
C10H11Br3O4 requires C 27.6, H 2.55%); dH(500 MHz, CDCl3) 2.11,
2.13 (3 H each, s, 2 × OCOMe), 4.60 (1 H, m, 5-H), 4.71 (1 H, m,
2-H), 5.42 (1 H, dd, J1,6 6.8, J1,2 4.9, 1-H), 5.55 (1 H, dd, J6,1 6.9,
J6,5 4.8, 6-H), 6.43 (1 H, dd, J4,5 3.6, J4,2 1.1, 4-H); dC(125 MHz,
CDCl3) 20.66, 20.67, 42.07, 48.17, 70.89, 72.41, 123.10, 131.07,
168.97, 169.10; m/z (EI) 435 (M+, 4%), 355 (25), 297 (31), 295
(49), 293 (32), 255 (50), 253 (65), 251 (52), 174 (57), 172 (58) and
43 (100).


(1S,2S,5S,6S)- and (1R,2R,5R,6R)-6-(Acetyloxy)-2,5-dibromo-
3-methyl-3-cyclohexenyl acetate 6e. White crystalline solid
(0.45 g, 88%); mp 80–82 ◦C; [a]D +227 (c 0.99, CHCl3);
(Found: M + NH4


+, 385.9593. C11H18Br2NO4 requires 385.9597);
dH(500 MHz, CDCl3) 1.98 (3 H, s, Me), 2.10 (6 H, s, 2 × OCOMe),
4.65 (1 H, d, J2,1 7.2, 2-H), 4.67 (1 H, dd, J5,6 7.1, J5,4 2.5, 5-H), 5.34
(1 H, dd, J6,1 9.3, J6,5 7.1, 6-H), 5.45 (1 H, dd, J1,6 9.3, J1,2 7.2, 1-
H), 5.80 (1 H, d, J4,5 2.5, 4-H); dC(125 MHz, CDCl3) 20.70, 20.75,
21.50, 43.9, 47.60, 71.70, 72.60, 128.00, 134.02, 169.58, 169.70;
m/z (EI) 309 (M+(79Br) − OAc, 1%), 291 (5), 289 (5), 251 (7) 231
(13), 229 (13), 189 (78), 187 (79), 125 (29), 108 (97), 107 (39), 97
(15), 79 (17) and 43 (100).


(1R,2R,5R,6R) Enantiomer, light yellow oil, [a]D −178 (c 0.65,
CHCl3).


(1R,2R,5R,6R) and (1S,2S,5S,6S)-6-(Acetyloxy)-2,5-dibromo-
1-methyl-3-cyclohexenyl acetate 12. Colourless oil (0.26 g,
79%); Rf 0.53 (20% EtOAc in hexane); [a]D −163 (c 0.81,
CHCl3); (Found: M+, 367.9260. C11H14


79Br2O4 requires 367.9258);
dH(500 MHz, CDCl3) 1.43 (3 H, s, Me), 1.99, 2.16 (3 H each, s,
2 × -OCOMe), 4.57 (1 H, ddd, J5,6 8.0, J5,2 5.5, J5,4 2.5, 5-H), 5.78
(1 H, ddd, J4,3 10.5, J4,5 = J4,2 2.5, 4-H), 5.86 (1 H, dd, J3,4 10.5,
J3,2 2.1, 3-H), 6.08 (1 H, d, J6,5 8.0, 6-H), 6.25 (1 H, dd, J2,5 5.5, J2,4


2.4, 2-H); dC(125 MHz, CDCl3) 17.71, 20.66, 22.10, 47.00, 49.88,
74.64, 82.53, 127.42, 130.70, 169.27, 170.02; m/z (EI) 372 (M+,
20%), 370 (10), 291 (6), 267 (32), 187 (60), 169 (21), 125 (29), 107
(83),77 (61), 51 (33) 43 and (100).


(1S,2S,5S,6S) Enantiomer of compound 12, colourless oil [a]D


+101 (c, 0.74, CHCl3).


(1S,2S,5R,6S)-6-(Acetyloxy)-2,5-dibromo-4-iodo-1-methyl-3-
cyclohexenyl acetate 20. White crystalline solid (0.14 g, 84%); mp
91 ◦C (from Et2O–hexane); Rf 0.64 (25% EtOAc in hexane); [a]D


+14 (c 0.72, CHCl3); (Found: M + NH4
+, 511.8565. C11H17Br2I


NO4 requires 511.8564); dH(500 MHz, CDCl3) 1.58 (3 H, s, Me),
2.00, 2.17 (3 H each, s, 2 × OCOMe), 4.59 (1 H, dd, J5,6 6.1, J5,3 1.4,
5-H), 5.90 (1 H, d, J2,3 2.9, 2-H), 6.14 (1 H, d, J6,5 6.1, 6-H), 6.61
(1 H, dd, J3,2 2.9, J3,5 1.4, 3-H); dC(125 MHz, CDCl3) 18.64, 20.68,
22.18, 48.84, 55.4, 73.38, 80.90, 96.98, 140.87, 168.93, 169.99; m/z
(EI) 415 (M+ − 79Br, 0.5%), 394 (4), 375 (3), 373 (3), 315 (10), 313
(10) 254 (6), 251 (13), 234 (13), 188 (16), 186 (18), 124 (44), 74 (14),
and 43 (100).
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Syntheses of anti-benzene dioxides 7a–7e, 13 and 21


To a solution of bis-bromoacetate (0.4–1.5 mmol) in dry ether
(25 cm3) at 0 ◦C, was added sodium methoxide (4 mol equiv.) and
the mixture stirred (15 min) at 0 ◦C and then at room temperature
(3 h). The reaction mixture was filtered through a pad of celite,
the solid residue washed with ether (10 cm3), and the combined
filtrate concentrated at atmospheric pressure to yield the dioxide.


(1R,2S,4S,7R)-5-Fluoro-3,8-dioxa-tricyclo[5.1.0.02,4]oct-5-ene
7a. Light yellow oil (0.14 g, 71%); [a]D −14 (c 0.50, CHCl3);
(Found: M+, 128.0284. C6H5FO2 requires 128.0273); dH(500 MHz,
CDCl3) 3.19 (2 H, m, 4-H, 7-H), 3.70 (1 H, dd, J2,1 4.0, J2,4 3.5, 2-
H), 3.88 (1 H, dd, J1,2 4.0, J1,7 3.8, 1-H), 5.53 (1 H, dd, J6,F 9.7, J6,7


4.5, 6-H); dC(125 MHz, CDCl3) 46.86, 46.96, 52.36, 54.77, 102.50,
161.92 (JC2,F 2.1); m/z (EI) 128 (M+, 13%), 110 (74), 95 (66), 87
(60), 74 (72), 69 (76), 55 (100), 43 (93), 39 (30) and 29 (67).


(1R,2S,4S,7R)-5-Chloro-3,8-dioxa-tricyclo[5.1.0.02,4]oct-5-ene
7b. White solid (0.07 g, 78%); mp 42–44 ◦C (from ether–hexane);
[a]D −115 (c 0.40, CHCl3); (Found: M+, 143.9980. C6H5ClO2


requires 143.9978); dH(500 MHz, CDCl3) 3.15 (1 H, dd, J7,1 4.2,
J7,6 4.3, 7-H), 3.20 (1 H, dd, J4,2 4.2, J4,6 2.2, 4-H), 3.72 (1 H, m,
1-H), 3.82 (1 H, m, 2-H), 6.12 (1 H, dd, J6,7 4.3, J6,4 2.2, 6-H);
dC(125 MHz, CDCl3) 47.26, 52.28, 52.70, 55.26, 124.11, 135.69;
m/z (EI) 145 (M+ + 1, 31%), 144 (27), 117 (52), 115 (69), 86 (55),
84 (58), 81 (61), 51 (100), 49 (96) and 43 (83).


(1R,2S,4S,7R)-5-Bromo-3,8-dioxa-tricyclo[5.1.0.02,4]oct-5-ene
7c. White crystalline solid (0.064 g, 82%); mp 52–54 ◦C (from
CHCl3–hexane); [a]D −54 (c 0.30, CHCl3); (Found: M+, 187.9469.
C6H5BrO2 requires 187.9473); dH(500 MHz, CDCl3), 3.10 (1 H,
m, 7-H), 3.32 (1 H, m, 4-H), 3.75 (1 H, m, 1-H), 3.82 (1 H, m,
2-H), 6.39 (1 H, dd, J6,7 4.3, J6,4 2.2, 6-H); dC(125 MHz, CDCl3),
47.85, 52.63, 53.70, 55.85, 125.02, 128.59; m/z (EI) 188 (M+, 3%),
161 (85), 159 (86), 141 (43), 132 (51), 130 (49), 109 (52), 81 (94),
53 (94), 51 (100) and 29 (90).


(1R,2S,4S,7R) -5 - Iodo-3,8 -dioxa- tricyclo[5.1.0.02,4]oct -5 -ene
7d. White crystalline solid (0.08 g, 81%); mp 68–70 ◦C (from
CHCl3–hexane); [a]D −6.0 (c 0.50, CHCl3); (Found: M+, 235.9341.
C6H5IO2 requires 235.9334); dH(500 MHz, CDCl3) 2.96 (1 H, dd,
J7,1 = J7,6 4.1, 7-H), 3.44 (1 H, dd, J4,2 3.9, J4,6 2.0, 4-H), 3.77 (2 H,
m, 1-H, 2-H), 6.73 (1 H, dd, J6,7 4.1, J6,4 2.0, 6-H); dC(125 MHz,
CDCl3) 48.48, 52.59, 56.52, 56.74, 98.97, 137.25; m/z (EI) 236
(M+, 81%), 207 (89), 178 (23), 127 (29), 109 (29), 81 (77), 53 (100)
and 51 (84).


(1R,2S,4S,7R)- and (1S,2R,4R,7S)-5-Methyl-3,8-dioxa-tricyclo-
[5.1.0.02,4]oct-5-ene 7e. Colourless oil (0.04 g, 68%); [a]D −183 (c
0.53, CHCl3); (Found: M+, 124.0527, C7H8O2 requires 124.0524);
dH(500 MHz, CDCl3) 1.91 (3 H, s, Me), 2.92 (1 H, dd, J4,2 4.0,
J4,6 1.9, 4-H), 3.05 (1 H, dd, J7,1 4.1, J7,6 4.0, 7-H), 3.68 (1 H, dd,
J1,7 4.1, J1,2 2.8, 1-H), 3.74 (1 H, dd, J2,4 4.0, J2,1 2.8, 2-H), 5.73 (1
H, dd, J6,7 4.0, J6,4 1.9, 6-H); dC(125 MHz, CDCl3) 21.93, 47.31,
50.93, 53.09, 54.37, 122.04, 133.88; m/z (EI) 124 (M+, 19%), 109
(11), 95 (81), 66 (22), 53 (66), 49 (100), 41 (96), 29 (41) and 27 (55).


(1S,2R,4R,7S) Enantiomer, colourless oil, [a]D +143 (c 0.43,
CHCl3).


(1S,2S,4S,7S) and (1R,2R,4R,7R)-1-Methyl-3,8-dioxa-tricyclo-
[5.1.0.02,4]oct-5-ene 13. Colourless viscous oil (0.04 g, 65%); [a]D


+35 (c 0.73, CHCl3); (Found: M+, 124.0527. C7H8O2 requires
124.0524); dH(500 MHz, CDCl3) 1.56 (3 H, s, Me), 2.95 (1 H,
dd, J4,5 4.1, J4,2 2.5, 4-H), 3.15 (1 H, d, J2,4 2.5, 2-H), 3.61 (1 H, d,
J7,6 4.1, 7-H), 6.08 (2 H, m, 5-H, 6-H); dC(125 MHz, CDCl3), 20.47,
48.02, 53.37, 57.99, 65.85, 129.41, 130.53; m/z (EI) 124 (M+, 5%),
109 (12), 107 (100), 95 (65), 66 (7), 53 (39), 43 (95), 39 (48) and 27
(30).


(1R,2R,4R,7R)-Enantiomer of compound 13, light yellow vis-
cous oil [a]D −32 (c 0.72, CHCl3).


(1R,2R,4R,7R)-5-Iodo-1-methyl-3,8-dioxa-tricyclo[5.1.0.02,4]oct-
5-ene 21. Colourless crystalline solid (0.12 g, 62%); mp 80 ◦C
(from CHCl3); [a]D +37 (c 0.77, CHCl3); (Found: M+, 249.9495.
C7H7IO2 requires 249.9491); dH(500 MHz, CDCl3), 1.55 (3 H, s,
Me), 2.81 (1 H, d, J7,6 4.3, 7-H), 3.50 (1 H, dd, J4,2 4.1, J4,6 1.9,
4-H), 3.63 (1 H, d, J2,4 4.1, 2-H), 6.74 (1 H, dd, J6,7 4.3, J6,4 1.9,
6-H); dC(125 MHz, CDCl3), 20.20, 55.13, 57.98, 59.00, 60.60,
98.67, 138.13; m/z (EI) 250 (M+, 98%), 235 (8), 227 (47), 222 (83),
207 (93), 179 (54), 178 (93), 165 (25), 140 (72), 123 (92), 108 (31),
94 (92), 80 (90), 77 (68), 65 (80), 50 (100), 39 (96) and 27 (78).


Syntheses of trans-dihydrodiols 8a–8f, 8h, 8i, 14 and 22


A mixture of dioxide (0.32–0.60 mmol), THF (1 cm3), water
(0.4 cm3), K2CO3 (4 mol equiv.) were stirred in the presence of
palladium(II) acetate (ca. 0.015 g) under an atmosphere of CO until
the dioxide had reacted completely (TLC analysis). The catalyst
was filtered off and saturated NaCl solution (6 cm3) was added
to the filtrate. The aqueous solution was extracted with EtOAc
(3 × 10 cm3), the extract dried (Na2SO4), and concentrated under
reduced pressure. Purification of the residue by PLC (50% EtOAc
in hexane) yielded the trans-dihydrodiol.


(1R,2R)-4-Fluoro-3,5-cyclohexadiene-1,2-diol 8a. White crys-
talline solid (0.05 g, 70%); mp 43–45 ◦C (from EtOAc–hexane);
Rf 0.23 (50% EtOAc in hexane); [a]D −38 (c 0.37, CHCl3);
(Found: M+, 130.0432. C6H7FO2 requires 130.0430); dH(500 MHz,
CDCl3) 4.42 (1 H, dd, J2,1 9.5, J2,3 2.9, 2-H), 4.54 (1 H, dd, J1,2


9.5, J1,6 3.6, 1-H), 5.35 (1 H, dd, J6,5 9.9, J6,1 3.6, 6-H), 5.91 (1 H,
dd, J5,F 11.9, J5,6 9.9, 5-H), 6.04 (1 H, dd, J3,F 11.4, J3,2 2.9, 3-H);
dC(125 MHz, CDCl3) 67.86, 68.69, 121.91, 133.42, 133.56, 159.87
(JC4,F 2.0); m/z (EI) 130 (M+, 82%), 117 (45), 113 (53), 99 (92), 87
(94), 81 (87), 73 (93), 59 (76), 55 (97), 47 (52), 39 (86), 31 (100) and
27 (84).


(1R,2R)-4-Chloro-3,5-cyclohexadiene-1,2-diol 8b. White crys-
talline solid (0.07 g, 88%); mp 114–116 ◦C (from EtOAc–
hexane); Rf 0.30 (40% EtOAc in hexane); [a]D −176 (c 0.38,
MeOH); (Found: M+, 146.0141. C6H7ClO2 requires 146.0135);
dH(500 MHz, acetone-d6) 4.25–4.38 (4 H, m, 1-H, 2-H, 2 × OH),
5.78 (1H, dt, J6,5 10.0, J6,1 = J6,2 2.0, 6-H), 5.90 (1 H, t, J3,2 =
J3,5 2.8, 3-H), 5.98 (1 H, dd, J5,6 10.0, J5,3 2.8, 5-H); dC(125 MHz,
acetone-d6) 72.99, 74.72, 126.10, 128.12, 128.17, 134.95; m/z (EI)
146 (M+(35Cl), 85), 128 (33), 117 (74), 102 (82), 100 (100), 81 (75)
65 (95), 53 (100), 39 (78) and 27 (54).


(1R,2R)-4-Bromo-3,5-cyclohexadiene-1,2-diol 8c. White crys-
talline solid (0.07 g, 87%); mp 128–130 ◦C (from CHCl3); Rf 0.40
(50% EtOAc in hexane); [a]D −253 (c 0.28, MeOH); (Found: M+,
191.9623. C6H7BrO2 requires 191.9609); dH(500 MHz, CDCl3)
2.01 (2 H, br s, OH), 4.45 (2 H, m, 1-H, 2-H), 5.95 (2 H, m,
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J5,6 10.5, J5,3 1.8, 5-H, 6-H), 6.21 (1 H, t, J3,2 = J3,5 1.8, 3-H);
dC(125 MHz, CDCl3) 72.79, 75.24, 125.90, 128.75, 131.80, 129.97;
m/z (EI) 192 (M+(81Br), 46%), 190 (M+(79Br), 46), 174 (19), 172
(19), 163 (25), 161 (27), 146 (54), 144 (50), 111 (17), 93 (25), 83
(37), 82 (33) and 65 (100).


(1R,2R)-4-Iodo-3,5-cyclohexadiene-1,2-diol 8d. White crys-
talline solid (0.09 g, 90%); mp 113–115 ◦C; Rf 0.40 (50% EtOAc
in hexane); [a]D −145 (c 0.38, MeOH); (Found: M+, 237.9485.
C6H7IO2 requires 237.9491); dH(500 MHz, CDCl3) 2.03 (2 H, br s,
OH), 4.42 (2 H, m, 1-H, 2-H), 5.74 (1 H, dd, J6,5 10, J6,1 2.4, 6-H),
6.06 (1 H, ddd, J5,6 10, J5,3 2.1, J5,1 1.9, 5-H), 6.52 (1 H, dd, J3,5


2.1, J3,2 2.0, 3-H); dC(75 MHz, CDCl3) 72.67, 75.91, 89.15, 131.34,
132.39, 138.79; m/z (EI) 238 (M+, 44%), 220 (10), 192 (10), 127
(42), 111 (43), 93 (37), 83 (74), 65 (100) and 55 (80).


(1R,2R)- and (1S,2S)-4-Methyl-3,5-cyclohexadiene-1,2-diol 8e.
White crystalline solid (0.05 g, 68%); mp 69–70 ◦C (from EtOAc–
hexane); Rf 0.34 (50% EtOAc in hexane); [a]D −345 (c 0.85,
MeOH); (Found: M+, 126.0684. C7H10O2 requires 126.0681);
dH(500 MHz, CDCl3) 1.75 (3 H, s, Me), 4.39 (2 H, m, 1-H, 2-
H), 5.53 (1 H, b s, 3-H), 5.73 (1 H, d, J6,5 9.7, 6-H), 5.84 (1 H,
d, J5,6 9.7, 5-H); dC(125 MHz, CDCl3) 20.80, 74.38, 74.72, 124.70,
128.28, 130.19, 132.49; m/z (EI) 126 (M+, 65%), 108 (18), 97 (38),
95 (22), 80 (100), 77 (32), 69 (14), 57 (8), 55 (24), 43 (35), 41 (43),
39 (34), 32 (10) and 28 (66).


(1S,2S) Enantiomer (ca: 80% ee), mp 66 ◦C, [a]D +270 (c 0.70,
MeOH).


(3R,4R)-3,4-Dihydroxy-1,5-cyclohexadiene-1-carboxylic acid
methyl ester 8f. A solution of (1R,2R)-4-iodo-3,5-
cyclohexadiene-1,2-diol 8d (0.03 g, 0.13 mmol) in dry MeOH
(2 cm3) containing NaOAc·3H2O (0.07 g, 0.49 mmol, 4 equiv.) and
Pd(OAc)2 (0.003 g) was stirred (18 h) at room temperature under
an atmosphere of CO. The catalyst was removed by filtration,
the filtrate concentrated under reduced pressure, and the residue
purified by PLC (50% EtOAc in hexane), to give methyl ester 8f as
colourless oil (0.016 g, 78%); Rf 0.17 (50% EtOAc in hexane); [a]D


−94 (c 1.26, MeOH); (Found M+, 170.0585. C8H10O4 requires
170.0579); dH(500 MHz, CDCl3) 3.78 (3 H, s, COOMe), 4.51–4.62
(2 H, m, 3-H, 4-H), 5.96 (1 H, dd, J5,6 10, J5,4 1.6, 5-H), 6.33 (1 H,
dt, J6,5 10, J6,2 = J6,4 1.9, 6-H), 6.91 (1 H, m, 2-H); dC(125 MHz,
CDCl3) 52.14, 73.91, 74.92, 122.19, 128.20, 131.71, 139.50,
165.19; m/z (EI) 170 (M+, 48%), 152 (51), 138 (77), 124 (55), 121
(60), 110 (88), 109 (66), 82 (79), 81 (97), 65 (76), 53 (92), 43 (100),
39 (83) and 29 (80).


(1R,2R)-4-(2′-Thienyl)-3,5-cyclohexadiene-1,2-diol 8h. To a
solution of (1R,2R)-4-bromocyclohexa-3,5-diene-1,2-diol 8c
(0.06 g, 0.3 mmol) in dry THF (5 cm3) was added
tetrakis(triphenylphosphine)palladium(0) (5 mol%, 0.02 g) and
2-(tributylstannyl)thiophene (0.13 cm3, 0.43 mmol). The reaction
mixture was stirred (2 h) at 40 ◦C, cooled to room temperature, and
quenched with a saturated solution of potassium fluoride (3 cm3).
The precipitates formed were filtered off, the filtrate extracted
with EtOAc, and the extract concentrated. The crude product
obtained was purified by PLC (50% EtOAc in hexane) to yield
trans-dihydrodiol 8h as light yellow oil (0.05 g, 83%); Rf 0.29
(50% EtOAc in hexane); [a]D −136 (c 0.76, CHCl3); (Found: M+,
194.0408. C10H10O2S requires 194.0402); dH(500 MHz, CDCl3)
4.50 (1 H, ddd, J1,2 10.5, J1,6 2.1, J1,5 1.8, 1-H), 4.59 (1 H, dd, J2,1


10.5, J2,3 3.0, 2-H), 6.07 (1 H, dd, J5,6 9.9, J5,1 1.8, 5-H), 6.16 (1 H,
d, J3,2 3.0, 3-H), 6.31 (1 H, dd, J6,5 9.9, J6,1 2.1, 6-H), 6.99 (1 H, dd,
J4′ ,5′ 5.1, J4′ ,3′ 3.6, 4′-H), 7.03 (1 H, d, J3′ ,4′ 3.6, 3′-H), 7.20 (1 H, dd,
J5′ ,4′ 5.1, J5′ ,3′ 1.0, 5′-H); dC(125 MHz, CDCl3) 74.54, 75.16, 123.80,
124.33, 125.04, 125.28, 129.04, 130.01, 132.00, 142.74; m/z (EI)
194 (M+, 9%), 177 (18), 176 (100), 163 (9), 148 (98), 147 (49), 137
(10), 131 (13), 121 (16), 115 (41), 109 (11), 97 (19), 81 (16), 77 (32),
65 (28), 63 (19) and 57 (25)


(1R,2R)-1,2-Di-tert-butyldimethylsilyloxy-4-bromocyclohexa-
3,5-diene 9. TBDMSTf (0.95 g, 0.36 mmol) was added dropwise,
under nitrogen atmosphere at 0 ◦C, to a solution of (1R,2R)-4-
bromocyclohexa-3,5-diene-1,2-diol 8c (0.3 g, 0.15 mmol) in dry
CH2Cl2 (10 cm3) containing triethylamine (0.46 g, 0.46 mmol).
The reaction mixture was stirred (1 h) before quenching with 5%
aqueous NaHCO3 (10 cm3). The organic layer was separated, after
diluting with CH2Cl2, washed with water and dried (Na2SO4).
Removal of the solvent gave a crude product which on purification
by PLC (ether) yielded di-TBDMS derivative 9 as a colourless
viscous oil (0.48 g, 74%); Rf 0.35 (ether); [a]D −138 (c 0.76,
CHCl3); (Found: M+, 418.1354. C18H35BrO2Si2 requires 418.1357);
dH(500 MHz, CDCl3) 0.006 (12 H, s, 2 × SiMe3), 0.81 (18 H, s, 2 ×
CMe3), 4.32 (2 H, m, 1-H, 2-H), 5.66 (1 H, dd, J6,5 9.7, J6,1 1.8,
6-H), 5.75 (1 H, d, J5,6 9.7, 5-H), 5.93 (1 H, d, J3,2 1.8, 3-H); m/z
(EI) 418 (M+, 78%), 416 (65), 361 (7), 304 (14), 303 (7), 275 (20),
189 (27), 167 (56), 147 (87), 133 (46), 115 (57), 75 (100), 57 (67),
41 (56) and 32 (46).


