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Abstract: The stereoselectivity of the reactions of D-glucal derivatives with PhSCI and PhSeCl is
dependent on the presence of an electronegative heteroatom substituent at C(6) and the nature of
the functionality at C(4). The C(6)-substituent influences the conformational preferences of the D-
glucal derivatives, and greatest stereoselectivity is obtained with those glycals that preferentially
exist in the inverted Hy half-chair conformation 28b. A polar substituent at C(4) increases the

selectiviry by stabilizing the episulfonium /episelenonium ion intermediates 31b and 33.
© 1997 Elsevier Science Lid.

In connection with our work'-3 on the synthesis of the aureolic acid antitumor antibiotics,*7 we were
confronted with the problem of the stereoselective synthesis of 2-deoxy-B-glycosides:3-!! three out of the five
glycosidic linkages are B in olivomycin A (1) and chromomycin A3 (2), whereas all five of the glycosidic bonds
are B in mithramycin (3).2 Although 2-deoxy-a-glycosides are generally easily prepared from glycals or
activated 2-deoxysugar precursors,”!! the synthesis of 2-deoxy-B-glycosides has proved to be a much more
difficult undertaking.? With a few exceptions,'>17 the most extensively developed strategy for synthesis of 2-
deoxy-B-glycosides utilizes donors with equatorial C(2) heteroatom substituents (e.g., -Br,!8: -SAr,19-25,
-SePh,% -OAc,?7?8 .NHCHO?*?’ and 1,2-epoxy>?) that are removed reductively after the glycosylation event.
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In 1990 when our studies on the synthesis of the aureolic acid glycosides began in earnest, we were
interested in developing a synthetic strategy that would permit easy access to a range of oligosaccharide
analogs, which in turn would permit us to probe the nature of the interactions of the aureolic acid
oligosaccharides with DNA.31-3  As such, a synthetic strategy that utilized glycals as the ultimate glycosyl
donors was particularly attractive, since this would permit the synthesis of both c- and B-glycosides from a
common precursor.’7 Based on these considerations, we were immediately attracted to the work of Ogawa,
Franck and Beau who developed reasonably selective routes to 2-deoxy-f-glycosides via the reactions of
glycals with electrophilic sulfur and selenium reagents.20:23:24.26  However, detailed examination of the
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available literature revealed that the stereochemical control features of these reactions were not readily apparent.
For example, stereoselectivity varied considerably with changes in the nature of the glycal protecting groups
(and the identity of the C(6)-substituent) in the Ogawa and Beau methods, 2026 while considerable variation in
selectivity also occurred with structural changes in the alcohol acceptor used in the Franck procedure.?3:24
Accordingly, we decided to decouple the glycosidation step from the glycal activation step, along the lines
pioneered by Beau,?® in hope that the critical stereochemical control features of these glycosidation protocols
could be defined. We report herein the results of our investigation of the reactions of glycals with
phenylsulfenyl chloride (PhSCI) and phenylselenenyl chloride (PhSeCl). Our studies of the glycosidation
reactions of the resulting 2-thiophenyl- and 2-selenophenyl--D-gluco-pyranosyl donors are described in the
accompanying manuscript.38
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Results and Discussion. Results of the reactions of several D-glucal or D-rhamnal derivatives with
PhSCI are summarized in Table 1. These reactions were typically performed by addition of 1.1 equiv. of
PhSCI?? to a 0.2 M solution of glycal in CH,Cly. In most cases, the reactions were complete within a 1 h
period. Mixtures of three products were typically observed: a-11, B-11 (gluco configuration), and a-12
(manno configuration). In the majority of cases, the product ratios were determined by integration of diagnostic
TH resonances for each product in the TH NMR spectrum of the crude reaction mixtures. Typically, H-1 for the
B- gluco products appeared at 8 5.17-5.42 as a doublet, J; 2 = 8.1-9.5 Hz, with H-2 appearing at § 3.20-3.38 as a
doublet of doublets, J| 2 = 8.1-9.5 Hz. For the a-gluco chlorides (a-11), H-1 and H-2 typically appeared at &
5.81 - 6.23 and & 3.38 - 3.75, respectively, with J; 2 = 3.1 - 4.0 Hz. Finally, H-1 and H-2 for the a-manno
chiorides 12 appeared at 8 5.93 - 6.25 (br s) and 3.75 - 3.91 (br d, J23 = 4.0 - 4.5 Hz). In the majority of cases,
the chloride mixtures were converted to the corresponding glycosyl acetates (via reaction with AgOAc) or to the
corresponding lactols (by treatment with either AgoCO3, AgOT{-N,N,N'N'-tetramethylurea, or DBU in aqueous
THEF), which were separable and easily characterized (see Experimental Section).

The most striking observation is that the stereoselectivity of these reactions is highly dependent on the
nature of the substituents at C(4) and C(6). Schmidt reported in 1988 that the reaction of tri-O-benzyl-D-glucal
4 with PhSCI was highly selective for the B-gluco product.2! We determined that the selectivity of this reaction
is at least 15 : 1 according to the NMR analysis described above. However, the gluco : manno selectivity
realized with several 6-deoxy glucal derivatives (e.g., 13,26 and 15) was only 3 : 1 favoring 11. Selectivity was
considerably better with D-rhamnal derivative 14 (10 : 1), however in initial experiments 3 : | mixtures of 11
and 12 were obtained.*? In view of the fact that glycal tosylate 16*! is a precursor of 14, we also explored the
reactions of this compound and its derivatives with PASCIL. As shown in the table, while the stereoselectivity
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Table 1. Addition of PhSCI to D- Glucal Derivatives
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(a) Product ratios determined by H NMR analysis of the crude reaction products,
unless noted otherwise. (b) Product ratio determined after conversion of the
chioride to the lactol (Ag,CO;,THF, H,0).

of the reaction of 16 with PhSCI is moderate (6 : 1), excellent selectivity (>15 : 1) was obtained with its acetate
derivative, 17. Excellent results have also been obtained with the 6-bromo glycal derivatives 19 and 20, as well
as with the more complex di- and trisaccharide glycals 21,! 223 and 23.42 However, it should be noted that use
of a TBS ether protecting group for C(4)-OH leads to diminished selectivity (see 18).

