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Chapter 2

Long, synthetic Staphylococcus aureus type 8 cap-
sular oligosaccharides reveal structural epitopes
for effective immune recognition



Chapter 2

Introduction

Staphylococcus aureus (S. aureus), a Gram-positive bacterium that is part of
the human microbiome, is one of the most common opportunistic pathogens. It is
found in human mucous membranes and skin, and when these barriers are
breached can cause various diseases, ranging from minor skin abscesses to deadly
bloodstream infections (bacteremia), heart valve infections (endocarditis), bone
infections (osteomyelitis), lung infections (pneumonia), meningitis and septic
shock.!? It especially poses a threat to newborns and immunocompromised pa-
tients, such as elderly, post-surgical and dialysis patients. S. aureus is one of the
ESKAPE bacteria and a WHO high priority pathogen with the rise of antibiotic-
resistant strains,’ like methicillin-resistant S. aureus (MRSA)* and vancomycin-
resistant S. aureus (VRSA).® This urges the development of new therapeutic strat-
egies, such as active or passive vaccination strategies.®’ The complex cell wall of
S. aureus features several characteristic glycopolymers,®'® including capsular
polysaccharides (CPs), wall teichoic acids (WTA) and lipoteichoic acids (LTA)
that may be used as targets for agents eliciting a protective immune response.'!"1?
Various bacterial CPs have been used to develop anti-bacterial vaccines, and gly-
coconjugate vaccines have become one of the most effective and safe preventive
treatments to combat bacterial infections. To date 13 different S. aureus CP sero-
types have been identified from clinical isolates with CP type 5 (CP5) and type 8
(CP8) being the most abundant, comprising more than 80% of the clinical iso-
lates."*"'® Conjugate vaccines, generated using isolated CP5 and CP8 S. aureus
polysaccharides, have been explored up to phase III trials, where they unfortu-
nately and surprisingly showed limited efficacy.!”° Suboptimal epitope presen-
tation may hinder eliciting a sufficient immune response against conjugated het-
erogeneous polysaccharides, and therefore synthetic oligosaccharides have at-

tracted attention.!”?!

The structure of S. aureus CP5

cP8
and CPS8 share the same three con-

1,2-cis- glyc05|d|c linkage

stituting rare monosaccharides: N- DFUCNAC, 5 cis-glycosid
acetyl D-mannosaminuronic acid Ao 9“’“" R &S\ inkege
(ManNAcA), N-acetyl L-fucosa- NHACW fCHN

mine (L-FucNAc) and N-acetyl D- Aco

fucosamine (D-FucNAc), as de- © Mamiach 1

picted in Figure 1.22_24 They differ ACSW' group 1,2-cis-glycosidic linkage
in glycosidic linkages and O-acety-  Figure 1: A schematic representation of the re-
lation pattern. CP8 was first Peatingunit of CPS8.
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Synthesis of CP8

isolated in 1984 by Founier®® and originally thought to consist of N-acetyl fucosa-
mine and N-acetyl galactosaminuronic acid. This was revised in 1988 when the
chemical structure was found to be similar to CP5%* and in 2005 Jones established
this structure to have the repeating unit (RU) —3-B-D-ManNAcA(4-OAc)-
(1-3)-a-L-FucNAc-(1-3)-a-D-FucNAc-(1—.2* CP8 is O-acetylated at the C-4
position of the ManNACcA residue and this acetylation has been found to be im-
portant for the induction of protective anti-CP antibody responses upon vaccina-
tion.%¢

Due to their biological importance, several attempts to synthesize CP8 frag-
ments have been reported over the past years as summarized in Figure 2. The
synthesis of CP8 oligosaccharides is challenging because of the 1,2-cis glycosylic
linkages, the rare monosaccharides and many types of functional groups (carbox-
ylates, acetamides and O-acetyl esters). The first synthesis of a CP8 oligosaccha-
ride was reported by Demchenko and co-workers in 2015,%” who prepared a tri-
saccharide with methyl groups on both capping ends, which made conjugation
and elongation impossible. They synthesized the trisaccharide starting from the
non-reducing end and their approach involved a post-glycosylation-oxidation of
the mannose residue at the trisaccharide level, a post-glycosylation inversion of
C-2 to generate the mannosamine stereochemistry on a disaccharide and installa-
tion of the O-acetyl on the trisaccharide. The glucose donor building block, used
as precursor for the ManNACcA, carried an orthogonal C-2-levulinoyl participating
group to guarantee the formation of the desired B-linkage. Later, Demchenko and
co-workers presented the synthesis of a protected hexasaccharide, that was assem-
bled in a [2+4] glycosylation strategy, because attempts at a [3+3] strategy
failed.?® The final protecting group manipulations however proved ineffective and
the target deprotected hexasaccharide could not be obtained, highlighting the dif-
ficulty in synthesizing these complex bacterial glycans. In 2020 Hu and co-work-
ers reported a similar route towards the trisaccharide repeating unit, using similar
post-glycosylation modulations to create the f-mannosamine linkage, but they
chose to perform the oxidation, inversion at C-2 and O-acetylation on the trisac-
charide stage. They installed a linker on the reducing end of the trisaccharide and
showed conjugation to a carrier protein was possible.?’ In 2023 Kulkarni and co-
workers reported the first synthesis of CP8 trisaccharide RU that relied on the use
of'a mannosaminuronic acid building block. They built the CP8 trisaccharide from
the reducing to the non-reducing end and installed orthogonal protecting groups
on the capping ends of the trisaccharide to allow for elongation in either direction
in the future.
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Figure 2: Previously synthesized trisaccharides and the CP8-fragments described in this thesis.

This Chapter describes the synthesis of CP8 structures carrying an O-acetyl
on C-4 of the ManNACA residue and their use in structural and epitope mapping
studies. Specifically, this Chapter report on a set of CP8 oligosaccharides ranging
in length from a trisaccharide (1 RU) to a dodecasaccharide (4 RUs). The devel-
oped synthetic strategy is designed such, that manipulations on large oligosaccha-
rides are minimized. For this purpose, pre-glycosylation oxidation strategy has
been employed in which the mannosaminuronic acid carboxylic acid and C-4-O-
acetyl ester were installed on the monosaccharide level. The fragments are
equipped with an orthogonal amine linker which has enabled the conjugation to a
carrier protein, to generate glycoconjugate vaccine modalities for immunological
studies. Structural studies on the well-defined oligomers provided insight into the
3D-structure of the CP8 fragments and revealed that ManNAcA C-4-O-acetyl
groups play a crucial role in constraining the conformational freedom of the
longer fragments, leading to extended structures in which the O-acetyl esters and
acetamide groups form hydrophobic patches along the axis of the oligosaccha-
rides. Epitope mapping studies have revealed monoclonal antibodies to bind to an
extended epitope and the longer fragments not only bound better to antibodies
raised against native CP8, but also raised higher IgG titers following immuniza-
tion of mice with the glycoconjugates.
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Results and discussion

Synthesis of the CP8-fragments

The retrosynthetic analysis of the CP8 fragments is shown in Scheme 1 and
comprises the assembly of the oligosaccharides, each equipped with an amino
linker for site-selective conjugation purposes, using the central trisaccharide
building block 9. This key synthon incorporates the mannuronic acid’s carboxylic
acid functionality and the C-4-O-acetyl ester, which precludes challenging modi-
fications later in the synthesis scheme. Especially the execution of multiple oxi-
dations on a complex, partially protected glycan can be arduous.?®**3! The pro-
tecting group strategy was designed such that only two steps are required post-
glycosylation to unmask all functional groups: transformation of the azides — re-
quired as non-participating groups in the cis-glycosylation reactions — into the
corresponding acetamides, and hydrogenation of all benzyl-type groups. The tri-
saccharide building block 9 further carries a tert-butyldiphenylsilyl (TBDPS) on
the anomeric position and a 2-methylnaphthyl (Nap) ether on the mannosaminu-
ronic acid C-3-OH to allow for orthogonal deprotection and selective elongation
at either the reducing or nonreducing end. The larger glycans are build exploiting
the reliable stereoselectivity of the 2-azidofucose donor, as it has previously been
established that 2-azidofucose donors, carrying ether type protecting groups, in
combination with weakly nucleophilic alcohol acceptors, such as the 2-azidoman-
nuronic acid C-3-OH, can provide the desired 1,2-cis-2-azidofucose linkages with
excellent stereoselectivity.’? Trisaccharide 9 was aimed to be prepared from three
monosaccharide building blocks: the D-2-azidofucose (D-FucN3) building block
10, L-FucN; building block 11 and D-2-azidomannuronic acid (ManN3A) building
block 12, in a [1+1+1] glycosylation approach. Mannuronic acid building blocks
are amongst the most effective donors to install the challenging 1,2-cis-mannose
type glycosidic linkages and the use of the ManN;A building block thus not only
obviates the need for late-stage oxidation reactions but should also streamline the
stereoselective assembly of the central trisaccharide 9.

All the building blocks were synthesized from commercially available start-
ing materials. The synthesis of the D-FucN3 building block (Scheme 2A) com-
menced with D-galactose following a reported procedure.®® In a 5-step reaction
sequence in which the required galactose-to-fucose deoxygenation was achieved
by iodination of the C-6 position and radical reduction of the primary iodide, the
acetylated D-fucose 13 was obtained in 54% yield from D-galactose on large scale.
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Scheme 1: Retrosynthetic analysis of the set of target CP8 oligosaccharides.

Next, anomeric bromination followed by elimination using zinc and NH4Cl gave
fucal 14 in 48% yield. A regio- and stereoselective azidophenylselenation using
the more soluble azidotrimethylsilane (TMSN3) instead of NaNs together with
(diacetoxyiodo)benzene (BAIB) and diphenyldiselenide ((SePh),) by a procedure
develop by Nifantiev and co-workers** followed by saponification afforded 15 in
67% yield. Now, the C-3-OH was selectively naphthylated via the intermediate
tin-acetal,* allowing for benzylation of the free C-4-OH giving 17. The anomeric
phenylselenyl group was hydrolyzed using N-iodosuccinimide (NIS) in ace-
tone/water and the lactol, was then silylated using fert-butyldiphenylsilyl chloride
(TBDPS-CI) providing 19 in 96% yield. Lastly, the Nap ether was oxidative
cleaved with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in 90% yield to
give acceptor 10.

The same approach was implemented for the L-FucN3 building block
(Scheme 2B), however now starting from commercially available L-fucose. Per-
acetylation followed by bromination and elimination gave fucal 20 in 47% yield.
Azidoselenation followed by saponification gave 21 in 64%. Selective naphthyl-
ation of the C-3-OH followed by benzylation of C-4-OH gave 11a in 86% yield.
Hydrolysis of the anomeric phenylselenyl and installation of the N-phenyl tri-
fluoroacetimidate®® functionality delivered donor 11b in excellent yield.
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Scheme 2: Synthesis of the building blocks 10 (A), 11 (B) and 12 (C). Reaction conditions: A)
a) 1) conc. H,SOs, acetone, ii) PPhs, I, imidazole, toluene/MeCN, 90 °C, iii) VA-044, aq.
H;PO,, Et3N, i-PrOH, 60 °C, iv) 80% aq. AcOH, 90 °C, v)Ac,0, pyridine, 0 °C to rt, 5 steps
54%, b) i) HBr in AcOH 33%, DMC, 0 °C to rt, ii) zinc, NH4Cl, EtOAc, 60 °C, 48% over two
steps, ¢) i) (PhSe),, BAIB, TMSN3, DCM, -20 to -30 °C, ii) NaOMe, MeOH, 67% over two
steps, d) Bu,SnO, toluene, 140 °C then BusNBr, CsF, NapBr, 120 °C, 93%, ¢) BnBr, NaH,
DMEF, 0 °C to 1t, 88%, f) NIS, acetone/H»0, 0 °C, 99%, g) TBDPS-CI, imidazole, DMAP, DCM,
0 °C to rt, 96%, h) DDQ, DCM/H,0, 90%, B) j) i) Ac2O, pyridine, 0 °C to rt, ii) HBr in AcOH
33%, DMC, 0 °C, iii) zinc, NH4Cl, EtOAc, 60 °C, 3 steps 47%, k) i) (PhSe),, BAIB, TMSN3,
DCM, -20 to -30 °C, ii) NaOMe, MeOH, 64% over two steps, 1) Bu,SnO, toluene, 140 °C then
BwNBr, CsF, NapBr, 120 °C, 89%, m) BnBr, NaH, DMF, 0 °C to rt, 86%, n) NIS, acetone/H,0,
0 °C, 93%, o) CIC(=NPh)CF3, K,CO3, acetone, 95%, C) p) i) Tf,0, NaN3, CuSOs4-5 H,O, pyr-
idine, 0 °C ii) Ac,0, 0 °C to rt, 98% over two steps, q) PhSH, BF;-Et;O, DCM, 0 °C to rt, 88%,
r) NaOMe, MeOH, 90%, s) p-MeO-PhCH(OMe),, CSA, MeCN, 300 mbar, 50 °C, 88%, t)
NapBr, NaH, DMF, 0 °C to rt, 93%, u) CSA, MeOH, 87%, v) i) TEMPO, BAIB, AcOH, DCM/¢-
BuOH/H,0, 4 °C, ii) BnBr, K,COs3, DMF, 74% over two steps, x) Ac,O, DMAP, pyridine, 0
°C, 90%, y) NIS, TFA, DCM, 0 °C then Et3N, 80%, z) CIC(=NPh)CF3, K,CO3, acetone, 95%.

The D-ManAN3 was obtained from D-mannosamine hydrochloride (Scheme
2C) by an azidotransfer with freshly prepared triflic azide (TfN3) followed by an
one-pot acetylation®” giving 24 in 98% yield. Pyridine was chosen as solvent, thus
enabling an in-situ acetylation to avoid formation of the glucose epimer side-prod-
uct, which have been reported previously.*? Next, synthesis to compound 25 fol-
lowed a literature procedure,*® by first installation of a thiophenyl group to pro-
vide 25 in 88% yield. Saponification of the remaining three acetyl esters was
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followed by the installation of a p-methoxybenzylidene to mask the C-4 and C-6-
hydroxyl groups. Protection of the remaining C-3-OH as the Nap ether delivered
28. The p-methoxybenzylidene was removed with camphorsulfonic acid (CSA)
to enable the regio- and chemoselective oxidation of the primary alcohol using
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and BAIB.*“° Alkylation of the
newly formed carboxylic acid as the corresponding benzyl ester delivered 30 in
74% overall yield. The remaining C-4-OH was acetylated in 90% yield giving
12a. NMR analysis of this building block revealed a ring flip from a *Ci to a 'Cs

conformation.*'*?

The removal of thiophenyl from 12a proved to be much more difficult than
first anticipated and different attempts were investigated to optimize this transfor-
mation. First, hydrolysis using N-bromosuccinimide (NBS) in acetone/water re-
sulted in low yields due to oxidation of the thiophenyl group to give 12¢ (Table 1,
Entry 1-2). A procedure using NIS and trifluoroacetic acid (TFA) in dichloro-
methane (DMC) and water did not lead to any reaction (Entry 3), even when an
excess of the reagents was used (Entry 4). By performing this reaction under an-
hydrous conditions, the desired product was obtained after quenching with sat. aq.
NaS,03 (Entry 5), but an unknown impurity was formed which could not be re-
moved during purification. Unfortunately, the nature of the impurity, revealed in
the NMR spectrum, could not be identified. Neither prolonging the reaction time
(Entry 6) or quenching with piperidine before adding sat. aq. Na,S>0; (Entry 7)
improved the outcome. Using NBS and trimethylsilyl trifluoromethanesulfonate
(TMSOTY) in DCM/water (Entry 8) also provided an impure product. Finally, it
was found that using 1.5 equiv. NIS and 1 equiv. TFA in DCM (Entry 9) under
anhydrous conditions and quenching with Et;N before adding sat. aq. Na;S;03
yielded the desired product in 80% yield, however several column chromatog-
raphy purifications were needed. After obtaining the hemiacetal 31 the N-phenyl
trifluoroacetimidate donor was installed yielding 12b in 95% yield and the ring
was found to flip back to a *C; conformation as judged by NMR.

The construction of the central trisaccharide 9 was started with the synthesis
of the L-FucN3-D-FucNj3 disaccharide 32. First, the L-FucNj3 selenophenyl donor
11a was investigated using NIS and TMSOTT as promoter in DCM. Surprisingly,
a moderately B-selective glycosylation was found (Table 2, Entry 1). While low-
ering the temperature gave even more of the B-product (Entry 2), increasing the
temperature led to formation of more of the desired a-product (Entry 3). Next, the
use of imidate donor 11b was explored with TMSOT{ as promoter in DCM at rt.
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Table 1: Optimization of the thiophenyl removal of compound 12.

SPh

BnO-C oNa conditions  P"O2CONa n SPh
o pN3 L, 0 pNC:H B OZchl)\lap
OAc OAc Ns
12 31 OAc
12¢c
Entry  Conditions Temp Time Yield Notes
(°O) (h) (%)
1 NBS (2 equiv.), ace- rt 1 48 33 % of 12¢
tone/H>O 10:1
2 NBS (2 equiv.), ace- 0 tort 0.75 43 42 % of 12¢
tone/H>O 10:1
3 NIS (1.1 equiv.), TFA 0 -- -- No reaction

(1.1 equiv.),
DCM/H;0 10:1
4 NIS (2.5 equiv.), TFA 0 -- -- No reaction
(1.1 equiv.),
DCM/H;0 10:1

5 NIS (2 equiv.), TFA(2 0 2 77 @ Unknown
equiv.), DCM impurity

6 NIS (2 equiv.), TFA(2 0 3 90 @  Unknown
equiv.), DCM impurity

7 NIS (1.1 equiv.), TFA 0 4 59 @ Unknown
(1.1 equiv.), DCM, impurity
then piperidine

8 NBS (1.5 equiv.), 0 0.75 87 @  Unknown
TMSOTTf (1 equiv.), impurity
DCM/H20 20:1

9 NIS (1.5 equiv.), TFA 0 1 80
(1.1 equiv.), DCM,
then EtsN

@ Impure product.

Using these conditions, a highly a-selective glycosylation was achieved, but the
disaccharide 32 was formed in low yield (Entry 4). Increasing the reaction time
(Entries 5 and 6) improved the yield only moderately. Then, switching the pro-
moter from TMSOTf to tert-butyldimethylsilyl trifluoromethanesulfonate
(TBSOTY) (Entry 7) led to an improved yield of 98%, while the excellent a-
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selectivity was maintained.** The markedly different outcome of these latter gly-
cosylations may be explained by the fact that TMSOTT can lead to silylation of
the acceptor alcohol, hampering the glycosylation. The a-linkage was confirmed
by 'H-NMR, with the anomeric proton of the newly formed acetal appearing as a
doublet at 5.24 ppm with a coupling constant Jui-n2 of 2.4 Hz.

Table 2: Optimization of disaccharide 32 glycosylation.

NPh BnO

SePh O)KCFS BnO Conditions o&&/omops
Q7N, or 7N, + HO&&/OTBDPS o7 Na
BnO ONap BnO ONap N3 3
11a 11b 10 Bno ONP 32

Entry Donor Conditions Temp Time  Yield o/p®

(°O) (h) (%)
1 11a NIS, TMSOTf  -78t0-50 1 71 35:65
2 11a NIS, TMSOTf -80to-60 2 51 20:80
3 11a NIS, TMSOTf  rt 0.5 62 52:48
4 11b TMSOTf rt 0.5 11 99:1®
5 11b TMSOTf rt 1.5 25 99:1®
6 11b TMSOTf rt 2 36 99:1®

7 11b TBSOTf rt 0.5 98 95:5

General conditions: 3 A molecular sieves, 0.1 M DCM, 0.2 equiv. promoter, 1.5 equiv. NIS, 1.2
equiv. of 11a or 1.3 equiv. of 11b. @ The o/ ratio was determined by NMR of the purified
products. ® No B-product was isolated.

Next the Nap ether in disaccharide 32 was oxidatively cleaved by DDQ in
DCM/water yielding the disaccharide acceptor 40 in 86% yield as shown in
Scheme 3, setting the stage for the [1+2] glycosylation to form the central trisac-
charide 9. Using the ManN3A thioglycoside 12a in combination with NIS and
triflic acid (TfOH) as promoter delivered the target compound 9 in relatively poor
yield but decent selectivity (44%, o/B = 25:75). Switching to the corresponding
imidate donor 12b the yield was improved to 66% and the o/f ratio increased to
14:86, as shown in Scheme 3. The B-linked trisaccharide 9 could easily be purified
by column chromatography and the B-linkage was confirmed by '"H-NMR and
BC-NMR with the B-ManN3A anomeric proton and carbon having a CH-coupling
constant of Jci.u1 = 158.8 Hz. The TBDPS group on the anomeric position of the
D-FucNj3 in 9 was removed using tetra-butylammonium fluoride (TBAF) buffered
by acetic acid (AcOH) to give hemiacetal 41 in 84% yield and this was followed
by installation of the N-phenyl trifluoroacetimidate to give key trisaccharide 37 in
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93% yield. The stereoselective installation of the linker proved challenging be-
cause of the relatively high reactivity of the primary alcohol of the alkane linker
35.% First, installation of the linker was investigated using monosaccharide donor
33. It was found that use of the phenylselenyl donor in combination with NIS and
TMSOT{ mainly gave the B-product (Table 3, Entry 1-3). Gratifyingly, activation
of the corresponding imidate donor 34 using trimethylsilyl iodide (TMSI) and tri-
phenylphosphine oxide (PhsPO) did lead to the desired a-linked product (entry
5).% These conditions were transferred to the trisaccharide imidate donor 37 to
give 5 in 93% yield and a o/f ratio of 75:25.

Table 3: Investigation of the linker installation on the monosaccharide level.
B0 BnO BnO

§ X ) Ly
Q Conditions
PMBO 0 or PMBO . HO\H’SN\Cbz PMBO Bn

N3 o

33N3$eph 323 OT\K‘CCI;, o Solvent ) YN,

Entry Donor Condi- Solvent Temp Time Yield o/p®
tions ©C) () (%)

1 33 TMSOTf, DCM/ -40to- 1.5 78 10:90
NIS Et:O 1:1 20

2 33 TMSOTf, DCM/ -40 to 19 64 6:94
NIS Et:O 1:1 =t

3 33 TMSOTf, DCM t 2 64 22:68
NIS

4 34 Ph;PO, DCM t 23 96 55:45
TMSI

5 34 Ph;PO, DCM/ t 20 98 81:19
TMSI Et,0 1:1

General conditions: 3 A molecular sieves, 0.1 M solvent, either 0.2 equiv. promoter and 1.5
equiv. NIS or 1 eq TMSI and 6 equiv. PhP;0. @ The o/p ratio was determined by NMR of the
purified products.

In another attempt to obtain better a-selectivity the reactivity of the linker
alcohol was modified by use of difluorinated alcohol 38 as seen in Table 4. Placing
two fluorine atoms close to the hydroxy group of the linker precursor lowers the
nucleophilicity of the alcohol group, further improving the stereoselectivity. The
linker was synthesized following a procedure of Seeberger and co-workers.*® Us-
ing 38 as a nucleophile, high a-selectivity was found (Table 4, Entry 1), especially
with the TMSI/Ph3;PO system (Entry 2-3), although the yields of these glycosyla-
tions diminished. Overall, the use of the non-fluorinated linker appeared to be
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more effective and therefore the synthesis was continued with non-fluorinated
linker 35, also because it was cheaper and easier to prepare.

Table 4: Investigation of the fluorinated linker 38 installation on 37.

BnO BnO
o O NPh 5 Q
n o
oZn, Na oJ(ch Ho\'}{/r‘u\%z o7, Nso
BnO,C Né BnO.O 38 BnO,C N3 BnOG E
ﬁ‘ég&/ Conditions ﬁg(p)o/ﬁ&/ L
37 39 N.
Bn’ Cbz
Entry  Conditions Solvent Time (h) Yield (%) a/p @
1 TMSOT{ DCM 0.5 86 64:34
2 TMSI, PhsPO DCM 22 51 83:17
3 TMSI, PhsPO DCM/Et;0O 1:1 22 46 87:13

General conditions: 3 A molecular sieves, 0.1 M solvent, rt, either 1 equiv. TMSI and 6 equiv.
PhP;0 or 0.2 equiv. TMSOTf. @The o/f ratio was determined by NMR of the purified products.

Now the stage was set for the assembly of the larger fragments using the
projected [3+3n] glycosylation strategy. Thus, hexasaccharide 6 was synthesized
by unmasking the ManN3A C-3-OH by oxidative denaphthylation of 5§ with DDQ
giving acceptor 42 in 80% yield. The [3+3] glycosylation of acceptor 42 and do-
nor 35 using TBSOTTf as promoter at room temperature yielded the target hexamer
6 as a single anomer in 87% yield. The nonasaccharide 7 was synthesized using
similar steps and the nonasaccharide 7 was obtained in the [3+6] glycosylation in
78% yield in a highly stereoselective manner. Finally, the dodecasaccharide was
synthesized by first transforming nonamer 7 into the corresponding acceptor 44
in 57% yield. The [3+9] glycosylation solely afforded the a-anomer of the dodec-
asaccharide 8 in 68% yield. All the newly formed a-linkages were confirmed by
'H-NMR and *C-NMR. Overall, the assembly strategy proved to be very effec-
tive, providing the protected CP8 oligomers of unprecedented length, in a highly
stereoselective manner.

Then, turning to the deprotection of the synthetic CP8 oligosaccharides.
First, one-pot azide reduction and acetylation using zinc, AcOH and acetic anhy-
dride (Ac20) afforded the acetamides in yields ranging from 77% to 98%. Previ-
ously, lactamization of the mannosaminuronic acid residue upon reduction of the
azide has been observed,*? but by reducing the azide in the presence of AcOH,
lactam formation was effectively prevented. Final and global hydrogenation with
Pd(OH),/C in +-BuOH/H,0O with AcOH gave the target compounds 1-4 in yields
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ranging from 34 to 53% after gel filtration purification, completing the assembly
of the set of CP8 oligosaccharides.
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Scheme 3: Synthesis of the target oligosaccharides 1, 2, 3 and 4. Reaction conditions: a) DDQ,
DCM/H,0, 86%, b) TfOH, DCM, -78 to -10 °C, 66%, o/f = 14:86, c) TBAF, AcOH, THF, 0
°C to rt °C, 84%, d) CIC(=NPh)CF3, K,COs3, acetone, 93%, ¢) TMSI, PhsP=0, DCM/Et,0,
83%, o/ = 75:25, f) DDQ, DCM/H,0, 42=80%, 43=54%, 44=57%, g) 37, TBSOT{, DCM,
6=87%, 7=77%, 8=68%, h) zinc, AcOH, Ac,O, THF, 50 °C, i) Pd(OH),/C, AcOH, H,, t-
BuOH/H,0, yield over two steps 1=45%, 2=37%, 3=57%, 4=33%, j) 1 M NaOH in H,O, 2-
deAc=41%, 3-deAc =46%.

