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ABSTRACT: Elaborating on previous studies by Lemieux for
highly reactive “armed” bromides, we discovered that p-
bromide of the superdisarmed (2-O-benzyl-3,4,6-tri-O-benzo-
yl) series can be directly obtained from the thioglycoside
precursor. When this bromide is glycosidated, a-glycosides
form exclusively; however, the yields of such transformations
may be low due to the competing anomerization into a-
bromide that is totally unreactive under the established
reaction conditions.

B INTRODUCTION

Owing to many recent breakthroughs in the field, the formation
of many glycosidic bonds can be readily achieved.' > However,
the ability to effectively control the stereoselectivity of
glycosylation, a remarkably complex and multistep reaction
that involves activation, dissociation, nucleophilic attack, and
deprotonation,* ¢ is still limited. Building upon our earlier
discoveries of the O-2/0-5 cooperative effect in glycosylation
and the superdisarmed glycosyl donors bearing the 2-O-benzyl-
3,4,6-O-triacyl protecting group pattern,7 herein we present a
study toward the development of a highly stereocontrolled
glycosylation using glycosyl bromides as glycosyl donors
generated in situ. Glycosyl bromides are the most studied
glycosyl donors,® and their halide-ion-catalyzed glycosidation
introduced by Lemieux et al. in 1975 is arguably the most
significant application in synthesis.” Overall,
approach is among the most stereoselective procedures for
19 Thus,
it was found that a rapid equilibrium could be established
between a-halide A and its more reactive f-counterpart I by
adding tetraalkylammonium bromide (Scheme 1). At first,
expulsion of the a-halide A leads to ion-pair B. Since no

Lemieux’s

direct synthesis of 1,2-cis-glycosides developed to date.

inverted 1,2-trans-glycoside E is formed, ion-pair triplet F
leading to the anomerized S-linked bromide I was assumed to
be a more energetically favorable pathway. The existence of
alternate conformations for intermediates G and H en route to/
from I was deemed necessary to form/activate the equatorial
bond."" The highly reactive f-halide I rapidly dissociates back
into ion-pair G, whereupon it quickly undergoes nucleophilic
attack to form the 12-cis product L. As an end result,
nucleophilic substitution of the f-bromide I occurs favorably,
whereas the a-bromide A anomerizes before glycosylation can
occur.

-4 ACS Publications  © 2011 American Chemical Society

0
\
OBz OBz
BzO o Br, BzO
BzO BzO
BnO
SEt mtermedlate
oL- onIy

291

by-| product Br

Scheme 1. Lemieux’s in Situ Anomerization Concept
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B RESULTS AND DISCUSSION

Does the Lemieux concept offer a practical application to
synthesis of glycosides and oligosaccharides? Yes, but it lacks
generality, as it requires very reactive perbenzylated bromides
or iodides®'>™'* as glycosyl donors and provides satisfactory
results mainly with the highly reactive series, fucose and
galactose. In our hands, this procedure was found less effective,
and thorough investigation of differently protected glucosyl
bromides 1a—5a in reactions with glycosyl acceptor 6" showed
that it is malnly applicable to glycosidation of perbenzylated
bromide 1a.'® Even then, the reaction was extremely sluggish
and proceeded only halfway in 120 h (entry 1, Table 1). The
stereoselectivity obtained for disaccharide 7' was good (a/p =
9/1) but far from being exclusive. In addition, the application of
such uniformly protected building blocks to oligosaccharide
synthesis is limited to the introduction of the terminal units
only. Our consecutive attempt to diversify the protecting group
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Table 1. Glycosidation of Differently Protected Glycosyl
Bromides 1a—S5a in the Presence of Bu,NBr”

o} OR®
- ﬁ R“O/ﬁo
donor Br, BUsNBr R0 0

1a-5a CH,CI), 120 h R20 BnO (0]
> MS 3A BnO
7: R2=R3=R4=R%=Bn BnoOMe
BnO intermediate 8: R2=R%=R%=Bn, R°=Bz
BnO 1b-5b 9: R%=R*=R°=Bn, R*=Bz
BnO 10: R?=R%=R*=R%=Bz
6 OMe 11: R?=Bn, R®=R*=R°=Bz
Entry Glycosyl donor  Intermediate  Product (vield,® o/B ratio®)
OBn OBn
BnO O BnO Q
1 Bn Bn oé&Br 7 (50%, 9.0/1)
BnO
1a BrloBr 1b "
OBz OBz
BnO O BnO (o}
2 Bn Bno/év\/Br 8 (43%, 24/1)
BnO
2a BrIOBr 2b "
OBn OBn
BzO O BzO 0
3 Bn éno/év\/Br 9 (15%., 6.2/1)
3a BnOBr 3b BnO
0Bz OBz
BzO 0 BzO O .
4 820 Bzo/éﬁ/Br 10 (no reaction)
BzO BzO
4a Br 4b
OBz OBz
BzO Q BzO (0] .
5 gz Bz &/Br 11 (no reaction)
BnO BnO
5a Br 5b

“Herein and throughout the article, a- and f-linked glycosyl donors or
reactive intermediates are de51gnated with letters a and b in the
compound numbering, respectively. YHerein and below, whenever the
reaction was balanced to estimate the amount of the unreacted
glycosyl donor remaining, a combined yield for disaccharide and donor
remaining was typically in the range of 87—97%. “Herein and below,
the anomeric ratios were determined by comparison of the integral
intensities of the corresponding signals in NMR spectra. Data for
spectra wherein no opposite anomer could be detected or recorded
ratios were above 25/1 are listed as a conservative estimate of >25/1.

pattern by adding a single benzoyl substituent led to the
notable decrease in the rate of glycosylation and yields (entries
2 and 3). Stereoselectivity and yields observed with 6-O-
benzoyl bromide 2a and 4-O-benzoyl bromide 3a differed
drastically, indicating that the electron withdrawal is very
position dependent.'"®'® Not surprisingly, our attempts to
activate bromides 4a®® and Sa bearing the disarming and
superdisarming protecting group pattern, respectively, have
failed completely under Lemieux’s inversion conditions (entries
4 and 5).

Interestingly, f-ethylthioglycoside 12b>' reacted readily in
the presence of bromine and provided disaccharide 11 as the a-
linked diastereomer only (entry 1, Table 2). This result was
rather unexpected, since we first believed that glycosyl bromide
Sa was the reactive intermediate in this reaction. We also
noticed that no reaction would take place if acceptor 6 was
added at the later stage when all thioglycoside 12b has been
consumed. We also observed that bromide Sa cannot be
glycosidated in the presence of bromine (entry 2). These
observations led us to a working hypothesis that thioglycoside
12b is first converted into the corresponding p-bromide Sb that
reacts readily with the glycosyl acceptor to give the a-linked
glycoside. Literature precedent for this exists, and the formation
of f-bromides from thloglyc051des and selenium glycosides has
been documented.* Along similar lines, f-chlorides have
been also synthesized and used.**">° In a majority of previous
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Table 2. Glycosidation of Thioglycosides 12b, 13, and 14b
with Glycosyl Acceptor 6 via the Intermediacy of f-

Bromides
fo) 6 BI'2
N, CHC, o

g LG MS 3A i

onor t diat d c’t
intermedia e pro u BnO o)

LG - leaving group BnO.

