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Abstract—An efficient and scalable synthesis of the potent vaccine adjuvant RC-529 (3) and TLR4 agonist CRX-524 (4) is described
in eight steps from 1,3,4,6-tetra-O-acetyl-2-amino-2-benzyloxycarbonyl-2-deoxy-b-DD-glucopyranose (10c) in ca. 25% overall yield.
The synthesis features the strategic use of the N-Cbz group for b-glycosylation and the selective N,N,O-triacylation of common
advanced intermediate 15 with (R)-3-tetradecanoyloxy or decanoyloxytetradecanoic acid (8, 9) late in the synthesis. A new method
for preparing and enhancing the enantiopurity of (R)-3-hydroxytetradecanoic acid (6), a key component of 3 and 4 as well as bac-
terial lipid A, is also described.
� 2006 Elsevier Ltd. All rights reserved.
Lipopolysaccharide (LPS, endotoxin), a complex cell-
surface component specific to Gram-negative bacteria,
and its active principle, lipid A, are potent stimulators
of host defense systems, both as adjuvants for vaccine
antigens1 and as inducers of non-specific resistance to
infection in animal models.2 However, the profound
pyrogenicity and lethal toxicity of LPS and lipid A have
limited their medicinal use.1 As a result, considerable
effort has been directed at the design and synthesis of
lipid A mimetics with simplified structures and improved
toxicity/bioactivity profiles.3

In the course of our own structural studies on the lipid A
pharmacophore,4,5 we identified a new class of mono-
saccharide lipid A mimetics known as aminoalkyl glu-
cosaminide 4-phosphates (AGPs).5 The AGPs are
synthetic mimetics of compound 1 (Fig. 1), the major
hexa-acyl component present in the low toxicity mono-
phosphoryl lipid A (MLA) derived from Salmonella
minnesota LPS, and have the general structure 2
(Fig. 1). Several members of this class, including proto-
typical AGPs RC-529 (3) and CRX-524 (4) (Fig. 1),
have been shown to improve humoral and cell-mediated
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immune responses to a variety of different antigens in
mice5,6 as well as enhance non-specific resistance in mice
to Listeria monocytogenes and influenza infections.7,8

Although the precise molecular mechanism for the
induction of the innate and adaptive immune responses
is not fully understood, both AGP and LPS recognition
is dependent upon Toll-like receptor 4 (TLR4) and
accessory molecules such as MD-2, whose activation
leads to pro-inflammatory cytokine and chemokine
release and the mediation of immune responses.9

The potent immunostimulatory activity of RC-529 and
CRX-524 together with their low pyrogenicity in rabbits
and low toxicity in animal models make these com-
pounds attractive candidates for clinical development.
RC-529 was recently shown to be a safe and effective
adjuvant in a pivotal phase III vaccine trial with a
recombinant hepatitis B antigen,10 and CRX-524 shows
promise as a stand-alone therapeutic for enhancing host
resistance to bacterial and viral infections.7

Earlier, we reported a highly convergent synthesis of
RC-529 and CRX-524 in 15 linear steps from DD-gluco-
samine.5 However, this initial discovery synthesis suffers
from a number of drawbacks. Most notably, incorporat-
ing two of the three (R)-3-alkanoyloxytetradecanoyl
residues onto the AGP scaffold early in the synthesis
leads to multiple synthetic and chromatographic steps
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Figure 1. Synthetic and naturally derived lipid A mimetics.
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involving sensitive glycolipid intermediates. This meth-
odology also precludes the use of a late-stage intermedi-
ate for the synthesis of AGPs, such as RC-529 and
CRX-524, comprising the same sugar and aglycon units
but different fatty acid substituents.

