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We synthesized fused bicyclic polyfunctional compounds
containing a highly hydroxylated pyran ring starting from
commercially available methyl glucopyranoside and adopt-
ing a RCM annulation approach. The versatile α,β-unsatu-

Introduction
The fused-bicyclic moiety containing a pyranose ring is a

very common structural feature in a vast range of naturally
occurring and biologically relevant compounds such as cy-
clic terpenes and flavonoids. The structure of the pyran ring
is similar to the cyclic structure of glycopyranoses, thus di-
rectly suggesting the use of monosaccharides as potential
starting materials. Monosaccharides are readily available
and abundant compounds with high chirality content and
with multiple hydroxyl functionalities, which makes them
useful materials for the preparation of complex optically
pure compounds, adopting the so called “chiron ap-
proach”.[1]

The generation of carbohydrate annulated products has
been explored with different synthetic approaches including
ring-closing metathesis (RCM),[2] Robinson annulation,[3]

intramolecular aldol condensation,[4] radical cyclization,[5]

and Diels–Alder cycloadditions.[6] The insertion of a glyco-
structure allows the physicochemical properties and conse-
quently the pharmacokinetics of the molecules to be
tuned.[7]

Our aim was to prepare a set of fused bicyclic com-
pounds containing a highly hydroxylated pyran ring and
high chirality content determined by the monosaccharide
starting material. To allow further functionalization and, in
particular, generate fused cycles, an α,β-unsaturated ketone
group, which represents a key functionality for Diels–Alder
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rated ketone group was introduced on the newly formed ring
and, as an example of the potential of these polyfunction-
alized building blocks, a tetracyclic compound was synthe-
sized through a Diels–Alder cycloaddition reaction.

cycloadditions and Michael–Dickman reactions, was intro-
duced in the second cycle. We show, as a demonstrative
example, the synthesis of a tetracyclic derivative 30
(Scheme 4), which was obtained in good yield through
Diels–Alder cycloaddition reaction from 1.

Results and Discussion

Our approach was based on RCM reaction of glucopyr-
anose derivatives containing a C-1,2- or C-4,5-bis-allyl moi-
ety and further oxidation for the generation of the carbonyl
group. This approach allowed construction of the fused cy-
cle on both sides of the sugar moiety. Compounds 1 and 2
were designed to have different stereochemistry and func-
tionality on the ring junction, and both compounds were
obtained from the common precursor alcohol 4 (Scheme 1),
which was readily obtained according to a published pro-
cedure[8] from commercially available methyl α-d-glucopyr-
anoside.

The synthesis of compound 1 is reported in Scheme 1.
Alcohol 4 was subjected to Swern oxidation, affording
ketone 5, which was immediately reacted with allylmagne-
sium bromide to afford 6, with a yield of 60% (over two
steps) as a single diastereoisomer. The absolute configura-
tion was determined by NOE NMR experiments (see the
Supporting Information). The stereoselectivity of this reac-
tion can be ascribed to the formation of a Cram chelated
intermediate in which the magnesium ion coordinates the
carbonyl group and the benzylic oxygen at C-3. The che-
lated oxo-sugar assumes a 4C1 conformation (Figure 1), and
the equatorial attack of the nucleophile dominates over the
sterically hindered axial attack.[9]

The tertiary hydroxyl group of 6 was methylated (MeI) to
afford 7 in 92% yield. Selective deprotection of the primary
hydroxyl group of 7 by using cerium(IV) ammonium nitrate
(CAN) (82 % yield), followed by selective oxidation of the
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Scheme 1. Reagents and conditions: (i) Ref.[8], see also the Support-
ing Information; (ii) (COCl)2, DMSO, Et3N, –78 °C, 2 h; (iii) All-
ylMgBr, THF, –78 °C, 3 h, 60% (two steps); (iv) MeI, NaH, DMF,
r.t., 2 h, 92%; (v) CAN, H2O, CH3CN, room temp., 20 min, 82%;
(vi) Dess–Martin, CH2Cl2, room temp., 1 h, 89%; (vii) VinylMgBr,
THF, –78 °C, 1 h, 94%; (viii) Hoveyda–Grubbs 2nd gen., CH2Cl2,
40 °C, 2 h, 97%; (ix) MnO2, EtOAc, reflux, 2 h, 95%.

Figure 1. Cram chelate model and NOE contacts of 6.

primary hydroxyl group of 8 with Dess–Martin periodinane
led to aldehyde 9 in good yield (89%). Compound 9 was
then reacted with vinylmagnesium bromide to afford 10
(94 %), as a mixture of diastereomers. This mixture was sub-
ject to RCM by using Hoveyda–Grubbs 2nd generation cat-
alyst to afford 11, which were oxidized to produce the α,β-
unsaturated ketone 1 in 95% yield. We also carried out the
synthesis directly from 6 without introducing the methyl
group (data not shown), which afforded the final bicyclic
product 12 containing a free and more versatile hydroxyl
group, but with significantly lower yield (26% from 6 vs.
58 % of 1).

The synthesis of 2 (Scheme 2) took advantage of the
known aldehyde 16, which was prepared from ketone 5
through a slightly modified literature procedure. This trans-
formation requires Wittig methylenation to give olefin 13
and hydroboration by using BH3·Me2S followed by oxi-
dation (H2O2) to afford a separable mixture of alcohols 14
and 15 in 3:4 ratio and 49 % yield for the desired primary
alcohol. A more hindered borane such as 9-borabicy-
clo[3.3.1]nonane (9-BBN-H), which could favor the forma-
tion of the desired product was tried; unfortunately, 9-BBN-
H did not react at all with olefin 13, probably due to steric
hindrance of the substrate. Swern oxidation of 15 afforded
the corresponding aldehyde 16 in 98% yield, which, upon
treatment with vinylmagnesium bromide in tetrahydrofuran
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(THF) at –78 °C, gave alcohol 17 as mixture of dia-
stereomers in a 7:3 ratio, which could be isolated in 84 %
yield.

Scheme 2. Reagents and conditions: (i) MePh3PBrBuLi, THF,
–78 °C, 12 h, 80%; (ii) BH3·Me2S, H2O2 30%, NaOH, THF, room
temp., 12 h, 49% for 15; (iii) (COCl)2, DMSO, Et3N, CH2Cl2,
–78 °C, 2 h, 98%; (iv) vinylMgBr, THF, –78 °C, 90 min, 84%;
(v) TESCl, imidazole, THF, 60 °C,1 h, 85%; (vi) DDQ, CH2Cl2/
H2O (20:1), 0 °C, 3 h, 87%; (vii) (COCl)2, DMSO, Et3N, –78 °C,
2 h; (viii) vinylMgBr, THF, –78 °C, 1 h, 69% over two steps;
(ix) Hoveyda–Grubbs 2nd gen. cat., CH2Cl2, 40 °C, 2 h, 84 %;
(x) MnO2, EtOAc, reflux, 2 h, 70%.

The stereochemistry of the major isomer was determined
for the cyclized product 22 on the basis of 2D NOESY
NMR experiments, and was consistent with Grignard at-
tack according to a Cram chelate model involving the oxy-
gen at C-3 (see the Supporting Information). Protection of
the allyl alcohol 17 with TESCl (85% yield) allowed the
isolation of the major isomer. Selective removal of the p-
methoxybenzyl protecting group by using 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) (87% yield) gave pri-
mary alcohol 19, which was then smoothly oxidized under
Swern conditions to aldehyde 20. Treatment of the latter
with vinylmagnesium bromide gave allylic alcohol 21, as a
single diastereomer, in 69 % yield over two steps. RCM of
diene 21 by using Hoveyda–Grubbs 2nd generation catalyst
afforded compound 22, isolated in 84% yield, which was
oxidized by using MnO2 to give the desired product 2 in
70% yield. The 1H NMR spectrum of the bicyclic product
22 and the corresponding 2D NOESY (Figure 2 and the
Supporting Information) were used to establish the stereo-
chemistry of the new stereocenter formed during the ad-
dition of vinylmagnesium bromide on aldehyde 16. The ob-
servation of a small vicinal coupling constant (J� 1 Hz) in
the 1H NMR spectrum between H-7 and H-7a confirmed
the cis orientation of these two protons. The doublet of
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doublet of proton H-2 at δ = 3.71 ppm (J = 9.1 and 3.7 Hz)
present an NOE cross-peak with the proton signal of H-4
at δ = 4.39 ppm, which corresponds to the R configuration
at C-4. Further evidence is the absence of cross-peaks be-
tween proton H-4 and proton H-3 at δ = 3.94 ppm (Fig-
ure 2).