Because the stereoselectivity of the glycal functionalization step is excellent with substrates containing
C(6)-tosyl or -bromo substituents and acety| (or chloroacetyl) protecting groups at C(4)-OH (e.g., 16-23), we
have used such derivatives as key intermediates in our work on the synthesis of the aureolic acid di- and
trisaccharides.!> The glycosyl tosylate and bromide derivatives have proven to be well behaved synthetic
intermediates, presumably owing to the inductive effect of the adjacent pyran oxygen atom which stabilizes the
C(6)-X unit with respect to (unwanted) substitution and elimination reactions. This observation also served as
the basis of the sulfonate ester linker strategy that we recently introduced in our work on solid-phase synthesis
of 6-deoxy oligosaccharides.*?

Resuits of reactions of several glycals in the D-glucal or D-rhamnal series with PhSeCl are summarized
in Table 2. These reactions were performed in toluene, as described by Beau.2é The crude anomeric chlorides
were treated with AgOAc to give the B-gluco (24) and a-manno (25) acetates, which in most cases were



8828

W. R. ROUSH et al.

Table 2. Addition of PhSeCl to D-Glucal Derivatives

X
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13 BnO” H 1:1 HO'
OBn 0TBS
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Me o o
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HO” HO”
OTBS OTBS

{a) Ratios determined by 'H NMR analysis of crude reaction mixtures. (b) 9 : 1 selectivity
has been reported for this reaction (ref. 26). (c) 6 : 1 selectivity has been reported (ref. 26).
(d) 10: 1 selectivity has been reported previously (ref. 26).

separable by chromatography. Here also, stereoselectivity was generally better with substrates containing
heteroatom substituents at C(6) (compare results with 42 vs. those for 13 and 2626), with the best selectivity
again being obtained with the 6-tosyl and 6-bromo glycals, 16 and 27, respectively.** It should also be noted
that the stereoselectivities for the reactions of PhSeCl with glycals 4, 13 and 26 are lower than the values for
these substrates reported by Beau.?¢ It is unclear if the poor selectivity in these cases is due to equilibration of
episelenonium ion intermediates.

Glycals are well-known to be conformationally flexible,*>#7 and therefore it is necessary to consider the
possibility that both the normal half-chair 28a (*Hs conformation) and the conformationally inverted isomer
28b (5H4 conformation) contribute to the distribution of products in these reactions.*’#¥ NMR studies reported
by Thiem indicate that the SH4 conformation becomes increasingly important for D-glucal
derivatives when the C(5) substituent becomes more electronegative; in fact, glucal 29 exists
preferentially (93% at ambient temperature) in the indicated SHy conformation.*’” Moreover,
both Thiem and Horton have suggested that the production of B-gluco products in the
iodoglycosidation reactions of D-glucal derivatives can be explained by invoking the
involvement of the conformationally inverted glycals (c.f., 28b, 29).4748

Partial H NMR data for glycals 14, 17 and 19, along with data for the conformationally rigid glycal 30a
are summarized below. These data, particularly the J4 5 data, are clearly indicative of the conformational
preferences of these systems. The relative amounts of the 4Hs and SHy4 conformations for 14, 17 and 19 were
estimated by using the expressions [4Hs] + [SHg] = 1, and [PHa] = (Jobs - Jee) / (Jaa - Jee), using values of Jaa =
11.6 Hz and Jee = 2.0 Hz determined from fitting calculations for the maximum axial-axial (J4 5) and minimum
equatorial-equatorial (J45) coupling constants, respectively.*>47 Based on these calculations, glycal 14 is
estimated to be a ca. 2 : | mixture dominated by the 4Hs conformation, whereas 17 and 19 areca. 2: 1 to 3 : 1
mixtures in which the conformationally inverted SHy structures predominate.

These observations raised the question if any correlation exists between the stereoselectivity of the
reactions of PhSCI and PhSeCl with the glycals in Tables 1 and 2, and their conformational preferences?
Because PhS(Se)X addition to the glycals is almost certainly slow compared to SHy < 4Hs conformational
interconversion, especially for reactions that are performed at 0 °C to 23 °C, it follows that the product

Ao CO:Me

29 =90
AcO
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Conformational Analysis of D-Glucal Derivatives
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distribution is determined by the relative energies of the competing transition states and not the distribution of
ground state conformers 28a and 28b. That is, this is a situation where the Curtin-Hammett principle must
apply. Consideration of the possible modes of reactivity available to the pair of glycal conformers suggests that
the diastereofacial selectivity of 28a should be less pronounced than that of 28b. Addition of PhSC} to the
bottom (o) face of 28a (leading to episulfonium ion 31a) should be favored relative to top (B) face addition
(leading to episulfonium ion 32), owing to nonbonded interactions of the PhS- unit with the adjacent TBS ether
in 32, as well as the propensity of D-glucal derivatives to react with electrophiles preferentially on the o
face.244950 However, based on data reported for electrophilic additions reactions of glycals that are locked into
the 4Hs conformation,?* it is probable that the diastereofacial selectivity of 28a should not be overwhelmingly
large. On the other hand, the two faces of conformation 28b are differentiated to a much greater extent: the
upper (B) face is hindered by two axial (or pseudo-axial) substituents, while the bottom (o) face is shielded only
by the axial C(4)-OR group. It is conceivable that when the latter substituent is an acyloxy group, as in glycals
14, 17 and 19-23, the transition state leading to episulfonium ion 31b could be stabilized by a charge-dipole
48 If this analysis is correct, and further assuming that the transition states for these addition
reactions are half-chair-like, then glycals that preferentially adopt conformation 28b (e.g., 16-23, Table 1)
should exhibit higher diastereofacial selectivity in reactions with PhSCI than glycals that exist preferentially in
the normal half-chair conformation 28a (e.g., 14, 30). Analogous arguments can be invoked to rationalize the
excellent selectivity realized in the phenylselenylation reactions of glycals 16 and 27, in which case an axial

interaction.

Mechanistic Hypothesis:
Stereochemistry of Addition of PhSCI to D-Glucal Derivatives
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C(4)-hydroxy! group in the SH4 conformation might interact with the o epi-selenonium ion (e.g., '°°% X

33), thereby stabilizing the transition state leading to 33 relative to all other possibilities. 7 °
Support for this analysis is provided by the results of reactions of the conformationally 35 HOserh

rigid glycals 30a and 30b summarized below. The selectivity achieved in these experiments

ranged from 1 : 1 to 5 :1,5! showing clearly that the diastereofacial selectivity of glucals in the normal (4Hs)

half-chair conformation is only modest at best. It follows, then, that the excellent selectivity realized with

glycals 16-23 and 27 must be due to the involvement of the conformationally inverted glycal, 28b.

