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Chapter 1

A look into the field of zwitterionic polysaccharide (ZPS) synthesis

Part 1. ZPS Biological Significances

Zwitterionic polysaccharides (ZPSs) are a unique class of biopolymers comprised of
carbohydrate based repeating units which bear positive and negatively charged moieties.
For the most part, polysaccharides are generally devoid of charged functional groups, or
are net negatively charged, and do not elicit an adaptive immune response.’3 An
additional unique characteristic of ZPSs lies in their ability to elicit a T-cell stimulatory
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Figure 1. ZPS processing and presentation by the MHCII pathway

response; independent from peptides, protein, or lipids.* The ZPS-antigen can be

processed by antigen presenting cells (APCs), bind with major histocompatibility complex



Il (MHCII) and then presented on the surface to the U /-Tcell receptor of a naive T-
lymphocyte (depicted in Figure 1).! This process initiates when ZPSs, expressed as an
MHCII-ZPS complex on the surface of B-cells, encounter ZPS primed T-cells and get
necessary costimulation. The B-cells are then transformed into long-living plasma cells

that can generate immunoglobulin from isotype switching and memory B-cells.>”

ZPSs have been discovered and isolated from the capsule or the lipopolysaccharide
(LPS) of various strains of bacteria: Morganella morganii (MM-ZPS),2 Bacteroides fragilis
(PS Al & PS B),° Staphylococcus aureus (CP5 & CP8),1° Streptococcus pneumoniae
(SP1),!! Providencia alcalifaciens 022,213 Plesiomonas shigelloides,** Photorhabdus
temperate subsp. Cinereal 3240, Shigella sonnei Plesiomonas shigelloides.'617 In
addition to the naturally occurring ZPSs, synthetic ZPSs have been produced by
modifying neutral carbohydrate polymers with charged groups. This process has been
shown to also elicit similar immunomodulatory response.'1° As expected, neutralization
of the charged groups via chemical modification eliminates any T-cell independent
response initially elicited by the ZPSs which reflects the importance of the zwitterionic

character for the immune stimulation.20-21

Recently, many researchers have looked toward ZPS properties for inspiration in
generating novel immunotherutics.??3¢ This has led to the development of new
immunotherapeutics by conjugating antigens of interest, such as tumor associated
carbohydrate antigens (TACAS), to ZPSs.?° TACAs are truncated and overexpressed on
the surface of malignant cells, lending them to be ideal candidates for immunotherapeutic
development.3’-38 The aberrant glycosylation pattern found on tumor cells are a result of

overexpression of glycosyltransferases in malignant cells.3®43 Carcinogenesis is



accompanied by aberrant glycosylation of glycoproteins and glycolipids.** These events
are correlated with multiple stages of tumor development, particularly the invasion and
metastasis stages.** TACAs are expressed on myriad cancers while remaining
essentially nonexistent on healthy cells; making them a promising target antigens
immunotherapeutic development.?* 4546 However, because TACAs are endogenous
carbohydrate antigens and are not zwitterionic, they elicit very low levels of
immunogenicity.?? TACAs can only stimulate the production of B-cells, and are not taken
up by antigen presenting cells (APCs). Therefore, they are unable to induce a T-cell
dependent immune response.?? 24 4748 \\ithout the presentation to T-cells, class

switching from IgM to IgG and enhanced cell memory cannot be triggered.3# 39 42,49

One way to promote T-cell activation has been to conjugate TACA antigens to carrier
proteins. Carrier proteins are strongly immunogenic molecules which can stimulate a
long-lasting immune response. Many carriers have been reported, including proteins,
peptides, nanoparticles, liposomes, and polysaccharides. The most well studied and used
carriers include Bovine Serum Albumin (BSA),*° Keyhole Limpet Hemocyanin (KLH),5%?
CRM197, Diphtheria toxin (DT),%? tetanus toxin (TT),%3 and most recently the PS A1 ZPS,%
82-35,54-55 gnd the PS B ZPS.% Unfortunately, there are limitations to using large carrier
proteins. Epitope suppression of the antigen can occur when a stronger immune response
is elicited towards the carrier protein than the conjugated antigen. In addition, carrier
proteins are large biomolecules which have an undefined chemical structure which leads

to ambiguity in conjugation of antigen.

ZPSs are being developed as an alternative for large carrier proteins. ZPSs, such as PS

Al, are an order of magnitude smaller than the average size of KLH (3 x 106 MW) and



can stimulate an equivalent immune response.?® %7 In addition, ZPSs simultaneously
interact with TLR-1 in addition to MHCII making them an attractive alternative to carrier
proteins.>8€° To date, two ZPSs have been used in the development of ZPS vaccine
conjugates: PS Al and PS B.1 32355 These ZPS-TACA conjugates are made using
isolated and purified native ZPS. Currently this is the only synthetically feasible way to
develop ZPS based vaccines due to the required size of ZPS needed to stimulate the
immune system. It has been discovered that ZPSs smaller than 120 kDa (~20
monosaccharide residues) have little to no immunomodulatory properties.34 57.61-67 While
isolation is currently the most efficient option for construction of ZPS conjugate
immunotherapeutics, total synthesis superior option for obtaining pure synthetic entities
for definitive mechanistic and immunological studies. The development of chemical
probes can include site specific modifications to access labeled compounds and
microarray technology. Chemical probes and tool compounds can lead to be better
understanding of chemical biology and the ZPS-immune system interactions which will in
turn lead to better more effective therapeutics. In addition, total synthesis allows for
structure validation of reported ZPSs. While this may seem as a trivial justification for the
arduous task total synthesis, history shows that initial structural identification of
compounds is not always accurate.®®76 Total synthesis also allows for the ability to
construct derivatives of the target molecule. Derivatization can lead to the development
of more potent, safer, effective compounds and lead to discovering the minimum
pharmacophore. For the broader field of ZPSs, the minimum pharmacophore is still yet

to be determined.



Part 2. Synthetic studies towards a Spl ZPS repeating unit

Structural elucidation of the Sp1 ZPS was carried out by NMR analysis of degraded native
polysaccharide in 1980 by Powell and co-workers at the University of Stockholm in
Sweden.”” Powell and co-workers determined the Spl polysaccharide is made up of
tri mer repeats ¢ eD¥PpNeasetarhido-4-amino-2,4,6+rideoxy-D-
galatopyranose (D-AAT) and two U-D-galacturonic acid resides which differ at the site of

glycosylation (C3 and C4).
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Figure 2. Sp1 structure

They were then able to report the structure of the Sp1 ZPS (1):  Y-BSugp-( 1 Y-4-p-
GalpA-( 1 Y-8p-GalpA-( 1Y repeat i (Figuresl). Totalcsynthesis of the Spl
ZPS poses three major challenges. Firstly, methods for incorporation of the rare

monosaccharide 2-acetamido-4-amino-2,4,6-trideoxy-D-galactose (D-AAT) residue are



understudied.” These rare amino sugars contain a free amine at the C4 position and an
acetamide at the C2 position. The D-AAT residues are found in such low quantities in
nature, isolation is not a viable option for obtaining synthetic precursors. Because of this
many procedures for preparation of D-AAT building blocks have been reported.t’. 79-86
Currently, the most common way to access the rare D-AAT building block is through
manipulations of D-GIcNAc (Figure 2). Two major transformations must take place to
convert a D-GIcNAc 2 residue to a D-AAT building block 3 (Figure 3, part a). One involves
conversion of the equatorial C4 (R) alcohol into an axial C4 (S) amine. This is usually
carried out by converting the C4 alcohol into a good leaving group (-OTs, -OMs, -OTf)
followed by displacement by an amine nucleophile (NaNs). Secondly the C6 alcohol
needs to be removed. This is carried out by conversion into a suitable leaving group and
then displaced by a hydride nucleophile to give the D-AAT residue, such as 3. These
methodologies were adopted by Sharon,®” Lonngren,® Pozsgay,?®? Schmidt,?® Grindley,*°
Van der Marel,%8 and their respective co-workers to synthesize building blocks for the

synthesis of the Sp1 ZPS.



a. D-GIuNAc derived D-AAT

C6 deoxygenation
C4 amination & y/_

stereocenter inversion OR CbzHN
RO 0 e O _oRrR
RO OR ——>» 5 RO
NHACc NHAc
2 3

D-GluNAc derivative

b. L-threonine derived D-AAT

CbzHN CbzHN
OH O 6 steps o 3 steps o
OH > o ACONL > RO O ~CFs
48% overall 53% overall R
NHCbz yield yield NH
4 5 6

L-threonine

Figure 3. Synthesis of D-AAT glycosides

In addition, efforts to produce synthetic building blocks of the D-AAT residue have been
developed by Seeberger and co-workers as a de novo strategy from Chz-protected L-
threonine 4 (Figure 3, part b).8% 91 This procedure involved a Dieckmann cyclization of
acetylated L-threonine 4 to form a b-ketoester product which under a series of steps is
converted to the glycal 5. Introduction of the C2 amine is carried out by azido-nitration or
azido-selenation of the glycal 5. Following two additional steps, the azido product can be
converted into a suitable D-AAT donor building block 6. As we will see in synthesis of Spl
and PS Al the C2-azide protected D-AAT donors are ideal building blocks for formation

of the a-glyosidic linkages, due to the non-participatory nature of the azide functionality.



In contrast, when a D-AAT donor is required to form a b-glycosidic linkage it can be
advantageous to use a -NHTCA or -NHAc protected amine at the C2 position to leverage
the ability for neighboring group participation (NGP) by the acetamide functionality. D-
glucal derivatives have also been used as a D-AAT precursor by Bundle®? and D-

mannose by van Boom®?® and Kulkarni.®*

Another key synthetic consideration for the Spl ZPS is the D-galacturonic acids. D-
galacturonic acids are generally regarded as both poor glycosyl donors and poor glycosyl
acceptors due to the electron-withdrawing effects of the C6 carboxylic acid typically

masked as esters.95-96

a) post-glycosylation oxidized method : b) pre-glycosylation oxidized method
BnO OH N BnO o O N : o )
BnO QN [ox] Bno&% s : CO,Bn o SPh
BnOY &O: — > BnOY &0: : BnO 2 HO )
: BnO
AcHN o AcHN o : Br OBn
7 S~ 8 S~ 9 10

Figure 4. D-GalA donor derivatives and methods

Many synthetic methods have been developed to combat this lack of reactivity. The most
common strategy involves a late stage oxidation of a D-Gal residue. For example, after
construction of the core oligosaccharide using D-galactosyl residues, such as 7, a late

stage oxidation of the C6 alcohol to a carboxylic acid to provide the D-galacturonic acid



residue, such as 8 (Figure 4, part a). This method will be referred to as the post-
glycosylation oxidation method involves the oxidation after the glycosidic bond has been
formed. In contrast, the pre-glycosylation oxidation method uses C6-ester protected D-
GalA donors, such as 9 to build the oligosaccharide core (Figure 4, part b). These can

also be protected as the intramolecular lactone such as 10.%7

The third major synthetic challenge of the Spl ZPS repeating unit involves the 1,2-cis
connectivity. The Spl ZPS is purely composed of 1,2-cis-glycosidic linkages which afford
a reasonable degree of synthetic challenge.®®® The presence of a non-participating
group is required for the synthesis of 1,2-cis glycosides, but non-participating group alone
cannot ensure the st er e-predactiefavoredvby thezanomarict h ou g h
effect, this typically offset by steric factors of having adjacent O-linked substituents on the
same face of the ring (1,2-cis). Therefore, stereoselectivity of glycosylation is typically
poor and requires other modes of stereocontrol, such as participating solvent or reaction

additives.%
Part 3. Partial synthesis of Sp1 repeating unit by Lonngren (1984)

Following this discovery of the Spl repeating unit structure by Powel, a synthesis was
carried out by Lonngren and Lonn in 1984 at the University of Stockholm.® The target
molecule for Lonngren and Lonn was a partial ZPS unit: methyl 2-acetamido-4-amino-
2,4,6-trideoxy-3-O-( AD-galactopyranosyl-uronic acid)-U-D-galactopyranoside 11 (Figure
5, part a).1%° The target disaccharide 12 derived from the greater polymer (11) contained
an anomeric methyl group, which is not found in the isolated ZPS. This is referred to as
a capping group. Capping groups are often utilized to prevent mutarotation of the reducing

sugar.'! To date, all synthetic ZPSs have employed capping groups to prevent the final



product from existing as a mixture of interconverting isomers. Retrosynthetic analysis of
the target disaccharide 12 provided the monosaccharide building blocks 13 and 14
following a deprotection step and disconnection of the glycosidic bond (figure 5, part b,
disconnection i). The D-GalA donor 13 was synthesized in a 31% yield over three steps
from the known methyl (methyl a-D-galactopyranoside) urinate.1°? The D-AAT building
block 14 was synthesized in a 9% vyield over eight steps from D-GIcNAc.1% This donor

represented the pre-glycosylation oxidation strategy previously mentioned in part 2.

