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Abstract

The reaction of Z)-3-deoxy-3€-[(hydroxymethyl)methylene]-1,2:5,6-@-isopropylidenex-D-ribo-hexo-
furanose, prepared from D-glucose, with 1,1-dimethoxycyclohexane in the presence of propanoic acid at 135°C,
then at 200°C, provided two Claisen rearrangement products, nam@BR2S,59)-2,3-(isopropylidene)dioxy-
5-[(1R)-1,2-(isopropylidene)dioxyethyl]-4-[@- and (IR)-2-oxocyclohexyl]-4-vinyltetrahydrofuran in a ratio
of 3.3:1. L-Selectrid® reduction of the major product gave the correspondi®gcyclohexanol exclusively.

In contrast, the Claisen rearrangement of the aforementioned allylic alcohol with 3,3-dimethoxycyclohexene
proceeded with complete stereoselectivity to provide the correspondingS@Z{dxocyclohex-3-enyl]-4-
vinyltetrahydrofuran exclusively. The 1,4-conjugate additions to the thus formed cyclohexenone derivative
with dimethyl and divinylcuprates proceeded with completéacial selection to provide the 3-methylated and
3-vinylated cyclohexanone derivatives, both in high yields. © 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

The use of carbohydrates as naturally occurring materials for organic synthesis has been expanding.
In expectation of the use of carbohydrate derivatives as enantiomerically pure building blocks, we have
been concerned with the transformation of D-glucose into a variety of multifunctionalized oxa-, aza-
and carbocyclic products. For example, we reported the orthoester (Johnson) Claisen rearrdrafement
an allylic alcohol2, which was prepared from D-glucose via ‘diacetone gluc-3-uldsgScheme 1).

The rearrangement produ@){ obtained as a single diastereomer in a high yield of 80%, has served as
an enantiomerically pure starting material for total synthesis of a variety of natural prduttss
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high stereoselectivity observed in the thermal [3,3]-sigmatropic rearrangemehbrginates in its
trioxabicyclo[3.3.0]octane core structure. Thus, the formation ofteond at C-3 of the hexofuranosyl

ring in 2 occurred exclusively from the less hinderpeside (the upper side) of the bicyclic ring. We

have also investigated orthoester Claisen rearrangement reactions applied to other carbohydrate-derived
substrates. Consequently, a number of the rearrangement products were obtained stereoselittively.
regard to the 3-ulosg some previous reports reinforce its usefulness for stereoselective reactions, which
rely on the conformationally rigid structure dfFor instance, Kakinuma and co-workers have extensively
studied the intermolecular epoxidation and dihydroxylation, while the intramolecular Overman and [2,3]-
Wittig rearrangements have been realized on a number of C-3 modified templates derivetl’from
One recent disclosure by this group revealed the utility of another chiral temp)atehich was also
prepared froml. The alkaline epoxidation of proceeded stereoselectively to provide a single epoxide,
which was efficiently converted intdR{-mevalonolactone and its deuteriated and®§Encouraged

by these informative findings, we have independently explored to seek highly stereoselective reactions
using chiral templates derived froth We report herein the stereoselective 1,2-hydride addition to a
chiral cyclohexanon8 and the 1,4-conjugate addition of dimethyl or divinylcuprate to a chiral cyclohex-
2-enonel2 The substrate8 and 12, both carrying a 1,2:5,6-db-isopropylidenex-D-glucofuranosyl

group as a sterically demanding substituent, were prepared from the Claisen rearrangeneith of
1,1-dimethoxycyclohexane and with 3,3-dimethoxycyclohexene. We expected that this hexofuranosyl
substituent would serve as a stereodirecting element.

MeC(OEt)3,
HY/ xylene

Scheme 1.

2. Results and discussion
2.1. Claisen rearrangement @fwith 1,1-dimethoxycyclohexane and 3,3-dimethoxycyclohexene

We first explored the Claisen rearrangement2oivith 1,1-dimethoxycyclohexan& (Scheme 2).
Treatment of2 with 5 (neat) in the presence of a catalytic amount of propanoic acid at 135°C for 6.5
h provided a mixture of the initially formed ketél the allyl vinyl ether7, and2 (*H NMR analysis).
The mixture was purified roughly by passing through a short column of silica gel. The mixtéyre of
and2 was dissolved in toluene, and the resulting solution was heated at 200°C (in a sealed tube) for 30
h. As a result, two rearrangement produ@snd9, were isolated in 20% and 6% vyields, respectively,
after chromatographic separation. Unrea@eehs also recovered in 50% yield. To improve the yields of
8 and9, we screened the reaction temperature and the reaction time. However, both prolonged reaction
time and higher reaction temperature resulted in a significant decrease in the yi@lalsd¥ (recovery
of 2 was also reduced). We concluded that the conditions described earlier were optimal for obtaining
8 and 9. The major producB was crystallized and a single crystal X-ray structure determination was
obtained for8.2 This verified the stereochemistry of the newly introduced two contiguous stereogenic
centers (C-4 and C*las depicted. Regarding the crystal structur8, afie 2-oxocyclohexyl group exists
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approximately perpendicularly (intersectionally) to the carbohydrate moiety. In addition, the carbonyl
group turns toward the lower side (tleside) of the hexofuranosyl ring. The structure of the minor
product9 was determined as depicted on the basis of the following result. Mild acid hydrolySigave

ketal 10, in which the carbonyl group it was attacked intramolecularly by the liberated diol to form the
ketal. In the NOE difference experiments fif, a 6.6% signal enhancement was observed fpwHen

Ha was irradiated. Therefore,d4nd the vinyl group align in aisrelationship. These facts revealed that
the configurations at the quaternary carbo8 and9 are the same, and thus the configuration at @+1

9 was opposite to that iB. As anticipated in the light of our previous findingjshe o-bond formation

in the Claisen rearrangement proceeded exclusively from the less hindered uppd}-side) (of the
trioxabicyclo[3.3.0]octane skeleton in With regard to the stereochemical outcome for thearbon
(C-1") in the 2-oxocyclohexyl moiety, we rationalize the preferential formatioB b§ using transition
state TS) models as shown. IS A, the rearrangement proceeds in a chair-like conformation with
minimal non-bonded interaction between the cyclohexenyl moiety and both isopropylidene grSups.
A leads to8 as theo-bond formation occurs from the-face of the vinyl carbon (C<). Alternatively,

a boat-like transition stat€S B leading t09 seems to be less favorable, owing to severe interaction
between the cyclohexenyl moiety and the side chain isopropylidene group. However, the form&tion of
in lower quantities implies thaS A is preferable but not exclusive.

MeOijOMe A o, RO .
5 7 { + g\@ = oo
O A » _= a

H* ) MeO 0 200 °C
135°C 9
L 6 7 _ 8:9 =33:1
2 — A% aq.AcOH
MeO_ OMe WO,
© 11 ""’O><
H* /135°C ; E 12 as a sole product 10
then 180 °C

in the case of 5, « is a single bond
in the case of 11, » « is adouble bond

Scheme 2.

The Claisen rearrangement ®fvith 3,3-dimethoxycyclohexengl was carried out under analogous
conditions to those employed for the casaiith 5. In this case, the rearrangement of the intermediary
allyl cyclohexadienyl ether (not shown) was completed at 180°C for 20 h. As a result, a single @@duct
was isolated as crystals in 36% yield and 49% of unrea2teds recovered. As for the caseivith 5,
it was preferable to stop the reaction at about 50% consumpti@riosfoptimal yield of12 and also the
optimal recovery oR. The structure o2 was verified by a single crystal X-ray analy8ihe exclusive
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stereoselectivity observed for the Claisen rearrangemenivith 11 was well explained using the same
transition state argument developed for thaRafith 5. In the transition state for the rearrangement of

the intermediary allyl cyclohexadienyl ether, partial conformational change of the carbocyclic moiety
(i.e. the cyclohexenyl versus the cyclohexadienyl) may be principally responsible for the stereochemical
outcome.

