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Tetra-acylated lipid As derived from Porphyromonas gingivalis LPS have been synthesized using a key
disaccharide intermediate functionalized with levulinate (Lev), allyloxycarbonate (Alloc) and anomeric
dimethylthexylsilyl (TDS) as orthogonal protecting groups and 9-fluorenylmethoxycarbamate (Fmoc)
and azido as amino protecting groups. Furthermore, an efficient cross-metathesis has been employed
for the preparation of the unusual branched R-(3)-hydroxy-13-methyltetradecanic acid and
(R)-3-hexadecanoyloxy-15-methylhexadecanoic acid of P. gingivalis lipid A. Biological studies have
shown that the synthetic lipid As cannot activate human and mouse TLR2 and TLR4 to produce
cytokines. However, it has been found that the compounds are potent antagonist of cytokine secretion
by human monocytic cells induced by enteric LPS.

Introduction

Porphyromonas gingivalis is a Gram-negative bacterium implicated
in chronic periodontal diseases.1 It releases large amounts of
outer membrane vesicles containing lipopolysaccharides (LPSs),
which can penetrate periodontal tissue. It has been proposed
that microbial components such as LPSs can induce inflam-
matory responses resulting in tissue damage and alveolar bone
loss.2 Early studies have indicated that P. gingivalis LPSs can
activate murine macrophages in a TLR2- and TLR4-dependent
manner.3 However, it has been suggested that the TLR2 responses
maybe due to contamination with lipoproteins.4,5 It has also
been found that LPSs of P. gingivalis can inhibit IL-6 and
IL-1b secretion and ICAM expression induced by enteric LPS
by U373 and human peripheral mononuclear cells and human
gingival fibroblasts, respectively.6 Another study found that a
purified tetra-acylated monophosphoryl lipid A structure can
antagonize E-selectin expression in human cells exposed to
enteric or P. gingivalis LPS.7 It appears that MD2 represents the
principal molecular component used by these LPS derivatives for
inhibition.8

Several studies have indicated that compounds that can antag-
onize cytokine production induced by enteric LPS may have the
potential to be developed as therapeutics for the treatment of
Gram-negative septicemia.9 Success in this area has been limited,
and most efforts have been directed towards the synthesis of
analogs of lipid A of Rhodobacter sphaeroides10,11 and derivatives
of lipid X.12–15 Analogs of the lipid A moiety of Helicobacter
pylori, which have fewer but longer fatty acids and are only
phosphorylated at the anomeric center, have also been shown to
inhibit IL-6 secretion by human whole blood cells.16 Recently, we
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reported that synthetic lipid As derived from Rhizobium sin-1,
which lacks phosphates but contains an 2-aminogluconolactone
and a very long chain fatty acid 27-hydroxyoctacosanoic acid,
can prevent the induction of TNF-a by E. coli LPS in human
monocytic cells.17–21

The lipid A moiety of the LPS of P. gingivalis displays consid-
erable heterogeneity, and the structures of four compounds have
been elucidated, which differ in their fatty acid substitution pattern
(Fig. 1).22,23 A common structural feature of these derivatives is,
however, the presence of unusual branched fatty acids such as
R-(3)-hydroxy-13-methyltetradecanic acid and R-(3)-hydroxy-15-
methyl hexadecanic acid.

The presence of multiple lipid A structures has made it difficult
to interpret innate immune responses elicited by P. gingivalis
LPS, which in turn has hindered a thorough understanding of
the contributions of P. gingivalis LPS to periodontal diseases.
It has also complicated the identification of P. gingivalis lipid A
with antagonistic properties, which may have potential therapeutic
properties for the treatment or prevention of septic shock.
Fortunately, chemical synthesis can afford pure lipid A derivatives
for structure–activity relationship studies.24,25 In this respect, the
chemical synthesis of a tri- (1) and penta-acylated lipid A (2) has
already been reported,26 and biological studies have shown that
these compounds can activate human and murine cells in TLR4-
dependent manner.

Here we describe a highly convergent chemical synthesis
of tetra-acylated lipid As 3 and 4 employing levulinate (Lev)
and allyloxycarbonate (Alloc) as hydroxyl protecting groups,
dimethylthexylsilyl (TDS) as an anomeric protecting group and
9-fluorenylmethoxycarbamate (Fmoc) and azido as amino pro-
tecting groups to manipulate each of the critical functional-
ities in a selective manner. Furthermore, an efficient cross-
metathesis is employed for the preparation of the branched R-(3)-
hydroxy-13-methyltetradecanic acid and (R)-3-hexadecanoyloxy-
15-methylhexadecanoic acid. Biological evaluations demonstrate
that compound 3 is a potent antagonist of cytokine secretion
induced by enteric LPS.
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Fig. 1 Structures of E. coli and P. gingivalis lipid A.

Result and discussion

Chemical synthesis

It was envisaged that lipid As derived from P. gingivalis can easily
be obtained from monosaccharide building blocks 5 and 6 and
fatty acids 7–10 (Fig. 2). Optically pure 3-hydroxy fatty acids
such as 7–9, having a terminal isopropyl group, are important
constituents and synthetic intermediates of a wide range of bio-
logically interesting natural compounds, including flavolipin,27 N-
4909 (a stimulator of apolipoprotein E secretion),28 liposidomycin-
B29 and several lipid A derivatives.3 While several chemical and

Fig. 2 Building blocks for the synthesis of P. gingivalis lipid A.

enzymatic approaches have been developed for the preparation of
such compounds,30–34these methods suffer from time-consuming
procedures that give low overall yields and may involve harsh
and difficult-to-handle reaction conditions. We envisaged that a
cross-metathesis35 of a fatty acid terminating in an alkene with
2-methylpropene or 4-methyl-1-pentene followed by reduction of
the double bond of the resulting compound would give easy entry
into isopropyl-terminated fatty acids. Employing this synthetic
strategy, methyl R-(3)-hydroxy-13-methyltetradecanic acid (14)
and methyl R-(3)-hydroxy-15-methylhexadecanic acid (15), which
are key intermediates for the chemical synthesis of lipid As derived
from P. gingivalis, would be readily available by a cross-metatheses
of 11 with 2-methylpropene or 4-methyl-1-pentene followed by
asymmetric hydrogenation of the 3-keto function of the resulting
product using the asymmetric catalyst RuCl2[(R)-BINAP] and
hydrogenation of the alkene (Scheme 1). It was, however, observed
that 2-methylpropene is rather difficult to handle because it is
a gas at room temperature and therefore 2-methyl-2-butene was
employed, which should provide the same compound.36 Thus,
compound 11, which could be easily prepared by a known two-
step synthetic procedure,25 was reacted with 2-methyl-2-butene
and 4-methyl-1-pentene in the presence of Grubbs 2nd-generation
catalyst35 to afford 12 and 13, respectively. The ketone of the cross-
metathesis products 12 and 13 was enantioselectively reduced
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Scheme 1 Reagents and conditions: a) 2-methyl-2-butene or 4-methyl-1-
pentene, Grubbs 2nd-generation catalyst; b) RuCl2[(R)-BINAP], H2

(65 psi), 2 M HCl, CH3OH, 40 ◦C, then H2 (1 atm), Pd/C, CH3OH;
c) LiOH·H2O, THF–H2O, then dicyclohexaneamine, CH3CN, then
2,4′-dibromoacetophenone, Et3N, EtOAc; d) benzaldehyde, (TMS)2O,
TMSOTf, THF, Et3SiH; e) Zn/HOAc, 60 ◦C; f) hexadecanoyl chloride,
pyridine, DMAP, DCM.

by catalytic hydrogenation in the presence of (R)-RuCl2(BINAP)
to give optically pure 14 and 15 having an R-configuration.37

The optical purity of the compounds was established by NMR
spectroscopic analysis38 employing the shift reagent Eu(hfmc)3 in
CDCl3 (e.e. >99%). It should be mentioned that the (S)-isomers
can be easily prepared using (S)-RuCl2(BINAP)2 as the catalyst.
Next, the methyl ester of compounds 14 and 15 were hydrolyzed
under standard conditions and the resulting acids were converted
into dicyclohexaneamine salts, which were recrystallized from
CH3CN. The carboxylates were protected as 2-(4-bromophenyl)-
2-oxoethyl esters to give key intermediates 16 and 18.37 The ester
protecting group can easily be removed by treatment with zinc in
acetic acid without affecting ether or ester groups, and therefore
the 3-hydroxyl of 16 and 18 can be protected as a benzyl ether
or modified with an acyl group, both of which are important
intermediates for the synthesis of the target lipids. Thus, 16 and
18 were treated with benzaldehyde in the presence of TMSOTf
and (TMS)2O in THF followed by addition of the reducing agent
Et3SiH39 to give benzylated derivatives 17 and 19, respectively. The
2-(4-bromophenyl)-2-oxoethyl esters 17 and 19 were removed by
treatment with zinc in acetic acid to give lipids 7 and 8, respectively.
Fatty acid 9 was easily obtained by acylation of the hydroxyl of 18
with hexadecanoyl chloride in the presence of pyridine and DMAP
to yield 20, which was deprotected using the standard produce.

