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Abstract: The AICl; catdlysod ‘ionic' Diels-Alder (DA) reaction of 6-methyl-2- cyclohexenone% with 3,5-
hexadien-1-ol in dichloromethane gives a trans-fused octalin hemiacetal with a p-cqudumdj mcmyl group
and an axial hydroxyl. In contrast, trimethylsilyl triflate (TMSOTS, 5 mol%) at -20 °C in acetonitrile
catalyses the DA reaction to give the trans-fused adduct acetal, whose controlled hydrolysis gives the
hemiacetal with an a-axial methyl group. The adduct is thereby differentiated from the AICl; DA adduct,
and may be converted into the latter by treatment with p-toluenesulfonic acid in aqueous THF or by AlCl,
in dichloromethane. In similar fashion, TMSOTT provides full acetal adducts from 2-cyclohexenone, 2-
CyLlohprt:none and methyl vinyl ketone. The optically active enone acetal derived from (1R,2R)-1,2-
diphienyi-1,2-ethanediol and 2-cyclohexenone gives a raceinic acetal adduct derived from the TMS ether
of hexadienol. The TMS ether of a mixture enriched in the 3E-isomer of (2R,5E)-2-methyl-3,5-
heptadien-1-ol in acetonitrile containing TMSOT (10 mol%) at -20 °C with 6-methyl-2-cyclohexenone
gives the trans-fused acetal adduct, hydrolysis which provides the corresponding octalin hemiacctal as a

S“‘Elc enantiomer. Qq}nlnr]u the mixture enriched in the 3E-isomer of (’)Q ﬁf'\ ’).mPrhvl ’% 5- hpnn\rhr:\nnl

TMS ether is converted by way of the octalin acetal into the octalin hennacetal, enanuomenc wnh the
foregoing product The reactions are thereby shown to proceed via endo transition states. © 1998 Published

iy DNlaacrines Qhinana +
by Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Diels-Alder Reactions of Cyclohexenones

simple means of constructing decalin systems in complex polycyclic compounds,'” its utility is considerably
enhanced with the use of Lewis acid catalysts, which increase the rate, and improve yield. regio- and
diastereoselectivity.™*” It is generally accepted that the concerted [4+2] cycloaddition mechanism still applies
to the catalyse
butadiene, for which a zwitterion intermediate is invoked to explain the formation of trans-fused cycloadducts.’
For cyclohexenones, epimerization of the primary cis adducts at the a-carbon is sometimes observed under the
influence of the catalyst, with the ultimate cis/trans ratio depending upon the solvent."® The presence of an
alkyl group at C-2 lowers the reactivity of the enone, but excellent yields can still be obtained under catalytic
conditions.” In contrast, 3-methyl-2-cyclohexenone does not undergo the reaction under thermal or catalytic
conditions, but high pressure with catalysis overcomes the problem.” When a substituent renders the n-faces of
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group becomes larger. Anti selectivity is high for all 5-alkyl enones. On the other hand, syn selectivity is
prevalent in 6-alkyl cyclohexenones.’

Electron-withdrawing groups on the enone and electron-donating groups on the diene increase the rate

10,11 - .
The combination of

of the cycloaddition, and the use of catalysts and high pressure may be unnecessary.
catalysis, high pressure, and/or the use of activating substituents, permits the use of a wide variety of diene and
enone dienophiles, and thus the potential of the methodology is apparent. Construction of bicyclic inter-

mediates from simple 2-cycloalkenones and dienes as a result have been extensively applied in organic

12,13,14

the reactions on the basis of in situ generation of allyl cations from the dienes. Both inter-* and
intramolecular’” cycloaddition reactions of allyl cations to 1,3-dienes were accomplished at low temperature
with excellent stereoselectivities, " for which the authors proposed a stepwise process. It is important to point
out here that the description 'Diels-Alder reaction’ refers only to the formal outcome of these reactions and does
not indicate whether they are stepwise or concerted.

Allylic alcohols, allylic ethers, ” acrolein acetals” and vinyl and ethynyl ortho esters™ are also used as

levant to our own work here is

Scheme 1
Substrate-controlled asymmetric “ionic” Diels-Alder reactions have been developed with dienophiles
a chiral acetal and 1:1 TiC!,-Ti(O-i-Pr,)
(Scheme 2). Enantiomerically enriched cyclohexene carboxald
hydrolysis of the acetals. In an ingenious approach, chiral a,fB-unsaturated ketones were converted in situ into

cyclic oxo allyl cations, which reacted with the diene.”
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We reported that whereas (3F)-3,5-hexadienoic acid and its methyl ester failed to react with enone 1
under thermal or Lewis acid-catalysed conditions, (3E)-3,5-hexadien-1-0l 2 with enone 1 and an equivalent

amount of AICL in dichloromethane below 0 °C gave racemic trans-fused hemiacetal adduct 3 as the major
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mixture of diastereomers.
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Scheme 3

Relative configuration of hemiacetal 3 was determined by NMR spectroscopy

nd by chemical
correlation.” Nevertheless, configuration at C-9a could not be established. The B-methyl group at C-2
correlates with normal DA reactions involving 6-alkyl cyclohexenones, as pointed out above. Whether

formation of the trans-ring junction in 3 was due to isomerization of an initial cis-adduct through reversible

inability to isolate the cis adduct. An alternative proposal was put forward that these cycloadditions proceeded
through an oxy-allylic cation, especially as it is uniquely the dienyl alcohol, rather than the acid or ester, which
is effective in the DA reactions. Thus, the Lewis acid mediates initial addition of the hydroxyl group of the
dieny! alcohol to the enone to form hemiacetal 6. This collapses to the oxy-allylic cation 7, which then drives
ring closure via the exocyciic allylic cation 8 to provide the trans-fused precursor cation 9 of the final products
(Scheme 4).” In order to explain formation of the fully trans-fused product, it was assumed that the final C-C

bond formation takes place through the [-face of the enol ether.

6,6-fused ring systems. This reaction therefore is a new variant of the Gassman type “ionic” DA reaction, in

19.20,29

which the cation is generated from a hemiacetal. The highly stereoselective outcome of the reaction in the

present case is particularly noteworthy.
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It is our purpose now to examine this reaction in more detail. Previously, we converted the adduct 3
into (+)-6,9-desdimethylartemisinin, a derivative of the antimalarial drug artemisinin. The synthesis, however,
suffers both from the low yield, and the unfavourable stereochemistry at C-2 in 3;” further details will be given
in a future paper. As our eventual aim is to prepare enantiomerically pure artemisinin derivatives, we need to
focus on enantioselective variants of the DA reaction by using either enantiopure acetals in place of the enones,
red successiul working versions of the reaction employing these modifications.
However, we have both obtained full structural details on adduct 3 by X-ray crystallography, and have

dramatically improved the yields of adducts by using a different catalyst. Further we have discovered an

tc
enantioselective version, albeit low-yielding, which commences with chiral dien
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in full the results of this work. A preliminary communication describing the catalyst modification has

30

appeared,” and this has been highlighted in the review literature.”

DISCUSSION

Structural Characterization of Compound 3

An equivalent amount of AICl, was first mixed with 6-methyl-2-cyclohexenone in dichloromethane to

form a red complex. This was then treated with (3E)-3,5-hexadien-1-ol at -20 °C to give racemic hemiacetal 3.

orted.” The NMR data di
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stereochemistry at the acetai carbon atom C-9a.. The compound was obtained after crystailization from light
petroleum (b.p. 30-60 °C) as a single crystal, in the shape of a thin needle. The X-ray data, which have been
presented previously, and deposited with CCDC,” indicate that the hydroxyl group at C-9a is axial, and the C-9

Bronsted Acid Catalysed Diels-Alder Reaction
The rationalization of intermediacy of the hemiacetals and collapse to cationic intermediates caused us

to focus on catalysts which promote acetal formation between ketones and alcohols. The reaction involves



no reaction, triflic acid with 2-cyclohexenone and dienol 2 in dichloromethane at -20 °C provided hemiacetal
10 (22%) and acetal 11 (3
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%). In the 'H NMR spectrum of 10, H-9b appeared as a doublet of doublets at 1.11

same as that in the adduct 3 obtained from the AlICl -catalysed reaction.
However, yields of adduct from 6-methyl-2-cyclohexenone 1 with triflic acid were far too low for

synthetic purposes, and use of Lewis acids that catalyze acetal formation was thus next examined.
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Trimethylsilyl Triflate Catalysed Diels-Alder Reaction

Lewis acids normally effective in promoting acetal formation — ZnCl,, TiCl,, BF,-etherate, FeCl, etc.-
all failed to induce reaction between 6-methylcyclohexenone 1 and dienol 2. Whilst 1:1 TiCl,-Ti(O-i-Pr,)
failed to induce a reaction with enone 2, 2-cyclohexenone with dienol 2 did give the adduct, albeit in
impractically low yield.

Noyori and coworkers developed an extremely useful method for the preparation of acetals from
ate (TMSOTY) as catalyst and the TMS ether of the
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n adapting this method for the DA reaction, we treated a dichioro-

ol% of TMSOTT at -78 °C with enone 1 under nitrogen. The TMS dienyl
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the mixture was q unenched h addition of dry ryndmg to

ive the racemic cycloadduct as full acetal 13 (46%), and a diastereomeric mixture of conjugate addition
g y
products 14.* The constitution of racemic acetal 13 was unambiguously identified by its "H NMR spectrum,

although the relative configuration could not be confirmed as the signal due to H-9b was overlapped with other

in the '"H NMR sgpectrum

n an
up in the 'H NMR and a

3 a

unique set of signals in the °C NMR spectrum implied that the reaction was diastereoselective. However, the

data clearly differentiated it from the acetal 5 (Scheme 3) isolated from the AICI, reaction.

D
W



94

The acetal 13 was hydrolyzed to the hemiacetal 15 (85%) in aqueous THF (1:3 H O:THF) containing p-

sOH. Th
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hat of hemiacetal 3 obtained
from the AICI-catalysed reaction. Thus, the published” assumption that the stereochemistry of the product
from the TMSOTY catalyzed reaction was the same as that of the AICl -catalysed reaction product is incorrect.
H-2f and H-3¢x with J = 12.7 Hz are antiperipla
appears as a doublet of doublets with /= 10.7 and 10.7 Hz with each of H-3a and H-6a respectively. H-9b is
therefore antiperiplanar with these protons. Clearly, the trans-fused tricyclic structure of the adduct is intact.
The most interesting signal is due to H-8( at § 1.98. This contains two large (13.7 Hz) and two small (4.4 Hz)
coupling constants. The small coupling with H-9 indicates an axial-equatorial interaction. Therefore, the

methyl group is axial.