2.2. Hydride reduction o8 and 12

To evaluate the ability of the hexofuranosyl moiety to work as a stereodirecting element, we inves-
tigated a hydride reduction of the carbonyl functionality8iand 12 (Scheme 3). Sodium borohydride
(NaBH,) reduction of8 in MeOH provided13 and 14 in yields of 67% and 21%, respectively. The
configuration of the newly introduced stereogenic center (dr213 and 14 was verified as depicted
by 'H NMR analysis of the corresponding acetafésand 16, prepared fromil3 and 14. In the 'H
NMR of 15, a signal attributable to fHappeared ad 5.32 as a broad singlet. In contrast, thatléf
appeared ab 4.85 as a triplet of doublets with,J=J, ¢ =9.5 Hz and g =4.0 Hz. Diisobutylaluminum
hydride (DIBAL-H) reduction of8 in CH»Cl, at —78°C providedl3 and14 in yields of 70% and 14%,
respectively. Furthermore, lithium tseebutylborohydride (L-Selectrid® reduction of8 provided13
as the sole product in 89% yield.

1) Hydride
reduction
8
2) Ac,0/ OAq—ib
pyridine

13 R=H 15 R=Ac 14 R=H 16 R=Ac <> means the hexofuranosyl moiety

[13 :14=32:1 (NaBH,);13:14=5: 1 (DIBAL-H); 13 as the sole product (L-Selectride®)]

o)
f'f O}; 10% Pd/C / ><

1) Hydride H Hg, EtOH 0

reduction % 150r19 —— X
12— : gy

2) Ac,0, S

pyridine OR

OAc
17R=H —~= 19 R=Ac 18 R=H 20

[17 :18=2.1:1 (NaBHy) ;17 : 18 = 4.9 : 1 (DIBAL-H); 8 as the sole product (L-Selectride®) ]

Scheme 3.

NaBH; reduction of12 provided the 1,2-adducts7 and 18 in 62% and 30% yields, respectively.
DIBAL-H reduction of 12 provided17 and 18 in 79% and 16% yields, respectively. Interestingly, L-
Selectrid® reduction of12 proceeded in a 1,4-conjugate addition mode to provide the cyclohexanone
8 quantitatively. The stereochemistry of the newly introduced carbinol in the major pradueas
confirmed by the following chemical modifications. The reduction produtctvas acetylated td.9,
and the two vinyl groups ir19 were simultaneously hydrogenated to provizie Independently, the
vinyl group in the stereochemically defined acettavas hydrogenated. As the prodfiobtained in
the latter reaction was completely identical to the product of the former reaction, the major a@duct
possessesS[-carbinol carbon.
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2.3. 1,4-Conjugate addition of two organocuprated fand DIBAL-H reduction of the products

To evaluate further the role of the hexofuranosyl moietd#for stereoselective organic reactions,
we investigated the 1,4-conjugate addition of two organocuprates to the cyclohex-2iehbvie chose
dimethyl- and divinylcuprates, prepared by mixing the corresponding Grignard reagents and cuprous
bromide in a mixed solution of THF and dimethyl sulfide (Scheme 4). Both conjugate additions of the
two cuprate complexes tt? proceeded smoothly at78°C to provide the 1,4-adduc2d and22in 95%
and 90% yields, respectively. Other isomeric adducts (1,2- or 1,4-) were not detected. The structures
of 21 and 22 were determined to be those as depicted on the basisl ®MR analysis. With regard
to the highly stereoselective 1,4-additions1f it is likely that the organomagnesium species formed
in the reaction mixtures may chelate with the oxygen atomk2jralthough we have no experimental
evidence for this assumption. If a chelate forms between the carbonyl in the cyclohexenone and the
oxygen of the isopropylidene ketal at C-3, the methyl or vinyl nucleophile readily attacks to the proximal
si-face of theB-carbon of the enone system leading2tbor 22. DIBAL-H reduction of21 at —78°C
provided23as a single product in 90% yield. The stereochemistry of the introduced carbinol carbon was
determined on the basis of thel NMR analysis of the aceta®4 prepared fron23 under rather harsh
conditions (AeO:pyridine, 50°C, 84 h). The methine proton bearing the acetoxyl group was assigned
to be equatorially oriented (a 5.27 as a broad singlet in tHéd NMR analysis). Compared to the
reduction of8, the stereoselection of the hydride delivery2tbwas complete; thus, it was proposed that
installation of a methyl group into the cyclohexyl ring realized a more biased steric environment around
the 2-oxocyclohexyl moiety i21. DIBAL-H reduction of22 afforded two carbinols25 and26, in 83%
and 9% vyield, respectively. In contrast, L-Selectfideduction of22 at 0°C provided5 as the single
product, albeit in a low yield of 42% (14% recovery2i).

(o)
RMgBr, ><o 1) Dibal-H /
CuBr-Me,S O CHxCly,-78°C
2 Trmes DS A on
~Mez o) 2) Acx0 in
-78 °C R pyridi%e
21 R=Me as a sole product 23 R=H 24 R=Ac
22 R=vinyl as a sole product as a sole product
(o)
><o Me  oac
Hydride
reduction H
hoOTH

[25 126 =9.2: 1 (DIBAL-H); 25 as the sole product (L-Selectride@)]

Scheme 4.

2.4. Stereochemical assignmen®8fand25

The structural assignments @8 and 25 were confirmed by transforming them in&1 and 32
(Scheme 5). Mild acid hydrolysis &3 and?25 provided diols27 and28. By glycol cleavage mediated
by NalQy, 27 and28 were converted into diastereomeric mixtures of hemiac@@nd30. Pyridinium
chlorochromate (PCC) oxidation 80 and30 providedd-lactones31 and32. The stereochemistry &f1
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and32, thence those @3 and25, were confirmed on the basis B NMR analysis. The ring juncture
of the cyclohexyl ring and-lactone in31 was in acis relationship, supported by the signal attributable
to Hy at 6 4.83 with 3, 1, =3, H.=H,H,=3.9 Hz. This was also the case 82 Signal enhancement
was observed for the methyl (5.7%) 31 or the newly introduced vinyl group (1.0%) B2, when the
pre-existing vinyl group was irradiated.

PCC / CH,Cly

29 R=Me
30 R=vinyl

32 R=vinyl

Scheme 5.

In conclusion, we have investigated the orthoester (Johnson) Claisen rearranger@emeaudily
prepared from D-glucose, with 1,1-dimethoxycyclohexane or with 3,3-dimethoxycyclohexene, resulting
in the formation of8 or 12 stereoselectively or exclusively. The 1,2-hydride additions tand 12
proceeded with useful levels of stereoselectivity. Importantly, the 1,4-additions to the Ehaitd two
organocuprates proceeded with comptatéacial selection. Consequently, the hexofuranosyl moieties
in 8 and 12 served well for directing the hydride delivery and the carbon nucleophiles attack. Further
manipulation of8 and 12 would provide enantiomerically pure multifunctionalized carbon frameworks
equipped with a number of stereogenic centers, including an asymmetric quaternary carbon.

