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cturally-defined polymeric
glycosylated phosphoprenols as potential
lipopolysaccharide biosynthetic probes†

Lei Wanga and Todd L. Lowary *abc

The biosynthesis of lipopolysaccharide (LPS), a key immunomodulatory molecule produced by gram-

negative bacteria, has been a topic of long-term interest. To date, the chemical probes used as tools to

study LPS biosynthetic pathways have consisted primarily of small fragments of the larger structure (e.g.,

the O-chain repeating unit). While such compounds have helped to provide significant insight into many

aspects of LPS assembly, understanding other aspects will require larger, more complex probes. For

example, the molecular interactions between polymeric LPS biosynthetic intermediates and the proteins

that transfer them across the inner and outer membrane remain largely unknown. We describe the

synthesis of two lipid-linked polysaccharides, containing 11 and 27 monosaccharide residues, that are

related to LPS O-chain biosynthesis in Escherichia coli O9a. This work has led not only to multi-

milligram quantities of two biosynthetic probes, but also provided insights into challenges that must be

overcome in the chemical synthesis of structurally-defined polysaccharides.
Introduction

Lipopolysaccharide (LPS), an essential component of the gram-
negative bacterial outer membrane, is an important mediator of
host–pathogen interactions.1 LPS has a tripartite structure
consisting of lipid A, the core oligosaccharide, and the O-
polysaccharide (O-PS).2 The rst two of these components are
semi-conserved across all species while the O-PS is highly vari-
able from organism to organism. For example, more than 180
different Escherichia coli O-antigens are known.3,4 Structural
differences in repeating units, chain length, and non-
carbohydrate substituents (e.g., acetylation) make the O-PS
one of the most diverse classes of naturally-occurring glycans.1

Given its biological importance and structural diversity,
understanding how LPS is biosynthesized has attracted signif-
icant attention.2,5,6 A common model organism to study this
process is E. coli O9a.7–9 The structure of the LPS in this
organism, with a focus on the O-PS, is shown in Fig. 1A. Key
features are a ‘primer–adaptor’ trisaccharide containing two
mannopyranose (Manp) and one N-acetylglucopyranosylamine
(GlcpNAc) residues, which links the lipid A–core domain to the
berta, Edmonton, AB T6G 2G2, Canada.

Sinica, Academia Road, Section 2, #128,

aiwan University, Section 4, #1, Roosevelt

ESI) available: Experimental details and
03852d

200
O-PS.10 Four Manp residues, in a mixture of a-(1/2) and a-(1/
3)-linkages, comprise the repeating unit and each O-PS chain
has 9–17 repeating units.10,11 The structure is terminated with
Fig. 1 Structures of (A) E. coli O9a LPS; (B) its phosphopolyprenol
biosynthetic precursor; (C) biosynthetic probes synthesized in this
paper. The structures in A and B are drawn using the Consortium for
Functional Glycomics symbolic nomenclature (green circles ¼ Manp;
blue squares ¼ GlcpNAc).13.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (A) Retrosynthesis of E. coli O9a O-PS fragments; (B)
structures of tetrasaccharide repeating units 9 and 10.
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a methyl phosphate group on O-3 of the non-reducing end
Manp residue.7,12

E. coli O9a LPS biosynthesis employs the ABC transporter-
dependent pathway.2,10 This process involves the assembly of
the full-length O-PS on an undecaprenol (C55) pyrophosphate
carrier (Fig. 1B) on the cytoplasmic side of the inner membrane
and then its transfer across the inner membrane to the peri-
plasm by an ABC transporter. Ligation of the O-PS to the Lipid
A–core domain occurs in the periplasm and then the entire
structure is exported across the outer membrane. The assembly
of the undecaprenol pyrophosphate polysaccharide interme-
diate (Fig. 1B) is achieved by the integrated action of four gly-
cosyltransferase (GTs) that install the primer–adaptor and O-PS
repeating units, followed by the action of a bifunctional kinase/
methyltransferase (a protein named WbdD)12 that caps the
reactive hydroxyl group on the terminal Manp. This capping
process also signals, through an unknown mechanism, the
transfer of the intermediate across the inner membrane by the
ABC transporter.