1) PhSCI, CH,Cl, SPh
f

Ph-—y~ Ph—t~ Ph—x~
O% c o O, 0Ac 02 o)
RO = RO RO

2) LiCl, THF PhS OAc
30 3) AgOAc, CHoClz 34 (gluco) 35 {(manno)
a)R=TBS 88% 70:30
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(a) This example was performed by using the one-pot sequence summarized in Table 2.

In summary, we have demonstrated that the stereoselectivity of the reactions of D-glucal derivatives
(arabino configuration) with PhSCI and PhSeCl is highly dependent on the presence of an electronegative
heteroatom substituent at C(6),52 as well as on the functionality at C(4) (e.g., -OAc for the reactions with PhSCI,
and -OH for the reactions with PhSeCl). The C(6) substituent strongly influences the conformational
preferences of the D-glucal derivatives, and greatest stereoselectivity is obtained with those glycals that exist
preferentially in the inverted conformation 28b (e.g., 16-23, Table 1). In this respect, the reactions of glucals
with PhSCI are strikingly different than their reactions with arylbis(aryithio)sulfonium salts, which are
insensitive to the conformational preferences of the glycal substrates.?* Although we have not performed a
systematic study of the stereoselectivity of the reactions of glycals with lyxo, ribo, and xylo configurations, we
note in closing that the presence of a polar C(6) substituent is not a requirement for excellent selectivity in the
functionalization of D-fucal derivatives such as 38 (lyxo configuration).2

ACO e 1) PhSCI or PhSeCl Al e
0 CCl,, -20°C o
TBSO 2 TBSO
2) Na,CO, X
THF-H,0 OH
38 39, X = SPh (87%)

40, X = SePh (75%)

Experimental Section™
Tégggmﬁe&/mc Acetyl 4-O-Acetyl-3-O-(tert-butyldimethyl)silyi-2,6-dideoxy-2-thiophenyl-f-D-
Phs 4q glucopyranoside (41). To a 23 °C solution of glucal 14 (98 mg, 0.34 mmol) in CH,Cly (1.7
mL) was added PhSCI (0.041 mL, 0.37 mmol). The solution was stirred for 25 min at 23 °C
and then concentrated in vacuo. The resulting yellow oil was dissolved in THF (1.1 mL) and then the solution
was saturated with LiCl. After being stirred at 23 °C for 2 h, the mixture was diluted with CH;Cl> and filtered
through Celite. The filtrate was dried over NapSOy, filtered, and concentrated in vacuo to give a pale yellow
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oil. TH NMR analysis of the crude anomeric chlorides revealed a gluco : manno ratio of ca. 10 : 1.
[Characteristic TH NMR data for the a-gluco chioride: 8 6.02 (d, J = 3.2 Hz, 1 H); for the B-manno chioride: &
6.08 (brs, 1 H)]. The mixture of anomeric chlorides was then dissolved in HOAc (1.7 mL) and AgOAc (0.114
g, 0.683 mmol) was added. The mixture was stirred at 23 °C for 1.75 h, then diluted with CH,Cl; and filtered
through Celite. The filtrate was washed with saturated aqueous NaHCO3 and brine, dried over Na;SOyq,
filtered, and concentrated in vacuo to give a yellow oil. Purification of the crude product by flash
chromatography with 5% EtOAc/hexanes followed by 10% EtOAc/hexanes afforded the desired pyranosides
(0.121 g, 78% yield) as a 1 : 1 : 8 mixture of the ®-manno, a-gluco, and B-gluco pyranosides, respectively. The
B-gluco and o-manno pyranoside were inseparable and therefore characterized as a mixture. Data for 41B: 'H
NMR (500 MHz, CDCl3) 8 7.60-7.21 (m, 5 H), 5.70 (d, J = 9.2 Hz, 1 H), 4.83 (app. t, J = 9.2 Hz, 1 H), 3.72
(dd, J=10.2,8.4 Hz, 1 H),3.54 (m, 1 H), 3.31(dd, J = 10.2,9.5 Hz, 1 H),2.13 (s, 3H), 1.70(s, 3 H), 1.18 (d, J
= 6.0 Hz, 3 H), 0.89 (s, 9 H), 0.21 (s, 3 H), 0.09 (s, 3 H); IR (neat) 1750 (br), 1585 cm-!; HRMS calcd for
Ci8H2506SiS (M*-1-Bu) 397.1141, found 397.1155. Anal. Calcd. for Ca2H3406SSi: C, 58.12; H, 7.54.
Found: C, 58.01; H, 7.26.

'H NMR data for the ct-manno pyranoside: 'H NMR (500 MHz, CDCl3) § 7.60-7.21 (m, 5 H), 6.13 (d,
J=2.8Hz, 1 H), 5.00 (app. t, / = 8.6 Hz, 1 H), 431 (dd, J = 8.4, 4.6 Hz, 1 H), 3.90 (m, 1 H), 3.59 (dd, J = 4.6,
2.8 Hz, 1 H), 2.10 (s, 3 H), 2.06 (s, 3 H), 1.26 (d, J = 6.7 Hz, 3 H), 0.89 (s, 3 H), 0.09 (s, 3 H), 0.05 (s, 3 H).

Data for the c-gluco acetate (41o): 'H NMR (500 MHz, CDCl3) $7.44-7.21 (m, 5 H), 6.16 (d, J = 3.5
Hz, 1 H), 4.84 (dd, J=9.9,9.2 Hz, | H), 3.99 (dd, J = 10.6, 8.8 Hz, | H), 3.86 (m, 1 H), 3.31 (dd, J = 10.6, 3.5
Hz, 1 H), 2.20 (s, 3 H), 2.13 (s, 3 H), 1.13 (d, J = 6.3 Hz, 3 H), 0.89 (s, 9 H), 0.18 (s, 3 H), 0.12 (s, 3 H); IR
(neat): 1760, 1745, 1585 cm-!; HRMS calcd for CigH2506SiS (M*-t-Bu) 397.1141, found 397.1135. Anal.
Calcd. for C2oH3406SSi: C, 58.12; H, 7.54. Found: C, 58.35; H, 7.28.