herein -SEt or a—Br by-product Br 7-11 OMe

Anticipated

Entry Glycosyl donor intermediate Time Product (vield, o/f ratio)
OBz OBz
BzO O BzO O
1 ézoéwm Eizo/éS/Bf 16h 11 (28%, >25/1)
BnO BnO
12b 5b
OBz
BzO O .
2 BzO 5b (not formed) 16h 11 (no reaction)
BnO
5a Br
OBz OBz
¢} B: O )
3 BZ?()/&S/SB é?oévusr 16h 10 (45%, >1/25)
13 BzO b BzO
OBz
BzO Q .
4 éﬁ 4b (not formed) 16h 10 (no reaction)
BzO,
4a Br
OBn OBn
BnO O
5 B”%’é&sa Bn&/sr 10 min 7 (711%, 2.2/1)
14b BnO 1b BnO
OBn
o}
6 BB‘n’oéﬁ 1b 10 min 7(67%, 1.5/1)
BnO
1a Br

studies, however, the reaction of thioglycosides with bromine
was used to generate the corresponding glycosyl bromide,
which upon isolation is usually seen as the a-anomer only.'®*”
It is possible that in the absence of the glycosyl acceptor the
kinetic #-bromide rapidly equilibrates into the thermodynami-
cally more stable a-anomer. Alternatively, if the glycosyl
acceptor is present from the beginning, f-bromide can undergo
direct nucleophilic displacement that arguably takes place via
the concerted bimolecular (or close ion-pair) pathway, resulting
in the formation of the inverted a-linked glycoside only. Since
the disaccharide 11 was isolated in only 28% yield along with
63% of a-bromide Sa, we hypothesized that there is a
competition between P-bromide glycosidation and anomerization
and that the latter is favored under these reaction conditions.
With both glycosylation and anomerization reactions being
irreversible under these reaction conditions, the resulting a-
bromide Sa is kinetically stable and cannot be glycosidated.
In a similar fashion, perbenzoylated thioglycoside 13** was
glycosidated in the presence of bromine to afford S-linked
product disaccharide 10* in 45% yield (entry 3). Since a-
bromide 4a did not undergo any glycosidation under these
reaction conditions (entry 4), we conclude that the formation
of 10 also takes place via the intermediacy of f-bromide 4b. It
should be noted that, in contrast to the previous example with
Sb, f-bromide 4b is equipped with the participating group at C-
2. Therefore, 4b undergoes the sequential two-step displace-
ment via the intermediacy of the bicyclic acyloxonium ion (vide
infra, Scheme 3). Since no a-linked disaccharide formation was
detected, this appears to be the only route leading to
glycosylation, which agrees well with the well-understood
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effect of neighboring participating groups.’*~>* When a similar
glycosylation experiment was set up with perbenzylated
thioglycoside 14b,** disaccharide 7 was readily obtained in a
good yield of 71%, but as a mixture of diastereomers (entry S).
Also perbenzylated a-bromide la reacted readily under these
reaction conditions (entry 6), providing an outcome similar to
that obtained with thioglycoside 14b. Perhaps this reaction
proceeds via the classic Syl pathway, via the intermediacy of
the flattened oxacarbenium ion (vide infra) that has a tendency
to result in scrambled stereoselectivity, "> even under carefully
controlled reaction conditions.

Therefore, we decided to investigate the reaction between
superdisarmed thioglycoside 12b and glycosyl acceptor 6 that
in the presence of bromine leads to complete stereoselectivity.
In order to understand why only a modest yield of 28% could
be achieved, we needed to delineate between two possible
reactions pathways by which the reaction may proceed. First,
the rates of formation of the diastereomeric bromides Sa and
Sb can be similar, but only the f-anomer Sb then elaborates
into glycoside 11, while the a-bromide Sa remains intact.
Second, it is also possible that the kinetic #-bromide Sb forms
first and then anomerizes into its more stable a-counterpart Sa
concomitantly with glycosidation. Inspired by previous
mechanistic studies,'”*° > we hoped that monitoring the
reaction by NMR would help to differentiate between the two
possible pathways. We initially investigated the reaction of
perbenzoylated f-thioglycoside 13 with bromine in CDCl; that
was performed in the standard 5 mm NMR tube directly. As
depicted in Scheme 2, a- and f-bromides (4a and 4b) form

Scheme 2. In Situ NMR Monitoring of the Reaction of
Thioglycoside 13 with Bromine
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rapidly (5 min), with a vast predominance of 4b (a/f = 1/11).
This was then followed by a relatively slow anomerization of
the B-bromide 4b into its @-counterpart 4a, resulting in a nearly
equal mixture of anomers with a slight predominance of 4a
after 16 h (see also entry 1 in Table 3). A very similar result was
obtained from an analogous reaction performed in CD,Cl,.
The predominant formation of the f-bromide 4b in this case
can be attributed to the assistance of the neighboring benzoyl
substituent at C-2. Hence, it was important to establish how the
P-thioglycosides of the armed and superdisarmed series 14b
and 12b, respectively, both bearing a nonparticipating 2-O-
benzyl substituent, react. The results of this study are
summarized in Table 3.
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Table 3. NMR Monitoring of Reactions of Thioglycosides
12—14 with Bromine Followed by the Anomerization of
Glycosyl Bromides 1, 4, and §

OR,
o
Rﬁ?&&/sa

4 and 13: Ry=R,=Bz

5 and 12: R1=Bz, Ry=Bn ’

R,0 1 and 14: R4=R,=Bn
1214
Br2 Br2
l BFZ
OR, OR
OR 1
0 1
R40O Br —» RO 0 . REQO (0]
R10 R0 10
R,0 R,0 Br RzoBr
1b,4b or 5b 1alb,4alb or 5alb 1a,4a or 5a
entry reaction temp time recorded ratio a/f
1 13 — 4a/4b rt S min 1/10.7
15 min 1/10.3
30 min 1/9.0
3h 1/4.3
16 h 1/0.8
2 14b — 1a/1b It S min >25/1
3 14b — 1a/1b low* S min 7.3/1
10 min 8.9/1
20 min 10.2/1
1h 12.7/1
4 12b — 5a/5b rt S min 2.1/1
15 min 2.2/1
1h 2.4/1
S 14a — la/1b rt S min >25/1
6 14a — la/1b low” S min >1/25
10 min 1/2.5
15 min 1/0.9
30 min 1/0.3
1h >25/1
7 12a — Sa/Sb t S min 1/20
15 min 1/17.3
30 min 1/16.3
3h 1/11.5
16 h 1/4.5

“See text and the Experimental Section

The reaction of perbenzylated thioglycoside 14b was
extremely fast at room temperature, and by the time the first
'"H NMR was acquired, about S min after the addition of
bromine, a-bromide la had formed exclusively (entry 2).
Therefore, we attempted to perform the reaction monitoring at
lower temperature as follows. Thioglycoside 14b was dissolved
in CDCl; and placed in the standard 5 mm NMR tube
equipped with a septum, which was then placed into liquid
nitrogen (—196 °C) for 10 min. Bromine (1.0 equiv) was
added via syringe, the NMR tube was immediately inserted into
the magnet, and the proton spectrum was recorded (approx-
imately S min after Br, addition). This approach allowed us to
detect a 7.3/1 a/f mixture of 1a/1b, which was then observed to
further equilibrate into the a-bromide 1a (entry 3).

