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Introduction

Many biologically active natural products are charac-
terized by a spiroacetal ring system in their structures.1
Among them there are the structurally simple phero-
mones2 or the more complex polyether antibiotics,3 such
as lenoremycin4 and dianemycin,5 which contain two
spiroacetals substructures. Recently a family of novel
spiro-containing macrocyclic lactones, including the al-
trohyrtins, the spongistatins, and cinachyrolide A, which
exhibit an extremely potent cancer cell growth inhibition,
have also been isolated.6

The relevant role of these compounds has triggered
great interest in their total synthesis and particularly
in the development of a stereoselective method for the
formation of spiro units. The configuration of spiroacetals
is generally due to additive steric and anomeric effects,
which provide the isomer with the most stable configu-
ration at the spiro carbon. Although the acid-catalyzed
cyclization of dihydroxy ketones is still the most used
ring-forming process, elegant alternative methods to
synthesize stereoselectively spiroacetal skeletons involv-
ing radical processes,7 olefinic cyclizations,8 or apparent
conjugate additions9 have been reported. Moreover pho-
tochemical10 and alkoxy radical promoted11 cyclizations
were recently applied to obtain spiroacetals from carbo-
hydrates. As a matter of fact, enantiomerically pure O-10

and C-glycosides11 were successfully used as starting
materials to achieve anomeric spiro derivatives whose

stereochemistry depends on the configuration of the
anomeric carbon of the corresponding glycosides.10-12

We wish to report here on a versatile synthesis to
prepare optically pure thiospiroacetals from easily achiev-
able glycoexoenitols, through an inverse electron demand
Diels-Alder reaction with suitable heterodienes. In pre-
vious papers, we outlined the versatility of R,R′-dioxo-
thiones13 and ortho-thioquinones14 as electron-poor dienes
that could be trapped by glycals as electron-rich dieno-
philes to give 1,4-oxathiins. In this paper, different
glycoexoenitols were used to cycloadd to R,R′-dioxothiones
and ortho-thioquinones to form enantiomerically pure
spiroacetals. To our knowledge, the method we propose
is the first example of sulfur-substituted spiro glycoside
synthesis.

Results and Discussion

2,6-Anhydro-3,4,5,7-tetra-O-benzyl-1-deoxy-D-gluco-
hept-1-enitol (1), prepared following a known procedure,15

was reacted with 3-thiophthalimide-2,4-pentandione (2)13

in the presence of pyridine to afford the spiroderivative
3 as a 2.5:1 mixture of stereoisomers. The phthalimido
derivative 2 in the presence of a weak base like pyridine
underwent proton abstraction to form, after elimination
of phthalimide, the reactive heterodiene 4, which was
trapped by the electron-rich dienophile 1. The diaster-
omers 3a and 3b, formed in 91% overall yield, were
completely separated by flash chromatography on silica
gel. (Scheme 1).

The cycloaddition was completely regioselective,13,16

and the 1H NMR analysis of the crude mixture of 3a and
3b allowed the assignment of the regiochemistry depicted
in Scheme 1 for both isomers [δ CH2-S 2.65 (3a), 3.06
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(3b)] (see the Experimental Section). Because the struc-
ture of 3a differs from 3b only in the stereochemistry of
C-1, we reasoned that the preferred configuration of the
spirocenter might be determined by the anomeric effects
and tentatively assigned the structure 3a (i.e., the
structure with two anomeric effects17) to the major
isomer. This hypothesis was supported by spectroscopic
evidences. NOESY experiments of the minor compound
(recorded at 500 MHz, see Supporting Information)
showed a diagnostic interaction between the C-5′ protons
and H-5, proving for this isomer the structure 3b; this
interaction was lacking in the case of the major product
(structure 3a) (Scheme 1). Moreover, we oxidized 3a and
3b (mCPBA,13,18 2 equiv) to the corresponding sulfones
5a (60%) and 5b (57%) (Scheme 2). The 1H NMR spectra
of the sulfone derived from the minor product showed a
clear deshielding for the signal of the H-3 (δ 4.10) with
respect to the same signal of the parent sulfide (δ 3.85).
This deshielding was not observed in the case of the
sulfone derived from the major product, suggesting that
the SO2 group is located far from the H-3 and confirming
for the minor product the structure 3b. The major isomer
3a was also the thermodynamically more stable prod-
uct,16 as indicated by the isomerization in acidic media
of 3b into 6 (Scheme 3). The isomerization accomplished
in the presence of acetic anhydride and trimethylsilyl-
trifluoromethane sulfonate was complete in 2 h at -30
°C and gave 6 in 75% yield. As expected,19 under these
conditions the selective transformation of the benzyl
group at C-6 also occurred.