AcO

1550 oac toluenesulfonyl-B-D-glucopyranose (42). To a stirred, 23 °C solution of 1.35 g (2.97 mmol)

PhS 4o Of 17254 in 15 mL of CHyClp was added 0.5 mL of PhSCI. After several minutes the mixture

was concentrated in vacuo and the yellow residue was diluted with 10 mL of THF. This
solution was saturated with LiCl and the mixture was stirred 2-3 h. The solution was diluted with CH,Cl; and
filtered through Celite using a fine grain sintered glass funnel. The filtrate was dried over Na;SO4 and
concentrated in vacuo. Analysis of the crude product by 'H NMR indicated that this material consisted of a ca.
94 : 6 mixture of o-gluco chloride (8 5.89 (d, J = 3.2 Hz, H-1), 3.42 (dd, J = 10.4, 3.2 Hz, H-2)) and the B-
manno chloride (8 5.93 (br s, H-1), 3.75 (br d, J = 4.0 Hz, H-2)); diagnostic resonances for B-11 (observed
before the LiCl step) are & 5.42 (d, J = 8.9 Hz, H-1) and 3.42 (dd, J = 8.9, 8.9 Hz, H-2)). This material was
diluted with 15 mL of glacial acetic acid and treated with 2 g of AgOAc. After 1.5 h, the mixture was diluted
with CH,Cl, and filtered through Celite. The filtrate was washed with saturated NaHCO3 solution and brine,
dried over Na3S0Oy4, and concentrated. Chromatography of the resulting residue on silica gel eluting with
EtOAc-hexanes (1.5 : 8.5 then 2 : 8) gave 1.6 g (86 % overall from 17) of 42 as a white foam: [«]3 +4.0°
{c=4.0, CDCl3); 'H NMR (400 MHz) § 7.60 (d, 2 H of AA'BB', J = 8.3 Hz), 7.35-7.13 (complex overlapping
signals, 7 H), 5.69 (d, J = 8.8 Hz, H-1), 4.89 (dd, J = 9.6 8.4 Hz, H-4), 4.09 - 3.98 (AB of ABX, 2 H), 3.75 (dd,
J =98, 8.6 Hz, H-3), 3.73-3.67 (m, 1 H), 3.23 (dd, J = 9.6, 8.4 Hz, H-2),2.36 (s, 3 H), 2.02 (s, 3 H), 1.63 (s, 3
H), 0.79 (s, 9 H), 0.11 (s, 3 H), 0.00 (s, 3 H); IR (CDCl3) 1752, 1593 cm-). Anal. Calcd for Ca9H3400S,Si:
C,55.75 ; H, 6.45. Found: C, 55.50; H, 6.57.

OTs 1,4-Di-O-acetyl-3-O-(tert-butyldimethylsilyl)-2-deoxy-2-(phenylthio)-6-p-
—go

Br 4-0-Acetyl-6-bromo-3-O-(tert-butyldimethyl)silyl-2,6-dideoxy-2-thiophenyl-o.-D-
;*;go&@' glucopyranose (43). A solution of glycal 19°5 (1.54 g, 4.20 mmol) in CH2Cl, (45 mL) was
Prs! 43 treated with neat phenylsulfenyl chloride®® (850 mg, 5.88 mmol) at 0°C. The ice bath was

removed and the reaction stirred for 1 h while warming to ambient temperature. The mixture
was concentrated under reduced pressure to give the crude glycosyl chlorides (13 : 1 gluco (11) : manno(12)).
The residue was dissolved in a mixture of CH3CN (50 mL) and H20 (11 mL) and stirred with AgoCO3 (10.2 g,
37.0 mmol) overnight. The mixture was diluted with THF and filtered through Celite; the Celite bed washed
several times with EtOAc. The filtrate was concentrated and the crude product was purified by chromatography
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(silica gel, 10% EtOAc-hexanes) to give the lactol 43 (1.84 mg, 89% yield as ca. 11 : | mixture of anomers
favoring the a-OH anomer shown. Data for «43: Rf = 0.71 (20% EtOAc-hexanes); [a]}; +22.3° (¢ 4.60,
CHCI3); 1H NMR (500 MHz, CDCl3) & 7.45-7.18 (m, 5 H), 5.32 (d, J = 3.1 Hz, 1 H), 4.90 (dd J=95,84Hz,
1 H),4.19(ddd, J=9.5, 7.4, 3.1 Hz, 1 H), 4.16 (dd, J = 10.3, 8.4 Hz, 1 H), 3.30 (br s, 1 H, -OH), 3.29 (dd, J =
10.3, 3.1 Hz, 1 H), 2.15 (s, 3 H), 0.85 (s, 9 H), 0.14 (s, 3 H), 0.09 (s, 3 H); 13C NMR (125 MHz, CDCl3) &
170.0, 135.2, 131.4, 130.5, 129.0, 126.8, 93.0, 75.0, 70.5, 70.4, 55.9, 32.0, 25.8, 21.5, 18.0, -3.6, -4.3; IR
(CHCl3) 3580, 3340 (br), 1740, 1580 cml. Anal. Calcd for CagH31SiSBrOs: C, 48.87; H, 6.36. Found: C,
48.87; H, 6.20.

Partial 1H NMR data for the minor B-anomer (B-43): 5.07(dd, J=7.9,8.7 Hz, | H, H-4),4.80(dd, J =
8.1,6.0Hz, 1 H, H-1), 3.81 (dd, J=9.5,7.9 Hz, | H, H-3),3.08 (dd, /= 9.5, 8.1 Hz, 1 H, H-2).

