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Total synthesis of a structurally complex
zwitterionic hexasaccharide repeating
unit of polysaccharide B from Bacteroides
fragilis via one-pot glycosylation

% Check for updates

Krishna Puri & Suvarn S. Kulkarni ®

Zwitterionic polysaccharides (ZPSs) present on the surface of a common gut commensal Bacteroides
fragilis are endowed with unique immunological properties as they can directly bind to T-cells in the
absence of protein conjugation. ZPSs are therefore considered to be potential antigens for the
development of totally carbohydrate-based vaccines. Herein, we disclose the first total synthesis of a
highly branched phosphorylated zwitterionic capsular polysaccharide repeating unit of Bacteroides
fragilis. The hexasaccharide repeating unit bearing six different monosaccharides comprises three
1,2-cis-glycosidic linkages, a challenging 1,2-trans linkage in p-QuipNAc-$-(1—4)-b-Gal motif, and a
2-aminoethyl phosphonate appendage. The synthesis of target ZPS was accomplished utilizing an
expeditious, highly stereoselective and convergent (1 + 2 + 2 + 1) one-pot glycosylation strategy. The
striking features include efficient synthesis of rare deoxy amino sugars p- and L-quinovosamine,
stereoselective installation of three 1,2-cis glycosidic linkages, glycosylation of b-quinovosamine
donor with a sterically crowded, poorly reactive 4-OH galactose moiety, as well as late stage

phosphorylation.

Bacterial cell-surface glycoconjugates often contain a variety of rare deoxy
amino sugars which are not present on the host cells'"”. This structural
difference between the host and bacterial cells can be utilized for the
development of glycoconjugate vaccines’™. In comparison to the human
glycome, which is made up of only ten monosaccharides, bacterial glycome
comprises hundreds of structurally unique monosaccharides and saccharide
modifications”. The bacterial cell-surface glycoconjugates being the first
point of contact with the host cells during the infection process, such
bacteria-specific glycans are looked upon as potential vaccine candidates.
However, carbohydrates on their own are known to be poorly immunogenic
in nature as they elicit T-cell independent immune response, which is not
sufficient to provide protection to high risk groups such as infants and
children below 2 years of age’. This problem is overcome by conjugating
them with carrier proteins to elicit T-cell dependent response that imparts
sufficient levels of immunological memory for efficacious protection™"’. The
flip side of this is, since the carrier proteins are self-immunogenic in nature,
they can also promote the growth of peptide-specific antibodies, which can
reduce immunity to the specified carbohydrate antigens''. Nevertheless, this
does not hold true for a unique class of polysaccharides, isolated from the
capsules of commensal bacteria, known as Zwitterionic polysaccharides

(ZPSs) which can directly activate a major histocompatibility complex class
IT (MHCII)-mediated T-cell-dependent immune response without protein
conjugation'”™"“. These ZPSs are densely decorated with positive (amine)
and negative charges (phosphate or carboxylate) on adjacent mono-
saccharides in their structural framework. ZPSs possess unique immuno-
logical properties and can be employed as a cargo to reach out to T cells. In
essence, ZPS is a carbohydrate that behaves like a protein when it comes to
T-cell recognition. Indeed, a ZPS has been successfully used in place of a
carrier protein to construct a totally carbohydrate antigen candidate for
anticancer vaccine™'. There has been a growing interest in isolating,
characterizing and synthesizing ZPSs from pathogens. The most important
ZPSs have been isolated from a common gut commensal Bacteroides fra-
gilis (Fig. 1).

Bacteroides are the most abundant opportunistic anaerobic pathogens
which account for over 25% of the bacterial species colonizing the human
colon"”. While Bacteroides species are essential to the human metabolic
system, they can also cause serious, sometimes fatal diseases like sepsis and
abdominal abscesses, especially in immunocompromised patients. Among
Bacteroides species, Bacteroides fragilis is the most virulent pathogen due to
its virulence factors such as hemagglutinin, adhesions, polysaccharide
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Fig. 1 | Structures of zwitterionic polysaccharides isolated from Bacteroides
fragilis. Bacterial polysaccharide PS A1, PS A2 and PS B contain rare deoxy amino
sugars and display zwitterionic character due to the presence of carboxylic acids or

phosphates and amino groups. PS A1 repeating unit has been synthesized by several
groups. This study reports first total synthesis of PS B phosphorylated
hexasaccharide unit.

capsule and fimbria. Although the numbers of B. fragilis isolates are 10- to
100-fold less than those of other intestinal Bacteroides species, it is most
frequently isolated from clinical species in many infectious processes,
including intraabdominal abscesses. Abscesses are formed specifically as a
host response to B. fragilis infection which comes with significant morbidity
and mortality. Therefore, this Gram-negative bacterium has been studied
extensively in recent years. Studies have shown that it was associated with
various human diseases such as inflammatory bowel disease (IBD), color-
ectal cancer, gynaecological infections, gangrenous appendicitis, brain
abscesses, meningitis, endocarditis, pericarditis, and bacteraemia. The
bacterium is also involved in diarrheal, bone and joint infections particularly
in young children under 5 years of age'*'’. B. fragilis is resistant to most
antibiotics including cefoxitin, clindamycin, metronidazole, carbapenems
and fluoroquinolones. Prophylaxis strategies are therefore required to tackle
this pathogen.

Seminal studies by Kasper, Tzianabos and co-workers have established
that ZPSs from B. fragilis are capable of eliciting T-cell proliferation and
modulating the course of abscess formation'>"*, This may serve as protec-
tion against a wide variety of abscess inducing microorganisms, including
B. fragilis, Streptococcus pneumoniae, Staphylococcus aureus, and other
synergistic microbes'* . Importantly, it has been found that removing the
zwitterionic charge from ZPS renders it non-immunogenic, highlighting
the significance of the zwitterionic character for immune activation'*™"".

The unique immunogenic properties of ZPSs makes them an attractive
synthetic target.

Over the past few years, tremendous effort has been put in by the
synthetic chemists to synthesize such zwitterionic oligosaccharides due to
their appealing biological activity, complex structures and zwitterionic
nature™, Synthetic ZPSs are consistent, homogeneous, well-defined
molecules with a single length and predefined substitution patterns,
unlike naturally derived polysaccharides'>'**>”. This makes them
perfectly suited for structural studies aimed at gaining a deeper insight into
their mode of action and interaction with binding partners on mole-
cular level.

Amongst all the isolated ZPSs, PS Al from Bacteroides fragilis is the
most well studied ZPS repeating unit (RU). Van der Marel and co-workers
were successful in the assembly of the protected tetrasaccharide, albeit in a
low yield”. Seeberger identified the correct order of glycosylation and
accomplished the first total synthesis of PS A1”’. Subsequently, Andreana™,
and Kulkarni* groups have accomplished the total synthesis of ZPS PS Al
tetrasaccharide RU to study its immune stimulatory properties. Very
recently, Codée and co-workers synthesized a trimer repeat unit of PS Al
oligosaccharide for detailed structural studies™.

In comparison, no synthetic studies have been reported for PS B and PS
A2 (Fig. 1). PS B isolated from B. fragilis of NCTC 9343"' is a novel phos-
phorylated O-polysaccharide comprising of rare deoxy amino sugars viz.
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2-acetamido-2,6-dideoxy-p-glucopyronanose (p-QuipNAc) and 2-acet-
amido-2,6-dideoxy-1-glucopyronanose (L-QuipNAc). In addition to this, PS
B also contains 2-aminoethyl phosphonate moiety (AEP) which is believed
to play a crucial role in its potent bioactivity as well as stability against
enzymatic degradation®. The structure of hexasaccharide repeating unit of
the O-polysaccharide was established as —3)-B-p-QuipNAc-(1—4)-[a-L-
Fucp-(1—2)--p-GalpA(1—3)[[2-AEP-4]]-5-D-GlcpNAc-(1—3)]-a-D-
Galp-(1—4)-a-L-QuipNAc-(1—. It should be noted that the positive charge
on amino group of 2-AEP and the negative charge on phosphonate or
carboxylate group imparts the zwitterionic character. Currently, there are no
licensed vaccines available against B. fragilis, although there are many stu-
dies in this direction which have evaluated a range of antigens including
outer-membrane proteins, O-polysaccharides, and exopolysaccharides. The
rare sugars (both L and p) containing hexasaccharide RU is an attractive
synthetic target for vaccine development. Over past decade, our laboratory
has developed efficient and highly regioselective protocols for the synthesis
of orthogonally protected rare deoxy amino sugar building blocks via one-
pot Sx2 displacements of p and L-hexopyranosidic 2,4-bis-triflates which
enabled us to assemble a varity of complex bacterial glycans including the
RU of PS A1, Herein, we report the first total synthesis of the struc-
turally complex phosphorylated branched hexasaccharide RU of PS B via an
efficient and stereoselective one-pot assembly.