Target compounds 3 and 4 differ in the pattern of O-acylation
and that compound 3 has an (R)-3-hydroxy-hexadecanoic acid at
C-3 of the proximal saccharide moiety whereas compound 4 has
a (R)-3-hydroxy-15-methylhexadecanoic acid at C-3 of the distal
saccharide. To synthesize these structurally similar compounds, we
have developed a convergent approach that employs the advanced
disaccharide intermediate 24 (Scheme 2), which is protected with
Lev, Fmoc, Alloc, azido and anomeric TDS as a set of orthogonal
protecting groups, and thus disaccharide 24 can selectively be
modified with any lipid at C-2, C-3, C-2′ and C-3′. Therefore the
strategy provides easy access to a wide range of lipid As for SAR
studies. Furthermore, it has been found that the 4′-phosphate of
lipid As tends to migrate to the 3′-hydroxyl,24 and therefore the

Scheme 2 Reagents and conditions: a) Zn/HOAc, DCM then FmocCl,
DIPEA, DCM; b) levulinic acid, DCC, DMAP, DCM; c) Bu4NF/HOAc,
THF, then CNCCl3, NaH, THF; d) TfOH, DCM, −50 ◦C; e) DBU,
DCM, then (R)-3-hexadecanoyloxy-15-methylhexadecanoic acid 9, DCC,
DCM; f) Zn/HOAc, DCM, then (R)-3-benzyloxy-15-methylhexadecanoic
acid 8, DCC, DCM; g) Pd(PPh3)4, HCO2H, n-BuNH2, THF; then (R)-
3-(benzyloxy)hexadecanoic acid 10, DCC, DMAP, DCM; h) H2NNH2·
HOAc, DCM–CH3OH; i) Bu4NF/HOAc, THF; j) tetrabenzyl diphos-
phate, LiN(TMS)2, THF, −78 ◦C; k) H2 (50 psi), Pd black,
THF; l) H2NNH2·HOAc, DCM–CH3OH, then (R)-3-benzyloxy-13-
methyltetradecanoic acid 7, DCC, DMAP, DCM; m) Pd(PPh3)4, HCO2H,
n-BuNH2, THF.

phosphate was introduced after installing the fatty acid at the 3′-
hydroxyl. The distal 4,6-diol of 24 was protected as a benzylidene
acetal, which at a late stage of the synthesis can be regioselectively
opened to give a C-4′ hydroxyl which can then be phosphorylated
Another attractive feature of the approach is that glycosyl donor 5
and acceptor 6 can be synthesized from the common intermediate
21, which can be easily prepared from glucosamine (Scheme 2).25

Thus, glycosyl acceptor 6 was synthesized from 21 according to
the reported procedure.25 For the synthesis of glycosyl donor 5, the
azido moiety of 21 could be easily converted to Fmoc carbamate
by reduction with zinc in acetic acid followed by reaction of the
resulting amine with FmocCl in the presence of DIPEA to give
22 in a yield of 86%. The hydroxyl of compound 22 was protected
as a Lev ester using levulinic acid, DCC and DMAP to afford
23. Removal of the anomeric TDS of 23 was easily accomplished
by treatment with Bu4NF in the presence of acetic acid to give a
lactol, which was immediately reacted with trichloroacetonitrile
in the presence of NaH to afford trichloroacetimidate 5.40 A
trifluoromethanesulfonic acid (TfOH)-mediated glycosylation of
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5 with 6 proceeded in a stereoselective manner to give disaccharide
24 in an excellent yield of 94% (Scheme 2).25

Having the advanced disaccharide 24 and lipids 7–10 at
hand, attention focused on the selective acylation of relevant
hydroxyls and amines. Thus, removal of the Fmoc protecting
group of 24 using 1,8-diazobicyclo[5.4.0]undec-7-ene (DBU) in
DCM followed by acylation of the resulting amino group with
lipid 9 using dicyclohexylcarbodiimide (DCC) as the activation
reagent gave compound 25 (Scheme 2). Next, the azido moiety of
25 was reduced by treatment with zinc and acetic acid in DCM,
and the amine of the resulting compound acylated with 7 in the
presence of DCC to afford 26 as the common intermediate for
the synthesis of target molecules 3 and 4. For the synthesis of 3,
the Alloc protecting group of 26 was removed by reaction with
Pd(PPh3)4 in the presence of HCOOH and n-BuNH2,41 and the
resulting hydroxyl acylated with (R)-3-(benzyloxy)hexadecanoic
acid 10 using DCC and DMAP as the activation reagent to give
27. Next, removal of the Lev group of 27 was easily accomplished
by treatment with hydrazine acetate to give 28, which treated with
Bu4NF in the presence of acetic acid to give the desired product
29 in a yield of 72% and a small amount of a side product arising
from elimination of the 3-acyloxyl group. The anomeric center of
resulting 29 was phosphorylated using tetrabenzyl diphosphate in
the presence of lithium bis(trimethyl)silylamide in THF at −78 ◦C
to give 30 as only the a-anomer.42 Global deprotection of 30 by
catalytic hydrogenolysis over Pd black gave requisite lipid A 3.

The synthesis of 4 could easily be accomplished in a similar
manner to the synthesis of 3, however, in this case the Lev protect-
ing group of the common intermediate 26 was removed to give an
alcohol, which was acylated with lipid 7 using standard conditions
to afford 31. Next, subsequent Alloc (→ 32) and anomeric TDS
protecting group removal gave 33. As expected, no elimination was
observed in this reaction, due to the poor leaving group ability of
the C-3 hydroxyl. Standard anomeric phosphorylation of 33 and
deprotection of the resulting compound 34 gave target lipid A 4.

Biological evaluation of lipid As and LPS

Based on the results of recent studies,43,44 it is clear that enteric LPS
induces cellular activation through TLR4 and it appears that there
are two distinct initiation points in the signaling process, one being
a specific intracellular adaptor protein called MyD88 and the other
an adaptor protein called TRIF, which operates independently
of MyD88. It is well established that TNF-a secretion is a
prototypical measure for activation of the MyD88-dependent
pathway, whereas secretion of IFN-b and IP-10 are commonly
used as an indicator of TRIF-dependent cellular activation.

The carbohydrate backbone, degree of phosphorylation and
fatty acid acylation patterns differ considerably among lipid As
of various bacterial species and there is evidence to support that
these structural variations account for significant differences in
inflammatory responses.45 Several studies have also indicated that
LPS from various bacterial species such as P. gingivalis, Leptospira
interrogans, Legionella pneumophila, Bacteroides fragilis NCTC-
9343 and Pseudomonas aeruginosa PAC-611 can induce cellular
activation in a TLR2-dependent manner.46–49 However, it may be
possible that these cellular responses are derived from contamina-
tion by lipoproteins.

We have chemically synthesized the tetra-acylated lipid As 3
and 4 (Fig. 1) to study whether LPS derived from P. gingivalis can
induce cellular activation in a TLR2- or TLR4-dependent manner.
Furthermore, there are indications that LPS of P. gingivalis can
antagonize cytokine production induced by enteric LPS and
therefore these properties have also been studied. Thus, a human
monocytic cell line (Mono Mac 6 cells) was exposed over a
wide range of concentrations to compounds 3 and 4 and E. coli
055:B5 LPS. After 5.5 hours, the supernatants were harvested
and examined for human TNF-a using a commercial capture
ELISA. Potencies (EC50, concentration producing 50% activity)
and efficacies (maximal level of production) were determined
by fitting the dose–response curves to a logistic equation using
PRISM software. As can be seen in Fig. 3, LPS is a potent
inducer of TNF-a whereas the synthetic compounds 3 and 4
did not exhibit any activity. A similar experiment using mouse
macrophages (RAW 264.7 cNO(−) cells) did not lead to secretion
of cytokines (e.g. TNF-a, IL-6, IP-10, IFN-b and IL-1b) when
exposed to compounds 3 and 4 (data not shown).

Fig. 3 Concentration-response curves of E. coli LPS and synthetic
compounds 3 and 4 in human monocytic cells. MM6 cells were incubated
for 5.5 h at 37 ◦C with increasing concentrations of E. coli LPS
and synthetic compounds 3 and 4 as indicated. TNF-a protein in cell
supernatants were measured using ELISA. (Please note that 3 and 4 show
background values and therefore overlap in the figure). Treatment with E.
coli LPS, 3 and 4 did not affect cell viability, as judged by cellular exclusion
of trypan blue.

Synthesis and secretion of the TNF-a protein depends on a
complex process involving activation of transcription factors, up-
regulation of the genes responsible for production of the cytokine,
transcription of the message, and then translation of the mRNA
and processing of a protein.50–52 This process is tightly controlled
and therefore it may be possible that a compound can activate
NF-jB or induce expression of TNF-a mRNA without causing
production or secretion of the TNF-a protein.53

To examine the ability of the synthetic compounds to induce
activation of NF-jB, HEK 293T cells were employed that were
stably transfected with various immune receptors and transiently
transfected with a plasmid containing the reporter gene pELAM-
Luc (NF-jB-dependent firefly luciferase reporter vector) and a
plasmid containing the control gene pRL-TK (Renilla luciferase
control reporter vector) (Fig. 4). No activation of NF-jB was
observed when cells transfected with human TLR4/MD2/CD14
and human or mouse TLR2 were exposed to compounds 3
and 4. As expected, LPS, which is a prototypical activator for
TLR4, could activate cells transfected with TLR4/MD2/CD14,
and Pam3CysSK4, which is a well-established agonist of TLR2,
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Fig. 4 Response of HEK 293T cells expressing human or murine TLRs to 3 and 4. Induction of NF-jB activation was determined in triplicate cultures
of HEK 293T cells stably transfected with human or mouse (a) TLR4/MD2/CD14 and (b) TLR2 and transiently transfected with pELAM-Luc and
pRL-TK plasmids. Forty-four hours post-transfection, cells were treated with (B) E. coli LPS (10 ng mL−1), (C) Pam3CysSK4 (1 lg mL−1), (D, E and
F) 3 (0.1, 1 and 10 lg mL−1, respectively), (G, H and I) 4 (0.1, 1 and 10 lg mL−1, respectively) or (A) were left untreated (control). Forty-eight hours
post-transfection, NF-jB activation was determined by firefly luciferase activity relative to Renilla luciferase activity. n.a. indicates not analyzed.

was able to activate the TLR2-containing cells. However, at high
concentrations, compound 4 could induce NF-jB activation in
cells transfected with mouse TLR4/MD2/CD14. These results
clearly demonstrate that compounds 3 and 4 do not induce cellular
activation in a TLR2-dependent manner. Although compound 4 is
a weak activator of mouse TLR4, it could not induce the secretion
of cytokines.