Figure 2. NOE contacts and coupling constants of 22 and 31.

For the synthesis of scaffold 3, in which the fused ring is
constructed on the C-1,2 of the starting monosaccharide,
the commercially available methyl α-d-glucopyranoside was
readily converted into the allyl ketone 23, in five steps, ac-
cording to a published procedure (Scheme 3).[10] Grignard
reaction of 23 with allylmagnesium bromide in toluene/
CH2Cl2 (2:1)[11] afforded a separable mixture of tertiary
alcohols 24 and its epimer at C-2 (68:32 ratio, 85% overall,
58% for 24), in favor of isomer 24 with a d-gluco configura-
tion; the absolute configuration was determined for the
minor isomer on the basis of NMR experiments (see the
Supporting Information).

Scheme 3. Reagents and conditions: (i) Ref.[10] (ii) AllylMgBr, tolu-
ene, CH2Cl2, –78 °C, 3 h, 58%; (iii) Hoveyda–Grubbs 2nd gen. cat.,
CH2Cl2, 40 °C, 1.5 h, 88%; (iv) BCl3, CH2Cl2, –78 °C to r.t., 12 h,
71 %; (v) Ac2O, DMAP, Py, room temp., 80%; (vi) Mn3(OAc)9,
tBuO2H, EtOAc, 48 h, 52%.

RCM of 24 by using a second-generation Grubbs’ cata-
lyst at 40 °C in CH2Cl2 afforded the expected cyclized prod-
uct 25 (88 % yield). Debenzylation of 25 with BCl3 at –78 °C
in CH2Cl2, followed by acetylation, afforded compound 27
in 80% yield. Protecting group interconversion was neces-
sary to avoid possible oxidation of the benzylic carbon
atoms. Allylic oxidation of 27 was achieved by using com-
mercially available manganese(III) acetate dihydrate as the
catalyst and tert-butyl hydroperoxide (TBHP) as the cooxi-
dant at room temperature.[12] Molecular sieves (3 Å) were
added to remove the trace amount of water. After 48 h the
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α,β-unsaturated compound 3 was obtained in 52 % yield.
The stereochemistry of the diene was determined on the
basis of 1H and 2D NOESY NMR experiments for the
minor isomer 31 (see the Supporting Information). The 1H
NMR spectrum of 31 showed a clean doublet at δ =
3.60 ppm with J = 7.8 Hz, indicating that proton H-3 cou-
ples only with H-4 and thus indicating a trans-diaxial orien-
tation (Figure 2). The 2D NOESY spectrum showed a
cross-peak between the signals of H-3 and those of H-1a��
and H-1b��; also evident is the absence of cross-peaks be-
tween the signal of H-4 and those of H-1a�� and H-1b��.

To demonstrate the synthetic potential of the synthesized
polyfunctionalized building blocks, we undertook the syn-
thesis of the highly functionalized tetracyclic derivative 30
(Scheme 4).

Scheme 4. Reagents and conditions: (i) 1,2-Dichlorobenzene,
160 °C, 90 min, 74%.

Compound 1 was reacted through Diels–Alder cycload-
dition reactions with the very reactive diene ortho-quinodi-
methane 29, produced in situ from benzocyclobutenol
28,[13] affording tetracyclic compound 30 in 74% yield,
along with traces of the other diastereomer.

Once again the stereochemistry of the new stereocenters
was determined on the basis of 1H NMR and 2D NOESY
experiments. 1H NMR spectrum showed H-10 signal at δ =
4.85 ppm as a doublet with J = 2.8 Hz, thus H-10 and H-
10a are in a cis-orientation. The 2D NOESY experiment
showed cross-peaks between the signal of H-5 and those of
H-4a, H-5 and of the H-10a and H-5 and H-10 (see the
Supporting Information), indicating a common facial dis-
position of all these protons. The absence of a cross-peak
between the signals of H-10a and H-11a is consistent with
the anti conformation of these protons.

Conclusions

We have synthesized polyfunctional glyco-fused bicyclic
compounds from methyl α-d-glucopyranoside. The confor-
mational rigidity, high chirality content, presence of an α,β-
unsaturated ketone and multiple hydroxyl groups makes
these compounds useful building blocks for the preparation
of complex optically pure compounds.
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Experimental Section
General Remarks: All solvents were dried with molecular sieves for
at least 24 h prior to use. Thin-layer chromatography (TLC) was
performed on silica gel 60 F254 plates (Merck) with detection using
UV light when possible, or by charring with a solution of concd.
H2SO4/EtOH/H2O (5:45:45) or a solution of (NH4)6Mo7O24 (21 g),
Ce(SO4)2 (1 g), and concd. H2SO4 (31 mL) in water (500 mL).
Flash column chromatography was performed on silica gel 230–
400 mesh (Merck). 1H and 13C NMR spectra were recorded at
25 °C unless otherwise stated, with a Varian Mercury 400 MHz
instrument. Chemical shift assignments, reported in ppm, are refer-
enced to the corresponding solvent peaks (omitted in the peak as-
signment). HRMS were recorded with a QSTAR elite LC/MS/MS
system with a nanospray ion source. Optical rotations were mea-
sured at room temperature with an Atago Polax-2L polarimeter
and are reported in units of 10–1 degcm2 g–1.

Methyl 2,3-Di-O-benzyl-6-O-(p-methoxybenzyl)-α-D-xylo-hexopyr-
anosid-4-ulose (5): To a solution of (COCl)2 (46 mmol, 3.97 mL) in
anhydrous CH2Cl2 (92 mL) at –78 °C under an argon atmosphere,
a solution of anhydrous DMSO (92 mmol, 6.51 mL) in anhydrous
CH2Cl2 (20 mL) was added dropwise, and the resulting solution
was stirred for 30 min. A solution of 4 (5.693 g, 11.5 mmol) in an-
hydrous CH2Cl2 (20 mL) was added dropwise at –78 °C and the
final reaction mixture was stirred for 1 h at –78 °C. Anhydrous
Et3N (115 mmol, 13.91 mL) was added and the reaction was stirred
for 30 min at –78 °C, and then warmed to 0 °C. A saturated solu-
tion of NH4Cl was added, and the reaction mixture was extracted
with CH2Cl2 (�3). The organic extracts were dried with Na2SO4,
filtered and concentrated under reduced pressure. The crude prod-
uct was used without further purification.

Methyl 4-C-Allyl-2,3-di-O-benzyl-6-O-(p-methoxybenzyl)-α-D-ga-
lactopyranoside (6): To a solution of 5 (2.03 g, 4.12 mmol) in anhy-
drous THF (20 mL) at –78 °C under an argon atmosphere, a solu-
tion of allylmagnesium bromide (1 m in Et2O, 8.24 mmol, 8.24 mL)
was added dropwise. The resulting solution was stirred d concen-
trated under reduced pressure. The residue was purified by flash
chromatography (petroleum ether/EtOAc, 8.5:1.5) to give 6 (1.32 g,
60%; over two steps) as a pale-green oil. [α]25

D = +21.4 (c = 2.9,
CHCl3). 1H NMR (400 MHz, [D6]benzene): δ = 7.28–7.00 (m, 12
H, Ar-H), 6.75–6.71 (m, 2 H, Ar-H), 5.75–5.62 (m, 1 H, CH2-
CH=CH2), 5.03 (d, J = 11.2 Hz, 1 H, CHPh), 4.94–4.87 (m, 2 H,
CH2-CH=CH2), 4.75 (d, J = 3.4 Hz, 1 H, 1-H), 4.56 (d, J =
11.2 Hz, 1 H, CHPh), 4.43–4.29 (m, 4 H, CH2Ph), 4.12–4.06 (m, 2
H, 5-H, 2-H), 4.04–3.95 (m, 2 H, 3-H, 6-Ha), 3.88 (dd, J = 10.6,
5.8 Hz, 1 H, 6-Hb), 3.23 (s, 3 H, ArOMe), 3.20 (s, 3 H, OMe), 2.66
(dd, J = 14.0, 7.7 Hz, 1 H, CHH-CH=CH2), 2.34 (dd, J = 14.0,
7.4 Hz, 1 H, CHH-CH=CH2) ppm. 13C NMR (101 MHz, [D6]-
benzene): δ = 159.6, 139.2, 139.1, 133.4, 130.8, 129.4, 128.4, 128.1,
127.9, 127.8, 127.7, 127.6, 127.5, 118.5, 113.9, 98.0, 79.4, 77.1, 76.1,
75.4, 73.2, 72.4, 70.8, 55.0, 54.6, 40.7 ppm. HRMS: calcd. for [M
+ H]+ 535.2696; found 535.2691.