Conjugates and antibody binding

Having the synthetic fragments in hand, next step was to map their binding
to monoclonal antibodies, as well as polyclonal serum raised against native CP8,
and to generate semi-synthetic model vaccines to explore their immunogenic
properties. To do so, first a set of conjugates were generated in which the synthetic
oligomers were conjugated to Cross-Reactive Material 197 (CRM97), which is an
oft-used, non-toxic carrier protein, that has been found to adequately raise a T-cell
based immune response and to be safe and efficient in children.*” It can be readily
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modified, exploiting the surface exposed lysine residues and therefore first the
synthetic CP8 fragments were functionalized with a suberic acid cross-linker on
the reducing end aminopentyl group (Figure 3A). To optimize loading on the pro-
tein the amount of the oligomers was varied (using 10, 20 and 30 equivalents) as
well as the constitution of the buffer. The generated conjugates were analyzed by
SDS-PAGE and MALDI-TOF, to reveal that the amount of oligosaccharide used
had a large impact on the loading of the carrier protein and that a HEPES buffer
(25 mM) gave superior results with respect to PBS (See SI for details). Using 30
equivalents of the synthetic fragments carrying the activated succinimide suberic
acid esters, CRM-1, CRM-2, CRM-3 and CRM-4 were assembled, having an
average of 11 trisaccharide, 8 hexasaccharide, 13 nonasaccharide and 14 dodeca-
saccharide moieties per protein, respectively (See Figure 3B).

With the CRM1-4 conjugates, first the recognition by monoclonal anti-CP8
antibodies (mAb-CP8) was investigated using a Western Blot experiment. As the
Western Blot in Figure 3C shows, the trisaccharide conjugate CRM-1 was poorly
recognized, while conjugates CRM2-4 all bound well to the mAb-CP8, providing
a first indication that larger fragments are required to present an effective epitope.
To provide more quantitative insight into the binding affinity, a competitive
ELISA was performed, using ELISA plates pre-coated with isolated, natural CP8
polysaccharide (CP8-PS). These showed a clear concentration-dependent compe-
tition for hexasaccharide 2, nonasaccharide 3 and dodecasaccharide 4, with no
binding being detected for trisaccharide 1 (Figure 3D). Also, the nonasaccharide
lacking the ManNAcA-C4-O-acetyl esters, 3-deAc, generated by saponification
of nonamer 3 (Scheme 3), could not compete for binding. Binding to the nonasac-
charide was significantly stronger than binding to the hexasaccharide and on par
with binding to dodecasaccharide 4. Apparently, nonamer 9 is large enough to
harbor the epitope for the mAb-CP8, while hexamer 2 is too short. A competitive
ELISA with polyclonal anti-CP8 serum (pAb-CP8), provided a similar picture,
with stronger competition being observed in comparison to the competition for
binding with the monoclonal antibody, for all fragments (Figure 3E). Also in this
experiment, trisaccharide 1 and de-acetylated 3-deAc showed relatively poor
binding, and nonamer 3 and dodecasaccharide 4 surfaced as the best binders.
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Figure 3: A) Conjugation strategy of the synthetic fragments. 1) Suberic acid bis(N-hydroxy-
succinimide ester) 30 equiv. for 1 and 15 equiv. for 2-4 in DMSO/H,0 9:1, 2) CRM,97 in PBS
or HEPES 25 mM. B) SDS-page with the conjugates CRM1-4 created in HEPES 25 mM at
pH=8. C) Western Blot performed with anti mAb-CP8 showed only recognition of the CRM2-
4. No recognition of the CRM, 7 itself was not observed. D) Competitive ELISA with anti mAb-
CP8 showed that longer fragments granted a better immune response. E) Competitive ELISA
with anti pAb-CP8 showed the same pattern as for mAb, however with better response. Also
recognition of 1 and 3-deOAc was observed.

41



Chapter 2

Structural, conformational, and interaction studies

To account for the established structure-activity relationships in the above
ELISA experiments, next it was set out to probe the structure of the synthetic
fragments and map the epitopes present in the oligosaccharides using saturation
transfer difference (STD) NMR spectroscopy (STD-NMR). The conformation
and dynamics of the synthetic oligomers in solution were investigated using a
combination of NMR methodologies (using J-couplings and NOE-interactions),
assisted by computational protocols (MM).*® First, trisaccharide 1 was investi-
gated. The resulting intra- and inter-residue NOE cross-peaks allowed to unequiv-
ocally define its major conformation in solution (Figure 4A). Specifically, the
analysis of the intra-residual NOE and J-couplings established that the three py-
ranoside residues (A: o-D-FucNAc; B: a-L-FucNAc; C: B-D-ManNAcA) adopt the
expected chair conformations (*C; for residues A and C, and 'Cy for residue B).
Next, the conformation around the glycosidic linkages was analyzed. The simul-
taneous observation of strong NOEs for the H1(B)- and H3(A) and H5(B)-H4(A)
proton pairs were indicative for the presence of a major, well-defined exo-syn-
d/syn(x)-y conformation around the B-A glycosidic linkage (Figure 4A, left). Fit-
tingly, MM calculations also predicted the predominance of the exo-syn-¢/syn(+)-
y conformation for this glycosidic linkage. Integration of the observed NOEs
cross peaks was used to estimate the ensemble average proton-proton distances
(A), which resulted in the definition of the y angle value of ca. y= +20+10. In
contrast, for the B-C glycosidic linkage, the MM calculations predicted the exist-
ence of an equilibrium between a major exo-syn-¢/syn(+)-y and a minor exo-syn-
¢/anti-y geometry. Fittingly, the strong NOEs observed for the H1(C)-H4(B) and
H1(C)-H3(B) proton pairs, together with the very low intensity for H1(C) and
H2(B) NOE, assessed that the exo-syn-¢/syn(+)-y conformation around the C-B
linkage is the most populated one in solution. Overall, this leads to the major con-
formation for the trisaccharide 1 shown in Figure 4A (Figure 4A, right). Inspec-
tion of this 3D structure revealed that alternative conformations around the two
glycosidic linkages are prevented because of steric clashes of the acetamide
groups of residues A and B with the methyl and carboxylate moieties of residues
B and C, respectively. For this major conformation, the average length of the tri-
saccharide is ~11 A, while the three acetamide groups are oriented in the same
spatial direction with respect to the plane defined by the sugar rings.

A similar analysis was performed on nonasaccharide 3. NOE cross peaks
could be identified that were in full agreement with those observed for trimer 1
(See Figure 4B, left). Nonetheless, the severe NMR signal overlap precluded the
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quantitative integration of the cross-peaks. Thus, a qualitative characterization in
terms of weak, medium, and strong intensity signals was used to define the con-
formations (See SI Figure S6-S7). In line with the structure for trimer 1, the exo-
syn-¢/syn(£)-y conformation around the B-A linkage was found to be most pop-
ulated. Similarly, the exo-syn-¢/syn(+)-y conformation dominates the C-B glyco-
sidic linkage. The additional A-C glycosidic linkages populate exclusively the
exo-syn-¢/syn(-)-y conformation, as deduced from the exclusive presence of
strong H1(A’)-H3(C) and H5(A”)-H2(C) NOEs. Interestingly, the spatial orienta-
tion of the ManNAcA C-4-O-acetyl and C-2-acetamide groups provides an energy
barrier for rotation around the A’-C and A”-C’ glycosidic linkages. As a result,
nonasaccharide 3 adopts an extended conformation of ~35 A average length,
which roughly corresponds to three times the length of the trisaccharide. The neg-
ative charges of the carboxylate moieties are at a distance of 15-16 A of each
other. Furthermore, in this structure, the three acetamide groups of each repeating
unit (RU), and the ManNAcA O-acetyl ester of the RU at the reducing end, are
presented in the same spatial direction, with the trisaccharide RUs being tilted by
a dihedral angle close to 90° between two consecutive RUs (Figure 4B, right).
The proximity of the N- and O-acetyl methyl groups creates hydrophobic patches
that may be important in binding to antibodies.

To reveal the structural elements that define the optimal binding epitope, the
interaction of the saccharides to the mAb-CP8 was explored by 'H STD-NMR
experiments. In particular, the tri-, hexa- and nonasaccharide 1, 2 and 3, as well
as the deacetylated hexasaccharide (2-deAc, generated by saponification of hex-
amer 2, Scheme 3) were tested. For trisaccharide 1, the resulting NMR spectrum
acquired at the physiological temperature (310 K) showed no significant STD-
NMR signals. At lower temperature (288 K) the STD-NMR signals slightly in-
creased, suggesting the existence of a very weak interaction (Figure 5A). In con-
trast, the STD-NMR spectrum of the hexasaccharide 2 at 310 K revealed clear
STD signals (Figure 5B). The de-acetylated hexamer 2-deAc showed only mar-
ginal STD-NMR signals, the intensity of which again enhanced upon lowering
the temperature (Figure 5C). This result indicates a weak interaction between the
mADb and the deacetylated hexasaccharide, and thus suggests a key role of the O-
acetyl group of the mannuronic residue for mAb binding. Consistently, in the ab-
sence of the ManNAcA O-acetyl, the ManNAcA residues did not significantly
contribute to the binding, as deduced from the negligible intensities found for the
signals of this residue (comparison Figure 5B-Figure 5C). Interestingly, the STD-
NMR spectrum for nonasaccharide 3 showed less intense STD signals than the
spectrum of hexasaccharide 2 (compare Figure 5B and Figure 5D).
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Figure 4: Conformational analysis of trisaccharide 1 and of nonasaccharide 3 as established by
NMR and MM calculations. A) Zoom area of 2D NOESY spectrum of trisaccharide 1 (left) and
its main conformation as defined by NOE analysis and MM calculations. B) Zoom area of 2D
NOESY spectrum of the nonasaccharide 3 (left) and its main conformation as defined by NOE
analysis and MM calculations. Monosaccharide residues are labeled with a letter code. The
main conformation at each glycosidic linkage, the spatial orientation of the acetyl groups, and
the average length are reported.

Since the success of a STD NMR experiment depends on a fast dissociation
rate of the ligand-mAb complex on the NMR relaxation time scale, the observed
low intensities of the STD signals found for the nonamer may be explained by the
too strong binding for this molecule, as revealed in the ELISA assays. Consistent
with this hypothesis, the STD-NMR signals became clearer at higher temperature,
where dissociation of the ligand from the antibody becomes faster (Figure 5D).
Next, the relative STD-NMR signal intensities were used to define the corre-
sponding binding epitopes. In general, a similar STD profile was observed for
hexasaccharide 2 and nonasaccharide 3. The strongest STD-NMR signals were
observed for the mannuronic acid, the a-L-FucNAc residues, and the correspond-
ing methyl groups of the O-acetyl esters and acetamide moieties. In particular, the
H2 and H4 protons of the ManNAcA residues displayed the strongest STD effects,
ranging between 75 and 100% of the maximum STD relative intensity. The O-
acetyl at the mannuronic residue, the N-acetyl and the H1-H2 of the L-FucNAc,
together with D-FucNAc H2 displayed relative STD intensities ranging between
50 and 74%. Weaker STD signals were recorded for the H3 and the N-acetyl
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moiety of the ManNAcA, the H3-HS5 of the L-FucNAc and for the N-acetyl group
of the L-FucNAc. Interestingly, marginal STD signals (below 25%) were meas-
ured for the methyl groups of the L- and D-FucNAc residues, all along the saccha-
ride chain, as well as for the N-acetyl moieties of the reducing end terminal sac-
charides. Yet, comparison of the STD results of the hexa- and nonasaccharide re-
veals a shift in the main epitope (comparison Figure 5B and Figure 5D). For the
longer oligosaccharide, the strongest STD signals arose from the central RU,
while for the hexasaccharide, the main epitope is formed by the terminal repeating
unit at the nonreducing end.

Overall, these data clearly indicate that the mAb recognizes the CP8 oligo-
saccharides through an extended binding epitope that spans over 2 RUs, and that
is mainly defined by the interaction of the O-acetylated ManNAcA and L-Fuc res-
idues. For the longer nonasaccharide (3 RUs) the central region of the oligosac-
charide chain is in close contact with the antibody binding site, while in the shorter
hexasaccharide engages mostly in binding with the non-reducing end terminal
part.

In vivo studies

Finally, the immunological properties of the CRM-CPS8 conjugates were in-
vestigated in a mouse immunization study, in which the conjugates (with a dose
of 1 pug carbohydrate per immunization) were injected together with aluminum
hydroxide (AIOH, 3 mg/mL) as an adjuvant. Besides the four synthetic CP8-con-
jugates also a CP8-PS-CRM conjugate was used for comparison. Five groups of
10 mice (5 weeks old, female) were injected subcutaneous three times, at day 1,
22 and 36, taking a blood sample at day 35 (post 2) and day 50 (post 3, the final
bleed). The anti-CP8 IgG titers in the collected sera were measured using ELISAs.
As shown in Figure 6, a clear oligosaccharide length-dependent immune response
was observed for the conjugates of the synthetic oligosaccharides. The immuniza-
tion with the trisaccharide conjugate CRM-1, led to the lowest anti-CPS8 titers,
while slightly higher titers were found for the hexasaccharide CRM-2. Antibody
levels elicited by the conjugate of the shortest oligosaccharides appeared more
scattered as opposed to the longest structures. For the nona- and dodecasaccharide
high titers were found with only a small difference between the two fragments in
favor of the dodecasaccharide CRM-4. The titers from the nona- and dodecasac-
charide conjugates compared well with the titers found in the immunization with
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Figure 5: '"H STD-NMR spectra performed for the complexes of mAb-CP8 and the trisaccha-
ride 1, (A) the hexasaccharide 2 (B) the de-acetylated hexasaccharide 2-deAc (C), and the nona-
saccharide 3 (D). Off-resonance spectra (in red) and corresponding STD-NMR spectra at 310
K (in black) and at 288 K (in gray). The representation of the epitope map disclosed by the
analysis of the relative STD-NMR signal intensities for each oligosaccharide is reported as
color legend associated with the STD% values.

the natural CP8-PS conjugate. After injection two and three a small boost was
observed for the synthetic conjugates, with the boosting effect being strongest for
the shortest, weakest antigens (trisaccharide 1 and hexasaccharide 2). No boost
effect was observed for the CP8-PS conjugate. Overall, these results show that the
synthetic oligosaccharides mimic the antigenicity of the full polysaccharide well,
if sufficiently long (i.e., three RUs or more) saccharides are used.
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Figure 6: A) Illustration of the in vivo study. Injections were performed at day 1, day 22 and
day 36 and blood collections were performed at day 0, day 35 (post 2) and day 50 (post 3) B)
ELISA post 2 (P2) and post 3 (P3) IgG titers.

Conclusion

In this work, a convergent strategy for the assembly of synthetic, conjuga-
tion-ready S. aureus CP8 oligosaccharides comprising multiple repeating units,
has been developed. By using a pre-glycosylation oxidation strategy to introduce
the mannosaminuronic acids, in combination with two 2-fucoseamine synthons
an effective route to generate the required trisaccharide building block is dis-
closed. Using an orthogonally protected trisaccharide, a set of CP8 oligosaccha-
rides has been assembled, ranging in length from a tri- to a dodecasaccharide,
carrying O-acetyl esters at the ManNAcA C-4-OH. The developed protecting
group strategy has enabled high yielding and stereoselective glycosylation reac-
tions to construct all required 1,2-cis linkages. It also allowed for a highly efficient
global deprotection scheme, requiring only two transformations and leaving the
O-acetyl ester unscathed. An aminopentyl linker was installed which allowed for
conjugation to CRMi97 to construct a set of model conjugate vaccines. The
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glycoconjugates were evaluated for their binding to mono- and polyclonal anti-
bodies and used in immunization experiments. These revealed a clear length-de-
pendent immune response. While the trisaccharide was found too short to bind the
antibodies or raise an immune response capable of adequately recognizing the
natural polysaccharide, the hexasaccharide bound the antibodies better and the
nona- and dodecasaccharide provided optimal epitopes for recognition. The con-
jugates of the latter oligomers raised a high titer of antibodies recognizing the
natural polysaccharide well. Detailed structural studies revealed that the oligosac-
charides adopt an extended, almost linear structure, in which all acetyl groups of
each trisaccharide repeating unit point in the same direction, generating hydro-
phobic patches along the periphery of the oligosaccharide chain. These formed
important recognition elements in the epitope for the monoclonal antibody. The
interaction and immunization studies have revealed the requirements for at least
three repeating units to deliver a strong binding epitope.

This study has highlighted the advantages of larger synthetic oligosaccha-
rides for immunological studies at the molecular level. Because of the challenges
associated with the assembly of bacterial oligosaccharides often oligosaccharides,
comprising only a single repeating unit, are reported. This obviously simplifies
the synthesis campaign, but it does bring about the risk of synthesizing a sub-
optimal frameshift of the repeating unit, and it fails to capture epitopes spanning
multiple repeating units. The work illustrates how progressing insight into glyco-
sylation chemistry, which enables the effective stereoselective construction of dif-
ficult glycosidic linkages, alongside the development of even more effective pro-
tecting and functional group manipulations, required to install all the different
functionalities present in bacterial glycans, opens the way to construct longer,
fully functional oligosaccharides. These not only enable the conception of syn-
thetic vaccines, but they can also be used as high value tool compounds to probe
bacterial biosynthesis enzymes and investigate (multivalent) interactions with
host (immune cell) receptors.
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Experimental

General experimental procedures

All reagents were of commercial grade and used as received unless otherwise noted. All mois-
ture sensitive reactions were performed under an argon or nitrogen (N») atmosphere. Dried sol-
vents (DCM, DMF, THE, toluene, Et,0) were stored over flame-dried 3 or 4A molecular sieves.
Reactions were monitored by thin layer chromatography (TLC) analysis conducted with Merck
aluminum sheets with 0.20 mm of silica gel 60. The plates were detected by UV (254 nm) and
were applicable by spraying with 20% sulfuric acid in EtOH or with a solution of
(NH4)sM07024-4H,0 (25 g/L) and (NH4)4Ce(SO4)42H,0 (10 g/L) in 10% sulfuric acid (aq.)
followed by charring at ~150 °C. Flash column chromatography was performed with silica gel
(40-63um). Size-exclusion chromatography was carried out using SephadexTM (LH-20, GE
Healthcare Life Sciences) by isocratic elution with DCM/MeOH (1:1, v:v). High-resolution
mass spectra were recorded on a Thermo Finigan LTQ Orbitrap mass spectrometer equipped
with an electrospray ion source in positive mode (source voltage 3.5 kV, sheath gas flow 10,
capillary temperature 275 °C) with resolution R=60.000 at m/z=400 (mass range 150-4000). 'H
and 3C spectra were recorded on a Bruker AV-400 (400 and 101 MHz respectively), Bruker
AV-500 (500 and 126 MHz respectively), Bruker AV-600 (600 and 151 MHz respectively),
Bruker AV-850 (800 and 214 MHz respectively) or a Bruker AV-1200 (1200 and 302 MHz
respectively). Chemical shifts (8) are given in ppm relative to the residual signal of the deuter-
ated solvent ("H-NMR: 7.26 ppm for CDCl3, 3.31 ppm for MeOD, 1.94 for CNCD; or 4.79 for
D,0. BC-NMR: 77.16 ppm for CDCl3, 49.00 ppm for MeOD, 1.32 for CNCD3). Coupling con-
stants (J) are given in Hz. All 3C spectra are proton decoupled. NMR peak assignments were
made using COSY and HSQC experiments, where applicable, HMBC and GATED experiments
were used to further elucidate the structure. The anomeric product ratios were analyzed through
integration of proton NMR signals.

General experimental for deprotection of the 2-methylnaphthyl ether

The fully protected CP8-OS (1 equiv.) was dissolved in DCM/H,0 (0.1 M) and added DDQ (2
equiv.). The reaction was stirred under N, at rt until TLC showed full conversion (~4-6 h). The
reaction was quenched with Na>S,0; (aq., sat.) and diluted in EtOAc and extracted (x3). The
combined organic layers were washed with NaHCOj (sat. aq.; x4) and brine (x1), dried over
Na,SO,, filtered and concentrated in vacuo. Column chromatography gave the wanted product.

General glycosylation of [3+3], [3+6] and [3+9]

The trisaccharide donor 16 (1.3 equiv.) and the acceptor (1 equiv.) was co-evaporated with tol-
uene (3x), dissolved in dry DCM (0.1 M), added 3A molecular sieves at rt and stirred for 30
min at rt. TBSOTf (0.2 equiv.) was added at rt and the reaction was stirred at rt under argon
until TLC showed full conversion (~30 min). The reaction was quenched with Et;N, dissolved
in EtOAc, washed with NaHCO; (sat. aq.; x1) and brine (x1), dried over Na,SO4 and concen-
trated. Purification by column chromatography and/or size exclusion gave the wanted product.

General deprotection of 5, 6, 7 and 8
Protected CP8-OS was dissolved in dry, distilled THF (3 mL) and added zinc powder (300
equiv.), AcOH (1 mL) and Ac,0O (0.5 mL). The reaction was stirred at 50 °C overnight until
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TLC showed full conversion. The solution was filtered, concentrated in vacuo and co-evapo-
rated with toluene (x3). Column chromatography (DCM/MeOH 98:2 — 95:5) and/or size ex-
clusion gave the wanted product. The acetamide-OS was dissolved in ~BuOH (1.5 mL) and
added AcOH (1 mL, 0.1 mL in 100 mL MilliQ). Another 1 mL #~BuOH was added to dissolve
the compound. The solution was birched with argon for 20 min and then added Pd(OH),/C
(catalytic amount). The reaction was again birched with argon for 5 minutes before the atmos-
phere was changed for H,. The mixture was stirred for under H, atmosphere for three days or
until completion by NMR was detected. The mixture was filtered over a Whatman filter and
lyophilized. Purification by a HW40 column with NH4OAc followed by lyophilization gave the
wanted product.

Synthesis of building blocks

1,2,3,4-tetra-O-acetyl-p-fucopyranose (13)
AcO Acetone (1200 mL) was cooled to 0 °C and slowly dropwise added conc.
ACO% H>SO4 (40 mL). D-Galactose (50 g, 277.5 mmol) was added portion wise and
0Ac 9% the reaction was allowed to warm to rt and stirred for 7 h until TLC (pen-
tane/EtOAc, 1:1) showed full conversion. The now yellow solution was cooled to 0 °C and
neutralized with NaHCO; (sat. aq.) until pH~8-9. The acetone was evaporated and the aqueous
phase was extracted with EtOAc (x3). The combined organic phases were washed with brine
(x1), dried over Na,SOy, filtered and concentrated in vacuo. The crude product (62.04 g, 238.3
mmol) was dissolved in toluene/MeCN (2:1, 700 mL). First PPhs (118.66 g, 524.4 mmol, 2.2
equiv.) and imidazole (71.39 g, 1050 mmol, 4.4 equiv.) were added followed by portion wise
addition of I, (90.74 g, 357.5 mmol, 1.5 equiv.). The reaction was heated to 90 °C and stirred
for 24 h until TLC (pentane/EtOAc 1:1) showed full conversion. After cooling to rt, the solvents
were evaporated and the residue was dissolved in EtOAc, washed with Na,S,0s (aq., sat., x2),
H,0 (x2) and brine (x1), dried over Na,SOs, filtered and concentrated in vacuo. To the crude
product in i-PrOH (700 mL) were added EtzN (199 mL, 1450 mmol, 6 equiv.) and aq. H;PO»
(50%, 84 mL, 953.2 mmol, 4 equiv.) and the mixture was stirred under N for 30 min. 2,2'-
azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044, 23.11 g, 71.49 mmol, 0.3
equiv.) was added at rt and the reaction was heated to 80 °C and stirred under N, for 1 h until
TLC (pentane/EtOAc 4:1) showed full conversion. The solvent was evaporated and residue was
dissolved in EtOAc, washed with NH4Cl (sat. aq.; x1) and brine (x1), dried over Na,SOs, fil-
tered and concentrated in vacuo. The crude residue was dissolved in 80% aq. AcOH (600 mL)
and stirred at 90 °C for 18 h until TLC (pentane/EtOAc 4:1) showed full conversion. The sol-
vents were evaporated and the residue was co-evaporated with toluene (x4). The residue was
dissolved in pyridine (700 mL) and cooled to 0 °C. Ac,O (400 mL) was added and the reaction
was slowly allowed to warm to rt and stirred for 18 h until TLC (pentane/EtOAc 4:1) showed
full conversion. The solvents were evaporated and the residue wash dissolved in EtOAc,
washed with 1 M HCI (x2), sat. aq. NaHCO; (sat. aq.; x3) and brine (x1), dried over Na,SOs,
filtered and concentrated in vacuo. Column chromatography (pentane/EtOAc 85:15 — 70:30)
gave 13 in 54% yield (49.42 g, 149 mmol) in a o/p ratio = 0.8:1. 'TH NMR (400 MHz, CDCls)
8 6.34 (s, 1H, a-H-1), 5.68 (d, J = 8.3 Hz, 1H, p-H-1), 533 (t,J = 1.4 Hz, 2H, a-H-4, 0-H-3),
5.33-5.32 (m, 1H, a-H-2), 5.32 - 5.29 (m, 1H, B-H-4), 5.27 (dd, J = 3.5, 1.1 Hz, 1H, B-H-2),
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5.07 (dd, J = 10.4, 3.4 Hz, 1H, -H-3), 4.30 — 4.23 (q, J = 6,5 Hz, 1H, o-H-5), 3.95 (J/ = 6.5
Hz, 1H, B-H-5), 2.19 (s, 3H, COCH3), 2.18 (s, 3H, COCHj3), 2.14 (s, 3H, COCH3), 2.11 (s, 3H,
COCH3), 2.04 (s, 3H, COCHs), 2.01 (s, 3H, COCH3), 2.00 (s, 3H, COCHs), 1.99 (s, 3H,
COCH;3), 1.22 (d, J = 6.4 Hz, 3H, g-H-6), 1.15 (d, J = 6.5 Hz, 3H, a-H-6). *C NMR (101
MHz, CDCl3) $ 170.70 (C=0), 170.68 (C=0), 170.36 (C=0), 170.20 (C=0), 170.11 (C=0),
169.63 (C=0), 169.33 (C=0), 169.32 (C=0), 92.31 (B-C-1), 90.09 (a-C-1), 71.39 (B-C-3),
70.71 (a-C-3/ B-C-4/ a-C-4), 70.39 (B-C-5), 70.05 (B-C-2), 68.03 (a-C-3/ f-C-4/ a-C-4), 67.96
(0-C-2), 67.42 (a-C-5), 66.59 (a-C-3/ B-C-4/ a-C-4), 21.08 (COCH3), 21.00 (COCH3), 20.83
(COCH3), 20.80 (COCH3), 20.77 (COCH3), 20.73 (COCH3), 16.07 (C-6), 16.06 (C-6). HRMS:
[M+Na]* calculated for CisH2000Na: 355.10050; found 355.09974