Results and discussion

The synthesis of phosphorylated hexasaccharide from Bacteroides fragilis
poses numerous challenges (Scheme 1). The hexasaccharide RU has a
complex structure including six different monosaccharides with highly
branched, sterically congested p-galactose and D-glucosamine moieties. It
should be noted that low reactivity and high steric hindrance often cause
problems in glycosylation with C4-OH of the p-galactopyranose bearing a
sugar substituent at its C3-OH position and vice versa™™*'. Similarly C4-OH
group of p-glucosamine is as such highly unreactive”. Moreover, the
p-galacturonate donors are well known to be significantly less reactive than
their non-oxidized p-galactose counterparts in glycosylation reactions™.
The rare deoxy amino sugars b and L-quinovosamine (QuipNAc) are dif-
ficult to obtain because these sugars are commercially not available and need
multiple steps to synthesize. The installation of three 1,2-cis linkages par-
ticularly the one in .-QuipNAc is challenging'"***, and demands fine tuning
of the reaction conditions to attain « selectivity in glycosylations. In addition
to this, the incorporation of 3-p-QuipNAc in sterically congested position,
presence of multiple functional groups (three acetamido, one amino, car-
boxylate and phosphonate), and late stage phosphorylation makes the total
synthesis a formidable task.

Retrosynthetic analysis of target molecule 1 is outlined in Scheme 1. A
convergent one-pot synthetic strategy and protecting group normalization
was designed with the aim of efficiently synthesizing the complex hex-
asaccharide. Specifically, benzyl (Bn), 2-naphthylmethyl (NAP) and benzyl
carbamate (Cbz) are utilized as permanent protecting groups that could be
deprotected under mild hydrogenolysis conditions with contemporaneous
transformation of the NH-trichloroacetyl (NHTCA) group into the corre-
sponding acetamido (NHAc). The paramethoxyphenyl (PMP) group at the
reducing end and NAP group at the non-reducing end are installed stra-
tegically at the connection points of the repeating unit. Their orthogonal
deprotection would enable chain elongation of oligosaccharide®. Target
molecule 1 can be potentially obtained from phosphorylated hexasaccharide
2 through hydrogenolysis, which could be accessed by regioselective O4
reductive benzylidene ring opening of fully protected hexasaccharide 3,
followed by phosphorylation. The construction of hexasaccharide 3 was
envisioned via a convergent (1 4 2 + 2 + 1) orthogonal glycosylation in a
one-pot manner. For a high-yielding one-pot glycosylation, glycosyl donors
and acceptors must be energetically well-differentiated, which allows for
selective donor activation and subsequent coupling with the acceptor. In
order to maintain orthogonality and optimize the electronic properties of
the glycosyl donors and acceptors, a judicious choice of protecting groups is

required”. Accordingly, the fucose donor 4" was protected with arming
benzyl (Bn) protecting group which can be chemoselectively activated and
coupled with 2’-OH disaccharide thioglycoside acceptor 5. Acceptor 5
can be obtained by glycosylation of p-galacturonate donor 8 and 3-OH
p-glucosamine acceptor 9 followed by deacylation. Disaccharide 3,4-diol
acceptor 6 can be constructed by the union of orthogonally protected
Dp-galactose donor 10 with 4-OH L-quinovosamine acceptor 11 followed by
acetonide removal. Stereoselective 1,2-cis coupling of 1-quinovosamine
donor 12 with 4-methoxy phenol (PMPOH) followed by desilylation and
conversion of N3 to NHTCA would afford 11. The a-selectivity can be
achieved by placing a nonparticipating group such as N3 in the donor at C2
position and employing participating solvent Et,O™. It was envisioned that
the conversion of N3 to NHTCA at this stage would enable final one-step
global deprotection under hydrogenolytic conditions. The tri-
chloroacetamido (TCA) group was chosen to mask amino groups in
compounds 9 and 7 to enable the stereoselective installation of S-glycosidic
bond. The 3-OH and 4-OH groups of D-galactopyranose 10 were capped
with a transient acetonide protecting group that can be easily removed prior
to glycosylation of C3’-OH of disaccharide 6 with the corresponding tri-
saccharide donor (formed by coupling of 4 and 5) and finally coupling of
C4/-OH of the so formed pentasaccharide with p-quinovosamine donor 7.
Quinovosamine derivatives 12 and 7 in turn can be easily accessed from
rhamnosyl triols 13 and 14 via C2 inversion of triflates, respectively. With
this retrosynthetic plan, we embarked on the total synthesis of target
molecule 1.

The synthesis of appropriately protected building blocks is shown in
Scheme 2. The reducing end 1-quinovosamine donor 12 was prepared via
C2 inversion of L-rhamnose derivative 13, along the lines of our reported
protocol (Scheme 2a)*. The easily accessible L.- rhamnose triol 13* was first
converted into the corresponding stannylene ketal and further treated with
benzyl bromide (BnBr) and tetrabutylammonium bromide (TBAB) at 85 °C
to afford 3-OBn derivative 15 as a single regioisomer in 82% yield over two
steps. Selective silylation of 4-OH of 2,4-diol 15 using 1.5 equiv of tert-
butyldimethylsilyl chloride (TBSCI) and imidazole at 85 °C furnished 2-OH
rhamnose derivative 16 in 84% yield. The C-2 OH was subjected to triflation
using triflic anhydride (Tf,0), pyridine in CH,Cl, and the so formed C2-O-
triflate was subsequently displaced by sodium azide (NaN3) to give L-qui-
novosamine donor 12 in 86% yield over two steps.

The synthesis of p-galactose donors 19, 22 and p-galacturonate donor
8 was initiated with known precursors 18 and 20*, as shown in Scheme 2b.
Reaction of 18 with 2,2-dimethoxypropane (2,2-DMP) in the presence of
p-toluenesulphonic acid (p-TSA) at RT for 2 h followed by refluxing with
MeOH:H,0 (10:1) at 70 °C for 4 h afforded 3,4-acetonide protected com-
pound (74%), which was then subjected to benzylation using NaH and BnBr
to give the fully protected thioglycoside donor 19 in 92% yield. For the
synthesis of the galactose donor 22, the easily accessible 2,3-diol 20 was
converted to the corresponding stannylene ketal by treating it with Bu,SnO
in toluene at 110 °C and further reacting with BnBr and TBAB at 85 °C to
furnish the corresponding 3-OBn derivative (74% yield over two steps),
which upon borane mediated reductive ring opening at O6 gave 6-OH
derivative 21 in 85% yield. Treatment of compound 21 with benzoyl
chloride (BzCl) and pyridine in CH,Cl, provided fully functionalized
thioglycoside donor 22 (85%). In parallel, the p-galacturonate donor 8 was
obtained upon selective TEMPO oxidation of 2,6-diol 21 followed by
esterification using BnBr and NaHCO; and subsequent capping of C2-OH
with a chloroacetyl group in a very good overall yield.

Next, we moved to the synthesis of key building block p-quinovosa-
mine 7, starting from f3-p-rhamnose triol 14**, as shown in Scheme 2c.
Accordingly, triol 14 was treated with 2,2-DMP in the presence of a catalytic
amount of CSA to afford the corresponding 2,3-isopropylidene derivative
and the remaining free 4-OH was benzylated using NaH and BnBr in DMF
at 0 °C to give a fully protected derivative of p-rhamnose™. Subsequently,
rhamnose derivative was again treated with p-TSA in MeOH: H,O (1:1) at
room temperature to obtain 2,3-diol 23 in 78% vyield, over three steps.