Next, the reaction of thioglycoside 12b equipped with the
superdisarming protecting group pattern (2-O-benzyl-3,4,6-tri-
O-benzoyl) was investigated. Room-temperature experiment
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resulted in the formation of a 2.1/1 mixture with predominance
of a-anomer Sa (entry 4). This mixture then began
equilibrating slowly, and further accumulation of @-anomer Sa
was monitored by NMR. The outcome of this experiment
revealed that even though only f-anomer Sb can be
glycosidated under these reaction conditions, the predominant
direct formation of a-anomer Sa is a conceptual barrier for the
possibility to improve the yield on this reaction. Indeed, if one
assumes that the f-anomer in a 2.1/1 a/f-mixture was to react
entirely, the theoretical yield of its glycosidation still could not
exceed 32% based on the starting thioglycoside 12b. This
calculated yield correlates well with the observed yield of 28%
(see Table 2, entry 1) and corresponds to about 88% of
conversion f-bromide Sb into disaccharide 11, leaving about
12% as a result of the concomitant competing anomerization of
Sb into Sa.

This result is significant as it demonstrates that the
glycosidation of 12b (at least with glycosyl acceptor 6) is
significantly faster than its competing anomerization into Sa.
Since no Lemieux-like equilibrium could be established with the
unreactive bromides (vide supra), the only possibility to
improve the yield of such glycosylation is to ensure that -
bromide is generated predominantly. The necessity to improve
the reaction conditions stimulated us to look into possible
mechanistic pathways by which this transformation may
proceed. In the case of thioglycosides equipped with the
neighboring participating group at C-2, such as 13, or
schematically represented as A in Scheme 3a, the f-thioglyco-

Scheme 3. Mechanistic Rationale for the Transformation of
Thioglycosides A, F, and I into Bromides E and H in the
Presence of Bromine

Ve D +— Br
o £ Br=Br
(@ NSt o7é5t EtSSEt
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BnOS? BnOsY  EtssEt BnO
; H J BrOEt Br, pg-Honly

side undergoes a double displacement via the intermediacy of
the bicyclic acyloxonium ijon D. Thus, upon interaction of A
with bromine, a reactive sulfonium intermediate B is
generated.”"*® The promoter-assisted leaving-group departure
results in the formation of the oxacarbenium intermediate C.
The leaving group first departs as an unstable BrSEt species
that then disproportinates into ethyl disulfide (easily detectable
by NMR) and bromine. Oxacarbenium ion C is then stabilized via
anchimeric assistance of the neighboring benzoyl group, resulting
in the formation of cyclic acyloxonium intermediate D. The forma-
tion of the latter can be used to explain the preferential formation
of f-bromide E, as was detected for 4b (entry 1, Table 3).
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In the case of p-thioglycosides 12b and 14b bearing a
nonparticipating 2-O-benzyl substituent, schematically shown
as F in Scheme 3b, there is no direct route that would lead to
the stereoselective formation of the corresponding f-bromides.
Although arguably the S-bromide is the kinetic product from
the oxacarbenium intermediate G, our results showed that the
formation of the more stable a-bromide predominated in both
cases, with the highest f-bromide content obtained in the case
of the superdisarmed series (5a/5b, a/p = 2.1/1, see Table 3,
entry 4). We conceptualized that the use of a-thioglycosides as
an alternative starting material may offer a more direct route to
obtain the corresponding f-bromides. Our working hypothesis
is depicted in Scheme 3c. Thus, promoter-assisted activation of
the leaving group in a-thioglycoside I with bromine will lead to
the formation of a-sulfonium ion J. Two possible pathways by
which J converts into bromides H that would be reasonable to
assume are as follows. First, the formation of f-H takes place
directly via the concerted nucleophilic (or close-ion-pair)
displacement of the BrSEt leaving group, leading to complete
inversion. Second, upon monomolecular departure of the
activated leaving group in J, the reaction would then proceed
via the intermediacy of the oxacarbenium ion G, which would
likely result in the formation of the anomeric mixture of a/f-H.
This mechanism implies that a stoichiometric amount of
bromine is not required because it would be partially
regenerated upon disproportionation of BrSEt intermediate
(vide infra).

To delineate the most viable reaction pathway by which a-
SEt glycosides elaborate into f-bromides, we first obtained
perbenzylated derivative 14a.*' Disappointingly, the NMR
experiment with 14a performed at rt led to the formation of a-
bromide la (entry S, Table 3). When essentially the same
experiment as described for 14b was performed at low
temperature, f-bromide 1b was formed predominantly (a/p
> 1/25, entry 6), with a trace amount of unreacted a-
thioglycoside still remaining. This was an ultimate proof of
concept and a solid indication that we have begun advancing in
the right direction. Subsequently, we observed that 1b begins
equilibrating very rapidly, with complete anomerization
detected within 1 h after the addition of bromine (judged by
the formation of la). Assuming that the rate of this
transformation would be difficult to control in a typical
competing glycosylation experiment, we had hoped that
thioglycoside 12a,”' bearing a superdisarming 2-benzyl-3,4,6-
tribenzoyl protecting group pattern, would allow for reaction
rates that are easier to comprehend, and hence allow us to
achieve better control of its glycosidations. Figure 1 shows a
series of NMR spectra that have been acquired at different time
points of such reaction performed at rt (see also the summary
in entry 7, Table 3).

After a spectrum of the starting material 12a was recorded
(Figure 1la), bromine (1 equiv) was injected into the NMR
tube. A subsequent NMR spectrum recorded 5 min after the
addition of Br, showed that bromides Sa/Sb are formed in a
ratio of 1/20, favoring the f-anomer (Figure 1b). The ratios
were measured by comparison of the integral intensities of the
stand-alone signals corresponding to H-1 of a-bromide Sa
(6.48 ppm) and H-$ of f-bromide Sb (4.20 ppm), which were
clearly separable from the rest of the signals. At this time, about
24% of the starting material 12a was still remaining, as judged
by measuring the integral intensity of its H-3 signal (5.96 ppm).
Subsequent NMR spectra recorded at 15 and 30 min time
points after the addition of bromine showed that 12a was

dx.doi.org/10.1021/j02019174 | J. Org. Chem. 2012, 77, 291-299



The Journal of Organic Chemistry

*H-1 a-SEt

.

H-1 o.Br H-5pBr
* a/p
/5 min, i y,1/20

a

C ?5"‘?_'1&..1117-3' 1 H( _
; M I o _

Figure 1. NMR monitoring of the conversion of thioglycoside 12a
into bromides Sa/Sb at rt.

completely consumed (by 30 min, Figure 1d), and f-bromide
Sb began a relatively slow anomerization into its more stable a-
counterpart S5a. Therefore, these results confirm the initial
assumption that the anomerization of superdisarmed bromide
Sb is much slower than that of its armed, perbenzylated
counterpart 1b. Moreover, anomerization of 5b is even slower
than that of perbenzoylated disarmed bromide 4b, as Sb is still
present as the major product after 16 h (Figure 1f), whereas 4b
was already surpassed by 4a by the same time point (compare
entries 1 and 7, Table 3). It should be noted that, by this time
point, traces of the hydrolysis product (hemiacetal) have begun
to appear, as evident from the new anomeric signal at ~6.7 ppm
(Figure 1f).

