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Glycal assembly offers an expedient entry into j3-linked oligosaccharides, but epoxyglycal donors can be capricious in their reactivities.
Treatment with Et;NH and CS, enables their in situ conversion into glycosyl dithiocarbamates, which can be activated by copper triflate for
coupling with complex or sterically congested acceptors. The coupling efficiency can be further enhanced by in situ benzoylation, as illustrated in
an 11-step synthesis of a branched hexasaccharide from glucals in 28% isolated yield and just four chromatographic purifications.

General strategies for efficient and stereoselective gly-
cosyl couplings continue to provide a challenge for syn-
thetic method development, despite the many mechanistic
insights and technological advances in glycosyl bond
formation.'**" In 1989, Halcomb and Danishefsky intro-
duced an approach for the expedient synthesis of S-linked
oligosaccharides, based on the stereoselective epoxidation
of glycals followed by coupling with glycal acceptors under
mild Lewis acid conditions.**® The “glycal assembly”
strategy differs significantly from conventional methods
of carbohydrate synthesis: the intermediate epoxyglycal
donors can be used without workup or purification, and
the C2 substituent of the glycosylation products can be mod-
ified at a later stage, permitting greater flexibility in
synthetic design. Glycals and their epoxides have also
proven amenable to solid-phase oligosaccharide synthesis.*
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Despite its potential advantages, the efficiency of glycal
assembly has been limited by the variable reactivity of the
epoxyglycal donors, and by the range of acceptors that can
serve as nucleophiles. For instance, tri-O-benzyl o-epoxy-
glucal is highly sensitive even to mild Lewis acids, and its
use as a glycosyl donor has produced only moderate
yields.*>~ 1% Efforts to improve coupling yields by optimiz-
ing the Lewis acid catalyst or the nucleophilicity of the
acceptor have met with mixed success.***® Epoxyglycals
can be converted into standard glycosyl donors for activation
by stronger Lewis acid catalysts, but extra steps are needed to
isolate and purify the synthetic intermediates.'®!'*® Further-
more, the use of strong Lewis acids is incompatible with
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Figure 1. The glycal assembly approach to -linked glycosides,
aided by the in situ generation of a glycosyl dithiocarbamate
prior to glycosyl coupling and chromatographic purification.

glycal acceptors, defeating a primary merit of the glycal
assembly method.

Here we describe coupling conditions that bring the glycal
assembly strategy to its full potential. They are based on the
one-pot conversion of epoxyglycals into glycosyl dithiocar-
bamates (DTCs), by treatment with diethylamine and CS,,
and the selective activation of the glycosyl DTCs with Cu(I)
or Cu(Il) triflate to initiate glycosyl coupling (Figure 1).
This procedure is both highly S-selective and compatible
with glycals and other sensitive glycosyl acceptors and does
not require purification of the glycosyl DTC intermediate.

The coupling reaction proceeds with a free C2 hydroxyl
on the glycosyl donor but can be enhanced further by in
situ 2-O-acylation for the expeditious assembly of complex
p-linked oligosaccharides. We demonstrate this with the
concise synthesis of a branched hexasaccharide from the
p-glucan family, whose members have strong immunomo-
dulatory potential but whose structure—activity relation-
ships have not been fully addressed, because of limited
availability of well-characterized structures.'>!?

Glycosyl DTCs have been underutilized as donors com-
pared to glycosyl sulfides or thioimidates.''*~'® However,
the reduction potentials of DTCs are less than that of
thiols (E°(Et,NCS, /thiuram disulfide) —302 mV,
versus E°(PhS™/PhSSPh) = —541 mV),"” indicating facile
ionization and mild activation conditions for glycosyl
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coupling.'® Furthermore, DTCs can be prepared by the
simple condensation of amines with CS, in polar
solvents'”®® and are excellent nucleophiles for epoxide
ring-opening. These features suggested to us that glycosyl
DTCs could be ideal surrogates for glycal assembly.