Communications Chemistry | (2024)7:204


www.nature.com/commschem

https://doi.org/10.1038/s42004-024-01296-y

Article

D-QuipNAc /ﬁow
BnO 0
2-AEP  HO O NAPO
(e} TCAHN
© O = AcHN CszN~\~9
H3N TENC) Global P-OH
P-O : BnO OBn OBn
HO oo \ OH OH deprotection nO cooBn | . o
o O
0 0 O 0 BnO S © BnO
HO o o NHTCA BnO
o o NHTCA
(0] NHAc HO 0 0 NHAc 2 (0]
(9]
07 on 1 L-QuipNAG OPMP OBn OPMP
BnO OBn
OH
HO 1. Regioselective benzylidene ring opening
2. Phosphorylation of C4-OH
Features and Synthetic Challanges
1. Synthesis of orthogonally functionalized rare BnO o \\/O
deoxy sugar D-QuipNAc & L-QuipNAc NAPO
2. Six different monosaccharides NHTCA OBn
3. Highly branched oligosaccharide BnO Ph/%o 0 o
4. Three 1,2-cis glycosidic linkages "~ cooBn 0 6] BnO
5. Presence of multiple functional groups Bnow TCAHN BnO n
6. Poor nucleophilicity of axial C4-OH of D-galactose o 3 0 Ox NHTCA
7. Late stage installation of 2-AEP oI
0 OPMP
O8n (1+2+2+1)
OB +2+2+
BnO “°" ﬂ one-pot glycosylation
PMP = para methoxy phenyl
HO OBn NAP = 2-naphthylmethyl
B (e}
- BnOCOO nPh/TO o HO 50 o
Q7 0Bn~ + BnO % STol + BnO o\ SUNHTCA BnO SPh
Bno OBn OH 5 NHTCA 6 , NHTCA
4 OPMP co
1. Glycosylation 1. Glycosylation inversion
2. Deacylation 2. Acetonide removal
OH
o
BnOCOOgn oS0 )(O OBn OPMP HC|)_|O ~ SPh
o
BnO LG " 80 STol O STol + HowNHTCA D-Rhamnose triol
OAcCI NHTCA OBn OBn 14
8 10 1
LG = STol or OC(=NH)CCly 1. PMPOH Glycosylation
/ 2. FGI 1
HO (@) STol
D-Galactose D-Glucosamine D-Galactose ~ TBSO Q NSSTOI e — HO OI:
OBn ? C2 )
12 inversion L-Rham1nsose triol

Scheme 1 | Retrosynthetic strategy for target molecule 1. It was envisioned that target molecule 1 can be synthesized from building blocks 4, 5, 6 and 7 via a convergent

(1 42+ 2+ 1) orthogonal glycosylation in a one-pot manner.

Stannylene mediated 2-naphthylmethylation on C-3 OH of compound 23
gave 3-ONAP derivative of p-rhamnnoside 24. The remaining free hydroxyl
group was treated with Tf,O and pyridine in CH,Cl, at 0°C and the
so formed triflate group was displaced by azide using NaN; in DMF, to
smoothly furnish p-quinovosamine derivative 25, in 85% yield over two
steps. For obtaining requisite -selectivity in the ensuing (5 + 1) glycosy-
lation via neighbouring group participation, azido group of compound 25
was converted to amine, which was subsequently capped with TCA
group using trichloacetyl chloride in THF to afford orthogonally protected
D-quinovosamine donor 7. It should be noted that there is no significant
reactivity difference between SPh and STol glycosides when it comes to
glycosylation. STol is preferred over SPh due to less offensive odor and
crystalline solid compounds it forms. In case of 7, we opted for SPh due to
the ready availability of triol 14™.

Synthesis of L-quinovosamine acceptor 11

After having all the desired building blocks in our hand, we went ahead
towards the glycosylation of L-quinovosamine donor 12 with PMPOH.
Achieving a-selectivity in L-quinovosamine is a challenging task'"***". So, we
screened several conditions to optimize the selectivity by varying leaving
groups and temperature, as shown in Table 1. In order get a-selectivity,
diethylether (Et,0) is commonly used as a participating solvent”. Glyco-
sylation of thioglycoside 12 under NIS/TMSOTY activation conditions in a
dichloromethane/diethyl ether solvent mixture (1:3) with acceptor PMPOH
at —30 °C afforded the desired product 26 in good yield but with moderate
selectivity (a:f=4:1) (Table 1, entry 1). By lowering the temperature to
—60 °C (entry 2), we carried out glycosylation under identical conditions; in
this case, though the yield of the reaction was greatly improved (98%), there
was no significant enhancement in selectivity. Thioglycoside 12 being a
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a) L-quinovosamine donor 12

1. Bu,SnO, Tol, 110 °C, 6 h

1. szO, Py, CH2C|2, 0 °C, 1h
2. NaNg, DMF, rt, 12 h

86% over two steps
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BnO OH
16

b) D-galactose donors 19, 22 and 8
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Scheme 2 | Synthesis of appropriately protected building blocks. a Shows synthesis of L-quinovosamine donor 12, b shows synthesis of p-galactose derived donors 19, 22

and 8, ¢ shows synthesis of b-quinovosamine donor 7.

stable and flexible donor could be readily converted into the corresponding
Schmidt donor 12a (entries 3 and 4). A remarkable improvement in
selectivity (a:f=20:1) and yield (91% over two steps) was achieved by
performing glycosylation reaction using imidate donor 12a with PMPOH,
TMSOTT activation conditions in a dichloromethane/diethyl ether solvent
mixture (1:3) at —78°C (Table 1, entry 4). A doublet at 5.48 ppm with
coupling constant J=3.2 Hz for H-1 and "C peak at 98.1 ppm for C-1
clearly confirmed that the newly formed linkage is 1,2-cis (&) (See Supple-
mentary Information and Supplementary Data 1). The successful installa-
tion of a-linkage in this case can be attributed to the presence of Bn and TBS
groups which results into electronic arming of the L-quinovosamine donor
that in turn allows us to conduct the reaction at a low temperature of —78 °C
using diethyl ether as a participating solvent. Subsequently, TBS group in 26

was cleaved in the presence of tetrabutylammonium fluoride (TBAF) in
THEF and the azido group was reduced to amine using zinc in acetic acid. The
so formed amine was capped with TCA group using TCACI and THF to
cleanly afford L-quinovosamine acceptor 11, in 78% yield over three steps.

Synthesis of disaccharide acceptor 6

Next, we moved on to the synthesis of right-hand side disaccharide acceptor
diol 6 (Scheme 3). The f-thiogalactoside donor 10 was activated by NIS
and TMSOT( promoter in CH,ClL,:Et,O (1:3) as the participating solvent
and glycosylated with L-quinovosamine acceptor 11 at —60 °C to cleanly
afford the desired a-linked disaccharide 27, as a sole isomer in 82% yield
{*HNMR, §5.34 (d, ] = 3.5 Hz, 1H, H-1), 5.24 (d, ] = 3.0 Hz, 1H, H-1')} (See
Supplementary Information and Supplementary Data 1). Acidic hydrolysis
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Table 1 | a-Stereoselective glycosylation of 12 with PMPOH

OPMP
Conditions (Table 1) (@)
TBS0 /7 TBSO Ns
BnO 3 PMPOH BnO
1. NBS, THF:H50 (3:1) 12.R = STol 26
t, 1 h, 88% (
2. CCI3CN, KyCO3, CHyCla 123 R = OC(=NH)CCl, 1. TBAF, THF, rt, 1 h
0 °C-rt, 10 h 2.2Zn, AcOH, THF, rt, 3 h
3. TCACI, THF, 0 °C-rt,2 h
78% over three steps
OPMP
HO LA LY NHTCA
BnO
11
Entry Donor Reaction condition % of Yield (a:p ratio)
1 12 NIS, TMSOTF, CH,Cl,:Et,0 (1:3) 78% (4:1)
MS3A, -30°C,2h
2 12 NIS, TMSOTF, CHpClp:Et,0 (1:3) 98% (5:1)
MS3A, —60°C, 4h
3 12a TMSOTF, CH,Cl,:Et,0 (1:3) 85% (10:1)
MS3A, -60°C,2h
4 12a TMSOTY, CH,Clo:Et,0 (1:3) 91% (20:1)
MS3A, -78°C,2.5h
Compound numbers are shown in bold.
gtchemel?, |t§ynt;1es1s (;f:educflgg endlz(l)cce[:itor 6. >(O OBn NIS, TMSOTf, CH,Cly:Et,0 >(O OBn
ereoselective g YCOSY ation o onor ) an O O (1 :3)7 MS 3;\’ '60 °C, 4 h, 820/0 O O
acceptor 11 followed by acetal hydrolysis afforded STol - BnO
diol acceptor 6. OBn Gram scale synthesis BnO n
o) o) NHTCA
10 OPMP 27
0 OPMP
HO NHTCA
OBn
11
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BnO
6 e} 0 NHTCA
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of isopropylidine acetal in 27 in the presence of p-TSA furnished desired
disaccharide diol 6 in 81% yield.