Herein, we describe a more efficient and scalable
synthesis of glycolipids 3 and 4 in eight linear steps from
readily available 1,3,4,6-tetra-O-acetyl-2-amino-2-benzyl-
oxycarbonyl-2-deoxy-b-DD-glucopyranose (10c)11 and (R)-3-
tetradecanoyloxy or decanoyloxytetradecanoic acid (8,
9).12 This new synthesis, which is convergent with
respect to the AGP backbone and the alkanoyloxytetra-
decanoic acid moieties near the end of the synthesis, fea-
tures the selective carbodiimide-mediated N,N,O-tri-
acylation of a diamino diol common advanced inter-
mediate (CAI) in the key step. To our knowledge, this
is the first time that three (R)-3-alkanoyloxyalkanoic
acid residues—the most common type of fatty acid pres-
ent in bacterial lipid A—have been installed simulta-
neously in the synthesis of a lipid A derivative. Late
introduction of the fatty acid chains also allows easier
isolation and purification of intermediates, many of
which are crystalline, and decreases the total amount
of the chiral fatty acid starting material needed in
comparison to other synthetic routes. As a part of the
effort to make the synthesis more adaptable to large
scale, a new method for preparing and enhancing the
enantiopurity of the (R)-3-hydroxytetradecanoic acid
(6) subunit has also been developed (Scheme 1).

Several years ago, we reported the enantioselective syn-
thesis of several (R)-3-alkanoyloxytetradecanoic acids
via Ru(II)–Binap-catalyzed hydrogenation of keto ester
513 in the key step and subsequent enantiomeric
enhancement by recrystallization of the dicyclohexyl-
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Scheme 1. Reagents and conditions: (a) RuCl3, (R)-Binap, 4.6 kg/cm
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Et3N, EtOAc; recrystallized twice from toluene, 64% (three steps); (d) RCO2

88% (9) (two steps).
ammonium (DCHA) salt of 6 from acetonitrile.12

However, reproducibility problems with commercially
available Ru(II) catalysts as well as difficulties in remov-
ing the DCHA–HBr by-product in scale-up prepara-
tions of p-bromophenacyl (PAc) ester 7 prompted us
to examine alternate methods for the synthesis of 6
and enhancement of enantiopurity.

Application of Genet’s in situ-Ru(II) asymmetric hydro-
genation method14 to keto ester 5 using anhydrous
RuCl3/(R)-Binap and base hydrolysis of the resulting
hydroxy ester reproducibly gave (R)-3-hydroxytetra-
decanoic acid (6) in ca. 100% crude yield and 95–99%
ee (determined by chiral HPLC analysis of the PAc ester
derivative12) on up to a 200-g scale. Direct conversion of
crude hydroxy acid 6 to scalemic PAc ester 7 and crys-
tallization of the ester once or twice from toluene affor-
ded 7 in P99.8% ee and >60% overall yield from keto
ester 5.15 Compound 7 was converted to acyloxyacids
8 and 9 by O-acylation and reductive deprotection in
88% and 91% yield, respectively.12

In order to develop an efficient route to common
advanced intermediate 15, we first evaluated the prepa-
ration of b-DD-glucosaminides 12a–c using the readily
available N-alkoxycarbonyl-protected glycosyl donor/
acceptor pairs 10a–c11/11a–c (Table 1). The N-alkoxy-
carbonyl method for b-glycosylation with glucosamine-
b-acetates is known to give good yields of b-glycosides
with nearly exclusive 1,2-trans stereoselectivity due to
participation of the carbamate protecting group.11 The
2,2,2,-trichloroethylcarbonyl (Troc) and allyloxycar-
bonyl (Aoc) groups were selected for N-protection in
this study because of the known utility of 10a and 10b
in oligosaccharide synthesis16 as well as their capacity
for selective removal under mild conditions in the
O
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Table 1. Preparation of 2-aminoethyl b-DD-glucosaminides 12a–c
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Entry Series R Glycosylation conditionsa Yield of 12 (%)b

1 a Troc BF3–OEt2, 2 equiv, rt, 2 h 77
2 b Aoc BF3–OEt2, 2 equiv, rt, 2 h 78 (<5)
3 c Cbz BF3–OEt2, 2 equiv, rt, 2 h 42 (15)
4 c Cbz BF3–OEt2, 2 equiv, 0 �C!rt, 2 h 38 (14)
5 c Cbz TMSOTf, 1.1 equiv, rt, 4 h 52 (10)
6 c Cbz TMSOTf, 1.1 equiv, �78 �C, 24 h 66 (<5)c