(1R,2R)-1,2-Di-tert-butyldimethylsilyloxy-4-phenylcyclohexa-
3,5-diene 10. To a stirred ether solution (20 cm3, 0 ◦C, un-
der nitrogen atmosphere) of di-TBDMS derivative 9 (0.40 g,
0.96 mmol) and nickel(II) acetylacetonate (0.01 g, 0.04 mmol),
phenyl magnesium bromide solution (1 M in diethyl ether,
1.2 cm3) was added drop-wise. The reaction mixture was stirred
(3 h) at 0 ◦C and subsequently at room temperature (3 h).
A saturated aqueous solution of NH4Cl was added to termi-
nate the reaction. The organic layer was separated, and the
remaining aqueous layer extracted with ether. The combined
organic extract was dried (Na2SO4), concentrated under reduced
pressure, and the residue purified by PLC (hexane). (1R,2R)-
1,2-Di-tert-butyldimethylsilyloxy-4-phenylcyclohexa-3,5-diene 10
was obtained as colourless viscous oil (0.1 g, 25%); [a]D −81 (c 0.64,
CHCl3); (Found: M+, 416.2579. C24H40O2Si2 requires 416.2567);
dH(500 MHz, CDCl3) −0.023, −0.002, 0.011, 0.012 [3 H each, s,
2 × Si(Me)2], 0.80 [18 H, s, 2 × C(Me)3], 4.42 (1 H, dd, J1,2 11.6,
J1,6 2.2, 1-H), 4.51 (1 H, dd, J2,1 11.6, J2,3 2.6, 2-H), 5.80 (1 H, dd,
J6,5 9.9, J6,1 2.2, 6-H), 5.84 (1 H, dd, J3,2 2.6, J3,5 2.0, 3-H), 6.08
(1 H, dd, J5,6 9.9, J5,3 2.0, 5-H); m/z (EI) 416 (M+, 47%), 301 (22),
244 (13), 228 (87), 211 (95), 199 (54), 167 (56), 154 (98), 133 (56),
115 (93), 105 (72), 73 (64), 57 (92) and 41 (100).


(1R,2R)-4-Phenylcyclohexa-3,5-diene-1,2-diol 8i. A solution
of Bu4NF (0.8 cm3, 1.0 M in THF) was added to a stirred solution
of di-TBDMS 10 (0.1 g, 0.24 mmol) in THF (1 cm3) at 0 ◦C. After
stirring the mixture (3 h) at 0 ◦C, the solvent was removed under
reduced pressure, and the crude product purified by PLC (50%
EtOAc in hexane) to yield dihydrodiol 8i as light yellow oil (0.02 g,
44%); [a]D +34 (c 0.35, CHCl3); (Found: M+, 188.0856. C12H12O2


requires 188.0837); dH(500 MHz, CDCl3) 4.51 (1 H, dd, J1,2 12.0,
J1,6 2.5, 1-H), 4.60 (1 H, dd, J2,1 12.0, J2,3 2.7, 2-H), 6.08 (1 H, dd,
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J6,5 9.9, J6,1 2.5, 6-H), 6.12 (1 H, d, J3,2 2.7, 3-H), 6.32 (1 H,
d, J5,6 9.9, 5-H), 7.31, 7.34, 7.37, 7.39, 7.41 (5 H, m, Ar-H);
dC(125 MHz, CDCl3) 76.40, 77.22, 126.32, 126.80, 127.24, 128.60,
128.67, 128.76, 129.50, 130.44, 137.22, 143.11; m/z (EI) 188 (M+,
4%), 170 (56), 134 (7), 110 (32), 78 (56), 56 (87), 49 (12), 43 (100)
and 25 (10).


(1S,2S)- and (1R,2R)-1-Methyl-3,5-cyclohexadiene-1,2-diol 14.
Colourless crystalline solid (0.05 g, 70%); mp 202–204 ◦C (from
CHCl3–hexane); Rf 0.38 (50% EtOAc in hexane); [a]D +45 (c
0.63, CHCl3); (Found: M+, 126.0676. C7H10O2 requires 126.0681);
dH(500 MHz, CDCl3) 1.26 (3 H, s, Me), 4.49 (1 H, br s, 2-H), 5.79–
5.88 (4 H, m, 3-H, 4-H, 5-H, 6-H); dC(125 MHz, CDCl3) 19.00,
75.21, 76.48, 123.10, 123.61, 131.53, 135.81; m/z (EI) 126 (M+,
6%), 108 (16%), 105 (90), 97 (29), 83 (53), 71 (61), 57 (100), 43 (89)
and 28 (28).


(1R,2R) Enantiomer (ca: 80% ee), [a]D −37 (c 0.74, CHCl3).


(1R,2R)-4-Iodo-1-methyl-3,5-cyclohexadiene-1,2-diol 22.
Colourless viscous oil (0.015 g, 20%); Rf 0.46 (50% EtOAc
in hexane); [a]D +11 (c 0.50, CHCl3); (Found: M+, 251.9646.
C7H9IO2 requires 251.9647); dH(500 MHz, CDCl3), 1.27 (3 H, s,
Me), 4.43 (1 H, d, J2,3 3.1, 2-H), 5.63 (1 H, d, J6,5 10.0, 6-H), 5.99
(1 H, d, J5,6 10.0, 5-H), 6.50 (1 H, d, J3,2 3.1, 3-H); dC(125 MHz,
CDCl3) 19.18, 71.50, 76.76, 89.90, 130.18, 136.90, 139.96; m/z
(EI) 252 (M+, 25%), 234 (8), 125 (25), 107 (10), 81 (5), 79 (12), 77
(15), 65 (6), 53 (7), 43 (100), 39 (10) and 27 (7).
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A derivative of (+)-(E)-4-phenylbut-3-ene-2-ol is shown by X-
ray crystallography to be of (R) configuration, confirming the
assumption in the literature that the absolute configuration
of (+)-(E)-4-phenylbut-3-ene-2-ol is (R).


(E)-4-Phenylbut-3-ene-2-ol 1 is widely used to exemplify methods
in enantioselective synthesis, for example as a target for enan-
tioselective reduction of carbonyl compounds,1 or a substrate
for kinetic resolution2 or dynamic kinetic resolution3 methods.
Indeed, a quick Chemical Abstracts search reveals over 100 papers
that refer to isomerically pure 1 of either configuration.


When starting work with 1 we decided to check the data used to
determine the absolute configuration of the alcohol. For example,
a recent communication from Tiecco et al. states that the absolute
configurations of 1 “were assigned by comparison of the sign of
the optical rotations with those reported in the literature”4 and
cite a paper by Kamal et al. from 2003,5 which, in common with
many others, cites Burgess et al. from 1991.2 The Burgess group
compared their optical rotations with another widely cited paper,
published by Terashima et al. in 1980.1


Following this literature trail to its end, we noted that Terashima
et al. referred back to ‘Absolute Configurations of 6000 Selected
Compounds with One Asymmetric Carbon Atom’,6 but were
dismayed that the reference for the configuration of 1 was a simple
note “Mme Gouket and H. Felkin”. Hence, the >100 papers
mentioned above have been working on the assumption that Mme
Gouket and H. Felkin were correct, with no knowledge of the
experimental methods they used.


Single crystals of the alcohol (+)-1 suitable for X-ray diffraction
were grown from an ethyl acetate solution. The X-ray crystal
structure of these was solved using copper radiation,† but the
value of the Flack parameter could not be determined reliably
enough to be sure of the absolute configuration of the alcohol,
presumably because (+)-1 only contains one oxygen atom.


Reaction7 of (+)-1 with isocyanates 2 yielded the ex-
pected (+)-carbamates 3 as crystalline solids suitable for X-ray
crystallography.8 Of these, carbamate 3c was most suitable for


aDept. of Chemistry, University of Warwick, Coventry, UK CV4 7AL.
E-mail: p.c.taylor@warwick.ac.uk; Fax: 44 24 76524112; Tel: 44 24
76524375
bDept. of Chemical Engineering, Imperial College, London, UK SW7 2AZ


determination of the configuration. The value of the refined Flack
parameter was 0.01(4) for (R)-(+)-carbamate 3c.


Therefore, assuming that the absolute configuration of 1 is
unchanged during reaction with 2c, we can conclude that Mme
Gouket and H. Felkin were correct to state that (+)-(E)-4-
phenylbut-3-ene-2-ol is of (R) configuration.
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An expeditious and highly efficient single-step methodology for the introduction of a phenylalanine
moiety into position 8 and 6 of the purine scaffold was developed based on aqueous-phase Pd-catalysed
Suzuki–Miyaura cross-coupling reactions of unprotected 4-boronophenylalanine with 8-bromo- or
6-chloropurines. The scope of the methodology was demonstrated by syntheses of unprotected
(adenin-8-yl)phenylalanine base, nucleosides, nucleotides and nucleoside triphosphates as well as
(purin-6-yl)phenylalanine base and nucleosides. All these products were obtained in high yields and in
optically pure form.


Introduction


Modified nucleic acids attract growing interest due to potential
applications ranging from therapeutics to catalysis or nanotech-
nology. To expand the scope of these applications, the introduction
of a variety of functional groups to DNA (especially to the nucle-
obase) is desirable. Apart from classical oligonucleotide synthesis1


using functionalised nucleoside phosphoramidites, nucleobase-
functionalised DNA can be prepared by PCR using modified
nucleoside triphosphates2 (NTP). The latter approach using
functionalised NTPs is particularly interesting due to its potential
use in in vitro selection.3 Bioconjugates of oligonucleotides and
peptides or proteins are another important class of compounds.4


Attachment of a peptide part to an oligonucleotide may facilitate
transport through membranes,5 increase stability to exonucleases,6


and enhance the antisense effect.7 These conjugates are usually
constructed by postsynthetic ligation8 or by stepwise synthesis of
both parts on a solid support.9


Recently, we have, within the framework of our project on
bioactive purines bearing functionalised C-substituents,10 entered
the field of C–C-linked conjugates of purines and amino acids.
A new methodology for the synthesis of (purin-6-yl)alanines11


and (purin-6-yl)phenylalanines12 was developed based on the
cross-coupling reactions of protected iodozinc alanines and 4-
borono- or 4-(trimethylstannyl)phenylalanines, respectively, with
6-halopurines. Purine bases and nucleosides with the amino acid
attached to position 8 are particularly attractive, since such
conjugates should retain H-bonding ability to form duplexes (8-
substituted adenosines are known13 to favour the undesired syn-
conformation but there are several examples2c,14 of stable duplexes
containing these compounds) and thus are potential building
blocks for functionalised DNA or DNA–peptide conjugates. Very
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Flemingovo nam. 2, CZ-16610, Prague 6, Czech Republic. E-mail: hocek@
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† Electronic supplementary information (ESI) available: Preparation of
starting compounds, additional data on optimisation of reaction condi-
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recently we have reported in a preliminary communication15 on
the synthesis of 4-(adenosin-8-yl)phenylalanines by the Suzuki–
Miyaura cross-coupling of unprotected nucleosides in predom-
inantly aqueous solvent. Here we give the full account of this
methodology, which is further extended to the cross-coupling of
the corresponding free bases and mono- and triphosphates as
potential substrates for PCR, and to the cross-coupling of 9-
unprotected purines and unprotected 6-halopurine nucleosides.


Results and discussion


As we have already reported,15 we first tried to apply reactions
of protected 4-trimethylstannyl- and 4-boronophenylalanines in
organic solvents (DMF or dioxane), successfully used in reactions
of 6-halopurines,12 to the analogous reactions of protected 8-
bromoadenines. Surprisingly, though there are many examples
of such cross-coupling reactions of 8-bromopurines with diverse
organostannanes16 or arylboronic acids,17 these reactions with
the protected phenylalanine-derived organometallics did not
proceed.15


Aqueous-phase cross-coupling reactions using water-soluble
phosphine ligands have attracted great attention in recent years
and found a wide range of applications.18 Shaughnessy et al.19


have recently applied them to the reactions of unprotected 8-
bromoadenosine with simple arylboronic acids. Therefore we
decided to apply these conditions for the synthesis of 4-(adenosin-
8-yl)phenylalanines. Fortunately, the reactions of unprotected (S)-
4-boronophenylalanine 2 with 8-bromoadenine nucleosides 1a
and 1b (Scheme 1) gave the desired 4-(adenin-8-yl)phenylalanine
nucleosides15 3a and 3b in a single step and in very good yields
(Table 1, entries 1–2). The reactions were carried out in a water–
acetonitrile (2 : 1) solvent mixture at 90 ◦C in the presence of
Na2CO3 as a base and a water-soluble catalytic system consisting
of Pd(OAc)2/P(m-C6H4SO3Na)3 (L1, ratio 1 : 2.5). The products
were isolated from crude reaction mixtures by preparative reverse-
phase HPLC on a C18 phase (this separation technique was used
also for isolation of all other final products).
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Table 1 Synthesis of (adenin-8-yl)phenylalanines


Entry Purine Product Catalysta Base Temperature/◦C b Time Yield (%)


1 1a 3a Pd(OAc)2/L1 (1 : 2.5) Na2CO3 90 2 h 71
2 1b 3b Pd(OAc)2/L1 (1 : 2.5) Na2CO3 90 2 h 75
3 1a 3a Pd(OAc)2/L1 (1 : 2.5) Na2CO3 150 (MW) 5 min 56
4 1b 3b Pd(OAc)2/L1 (1 : 2.5) Na2CO3 150 (MW) 5 min 52
5 1a 3a Pd(OAc)2/L1 (1 : 5) Na2CO3 150 (MW) 5 min 76
6 1b 3b Pd(OAc)2/L1 (1 : 5) Na2CO3 150 (MW) 5 min 68
7 1c 3c Pd(OAc)2/L1 (1 : 5) Na2CO3 150 (MW) 5 min 84
8 1d 3d Pd(OAc)2/L1 (1 : 5) Na2CO3 90 4 h 0
9 1d 3d Pd(OAc)2/L1 (1 : 5) Na2CO3 150 (MW) 5 min 51


10 1d 3d Pd(OAc)2/L1 (1 : 5) Na2CO3 125 1.5 h 72
11 1e 3e Pd(OAc)2/L1 (1 : 5) Na2CO3 150 (MW) 5 min <1
12 1e 3e Pd(OAc)2/L1 (1 : 5) Na2CO3 125 20 min 71
13 1f 3f Pd(OAc)2/L1 (1 : 5) Na2CO3 90 2 h 0
14 1f 3f Pd(OAc)2/L1 (1 : 5) Na2CO3 150 (MW) 5 min <5
15 1f 3f Pd(OAc)2/L1 (1 : 5)c Cs2CO3 125 30 min 51
16 1g 3g Pd(OAc)2/L1 (1 : 5)c Cs2CO3 125 20 min 55


a 0.05 eq. of Pd(OAc)2 with respect to 8-halopurine reagent was used. b (MW) means that the reaction was performed under microwave irradiation. c 0.1
eq. of of Pd(OAc)2 with respect to 8-halopurine reagent was used.


Scheme 1 Synthesis of (adenin-8-yl)phenylalanines.


As an alternative, we also tried to carry out the reactions of
1a–b under microwave irradiation for 5 min at 150 ◦C (Table 1,
entries 3 and 4). The preparative yields were somewhat lower but
the reaction time was substantially reduced. Additional studies of
microwave-mediated reactions of 1a and 1b showed that yields can
be further improved to ca. 70% by increasing the ratio of the ligand


L1 to Pd(OAc)2 to 5 : 1 (Table 1, entries 5–6). These yields were
already comparable to the classically heated reactions (entries 1
and 2). This ratio was further confirmed to be generally superior
in all other studied reactions.


The success with nucleosides encouraged us to try an application
of this method to the synthesis of purine base 3c. It is noteworthy
that 9-unsubstituted halopurine bases are generally known17a,20 to
be unreactive under classical Suzuki–Miyaura reaction conditions,
and 9-(tetrahydropyran-2-yl)-protected halopurines are usually
used as their synthetic equivalents. Fortunately, the reaction of
free 8-bromoadenine (1c) with boronic acid 2 under the optimised
microwave-mediated conditions gave (adenin-8-yl)phenylalanine
3c in excellent yield of 84% (Table 1, entry 7). This is thus
the first example of a successful cross-coupling reaction of a 9-
unsubstituted 8-halopurine base. The extent of this reaction with
other boronic acids and other halopurines is currently under study
and will be published separately.


In order to extend the scope of this methodology to other
biologically relevant derivatives, we have decided to apply it to
the synthesis of important but rather labile purine nucleotides and
nucleoside triphosphates. However, the reaction of boronopheny-
lalanine 2 with 8-bromoAMP 1d under conventional heating at
90 ◦C did not give any conversion to the desired product 3d
(Table 1, entry 8). Application of microwave irradiation at 150 ◦C
was more successful, giving the product 3d in 51% yield (entry 9).
Finally, classical heating at the optimum temperature of 125 ◦C
(high enough to promote the reaction but without significant
decomposition), provided the nucleotide 3d in very good yield
of 72% (entry 10). In contrast to the reaction of ribonucleotide 1d,
complete decomposition of the nucleotides was observed in the
case of microwave-mediated reaction of 2′-deoxyribonucleotide 1e
(entry 11). On the other hand, reaction of 1e under classical heating
at 125 ◦C proceeded smoothly with an even higher reaction rate
than the reaction of ribonucleotide 1d, to give the desired product
in a high preparative yield of 71% (entry 12).


The most challenging substrates were the nucleoside triphos-
phates 1f and 1g. Nucleoside triphosphates are rather labile
compounds, which are easily hydrolysed. Therefore, we tried to
employ the mildest possible conditions. At first, we employed
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Na2CO3 as base and heating at 90 ◦C for the reaction of the
triphosphate 1f with boronic acid 2, but no desired product 3f
was formed (Table 1, entry 13). On the other hand, application
of microwave irradiation (150 ◦C, 5 min) in this reaction resulted
in a complex mixture of by-products, including monophosphates
and diphosphates as the products of hydrolysis of 1f and 3f (by
HPLC), with only traces of target triphosphate 3f (<5%, entry
14). We therefore further optimised the reaction conditions in two
ways: (i) by improving the catalytic system in order to increase the
cross-coupling reaction rate and (ii) by decreasing the triphosphate
hydrolysis rate.


The optimisation of the cross-coupling was performed on
a stable, cheap and easily available 8-bromoadenosine, 1a. We
examined several Pd-based catalytic systems (Table 2, entries 1–
8) in a water–acetonitrile (2 : 1) mixture, with Na2CO3 as base
and with heating at 125 ◦C for 6 min. Entries 1 and 2 show
the results of the originally used catalytic system, consisting of
Pd(OAc)2/P(m-C6H4SO3Na)3 (1 : 5). Pd(OAc)2/L1 premixed in
reaction solvents and injected into the reaction mixture gave the
product 3a in 32% yield (entry 1), while a separate addition of solid
Pd(OAc)2 and L1 into the reaction gave somewhat lower yield
of 30% (entry 2). The direct use of Pd(L1)4 prepared according
to literature21 gave the lowest yield of 23% (entry 3). The second
catalytic system was based on a more sterically hindered phosphine
ligand L2 (Fig. 1), reported to be superior to L1 in reactions of 8-
bromo-2′-deoxyadenosine with several simple arylboronic acids.19


In our case, it gave yields of ca. 11% only (entries 4 and 5). A
catalytic system based on a water-soluble Buchwald-type ligand
L3 (Fig. 1), recently reported to be excellent for Suzuki–Miyaura
couplings of low reactivity aryl chlorides and bromides,22 failed
completely in our model experiment, with only about 1% yield of
3f (entry 6). Similarly unsuccessful were experiments catalysed by


Fig. 1 Structures of water-soluble phosphine ligands L1–L3.


Table 2 Optimisation of reaction conditions of model cross-coupling
experiments of 8-bromoadenosine 1a with 2 to give product 3a


Entry Catalysta Base Yield of 3a (%)b


1 Pd(OAc)2/L1 (1 : 5)c Na2CO3 32
2 Pd(OAc)2/L1 (1 : 5)d Na2CO3 30
3 Pd(L1)4 Na2CO3 23
4 Pd(OAc)2/L2 (1 : 5) Na2CO3 11
5 Pd(OAc)2/L2 (1 : 2.5) Na2CO3 12
6 Pd(OAc)2/L3 (1 : 2) Na2CO3 1
7 PdCl4Na2/EDTA (1 : 1) Na2CO3 <1
8 Pd/C Na2CO3 0
9 Pd(OAc)2/L1 (1 : 5) Cs2CO3 44


a 0.05 eq. of Pd catalyst with respect to 8-halopurine reagent was used.
b Yields were determined by analytical HPLC after 6 min of heating at
125 ◦C. c A premixed solution of Pd(OAc)2/L1 was injected into the
reaction. d Solid Pd(OAc)2 and L1 were added separately.


PdCl4Na2/EDTA23 and Pd/C24 (entries 7 and 8), other systems
used for Suzuki couplings in aqueous media. Results of all
these experiments showed that the originally used Pd(OAc)2/L1
catalytic system is probably the best one for our reaction. With
no space for improvement of the catalyst, we examined the use
of a stronger base Cs2CO3 instead of Na2CO3. It increased the
efficiency of the reaction, giving the product 3a in 44% yield
(entry 9).


Additionally, the stability of model adenosine triphosphate
(ATP) under heating (125 ◦C) in diverse water–organic solvent
mixtures (H2O and acetonitrile, acetone, DMF, EtOH, THF, or
DMSO) with a variety of bases was studied by analytical HPLC
(for details, see ESI†). There were no significant differences in the
hydrolysis rates of ATP in diverse solvent mixtures. On the other
hand, the stability of ATP rose dramatically with the strength of
the base used, in the order Li2CO3 < Na2CO3 ∼ K3PO4 < Cs2CO3.
As the use of Cs2CO3 was superior in both tests, it was clearly the
base of choice. Stronger bases were not tested due to the risk of
racemisation of the amino acid moiety.12


Finally, the preparative reaction of triphosphate 1f was carried
out under the optimum conditions, employing Cs2CO3 base,
1.5 eq. of boronic acid 2, 10% of Pd(OAc)2, ligand L1 and
heating at 125 ◦C. Despite partial decomposition of the reaction
mixture (again, products of hydrolysis of both starting and
final compounds were observed) desired product 3f was isolated
from reaction after 30 min (the reaction was stopped before
full conversion of 1f) in good yield of 51% (Table 1, entry 15).
Attempts to reach full conversion of starting 1f by prolongation
of reaction time resulted in lower yields caused by further
decomposition of the final triphosphate. Analogous reaction of 2′-
deoxyribonucleoside triphosphate 1g under the same conditions
gave 55% of product 3g after 20 min of heating (Table 1, entry
16). In this case, full conversion of starting material was achieved
after this time (again indicating a higher reaction rate). A small
amount of diphosphate analogue of 3g was observed as the only
by-product.


To the best of our knowledge, the syntheses of compounds
3d–g represent the first examples of cross-coupling reactions of
purine nucleoside monophosphates and triphosphates (though
one related example of the Suzuki reaction was recently described25


for cyclic 8-bromoinosine 5′-diphosphate ribose). When applied
to reactions of 2′-deoxyribonucleoside triphosphate 3g with di-
verse boronic acids, this methodology should have great value
for facile and efficient single-step syntheses of a variety of 8-
C-modified-2′-deoxyATPs. Use of these as substrates of PCR
reactions would lead to enzymatic synthesis of modified nucleic
acids. This study is under way and will be published in due
course.


The optical purity of products 3a–c prepared under both
standard heating and microwave irradiation was examined by
derivatisation with Marfey’s reagent.26 No racemisation of the
amino acid moiety was observed in these reactions (all products
had optical purity >98% ee/de; optical purity of the commercial
starting boronic acid 2 was determined to be 99% ee). To prove
that no racemisation takes place when stronger Cs2CO3 was used
in reaction, the compound 3a was prepared under the conditions
of entries 15 and 16 (using Cs2CO3 base and heating at 125 ◦C for
30 min). This sample of 3a had optical purity 98% ee, indicating
that no racemisation took place even with Cs2CO3.
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With this efficient and straightforward methodology in hand,
we decided to come back to (purin-6-yl)phenylalanines, originally
prepared12 by a multistep sequence consisting of the protection
of nucleosides and amino acids, cross-coupling reactions and
deprotections. The aqueous methodology would be a much shorter
and more efficient alternative for their synthesis. Therefore, the
scope of the methodology was further examined on the cross-
coupling reactions of 6-chloropurine derivatives 4a–c with boronic
acid 2 (Scheme 2).


Scheme 2 Synthesis of (purin-6-yl)phenylalanines.