3. Experimental

Melting points are uncorrected. Specific rotations were measured in a 10 mrit&IMR spectra
were recorded by a JEOL JNM-GSX 270 (at 270 MHz) or by a JEOL JNM-LA300 (at 300 MHz) FT
NMR spectrometer in CDGlsolution with tetramethylsilane as an internal stand&t@.NMR spectra
were recorded at 67.5 MHz or 75 MHz in CDColution. High-resolution mass spectra (HRMS) were
measured by a JEOL JMS-DX-302 spectrometer (El, 70 eV). Thin-layer chromatography (TLC) was
performed with a glass plate coated with Kieselgel 6G4zfMerck). The crude reaction mixtures and
extractive materials were purified by chromatography on silica gel 60 K070 (Katayama Chemicals).
Unless otherwise described, reactions were carried out at ambient temperature. Combined organic
extracts were dried over anhydrous JS&y. Solvents were removed from the reaction mixture or
combined organic extracts by concentration under reduced pressure using an evaporator with bath at
35-45°C.
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3.1. (R,3R,4S,59)-2,3-(Isopropylidene)dioxy-5-[@)-1,2-(isopropylidene)dioxyethyl]-4-[&@- 8 and
(1R)-2-oxocyclohexyl]-4-vinyltetrahydrofura®

A solution of2 (1.02 g, 3.56 mmol) in 1,1-dimethoxycyclohexab€¢10 ml) was heated at 135°C for
6.5 h in the presence of propanoic acid (0.013 ml, 0.18 mmol). The solution was concentrated in vacuo
with the aid of toluene. The residue was transferred to a short silica gel column and the column was
eluted with EtOAc:hexane (1:10 then 1:1) providing a mixture consistirgy 6&nd unreacte& (1.03 g)
as an oil, which was used for the next step. The mixture was dissolved in toluene (40 ml) and the resulting
solution was divided into 5-10 sealed tubes with a screw stopper. Each sealed tube was heated at 200°C
for 30 h. After cooling to ambient temperature, all reaction mixtures were combined and concentrated
in vacuo with the aid of toluene. The residue was purified by column chromatography on silica gel
(EtOAc:hexane, 1:16, 1:12, 1:8, 1:2, and finally 3:4) providing 266 n)(@0%), 78 mg ob (6%), and
505 mg of2 (50%).8: colorless needles; mp 123.5-124.5°C; TLEORI2 (EtOAc:hexane, 1:3)pp??
—24.8 (€ 0.86, CHC}); IR (neat) 2985, 2940, 1715, 1640 cthy*H NMR (270 MHz) § 1.33, 1.37, 1.53
(3s, 3H, 6H, 3H, 4C(CHg),), 1.65-1.83, 1.90-1.98 (2m, 4 H, cyclohexyl ring protons), 2.07-2.23 (m,
1 H, cyclohexyl ring proton), 2.45-2.53 (m, 3 H, cyclohexyl ring protons), 3.17 (dd, J=13.4, 3.8 Hz,
1 H, H-1), 3.95 (dd, J=8.4, 5.9 Hz, 1 H, H-2, 4.05 (d, J=8.4 Hz, 1 H, H-2, 4.13 (d, J=5.9 Hz, 1
H, H-5), 4.22 (dt, J=8.4, 5.9 Hz, 1 H, H-), 4.88 (d, J=3.7 Hz, 1 H, H-3), 5.10 (d, J=17.7 Hz, 1 H,
—CH=CH)), 5.12 (d, J=11.9 Hz, 1 H, -CH#), 5.63 (d, J=3.7 Hz, 1 H, H-2), 6.24 (dd, J=17.7, 11.9
Hz, 1 H, -GH=CH,); 13C NMR (67.5 MHz)§ 25.7, 26.1, 26.2, 26.6, 26.8, 29.4, 31.8, 44.3, 52.9, 53.7,
68.7, 73.6, 84.0, 84.3, 105.1, 109.8, 111.3, 116.0, 137.1, 211.3. Anal. calcdoftsOs: C, 65.55; H,
8.25. Found: C, 65.66; H, 8.49: colorless oil; TLC, R0.48 (EtOAc:hexane, 1:3)pfp?* +54.8 € 1.23,
CHCL); IR (neat) 2985, 2930, 1715, 1640 ct *H NMR (270 MHz) § 1.31, 1.35. 1.42, 1.48 (4s, 3
Hx4, 4<C(CHs)2), 1.55-1.84 (m, 4 H, cyclohexyl ring protons), 2.02-2.19 (m, 1 H, cyclohexyl ring
proton), 2.30-2.48 (m, 3 H, cyclohexyl ring protons), 2.78 (dd, J=11.5, 3.9 Hz, 1 H),13-82-3.98 (m,
2 H, 2xH-2"), 4.15-4.25 (m, 2 H, H-5, H-), 4.97 (d, J=3.7 Hz, 1 H, H-3), 5.28 (dd, J=11.4, 1.5 Hz, 1
H, -CH=CH)), 5.43 (dd, J=18.0, 1.5 Hz, 1 H, CH+{), 5.76 (d, J=3.7 Hz, 1 H, H-2), 6.15 (dd, J=18.0,
11.4 Hz, 1 H, —®1=CH,); 1°C NMR (67.5 MHz)6 25.4, 25.7, 26.3, 26.5, 26.8, 29.7, 33.0, 44.3, 52.4,
56.2, 69.7, 73.7, 84.1, 84.3, 104.0, 109.7, 111.4, 117.7, 135.4, 212.6; HRMS calcgftapQs (M*)
m/z 366.2042, found 366.2037.

3.2. Selective removal of the side chain acetd.iRPreparation ofL0

A solution of9 (16.3 mg, 0.04 mmol) in 50% aqueous AcOH (1 ml) was stirred for 29 h and concen-
trated in vacuo with the aid of toluene and EtOH. The residue was purified by column chromatography
on silica gel (toluene:EtOH, 1:18) providing 9.3 mg (68%) iif as a colorless oil: TLC, R0.72
(EtOAc:toluene, 1:1);&]p?? +97.7 € 0.43, CHC}); IR (neat) 3090, 2940, 1640 crh;, 'H NMR (270
MHz) 6 1.31, 1.54 (2s, 3 K2, 2xC(CHg)2), 1.42-1.88 (m, 8 H, cyclohexyl ring protons), 2.00 (dd,
J=12.8, 3.3 Hz, 1 H, H/}, 3.71 (dd, J=7.3, 5.1 Hz, 1 H, H‘3, 3.84 (d, J=7.3 Hz, 1 H, H2), 4.06 (d,
J=1.8 Hz, 1 H, H-5), 4.45 (d, J=3.7 Hz, 1 H, H-3), 4.68 (dd, J=5.1, 1.8 Hz, 1 H/ 829 (d, J=11.0
Hz, 1 H, —-CH=QH>,), 5.30 (d, J=17.6 Hz, 1 H, —-CH=#4), 5.80 (d, J=3.7 Hz, 1 H, H-2), 6.02 (dd, J=17.6,
11.0 Hz, 1 H, —G1=CH,); 13C NMR (67.5 Hz)5 23.5, 25.8, 26.1, 26.9, 27.4, 35.8, 45.3, 50.3, 64.4, 74.7,
78.6, 85.7,105.0, 107.2, 110.9, 115.5, 139.1; HRMS calcd far&0s [(M+H) *] m/z 309.1702, found
309.1713.
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3.3. Claisen rearrangement & with 3,3-dimethoxycyclohexentl. (2R,3R,4S,5S)-2,3-(Isopropyl-
idene)dioxy-5-[(R)-1,2-(isopropylidene)dioxyethyl]-4-[&)-2-oxocyclohex-3-enyl]-4-vinyltetrahydro-
furan 12

A solution of2 (1.05 g, 3.67 mmol) in 3,3-dimethoxycyclohexeh&(7 ml) was heated at 135°C for
3 h in the presence of propanoic acid (0.014 ml, 0.18 mmol). The solution was concentrated in vacuo
with the aid of toluene. The mixture was dissolved in toluene (40 ml) and the resulting solution was
divided into 5-10 sealed tubes. Each sealed tube with a screw stopper was heated at 180°C for 20 h.
After cooling to room temperature, all reaction solutions were combined and concentrated in vacuo with
the aid of toluene. The residue was purified by column chromatography on silica gel (EtOAc:hexane, 1:8)
providing 482 mg (36%) o012 and 515 mg oR (49%).12: colorless needles; mp 140.5-141.5°C; TLC,
Rt 0.61 (EtOAc:hexane, 1:1)p{|p%? +31.9 € 1.10, CHC}); IR (neat) 2985, 2935, 1735, 1690 ch 1H
NMR (270 MHz) § 1.32, 1.35, 1.38, 1.54 (4s, 3>+, 4<C(CHg)2), 1.60-1.84 (m, 1 H, cyclohexenyl
ring proton), 2.40-2.51 (m, 3 H, cyclohexenyl ring protons), 3.16 (dd, J=14.1, 2.8 Hz, 1 H, B45
(dd, J=8.4, 6.0 Hz, 1 H, H:2), 4.12 (d, J=8.4 Hz, 1 H, H:2), 4.15 (d, J=6.0 Hz, 1 H, H-5), 4.29 (td,
J=8.4, 6.0 Hz, 1 H, H-1), 4.61 (d, J=3.7 Hz, 1 H, H-3), 5.16 (dd, J=11.4, 1.1 Hz, 1 H, -CH=zC5.21
(dd, J=18.0, 1.1 Hz, 1 H, —-CH=#&), 5.69 (d, J=3.7 Hz, 1 H, H-2), 5.95-6.03 (m, 1 H, H;3.28 (dd,
J=18.0, 11.4 Hz, 1 H, 48=CHy), 6.78-6.87 (m, 1 H, H-3;13C NMR (67.5 MHz)§ 25.7, 26.3, 26.5,
26.8, 27.3,50.2, 54.0, 68.8, 73.7, 84.4,84.9, 105.0, 109.8, 111.5, 115.8, 130.9, 137.3, 147.0, 199.4. Anal.
calcd for GoH2806: C, 65.92; H, 7.74. Found: C, 65.64; H, 8.02.