The conversion of tri-O-benzyl glucal 1 into a glycosyl
DTC was achieved in situ, by stereoselective DM DO oxida-
tion followed by treatment with Et,NH and CS, (premixed
to form the Et,DTC diethylammonium salt) to yield the
desired glycosyl DTC with >95% f3 selectivity.”® A survey of
Lewis acids revealed that glycosyl DTCs were readily acti-
vated by Cu(OTf), or CuOTf:(CgHg)o s at low tempera-
tures, using 2.4,6-(¢Bu);-pyrimidine (TTBP) as an acid
scavenger. We were pleased to find that Cu(OTY), activation
could be performed using unpurified glycosyl DTCs and was
also compatible with both acid- and base-sensitive functional
groups, allowing glycal donors to be coupled efficiently with
a variety of acceptors without intermediate workup.

One-pot glycal couplings were performed using 1 or
Glef(1—6)glucal 2 as donors and 1.2—1.5 equiv of accep-
tors to produce fS-glycosides 3—9 in good yields and
selectivities (Table 1). The stereochemistry of all products
or their 2-O-acetates was confirmed by '"H NMR coupling
constant or pulsed-field gradient (pfg) COSY analysis
(see the Supporting Information).

It is worth noting that the C2 hydroxyl of the inter-
mediate DTC glycoside does not interfere with glycosyl
coupling, as no side products corresponding to self-coupl-
ing or oligomerization could be identified. Instead, the C2
hydroxyl likely plays an active role in promoting 3-glycosyla-
tion by generating a tetrahedral intermediate that hinders
nucleophiles from approaching the a face (Figure 2). Com-
plementary studies on the reactivity of glycosyl DTCs sup-
port this argument and will be reported elsewhere.*!

While the scope of glycal assembly is substantially
improved by the in situ generation of glycosyl DTCs
(Table 1), this alone is not enough for the efficient coupling
of glycal donors and acceptors into larger oligosacchar-
ides, which is an important objective for its continued
development.%’4 For instance, some 1,3- and 1,4-linked
disaccharides could only be obtained in fair yields (Table 2,
footnote d). We recognized that a 2-O-benzoate (Bz)
would be useful to enhance donor reactivity, as has been
demonstrated with glycosyl thioimidates.'®** We thus
developed a chromatography-free method of benzoylation
that retains the processing advantages of glycal assembly.
In situ conversion of glycal donors 1, 10, and 11 into their
corresponding 2-0O-Bz glycosyl DTCs proved both facile
and compatible with CuOTf or Cu(OTf),-mediated

(24) Zhang, Q.; Zhao, Y.; Wang, B.; Feng, R.; Liu, X.; Cheng, T
Steroids 2002, 67, 347.

(25) (a) Duenas-Chasco, M. T.; Rodriguez-Carvajal, M. A.; Mateo,
P. T.; Franco-Rodriguez, G.; Espartero, J. L.; Irastorza-Iribas, A.;
Gil-Serrano, A. M. Carbohydr. Res. 1997, 303, 453. (b) Velasco, S. E.;
Areizaga, J.; Irastorza, A.; Duenas, M. T.; Santamaria, A.; Munoz,
M. E. J. Agric. Food Chem. 2009, 57, 1827.

(26) Barsanti, L.; Passarelli, V.; Evangelista, V.; Frassanito, A. M.;
Gualtieri, P. Nat. Prod. Rep. 2011, 28, 457.

(27) Albersheim, P.; Darvill, A.; Augur, C.; Cheong, J.-J.; Eberhard,
S.; Hahn, M. G.; Marfa, V.; Mohnen, D.; O’Neill, M. A.; Spiro, M. D.;
York, W.S. Acc. Chem. Res. 1992, 25, 77.

3381



Table 1. One-Pot Glycal Coupling via in Situ Glycosyl Dithio-
carbamate (DTC) Formation
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0.15 M; Cu(OTY),, TTBP (2 equiv each), 4 A mol sieves, —50 °C,
1:1 CH,Cl,/C,H4Cl,, then acceptor (1.5 equiv); reaction quenched
at 10 °C. (A) Cu(OTf),; (B) CuOTT. ®Isolated yields of 8 isomer, unless
stated otherwise. ¢ Yields in parentheses (reported in refs 3—5) are shown
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Figure 2. Cu-mediated activation of the glycosyl DTC inter-
mediate (L = coordination ligand). The participation of the C2
hydroxyl promotes the formation of 8-glycosides.

glycosylation directly after workup. This allowed com-
pounds 12—17 to be produced in high yields and with
exclusive 3 selectivity (Table 2).