Like other LPS biosynthetic investigations14–16 deciphering
the assembly of the O9a O-PS has beneted greatly from the
availability of small synthetic fragments of the larger mole-
cule.7–9 These compounds have been used to characterise the
activities of not only the GTs but also WbdD.7–9 However,
questions remain about the specicity of WbdD and protein–
substrate interactions in the ABC transporter that recognizes
and transfers the large lipid-linked glycan across the inner
membrane remain obscure. In general, despite impressive
recent advances,17–19 the ‘ipping’ of large glycans across
membranes remains poorly understood at the molecular level
and it is likely that short O-PS fragments will not be effective
probes of this process. In addition, the impact of chain length
on the action of the biosynthetic GTs is unknown. Answering
questions of this type, not only for O9a LPS, but also for other
polysaccharides, will require access to larger glycan probes and
the development of efficient strategies to assemble them.

In this paper, we describe an approach to synthesize two
such probe molecules (Fig. 1C), containing either two (1) or six
(2) tetrasaccharide E. coli O9a O-PS repeating units connected
via the primer–adaptor trisaccharide to farnesyl pyrophosphate.
These molecules thus contain 11 and 27 monosaccharide resi-
dues, respectively. Over the past several years, outstanding
achievements have been made in the synthesis of structurally-
dened polysaccharides.20–26 However, with some excep-
tions,24–26 most of the structures reported have either been
homopolymers containing single glycosidic linkages or poly-
mers with a disaccharide repeating unit. Less common have
been syntheses of targets such as 1 and 2, the preparation of
which are complicated both by the structure of a tetrasaccharide
repeating unit and by the presence of the pyrophosphate and
lipid moieties.

Results and discussion
Retrosynthetic analysis and strategy

Two possible synthetic routes to 1 and 2 are shown in Scheme
1A. One approach (Route 1) includes a trisaccharide primer–
© 2021 The Author(s). Published by the Royal Society of Chemistry
adaptor and a tetrasaccharide repeating unit, which could be
obtained from ve different protected Manp building blocks (3–
7) and GlcpNAc derivative 8. The second approach (Route 2)
involves a tetrasaccharide primer–adaptor, a tetrasaccharide
repeating unit, and a trisaccharide cap, which can be assembled
using one fewer building block than Route 1: compounds 4–8.

Regardless of the route employed, it was necessary to develop
an approach to appropriate tetrasaccharide repeating unit
building blocks and be able to prepare them efficiently in multi-
gram scale. We selected two targets, p-methoxyphenyl (PMP)
glycosides 9 and 10 (Scheme 1B), that could be used in Route 1
or Route 2, respectively.

Protecting groups greatly inuence glycosylation reactivity,
glycosylation stereoselectivity and deprotection efficiency.27,28

These factors must be balanced with the complexity of the
routes needed to assemble (usually monosaccharide) building
blocks. Thus, great care was taken in choosing them in this
investigation. In particular, an overall goal was to limit the
number of benzyl (Bn) ethers as we envisioned their removal on
the large target compounds could be challenging.22 That said,
we did select benzyl ethers to protect the majority of the
hydroxyl groups on mannose residues A and D in both 9 and 10
to increase reactivities in glycosylation reactions. A benzoyl (Bz)
ester was used to protect the C-2 hydroxyl group on residue A to
Chem. Sci., 2021, 12, 12192–12200 | 12193
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control the selectivity of the a-glycosylation. As the temporary
protecting group in residue D, a levulinate (Lev) ester was
selected, given the orthogonality of this group to others used in
the synthesis. Finally, we chose acetate (Ac) esters to protect the
majority of the hydroxyl groups on residues B and C as we ex-
pected that they would be easier to remove than Bn ethers. In
addition, given their location on the internal portion of the
building block, they would not be expected to greatly affect
glycosylation reactivity. In cases where hydroxyl groups on
residues B and C are benzylated, this was done to simplify the
preparation of the monosaccharide precursors. The synthesis of
9 and 10 is discussed below. The preparation of the mono-
saccharide building blocks needed to synthesize these tetra-
saccharides is described in the ESI (Scheme S2†).
Synthesis of two repeating units and comparison of Routes 1
and 2