T T | &I
L

Figure 1: Structures of racemic hemiacetals (+)-3 and (+)-15 as determined by X-ray crystallography-

(#)-3: C_H,0,.05 H,0: (C,H,O,), Mr = 436.6, orthorhombic, Pna2,, a = 24.971(6), b = 6.316(2), ¢ =
14.733(3)A, v = 2378A°, T = 198K, D, = 1.21 gem®, it (Mo-Ka) = 0.82cm”, F ,, = 952. R =0.067, Rw = 0.063,

M

(#)-15: C,,H,,0,, Mr = 208.3, triclinic, P-1, a

GOF = 1.46 for 1855 data to 20 =50°, [F230(F)], Ap < x0.38eA".
= 7.247(2), b=8.772)2), c = 9.608(2)A, o = 102.98(2), B = 97.65(2), y = 105.20(2)°, V = 562.2A°, T = 235K, D,
= 1.23 gom®, i (Mo-Ka) = 0.81cm”, F,,, = 228. R = 0.060, Aw = 0.076, GOF = 2.14 for 2492 data to 20 =

60°, [F>40(F)], Ap <+0.47eA®

The conclusion was confirmed by the X-ray crystal structure determination which shows the hydroxyl

group at C-9a is axial and trans to the methyl in 15, in contrast to their cis relationship in hemiacetal 3. The X-

ray structures of racemic hemiacetals 3 and 15 are shown in Figure 1. Compounds 3 and 15 crystallize in
Pna2, and P-1bar respectively, indicating an enantiomeric mixture within the crystal. The asymmetric unit of 3

contains two molecules, which are enantiomers of each other, plus a water of crystallization. Geometric

parameters for the two compounds, and for compound 31 (see below) are sensible; the terminal hydroxy C(9a)-
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1.444A). The C-C bonds have singie bond lengths, except for the C(4)=C(5) double bond which ranges from
1.305-1.325A in the three compounds. The cyclohexene rings containing this functionality are ‘half-chairs’
with C(6a) and C(9b) typically +0.4A out of the plane of the other four carbons. The other rings are chair
and the anti-arraneement of OH and mPrth groups at C(9a) and C(9) in 15 is show

arl D“‘ ol aitd vYil

bv the
by the

»

torsion angles 170.7 and 169.9(ave), whereas for 3 the syn-arrangement of these groups is shown by torsion
angles of 59.1 and -65.7 for its two crystallographically independent molecules.

Although it cannot be proved that the configuration of the methyl group does not change during
hydrolysis of the acetal 13, the hydrolysis itself is likely to proceed as in Scheme 5. Protonation of the acetal
oxygen and detachment of the dienyl alcohol leads to cation 16. The axial methyl blocks approach of water
from the a-face. Addition through the S-face leads to the trans relationship between hydroxyl and methyl

groups.
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Scheme 5
Conversion of Hemiacetal 15 into Hemiaceta
Treatment of hemiacetal 15 in THF at room temperature with catalytic anhydrous p-TsOH or in

dichloromethane at 0 °C with AICL under nitrogen converted it into hemiacetal 3. The isomerization very

likely involves cation 16 which converts into enol ether 17 via removal of a proton; equilibrating protonation
provides cation 18 and thence the more stable hemiacetal 3 (Scheme 6).
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Scheme 6
Calculation of the relatively stabilities of the hemiacetals with MM+ (Hyperchem 5, Hypercube Inc.,
Gainesville FA) indicates that the hemiacetal 3 with an equatorial methyl group is more stable by 1.3 kcal mol”

than 15 with the axial methyl group (Figure 2).
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I'lg 2. Hemiacetais 15 and 3 with axiai an éq jatoriai metnyl groups;, minimum energy conformers

calculated by MM+ (Hyperchem 5, Hypercube Inc., Gainesville, FA).

With the energetically more-favoured hemiacetal 3 being isolated from the AICI-catalysed DA
reaction, it was necessary to establish which of the full acetals, 13 with axial methyl, and 19 with equatorial

methyl, had the lower energy. Geometry optimization was performed with MM+. The results are unexpected

due to the gauche interaction between the equatorial methyl group and the hexadienylic side chain of the acetal.
Although acetal 13 is the favoured product, it is not possible to establish if 13 is a kinetic or thermodynamic

product of the TMSOTf-catalysed DA reaction.

e A

g
Figure 3: Energy minimized structures and caicuiated energies of acetais 13 an

Optimization of Reaction Conditions and Examples of the Reaction

From reactions with 2-cyclohexenone performed in diethyl ether or acetonitrile at -78 °C with 10 mol%

i aaia Qv A YYauil L $1V3 3 LIRS 2P Ut

TMSOTH, the cycloadduct 11, but no conjugate addition product, was formed. However, with toluene as

solvent, the yield of cycloadduct was depressed, and the conjugate addition product was also formed. Thus, it



appears that the conjugate addition reaction can be suppressed by the use of a Lewis-basic solvent. Use of the
tert-butyldimethylsilyl (TBDMS) dieny! ether rather than the TMS ether in acetonitrile gave adduct 11 in 64%

yield. However, use of TBDMSOTTf as catalyst with the TBDMS ether gave a poorer yield of the adduct.

The optimum procedure involved the addition of 1.2 equivalents of the enone to a solution of aceto-
nitrile containing 5-10 mol% of the trialkylsilyl triflate catalyst at -20 °C under n
stirred for 2 minutes and then 2 equivalents of the trialkylsilyl dienyl ether was added. The mixture was
quenched with pyridine. The products were purified by column chromatography to yield the acetal adduct.

In Table 1 are listed the various conditions and enones tested in their reaction with TMS dienyl ether 12

and the corresponding TBDMS dieny! ether.

Enone TMSOTf Reaction conditions DA adduct, Conij.
(moi%) % Adduct, %
6-Methylcyclohex-2-enone 2 CH,CL, -78°C, 20 h 46 2
6-Methylcyclohex-2-enone 5 CH,CN, -20°C, 16 h 680 -
Cyclohex-2-enone 5 CH,CN, -20°C,5h 59 -
Cyclohex-2-enone 5 CH,CN,0°C, 24 h 45 -
Cyclohex-2-enone 10 Et,O,-78°C, 16 h 45 -
Cyclohex-2-enone 10 Et,0,-20°C,12h 57 -
Cyclohex-2-enone 3 Toluene, - 78 °C, 14 h 24 8
Cyclohept-2-enone 10 B0, -78°C, 10 h; +20°C, 10 h 32 -
Cyclohept-2-enone 5 CH,CN, -30°C, 10 h 55 8
Cyclohept-2-enone 6 Toluene, - 78 °C, 14 h; -20°C, 10 h 31 -
Methyi vinyl ketone 10 CH,CN, -20°C, 36 h 26 -
Cyclohex-2-enone 5 (with TBDMS CH,CN, -20°C, 19h 64 -
dieny! ether)
Table 1: Yields of adducts from enones and dienol TMS ether 12 and dienol TBDMS ether.

As can be seen from Table 1, cycloheptenone also worked well for the reaction. In contrast, the acyclic
methyl vinyl ketone, which was expected to react readily, gave a low yield of the acetal (26%); polymerization

was seen to be a competing reaction.

Reaction with Enone Acetals

Although use of the TMSOTT catalyst represents a key development of the reaction, the necessity of
using two equivalents of the silyl dienyl ether is not economical. It has been noted above that enone acetals
ntinemn im tha iamin NA "ka‘ Tha aratal
reaction (¢f. Schemes 1 and 2). In the present case involving the ethylene acetal 20 of 2-cyclohexenone, two
possible outcomes, in which only one equivalent of the dienol TMS ether are required, were anticipated —

generation of cation 21 is followed by formation of acetal 22 with 12, generation of the new cation 23,

.~¢... ALTL N e | wnlanddieinam ¢n YA anAd 1y
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adduct 25 or the ethylene acetal adduct 26 (Scheme 7).
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Scheme 7
However, treatment of ethylene acetal 20 under the optimum conditions with one equivalent of the

dienol TMS ether 12 and 10 mol% TMSOTT resulted in consumption of the cthylene acetal within 3 h to give
solely the dienyl acetal DA adduct 11 in 32% yield. Thus, equilibration involving 24 with the silyl dienyl ether

12 leading to 11 successfully, albeit surprisingly, competes with that of the ethylene glycol bis-TMS ether

st e g

A
q
)

~J

).”  Although neither of the
anticipated compounds was formed from the ethylene acetal 20, the reaction was much faster than that

involving the enone itself.

following experiment. Treatment of diphenylethylene acetal 27, obtained from the bis-TMS ether of (1R,2R)-
1,2-diphenyl-1,2-ethanediol and 2-cyclohexenone, with the dienol TMS ether 12 and 5-10 mol% TMSOTf
under the optimum conditions again gave the dienyl acetal DA adduct 11. The product, as determined by GC
with a Chiraldex B-TA column was racemic. As the chiral acetal failed to induce asymmetry in the product,
this supports the idea that cation 23 is the intermediate. That is, prior to adduct formation, the chiral acetal

group is completely removed.

Ph  Ph N
5 Y avayy g
o__0 NEA
| R
27 #1 A

The recent modification of the Noyori acetalization wherein the TMS ether of the alcohol is generated in situ
from the alcohol by exchange with a sec- or tert-alkoxysilane in the presence of catalyst was also tried here.”
Thus, the TMS ether of cyclohexanol was mixed with 2-cyclohexenone and (3F)-3,5-hexadienol 2 under the

optimum conditions. However, acetal 11 was again the only product obtained.



The reactants used thus far do not have the constitutions to define whether the reactions proceed via an
endo transition state, as indeed we have assumed (cf. Scheme 4). A diene bearing a methyl group attached to
C-6 at least must be used for this purpose. For a reaction of (3E,5E)-heptadienyl alcohol proceeding via an

s relationship with the proton at the ring junction i

=

the product (Scheme 8§ below). If an exo transition state is involved, then this methyl group will become cis to

the proton at the ring junction in the product. As we are also intent upon using these reactions to prepare

analogues of ginghaosu, we need to use optically active heptadienols bearing a methyl group at C-2.
Commercially available (S)- and (R)-3-bromo-2-methylpropan-1-ols were converted into the phosphon-
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ium salts, and each was treated at O °C in THF with lithium hexamethyldisilazide™ to generate the corres-
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selectivity.” In each case, an uni
was very similar to that of the alcohol, but with the signals shifted downfield, was also formed.. This could be
hydrolyzed to the desired alcohol in aqueous THF in the presence of acid.

It was not possible to separate the dienyl stereoisomers, and therefore the mixtures were used in the

e 4:1 mixture o (’7P 3FE SE)- and (2R.3Z.SE)-dienols 28
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was reacted with enone 1 in the presence of 10 mol% TMSOTT in acetonitrile at -20 °C during 1 day to give a
product mixture in 24% yield. As it was anticipated that the chiral centre at C-2 of the dienyl silyl ether would

of the reaction with the racemic enone 1, it was expected that two diastereomers
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indicate that a mixture of acetals 30, arising from incorporation of the 3E,5E- and 3Z,5E-dienylic units into the

side chain in the acetal adduct, was obtained.