10



a) Target molecule selection (shown in red)

HO ©
co, ®
0O HsN
----0
o)
HO

0
AcHN
11 Pco,
o}
HO
HO
Q
b) Retrosynthetic analysis
HO ©
CO
2 o) (;?H BnO N3
HO Rl CO,Bn
HO -0 — st G O&&\
4 BnO AcHN
i/ ACHNOCH3 Br CANOCH,
12 13 14
31% yield 9% yield
3 steps 8 steps

from D-GalA from D-GIcNAc

Figure 5. Retrosynthetic analysis (Lonngren, 1984)

The synthesis of 12 commenced with the construction of the bromide donor 13 and a D-
AAT acceptor building blocks 14. The glycosylation event between donor 13 and acceptor
l4was not trivial. Standard gl ylReisprdvidediovo ns c o

yields and/or poor alpha/beta ratios of product (Scheme 1, entry 1 and 2). This could be

11



due to the use of the D-GalA residue which is known to poor glycosyl donor due to the

disarming effects of the electron withdrawing group at the C6 position. Zinc bromide as a

promotor system gave provided the desired disaccharide 15 with a good alpha beta ratio

and good yield (entry 3). The fully protected disaccharide was hydrogenated over Pd/C

which facilitated reduction of the azide residue to provide the C4 free amine and removal

of the benzyl protecting groups. Following purification through a size exclusion column

Lonngren and Lonn obtained their desired product 12. While this route did not complete

the Sp1l trisaccharide ZPS, it was incremental in laying the foundation for Sp1 synthesis

to follow.

Scheme 1. Sp1 disaccharide synthetic route

BnO
BnOCO B N3 COQBn
220 o conditions BnO N3 Hp, PAIC 45
+ > -
BnO HO BnO o) 90% AcOH
BnO AchN ocH 0 18 h, rt
Br 3 ’
15 ACHNOCH, 73%
13 14

Table 1. reaction conditions for 15

entry promotor yield qp-ratio

HgBr,
-or- 55% 3:1
AgOTf
collidine
2 TBAB 35% 8:1
ZnBr 73%  7:1
4 AMS

Part 4. Partial synthesis of Sp1 repeating unit by Oscarson (2016)

Oscarson and co-workers, at the University College of Dublin in 2016, published a

strategy for an iterative approach towards oligomers of Spl.”® Their approach was

12



focused on the synthesis of a trisaccharide repeating unit that contained the two
sequential D-GalA residues with the D-AAT residues at the non-reducing end of the
trisaccharide (figure 6, shown in red). Oscarson and co-workers planned two competing
synthetic routes which could potentially achieve a Spl repeating units 17 and 18. The

differences in synthetic routes was the oxidation sate of the D-GalA precursor building

blocks.
HO ©
co, ® N
O Hs3N 3
____O O
AcHN AcHN

0082 Pco,Me
(0] O OBn
HO OgO@ ® BnO C02|v(|)e
HO 2 BnO 0
© < N!H; ° 0B " SiCH3)
HO () n

16 0o 17, R = Ac
18, R=H

Figure 6. Oscarson and co-workers repeating unit selection

The first route, which incorporated a pre-glycosylation oxidation strategy, sought to obtain
the protected trisaccharide 17 by utilizing D-GalA building blocks (20 and 21) to avoid a
late stage oxidation of the C6 and C66 p osi t i @ mpata) The maihyl ester D-
GalA building blocks, 20 and 21, which were derived from previously reported advanced

intermediates.'%41%5 This route incorporated the C2 N-aryl imine protected D-AAT

13



derivative 19. The D-AAT thioglycoside 19 was obtained through seven steps from D-

GlcN in a 48% vyield.

a. pre-glycosylation oxidation strategy

N3

N3
O CIACO BnO
ACO&‘ A og:‘o Skt ¢ coMe cQMe
AcHN C + - o
cone — N B“Om SEt HO = " Si(CHa)s
O _OBn \_Q_CF:‘ OBn n
COZMe
O\/\SI CHs) 19 20 21

48% over 7 steps
from D-GalN

N3
o CIAcO _ 0Bz BnO OBZ
HO o8 sEt . o o N
AcHNY — >//NAC BnO Et \/\Sl(CH3)3
CO,Me OBn
O, OBn (o}
Bno&‘ CO,Me 23
BnO O

OBn ! 54% over 8 steps
18 fromD-GalN

Figure 7. Retrosynthetic analysis by Oscarson and co-workers

The competing synthetic route used the post-glycosylation oxidation strategy to avoid the
anticipated difficulties of D-GalA residues as glycosidic donors and acceptors to provide
the desired trisaccharide 18 (Figure 7, part b). This route used D-Gal building blocks 23
and 24 and D-AAT thioglycoside donor 22 to obtain a fully protected trisaccharide which
could subsequently undergo a late-stage oxidation to afford the protected trisaccharide

18 (figure 7, part b).

The pre-glycosylation oxidation approach began with glycosylation between thioglycoside

donor 20 and D-GalA acceptor 21 which gave a-liked disaccharide 25 (Scheme 2). A
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thiourea mediated saponification of 25 gave acceptor 26. Next, a glycosylation with the
thioglycoside donor 19 took place. Glycosylations with N-imine protected donor 19, under
nickel catalyzed stereoselective glycosylation conditions, developed by Nguyen to
provide the 1,2-cis-2-amino glycosidic linkages.'%6197 Formation of the a-linked

trisaccharide 27 proceeded in good yield, but with poor stereoselectivity. Acid mediated

hydrolysis of the imine followed by acetylationt o pr ovi de t h eaffodd2d 6

protected trisaccharide 17. From the monosaccharide building blocks (19, 20, and 21),

trisaccharide 17 was obtained with a 35% overall yield.

Scheme 2. pre-glycosylation oxidation route

_ MesSpTho

COQMe
20+ 21 T &ﬁ COMe 19, Me,S,-TF,0 A0 nl
2 2Cl, . /9
0°C 30 mon g@ 'O\/\s. o) 3:2 E120/CH;Cl, Conoe o8
74% 0°C, 30 min Fic CO,Me
gS/O\/\s. (CHa)s

thiourea 25, R = AcCl 57% a-only
NaHCO3 26,R=H

TBAI

84%

Q 35% overall yeild
1) CSA, MeOH (74%) AcO yoby from 19, 20, 18

2) Ac,0, MeOH (64%) coMe
BnO. COZMOe
BnO
&/O\/\Si(CHB

Of the two post-glycosylation oxidation strategy discussed, the optimized route to
synthesize 18 will be discussed here (scheme 3). The route commenced with a
glycosylation between D-Gal thioglycoside donor 23 and D-Gal acceptor 24 to give a-
linked disaccharide 28. Foll owing a s ap o-AdCl tb giget 29,0
glycosylation event with thioglycoside 22 gave trisaccharide 30. In this case, the tunable

reactivity of 22 was leveraged to provide the desired a-glycosidic linkage.'%® Following
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the -C2®O@®baamate and C6 and C606 benzoyl

C6 and C606 selective TEMPO oxidati on
17. From the monosaccharide building blocks (22, 23, and 24), trisaccharide 17 was

obtained with a 35% overall yield.

Scheme 3. post-glycosylation oxidation route

RO _oBz gﬁ
O _OBn >// o]
gﬁ oez 22, NIS, AgOTf I AT

Mezsz Tf,0
23 + 24 BnO OBz
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95% thiourea 71% a-only OBn o
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1) Ba(OH),8H,0, then Ac,O (80%) cQ:Me
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0 BnO O
0% ° O sicHa),
OBn

It was found that both synthetic routes proceeded to the advanced trisaccharides (17, and
18) in similar overall yield. However, building block synthesis was easier for the post
glycosylation oxidation route to give trisaccharide 18 (scheme 3.). Next, the group wanted
to transform the advanced trisaccharide intermediate 18 into a donor and an acceptor so
they could obtain the hexasaccharide; Spl dimer (figure 8). Compound 18 was
successfully transformed into trichloroacetimidate donor 31 in three steps using standard
conditions (Figure 8, part a). In an additional two steps, the trisaccharide acceptor 32 was
produced from 31. Unfortunately, glycosylation events between donor 31 and acceptor

32 never afforded the desired product. Rather, they gave the undesired, b-linked,
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hexasaccharide (Figure 8, part b). The group did not report a global deprotection of any

trisaccharide or hexasaccharide material to give the Spl repeating unit.

a) preparation of trisaccharide donor and acceptor

N3 N3

&O &O
CIAcO HO
3 AcHNG AcHNJ
-steps COZMe -steps Cone
18 O OBn O OBn
COZMe — | Cone

O CCI
31 ®

iterative Sp1 donor iterative Sp1 acceptor

b) hexasaccharide glycosylation
N3

O
C|ACO%
ACHNO
TMSOTF % on N
31 + 32 CH.CI > BnO !COZMe |3.
2vi2 (@]
BnOO o (0]
AcHN

83% p-only
BnO

COzMe
BnO A 9B
undesired stereochemistry s cQ-Me
o)

33

BnO
O\/\

Figure 8. Attempted synthesis of an Spl ZPS hexasaccharide

The partial synthesis demonstrated by Oscarson and co-workers played on many of the

strengths discovered by previous total (vide infra) and partial syntheses (vide supra). The
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large number of total steps required and the difficulties of establishing the desired
anomeric stereochemistry illustrates many of the inherent difficulties encountered when

attempting such a difficult total synthesis.
Part 5. Bundle and co-worker& total synthesis of Sp1 (2010 report)

The first successful total synthesis of the Sp1 ZPS repeating unit was completed in 2010
by the Bundle group.1®® Bundle and co-workers selected the repeating unit frame which
contains a central D-AAT reside and two flanking D-GalA residues (Figure 9. shown in
red). From this greater oligosaccharide 34, the repeating trisaccharide 35 was selected
at the synthetic target. The repeating unit 35 contained a C1 methyl capping group to

prevent mutarotation of the final product.

HO ©
co, ®
O H3N
----0
HO %
AcHN & central
COz D-AAT residue
HO ©
co2 CoO2 @
N”S HO A NH;
HO 0
AcHN
oco AcHNL - o
20 COZO
HO oH o o HO
Ho| |CO2 TN HO
34 ) O Hs 35 OMe
o)
HOY
AcHN

----0

Figure 9. Bundle (2010) synthetic target selection of Sp1l
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The synthetic route was based on the post-glycosidation oxidation strategy and was
planned to construct the target molecule. Dur i ng t he f i nal synthetic
alcohols would be deprotected and oxidized to the corresponding carboxylic acids. In
contrast to other synthetic routes discussed thus far, the synthetic plan included
production of the D-AAT residue by performing functional group interconversions of a
protected D-Gal residue at an advanced stage of synthesis. Overall, the repeating unit 35

was planned to be synthesized from the reducing to non-reducing end.

