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Total Synthesis of a Pentasaccharide O-Glycan from

Acinetobacter baumannii

Dancan K. Njeri* and Justin R. Ragains*"’

Acinetobacter baumannii is a Gram-negative bacteria associated
with drug resistance and infection in healthcare settings. An
understanding of both the biological roles and antigenicity of
surface molecules of this organism may provide an important
step in the prevention and treatment of infection through
vaccination or the development of monoclonal antibodies. With
this in mind, we have performed the multistep synthesis of a
conjugation-ready pentasaccharide O-glycan from A. baumannii

Introduction

Acinetobacter baumannii is an opportunistic, Gram-negative
pathogen infamous for the nosocomial infections that it causes
especially with the infirm and immunocompromised as well as
those who have suffered traumatic injury."™ Multidrug resist-
ance as well as extensive and even pandrug resistance (in which
the bacterial pathogen in question is resistant to all approved
antibiotics) are becoming increasingly prevalent with A.
baumannii®® What is worse, despite extensive efforts, there
are no approved vaccinations for the prevention of infection.”'”
Meanwhile, the urgency for providing new solutions to
prevention and treatment of A. baumannii infection has been
emphasized by agencies such as the U.S. Centers for Disease
Control and the World Health Organization. An underempha-
sized area in the quest to address the A. baumannii problem, in
our opinion, is that of the glycans presented on the surface of
this organism, be they capsular polysaccharides (CPS),™" lip-
ooligosaccharides (LOS),""" or O-glycans.!'

Vaccines based on the covalent conjugation of capsular
polysaccharide portions, be they synthetic or harvested from
laboratory production of bacteria, to carrier proteins (glycocon-
jugate vaccines) have been a triumph in the prevention of
infection with bacterial pathogens such as Haemophilus
influenzae,  Streptococcus  pneumoniae, and  Neisseria
meningitidis.">'® We have become interested in the chemical

[a] Dr. D. K. Njeri

Department of Chemistry
Louisiana State University
232 Choppin Hall

Baton Rouge, LA 70803 (USA)
E-mail: dnjeril@lsu.edu

Prof. J. R. Ragains
Department of Chemistry
Louisiana State University
232 Choppin Hall

Baton Rouge, LA 70803 (USA)
E-mail: jragains@lsu.edu

=

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/ejoc.202201261

Eur. J. Org. Chem. 2022, €202201261 (1 of 11)

with a longest linear synthetic sequence of 19 steps. This target
is particularly relevant due to its role in both fitness and
virulence across an apparently broad range of clinically relevant
strains. Synthetic challenges include formulating an effective
protecting group strategy as well as the installation of a
particularly difficult glycosidic linkage between the anomeric
position of a 2,3-diacetamido-2,3-dideoxy-D-glucuronic acid
and the 4-position of D-galactose.

synthesis and immunological studies of A. baumannii glycans,
especially those that might be expressed on a high proportion
of clinically relevant strains. With regard to chemical synthesis, a
few efforts in the area of A. baumannii glycan synthesis have
been reported. In 2015, the Hashimoto group reported the
synthesis of a tetrasaccharide repeating unit from the “O-
antigen” isolated from A. baumannii serogroup 018.2% However,
the lack of the appropriate Waal ligase gene in A. baumannii
calls into question whether this was O-antigen or perhaps the
repeating unit of a capsular polysaccharide.”” In 2021, Zhang
and Seeberger reported the synthesis of trisaccharide repeating
units from the CPS of A. baumannii AB5075.2% In early 2022, we
reported the synthesis of the tetrasaccharide CPS repeating unit
from A. baumannii D78.%* Even more recently, Yang, Yin, and
co-workers reported the synthesis and immunological evalua-
tion of an LOS core structure from A. baumannii ATCC 1790424

Of particular interest to us is another glycan not from the
CPS or LOS of A. baumannii but a protein-linked pentasacchar-
ide O-glycan (1, Scheme 1). Discovered by Feldman, Vinogra-
dov, and co-workers in 2012, this structure (isolated and
characterized as a conjugate to L-serine, L-glutamic acid, and L-
alanine, i.e. “SEA") was originally associated with A. baumannii
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Scheme 1. A. baumannii Pentasaccharide O-Glycan.
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ATCC 17978"% However, further study indicated that the
“glycosylation machinery” associated with the O-glycan was
“present in all clinical isolates tested as well as in all of the
genomes sequenced.”™ Disruption of the biosynthesis of this
glycan resulted in defective biofilm formation as well as
reduced fitness in a mouse sepsis model. Clearly, this O-glycan
is of great importance to the virulence of clinically relevant
strains of A. baumannii and could be an interesting subject for
further immunological study. What is more, in 2017, Wu and co-
workers determined that this same pentasaccharide is a
repeating subunit from the CPS of A. baumannii strain SK44.%
Antibodies recognizing the CPS were reported to provide
protection against infection, and the same antibodies were
found to bind to 62% of clinical isolates. These results, being
originally puzzling to us before we were aware of the work of
Feldman and Vinogradov,"¥ are readily explained by the
abundance of the pentasaccharide as a stand-alone O-glycan
on most or perhaps all clinically relevant strains.

With this knowledge in hand, we aimed to synthesize
conjugation-ready analog 2 chemically for further immunolog-
ical study (Scheme 2). The retrosynthetic analysis of 2 is
depicted in Scheme 2. We reasoned that fully protected
precursor 3 could be converted to 2 in two steps starting with
functional group interchange of azide to acetamido on the left-
most uronic acid moiety to generate the unusual 2,3-Diacetami-
do-4-Acetyl-2,3-Dideoxy-D-glucuronic Acid (DADA). We will
further comment on the importance of this strategy below.

Hydrogenolysis of the resulting intermediate would reduce
all trichloroacetamido groups to acetamido while removing all
benzyl groups and the Cbz protecting group. The final target 2
is appended with a 5-aminopentyl linker at the reducing end to
enable further conjugation to an array or a carrier protein.
Disconnection of 3 results in 5 monomers designated as 4-8
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Scheme 2. Targeted Product and Retrosynthesis.
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(DADA, N-acetyl-D-glucosamine [GIcNAc], D-galactose [Gal], D-
glucose [Glc], and N-acetyl-D-galactosamine [GalNAc], respec-
tively) and linker precursor alcohol 9. Individual synthesis of
these monomers would commence from commercially available
building blocks such as D-galactosamine, D-glucose, D-galac-
tose, and D-glucosamine.

Results and Discussion
Monosaccharide/Donor Synthesis

We begin the discussion with our synthesis of “DADA” donor 4
(Scheme 3) which began similarly to a synthetic sequence in Yin
and Seeberger’s synthesis of a P. shigelloides CPS trisaccharide
subunit.”® Starting from known 2-deoxy-2-trichloroacetamido-
D-glucose-1,2,4,6-tetraacetate 11,”” glycosylation of allylic alco-
hol proceeded in 85% yield to generate a glycosylation product
12 which was subjected to methanolysis and then benzylidena-
tion to 13 (91%, 2 steps). Noteworthy is that the anomeric
selectivity incurred in the glycosylation was opposite to that
reported by Yin and Seeberger® However, this was not
detrimental to the final outcome. Conversion of 13 through a
Lattrell-Dax inversion resulted in D-allosamine 14 (83 %, 2 steps)
followed by an additional 3-position triflation and inversion
with azide to generate 15. Hydrolytic removal of benzylidene
was then proceeded by 6-position oxidation to carboxylic acid
(BAIB, TEMPO) and benzyl ester formation (BnBr, NaHCO,) to
afford 16 (59 %, three steps).