The acetal mixture 30 was hydrolyzed to give a single product identified as hemiacetal 31 which
crystallized after isolation by column chromatography. Both 'H and "C NMR spectroscopy revealed it was a
H5-C5-C6-H6f is +50.8° while the torsion angle of H Since the torsion angle of

H5-C
H5.....H6a is closer to 90°, the coupling constant J,,, (2.0 Hz) is smaller than Jw3 (4.9 Hz). In the case of
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ing constants of 2.9 Hz, 4.4 Hz, and 10.3 Hz respectively. In contrast to
-5 in 15, the coupling constant of less than 2 Hz is lacking in the signal due to H5 in compound 31. This

indicates that the methyl group in 31 has the same relative orientation as H6o in 15; that is, this group is o in

the anantinmar nf 11 Arnnrding tn rnnvantinn thig orann tharafara nrniarte fram tha R fann in rnmnnined 21
LD ULIAUIUUIIVE UL W3, ALGUTULLE W LULTY UHUUTL, LHES lUUp UWIVIVIVIC PLUJULL DU UIC P 1alCo i COMmpouna 5Si.
Figure 4: Structure of hemiacetal (-)-31 as determined by X-ray crystallography

(331 C. 4 O My
{=)91r. 15|_I24k12, i

0O
228K, D, = 1.16 gcm®, (Mo-Ko) = 0.75cm", F__ =520. R=0.059, Rw = 0.047, GOF = 1.23 for 1689 data to
20 = 47°, [F220(F)], Ap <+0.22eA".

31 (Figure 4). Compound 31 crystallizes in P2,, a chiral space group. As in the case of compounds 3 and 15,
this has two molecules per asymmetric unit. However unlike compounds 3 and 15, these have the same
stereochemistry, thus supporting the enantiomeric purity of this compound. Geometric parameters for
compound 31 are as for compound 15 described above. The absolute configuration was determined from the
absolute configuration (2R) of the chiral dienyl alcohol used. The compound has a tricyclic fused pyran,
cyclohexene and cyclohexane rings. Both the hydroxyl group at C-9a and the C-9 methyl are axial. The

configuration of the chiral centres at C-3, C-6, C-9 are all (R)-. The relative configuration of the chiral centres

at ' 20 O Lo 0 C_Q
at

aa in haoth 18 and 31
C-3a, U-6a, L-Y, L-Ya an oth 15 and J1.

Thus configuration at C6 in compound 31 corresponds to intercession of an endo transition state (cf.

Scheme 8).
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R = 2-methyl-3,5-heptadienyl

Next, the TMS ether 33 of a 4:1 mixture of (2S,3E,5E)- and (25,3Z,5E)-dienols 32 was treated with
enone 1 in the presence of TMSOTY. Once again, NMR spectra of the acetals 34 were difficult to interpret,

although it was apparent that these were identical with the spectra of acetals 30. The mixture was thus

hemiacetal 31. Molecular masses (MW = 236) and melting points (76.1 °C) were identical. The optical

rotation for compound 31 ([er],” = -100°, ¢ = 0.60, CHCL,) was opposite in sign to that of compound 35 ([o],”' =

o T 3 vy
+102°, ¢=0.61, CHCL,). Therefore, compound 35 is the enantiomer of compound 31.
Other Experiments

Diene substrates which cannot form an acetal with the enone were briefly examined as substrates for
this reaction. With methyl (3E)-3,5-hexadienoate or methyl (3E)-3,5-hexadienyl ether and 2-cyclohexenone in
the presence of TMSOTT, no reaction occurred during several days.

Treatment of the TMS ether 36 of (2E,4E)-2,4-hexadien-1-ol with 2-cyclohexenone under the optimum
conditions resulted in rapid disappearance of the ether coupled with formation of a non-polar product, isolated
in 30% yield. The 'H NMR spectrum revealed that w
cyclohexene ring, two different methyi signais at 1.26 and i.75 ppm, and signails attributabie to 9 dienylic

protons, including two from a terminal double bond, indicated that the product was the dimeric ether 37.

A/\v,,{,\'{,'\
WOTMS /T\M
36 37
This product obviously arises by activation of the dienyl silyl ether by TMSOTf. Nucleophilic attack
al A + . - PURS P R . nde e Y 2 TR < S,

by the parent dienyl silyl ether on either the activated complex or on the derived cation at C-5 gives the

o

product. Thus diene-allylic alcohols may not be suitable diene system for the DA reaction with enones under

the current reaction conditions.”

Mechanistic Aspects
The fact that adduct 15 could be converted into the more stable adduct 3 by AICI, suggests that adduct
15 probably was formed first in the AICI, catalysed reaction, and was then transformed into the more stable

isomer 3. The original proposal that the diene adds anti to the C6-methyl (Scheme 4) is modified in light of the

—
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stereochemistry of adducts 15, 34, and 35 . That is, the pendant diene adds syn to the methyl group, as in other
TN le AT dme o klmams D dn Eneann TV bl ot o Yo i a1 L TTRAC el o BRSOV 1 o PN
LCIS-ALUCT ICACUVILS, 10 101 4 1U-IHCHIDCICU T11E, dS HHIUSTdated 101 11vId €eEr 33 (dcneme »). pOSluve

charge is thereby transferred to form allyl cation 38. In order to furnish the trans ring junction, the exocyclic

allyl cation has to be attacked from the Re-face; that is, the cation ensemble must have a lifetime long enough

to flex to the upper face of

!""

he enone,

lh.

as previously discussed for the original reaction. Collapse of the 10-

membered ring gives the tricyclic cationic intermediate 39 with the positive charge at the carbon of the enone,

according to the previous description.

—

L .
1 W X
+ 33 > h\

"3c / H l I"i H n N N
H l =
HZ\CHQ Hsc 1 cl: s 34 H ;
39 R = (25)-2-methyl-3,5-heptadienyi
Scheme 8

Nevertheless, it is possible that a cis-fused adduct is first formed, but this isomerizes rapidly to the

rd w PP " T S R T o AI JRPT I LU o T e B |

trans-fused rmg system, in accord with other Lewis acid &.dldlybcu Diels-Alder reactions. 1ne Seconu w-u
bond forming step takes place to give a cis-fused intermediate 40 (Scheme 9). This cis intermediate rapidly

isomerizes to the more stable trans isomer 39. The positive charge already at the carbonyl carbon next to the

ring junction proton will obviously initiate the process. Deprotonation to form the enol ether and reprotonation
1.1 ek ale m o LT V3 P o Y 5. NI nl MU S, Lovormd clcn e Iiievmbiem smaarod
to yieid the more stable trans-product then toilows. Clearly, formation of the trans-fused ring junction must

already be complete prior to formation of the full acetal.

S~— A~ A~ 0/\/
O/l > w | ° 7 | H |
“, = "y, -H+ 7 +H* "y Y ___..33
'1)*@ —_— + | —_— ~ | — 9 | 34
\/ﬁ \/l\_/ ’ \/:I\:/
' a0 M : H : 3 o :
Scheme 9

It may be argued that if isomerization of cation 40 to 39 takes place, then equilibration of the C-9 axial

to the equatorial methyl should also occur as a competing process (cf. Scheme 6). However, only the product
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meathvul ornnn hag Inwer enarov than W0 Ear the catinn with tha R aqaatarial met hysl geniise  amzesna
miCuiy: givup ras (OWeL CIiCl LIIGEE o7, Curn uib Lauun wiul il p-C{udiondi Cllyr 2ioup, appwaux Ul UIC
silyl dienyl ether molecule at the upper face may become distavoured with respect to the lower face. Never-

theless, the product with B-equatorial methyl and a-configured hexadienyl unit was never isolated from the

reaction. As noted above (Fi

unit is less stable than the o-axial methyl product.

Overall, the proposed stepwise mechanism is similar to that suggested for the “ionic” DA reactions
investigated systematically by Gassman and co-workers as described in the Introduction. In the current case,
however, cycloaddition occurs in an intramolecular mode; this provides a very special example of a 'tethered'
DA reaction in which cycloaddition is greatly favoured.”

For the reactions involving the enantiomeric heptadienyl TMS ethers 29 and 33, although the yields of

the adducts are relatively low, there is the reasonable expectation that these may be enhanced through careful

heptadienol controis in an absolute sense the stereochemistry in the tricyclic product obtained via the ionic
Diels-Alder reaction appears to have no literature precedent. At this stage, it is uncertain if the chiral silyl

dienyl ether reacts with one enantiomer of the enone, or whether the equilibration of the C-6 methyl in the so

=

However, the second explanation is not yet supported as there is still no evidence that isomerization of the

methyl group actually occurred in the TMSOTt-catalysed cases.

L.
TMSO

Conclusion

configuration (Figure 5). The best approach is to target the C-6 epimer of compound 35 through use of
(2S,3E,5Z)-2- methyl-3,5-heptadien-1-ol, and rely on inversion of configuration at C-3 in a later stage in the
synthetic sequence. At this stage it is uncertain how (25,3Z,5E)-or (25,3Z,5Z)-2-methyl-3,5-heptadien-1-o0l will

jon]
(98]
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Artemisinin

Figure 5: Relationship between hemiacetal adducts and artemisinin

react in the ionic DA reaction. A 3Z configured double bond would render the endo transition state less

accessible
EXPERIMENTAL SECTION
General Experimental
Diethyl ether, THF and toluene were dried over sodium and stored over sodium in the presence of

e

benzophenone under nitrogen. The solvents were distilled immediately prior to use. Dichioromethane was
dried over calcium hydride and distilled under nitrogen before use. Acetonitrile was dried over calcium
hydride prior to distillation and stored over 4A molecular sieves under nitrogen. 'H and "C NMR spectra were
recorded on CDCI, solutions on

ker ARX 3 and JEQL, INM-EX-400 NMR gnectrometers.. 'H NMR

fe iV L CESRSAS SANAVATIDATEUY ANAVAN SpLL L VLTl 5. £2 INAVAAN

13~ ~r= PN /-'-

spectra were referenced on CHCI, (8 7.26 ppm), and "C NMR spectra on CDCI, (6 77.0 ppm). Mass spectra
and accurate mass measurements were recorded on a Finnegan TSQ-700 quadrupole mass spectrometer, and a

Kratos MS-80 mass spectrometer, respectively.  Optical rotations were measured on a Perkin-Elmer 241

r 1KD(-‘ FT.IR anectromater A

6PC FT-IR spectrometer. Me
were determined in capillary tubes on an Electrothermal melting point apparatus and are uncorrected. Merck
Kieselgel 60 (230-400 mesh) was used for flash column chromatography under medium pressure. Analytical
thin layer chromatography was carried out with pre-coated aluminium plates (Merck Kieselgel 60 F,.). Gas
chromatographic analyses were conducted on a Hewlett Packard 5890 Series II instrument. Microanalyses