Having established the most favorable reaction conditions for
the formation of f-bromide Sb at rt, we turned our attention to
studying its glycosidation. For this purpose we obtained a
number of glycosyl acceptors ranging from simple aliphatic
alcohols to representative secondary hydroxyls of monosac-
charide acceptors 15* and 16.* Since under the established
reaction conditions only Sb is able to react while Sa remains
inert (vide supra), all glycosylations summarized in Table 4
provided the respective products with complete o-stereo-
selectivity. All ratios of the final products are recorded as our
conservative estimate o/ > 25/1, although in most cases no
traces of the f-linked products were even detected. Although
the issue of the stereoselectivity of this glycosylation has been
resolved, it also has become apparent that the yield of these
reactions ultimately depends on the rate with which the
products are forming and the ability of the glycosylation to
outperform the competing isomerization. For instance,
relatively high vyields could be achieved in all cases of
glycosylations of highly reactive glycosyl acceptors: MeOH
(78% of 17,*" entry 1), BnOH (75% of 18, entry 2), and 6-OH
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Table 4. Glycosidation of Thioglycoside 12a with Various

Glycosyl Acceptors
OBz OBz
BzO 0 Br, BzO 0
BzO + ROH —> BzO
BnO BnO

12a SEt  (see Table) 11.17-20 OR
Entry ROH Time Product yield, a/p ratio
OBz
Q
1 MeOH  16h Bé?oéﬁ 78%, >25/1
17 50me
OBz
o)
2 BnOH 16 h Bégo 75%, >25/1
18 BnOOBn
OBz
oH LA
0
3 B%éﬁ 16 h B"000 67%, >25/1
6 B"%wme Bg(n)oéﬁ
1 BnOOMe
OBn
BnO Og“ BnOO R
4 Ho/éﬁ agh _ BioYCh 35%, >25/1
15 B"O%ye BzO\%? 19 OMe
OBz
OBn
OB BnO 0
BnO on BnO
5 %8 48h Bnoue 27%, >25/1
16 "%me 820 Zd
20 ~0Bz

acceptor 6 (67% of 11, entry 3). Unfortunately, glycosylations
of secondary acceptors 15 and 16 were below preparative value,
and although also complete stereoselectivity was recorded
herein, 1—3- and 1—-2-linked disaccharides 19 and 20 were
isolated in only 35% (entry 4) and 27% (entry S) yields,
respectively. As mentioned previously, the overall stoichiometry
of this reaction implies that a stoichiometric amount of
bromine is not required because it would be partially
regenerating upon disproportionation of BrSEt intermediate
(vide infra). At this stage, however, reactions in the presence of
a substoichiometric amount of bromine appear to be much
slower, and the yields obtained are below the preparative value.
We do not yet currently have any data on the formation and
roles of other side products, such as HBr, which might also be
forming as a result of the deprotonation of glycoside products
with bromonium ion.

Certainly, if an efficient equilibrium between unreactive
bromide Sa into its very reactive counterpart Sb could be
established, this would help us to regenerate 5b and ultimately
drive the glycosylation to completion, which would result in
improved yields. Since our preliminary study (Table 1) clearly
demonstrated that bromide Sa cannot be anomerized in the
presence of Bu,NBr, we assumed that its anomerization might
be possible with the assistance of heavy-metal-based promoters.
As discovered in 1901 by Koenigs and Knorr™ (and
independently by Fischer and Armstrong),** glycosyl halides
can be activated in the presence of Ag,COj; or Ag,O. The silver
salt was used with the primary intention to scavenge the
hydrogen halide byproduct, and it was not until the early 1930s
that it was realized that the silver salt plays an active role by
assisting in the leaving group's departure.***’ Additionally, as
shown by Helferich et al,*™>° mercury(Il) salts offer even
more potent assistance for the leaving group's departure.
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Therefore, the investigation of metal salt-based activators
appealed to us as attractive for further study. In particular, we
assumed that mercury(I) bromide would be capable of both
assisting the leaving group's departure and providing bromide
anion to effect the subsequent in situ anomerization of Sa into
Sb. Helferich’s study also demonstrated that faster reactions
often result in a decreased stereoselectivity. Therefore, a delicate
balance between the reactivity and stereoselectivity should be kept
in place to ensure success of the metal-assisted activation.

To investigate the role that HgBr, may have on the outcome
of glycosylation, we performed a series of experiments,
summarized in Table S. Glycosidation of 12a with standard

Table S. Glycosidation of Thioglycoside 12a in the Presence
of Br, and HgBr, with Various Glycosyl Acceptors

OBz
BzO 0
BzO
BnO

OBz OBz
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Time 1
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Time 2
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5h
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3 6 11 79%, 8.1/1
8h
16h
4 6 11 72%, 10.5/1
21h
OBn
0.25h BHO&%
5 15 BnO 89%, >25/1
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19
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OBn
BnO O
025h Bno/év\
6 16 Bn0%%ue 87%, >25/1
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20 OBz
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OB o]
vo~o  0.25h Bé?oéﬁ o8n
7 Bno X Bnooé% 82%, >25/1
21 BnOOMe 24 BnO -

22 OMe

6-OH acceptor 6 was initiated in the presence of Br, (1.3
equiv), and HgBr, (1.3 equiv) was subsequently added at
different time points into the reaction mixture at rt. Since no
activation of 12a in the presence of HgBr, and in the absence of
Br, took place, glycosyl bromide is indeed the reactive
intermediate in this reaction. Along with the notable increase
of the yield up to 86% (entries 1—4), the stereoselectivity
remained very high, but in all cases the presence of f-linked
disaccharide 11 could be detected. The reduced stereo-
selectivity obtained here can serve as an indication that Sa
reacted with glycosyl acceptor either directly or via the
intermediacy of the oxacarbenium ion, but not via Sb. Not
surprisingly, higher stereoselectivity was detected with a longer
time period (time 1) before the addition of HgBr, (entry 4).
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Significantly improved yields have been also obtained with
secondary glycosyl acceptors 15 and 16. Thus, disaccharides 19
and 20 were obtained in 89% and 87% yield, respectively
(entries S and 6). We conclude that the metal-assisted protocol
is predominantly suitable for glycosylations of less reactive
glycosyl acceptors, as in the absence of the metal promoter the
anomerization easily outperforms glycosylation. Even §ch0-
sylation of the unreactive 4-OH glycosyl acceptor 21°" was
possible under these reaction conditions. Thus, 1—4-linked
disaccharide 22 was readily obtained in 82% yield, whereas Br,-
only activation of 12a provided only a trace amount of 22 (data
not shown).

Bl CONCLUSIONS

The conceptual similarity between this approach and Lemieux’s
halide-assisted procedure introduced in 1975° is undeniable.
However, because no equilibrium between superdisarmed
bromides Sa and 5b could be established by the addition of
tetraalkylammonium bromide, we believe that the method
described herein offers a complementary approach. The fact
that a-bromide Sa was found totally unreactive in the presence
of bromine is a particularly significant result, as it assures that its
P-counterpart Sb will be the key (and apparently the only)
species en route to the glycosylation product under these
reaction conditions.

Both simple aliphatic alcohols and the less reactive sugar
acceptor 6 provided the corresponding glycosides with
complete a-stereoselectivity. Glycosylation of secondary accept-
ors is slower, which gives a window for the p-bromide to
anomerize, and this is ultimately reflected in lower yields of
glycosylations in the presence of bromine only. The efficiency
of glycosylation of secondary acceptors can be significantly
improved by the addition of mercury(II) bromide copromoter.
This modification allowed for very good yields and complete
stereoselectivity. Although the yield of glycosylation of primary
acceptor 6 can also be significantly improved by the addition of
mercury(II) bromide copromoter, it also leads to decreased
stereoselectivity.

