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ABSTRACT
Lipid A, the glycolipid cofnponeht of Grarh-negative bacterial Iipopblysacbharide
has been shown to engage the Toll-like receptor 4 (TLR4) signalling pathway.
While this signalling cascade results in cellular mediators which serve to activate
the immune system and eliminate the invading organism, the associated toxicity
is potentially harmful to the host. With an ever increasing molecular
understanding of TLR4 mediated signalling, synthetic analogs of the natural Lipid
A structure and the structure-activity relationship information they provide have
emerged as a potential method of harnessing the desired immunomodulating
effects from the undesired toxicity. As such, the therapeutic potential of TLR4

signalling is becoming an increasing possibility.

Two novel synthetic frameworks have been designed and synthesized to
potentially mimic the natural Lipid A structure. A dimeric monosaccharide
framework was obtained, however, attempts at functionalization (R = Lipid) to
generate a series of analogs were generally unsuccessful due to unforeseen
circumstances. A revised synthetic strategy has thereby been undertaken to allow
more facile functionalization of this framework. A monosaccharide framework in
which diethanolamine is employed as an acyclic scaffold replacing one of the
sugar groups common to the natural disaccharide Lipid A structure has also been
obtained. Functionalization (R = Lipid) has been successfully achieved, with
further functionalization of this framework through the acyclic hydroxyl moiety
intended. Ultimately, biological evaluation will determine the potential of these

frameworks as being ligands for TLR4.
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1 INTRODUCTION & OBJECTIVES E
1.1 Biological background .
1.11 An introduction to immunity

Immunity is a biological term describing a state in which sufficient biological defences are
present to avoid infection or disease. There are two separate arms of the immune system
which work in concert to protect the host, and involve both specific and non-specific
components. The innate immune system acts as the first line of defence, working to eliminate
a wide range of pathogens irrespective of antigen specificity. This form of immunity is present
in the host from birth. The adaptive immune system is comprised of components that adapt
themselves to each new pathogen, and generate a so-called pathogen-specific immunity.
Moreover, in adapting to a pathogen, the adaptive immune system also bestows upon the
host a “memory”, thus allowing for a much stronger immunological response if the pathogen is

encountered again. As such, this form of defence is often referred to as acquired immunity ".

One primary role of the innate immune system is the induction of an inflammatory response.
The secretion of inflammatory cytokines serves to control the spread and eliminate much of
the invading pathogen. The second, equally important role of the innate immune system is the
induction of the adaptive immune system, whose action not only serves to eliminate any

remaining pathogenic threat, but also to generate the ever important “pathogenic memory” 2.
1.1.2 The innate immune system

The innate immune system serves as the first line of defence against invading pathogens’. It
uses a group of pattern recognition receptors (PRRs) to distinguish non-self pathogenic
products from host molecules by recognizing unique pathogen-associated molecular patterns
(PAMPs). PAMPs are conserved structural motifs that are found throughout the pathogenic
world 3. Innate host identification of pathogenic patterns or components, therefore, relies on
the inability of pathogens to dramatically alter these critical components *. Some examples of
the common PAMPs include bacterial products such as peptidoglycan °, lipoteichoic acid &,

lipopolysaccharide (LPS) 7, and flagellin &, as well as viral RNA °.



1.1.3. Lipopolysaccharide (LPS) as a trigger of innate immunity

LPS'-is a unidﬁe glycolipid molecule ubiquitous to Gram-negative bacteria. It constitutes the
outer portion of the outer méhbrané, a second lipid bilayer outside of the cytoplasmic
membrane characteristic to this type of bacteria '°. Pffeifer first described this material firmly
bound to the cells of Vibrio cholerae in 1892, and given its toxicity aptly named the material
endotoxin 2. The intrinsic activity of LPS in higher animals is the stimulation of the innate
immune system as observed by the induction of inflammatory cytokines such as interleukin-6
(IL-6) and tumour necrosis factor a (TNFa). LPS is, perhaps, the most effective trigger of the
innate immune responses, with its potent toxicity causing high fever, tissue damage, and even
death in experimental animals. A serious clinical syndrome in humans known as septic shock,
which can ultimately become fatal, occurs if the LPS level remains elevated for an extended

period of time ™.

LPS consists of three distinct covalently linked segments; the O-polysaccharide, core
oligosaccharide, and a glycolipid (Figure 1). The O-polysaccharide at the distal terminal is
composed of repeating oligosaccharide units, whose structure varies between bacterial
species and strains, while the core oligosaccharide is comprised of more conserved
structures. The glycolipid portion located at the proximal terminal, later named Lipid A,

anchors the molecule to the bacterial outer membrane via hydrophobic interaction % 3.

O-polysaccharide Core oligosaccharide Lipid A

Figure 1.  Schematic representation of LPS



1.1.4 Lipid A as endotoxic principle of LPS

' Westphal and Liideritz discovered that mild.acidAtfeatment of LPS allowed for the cleavage of .
the linkage between the core oligosaccharide and the glycolipid. This liberated glycolipid,
which they named Lipid A, was shown to be solely responsible for the endotoxic activity of
LPS ™. As such, the chemical structure of Lipid A became an area of intense investigation.
However, due to its amphipathic nature, extensive purification was inhibited. Therefore, the
structure of the hydrophilic backbone and the presence of O- and N-linked acyl moieties were
only proposed, and the exact structural details were not known '® '6. The first successful
isolation of a single molecular species of Lipid A from the Escherichia coli (E. coli) Re mutant
was reported by Imoto et al, and its chemical structure was elucidated by spectroscopic and
chemical analysis '’ (Figure 2). The backbone consists of a B-(1-6) linked disaccharide of
glucosamine, which is bisphosphorylated at the 1- and 4’-hyrdoxy! groups. This disaccharide
backbone is common to Lipid A regardless of bacterial species or strain. However, significant
variability in the number, length, and composition of the acyl lipid chains exists between
bacterial species. This structural variability has been proposed as the mechanism responsible
for the highly variable degree of toxicity associated with different bacterial species "® The E.
coli Lipid A molecule was also synthesized by Imoto et al '® *°, and shown to be identical with

its natural counterpart in terms of both in vitro and in vivo activities %°.

Figure 2. Lipid A isolated from E. coli



1.1.5 Toll-like receptors (TLRs) as innate immune system receptors

The pioneering wbrk_'that led to the discovery ‘o.}f LPS and its giycolipid component Lipid A as
the Gram-negative bécterial trigger of the innate immune response was undertaken without a
clear understanding of the mechanism through which this response is generated. Only in
recent years have significant advances in the understanding of the mechanisms of innate
immunity evolved. The discovery of a protein named Toll in Drosophila brought about a
revolutionary change in the understanding of innate immune receptors. Toll was discovered
as a membrane bound protein which participates in the defence against fungi. A genomic
search resulted in the discovery of homologous proteins in mammals which were called Toll-
like receptors (TLRs) . Characteristic to these receptors is a defined amino acid homology
with the interleukin-1 (IL-1) receptor. The Toll/IL-1 (TIR) domain has been shown to regulate
intracellular signalling pathways leading to gene expression through interaction with
intracellular adaptor proteins such as MyD88, TRIF, and TRAM. These adaptor molecules are
what differentially regulate the expression of the inflammatory cytokines associated with the

non-specific response .

To date 13 mammalian members of the TLR family have been discovered, with 10-or-more
distinct TLRs having been identified in humans 23, Although all members of the TLR family
share a large degree of sequence homology, growing evidence suggests specificity in their
recognition and response 2. The TLRs involved in the recognition of bacterial ligands are
transmembrane proteins with leucine rich, horseshoe shaped extracellular domains that are
thought to play a major role in PAMP based pathogen detection. TLR4 and TLR5 recognize
LPS and bacterial flagellin respectively, while TLRs 1, 2, and 6 work cooperatively in the
recognition of lipoproteins and glycolipids from Gram-positive bacteria. In contrast, the other
members of the TLR family are restricted to the cytoplasm. TLRs 3, 7, and 8 are involved in
the detection of viral RNA, while TLR is specific to the recognition of unmethylated DNA

common to both bacteria and viral sources 24,



1.1.6 LPS/Lipid A induced TLR4 signalling pathway

" TLR-4 has been iden't-iﬁe_d as the target of Gram-negative bacterial LPS/Lipid A %25, The
interaction of TLR-4 and its Iigand has béen, perhaps, the most studied of all mammalian
TLRs, with significant effort having gone into the delineation of the precise molecular events
that ultimately lead to the profound biological response generated. Several obligate accessory
proteins have been discovered that are critically involved in the recognition of LPS/Lipid A.
Lipopolysaccharide binding protein (LBP) found in serum, binds aggregate forms of LPS and
facilitates the transfer of monomeric LPS to CD-14 ?°. CD-14 exists as both a serum soluble
(sCD-14) and a glycosylphosphatidylinositol (GP1) anchored membrane protein (m-CD14) ?’.
Either form of CD-14 has been shown to be responsible for the transfer of monomeric LPS to
a third accessory protein, MD-2 ’. MD-2 is a protein which lacks any intracellular domains and
has been shown to bind to the extracellular domains of TLR4 2%, The TLR4-MD-2 complex is
expressed as dimers on the surface of immune cells, the presence of which is essential for
the recognition of LPS/Lipid A ?°. Transfer of LPS from CD-14 to the TLR4-MD-2 receptor
complex is thought to bring about a reorganization of the cytoplasmic TIR domain of TLR4,
enabling the induction of two separate signalling pathways with the recruitment of adaptor
molecules MyD88, Mal, TRIF, and TRAM (Figure 3). MyD88 dependent signalling leads to the
production of inflammatory cytokines such as TNF-q, IL-6, and IL-1B, while the TRIF
dependent pathway leads to the production of species such as nitric oxide, and IFN-B, one

result of which is the activation of the adaptive arm of the immune system .
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Figure 3. Schematic representation of LPS/Lipid A induced TLR4 signalling 31



-1.1.7 TLR4_ signalling antagonism

Antagoniém of‘ the TLR4 signalling pathway has also been reported. Several natural
antagonist Lipid A structures isoiated from various bacterial sources ha\)e béen noted. For
example, Lipid A structures from R. capsulatas and R. sphaeroides show potent antagonism
of E. coli Lipid A induced TLR4 activation (Figure 4) %2,

- O
HN . O-P{OH),

R. sphaeroides Lipid A R. capsulatus Lipid A.

Figure 4. Natural TLR4 antagonists

Lipid IVa, a tetra-acy! biosynthetic precursor of the E. coli Lipid A molecule, which lacks the
two B-acyloxy lipid chains was proposed and synthesized (Figure 5) *% %, Lipid IVa was
shown to have full endotoxic activity compared to E. coli Lipid A when tested using murine
cells **. However, it was also shown to behave as an antagonist, inhibiting the endotoxic

activity of E. coli Lipid A when tested using human cells *°.
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Figure 5. Biosynthetic precursor Lipid IVa

Biochemical investigations confirmed that murine MD-2 binds both Lipid A and Lipid IVa
similarly, ultimately leading to TLR4 oligomerization and signalling with either ligand. The
same combination of human MD-2 and TLR4 was found to effectively bind Lipid 1Va, but
neither a conformational change nor the oligomerization of TLR4 occurs (Figure 6).
Furthermore, a chimeric complex of murine TLR4 and human MD-2 behaves in the same
manner. It was therefore concluded that MD-2 is responsible for this species-specific
recognition difference *. The antagonism of the TLR4 signalling cascade in the human
system was viewed as a promising approach to the treatment of bacterial sepsis, a topic

which is discussed in detail later.
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Figure 6. Schematic representation of Lipid IVa TLR4 antagonism *'



1.1.8 MD-2

With the interesting fesults. noted with Lipid IVa and the species specific response of MD-2 %,
a great deal of investigation has gone into the structure and function of this protein.
Noteworthy is that although TLR4 has long been considered the LPS receptor, no direct
evidence has been obtained showing that its Lipid A segment actually binds to the receptor.
There is considerable evidence, however, that Lipid A and its biosynthetic precursor Lipid IVa
bind MD-2 *”. This has led many to hypothesize that the true ligand for TLR4 is not LPS/Lipid

A, but is in fact a conformationally active form of MD-2.

Recently, the crystal structure of human MD-2 was obtained both in its native from, as well as
bound to antagonist lipid IVa. A large and deep hydrophobic cavity is reported, in which all
four acyl chains of the ligand are found. Moreover, the conformational change of MD-2 upon
binding lipid IVa was observed to be minimal. The authors speculated that the hydrophobic
cavity could not likely accommodate more than the four acyl chains found in lipid 1Va, and that
the additional acyl chains in agonistic Lipid A might bring about a conformational change in
the MD-2-ligand complex that ultimately induces the conformational changes in TLR4
necessary for signal transduction *. Nonetheless, these hypotheses are only speculative, and
a crystal structure of MD-2 bound to agonistic Lipid A is necessary in order to determine the
exact mechanism through which this differential regulation occurs. To date, no such structure

has been reported.
1.2 Manipulation of TLR4 signalling
1.2.1 Therapeutic potential of TLR4 signalling pathway

Given the far reaching impacts of the TLR4 signalling pathway, it has been targeted for its
possible therapeutic potentials. Therapeutic potential has centered on three main areas: anti-
sepsis treatments, vaccine adjuvants, and anti-cancer therapies 3 With an ever increasing
knowledge of the biochemical pathway of TLR4 signalling, the manipulation of this pathway

for potential beneficial effects is becoming a more realistic possibility.



'1.2.2 Anti-sepsis treatments

The secretory producfs released aé a result of bacterial LPS induced TLR4 signaliing serve to
assist the host in e'rédicating, and préventing the spread of the infecting pathogen.
Unfortunately, the continued presence of elevated levels of bacterial LPS in the blood, having
been released from dead or dying bacteria, can lead to a biological over-reaction which
resuits in the release of toxic levels of these cellular mediators. This reaction is referred to as
the systemic inflammatory response syndrome (SIRS), and is commonly known as sepsis.
Characteristic to sepsis are life-threatening responses such as tissue damage, vascular
leakage, hypotension, organ dysfunction and eventual failure resulting in death *°.

The antagonistic action of Lipid IVa and various other Lipid A molecules in humans has led to
theories that antagonists of the TLR4 signalling complex could potentially be used for the
treatment of sepsis. The competitive inhibition of these antagonists could serve not only to
treat sepsis once it has developed, thereby preventing death in the host, but also to prevent

the bacterial infections that ultimately cause the condition *°.
1.2.3 Vaccine adjuvants

The goal of vaccinations is to stimulate the adaptive arm of the immune system to generate a
response that ultimately bestows upon the host an “immunological memory” such that a
strong immunological response can be generated upon future encounter with the pathogen.
While most conventional vaccines employ dead, attenuated microbes, or microbial fragments
as stimulating agents, problems associated with vaccine manufacture and the presence of
contaminants have led to considerable efforts in vaccine refinement. However, with
refinement and simplification of microbial vaccines, a concomitant loss in vaccine potency has
resulted. This has led to the co-administering of adjuvants alongside vaccines to potentiate
this weak immunogenicity *>*'. The term adjuvant is used to describe an immune stimulating
agent that increases the response to a vaccine. Ideally, the increased immune response
should exist primarily in the adaptive arm of the immune system, with innate responses

minimized to prevent undesired side effects 4.

Given the strong immunological responses that result from TLR4 signalling activation, the

signalling pathway has been tapped for its potential adjuvant characteristics. However, an



underlying concern is the strong mﬂammatory response associated with TLR4 activation. In
order to serve as a successful adjuvant system, the ability to stlmulate the adaptlve immune

system must be uncoupled from the strong cytokme response *
1.2.4 Anticancer treatments

Chemotherapy and radiation therapy can delay the progression of cancer, but in many cases
the cancer can relapse. TLR4 agonism is a promising molecular treatment against
chemotherapy and radiation relapsing cancer metastases. The potent anticancer action of
microbes or microbial products has been known since the beginning of the 18™ century when
Deider reported that infection in cancer patients was concomitant with disease remission 4
This antitumor effect was found by Shear et al to be due to LPS *. It is now known that
stimulation of the Myd88 signalling pathway induces transitory increases in TNF-a cytokine
levels. TNF-a has been shown to selectively increase the permeability of tumoral
neoangiogenic vessels to cytotoxic drugs 48 Moreover, nitric oxide derived from TLR4
stimulation participates in local tumoricidal activity against many tumor types " *8. This
cytotoxic effect against tumor cells was found to be associated with apoptosis a7
Unfortunately, because of the toxicity associated with LPS, the treatment of cancer patients
has been limited to the local application of only small amounts of bacterial LPS, these doses-

being too low to obtain any beneficial antitumor effects *°
1.2.5 TLR4 therapeutic concerns

In order for the modulation of TLR4 signalling to be practical for immunotherapeutic purposes,
certain issues need to be addressed. The most important concern is the high toxicity
associated with naturally derived Lipid A based molecules. Therefore, an important issue for
the design of safe immune modulators is a detailed knowledge of structure-activity
relationships (SARs), which would allow the harnessing of the beneficial effects without
causing toxicity. This information is difficult to obtain using isolated compounds, a direct result
of the inhomogeneity encountered with natural Lipid A preparations. Natural preparations
suffer from a lack of consistency in both composition and performance, even when derived
from the same bacterial strain. Moreover, possible contamination with other inflammatory

components is also of prime concern % As such, recent work has been focused on the

10



preparation of single molecﬁlar épécies by way of chemical éynthesis. Chemical synthesis not
only provides sihgle, pure moIecAules, b_dt also alloWs for the creation of structural analogs of
~the natural Libid A molecules. By modifying the natural structure, those structural detailé that
are beneficial to desired therapeutic purposes may be separated frofn those details that are

associated with the undesired toxicity.

1.3  Synthetic Lipid A analogs
1.3.1 Disaccharide analogs

Over the past decade, a great deal of research has gone into the synthesis of analogs of the
Lipid A disaccharide structure with hope that beneficial immune modulating properties can be
separated from the associated high toxicity. One notable discovery is that through the removal
of the anomeric phosphate and the 3-O acyl chain of the reducing sugar in Lipid A derived
from Salmonella minnesota RC595, a significant decrease in endotoxicity is achieved °'. The
resulting structure, known as monophosphoryl Lipid A (MLA), as well as numerous analogs of
its structure have been synthesized (Figure 7) °°. Certain MLA type structures have show

excellent adjuvant characteristics, and has been approved for therapeutic vaccine use 52,33

Figure 7. MLA structure derived from Salmonella minnesota RC595 Lipid A

11



Recently, Mata-Haro et al have reported that MLA somehow engages the TLR4-MD-2 _
complex differently from Lipid A molecules that possésé high endotoxicity. MLA has been.
shown to sélecfively activate only the TRIF-TRAM arm of the T LR4 signalling pathway, thus o
only engaging fhe adaptive immune syétem (Figure 8). The failure of MLA to engage the
Myd88-Mal pathway, which controls the expression of inflammatory cytokines, appears to
account for the lack of harmful toxic effects normally associated TLR4 signalling activation.
These findings have provided an empirical basis supporting the use of MLA as a vaccine

adjuvant, as it shows that it is not simply weakly endotoxic 54

Lipid IVa Monopliosphosyl lipid A (MLA)

MPLA

MyD88 [ RIF
AKs TN
1 TRAF6 TBK1
B2 : TRAF3:
No signal l
) N 1
IRF3
Cytokines- l*

l ) IFE-__ﬁ

Figure 8.  MLA induced TLR4 signalling compared to normal Lipid A and lipid IVa *°
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Biophysical characterization of synthetic Lipid A analogs has revealed that the molecutar
shape and supramoledular sfruc_;tures of agonistic and antagonistic compbundé differ
s-igniﬁcéntly. TLR4 agonist‘é form non-lémellaf ag’gregate sfrﬁctures and adopt a conical
conformétibn, while antagonists form lamellar éggregates and adopt a cylindrical shape
(Figure 9). The partial agonistic properties of MLA have been proposed to be a product of the

molecule adopting a less conical shape than that of highly endotoxic Lipid A analogs *®*7.