A ATITY A Y - -

were performed by MEDAC Ltd. at the Department of Chemistry, Brunel Uni

niversity.
Single crystal X-ray structure measurements were carried out on a Siemens P4-RA four-circle rotating
anode diffractrometer. All computations in the structure determination and refinement were performed on a

s SHELXTL PLUS (Ver. 5) package. Single

crystal structure determinations were carried out as follows; i
Siemens P4-RA four-circle diffractometer operating at 10kW. All computations were carried out on a Silicon
graphics Indy computer using the SHELXTL PLUS (version 4) suite of X-ray programs. All structures were
solved by direct methods and refined by full-matrix least-squares. All non-hydrogen atoms were refined with
s, but were
inserted in geometrical positions d ., = 0.96A, dom = 0.86A and refined with riding constraints and common

isotropic thermal parameters.
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Preparation of Starting Compounds

(3E)-3,5-Hexadien-1-0l (2)

This was prepared from methyl sorbate via deconjugation and reduction according to literature procedures.*™*
The final product was obtained by distillation as colourless liquid, b.p. 79-81 °C, 20 mm Hg (Kugelrohr, lit“ 82
°C, 30 mm Hg); 'H NMR (300 MHz) § 1.55 (br., OH); 2.36 (2H, dt, J,, = 6.9 Hz, J,, = 6.9 Hz, H2); 3.69 (2H,
t,J,,=63Hz HI1); 5.01 (1H, d, J,, = 10.4 Hz, H6); 5.14 (1H, d, J, = 16.4 Hz, H6); 5.68 (1H, dt, J,, = 7.2 Hz,
J,.=15.1 Hz, H3); 6.16 (1H, dd, J,, = 15.0 Hz, J, ;= 10.4 Hz, H4); 6.32 (1H, ddd, J,; = 10.2 Hz, J,, = 10.2 Hz,
J;, = 16.9 Hz, H5).

Vie ¥ 7aNRe BN -4 & PR | OV iy Bie o SUE ANRHYR SRS L) [N I Vs RS W Y
\IL =3, 2-I1CXaultii= 1-U1 1THIELNYISNYD EARET (14)
A solution of (3E)-3,5-hexadien-1-0l (2.71 g, 27.7 mmol) in dichloromethane (100 mL) at room temperature
under nitrogen at () °C was treated with triethylamine (5.8 mL, 1.5 equiv.) and trimethylsilyl chloride (5.3 mL,
1 8 ecniv ) at thic temnaratiire The mivture wac ctirrad for S0 min hafara tha additinn af havanac (1) ml )
LY u\.ll.ll Y. QG uliiy LUILI}IUL“LUAU A LIV LIRIALMLL VY QD OuULlIVvU 11Ul JVU 1l UbiduUlv LIV aAVUuiiiuLl UL v AdLIvo \lUU llll_ljc

The mixture was then filtered and the fiitrate was concentrated under reduced pressure. Another portion of
hexanes (50 mL) was added to the residue which was filtered again. The hexanes was evaporated trom the
filtrate under reduced pressure and the crude product was purified by quickly passing through silica gel (3%

the product ether as colourless liquid (4.34 g, 92% yield) with a characteristic

PruRARALL LAl 3 LRIV va
~

rE N D A a1 AT m\'r\ sAYT s oTY

smell. 'H NMR (400 MHz) 8 0.11 (9H, s, TMS); 2.32 (2H, dt, J,=68Hz, J,, =68 Hz, H2); 3.61 CH, t, J,
= 6.8 Hz, H1); 4.98 (1H, d, J,, = 10.3 Hz, H6); 5.11 (1H, d, J,, = 16.6 Hz, H6"); 5.7 (1H, dt, J,, =7.3 Hz, J,, =
14.7 Hz, H3); 6.10 (1H, dd, J,, = 15.1 Hz, J,; = 10.3 Hz, H4); 6.31 (1H, ddd, J,, = 103 Hz, J,, = 10.3 Hz, J; =
17.1 Hz, H5); "C NMR (100 MHz) 8 -0.42, SiCH,: 36.02, C2; 62.22, C1; 115.35, C6; 131.21, C3; 132.80, C4;
137.13, C5; v__ (film) 3087 w, 3011 w, 2956 m, 2863 m, 1654 w, 1603 w, 1415 w, 1381 w, 1251 s, 110 vs,

1003 m, 841 vs cm™"; mass spectrum (CI): m/z 171 (M', 23%); 103 (100%).

(3E)-3,5-Hexadien-1-o0l (4.40 g, 44.9 mmol) in dichloromethane at room temperature under N, was treated
with tert-butyldimethylsilyl chloride (8.82 g, 1.3 equiv.) and imidazole (4.70 g, 1.5 equiv.). The resulting
solution was stirred overnight, and then treated with water (200 mL). The organic layer was separated, and the
water (100 mL), saturated sodium bicarbonate solution (100 mL) and dried (MgSO,). Solvent was removed
under reduced pressure and the crude product was filtered through silica gel to yield the ether as a colourless

liquid (8.14 g, 86%). 'H NMR (400 MHz) 8 0.05 (6H, s, methyl); 0.89 (9H, s, r-butyl); 2.30 (2H, dt, J,, = 6.8
10.3 Hz, H6); 5.10 (1H, d, J., = 16.6
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36.20, C1; 62.81, C2; 115.20, C6; 131.39, C3; 132.74, C4; 137.17, C5; v__ (film) 3012 w, 2956 s, 2857 s, 1653
w, 1604 w, 1472 m, 1382 m, 1256 s, 1196 m, 1100 vs, 1079 s 1005 s, 908 vs cm’".

(3E)-3,5-Hexadienyl Methyl Ether

Sodium hydride (60%, 601.7 mg, 15.0 mmol) was washed with freshly distilled THF (3 x 6 mL) and then

suspended in THF (6 mL). The suspension was cooled to 0 °C and treated with 3,5-hexadien-1-ol (981 mg,
10.0 mmol) and methyl iodide (2.0 mL, 32.1 mmol). The mixture was warmed slowly to room temperature and
stirred for 1 day. The reaction mixture was then treated with aqueous sodium thiosulfate (15 mL) followed by
water (25 mL). The mixture was extracted with diethyl ether (3 x 20 mL), and the combined extracts were

AV PR TaR

washed with water (2 x 20 mL) and brine (20 mL), and then dried (MgSO,). After removal of solvent, the

crude product was purified by distillation to give the ether (850 mg, 76%) as colourless liquid (b.p. 125 °C,
Kugelrohr).” 'H NMR (400 MHz) § 2.37 (2H, dt, J,, = 6.8 Hz, J,, = 6.8 Hz, H2); 3.34 (3H, s, OMe); 3.43 (2H,
t,J,,=68Hz H1) 499 (1H,d, J;,, =103 Hz, H6); 5.11 (1H, d, J,, = 16.6 Hz, H6); 5.70 (1H, dt, J,, =7.3 Hz,
J,, =147 Hz, H3); 6.12 (1H, dd, J,, = 15.1 Hz, J,, = 10.3 Hz, H4); 6.31 (1H, ddd, J,, = 10.3 Hz, J,, = 10.3 Hz,
J.,=17.1 Hz, H5)

(2R 3E SE)- and (2R,3Z 5E)-2-Methyl-3,S-heptadien-1-ol (28) and TMS Ether (29)

(25)-3-Bromo-2-methylpropan-1-ol (1.408 g, 9.20 mmol) and triphenylphosphine (3.113 g, 11.9 mmol, 1.3
equiv.) in toluene (15 mL) was heated at 85 °C for 10 days under nitrogen. The mixture was cooled to room
temperature and filtered. The salt was washed with hexanes and diethyl ether and dried under vacuum to yield
[(25)-3-hydroxy-2-methylpropyl]triphenylphosphonium bromide (2.10 g, 55%) as a white powder. 'H NMR
(300 MHz) § 0.51 (3H, d, J = 6.7 Hz, Me); 2.11-2.23 (1H, m, H2); 2.63 (1H, ddd, J=5.2Hz, J=16.1 Hz, J =
16.1 Hz, H1); 3.63-3.70 (2H, m, 2 x H3); 4.90 (1H, ddd, J = 1.6 Hz, J = 16.3 Hz, J = 16.3 Hz, H1); 4.18 (br. s,
OH); 7.65-7.93 (15H, m, ArH). “C NMR (100 MHz) 8 17.34, Me; 26.11, J = 49.8 Hz, C1; 31.69, J = 12.9 Hz,
C2;66.35, J=5.23 Hz, C3; 118.90, J = 84.5 Hz; 130.39, J = 12.8 Hz; 133.50, J/ = 9.2 Hz; 134.90.
n-Butyllithium (2.2 M, 17 mL) was added slowly to hexamethyldisilazane (4.45 g, 27.6 mmol) in THF

(30 mL) at 0 °C. The solution was warmed to room temperature and stirred for 15 min. The lithium

hexamethyldlsilazide solution was then added to a suspension of the phosphonium bromide (5.73 g, 138
mmol) in THF (30 mL) at room temperature. The resuiting solution was stirred for 15 min to give an orange-

coloured solution. Crotonaldehyde (986 mg, 14.1 mmol) was added then dropwise, and the mixture was stirred
for 70 min before the addition of water (60 mL). The organic layer was separated and the aqueous layer was

diethyl ether (3 x 60 mL). The combined o

A UV

y anic extracts were washed with water (2 x 60 mL),
brine (60 mL) and dried (MgSO,). Solvent was removed under reduced pressure and hexanes (20 mL) was
added to the residue to precipitate the triphenylphosphine oxide. Diethyl ether was added and the mixture was
then filtered. Solvent was removed under reduced pressure and the crude product was purified by flash

chromatography (10-20% ethyl acetate/hexanes). The first fraction (326 mg) was followed by a second



of (2R,3E,5E)-2-methyl-3,5-heptadien-1-0] and (2R 3Z,5F)-2-methyl-3,5-heptadien-1-0l (991 mg, 57%). The
first fraction in THF-water (10:1, 11 mL) containing a few crystals of p-toluenesulfonic acid was stirred

overnight. The mixture was poured onto water (10 mL) and triethylamine (5 drops) was added. The product
was extracted with diethyl ether (3 x 10 mL). The combined organic layers was washed with water (2 x 10
mL), brine (10 mL) and dried (MgSO,). Solvent was removed under reduced pressure and the crude product
was submitted to flash chromatography (20% ethyl acetate/hexanes) to give a 4:1 mixture (2R, 3E,5E)-2-

methyl-3,5-heptadien-1-ol and (2R,3Z,5E)-2-methyl-3,5-heptadien-1-ol (110 mg, 63%). Major (3E,5E) isomer:
'H NMR (400 MHz) & 1.01 (3H, d, J = 6.8 Hz, 2-Me); 1.74 (3H, d, J = 6.3 Hz, 3H, H7); 2.34 (1H, dddq, J =

6.8 Hz, J = 6.8 Hz, J = 6.8 Hz, J = 6.8 Hz, H2); 3.37-3.43 (1H, m, H1); 3.5-3.5 (1H, m, H1); 5.4 (1H, dd, J =
6.4 Hz, J = 14.2 Hz, H3); 5.64 (1H, dq, J = 6.8 Hz, J = 14.2 Hz, H6); 5.99-6.13 (2H, m, H4 and H5); "C NMR

z, 2-Me); 1.77 (3H, d, J = 6.8 Hz,
6 J=147 Hz

iy g 4

H-7):- 285 (1 m):
\1 /

H-7); 2.85 ); 6.34 (1
dd, J =127 Hz, J = 13.2 Hz); C1
131.33.