OT¢ clag 0TS 4-O-Chloroacetyl-3-O-[4-O-chloroacetyl-2-deoxy-3-0-(2,6-
°'A°°g§&_,8£% dideoxy-2-iodo-4-O-isobutyryl-3-C-methyl-a-L-mannopyranosyl)-2-
Mizh)ﬂi)zg PhS PRSL phenylthio-6-O-(p-toluenesulfonyl)-p-D-glucopyranosyl]-6-O-(p-
FPICO, e a“ toluenesulfonyl)-o-D-glucopyranose (44). PhSCI (15 puL) was added to a
! stirred, 23 °C solution of C-D-E trisaccharide glucal 223 (50 mg, 0.0416
mmol) in CH2Cl; (0.7 mL). The mixture was stirred for 30 min, then the solvent was evaporated in vacuo. The
ITH-NMR spectrum of the crude product showed a mixture of the o-D-gluco-, B-D-gluco-, and &.-D-
mannopyranosy] chlorides in the ratio of 35 : 56 : 9, respectively. Separation of this mixture by flash silica gel
chromatography (hexane/EtOAc 2:1) afforded a mixture of the o-D-gluco- and B-D-glucopyranosyl chlorides
(45 mg, 80%) and the D-glucopyranose (6 mg, 10%, resulting from hydrolysis of the glucopyranosyl chlorides).
AgOSO0,CF3 (27 mg, 0.105 mmol) was added to a stirred solution of the o-D-gluco- and B-D-
glucopyranosyl chlorides (70 mg, 0.052 mmol), N,N,N',N'-tetramethylurea (28 uL, 0.234 mmol), and H>0 (200
ML, 11 mmol) in THF (1 mL). The mixture was stirred for 2 h in the dark, then additional AgOSO2CF3 (13 mg,
0.051 mmol) and N,N,N',N'-tetramethylurea (8 uL, 0.067 mmol) were added. The mixture was stirred for
another 6 h, then was filtered through Celite and the filtrate was concentrated in vacuo. Purification of the
crude product by flash chromatography (hexane/EtOAc 3:2) gave the trisaccharide lactol 44 (59 mg, 85%) as a
white solid: Rf0.11 (hexane/EtOAc 2:1); [a]zg +5.0° (c 0.8, CHCl3); H-NMR (CDCI3) ca. 85:15 mixture of o
and B-D-anomers, signals of o-D-anomer: 8 7.82 - 7.62 (m, 4 arom. H), 7.41-7.06 (m, 14 arom. H), 5.40 (d, J =
1.6, H-1"), 5.11 (m, H-1), 4.95 (dd, J = 10.0, 8.8, H-4"),4.95 (d, J = 8.8, H-1"), 4.87 (d, J = 9.2, H-4"), 4.86 (dd,
J=10.8,9.2, H-4), 448 (d, J = 2.0, H-2"), 4.30 (ddd, J = 10.8, 4.8, 2.8, H-5), 4.20-3.86 (m, 9 H, H-3, 2 H-6,
Hj-6', CH,Cl (2x)), 3.76 (dq, J = 8.8, 6.0, H-5"), 3.62-3.58 (m, H-5"), 3.56 (dd, / = 10.8, 8.8, H-3", 3.22 (br. s,
OH), 3,11 (dd, J = 10.8, 9.2, H-2"), 3.10 (dd, J = 10.8, 3.6, H-2), 2.57 (sept, J = 7.2, Me;CH), 2.47 (s, CH3-Ar),
2.43 (s, CH3-Ar), 2.23 (s, OH), 1.19 (s, H3C-C3"), 1.16 (d, J = 7.2, 6 H, (H3C)2C), 1.13 (d, J = 6.0, H3C6");
13C.NMR (CDCl3) 8 177.1, 166.3, 166.0, 145.6 , 145.1, 135.3, 133.6, 132.4, 131.9, 131.4, 130.1, 129.9, 129.0,
128.9, 128.3, 128.2, 128.1, 127.5, 126.2, 105.3, 103.3, 93.0, 81.9, 76.2, 74.3, 71.7, 70.8 (2 C), 70.7, 68.6, 67.8,
67.4,66.7, 60.4, 55.3, 54.2, 46.2, 40.84, 40.77, 34.1, 21.7, 21.6, 20.7, 18.9, 18.8, 17.5; IR (CHCI3) 3590, 3530,
1770, 1740, 1600, 1590 cm-!;. FAB-HRMS: calcd for Cs3Hg 019CI12IKS4 ([M+K]*) 1365.0732, found
1365.0774.

Ho—M¢ 1-0-Acetyl-3-O-(tert-butyldimethylsilyl)-2-deoxy-2-(phenylseleno)-6-p-

TBSMOAC toluenesulfonyl-B-D-glucopyranose (24¢). To a stirred, 0 °C solution of 0.72 g (2.93 mmol)
PhSe  24c of 2626 in 10 mL of toluene was added a solution of 0.73 g (3.82 mmol) of PhSeCl in 5 mL

of toluene via cannula. The reaction was monitored by TLC and when no glycal remained,

0.73 g (4.4 mmol) of AgOAc was added. After 1 h, the mixture was diluted with CH2Cl; and filtered through
Celite. The filtrate was washed with saturated NaHCO3 solution, dried over Na;SOj4, and concentrated in
vacuo. !H NMR analysis indicated that the crude product consisted of a 6 : 1 mixture of 24¢ and 25c.
Purification of the products by chromatography on silica gel (eluting with 3% acetone in CH»Cl,) gave 0.93 g
(63%) of the known acetate 24c?6 as a clear oil: !H NMR (400 MHz) § 7.58-7.53 (m, 2 H), 7.33-7.23 (m, 3 H),
5.74 (d, J=9.4 Hz, H 1), 3.53 (dd, J= 10.6,8.2 Hz, 1 H), 3.56-3.47 (m, 1 H), 3.38-3.28 (m, 1 H), 2.17(d,J =3.6
Hz, OH), 1.82 (s, 3 H), 1.39 (d, J = 6.0 Hz, 3 H), 1.03 (s, 9 H), 0.32 (s, 3 H), 0.26 (s, 3 H); IR 3620, 3510, 1762
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cm'l. 'H NMR data for the a-manno acetate 25¢: 'H NMR (400 MHz) § 7.63-7.58 (m 2 H), 7.33-7.23 (m, 3
H), 6.54 (d, = 1.0 Hz, H-1), 4.08 (dd, / = 8.9, 4.8 Hz, 1 H), 3.86-3.78 (m, 1 H), 3.61 (dd, J = 4.8, 1.0 Hz, 1 H),
3.49 (dt, 7 =9.1,2.7 Hz, 1 H), 2.22 (d, J = 2.7 Hz, 1 H), 2.06 (s, 3 H), 1.35 (d, J = 6.4 Hz, 3 H), 0.92 (s, 9 H),
0.12 (s, 3 H), 0.06 (s, 3 H).

