Introduction

Arabinose is a very common component of natural oligosac-
charides, and together with galactose it is one of the most
common sugars found in the furanose form in naturally
occurring polysaccharidésArabinose is found in both enan-
tiomeric modifications in nature with theversion being very
common in plants where it occurs mostly in thefuranoside
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o 5.08Bn i) BSP/T,0, Ph,SO/TH,0, O 09BN
| SR or NIS/AgOTf r@’OR‘
X . X
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X = CHPh or Si(t-Bu),

A 2-O-benzyl-3,50-benzylidenes-p-thioarabinofuranoside was obtained by reaction of the corresponding
diol with a,a-dibromotoluene under basic conditions. On activation with 1-benzenesulfinyl piperidine,
or diphenyl sulfoxide, and trifluoromethanesulfonic anhydride in dichlorometharé&at’C, reaction

with glycosyl acceptors affords anomeric mixtures with little or no selectivity. The analog@uisedizyl-
3,5-0-(di-tert-butylsilylene)e-p-thioarabinofuranoside also showed no significant selectivity under the
1-benzenesulfinyl piperidine or diphenyl sulfoxide conditions. WiNKodosuccinimide and silver
trifluoromethanesulfonate the silylene acetal showed moderate tgsksghectivity, independent of the
configuration of the starting thioglycoside. Highselectivity was also obtained with aQ-benzyl-3,5-
O-(di-tert-butylsilylene)ei-arabinofuranosyl sulfoxide donor on activation with trifluoromethanesulfonic
anhydride. The higlf-selectivities obtained by thid-iodosuccinimide/silver trifluoromethanesulfonate

and sulfoxide methods are consistent with a common intermediate, most likely to be the oxacarbenium
ion. The poor selectivity observed on activation of the thioglycosides with the 1-benzenesulfinyl piperidine,
or diphenyl sulfoxide, and trifluoromethanesulfonic anhydride methods appears to be the result of the
formation of a complex mixture of glycosyl donors, as determined by low-temperature NMR work.

cobacterium lepragwhere both theo- and g-anomers are
components of the bacterial cell wall.

problematict In early work on the methanolysis of-b-

form. -L-Arabinofuranosides are less common but are still key

building blocks in glycoproteins as, for example, at the reducing
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In contrast to then-arabinofuranosides, which are readily
obtained through neighboring group participation, the synthesis
of -arabinofuranosides with a high degree of stereocontrol is

arabinofuranosyl chlorides carrying nonparticipating O2 protect-
ing groups, Fletcher and Glaudemans obtained primarily the

plications Wang, P. G., Bertozzi, C. R., Eds.; Dekker: New York, 2001;
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B-anomer and proposed a mechanism involving an ion%air. SCHEME 1. Selectiveg-Mannosylation

Working with trimethylsilyl 2,3,5-triO-benzylp-arabinofura- OBn OBn

noside as donor Mukaiyama and co-workers descifbsélec- Ph/%ozg 0 Ph/voo& O

tive couplings to trimethylsilyl protected acceptors in the Bro Bno ® ‘\06

presence of an oxotitanium catal§stiowever, Lowary et al. SR SR

reported that the selectivity of NIS/AgOTf-mediated couplings BSP, TH0, TTBP Tf,0, TTBP

of arabinofuranosyl thioglycosides is strongly dependent on 3: .'3,'f§8+§ f%%’glmp

temperature, with th@-arabinofuranosides being obtained in i

good yields but with varying degrees of stereocontrol at OBn OBn OBn

—78°C.7 Singh et al. employed arabinofuranosyl propane-1,3- Ph;%g& o _— Ph/;;g P~ Phi;c‘)g/&B@

diyl phosphates as glycosyl donors and obtained gbedlec- " " T /@

tivity with simple acceptors, but not with more typical glycosy! ot cip ssip Tio

acceptors when the-anomeric products were formed prefer- lR,,OH JR" oH

entially® Most recently, Kim and co-workers reported a series

of highly g-selective arabinofuranosylation reactions using a ph/voi\ 08" ph N0 Og"

tri-O-benzyl protected arabinofuranosyl (2-carboxy)benzyl gly- BIO OR" BO

coside in conjunction with triflic anhydride as donor, and have B- o= OR"

employed their methodology in a synthesis of an octaarabino-

furanosidée Bu. N B
Indirect approaches to the problem have also been developed ('s? ,CS? = | N e

with notable success by the Prandi and Lowary groups. Prandi ©/ '\O ©/ \© =N

adapted Ogawa’s variant on the intramolecular aglycon delivery t.Bu

method® in syntheses of the tetrasaccharidic cap of the BSP DPSO TTBP

lipoarabinomannan diycobacterium tuberculosis and of a 5021 the presence of triflic anhydride and a hindered non-

mycobacterial cell wall pentaarabinofuranosiéwhile Lowary nucleophilic base such as teét-butylpyrimidine (TTBP)2223

developed a method based on the use of a hihéglective These reactions allow the rapid clean formation of an observable
2,3-anhydrgs-p-lyxofuranosyl thioglycoside donor, with sub-  jytermediatexn-mannosyl triflate2* which acts as a reservoir for

sequent, regioselective epoxide opening to give fhe- a-selective transient contact oxacarbenium ion/triflate ion pair
arablnofuran05|d_e’53. _ _ (Scheme 1%5 In this chemistry the 4,8-benzylidene acetal
In the pyranosides the equivalent problem to fkarabino-  pjays the crucial role raising the energy barrier to formation of

furanosides is that of thé—mannopyranosides, which we have  the oxacarbenium ion, by enforcing the more electron-
solved by the use of 4,6-benzylidene protected mannosyl yjithdrawingtg conformer of the C5C6 bond2¢27 and so of
donors}* or their surrogates such as the 4Qgpolystyryl limiting the concentration of the-selective solvent separated
boronate ester. This method, which has been applied suc- g pair.

cessfully to the preparation of numerous oligosaccharides The generally excellent results in the mannose series prompted
containing f-pD-mannosides? f-p-rhamnosides and f3-p- the investigation that we describe here into the applicability of
gcheroo-mannoheptopyran.oydé%relles on the preactivation 5 3 50-benzylidene protecting group, or its equivalent, as a
of glycosyl sulfoxides with trifluoromethanesulfonic anhydride,  stereocontrolling element in the arabinofuranose series. During
or of thioglycosides with either of 1-benzenesulfinyl piperidine  he |ate stages of this work, and in the course of the review

(BSP); benzenesulfenyl triflaté or diphenyl sulfoxide (DP-  process, comparable investigations into the effect ofCBGH-
tert-butylsilylene) and 3,%3-(tetraisopropyldisilylene) acetals

24%%) ((?))) %‘gﬂzf:;?‘z ((3: ';-i_ Eli:tt%?gr’ HHgﬁm gﬂgm gg&ggg g;' on the stereochemical outcome of arabinofuranosylation reac-
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Synthesis of-Arabinofuranosides

Results

Donor Synthesis.The literature on the existence and use of
3,5-0-acetal type protecting groups in the furanosides is very
sparse? with few descriptions of the direct introduction of a
cyclic acetal onto the 3,5-position of a pre-exisitng furanose
ring3! In the arabinofuranose series the few known G;5-
alkylidene acetals were obtained by indirect methods, involving
fusion of the furanose ring onto the existing acetal, and their
relative instability was noted in at least one case. Thus, a pair
of 3,5-0-benzylidene protected arabinofuranose derivatives,
unstable in chloroform, was obtained in a DAST-mediated
contraction of a 4,83-benzylidene protected pyranosi#es,5-

O-Benzylidene protected tetrahydrofurans were also accessed™°HEME 3.

from the solvolysis of a 1,3;4,6-d)-benzylidene protected
mannitol derivativé®® by radical ring closure reactions on
existing benzylidene acetal framewofsand by fusion of a
furanose ring onto an existing benzylidene acetal through a
nucleophilic ring closuré®

The synthesis of the 3,6-benzylidene protected donér
began with the preparation of the tri8] which was obtained
from p-arabinose. Among the various literature protocols for
the synthesis of the methyl arabinofuranoside investig#ttu
one of Lowary and co-workers was optin¥alThe methyl
arabinofuranoside so-obtained was esterified under standar
conditions and then transformed into the glycosyl acetatéh
sulfuric acid in acidic acetic anhydride. The corresponding
p-cresyl thioglycoside was obtained by Lewis acid hydrolysis
in the presence of thiocres#,and subsequent saponification
afforded the desired trid (Scheme 2).

As the obvious next step in the synthesis of the donor, direct
introduction of the benzylidene protecting group was attempted
by the standard acetalization method, albeit to no avail. For
example, reaction with benzaldehyde dimethyl acetal with acid
catalysis under a variety of conditions gave complex mixtures
of products® Similarly, with o,a-dibromotoluene under basic

conditions complex mixtures of products were obtained. We isstereomer with the phenyl
speculated that in both cases the problem arose from migration

of the benzylidene group around the furanose ring giving
multiple products, and resolved to protect O2 before attempted
introduction of the acetal (Scheme 3). Th@syas converted

(30) de Belder, A. NAdv. Carbohydr. Chem. Biocheri977, 34, 179.
(31) The exceptions are the xylofuranosides which readily formc3,5-
benzylidene acetals and related cyclohexylidene derivatives. However, it
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SCHEME 2. Thioglycoside Synthesis
1) MeOH, HCI, rt

OH 2) Ac,0, Pyr AcO oOAC

HO 3) Ac,0, H,S0,, 0 °C )
oH OH OAc
OAc
1 2
1) CrSH, BF3(OEt,)

THF,0°Ctort

2) MeONa, MeOH, rt

HO o pH
SCr

OH
3

71% from 1

Synthesis of Benzylidene Acetal 6

OH . OH
HO O [CN(i-Pr),Sil,0, pyr, 0 °C to rt '-Pr\Si/O O-
scr 81% Pl scr
OH si—0
P ey
3 4
1) BnBr, NaH, THF
0°tort HO OoBn PhCHBr,, DMAP Ph
2) TBAF, THF, rt O- pyr, reflux _\c\)o
£ bAr. Tkt
85% scr 40% BnO o
OH SCr

5 6

qo the tetraisopropyldisiloxane derivativé under standard

conditions?® Benzylation of4 with sodium hydride and benzyl
bromide, which was more effective in THF than in DMF as
described in the literatur,was followed by desilylation with
TBAF to give the diol5 in 69% for 2 steps ready for the
introduction of the benzylidene acetal. However, attempted acid
catalyzed benzylidenation of this diol under a variety of
conditions failed and only starting material could be recovered
from the reaction mixtures. Fortunately, exposure ot@:-
dibromotoluene, DMAP, and triethylamitfén pyridine at reflux
afforded the desired compourtdin 40% yield as a very acid
labile white crystalline product, in the form of a single
group equatorial as established
crystallographically. Given the evident instability 6f the
method of formation, and the modest yield we consider it
possible that its diastereomer, with the axial phenyl group, is
simply too unstable for us to isolate.

Thioglycoside6 crystallizes with an approximate, confor-
mation of the furanoside, with C4 below the plane occupied by
the other ring atoms, that places theDZbenzyl group in a

should be noted that these xylofuranoside derivatives have a cis-fused ringpseudoequatorial position and maximizes the anomeric stabiliza-

junction unlike the trans-fused one in the corresponding arabinofuranosides.

See: (a) Ferrier, R. J.; Hatton, L. Rarbohydr. Res1967, 5, 132. (b) von
Schuching, S.; Frye, G. Hl. Org. Chem 1965 30, 1288 and references
cited therein.

(32) (a) Borrachero, P.; Cabrera-Escribano, F.; Carmona, A. Tmeze
Guillén, M. Tetrahedron Asymmetrni200Q 11, 2927. (b) Vera-Ayoso, Y.;
Borrachero, P.; Cabrera-Escribano, F.;n@&z-Guillen, M. Tetrahedron
Asymmetry2005 16, 889.

(33) Winn, C. L.; Goodman, J. Mletrahedron Lett2001, 42, 7091.

(34) (a) Rhee, J. U.; Bliss, B. |.; RajanBabu, T. ¥.Am. Chem. Soc.
2003 125 1492. (b) Rhee, J. U.; Bliss, B. I.; RajanBabu, T.Tétrahedron
Asymmetn2003 14, 2939.