To compare the two routes shown in Scheme 1A, we prepared
tetrasaccharide 16 and 21 (Scheme 2), which can be converted to
the key building blocks 9 and 10, respectively, by manipulation
of the protecting groups. The synthesis of tetrasaccharide 16
(Scheme 2A), started with the coupling of glycosyl acceptor 6
with thioglycoside donor 3 mediated by NIS (1.3 equiv.) and
AgOTf (0.1 equiv.). The product was produced in poor (45%)
yield, mainly due to the formation of the 1,2-othoester 12 (25%).
To improve the yield, a larger amount of AgOTf (0.35 equiv.) was
Scheme 2 (A) Synthesis of tetrasaccharide repeating unit 16 (Route 1);
(B) synthesis of tetrasaccharide repeating unit 21 (Route 2); (C)
comparison of Routes 1 and 2, leading to 16 and 21, respectively.

12194 | Chem. Sci., 2021, 12, 12192–12200
used in the reaction. Under these more acidic conditions,
disaccharide 11 was isolated in 65% yield. Chemoselective
removal of the levulinate group using hydrazine acetate gave
acceptor 13 in 92% yield. Subsequent NIS/AgOTf-promoted
glycosylation of 13 with 5 gave a 67% yield of trisaccharide 14.
Removal of the levulinate ester provided 15, which was then
glycosylated with 4 leading to the formation of tetrasaccharide
16 in 62% yield over the two steps. The synthesis of tetra-
saccharide 21, which was needed for Route 2, also involved an
alternating series of NIS/AgOTf-promoted glycosylations and
levulinate protecting group removals with hydrazine acetate
(Scheme 2B). In all glycosylations leading to mannosidic link-
ages described in this paper, the stereochemistry of the newly
formed glycosidic linkage was determined by measuring its
1JC-1,H-1. These values were in the range of 171–177 Hz, as ex-
pected for an a-linkage.29

A comparison of the synthesis of 16 and 21 is provided in
Scheme 2C. Four monosaccharide building blocks (3–6) are
needed for the synthesis of 16. In contrast, only three building
blocks (5–7) are needed to prepare 21. In addition, compared
with the overall yield for the synthesis of 16 (25%), the overall
yield for the synthesis of repeating unit 21 was much higher:
43%. We then considered the relative glycosylation reactivities
that could be expected in both routes in the reactions leading to
longer oligomers of the repeating units. In Route 1, chain
extension would involve the formation of an a-(1/2) glycosidic
linkage. In Route 2, this process would require generation of an
a-(1/3)-linkage. In a previous study30 the relative reactivity
between the C-2 and C-3 hydroxyl groups on mannose was
investigated. Using a mannose acceptor with unprotected C-2
and C-3 hydroxyl groups, the a-(1/3)-disaccharide was iso-
lated in 80% yield and no a-(1/2)-disaccharide was observed.
This suggests that the equatorial C-3 hydroxyl group is more
reactive than the axial C-2 hydroxyl group. Aer these consid-
erations, we decided to focus on Route 2 to assemble the targets.
Although this ‘frame-shi’ approach may appear more
complicated, requiring three oligosaccharide building blocks
compared to only two for Route 1, the former has three
advantages: (1) fewer monosaccharide building blocks are
needed for the preparation of 21 compared to 16; (2) there is
a higher yield in the synthesis of 21 compared to 16 and (3) the
key chain extension process will involve reactions at the more
reactive C-3 hydroxyl group.
Synthesis of tetrasaccharide primer–adaptor and
trisaccharide cap domains needed for Route 2

To synthesize the targets via Route 2, a protected primer–
adaptor tetrasaccharide intermediate was needed (Scheme 3A).
The preparation of this compound started by the coupling of
glycosyl acceptor 8 (Scheme S1, ESI†) to mannose thioglycoside
donor 7 mediated by NIS and AgOTf, which gave disaccharide
22 in 85% yield. The benzylidene acetal in 22 was then hydro-
lyzed and the resulting diol was acetylated leading to, in 94%
overall yield, the formation of 23. From this disaccharide, the
levulinate ester was removed using hydrazine acetate, providing
24 (98% yield), which was then subjected to glycosylation with 7
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 (A) Synthesis of primer–adaptor acceptor building block
28; (B) synthesis of trisaccharide cap donor 33.