Retrosynthetic analysis provided deprotection of 35 would give the protected
trisaccharide 36 (Figure 10). Making the disconnection of the D-Gal-a-(1Y 3)-D-AAT
glycosidic bond would provide the thioglycoside donor 37 and the disaccharide acceptor
38. The thioglycoside donor 37 could be prepared in seven steps from D-Gal. The
disaccharide acceptor 38 could come from disaccharide 39 following significant functional
group interconversion to produce the D-AAT residue from a D-GIcN. Three major
synthetic transformations needed to take pl ac
acetamide, 2) inversion of the C46 st ereochemistry and instal
(masked amine), 3) deoxygenat i on-AlTfa-(t1hWe®X3XB 6 al co
glycosidic linkage could be disconnected to provide the building block donor 40 and

acceptor 41.
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post-glycosylation

Ho o BnO OAc
Co @ " o Ns oxidation strategy
HO Q NHs lobal BnO BnO _OAC Ne
glopba BnO o o
" 2 " BnO o
o P— /0 p— s o
AcHN deprotection / AcHN poe}

OBn
oco O _OPMB 0 _OAc
2 : o) Cl
BnO, BnO,

HO OMe

OMe 7 steps from OMe
35 36 D-Gal 38
install azide deoxygenate
AcO OAc

A"O HO _OPMB

functional group AcACIJIO o] o
Na OPMB p— 1 + BnO.
lnterconverston 3 O\H/CCI3 BNOd e
convert to

acetamide 40 4
11 steps, 29% yield 4 steps from
from D-GIcN D-Gal

Figure 10. Bundle (2010) retrosynthetic analysis of Sp1 repeating unit

In the forward sense, a TMSOTf mediated glycosylation event between
trichloroacetimidate donor 40 and acceptor 41 gave the Ulinked disaccharide 39
(Scheme 4). The choice of the C2-azide in donor 4 is primarily for the formation of thel,2-
cis-a-glycosidic bond. In general, the majority of amine protecting groups undergo
participation, leading to the formation of the 1,2-trans-b-glycosidic linkage. The azide can
act as a non-participatory group as it is small enough to not sterically hinder the formation

of the 1,2-cis glycosidic linkage.
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Scheme 4. Synthesis of Sp1 repeating unit

OAc conversion of D-GIcN N3

to D-AAT residue
OAc AcO o) ‘55 o
AlIO: HO

AcO o) HO ~OPMB 10 steps oy
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\n/ OMe -15°C > rt BnO. BnO

NH 60% BnOOMe BnOOMe
40 41 39 38
HO ©
BnO OAc CO, ®
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CH,Cl, 0 LOAC 30% overall yield &0z
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Following the formation of disaccharide 39, a linear sequence of ten steps took place
which converted the D-GIcN to a D-AAT residue and provided the C3 6  &laoleleof
disaccharide acceptor 38. Fi r st iNhveas r€d2iced then acetylated in the ten-step
sequence. Then the acetates were removed and mesylation o f t he prGHmary C
followed. Displacement of the by mesylate by a hydride then took place. Next ,- the C
OH was triflate and displaced by an azide nucleophile whi c h inverted t !
stereochemistry. Finally, the C6-PMB group was removed and replaced with an acetate
protecting group. At this point in the synthetic route, the overall yield of acceptor 38 was
12% with a total of 11 steps from the monosaccharide building blocks 40 and 41.
Thioglycoside 37 was activated under NIS/TfOH conditions with acceptor 38 to give
trisaccharide 36 in good yield. The core trisaccharide 36 then underwent a series of steps
to oxidize the C6-OH a n d-OHCa&hd globally deprotect give the Spl trisaccharide
repeating unit, providing trisaccharide 35. Synthesis of the trisaccharide 35 was produced

in sixteen steps with a 3% overall yield from its constituent monosaccharide building

blocks 40, 41 and 47.
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The Bundle group sought to investigate immunomodulatory activity of larger Spl ZPSs.
To facilitate this, they planned a synthesis to provide a hexasaccharide consisting of a
dimer of repeating units (Figure 11). To access the Spl hexasaccharide 42, modifications
to the route of trisaccharide 35 were made to provide a trisaccharide donor 43 and a
trisaccharide acceptor 44. Retrosynthetic analysis of the trisaccharide donor 43 provided
disconnection of the D-Gal-a-( 1 Y-®JAAT linkage that could provide the previously
used thioglycoside donor 37 and the disaccharide acceptor 45 (disconnection i).
Following a series of functional group interconversions, as previously described to convert
the D-GIcN to the D-AAT residue, a disconnection of the a-glycosidic bond in 45 could
provide the building block acceptor 47 and reducing sugar donor 46 (disconnection ii).
Conveniently, the building block donor 46 was synthesized by the route used to

synthesize donor 40.

HO ©

co, @ N
o 20 HaN BnO ~OAc BnQ ~OAc BnO OAc :
o Nj O, N3 O,
éﬁoo Q BHO&} “Oéﬁ PMBO&& _spn HO
° BnO: Q BnQ®’ O OBn AcHN
AcHNG S global 70 70 — * 0 _OAc
29 ore / AN opwe + / AN opme 48 O,
HO co, @ deprotection . 0 i Q 3 steps BnO.
HOO O NH, ! BnO. O BnO. O 80% yield from BnOS)y 10
known thioglycoside
42 Ho o BnOY  wm BnOgcy, gy 38
o o 43 44
AcHNoCO2 CCly
Q Sp1 donor Sp1 acceptor
HO
HO

BnO _OAc o /| OAc Ho OPMB
o HO. K functional group AcO Q To)
BnO S + AcHNJ’ e —— Allo OH  + Bno 0TDS

0A
OBn Q Qe interconversion Ns OBn
BnO Q_oTos 46 47

37 cl - 5 steps
BnO in-route to 41% yield from
45 donor 4

known D-Galactososide

Figure 11. Spl hexasaccharide retrosynthetic analysis
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Retrosynthetic analysis of acceptor 44 revealed disconnection of the D-Gal-a-( 1 Y-B®)
AAT linkage could provide the D-galactosyl donor 48 and previously synthesized

disaccharide acceptor 38 (disconnection iii).

The synthesis of the trisaccharide donor 43 began attempted glycosylation events
between the D-Gal acceptor 47 and the, previously used, trichloroacetimidate donor 40
(Scheme 5). However, this resulted only low yielding results. Instead, it was found the
Ginds dehydrative glycosyl ation co46dasthe ons u:
glycosidic donor and acceptor 47t o g linkesl didhccharide 49 as the only detectable
isomer (Scheme 5). Next a similar sequence of procedures, previously discussed to
convert the D-GIcN residue to the D-AAT residue, was carried out. This procedure
required eleven steps resulting in a 20% overall yield to provide the disaccharide acceptor
45. The synthetic procedure, once again, caused a significant choke point during the
synthetic route. Next, acceptor 45 underwent NIS/AgOTf mediated glycosylation
conditions with thioglycoside 37 to complete the trisaccharide 50 in 66% vyield with
excellent stereoselectivity. The trisaccharide 50 was then converted into a
trichloroacetimidate donor in a two-step sequence which involved removal of the silyl C1-
silyl group (92% vyi el d) -trichbofohcetimidate 4diry71% yieldmat i o n
Overall, the trisaccharide donor was produced in fifteen steps in an 8% overall yield from

its constituent donor building blocks (37, 46 and 47).
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Scheme 5. Synthesis of the Sp1 trisaccharide donor
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Synthesis of the trisaccharide acceptor 44 began with synthesis of the thioglycoside 48,

obtained in three steps in a 60% yield from the known p-toyl 4,6-O-benzylidene acetal-2-

O-benzyl-1-thio-D-galactoside (Scheme 6). A NIS/AgOTf mediated glycosylation

between disaccharide acceptor 38 and thioglycoside 48 provided the trisaccharide 51 in

good yield and stereoselectivity. Following a DDQ mediated PMB removal of 51 gave

trisaccharide acceptor 44. The trisaccharide acceptor was produced in a total of fourteen

steps from its constituent monosaccharide building blocks (48, 41 and 40) in a 7% overall

yield.

Scheme 6. Synthesis of the Sp1 trisaccharide acceptor
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The [3+3] glycosylation between trisaccharide donor 43 and the trisaccharide acceptor
44 under TMSOTTf mediated conditions provided hexasaccharide 52 in 85% yield with the
newly formed a-linkage (Scheme 7). Following formation of the hexasaccharide, 39 was
deacetylated then in a two-step sequence and then oxidized to the corresponding
carboxylic acid and then benzyl protected to benzyl ester. The fully protected
hexasaccharide which then underwent global deprotection by hydrogenation with

Pearl mandéds catalyst to give tdhe di meric

Scheme 7. Synthesis of the Sp1 hexasaccharide
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Upon the completion of the first total synthesis of the Sp1 repeating unit, the Bundle group
reported that the NMR spectra of the tri- and hexasaccharide did not fully match that of
the native polysaccharide.' In addition, they found that both the tri- and hexasaccharide

were unable to active T-cells.2® This is thought to be due to the number of repeats
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required to have immunomodulating properties (>120 kDa, ~5 trisaccharide repeats).>*
110 Bundle concluded with the remarks that total synthesis will is not capable of producing

a large enough ZPS capable of MHC-1.1%°

As a final analysis of the synthetic route used by the Bundle group, it is important to point
out that many inefficiencies occurred during the linear post-glycosylation steps. For
example, each synthesis of each advanced disaccharide (38 and 45) required around ten
synthetic transformations to establish the D-AAT residue. Even a synthetic route with near
guantitative yield will suffer in overall yield as the number of synthetic steps increase.!!!
While these synthetic steps are necessary to produce the D-AAT residue, the steps could
have been carried out on a monosaccharide building block rather than on advanced post-
glycosylation disaccharide. This limits loss to only a single monosaccharide building block
rather than both monosaccharide building blocks used to construct the disaccharide.
Considering glycosylation reaction are convergent in nature, it can simply be stated: In
regards to overall yield and material required for a synthetic campaign, in general, it is
more efficient to limit the number of synthetic transformations carried out following
glycosylation event(s) and best to carry out synthetic transformations on the

monosaccharide building blocks instead.

Part 6. Codée and van der Marel6 s$otal synthesis of Sp1 (2011)

Synthetic efforts by the Codée, van der Marel and co-workers described the assembly of
three repeating unit frames of the Sp1 ZPS 53.97 First, synthetic targets to represent each
frame was identified (Figure 12). Synthetic target 54 ([abc]-frame) represents the same

synthetic target of Bundle and co-workers in their 2010 report.11? In addition, the synthetic

target 55 ([bca]-frame) represent s t he same synthetic tad¥fget
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Oscarson 2016 report,’* a n d

S e e b2014pedr2018 report.114115 The remaining,

novel, synthetic target was trisaccharide 56 which represents the [cba]-frame repeating

unit. A glycerol residue was chosen to facilitate capping of the representative repeating

unit synthetic targets.
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Figure 12. van der Marel and co-worker's synthetic target selection

In a highly convergent approach, each target molecule was planned to come from only

two carbohydrate building blocks and a glycerol capping unit. The D-galacturonic acid-

[3,6]-lactone building block was planned to provide both D-GalA residues in each of the

target structures (Figure 13). This strategy is a form of the pre-glycosylation oxidation

method which obviates the need for any late stage C6-OH oxidation. The 1,6-anhydro
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Figure 13. D-GalA [3,6]-lactone vs. D-GalA as a donor or acceptor

bridge forces the D-GalA residue to take a 'Cs-conformation (shown in 57). This places
the C4-OH in an equatorial position which greatly enhances its nucleophilicity as a
glycosyl acceptor relative to its Ci-chair conformation (shown in 58) where the C4-OH is
axial and less nucleophilic, resulting in performing a poor acceptor. In addition, by
protecting the C4 alcohol, the D-GalA lactone can provide an a-selective donor, which is

advantageous for their synthetic route.

The D-AAT sugar and glycerol capping moiety would be synthesized according to known
procedures. The D-AAT residue will be synthesized prior to any glycosylation event to
limit late stage manipulations during the synthesis which could negatively affect over all

yield.