(35) Harvey, J. F.; Raw, S. A.; Taylor, R. J. Rrg. Lett.2004 6, 2611.

(36) (&) Schneider, R. F.; Engelhardt, E. L.; Stobbe, C. C.; Fenning,
M. C.; Chapman, J. DJ. Labelled Compd. Radiopharm997, 39, 541.
(b) Wright, R. S.; Khorana, H. GI. Am. Chem. S0d.958 80, 1994. (c)
Morota, T.; Sasaki, H.; Nishimura, H.; Sugama, K.; Chin, M.; Mitsuhashi,
H. Phytochemistryi989 28, 2149.

(37) (a) Callam, C. S.; Lowary, T. LJ. Chem. Ed2001, 78, 73. (b)
Czernecki, S.; Diguarher, T. ISynthesis1991 683. (c) D'Souza, F. W.;
Cheshev, P. E.; Ayers, J. D.; Lowary, T.L.Org. Chem1998 63, 9037.

(38) Ayers, J. D.; Lowary, T. L.; Morehouse, C. B.; Besra, GB®org.
Med. Chem. Lett1998 8, 437.

tion.*® With a O4-C4—C5—05 torsion angle of 174 little
deviation is seen from th&y conformation about the CAC5
bond which, by analogy with the pyranosidéss expected to
maximize the electron withdrawing/disarming effect of the-C5
O5 bond.

A more robust 3,59-di-tert-butylsilylene acetal7 was
obtained by reaction of trioB with di-(tert-butyl)silyl bis-
(trifluoromethanesulfonate), with the optimum results obtained
in pyridine as solvent. That the correct XBsilylene acetal
had been obtained was confirmed by acetylation, when the

(39) This observation parallels the numerous products obtained on
condensation of ribose with benzaldehyde under a variety of conditions,
none of which were a 3,®-benzylidene derivative of a furanose form.
Grindley, T. B.; Szarek, W. ACarbohydr. Res1972 25, 187.

(40) D’Souza, F. W.; Ayers, J. D.; McCarren, P. R.; Lowary, T. L.
J. Am. Chem. So00Q 122, 1251.

(41) Yin, H.; Lowary, T. L.Tetrahedron Lett2001, 42, 5829.

(42) Adinolfi, M.; Barone, G.; De Napoli, L.; ladonisi, A.; Piccialli, G.
Tetrahedron Lett1996 37, 5007.

J. Org. ChemVol. 72, No. 5, 2007 1555



]OCAT’tiCle Crich et al.

TABLE 1. Glycosylation with Benzylidene Protected Donor 6

o] OBn A orB o] OBn
o + ROH O OR
Ph SCr CH.Cl; Ph
(o] (o]

6
(A) BSP, TTBP, -55 °C, Tf,0, then ROH; (B) DPSO, TTBP, Tf;0,
then ROI1, -72 °C — -25 °C.

Entry Acceptor Method Product (% yield),”

a:p ratio
FIGURE 1. X-ray crystal structure 06 showing theE, conformation. Cyclohexanol P“_\c\)o
. . 1 BnO 0
SCHEME 4. Synthesis of the Silylene Protected Donor 8 " oC.H
9 611

(t-Bu),Si(OTH),,

HO OH  DMAP, pyr 0 OH
OIS, o°Crort | A 9 (82%), 1:1.1
o°Ctort o
SCr 89% Sio_ scr

OH By S0 B 9 (58%), 1:0.8
3 7
OMe
BnO
(@) OBn HO Ph
N Q BnO

BnBr, NaH, THF, 0°C | ° Bgﬂo&ﬁ Do o d

83% Bl scr ? BnOGMe B0

’ tBY S0 1 0
12
8
A 12 (35%). 1:1

anticipated significant downfield shift of the H2 resonance in

the TH NMR spectrum was observed, and by correlations of  2|solated yields.
subsequent products with literature data as described below:
Benzylation of 7 with sodium hydride and benzyl bromide

OMe
afforded the glycosyl dond3, with THF again proving to be a HO HO P
better solvent than DMF for this reaction (Scheme 4). gnooﬁ& g'r?o&gino ©
Glycosylation Reactions Glycosylation of6 with cyclohex- OCeH11 o
10 13

anol in dichloromethane betweerb5 and—45 °C, following
activation with BSP and trifluoromethanesulfonic anhydride, ) ) )
gave an approximately 1:1 mixture of the two anomeric of the stereochemistry was prowded_ by comparison of the
glycosides9 (Table 1). Difficulties in the separation of the SPectral data of the knowa-diol 13 with that found in the
a-anomer from aromatic byproducts prompted the in situ literature:s
cleavage of the benzylidene acetal and the isolation of the Glycosylation reactions with the silylene protected door
products in the form of the 3,5-diols0. The stereochemical ~ under both the BSP and DPSO conditions, gave results (Table
assignment ofl0 was based on the chemical shift of the 2) that were directly analogous to those obtained with the
anomeric carbon, which is known to resonate upfield relative benzylidene acetab (Table 1). On the basis of variable-
to its a-counterpart4 Furthermore, the3-anomer showed a  temperature NMR experiments described below a modified
significantly larger (3-5 Hz) 3Ju1-12 coupling constant than ~ Protocol was devised that involved warming the donor/DPSO/
the a-anomer, which was consistent with subsequent products, triflic anhydride mixture to-25°C for 30 min before recooling
as discussed below. Coupling 6fto cyclohexanol was also 0 —70°C and addition of the acceptor. This did afford improved
attempted with activation by DPSO and trifluoromethanesulfonic S-selectivity (Table 2) but at the expense of lower overall yields.
anhydride, when a slight increase in selectivity in favor of the Difficulties in the purification of21 prompted its hydrolysis to
a-anomer was observed (Table 1). Finally, coupling to the the diols22 (Table 2). Overall, with comparable selectivities,
primary glucose-based acceptht under the BSP conditions ~ the silylene acetaB presents the clear advantage over its
afforded an approximately 1:1 mixture of anomeric saccharides benzylidene counterparé of more facile preparation and
12 (Table 1). Again, it was necessary to remove the benzylidene improved stability.
acetal to obtain pure samples of the anomeric prodi8:twhose At this stage in our investigation we became aware of the
1H and!3C NMR spectra exhibited similar trends to those noted work of Boons and co-workers in the enantiomeric series in
above for the cyclohexyl glycosides. Additional confirmation which activation of theS-phenyl thioglycoside24 with N-
iodosuccinimide and silver triflate in dichloromethane—<80

(43) The effect of conformational constraint on furanosides is evident °C affordeds-selective couplings to a range of acceptors, albeit
in the magnitude of the anomeric effect. Thus, while it may be considered none of those employed in our initial study. Accordingly, we
that the anomeric effect is reduced in furanosides because of the ease Ofsynthesized dono# and25 by the same method as employed

pseudorotation, it has been demonstrated that in conformationally restricted ' - .
furanosides the anomeric effect has a comparable magnitude to that observedor the synthesis 8. Additionally, adapting a successful method

izns%ranosides: Ellervik, U.; Magnusson, &.Am. Chem. S0d994 116 for the synthesiss-thiomannopyranoside8, donor 24 was
(44) Mizutani, K.; Kasai, R.; Nakamura, M.; Tanaka, O.; Matsuura, H.
Carbohydr. Res1989 185 27. (45) Crich, D.; Li, H.J. Org. Chem200Q 56, 801.
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TABLE 2. Coupling Reactions with Silylene Protected Donor 8
[0} OBn C,D,orE O OBn
v8u.| ©- + ROH ——— l OISmmor
Bul CHolp,  FBuL
/SI\ SCr 2v2 /SI\
+Bu 0 +Bu (o)
8

(C) BSP, TTBP, -55 °C, T,0. then ROH; (D) DPSO, TTBP, Tf,0,
-78 °C, then ROH; (E) BSP, TTBP, -55 °C, Tf,0,
— =25 °C, 30 min, — -55 °C, then ROH.

Method  Product (% yield),”
a:p ratio

Entry  Acceptor

t-IBu
t-Bu— Szi:; o
1 Methanol BnO O

14 OMe
C 14 (79%), 1:1
14 (93%), 1:0.7
E° 14(-).1:3

H?u
t—Bu—SEiS o
2 Cyclohexanol Bro o

15 OCgH14
15 (78%), 1:1.3
15 (67%), 1:1.2
15 (88%), 1:0.8
15 (57%), 1:2.5

mo 9o

t-l|3u
t-Bu~S‘i\

50
3 1-Adamantanol Bn&o /@
O

16
C 16 (95%), 1:0.6
D 16 (84%), 1:0
D¢ 16 (68%), 1:0.6
Bngo/ﬂ' t-Bufs\iljo BB?)O Brp M
4 oo BnOSwe BSO&QT fﬁ
11 o
17
17 (65%), 1:1.5
17 (85%), 1:1.1

t-Bu
OBn

]
t-Bu—S\i\
5 %ﬁoé&’ 09 gno PMe
BnO BnO O BnoO
18 OMe (6} o
19 OBn
ct 19(-), 1:2
D 19 (86%), 1:0.7
E 19 (58%). 1:3
t-Bu

|
t-Bu-Si.
02 OMe

025 Lo
BnO O
¢ 5<° 3 2
o}
20
21 )(

E 21(84), 1:1.9

a|solated yields? Taken from NMR experiments.1.4 equiv of DPSO.

d Acceptor added before 7®.
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converted, via its sulfoxid@6, to thes-thioarabinofuranoside
27 in 70% yield as a separable 6fta mixture. A series of
coupling reactions were then conducted as reported in Table 3.

OH
Ho:&g OMe on
BnO
0 HO
Ow BnO&%
oo OMe
22 ~ 23

Assignment of Configuration#® With a view to establishing
a rapid means of assignment of anomeric configuration in the
3,5-0-di-tert-butylsilylene-protected arabinofuranosides key
parameters have been collected in Table 4. It is evident from
this table that neither the anomeric chemical shift inttH&\MR
spectra nor the anometilzy coupling constants are suitable
determinants in this series. There is, however, a reliable trend
in the 3Jy1 42 coupling constants, with th@-isomer being
consistently larger by 23 Hz, and in the anomeric chemical
shifts in thel3C NMR spectra in CDGlwhere thes-isomer is
typically more upfield by approximately 7 ppm. The H4
chemical shift also appears to be a reliable indicator of anomeric
configuration. The trends in th8y; 42 coupling constants and
in the anomericl3C chemical shifts were used to assign
stereochemistry in the couplings described in this paper, with
verification by correlation with the literature following hydroly-
sis of 140 and 17 to the diols23a and13a, respectively;13¢
as described above. Yet further support is provided by the
consistent Hudson'’s rule-like trend in the specific rotations of
the two anomeric series.

Low-Temperature NMR Studies of Glycosylation Inter-
mediates.In an attempt to understand the different stereose-
lectivities obtained with donor8 and 26 under the BSP/
trifluoromethanesulfonic anhydride conditions, and with the
sulfoxidef/trifluoromethanesulfonic anhydride combination, low-
temperature experiments on the activation 8&fwith BSP/
trifluoromethanesulfonic anhydride and @f7 with trifluo-
romethanesulfonic anhydride were conducted (see the Supporting
Information). In the 4,89-benzylidene protected mannopyranose
seried* this type of experiment demonstrated the very rapid
formation of an intermediate-mannopyranosyl triflate and was
instrumental in subsequent mechanistic work in that séffes.

With the 3,50-silylene acetal protected thioglycosidg
activation at—55 °C with the BSP/trifluoromethanesulfonic
anhydride combination in CiZI, was surprisingly complex and
provided several apparent anomeric resonances. On gradual
warming to approximately €C, these signals collapsed in favor
of one major doubled 6.1 J = 2.5 Hz), which is tentatively
identified as ar-anomeric triflate30. On further warming to
approximately 10C decomposition set in, with the formation
of a single major product, that was isolated and identified as
the intramolecular Friedel Crafts produ®l (Supporting
Information)#° Directly analogous results were observed with
the benzylidene acetal protected thioglycodiden activation
with BSP and triflic anhydride at55 °C in CD,Cl, (Supporting
Information) with the exception that the apparent anomeric

(46) Correlations of the type described here should only be used
determining configuration of compounds exhibiting closely related confor-
mations to the examples presented.

(47) Duus, J. @.; Gotfredsen, C. H.; Bock, Chem. Re. 200Q 100,
4589.

