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N-Sulfonyl imidazoles activate 2-deoxy-sugar hemiacetals for glycosylation presumably by converting them into glycosyl sulfonates in situ. By
matching the leaving group ability of the sulfonate with the reactivity of the donor, it is possible to obtain S-specific glycosylation reactions. The
reaction serves as proof of the principle that, by choosing promoters that can modulate the reactivity of active intermediates, it is possible to place

glycosylation reactions entirely under reagent control.

Despite numerous advances over the past several years,
the synthesis of stereodefined oligosaccharides remains a
nontrivial operation.! This is due in large part to the fact
that most methods for diastereoselective chemical glycosyla-
tion rely on substrate control.” In cases where neighboring
group participation or conformational locking cannot be
used to control selectivity, extensive optimization of both the
donor and acceptor is often necessary to obtain a “matched”
coupling pair.® This is especially true when trying to synthe-
size “difficult” glycosidic linkages, such as S-linked 2-deoxy-
sugars. In principle, these challenges could be circumvented if
the stereoselectivity of the reaction was placed under reagent
control, where the stereochemical outcome of the glycosyla-
tion reaction is dictated entirely by the promoter. Here, we
describe such an approach for the stereospecific construction
of fB-linked 2-deoxy-sugars (as opposed to stereoselective
construction, which still affords diastereomeric mixtures).

pB-Linked 2-deoxy-sugars play an important role in
modulating the biological activity of many natural products,
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such as landomycin,* mithramycin,” and digitoxin.® This has
led to the realization that it is possible to dramatically alter
the pharmacokinetics of a natural product through changing
the composition of its glycosides.” A significant hurdle to the
broader application of this technology to drug discovery is
the fact that S-linked 2-deoxy-sugars are generally considered
to be one of the most difficult glycosidic bonds to
synthesize.>* A number of methods for the direct synthesis

(5) (a) Crow, R. T.; Rosenbaum, B.; Smith, R., III; Guo, Y.; Ramos,
K. S.; Sulikowski, G. A. Bioorg. Med. Chem. Lett. 1999, 9, 1663-1666.
(b) Baig, I.; Perez, M..; Brana, A. F.; Gomathinayagam, R.; Damodaran,
C.; Salas, J. A.; Méndez, C.; Rohr, J. J. Nat. Prod. 2008, 71, 199-207.

(6) (a) Langenhan, J. M.; Peters, N. R.; Guzei, I. A.; Hoffman, F. M.;
Thorson, J. S. Proc. Natl. Acad. Sci. U.S.A. 2005, 32, 12305-12310. (b)
Iyer, A. K, V.; Zhou, M.; Azad, N.; Elbaz, H.; Wang, L.; Rogalsky,
D. K.; Rojanasakul, Y.; O’Doherty, G. A.; Langenhan, J. M. ACS Med.
Chem. Lett. 2010, 1, 326-330.

(7) (a) Langenhan, J. M.; Griffith, B. R.; Thorson, J. S. J. Nat. Prod.
2005, 68, 1696-1711. (b) Kien, V.; Rezanka, T. FEMS Microbiol. Rev.
2008, 32, 858-889.

(8) Crich, D. J. Org. Chem. 2011, 76, 9193-9209.

(9) For recent reviews, see: (a) Hou, D.; Lowary, T. L. Carbohydr.
Res. 2009, 344, 1911-1940. (b) Borovika, A.; Nagorny, P. J. Carbohydr.
Chem. 2012, 31, 255-283.

(10) (a) Binlley, R. W.; Koholic, D. J. J. Org. Chem. 1989, 54, 3577—
3581. (b) Hashimoto, S.-i.; Sano, A.; Sakamoto, H.; Nakajima, M.;
Yanagiya, Y.; Ikegami, S. Synlett 1995, 1271-1273. (c) Kim, K. S.; Park,
J.; Lee, Y. J.; Seo, Y. S. Angew. Chem., Int. Ed. 2003, 42, 459-462. (d)
Lam, S. N.; Gervay-Hague, J. Org. Lett. 2003, 5,4219-4222. (e) Tanaka,
H.; Yoshizawa, A.; Takahashi, T. Angew. Chem., Int. Ed. 2007, 46,
2505-2507. (f) Baryal, K. N.; Zhu, D.; Li X.; Zhu, J. Angew. Chem., Int.
Ed. 2013, 52, 8012—8016.