Br 1-0O-Acetyl-6-bromo-3-O-(tert-butyldimethylsilyl)-2,6-dideoxy-2-(phenyl)seleno-
ngo‘é\g\,om B-D-glucopyranose (24e): To a stirred, 0 °C solution of 1.19 g (4.34 mmol) of 27 in 17 mL
PhSe 244 of toluene was added 1.08 g (3.82 mmol) of PhSeCl. The reaction was monitored by TLC
and when no glycal remained, ca. 1.5 g (>2 equiv.) of AgOAc was added. After 1 h, the
mixture was diluted with CH3Cl, and filtered through Celite. The filtrate was washed with saturated NaHCO3
solution, dried over NapSQy, and concentrated. !H NMR analysis of the crude residue indicated >15 : 1
mixture of 24e : 25e. Purification of the crude product by chromatography on silica gel (eluting with EtOAc-
hexanes, 12: 88) gave 1.2 g (57%) of 24e: mp. 137°C; [} +39.40 (¢ 3.3, CHCI3); 'H NMR (400 MHz,
CDCl3) 8 7.55-7.53 (m, 2 H), 7.30-7.25 (m, 3 H), 5.80 (d, J = 10.8 Hz, H-1), 3.70-3.58 (m, 3 H), 3.52 (m, 1 H),
3.29-3.20 (t, J = 10.8 Hz, H-2), 2.32 (broad s, 1 H, OH), 1.85 (s, 3 H), 0.96 (s, 9 H), 0.10 (s, 3 H), 0.00 (s, 3 H);
IR (CHCIl3) 3609, 3500, 1751, 1578 cm-l. HRMS (EI) caled for CooH3105SiSeBr (M*) 540.0291, found
540.0298.

4,6-O-Benzylidene-3-O-(tert-butyldimethyl)silyl-D-glucal (30a). To a 0 °C solution of 4,6-O-
benzylidene-D-glucal®637 (0.362 g, 1.54 mmol) and imidazole (0.316 g, 4.64 mmol) in DMF (0.7 mL) and
CH,Cl; (7.7 mL) was added TBS-Cl (0.349 g, 2.32 mmol). The solution was allowed to slowly warm to 23 °C
and then stirred at 23 °C for 6 h. H,O was added and the aqueous phase was extracted with CH2Cly. The
combined organic layers were washed with H,O, dried (MgSOy), filtered, and concentrated in vacuo to give a
solid/oil mixture. Purification of the crude product by flash chromatography (1% Et3N, 1.5% EtOAc-hexanes)
afforded 30a (0.500 g, 93% yield) as a clear, colorless oil: [aﬁ‘ -65.3° (¢ 2.58, CH,Cly); IR (neat) 3070, 3040,
2950. 2930. 2890, 2850, 1645, 1500 cm-1; 'H NMR (500 MHz, CDCl3) 8 7.52-7.33 (m, 5 H), 6.30 (dd, J = 6.0,
1.4 Hz, 1 H), 5.60 (s, 1 H), 4.67 (dd, J = 6.2, 1.9 Hz, 1 H), 4.51 (app. dt, J=7.4, 1.8 Hz, 1 H), 435 (dd, J =
10.2, 49 Hz, 1 H), 3.89 (ddd, J = 10.2, 9.9, 49 Hz, | H), 3.83-3.79 (m, 2 H), 0.90 (s, 9 H), 0.10 (s, 3 H), 0.08
(s, 3 H); 13C NMR (100 MHz, CDCl3) & 143.3, 137.4, 128.8, 128.0, 126.0, 105.4, 101.3, 80.6, 68.8, 68.4, 67.3,
25.8, 18.2, -4.4, -4.8; HRMS calcd for C;5H (90481 (M+-#-Bu) 291.1052, found 291.1041. Anal. Calcd for
C19H72804Si: C, 65.48; H, 8.10. Found: C, 65.61; H, 7.98.

3-0-Benzyl-4,6-0-Benzylidene-D-glucal (30b). To a 23 °C solution of 4,6-O-benzylidene-D-
glucal®6"7 (0.251 g, 1.07 mmol) and DMAP (catalytic amount) in THF (7 mL) was added NaH (51 mg, 2.1
mmol) followed by benzyl bromide (0.19 mL, 1.6 mmol). The mixture was stirred for 6.5 h at 23 °C, H;0O was
added and the aqueous phase was extracted with EtOAc. The combined organic layers were dried (MgSOy),
filtered, and concentrated in vacuo to give a yellow solid. Purification of the crude product by flash
chromatography with (1% Et3N, 4% EtOAc-hexanes) afforded the known>® glucal 30b (0.321 g, 92% yield) as
a white solid: 'H NMR (400 MHz, CDCl3) 8 7.53-7.26 (m, 10H), 6.36 (dd, J = 6.0, 1.6 Hz, 1 H), 5.65 (s, 1 H),
4.83 (dd, J = 6.3, 1.9 Hz, 1 H), 4.82,4.72 (AB q, J = 11.6 Hz, 2 H), 4.40-4.36 (m, 2 H), 4.04 (dd, / = 9.8, 7.2
Hz, 1 H), 3.92 (app. dt, J = 4.5,9.9 Hz, 1 H), 3.86 (dd, J = 10.4, 9.8 Hz, 1 H); 13C NMR (100 MHz, CDCl3) 3
144.4,138.4, 137.2, 129.0, 128.3, 128.2, 127.7, 127.6, 126.0, 102.3, 101.2, 80.0, 73.1, 72.0, 68.6, 68 4.