Careful examination of the '"H NMR of 16 as well as the
subsequent acetate (see compound 16a in the Supporting
Information section) indicated that the glucuronate stereo-
chemistry had been preserved despite the potential epimeriz-
ability of C5 in these intermediates. Noteworthy, too, is that C4
acetylation would preclude the implementation of acetates as
permanent protecting groups during pentasaccharide assembly
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Scheme 3. “DADA" donor 4 synthesis.
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and global deprotection. Acetylation and then iridium-catalyzed
alkene migration and oxidative hydrolysis of the resulting vinyl
glycoside starting from 16 resulted in net deallylation and
formation of reducing sugar 17. This intermediate was con-
verted to N-phenyltrifluoroacetimidate donor 4 that was carried
on to the assembly phase of the pentasaccharide synthesis. Our
rationale for installing azido instead of amido at the 3-position
of this donor was to avoid oxazine formation observed by Yin
and Seeberger (see the conceivable but unwanted conversion
of 18 to 19, Scheme 3)*® through preemptive intramolecular
attack of 3-position amide carbonyl on the anomeric position.
Our synthesis of GalNAc precursor 8 (Scheme 4) com-
menced from known thioglycoside 20 which underwent
methanolysis followed by benzylidenation. In the latter case,
promotion with CSA and a,a-dimethoxytoluene in DMF at 60 °C
provided only partial conversion after 24 h. However, concen-
tration of the reaction mixture and resubmission to conditions
involving pTsOH-H,O in CH,CN resulted in complete conversion
after just 30 minutes and afforded 21 in near-quantitative yield.
At this stage, temporary TBDMS protection of 3-position
hydroxyl enabled us to convert C4/C6 benzylidene to C4 benzyl
with free C6 OH followed by benzylation of 6-position to
generate 22 (83%, 3 steps). Subsequent TBDMS removal and

OAC_OAc o o) 1. TBDMSCI., imid., CH,Cl,, 0 °C
x NaOMe, MeOR, CH,Cl5, 157G 2. BHyTHF, TMSOTS, CH,Cl, 0-18 °C
AcO STol —————— 3. NaH, BnBr, THF/DMF 20:1, 0-18 °C
TCAHN 2. PhCH(OMe),, DMF, 60 °C,
20 then PhCH(OMe),, CHACN, 60 °C  HO STol
TCAHN

21 (>99%, 2 steps)

0Bn_op, 0Bn_opg;

o 1. BFyE;0, CH,ON, 0°C a

TBDMSO! STol ———————  FmocO STol
TCAHN 2. FmocCl, Py., CH,Clp 0°C TCAHN

22 (83%, 3 steps) 8 (84%, 2 steps)

Scheme 4. Synthesis of GalNAc donor.
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Scheme 5. Synthesis of Glc, Gal, and GIctNAc donors.
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reprotection of 3-position with Fmoc (which would have been
susceptible to the previous Williamson etherification of 6-
position under basic conditions) afforded donor 8 over a 2-step
sequence (84 %).

Meanwhile, we conducted straightforward syntheses of
donors 7 (Glc precursor, 6 steps from D-glucose pentaacetate),
6 (Gal precursor, three steps from p-thiocresyl galactose-2,3,4,6-
tetraacetate), and 5 (GIcNAc precursor, 5 steps from D-glucos-
amine hydrochloride) as summarized in Scheme 5 (see Support-
ing Information for synthetic details). With all 5 of the
monosaccharide donors in hand, we set our sights on the
assembly phase of the pentasaccharide synthesis.

Assembly

The first sequence in the assembly phase involved the synthesis
of linker-appended disaccharide acceptor 26 (Scheme 6). Thio-
cresyl donor 8 was reacted with acceptor 9 using a set of
glycosylation conditions that would serve us well throughout
the assembly phase (NIS, AgOTf, CH,Cl,, low temperature)® to
afford a glycoside which could not be purified away from
succinimide. However, Fmoc was removed (92%, two steps) to
generate 23 (as the only observed and 1,2-trans stereoisomer,
3C anomeric carbon & 100.0 ppm) which was readily purified.
An unmistakable HMBC correlation could be seen between the
anomeric proton at 8 4.58 ppm and linker CH,-O carbon at
69.5, and correlations of this nature were observed in several
subsequent intermediates, affirming the formation of this
linkage. Reaction of acceptor 23 with donor 7 (NIS, AgOTf,
CH.Cl,) afforded disaccharide 24 in high (95%) vyield. Inter-
change of the Glc C2 protecting group was necessary at this
stage as late-stage removal of C2 Ac would be incompatible
with the C4 Ac on DADA. Thus, methanolysis and benzylation
under Williamson conditions provided disaccharide 25 (84 %,
two steps). At this stage, NMR analysis confirmed 1,2-trans
stereochemistry of the newly formed glycosidic linkage with the
Glc anomeric carbon at & 104.3. Noteworthy, too, was the
downfield chemical shift of the GaINAc C3 from & 71.0 in 23 to
d 76.1 in 25. Further, an HMBC correlation between Glc
anomeric proton at 8 4.56 and GalNAc C3 at & 76.1 could be
observed, establishing the 1—3 linkage between Glc and

OBn_ogn 1. NIS, AgOTf, 3AMS, 0Bn_ogn
O Bn CH,Cl,, -40 - -10°C B
0 2Cl2, Yol n
Fmoco STl s HOS(NCbZ 2 BN, CH,Cl 18°C  HO 0., . NCbz
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PR\ O
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Scheme 6. Synthesis of disaccharide acceptor 26.
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GalNAc. Finally, benzylidene migration to the C4 of Glc was
effected with BH;THF and TMSOTf to produce acceptor 26.
Regioselectivity could be confirmed with an HMBC correlation
between the Glc C6 hydroxyl proton (8 1.67 ppm) and the C6
carbon (8 61.8 ppm) as well as COSY between the hydroxyl
proton and C6 protons at 4 3.71 and 6 3.83 ppm.

Assembly from disaccharide 26 to fully protected pentasac-
charide 3 was carried out in four steps according to Scheme 7.
With disaccharide acceptor 26 in hand, we performed glyco-
sylation with donor 6 (NIS, AgOTf, CH,Cl,) to generate a
trisaccharide (compound 26 a, see Supporting Information) in a
modest 68% yield. A downfield shift of the Glc C6 "C signal
from 0 61.8 ppm in 26 to & 66.4 ppm in the trisaccharide
provided evidence of connectivity. Meanwhile, the anomeric
proton of the newly installed Gal was observed at § 5.01 ppm
with the anomeric carbon at 8 98.4 ppm. Highly noteworthy
was that HMBC correlations between the Gal anomeric proton
and the C6 carbon of Glc could be seen while further HMBC
correlations between the Gal anomeric carbon and Glc C6
proton multiplets between & 3.73 and 3.83 ppm could be
observed. With this connectivity determined, removal of di-tert-
butylsilylene (DTBS) from Gal produced diol trisaccharide
acceptor 27 in 86 % yield.

Selective glycosylation of diol 27 was predicated on the
increased nucleophilicity of Gal C6 OH relative to C4. While we
have encountered problems with this type of assumption in the
recent past,® this strategy served us well in this particular
synthesis. Thus, reaction of 27 with donor 5 (NIS, AgOTf, CH,Cl,)

1. NIS, AgOTf, 3AMS,
0Bn OBn w0
BnO NCbz + o

181G (86
TCAHN B0 Tl 2 HFPy, THF, 0-18 °C (86%)
OH_OH
BnO
OBn OBn 8
Bno gn %0 \_swi
E60 NCbz + B o

TCAHN TC:HN

NIS, AgOTf, 3AMS,
CHCly, -40--10 °C

Bno ©OBn

TCAHN%
BnO,C, 0.4 M TE,NH in CHoCN (2 equiv.),

OBn OBn
o
BnO Bn Acom i
Bno \M/Ncbz + CF,

TCAHN ©
TCAHN 5
8 (83%) 4

CH,Cly, 3AMS, 0 °C

Bno OBn

BnO,C TCAHN
ACO%
TCAHN E o
BnO
0Bn OBn
BnO ! Bn
OM NCbz

TCAHN 5
3 (44%)

Scheme 7. Assembly of fully protected pentasaccharide.
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afforded tetrasaccharide 28 in 83% vyield. HMBC correlations
between the GIcNAc anomeric proton at 6 4.76 ppm and the
Gal C6 carbon at & 69.5 ppm as well as HMBC correlations
between the GIcNAc anomeric carbon at 8 100.5 ppm and Gal
C6 protons at & 4.00 and 3.78 ppm confirmed the new 1—6
linkage. Further, TOCSY confirmed that the assigned Gal C4 OH
proton at & 2.62 ppm was part of the same spin system as the
Gal C6 and anomeric protons.