Reactions of 6-chloropurine nucleosides 4a–b with boronic
acid 2 were carried out using Pd(OAc)2/L1 and Na2CO3 under
conventional heating at 90 ◦C. Complete conversion was observed
after 1.5 h and products 5a and 5b were isolated in good yields of
65% and 63% (Table 3, entries 1 and 3). Reaction of 4a repeated
under microwave irradiation gave even better yield of 84% of 5a in
less than 1 minute (entry 2). Free 6-halopurine bases are known20


to be unreactive in Suzuki coupling reactions in organic solvents
with Pd(PPh3)4 catalyst. However, with our catalytic system and
aqueous solvent system, free purine base 4c underwent reaction
with 2 under heating at 90 ◦C, reaching full conversion within
9 h and giving the product 5c in 67% preparative yield (entry 4).
Furthermore, both reaction rate and product yield were enhanced
significantly by the use of microwave irradiation (yield 90% in
5 min, entry 5). The optical purity of all prepared (purin-6-
yl)phenylalanines (5a–c) was >98% ee/de, according to the assay
with Marfey’s reagent.


Conclusions


The Shaughnessy method19 for Suzuki–Miyaura cross-coupling
reactions in aqueous media was further optimised and applied to
the synthesis of novel purine–amino acid conjugates. An efficient
single-step synthesis of optically pure (adenin-8-yl)phenylalanines
and (purin-6-yl)phenylalanines was elaborated using both classical
heating and microwave irradiations. Classical heating was more


efficient for the synthesis of 8-substituted nucleosides and more
labile nucleotides and NTPs, while microwave irradiation was more
efficient for purine bases and 6-substituted nucleosides. The wide
tolerance of this methodology towards a variety of functionalities
and applicability to extremely labile systems was demonstrated
particularly clearly by the very first examples of couplings of free
purine bases and nucleoside monophosphates and triphosphates.
In particular, the application of the methodology to the reaction of
8-bromo-2′-deoxyATP is of great value for the synthesis of novel
8-C-modified purine NTPs, which are potential substrates in PCR
reactions.


Experimental


General


NMR spectra were measured on Bruker AMX-3 400 (400 MHz
for 1H and 100.6 MHz for 13C nuclei) and Bruker DRX 500
(500 MHz for 1H and 125.8 MHz for 13C) spectrometers in D2O
(referenced to dioxane as internal standard, dH = 3.75 ppm,
dC = 67.19 ppm) or in DMSO-d6 (referenced to the residual
solvent signal). Chemical shifts (d) are given in ppm, and coupling
constants (J) in Hz. Complete assignment of all NMR signals
was performed using a combination of H,H-COSY, H,C-HSQC
and H,C-HMBC experiments. Mass spectra were measured on a
ZAB-EQ (VG Analytical) spectrometer using FAB (ionisation by
Xe, accelerating voltage 8 kV, glycerol + thioglycerol matrix) or
LCQ classic (Thermo-Finnigan) spectrometer using ES−. Optical
rotations were measured at 25 ◦C on a Autopol IV (Rudolph
Research Analytical) polarimeter, and [a]20


D values are given in 10−1


deg cm2 g−1. H2O–acetonitrile was degassed in vacuo and stored
under argon. Preparative HPLC separations were performed on a
column packed with 10 lm C18 reversed phase (Phenomenex,
Luna C18(2)). Microwave-mediated reactions were performed
in an Initiator (Biotage, Inc.) microwave reactor, operated in a
temperature-priority mode (i.e. the microwave source performance
changes automatically to maintain the set temperature over the
course of the reaction). For the synthesis and availability of
starting materials, see ESI†.


Synthesis of compounds 3a–e: General procedure


Water–acetonitrile (2 : 1, 1.2 ml) was added through a septum to
an argon-purged vial containing 8-bromoadenine 1 (0.1 mmol),
boronic acid 2 (26 mg, 0.125 mmol), Pd(OAc)2 (1.12 mg,
0.005 mmol), P(m-C6H4SO3Na)3 (14.2 mg, 0.025 mmol), and
Na2CO3 (32 mg, 0.3 mmol). The mixture was stirred under heating
or under microwave irradiation (for temperature and reaction
time see Table 1). Products were isolated from the crude reaction


Table 3 Synthesis of (purin-6-yl)phenylalanines


Entry Purine Product Conditionsa Yield (%)


1 4a 5a Pd(OAc)2/L1, Na2CO3, 90 ◦C, 80 min 65
2 4a 5a Pd(OAc)2/L1, Na2CO3, 150 ◦C MW, 1 min 84
3 4b 5b Pd(OAc)2/L1, Na2CO3, 90 ◦C, 90 min 63
4 4c 5c Pd(OAc)2/L1, Na2CO3, 90 ◦C, 9 h 67
5 4c 5c Pd(OAc)2/L1, Na2CO3, 150 ◦C MW, 5 min 90


a The ratio of Pd(OAc)2/L1 was 1 : 2.5 in all cases and was not further optimised.
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mixture by HPLC on a C18 column: (i) compounds 3a–c with a
linear gradient of 0.3% AcOH in H2O to 0.3% AcOH in MeOH
as eluent; (ii) compounds 3d–e with a linear gradient of 0.1 M
TEAB (triethylammonium bicarbonate) in H2O to 0.1 M TEAB
in H2O–MeOH (1 : 1) as eluent. Several co-distillations with water
(to remove remaining TEAB or AcOH) followed by freeze-drying
from water gave the products as white solids.


(S)-2-Amino-3-{4-[6-amino-9-(b-D-ribofuranosyl)purin-8-yl]-
phenyl}propanoic acid (3a). Prepared from 1a (35 mg, 0.1 mmol);
isolated as 3a·2H2O. For reaction conditions and yields, see
Table 1. MS (FAB): 432 (28, M + 1); 299 (100, M − Rf + 2). HRMS
(FAB): for C19H23N6O6 calculated 431.1679, found 431.1701. 1H
NMR (400 MHz, D2O, refdioxane = 3.75 ppm): 3.20 (dd, 1H, Jgem =
14.4, JbCH2,CH = 7.5, bCH2); 3.32 (dd, 1H, Jgem = 14.4, JaCH2,CH =
5.3, aCH2); 3.82 (dd, 1H, Jgem = 12.9, J5′b,4′ = 3.0, H-5′b); 3.88
(dd, 1H, Jgem = 12.9, J5′a,4′ = 2.4, H-5′a); 4.04 (dd, 1H, JCH,bCH2


=
7.5, JCH,aCH2


= 5.3, CH); 4.20 (q, 1H, J4′ ,5′b = 3.0, J4′ ,5′a = 2.4,
J4′ ,3′ = 2.3, H-4′); 4.40 (dd, 1H, J3′ ,2′ = 5.5, J3′ ,4′ = 2.3, H-3′); 5.07
(dd, 1H, J2′ ,1′ = 7.2, J2′ ,3′ = 5.5, H-2′); 5.92 (d, 1H, J1′2′ = 7.2, H-
1′); 7.42 (m, 2H, H-m-phenylene); 7.63 (m, 2H, H-o-phenylene);
8.19 (s, 1H, H-2). 13C NMR (100.6 MHz, D2O, refdioxane = 67.19
ppm): 36.87 (CH2); 56.38 (CH); 62.77 (CH2-5′); 71.56 (CH-3′);
72.71 (CH-2′); 87.08 (CH-4′); 89.88 (CH-1′); 119.29 (C-5); 127.29
(C-i-phenylene); 130.54 and 130.77 (CH-phenylene); 138.96 (C-
p-phenylene); 149.78 (C-4); 151.04 (CH-2); 153.46 (C-8); 154.83
(C-6); 174.15 (CO). IR (KBr): 3335, 3191, 1641, 1484, 1397, 1336,
1085, 1034, 799. [a]20


D = −41.0 (c = 3.50, DMSO).


(S)-2-Amino-3-{4-[6-amino-9-(2-deoxy-b-D-erythropentofuranosyl)-
purin-8-yl]phenyl}propanoic acid (3b). Prepared from 1b (33 mg,
0.1 mmol); isolated as 3b·2H2O. For reaction conditions and
yields, see Table 1. MS (FAB): 415 (70, M + 1); 299 (100, M −
Rf + 2). HRMS (FAB): for C19H23N6O5 calculated 415.1730,
found 415.1716. 1H NMR (400 MHz, D2O, refdioxane = 3.75 ppm):
2.29 (ddd, 1H, Jgem = 14.0, J2′b,1′ = 6.2, J2′b,3′ = 2.2, H-2′b); 3.01
(ddd, 1H, Jgem = 14.0, J2′a,1′ = 8.9, J2′a,3′ = 6.2, H-2′b); 3.22 (dd,
1H, Jgem = 14.4, JbCH2,CH = 7.5, bCH2); 3.32 (dd, 1H, Jgem =
14.4, JaCH2,CH = 5.4, aCH2); 3.81 (dd, 1H, Jgem = 12.6, J5′b,4′ =
3.5, H-5′b); 3.87 (dd, 1H, Jgem = 12.6, J5′a,4′ = 2.7, H-5′a); 4.05
(dd, 1H, JCH,bCH2


= 7.5, JCH,aCH2
= 5.4, CH); 4.10 (q, 1H, J4′ ,5′ =


3.5, 2.7, J4′ ,3′ = 2.2, H-4′); 4.63 (dt, 1H, J3′ ,2′ = 6.2, 2.2, J3′ ,4′ =
2.2, H-3′); 6.29 (dd, 1H, J1′2′ = 8.9, 6.2, H-1′); 7.44 (m, 2H,
H-m-phenylene); 7.55 (m, 2H, H-o-phenylene); 8.17 (s, 1H, H-2).
13C NMR (100.6 MHz, D2O, refdioxane = 67.19 ppm): 36.87 (CH2);
38.82 (CH2-2′); 56.37 (CH); 62.95 (CH2-5′); 72.52 (CH-3′); 87.13
(CH-1′); 88.53 (CH-4′); 119.36 (C-5); 127.57 (C-i-phenylene);
130.48 and 130.58 (CH-phenylene); 138.95 (C-p-phenylene);
149.73 (C-4); 150.76 (CH-2); 152.91 (C-8); 154.79 (C-6); 174.17
(CO). IR (KBr): 3354, 3205, 1642, 1526, 1483, 1406, 1337, 1091,
1055, 1032, 798. [a]20


D = −35.0 (c = 4.15, DMSO).


(S)-2-Amino-3-[4-(6-amino-9H -purin-8-yl)phenyl]propanoic
acid (3c). Prepared from 1c (22 mg, 0.1 mmol) by microwave-
mediated reaction (150 ◦C, 5 min), to give 25 mg (84%) of 3c.
MS (FAB): 299 (100, M + 1); 279 (16); 253 (22). HRMS (FAB):
for C14H15N6O2 calculated 299.1256, found 299.1265. 1H NMR
(500 MHz, D2O + NaOD, refdioxane = 3.75 ppm): 2.89 (dd, 1H,
Jgem = 13.5, Jvic = 7.5, bCH2); 3.05 (dd, 1H, Jgem = 13.5, Jvic =
5.6, aCH2); 3.55 (dd, 1H, Jvic = 7.5, 5.6, CH); 7.38 (m, 2H, H-


m-phenylene); 8.08 (m, 2H, H-o-phenylene); 8.11 (s, 1H, H-2).
13C NMR (125.8 MHz, D2O + NaOD, refdioxane = 69.3 ppm):
43.43 (CH2); 60.14 (CH); 124.47 (C-5); 129.36 (CH-o-phenylene);
132.53 (CH-m-phenylene); 134.79 (C-i-phenylene); 142.19 (C-p-
phenylene); 152.53 (CH-2); 156.30 (C-4); 163.57 (C-6); 164.39 (C-
8); 185.10 (CO). IR (KBr): 3322, 3187, 2870, 1637, 1620, 1599,
1490, 1406, 1331, 796, 628. [a]20


D = −10.2 (c = 2.76, DMSO).


(S)-2-Amino-3-{4-[6-amino-9-(b-D-ribofuranosyl)purin-8-yl]-
phenyl}propanoic acid 5′-O-phosphate (3d). Prepared from
1d·2H2O (46 mg, 0.1 mmol); isolated as 3f·Et3N·4H2O. For
reaction conditions and yields, see Table 1. MS (FAB): 511 (78, M
+ 1); 317 (100); 299 (80, M − PO(OH)2Rf + 2). HRMS (FAB):
for C19H24N6O9P1 calculated 511.1342, found 511.1340. 1H NMR
(500 MHz, D2O, refdioxane = 3.75 ppm): 1.26 (t, 9H, Jvic = 7.4, CH3-
Et3N); 3.17 (dd, 1H, Jgem = 14.5, Jvic = 7.5, bCH2); 3.19 (q, 6H,
Jvic = 7.4, CH2-Et3N); 3.28 (dd, 1H, Jgem = 14.4, Jvic = 5.3, aCH2);
4.04 (dd, 1H, Jvic = 7.4, 5.3, CH); 4.13–4.23 (m, 3H, H-4′ and H-
5′); 4.47 (dd, 1H, J3′ ,2′ = 6.1, J3′ ,4′ = 4.4, H-3′); 5.20 (t, 1H, J2′ ,3′ =
6.1, J2′ ,1′ = 6.0, H-2′); 5.85 (d, 1H, J1′2′ = 6.0, H-1′); 7.38 (m, 2H,
H-m-phenylene); 7.60 (m, 2H, H-o-phenylene); 8.20 (s, 1H, H-2).
13C NMR (125.8 MHz, D2O, refdioxane = 69.3 ppm): 10.95, CH3-
Et3N); 38.89 (CH2); 49.38 CH2-Et3N); 58.36 (CH); 67.24 (d, JC,P =
5, CH2-5′); 72.25 (CH-3′); 73.00 (CH-2′); 85.82 (d, JC,P = 8, CH-
4′); 91.63 (CH-1′); 120.95 (C-5); 129.49 (C-i-phenylene); 132.49
and 132.65 (CH-o,m-phenylene); 140.78 (C-p-phenylene); 152.58
(C-4); 154.52 (CH-2); 155.28 (C-8); 157.18 (C-6); 176.36 (CO).
31P (1H dec.) NMR (162 MHz, D2O, refH3PO4


= 0 ppm): 1.18.
IR (KBr): 3413, 3182, 2927, 2680, 1637, 1478, 1396, 1333, 1060,
1045, 910, 519. [a]20


D = −28.5 (c = 2.68, H2O). Anal. calculated
for 3d·Et3N·4H2O, C25H46N7O13P (683.6): C 43.92%, H 6.78%, N
14.34%; found: C 43.57%, H 6.47%, N 14.06%.


(S)-2-Amino-3-{4-[6-amino-9-(2′-deoxy-b-D-erythropentofuranosyl)-
purin-8-yl]phenyl}propanoic acid 5′-O-phosphate (3e). Prepared
from 1e·Et3N·2H2O (55 mg, 0.1 mmol); isolated as 3e·Et3N·
2H2O. For the reaction conditions and yields, see Table 1. MS
(FAB): 596.6 (38, M + Et3N + 1); 495 (76, M + 1); 299 (100, M −
PO(OH)2dRf + 2). HRMS (FAB): for C19H24N6O8P1 calculated
495.1393, found 495.1383. 1H NMR (400 MHz, D2O, refdioxane =
3.75 ppm): 1.27 (t, 9H, Jvic = 7.3, CH3-Et3N); 2.23 (ddd, 1H,
Jgem = 14.0, J2′b,1′ = 7.2, J2′b,3′ = 3.8, H-2′b); 3.19 (q, 6H, Jvic =
7.4, CH2-Et3N); 3.20 (dd, 1H, Jgem = 14.7, Jvic = 7.6, bCH2); 3.23
(dt, 1H, Jgem = 14.0, J2′a,1′ = J2′a,3′ = 7.4, H-2′a); 3.32 (dd, 1H,
Jgem = 14.7, Jvic = 5.3, aCH2); 4.05 (dd, 1H, Jvic = 7.6, 5.3, CH);
4.07–4.17 (m, 3H, H-4′ and H-5′); 4.64 (dt, 1H, J3′ ,2′ = 7.4, 3.8,
J3′ ,4′ = 3.8, H-3′); 6.30 (t, 1H, J1′2′ = 7.6, 7.4, H-1′); 7.44 (m, 2H,
H-m-phenylene); 7.65 (m, 2H, H-o-phenylene); 8.23 (s, 1H, H-2).
13C NMR (100.6 MHz, D2O, refdioxane = 69.3 ppm): 10.95 (CH3-
Et3N); 38.48 (CH2-2′); 38.87 (CH2); 49.37 (CH2-Et3N); 58.37
(CH); 67.31 (d, JC,P = 5, CH2-5′); 73.68 (CH-3′); 87.42 (CH-1′);
87.79 (d, JC,P = 8, CH-4′); 121.17 (C-5); 130.05 (C-i-phenylene);
132.55 (CH-o,m-phenylene); 140.60 (C-p-phenylene); 152.56
(C-4); 154.59 (CH-2); 154.99 (C-8); 157.43 (C-6); 176.35 (CO).
31P (1H dec.) NMR (162 MHz, D2O, refH3PO4


= 0 ppm): 0.89.
IR (KBr): 3421, 3179, 2683, 2488, 1637, 1577, 1478, 1397, 1334,
1179, 1052, 921, 618, 522. [a]20


D = −34.6 (c = 1.49, H2O). Anal.
calculated for 3e·Et3N·2H2O, C25H42N7O10P (631.6): C 47.54%, H
6.70%, N 15.52%; found: C 47.06%, H 6.57%, N 15.16%.
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Synthesis of triphosphates 3f–g: General procedure


Water–acetonitrile (2 : 1, 0.8 ml) was added through a septum to
an argon-purged vial containing 8-bromoadenosine triphosphate
1 (0.1 mmol), boronic acid 2 (31 mg, 0.15 mmol) and Cs2CO3


(163 mg, 0.5 mmol). When the solid had dissolved, a solution of
Pd(OAc)2 (2.25 mg, 0.01 mmol) and P(m-C6H4SO3Na)3 (28.4 mg,
0.05 mmol) in water–acetonitrile (2 : 1, 0.4 ml) was added, and the
mixture stirred with heating at 125 ◦C.


(S)-2-Amino-3-{4-[6-amino-9-(b-D-ribofuranosyl)purin-8-yl]-
phenyl}propanoic acid 5′-O-triphosphate (3f). Prepared from
1f·3Et3N·2H2O (93 mg, 0.1 mmol). The reaction was heated at
125 ◦C for 30 min. The product was isolated from the crude
reaction mixture by HPLC on a C18 column with a linear gradient
of 0.1 M TEAB in H2O to 0.1 M TEAB in H2O–MeOH (1 : 1).
Several co-distillations with water followed by freeze-drying from
water gave the product, 3f·3Et3N·2H2O, in 51% yield as white
solid. MS (ES−): 669 (100, M − 1); 589 (60, M − PO(OH)2); 297
(18, M − P3O9H4Rf). HRMS (ES−) for C19H24N6O15P3: calculated
669.0513, found 669.0489. 1H NMR (400 MHz, D2O, refdioxane =
3.75 ppm): 1.26 (t, 27H, Jvic = 7.3, CH3-Et3N); 3.17 (q, 18H, Jvic =
7.3, CH2-Et3N); 3.21 (dd, 1H, Jgem = 14.3, Jvic = 7.7, bCH2); 3.37
(dd, 1H, Jgem = 14.3, Jvic = 4.9, aCH2); 4.07 (dd, 1H, Jvic = 7.7,
4.9, CH); 4.21–4.35 (m, 3H, H-4′ and H-5′); 4.49 (dd, 1H, J3′ ,2′ =
6.2, J3′ ,4′ = 4.1, H-3′); 5.19 (t, 1H, J2′ ,1′ = J2′ ,3′ = 6.2, H-2′); 5.93 (d,
1H, J1′2′ = 6.2, H-1′); 7.49 (m, 2H, H-m-phenylene); 7.70 (m, 2H,
H-o-phenylene); 8.31 (s, 1H, H-2). 13C NMR (100.6 MHz, D2O,
refdioxane = 69.3 ppm): 10.95 (CH3-Et3N); 38.92 (CH2); 49.37 (CH2-
Et3N); 58.38 (CH); 67.95 (d, JC,P = 5, CH2-5′); 72.09 (CH-3′); 73.12
(CH-2′); 85.81 (d, JC,P = 9, CH-4′); 91.49 (CH-1′); 121.09 (C-5);
129.76 (C-i-phenylene); 132.77 (CH-o,m-phenylene); 141.11 (C-
p-phenylene); 152.90 (C-4); 153.99 (CH-2); 155.77 (C-8); 156.90
(C-6); 176.41 (CO). 31P (1H dec.) NMR (162 MHz, D2O, refH3PO4


=
0 ppm): −23.15 (t, J = 19.6, 18.4, Pb); −11.32 (d, J = 19.6, Pa);
−10.77 (t, J = 18.4, Pc). IR (KBr): 3428, 2679, 2492, 1637, 1478,
1397, 1332, 1237, 1062, 1033, 946, 899, 618. [a]20


D = −17.5 (c =
2.57, H2O).


(S)-2-Amino-3-{4-[6-amino-9-(2′-deoxy-b-D-erythropentofuranosyl)-
purin-8-yl]phenyl}propanoic acid 5′-O-triphosphate (3g).
Prepared from 1g·3Et3N·2H2O (91 mg, 0.1 mmol). The reaction
was heated at 125 ◦C for 20 min. The product was isolated from
the crude reaction mixture by HPLC on a C18 column with 0.1 M
TEAB in H2O–MeOH (5 : 1) as eluent. Several co-distillations
with water followed by freeze-drying from water gave the product,
3g·3Et3N·2H2O, in 55% yield as a white solid. MS (ES−): 653
(100, M − 1); 573 (51, M − PO(OH)2); 297 (23, M − P3O9H4dRf).
HRMS (ES−) for C19H24N6O14P3: calculated 653.0563, found
653.0544. 1H NMR (400 MHz, D2O, refdioxane = 3.75 ppm): 1.26
(t, 27H, Jvic = 7.3, CH3-Et3N); 2.24 (ddd, 1H, Jgem = 13.9, J2′b,1′ =
7.2, J2′b,3′ = 4.3, H-2′b); 3.18 (q, 18H, Jvic = 7.3, CH2-Et3N);
3.20–3.27 (m, 2H, H-2′a and bCH2); 3.39 (dd, 1H, Jgem = 14.4,
Jvic = 5.0, aCH2); 4.07 (dd, 1H, Jvic = 7.8, 5.0, CH); 4.14–4.32 (m,
3H, H-4′ and H-5′); 4.64 (dt, 1H, J3′ ,2′ = 8.0, 4.3, J3′ ,4′ = 4.0, H-3′);
6.37 (t, 1H, J1′2′ = 7.8, 7.2, H-1′); 7.52 (m, 2H, H-m-phenylene);
7.72 (m, 2H, H-o-phenylene); 8.29 (s, 1H, H-2). 13C NMR
(125.8 MHz, D2O, refdioxane = 69.3 ppm): 10.95 (CH3-Et3N); 38.54
(CH2-2′); 38.94 (CH2); 49.38 (CH2-Et3N); 58.43 (CH); 68.07
(d, JC,P = 5, CH2-5′); 73.29 (CH-3′); 87.15 (CH-1′); 87.49 (d,


JC,P = 8, CH-4′); 121.25 (C-5); 130.46 (C-i-phenylene); 132.66
and 132.89 (CH-o,m-phenylene); 140.95 (C-p-phenylene); 152.95
(C-4); 155.03 (CH-2); 155.34 (C-8); 157.77 (C-6); 176.46 (CO).
31P (1H dec.) NMR (162 MHz, D2O, refH3PO4


= 0 ppm): −22.46
(b, Pb); −11.07 (d, J = 18.4, Pa); −9.60 (b, Pc). IR (KBr): 3429,
3189, 2679, 2490, 1638, 1478, 1398, 1333, 1235, 1056, 945, 897,
839, 618. [a]20


D = −16.5 (c = 2.23, H2O).