C D (P

E. coli Lipid A AMLA Lipid IVa

Figure 9.  Molecular shape of TLR4 agonists and antagonists °* %

Two highly promising TLR4 antagonists have been synthesized based on the naturally
occurring antagonistic structures of R. capsulatas and R. sphaeroides Lipid A. E5531, a
structural mimetic of R. capsulatas, is a potent endotoxin antagonist with no detectable
agonistic activities (Figure 10) % %% 50.%' E5564, based on R. sphaeroides Lipid A, has shown
similar activity with a notable increase in potency and duration of effect. Currently, E5564 is in
clinical trials as an anti-sepsis treatment under the name Eritoran % %% The crystal

structure of E5564 bound to murine TLR4-MD-2 was recently reported. Similar to the resuits
obtained with synthetic antagonist lipid IVa 37 the four lipid chains in E5564 were noted to
effectively fill the hydrophobic cavity of MD-2. Noteworthy is that no interaction between the
ligand and TLR4 was observed, thus further fuelling the speculation as the mechanism

through which MD-2 activates TLR4 oligomerization upon binding of agonistic ligand &,

13
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Figure 10. Synthetic disaccharide TLR4 antagonists

Perhaps one of the most notable discoveries in terms of disaccharide Lipid A analogs is the
synthetic analogue OM-174 (Figure 11). This compound has shown significant promise as a
treatment for chemotherapy and radiotherapy relapsing cancers. Its toxicity was noted to be
more than 10° lower than that of LPS ®°. The immunostimulatory properties of OM-174 are not
only being targeted for their anti-tumour effect as discussed eatrlier, but also for a palliative of
chemotherapy induced immunodepression, which has the potential to result in fatal

opportunistic infections “°.

Figure 11.  Synthetic anti-cancer agent OM-174
14



1.3.2 Monosaccharide analogs -

 Numerous subunit derivatives of bacteriél Lipid A ha'\)e_"éléd been synthesized. These .
molecules have typically been synthetic analogs of either thé reducing' or non-reducing
glucosamine functionalitiés of Lipid A, or analogs in which one of the saccharide units has
been replaced with an acyclic scaffold. These subunit analogs provide a structural motif more
amenable than more complex disaccharide versions to the systematic SAR investigations
needed to separate the toxic properties from the beneficial immunostimulatory effects.
Synthetic analogs of either the reducing or non-reducing glucosamine moieties of Lipid A
which contain up to five lipid chains typically exhibit very low biological activities. Moreover,
monosaccharide analogs of the reducing glucosamine often exhibit TLR4 antagonist
characteristics. However, certain monosaccharide derivatives, mainly of the non-reducing
subunit which possess three lipid chains show an elevated level of immunostimulatory power,
yet low toxicity in comparison to natural Lipid A 42 GLA-60 has shown the best adjuvant
properties among various non-reducing subunit analogs (Figure 12) 7 Biophysical
characterization of GLA-60 shows that it forms mainly unilamellar aggregates and adopts a

slightly conical shape, which is consistent with its reduced toxicity 68

GLA-60

Figure 12. Monosaccharide Lipid A analogs
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~Anovel class of monosaccharide Lipid A mimetics known as ammoalkyl glucosammlde 4---
'phosphates (AGPs) in WhICh the reducmg sugar has been replaced with an N-acyl aglycon
unit, have shown significant promise as both TLR4 agomsts and antagonlsts (Flgure 13).
Adjuvant potential showed a profound dependence on both lipid chain and aglycon chain
length, as well as on the nature of the aglycon a-substituent. The highest levels of
immunostimulatory activity are noted when the secondary lipid chains (R4, Rz, R3) are 10 to
12 carbons in length, the aglycon is 2-carbons long (n = 1), and the aglycon a-substituent is a
carboxyl group, as exemplified by CRX-527 (Figure 13). Immunostimulatory activity is
abolished in TLR4 antagonist CRX-526, in which the length of the secondary acyl groups has
been reduced to 6-carbons 7°. Biophysical characterization of CRX-527 shows that the
individual molecules adopt a conical shape and form non-lamellar aggregate structures in
solution, which is consistent with its agonistic activity. In contrast, antagonist CRX-526 has
been reported to form the lamellar aggregates characteristic to antagonistic molecules 2T RC-
529, in which the a-carboxyl moiety has been eliminated shows an even greater activity to
toxicity profile, and has been investigated for uses as a pediatric vaccine adjuvant, an area

where toxicity must be further minimized 53
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Ry, Ry, Ry =lipid’

R;=H,CO,H

AGP generic structure

CO3H

NH

CRX 527 CRX.526 RC-529

Figure 13. AGP class Lipid A mimetics

As further testament to the AGP approach of adjuvant design using synthetic monosaccharide
derivatives of Lipid A, a set of analogs possessing an N-acylated pentaerythritol aglycon unit
were synthesized (Figure 14). These compounds were noted to exhibit a biological activity
similar to that of natural Lipid A, inducing the secretion of high levels of inflammatory
cytokines. In a totally synthetic liposomal vaccine system these analogs were noted to exhibit

strong immunostimulatory adjuvant properties ”".
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RS * 10
 H0RPO

Figure 14. Pentaerythritol based monosaccharide Lipid A analogs

1.4 Objectives of thesis project

The synthetic Lipid A analogs reported to date have been a significant feat, and have provided
a wealth of information in the way of SARs. However, the full picture as to the characteristics
of the Lipid A structure that are responsible for the desired immunomodulatory properties in
comparison to those that impart the undesired levels of toxicity is not fully understood. in
order for the full therapeutic potential of the TLR4 signalling pathway to be harnessed, a

clearer understanding of the activity to toxicity relationship must be achieved.

The goal of the present study is the synthesis of novel analogs of the Lipid A structure.
Biological testing will determine the viability of these analogs as being ligands for TLR4. The
ultimate desire is a synthetic Lipid A analog with a far better activity to toxicity relationship

profile.
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2 RESULTS & DISCUSSION
21 Dimeric monosaccharide Lipid A analogs

2.1.1 Design

Previously reported syntheses of disaccharide Lipid A analogs have involved the separate
synthesis of both the reducing, and non-reducing monosaccharide moieties which are
ultimately coupled to form the 3-1—6 glycosidic linkage natural to the Lipid A molecule.
Throughout these syntheses, a commonly encountered issue has been the loss of the
chemically labile anomeric phosphate functionality *2. Although this strategy has proven
successful and numerous analogs have been synthesized, the lengthy and laborious nature

involving the use of sensitive glycolipid molecules are significant drawbacks.

Herein, a synthetically unique dimeric monosaccharide backbone is being proposed as an
alternative to the archetypical $3-1—6 linked disaccharide structure (Figure 15). Envisioned
are two identical glucosamine sugar moieties linked together through an ethylene glycol
spacer, the choice of which has been made in attempts to mimic the overall length of the
naturally occurring B-1—6 glycosidic linkage. One proposed advantage of this novel dimeric
monosaccharide backbone is that it employs a simplified synthetic strategy, in which only the
preparation of one monosaccharide unit is required. In addition, neither the monosaccharide
units nor the final dimeric backbone contain an anomeric phosphate functionality, a
characteristic which is proposed to increase the overall stability of the molecules, and aid in

their synthesis.

ﬁ OH OH
(HO),PO o o) O
R40 070 OP(OH),
NH R,  OR,
Ry

Sugar  Ethylene Glycol Sugar
Linker

R, R, Ry, R, = Lipid

Figure 15. Novel dimeric monosaccharide structural backbone
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“Intended to be syhthesized are three different dimeric monosaccharide analogs of the
canonical Lipid A structure to initially determlne the viahility of this novel structural backbone
(Flgure 16) Proposed analog I lacks any 3 -O-acyl lipid mOIetles while analogs Il and Il differ |
in both the number and substitution pattern of the 3-0 B-hydroxy lipid groups. SAR
investigations have shown the lipid chain length is directly correlated to the activity of Lipid A
analogs. A minimum length of 10 carbons seems necessary for activity, while increasing the
chain length past 16 carbons adds little beneficial effect *2. As such, the lipid chain length of

the proposed analogs has been kept at a consistent 14 carbon length for these initial

investigations.
P] o Pn I R, =R,=H
17 N2 T H
o Lwo O\/\O/E;i i S)\/CO
RO w NH OP(OH), Il R, =H, R, = n-Cy{H33
o= OR,
3
o "< n-CyqHos co
O:< n- C11H23 n- C13H27 1| R1 = R2 = n"C11H23
n-Cy3Ho7

Figure 16. Proposed dimeric monosaccharide Lipid A analogs

2.1.2 Retrosynthetic analysis

Beginning with desired analog Ill, C-6 and phosphate hydroxyl moieties were first chosen to
be globally protected with the benzyl (Bn) group, such that final global deprotection via
hydrogenolysis was possible (Scheme 1). Separating the lipid moieties from the dimeric
monosaccharide backbone yielded dilipid acid I, and protected B-OH monolipid acid 3.
Suitable protection of the nucelophilic B-hydroxyl moiety was necessary to prevent its
participation in undesired reactions. As such, the 2,2,2-trichloroethoxycarbonyl! (Troc) was
employed such that selective deprotection of the 3-OH was attainable at a desired point in the
synthetic process. The nucelophilic 3-OH and 2-NH, functionalities that resulted from lipid
cleavage were protected with the 9-fluorenylmethoxycarbonol (Fmoc) and Troc protecting
groups respectively. These protecting groups were chosen for two primary purposes. The first

is that they allow for selective deprotection, and ultimately the selective incorporation of acyl
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. lipid moieties. Moreover the N- Troc protecting group was chosen for its proven
stereoselectlve B -glycoside dlrectlng capab|I|ty by virtue of neighbouring group partICIpatlon
.72 Cleavage of both glycosndlc Imkages in the structural backbone ylelded
trichloroacetimidate glycosyl donor 9, and ethylene glycol as the glycosyl acceptor. Further
deconstruction of donor 9 results in readily accessible glucosamine derivative 4 7 as the

starting point of the dimeric monosaccharide backbone synthesis.

/N
R1 = R2 = n-C13H27 (0]

0 OH OH
I : A_co
0
(HO),PO 0 0 X n-CyqH
R40 o0 OP(OH), 11723
NH N

H

) OR
Ry Ry 4 Y
I R,=R,= nCyHpy
i
ol OBn OBn . H/\ o 5
n-Cq3hzy7 TrocQ
(Bn0>2P0£0: QO;& 8 + 1+ I
O\/\
HO RIRY OP(0Bn),
NH2 2 OH 2 n-C11H23 OH n-C11H23 OH
1 3

!

0 OBn OBn _

[ o Troc = 2,2,2-trichloroethoxycarbonyl
(BnO),PO L 0 ~o0"\© I

FmocO HN OP(OBn), Fmoc = 9-fluorenylmethoxycarbonyl

\
/NH Troc OFmoc
Troc
0 OBn
il (0]
HOCH,CH,OH +4  (BnO)PO 0 Ph/Y o
FmocO :> HO
NH NH
9 Troc© OC(NH)CCly 4 Troc”  OAll

Scheme 1. Retrosynthetic analysis of proposed dimeric monosaccharide Lipid A analog 1li
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2.1.3 Lipid acid syntheses

Retrosynthetic analysis (Scher_ng 1) indicated the need ‘for"b'ot‘h dilipid acid 1 'and Troc .

| protected B-OH monolipid acid 3. Dilipid acid 1 was supplied as a gift from Biomira Inc., ahd

was synthesized according to known literature procedures " Protected monolipid acid 2 was

synthesized from 3-(R)—hydroxypenta-1-decene75, which was also generously supplied by
Biomira Inc. The B-OH was first protected as its Troc ester via reaction with Troc-Cl in
pyridine to give 2 in a 93% yield (Scheme 2). Permanganate oxidation of the alkene

functionality in 2 followed, yielding protected monolipid acid 3 in 88% vyield.

OH

n-CyiHzs ™~ NCH,

l Troc-Cl, py, 0 °C, 93%
TrocO
n-CyqHa3 ™ “NCH,

2
KMnO,, Aliquat 336,

hexanes:EtOAc:HOAc:H,0 5:5:1:10, 0 °C, 88%

TrocQ lCl)
n-C1 1 H M

23 OH

3

Scheme 2. Synthesis of protected -OH monolipid acid 3.
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2.1.4 Synthesis of starting sugar4

Accordmg to known hterature procedures 19,73 the amine monety in glucosamme hydrochlonde |
was first protected with the installation of the desired N-Troc functionality (Scheme 3). The |
anomeric allylic group was next installed via Fischer glycosylation with allyl alcohol. Finally,

the 4-OH and 6-OH groups were protected via the installation of the 4,6-O-benzylidene group

to yield 1 in 31% vyield overali for the three steps.

OH
Hoﬁoz
HO OH HCI

Troc-Cl, NaHCO,, H,0, 0°C

ﬁ%

Troc
l HCI(Q), Allyl Alcohol, 100 °C

OH
HO 0
HO
NH

Troc/ OAll

l PhCH(OMe), , p-TsOH, CH,CN, rt, 31% (three steps)

Ph/v/iﬁ

Troc” OAll

Scheme 3. Synthesis of glucosamine derivative 4
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2.1.5 Synthesis of trichloroacetimidate glycosyl donor 9

' SYnthesis began with the bro.tec’:tion of the 3-OH in 4 with the desired Fmoc functiohality; :
Reaction of 4 with 9—ﬂuorenylmethoxychloroforfnéte in pyridine gave 5 in 89% vyield (Sdheme
4). Installation at the 3-OH was confirmed by 'H NMR data, specifically the downfield shift of
H-3 from & 3.91 ppm to & 5.21-5.26 ppm. Regioselective opening of the benzylidene ring with
sodium cyanoborohydride and ethereal HCI produced the 4-OH 6 in 85% yield. Protection of
said 4-OH followed via phosphitylation with N,N-diisopropylphosphoramidite in the presence
of 5-phenyltetrazole, and in-situ oxidation with m-chloroperoxybenzoic acid (m-CPBA) to yield
dibenzyl phosphotriester 7 in 79% overall yield. '"H NMR data of 7 (64.71,ddd, J9.5,9.5,9.0
Hz, H-4) confirmed the desired regioselectivity in the ring opening of 5. Removal of the allyl
group at the anomeric position was achieved by a two step procedure in which the allylic
double bond was first isomerized using [bis(methyldiphenylphosphine)](1,5-cyclooctadiene)
iridium(l) hexafluorophosphate, and then hydrolyzed using N-bromosuccinimide (NBS) to
provide anomeric hydroxyl 8 in 79% overall yield. Conversion of 8 to the donor
trichloroacetimidate 9 was effected in 1 h by treatment with trichloroacetonitrile and catalytic
sodium hydride. The a-isomer ('"H NMR & 6.43, d, J 4.0 Hz, H-1) was isolated in 81% vyield.
Longer reaction times in this reaction led to decreasing yield as additional spots on TLC
were observed. This transformation is usually achieved with the use of 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) as catalytic base, however if employed, the 3-O-

Fmoc functionality would also have been cleaved.
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.. " NH .
. 4 Troc,. OAll

Fmoc-Cl, py, rt, 89%

Ph/v
FmocO

Troc OA"

NaBH,CN, HCl-Et,0, THF, 0 °C, 85%

Fmo;iﬁ

Troc”  OAll
i) (BnO),PN(iPr),, 5-Ph-tetrazole, CH,CI,, rt

ii) m-CPBA, CH,CI,, -20 °C, 98 % (two steps)

BnO)zPO
FmocO

Troc” OA”
i) lridium complex, THF, rt
i) NBS, THF-H,O, rt, 79% (two steps)

(BnQ) ZPO
FmocO

Troc

CNCCI3, NaH, CH,CL,, rt, 81%

(BnO) 2PO
FmocO

Troc CC|3

NH

Scheme 3. Synthesis of trichloroacetimidate glycosyl donor 9.
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2.1.6 First attempts at direct synthesis of dimeric monosaccharide backbone

Direct coupling of two units of \trichlordéce_timidate glycosyl donor 9 wi’ih Aethylene glycol to
6btain"the desired disaccharide backbone was erivisioned fo prdceed through a successive
di-glycosylation pathway. A Lewis acid catalyzed glycosylation reaction between donor 9 and
the ethylene glycol first would proceed to give monosaccharide intermediate 10, which would

further react with remaining imidate to yield the desired dimeric monosaccharide 11 (Scheme

4).

OBn
BnO go 0
(Bn )f:m 0O + HOCH,CH,OH
NH
Troc© O.__CCly
° NH
0 OBn
H
(BnO),PO 0
0O OCH ,CH,0H
TMSOTf, CH,CI,, rt NH
Troc
10
+ 9
(BnO),
FmocO OBn)2
Troc OFmoc
Troc
11
~15%
(BnO)ZPO (BnO) 2Po
FmocO FmocO CCI3
Troc Troc
8 12
~20% ~15%

Scheme 4. Initial attempt at direct one step formation of dimeric monosaccharide 11
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Initial attempts at carrying out the direct synthesis of the dimeric monosaccharide backbone

- utilized slightly more than 2 equivalents of imidate 9 to'1 e_quivalent_of ethylene glycol |

" (Scheme 4). Nuhﬁerou's products Were_ fbnned ih roughly equal"amounts, as visualized‘ by |
TLC, and several attempts were made at their isolation and characterization. However,
significant difficulties in chromatographic separation were encountered, and thus no
analytically pure samples for structure confirmation purposes were obtained. Crude
spectroscopic data provided evidence of the formation of monosaccharide intermediate 10
and desired dimeric monosaccharide 11 in 20 and 15% approximate yields respectively.
Furthermore, the crude spectroscopic data also indicated the formation of imidate by-product
12 in 15% approximate yield. This by-product is known to result in glycosylation reactions
when there is an absence of, or a pronounced lack of reactivity in the glycosyl acceptor.
Finally, TLC comparison with known anomeric hydroxyl 8 also provided evidence of its
formation in approximately 20% yield. These unexpected results dictated that a re-evaluation

of the potential for a direct one step coupling be made.

2.1.7 Synthesis of monosaccharide intermediate 10

Given the confidence in the initial glycosylation reaction to yield monosaccharide intermediate
10, the question was posed as to whether or not the second glycosylation to yield the desired
dimeric monosaccharide structure could occur? Or, was there some force, be it sterics,
electronics, or any other effect, that was interfering in the formation of the dimeric
monosaccharide, and ultimately causing the formation of the undesired side products
(Scheme 4)7? To investigate this, a linear synthetic pathway was developed in which the
monosaccharide intermediate 10 was specifically targeted, from which further glycosylation‘
reactions could be investigated. This pathway involved protecting one of the hydroxyl moieties
in the ethylene glycol, such that its glycosylation with imidate 9 and subsequent deprotection
should yield only the desired monosaccharide 10. Thus, ethylene glycol was converted to
mono-silyl ether 13 in a 70% yield through reaction with fert-butyldimtheylsilychloride
(TBDMS-CI) and imidazole in N,N-dimethylformamide (DMF) (Scheme 5). The glycosylation
of 13 with imidate 9 under promotion by the catalyst trimethylsilyl trifluoromethanesulfonate
(TMSOTY) in dichloromethane (DCM) gave protected monosaccharide 14 in 81% vield. 'H
NMR data of 14 (5 4.76, d, J = 8.0 Hz, H-1) confirmed the desired B-glycoside linkage.
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~ Removal of the silyl ether protecting group via tetrabutylémmOnium fluoride (TBAF) inan
acetic acid (HOAc) aC|d|f ed tetrahydrofuran (THF) solution at 0 °C gave monosaccharlde
10 in 73% yleld Lower than expected y|elds were attributed to the potentla! basic
cleavage of the Fmoc functionality by TBAF, which is substantiated by TLC ev1dencé of an

additional compound, although no analytically pure sample was obtained.