Benzoylation of the intermediate DTC glycoside was
particularly beneficial in couplings involving less reactive
glycal donors such as conformationally locked glucal 11,
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Table 2. Oligosaccharide Assembly via in Situ Benzoylation of
Glycosyl DTC Intermediates
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“Standard conditions: (i) DMDO (1.5 equiv), 0 °C, CH,Cly; (ii) CS,
(1.05 equiv), Et,NH (2.1 equiv), MeOH, rt; (iii) BzCl (4 equiv, 0.4 M),
pyridine, rt; (iv) [Donor] = 0.15 M; Cu(OTf),, TTBP (2 equiv each), 4 A
mol sieves, —50 °C, 1:1 CH,Cl,/C,H4Cl,; acceptor added at —50 °C;
reaction quenched at 10 °C. (A) Cu(OTf), and 1.5 equiv of acceptor; (B)
CuOTf and 1.5 equiv of acceptor; (C) CuOTf and 1.4 equiv donor.
bIsolated yields of  isomer, unless stated otherwise. ¢ Also isolated 1,2-
orthobenzoate byproduct (6%). “Yields in parentheses for glycosyl
couplings without in situ 2-O-benzoylation, shown for comparison.
¢1.3 equiv of acceptor.” DMDO (1.5 equiv), —55 °C. £ Glycosyl coupling
without in situ 2-O-benzoylation produces a 5:1 :o. mixture.

with an increase in overall yields by more than 30%.
Such modifications effectively remove any limitations
previously associated with the efficiency of glycal assem-
bly, including the formation of g-1,2-, -1,3-, and
B-1,4-linked oligosaccharides.'**

The modified glycal assembly conditions can be
applied to a variety of naturally occurring fS-linked
oligosaccharides and glycoconjugates. For example,
glycal 15 is a precursor for the branched tetrasaccharide
of a pregnane glycoside (GlcB(1—6)[GlcS(1—2)]Glcf-
(1—6)Glcf-) isolated from Stelmatocrypton khasianum.**
To determine whether modified glycal assembly could
provide an efficient entry into sterically congested glycans,
we designed a synthetic route toward oligomers of
[GleB(1—3)[GlcB-(1—2)]GlcS(1—3)],-, a trisaccharide re-
peat unit of a branched S-glucan produced by probiotic
strains of the Pediococcus genus.>® The diverse biological
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activities of branched S-glucans have gained prominence in
recent years and include a broad range of human health
benefits'*">2® as well as regulatory functions in plants®’ and
bacterial biofilm formation.”*” The crowded 1,2;1,3-link-
age provides a stringent test for glycosyl coupling, as the
steric congestion around the branched acceptor impedes
both coupling efficiency and stereoselectivity.*

The p-methoxybenzyl (PMB)-protected glucal donor 18
was coupled with glucal acceptor 19 using a slight variation
of the previous reaction conditions. Epoxidation was
performed using a modest excess of DMDO, followed by
treatment with 1.3 equiv of Et,DTC in MeOH (Scheme 1).
In this case, the DTC salt also served as a DMDO
scavenger to prevent overoxidation of the 3-O-PMB ether.
The crude glycosyl DTC intermediate was benzoylated,
then subjected to CuOTf-mediated coupling with 1.5 equiv
of 19 to produce disaccharide glycal 20in 71% overall yield
from 18 after chromatography.