Synthesis of compounds 5a–d: General procedure


Water–acetonitrile (2 : 1, 1.2 ml) was added through a septum
to an argon-purged vial containing 6-chloropurine 4 (0.1 mmol),
boronic acid 2 (26 mg, 0.125 mmol), Pd(OAc)2 (1.12 mg,
0.005 mmol), P(m-C6H4SO3Na)3 (7.1 mg, 0.0125 mmol), and
Na2CO3 (32 mg, 0.3 mmol). The mixture was stirred under heating
or under microwave irradiation (for temperatures and reaction
time see Table 3). After neutralisation to pH 7 by aq. HCl, the
products were isolated from crude reaction mixture by HPLC
on a C18 column with a linear gradient of 0.3% AcOH in H2O
to 0.3% AcOH in MeOH. Several co-distillations with water
followed by freeze-drying from water gave the products as white
solids. For the yields, see Table 3. All analytical and spectral data
of compounds 5a–c were in accord with authentic samples and
previously published data.12
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Chem. Commun., 2003, 68, 837–848; (c) M. Hocek, D. Hocková and
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The experimental determination of oligosaccharide conformations has traditionally used cross-linkage
1H–1H NOE/ROEs. As relatively few NOEs are observed, to provide sufficient conformational
constraints this method relies on: accurate quantification of NOE intensities (positive constraints);
analysis of absent NOEs (negative constraints); and hence calculation of inter-proton distances using
the two-spin approximation. We have compared the results obtained by using 1H 2D NOESY, ROESY
and T-ROESY experiments at 500 and 700 MHz to determine the conformation of the terminal
Glca1–2Glca linkage in a dodecasaccharide and a related tetrasaccharide. For the tetrasaccharide, the
NOESY and ROESY spectra produced the same qualitative pattern of linkage cross-peaks but the
quantitative pattern, the relative peak intensities, was different. For the dodecasaccharide, the NOESY
and ROESY spectra at 500 MHz produced a different qualitative pattern of linkage cross-peaks, with
fewer peaks in the NOESY spectrum. At 700 MHz, the NOESY and ROESY spectra of the
dodecasaccharide produced the same qualitative pattern of peaks, but again the relative peak intensities
were different. These differences are due to very significant differences in the local correlation times for
different proton pairs across this glycosidic linkage. The local correlation time for each proton pair was
measured using the ratio of the NOESY and T-ROESY cross-relaxation rates, leaving the NOESY and
ROESY as independent data sets for calculating the inter-proton distances. The inter-proton distances
calculated including the effects of differences in local correlation times give much more consistent
results.


Introduction


The intensity of a NOESY cross-peak is a function of the
cross-relaxation rate between the pair of dipolar coupled nuclei,
which depends upon their separation and molecular motion.1 The
reorientation of the inter-nuclear vector can be approximated
for some molecules by a single correlation time (sc); for rigid
molecules it is the rate of isotropic molecular tumbling. For
small oligosaccharides, such as tetrasaccharides, NOESY cross-
peak intensities are typically observed to be close to zero in
high-field spectrometers. This is because xosc ≈ 1.12 (xo is the
Larmor frequency), the point at which NOEs are theoretically
predicted to be zero according to the Lipari–Szabo formalism.
In these cases, the use of negative NOE constraints becomes
ambiguous. However, the rotating frame NOE (ROE) can still be
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measured as this is positive for all values of sc.2 ROESY cross-peak
intensities are significantly smaller than their NOESY equivalent
for larger oligosaccharides, where xosc � 1.12, making ROESY
cross-peaks less easy to observe and less accurate to quantify. The
implementation of the ROESY experiment also has significant
problems that have limited its applicability. In particular, it is
susceptible to Hartmann–Hahn (TOCSY) transfers through scalar
couplings.3 These can be suppressed by a weak and/or off-
resonance spin-locked field,4,5 but this is difficult to implement in
practice when the chemical shift difference between scalar-coupled
spins is small,6,7 as is frequently the case for oligosaccharides.
A more successful practical approach to removing Hartmann–
Hahn effects is the transverse-ROESY (T-ROESY) experiment.8,9


It has been demonstrated that the signal to noise ratio of one-
dimensional T-ROESY spectra is at least as good as of ROESY
spectra for tetrasaccharides, while allowing effective removal of
artefacts.10 However, in all these cases the assumption is usually
made that different proton pairs across a specific glycosidic linkage
have similar effective correlation times. This allows a simple r−6


dependence of the NOE/ROE to be used with a calibration
NOE/ROE to calculate inter-proton distances.11,12


We have used NOESY, ROESY and T-ROESY spectra at
500 MHz and 700 MHz to look at the Glca1–2Glca linkage,
found in the triglucosylated cap of Glc3Man9GlcNAc2, in a
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small (Glc3ManOMe) and medium sized (Glc3Man7GlcNAc2)
oligosaccharide. Glucosylated oligomannose oligosaccharides are
involved in a number of important steps during the biosynthesis
and folding of glycoproteins,13,14 including: (i) the N-glycosylation
of the nascent peptide chain in the endoplasmic reticulum (ER)
lumen, involving transfer of Glc3Man9GlcNAc2 to the peptide by
the oligosaccharyltransferase (OST) complex; (ii) the initial steps
of glycan processing on the glycoprotein in the ER, involving
removal of the terminal glucose residue from Glc3Man9GlcNAc2


by a-glucosidase I and from Glc2Man9GlcNAc2 and
Glc1Man9GlcNAc2 by a-glucosidase II; and (iii) the chaperone de-
pendent folding of glycoproteins in the ER, involving recognition
of Glc1Man9GlcNAc2 by proteins such as calnexin and calreticulin
and reglucosylation of Man9GlcNAc2. The conformation of the
glucosyl (Glcx) caps is critical for recognition at each stage of this
process. The presence and absence of cross-linkage NOEs can
be interpreted in terms of positive and negative conformational
constraints respectively, and thus used to define glycosidic linkage
conformations.15,16 Only a few NOEs are observed across most
glycosidic linkages, so conformational analysis depends critically
upon accurate quantitative analysis of both positive (cross-peak
present) and negative (cross-peak absent) constraints.


We show that assuming that all the proton pairs across the
Glca1–2Glca linkage have similar correlation times leads to very
significant differences in the distances calculated for the different
experiments and the different samples. Using the ratio of NOESY
to T-ROESY cross-relaxation rates allows the correlation time to
be measured for each proton pair. When these differences in local
correlation times are included in the calculation of the distances
from the NOESY and ROESY data, a much more consistent set
of results is obtained.


Results
1H NMR resonance assignments of the Glca1-2Glca1-3Glca1-
3Mana moiety of Glc3ManOMe and Glc3Man7GlcNAc2 (Fig. 1)
have been previously reported.17,18 These were confirmed and, in
the case of Glc3Man7GlcNAc2, extended to a complete assign-
ment.


Fig. 1 Schematic representation of the Glc3Man7GlcNAc2 and
Glc3ManOMe structures showing the primary sequence and residue
numbering.


Comparison of the NOESY and ROESY results at 500 MHz


NOESY, ROESY with weak and strong spin-lock fields, and T-
ROESY spectra were recorded on both samples at 500 MHz
(see Materials and methods for details). Traces through the


G1:H1 peak, in F2, are shown for Glc3ManOMe (Fig. 2) and
Glc3Man7GlcNAc2 (Fig. 3). These NOEs/ROEs form the basis
of determining the conformation of the Glca1–2Glca (G1–G2)
linkage. The cross-peak volumes are given in Table 2.


Fig. 2 Traces through the G1:H1 peak, parallel to F2, of the 500 MHz
2D 1H NMR spectra of Glc3ManOMe in D2O at a mixing time of 200 ms;
(a) strong spin-lock ROESY; (b) weak spin-lock ROESY; (c) T-ROESY;
(d) NOESY (sample concentration five times that used in a–c). * = edge
of a peak with maximum in different trace. ** = spectral artefact.


Fig. 3 Traces through the G1:H1 diagonal peak, parallel to F2, of the
500 MHz 2D 1H NMR spectra of Glc3Man7GlcNAc2 in D2O at a mixing
time of 200 ms; (a) strong spin-lock ROESY; (b) weak spin-lock ROESY;
(c) T-ROESY; (d) NOESY.


Glc3ManOMe gives positive NOESY peaks (i.e. opposite sign
to the diagonal peaks, Fig. 2d) at 500 MHz as expected for a
molecule of low molecular weight and thus short correlation time.
The signal-to-noise ratio is very poor for the NOESY spectrum,
presumably because xosc is only slightly less than 1.12 (the trace
shown in Fig. 2d is at a five-fold increase in sample concentration
relative to Fig. 2a–c). The qualitative pattern of cross-peaks is
the same for the weak spin-lock ROESY, T-ROESY and NOESY,
cross-peaks being seen from G1:H1 to G2:H1 and G2:H2 (Fig. 2b–
d). The strong spin-lock ROESY is not as clean, with a number
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Table 1 Proton–proton correlation times, sij, for Glc3ManOMe and Glc3Man7GlcNAc2 calculated from NOESY/T-ROESY cross-relaxation rate ratiosa


(30 ◦C)


500 MHz 700 MHz


Proton pair r(NOE)/r(T-ROE) sij/ps r(NOE)/r(T-ROE) sij/ps


Glc3ManOMe
G1:H1 G1:H2 0.22 280 — —


G2:H1 0.20 289 — —
G2:H2 0.48 200 — —


Glc3Man7GlcNAc2


G1:H1 G1:H2 −0.33 485 −0.64 625
G2:H1 −0.51 560 −0.72 665
G2:H2 0.00 360 −0.47 545


a Measured using cross peak intensities over diagonal peak intensity at a mixing time of 200 ms.


Table 2 Calculated inter-proton distances based on NOESY and ROESY cross peak volumes using model 1 (rigid isotropic rotor) or model 2 (effective
correlation time for each proton pair, see Table 1). nd—cannot be determined


Proton pair
Cross-peak
volume


Calibration
distance/Å


Calculated
distance/Å
(model 1) sij/ps


Calculated
distance/Å
(model 2)


Glc3ManOMe
ROESY—500 MHz G1:H1 G1:H2 1.68 2.3 — 280 —


G2:H1 1.85 2.26 289 2.27
G2:H2 0.83 2.59 200 2.49


NOESY—500 MHz G1:H1 G1:H2 4.84 2.3 — 280 —
G2:H1 4.9 2.30 289 2.24
G2:H2 7.67 2.13 200 2.40


Glc3Man7GlcNAc2


ROESY—500 MHz G1:H1 G1:H2 1.33 2.3 — 485 —
G2:H1 1.59 2.23 560 2.26
G2:H2 0.68 2.57 355 2.50


NOESY—500 MHz G1:H1 G1:H2 0.49 2.3 — 485 —
G2:H1 0.71 2.16 560 2.32
G2:H2 not observed >3.5 360 nd


NOESY—700 MHz G1:H1 G1:H2 20.19 2.3 — 625 —
G2:H1 19.5 2.31 665 2.36
G2:H2 8.78 2.64 545 2.51


of very weak TOCSY peaks being observed between 3.5 and
4.0 ppm (Fig. 2a). There is also a significant G1:H1 to G1:H6/H6′


peak (G1:H6 and G1:H6′ have the same chemical shift). The
quantitative comparison of the ROESY and NOESY data is not
so satisfactory. In the ROESY spectrum the G1:H1 to G2:H1
cross-peak is significantly larger than the G1:H1 to G2:H2 cross-
peak, in the NOESY this is reversed with the G1:H1 to G2:H2
cross-peak being much larger.


Glc3Man7GlcNAc2 gives negative NOESY peaks at 500 MHz
and a much better signal-to-noise ratio (sample concentration in
Fig. 3d is the same as in Fig. 3a–c) than Glc3ManOMe, as expected
for a larger molecule with a longer correlation time. However, in
this case the qualitative pattern of peaks is significantly different
for the NOESY and ROESY spectra. Only one inter-residue peak
is seen in the NOESY spectrum (Fig. 3d), the G1:H1 to G2:H1. In
the weak spin-lock ROESY and T-ROESY, the G1:H1 to G2:H2
cross-peak is seen as well (Fig. 3b–c). In the strong spin-lock
ROESY spectrum, TOCSY peaks are again observed (Fig. 3a).
These are more pronounced than in the spectra of Glc3ManOMe
due to the stronger spin-lock field used (4.3 kHz instead of 2.8
kHz). The G1:H1 to G1:H6/H6′ cross-peak is clearly seen in
all the spectra other than the T-ROESY, where it is only just
visible above the noise. As for Glc3ManOMe, the weak spin-lock
ROESY and T-ROESY give very similar relative peak volumes.


The absence of a cross-linkage NOESY peak where a ROESY
peak is present was also observed for one of the terminal linkages
of Glc1Man9GlcNAc2 (data not shown).


Comparison of the NOESY and ROESY results on
Glc3Man7GlcNAc2 at 500 MHz and 700 MHz


The T-ROESY and NOESY spectra of Glc3Man7GlcNAc2 at
700 MHz are shown in Fig. 4a and 4b respectively, the equivalent
spectra at 500 MHz being Fig. 3c and 3d. There are significant
qualitative differences in both spectra at the different field
strengths. In the NOESY spectrum at 700 MHz, the G1:H1 to
G2:H2 cross-peak is observed, not present at 500 MHz, while the
G1:H1 to G1:H6/H6′ peak is much reduced in intensity. In the
ROESY spectrum, the G1:H1 to G1:H6/H6′ cross-peak is easily
observed.


Determination of effective inter-proton correlation times


The effective correlation times for each proton pair were calculated
using the ratio of the NOE build-up rate to the T-ROE build-
up rate.10 This ratio was chosen for two reasons. Firstly, it is
a more accurate method of determining correlation times than
using either the NOE/ROE ratio or the ROE/T-ROE ratio10 and
secondly this leaves the NOE and ROE as independent data sets for
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Fig. 4 Traces through the G1:H1 diagonal peak, parallel to F2, of the 700 MHz 2D 1H NMR spectra of Glc3Man7GlcNAc2 in D2O at a mixing time of
200 ms; (a) T-ROESY; (b) NOESY.


calculating the inter-proton distances (see below). The calculated
effective correlation times are given in Table 1. As can be seen, there
are very significant differences in the correlation times between
different proton-pairs across the G1–G2 linkage (up to 35%).


Calculation of inter-proton distance constraints


Inter-proton distance constraints were calculated from the NOE
and ROE cross-peak volumes using the intra-residue G1:H1–
G1:H2 peak as the internal calibrant. Distances were calculated
both by making the usual assumption that all proton-pairs across
a given linkage have the same correlation time, model 1, or by
using the calculated effective correlation times for each proton
pair, model 2 (see methods for details). The NOE and T-ROE data
sets cannot be used to calculate independent distances because
they have already been used together to calculate the correlation
time and thus will produce identical distances using model 2. The
results are given in Table 2. An error of ±5% in the measured
NOE/ROE intensities relative to the calibrant peak leads to an
error of ±0.02 Å in the calculated distances for the stronger
NOEs/ROEs, and an error of up to ±0.03 Å in the calculated
distances for the weaker NOEs/ROEs. An error of ±10% in the
measured NOE/ROE intensities relative to the calibrant peak
leads to errors of ±0.03 Å to ±0.06 Å in the calculated distances.


As can be seen in Table 2, there are very significant differences
in the distances calculated by model 1 for the same proton
pair, much larger than any errors associated with inaccuracies in
the experimental measurement. For example the G1:H1–G2:H2
distance in Glc3ManOMe is calculated to be 2.13 Å from the
NOESY data at 500 MHz and 2.59 Å from the ROESY data at
500 MHz (consistent with the direct comparison on peak volumes
discussed above). These differences are very much smaller using
model 2 (2.49 Å versus 2.40 Å). Using model 1 the absence of the
G1:H1–G2:H2 NOESY peak in Glc3Man7GlcNAc2 at 500 MHz
is interpreted as a distance greater than the upper limit for NOE


observation (taken conservatively to be 3.5 Å), whereas using
model 2 the distance is simply undetermined because xosc ≈
1.12. In general, there is better agreement between the distances
calculated using model 1 and model 2 for the ROESY data than
those calculated for the NOESY data, as would be expected.
However, the best agreement is between the distances calculated
using model 2 for the ROESY data and for the NOESY data.


Discussion


Both NOESY and ROESY spectra are used in determining
glycosidic linkage structures of oligosaccharides. NOESY spectra
often give better signal to noise ratios and do not have problems
associated with possible TOCSY contamination, and are thus used
more frequently for conformational analysis.12 For Glc3ManOMe,
the ROESY spectrum gave the best signal to noise but a spin-lock
field of 2.8 kHz produced considerable TOCSY contamination.
For Glc3Man7GlcNAc2, the NOESY spectrum gave better signal
to noise than the ROESY. The T-ROESY spectrum showed no
evidence of TOCSY contamination, but the signal to noise was
lowest for both compounds.


Measurements on a tetrasaccharide10 have shown that different
proton pairs within the same monosaccharide residue can have
slightly different effective correlation times, as can different proton
pairs across the same glycosidic linkage, but the biggest differences
were observed between proton pairs across different linkages,
consistent with the above assumption.


However, we have measured dramatically different effective
correlation times for different proton pairs across the Glca1–
2Glca linkage in both the small and medium sized oligosaccharides
(Table 1). Ignoring these differences leads to the calculated inter-
proton distances varying significantly depending on (i) whether
the spectra were recorded on the tetra- or dodecasaccharide, (ii)
whether NOE or ROE data was used, and (iii) whether the spectra
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were recorded at 500 MHz or 700 MHz (Table 2, model 1). Includ-
ing these variations in effective correlation time in the calculation
of the inter-proton distances gives much better agreement between
the different data (Table 2, model 2). Using model 2, it is clear
that the Glca1–2Glca linkage shows very similar conformational
constraints in both the tetra- and dodecasaccharide, indicating
that it adopts the same conformation in both. This method also
allows much more precise conformational constraints to be used
with confidence either when calculating the structure from the
constraints or when using the constraints to compare to molecular
modelling results.


Different local correlation times between different proton pairs
in the same molecule could arise either from differences in internal
flexibility in different regions of the molecule or anisotropic bulk
tumbling. In previous NMR studies on Man9GlcNAc2,19 the NOE
build-up curves for the majority of the structure could be fitted
using a single correlation time. However, the NOESY cross-peaks
arising from protons in the terminal glycosidic linkages were much
weaker, suggesting shorter correlation times. Thus, the internal
flexibility of the terminal linkages may be higher than that of
internal linkages. When comparing the correlation times for the
G1:H1/G2:H1 and G1:H1/G2:H2 proton pairs, these have one
proton in common and the second proton is part of a rigid ring.
Any contribution of the internal flexibility to the correlation time
is due to the flexibility of the Glca1–2Glca linkage, and might
be expected to be same for both proton pairs. This suggests
anisotropic tumbling as a more plausible reason for the differences
in effective correlation time. Glc3Man7GlcNAc2 is a relatively
extended molecule and so isotropic tumbling would not necessarily
be expected. Molecular modelling indicates that the inter-nuclear
vector of the G1:H1/G2:H2 proton pair (which shows the shortest
correlation time and for which no NOE is seen at 500 MHz) is
almost perpendicular to the long axis of the molecule and so the
correlation time for this pair might be expected to be more sensitive
to rotation around this axis than for other proton pairs. However,
there are other proton pairs within the molecule that are also
nearly perpendicular to the long axis of the molecule, and NOEs
are observed between these at 500 MHz. It is likely in this case that
both internal flexibility and anisotropic rotation will contribute to
the variations in the effective correlation times.


It is clear that ignoring the effects of local correlation times when
using NOEs or ROEs to calculate inter-proton distances will lead
to inaccurate results. We have seen such dramatic differences in
inter-proton pair correlation times for both terminal and internal
glycosidic linkages of oligosaccharides, and similar effects may
be expected in other organic molecules. ROEs are less sensitive
to these effects than NOEs. However, the most robust method is
to measure the local correlations times and use these to calculate
corrected distances from either the NOE or ROE data.


Materials and methods


Preparation of oligosaccharides


Glc3ManOMe was synthesised as previously described.18


Glc3Man7GlcNAc2 was purified by lectin affinity chromatography
from CHO cells treated with the a-glucosidase inhibitor N-butyl
deoxynojirimycin as previously described.17


NMR spectroscopy


The oligosaccharides samples were repeatedly dried, dissolved
in either 500 ll D2O or CD3OD and transferred to 5 mm
NMR tubes. Proton chemical shifts for samples in D2O were
referenced to acetone at dH = 2.225 ppm. Spectra were recorded
on Varian UNITY INOVA 500 and 700 spectrometers, with
probe temperatures of 30 ◦C. Two-dimensional spectra were
multiplied by sine- or cosine-bell functions in both dimensions, as
appropriate. 1H resonances were assigned from two-dimensional
phase-sensitive COSY, RELAY and/or TOCSY spectra. Cross-
linkage NOE patterns and comparison of reported assignments for
glucosylated oligomannose-type oligosaccharides17,20 were used
for sequence- and stereo-specific assignments. NOE build-up
curves were measured to ensure that the mixing time selected for
the NOESY and ROESY experiments was in the linear region.
All NOESY and ROESY spectra reported were recorded with a
mixing time of 200 ms with no random variation. In NOESY
spectra, the contribution to the cross-peaks from scalar coupling
is dispersive and thus distorts peak shapes without affecting the
total peak volume when the spectra are phased correctly.


2D NOESY, ROESY and T-ROESY spectra were all recorded
for both samples in D2O at a 1H frequency of 500 MHz and for
Glc3Man7GlcNAc2 in D2O at a 1H frequency of 700 MHz. 2D
NOESY and ROESY spectra were all recorded for both samples
in CD3OD at 500 MHz. Standard ROESY spectra were recorded
with both weak spin-lock fields (approximately 1.5 kHz for both
samples) and strong spin-lock fields (2.8 kHz for Glc3ManOMe
and 4.3 kHz for Glc3Man7GlcNAc2). Absolute volumes of NOE
and ROE cross-peaks were measured from the phase-sensitive data
using the Varian VNMR 6.1c software. Spectral noise, and thus the
error in peak volume measurement, was estimated by measuring
the volume integrals of regions of the baseline around the cross-
peaks.


Calculation of inter-proton correlation times and distance
constraints


Effective correlation times (sij) for each proton pair were calculated
using the ratio of the NOE cross-relaxation rate to the T-ROE
cross-relaxation rate.10 Distance constraints were calculated from
NOE and ROE intensities in the linear build-up region using the
two-spin approximation. The internal calibration used to calculate
distances was the intra-residue glucose G1:H1–G1:H2 NOE (or
ROE). The distance for this proton-pair was obtained from
crystallographic data (crystal structure of Glca1-3Glca-OMe21).
Two models of the dynamics were used in calculating distances.


Model 1: assume that the correlation time, sc, is the same for a
pair of protons ij and the reference pair (rigid isotropic motion).


In this case, the NOE or ROE intensity (I) between any pair
of protons, i and j, in the linear build-up region (the isolated spin
pair approximation) is given by:


Iij = A
r6


ij


where rij is the distance between the protons and A is a constant
at a given magnetic field strength. A can be determined using the
measured value of I for a reference pair of protons of known
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separation. Thus:


rij = 6


√
Iref × r6


ref


Iij


Model 2: assume that each pair of protons has a different
effective correlation time, sij, which characterises both the bulk
and internal motion for that proton pair.


In this case, the NOE or ROE intensity (I) between any pair of
protons, i and j, in the linear build-up region (isolated spin pair
approximation) is now given by:


Iij = Aij


r6
ij


where Aij varies between each proton pair and depends on the
effective correlation time for that pair, sij:


NOE: Aij = B × [6J(2x)ij − J(0)ij]


ROE: Aij = B × [3J(x)ij + 2J(0)ij]


T-ROE: Aij = B × 1
2
[6J(2x)ij + 3J(x)ij + J(0)ij]


where B is a constant, x is the precession frequency, and the
spectral density function J at a frequency t is given by


J(t)ij = sij


1 + (tsij)2


B can be determined using the measured value of I for a reference
pair of protons of known separation and known correlation time.
Thus:


NOE : rij = 6


√
Iref×r6


ref


Iij


×
[
6J(2x)ij − J(0)ij


]
[6J(2x)ref − J(0)ref ]


ROE : rij = 6


√
Iref × r6


ref


Iij


×
[
3J(x)ij + 2J(0)ij


]
[3J(x)ref + 2J(0)ref ]


T-ROE : rij = 6


√
Iref × r6


ref


Iij


×
[
6J(2x)ij + 3J(x)ij + J(0)ij


]
[6J(2x)ref + 3J(x)ref + J(0)ref ]
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The enantioselective synthesis of the bis-spiroacetal fragment of the shellfish toxins, spirolides B 1 and
D 2, is reported. The carbon framework was constructed via a Barbier reaction of dihydropyran 10 with
aldehyde 11, followed by two oxidative radical cyclizations to construct the bis-spiroacetal ring system.
A silyl-modified Prins cyclization and enantioselective crotylation successfully installed the
stereocenters in the cyclization precursor 21. The initial unsaturated bis-spiroacetals 9a–d underwent
equilibration during epoxidation to trans-epoxide 24 that was converted to tertiary alcohol 7.