HOCH,CH,OH <+ TBDMS-CI

DMF, imidazole, 0 °C, 70%

0 OBn
I
(BnO),PO o
HOCH,CH,OTBDMS 4 FmocO
NH
13 9 Troc® O _CCls

|

NH

TMSOTf, CH,CL,, rt, 81%

0O OBn
I
(BnO),PO o
EmocO OCH,CH,0TBDMS

,NH
14 Troc

l TBAF, HOAc-THF, 0 °C, 73%

') OBn
I
(BnO),PO O
EmocO OCH,CH,OH

/NH
Troc

10

Scheme 5. Synthesis of monosaccharide intermediate 10.
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2.1.8. Glycosylation of monosaccharide 10

TLC compartson ef confirmed monosaccharidge 10 with the previously attempted direct
syntheses of the dimeric monosaccharide backbone (Scheme 4) confirmed its formation.
This further fuelled the question being posed as to whether or not the second
glycosylation reaction could occur. To investigate this, a TMSOTf promoted glycosylation
reaction between 10 and trichloroacetimidate 9 was attempted (Scheme 6). Interestingly,
the desired dimeric monosaccharide 11 was formed with ease in an 83% vyield. The
symmetry of 11, as indicated by '"H NMR data confirmed the newly formed B-glycosidic
bond. TLC comparison of the now confirmed dimeric monosaccharide 11 with the previous
attempts at its direct synthesis (Scheme 4) confirmed its formation, albeit in significantly

less than expected yields.

o) OBn 0 OBn
I I
(BnO),PO O | (BnO),PO O
FmocO + FmocO OCH,CH,0H
NH NH
9 Troc” O _CCl; 10 Troc
NH

TMSOTf, CH,CI,, 83%

P| OBn OBn
(BnO),PO o o} o
FmocO O-70 HN OP(OBn),

11

Scheme 6. Glycosylation of monosaccharide 10

With the success in the linear synthesis of dimeric monosaccharide 11 from monosaccharide
intermediate 10, the notion of an interfering force hindering the formation of 11 was abolished.
Moreover, of most importance is that a proof of concept of the originally proposed direct

synthetic strategy was achieved. However, the question remained as to what was preventing
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this now proven reaction from occurring when attempted in a direct, one-pot synthetic attempt
(Scheme 4). - '

2.1.9 Areturn to direct synthesis of dimeric monosaccharide backbone

Interestingly, by pure chance it was discovered during the synthesis of monosaccharide 10
that the ethylene glycol had a very poor solubility in the DCM solvent employed for the
glycosylation reactions. This solubility problem was found to be alleviated with the addition of
THF. Therefore, the direct synthesis of dimeric monosaccharide 11 was attempted yet again
using mixtures of varying compositions of DCM and THF as the solvent. All of these reactions
showed significant production of the desired product. Moreover, all reactions showed
evidence of remaining monosaccharide 10. The yield was maximized at 74 % in an
equivolume mixture of the two solvents, with monosaccharide 10 being isolated in an 11 %
yield (Scheme 7).

OBn
I o
(BnO),PO +  HOCH,CH,0H
FmocO
NH

Troc’ O\/CCI3

9 I
NH

TMSOTF, THF:CH,CI, 1:1, rt

(|)| OBn |C|) OBn OBn.
0
(Bn0),PO O (BnO),PO O o] H
FmocO OCH,CH,0H ¥ FmocO O~""0y OP(OBn),
\

/NH /NH Troc OFmoc
Troc Troc
10 11
1 % 74 %

Scheme 7. Direct synthesis of dimeric monosaccharide 11
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The fact that monosaccharide 10 still remains in the reaction mixture indicates that the
second glycosylatlon to form 11 is the rate limiting step in these d|rect synthesis reactlons
Furthermore it is also ewdent that optimum reactlon condltlons for this direct one step '

coupling have not been found, and thus requwe further investigation.
2.1.10 Amide lipid installation

With success in synthesizing the dimeric monosaccharide 11 by both a one step direct, and
sequential linear method, focus shifted to the installation of lipid functionalities and the
creation of analogs of the Lipid A molecule. The N-Troc protecting group was removed via
treatment with zinc in a THF/HOACc 4:1 mixture to provide di-amine 15 as the main
intermediate for subsequent amide bond syntheses (Scheme 8). Given the instability
associated with free amines *?, 15 was used in its crude form and not subjected to any
purification, and as such, spectroscopic data was not obtained. Coupling of di-amine 15 with
dilipid acid 1 " promoted by N,N’-dicyclohexylcarbodiimide (DCC) afforded the dilipid amide
16 in a 65% overall yield. '"H NMR data of 16 (5 6.60, d, J = 5.0 Hz, NH) confirmed the

formation of the desired amide bond. The lower than expected yield was attributed to the

decomposition of the relatively instable free amine, as additional spots on TLC were observed.

However, no analytically pure samples were obtained from these additional spots.
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ﬁ OBn » ‘ OBn
(BnO),PO 0 - ‘ o) Q.
o FmocO Ot OHN\ —OP(0Bn),

. NH ) Troc OFmoc

l Zn-dust, THF:HOAc 4:1, rt

(BnO)zPO
FmocO O\/\SZ N OP(OBn)z

OFmoc

15
l 1, DCC, CH,CL,, rt, 65% (two steps)

(BnO)ZPO/i :
FmocO OP(OBn)2
OFmoc
O’§ < n Cq1Ha3

O:< n- C11H23 n- C13H27
n-Cy3Ho7

16

Scheme 8. Synthesis of dilipid amide 16

2.1.11 Cleavage of the Fmoc protection group

With the successful installation of the amide dilipid functionality in 16, deprotection of the 3-
OH moiety via cleavage of the Fmoc protecting group was to follow. The initial attempt
involved subjecting 16 to a DBU catalyzed deprotection in THF. What at first glance on TLC
appeared to be a successful one spot to one spot conversion, was complicated by preliminary
spectroscopic data. The "H NMR spectrum (not shown) was significantly more complicated
than originally anticipated, and upon closer examination, indicated the presence of multiple
unique sugar containing species. Further TLC investigations confirmed these findings in
showing that what in some systems appeared as a single spot, actually appeared as three

different, yet significantly close spots in other systems. Attempts at chromatographic
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separation were made, however the compounds remained as an inseparable mixture

Mlgratlon of the chemlcally Iablle A- dlbenzylphosphotrlester was proposed W|th the formatlon

. ofa three product mlxture enws:oned as a result of an mcomplete mlgratlon (Scheme 9) It

was therefore proposed that the three compounds resulting from the cleavage of the Fmoc
functionality were the 3,3’-diphosphate (18) in which both phosphates have migrated, the 4,3’
/ 3,4'-diphosphate (19) in which only one phosphate has migrated, and finally the desired 4,4'-

diposphate (17) in which phosphate migration has not occurred.

(l)l OBn OBn

~ 5 ; o}

(BnO),PO o o) C
FmocO O~""0 OP(OBn),

NH 0= OFmoc
QO
0 = n-CyqHo3
0= nCyHy nCygHy 16
n-Cy3Hyr
lDBU,THF,rt

(lDI OBn OBn OBn
o) HO
(BnO),PO 0 0 X ) @ o
HO O—"0 OP(OBn), n 0770
NH (BnO),PO NH )

OP(OBn),

NH 0= OH NH 00—
O==x 0= o
“< n-CqqHzs o 0= n-CyqHos
0= nCyHz 'n-CygHy O=(  nCyyHag <"'C1::,H27
n-Cy3Hoy n-Cq3Hyy
4,4'-diphosphate 3,3'-diphosphate
17 18
OBn OBn
I
(BnO),PO o o)
HO O~"00 >—0H
NH 00— n
o= O-P(0Bn),
0= nCyHy
0= nCyHy “n-CigHy
n-Cy3Hy7

4,3'/ 3,4'-diphosphate
19

Scheme 9. Cleavage of the 3-O Fmoc protecting group

OBn

OH
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H NMR data for the mixture was in support of this proposal. Examination of the amide proton
reglon mdlcated the [presence of two doublets and one peak resembllng a trlplet (Flgure 17)
The two doublets were. thought to correspond to the symmetnc 4 4 and 3 3’-d|phosphate ‘
species, while the triplet was thought to be a product of the overlappmg signals from the two

different amide protons in the asymmetric 4,3’ / 3,4’-diphosphate.

o T T T T T T T T [ T T T T T T T T T
PPM 696 692 683 684 6.8 676 672 668 664 660 6.6

Figure 17. 'H NMR amide region expansion

Examination of the mechanism by which the Fmoc functionality is cleaved provided insight as
to the undesired migration of the 4-dibenzylphosphotriester moiety (Scheme 10). The base
catalyzed cleavage to form the desired 3-OH product is shown mechanistically (Scheme,
Path A). However, it appears that a nucelophilic attack on the protected 4-
dibenzylphosphotriester is also possible during this cleavage given its spatial proximity to the
3-0 position of the sugar, which ultimately results in the undesired migration of the phosphate
group (Scheme 10, Path B).
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Undesired
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Scheme 10. Base catalyzed Fmoc cleavage and potential phosphate migration

In attempts to circumvent the potential phosphate migration, the deprotection of 16 was
attempted further, now with the inclusion of protic solvent MeOH (Scheme 11). The inclusion
of MeOH was thought to have the potential to increase the propensity of the reaction to go to
the desired 3-OH product. The developing oxide ion at the 3-position maybe protonated by

the MeOH before it attacks the 4-phosphotriester group, thus preventing the undesired
migration. Furthermore, a different base, specifically TBAF, was also tried with hopes that
these reaction conditions would hinder the migration of the phosphate. Unfortunately however,
similar results were obtained for each of these conditions. Given the close structural similarity
of the three products obtained, further attempts at chromatographic separation were

abandoned.

IOI OBn OBn
(Bn0),PO 0 0 0 a)orb
%mo;iA/o\/\O;;iog(an)z A 17 +18 + 19
o= OFmoc
oi§ o
‘< n-CqqHzs

O—< n-CyqHaz  n-Cy3Hy,
n-Cq3Hyy a) DBU, THF/MeOH 4:1, rt

16 b) TBAF, THF/MeOH 4:1, rt

Scheme 11. Alternate attempts at Fmoc cleavage
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2.1.12 Global deprotection of dilipid amide 16

N Wlththe undeSIred and unexpected results obfained'in Ath.e attempted deprotectlon of the 3—
O-Fmoc group~ (Scheme 9), a re-evaluation as to the attainability of the proposed series of |
dimeric monosaccharide Lipid A analogs (Figure 16) was necessary. However, proposed
analog I was still viewed as attainable, and could be easily accessed through the global
deprotection of dilipid amide 16. As such, 16 was subjected to a global deprotection via
Palladium catalyzed hydrogenolysis (Scheme 13). Literature reports suggested that
removal of the Fmoc protecting group through hydrogenolysis could be achieved 7®,
however preliminary TLC evidence of the hydrogenolysis indicated that this was not
occurring. Therefore, the resulting product after workup was further subjected to a
piperidine treatment in CHCl; to afford 20 in a 65% overall yield. Given the amphipathic
nature of 20 and its tendency to form aggregates in solution, spectroscopic data has yet to
be successfully obtained. However, high resolution electrospray mass spectrometry results

have confirmed its identity.

ﬂ OBn OBn

/0

(BnO),PO 0 o i
FmocO 0—""0 NH 0P(OBn),

NH o= OFmoc
0= o
0 o= n-CyiHpg
0:< n-CqiHaz  'n-CyzHyy
n-Cq3Hy; 16

i) Pd/C, H,, THF/HOAc 4:1, rt -

ii) piperidine, CHCI,, rt, 65% (two steps)

o OH OH
(HO) 'F!O/ioz 0 o
2 11
HO O\/\ONH OP(OH)Q

NH o= OH
0= o
0 0= n-CyiHpg
0:< n-CqiHaz  n-Cy3Hy;
n-Cq3Hz7 20

Scheme 13. Global deprotection of dilipid amide 16

36



2113 Re-evaluation of proposed Lipid A analogs -

* Contemplating the resuilts of the initial attempts at obtaining the free 3-OH, the general
consensus was that further attempts to selecfive_ly remove the Fméc protecting group would
only be an exercise in futility. In order to successfully install lipids at this position, a new
synthetic strategy would have to be employed. This strategy would involve the formation of
the 3-0 lipid esters before the installation of the phosphate moiety, and ultimately before
the formation of the dimeric monosaccharide backbone. Given the laborious nature of
investigating this proposed strategy, as well as time limitations, the incorporation of lipid
functionalities at the 3-OH position of the disaccharide backbone was temporarily
abandoned. However, the fact that there have been several biologically active synthetic
Lipid A analogs reported in which only N-acylation was present, the most notable of which
is OM-174 %8 dictated that novel analogs with solely N-acylation be designed and

synthesized for biological testing alongside previously obtained analog 20 (Scheme 13).

Although now limited by the presence of the 3-O-Fmoc protecting group, two new analogs
were envisioned which could employ the current dimeric monosaccharide framework. Said
analogs would involve varying the degree and pattern of acylation present at the N position.
Newly proposed analog IV (Figure 18) would introduce asymmetry in the pattern of N-
acylation, and was proposed to directly mimic the structure of OM-174 466, Analog V was
proposed to examine the effect of an increase in the degree of acylation, and would involve

the incorporation of a novel trilipid acid moiety.

OH
OH O OH
HO (Irjo o o OHO (Ho)zgo O 0 9
A O\/\O/;iOH(OH)z HO O~ "% OP(OH),
NH o="" oH NH 0= OH
= o

0=
(6] HO C..H 0 ° Cq4H
n- — o= n-LqqHos
11723 o= n-C 4 H
—_ n-C,,H 11123
o= 1123 o
n-CyaH,y 0 0= n-CqqHgs
o= n-CyiHys n-C 13Hoy
n-Cy3Hz7
v \J

Figure 18. Revised dimeric monosaccharide Lipid A analogs

37



2.1.14 Attempted synthesis of proposed analog IV

NéWIy propz)ééd LIpldA analog iV"(Figui'?e 185 was envisioned to be réadily'aﬂainaﬁié
through first the acylatioh of di-amine 15 with Troc protected B-OH monolipid acid 3. .
Selective deprotection of the B-OH functionality, followed by its controlled reaction with the
appropriate lipid acyl chloride would yield IV. As such, di-amine 15 was first coupled with
monolipid acid 3 under DCC promotion to form 21 in 53% yield (Scheme 14). Lower than
ideal yields were again contributed to the general instability of the amine as indicated by the
formation of additional spots on TLC, although no analytically pure samples from these
spots were obtained. Subsequent deprotection of the -OH via treatment with zinc in a
THF/HOAC 4:1 mixture to provide 22 in an 82% vyield.

Icl) OBn OBn TrocQ O
0 1
(BnO),PO O o) >
FmocO O\/\r??_ N oP©Bn), T n-C11H2/3k/\OH

NH, OFmoc

15 3
jDCC, CH,CI,, rt, 53%

BnO)zPO
FmocO 0 P(OBn)2
. j OFmoc
% TrocO
TrocO

n-CqqHaz
n-CqqHa3

21

\Zn-dust, THF/HOAC 4:1, rt, 82%

OBn
(BnO)zPO
FmocO OBﬂ)z
OFmoc
_§ Ho§
HO

c n-CqqHas
n-CyqHy3

22

Scheme 14. Synthesis of -OH amide 22
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The controlled reaction of the B-OH in 22 with tetradecanoyl chloride in attempts to'
selectlvely mcorporate on!y one secondary |lpld chain was next attempted in a variety of
" condltlons (Scheme 15) However there was a significant lack of reactlwty noted for 22,

- both with the inclusion of catalytic DMAP,-and an increased temperature

OBn
(BnO)ZPO 9
FmocO OP(OBn),
0 73 OFmoc
O
HO

a) CH,Cl,, 0°Cto rt
o H

n- C13H27 Ci

0 OH OH
(HO) PO o 0 0
2 1
HO O~"70 OP(OH),

0 n-CyqiHys
o=  ™CnHaz
n-CigHz7

+ a), b), orc) b) py, 0 °Ctortto 40 °C
c) DMAP, py, 0 °C to rt to 40 °C

v

Scheme 15. Attempted acylation of B-OH functionality

Given the unpredicted lack of reactivity noted for 22, possible sources of interference were
evaluated. Examining the structure of 22, a possible situation in which intramolecular
hydrogen binding between the B-hydroxyl and the amide NH proton forming a pseudo-six
member ring was envisioned (Figure 19, A). One significant resonance structure of this
structure was envisioned to be the one in which there is a C=N bond formed between the
carbonyl C and the amide N (Figure 19, B). In said structure, the NH proton would be
expected to experience a significant positive character. Moreover, the B-OH would
experience an overall decrease in electron density through induction to the positively

charged N, thus potentially decreasing its nucelophilicity. Supporting this theory was "H
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- NMR data, in whiCh a significaAnt downfield shift (= 0.5 ppm) of the amide NH proton was

noted upon the deprotectlon of 21 lnto 22 (Scheme 14). Further mvestlgatlon is necessary ;

to determme the extent of said mteractlo and if it can be disrupted such that the true

nucelophilicity of the -OH can be obtained.

R R
\ /H \‘\ \ +/H
N OH N OH
~— U
0 n-CqqHa3 o n-CqqHy3
A B

Figure 19. Proposed intramolecular hydrogen bonding in 22

2.1.15 Attempted synthesis of proposed trilipid amide analogue V

Proposed trilipid amide analogue V (Figure 18) required that a trilipid acid be synthesized
for its eventual incorporation into the desired amide bond. This species was seen as
resulting from the coupling of dilipid acid 17* and 3-(R)-hydroxypenta-1-decene’®, followed
by an appropriate oxidation to yield the acid moiety. As such, the two lipid species were first
coupled via a DCC promoted reaction using catalytic DMAP in CH,Cl,. Unexpectedly,
three products were obtained as a virtually inseparable mixture (Scheme 16). The
identity of compounds 22 and 24 were confirmed both by comparison to known
reference compounds, as well as GC coupled mass spectroscopic results. The small
amount of pure 25 isolated allowed for spectroscopic data to be obtained confirming its

identity.
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DMAP, DCC, CH,CI,, rt
5 ; ;
n-CygHyy Q e 0 * nCiHyy O 0
n-CyiHzs 7 "NCH, n-CyyHzs 7 NCH, n-CyyHaa ”o
n-CiiHzs 7 Nch,
23 24 25

Scheme 16. Attempted synthesis of trilipid acid

These unexpected results were rationalized by examining the mechanism through
which this Steglich type esterification proceeds (Scheme 17). Dilipid acid 1 first
nucleophilically attacks the DCC forming species 26. Literature evidence suggests that
26 is susceptible to attack by further dilipid acid to form anhydride species 27 ’*. Base

catalyzed elimination of an a-proton results in the formation of 28 and 29, which upon

coupling to the 3-(R)-hydroxypenta-1-decene ultimately form the undesired compounds.

Whether this elimination is occurring from species 26 or 27 is not entirely understood at
this time. As to the identity of the base which causes said elimination, evidence
suggests that this was in fact DMAP. Several similar attempts at the coupling were
performed in effort to minimize the degree of said elimination. Varying amounts of the
DMAP catalyst were tested, with higher DMAP levels leading to an increased presence

of the undesired eliminated products, as visualized qualitatively by TLC.
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"‘C13H2/|7I\O'> ﬁ‘//\\\ 1 nCyHy  OH

N-CqqHzs @?:NCGHH
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‘B
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I I
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ﬁ 29
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n-Cy3Hy7 "OH
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Scheme 17. Mechanism of base catalyzed lipid elimination

| I
N\ N
n-CygHyy Q T ﬁ 9 nCygHy
n-CyHyy = O n-CyqHz3
27

The inseparable three compound mixture was subjected to a KMnO4 oxidation, and

upon purification an inseparable mixture of dilipid acid 1 and desired trilipid acid 30 was

obtained (Scheme 18). In effort to allow for chromatographic separation, the

inseparable mixture of dilipid and trilipid acids (1 & 30) was subjected to phenacylation

via a triethylamine (EtsN) catalyzed reaction with 2-bromoacetophenone in EtOAc.