7 c Cbz TMSOTf, 1.1 equiv, �15 �C, 3 h 88 (<5)
8 c Cbz TMSOTf, 0.1 equiv, �15 �C!rt, 5 h 84 (<5)

a All reactions performed in CH2Cl2. The acceptor alcohols 11a–c (1 equiv) were purchased commercially or prepared from ethanolamine and the
appropriate chloroformate under Schotten–Baumann conditions.

b Yield of purified product 12. Values in parentheses represent the amount of by-product 13 isolated or estimated by TLC in the crude product prior
to purification.

c Crude product contained approximately 15–20% unreacted starting material 10c by TLC.
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presence of the 6-O-tert-butyldimethysilyl (TBDMS)
protecting group. In contrast, the strategic use of benz-
yloxycarbonyl (Cbz)-protected glucosamine donors such
as 10c in natural product synthesis has not been
exploited, in part because of low glycosylation yields
and the formation of oxazolidinone by-products.16

Although oxazolidinone 13 can be a significant by-prod-
uct with carbamate-protected glycosyl donors that are
able to accommodate a positive charge (e.g., allyl, benz-
yl, tert-butyl),11 N-Aoc-protected b-acetates have been
used successfully with a variety of Lewis acids.16 As
anticipated, the N-Troc and N-Aoc b-glycosides 12a
and 12b were obtained in good yield using BF3-etherate
catalysis (entries 1 and 2). However, only moderate
yields were obtained with the Cbz-protected b-acetate
12c with BF3-etherate due to significant oxazolidinone
formation (entries 3 and 4). Substituting TMSOTf11

for BF3–OEt2 and running the reaction at lower temper-
atures, however, mitigated against the formation of
oxazolidinone 13 and led to excellent yields of the
Cbz-protected b-glycoside 12c (mp 129–130 �C) on a
multi-10-g scale even in the presence of catalytic
TMSOTf (entries 7 and 8). In contrast to the Troc and
Aoc-protected glycosylation products 12a,b, which
required chromatographic purification, the Cbz-substi-
tuted b-glycoside 12c could be purified by trituration
with methyl tert-butyl ether (MTBE) or by crystalliza-
tion from CH2Cl2–heptane.

The glycosylation products 12a–c were readily converted
to the 6-O-TBDMS-protected derivatives 14a–c in good
yield by O-deacetylation with NH4OH in methanol and
selective 6-O-silylation with TBDMS–Cl/pyridine
(Scheme 2). Once again, the Cbz-protected product
(14c, mp 121–122 �C) could be purified by crystallization
(EtOAc–heptane) or trituration (heptane) whereas the
N-Troc and N-Aoc derivatives had to be purified
chromatographically.
We found that the efficiency of subsequent N-deprotec-
tion and isolation/purification of diamino diol CAI 15
were very dependent on the nature of the N-protecting
group. For example, removal of the Troc groups under
standard conditions (Zn/AcOH) led to the formation of
complexed zinc, which was difficult to remove by aque-
ous workup and led to emulsions and low recoveries of
diamine 15. Likewise, deprotection of the N-Aoc groups
of 14b with (Ph3P)Pd/Bu3SnH

17 and aqueous workup
led to low product recoveries. Omitting the aqueous
workup in the Aoc case and isolating the product by
evaporation and trituration (MTBE) led to a 90% yield
of purified 15, but lower acylation efficiencies in the next
step (�30%), possibly because of residual tin or palla-
dium contamination.

It was anticipated that deprotection of the Cbz groups of
14c by catalytic hydrogenation, however, would obviate
an aqueous workup and permit easy isolation of CAI 15
by simple filtration. Satisfyingly, hydrogenolysis of the
Cbz derivative 14c in methanol with 5% palladium on
carbon gave the desired diamino diol 15 (143–145 �C)
in high yield and purity after filtration and trituration
of the crude product with MTBE or MTBE/heptane.