Due to the electronic and steric deactivation associated
with the C4 OH of Gal in 28 along with the potentially low
intrinsic reactivity of electronically deactivated DADA donor 4,
we approached the final glycosylation with trepidation. Multiple
attempts at glycosylation using promotion with TMSOTf simply
resulted in silylation of the Gal C4 OH of 28. Triflic acid resulted
in the formation of unidentified by-products and <20% of the
desired pentasaccharide with catalytic quantities and complete
decomposition of 4 with stoichiometric quantities. Given its
comparable acidity to triflic acid and demonstrated differences
in reactivity and behavior of trifluoromethanesulfonimide anion
relative to trifluoromethanesulfonate,***? we considered the
use of trifluoromethanesulfonimide (Tf,NH) as an alternative
strong acid for the activation of 4. We found that addition of a
0.4 M CH;CN solution of 2 equivalents of Tf,NH to a CH,Cl,
solution of 28 and 4 at 6 °C resulted in rapid consumption of 4
and glycosylation of 28 to produce 3 whereas use of catalytic
quantities of Tf,NH did not promote glycosylation. The yields
we observed were typically modest with this difficult glycosyla-
tion (30s-40s % vyield), with a characteristic yield of 44%
indicated in Scheme 7 and the accompanying procedure in the
Supporting Information. However, highly noteworthy is that
unreacted 28 can be recovered from chromatographic purifica-
tion of reaction mixtures and recycled for further use.

Global Deprotection

The final deprotection sequence proved to be straightforward
with the exception of the final purification (Scheme 8). Treat-
ment of 3 with a mixture of thioacetic acid and pyridine
effected the conversion of the 3-position azide on “DADA” to
acetamido. The resulting product (3a, see Supporting Informa-
tion) was afforded in 87% yield. The final hydrogenolysis

BnO OBn

1. AcSH, pyridine,
CH,Cly, 18 °C (87%)

2. Hy, Pd(OH),/C, CH,Cls,
H,0, EtOH, 18 °C (41%)

BnO,C TCAHN
cO

A
N3

TCAHN

BnO

OBn_oBn
BnBOO &/ T
n NCbz
\Mg

TCAHN

Scheme 8. Global deprotection.
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employed Pd(OH),/C with a solvent mixture of CH,Cl,, H,0, and
EtOH under 1 ATM of H, and successfully removed all Bn groups
and Cbz and replaced chlorine atoms with H as predicted.
Purification first with Sephadex LH-20 stationary phase removed
all but one unidentified impurity. A subsequent purification
using polyacrylamide beads (Bio-Gel P-2) as the stationary
phase successfully provided pure desired product 2 in a modest
41% yield. This current approach has given us access to
milligram quantities of 2 which will be sufficient for future
immunological and other studies. The synthesis of 2 proceeded
with a longest linear sequence of 19 steps starting from known
donor 20 (Scheme 4).

Both 1D and 2D NMR analysis of 2 was critical for establish-
ing the glycosidic linkage between the anomeric position of
DADA and the C4 position of Gal which was not easily
discerned from spectroscopic analysis of 3. In particular,
consideration of HSQC, TOCSY, HSQC-TOCSY, and HMBC of 2
led to the identification of a key HMBC correlation between the
DADA anomeric proton at & 4.89 and the Gal C4 at & 77.8.
Furthermore, comparison especially of the '"H NMR and HSQC
spectra of 2 to those of Feldman and Vinogradov's original
isolate (conjugate of the pentasaccharide to a tripeptide
consisting of L-serine, L-glutamate, and L-alanine, i.e. SEA)""
showed striking similarities (see Supporting Information, pg.
S195, Ref. [14]). The totality of the NMR analysis performed on 2
and intermediates leading up to its synthesis as well as
comparison to Feldman and Vinogradov's data strongly bolster
the original structural assignment of the pentasaccharide.
Furthermore, Seeberger and co-workers published the synthesis
of 2 a mere 5 days after we initially submitted this work for
review.®¥ Comparison of spectroscopic data indicated that the
compounds synthesized by us and by Seeberger and co-
workers are identical.

Conclusions

Herein, we have detailed the (longest linear sequence of 19
steps from known donor 20) synthesis and characterization of a
conjugation-ready pentasaccharide O-glycan from A. baumannii
ATCC 17978. Challenges included the synthesis of a “DADA”
donor not predisposed to unwanted oxazine formation as well
as the assembly of a branched trisaccharide substructure
consisting of GIcNAc, DADA, and Gal. In particular, we had to
resort to an unusual set of conditions to promote the formation
of the congested glycosidic linkage between the anomeric
position of DADA and the 4-position of Gal. Further, the
presence of acetate at the 4-position of DADA necessitated
careful development of a viable protecting group strategy. Both
the 1D and 2D NMR analysis of synthetic intermediates and
final product 2 confirm our structure and bolster the original
structural assignment made by Feldman and Vinogradov. While
the full range of functions for this O-glycan is not fully
understood, evidence strongly suggests its importance for both
the fitness and virulence in multiple (perhaps most) clinically
relevant strains of A. baumannii. Synthetic access to the O-
glycan pentasaccharide may open new chapters in under-
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standing the molecular biology of A. baumannii, studying
immune responses to infection with it, and the development of
vaccines to prevent infection.

Experimental Section

General Information: Solvents and reagents used were obtained
from commercial sources. Dichloromethane used in glycosylation
was freshly obtained from a solvent purification system (PureSolv
400-5). Powdered 3 A Molecular sieves from BTC used in all
glycosylations were activated by flame drying under vacuum,
allowed to cool while capped under vacuum, and then backfilled
with nitrogen gas just before they were transferred into the
reaction vessel with a flame dried spatula (mass of 3 A MS used was
determined by difference). Room temperature was 18°C most of
the time. A temperature of 0°C was achieved by using ice or ice
water. Temperatures below 0°C were achieved by using dry ice and
isopropyl alcohol. Specific temperature ranges were achieved by
varying the amount of dry ice used. Oven-dried pear-bottom-
shaped flasks (P.B.F) with a tiny oven-dried stir bar were especially
important in running glycosylation reactions under concentrated
conditions. Column chromatography was performed using silica gel
(60 A) from SiliCyle. Thin layer chromatography (TLC) was per-
formed using silica gel (60 A) with F254 indicator on aluminium
sheets purchased from Merck. Prep TLC was performed using
“Analtech silica gel GF UV254 20*20 1000 micron” from Miles
Scientific. A 3/1 dichloromethane (DCM)/Ethyl acetate (EtOAc)
solvent mixture stock solution is referred to as ‘DE’ throughout this
document (especially important in TLC and column chromatog-
raphy). A hand-held UV lamp was used to visualize compounds on
TLC and Prep TLC. Staining of compounds on TLC was performed
by immersing developed TLC in p-anisaldehyde stain then drying
excess stain on both sides of the TLC plate using a paper towel
then heating the aluminum side of the TLC plate using a heat gun
until colored spots appear on the side with silica gel. '"H NMR, "*C
NMR (DEPT and APT), COSY, HMBC, HSQC, TOCSY, and HOHAHA
experiments were performed using a Bruker AV-400, Bruker AV-500
NMR, or a Bruker AVANCE Neo 700 MHz spectrometer. Deuterated
solvents used for NMR were obtained from Cambridge Isotope Labs
(CDCl,), Acros organics (d-MeOD), and Sigma Aldrich (D,0). HRMS
was performed using an Agilent 6210 electrospray time-of-flight
mass spectrometer. Optical rotation data were obtained using a
JASCO P-2000 instrument.