Synthesis of the Sp1 [abc]-frame repeating unit 54 was to be carried out from the non-
reducing end to the reducing end in a [1+1+1] glycosylation strategy. The route

commenced with glycosylation between lactone 59 and the 2,4,6-trideoxy-4-amino-D-
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GalN3 monosaccharide 60 to give disaccharide 61 in good yield. Next followed a series
of 4 steps: 1) opening of the lactone ring with benzyl alcohol (this provides the C6-benzyl
ester and ring flips the D-GalA back to the “C1 conformation), 2) acyl atQHpn of
3) desilylation to give the reducing sugar and 4) formation of the anomeric imidate to give
donor 62 in 66% yield over 4 steps. Next, a triflic acid mediated glycosylation between
donor 62 and lactone acceptor 57 afforded trisaccharide 63 in 64% yield. Capping of the
repeating unit with protected glycerol moiety 64 proceeded in an 81% yield. Next, followed
a deprotection sequence which ultimately resulted in the first of the trimer repeats,
trisaccharide 54 in 37% over the four steps. The Spl [abc]-fame trisaccharide 54 was
synthesized in a 9% yield over eleven steps from its constituent monosaccharide building

blocks (59, 60, 57 and 64).
Scheme 8. Synthesis of Sp1 [abc] frame
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Next the [bca] trimer repeat 55 was selected as a synthetic target. Trisaccharide 55
contains the D-AAT sugar at the terminal non-reducing end of the trisaccharide. The
synthetic strategy for 55 was a planned around a [2+1] glycosylation approach involving
the D-GalA monosaccharide acceptor 67 and the disaccharide donor 33 (Scheme 9). The
D-GalA monosaccharide acceptor 67 was produced in two steps from lactone 59. First
lactone 59 underwent a glycosidation alcohol 64 to give the lactone 66 (Scheme 9, part
a). Second, the lactone ring was opened and protected as the benzyl ester in good yield

to give acceptor 67.

Synthesis of the disaccharide donor 33 was achieved via coupling of hemiacetal 68 and

acceptor 57under Ginds dehydrrcaditionseé nglgpyodas yli etlido na s
anomer (Scheme 9, part b). The [2+1] glycosylation event between thioglycoside 33 and

D-GalA acceptor 67 proceeded well to give the trisaccharide 69i n 6 0% vyi el d as
linked product. To complete the synthesis of 55, trisaccharide 69 underwent a lactone

opening event followed by a global deprotection to give the [bca] frame shift trimeric

repeating unit 55 in good overall yield. The Spl [bca]-fame trisaccharide 55 was
synthesized in a 13% vyield over eleven steps from its constituent monosaccharide

building blocks (59, 60, 57 and 64).
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Scheme 9. Synthesis of Sp1 [bca] frame
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To complete the final trisaccharide in the series, the [cba] repeating unit 56 was selected
as synthetic target (Scheme 10). The synthetic strategy for 56 was again a [1+1+1]
strategy, however differing from 54 by building from reducing end of the trisaccharide to
the non-reducing end. This method allows for the material that is carried though the
longest linear sequence be an acceptor during each glycosylation event. In addition, the

lactone donor 59 is planned to be used in back to back glycosylations to achieve 56.

The route began with a glycosylation event between imidate 70 and glycerol capping unit

64togive71in excellent yield with a 4:1 U/D

C3-OAcCl in 71 to give acceptor 72, a Tf20O mediated glycosylation between donor 59
y i elinked peoducttThedactbhe

and acceptor 72 gave disaccharide 73in g o o d
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in 73 was opened and protected to give acceptor 74 to be directly used in the following
glycosylation with another D-GalA lactone donor 59 to give the complete trisaccharide
core 75 in a good yield. Following a low yielding ring opening of the final lactone, global
deprotection gave the [cba]-frame trisaccharide 56, the final frame shift of repeating units
of Spl. The Spl [cba]-fame trisaccharide 56 was synthesized in a 4% yield over seven

steps from its constituent monosaccharide building blocks (70, 64 and 59).

Scheme 10. Synthesis of Sp1 [cab] frame
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repeating unit (56)

The work by Codée and van der Marel display a very powerful method to access each of
the three fame shifts of the Spl trisaccharide. By modification of their route to
accommodate for the ability to synthesize repeating unit trisaccharide donor and acceptor
derivatives, one can see the potential ability to accessing dimer, trimer, and maybe even

oligomeric Spl ZPS derivatives.
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Part 7. Bundle Sp1l synthesis (2013)

In 2013, the Bundle and co-workers published their second synthetic efforts of a Sp1 ZPS
monomeric repeating unit.!1® In this report the group decided to target a different
frameshift then the one reported in the 2010 synthesis. The repeating unit shown in red
in 76 was selected as the synthetic target (figure 14, part a). Rather than having the D-
AAT residue the central residue (described herein as the [abc]-frame), it is now the non-

reducing end terminal residue (described herein as the [bca]-frame).

a) Target molecule selection (shown in red) : b) Retrosynthetic analysis
S ! @ .
Mo, © : HaN NBn i post-glycosylation
20 HsN : o{ / oxidation strategy
o : HO % O .
HOO% 5 AcHiNg lobal Ny
Ao 9 :> 002 —2 e —_—
o]
R O oH ° : 0 deprotection BnO OBn hpvi
: 0o
HOA—= Teof L © E BnoJ,
NH3 H BnO,
HO o H OCHs 78 OCH,
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;

BnQ/. OBn BnO
N3o(NH)CCl, 70 OCHs

: 70 / I BnO0cH, 81 82
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HO _OPMB BzO _OPMB BnO _OPMB
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+ Bno&?an OPMB :> Bno&\/sph + HO
'&O

Figure 14. Synthesis of the [bca] Spl repeating unit by Bundle (2013)

The group determined the methyl-capped trisaccharide 77 could serve at the synthetic
target (Figure 14, part b). A post-glycosylation strategy was planned to be used once
again for their synthetic route. A [1+1+1] glycosylation strategy, proceeding from the
reducing to the non-reducing end, was planned to construct the target molecule.

Retrosynthetic analysis provided the protected trisaccharide 78 could come from the
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trisaccharide 77 following a global deprotection,| at e st age C6 @andda
selective PMB removal. Disconnection of the D-AAT-a-( 1 Y-D)GalA glycosidic linkage
in 78 could provide the D-AAT trichloroacetimidate donor 79 and the disaccharide
acceptor 80 (disconnection i). The D-AAT reside was planned to be accessed by the
advanced trichloroacetimidate donor 79 which they previously reported to access in 24%
yield over a thirteen step procedure from D-glucose.!!” Disconnection of the D-Gal-a-
( 1 Y-BXGal glycosidic linkage in 80 provides the D-Gal donor 81 and the D-Gal acceptor

82 which both can be accessed in 7 steps from D-galactose (disconnection ii).

The synthesis commenced by glycosylation between thioglycoside 81 and acceptor 82 to
g i v 4ikedWisaccharide 83 then saponified to reveal t h e -QH4dgive acceptor 80
setting the stage for the final glycosylation (Scheme 11). The D-AAT trichloroacetimidate
donor 79 was activated under TMSOTf mediated conditions in the presence of

disaccharide acceptor 80 to give the core trisaccharide 78.

Scheme 11. Synthesis of Sp1 [bca] repeating unit (Bundle, 2013)
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A deprotection and protection sequence commenced, including: 1) base mediated
cleavage of the oxazolidinone ring, 2)

PMB removal, 4) reduction and acetylation of the C206 6 azi de, 5)
TEMPO/NaOCI oxidation to the D-GalA residues, 6) H2/Pd(OH)2 hydrogenation to give
the [bca] Spl frame-shift 77. The desired product was synthesized in nine steps with a

10% overall yield from its constituent building blocks (81, 82 and 79).

Many improvements provided better synthetic yield and an expedited synthetic route over
their original reports. A major improvement to the synthetic strategy included limiting the
number of transformations between glycosylation events to provide a convergent
synthetic sequence with increased overall yield. This was facilitated in part by installing
the D-AAT directly instead of using the indirect glycosylationd epimerization method

previously described.

Bundle et al. conclude that 77 as well as trisaccharide 35 and hexasaccharide 42 were
tested for its ability to stimulate interleukin 10 (IL-10) and interferon-gamma (INF-g) by
Kasper and co-workers at Harvard medical School. Each of the responses is
representative of the T-cell activating ability of zwitterionic antigens.® Unfortunately,
neither the trisaccharides 35 or 77 or the hexasaccharide 42 were active. Published data
describing the molecular weight required for activity!'® that appeared after synthetic work
was initiated is consistent with this result. Based on their data, it appears that at least six

repeating units (18 residues) are required for activity.

Part 8. Seeberger Spl synthesis (2014)

Seeberger and co-workers reported on the synthesis of a Sp1l trisaccharide in 2014 with

C3060

C6

Fal)

a functionalized thiol handle for conjugation purposes.' Li ke the Bundl eos
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synthesis, Seeberger and co-workers selected the [bca] frame-shift trisaccharide
repeating unit 84 as the selected target molecule (Figure 15). However, their target
molecule was planned to have a terminal thiol which could undergo dimerization forming
a disulfide bond following deprotection. The ZPS can later be templated onto surfaces by

reduction of the disulfides in the presence of gold nanoparticles or microarray plates.

Seeberger envisioned a synthetic route which used the pre-glycosylation oxidation
strategy to provide the [bca]-frame. The route would follow a [1+1+1] glycosylation
strategy which proceeded from the reducing end to the non-reducing end. In addition, the
desired product would be capped with an aliphatic alkene linker attached to a protected

thiol.

Retrosynthetic analysis provided the protected trisaccharide 85 could come from the
desired product 84 following a global deprotection (figure 15). Disconnection of the D-
AAT-a-( 1 Y-D)GalA glycosidic linkage in 85 could provide the D-AAT phosphate donor
86 and the disaccharide acceptor 87 (disconnection i). Previously, in 2011, Seeberger
and co-workers reported a method to access the D-AAT donors though a de novo
synthesis from Cbz-protected L-threonine in a nine-step sequence which was used to

obtain donor 86 in an 18% overall yield.8¢
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Figure 15. Retrosynthetic analysis (Seeberger, 2014)

Disconnection of the D-GalA-a-( 1 Y-®JGalA glycosidic linkage provides the D-GalA
donor 88 and acceptor 89 which both can be synthesized from D-galactose pentaacetate

in twelve and ten steps respectively (disconnection ii).

A glycosylation event between donor 88 and acceptor 89 f ol | owed -Fmgc a C4 ¢
deprotecting gave disaccharide acceptor 87 (Scheme 12). Acceptor 87 and D-AAT donor
86 were coupled under TMSOTf mediated conditions to give the completed core
trisaccharide85i n 85 % yi el d with excell ent silirkedeosel e

anomer.
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Scheme 12. Sp1 [bca]-frame synthesis (Seeberger, 2014)
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25% yield over 8 steps
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Foll owing a series of steps 8rMf{clO9bd)ng;2)1)C3030
protection (85%), 3) reduct i o ({#2%),fgavd theefulyfC2 6 6 a
protected trisaccharide [bca] repeating unit. Saponification followed by Birch reduction
conditions gave 84 in excellent yield. The desired product 84 was synthesized in eight

steps with a 25% overall yield from its constituent building blocks (86, 88 and 89).

Following the total synthesis, 84 was reduced to fix to a microarray surface via a
maleimide factionalized glass slide.''* When the Sp1 repeating unit was fastened to the
Spl microarray, it was used to interrogate rabbit sera raised against the Spl ZPS. This
study found that binding was observed between the immobilized synthetic trisaccharide
and the serum indicating that structural elements of the polysaccharide that are

recognized by antibodies in the serum are also present in the trisaccharide. !4

Later, the Spl trisaccharide 84 was used by Seeberger and co-workers in the

development of glycoconjugate vaccine towards the highly invasive serotype 1 (ST1)
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Streptococcus pneumoniae.''® The Sp1 trisaccharide 84 was coupled with bromoacetate-
activated CRM197, a nontoxic diphtheria toxin mutant carrier protein, to give the
CRM197-84 glycoconjugate. The CRM197-84 glycoconjugate was found to induce a D-
AAT-dependent immune response against native ST1 CPS that is more robust than that
of the polysaccharide-based, multivalent block buster drug, Prevenar 13, in rabbits.
Currently the CRM197 glycoconjugate is advancing in preclinical development for

inclusion in semisynthetic vaccines covering multiple serotypes.t®

Seeberger 6s 2014 synt hesi s of t he Qlp s
pr ede c emeviaus dttempts. The improvement can be attributed to design of the
most convergent synthetic route. This was accomplished by minimizing synthetic
transformations between glycosylation events.