Methyl 4-C-Allyl-2,3-di-O-benzyl-6-O-(p-methoxybenzyl)-4-O-
methyl-α-D-galactopyranoside (7): To a solution of 6 (500 mg,
0.96 mmol) in anhydrous DMF (2.5 mL), NaH (76 mg, 1.92 mmol)
and MeI (70 μL, 1.15 mmol) were added. The reaction mixture was
stirred for 2 h at room temperature under an argon atmosphere,
then MeOH was added and the reaction was stirred for 10 min.
This solution was partitioned between saturated aqueous NaHCO3

(8 mL) solution and EtOAc (4 mL), the phases were separated, and
the aqueous phase was further extracted with EtOAc (4 mL). The
organic extracts were combined and the combined solution was
dried with anhydrous sodium sulfate. The dried solution was fil-
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tered and the filtrate was concentrated. The product was purified
by flash chromatography (petroleum ether/EtOAc, 7:3) to afford 7
(8 mg, 92 %) as a pale-yellow oil. [α]25

D = +33.3 (c = 1.2, CHCl3).
1H NMR (400 MHz, CDCl3): δ = 7.41–7.20 (m, 12 H, Ar-H), 6.86
(d, J = 8.6 Hz, 2 H, Ar-H), 5.88–5.63 (m, 1 H, CH2-CH=CH2),
5.12–4.98 (m, 3 H, CH2-CH=CH2, CH2Ph), 4.79–4.70 (m, 2 H,
CH2Ph, 1-H), 4.67–4.60 (m, 2 H, CH2Ph), 4.55 (d, J = 11.7 Hz, 1
H, CH2Ph), 4.41 (d, J = 11.7 Hz, 1 H, CH2Ph), 4.00 (dd, J = 10.1,
3.5 Hz, 1 H, 2-H), 3.94–3.85 (m, 2 H, 3-H, 5-H), 3.82–3.76 (m, 4
H, 6-H, ArOMe), 3.55–3.47 (m, 4 H, 6-H, OMe), 3.42 (s, 3 H,
OMe), 3.09 (dd, J = 13.6, 7.8 Hz, 1 H, CHH-CH=CH2), 2.14 (dd,
J = 13.6, 7.1 Hz, 1 H, CHH-CH=CH2) ppm. 13C NMR (101 MHz,
CDCl3): δ = 159.3, 139.4, 138.4, 132.5, 129.4, 128.6, 128.5, 128.4,
128.0, 127.5, 127.2, 119.6, 113.9, 98.3, 79.7, 79.4, 78.5, 76.1, 73.5,
73.3, 72.4, 55.5, 55.5, 53.2, 34.1 ppm. HRMS: calcd. for [M + H]+

549.2852; found 549.2866.

Methyl 4-C-Allyl-2,3-di-O-benzyl-4-O-methyl-α-D-galactopyrano-
side (8): To a solution of 7 (450 mg, 0.84 mmol) in CH3CN (35 mL)
at 0 °C, a solution of CAN (2.3 g, 4.21 mmol) in water (10 mL) was
added. The reaction mixture was stirred at room temperature for
20 min, then diluted with CH2Cl2 (20 mL) and wash with water
(2� 20 mL). The combined organic phases were dried, concen-
trated, and purified by flash chromatography (petroleum ether/
EtOAc, 6:4) to give 8 (295 mg, 82%) as a pale-yellow oil. [α]25

D =
+45.5 (c = 1.1, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.43–
7.20 (m, 10 H, Ar-H), 5.75–5.59 (m, 1 H, CH2-CH=CH2), 5.20–
5.03 (m, 3 H, CH2-CH=CH2, CH2Ph), 4.79–4.71 (m, 2 H, 1-H,
CH2Ph), 4.65 (d, J = 8.1 Hz, 1 H, CH2Ph), 4.62 (d, J = 7.6 Hz, 1
H, CH2Ph), 4.02 (dd, J = 10.0, 3.6 Hz, 1 H, 2-H), 3.96–3.87 (m, 2
H, 3-H, 6-H), 3.77–3.67 (m, 2 H, 6-H, 5-H), 3.53 (s, 3 H, OMe),
3.39 (s, 3 H, OMe), 3.13 (dd, J = 13.9, 7.2 Hz, 1 H, CHH-
CH=CH2), 2.21 (dd, J = 13.9, 7.6 Hz, 1 H, CHH-CH=CH2) ppm.
13C NMR (101 MHz, CDCl3): δ = 139.1, 138.3, 132.0, 128.7, 128.6,
128.4, 128.1, 127.7, 127.3, 119.9, 98.7, 80.6, 79.4, 78.2, 76.3, 73.6,
71.9, 61.3, 55.7, 53.2, 34.0 ppm. HRMS: calcd. for [M + H]+

429.2277; found 429.2281.

Methyl 4-C-Allyl-2,3-di-O-benzyl-6-formyl-4-O-methyl-α-D-galacto-
pyranoside (9): Alcohol 8 (250 mg, 0.59 mmol) in CH2Cl2 (1 mL)
was added to a stirred solution of Dess–Martin periodinane
(371 mg, 0.88 mmol) in CH2Cl2 (5 mL) at 0 °C, then the mixture
was warmed to room temperature. The reaction was completed af-
ter 2 h, and the excess of oxidant was destroyed by addition of a
saturated solution of Na2S2O3 (10 mL). After 5 min vigorous stir-
ring, the mixture was diluted with CH2Cl2 (10 mL), the organic
layer was separated, and the aqueous layer was extracted with
CH2Cl2 (2� 5 mL). The combined extracts were dried with
Na2SO4, filtered, and concentrated. The product was purified by
flash chromatography (petroleum ether/EtOAc, 8.5:1.5) to afford 8
(221 mg, 89%) as a yellow oil. [α]25

D = +62.0 (c = 1.0, CHCl3). 1H
NMR (400 MHz, CDCl3): δ = 9.61 (s, 1 H, CHO), 7.40–7.21 (m,
10 H, Ar-H), 5.87–5.72 (m, 1 H, CH2-CH=CH2), 5.26–5.14 (m, 2
H, CH2-CH=CH2), 5.07 (d, J = 11.4 Hz, 1 H, CH2Ph), 4.82–4.75
(m, 2 H, 1-H, CH2Ph), 4.66 (d, J = 11.4 Hz, 1 H, CH2Ph), 4.64 (d,
J = 11.9 Hz, 1 H, CH2Ph), 4.08 (dd, J = 10.0, 3.5 Hz, 1 H, 2-H),
4.03 (br. s, 1 H, 5-H), 3.93 (d, J = 10.0 Hz, 1 H, 3-H), 3.45 (s, 3 H,
OMe), 3.39 (s, 3 H, OMe), 3.07 (dd, J = 13.5, 7.9 Hz, 1 H, CHH-
CH=CH2), 2.46 (dd, J = 13.5, 7.2 Hz, 1 H, CHH-CH=CH2) ppm.
13C NMR (101 MHz, CDCl3): δ = 200.7, 139.0, 138.3, 132.3, 128.7,
128.6, 128.4, 128.2, 127.7, 127.4, 120.7, 99.0, 82.1, 78.4, 78.1, 76.2,
75.8, 73.7, 56.2, 53.5, 33.0 ppm. HRMS: calcd. for [M + H]+

427.2121; found 427.2141.