Allyl glycoside DADA precursor 12: To a stirred solution of 11%7 (2-
deoxy-2-trichloroacetamido-D-glucose-1,3,4,6-tetraacetate, 2.94 g,
5.97 mmol) in dry dichloromethane (12mL) in a pear shaped
bottom flask (PBF), freshly activated (by flame drying under
vacuum) 3 A molecular sieves (1.80 g) was added. The flask was
capped with a septum then carefully purged with nitrogen gas
three times. Allyl alcohol (2.5 ml, 36 mmol) was then added under
nitrogen atmosphere and then the flask was transferred into an ice
bath. BF;-Et,0 (8.0 ml, 65 mmol) was then added dropwise under
nitrogen atmosphere over the course of approximately two
minutes. After five minutes, the reaction flask was removed from
the ice bath and allowed to gradually warm to room temperature.
After 48 h, TLC indicated total consumption of 11. The organic
solution was poured into a beaker with ice water (50 ml), then the
mixture was filtered through a fritted funnel. The organic and
aqueous layers were separated and then the organic layer was
washed with 10 ml saturated NaHCO,, then dried using Na,SO,,
then concentrated to give crude material that was purified by flash
chromatography (40-65% DE/hexanes (DE=3/1 DCM/EtOAc)) to
give 2.494 g of 12 (white foam, 85% yield). Characterization of this
compound matched that reported in the literature.””
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Benzylidene-protected allyl glycoside DADA precursor 13: To a
stirred solution of 12 (5.76 g, 11.7 mmol) in 3.5/1 MeOH/DCM
(45 ml), 5M NaOMe (4.0 ml, 20 mmol) was added dropwise. The
reaction was allowed to stir under nitrogen atmosphere at room
temperature. After 50 minutes, the reaction was quenched by
portion-wise addition of 16 g amberlite IR120 beads. The mixture
was filtered, and the filtrate concentrated using a rotary evaporator
to give a concentrate. The concentrate was then co-evaporated
with 2.0 ml toluene three times and then placed under high
vacuum for approximately 10 minutes to give crude material 12a.
To 12a in a round bottom flask (R.B.F) with a stir bar, 20.0 ml of
DMF and 4.0 ml (27 mmol) benzaldehyde dimethyl acetal were
added, respectively. Once all 12a had dissolved, 0.4989 g
(2.897 mmol) of TsOH-H,O was added. A reflux condenser was
attached, and the reaction was then allowed to proceed at 60°C
using an oil bath under nitrogen atmosphere. After 48 h, the
reaction was concentrated using a rotary evaporator. The concen-
trate was dissolved in 150 ml EtOAc. The new organic solution was
washed twice with 250 ml water. The organic phase was separated
and dried using Na,SO,, then concentrated to give a crude material
that was purified by flash chromatography (30-45% EtOAc/
hexanes) to give 4.8407 g of 13 (white solid, 91 % two-step yield).
Characterization of this compound matched that reported in the
literature.””!

Epimerized allyl glycoside DADA precursor 14: To a stirred
solution of 13 (5.9124 g, 13.060 mmol) in dichloromethane (35 ml)
at —20°C, pyridine (10.0 ml, 124 mmol) was added. The reaction
flask was then flushed with nitrogen gas for 5 seconds. A solution
of triflic anhydride (4.7 ml, 28 mmol, diluted in 10 ml DCM) was
then added dropwise. After 10 minutes, the reaction was allowed
to stir at 0°C. After an additional 80 minutes, TLC indicated total
consumption of 13. The reaction mixture was diluted with 600 ml
DCM (product not very soluble in DCM) then the organic solution
was washed with 125 ml 1 M HCI, then washed with 100 ml water
and then finally 100 ml saturated NaHCO;. The organic phase was
dried using Na,SO, then concentrated to give crude material 13a
(7.46 g) that was used in the next step without further purification.
To a stirred solution of crude material 13a from the previous
procedure in DMF (50.0 ml), KNO, (6.21 g, 73.0 mmol) was added. A
reflux condenser was attached, and the reaction was then allowed
to proceed at 50°C using an oil bath under nitrogen atmosphere.
After 3 h, the reaction mixture was diluted using 600 ml EtOAc to
give a solution that was washed with 800 ml water. The organic
phase was dried using Na,SO, then concentrated to give a crude
material that was purified by flash chromatography (20-25%
EtOAc/hexanes) to give 4.9356 g of 14 (white foam, 83% two step
yield).

Azidoglycoside DADA precursor 15: To a stirred solution of 14
(2.1875 g, 4.8320 mmol) in dichloromethane (12.2 ml) at —5°C,
pyridine (4.0 ml, 50 mmol) was added. The pear-shaped flask was
then purged and backfilled with nitrogen gas (thrice). A solution of
triflic anhydride (2.2 ml, 13 mmol, diluted in 6 ml DCM) was then
added dropwise. After two hours, TLC showed that most of the
starting material was consumed. More Tf,0 solution (1.2 ml,
7.1 mmol, diluted in 3.0 ml DCM) was added dropwise. After an
additional 5 h, TLC showed that all starting material was consumed.
The reaction mixture was diluted with 20 ml DCM, washed with 1 M
HCI solution (100 ml), and the organic phase was separated then
washed with saturated NaHCO; solution (30 ml). The organic phase
was once again separated and dried using Na,SO, then concen-
trated to give crude material 14a that was used in the next step
without further purification. To a stirred solution of crude material
14a above in DMF (25 mL), NaN; (3.97 g, 61.1 mmol) was added
portion-wise at 18°C. After 16 h, TLC showed total consumption of
14 a. The reaction mixture was diluted with EtOAc (200 ml) to give
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a solution that was washed with 300 ml water. The organic phase
was then dried using Na,SO, then concentrated to give a crude
material that was purified by flash chromatography (25-35% DE/
hexanes (DE=3/1 DCM/EtOAC)) to give 1.9794 g of 15 (white foam,
86 % two step yield).

Uronic ester DADA precursor 16: To a stirred solution of 15
(0.5292 g, 1.108 mmol) in DCM (2.0 ml), AcOH (11.0 ml) and water
(2.0 ml) were added. A reflux condenser was attached, and the
reaction was then allowed to proceed at 55°C using an oil bath
under nitrogen atmosphere. After 4 h, TLC showed total consump-
tion of 15. The reaction mixture was concentrated to give crude
material that was purified by flash chromatography (45-60%
EtOAc/hexanes) to give 0.3901 g of 15a (white solid). To a stirred
solution of 15a (0.3801 g, 0.9756 mmol) in DCM (20.0 ml) at 0°C,
water  (2.0ml), (diacetoxyiodo)benzene  (PIDA,  0.7850 g,
2437 mmol), and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO,
78.5 mg, 0.502 mmol) were added, respectively. After 40 minutes,
the ice bath was removed and the reaction was allowed to warm to
room temperature. After an additional 3 h, TLC showed total
consumption of starting material 15a. The reaction mixture was
transferred into a separatory funnel where aqueous and organic
layers were separated. The organic phase was concentrated to give
crude material 15b that was used in the next step without further
purification. To a stirred solution of crude material 15b in DMF
(25 ml) at 18°C, NaHCO; (0.8 g, 10 mmol), and BnBr (0.90 ml,
7.6 mmol) were added. After 15 h, TLC showed total consumption
of starting material 15b. The reaction mixture was concentrated
using rotary evaporator then diluted with EtOAc (20.0 ml). The
resultant solution was washed with water 50 ml once. The organic
phase was then dried using Na,SO, then concentrated to give a
crude material that was purified by flash chromatography (40-60%
DE/hexanes (DE= 3/1 DCM/EtOAc)) to give 0.3243 g of 16 (white
foam, 59 % three step yield).