3.4. Hydride reduction of8. (2R,3R,4S,5S)-2,3-(Isopropylidene)dioxy-5-[@)-1,2-(isopropylidene)-
dioxy-ethyl]-4-[(1S,25)- 13 and (1S,2R)-2-hydroxycyclohexyl]-4-vinyltetrahydrofurais

3.4.1. DIBAL-H reduction

The following reaction was carried out under Ar. To a cooled&°C) solution of8 (14.6 mg, 0.04
mmol) in CHCl> (1 ml) was added DIBAL-H (1.0 M solution in toluene, 0.10 ml, 0.1 mmol). After
stirring at—78°C, the solution quenched withp8 and the resulting gels were removed by filtration and
washed with EtOAc. The combined filtrate and washing were concentrated in vacuo. The residue was
purified by column chromatography on silica gel (EtOAc:hexane, 1:13) providing 10.3 G®)(@0%)
and 2.1 mg (14%) ofl4. 13: colorless oil; TLC, R0.78 (EtOAc:hexane, 1:1)p?! +49.2 € 1.04,
CHCL); IR (neat) 3500, 2985, 2935, 1640 ct *H NMR (270 MHz) § 1.31, 1.37, 1.43, 1.48 (4s, 3
Hx4, 4xC(CHg)2), 1.13-1.84 (m, 9 H, cyclohexyl ring protons), 3.85-3.97 (m, 1 H,'j-215-4.22
(m, 3H, H-1', H-2"", H-2""), 4.30-4.37 (m, 1 H, H-5), 5.19 (d, J=3.7 Hz, 1 H, H-3), 5.25 (dd, J=11.4,
1.8 Hz, 1 H, -CH=@El>), 5.34 (dd, J=18.0, 1.8 Hz, 1 H, —CH#{3), 5.65 (d, J=3.7 Hz, 1 H, H-2), 6.10
(dd, J=18.0, 11.4 Hz, 1 H, 4€=CH,); 13C NMR (67.5 MHz)§ 20.0, 22.7, 25.5, 26.4, 26.5, 27.0, 35.0,
44.1, 57.4, 67.9, 69.3, 73.5, 84.7, 84.8, 104.7, 109.6, 110.9, 116.5, 137.6; HRMS calcgHas@s
(M*) m/z 368.2199, found 368.220%4: colorless oil; TLC, R0.66 (EtOAc:hexane, 1:1)pf|p?° +55.9
(c 0.33, CHC}); IR (neat) 3480, 2985, 2935, 1645 ch 'H NMR (270 MHz) § 1.32, 1.39, 1.43, 1.51
(4s, 3 Hx4, 4<C(CHg)2), 1.06-1.78 (m, 7 H, cyclohexyl ring protons), 1.82-2.02 (m, 2 H, cyclohexyl
ring protons), 3.14 (br s, 1 H, OH), 3.38-3.52 (m, 1 H, H;3.90 (dd, J=8.4, 7.3 Hz, 1 H, H-2, 4.21
(dd, J=8.4, 5.9 Hz, 1 H, H-2), 4.31 (ddd, J=9.5, 7.3, 5.9 Hz, 1 H, H"}l 4.42 (d, J=9.5 Hz, 1 H, H-5),
4.76 (d, J=3.7 Hz, 1 H, H-3), 5.35 (dd, J=11.4, 1.1 Hz, 1 H, -CH=z5.53 (dd, J=18.0, 1.1 Hz, 1 H,
—CH=CH>), 5.68 (d, J=3.7 Hz, 1 H, H-2), 6.07 (dd, J=18.0, 11.4 Hz, 1 H{=CH,); HRMS calcd for
C20H3206 (M+) m/z 368.2199, found 368.2197.



T. Murata et al. / TetrahedronAsymmetry9 (1998) 4203-4217 4211

3.4.2. L-Selectrid® reduction

The following reaction was carried out under Ar. Compouhdl7.3 mg) in THF (1 ml) was
treated with L-Selectride (1.01 M solution in THF, 0.19 ml) at room temperature for 30 min, and the
solution was quenched with saturated aqueous®HELO extraction and purification by silica gel
chromatography provided 15.5 mg (89%)1#&

3.5. Acetylation ol3and14

Compoundl3(10.0 mg, 0.03 mmol) was acetylated with 0.5 ml of,&cin pyridine (0.5 ml) for 60 h.
Concentration of the reaction mixture and purification of the residue by column chromatography on silica
gel (EtOAc:hexane, 1:12) provided 9.8 mg (88%)1&f Analogously, 2.9 mg ol4 was acetylated to
provide 3.2 mg (quant.) dif6. 15: colorless oil; TLC, R0.56 (EtOAc:hexane, 1:3); IR (neat) 2980, 2935,
1740, 1640 cm'; *H NMR (270 MHz)§ 1.30, 1.38, 1.42, 1.47 (4s, 344, 4xC(CHg),), 1.15-1.67 (m, 5
H, cyclohexyl ring protons), 1.73—-1.90 (m, 3 H, cyclohexyl ring protons), 2.01-2.11 (m, 1 H, cyclohexyl
ring proton), 2.08 (s, 3 H, OC(O)G#j 3.87-3.95 (m, 1 H, H-2), 4.08-4.23 (m, 3 H, H-2, H-1",

H-5), 5.01 (d, J=3.7 Hz, 1 H, H-3), 5.23 (dd, J=11.4, 1.6 Hz, 1 H, -CH%C5.32 (br s, 1 H, H-2,

5.36 (dd, J=18.0, 1.6 Hz, 1 H, —-CH#{3), 5.67 (d, J=3.7 Hz, 1 H, H-2), 5.88 (dd, J=18.0, 11.4 Hz, 1
H, -CH=CH,). 16: colorless oil; TLC, R0.53 (EtOAc:hexane, 1:3); IR (neat) 2980, 2935, 1730, 1640
cm~1; TH NMR (270 MHz) § 1.31, 1.38, 1.43, 1.48 (4s, 3>+, 4xC(CHg)2), 1.21-1.40, 1.55-1.65,
1.66-1.80 (3m, total 8H, cyclohexyl ring protons), 1.95-2.08 (m, 1 H, cyclohexyl ring proton), 2.01 (s, 3
H, OC(O)CH), 3.94 (dd, J=8.4, 6.8 Hz, 1 H, H“2, 4.15 (dd, J=8.4, 5.9 Hz, 1 H, H-2, 4.15 (d, J=8.4

Hz, 1 H, H-5), 4.30-4.40 (m, 1 H, H*), 4.70 (d, J=3.7 Hz, 1 H, H-3), 4.85 (td, J=9.5, 4.0 Hz, 1 H,
H-2), 5.12 (dd, J=11.7, 1.5 Hz, 1 H, —CH#{3), 5.36 (dd, J=18.0, 1.5 Hz, 1 H, -CH#{3), 5.63 (d,
J=3.7 Hz, 1 H, H-2), 5.88 (dd, J=18.0, 11.7 Hz, 1 HH€CH,).