Methyl 7,8-Dideoxy-4-C-allyl-2,3-di-O-benzyl-4-O-methyl-α-D-ga-
lacto-L/D-glycero-7-enopyranoside (10): Allylmagnesium bromide
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(1 m in THF, 1.17 mmol, 1.17 mL) was added to a solution of 9
(200 mg, 0.47 mmol) in anhydrous THF (3 mL) at –78 °C and the
reaction was stirred at –78 °C for 2 h. The reaction mixture was
warmed to 0 °C, a solution of NH4Cl (15 mL) was slowly added,
and the mixture was diluted with EtOAc (10 mL). The aqueous
phase was back-extracted with EtOAc (3� 5 mL) and the organic
fractions were combined and dried with anhydrous Na2SO4. The
residue was purified by flash chromatography (petroleum ether/
EtOAc, 9:1) to give 10 (0.200 g, 94% yield) as a mixture of dia-
stereomers (62:38) as a pale-yellow oil. [α]25

D = +24.0 (c = 0.5,
CHCl3). NMR characterization of the major isomer partially
CH=CH2, 2.38 (dd, J = 13.8, 7.6 Hz, 1 H, CHH-CH=CH2) ppm.
13C NMR (101 MHz, CDCl3): δ = 138.8, 138.1, 138.0, 131.6, 128.4,
128.4, 128.2, 127.9, 127.5, 127.1, 119.9, 115.5, 98.3, 82.2, 78.9, 77.6,
76.1, 73.3, 72.1, 71.3, 55.5, 52.9, 34.0 ppm. HRMS: calcd. for [M
+ H]+ 455.2434; found 455.2424.

Compound 11: To a solution of 10 (77 mg, 0.17 mmol) in anhydrous
CH2Cl2 (10 mL), Hoveyda–Grubbs 2nd generation catalyst (5%
weight), was added. The reaction mixture was stirred at 40 °C for
90 min, then the crude product was concentrated and purified by
flash chromatography (petroleum ether/EtOAc, 6:4) to give 10
(70 mg, 97%) as a pale-brown oil. 1H NMR (400 MHz, CDCl3): δ
(major isomer) = 7.41–7.21 (m, 10 H, Ar-H), 5.71–5.63 (m, 1 H,
6-H), 5.63–5.54 (m, 1 H, 5-H), 5.01 (d, J = 11.5 Hz, 1 H, CH2Ph),
4.82–4.75 (m, 2 H, 1-H, CH2Ph), 4.66 (d, J = 12.0 Hz, 1 H,
CH2Ph), 4.60 (d, J = 11.5 Hz, 1 H, CH2Ph), 4.46–4.40 (m, 1 H, 7-
H), 4.03 (dd, J = 10.0, 3.6 Hz, 1 H, 2-H), 3.76 (d, J = 10.0 Hz, 1
H, 3-H), 3.64 (d, J = 8.1 Hz, 1 H, 7-Ha), 3.44 (s, 3 H, OMe), 3.42
(s, 3 H, OMe), 2.91 (dd, J = 19.3, 4.5 Hz, 1 H, 4-Ha), 2.10–2.03
(br., 1 H, OH), 1.88 (br. d, J = 19.3 Hz, 1 H, 4-Hb) ppm. 13C NMR
(101 MHz, CDCl3): δ = 139.1, 138.5, 129.2, 128.6, 128.6, 128.3,
128.1, 127.8, 124.1, 98.9, 83.3, 78.1, 76.4, 75.9, 73.6, 68.9, 55.5,
54.0, 29.2 ppm. HRMS: calcd. for [M + H]+ 427.2121; found
427.2113.

Compound 1: Compound 11 (693 mg, 1.62 mmol) and activated
MnO2 (988 mg, 11.37 mmol) were slurried in EtOAc (20 mL), and
the mixture was heated to reflux for 4 h. After consumption of the
starting material, the reaction mixture was hot-filtered though Ce-
lite and the residual black solid was washed copiously with EtOAc
(40 mL). The filtrate was concentrated in vacuo, to give 1 (656 mg,
95%yield) as pale-brown oil. [α]25

D = +66.7 (c = 0.6, CHCl3). 1H
NMR (400 MHz, CDCl3): δ = 7.45–7.24 (m, 10 H, Ar-H), 6.71–
6.66 (m, 1 H, 5-H), 6.06 (dd, J = 10.1, 3.1 Hz, 1 H, 6-H), 5.04 (d,
J = 11.2 Hz, 1 H, CH2Ph), 4.84 (d, J = 3.4 Hz, 1 H, 1-H), 4.79 (d,
J = 11.7 Hz, 1 H, CH2Ph), 4.65 (d, J = 11.2 Hz, 1 H, CH2Ph), 4.62
(d, J = 11.7 Hz, 1 H, CH2Ph), 4.35 (s, 1 H, 7-Ha), 4.05 (dd, J =
10.0, 3.4 Hz, 1 H, 2-H), 3.90 (d, J = 10.0 Hz, 1 H, 3-H), 3.42 (s, 3
H, OMe), 3.38 (s, 3 H, OMe), 3.16 (dd, J = 19.6, 5.9 Hz, 1 H, 4-
H), 2.20–2.11 (m, 1 H, 4-H) ppm. 13C NMR (101 MHz, CDCl3): δ
= 193.8, 142.2, 138.7, 138.2, 129.7, 128.7, 128.7, 128.4, 128.2, 128.0,
99.2, 82.2, 80.5, 77.5, 76.3, 76.3, 73.8, 56.3, 54.4, 30.3 ppm. HRMS:
calcd. for [M + H]+ 425.1964; found 425.1954.

Methyl 2,3-Di-O-benzyl-4-deoxy-4-C-(methylene)-6-O-p-meth-
oxybenzyl-α-D-xylo-hexopyranoside (13): To a suspension of meth-
yltriphenylphosphonium bromide (10.6 g, 29.84 mmol) in anhy-
drous THF (50 mL) was added nBuLi (1.6 m in hexane, 17.31 mL)
at –78 °C with stirring under an argon atmosphere. After warming
to 0 °C for 30 min, the solution was re-cooled to –78 °C and treated
with a solution of ketone 5 (2.1 g, 4.26 mmol) in anhydrous THF
(90 mL). The mixture was stirred for 2 h and warmed to room tem-
perature, then poured in a saturated solution of NH4Cl (100 mL)
and extracted with Et2O (3� 30 mL). The organic extracts were
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dried with Na2SO4 and concentrated under reduced pressure. The
residue was purified by flash chromatography (petroleum ether/
EtOAc, 8.5:1.5) to give 13 (1.67 g, 80%) as a yellow oil. [α]25

D =
+62.5 (c = 0.8, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.43–
7.23 (m, 10 H, Ar-H), 6.90–6.85 (m, 2 H, Ar-H), 5.35 (br. s, 1 H,
CHH=), 4.96 (s, 1 H, CHH=), 4.85 (d, J = 12.2 Hz, 1 H, CH2Ph),
4.80 (d, J = 11.3 Hz, 1 H, CH2Ph), 4.72 (d, J = 11.3 Hz, 1 H,
CH2Ph), 4.71–4.63 (m, 2 H, 1-H, CH2Ph), 4.55 (d, J = 11.7 Hz, 1
H, CH2Ph), 4.51 (d, J = 11.7 Hz, 1 H, CH2Ph), 4.35–4.27 (m, 2 H,
5-H, 3-H), 3.80 (s, 3 H, OMe), 3.76 (dd, J = 10.0, 4.9 Hz, 1 H, 6-
H), 3.65 (dd, J = 10.0, 5.9 Hz, 1 H, 6-H), 3.48 (dd, J = 9.6, 3.6 Hz,
1 H, 2-H), 3.43 (s, 3 H, OMe) ppm. 13C NMR (101 MHz, CDCl3):
δ = 159.2, 142.6, 138.5, 138.4, 130.0, 129.4, 128.4, 128.1, 127.8,
127.7, 127.6, 127.6, 113.8, 107.8, 98.8, 81.5, 79.2, 73.9, 73.6, 73.2,
69.2, 67.7, 55.4, 55.3 ppm. HRMS: calcd. for [M + H]+ 491.2434;
found 491.2424.