Compounds that lack proinflammatory properties may still
interact with relevant receptors (TLR4/MD2/CD14) and thereby
inhibit TNF-a production induced by E. coli LPS. Thus, the
human monocytic cells and mouse macrophages (MM6 and RAW
cells) were exposed to a combination of E. coli LPS (10 ng mL−1)
and a wide range of concentrations of lipid As 3 and 4 and, after
an incubation time of 5.5 h, the supernatant was examined for
human or mouse TNF-a. Only marginal inhibition was observed
in the mouse cell line. However, both compounds were able to
antagonize TNF production by the human cell line (Fig. 5) and
it was found that compound 3 was a significantly more potent
antagonist than 4 (IC50 concentration producing 50% inhibition
for 3 and 4 were 160 nM and 3.2 lM, respectively).

Fig. 5 Antagonism of E. coli LPS by synthetic compounds 3 and 4
in human monocytic cells. TNF-a concentrations were measured after
preincubation of MM6 cells with increasing concentrations of 3 or 4 as
indicated for 1 h at 37 ◦C, followed by 5.5 h of incubation with E. coli LPS
(1 ng mL−1). Results are expressed as percentage of cytokine concentration
of control cells, which are incubated only with E. coli LPS.

It has been reported that P. gingivalis LPS can initiate innate
immune responses in a TLR2- and/or TLR4-dependent manner.3

The heterogeneity of LPS and lipid A preparations has limited,
however, the identification of specific compounds that are respon-
sible for this unusual mode of activation. It has already been
reported that penta-acylated and tri-acylated lipid As 1 and 2

can only activate human and mouse cells in a TLR4-dependent
manner.26 Furthermore, we have found no evidence that the tetra-
acylated compounds 3 and 4 can active human or mouse TLR2. It
may be possible that a yet-to-be-identified P. gingivalis lipid A may
exhibit TLR2-dependent activity; however, it is more likely that
lipoprotein contaminants are responsible for the observed activity.

An exciting observation reported here is that the tetra-acylated
lipid A 3 is a potent antagonist of TNF-a production induced
by enteric LPS. The acylation pattern of 3 is critical for optimal
activity because compound 4 exhibits a significantly reduced
activity. Antagonists of cell surface receptors that recognize
enteric LPS have the potential for being used as therapeutic
interventions for patients with Gram-negative septicemia. Success
in this area has been limited and most efforts have been directed
towards the synthesis of analogs of lipid A of R. sphaeroides10,11

These compounds are bis-phophorylated and contain unsaturated
and keto-containing fatty acids, which complicates the chemical
synthesis. Furthermore, the C-4′ phosphate is prone to migration,
which results in loss of activity. An attractive feature of compounds
3 and 4 is that they are mono-phosphorylated and can be prepared
by a highly convergent synthetic approach. Furthermore, it is
to be expected that analog synthesis will provide more potent
compounds that have simpler structures.

Experimental

Chemical synthesis

General synthetic methods. Column chromatography was per-
formed on silica gel 60 (EM Science, 70–230 mesh). Reactions
were monitored by thin-layer chromatography (TLC) on Kiesel-
gel 60 F254 (EM Science) and compounds were detected by
examination under UV light and by charring with 10% sulfuric
acid in MeOH. Solvents were removed under reduced pressure
at <40 ◦C. CH2Cl2 was distilled from NaH and stored over
molecular sieves (3 Å). Tetrahydrofuran (THF) was distilled from
sodium directly prior to the application. MeOH was dried by
refluxing with magnesium methoxide and then was distilled and
stored under argon. Pyridine was dried by refluxing with CaH2

and then was distilled and stored over molecular sieves (3 Å).
Molecular sieves (3 and 4 Å) used for reactions were crushed and
activated in vacuo at 390 ◦C for 8 h and then for 2–3 h at 390 ◦C
directly prior to application. Optical rotations were measured with
a Jasco model P-1020 polarimeter. 1H NMR and 13C NMR spectra
were recorded with Varian spectrometers (models Inova500 and
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Inova600) equipped with Sun workstations. 1H NMR spectra were
recorded in CDCl3 and referenced to residual CHCl3 at 7.24 ppm,
and 13C NMR spectra were referenced to the central peak of
CDCl3 at 77.0 ppm. Assignments were made by standard gCOSY
and gHSQC. High resolution mass spectra were obtained on a
Bruker model Ultraflex MALDI-TOF mass spectrometer. Signals
marked with a subscript L symbol belong to the biantennary lipids,
whereas signals marked with a subscript L′ symbol belong to their
side chain. Signals marked with a subscript S symbol belong to
the monoantennary lipids.

Synthesis of 5, 7–9, 12–20, 22 and 23 and 1H and 13C NMR
spectra are given in the ESI†.

Dimethylthexylsilyl 6-O-[4,6-O-benzylidene-2-deoxy-2-(9-fluo-
renylmethoxycarbonylamino)-3-O-levulinoyl-b-D-glucopyranosyl]-
3-O-allyloxycarbonyl-2-azido-4-O-benzyl-2-deoxy-b-D-glucopy-
ranoside (24). A suspension of trichloroacetimidate 5 (600 mg,
0.82 mmol), acceptor 6 (407 mg, 78 mmol) and molecular
sieves (4 Å, 500 mg) in DCM (10 mL) was stirred at room
temperature for 1 h. The mixture was cooled (−50 ◦C) and
then trifluoromethanesulfonic acid (TfOH) (10 lL, 0.078 mmol)
was added. After stirring the reaction mixture for 15 min, it
was allowed to warm up to −20 ◦C over 1 h, after which it
was quenched with solid NaHCO3. The solids were removed
by filtration and the filtrate was washed with saturated aqueous
NaHCO3 (2 × 50 mL) and brine (2 × 40 mL). The organic
phase was dried (MgSO4) and filtered. Next, the filtrate was
concentrated in vacuo. The residue was purified by silica gel column
chromatography (eluent: hexane–ethyl acetate, 3 : 1, v/v) to give
24 as an amorphous solid (840 mg, 94%). Rf = 0.40 (hexane–ethyl
acetate, 2 : 1, v/v); [a]26

D = −15.5 (c = 1.0, CHCl3); 1H NMR
(300 MHz, CD3COCD3): d 7.84–7.22 (m, 18H, aromatic), 6.79 (d,
1H, JNH′ ,2′ = 9.3 Hz, NH ′), 5.87 (m, 1H, OCH2CH=CH2), 5.65
(s, 1H, >CHPh), 5.37 (t, 1H, J2′ ,3′ = J3′ ,4′ = 9.9 Hz, H-3′), 5.30 (d,
1H, J = 18.3 Hz, OCH2CH=CHH), 5.17 (d, 1H, J = 10.5 Hz,
OCH2CH=CHH), 4.94 (d, 1H, J1,2 = 8.7 Hz, H-1), 4.86–4.80
(m, 2H, H-1, H-3), 4.71 (d, 1H, J = 10.8 Hz, CHHPh), 4.59–
4.55 (m, 3H, OCH2CH=CH2, CHHPh), 4.32–4.29 (m, 2H, H-6′a,
CO2CHH of Fmoc), 4.17–4.08 (m, 3H, H-6a, CO2CHHCH of
Fmoc), 3.92–3.67 (m, 6H, H-2′, H-4, H-4′, H-5, H-6b, H-6′b),
3.56 (m, 1H, H-5′), 3.41 (dd, 1H, J1,2 = 7.5 Hz, J2,3 = 10.2 Hz,
H-2), 2.61 (t, 2H, J = 6.6 Hz, CH2 of Lev), 2.47 (t, 2H, J =
6.6 Hz, CH2 of Lev), 1.95 (s, 3H, CH3 of Lev), 1.70 (m, 1H, CH of
TDS), 0.91 [bs, 12H, SiC(CH3)2CH(CH3)2], 0.26 (s, 3H, SiCH3),
0.25 (s, 3H, SiCH3). 13C NMR (75 MHz, CD3OCD3): d 172.47
(C=O), 156.64 (C=O), 154.94 (C=O), 144.94–120.54 (aromatic),
132.67 (OCH2CH=CH2), 118.63 (OCH2CH=CH2), 102.42 (C-1′),
101.58 (>CHPh), 97.12 (C-1), 79.49 (C-4′), 79.24 (C-3), 76.68 (C-
4), 75.09 (CH2Ph), 74.50 (C-5), 72.64 (C-3′), 68.96–68.92 (m, C-6′,
OCH2CH=CH2), 68.57 (C-6), 67.28 (C-2), 67.08 (CH2 of Fmoc),
66.92 (C-5′), 57.26 (C-2′), 47.64 (CH of Fmoc), 38.04 (CH2 of Lev),
34.49 (CH of TDS), 29.33 (CH3 of Lev), 28.44 (CH2 of Lev), −1.77
(SiCH3), −3.22 (SiCH3). HR MS (m/z) calcd for C58H70N4O15Si
[M + Na]+, 1113.4499; found, 1113.6394.