3,4-di-O-acetyl-p-fucal (14)
AcO 13 (17.83 g, 53.7 mmol) was dissolved in DCM (215 mL, 0.25 M), cooled to 0 °C
ACO&; and added HBr in AcOH (33 wt%, 14.6 mL, 80.55 mmol, 1.5 equiv.) using a drop-
ping funnel. The reaction was stirred at 0 °C under N for 2 h until TLC (pen-
tane/EtOAc 4:1) showed full conversion. The solution was poured over ice and stirred until the
ice was molten. The aqueous phase was extracted with DCM (x3) and the combined organic
phases were washed with H,O (x1) and brine (x1), dried over Na SOy, filtered and concentrated
in vacuo. The residue was co-evaporated with toluene (x3) and used immediately without any
further purification. The crude product (17.51 g, 49.74 mmol) was dissolved in EtOAc (166
mL, 0.3 M) and zinc powder (22.77 g, 348.2 mmol, 7 equiv.) and NH4Cl (18.62 g, 348.2 mmol,
7 equiv.) were added portion wise. The reaction was stirred at 60 °C under N, for 1 h until TLC
(pentane/EtOAc 4:1) showed full conversion. The mixture was cooled to rt, filtered and con-
centrated in vacuo. Column chromatography (pentane/EtOAc + 1% Et:N 9:1 — 7:3) gave 14
in 44% yield (5.11 g, 23.9 mmol) (49% brsm). '"H NMR (400 MHz, CDCl;) § 6.46 (dd, J =
6.4,2.0 Hz, 1H, H-1), 5.60 — 5.52 (m, 1H, H-3), 5.28 (dq, J = 4.7, 1.8 Hz, 1H, H-4), 4.63 (dt, J
= 6.3, 1.9 Hz, 1H, H-2), 421 (q, J = 6.5 Hz, 1H, H-5), 2.15 (s, 3H, COCH}3), 2.01 (s, 3H,
COCHs), 1.27 (d, J = 6.6 Hz, 3H, H-6). 3C NMR (101 MHz, CDCl3) § 170.86 (C=0), 170.56
(C=0), 146.25 (C-1),98.39 (C-2), 71.65 (C-3), 66.37 (C-4), 65.17 (C-5), 21.00 (COCH3), 20.85
(COCH3), 16.66 (C-6). HRMS: [M+Na]" calculated for CioH14OsNa: 237.07389; found
237.07422

Phenyl 2-azido-2-deoxy-1-seleno-a-D-fucopyranoside (15)
HO 14 (6.562 g, 30.66 mmol) and (PhSe), (9.57 g, 30.66 mmol, 1 equiv.) was dis-
HO S solved in DCM (155 mL, 0.2 M) and degassed under argon at rt for 30 min. The
NssePh  reaction was cooled to -30 °C, added BAIB (9.87 g, 30.66 mmol, 1 equiv.) and
TMSN3 (8.1 mL, 61.31 mmol, 2 equiv.) and stirred at -20 °C overnight until TLC (tolu-
ene/EtOAc 9:1) showed full conversion. Cyclohexene (12 mL) was added, and the reaction was
stirred at rt for 30 min before being concentrated in vacuo. The lipophilic byproducts were
removed by column chromatography (pentane/EtOAc 10:0 — 7:3) were all the carbohydrate
positive fractions were collected. The crude residue (14.46 g, 35 mmol, impure) was dissolved
in MeOH (120 mL, 0.3 M) and added NaOMe (1.6 mL, 7 mmol, 0.2 equiv.). The reaction was
stirred at rt for 2 h until TLC (pentane/EtOAc 1:1) showed full conversion and then neutralized
with Amberlite IR-120 H" resins, filtered and concentrated in vacuo. The crude product was
recrystallized in hot toluene to give 15 in 67% yield (6.78 g, 20.7 mmol). 'H NMR (400 MHz,
MeOD) 6 7.60 — 7.55 (m, 2H, Ar-H), 7.34 — 7.22 (m, 3H, Ar-H), 5.91 (dd, J = 5.2, 0.6 Hz, 1H,
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H-1),4.29 (q,J = 6.5 Hz, 1H, H-5), 4.01 (dd, J =9.9, 5.3 Hz, 1H, H-2), 3.76 — 3.68 (m, 2H, H-
4,H-3), 1.15 (d, J = 6.6 Hz, 3H, H-6). 3C NMR (101 MHz, MeOD) 6 135.91 (Ar-C), 130.04
(Ar-C), 128.72 (Ar-C,), 86.89 (C-1), 72.91 (C-3), 72.68 (C-4), 70.61 (C-5), 62.91 (C-2), 16.42
(C-6). HRMS: [M+Na]" calculated for C1,H;sN303SeNa: 352.01763; found 352.01709

Phenyl 2-azido-2-deoxy-3-0-(2-naphthylmethyl)-1-seleno-a-D-fucopyranoside (16)
Ho 15 (3.60 g, 10.94 mmol) was co-evaporated with toluene (x3) and dissolved
NapO&% in dry toluene (55 ml, 0.2 M). BuxSnO (2.778 g, 11.16 mmol, 1.02 equiv.) was
Ns added and the flask was equipped with a Dean-Stark. The reaction was heated
to 140 °C for 3 h. The now clear solution was cooled to 60 °C before adding
BwNBr (3.704 g, 11.49 mmol, 1.05 equiv.), CsF (1.965 g, 11.16 mmol, 1.02 equiv.) and NapBr
(2.540 g, 11.49 mmol, 1.05 equiv.). The reaction was heated to 120 °C for 1 h until TLC (pen-
tane/EtOAc 3:2) showed full conversion. The reaction was allowed to cool to 1t before a 10%
KF solution was added and the reaction was stirred for 30 min. The aqueous phase was extracted
with EtOAc (x3) and the combined organic phases were washed with brine (x1), dried over
NaySOq, filtered and concentrated in vacuo. Column chromatography (pentane/EtOAc 9:1 —
7:3) gave 16 in 93% yield (4.768 g, 10.18 mmol). "H NMR (400 MHz, CDCl3) § 7.92 — 7.82
(m, 4H, Ar-H), 7.63 — 7.45 (m, 5H, Ar-H), 7.33 — 7.27 (m, 3H, Ar-H), 591 (d, J = 5.4 Hz, 1H,
H-1),4.88 (dd, J = 13.6, 11.5 Hz, 2H, Ar-CH,), 4.30 (qt, J = 6.6, 1.5 Hz, 1H, H-5), 4.21 (dd, J
=10.2, 5.3 Hz, 1H, H-2), 3.91 (dt,J = 3.2, 1.6 Hz, 1H, H-4), 3.76 (dd, J = 10.2, 3.1 Hz, 1H,
H-3),2.39 (t,J = 1.6 Hz, 1H, OH), 1.26 (d, J = 6.5 Hz, 3H, H-6). 13C NMR (101 MHz, CDCls)
4 133.35 (Ar-C), 133.33 (Ar-C,), 129.24 (Ar-C,), 128.79 (Ar-C), 128.63 (Ar-C,) 128.13 (Ar-
0), 127.94 (Ar-C), 127.91 (Ar-C), 127.17 (Ar-C), 126.53 (Ar-C), 126.45 (Ar-C), 125.81 (Ar-
(), 85.30 (C-1), 79.35 (C-3), 72.42 (Ar-CH»), 68.71 (C-5, C-4), 60.40 (C-2), 16.83 (C-6).
HRMS: [M+H]" calculated for C3H23N303SeH: 470.09829; found 470.09776

SePh

Phenyl 2-azido-4-0-benzyl-2-deoxy-3-0-(2-naphthylmethyl)-1-seleno-a-D-fucopyra-
noside (17)
BnO 16 (3.228 g, 6.89 mmol) was dissolved in DMF (67 mL, 0.1 M) and cooled
to 0 °C. BnBr (1.06 mL, 8.96 mmol, 1.3 equiv.) and NaH (60% suspension in
Nagepn ~ Mineral oil, 358 mg, 8.96 mmol, 1.3 equiv.) was added and the solution was
slowly allowed to warm to rt and stirred under N, for 18 h until TLC (pen-
tane/EtOAc 9:1) showed full conversion. The reaction was quenched with H,O and extracted
with Et;O (x3). The combined organic phases were washed with brine (x1), dried over Na,SOs,
filtered and concentrated in vacuo. Column chromatography (pentane/EtOAc 95:5 — 85:15)
gave 17 in 88% yield (3.627 g. 6.49 mmol). 'H NMR (400 MHz, CDCl;) § 7.92 — 7.81 (m, 4H,
Ar-H), 7.60 — 7.53 (m, 3H, Ar-H), 7.53 — 7.47 (m, 2H, Ar-H), 7.37 — 7.19 (m, 8H, Ar-H), 5.95
(d, J=5.3 Hz, 1H, H-1), 5.01 — 4.87 (m, 3H, Ar-CH>, Ar-CH>), 4.65 (d, J = 11.4 Hz, 1H, Ar-
CH»), 4.40 (dd, J = 10.3, 5.3 Hz, 1H, H-2), 4.23 (q, J = 6.3 Hz, 1H, H-5), 3.79 (dd, J = 10.3,
2.7 Hz, 1H, H-3),3.74 (dd, J = 2.8, 1.2 Hz, 1H, H-4), 1.14 (d, J = 6.5 Hz, 3H, H-6). 3C NMR
(101 MHz, CDCL) 6 138.24 (Ar-C,), 135.09 (Ar-C,), 134.50 (Ar-C), 133.42 (Ar-C,), 133.23
(Ar-Cy), 128.54 (Ar-C), 128.45 (Ar-C), 128.29 (Ar-C), 128.13 (Ar-C), 127.92 (Ar-C), 127.89
(Ar-C), 127.80 (Ar-C), 126.76 (Ar-C), 126.41 (Ar-C), 126.26 (Ar-C), 125.81 (Ar-C), 85.68 (C-
1),80.79 (C-3),75.98 (C-4), 75.16 (Ar-CH,-3), 72.77 (Ar-CH,), 69.55 (C-5), 61.17 (C-2), 16.69
(C-6). HRMS: [M+Na]" calculated for C3pH29N303SeNa: 582.12718; found 582.12685

NapO
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2-azido-4-0-benzyl-2-deoxy-3-0-(2-naphthylmethyl)-a/p-pD-fucopyranose (18)
BnO 17 (3.618 g, 6.47 mmol) was dissolved in acetone/H,O (130 mL, 10:1, 0.05
Napo%@M M), cooled to 0 °C and added NIS (2.912 g, 12.94 mmol, 2 equiv.). The reac-
Ns O tion was stirred at 0 °C for 15 min until TLC (pentane/EtOAc 3:2) showed
full conversion. The solvents were evaporated and the residue was dissolved in EtOAc, washed
with sat. aq. Na,S,03 (sat. aq.; x1), sat. aq. NaHCOs (sat. aq.; x1) and brine (x1), dried over
NaySOy, filtered and concentrated in vacuo. Column chromatography (pentane/EtOAc 8:2 —
6:4) gave S6 in 99% yield in a o/ ratio 1:0.9 (2.687 g, 6.405 mmol). '"H NMR (400 MHz,
CDCL3) 6 7.91 — 7.79 (m, 7H, Ar-H), 7.59 — 7.45 (m, 6H, Ar-H), 7.41 — 7.26 (m, 9H, Ar-H),
5.33 (t,J =2.9 Hz, 1H, a-H-1),4.97 (dd, J = 11.5, 4.5 Hz, 2H, Ar-CH>), 4.89 (d, J = 10.1 Hz,
4H, Ar-CH>), 4.68 (dd, J = 16.6, 11.5 Hz, 2H, Ar-CH,), 4.47 (t,J = 7.5 Hz, 1H, -H-1), 4.15 -
4.07 (m, 1H, B-H-5), 4.06 — 3.95 (m, 2H, aH-3, 0-H-2), 3.80 (dd, / = 10.3, 7.9 Hz, 1H, p-H-2),
3.76 — 3.71 (m, 1H, B-H-4), 3.58 (dd, J = 2.8, 1.0 Hz, 1H, o-H-4), 3.48 (qd, J = 6.4, 1.1 Hz,
1H, a-H-5), 3.41 (dd, J = 10.3, 2.8 Hz, 1H, B-H-3), 3.29 (d, J = 7.1 Hz, 1H, B-OH), 2.77 (dd, J
=3.0,0.9 Hz, 1H, a-OH), 1.21 (d, J = 6.4 Hz, 2H, 0-H-6), 1.17 (d, J = 6.5 Hz, 3H, B-H-6). 13C
NMR (101 MHz, CDCl;) 6 138.29 (Ar-Cy), 138.16 (Ar-C,), 135.21 (Ar-C,), 135.14 (Ar-C,),
133.23 (Ar-C,), 128.55 (Ar-C), 128.52 (Ar-C), 128.46 (Ar-C), 128.11 (Ar-C), 128.07 (Ar-C),
127.98 (Ar-C), 127.94 (Ar-C), 127.90 (Ar-C), 127.88 (Ar-C), 96.58 (B-C-1), 92.58 (a-C-1),
81.05 (B-C-3), 77.88 (0-C-3), 76.22 (B-C-4), 75.03 (Ar-CH>), 74.95 (Ar-CHy), 72.86 (Ar-CH,),
72.57 (Ar-CH>), 71.20 (a-C-5), 67.01 (B-C-5), 64.96 (B-C-2), 60.46 (a-C-2), 17.05 (C-6), 16.97
(C-6). HRMS: [M+Na]* calculated for Co4H2sN3O4Na: 442.17428; found 442.17373

Tert-butyldiphenylsilyl 2-azido-4-O-benzyl-2-deoxy-3-O-(2-naphthylmethyl)-p-b-fucopy-
ranoside (19)
8o 18 (2.688 g, 6.408 mmol) was co-evaporated with toluene (x3), dissolved
‘5 X o in dry DCM 32 mL, 0.2 M) and cooled to 0 °C. TBDPS-CI (1.97 mL,
Napo OTBEPS 7 69 mmol, 1.2 equiv.), imidazole (1.091 g, 16.02 mmol, 2.5 equiv.) and
DMAP (157 mg, 1.282 mmol, 0.2 equiv.) were added and the reaction
was stirred at rt under N for 2 h until TLC (pentane/EtOAc 95:5) showed full conversion. The
solution was dissolved in EtOAc, washed with 1 M HCl (x3) and brine (x1), dried over Na>SOs4,
filtered and concentrated in vacuo. Column chromatography (pentane/EtOAc 100:0 — 90:10)
gave 19 in 96% (4.067 g, 6.18 mmol). '"H NMR (400 MHz, CDCl;) § 7.87 — 7.65 (m, 10H, Ar-
H), 7.53 —7.28 (m, 16H, Ar-H), 4.96 (d, J = 11.8 Hz, 1H, Ar-CH>), 4.83 (d, J = 2.2 Hz, 2H,
Ar-CH>), 4.68 (d, J = 11.8 Hz, 1H, Ar-CH>), 4.31 (d, J = 7.7 Hz, 1H, H-1), 3.89 (dd, J = 10.4,
7.7 Hz, 1H, H-2), 3.46 (dd, J = 3.1, 1.1 Hz, 1H, H-4), 3.25 (dd, J = 10.4, 2.9 Hz, 1H, H-3),
3.08 (qd, J = 6.4, 1.1 Hz, 1H, H-5), 1.11 (s, 9H, TBDPS-CH;), 1.01 (d, J = 6.4 Hz, 3H, H-6).
13C NMR (101 MHz, CDCl3) § 138.59 (Ar-C,), 136.25 (Ar-C), 136.11 (Ar-C), 135.44 (Ar-C,),
134.94 (Ar-C,), 133.59 (Ar-C,), 133.36 (Ar-C,), 133.28 (Ar-C,), 133.17 (Ar-C,), 129.81 (Ar-
0), 129.64 (Ar-C), 128.43 (Ar-C), 128.38 (Ar-C), 128.36 (Ar-C), 128.07 (Ar-C), 127.87 (Ar-
0), 127.79 (Ar-C), 127.56 (Ar-C), 127.32 (Ar-C), 126.64 (Ar-C), 126.34 (Ar-C), 126.16 (Ar-
C), 125.83 (Ar-C), 97.44 (C-1), 81.18 (C-3), 75.35 (C-4), 74.79 (Ar-CH2), 73.58 (Ar-CH>),
71.28 (C-5), 66.76 (C-2), 27.01 (TBDPS-CHz), 16.71 (C-6). HRMS: [M+Na]" calculated for
C40H3N304SiNa: 680.29205; found 680.29150

N3
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Tert-butyldiphenylsilyl 2-azido-4-O-benzyl-2-deoxy-B-D-fucopyranoside (10)
BnO 19 (4.3923 g, 5.01 mmol) was dissolved in DCM/H,O (50 mL, 20:1, 0.1
HO%OTBDPS M) and added DDQ (1.705 g, 7.51 mmol, 1.5 equiv.). The reaction was
Ns stirred at rt under N for 2 h until TLC (pentane/EtOAc 9:1) showed full
conversion. The solution was quenched with Na,S,03 (aq. sat.), dissolved and extracted with
EtOAc x3. The combined organic phases were washed with sat. aq. NaHCO; (sat. aq.; x4, until
the yellow color disappeared) and brine (x1), dried over Na>SOs, filtered and concentrated in
vacuo. Column chromatography (pentane/EtOAc 95:5 — 80:20) gave 10 in 84% yield (2.89 g,
5.58 mmol). 'H NMR (400 MHz, CDCl;) § 7.82 — 7.69 (m, 4H, Ar-H), 7.51 — 7.33 (m, 11H,
Ar-H), 4.82 (d, J = 11.6 Hz, 1H, Ar-CH>), 4.71 (d, J = 11.6 Hz, 1H, Ar-CH,), 4.36 (d, J = 7.7
Hz, 1H, H-1), 3.58 (dd, J = 10.3, 7.7 Hz, 1H, H-2), 3.47 (dd, J = 3.6, 1.2 Hz, 1H, H-4), 3.39-
3.33 (m, 1H, H-3), 3.21 (qd, J = 6.5, 1.2 Hz, 1H, H-5), 2.24 (d, J = 7.4 Hz, 1H, OH), 1.15 (s,
9H, TBDPS-CHs), 1.12 (d, J = 6.5 Hz, 3H, H-6). 3C NMR (101 MHz, CDCl3) § 138.10 (Ar-
Cy), 136.21 (Ar-C), 136.05 (Ar-C), 133.56 (Ar-C,), 133.17 (Ar-C,), 129.88 (Ar-C), 129.71 (Ar-
0), 128.76 (Ar-C), 128.25 (Ar-C), 128.22 (Ar-C), 127.60 (Ar-C), 127.35 (Ar-C), 96.99 (C-1),
78.84 (C-4), 76.04 (Ar-CH>), 72.93 (C-3), 70.87 (C-5), 67.53 (C-2), 27.00 (TBDPS-CH3), 16.69
(C-6). HRMS: [M+Na]* calculated for C2oH3sN304SiNa: 540.22945; found 540.22890

3,4-di-O-acetyl-L-fucal (20)

w A solution of Ac,O (80 mL, 14 equiv.) and pyridine (100 ml, 0.6 M) was cooled to
AcO 0 °C. L-Fucose (10 g, 60.92 mmol) was added portion wise and the reaction was
stirred at 4 C under N for 18 h until TLC (pentane/EtOAc 3:2) showed full conver-
sion. The solution was poured over ice and stirred until the ice was molten. The aqueous phase
was extracted with DCM (x3) and the combined organic phases were washed with 1 M HCI
(x3), H>O (x2) and brine (x1), dried over NaySOg, filtered and concentrated in vacuo. The resi-
due was co-evaporated with toluene (x3) and used without any further purification. The crude
product (18.9 g, 56.91 mmol) was dissolved in DCM (230 mL, 0.25 M) and cooled to 0 °C. HBr
in AcOH (33%, 15.5 mL, 85.36 mmol, 1.5 equiv.) was added using a dropping funnel and the
reaction was stirred at 0 °C under N, for 2 h until TLC (pentane/EtOAc 4:1) showed full con-
version. The solution was poured over ice and stirred until the ice was molten. The aqueous
phase was extracted with DCM (x3) and the combined organic phases were washed with aq.
sat. NaHCOs (sat. aq.; x1), H,O (x1) and brine (x1), dried over Na>SOs, filtered and concen-
trated in vacuo. The residue was co-evaporated with toluene (x3) and used immediately without
any further purification. The crude product (18. g, 53.69 mmol) was dissolved in EtOAc (180
mL, 0.3 M) and zinc powder (24.58 g, 375.8 mmol, 7 equiv.) and NH4Cl (20.10 g, 375.8 mmol,
7 equiv.) were added portion wise. The reaction was stirred at 60 °C under N, for 1 h until TLC
(pentane/EtOAc 4:1) showed full conversion, cooled to rt, filtered and concentrated in vacuo.
Column chromatography (pentane/EtOAc + 1% Et;N 9:1 — 7:3) gave 20 in 48% yield (6.35 g,
29.6 mmol) over 3 steps. 'H NMR (400 MHz, CDCl3) § 6.46 (dd, J = 6.3, 2.0 Hz, 1H, H-1),
5.57 (dtd, J = 4.9, 2.0, 1.1 Hz, 1H, H-3), 5.31 — 5.25 (m, 1H, H-4), 4.63 (dt, J = 6.4, 2.0 Hz,
1H, H-2), 4.20 (q, J = 6.6 Hz, 1H, H-5), 2.15 (s, 3H, COCH3), 2.01 (s, 3H, COCH3), 1.27 (d,
J = 6.6 Hz, 3H, H-6). 3C NMR (101 MHz, CDCl;3) § 170.85 (C=0), 170.55 (C=0), 146.24
(C-1), 98.39 (C-2), 72.16 (C-5), 66.37 (C-4), 65.17 (C-3), 21.00 (COCH3), 20.85 (COCH3),
16.66 (C-6). HRMS: [M+Na]" calculated for CioH140sNa: 237.07389; found 237.07334
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Phenyl 2-azido-2-deoxy-1-seleno-a-L-fucopyranoside (21)
seph 22 (6.345 g, 29.64 mmol) and (PhSe), (9.248 g, 29.64 mmol, 1 equiv.) was
Q7 v, dissolved in DCM (150 mL, 0.2 M) and degassed under argon at rt for 30 min.
Ho OH The reaction was cooled to -30 °C and added BAIB (9.548 g, 29.64 mmol, 1
equiv.) and TMSN3 (7.7 mL, 59.28 mmol, 2 equiv.). The reaction was allowed to warm to -20
°C and stirred overnight until TLC (toluene/EtOAc 10:1) showed full conversion. Cyclohexene
(10 mL) was added and the reaction was stirred at rt for 30 min before concentration in vacuo.
The lipophilic by products were removed by column chromatography (pentane/EtOAc 10:0 —
7:3) were all the carbohydrate positive fraction were collected. The crude residue (12.399 g,
30.01 mmol) was dissolved in MeOH (100 mL, 0.3 M) and added NaOMe (1.4 mL, 6.004
mmol, 0.2 equiv.). The reaction was stirred at rt for 2 h until TLC (pentane/EtOAc 1:1) showed
full conversion. The solution was neutralized with Amberlite IR-120 H" resins, filtered and
concentrated in vacuo. The crude product was recrystallized in hot toluene to give 21 in 64%
yield (4.296 g. 13.09 mmol) over two steps. 'H NMR (400 MHz, MeOD) § 7.63 — 7.53 (m,
2H, Ar-H), 7.31 — 7.27 (m, 3H, Ar-H), 5.91 (d, J = 5.4 Hz, 1H, H-1), 4.30 (q, J = 6.5 Hz, 1H,
H-5), 4.01 (dd, J = 9.9, 5.3 Hz, 1H, H-2), 3.76 — 3.67 (m, 2H, H-3, H-4), 1.15 (d, J = 6.5 Hz,
3H, H-6). 3*C NMR (101 MHz, MeOD) § 135.91 (Ar-C), 130.04 (Ar-C), 128.73 (Ar-C), 86.90
(C-1),72.92 (C-4), 72.68 (C-3), 70.62 (C-5), 62.91 (C-2), 16.42 (C-6). HRMS: [M+H]" calcu-

lated for C12H15sN303SeH: 330.03569; found 330.03514

Phenyl 2-azido-2-deoxy-3-O-(2-naphthylmethyl)-1-seleno-a-L-fucopyranoside (22)
SePh 21 (6.005 g, 18.25 mmol) was co-evaporated with toluene (x3) and dissolved in
7N, toluene (91 mL, 0.2 M). BuSnO (4.634 g, 18.62 mmol, 1.02 equiv.) was added
Ho ONap and the flask was equipped with a Dean Stark. The reaction was heated to 140 °C
for 3 h and the now clear solution was cooled to 60 °C before adding BusNBr (6.178 g, 19.16
mmol, 1,05 equiv.), CsF (2.828 g, 18.62 mmol, 1.02 equiv.) and NapBr (4.235 g, 19.16 mmol,
1.05 equiv.). The reaction was heated to 120 °C for 1 h until TLC (pentane/EtOAc 3:2) showed
full consumption. The reaction was allowed to cool to rt before a 10% KF solution was added
and the reaction was stirred for 30 min. The aqueous phase was extracted with EtOAc (x3) and
the combined organic phases were washed with brine (x1), dried over Na>SOs, filtered and
concentrated in vacuo. Column chromatography (pentane/EtOAc 9:1 — 7:3) gave 22 in 91%
yield (7.785 g, 26.62 mmol). 'H NMR (400 MHz, CDCl3) § 7.92 — 7.83 (m, 4H, Ar-H), 7.63 —
7.45 (m, SH, Ar-H), 7.36 — 7.27 (m, 3H, Ar-H), 5.91 (d,J =5.3 Hz, 1H, H-1),4.92 (d,J = 11.5
Hz, 1H, Ar-CH,), 4.86 (d, J = 11.5 Hz, 1H, Ar-CH,), 4.35 — 4.26 (m, 1H, H-5), 421 (dd, J =
10.1, 5.3 Hz, 1H, H-2),3.91 (dt, J = 3.1, 1.5 Hz, 1H, H-4), 3.76 (dd, J = 10.2, 3.1 Hz, 1H, H-
3),2.43 (t,J = 1.6 Hz, 1H, OH) , 1.26 (d, J = 6.6 Hz, 3H, H-6). '*C NMR (101 MHz, CDCl;)
4 134.55 (Ar-C,), 134.60 (Ar-C), 133.33 (Ar-C,), 133.31 (Ar-C,), 129.23 (Ar-C), 128.76 (Ar-
0), 127.92 (Ar-C), 127.89 (Ar-C), 127.14 (Ar-C), 126.51 (Ar-C), 126.43 (Ar-C), 125.80 (Ar-
0), 85.29 (C-1), 79.35 (C-3), 72.38 (Ar-CH>), 68.70 (C-4, C-5), 68.68 (C-4, C-5), 60.37 (C-2),
16.17 (C-6). HRMS: [M+H]" calculated for C23H23N303SeH: 470.09829; found 470.09776