Methyl 2,3-Di-O-benzyl-4-deoxy-4-C-(hydroxymethylene)-6-O-(p-
methoxybenzyl)-α-D-galactopyranoside (15): A solution of
BH3·Me2S (7.3 mmol, 0.7 mL) was added dropwise to a solution
of 13 (2.9 g, 5.86 mmol) in anhydrous THF (54 mL) at room tem-
perature, under an argon atmosphere and stirred for 90 min. The
reaction mixture was cooled to 0 °C, aqueous NaOH 3 m (2.9 mL)
then aqueous H2O2 (30 %, 2.9 mL) were added dropwise. After
12 h, the reaction mixture was diluted with H2O (200 mL) and ex-
tracted with EtOAc (3� 70 mL), dried with Na2SO4, filtered, and
concentrated under vacuum. The resulting residue was purified by
flash chromatography (petroleum ether/EtOAc, 7.5:2.5) to give 15
(1.82 g, 49%) as a pale-brown oil. [α]25

D = +33.3 (c = 1.5, CHCl3).
1H NMR (400 MHz, CDCl3): δ = 7.38–7.22 (m, 12 H, Ar-H), 6.87
(d, J = 8.6 Hz, 2 H, Ar-H), 4.82 (d, J = 12.1 Hz, 1 H, CH2Ph),
4.75 (d, J = 11.5 Hz, 1 H, CH2Ph), 4.70 (d, J = 11.5 Hz, 1 H,
CH2Ph), 4.66 (d, J = 12.1 Hz, 1 H, CH2Ph), 4.64 (d, J = 3.9 Hz, 1
H, 1-H), 4.52 (d, J = 11.5 Hz, 1 H, CH2Ph), 4.48 (d, J = 11.5 Hz,
1 H, CH2Ph), 4.09–4.01 (m, 2 H, 5-H, 3-H), 3.94 (dd, J = 11.5,
5.5 Hz, 1 H, 6-H), 3.83–3.75 (m, 4 H, ArOMe, 6-H), 3.68 (dd, J =
10.2, 3.9 Hz, 1 H, 2-H), 3.61–3.54 (m, 2 H, CH2OH), 3.37 (s, 3 H,
OMe), 2.37–2.30 (m, 1 H, 4-H) ppm. 13C NMR (101 MHz,
CDCl3): δ = 159.4, 138.3, 138.3, 129.5, 129.4, 128.4, 128.4, 128.0,
127.8, 127.7, 113.9, 98.7, 78.5, 76.7, 73.4, 73.1, 70.2, 67.8, 57.8,
55.2, 55.2, 43.7 ppm. HRMS: calcd. for [M + H]+ 509.2539; found
509.2530.

Compound 14 (Minor Byproduct): [α]25
D = +8.3 (c = 1.2, CHCl3). 1H

NMR (400 MHz, CDCl3): δ = 7.46–7.17 (m, 12 H, Ar-H), 6.87 (d,
J = 8.6 Hz, 2 H, Ar-H), 4.94 (d, J = 11.8 Hz, 1 H, CH2Ph), 4.81
(d, J = 11.9 Hz, 1 H, CH2Ph), 4.78 (d, J = 11.8 Hz, 1 H, CH2Ph),
4.62 (d, J = 11.9 Hz, 1 H, CH2Ph), 4.59 (d, J = 3.8 Hz, 1 H, 1-H),
4.51 (d, J = 11.7 Hz, 1 H, CH2Ph), 4.45 (d, J = 11.7 Hz, 1 H,
CH2Ph), 3.88 (br. t, J = 6.1 Hz, 1 H, 5-H), 3.82–3.78 (m, 4 H, 3-
H, ArOMe), 3.68 (dd, J = 9.8, 6.1 Hz, 1 H, 6-H), 3.55 (dd, J = 9.8,
6.1 Hz, 1 H, 6-H), 3.46–3.36 (m, 4 H, 2-H, OMe), 1.18 (s, 3 H,
CH3) ppm. 13C NMR (101 MHz, CDCl3): δ = 159.2, 139.2, 138.3,
129.8, 129.3, 128.4, 128.4, 128.0, 127.8, 127.8, 127.6, 113.8, 98.0,
83.5, 78.5, 75.7, 74.3, 73.4, 73.2, 70.7, 68.6, 55.3, 55.1, 15.8 ppm.

Methyl 2,3-Di-O-benzyl-4-deoxy-4-C-(formyl)-6-O-(p-methoxy-
benzyl)-α-D-galactopyranoside (16): To a solution of (COCl)2

(7.86 mmol, 0.7 mL) in anhydrous CH2Cl2 (16 mL) at –78 °C under
an argon atmosphere, a solution of anhydrous DMSO
(15.76 mmol, 1.1 mL) in anhydrous CH2Cl2 (6 mL) was added
dropwise, and the resulting solution was stirred for 30 min. To the
reaction flask, a solution of 15 (1 g, 1.97 mmol) in anhydrous
CH2Cl2 (10 mL) was added dropwise at –78 °C. This final reaction
mixture was stirred for 1 h at –78 °C, then anhydrous Et3N
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(19.7 mmol, 2.76 mL) was added and the reaction was stirred for
30 min, and then warmed to 0 °C. A saturated solution of NH4Cl
(150 mL) was added and the reaction mixture was extracted with
CH2Cl2 (3� 50 mL). The organic extracts were dried with Na2SO4,
filtered, and concentrated under reduced pressure. The residue was
purified by flash chromatography (petroleum ether/EtOAc, 7.5:2.5)
to give 16 (977 mg, 98%) as a pale-green oil. [α]25

D = +36.7 (c = 0.6,
CHCl3). 1H NMR (400 MHz, CDCl3): δ = 9.90 (d, J = 5.3 Hz, 1
H, CHO), 7.37–7.14 (m, 12 H, Ar-H), 6.86 (d, J = 8.6 Hz, 2 H,
Ar-H), 4.85 (d, J = 12.1 Hz, 1 H, CH2Ph), 4.78 (d, J = 3.8 Hz, 1
H, 1-H), 4.73–4.66 (m, 2 H, CH2Ph), 4.63 (d, J = 11.5 Hz, 1 H,
CH2Ph), 4.44 (d, J = 11.7 Hz, 1 H, CH2Ph), 4.39 (d, J = 11.7 Hz,
1 H, CH2Ph), 4.17–4.05 (m, 2 H, 3-H, 5-H), 3.98 (dd, J = 10.0,
3.8 Hz, 1 H, 2-H), 3.80 (s, 3 H, OMe), 3.56 (dd, J = 10.4, 4.2 Hz,
1 H, 6-H), 3.47 (dd, J = 10.4, 5.0 Hz, 1 H, 6-H), 3.37 (s, 3 H,
OMe), 3.00–2.95 (m, 1 H, 4-H) ppm. 13C NMR (101 MHz,
CDCl3): δ = 201.5, 159.4, 138.3, 138.1, 129.7, 129.6, 128.6, 128.5,
128.5, 128.2, 127.9, 113.9, 99.2, 76.6, 76.6, 73.8, 73.4, 72.3, 69.9,
67.8, 55.5, 55.4, 54.8 ppm. HRMS calcd. for [M + H]+ 507.2383;
found 507.2555.

Methyl 2,3-Di-O-benzyl-4-deoxy-4-C-(1R/S-1-hydroxyallyl)-6-O-(p-
methoxybenzyl)-α-D-galactopyranoside (17): To a solution of 16
(720 mg, 1.42 mmol) in anhydrous THF (30 mL) at –78 °C under
an argon atmosphere, a solution of vinylmagnesium bromide (1M
in THF, 3.55 mmol, 3.6 mL) was added dropwise. The resulting
solution was stirred for 90 min, then warmed to 0 °C. A saturated
solution of NH4Cl (100 mL) was added and the reaction mixture
was extracted with CH2Cl2 (3� 35 mL). The organic extracts were
dried with Na2SO4, filtered, and concentrated under reduced pres-
sure. The residue was purified by flash chromatography (petroleum
ether/EtOAc, 7:3) to give 17 (637 mg, 84%) as a pale-brown oil. 1H
NMR (400 MHz, CDCl3): δ = 7.41–7.12 (m, 12 H, Ar-H), 6.97–
6.78 (m, 2 H, Ar-H), 6.02 [m, 1 H, CH(OH)-CH=CH2], 5.22 [d, J

= 17.2 Hz, 0.7 H, CH(OH)-CH=CH2 trans major isomer], 5.29 [d,
J = 17.2 Hz, 0.3 H, CH(OH)-CH=CH2 trans minor isomer], 5.09–
5.03 [m, 1 H, CH(OH)-CH=CH2 cis], 4.81–4.40 [m, 8 H, 1-H,
CH(OH)-CH=CH2, 6 CH2Ph], 4.20–4.00 (m, 3 H, 2-H, 3-H, 5-H),
3.80 (s, 3 H, OMe), 3.67–3.60 (m, 1 H, 6-H), 3.57–3.51 (m, 1 H, 6-
H), 3.38 (s, 3 H, OMe), 2.45–2.39 (m, 1 H, 4-H) ppm. 13C NMR
(101 MHz, CDCl3): δ = 159.2, 139.2, 138.3, 129.8, 129.3, 128.4,
128.4, 128.0, 127.8, 127.8, 127.6, 113.8, 98.0, 83.5, 78.5, 75.7, 74.3,
73.4, 73.2, 70.7, 68.6, 55.3, 55.1, 15.8 ppm. HRMS: calcd. for [M
+ H]+ 535.2696; found 535.2702.