Trilipid phenacy! ester 31 was successfully separated and obtained in pure form.

Deprotection with zinc in HOAc, finally afforded pure trilipid acid 30 in a 24% overall

yield.
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. 23,24,25
KMnO,, Aliquat 336,
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n-CqHyz = OH n-CqqHps g 9

n-Cq1Has OH
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Br
ph” N\, EN, EtOAc, rt
i i I
I Zn-dust, HOAc, rt

/\ /\ 3 ] /\
n-C13H270 0 + n-C13H27 o 0 - n-C13H27 o 1%

ISPV - !

nCyHzs ~ 07 ) nCyag V0 O 24% (4 steps) nCyiHys ¥ 9§
o /K/H\ /\/Ph /k/\
n-CiHzs © O n-CysHzz = OH
O
31 30

Scheme 18. Synthesis of trilipid acid 32

In the Initial attempts at coupling trilipid acid 30 with di-amine 15 (Scheme 19) to form
proposed analog V, numerous closely related products were noted as visualized by TLC,
and thus have resulted in significant difficulties in chromatographic separation. As such, no
analytically pure sample of the coupled product has been obtained as of yet. A possible
explanation of these unexpected results lies in the increased overall size of trilipid acid 30
compared to those lipid acids with which successful couplings have been performed. A
situation was envisioned in which steric hindrance due to the increased size of 30 ultimately
would result in a decreased rate of coupling. Given the general instability of di-amine 15 in
solution, the propensity of this basic moiety to cause cleavage of the 3-O-Fmoc protecting
group, or migration of the chemically labile 4-dibenzyl phosphotriester would be increased

with a decreased rate of amide bond formation. As such, the potential for a multitude of
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- chemically similar products would exist. Unfortunately, due to a lack of material and time

constraints, further attempts at the c_:quplinQ have been aba'ndoned.

A | | _ o
I
OBn N
ﬁ o OBg n-CigHyy O ﬁ
(BnO)ZPO 00 o I -+ n-C H)\/\O e}
FmocO H,N OP(OBn), 1123 /K/“\
NH, OFmoc n-Cq{Hgs OH
15 30

[ DCC, CH,Cl,, t

|C|) 0OBn OBn

o)

(BnO),PO O O i
FrmocO OO OP(OBn),

NH o= OFmoc
O=
o 0
0= n-C,.H
o= 0-Co 11H23
0 = n-Cqq4Hps
o= n-CqqHz3 R-CqgHy7
n-Cy3Hz7
\Y

Scheme 19. Attempted synthesis of proposed analog V

2.1.16 Revised synthetic pathway

Given the problems encountered with phosphate migration, and the general lack of success
in the synthesis of the revised series of proposed dimeric monosaccharide Lipid A analogs,
a new synthetic pathway has been undertaken with the help of colleagues in the lab in
which the intent is to synthesize analogs of the dimeric monosaccharide backbone with
acylation present at the 3-O position. This pathway involves the formation of the 3-O lipid
esters before the installation of the 4-O phosphate moiety, and ultimately before the
formation of the dimeric monosaccharide backbone. Therefore, according to known
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literature pr’oceduresl ", glucosamine derivative 4 '* 7 has been coupled with dilipid acid 1,
and ultlmately converted into tnchloroacetlmldate donor 32 (Scheme 20) Ina snmllar :

" manner to the synthes;s of 11 (Scheme 7), itis intended that donor 32 be coupled with
ethylene egcoI to obtain the desired dimeric monosaccharide framework, from which

analogs of the Lipid A structure can be obtained.

I Ph I
c AN o + o 0] R (BnO),PO O
N-L43Ho7
M HO — . o O\Y;AWOC(NH)CCE

NH —— NH
n-Ci4Hps OH Troc/ OAll 0 Troc
o= n-Cq4Hy3
1 4 n-Cy3Hy7
32

Scheme 20. Synthesis of trichloroacetimidate donor 32

2.2 Diethanolamine based monosaccharide Lipid A analogs

2.21 Design

During the redesign of the dimeric monosaccharide Lipid A analog synthesis, and the
ultimate synthesis of trichloroacetimidate donor 32, a novel series of monosaccharide Lipid
A analogs were envisioned. Similar in premise to the AGP class of Lipid A analogs (Figure
13), proposed monosaccharide analogs VI and VII have one of the saccharide units of the
natural disaccharide Lipid A backbone replaced by a diethanolamine (DEA) based acyclic
scaffold (Figure 20). One proposed advantage of this novel monosaccharide framework
over the AGP class structural framework is that it offers an additional chemical scaffold
upon which further functionalization can occur, thereby offering the potential for further
novel Lipid A mimetics. Analogs VI and VII are intended to be synthesized for initial
investigations into the viability of this framework at interacting with the TLR4 signalling

complex.
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PR o Diethanolamire _ -
(HO),PO - " orl |
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RITe) —
0" Srouin o e 2T VIR=POM,
DG 11H23 o}
18727 n-CyqHyg >:O n-Cya3Hy;
n-Cq3Hy7

Figure 20. Proposed diethanolamine based monosaccharide Lipid A analogs

2.2.2 Retrosynthetic analysis

Beginning with desired analog VIl, C-6 and phosphate hydroxyl moieties were again
chosen to be globally protected with the benzyl (Bn) group, such that final global
deprotection via hydrogenolysis was possible (Scheme 21). Eliminating the sugar amide
lipid functionality, transforming the phosphotriester moiety of the acyclic scaffold into its
parent hydroxyl, and finally the cleavage of the glycosidic bond ultimately yielded
trichloroacetimidate donor 32 and diethanolamine derived amide acceptor 33. The use of
the N-Troc protecting paradigm in 32 was again employed for its proven stereoselective 8-

glycoside directing capability by virtue of neighbouring group participation > 7" 72,
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Scheme 21. Retrosynthesis of proposed monosaccharide Lipid A analogue VII



2.2.3 Synthesis of amide acceptor 33

Initial attempts at the synthe's'is of amid:e éccebto’r 33 involyed the coupling of dilipid acid 1
‘with DEA unde.r DCC promotion in THF, the results of which was an inseparable mixture of ‘a't
least two compounds. Crude spectroscopic results for the mixture (not shown) were
indicative of a similar elimination process as that encountered in the synthesis of trilipid acid
30 (Schemes 16, 17). These unexpected results were partly attributed to a poor solubility of
DEA in the THF solvent. Successful coupling of 1 and DEA was brought about through the
use of peptide coupling reagent O-(benzotriazol-1-yl)-N,N,N’,N-tetramethyluronium
hexafluorophosphate (HBTU) and N’N-diisopropy! ethylamine (DIPEA) in DMF, for a 68%
yield of amide 33 (Scheme 22).

NH(CH,CH,OH), +

l HBTU, DIPEA, DMF, rt, 68%

HO\/\N/\/OH
—Q0

.v||o
nCyHy  >=0
n-CyaHar

33

Scheme 22. Synthesis of acceptor amide 33

2.2.4 Glycosylation to form monosaccharide framework

With the successful synthesis of amide acceptor 33, glycosylation with imidate donor 32
was to follow. As such, a TMSOTf promoted glycosylation reaction between 33 and
trichloroacetimidate 32 was attempted (Scheme 23). Given the secondary amide nature
of acceptor 33, the desired p-glycoside 34, as indicated by 'H NMR data of 34 (5 4.78, d,
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0.4H, J 8.0 Hz, H-1B), was isolated in a 53 % yield as two rotational isomers in an-
approximate 3:2 ratio. A second_signiﬁcént product was also isolated from the reaction

' |n approximately 15% yiéld.'Ah analytically pure'sample of the compound has yet to be -
obtained, H'owever; preliminary spectroscopic data indicates its identity as being the di-

glycosylated product 35.

OBn

o]
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(BnO),PO 0 HO OH
0= NH =0
0 Troc 0
O:<nc Hn-C11H23 n-CqqHaz >:O
e n-Cq3H27
32 33

l TMSOTf, CH,CI,, rt, 53%

0 OBn
(BnO)lelo 0
oﬁ/o\/\N/\/OH
= NH =0
O—g Troc i,‘,,o

0= n-CysHzs nCiHz  >=0
n-CyaHar n-CqgHpy
34
0 OBn OBn
Il
(BnO),PO 0 o 0
0 O™ i OP(OBn),
0= NH =0 Troc =0
o Tro;: wo N
0= n-CyyHas n-CysHzg =0 nCyuHz =0
n-CyzHyr n-Cq3Hay n-Cy3Hy7
35
~15%

Scheme 23. Synthesis of DEA based monosaccharide framework
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2.2.5 Installation of sugar amide linkage

The N.-Troc prtectiﬁg in glycoside 34 was cleaved to. form amine 36 via treatment with zinc
dust in a 4:1 THF/HOAc acid mixture (Schemé 24). Complete cohsumption of 34 was not
achieved within a 3 hr reaction time, with approximately 10-15% remaining. Initially, the
stability of free amine 36 was questioned, and as such, this compound was used in its
crude form and not subjected to chromatographic purification. DCC promoted coupling of
36 with dilipid acid 1 in DCM gave the desired amide 37 in a 43% overall yield, again as
mixture of two rotational isomers with an approximately 3:2 relative ratio. Free amine 36
was also recovered in 21%. Given the surprising stability of free amine 36 in solution,

spectroscopic data was obtained thus allowing for conformation of its structure.
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(BnO) |!>|o 0
nv)2 OH

0= INH —0
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0= n-C4qHzs n-C..H —0
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(BnO) [F!O 0,
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o O\/\N/\/OH
o= NH2 —0
o}
...,O
O:< n-CqqHps nC1,Hys —0
M 13Hzr n-Cy3Hz7
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1, DCC, CH,Cl,, rt

43% (two steps, 21% recovery of 36)
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(BnO) go 0
n
2 o O\/\N/\/OH
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0 n-C 41Hys >:O

11H23 >:O n-C 43H,7
n-C 13H 7

o:< n-CyqHyg
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Scheme 24. Installation of sugar lipid amide functionality

50



2.2.6 Global deprotection of 37 to form proposed analog VI

With the successful |solatlon of the desired monosacchande framework in 37, proposed :
Lipid A analog VI (Flgure 20) could be obtained through global deprotection of the
remaining benzyl protecting groups. Therefore, 37 was subjected to a Palladium catalyzed
hydrogenation to ultimately yield desired 38 in a 30% vyield (Scheme 25). Given the
amphipathic nature of 38, and its tendency to form aggregates in solution, spectroscopic
data has yet to be successfully obtained. The compound has been submitted for high

resolution electrospray mass spectrometry analysis to confirm its identity.

(BnO), i/ \/\N/\/OH

o= . HnC11H23 0 nC11H23 >__
M13M27 n-CyqHa >:O n-Cy3H77

n-CqsHar
37
l Pd/C, H,, THF/HOAc 10:1, rt, 30%
o OH

i
(HO),PO 0 OH
&/O\/\N/\/

0 =0
o= c Hﬂ-Cﬁst 0 n-C11H23 >_.
nCiaHar  ncyHp >:o n-CqgHy7
n-CigHz7
38

Scheme 25. Global deprotection of 37

2.3  Future Work

2.3.1 Synthesis of proposed Analog Vi

The synthesis of proposed monosaccharide Lipid A analog VIl (Figure 20) is intended.

Installation of the desired dibenzyl phosphotriester functionality on the DEA based acyclic
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scaffold in 37 will yield 39 (Scheme 26). Upon successful isolation of 39, its glo_bai
dep'rotecti'on. via hydrogenolysis will thereby yield proposed analog VII.

(BnO)ZPO OH

— n-C,4H
o_<n-C " 11723 w0 nC11H23 >__
13727 n-Cy4Has >__ n-Cy3H37
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\}
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n-C13H27 ”'C11H23 >:O n- C13H27
n-CygHyr
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Scheme 26. Proposed synthetic route to monosaccharide Lipid A analog VIl
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2.3.2 Revised synthesis of dimeric monosaccharide Lipid A analogs _

As noted ear'lie-r,Aa revi.sed'synthetic bathway has been desfgned énd undertaken, the _inten.t'
of which is the synthesis of dimeric monosaccharide Lipid A analogs with 3-O acylation. In a
similar fashion as to the synthesis of 11 (Scheme 7), it is intended that the dimeric
monosaccharide framework 40 be synthesized from donor imidate 32 (Scheme 20) and
ethylene glycol (Scheme 27). Upon successful isolation of 40, amine deprotection and
subsequent acylation, followed by global deprotection will yield a series of Lipid A analogs

with desired acylation patterns.
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Scheme 27. Revised synthetic route to dimeric monosaccharide Lipid A analogs
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233 Biologicél Evaluation

' Succéséfully_ synihesized Lipid A analogs will be evaluated both for their pOtenfiél'to
stimulate, as well as to inhibit the TLR4 signalling- pathway. Human monocytes and murine
macrophages will be exposed to each analog, and the enzyme-linked immunosorbent
assay (ELISA) technique will be employed to measure the cytokine responses generated.
Specific cytokines to be measured include TNF-q, IL-6, and IL-8. These results will allow for
an evaluation as to the potential of these novel frameworks as being synthetic mimics of the

natural Lipid A structure.
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3 CONCLUSION

' Lipopoiysacchéride (LPS) has Abeen discovered as the immunostimulatory pattern of Gram-
negative bacteria. The active corhponent of LPS is the glycolipid porfion known as Lipid A,
the likes of which has been shown to stimulate the TLR4 signalling pathway. Given the
broad downstream implications of TLR4 signalling, the receptor has been the target of
significant investigation for its potential therapeutic uses. A large amount of this
investigation has centered on the delineation of the precise molecular events that occur
upon TLR4 activation by LPS/Lipid A. With an ever increasing understanding of these
events, a great deal of effort has thereby gone into the creation of synthetic analogs of the
Lipid A structure. The ultimate goal of these synthetic analogs is the harnessing of the
beneficial immunostimulatory properties from the undesired, and potentially fatal toxic
effects. These analogs provide an increasing knowledge in the form of structure-activity
relationships, such that the potential therapeutic targeting of the TLR4 signalling pathway is
becoming a more realistic possibility. Two novel synthetic frameworks designed to mimic
the structure of natural Lipid A have thus been synthesized for their evaluation as potential
ligands of TLR4.

A dimeric monosaccharide framework has been synthesized, in which two identical sugar
units are linked through an ethylene glycol spacer. This framework is thought to offer
advantages in terms of both chemical stability and ease of synthesis. The use of the N-Troc
protection paradigm in imidate donor 9 yielded the desired B-glycosidic linkages in 11.
Deprotection and installation of the desired acylation pattern at the N position proceeded as
proposed. However, deprotection of the 3-O-Fmoc protecting group ultimately resulted in
the undesired migration of the chemically labile 4-dibenzylphosphotriester moiety.
Incorporation of acylation at the 3-O position was thereby abandoned, and focus shifted to
varying the acylation pattern at the N position. Attempts to incorporate both asymmetry, and
an increase in the degree of N-acylation were both generally unsuccessful. Consequently, a
revised synthetic approach for the synthesis of dimeric monosaccharide Lipid A analogs

with both N- and O-acylation has thus been undertaken.

A monosaccharide framework has also been synthesized, in which a diethanolamine (DEA)

based acyclic scaffold is intended to mimic the second sugar common to the natural Lipid A
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disaccharide structure. 'C:)ne-advantage this framework is thought to offer over previously
_reported rrio’no‘saccharide analogs is that it allows for,furthér_ fuhctio_nalizatioh, and thus the
_potential for further SAR data. DEA was successfully converted to lipid amide 33, which
upon glycosylation with imidate donor 32 afforded th'e desfred monoséccharide framework.
The use of the N-Troc protecting paradigm in 32 again afforded the desired -glycosidic
linkage. The desired acylation pattern has been installed at the N position, and one finalized
analog of this framework already obtained. Future work will include the synthesis of other

analogs and their biological evaluation.

56



4 EXPERIMENTAL .
4.1 General Methods

All air and moisture sensitive reactions were performed under nitrogen
atmosphere. All commercial reagents were used as supplied. Pyridine was
distilled over potassium hydroxide, dichloromethane was distilled over calcium
hydride, and methanol was distilled from magnesium turnings and a catalytic
amount of iodine. Anhydrous N,N-dimethylformamide (DMF) was purchased
from Aldrich. ACS grade solvents were purchased from Fisher and used for
chromatography without distillation. TLC was performed on Silica Gel 60A Fs,
(thickness 250 um) purchased from Silicycle Inc., Canada, with detection by
fluorescence (254 nm) and by dipping into 15% H,SO, solution and/or
Mostaine reagent [ammonium molybdate ((NH4)sMo7024-4H,0, 20 g) and
cerium (1V) sulfate (Ce(SO4)2, 0.4 g) in 10% H,SO, solution (400 ml)] followed
by charring at ~120 °C. Flash column chromatography was performed on
Silica Gel 60 (40-63 pm) also purchased from Silicycle Inc., Canada. 'H and
"*C NMR spectra were recorded on a Varian Unity Inova 500 MHz
spectrometer. Tetramethylsilane (TMS, § 0.00 ppm) or solvent peaks were
used as internal standards for 'H and "*C NMR spectra. The chemical shifts
were given in ppm and coupling constants in Hz indicated to a resolution of +
0.5 Hz. Multiplicity of proton signals is indicated as follows: s (singlet), d .
(doublet), dd (double doublet), t (triplet), q (quartet), m (multiplet), and br
(broad). For spectroscopic assignments, primary acyl chains are designated
with L, secondary acyl chains are designated L', and tertiary acyl chains are
denoted L". For those compounds which exist as a mixture of two rotational
isomers, the designation of A or B will be used to distinguish between the two
where possible. Optical rotations were measured with a Perkin Elmer 343
Polarimeter at 22 °C. High resolution electrospray (HR-ESI) mass spectra

were measured on the Applied Biosystems Mariner Biospectrometry

57



Workstation at the University of Alberta, Canada. Elemental analyses were
) carrled outon a CEC (SCP) 240- XAAnaIyzer instrument by Lakehead -

UmverS|ty Instrumentation Laboratory (LUIL).