Phenyl 2-azido-4-0-benzyl-2-deoxy-3-0-(2-naphthylmethyl)-L-fucopyranoside (11a)
SePh 22 (3.371 g, 7.20 mmol) was dissolved in DMF (72 mL, 0.1 M) and cooled to
WN 0 °C. BnBr (1.1 mL, 9.35 mmol, 1.3 equiv.) and NaH (374 mg, 9.36 mmol, 1.3
equiv.) was added and the solution was stirred under N, at rt for 16 h until TLC
(pentane/EtOAc 9:1) showed full conversion. The reaction was quenched with

3
BnO ONap
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H,0 and extracted with Et;O (x3). The combined organic phases were washed with brine (x1),
dried over Na;SOs, filtered and concentrated in vacuo. Column chromatography (pen-
tane/EtOAc 95:5 — 85:15) gave 11a in 93% yield (3.743 g, 6.70 mmol). '"H NMR (400 MHz,
CDCl) 6 7.94 — 7.83 (m, 4H, Ar-H), 7.64 — 7.53 (m, 4H, Ar-H), 7.41 — 7.21 (m, 9H, Ar-H),
598 (d,J=53Hz 1H, H-1),4.99 (d,J = 11.4 Hz, 1H, Ar-CH,), 4.97 — 4.88 (m, 2H, Ar-CH,),
4.67 (d, J = 11.4 Hz, 1H, Ar-CH>), 4.43 (dd, J = 10.3, 5.3 Hz, 1H, H-2), 425 (q, J = 6.1 Hz,
1H, H-5), 3.81 (dd, J = 10.3, 2.7 Hz, 1H, H-3), 3.76 (m, 1H, H-4), 1.16 (d, J = 6.5 Hz, 3H, H-
6). 3C NMR (101 MHz, CDCl3) § 138.21 (Ar-C,), 135.06 (Ar-C,), 133.39 (Ar-C), 133.19 (Ar-
Cy), 129.14 (Ar-C,), 128.80 (Ar-C), 128.50 (Ar-C,), 128.42 (Ar-C), 128.25 (Ar-C), 128.10 (Ar-
0), 127.89 (Ar-C), 127.86 (Ar-C), 127.77 (Ar-C), 126.72 (Ar-C), 126.38 (Ar-C), 126.22 (Ar-
0), 125.77 (Ar-C), 85.64 (C-1), 80.76 (C-3), 75.94 (C-4), 72.72 (Ar-CH>), 69.52 (Ar-CH,),
61.13 (C-5), 16.66 (C-6). HRMS: [M+NH4]" calculated for C3oH2oN303SeNH4: 577.17179;
found 577.17128

2-azido-4-0-benzyl-2-deoxy-3-0-(2-naphthylmethyl)-o/B-L-fucopyranose (23)
o OH  1l1a (3.71 g, 6.673 mmol) was dissolved in acetone/H>O (133 mL, 10:1, 0.05
Ns M), cooled to 0 °C and added NIS (3 g, 13.32 mmol, 2 equiv.). The reaction was
B ONeP stirred at 0 °C for 15 min. The solvents were evaporated and the residue was
dissolved in EtOAc, washed with sat. aq. Na,S,0s3 (sat. aq.; x1), sat. aq. NaHCOs (sat. aq.; x1)
and brine (x1), dried over Na;SOg, filtered and concentrated in vacuo. Column chromatography
(pentane/EtOAc 8:2 — 6:4) gave 23 in 89% yield (2.497 g, 5.95 mmol). "H NMR (400 MHz,
CDCl3) 6 7.90 — 7.78 (m, 8H, Ar-H), 7.59 — 7.44 (m, 6H, Ar-H), 7.39 — 7.26 (m, 10H, Ar-H),
533 (t,J =23 Hz, 1H, a-H-1),4.97 (dd, J = 11.5, 4.4 Hz, 2H, Ar-CH,), 4.89 (d, J = 9.5 Hz,
4H, Ar-CH>), 4.68 (dd, J = 15.1, 11.5 Hz, 2H, Ar-CH,), 447 (t, J = 6.9 Hz, 1H, B-H-1), 4.12
(q,J = 6.3 Hz, 1H, a-H-5), 4.01 (m, 2H, , 0-H-3, a-H-2),3.79 (dd, J = 10.3, 7.9 Hz, 1H, B-H-
2),3.73 (dd, J = 2.1, 1.2 Hz, 1H, o-H-4), 3.58 (dd, J = 2.9, 1.1 Hz, 1H, B-H-3), 3.48 (q, J =
6.4,59 Hz, 1H, B-H-5),3.41 (dd, J = 10.3, 2.8 Hz, 1H, B-H-4),3.19 (d, J = 6.7 Hz, 1H, B-OH),
2.71 (d,J =29 Hz, 1H, 0-OH), 1.21 (d, J = 6.4 Hz, 2H, B-H-6), 1.17 (d, J = 6.5 Hz, 3H, o-H-
6). 3C NMR (101 MHz, CDCl3) § 135.42 (Ar-C,), 133.32 (Ar-C,), 128.54 (Ar-C), 128.46 (Ar-
0), 128.11 (Ar-C), 128.07 (Ar-C), 127.94 (Ar-C), 127.88 (Ar-C), 96.56 (B-C-1), 92.60 (a-C-1),
81.05 (B-C-4), 77.87 (a-C-3), 76.21 (0-C-4), 75.03 (Ar-CH»), 74.97 (Ar-CH,), 72.86 (Ar-CH,),
72.56 (Ar-CH,), 71.19 (B-C-5), 67.02 (0-C-5), 64.95 (B-C-2), 61.08 (a-C-2), 17.06 (C-6), 16.98
(C-6). HRMS: [M+Na]* calculated for Co4H2sN3O4Na: 442.17428; found 442.17373

2-azido-4-O-benzyl-2-deoxy-3-0-(2-naphthylmethyl)-1-O-(/N-phenyl-2,2,2-trifluoroace-
timidoyl)-a/B-L-fucopyranose (11b)

o CFa 23 (1.0951 g, 2.61 mmol) was co-evaporated with toluene (x3) and dis-
o7s \\<Nph solved in dry acetone (19 mL, 0.2 M). K,COs3 (722 mg, 5.22 mmol, 2 equiv.)
B ONap : and CIC(=NPh)CF; (0.85 mL, 5.22 mmol, 2 equiv.) and was added and the
reaction was stirred at rt under N, overnight until TLC (pentane/EtOAc 4:1)
showed full conversion. The reaction was filtered on Celite and concentrated in vacuo. Column
chromatography (pentane/EtOAc 95:5 — 85:15) gave 11b in 97% yield (1.492 g, 2.526 mmol).
'H NMR (400 MHz, CDCl3) § 7.96 — 7.79 (m, 4H, Ar-H), 7.59 — 7.47 (m, 3H, Ar-H), 7.43 —
7.28 (m, 6H, Ar-H), 7.09 (td, J=7.5, 1.1 Hz, 1H, Ar-H), 6.83 (d, /= 7.8 Hz, 2H, Ar-H), 5.47
(bs, 1H, H-1),4.99 (d, J=11.6 Hz, 1H, Ar-CH>), 4.89 (s, 2H, Ar-CH>), 4.71 (d, J = 11.6 Hz,
1H, Ar-CH>), 4.09 (t,J=9.3 Hz, 1H, H-2), 3.59 (s, 1H, H-5), 3.44 (s, 2H, H-3, H-4), 1.21 (d, J
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= 6.3 Hz, 3H, H-6). 3C NMR (101 MHz, CDCL) § 138.06 (Ar- C,), 134.95 (Ar- C,), 133.35
(Ar- Cp), 126.49 (Ar-C), 126.34 (Ar-C), 125.84 (Ar-C), 124.41 (Ar-C), 119.44 (Ar-C), 80.97
(C-3/C-4), 75.04 (Ar-CH,), 74.74 (C-5), 73.00 (Ar-CH,), 72.01 (C-3/C-4), 62.26 (C-2), 16.82
(C-6). HRMS found for the hydrolyzed donor: [M+Na]* calculated for CpsHzsN3O;Na:
442.17428; found 442.17327

1,3,4,6 Tetra-O-acetyl-o/B-D-mannopyranose (24)
AcO N30 To an ice-cool solution of NaNj3 (4.522 g, 69.55 mmol, 1.5 equiv.) in pyridine
Aﬁ%&uﬂi (80 mL) was slowly added Tf,0O (9.3 mL, 55.65 mmol, 1.2 equiv.) and the
resulting orange mixture was stirred at 0 °C for 2 h. Mannosamine hydro-
chloride (10 g, 46.37 mmol) was dissolved in pyridine (47 mL) and added Et;N (12.9 mL, 92.74
mmol, 2 equiv.) and CuSO4-5 H>O (116 mg, 0.46 mmol, 0.01 equiv.) dissolved in as little H,O
as possible. The resulting blue mixture was cooled to 0 °C and the freshly made TfN3 solution
was added dropwise via a dropping funnel. The resulting green mixture was stirred at 0 °C for
4 huntil TLC (DCM/MeOH/Et;N 20:75:5) showed full conversion of the starting material. The
solution turned yellow. Ac,0O (48.2 mL) was added and the reaction was stirred overnight after
which TLC (pentane/EtOAc 3:2) showed full conversion. The reaction was dissolved in EtOAc
and the organic phase was washed with 1 M HCl aq. (x3), sat. aq. NaHCO; (sat. aq.; x3), H,O
(x1) and brine (x1), dried over Na>SOs, filtered and concentrated in vacuo and co-evaporated
with toluene x2 to remove pyridine and 24 was obtained in an quant. yield and a o/ ratio on
5:2. Used without further purification. "H NMR (400 MHz, CDCL3) 5 6.12 (d, J= 1.9 Hz, 1H,
a-H-1), 5.84 (d, /= 1.4 Hz, 1H, B-H-1), 5.43 — 5.34 (m, 2H, a-H-4, 0-H-3), 5.30 (t, /= 9.9 Hz,
1H, B-H-4), 5.07 (dd, J = 9.8, 3.7 Hz, 1H, B-H-3), 4.27 (m, 2H, o/B-H-6), 4.18 —4.12 (m, 1H,
B-H-2),4.09 (dd, J=12.4, 2.4 Hz, 2H, o/p-H-6), 4.06 —3.98 (m, 2H, a-H-2, a-H-5), 3.74 (ddd,
J=9.9,428, 2.3 Hz, 1H, B-H-5), 2.19 (s, 3H, B-COCH3), 2.17 (s, 3H, a-COCH3), 2.12 (d, J =
1.1 Hz, 6H, o/B-COCHs3), 2.10 (s, 3H, a-COCHs), 2.09 (s, 3H, B-COCHs), 2.06 (s, 3H, a-
COCHs), 2.05 (s, 3H, B-COCH,). 3C NMR (101 MHz, CDCl;) & 170.93 (C=0), 170.23
(C=0), 169.53 (C=0), 168.39 (C=0), 91.52 (a -C-1), 91.33 (B-C-1), 73.45 (B-C-5), 72.02 (B-
C-3), 70.89 (a -C-3), 70.70 (a-C-5), 65.43 (a-C-4), 65.01 (B-C-4), 61.90 (a-C-6), 61.84 (B-C-
6), 61.20 (B-C-2), 60.65 (a-C-2), 21.05 (COCHs), 20.88 (COCH3), 20.77 (COCHs), 20.68
(COCH3). HRMS: [M+Na]* calculated for C;4H 9N3O9Na: 396.10190; found 396.10135

Phenyl 3,4,6 tri-O-acetyl-2-azido-2-deoxy-1-thio-a/B-D-mannopyranoside® (25)
AcO N% To an ice-cooled solution of 24 (17.09 g, 45.78 mmol) in dry DCM (230 mL,
Af\g&kk 0.2 M) was slowly added PhSH (4.7 mL, 45.78 mmol, 1 equiv.) and BF;OEt,
(11.3 mL, 91.56 mmol, 2 equiv.) the resulting mixture was allowed to warm
to rt and stirred under N, until TLC (pentane/EtOAc 3:2) showed full composition of the start-
ing material (3 days). The reaction was quenched with Et;N, diluted in DCM and the organic
phase was washed with sat. aq. NaHCOs (sat. aq.; x1), 1 M NaOH (x3), H,O (x1) and brine
(x1), dried over Na,SOs, filtered and concentrated in vacuo. Column chromatography (pen-
tane/EtOAc 90:10 — 70:30) gave 25 in 88% yield (16.99 g, 40.12 mmol) with a o/p ratio on
89:11. NMR reported for the a-anomer. "H NMR (400 MHz, CDCls) & 7.54 — 7.44 (m, 2H, Ar-
H), 7.37 - 7.29 (m, 3H, Ar-H), 5.53 (d, /= 1.0 Hz, 1H, H-1), 5.39 — 5.33 (m, 2H, H-3, H-4),
4.52 —4.46 (m, 1H, H-5),4.31 — 4.24 (m, 2H, H-2, H-6), 4.08 (dd, J=12.3, 2.4 Hz, 1H, H-6),
2.12 (s, 3H, COCH3), 2.08 (s, 3H, COCHs), 2.06 (s, 3H, COCHs). 3C NMR (101 MHz,
CDCl;) 6 170.84 (C=0), 170.11 (C=0), 169.63 (C=0), 132.08 (Ar-C), 129.45 (Ar-C), 128.40

SPh
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(Ar-C), 85.96 (C-1), 71.30 (C-4), 69.68 (C-5), 66.17 (C-3), 62.82 (C-2), 62.29 (C-6), 20.86
(COCH3), 20.83 (COCH3), 20.72 (COCH3). HRMS: [M+Na]" calculated for C sHz;N307SNa:
446.09979; found 446.09924

Phenyl 2-azido-2-deoxy-1-thio-a-D-mannopyranoside (26)
HO N% a-25(14.95 g, 35.30 mmol) was dissolved in MeOH (117 mL, 0.3 M) and added
chﬁﬁ NaOMe (25% wt in MeOH, 0.8 mL, 3.53 mmol, 0.1 equiv.). The reaction was
SPh stirred at rt for 3 h until TLC (pentane/EtOAc 4:6) showed full conversion and
then neutralized with Amberlite IR-120 H" resins, filtered and concentrated. The crude 26 was
isolated in 90% (9.42 g, 31.69 mmol) and used without further purification. 'H NMR (400
MHz, MeOD) 6 7.57 — 7.50 (m, 2H, Ar-H), 7.36 — 7.26 (m, 3H, Ar-H), 5.48 (d, /= 1.4 Hz, 1H,
H-1),4.14 (dd, /= 3.8, 1.5 Hz, 1H, H-2), 4.06 — 4.01 (m, 1H, H-5), 3.94 (dd, /=9.3, 3.8 Hz,
1H, H-3), 3.81 (dd, J=12.1, 2.4 Hz, 1H, H-6), 3.72 (dd, J= 12.1, 5.7 Hz, 1H, H-6), 3.67 (t,J
= 9.5 Hz, 1H, H-4). ¥C NMR (101 MHz, MeOD) § 135.99 (Ar- C,), 133.73 (Ar-C), 130.16
(Ar-C), 128.31 (Ar-C), 87.29 (C-1), 75.82 (C-5), 73.09 (C-3), 69.30 (C-4), 67.10 (C-2), 60.72
(C-6). HRMS: [M+Na]" calculated for C,H;5N304SNa: 320.06810; found 320.06755

Phenyl 2-azido-2-deoxy-4,6-O-(p-methoxybenzylidene)-1-thio-a-pD-mannopyranoside (27)
/@/vo N% 26 (9.47 g, 31.85 mmol) was co-evaporated with toluene (x3) and
MeO So@ﬁ dissolved in dry MeCN (160 mL, 0.2 M). Anisaldehyde dimethyl
SPhacetal (7 mL, 41.41 mmol, 2 equiv.) and camphorsulfonic acid (370
mg, 1.59 mmol, 5 mol%) was added sequentially and the reaction was stirred on the rotary
evaporator (300 mbar at 50 °C) until TLC (pentane/EtOAc 7:3) showed full conversion (~1 h).
The reaction was quenched with EtsN and concentrated in vacuo. Column chromatography
(pentane/EtOAc 95:5 — 75:25) gave 27 in 90% (11.93 g, 28.72 mmol). 'TH NMR (500 MHz,
CDCl;) & 7.50 — 7.39 (m, 4H, Ar-H), 7.39 — 7.29 (m, 3H, Ar-H), 6.95 — 6.88 (m, 2H, Ar-H),
5.55 (s, 1H, PMP-CH), 5.47 (d, J = 1.2 Hz, 1H, H-1), 4.33-4.28 (td, J = 9.7, 4.9 Hz, 1H, H-5),
4.26-4.23 (dt,J =9.7, 3.9 Hz, 1H, H-3), 4.22 — 4.20 (m, 1H, H-2), 4.19 (d, J = 5.0 Hz, 1H, H-
6), 3.81 (s, 3H, OCHs), 3.79 (d, J = 10.3 Hz, 1H, H-6), 2.82 (d, J = 3.9 Hz, 1H, OH). 3C NMR
(126 MHz, CDCl3) 6 160.48 (Ar-C,), 133.11 (Ar-C,), 132.06 (Ar-C), 130.4 (Ar-C,), 129.42
(Ar-C), 128.25 (Ar-C), 127.77 (Ar-C) 113.92 (Ar-C), 102.43 (PMB-CH), 87.65 (C-1), 79.16
(C-4), 69.39 (C-3), 68.43 (C-6), 65.20 (C-2), 64.73 (C-5), 55.46 (OCH3). HRMS: [M+H]" cal-
culated for Cy0H>1N305SH: 416.12802; found 416.12876

Phenyl 2-azido-2-deoxy-4,6-O-(p-methoxybenzylidene)-3-0-(2-naphthylmethyl)-1-thio-a-
D- mannopyranoside (28)
/@/vo Ng) 27 (11.07 g, 26.65 mmol) was co-evaporated with toluene (x3), dis-
Meo Nago&H solved in DMF (266 mL, 0.1 M) and cooled to 0 °C. NaH (60% in
SPh mineral oil, 1.386 g, 34.64 mmol, 1.3 equiv.) was added and the

mixture was stirred for 20 min. Then NapBr (7.656 g, 34.64 mmol, 1.3 equiv.) was added and
the reaction was slowly allowed to warm to rt and stirred for 22 h (overnight) under N, after
which TLC (pentane/EtOAc 4:1) showed full conversion. The reaction was quenched with H,O
and extracted with Et;O (x3). The combined organic phases was washed with brine (x1) and
dried over Na;SOs, filtered and concentrated in vacuo. Column chromatography (pen-
tane/EtOAc 95:5 — 80:20) gave 28 in 98% yield (14.46 g, 2602 mmol). 'H NMR (400 MHz,
CDCl3) 6 7.88 — 7.81 (m, 3H, Ar-H), 7.54 — 7.46 (m, 3H, Ar-H), 7.47 — 7.43 (m, 2H, Ar-H),
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7.42 —7.37 (m, 2H, Ar-H), 7.32 — 7.28 (m, 3H, Ar-H), 6.96 — 6.87 (m, 2H, Ar-H), 5.62 (s, 1H,
PMP-CH), 5.43 (d, J = 1.1 Hz, 1H, H-1), 5.07 (d, J = 12.7 Hz, IH, Ar-CH>), 4.92 (d, J = 12.4
Hz, 1H, Ar-CHb), 4.32 (m, 1H, H-5), 4.25 — 4.15 (m, 4H, H-2, H-3, H-4, H-6), 3.87 — 3.84 (m,
1H, H-6) 3.84 (s, 3H, OCHj). *C NMR (101 MHz, CDCly) § 160.23 (Ar-C,), 135.35 (Ar-C,),
133.41 (Ar-C,), 133.17 (Ar-C,), 132.91 (Ar-C,), 132.14 (Ar-C), 129.95 (Ar-C,), 129.39 (Ar-
(), 128.43 (Ar-C), 128.25 (Ar-C), 128.17 (Ar-C), 127.83 (Ar-C), 127.59 (Ar-C), 126.58 (Ar-
C), 126.27 (Ar-C), 126.13 (Ar-C), 125.64 (Ar-C), 113.75 (Ar-C), 101.87 (PMP-CH), 87.34 (C-
1), 79.19 (C-3/C-4), 75.95 (C-3/C-4), 73.55 (Ar-CHa), 68.46 (C-6), 65.33 (C-5), 64.27 (C-2),
55.45 (OCH;). HRMS: [M+H]" calculated for C3HasN3OsSH: 556.19062; found 556.19007

Phenyl 2-azido-2-deoxy-3-0-(2-naphthylmethyl)-1-thio-a-D-mannopyranoside (29)
Ho—\ N3 28 (14.46 g, 26.05 mmol) was co-evaporated with toluene (x2) and dissolved
@?&g in MeOH (0.1 M). CSA (605 mg, 2.61 mmol, 0.1 equiv.) was added and the
SPh reaction was stirred for 1 h at rt until TLC (pentane/EtOAc 4:1) showed full
conversion. The reaction was quenched with Et;N and concentrated in vacuo. Column chroma-
tography (pentane/EtOAc 80:20 — 50:50) gave 29 in 88% yield (9.97 g, 22.79 mmol). '"H NMR
(400 MHz, CDCl;3) 6 7.92 — 7.81 (m, 4H, Ar-H), 7.58 — 7.47 (m, 3H, Ar-H), 7.46 — 7.36 (m,
2H, Ar-H), 7.33 = 7.28 (m, 3H, Ar- H), 5.42 (d, J = 1.5 Hz, 1H, H-1),4.92 (d, / = 11.7 Hz, 1H,
Ar-CH»), 4.84 (d, J = 11.7 Hz, 1H, Ar-CHy), 4.18 — 4.10 (m, 2H, H-2, H-5), 4.05 (td, J = 9.3,
2.6 Hz, 1H, H-4), 3.94 (dd, J = 9.1, 3.5 Hz, 1H, H-3), 3.83 (dt, J = 4.9, 2.8 Hz, 2H, H-6), 2.80
(d, J = 3.0 Hz, 1H, C4-OH), 2.10 — 1.97 (m, 1H, C6-OH). *C NMR (101 MHz, CDCl;) §
134.63 (Ar-C,), 133.38 (Ar-C,), 133.33 (Ar-C), 132.98 (Ar-C), 132.35 (Ar-C), 129.39 (Ar-C),
128.84 (Ar-C), 128.31 (Ar-C), 128.16 (Ar-C), 127.91 (Ar-C), 127.39 (Ar-C), 126.53 (Ar-C),
126.45 (Ar-C), 125.95 (Ar-C), 86.63 (C-1), 79.67 (C-3), 73.41 (C-5), 72.56 (CHz-Ar), 67.22
(C-4), 62.36 (C-6), 62.09 (C-2). HRMS: [M+Na]" calculated for C23H23N304SNa: 460.13073;
found 460.13015

Benzyl (phenyl 2-azido-2-deoxy-3-O-(2-naphthylmethyl)-1-thio-o-D-mannopyranosidu-
ronate) (30)
o N 29 (9.95 g, 22.76 mmol) was dissolved in DCM/H,0/#-BuOH (8:4:1, 114 mL,
,58%3% 0.2 M) and under vigorous stirring added AcOH (0.26 mL, 4.55 mmol, 0.2
NapO equiv.), TEMPO (711 mg, 4.55 mmol, 0.2 equiv.) and PhI(AcO), (BAIB, 18.32
g, 56.89 mmol, 2.5 equiv.). The reaction was stirred at 4 °C overnight until full
consumption on TLC (pentane/EtOAc 1:1) was observed. The reaction was quenched with
NazS,03 (aq., sat.) and the aqueous phase was extracted with EtOAc (x3). The combined or-
ganic phases were washed with brine (x1), dried over Na,SOs, filtered and concentrated in
vacuo. The residue was co-evaporated with toluene (x3) and used without any further purifica-
tions. The crude product (22.76 mmol) was dissolved in DMF (230 mL, 0.1 M) and cooled to
0°C. K»,COs3 (6.291 g, 45.55 mmol, 1.5 equiv.) and BnBr (5.4 mL, 45.52 mmol, 1.5 equiv.) were
added and the reaction was stirred overnight until TLC (pentane/EtOAc 7:3) showed full con-
version. The reaction was quenched with H,O and extracted with Et;O (x3). The combined
organic phase was washed with H,O (x1) and brine (x1), dried over Na;SOg, filtered and con-
centrated in vacuo. Column chromatography (pentane/EtOAc 90:10 — 70:30) gave 30 in 75%
yield (9.30 g, 17.17 mmol). 'H NMR (400 MHz, CDCl;) § 7.90 — 7.80 (m, 4H, Ar-H), 7.52 —
7.43 (m, 5H, Ar-H), 7.36 — 7.32 (m, 3H, Ar-H), 7.30 — 7.26 (m, 2H, Ar-H), 7.25 - 7.16 (m, 3H,
Ar-H), 5.52 (d,J=2.9 Hz, 1H, H-1), 5.16 (s, 2H, Ar-CH>), 4.95 (d, J = 11.9 Hz, 1H, Ar-CH)),

SPh
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4.88 (d,J = 11.8 Hz, 1H, Ar-CH»), 4.68 (d, J = 8.0, 1H, H-5), 4.38 (td, J = 7.9, 3.5 Hz, 1H, H-
4), 4.00 — 3.91 (m, 2H, H-2, H-3), 2.88 (d, J = 3.5 Hz, 1H, C4-OH). *C NMR (101 MHz,
CDCl3) 6 169.80 (C-6), 135.06 (Ar-C), 134.83 (Ar-C), 133.38 (Ar-C), 133.28 (Ar-C), 132.32
(Ar-C), 129.25 (Ar-C), 128.75 (Ar-C), 128.63 (Ar-C), 128.61 (Ar-C), 128.31 (Ar-C), 128.25
(Ar-C), 128.16 (Ar-C), 127.88 (Ar-C), 127.10 (Ar-C), 126.41 (Ar-C), 126.31 (Ar-C), 125.89
(Ar-C), 85.70 (C-1), 78.10 (C-2), 73.63 (Ar-CH»), 72.95 (C-5), 68.64 (C-4), 67.53 (Ar-CH,),
61.38 (C-3). HRMS: [M+Na]" calculated for C30H7N305SNa: 564.15691; found 564.15636

Benzyl (phenyl 4-O-acetyl-2-azido-2-deoxy-3-O-(2-naphthylmethyl)-1-thio-a-D-mannopy-
ranosiduronate) (12a)

BnOZCONap 30 (1.662 g, 3.05 mmol) was dissolved in pyridine (15 mL, 0.2 M) and cooled
/3P 100°C. Acz0 (0.57 mL, 6.10 mmol, 2 equiv.) and DMAP (74 mg, 0.61 mmol,
OAc 0.2 equiv.) was added and the reaction was stirred under N, for 30 min until