A dichloromethane solution (20 mL) of the 4:1 mixture of dienols (991 mg, 7.87 mmol) under N, at 0

tad orimmaccivalyy i 4y
dlcu suu.t;bblvcxy Wl l i

equiv.). The mixture was stirred for 1 h before the addition of hexanes (20 mL). The mixture was then filtered
and the filtrate was concentrated under reduced pressure. Another portion of hexanes (10 mL) was added to the

mixture was filtered again. The filtrate of hexanes was evaporated under reduced

S W
yield a 4:1 mixture of (2R,3E,5E)- and (2R,3Z,5E)-2-methyl-3,5-heptadien-1-ol trimethylsilyl ether as a
colourless liquid (742 mg, 48%) with a characteristic smell. Major (3E,5E) isomer: 'H NMR (300 MHz) 6 0.10
(9H, s, TMS); 1.00 (3H, d, J = 6.8 Hz, Me); 1.73 (3H, d, / = 6.2 Hz, CHCH,)); 2.34 (1H, dddq, J = 6.8 Hz, J =
6.8 Hz, J = 6.8 Hz, J = 6.8 Hz, H2); 3.35 (1H, dd, /= 7.32 Hz, J = 9.8 Hz, H1); 3.48 (1H, dd, J = 6.2 Hz, J =
6.9 Hz, H1); 5.48 (1H, dd, J = 7.1 Hz, J = 14.2 Hz, H2); 5.56-5.70 (1H, m, H6); 5.93-6.07 (2H, m, H4 and H5);
“C NMR (75 MHz) § -0.47; 16.61; 18.00; 39.10; 67.64; 127.46; 129.93; 131.72; 134.06.

(28,3E,5E)- and (25,3Z,5E)-2-Methyi-3,5-heptadien-i-oi (32) and TMS Ether (33)

2(R)-3-Bromo-2-methylpropan-1-ol (962 mg, 6.29 mmol) and triphenylphosphine (2.146 g, 11.9 mmol, 1.3

equiv.) in toluene (10 mL) were heated at 80 °C for 8 days under nitrogen. The mixture was cooled to room
temperature and filtered. The salt was washed with hexane and diethyl ether, and dried under vacuum to yield

[(2R)-3-hydroxy-2-methylpropyljtriphenyiphosphonium bromide (1.466 g, 56%) as a white powder; 'H NMR
(400 MHz) § 0.51 (3H, d, J = 6.8 Hz, Me); 2.15-2.20 (1H, m, H2); 2.61 (1H, ddd, /= 5.4 Hz, J=16.1 Hz, / =
16.1 Hz, H1); 3.64-3.68 (2H, m, 2 x H3); 4.90 (1H, dd, J = 15.13 Hz, J = 16.12 Hz, H1); 7.66-7.93 (15H, m,

A «TTY
MAlri).
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The phosphonium bromide (2.00 g, 4.82 mmol) was deprotonated with lithium hexamethyldisilazide,
nnd tham teantad vriith Aratanaldaherda MRAL i AN e A1) fnmnnmedinn 44 dhhn £ me Am cmdeom o~ Ao
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f (25,3E,5E)-2-methyl-3,5-heptadiencl an
colourless liquid. Major (3E,5E) isomer: 'H NMR (400
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mixture o -heptadienol (312 mg, 51%) as a
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MHz) 6§ 1.01 (3H, d, / = 6.8 Hz, 2-Me); 1.74 (3H, d, J
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= 6.34 Hz, H7); 2.34 (1H, dddg, J = 6.8 Hz, J = 6.8 Hz, J = 6.8 Hz, J = 6.8 Hz, H2); 3.37-3.43 (1H, m, H1);
3.46-3.52 (1H, m, H1); 5.40 (1H, dd, J = 6.4 Hz, J = 14.2 Hz, H3); 5.64 (1H, dq, / = 6.8 Hz, J = 14.2 Hz, Hé);
5.99-6.13 (2H, m, H4 and HS); "C NMR (100 MHz) 8 16.41; 17.91; 39.6; 63.31; 128.28; 131.24; 131.39;
133.29; mass spectrum (EI): m/z 126 (M", 36%); minor isomer: 'H NMR (400 MHz) § 0.97 (3H, d, J = 6.84
Hz, 2-Me); 1.77 (3H, d, J = 6.84 Hz, H7); 2.85 (1H, m); 5.04 (1H, dd, /= 10.3 Hz, J = 10.3 Hz); 5.71 (1H, dq,

The TMS ether mixture 33 was prepared from the 4:1 mixture of (25,3E,5E)- and (25,3Z,5E)-2-methyl-
3,5-heptadienol (777 mg, 6.17 mmol) and mmethylsﬂyl chloride (1.0 mL, 1.5 equiv.) as described above for
the 2R-mixture. The crude product was purified by quickly passing it through silica gel (2% cthyl acetate/
hexanes) to yield the TMS ether mixture as a colourless liquid (928 mg, 76%) with characteristic smell. Data
for the major (3£,5E) isomer: 'H NMR (300 MHz) 8 0.10 (9H, s, TMS); 1.00 (3H, d, J = 6.8 Hz, 2-Me); 1.73

(3H, d, J = 6.2 Hz, H7); 2.34 (iH, “‘q,J:6.° Hz, /=68 Hz, /= 6.8 Hz, /= 6.§ Hz, H2); 3.35(1H. dd, / =
7.3Hz, J=9.8 Hz, H1); 3.48 (1H, dd, J = 6.2 Hz, / = 6.9 Hz, H1); 5.48 (1H, dd, / = 7.1 Hz, J = 14.2 Hz, H2),
5.56-5.70 (1H, m, H6); 5.93-6.07 (2H, m, H4 and H5); "C NMR (75 MHz) 8 -0.47; 16.61; 18.00; 39.10; 67.64;

127 46- 120 02- 131 72+ 134 OF
L&l TUy 1T .70y 2dled duy LITNU

UV

Hg (lit.* 66-68 °C, 18 mm Hg); ‘H NMR (400 MHz) & 1.12 (3H, J = 6.4 Hz, methyl); 1.7-1.8 (1H, m); 2.0
2.1 (1H, m); 2.3-2.4 (3H, m); 5.96 (1H, dt, J,, = 2.0 Hz, J,, = 9.8 Hz, H2); 6.91 (1H, m, H3).

2-Cyclohexenone Ethylene Acetal (20)

2-Cyclohexenone (1.70 g, 17.71 mmol) was treated with 1,2-ethanediol bis-TMS ether (3.70 g, 17.96 mmol) in
dichloromethane (1.5 mL) containing TMSOTf (1 mol%) at -78 °C according to the literature procedure.” The
crude product was purified by flash chromatography (1% ethyl acetate/hexanes) to yield the cyclic acetal (1.27
g, 51%) as colourless oil; 'H NMR (400 MHz) 6 1.70-1.90 (4H, m, 2 x H6, 2 x H5); 2.02-2.04 (2H, m, 2 x H4);
3.92-4.00 (4H, m, 2 x H4’, 2 x H5°); 5.58 (1H, ddd, J,, = 10.3 Hz, J, = 2.0 Hz, J,,= 2.5 Hz, H2); 5.96 (1H, ddd,
J,,=103 Hz, J,,=3.9 Hz, J, = 2.4 Hz, H3); Mass spectrum (EI): m/z 292 M, 1%); 186 (100%).
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2-Cyclohexenone (1R,2R)-1,2-Diphenylethylene A 27
Tirnhanl A _athamdinl wwag neranarad ancaediasg ta tha Ltancfizra mennadiiea? amd aneasra fito b o
\11\ 1.1\) 1,.4 u.lpucuyl »<~CUlaliUivul wad pitpaitl atluluilly W Uic Hiciatuic proteauic and convert o ne

bis-TMS ether as follows. A stirred solution of the diol (102.7 mg, 0.479 mmol) in dichloromethane (5 mL) at
room temperature under N, was treated successively with triethylamine (0.15 mL, 2.3 equiv.) and trimethylsilyl
chloride (0.15 mL, 2.5 equiv.). After 3 h, hexanes (15 mL) and ethyl acetate (5 mL) were added and the
resulting mixture was filtered. The filtrate was concentrated under reduced pressure. Hexanes (20 mL) and a
small amount of ethyl acetate were added to the residual material, and the mixture filtered again. Solvent was
removed from the filtrate under reduced pressure. The crude product was purified by flash chromatography
(10% ethyl acetate/hexanes). The diol bis-TMS ether (138.4 mg, 80%) solidified under high vacuum; 'H NMR

ACTOLT 1 ACITY BOUAIMMD 7100 M &
“ L1urt, i, ATy, U INVIN (1UU VIEIZ) O -

O

0.03 SiMe,; 79.80 OCH; 127.16; 127.35; 128.13; 141.81.
The bis-TMS ether (357.4 mg, 0.997 mmol) in dichloromethane (1 mL) was added to a dichloro-

methane solution (0.1 mL) containing 2-cyclohexenone (96 mg, 1.00 mmol) and TMSOTT (5 mol%) at -78 °C.
e B T R S I P -1 PR EPEE TSP DVt iy i SNguy .y PR g ) T Wl s [ TR, 5 ke N
10€ mMixXture was Surred at tnis iemperature overnignt. 1 ne€ reaciion was que hed DYy addition of pynul e (WU

HL). Solvent was removed under reduced pressure and the crude residue was submitted to flash chromato-

graphy (5% ethyl acetate/hexanes). The product (214.8 mg, 74%) solidified under high vacuum, to give

- T NMDR AN MEY 5

Y avana \
O neXanc; m NV (U0 inzZ) O
2.10-2.15 (4H, m, 2 x H4’ and 2 x H6"); 4.72 (1H, d, J = 8.8 Hz); 4.82 (1H, d, /= 8.3 Hz); 591 (1H, J,, = 103
Hz, H2’); 6.08 (1H, ddd, J,, = 10.25 Hz, J,, = 3.4 Hz, J,, = 3.9 Hz, H3’); 7.20-7.35 (10H, m, ArH); “C NMR
MHz) d 20.71; 24.93; 35.01; 84.99; 85.38; 106.48; 126.63; 126.91; 128.35; 128.41; 133.05; 136.66;

136.84; mass spectrum (EI): m/z 292 (M’, 1%); 264 (4%); 186 (100%); 157 (29%); 105 (20%); 79 (32%).