Part 9: PS A1 ZPS background and isolation

Bacteroides fragilis is a Gram negative anaerobic commensal bacterium which is the most
frequently isolated species from clinical intra-abdominal abscesses.!'® Experimental
induction of abscess in a rat model by intraperitoneal implantation of capsular
polysaccharide complex (CPC) from B. fragilis revealed this CPC was a virulence
factor.1?? As a result, this CPC can be utilized as an antigenic target. This hypothesis was
further validated by immunizing a rat model with CPC after B. fragilis challenge. The CPC
immunization protected rats from abscess formation.?-122 Additionally, transfer of
splenocytes from CPC immunized mice to non-immunized mice protected recipients from
abscess formation.'?® This observation, is a direct indication of cellular immunity
generated by CPC.'?3 |solation of the PS Al ZPS from the CPC followed by inoculation

of non-immunized mice also conferred protection.'?3
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Among eight different polysaccharides isolated from B. fragilis (not all zwitterionic), ZPS
PS Al is the most abundant followed by ZPS PS B. Both of these capsular
polysaccharides contain a zwitterionic character that is necessary for immunological T-
cell mediated responses.': 124 PS Al consists of a tetrasaccharide core repeating unit
with a molecular weight of ~110 kDa (~120 repeating units). The repeating unit is
compri sed -aeDEAATpE YL3YMb)D-Galf( 1 Y-&-p-GalpN A ¢ ( 1-¥-B-§alp-
( 1 Yahd has oppositely charged moieties on adjacent monosaccharides.?4

Part 10:van der pdaal g/htldesis of PS Al ZPS (2007)

The first published attempt to synthesize a PS Al repeating unit was from the lab of van
der Marel and co-workers in 2007 at Leinden University in the Netherlands.®® The van der
Marel group chose the representative tetrasaccharide repeating unit 90 (Figure 16. part
a, repeating unit shown in red) containing the highly branched D-GalNAc residue as the
central residue (figure 16). The target 91 tetrasaccharide contains two 1,2-cis glycosidic

bonds and was planned to be capped with an isopropyl group.
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Figure 16. van der Marel PS Al target molecule selection (2007)
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Retrosynthetic analysis revealed that the desired product 91 could come from
tetrasaccharide 92 following a global deprotection sequence (Figure 17). Disconnection
of the D-AAT-a-( 1 Y-DJGalNAc glycosidic linkage provided the trisaccharide acceptor
94 and the D-AAT donor 93 (disconnection i). The D-AAT sugar 93 was prepared through
a series of fourteen steps from D-Gal.1?*> Disconnection of the D-GalNAc-a-( 1 Y-B-Gal
glycosidic bond provided the disaccharide donor 95 and the D-Gal acceptor building block
96 (disconnection ii). The D-Gal acceptor 96 could be synthesized in eleven steps from
D-Gal.*?® The final disconnection of the D-furanose residue could give the D-furanosyl
building block 97 and the D-GalN acceptor 98 (disconnection iii). Building blocks 97 and

98 were both prepared in good yield from D-Gal in three and seven steps respectively.?”-

128

Figure 17. van der Marel PS A1 Retrosynthetic analysis
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The van der Marel group described multiple methods utilizing alternative donor
compounds in route to obtain their desired product. Herein, we chose to highlight the

highest yielding and most notable methods used, which included a one-pot procedure
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that facilitated two glycosylation events to obtain the trisaccharide 100 (Scheme 13). The
one-pot glycosylation procedure started with a condensation between pre-activated donor
97 followed by the addition of acceptor 98 ut i | i zi ng Gi nds doahydr at
conditions.'?%130 This stepwise glycosylation procedure provided a 60% vyield for the

isolation of disaccharide 99.

Scheme 13. van der Marel synthesis towards SP1 ZPS repeating unit
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Continuing with the one-pot method, the intermediate disaccharide 99 was activated and
added the D-Gal acceptor 96 to afford trisaccharide 100. Following formation of the
trisaccharide, 100 underwent reductive benzylidene acetal ring opening to give the final
acceptor 94 in great yield and selectivity. Unfortunately, attempts to complete the core
tetrasaccharide by a final dehydrative glycosylation between donor 93 and trisaccharide
acceptor 94 provided only poor yields of tetrasaccharide 92. The glycosylation
presumably suffered due to the low nucleophilicity of the a x i al C406Thisydr oxy
dampened reactivity is likely due to a significant amount of 1,3-diaxial interaction and
additional steric congestion. The groupés ef f ort finehgycosylation ed her

providing the first partial synthesis of the PS Al ZPS repeating unit.
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Part 11. First total synthesis of the PS Al ZPS repeating unit (Seeberger 2011)

In 2011, the Seeberger group from the Max Plank Institute in Berlin Germany, set
out to complete the first total synthesis of the PS Al ZPS repeating unit.'3! Seebergerd s
group selected the identical synthetic target as the one previously selected by the van der
Marel lab. Retrosynthetic analysis of the successful route showed product 91 could come

from the protected tetrasaccharide 101 following a global deprotection event (Figure 18).
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Figure 18. PS Al ZPS retrosynthetic analysis (Seeberger, 2011)

Disconnection of the D-GalNAc-a-( 1 Y-BGal glycosidic linkage could provide the
trisaccharide 102 and the D-Gal acceptor 96 (Figure 18, disconnection i). The D-Gal
acceptor 96 could be derived in five steps from D-galactose. Next, the disconnection of
the D-galactofuransoyl glycosidic bond from 102 could provide the monosaccharide donor
103 and the disaccharide acceptor 104 (disconnection ii). The D-galactofuranosyl imidate

donor 103 could be derived from D-Gal in four steps using previously established
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procedures.'32 The final disconnection, the D-AAT-a-( 1 Y-®-JGal glycosidic bond could
provide the monosaccharide building blocks 105 and 106 (disconnection iii). The D-Gal
acceptor 105 could be derived from D-galactose in ten steps using previously established
procedures.'3® The D-AAT building block was produced, in seven steps using a de novo
method starting with Cbz-L-Threonine, utilizing a procedure developed within the
Seeberger lab.8¢

The initial synthetic efforts by the Seeberger group were not successful (Scheme
14). The original planned syntheticr out e, as describedAodn
planned to synthesize the desired product from the reducing end to the non-reducing end
of the tetrasaccharide. As previously mentioned, this is a powerful approach to

oligosaccharide synthesis. This sentiment was reflected in the paper by the author,

Wwae

stating A The modul ar nat ur &4, mafta) was paiticukarly @t@activecirm e

l i ght of a f ut ur e Fhetorygima totedbeganywitht formatian of.the
D-GalNAc-a-( 1 Y-BXGal bond by a glycosylation event between donor 107 and the D-
Gal acceptor 96 to provide a disaccharide which was then Lev deprotected to provide the
disaccharide acceptor 108 (Scheme 14. part a). A glycosylation with the D-
galactofuranosyl donor 106 followed by a benzylidene acetal ring opening provided the
trisaccharide acceptor 109.The following glycosylation between the axial C4-OH of the
trisaccharide acceptor and D-AAT donor to produce the D-AAT-a-( 1 Y-®GalNAc bond
was not successful. The Seeberger group previously discovered that imidate donor 106
had improved reactivity over the hemiacetal and thioglycoside D-AAT donors used by the
van der Marel group, and therefore felt confident in overcoming the challenges previously

encountered by van der Marel and co-workers. Unfortunately, the Seeberger group
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experienced similar challenges as those experience by the van der Marel group when
attempting glycosylation with a D-AAT donor and the axi al C406 p

desired product 102.

Scheme 14. Seeberger's PS A1 ZPS repeating unit original failed attempts
NPh
a) synthetic route #1

07 CF,
Bz0q
Ph BzO
Ph %o CO,Me B20 OBz
%0 NPh MeOZC—éo o ><o
o % 1) TMSOTF (72%) _ +o ¢, 1) 103, TMSOT (57%)
LevO S HONT QL 0Pt 2) NoHgeH,0 (89%) Nag OPr  2) TES, TfOH (54%)
Na 0Bz 0Bz
8-steps 107 96 108
from D-Gal
axial C4'-OH
poor nucleopphile CbzHN NPh CbzHN o
Ho _OBn \ CO:Me AcO R O/U\CFs AcO

OBn
o & N, N3g ><C02Me
o) o 4o
820, gﬁl o o 106, TMSOTf o 0
’ 30 iPr - B2O o
o z00 N3 OiPr

BzO OBz CH,Cl,, 0 °C o]

0Bz 0% BzO OBz
OBz

50 109 B20 102
4

b) synthetic route #2

CbzHN NPh

o CbzHN
AcO 0 "CFs AcO R
Ho ,OBn ><C02Me N3 N3G OBn CO,Me
. o 4o 106 ><
o6 + 107 1 TMSOTI (72%) . Levoglo . TMSOTf . Oé_,‘o d o
. ) Vi
2) TES, BF; *Et,0 (54%) Na) oiPr CH,Cl,, 0 °C Ny %&/Oim
0Bz 0% ©
OBz
10 11

The Seeberger group decided that steric hindrance must be attributed to the difficult
nature of the troublesome glycosylation. To overcome this synthetic challenge, they
attempted to change the order of glycosylation events. To facilitate this, donor 107 and
acceptor 96 were glycosylated together to provide a disaccharide product which
subsequently underwent reductive benzylidene acetal ring opening disaccharide acceptor

110 (Scheme 14, part b). Acceptor 110 contained a small lev protecting group instead of
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the large protected D-Galf residue found in its trisaccharide counterpart 109. Surprisingly,
this modification ultimately had no positive outcome, because the glycosylation between
acceptor 110 and donor 106 provided no desired trisaccharide product 111. The
Seeberger group speculated that the C4, C6 pyruvate ketal was interfering with the
glycosylation.

With the difficulties encountered, the group then considered forming the
troublesome 1,2-cis, D-AAT-U-( 1 YD Gal connection first (Scheme 15). This campaign
began with a newly synthesized monosaccharide building block 105. The smaller
anomeric substituent (-OTBS) was speculated to not interfere with the glycosylation in the

way the C4, C6 pyruvate ketal functionalized D-Gal residue did.

Scheme 15. Seeberger's synthetic route #3 to PS A1 ZPS repeating unit
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Glycosylation between acceptor 105 and the D-AAT donor 106 fortunately provided a
disaccharide with the difficult 1,2-cis connection in excellent yield and stereoselectivity.
Moving forward, the disaccharide acceptor was produced by a DDQ mediated C3-Nap
deprotection to give 104. The D-galactofuranose imidate donor 103 underwent TMSOTf
mediated glycosylation with acceptor 104 in fantastic yield to give trisaccharide 102 which

then underwent a series of anomeric manipulations to provide the thioglycoside donor
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113. The final glycosylation to install the terminal, reducing end, D-Gal residue proceeded
by a DMTST mediated glycosylation between thioglycoside donor 96 and acceptor 113
in modest yield to establish the core, protected, tetrasaccharide 101. Following azide
reducing and acetylation of 101, a global deprotection sequence provided the Seeberger
group with 93, completing the first total synthesis of the PS Al ZPS repeating unit. The
target molecule was produced in 8 steps with an 8% overall yield form its constituent
building blocks 105, 106, 103 and 96.