(48) Hudson, C. SJ. Am. Chem. S0d.916 38, 1566.

(49) Along with glycal type products, this product is typical of the kind
observed in previous variable-temperature NMR studies of glycosyl
triflates”.23
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TABLE 3. Coupling Reactions with Silylene Protected Donors 2427

t-Bu tBu ’O t-Bu O’O D.F. G, orH t-Bu, /O,O oR
tBu'S'/KI_? tBu'S'/w tBu‘S'/KL?SPh CH,Cl, t—Bu’(S.)'/@M
a7 OBn OBn
24:R=Ph
25:R=Cr
(D) DPSO, TTBP, Tf,0, -78 °C, then ROH; (F) NIS/AgOT{, -30 °C, — rt.

(G) Tf,0, -78 ° — -50 — -78 °C, 30 min, then ROH; (H) T£,0 78 °, 30 min, then ROH.

Entry Donor Acceptor Method  Product (% yield),”
P:a ratio
o 0
+Bu,_ [0 P #Bu,_/J-O~_.OCqHi
1 "B“’CSI)' Cyclohexanol t-Bu’EQ,)'I
24 OBn 2g OBn
F 28 (89%), 1.5:1
Qo SPh HO #Bu,
t—Bu\Si/ - BnO 0 B ,s|
2 +Bu~Y BnO Eno u BB
O n nO
24 OBN 11 OMe OB” BnO e
D 29 (56%), 1.1:1
F 29 (92%), 6.5:1
tBu, Lo 5o B0 tBu
3 #Bu-Si Brno - tBu’S'M , é
O n
25 OBn 1 OMe OBn BnOS e
F° 29 (90%), B-only
3o
0o “eg-Ph HO o tBu
-0 BnO
4 ttBBuLis,/ %n(% tBu’S'M é
n
o 0Bn 11 OMe OB” BnO e
26
G 29 (83%), 9.0:1
6.0 o
O “+g-Ph +Bu,_ |0
o, L0 +Bu-S!
¢Bu-S 5 SPh
O OBn
OBn
5 26 Thiophenol 27
H 27 (70%), 6.3:1
8o
- o
tBu, o5 tBu, -0~ ~OCeH1
6 £Bu-S Cyclohexanol t-Bu‘z'
O 2 OBn 28 OBn
H 28 (60%), 10.0:1
Q o
t-B‘is/ - HO Q +Bu,_ |0 0
+Bu~s! BnO B —Sl
7 O SPh BnO u O BnO o
OBn BnoOMe OBn BnO N
27 " 29 OMe
F 29 (72%), 5.0:1

alsolated yields®? 2 equiv of acceptol1 were employed.
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TABLE 4. Comparison of Chemical Shifts and Coupling Constants in Anomeric Arabinofuranosides

R >z Vet (Hz) BC-NMR "TH-NMR TH-NMR [alp
(Hz) C1 (ppm) HI (ppm) H4 (ppm)
a B a p a p a p a p o B
tBuy 29 54 1712 1725 1082 1014 4.84 4.79 3.95 3.65 +41.3 -495
t-Bu-Si.
\
o
Bn(&o
14 OMe
tBu 3.1 54 1712 168.7 105.1 99.0 5.11 5.08 3.95 3.59 +419 -66.8
tBU-Si.
e
BnO O
15 OCgH1
tBu 36 57 1687 1687 1004 935 5.34 5.37 3.99 3.53 +285 -649
tBuU-Si.
o
BnOi&‘o
0
16
tBy BoOMe 29 54 1725 1725 1073 1009 504 501 ~40 360 +438 -19.3
t—Bu—S\i‘ BnO
OO BnO: o
BnO O
0
17
tBuy 3.0 58 1776 1737 107.6 1022 5.87 5.01 3.85 3.44  +30.5 -13.1
tBu-Si.
o Bno PMe
BnO o BW
o 0
19 OBn
o
tBu_ 0 o 35 55 1692 1725 108.0 100.8 5.00 5.06 3.98 3.64 +29 +594
t'Bu’(S'jl BnO Q
OBn BnO BnO
29 OMe
with methanol at-40 °C provided the methyl glycoside with
t-Bu L . .
£Bu-g; o 09 excellents-selectivity (Supporting Information).
bO o tBu_|
BnO BN Discussion
oTf

31

triflate (0 6.2, d,J = 2.3 Hz) underwent decomposition at
approximately —30 °CJ59 In a further series of VT-NMR
experiments a mixture of the silylene protected doBidBSP,
and triflic anhydride was warmed te25 °C to enable formation

of the presumed intermediate trifla3®, then recooled to-70

°C at which point only the one species was observed. Addition
of methanol at-55 °C then resulted in the formation of a 1:3
o anomeric mixture of the methyl glycosid&4 as determined
from the crude reaction mixture (Table 2).

Activation of sulfoxide 26 with trifluoromethanesulfonic
anhydride at-70 °C also gave a relatively complex mixture,
but on warming to—50 °C the spectrum was enormously
simplified and displayed predominantly one product whose
spectrum was consistent with that assigned to the enantiomeri
glycosyl triflate 30 arising from activation of thioglycosid@
with BSP and triflic anhydride. Quenching of this intermediate

It is apparent from the results presented in Table 3 that the
stereoselectivity of the NIS/AgOTf-mediated glycosylations
reported originally by Boons and co-workétss independent
of the nature of the thioglycoside (SPh or SCr), and of the
anomeric stereochemistryo{SPh, or -SPh). A common
intermediate is therefore indicated and, in line with the argu-
ments of Boons, this is most likely the glycosyl oxacarbenium
ion. The sulfoxide dono26 cleanly provides the triflatent30
which, in line with our work in the mannosyl! series (Scheme
1), is likely to act as a reservoir for the same oxacarbenium
ion, thereby accounting for the commonality of the results from
the NIS-mediated couplings and those from the sulfoxide
method.

The poor diastereoselectivity obtained with doB8dand®6),
when activated by the BSP method (Tables 1 and 2), is the

Jesult of incomplete conversion of the thioglycoside to the

glycosyl triflate under the reaction conditions, as is clear from
a comparison of the results of the low-temperature NMR
experiments (Supporting Information). The exact nature of the
various species formed on activation®¢and6) on treatment

(50) The higher decomposition temperature observed in the silylene aceta_lwith BSP and triflic anhydride is not clear at the present time.

as compared to the benzylidene acetal should not be over interpreted as i

may be coupled with decomposition of the highly acid sensitiveC,5-
benzylidene acetal.

tlt appears that they may be intermediates on the way to the

formation of the glycosyl triflate, as this latter species dominates
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at higher temperatures, but it is also possible that they are
metastable species formed by interaction of the glycosyl
oxacarbenium ion and byproducts from the activation process.
The relatively high temperatures required for the activation of
the sulfoxide26, as compared to those noted earlier in the

mannopyranosyl series, and the clean activations of mannopy-

ranosyl thioglycosides by the BSP/trifluoromethanesulfonic
anhydride combination previously, suggest that it is slow
activation of the thioglycosides by the BSP/trifluoromethane-
sulfonic anhydride that is the problem.

Furanose sugars are generally thermodynamically less stable
than the isomeric pyranoses for most configurations as is clear

from the relative populations of the five- and six-membered
rings under equilibrating conditioi¥$. Furanosides are also
generally more reactive, and display different kinetic parameters,
than the corresponding pyranosides as is well-known from
studies on the acid-catalyzed hydrolysis of simple glycosiées.
Accordingly, and taking into further account the greater ease
with which spg-hybridized atoms are accommodated into five-
membered rather than six-membered rifigse had anticipated
that the furanosyl donor§, 8, and 24—27 would be more
reactive than the 4,8®-benzylidene mannopyranosides studied
previously in our group. We were therefore surprised by the
slow activation of6, 8, and 26 revealed by the variable-
temperature NMR experiments. Nevertheless, the situation is
not without precedent and resembles both the slow activation
of the 2,3-anhydrofuranosyl dono2 and 33 observed by
Lowary and co-workeB$ and the comparably slow activation
of certain mannosyl thioglycosides bearing electron-deficient

4,6-0-alkylidene groups such as B4.Y7
[
BzO BzO CN
° i @ @o OBn
0
$(0)Tol S(0)Tol BQ&L\

© SEt
32 34

33
The parallel between the slow activation observed@and

33 by Lowary and co-workers and that observed heresfand

8 is striking. It is unlikely that the epoxide i82 and 33 is

unusually strongly electron withdrawing, just as it is improbable

that the acetals in the donors studied here are more electron

withdrawing than the 4,8-benzylidene acetal in simple thi-

omannopyranoside donors, therefore we do not consider an

electronic effect to be at the root of the poor reactivity. Rather,
we suggest that the fusion of the epoxidehand33, and the
presence of the cyclic acetals6n8, and24—27 serve both to
limit the rapid, facile pseudorotational motion common to simple
furanosides and, perhaps more importantly, remove some of th

torsional interactions present in unrestricted furanosides, thereby

minimizing any advantage to be gained from oxacarbenium ion
formation with its two sp-hybridized centers.

The good to excellent-selectivity observed with donogsl,
25, and27 (Table 3) under the NIS/AgOTf conditions applied

(51) (@) zZhu, Y.; Zajicek, J.; Serianni, A. S. Org. Chem2001, 66,
6244. (b) Angyal, S. JAdv. Carbohydr. Chem. Biocherhi991, 49, 19. (c)
Angyal, S. JAdv. Carbohydr. Chem. Biocheri984 42, 15.

(52) (a) Capon, BChem. Re. 1969 69, 407. (b) BeMillar, J. NAdw.
Carbohydr. Chem. Biochem 967, 22, 25.

(53) (a) Brown, H. C.; Brewster, J. H.; Schechter JHAm. Chem. Soc.
1954 76, 467. (b) Eliel, E. L.; Wilen, S. HStereochemistry of Organic
CompoundsWiley: New York, 1994; and references therein.

(54) Callam, S. C.; Gadikota, R. R.; Krein, D. M.; Lowary, T.L.Am.
Chem. Soc2003 125, 13112.
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originally by Boons and co-workers, as well as with the
sulfoxide26 on activation with trifluoromethanesulfonic anhy-
dride (Table 3), is suggestive of a common intermediate in these
glycosylation reactions, and that intermediate is likely the
glycosyl oxacarbenium ioB5. As discussed by Boons it seems
likely that this oxacarbenium ion resides in thg conformer

36, and undergoes attack on thdace,synto the C2-O2 bond
andanti to the C2-H2 bond in such a manner as to minimize
torsional interactions with the incoming nucleophile.

Ha,

o ® ®
t-Bu~S! Oz cy’
7 e i
350"

36

It is of some interest that this model contradicts Woerpel's
inside attack model for nucleophilic attack on five-membered
cyclic oxacarbenium ion%, as applied to the conformationally
constrained oxabicyclo[4.3.0]nonanyl syste3d, on which
attack by carbon nucleophiles is unselecf%&his has been
explained by the ring flip caused by inside attack imposing a
destabilizing twist on the six-membered ring that is sufficient
to counteract any advantages gained from the minimization of
torsional strain around the five-membered ring. On the other
hand, outside attack gives rise to more torsional strain in the
five-membered ring but maintains the six-membered ring in the
ideal chair conformation. The overall result is diminished
selectivity in the reaction of carbon nucleophiles with the
oxabicyclo[4.3.0]nonane syste®i. Evidently, the Woerpel
model for nucleophilic attack on oxabicyclic cations such as
37 does not apply to the related cati@b for which “inside
attack” 36) is preferred. Interestingly, the standard Woerpel
model for inside attack on monocyclic five-membered oxacar-
benium ions predicts poor selectivity for the simple Q-
benzylarabinofuranosyl cation such as might be derived from
the glycosyl triflate38. This prediction, which holds for carbon

H
H O@ BnO Oan BnO Oan
N
Ol/\) OTf Ov@
H BnO BnO
37 38 39

CO,H

nucleophiles, contrasts with the observations of Kim and co-
workers, who obtain goo@-selectivity with alcohol nucleo-
philes on activation of dond39 with trifluoromethanesulfonic
anhydride in chemistry that is thought to pass through the triflate
38and the associated oxacarbeniumddvidently, the situation
with O-nucleophiles is more complex than that with carbon
nucleophiles and other factors need to be taken into consider-
ation, perhaps including hydrogen bonding of the incoming
alcohol to the donor.