Methyl 2,3-Di-O-benzyl-4-deoxy-4-C-[(1R)-1-(triethylsilyloxyallyl)]-
6-O-(p-methoxybenzyl)-α-D-galactopyranoside (18): To a solution of
17 (588 mg, 1.10 mmol) and imidazole (249 mg, 1.65 mmol) in an-
hydrous DMF (7 mL) was added TESCl (1.65 mmol, 0.25 mL).
The reaction mixture was heated at 60 °C for 90 min then cooled
to room temperature and a saturated aqueous solution of NaHCO3

was added. The reaction mixture was extracted with EtOAc (�3)
and the organic extracts were dried with Na2SO4, filtered, and con-
centrated under reduced pressure. The residue was purified by flash
chromatography (petroleum ether/EtOAc, 8:2) to give 18 (605 mg,
85%) as a light-green oil. [α]25

D = +33.6 (c = 1.1, CHCl3). 1H NMR
(400 MHz, CDCl3): δ = 7.46–7.16 (m, 12 H, Ar-H), 6.86 (d, J =
8.6 Hz, 2 H, Ar-H), 6.19–6.06 [m, 1 H, CH(OTES)-CH=CH2], 5.08
[d, J = 17.2 Hz, 1 H, CH(OTES)-CH=CH2], 4.94 [d, J = 10.5 Hz,
1 H, CH(OTES)-CH=CH2], 4.77–4.49 [m, 7 H, CH(OTES)-
CH=CH2, 5 CHPh, 1-H], 4.42 (d, J = 11.6 Hz, 1 H, CHPh), 4.16–
4.11 (m, 1 H, 5-H), 4.04–3.97 (m, 2 H, 2-H, 3-H), 3.89–3.81 (m, 1
H, 6-Ha), 3.79 (s, 3 H, ArOMe), 3.72–3.64 (m, 1 H, 6-Hb), 3.40 (s,
3 H, OMe), 2.38 (br. s, 1 H, 4-H), 0.88 (t, J = 7.8 Hz, 9 H,
CH3CH2Si), 0.51 (q, J = 7.8 Hz, 6 H, CH3CH2Si) ppm. 13C NMR
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(101 MHz, CDCl3): δ = 159.1, 139.0, 138. 7, 130.7, 129.2, 128.4,
128.4, 128.3, 127.7, 127.5, 127.4, 113.7, 77.7, 74.5, 73.2, 72.9, 72.8,
72.7, 72.4, 55.3, 55.1, 7.0, 5.0 ppm. HRMS: calcd. for [M + H]+

649.3561; found 649.3545.

Methyl 2,3-Di-o-benzyl-4-deoxy-4-C-[(1R)-1-(triethylsilyloxyallyl)]-
α-D-galactopyranoside (19): DDQ (300 mg, 1.31 mmol) was added
to an ice-cooled solution of 18 (609 mg, 0.94 mmol) in H2O/
CH2Cl2 (1:20) (42 mL), and the mixture was stirred for 2 h. The
reaction mixture was then diluted with a saturated aqueous solu-
tion of NaHCO3 (80 mL) and extracted with CH2Cl2 (�3). The
extracts were washed with H2O and brine, dried, and concentrated
under reduce pressure. The residue was purified by flash
chromatography (petroleum ether/EtOAc, 8:2) to give 19 (432 mg,
87%) as a green oil. [α]25

D = +53.7 (c = 0.8, CHCl3). 1H NMR
(400 MHz, CDCl3): δ = 7.40–7.22 (m, 10 H), 6.24–6.09 [m, 1 H,
CH(OTES)-CH=CH2], 5.14 [d, J = 17.1 Hz, 1 H, CH(OTES)-
CH=CH2], 4.98 [d, J = 8.7 Hz, 1 H, CH(OTES)-CH=CH2], 4.82–
4.67 [m, 4 H, 3 CHPh, CH(OTES)-CH=CH2], 4.61 (d, J = 12.2 Hz,
1 H, CHPh), 4.55 (d, J = 3.4 Hz, 1 H, 1-H), 4.05–3.94 (m, 3 H, 2-
H, 3-H, 5-H), 3.85–3.74 (m, 2 H, 6-Ha, 6-Hb), 3.34 (s, 3 H, OMe),
2.63–2.48 (m, 1 H, 4-H), 0.92 (t, J = 7.9 Hz, 9 H, CH3CH2Si), 0.58
(q, J = 7.9 Hz, 6 H, CH3CH2Si) ppm. 13C NMR (101 MHz,
CDCl3): δ = 140.5, 138.7, 138.4, 128.3, 128.3, 128.2, 127.3, 117.1,
98.7, 74.3, 73.0, 72.9, 72.9, 69.1, 62.7, 55.1, 47.5, 6.7, 4.7 ppm.
HRMS: calcd. for [M + H]+ 529.2985; found 529.2993.

Methyl 2,3-Di-O-benzyl-4-deoxy-6-formyl-4-C-[(1R)-1-(triethylsilyl-
oxyallyl)]-α-D-galactopyranoside (20): To a solution of (COCl)2

(1.51 mmol, 0.13 mL) in anhydrous CH2Cl2 (2 mL) at –78 °C under
an argon atmosphere, a solution of anhydrous DMSO (2.96 mmol,
0.2 mL) in anhydrous CH2Cl2 (3 mL) was added dropwise, and the
resulting solution was stirred for 30 min. To the reaction flask, a
solution of 19 (200 mg, 0.37 mmol) in anhydrous CH2Cl2 (4 mL)
was added dropwise at –78 °C. This final reaction mixture was
stirred for 1 h at –78 °C, then anhydrous Et3N (3.7 mmol, 0.52 mL)
was added and the reaction was stirred for 30 min, and then
warmed to 0 °C. A saturated solution of NH4Cl (15 mL) was
added, and the reaction mixture was extracted with CH2Cl2 (�3).
The organic extracts were dried with Na2SO4, filtered, and concen-
trated under reduced pressure. The residue was used without fur-
ther purification.

Methyl 2,3-Di-O-benzyl-4,7,8-trideoxy-4-C-[(1R)-1-triethylsilyl-
oxyallyl)]-α-D-galacto-D-glycero-7-enopyranoside (21): To a solution
of 20 (380 mg, 0.72 mmol) in anhydrous THF (18 mL) at –78 °C
under an argon atmosphere, a solution of vinylmagnesium bromide
(1 m in THF, 1.8 mmol, 1.8 mL) was added dropwise. The resulting
solution was stirred for 90 min, then warmed to 0 °C. A saturated
solution of NH4Cl (15 mL) was added, and the reaction mixture
was extracted with CH2Cl2 (�3). The organic extracts were dried
with Na2SO4, filtered, and concentrated under reduced pressure.
The residue was purified by flash chromatography (petroleum
ether/EtOAc, 8.5:1.5) to give 21 (275 mg, 69 % over two steps) as a
pale-green oil. [α]25

D = +54.0 (c = 0.5, CHCl3). 1H NMR (400 MHz,
CDCl3): δ = 77.40–7.24 (m, 10 H), 6.39–6.25 [m, 1 H, CH(OTES)-
CH=CH2], 6.10–5.94 (m, 1 H, 7-H), 5.39 (d, J = 17.5 Hz, 1 H, 8-
H), 5.18 (d, J = 10.4 Hz, 1 H, 8-H), 5.11 [d, J = 17.0 Hz, 1 H,
CH(OTES)-CH=CH2], 4.95 [d, J = 9.6 Hz, 1 H, CH(OTES)-
CH=CH2], 4.82–4.68 [m, 4 H, 3 CH2Ph, CH(OTES)-CH=CH2],
4.61–4.54 (m, 2 H, CH2Ph, 1-H), 4.40 (br. s, 1 H, 6-H), 4.07 (dd, J

= 10.0, 3.7 Hz, 1 H, 2-H), 3.98 (dd, J = 10.0, 5.9 Hz, 1 H, 3-H),
3.79 (br. s, 1 H, 5-H), 3.34 (s, 3 H, OMe), 2.46 (br. s, 1 H, 4-H),
0.92 (t, J = 7.9 Hz, 9 H, CH3CH2Si), 0.59 (q, J = 7.9 Hz, 6 H,
CH3CH2Si) ppm. 13C NMR (101 MHz, CDCl3): δ = 141.1, 138.3,
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138.1, 136.6, 128.4, 128.3, 128.2, 127.8, 127.7, 127.6, 117.5, 116.4,
99.1, 79.1, 75.3, 73.5, 73.1, 72.9, 71.9, 71.8, 71.7, 55.6, 45.6, 6.8,
6.4 ppm. HRMS: calcd. for [M + H]+ 555.3142; found 555.3155.