B EXPERIMENTAL SECTION

General. Column chromatography was performed on silica gel 60,
and reactions were monitored by TLC on Kieselgel 60 F,q,.
Preparative layer chromatography was performed on PLC silica gel
60 glass plates, Kieselgel 60 F,s,, 1 mm. The compounds were
detected by examination under UV light and by charring with 10%
sulfuric acid in methanol. Solvents were removed under reduced
pressure at <40 °C. Mercury(II) bromide (99%+, reagent grade) and
tetrabutylammonium bromide (99%-+, reagent grade) were used as
received. CH,Cl, and CICH,CH,Cl were distilled from CaH, directly
prior to application. Pyridine was dried by refluxing with CaH, and
then distilled and stored over molecular sieves (3 A). Molecular sieves
(3 A) used for reactions were crushed and activated in vacuo at 390 °C
for 8 h in the first instance and then for 2—3 h at 390 °C directly prior
to application. Optical rotations are listed in deg dm™' cm® ¢'. 'H
NMR spectra were recorded in CDCly at 300 and 500 MHz, and *C
NMR spectra were recorded in CDCl; at 75 and 125 MHz. HR-FAB-
MS determinations were made with the use of a matrix of m-
nitrobenzyl alcohol, with Nal as necessary.

Synthesis of Glycosyl Donors. 6-O-Benzoyl-2,3,4-tri-O-ben-
zyl-a-p-glucopyranosyl Bromide (2a). A solution of ethyl 6-O-
benzoyl-2,3,4-tri-O-benzyl-1-thio-B-p-glucopyranoside™ (0.50 g, 0.83
mmol) and activated molecular sieves (3 A, 0.40 g) in CH,Cl, (12.5
mL) was stirred under argon for 1 h. A freshly prepared solution of Br,
in CH,Cl, (8 mL, 1/165, v/v) was then added, and the reaction
mixture was kept for 15 min at rt. After that, the solid was filtered off,
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and the filtrate was concentrated in vacuo at rt. The residue was
purified by silica gel flash column chromatography (ethyl acetate—
toluene gradient elution) to obtain the title compound as a colorless
syrup in 59% yield (0.31 g, 0.50 mmol). Analytical data for 2a: R, =
0.43 (ethyl acetate—hexane, 1/4, v/v); [a]p®* +122.6 (¢ = 1.0,
CHCL); '"H NMR 6 3.56 (dd, 1H, J,5 = 9.2 Hz, H-2), 3.73 (dd, 1H,
Jus = 9.1 Hz, H-4), 411 (dd, 1H, J5, = 9.1 Hz, H-3), 427 (m, 1H, J54,
= 3.0 Hz, H-5), 4.50—5.02 (m, 8H, 3XCH,Ph, H-6a, 6b), 6.41 (d, 1H,
Ji» = 3.8 Hz, H-1), 7.20—7.60 (m, 18H, aromatic), 7.90 (d, 2H,
aromatic) ppm; 13C NMR § 62.6, 72.9, 73.9, 75.5, 76.1, 76.2, 80.0,
82.2, 91.1, 128.1, 128.2 (x3), 128.3 (x2), 1284 (x3), 128.6 (X2),
128.7 (x4), 128.8 (x2), 129.8 (x3), 164.1 ppm; HR FAB-MS [M
+Na]* caled for C3,H;;0¢BrNa 639.1358, found 639.1332.

4-0-Benzoyl-2,3,6-tri-O-benzyl-a-p-glucopyranosyl Bromide (3a).
Benzoyl chloride (0.14 mL, 1.21 mmol) was added dropwise to a
stirred solution of ethyl 2,3,6-tri-O-benzyl-1-thio-f-p-glucopyrano-
side® (0.50 g, 1.01 mmol) in pyridine (5.0 mL) at 0 °C. The
resulting reaction mixture was kept for 1 h, methanol (2 mL) was
added, and the mixture was concentrated under reduced pressure. The
residue was dissolved in CH,Cl, (30 mL) and washed with 1 N HCI
(15 mL) and water (3 X 15 mL). The organic phase was separated,
dried with MgSO,, and concentrated in vacuo. The residue was
purified by column chromatography on silica gel (ethyl acetate—
hexane gradient elution) to obtain ethyl 4-O-benzoyl-2,3,6-tri-O-
benzyl-1-thio-f-p-glucopyranoside (23) as a white solid in 89% yield
(0.54 g, 0.90 mmol). Analytical data for 23: Ry=0.52 (ethyl acetate—
hexane, 3/7, v/v); [a]p** —49.8 (¢ = 1.0, CHCL,); 'H NMR & 1.42 (t,
3H, SCH,CH,), 2.86 (m, 2H, SCH,CH,), 3.60—3.90 (m, SH, H-2, 3,
S, 6a, 6b), 4.53 (dd, 2H, J = 12.3 Hz, CH,Ph), 4.62 (d, 1H, J,, = 9.8
Hz, H-1), 4.68—5.00 (m, 4H, 2XCH,Ph), 5.35 (dd, 1H, J;, = 9.7 Hz,
H-4), 7.17-8.00 (m, 20H, aromatic) ppm; *C NMR § 154, 25.3,
70.1, 71.7, 73.7, 75.5, 75.8, 78.0, 81.8, 83.8, 85.3, 127.7, 127.8 (X3),
128.1 (x3), 128.4 (x4), 128.6 (X5), 129.9 (x2), 133.4, 137.9, 138.0
(x2), 165.5 ppm; HR-FAB-MS [M+Na] caled for CysH;30¢SNa
621.2287, found 621.2299.

A solution of 23 (0.5 g, 1.59 mmol) and activated molecular sieves
(3 A, 040 g) in CH,Cl, (12.5 mL) was stirred under argon for 1 h. A
freshly prepared solution of Br, in CH,Cl, (8 mL, 1/16S, v/v) was
then added, and the reaction mixture was kept for 15 min at rt. After
that, the solid was filtered off, and the filtrate was concentrated in
vacuo at rt. The residue was purified by silica gel flash column
chromatography (ethyl acetate—toluene gradient elution) to obtain the
title compound 3a as a colorless syrup in 70% yield (0.36 g, 0.58
mmol). Analytical data for 3a: Ri=042 (ethyl acetate—hexane, 1/4, v/
v); [a]p®* +110.6 (c = 1.0, CHCL,); "H NMR 6 3.55—3.72 (m, 3H, H-
2, 6a, 6b), 4.16 (dd, 1H, J5, = 9.3 Hz, H-3), 4.34 (m, 1H, J5¢, = 3.7 Hz,
H-3), 4.51 (dd, 2H, %] = 12.0 Hz, CH,Ph), 4.77 (dd, 2H, *] = 12.7 Hg,
CH,Ph), 4.88 (d, 1H, *J = 11.2 Hz, '/, CH,Ph), 5.56 (dd, 1H, J, 5 =
9.7 Hz, H-4), 647 (d, 1H, ], = 3.7 Hz, H-1), 7.13=7.50 (m, 17H,
aromatic), 7.62 (m, 1H, aromatic), 8.00 (d, 2H, aromatic) ppm; *C
NMR 6 67.9, 69.4, 73.1, 73.7, 74.1, 75.5, 79.3, 79.5, 91.4, 127.7, 127.8,
128.0 (x2), 128.2 (x3), 128.3 (X3), 128.3 (x4), 128.4 (x2), 128.5
(x2), 128.7 (x3), 129.6, 129.9 (x2), 133.4, 137.4, 137.5, 137.9, 165.2
ppm; HR-FAB-MS [M+Na]* caled for CiH;BrO¢Na 639.1358,
found 639.1343.