Dimethylthexylsilyl 6-O-{4,6-O-benzylidene-2-deoxy-2-[(R)-3-
hexadecanoyloxy-15-methylhexadecanoylamino]-3-O - levulinoyl-
b-D-glucopyranosyl}-3-O-allyloxycarbonyl-2-azido-4-O-benzyl-2-
deoxy-b-D-glucopyranoside (25). 1,8-Diazabicyclo[5.4.0]undec-
7-ene (DBU) (60 ll) was added dropwise to a solution of 24

(620 mg, 0.569 mmol) in DCM (8 mL). The reaction mixture
was stirred at room temperature for 4 h, after which it was
concentrated in vacuo. The residue was purified by silica gel
column chromatography (DCM–methanol, 100 : 1 → 100 :
3, v/v) to afford an amine as a colorless syrup (454 mg, 92%).
Rf = 0.30 (hexane–ethyl acetate, 1 : 1, v/v); HR MS (m/z)
calcd for C43H60N4O13Si [M + Na]+, 891.3818; found, 891.2115.
DCC (188 mg, 0.913 mmol) was added to a stirred solution
of (R)-3-hexadecanoyl-15-methylhexadecanoic acid 9 (345 mg,
0.659 mmol) in DCM (5 mL). After stirring the reaction mixture
for 10 min, the resulting amine (440 mg, 0.507 mmol) in DCM
(2 mL) was added and the stirring was continued for another 12 h.
The insoluble materials were removed by filtration and the residue
was washed with DCM (2 × 2 mL). The combined filtrates were
concentrated in vacuo and the residue was purified by silica gel
column chromatography (eluent: hexane–ethyl acetate, 2 : 1, v/v)
to give 25 as an amorphous solid (634 mg, 91%). Rf = 0.65
(hexane–ethyl acetate, 2 : 1, v/v); [a]25

D = −15.2 (c = 1.0, CHCl3);
1H NMR (300 MHz, CDCl3): d 7.23–7.03 (m, 10H, aromatic), 5.81
(d, 1H, JNH′ ,2′ = 8.4 Hz, NH ′), 5.69 (m, 1H, OCH2CH=CH2), 5.27
(s, 1H, >CHPh), 5.19 (t, 1H, J2′ ,3′ = J3′ ,4′ = 9.6 Hz, H-3′), 5.14 (d,
1H, J = 17.1 Hz, OCH2CH=CHH), 5.04 (d, 1H, J = 10.2 Hz,
OCH2CH=CHH), 4.83 (m, 1H, H-3L), 4.72 (d, 1H, J1′ ,2 = 8.4 Hz,
H-1′), 4.54 (t, 1H, J2,3 = J3,4 = 9.9 Hz, H-3), 4.42–4.37 (m, 5H,
H-1, CH2Ph, OCH2CH=CH2), 4.08 (dd, 1H, J5′ ,6′a = 4.8 Hz,
J6′a,6′b = 10.2 Hz, H-6′a), 3.74 (d, 1H, J6a,6b = 10.5 Hz, H-6a),
3.63–3.36 (m, 5H, H-2′, H-4, H-4′, H-6b, H-6′b), 3.33–3.26 (m,
2H, H-5, H-5′), 3.11 (dd, 1H, J1,2 = 7.5 Hz, J2,3 = 9.9 Hz, H-2),
2.59–2.30 (m, 4H, CH2 of Lev), 2.17 (dd, 1H, J2La,2Lb = 14.4 Hz,
J2La,3L = 6.0 Hz, H-2La), 2.29–2.22 (m, 3H, H-2L′ , H-2Lb), 1.91 (s,
3H, CH3 of Lev), 1.51–1.28 (m, 5H, H-4L, H-3L′ , CH of TDS),
1.04 (broad, 44H, 22 × CH2 of lipid), 0.70–0.64 (m, 21H, 4 ×
CH3 of thexyl, 3 × CH3 of lipid), 0.00 [s, 6H, Si(CH3)2]. 13C NMR
(75 MHz, CDCl3): d 206.45 (C=O), 173.75 (C=O), 172.17 (C=O),
170.05 (C=O), 154.32 (C=O), 137.51–126.19 (aromatic), 131.26
(OCH2CH=CH2), 119.21 (OCH2CH=CH2), 101.42 (>CHPh),
100.91 (C-1′), 96.92 (C-1), 78.84 (C-4′), 78.58 (C-3), 76.02 (C-
4), 74.63 (CH2Ph), 74.35 (C-5), 71.42 (C-3′), 70.75 (C-3L), 68.90
(OCH2CH=CH2), 68.63 (C-6′), 68.06 (C-6), 66.46 (C-2), 66.19
(C-5′), 55.80 (C-2′), −1.86 (SiCH3), −3.56 (SiCH3). HR MS (m/z)
calcd for C76H122N4O16Si [M + Na]+, 1397.8517; found, 1397.7814.

Dimethylthexylsilyl 6-O-{4,6-O-benzylidene-2-deoxy-2-[(R)-3-
hexadecanoyloxy-15-methylhexadecanoylamino]-3-O-levulinoyl-b-
D-glucopyranosyl}-3-O-allyloxycarbonyl-4-O-benzyl-2-[(R)-3-ben-
zyloxy-15-methylhexadecanoylamino]-2-deoxy-b-D-glucopyrano-
side (26). A suspension of 25 (256 mg, 0.186 mmol), zinc
(<10 micron, 121 mg, 1.86 mmol) and acetic acid (100 lL) in
DCM (5 mL) was stirred at room temperature for 2 h, after
which it was diluted with ethyl acetate (30 mL). The solids
were removed by filtration and washed with ethyl acetate (2 ×
4 mL) and the combined filtrates were washed with saturated
aqueous NaHCO3 (2 × 20 mL) and brine (2 × 20 mL). The
organic phase was dried (MgSO4) and filtered. Next, the filtrate
was concentrated in vacuo. The residue was purified by silica gel
column chromatography (eluent: DCM–methanol, 50 : 1, v/v)
to afford an amine as a pale yellow syrup (188 mg, 75%). Rf =
0.30 (hexane–ethyl acetate, 1 : 1, v/v); HR MS (m/z) calcd for
C76H124N2O16Si [M + Na]+, 1371.8612; found, 1371.9028. DCC
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(51 mg, 0.246 mmol) was added to a stirred solution of (R)-3-
benzyloxy-15-methylhexadecanoic acid 8 (69 mg, 0.185 mmol) in
DCM (3 mL). After stirring the reaction mixture for 10 min, the
amine (166 mg, 0.123 mmol) in DCM (1 mL) was added and the
stirring was continued for another 12 h. The insoluble materials
were removed by filtration and the residue was washed with DCM
(2 × 1 mL). The combined filtrates were concentrated in vacuo
and the residue was purified by silica gel column chromatography
(eluent: hexane–ethyl acetate, 6 : 1, v/v) to give 26 as an amorphous
solid (184 mg, 88%). Rf = 0.55 (hexane–ethyl acetate, 4 : 1, v/v);
[a]25

D =−9.5 (c = 1.0, CHCl3); 1H NMR (300 MHz, CDCl3): d 7.36–
7.18 (m, 15H, aromatic), 6.28 (d, 1H, JNH,2 = 8.7 Hz, NH), 5.90
(d, 1H, JNH′ ,2′ = 8.4 Hz, NH ′), 5.77 (m, 1H, OCH2CH=CH2),
5.40 (s, 1H, >CHPh), 5.34 (t, 1H, J2′ ,3′ = J3′ ,4′ = 9.6 Hz, H-
3′), 5.23 (d, 1H, J = 17.1 Hz, OCH2CH=CHH), 5.13 (d, 1H,
J = 9.9 Hz, OCH2CH=CHH), 4.99–4.86 (m, 3H, H-1′, H-3,
H-3L), 4.56–4.37 (m, 7H, H-1, 4 × CHHPh, OCH2CH=CH2),
4.25 (dd, 1H, J5′ ,6′a = 5.1 Hz, J6′a,6′b = 10.8 Hz, H-6′a), 3.88 (d,
1H, J6a,6b = 11.4 Hz, H-6a), 3.75–3.51 (m, 7H, H-2, H-2′, H-4,
H-4′, H-6b, H-6′b, H-3S), 3.46–3.38 (m, 2H, H-5, H-5′), 2.73–
2.41 (m, 4H, CH2 of Lev), 2.40–2.18 (m, 6H, H-2S, H-2L, H-2L′ ),
2.05 (s, 3H, CH3 of Lev), 1.53–1.39 (m, 7H, H-4S, H-3L′ , H-4L,
CH of TDS), 1.17–1.07 (m, 64H, 32 × CH2 of lipid), 0.79–
0.73 (m, 27H, 4 × CH3 of TDS, 5 × CH3 of lipid), 0.06 (s,
3H, SiCH3), 0.00 (s, 3H, SiCH3). 13C NMR (75 MHz, CDCl3):
d 206.47 (C=O), 173.75 (C=O), 172.12 (C=O), 170.82 (C=O),
170.03 (C=O), 154.85 (C=O), 138.22–126.22 (aromatic), 131.40
(OCH2CH=CH2), 118.94 (OCH2CH=CH2), 101.41 (>CHPh),
100.92 (C-1′), 95.85 (C-1), 78.90 (C-4′), 78.75 (C-3), 76.37 (C-
4), 76.05 (C-3S), 74.46 (CH2Ph), 74.27 (C-5), 71.42 (C-3′), 70.80
(C-3L, CH2Ph), 68.63–68.54 (C-6, C-6′, OCH2CH=CH2), 66.20
(C-5′), 56.04 (C-2, C-2′), -1.52 (SiCH3), −3.28 (SiCH3). HR MS
(m/z) calcd for C100H162N2O18Si [M + Na]+, 1730.1484; found,
1730.1412.