Scheme 4 Synthesis of repeating unit 10 and exploration of the 4 + 4
glycosylation between 28 and 36.
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affording a 91% yield of trisaccharide 25. Another cycle of lev-
ulinate deprotection and NIS/AgOTf promoted glycosylation
with thioglycoside 7 provided the tetrasaccharide 27, which was
then treated with hydrazine acetate to afford the primer–
adaptor tetrasaccharide intermediate 28 in 73% yield over the
three steps.

The nal intermediate needed for the targets was the
trisaccharide cap at the nonreducing end (Scheme 3B). This
building block was accessed by coupling of glycosyl acceptor 6
and glycosyl donor 4 using NIS/AgOTf-promoted glycosylation
and subsequent levulinate deprotection to produce disaccha-
ride alcohol 30 in 87% yield over the two steps. Subsequent
glycosylation of 30 with thioglycoside 31 (see Scheme S2 in the
ESI† for its synthesis) proceeded in 86% yield producing the
target trisaccharide 32. Finally, a two-step functional group
transformation sequence, from PMP glycoside to glycosyl tri-
chloroacetimidate (TCA), led to the activated donor 33 in 65%
yield over the two steps. This was achieved by ceric ammonium
nitrate-mediated cleavage of the PMP group and then treatment
of the resulting alcohol with tricholoracetonitrile and DBU.
Table 1 Conditions explored for the glycosylation of 28 with 36

Entry 1 2 3

Donor 36 1.2 eq. 1.0 eq. 1.0 eq.
Acceptor 28 1.0 eq. 1.2 eq. 1.2 eq.
Activator/eq. TMSOTf/0.4 TMSOTf/0.2 TBSOTf/0.4
TMS ether 37 35% 30% —
Glycal 39 30% 15% —
Octasaccharide 38 52% 65% 86%
Exploration of 4 + 4 glycosylation conditions and synthesis of
undecasaccharide 1

Having obtained the primer–adaptor and cap domains, we
moved forward on assembling the rst target, undeca-
saccharide 1. Before doing this, we chose to exchange the
benzylidene acetals on residues B and C in 21with acetate esters
to simplify the nal deprotection steps (Scheme 4). We initially
used 4 : 1 acetic acid–water at 80 �C to hydrolyze the two acetals.
Unfortunately, the yield for this reaction was only �60%.
Successful acetal cleavage could, however, be achieved by
reaction with iodine in methanol at reux.31 The 1H NMR
© 2021 The Author(s). Published by the Royal Society of Chemistry
spectrum and mass spectrometric data of the crude reaction
mixture showed that, in addition to the desired product 34,
there was �15% of 35, formed by conversion of the ketone in
the levulinate ester to a ketal. Tetrasaccharides 34 and 35 were
inseparable; therefore, the mixture was treated with acetic
anhydride and pyridine to give the corresponding acetylated
products, which were then dissolved in a 2% solution of HCl in
acetone. This led to hydrolysis of the ketal affording the
levulinoyl-protected tetrasaccharide 10 in 88% yield over three
steps. Conversion of 10 into O-trichloroacetimidate 36 was
carried out under the standard conditions described above
giving the activated donor in 65% yield.