3,4,6-Tri-O-benzoyl-2-O-benzyl-a-p-glucopyranosyl Bromide
(5a). A solution of ethyl 3,4,6-tri-O-benzoyl-2-O-benzyl-1-thio-f-p-
glucopyranoside** (1.0 g, 1.59 mmol) and activated molecular sieves
(3 A, 0.79 g) in CH,Cl, (24 mL) was stirred under argon for 1 h. A
freshly prepared solution of Br, in CH,Cl, (15 mL, 1/165, v/v) was
added, and the reaction mixture was kept for 15 min at rt. After that,
the solid was filtered off, and the filtrate was concentrated in vacuo at
rt. The residue was redissolved in CH,Cl, and then washed with
distilled water. The organic phase was separated, dried with MgSO,,
and concentrated in vacuo at rt, and the residue was purified by column
chromatography on silica gel (ethyl acetate—toluene gradient elution)
to afford the title compound as a white solid in 71% yield (0.76 g, 1.18
mmol). Analytical data for Sa: Ry=0.52 (ethyl acetate—hexane, 2/3, v/
v); [a]p®? +652 (¢ = 1.0, CHCL); 'H NMR § 3.78 (dd, 1H, J,; =
9.6 Hz, H-2), 445 (dd, 1H, J;6, = 4.7 Hz, Js,q, = 12.3 Hz, H-6a),
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4.54—4.70 (m, 4H, H-5, 6b, CH,Ph), 5.60 (dd, 1H, J, 5 = 9.6 Hz, H-4),
6.03 (dd, 1H, J5, = 9.6 Hz, H-3), 6.48 (d, 1H, J,, = 3.9 Hz, H-1),
7.22—7.57 (m, 14H, aromatic), 7.93 (dd, 4H, aromatic), 8.03 (dd, 2H,
aromatic) ppm; *C NMR § 62.4, 68.4, 72.3, 72.8 (X2), 76.8, 89.3,
128.2 (x2), 1284, 128.5 (x2), 128.5 (x2), 128.6 (x2), 128.7 (X2),
128.8, 129.5, 129.7, 129.9 (x4), 130.1 (x2), 133.3, 133.4, 133.7, 136.8,
165.4, 165.6, 166.3 ppm; HR-FAB-MS [M+Na]* calcd for
C;,H,504BrNa 667.0943, found 667.0970.

3,4,6-Tri-O-benzoyl-2-O-benzyl-p-p-glucopyranosyl Bromide
(5b). A solution of ethyl 2-O-benzyl-3,4,6-tri-O-benzoyl-1-thio-a-D-
glucopyranoside®® (0.03 mg, 0.04 mmol) in CDCl; (0.5 mL) in an
NMR tube was frozen in liquid nitrogen. After that, 98% bromine
solution (2.4 uL, 0.04 mol) was added directly to the NMR tube. 'H
NMR was recorded immediately. Selected analytical data for 5b: 'H
NMR 6 4.07 (dd, 1H, J,; = 7.8 Hz, H-2), 4.20 (m, 1H, H-5), 4.46 (dd,
1H, Js6, = 5.1 Hz, Js, 4, = 12.4 Hz, H-6a), 4.57 (dd, 1H, J5 4, = 3.1 Hg,
H-6b), 4.72 (d, 1H, %] = 10.7 Hz, '/, CH,Ph), 491 (d, 1H, *] = 10.8
Hz, '/, CH,Ph), 5.67—5.81 (m, 3H, H-1, 3, 4), 7.19-8.05 (m, 20H,
aromatic) ppm; *C NMR § 63.0, 68.8, 74.8, 75.3, 76.4, 81.7, 82.6,
128.2, 128.4 (X2), 128.5 (x4), 128.6 (x4), 129.2, 129.6, 129.9 (X2),
130.0 (x3), 130.1 (x2), 133.3, 133.6, 133.7, 136.9, 165.3, 165.6, 166.2
ppm; FAB-MS [M+Na]* for C3,H,,04BrNa 667.1.

Synthesis of Glycosides and Disaccharides. Method A:
General Bu,NBr-Promoted Glycosylation Procedure. A mixture of
the glycosyl donor (0.10 mmol), glycosyl acceptor (0.15 mmol), and
freshly activated molecular sieves (3 A, 200 mg) in (CICH,), (2 mL)
was stirred under argon for 1 h. Bu,NBr (0.20 mmol) was added, and
the reaction mixture was stirred at rt. Upon completion, the reaction
mixture was diluted with CH,Cl,, the solid was filtered off, and the
residue was washed with CH,Cl,. The combined filtrate (30 mL) was
washed with 20% aq NaHCO; (10 mL) and water (3 X 15 mL), and
the organic phase was separated, dried with MgSO,, and concentrated
in vacuo. The residue was purified by column chromatography on silica
gel (ethyl acetate—hexane gradient elution) to give the corresponding
disaccharide. Anomeric ratios (if applicable) were determined by
comparison of the integral intensities of relevant signals in "H NMR
spectra.

Method B: General Bry-Promoted Glycosylation Procedure. A
mixture of the glycosyl donor (0.10 mmol), glycosyl acceptor (0.1S
mmol), and freshly activated molecular sieves (3 A, 200 mg) in
(CICH,), (2 mL) was stirred under argon for 1 h. Bromine (0.10—
0.13 mmol) was added, and the resulting mixture was stirred at rt.
Upon completion, the reaction mixture was diluted with CH,Cl,, the
solid was filtered off, and the residue was washed with CH,Cl,. The
combined filtrate (30 mL) was washed with 20% aq NaHCO; (10
mL) and water (3 X 15 mL), and the organic phase was separated,
dried with MgSO,, and concentrated in vacuo. The residue was
purified by column chromatography on silica gel (ethyl acetate—
hexane gradient elution) to give the corresponding disaccharide.
Anomeric ratios (if applicable) were determined by comparison of the
integral intensities of relevant signals in "H NMR spectra.

Method C: General Br,/HgBr,-Promoted Glycosylation Proce-
dure. A mixture of the glycosyl donor (0.10 mmol), glycosyl acceptor
(0.15 mmol), and freshly activated molecular sieves (3 A, 200 mg) in
(CICH,), (2 mL) was stirred under argon for 1 h. Bromine (0.13
mmol) was added, and the resulting mixture was stirred at rt and
monitored with TLC. After time 1 listed in Table S, mercury(Il)
bromide (0.13 mmol) was added, and the reaction mixture was stirred
for time 2 (Table S). Upon completion, the reaction mixture was
diluted with CH,Cl,, the solid was filtered off, and the residue was
washed with CH,Cl,. The combined filtrate (30 mL) was washed with
20% aq NaHCOj; (10 mL) and water (3 X 15 mL), and the organic
phase was separated, dried with MgSO,, and concentrated in vacuo.
The residue was purified by column chromatography on silica gel
(ethyl acetate—hexane gradient elution) to give the corresponding
disaccharide. Anomeric ratios (if applicable) were determined by
comparison of the integral intensities of relevant signals in '"H NMR
spectra.

Methyl 6-0-(6-O-Benzoyl-2,3,4-tri-O-benzyl-a/p-p-glucopyrano-
syl)-2,3,4-tri-O-benzyl-a-p-glucopyranoside (8). The title compound
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was obtained by method B from 2a and 6 in 45% yield as a colorless
syrup (a/ff = 24/1). Analytical data for a-8: R; = 0.41 (ethyl acetate—
hexane, 3/7, v/v); '"H NMR & 3.32 (dd, 1H, J,y = 9.6 Hz, H-2),
3.46—-3.54 (m, 3H, H-2, 4, 4), 3.62 (m, 1H, Js,4 = 10.1 Hz, H-6a),
3.72 (m, 2H, H-S, 6b), 3.90 (m, 3H, H-3, 3/, §'), 4.31 (dd, 1H, Js¢, =
4.4 Hz, Jyqy = 11.9 Hz, H-62), 443 (dd, 1H, ], = 2.0 Hz), 447—
4.64 (m, 7H, J;» = 3.3 Hz, H-1, 3XCH,Ph), 4.70—4.75 (m, 2H,
CH,Ph), 4.81-4.93 (m, SH, J;, = 3.6 Hz, H-1, 3XCH,Ph) ppm; C
NMR § 55.4, 63.6, 66.2, 69.1, 70.6, 72.6, 73.5, 75.2 (X2), 75.9 (X2),
77.4, 78.0, 80.3, 80.4, 81.9, 82.3, 97.1, 98.1, 127.8 (X3), 127.9 (X7),
128.0 (X2), 128.1 (x2), 1282 (x4), 1284 (x3), 128.5 (x6), 128.6
(x4), 129.8 (x3), 130.2, 133.2, 138.2, 138.3, 138.5 (X2), 138.7, 139.0,
166.4 ppm; HR-FAB-MS [M+Na]* caled for Ce,H,O,,Na 1023.4295,
found 1023.4277.