Conclusion

In conclusion a somewhat acid sensitive 8%enzylidene
protected arabinofuranosyl system may be prepared provided

(55) (a) Smith, D. M.; Tran, M. B.; Woerpel, K. Al. Am. Chem. Soc.
2003 125 14149. (b) Larsen, C. H.; Ridgway, B. H.; Shaw, J. T.; Woerpel,
K. A. J. Am. Chem. S0d.999 121, 12208. (c) Schmitt, A.; Reissig, H.-U.
Eur. J. Org. Chem200Q 3893.

(56) Larsen, C. H.; Ridgway, B. H.; Shaw, J. T.; Smith, D. M.; Woerpel,
K. A. J. Am. Chem. So2005 127, 10879.
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that O2 is protected before attempted introduction of the acetal. loxane. The reaction mixture was allowed to reach rt and then stirred

The corresponding 3,6-di-tert-butylsilylene system is both

for 2 h before it was diluted with diethyl ether, washed with water,

easier to prepare and considerably more stable. Both systemdiCl (1 M, 5x), NaHCQ; (sat), and brine, dried (N8O,), and

were activated only slowly by the 1-benzenesulfinyl piperidine/

trifluoromethanesulfonic anhydride combination and both gave

poor selectivity in the glycosylation reactions, apparently

because of the formation of the generation of several glycosy-

concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel (hexaregSH,Cl, 1:1, then CHCI,)

to give the 3,50-tetraisopropyldisiloxane adduct (2.30 g, 81%) as
a colorless syrup. This compound (2.30 g, 4.6 mmol), together with
benzyl bromide (1.10 mL, 9.2 mmol), was dissolved in THF (80

lating species under these conditions. On the other hand, they|) “cooled to 0°C, and treated portionwise with NaH (60%

activation of the 3,59-di-tert-butylsilylene protected thiogly-
cosides withN-iodosuccinimide and silver triflate, or of the
corresponding sulfoxides with trifluoromethanesulfonic anhy-

dispersion in oil, 370 mg, 9.2 mmol). Aft& h at rt anadditional
1 equiv (185 mg, 4.7 mmol) of NaH was added and the reaction
mixture was left overnight before it was filtered through silica gel

dride affords reactions that are moderately to highly selective and concentrated in vacuo to give an oily product that was dissolved

for the formation of the5-arabinofuranosides. This chemistry,

in THF (15 mL) and treated with TBAF (1 M in THF, 9.5 mL).

which does not depend on the anomeric configuration of the The crude reaction mixture was concentrated and purified by

thioglycoside, is best explained by the intermediacy of an
oxacarbenium ion intermediate.

Experimental Section

p-Cresyl 1-Thio-a-p-arabinofuranoside (3)13¢37A suspension
of p-arabinosé (5.0 g, 33.3 mmol) in MeOH (100 mL) was treated
with a solution of acetyl chloride (2.5 mL) in methanol (30 mL)
and stirred at rt for approximately 2.5 h, after which the white

crystalline starting material was observed to have fully dissolved,

and TLC (CHCI,/MeOH 4:1) showed full conversion d&f(R; 0.1)

to two new spots B 0.5 and 0.6). The reaction mixture was
guenched with pyridine, evaporated, then coevaporated with CH
Cl, to give a crude product that was dissolved in pyridine (40 mL),
cooled to 0°C, and treated with acetic anhydride (20 mL, 0.21
mol). The reaction mixture was allowed to stir overnight. Then
solvent was evaporated and the reaction was diluted withQGH
(300 mL) and finally washed thoroughly with watérM HCI (aq),
NaHCG; (sat), and brine. The organic phase was dried,8s)

column chromatography on silica gel (g8, then CHCl,—EtOAc
1:1) to give5 (1.08 g, 69% for 2 steps) as a colorless syrgp.
0.25 (CHCI,—EtOACc 2:1);'H NMR#° (300 MHz, CDC}) 6 7.39—
7.29 (m, 6 H), 7.12 (d, 2 H) = 7.92), 5.46 (d, 1 HJ = 3.3 Hz),
4.67 (d, 1 HJ = 11.7 Hz), 4.60 (d, 1 H) = 11.7 Hz), 4.22 (m,
1 H), 4.09 (dd, 1 HJ = 3.8, 7.0 Hz), 4.00 (t, 1 H) = 3.8 Hz),
3.80 (dt, 1 HJ = 4.4, 12.2 Hz), 3.71 (dd, 1 H = 3.8, 12.0 Hz),
3.19 (br d, 1 HJ = 6.1, OH), 2.57 (m, 1 H, OH), 2.33 (s, 3 H);
13C NMR* (75 MHz, CDCB) ¢ 138.0, 137.4, 132.5, 130.3, 130.0,
128.7, 128.2, 90.2, 89.7, 82.6, 75.9, 72.6, 61.4, 21.3.

p-Cresyl 2-O-benzyl-3,50-benzylidene-1-thioe-p-arabino-
furanoside (6).Diol 5 (225 mg, 0.65 mmol) and DMAP (16 mg,
0.13 mmol) were heated to reflux in pyridine (5 mL) and treated
with o, a.-dibromotoluene (0.44 mL, 3.3 mmol) and;Ht(180uL,
1.3 mmol). Afte 1 h additional,a-dibromotoluene (0.18 mL, 1.3
mmol) was added to the reaction mixture, which was then
maintained at refla 1 h before it was cooled to rt and diluted with
EtOAc. The purple-red solution was filtered through silica gel and
concentrated to give a yellow crude product, which was purified
by flash chromatography on silica gel (hexanefCH4:1 then 2:1)

and concentrated in vacuo to give a crude product, which was to give6 (111 mg, 40%) as white crystals, which were recrystallized

submitted to the next step without further purification. This mixture
was dissolved in acetic anhydride (80 mL) and cooled 1€ @vhen
acetic acid (20 mL) and then,BO, (5 mL) were added dropwise.
After 1.5 h at rt TLC (hexanesEtOAc 4:1) indicated completion.
The reaction mixture was poured slowly over a mixture of ice,
aqueous NaHC¢ and CHCI,. The organic layer was separated
and washed thoroughly with additional NaHE@®at) and brine,
dried (N&SQy), and concentrated in vacuo to give a crude product
(15.45 g). The crude product was dissolved in dry,CH (150
mL) and cooled to 0C when BR-OEtL (11.5 mL, 92 mmol) was
added slowly by syringe. After 15 mip-thiocresol (4.18 g, 33.7

from tert-butyl methyl ether. Mp 120C; R 0.2 (hexanes/CH
Clp); [a]p +177 € 1.0, CHCIy); *H NMR (500 MHz, CDC}) ¢
7.50-7.49 (m, 2 H), 7.427.30 (m, 2 H), 7.13 (d, 1 H) = 8.0
Hz), 5.55 (s, 1H), 5.45 (d, 1 H,= 5.0 Hz), 4.77 (d, 1 H) = 11.8
Hz), 4.74 (d, 1 HJ = 11.7 Hz), 4.55 (m, 1 H), 4.22 (dd, 1 H,=
5.0, 7.7 Hz), 3.983.91 (m, 2 H) 3.84 (pseudo t, 1 H= 8.0 Hz),
2.34 (s, 3H);'3C NMR (125 Hz, CDCJ)) 6 137.9, 137.4, 136.8,
132.0, 129.9, 129.3. 128.5, 128.4, 127.9, 126.3, 102.3, 90.8, 84.9,
72.8, 70.8, 69.4, 21.2; HRMS calcd for J§E1,60,S]" 434.1552,
found 434.1547.

p-Cresyl 3,50-(Di-tert-butylsilylene)-1-thio-a-p-arabinofura-

mmol) was added and the reaction mixture was stirred at rt noside (7).Triol 3 (1.63 g, 6.4 mmol) and DMAP (39 mg, 0.32

overnight before it was neutralized withsEtand diluted to 300
mL with CH,Cl,, washed with water and brine, dried ($2),

mmol) were dissolved in pyridine (25 mL), cooled to°G, and
treated with ditert-butylsilyl bis(trifluoromethanesulfonate) (2.1

and concentrated in vacuo. TLC indicated the presence of a minormL, 6.4 mmol). The reaction mixture was allowed to reach rt, and
amount of another isomer in addition to the major product. This was then stirred for 12 h before it was quenched with MeOH (2
was not separated at this time, but instead a short column wasmL). The crude reaction mixture was concentrated in vacuo to give
performed, washing first with hexanes followed by elution of the a colorless oil, which was purified by flash chromatography on

mixture with in pure ethyl acetate. The triacetate was dissolved in silica gel (hexanesEtOAc 10:1) to giver (2.26 g, 89%) as a white

MeOH (150 mL) then treated with sodium methoxide (25% in
MeOH, 1 mL) and the solution was stirred overnight before it was
neutralized with IR-120 resin, evaporated, and purified by flash
chromatography on silica gel (GHl,—MeOH 10:1) to give 4.06
g (71%) of the title triol. R 0.3 (EtOAc); p]p +235.6 € 1.0,
CHCly), lit.%7 [a]p +236.2 € 2.6, CHCE); 'H NMR (500 MHz,
CDCly) 6 7.35 (d, 2 H,J = 8.5 Hz), 7.05 (d, 2 HJ = 8.5 Hz),
5.31(d, 1 HJ = 3.5 Hz), 4.24 (m, 4 H), 4.11 (m, 2 H), 4.04 (m,
1H),3.78(dd, 1 H)=2.5,12.5Hz), 3.69 (dd, 1 H,= 2.5, 12.5
Hz), 2.28 (s, 3 H);*3C NMR (125 Hz, CDCJ)) ¢ 137.9, 132.5,
129.9, 129.8, 91.8, 82.7, 81.8, 76.5, 60.9, 21.1.

p-Cresyl 2-0-Benzyl-1-thio-o-p-arabinofuranoside (5)°41 The
triol 3(1.46 g, 5.7 mmol) was dissolved in pyridine (10 mL), cooled
to 0 °C, and treated with 1,3-dichloro-1,1,3,3-tetraisopropyldisi-

solid. Mp 150°C; Rs 0.3 (CHCly); [a]p +196 (€ 1.0, CHCIy); H
NMR (500 MHz, CDC}) 6 7.41 (d, 2 H,J = 8.1 Hz), 7.12 (d, 2
H,J=8.0Hz),5.24 (d, 1 H) = 5.9 Hz), 4.32 (dd, 1 H) = 4.7,
8.7 Hz), 4.13 (m, 1 H), 4.00 (dd, 1 H,= 7.4, 9.2 Hz), 3.93 (dd,
1H,J=8.9, 10.3 Hz), 3.88 (m, 1 H), 2.74 (d, 1 B,= 4.0 Hz),
2.32 (s, 3 H), 1.06 (s, 9 H), 0.97 (s, 9 HC NMR (125 Hz,
CDCly) 6 138.0, 132.3, 130.2, 129.8, 91.4, 81.1, 80.8, 73.7, 67.4,
27.4, 27.1, 22.7, 21.1, 20.1; HRMS calcd for,§83,0,SSi]"
396.1791, found 396.1791.

p-Cresyl 2-O-Acetyl-3,5-O-(di-tert-butylsilylene)-1-thio-o.-p-
arabinofuranoside (7-O-Ac). Microscale acetylation o7 with
pyridine and acetic anhydride gaveD-Ac quantitatively as a white
crystalline solid. Mp 72C; R; 0.8 (CHCl,); [a]p +145.5 € 1.0,
CHCl3); *H NMR (500 MHz, CDC}) 6 7.42 (d, 2 HJ = 8.1 Hz),
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7.12 (d, 2 HJ = 8.1 Hz), 5.26 (dd, 1 H) = 4.9, 6.9 Hz), 5.22 (d,
1H,J=4.8Hz), 434 (m, 1H), 4.11 (dd, 1 H,= 7.2, 9.1 Hz),
4.00-3.92 (m, 3 H), 2.32 (s, 3 H), 2.15 (s, 3 H), 1.04 (s, 9 H),
0.97 (s, 9 H)13C NMR (125 Hz, CDCJ) ¢ 169.9, 138.0, 132.7,

Crich et al.