3.6. DIBAL-H reduction ofl2. (2R,3R,4S,5S)-2,3-(Isopropylidene)dioxy-5-[@®)-1,2-(isopropylidene)-
dioxyethyl]-4-[(1S,2S) 17 and (1S,2R)-2-hydroxycyclohex-3-enyl]-4-vinyltetrahydrofurag

The following reaction was carried out under Ar. To a cooled&°C) solution of12 (29.3 mg,
0.08 mmol) in CHCI> (1 ml) was added DIBAL-H (1.0 M solution in toluene, 0.24 ml, 0.24 mmol).
After stirring at —78°C for 30 min, an additional 0.24 ml of DIBAL-H was added. The mixture
was stirred at-78°C for an additional 30 min and quenched with water (0.2 ml). The resulting gels
were removed by filtration through a Celite pad, washed with EtOAc and the combined filtrate and
washing were concentrated in vacuo. The residue was purified by column chromatography on silica gel
(EtOAc:hexane, 1:8) providing 23.2 mg (79%)Xf and 4.7 mg (16%) o18. 17: colorless oil; TLC, R
0.41 (EtOAc:hexane, 1:3)){]p%? +101.4 € 1.18, CHC}); IR (neat) 3490, 2985, 2935, 1690, 1640¢m
IH NMR (270 MHz) § 1.32, 1.35, 1.42, 1.49 (4s, 3H}, 4xC(CHg),), 1.54-2.24 (m, 5 H, cyclohexenyl
ring protons), 3.88-3.96 (m, 1 H, H-2, 4.12-4.25 (m, 3 H, H-2, H-1", H-5), 4.36-4.42 (m, 1 H, H-
2'), 5.26 (d, J=3.7 Hz, 1 H, H-3), 5.27 (dd, J=11.7, 1.5 Hz, 1 H, -CH=z¢5.49 (dd, J=18.0, 1.5 Hz,
1 H, -CH=,), 5.67 (d, J=3.7 Hz, 1 H, H-2), 5.79-5.94 (m, 2 H, H-B-4), 6.20 (dd, J=18.0, 11.7
Hz, 1 H, -GH=CHy); 13C NMR (75 MHz) § 19.3, 25.5, 26.4, 26.5, 26.6, 27.1, 41.8, 57.0, 65.5, 69.4,
73.7, 84.7, 85.0, 104.9, 109.7, 111.0, 116.8, 129.0, 130.9, 137.4; HRMS calcgyftsoOs (M*) m/z
366.2042, found 366.20428: colorless oil; TLC, R0.55 (EtOAc:hexane, 1:2)pf|p%? +47.0 € 0.64,
CHCL); IR (neat) 3490, 2985, 2935, 1640 cf 'H NMR (270 MHz) § 1.33, 1.37, 1.43, 1.50 (4s, 3
Hx4, 4xC(CHs)2), 1.60-1.80, 1.97-2.10 (2m, total 6H, cyclohexenyl ring protons), 3.85-3.94 (m, 1 H,
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H-2'"), 4.15-4.31 (m, 3 H, H*2, H-1", H-5), 4.41-4.48 (m, 1 H, H’}, 4.75 (d, J=3.7 Hz, 1 H, H-3),
5.33 (dd, J=11.7, 1.5 Hz, 1 H, —-CH#), 5.54 (dd, J=18.0, 1.5 Hz, 1 H, —CH#{3), 5.57-5.63 (m,

1 H, H-4), 5.76 (d, J=3.7 Hz, 1 H, H-2), 5.82-5.90 (m, 1 H, B:3%.13 (dd, J=18.0, 11.7 Hz, 1 H,
—CH=CH,); 13C NMR (75 MHz) § 24.1, 25.2, 25.5, 26.4, 26.9, 45.4, 57.2, 68.2, 69.6, 73.1, 84.6, 85.4,
104.5, 109.9, 111.6, 117.5, 129.2, 130.4, 138.0; HRMS calcd fgi40s (M*) m/z 366.2042, found
366.2042.

3.7. Acetylation ofL.7

Compoundl? (23.3 mg, 0.06 mmol) was acetylated with 0.5 ml of@cin pyridine (0.5 ml) for 8 h.
Concentration of the reaction mixture and purification of the residue by column chromatography on silica
gel (EtOAc:hexane, 1:11) provided 24.8 mg (95%}16f19: colorless oil; TLC, R0.43 (EtOAc:hexane,

1:5); [«]p?t +185.1 € 0.95, CHC4); IR (neat) 2990, 2935, 1740, 1640 ch 'H NMR (270 MHz)

0 1.30, 1.36, 1.42, 1.48 (4s, 3>H, 4xC(CHg),), 1.55-1.75, 1.85-1.95, 2.01-2.25 (3m, total 5 H,
cyclohexenyl ring protons), 2.06 (s, 3 H, OC(0)§H3.92 (dd, J=8.1, 6.0 Hz, 1 H, H-2, 4.07-4.22

(m, 3 H, H-2’, H-1", H-5), 5.16 (d, J=3.7 Hz, 1 H, H-3), 5.24 (dd, J=11.7, 1.5 Hz, 1 H, -CH=C
5.31-5.34 (m, 1 H, H-3, 5.42 (dd, J=18.0, 1.5 Hz, 1 H, —CH#H{3), 5.70 (d, J=3.7 Hz, 1 H, H-2),
5.92-5.97 (m, 2 H, H-3H-4'), 5.93 (dd, J=18.0, 11.7 Hz, 1 H, H>CH,); 13C NMR (75 MHz)§ 20.3,

21.4, 25.6, 26.3, 26.4, 26.6, 27.1, 40.1, 56.7, 69.4, 69.5, 73.7, 84.4, 85.5, 105.2, 110.0, 111.2, 117.8,
125.4,132.4, 136.3, 170.0. Anal. calcd forB3,07: C, 64.69; H, 7.90. Found: C, 64.80; H, 7.96.

3.8. (R,3R,4S,55)-4-Ethyl-2,3-(isopropylidene)dioxy-5-[R)-1,2-(isopropylidene)dioxyethyl]-4-
[(1S,29)-2-(acetoxy)cyclohexyl]tetrahydrofuré20

3.8.1. From19

A solution 0f 19 (23.2 mg, 0.057 mmol) in EtOH (1 ml) was stirred under atmospheric hydrogen in
the presence of 10% palladium on charcoal (11 mg) for 30 min. The catalyst was removed by filtration
through a Celite pad, washed with EtOH and the combined filtrate and washing were concentrated in
vacuo. The residue was purified by column chromatography on silica gel (EtOAc:hexane, 1:30) providing
21.3 mg (91%) oR0as a colorless oil: TLC, .52 (EtOAc:hexane, 1:5)x]p'° +36.6 € 0.53, CHC});
IR (neat) 2990, 2935, 1730 criy 1H NMR (270 MHz) § 0.95 (t, J=7.3 Hz, 3 H, ChCH3), 1.28, 1.36,
1.39, 1.50 (4s, 3 K4, 4<xC(CHg)2), 1.45-1.89 (m, 10 H, cyclohexyl ring protonsiHgCHg), 1.96-2.05
(m, 1 H, H-T), 2.04 (s, 3 H, OC(O)CEk), 3.76 (d, J=9.2 Hz, 1 H, H-5), 3.86 (dd, J=8.4, 6.2 Hz, 1 H,
H-2'"), 4.10 (dd, J=8.4, 6.2 Hz, 1 H, H”3, 4.37 (ddd, J=9.2, 6.2, 6.2 Hz, 1 H, H)14.59 (d, J=3.7 Hz,
1 H, H-3), 5.12-5.15 (br s, 1 H, HR 5.65 (d, J=3.7 Hz, 1 H, H-2)}"3C NMR (75 MHz) § 9.8, 20.6,
21.5, 23.3, 24.0, 25.6, 26.0, 26.6, 26.7, 26.8, 31.6, 42.8, 53.4, 69.4, 70.6, 73.4, 85.9, 104.4, 109.3, 110.5,
170.2. Anal. calcd for &Hz607: C, 64.05; H, 8.80. Found: C, 64.33; H, 8.95.