Introduction


The spirolides A–D 1–5 (Fig. 1) comprise a novel family of
pharmacologically active macrocyclic imines found in the polar
lipid fraction obtained from the digestive glands of contaminated
mussels (Mytilus edulis), scallops (Placopecten magellanicus) and
toxic plankton from the eastern coast of Nova Scotia, Canada.
Spirolides A–D 1–5 contain an unusual 5,5,6-bis-spiroacetal
moiety together with a rare 6,7-spirocyclic imine.1 Spirolides E
and F are keto amine hydrolysis derivatives resulting from the ring
opening of the cyclic imine suggesting that this functionality is
the pharmacophore responsible for toxicity.2 Recently, isolation
and culture of a toxic clone of the dinoflagellate Alexandrium
ostenfeldii obtained from the same aquaculture site allowed the
structural elucidation of three more congeners, spirolides A 1, C 3
and 13-desmethyl C 5.3 The spirolides A–D (1–5) cause potent
and characteristic symptoms in the mouse bioassay (spirolide


Fig. 1 Structure of the spirolides and pinnatoxins.
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A: LD50 250 lg kg−1) and are activators of L-type calcium
channels. These macrocycles contain a novel 6,5,5-bis-spiroacetal
ring system as well as an unusual 7,6-spiroimine moiety and bear
close resemblance to pinnatoxin A 6 (LD50 180 lg kg−1) which
was isolated from toxic extracts of the clam Pinna muricata and
has been linked to several major shellfish poisoning events in
Japan and China.4,5 The absolute stereochemistry of the spirolide
family of toxins has not been established to date, however, a
computer-generated relative assignment of 13-desmethyl spirolide
C 5 indicating the same relative stereochemistry as the related toxin
pinnatoxin A 65 in the region of their common structure, was later
reported.6 Preliminary pharmacological research into the mode of
action of the spirolides suggests that they are antagonists of the
muscarinic acetylcholine receptor.7


A total synthesis of the spirolides has not been reported to date,
however, an elegant total synthesis of pinnatoxin A 6 has been
reported by Kishi et al.8 wherein the BCD bis-spiroacetal ring
system was assembled via acid-catalyzed cyclization of a dione
precursor. A synthesis of the bis-spiroacetal core of spirolide
B 2 via acid-catalyzed cyclization of an acyclic triketone has
been communicated9 whilst partial syntheses of the bis-spiroacetal
moiety of the pinnatoxins are also discussed in a recent review
on the synthesis of bis-spiroacetal ring systems.10 Our interest in
the synthesis of natural products containing bis-spiroacetal ring
systems11 led us to pursue the synthesis of the bis-spiroacetal
ring system present in the spirolides using an oxidative radical
cyclization to construct the two five-membered rings in the 5,5,6-
bis-spiroacetal unit of the spirolides. In addition to our work on
the synthesis of model spiroimines12 related to the spirolides, we
have previously also reported the synthesis of a C10–C22 bis-
spiroacetal fragment lacking the C19 tertiary alcohol group, using
a double oxidative radical cyclization.13 However, problems were
encountered during the introduction of functionality at C19 and
the extension of the carbon framework at C22, thus prompting the
adoption of a modified synthetic plan in which disconnection of
the C23–C24 bond rather than the C22–C23 bond was a pivotal
step. The full details14 of this revised strategy are presented herein
providing rapid access to the fully functionalized C10–C23 bis-
spiroacetal fragment of spirolides B and D that is homologous to
our previous fragment.
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Scheme 1 Retrosynthesis of spirolides B 2 and D 4.


Results and discussion


The key disconnection in our proposed retrosynthesis of spirolides
B 2 and D 4 (Scheme 1) involves NiII/CrII-mediated Kishi–Nozaki
coupling15 between an aldehyde and a vinyl iodide to form the C9–
C10 bond of the macrocyclic ring in a similar fashion to that used
by Kishi et al.8 in the synthesis of pinnatoxin A 6. Given that
our revised synthetic plan relied on the disconnection of the C23–
C24 bond rather than the C22–C23 bond, use of a Julia coupling
to effect the construction of the C23–C24 bond was envisaged
as a key step. Our attention therefore focused on the synthesis
of bis-spiroacetal 7, making use of a Julia methylenation16


for the subsequent union with spiroimine sulfone 8. This new
approach required access to dihydropyran 9 with the required
(S)-configuration at C22 using a silyl-modified Prins cyclization.
The two spiroacetal centres in unsaturated spiroacetal 9 are then
formed by oxidative radical cyclization of the alcohol resulting
from the Barbier coupling of this dihydropyran 10 with aldehyde
11, followed by deprotection of the tert-butyldiphenylsilyl ether
and execution of a second oxidative radical cyclization. The syn
stereochemistry in aldehyde 11 is available from an enantioselective
crotylation. The alkene in bis-spiroacetal 9 provides functionality
for subsequent installation of the tertiary alcohol. It is also
envisaged that the cis stereochemistry between the terminal rings
of the bis-spiroacetal will be established by equilibration after
incorporation into the macrocyclic ring. Thus, the initial synthesis
of trans-bis-spiroacetals 7 and 9 was required.


The synthesis of the dihydropyran fragment 10 was carried
out in 3 steps (51% overall yield), starting from enantiomerically
pure O-benzyl protected17 (R)-(+)-glycidol 12 (Scheme 2). Ring
opening of epoxide 12 with lithium trimethylsilylacetylide in the
presence of a catalytic amount of trimethylaluminium18 afforded
homopropargyl alcohol 13 in a higher yield than when using
a stoichiometric amount of boron trifluoride diethyl etherate.19


Vinylsilane 14 was initially prepared by semi-hydrogenation of
the corresponding acetylene 13 in the presence of a poisoned
catalyst. Use of the Rosenmund catalyst (Pd/BaSO4) gave mod-
erate E/Z selectivities and poor yields, while Lindlar’s catalyst


Scheme 2 Reagents and conditions and yields: (i) Me3SiC≡CH, BuLi,
Me3Al (cat.), toluene, −78 ◦C to room temp., 98%; (ii) DIBALH, Et2O,
room temp. then reflux, 24 h, 72%; (iii) InCl3, CH2Cl2, room temp., 48 h,
73%.


(Pd/CaCO3/Pb) gave variable selectivities. The optimum solvent
using Lindlar’s catalyst was found to be THF affording vinylsilane
14 as a 15 : 85 mixture of E/Z isomers in 69% yield when carried
out on a 200 mg scale. Somewhat surprisingly, scaling up of this
reaction to a 2 g scale afforded a reversed E/Z selectivity of 100 : 0.
Similar selectivity issues when effecting the semi-hydrogenation of
alkynes bearing a trimethylsilyl substituent have been reported by
others.20 The (Z)-configuration of vinylsilane 14 is crucial for the
formation of dihydropyran 10, as elimination of the trimethylsilyl
group from the resultant 6-membered ring formed from the (E)-
isomer is very slow (<10% conversion after 12 hours).


Fortunately, after the frustrating attempts to effect the stereos-
elective semi-hydrogenation of acetylene 13, hydroalumination21


of 13 in ether using DIBALH (1 M in hexane) gave the desired
vinylsilane 14 with high (Z)-selectivity (92 : 8). The desired
dihydropyran 10 was then prepared in low yield using a silyl-
modified Prins cyclization developed by Marko et al.22 by the
reaction of vinylsilane 14 with acetal 15 in dichloromethane
using trimethylsilyl triflate. The desired dihydropyran 10 was
later formed more efficiently using the Lewis acids indium
trichloride (72%) or iron trichloride (52%) in dichloromethane at
room temperature. For the indium trichloride-catalyzed reaction
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Scheme 3 Reagents and conditions and yields: (i) (COCl)2, DMSO, Et3N, CH2Cl2, −78 ◦C, 96%; (ii) (Z)-butene, tBuOK, n-BuLi, (−)-(Ipc)2B(OMe),
BF3·Et2O, THF, −78 ◦C, NaOH, H2O2, 72%; (iii) tBuPh2SiCl, imid, DMF, 100 ◦C, 99%; (iv) BH3-DMS, THF, room temp., then H2O2, NaOH, 78%;
(v) Dess–Martin periodinane, py, CH2Cl2, room temp., 84%.


the 1,3-cis isomer was the major product (cis–trans 77 : 23),
however this was of minor importance given that both isomers of
the dihydropyran can be used in the radical oxidative cyclization
step as an allylic oxocarbenium ion is formed at C6. The
relative configuration between C2 and C6 of the major isomer of
dihydropyran 10 was assigned as 1,3-cis due to the observation of
a strong correlation between H2 and H6 in the NOESY spectrum.


Aldehyde 11 was prepared in five steps from monoprotected
1,3-propanediol 1623,24 via reagent-controlled enantioselective
crotylation25 of aldehyde 17 using (Z)-2-butene and (−)-b-
methoxydiisopinocampheylborane to give (3R,4R)-alcohol 18 in
97% optical purity and dr >95 : 5 (Scheme 3). The absolute
configuration of ent-18 was assigned by X-ray diffraction of the
derived camphanic ester.26 The enantiomeric excess was measured
by 19F NMR after the formation of the Mosher ester using
similar methodology to an analogous aldehyde.13 After protection
as a tert-butyldiphenylsilyl ether 19, hydroboration with borane-
dimethylsulfide followed by oxidative work-up, afforded alcohol
20 that was oxidized with Dess–Martin periodinane to the desired
aldehyde 11.


With aldehyde 11 and bromide 10 in hand, attention next
turned to their union via the generation of a Grignard reagent
from bromide 10. Previous studies in our group13 have shown
that the coupling of similar substrates works best with the use
of Barbier’s conditions. Magnesium powder was dried under high
vacuum with a heat gun and after activation with iodine and
1,2-dibromoethane, a solution of bromide 10 and aldehyde 11
in diethyl ether was added dropwise. After heating for 3 hours
under reflux the coupled product 21 was isolated in 88% yield as
a ∼1 : 1 mixture of the diastereomers at C3′ (Scheme 4). The two
diastereomers could be easily separated by flash chromatography,
but usually the mixture was used throughout the synthesis, as
equilibration of the bis-spiroacetal ring system was carried out at
a later stage. Activation of the magnesium powder was deemed
to be a crucial step before the addition of the iodine and 1,2-
dibromoethane.


With the basic carbon skeleton fully assembled, use of iterative
radical oxidative cyclizations then allows the formation of the bis-
spiroacetal. Irradiation of the mixture of alcohols 21 with a 60 W
standard desk lamp in the presence of iodobenzene diacetate and
iodine27 in cyclohexane afforded spiroacetal 22 as a mixture of
diastereomers in 86% yield. Spirocyclization takes place via the
formation of an alkoxy radical (generated from a hypoiodite), 1,5-


hydrogen transfer to generate a carbon-centred radical, oxidation
of the radical to a cation and finally intramolecular trapping
of the cation by the hydroxyl group. The tert-butyldiphenyl silyl
ether in spiroacetal 22 was removed using tetrabutylammonium
fluoride with gentle heating at 80 ◦C resulting in the formation of
alcohol 23. The final bis-spiroacetal ring system was then formed
upon execution of a second oxidative radical cyclization providing
bis-spiroacetals 9a–d in 81% yield as a 1 : 1 : 1 : 1 mixture of
diastereomers.


Acid-catalyzed spiroacetalisation of the 1 : 1 : 1 : 1 mixture of
9a–d gave a ∼4 : 1 mixture of the two major isomers (9a and 9b)
together with trace quantities (<5%) of two other minor isomers
(Table 1). Interestingly, use of indium trichloride gave better results
than the commonly used reagents such as HF·py, PPTS, ZnBr2


or ZnCl2 affording a 87 : 13 mixture of the thermodynamically
favoured isomers 9a and 9b (entry 5). This is the first example
of the use of indium trichloride as a Lewis acid to effect the
equilibration of a mixture of spiroacetals allowing convergence to
one major diastereomer. The absolute configuration at C5 and C7
in isomer 9a was assigned unambiguously using 2D NMR NOESY
experiments, that showed clear correlations between H9 and H4,
and between 3-CH3 and H14, respectively (Table 1). Use of a
600 MHz spectrometer was essential in order to see the splitting
of the H2 and H9 resonances.


Introduction of the tertiary alcohol at C12 onto the unsat-
urated bis-spiroacetals 9a–d was initially investigated using a
hydroboration–oxidation sequence. Treatment of the unsaturated


Table 1 Equilibration of bis-spiroacetals 9a and 9b


Entry Conditions 9a : 9b (yield)


1 HF·Pyr, MeCN, room temp., 12 h 76 : 24 (81%)
2 PPTS (0.2 equiv), MeCN, room temp., 18 h ∼81 : 19 (89%)
3 ZnBr2 (0.2 equiv), CH2Cl2, room temp., 19 h 76 : 24 (95%)
4 ZnCl2 (0.2 equiv), CH2Cl2, room temp., 24 h ∼83 : 17 (88%)
5 InCl3 (0.2 equiv), MeCN, room temp., 1 h 87 : 13 (85%)
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Scheme 4 Reagents and conditions and yields: (i) 10, Mg, Br(CH2)2Br, I2, Et2O, room temp., 88%; (ii) PhI(OAc)2, I2, hm, cyclohexane, room temp., 86%;
(iii) Bu4NF, DMF, 80 ◦C, 82%; (iv) PhI(OAc)2, I2, hm, cyclohexane, room temp., 81%; (v) m-CPBA, CH2Cl2, 0 ◦C to room temp., 63%; (vi) DIBALH,
hexane, 0 ◦C, 54%; (viii) Dess–Martin periodinane, CH2Cl2, room temp., 88%; (viii) MeMgBr, Et2O, −78 ◦C, 86%.


bis-spiroacetals 9a–d with either BH3·SMe2 or BH3·THF resulted
in the complete disappearance of any starting material, but after
oxidation of the resultant alcohol using Dess–Martin periodinane
only low yields of the undesired C11 ketone could be isolated.
Use of different procedures known to be mild for the oxidation
of alkylboranes (H2O2, AcONa;28 oxone;29 or NaBO3


30) did not
result in improved yields.


Attempts to direct the formation of a ketone at C12 by the
use of a Wacker oxidation31 only afforded recovered starting
material (using PdCl2, CuCl and O2) or an intractable complex
mixture of products (using PdCl2 and 1,4-benzoquinone) in which
oxypalladation appeared to be directed towards the formation
of the undesired C11 ketone. Notably, starting with a 1 : 1 : 1 : 1
mixture of unsaturated bis-spiroacetals 9a–d, palladium-catalyzed
equilibration of the bis-spiroacetals was also observed to give
predominantly bis-spiroacetal 9a.


Finally, treatment of the 1 : 1 : 1 : 1 mixture of bis-spiroacetals
9 with mCPBA afforded b-epoxide 24 as a single diastereomer to-
gether with recovered starting material. Remarkably, the presence


of meta-chlorobenzoic acid and water in the mCPBA (mCPBA
purchased from Fluka contains ∼10% m-chlorobenzoic acid
and ∼20% H2O) effected equilibration of the mixture of bis-
spiroacetals 9a–d to the most thermodynamically favoured isomer
9a, that then underwent stereoselective epoxidation from the b-
face presumably due to the involvement of the neighbouring
oxygens in hydrogen bonding to the mCPBA.


Epoxide 24 underwent regioselective reductive opening with
DIBALH in hexane and the resultant alcohol 25 was oxidized
to ketone 26 upon treatment with Dess–Martin periodinane. Use
of hexane as the solvent was crucial for the reductive opening
of epoxide 24. Additionally, the reaction was difficult to carry
to completion with starting material also being recovered from
the reaction. Addition of methylmagnesium bromide to ketone
26 proceeded stereoselectively from the axial direction affording
the desired tertiary alcohol 7 with the same stereochemistry as
that present in the spirolides. Ishiara and coworkers have similarly
reported the use of MeLi in THF to effect the stereoselective axial
introduction of the methyl group.9
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The stereochemistries of epoxide 24 and tertiary alcohol 7
were assigned unambiguously by 2D NMR NOESY (Fig. 2). For
epoxide 24, correlations between H9 and H4, between H12 and
H13 and between 3-CH3 and H14 established the stereochemistry
as indicated. No correlations were observed between H9 and H11
or H12 as would be expected if epoxidation had taken place from
the a-face. For tertiary alcohol 7, clear correlations between H9
and H4 and between H2 and H11 clearly established the trans
arrangement of the oxygen atoms about the central ring. The
absolute configuration of the CH3 group at C12 was assigned by
the observed correlation with H13.


Fig. 2 Characteristic NOESY correlations for the assignment of the
absolute configuration of epoxide 24 and alcohol 7.


The trans stereochemistry of the bis-spiroacetal ring system
adopted by tertiary alcohol 7 represents the thermodynamically
favoured isomer and it is hoped that re-equilibration of the bis-
spiroacetal to the desired cis stereochemistry as found in the
spirolides will take place upon the incorporation of this moiety
into the larger macrocyclic system. A comparison of the 1H NMR
and 13C NMR chemical shifts recorded for trans bis-spiroacetal
7 with the analogous resonances in the cis bis-spiroacetal
moiety of natural product spirolide B 2 is summarized in
Table 2.


The present work demonstrates the efficient construction of
the bis-spiroacetal ring system present in the spirolides using an
iterative oxidative radical cyclization strategy. Use of InCl3 and
m-CPBA to effect the equilibration of the 6,5,5-bis-spiroacetal
ring system provides further examples of reagents to effect
spiroacetalizations in a stereoselective fashion. Furthermore, the
use of a silyl-modified Prins cyclization provides an efficient entry
to the dihydropyran unit of the cyclization precursor. Further
synthetic work towards the synthesis of spirolides B 2 and D
4 awaits the synthesis of the spiroimine unit of these marine
biotoxins.


Experimental


Electronic supplementary material


General experimental details together with full experimental
procedures, 1H NMR, 13C NMR and mass spectral data for
compounds 10–14 and 17–20 have been deposited as ESI.†


Table 2 Comparison of 1H NMR and 13C NMR data for trans bis-spiroacetal 7 with the cis bis-spiroacetal moiety of spirolide B 2


Carbon no. for
spirolide B 2


13C chemical shift (dC)
for spirolide B 2a


Carbon no.
for alcohol 7


13C chemical shift
(dH) for alcohol 7b


1H chemical shift (dH)
for spirolide B 2c


1H chemical shift
(dH) for alcohol 7d


10 75.1 2′ 67.7 4.25 3.58
11 37.1 1′ 30.8 1.77, 2.02 1.56
12 81.5 2 78.0 4.38 4.23
13 35.1 3 34.8 2.46 2.42
14 42.5 4 44.0 2.24, 1.93 2.37, 1.75
15 116.3 5 114.9 — —
16 35.4 14 35.4 2.38, 2.04 2.21, 1.94
17 30.8 13 35.0 2.16, 1.81 2.40, 1.76
18 111.1 7 110.4 — —
19 69.8 12 68.9 — —
20 35.8 11 30.8 1.65 (2x) 1.89, 1.67
21 29.0 10 26.9 1.62, 1.25 1.63, 1.54
22 68.3 9 69.5 3.96 4.04
39 15.1 CH3C(3) 14.6 1.18 0.92
40 20.9 CH3C(12) 21.2 1.23 1.26


a Measured at 125 MHz in CDCl3. b Measured at 100 MHz in CDCl3. c Measured at 500 MHz in CDCl3. d Measured at 600 MHz in CDCl3.
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(3R,5R,6R)-1-(2S,6S)-6-[(Benzyloxy)methyl]-5,6-dihydro-2H -
pyran-2-yl-6-[tert-butyl(diphenyl)silyl]oxy-8-[(4-methoxybenzyl)oxy]-
5-methyl-3-octanol 21a and (3S,5R,6R)-1-(2S,6S)-6-[(benzyloxy)-
methyl]-5,6-dihydro-2H -pyran-2-yl-6-[tert-butyl(diphenyl)silyl]-
oxy-8-[(4-methoxybenzyl)oxy]-5-methyl-3-octanol 21b. Mag-
nesium powder (100 mg, 4.1 mmol) was dried under high vacuum
for one day. Diethyl ether (5 mL) was added, followed by
iodine (one crystal) and 1,2-dibromoethane (25 lL, 0.28 mmol,
0.3 equiv). The mixture was stirred until the iodine colour
disappeared, then a solution of aldehyde 11 (430 mg, 0.85 mmol)
and dihydropyran 10 (529 mg, 1.70 mmol) in Et2O (6 mL) was
added dropwise over one hour. After 3 hours diethyl ether (20 mL)
was added followed by sat. NaHCO3 (20 mL). If the reaction was
not complete after 3 hours, the solution was heated under reflux.
The aqueous phase was further extracted with diethyl ether (3 ×
50 mL) and the organic extracts were dried over MgSO4. Flash
chromatography of the residue obtained after concentration of
the solvent using hexane–diethyl ether (90 : 10 to 1 : 1) as the
eluent afforded the title compounds 21 (555 mg, 88%) as a mixture
of diastereomers and as a viscous colourless oil.


Spectroscopic data for less polar diastereomer 21a. tmax


(film)/cm−1 3445, 3070, 3030, 2930, 2855, 1613, 1585, 1515, 1465,
1425, 1365, 1305, 1245, 1175, 1110, 935, 820, 740, 700, 615; dH


(400 MHz; CDCl3) 7.66–7.70 (m, 4H, PhSi), 7.26–7.45 (m, 11H,
PhSi and ArH), 7.11 (d, 2H, J 8.6, ArH), 6.84 (d, 2H, J 8.6, ArH),
5.83 (tdd, 1H, J 1.7, 5.3 and 10.0, 5′-H), 5.62 (tdd, 1H, J 1.2, 2.2
and 10.0, 4′-H), 4.64 (d, 1H, J 12.3, CH2Bn), 4.58 (d, 1H, J 12.3,
CH2Bn), 4.19–4.21 (m, 1H, 6′-H), 4.16 (s, 2H, CH2PMBn), 3.81–
3.88 (m, 2H, 6-H, 2′-H), 3.81 (s, 3H, CH3O), 3.57–3.62 (m, 1H,
3-H), 3.57 (dd, 1H, J 6.4 and 10.8, 1′′-Ha), 3.49 (dd, 1H, J 5.4
and 10.8, 1′′-Hb), 3.33 (td, 1H, J 7.5 and 15.0, 8-Ha), 3.20 (td, 1H,
J 7.3 and 15.0, 8-Hb), 1.93–2.10 (m, 2H, 3′-H), 1.93–2.09 (m, 2H,
4-H), 1.82–1.96 (m, 2H, 2-H), 1.72–1.82 (m, 2H, 7-H), 1.55–1.70
(m, 2H, 1-H), 1.46–1.55 (m, 1H, 5-H), 1.07 (s, 9H, (CH3)3CSi)
and 0.84 (d, 3H, J 6.8, CH3); dC (100 MHz; CDCl3) 158.9 (C,
Carom(PMBn)), 138.3 (C, Carom(PMBn)), 136.1, 136.0 (4 × CH,
PhSi), 134.5 (C, PhSi), 134.0 (C, PhSi), 130.6 (C, Carom(Bn)), 130.2
(CH, Carom(Bn)), 129.6 (2 × CH, PhSi), 129.5 (CH, C-5′), 129.1
(2 × CH, Carom(PMBn)), 128.3 (2 × CH, Carom(Bn)), 127.7 (CH,
Carom(Bn)), 127.6 (CH, Carom(Bn)), 127.5, (CH, PhSi), 127.4 (CH,
PhSi), 124.2 (CH, C-4′), 113.6 (2 × CH, Carom(PMBn)), 75.3 (CH,
C-3), 74.8 (CH, C-6), 73.4 (CH2, CH2Bn), 73.3 (CH, C-6′), 73.0
(CH2, C-1′′), 72.2 (CH2, CH2PMBn), 69.3 (CH, C-2′), 67.3 (CH2,
C-8), 55.2 (CH3, CH3O), 40.5 (CH2, C-4), 35.0 (CH, C-5), 34.4
(CH2, C-2), 34.2 (CH2, C-7), 31.8 (CH2, C-3′), 27.6 (CH2, C-1),
27.1 (3 × CH3, (CH3)3CSi), 19.5 (C, (CH3)3CSi) and 14.7 (CH3,
CH3); MS (FAB) m/z (%) 737 (0.5, [M + H]+), 481 (0.5), 359 (1),
197 (4), 135 (11), 121 (100), 105 (2) and 91 (19, [Bn]+); HRMS (CI)
m/z 737.4237 calcd for C46H61O6Si 737.4235.


