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Regioselective Synthesis of Substituted 1-Thiohex-2-enopyranosides 
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A variety of 1-thiohex-2-enopyranosides have been prepared from their corresponding 3-0-methyl- or 3-0- 
acetylglycals by using trimethylsilyl thiols catalyzed by BF3 etherate. This method is regioselective for thiolation 
a t  C-1 in contrast to  the same reaction with thiols which produces C-3 products under thermodynamic control. 
The stereoselectivity of the reaction depended on the choice of trimethylsilyl thiol and the leaving group a t  C-3 
of the glycal. [ (Trimethylsilyl)thio]benzene gave a-anomers as the only products, whereas (thionoacetoxy)tri- 
methylsilane gave more &anomer products from 3-0-methylglycals than from 3-0-acetylglycals. Examples reported 
include the synthesis of S-(2’-pyridyl) 2,3,6-trideoxy-4,6-di-O-acetyl-l-thio-a-~-erythro-hex-2-enopyranoside (6), 
S-( 2’-pyridyl) 2,3,6-trideoxy-4-O-acetyl-l-thio-a-~-erythro-hex-2-enopyranoside (9), S-( 2’-pyridyl) 2,3-dideoxy- 
4,6-di-O-methyl-l-thio-a-~-erythro-hex-2-enopyranoside (12), S-phenyl 2,3-dideoxy-4,6-di-O-methyl-l-thio-a- 
~-erythro-hex-2-enopyranoside (13), S-phenyl 2,3,6-trideoxy-4-O-methyl-l-thio-a-~-erythro-hex-2-enopyranoside 
(15), S-acetyl2,3,6-trideoxy-4-O-methyl-l-thio-~-~-erythro-hex-2-enopyranoside (16), S-acetyl2,3-dideoxy-4,6- 
di-0-methyl-l-thio-a,~-~-erythro-hex-2-enopyranosides (17, 18), S-acetyl2,3-dideoxy-4,6-di-0-acetyl-l-thio-a,- 
@-~-erythro-hex-2-enopyranosides (19, 20), and S-acetyl 2,3,6-trideoxy-4-0-acetyl-l-thio-~,~-~-ery~~ro-hex-2- 
enopyranosides (21, 22). 
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Introduction 
In the course of extending our palladium-assisted car- 

bohydrate methodology, multiple reasons arose for pre- 
paring l-thiohex-2-enopyrano~ides~~~ including investiga- 
tion of their allylic rearrangementssp7 and stereoselective 
functionalization of C-3 via [2,3]sigmatropic p r o c e s ~ e s . ~ ~ ~  
Most urgent was the need to use the thioacetyl group in 
place of the 0-acetyl group for palladium-assisted C- 
glycosylation.lOJ1 Priebe and Zamojski had carefully 
defined a set of kinetically controlled conditions for sN2’  
acid-catalyzed reactions of glycals with thiols which gave 
a-1-thiohex-2-enopyranosides as the major products, along 
with 3-thioglycals as minor products.12 In our hands for 
synthetic purposes, this method suffered two disadvan- 
tages. In the course of preparative silica gel separation of 
the undesired 3-thioglycals from the desired l-thiohex-2- 
enopyranosides, the silica gel caused complete equilibra- 
tion, resulting only in isolation of 3-thioglycals. In addi- 
tion, P-1-thiohex-2-enopyranosides were not available by 
this reaction. 

The generalization by Priebe and Zamojski that the 
regioselectivity of nucleophilic attack on the intermediate 
carbenium ion 1 could be rationalized by the HSAB 
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principle, with the C-1 being hard and C-3 being soft, led 
us to postulate that making the thiol sulfur harder, that 
is, increasing its nucleophilicity, would lead to greater 
regioselectivity for attack at C-1. Also, some @-selectivity, 
that is, SN2’  syn selectivity on readily available glucals was 
envisioned to be possible by nucleophilic attack on an 
earlier transition state 2 with participation of a gegenca- 
tion.13J4 

CH20R CH20R 

NUQ 

I 
H 

2 

The use of silicon to enhance nucleophilicity and its hard 
acid character combine to render trimethylsilyl nucleo- 
philes as extremely useful reagents in organic synthesis.ls 
Although the literature example by Mukaiyama did not 
provide stereochemical precedent, it did show that [ (tri- 
methylsily1)thiol benzene reacted with a,@-unsaturated 
thioacetals in good yield with excellent regioselectivity on 
the basis of steric factors.16 Although we were not aware 
of literature precedents for stereoselectivity of sN2‘ reac- 
tions of trimethylsilyl sulfides with allylic systems, after 
our stereoselectivity had been verified, it was very grati- 
fying to read the elegant details of Danishefsky’s carbon- 
Ferrier reactions including the role of the electron-with- 
drawing capacity of the leaving group at C-3 of the g1~cal.l~ 
The elegant stereoselectivity of palladium-catalyzed al- 
kylations of allylic systems combined with the availability 
of either carbohydrate allylic reactant would provide an 
optimum combination for versatility in the synthesis of 
naturally occurring 2,6-dialkylated tetrahydropyrans.” 