TLC (pentane/EtOAc 3:1) showed full conversion. The reaction was quenched with MeOH,
diluted in EtOAc and washed with 1 M HCI (x3), sat. NaHCOs (sat. aq.; x1) and brine (x1),
dried over Na;SOs, filtered and concentrated in vacuo. Column chromatography (pen-
tane/EtOAc 9:1 — 6:4) gave 12a in 95% yield (1.70 g, 2.91 mmol). 'H NMR (400 MHz,
CDCl;) 6 7.84 — 7.77 (m, 3H, Ar-H), 7.75 (d, J = 1.7 Hz, 1H, Ar-H), 7.65 — 7.55 (m, 2H, Ar-
H),7.52—-7.39 (m, 3H, Ar-H), 7.24 (dt,J = 5.1, 2.5 Hz, 6H, Ar-H), 7.15 - 7.07 (m, 2H, Ar-H),
5.78 (d, J = 9.3 Hz, 1H, H-1), 5.62 (dd, J = 4.8, 2.9 Hz, 1H, H-4), 5.01 (d, J = 12.1 Hz, 1H,
Ar-CHy), 4.82 (d, J = 12.2 Hz, 1H, Ar-CH»), 4.67 (s, 2H, Ar-CH,), 4.62 (d, J = 2.9 Hz, 1H, H-
5),3.98(dd,J=4.7,3.0 Hz, 1H, H-3), 3.45 (dd, J =9.5,2.9 Hz, 1H, H-2), 2.02 (s, 3H, COCH3).
13C NMR (101 MHz, CDCl;) § 169.74 (C-6), 167.86 (C=0), 134.84 (Ar-C,), 133.96 (Ar-C,),
133.25 (Ar-C,), 133.21 (Ar-C), 132.45 (Ar-C,), 131.91 (Ar-C), 128.99 (Ar-C), 128.65 (Ar-C),
128.58 (Ar-C), 128.48 (Ar-C), 128.11 (Ar-C), 128.02 (Ar-C), 127.82 (Ar-C), 127.36 (Ar-C),
126.38 (Ar-C), 126.34 (Ar-C), 125.93 (Ar-C), 81.09 (C-1), 74.62 (C-3), 73.66 (C-5), 73.02 (Ar-
CH»), 68.47 (C-4), 67.53 (Ar-CHy), 57.90 (C-2), 21.00 (COCH3). HRMS: [M+Na]" calculated
for C3H29N306SNa: 606.16743; found 606.16693

Benzyl (4-O-acetyl-2-azido-2-deoxy-3-0O-(2-naphthylmethyl)-o-D-mannopyranosidu-
ronate) (31)

BnOzCONap 12a (1.327 g, 2.27 mmol) was co-evaporated with toluene (x3), dissolved in
Q N?H dry DCM (23 mL, 0.1 M) and cooled to 0 °C. NIS (767 mg, 3.41 mmol, 1.5
OAc equiv.) and TFA (0.17 mL, 2.27 mmol, 1 equiv.) was added and the reaction

was stirred at 0 °C under N, until TLC (pentane/EtOAc 7:3) showed full conversion (~4 h). The
reaction was quenched with Et;N (1 equiv.) and NaHCOs (sat. aq.) was added and the solution
was stirred vigorously. The solution was diluted in EtOAc, washed with Na,S,03 (sat. aq.; x1),
sat. NaHCO:s (sat. aq.; x1) and brine (x1), dried over Na,SOy, filtered and concentrated. Column
chromatography (pentane/EtOAc 8:2 — 6:4) gave 31 in 75% yield (833 mg, 1.69 mmol). 'H
NMR (400 MHz, CDCl3) 6 7.81 (dd, J = 8.3, 2.7 Hz, 3H, Ar-H), 7.73 (d, J = 1.6 Hz, 1H, Ar-
H), 7.54—-17.43 (m, 2H, Ar-H), 7.40 (dd, J = 8.5, 1.7 Hz, 1H, Ar-H), 7.35 - 7.21 (m, 4H, Ar-H),
7.18 (dd, J = 6.7, 3.0 Hz, 2H, Ar-H), 5.66 (dd, J = 6.6, 4.4 Hz, 1H, H-1), 5.55 (dd, J = 5.3, 3.9
Hz, 1H, H-4), 5.05 (d, J = 12.1 Hz, 1H, Ar-CH,), 4.86 (d, J = 12.2 Hz, 1H, Ar-CH,), 4.74 —
4.65 (dd, 2H, J=11.5, 5.5 Hz, , Ar-CH,), 4.57 (d, J = 3.9 Hz, 1H, H-5),3.99 (dd, J =54, 3.1
Hz, 1H, H-3), 3.94 (d, J = 4.8 Hz, 1H, OH), 3.62 (dd, J = 6.7, 3.1 Hz, 1H, H-2), 2.01 (s, 3H,
COCHs). BC NMR (101 MHz, CDCls) § 169.91 (C=0), 168.34 (C=0), 134.84 (Ar-C,), 133.25
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(Ar-Cy), 133.20 (Ar-C,), 128.69 (Ar-C), 128.66 (Ar-C), 128.40 (Ar-C), 128.09 (Ar-C), 127.83
(Ar-C), 126.81 (Ar-C), 126.38 (Ar-C), 126.26 (Ar-C), 125.67 (Ar-C), 91.65 (C-1), 75.09 (C-3),
72.98 (C-5), 72.37 (Ar-CH,), 68.88 (C-4), 67.73 (Ar-CH,), 60.60 (C-2), 21.01 (COCH3).
HRMS: [M+Na]" calculated for C2sH2sN3O7Na: 514.15902; found 514.15847

Benzyl (4-O-acetyl-2-azido-2-deoxy-3-0O-(2-naphthylmethyl)-1-O-(N-phenyl-2,2,2-tri-
fluoroacetimidoyl)-o/B-D-mannopyranosiduronate) (12b)
o 31 (1.656 g, 2.37 mmol) was co-evaporated with toluene (x3) and dis-
Bn%%\ - solved in dry acetone (12 mL, 0.2 M). K,COs3 (656 mg, 4.74 mmol, 2
Napo oA equiv.) and CIC(=NPh)CF; (0.77 mL, 4.74 mmol, 2 equiv.) were added
CFs and the reaction was stirred overnight at rt under N» until TLC (pen-
tane/EtOAc 4:1) showed full conversion. The reaction was filtered on Celite and concentrated
in vacuo. Column chromatography (pentane/EtOAc 9:1 — 6:4) gave 12b in 95% yield (1.49 g,
2.249 mmol). 'H NMR (400 MHz, CD3;CN) 5 7.93 — 7.77 (m, 6H, Ar-H), 7.56 — 7.41 (m, 4H,
Ar-H), 7.43 —7.19 (m, 10H, Ar-H), 7.19 — 7.07 (m, 2H, Ar-H), 6.79 (d, J = 8.1 Hz, 3H, Ar-H),
6.40 (bs, 1H, H-1), 5.41 (t,J= 6.8 Hz, 1H, H-4), 5.07 (d, /= 12.1 Hz, 1H, Ar-CH>), 4.96 (d, J
=12.2 Hz, 1H, Ar-CH,), 4.79 (d, J= 2.7 Hz, 3H, Ar-CH,), 4.48 (d, /= 6.2 Hz, 1H, H-5), 4.19
—4.10 (m, 2H, H-2/H-3), 2.12 (s, 3H, COCH3). 3C NMR (101 MHz, CD3;CN) § 135.88 (Ar-
Cy), 134.08 (Ar-Cy), 129.81 (Ar-C), 129.45 (Ar-C), 129.43 (Ar-C), 129.36 (Ar-C), 129.10 (Ar-
0), 128.74 (Ar-C), 128.54 (Ar-C), 127.96 (Ar-C), 127.29 (Ar-C), 127.20 (Ar-C), 127.03 (Ar-
C), 75.77 (C-3), 73.61 (C-5/ Ar-CH), 68.35 (C-4), 68.28 (Ar-CH,), 60.04 (C-2), 29.62 (C-
OCHj3). HRMS: [M+Na]" calculated for C34H39F3N4O7Na: 685.1886; found 685.18778

Synthesis of the trisaccharide

Tert-butyldiphenylsilyl 2-azido-4-O-benzyl-2-deoxy-3-O-(2-naphthylmethyl)-a-L-fucopy-
ranosyl-(1—3)-2-azido-4-O-benzyl-2-deoxy-f-D-fucopyranoside (32)
BnO Donor 11b (2.46 g, 4.171 mmol, 1.3 equiv.) and acceptor 10 (1.661
O&S/OTBDPS g, 3.21 mmol, 1 equiv.) was co-evaporated with toluene (3x), dis-
Q7 N, Ns solved in dry DCM (32 mL, 0.1 M), added 3A molecular sieves at
BnO ONap rt and stirred for 30 min. TBSOTf (0.15 mL, 0.64 mmol, 0.2 equiv.)
was added at rt and the reaction was stirred at rt until TLC (pentane/EtOAc 9:1) showed full
conversion of the acceptor (~30 min). The reaction was quenched with Et;N, dissolved in
EtOAc, washed with NaHCOs (sat. aq.; x1), brine (x1), dried over Na,SO4 and concentrated.
Column chromatography (pentane/EtOAc 95:5 — 80:20) gave 32 in 86% yield (2.55 g, 2.77
mmol) and in a o/B ratio 95:5. "TH NMR (400 MHz, CDCls) § 7.85 — 7.80 (m, 2H, Ar-H), 7.80
—7.70 (m, 6H, Ar-H), 7.53 — 7.27 (m, 19H, Ar-H), 5.24 (d,J =2.3 Hz, 1H, H-1"), 495 (d, J =
11.5 Hz, 1H, Ar-CH,), 4.88 (d, J = 11.4 Hz, 1H, Ar-CH>), 4.80 (d, J = 12.0 Hz, 1H, Ar-CH,),
472 (d, J = 11.7 Hz, 1H, Ar-CH>), 4.61 (dd, J = 11.6, 5.5 Hz, 2H, Ar-CH), 434 (d, J = 7.7
Hz, 1H, H-1), 3.93 — 3.89 (m, 1H, H-2), 3.87 (t, J = 1.3 Hz, 2H, H-3’, H-2), 3.78 (q, J = 6.4
Hz, 1H, H-5"),3.55 (d, J = 1.5 Hz, 1H, H-4"), 3.37 (dd, J = 10.6, 2.9 Hz, 1H, H-4), 3.29 (dd, J
=3.0, 1.0 Hz, 1H, H-5), 3.17 (q, J = 6.9 Hz, 1H, H-5), 1.12 (s, 9H, TBDPS-CH3), 1.06 (d, J =
6.5 Hz, 3H, H-6"), 1.04 (d, J = 6.4 Hz, 3H, H-6). 13C NMR (101 MHz, CDCl3) § 138.61 (Ar-
Cy), 138.22 (Ar-C,), 136.23 (Ar-C), 136.06 (Ar-C), 135.21 (Ar-C,), 133.53 (Ar-C,), 133.38
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(Ar-Cy), 133.20 (Ar-C,), 133.10 (Ar-C,), 129.88 (Ar-C), 128.51 (Ar-C), 128.48 (Ar-C), 128.45
(Ar-C), 128.08 (Ar-C), 127.95 (Ar-C), 127.84 (Ar-C), 127.79 (Ar-C), 127.60 (Ar-C), 127.31
(Ar-C), 126.80 (Ar-C), 126.35 (Ar-C), 126.21 (Ar-C), 125.92 (Ar-C), 100.07 (C-1"), 97.35 (C-
1),79.30 (C-4), 78.90 (C-3), 77.16 (C-3°), 76.42 (C-4’), 75.41 (Ar-CH>), 75.06 (Ar-CH»), 72.75
(Ar-CH), 70.73 (C-5), 67.51 (C-5’), 66.54 (C-2’), 59.70 (C-2), 26.99 (TBDPS-CH3), 16.86 (C-
6), 16.67 (C-6). HRMS: [M+Na]" calculated for Cs3HssNeO7SiNa: 941.40339; found
941.40285

Tert-butyldiphenylsilyl 2-azido-4-O-benzyl-2-deoxy-o-L-fucopyranosyl-(1—3)-2-azido-4-
0O-benzyl-2-deoxy-p-p-fucopyranoside (40)
BnO o 32 (1.34 g, 1.45 mmol) was dissolved in DCM/H,O (14.5 mL, 20:1,
O%S/OTBDPS 0.1 M), added DDQ (660 mg, 2.91 mmol, 2 equiv.) stirred at rt under
7N, Na N; for 1.5 huntil TLC (pentane/EtOAc 9:1) showed full conversion.
Bno OH The solution was quenched with Na,S,0s (aq., sat.), dissolved in
EtOAc and extracted (x3), and the combined organic phases were washed with sat. aq. NaHCO3
(sat. aq.; x4, until the yellow color disappeared) and brine (x1), dried over Na,SOs, filtered and
concentrated in vacuo. Column chromatography (pentane/EtOAc 95:5 — 80:20) gave 40 in
86% yield (976 mg, 1.25 mmol). 'H NMR (400 MHz, CDCl;) & 7.83 — 7.69 (m, 4H, Ar-H),
7.48 —7.29 (m, 16H, Ar-H), 5.23 (d,J = 3.7 Hz, 1H, H-1°), 4.77 (d, J = 11.6 Hz, 2H, Ar-CH,),
4.69 (dd, J = 11.7, 8.5 Hz, 2H, Ar-CH,), 4.36 (d, J = 7.7 Hz, 1H, H-1), 3.91 (dd, J = 10.5, 7.7
Hz, 1H, H-2), 3.86 (dd, J = 10.9, 3.4 Hz, 1H, H-4"), 3.83 — 3.77 (m, 1H, H-5"), 3.51 (dd, J =
3.4, 1.3 Hz, 1H, H-3"), 3.44 - 3.31 (m, 3H, H-2’, H-3, H-4), 3.19 (q, J/ = 7.1, 6.5 Hz, 1H, H-5),
1.17 (d, J = 6.6 Hz, 3H, H-6"), 1.13 (s, 9H, TBDPS-CH3), 1.08 (d, J = 6.4 Hz, 3H, H-6). 13C
NMR (101 MHz, CDCl;) 6 138.55 (Ar-C,), 137.82 (Ar-C,), 136.22 (Ar-C), 136.03 (Ar-C),
133.52 (Ar-C,), 133.10 (Ar-Cy), 129.87 (Ar-C), 129.66 (Ar-C), 128.80 (Ar-C), 128.50 (Ar-C),
128.36 (Ar-C), 128.32 (Ar-C), 127.85 (Ar-C), 127.58 (Ar-C), 127.30 (Ar-C), 100.01 (C-17),
97.45 (C-1),79.80 (C-3’), 79.38 (C-4), 78.66 (C-3), 76.20 (Ar-CH»), 75.45 (Ar-CH,), 70.81 (C-
5), 68.45 (C-4’), 67.27 (C-5’), 66.49 (C-2), 60.74 (C-2"), 26.99 (TBDPS-CH,), 16.86 (C-6),
16.70 (C-6”).HRMS: [M+Na]" calculated for C4,HsoNsO-SiNa: 801.34079; found 801.34025

Tert-butyldiphenylsilyl (Benzyl (4-O-acetyl-2-azido-2-deoxy-3-0O-(2-naphthylmethyl)-p-p-
mannopyranosiduronsyl)-(1—3)-2-azido-4-O-benzyl-2-deoxy-o-L-fucopyranosyl-(1—3)-
2-azido-4-0-benzyl-2-deoxy-p-p-fucopyranoside (9)
BnO Donor 12b (1.02 g, 1.54 mmol, 1.5 equiv.) and acceptor
o%&omops 40 (780 mg, 1.00 mmol, 1 equiv.) was co-evaporated

O7N, Na with toluene (3x), dissolved in dry DCM (10 mL, 0.1 M),
Afgwo addec.i 3A molecular sieves imd stirred for 30 min. The
NapO solution was cooled to -80 °C and TfOH (18 pL, 0.20

mmol, 0.2 equiv.) was added. The reaction was allowed to warm to -10 °C and stirred until TLC
(pentane/EtOAc 8:2) showed full conversion of the acceptor (~5 h). The reaction was quenched
with Et3N, dissolved in EtOAc, washed with NaHCOs (sat. aq.; x1) and brine (x1), dried over
NaySOy, filtered and concentrated in vacuo. Column chromatography (pentane/EtOAc 95:5 —
80:20) gave 9 in 68% (851 mg, 0.68 mmol) and in a a/B ratio 15:85. For the B-anomer: "TH NMR
(400 MHz, CDCl3) 6 7.83 — 7.68 (m, 8H, Ar-H), 7.52 — 7.27 (m, 24H, Ar-H), 5.46 (t, J=9.2
Hz, 1H, H-4”), 5.19 (dd, J=12.2, 3.7 Hz, 1H, H-1"), 5.05 (dd, /= 12.2, 1.6 Hz, 2H, Ar-CH,),
4.83 —4.71 (m, 3H, Ar-CH,), 4.66 (d, J = 7.2 Hz, 1H, Ar-CH,), 4.63 (d, J = 6.9 Hz, 1H, Ar-

62



Synthesis of CP8

CH,), 455 (d, J= 1.5 Hz, 1H, H-17), 4.52 (d, J = 11.7 Hz, 1H, Ar-CH>), 4.33 (d, J= 7.7 Hz,
1H, H-1), 4.16 (dd, J= 10.7, 2.9 Hz, 1H, H-3"), 3.91 — 3.86 (m, 1H, H-2), 3.84 (d, /= 9.3 Hz,
1H, H-5"), 3.75 - 3.65 (m, 2H, H-5>, H-2"), 3.63 (dd, J= 3.6, 1.4 Hz, 1H, H-2"), 3.59 (dd, J =
9.1,3.5 Hz, 1H, H-3”), 3.49 (dd, /= 3.0, 1.3 Hz, 1H, H-4"), 3.33 (dd, /= 10.5, 3.0 Hz, 1H, H-
3),3.15 (q, J = 6.3 Hz, 1H, H-4), 3.20 — 3.11 (q, J = 6.3 Hz, 1H, H-4), 1.86 (s, 3H, , COCHj),
1.11 (s, 9H, TBDPS-CH), 1.07 (d, J = 6.6 Hz, 3H, H-6"), 1.05 (d, J = 6.3 Hz, 3H, H-6). 1*C
NMR (101 MHz, CDCL3) § 169.32 (C=0), 166.55 (C=0), 138.81 (Ar-C,), 138.11 (Ar-C,),
136.24 (Ar-C), 136.06 (Ar-C), 134.67 (Ar-C,), 133.80 (Ar-C,), 133.59 (Ar-C,), 133.26 (Ar-
C,), 133.08 (Ar-C,), 129.88 (Ar-C), 129.65 (Ar-C), 128.88 (Ar-C), 128.68 (Ar-C), 128.64 (Ar-
(), 128.55 (Ar-C), 128.45 (Ar-C), 128.32 (Ar-C), 128.07 (Ar-C), 127.95 (Ar-C), 127.92 (Ar-
C), 127.77 (Ar-C), 127.60 (Ar-C), 127.30 (Ar-C), 126.91 (Ar-C), 126.58 (Ar-C), 126.42 (Ar-
C), 125.71 (Ar-C), 100.14 (C-17), 97.61 (C-17), 97.38 (C-1), 79.42 (C-4), 78.99 (C-3), 77.48
(C-4%), 77.16 (C-4”), 75.57 (Ar-CHy), 75.47 (C-3"), 75.05 (Ar-CHa), 73.85 (C-5"), 72.45 (Ar-
CH,), 70.75 (C-5), 68.09 (C-4"), 67.81 (Ar-CH,), 67.20 (C-5"), 6630 (C-2), 61.47 (C-2"),
58.55 (C-2"), 27.00 (TBDPS-CHs), 20.79 (COCHs), 16.77 (C-6°, C-6). For the a-anomer: 'H
NMR (400 MHz, CDCl3) § 7.87 — 7.69 (m, 13H, Ar-H), 7.53 — 7.27 (m, 32H, Ar-H), 7.25 —
7.13 (m, 7H, Ar-H), 7.07 — 6.98 (m, 2H, Ar-H), 5.70 (d, J = 7.5 Hz, 1H, H-17), 5.54 (dd, J =
4.6,2.8 Hz, 1H, H-4”), 5.36 (d, J= 3.8 Hz, 1H, H-1°), 5.05 (d, J= 11.7 Hz, 2H, Ar-CH,), 4.94
(d, J=11.6 Hz, 1H, Ar-CH,), 4.82 — 4.59 (m, 9H, Ar-Cf), 4.59 — 4.49 (m, 2H, Ar-CHa, H-
5”), 4.40 — 4.33 (m, 2H, H-1, H-3"), 4.02 — 3.95 (m, 2H, H-2, H-3"), 3.95 — 3.77 (m, 2H, H-2",
H-5"), 3.67 (dd, J = 7.6, 2.9 Hz, 1H, H-2”), 3.45 — 3.31 (m, 3H, H-3, H-4, H-4"), 3.19 (q, J =
6.4 Hz, 2H, H-5), 2.06 (s, 3H, COCHs), 1.14 (s, 9H, TBDPS-CHj), 1.08 — 1.02 (m, 6H, H-6,
H-6"). 3C NMR 3C NMR (101 MHz, CDCl3) § 169.81 (C=0), 167.38 (C=0), 138.73 (Ar-C,),
138.52 (Ar-C,), 136.24 (Ar-C), 136.22 (Ar-C), 136.05 (Ar-C,), 136.03 (Ar-C,), 134.91 (Ar-
C,), 134.39 (Ar-C,), 133.60 (Ar-C,), 133.26 (Ar-C,), 133.19 (Ar-C,), 133.15 (Ar-C,), 129.85
(Ar-C), 129.63 (Ar-C), 128.80 (Ar-C), 128.60 (Ar-C), 128.56 (Ar-C), 128.50 (Ar-C), 128.46
(Ar-C), 128.41 (Ar-C), 128.35 (Ar-C), 128.32 (Ar-C), 128.30 (Ar-C), 128.14 (Ar-C), 127.85
(Ar-C), 127.82 (Ar-C), 127.66 (Ar-C), 127.58 (Ar-C), 127.29 (Ar-C), 126.53 (Ar-C), 126.38
(Ar-C), 126.21 (Ar-C), 125.52 (Ar-C), 100.00 (C-1"), 98.91 (C-17), 97.51 (C-1), 78.77 (C-3,
C4, C-4°, C-5°), 78.70 (C-3, C4, C-4, C-5"), 78.65 (C-3, C4, C-4’, C-5"), 78.32 (C-3"), 75.19
(Ar-CH,), 75.09 (C-3"), 75.00 (Ar-CH,), 73.05 (Ar-CH), 70.81 (C-5), 68.73 (C-4"), 67.34
(Ar-CH,), 67.30 (C-5"), 66.45 (C-2), 60.18 (C-2°), 59.40 (C-2"), 27.01 (TBDPS-CHs), 21.06
(COCHs), 16.74 (C-6’, C-6), 16.69 (C-6>, C-6). HRMS: [M+Na]® calculated for
CesH73NoO13SiNa: 1274.49948; found 1274.49893.

(Benzyl (4-O-acetyl-2-azido-2-deoxy-3-0-(2-naphthylmethyl)-B-p-mannopyranosiduron-

syl))-(1—3)-2-azido-4-O-benzyl-2-deoxy-o-L-fucopyranosyl-(1—3)-2-azido-4-O-benzyl-2-
deoxy-a/B-p-fucopyranose (41)

BnO 9 (906 mg, 0.72 mmol) was dissolved THF (7.2 mL, 0.1 M)

O%OH and cooled to 0 °C. AcOH (80 pL, 1.45 mmol, 2 equiv.) and

o7, Ns TBAF (1 M in THF, 1.44 mL, 1.45 mmol, 2 equiv.) was added

BnO,C_N3 o} and the reaction was allowed to warm to rt under N, and

ﬁ%ﬁ?w stirred overnight (~18 h) until TLC (pentane/EtOAc 3:2)

showed full conversion. The reaction was quenched with NH4Cl (aq. sat.) and dissolved in

EtOAc. The organic layer was washed with H>O (x3) and brine (x1), dried over Na;SOs, filtered
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and concentrated in vacuo. Column chromatography (pentane/EtOAc 7:3 — 5:5) gave 41 in
84% yield (613 mg, 0.60 mmol) as a o/p mixture. 'H NMR (400 MHz, CDCl;) § 7.81 (t, J =
8.0 Hz, 6H), 7.74 (d, J = 1.7 Hz, 2H), 7.52 — 7.42 (m, 6H), 7.39 — 7.27 (m, 27H), 5.46 (td, J =
9.3, 1.0 Hz, 2H), 5.34 (t, J = 2.8 Hz, 1H), 5.25 (d, /= 3.7 Hz, 1H), 5.21 (d, J = 3.6 Hz, 1H),
5.03 (dd, J=3.4, 2.3 Hz, 4H), 4.84 — 4.74 (m, 5H), 4.73 — 4.60 (m, 5H), 4.60 — 4.53 (m, 4H),
449 (t,J=6.9 Hz, 1H), 4.28 — 4.21 (m, 1H), 4.20 —4.13 (m, 1H), 4.06 (dd, J = 10.6, 2.7 Hz,
1H), 3.94 (dd, J = 10.6, 3.4 Hz, 1H), 3.85 (ddt, J=9.4, 6.2, 3.4 Hz, 4H), 3.77 (tt, J = 10.6, 3.4
Hz, 3H), 3.68 — 3.61 (m, 3H), 3.60 (dd, J = 3.6, 1.8 Hz, 1H), 3.57 (dq, J = 2.5, 1.5 Hz, 3H),
3.55-3.51 (m, 2H), 3.48 (dd, J=10.5, 2.8 Hz, 1H), 3.41 (d, /= 2.8 Hz, 1H), 3.01 (d, J=2.6
Hz, 1H), 1.84 (s, 6H), 1.27 - 1.20 (m, 6H), 1.14 (dd, J= 6.6, 2.5 Hz, 6H). 13C NMR (101 MHz,
CDCl;) 8 169.00, 166.59, 166.53, 138.47, 138.39, 138.05, 138.01, 135.06, 135.02, 134.63,
133.21, 133.19, 128.81, 128.77, 128.65, 128.60, 128.54, 128.50, 128.47, 128.35, 128.33,
128.09, 128.08, 127.98, 127.92, 127.87, 127.77, 126.88, 126.56, 126.54, 126.40, 125.67, 99.94,
99.56,97.61,97.53,96.84,92.41,79.37,79.34, 78.50, 77.27, 76.99, 76.95, 76.80, 75.80, 75.56,
75.48,75.07,73.73,72.44,72.42,71.13, 68.04, 67.76, 67.71, 67.58, 67.38, 67.18, 65.20, 61.46,
61.40, 61.17, 59.05, 58.59, 20.74, 17.11, 16.95, 16.77, 16.74. HRMS: [M+Na]" calculated for
Cs2HssNoO13Na: 1036.38170; found 1036.38115