Spectroscopic data for more polar diastereomer 21b. [a]20
589 −1


(c = 0.15, CHCl3); tmax (film)/cm−1 3435, 3030, 2930, 2855, 1960,
1890, 1830, 1610, 1590, 1515, 1455, 1430, 1365, 1300, 1170, 1110,
1040, 820, 740, 700, 615; dH (400 MHz; CDCl3) 7.65–7.69 (m, 4H,
PhSi), 7.26–7.43 (m, 11H, PhSi, ArH), 7.09 (d, 2H, J 8.6, ArH),
6.83 (d, 2H, J 8.6, ArH), 5.83 (m, 1H, 5′-H), 5.58 (bd, 1H, J 10.3,
4′-H), 4.62 (d, 1H, J 12.2, CH2Bn), 4.55 (d, 1H, J 12.2, CH2Bn),
4.15–4.18 (m, 1H, 6′-H), 4.13 (s, 2H, CH2PMBn), 3.81–3.89 (m,
2H, 6-H, 2′-H), 3.80 (s, 3H, CH3O), 3.55 (dd, 1H, J 6.4 and 10.2,
1′′-Ha), 3.44 (dd, 1H, J 6.0 and 10.2, 1′′-Hb), 3.40–3.47 (m, 1H,


3-H), 3.28 (td, 1H, J 6.8 and 9.3, 8-Ha), 3.17 (td, 1H, J 7.0 and
9.3, 8-Hb), 2.63 (d, 1H, J 3.8, OH), 1.90–1.97 (m, 1H, 3′-Ha), 2.01–
2.11 (m, 1H, 3′-Hb), 1.73–1.78 (m, 2H, 7-H), 1.23–1.69 (m, 7H,
1-H, 2-H, 4-H, 5-H), 1.05 (s, 9H, (CH3)3CSi) and 0.90 (d, 3H,
J 6.9, CH3); dC (100 MHz; CDCl3) 158.9 (C, Carom(PMBn)), 138.3
(Ct, Carom(PMBn)), 136.0 (CH, PhSi), 135.9 (CH, PhSi), 134.7 (C,
PhSi), 133.9 (C, PhSi), 130.5 (C, Carom(Bn)), 130.0 (CH, Carom(Bn)),
129.6 (CH, PhSi), 129.4 (CH, PhSi), 129.1 (2 × CH, Carom(PMBn)),
128.3 (2 × CH, Carom(Bn)), 127.7 (2 × CH, Carom(Bn)), 127.6 (CH,
C-4′), 127.5 (2 × CH, PhSi), 127.4 (2 × CH, PhSi), 124.4 (CH, C-
5′), 113.6 (2 × CH, Carom(PMBn)), 74.7 (CH, C-3), 73.6 (CH, C-6),
73.4 (CH2, CH2Bn), 73.3 (CH, C-6′), 73.0 (CH2, C-1′′), 72.1 (CH2,
CH2PMBn), 69.9 (CH, C-2′), 67.3 (CH2, C-8), 55.2 (CH3, CH3O),
40.0 (CH2, C-4), 34.8 (CH, C-5), 33.6 (CH2, C-2), 33.0 (CH2, C-7),
31.7 (CH2, C-3′), 27.6 (CH2, C-1), 27.1 (CH3, (CH3)3CSi), 19.5 (C,
(CH3)3CSi) and 14.7 (CH3, CH3); MS (FAB) m/z 737 (0.8, [M +
H]+), 481 (0.5), 359 (1), 197 (5), 135 (11), 121 (100, [PMBn]+)
and 91 (26). HRMS (CI) m/z 737.4256 (calcd for C46H61O6Si
737.42352).


(2SR,3R)-Benzyl-(2-methyl-3-{[tert-butyl(diphenyl)silyl]oxy}-5-
[(5RS,7S)-(4-methoxybenzyl)oxy]-2-methylpentyl-1,6-dioxaspiro-
[4.5]dec-9-en-7-yl)methyl ether 22. A 1 : 1 mixture of alcohols
21 (90 mg, 0.12 mmol), with PhI(OAc)2 (78 mg, 0.24 mmol) and
iodine (68 mg, 0.27 mmol) in cyclohexane (10 mL) was degassed
with argon and irradiated with a desk lamp (60 W). After 2 hours
the mixture was diluted with diethyl ether (10 mL) then sat.
Na2S2O3 (5 mL) and sat. NaHCO3 (5 mL) were added. After
extraction with diethyl ether (3 × 20 mL), the organic extracts
were dried over MgSO4. Purification of the residue obtained
after concentration of the solvents at reduced pressure by flash
chromatography using hexane–diethyl ether (80 : 20) as the eluent
afforded the title spiroacetals 22 (92 mg, 86%) as a colourless oil
and as a 1 : 1 mixture of two diastereomers; tmax (film)/cm−1 3400,
3035, 2930, 2860, 1740, 1610, 1590, 1515, 1455, 1425, 1360, 1302,
1250, 1170, 1110, 1040, 820, 740, 700, 610; dH (400 MHz; CDCl3)
7.65–7.70 (m, 4H, PhSi), 7.26–7.43 (m, 11H, PhSi, ArH), 7.08 (d,
2H, J 8.7, ArH), 6.82 (d, 2H, J 8.7, ArH), 5.94 (ddd, 1H, J 1.9,
5.6 and 9.9, 9-H), 5.57 (ddd, 1H, J 1.3, 2.6 and 9.9, 10-H), 4.62
(d, 1H, J 12.4, CH2Bn), 4.59 (d, 1H, J 12.4, CH2Bn), 4.11–4.23
(m, 2H, 7-H, 2-H), 4.13, 4.11 (each d, 2H, J 11.9, CH2(PMBn)),
3.80 (s, 3H, CH3O), 3.75 (dt, 1H, J 2.7 and 6.1, 3′-H), 3.58 (dd,
1H, J 5.5 and 10.4, 1′′-Ha), 3.52 (dd, 1H, J 4.7 and 10.4, 1′′-Hb),
3.26 (td, 1H, J 6.8 and 9.1, 5′-Ha), 3.11 (td, 1H, J 7.2 and 9.1,
5′-Hb), 1.81–2.36 (m, 10H, 4′-Ha, 2′-H, 3-H, 4-H, 8-H, 1′-H), 1.71
(bq, 2H, J 6.8, 4′-Hb) 1.04 (s, 9H, (CH3)3CSi) and 0.86 (d, 3H,
J 6.8, CH3); dC (100 MHz; CDCl3) 158.8 (C, Carom(PMBn)), 138.4
(C, Carom(PMBn)), 136.1 (2 × CH, PhSi), 135.9 (2 × CH, PhSi),
134.7, 134.0 (each C, PhSi), 130.5 (C, Carom(Bn)), 129.4, 129.3,
129.1 (each CH, PhSi, Carom(Bn)), 129.0 (2 × CH, Carom(PMBn)),
128.2 (CH, C-9), 127.5 (2 × CH, Carom(Bn)), 127.4 (2 × CH,
Carom(Bn)), 127.4 (CH, C-10), 127.4 (2 × CH, PhSi), 127.3 (2 ×
CH, PhSi), 113.5 (2 × CH, Carom(PMBn)), 103.3 (C, C-5), 76.2
(CH, C-2), 74.6 (CH, C-3′), 73.0 (CH2, C-1′′), 72.6, 72.1 (each
CH2, CH2(Bn), CH2(PMBn)), 67.6 (CH, C-7), 67.3 (CH2, C-5′),
55.1 (CH3, CH3O), 38.3 (CH2, C-1′), 37.3 (CH2, C-4), 35.1 (CH,
C-2′), 33.5 (CH2, C-3), 31.2 (CH2, C-4′), 26.9 (CH2, C-8), 27.1
(CH3, (CH3)3CSi), 19.5 (C, (CH3)3CSi) and 14.2 (CH3, CH3); MS
(FAB) m/z (%) 735 (1.5, [M + H]+), 479 (1.5), 211 (1), 197 (5),
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135 (12), 121 (100), 107 (3) and 91 (25, [Bn]+). HRMS (CI) m/z
735.4073 (calcd for C46H59O6Si 735.4081).


(2R,3R)-1-{(5RS,7S )-7-[(Benzyloxy)methyl]-1,6-dioxaspiro-
[4.5]dec-9-en-2-yl}-5-[(4-methoxybenzyl)oxy]-2-methyl-3-pentanol
23. A solution of spiroacetals 22 (60 mg, 0.081 mmol, 1 equiv)
in DMF (2 mL) containing tetrabutylammonium fluoride
(213 mg, 0.81 mmol) was heated to 80 ◦C overnight. The cooled
reaction mixture was diluted with diethyl ether (5 mL) and water
(10 mL). The aqueous phase was extracted with diethyl ether
(3 × 5 mL) and the organic layers were dried over MgSO4. After
concentration of the solvents at reduced pressure purification
by flash chromatography using hexane–diethyl ether (1 : 1) as
the eluent afforded the title spiroacetals 23 (34 mg, 82%) as a
colourless oil and as a 1 : 1 mixture of diastereomers.


Spectroscopic data for less polar diastereomer 23a. [a]20
589 −32


(c = 0.18, CHCl3); tmax (film)/cm−1 3450, 2860, 1720, 1610, 1510,
1455, 1360, 1300, 1250, 1090, 1030, 990, 870, 820, 740, 700; dH


(400 MHz; CDCl3) 7.24–7.34 (m, 5H, ArH), 7.23 (d, 2H, J 8.7,
ArH), 6.85 (d, 2H, J 8.7, ArH), 5.95 (ddd, 1H, J 1.9, 5.6 and 9.8,
9-H), 5.62 (ddd, 1H, J 1.3, 2.6 and 9.8, 10-H), 4.60 (d, 1H, J 12.2,
CH2Bn), 4.56 (d, 1H, J 12.2, CH2Bn), 4.43 (s, 2H, CH2(PMBn)),
4.28 (dtd, 1H, J 3.5, 7.2 and 10.3, 2-H), 4.12–4.19 (m, 1H, 7-H),
3.77 (s, 3H, CH3O), 3.73 (dt, 1H, J 2.5 and 9.9, 3′-H), 3.57–3.78
(m, 2H, 5′-H), 3.56 (dd, 1H, J 5.7 and 10.5, 1′′-Ha), 3.50 (dd, 1H,
J 4.3 and 10.5, 1′′-Hb), 1.94–2.03 (m, 2H, 4-H), 1.78 (m, 1H, 2′-
H), 1.69–2.09 (m, 2H, 8-H), 1.66–1.78 (m, 2H, 4′-H), 1.54–2.22
(m, 2H, 3-H), 1.46–1.69 (m, 2H, 1′-H) and 0.90 (d, 3H, J 6.8,
CH3); dC (100 MHz; CDCl3) 159.1 (C, Carom(PMBn)), 138.4 (C,
Carom(PMBn)), 130.2 (C, Carom(Bn)), 129.2 (2 × CH, Carom(PMBn)),
128.6 (CH, C-10), 128.2 (2 × CH, Carom(Bn)), 128.0 (CH, C-9),
127.4 (2 × CH, Carom(Bn)), 127.3 (CH, Carom), 113.7 (2 × CH,
Carom(PMBn)), 103.6 (C, C-5), 76.6 (CH, C-2), 73.6 (CH, C-3′),
73.0 (CH2, CH2(Bn)), 72.8 (CH2, CH2(PMBn)), 72.5 (CH2, C-1′′),
69.1 (CH2, C-5′), 67.9 (CH, C-7), 55.1 (CH3, CH3O), 39.2 (CH2,
C-1′), 37.2 (CH2, C-4), 36.4 (CH, C-2′), 33.3 (CH2, C-4′), 31.3
(CH2, C-3), 26.7 (CH2, C-8) and 14.3 (CH3, CH3); MS (EI) m/z
(%) 496 (1, [M]+), 478 (1, [M − H2O]+), 425 (2), 384 (5), 320 (12),
307 (9), 266 (4), 199 (3), 157 (6), 121 (100) and 91 (56); HRMS
(EI) m/z 496.2819 (calcd for C30H40O6 496.2825).


Spectroscopic data for more polar diastereomer 23b. [a]20
589 −34


(c = 0.07, CHCl3); tmax (film)/cm−1 3450, 2860, 1720, 1610, 1510,
1455, 1360, 1300, 1250, 1090, 1030, 990, 870, 820, 740, 700; dH


(400 MHz; CDCl3) 7.26–7.34 (m, 5H, ArH), 7.23 (d, 2H, J 8.5,
ArH), 6.85 (d, 2H, J 8.5, ArH), 5.90 (ddd, 1H, J 1.8, 4.4 and
9.9, 9-H), 5.60 (ddd, 1H, J 2.0, 3.0 and 9.9, 10-H), 4.56 (s, 2H,
CH2Bn), 4.41 (s, 2H, CH2(PMBn)), 4.24–4.30 (m, 1H, 2-H), 4.15–
4.21 (m, 1H, 7-H), 3.77 (s, 3H, CH3O), 3.73 (dt, 1H, J 2.6 and
10.1, 3′-H), 3.55–3.68 (m, 2H, 5′-H), 3.54 (dd, 1H, J 5.8 and 10.5,
1′′-Ha), 3.48 (dd, 1H, J 5.0 and 10.5, 1′′-Hb), 1.96–2.07 (each m,
2H, 8-H), 1.90–2.09 (each m, 2H, 3-H), 1.85–2.09 (each m, 2H,
4-H), 1.70–1.88 (each m, 2H, 1′-H), 1.69 (m, 1H, 2′-H), 1.63–1.77
(each m, 2H, 4′-H) and 0.90 (d, 3H, J 6.5, CH3); dC (100 MHz;
CDCl3) 159.1 (C, Carom(PMBn)), 138.4 (C, Carom(PMBn)), 130.1 (C,
Carom(Bn)), 129.2 (2 × CH, Carom(PMBn)), 128.5 (CH, C-9), 128.3
(CH, C-10), 128.2 (2 × CH, Carom(Bn)), 127.4 (2 × CH, Carom(Bn)),
127.3 (CH, Carom), 113.7 (2 × CH, Carom(PMBn)), 103.4 (C, C-5),
78.5 (CH, C-2), 73.5 (CH, C-3′), 73.0 (CH2, CH2(Bn)), 72.8 (CH2,
CH2(PMBn)), 72.6 (CH2, C-1′′), 69.3 (CH2, C-5′), 67.2 (CH, C-7),


55.1 (CH3, CH3O), 41.7 (CH2, C-1′), 38.2 (CH2, C-4), 36.2 (CH,
C-2′), 33.7 (CH2, C-4′), 30.9 (CH2, C-3), 26.8 (CH2, C-8) and 13.8
(CH3, CH3); MS (FAB) m/z (%) 497 (12, [M + H]+), 479 (8, [M +
H − H2O]+), 357 (2), 121 (100), 91 (39, [Bn]+); HRMS (FAB) m/z
497.2895 (calcd for C30H41O6 497.2903).


(2R,3R,5R,7R,9S)-9-[(Benzyloxy)methyl]-2-[(4-methoxybenzyl)-
oxy]ethyl-3-methyl-1,6,8-trioxadispiro[4.1.5.2]tetradec-11-ene 9a.
A mixture of spiroacetals 23 (34 mg, 0.068 mmol), PhI(OAc)2


(44 mg, 0.13 mmol) and iodine (38 mg, 0.15 mmol) in cyclohexane
(5 mL) was degassed with argon and irradiated with a desk
lamp (60 W). After 2 hours the mixture was diluted with diethyl
ether (5 mL) and sat. Na2S2O3 (3 mL) and sat. NaHCO3 (3 mL)
were added. After extraction with diethyl ether (3 × 10 mL), the
combined organic extracts were dried over MgSO4. Purification
by flash chromatography using hexane–diethyl ether (80 : 20) as
eluent afforded the title bis-spiroacetals 9 (28 mg, 81%) as a 1 : 1 :
1 : 1 mixture of diastereomers and as a colourless oil. Subsequent
equilibration using the conditions summarized afforded two
diasteromers 9a and 9b with varying ratios as reported in Table 1.


Spectroscopic data for major diastereomer 9a. [a]20
589 − 23 (c =


0.25, CHCl3); tmax (film)/cm−1 3495, 2930, 2860, 2060, 1880, 1735,
1655, 1610, 1585, 1515, 1500, 1455, 1300, 1245, 1205, 1175, 1095,
1035, 1005, 980, 875, 820, 735, 700; dH (600 MHz; CDCl3) 7.26–
7.35 (m, 5H, ArH), 7.26 (d, 2H, J 8.5, ArH), 6.87 (d, 2H, J 8.5,
ArH), 5.97 (ddd, 1H, J 2.2, 5.5 and 9.9, 11-H), 5.70 (brd, 1H, J 9.9,
12-H), 4.59 (s, 2H, CH2Ph), 4.35 (s, 3H, CH2(PMBn)), 4.14–4.25
(m, 2H, 2-H, 9-H), 3.80 (s, 3H, CH3O), 3.38–3.64 (m, 4H, 2′-
H, 1′′-H), 2.50 (dq, 1H, J 14.1 and 7.4, 3-H), 2.28–2.40 (m, 2H,
4-Ha, 13-Ha), 1.89–2.11 (m, 5H, 13-Hb, 14-H, 10-H), 1.62–1.70
(m, 3H, 1′-H, 4-Hb) and 0.90 (d, 3H, J 7.0, CH3); dH (100 MHz;
CDCl3) 159.0 (C, Carom(PMBn)), 138.5 (C, Carom(PMBn)), 130.8 (C,
Carom(Bn)), 129.3 (2 × CH, Carom(PMBn)), 129.2 (CH, C12), 128.3
(2 × CH, Carom(Bn)), 128.1 (CH, C-11), 127.5 (3 × CH, Carom(Bn)),
114.6 (C, C-5), 113.7 (2 × CH, Carom(PMBn)), 103.4 (C, C-7), 78.6
(CH, C-2), 73.1 (CH2, CH2Ph), 72.8 (CH2, CH2Ar), 72.7 (CH2,
C-1′′), 68.0 (CH, C-9), 67.8 (CH2, C-2′), 55.3 (CH3, CH3O), 45.5
(CH2, C-4), 35.6, 36.9 (each CH2, C-13, C-14), 34.5 (CH, C-3),
31.1 (CH2, C-1′), 26.8 (CH2, C-10), 14.3 (CH3, CH3); MS (EI) m/z
(%) 494 (1, [M]+), 477 (9, [M − OH]+), 476 (25, [M − H2O]+), 403
(1, [M − Bn]+), 485 (1, [M − Bn − H2O]+), 373 (8, [M − PMBn]+),
358 (8), 355 (3, [M − PMBn − H2O]+), 229 (6), 203 (6), 157 (11),
137 (10), 121 (100), 91 (65); HRMS (EI) m/z 494.2668 (calcd for
C30H38O6 494.26684).


Spectroscopic data for minor diastereomer 9b. dH (600 MHz;
CDCl3) 7.28–7.32 (m, 5H, ArH), 7.22 (d, 2H, J 8.5, ArH), 6.83 (d,
2H, J 8.5, ArH), 5.92–5.96 (m, 1H, 11-H), 5.58 (brd, 1H, J 9.9,
12-H), 4.44 (s, 2H, CH2Ph), 4.30 (s, 2H, CH2(PMBn)), 4.10–4.16
(m, 2H, 2-H, 9-H), 3.79 (s, 3H, CH3O), 3.38–3.42 (m, 4H, 2′-H,
1′′-H), 2.50 (m, 1H, 3-H), 2.20–2.33 (m, 2H, 4-Ha, 13-Ha), 1.72–
2.01 (m, 5H, 13-Hb, 14-H, 10-H), 1.61–1.69 (m, 3H, 1′-H, 4-Hb)
and 0.89 (m, 3H, CH3).


(2R,3R,5S,7R,9S,11R,12R)-9-[(Benzyloxy)methyl]-11,12-epoxy-
2-2-[(4-methoxybenzyl)oxy]ethyl-3-methyl-1,6,8-trioxadispiro-
[4.1.5.2]tetradecane 24. To a 1 : 1 : 1 : 1 mixture of bis-
spiroacetals 9a–d (60 mg, 0.12 mmol) in dichloromethane (2 mL)
at 0 ◦C was added m-CPBA (84 mg, 0.48 mmol). The solution was
allowed to warm to room temperature and left to stir overnight.
After 24 h the solution was cooled to 0 ◦C, filtered through a
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Celite pad and washed with cold dichloromethane. The organic
phase was washed with sat. NaHCO3 and dried (Na2SO4). After
concentration by removal of the solvents at reduced pressure the
residue was purified by flash chromatography using hexane–ethyl
acetate (2 : 1) as the eluent to afford recovered starting material
(22 mg) and the title epoxide 24 (35 mg, 63%) as a colourless oil;
[a]20


589 +7 (c = 0.21, CHCl3); tmax (film)/cm−1 2955, 2925, 2855,
1725, 1615, 1585, 1515, 1455, 1360, 1300, 1250, 1210, 1175, 1100,
1035, 1010, 980, 830, 735, 700; dH (400 MHz; CDCl3) 7.27–7.34
(m, 5H, ArH), 7.26 (d, 2H, J 8.6, ArH), 6.87 (d, 2H, J 8.6, ArH),
4.54 (s, 2H, CH2Ph), 4.44 (s, 2H, CH2Ar), 4.24 (ddd, 1H, J 4.9,
7.2 and 8.6, 2-H), 4.06 (tdd, 1H, J 4.7, 6.0 and 9.4, 9-H), 3.80
(s, 3H, CH3O), 3.56 (m, 2H, 2′-H), 3.43 (dd, 2H, J 10.4, and
5.3, 1′′-H), 3.33–3.41 (m, 1H, 11-H), 3.00 (d, 1H, J 3.9, 12-H),
2.49 (sept, 1H, J 7.2, 3-H), 2.36 (m, 1H, 4-Ha), 2.33–2.05 (m,
4H, 13-H, 14-H), 1.75–1.91 (m, 2H, 10-H), 1.68 (m, 3H, 4-Hb,
1′-H), 0.91 (d, 3H, J 6.9, CH3); dC (100 MHz; CDCl3) 159.1 (C,
Carom(PMBn)), 138.3 (C, Carom(PMBn)), 130.6 (C, Carom(PMBn)),
129.2 (2 × CH, Carom(PMBn)), 128.3 (2 × CH, Carom(Bn)), 127.6
(CH, Carom(Bn)), 127.5 (CH, Carom(Bn)), 115.6 (C, C(5)), 113.7
(CH, Carom(PMBn)), 103.5 (C, C-7), 78.4 (CH, C-2), 73.2 (CH2,
C-1′′), 72.8 (CH2, CH2Ph), 72.4 (CH2, CH2Ar), 67.8 (CH2, C-2′),
66.1 (CH, C-9), 55.3 (CH3, CH3O), 52.5 (CH, C-12), 51.0 (CH,
C-11), 44.7 (CH2, C-4), 35.2, 34.7 (each CH2, C-13, C-14), 34.5
(CH, C-3), 31.0 (CH2, C-1′), 25.2 (CH2, C-10) and 14.3 (CH3,
CH3); MS (FAB) m/z (%) 511 (8, [M + H]+), 493 (6, [M − H2O]+),
373 (5), 121 (100) and 91 (42, [Bn]+); HRMS (FAB) m/z 511.2696
(calcd for C30H39O7 511.2685).


(2R,3R,5S,7R,9S,12R)-9-[(Benzyloxy)methyl]-2-2-[(4-methoxy-
benzyl)oxy]ethyl-3-methyl-1,6,8-trioxadispiro[4.1.5.2]tetradecan-
12-ol 25. To a solution of epoxide 24 (13 mg, 26.0 lmol) in dry
hexane (500 lL) at 0 ◦C was added DIBALH (1 M in hexane,
77 lL, 77.0 lmol). After 1 hour 1 M HCl (1 mL) was added and
the aqueous phase extracted with diethyl ether (3 × 2 mL). After
concentration by removal of the solvents at reduced pressure the
residue was purified by flash chromatography using hexane–ethyl
acetate (1 : 1) as the eluent to afford the title compound 25
(8.4 mg, 63%) as a colourless oil; [a]20


589 +2 (c = 0.11, CHCl3); tmax


(film)/cm−1 3435, 2925, 2855, 1725, 1615, 1515, 1455, 1360, 1300,
1245, 1175, 1100, 1035, 980, 870, 820, 745, 700, 620; dH (400 MHz;
CDCl3) 7.26–7.35 (m, 5H, ArH), 7.26 (d, 2H, J 8.4, ArH), 6.88
(d, 2H, J 8.4, ArH), 4.57 (s, 2H, CH2Ph), 4.44 (s, 2H, CH2Ar),
4.18 (ddd, 1H, J 4.9, 6.7 and 8.9, 2-H), 4.06 (dtd, 1H, J 2.7, 5.2
and 7.7, 9-H), 3.81 (s, 3H, CH3O), 3.57 (m, 1H, 12-H), 3.55 (m,
2H, 2′-H), 3.48 (m, 2H, 1′′-H), 2.47 (dq, 1H, J 14.2 and 7.2, 3-H),
2.34 (dd, 1H, J 7.2 and 13.1, 4-Ha), 1.94–2.25 (m, 5H, 11-Ha,
13-H, 14-H), 1.79 (ddd, 1H, J 3.2, 6.7 and 13.8, 11-Hb), 1.69 (m,
2H, 1′-H), 1.68 (m, 1H, 4-Hb), 1.62 (m, 1H, 10-Ha), 1.43 (m, 1H,
10-Hb) and 0.92 (d, 3H, J 7.0, CH3); dC (100 MHz; CDCl3) 159.1
(C, Carom(PMBn)), 138.4 (C, Carom(PMBn)), 130.6 (C, Carom(Bn)),
129.3 (2 × CH, Carom(PMBn)), 128.3 (2 × CH, Carom(Bn)),
127.5 (3 × CH, Carom(Bn)), 115.3 (C, C-5), 113.7 (2 × CH,
Carom(PMBn)), 106.8 (C, C-7), 78.0 (CH, C-2), 73.3 (CH2, C-1′′),
73.2 (CH2, CH2Ph), 72.8 (CH2, CH2Ar), 69.8 (CH, C-9), 69.7
(CH, C-12), 67.8 (CH2, C-2′), 55.3 (CH3, CH3O), 44.6 (CH2, C-4),
35.0, 34.8 (each CH2, C-13, C-14), 34.4 (CH, C-3), 30.9 (CH2,
C-1′), 26.6 (CH2, C-11), 21.3 (CH2, C-10) and 14.5 (CH3, CH3);
MS (FAB) m/z (%) 513 (2, [M + H]+), 495 (22, [M − H2O]+),


391 (4), 219 (4), 178 (3), 165 (6), 121 (100) and 91 (42); HRMS
(FAB) m/z 512.2774 (calcd for C30H40O7 512.27733).