In 2014 the Seeberger group modified their initial route of the repeating unit 93 to
incorporate an ethoxy thiol linker at C1 anomeric position rather than the alkane isopropyl
capping unit.11* The thiol functionalized linker allowed for the development of conjugation-

ready ZPS (PS Al) probes, as seen previously.!4

Part 12. Andreanad $otal synthesis of the PS A1 ZPS repeating unit (2018)

In 2018 Andreana and co-workers disclosed a synthesis of a PS Al tetrasaccharide
repeating unit.5® Differing from the previously described PS Al repeating units, the
Andreana group selected an alternative repeating unit frame (Figure 19). From the
selected ZPS frame (shown in red in 114) the tetrasaccharide 115 was selected as the

synthetic target for. The desired tetrasaccharide was capped with a methoxy phenyl

group.
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Figure 19. Andreana's PS Al repeating unit frame and target molecule selection

(2018)

The target molecule 115 contains several structural characteristics that could potentially
ease synthesis. These include; 1) targeting a disubstituted D-GalNAc residue instead of
the congested, branched, tri-substituted, D-galactosamine core residue; 2) NGP can be
used in incorporating the b-glycosidic linkage of the D-Gal-b-( 1 Y-BAAT whichis a 1,2-
trans linkage. The previous synthetic target contained two 1,2-cis linkages, which are in
general more difficult to synthesize. The Andreana group planned an expedient synthesis
which built all the desired functionality into the protected monosaccharide building blocks
prior to glycosylations. The target molecule was planned to be constructed from reducing
end to non-reducing end. Retrosynthetic analysis showed that tetrasaccharide 115 could
come from the fully protected tetrasaccharide 116 following a global deprotection event
(Figure 20). Disconnecting the terminal D-Gal residue at the anomeric linkage could

provide the monosaccharide building block 117 and the trisaccharide acceptor 118
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(disconnection i). The donor building block 117 could be derived from D-galactose in

seven steps with a 65% overall yield.

i
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0,C ® MeO,C—4&~0 "
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Q Q o} O, HO-i :PA ,/
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119 BnO BzO ’
10% yield over 10-steps BnO OBn i 121 122
from tri-O-acetyl-D-glucal 120 44% yield 64% yield
over 5-steps over 8-steps
from D-Gal from D-Gal

Figure 20. Andreana’'s PS Al repeating unit retrosynthetic analysis (2018)

Disconnection of the D-ATT-a-( 1 Y-®GalNAc glycosidic bond could provide the
trichloroacetimidate donor 119 and the disaccharide acceptor 120 (disconnection ii). The
donor building block 119 could be produced in ten steps with a 10% overall yield from tri-
O-acetyl-D-glucal. The final disconnection, D-galactofuranosyl glycosidic bond provided
the trichloroacetimidate building block 121 and the D-GalNs building block 122. The D-
galactofuranosyl building block 121 could be synthesized in five steps with a 44% vyield
from D-Gal. The D-GalNs acceptor 122 could be synthesized in eight steps with a 64%
yield from D-Gal.

Like the van der Marel synthesis, the Andreana group opted to make the D-Galf-

b-( 1 Y-BXGalNz bond first. To do this D-galactofuanosyl imidate 121 and the D-
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galactosamine accepter 122 were combined under acidic conditions to give the alpha

glycosylated product 123 (Scheme 16).

Scheme 16. Andreana's 2018 synthetic route to PS A1 ZPS

NH Ph o Ho _OBn
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O)J\CCIS o TMSOTf o OMP 3 steps o oMP
B20, . o o aAmsT B20, Ny —_— BnO,, Ny
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HO. % yiel
820 N, -40°C,05h 820 BnO
B20 OBz 89% B0 0Bz - OBn
121 122 123 120
©
MeO,C 0,C
TrocHN 2 _%O%QTHN 2 —400 @
Q 0 0 o o
HO.
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CH,Cl:Et;0 (2:1) (63%) °0 _ogn 117, TMSOTS 08 0 _osn __ Ssteps | O AN 5 oy
O, O, —_— O,
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BnO. 69% BnO HO
BnO OBn Bno OBn HO OH
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6% yield over 10-steps
from 121, 122, 119 and 117

Next, a sequence of three transformations took place. First, the benzoyl groups were
removed under basic conditions and replaced by benzyl protecting groups. Next the C4,
C6 benzylidene acetal selectively opened under reductive conditions to provide the C6-
benzyl group and the free C4-hydroxyl in disaccharide acceptor 120. Glycosylation of 120
with D-AAT trichloroacetimidate donor 119 was carried out to give trisaccharide 118. This
connection proved to be difficult for previous synthesis when the D-GalNAc residue was
glycosylated at the anomeric position. However, as the Seeberger group concluded, this
glycosylation was successful with a small anomeric substituent on the D-GalNAc residue.
Following the glycosylation event,the C3 6 acetate protecting gr ol
acidic conditions,t o av oi d C 3dnpne Brindtionpta gave tasaccharide acceptor
118. The final glycosylation between acceptor 118 and D-Gal thioglycoside donor 117 to
form the D-Gal-b-( 1 Y-BIAAT bond proceeded in 69% yield as a single beta anomer.

Following the construction of the core tetrasaccharide the sequence provided the final
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product 115 in 53% vyield. The target molecule was produced in ten steps with an 6%
overall yield form its constituent building blocks 121, 122, 119 and 117.

The Andreana group also successfully synthesized an orthogonally fully protected
repeatingunitc ont ai ning a C30606 Fmoc group. Thon
to provide a PS Al repeating unit acceptor which could be used to access higher order

PS Al oligosaccharides in the future.

Part 13. CP 5 ZPS from S. aureus (Adamo 2012)

The Gram-positive bacteria Staphylococcus aureus is an opportunistic bacterium which
contains a polysaccharide capsule that includes the CP 5 and CP 8 ZPSs. Both have
been identified as immunogenic by their ability to activate CD4+ T-cells in vitro and have
been shown to be capable of inducing abscess formation in experimental animals.'3* The
CP 8 ZPS has been shown to be capable of CD4+ T-cell activation and production of INF-
gat the site of infection in animal models.'3®> Evaluation of antisera form attenuated S.
aureus immunized rabbit revealed that type specific (CP 5 and CP 8) antibodies can
facilitate killing of live bacteria via polymorphonuclear cell in vitro.! Immune responses
from these polysaccharides in animals models is not well defined. However, the conjugate
of CP 5 and CP 8 with Pseudomonas aeruginosa exotoxin A (Staphvax™) (Nabi
Biopharmaceuticals, Rockville, MD, USA) has been observed to induce T-cell mediated
immunity towards S. aureus infections.*3¢ Unfortunately Staphvax™ failed in Phase |l
clinical studies due to poor efficacy.'3” Therefore, further studies are required to explore

the efficacy of these polysaccharides in vaccine preparation.
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The CP 5 ZPS (124) is composed of repeating trisaccharide structure shown in red in
Figure 21. The CP 5 repeating unit consists of a: Y 4 Yo-D-ManpNAcA-( 1 Y-4-)-
FucpNAc(3-OAc)-( 1 Y-B-P-FucpNAc-( 1 YFigure 21).138 Notably, the CP 5 contains a
b-linked D-mannoside. b-mannosylations are considered one of the more difficult
glycosidic bonds to form because they are disfavored kinetically and
thermodynamically.®® 13%-143 |n addition, the CP 5 contains acetamide moieties on every
residue. Adamo and co-workers were the first group to complete the total synthesis of the
CP 5 ZPS repeating unit in 2012 at the Novartis Vaccine and Diagnostics Research
Center in Siena ltaly.'* From greater oligosaccharide 124, the repeating frame 125 was
selected as the synthetic target (Figure 21). The synthetic target 125 was capped with an

amine functionalized linker to be used for conjugation and ELISA based studies.

D-FucNAc HO

S o
3Ac-L-FucNAc o t-

NHAC
0
HO Ho,c. NHAC NHAc Linker capping group
D-ManNACA O&% O/ﬁj&/o OAc
HO
NHAG
0
HO NHA
Ho,c NHAC ¢ o
o
; H O(CH,)sNHAC
P NHAG CP 5(124) |:> O&S/( 2s
NHAG
0
NHA
Ho,c NHAC c
.0 OAc
1,2-cis ﬁh/o

HO

p-mannosylation HO 125

Figure 21. CP 5 ZPS repeating unit selection

Retrosynthetic analysis provided the desired product 125 could come from the fully
protected product 126 (Figure 22) . Di s c onn e édglycasglic linkage inCL260

could provide trichloroacetimidate donor 127 and acceptor 128 (Figure 22. disconnection
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i). Following several functional group interconversions one could arrive at disaccharide
129. Disconnecting the b-glycosidic linkage could provide donor 130 and L-Fuc acceptor
131. Conversion of a D-GIcA residue to the D-ManNACA reside via FGI to avoid
performing a b-mannosylation was a key synthetic strategy planned by the group. This
approach will be referred to as an indirect D-ManNac introduction via b-glycosylationd
epimerization. It is important to note, the group planned to not incorporate a late-stage

oxidation, but rather carry the C6-benzyl ester protected residues through the synthesis.

i\ &&/O(CH )sNHCb HN>\._
0 2)3 z CCly
o

global "TTTp- N, BnO
125 = eprotecti Ns 7N, 2 o M <L " g:‘o
eprotection 2
P Bng%o OAc Bnoﬁ&/o OAc + HO O(CH3)3NHCbz
BnO 126 BnO N3

127 128

ii OAll

FGI BnO,C, OAIl
— ! L, BnO R
BnOC . [ — BnO + /N,
BnO N\ LevO5 _ccly OAc
Bn o e \ﬂ/ HO
ev NH
129 130 131

Figure 22. Retrosynthetic analysis of CP 5 by Adamo (2012)

The route began with a TMSOTf mediated glycosylation between donor 130 and acceptor
131 to provide the disaccharide 129 in good yield (Scheme 17). This step was
complicated by C2 to C3 acyl migration of the acceptor 131. With what will become the
b-mannosyl linkage formed, the conversion of the D-GIcA to the D-ManNACA residue
followed. This was carried out by deprotectiono f t hLev g®@pdto give 132, and then

triflation of t138e Reént frdespl zodmée nt by
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amine functionality to provide 134. Next the disaccharide needed to be converted into a
glycosyl donor. To do this the anomeric allyl group was removed to provide the free
reducing sugar 135. Next the trichloroacetimidate 127 was produced. A glycosylation
event with D-Fuc acceptor 128 provided the trisaccharide 126. A global deprotection
provided the desired product 125, albeit in modest yield. The deprotection of the final
compound was complicated due to 2 6 Olactamization. The free amine produced, during
the reduction of the azide, under Staudinger or hydrogen sulfide conditions underwent
l actamization with t hyerogéraiod cordisionseprovidedtioerbeéstu nat e |

results in producing the desired product 125.

Scheme 17. Synthesis of the CP 5 by Adamo and co-workers (2012)
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Adamo and co-workers provided the first total synthesis of the CP 5 ZPS repeating unit 1
in a 5 % overall yield over a nine-step sequence from its constituent monosaccharide

building blocks.