With the primer–adaptor tetrasaccharide acceptor 28 and
repeating unit donor 36 in hand, their coupling was studied
(Table 1). When 0.4 equiv. of TMSOTf was used as promoter
(Entry 1), two side products – TMS ether 37 (Scheme 4, 35%) and
glycal 39 (30%) – were obtained and the yield for desired
product, 38, was modest (52%). Side products 37 and 39 come
from acceptor 28 and donor 36, respectively. We concluded that
under these conditions, the hydroxyl group on 28 reacted with
the TMSOTf promotor to form 37, which does not undergo
glycosylation. As a result, some of trichloroacetimidate 36 has no
Chem. Sci., 2021, 12, 12192–12200 | 12195
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substrate to glycosylate and it undergoes elimination to give 39.
To minimize the formation of by-products, we reduced the
amount of TMSOTf to 0.2 equiv. (Entry 2). The yield for 38 was
improved to 65%; however, 37 and 39were still produced in 30%
and 15% yields, respectively. This suggests that the silylation of
28 is rapid and that using a more sterically-demanding Lewis
acid might result in less of these two side products being
produced. Indeed, when using 0.4 equiv. of TBSOTf (Entry 3), the
yield of the desired product 38 was greatly improved, to 86%,
and no 37 or 39 could be isolated. Although the newly formed
H-1 resonance could not be identied in the one-dimensional
1H NMR spectrum due to overlap, all of the 1JC-1, H-1 values
could be measured from the 1H-coupled HSQC spectrum. Given
this nding, we used TBSOTf as the promotor for all tri-
chloroacetimidate glycosylations carried out during the
synthesis of the targets (see below).

With an approach for the construction of octasaccharide 38
in place, the focus shied to the nal glycosylation with the cap
moiety and elaboration to the target (Scheme 5). Thus, cleavage
of the levulinate protecting group in 38 with hydrazine acetate
gave octasaccharide alcohol 40 (94% yield), which was subse-
quently reacted with trichloroacetimidate 33 to afford undeca-
saccharide 41. This 3 + 8 glycosylation provided 41 in 86% yield.

Aer all of the monosaccharide residues were in place, the
focus became changing the functional group on the nitrogen
atom, introduction of the phosphate and lipid moiety and the
nal deprotection. The Troc group in 41 was removed in 86%
yield via reductive elimination, which employed activated zinc
in AcOH/THF, to afford a crude product with a free amine. A
Scheme 5 Synthesis of undecasaccharide lipid pyrophosphate 1.

12196 | Chem. Sci., 2021, 12, 12192–12200
common problem of this reaction is the formation of the
dichloroethoxy-carbamate by-product,32 which was minimized
by using freshly activated zinc dust. Aer N-acetylation using
acetic anhydride and pyridine, the Troc protecting group was
converted to an acetyl group to give undecasaccharide 42 in 90%
yield over the two steps.

It was next necessary to remove the benzyl ether protecting
groups and replace them with acetate esters. This would
simplify the deprotection at the end of the synthesis to a single
ester cleavage step with an easy to remove by-product (methyl
acetate). It can be difficult to remove large numbers of benzyl
groups in large oligosaccharides using hydrogenolysis;22 there-
fore, we chose to use Birch reduction. The Birch reduction is
a strongly basic reaction and, as such, esters are readily cleaved
under these conditions. It was then, in principle, possible to
remove all of the protecting groups in a single step before
replacing them with acetate esters, which was required before
the pyrophosphate coupling reaction. However, aer exploring
this reaction, we found it more convenient to rst cleave the acyl
groups, purify the molecule and execute the dissolving metal
reduction. This approach has been used for the synthesis of
other molecules.33,34 and in our hands this strategy greatly
simplied the purication of the product aer removal of the
benzyl ethers. Thus, undecasaccharide 42 was treated with
sodium methoxide to remove all of the acetyl and benzoyl
groups. This intermediate was puried and then subjected to
Birch conditions giving a fully deprotected oligosaccharide,
which was then acetylated to afford 43 in 65% yield over the
three steps.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The nal steps in the synthesis involved the introduction of
the lipid phosphate moiety. To do this, the anomeric TMSET
protecting group was removed by treatment of 43 with 25% tri-
uoroacetic acid (TFA) in dichloromethane to give 44 in 83%
yield. This hemiacetal was treated with dibenzyl N,N-diisopropyl
phosphoramidite and tetrazole to afford a phosphite interme-
diate, which was oxidized with m-CPBA providing a 75% overall
yield of glycosyl phosphate 45. Hydrogenolysis of the benzyl
groups on the phosphate gave a glycosyl phosphate intermediate,
46, that was coupled to farnesyl phosphate (47)35 using a car-
bonyldiimidazole (CDI)-mediated phosphoesterication.36,37

Such coupling reactions are typically low yielding,38 but through
careful optimization of the conditions, including the use of
a large excess of farnesyl phosphate and long (seven-day) reaction
times, reasonable yields could be obtained. The product, 48, was
then deacetylated with catalytic sodium methoxide in methanol
affording the farnesyl pyrophosphate-linked oligosaccharide 1 in
56% yield from 45 over the three steps.