Attempted synthesis of disaccharide 28

For the synthesis of disaccharide acceptor 5, we attempted a coupling of
thioglycoside donor 8 derived trichloroacetimidate 8a and N-phenyl tri-
fluoroacetimidate 8a’ with C3-OH D-glucosamine acceptor 9 (Table 2). For
this purpose, we screened a few conditions as shown in Table 2. Initially, we
tried glycosylation of trichloroacetimidate donor 8a with acceptor 9 using
TMSOTf or TfOH as a promoter at —30 °C as well as 0 °C. Unfortunately,
we were not able to get our desired product. In each case, donor got
decomposed with time and acceptor was recovered as such (Table 2, entries
1 and 2). Changing from imidate donor 8a to a more stable N-phenyltri-
fluoroacetimidate donor 8a’, under identical condition led to same result

(Table 2, entry 2). Alternatively, the coupling of thioglycoside 8 with
acceptor 9 under the activation of Ph,SO, Tf,O, TTBP at —60 °C** did not
give the desired product as well. In this reaction, orthoester 29 (34%) was
obtained (Table 2, entry 3) and the remaining unreacted acceptor was
recovered. Attempted rearrangement of orthoester 29 using TfOH did not
lead to desired disaccharide 28. The electron withdrawing chloroacetyl
group at C2 position and the ester group of galacturonate donor may
account for the low reactivity in glycosylation. Therefore, we changed the
strategy to a post-glycosylation oxidation and esterification as shown in
Scheme 4.

Regio- and stereoselective assembly of pentasaccharide 34
Accordingly, we converted thiogalactoside 22 into trichlroacetamidate 30 in
two steps via hydrolysis of thiogalactoside by using NBS, and subsequent
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Table 2 | Attempted synthesis of disaccharide 28

BnO

COOgn Conditions BnO Ph~—\-0 o
BnO LG ok 0 STol
OACcCI
C Ph—\"0 BnO NHTCA
8,LG = -STol o] Q STol OAcCI
8a, LG = OC(=NH)CCl, HO . 28
8a', LG = OC(=NPh)CF; 9
BnQcooBn
o
BnO
(6]
(0] Ph/Vo
c Ooﬁ&
29 STol
NHTCA
Entry Donor Reaction Conditions Result
1 8a TMSOTf, CH,Cl, Acceptor recovered
MS 3A, —-30°C /0°C
2 8a TfOH, CH,Cl, Acceptor recovered
MS 3A, —30°C/0°C
3 8a’ TMSOT{/TfOH, CH,Cl, Acceptor recovered
MS 3A, —30°Ctort
4 8 Ph,SO, Tf,O, TTBP, CH,Cl, Orthoester 29 (34 %) and acceptor recovered

MS 3A, —60°C

Compound numbers are shown in bold

treatment of the so formed hemiacetal with trichloroacetonitrile and DBU.
Glycosylation of trichloroacetamidate donor 30 and acceptor 9 with
TMSOTf as the promotor at 0 °C furnished S-linked disaccharide 31 in 65%
yield, along with imidate rearranged side product. To enhance the yield of
the reaction, we performed glycosylation reaction at —40 °C using TMSOTf
and gradually warming up to room temperature. Gratifyingly, the reaction
led to exclusive formation of 31 in 87% yield. After successfully synthesizing
disaccharide 31 on gram scale, both the benzoate groups were cleaved using
NaOMe in MeOH:CH,Cl, under reflux to yield diol 32 in excellent yield.
Subsequently, the primary hydroxyl group of compound 32 was regiose-
lectively oxidized to its corresponding carboxylic acid using TEMPO/BAIB
and concomitant esterification employing BnBr and NaHCO; in DMF
furnished C2’-OH disaccharide acceptor 5 in 85% over two steps.

The assembly of pentasaccharide was examined next. A highly che-
moselective glycosylation reaction of known L-fucose donor 4* with dis-
accharide acceptor 5 at —60 °C in the presence of NIS (1.2 equiv) and cat.
TMSOTT (0.2 equiv) promoter in CH,Cly: Et,O (1:1) as a participating
solvent afforded the desired a-linked trisaccharide 33 as a sole isomer with
excellent yield. The newly formed 1,2- cis glycosidic linkage was confirmed
by 'HNMR 6538 (d, ] = 3.6 Hz, 1H, H-1"), ®*C NMR (6 98.6) and 2D NMR
("H-"H COSY, HSQC) (See Supplementary Information and Supplemen-
tary Data 1).

With the desired building blocks 33 and 6 in hand, the stage was set for
the regioselective (3 +2) glycosylation. Accordingly, regioselective O3
glycosylation of 3,4-diol acceptor 6 with trisaccharide donor 33 in the
presence of NIS and TMSOTf promoter in CH,Cl, at —60°C cleanly
furnished f-linked pentasaccharide acceptor 34 with good yield. The -
stereochemistry of the newly formed glycosidic linkage was confirmed by
measuring ‘Jc_y coupling constant of the anomeric carbon of p-glucosa-
mine unit ("C{'H} § 100.1 ('Jc_z = 161.2 Hz) ppm). The regioselectivity was
confirmed by acetylation of C4’-OH in 34 using acetic anhydride, triethy-
lamine and DMAP to obtain 34a in 87% yield. The downfield shift of a
doublet at §5.13 ppm, J = 3.2 Hzin 'H NMR spectrum clearly confirmed the
presence of acetate group at C-4’ position in 34a (See Supplementary
Information and Supplementary Data 1).

Synthesis of hexasaccharide 3

After successfully synthesizing pentasaccharide acceptor 34 and p-quino-
vosamine donor 7, a challenging stereoselective 3-(1,4) glycosylation was
undertaken. It should be noted that stereoselective glycosylation of poorly
nucleophilic C4-OH of the 1,3-disubstituated galactose moiety is very
difficult™*'. For the synthesis of hexasaccharide, we scrutinized several
conditions such as variation of leaving groups on donor, promoter and
stoichiometry of donor (Table 3). First, we tried coupling of thioglycoside
donor 7 with poorly nucleophilic 4'-OH pentasaccharide acceptor 34 in the
presence of NIS and TMSOTf promoter in CH,Cl, at —60 °C to afford g-
linked hexasaccharide 3 in a low yield of 25% and rest of the acceptor
remained unreacted while donor was hydrolysed (Table 3, entry 1).
Replacing TMSOTS with a mild promoter AgOTf under identical condi-
tions did not lead to product (Table 3, entry 2). To improve the yield of the
reaction, we performed the glycosylation reaction by using a reactive tri-
chloroacetimidate donor and the corresponding stable N-phenyltri-
fluoroacetimidate donor under the similar conditions, which led to
moderate improvement in the yield (Table 3, entries 3 and 4). The modest
yield of the glycosylation reaction can be attributed to steric hinderance to
form highly branched (1,3,4-tri-substituent) galactopyranose containing
hexasaccharide. Due to this, a significant portion of donor was hydrolysed.
So, it was envisioned that increasing the donor concentration would
probably increase the yield of reaction. Accordingly, we increased the
equivalents of donor and performed the coupling with 2 equivalents of
imidate donor with pentasaccharide acceptor 34. To our delight, the yield of
the reaction was improved to 64% under this condition and the remaining
acceptor was recovered (Table 3, entry 5). Encouraged by this result, we
further increased the equivalent of quinovosamine donor (4 equivalent) and
performed coupling with acceptor 34 in the presence of TMSOTf promoter
in CH,Cl, at —60 °C. The reaction showed a steady progress and after an
hour ~20% product was visible on TLC along with intense spots of donor
and acceptor. After 2 h, about 30% of donor was still prevalent in the
reaction, along with small amount of acceptor (TLC analysis). Both donor
and acceptors were consumed after 3 h and spots of product and hemiacetal
resulting from hydrolysis of excess donor were seen on TLC. Gratifyingly,
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Scheme 4 | Synthesis of pentasaccharide 34. Sequential glycosylation of appropriately protected building blocks delivered pentasaccharide 34 in highly selective manner.

this time, we were able to greatly increase the yield of 3 to 94% (Table 3, entry
6). The selectivity is attributed to the well-known neighbouring group
participation of the C-2 amide group of NHTCA. The -stereochemistry of
the newly formed glycosidic linkage was confirmed by 'Jc_y coupling
constant of the anomeric carbon of pD-quinovosamine unit (*C{'H} § 99.6
(Jc_rr=1623 Hz) ppm) (See Supplementary Information and Supple-
mentary Data 1).