Results and Discussion 
For comparison purposes the initial reaction involved 

the BF, etherate catalyzed addition of thiophenol to 
3,4,6-tri-0-acetyl-D-glucal (3) in which a complex mixture 
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Figure 1. X-ray structure of 6. 
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of products suggested hy the 'H NMR spectrum showing 
a lack of olefinic absorptions allowed the tentative as- 
signment of the products to the mixture of possible dia- 
stereomeric his-thiophenylated products 4 through 5 as 
shown in Scheme I. In contrast, using the same method, 
2-thiopyridine reacted with 3 to give exclusively S-(2'- 
pyridyl) 2,3-dideoxy-4,6-di-0-acetyl-l-thio-a-~-erythro- 
hex-2-enopyranoside (6) shown in Scheme 11, which was 
confirmed to he the a-anomer by X-ray structure deter- 
mination of the product recrystallized from methanol as 
shown in Figure 1. The preferred conformation of 6 can 
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he suggested from the J1,2 value of 2.8 Hz and JlS of 8 Hz 
to be an equilibrating mixture of the OH5 conformation 
with a small contribution of the alternate 5H0 conforma- 
tion, or the solution conformation could he the same as 
that observed in the crystal structure shown in Figure 1. 
This result is not totally unexpected due to the decrease 
in anomeric affect of thiols compared to alcohols. It is in 
contrast to the OH5 conformation preference observed in 
both the crystal structure and the solution conformation 
of ethyl 2,3-dideoxy-a-~-erythro-hex-2-enopyranoside (7) 

XO 

EO 

H 
L, t=J 7 OH5 

1 1  

as reported hy Jeffrey and co-workers.'s The extension 
of this reaction to 3,4-di-O-acetyl-~-rhamnal(8) also gave 
only the a product S-(Z'-pyridyl) 2,3,6-trideoxy-4-0- 
acetyl-l-thio-a-~-erythro-hex-2-enopyranoside (9) shown 
in Scheme 111. Pertinent spectral data for assignment of 
9 as the 01 anomer were J1,2 = 2.9 Hz and J4J = 9.2 Hz, 
indicating probable preference for the OH5 conformation. 
When this reaction was carried out on 3,4,6-tri-O- 
methyl-D-glucal (lo), the products after chromatography 
included the 3-(2'-thiopyridy1)glycals 11, suggesting 
equilibration of a mixture during silica gel chromatography 
and the effect of a leaving group at C-3 on the net re- 
gioselectivity. This result led us to examine the companion 
reaction of [(trimethylsilyl)thio]pyridine with glycal 10 in 
which only one product was formed, S-(Z'-pyridyl) 2,3- 
dideoxy-4,6-di-O-methyl- 1-thio-ol-D-erythro-hex-2-eno- 
pyranoside (12) whose spectral data compared favorably 
to that of 6, confirming its assignment as the a-anomer. 
In addition to regio- and stereoselective 01 C-1 addition of 
[ (trimethyKiyl)thio]pyridine, [(trimethylsilyl)thio]benzene 
was also used to prepare the corresponding S-phenyl a- 
anomer8 13 and 15 from their respective glycals as shown 
in Schemes I1 and 111. Their configurations were assigned 
as a on the basis of comparison of J1 and J4,5 to that of 
6,9 ,  and 12 along with supporting "C NMR, and Jc.',H 
data shown in Table I. Compared to the C-4 acetyl 
products, the C-4 0-methyl products apparently undergo 
faster equilibration between the O H s  and 5H0 conformers, 
resulting in hroading of H-1 in the 'H NMR, a result also 
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Table I. Spectral Data Pertinent to Stereochemical Assignments of Products 
product 6(H-1) J I , ~  (Hz) J4,5 (Hz) a(c-1) b(C-5) JC-I,H (Hz) 

8.0 79.86 65.05 175 6 
9 
12 
13 
15 
16 
17 
18 
19 
20 
21 
22 

6.53 

6.52 
5.76 

6.61-6.60 

5.72-5.68 
6.23-6.16 
6.12-6.10 
6.24-6.23 
6.14-6.13 
6.39-6.38 
6.18-6.17 
6.20 

2.8 
2.9 
2.9 

3.0 
2.9 
2.3 
1.7 
1.9 

2.2 
<1 

<1 

observed with a-C-glycosides."J7 Consequently, the as- 
signment relied primarily on chemical shift comparison 
and J4,5 rather than Jl,2. The high regio- and stereose- 
lectivity of this reaction is noteworthy, including the fact 
that the leaving group at C-3 appears not to have a strong 
effect on the stereoselectivity of the reaction, with the 
a-anomer being produced exclusively for both 0-methyl 
and 0-acetate leaving groups. This suggests that tri- 
methylsilyl thiols are strong nucleophiles and prefer to add 
from the axial face in the normal Ferrier-type transition 
state. 

In contrast to these results, (thionoacetoxy)trimethyl- 
silane underwent reactions with glycals with exclusive 
regioselectivity for attack at  C-1, but with the stereose- 
lectivity being more amenable to the choice of leaving 
group at (2-3. The results are summarized in Schemes I1 
and 111. The structure of the products 16-22 and their 
anomeric configurations were established by detailed and 
comparative analysis of their 'H and 13C NMFt spectra with 
supporting evidence from their JC-1,H values as listed in 
Table I. The formation of the minor products with the 
acetate leaving group was extremely helpful for compar- 
ative purposes in assigning the configuration of the major 
products of these reactions and the exclusive products 
formed from the 3-0-methylglycals. As observed before, 
the minor a-anomers 17, 19, and 21 formed in this reaction 
showed characteristic patterns in the 'H NMR spectrum 
similar to those of the respective S-phenyl analogues, in- 
cluding smaller Jl,2 values and J4,5 values indicative of a 
higher proportion of their 5Ho conformers than in the 
p-anomers. The 13C NMR data was also useful especially 
the upfield shift of C-1 in the minor a-products compared 
to the downfield shift for the p-anomers due to the y- 
gauche effect. Although the difference is small for anom- 
eric pairs, it  was considered useful because it was not 
dependent upon the conformational equilibrium. In con- 
trast the JC-1,H values for all of these compounds appeared 
to both depend on configuration and conformation, a 
phenomena which has been observed before in unrelated 
carbohydrates.21 We conclude that in the a series a sig- 
nificant population of 5H,-, conformation exists, and the 
resulting l,&diaxial interaction of H-1 and C-6 contribute 
to a decrease in JC.l,H, causing it to be less than that of the 
0-anomers, which exist primarily in the OH5 conformation. 