To prepare spiroacetals from furanose exoenitols, diene
4 was reacted with 2,5-anhydro-3,4,6-tri-O-benzyl-1-
deoxy-D-arabino-hex-1-enitol (7)15,20 to give, under reac-

tion conditions the same as reported for 3, spiroacetal 8
in 82% yield as a single isomer (Scheme 4).

The complete stereoselectivity of the cycloaddition can
be rationalized considering the steric hindrance offered
by the substituent at C-3 on exoenitol 7. As it was shown
by molecular mechanics studies using the AM1 force
field,21 the benzyl group on C-2 overlaps the exocyclic
double bond and hinders the attack of the heterodiene
from the â site of the dienophile.22 Therefore, in the case
of the reaction of 7 with 4 the matching of steric and
anomeric effects afforded the thermodynamically more
stable R isomer 8 as a single product and in high yield.
The NOE between H-2 and the methylene on C-5′, as well
as between H-3 and one of the two protons on C-5′,
confirmed the stereochemistry that we assigned to 8
(Scheme 4).

A successful extension of this procedure regarded the
synthesis of dioxaspiro[5.5]undecane thio derivatives, a
new class of spiroacetals with the spirocenter located at
C-5. As a matter of fact, glycoexoenitol 923 cycloadded to
4, giving 10 as a single isomer (Scheme 5). As reported
for 1 and 7, the regiochemistry of the cycloaddition
between 9 and 4 was completely selective.13 Moreover, it
was completely stereoselective, suggesting a disfavored
approach of the diene toward one of the two faces of the
double bond of the dienophile. On the basis of the NMR
spectra, we proposed for 10 the stereochemistry indicated
in Scheme 5, supposing a favored attack of the diene from
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the opposite side of the axial methoxyl group. To support
this hypothesis, we prepared the â-methyl glycoexoenitol
11,23 removing the hindrance offered by the anomeric
axial group (Scheme 5). Dienophile 11 was afterward
reacted with 4, affording an inseparable mixture of two
stereoisomers, 12a and 12b, in a 1:1.2 ratio.24

To evaluate the applicability of this new protocol to the
synthesis of aromatic spiro carbohydrate-containing de-
rivatives, we performed the cycloadditions of dienophiles
1, 7, and 9 with the aromatic R,R′-dioxothione 13 and
ortho-thioquinone 14, which were generated in situ as
described for 4 from the corresponding phthalimido
derivatives 1513 and 1625 (Scheme 6). Spiroacetals ob-
tained, reaction conditions, and the energy values of the
HOMO and LUMO orbitals involved in the reactions26

are reported in Table 1. The cycloadditions performed

with 13 and 14 showed the same regio- and stereoselec-
tivity observed for heterodiene 4. A single isomer was
obtained with 7 and 9 (entry 2-5), and two isomers were
produced with 1 (entry 1). Cycloadduct 17a (entry 1),
formed in a 2.5:1 ratio with respect to 17b, presents the
maximum number of anomeric effects. The spirocenter
of compounds 18, 19 and 20, 21 have the same stereo-
chemistry as depicted for 8 and 10, respectively. The
higher energy of the LUMO of 14 (-2.05 eV) compared
to that of 13 (-2.15 eV), determining a higher HOMO-
LUMO gap between the dienophiles and the diene
involved in the cycloadditions, probably influences the
experimental conditions (temperature and reaction time),
which are more severe in the case of the ortho-thio-
quinone 14 (entries 3 and 5) with respect to the R,R′-
dioxothione 13 (entries 2 and 4).

In conclusion, in this paper several examples of opti-
cally pure spiro glycosides were reported. Alkyl and aryl
4′-thiaspiroacetals, with the spirocenter at C-1 or C-5,
were prepared in one step from substituted exoenitols
and in situ generated heterodienes, with total regio- and
remarkable or total stereoselectivity.