One-pot (1 + 2 + 2 + 1) assembly of hexasaccharide 3

With the optimized conditions for the synthesis of hexasaccharide in hand,
we next investigated the crucial one-pot synthesis of hexasaccharide 3 as
shown in Scheme 5. Accordingly, a chemoselective glycosylation of a highly
reactive per-O-benzylated thiotolyl fucose donor 8 and 2’-OH disaccharide
acceptor 9 using NIS/TMSOT( as the promoter employing CH,Cl,:Et,O as
a solvent mixture at —60 °C was conducted as before to cleanly afford the
corresponding trisaccharide intermediate 33 in 3 h. Further, addition of
glycosyl acceptor 6 in the same pot in the presence of NIS/TMSOTT pro-
moter led to the formation of the corresponding 4’-OH pentasaccharide
acceptor 34. After 2.5 h, donor 7a (4 eq) and TMSOTf (0.8 eq) were added in
the same pot at —60 °C to furnish hexasaccharide 3 in 68% yield over three
steps in a one-pot manner (7.5 h total time), after a single column chro-
matographic purification. Compound 3 can serve as a suitable right hand
terminal hexasaccharide unit for chain elongation. The corresponding chain
elongation repeating unit 3’ bearing a C2-azido group was also synthesized
via a one-pot glycosylation using disaccharide 6’ under optimized condi-
tions in 67% overall yield (see Supplementary Information Scheme S1 for
the synthesis of 6).

Phosphorylation and global deprotection

With the successful synthesis of hexasaccharide 3, we went ahead to com-
plete the synthesis of hexasaccharide 1 as delineated in Scheme 6. Using
Et;SiH and TfOH™ at —78 °C, a regioselective O4 reductive benzylidene
ring opening of fully functionalized hexasaccharide 3, led to the desired
4-OH nucleophile 36 in 75% yield. Next, we attempted phosphorylation of
compound 36 with phosphonic acid 35™ in the presence of DCC*. How-
ever, no phosphorylated compound was detected in TLC or in mass spec-
trum and the hexasaccharide 36 remained as such. Although different types
of bases such as 1H-terazole, pyridine, Et;N or DIPEA along with DCC*
were tried for coupling of 4-OH 36 with phosphonate linker 35, no phos-
phorylated compound was obtained. The poor nucleophilicity of 4-OH
Dp-glucosamine in the sterically crowded hexasaccharide 36 was considered
to be the main factor behind the failure of the coupling"'z. Therefore, we
anticipated that phosphorylation on such kind of structurally complex
moiety would be a difficult task and this would require a highly electrophilic
phosphorus (V) coupling partners. Seeberger and co-workers have shown a
method to install phosphonate onto hindered nucleophiles using bis(-
chloro)-(2-azidoethyl) phosphonate™ as an electrophile and 1H-tetrazole
activator. Accordingly, upon reaction with an alcohol nucleophile, rapid
esterification leads to the formation of the C-P bond. At this stage, addition
of water leads to the target motif. Gratifyingly, phosphorylation of 4-OH
hexasaccharide 3 with freshly prepared bis(chloro)-(2-azidoethyl) phos-
phonate 37 in the presence of 0.45M tetrazole in CH;CN and DIPEA,
followed by addition of water in the same pot resulted in the formation of the
corresponding phosphorylated hexasaccharide which was confirmed from
*'P phosphorus NMR and HRMS. Finally, hydrogenolysis of all the Bn, NAP
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Table 3 | Optimization of (5 + 1) glycosylation to form hexasaccharide 3

BnO O o
NAPO
NHTCA OBn
Bno/ﬂ/ conditions Ph/EO (o) (e
NAPO o : QcooBn © BnO
NHTCA pentasaccharide o) NHTCA BnO NHTCA
O
7 acceptor BnO
34
0 s OPMP
Q7 oBn
BnO OBn
Entry Donor Donor Equiv. Reaction conditions Results
1 1.2 NIS, TMSOTf, CH,Cl, 25% and Acceptor recovered
MS3A,-60°C,2h
BnO
NAPO e
NHTCA
2 1.2 NIS, AgOTf, CH,Cl, Acceptor recovered
MS 3A,-60°C to rt
Bno/ﬁp
NAPO SPh
NHTCA
3 1.2 TMSQOTf, CH,Cl, 51% and Acceptor recovered
MS3A,-60°C,1h
B”O%
NAPO
TCAHN CCIs
4 1.2 TMSOTf, CH,Cl, 50% and Acceptor recovered
MS3A,-60°C,2h
B“O%
TCAHN
5 2 TMSOTf, CH,Cl, 64% and Acceptor recovered
MS3A,-60°C,2h
B”O%
NAPO
TCAHN CCI3
6 4 TMSOTf, CH,Cl, 94%
MS3A,-60°C,3h
B”O%
NAPO
TCAHN CC's

groups and conversion of NHTCA to NHAc was performed using H,,
Pd(OH),/C in EtOH at room temperature followed by purification through
Sephadex G25 column to furnish the phosphorylated hexasaccharide
repeating unit 1 of PS B from Bacteroides fragilis in 61% yield over
three steps.

Conclusion

In conclusion, we have achieved the first total synthesis of phosphory-
lated zwitterionic hexasaccharide repeating unit of PS B from Bacter-
oides fragilis via alongest linear sequence of 21 steps in 5.5% overall yield.
The convergent synthesis involves efficient synthesis of orthogonally
functionalized rare deoxy amino sugar p/L-quinovosamine building
blocks and its further elaboration into target molecule via one pot
assembly of hexasaccharide moiety, its phosphorylation and a one-step
global deprotection, in excellent overall yield. En route, we discovered
suitable conditions for 1,2-cis selective glycosylation of L-quinovosamine

donor, and installation of a 1,2-trans linked p-quinovosamine at steri-
cally congested position while glycosylating a poorly nucleophilic
acceptor. The protected hexasaccharide RU 3’ with placement of PMP
and NAP groups at the reducing and non-reducing ends, respectively,
and an azido group at C2, is well-poised for chain elongation to access
higher oligomers of PS B. The synthesized ZPS RU 1 is now ready for
immunological studies directed toward development of carbohydrate-
based vaccine.

Methods

Compound 15

1-Rhamnose triol 14* (7.0 g, 25.893 mmol) was dissolved in dry toluene
(80 mL), and to this stirred solution, Bu,SnO (7.73 g, 31.072 mmol) was
added and reaction mixture was kept at 110 °C for 6 h. After completion of
the reaction, the solvent was removed under reduced pressure and the crude
compound was kept under vacuum for 2 h.
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Scheme 5 | Synthesis of hexasaccharide 3 via a one- Ph—\-0O 0 HO _OBn
pot (1 +2 + 2 + 1) approach. Two hexasacchar- BnOcooBn 8 STol 0
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Scheme 6 | Phosphorylation and global deprotection. Regioselective benzylidene ring opening, concomitant phosphorylation and global deprotection furnished the target

molecule 1.

Above crude compound was dissolved in dry toluene (60 mL), and
TBAB (12.52 g, 38.839 mmol) followed by BnBr (4.62 mL, 38.839 mmol)
were added and the reaction mixture was heated at 85 °C for 6 h. After
completion of the reaction (confirmed by TLC), the reaction was diluted
with EtOAc and organic layer was washed with brine solution twice. The
separated organic layer was dried over anhydrous Na,SO,, concentrated,
and purified by column chromatography on silica gel (30% ethyl acetate:
petroleum ether) to obtain 15 as an amorphous white solid (7.63 g, 82%).

Compound 16

To a stirred solution of 15 (3.5 g, 9.709 mmol) in DMF (65 mL) was added
TBSCl (2.19g, 14.564mmol) and imidazole (1.65g, 24.274 mmol)
sequentially. Then the reaction mixture was kept for stirring at 85 °C for 3 h.
After complete conversion of starting material into product (as judge by
TLC), reaction mixture was diluted with EtOAc and washed with brine. The
separated organic layer was dried over Na,SO, and concentrated in vacuo.
The crude product was purified by column chromatography on silica gel
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(10% ethyl acetate:petroleum ether) to obtain 16 (3.87g, 84%) as a
white foam.

Compound 12

Trifluoromethanesulfonic anhydride (1.40 mL, 8.626 mmol) and pyridine
(1.4 mL, 17.252 mmol) were added sequentially at 0 °C to a stirred solution
of 16 (2.73 g, 5.751 mmol) in CH,Cl, (55 mL). Then the reaction mixture
was gradually warmed to rt over 1h. After complete consumption of the
starting material, the solvent was directly removed under reduced pressure
to get crude triflated compound, which was kept under high vacuum for
30 min and used for the next step without purification.