24.1, 23.9; HRMS calcd for [(gH»sOsNa]™ 345.1678, found
345.1662.105: White crystalline solid. Mp 100°C; Rs 0.2
(hexanes-ethyl acetate 1:1)0f]p —91.2 € 1.0, CHC}); 'H NMR
(500 MHz, CDC}) 6 7.38-7.30 (m, 5 H), 5.05 (d, 1 H) = 4.5

129.8, 129.7, 89.5, 80.6, 79.5, 73.5, 67.2, 27.4, 27.0, 22.6, 21.1,Hz), 4.66 (d, 1 HJ = 11.6 Hz), 4.56 (d, 1 HJ = 11.6 Hz), 4.48

21.0, 20.1; HRMS calcd for [£H340sSSiNaj" 461.1794, found
461.1772.

p-Cresyl 2-O-Benzyl-3,5O-(di-tert-butylsilylene)-1-thio-a-p-
arabinofuranoside (8). Compound?7 (1.17 g, 2.9 mmol) was
dissolved in THF (30 mL) and treated with benzyl bromide (0.70
mL, 5.9 mmol) followed by portionwise addition of NaH (360 mg,
9 mmol) at 0°C. After 6 h TLC showed full conversion of and
the reaction mixture was filtered through silica gel, concentrated
in vacuo, and purified by flash chromatography (hexane(@)
to give8 (1.19, 83%) as a white crystalline solid. Mp 80; R 0.8
(CHZCly); [a]p +154 € 1.0, CHCI); *H NMR (500 MHz, CDC})
0 7.45-7.30 (m, 7 H), 7.10 (d, 2 H) = 8.0 Hz), 5.35 (d, 1 H)
=05.3Hz),4.84 (d, 1 H)=12.0 Hz), 4.76 (d, 1 H) = 12.0 Hz),
4.34 (dd, 1 HJ = 4.7, 8.7 Hz), 4.15 (dd, 1 H] = 7.0, 9.2 Hz),
4.00-3.87 (m, 3 H), 2.32 (s, 3 H), 1.08 (s, 9 H), 0.99 (s, 9 HE
NMR (125 Hz, CDC}) 6 137.8, 137.6, 132.2, 130.5, 129.7, 128.4,

128.0, 127.9, 90.3, 86.7, 81.3, 73.7, 72.2, 67.3, 27.5, 27.1, 22.6

21.1, 20.1; HRMS calcd for [GH3s0,SSiT" 486.2260, found
486.2257.

Activation of Thioglycoside 6 with 1-Benzenesulfinyl Piperi-
dine and Trifluoromethanesulfonic Anhydride (Method A):
Cyclohexyl 2-O-Benzylf-p-arabinofuranoside (1Q3) and Cy-
clohexyl 2-O0-Benzyl-a-p-arabinofuranoside (1). Thioglycoside
6 (45 mg, 0.10 mmol), BSP (31 mg, 0.15 mmol), TTBP (159 mg,
0.54 mmol), and crushed activdtd A molecular sieves (100 mg)
were dried in vacuo and dissolved in g8, (4 mL) under argon,
then stirred at rt fo1 h prior to cooling to—55 °C. After 15 min
Tf,O (21 uL, 0.13 mmol) was added and after an additional 15
min cyclohexanol (5%L, 0.52 mmol) was added. The reaction
mixture was allowed to warm te-45 °C with stirring and then
guenched with several drops of;Bt filtered, and concentrated in
vacuo. The crude mixture was purified by flash chromatography
on silica gel (hexanesCH,Cl, 1:1) to give cyclohexyl 29-benzyl-
3,5-0-benzylidenea-p-arabinofuranosidedfr) (17 mg) and cyclo-
hexyl 2-O-benzyl-3,50-benzylidenea-p-arabinofuranoside9)
(18 mg) (82% combined yield) as colorless syrigis. *H NMR-
(500 MHz, CDC}) 6 7.52-7.26 (m, 9 H), 5.53 (s, 1 H), 5.24 (d,
1H,J=29 Hz), 470 (d, 1 HJ = 11.7 Hz), 4.64 (d, 1 H,
J=11.7 Hz), 5.50 (dd, 1 H) = 4.1, 9.1 Hz), 4.19 (dd, 1 H =
2.8, 8.0 Hz), 3.95 (ddd, 1 H= 4.3, 9.4, 10.0 Hz), 3.89 (dd, 1 H,
J=9.3, 10.0 Hz), 3.76 (dd, 1 Hl = 8.1, 9.3 Hz), 3.58 (m, 1 H),
1.88 (m, 2H), 1.73 (m, 2 H), 1.53 (m, 1H), 14Q.10 (m, 5 H).
96: *H NMR (500 MHz, CDC}) 6 7.50 (m, 2 H), 7.46-7.29 (m,

7 H), 557 (s, 1 H), 5.24 (d, 1 Hl= 5.3 Hz), 4.71 (d, 1 H) =
11.5 Hz), 4.66 (d, 1 H) = 11.5 Hz), 4.47 (dd, 1 H) = 4.4, 9.5
Hz), 4.15 (dd, 1 HJ = 5.3, 9.5 Hz), 4.06 (t, 1 HJ = 9.4 Hz),
3.92 (t, 1 H,J= 9.9 Hz), 3.57 (m, 1 H), 1.96 (m, 2 H), 1.77 (m,
2 H), 1.56-1.19 (m, 6 H).13C NMR (125 Hz, CDC}) ¢ 137.8,

(t, 1 H,J= 7.3 Hz), 3.93-3.88 (m, 2 H), 3.75 (dd, 1 H] = 3.0,

11.8 Hz), 3.65 (dd, 1 H) = 3.7, 11.8 Hz), 3.50 (m, 1 H), 2.45 (br

s, 2 H), 1.91 (m, 2 H), 1.75 (m, 2 H), 1.55 (m, 1 H), 1-4510

(m, 5 H);13C NMR (125 Hz, CDCJ) 6 137.7, 128.6, 128.1, 128.1,
98.7,84.5,82.1,73.5,72.5,62.9, 33.8, 32.2, 25.5, 24.4, 24.3; HRMS
calcd for [GgH260sNa]t 345.1678, found 345.1667.

Activation of Thioglycoside 6 with Diphenyl Sulfoxide and
Trifluoromethanesulfonic Anhydride (Method B). Thioglycoside
6 (53 mg, 0.12 mmol), diphenyl sulfoxide (74 mg, 0.37 mmol),
TTBP (182 mg, 0.73 mmol), and crushed actizaieA molecular
sieves (100 mg) were dried in vacuo and dissolved in@H(3
mL) under argon, then stirred at rtrfd h prior to cooling to
—72°C. After 15 min T6O was added and after an additional 30
min cyclohexanol (3L, 0.37 mmol) was added. The reaction
was allowed to warm te-30 °C with stirring, then was treated
with several drops of BN, filtered, and concentrated in vacuo.
'Purification by silica gel chromatography and removal of the
benzylidene acetal by exposure to trifluoroacetic acid as described
in method A gavelOo (12.8 mg) andl0B (10 mg) (58% combined
yield).

Methyl 6-O-(2-O-Benzyl-a-p-arabinofuranosyl)-2,3,4-tri-O-
benzyl-o-b-glucopyranoside (18) and Methyl 6-O-(2-O-Benzyl-
p-p-arabinofuranosyl)-2,3,4-tri-O-benzyl-a-p-glucopyranoside
(138). Thioglycoside6 (60 mg, 0.14 mmol), BSP (40 mg, 0.19
mmol), TTBP (206 mg, 0.83 mmol), and crushed activated 4 A
molecular sieves (100 mg) were dried in vacuo and dissolved in
CH_CI;, (4 mL) under argon, then stirred at rirfb h prior to cooling
to —56 °C. After 15 min T{O (28uL, 0.17 mmol) was added and
after an additional 15 min methyl 2,3,4-t0-benzylo-p-glucopy-
ranoside (128 mg, 0.28 mmol) in GEl, (1 mL) was added. The
reaction mixture was allowed to warm te40 °C then was treated
with several drops of BN, filtered, and concentrated in vacuo.
The crude mixture was purified by flash chromatography (hexanes
CH.Cl, 1:1) to give methyl 69-(2-O-benzyl-3,50-benzylidene-
o-b-arabinofuranosyl)-2,3,4-t®-benzyle-D-glucopyranosidél2o)

(21 mg) and methyl &-(2-O-benzyl-3,50-benzylidengs-p-ara-
binofuranosyl)-2,3,4-tr@-benzyle-p-glucopyranoside 125) (20

mg) (35% combined yield) as colorless syrups. Further character-
ization was not attempted and both products were exposed to
trifluoroacetic acid (1 drop) in CKCl, (1 mL) for 1 min. The
reaction mixtures were concentrated and purified by flash chro-
matography to givd.3o. (6 mg) and133 (10 mg).13a: Colorless
syrup;Rs 0.3 (hexanesethyl acetate 3:1)f]p +44 (c 0.9, CHC}),

lit.13¢ [a]p +31 (c 0.9, CHC}); 'H NMR (500 MHz, CDC}) ¢
7.36-7.15 (m, 20 H), 4.94 (d, 1 H) = 10.9 Hz), 4.89 (d, 1 H,
J=4.4Hz),4.83 (d, 1 H)=11.2 Hz), 4.78 (d, 1 H) = 10.7

Hz), 4.76 (d, 1 H)=11.2 Hz), 4.7+4.63 (m, 6 H), 4.57 (d, 1 H,

137.1, 129.1, 128.4, 128.3, 128.0, 127.8, 126.3, 102.3, 98.8, 82.8,J = 11.9 Hz), 3.98-3.75 (m, 9 H), 3.6%3.57 (m, 2 H), 3.38 (s, 3
78.6, 78.0, 72.0, 71.7, 68.5, 33.8, 32.2, 29.7, 25.6, 24.3. Further H); *C NMR (125 Hz, CDCJ) 6 138.8, 138.5, 138.1, 137.6, 128.4,
characterization was not attempted and both compounds werel28.4,128.3,128.3,128.0, 127.9, 127.8, 127.6, 127.5, 127.4, 99.4,

treated with trifluoroacetic acid (1 drop) in GEll, (1 mL) at room
temperature for 1 min. Concentration and purification by flash
chromatography on silica gel gave cyclohexyD2senzyla-p-
arabinofuranosidelQa) (6 mg) and cyclohexyl -benzyl$-b-
arabinofuranoside1Q3) (10 mg). 10a: Colorless syrupR: 0.3
(hexanes-ethyl acetate 1:1);of]p +70.1 € 1.3, CHCE); 'H NMR
(500 MHz, CDC}) 6 7.37-7.29 (m, 5 H), 5.25 (s, 1 H), 4.65 (d,
1H,J=11.6 Hz), 457 (d, 1 H) = 11.6 Hz), 4.17 (dd, 1 H) =
3.1,7.1Hz),4.13 (br s, 1 H), 3.89 (s, 1 H), 3.82 (dd, 1JH 3.0,
11.8 Hz), 3.75 (dd, 1 H} = 4.1, 11.8 Hz), 3.65 (m, 1 H), 2.79 (br
s, 1 H), 2.25 (br s, 1 H), 1.87 (br s, 2 H), 1.70 (br s, 2 H), 39
1.19 (m, 5 H);'3C NMR (125 Hz, CDCJ) 6 137.0, 128.6, 128.1,

98.2,84.4,82.5,81.7,80.4, 75.6, 74.9, 73.5, 72.4, 72.0, 69.7, 66.2,
61.4, 55.0.133: Colorless syrupR 0.25 (hexanesethyl acetate
3:1); [a]p —17.3 € 1.0, CHC}); *H NMR(500 MHz, CDC}) 6
7.36-7.17 (m, 20 H), 4.94 (d, 1 H) = 10.9 Hz), 4.89 (d, 1 H,
J=4.4Hz),483(d, 1 H)=11.2 Hz), 478 (d, 1 HJ = 10.7

Hz), 4.76 (d, 1 HJ = 11.2 Hz), 7.70 (d, 1HJ = 3.5 Hz), 4.68-

4.63 (m, 4 H), 457 (d, 1 H) = 11.9 Hz), 3.98-3.75 (m, 8 H),

3.60 (dd, 1 HJ = 2.6, 9.2 Hz), 5.57 (dd, 1 H] = 3.5, 7.1 Hz),

3.38 (s, 3 H);13C NMR (125 Hz, CDCJ) 6 138.8, 138.5, 138.1,
137.6,128.4,128.4,128.3, 128.3, 128.0, 127.9, 127.8, 127.6, 127.5,
127.4,99.4,98.2,84.4,82.5,81.7,80.4, 75.6, 74.9, 73.5, 72.4, 72.0,
69.7, 66.2, 61.4, 55.5; HRMS calcd for {§E1,60:10Na]" 709.2989,

128.0, 103.4, 87.0, 86.9, 75.3, 74.8, 71.8, 62.7, 33.6, 31.4, 25.6,found 709.2983.
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Synthesis of-Arabinofuranosides

Activation of Thioglycoside 8 with 1-Benzenesulfinyl Piperi-
dine and Trifluoromethanesulfonic Anhydride (Method C). BSP
(1.4 equiv), TTBP (3 equiv), the thioglycoside,caéh A powdered
molecular sieves were dissolved in &, (5 mL/100 mg) and
stirred fa 1 h under argon, before cooling t655 °C. After 30
min Tf,0 (1.2 equiv) was added and the reaction mixture was
allowed to stir for 10 min before the acceptor (2 equiv) in 1 mL of
CH.CI, was added. The solution then was stirred for 30 min at
—55°C before it was allowed to reach’@ and basified with EN.