Uronic ester DADA precursor 17: To a stirred solution of 16
(0.7800 g, 1.580 mmol) in DCM (10.0 ml) at 18°C, triethylamine
(4.0 ml (29 mmol), 4-dimethylamino pyridine (DMAP) (44.15 mg,
0.3614 mmol), and acetic anhydride (2.4 mL, 25 mmol) were added,
respectively. After 80 minutes, TLC showed total consumption of
starting material 16. The reaction mixture was diluted with 20 ml
DCM, then the organic solution was washed with 70 ml 1 M HCI.
The organic phase was dried using Na,SO, then concentrated to
give crude material that was purified by flash chromatography (15-
25% EtOAc/hexanes) to give 0.6791 g of 16a (yellow oil, 80% yield).
16a (0.6791 g, 1.268 mmol) was stirred in THF (5.0 mL) at 18°C in a
pear-bottom-shaped flask (PBF) under nitrogen atmosphere. In a
separate 4 ml Wheaton vial, hydrogen gas was bubbled through a
red solution of (1,5-Cyclooctadiene) bis(meth-
yldiphenylphosphine)iridium(l)  hexafluorophosphate  (55.4 mg,
0.0655 mmol) in THF (2.0 ml) until the solution became colorless
with all iridium catalyst dissolved. This solution was then transferred
dropwise using a syringe to the PBF-containing solution of 16a in
THF. After 80 minutes, TLC showed total consumption of starting
material 16a and formation of a new (less polar) spot. Additional
THF (1 ml), and water (4.0 ml) were added to the reaction mixture
followed by portion-wise addition of iodine (673.7 mg,
2.654 mmol). After 30 minutes, TLC showed that all the less polar
spot was consumed and a more polar spot (lactol product) was
formed. The reaction mixture was then diluted with 30.0 mL EtOAc
then washed once with 30.0 mL saturated solution of Na,S,0; The
organic phase was dried using N,SO, then concentrated to give
crude material that was purified by flash chromatography (20-40%
EtOAc/hexanes) to give 0.6215 g of 17 (yellow solid, 99 % yield).

DADA donor 4: To a stirred solution of 17 (0.4418 g, 0.8913 mmol)
in dichloromethane (5.0 ml), Cs,CO; (1.6202 g, 4.9727 mmol)) was
added followed by dropwise addition of 2,2,2-trifluoro-N-phenyl-
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acetimidoyl chloride™? (0.3020 g, 1.455 mmol). The reaction was
allowed to run at room temperature (18°C) under nitrogen
atmosphere. 30 minutes later, TLC indicated that the reaction was
complete. Stirring was discontinued and the reaction diluted with
20 ml DCM and then washed with 10 ml water once. The organic
phase was dried using Na,SO, then concentrated to give a crude
material that was purified by flash chromatography (20-30% Et,0/
hexanes) to give 0.4163 g of 4 (white foam, 70 %).

GalNAc thioglycoside 21: To 20°* (para-cresyl-1-thio-B-D-2-deoxy-
2-trichloroacetamidogalactose-3,4,6-triacetate, 6.3425 g,
11.390 mmol) dissolved in (4/1) MeOH/DCM (50 ml), a 5 M NaOMe
solution in MeOH (1.0 ml) was added dropwise while stirring. After
30 minutes, TLC indicated complete formation of a more polar
compound. The reaction mixture was neutralized by addition of
8.2 g of Dowex resin (50WX8 200-400 MESH). The mixture was
filtered, then the filtrate was concentrated to give crude triol, which
was then co-evaporated with 3 ml toluene two times then placed
under high vacuum for 30 minutes. Crude triol was then dissolved
in DMF (30 ml). Benzaldehyde dimethyl acetal (2.6 mL, 17 mmol)
and camphor sulfuric acid (1.18 g, 5.08 mmol) were then added
into the flask, respectively. A reflux condenser was attached, and
the reaction was then allowed to proceed at 60 °C using an oil bath
under nitrogen atmosphere. After 10 h, TLC showed very minimal
consumption of triol 20a. The reaction was concentrated as is and
co-evaporated with 3 ml toluene twice. To the concentrate in R.B.F,
acetonitrile (30 ml), benzaldehyde dimethyl acetal (3.0 ml, 20 mmol)
and TsOH-H,0 (0.49 g, 2.8 mmol) were added, respectively. A reflux
condenser was once again attached, and the reaction was then
allowed to proceed at 60°C using an oil bath under nitrogen
atmosphere. After just 50 minutes, TLC showed that all triol 20a
was consumed and product 21 formed. The reaction was allowed
to cool to room temperature, then Et;N (2.0 ml) was added
dropwise to quench the reaction. The mixture was concentrated
using a rotary evaporator. To the crude concentrate, 150 ml EtOAc
was added to give a solution that was washed with water (120 ml).
The organic phase was dried using Na,SO, then concentrated to
give crude material that was purified by flash chromatography (30-
60% EtOAc/hexanes) to give 5.85g of 21 (99% two-step yield).
Characterization of this compound matched that reported in the
literature.®¥

GalNAc thioglycoside 22: To a stirred solution of 21 (1.9936 g,
3.8425 mmol) in DCM (15.0mL) at 0°C, tert-butyldimethylsilyl
chloride (1.65 g, 10.9 mmol), and imidazole (0.91 g, 13 mmol) were
added, respectively. The reaction was then allowed to warm to
room temperature. After 14 h, TLC showed total consumption of
starting material 21. The reaction mixture was placed in an ice bath
and quenched by dropwise addition of MeOH (2.0 mL). The mixture
was then diluted with DCM (20 mL) then washed with a saturated
solution of NH,CI (50 ml) followed by a wash with a saturated NaCl
solution (20 mL). The organic phase was separated and dried using
Na,SO, then concentrated to give crude material 21a®" that was
used in the next step without further purification. To a stirred
solution of crude 21a from the previous procedure in DCM
(17.0mL) at 0°C under nitrogen atmosphere, BH;-THF (17.0 mL,
17.0 mmol) was added dropwise until effervescence stopped.
Trimethylsilyl trifluoromethanesulfonate (TMSOTf,100.0 pL,
0.55 mmol) was then added dropwise using a micro-syringe. After
5 minutes, the reaction was allowed to warm to room temperature
(18°C). After 90 minutes, TLC showed complete consumption of
21a and formation of a more polar spot (21b). The reaction mixture
was quenched with saturated NaHCO; (15 mL) dropwise at 0°C
followed by addition of 5 mL MeOH. 50 mL DCM was added and
the resultant mixture with white suspension was washed with
water (150 mL). The organic phase was separated and dried using
Na,SO, and then concentrated to give crude material 21 b that was
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used in the next step without further purification. To a stirred
solution of crude material 21b in 20:1 THF/DMF (21 ml) at 0°C,
benzyl bromide (1.37 mL,11.5 mmol) was added. This was followed
by portion-wise addition of 60% NaH suspended in mineral oil
(1.55 g, 38.8 mmol). After 5 minutes, the reaction was allowed to
warm to room temperature (18°C). After 4 h, TLC showed total
consumption of starting material 21b and formation of a less polar
spot (22). The reaction flask was transferred into an ice bath then
quenched by dropwise addition of 3.0 mL MeOH followed by
dropwise addition of water (7.0 mL) until gas evolution stopped.
The mixture was then diluted with EtOAc (40 ml) then washed with
water (50 ml). The organic phase was separated and then dried
using Na,SO, and then concentrated to give crude material 22 that
was purified by flash chromatography (8-25% EtOAc/hexanes) to
give 2.3222 g of 22 (white solid, 83 % three step yield).

GalNAc thioglycoside donor 8: To a stirred solution of 22
(2.2874 g, 3.1540 mmol) in acetonitrile (25.0 mL) at 0°C under
nitrogen atmosphere, BF;-Et,0 (0.50 mL, 4.1 mmol) was added
dropwise. After 1h, TLC showed total consumption of starting
material 22 and formation of a more polar spot (22a). The reaction
mixture was quenched by addition of Saturated NaHCO; (5 mL)
then filtered through Celite. The filtrate was concentrated then
diluted with DCM (20 mL) and water (5 mL) to enable separation of
organic and aqueous phases. The organic phase was dried using
Na,SO, and then concentrated to give crude 22a that was used in
the next step without further purification. To crude 22a from the
previous procedure in a RB.F with a stir bar, DCM (10 mL) and
fluorenylmethyloxycarbonyl chloride (1.08 g, 4.17 mmol) were
added, respectively. The reaction mixture was stirred at 0°C, then
pyridine (0.95 mL, 12 mmol) was added dropwise. After 4 h, TLC
showed total consumption of 22a and formation of less polar spot
(8). The reaction was quenched by addition of 1M HCl (5 mL)
dropwise. The reaction mixture was then diluted with 20 mL DCM
and washed with 20 mL saturated NaHCO,. The organic phase was
separated and dried using Na,SO, and then concentrated to give
crude material that was purified by flash chromatography (20-30%,
DE/hexanes (DE= 3/1 DCM/EtOAc)) to give 2.1703 g of 8 (white
solid, 83 % two-step yield).