10.1021/014018547  (© XXXX American Chemical Society



of various 2-deoxy-sugars have been described.'® However,
with the exception of Gervay-Hague’s glycosyl iodides and
Zhu’s umpolung approach,'® little attempt has been made
to elucidate the origins of the stereoselectivity in these
reactions. In addition, this selectivity does not always trans-
late well between different systems,'' and many activated
2-deoxy-sugars are extremely unstable, requiring specialized
media for their purification.'® As a result, many groups have
developed indirect approaches to the construction of
2-deoxy-sugars through the use of either temporary directing
groups'? or de novo synthesis."® These latter approaches
necessarily introduce additional steps, decreasing the overall
efficiency of the synthesis.

As part of an ongoing program aimed at developing
selective methods for 2-deoxy-sugar synthesis,'* we chose
to examine the in situ generation of different glycosyl
sulfonates for f-selective glycosylations. While glycosyl
triflates can undergo Sn2-like reactions to afford 3-linked
products with certain substrates,'> Crich has shown that
2-deoxy glycosyl triflates are generally very unstable.'®
Furthermore, Woerpel has demonstrated that, even in
examples where 2-deoxy-sugar triflates are not subject to
decomposition, they only undergo f3-selective reactions when
strong carbon nucleophiles are employed as acceptors.'” In
principle, a more stable sulfonate should possess greater
covalent character, permitting direct S\2 displacement to
afford the product as a single diastereomer. While the
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reactivity of different sulfonates has been reported to span
several orders of magnitude,'® little work has been done on
glycosyl sulfonates other than triflates since the seminal
studies of the Schuerch and Koto groups over three decades
ago."” This is due to the fact that many of these procedures
required the isolation of highly unstable species. Addition-
ally, those procedures for in situ generation of sulfonates
often led to nonselective reactions. The lack of selectivity is
presumably due to the presence of several other nucleophilic
ions in solution, which could scramble the stereochemistry of
the anomeric leaving group.”

Scheme 1. N-Sulfonylimidazoles for 3-Selective Glycosylations
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To address these issues we chose to examine the use of
N-sulfonyl imidazoles as reagents for converting hemiacetals
into glycosyl sulfonates in situ (Scheme 1). These species
have been shown to promote sulfonate ester formation'
and nucleotide coupling? without the generation of nucleo-
philic byproducts. Importantly, the synthesis of N-sulfonyl
imidazoles is trivial,>> which would permit the rapid synth-
esis of a large library of compounds to tune reactivity.

Our initial investigations focused on thiol nucleophiles
owing to both their increased reactivity and the fact that thio-
glycoside linkages are useful, nonhydrolyzable carbohydrate
mimetics.>* To this end, deprotonation of 1 with KHMDS
in THF at low temperature® was followed first by addition
of N-tosylimidazole (TsIm) and then the nucleophile. The
selectivity in the reaction was dependent on the amount
of time 1 was allowed to react with the TsIm (Table 1,
entries 1—3). Longer reaction times generally led to higher
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selectivity. We attribute the change in selectivity to the rapid
formation of a mixture of glycosyl tosylates followed by
equilibration to the more stable a-anomer. In order to
improve the yield of the reaction, we next examined the
more reactive leaving group found in tosyl 4-nitroimidazole
(TsImNO»). Not only did this reagent improve the yield of
the reaction, but we observed a dramatic increase in selec-
tivity from 5:1 S:acto all B (Table 1, entry 4). Finally, the use
of a slight excess of the activated donor led to a further
increase in yield without compromising selectivity (88%,
p only, Table 1, entry 5).

Table 1. Reaction Optimization with Sulfur Nucleophiles

i. KHMDS, THF
-78°C
OBn T N/§N OBn
ii. Ts— E
B"oﬁ ime =N, BnO 2 sph
BnO oH Y BnO
1 ii. PhSH 2
-78°Ctort
PhSH time yield
entry (equiv) Y (min) (%) of
1 1 H 0 40 1:1
2 1 H 30 40 1:2
3 1 H 65 40 1:5
4 1 NO. 60 62 f only
5 0.67 NO, 60 88 p only
6“ 0.67 NO. 60 77 p only

“ An equivalent of potassium imidazolide was added to the reaction.

To determine if the lower selectivity observed with TsIm
was due to the presence of imidazole interfering with the
reaction, we repeated the reaction using TsImNO, in the
presence of an equivalent of potassium imidazolide
(Table 1, entry 6). No change in selectivity was observed,
indicating that imidazole was only acting as a leaving
group. While the origins of the change in selectivity are
unclear at this point, we attribute the lower selectivity with
TsIm to incomplete conversion of the donor to the glycosyl
sulfonate prior to the addition of the acceptor. If the
acceptor is present before the sulfonate can equilibrate to
the more stable o configuration,' B-sulfonates will be
present and react to reduce selectivity.