JOC Article

1.0, CHCl,); IH NMR (500 MHz, CDC}) 6 7.43 (d,J = 7.2 Hz

2 H), 7.36 (t, 2 HJ = 7.2 Hz), 7.31 (t, 2 HJ = 7.2 Hz), 4.86 (d,

1 H,J =123 Hz), 481 (d, 1 H) = 12.3 Hz), 4.79 (d, 1 H,
J=5.4Hz),4.35 (t, 1 HJ = 9.1 Hz), 4.30 (dd, 1 H} = 5.1, 9.0

Hz), 3.93 (d, 1 HJ = 9.2), 3.91 (dd, 1 H] = 5.0, 9.0 Hz), 3.65
(ddd, 1 H,J=5.0, 9.4, 10.2 Hz), 3.40 (s, 3 H), 1.08 (s, 9H), 1.00
(s, 9H);13C NMR (125 Hz, CDCJ) 6 137.7, 128.41, 128.35, 127.8,
101.4, 80.2, 78.8, 73.7, 71.9, 68.5, 55.9, 27.58, 27.2, 22.6, 20.1;
HRMS calcd for [GiH3,0sSiNal" 417.2074, found 417.2084.

The crude reaction mixture was filtered, concentrated in vacuo, and  Cyclohexyl 2-0-Benzyl-3,5O-(di-tert-butylsilylene)-o-p-ara-

purified by flash chromatography on silica gel.

Activation of Thioglycoside 8 with Diphenyl Sulfoxide and
Trifluoromethanesulfonic Anhydride (Method D). Diphenyl
sulfoxide (3 equiv), TTBP (3 equiv), thioglycosid® and 4 A
powdered molecular sieves were dissolved in,ChH (5 mL/100
mg) and stirred fo 1 h before cooling to—78 °C. After 30 min
Tf,0 (1.2 equiv) was added and the reaction mixture was allowed
to stir for 20 min before the acceptor (2 equiv) in &b (1 mL)
was added. The solution was allowed to reactCbefore it was
basified with E{N, then filtered, concentrated in vacuo, and purified
by flash chromatography on silica gel.

Modified Procedure for the Activation of Thioglycoside 8
with 1-Benzenesulfinyl Piperidine and Trifluoromethanesulfonic
Anhydride (Method E). BSP (1.4 equiv), TTBP (3 equiv), and
thioglycoside8 were dissolved in CkCl, (5 mL/100 mg) and
cooled to—55 °C under argon. After 30 min 3© (1.2 equiv) was
added and the reaction mixture was allowed to warm-25 °C
over 2 h during which the color of the reaction mixture changed
from red-brown to pale yellow. After 30 min at25 °C the reaction
was recooled te-70 °C and the acceptor (1.5 equiv) in @&, (1

binofuranoside (15). Colorless syrupR: 0.8 (CHCL,); [o]p +41.9
(c 0.9, CHC}); 'H NMR (500 MHz, CDC}) 6 7.40-7.27 (m, 5
H), 5.11 (d, 1 HJ = 3.08 Hz), 4.78 (d, 1 H) = 12 Hz), 4.66 (d,
1 H,J=12 Hz), 4.34 (dd, 1 H) = 4.4, 8.4 Hz), 4.08 (dd, 1 H,
J = 7.4, 9.0 Hz), 4.063.87 (m, 3 H), 3.50 (m, 1 H), 1.88 (m,
2H), 1.73 (m, 2 H), 1.53 (m, 1 H), 1.401.10 (m, 5 H), 1.07 (s, 9
H), 1.00 (s, 9 H)13C NMR (125 Hz, CDCJ) 6 138.1, 128.4, 127.8,
127.7, 105.1, 88.2, 814, 73.7, 72.0, 67.8, 33.9, 31.8, 27.5, 27.2,
25.7, 24.3, 21.2, 22.7, 20.2; HRMS calcd for,§84,0sSiNaJ*
485.2700, found 485.2704.

Cyclohexyl 2-O-Benzyl-3,50-(di-tert-butylsilylene)-f-p-ara-
binofuranoside (153). Colorless syrupix 0.7 (CHCI,); [a]p —66.8
(c 1.0, CHC}); 'H NMR (500 MHz, CDC}) 6 7.42-7.27 (m, 5
H), 5.08 (d, 1 H,J = 5.4 Hz), 477 (s, 2 H), 434 (t, 1 H,
J=19.1Hz), 4.29 (dd, 1 H) = 5.0, 9.0 Hz), 3.91 (dd, 1 H] =
9.2, 10.6 Hz), 3.88 (d, 1 H] = 4.3, 9.0 Hz), 3.59 (ddd, 1H] =
5.0, 9.3, 10.5 Hz), 3.47 (m, 1 H), 1.90 (m, 2H), 1.74 (m, 2 H),
1.53 (m, 1H), 1.45-1.10 (m, 5 H), 1.07 (s, 9 H), 0.99 (s, 9 HFC
NMR (125 Hz, CDC}) 6 138.2, 128.3, 127.9, 127.6, 99.0, 80.7,
78.7,77.6,73.3,71.6, 68.6, 33.8, 32.2, 27.6, 27.2, 26.6, 24.5, 24.4,

mL) was added. The reaction was allowed to reach rt before it was 22.6; HRMS calcd for [GsH420sSiNa]" 485.2700, found 485.2713.

guenched with BN, filtered, concentrated, and purified by flash
chromatography on silica gel.

Activation of Thioglycoside 8 with N-lodosuccinimide and
Silver Trifluoromethanesulfonate (Method F). The donor8 (101
mg, 0.21 mmol) and methyl 2,3,4-1@-benzyle-b-glucopyranoside
(97 mg, 0.21 mmol) were coevaporated with toluene 4 times and
dried under vacuum together Wwit4 A molecular sieves, then
dissolved in CHCI, (5 mL) and stirre 1 h prior to cooling the
reaction mixture to—30 °C under argon. After the reaction was
stirred for 30 min NIS (58 mg, 0.26 mmol) and AgOTf (11 mg, 41
umol) were added. The reaction was then allowed to warm to rt
before it was filtered, diluted with Cil, (20 mL), washed with
5% aqueous sodium thiosulfate and brine, dried,8@), and
concentrated in vacuo to givE7 (137 mg, 80%) as a mixture of
anomers containing:10% of theB-anomer as determined Bt
NMR spectroscopy of the crude reaction mixture. Treatment of the
crude product (100 mg) with tetrabutylammonium fluoride as
described below gavE3o (69 mg, 82%) identical with the sample
described above.

General Procedure for Removal of the 3,59-(di-tert-butyl-
silylene) Acetal.The silylene acetal was dissolved in THF (4 mL/
100 mg) and tetrabutylammonium fluoride (2.2 equiddM THF
solution) was added at rt. The reaction was monitored by TLC (ethyl

Adamantyl 2-O-Benzyl-3,50-(di-tert-butylsilylene)-a-p-ara-
binofuranoside (16). Colorless syrupRs 0.6 (CHCL,); [o]p +28.5
(c 1.1, CHC}); 'H NMR (500 MHz, CDC}) 6 7.45-7.27 (m, 5
H), 5.34 (d, 1 HJ = 3.59 Hz), 4.79 (d, 1 HJ = 12.1 Hz), 4.69
(d, 1 H,J=12.1 Hz), 4.32 (dd, 1 H) = 4.9, 9.0 Hz), 4.06 (dd,
1H,J=7.4,9.5Hz), 3.99 (dt, 1 H] = 4.9, 10.2 Hz), 3.95 (dd,
1H,J=3.6, 7.4 Hz), 3.89 (dd, 1 H] = 9.1, 10.2 Hz), 2.14 (br
s, 3H), 184 (brd, 3H)=11.6 Hz), 1.75 (brd, 3H) = 11.6
Hz), 1.61 (br s, 6 H), 1.07 (s, 9 H), 1.00 (s, 9 M€ NMR (125
Hz, CDCk) 6 138.3, 128.3, 127.7, 127.6, 100.4, 88.5, 80.9, 74.6,
73.6, 71.9, 68.0, 42.7, 36.3, 30.6, 27.5, 27.2, 22.7, 20.2; HRMS
calcd for [GoH4e05Si]™ 514.3115, found 514.3099.

Adamantyl 2-O-Benzyl-3,5O-(di-tert-butylsilylene)-#-p-ara-
binofuranoside (13). Colorless syrupi 0.7 (CHCL,); [o]p —64.9
(c 0.9, CHC}); *H NMR (500 MHz, CDC}) 6 7.42 (d, 2 HJ =
7.3 Hz), 7.35 (t, 2 H) = 7.3 Hz), 7.28 (t, 1L HJ) = 7.3 Hz), 5.37
(d, 1 H,J=5.7 Hz), 4.79 (d, 1 H) = 12.1 Hz), 4.72 (d, 1 HJ
= 12.1 Hz), 4.32 (t, 1 H) = 9.0 Hz), 4.28 (dd, 1 H) = 5.0, 9.1
Hz), 3.94 (dd, 1 HJ = 9.3, 10.4 Hz), 3.86 (dd, 1 HI= 5.7, 8.8
Hz), 3.53 (ddd, 1 HJ = 5.0, 9.6, 10.3 Hz), 2.14 (br s, 3H), 1.85
(brd, 3H,J=11.5Hz), 1.79 (brd, 3 H) = 11.5 Hz), 1.61 (br
s, 6 H), 1.07 (s, 9 H), 0.99 (s, 9 H)C NMR (125 Hz, CDC)) ¢
138.4,128.3, 127.8, 127.5, 93.5, 80.8, 79.1, 74.8, 72.9, 71.4, 68.6,

acetate) and stopped when the substrate was converted to a singlé2.7, 36.3, 30.7, 27.6, 27.2, 22.6, 20.1; HRMS calcd fapfiGeOs-

more polar compound, typically withi3 h at rt. Thecrude reaction

SiNaJ* 537.3013, found 537.3010.

mixture was then evaporated and purified by flash chromatography — Methyl 6-0-(2-O-Benzyl-3,50-(di-tert-butylsilylene)-a-p-ara-

on silica gel.

Methyl 2-O-Benzyl-3,50-(di-tert-butylsilylene)-a-p-arabino-
furanoside (140). Colorless syrupR: 0.8 (CHCly); [a]p +41.3
(c 0.9, CHC}); *H NMR (500 MHz, CDC}) 6 7.41-7.28 (m, 5
H), 4.84 (d, 1 HJ = 2.9 Hz), 4.80 (d, 1 H) = 11.8 Hz), 4.65 (d,
1H,J=11.8 Hz), 4.36 (M, 1 H), 4.12 (dd, 1 H,= 7.2, 9.0 Hz),
3.98-3.92 (m, 3 H), 3.37 (s, 3H), 1.08 (s, 9 H), 1.01 (s, 9 HE
NMR (125 Hz, CDC}) 6 137.8, 128.4, 128.0, 127.8, 108.2, 87.9,
81.6, 73.8, 72.1, 67.6, 55.9, 27.5, 22.7, 20.2; HRMS calcd for
[C21H340sSi]™ 394.2176, found 394.2192.

