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Herein, we present a catalytic strategy to efficiently form both
a-1,2-cis and a-1,2-trans glycosyl linkages from either glycosyl
bromide or chloride donors using the commercially available
HyperBTM isothiourea in both good yields and selectivities.

Exerting stereocontrol in glycosylation is a fundamental goal
within carbohydrate synthesis and is highly important for the
efficient preparation of single-isoform oligosaccharides, enabling
their interrogation in glycobiology and medicine. Considering the
numerous variables inherent to glycosidic bond formation, the
preparation of complex oligosaccharides remains a challenging
endeavor.' Accordingly, the development of methodologies that
enable high degrees of stereocontrol have been an historical
objective overall,” and notably in the context of o-linked glycosides.
While the synthesis of o-1,2-trans glycosides is often realized
through anchimeric assistance with protecting groups, forming
a-1,2-cis glycosides is less predictable due to stereoelectronic
factors promoting a fluid Sy1 and Sy2 continuum.’ Historically,
a-1,2-cis selectivity has been accomplished through the stoichio-
metric use of halide-ion,* pyridine,> amine,® and phosphine’
nucleophiles, often requiring extended reaction times for full
conversion. Numerous tactics have subsequently been advanced
including the use of auxiliaries,® directing groups,” and exogen-
ous modulators.'® Recently, o-1,2-cis glycosides have been
prepared utilizing transition-metal catalysis'""> or with main-
group reagents.">'* However, despite these advances, draw-
backs exist regarding catalyst loadings, and specialized glycosyl
donors. Additionally, requirements for high-dilution conditions
and/or cryogenic temperatures are needed to ensure selectivity,
and in the context of boron reagents, stoichiometric silver salts
are necessary to activate the donor. Organocatalytic*® formation
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of o-linked glycans present an attractive alternative to metal-
based methods, with Jacobsen disclosing a bio-inspired approach
using anion-binding macrocycles,'® and Nguyen recently reporting
C-2 symmetric phenanthrolines'” acting on glycosyl bromides as
an evolution of pyridine nucleophiles.

Isothioureas, extensively studied as acyl transfer agents,'®
represent an unexplored reagent in glycosylations and were
identified as an attractive catalyst scaffold as they are strong
Sigma donors.'® Herein, we disclose the discovery that iso-
thioureas catalyze the formation of both -1,2-cis glycosides
and o-1,2-trans glycosides without the need for special directing
groups or functionalization.

We began our investigation with glycosyl bromide 1 and
galactose acceptor 2 as our study coupling partners with com-
mercially available tetramisole hydrochloride 3a as the initial
catalyst (Table 1). Glycosylation of 1 with 2 formed 4 in moderate
yield (64%) but with low selectivity (2:1 o: f) at 10 mol% catalyst
loading in toluene at 50 °C in the presence of (‘Pr),NEt (Fig. S1,
ESIt). Systematic evaluation of reactant stoichiometries, catalyst
loading, solvent, concentration, temperature, and choice of acid
scavenger identified conditions that furnished 4 in 5:1 «:f
selectivity in 58% yield. (Fig. S1, ESIT). A panel of other isothiour-
eas was then screened for improved selectivity and yield. While
catalyst 3b performed comparably to 3a, we observed that cata-
lysts 3c-3e furnished disaccharide 4 in similar selectivities but in
higher yields, suggesting the arene moiety augments reactivity.
Catalyst 3f, a [6,5]-containing scaffold led to a lower yield, but
with enhanced selectivity (6:1 o: ff) relative to the [5,5]-scaffold
isothiorureas, suggesting the [6,5] motif is important in convey-
ing selectivity. Similarly, catalyst 3g, containing both an arene
and the [6,5] scaffold mediated glycosylation with both higher
selectivity and yield relative to 3a. Upon screening the commer-
cially available HyperBTM isothioruea (3h) a significant increase
in both yield and selectivity was observed, furnishing 4 in 83%
yield at 9.5:1 o:f selectivity (Table 1). Further investigation
showed that ent-HyperBTM (3i) provided 4 in both diminished
selectivity and yield, suggesting the specific stereocenters of the
phenyl and isopropyl groups within 3h play a crucial role to
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Table 1 Isothiourea catalyst evaluation?
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Entry Deviation from standard conditions Yield, of