(2R,3R,5S,7R,9S )-9-[(Benzyloxy)methyl]-2-2-[(4-methoxy-
benzyl)oxy]ethyl-3-methyl-1,6,8-trioxadispiro[4.1.5.2]tetradecan-
12-one 26. To a solution of bis-spiroacetal alcohol 25 (5 mg,
9.70 lmol) and pyridine (2.4 lL, 29.25 lmol) in dichloromethane
(500 mL) was added Dess–Martin periodinane (8.3 mg, 19.5 lmol)
at room temperature. After 1 h more Dess–Martin periodinane
(8.3 mg) was added. After 3 hours, the solution was diluted with
dichloromethane (1 mL) and a sat. NaHCO3–sat. Na2SO3 (1 : 1)
solution (1 mL) was added. The aqueous phase was extracted with
dichloromethane (3 × 2 mL), dried over MgSO4 and the solvent
was removed under reduced pressure. The residue was purified
by flash chromatography using hexane–diethyl ether (5 : 4) as the
eluent to afford the title compound (4.5 mg, 88%) as a colourless
oil; [a]20


589 +27 (c = 0.41, CHCl3); tmax (film)/cm−1 2920, 2850, 1735,
1615, 1585, 1515, 1455, 1360, 1300, 1245, 1095, 1030, 995, 865, 825,
735; dH (400 MHz; CDCl3) 7.28–7.37 (m, 5H, ArH), 7.26 (d, 2H,
J 8.7, ArH), 6.88 (d, 2H, J 8.6, ArH), 4.59 (s, 2H, CH2Ph), 4.44
(dddd, 1H, J 2.5, 5.1, 7.5 and 11.7, 9-H), 4.42 (s, 2H, CH2Ar),
4.17 (ddd, 1H, J 4.2, 6.7 and 10.7, 2-H), 3.81 (s, 3H, CH3O), 3.56
(m, 1H, 2′-Ha), 3.55 (dd, 1H, J 5.1 and 10.1, 1′′-Ha), 3.48 (td, 1H,
J 6.1 and 10.2, 2′′-Hb), 3.45 (m, 1H, 1′′-Hb), 2.87 (dt, 1H, J 6.1,
14.0 and 14.0, 11-Ha), 2.80 (ddd, 1H, J 8.6, 10.9 and 13.0, 13-Ha),
2.49 (m, 1H, 3-H), 2.44 (ddd, 1H, J 14.0, 2.5 and 4.8, 11-Hb), 2.39
(dd, 1H, J 7.3 and 13.1, 4-Ha), 2.18 (ddd, 1H, J 8.2, 11.1 and
12.4, 14-Ha), 2.12 (tdd, 1H, J 2.5, 6.1 and 13.3, 10-Ha), 2.03 (ddd,
1H, J 2.8, 7.7 and 12.4, 14-Hb), 1.95 (dddd, 1H, J 4.8, 11.7, 14.0
and 14.0, 10-Hb), 1.74 (ddd, 1H, J 2.8, 8.2 and 13.0, 13-Hb), 1.71
(dd, 1H, J 7.7 and 13.1, 4-Hb), 1.65 (m, 2H, 1′-H) and 0.92 (d,
1H, J 7.0, CH3); dC (100 MHz; CDCl3) 202.0 (C, C-12), 159.1 (C,
Carom(PMBn)), 138.2 (C, Carom(Bn)), 130.7 (C, Carom(PMBn)), 129.3
(2 × CH, Carom(PMBn)), 128.4 (2 × CH, Carom(Bn)), 127.6 (CH,
Carom(Bn)), 127.5 (2 × CH, Carom(Bn)), 115.9 (C, C-5), 113.7 (2 ×
CH, Carom(PMBn)), 106.1 (C, C-7), 78.3 (CH, C-2), 73.4 (CH2,
CH2(Bn)), 72.8 (CH2, CH2(PMBn)), 72.3 (CH2, C-1′′), 69.4 (CH,
C-9), 67.7 (CH2, C-2′), 55.3 (CH3, CH3O), 45.0 (CH2, C-4), 35.5
(CH2, C-11), 34.6 (CH2, C-14), 34.4 (CH, C-3), 30.9 (CH2, C-1′),
30.5 (CH2, C-13), 30.3 (CH2, C-10) and 14.5 (CH3, CH3); MS
(FAB) m/z (%) 511 (9, [M + H]+), 493 (5, [M − H2O]+), 391 (6),
373 (5, [M− PMBnO]+), 273 (3), 219 (3), 121 (76) and 91 (35);
HRMS (FAB) m/z 511.2696 (calcd for C30H39O7 511.26824).


9-[(Benzyloxy)methyl]-2-2-[(4-methoxybenzyl)oxy]ethyl-3,12-
dimethyl-1,6,8-trioxadispiro[4.1.5.2]tetradecan-12-ol 7. To a so-
lution of bis-spiroacetal ketone 7 (5 mg, 9.79 lmol) in diethyl
ether (500 lL) at −78 ◦C was added dropwise a solution of
MeMgBr (3 M in ether, 6.52 lL, 19.58 mmol). After 2 hours,
a solution of sat. NH4Cl in MeOH was added (500 lL) and the
solution allowed to warm to room temperature. After evaporation
to dryness, the residue was purified by flash chromatography using
hexane–diethyl ether (80 : 20) as the eluent to afford the title
compound 7 (4.5 mg, 87%) as a colourless oil; [a]20


589 +38 (c =
0.29, CHCl3); tmax (film)/cm−1 2930, 2850, 1730, 1615, 1585, 1515,
1455, 1360, 1300, 1250, 1210, 1175, 1100, 1035, 1001, 980, 865,
820, 750, 700; dH (600 MHz, CDCl3) 7.28–7.37 (m, 5H, ArH), 7.26
(d, 2H, J 8.6, ArH), 6.88 (d, 2H, J 8.6, ArH), 4.57 (s, 2H, CH2Ar),
4.45 (d, 1H, J 11.3, CH2Ph), 4.41 (d, 1H, J 11.3, CH2Ph), 4.23
(ddd, 1H, J 4.1, 5.9 and 9.8, 2-H), 4.04 (dtd, 1H, J 3.4, 5.2 and
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8.0, 9-H), 3.81 (s, 3H, CH3O), 3.58 (m, 1H, 2′-Ha), 3.53 (m, 1H,
2′-Hb), 3.50 (dd, 1H, J 5.2 and 10.3, 1′′-Ha), 3.42 (dd, 1H, J 5.2
and 10.3, 1′′-Hb), 2.42 (m, 1H, 3-H), 2.40 (m, 1H, 13-Ha), 2.37 (m,
1H, 4-Ha), 2.21 (ddd, 1H, J 7.6, 12.2 and 12.2, 14-Ha), 1.94 (dd,
1H, J 7.6 and 12.2, 14-Hb), 1.89 (dt, 1H, J 4.6, and 13.3, 11-Ha),
1.76 (m, 1H, 13-Hb), 1.75 (m, 1H, 4-Hb), 1.67 (m, 1H, 11-Hb), 1.63
(ddd, 1H, J 2.5, 4.6 and 13.7, 10-Ha), 1.56 (m, 2H, 1′-H), 1.54 (m,
1H, 10-Hb), 1.26 (s, 3H, CH3) and 0.92 (d, 3H, J 6.9, CH3); dH


(100 MHz, CDCl3) 159.1 (C, Carom(PMBn)), 138.5 (C, Carom(Bn)),
130.6 (C, Carom(PMBn)), 129.4 (2 × CH, Carom(PMBn)), 128.3 (2 ×
CH, Carom(Bn)), 127.5 (3 × CH, Carom(Bn)), 114.9 (C, C-5), 113.7
(2 × CH, Carom(PMBn)), 110.4 (C, C-7), 78.0 (CH, C-2), 73.3, 73.2
(each CH2, CH2Ar, C-1′′), 72.2 (CH2, CH2Ph), 69.5 (CH, C-9),
68.9 (C, C-12), 67.7 (CH2, C-2′), 55.3 (CH3, CH3O), 44.0 (CH2,
C-4), 35.4, 35.0 (each CH2, C-13, C-14), 34.8 (CH, C-3), 30.8 (2 ×
CH2, C-1′, C-11), 26.9 (CH2, C-10), 21.2 (CH3, CH3) and 14.6
(CH3, CH3); MS (FAB) m/z (%) 527 (3, [M + H]+), 509 (11, [M −
H2O]+), 493 (2), 391 (26), 279 (9), 205 (8), 167 (12), 149 (58), 137
(21), 121 (100) and 91 (42). HRMS (FAB) m/z 527.30221 (calcd
for C31H43O7 = 527.3009).
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Chiral a-aminophosphonates have been synthesized and their
performance was evaluated as organocatalysts in the direct
asymmetric aldol reaction. High enantioselectivities (up to
99% ee) were achieved for a range of substituted cyclo-
hexanones and benzaldehydes. Several organic bases, such
as DBU, DBN, and TMG, were used together with the a-
aminophosphonates in the aldol reactions and were found to
favor syn-selectivity.


a-Aminophosphonates and their derivatives are important com-
pounds possessing diverse and useful biological activities.1 a-
Aminophosphonates are analogous to amino acids and have
found applications ranging from medicine to agriculture, e.g.
as antibiotics,2 enzyme inhibitors,3 anti-cancer agents,4 and
herbicides.5 These biological properties are mostly associated with
the tetrahedral structure of the phosphonyl group acting as a
“transition-state analogue”.6 Cyclic a-aminophosphonates have
found promising applications as surrogates of proline, increasing
the need for their syntheses in enantiomerically pure form.7


However, despite the similarities with proline, to our knowledge
there is only one report of their use as a ligand for catalysis.8


Proline has recently re-emerged as a highly enantioselective
catalyst for the direct asymmetric aldol reaction as one of the most
powerful methods for the construction of complex chiral polyol
architectures. Early developments for the intramolecular aldol
cyclisations were independently reported by Hajos and Parrish9


and by Wiechert and co-workers10 in 1971, and paved the way
for the development of the concept of small organic molecules
as catalysts. Barbas, List and co-workers demonstrated that L-
proline was a powerful catalyst in the asymmetric intermolecular
direct aldol reaction.11 However, a rather high catalyst loading
(around 20 mol%) is usually required to effect the reaction in a
reasonable timescale. Other proline-based compounds including
diamines, small peptides, tetrazole and sulfonamides were found to
catalyze the aldol reaction. Sulfonamides are modular catalysts,
which allowed for an enantioselectivity of up to 98% ee while
maintaining high activity at low catalyst loadings.12


Cyclic (2S)-pyrrolidin-2-ylphosphonic acid 1 shown below
(Fig. 1) is an analog of D-proline, and could be readily prepared
from diethyl (2S)-pyrrolidin-2-ylphosphonate 2. It was thought
that the replacement of the carboxyl group in proline by a
phosphonate would result in a functional group of sufficient
acidity to catalyze the aldol reaction.


Therefore, we found it interesting to computationally investigate
the enantioselectivity of the aldol reaction between acetone and 4-
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Fig. 1


nitrobenzaldehyde, using the a-aminophosphonate 1 as a catalyst
at the B3LYP/6-31G(d) level of theory, in order to explore the
potential of the a-aminophosphonates.


We report herein that a-aminophosphonates catalyze the
enantioselective aldol reaction between unmodified ketones and
aldehydes to provide aldol adducts with up to 99% ee.


Computational investigation of enantioselectivity


Several computational investigations of the potential energy
surface of the aldol reactions between L-proline and aldehydes
have been performed and the reaction is suggested to go via the
enamine mechanism.13 Therefore, we have investigated possible
activated complexes in the addition of 4-nitrobenzaldehyde to
the syn- and anti-enamine of aminophosphonate 1 and acetone
involving the enamine mechanism (Scheme 1).


Scheme 1
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Both the syn- and anti-enamine derived from aminophos-
phonate 1 and acetone have been calculated at the B3LYP/6-
31G(d) level of theory and the difference in enthalpy was found
to be only 0.3 kcal mol−1 in favor of the anti-enamine. This
shows that the aldehyde possibly could react with both the
syn- and anti-enamine of the aminophosphonate 1 and acetone.
Initially, 4-nitrobenzaldehyde forms a complex with either the
syn- or anti-enamine in which the phosphate hydroxyl group is
hydrogen bonded to the carbonyl group in 4-nitrobenzaldehyde.
These enamine-aldehyde complexes are 12.5 kcal mol−1 (anti)
and 11.0 kcal mol−1 (syn) more stable than free enamine and 4-
nitrobenzaldehyde.


In order to investigate the enantioselectivity of the catalyst, the
activated complexes for the reaction between 4-nitrobenzaldehyde
and the syn- and anti-enamine of aminophosphonate 1 and
acetone were calculated. Different activated complexes leading


to (S)- and (R)-aldol products have been considered. For example,
different hydrogen bonding from the two acid functions to the
carbonyl oxygen in the aldehyde with aminophosphonate 1 and
different conformations around the forming C–C bond have been
considered (Fig. 2).


In the transition states for the reaction between the enamine
and aldehyde, the hydrogen of the hydroxyl group is simulta-
neously transferred to the carbonyl oxygen along with carbon–
carbon bond formation. The calculations show that the activation
enthalpy for the most stable transition state (R-TSc) for the
addition of 4-nitrobenzaldehyde to the anti-enamine is 9.3 kcal
mol−1 relative to the anti-enamine–4-nitrobenzaldehyde complex.


The major geometrical differences between the two most stable
transitions states in the addition of 4-nitrobenzaldehyde to the
anti-enamine, R-TSc and S-TSc, originates from the different
orientation of the phenyl ring, which leads to a tilt in the aldehyde


Fig. 2
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in the S-TSc due to the interaction between the phenyl and the
methyl group in the enamine part of the catalyst. The second
difference is seen in the distance of the carbon–carbon bond
formation. In all the calculated transition states leading to (R)-
product, the C–C distances are longer than those found in the
transition states leading to (S)-product (R-TSc: 1.95 Å, S-TSc:
1.90 Å). All the computed transition states for the addition of
aldehyde to anti-enamine are arranged to form a six-membered
chair-like ring similar to Zimmerman–Traxler.


At the B3LYP/6-31G(d) level of theory, the difference in
enthalpy of activation between the two most stable activated
complexes, R-TSc and S-TSc, is 1.64 kcal mol−1, favoring the
formation of (R)-products. Thus, the calculations predict (R)-aldol
adduct in 88% ee for addition of aldehyde to the anti-enamine.


The transition states for the addition of 4-nitrobenzaldehyde to
the syn-enamine are generally one to a few kcal mol−1 higher in
energy than for the transition states for the addition to the anti-
enamine. However, the most stable transition state for addition
to the syn-enamine, R-TSe, is merely 0.87 kcal mol−1 higher in
energy than R-TSc. This shows that both the syn- and anti-
enamine could play a role in the aminophosphonate catalyzed
aldol reaction. In R-TSe, the C–C distance of the forming C–C
bond is significantly longer (2.19 Å) than in all other transition
states. Another feature present in the R-TSe transition state is
the short distance between the aldehyde proton and the non-
hydroxy oxygen in the phosphonate group (2.344 Å), which could
contribute to electrostatic stabilization of R-TSe. In contrast to the
anti-enamine transition states, R-TSe can be viewed as a transition
state with the conformation of a boat-like six-membered ring and
cannot be rationalized to a chair-like transition state similar to
Zimmerman–Traxler.


The enthalpy difference between the most stable activated
complexes leading to (R)- and (S)-product, R-TSe and S-TSd, is
1.93 kcal mol−1, favoring the (R)-product. Thus, the calculations
predict (R)-aldol adduct in 97% ee for addition of aldehyde to the
syn-enamine.


Most of the calculations of the transition states were performed
as a predicted tool for the enantioselectivity for aminophospho-
nate 1, and thus, the calculation of the transition states were
performed by analogy to L-proline. However, the aminophospho-
nate 1 is the analogue of D-proline, and this explains the differ-
ence in stereochemistry between the calculated and synthesized
aminophosphonate.


Evaluation of aminophosphonates


Aminophosphonate 2 was prepared according to the method
described by Katritzky et al.14 Starting from oxazolopyrrolidine 3
and subsequent Arbuzov reaction in the presence of the Lewis acid,
ZnBr2 (10 mol%), converted 3 into the desired oxazolopyrrolidine
phosphonate 4 as single diastereoisomer. Aminophosphonic acid
1 was finally obtained in 88% yield, as a white powder, by cleavage
of the ester functions in acidic medium (6 M HCl) followed by
treatment with propylene oxide (Scheme 2).15


The efficiency of the novel aminophopshonates 1 and 2 as
organocatalysts was evaluated in the direct aldol reaction of 4-
nitrobenzaldehyde and acetone using DMSO as solvent. In the
initial experiments, the catalyst was employed at 20 mol% with
respect to the aldehyde and an excess of acetone 20 vol% (27 mol
equiv.) (Scheme 3).16 The results for different reaction conditions
are summarized in Table 1.


Scheme 2 Reagents and conditions: a) P(OEt)3 (2 eq.), ZnBr2 (0.3 eq.), CH2Cl2, 0 ◦C, overnight. b) H2, Pd/C, HCl–EtOH, overnight. c) 6 M HCl, reflux
12 h. d) Propylene oxide EtOH, reflux, 3 h.


Table 1 Aminophosphonate-catalyzed aldol reaction of acetone and 4-nitrobenzaldehydea


Entry Cat. Conditions Time/h Conv. (%)b Ee (%)c


1 1 — 43 63 82
2 1 1% H2O 24 21 76
3 1 1% PBSd 24 66 52
4 1 0.1% PBSd 19 40 62
5 1 20% DBU (15 min) 83 44
6 1 0.2% DBU 2.5 30 52
7 1 5% DBU–Tol : IPA (9 : 1) 1 68 52
8 2e — 24 69 82
9 2 1% H2Od 24 35 72


10 2 0.1% PBSd 19 35 76


a Unless otherwise stated, all reactions were carried out using 0.1 M aldehyde and 20 mol% catalyst in 1 mL DMSO : acetone (4 : 1). b The yields were
determined by 1H NMR spectroscopy. c The ee was determined by chiral HPLC analysis using a Kromasil CHI-TBB. The major enantiomer was assigned
to be (S) by comparison with literature. d Phosphate buffer at pH 7.1. e The reaction was performed using 5 mol% catalyst 2.
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Scheme 3


Thus, aminophosphonic acid 1 catalyzed the asymmetric forma-
tion of aldol adduct (S)-5 in 82% ee with good yield and practical
reaction time. Catalyst 2 was found to be more reactive and typical
catalyst loading of 5 mol% provided the aldol product in 69% yield
with a 82% ee after 24 h (entry 8).


Recently, we and others have found that addition of water at low
concentration (1–2 vol%) resulted in an increase of the reaction
rates of the aldol reaction.17 Water is thought to participate in a
proton relay that could allow for enamine formation in organic
solvents. We reported remarkable effects on enantioselectivity and
reactivity under aqueous reaction conditions. However, addition
of water (1 mol%) to catalyst 1 resulted in lower reactivity
providing (S)-5 in only 76% ee (entry 2). Furthermore, while
there was an increase in reactivity in the presence of 1 vol%
PBS in DMSO with aminophosphonic acid catalyst 1, it had a
deleterious effect on the enantioselectivity, which decreased from
82% to 52% ee. In addition, using 0.1 vol% PBS resulted in an
improved ee of 62%, while keeping a high reactivity (entries 3,
4). The same trend in enantioselectivity could be observed with
the aminophosphonate ester catalyst 2 under similar conditions
as shown in entries 9 and 10.


Next we studied the influence of organic bases on the aldol
reaction between acetone and 4-nitrobenzaldehyde and using
exclusively catalyst 1 (20 mol%). We presumed that addition of
organic base would facilitate enamine formation and thus accel-
erate the reaction. The organic base could also solvate the acidic
proton in the Zimmerman–Traxler transition state. Differences in
reaction rates became clearly visible: in the presence of 20 mol%
DBU with respect to aldehyde in DMSO, the reaction was driven
to 83% conversion after only 15 min. Even at 0.2 mol% DBU, the
conversion was at 30% after 2.5 h (entries 5,6). Similarly, 5 mol%
DBU in toluene: isopropanol (IPA) (9 : 1) resulted in 68% conver-
sion after 1 h (entry 7). However this observed base-accelerating
effect was at the expense of the enantioselectivity. This observation
suggests that DBU could participate in the transition state.


The cyclic ketones (Scheme 4, Table 2) were found to be suitable
substrates for this aldol reaction with both catalysts, 1 and 2,
giving aldol products in good yield after 24 h, although with
moderate diastereocontrol. Excellent enantioselectivities up to
99% were observed for both syn and anti isomers in the reaction
of cyclohexanone derivatives. Typically, aminophosphonic acid
1 (20 mol%) catalyzed the reaction of cyclohexanone with 4-
nitrobenzaldehyde to produce adducts syn-11 and anti-11 in up to
97% ee (entry 3). This also represents a significant improvement of
enantioselectivity relative to reactions catalyzed with proline and
its derived compounds with a maximum of 90% ee for anti and
74% ee for syn products.11,12 Catalyst 2 (20 mol%) promoted the
reaction with a higher reaction rate than 1 and with up to 97% ee
(entry 4).


Scheme 4


Aminophosphonate 2 was found to be very efficient and could
be used with only 2 mol% catalyst loadings with respect to the
aldehyde acceptor without deleterious effect on enantioselectivity.
Additionally, 2 was still very efficient even with only 2 mol
equivalents of the corresponding ketone donor. Thus, under these
conditions, i.e. 2 (5 mol%) and ketone (2 mol equiv.), a range of
cyclohexanones were explored, although a longer reaction time
is needed (entries 5–11). Equally high enantioselectivities (up to
99%) were observed (entries 3–9), with a slightly lower 89% ee for
anti-12 (entry 7).