The high-resolution electrospray mass spectrum of undeca-
saccharide 1 showed a molecular ion with two negative charges
(M–2H)�2 at m/z ¼ 1101.8628, which agrees with calculated
exact mass. The identity 1 was further conrmed by NMR
spectroscopy (Fig. S1 and S2†).
Assembly of eicosaheptasaccharide 2

Aer the synthesis of the undecasaccharide 1 was secure, we
moved to the preparation of 2, an eicosaheptasaccharide
Scheme 6 Synthesis of octasaccharide 51 and heptasaccharide 53
donors.

© 2021 The Author(s). Published by the Royal Society of Chemistry
containing 27 sugar residues. Although the approach detailed
above could be used to make larger oligosaccharides, we
considered that using tetrasaccharide imidate 36 would be
inefficient as it would allow chain extension only by one
repeating unit in each glycosylation. We therefore decided to
synthesize an octasaccharide donor (a dimer of 36) to facilitate
chain extension. To do this (Scheme 6), a tetrasaccharide
acceptor (49) was obtained in 93% yield by removal of the lev-
ulinate group in 10. Next, trichloroacetimidate donor 36 was
used to glycosylate 49 promoted by TBSOTf to afford the desired
octasaccharide 50 in 88% yield. As was observed in the synthesis
of 38, spectral overlap prevented the identication of 1H signal
arising from the nascent glycosidic bond in the 1H NMR spec-
trum of 50. However, all of the 1JC-1,H-1 values could be
measured from the 1H-coupled HSQC spectrum, which
conrmed the a-stereochemistry of the eight mannose residues
in 50. Conversion of 50 to the trichloroacetimidate donor 51was
achieved by selective cleavage of the PMP group and subsequent
reaction of the resulting hemiacetal with tricholoracetonitrile in
the presence of DBU (65% yield over two steps).

Starting from primer–adaptor tetrasaccharide 28 and octa-
saccharide donor 51, the 20-mer could be synthesized following
a 4 + 8 + 8 glycosylation sequence. To obtain the desired 27-mer,
it was necessary to synthesize a heptasaccharide donor (53,
Scheme 6), analogous to the trisaccharide ‘cap’ used for the
synthesis of 1. Glycosylation of 49with imidate 33 in presence of
TBSOTf led to the desired heptasaccharide 52 in 87% yield.
Conversion of 52 into heptasaccharide donor 53was achieved in
63% overall yield using the same method used to synthesize 51.

A 4 + 8 + 8 + 7 reaction sequence was used to assemble the
polysaccharide domain of the eicosaheptasaccharide (Scheme
7). The initial 8 + 4 glycosylation between octasaccharide 51 and
tetrasaccharide 28 using TBSOTf proceeded in 86% yield. The
subsequent deprotection of the levulinate ester on the product
dodecasaccharide 54 using hydrazine hydrate at room temper-
ature, conditions that had worked well on the smaller oligo-
saccharides, was surprisingly slow. Following this reaction by
TLC was also complicated by the fact that the starting material
and product were inseparable. In the 1H NMR spectrum of
dodecasaccharide 54, the resonance for H-3 of the terminal
mannose residue (the hydrogen adjacent to the levulinate ester)
appears at 5.37 ppm as a doublet of doublets (3J ¼ 9.5, 3.5 Hz).
This signal could be easily identied in the crude 1H NMR
spectrum of the mixture and thus NMR spectrometry was used
to follow the reaction. Aer four hours at room temperature, the
spectrum showed that only 15% of the levulinate group was
removed. To achieve full deprotection, a rotary evaporator was
used to concentrate the reaction mixture and then the ask was
kept rotating for 30 min at 40 �C. Under these conditions, the
crude 1H NMR spectrum showed complete disappearance of the
peak at 5.37 ppm, suggesting 100% conversion; the yield of 55
was 87% aer purication. The reason for the low reactivity is
unclear. We postulate that the molecule adopts a three-
dimensional structure that hinders either the formation of the
hydrazone intermediate of the levulinolyl ketone moiety, or its
subsequent intramolecular cyclization that releases the alcohol.
While, in principle, this could be ascertained by TLC analysis of
Chem. Sci., 2021, 12, 12192–12200 | 12197
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the reaction mixture, this was not possible given the size of the
molecules, which rendered their chromatographic mobilities
very similar.