Glc thioglycoside donor 7: To a RBF charged with a stir bar, $-D-
Glucose pentaacetate (7a, 11.71 g, 30.00 mmol) and p-thiocresol
(5.74 g, 46.2 mmol) were dissolved in dichloromethane (125 mL).
The RB.F was capped followed by purging and backfilling with
nitrogen gas three times. The reaction mixture was then stirred at
0°C before BF;-Et,0 (12.0 mL, 97.2 mmol) was added dropwise. Five
minutes after the addition was complete, the ice bath was removed
and the reaction was allowed to warm to room temperature (18°C).
After 10 h, TLC indicated complete consumption of starting material
7a and formation of product 7b. 50 mL of saturated NaHCO; was
added, and the mixture was allowed to stir for 20 minutes. The
organic phase was then separated and dried using Na,SO, then
concentrated using a rotary evaporator to give crude material that
was purified by flash chromatography (30-45% EtOAc/hexanes) to
give 13.3 g of 7b (white solid, 98% yield). Characterization of this
compound matched that reported in the literature® To 7b
(7.6934 g, 16.928 mmol) dissolved in 5:1 MeOH/DCM (60 ml), a 5 M
NaOMe solution in MeOH (1.0 mL) was added dropwise while
stirring. After 30 minutes, TLC indicated complete formation of a
more polar compound. The reaction mixture was neutralized by
addition of 7.18 g of Dowex resin (50WX8 200-400 MESH). The
mixture was filtered, then the filtrate was concentrated to give
crude tetraol 7 ¢, which was then co-evaporated with 5 ml toluene
two times then placed under high vacuum for 30 minutes. Crude
tetraol was then dissolved in DMF (35 mL). Benzaldehyde dimethyl
acetal (9.0 mL, 60.0 mmol) and p-TsOH-H,O (1.72 g, 9.95 mmol),
were then added into the flask, respectively. A reflux condenser
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was attached, and the reaction was then allowed to proceed at
65°C using an oil bath under nitrogen atmosphere. After 12 h, the
reaction was allowed to cool to room temperature, then Et;N
(1.0 ml) was added dropwise to quench the reaction. The mixture
was concentrated using a rotary evaporator. To the crude
concentrate, 100 mL EtOAc was added to give a solution that was
washed with water (200 mL). The organic phase was dried using
Na,SO, then concentrated to give crude material that was purified
by flash chromatography (30-100% EtOAc/hexanes) to give
2.8213g of 7d (45% two-step yield). Characterization of this
compound matched that reported in the literature.?” To 7d (2.80 g,
7.48 mmol) in R.B.F with a stir bar, toluene (60 mL) was added. The
reaction mixture was stirred at 0°C before dibutyltin oxide
(2.9192 g, 11.728 mmol) was added. A reflux condenser was
attached, and the reaction was heated to reflux using an oil bath
under nitrogen atmosphere. After 13 h, the reaction mixture was
concentrated, and DMF (40 ml) was added. The resulting reaction
mixture was then stirred at 0°C (using cold bath) before benzyl
bromide (2.66 mL, 224 mmol) and cesium fluoride (3.4080 g,
22.436 mmol) were added, respectively. The cold bath was removed
and the reaction allowed to gradually warm to room temperature.
After 6 h, stirring ceased and EtOAc (300 mL) was added to the
reaction mixture. This was followed by washing using 300 mL water
once. The organic phase was separated and dried using Na,SO,
then concentrated to give crude material that was purified by flash
chromatography (20-50% EtOAc/hexanes) to give 3.4784 g of 7e
(white solid, >99% yield).?® To a stirred solution of 7e (1.0384 g,
2.2352 mmol) in DCM (10.0 mL) at 18°C, 4-dimethylamino pyridine
(DMAP,10.0 mg, 0.082 mmol), triethylamine (0.8 mL, 6 mmol), and
acetic anhydride (0.80 mL, 8.4 mmol) were added, respectively.
After 2 h, TLC showed total consumption of starting material 7e.
The reaction mixture was diluted with 20 ml DCM, then the organic
solution was washed with 20 mL 1 M HCl then separated and
washed with 50 mL saturated NaHCO,. The organic phase was dried
using Na,SO, then concentrated to give crude material that was
purified by flash chromatography (15-20% DE/hexanes (DE=3/1
DCM/EtOAc)) to give 0.6188g of 7 (white solid, 55% yield).
Characterization of this compound matched that reported in the
literature.™”

Gal thioglycoside donor 6: To 6a°® (para-cresyl-1-thio-B3-D-galac-

tose-2,3,4,6-tetraacetate, 4.11g, 9.04 mmol) dissolved in (2/1)
MeOH/DCM (15 ml), a 5 M NaOMe solution in MeOH (1.0 mL) was
added dropwise while stirring at 18°C. After 30 minutes, TLC
indicated complete formation of a more polar compound. The
reaction mixture was neutralized by addition of 5.01 g of Dowex
resin (50WX8 200-400 MESH). The mixture was filtered, then the
filtrate was concentrated to give crude tetraol which was then co-
evaporated with 2 mL toluene two times then placed under high
vacuum for 10 minutes to give crude tetraol 6b that was used in
the next step without further purification. To 6b from the previous
procedure in an R.B.F with a stir bar, pyridine (25 mL) was added.
The flask was capped with a rubber septum and then purged and
backfilled with nitrogen gas three times. The flask was then
transferred to a —30°C cold bath. Di-tert-butylsilyl
bis(trifluoromethanesulfonate) (3.8 mL, 12 mmol) was then added
dropwise. The reaction was then allowed to warm gradually to 0°C.
After 2 h, TLC showed consumption of 6b. The reaction was then
quenched by addition of 5.0 mL MeOH dropwise. The reaction
mixture was then concentrated to give a material that was
redissolved in EtOAc (100 mL). This solution was washed with 1 M
HCI (100 mL) followed by a wash with 100 mL saturated NaHCO,
solution. The organic phase was separated and dried using Na,SO,
then concentrated to give crude material 6 ¢ that was used in the
next step without further purification. To a stirred solution of 6¢
from the previous procedure in DMF (40 mL) at 0°C, benzyl
bromide (5.0 mL, 42 mmol) was added followed by portion-wise
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addition of 60% NaH suspended in mineral oil (4.5 g, 110 mmol)
over a period of two minutes. The reaction was allowed to stir
under nitrogen atmosphere while warming to room temperature.
After 18 h, the reaction was transferred to an ice bath then
quenched by dropwise addition of water (10 mL) over a period of
10 minutes until gas evolution stopped. The mixture was diluted
with 100 mL EtOAc, then washed once with 250 mL water. The
organic phase was dried using Na,SO, then concentrated to give a
crude material that was purified by flash chromatography (0-10%
EtOAc/hexanes) to give 2.3599 g of 6 (white solid, 43% three-step
yield). Spectroscopic data matched that reported in the literature.™