The crude product which was obtained after the removal of solvents
was dissolved in DMF (17 mL), and to this, NaNj; (3.74 g, 57.506 mmol) was
added at rt and the reaction mixture was stirred at the same temperature for
12 h. After complete consumption of starting material, it was diluted with
EtOAc and washed with brine solution. The separated organic layer was
dried over Na,SO, and concentrated in vacuo. The crude product was
purified by column chromatography on silica gel (10% ethyl acetate:pe-
troleum ether) to obtain 12 (2.47 g, 86% over two steps) as a pale yellowish
viscous liquid.

Compound 19

2, 2-Dimethoxypropane (26.6mL) and p-toluenesulfonic acid (0.21g,
1.223 mmol) were added to a solution of compound 187 (3.50g,
12.223 mmol). After complete consumption of starting material, the reac-
tion mixture was quenched with Et;N and solvents were removed under
reduced pressure. The resulting crude compound was dissolved in MeOH:
H,O (10:1, 120 mL) and then refluxed at 70 °C. After 4 h, solvent was
removed in vacuo and chromatographed on silica gel (40% ethyl acetate and
petroleum ether) to afford 3, 4-isopropylidine compound as a brown viscous
liquid (2.95 g, 74% over two steps).

The above obtained compound (2.95 g, 9.037 mmol) was dissolved in
DMEF (30 mL) and then benzyl bromide (4.3 mL, 36.148 mmol) and sodium
hydride (0.87 g, 36.148 mmol) were added sequentially at 0°C. After
complete consumption of starting material (as judge by TLC), reaction
mixture was diluted with EtOAc and then washed with brine. The separated
organic layer was dried over Na,SO, and concentrated in vacuo. The
obtained crude product was purified by column chromatography (10% ethyl
acetate:petroleum ether) to obtain 19 as a white foam (4.2 g, 92%).

Compound 21

To a stirred solution of 20* (2.04 g, 5.447 mmol) in toluene (40 mL) was
added Bu,SnO (1.62 g, 6.537 mmol). Then the reaction mixture was kept for
stirring at 110°C for 6h. After complete consumption of the starting
material (as judged by TLC), solvent was removed under reduced pressure
and the crude product was kept for drying under high vacuum. The crude
product was dissolved in toluene (20 mL), and TBAB (2.63 g, 8.171 mmol)
and BnBr (0.97 mL, 8.171 mmol) were added. Then the reaction mixture
was allowed to stir at 60 °C for 6 h. After complete conversion of starting
material, reaction mixture was diluted with EtOAc and washed with water.
Separated organic layer was dried over Na,SO,, concentrated, and purified
by column chromatography (30% ethyl acetate: pet ether) to give 3-OBn
galactose derivative as a white solid (1.87 g, 74%).

To a clear solution of 3-OBn galactose derivative (0.94 g, 1.70 mmol) in
CH,Cl, (6 mL) were added 1 M BHj; in THF (5.5 mL) and trifloromethane
sulfonate (TMSOTY, 0.09 mL, 0.51 mmol) at 0 °C. After 4 h, the reaction
mixture was quenched with methanol, concentrated in vacuo, and chro-
matographed on silica gel (30% ethyl acetate:petroleum ether) to obtain the
desired product 21 as a white solid (0.78 g, 85%).

Compound 22

Anhydrous pyridine (1.7 mL, 21.3 mmol) and benzoyl chloride (1.7 mL,
21.3 mmol) were sequentially added dropwise at 0 °C to the clear solution of
compound 21 (0.667 g, 1.65mmol) in dry CH,Cl, (23.5mL) and the
solution was stirred at same temperature for 3 h. After completion of the

reaction (confirmed by TLC), reaction mixture was washed with 1 M HCI,
aq. NaHCOj; and aq. brine solution. Separated organic layer was dried over
anhydrous Na,SOy, filtered, concentrated and. chromatographed on silica
gel (20% ethyl acetate:petroleum ether) to obtain the desired product 22 asa
white solid (0.946 g, 85%).

Compound 8

To a stirred solution of galactose diol 21 (103 mg, 0.221 mmol) in
CH,Cl,/H,O (1.8 mL, 3:1) were added TEMPO (7 mg, 0.044 mmol) and
BAIB (177 mg, 0.552 mmol) at 0 °C and the reaction was stirred for 2 h at
room temperature. The reaction mixture was diluted with EtOAc and
washed with aq. Na,S,05 solution. The separated organic layer was dried
over anhydrous Na,SOy, filtered, and concentrated. It was then kept under
high vacuum for 1 h and used for the next step without purification.

The crude product was dissolved in DMF (1.2 mL) and treated with
BnBr (0.05 mL, 0.442 mmol) and NaHCO; (111 mg, 1.325mmol) at rt
overnight. After complete consumption of starting material, the mixture
was diluted with EtOAc and washed with brine. The separated organic layer
was dried over anhydrous Na,SO,, concentrated, and purified by silica gel
chromatography using 30% ethyl acetate:petroleum ether as an eluent to
afford galactose ester derivative as a colourless viscous liquid (96 mg, 76%).

C-2 OH galactose derivative (96 mg, 0.168 mmol) was dissolved in
CH,Cl, (2mL) and to this stirring solution, pyridine (0.081 mL,
1.008 mmol) and chloroacetylchloride (27 pL, 0.336 mmol) were added
sequentially at 0 °C and allowed to stir for 6 h at room temperature. After
complete consumption of starting material (as judged by TLC), reaction
mixture was diluted with CH,Cl, and then washed with 1 M HCl, NaHCO;
and brine. The separated organic layer was dried over Na,SO,4 and con-
centrated in vacuo. The crude product was purified by column chromato-
graphy (20% ethyl acetate: petroleum ether) to obtain 8 as a white foam
(93 mg, 85%).

Compound 23

Known p-rhamnnose triol 14* (1.3 g, 5.072 mmol) was dissolved in 2,
2-dimethoxypropane (13.3mL) and camphorsulfonic acid (0.117 g,
0.507 mmol) was added to it at room temperature. After complete con-
sumption of starting material, the reaction mixture was quenched with Et;N
and solvents were removed under reduced pressure to obtain 2,3-diaceto-
nide p-rhamnose derivative.

The above obtained compound was dissolved in DMF (20 mL) and
then benzyl bromide (0.91 mL, 7.608 mmol) and sodium hydride (0.365 g,
15.216 mmol) were added sequentially at 0 °C. After complete consumption
of starting material (as judged by TLC), reaction mixture was diluted with
EtOAc and then washed with brine. The separated organic layer was dried
over Na,SO, and concentrated in vacuo. The obtained crude product was
used for the next step without purification.

The above obtained crude compound was dissolved in MeOH:CH,Cl,
(1:1, 20 mL) and then p-toluene sulfonic acid (0.436 g, 2.536 mmol) was
added at rt. After 10h, reaction mixture was quenched with Et;N and
solvent was removed in vacuo. The obtained crude product was chroma-
tographed on silica gel (40% ethyl acetate: petroleum ether) to afford diol
compound 23 as a viscous liquid (1.37 g, 78% over three steps).

Compound 24

p-Rhamnose diol 23 (1.3 g, 3.752 mmol) was dissolved in dry toluene
(30 mL), and to this stirred solution, Bu,SnO (1.12 g, 4.503 mmol) was
added and reaction mixture was kept at 110 °C for 6 h. After completion of
the reaction, solvent was removed under reduced pressure, the crude
compound was kept under vacuum for 2 h.

Above crude compound was dissolved in dry toluene (20 mL), and
TBAB (1.9 g, 5.852 mmol) followed by NAPBr (0.99 g, 4.503 mmol) were
added and the reaction mixture was heated at 60 °C for 6 h. After comple-
tion of the reaction (confirmed by TLC), the reaction was diluted with
EtOAc and organic layer was washed with brine solution twice, dried over
anhydrous Na,SO,. The separated organic layer was concentrated, and
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purified by column chromatography on silica gel (20% ethyl acetate: pet-
roleum ether) to obtain 24 as a white solid (1.42 g, 78%).

Compound 25

Tf,0 (0.67 mL, 3.98 mmol) and dry pyridine (0.64 mL, 7.95 mmol) were
added dropwise to the stirring solution of compound 24 (1.29 g, 2.65 mmol)
in dry CH,Cl, (17.5 mL) at 0 °C and allowed to stir at same temperature for
1 h. After completion of the reaction, reaction mixture was diluted with
CH,Cl, (20 mL), and washed with 1 M HCl and aq. NaHCO; solution.
Separated organic layer was dried over anhydrous Na,SO,, concentrated
and dried under vacuum to give corresponding triflate derivative
quantitatively.