Experimental Section
General Method. 1H and 13C NMR spectra were recorded

(where not specified) in CDCl3 at 200 and 50 MHz, respectively,
using the residual CHCl3 peak at 7.26 ppm for 1H and the central
peak of CDCl3 at 77.0 ppm for 13C as reference lines. Only
noteworthy IR (cm-1) absorptions are listed. CHCl3, CH2Cl2, and
THF were dried following standard procedures. All commercial
reagents were used without further purifications as obtained
from freshly opened containers. Thiophthalimides 2, 15, and 16
were prepared as reported elsewhere.13 Physical and spectro-
scopic data are as follows.

(24) Calculated by 1H NMR analysis of the crude mixture.
(25) Capozzi, G.; Falciani, C.; Menichetti, S.; Nativi, C. Gazz. Chim.

Ital. 1996, 126, 227.
(26) Oxothiones 13 and 14 and dienophiles 1, 7, and 9 were

minimized with geometry optimization AM1 calculations.

Table 1. Reaction of Glycoexoenitols 1, 7, and 9 with Thiones 13 and 14

Scheme 6
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2,3,4,6-Tetra-O-benzyl-1-deoxy-D-glucopyranose-1-spiro-
6′-[1′-(5′H-2′-methyl-1′,4′-oxathiin-3′-yl)etanone] (3). Gen-
eral Procedure. To a solution of 1 (150 mg, 0.28 mmol) in 4
mL of CHCl3 were added 77.6 mg (0.28 mmol) of 2 and 18 µL
(0.22 mmol) of pyridine. The reaction was stirred at room
temperature for 4 days diluted with CH2Cl2 (10 mL), and washed
with NH4Cl. Drying and concentrating afforded the crude
mixture (250 mg) of two stereoisomers in 91% yield (3a:3b )
2.5:1, based on 1H NMR). Flash chromatography (petroleum
ether:ethyl acetate ) 4:1) gave 121 mg of 3a (Rf ) 0.58) and 48
mg of 3b (Rf ) 0.6). (3a): [R]25

D +38 (c 0.12, CH2Cl2). 1H NMR
δ 2.29 (s, 3H); 2.33 (s, 3H); 2.65 (AB system J ) 12.8 Hz, 2H);
3.53 (d, 1H, J ) 9.6 Hz, 1H); 3.67-3.82 (m, 4H); 4.18-4.27 (m,
1H); 4.80-4.97 (m, 8H); 7.16-7.37 (m, 20H). 13C NMR δ 22.3
(q); 25.5 (q); 29.5 (t); 68.4 (t); 72.8, 73.3, 74.9, 75.0 (t, 4C); 75.4,
77.5, 82.9, 83.2 (d, 4C); 97.1 (s); 106.7 (s); 127.61, 127.71, 127.77,
127.87, 127.95, 128.13, 128.33, 128.39, 128.46, 128.52 (d, 20C);
137.7, 137.9, 138.0, 138.2 (s, 4C); 157.24 (s); 195.46 (s). IR (neat)
3030; 2919; 1673; 1536 cm-1. Anal. Calcd for C40H42O7S: C,
72.05; H, 6.35. Found: C, 72.19; H, 6.48 (3b): [R]25

D +23 (c 0.16,
CH2Cl2). 1H NMR δ 2.29 (s, 6H); 3.06 (s, 2H); 3.72-3.87 (m, 6H);
4.53-4.83 (m, 8H); 7.16-7.32 (m, 20H). 13C NMR δ 21.8 (q); 29.5
(q); 29.8 (t); 68.0 (t); 73.1, 73.4, 75.2, 75.6 (t, 4C); 75.7, 78.0, 81.7,
83.0 (d, 4C); 95.7 (s); 107.2 (s); 127.6, 127.7, 127.8, 127.9, 128.1,
128.3, 128.4, 128.5 (d, 20C); 137.3, 137.8, 138.0, 138.3 (s, 4C);
156.43 (s); 195.7 (s).