4.2 - Synthetic Procedures and Structure Characteristics

3-(R)-(2,2, 2-trichloroethoxycarbonyloxy)-penta-1-decene (2):
TrocO

n-CyqHzs ™ "NCH,

To a solution of 3-(R)-hydroxypenta-1-decene " (3.78 g, 16.70 mmol) in dry
pyridine (25 mL) cooled to 0°C (ice water bath), Troc-Cl (3.70 mL, 25.1 mmol)
was added. The mixture was stirred at the reduced temperature for 2 h before
being quenched via the addition of water (20 mL). The resulting mixture was
diluted with EtOAc (100 mL) and washed successively with a cold HCI
solution (6 M, 30 mL), cold water (50 mL), and a saturated sodium
bicarbonate solution (50 mL). The organic phase was dried over Na,SO,,
concentrated, and purified by flash column chromatography to give 2 (6.18 g,
93%) as a colorless syrup. R 0.23 (hexane/EtOAc, 100:1.5); [a]?? +14.5 (¢

1.0, CHCl3); 'H NMR (500 MHz, CDCl5): 5 0.88 (t, 3H, J 7.0 Hz, CHs, lipid),
1.21-1.36 (br m, 20H, 10 x CH,, lipid), 1.60-1.67 (m, 2H, H-4,), 2.38-2.41 (m,
2H, OCH,CH=CH,), 4.75-4.85 (m, 3H, H-3_, OCH,CH=CH,), 5.08-5.14 (m, 2H,
Troc-Ha, Troc-Hb), 5.72-5.81 (m, 1H, OCH,CH=CH,); "*C NMR (125 MHz,
CDCls): 8 14.37 (CHs, lipid), 22.93 (CHy, lipid), 25.40 (CH,, lipid), 29.58 (CHs,
lipid), 29.71 (CH,, lipid), 29.77 (CHy, lipid), 29.86 (CH;, lipid), 32.15 (CH.,

lipid), 33.78 (CH,, lipid), 38.79 (CHj, lipid), 76.80 (Troc-CH,), 79.75
(OCH2CH=CH,), 94.69 (Troc-CCl,), 118.58 (OCH,CH=CH,), 133.19
(OCH,CH=CH,), 154.12 (C=0); Anal. Calcd for C1sH3:Cl503: C, 53.81; H, 7.78.
Found: C, 53.79; H, 7.39.
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'3-(R)-(2,2,2—trichloroethoxycarbonyloxy)-tetradecanoic acid (3): o
L . | TrocO‘_ﬁ | :
n-Cy4Hps™ OH

To a mixture of 2 (4.56 g, 11.34 mmol) and Aliquat 336 (0.10 mL) in hexanes
(50 mL), EtOAc (50 mL), and acetic acid (10 mL) cooled to 0 °C (ice water
bath), an aqueous KMnOj4 solution (6.35 g, 39.71 mmol in 100 mL) was added.
The reaction was stirred vigorously at the reduced temperature for 2 h before
the successive addition of sodium sulphite (12.6 g, 99.97 mmol), and
concentrated HCI (15 mL). The organic phase was separated, and the
aqueous phase extracted with EtOAc (3 x 150 mL). The combined organic
phase was washed with a saturated sodium chloride solution (60 mL), dried
with Na;SO, and concentrated. Flash column chromatography (hexane/EtOAc,
5:1) on the residue yielded 3 (4.21 g, 88%) as a colorless syrup. R¢ 0.20
(hexane/EtOAc, 5:1); [a]? 0.0 (¢ 1.0, CHCI5); '"H NMR (500 MHz, CDCls): &
0.88 (t, 3H, J 7.0 Hz, CHj, lipid), 1.17-1.38 (br m, 18 H, 9 x CHo, lipid), 1.63-
1.74 (m, 2H, H-4,) 2.65 (dd, 1H, J 16.5, 5.0 Hz, H-2.,), 2.76 (dd, 1H, J 16.5,
8.0 Hz, H-2,,), 4.76-4.83 (m, 2H, Troc-Ha, Troc-Hb), 5.13-5.21 (m, 1H, H-3,);
3C NMR (125 MHz, CDCls): & 14.36 (CHs, lipid), 22.93 (CH,, lipid), 25.14
(CHz, lipid), 29.48 (CHy, lipid), 29.57 (CH,, lipid), 29.66 (CH,, lipid), 29.73
(CHz, lipid), 29.84 (CH_, lipid), 32.14 (CH.,, lipid), 34.16 (CH, lipid), 38.91
(CHz, lipid), 75.92 (C-3,), 76.91 (Troc-CH,), 94.77 (Troc-CCls), 153.79 (C=0),
176.50 (C=0); Anal. Calcd for C17H29Cl30s5: C, 48.64; H, 6.96 Found: C, 48.98;
H, 6.67.

Allyl 4,6-O-benzylidene-2-deoxy-2-(2,2, 2-trichloroethoxycarbonylamino)-a-D-
glucopyranoside (4):

PN O\
0
HO

NH
Troc”  OAll
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According to literature procedures 19.73

, glucosamme hydrochloride (37 00 9
171.60 mmol) was first reacted with 2,2,2- tnchloroethyl chloroformate (Troc-Cl, -
-35.50 mL, 257.40 mmol) and sodium bicarbonate (37.50 g, 446.20 mmol) in’
water (500 mL). The white solid formed was filtered out of the reaction mixture
and recrystallized from refluxing ethanol. The resulting white solid (25.67 g)
was then added to a suspension of HCl, in allyl alcohol (3.5 g in 120 mL) and
stirred at 100 °C for 40 min. The resulting residue (= 40 g) after concentration
of the reaction mixture in vacuo was then mixed with benzaldehyde
dimethylacetal (23 mL, 153.98 mmol) and p-toluenesulfonic acid monohydrate
(1.95 g, 10.27 mmol) in acetonitrile (180 mL). After stirring at room
temperature for 4 h, the reaction was quenched via the addition of
triethylamine (30 mL) and concentrated. Purification of the residue via
repeated flash chromatography (hexane/EtOAc, 3:1) yielded 4 (26.12 g, 31%

over three steps).

Allyl 4,6-O-benzylidene-2-deoxy-3-0-(9-fluorenylmethoxycarbonyl)-2- -(2,2,2-
trichloroethoxycarbonylamino)-a-D-glucopyranoside (5):
Ph\ O o
o)
FmocO

NH
Troc”  OAll

To a cooled solution (ice water bath) of 4 (8.05g, 16.68 mmol) and DMAP (204
mg, 1.67 mmol) in pyridine (35 mL), 9-fluorenylmethoxychloroformate (6.50 g,
25.00 mmol) was added. After stirring at room temperature for 4 h, the
reaction was quenched with MeOH. Pyridine was removed in vacuo via co-
distillation with toluene (3 x 15 mL). The residue was dissolved in EtOAc (800
mL), and washed with cold water (300 mL). The organic layer was dried over
NazSO4, and concentrated under vacuum. The residue was subjected to flash
column chromatography (hexane/EtOAc, 3:1) to give pure 5 (10.46 g, 89%) as
a white solid. R; 0.31 (hexane/EtOAc, 3.5:1): [a]22 +44.7 (¢ 1.0, CHCLs); 'H

NMR (500 MHz, CDCl;): 5 3.79-3.85 (m, 2H, H-6a, H-6b), 3.95-4.04 (m, 2H,
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H-4, H- 5) 4. 17-4 25 (m, 3H, H-2, Fmoc-CH, OCHHCH= CHz) 4.30- 435 (m .
.3H, Fmoc—Cﬂg, OCHHCH :CH,), 4.53 (d, 1H, J 120 Hz, Troc-Ha) 4.64 (d, 1H, -
J 12.0 Hz, Troc-Hb), 4.96 (d, 1H, J 3.5 Hz, H-1), 5.21-5.26 (m, 2H, NH, H- 3),
5.31(d, 1H, J 17.0 Hz, OCH,CH=CHH), 5.43 (d, 1H, J 10.0 Hz,
OCH,CH=CHH), 5.57 (s, 1H, Ph-CH), 5.85-5.93 (m, 1H,0OCH,CH=CH,), 7.18-
7.75 (m, 13H, Ar-H); °C NMR (125 MHz, CDCl,): & 46.65 (Fmoc-CH), 54.90
(C-2), 63.24 (C-5), 68.96 (C-6), 69.02 (OCH,CH=CH,), 70.69 (Fmoc-CH,),
74.42 (C-3), 74.77 (Troc-CHy), 79.13 (C-4), 95.45 (Troc-CCls), 97.27 (C-1),
101.86 (Ph-CH), 118.93 (OCH,CH=CHy), 120.25 (CH-Ar), 125.37 (CH-Ar),
125.44 (CH-Ar), 126.41 (CH-Ar), 127.42 (CH-Ar), 128.10 (CH-Ar), 128.45
(CH-Ar), 129.35 (CH-Ar), 133.16 (OCH,CH=CH,), 137.03 (C-Ar), 141.39 (C-
Ar), 141.42 (C-Ar), 143.32 (C-Ar), 143.42 (C-Ar), 154.49 (C=0), 155.37 (C=0);
Anal. Calcd for C34H3,CIsNOg: C, 57.93; H, 4.58; N, 1.99. Found: C, 57.81; H,
4.52; N, 1.73.

Allyl 6-O-benzyl-2-deoxy-3-0O-(9-fluorenylmethoxycarbonyl)-2-(2,2, 2-
trichloroethoxycarbonylamino)-a-D-glucopyranoside (6):

OBn

HO 0
FmocO
NH

Troc” OAIl
A solution of 5 (7.43 g, 10.54 mmol) in dry THF (50 mL) and molecular sieves
(4 A, 5 g) was stirred at room temperature under nitrogen for 20 min. Sodium
cyanoborohydride (6.65 g, 105.40 mmol) was added and the mixture was
cooled to 0°C, followed by the drop wise addition of dry ethereal-HCl 4 until no
gas was evolved. The mixture was poured into a saturated sodium
bicarbonate solution (100 mL) and the solids were filtered out before the
removal of THF in vacuo. The resulting solution was extracted with EtOAc (3 x
200 mL), and the combined organic phase was washed with a saturated

sodium chloride solution (150 mL.), dried over Na,SO,, and concentrated in
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vacuo. The resultlng reS|due was purified by flash chromatography
_(hexane/EtOAc 3.51— 2 1) to gnve 6 as a white SOIld (6.34 g, 85 %). R¢ 0. 34
(hexane/EtOAc 2.5:1), [oc]22+ 55 4(c1.0, CHCI3) 'H NMR (500 MHz, CDCly):

8 2.76 (br s, 1H, OH), 3.33 (dd, 1H, J 10.0, 4.0 Hz, H-6b), 3.80-3.87 (m, 2H,
H-5, H-6a), 3.92 (dd, 1H, J 10.0, 10.0 Hz, H-4), 4.01 (dd, 1H, J 12.8, 6.5 Hz,
Fmoc-CHH), 4.09 (ddd, 1H, J 10.0, 10.0, 3.5 Hz, H-2), 4.18-4.26 (m, 2H,
Fmoc-CH, Fmoc-CHH), 4.35-4.42 (m, 2H, OCH,CH=CH,), 4.56-4.66 (m, 4H,
Troc-Ha, Troc-Hb, Ph-CH,), 4.93 (d, 1H, J 3.0 Hz, H-1), 5.02 (dd, 1H, J 10.0,
10.0 Hz, H-3), 5.21-5.36 (m, 3H, NH, OCH,CH=CH,), 5.86-5.92 (m, 1H,
OCH,CH=CHj,), 7.30-7.77 (m, 13H, Ar-H); °C NMR (125 MHz, CDCl,): &
46.47 (Fmoc-CH), 53.80 (C-2), 68.48 (Fmoc-CH,), 69.43 (C-6), 69.89 (C-5),
70.24 (C-4), 70.43 (OCH,CH=CH,), 73.64 (Ph-CH,), 74.46 (Troc-CH,), 77.83
(C-3), 95.24 (Troc-CCls), 96.34 (C-1), 118.34 (OCH,CH=CH,), 120.01 (CH-Ar),
125.18 (CH-Ar), 127.19 (CH-Ar), 127.64 (CH-Ar), 127.84 (CH-Ar), 127.87
(CH-Ar), 128.44 (CH-Ar), 133.09 (OCH,CH=CH,), 137.58 (C-Ar), 141.19 (C-
Ar), 143.05 (C-Ar), 143.17 (C-Ar), 154.20 (C=0), 155.74 (C=0); Anal. Calcd
for C34H34CIsNOg: C, 57.76; H, 4.85; N, 1.98. Found: C, 57.52; H, 4.73; N,
2.01.

Allyl 6-O-benzyl-2-deoxy-4-O-(di-O-benzylphosphono)-3-O-(9-
fluorenylmethoxycarbonyl)-2-(2, 2, 2-trichloroethoxycarbonylamino)-a-D-
glucopyranoside (7):

fo) OBn

Il
(BnO),PO 0
FmocO

NH
Troc”  OAll

To 6 (6.34 g, 8.96 mmol) in dry dichloromethane (50 mL), 5-phenyltetrazole
(2.30 g, 15.69 mmol) and dibenzyl N,N-diisopropylphosphoramidite (5.2 mL,
15.69 mmol) were added and stirred at room temperature for 1 h. The mixture
was then cooled to -20 °C, m-chloroperbenzoic acid (4.03 g, 77%, 17.92

mmol) was added and the mixture was stirred at the reduced temperature for
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1h. The reéctioﬁ was poured into a saturated sodium bicarbonate solution

| (100 mL) and’extracted'with dichiororﬁethane (3x100 fnL). The combihed,
organic phase was washed with a saturated sodium chloride solution (100
mL), dried over Na,SO,, and concentrated in vacuo. Repeated flash column
chromatography on the residue (hexane/EtOAc, 2:1) afforded 7 (8.53 g, 98 %
over two steps) as a white solid. R¢ 0.24 (hexane/EtOAc, 2.5:1); [o])Z +59.4 (¢

1.0, CHCIs); "H NMR (500 MHz, CDCly): & 3.71-3.77 (m, 2H, H-6a, H-6b),
3.94-3.97 (m, 2H, OCH,CH=CH), 4.01-4.08 (m, 2H, H-5, Fmoc-CHH), 4.14-
4.23 (m, 2H, H-2, Fmoc-CH), 4.28 (dd, 1H, /9.8, 7.5 Hz, Fmoc-CHH), 4.44-
4.60 (m, 4H, Troc-Ha, Troc-Hb, Ph-CH,), 4.71 (ddd, 1H, J 9.5, 9.5, 9.0 Hz, H-
4), 4.88-4.98 (m, 5H, H-1, (PhCH,0),P), 5.22-5.43 (m, 4H, NH, H-3,
OCH,CH=CH,), 5.85-5.93 (m, 1H, OCH,CH=CH}), 7.19-7.77 (m, 13H, Ar-H);
"’C NMR (125 MHz, CDCls): & 46.48 (Fmoc-CH), 54.24 (C-2), 68.17 (C-6),
68.88 (Fmoc-CH,), 69.70 (d, J 5.5 Hz, (PhCH,0)P), 69.78 (d, J 5.5 Hz,
(PhCH,0)P), 70.10 (C-5), 70.66 (OCH,CH=CH,), 73.54 (C-4), 73.60 (PhCH,),
74.72 (Troc-CHy), 76.13 (C-3), 95.36 (Troc-CCls), 96.28 (C-1), 118.78
(OCH,CH=CH;), 120.13 (CH-Ar), 125.35 (CH-Ar), 125.43 (CH-Ar), 127.22
(CH-Ar), 127.29 (CH-Ar), 127.67 (CH-Ar), 127.69 (CH-Ar), 127.93 (CH-Ar),
128.00 (CH-Ar), 128.39 (CH-Ar), 128.45 (CH-Ar), 128.54 (CH-Ar), 128.59
(CH-Ar), 133.04 (OCH,CH=CH;), 135.62 (dd, J 7.25, 7.25 Hz, C-Ar), 137.99
(C-Ar), 141.22 (C-Ar), 141.26 (C-Ar), 143.20 (C-Ar), 143.23 (C-Ar), 154.25
(C=0), 155.34 (C=0); Anal. Calcd for C4gH47Cl3NO1,P: C, 59.61; H, 4..90; N,
1.45. Found: C, 59.86; H, 5.07; N, 1.56.

6-O-benzy/2—deoxy—4-O-(di—O-benzy/phosphono)-3—O—( 9-
fluorenylmethoxycarbonyl)-2-(2, 2, 2-trichloroethoxycarbon ylamino)-a-D-

glucopyranoside (8):
0 OBn
|
(BnO) 2Plo 0
FmocO
NH

Troc” OH
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Into qsuspénsion of [bis(methyldiphenylphosphine)}(1 ,5-cyc|ooctadiene_)'
iridium(l)‘hexaﬂuorophosphate (338 mg, 0.40 mmol), in dry THF (10 mL)
hydrogén gas is bubbled until a yellowish solution is formed (about:5 min).
This solution was then added to a solution of 7 (8.25 g, 8.53 mmol) in dry THF
(40 mL), and the mixture is stirred at room temperature for 2h. Water (3 mL.)
and freshly recrystallized N-bromosuccinimide (2.36 g, 12.80 mmol) were
added and the reaction was stirred for a further 1h. The residue obtained after
solvent removal was dissolved in EtOAc (200 mL) and washed with a
saturated sodium bicarbonate solution (2 x 50 mL). The combined organic
phase was dried over Na,SO,, concentrated, and purified by repeated flash
column chromatography (hexane/EtOAc, 3:2) to afford white solid 8 (6.45 g,
79%) as purely the a isomer. Ry 0.22 (hexane/EtOAc, 3:2); [a]?2 + 36.3 (¢ 1.0,

CHCI3); "H NMR (500 MHz, CDCls): 8 3.62-3.77 (m, 3H, H-6a, H-6b, OH),
3.95 (dd, 1H, J 10.3, 8.5 Hz, Fmoc-CHH), 4.04-4.12 (m, 2H, H-2, Fmoc-CH),
4.21 (dd, 1H, J 9.0, 6.5 Hz, H-5), 4.28 (dd, 1H, J 10.3, 7.5 Hz, Fmoc-CHH),
4.43-4.60 (m, 5H, Troc-Ha, Troc-Hb, H-4, Ph-CH,), 4.86-4.98 (m, 4H,
(PhCH;0),P), 5.23-5.28 (m, 2H, H-1, H-3), 5.42 (d, 1H, J 9.5 Hz, NH), 7.18-
7.77 (m, 13H, Ar-H); *C NMR (125 MHz, CDCls); 5 46.51 (Fmoc-CH), 54.54
(C-2), 68.74 (C-6), 69.50 (C-5), 69.62 (d, J 5.5 Hz, (PhCH,0)P), 69.85 (d, J
5.5 Hz, (PhCH,0)P), 70.70 (Fmoc-CHy), 73.69 (Ph-CH,), 74.06 (C-4), 74.76
(Troc-CHy), 75.89 (C-3), 91.66 (C-1), 95.39 (Troc-CCls), 120.17 (CH-Ar),
125.50 (CH-Ar), 125.64 (CH-Ar), 127.37 (CH-Ar), 127.44 (CH-Ar), 127.85
(CH-Ar), 128.08 (CH-Ar), 128.12 (CH-Ar), 128.62 (CH-Ar), 128.70 (CH-Ar),
128.76 (CH-Ar), 135.67 (dd, J 7.25, 7.25 Hz, C-Ar), 137.61 (C-Ar), 141.37 (C-
Ar), 141.40 (C-Ar), 143.32 (C-Ar), 143.38 (C-Ar), 154.33 (C=0), 155.33 (C=0);
Anal. Calcd for C4sH43CI3NO12P: C, 58.29; H, 4.67; N, 1.51. Found: C, 58.67;
H, 4.92; N, 1.42.
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6-O-benzyl42-debxy-4 -O-(di-O-benzylphosphono)-3-0-(9-
. fluorenlymethoxycarbonyl)-2-(2,2, 2-trichloroethoxycarbon y/ammo)-a—D-
_ glucopyranosyl trichloroacetimidate (9): -

0 OBn
Il
(Bn0),PO 0
FmocO
NH

Troc© O<_CCly

NH

To a solution of 9 (5.95 g, 6.42 mmol) in dry dichloromethane (10 mL),
trichloroacetonitrile (3.22 mL, 32.1 mmol) and sodium hydride (23 mg, 0.22
mmol) were added successively. The mixture was stirred at room temperature
for 1 h upon which the solvent was removed in vacuo, followed by co-
distillation with EtOAc (2 x 20 mL). The residue was purified by flash column
chromatography (hexane/EtOAc, 2.5:1 with 0.5% Et;N) to afford 9 (5.57 g,
81%) as a white fluffy solid. R; 0.29 (hexane/EtOAc, 3:1); [a]? + 41.4 (¢ 1.0,