(Benzyl (4-O-acetyl-2-azido-2-deoxy-3-O-(2-naphthylmethyl)-p-D-mannopyranosiduron-
syl))-(1—3)-2-azido-4-0-benzyl-2-deoxy-o-L-fucopyranosyl-(1—3)-2-azido-4-O-benzyl-2-
deoxy-1-0O-(N-phenyl-2,2,2-trifluoroacetimidoyl)-a/p-pD-fucopyranose (37)
BnO 41 (576 g, 0.57 mmol) was co-evaporated with toluene
0% NP (x3) and dissolved in dry acetone (2.8 mL, 0.2 M). KoCO;
97N, N 07 “cry (157 mg, 1.14 mmol, 2 equiv.) and CIC(=NPh)CF3 (0.18
BnO,C N3 5 4 4 mL, 1.14 mmol, 2 equiv.) was added and the reaction was
QZSO 2 stirred overnight at rt under N, until TLC (pen-
tane/EtOAc 7:3) showed full conversion. The reaction was filtered on Celite and concentrated
in vacuo. Column chromatography (pentane/EtOAc 8:2 — 6:4) gave 37 in 93% yield (627 mg,
0.529 mmol). 'H NMR (400 MHz, CD3CN) § 7.92 — 7.78 (m, 4H), 7.56 — 7.42 (m, 4H), 7.44
—7.27 (m, 20H), 7.19 — 7.09 (m, 1H), 6.94 — 6.82 (m, 2H), 5.55 (bs, 1H), 5.24 (d, /= 3.7 Hz,
1H), 5.20 — 5.09 (m, 1H), 5.02 — 4.96 (m, 2H), 4.96 — 4.89 (m, 1H), 4.88 — 4.81 (m, 2H), 4.80
—4.68 (m, 2H), 4.62 — 4.53 (m, 2H), 4.20 (dd, /=112, 2.8 Hz, 1H), 4.11 (d, /= 1.4 Hz, 1H),
4.01 —3.82 (m, 5H), 3.78 — 3.74 (m, 1H), 3.58 (m, 2H), 1.82 (s, 3H), 1.23 — 1.15 (m, 6H). 13C
NMR (101 MHz, CD3CN) 6 170.44, 167.84, 139.65, 139.59, 136.36, 136.23, 134.06, 133.92,
129.80, 129.49, 129.35, 129.29, 129.26, 129.12, 129.05, 128.70, 128.65, 128.56, 127.59,
127.27,127.10, 126.88, 125.42,120.03, 101.13,97.93, 79.13, 78.83, 78.27, 77.87, 76.64, 76.24,
76.18, 74.17, 72.73, 72.69, 68.93, 68.16, 68.03, 64.34, 62.58, 59.00, 20.88, 16.87, 16.72.
HRMS: [M+H]" calculated for CeoHsoF3N19013H: 1185.42934; found 1185.42829
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5-(Benzyl(benzyloxycarbonyl)amino)pentyl (Benzyl (4-O-acetyl-2-azido-2-deoxy-3-0-(2-
naphthylmethyl)-p-p-mannopyranosiduronsyl)-(1—3)-2-azido-4-O-benzyl-2-deoxy-a-L-
fucopyranosyl-(1—3)-2-azido-4-O-benzyl-2-deoxy-a-D-fucopyranoside (5)
Bno o Donor 37 (202 mg, 0.17 mmol, 1 equiv.) and N-(Benzyl)-
&ﬂ Bn benzyloxycarbonyl-5-aminopentan-1-01*° 35 (72 mg,
OZN, Naom'i‘ “cpz 0-22 mmol, 1.3 equiv.) was co-evaporated with toluene
BnO,C N3 o 10 (3x). The donor, acceptor and Ph;P=0 (284 mg, 1.021
QZSW mmol, 6 equiv.) was dissolved in dry DCM/Et,O (1.7
mL, 1:1, 0,1 M), added 3A molecular sieves and stirred for 1 h. The solution was added TMSI
(24 pL, 0;17 mmol, 1 equiv.) and stirred for 24 h until TLC (pentane/EtOAc 3:2) showed full
conversion. The reaction was quenched with Et;N, dissolved in EtOAc, washed with Na;S,03
(sat. aq.; x1), NaHCO;j (sat. aq.; x1) and brine (x1), dried over Na>SOy, filtered and concentrated
in vacuo. Column chromatography (pentane/EtOAc 75:25 — 55:45) gave 5 in 93% yield (209
mg, 0.158 mmol) and in a o/B ratio 75:25. For the a-anomer: 'H NMR (400 MHz, CDCl3) §
7.84 —7.71 (m, 4H, Ar-H), 7.53 — 7.41 (m, 3H, Ar-H), 7.39 — 7.26 (m, 26H, Ar-H), 7.25 - 7.11
(m, 2H, Ar-H), 5.46 (t,J=9.1 Hz, 1H, H-4"), 5.23 - 5.13 (m, 3H, H-1’, Ar-CH>), 5.03 (d, J =
2.6 Hz, 2H, Ar-CH>), 4.90 (d, J = 7.7 Hz, 1H, H-1), 4.82 — 4.72 (m, 3H, Ar-CH,), 4.69 — 4.63
(m, 2H, Ar-CH,), 4.59 — 4.55 (m, 2H, H-1", Ar-CH), 4.54 — 4.45 (m, 3H, CH,-Linker), 4.21
(dd, J=10.6, 2.8 Hz, 1H, H-3"), 4.03 (d, /= 10.8 Hz, 1H, H-3), 3.96 — 3.87 (m, 1H, H-5), 3.87
—3.77 (m, 4H, H-5’, H-2, H-5”, H-2"), 3.67 — 3.61 (m, 1H, H-4), 3.58 (dd, J/=9.1, 3.5 Hz, 1H,
H-2”), 3.54 (d, J= 4.9 Hz, 2H), 3.47 — 3.32 (m, 2H, H-4’, H-3”), 3.31 — 3.14 (m, 2H, CH,-
Linker), 1.84 (s, 3H, COCH3), 1.73 — 1.46 (m, 4H, CH>-Linker), 1.41 — 1.24 (m, 4H, CH>-
Linker), 1.21 (d, J = 6.5 Hz, 3H, H-6), 1.14 (d, J = 6.5 Hz, 3H, H-6). 3C NMR (101 MHz,
CDCl;) 6 169.34 (C=0), 166.57 (C=0), 138.61 (Ar-C,), 138.03 (Ar-C,), 135.09 (Ar-C,),
134.66 (Ar-C,), 133.22 (Ar-C,), 128.82 (Ar-C), 128.67 (Ar-C), 128.61 (Ar-C), 128.55 (Ar-C),
128.51 (Ar-C), 128.48 (Ar-C), 128.27 (Ar-C), 128.06 (Ar-C), 127.96 (Ar-C), 127.94 (Ar-C),
127.90 (Ar-C), 127.77 (Ar-C), 127.72 (Ar-C), 126.91 (Ar-C), 126.55 (Ar-C), 126.40 (Ar-C),
125.70 (Ar-C), 99.89 (C-17), 98.17 (C-1), 97.61 (C-17), 80.05 (C-4’), 77.48 (C-37), 76.84 (C-
3’), 76.11 (C-3), 75.50 (Ar-CH>), 75.25 (Ar-CHy), 73.76 (C-5’), 72.43 (Ar-CH>), 68.45 (C-4”),
68.05 (Ar-CHy), 67.73 (C-5), 67.46 (Ar-CH>), 66.87 (C-4), 61.40 (C-2"), 60.25 (C-2’), 58.91
(C-2), 29.25 (CH»-Linker), 23.50 (CH-Linker), 20.76 (COCH3), 16.96 (C-6, C-6), 16.80 (C-
6, C-6). For the B-anomer: "H NMR (400 MHz, CDCl;) & 7.85 — 7.78 (m, 3H, Ar-H), 7.74 (d,
J=1.7Hz, 1H, Ar-H), 7.51 — 7.41 (m, 3H, Ar-H), 7.37 - 7.26 (m, 24H, Ar-H), 7.17 (s, 1H, Ar-
H), 5.46 (t, J=9.2 Hz, 1H, H-4"), 5.25 (d, J= 3.8 Hz, 1H, H-1"), 5.21 — 5.13 (m, 3H, Ar-H),
5.04 (d, J = 2.5 Hz, 2H, Ar-H), 4.83 — 4.68 (m, 4H, Ar-H), 4.58 — 4.52 (m, 2H, Ar-H, H-1"),
4.49 (d, J= 6.9 Hz, 2H, CH,-Linker), 4.17 (m, 2H, H-1, H-3"), 3.87 — 3.80 (m, 2H, H-2, H-5"),
3.70 (td, J=10.9, 5.2 Hz, 2H, H-2’, H-5"), 3.64 (dt, /= 3.6, 1.6 Hz, 1H, H-2”), 3.59 (ddd, J =
9.0,3.5,1.8 Hz, 1H, H-3"), 3.57 — 3.47 (m, 2H, H-4’, H-5), 3.44 (dd, /= 10.5, 2.8 Hz, 1H, H-
4),3.40 —3.36 (m, 1H, CH»-Linker), 3.33 — 3.15 (m, 3H, CH,-Linker), 1.85 (d, /=2.4 Hz, 3H,
COCHs), 1.27 (d, J= 2.9 Hz, 3H, H-6, H-6"), 1.12 (d, J = 6.7 Hz, 3H, H-6, H-6"). 13C NMR
(101 MHz, CDCl3) 6 169.32 (C=0), 166.48 (C=0), 138.61 (Ar-C,), 138.05 (Ar-C,), 135.05
(Ar-Cy), 134.65 (Ar-C,), 133.23 (Ar-C,), 128.83 (Ar-C), 128.80 (Ar-C), 128.66 (Ar-C), 128.63
(Ar-C), 128.61 (Ar-C), 128.54 (Ar-C), 128.47 (Ar-C), 128.39 (Ar-C), 128.31 (Ar-C), 128.26
(Ar-C), 128.07 (Ar-C), 127.94 (Ar-C), 127.89 (Ar-C), 127.76 (Ar-C), 127.63 (Ar-C), 127.37
(Ar-C), 126.88 (Ar-C), 126.56 (Ar-C), 126.41 (Ar-C), 125.68 (Ar-C), 102.72 (C-1), 100.21 (C-
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17),97.56 (C-17), 79.35 (C-3), 78.85 (C-4), 77.39 (C-4’, C-5), 77.01 (C-3""), 75.59 (C-Ar-CH,),
75.33 (C-3"), 75.14 (Ar-CH>»), 73.80 (C-5), 72.44 (Ar-CH»), 70.78 (C-4’, C-5), 68.06 (C-5’),
67.76 (Ar-CH»), 67.25 (Ar-CH>»), 67.20 (C-2), 63.65 (C-27), 61.47 (C-2’), 58.43 (CH,-Linker),
50.66 (CH»-Linker), 50.26 (CH,-Linker), 29.88 (CH»-Linker), 29.22 (CH,-Linker), 27.92,
(CH,-Linker) 27.47 (CH,-Linker), 20.75 (COCH3), 17.13 (C-6, C-6’), 16.78 (C-6, C-6°).
HRMS: [M+Na]" calculated for C7oH76N19OsNa: 1345.55458; found 1345.55403

S5-aminopentyl  2-acetamide-4-0-acetyl-2-deoxy-f-D-mannopyranosiduronsyl-(1—3)-2-
acetamide-2-deoxy-o-L-fucopyranosyl-(1—3)-2-acetamide-2-deoxy-a-D-fucopyranoside
@
HO o 5 (59 mg, 0.0445 mmol) was deprotected following the
o general experimental for the deprotection yielding 1 in
ﬁoi Oy NHz - 45% yield over two steps (14.3 mg, 0.0198 mol). '"H NMR

Ho,c HAC L/ ’ (600 MHz, D,0) 6 5.00 —4.95 (m, 2H, H-1’, H-4”), 491
ACOW _ » —

HO (d,J=14Hz 1H, H-1”),4.74 (d, J = 3.8 Hz, 1H, H-1),
4.47(dd,J=43,14Hz 1H, H-2”),4.23 (dd, J = 11.1, 3.8 Hz, 1H, H-2), 4.18 — 4.09 (m, 2H,
H-3’,H-2°),4.07 (q,J = 7.7, 7.1 Hz, 1H, H-5), 4.05 - 4.01 (m, 1H, H-5"), 4.01 —3.97 (m, 2H,
H-4’, H-3”), 3.89 (dd, J = 11.1, 3.2 Hz, 1H, H-3), 3.77 (d, J = 3.3 Hz, 1H, H-4),3.75 (d, J =
10.1 Hz, 1H, H-5""), 3.62 (dt, J = 9.9, 6.5 Hz, 1H, CH>-linker), 3.41 (dt, J = 10.0, 6.2 Hz, 1H,
CH,-linker), 2.95 (dd, J = 8.7, 6.7 Hz, 2H, CH>-linker), 2.08 (s, 3H, COCH3), 2.03 (s, 3H,
COCHz), 2.02 (s, 3H, COCH3), 1.94 (s, 3H, COCHs), 1.68 — 1.55 (m, 4H, CH.-linker), 1.40
(tq, J = 14.4, 7.4, 6.5 Hz, 2H, CH»-linker), 1.24 — 1.15 (m, 6H, H-6, H-6"). 13C NMR (151
MHz, D,0) 6 176.54 (C=0), 175.73 (C=0), 174.93 (C=0), 174.67 (C=0), 173.87 (C=0),
99.91 (C-17), 97.89 (C-1), 95.50 (C-17), 75.30 (C-3"), 75.20 (C-3), 73.53 (C-57), 72.14 (C-4),
71.31 (C-4"), 70.70 (C-3”), 68.64 (CHa-linker), 68.38 (C-4°), 67.74 (C-5), 67.28 (C-5’), 54.12
(C-27),49.61 (C-2), 48.54 (C-2’), 40.27 (CHz-linker), 28.95 (CHz-linker), 27.41 (CH,-linker),
23.23 (CHz-linker), 23.17 (COCH3), 22.85 (COCH3), 22.79 (COCH3), 21.25(COCH3), 16.42
(C-6), 16.23 (C-6>). HRMS: [M+H]" calculated for CsHs:N4Oi6H: 737.34566; found
737.34407

Synthesis of longer fragments

5-(Benzyl(benzyloxycarbonyl)amino)pentyl (Benzyl (4-O-acetyl-2-azido-2-deoxy-p-D-
mannopyranosiduronsyl)-(1—3)-2-azido-4-O-benzyl-2-deoxy-o-L-fucopyranosyl-(1—3)-
2-azido-4-0-benzyl-2-deoxy-3-0-(2-naphthylmethyl)-a-p-fucopyranoside (42)

BnO The 2-methylnaphthyl was cleaved from S (170 mg,

o&% Bn 0.128 mmol, 1 equiv.) using the general experimental

7N, NSO\% N.g,, Procedure for deprotection of the 2-methylnaphthyl ether

BnO,C N3 o 4.0 in DCM/H>O (1.3 mL, 20:1, 0.1 M) with DDQ (58 mg,
o) n

ACSW 0.256 mmol, 2 equiv.). The reaction was followed by

TLC (pentane/EtOAc 3:2) and purification by column chromatography (pentane/EtOAc 6:4 —
5:5) gave 42 in 80% yield (121 mg, 0.102 mmol). "H NMR (400 MHz, CDCl3) § 7.42 — 7.26
(m, 25H), 5.23 (d, J=3.7 Hz, 1H), 5.21 — 5.10 (m, 4H), 5.06 (s, 2H), 4.90 (d, /= 7.0 Hz, 1H),
4.76 (t,J=12.5 Hz, 1H), 4.72 — 4.61 (m, 4H), 4.49 (d, /= 7.2 Hz, 2H), 4.21 (dd, J = 10.6, 2.9
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Hz, 1H), 4.05 (d, /= 11.0 Hz, 1H), 3.93 (m, 1H), 3.90 — 3.80 (m, 3H), 3.75 (dd, J = 10.6, 3.6
Hz, 1H), 3.68 —3.51 (m, 6H), 3.49 — 3.32 (m, 1H), 3.23 (m, 4H), 2.63 (d, /=9.9 Hz, 1H), 1.86
(s, 3H), 1.64 — 1.45 (m, 5H), 1.40 — 1.25 (m, 4H), 1.21 (t, J = 6.1 Hz, 8H). 3C NMR (101
MHz, CDCl3) 6 170.59, 166.29, 138.66, 138.02, 137.89, 135.14, 128.79, 128.69, 128.67,
128.59, 128.51, 128.34, 128.29, 128.06, 127.96, 127.93, 127.87, 127.73, 127.38, 99.90, 98.20,
98.00, 80.09, 76.84, 75.79, 75.33, 73.75, 71.12, 69.80, 68.31, 67.69, 67.43, 67.28, 66.88, 64.02,
60.20, 58.58, 50.76, 50.44, 47.09, 29.73, 29.23, 23.47, 20.65, 16.98, 16.86. HRMS: [M+Na]*
calculated for Cs;H79N0O15Na: 1205.49198; found 1205.49143

Hexasaccharide protected (6)

. The glycosylation was performed using the gen-
o eral glycosylation procedure with donor 35 (142
0% J\Hcm mg, 0.120 mmol, 1.3 equiv.) and acceptor 42 (109
?Qjm o} Neg, mg,0.0921 mmol, 1 equiv.) dissolved in dry DCM
Bnp© o (4.6 mL, 0.02 M) and added TBSOTf (4 pL,
0.0184 mmol, 0.2 equiv.). The reaction was fol-
lowed with TLC (pentane/EtOAc 1:1) and purifi-
cation by column chromatography (pentane/EtOAc 7:3 — 5:5) and size exclusion gave 6 in
87% yield (175 mg, 0.0803 mmol). '"H NMR (500 MHz, CDCl;) § 7.85 — 7.70 (m, 5H), 7.51
—7.41 (m, 4H), 7.39 — 7.26 (m, 45H), 7.21 — 7.14 (m, 2H), 5.45 (t, J=9.2 Hz, 1H), 5.33 (t, J =
9.9 Hz, 1H), 5.24 (d, J=3.7 Hz, 1H), 5.22 — 5.14 (m, 4H), 5.03 —4.99 (m, 4H), 4.95 (d, J=2.5
Hz, 1H), 4.94 — 4.87 (m, 2H), 4.84 — 4.77 (m, 4H), 4.75 — 4.72 (m, 1H), 4.71 — 4.64 (m, 3H),
4.64 — 4.54 (m, 6H), 4.53 — 4.45 (m, 3H), 4.26 (td, J = 10.6, 2.9 Hz, 2H), 4.20 (q, /= 5.9, 5.3
Hz, 1H), 4.10 — 4.01 (m, 1H), 3.96 (t, J = 1.9 Hz, 2H), 3.95 — 3.89 (m, 2H), 3.89 — 3.79 (m,
8H), 3.79 — 3.74 (m, 1H), 3.64 (dd, J=3.5, 1.4 Hz, 1H), 3.62 — 3.51 (m, 8H), 3.49 — 3.35 (m,
1H), 3.23 (m, 2H), 1.87 (s, 3H), 1.83 (s, 4H), 1.70 — 1.47 (m, 6H), 1.40 — 1.24 (m, 5H), 1.24 —
1.11 (m, 14H). 3C NMR (126 MHz, CDCl3) § 169.31, 169.17, 166.52, 166.14, 138.57, 138.37,
138.12, 138.03, 137.92, 135.06, 135.03, 134.64, 133.24, 133.22, 128.84, 128.77, 128.66,
128.63, 128.61, 128.55, 128.53, 128.51, 128.41, 128.27, 128.23, 128.19, 128.05, 127.95,
127.92, 127.89, 127.87, 127.77, 127.38, 126.87, 126.54, 126.39, 125.67, 100.76, 99.87, 99.59,
98.18,97.39,97.35,79.96, 79.64, 79.47,76.77, 76.35, 75.50, 75.33, 75.29, 74.88, 73.97, 73.73,
72.61,72.36, 68.52, 68.06, 67.74, 67.67, 67.64, 67.51, 66.89, 63.70, 61.27, 61.01, 60.28, 58.98,
58.54, 50.59, 50.26, 47.22, 46.26, 29.22, 23.46, 20.72, 20.48, 17.05, 16.95, 16.91, 16.74.

HRMS: [M+Na]" calculated for Ci13H123N19027Na: 2201.87670; found 2201.87586

CP8-hexasaccahride (2)

HO 6 (60 mg, 0.0275 mmol) was deprotected following

o 2 the general experimental for the deprotection yield-

?oj NhorIN ! N, ing the 2 in 37% yield over two steps (8.2 mg,

HO,C NHAG Lo 24 a 0.00598 mg). 'H NMR (600 MHz, D;0) & 5.13 (t,J
Ho{AQ 2 =10.0 Hz, 1H, H3-4), 5.03 — 4.95 (m, 2H, H®-4, H2-

1), 4.95 — 4.87 (m, 4H, H3-1, H°-1, H*-1,H H%-1,1),
475 (d,J=3.9 Hz, 1H, H'-1), 4.50 — 4.44 (m, 2H, H®-2, H3-2), 4.27 — 4.21 (m, 2H, H5-2, H*-
5),4.24 —4.17 (m, 1H, H'-2), 4.18 — 4.09 (m, 4H, H'-2, H’-4, H>-4, H-3), 4.07 (ddd, J = 20.1,
13.9, 7.2 Hz, 2H, H'-5, H5-5), 4.04 — 3.98 (m, 4H, H*-5, H3-3, H2-3, H®-3), 3.90 (dd, J = 10.8,
3.4 Hz, 1H, H'-3),3.78 (d, J= 3.8 Hz, 1H, H'-4), 3.75 (dd, J = 10.1, 1.4 Hz, 2H, HS-5, H’-5),
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3.73 (d, J = 2.6 Hz, 1H, H*-4), 3.70 (dd, J = 10.9, 3.1 Hz, 1H H'-4), 3.67 — 3.59 (m,1H, CH>-
Linker), 3.43 (dt, /= 10.0, 6.2 Hz, 1H, CH>-Linker), 3.00 — 2.93 (m, 2H, CH>-Linker), 2.09 (s,
3H, COCHs), 2.06 — 1.99 (m, 12H, COCHs), 1.95 (s, 3H, COCHs), 1.91 (s, 3H, COCHs), 1.70
~ 1.55 (m, 4H, CH-Linker), 1.45 — 1.36 (m, 2H, CH-Linker), 1.25 — 1.16 (m, 12H, H'-6, H>-
6, H*-6, H-6). 13C NMR (151 MHz, D,0) 5§ 176.49 (C=0), 175.92 (C=0), 175.71 (C=0),
175.44 (C=0), 174.90 (C=0), 174.87 (C=0), 174.64 (C=0), 174.49 (C=0), 173.86 (C=0),
173.32 (C=0), 99.92 (C2-1), 99.70 (C*-1/ C3-1), 99.43 (C*-1/ C3-1), 97.88 (C'-1), 95.37 (C>-1/
C5-1), 95.24 (C3-1/ C6-1), 75.28 (C3-5/ C°-5), 75.19 (C3-5/ C6-5), 74.93, 74.87, 74.56, 73.48,
73.38,72.13,71.91, 71.30, 71.19, 70.71, 68.62, 68.38, 68.30, 67.73, 67.69, 67.58, 67.27, 54.10,
53.42,49.59, 49.38, 48.48, 48.40, 40.26, 28.93,27.39, 23.21, 23.13, 22.92, 22.82, 22.77, 22.70),
21.24, 21.11, 16.44, 16.40, 16.22, 16.17. HRMS: [M+H]" calculated for Cs;Ho,N7O3 H:
1370.58377; found 1370.58302

Hexasaccharide-acceptor (43)

BnO The 2-methylnaphthyl was cleaved from 6 (179 mg,
o% cbs 0.0820 mmol) using the general experimental pro-
WNa N3O N, cedure for deprotection of the 2-methylnaphthyl
Bn0.0 2 ether in DCM/H,O (4.1 mL, 20:1, 0.02 M) with
DDQ (37 mg, 0.164 mmol, 2 equiv.). The reaction
was followed by TLC (pentane/EtOAc 3:2) and pu-
rification by column chromatography (pentane/EtOAc 6:4 — 5:5) gave 43 in 54% yield (90
mg, 0.0441 mmol). 'TH NMR (500 MHz, CDCl3) & 7.40 — 7.26 (m, 39H), 7.22 — 7.14 (m, 2H),
5.33(t,J=9.8 Hz, 2H), 5.24 (d, /= 3.7 Hz, 1H), 5.22 - 5.11 (m, 4H), 5.02 (d, /= 5.6 Hz, 4H),
4.96 (d, J=3.1 Hz, 1H), 4.90 (d, /= 9.8 Hz, 1H), 4.80 (dd, J = 11.6, 9.5 Hz, 2H), 4.75 — 4.61
(m, 7H), 4.59 — 4.55 (m, 1H), 4.49 (d, J = 9.1 Hz, 2H), 4.30 — 4.17 (m, 3H), 4.05 (d, /= 11.1
Hz, 1H), 3.98 (dd, J=4.3, 2.6 Hz, 2H), 3.95 — 3.89 (m, 1H), 3.89 — 3.82 (m, 5H), 3.80 (d, J =
6.5 Hz, 1H), 3.80 — 3.74 (m, 2H), 3.65 — 3.53 (m, 8H), 3.48 — 3.34 (m, 1H), 3.34 — 3.16 (m,
2H), 2.58 (d, J=9.9 Hz, 1H), 1.87 (s, 3H), 1.84 (s, 3H), 1.59 (m, 10H), 1.36 — 1.25 (m, 5H),
1.21 (td, J=10.9, 10.4, 5.4 Hz, 12H). 3C NMR (126 MHz, CDCls) § 170.52, 169.18, 166.29,
166.15, 138.58, 138.43, 138.04, 137.92, 135.14, 135.04, 128.78, 128.72, 128.70, 128.67,
128.66, 128.63, 128.60, 128.55, 128.54, 128.51, 128.30, 128.29, 128.19, 128.03, 127.96,
127.93, 127.87, 127.77, 127.39, 100.76, 99.86, 99.66, 98.19, 97.80, 97.39, 79.96, 79.64, 79.58,
76.91,76.58,76.39, 75.64,75.51, 75.38, 75.29, 75.01, 74.90, 73.98, 73.72, 71.09, 69.82, 68.54,
68.31,67.75, 67.63, 67.60, 67.52, 67.27, 66.99, 66.90, 63.92, 63.71, 60.99, 60.29, 58.70, 58.57,
50.68, 50.34, 29.83, 29.23, 28.08, 27.43, 22.79, 20.61, 20.01, 17.07, 16.95, 16.91, 16.82.