Dimethylthexylsilyl 6-O-{4,6-O-benzylidene-2-deoxy-2-[(R)-3-
hexadecanoyloxy-15-methylhexadecanoylamino]-3-O-levulinoyl-b-
D-glucopyranosyl}-4-O-benzyl-3-O-[(R)-3-(benzyloxy)hexadeca-
noyl]-2-[(R)-3-benzyloxy-15-methylhexadecanoylamino]-2-deoxy-b-
D-glucopyranoside (27). Tetrakis(triphenylphosphine)palladium
(11 mg, 0.01 mmol) was added to a solution of 26 (80 mg,
0.047 mmol), n-BuNH2 (9.4 lL, 0.094 mmol) and HCOOH
(3.5 lL, 0.094 mmol) in THF (2 mL). After stirring the reaction
mixture at room temperature for 30 min, it was diluted with DCM
(15 mL) and washed with water (10 mL), saturated aqueous
NaHCO3 (2 × 10 mL) and brine (2 × 10 mL). The organic phase
was dried (MgSO4) and filtered. Next, the filtrate was concentrated
in vacuo. The residue was purified by preparative silica gel TLC
chromatography (eluent: hexane–ethyl acetate, 3 : 2, v/v) to
give an alcohol as a pale yellow syrup (72 mg, 95%). Rf = 0.55
(hexane–ethyl acetate, 3 : 2, v/v); 1H NMR (500 MHz, CDCl3): d
7.43–7.24 (m, 15H, aromatic), 6.37 (d, 1H, JNH,2 = 6.0 Hz, NH),
5.90 (d, 1H, JNH′ ,2′ = 8.5 Hz, NH ′), 5.46 (s, 1H, >CHPh), 5.37 (t,
1H, J2′ ,3′ = J3′ ,4′ = 9.5 Hz, H-3′), 5.03 (m, H-3L), 4.90 (d, 1H, J =
11.0 Hz, CHHPh), 4.87 (d, 1H, J1′ ,2′ = 8.0 Hz, H-1′), 4.63 (d, 1H,
J = 11.0 Hz, CHHPh), 4.58 (d, 1H, J1,2 = 8.0 Hz, H-1), 4.55 (d,
1H, J = 12.0 Hz, CHHPh), 4.49 (d, 1H, J = 12.0 Hz, CHHPh),
4.28 (dd, 1H, J5′ ,6′a = 5.0 Hz, J6′a,6′b = 11.0 Hz, H-6′a), 3.98 (d,
1H, J6a,6b = 10.0 Hz, H-6a), 3.80–3.67 (m, 5H, H-2′, H-3, H-6b,

H-6′b, H-3S), 3.63 (t, 1H, J3′ ,4′ = J4′ ,5′ = 9.5 Hz, H-4′), 3.50–3.36
(m, 4H, H-2, H-4, H-5, H-5′), 2.78–2.48 (m, 4H, CH2 of Lev),
2.43–2.23 (m, 6H, H-2S, H-2L, H-2L′ ), 2.11 (s, 3H, CH3 of Lev),
1.67–1.45 (m, 7H, H-4S, H-3L′ , H-4L, CH of TDS), 1.23–1.12
(m, 64H, 32 × CH2 of lipid), 0.87–0.80 (m, 27H, 4 × CH3 of
TDS, 5 × CH3 of lipid), 0.14 (s, 3H, SiCH3), 0.09 (s, 3H, SiCH3).
HR MS (m/z) calcd for C96H158N2O16Si [M + Na]+, 1646.1273;
found, 1646.1384. A solution of (R)-3-(benzyloxy)hexadecanoic
acid 10 (15 mg, 0.042 mmol) and DCC (11.5 mg, 0.056 mmol)
in DCM (2 mL) was stirred at room temperature for 10 min,
after which the alcohol intermediate (45 mg, 0.028 mmol) and
DMAP (1 mg, 8 lmol) were added. The reaction mixture was
stirred at room temperature for 10 h, after which the solids were
removed by filtration and washed with DCM (2 × 1 mL). The
combined filtrates were concentrated in vacuo and the residue was
purified by preparative silica gel TLC chromatography (eluent:
hexane–ethyl acetate, 5 : 2, v/v) to afford 27 as an amorphous
white solid (52 mg, 95%). Rf = 0.45 (hexane–ethyl acetate, 5 :
2, v/v); [a]26

D = −8.8 (c = 1.0, CHCl3); 1H NMR (300 MHz,
CDCl3): d 7.37–7.14 (m, 20H, aromatic), 6.12 (d, 1H, JNH,2 =
9.3 Hz, NH), 5.88 (d, 1H, JNH′ ,2′ = 8.1 Hz, NH ′), 5.39 (s, 1H,
>CHPh), 5.34 (t, 1H, J2′ ,3′ = J3′ ,4′ = 9.9 Hz, H-3′), 5.34 (t, 1H,
J2,3 = J3,4 = 9.9 Hz, H-3), 5.00 (m, 1H, H-3L), 4.85 (d, 1H, J1′ ,2′ =
8.1 Hz, H-1′), 4.52–4.35 (m, 7H, H-1, 6 × CHHPh), 4.25 (dd,
1H, J5′ ,6′a = 4.5 Hz, J6′a,6′b = 10.5 Hz, H-6′a), 3.87 (d, 1H, J6a,6b =
10.5 Hz, H-6a), 3.81–3.46 (m, 8H, H-2, H-2′, H-4, H-4′, H-6b,
H-6′b, 2 × H-3S), 3.46–3.36 (m, 2H, H-5, H-5′), 2.76–2.61 (m, 2H,
CH2 of Lev), 2.52–2.44 (m, 3H, CH2 of Lev, H-2S), 2.35–2.15 (m,
7H, 3 × H-2S, H-2L, H-2L′ ), 2.06 (s, 3H, CH3 of Lev), 1.54–1.37
(m, 9H, 2 × H-4S, H-3L′ , H-4L, CH of TDS), 1.23–1.06 (m,
86H, 43 × CH2 of lipid), 0.83–0.73 (m, 30H, 4 × CH3 of TDS,
6 × CH3 of lipid), 0.07 (s, 3H, SiCH3), 0.00 (s, 3H, SiCH3).
13C NMR (75 MHz, CDCl3): d 206.43 (C=O), 173.70 (C=O),
172.12 (C=O), 171.38 (C=O), 170.73 (C=O), 169.96 (C=O),
138.59–126.19 (aromatic), 101.36 (>CHPh), 100.88 (C-1), 96.08
(C-1′), 78.86 (C-4′), 75.91 (C-4), 75.76 (C-3S), 75.43 (C-3S), 74.58
(C-3), 74.40 (C-5), 74.08 (CH2Ph), 71.43 (C-3′), 71.33 (CH2Ph),
70.77 (C-3L), 70.54 (CH2Ph), 68.15 (C-6, C-6′), 66. 15 (C-5′),
55.91 (C-2′), 55.80 (C-2), −1.50 (SiCH3), −3.24 (SiCH3).CHR
MS (m/z) calcd for C119H194N2O18Si [M + Na]+, 1990.3988; found,
1990.3204.