The circular dichroism spectra of products 16-22 were 
taken to establish the absolute configuration and the re- 
sults are shown in Figures 2 and 3. In Figure 2 the Amin 
around 220 nm for the a-anomeric products 19 and 21 is 
of greater magnitude than the corresponding peaks for 20 
and 22, suggesting that the stereochemical assignments are 
self-consistent, especially when the NMR data is used as 
supporting evidence.22 In Figure 3, the Cotton effects at 

(21) Szilagyi, L.; Gyorgydeak, Z. Carbohydr. Res. 1985, 148, 21. 
(22) Cheng, J. C.; Daves, G. D., Jr. J. Org. Chem. 1987, 52, 3083. 
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Figure 2. Circular dichroism spectra of S-acetyl 4-0-acetyl 
compounds 19-22 in methanol. 
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Figure 3. Circular dichroism spectra of S-acetyl 4-0-methyl 
compounds 16-18 in methanol. 

lower X appear to be obscured by conformational mobility, 
and caution must be exercised in weighting the relative 
significance of Jl,2, (13C)S of C-1, and the CD profiles. We 
have concluded that with small differences, the y-gauche 
effect is most reliable which establishes 18 as the 0-anomer, 
and with supporting spectral data, 16 is also identified as 
a p-anomer. 

In summary, several 1-thiohex-2-enopyranosides have 
been prepared regioselectively by using trimethylsilyl thiols 
catalyzed by BF3 etherate. No products from attack at C-3 
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Table 11. Summarv of C-1 Stereoselectivitv 
~ ~ ~~~ ~~ 

C-3 group 
reactant of C-1 group of 

glvcal reactant product product ratio % yield 

3 

8 

10 

10 
14 
14 
10 
3 
8 

OAc 
s-7-J 

6 (only a )  90 

OAc se 9 (only a )  83 
h -  

N = i  

12 (only a) 82 

13 (only a) 90 

OCH, SC(=O)CH3 16 (only @) 5 2 

S-Q 
OCH, 

OCH, SPh 
OCH, SPh 15 (only a )  64 

OCH3 SC(=O)CH3 17((~):18(@) = 1:3 90 
OAc SC(=O)CH, 19(a):20(@) = 1:l.s 86 
OAc SC(=O)CH, 2l(cu):*2(/3) = 1:1.7 86 

were observed, showing that this method is regiospecific 
for attack at C-1. The stereoselectivity observed depended 
on the trimethylsilyl thiol and the leaving group at C-3 of 
the glycal as summarized in Table 11. With 2-thiopyridine 
and the 0-acetyl  group at C-3 only the (2-1 a-anomers  6 
and 9 were produced. However, with the OCH3 leaving 
group t h e  reaction was both regiospecific and a-stereo- 
specific using [(trimethylsilyl)thio]pyridine to give 12 or 
[(trimethylsilyl)thio]benzene to give 13 and 15. In contrast 
to the a-stereoselectivity, (thion0acetoxy)trimethylsilane 
was stereoselective for the P-anomers. W i t h  the poorer 
OCH, leaving group, the 0-selectivity was higher as shown 
b y  stereospecific formation of 16, and stereoselective for- 
mat ion of 18 (a:@ = 1:3). With the better 0-acetyl leaving 
group, the p-anomers 20 and 22 were still the major 
products ,  but the ratios were only a:p = 1:1.5 and 1:1.7, 
respectively. On the basis of comparative Ferrier reactions 
with other nucleophiles these results suggest that if t h e  
nucleophile is not coordinated to the leaving group at (2-3, 
the a C-1 anomers are produced by  an anomeric-controlled 
earlier transition state than the p-anomers. The @-products 
could arise f rom attack on an ion pair  f rom a la ter  t ran-  
sition state. Alternatively, the @-selectivity of (thiono- 
acet0xy)trimethylsilane can also be rationalized from a 
2-like transition state in  which silicon is coordinated to the 
leaving group during nucleophilic attack, a more likely 
possibility for the poorer leaving group. The mechanistic 
suggestions based on these results will be  fur ther  inves- 
tigated with better leaving groups at (2-3, with anticipation 
of achieving better a-selectivity, and additional anomeric 
proof on a crystalline derivative will be  obtained. 

Experimental Section 
NMR spectra were recorded for solutions in CDC13 on either 

Nicolet 200, Varian VXR 300, or Varian VXR 500 spectrometers. 
'H NMR spectra are reported referenced to internal Me,Si at 200, 
300, or 500 MHz with coupling constants reported in hertz. I3C 
NMR spectra were reported at 50.3,75.5, or 125.7 MHz referenced 
to CDC1, (77.00). Multiplicities from off-resonance decoupling 
experiments are in agreement with the assignments, and ' J  values 
were obtained in the gated mode. Mass spectra were obtained 
on either a Kratos MS-80 or an MS-52 mass spectrometer in either 
low resolution electron impact (EI) or chemical ionization (CI, 
CH,) mode or in the high resolution mode with appropriate 
peak-matching references. IR spectra were recorded on a Nicolet 
FTIR spectrometer. Optical rotations were measured on a Ru- 
dolph Autopol I11 polarimeter and circular dichroism spectra were 
measured on a JASCO J 500A spectropolarimeter. TLC and 
column chromatography were performed on silica gel GFZ5, 
(23G400 mesh, Merck). Analytical HPLC was performed by using 
a 30-cm Waters 5p Microporasil column, semipreparative HPLC 
was performed by using a 50-cm Whatman Magnum 9 silica gel 
column, and radial chromatography was performed on a Chro- 
matotron (Harrison Research) using 2 mm and 4 mm silica gel 

60 (Merck, PS 254). All solvents were distilled shortly before use 
from an appropriate drying agent. Ether, tetrahydrofuran, 
benzene, and dimethoxyethane were distilled from sodium metal 
in the presence of benzophenone ketyl. All air-sensitive reactions 
were performed under an atmosphere of argon. 3,4,6-Tri-O- 
aCetyl-D-glUCd and 3,4-di-O-acetyl-~-rhamnal were purchased from 
Pfanstiehl Laboratories. 