Part 14. CP 5 ZPS (G. J. Boons 2015)

To overcome the synthetic challenges associated with lactamization, G. J. Boons and co-
workers planned developed a chemical synthesis of the CP 5 ZPS in 2015.14° The target
molecule for was selected to be the identical repeating unit frame consisting of the D-
ManNACcA at the non-reducing end, a central L-FucNAc and a D-FucNAc residue at the
reducing end (Figure 23).14° Contrary to the Adamo, the Boons group opted for a late
stage oxidation strategy t o dactamizdtioncobthepDH
Mannuronic residue. The synthetic route also proposed installment of the linker moiety
into the trisaccharide rather than a monosaccharide. Retrosynthetic analysis provided the

protected trisaccharide 137 could come from the target molecule 136 following a global

deprotection event . Deprotection and 0 X

compound 138. Prior to the oxidation step, the azides would be converted to acetamides
to avoid lactamization complications. In addition, the linker would be installed at this stage
of the synthesis. Protecting group manipulation of 138 removal of the linker would give
trisaccharide 139. Disconnection of the 1,2-cis b-mannosyl bond would provide donor 140
and disaccharide 141 (disconnection i). Donor 140 was produced in a 29% yield over a
seven-step procedure from D-ManNAc. Next, disconnection of the a-glycosidic linkage of
141 would provide donor 142 and acceptor 143 (disconnection ii). Donor 142 was

synthesized in a 27% yield with a thirteen-step procedure from L-Fuc. acceptor 143 was
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produced in a 26% yield with a ten-step procedure from D-Fuc. The Boons group planned
to synthesize the target molecule from the reducing to the non-reducing end in contrast

to the Adamo group.
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o NHAc global o NHAG late-stage
Ho.,c NHAC NHAc ———>  Lo.c NHAC NHAc P —
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HO Qo P HO o 4
HO 136 BnO 137
install
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Figure 23. Retrosynthetic analysis of CP 5 by G. J. Boons (2015)

The forward synthesis began with glycosylation between 142 and 143 provided the
disaccharide 144 (Scheme 18). As a note, the Boons group reported initial attempts with
a C3 acetate protected derivative of 142 in place of the C3-OPMB protecting group. This

derivative failed to undergo glycosylation events with 143 and the subsequent
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glycosylation in any acceptable yields. The disarming effects of the acetate group were

hypothesized to have caused the C3-acetylated derivative of 142 to be a poor glycosyl

donor and disaccharide acceptor. Ne x t the C406 acet arovele thea s

disaccharide acceptor 141. The following glycosylation between 141 and donor 140 was
presumed to be a difficult step not only because it was a b-mannosylation, but because
axial C4 hydroxyl of galactosides and fucosides are generally of low reactivity as glycosyl
acceptor. 146 However, following optimization the Boons group was able to provide the
trisaccharide 139 in good yield. Next, the trisaccharide 139 underwent a series of five
steps to install the three acetami deRvB

protecting group for an acetate to give trisaccharide 138. With the acetamides installed

sap

nsta

priortooxidat i on of the C60606 | act aimi6dd iboenn zwalsi daevrod

was Tremoved an dseldactivady oxXidzéddo gwe tsisaccharide 137. A final
hydrogenation event provided the trisaccharide 136 in excellent yield. The synthesis of
the CP 5 ZPS was completed in a 10% vyield over an eleven-step procedure from its

constituent monosaccharide building blocks.
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Scheme 18. Synthesis of the CP 5 by G.J. Boons and co-workers (2015)
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The work from the Boons lab provided the CP 5 ZPS in an improved yield compared to
the Adamo group, in part due to the direction of synthesis (propagating from reducing end
to the non-reducing end). In addition, their synthesis allows for incorporation of alternative
linkers and multiple sites for derivatization. The Boons group provided experimental

conditions to facilitate a direct b-mannosylation and avoided the undesired lactamization.

Part 15. CP 5 ZPS (Demchenko 2016)
Work by the Demchenko group in 2016 provided an alternative method to the CP 5
ZPS.1%" Demchenko selected the same CP 5 repeating frame as Boons and Adamo, but

their target molecule contained an O-methyl capping group. The target molecule 145 also
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containedanO-met hyl group on ddlireatedhe @dnt di propagationyof
the ZPS polymer (Figure 24). The synthetic strategy to 145 included a late stage oxidation
to avoid lactamization, such as the method employed by the Boons group. Drawling
similarities to the Adamo group, the Demchenko lab planned to employ the indirect D-
ManNac introduction via b-glycosylationd epimerization. The synthesis would proceed
elongation from reducing to non-reducing end. Retrosynthetic analysis demonstrated the
target molecule 145 could come from trisaccharide 146 following a global deprotection
and C666 oxi dat i4®aoouldfrom li4atlraughla serieis of finctional group
interconversions. Disconnection of the L-fucosyl glycosidic linkage provided the
disaccharide donor 148 and the monosaccharide building block 149 (disconnection i).
Disconnection of the D-glucosidic bond provided the thioglycoside donor 151 and the L-

fucosyl acceptor 152 (disconnection ii).
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Figure 24. Retrosynthetic analysis of CP 5 by Demchenko (2016)

The synthesis began with the glycosylation between 151 and 152 to give 150 (Scheme
19). This provided the bond which would ultimately become the b-mannosyl glycosidic
linkage. Conversion of the D-Glc residue to a D-Man residue began with deprotection of
the Lev group in 150 to provide 153 Th e C2 6 h y diffatedktheh displaced by an
azide to give disaccharide 148. The O-pentenyl donor was activated with NIS/TfOH in the

presence of the glycosyl acceptor 149 to provide trisaccharide 147. Following a series of

five steps the azides were converted into

ac

and C666 hydroxyl was depr a4c.a\thtedcetarmidepseto vi d e
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the trisaccharide was then oxidized to provide the D-ManNACA residue, then deprotected

by hydrogenation to provide the desired product 145.

Demchenko et al. provided a route to access the CP 5 ZPS in a 19% overall yield over

eleven steps from its monosaccharide building blocks. This route provides the highest

yield of CP 5 ZPS to date.

Scheme 19. Synthesis of the CP 5 by Demchenko and co-workers (2016)

O(CH,)3CHCH,

O(CH,)3CHCH,

i) Tf,0, pyr.
AgOTf <N, 6 G a i
151 + 152 ————————>  ,p"\0 o | oAc e L VI S WC) o | OAc
3AMS, 1,2-DCE 0 o) ii) NaN,, DMF o 0
o BnO als, BnO
25°C,1h R 60°C,3h
78% B-only 81% 148
NH,-NH,-HOAG _
CH,Cl,/MeOH (20:1) }gg S - he"
25°C, 16 h ’
(94%)
BnO
o)
HO%OCHS BnO BnO
N3 O, o}
O%OCW OoCH
149, NIS, TfOH N 5 steps ? ’
o 3 B —— NHAC
3 AMS, 1,2-DCE N; N3 57% yield NHAG £ NHAG
0°C,1h pMp 0 o | OAc HO dne
o o HsCO O o
78% a-only BnO s BnO 146
147
HO
o)
o OCH,
i) TEMPO, BAIB, ag. CH,Cly, 25 °C, 16 h NHAG
0
ii) Hy, 10% Pd/C, aq. EtOH, 25 °C, 16 h Hoc NHAC (7 NHAc
73% over two steps CHSO%O ¢ 19% yield over 11 steps
HO 145 from monosaccharide building blocks
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Part 16. CP 8 ZPS (Demchenko 2015)

In addition to CP 5, CP 8 ZPS if found as an isolate from S. aureus. The CP 5 ZPS is
composed of a trisaccharide repeating unit structure of: Y 3)-b-D-ManNAcA(40Ac)-
( 1 Y-&)-FucNAc-( 1 Y-a-D-FucNAc-( 1 ¥ It bears many similarities to the CP5
ZPS as shown below in Figure 25. The CP 8 and CP 5 contain the same glycosyl residues

and order, however, differ in cite of acetylation and glycosidic connectivity.

HO HO
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O&g\/o\ D-FucNAc o 2
3Ac-L-FucNAc NHAc ) HO AcHN
HO NHAG ZQZ NHAG L-FucNAc Q7 NHac O
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TQQiNHAc Niihe =9 B(1-3)
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Figure 25. Comparison of CP 5 and CP 8 ZPS and CP8 repeating unit selection

Figure 25 depicts the targeted repeating unit, shown in red of 155, selected by the
Demchenko group for total synthesis. TheO-met hyl ( C1 and CBotedule
156 was planned from the repeating unit selection in ZPS 155 (Figure 26). Some aspects
of the synthetic strategy include; an indirect b-mannosylation, late stage oxidation to avoid

lactamization, and synthesis from reducing to non-reducing end.
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Figure 26. Retrosynthetic analysis of CP 8 by Demchenko (2015)

Retrosynthetic analysis showed that 156 could come from 157 following a global
deprotection event. 158 could come from 157 following a series of function group
interconvers i on s . Di s ¢ o n n ghdsidiobond evéuld provele doriorb159 and
acceptor 160. (disconnection i) Amination and epimerization o f C260 woul d
disaccharide 161. Disconnection of the D-Glc b-glycosidic bond would provide donor 162

and donor 163 (disconnection ii).

Following synthesis of the rare glycosyl building blocks, a glycosylation between

162 and 163 provided disaccharide 161 (Scheme 20). Removal of the Lev protecting
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group gave 164 which was converted into a triflate and was displaced by an azide to give
159. Glycosylation between 159 and 160 gave trisaccharide 158. Conversion of the azide
functional groups to acetamides was carried out followed by removal of the benzylidene
acetaltogive 157. Oxi dati on and benzyl =est éllowgbyot ect i
t he C4 06 0 previdedla &ully iprotected trisaccharide. This trisaccharide could then

be subjection to hydrogenation conditions to give the desired product 156.

Scheme 20. Synthesis of the CP 8 by Demchenko and co-workers (2015)
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H3CO from monosaccharide building blocks

156
Synthesis of the CP 8 ZPS was carried out in a 23% yield over a total of eleven steps
from the monosaccharide building blocks. This method can access synthetically useful
guantities of the CP 8 ZPS. With this ability, one can then develop derivatives of ZPS to

probe immunological systems with synthetic ZPS tool compounds.
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Part 17. Alcalifaciens 022 ZPS (Kulkarni 2017)

The P. alcalifaniens 022 ZPS was isolated and characterized by Ovchinnikova and co-
workers.'® They reported a structure of a phosphorylated O-polysaccharide from the S-
form lipopolysaccharide of the P. alcalifaniens 022 which was composed of a

trisaccharide repeating unit. The P. alcalifaniens 022 ZPS contained a D-glyceramide 2-

phosphate (D-GroAN-2-P) r esi due residing at the ter

D-GalNAc residue (Figure 27). The repeating unit, like the previously discussed ZPSs,
contained the rare 2-acetamido-4-amino-2,4,6-trideoxy-D-galactose (D-AAT) residue as
well as a D-GalNAc and D-Gal residues. In addition, the P. alcalifaniens 022 ZPS only
differs slightly in the core structure from the PS Al ZPS repeating unit. The core
trisaccharide residue of the two ZPSs are identical in composition and order: D-GalNAc,
D-gal, D-AAT from non-reducing end to reducing end (Figure 27). The structure includes
the D-Gal to D-AAT glycosidic linkages are both b-(1 Y 3 ) , a D-AAT tolDe5alNAc
are both ( 1W¥hichardonlypdiffargnebsy t heonfighration. A final parallel
between the two core structures is the site of substitution. Both the PS Al and the P.
alcalifaciens 022 ZPS repeating units containa br anching site of
equatorial position on the D-GalNAc residues as the ZPS frame is shown below (Figure

27).
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Figure 27. Comparison of PS Al and P. alcalifaciens O22 repeating units

Kulkarni and co-workers planned an expedient synthesis from orthogonal building
blocks 168, 169, 170 and 171.1? The D-galactosamine thioglycoside donor building block
169 was prepared though a number of stepsi ncl udi ng a Gtdréochemisine r si on
of D-glucosamine, because of the substantial price difference between the two
monosaccharide starting materials. The D-AAT acceptor 171 was synthesized from a D-
rhamnosyl compound, and the H-phosphonate 168 was produced in seven steps with a

33% yield from a dicyclohexylidene D-mannitol starting material (Figure 28).
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Figure 28. Kulkarni's retrosynthetic analysis of providencia alclafciens 022

repeating unit (2017)

The route was developed to allow for a one pot procedure which could produce
the entire core trisaccharide followed by a deprotection in a one-pot method (Scheme 21).
First the donor 170 and acceptor 171 were combined and activated under NIS/TMSOTf
conditions to give the D-Gal-b-( 1 Y-BJAAT disaccharide in high yield. It is thought that
the enhanced nucleophilicity of the equatorial C3-OH of acceptor 171 over the axial C4-
OH of donor 170 mitigates the formation of higher order oligosaccharides or self
glycosylation between donor 170. After 1 h, the group reports the addition of more
equivalencies of NIS promotor along with glycosyl donor 169. After an additional 1 h, the
C 3-0I is deprotected by the addition of triethylamine to afford the trisaccharide core 3.
The trisaccharide core 172 was promptly coupled under pivaloyl chloride and pyridine

followed by oxidation to furnish the phosphorylated trisaccharide 173 in 64% yield over
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two steps. Following a global deprotection procedure, the ZPS repeating unit 167 was
obtained in 63% yield over three steps. Biological evaluation of the P. alcalifaciens 022

ZPS repeating unit is currently underway to assess its immunological potential.