The scope of the reaction was next examined with several
thiol acceptors (Table 2).2* For aliphatic thiol acceptors
we found it necessary to use the potassium salt to obtain
useful yields. Yields were generally moderate-to-good,
with the secondary galactose derived thiol 4 providing
the highest yield. In the case of primary thiol 6 the reaction
was accompanied by significant amounts of disulfide bond
formation, despite efforts to rigorously exclude oxygen
from the reaction. In every single case, however, the
reaction provided the product as a single S-anomer, as
determined by 'H NMR.

Having established that the reaction was effective with
thiolates, we turned our attention to phenoxide nucleophiles,
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Table 2. Scope with Thiol Acceptors
i. KHMDS, THF
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since aryloxy glycosides are important structural motifs in
many natural products.” The reaction of 1 with TsImNO,,
followed by the addition of the potassium salt of 2-naphthol
(prepared by treating the acceptor with KHMDS), provided
the desired product as a single anomer as determined by 'H
NMR (Table 3, entry 1).>° Rationalizing that a solvent
which could better coordinate the counterion could provide
the product in enhanced yield, we next examined the use of
diglyme as an additive. Pleasingly, this led to an increase in
the yield, affording the product in 76% yield as a single
p-anomer (Table 3, entry 2). Under these conditions we did
not observe any glycal formation, indicating that elimination
of the active leaving group was not a competitive pathway.
Other phenolic acceptors reacted in moderate-to-good yield,
with electron-rich phenols providing the best yields.

We next turned our attention to the more reactive 2,6-
dideoxy-L-arabino hexopyranose donor 11 (Table 4).
Again no glycal formation was observed. Interestingly,
electron-rich phenols were less effective than electron-poor
phenols with this substrate, representing a reversal of the
trend observed in Table 3. While we can attribute the lower

(26) No reaction was observed with neutral acceptors.



Table 3. Scope with Aryloxy Acceptors

i. KHMDS, THF
-78°C
v %o
& o L R
ii. ArOK*, solvent
-78°Ctort
entry ArO K" solvent  product yield (%) B
1 2-naphthol THF 11 43 f only
2 2-naphthol diglyme 11 76 p only
3 1-naphthol diglyme 12 70 f only
4 PhOK diglyme 13 67 p only
5 o-cresol diglyme 14 62 p only
6 p-MeO-PhOK  diglyme 15 74 p only
7 p-CF3-PhOK  diglyme 16 45 p only

yields to be due in part to the decreased stability of the 2,6-
dideoxy-sugar products, the origin of this reversal in
reactivity trend is unclear at this point. Importantly how-
ever, the reactions again afforded the products exclusively
as B-anomers, despite the fact that the absolute configura-
tion of the donor had been switched from p- to L-. These
observations support our hypothesis that that the TsIm-
NO, activates the hemiacetal donors as a-glycosyl tosy-
lates, which react through an Sy2-like manifold to afford
p-linked products.

In conclusion, we have found that treating 2-deoxy-
sugar hemiacetals with TsImNO, results in the in situ
formation of a species that reacts with S- and O-nucleo-
philes to form glycoside products exclusively as S-anomers.
The reaction presumably proceeds through the formation
of a glycosyl tosylate, which reacts through an SN2 or Sy2-
like manifold. This is supported by the fact that no
o-anomer was observed with either p- or L-sugar donors.
These studies provide proof of the principle that it is
possible to obtain stercospecific glycosylation reactions
by matching sulfonate leaving group ability with the
intrinsic reactivity of the glycosyl donor. Taken together

Table 4. Reactions with 2,6-Dideoxy-donors

i. KHMDS, THF
OH '78 °C
A
00257 T Ay Brorf oA
BnO ii. Ts—N \71\ BnO
17 NO,
iii. ArOK*, diglyme
-78°Ctort
entry ArO K" product yield (%) o
1 2-naphthol 18 41 p only
2 1-naphthol 19 53 f only
3 PhOK 20 73 p only
4 o-cresol 21 56 S only
5 p-MeO-PhOK 22 63 p only
6 p-CF3-PhOK 23 71 p only

with our cyclopropenium cation promoted o-selective
glycosylation methodology,'* these studies also demon-
strate that it is possible to obtain either anomer of a
glycoside starting from the same donor, simply by placing
the reaction under reagent control. While it is unlikely that
the tosylate leaving group will be effective with all classes
of glycosyl donors (such as mannose, rhamnose, etc.), the
range of reactivities of different sulfonates is such that it
should be possible to match each class of donor to a proper
leaving group for S-specific glycosylation reactions. Stu-
dies aimed at doing this and confirming our proposed
reaction mechanism are currently under investigation in
our laboratory.
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