2,3,4,6-Tetra-O-benzyl-1-deoxy-D-glucopyranose-1-spiro-
6′-[1′-(5′H-2′-methyl-S,S-dioxo-1′,4′-oxathiin-3′-yl)et-
anone] (5a). To a solution of 3a (25 mg, 0.038 mmol) in 1.5 mL
of CH2Cl2, cooled to 0 °C, was added dropwise 26 mg (0.084
mmol) of m-chloroperbenzoic acid (55%) dissolved in 1.5 mL of
CH2Cl2. After 0.5 h at 0 °C, the mixture was allowed to reach
room temperature. In 24 h the reaction was complete, and the
mixture was diluted with 10 mL of CH2Cl2 and washed with
10% aqueous Na2S2O3, a saturated solution of Na2CO3, and
water. The organic layer was dried (Na2SO4) and concentrated;
the crude mixture was purified by flash chromatography on silica
gel (petroleum ether:ethyl acetate ) 4:1) to give 17 mg of 5a
(57%) (Rf ) 0.35) as yellowish oil. 1H NMR δ 2.37 (s, 3H); 2.57
(s, 3H); 2.91-2.98 (B part of an AB system, J ) 13.8 Hz, 1H);
3.37 (d, J ) 9.4 Hz, 1H); 3.57-3.64 (A part of an AB system, J
) 13.8 Hz, 1H); 3.72-3.89 (m, 4H); 4.12 (at, 1H); 4.59-4.95 (m,
8H); 7.18-7.39 (m, 20H). 13C NMR δ 21.9 (q); 31.8 (q); 53.9 (t);
67.7 (t); 73.7, 75.4, 75.7, 75.9 (t, 4C); 74.8, 77.2, 80.3, 82.1 (d,
4C); 102.2 (s); 120.7 (s); 127.6, 127.7, 127.9, 128.0, 128.1, 128.3,
128.5, 128.8, 128.9 (d, 20C); 136.5, 137.5, 137.9, 138.1 (s, 4C);
166.6 (s); 191.3 (s). IR (neat) 3032; 2931; 1686; 1552; 1309; 1126
cm-1. Anal. Calcd for C40H42O9S: C, 68.75; H, 6.06. Found: C,
68.59; H, 6.33.

2,3,4,6-Tetra-O-benzyl-1-deoxy-D-glucopyranose-1-spiro-
6′-[1′-(5′H-2′-methyl-S,S-dioxo-1′,4′-oxathiin-3′-yl)et-
anone] (5b). As reported for 5a. Flash chromatography on silica
gel (petroleum ether:ethyl acetate ) 4:1) afforded 14 mg (57%)
of 5b (Rf ) 0.38). 1H NMR δ 2.30 (s, 3H); 2.60 (s, 3H); 3.61-
3.86 (m, 7H); 4.01 (at, 1H); 4.43-4.81 (m, 8H); 7.11-7.35 (m,
20H). 13C NMR δ 22.2 (q); 31.8 (q); 49.2 (t); 67.3 (t); 73.4, 74.9,
75.0, 75.3 (d, 4C); 74.4, 76.7, 81.9, 82.5 (d, 4C); 103.0 (s); 119.9
(s); 127.8, 127.9, 128.2, 128.2, 128.4, 128.4, 128.5, 128.6 (d, 20C);
137.0, 137.8 (s, 4C); 167.8 (s); 191.1 (s). IR (neat) 3033; 2918;
1684; 1362; 1067 cm-1. Anal. Calcd for C40H42O9S: C, 68.75; H,
6.06. Found: C, 68.50; H, 6.37.

2,3,4-Tri-O-benzyl-6-acetyl-1-deoxy-D-glucopyranose-1-
spiro-6′-[1′-(5′H-2′-methyl-1′,4′-oxathiin-3′-yl)etanone] (6).
To a solution of 3b (20 mg, 0.03 mmol) in 0.5 mL of dry CH2Cl2,
cooled to -30 °C, were added 144 µL (1.4 mmol) of acetic
anhydride and 6 µL (0.03 mmol) of trimethylsilyltrifluo-
romethane sulfonate. After 2 h at -30 °C, the reaction was
complete and was quenched with 1 mL of a saturated solution
of NaHCO3. The mixture was allowed to reach room tempera-
ture, diluted with CH2Cl2 (10 mL), and washed with water.
Concentration and column chromatography on silica gel (petro-
leum ether:ethyl acetate ) 5:1) afforded 14 mg (70%) of 6 (Rf )
0.3) as colorless oil. [R]25

D +26 (c 0.20, CHCl3). 1H NMR δ 2.00
(s, 3H); 2.31 (s, 3H); 2.33 (s, 3H); 2.65 (AB system, J ) 12.8 Hz,
2H); 3.48 (d, J ) 9.4 Hz, 1H); 3.63 (dd, J ) 8.8, 9.8 Hz, 1H);
3.73-3.81 (m, J ) 2.2, 4.8 Hz, 1H); 4.15-4.36 (m, 3H); 4.56-
4.98 (m, 6H); 7.30-7.39 (m, 15H). 13C NMR δ 20.7 (q); 21.7 (q);