It also appears that catalyst 2 favors the formation of the anti
isomer. Noteworthy examples include anti-12 and anti-13 (entries
7–8). In the case of 4-tert-butylcyclohexanone, the aldol reaction
produced only two diastereoisomers, anti-trans-14 and syn-trans-
14, out of four possible in a 1 : 1 ratio.18 Thus, after 44 h the
aldol product was obtained in 52% yield and with 96% ee for


Table 2 Aminophosphonate-catalyzed aldol reaction of cyclic ketones and 4-nitrobenzaldehydea


Entry Aldol product Cat (mol%) Time/h Yield (%)b (syn : anti) Ee (%)c syn : anti


1 10 1 (20) 23 51 (1 : 1) 46 : nd
2 10 2 (20) 27 51 (3 : 2) rac : nd
3 11 1 (20) 21 47 (1 : 1) 97 : 97
4 11 2 (20) 21 91 (1 : 2) 97 : 96
5 11 2 (5) 96 73 ( 1: 2) 96 : 96
6 11 2 (2) 144 68 (2 : 3) 96 : 94
7 12 2 (5) 120 79 (1 : 4) nd : 89
8 13 2 (5) 120 36 (1 : 9) nd : 99
9 14 2 (5) 44 52 (1 : 1) nd : 96


10 15 2 (5) 96 51 (2 : 3) 97 : 97
11 16 2 (5) 96 68 (1 : 1) nd : 98


a Unless otherwise stated, all reactions were carried out using 0.2 M aldehyde, 0.4 M ketone and corresponding amount catalyst (see the table) in 1 mL
DMSO. b The yields are based on isolated product. c The ee was determined by chiral HPLC analysis using a Chiralcel-OD column or a Kromasil
CHI-TBB. d Reactions were carried out at 0.05 M.
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Table 3 Effect of additives on the aminophosphonate-catalyzed aldol reaction of cyclohexanone with 4-nitrobenzaldehydea


Entry Aldol product Cat. (mol%) Additives (mol%) Time/h Conv. (%)b (syn : anti) ee (%)c syn : anti


1 11 1 (5) DBU (5) 72 60 (2 : 1) 91 : 45
2 11 Pro (5) DBU (5) 24 82 (1 : 1) rac
3 11 1 (5) DBN (5) 72 56 (2 : 1) 90 : 45
4 11 Pro (5) DBN (5) 24 quant. rac
5 11 1 (5) TMG (5) 72 47 (2 : 1) 90 : 45
6 11 Pro (5) TMG (5) 24 quant. rac
7 11 1 (5) H2O (200) 24 no reaction —
8 11 2 (5) PNP (20) 24 35 (1 : 2) 96 : 97
9 11 2 (5) H2O (200) 24 40 (1 : 2) 96 : 98


a Unless otherwise stated, all reactions were carried out using 0.2 M aldehyde, 0.4 M ketone and the corresponding amount of catalyst (see the table) in
1 mL DMSO. b Conversion as determined by 1H NMR. c The ee was determined by chiral HPLC analysis using a Chiralcel-OD column or a Kromasil
CHI-TBB, after flash chromatography.


the isomer anti-trans-14 (entries 9).19 This high enantioselectivity
is also observed for other aromatic aldehydes to produce aldol
adducts 15 with 97% ee for both diastereomers, and 16 with 98%
ee for the anti isomer (entries 10–11).20


The effectiveness of catalyst 2 over catalyst 1 may be attributed
to a higher solubility of 2 in organic solvents. Moreover, it is not yet
clear whether catalyst 2 is involved as a dimer in a dual catalyst–
enaminium transition-state, suggesting a second order reaction
with respect to catalyst 2. Such a transition-state model has been
previously discussed.21


Perhaps most importantly, we have found that organic bases
can be employed as co-catalysts to enforce syn-selectivity. From the
above-mentioned results in Table 1, we envisioned that a transition
state stabilized with an organic base, in a boat conformation,
would favor the syn product. As shown in Table 3, a combination
of aminophosphonic acid 1 and one of the organic bases (DBU,
DBN or TMG) in 5 mol% of each allows the addition of
cyclohexanone to 4-nitrobenzaldehyde with 2 : 1 syn-selectivity.
Remarkably, syn-11 and anti-11 aldol products are isolated with 91
and 45% ee, respectively—while still using only 2 mol equivalents
of ketone donor (entries 1, 3, 5). In a stark contrast, a similar
catalyst combination incorporating proline (as the catalyst) and
one organic base produced a 1 : 1 mixture of anti-11 and syn-
11 aldol adducts. Although a remarkable increase of the reaction
rate was observed, the aldol products are obtained in racemic
form for both diastereomers (entries 2, 4, 6). We also examined
the impact of the protic additives. However, with added water
aminophosphonic acid 1 did not promote the reaction (entry
7). On the other hand, addition of 4-nitrophenol (PNP) did
not influence significantly the selectivity of the reaction with
aminophosphonate 2 as the catalyst (entry 8). Interestingly,
the asymmetric aldol reaction proceeded efficiently in aqueous
organic solvent (200 mol% water), keeping excellent level of
enantioselectivity.


Conceptually, these results demonstrate that anti–syn selectivity
can be easily modulated by the appropriate combination of
an organocatalyst together with an organic base as co-catalyst.
Moreover, the high enantioselectivity in aqueous media alludes to
a possible reactivity in water.


In summary, we have introduced chiral a-aminophosphonates
as a new class of efficient organocatalysts for the asymmetric direct
aldol reaction.


Both enantiomers of catalysts 1 and 2 can be easily prepared
on a large scale from commercially available compounds. For the
first time, excellent enantioselectivity is achieved for both anti and
syn isomers of aldol adducts derived from cyclohexanone, while
maintaining low catalyst loadings (2 mol%). Furthermore, organic
bases can be employed as co-catalysts to enforce syn-selectivity
while keeping a high level of enantioselectivity.


B3LYP/6-31G(d) calculations of structures and energies of
possible, diastereoisomeric activated complexes showed the de-
cisive role of the tetrahedral phosphonate group in catalyst 1
on the enantioselectivity. The predicted enantioselectivities were
in agreement with the experimental values, although the present
model does not account for reactivity of 2 or the influence of
organic bases.


The syn-directing effects of organic bases together with the
possibility of substituent variation on the phosphonyl part are
expected to allow for appropriate tuning of the aminophosphonate
catalysts. A study aimed at the understanding of the mechanism
is currently under way.
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(Veteskapsrådet), The Wilhelm and Martina Lundgrens Veten-
skapsfond, and The Royal Society of Arts and Sciences (KVVS).


Notes and references


1 (a) V. P. Kukhar and H. R. Hudson, Aminophosphonic and Aminophos-
phinic Acids, John Wiley, Chichester, 2000; (b) P. Kafarski and B.
Lejczak, Phosphorus, Sulfur Silicon Relat. Elem., 1991, 63, 193–215.


2 F. R. Atherton, C. H. Hassall and R. W. Lambert, J. Med. Chem., 1986,
29, 29–40 and references cited therein.


3 S. De Lombaert, L. Blanchard, T. Tan, Y. Sakane, C. Berry and R. D.
Ghai, Bioorg. Med. Chem. Lett., 1995, 5, 145–150.


4 P. Kafarski and B. Lejczak, Curr. Med. Chem.: Anti-Cancer Agents,
2001, 1, 301–312.


5 J. Emsley and D. Hall, The chemistry of phosphorus, Harper and Row,
London, 1976.


6 E. N. Jacobsen and P. A. Bartlett, J. Am. Chem. Soc., 1981, 103, 654–
657.


7 B. Boduszek, J. Oleksyszyn, C.-M. Kam, J. Selzler, R. E. Smith and
J. C. Powers, J. Med. Chem., 1994, 37, 3969–3976.


8 K. Yamakoshi, S. J. Harwood, M. Kanai and M. Shibasaki, Tetrahedron
Lett., 1999, 40, 2565–2568.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2091–2096 | 2095







9 (a) Z. G. Hajos, D. R. Parrish, German Patent DE 2102623, July 29,
1971; (b) Z. G. Hajos and D. R. Parrish, J. Org. Chem., 1974, 39,
1615–1621.


10 (a) U. Eder, G. Sauer, R. Wiechert, German Patent DE 2014757, Oct.
7, 1971; (b) U. Eder, G. Sauer and R. Wiechert, Angew. Chem., Int. Ed.
Engl., 1971, 10, 496–497.


11 (a) B. List, R. A. Lerner and C. F. Barbas III, J. Am. Chem. Soc., 2000,
122, 2396; (b) W. Notz and B. List, J. Am. Chem. Soc., 2000, 122, 7386;
(c) K. Sakthivel, W. Notz, T. Bui and C. F. Barbas III, J. Am. Chem.
Soc., 2001, 123, 5260; (d) B. List, P. Pojarlieva and C. Castello, Org.
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A highly organized helical p-stacked arrangement of 1-
ethynylpyrene moieties along the major groove of duplex
DNA can only be achieved if more than three chromophores
have been synthetically incorporated adjacent to each other.


The generation of functionalized supramolecular nucleic acid
architectures has important applications in nanobiotechnology.1


Currently, the modification of nucleic acids by dual fluorescent
labelling is routinely applied for molecular diagnostics.2 DNA was
also used as a template for the helical assembly of non-covalently
bound chromophores.3 The double-helical structure of DNA
enables the placement of several adjacent chromophores in such a
way that they photophysically interact with each other.4 Pyrenes
have been successfully used as optical probes for nucleic acids5 and
a helical p-array of four pyrenes along duplex RNA was published
by Yamana and Nakamura et al.6 Moreover, we showed that a
p-array of five pyrene chromophores exhibits strong fluorescence
enhancement that is sensitive to DNA base mismatches.7


Recently, we8 and others9 introduced 1-ethynylpyrene as a ver-
satile fluorescent probe for DNA. Dual labelling of DNA by 5-(1-
ethynylpyrenyl)-2′-deoxyuridine allows to study the dynamics of
DNA chromophore interactions.10 Herein, we want to present the
optical properties of DNA helices that have been functionalized
by several adjacent Py–≡–dU units. Using published protocols,8,9


we prepared a range of DNA duplexes (DNA1–DNA4a, Scheme 1)
that bear 2–5 adjacent Py–≡–dU chromophores. Three derivatives
of DNA4a were synthesized bearing one (DNA4b), two (DNA4c)
or five (DNA4d) guanines instead of adenine as part of the
counterstrand.


The UV/Vis spectra of DNA1–DNA4a (Fig. 1) exhibit two main
bands (380 and 405 nm) in the pyrene absorption range. Both
peaks are red-shifted by ca. 5 nm and are intensified compared
to the absorption of single Py–≡–dU-labelled DNA (peaks at 375
and 400 nm) that have been described by us and other groups.8,9


Remarkably, the absorption is increasing more significantly with
the number of pyrenes than it would be expected based on linearity.
These absorption properties indicate ground-state interactions
between the Py–≡–dU chromophores which exist already in DNA1
but get more intensive especially in DNA3 and DNA4a bearing four
and five Py–≡–dU units. This interpretation is supported by the
temperature-dependent UV/Vis spectra which are representatively
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Scheme 1 Sequences of Py–≡–dU-modified duplexes DNA1–DNA4d.


Fig. 1 Absorption spectra of DNA1–DNA4a, top, and tempera-
ture-dependent for DNA4a, bottom (2.5 lM in 10 mM Na–Pi buffer,
250 mM NaCl, pH 7). The inset shows the increasing absorption at 380 nm
that is higher than linearity (dashed line).


shown for DNA4a. The red-shift, as well as the intensification as
mentioned above, vanishes at a temperature of ca. 70 ◦C. The
shape of the UV/Vis spectra of DNA4a above 70 ◦C look similar
to the spectra of single Py–≡–dU-labelled DNA duplexes at r.t.8,9


This temperature effect is also observed with DNA3 and DNA4b–
DNA4d (see the ESI). These results indicate the existence of a
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Table 1 Melting temperature (Tm) of DNA1–DNA4d (k = 260 nm,
20–90 ◦C, 2.5 lM DNA in 10 mM Na–Pi buffer, 250 mM NaCl, pH 7)


Duplex Tm (◦C) Duplex Tm (◦C)


DNA1 66 DNA4a 76
DNA2 65 DNA4b 72
DNA3 67 DNA4c 67


DNA4d 71


p-stacked, ordered structure among the Py–≡–dU moieties in
DNA4a that breaks down with the thermal denaturation of the
DNA.


In order to evaluate the thermal melting behaviour of the Py–
≡–dU-modified duplexes we measured the melting temperatures
(Tm) at 260 nm (Table 1). DNA4a shows a remarkable stabilization
compared to the others that is the result of the incorporation of
five chromophores. One mismatch (DNA4b) or two mismatches
(DNA4c) in this stack destabilize the chromophore arrangement
in a similar way to melting calculations10 with one and two GT
mismatches in the corresponding unmodified duplexes. This is a
remarkable result since it indicates that the base-pairing of Py–≡–
dU with the correct counterbase is needed for the highly ordered
arrangement of the chromophores. Interestingly, the complete
change of the counterbases from adenines to guanines (DNA4d)
allows the duplex to regain some stabilization.


The existence of ground-state interactions among the Py–≡–
dU units should yield a detectable signal in CD spectroscopy
(Fig. 2). In fact, the CD spectra of DNA2 show a small and DNA3
and DNA4a show a strong excitonic signal in the 1-ethynylpyrene
absorption range between 330 and 430 nm. This CD signal
supports clearly the interpretation of a helical arrangement of Py–
≡–dU groups along the DNA axis. Remarkably, the absence of any
significant CD signal in case of DNA1 shows that at least three
chromophores are needed as a critical amount for such a ordered
structure. This result is supported by the absorption enhancement
that has been observed for DNA3 and DNA4a.


Fig. 2 CD spectra of DNA1–DNA4d (top: r.t., bottom: tempera-
ture-dependent) (2.5 lM in 10 mM Na–Pi buffer, 250 mM NaCl, pH 7).


Interestingly, as already indicated by the Tm values, the place-
ment of base mismatches (DNA4b–DNA4d) decreases the CD
signal maximum at 406 nm. Temperature-dependent CD spec-
troscopy (Fig. 2, bottom) shows the influence of base mismatches
on the ordered p-stacked array of Py–≡–dU chromophores. The
corresponding CD signal with a maximum at 406 nm exhibits
clearly the DNA-typical melting behaviour. The breakdown of the
DNA helix as the structural scaffold occurs in DNA4b–DNA4d at
lower temperatures due to the conformational perturbation of the
guanines as the “wrong” counterbases.


Finally the emission properties have been characterized (Fig. 3).
As expected the emission intensity increases with the number
of Py–≡–dU chromophores within the duplexes DNA1–DNA4a.
The emission maxima vary between 485 and 494 nm and are all
significantly red-shifted by at least 40 nm compared to single Py–
≡–dU-labelled DNA (maximum at 445 nm).8,9 This result again
supports the idea of a strong ground-state interactions between
the Py–≡–dU units meaning that in DNA1–DNA4a, excitation of
ensembles of s stacked Py–≡–dU labels is preferred compared to
the excitation of single unstacked Py–≡–dU moieties.


Fig. 3 Fluorescence spectra of DNA1–DNA4d (kexc = 375 nm, 2.5 lM in
10 mM Na–Pi buffer, 250 mM NaCl, pH 7).


The incorporation of one mismatch (DNA4b) strongly decreases
the emission intensity as it interferes with the highly ordered
structure of Py–≡–dU chromophores. Interestingly, the emission
intensity increases again with a higher number of guanines in
the counterstrand (DNA4c and DNA4d) that tracks with the
observed Tm values. Obviously, in DNA4d the replacement of all
five adenines to guanines results in an alternative conformation
that allows a different Py–≡–dU interaction compared to that of
DNA4a yielding slightly changed fluorescence properties.


In conclusion, it becomes clear that DNA duplexes are suitable
supramolecular scaffolds for the helical arrangement of chro-
mophores. At least three chromophores, and more importantly,
an intact DNA helix environment are needed to obtain a highly
ordered p-stacked array of chromophores. Especially the latter
result supports the potential of this kind of DNA systems for
applications in nanobiotechnology, such as fluorescent biosensors,
and for the investigations of DNA dynamics.11
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The bifunctional thiourea–tertiary amine derivatives of sim-
ple chiral diamines serve as highly enantioselective catalysts
for the Michael addition of a-substituted cyanoacetates to
vinyl sulfones, giving an efficient protocol for the construction
of an all-carbon substituted quaternary stereocentre.


In recent years the development of organic molecules capable of
the efficient and enantioselective promotion of carbon–carbon
bond-forming reactions has triggered ongoing interest.1 In partic-
ular, bifunctional catalysts2 possessing a combination of thiourea
(or urea)3 and amine groups have received special attention.4 The
double hydrogen-bonding interaction of the N–H of thiourea
(or urea) and a reactant has been generally realized to have a
specific role in efficient catalysis and high enantiocontrol.5 Several
functionalities, including nitro, carbonyl and imine groups, have
been successfully applied.3–5 Nevertheless, expanding the scope of
reactants would be a welcome advance to the insight of the general
synthetic utilities of the thiourea-based catalysts.


Nowadays, sulfones are still recognized as significant inter-
mediates in organic synthesis, especially when behaving as the
activating group for C–C bond forming reactions.6 Therefore, it
is not surprising that considerable efforts have been devoted to
the development of enantioselective Michael addition to vinyl
sulfones. However, compared to the extensively studied a,b-
unsaturated carbonyl compounds or nitroolefins, the enantiose-
lective catalytic reaction of vinyl sulfones is still in its infancy.7,8


In addition, the application of hydrogen-bonding interactions
of S=O functionalities in asymmetric synthesis is also rare.9 In
1998 Gong et al. reported that a robust 2D sheet could be
formed from N,N ′-dibenzylsulfamides through intermolecular
hydrogen-bonding of O=S–N–H units (Fig. 1a).10 We envision
that an efficient double hydrogen-bonding interaction might also
be possible between the N–H of thiourea catalyst and the S=O
of vinyl sulfone compounds,11 as has been observed for nitro
groups (Fig. 1b vs c).4a,b,h,j As part of our continuous study
on thiourea-based organocatalysis,4d here we wish to report
the highly enantioselective Michael addition of a-substituted
cyanoacetates12 and vinyl sulfones synergistically promoted by
bifunctional thiourea–tertiary amine organocatalysts, giving an
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Fig. 1 Proposed hydrogen-bonding interaction of NH of thiourea with
functional groups.


efficient protocol for the construction of an all-carbon substituted
quaternary stereocentre13 at the prochiral nucleophiles.8c More
importantly, the addition products could be smoothly converted
to the enantiomerically pure b2,2-amino acids, which still represent
a challenge for synthetic chemists.14


Bifunctional catalysts 1a–e (Fig. 2, 20 mol%) with various
chiral scaffolds, which have been previously reported by us4d


and other chemists,4 were screened in the Michael addition of
ethyl a-phenyl cyanoacetate 2a and phenyl vinyl sulfone 3 in
toluene at room temperature. As summarized in Table 1, all
catalysts could smoothly promote this Michael reaction to give the
addition product 4a. Good to quantitative yields with moderate
enantioselectivities (43–68% ee) were observed for structurally
variable bifunctional catalysts (Table 1, entries 1–5). Catalyst 1e
derived from the more flexible (R,R)-1,2-diphenylethylenediamine
exhibited much better enantioselectivity (68% ee, entry 5), while
the catalytic activity was inferior to the other catalysts 1a–d.
Notably this was the first example that the acyclic catalyst 1e
was superior to the other thiourea–tertiary amine bifunctional
analogues with more rigid scaffolds.4a–l Similar results were
obtained for the modified catalysts 1f and 1g (entries 6 and 7).
Subsequently various solvents were tested (entries 8–11). The


Fig. 2 Structures of various chiral thiourea–tertiary amine catalysts.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2097–2099 | 2097







Table 1 Screening studies of the Michael addition of a-phenyl cyanoac-
etates 2 to phenyl vinyl sulfone 3a


Entry Catalyst Solvent T (◦C) Time/h Yieldb (%) eec (%)


1 1a Toluene 20 5 95 54
2 1b Toluene 20 5 96 43
3 1c Toluene 20 5 95 53
4 1d Toluene 20 6 94 52
5 1e Toluene 20 8 75 68
6 1f Toluene 20 8 75 66
7 1g Toluene 20 6 81 62
8 1e DCM 20 10 62 48
9 1e THF 20 13 47 31


10 1e CH3CN 20 13 61 8
11 1e Benzene 20 8 73 66
12d 1e Toluene 20 7 76 64
13e 1e Toluene 20 10 77 63
14 1a Toluene −40 48 90 72
15 1d Toluene −40 48 89 81
16 1e Toluene −40 96 83 94
17 1f Toluene −40 96 75 81


a Reaction conditions: 2 (0.2 mmol), 3 (0.1 mmol) and catalyst 1
(0.02 mmol) were stirred in a solvent (1 mL). b Isolated yield. c Determined
by chiral HPLC analysis. d 2b was used. e 2c was used.


enantioselectivities decreased dramatically in non-arene solvents
(entries 8–10). In addition, similar results were gained for the other
cyanoacetates 2b and 2c (entries 12 and 13). Finally, we conducted
the Michael reaction at lower temperature in order to improve the
enantioselectivity. It was quite inspiring that the ees were greatly
elevated at −40 ◦C in the reactions catalysed by organocatalysts
1a, 1d–f (entries 14–17), and up to 94% ee was obtained in good
isolated yield after 96 h in the case of 1e (entry 16).


With the optimised reaction conditions in hand, the scope
and limitation of the bifunctional organocatalyst 1e promoted
asymmetric Michael reactions were explored. A series of a-aryl
substituted ethyl cyanoacetates were reacted with phenyl vinyl
sulfone 3 in the presence of 20 mol% 1e at −40 ◦C for 96 h.
As summarised in Table 2, excellent enantioselectivities with high
yields were obtained for a-aryl cyanoacetates with various halide
substituents (Table 2, entries 2–4). For m-trifluoromethyl substrate
2g, better ee could be received at lower temperature (entry 5). In
addition, high enantioselectivity was achieved for aryl substrate 2h
with electron-donating substituent (entry 6). Heteroaryl derivative
2i also gave excellent results under the same conditions (entry 7).


Having presented the reaction scope of a-aryl cyanoacetates
with vinyl sulfone 3, we further investigated the reaction of
a-alkyl cyanoacetates. Unfortunately, very poor reactivity was
observed in the reaction of a-methyl cyanoacetate 2j and 3
even at ambient temperature in the presence of 1e (20 mol%,
24 h, <30% conversion, 45% ee). However, the reaction could be
considerably accelerated by employing the highly electrophilic 1,1-
bis(benzenesulfonyl)ethylene 58d as the Michael acceptor. Quanti-
tative yield was obtained in the reaction of 2j and 5 catalysed by
1d or 1e (20 mol%) after 1 h at ambient temperature, but very poor
enantioselectivity was obtained (<30% ee).15 Gratifyingly, the
result could be greatly improved when the reaction was conducted


Table 2 Asymmetric Michael addition of a-aryl cyanoacetates 2 to phenyl
vinyl sulfone 3a


Entry R Product Yieldb (%) eec (%)


1 Ph (2a) 4a 83 94
2 p-Cl–Ph (2d) 4d 90 95
3 p-Br–Ph (2e) 4e 93 96
4 p-F–Ph (2f) 4f 92 93
5d m-CF3–Ph (2g) 4g 92 91
6 p-CH3O–Ph (2h) 4h 73 94
7 2-thienyl (2i) 4i 96 95


a Reaction conditions: 2 (0.2 mmol), 3 (0.1 mmol) and catalyst 1e
(0.02 mmol) were stirred in toluene (1 mL) for 96 h. b Isolated yield.
c Determined by chiral HPLC analysis. The absolute configurations have
not been assigned yet. d At −50 ◦C for 96 h.


at −40 ◦C, and up to 73% ee was received in excellent isolated
yield in the presence of the more rigid catalyst 1d (Table 3, entry
1).16 Nevertheless, the enantioselectivity could not been further
increased at lower temperature. When a-n-butyl cyanoacetate 2k
was applied, the enantioselectivity was elevated to 82% ee (entry
2). In addition, good ee was obtained in the case of a-benzyl
substrate 2l (entry 3), and almost enantiomerically pure product
was received after recrystallization (data in bracket). Notably the
acetal-functionalised cyanoacetate 2m gave excellent ee at −50 ◦C
while the isolated yield was moderate (entry 4).


Deng et al. have successfully developed an approach for the
synthesis of chiral a,a-disubstituted a-amino acids from the
addition products of vinyl sulfone.8c Here the a,a-disubstituted
cyanoacetates were smoothly converted to the biologically impor-
tant b2,2-amino acids, which have not been easily accessible in an
enantioselective catalytic way to date.14 As illustrated in Scheme 1,
the protected b2,2-amino acid 6a was obtained in one pot in the
presence of Boc2O, employing Raney-Ni catalysed hydrogenation
at 50 psi H2 pressure. In addition, the protected b2,2-amino acid 6b
was also prepared from the a-benzyl bis(pehnylsulfone) 4l under
the same conditions, while a slight decrease in ee was observed in
the product. The remaining sulfone could behave as the activating


Table 3 Asymmetric Michael addition of a-alkyl cyanoacetates 2 to vinyl
sulfone 5a


Entry R Product Yieldb (%) eec (%)


1 Me (2j) 4j 96 73
2 n-Butyl (2k) 4k 98 82
3 Benzyl (2l) 4l 98 (70)d 72 (99)d


4e (EtO)2CH2 (2m) 4m 52 96


a Reaction conditions: 2 (0.2 mmol), 5 (0.1 mmol) and catalyst 1d
(0.02 mmol) were stirred in toluene (1 mL) for 48 h. b Isolated yield.
c Determined by chiral HPLC analysis. The absolute configurations have
not been assigned yet. d After recrystallization from 2-propanol–hexane.
e At −50 ◦C for 96 h.
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Scheme 1 Synthesis of optically active b2,2-amino acids.


group for the further C–C bond forming reactions, thus variously
structured b2,2-amino acids might be accessible from the well
established procedures.6,8c,d


In conclusion, we have described a highly efficient organocat-
alytic method for the asymmetric Michael addition of a-
substituted cyanoacetates to vinyl sulfones. This reaction was syn-
ergistically promoted by readily available bifunctional thiourea–
tertiary amine organocatalysts, and an all-carbon substituted
quaternary stereocentre was constructed. To the best of our
knowledge, this is the first enantioselective catalytic reaction which
might involve a double-hydrogen bonding interaction between
the NH of thiourea and a sulfone functionality. In addition, the
reaction scope is substantial and a-aryl or alkyl cyanoacetates
could be successfully applied, and excellent enantioselectivities
(72–96% ee) were achieved. Moreover, the biologically important
b2,2-amino acids could be smoothly prepared from the addition
products. Currently, studies are actively underway to investigate
the reaction mechanism and expand the synthetic utility of the
optically active addition products.
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