Acetyl 4,6-O-Benzylidene-3-O-(tert-butyldimethyl)silyl-2-deoxy-2-thiophenyl-B-D -glucopyranoside
(34a). This compound was prepared from glucal 30a (0.046 g, 0.132 mmol) and PhSCI (0.025 mL, 0.23 mmol)
by using the procedure described for the preparation of 41. 1H NMR analysis of the mixture of chlorides
obtained after the equilibration with LiCl in THF revealed an a-gluco : o.-manno ratio of 70 : 30.
[Characteristic |H NMR data (CDCl3) for the at-gluco chloride: & 6.05 (d, J = 3.6 Hz, 1 H); for the a-manno
chloride: 8 6.15 (s, 1 H)]. The a-gluco : o-manno ratio was still 70 : 30 following the reaction with AgOAc.
Purification of the crude product by flash chromatography (1% Et3N and 4% EtOAc in hexanes) afforded 34a
and 34b (0.066g, 88% yield; 75 : 25, respectively) as clear, colorless oils.
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Data for 34a: [0S -33.6° (c 2.31, CH,Cly); 'H NMR (400 MHz, CDCl3) § 7.48-7.20 (m, 10H), 5.80
(d,J=94Hz, 1H), 551 (s, 1 H),4.32 (dd, J=10.4,4.4 Hz, 1 H), 3.78 (dd, J = 10.1, 8.2 Hz, 1 H), 3.72 (dd, J
=10.4,9.4 Hz, 1 H), 3.58-3.49 (m, 2 H), 3.26 (dd, J = 10.1, 9.1 Hz, 1 H), 1.76 (s, 3 H), 0.87 (s, 9 H), 0.13 (s, 3
H), 0.01 (s, 3 H); 13C NMR (100 MHz, CDCls) § 168.8, 136.9, 134.8, 131.9, 129.1, 128.9, 128.2, 127.2, 126.3,
102.1, 95.1, 82.7, 72.2, 68.5, 66.5, 56.7, 25.9, 20.5, 18.4, -3.9, -4.5; IR (CH,Cl,) 1760, 1585, 1470 cm-!;
HRMS calcd for C23H2706S1S (M+-2-Bu) 459.1298, found 459.1291. Anal. Calcd for Co7H3¢06SiS: C, 62.76;
H, 7.02. Found C, 63.16; H, 6.78.

Data for 35a: [()L:ﬁ;S -1.82° (c 1.48, CH,Cly); 'H NMR (400 MHz, CDCl3) & 7.52-7.24 (m, 10H), 6.19
(d, J=1.6 Hz, 1 H), 5.61 (s, 1 H), 4.46 (m, 1 H), 4.27 (dd, 7 =9.9, 4.6 Hz, 1 H), 3.95-3.79 (m, 3 H), 3.60 (dd, J
=5.0, 1.3 Hz, 1 H), 2.11 (s, 3 H), 0.86 (s, 9 H), 0.04 (s, 3 H), 0.04 (s, 3 H); 13C NMR (100 MHz, CDCl3) &
168.9, 137.2, 134.7, 132.5, 129.2, 128.9, 128.1, 127.6, 126.1, 101.8, 94.8, 79.5, 68.5, 66.5, 56.7, 30.0, 25.7,
21.1, 18.3, -4.5, -4.9; IR (CH;Clp) 1750, 1580 cmr'l; HRMS calcd for C3H706SiS (M*-1-Bu) 459.1298, found
459.1291; Anal. Calcd for Cy7H3606SiS: C, 62.76; H, 7.02. Found C, 63.15; H, 6.99.

Acetyl 3-O-Benzyl-4,6-O-benzylidene-2-deoxy-2-thiophenyl-f-D-glucopyranoside (34b) and Acetyl
3-0-Benzyl-4,6-O-benzylidene-2-deoxy-2-thiophenyl-o-D-mannopyranoside (35b). These compounds were
prepared in 4 : 1 ratio from 30b (65% yield) by using the procedure described for the preparation of 41.
Characteristic 'H NMR data (acetone-dg) for the intermediate -gluco chloride: § 6.57 (d, J = 3.8 Hz, 1 H); for
the o-manno chloride: 8 6.37 (d,J =0.9 Hz, 1 H).

Data for 34b: mp 143-145 °C; [a}$ -45.2° (c 1.48, CH2Clp); 'H NMR (400 MHz, CDCl3) 8 7.50-7.26
(m, 15H), 5.81 (d, J = 9.1 Hz, 1 H), 5.59 (s, 1 H), 4.36, 4.34 (AB q, / = 10.8 Hz, 2 H), 4.35 (dd, J/ = 10.4, 5.0
Hz, 1 H), 3.79 (dd, J = 9.4, 8.8 Hz, 1 H), 3.75 (app. t, J = 10.2 Hz, 1 H), 3.64 (dd, /= 10.7, 8.8 Hz, 1 H), 3.52
(app. dt, J = 5.0, 9.7 Hz, 1 H), 3.27 (dd, J = 10.4, 9.1 Hz, | H), 1.90 (s, 3 H); 13C NMR (100 MHz, CDCl3) §
168.9, 138.0, 137.0, 133.5. 133.2, 129.0, 129.0, 128.3, 128.3, 128.2, 127.8, 125.9, 101.3, 94.6, 82.7, 78.2, 75.5,
68.4, 66.5, 54.7, 20.6; IR (CH,Cly) 1760, 1580 cm-!; HRMS calcd for CagH306S (M*) 492.1606, found
492.1619; Anal. Calcd for CogH2806S: C, 68.27; H, 5.73. Found C, 68.18; H, 5.32.

Data for 35b: clear, colorless oil; [ +9.4° (¢ 1.41, CH2Cly); 'H NMR (400 MHz, CDCl3) & 7.58-
7.26 (m, 15H), 6.27 (d, J = 1.3 Hz, 1 H), 5.69 (s, 1 H), 4.77, 4.69 (AB q, J = 12.1 Hz, 2 H), 4.31 (dd, J = 10.1,
4.4 Hz, 1 H), 4.28 (dd, J=10.1,4.7 Hz, 1 H), 4.18 (dd, 7 =9.8,9.1 Hz, 1 H), 3.97 (ddd, J = 10.1, 9.3, 4.3 Hz, |
H), 3.88 (app. t, J = 10.1 Hz, 1 H), 3.71 (dd, J = 4.7, 1.6 Hz, 1 H), 2.08 (s, 3 H); 13C NMR (100 MHz, CDCl3) §
168.8, 137.9, 137.3, 134.6. 132.7, 129.2, 129.0, 128.3, 128.2, 127.8, 127.7, 127.7, 126.0, 101.6, 95.0, 79.2, 73.9,
72.4, 68.5, 66.5, 53.9, 21.0; IR (CH;Cly) 1755, 1560 cm™!; HRMS calcd for CogH280¢S (M*) 492.1606, found
492.1617.