NaN3; (2.6 g, 39.75 mmol) was added to the solution of above obtained
compound in dry DMF (15 mL) and kept for stirring at rt for 12 h. After
completion of reaction (indicated by TLC), reaction mixture was diluted
with EtOAc (20 mL) and washed with brine solution. Separated organic
layer was dried over anhydrous Na,SO,, concentrated and purified by silica
gel column chromatography (15% ethyl acetate: petroleum ether) to afford
compound 25 (1.15 g, 85%) as white solid.

Compound 7

To a solution of 25 (800 mg, 1.56 mmol) in THF (10.0 mL), Zn dust (1.5 g)
and acetic acid (10 mL) were added and the mixture was stirred at rt for 3 h.
After completion of reaction (judged by TLC), the mixture was filtered
through Celite and the filtrate was concentrated and kept under vacuum.
The obtained crude material was dissolved in THF (10 mL) with activated
molecular sieves (500 mg) and trichloroacetyl chloride (0.8 mL, 3.12 mmol)
was added drop wise at 0 °C. The mixture was stirred for 45 minutes until
complete consumption of the starting material and then neutralized with
triethyl amine. The mixture was concentrated and purified by column
chromatography (10% ethylacetate: petroleum ether) to obtain 7 (835 mg,
85% over two steps) as white solid.

Compound 26

Compound 12 (1.23 g, 2.532 mmol) was dissolved in THF: H,O (33 mL:
11 mL). To this stirred solution N-bromosuccinamide (1.35 g, 7.597 mmol)
was added to it at rt. After complete consumption of starting material, the
reaction mixture was diluted with EtOAc and washed with Na,S,05. The
separated organic layers were dried over Na,SO,, concentrated on rotor and
chromatographed on silica gel (20% ethyl acetate and petroleum ether) to
afford desired hemiacetal as a viscous liquid (0.878 g, 88%).

To the stirring solution of hemiacetal (878 mg, 2.231 mmol) in CH,Cl,
(15mL), activated K,CO; (1.32g) and trichloroacetonitrile (1.12 mL,
11.154 mmol) were added to it at rtand the reaction was stired overnight.
After completion of the reaction, the solid residue was filtered off through
Celite bed and the filtrate was concentrated under reduced pressure to
obtain Schimdt donor 12a as a viscous liquid (quantitative yield). This
donor was used for glycosylation reaction without purification. Both donor
12a (1.2 g, 2.2307 mmol) and acceptor para methoxy phenol (332 mg,
2.676 mmol) were mixed and azeotroped with toluene under nitrogen and
kept under high vacuum for 30 min.

Freshly vacuum-dried MS 3 A (1.5 g) were added to a clear solution of
donor 12a and acceptor in CH,Cl: Et,O (1:3, 5mL: 15mL) and the
resultant turbid solution was stirred at room temperature for 30 min. After
that reaction mixture was cooled to —78 °C and then, TMSOTf (81 pL,
0.446 mmol) was added dropwise. After stirring the reaction mixture at the
same temperature for 2.5h, the reaction mixture was filtered through a
Celite pad and concentrated. The crude residue was purified by column
chromatography on silica gel (10% ethyl acetate:petroleum ether) to give 26
as a viscous liquid (1.05 g, 91%).

Synthesis of compound 11
To the clear solution of compound 26 (1.1 g, 2.201 mmol) in THF (20 mL),
tetra butyl ammonium fluoride (2mL) was added dropwise at room

temperature. After completion of the reaction, solvent was removed under
reduced pressure and it was used for next reaction without purification.

The obtained crude product was dissolved in THF (20 mL) and acetic
acid (10 mL). To this stirring solution, activated zinc (2.4 g) was added at
room temperature and allowed to stir for 3 h at the same temperature. After
complete consumption of starting material, solid residue was filtered off
through filter paper. The collected filtrate was concentrated on rotor and
azetroped with toluene. The obtained crude product was kept under high
vacuum for 1 h and used for the next step.

The vacuum dried compound was dissolved in THF (20 mL) and to
this clear solution, trichloroacetyl chloride (0.50 mL, 4.403 mmol) was
added dropwise at 0 °C. After complete consumption of starting material
(as judge by TLC), solvent was removed under reduced pressure and
chromatographed on silica gel (20% ethyl acetate:petroleum ether) to
obtain the desired compound 11 as a sticky liquid (866 mg, 78% over
three steps).

Compound 27

Freshly vacuum-dried MS 3 A (1.6 g) were added to a clear solution of 10
(903 mg, 1.783 mmol) and 11 (720 mg, 1.426 mmol) in CH,Cl,: Et;O (1:3,
5mL: 15mL) and the resultant turbid solution was stirred at room tem-
perature for 30 min. After that reaction mixture was cooled to —60 °C and
then, NIS (802 mg, 3.565 mmol) and TMSOTT (64 pL, 0.356 mmol) were
added sequentially at —60 °C. After stirring the reaction mixture at the same
temperature for 4 h, the reaction mixture was filtered through a Celite pad
and washed with CH,Cl,. Filtrate was washed twice with aq. Na,S,03, and
the separated organic layer was dried over Na,SO,, filtered, and con-
centrated. The crude residue was purified by column chromatography on
silica gel (20% ethyl acetate: petroleum ether) to give 27 as oily liquid
(1.04 g, 82%).

Compound 6

To the clear solution of compound 27 (376 mg, 0.424 mmol) in CH,Cl,
(3 mL) and MeOH (9 mL), p-toluene sulfonic acid (36 mg, 0.21 mmol) was
added at room temperature and allowed to stir overnight. After completion
of the reaction, reaction mixture was quenched by adding few drops of
triethylamine, the solvents were removed under reduced pressure and
chromatographed on silica gel (40% ethyl acetate:petroleum ether) to afford
6 as a foam (290 mg, 81%).

Compound 29

TH,0 (37 uL, 0.218 mmol) was added to a cold solution of 8 (0.101g,
0.156 mmol), Ph,SO (88 mg, 0.437 mmol) and TTBP (116 mg, 0.468 mmol)
in CH,Cl, (4 mL) at —60 °C. After 10 min, to this cold solution, acceptor 9
(97 mg, 0.187 mmol) in CH,Cl, (2mL) was added dropwise. After 1h,
reaction mixture was diluted with CH,Cl, and filtered through celite. The
filtrate was washed with aq. NaHCO; and the separated organic layer was
dried over Na,SO,, concentrated and purified by column chromatography
(20% ethyl acetate:pet ether) to give 29 as a viscous liquid (55 mg, 34%).

Compound 31

Compound 22 (874 mg, 1.080 mmol) was dissolved in THF: H,0O (12 mL:
4 mL). To this stirred solution, N-bromosuccinamide (577 mg, 3.241 mmol)
was added to it at rt. After complete consumption of starting material, the
reaction mixture was diluted with EtOAc and washed with Na,S,05. The
separated organic layers were dried over anhydrous Na,SO,, concentrated
on rotor and chromatographed on silica gel (20% ethyl acetate:petroleum
ether) to afford desired hemiacetal (668 mg, 88%).

To the stirring solution of hemiacetal (220 mg, 0.313 mmol) in CH,Cl,
(5mL), activated K,CO; (330 mg) and trichloroacetonitrile (0.16 mL,
1.564 mmol) were added to it at rtand the reaction was stirred overnight.
After completion of the reaction, the solid residue was filtered off through
Celite bed and concentrated under reduced pressure to obtain imidate
donor 30 as a viscous liquid (quantitative yield).
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Freshly vacuum-dried MS 3 A@s g) were added to a clear solution of
Schmidt donor 30 (0.844 g, 1.1837 mmol) and acceptor 11 (0.552 g,
1.0653 mmol) in CH,Cl, (10 mL) and the resultant turbid solution was
stirred at room temperature for 30 min. After that, reaction mixture was
cooled to —40 °C, TMSOTT (43 pL, 0.2367 mmol) was added dropwise to it
and reaction temperature was gradually increased to room temperature.
After stirring for 3 h, the reaction mixture was filtered through a Celite pad
and concentrated. The crude residue was purified by column chromato-
graphy on silica gel (20% ethyl acetate:petroleum ether) to give 31 as a
viscous liquid (0.905 g, 87%).

Compound 32

To a clear solution of compound 31 (857 mg, 0.8761 mmol) in MeOH:
CH,Cl, (20 mL: 10 mL), sodium methoxide (189 mg, 3.5044 mmol) was
added at rt and allowed to stir under reflux for overnight. After completion
of the reaction, reaction was quenched with amberlyte (H") resin, filtered
through filter paper, concentred in vacuo and chromatographed on silica gel
(30% ethyl acetate:petroleum ether) to give 32 as viscous liquid
(649 mg, 86%).