The 2'-0-Bz ester was saponified and subjected to a one-
pot coupling with 2 equiv of 1 using our modified glycal
assembly conditions, to produce branched trisaccharide
glycal 14 in 92% yield from 20.*' Acceptor 21 (1.2 equiv)
was prepared from donor 14 by oxidative cleavage of the
3-O-PMB ether in 90% yield and then subjected to CuOTf-
mediated coupling to produce 22 in 47% isolated yield
(Scheme 1). The synthesis of hexasaccharide glycal 22 from
glucals 18 and 19 was achieved in 11 steps and with only four
chromatographic purifications, in an overall yield of
28%. Furthermore, 22 was produced as a single dia-
stereomer despite the creation of 10 stereocenters. In
this regard, we note that the DMDO epoxidation of
disaccharide glycal 20, trisaccharide glycal 14, and
hexasaccharide glycal 22 all furnished glycosyl DTCs
with >95% f selectivity.?

Remarkably, the internal S-glucoside at the newly
formed 1,3-linkage (ring D) of hexasaccharide 22 was
significantly distorted from a chair (*C;) conformation
(/12 = 5.3 Hz), despite the torsional constraints imposed
by the 4,6-benzylidene acetal. Additional NMR analysis of
ring D suggested a twist-boat conformation, which may
serve to alleviate steric interactions with neighboring re-
sidues on ring B (see the Supporting Information). This is
in accord with earlier reports of anomalously low J;
values for one or more pyranosides in protected derivatives
of 1,3-linked f$-glucans.* The S configuration of ring D
was eventually confirmed by 'C NMR analysis of its
anomeric carbon (8(Clp) 99.8 ppm; 'Jey = 166.1 Hz)**

(31) We note that glycal coupling with donor as the limiting agent is
also high-yielding (Table 2, entry 3) and permits recovery of excess
acceptor, but limiting the acceptor is more practical in this case because
of ease of purification.
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Scheme 1. Synthesis of a Branched S-Glucan by Modified
Glycal Assembly

(i) 18, DMDO, CH,Clp, -30°C, 1 h
(ii) CS,, Et;NH, MeOH, rt, 2.5 h

PR o (iiyBzCl, pyr, it, 12 h PO Ph/VO
RO o o

()19 (15 cq), CuOT, TTEP, PHB o6z
18:R=PVMB  cp,c1,DCE, -30 °C, 12 b, 2
19:R=H 10°C,3h (71% overall)

20 (1 eq), KoCOs, THF-
_(v) CuOTr, TTEP, | MeOH, 50 °C, 12 h

Ph/TO Ph—"X0
&W CH,CI,/DCE, 3o°c (i) 1 (2 eq), DMDO,

12h;10°C, 3 h CHJCl,, 8°C, 1h
(92% overall) (i) CS,, Et;NH, MeOH,

B20 14:R = PMB
n,25h
and DDQ, pH 7 buffer, . (iiiy BzCI, pyr, rt, 12 h
210 5| CH:Clo. 1t 1.5 0 (90%) B0 )
21:R=H Bgﬁ(&/) 1
(i) 14 (1 eq), DMDO, CH,Cl,, 30 °C, 1 h
(ii) CS,, Et;NH, MeOH, rt, 2.5 h; (iii) BzCI, pyr, it, 12 h

(iv) 21 (1.2 eq), CuOTF, TTBP, CH,Cl,/DCE, -30 °C,
12h;10°C,3h  (47% overall)

Ph Ph
Ph/v o ph7\o X0
PMBO \g/

E oBz D
(o]
F c 22
BnO BnO

BnQ® OBn Bno OBn

and also by key dipolar couplings between rings B and D
via 2D-ROESY analysis. It is worth mentioning that
hexasaccharide glycal 22 could also be oxidized into an
epoxyglycal with DMDO and coupled with trisacchar-
ide acceptor 21 using modified glycal assembly condi-
tions (see the Supporting Information for partial
characterization). However, the expected nonasacchar-
ide glycal could not be isolated by chromatographic
separation, possibly because of the sensitivity of the
strained f-1,3-linkages.

In conclusion, glycal assembly via the in situ generation of
2-0-Bz glycosyl DTCs is competitive with standard methods
of preparing f-linked oligosaccharides while reducing the
burden of isolating and purifying synthetic intermediates.
Glycal donors can be coupled with sterically congested
acceptors under mild conditions to enable the expedient
assembly of complex S-glucans, including those whose inter-
nal linkages exhibit considerable torsional strain.
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