CHCl3); "H NMR (500 MHz, CDCls): & 3.71-3.77 (m, 2H, H-6a, H-6b), 3.99-
4.11 (m, 3H, Fmoc-CHH, Fmoc-CH, H-2), 4.31-4.37 (m, 2H, Fmoc-CHH, H-5),
4.46-4.66 (m, 5H, Troc-Ha, Troc-Hb, H-4, Ph-CH), 4.86-5.01 (m, 4H,
(PhCH,0),P), 5.29-5.33 (m, 2H, NH, H-3), 6.43 (d, 1H, J 4.0 Hz, H-1), 7.18-
7.74 (m, 13H, Ar-H), 8.75 (s, 1H, NH); *C NMR (125 MHz, CDCl;); & 46.26
(Fmoc-CH), 54.23 (C-2), 67.60 (C-6), 69.80 (d, J 5.5 Hx, (PhCH,0)P), 69.99
(d, J 5.5 Hz, (PhCH,0)P), 70.93 (Fmoc-CH,), 72.63 (C-5), 72.69 (C-4), 73.69
(Ph-CH), 74.84 (Troc-CHj), 75.32 (C-3), 90.76 (CCl, imidate), 94.82 (C-1),
95.3 (Troc-CCls), 120.26 (CH-Ar), 125.40 (CH-Ar), 125.53 (CH-Ar), 127.44
(CH-Ar), 127.85 (CH-Ar), 127.91 (CH-Ar), 128.19 (CH-Ar), 128.56 (CH-Ar),
128.69 (CH-Ar), 128.77 (CH-Ar), 135.71 (dd, J 7.25, 7.25 Hz, C-Ar), 138.03
(C-Ar), 141.44 (C-Ar), 143.20 (C-Ar), 143.22 (C-Ar), 154.25 (C=0), 155.67
(C=0), 160.61 (C=NH); Anal. Calcd for C47H43ClsN.O1,P: C, 52.68; H, 4.04: N,
2.61. Found: C, 52.79; H, 4.21; N, 2.46.
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-[6-O-benzyl-2-deoxy—4 ~(di-O-benzylphosphono)-3- O-(9-
fluorenylmethoxycarbonyl)-2-(2,2, 2- trlchloroethoxycarbonylammo)-B-D—

o glucopyranosyl]— -hydroxyethane (10):

o) OBn
I
(BnOYP 0
Fmoc OCH,CH,0OH

NH
Troc

To a mixture of 14 (165 mg, 0.15 mmol) and glacial acetic acid (0.86 mL,
15.20 mmol) in dry THF (3 mL) cooled to 0 °C (ice water bath), a
tetrabutylammonium fluoride solution (1 M in THF, 0.19 mL, 0.19 mmol) was
added. The mixture was stirred at 0 °C for 4 h, and at room temperature for a
further 4 h, upon which the solvent was removed in vacuo. The residue was
dissolved in dichloromethane (50 mL) and washed with a saturated sodium
bicarbonate solution (25 mL). The organic phase was dried over Na,SOy,
concentrated, and purified via flash column chromatography (hexane/EtOAc,
1:1.25) to afford 10 (108 mg, 73%) as a white solid. R; 0.26 (hexane/EtOAc,
1:1.25); [a]? +15.2 (¢ 1.0, CHCl3); "TH NMR (500 MHz, CDCl,): & 3.11 (brs,
1H, OH), 3.65-3.86 (m, 8H, H-6a, H-6b, H-2, H-5, OCH,CH,0H,
OCH,CH,0H), 4.01 (dd, 1H, J 9.5, 7.5 Hz, Fmoc-CHH), 4.11 (dd, 1H, J 7.5,
7.5 Hz, Fmoc-CH), 4.33 (dd, 1H, J 7.5, 7.5 Hz, Fmoc-CHH), 4.47-4.65 (m, 5H,
Troc-Ha, Troc-Hb, H-4, Ph-CH,), 4.76 (d, 1H, J 8.0 Hz, H-1), 4.91-4.95 (m, 4H,
(PhCH;0),P), 5.29 (dd, 1H, J 10.0, 10.0 Hz, H-3), 5.61 (d, 1H, J 8.0 Hz, NH),
7.15-7.74 (m, 23H, Ar-H); °C NMR (125 MHz, CDCl,); & 46.58 (Fmoc-CH),
56.83 (C-2), 68.66 (2C, OCH,CH,0OH, OCH,CH,0H), 69.81 (d, J 5.5 Hz,
(PhCH,0)P), 69.92 (d, J 5.5 Hz, (PhCH,0)P), 70.75 (Fmoc-CH,), 73.58 (C-6),
73.75 (Troc-CHy), 74.05 (2C, C-4, C-5), 74.67 (Ph-CHy), 76.75 (C-3), 95.53
(Troc-CCls), 101.46 (C-1), 120.24 (CH-Ar), 125.41 (CH-Ar), 125.53 (CH-Ar),
127.39 (CH-Ar), 127.45 (CH-Ar), 127.87 (CH-Ar), 128.00 (CH-Ar), 128.12
(CH-Ar), 128.20 (CH-Ar), 128.64 (CH-Ar), 128.74 (CH-Ar), 128.81 (CH-Ar),
128.85 (CH-Ar), 135 .64 (dd, J 7.25, 7.25 Hz, C-Ar), 137.84 (C-Ar), 141.44 (C-
Ar), 143.35 (C-Ar), 154.40 (C=0), 155.25 (C=0); Anal. Calcd for
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C47H47CI3NO13P C, 58 12; H, 4.88; N, 1.44. Found: C 58.27; H, 497 N, 1 52
HRESI MS (m/z) Calcd for C47H4yCI3NO13PNa [M +Na]™: 992 1751, found:
992.1743.

1,2-di-[6-O-benzyl-2-deoxy-4-O-(di-O-benzylphosphono)-3-O-(9-
fluorenylmethoxycarbonyi)-2-(2, 2, 2-trichloroethoxycarbonylamino)-3-D-
glucopyranosyl]-ethane (11):

ﬁ OBn OBn
0
(BnO),PO 0 0 I
FmocO 070 HN OP(OBn),
/NH Troc OFmoc
Troc

Method 1: A solution of 10 (121 mg, 0.13 mmol) and 9 (180 mg, 0.17 mmol) in dry
dichloromethane (3 mL) and molecular sieves (4 A, 2.0 g) was stirred under
nitrogen at room temperature for 20 min. A solution of TMSOTf (0.01 M in
dichloromethane, 0.25 mL) was added drop wise. The mixture was stirred at
room temperature for 45 min before a saturated sodium bicarbonate solution
(10 mL) is added to quench the reaction. Solids were filtered out before the
mixture was extracted with dichloromethane (3 x 25 mL). The combined
organic phase was dried over Na,SO,, concentrated, and purified via flash
column chromatography (hexane/EtOAc, 1.25:1) to yield 11 (195 mg, 83%) as
a white fluffy solid.

Method 2: In a similar way as described above, a solution of 9 (400 mg, 0.37
mmol), ethylene glycol (11 mg, 0.18 mmol), and molecular sieves (4 A, 2.0 g)
in dry dichloromethane (1.5 mL) and dry THF (1.5 mL) was stirred under
nitrogen at room temperature for 20 min. A solution of TMSOTf (0.01 M in dry
dichloromethane, 70 yL) was added drop wise, and the mixture stirred at
room temperature for 20 min. The reaction was quenched by the addition of a
saturated sodium bicarbonate solution (10 mL), before being filtered and
extracted with dichloromethane (3 x 25 mL). The combined organic phase
was dried over Na,S0Og,, concentrated, and purified via flash column
chromatography (hexane/EtOAc, 3:2) to yield 11 (248 mg, 74%) as a fluffy
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white solid. Rr 0.35 (hexane/EtOAc, 1:1), [a]2+ 5.5 (¢ 1.0, CHCly); 'H NMR
(500 MHz, CDCl): & 3.61-3.69 (m, 3H, H-6a, H-6b, H-5), 3.78-3.83 (m, 2H, H-
2, (OCHﬂCHﬂO)/Z), 3.91-3.94 (m, 2H, Fmoc-CHH, (OCHHCHHO)/2), 4.05
(dd, 1H, J 7.5, 7.5 Hz, Fmoc-CH), 4.26 (dd, 1H, J 7.5, 7.5 Hz, Fmoc-CHH),
4.46-4.75 (m, 6H, Troc-Ha, Troc-Hb, Ph-CHy, H-4, H-1), 4.88-4.96 (m, 4H,
(PhCHz0),P), 5.13-5.16 (dd, 1H, J 10.0, 10.0 Hz, H-3), 5.67 (d, 1H, J 7.5 Hz,
NH), 7.14-7.72 (m, 23H, Ar-H); ">C NMR (125 MHz, CDCl3); & 46.53 (Fmoc-
CH), 56.73 (C-2), 68.59 (C-6), 69.11 (OCH,CH,0)/2), 69.77 (d, J 5.5 Hz,
(PhCH0)P), 69.83 (d, J 5.5 Hz, (PhCH;0)P), 70.70 (Fmoc-CH,), 73.63
(Troc-CHy), 73.93 (C-4), 74.14 (C-5), 74.63 (Ph-CH,), 77.33 (C-3), 95.74
(Troc-CCls), 100.97 (C-1), 120.17 (CH-Ar), 125.49 (CH-Ar), 125.61 (CH-Ar),
127.38 (CH-Ar), 127.43 (CH-Ar), 127.82 (CH-Ar), 127.87 (CH-Ar), 128.08
(CH-Ar), 128.14 (CH-Ar), 128.60 (CH-Ar), 128.70 (CH-Ar), 128.75 (CH-Ar),
135.70 (dd, J 7.25, 7.25 Hz, C-Ar), 138.12 (C-Ar), 141.40 (C-Ar), 141.43 (C-
Ar), 143.37 (C-Ar), 154.73 (C=0), 155.25 (C=0); Anal. Calcd for
CazHgsClsN2024P5: C, 58.76; H, 4.72; N, 1.49. Found: C, 58.52; H, 4.65; N,
1.52; HRESI-MS (m/z) Calcd for CgoHgsClgN2024P2Na [M + Na]™: 1899.3210,
found: 1899.3232.

2-hydroxy-1-tertbutyldimethylsilyloxy-ethane (13):

HOCH,CH,OTBDMS

A mixture of ethylene glycol (3.82 mL, 68.4 mmol) and imidazole (1.45 g,
21.27 mmol) in dry N,N-dimethylformamide (8 mL) was cooled to 0 °C (ice
water bath) and tert-butyldimethylsilylchloride (2.57 g, 17.01 mmol) was
added. The mixture was stirred at the reduced temperature for 4 h before
being quenched via the addition of cold water (200 mL). The mixture was
extracted with EtOAc (3 x 200 mL), with the combined organic layers dried
over Na,SO4 and concentrated. The residue was purified by flash column

chromatography (hexane/EtOAc, 15:1) to give 13 (2.1 g, 70%) as a colorless
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| syrup. R¢0.25 (hexane/EtQAc, 9:1); [oc]ZD2 0.0(c1.0, CHCI3); H NMR (500
MHz, CDCly): 5 0.21 (s, 6H Si(CH3),), 0.82 (s,'9H,> SiC(CHs)s), 1.99 (t, 1H, J
6.0 Hz, OH), 3.55-3.63 (m, 4H, HOCH,CH,OTBDMS, HOCH,CH,OTBDMS);
3C NMR (125 MHz, CDCl3); & -5.16 (Si(CHa)2), 18.52 (SiC(CHs)s), 26.08
(SiC(CHBa)s), 63.85 (HOCH,CH,OTBDMS), 64.34 (OCH,CH,OTBDMS); Anal.
Calcd for CgH»00,Si: C, 58.64; H, 11.43. Found: C, 58.62; H, 11.40.

1-[6-O-benzyl-2-deoxy-4-O-(di-O-benzylphosphono)-3-O-(9-
fluorenylmethoxycarbonyl)-2-(2,2, 2-trichloroethoxycarbonylamino)-B-D-
glucopyranosyloxy]-2-tertbutldimethylsilyloxyethane (14):

o) OBn
I
(BnO),PO O
FmocO OCH,CH,0TBDMS

NH
Troc

A solution of 9 (240 mg, 0.22 mmol), and 13 (124 mg, 0.70 mmol) in dry
dichloromethane (4 mL) and molecular sieves (4 A, 2.0 g) was stirred under
nitrogen for 30 min at room temperature. A solution of TMSOTf (0.01 M in
dichloromethane, 0.56 mL) is added drop wise in about 3 min. The mixture is
stirred at room temperature for 1 h before a saturated sodium bicarbonate
solution (10 mL) is added to quench the reaction. Solids were filtered out
before the mixture was extracted with dichloromethane (3 x 25 mL). The
combined organic phase was dried over Na,SO4, concentrated, and purified
via flash column chromatography (hexane/acetone, 3.75:1) to yield 14 (196
mg, 81%) as a colorless syrup. R¢ 0.28 (hexane/EtOAc, 2.5:1); [o] + 12.9 (c

1.0, CHCI3); 'H NMR (500 MHz, CDCls): & 0.06 (s, 6H, Si(CHs),), 0.89 (s, 9H,
SiC(CHa)s), 3.65-3.83 (m, 7H, H-6a, H-5, H-2, OCH,CH,OTBDMS,
OCH,CH,OTBDMS), 3.89 (dd, 1H, J = 10.0, 5.0 Hz, H-6b), 3.97 (dd, 1H, J 9.5,
7.5 Hz, Fmoc-CHH), 4.07 (dd, 1H, J 7.5, 7.5 Hz, Fmoc-CH), 4.28 (dd, 1H, J
7.5, 1.5 Hz, Fmoc-CHH), 4.47-4.60 (m, 5H, Troc-Ha, Troc-Hb, H-4, Ph-CH,),
4.76 (d, 1H, J 8.0 Hz, H-1), 4.89-4.95 (m, 4H, (PhCH,0),P), 5.22 (dd, 1H, J
10.0, 10.0 Hz, H-3), 5.31 (d, 1H, J 7.0 Hz, NH), 7.16-7.71 (m, 23H, Ar-H); **C
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- NMR (125 MHz, CDCl3); & -5.09 (Si(CHs)), -5.03 (Si(CHa)), 1:'8..55 (SIC(CHa)3),
© 26.16 (SIC(CH)s), 46.63 (Fmoc-CH), 56.80 (C-2), 62.89 (OCH,CH,OTBDMS),
68.74 (OCH,CH,OTBDMS), 69.78 (d, J 5.5 Hz, (PhCH,0)P), 69.85 (d, J 5.5
Hz, (PhCH,0)P), 70.65 (Fmoc-CH,), 71.26 (C-6), 73.74 (Troc-CH,), 73.98 (C-
5), 74.50 (C-4), 74.70, Ph-CH,), 77.19 (C-3), 95.55 (Troc-CCl3), 100.92 (C-1),
120.20 (CH-Ar), 120.49 (CH-Ar), 125.58 (CH-Ar), 127.39 (CH-Ar), 127.47
(CH-Ar), 127.83 (CH-Ar), 127.87 (CH-Ar), 128.10 (CH-Ar), 128.14 (CH-Ar),
128.57 (CH-Ar), 128.70 (CH-Ar), 128.75 (CH-Ar), 135.80 (dd, J 7.25, 7.25 Hz,
C-Ar), 138.23 (C-Ar), 141.40 (C-Ar), 141.47 (C-Ar), 143.42 (C-Ar), 154.27
(C=0), 155.17 (C=0); Anal. Calcd for Cs3Hs1CIsNO13PSi: C, 58.64; H, 5.66; N,
1.29. Found: C, 58.27; H, 5.36; N, 1.28.

1,2-di-[6-O-benzyl-2-deoxy-4-O-(di-O-benzylphosphono)-3-O-(9-
fluorenylmethoxycarbonyl)-2-amino--D-glucopyranosyl]-ethane (15):

0 0OBn OBn
(BnO) 2&0/&02 O\/\O/XO;S 9

FmocO w H,N — O P(OBn) ,
To a solution of 11 (1.2 g, 0.64 mmol) in dry THF (8 mL) and acetic acid (2
mL), zinc powder (1.0 g) was added. The mixture was stirred at room
temperature for 30 min and then filtered. The solid was washed with acetic
acid (30 mL) and the filtrate concentrated in vacuo. The residue was dissolved
in dichloromethane (150 mL) and washed with a saturated sodium
bicarbonate solution (75 mL). After separating the organic layer, the aqueous
phase was extracted with dichloromethane (2 x 75 mL ). The combined
organic phase was dried with Na,SO, and concentrated to obtain the di-amine
15 (1.1 g) as a white fluffy solid, which was used directly in the subsequent

coupling reactions.

70



| 2-dl-[6—O-benzyl-2-deoxy—4 O- (d/-O-benzylphosphono) 3—O-(9-
fluorenylmethoxycarbonyl)- 2-((R) 3-tetradecanoyloxytetradecanam/do)-,B -D-
: qucopyranosyI] -ethane (16):

?| OBn OBn
(BnO),PO o o} Q
FmocO é@/O\/\O NH OP(OBn),

NH 0= OFmoc
0=

O
o 0= n-CyHy
0= nCiHy nCygHy
n-C3Hy7

A mixture of the di-amine 15 (1.1 g), dilipid acid 1 ™ (870 mg, 1.91 mmol), and
DCC (760 mg, 3.83 mmol) in dry dichloromethane (5 mL) was stirred at room
temperature for 20 h. Water (0.10 mL) was added and the reaction mixture
was stirred for a further 20 min. The solid was then filtered through a sintered
glass funnel with a bed of Na,SQO,. The filtrate was concentrated and the
residue purified by repeated flash column chromatography (hexane/acetone,
3:1) to afford 16 (997 mg, 65 % over two steps) as a colorless syrup. R; 0.26
(hexane/acetone, 3:1); [aJ?2+ 5.9 (¢ 1.0, CHCI3); "H NMR (500 MHz, CDCl3): &
0.86-0.89 (m, 6H, 2 x CHg, lipid), 1.08-1.36 (br m, 38H, 19 x CH,, lipid), 1.50-
1.60 (m, 4H, H-4,, H-3.), 2.21-2.25 (m, 2H, H-2,"), 2.32 (dd, 1H, J 14.5, 6.5 Hz,
H-2..), 2.44 (dd, 1H, J 14.5, 6.5 Hz, H-2,,,), 3.66-3.89 (m, 6H, H-6a, H-6b, H-2,
H-5, (OCH,CH,0)/2), 3.95 (dd, 1H, J 10.0, 8.0 Hz, Fmoc-CHH), 4.10 (dd, 1H,
J =8.0, 8.0 Hz, Fmoc-CH), 4.28 (dd, 1H, J 10.0, 8.0 Hz, Fmoc-CHH), 4.45-
4.62 (m, 3H, Ph-CHy, H-4), 4.84-4.97 (m, 5H, H-1, (PhCH,0),P), 5.07 (m, 1H,
H-3.), 5.32 (dd, 1H, J 9.5, 9.5 Hz, H-3), 6.60 (d, 1H, J 5.0 Hz, NH), 7.13-7.72
(m, 23H, Ar-H); ®C NMR (125 MHz, CDCl,); 8 14.34 (CHs, lipid), 22.89 (CH,,
lipid), 25.16 (CH,, lipid), 25.23 (CHo, lipid), 25.46 (CH,, lipid), 25.81 (CH.,,
lipid), 29.44 (CHy, lipid), 29.57 (CH,, lipid), 29.66 (CHy, lipid), 29.77 (CH,,
lipid), 29.83 (CH,, lipid), 29.87 (CHy, lipid), 29.90 (CH,, lipid), 29.91 (CH.,
lipid), 32.12 (CHy, lipid), 34.14 (CHy, lipid), 34.21 (CH,, lipid), 34.71 (CH.,,
lipid), 41.63 (C-2.), 46.60 (Fmoc-CH), 55.28 (C-2), 68.76 (C-6), 69.00
((OCH,CH,0)/2), 69.65 (d, J 5.5 Hz, (PhCH,0)P), 69.73 (d, J 5.5 Hz,
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g (PhCHZO)P) 70. 52 (Fmoc-CH,), 71, 40 (C 3L), 73.55 (Ph- CHz) 74 08 (C-4)
7415 (C- 5) 77.12 (C-3), 100.52 (C-1), 120. 04(CH-Ar) 120. 06 (CH-Ar)

- 125.51 (CH- Ar), 125.67 (CH-Ar), 127.38 (CH-Ar), 127.76 (CH-Ar), 127.80
(CH-Ar), 127.89 (CH-Ar), 127.97 (CH-Ar), 128.06 (CH-Ar), 128.11 (CH-Ar),
128.51 (CH-Ar), 128.52 (CH-Ar), 128.61 (CH-Ar), 128.65 (CH-Ar), 128.68
(CH-Ar), 135.76 (dd, J 7.25, 7.25 Hz, C-Ar), 138.19 (C-Ar), 141.35 (C-Ar),
141.37 (C-Ar), 143.45 (C-Ar), 143.52 (C-Ar), 155.05 (C=0), 170.47 (C=0),
174.00 (C=0); HRESI-MS (m/z) Calcd for C142H190N2026P2Na [M + Na]*:
2424.2931, found: 2424.2980 and 1223.6429 [M + 2 NaJ** .