6-O-{4,6-O-Benzylidene-2-deoxy-2-[(R)-3-hexadecanoyloxy-
15-methylhexadecanoyl amino]-b-D-glucopyranosyl}-4-O-benzyl-
3-O-[(R)-3-(benzyloxy)hexadecanoyl]-2-[(R)-3-benzyloxy-15-met-
hylhexadecanoylamino]-2-deoxy-a-D-glucopyranose (29). A reac-
tion mixture of 27 (25 mg, 0.013 mmol) and hydrazine acetate
(1.3 mg, 0.014 mmol) in a mixture of DCM (2 mL) and methanol
(0.2 mL) was stirred at room temperature 6 h, after which it was
concentrated in vacuo. The residue was purified by preparative
silica gel TLC (eluent: hexane–ethyl acetate, 5 : 2, v/v) to afford
28 as a pale yellow syrup (23 mg, 96%). Rf = 0.40 (hexane–ethyl
acetate, 5 : 2, v/v); 1H NMR (300 MHz, CDCl3): d 7.30–7.12
(m, 20H, aromatic), 6.15 (d, 1H, JNH,2 = 9.3 Hz, NH), 5.87 (d,
1H, JNH′ ,2′ = 5.7 Hz, NH ′), 5.47 (s, 1H, >CHPh), 5.08 (t, 1H,
J2,3 = J3,4 = 9.9 Hz, H-3), 5.05 (m, 1H, H-3L), 4.73 (d, 1H,
J1′ ,2′ = 8.1 Hz, H-1′), 4.53–4.36 (m, 7H, H-1, 6 × CHHPh), 4.23
(dd, 1H, J5′ ,6′a = 5.2 Hz, J6′a,6′b = 10.2 Hz, H-6′a), 4.16 (t, 1H,
J2′ ,3′ = J3′ ,4′ = 9.6 Hz, H-3′), 3.92 (d, 1H, J6a,6b = 10.2 Hz, H-6a),
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3.83–3.76 (m, 2H, H-2, H-3S), 3.70–3.58 (m, 3H, H-5′, H-6b, H-
3S), 3.52–3.73 (m, 4H, H-4, H-4′, H-5, H-6′b), 3.26 (m, 1H, H-2′),
2.50 (dd, 1H, J2Sa,2Sb = 15.9 Hz, J2Sa,3S = 6.9 Hz, H-2Sa), 2.38–2.18
(m, 7H, 3 × H-2S, H-2L, H-2L′ ), 1.54–1.38 (m, 9H, 2 × H-4S, H-3L′ ,
H-4L, CH of TDS), 1.26–1.09 (m, 86H, 43 × CH2 of lipid), 0.81–
0.73 (m, 30H, 4 × CH3 of thexyl, 6 × CH3 of lipid), 0.06 (s, 3H,
SiCH3), 0.00 (s, 3H, SiCH3). MS (m/z) calcd for C114H188N2O16Si
[M + Na]+, 1892.3620; found, 1892.4476. Acetic acid (100 lL)
was added to a solution of Bu4NF (1 N in THF, 1mL) and then
28 (35 mg, 0.019 mmol) was added. The reaction mixture was
stirred at room temperature for 10 h, after which it was diluted
with ethyl acetate (10 mL) and washed with saturated aqueous
NaHCO3 (2 × 10 mL) and brine (2 × 10 mL). The organic phase
was dried (MgSO4) and filtered. Next, the filtrate was concentrated
in vacuo. The residue was purified by preparative silica gel TLC
chromatography (eluent: DCM–acetone, 6 : 1, v/v) to afford 29
as a pale yellow syrup (21 mg, 65%). Rf = 0.40 (DCM–acetone,
6 : 1, v/v); 1H NMR (500 MHz, CDCl3): d 7.51–7.19 (m, 20H,
aromatic), 6.31 (d, 1H, JNH,2 = 9.5 Hz, NH), 6.19 (d, 1H, JNH′ ,2′ =
5.5 Hz, NH ′), 5.55 (s, 1H, >CHPh), 5.43 (t, 1H, J2,3 = J3,4 =
9.5 Hz, H-3), 5.15–5.09 (m, 2H, H-1, H-1′), 5.01 (m, 1H, H-3L),
4.63–4.45 (m, 6H, 6 × CHHPh), 4.36 (m, 1H, H-6′a), 4.22 (m,
1H, H-2), 4.14 (m, 1H, H-3′), 4.02 (d, 1H, J6a,6b = 11.5 Hz, H-6a),
3.85–3.76 (m, 3H, H-6′b, 2 × H-3S), 3.67–3.47 (m, 3H, H-4′, H-
5′, H-6b), 3.41 (m, 1H, H-4), 3.30 (m, 1H, H-2′), 2.61–2.24 (m,
8H, 2 × H-2S, H-2L, H-2L′ ), 1.66–1.49 (m, 8H, 2 × H-4S, H-3L′ ,
H-4L), 1.26–1.17 (m, 86H, 43 × CH2 of lipid), 0.91–0.87 (m, 18H,
6 × CH3 of lipid). MS (m/z) calcd for C106H170N2O16 [M + Na]+

1750.2443; found, 1750.2439.

6-O-{2-Deoxy-2-[(R)-3-hexadecanoyloxy-15-methylhexadecano-
ylamino]-b-D-glucopyranosyl}-3-O-[(R)-3-hydroxyhexadecanoyl]-
2-deoxy-2-[(R)-3-hydroxy-15-methylhexadecanoylamino]-a-D-glu-
copyranose 1-phosphate (3). To a cooled (−78 ◦C) solution of
29 (10 mg, 0.0058 mmol) and tetrabenzyl diphosphate (12 mg,
0.022 mmol) in THF (1.5 mL) was added dropwise lithium
bis(trimethylsilyl)amide in THF (1.0 M, 15 lL, 0.015 mmol).
The reaction mixture was stirred for 1 h and then allowed to
warm up to −20 ◦C. After the reaction mixture was stirred at
−20 ◦C for 1 h, it was quenched with saturated aqueous NaHCO3

(10 mL) and extracted with ethyl acetate (10 mL). The organic
phase was washed with brine (2 × 10 mL), dried (Na2SO4) and
concentrated in vacuo. The residue was purified by Iatro bead
column chromatography (hexane–ethyl acetate, 5 : 1 → 3 : 1 →
4 : 3, v/v) to give 30 as a pale yellow oil (8.3 mg, 72%). Rf =
0.55 (hexane–ethyl acetate, 3 : 2, v/v); 1H NMR (500 MHz,
CDCl3): d 7.44–7.18 (m, 30H, aromatic), 6.30 (d, 1H, JNH,2 =
9.0 Hz, NH), 5.63 (bs, 1H, H-1), 5.55 (s, 1H, >CHPh), 5.31 (t,
1H, J2,3 = J3,4 = 10.0 Hz, H-3), 5.23 (m, 1H, H-3L), 5.13–4.91
(m, 5H, H-1, 4 × CHHPh), 4.62 (d, 1H, J = 11.0 Hz, CHHPh),
4.52–4.45 (m, 4H, 4 × CHHPh), 4.39 (d, 1H, J = 12.0 Hz,
CHHPh), 4.34–4.26 (m, 2H, H-2, H-6′a), 4.14 (m, 1H, H-5),
3.95–3.91 (m, 2H, H-3′, H-6a), 3.84–3.74 (m, 3H, H-6b, H-6′b,
H-3S), 3.70 (m, 1H, H-3S), 3.61 (m, 1H, H-2′), 3.55 (t, 1H, J3′ ,4′ =
J4′ ,5′ = 9.5 Hz, H-4′), 3.46 (t, 1H, J3,4 = J4,5 = 9.5 Hz, H-4), 3.36
(m, 1H, H-5′), 2.57 (dd, 1H, J2Sa,2Sb = 16.0 Hz, J2Sa,3S = 8.0 Hz,
H-2Sa), 2.51–2.40 (m, 3H, H-2S, H-2L), 2.26–2.18 (m, 4H, H-2S,
H-2L′ ), 1.63–1.50 (m, 8H, 2 × H-4S, H-3L′ , H-4L), 1.32–1.17 (m,
86H, 43 × CH2 of lipid), 0.90–0.87 (m, 18H, 6 × CH3 of lipid).

MS (m/z) calcd for C120H183N2O19P [M + Na]+, 2010.3045; found,
2010.2429. A mixture of 30 (10.5 mg, 0.0053 mmol) and Pd
black (15.0 mg) in anhydrous THF (5 mL) was shaken under an
atmosphere of H2 (50 psi) at room temperature for 26 h, after
which it was neutralized with triethylamine (10 lL). The catalyst
was removed by filtration and the residue washed with THF (2 ×
1 mL). The combined filtrates were concentrated in vacuo to
afford 3 as a colorless film (6.0 mg, 78%). 1H NMR (500 MHz,
CDCl3–CD3OD, 1 : 1, v/v): d 5.28 (broad, 1H, H-1), 4.96–4.82
(m, 3H, H-1′, H-3, H-3L). HR MS (m/z) (negative) calcd for
C78H149N2O19P, 1449.0492; found, 1449.7284.