3.8.2. Froml5

Compoundl5 (9.5 mg) in EtOH (1 ml) was hydrogenated under atmospheric hydrogen in the presence
of 10% palladium on charcoal (10 mg) for 30 min. Purification of the reaction product provided 9.5 mg
(quant.) of20, which was identical to that obtained abovel NMR and IR).
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3.9. 1,4-Addition of dimethyl and divinylcuprates to the cyclohexenbge (2R,3R,4S,59)-2,3-
(Isopropylidene)dioxy-5-[[R)-1,2-(isopropylidene)dioxyethyl]-4-[@4S)-4-methyl- 21 and [(1S,
45)-4-vinyl-2-oxocyclohexyl]-4-vinyltetrahydrofuré2?

The following reactions were carried out under Ar. Cuprous bromide—dimethyl sulfide complex (350
mg, 1.70 mmol) was dissolved in THF and dimethyl sulfide (v/v 2:1, 7 ml). To the solution was added
methylmagnesium bromide (0.92 M solution in THF, 3.69 ml, 3.39 mmoh &8°C. After stirring at
—78°C for 15 min, a solution 012 (103 mg, 0.28 mmol) in THF (5 ml) was added dropwise over a
period of 30 min. The mixture was stirred-a¥8°C for 30 min, quenched with saturated aqueougGIH
solution (0.3 ml), and diluted with EtOAc (120 ml). The whole mixture was washed with saturated
NH4CI (60 ml) and saturated brine X80 ml). The organic layer was dried and concentrated in vacuo.
The residue was purified by column chromatography on silica gel (EtOAc:hexane, 1:12) providing 102
mg (95%) of21 as a colorless oil: TLC, R0.49 (EtOAc:hexane, 1:3)pf|p%t +2.9 (€ 0.99, CHC}); IR
(neat) 2980, 2960, 1715, 1640 ch 'H NMR (270 MHz)§ 0.97 (d, J=7.3 Hz, 3 H, Cklat C-4), 1.34,

1.37, 1.53 (3s, 3 H, 6 H, 3 HC(CHs)2), 1.45-1.70 (m, 2 H, cyclohexyl ring protons), 1.92-2.07 (m,

1 H, cyclohexyl ring proton), 2.15 (dt, J=12.1, 2.2 Hz, 1 H, cyclohexyl ring proton), 2.19-2.30 (m, 1
H, cyclohexyl ring proton), 2.47-2.61 (m, 1 H, cyclohexyl ring proton), 2.69 (dd, J=12.1, 5.9 Hz, 1 H,
cyclohexyl ring proton), 3.13 (dd, J=13.2, 4.4 Hz, 1 H, cyclohexyl ring proton), 3.95 (dd, J=8.4, 5.9 Hz,
1H, H-27), 4.05 (d, J=8.4 Hz, 1 H, H-5), 4.14 (dd, J=8.4, 5.9 Hz, 1 H,'H;2.22 (dt, J=5.9, 8.4 Hz,

1H, H-1"), 4.87 (d, J=3.7 Hz, 1 H, H-3), 5.12 (dd, J=11.4, 1.1 Hz, 1 H, -CH=z5.12 (dd, J=18.3,

1.1 Hz, 1 H, -CH=El,), 5.66 (d, J=3.7 Hz, 1 H, H-2), 6.23 (dd, J=18.3, 11.4 Hz, 1 H{=CHy); 1°C

NMR (75 MHz) § 18.6, 25.7, 26.3, 26.6, 26.8, 31.6, 32.9, 50.3, 52.8, 53.7, 68.7, 73.6, 83.9, 84.3, 105.0,
109.8, 111.3, 116.0, 137.0, 210.4; HRMS calcd feik3,06 (M) m/z 380.2199, found 380.2207.

Analogously, 49.1 mg (0.14 mmol) df2 was subjected to the 1,4-addition with divinylcuprate,
prepared from cuprous bromide—dimethyl sulfide complex (141.5 mg, 0 69 mmol) and vinylmagnesium
bromide (0.99 M in THF, 1.36 ml, 1.35 mmol), in a mixture of THF andJ8dv/v 2:1, 3 ml) at-78°C
for 30 min. Purification of the reaction product by column chromatography on silica gel (EtOAc:hexane,
1:14) provided 47.7 mg (90%) @2 as a colorless oil: TLC, R0.53 (EtOAc:hexane, 1:3)i]p?? —10.7
(c0.53, CHC}); IR (neat) 2980, 2960, 1715, 1640 ch'H NMR (270 MHz) 6 1.33 1.37, 1.52 (3s, 3H,

6 H, 3 H, 4<C(CHs)2), 1.47-1.71 (m, 1 H, cyclohexyl ring proton), 1.80-1.91 (m, 1 H, cyclohexyl ring
proton), 1.96-2.12 (m, 1 H, cyclohexyl ring proton), 2.16-2.37 (m, 1 H, cyclohexyl ring proton), 2.49
(dt, J=12.5, 2.2 Hz, 1 H, cyclohexyl ring proton), 2.62 (dd, J=12.5, 5.9 Hz, 1 H, cyclohexyl ring proton),
3.00-3.06 (m, 1 H, cyclohexyl ring proton), 3.11 (dd, J=13.2, 4.0 Hz, 1 H, cyclohexyl ring proton), 3.94
(dd, J=8.4, 5.9 Hz, 1 H, H*2, 4.05 (d, J=8.4 Hz, 1 H, H-5), 4.14 (dd, J=8.4, 5.9 Hz, 1 H,'H;2.23

(dt, J=5.9, 8.4 Hz, 1 H, H-1), 4.76 (d, J=3.7 Hz, 1 H, H-3), 5.12 (dd, J=11.4, 1.1 Hz, 1 H, —CH3),

5.13 (dd, J=18.3, 1.1 Hz, 1 H, —-CH#{3), 5.15 (dd, J=16.0, 1.1 Hz, 1 H, —CH#{3), 5.16 (dd, J=5.9,

1.1 Hz, 1 H, -CH=El,), 5.62 (d, J=3.7 Hz, 1 H, H-2), 5.78 (ddd, J=16.0, 10.7, 5.9 Hz, 1 H{=CH,),

6.24 (dd, J=18.0, 11.4 Hz, 1 H, H>CH,); 3C NMR (75 MHz) § 25.7, 26.3, 26.6, 26.8, 30.4, 40.7,
47.1, 53.1, 53.8, 68.8, 73.6, 84.0, 84.4, 105.0, 109.8, 111.4, 116.0, 116.1, 137.1, 139.4, 209.3; HRMS
calcd for GyH3,06 (M*) m/z 392.2199, found 392.2216.

3.10. DIBAL-H reduction of2l1 (2R,3R,4S,55)-2,3-(Isopropylidene)dioxy-5-[@)-1,2-(isopropyl-
idene)dioxyethyl]-4-[($,2S,4S)-4-methyl-2-hydroxycyclohexyl]-4-vinyltetrahydrofurag

The following reaction was carried out under Ar. To a cooled&°C) solution of21 (41.7 mg,
0.11 mmol) in CHCI, (1 ml) was added DIBAL-H (1.0 M solution in toluene, 0.33 ml, 0.33 mmol).
After stirring at—78°C for 30 min, the reaction was quenched with water (0.2 ml). The resulting gels
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were removed by filtration through a Celite pad and washed with EtOAc. The combined filtrate and
washing were concentrated in vacuo and the residue was purified by column chromatography on silica gel
(EtOAc:hexane, 1:18) providing 37.7 mg (90%)28 as a colorless oil: TLC, R0.47 (EtOAc:hexane,

1:4); [«]p?* +52.1 € 1.09, CHC}); IR (neat) 3500, 2990, 1640 crh; 'H NMR (270 MHz) § 1.19

(d, J=7.3 Hz, 3 H, CHat C-4), 1.32, 1.37, 1.43, 1.48 (4s, 3>, 4<C(CHg),), 1.25-1.85 (m, 8 H,
cyclohexyl ring protons), 1.86-2.01 (m, 1 H, OH), 3.87-3.96 (m, 1 H/'HM-2.10-4.23 (m, 3 H, H-2,

H-1", H-5), 4.27-4.34 (br s, 1 H, HR 5.20 (d, J=3.7 Hz, 1 H, H-3), 5.23 (dd, J=11.7, 1.5 Hz, 1 H,
—CH=CH)), 5.42 (dd, J=18.0, 1.5 Hz, 1 H, —-CH#{3), 5.68 (d, J=3.7 Hz, 1 H, H-2), 6.10 (dd, J=18.0,
11.7 Hz, 1 H, —®BI=CH,); 13C NMR (75 MHz) § 17.3, 20.9, 25.5, 26.1, 26.4, 26.5, 27.0, 32.2, 40.1,
44.1, 57.4, 69.1, 69.3, 73.6, 84.8, 84.9, 104.8, 109.6, 110.9, 116.3, 137.6; HRMS calcdHai@s

(M*) m/z 382.2355, found 382.2334.