Methyl 2-O-Benzyl-3,5O-(di- tert-butylsilylene)-f-p-arabino-
furanoside (143). Colorless syrupRs 0.8 (CH.CIly); [a]p —49.5 €

binofuranosyl)-2,3,4-tri-O-benzyl-a-p-glucopyranoside (174).
Colorless syrupRs 0.15 (CHCl,); [o]p +43.8 € 1.0, CHCE); *H

NMR (500 MHz, CDC}) 6 7.37—7.26 (m, 20 H), 5.04 (d, 1 H,

J =29 Hz), 498 (d, 1 H) = 10.8 Hz), 4.87 (d, 1 HJ) = 10.7

Hz), 4.83 (d, 1 HJ = 10.8 Hz), 4.78 (d, 1 H) = 12.1 Hz), 4.75
(d,1H,J=11.8Hz), 4.68-4.60 (m, 4 H), 4.18 (dd, 1 H] = 3.4,

7.6 Hz), 4.08 (dd, 1 HJ = 7.3, 9.0 Hz), 4.053.95 (m, 3 H),
3.93-3.86 (m, 2 H), 3.75 (ddd, 1 Hl = 1.9, 3.6, 10.1 Hz), 3.64

3.57 (m, 2 H), 3.53 (dd, 1 H] = 3.5, 9.6 Hz), 3.36 (s, 3 H), 1.05

(s, 9 H), 0.95 (s, 9 H)}3C NMR (125 Hz, CDCJ) 6 138.8, 138.3,
138.2,137.8,128.8, 128.7, 128.6, 128.5, 128.4, 128.1, 127.9, 127.8,
127.8, 127.7, 107.3, 98.1, 87.8, 82.1, 81.6, 80.0, 77.7, 75.1, 74.0,
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73.9,73.4,71.9,69.9, 67.5, 66.8, 55.2, 27.5, 27.1, 27.0, 26.9, 22.6,68.5, 63.9, 54.8, 54.7, 28.0, 27.5, 27.1, 26.4, 22.6, 20.1, 17.7. Owing

20.1; HRMS calcd for [GgHs:010SiNa]t 849.4010, found 849.3991.
Methyl 6-0-(2-O-Benzyl-3,50-(di-tert-butylsilylene)-f-p-ara-
binofuranosyl)-2,3,4-tri-O-benzyl-a-b-glucopyranoside (173). Col-
orless syrupRs 0.1 (CHCl,); [a]p —19.3 € 0.9, CHC}); IH NMR
(500 MHz, CDC}) 6 7.39-7.21 (m, 20 H), 5.01 (d, 1 H,
J=5.4Hz), 497 (d, 1 H) = 10.9 Hz), 4.85 (d, 1 HJ) = 11.1
Hz), 4.81-4.76 (m, 3 H), 4.75 (d, 1 H) = 12.2 Hz), 4.65 (d, 1 H,
J=12.1 Hz), 4.60 (d, 1 HJ = 11.1 Hz), 458 (d, 1 H) = 3.5
Hz), 4.28 (t, 1 H,J = 9.1 Hz), 4.27 (dd, 1 HJ = 5.0, 9.1 Hz),
3.98 (t, 1 HJ=9.3 Hz), 3.78 (brdd, 1 H) = 5.1, 10.0 Hz), 3.69
(dd, 1 H,J=5.3,11.1 Hz), 3.60 (ddd, 1 H,= 5.0, 9.4, 10.4 Hz),
3.53-3.48 (m, 2 H), 3.32 (s, 3 H), 1.05 (s, 9 H), 0.98 (s, 9 HE
NMR (125 Hz, CDC}) 6 138.8, 138.4, 138.2, 138.0, 130.7, 128.8,

to the inseparable nature of this mixture of isomers it was partially
deprotected t@®2 without further characterization. Compouga
also was obtained in the form of an inseparat|g-mixture. Re
0.4 (CHCI, EtOAc 3:1); HRMS calcd for [gH3,00Na]™ 463.1944,
found 463.1943'H NMR (500 MHz, CDC}) 6 7.40-7.30 (m, 5
H), 5.48 (d, 0.65 HJ = 4.5 Hz, Hg), 5.21 (s, 0.35 H, K,), 4.84
(s, 1 H, H), 4.80 (d, 0.65 HJ = 11.7 Hz,p), 4.65 (d, 0.35 H,
J=11.7 Hz,a), 4.60 (d, 0.65 HJ = 11.7 Hz,), 4.55 (d, 0.35 H,
J=11.7 Hz,a), 4.37-4.31 (m, 1 H), 4.23 (dd, 0.65 H, = 5.8,
7.5Hz,p), 4.13 (brd, 0.35 HJ) = 3.4 Hz,a), 5.78 (m, 1 H), 4.02
(dd, 0.35 HJ = 5.5, 7.3 Hz,a), 3.92-3.89 (m, 1 H), 3.853.51
(m, 5 H), 3.36 (s, 1.95 HpB), 3.35 (s, 1.05 Hp), 1.54 (s, 3 H),
1.34 (s, 1.95 Hp), 1.33 (1.05 Ha), 1.30 (d, 1.95 HJ = 6.3 Hz,

128.5,128.4,128.3,128.1, 128.0, 127.9, 127.7, 127.6, 127.3, 101.08), 1.25 (d, 1.05 HJ = 6.1 Hz, o). 22a: 3C NMR (125 Hz,
97.9,82.1,80.7, 79.9, 79.0, 77.9, 75.7, 74.9, 73.4, 73.4, 71.5, 70.3,CDCl;) 6 137.0, 128.6, 128.1, 127.9, 109.5, 105.2, 98.0, 87.6, 86.5,
68.3, 67.4, 55.1, 47.0, 27.5, 27.2, 22.6, 20.1; HRMS calcd for 76.9, 76.0, 75.6, 71.9, 64.9, 62.5, 54.9, 27.7, 26.4, 4. 1°C

[CagHs2010SiNal" 849.4010, found 849.3983.

Methyl 4-O-(2-O-Benzyl-3,50-(di-tert-butylsilylene)-oa-p-ara-
binofuranosyl)-2,3,6-tri-O-benzyl-a-p-glucopyranoside (19).
Colorless syrupRs 0.15 (CHCI,); [o]p +30.5 € 1.7, CHC}); *H
NMR (500 MHz, CDC}) 6 7.32-7.21 (m, 20 H), 5.87 (d, 1 H,
J=3.0 Hz), 4.87 (d, 1 HJ = 10.1), 4.82 (d, 1 HJ = 10.1 Hz),
477 (d, 1 HJ=11.6 Hz),4.75(d, 1 H) = 10.8 Hz), 4.64 (d, 1
H,J=11.7), 4.60 (d, 1 HJ = 9.9 Hz), 4.58 (br s, 1 H), 4.57 (d,
1H,J=12.0 Hz), 4.48 (d, 1 HJ = 11.9 Hz), 4.13-4.08 (m, 2
H), 3.99 (dd, 1 HJ = 3, 7.2 Hz), 3.94 (t, 1 H} = 9.2 Hz), 3.89-
3.80 (m, 2 H), 3.77 (ddd, 1 Hl = 1.7, 5.3, 10.0 Hz), 3.73 (dd, 1
H,J=1.9, 10.6 Hz), 3.67 (dd, 1 Hl = 9.0, 9.8 Hz), 3.60 (dd, 1
H, J= 5.6, 10.6 Hz), 3.49 (dd, 1 Hl = 3.5, 9.7 Hz), 3.39 (s, 3
H), 1.06 (s, 9 H), 1.00 (s, 9 H}3C NMR (125 Hz, CDC}J) 6 138.5,

NMR (125 Hz, CDC}) 6 137.7, 128.5, 128.1, 128.0, 109.4, 98.8,
97.9, 83.7,81.3,79.5,77.8,76.0, 73.7, 72.4, 63.7, 63.4, 54.8, 28.0,
26.3, 17.8.

Methyl 2-O-Benzyl-o-p-arabinofuranoside (23). Colorless
syrup; R 0.25 (hexanesEtOAc 1:1); jop +60.5 € 1, CHCE),
lit.” [a]p +60 (c 0.5, CHCE); IH NMR (500 MHz, CDC}) 6 7.37—
7.28 (m, 5 H), 497 (s, 1 H), 4.63 (d, 1 H,= 11.6 Hz), 4.57 (d,
1H,J=11.7 Hz), 4.13 (dd, 1 H) = 2.0, 4.0 Hz), 4.10 (dd, 1 H,
J=4.0,7.5Hz),3.90 (d, 1 H = 2.0 Hz), 3.82 (dd, 1 H) = 3.3,
11.9 Hz), 3.74 (dd, 1 H) = 4.3, 11.9 Hz), 3.38 (s, 3 H), 2.46 (br
s, 2 H);13C NMR (125 Hz, CDCJ) 6 137.0, 128.6, 128.1, 127.9,
106.9, 87.5, 85.9, 75.4, 71.9, 62.4, 54.9.

p-Cresyl 2-O-Benzyl-3,50-(di-tert-butylsilylene)-1-thio-o.-L-
arabinofuranoside (25).Compound5 was prepared analogously

138.2,138.1, 137.6, 128.5, 128.3, 128.2, 128.2, 127.9, 127.7, 127.6 o its enantiomei8, starting fromcr-arabinose. All spectral data
127.5, 107.6, 97.9, 87.5, 81.9, 81.8, 79.8, 75.8, 75.5, 74.0, 73.7, matched those of compour® [a]p —153.4 € 1.0, CHC}).
73.4, 71.7, 69.5, 69.4, 67.4, 55.2, 27.5, 27.2, 22.6, 20.1; HRMS  S-Phenyl 2-0-Benzyl-3,50-(di-tert-butylsilylene)-1-thio-o-L-

calcd for [CgHs2010SiNaJt 849.4010, found 849.4035.

Methyl 4-O-(2-O-Benzyl-3,50-(di-tert-butylsilylene)-f-p-ara-
binofuranosyl)-2,3,6-tri-O-benzyl-a-b-glucopyranoside (1%). Col-
orless syrupR 0.1 (CHCl,); [a]p —13.1 € 0.8, CHC}); IH NMR
(500 MHz, CDC}) 6 7.38-7.21 (m, 20 H), 5.01 (d, 1 H,
J=5.8Hz), 492 (d, 1 H) = 10.6 Hz), 4.81 (d, 1 H) = 12.4
Hz), 4.81 (d, 1 HJ = 10.3 Hz), 4.75 (d, 1 H) = 12.3 Hz), 4.70
(d, 1 H,J=12.2 Hz), 4.60 (d, 1 H) = 12.3 Hz), 4.56 (d, 1 H,
J=23.6 Hz),4.51 (d, 1 H) = 12.1 Hz), 4.28-4.24 (m, 2 H), 4.11
(dd, 1 H,J=5.0,9.2 Hz), 3.94 (m, 1 H), 3.85 (br d, 1 Bi=10.6
Hz), 3.75-3.71 (m, 3 H), 3.673.64 (m, 2 H), 3.47 (dd, 1 H] =
3.5, 9.6 Hz), 3.44 (ddd, 1 H, = 5.0, 9.3, 10.5 Hz), 3.36 (s, 3 H),
1.06 (s, 9 H), 0.99 (s, 9 H}*C NMR (125 Hz, CDC}) 6 139.1,

arabinofuranoside S-Oxide (26). Compound24 (0.76 g) was
dissolved in CHCI, (40 mL) and cooled to-78 °C under inert
atmosphere, anciCPBA (0.476 g, 70 wt %;-1.9 mmol, 1.2 equiv)

was added portionwise. The reaction mixture was warmed to room
temperature over 1 h, at which time TLC showed dissappearance
of starting material in favor of two significantly more polar
compounds. The sulfoxid26 (0.621 g, 1.3 mmol, 79% yield) was
obtained as a mixture of diastereomers after column chromatography
on silica gel. Colorless syruf: 0.19 and 0.28 (hexane&tOAc
10:1);*H NMR (500 MHz, CDC}) 6 7.59-7.64 (m, 4H), 7.48

7.54 (m, 6H), 0.247.38 (m, 8H), 6.976.99 (m, 2H), 4.79 (d,
J=11.5Hz, 1H), 4.69 (dJ = 5.0 Hz, 1H), 4.63 (dJ = 11.0 Hz,

1H), 4.62 (d,J = 10.0 Hz, 1H), 4.60 (dJ = 5.0 Hz, 1H), 4.55 (d,

138.3,138.1, 137.8, 128.5, 128.4, 128.4, 128.2, 127.9, 127.8, 127.7,) = 11.0 Hz, 1H), 4.42 (ddJ = 3.5, 7.5 Hz, 1H), 4.37 (dd] =
127.6, 127.3, 102.2, 98.3, 80.2, 80.1, 79.6, 79.4, 79.3, 75.4, 73.6,5.5, 9.5 Hz, 1H), 4.334.33 (m, 1H), 4.2%+4.29 (m, 3H), 4.05
73.2,72.8,71.7,70.0, 68.2, 68.1, 55.2, 27.6, 27.2, 22.6, 20.1; HRMS 4.10 (m, 1H), 3.84-3.92 (m, 3H), 1.06 (s, 18H), 1.01 (s, 9H), 0.96

calcd for [GgHe2010SiNa}™ 849.4010, found 849.4006.