3,4,6-Tri-O -methyl-D-glucal (10). D-Glucal (5.36 g, 36.7 
mmol) was prepared by the method of Bla~kburne, '~  dissolved 
in dry T H F  (35 mL) and added dropwise with stirring into a 0 
"C suspension of oil-free sodium hydride (3.52 g, 147 mmol) in 
THF (100 mL). Additional solvent (10 mL, 0.25 M total) was used 
to complete the transfer. The mixture was stirred at 0 "C until 
hydrogen evolution had ceased and then stirred for 1 h at  room 
temperature. Methyl iodide (26.1 g, 184 mmol) was then added 
dropwise with stirring and the mixture was allowed to stir ov- 
ernight. The reaction mixture was then cooled to 0 OC and 
quenched by addition of MeOH (20 mL, 495 mmol) before being 
partitioned between water (75 mL) and ether (25 mL). The 
aqueous layer was washed with additional ether (3 x 75 mL) and 
the combined ether extracts were washed with water (1 X 50 mL), 
dried over anhydrous sodium sulfate, and filtered. The solvent 
was removed in vacuo, yielding 10 as a pale yellow oil (5.1 g, 74%) 
which was identified on the basis of its 'H NMR spectrum and 
used without further purification. Data for 10: R, 0.65 (30% 
EtOAc/hexane); 'H NMR 8 6.44-6.37 (dd, J = 6.1, 1.3, H-l), 
4.88-4.81 (dd, J = 6.1, 2.8, H-2), 4.04-3.93 (ddd, J = 8.3, 4.8, 3.4, 
H-5), 3.93-3.86 (d, J = 6.0, H-3), 3.69-3.64 (d, J = 4.9, H-6), 
3.52-3.41 (dd, J = 8.3, 6.0, H-4), 3.42 (s, OCH3), 3.41 (s ,  OCHJ, 
3.44 (s, OCH3). 
3,4-Di-O-methyl-~-rhamnal (14). Using the 0-alkylation 

procedure described by Brown,24 L-rhamnal (9.41 g, 72.3 mmol), 
prepared by the method of Bla~kburne , '~  was dissolved in di- 
methoxyethane (50 mL) and added dropwise with stirring to a 
suspension of of oil-free potassium hydride (7.25 g, 181 mmol) 
in DME (150 mL). The mixture was stirred 1 h at  0 O C  and then 
1 h at  room temperature, cooled to 0 O C ,  and methyl iodide (35.9 
g, 253 mmol) added over a 30-min period. The reaction mixture 
was stirred a t  room temperature for 2 h and then quenched by 
addition of MeOH (10 mL) before being partitioned between water 
(25 mL) and ether (75 mL). The aqueous layer was extracted with 
additional ether (3 X 40 mL), and the combined ether extracts 
were washed with water (25 mL), dried over anhydrous sodium 
sulfate, and filtered. The solvent was removed in vacuo to afford 
14 as a yellow oil which was greater than 80% methylated by 'H 
NMR. Filtration through silica gel (crude residue) gave 14 (59 
g, 52%). Data for 14: R, 0.77 (30% EtOAc/hexane); 'H NMR 

3.98-3.82 (m,2 H,H-3, 5), 3.57 (s,  OCH3),3.41 (s,0CH3), 3.20-3.10 

General Procedure for BF3 Etherate Catalyzed Additions 
of Thiol Derivatives to  Glycals. Following the general pro- 
cedure for additions described by Zamojski,'' a solution of the 
glycal and the thiol derivative (1.2 equiv) in benzene (0.28 M) 
at 5 "C was stirred for 5 min followed by addition of BF3 etherate 
(1.2 equiv). The cooling bath was removed and the mixture stirred 
until the reaction was complete (monitored by TLC). The mixture 
was quenched by either addition of aqueous sodium bicarbonate 
and extraction with CHpClz or by nonaqueous workup with ad- 
dition of solid NaHC03, stirring for 30 min, and evaporation to 
dryness, and the residue was taken up in CHzClz and filtered. The 
resulting CHzClz solutions were evaporated and the residue filtered 
through a short silica gel column eluting with CH2Cl2. After 
evaporation the crude product was chromatographed on silica gel, 
eluting with EtOAc/hexane to afford each product as a yellow 
oil characterized as follows. 

Reaction of 3,4,6-Tri-O-acetyl-~-glucal (3) with Thio- 
phenol. Using the method above with the nonaqueous workup, 
a mixture of four components, inseparable by flash chromatog- 
raphy (5% EtOAc/pentane), was obtained. They were tentatively 
identified as a mixture of 4 and 5 on the basis of the 'H NMR 

6 6.39-6.33 (dd, J =  6.0, 1.1, H-l), 4.87-4.80 (dd, J =  6.1, 2.6, H-2), 

(dd, J = 8.6, 6.3, H-4), 1.42-1.34 (d, J = 6.4, CH3). 

123) Blackburne, I. D.; Fredericks. P. hl.: Guthr ie ,  R .  D. A k s r .  J .  
Chem. 1976,29, 331. 