(10(
\

Diels-Alder Reactions
Aluminium Chloride Catalysed Reaction: 3,5-Hexadienol (2) and 6- ethyl 2-cyclohexenone (1).

6-Methyl-2-cyclohexenone (113
1.0 mmol) in dichloromethane (I mL) at 10 °C under nitrogen. After stirring at room temperature for 15 min

the solution became yellow in colour. The mixture was cooled to -20 °C and 3,5-hexadien-1-ol (150 mg, 1.5

time the solution became deep red in colour. The mixture was poured onto saturated ammonium chloride
solution (11 mL) and extracted with diethyl ether (3 x 5 mL). The combined extracts were washed with water
(2 x 10 mL) and saturated chloride solution (2 x 5 mL), and then dried (MgSO,). Removal of solvent under

The major product was a coiouriess oil which crystailised under high vacuum. The solid was washed with light
petroleum to give (3aRS,6aSR,-9RS,9aSR,IbRS)-%a-hydroxy-9-methyl-2,3,3a,6,6a.7.8,9,9a,9b-decahydro-1-
oxa—lH-phenalene 3 (20.2 mg, 10%) as colourless fine needles, m.p. 66.9-67.0 °C (lit” 73-74 °C); 'H NMR
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20); 4.05 (1H, d

. J.Ra.a
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29Hz, J, = 11.2 He, Jp o = 14.2 Hz, H2P); 5.5 (1H, ddd, J,,, = 2.0 Hz, J,; = 2.0 Hz, J,, = 9.8 Hz, H4); 5.57
(1H, dddd, J, . = 2.0 Hz, J, ; = 2.4 Hz, J, p = 4.9 Hz, J,, = 9.8 Hz, HS); "C NMR (100 MHz) § 12.77, 30.71,

31.26, 32.09, 33.07, 33.29, 33.48, 50.63, 61.38, 96,66, 125.76, 130.69,

N
O

Bregnsted Acid Catalysed Reaction: 3,5-Hexadienol (2) and 2-Cyclohexenone.

To acetonitrile (0.1 mL) containing triflic acid (20 mol%) under nitrogen at -20 °C was added 2-cyclohexenone

hexadien-1-o0l (131.8 mg, 1.34 mmol, 1.3 equiv.) in acetonitrile (2 mL). Stirring was continued at -20 °C for 90
h. Triethylamine (0.1 mL) was added, and then the mixture was poured onto water (5 mL), and extracted with
diethyl ether (3 x 5 mL). The combined organic extracts were washed with water (2 x 5 mL) and dried
(MgS0,). Solvent was removed under reduced pressure and the residue was submitted to flash chromato-
graphy (5% ethyl acetate/hexanes) to yield (3aRS,6aSR,9aSR,9bRS)-9a-hydroxy-2,3,3a,6,6a,7,8,9,9a,9b-deca-
hydro-1-oxa-1H-phenalene 10 (44.2 mg, 22%) as white cubes, m.p. 115.8-116.0 °C; 'H NMR (400 MHz)
0.97 (1H, m); 1.11 (1H, dd, J,,,, = 10.3 Hz, J_, = 10.7 Hz, H9b); 1.44 (1H, dddd, J =49 Hz, J =127 Hz, J =
12.7 Hz, J = 12.7 Hz); 1.56-1.73 (7H, m); 1.77-1.82 (1H, m,); 2.15-2.20 (1H, m); 2.40-2.46 (iH, m, H3a); 3.71
(1H, ddd, J,o.p = 1.5 Hz, J,0,0 = 4.9 Hz, J = 11.2 Hz, H2w0); 4.11 (1H, ddd, Jpg,p = 2.9 Hz, J g .« = 14.2 Hz,

J..=11.2 Hz, H2B); 5.46 (1H, dd, J,,,= 2.0 Hz, J,,= 9.8 Hz, H4); 5.57 (1H, dddd, J, 4= 2.0 Hz, J, ;= 2.4 Hz,

J,g=49Hz, J, =98 Hz, HS); “C NMR (100 MHz) & 21.12; 31.15; 31.94; 33.09; 33.15; 33.62; 38.89; 50.03;
61.44; 95.89; 125.83; 130.60; v__ (CCl,) 3380 br s; 3017,s; 2935 s; 2882 5; 1650 w; 1464 w; 1440 m; 1398 w;
1342 m; 1231 m; 1191 s; 1144 m; 1067 s cm™'; mass spectrum (EI): m/z 194 (M, 3%); 176 (100%); Anal. calcd
for C ,H,,0, C 74.18, H9.34; found C 74.13, H 9.25.

A less polar, minor product (3aRS,6aSR,9aRS,9bRS)-9a-[(3E)-3’,5"-hexadienoxy]-2,3,3a,6,6a,7,8,9.9a,-

9b-decahydro-1-oxa-1H-phenalene 11 (9.2 mg, 3%) was also obtained as colourless liquid. Its characterization

3a,9b

& V2% o) 1L P

6-Methyl-2-cyclohexenone (102.3 mg, 0.930 mmol) was added slowly to acetonitrile (0.3 mL) containing
TMSOTS (5 mol%) at -20 °C under nitrogen,. The
hexadien-1-ol trimethylsilyl ether (263.8 mg, 1.552

......... o)

ixture was stirred for 2 min before the addition of 3,5-

2

B

mol). The mixture gradually turned red. Stirring was
C for 16 h before dry
reduced pressure to leave a residue which was submitted to flash chromatography (1% ethyl acetate/ hexanes)
to give (3aRS,6aSR, SR,93.RS,9bRS)-9a-[(3E)-3’,5’—hexadienoxy]—9-methy1—2,3,3a,6,6a,7,8,9,9a,9b—decahydro—

auid; '"H NMR (400 MHz) & 1.00 (3H, d, J = 7.3 Hz,

s n r'e T | &

methyl); 1.13-1.39 (4H, m); 1.48-1.78 (5H, m); 2.08-2.19 (2H, m); 2.36 (2H

=
k=
.



x H2'); 2.49-2.55 (1H, m, H3a); 3.36-3.46 (2H, m, H1"); 3.64 (1H, ddd, J,up = 1.5 Hz, J o = 49 Hz, J__ =
10.7 Hz, H2o); 372 (1H, ddd, Jpp = 2.9 Hz, Jp, = 12.7 Hz, J = 10.7 Hz, H2B); 498 (1H, d, I, = 9.8 Hz,
H6’); 5.11 (1H, d, J,, = 17.1 Hz, H6’); 5.46 (1H, dd, szz.o Hz, J,, = 10.3 Hz, H4); 5.56 (1H, dddd, J

2.0Hz, J,, =24 Hz, J,3 = 4.9 Hz, J,, = 9.8 Hz, H5); 5.79 (1H, dt, J,, = 7.3 Hz, J, . = 14.7 Hz, HB’), 6.13
(1H, dd, J,, = 15.1 Hz, J,, = 10.3 Hz, H4'); 6.3 (1H, ddd, J, , = 10.26 Hz, J, = 103 Hz, J,, = 16.6 Hz,

HS’); “C NMR (75 MHz) 8 13.60, Me; 27.34, CH,; 27.68, C}L 30.73, CH; 31.83, CH; 31.91, CH; 32.84, CH,,
33.29, CH,; 33.43, CH,; 44.48, CH; 57.53, CH,; 61.58, CH_; 99.94, C9a; 115.17, C6’; 125.65, C5, 131.32, C5;
131.97, C3’; 132.51, C4’; 137.12, C5°; v (film) 3087 w; 3014 s; 2926 vs; 2869 s; 1696 w; 1650 m; 1604 m;
1456 s; 1438 s; 1379 m; 1267 s; 1237 m; 1149 s; 1084 s; 1043 s cm™; mass spectrum (EI): m/z 288 (M, 2%);
191 (100%).

The acetal adduct (933 mg, 3.24 mmol) in THF-water (3:1, 20 mL) containing p-toluenesulfonic acid
(64.4 mg, 10 mol%) was stirred overnight at room temperature. The mixture was poured onto water (30 mL)
was washed with water (2 x 30 mL), brine (50 mL) and dried (MgSO,). After evaporation of the soivent, the
residue was submitted to flash chromatography (5% ethyl acetate/hexanes) to provide (3aRS,6aSR.-
9SR 9aSR 9bRS)-9a-hydroxy-9-methyl-2,3,3a,6,6a,7,8,-9,9a,9b-decahydro-1-0xa-1H-phenalene 15 (574 mg,

85%) as colourless needles, m.p. 109.2-109.6 °C; 'H NMR (400 MHz) § 1.05 (3H, d, J = 7.3 Hz, methyl); 1.21
(1H, dddd, J,ae = 3.9 Hz, J,a = 13.7 Hz, J,o = 13.7 Hz, J, = 13.7 Hz, H70); 1.27 (1H, dd, J,,,, = 10.7 Hz,
Jos =10 HOb); 1.33-1.45 (2H, m, H3o and H8w); 1.52-1.59 (2H, m, H7B and OH); 1.60-1.78 (4H, m
H3f, Héa, H6P and HY); 1.98 (1H, dddd, J3,s = 4.4 Hz, Jp,p =44 Hz, Jop = 13.7 Hz, J_, = 13.7 Hz, H8p);
2.15-2.19 (1H, m, H6w); 2.43-2.49 (1H, m, H3a); 3.70 (1H, ddd, J,q3 = 1.0 Hz, J,q,a =49 Hz, J_ = 11.2 Hz,
H2w); 4.08 (1H, ddd, Jg,p = 2.9 Hz, Jg,« = 9.8 Hz, J_, = 12.7 Hz, H20); 5.48 (1H, ddd, J = 2.0 Hz, / = 2.0

1A1K s:ma 11A4Q o 1VTT o QR pryeey manoo anantmins £ = INQ (MY Q0zN 10N (AT104) 181 (10NOLN Anal
1410 1, 1140 §, 1U// §, Zou § Ciii , IMdSS SPOLUUIL | M/Z ZUS (IV1, 870); 17U, (4170, 151 (1UU70), Aldl
calculated for C,,H,,0, C 74.95, H 9.68; found C 74.92, H 9.94

ii. 3,5-Hexadien-1-0l TMS Ether (12) and 2-Cyclohexen-1-one

A MNunlahavananae (12970 ma 1 2Q mvmal) in aratanitrila (ND) mT Y wae traatad with RE\_2 8_heavadian_1_nl
LU YUIUVHCACUHIULG \104.7 H1E, 1,00 1HHIVL) 1L aLbLIUVLIULIL (U4 THL) WAd ubaibyd willl \(Joj7J,J7ivaauiui= 17y

trimethylsilyl ether (410.2 mg, 2.41 mmol) in the presence of 5 mol% catalyst for 5 h according to the above
conditions to give (3aRS,6aSR,9aRS,9bRS)-9a-[(3E)-3’,5’-hexadienoxy]-2,3,3a,6,6a,7,8,9,9a,9b-decahydro-1-
oxa-1H-phenalene 11 (194.7 mg, 59% yield) as a colourless oil; 'H NMR (400 MHz) 8 0.95 (1H, dddd, J = 4.4