Dimethylthexylsilyl 6-O-{4,6-O-benzylidene-3-O-[(R)-3-ben-
zyloxy-13-methyltetradecanoylamino]-2-deoxy-2-[(R)-3-hexadeca-
noyloxy-15-methylhexadecanoylamino]-b-D-glucopyranosyl}-3-O-
allyloxycarbonyl-4-O-benzyl-2-[(R)-3-benzyloxy-15-methylhexa-
decanoylamino]-2-deoxy-b-D-glucopyranoside (31). A reaction
mixture of 26 (80 mg, 0.047 mmol) and hydrazine acetate (4.7 mg,
0.052 mmol) in a mixture of DCM (3 mL) and methanol (0.3 mL)
was stirred at room temperature for 6 h, after which it was
concentrated in vacuo. The residue was purified by silica gel column
chromatography (eluent: hexane–ethyl acetate, 3 : 1, v/v) to afford
an alcohol as a pale yellow syrup (69 mg, 92%). Rf = 0.40 (hexane–
ethyl acetate, 5 : 2, v/v); 1H NMR (300 MHz, CDCl3): d 7.46–7.17
(m, 15H, aromatic), 6.35 (d, 1H, JNH,2 = 9.0 Hz, NH), 5.99 (d, 1H,
JNH′ ,2′ = 5.7 Hz, NH ′), 5.77 (m, 1H, OCH2CH=CH2), 5.46 (s, 1H,
>CHPh), 5.23 (d, 1H, J = 17.1 Hz, OCH2CH=CHH), 5.14 (d,
1H, J = 10.2 Hz, OCH2CH=CHH), 5.02 (m, 1H, H-3L), 4.94 (dd,
1H, J = 8.7 Hz, J = 10.5 Hz, H-3), 4.75 (d, 1H, J1′ ,2′ = 8.1 Hz,
H-1′), 4.58–4.37 (m, 7H, H-1, 4 × CHHPh, OCH2CH=CH2), 4.23
(dd, 1H, J5′ ,6′a = 4.5 Hz, J6′a,6′b = 10.5 Hz, H-6′a), 4.13(m, 1H, H-3),
3.88 (d, 1H, J6a,6b = 10.5 Hz, H-6a), 3.76–3.31 (m, 8H, H-2, H-4,
H-4′, H-5, H-5′, H-6b, H-6′b, H-3S), 3.27 (m, 1H, H-2′), 2.33–2.17
(m, 6H, H-2S, H-2L, H-2L′ ), 1.55–1.37 (m, 7H, H-4S, H-3L′ , H-4L,
CH of TDS), 1.17–1.07 (m, 64H, 32 × CH2 of lipid), 0.82–0.73
(m, 27H, 4 × CH3 of TDS, 5 × CH3 of lipid), 0.06 (s, 3H, SiCH3),
0.00 (s, 3H, SiCH3). HR MS (m/z) calcd for C95H156N2O16Si
[M + Na]+, 1632.1116; found, 1631.8767. A solution of (R)-3-
benzyloxy-13-methyltetradecanoic acid 7 (21 mg, 0.061 mmol)
and DCC (17 mg, 0.081 mmol) in DCM (2 mL) was stirred at
room temperature for 10 min, after which the alcohol intermediate
(65 mg, 0.040 mmol) and DMAP (1 mg, 8 lmol) were added.
The reaction mixture was stirred at room temperature for 12 h,
after which the solids were removed by filtration and washed with
DCM (2 × 1 mL). The combined filtrates were concentrated in
vacuo and the residue was purified by preparative silica gel TLC
chromatography (eluent: hexane–ethyl acetate, 4 : 1, v/v) to afford
31 as an amorphous solid (71 mg, 91%). Rf = 0.50 (hexane–ethyl
acetate, 3 : 1, v/v); [a]24

D = −11.1 (c = 1.0, CHCl3); 1H NMR
(600 MHz, CDCl3): d 7.37–7.21 (m, 20H, aromatic), 6.35 (d, 1H,
JNH,2 = 9.0 Hz, NH), 5.84 (m, 1H, OCH2CH=CH2), 5.79 (d, 1H,
JNH′ ,2′ = 9.0 Hz, NH ′), 5.41 (s, 1H, >CHPh), 5.41 (t, 1H, J2′ ,3′ =
J3′ ,4′ = 9.6 Hz, H-3′), 5.29 (d, 1H, J = 17.4 Hz, OCH2CH=CHH),
5.19 (d, 1H, J = 10.2 Hz, OCH2CH=CHH), 5.00–4.96 (m, 2H,
H-3, H-3L), 4.87 (d, 1H, J1′2′ = 7.8 Hz, H-1′), 4.61–4.37 (m, 9H,
H-1, 6 × CHHPh, OCH2CH=CH2), 4.29 (dd, 1H, J5′ ,6′a = 5.4 Hz,
J6′a,6′b = 10.8 Hz, H-6′a), 3.94 (d, 1H, J6a,6b = 10.2 Hz, H-6a),
3.81–3.78 (m, 3H, H-2, H-6b, H-3S), 3.74–3.67 (m, 3H, H-2′,
H-6′b, H-3S), 3.64–3.58 (m, 2H, H-4, H-4′), 3.50–3.45 (m, 2H,
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H-5, H-5′), 2.64–2.12 (m, 8H, H-2S, H-2L, H-2L′ ), 1.59–1.46 (m,
9H, H-4S, H-3L′ , H-4L, CH of TDS), 1.23–1.13 (m, 80H, 40 ×
CH2 of lipid), 0.86–0.79 (m, 33H, 4 × CH3 of TDS, 7 × CH3

of lipid), 0.13 (s, 3H, SiCH3), 0.06 (s, 3H, SiCH3). 13C NMR
(75 MHz, CDCl3): d 173.80 (C=O), 171.06 (C=O), 170.82 (C=O),
169.65 (C=O), 154.86 (C=O), 138.41–126.14 (aromatic), 131.40
(OCH2CH=CH2), 118.94 (OCH2CH=CH2), 101.41 (>CHPh),
100.93 (C-1′), 95.86 (C-1), 78.93 (C-4′), 78.75 (C-3), 76.31 (C-
4), 76.05 (C-3S), 75.65 (C-3S), 74.45 (CH2Ph), 74.21 (C-5), 71.24
(C-3′), 71.16 (CH2Ph), 70.80 (CH2Ph), 70.74 (C-3L), 68.63 (C-6,
OCH2CH=CH2), 68.28 (C-6′), 66.27 (C-5′), 56.03 (C-2), 55.73
(C-2′), −1.52 (SiCH3), −3.27 (SiCH3). HR MS (m/z) calcd for
C117H190N2O18Si [M + Na]+, 1962.3675; found, 1962.3035.

6-O-{4,6-O-Benzylidene-3-O-[(R)-3-benzyloxy-13-methyltetra-
decanoylamino]-2-deoxy-2-[(R)-3-hexadecanoyloxy-15-methylhe-
xadecanoylamino]-b-D-glucopyranosyl}-4-O-benzyl-2-[(R)-3-ben-
zyloxy-15-methylhexadecanoylamino]-2-deoxy-b-D-glucopyranose
(33). Tetrakis(triphenylphosphine)palladium (6.3 mg,
0.0054 mmol) was added to a stirred solution of 31 (35 mg,
0.018 mmol), n-BuNH2 (3.6 lL, 0.036 mmol) and HCOOH
(1.4 lL, 0.036 mmol) in THF (2 mL). After stirring the reaction
mixture at room temperature for 1 h, it was diluted with DCM
(10 mL) and washed with water (10 mL), saturated aqueous
NaHCO3 (2 × 10 mL) and brine (2 × 10 mL). The organic
phase was dried (MgSO4) and filtered. Next, the filtrate was
concentrated in vacuo. The residue was purified by preparative
silica gel TLC (eluent: hexane–ethyl acetate, 5 : 2, v/v) to give
32 as a pale yellow syrup (31 mg, 94%). Rf = 0.50 (hexane–ethyl
acetate, 3 : 2, v/v); 1H NMR (300 MHz, CDCl3): d 7.29–7.13
(m, 20H, aromatic), 6.29 (d, 1H, JNH,2 = 5.7 Hz, NH), 5.69 (d,
1H, JNH′ ,2′ = 8.7 Hz, NH ′), 5.31 (s, 1H, >CHPh), 5.28 (t, 1H,
J2′ ,3′ = J3′ ,4′ = 8.7 Hz, H-3′), 4.89 (m, 1H, H-3L), 4.80 (d, 1H, J =
11.7 Hz, CHHPh), 4.70 (d, 1H, J1′ ,2′ = 8.4 Hz, H-1′), 4.53–4.26
(m, 6H, H-1, 5 × CHHPh), 4.18 (dd, 1H, J5′ ,6′a = 4.5 Hz, J6′a,6′b =
10.5 Hz, H-6′a), 3.89 (d, 1H, J6a,6b = 10.8 Hz, H-6a), 3.78–3.58
(m, 5H, H-2′, H-6b, H-6′b, 2 × H-3S), 3.53 (t, 1H, J = 8.4 Hz,
J = 9.6 Hz, H-4), 3.44–3.25 (m, 4H, H-2, H-4, H-5, H-5′), 2.54
(dd, 1H, J2Sa,2Sb = 15.0 Hz, J2Sa,3S = 6.0 Hz, H-2Sa), 2.33–2.17 (m,
6H, H-2S, H-2L, H-2L′ ), 2.6 (dd, 1H, J2La,2Lb = 15.0 Hz, J2La,3L =
5.7 Hz, H-2La), 1.49–1.36 (m, 9H, H-4S, H-4L′ , H-4L, CH of TDS),
1.14–1.06 (m, 80H, 40 × CH2 of lipid), 0.76–0.71 (m, 33H, 4 ×
CH3 of TDS, 7 × CH3 of lipid), 0.05 (s, 3H, SiCH3), 0.00 (s,
3H, SiCH3). HR MS (m/z) calcd for C113H186N2O16Si [M + Na]+,
1878.3464; found, 1878.3721. Acetic acid (100 lL) was added to
a solution of Bu4NF (1 N in THF, 1 mL) and then 32 (26 mg,
0.014 mmol) was added. The reaction mixture was stirred at
room temperature for 20 h, after which it was diluted with ethyl
acetate (10 mL) and washed with saturated aqueous NaHCO3