1591. 
(24) Diner, V. E.; Sweet, F.; Brown, R. K. Can. J .  Chem. 1966, 44, 
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spectrum of the mixture. Data for the mixture: R, 0.74 (7:3 
hexane/EtOAc); 'H NMR (CDC1,) 6 7.53-7.14 (m, SC6H5), 
5.83-5.38 (m, 2 H), 4.92-4.79 (m, 1 H), 4.43-3.98 (m, 3 H), 3.79-3.04 

S - (2'-Pyridyl) 2,3-Dideoxy-4,6-di- 0 -acetyl-  1-t hio-a-D- 
e ry thro  -hex-2-epopyranoside (6). From 3,4,6-tri-O-acetyl-D- 
glucal (3) (0.178 g, 0.655 mmol) and 2-thiopyridine (0.146 g, 2.0 
eq) using the above procedure was obtained after 45 min, nona- 
queous workup, and filtration through silica gel crude 6 which 
was recrystallized from hot MeOH, to yield 6 as white needles 
(0.196 g, 90%, mp 123.0-123.5 'C). Data for 6: R, 0.62 (7:3 
toluene/EtOAc); 'H NMR (CDCl,) 6 8.41-8.36 m, (1 H), 7.56-6.93 
(m, 3 H), 6.53 (dd, J = 2.8, 1.5, H-l), 6.10-5.97 (ddd, J = 11, 2.8, 

J = 8.0, 1.5, 1.5,0.5, H-4), 4.32-4.02 (m, H-5, H-6, H-69, and 2.08, 
1.95 (8,  OAc); 13C NMR (CDC1,) 6 169.32, 168.76 (OAc), 155.82 

(m, 3 H), 1.97, 1.96, 1.09 (s, O h ) ;  [ a ] % ~  +13.90 (C 0.1240, CHCl3). 

1.5, H-2), 5.88-5.77 (ddd, J =  11,1.5, 1.5, H-3), 5.40-5.31 (dddd, 

(C-2'), 148.60 (C-5'), 135.67 (C-4'), 127.68 (C-2), 127.13 (C-3), 122.59 
(C-3'), 120.07 (C-6'), 79.86 (C-l), 68.44 (C-4), 65.05 (C-5), 62.91 
(C-6), 21.68,21.39 (OAC); JGlE = 175; IR (CHCl3) 3020,2920,1740, 
1575,1560,1450,1430,1425,1370,1240, 1120,1080, 1050,985, 
950, 780, 750, and 705 cm-'; MS (HRCI-CH4), calcd for C15- 
HI8NO5S 324.0906, found 324.0899; +113.51' ( c  0.0232, 

S -(2'-Pyridyl) 2,3,6-Trideoxy-4- 0 -acetyl-  1 - t h i o - a - ~ -  
e ry th ro  - hex-2-enopyranoside (9). From 3,4-di- 0-acetyl-L- 
rhamnal (8) (1 g, 4.67 mmol) was obtained after 45 min stirring, 
workup, and chromatography 9 as yellow needles (1.02 g, 83%, 
mp 98 "C). Data for 9: 'H NMR 6 8.52-8.51, 7.6-7.1 (m, Spy), 

CHClJ. 

6.61-6.60 (dd, J = 3.0, 2.0, H-l) ,  6.1-6.0 (ddd, J = 10.4, 2.8, 1.9, 
H-2), 5.90-5.84 ( d d d , J =  10.1, 3.2, .6, H-3), 5.18-5.13 (ddd, J =  
9.3, 3.7, 2.0, H-4), 4.20-4.02 (dq, J = 9.1, H-5), 2.11 (s, OAC), 
1.57-1.56 (d, J = 6.18, C-6); I3C NMR 176.3 (OAC), 157.4, 149.5, 
136.5, 122.9, 120.3 (SPY), 128.4, 128.1 (C-2, C-3) 79.5 (C-l), 70.4 
(c-4), 77.6 (c-5), 20.9 ( O h ) ,  17.9 (C-6); JC.1,H = 170; IR (cm-') 
3020,2925,1740,1577,1559,1454,1418,1374,1264,1241,1216, 
1123,1093,1065, and 1043; MS (CI-CH4), m/z 206,289,95; HREI 
calcd for Cl3HI5NO3S 265.0782, found 265.0774; [a]25D -246' ( c  

Reaction of 2,4,6-Tri-O-methyl-D-glucal (10) w i t h  2- 
Thiopyridine. From 2,4,6-tri-O-methyl-~-glucal (10) (0.3 g, 1.6 
"01) was obtained after 2 h, workup, and fitration through silica 
gel a mixture of two products (34 g, 89% ). The 'H NMR of the 
mixture showed them to be a 1:l mixture of lla and l l b .  'H 
NMR data for 11 from the mixture: l la 6 8.44-8.42 (m, 1 H),  
7.52-6.99 (m, 3 H), 6.40-6.37 (d, J = 5.5, 1 H), 5.18 (dd, J = 5.0, 
5.3, 1 H), 4.68-4.64 (dd, J = 2.2, 6.3, 1 H), 3.87-3.81 (m, 1 H), 
4.08-4.01 (m, 1 H), 3.73-3.71 (m, 2 H), 3.42 (s, 3 H), 3.28 (9, 3 H); 

4.87-4.83 (ddd, J = 2.7, 2.8, 1.6, 1 H), 3.78-3.71 (m, 1 H), 4.08-4.01 
(m, 1 H), 3.73-3.71 (m, 2 H),  3.56 (s, 3 H), 3.43 (5, 3 H). 

S-(2'-Pyridyl) 2,3-Dideoxy-4,6-di-O-methyl-l-thio-a-~- 
erythro-hex-2-enopyranoside (12). From 3,4,6-tri-O-methyl- 
D-glued (10) (0.3 g, 1.6 mmol) and [ (trimethylsily1)thiolpyridine 
(0.33 g, 1.9 mmol) was obtained after 1 h, nonaqueous workup, 
and flash chromatography 12 as a yellow oil (350 mg, 82%). Data 
for 12: R, 0.42 (30% EtOAc/hexane); 'H NMR 6 8.47-8.45 (m, 
1 H), 7.65-7.62 (m, 3 H),  6.52 (dd, J = 2.9, 1.8, H-l) ,  6.12-6.06 

4.10-4.00 (m, H-4, H-5), 3.71-3.56 (m, H-6,6'), 3.42 (s, OCH,), 3.36 
(9, OCH,); I3C NMR 6 154.0, 147.6,136.6, 123.4,121.5 (Spy), 128.7, 

59.2 (OCH,), 56.59 (OCH,); J C . ' , ~  = 170; MS (HREI), calcd for 
C13H1703N5 267.09301, found 267.0971. 