Compound 5

To a stirred solution of disaccharide diol 32 (0.122 g, 0.142 mmol) in
CH,Cl,/H,0 (2.4 mL, 3:1) were added TEMPO (5 mg, 0.028 mmol) and
BAIB (114 mg, 0.3540 mmol) at 0 °C and to the reaction was stirred for 3 h
atroom temperature. The reaction was diluted with EtOAc and washed with
aq. Na,5,0; solution. The separated organic layer was dried over anhydrous
Na,SO,, filtered, and concentrated. It was then kept under high vacuum for
1h and used for the next step without purification.

The crude product was dissolved in DMF (2 mL) and treated with
BnBr (0.04 mL, 0.283 mmol) and NaHCO; (48 mg, 0.566 mmol) at rt
overnight. After complete consumption of starting material, the mixture
was diluted with EtOAc and washed with brine. The separated organic layer
was dried over anhydrous Na,SO,, concentrated, and purified by silica gel
chromatography using 30% ethyl acetate:petroleum ether as an eluent to
afford 5 as a colourless viscous liquid (115 mg, 85%).

Compound 33

Freshly vacuum-dried MS 3 Ao g) were added to a clear solution of thio
glycoside donor 4 (446 mg, 0.825mmol) and acceptor 5 (557 mg,
0.577 mmol) in CH,Cl,: Et,O (1:3, 5mL: 15 mL) and the resultant turbid
solution was stirred at room temperature for 30 min. After that reaction
mixture was cooled to —60 °C and then, NIS (204 mg, 0.907 mmol) and
TMSOTTf (30 pL, 0.1649 mmol) were added sequentially at —60 °C. After
stirring the reaction mixture at the same temperature for 1 h, the reaction
mixture was filtered through a Celite pad and washed with CH,Cl,. Filtrate
was washed twice with aq. Na,S,03, and the separated organic layer was
dried over Na,SOy, filtered, and concentrated. The crude residue was pur-
ified by column chromatography on silica gel (25% ethyl acetate: petroleum
ether) to give 33 as a white foam (697 mg, 88%).

Compound 34

A solution of trisaccharide donor 33 (289 mg, 0.209 mmol), acceptor 6
(194 mg, 0.230 mmol) and molecular sieves 3 A MS (550 mg) in CH,Cl,
(10 mL) were stirred at room temperature for 30 min. The reaction mixture
was cooled to —60 °C and then NIS (94 mg, 0.418 mmol) and TMSOTf
(7 pL, 0.042 mmol) were added sequentially. After 1 h, the reaction mixture
was quenched with Et;N and diluted with CH,CL. The solids were filtered
off and the resulting residue was washed with aq. Na,S,0; solution. The
separated organic layer was dried over anhydrous Na,SO,, filtered, con-
centrated and purified by column chromatography over silica gel (30% ethyl
acetate:petroleum ether) to afford 34 as a white foam (345 mg, 79%).

Compound 34a
Triethylamine (50 pL, 0.03 mmol), acetic anhydride (80 pL, 0.07 mmol),
DMAP (2 mg, 0.016 mmol) were added sequentially to a clear solution of

compound 34 (37 mg, 0.017 mmol) in CH,Cl, (1 mL) at 0°C, and the
resulting solution was allowed to stir under nitrogen for 1 h. After complete
consumption of starting material (monitored by TLC), solvent was directly
removed under reduced pressure. The residue was purified by column
chromatography on silica gel using 20% ethyl acetate:petroleum ether to
yield compound 34a as a viscous liquid (33 mg, 87%).

Compound 3

Activated molecular sieves 3 A (250 mg) was added to the vacuum dried
azeotropic mixture of imidate donor 7a (148 mg, 0.217 mmol) and penta-
saccharide acceptor 34 (114 mg, 0.054 mmol) and dissolved in dry CH,Cl,
(4 mL) at room temperature. After 30 min, reaction mixture was cooled to
60 °C and then TMSOTf (8 uL, 0.043 mmol) was added dropwise. After
complete consumption of acceptor (as judged by TLC), the reaction mixture
was quenched with Et;N and diluted with CH,Cl,. The solids were filtered
off and the resulting residue was washed twice with aq. Na,S,0; solution.
The separated organic layer was dried over anhydrous Na,SOy, filtered, and
concentrated. The crude residue was purified by column chromatography
on silica gel (20% ethyl acetate:petroleum ether) to afford 3 as a white foam
(134 mg, 94%).

Procedure of one-pot synthesis of hexasaccharide 3. An azeotroped
mixture of donor 4 (58 mg, 0.107 mmol), acceptor 5 (82 mg, 0.085 mmol)
and 3A MS (0.2 g) were dissolved in CH,Cl, Et,O (L:1, 4mL) and the
reaction was stirred at room temperature for 30 mins and shifted to —60 °C.
After 10 mins, NIS (29 mg, 0.128 mmol) and TMSOTf (4 pL, 21.4 pmol)
were added sequentially at —60 °C. After complete consumption of starting
materials (as judged by TLC), to this reaction, disaccharide acceptor 6
(72mg, 0.0858 mmol) in CH,Cl, (1mL), followed by NIS (48 mg,
0.2144 mmol) and TMSOT( (4 pL, 21.4 umol) were added at —60 °C. After
2.5h, another donor 7a (292mg, 0.428 mmol) in CH,Cl, (2mL) and
TMSOT (15 L, 85.8 umol) were added sequentially at —60 °C to the stirred
reaction mixture. After completion of the reaction (confirmed by TLC),
reaction mixture was quenched with NEt;, filtered through Celite and the
obtained organic layer was washed with aq. Na,S,0; solution. Collected
organic layer was dried over anhydrous Na,SO,, concentrated and purified
by column chromatography on silica gel (10-15% ethyl acetate:toluene) to
afford 3 (154 mg, 68% over three steps) as a white foam.

In a similar way, compound 3’ was synthesized using diol 6’ in place of
6, under identical conditions.

Synthesis of compound 36

A turbid solution of hexasaccharide 3 (90 mg, 0.034 mmol and molecular
sieves 3 A MS (150 mg) in CH,Cl, (1.5mL) were stirred at room tem-
perature for 30 min. The reaction mixture was cooled to —78 °C and then
Et;SiH (19 pL, 0.119 mmol), triflic acid (9 uL, 0.009 mmol) were added
sequentially at —78 °C. After complete consumption of starting material (as
judge by TLC), reaction mixture was quenched with triethylamine (0.5 mL)
and MeOH (1 mL). The solid residue was filtered off through Celite bed. The
collected filtrate was concentrated under reduced pressure and purified by
column chromatography over silica gel (30% ethyl acetate:petroleum ether)
to afford 36 (67 mg, 75%).

Compound 1

The freshly prepared crude bis(chloro)(2-azidoethyl)phosphonate 37”
(9 mg, 0.045 mmol) was dissolved in toluene (1 mL) and then was added
dropwise to a solution of hexasaccharide acceptor 3 (20 mg, 0.0076 mmol),
DIPEA (0.026 mL, 0.152 mmol) and 1H-tetrazole (0.048 mL, 0.022 mmol,
0.45M solution in CH3;CN) in toluene (1 mL) at 0°C. After 12h at
room temperature, 1 drop of water was added to reaction mixture and it
was stirred for additional 1h at room temperature. After completion
of the reaction (as judged by TLC and *'P NMR), the reaction was
quenched with water and diluted with EtOAc. The organic phase
was washed with aq. NaHCO; and brine, dried over anhydrous Na,SOy,
filtered and concentrated in vacuo. The crude product was passed through
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the short column to give phosphodiester compound 2 and used for the
next step.

Above residue was dissolved in EtOH (2 mL) and AcOH (one drop).
To this solution Pd(OH),/C (40 mg, 20 wt% Pd) was added and the reaction
was stirred under an atmosphere of hydrogen for 72 h at room temperature.
After complete consumption of starting material (as judged by HRMS),
reaction mixture was filtered through a Celite pad with methanol/H,O as
eluents. The obtained filtrate was concentrated under reduced pressure and
purified on Sephadex G-25 gel using H,O as eluent to give 1 as white foam
(6.6 mg) in 68% yield over three steps.

Data availability

The data underlying this study are available in the published article and its
Supplementary Information. It contains additional schemes, detailed
experimental procedures and spectral characterization data of all new
compounds (PDF). A separate file “Supplementary Data 1” containing
copies of 1D and 2D NMR spectra as well as mass spectra is also pro-
vided (PDF).
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