Compound 22: To a solution of 21 (50 mg, 0.09 mmol) in anhydrous
CH2Cl2 (4 mL), Hoveyda–Grubbs 2nd generation catalyst (5%
weight), was added. The reaction mixture was stirred at 40 °C for
2 h, then the crude product was concentrated and purified by flash
chromatography (petroleum ether/EtOAc, 8:2) to give 22 (40 mg,
84%) as a pale-brown oil. [α]D25 = +60.0 (c = 1.1, CHCl3). 1H NMR
(400 MHz, CDCl3): δ = 7.42–7.22 (m, 10 H, Ar-H), 5.82 (dd, J =
10.2, 3.7 Hz, 1 H, 6-H), 5.77 (dd, J = 10.2, 2.2 Hz, 1 H, 5-H), 4.89
(d, J = 12.6 Hz, 1 H, CHPh), 4.80 (d, J = 12.6 Hz, 1 H, CHPh),
4.75 (d, J = 12.7 Hz, 1 H, CHPh), 4.63–4.58 (m, 2 H, CHPh, 1-
H), 4.39 (br. d, J = 6.3 Hz, 1 H, 4-H), 4.10–4.05 (m, 1 H, 7-H),
4.00–3.90 (m, 2 H, 7-Ha, 3-H), 3.71 (dd, J = 9.1, 3.7 Hz, 1 H, 2-
H), 3.38 (s, 3 H, OMe), 2.62–2.49 (m, 1 H, 3-Ha), 0.92 (t, J =
7.9 Hz, 9 H, CH3CH2Si), 0.58 (q, J = 7.9 Hz, 6 H,
CH3CH2Si) ppm. 13C NMR (101 MHz, [D6]acetone): δ = 140.1,
139.6, 133.5, 129.3, 129.1, 128.8, 128.6, 128.6, 128.3, 126.9, 99.2,
80.2, 78.7, 74.4, 72.8, 70.6, 66.7, 65.7, 55.2, 41.3, 7.2, 7.1 ppm.
HRMS: calcd. for [M + H]+ 527.2829; found 527.2822.

Compound 2: Compound 22 (10 mg, 0.019 mmol) and MnO2

(12 mg, 0.132 mmol) were slurried in EtOAc (2 mL), and the mix-
ture was heated to reflux for 2 h. After consumption of the starting
material, the reaction mixture was hot-filtered though Celite and
the residual black solid was washed copiously with EtOAc. The
filtrate was concentrated in vacuo, and the crude product was puri-
fied by flash chromatography (petroleum ether/EtOAc, 8.5:1.5) to
give 22 (7 mg, 70%) as a pale-brown oil. [α]25

D = +63.0 (c = 1.0,
CHCl3). 1H NMR (400 MHz, [D6]DMSO): δ = 7.38–7.24 (m, 8 H,
Ar-H), 7.13 (d, J = 6.9 Hz, 2 H, Ar-H), 6.62 (dd, J = 9.8, 3.0 Hz,
1 H, 5-H), 5.89 (d, J = 9.8 Hz, 1 H, 6-H), 4.75–4.70 (m, 2 H, CHPh,
1-H), 4.61–4.47 (m, 3 H, 2CHPh, 7-Ha), 4.33 (d, J = 12.5 Hz, 1 H,
CHPh), 4.20–4.08 (m, 1 H, 4-H), 3.78–3.74 (m, 1 H, 3-H), 3.72–
3.67 (m, 1 H, 2-H), 3.43 (s, 3 H, OCH3), 2.69–2.63 (m, 1 H, 3-Ha),
0.85 (t, J = 7.9 Hz, 9 H, CH3CH2Si), 0.51 (q, J = 7.9 Hz, 6 H,
CH3CH2Si) ppm. 13C NMR (101 MHz, DMSO): δ = 200.9, 138.7,
138.7, 138.0, 137.9, 128.2, 127.4, 96.5, 75.7, 73.3, 72.7, 71.1, 70.8,
67.5, 56.3, 43.0, 6.7, 4.1 ppm. HRMS: calcd. for [M + H]+

525.2672; found 525.2665.

C-Allyl-3,4,6-tri-O-benzyl-2-C-allyl-α-D-glucopyranoside (24): All-
ylmagnesium bromide (1 m in THF, 1.6 mmol, 1.6 mL) was added
to a solution of 23 (293 mg, 0.62 mmol) in anhydrous toluene/
CH2Cl2 (2:1, 3 mL) at –78 °C. The reaction was stirred at –78 °C
for 2 h, then the mixture was warmed to 0 °C, a solution of NH4Cl
(20 mL) was slowly added and the mixture was diluted with EtOAc
(8 mL). The aqueous phase was back-extracted with EtOAc (3�

8 mL) and the organic fractions were combined and dried with
anhydrous Na2SO4. The residue was purified by flash chromatog-
raphy (petroleum ether/EtOAc, 9.5:0.5) to give 24 and 31 (0.271 g,
85%) as a mixture of diastereomers (68:32) as a yellow oil. [α]25

D =
+12.1 (c = 1.4, CHCl3). 1H NMR (400 MHz, CDCl3): δ (major
isomer 24) = 7. 7.40–7.16 (m, 15 H, Ar-H), 6.02–5.81 (m, 2 H, 2�-
H, 2��-H), 5.21–5.00 (m, 4 H, 3�-Ha,b, 3��-Ha,b), 4.63 (d, J =
11.5 Hz, 1 H, CH2Ph), 4.61–4.47 (m, 4 H, 4 CH2Ph), 4.45 (d, J =
11.9 Hz, 1 H, CH2Ph), 4.11–4.04 (m, 1 H, 4-H), 3.79–3.72 (m, 3
H, 1-H, 5-H, 6-Ha), 7.72–3.65 (m, 2 H, 3-H, 6-Hb), 2.52–2.31 (m,
4 H, 1�-Ha,b, 1��-Ha,b) ppm. 13C NMR (101 MHz, CDCl3): δ =
138.5, 138.2, 137.6, 136.1, 133.7, 128.7, 128.7, 128.6, 128.3, 128.2,
128.0, 127.9, 127.8, 119.2, 116.5, 79.3, 74.4, 73.9, 73.8, 73.7, 73.4,
73.4, 73.0, 68.6, 38.3, 31.8 ppm. HRMS: calcd. for [M + H]+

408.2301; found 408.2298.
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Compound 25: To a solution of 24 (768 mg, 1.49 mmol) in anhy-
drous CH2Cl2 (45 mL), Hoveyda–Grubbs 2nd generation catalyst
(5% weight) was added. The reaction mixture was stirred at 40 °C
for 2 h, then the crude product was concentrated and purified by
flash chromatography (petroleum ether/EtOAc, 9:1) to give the cor-
responding cyclized product 25 (642 mg, 88%) as a green oil. [α]25

D

= +9.6 (c = 2.3, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.43–
7.23 (m, 15 H, Ar-H), 5.61–5.50 (m, 2 H, 2�-H, 3�-H), 4.61 (d, J =
11.8 Hz, 1 H, CH2Ph), 4.56 (d, J = 11.6 Hz, 1 H, CH2Ph), 4.53–
4.37 (m, 4 H, 4 CH2Ph), 4.34–4.26 (m, 1 H, 6-Ha), 3.96–3.83 (m,
2 H, 1-H, 5-H), 3.76–3.72 (m, 1 H, 6-H), 3.66–3.58 (m, 1 H, 3-H),
3.43–3.36 (m, 1 H, 4-H), 2.62 (br. d, J = 17.2 Hz, 1 H, 4�-H), 2.37–
2.15 (m, 2 H, 1�-H), 1.94 (br. d, 1 H, 4�-H) ppm. 13C NMR
(101 MHz, CDCl3): δ = 138.3, 137.3, 137.1, 128.8, 128.7, 128.6,
128.3, 128.2, 127.9, 127.8, 123.8, 75.6, 74.7, 73.3, 73.12, 71.7, 69.5,
67.8, 67.3, 33.1, 28.2 ppm. HRMS: calcd. for [M + H]+ 380.1988;
found 380.1982.