Scheme 21. Kulkarni's route to providencia alclafciens 022 repeating unit

HO _OBn CbzHN One-Pot assembly and deprotection
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Chapter 2

Total synthesis of the MM-ZPS repeating unit

Part 1. MM-ZPS introduction

Morganella morganii is an opportunistic, Gram-negative pathogen which causes biliary
infections, bladder infections and bacteraemia.'*® Morganella morganii belongs to the
tribe Proteeae of the family Enterobacteriaceae.**® The first isolates were cultured by
Morgan in 1906 from infants suffering from diarrhea.'*® In 1939, Sevin and Buttiaux
showed that this species can also cause urinary tract infections following reports of
isolation from feces, urine, and other pathological materials in hospitals.®® In 1979, O-
antigen grouping of Morganella morganii was investigated and reveled that several O-
antigen serotypes were recognized by studies of organisms recovered from patients. !
The O-antigen refers to repetitive glycan polymers making up the lipopolysaccharide

which extends out of the outer core of the gram-negative bacteria cell wall.

The composition of these O-antigens can be determined through analytical methods and
used to identify bacterial strains. In 2010, Young and co-workers began investigating the
O-antigen of Morganella morganii. They discovered that hybridoma antibodies, produced
from immunization with MM-ZPS, shared similarities to others hybridoma antibodies
which recognize phosphocholine-containing antigens. This prompted Young and co-
workers to undergo a structural and immunological analysis of the O-chain

polysaccharide.® In 2011, the Young group were the first to discover and report the first
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zwitterionic O-chain polysaccharide of the Morganella morganii (MM-ZPS). Their
discovery reveled that the MM-ZPS does not only have a phosphocholine residue, but it
also contains an additional phosphate and charged amino moiety on its structure giving
rise to its charged, zwitterionic character. As with other ZPSs, the MM-ZPS was also
discovered to elicit an immune response on its own, devoid of peptides or proteins which
were previously thought to be required for immunomodulation. To determine the ability
for the MM-ZPS to active the immune system, it was first hydrolyzed into fragments of
varying lengths and purified. Binding affinity of the purified fragments was assessed by
anti-M. morganii hybridoma enzyme immunoassay inhibition assay compared to
glycerophosphocholine. To further validate that immunoactivation is being facilitated by
the MM-ZPS, assays developed by Cobb and Kasper in 2008 for the evaluation of B.
fragilis PS A were performed on the MM-ZPS.*° The assay was conducted on the purified
MM-ZPS fragments and recombinant human MHCII (HLA-DR1). It was found that 5 kDa
MM-ZPS fragments are capable of MHCII binding with a similar binding affinity compared
to 5 kDa fragments of B. fragilis PS A (Kb value of 3.66+0.63 uM for MM-ZPS vs. Kp value
of 1.9+0.4 uM for PS A).8 In addition, competitive binding studies between the MM-ZPS
and the PS A ZPS confirmed comparable binding affinities between MM-ZPS and MHCII.2
It was confirmed that binding of the monomeric repeating unit (trisaccharide) and dimeric
repeating unit (hexasaccharide) failed to reproduce the 5 kDa MM-ZPS binding. This
finding supported the long-tested concept of a length requirement for the MHCII
interaction beyond the basic repeating unit. In addition, chemical quenching of the

charged moieties (via acylation) completely removed the ability of the MM-ZPS to bind to
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MHCII, indicating that the charged nature of the molecule impacts its immunomodulatory

properties.
Bacteria capsule

Further investigation by Young and co-workers went on to describe the ability for the
purified MM-ZPS to induce T-cell activation. Human peripheral blood mononuclear cells
(PBMCs from a hepatitis B peptide antigen (HepB)) were used to isolate CD4* T-cells.
This was achieved by using positive selection on magnetic beads as well as T-cell-
depleted antigen-presenting cells (APCs) using CD3 negative selection. For activation,
CD4* T-cells and APCs were co-cultured at a 1:1 ratio with MM-ZPS or PS A. Then the
culture supernatants were collected and analyzed for interferon-g (IFN-g) by enzyme-
linked immunosorbent assay (ELISA) as a measure of T-cell activation. Results showed
the MM-ZPS activated CD4* T-cells to a similar extent as the PS A (3084 pg/mL vs. 5807
pag/mL after 1 week, respectively). Collectively, this data show for the first time that
bacterial O-antigen can activate CD4* T-cells via the MHCII presentation. This is a unique
gualifier for the MM-ZPS when compared to other studied ZPSs. At the time of its
discovery, the MM-ZPS was the only known ZPS found as an O-antigen, a constituent of
the LPS (lipopolysaccharide). LPS is found as the outer membrane of Gram-negative
bacterial. The LPS is composed of four subunits: lipid A, inner core, outer core, and the
O-antigen. In contrast, all previously discovered ZPSs (PS Al, Spl, CP5, CP 8 etc.) had

been discovered in the capsule of the bacteria.

The bacterial capsule is a polysaccharide layer that lies outside the cell envelope and is
thus deemed part of the outer envelope of a bacterial cell. It is a well-organized layer, not

easily washed off, and its can be the cause of various diseases. The capsule, which can
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be found in both Gram-negative and Gram-positive bacteria, is different to the second
lipid membrane (bacterial outer membrane) which contains lipopolysaccharides and
lipoproteins and is found only in Gram-negative bacteria. The capsule is an amorphous
secretion that diffuses into surrounding medium as a loose semi-ridged slime layer. This
makes up the global glycocalyx. Capsules are a virulence factor, which serve multiple
purposes during infection, including; protection from desiccation, shielding of surface
antigens from complement deposition and prevention of interaction of surface-associated

immunoglobulins with immune cells.

Therefore, in comparison, O-antigens are covalently attached to the bacteria while the
capsule polysaccharides (CPSs) are not, are instead found in the slime layer.
Accordingly, O-antigens are the superior choice of target vaccine development, promoting

immune response towards the bacterial cell and not its capsule.
Structure of the Morganella morganii zwitterionic polysaccharide (MM-ZPS)

NMR analysis, performed by the Young lab, provided the chemical structure of the MM-
ZPS.2 Their findings determined that the MM-ZPS repeating unit was a trisaccharide
composed of a D-GalN, D-Gal, and a D-GalNAc. In addition, the trisaccharide repeating
unit contains two phosphate residues, one being a phosphocholine residue and the other
being a phosphoglycerol residue which serves as a bridge between the repeating units.
The MM-ZPS repeat structure continues by extending through the primary alcohol of the
C46 phosphoglycerol ar ma-B-GdlpiN«{ diY®P-Galgr(el ¥s3t)r uct u
b-GalpNAc-( 1 Y-8lycerol (Figure 29). The structure of the reported MM-ZPS contains

four charged groups (two positive and two negative) across the three monosaccharide
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resides of the repeating unit. This represents, a much higher charge per sugar density
than the heavily studied B. fragilis PS Al ZPS which only contains two charged groups

across the four monosaccharide residues of the repeating unit.

Part 2. MM-ZPS 1st-generation route retrosynthesis

We began by selecting 175 as the initial synthetic target, a representative repeating unit
of the greater MM-ZPS polymer 174 (Figure 29). This was due to the level of synthetic
challenge that would arise from the congested, tetra-substituted, central D-Gal residue.
In fact, the central D-Gal residue is tetra-substituted, which is rare among
oligosaccharides.’® D-galactopyranosyl residues contain a minimum of three

substituents syn to one another on the b-plane of the sugar

The repeating unit 175 was also an attractive synthetic target because it contained a
continuous trisaccharide core rather than a repeating unit frame composed of a

disaccharide and monosaccharide linked by a phosphoglycerol bridge.
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Figure 29. MM-ZPS synthetic target selection

Retrosynthetic analysis of the target MM-ZPS repeating unit trisaccharide 175, revealed
that the disconnection of the phosphocholine arm first, following global deprotection,
could be made between trisaccharide 176 and phosphoramidite 177 (Figure 30
disconnection i). Phosphocholine moieties are charged structures which can cause many
difficulties for chemical synthesis. Therefore, we elected to install the zwitterionic moiety
late in the synthesis. Next, disconnection to complete the core trisaccharide by forming
the D-Gal-b-( 1 Y-B)GalNAc glycosidic linkage 176 was envisioned to arise from a ring
opening event between the known D-GalNAc acceptor 179 and an intermediate epoxide
formed between the C1 and C2 of the D-galactal disaccharide 178 (Figure 30,
disconnection ii). In theory, the ring opening event would result in only a b-glycosidic
and then provide the

linkage viaan Sn2 pat hway
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directly in the following step. This provides a clear advantage over alternative
glycosylation strategy which may require a deprotection step after the initial glycosylation
event. The epoxide ring opening would be facilitated by the D-GalNAc acceptor 179,
because it contained the acetamide required in the final product 175. It is important to
mention that the final product175c ont ai ns a second a-dNHsNwhich
must remain in a free amine state relative to the acetylated amine at the C2 position.
Differentiating between the C2 and C2060
planning, and execution, of the synthetic route. In addition, acceptor 179 was capped at
the anomeric position with either an -OCHs or an -OiPr alkyl group to prevent mutarotation
of the reducing sugar. While the addition of the O-alkyl capping group may not be present
in the native ZPS repeating unit, capping of the reducing end sugar has been incorporated
in all previously published synthesis of ZPSs due to the final product existing as a mixture
of isomers resulting from mutarotation of the free reducing sugar, which would exist in an
equilibrium of products: linear, alpha furanosyl, beta furanosyl, alpha pyranosyl, beta

pyranosyl.

Returning to the retrosynthetic analysis, disconnection of the phosphate ester in
disaccharide 178 gave the known phosphoramidite 181 and the free axial C4-OH

disaccharide 180 (Figure 30, disconnection iii).
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Figure 30. Figure 30. First-generation retrosynthetic analysis

It is important to note that the formation of the protected phosphate ester 181 will give
rise to a pair of diastereomers which contain a chiral center at the newly formed
phosphate. We reasoned that we could carry the diastereomeric pair of phosphates
through the synthetic route where they would resolve into a single achiral phosphate

following deprotection to afford the final product 175.

The disconnection of the D-GalNs-U-( 1 Y-B®Gal glycosidic linkage in 180 would afford
the known building blocks; trichloroacetimidate donor 182 and the D-galactal acceptor
183 which could both be derived from inexpensive and readily available D-galactose
(Figure 30, disconnection iv). While it is generally not recommended to perform

glycosylations with diols, in fear of getting a mixture of many possible products, the
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glycosylation between donor 182 and acceptor 183 was planned to leverage the superior

nucleophilicity of the allylic, pseudo equatorial, C3-OH over the pseudo-axial C4-OH.

77



Part 3. MM-ZPS 1st-generation synthetic route

Synthetic work began with a sequence used to generate the first required building block,
D-galactal 183 (Scheme 22. route a). Bromination and zinc mediated reductive
elimination of the commercially available, and inexpensive, D-galactose pentaacetate 184
gave the D-galactal 185. Saponification of triacetate 185 affords the triol 186 cleanly in
quantitative yield. Selective silylation of the C6 primary alcohol of 186 gave the anhydro
sugar 183. Multi gram quantities of the first required building block, 6-O-tert-
butyldimethylsilyl-D-Galactal 183, was successfully synthesized utilizing this four-step

procedure in a 62% overall yield.

The next building block to be synthesized was the reducing-end D-GalNAc acceptors 192
and 179 (Scheme 22, part b and c). To access the D-GalNAc acceptor 192, acylation of
D-galactosamine-HCI 187 gave the peracetylated D-GalNAc residue 188 (Scheme 22,
route b). Acid promoted anchimeric assistance of the acetamide 188 gave oxazolidinone
189. Opening of the oxazolidinone ring with isopropyl alcohol gave the isopropyl b-D-
GalNAc 190 in a highly stereoselective fashion. Saponification of 190 gave the triol 191
which underwent acetal formation to afford the 4,6-O-benzylidene acetal 192 in decent
yield on gram scales. In addition, the C1-methyl capped D-GalNAc acceptor 179 was
synthesized in one step from commercially available material (Scheme 22, route c). With
the acceptor D-GalNAc acceptor building blocks completed we moved onto synthesis of

the glycerol-phosphate building block.

Synthesis of the phosphoramidite building block 193, commenced by treatment of a
solution of phosphorus oxychloride with diisopropyl amine to followed by the addition of

benzyl alcohol to give phosphordiamidite 193 in good yield (Scheme 22, route d). The
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