Methyl 6-0-(4-O-Benzoyl-2,3,6-tri-O-benzyl-a/f-p-glucopyrano-
syl)-2,3,4-tri-O-benzyl-a-p-glucopyranoside (9). The title compound
was obtained by method B from 3a and 6 in 15% yield as a colorless
syrup (a/f} = 6.2/1). Selected analytical data for a-9: Ry = 0.41 (ethyl
acetate—hexane, 3/7, v/v); '"H NMR & 3.38 (s, OCHj;), 3.47 (m, 2H,
H-2/, 4), 3.98—4.11 (m, 3H, H-3, 3, 5), 4.59 (d, 1H, J,,, = 3.8 Hz, H-
1), 4.96 (d, 1H, J;, = 2.5 Hz, H-1), $.31 (dd, 1H, ], = 9.5 Hz, H-4')
ppm; °C NMR § 55.3, 69.1, 69.3, 70.6, 71.1, 72.7, 73.6, 73.7, 75.1,
752, 75.9, 77.4, 78.1, 78.4, 79.9, 80.3, 82.4, 97.5, 98.2, 127.5 (X2),
127.6 (x2), 127.8 (XS), 127.9 (x3), 128.1 (x2), 128.2 (x4), 128.3
(x3), 1284, 128.5 (X3), 128.6 (X6), 129.9 (x2), 130.1 (x3), 133.2,
138.0, 138.3, 138.5, 138.7, 139.0, 165.5 ppm; HR-FAB-MS [M+Na]*
caled for C4,Hg,O,,Na 1023.4295, found 1023.4365.

Methyl 6-0-(3,4,6-Tri-O-benzoyl-2-O-benzyl-a-p-glucopyrano-
syl)-2,3,4-tri-O-benzyl-a-p-glucopyranoside (11). The title com-
pound was obtained by method B from 12a and § in 67% yield as a
colorless syrup (a/ff > 25/1). Analytical data for a@-11: Ry = 0.51 (ethyl
acetate—toluene, 3/17, v/v); [a]p® +18.9 (c = 1.0, CHCL,); 'H NMR
83.30 (dd, 1H, ], = 9.8 Hz, H-2), 3.38 (s, 3H, OCHS), 349 (dd, 1H,
Jus = 94 Hz, H-4), 3.65 (dd, 1H, ], 3 = 10.0 Hz, H-2'), 3.69—3.81 (m,
3H, H-S, 63, 6b), 3.93 (dd, 1H, J5, = 9.3 Hz, H-3), 4.20—4.34 (m, 2H,
Js6 = 5.5 Hz, H-S, 6a), 448 (dd, 2H, ] = 11.6 Hz, CH,Ph), 4.39—4.55
(m, 3H, J,, = 3.7 Hz, H-1, §, 6b), 458 (dd, 2H, ] = 12.1 Hg,
CH,Ph), 4.76 (dd, 2H, J = 12.1 Hz, CH,Ph), 4.89 (dd, 2H, ¥ = 10.9
Hz, CH,Ph), 5.01 (d, 1H, J;;,» = 3.4 Hz, H-1'), 5.36 (dd, 1H, J, 5= 9.8
Hz, H-4'), 5.89 (dd, 1H, Jy, = 9.7 Hz, H-3'), 6.90-8.95 (m, 3SH,
aromatic) ppm; *C NMR & 55.4, 63.4, 66.3, 67.9, 70.0, 70.6, 72.0,
72.3, 73.5, 752, 75.9, 77.4, 78.0, 80.0, 82.3, 96.8, 98.1, 127.7, 127.8,
127.9 (x2), 128.0 (x3), 128.1 (x3), 1282 (x2), 128.4 (Xx2), 128.5
(x9), 128.6 (x4), 129.2, 129.8 (X2), 129.9 (x3), 130.0 (x2), 133.2
(x2), 133.5, 137.8, 138.3, 138.6, 139.0, 165.7, 165.9, 166.3 ppm; HR-
FAB-MS [M+Na]* caled for Cg,HgO4Na 1051.3881, found
1051.3904.

Benzyl 3,4,6-Tri-O-benzoyl-2-O-benzyl-a-p-glucopyranoside (18).
The title compound was obtained by method B from 12a and benzyl
alcohol as a clear film in 75% yield. Analytical data for 18: R, = 0.35
(ethyl acetate—toluene, 1/19, v/v); [a]p® +29.3 (c = 1.0, CHCL); 'H
NMR (CDCly) 6 3.78 (dd, 1H, J,5 = 9.9 Hz, H-2), 437—4.51 (m, SH,
CH,Ph, H-5, 6a, 6b), 4.62 (d, 1H, %] = 12.3 Hz, '/, CH,Ph), 4.98 (d,
1H, J;, = 3.5 Hz, H-1), 499 (d, 1H, ¥ = 12.0 Hg, '/, CH,Ph), 5.49
(dd, 1H, J, s = 9.93 Hz, H-4), 6.03 (dd, 1H J;, = 9.7 Hz, H-3), 7.14—
8.02 (m, 25H, aromatic); *C NMR (CDCl;) & 31.4, 63.4, 68.1, 69.6,
70.1,72.2,77.4,77.8,95.5, 128.0 (x2), 128.1, 128.2, 128.4 (X2), 128.5
(x2), 128.6 (x5), 128.7 (x3), 128.8, 129.1, 129.9 (x3), 130.0 (X3),
130.1 (X2), 133.2, 133.3, 133.5, 136.9, 137.7, 165.7, 165.9, 166.4 ppm;
HR-FAB-MS [M+Na]* caled for C,H;04Na 695.2257, found
695.2244.