=k
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=2.0Hz, J, o= 20Hz, Ju, =73 He, ] =9.8 Hz, H6); 2.36 (2H, dt, J,., = 6.8 Hz, J,, = 6.8 Hz, 2 x H2');
2.49-2.54 (1H, m, H32); 3.36 (14, dt, J,, = 6.8 Hz, J_ = 8.8 Hz, H1"); 3.46 (1H, dt, J,, = 6.8 Hz, J_, = 8.8
Hz, HI'); 3.6 (1H, ddd, J,0p = 1.5 Hz, J,a,0 = 49 Hz, J_, = 10.7 Hz, H2e); 3.77 (1H, ddd, /.6 = 2.9 Hz, ],

= 112 Hz, J,g,o = 12.7 Hz, H2B); 498 (1H, d, J, , = 103 Hz, H6'); 5.11 (IH, d, J, , = 17.1 Hz, H6’); 5.45
(1H, dd, J,, = 1.5 Hz, J,, = 9.8 Hz, H4); 5.55 (1H, dddd, J, o = 2.0 Hz, J,, = 2.4 Hz .,756{5 =49Hz, I, =976

Hz, HS); 5.79 (14, dt, J, ., = 7.3 Hz, J,, = 14.6 Hz, H3*); 6.13 (1H, dd, J,, = 10.3 Hz, J, , = 15.1 Hz, H4’);
6.33 (1H, ddd, J, . = 10.3 Hz, J, . = 10.3 Hz, J, , = 17.1 Hz, H5’); "C NMR (100 MHz) § 21.53, CH,; 30.57,
C3a; 31.63, C6a; 32.19 CH,; 33.02, CH,; 33.18, CH,,; 33.22, CH_; 33.68, CH; 51.18, C9b; 58.22, C1’; 61.53,
C2; 97.89, C9a; 115.22, C6’; 125.63, C5; 130.90, C4; 131.90, C3’; 132.56, C4’; 137.11, C5’; v__ (film) 3016
m, 2926 s, 2876 m, 1650 w, 1603 w, 1460 m, 1440 m, 1269 m, 1145 m, 1087 s, 1042 s, 1006 s, 901 vs cm™;
mass spectrum: m/z 274 (M, 2%); 231 2%); 193 (2%); 177 (100%); found M" 274.1917. C_H,O, requires M"
274.1933.

The acetal (458 mg, 1.67 mmol) in THF-water (10:3, 13 mL) containing p-toluenesulfonic acid (30.1
mg) was stirred overnight at room temperature. The mixture was then poured onto water (20 mL) and triethyl-
amine (5 drops), and then extracted with diethyl ether (3 x 15 mL). The combined organic layer was washed
with water (2 x 15 mL), brine (20 mL) and dried (MgSQ,). After evaporation of the solvent under reduced

&

th 4 i
pressure, the residue was submitt

(3aRS$,6aSR,9a5R,9bRS)-9a-hydroxy-2,3,3a,6,6a,7,8,9,9a,9b-decahydro-1-oxa- | H-phenalene 10 (269 m
as white solid.
The conjugate addition product i was also isolated from DA reactions conducted in acetonitrile or

toluene. 'H NMR (300 MHz) & 1.14-1.32 (4H, m, 2 x H4 and 2 x H5); 1.60-1.64 (1H, m, 1 x H6); 1.97- 2.06

4 €
(2H, m, 1 x H2, 1 x H6); 2.30-2.39 (7H, m, 6 x H2’, 1 x H2); 3.35-3.54 (7TH, m, 6 x H1’, H3); 5.00 (3H, d, J,,
=10.1 Hz, 3x H6"); 5.12 34, 4, /., = 17.0 Hz, 3 x H6’); 5.66-5.75 (3H, m, 3 x H3’); 6.11-6.26 3H, m, 3 x

[\.]

H4"): 6.25-6.35 (3H, m, 3 x H5’); mass spectrum (EL): m/z 372 (M, 2%); 275 (51%); 177 (39%); 161 (83%),
133 (48%); 119 (36%); 97 (100%); this compound was too unstable for elemental analysis. The compound
(190.1 mg, 0.511 mmol) in acetonitrile (1 mL) containing TMSOTS (10 mol%) was stirred for 36 h. The sol-

vent was then removed under reduced pressure and the crude mixture was submitted to flash chromatography

clohe ana (1£7 1 ma
\.,)w Oonexenone (1v<.1 mg,

nitrogen was treated with (3E)-3,5-hexadien-1-ol zert-butyldimethylsilyl ether (585.3 mg, 2.76 mmoi). The



N e

clohepienone {246.7 mg, 1.79 mmol) in acetonitrile (0.3 ml) was treated with the dienol TMS ether
(562.3 mg, 3.31 mmol) in the presence of 5 mol% TMSOTT for 10 h to give 3,5-hexadien-1-0l (54.1 mg, 17%),
and the DA acetal adduct (217.4 mg, 55%) as an oil; 'H NMR (400 MHz) 8 1.14 (1H, dd, J = 10.3 Hz, J = 10.3

1.53-1.70 (7H. m): 1.

I\ 781, 12i],

]
o
=]
—
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T
3

1); 236 2H, 4t J =

Hz, J = 6.8 Hz, H2’); 2.44-2.49 (1H, m, H3a); 3.46 (1H, dt, J = 6.8 Hz, J = 9.3 Hz, H1"); 3.55 (1H, dt, J = 6.8
Hz, J =8.8 Hz, H1’); 3.62-3.70 (2H, m, 2 x H2); 498 (1H, d, / = 9.8 Hz, H6’); 5.11 (1H, dd, /=098 Hz, J =
16.6 Hz, H6’); 5.39 (1H, ddd, J =2.0 Hz, J = 2.0 Hz, J = 9.8 Hz, H4); 5.58 (1H, dddd, J=2.0Hz, /= 2.4 Hz, J

=49 Hz, J =9.8 Hz, HS); 5.78 (1H, dt, J = 7.3 Hz, J = 14.7 Hz, H3’); 6.13 (1H, dd, J = 10.3 Hz, J = 15.1 Hz,

A Q
v.0

-
r
-
=

- o Aa

H4%); 6.3 (iH, ddd, J = 10.3 Hz, J = 10.3 Hz, J = 17.1 Hz, H5’). “C NMR (100 MHz) § 22.94; 24.20; 32.69;
33.24; 33.40; 35.29; 35.74; 36.99; 53.94; 59.63; 61.33; 101.10; 115.20; 126.10; 131.77; 131.88; 132.50; 137.13
(two signals overlapped); v_,. (film) 3085 w; 3013 s; 2918 vs; 2848 s; 1694 w; 1649 m; 1603 w; 1458 s; 1442 s;

(4%); 191 (100%); found M’ 288.2072. ClanO requires M’ 288.2089.
e bas

A more polar product, identified on asis of NMR spectra as the conjugate addition product ii (27.5

mg, 4%) was also obtained. 'H NMR (300 MHz) 8 1.25-2.04 (9H, m, 2 x Hé and 2 x H5): 2.26-2.34 (TH, m, 6
s 3 v 3 s
g/\}/\/\o OW\ .
7 1 2 ii
s T ¥ 5
° o T,

x H2’and 1 x H2); 3.38-3.48 (7H, m, 6 x HI" and H3); 4.98 (3H, d, J, . = 10.1 Hz, 3 x H6’); 5.10 3H, d, J, . =
16.8 Hz, 3 x H6’); 5.68-5.73 (3H, m, 3 x H3"); 6.11 (3H, dd, J = 10.6 Hz, J = 15.0 Hz 3 x H4’); 6.27-6.33 (3H,

m, 3 x HS"). The compou nd was too unstable to obtain elemental ¢ nalysis or htgh resolution mass

L33 DA | v L LA A Lalll LACINIEAal anal : PRI EY TR OUILARARIE LIRS &

nectrum
PoGLTUT,

v. 3,5-Hexadien-1-0l TMS Ether 12 and Methyl Vinyl Ketone
Methyl vinyl ketone (73.5 mg, 1.05 mmol) in acetonitrile (0.2 mL) was treated with the dienyl silyl ether

(_...

give the acetal

g 9 h according to the above methoc give the acetal

vilis etno

~—

252.1 mg, 1.48 mmol) and 10 mol% TMSOTY duri

L. i g, 1102

¢

[}

~ e lrw wre rw T

adduct (47.9 mg, 26%) as a colourless, unstable liquid; 'H NMR (400 MHz) & 1.24-1.57 (7H, m); 1.70-1.76
(1H, m); 2.09-2.13 (2H, m); 2.33 (2H, dt, J = 6.8 Hz, J = 6.8 Hz, H2’); 2.37 (1H, m, H3a); 3.42 (1H, dt, /= 6.8
Hz, J=8.8 Hz, H1"); 3.51 (1H, dt, / = 6.8 Hz, /= 8.8 Hz, H1’); 3.61 (1H,ddd, J=1.5Hz, J=49Hz, J=11.2,

Hz, H2B); 3.70 (1H, ddd, J = 4.9 Hz, J = 11.2 Hz, J = 13.7 Hz, H201); 4.98 (1H, d, J = 10.3 Hz, H6); 5.11 (1H,
d,J = 17.1 Hz, H6’); 5.44 (1H, ddd, J = 2.0 Hz, J = 2.0 Hz, J = 9.8 Hz, H4); 5.61 (1H, dddd, J = 2.9 Hz, J =
3.4Hz, J = 6.4 Hz, J = 9.8 Hz, H5): 5.73 (1H, dt, J = 7.3 Hz, J = 15.1 Hz, H3"); 6.11 (1H, dd, J = 10.3 Hz, J =

_—
w
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Voo 3017 m, 2935 s, 2879 s, 1651 w, 1604 w, 1436 m, 1381 m, 1266 s, 1157 s, 1058 s 1007 s cm™; mass
spectrum (EI): m/z 248 (M", 1%); 151 (100%); found M* 248.1762. C,H,,0, requires M* 248.1776.

vi. 3,5-Hexadien-1-ol TMS Ether (12) and 2-Cyclohexen-1-one Ethylene Acetal (20)
Cyclohexenone ethylene acetal (129.2 mg, 0.923 mmol) in acetonitrile (0.3 mL) was treated with (3E)-3,5-
hexadien-1-ol trimethylsilyl ether (313.5 mg, 0.923 mmol) and the catalyst (10 mol%) for 2.5 h according to
the above conditions to give the acetal 11 (87.3 mg, 32%) as the only detectable product.