3.11. Acetylation 023

Compound23 (37.2 mg, 0.10 mmol) was acetylated with&x (0.5 ml) in pyridine (0.5 ml) at 50°C
for 84 h. Concentration of the reaction mixture and purification of the residue by column chromatography
on silica gel (EtOAc:hexane, 1:17) provided 39.1 mg (95%p4fas a colorless oil: TLC, R0.49
(EtOAc:hexane, 1:4):d]p?® +58.4 € 0.30, CHC4); IR (neat) 2985, 2940, 1740, 1640 ch 'H NMR
(270 MHz) § 1.06 (d, J=7.3 Hz, 3 H, Cklat C-4), 1.32, 1.38, 1.42, 1.47 (4s, 34, 4xC(CHg)y),
1.35-2.04 (m, 8 H, cyclohexyl ring protons), 2.06 (s, 3 H, OC(O3};13.87-3.95 (m, 1 H, H-2),
4.08-4.24 (m, 3 H, H-2, H-1", H-5), 5.04 (d, J=3.7 Hz, 1 H, H-3), 5.22 (d, J=11.4, 1.5 Hz, 1 H,
—CH=CHy), 5.27 (br s, 1 H, H-2, 5.35 (dd, J=18.0, 1.5 Hz, 1 H, -CH#H3), 5.70 (d, J=3.7 Hz, 1 H,
H-2), 5.85 (dd, J=18.0, 11.4 Hz, 1 H, H&CH,); 13C NMR (75 MHz) § 18.2, 20.0, 21.5, 25.5, 25.7,
26.3, 26.4, 27.0, 31.5, 35.4, 42.6, 57.1, 69.3, 72.8, 73.5, 84.3, 85.1, 105.0, 109.7, 110.9, 117.2, 136.3,
169.8. Anal. calcd for g3H3607: C, 65.07; H, 8.55. Found: C, 65.34; H, 8.79.

3.12. DIBAL-H reduction of 22 (2R,3R,4S,5S9)-2,3-(Isopropylidene)dioxy-5-[@®)-1,2-
(isopropylidene)dioxyethyl]-4-[@,25,4S)- 25 and (1S,2R,4S)-2-hydroxy-4-vinylcyclohexyl]-4-
vinyltetrahydrofuran26

As described foR1, 47.7 mg (0.12 mmol) o022 in CH2Cl, (1 ml) was treated with DIBAL-H (0.37
mmol) at —78°C for 60 min. After workup and purification by column chromatography on silica gel
(EtOAc:hexane, 1:20), 40.0 mg (83%)28B and 4.5 mg (9%) o026 were obtained25: colorless oil; TLC,

Rf 0.40 (EtOAc:hexane, 1:4)p{|p%? +47.6 € 0.86, CHC}); IR (neat) 3500, 2990, 2920, 1640 ctH
NMR (270 MHz) 6 1.31, 1.38, 1.43, 1.47 (4s, 34}, 4xC(CHs),), 1.25-2.00 (m, 8 H, cyclohexyl ring
protons), 2.43-2.54 (m, 1 H, OH), 3.85-3.97 (m, 1 H, H;24.10-4.24 (m, 3 H, H-2, H-1", H-5),
4.33-4.38 (br s, 1 H, H-2, 5.06 (ddd, J=10.6, 1.8, 1.8 Hz, 1 H, —CHHg), 5.13 (ddd, J=17.2, 1.8,
1.8 Hz, 1 H, -CH=@Ei>), 5.20 (d, J=3.7 Hz, 1 H, H-3), 5.24 (dd, J=11.4, 1.8 Hz, 1 H, -CHz(5.43
(dd, J=18.0, 1.8 Hz, 1 H, —CH=4}), 5.65 (d, J=3.7 Hz, 1 H, H-2), 6.09 (dd, J=18.0, 11.4 Hz, 1 H,
—CH=CHj), 6.29 (ddd, J=17.2, 10.6, 6.6 Hz, 1 H, HECH,); 13C NMR (75 MHz) & 18.0, 25.6, 26.4,
26.5, 27.1, 29.9, 34.7, 39.2, 43.8, 57.4, 69.2, 69.4, 73.6, 84.6, 84.8, 104.7, 109.6, 110.9, 113.5, 116.6,
137.4, 143.9; HRMS calcd for £H3406 (M*) m/z 394.2355, found 394.23726: colorless oil; TLC,

R 0.42 (EtOAc:hexane, 1:4)i{p%3 +35.0 € 0.20, CHC}); IR (neat) 3500, 2980, 2925, 1640 chy

IH NMR (270 MHz)§ 1.32, 1.37, 1.43, 1.48 (4s, 344, 4<C(CHs)>), 1.50-1.90, 1.90-2.10, 2.25-2.50
(3m, total 9H, cyclohexyl ring protons, OH), 3.87-3.96 (m, 1 H, H;24.09-4.25 (m, 3 H, H-2, H-1",
H-5), 4.34-4.42 (m, 1 H, H-2, 4.92 (ddd, J=10.6, 1.5, 1.5 Hz, 1 H, -CHHg¢), 4.98 (ddd, J=17.2, 1.5,
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1.5 Hz, 1 H, ~-CH=@l,), 5.17 (d, J=3.7 Hz, 1 H, H-3), 5.26 (dd, J=11.4, 1.5 Hz, 1 H, -CHz);5.44

(dd, J=18.3, 1.5 Hz, 1 H, -CH=,), 5.66 (d, J=3.7 Hz, 1 H, H-2), 5.75 (ddd, J=17.2, 10.6, 6.6 Hz, 1 H,
—CH=CH,), 6.10 (dd, J=18.3, 11.4 Hz, 1 H, HZCH,); $3C NMR (75 MHz) § 22.2, 25.5, 26.4, 26.4,

27.0, 29.7, 32.4, 35.1, 40.8, 43.7, 57.3, 68.0, 69.4, 73.5, 84.6, 84.9, 104.6, 109.6, 111.0, 112.5, 116.6,
131.5, 137.5, 143.5.

3.13. Hydrolysis of the side chain acetal 23 and 25. (2R,3R,4S,5S)-5-[(1R)-1,2-Dihydroxyethyl]-
2,3-(isopropylidene)dioxy-4-[&,2S,4S)-4-methyl-2-hydroxycyclohexyl]-4-vinyltetrahydrofuran 27
and (R,3R,4S,59)-5-[(1R)-1,2-dihydroxyethyl]-2,3-(isopropylidene)dioxy-4-§ 2S,4S)-2-hydroxy-
4-vinylcyclohexyl]-4-vinyltetrahydrofura@8