S - P h e n y l  2,3-Dideoxy-4,6-di-O - m e t h y l - 1 - t h i o - a - ~ -  
e ry thro  -hex-2-enopyranoside (13). From 3,4,6-tri-O-methyl- 
D-glUCal (10) (3 g, 16 mmol) and [(trimethylsilyl)thio] benzeneIg 
(6 g, 26 mmol) was obtained after 4 h of stirring, nonaqueous 
workup, and flash chromatography 13 as a yellow oil (3.81 g, 90%). 
Data for 13: R, 0.84 (30% EtOAc/hexane); 'H NMR (CDCl,) 6 
7.5-7.1 (m, Ph),  6.06-6.02 (d, J = 10.5, H-3), 5.99-5.94 (ddd, J 
= 10.5, 2.0, 2.0, H-2), 5.76 (br s, H-l) ,  4.23-4.13 (ddd, J = 8.5, 
2.5,4.0, H-4), 4.05-3.90 (ddd, J = 8.5,2.0,2.0, H-5), 3.80-3.61 (m, 
H-6), 3.41 (s, OCH,), 3.34 (s, OCH,); I3C NMR (CDCl,) b 136, 131, 

0.0107, CHC13). 

l l b  6 6.43-6.40 ( J  = 5.6, 1 H), 5.01-4.98 (dd, J =  5.7, 5.7, 1 H),  

(dd, J = 11.0, 1.2, H-3), 6.04-6.02 (ddd, J = 10.5, 3.0, 1.8, H-2), 

127.3 (C-2, C-3), 80.73 (C-l), 76.2 (C-5), 71.4 (C-4), 76.51 (C-6), 

129,128 (SPh), 127.4 (C-2), 127.2 (C-3), 84.1 (C-1), 71.6 (C-5), 71.5 
(C-4), 69.3 (C-6), 59.3 (OCH,), 56.3 (OCH,); Jc.1,~ = 166; MS 
(HREI), calcd for C14H1803S 266.0977, found 266.0966. 
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S -Phenyl 2,3,6-Trideoxy-4- 0 -methyl- 1-t hio-a-L-erythro - 
hex-2-enopyranoside (15). From 3,4-di-O-methyl-~-rhamnal(l4) 
(1.5 g, 10.8 mmol) was obtained after 1.58 h of stirring, nonaqueous 
workup, and chromatography 15 as a yellow oil (1.6 g, 64%). Data 
for 15: Rf0.78 (30% EtOAc/hexane); 'H NMR 6 7.5-7.1 m, (SPh), 

1.7, 1.2, H-2), 5.72-5.68 (ddd, J = 3, 1.0, 1.0, H-l), 4.07-3.88 (m, 
6.03-5.94 (ddd, J = 10.0,3.0, 1.5, H-3),5.93-5.86 (ddd, J = 16.0, 

H-4, H-5), 1.361.30 (d, J = 5.7, C-6); I3C NMR 131.4, 129.2, 129.0, 
127.4 (SPh), 127.5, 127.2 (C-2, C-3), 83.6 (C-1), 77.01 (C-5), 66.15 
(c-4, 56.4 (OCH,), 18.0 (C-6); JC.1,H = 166; MS (CI-CH4), m/z  
236, 203, 137; (HREI) calcd for C13H1602S 236.0872, found 
236.0890. 

S-Acetyl 2,3,6-Trideoxy-4-0 -methyl- 1-thio-b-L-erythro - 
hex-2-enopyranosides ( 16). From 3,4-di-O-methyl-~-rhamnal 
(14) (1.99 g, 12.6 mmol) and (thionoacetoxy)trimethylsilanem (3.74 
g, 25.2 mmol) after 1 h of stirring, nonaqueous workup, and silica 
gel chromatography w a ~  obtained 16 as a yellow oil (2.34 g, 92%). 
Data for 16: R, 0.70 (30% EtOAc/hexane), tR 7 min (10% Et- 
OAc/hexane, 1.0 mL/min); 'H NMR 6 6.23-6.16 (ddd, J = 2.9, 

J = 10.2, 3.0, 1.6, H-3), 3.66-3.45 (m, 2 H, H-4, 5 ) ,  3.42 (9, OCH,), 
1.5, H-l), 6.08-5.99 (ddd, J = 10.2, 1.5, 1.5, H-2), 5.87-5.77 (ddd, 

2.37 (5, SCOCH,), 1.36-1.25 (d, J = 5.6, CH3); 13C NMR 6 194.38 
(M), 128.46,126.85 (C-2,3), 78.43 (C-l), 77.51 (C-5), 69.16 (C-4), 
56.66 (OCHd, 30.98 (SCOCHJ, 18.29 (CH3); J ~ l s  = 169 IR (film) 
3020, 2970,2930,2870, 2815, 1698,1693,1685, 1120, and 1095; 
MS (EI), m/z (relative intensity) 203 (21), 202 (0.7), 179 (22), 127 
(loo), 95 (38), 90 (37); (HREI) calcd for C9Hl4O3S 202.0664, found 
202.0667; [ a I z 5 D  -212' (c 0.0345, CHCl,). 