GlcNAc thioglycoside donor 5: To 5a“? (para-cresyl-1-thio-B-D-2-
deoxy-2-trichloroacetamidoglucose-3,4,6-triacetate, 7.86 9,
14.1 mmol) dissolved in (1.5/1) MeOH/DCM (37 mL), a 5 M NaOMe
solution in MeOH (1.8 mL) was added dropwise while stirring. After
30 minutes, TLC indicated complete formation of a more polar
compound. The reaction mixture was neutralized by addition of
7.82 g of Dowex resin (50WX8 200-400 MESH). The mixture was
filtered, then the filtrate was concentrated to give crude tetraol,
which was then co-evaporated with 4 mL toluene two times then
placed under high vacuum for 20 minutes to give crude 5b that
was used in the next step without further purification. To a stirred
solution of 5b from the previous procedure in THF (80 mL) at 0°C,
benzyl bromide (10.0 mL, 84 mmol) was added followed by
portion-wise addition of 60% NaH suspended in mineral oil (7.00 g,
175 mmol) over a period of one minute. The reaction was allowed
to stir under nitrogen atmosphere while warming to room temper-
ature. After 21 h, the reaction was transferred to an ice bath then
quenched by dropwise addition of water (15 mL) over a period of
8 minutes until gas evolution stopped. The mixture was diluted
with 50 mL EtOAc, then concentrated to give a crude material that
was re-dissolved in 200 mL EtOAc, the new organic solution was
washed with 150 mL water. The organic phase was separated and
dried using Na,SO, then concentrated to give crude material that
was purified by flash chromatography (20-40% EtOAc/hexanes) to
give 3.7013 g of 5 (white solid, 37 % two-step yield).

Glycoside 23: To a stirred solution of thioglycosyl donor 8
(1.0198 g, 1.2239 mmol) and N-benzyl-N-benzyloxycarbonyl-5-ami-
nopentan-1-ol acceptor 9*" (0.5481 g, 1.674 mmol) in dichloro-
methane (15.0 mL) in a pear-shaped bottom flask (PBF) was added
activated (by flame drying under vacuum) powdered 3 A molecular
sieves (1.3002 g, from BTC) at room temperature. The PBF was
immediately capped using a septum, and the mixture allowed to
stir at room temperature (18°C) for 17 minutes. The PBF was then
transferred into a —50°C cold bath, and N-lodosuccinimide
(0.6051 g, 2.690 mmol) was added in one portion. After 5 minutes,
silver triflate (0.1557 g, 0.6060 mmol) was added in one portion
(note: while adding both NIS and AgOTf solids, the septum was
removed and the respective solids added very fast while making
sure they drop directly on the DCM solution and septum was put
back on fast). The reaction was allowed to slowly warm to 0°C
(note: color change to brownish-red, indicating glycosylation,
started to occur when temperature was above —20°C as confirmed
by TLC). After 2 h, TLC indicated complete consumption of donor 8.
The reaction was filtered through celite while rinsing with 60 mL
dichloromethane. The filtrate was washed vigorously with 5 mL
saturated Na,S,0; solution. The organic phase was separated and
dried using Na,SO, and then concentrated to give crude 23a that
was purified by flash chromatography (20-30% EtOAc/petroleum
ether) to give 1.2239g of 23a (white foam, ~96% vyield, has
inseparable succinimide impurity) that was used in the next step
without further purification. To a stirred solution of 23a (1.1825 g,
1.1409 mmol) in CH,Cl, (12.0 mL) at room temperature (18°C) under
nitrogen atmosphere, Et;N (6.0 mL, 43 mmol) was added dropwise.
After 3 h, TLC showed total consumption of starting material 23a
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and formation of a more polar spot (23). The reaction mixture was
diluted with 50 mL CH,Cl, then washed with 50.0 mL 1 M HCl. The
organic phase was separated and dried using Na,SO, and then
concentrated to give crude 23 that was purified by flash
chromatography (45-60% DE/petroleum ether, DE=3/1 DCM/
EtOAc) to give 0.9190 g of 23 (colorless oil, 92% yield, two steps).

Disaccharide 24: To a stirred solution of thioglycosyl donor 7
(488.4 mg, 0.9641 mmol) and galactosyl acceptor 23 (749.4 mg,
0.9204 mmol) in dichloromethane (4.0 mL) in a pear-shaped bottom
flask (P.B.F) was added activated (by flame drying under vacuum)
powdered 3 A molecular sieves (0.8103 g, from BTC). The PBF was
immediately capped using a septum and the mixture allowed to
stir at room temperature (18°C) for 10 minutes. The PBF was then
transferred into a —25°C cold bath and N-lodosuccinimide
(0.4345 g, 1.931 mmol) was added in one portion and the inside
wall of the PBF was rinsed with 1.0 mL DCM to ensure all added
material had been transferred to the reaction mixture. After
5 minutes, silver triflate (0.1075 g, 0.4184 mmol) was added in one
portion and the inside wall of the PBF was rinsed with another
1 mL DCM (Note: While adding both NIS and AgOTf solids, the
septum was removed and the respective solids added very fast
while making sure they drop directly into the DCM solution and the
septum was put back on fast). The reaction was allowed to slowly
warm to 0°C (note: color change to brownish-red, indicating
glycosylation, started to occur when temperature was above
—20°C as confirmed by TLC). After 15 minutes, TLC indicated
complete consumption of donor 7. The reaction was filtered
through celite while rinsing with 30 mL dichloromethane. The
filtrate was washed vigorously with 15 ml saturated Na,S,0;
solution. The organic phase was separated and dried using Na,SO,
and then concentrated to give crude 24 that was purified by flash
chromatography (40-60% DE/petroleum ether, DE=3/1 DCM/
EtOAC) to give 1.0015 g of 24 (white foam, 91 % yield).

Disaccharide 25: To 24 (210.8 mg, 0.1762 mmol) dissolved in 1.5:1
MeOH/DCM (5.0 mL), a 5 M NaOMe solution in MeOH (0.5 mL) was
added dropwise while stirring at room temperature. After 10 h, TLC
indicated complete formation of a more polar compound. The
reaction mixture was neutralized by addition of 4.35 g of Dowex
resin (50WX8 200-400 MESH). The mixture was filtered through
celite while rinsing with DCM (10 mL), then the filtrate was
concentrated to give crude material which was then co-evaporated
with 1 mL toluene three times then placed under high vacuum for
20 minutes to give crude 24a that was used in the next step
without further purification. To a stirred solution of 24a from the
previous procedure in THF (3.0 mL) at 0°C, benzyl bromide (0.4 mL,
3 mmol) was added followed by portion-wise addition of 60% NaH
suspended in mineral oil (0.64g, 16 mmol). The reaction was
allowed to stir under nitrogen atmosphere while warming to room
temperature. After 1 h, TLC showed that starting material 24a was
still intact. 1 mL of DMF was added and reaction allowed to
continue stirring. After an additional 1 h, TLC now showed that all
the starting material 24a was consumed to form a less polar spot
(25). The reaction was diluted with 10 mL EtOAc then transferred
into an ice bath. The reaction was then quenched by dropwise
addition of water (5 mL) until gas evolution stopped. The mixture
was diluted with 50 mL EtOAc, and washed with water (20 mL). The
organic phase was separated, dried using Na,SO, and then
concentrated to give a crude material that was purified by flash
chromatography (40-55% DE/petroleum ether, DE=3/1 DCM/
EtOAC) to give 184.4 mg of 25 (yellow oil, 84 % two step yield).

Disaccharide 26: To a stirred solution of 25 (184.4mg,
0.1481 mmol) in dry dichloromethane (1 mL) under nitrogen
atmosphere at 18°C, was added 1 M BH;THF (0.7 mL, 0.7 mmol)
dropwise followed by TMSOTf (3.0 uL, 0.017 mmol). After 3 h, TLC
showed that all of the starting material 25 was consumed to form a
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more polar spot (26). The reaction mixture was then transferred to
an ice bath and quenched by dropwise addition of saturated
NaHCO; (0.5 mL) and then further quenched by dropwise addition
of MeOH (0.5 mL) until gas evolution stopped. The mixture was
diluted with dichloromethane (5.0 mL) then washed once with
water (5 mL). The organic layer was separated, dried using Na,SO,,
and concentrated to give crude material that was purified by flash
chromatography (60-90% DE/petroleum ether, DE= 3/1 DCM/
EtOAc) to give 156.5 mg of 26 (white foam, 85 % yield).