HRMS: [M+Na]" calculated for Ci92H115N19027Na: 2061.81410; found 2061.81322

Nonasaccharide protected (7)

The glycosylation was performed using the gen-
eral glycosylation procedure with donor 35 (66
mg, 0.0564 mmol, 1.3 equiv.) and acceptor 43 (91
mg, 0.0446 mmol, 1 equiv.) dissolved in dry DCM
(2.2 mL, 0.02 M) and added TBSOTf ((2 pL,
0.00892 mmol, 0.2 equiv.) The reaction was fol-
lowed with TLC (pentane/EtOAc 1:1) and purification by size exclusion to give 7 in 77% yield
(104 mg, 0.0342 mmol). 'H NMR (500 MHz, CDCl3) 5 7.83 — 7.71 (m, 5H), 7.50 — 7.41 (m,
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4H), 7.40 — 7.27 (m, 52H), 7.22 — 7.13 (m, 2H), 5.44 (t, J = 9.2 Hz, 1H), 5.35 — 5.28 (m, 3H),
5.24(d,J=3.7Hz, 1H), 5.21 = 5.12 (m, 4H), 5.03 — 4.99 (m, 4H), 4.98 (s, 2H), 4.97 —4.92 (m,
2H), 4.90 (d, J = 8.6 Hz, 1H), 4.84 — 4.77 (m, 4H), 4.75 — 4.67 (m, 5H), 4.67 — 4.53 (m, 9H),
4.49 (d, J=8.9 Hz, 2H), 4.30 — 4.22 (m, 3H), 4.22 — 4.16 (m, 2H), 4.05 (d, /= 10.9 Hz, 1H),
4.00 —3.94 (m, 4H), 3.93 — 3.71 (m, 14H), 3.66 — 3.50 (m, 12H), 3.48 — 3.33 (m, 2H), 3.33 —
3.14 (m, 2H), 1.87 (s, 5SH), 1.85 (s, 3H), 1.82 (s, 4H), 1.66 — 1.43 (m, 9H), 1.27 — 1.12 (m, 21H).
13C NMR (126 MHz, CDCl) § 169.31, 169.20, 166.54, 166.17, 166.14, 138.59, 138.39,
138.37, 138.14, 137.93, 135.08, 135.05, 135.03, 134.66, 133.25, 133.24, 128.78, 128.74,
128.69, 128.67, 128.64, 128.62, 128.56, 128.53, 128.51, 128.31, 128.28, 128.24, 128.20,
128.19, 128.06, 128.04, 127.96, 127.94, 127.92, 127.90, 127.87, 127.77, 127.38, 126.88,
126.55, 126.40, 125.68, 100.78, 99.87, 99.60, 98.20, 97.43, 97.38, 97.25, 79.98, 79.64, 79.59,
79.51,79.44,77.16,76.37,75.52, 75.35, 75.30, 73.99, 73.92, 73.75, 72.38, 68.54, 68.09, 67.75,
67.68, 67.65,67.53,67.02, 66.91, 63.73, 63.63, 61.31, 61.00, 60.30, 59.01, 58.74, 58.58, 29.24,
23.56, 23.44, 20.73, 20.49, 20.46, 17.07, 17.05, 16.96, 16.91, 16.84, 16.74. HRMS: [M+Na]*
calculated for CisaH16sN23O39Na: 3056.19212; found 1528.12675

CP8-Nonasaccharide (3)
7 (26 mg, 0.0084 mmol, 1 equiv.) was deprotected
following the general experimental for the deprotec-
N4, tion yielding 3 in 57% yield over two steps (9.7
4 mg,0.0048 mmol). "H NMR (850 MHz, D,0) § 5.21
— 5.12 (m, 2H), 5.06 — 4.99 (m, 3H), 4.97 (dt, J =
11.1, 6.4 Hz, 5H), 4.54 — 4.49 (m, 2H), 4.30 — 4.21
(m, 5H), 4.21 —4.12 (m, 7H), 4.11 (t, /= 6.4 Hz, 2H), 4.10 — 4.00 (m, 7H), 3.96 — 3.85 (m, SH),
3.81 (d, J=3.2 Hz, 1H), 3.80 — 3.70 (m, 3H), 3.67 (dt, /= 10.5, 6.5 Hz, 1H), 3.47 (dt,J=12.1,
6.3 Hz, 1H), 3.00 (t, /= 7.7 Hz, 2H), 2.14 (s, 3H), 2.09 — 2.05 (m, 20H), 2.04 (t, J = 2.8 Hz,
4H), 1.99 (s, 4H), 1.95 (d, J= 5.8 Hz, 5H), 1.66 (ddq, J=43.9, 14.0, 7.4 Hz, 4H), 1.44 (dt, J=
16.6, 7.6 Hz, 2H), 1.28 — 1.21 (m, 18H). *C NMR (214 MHz, D,0) § 176.48, 175.91, 174.82,
174.66, 174.48, 174.07, 173.96, 173.41, 99.90, 99.70, 99.64, 99.48, 97.87, 95.83, 95.72, 95.53,
95.49,76.79,75.19,74.76, 74.60, 74.54, 74.48, 74.33, 74.20, 73.84, 73.68, 72.11, 71.87, 71.07,
70.98,70.53, 68.63, 68.46, 68.42, 68.39, 67.80, 67.74, 67.69, 67.61, 67.27, 53.99, 53.32, 51.46,
49.56,49.33,48.48, 48.44,48.41,48.37,40.25,28.91, 27.37,23.19, 23.17, 23.13, 22.90, 22.82,
22.78, 22.72, 22.53, 21.17, 21.12, 21.05, 16.40, 16.36, 16.33, 16.19, 16.14. HRMS: [M+H]"
calculated for Cg3Hi30N10046H: 2003.82189; found 2003.82134

Nona-acceptor (44)

The 2-methylnaphthyl was cleaved from 7 (38.3
mg, 0.0126 mmol) using the general experimental
procedure for deprotection of the 2-methylnaphthyl
ether in DCM/H,O (1.3 mL, 10:1, 0.01 M) with
DDQ (6 mg, 0.0252 mmol, 2 equiv.). The reaction
was followed by TLC (pentane/EtOAc 1:1) and pu-
rification by column chromatography (pen-
tane/EtOAc 60:40 — 45:55) gave 44 in 57% yield (20.9 mg, 0.0072 mmol). 'H NMR (850
MHz, CDCl3) 6 5.21 — 5.14 (m, 2H), 5.05 - 5.01 (m, 2H), 4.99 — 4.93 (m, 5H), 4.54 — 4.49 (m,
2H), 430 —4.21 (m, 5H), 4.21 — 4.15 (m, 7H), 4.14 — 4.09 (m, 2H), 4.09 — 4.01 (m, 6H), 3.96
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—3.85 (m, 5H), 3.81 (d, J = 3.2 Hz, 1H), 3.78 — 3.71 (m, 3H), 3.67 (dt, J = 10.5, 6.5 Hz, 1H),
3.47 (dt,J=12.1, 6.3 Hz, 1H), 3.00 (t, /= 7.7 Hz, 2H), 2.14 (s, 3H), 2.09 — 2.05 (m, 20H), 2.04
(d, J=3.4 Hz, 6H), 1.9 (s, 3H), 1.95 (s, SH), 1.66 (ddq, J = 43.9, 14.0, 7.4 Hz, 4H), 1.4 (dt,
J=16.6, 7.6 Hz, 2H), 1.29 — 1.20 (m, 20H). 3C NMR (214 MHz, D,0) § 176.48, 175.91,
174.83, 174.66, 174.48, 174.07, 173.96, 173.41, 99.90, 99.70, 99.64, 99.56, 99.48, 97.87, 95.83,
95.72,95.53,95.49, 76.79, 75.19, 74.76, 74.60, 74.54, 74.32, 74.20, 73.84, 73.68, 72.11, 71.87,
71.07, 70.98, 70.53, 68.63, 68.46, 68.42, 68.39, 67.80, 67.74, 67.69, 67.61, 67.27, 53.99, 53.32,
51.46,49.56,49.33, 48.48, 48.44, 48.41, 48.37, 40.25, 28.91, 27.37, 23.19, 23.17, 23.13, 22.90,
22.82, 2278, 22.72, 22.53, 21.17, 21.12, 21.05, 16.40, 1636, 16.33, 16.19, 16.14. HRMS:
[M+Nal+ calculated for C143H160N28039Na: 2916.12952; found 1458.09829

Dodeca-saccharide (8)
BnO The glycosylation was performed using the gen-
0%&’ eral glycosylation procedure with donor 35 (13
?Oj No NSO Nc‘:t\)ZB mg, 0.0104 mmol, 1.5 equiv.) and acceptor 44 (20
7 B mg, 0.00691 mmol, 1 equiv.) dissolved in dry
DCM (1 mL, 0.007 M) and added (TBSOTTf 0.3
pL, 0.00138 mmol, 0.2 equiv.) The reaction was
followed with TLC (pentane/EtOAc 6:4) and purification by size exclusion to give 8 in 68%
yield (18.3 mg, 0.0047 mmol). 'H NMR (850 MHz, CDCls) § 7.83 — 7.77 (m, 3H), 7.72 (s,
1H), 7.50 — 7.40 (m, 4H), 7.40 — 7.27 (m, 61H), 7.23 — 7.13 (m, 3H), 5.43 (t, J = 9.1 Hz, 1H),
5.34-5.27 (m, 3H), 5.23 (t, J=4.5 Hz, 1H), 5.19 - 5.11 (m, 5H), 5.02 — 4.87 (m, 12H), 4.82 —
4.75 (m, 5H), 4.75 — 4.62 (m, 9H), 4.62 — 4.55 (m, 5H), 4.55 — 4.44 (m, 6H), 4.28 —4.13 (m,
7H), 4.04 (t, J=10.9 Hz, 1H), 4.01 —3.90 (m, 7H), 3.90 — 3.66 (m, 18H), 3.66 — 3.48 (m, 15H),
3.47 —3.32 (m, 2H), 3.25 (dt, J=27.9, 7.2 Hz, 1H), 3.21 — 3.10 (m, 1H), 1.85 (d, /= 6.9 Hz,
3H), 1.82 (d, J=2.3 Hz, 6H), 1.81 (d, /J=4.7 Hz, 3H), 1.72 — 1.43 (m, 12H), 1.40 — 1.02 (m,
40H). 3C NMR (214 MHz, CDCl;) § 170.59, 169.41, 169.25, 166.51, 166.37, 166.24, 166.13,
166.10, 166.09, 156.83, 156.28, 138.56, 138.53, 138.47, 138.43, 138.35, 138.28, 138.23,
138.21, 138.00, 137.96, 137.91, 137.79, 137.78, 137.72, 136.94, 136.91, 136.78, 135.11,
135.01, 134.92, 134.89, 134.86, 134.53, 133.15, 133.09, 129.53, 128.94, 128.86, 128.84,
128.79, 128.71, 128.67, 128.64, 128.62, 128.59, 128.57, 128.55, 128.53, 128.51, 128.44,
128.41, 128.36, 128.29, 128.26, 128.10, 128.08, 128.02, 127.93, 127.91, 127.89, 127.80,
127.78,127.69, 127.61, 127.42, 127.36, 127.28, 126.93, 126.56, 126.42, 125.69, 100.76, 99.96,
99.91, 99.68, 98.08, 97.32, 97.24, 97.22, 97.19, 96.99, 79.86, 79.56, 79.50, 79.37, 79.30, 79.29,
76.82,76.69, 76.59, 76.55, 76.29, 76.07, 75.67, 75.58, 75.50, 75.35, 75.33, 75.30, 74.75, 74.71,
74.38,74.33,73.82,73.74,73.55, 72.26, 68.25, 68.20, 67.82, 67.77, 67.73, 67.70, 67.69, 67.61,
67.55,67.28,67.24, 67.22,67.19, 66.80, 66.70, 63.59, 63.48, 60.90, 60.87, 60.21, 60.18, 58.73,
58.43,58.33, 57.89, 50.51, 50.20, 47.11, 46.54, 46.23, 46.17, 32.06, 29.84, 29.80, 29.52, 29.23,
29.16,27.94,27.53,23.46, 23.38, 23.27, 23.20, 22.85, 20.78, 20.51, 20.48, 17.13, 17.06, 17.05,
16.95,16.93, 16.83, 16.79.

BnQ.O
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CP8-Dodeca (4)

HO 8 (12.2 mg, 0.00299 mmol, 1 equiv.) was deprotected
following the general experimental for the deprotec-
tion yielding 4 in 33% yield over two steps (2.65 mg,
0.0010 mmol). '"H NMR (850 MHz, D,0) 5 5.26 (s,
2H), 5.17 (d, J = 10.2 Hz, 3H), 5.08 (s, 2H), 5.07 —
4.89 (m, 10H), 4.60 (s, 1H), 4.50 (t,/=20.3 Hz, 4H),
4.35-3.96 (m, 28H), 3.86 (d, J=58.5 Hz, 10H), 3.76 (s, 4H), 3.70 — 3.59 (m, 2H), 3.46 (t,J =
5.2 Hz, 1H), 3.00 (t, J = 7.7 Hz, 2H), 2.15 — 1.92 (m, 49H), 1.66 (dq, J = 39.1, 7.6 Hz, 5H),
1.50 - 1.36 (m, 2H), 1.28 — 1.20 (m, 25H). 3C NMR (302 MHz, D,0) § 99.28, 99.00, 98.59,
98.58,96.98, 74.47,73.94, 73.50, 72.64, 71.64, 70.99, 70.22, 69.76, 69.16, 68.82, 67.52, 67.32,
66.86, 66.80, 66.74, 66.71, 66.37, 54.30, 53.16, 52.49, 50.62, 48.69, 48.45, 48.17,47.55, 39.37,
28.01,26.47,22.37,22.24,22.03,21.94,21.89, 21.83, 21.63, 20.32, 20.25, 20.19, 20.14, 15.51,
15.47, 15.42, 15.35, 15.31, 15.25. HRMS: [M+2H]* calculated for C109H170N130(,1H21
2638.06783; found 1329.03337

CP8-deAc-Hexasaccharide (2-deAc)

HO 2 (1.76 mg, 0.00128 mmol) was dissolved in 1 M
o 2 NaOH (0.5 mL) and stirred overnight at rt. The solu-
WN’:&HN nu, tion was diluted with H>O and neutralized with Am-
NHAc ¢ 0 2 . . -
HO,C o HQO 2t s berlite IR-120 H" resins, filtered and lyophilized. Pu-
Ho 12 rification by HW-40 with NH4OAc gave 2-deAc in

41% yield (0.68 mg, 0.000529 mmol). 'H NMR (850
MHz, D,0) 5 4.91 (t, J= 3.6 Hz, 2H), 4.88 (d, J = 4.0 Hz, 1H), 4.80 (d, /= 1.4 Hz, 1H), 4.78
(d, J=1.3 Hz, 1H), 4.38 (d, J= 3.7 Hz, 1H), 4.34 (dd, J = 4.4, 1.4 Hz, 1H), 4.19 — 4.16 (m,
2H), 4.12 — 4.07 (m, 3H), 4.08 — 4.00 (m, 3H), 3.98 (dt, J = 11.8, 6.6 Hz, 2H), 3.94 (dd, J =
12.5, 2.7 Hz, 2H), 3.83 (dd, J = 11.0, 3.1 Hz, 2H), 3.79 — 3.63 (m, 10H), 3.60 — 3.54 (m, 4H),
3.51 (t, J = 9.8 Hz, 1H), 3.36 (dt, J = 10.0, 6.2 Hz, 1H), 2.90 (t, J = 7.7 Hz, 2H), 1.95 — 1.93
(m, 14H), 1.89 — 1.86 (m, 7H), 1.58 (q, J=7.7 Hz, 2H), 1.54 (q, J = 8.2, 7.4 Hz, 2H), 1.35 (dq,
J =162, 7.7 Hz, 2H), 1.18 — 1.08 (m, 20H). HRMS: [M+H]" calculated for Cs3Hg:N7OnH:
1286.56264; found 1286.56234

CP8-deAc-Nonasaccharide (3-deAc)

HO 2 (1.4 mg, 0.000699 mmol) was dissolved in 1 M

NaOH (0.5 mL) and stirred overnight at rt. The solu-

WNQ;F;N s tion was diluted with H>O and neutralized AcOH and

Hore A s lyophilized. Purification by HW-40 with NH;OAc

HO gave 2-deAc in 46% yield (0.6 mg, 0.000319 mmol).

'"H NMR (850 MHz, D;0)  4.93 — 4.89 (m, 4H),
4.80 (d, J=16.8 Hz, 3H), 4.39 (d, J=4.2 Hz, 1H), 4.36 (d, J=4.3 Hz, 1H), 4.19 (dd, /= 11.0,
3.8 Hz, 3H), 4.13 — 3.92 (m, 18H), 3.87 — 3.83 (m, 1H), 3.77 — 3.67 (m, 10H), 3.62 — 3.50 (m,
6H), 3.37 (p, /= 6.1 Hz, 1H), 2.91 (t, J= 7.9 Hz, 2H), 1.99 — 1.93 (m, 19H), 1.90 — 1.87 (m,
9H), 1.57 (dp, J=45.1, 7.3 Hz, 6H), 1.35 (dt, J=16.1, 8.1 Hz, 2H), 1.16 — 1.13 (m, 12H), 1.12
(d, J = 7.1 Hz, 7TH). HRMS: [M+H]" calculated for C77H24N;0O43H: 1877.79020; found
1877.79204
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Supporting information

Preparation of S. aureus type 8 conjugates

Preparation of S. aureus type 8 conjugates (CRM 97 in PBS x1)

The CP8-OS were solubilized in 350 pL of a 9:1 DMSO:H,O solution with either 30 equiv. (for
1) or 15 equiv. (for 2 and 3) of linker (suberic acid bis(N-hydroxysuccinimide ester)) and stirred
for 2 h at rt. The derivatized CP8-OS were purified by EtOAc precipitation. The solution was
first incubated with 5 mL cold EtOAc and 250 pL NaCl (3 M, aq.) for 1 h at 4 °C. The EtOAc
layer was discarded and the bottom phase was washed with cold EtOAc (3 mL) 10-15 times.
The resulting solids were lyophilized overnight. The mass after linker installation was measured
and a 90% recovery was predicted.

For conjugation, a 20 mg/mL CRM¢; solution in phosphate-buffered saline (PBS) was used
with estimated 10, 20 and 30 eq of weighed derivatized CP8-OS.

Evaluation by SDS-PAGE:
CP8 CP8 CP8
Trisaccharide 1 Hexasaccharide 2 Nonasaccharide 3
: % g % § § § § § §
kba = S 2 & 8 2 & 8 2 &8 8

100

75 L. o o
50 -

Figure S1: Evaluation of the CP8-conjugates performed in PBS

Preparation of S. aureus type 8 conjugates (CRM 97 in HEPES 25 mM)

A CRM97 stock solution was buffer-exchanged to 25 mM HEPES pH 8.0 through Zeba™ Spin
Desalting Column 7K MWCO. The derivatized 1, 2 and 3 from earlier were used. 1.24 mg of
12-mer were derivatized following the same procedure as for the others.

To avoid weighing or not fully solubilizing the sugar in DMSO due to the remaining NaCl, the
whole derivatized sample of 4 was used for conjugation, corresponding to approx. 35 equiv. For
the 1, 2 and 3, the conjugation was made at 10.8 mg/mL of CRM 97 with an estimated 30 equiv.
of sugar. However, due to the initial low loading, the rest of the derivatized sugar solubilized in
DMSO was added, for an estimated 60 equiv. of sugar (at approx. 8.8, 6.3 and 4.4 mg/mL of
CRM,¢7 for the 1, 2 and 3, respectively).

The conjugates were filtered (o 0.2 pm) under sterile conditions. The protein content was quan-
tified in triplicates with the Qubit™ Protein Assay (Invitrogen).

72



Synthesis of CP8

Evaluation by SDS-PAGE:

[Dodeca s +30 eq

M
|N0na 3+30eq

|CRM‘97
ITn 1+30eq
IHexa 2 +30eq

kDa

250

-

150

100
75

50

Figure S2: Evaluation of the CP8-conjugates performed in HEPES 25 mM

Evaluation of the conjugates can be found in Table S1.

1 2 3 4
Average number of conjugated sugar chains 11 8 13 14
(MALDI)
Protein quantification (BCA) [mg/mL] 1.68 1.19 0.92 0.75
Average protein [pnM] 19.0 10.3 9.2 12.8
Average sugar [uM] 316 163 206 187
Average sugar [pg/mL] 228 224 409 490
0.14 0.19 0.44 0.65

Saccharide/protein w/w
Table S1: Evaluation of the conjugates
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MALDI-TOF MS

For MALDI analysis (MALDI-TOF MS, AXIMA Performance, Shimadzu), 40 uL of conjugate
samples (1 mg/mL), and CRM,97 (0.5 mg/mL) were desalted in Amicon 0.5 mL MWCO 3K
and exchanged to 1% TFA in MilliQ. For adding the sample to the matrix, a saturated solution
of sinapic acid in 70% 1%TFA in MilliQ and 30% MeCN was used while a saturated solution
of sinapic acid in absolute EtOH was used for priming the matrix.

CP8 —Trisaccharide 30 eq. CP8 — Trisaccharide +30 eq. and HEPES 25 nM

CP8 — Nonasac
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Protocol for Western Blot (using mAb and pAb)

SDS-PAGE were run the 1-, 2-, 3- and 4 conjugates and a BSA-Pel-CRM |97 conjugate (negative
control), with a 7.5% acrylamide gel. The gel was transferred to a membrane for 30 min, which
was blocked in 5% w/v milk in PBST (PBS supplemented with 0.1% Tween20) blocking solu-
tion for 1 h at rt. The membrane was then incubated for 1 h at rt with 1:1000 anti-CP8 mAb or
1:1000 anti-CP8 pAb (in blocking solution) followed by washing with PBST three times. Next,
the membrane was incubated for 30 min at rt with 1:2000 IgGk (m-IgGx BP-HRP: sc-516102,
Santa Cruz Biotechnology, in blocking solution) and again washed with PBST three times. The
membrane was detected with Clarity Max Western ECL Substrate (Bio-Rad).

Western Blot performed with pAb and 1, 2 and 3:

cPe

1 i

Jto<a
eoea | &
Jsoeq | &

) '!'

Figure S3: Western Blot with the CP8-Crm,97 conjugates in PBS with pAb

Protocol for competitive ELISA with mAb

A 96-well plate was coated with 50 pL CP8 10 pg/mL in PBS, incubated at 4 °C overnight then
washed with PBST (0.1% Tween-20 in PBS pH 7.4). The plate was blocked with 3% milk in
PBST 0.1%) at 37 °C for 1.5 h. A 1.5-fold serial dilution of the CP8-OS competitors was pre-
pared, followed by a pre-incubation with anti-CP8 mAb (final 0.63 pg/mL) at 37 °C for 30 min,
after which 50 pL of each competitor sample were pipetted into their corresponding wells. The
final competitor concentrations can be found in Table S2.

The plate was incubated at 37 °C for 1 h, then washed with PBST. 50 puL of anti-mouse IgG
(secondary antibody, m-IgGk BP-HRP: sc-516102, Santa Cruz Biotechnology) diluted 1:1000
in PBST 0.3% milk were pipetted into each well. The plate was incubated at 37 °C for 1.5 h,
washed with PBST, then developed with 50 pL of coloring solution (Invitrogen, 1X TMB Sub-
strate Solution) for 30 min at rt. The reaction was stopped with 25 puL of 0.16 M H,SOy after
which it was read at 450 nm.

Competitor concentrations (ug/mL)
1000 | 667 | 444 | 296 | 198 | 132 | 88 59 39 26 17
1000 | 667 | 444 | 296 | 198 | 132 | 88 59 39 26 17
700 | 467 | 311 | 207 | 138 | 92 61 41 27 18 12
300 | 200 | 133 | 89 59 40 26 18 12 8 5
CP8 7 4.67 | 3.11 | 2.07 | 1.38 | 0.92 | 0.61 | 0.41 | 0.27 | 0.18 | 0.12
PS
Table S2: The final competitor concentrations for competitive ELISA with mAb.

W -
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ELISA titers (synthetic fragments and mAb)

The calculation of IC50 values were performed with GraphPad Prism software using the vari-
able slope model (GraphPad Prism Inc.). The means of each group were compared with a one-
way ANOVA analysis; “**” denotes the significant result within p < 0.01, “ns” means not sig-
nificant.

Competitive ELISA
(anti CP8 mAb)

1000
ns

]

1C50 (uM)

-
o

1
2 3 4

Figure S4: ELISA titers with synthetic fragments and mAb

Protocol for competitive ELISA with pAb

The competitive ELISA with a polyclonal serum against CP8-DT conjugate was run in the same
fashion as for the mAb one (see above). A 2-fold (2, 3, 4) or 3-fold (1 and 3-deAc) serial dilution
of the CP8-OS competitors was prepared, followed by a pre-incubation with anti-CP8 pAb (fi-
nal dilution 1:500) at 37 °C for 30 min, after which 50 pL of each competitor sample were
pipetted into their corresponding wells. The final competitor concentrations can be found in
Table S3.

Competitor concentrations (ug/mL)

2 1000 | 500 | 250 | 125 | 63 | 31 | 16 | 8 4 2 1 0
3 700 | 350 [ 175 | 88 | 44 | 22 | 11 5 3 1 1 0
4 700 | 350 | 175 | 88 | 44 | 22 | 11 5 3 1 1 0
1/3-deAc 1000 | 333 | 111 | 37 | 12 - - - - - - -

Table S3: The final competitor concentrations for competitive ELISA with pAb.

ELISA titers (synthetic fragments and pAb)

The calculation of IC50 values were performed with GraphPad Prism software using the vari-
able slope model (GraphPad Prism Inc.). The means of each group were compared with a one-
way ANOVA analysis; “***” denotes the significant result within p < 0.001, “ns” means not
significant.
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Competitive ELISA
(anti CP8-DT serum)

%% 1S
100-

1C50 (uM)
=

1
2 3 4

Figure S5. ELISA titers with synthetic fragments and pAb

Structural conformation

Structure and conformational studies

NMR methods. NMR experiments were performed in a Bruker Avance III 800 MHz spectrom-
eter equipped with a TCI cryoprobe. Samples were dissolved in D,O at 1.0 mM concentration.
Experiments were acquired at the temperature of 298 K.

'H and '3C NMR resonances of the molecules 1, 2, 2-deAc, and 3 were assigned through stand-
ard 2D-TOCSY, 2D-ROESY, 2D-NOESY, 2D 'H-'3C-HSQC. 2D-TOCSY experiments were
acquired with 30 ms mixing time, 1.0 s of relaxation delay, 4 scans, and 4096x256 (F2xF1)
points with a spectral width of 6556.0 Hz. 2D-ROESY experiment was acquired with mixing
time of 200 ms, 1.0 s of relaxation delay, 48 scans, and 4096x256 (F2xF1) points with a spectral
width of 6880.7 Hz. 2D-NOESY experiment was acquired with mixing time of 200 ms, 1.5 s
of relaxation delay, 32 scans, and 4096x256 (F2xF1) points with a spectral width of 6242.2 Hz.
2D 'H,3C-HSQC experiments were acquired with 1.0 s of relaxation delay, 48 scans, and
4096x220 (F2xF1) points with a spectral width of 6250.0 Hz (F2) and 24144.6 Hz (F1). The
data were processed with Topspin 4.2 (Bruker Biospin) using a 90° shifted gsine window func-
tion to a total of 16K x 2K data points (F2 x F1), followed by automated baseline- and phase
correction.