29.4 (t); 29.6 (q); 62.5 (t); 70.9, 75.2, 75.7 (3t + 1s, 4C); 77.9,
81.8, 82.9 (d, 3C); 95.3 (s); 107.3 (s); 127.4, 127.8, 128.1, 128.2,
128.3, 128.5 (d, 15C); 137.2, 137.3, 138.1 (s, 3C); 156.1 (s); 170.6
(s); 195.6 (s). Anal. Calcd for C35H38O8S: C, 67.94; H, 6.19.
Found: C, 67.70; H,6.31.

2,5-Anhydro-3,4,6-tri-O-benzyl-D-arabinofuranose-hex-
1-enitol (7). A solution of 2,3,5-tri-O-benzyl-arabino-1,4-lactone
(1.23 g, 2.94 mmol) in 4 mL of dry THF was cooled to -25°C,
and then 4 mL (2.65 mmol) of Tebbe’s reagent (0.5 M in toluene)
was slowly added. The reaction mixture was stirred at -25°C
for 30 min, and then it was allowed to reach room temperature.
In 2 h the reaction was complete (monitored by TLC) and was
then cooled to 0 °C and quenched by the dropwise addition of 2
mL of NaOH (15% aqueous solution). The organic layer was
diluted with 10 mL of CH2Cl2 and washed twice with NaOH
(15% aqueous solution). Drying, concentrating, and flash chro-
matography on silica gel (petroleum ether:ethyl acetate ) 3:1)
afforded 1.04 g (85%) of 7 (Rf ) 0.76). 1H NMR δ 3.61-3.62 (B
part of an ABX system, J ) 6.0, 2.2 Hz, 1H); 3.64-3.65 (A part
of an ABX system, J ) 6.0, 2.2 Hz, 1H); 4.06 (at, 1H); 4.19 (d, J
) 1.0 Hz, 1H); 4.39-4.71 (m, 9H); 7.28-7.33 (m, 15H). 13C NMR
δ 69.7 (t); 70.7, 71.7, 73.3 (t, 3C); 81.5, 82.0 (d, 2C); 83.5 (d);
85.7 (t); 127.6, 127.7, 127.8, 128.3, 128.4 (d, 15C); 137.4, 137.6,
137.8 (s, 3C); 159.8 (s).

2,3,5-Tri-O-benzyl-1-deoxy-D-arabinofuranose-1-spiro-6′-
[1′-(5′H-2′-methyl-1′,4′-oxathiin-3′-yl)etanone] (8). Com-
pound 7: 100 mg, 0.24 mmol. After 48 h at room temperature
the reaction was complete. Flash chromatography on silica gel
(petroleum ether:ethyl acetate ) 4:1) afforded 108 mg (82%) of
8 (Rf ) 0.53). [R]25

D +32 (c 0.06, CHCl3). 1H NMR δ 2.29 (s, 3H);
2.33 (s, 3H); 3.00 (AB system, J ) 13.2 Hz, 2H); 3.61-3.62 (B
part of an ABX system, J ) 5.0, 3.2 Hz, 1H); 3.63-3.64 (A part
of an ABX system, J ) 5.0, 3.2 Hz, 1H); 4.03 (dd, J ) 2.2, 4.8
Hz, 1H); 4.04 (d, J ) 2.2 Hz, 1H); 4.42-4.57 (m, 7H); 7.26-7.35
(m, 15H). 13C NMR δ 22.0 (q); 27.4 (q); 29.4 (t); 69.4 (t); 71.8,
72.6, 73.3 (t, 3C); 82.6, 83.0 (d, 2C); 86.5 (d); 105.6 (s); 123.3 (s);
127.46, 127.55, 127.62, 127.70, 127.92, 128.24, 128.30, 128.35
(d, 15C); 137.0, 137.5, 137.8 (s, 3C); 157.5 (s); 195.4 (s). IR (neat)
3030; 2922; 1672; 1554; 1451; 1413; 1244 cm-1. Anal. Calcd for
C32H34O6S: C, 70.31; H, 6.27. Found: C, 70.21; H, 6.38.