The one-pot carbodiimide-mediated tri-acylation of di-
amino diol 15 was most efficiently carried out as a single
operation rather than by sequential N- and O-acylations.
Accordingly, N,N,O-tri-acylation of 15 (prepared from
14c) with (R)-3-alkanoyloxytetradecanoic acid 8 or 9 in
the presence of ethyl 1-[3-(dimethylamino)propyl]-3-
ethylcarbodimide (EDC) methiodide and catalytic 4-
(dimethylamino)pyridine (DMAP, 3 mol %) in CH2Cl2
(0 �C!rt, 2 h) gave 16 and 17 in 59% and 66% yield,
respectively, after chromatographic purification on silica
gel.18 Very little (<5%) of the (separable) tetra-acylated
product was typically produced under these conditions.
Higher temperatures, longer reaction times, and/or
greater catalyst loadings led to significant tetra-acylation
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as well as the formation of other by-products. Selective
acylation of the 3-hydroxyl group, which is intrinsically
more nucleophilic than the 4-hydroxyl group in 2-amino
sugars,16 was confirmed by 400 MHz 1H–1H COSY
experiments. The 1H NMR spectra of 16 and 17 dis-
played a doublet of doublets centered at d 4.93
(J = 9.4, 10.4 Hz) and d 4.94 (J = 9.0, 11.0 Hz), respec-
tively, for the H-3 protons; the H-4 protons appeared
upfield at �3.65 ppm.

Despite the report that the carbodiimide-mediated N,O-
di-acylation of sugar amino alcohols with acid 8 has
been performed in the presence of a stoichiometric
amount of DMAP without apparent by-product forma-
tion,19 we found that the O-acylation step (which was
investigated independently with diol 14a as well as with
a related 4,6-isopropylidene derivative) was very sensi-
tive to the level of catalyst loading. Using DMAP
between 5 and 50 mol % led to progressively greater
amounts of 3-O-tetradecanoyl or 3-O-decanoyl by-prod-
ucts with acids 8 and 9, respectively (data not shown).
Depending on the particular substrate and reaction
conditions, the 3-O-alkanoyl side products could be
the major product formed (>25%). Although the precise
mechanism is not clear, these by-products do not appear
to arise via b-elimination of the in situ-formed O-acyl-
oxyacylisourea intermediate or cognate rearrangement20

to a mixed anhydride as 3-O-alkenoyl products were not
isolated or detected by LC–MS analysis of crude reac-
tion products.

Phosphorylation of 16 and 17 using the dibenzyl phos-
phoramidite method and silyl deprotection with trifluo-
roacetic acid (TFA) gave final intermediates 18 and 19 in
77% and 65% yield, respectively, after chromatographic
purification on silica gel. Deprotection of the dibenzyl
phosphates 18 and 19 by hydrogenolysis in tetrahydro-
furan (THF) in the presence of palladium hydroxide
on carbon afforded RC-529 (3) and CRX-524 (4) as their
triethylammonium salts in 73% and 76% yield, respec-
tively, and >95% purity after silica gel chromatography
and lyophilization of the free acids from aqueous tert-
butanol containing triethylamine.21

In summary, an improved synthesis of the phospho-
glycolipids RC-529 (3) and CRX-524 (4) has been
developed in eight linear steps and ca. 25% overall yield
from 1,3,4,6-tetra-O-acetyl-2-amino-2-benzyloxycar-
bonyl-2-deoxy-b-DD-glucopyranose (10c). The strategic
use of the Cbz group for amine protection leads to high
b-glycosylation efficiencies and easy isolation of com-
mon advanced intermediate 15, thereby setting the stage
for the one-pot N,N,O-tri-acylation of 15 with (R)-3-
alkanoyloxytetradecanoic acids 8 and 9. The crystalline
nature of the Cbz-protected intermediates also facili-
tated purification by non-chromatographic means.22
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A new method for preparing fatty acid starting materials
8 and 9 was also developed using in situ-generated
Ru(II)–Binap catalyst for asymmetric hydrogenation
of keto ester 5 in the key step and enhancing the enan-
tiopurity of scalemic PAc ester 7 by crystallization.
These methodologies are currently being applied to the
synthesis of other AGPs 2 and should find useful appli-
cation to the preparation of glucosamine-based lipid A
mimetics in general.
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