To further extend dodecasaccharide 55, a TBSOTf-mediated
8 + 12 glycosylation using octasaccharide donor 51 was
executed, which provided eicosasaccharide 56 in 71% yield. The
levulinate ester group on 56 was removed by using the same
method for deprotection as that used on the dodecasaccharide
to generate, in 87% yield, 57. Finally, TBSOTf-promoted glyco-
sylation using heptasaccharide 53 as the donor and 57 as the
acceptor, generated the desired protected eicosahepta-
saccharide 58 in 73% yield. The identity of 53 was supported by
its MALDI-TOF mass spectrum, which showed a molecular ion
of the sodium adduct at m/z ¼ 10,578, consistent with the
calculated mass for this molecule.

With the polysaccharide core of the molecule assembled, the
next step was the exchange of the Troc group on 58 for an acetate
to produce 59. This was carried out in two steps and in 80% yield
upon treatment with zinc in acetic acid and then acetic anhydride
12198 | Chem. Sci., 2021, 12, 12192–12200
and pyridine. Deprotection by Birch reduction to remove all of
the benzyl ethers was then investigated. Initially, consistent with
what had been done in the synthesis of 1, all of the acetate and
benzoate groups in 59 were removed using sodiummethoxide in
methanol to afford a partially deprotected product. However, this
deacylated product was insoluble in THF, the solvent used for the
Birch reduction. Therefore, it was necessary to use the fully
protected molecule 59 in this step. Application of the same
conditions used for the undecasaccharide led to a mixture of two
products: the desired product and one or more side products in
which the 2-(trimethylsilyl)ethyl (TMSEt) group appeared to have
been lost. Based on the 1H NMR spectrum of the crude reaction
mixture, the ratio between the desired and undesired product(s)
was 1 : 1.5 (integration of the methyl signal of the NHAc group).
The exact structure of the side product could not be determined
by NMR spectroscopy and mass spectroscopy of the crude
mixtures showed a number of species with molecular weights
lower than that of the desired product. In addition to dramati-
cally lowering the yield, the product and side products were
© 2021 The Author(s). Published by the Royal Society of Chemistry
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impossible to separate. Fortunately, it was discovered that
decreasing the reaction temperature to �80 �C and shortening
the reaction time to 1.5 h resulted in only a trace amount of the
side products being produced. Under these conditions, the two-
step yield for the Birch reduction and acetyl protection was
improved to 47%.

Removal of the TMSEt group using TFA in dichloromethane
gave oligosaccharide 61 in 78% yield. Following the same
phosphorylation reaction described in the undecasaccharide
synthesis, phosphate 62 was obtained in 92% yield. Aer
removal of the benzyl groups on phosphate 62 by hydro-
genolysis, coupling between the resulting glycosyl 1-phosphate
63 and farnesyl phosphate, mediated by CDI, led to the
formation of protected glycosyl phospholipid, which was then
deacetylated using sodium methoxide in a mixture dichloro-
methane in methanol. The desired product 2 was obtained in
55% yield over three steps.

The high-resolution electrospray mass spectrum of 2
showed a molecular ion with three negative charges (M–3H)�3