Trisaccharide 27: To a stirred solution of thioglycosyl donor 6
(407.2 mg, 0.6710 mmol) and galactosyl acceptor 26 (659.7 mg,
0.5292 mmol) in dichloromethane (3.0 mL) in a pear-shaped bottom
flask (PBF) was added activated (by flame drying under vacuum)
powdered 3 A molecular sieves (0.4888 g, from BTC). The PBF was
immediately capped using a septum and the mixture allowed to
stir at room temperature (18°C) for 18 minutes. The PBF was then
transferred into a —10°C cold bath and N-lodosuccinimide
(0.3044 g, 1.353 mmol) was added in one portion. After 4 minutes,
silver triflate (38.9 mg, 0.151 mmol) was added in one portion and
the inside wall of the PBF was rinsed quickly with 0.2 mL DCM
(Note: While adding both NIS and AgOTf solids, the septum was
removed and the respective solids added very fast while making
sure that they dropped directly into the DCM solution and septum
was put back on fast.). The reaction was allowed to slowly warm to
10°C. After 85 minutes, TLC indicated complete consumption of
donor 6. The reaction was filtered through celite while rinsing with
30 mL dichloromethane. The filtrate was washed vigorously with
8.0 mL saturated Na,S,0; solution. The organic phase was sepa-
rated and dried using Na,SO, and then concentrated to give crude
26a that was purified by flash chromatography (40-65% DE/
petroleum ether, DE= 3/1 DCM/EtOAc) to give 0.8970 g of 26a
(thick yellowish oil, 98% yield). To a stirred solution of 26a
(0.8869 g, 0.5128 mmol) in THF (4.0 mL) at 0°C in a scintillation vial,
70% HF-pyridine (0.3 mL) was added. The reaction was allowed to
stir and warm to room temperature (18°C) under nitrogen
atmosphere. 76 minutes later, TLC indicated complete consumption
of starting material 26a. The reaction was quenched by dropwise
addition of saturated NaHCO; (5 mL). The mixture was then diluted
with EtOAc (30 mL) then washed with 10 mL saturated NaHCO,
(ag.) once. The organic phase was dried using Na,SO, then
concentrated to give a crude material that was purified by flash
chromatography (40-65% DE/petroleum ether, DE=3/1 DCM/
EtOAC) to give 0.5705 g of 27 (colorless gum, 70 % yield).

Tetrasaccharide 28: To a stirred solution of thioglycosyl donor 5
(329.5mg, 0.4700 mmol) and diol acceptor 27 (569.2 mg,
0.3582 mmol) in dichloromethane (8.0 mL) in a scintillation vial was
added activated (by flame drying under vacuum) powdered 3 A
molecular sieves (0.9692 g, from BTC). The PBF was immediately
capped using a septum and the mixture allowed to stir at room
temperature (18°C) for 14 minutes. The vial was then transferred
into a —35°C cold bath. After 6 minutes, N-lodosuccinimide
(0.1999 g, 0.8885 mmol) was added in one portion. 5 minutes later,
silver triflate (48.4 mg, 0.188 mmol) was added in one portion and
the inside wall of the PBF was rinsed quickly with 0.3 mL DCM
(Note: While adding both NIS and AgOTf solids, the septum was
removed and the respective solids added very fast while making
sure that they drop directly into the DCM solution and septum was
put back on fast). The reaction was allowed to slowly warm to
—10°C. After 110 minutes, TLC indicated complete consumption of
donor 5. The reaction was filtered through celite while rinsing with
20 mL dichloromethane. The filtrate was washed vigorously with
10.0 mL saturated Na,S,0; solution. The organic phase was
separated and diluted with 50 mL DCM then washed vigorously
with water (40 mL) twice (to get rid of succinimide). The organic
phase was once again separated and dried using Na,SO, and then
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concentrated to give crude 28 that was purified by flash
chromatography (35-50% EtOAc/petroleum ether) to give 0.6450 g
of 28 (yellowish white foam, 83 % yield).

Pentasaccharide 3: To a stirred solution of donor 4 (13.7 mg,
0.0205 mmol) and tetrasaccharide acceptor 28 (22.2 mg,
0.0103 mmol) in dichloromethane (0.25 mL) in a pear-shaped flask,
powdered 3 A molecular sieves (44.4 mg, activated by flame drying
under vacuum) were added. The flask was flushed with nitrogen
gas for 5 seconds and then put in a 6°C cold bath. 55 pL of 0.414 M
triflimide solution in CH,CN (0.023 mmol) was then added drop-
wise. After 34 minutes, TLC showed that all donor 4 was consumed.
The reaction was quenched by addition of three drops of Et;N then
filtered through celite while rinsing with 5 mL dichloromethane.
The filtrate was concentrated using a rotary evaporator to give
crude material that was purified using preparative TLC (38 % EtOAc/
hexanes) to give 11.9 mg of pentasaccharide 3 (white solid, 44%
yield).

Final product 2: To a stirred solution of pentasaccharide 3
(27.7 mg, 0.0105 mmol) in 0.1 mL CH,Cl, in a pear-shaped flask,
pyridine (0.6 mL) and thioacetic acid (0.35 mL) were added. The
flask was flushed with nitrogen gas for 5 seconds and allowed to
continue stirring. Reaction progress was monitored using FTIR by
checking for disappearance of the azido signal (around 2106 cm™).
After 18 h, stirring was stopped and the reaction mixture was
concentrated then co-evaporated with toluene to give crude
material (AcSH was still present due to its high boiling point). The
mixture was transferred into a scintillation vial while diluting with
2.0 mL dichloromethane. A low stream of pressurized nitrogen gas
was carefully blown over the mixture for 2 h to get rid of most of
the AcSH. The remaining AcSH was removed by loading the crude
material to a silica gel column, then running 50 mL of CH,Cl,
through it to wash out AcSH (yellow eluent). 1-2% MeOH/DCM was
then passed through the column to elute 3a (26.2 mg) which was
again pre-purified by preparative TLC using 31% acetone in
petroleum ether to give 244 mg of clean 3a (white solid, 87%
yield). To material 3a (16.1 mg, 0.00605 mmol) in a 4 mL Wheaton
vial with a stir bar, dichloromethane (0.1 mL), EtOH (0.5 mL), and
H,O (0.3 mL, HPLC grade) were added. The mixture was stirred
briefly (2 minutes), then Pd(OH), (101.0 mg) was added in one
portion. The vial was capped with a rubber septum, then hydrogen
gas in a balloon was bubbled carefully through the mixture for
approx. 45 seconds (this was done using two long, thin reusable
syringe needles (Popper 7174 deflected point septum penetration
hypodermic needles 22*2” (50.8 MM)) where the one attached to
balloon was in contact with the reaction mixture on the sharp end
while the other needle was impaled through the septum and acting
as a hydrogen gas outlet). The reaction was then allowed to
continue stirring at room temperature under hydrogen atmosphere
(in a double walled balloon (balloon inside similar size balloon)).
After 14 h, the balloon with hydrogen gas was detached and more
water (0.3 mL) and EtOH (0.5 mL) was added to rinse back into
solution any reaction content that was splashed onto the inside
surface of vial. The vial was then flushed with hydrogen gas and
the reaction was allowed to continue under hydrogen gas
atmosphere (in balloon). After an additional 7 h, the reaction
mixture was filtered by passing through celite plug while rinsing
using water (5 mL) and MeOH (5.0 mL). A low stream of pressurized
nitrogen gas was blown over the filtrate overnight to get rid of the
solvents, then approximately 5 mL of water was added and the
solution was then lyophilized to give 7.5 mg of crude material that
was purified by passing through sephadex LH-20 while using water
(HPLC grade) as the mobile phase to give 6.4 mg of 2. NMR showed
presence of an impurity. The product was then repurified by passing
through bio-gel P2 while using water (HPLC grade) as the mobile
phase to give 2.8 mg of clean 2 (white solid, 41 % yield).
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