Acetyl 4,6-O-Benzylidene-3-O-(tert-butyldimethyl)silyl-2-deoxy-2-selenophenyl-3-D-
glucopyranoside (36a) and Acetyl 4,6-0-Benzylidene-3-0O-(fert-butyldimethyl)silyl-2-deoxy-2-
selenophenyl-o.-D-mannopyranoside (37a). A 1 : | mixture of these compounds (60% yield) was prepared
from 30a using the procedure described for the preparation of 41, except that PhSeCl was used rather than
PhSCl. Characteristic 'H NMR data (CDCl3) for the intermediate a-gluco chloride: 8 6.17 (d, J = 3.5 Hz, 1
H).; for the o--manno chloride: 8 6.15 (brs, 1 H).

Data for 36a: pale yellow oil; [} +13.0° (c 1.77, CH2Clp); 'H NMR (400 MHz, CDCl3) 8 7.60-7.26
(m, 10H), 5.85(d, J=9.4 Hz, 1 H), 5.49 (s, 1 H), 4.30 (dd, /= 10.5,4.9 Hz, 1 H), 3.80 (dd, /= 10.1, 82 Hz, 1
H), 3.70 (app. t, J = 10.1 Hz, 1 H), 3.53 (dd, J = 9.4, 8.2 Hz, 1 H), 3.47 (app. dt, / = 4.8, 9.4 Hz, 1 H), 3.25 (app.
t,J =9.8 Hz, 1 H), 1.83 (s, 3 H), 0.89 (s, 9 H), 0.13 (s, 3 H), -0.01 (s, 3 H); HRMS calcd for C33H,70¢SiSe
(M*- ¢-Bu) 508.0820, found 508.0781. Anal. Calcd for Cy7H3606SiSe: C, 57.54; H, 6.44. Found C, 57.98; H,
6.44.

Data for 37a: pale yellow oil: [(xf_.‘f -18.5° (¢ 1.1, CH,Cl,); 1H NMR (400 MHz, CDCl3) & 7.65-7.26
(m, 10H), 6.18 (d, J = 1.3 Hz, | H), 5.60 (s, | H), 4.35 (dd, J =9.0, 5.2 Hz, 1 H), 4.26 (dd, J=10.2,3.9 Hz, 1
H), 3.94-3.80 (m, 3 H), 3.71 (dd, J = 5.0, 1.3 Hz, 1 H), 2.09 (s, 3 H), 0.89 (s, 9 H), 0.05 (s, 3 H), 0.04 (s, 3 H);
13C NMR (100 MHz, CDCl3) & 168.9, 137.2, 135.2, 129.3, 128.9, 128.6, 128.2, 128.1, 126.1, 101.8, 95.1, 80.2,
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68.5,66.4,51.7,25.7,21.0, 18.3, -4.5, -4.9; HRMS calcd for C37H3706SiSe (M*+1) 565.1524, found 565.1511.
Anal. Calcd for Cy7H3606SiSe: C, 57.54; H, 6.44. Found C, 57.66; H, 6.65.

Acetyl 3-O-Benzyl-4,6-O-benzylidene-2-deoxy-2-selenophenyl-B-D-glucopyranoside (36b) and
Acetyl 3-O-Benzyl-4,6-O-benzylidene-2-deoxy-2-selenophenyl-o.-D-mannopyranoside (37b). These
compounds were prepared in 66% combined yield (5 : 1 selectivity) by the one pot procedure described for the
preparation of 24¢ and 24e. When prepared by using the procedure described for 36a and 37a, the yield was
only 35% and the selectivity was 3 : 1. Characteristic |H NMR data (CDCl3) for the intermediate o-gluco
chloride: 8 6.14 (d, J = 3.5 Hz, 1 H).; for the a-manno chloride: §6.21 (brs, 1 H).

Data for 36b: [at]%+8.9° (c 0.52, CH2Cl,); 'H NMR (400 MHz, CDCl3) §7.60-7.26 (m, 15H), 5.85 (d,
J=94Hz, | H),559 (s, 1 H),4.98,4.77 (AB q, J = 10.8 Hz, 2 H), 4.34 (dd, J = 10.4, 5.0 Hz, | H), 3.78 (dd, J
=9.4,8.8 Hz, 1 H),3.74 (app. t, / = 10.2 Hz, | H), 3.61 (dd, / = 10.7, 8.8 Hz, 1 H), 3.47 (app. dt, J = 5.0, 9.8
Hz, 1 H), 3.30 (dd, J = 10.5, 9.6 Hz, 1 H), 1.96 (s, 3 H); 13C NMR (100 MHz, CDCl3) & 168.9, 138.0, 137.0,
1359, 129.2, 129.0, 128.4, 128.3, 128.3, 128.1, 127.8, 127.0, 125.9, 101.2, 94.3, 83.0, 77.9, 75.2, 68.4, 66.4,
48.6, 20.6; IR (CH2Cly) e !; HRMS caiced for C2gH2906Se (M++1) 541.1129, found 541.1138.

Data for 37b: yellow oil; TH NMR (400 MHz, CDCl3) § 7.69-7.25 m, 15H), 6.31 (d, J = 1.3 Hz, 1 H),
5.66 (s, 1 H), 4.73, 4.67 (ABq, J = 12.1 Hz, 2 H), 428 (dd, = 10.1, 4.7 Hz, 1 H), 4.17 (dd, J = 9.6, 4.2 Hz, 1
H), 4.12(dd, J = 9.8, 8.8 Hz, 1 H), 3.95 (ddd, J = 10.1, 8.8, 4.4 Hz, 1 H), 3.84 (app. t, J = 10.1 Hz, 1 H), 3.75
(dd, J = 4.4, 1.6 Hz, 1 H), 2.04 (s, 3 H); 13C NMR (100 MHz, CDCl3) & 168.6, 137.9, 137.2, 135.2, 129.3,
129.0, 128.8, 128.3, 128.2, 127.7, 126.0, 101.6, 95.4, 80.0, 74.0, 72.2, 68.5, 66.4, 49.2, 21.0; HRMS calcd for
Ca8H90¢Se (Mt+1) 541.1129, found 541.1108. Anal. Calcd for CogH2306Se: C, 62.34; H, 5.23. Found C,
62.58; H, 5.42.
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