A solution of 23 (42.7 mg, 0.11 mmol) in 50% aqueous AcOH (1 ml) was stirred for 26 h and
concentrated in vacuo with the aid of toluene. The residue was purified by column chromatography
on silica gel (EtOAc:hexane, 1:11) providing 35.0 mg (92%26find 3.2 mg (7%) oR3. 27. colorless
oil; TLC, R 0.42 (EtOAc:hexane, 1:2)ip?2 +49.3 € 1.25, CHC}); IR (neat) 3500, 2990, 2920, 1640
cm~1; IH NMR (270 MHz) § 1.18 (d, J=7.7 Hz, 3 H, Cklat C-4), 1.32, 1.49 (2s, 3 H2, 2xC(CHg)>),
1.50-1.65, 1.65-1.85, 1.90-2.14 (3m, total 11H, cyclohexyl ring proton®HB, 3.73 (dd, J=11.4, 5.5
Hz, 1 H, H-2"), 3.89 (dd, J=11.4, 3.3 Hz, 1 H, H-}, 3.93 (ddd, J=9.2, 5.5, 3.3 Hz, 1 H, H*}| 4.21
(d, J=9.2 Hz, 1 H, H-5), 4.29-4.34 (br s, 1 H, Hy%.17 (d, J=3.7 Hz, 1 H, H-3), 5.27 (dd, J=11.4, 1.5
Hz, 1 H, -CH=Q,), 5.38 (dd, J=18.0, 1.5 Hz, 1 H, -CH#{3), 5.71 (d, J=3.7 Hz, 1 H, H-2), 6.14 (dd,
J=18.0, 11.4 Hz, 1 H, 48=CH,); 13C NMR (75 MHz) § 17.5, 21.0, 26.2, 26.4, 26.8, 32.2, 40.1, 43.5,
57.1, 65.4, 69.0, 70.2, 82.6, 84.6, 104.6, 110.9, 116.5, 137.6; HRMS calcdglépdDe [(M —H)* ] m/z
325.2015, found 325.1995.

Analogously, 40.8 mg o5 was hydrolyzed with 50% aqueous AcOH (1 ml) at 35°C for 15 h.
Purification of the product by column chromatography on silica gel (EtOAc:hexane, 1:6) provided 30.0
mg (82%) of28 as a colorless oil: TLC, R0.65 (acetone:hexane, 1:2)]p?! +63.8 € 0.61, CHC});

IR (neat) 3480, 2990, 2920, 1640 cth *H NMR (300 MHz) § 1.31, 1.48 (2s, 3 K2, 2xC(CHg),),
1.54-2.16 (m, 7 H, cyclohexyl ring protons), 2.42—-2.55 (br s, 1 H, cyclohexyl ring proton), 3.73 (dd,
J=11.7, 6.2 Hz, 1 H, H-2), 3.85-3.95 (m, 2 H, H-2, H-1""), 4.21 (d, J=8.8 Hz, 1 H, H-5), 4.36—-4.39
(brs, 1 H, H-2), 5.06 (ddd, J=10.3, 1.8, 1.5 Hz, 1 H, -CHHg¢), 5.12 (ddd, J=17.2, 1.8, 1.5 Hz, 1 H,
—CH=CH)), 5.20 (d, J=3.7 Hz, 1 H, H-3), 5.28 (dd, J=11.4, 1.5 Hz, 1 H, -CHz)¢5.39 (dd, J=18.3,

1.5 Hz, 1 H, -CH=@l,), 5.68 (d, J=3.7 Hz, 1 H, H-2), 6.13 (dd, J=18.3, 11.4 Hz, 1 HH=CHy),

6.29 (ddd, J=17.2, 10.3, 6.2 Hz, 1 H, HECH,); 13C NMR (75 MHz) § 18.1, 26.4, 26.9, 29.9, 34.7,
39.2,43.1,57.1, 65.5, 69.2, 70.2, 82.8, 84.2, 104.6, 110.9, 113.5, 116.7, 137.5, 143.8; HRMS calcd for
C19H3106 [(M+H)* ] m/z 355.2120, found 355.2120.

3.14. NalQ oxidation of 27 and 28 and successive PCC oxidation of the resulting hemiacetals
29 and 30. (1R,35,6S,8S,11S,12R,13R)-8,15,15-Trimethyl-12-vinyl-2,5,14,16-tetraoxatetracyclo-
[11.3.0.6%12.0%hexadecan-4-on@1 and (IR,3S,6S,8S,11S,12R,13R)-15,15-dimethyl-8,12-divinyl-2,
5,14,16-tetraoxatetracyclo[11.3.G:8%.0° 1 hexadecan-4-on&2

To a cooled (0°C) solution a27 (34.3 mg, 0.10 mmol) in MeOH (1 ml) was added aqueous NalO
(0.40 M aqueous solution, 0.5 ml, 0.20 mmol). After stirring at ambient temperature for 2 h, the solution
was diluted with water (5 ml), then extracted with CHEBx20 ml). The combined extracts were
dried and concentrated in vacuo. The residue was purified by column chromatography on silica gel
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(EtOAc:hexane, 1:5) providing 31.0 mg (97%) of hemiac@®hs a colorless oil which was oxidized.
To a solution 029 (31.0 mg, 0.09 mmol) in CkCl, (1 ml) were added PCC (41.8 mg, 0.19 mmol) and
molecular sieves (MS) 4A (20 mg). The mixture was stirred for 5 h while 41.8 mg and 20 mg of PCC
and MS were added after 2 and 3 h. The mixture was transferred to a short column packed with silica
gel (1 g), and the column was eluted with excesgET he ethereal elute was concentrated in vacuo and
the residue was purified by column chromatography on silica gel (EtOAc:hexane, 1:10) providing 22.6
mg (75%) of31as a colorless oil: TLC, R0.39 (EtOAc:hexane, 1:3)i]p?° —40.3 € 1.13, CHC}); IR
(neat) 2990, 2920, 1740, 1640 ch'H NMR (270 MHz) § 1.06 (d, J=6.8 Hz, 3 H, Clat C-8), 1.34,
1.49 (2s, 3 k2, CHg at C-15), 1.45-1.68, 1.70-1.98 (2m, total 8 H, H-7, 7, 8, 9, 9, 10, 10, 11), 4.54
(d, J=3.7 Hz, 1 H, H-13), 4.71 (s, 1 H, H-3), 4.83 (ddd, J=3.9, 3.9, 3.9 Hz, 1 H, H-6), 5.00 (d, J=18.1
Hz, 1 H, -CH=QH,), 5.31 (dd, J=11.2, 1.5 Hz, 1 H, -CH#{3), 5.92 (d, J=3.7 Hz, 1 H, H-1), 5.96 (dd,
J=18.1, 11.2 Hz, 1 H, 48=CH,); *C NMR (75 MHz) § 20.3, 21.4, 26.7, 26.8, 27.0, 30.9, 35.7, 38.7,
56.1, 88.5, 105.6, 113.4, 116.8, 134.7, 167.7. Anal. calcd feH&Os: C, 66.21; H, 7.84. Found: C,
66.19; H, 7.93.

Analogously, 17.6 mg (0.05 mmol) @B was treated with aqueous Naj@L.2 mol equiv.) to provide
13.3 mg (83%) of30. PCC oxidation of30 (13.3 mg) and purification of the product by column
chromatography on silica gel (EtOAc:hexane, 1:10) provided 11.9 mg (91%2 a6 a colorless oil:
TLC, Rf 0.47 (EtOAc:hexane, 1:2){p*® —40.0 € 0.60, CHC}); IR (neat) 2980, 2920, 1745, 1640
cm~1; 'H NMR (300 MHz) § 1.34, 1.49 (2s, 3 K2, CHs at C-15), 1.52-1.88, 2.04-2.17, 2.30-2.42
(3m,6H,1H,1H,H-7,7,8,9,9, 10, 10, 11), 4.54 (d, J=3.7 Hz, 1 H, H-13), 4.72 (s, 1 H, H-3), 4.87 (ddd,
J=3.9, 3.9, 3.9 Hz, 1 H, H-6), 4.95-5.05 (m, 3 Fk-3CH=CH)), 5.30 (d, J=11.2 Hz, 1 H, —-CH3),
5.92 (d, J=3.7 Hz, 1 H, H-1), 5.93 (dd, J=17.8, 11.2 Hz, 1 H{}=CH), 6.09 (ddd, J=16.8, 11.0, 8.4 Hz,
1 H, —-CH=CH,); 13C NMR (75 MHz)§ 21.7, 26.8, 27.0, 29.5, 34.7, 35.8, 39.0, 56.2, 88.6, 105.7, 113.5,
117.0, 134.5, 141.7, 167.6. Anal. calcd fofgH240s5: C, 67.48; H, 7.55. Found: C, 67.64; H, 7.65.
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