Compound 26: To a solution of 25 (439 mg, 0.90 mmol) in anhy-
drous CH2Cl2 (12 mL) was added BCl3 (11 mmol, 11 mL) at –78 °C
under argon. The reaction mixture was stirred for 3 h at –78 °C,
and overnight at room temperature, then diluted by the addition of
a solution MeOH/H2O (20:1, 6 mL). The reaction mixture was then
concentrated under reduced pressure and the crude product was
purified by flash chromatography (EtOAc) to give 26 (0.138 g,
71%) as a colorless oil. [α]25

D = +73.3 (c = 0.3, CH3OH) ppm. 1H
NMR (400 MHz, CD3OD): δ = 5.59–5.47 (m, 2 H, 2�-H, 3�-H),
4.13 (dd, J = 12.1, 8.6 Hz, 1 H, 6-H), 4.02 (dd, J = 9.5, 6.9 Hz, 1
H, 1-H), 3.92 (dd, J = 8.6, 4.2 Hz, 1 H, 5-H), 3.73 (d, J = 2.2 Hz,
1 H, 4-H), 3.59 (dd, J = 12.1, 4.2 Hz, 1 H, 6-H), 3.50 (d, J = 2.5 Hz,
1 H, 3-H), 2.61 (br. d, J = 18.4 Hz, 1 H, 4�-Ha), 2.31–2.17 (m, 2 H,
1�-Ha,b), 1.87 (dd, J = 18.1, 3.7 Hz, 1 H, 4�-Hb) ppm. 13C NMR
(101 MHz, CD3OD): δ = 124.8, 124.7, 81.8, 71.6, 71.5, 70.8, 67.2,
60.9, 34.6, 29.0 ppm. HRMS: calcd. for [M + H]+ 217.1076; found
217.1081.

Compound 27: To a solution of 26 (200 mg, 0.92 mmol) in anhy-
drous Py (5 mL), Ac2O (4.62 mmol, 0.5 mL) and a catalytic
amount of 4-(dimethylamino)pyridine (DMAP) were added at
room temperature. The reaction mixture was stirred overnight at
room temperature, then the reaction was quenched by the addition
of a solution of HCl (5%). The aqueous layer was extracted with
EtOAc (3�) and the combined organic extracts were washed with
brine, dried with Na2SO4, and concentrated. The residue was puri-
fied by flash chromatography (petroleum ether/EtOAc, 3:7) to give
27 (297 mg, 80%) as a yellow oil. [α]25

D = +45.5 (c = 1.1, CHCl3).
1H NMR (500 MHz, CDCl3): δ = 5.64–5.58 (m, 1 H, 2�-H), 5.55–
5.49 (m, 3�-H), 4.92 (br. d, J = 2.0 Hz, 1 H, 4-H), 4.82 (d, J =
2.4 Hz, 1 H, 3-H), 4.69 (dd, J = 10.3, 7.3 Hz, 1 H, 6-Ha), 4.20–
4.10 (m, 2 H, 5-H, 6-Hb), 4.07 (t, J = 8.1 Hz, 1-H), 2.28–2.21 (m,
2 H, 1�-Ha,b), 2.15 (s, 3 H, CH3CO), 2.14 (s, 3 H, CH3CO), 2.10
(s, 3 H, CH3CO), 2.08–1.99 (m, 2 H, 4�-Ha,b) ppm. 13C NMR
(101 MHz, CDCl3): δ = 170.8, 170.4, 169.8, 123.7, 123.5, 75.7, 71.5,
71.5, 69.6, 68.2, 63.0, 34.1, 25.6, 20.8, 20.7 ppm. HRMS: calcd. for
[M + H]+ 343.1393; found 343.1387.

Compound 3: To a solution of 27 (20 mg, 0.058 mmol) in anhydrous
EtOAc (1 mL) was added tert-butyl hydroperoxide (5.5 m in decane,
0.304 mmol, 56 μL) and molecular sieves (3 Å). The mixture was
stirred for 30 min under argon at room temperature, then manga-
nese(III) acetate dihydrate (0.006 mmol, 1.6 mg) was added and the
mixture was stirred for 48 h at room temperature. The solution was
filtered through a Celite pad and concentration of the filtrate fol-
lowed by flash chromatography (petroleum ether/EtOAc, 6:4) gave
3 (0.011 g, 52 %) as a colorless oil. [α]25

D = +20.0 (c = 0.5, CHCl3).
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1H NMR (400 MHz, CDCl3): δ = 6.63 (d, J = 10.0 Hz, 1 H, 3�-
H), 6.10 (br. d, J = 10.0 Hz, 1 H, 2�-H), 5.21 (br. s, 1 H, 3-H), 4.85
(d, J = 2.4 Hz, 1 H, 4-H), 4.66 (dt, J = 12.6, 6.3 Hz, 1 H, 6-Ha),
4.31 (dd, J = 12.1, 5.0 Hz, 1 H, 1-H), 4.22–4.14 (m, 2 H, 5-H, 6-
H), 2.86 (dd, J = 16.3, 12.1 Hz, 1 H, 1�-H), 2.59 (dd, J = 16.3,
5.0 Hz, 1 H, 1�-H), 2.17 (s, 3 H, CH3), 2.12 (s, 3 H, CH3), 2.09 (s,
3 H, CH3) ppm. 13C NMR (75 MHz, CDCl3): δ = 196.4, 170.5,
168.7, 168.5, 144.9, 133.6, 74.6, 68.8, 67.9, 66.4, 66.1, 59.7, 29.7,
20.9, 20.8, 20.7 ppm. HRMS: calcd. for [M + H]+ 357.1186; found
357.1195.

Compound 30: To a solution of 1 (45 mg, 0.106 mmol) in 1,2-
dichlorobenzene (4 mL), benzocyclobutenol 29[13] (203 mg,
0.817 mmol) was added. The reaction mixture was stirred at 160 °C
for 90 min, then the crude product was concentrated and purified
by flash chromatography (petroleum ether/EtOAc, 8:2) to give 30
(53 mg, 74%) as a pale-yellow oil. [α]25

D = +74.4 (c = 0.91, CHCl3).
1H NMR (500 MHz, CDCl3): δ = 7.40–7.21 (m, 13 H, Ar-H), 7.12
(d, J = 7.3 Hz, 1 H, Ar-H), 4.91–4.83 (m, 2 H, 10-Ha, CHPh), 4.78
(d, J = 3.5 Hz, 1-H), 4.72 (d, J = 12.1 Hz, 1 H, CHPh), 4.61 (d, J

= 12.1 Hz, CHPh), 4.41 (d, J = 11.7 Hz, CHPh), 3.95 (s, 1 H, 11-
Ha), 3.88 (dd, J = 10.1, 3.5 Hz, 1 H, 2-H), 3.50 (d, J = 10.1 Hz, 1
H, 3-H), 3.39 (s, 3 H, OMe), 3.35 (s, 3 H, OMe), 3.21 (t, J = 8.2 Hz,
1 H, 10-Ha), 2.91–2.84 (m, 1 H, 5-H), 2.44–2.35 (m, 1 H, 4-H),
2.23 (dd, J = 15.0, 5.4 Hz, 1 H, 4-Ha), 1.30 (d, J = 7.0 Hz, 3 H,
CH3), 0.90 (t, J = 7.9 Hz, 9 H, CH3CH2Si), 0.61 (m, 7 H, 4-H,
CH3CH2Si) ppm. 13C NMR (75 MHz, CDCl3): δ = 203.3, 140.2,
138.7, 138.3, 138.1, 128.4, 127.4, 126.1, 125.8, 125.0, 98.5, 81.8,
80.4, 78.0, 76.9, 76.1, 73.3, 68.3, 63.4, 55.5, 55.5, 34.9, 34.7, 29.7,
26.3, 17.1, 6.8, 4.7 ppm. HRMS: calcd. for [M + H]+ 673.3561;
found 673.3576.

Supporting Information (see footnote on the first page of this arti-
cle): 2D NOESY spectra and NOE contacts of compounds 6, 22,
30 and 31 are available.
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