Methyl 4-0O-(2-O-Benzyl-b-arabinofuranosyl)-2,3-O-isopro-
pylidene-o-L-rhamnopyranoside (22).The arabinopyranosidel
was obtained in the form of an inseparatl|g-mixture.R; 0.3 (CH-
Cl,); 'H NMR (500 MHz, CDC}) 6 7.45-7.29 (m, 5 H), 5.47 (d,
0.65 H,J = 5.0 Hz, Hg), 5.30 (s, 1 H, K), 5.14 (d, 0.35 HJ =
2.8 Hz, Hy), 4.87-4.77 (m, 3 H), 4.66 (d, 0.35 Hl = 12.0 Hz,
a), 4.37-4.28 (m, 2 H), 4.22 (dd, 0.65 H] = 5.7, 7.4 Hz,j),
4.14 (dd, 0.35 HJ = 5.7, 7.0 Hz,a), 4.11-4.02 (m, 1.65 H),
3.98-3.85 (m, 2.35 H), 3.743.60 (m, 2 H), 3.51 (dd, 0.65 H,=
7.5, 10.0 Hzp), 3.39 (d, 0.35 HJ) = 7.3, 9.9 Hz), 3.36 (s, 1.05 H,
a), 3.34 (s, 1.95 Hp), 1.52 (s, 1.95 Hp), 1.49 (s, 1.05 Ho),
1.35 (s, 1.95p4), 1.33 (s, 1.05 He), 1.26 (d, 1.95 H,) = 6.6 Hz,
B), 1.25 (d, 1.05 HJ = 6.4 Hz,a), 1.07 (s, 9 H), 1.00 (s, 3.15 H,
a), 0.98 (s, 5.85 HP). 21a: 3C NMR (125 Hz, CDCJ) 6 137.7,

(s, 9H);13C NMR (125 Hz, CDCJ) 6 139.8, 139.6, 137.2, 131.6,
131.1, 129.19, 129.15, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9,
127.7, 125.5, 124.4, 99.4, 98.2, 82.1, 81.5, 81.1, 78.5, 77.1, 76.7,
76.6,72.3,71.9,67.3,67.2,27.4,27.1, 27.0, 22.6, 20.2, 20.0; HRMS
calcd for [GgH30sSSiNaj 511.1945, found 511.1955.

Activation of Sulfoxide 26 with Trifluoromethanesulfonic
Anhydride (Method G). Donor 26 (1.0 equiv) and TTBP (2.0
equiv) were dissolved in dry Gi€l, (0.04 M) together with crushed
4A molecular sieves under argon and cooled-#8 °C. Tf,0 (1.2
equiv) was added and the solution was allowed to stir~<a0
min, before being warmed te50 °C for ~15 min and subsequently
recooled to—78 °C. The acceptor (0.63 equiv) in GEI, (0.1 M)
was then added dropwise. The reaction mixture was allowed to
warm to—30 °C, when it was quenched by addition of;Htand
filtered through Celite. The solvent was removed and the crude

128.3, 127.9, 127.6, 127.3, 109.1, 106.8, 98.0, 81.6, 80.0, 78.4, mixture directly purified by column chromatography on silica gel.
75.8,73.8,71.9,67.6,64.6,54.7,53.4, 27.9, 27.5, 27.1, 26.4, 22.6, Modified Method for Activation of Sulfoxide 26 with Tri-

20.1,17.7215: 3C NMR (125 Hz, CDCJ) 6 137.9, 128.3, 127.9,

fluoromethanesulfonic Anhydride (Method H). All conditions

127.7, 109.3, 99.3, 97.9, 80.3, 78.4, 78.3, 78.1, 76.0, 74.0, 71.6,and equivalents for method H are the same as those employed in
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Method G, save that the reaction mixture was not warmed to CHCl); *H NMR (500 MHz, CDC}) ¢ 7.66 (dd,J = 2.0, 8.0 Hz,

—50 °C after the addition of TO.

S-Phenyl 2-0-Benzyl-3,50-(di-tert-butylsilylene)-1-thio-#-L-
arabinofuranoside (27).According to the general procedure for
sulfoxide couplings26 (0.35 g, 0.71 mmol) was combined with
thiophenol (0.15 mL, 1.42 mmol, 2.0 equiv) in the presence of
1-octene (3 mL). On column chromatography on silica2#(]0.032
g, 0.07 mmol, 9%) eluted first, followed closely &7 (0.205 g,
0.43 mmol, 61%)27: Colorless syrupRs 0.47 (hexanesEtOAc
30:1); [a]o +79.6 € 1.0, CHCE); *H NMR (500 MHz, CDC}) 6
7.52 (d,J=7.0Hz, 2H), 7.46 (dJ = 7.0 Hz, 2H), 7.37 ()= 7.5
Hz, 2H), 7.23-7.32 (m, 4H), 5.64 (dJ = 7.0 Hz, 1H), 4.89 (d,

J = 13.0 Hz, 1H), 4.82 (dJ = 12.5 Hz, 1H), 4.34 (ddJ = 5.0,
9.0 Hz, 1H), 4.28 (tJ = 7.5 Hz, 1H), 4.21 (tJ = 9.0 Hz, 1H),
4.00 (t,J = 10.0 Hz, 1H), 3.66 (m, 1H), 1.06 (s, 9H), 0.99 (s, 9H);
13C NMR (125 Hz, CDCJ) 6 137.7, 134.5, 131.8, 128.8, 128.4,

2H), 7.24-7.49 (m, 18H), 5.06 (d) = 5.5 Hz, 1H), 4.96 (dJ =
11.0 Hz, 1H), 4.83 (dJ = 10.5 Hz, 1H), 4.81 (dJ = 10.5 Hz,
1H), 4.77 (dJ = 12.0 Hz, 1H), 4.74 (s, 2H), 4.67 (d,= 11.5 Hz,
1H), 4.64 (d,J = 12.0 Hz, 1H), 4.59 (d) = 3.5 Hz, 1H), 4.34 (t,
J=9.0 Hz, 1H), 4.24 (dd) = 5.0, 9.5 Hz, 1H), 4.04 (dd] = 4.0,
11.5 Hz, 1H), 3.97 (tJ = 9.5 Hz, 1H), 3.93 (ddJ = 5.0, 8.5 Hz,
1H), 3.81 (t,J = 10.5 Hz, 1H), 3.76 (ddJ = 2.5, 10.0 Hz, 1H),
3.63-3.68 (m, 3H), 3.47 (ddJ = 4.0, 9.5 Hz, 1H), 3.36 (s, 3H),
1.03 (s, 9H), 0.99 (s, 9H}C NMR (125 Hz, CDCY) 6 18.9, 138.4,
138.3,131.1, 129.4, 128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9,
127.8,127.7,127.6, 124.8, 10084 = 172.5 Hz), 98.110c_n
= 164.9 Hz), 82.1, 80.9, 80.0, 78.6, 77.8, 77.3, 75.8, 75.1, 73.6,
73.5, 71.5, 70.1, 68.4, 67.2, 55.2, 27.5, 27.2, 22.6; HRMS calcd
for [CsgHs2010SiNa]t 849.4005, found 849.4029.
Variable-Temperature NMR Experiments. The donor (20 mg,

127.7, 127.3, 88.2, 81.6, 80.9, 74.7, 71.9, 68.0, 27.5, 27.1, 22.6,41 umol), BSP (12 mg, 58&mol), and TTBP (20 mg, 8Zmol)

20.1; HRMS calcd for [GH360,SSiNaj™ 495.2002, found 495.1999.

Cyclohexyl 2-O-benzyl-3,50-(di-tert-butylsilylene)-o-L-ara-
binofuranoside (2&) and cyclohexyl 20-benzyl-3,5O-(di-tert-
butylsilylene)-#-L-arabinofuranoside (2§3) had spectral data
identical with those of the enantiomers{ and153). 28a: [a]p
—41.1 € 1.0, CHC}); [a]p +65.7 € 1.0, CHCY).

Methyl 6-O-(2-O-Benzyl-3,50-(di-tert-butylsilylene)-a-L-ara-
binofuranosyl)-2,3,4-tri-O-benzyl-a-p-glucopyranoside (29).
Colorless syrupR: 0.42 (hexanesEtOAc 5:1); [o]p +2.9 (€ 1.0,
CHCIs); 'H NMR (500 MHz, CDC}) ¢ 7.22-7.38 (m, 20 H), 5.00
(d,J = 3.5 Hz, 1H), 4.99 (dJ = 11.0 Hz, 1H), 4.88 (dJ = 10.5
Hz, 1H), 4.82 (d,J = 11.0 Hz, 1H), 4.80 (dJ = 12.5 Hz, 1H),
4.77 (d,J = 12.0 Hz,1 H), 4.67 (dJ = 13.5 Hz, 1H), 4.64 (d) =
11.5 Hz, 1H), 4.61 (dJ = 3.5 Hz, 1H), 4.57 (dJ = 11.0 Hz, 1H),
4.31 (dd,J = 4.5, 8.5 Hz, 1H), 4.11 (dd] = 7.0, 9.0 Hz, 1H),
4.04 (dd,J = 3.0, 7.0 Hz, 1H), 3.894.02 (m, 4H), 3.77 (dd) =
4.5, 10.0 Hz, 1H), 3.62 (ddl = 5.5, 11.5 Hz, 1H), 3.53.55 (m,
2H), 3.36 (s, 3H), 1.07 (s, 9H), 0.99 (s, 9H¥C NMR (125 Hz,

were dried overnight in a desiccator, then dissolved in@CIp(1

mL) under argon. The NMR tube was then cooleds5 °C and

a spectrum was recorded.,Tf (8.3 uL, 50 umol) was added at
—60°C and the reaction mixture was warmed in 10 deg increments,
with monitoring by'H NMR.

Decompostion Product 31The pooled reaction mixtures from
several VT-NMR experiments were purified by flash chromatog-
raphy on silica gel (toluene) to giv&l as a colorless syruj 0.4
(toluene); f]lp —123.1 € 1.0, CHC); *H NMR (500 MHz, CDC})

0 7.41-7.26 (m, 4 H), 5.33 (d, 1 H) = 5.1 Hz), 4.77 (d, 1 H,
J=11.9 Hz), 4.68 (d, 1 HJ = 11.9 Hz), 4.38 (t, 1L HJ = 9.2

Hz), 4.25 (dd, 1 HJ = 5.0, 8.9 Hz), 3.97 (dd, 1 Hl = 5.1, 8.9

Hz), 3.80 (dd, 1 HJ=9.1, 10.6 Hz), 3.68 (ddd, 1 H,= 4.9, 9.3,
10.6 Hz), 1.00 (s, 9 H), 0.97 (s, 9HYC NMR (125 Hz, CDC))

0 138.1, 128.3, 128.3, 127.7, 127.5, 127.4, 96.8, 80.5, 77.9, 74.0,
71.1, 68.4, 27.5, 27.2, 22.5, 20.1; HRMS calcd fopgfz,04Si]*
363.1992, found 363.1994 (WH).
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Methyl 6-0-(2-O-Benzyl-3,50-(di-tert-butylsilylene)-f-L-ara-
binofuranosyl)-2,3,4-tri-O-benzyl-a-p-glucopyranoside (2@). Col-
orless syrupR: 0.34 (hexanesEtOAc 5:1); fo]p +59.4 € 1.0,
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