S -Acetyl  2,3-Dideoxy-4,6-di-O -methyl-l-thio-a,B-D- 
e ry th ro  -hex-2-enopyranosides (17, 18). From 3,4-6-tri-O- 
methyl-D-glucal (10) (4.72 g, 25.1 mmol) and (thioacet0xy)tri- 
methylsilane (50.2 mmol) was obtained after 3 h of stirring, 
aqueous workup, silica gel chromatography, and HPLC eluting 
with 20% EtOAc/hexane 17 and 18 as a yellow oil (5.25 g, 90%, 
17:18 = 25:75). Data for 17: R, 0.49 (30% EtOAc/hexane), t g  
34 min (20% EtOAc/hexane, 3.0 mL/min); 'H NMR (500 MHz) 
66.12-6.10(ddd+J=2.3,2.2,2.2,H-l),6.09-6.06 (ddd, J =  10.1, 
2.4, 2.4, H-2), 5.86-5.84 (ddd, J = 10.2, 1.9, 1.9, H-3), 3.86-3.83 
(ddd,J=8.4,2.2,2.1,H-4),3.80-3.77(ddd,J=8.3,3.6,1.6,H-5), 
3.62-3.61 (dd, J = 9.6,2.2, H-6), 3.61-3.60 (dd, J = 10.6,3.4, H-6), 

128.12,127.97 (C-2, C-3), 77.25 (C-5), 77.14 (C-l), 71.79 (C-6), 70.87 
(c-4), 59.29, 56.50 (OCH,), 30.62 (CH3); JC.1,H = 165; [aIz5D 138' 
( C  0.0415, CHC13). 

3.41 (s, 3 H), 3.59 (s,3 H), 2.35 (s,3 H); 13C NMR 6 193.36 (C=O), 

Data for 18: R/ 0.49 (30% EtOAc/hexane); tg  31 min (20% 
EtOAc/hexane, 3.0 mL/min); 'H NMR (500 MHz) 6 6.24-6.23 
(dddd, J = 1.7, 1.6, 1.5, 1.5, H-l) ,  6.03-6.01 (ddd, J = 10.2, 1.7, 
1.6, H-2), 5.83-5.78 (ddd, J =  10.1, 3.1, 1.9, H-3), 3.92-3.89 (ddd, 
J = 8.73, 2.19, H-4), 3.63-3.59 (m, H-5, H-6), 3.42 (s, CH,), 3.40 
(s, OCH,), 2.37 (s,SCOCH,);'~C NMR: 6 193.78 (C=O),128.34, 
127.01 (C-2, C-3), 78.66 (C-1), 72.73 (C-5), 71.52 (C-4), 71.37 (C-6), 
59.34 (OCH,), 56.64 (OCH,), 30.91 (SCOCH,); JC.1,H = 170; IR 
(film) 3020,2980,2920,2880,2815,1698,1693,1685,1110,1095, 
and 1080 cm-l; MS (HRCI) calcd for MH' C10H1704S 233.0843, 
found 233.0849; (HREI) calcd for M - CH3OH C9H12O3S 200.0506, 
found 200.0508. 

S - A c e t y l  2,3-Dideoxy-4,6-di-O -acetyl-f-thio-a,@-D- 
e ry th ro  -hex-2-enopyranosides (19, 20). From 3,4,6-tri-O- 
aCetyl-D-glUCal (3) (236 mg, 1.258 mmol) and (thionoacet0xy)- 
trimethylsilane (372 mg, 2.05 mmol) was obtained after 1 h of 
stirring, aqueous workup, silica gel chromatography, and sem- 
ipreparative HPLC 19 and 20 (311 mg, 86%, 19:20 = k1.5). Data 
for 19: R, 0.36 (1:3 EtOAc/hexane); tg  10 min (20% EtOAc/ 
hexane, 3.0 mL/min); 'H NMR (500 MHz) 6 6.14-6.13 (dd, J = 
1.9, 1.6, H-l) ,  5.92-5.88 (m, H-2, H-3), 5.25-5.23 (ddd, J = 6.7, 
2.1,1.6, H-4), 3.98-3.95 (ddd, J = 6.4,6.1, 3.9, H-5), 4.22-4.18 (dd 
J = 12.1, 5.8, H-6), 4.17-4.15 (dd, J = 11.9, 3.9, H-6), 2.37 (s, 

(C=O), 170.75 (C=O), 170.21 (C=O), 129.38, 126.75 (C-2, C-3), 
77.20 (C-1), 74.81 (C-5), 64.01 (C-4), 62.88 (C-6), 30.70 (SCOCH,), 
20.97 (OAC), 20.83 ( O h ) ;  JC.1,H = 166; IR (film) 3056, 2485, 2903, 

SCOCH,), 2.08 (s,OAc), 2.08 (s, OAc);l3C NMR (75 MHz) 6 193.06 

2870, 1793, 1704, 1700, 1380, 1242, and 1097. 
Data  for 20: R, 0.39 (30% EtOAc/hexane); t~ 9 min (20% 

EtOAc/hexane, 30 mL/min); 'H NMR (500 MHz) 6 6.39-6.38 (s, 
H-l), 5.91-5.87 (ddd, J = 10.19, 2.6, 1.7, H-3), 5.86-5.83 (d, J = 
10.15, H-2), 5.38-5.35 (ddd, J =  9.4, 3.5, 1.7, H-41, 4.24-4.20 (dd, 
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J = 12.2, 4.9, 1 H), 4.15-4.12 (dd, J = 12.2, 2.4, 1 H),  3.90-3.86 
(ddd, J = 9.5, 5.0, 2.5, H-5), 2.35 (9, SCOCH,), 2.06 (s, OAC), 2.05 

170.02 (C=O), 127.99, 127.75 (C-2, C-3), 78.21 (C-l), 69.95 (C-5), 
64.58 (C-4), 62.67 (C-6),30.93 (SCOCH,), 20.95, 20.75 (OAC); Jc.1,~ 

(s, OAc); 13C NMR (75 MHz) 6 193.13 (C=O), 170.15 (C=O), 

= 171; IR (film) 3056,2985,2903,2870, 1793, 1704,1700,1242, 
and 1097; MS (CI-C4Hl,,), m / z  (relative intensity) 289 (5, MH'); 
(HREI) calcd for M+ - SCOCH, C10H1306, 213.0765 found 
213.0958. 