1-Methyl-2,3,4-tri-O-benzyl-5-deoxy-r-D-glucopyranose-
5-spiro-6′-[1′-(5′H-2′-methyl-1′,4′-oxathiin-3′-yl)etanone] (10).
Compound 9: 20 mg, 0.04 mmol. After 24 h at 60 °C, the reaction
was complete. Flash chromatography on silica gel (petroleum
ether:ethyl acetate ) 3:1) afforded 24 mg (93%) of 10 (Rf ) 0.53).
1H NMR δ 2.25 (s, 3H); 2.34 (s, 3H); 3.18 (s, 2H); 3.61 (s, 3H);
3.68 (dd, J ) 3.6, 9.2 Hz, 1H, H-2); 3.80 (d, J ) 9.4 Hz, 1H,
H-4); 3.95 (at, J ) 9.4 Hz, 1H, H-3); 4.61-4.92 (m, 7H); 7.25-
7.36 (m, 15H). 13C NMR δ 22.0 (q); 29.5 (q); 29.9 (t); 58.8 (q);
73.8, 75.5, 75.7 (t, 3C); 77.7 (d); 78.8 (d); 84.1 (d); 98.8 (s); 100.2
(d, C-1); 106.6 (s); 127.72, 127.89, 127.95, 128.12, 128.20, 128.37,
128.55 (d, 15C); 137.7, 137.8 (s, 3C); 138.3 (s); 156.7 (s). IR (neat)
3030; 2922; 1676; 1562; 1451; 1415; 1246 cm-1. Anal. Calcd for
C33H36O7S: C, 68.73; H, 6.29. Found: C, 68.85; H, 6.47.

1-Methyl-2,3,4-tri-O-benzyl-5-deoxy-â-D-glucopyranose-
5-spiro-6′-[1′-(5′H-2′-methyl-1′,4′-oxathiin-3′-yl)etanone] (12).
Compound 11: 26 mg, 0.06 mmol. After 20 h at 60 °C, the
reaction was complete (12a/12b ) 1.2/1 based on 1H NMR of
the crude). Flash chromatography on silica gel (petroleum ether:
ethyl acetate ) 3:1) afforded 22 mg (66% yield) of 12a + 12b
(Rf ) 0.53). 1H NMR δ 2.27-2.40 [m, 6H (12a) 2CH3; 7H (12b)
2CH3+ A part of an AB system]; 2.91 [B part of an AB system
(12b), J ) 12.8 Hz, 1H]; 3.02 [as, 2H, (12a)]; 3.47 [s, 3H (12a),
3H (12b)]; 3.47-3.75 (m, 4H); 4.02 [d, 1H (12a), J ) 8.0 Hz,
H-1]; 4.08-4.18 (m, 1H); 4.52 [d, 1H (12b) J ) 8 Hz, H-1]; 4.60-
5.0 (m, 13H); 7.25-7.36 (m, 30H). 13C NMR δ 21.6 (q); 22.2 (q);
27.8 (q); 29.5 (t); 29.5 (q); 30.1 (t); 56.6 (q); 57.2 (q); 73.8, 75.0,
75.5, 76.0 (t, 6C); 80.7, 80.8, 81.1, 82.2, 82.5, 82.6 (d, 6C); 92.0,
96.2 (s, 2C); 101.0, 101.2 (d, 2C); 106.4, 107.3 (s, 2C); 127.7, 127.8,
127.9, 128.0, 128.2, 128.2, 128.4, 128.4, 128.5 (d, 30C); 137.7,
137.9, 138.1, 138.2 (s, 6C); 156.9 (s, 2C); 195.5, 195.8 (s, 2C).
Anal. Calcd for C33H36O7S: C, 68.73; H, 6.29. Found: C, 68.50;
H, 6.36.