1 catalyst 3b 57%, 4.5:1
2 catalyst 3¢ 67%, 5.2:1
3 catalyst 3d 75%, 5.2:1
4 catalyst 3e 64%, 4.8:1
5 catalyst 3f 55%, 6:1

6 catalyst 3g 71%, 6:1

7 catalyst 3h 83%, 9.5:1
8 catalyst 3i 74%, 4.5:1
9 catalyst 3h, 10 mol% 65%, 10:1

¢ All reactions were run at 0.1 mmol scale relative to 2. Yields refer to
isolated, purified products, and (x:f) ratios were determined by
'H NMR analysis of unpurified reaction mixtures.

impart selectivity. Lowering the catalyst loading (entry 9, Table 1)
of 3h to 10 mol% showed diminished yield, but with similar
selectivity to entry 7.

Experimentally, this transformation gives high - to complete
a-selectivity and tolerates common sets of protecting groups,
including benzyl, benzylidene, silyl, and benzoate groups. While
use of chloride donors was found to be competent, reaction times
were extended relative to the analogous bromide donors with
slightly reduced selectivities (Fig. S3, ESIt). Exposure of 1 to
primary alcohol acceptors furnished disaccharides 5 and 6 in
good yields, and in good to outstanding alpha selectivity, com-
pared with Lewis-acidic conditions (Fig. 1).>° Notably, in the
formation of 6 no aglycone transfer was observed.”’ Reactions
of secondary hydroxyl acceptors, including challenging C-2 and
C-3 hydroxyls, occurred in excellent selectivities forming 7 and 8.
Glycals, typically coupled through alkylation conditions,** reacted
smoothly to form 9 with no hydrochlorination by-products.
Additionally, 2-deoxy-2-azido sugars are tolerated, forming 10 in
good yield, albeit at more modest levels of selection, potentially
due to the electronic impact of the azido moiety influencing an
Sx1 pathway shift.>®> We then explored benzylidene-protected
donors, which can modify conformational plasticity®* of the
donor, potentially impacting selectivity. To this end, benzylidene
incorporation demonstrated augmented stereoselection, with
both primary and secondary hydroxyl acceptors, furnishing dis-
accharides 11-13 in augmented chemical yields and a-selectivity
relative to previous organocatalytic>® approaches and comparable
with photoredox strategies, resepectively.''” Glycosylation with
C-6 O-benzoyl and C-6 O-silyl protected donors are tolerated, as
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Fig. 1 ¢ Reaction scope. ?Reactions run on 0.1 mmol scale relative to
acceptor. Yields refer to isolated, purified products, («:f) ratios were
determined by 'H NMR analysis of unpurified reaction mixtures.

evidenced by the formation of 14-16 in both good yields and
anomeric ratios. The presence of the sterically demanding C-6
O-TBDPS group attenuated reactivity, as reflected in lower yields
of 17 and 18. Interestingly, the formation of 19 occurred with very
low selectivity, suggesting that catalyst-glyca conformation is
ineffective at promoting selectivity compared to the glucosyl
donor-catalyst adducts.