at m/z ¼ 1599.1826, consistent with the exact mass of the
molecule. Considering the size of 1 and 2, we envisioned that
their NMR spectra would not be very informative, but that was
not the case. Both 1H and 13C NMR spectra (Fig. S1 and S2†)
provide strong support for the structure of the compounds.
For example, in the 1H NMR of 2 (Fig. S1†), the peak at
5.50 ppm (dd, 1H, J ¼ 7.0, 3.0 Hz) is from the GlcpNAc H-1. The
small 2JP,H-1 (GlcpNAc) coupling constant (J ¼ 3.0 Hz) indicates
the connection between pyrophosphate and GlcpNAc residue.
Three peaks at 5.46, 5.22 and 5.20 conrm the presence of far-
nesyl residue. Four peaks at 5.38, 5.31, 5.13 and 5.05 ppm are
from repeating unit Manp residue C H-1, Manp residue D H-1,
Manp residue B H-1 and Manp residue A H-1, respectively.
Adjacent to the resonance for residue A is another smaller peak
that we ascribe to the residue attached to the primer–adaptor
trisaccharide. The 13C NMR spectrum of 2 (Fig. S2†) has a reso-
nance at 95.6, split into a doublet (2JP,C-1 ¼ 6.5 Hz) corresponding
to C-1 of the GlcpNAc residue thus further conrming the
GlcpNAc-PP linkage. The peak at 103.0 belongs to C-1 of the Manp
C and Manp D residues, the peak at 101.6 ppm is from C-1 of
Manp A and Manp B residues. The repeating unit peaks in 1H and
13C NMR are in agreement with that of the natural O-PS reported
in literature.39,40

Conclusion

In summary, we report the rst chemical synthesis of large lipid
pyrophosphate-linked LPS O-PS intermediates (1 and 2). An
important design feature was a ‘frame-shi’ strategy, in which
the molecule was assembled not by using building blocks cor-
responding to natural repeating unit, but instead one where
disconnections were made between different residues. This
allowed for a reduction in the number of monosaccharide
building blocks required and better yields of the glycosylations
throughout the synthesis. This non-conventional strategy
should thus be considered in future when designing routes to
large glycans. Other key features of the route were the prepa-
ration three building blocks – repeating unit donor 36,
© 2021 The Author(s). Published by the Royal Society of Chemistry
tetrasaccharide primer–adapter acceptor 28 and trisaccharide
cap donor 33 – via an iterative cycle of NIS/AgOTf-promoted
glycosylations and hydrazine acetate-mediated levulinate ester
cleavages. In addition, a TBSOTf-promoted glycosylation
method was developed for glycosylations between oligosaccha-
ride acceptors and trichloroacetimidate donors generated from
the oligosaccharide building blocks.

Following a 4 + 4 + 3 strategy, the protected undeca-
saccharide 41 was assembled in glycosylation yields between
82% and 88%. A 4 + 8 + 8 + 7 strategy was employed to
synthesize the protected eicosaheptasaccharide 58 in good to
excellent yields (70–86%). Aer nine additional steps, including
protecting groupmanipulation, phosphorylation, coupling with
farnesyl phosphate and nal deprotection, we produced 13 mg
and 7 mg quantities of 1 and 2, respectively. While we employed
farnesol as the polyprenol in these targets, the use of longer
polyprenols should be straightforward.41

In addition to providing access to valuable probe molecules
that are currently being used in biosynthetic investigations, the
strategy developed here can be extended to prepare even larger
fragments of this O-PS. Moreover, the study provides insights
into the challenges faced when assembling structurally-dened
polysaccharides and solutions to circumvent them. In partic-
ular, it was necessary to overcome not only the formation of
unproductive side products in glycosylation reactions (conver-
sion of 36 into 38), but also difficulties in removing protecting
groups either selectively (synthesis of 55), or in bulk (the Birch
reduction of 59). Indeed, this work suggests that the efficiency
of the glycosylations is not dramatically affected when carried
out molecules of increasing size, something that has been
previously reported for other couplings of large mannose-
containing oligosaccharides23 and furanose-containing oligo-
saccharides.24,25 On the other hand, issues such as low reactivity
and more mundane problems such as poor solubility, similar
chromatographic mobilities, and spectral overlap, complicated
the analysis and deprotection of large intermediates. These
latter issues underscore the importance of considering these
factors when designing synthetic routes to structurally-dened
polysaccharides. Such problems have been previously encoun-
tered22,42 and suggest that the development of new protecting
groups that can be removed in quantitative yield, and creative
methods for reaction monitoring and execution, are needed
additions to the arsenal of methods for synthetic poly-
saccharide chemistry. Such advances, in addition to improved
methods for glycoside bond synthesis, would allow more
straightforward and efficient access to structurally-dened
complex polysaccharides.
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