1,2-di-[2-deoxy-4-O-phosphono-2-((R)-3 tetradecanoyloxytetradecan-amido)-
B-D-glucopyranosyl]-ethane (20):

ﬂ OH OH

(¢]

(HO),PO o 0 i}
HOLLVA/O\/\ONH OP(OH) ,
NH 0= OH
_(o
0= n-C44Hyg
0= nCiHz nCysHy
n-C 43H 7

Q==

To a solution of 16 (60 mg, 0.03 mmol) in THF-HOACc (4:1, 10 ml) was added
palladium on charcoal (5%, 20 mg). The mixture was stirred at room
temperature under hydrogen atmosphere for 24 h. The mixture was filtered
through a celite pad and the filtrate concentrated in vacuo. The resulting
residue was dissolved in CHCI; (2 mL), piperide (30 uL, 0.30 mmol) was
added, and the mixture was stirred at rt for 2 h before being concentrated.
The residue was dissolved in DCM (50 mL) and washed with cold HCI (1M, 25
mL). The organic layer was washed with a saturated sodium bicarbonate
solution (10 mL), dried over Na,SO, and concentrated. The remainder was
washed with cold EtOAc (3 x 1.5 mL) and then residual solvent removed in
vacuo. The product was freeze dried from a dioxane-CHCIl3; mixture (95:5) to
afford 20 (27 mg, 65%) as white solid. R¢ 0.47 (CHCly/MeOH/H,O/NH,OH,
50:15:4:2); HRESI-MS (m/z) Calcd for C7oH134N202:P; [M-2H] % 707.4379,
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- found: 707.4373.

1, 2-di-[6- O-benzyl—2—debxy-4- O-(di-O-benzylphosphono)-3-0-(9-
fluorenylmethoxycarbonyl)-2-((R)-3-(2, 2, 2-trichloroethoxycarbonyloxy)-
tetradecanamido)-B-D-glucopyranosyl]-ethane (21):

BnO ZPO
Fmo;ﬁ/ /mo P(0Bn) ,
j OFmoc
:> TrocO
TrocO

n-CqqHys
n-Cq1Hys

Di-amine 15 (155 mg) was combined with 3 (115 mg, 0.30 mmol) and DCC
(124 mg, 0.60 mmol) in dry dichloromethane (3 mL), and stirred at room
temperature for 20 h. Water (0.10 mL) was added and the reaction stirred for
an additional 20 min before being filtered through a sintered glass funnel with
a bed of Na,S0O4. The filtrate was concentrated and the residue purified by
flash column chromatography (hexane/acetone, 2:1) to obtain 21 (123 mg,

53% over two steps) as a colorless syrup. R 0.30 (hexane/acetone, 2:1); [a]?

+ 8.5 (¢ 1.0, CHCIl3); "H NMR (500 MHz, CDCls): 8 0.87 (t, 3H, J 7.5 Hz, CHs,
lipid), 1.08-1.32 (br m, 18H, 9 x CHy, lipid), 1.51-1.60 (m, 2H, H-4,), 2.37 (dd,
1H, J 15.0, 5.5 Hz, H-2..), 2.51 (dd, 1H, J 15.0, 7.5 Hz, H-2,,), 3.66-3.71 (m,
3H, H-5, (OCH,CH,0)/2), 3.78-3.86 (m, 3H, H-2, H-6a, H-6b), 3.96 (dd, 1H, J
10.0, 7.5 Hz, Fmoc-CHH), 4.09 (dd, 1H, J 7.5, 7.5 Hz, Fmoc-CH), 4.30 (dd,
1H, J 10.0, 7.5 Hz, Fmoc-CHH), 4.44-4.61 (m, 4H, Troc-Ha, Troc-Hb, H-4, Ph-
CHH), 4.78-4.96 (m, 6H, H-1, Ph-CHH, (PhCH;0),P), 5.08-5.15 (m, 1H, H-3,),
5.31 (dd, 1H, J 10.0, 10.0 Hz, H-3), 6.47 (d, 1H, J 8.0 Hz, NH), 7.15-7.72 (m,
23H, Ar-H); >C NMR (125 MHz, CDCl3); 5 14.37 (CHs, lipid), 22.92 (CHs,,
lipid), 25.29 (CHs,, lipid), 29.58 (CHs,, lipid), 29.78 (CH, lipid), 29.86 (CH,,
lipid), 29.88 (CHy, lipid), 32.14 (CHy, lipid), 34.24 (C-4,), 41.22 (C-2.), 46.40
(Fmoc-CH), 55.42 (C-2), 68.77 ((OCH,CH,0)/2), 69.12 (C-6), 69.67 (d, J 5.5
Hz, (PhCH,0)P), 69.74 (d, J 5.5 Hz, (PhCH,0)P), 70.59 (Fmoc-CH,), 73.62
(Troc-CHy), 74.18 (C-4), 74.20 (C-5), 76.84 (Ph-CH,), 77.09 (2C, C-3, C-3,),
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194.89 (Troc-CCIg) 100. 54 (C-1), 120. 11 (CH-Ar), 125.30 (CH-Ar), 127.42 (CH-
Ar), 127 78 (CH-Ar), 127.82 (CH-Ar) 127 84 (CH-Ar), 127.87 (CH-Ar), 128.06
(CH-Ar), 128.10 (CH-Ar), 128.13 (CH-Ar), 128.36 (CH-Ar), 128.52 (CH-Ar),
135.74 (dd, J 7.25, 7.25 Hz, C-Ar), 138.15 (C-Ar), 141 .394(Q-Ar), 143.37 (C-
Ar), 143.51 (C-Ar), 153.77 (C=0), 1565.17 (C=0), 170.08 (C=0); HRESI-MS
(m/z) Calcd for Cya0H140ClsN2O2sP2Na [M + Na]* : 2351.6160, found:
2351.7104.

1,2-di-[6-O-benzyl-2-deoxy-4-O-(di-O-benzylphosphono)-3-0-(9-
fluorenylmethoxycarbonyl)-2-((R)-3-hydroxytetradecanamido)-B-D-
glucopyranosyl]-ethane (22):

(BnO)ZPO
FmocO 0 P(OBn)2
i OFmoc
g HO
HO

n-Cq1Hzg
n-CqqHas

To a solution of 21 (110 mg, 0.05 mmol) in dry THF (4 mL) and acetic acid (1
mL), zinc powder (250 mg) was added. The mixture was stirred at room
temperature for 30 min and then filtered. The solid was washed with acetic
acid (30 mL) and the filtrate concentrated in vacuo. The residue was dissolved
in dichloromethane (100 mL) and washed with a saturated sodium
bicarbonate solution (50 mL). After separating the organic layer, the aqueous
phase was extracted with dichloromethane (2 x 50 mL). The combined
organic phase was dried with Na;SO,, concentrated and purified by flash
column chromatography (héxane/acetone, 2:1) to obtain 22 (76 mg, 82%) as
a colorless syrup. Ry 0.23 (hexane/acetone, 2:1); [aJ??~ 6.9 (¢ 1.0, CHCI5); 'H

NMR (500 MHz, CDCls): & 0.87 (t, 3H, J 7.0 Hz, CHa, lipid), 1.12-1.26 (br m,
18H, 9 x CHy, lipid), 1.37-1.39 (m, 2H, H-4.), 2.08-2.24 (m, 2H, H-2,,, H-2.,),
3.38 (brs, 1H, OH), 3.67 (d, 2H, J 9.0 Hz, (OCH,CH,0)/2), 3.78 (dd, 1H, J

74



16.5, 9.0 Hz, H-5), 3.90-4.03 (m, 5H, H-6a, H-6b, H-2, H-3., Fmoc-CHH), 4.08
(dd, 1H, J 7.5, 7.5 Hz, Fmoc-CH), 4.24 (dd, 1H, J 7.5, 7.5 Hz, Fmoc-CHH);
4.40-4.54 (m, 2H, Ph-CH,), 4.60 (ddd, 1H, J 9.0, 9.0, 9.0 Hz, H-4), 4.72 (d, 1H,
J 8.0 Hz, H-1), 4.90-4.99 (m, 4H, (PhCH,0),P), 5.21 (dd, 1H, J 9.5, 9.0 Hz, H-
3), 6.94 (d, 1H, J 9.5 Hz, NH), 7.17-7.72 (m, 23H, Ar-H); "*C NMR (125 MHz,
CDCly); 5 14.37 (CHs, lipid), 22.93 (CHo, lipid), 25.83 (CHy, lipid), 29.48 (CH,
lipid), 29.60 (CHy, lipid), 29.78 (CHs, lipid), 29.88 (CHs, lipid), 29.91 (CHa,
lipid), 32.15 (CHy, lipid), 37.24 (C-4), 44.10 (C-2,), 46.53 (Fmoc-CH), 54.67
(C-2), 68.41 ((OCH,CH,0)/2), 68.62 (C-6), 69.11 (C-3), 69.73 (d, J 5.5,
(PhCH,0)P), 69.81 (d, J 5.5 Hz, (PhCH,0)P), 70.69 (Fmoc-CHy), 73.65 (Ph-
CH,), 74.10 (C-4), 74.31 (C-5), 77.52 (C-3), 100.32 (C-1), 120.14 (CH-Ar),
125.54 (CH-Ar), 125.57 (CH-Ar), 127.42 (CH-Ar), 127.84 (CH-Ar), 127.86
(CH-Ar), 128.04 (CH-Ar), 128.07 (CH-Ar), 128.12 (CH-Ar), 128.58 (CH-AT),
128.61 (CH-Ar), 128.70 (CH-Ar), 128.75 (CH-Ar), 135.73 (dd, J 7.25, 7.25 Hz,
C-Ar), 138.16 (C-Ar), 141.38 (C-Ar), 141.39 (C-Ar), 143.24 (C-Ar), 143.54 (C-
Ar), 155.36 (C=0), 172.82 (C=0); HRESI-MS (m/z) Calcd for
Ci1aH138N2044P,Na [M + Na]': 2003.8076, found: 2003.8957 and 1013.4443
[M + 2 Na]**.

3-(R)-[3-((R)-tetradecanoyloxy)-tetradecanoyloxy]-penta-1-decene (25).

O
il
n-CygHyr Q (I)I
n-CyqHyz Q

n-CyqHpg N CH,

A mixture of dilipid acid 1 "* (664 mg, 1.46 mmol), 3-(R)-hydroxypenta-1-
decene "® (330 mg, 1.46 mmol), dimethylaminopyridine (9 mg, 0.07 mmol),
and DCC (904 mg, 4.38 mmol) in dry dichloromethane (2.5 mL) was stirred at

room temperature for 2 h. Water (0.25 mL) was added to the reaction, and the
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mixture stirred for an additional 20 min. The solid was then filtered through a
- sintered gléss funnel with a bed of NaQSO‘;,"'and the filtrate cdncentrated‘_. :
Purification of the residue was attempted via repeated flash Chromatogréphy
(hexane/EtOAc, 100:2), giving only small amounts of pure 25 (< 10 mg) as a
colorless syrup. The remainder (663 mg) was used directly in the subsequent
oxidation reaction. R; 0.23 (hexane/EtOAc, 100:1.5); "H NMR (500 MHz,
CDCl5):  0.88 (t, 9H, J 7.0 Hz, 3 x CH3, lipid), 1.22-1.32 (br m, 58H, 29 x CH,,
lipid), 1.48-1.62 (m, 4H, H-4,, H-4.), 2.24-2.38 (m, 4H, H-2,-, OCH,CH=CH,),
2.51(dd, 1H, J 15.5, 5.5 Hz, H-2,, ), 2.58 (dd, 1H, J 5.0, 7.5 Hz, H-2+,), 4.88-
4.94 (m, 1H, H-3,), 5.03-5.09 (m, 2H, OCH,CH=CHy,), 5.18-5.23 (m, 1H, H-3.),
5.69-5.78 (m, 1H, OCH,CH=CH,); "*C NMR (125 MHz, CDCl5): & 14.38 (CHs,
lipid), 22.94 (CH,, lipid), 25.26 (CH_, lipid), 25.54 (CH,, lipid), 25.52 (CH,,
lipid), 29.43 (CH,, lipid), 29.57 (CHy, lipid), 29.61 (CHa, lipid), 29.65 (CH,,
lipid), 29.73 (CHy, lipid), 29.76 (CH_, lipid), 29.80 (CH., lipid), 29.81 (CH,,
lipid), 29.86 (CHy, lipid), 29.89 (CH_, lipid), 29.91 (CH_, lipid), 29.94 (CH,,
lipid), 32.17 (CHy, lipid), 33.76 (CHz, lipid), 34.16 (CH., lipid), 34.77 (CH.,
lipid), 38.77 (OCH,CH=CHy), 39.68 (C-2."), 70.60 (C-3.), 73.94 (C-3,), 117.87
(OCH2CH=CHz), 133.97 (OCH,CH=CH,), 170.35 (C=0), 173.36 (C=0).

3-(R)-[3-((R)-tetradecanoyloxy)-tetradecanoyloxy]-tetradecanoic acid (30):

O
I

AN
n-CisHyy O ﬁ

n-CqqHaz Q ﬁ

n-CiHas ~ OH

To a solution of 31 (275 mg) in acetic acid (7 mL), zinc powder (500 mg) was
added. The mixture was stirred at room temperature for 2 h and then filtered.

The solid was washed with EtOAc (20 mL), and concentrated. Flash column
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- chromatography (hexane/EtOAc, 6:1 — 3:1 with 1% acetic ac_:id');on the
residue yi_elde_d 30 (210 mg, 96%) as a white solid. Rf 0.42 (hexane/acetone,
3.5:1); [}Z + 1.3 (¢ 1.0, CHCl3); 'H NMR (500 MHz, CDCl5): 3 0.81 (t, 9H, J

6.5 Hz, 3 x CHj lipid), 1.11-1.32 (br m, 56H, 28 x CH; lipid), 1.48-1.58 (m, 6H,
H-4,, H-4;, H-41), 2.19 (t, 2H, J 7.5 Hz, H-2,+), 2.43-2.59 (m, 4H, H-2(, H-2.)
5.09-5.19 (m, 2H, H-3., H-3.); *C NMR (125 MHz, CDCls): 8 14.35 (CH; lipid),
22.93 (CH,, lipid), 25.23 (CHy, lipid), 25.32 (CH,, lipid), 25.35 (CHy, lipid),
29.42 (CH,, lipid), 29.57 (CH., lipid), 29.60 (CH,, lipid), 29.63 (CHj, lipid),
29.76 (CH,, lipid), 29.81 (CHs,, lipid), 29.83 (CHy, lipid), 29.89 (CHs, lipid),
29.90 (CH,, lipid), 29.92 (CHs,, lipid), 29.94 (CHy, lipid), 32.16 (CH, lipid),
34.10 (CH,, lipid), 34.17 (CH,, lipid), 34.70 (C-2.+), 39.39 (2C, C-2,, C-2.),
70.48 (C-3.), 70.78 (C-3.), 170.03 (C=0), 173.40 (C=0), 173.43 (C=0); Anal.
Calced for CagHgsOs6: C, 72.44; H, 11.48. Found: C, 72.19; H, 11.38.

Phenacy! 3-(R)-[3-((R)-tetradecanoyloxy)-tetradecanoyloxy]-tetradecanoate
(31):

0

I

n-CigHyy O O
n-CqqHp3 /Ok/ﬁ\ o
n-CqqHazs O/\||/
0

In a similar manner used for the preparation of 3, a mixture of 18 (663 mg)
and Aliquat 336 (0.10 mL) in hexanes (30 mL), EtOAc (30 mL) and acetic acid
(10 mL) was oxidized by an aqueous mixture of KMnO4 (450 mg, 2.81 mmol
in 70 mL). The resulting residue (683 mg) was then mixed with 2-
bromoacetophenone (280 mg, 1.404 mmol) and triethyl amine (0.26 mL, 1.87
mmol) in EtOAc (5 mL). The mixture was stirred at room temperature for 2h,
after which solids were removed by filtration. The filtrate was concentrated
and purified by repeated flash column chromatography
(hexane/CH,CIl,/EtOAc, 200:100:6) to yield 31 (313 mg) as a white solid. Rs
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0.40 (hexane/acetone, 7:1); [} +2.9(c 1.0, CHCls); "H NMR (500 MHz,
CDCls): 5.0.88 (t, 9H, J 6:5 Hz, 3 x.CHs lipid), 1.19-1.38 (br m, 56H, 28 x CH,
lipid), 1.54-1.68 (m, 6H, H-4,, H-4c, H-4,), 2.26 (t, 2H, J 7.5 Hz, H-2."), 2.55-
2.65 (m, 2H, H-2p), 2.70-2.80 (m, 2H, H-2,), 5.21-5.26 (m, 1H, H-3.), 5.28-
5.37 (m, 3H, H-3,, CH,C(O)Ph), 7.48 (dd, 2H, J 8.0, 7.5 Hz, m-H-Ar), 7.61 (4,
1H, J 7.5 Hz, p-H-Ar), 7.90 (d, 2H, J 8.0 Hz, o-H-Ar); *C NMR (125 MHz,
CDCl3): & 14.35 (CHs, lipid), 22.91 (CH,, lipid), 25.22 (CH,, lipid), 25.35 (CH.,
lipid), 29.41 (CH,, lipid), 29.55 (CH,, lipid), 29.59 (CH,, lipid), 29.65 (CH,,
lipid), 29.74 (CH,, lipid), 29.76 (CH,, lipid), 29.79 (CH,, lipid), 29.82 (CH.,
lipid), 29.86 (CH,, lipid), 29.88 (CH,, lipid), 29.92 (CH,, lipid), 32.15 (CHs,
lipid), 34.15 (CH,, lipid), 34.19 (CH,, lipid), 34.71 (C-2.-), 38.99 (C-2.), 39.39
(C-2.), 66.34 (CH,C(O)Ph), 70.49 (C-3.), 70.98 (C-3,), 127.96 (0-CH-Ar),
129.06 (m-CH-Ar), 134.09 (p-CH-Ar), 134.45 (C-Ar), 170.01 (C=0), 170.10
(C=0), 173.32 (C=0), 191.86 (C=0); Anal. Calcd for C44H7407: C, 73.91; H,
10.43. Found: C, 73.75; H, 10.31.

6-0-benzyl-2-deoxy-4-0-(di-O-benzylphosphono)-3-O-((R)-
tetradecanoyloxytetradecanoyl)-2-(2, 2, 2-trichloroethoxycarbonylamino)-a-D-
glucopyranosyl trichloroacetimidate (32):

0 OBn
(BnO)ng 0
0 OC(NH)CCl,
0= NH
0 Troc
o= n-CyqHys

n-Cy3Hyy

According to known literature procedures ”", glucosamine derivative 4 (1.40 g,
2.91 mmol) and dilipid acid 1 (1.10 g, 2.42 mmol) were coupled under
promotion of DCC (748 mg, 3.63 mmol) and DMAP (30 mg, 0.24 mmol) in dry
dichloromethane (15 ml). The resulting product after workup and purification
(2.2 g, quantitative, 2.42 mmol) was combined with sodium cyanoborohydride
(1.52 g, 24.2 mmol) in THF (25 mL), followed by the drop-wise addition of dry
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~ ethereal-HClg at 0 °C till no gas was evolved. Similar to the synthesis of 7,
the product resulting éfter bésfc wofkup and puriﬁcatidn (1.85 g, 83%, 2.01 .
mmol). was Hext mixed with 5-phenyitetrazole (880 mg, 6.03 mmol) and
dibenzyl N,N-diisopropylphosphoramidite (1.35 mL, 4.02 mmol) in dry
dichloromethane (20 mL) before being oxidized at 0 °C via m-
chloroperbenzoic acid (1.98 g, 77%, 8.04 mmol). In a similar manner to the
synthesis of 8, the subsequent product after basic workup and purification
(2.10 g, 90%, 1.80 mmol) was reacted with the activated iridium complex (76
mg, 0.09 mmol) in THF (15 mL), before being combined with water (1 mL) and
freshly recrystallized NBS (481 mg, 2.70 mmol). The resulting product (1.75 g,
87%) after workup and purification was divided, and a portion (1.00 g, 0.88
mmol) was finally converted to 32 (960 mg, 85%) through reaction with
trichloroacetonitrile (0.44 mL, 4.38 mmol) and cesium carbonate (429 mg,
1.32 mmol).