(2 × 10 mL) and brine (2 × 10 mL). The organic phase was
dried (MgSO4) and filtered. Next, the filtrate was concentrated
in vacuo. The residue was purified by preparative silica gel TLC
chromatography (eluent: hexane–ethyl acetate, 1 : 1, v/v) to afford
33 as a pale yellow syrup (21 mg, 88%). Rf = 0.40 (hexane–ethyl
acetate, 1 : 1, v/v); 1H NMR (300 MHz, CDCl3): d 7.40–7.25 (m,
20H, aromatic), 6.67 (d, 1H, JNH,2 = 7.8 Hz, NH), 5.91 (d, 1H,
JNH′ ,2′ = 8.1 Hz, NH ′), 5.45–5.39 (m, 2H, H-3′, >CHPH), 5.24 (d,
1H, J1′ ,2′ = 8.4 Hz, H-1′), 5.08 (d, 1H, J1,2 = 2.7 Hz, H-1), 4.96 (m,
1H, H-3L), 4.92 (d, 1H, J = 11.7 Hz, CHHPh), 4.64–4.32 (m, 6H,

H-6′a, 5 × CHHPh), 4.05–3.51 (m, 10H, H-2′, H-3, H-4′, H-5,
H-5′, H-6a, H-6b, H-6′b, 2 × H-3S), 3.53 (dd, 1H, J = 8.4 Hz,
J = 9.6 Hz, H-4), 3.44–3.25 (m, 4H, H-2, H-4, H-5, H-5′), 2.63
(dd, 1H, J2Sa,2Sb = 16.4 Hz, J2Sa,3S = 6.0 Hz, H-2Sa), 2.53–2.17 (m,
7H, H-2S, H-2L, H-2L′ ), 1.64–1.47 (m, 8H, H-4S, H-4L′ , H-4L),
1.25–1.15 (m, 80H, 40 × CH2 of lipid), 0.87–0.85 (m, 21H, 7 ×
CH3 of lipid). HR MS (m/z) calcd for C105H168N2O16Si [M + Na]+,
1736.2286; found, 1736.3901.

6-O-{2-Deoxy-2-[(R)-3-hexadecanoyloxy-15-methylhexadeca-
noylamino]-3-O-[(R)-3-hydroxy-13-methyltetradecanoylamino]-b-
D-glucopyranosyl}-2-deoxy-2-[(R)-3-hydroxy-15-methylhexadeca-
noylamino]-a-D-glucopyranose 1-phosphate (4). Compound 33
(15 mg, 0.0088 mmol) was phosphorylated in a manner similar
to the synthesis of 29 to afford 34 as a pale yellow syrup (11.8 mg,
68%). Rf = 0.60 (hexane–ethyl acetate, 3 : 2, v/v); 1H NMR
(500 MHz, CDCl3): d 7.39–7.26 (m, 30H, aromatic), 6.65 (d, 1H,
JNH′ ,2′ = 8.0 Hz, NH ′), 6.50 (d, 1H, JNH,2 = 8.5 Hz, NH), 5.65 (bs,
1H, H-1), 5.42 (s, 1H, >CHPh), 5.35 (t, 1H, J2′3′ = J3′ ,4′ = 10.0 Hz,
H-3′), 5.10–4.99 (m, 5H, H-3L, 4 × CHHPh), 4.92 (d, 1H, J1,2 =
9.0 Hz, H-1), 4.81 (d, 1H, J = 10.5 Hz, CHHPh), 4.61 (d, 1H, J =
10.5 Hz, CHHPh), 4.52–4.42 (m, 4H, 4 × CHHPh), 4.32 (m, 1H,
H-6′a), 4.13 (m, 1H, H-2), 3.95–3.74 (m, 6H, H-2′, H-6a, H-6b,
H-6′b, 2 × H-3S), 3.66–3.60 (m, 2H, H-3, H-4′), 3.43 (m, 1H, H-5′),
3.36 (m, 1H, H-5), 2.69 (dd, 1H, J2Sa,2Sb = 14.5 Hz, J2Sa,3S = 6.0 Hz,
H-2Sa), 2.52–2.26 (m, 7H, H-2S, H-2L, H-2L′ ), 1.59–1.50 (m, 8H, H-
4S, H-4L′ , H-4L), 1.27–1.17 (m, 80H, 40 × CH2 of lipid), 0.89–0.87
(m, 21H, 7 × CH3 of lipid). HR MS (m/z) calcd for C119H181N2O19P
[M + Na]+, 1996.2888; found, 1996.0125. Compound 34 (9.6 mg,
0.0049 mmol) was deprotected in a manner similar to the synthesis
of 3 to provide 4 as a colorless film (5.3 mg, 76%). 1H NMR
(500 MHz, CDCl3–CD3OD, 1 : 1, v/v): d 5.18 (broad, 1H, H-
1), 4.80–4.64 (m, 2H, H-3′, H-3L), 4.56 (broad, 1H, H-1′). HR
MS (m/z) (negative) calcd for C77H147N2O19P, 1435.0336; found,
1435.5624.

Biological experiments

Reagents for biological experiments. E. coli 055:B5 LPS was
obtained from List Biologicals and Pam3CysSK4 was obtained
from Calbiochem. All data presented in this study were generated
using the same batch of E. coli 055:B5 LPS. Synthetic compounds
3 and 4 were reconstituted in PBS with dry THF (10%) and stored
at −80 ◦C. Cell maintenance details are given in the ESI†.

Cytokine induction and ELISAs. On the day of the exposure
assay differentiated MM6 cells were harvested by centrifugation
and suspended (106 cells mL−1) in tissue culture tubes and
RAW 264.7 cNO(−) cells were plated as 2 × 105 cells per
well in 96-well tissue culture plates (Nunc). Cells were then
incubated with different combinations of stimuli for 5.5 hours.
Culture supernatants were then collected and stored frozen
(−80 ◦C) until assayed for cytokine production. All cytokine
ELISAs were performed in 96-well MaxiSorp plates (Nalge
Nunc International). Concentrations of human TNF-a protein in
culture supernatants were determined by a solid phase sandwich
ELISA. Plates were coated with purified mouse anti-human TNF-
a antibody (Pharmingen). TNF-a in standards and samples was
allowed to bind to the immobilized antibody. Biotinylated mouse
anti-human TNF-a antibody (Pharmingen) was then added.
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Next, avidin–horseradish peroxidase conjugate (Pharmingen) and
ABTS peroxidase substrate (Kirkegaard & Perry Laboratories)
were added. After the reaction was stopped by adding peroxidase
stop solution (Kirkegaard & Perry Laboratories), the absorbance
was measured at 405 nm using a microplate reader (BMG
Labtech). Cytokine DuoSet ELISA Development Kits (R & D
Systems) were used for the cytokine quantification of mouse
TNF-a, mouse IL-6, mouse IP-10 and mouse IL-1b according to
the manufacturer’s instructions. The absorbance was measured at
450 nm with wavelength correction set to 540 nm. Concentrations
of mouse IFN-b in culture supernatants were determined as
follows. Plates were coated with rabbit polyclonal antibody against
mouse IFN-b (PBL Biomedical Laboratories). IFN-b in standards
and samples was allowed to bind to the immobilized antibody.
Rat anti-mouse IFN-b antibody (USBiological) was then added.
Next, horseradish peroxidase (HRP) conjugated goat anti-rat IgG
(H + L) antibody (Pierce) and a chromogenic substrate for HRP
3,3′,5,5′-tetramethylbenzidine (TMB; Pierce) were added. After
the reaction was stopped, the absorbance was measured at 450 nm
with wavelength correction set to 540 nm. All cytokine values are
presented as the means ± SD of triplicate measurements, with
each experiment being repeated three times.

Transfection and NF-jB activation assay. The day before
transfection, HEK 293T wild type cells and HEK 293T cells
stably transfected with human and murine TLR4/MD2/CD14
and human and murine TLR2 were plated in 96-well tissue
culture plates (16 000 cells per well). The next day, cells were
transiently transfected using PolyFect Transfection Reagent (Qi-
agen) with expression plasmids pELAM-Luc (NF-jB-dependent
firefly luciferase reporter plasmid, 50 ng per well)54 and pRL-
TK (Renilla luciferase control reporter vector, 1 ng per well;
Promega) as an internal control to normalize experimental
variations. The empty vector pcDNA3 (Invitrogen) was used as
a control and to normalize the DNA concentration for all of
the transfection reactions (total DNA 70 ng per well). Forty-
four hours post-transfection, cells were exposed to the stimuli
in the presence of FCS to provide sCD14 for 4 h, after which
cell extracts were prepared. The luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer′s instructions and a combination
luminometer/fluorometer microplate reader (BMG Labtech).
Expression of the firefly luciferase reporter gene was normalized
for transfection efficiency with expression of Renilla luciferase.
The data are reported as the means ± SD of triplicate treatments.
The transfection experiments were repeated at least twice.

Data analysis. Concentration-response and inhibition data
were analyzed using nonlinear least-squares curve fitting in Prism
(GraphPad Software, Inc.). Concentration-response data were fit
with the following four-parameter logistic equation: Y = Emax/(1 +
(EC50/X)Hill slope), where Y is the cytokine response, X is logarithm
of the concentration of the stimulus, Emax is the maximum response
and EC50 is the concentration of the stimulus producing 50%
stimulation. Inhibition data were fit with the following logistic
equation: Y = bottom + (top − bottom)/(1 + 10(X − log IC50)), where
Y is the cytokine response, X is the logarithm of the concentration
of the inhibitor and IC50 is the concentration of the inhibitor that
reduces the response by half.
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