Next, we examined galactosyl donors which were found to
react with higher yields (Fig. S3, ESIT), selectivities, and were
more stable relative to the bromides.
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Disaccharides 20 and 21, for example, were formed with
augmented selectivity in comparison to previous reports.>®
Glycosylation with secondary acceptors formed the sterically
encumbered adducts 22-24 with complete o-selectivity. In addi-
tion, disaccharide 25 containing a highly challenging o-1,4
linkage,® was obtained in 20: 1 a-selectivity. Serine nucleophiles
are well tolerated to form O-glycan-type structures®” 26 and.
Benzylidene protection of the chloride donor was well tolerated
in furnishing 28, and azido disaccharide 29 was prepared in
outstanding selectivity. Following this, we explored o-1,2-trans
glycoside formation on rhamnoside donors without utilizing the
influence of directing or protecting groups for selectivity. Rham-
nosylation proceeded through use of the chloride donor and led
to the formation of disaccharides 30 and 31 in both good yields
and outstanding selectivities from the corresponding primary
and secondary hydroxyl acceptors, respectively. Disaccharide 32
was obtained through glycosylation with an unreactive axial O-2
hydroxyl nucleophile. Expanding this reaction to catalyst-
controlled oligosaccharide synthesis, we identified 43, a struc-
tural component of the of the Group B Streptococcus agalactiae
cell wall as a suitable objective (Fig. 2).>® As oligorhamnans are
found in bacterial pathogens, homogeneous access to specific
glycoforms could enable investigation into their biological prop-
erties and potential as therapeutic targets. Proceeding, glycosyla-
tion of acceptor 33 with donor 35, furnished disaccharide 36 in
76% yield as a single a-anomer at gram scale. Removal of the tert-
butyldimethylsilyl protecting group with TBAF furnished accep-
tor 37 in 91% yield, which was then reacted with 35 utilizing
catalyst 3h to provide trisaccharide 38 in 78% yield as a single
anomer. Following silyl deprotection, and isolation of trisacchar-
ide acceptor 39, glycosylation with 35 generated tetrasaccharide
40 as a single anomer in 70% yield over two steps. Deprotection,
followed by glycosylation of 41 with 42, furnished pentasaccharide
43 as a single anomer in 85% yield over two steps, and confirmed
through both 1D and 2D NMR experiments.

Based on literature precedents of amines and heterocycles
engaging glycosyl halides to form glycosyl ammoniums, we
hypothesize that this reaction proceeds through a double Sy2
reaction where in the first displacement the catalyst reacts with
the glycosyl halide to form an equatorial ammonium species,"”*°
In the second displacement, the glycosyl acceptor reacts to form
a new o-linked glycosyl bond and releasing the catalyst

3h

3h 35
3 NEt; NEt, |
+ DCE, 65 °C Bn’g‘?\;&# DCE, 65 °C
cl
RO
ale 70 08n B0 22
TBSO gn @ >20:1, 76% ro [
35 36 R=TBS TBAF a:>20:1, 78%
37 R=OH THR,23 °C 8 R=TBS _—
- THF, 23 °C
39 R=OH 3

Fig. 2 Synthesis of rhamnan pentasaccharide 42.
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Scheme 1 (a) Proposed reaction mechanism, (b) mass spectrometry study.

(Scheme 1a). We were able to detect this ammonium species
through "H NMR spectroscopy by reacting 1 with catalyst 3h and
within 1 hour identified two anomeric signals at 45.92 ppm and
05.73 ppm both in agreement based on previously observed
glycosyl ammoniums,® and the respective H1-H2 coupling con-
stants are 4.05 Hz and 3.75 Hz, which are smaller than chair and
suggestive of a different type of conformation (Fig. S4, ESIT).
Additionally, we were able to isolate the catalyst-glycan adduct
and characterize it through mass spectrometry, and subsequently
react it with 2 to form 4 albeit in modest yield due to the
moisture-sensitive adduct (Scheme 1b and Fig. S5, ESIf).

In conclusion, we have identified isothioureas as nucleophi-
lic glycosylation catalysts and specifically the HyperBTM as
highly effective for the selective formation of both «-1,2-cis
and o-1,2-trans glycosidic linkages. This reaction proceeds
without the need for assistance through protecting or directing
groups and is operationally direct and mild. It is amenable to
both glycosyl chloride and bromide donors with successful
application to sterically encumbered linkages and an oligosac-
charide. We are currently investigating both the structure of the
putative ammonium intermediate, and the overall mechanism
through both experimental and computational approaches.
Simultaneously, we are currently expanding this platform to
other glycan types and more complex oligosaccharides.
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