vii. 3,5-Hexadien-1-ol TMS Ether (12) and 2-Cyclohexenone (1R,2R)-1,2-Diphenylethylene Acetal (27)
The acetal (107.9 mg, 0.37 mmol) in acetonitrile (0.5 was treated with (3F)-3,5-hexadien-1-ol

0.76 mmol) and the catalvst (10 mol%) overnight at -20 °C accordine to t
0l e C y8U (10 moive) overnignt al

mg, 0.76 mmol) and the catal night at -20 °C according to the
above conditions to give the acetal 11 as the only detectable product. Analysis by gas chromatography with a
Chiraldex B-TA column (oven temp: 90 °C, injector temp: 200 °C, detector temp: 220 °C, retention time for the
two enantiomers: 48.9 and 50.45 min) indicated no detectable enantiomeric excess of one enantiomer.

viii. (2E 4E)-2,4-Hexadien-1-ol Trimethylsilyl Ether 36 and 2-Cyclohexen-1-one

(2E AE)-2,4-Hexadien-1-0l TMS ether (596.0 mg, 3.51 mmol), prepared from commercially available dienol,

2-cyclohexenone and TMSOTY (S mol%) at -20 °C v

ntaining 2-cyclohexenon TMSOTT (5 mol

-
<

3 h, the only product, identified as 5-(2°,4’-hexadienoxy)-1,3-hexadiene (92.4 mg, 30% yield) was isolated as
colourless oil by flash column chromatography (1% ethyl acetate/hexanes); 'H NMR (400 MHz) & 1.26 (3H, d,
J,,= 6.4 Hz, H6); 1.75 (3H, d, J, . = 6.8 Hz, H6’); 3.83-4.04 (3H, m, H5 and 2 x H1’); 5.10 (1H, dd, /= 11.7
Hz, J,, =103 Hz, H1); 5.21 (1H, dd, J,, = 11.7 Hz, J,, = 16.6 Hz, H1); 5.57-5.73 (3H, m, H4, H2’ and H5’);

6.02-6.21 (3H, m, H3, H3’ and H4’); 6.34 (1H, ddd, /,, = 10.3 Hz, J,, = 10.3 Hz,, J,, = 16.6 Hz, H2).

ix. (2R,3E,5E)- and (2R,3Z,5E)-2-Methyl-3,5-heptadien-1-ol TMS Ether (29) with 6-Methyl-2-cyclohexen-

1.0amna
i s

1
=UIIC (L

N’

6-Methyl-2-cyclohexenone (76.3 mg, 0.694 mmol) in acetonitrile (0.1 mL) containing TMSOTY (10 moi%) at -

20 °C under nitrogen was treated with the 4:1 3E:3Z mixture of the TMS ether 29 (257.1 mg, 1.298 mmol).
After 20 h at -20 °C, the mixture was quenched 1

NaHCO, solution. The mixture was extracted with diethyl ether (3 x 5 mL), and the combined extracts were
dried (MgSO,), and then evaporated under reduced pressure. The residue was submitted to flash chromato-
graphy (1% ethyl acetate/hexanes) to give (3R,3aR,6R,6aR IR ,9aR 9bS5)-94-[(R)-(5E)-2’-methyl-3’,5 -hepta-

dienoxy]-3,6,9-trimethyl-2,3,3a,6,6a,7,8,9,9a,9b-decahydro-1-oxa-1H-phenalene 30 (106.5 mg, 24%) as a
. ~oan e n A ot X bt oo Vmndaag 10t A TMha ITT NTAAD ceapmnderiss wx
mixture of diastereomers isomeric in the aienyi Sid€ cndin, as a COI0uriess 1quid. 10€ i INIVIK SpeCuuin was
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complicated by the presence of the two isomers. "C NMR (100 MHz) (major isomer) & 13.36; 13.89; 16.76;

[
~J

19 NY- 99 10- 97 70 21 £
10.V&, 22.17, &i.47, 31.0

A45;
127.48; 129.52; 131.77; 133.35; 134.79; mass spectrum (EI): m/z 344 (M, 5%); 219 (100%).

For characterization, the product mixture was hydrolysed to the hemiacetal 31. The acetal mixture
(98.1 mg, 0.285 mmol) in THF-water (4:1, 5 mL) containing p-toluenesulfonic acid (a few crystals) was stirred
overnight at room temperature. The mixture was then poured onto water (5 mL) containing triethylamine (3
drops), and then extracted with diethyl ether (3 x 5 mL). The combined extracts were washed with water (10

mL), brine (§ mL) and dried (MgSO,). After evaporation of the solvent, the crude mixture was submitted to

flash chromatography (5% ethyl acetate/hexanes) to provide (3R,3aR,6R,6aR,9R,9aR 9bS)-9a-hydroxy-3,6,9-
trimathvul.? 12 K t(n ’7 Q _0 Qu Qh_Aarahvdrn_l_ava_ 1 H._nhanalana 21 MY Q mao AQOL)Y ac rnlanslace naadlac
TRILIv ULy s 1.:,-', ZyZA, FUT uu\'uu‘vulu LTVAQT LI TPHVHIQIVIIV J1 \J&4.0 Ulg, T770) A LUIVULITHIY LICTUILD,

m.p. 76.1 °C, [ad],* -100° (¢ 0.60, CHCL); 'H NMR (400 MHz) 8 0.86 (3H, d, J = 6.
7.3 Hz, Me); 1.04 (3H, d, J = 6.8 Hz, Me); 1.25-1.32 (1H
HOb); 1.43-1.53 (3H, m, H3, H7 and HR); 1.55 (s, OH);

37.52, C9b; 37.83, C3a; 40.30, C9; 67.22, C2; 97.72, C9a; 125.46, C4; 133.13, C5; v, (CCl) 3441 s; 3017 s;
2940 vs; 2866 s; 1652 w; 1463 m; 1404 m; 1381 w; 1224 w; 1167 s; 1125 s; 1079 m; 1037 s cm™; mass
spectrum (EI): m/z 236 (M", 4%); 218 (98%); 179 (100%); found M" 236.1771. C,H,0, requires M’
236.1776; caled. for CH,,0, C 76.23, H 10.23; found C 76.35, H 10.18.

x. (28,3E SE)- and (25,3Z,5E)- 2-Methyl-3,5-heptadien-1-ol TMS Ether (33) with 6-Methyl-2-cyclohexen-
1-one (1).

L Mathul .Y cunlnhavennna (27 ma 2 A1 mmnl) in acatanitrile (1 § ml ) eantaininag TMQOYTE (S malO) at )

U l"l\'ul]l r= U]UIUIIUI\UIIUII\/ \b()l l].ls’ e\ R llllll\ll} il AvwluULLIW LA \A~J 1111.4} VUIlLu.lljllL& L AVALIN S A} \J i I'U} (8 8 P
C under nitrogen was treated with the 4:1 mixture of the 3£:3Z mixture of the TMS ether (906 mg, 4.58
mmol). The mixture was stirred at -20 °C for 65 h and then quenched with dry pyridine. After removal of
cnlven th ragidue wae nurified bv flach chromatoeranhy (1% ethvl acetate/hexanes) to eive
soivent, the resigue was punfied Dpy Hash chromalography (1% iyl acetate/hexanes) 1o give

[T -3 nat s o

(35,345,65,6a5,95,9a5,9bR)-9a-[(5E)-3’,5" -heptadienoxy]-3,6,9-trimethyi-2,3,3a,6,-6a,7,8,9,9a,

1-oxa-1H-phenalene (177 mg, 22%) 34 as diastereomers isomeric in the acetal dienyl side chain as a colourless

liquid. “C NMR (100 MHz) (major isomer) & 13.36; 13.89; 16.76; 17.45; 18.02; 22.19; 27.29; 31.68; 32.82;
66: 100.03: 126.23: 127.48: 129.52: 131.77:

L . - R7
.00, . N A, U700, TUVLUD, 14ULT, 1Ll TO, - ’

crystals) was stirred ovemight at room temperature. It was then poured onto water (5 mL) containing
triethylamine (3 drops), and the mixture was extracted with diethyl ether (3 x 5 mL). The combined extracts

were washed with water (10 mL) and brine (5 mL), and then dried (MgSO,). After evaporation of the solvent,
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the residue was submitted to flash chromatography (5% ethyl acetate/hexanes) to provide
(28 325 65 625 95025 ObR)-Qa-hvdroxv-3 6 O-trimethvl.2 2 33 .6 623 7.8.-0 03 Oh._decahvdrs-1-oxa-1H.shanal.
\..vu,.ruu, VLT Fid s JUiT 5 S UL ST ST RTILJWLUA y "y Uy J T URMIUUL Y 17 Ly T8, U, U, 1,0, 7, 7 A, T UTUCLAl Y UL U~ 1-UAd - 11T I

ene 35 (39.7 mg, 72%) as colourless needles, m.p. 76.1 °C, [a],” +102° (¢ 0.61, CHCL); 'H NMR (400 MHz) §
0.86 (3H, d, J = 6.3 Hz, Me); 0.88 (3H, d, J = 6.8 Hz, Me); 1.04 (3H, d, J = 7.3 Hz, MC), 1.25-1.
H7): 1.40 (1H, dd, J = 10.8 Hz, J = 10.8 Hz,, H9b); 1.43-1.51 (3H, m, H3, H7 and HR); 1.55 (s, OH); 1.73-1.78

. 2
2.0Hz, J = 10.7 Hz, J = 10.7 Hz, H3a); 2.16-2.19 (1H, m, H6); 3.56 (1H, dd, J=4.9 Hz, J = 11.2 Hz, H2); 3.7
(1H, dd, J=11.2 Hz, J = 11.2 Hz, H2); 5.61 (1H, ddd, J = 2.9 Hz, J = 4.4 Hz, J = 10.3 Hz, H5); 5.70 (1H, dd, J
= 1.5 Hz, J = 9.8 Hz, H4); “C NMR (100 MHz) § 13.25, Me; 13.45, Me; 16.36, Me; 22.19, C7; 28.06, C8;
32.34, C6; 34.86, Co6a; 35.91, C3; 37.50, C9b; 37.83, C3a; 40.30, C9; 67.22, C2; 97.70, CYa; 125.46, C4;
133.13, C5; v (CCl,) 3454 br. s; 3020 s; 2943 vs; 2871 s; 1654 w; 1457 s; 1401 m; 1380 m; 1225 m; 1167 s;
1127 s; 1077 s; 1042 vs cm™; mass spectrum (ED): m/z 236 (M", 6%); 218 (100%); found M" 236.1762:

CH,,0, requires 236.1776; Anal. calcd. for C H,,0, C 76.23, H 10.23; found C 76.31, H 10.21.
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