N, N-di-(2-hydroxyethyl)-3-(R)-tetradecanoyloxytetradecanamide (33):

HO ™ -

—Q

Q)
n-CyqHos >:O
n-CygHz7

To a solution of DEA (73 mg, 0.665 mmol) in DMF (3 mL), dilipid acid 1 (302
mg, 0.665 mmol), HBTU (262 mg, 0.698 mmol), and DIPEA (0.24 mL, 1.40
mmol) were added. The mixture was stirred at room temperature for 16 h. The
mixture was then concentrated, dissolved in water (30 mL), and extracted with
EtOAc (3 x 30 mL). The combined organic layers were dried over Na,SOy,,
concentrated, and purified by flash column chromatography
(hexane/EtOAc/MeOH, 1:1:0.125) to afford pure 33 (242 mg, 68%) as white
solid. R;0.28 (hexane/EtOAc/MeOH, 1:1:0.1); [a]? - 3.7 (¢ 1.0, CHCLy); 'H

NMR (500 MHz, CDCl3): & 0.84 (t, 6H, J 7.0 Hz, 2 x CHj lipid), 1.16-1.33 (br m,
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38H, 19xCH2 lipid), 1.51- 1.62 (m, 4H, H-4L, H-3,), 2.23 (t 2H, J7.5 Hz, H-
2.), 2,56 (dd, 1H, J 15.0, 7.5 Hz, H-2.,), 2.68 (dd, J150 7.5 Hz, H- -2u), 3.39-
3.57 (m, 4H, HOCH,CH,NCH,CH,0H), 3.72-3.78 (m, 4H,
HOCH,CH,NCH,CH,0H), 4.04-4.36 (br, 2H, OH x 2), 5.16-5.21 (m, 1H, H-3);
3C NMR (125 MHz, CDCls): 5 14.11 (CHj, lipid), 22.67 (CHs, lipid), 24.96
(CH,, lipid), 25.33 (CHa, lipid), 29.15 (CHj, lipid), 29.30 (CHy, lipid), 29.35
(CHy, lipid), 29.41 (CHy, lipid), 29.51 (CHs, lipid), 29.54 (CHy, lipid), 29.57
(CH,, lipid), 29.63 (CHy, lipid), 29.65 (CH., lipid), 29.68 (CH,, lipid), 31.91
(CH,, lipid), 34.49 (C-2.:), 38.76 (C-2.), 50.29 (HOCH,CH,NCH,CH,OH),
52.39 (HOCH,CH,NCH,CH,0H), 60.44 (HOCH,CH,NCH,CH,OH), 60.74
(HOCH,CH,NCH,CH,0H), 71.40 (C-3,).

2-[N-(2-hydroxyethyl)-(R)-3-tetradecanoyloxytetradecanamido]-ethan-1-yl 6-
O-benzyl-2-deoxy-4-0-(di-O-benzylphosphono)-3-O-[(R)-3-
tetradecanoyloxytetradecanoyl]-2-(2,2, 2-trichloroethoxycarbonylamino)-3-D-
glucopyranoside (34):

0 OBn
(BnO) goioz
nYla OH
o O\/\N/\/
(o]

o= !\]H —
Troc
o= n-C11Hzs nCyHz  >=0
n-C y3Ho7 n-C3Hy7

A solution of 32 (460 mg, 0.36 mmol)., and 33 (194 mg, 0.0.36 mmol) in dry
dichloromethane (4 mL) and molecular sieves (4 A, 2.0 g) was stirred under
nitrogen for 30 min at room temperature. A solution of TMSOTf (0.01 M in
dichloromethane, 0.80 mL) is added drop wise in about 3 min. The mixture is
stirred at room temperature for 1 h before a saturated sodium bicarbonate
solution (10 mL) is added to quench the reaction. Solids were filtered out
before the mixture was extracted with dichloromethane (3 x 25 mL). The
combined organic phase was dried over Na,SO,, concentrated, and purified

via repeated flash column chromatography (hexane/EtOAc, 3:4 to yield 34
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| (314 mg, 53%) as a colorless lquId R 0.40 (hexane/EtOAc 34) [oc]22 1 6(c -

1.0, CHCl); 'H NMR (500 MHz, CDCls): 3 0.89 (¢, 12H, J7.0Hz, 4x CHy
lipid), 1.20-1.37 (br m, 76H, 38 x CH lipid), 1.46-1.81 (br m, 8H H-4, x 2, H-3u:
X 2), 2.20-2.31 (m, 4H, H-2,: x 2), 2.38-2.54 (m, 4H, H-2, x 2), 3.25-3.40 (m,
1.2H, H-2B, H-6b), 3.42-3.52 (m, 1.8H, H-2A, H-2a), 3.56-3.84 (m, 10H, H-5,
OH, ROCH,CH,NCH,CH,OH), 4.38-4.57 (m, 3H, Troc-Ha, Troc-Hb, H-4),
4.64-4.73 (m, 2H, PhCHy), 4.78 (d, 0.4H, J 8.0 Hz, H-1B), 4.85-4.92 (m, 4.6H,
H-1A, PhCH,0),P), 5.08-5.21 (m, 2H, H-3_ x 2), 5.35 (dd, 0.4H, J 10.0, 10.0
Hz, H-3B), 5.54 (dd, 0.6H, J 9.5, 9.5 Hz, H-3A), 5.76 (d, 0.4H, J 8.0 Hz, NH-B),
6.24 (d, 0.6H, J 7.0 Hz, NH-A), 7.27-7.32 (m, 15H, Ar-H); °C NMR (125 MHz,
CDCly):  14.34 (CHa, lipid), 22.90 (CHy, lipid), 25,19 (CHs, lipid), 25.23 (CHz,
lipid), 25.30 (CH, lipid), 25.56 (CHs, lipid), 25.77 (CH, lipid), 29.38 (CHz,
lipid), 29.42 (CHa, lipid), 29.53 (CHs, lipid), 29.57 (CHy, lipid), 29.66 (CH:,
lipid), 29.75 (CHy, lipid), 29.78 (CHs, lipid), 29.79 (CHy, lipid), 29.82 (CH:,
lipid), 29.87 (CHs, lipid), 29.90 (CH, lipid), 32.13 (CHy, lipid), 34.26 (CH,,
lipid), 34.51 (CHy, lipid), 34.62 (CHs, lipid), 34.64 (CHy, lipid), 34.74 (CH:,
lipid), 34.79 (CHs, lipid), 34.84 (CHy, lipid), 38.70 ((CH_, lipid), 39.38 (CHz,
lipid), 39.61 (CHs, lipid), 47.84 & 49.54 (ROCH,CH,NCH,CH,0H), 50.84 &
52.20 (C-6), 56.75 (C-2), 60.35 & 61.60 (ROCH,CH,NCH,CH,OH), 68.12 &
68.36 (ROCH,CH,NCH,CH,0H), 68.64 & 68.97 (ROCH,CH;NCH,CH,OH),
69.85-69.97 (M, (PhCH,0)P), 70.24 (C-3), 70.27 (C-3.), 71.70 (C-31), 71.91
& 72.52 (C-3), 72.15 (C-3.), 73.63 (Troc-CHy), 73.90 & 73.94 (C-4), 74.21 &
74.25 (C-5), 74.52 & 74.67 (PhCH;), 95.17 (Troc-CCl), 100.44 & 100.87 (C-1),
127.64 (CH-Ar), 127.98 (CH-Ar), 128.08 (CH-Ar), 128.34 (CH-Ar), 128.56
(CH-Ar), 128.57 (CH-Ar), 128.62 (CH-Ar), 135.64 (C-Ar), 135.68 (C-Ar),
135.70 (C-Ar), 137.99 (C-Ar), 138.06 (C-Ar), 154.54 (C=0 Troc), 170.25
(C=0), 170.50 (C=0), 171.18 (C=0), 171.95 (C=0), 173.65 (C=0) 173.80
(C=0) 174.28 (C=0).
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: 2-[N—(2-hydroXyethyl)-'(R)-3-tetradecanoyloxytetradecanamidq]—ethah-1 -yl 6-
O-benzyl-2-deoxy-4-0-(di-O-benzylphosphono)-3-O-[(R)-3-
tetradecanoyloxytetradecanoyl]-2-amino-B-D-glucopyranoside (36):

0 OBn
(BnO) 'FlO &
nV)
) O\/\N/\/OH
Q= NHZ —Q
(0]
..x|0
O:< MC1ibizs n-CyqHas >:O
n-Ci3Hyr n-C1gHor

To a solution of 34 (300 mg, 0.18 mmol) in dry THF (4 mL) and acetic acid (1
mL), zinc powder (500 mg) was added. The mixture was stirred at room
temperature for 3 h and then filtered. The solid was washed with acetic acid
(30 mL) and the filtrate concentrated in vacuo. The residue was dissolved in
dichloromethane (100 mL) and washed with a saturated sodium bicarbonate
solution (20 mL). After separating the organic layer, the aqueous phase was
extracted with dichloromethane (2 x 75 mL ). The combined organic phase
was dried with Na,SO, and concentrated to obtain the free amine 36 (274 mg)
as a colorless liquid, which was used directly in the subsequent coupling
reaction. The purified portion of 36 (47 mg) recovered from the synthesis of 37
was subjected to spectroscopic analysis, and its structure confirmed. R¢ 0.26
(CH,Clo/MeOH, 100:4); [0]? - 1.1 (¢ 1.0, CHCI3); "H NMR (500 MHz, CDCls):
5 0.88 (t, 12H, J 7.0 Hz, 4 x CH; lipid), 1.20-1.35 (br m, 76H, 38 x CH, lipid),
1.41-1.74 (br m, 8H H-4, x 2, H-3_ x 2), 2.20-2.31 (m, 4H, H-2> x 2), 2.38-2.78
(m, 7H, H-2, NH3, H-2_ x 2), 3.35-3.91 (m, 12 H, H-5, H-6a, H-6b OH,
ROCH,CH,NCH,CH,0H), 4.31 (d, 0.4H, J 8.0 Hz, H-1B), 4.34-4.50 (m, 3.6H,
H-1A, H-4, PhCHy), 4.85-4.94 (m, 4H, PhCH,0),P), 5.04-5.23 (m, 3H, H-3, H-
3Lx 2), 7.27-7.36 (m, 15H, Ar-H); *C NMR (125 MHz, CDCl;): & 14.35 (CHs,
lipid), 22.92 (CHa, lipid), 25.13 (CHoa, lipid), 25.17 (CHy, lipid), 25.21 (CH>,
lipid), 25.24 (CHo,, lipid), 25.36 (CH_, lipid), 25.62 (CHy, lipid), 25.67 (CHo,
lipid), 29.36 (CHoa, lipid), 29.41 (CHo,, lipid), 29.42 (CHj, lipid), 29.53 (CH,,
lipid), 29.55 (CHy, lipid), 29.59 (CHo,, lipid), 29.63 (CHy, lipid), 29.67 (CH,,
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 lipid), 29.75 (CH, lipid), 29.81 (CHy, lipid), 29.87 (CH, lipid), 29.89 (CH,, -

lipid), 29.90 (CHy, lipid), 29.93 (CHy, lipid), 32.15 (CHy, lipid), 34.56 (CHs,
lipid), 34.60 (CHy, lipid), 34.77 (CH, lipid), 34.82 (CHj, lipid), 38.79 (C-2.),
39.23 (C-2.:), 40.01 (C-2.), 40.06 (C-2.), 45.69 (C-2,), 48.34 (C-2.), 49.44 (C-
2,), 49.86 (C-2_), 51.33 & 52.69 (C-6), 60.03 & 60.98
(ROCH,CH,NCH,CH,OH), 61.40 & 62.24 (C-2), 62.43 & 62.49
(ROCH,CH;NCH,CH,OH), 67.95 & 68.14 (ROCH,CH,NCH,CH,OH), 68.56 &
68.76 (ROCH,CH,NCH,CH,0H), 69.79-69.96 (m, (PhCH,0),P), 70.34 (C-3,),
70.38 (C-3), 71.33 (C-3,), 71.52 (C-3,), 73.58 & 73.62 (PhCH,), 74.01 &
74.06 (C-5), 74.20 & 74.23 (C-3), 74.59 & 74.66 (C-4), 102.04 & 104.06 (C-1),
127.83 (CH-Ar), 127.86 (CH-Ar), 128.23 (CH-Ar), 128.27 (CH-Ar), 128.32
(CH-Ar), 128.39 (CH-Ar), 128.56 (CH-Ar), 128.80 (CH-Ar), 128.85 (CH-AT),
128.89 (CH-Ar), 135.41-135.71 (m, C-Ar), 138.12 (C-Ar), 170.83 (C=0),
171.16 (C=0), 171.29 (C=0), 171.59 (C=0), 173.68 (C=0), 173.71 (C=0),
173.73 (C=0), 173.99 (C=0).

2-[N-(2-hydroxyethyl)-(R)-3-tetradecanoyloxytetradecanamido]-ethan-1-yl 6-
O-benzyl-2-deoxy-4-O-(di-O-benzylphosphono)-3-O-[(R)-3-
tetradecanoyloxytetradecanoyl]-2-[(R)-3-tetradecanoyloxytetradecanamido]-3-
D-glucopyranoside (37):

fo) OBn
I K :
(BnO)zPOO > O\/\N/\/OH
[@ NH —=0
<O CyiH — o
o= n-Gqqzs . n-C 44 —
n-C43Hz7 n-C,qHos O>:-OC an-scﬁH; ©
n-Cq3Hy;
Free amine 36 (274 mg, 0.18 mmol) and dilipid acid 1 (83 mg, 0.18 mmol)
were combined with DCC (75 mg, 0.36 mmol) in dry dichloromethane (3 mL),
and the mixture stirred at room temperature for 36 h. Water (0.30 mL) was

added to the reaction, and the mixture stirred for an additional 2 h. The solid
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was then filtered through a sintered glass funnel \)vit_h a bed of Na;SQ,, and o
~ the filtrate concentrated. The residue was pufiﬁed by rep'eéted flash columh A
chromatography-(hexane/EtOAc, 2:3, and hexane/acetone, 3:1) to afford 37
(150 mg, 43%) as colorless liquid. Unreacted amine 36 (52 mg, 21%) was

also recovered. R¢ 0.26 (CH,Cl,/MeOH, 100:4); [«]% - 1.1 (c 1.0, CHCl3); 'H

NMR (500 MHz, CDCls): 5 & 0.89 (t, 18H, J 7.0 Hz, 4 x CHj lipid), 1.21-1.39
(br m, 104H, 57 x CH, lipid), 1.48-1.72 (br m, 12H H-4; x 3, H-3_ x 3), 2.18-
2.29 (m, 6H, H-2,: x 3), 2.46-2.76 (m, 7H, H-2, H-2, x 3), 3.41-3.93 (m, 12 H,
H-5, H-6a, H-6b OH, ROCH,CH,NCH,CH,0H), 4.29 (d, 0.4H, J 8.0 Hz, H-1B),
4.34-4.51 (m, 3.6H, H-1A, H-4, PhCH,), 4.87-4.93 (m, 4H, PhCH,0),P), 5.03-
5.23 (m, 4H, H-3, H-3_ x 3), 7.27-7.36 (m, 15H, Ar-H); "°C NMR (125 MHz,
CDCls): & 14.37 (CHg, lipid), 22.93 (CH,, lipid), 25.19 (CH, lipid), 25.21 (CH,,
lipid), 25.23 (CHs, lipid), 25.26 (CH, lipid), 25.29 (CH,, lipid), 25.35 (CH,,
lipid), 25.39 (CHj, lipid), 25.62 (CH, lipid), 25.70 (CH,, lipid), 26.41 (CH,,
lipid), 26.49 (CHj, lipid), 26.75 (CH, lipid), 26.87 (CH,, lipid), 29.41 (CH,,
lipid), 29.43 (CHs, lipid), 29.57 (CH, lipid), 29.61 (CH,, lipid), 29.70 (CH,,
lipid), 29.71 (CHj, lipid), 29.78 (CH, lipid), 29.79 (CH,, lipid), 29.83 (CH,,
lipid), 29.90 (CHj, lipid), 29.92 (CH, lipid), 29.94 (CH,, lipid), 32.16 (CH,,
lipid), 34.35 (CHo, lipid), 34.49 (CH,, lipid), 34.61 (CH,, lipid), 34.62 (CH,,
lipid), 34.68 (CHy, lipid), 34.73 (CH,, lipid), 34.79 (CH,, lipid), 38.84 (C-2.),
39.12 (C-2.), 39.44 (C-21), 39.66 (C-2.), 39.81 (C-2.), 45.23 (C-2.), 46.32 (C-
2,), 48.25 (C-2,), 48.31 (C-2,), 49.69 (C-2,), 50.83 & 52.61 (C-6), 59.92 &
61.39 (ROCH,CH,NCH,CH,0H), 61.65 & 62.10 (C-2), 64.64 & 64.67
(ROCH,CH,NCH,CH,OH), 68.00 & 68.21 (ROCH,CH,NCH,CH,0H), 68.58 &
68.95 (ROCH,CH,NCH,CH,0H), 69.78-69.88 (m, (PhCH,0),P), 70.07 (C-3,),
70.21 (C-3.), 70.45 (C-3.), 71.38 (C-3.), 73.45 (C-3.), 73.62 (PhCH,), 73.91 &
73.95 (C-5), 74.14 & 74.20 (C-3), 74.49 & 74.52 (C-4), 102.96 & 104.45 (C-1),
127.83 (CH-Ar), 127.86 (CH-Ar), 127.88 (CH-Ar), 127.91 (CH-Ar), 128.22
(CH-Ar), 128.26 (CH-Ar), 128.32 (CH-Ar), 128.38 (CH-Ar), 128.55 (CH-Ar),
128.58 (CH-Ar), 128.79 (CH-Ar), 128.80 (CH-Ar), 128.81 (CH-Ar), 128.87
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(CH-Ar), 135.65-135.84 (m, C-Ar), 138.09 (C-Ar), 138.11 (C-Ar), 170.71"-
(C=0), 170.73 (C=0), 170.76 (C=0), 170.99 (C=0), 171.13 (C=0), 171.50 _
(C=0), 173.39 (C=0), 173.42 (C=0), 173.54 (C=0), 173.90 (C=0).

2-[N-(2-hydroxyethyl)-(R)-3-tetradecanoyloxytetradecanamido]j-ethan-1-yl 2-
deoxy-4-0O-phosphono-3-O-[(R)-3-tetradecanoyloxytetradecanoyl]-2-[(R)-3-
tetradecanoyloxytetradecanamido]-f3-D-glucopyranoside (38):
OH
Il
(HOLPO Q
)2 0 o\/\N/\/OH
o= NH -0
o =0 G
o:< n-CqqHys w0 n-C44Has >—:O

n-C13H27 n.(_‘,11H23 >_.___O n-C13H27
n-CyzHy7

To a solution of 37 (15 mg, 0.01 mmol) in THF-HOAc (10:1, 20 ml) was added
palladium on charcoal (5%, 20 mg). The mixture was stirred at room
temperature under hydrogen atmosphere for 48 h. The mixture was filtered,
the solid washed with THF-HOAc (10:1, 20 ml), and the filtrate concentrated.
The residue was purified by flash column chromatography (CHCIl;/MeOH, 9:1
— CHCI3/MeOH/H,0, 3:1:0.1), and the product freeze dried from tert-butanol
to afford 38 (5 mg, 30%) as a white solid.
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6 APPENDIX

Spectrdscopic Data of Corresponding Com‘pounds
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