2,3,4,6-Tetra-O-benzyl-1-deoxy-D-glucopyranose-1-spiro-
6′-(5′H-1′-oxa-4′-thia) phenanthrene (17). Compound 1: 110
mg, 0.20 mmol. After 20 h at 60 °C, the reaction was complete
(17a/17b ) 1.5/1 based on 1H NMR of the crude). Flash
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chromatography (petroleum ether:ethyl acetate ) 10:1) afforded
82 mg of 17a (Rf ) 0.3) and 53 mg of 17b (Rf ) 0.4) (79% overall
yield). 17a: [R]25

D +63 (c 0.06, CHCl3). 1H NMR δ 3.40 (AB
system, J ) 14.1 Hz, 2H); 3.65-3.91 (m, 5H); 4.04-4.08 (m, 1H);
4.37-4.98 (m, 8H); 7.10-7.96 (m, 26H). 13C NMR δ 29.6 (t); 68.4
(t); 72.9, 73.3, 75.2, 75.8 (t, 4C); 78.4, 83.3 (d, 4C); 96.1 (s); 111.9
(s); 120.2, 122.6, 124.4, 125.9, 126.4, 127.8, 127.9, 128.1, 128.3,
128.5, 128.6, 129.6, 130.7, (d, 26C); 137.9, 138.5 (s, 4C); 147.2
(s). 17b: [R]25

D -4 (c 0.14, CHCl3).1H NMR δ 3.02 (AB system J
) 12.6 Hz, 2H); 3.53-3.73 (m, 3H); 3.80-3.95 (m, 2H); 4.35-
5.08 (m, 9H); 7.09-7.55 (m, 24H); 7.76-7.96 (m, 2H). 13C NMR
δ 28.9 (t); 68.2 (t); 73.2, 75.0, 75.6, 75.8, (t, 4C); 82.2, 83.8 (d,
4C); 93.9 (s); 111.2 (s); 120.3, 122.7, 125.6, 126.3, 127.4, 127.9,
128.0, 128.2, 128.4, 128.5, 128.6, 128.8, 129.7, 131.0 (d, 26C);
137.6, 138.4 (s, 4C); 146.0 (s). IR (neat) 3032; 2933; 1616; 1258
cm-1. Anal. Calcd for C45H42O6S: C, 76.03; H, 5.96. Found: C,
76.30; H, 6.12.

2,3,5-Tri-O-benzyl-1-deoxy-D-arabinofuranose-1-spiro-6′-
[1′-(5′H-2′-phenyl-1′,4′-oxathiin-3′-yl)phenone] (18). Com-
pound 7: 20 mg, 0.05 mmol. After 22 h at room temperature,
the reaction was complete. Flash chromatography on silica gel
(petroleum ether:ethyl acetate ) 3:1) afforded 27 mg (83%) of
18 (Rf ) 0.59).1H NMR δ 3.31 (s, 2H); 3.67-3.75 (B part of an
ABX system, J ) 10.6, 5.8 Hz, 1H); 3.78-3.86 (A part of an ABX
system, J ) 10.6, 5.2 Hz, 1H); 4.16 (ad, J ) 4.0 Hz, 1H); 4.30
(as, 1H); 4.55-4.73 (m, 7H); 6.85-7.11 (m, 5H); 7.18-7.35 (m,
18H); 7.58 (d, J ) 7.0 Hz, 2H). 13C NMR δ 28.7 (t); 70.1 (t); 72.2,
72.7, 73.5 (t, 3C); 83.7, 84.2 (d, 2C); 85.8 (d); 105.8 (s); 109.5 (s);
127.7, 127.8, 127.9, 128.0, 128.1, 128.2, 128.4, 128.5, 128.6, 128.7,
129.0, 129.2, 129.3, 129.5, 129.6, 129.9, 130.5, 131.9, 132.7, 134.3,
134.6 (d, 25C); 132.4, 135.3, 136.9, 137.5, 137.9 (s, 5C); 153.4
(s); 194.7 (s). IR (neat) 3029; 2862; 1635; 1560 cm-1. Anal. Calcd
for C42H38O6S: C, 75.20; H, 5.71. Found: C, 74.95; H, 5.42.