S -Acetyl 2,3,6-Trideoxy-4- 0 -acetyl- 1 -t hio-a,@-L-erythro - 
hex-2-enopyranosides (21,22). From 3,4-di-O-acetyl-~-rhamnal 
(8) (100 mg, 0.46 mmol) and (thionoacetoxy)trimethylsilane (136 
mg, 0.92 mmol) after 1 h of stirring, nonaqueous workup, chro- 
matography, and semipreparative HPLC were obtained 21 and 
22 (81 mg, 86% 21:22 = k1.7). Data for 21: Rf 0.72 (30% Et- 
OAc/hexane); t R  11.2 min (20% EtOAc/hexane, 2.0 mL/min); 
'H NMR (500 MHz) 6 6.18-6.17 (d, J = 2.2, H-l) ,  5.89-4.97 (m, 
H-2, H-3), 5.07-5.04 (ddd, J = 6.3, 1.7, 1.3, H-4), 3.95-3.90 (dq, 
J = 6.4,6.4, H-5), 2.39 (s, SCOCH,), 2.11 (s, OAC), 1.31-1.30 (d, 
J = 6.4, C-6); 13C NMR (75 MHz) 6 1.93.37 (C=O), 170.36 (C=O), 
129.66,126.73 (C-2, C-3), 76.41 (C-1), 73.24 (C-5), 68.97 (C-4), 30.65 
(SCOCH3), 20.98 (OCOCH,), 18.18 (CH,); JC.l,H = 177; IR (film) 
3149, 3051, 2985, 1733, 1701, 1375, 1264, 1244, 1045. 

Data for 22: Rf 0.72 (30% EtOAc/hexane); t R  11.6 min (20% 
EtOAc/hexane, 2.0 mL/min); 'H NMR (500 MHz) 6 6.20 (br s, 
H-l) ,  5.82-5.80 (d, J = 9.9, H-2), 5.90-5.85 (ddd, J = 10.0, 3.0, 
1.7, H-3), 5.30-5.26 (ddd, J = 9.0, 3.6, 1.7, H-4), 3.96-3.90 (dq, 
J = 9.0,6.13, H-5), 2.36 (s, SCOCH,), 2.07 (s, OAC), 1.22-1.21 (d, 

128.16, 128.04 (C-2, C-3), 78.17 (C-1), 70.16 (C-5), 68.26 (C-4), 30.95 
J = 6.18, C-6); 13C NMR (75 MHz) 6 193.90 (C=O), 179.32 (C=O), 

(SCOCH,), 21.04 (OCOCH,), 18.01 (CH,); JC.1,H = 172; IR (film) 
3149, 3051, 2985, 1733, 1701, 1375, 1264, 1244, and 1045; MS 
(CI-C4Hlo), m/z  (relative intensity) 289 (5, MH'); (HREI) calcd 
for C13H1103 (M' - SCOCH,) 155.0708, found 155.0709. 
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Diels-Alder cyclizations of N-acyl imines derived from glyoxylates 5 and 8 stereoselectively produced cis-fused 
bicyclo-l,3-dihydrooxazine y-lactones 7 and 10, respectively. The cycloaddition failed to yield the corresponding 
&lactone 12 derived from precursor 11. Selective ring cleavages of cycloadduct 2 afforded hydroxy amide 13 
and a-amino lactone 14. Efficient application of this methodology to the stereoselective synthesis of the N-terminal 
amino acid portion 15 of nikkomycin B (16) is described. Diels-Alder precursor 21, readily available in three 
steps from known allylic chloride 17, was cyclized to the bicyclodihydrooxazine 22. This compound was readily 
converted to lactone 26. 

In 1984 we described the first example of an intramo- 
lecular [4 + 21-cycloaddition involving an  N-acyl imine and 
an alkenelaI2 (eq 1). The reaction proved to be totally 
stereoselective and afforded the cis-fused bicyclic di- 
hydro-1,3-oxazine y-lactone shown in structure 2. This 
result prompted us to investigate the type of cycloaddition 

(1) (a) Tschaen, D. M.; Turos, E.; Weinreb, S. M. J. Org. Chem. 1984, 
49, 5058. (b) Scola, P. M.; Weinreb, S. M. Ibid. 1986, 51, 3248. 

(2) For reviews of intermolecular cycloadditions of this type see: 
Schmidt, R. R. Synthesis 1972,333. Schmidt, R. R. Angew. Chem., Int. 
Ed.  Engl. 1973, 12, 212. See also: Boger, D. R.; Weinreb, S. M. Hetero 
Diels-Alder Methodology in Organic Synthesis; Academic: Orlando, 
1987. 
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shown in eq 2.1b In these cases trans-fused bicyclic di- 
hydrooxazines such as 4 were formed exclusively. Inter- 
estingly, the systems in eq 2 cyclized under Lewis acid 
catalysis, but not thermally. We have postulated that in 
the thermal cyclization (eq 1) an acyl imine 1 is involved, 
whereas in the BF,.EbO-promoted reactions (eq 2) an acyl 
iminium complex 3 is an intermediate. Moreover, we have 
previously attempted to rationalize these stereochemical 
results,' although we are still not certain if 2 is in fact a 
kinetic reaction product. Since we initially investigated 
only a single example of a cyclization of a glyoxylate-de- 
rived acyl imine l,la we decided to look at  a few additional 
cases of this type and to explore the application of this 
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