Methyl 3-0-(3,4,6-Tri-O-benzoyl-2-O-benzyl-a-p-glucopyrano-
syl)-2,4,6-tri-O-benzyl-a-o-glucopyranoside (19). The title com-
pound was obtained by method C from 12a and 15 in 89% yield as
a colorless syrup (a/f > 25/1). Selected analytical data for a-19: Ry =
0.54 (ethyl acetate—toluene, 3/17, v/v); [a]p® +88.9 (c = 1.,
CHCL); 'H NMR 6 3.31 (s, 3H, OCH,), 3.60 (dd, 1H, J;4, = 1.7 Hz,
Jeago = 10.7 Hz, H-6a), 3.66 (dd, 1H, J; 4, = 3.4 Hz, H-6b), 3.69 (dd,
1H, J,3 = 9.8 Hz, H-2), 3.71-3.78 (m, 2H, J,.3 = 9.8 Hz, H-2, 5), 3.83
(dd, 1H, J,5 = 9.3 Hz, H-4), 4.00 (dd, 1H, Js.sy = 4.7 Hz, Jsy e = 12.3
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Hz, H-62), 4.34 (dd, 1H, J3, = 9.3 Hz, H-3), 4.34 (dd, 1H, Jq = 2.3
Hz, H-6b"), 438 (dd, 2H, ¥ = 11.9 Hz, CH,Ph), 449 (dd, 2H, ¥ =
12.1 Hz, CH,Ph), 4.65 (dd, 2H, J = 12.0 Hz, CH,Ph),4.69 (dd, 2H, *J
= 11.5 Hz, CH,Ph), 473 (d, 1H, J,, = 3.5 Hz, H-1), 494 (m, 1H, H-
$"), 543 (dd, 1H, J,.s = 10.0 Hz, H-4), 5.68 (d, 1H, J;» = 3.4 Hz, H-
1), 6.08 (dd, 1H, Jy,4 = 9.8 Hz, H-3"), 6.80—8.10 (m, 35H, aromatic)
ppm; °C NMR 6 55.3, 63.3, 67.7, 68.6, 69.9, 72.3, 72.7, 73.5 (X2),
73.7,76.5, 77.2, 77.3, 78.4, 78.8, 97.1, 97.6, 126.7 (x2), 127.4, 127.8,
127.9, 128.0 (x2), 128.1 (x2), 1282, 128.3 (x2), 128.4 (x11), 128.6
(x2), 128.7 (x2), 129.3, 129.9 (x2), 129.9 (x4), 130.1 (x2), 130.3,
132.9, 133.1, 133.3, 137.3, 137.9, 138.0, 138.6, 165.6, 166.0, 166.5
ppm; HR-FAB-MS [M+Na]* caled for Cg,HgOpuNa 1051.3881,
found 1051.3897.

Methyl 2-0-(3,4,6-Tri-O-benzoyl-2-O-benzyl-a-p-glucopyrano-
syl)-3,4,6-tri-O-benzyl-a-p-glucopyranoside (20). The title com-
pound was obtained by method C from 12a and 16 in 87% yield as
a colorless syrup (a/f > 25/1). Selected analytical data for a-20: R; =
0.54 (ethyl acetate—toluene, 3/17, v/v); [a]p®® +107.8 (¢ = 1.,
CHCL,); 'H NMR 6 3.49 (s, 3H, OCH;), 3.69 (dd, 1H, J,5 = 9.3 Hz,
H-4), 3.73 (dd, 1H, Js4, = 1.8 Hz, Js, ¢, = 10.7 Hz, H-6a), 3.81 (dd,
1H, J; 6, = 3.5 Hz, H-6b), 3.81—3.86 (m, 1H, H-S), 3.85 (dd, 1H, ], 3
= 10.0 Hz, H-2'), 401 (dd, 1H, J,5 = 9.8 Hz, H-2), 4.13 (dd, 1H, J5 ¢,
= 5.3 Hz, Joy gy = 12.2 Hz, H-62'), 4.18 (dd, 1H, ],5 = 9.6 Hz, H-3),
4.39 (dd, 1H, Jy 4y = 2.1 Hz, H-6b"), 4.62 (m, 1H, H-5'), 4.62 (dd, 2H,
%] = 12.0 Hz, CH,Ph), 4.67 (s, 2H, CH,Ph), 4.68 (dd, 2H, *] = 10.7
Hz, CH,Ph), 499 (d, 1H, H-1), 5.10 (dd, 2H, %] = 11.3 Hz, CH,Ph),
5.14 (d, 1H, J;,, = 3.5 Hz, H-1'), 5.45 (dd, 1H, J, ¢ = 10.0 Hz, H-4),
6.06 (dd, 1H, J;, = 9.8 Hz, H-3"), 7.10-8.11 (m, 35H, aromatic)
ppm; *C NMR 6 55.2, 63.0, 68.0, 68.7, 69.7, 70.5, 72.3, 72.7, 73.8,
75.3, 754, 75.9, 76.5, 78.4, 80.7, 94.2, 96.6, 127.5 (X2), 127.6, 127.9
(x2), 128.0 (x2), 128.1 (x2), 128.2, 128.5 (x9), 128.4 (x11), 128.6
(x7), 129.1, 129.9 (x2), 130.0 (x2), 130.1 (x2), 133.1, 133.2, 133.4,
137.8, 1382, 138.3, 138.7, 165.6, 165.7, 166.2 ppm; HR-FAB-MS [M
+Na]* caled for Ce,HgpO,Na 1051.3881, found 1051.3908.

Methyl 4-0-(3,4,6-Tri-O-benzoyl-2-O-benzyl-a-p-glucopyrano-
syl)-2,3,6-tri-O-benzyl-a-p-glucopyranoside (22). The title com-
pound was obtained by method C from 12a and 21 in 82% yield as
a colorless syrup (a/f > 25/1). Selected analytical data for a-22: R; =
0.51 (ethyl acetate—toluene, 3/17, v/v); [a]p® +42.3 (c = 1.0,
CHCL); 'H NMR 6 3.37 (s, 3H, OCH;), 3.56 (dd, 1H, ], = 9.1 H,
H-2), 3.62 (dd, 1H, J, 3 = 9.8 Hz, H-2"), 3.66 (dd, 1H, J¢, ¢, = 11.1 Hz,
H-6a), 3.88 (m, 1H, H-5), 4.01 (dd, 1H, H-6b), 4.04—4.14 (m, 2H, H-
3,4), 418 (dd, 1H, J 6y = 5.1 Hz, Joyy = 12.2 Hz, H-6a'), 4.28—4.39
(m, 2H, Jyq, = 2.6 Hz, H-5, 6b"), 4.31 (dd, 2H, * = 12.4 Hz, CH,Ph),
4.53 (s, 2H, CH,Ph), 4.59 (d, 1H, J,, = 3.9 Hz, H-1), 4.64 (dd, 2H, J
= 12.1 Hz, CH,Ph), 4.93 (dd, 2H, %] = 11.6 Hz, CH,Ph), 5.40 (dd,
1H, J;5 = 9.8 Hz, H-4'), 5.64 (d, 1H, J;;,» = 3.5 Hz, H-1"), 5.94 (dd,
1H, Jy4 = 9.8 Hz, H-3'), 6.59—8.01 (m, 35H, aromatic) ppm; C
NMR & 55.4, 63.3, 68.5, 69.2, 69.8, 69.9, 71.8, 72.7, 73.6, 73.7, 74.4,
74.7, 77.4, 80.2, 81.7, 96.6, 98.0, 127.1 (x2), 127.2, 127.7 (X2), 127.8,
1279, 1280 (x2), 128.1, 1283 (x3), 128.4 (x2), 128.5 (x7), 128.6
(x2), 128.7 (x2), 129.2 (x2), 129.8, 129.9 (x3), 130.0 (x3), 133.1,
133.2, 133.5, 137.4, 138.0, 138.2, 139.3, 165.6, 165.9, 166.2 ppm; HR-
FAB-MS [M+Na]* caled for CgHgoO4,Na 1051.3881, found
1051.3893.

Low-Temperature in Situ NMR Monitoring. A thioglycoside
(10 mg) was dissolved in CDCly (0.7 mL) and placed in the standard
S mm NMR tube equipped with a septum, and the tube was then
placed into a Dewar filled with liquid nitrogen (—196 °C) for 10 min.
Bromine (1.0 equiv) was added via syringe, the NMR tube was
removed from the Dewar (upon which the temperature was allowed to
increase to ambient) and immediately inserted into the magnet, and
the proton spectrum was recorded (approximately S min after Br,

addition).
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