2,3,5-Tri-O-benzyl-1-deoxy-D-arabinofuranose-1-spiro-6′-
(5′H-1′-oxa-4′-thia) phenanthrene (19). Compound 7: 120 mg,
0.29 mmol. After 6 days at 60 °C, the reaction was complete.
Flash chromatography on silica gel (petroleum ether:ethyl
acetate ) 4:1) afforded 110 mg of 19 (65%) (Rf ) 0.64).1H NMR
δ 3.33 (s, 2H); 3.71 (A part of an ABX system, J ) 8.8, 2.6 Hz,
1H); 3.65 (B part of an ABX system, J ) 8.8, 2.8 Hz, 1H); 4.17
(dd, J ) 2.6, 5.2 Hz, 1H); 4.27 (d, J ) 2.6 Hz, 1H); 4.47-4.65
(m, 7H); 7.12 (d, J ) 8.8 Hz, 1H); 7.26-7.59 (m, 18H); 7.69 (d,
J ) 8.4 Hz, 1H); 7.95 (d, J ) 8.4 Hz, 1H). 13C NMR δ 27.9 (t);
69.5 (t); 71.8, 72.5, 73.4 (t, 3C); 82.5, 83.3 (d, 2C); 87.3 (d); 103.7
(s); 111.1 (s); 120.11, 122.73, 124.20, 125.86, 126.22, 127.55,
127.62, 127.73, 127.92, 128.19, 128.26, 128.35, 129.42, 129.48,

130.81 (d+s, 22C); 137.3, 137.8, 138.0 (s, 4C); 147.2 (s). IR (neat)
3061; 2925; 1618; 1227 cm-1. Anal. Calcd for C37H34O5S: C,
75.23; H, 5.80. Found: C, 75.19; H, 6.00.

1-Methyl-2,3,4-tri-O-benzyl-5-deoxy-â-D-glucopyranose-
5-spiro-6′-[1′-(5′H-2′-phenyl-1′,4′-oxathiin-3′-yl)phenone] (20).
Compound 9: 42 mg, 0.09 mmol. After 30 h at 60 °C, the reaction
was complete. Flash chromatography on silica gel (petroleum
ether:ethyl acetate ) 4:1) afforded 63 mg of 20 (96%) (Rf ) 0.48).
[R]25

D -24 (c 0.19, CHCl3). 1H NMR δ 3.46 (AB system, J ) 13.2
Hz, 2H); 3.65 (s, 3H); 3.86 (dd, J ) 3.6, 8.4 Hz, 1H); 3.96-4.10
(m, 2H); 4.60-4.93 (m, 7H); 7.00-7.78 (m, 25 H). 13C NMR δ
30.83 (q); 58.88 (t); 73.67, 75.20, 75.49 (d, 3C); 77.80, 78.45, 83.32
(t, 3C); 98.26 (s); 99.94 (s); 109.53 (s); 127.79, 127.83, 127.97,
128.06, 128.15, 128.32, 128.43, 128.59, 129.01, 129.25, 129.54,
132.18 (d, 25C); 134.35, 135.42, 137.68, 137.73, 138.06, 138.40
(s, 5C); 152.48 (s); 194.70 (s). Anal. Calcd for C43H40O7S: C,-
73.69; H,5.75. Found: C,73.35; H,5.71.

1-Methyl-2,3,4-tri-O-benzyl-5-deoxy-r-D-glucopyranose-
5-spiro-6′-[1′-(3′H-1′-oxa-4′-thia)phenanthrene] (21). Com-
pound 9: 30 mg, 0.07 mmol. After 3 days at 60 °C, the reaction
was complete. Flash chromatography on silica gel (petroleum
ether:ethyl acetate ) 4:1) afforded 32 mg of 21 (77%) (Rf ) 0.58).
[R]25

D +39 (c 0.29, CH2Cl2). 1H NMR δ 3.52 (AB system, J )
13.6 Hz, 2H); 3.67 (s, 3H); 3.77 (dd, J ) 4.0, 7.4 Hz, 1H); 3.94-
4.06 (m, 2H); 4.51-4.98 (m, 7H); 7.04 (d, J ) 8.8 Hz, 1H); 7.25-
7.49 (m, 17H); 7.55 (dd, J ) 8.8 Hz, 1H); 7.77 (d, J ) 7.4 Hz,
1H); 7.95 (d, J ) 8.4 Hz, 1H). 13C NMR δ 29.8 (q); 58.9 (q); 73.7,
75.3, 75.7 (t, 3C); 77.8, 78.9, 84.5 (d, 3C); 97.4 (s); 100.1 (d); 111.3
(s); 119.6, 122.6, 124.4, 125.9, 126.3, 127.68, 127.7, 128.0, 128.1,
128.2, 128.2, 128.3, 128.3, 128.5 (d, 21C) 129.6, 130.0 (s, 2C);
137.8, 137.9, 137.5 (s, 3C); 146.6 (s). Anal. Calcd for C38H36O6S:
C, 73.52; H, 5.85. Found: C, 73.90; H, 6.00.
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