Molecular Mechanics Calculations. The geometry optimization was performed by using the
Jaguar/Schroedinger package (version 13.5) and the AMBER* force field, with the GB/SA con-
tinuum solvent model for water. The glycosidic torsion angles were defined as ¢ (H1’-C1’-Ox-
Cx) and y (C1’-Ox-Cx-Hx). Extended nonbonded cut-off distances (van der Waals cut-off of
8.0 A and electrostatic cut-off of 20.0 A) were used. The conformers for the tri- and nona-
saccharide molecules 1 and 3 were generated employing geometric restrictions to respect the
exo-anomeric effect. The possible staggered rotamers around y were selected and minimized.
The coordinates of the obtained local minima were employed to measure the key inter-proton
distances that were then compared to those obtained experimentally by the ROESY and NOESY
NMR experiments through integration of the observed NOEs cross peaks using the ISPA ap-
proximation. The resulting conformations and NOE distances analysis are reported in Table S4
and Figure S9, for the trisaccharide 1, and in Table S8 and Figure S18 for the nonasachharide
3.
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Figure S6 and Table S4: Expansion of NOESY spectrum of trimer 1. Key cross-peaks defining
the conformation around the glycosidic linkages are indicated. Table reporting the analysis of
the experimental NMR-NOESs data and the derived conformation. Main conformation of 1 as
determined by NOEs based calculated interatomic distances. Stick and surface representation
of 3D structure of 1 in solution. The oligosaccharide length and orientation of the hydrophobic
acetyl groups is represented.
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Figure S7 and Table S5: Expansion of NOESY spectrum of nonasaccharide 3. Key cross-peaks
defining the conformation around the glycosidic linkages are indicated, together with some in-
tra-residue NOE as reference. Table reporting the qualitative analysis of the experimental NMR-
NOE:s data and the derived conformation. The major conformation of 3 as determined by the
NOE analysis, assisted by MM calculations. The relative orientation of the imaginary planes
containing the sugar’s rings of each RU are represented.
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Ligands-Antibody interaction studies

'H-STD NMR experiments & methods. For the acquisition of the "H-STD-NMR experiments
the mAb-CP8 antibody was buffer exchanged to deuterated PBS 1X pD 7.8 using centrifuge
filters (Sartorius Vivaspin 6 50000 MWCO) up to an antibody concentrated of 2 pM. 100 equiv-
alents of ligands (1-3) were added, which resulted into a solution of 2 pM of mAb and 200 pM
of the ligand.

The STD experiments were recorded using Bruker AVANCE II 800 MHz NMR spectrometer
equipped with cryo-probe (Bruker Inc.; Billerica, MA, US) at different temperatures that ranged
between 288 and 310 K. The used 'H-STD pulse sequence includes T2 filter, for protein NMR
signal suppression, and excitation sculpting, for residual water NMR signal suppression. The
STD NMR spectra were acquired with 2880 scans and 5 s of relaxation delay. Different condi-
tions were screened for STD experiments. All the STD experiments were performed at both on-
resonances, at the aliphatic (0.8 ppm) and aromatic (7.0 ppm) regions. The resulting STD spec-
tra provided similar results (Figure S9). The on- and off-resonance spectra were registered in
the interleaved mode with the same number of scans. The on-resonance protein saturation was
obtained using a Gaussian shape pulse of 50 ms with a total saturation time of 2 s at a frequency
of 6 0.8 ppm (aliphatic region). The off-resonance frequency was always set at 100 ppm.

The analysis was carried out using the '"H NMR signals of the STD spectrum and from their
comparison with the off-resonance spectrum, the STD-AF (Average Factor) was obtained. The
strongest STD intensity was used as reference (100% of STD effect). On this basis, the relative
STD intensities for the other protons were estimated from the comparison of the corresponding
integrals. These relative STD intensities (STD%) were used to map the ligand-binding epitope.

'H-STD NMR experiments lns.lu.lmndu 1

288K

S w L\Nv . ;uﬂ’\‘}

STD 50x ’[ww\vw"lw/‘)k‘ STD 50x A I
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6 4 2 [ppm] G 4 2 [PPm]
Figure S8: 'H-STD NMR experiments of the trisaccharide 1 in presence on the mAb CP8.

'H-STD NMR experiments hexasaccharide 2
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Figure S9: 'H-STD NMR experiments of the hexasaccharide 2 in presence on the mAb CPS.
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TH-STD NMR experiments de-OAc hexasaccharide 2-deAe
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Figure S10: "H-STD NMR experiments of the de O-acetylated hexasaccharide 2-deAc in pres-
ence on the mAb CPS8.
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Figure S11: 1H-STD NMR experiments of the nonasaccharide 3 in presence on the mAb CPS.

Characterization of CP8-conjugated used for in vivo studies

Sample Saccharide  Protein  Sacch/Prot LAL test Buffer
(ng/ml) (ug/ml)  (w/w) (EU/ug)

CP8 PS 100% OAc- PBS 1x
CRM Lot 121.5 145.7 0.8 0.40 pH 72
FC09Ago21 )
CRM197-CP8 TRI PBS Ix
(lot KE230525-TRI) 228.1 1680.0 0.14 0.29 pH 72
CRM197-CP8 PBS 1x
HEXA (lot 2237 1191.8 0.19 <0.02 H72
KE230525-HEXA) PH T
CRM197-CP8 PBS 1x
NONA (lot  409.2 924.6 0.44 0.02 pH 72
KE230525-NONA) )
CRM197-CP8  12- PBS Ix
MER (lot KE230623) 491.1 749.4 0.65 0.07 pH 72
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Immunizations

Animal studies were ethically reviewed by the local AWB and carried out at a GSK Animal
Facility in Siena in accordance with Italian legislation law D.Lgs. 26/2014, and the GSK Poli-
cies on the Care, Welfare and Treatment of Animals. The welfare of the animals was maintained
in accordance with the general principles of the Association for Assessment and Accreditation
of Laboratory Animal Care.

Five groups of 10 CD1 mice (5-week-old, female) were injected subcutaneous on day 1, 22 and
36 with 1.0 ug (saccharide titer) of conjugated carbohydrate antigen formulated with aluminum
hydroxide as adjuvant. Sera were collected at day 0 (before first injection), 35 (32 days after
first immunization) and 50 (14 days after second injection). The samples were collected from
the retromandibular plexus.

ELISA protocol for in vivo studies

IgG titers in collected sera were estimated by ELISA. 96-well microtiter plates were coated
with 0.1 pg of CP8 polysaccharide. The plates were incubated overnight at 2-8°C, then washed
three times with PBST (0.05% Tween-20 in PBS pH 7.4). The wells were saturated with 250
pL/well of blocking buffer (2% Bovine Serum Albumin in PBST) for 90 min at 37°C. Two-fold
serial dilutions of sera in blocking buffer were added to each well. The plates were then incu-
bated at 37°C for 1h, washed with PBST, and then incubated for 90 min at 37°C with anti-
mouse (whole molecule) IgG-alkaline phosphatase (Sigma-Aldrich) diluted 1:2000 in blocking
buffer. The plates were washed with PBST and developed with a 4 mg/mL solution of p-Nitro-
phenyl Phosphate (pNPP) in 1 M diethanolamine (DEA) pH 9.8, at rt for 30 min. The absorb-
ance was measured using a SPECTRAmax plate reader 405 nm. IgG titers were calculated by
the reciprocal serum dilution giving an Optical Density (OD) of 1.

ELISA titers from the in vivo studies

The calculation of IC50 values were performed with GraphPad Prism software using Kruskal-
Wallis with Dunn’s multiple comparisons; “***” denotes the significant result within p <0.001,
“ns” means not significant.

ELISA (CRM,4;-CP8 conjugates)

Post 2 Post 3

1gG titers
1gG titers
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S E S

&

81



Chapter 2

References

(D
@
©)

4)
©)
(6)

™)

®)

)
(10)

(11)

82

Miller, L. S.; Cho, J. S. Immunity against Staphylococcus Aureus Cutaneous
Infections. Nat. Rev. Immunol. 2011, 11 (8), 505-518. https://doi.org/10.1038/nri3010.
Franklin, D.; Lowy, F. Staphylococcus Aureus Infections. N. Engl. J. Med. 1998, 339
(8), 520-532. https://doi.org/10.1056/NEJM199808203390806.

Stryjewski, M. E.; Chambers, H. F. Skin and Soft-Tissue Infections Caused by
Community-Acquired Methicillin-Resistant Staphylococcus Aureus. Clin. Infect. Dis.
2008, 46 (SUPPL. 5). https://doi.org/10.1086/533593.

Miller, L. G. Community-Associated Methicillin Resistant Staphylococcus Aureus.
Antimicrob. Resist. 2010, 6 (9725), 1-20. https://doi.org/10.1159/000298753.

CDC. Staphylococcus Aureus Resistant to Vancomycin-United States, 2002. MMWR.
Morb. Mortal. Wkly. Rep. 2002, 51 (26), 565-567.

Mulani, M. S.; Kamble, E. E.; Kumkar, S. N.; Tawre, M. S.; Pardesi, K. R. Emerging
Strategies to Combat ESKAPE Pathogens in the Era of Antimicrobial Resistance: A
Review. Front. Microbiol. 2019, 10 (APR), 1-24.
https://doi.org/10.3389/fmicb.2019.00539.

Tacconelli, E.; Carrara, E.; Savoldi, A.; Harbarth, S.; Mendelson, M.; Monnet, D. L.;
Pulcini, C.; Kahlmeter, G.; Kluytmans, J.; Carmeli, Y.; Ouellette, M.; Outterson, K.;
Patel, J.; Cavaleri, M.; Cox, E. M.; Houchens, C. R.; Grayson, M. L.; Hansen, P.;
Singh, N.; Theuretzbacher, U.; Magrini, N.; Aboderin, A. O.; Al-Abri, S. S.; Awang
Jalil, N.; Benzonana, N.; Bhattacharya, S.; Brink, A. J.; Burkert, F. R.; Cars, O.;
Cornaglia, G.; Dyar, O. J.; Friedrich, A. W.; Gales, A. C.; Gandra, S.; Giske, C. G.;
Goft, D. A.; Goossens, H.; Gottlieb, T.; Guzman Blanco, M.; Hryniewicz, W.; Kattula,
D.; Jinks, T.; Kanj, S. S.; Kerr, L.; Kieny, M. P.; Kim, Y. S.; Kozlov, R. S.; Labarca,
J.; Laxminarayan, R.; Leder, K.; Leibovici, L.; Levy-Hara, G.; Littman, J.; Malhotra-
Kumar, S.; Manchanda, V.; Moja, L.; Ndoye, B.; Pan, A.; Paterson, D. L.; Paul, M.;
Qiu, H.; Ramon-Pardo, P.; Rodriguez-Bafio, J.; Sanguinetti, M.; Sengupta, S.;
Sharland, M.; Si-Mehand, M.; Silver, L. L.; Song, W.; Steinbakk, M.; Thomsen, J.;
Thwaites, G. E.; van der Meer, J. W.; van Kinh, N.; Vega, S.; Villegas, M. V.;
Wechsler-Fordos, A.; Wertheim, H. F. L.; Wesangula, E.; Woodford, N.; Yilmaz, F.
0.; Zorzet, A. Discovery, Research, and Development of New Antibiotics: The WHO
Priority List of Antibiotic-Resistant Bacteria and Tuberculosis. Lancet Infect. Dis.
2018, /8 (3), 318-327. https://doi.org/10.1016/S1473-3099(17)30753-3.

Vollmer, W.; Blanot, D.; de Pedro, M. Peptidoglycan Structure and Architecture.
FEMS Microbiol. Rev. 2008, 32 (2), 149-168. https://doi.org/10.1111/5.1574-
6976.2007.00094.x.

Silhavy, T. J.; Kahne, D.; Walker, S. The Bacterial Cell Envelope. Cold Spring Harb.
Perspect. Biol. 2010, 2 (5), a000414. https://doi.org/10.1101/cshperspect.a000414.
Hanson, B. R.; Neely, M. N. Coordinate Regulation of Gram-Positive Cell Surface
Components.  Curr. Opin.  Microbiol. 2012, 15 (2), 204-210.
https://doi.org/10.1016/j.mib.2011.12.011.

Robbins, J. B.; Schneerson, R.; Horwith, G.; Naso, R.; Fattom, A. 1. Staphylococcus
Aureus Types 5 and 8 Capsular Polysaccharide-Protein Conjugate Vaccines. Am.
Heart J. 2004, 147 (4), 593-598. https://doi.org/10.1016/j.ahj.2004.01.012.



Synthesis of CP8

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

2n

22)

(23)

Tollersrud, T.; Zernichow, L.; Rune, S.; Kenny, K. Staphylococcus Aureus Capsular
Polysaccharide Type 5 Conjugate and Whole Cell Vaccines Stimulate Antibody
Responses  in  Cattle. Vaccine 2001, 19  (28-29),  3896-3903.
https://doi.org/10.1016/s0264-410x(01)00124-4.

O’Riordan, K.; Lee, J. C. Staphylococcus Aureus Capsular Polysaccharides. Clin.
Microbiol. Rev. 2004, 17 (1), 218-234. https://doi.org/10.1128/CMR.17.1.218-
234.2004.

Roghmann, M.; Taylor, K. L.; Gupte, A.; Zhan, M.; Johnson, J. A.; Cross, A.;
Edelman, R.; Fattom, A. I. Epidemiology of Capsular and Surface Polysaccharide in
Staphylococcus Aureus Infections Complicated by Bacteraemia. J. Hosp. Infect. 2005,
59 (1), 27-32. https://doi.org/10.1016/j.jhin.2004.07.014.

Verdier, 1.; Durand, G.; Bes, M.; Taylor, K. L.; Lina, G.; Vandenesch, F.; Fattom, A.
1.; Etienne, J. Identification of the Capsular Polysaccharides in Staphylococcus Aureus
Clinical Isolates by PCR and Agglutnation Tests. J. Clin. Microbiol. 2007, 45 (3), 725—
729. https://doi.org/10.1128/JCM.01572-06.

Luong, T.; Sau, S.; Gomez, M.; Lee, J. C.; Lee, C. Y. Regulation of Staphylococcus
Aureus Capsular Polysaccharide Expression by Agr and SarA. Am. Soc. Microbiol.
2002, 70 (2), 444-450. https://doi.org/10.1128/IA1.70.2.444.

Fattom, A. I.; Horwith, G.; Fuller, S.; Propst, M.; Naso, R. Development of StaphVAX
TM , a Polysaccharide Conjugate Vaccine against S . Aureus Infection: From the Lab
Bench to Phase III Clinical Trials. Vaccine 2004, 22 (7), 880-887.
https://doi.org/10.1016/j.vaccine.2003.11.034.

Lee, T. H.; Brennan, T. A. Direct to Consumer Marketing of High-Technology
Screening  Tests. N. Engl. J. Med 2004, 346 (7), 529-531.
https://doi.org/10.1056/NEJM200202143460715.

Levy, J.; Licini, L.; Haelterman, E.; Moris, P.; Lestrate, P.; Damaso, S.; Van Belle, P.;
Boutriau, D. Safety and Immunogenicity of an Investigational 4-Component
Staphylococcus Aureus Vaccine with or without ASO3B Adjuvant: Results of a
Randomized Phase I Trial. Hum. Vaccines Immunother. 2015, 11 (3), 620-631.
https://doi.org/10.1080/21645515.2015.1011021.

Creech, C. B.; Frenck, R. W.; Sheldon, E. A.; Seiden, D. J.; Kankam, M. K.; Zito, E.
T.; Girgenti, D.; Severs, J. M.; Immermann, F. W.; McNeil, L. K.; Cooper, D.; Jansen,
K. U.; Gruber, W. C.; Eiden, J.; Anderson, A. S.; Baber, J. Safety, Tolerability, and
Immunogenicity of a Single Dose 4-Antigen or 3-Antigen Staphylococcus Aureus
Vaccine in Healthy Older Adults: Results of a Randomised Trial. Vaccine 2017, 35
(2), 385-394. https://doi.org/10.1016/j.vaccine.2016.11.032.

Anish, C.; Schumann, B.; Pereira, C. L.; Seeberger, P. H. Chemical Biology
Approaches to Designing Defined Carbohydrate Vaccines. Chem. Biol. 2014, 21 (1),
38-50. https://doi.org/10.1016/j.chembiol.2014.01.002.

Vann, W. F.; Moreau, M.; Sutton, A.; Byrd, R. A.; Karakawa, W. W. Structure and
Immunochemistry of Staphylococcus Aureus Capsular Polysaccharides. I[CN-UCLA
Symp. Mol. Cell. Biol. 1988, 64, 187-198.

Moreau, M.; Richards, J. C.; Fournier, J. M.; Byrd, R. A.; Karakawa, W. W.; Vann,
W. F. Structure of the Type 5 Capsular Polysaccharide of Staphylococcus Aureus.
Carbohydr. Res. 1990, 201 (2), 285-297. https://doi.org/10.1016/0008-

&3



Chapter 2

24)

(25)

(26)

@7

(28)

29)

(30)

G

(32)

(33)

(34)

84

6215(90)84244-0.

Jones, C. Revised Structures for the Capsular Polysaccharides from Staphylococcus
Aureus Types 5 and 8, Components of Novel Glycoconjugate Vaccines. Carbohydr.
Res. 2005, 340 (6), 1097-1106. https://doi.org/10.1016/j.carres.2005.02.001.
Fournier, J.; Vann, W. F.; Karakawa, W. W. Purification and Characterization of
Staphylococcus Capsular Polysaccharide Type 8. Infect. Immun. 1984, 45 (1), 87-93.
https://doi.org/10.1128/iai.45.1.87-93.1984.

Scully, I. L.; Pavliak, V.; Timofeyeva, Y.; Liu, Y.; Singer, C.; Anderson, A. S. O-
Acetylation Is Essential for Functional Antibody Generation against Staphylococcus
Aureus Capsular Polysaccharide. Hum. vaccines Immunother. 2018, 14 (1), 81-84.
https://doi.org/10.1080/21645515.2017.1386360.

Visansirikul, S.; Yasomanee, J. P.; Papapida, P.; Kamat, M. N.; Podvalnyy, N. M.;
Gobble, C. P.; Thompson, M.; Kolodziej, S. A.; Demchenko, A. V. A Concise
Synthesis of the Repeating Unit of Capsular Polysaccharide Staphylococcus Aureus
Type 8. Org. Lett. 2015, 17 (10), 2382-2384.
https://doi.org/10.1021/acs.orglett.5b00899.

Visansirikul, S.; Kolodziej, S. A.; Demchenko, A. V. Synthesis of Oligosaccharide
Fragments of Capsular Polysaccharide Staphylococcus Aureus Type 8. J. Carbohydr.
Chem. 2020, 39 (7), 301-333. https://doi.org/10.1080/07328303.2020.1821042.
Zhao, M.; Qin, C.; Li, L.; Xie, H.; Ma, B.; Zhou, Z.; Yin, J.; Hu, J. Conjugation of
Synthetic Trisaccharide of Staphylococcus Aureus Type 8 Capsular Polysaccharide
Elicits Antibodies Recognizing Intact Bacterium. Front. Chem. 2020, 8 (April), 1-10.
https://doi.org/10.3389/fchem.2020.00258.

Zhang, Q.; Gimeno, A.; Santana, D.; Wang, Z.; Valdes-Balbin, Y.; Rodriguez-Noda,
L. M.; Hansen, T.; Kong, L.; Shen, M.; Overkleeft, H. S.; Verez-Bencomo, V.; van
der Marel, G. A.; Jimenez-Barbero, Jesus Chiodo, F.; Codée, J. D. C. Synthetic,
Zwitterionic Spl Oligosaccharides Adopt a Helical Structure Crucial for Antibody
Interaction. ACS Cent. Sci. 2019, 5 ®), 1407-1416.
https://doi.org/10.1021/acscentsci.9b00454.

Wang, Z.; Gimeno, A.; Lete, M. G.; Overkleeft, H. S.; van der Marel, G. A.; Chiodo,
F.; Jiménez-Barbero, J.; Codée, J. D. C. Synthetic Zwitterionic Streptococcus
Pneumoniae Type 1 Oligosaccharides Carrying Labile O-Acetyl Esters. Angew.
Chemie Int. Ed. 2023, 62 (1), €202211940. https://doi.org/10.1002/anie.202211940.
Hagen, B.; Ali, S.; Overkleeft, H. S.; van der Marel, G. A.; Codée, J. D. C. Mapping
the Reactivity and Selectivity of 2-Azidofucosyl Donors for the Assembly of N-
Acetylfucosamine-Containing Bacterial Oligosaccharides. J. Org. Chem. 2017, 82 (2),
848-868. https://doi.org/10.1021/acs.joc.6b02593.

Cheng, J. M. H.; Dangerfield, E. M.; Timmer, M. S. M.; Stocker, B. L. A Divergent
Approach to the Synthesis of IGb3 Sugar and Lipid Analogues via a Lactosyl 2-Azido-
Sphingosine Intermediate. Org. Biomol. Chem. 2014, 12 (17), 2729-2736.
https://doi.org/10.1039/c40b00241e.

Fomitskaya, P. A.; Argunov, D. A.; Tsvetkov, Y. E.; Lalov, A. V.; Ustyuzhanina, N.
E.; Nifantiev, N. E. Further Investigation of the 2-Azido-Phenylselenylation of
Glycals. European J. Org. Chem. 2021, 2021 (44), 5897-5904.
https://doi.org/10.1002/ejoc.202101167.



Synthesis of CP8

(33)

(36)

(37

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

David, S.; Hanessian, S. Regioselective Manipulation of Hydroxyl Groups via
Organotin Derivatives. Tetrahedron 1985, 41 4), 643-663.
https://doi.org/10.1016/S0040-4020(01)96443-9.

Yu, B.; Tao, H. Glycosyl Trifluoroacetimidates. Part 1: Preparation and Application
as New Glycosyl Donors. Tetrahedron Lett. 2001, 42 (12), 2405-2407.
https://doi.org/10.1016/S0040-4039(01)00157-5.

Yan, R. B.; Yang, F.; Wu, Y.; Zhang, L. H.; Ye, X. S. An Efficient and Improved
Procedure for Preparation of Triflyl Azide and Application in Catalytic Diazotransfer
Reaction. Tetrahedron Lett. 2005, 46 (52), 8993-8995.
https://doi.org/10.1016/].tetlet.2005.10.103.

Litjens, R. E. J. N.; Leeuwenburgh, M. A.; van der Marel, G. A.; Van Boom, J. H. A
Novel Approach towards the Stereoselective Synthesis of 2-Azido-2-Deoxy-B-D-
Mannosides. Tetrahedron Lett. 2001, 42 (49), 8693-8696.
https://doi.org/10.1016/S0040-4039(01)01880-9.

van den Bos, L. J.; Codée, J. D. C.; Toorn, J. C. Van Der; Boltje, T. J.; Boom, J. H.
Van; Overkleeft, H. S.; van der Marel, G. A. Thioglycuronides: Synthesis and
Oligosaccharides in the Assembly of Acidic Oligosaccharides. Org. Lett. 2004, 6 (13),
2165-2168. https://doi.org/10.1021/01049380+.

De Mico, A.; Margarita, R.; Parlanti, L.; Vescovi, A.; Piancatelli, G. A Versatile and
Highly Selective Hypervalent lodine (III)/ 2,2,6,6-Tetraniethyl-1-Piperidinyloxyl-
Mediated Oxidation of Alcohols to Carbonyl Compounds. J. Org. Chem. 1997, 62
(20), 6974-6977. https://doi.org/10.1021/j0971046m.

Codée, J. D. C., Walvoort, M. T. C., de Jong, A. R., Lodder, G., Overkleeft, H. S., van
der Marel, G. A. Mannuronic Acids: Reactivity and Selectivity. J. Carbohydr. Chem.
2011, 30, 438-457. https://doi.org/10.1080/07328303.2011.624284

Roénnols, J, Walvoort, M. T. C., van der Marel, G. A., Codée, J. D. C., Widmalm, G.
Chair interconversion and reactivity of mannuronic acid esters. Org. Biomol. Chem.
2013, 11, 8127-8134. https://doi.org/10.1039/C30B41747F

Zhang, Q.; van Rijssel, E. R.; Walvoort, M. T. C.; Overkleeft, H. S.; van der Marel, G.
A.; Codée, J. D. C. Acceptor Reactivity in the Total Synthesis of Alginate Fragments
Containing a-L-Guluronic Acid and B-D-Mannuronic Acid. Angew. Chemie Int. Ed.
2015, 54 (26), 7670-7673. https://doi.org/10.1002/anie.201502581.

van der Vorm, S.; Hansen, T.; Overkleeft, H. S.; van der Marel, G. A.; Codée, J. D. C.
The Influence of Acceptor Nucleophilicity on the Glycosylation Reaction Mechanism.
Chem. Sci. 2017, 8 (3), 1867-1875. https://doi.org/10.1039/C6SC04638J.

Njeri, D. K.; Valenzuela, E. A.; Ragains, J. R. Leveraging Trifluoromethylated Benzyl
Groups toward the Highly 1,2- Cis -Selective Glucosylation of Reactive Alcohols.
Org. Biomol. Chem. 2021, 23, 8214-8218.
https://doi.org/10.1021/acs.orglett.1c02947.

Schumann, B.; Parameswarappa, S. G.; Lisboa, M. P.; Kottari, N.; Guidetti, F.; Pereira,
C. L.; Seeberger, P. H. Nucleophile-Directed Stereocontrol Over Glycosylations Using
Geminal-Difluorinated Nucleophiles. Angew. Chemie Int. Ed. 2016, 55 (46), 14431—
14434. https://doi.org/10.1002/anie.201606774.

Khatuntseva, E. A.; Nifantiev, N. E. Cross Reacting Material (CRM197) as a Carrier
Protein for Carbohydrate Conjugate Vaccines Targeted at Bacterial and Fungal

85



Chapter 2

(48)

(49)

(50)

86

Pathogens. Int. J. Biol. Macromol. 2022, 218 (May), 775-798.
https://doi.org/10.1016/j.ijbiomac.2022.07.137.

Arda, A.; Jiménez-Barbero, J. The Recognition of Glycans by Protein Receptors.
Insights from NMR Spectroscopy. Chem. Commun. 2018, 54 (38), 4761-4769.
https://doi.org/10.1039/c8cc01444b.

Gagarinov, I. A.; Srivastava, A. D.; Boons, G.-J.; Wang, Z. A Multigram Synthesis of
Phenyl 2-Azido-3-O-Benzyl-4,6-O-Benzylidene-2-Deoxy-1-Thio-a-d-
Mannopyranoside; 2017.

Noti, C.; Paz, J. L. De; Polito, L.; Seeberger, P. H. Preparation and Use of Microarrays
Containing Synthetic Heparin Oligosaccharides for the Rapid Analysis of Heparin —
Protein  Interactions. Chem. - A Eur. J 2006, 12, 8664-8686.
https://doi.org/10.1002/chem.200601103.





