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Abstract: A highly convergent strategy for the synthesis of several derivatives of the lipid A of Rhizobium
sin-1 has been developed. The approach employed the advanced intermediate 3-O-acetyl-6-O-(3-O-acetyl-
4,6-O-benzylidene-2-deoxy-2-phthalimido-3-p-glucopyrano-syl)-2-azido-4-O-benzyl-2-deoxy-1-thio-o-p-
glucopyranoside (5), which is protected in such a way that the anomeric center, the C-2 and C-2' amino
groups, and the C-3 and C-3' hydroxyls can be selectively functionalized. The synthetic strategy was used
for the preparation of 2-deoxy-6-O-{ 2-deoxy-3-O-[(R)-3-hydroxy-hexadecanoyl]-2-[(R)-3-octacosanoyloxy-
hexadecan]amido-3-p-glucopyranosyl} -2-[(R)-3-hydroxy-hexadecan]amido-3- O-[(R)-3-hydroxy-hexadecanoyl]-
o-D-glucopyranose (11) and 2-deoxy-6-O-{ 2-deoxy-3-O-[(R)-3-hydroxy-hexadecanoyl]-2-[( R)-3-octacosanoyloxy-
hexadecan]amido-$-p-glucopyranosyl} -2-[( R)-3-hydroxy-hexadecan]amido-3- O-[( R)-3-hydroxy-hexadecanoyl]-
D-glucono-1,5-lactone (13), which contain an unusual octacosanoic acid moiety and differ in the oxidation
state of the anomeric center. The results of biological studies indicate that 11 and 13 lack the proinflammatory
effects of Escherichia colilipopolysaccharides (LPS). Furthermore, 13 emulated the ability of heterogeneous
R. sin-1 LPS to antagonize enteric LPS, providing evidence for the critical role of the gluconolactone moiety
of R. sin-1 LPS in mediating this antagonistic effect. Compound 13 is the first example of a lipid A derivative
that is devoid of phosphate but possesses antagonistic properties, making it an attractive lead compound
for development of a drug to use in the treatment of Gram-negative septicemia.

Introduction The interaction of LPS with CD14 is facilitated by a plasma

protein termed the LPS binding protein. Being a glycosylphos-
associated with mortality rates of 40%0%:22 The develop- phatidylinositol-anchored protein, CD14 lacks transmembrane
ment of septicemia is often linked to a systemic inflammatory @nd cytoplasmic domains and, therefore, is unable to transmit
response to lipopolysaccharides (LPS) in the blood of affected signals directly to the interior of the cell. The Ia_tter funct_lon is
patientss5 LPS, a component of Gram-negative bacteria, is Performed by Toll-like receptor 4 (TLR4),'* which contains
among the most potent proinflammatory substances known, with extracellular, transmembrane, and intracellular domains, and an
its lipid A region initiating the production of multiple host- &ccessory protein MD-Z:*°Although the precise mechanisms
derived inflammatory mediators, including cytokines (e.g., tumor INVolved in the interactions among LPS, CD14, TLR4, and
necrosis factor TN&), arachidonic acid metabolites, and tissue MD-2 remain to be discovered, it is clear that cellular activation
factor. LPS causes these effects after binding to cluster [€@ds to the induction of cytokine gene expression, primarily
differentiation antigen CD14 on mononuclear phagocytes, or through the activation of NkB, and the MAP kinases. The

to soluble CD14 in plasma and then to cells lacking CB4. end result is up-regulation of more than 120 genes, including
those for the cytokines, most notably T&Fnterleukin-, and

Septicemia is a serious worldwide health problem and is

T Complex Carbohydrate Research Center.
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Lethality and pyrogenicity are only observed when lipid A
analogues contain a strict set of structural features, including a
B(1—6)-linked glucosamine disaccharide backbone, bisphos-
phorylation at the anomeric and C-osition, and a suitable
number and location of appropriately long 3-acyloxyacyl groups
per disaccharidé®If the length of the acyl groups is increased,
as occurs in lipid A ofChlamydia psittagiBacteroides fragilis
and Legionella pneumophiliaendotoxicity is reduce# In
contrast, the chirality of the 3-oxoacyl moieties does not
influence biological activity, as evidenced by the fact that lipid
A derivatives with R- and S-configurations cause similar
effects!’ Distribution of the acyl groups affects the bioactivity
of lipid A. For instanceHaemophilus influenzhpid A, which
contains 6 acyl groups with 14 carbon atoms in an asymmetric
distribution, expresses biological properties comparable to those
of Escherichia colilipid A, whereas lipid A, which has a
symmetric distribution of the same fatty acids, has significantly
less bioactivity. The least biologically active lipid A structures

are the monosaccharide derivatives or dimeric compounds that

have four fatty acid side chains. All known LPS derivatives
that display biological activity contain, however, one or more
phosphates, and the current consensus is that these moieties a
required for interaction with the cell-surface receptors for LPS.
An appealing method for preventing the deleterious effects
of enteric LPS is prevention of the interaction between lipid A
and its receptors on mononuclear phagocité8interference
at this level may prevent initiation of the cellular reactions that
lead to systemic inflammatory responses and septic shock. As
is often the case, efficacious pharmacological receptor antago-
nists often are derived by modifying a compound that has
agonist activity. It has, however, been difficult to identify lipid
A derivatives that possess these properties, and the best-studie
derivatives are monosacccharide biosynthetic precursors of lipid
A20-24 gand synthetic analogues derived from the lipid A of
Rhodobacter sphaeroides Rhodobacter capsulatpghich are
two species that have very similar lipid A structures?’
Although theRh. sphaeroides /Rh. capsulatiygd A has the
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gigure 1. Structures of (aE. coli LPS and (b)R. sinl LPS.

same bis-1,4phosphorylated glucosamine disaccharide back-
bone a<. coli, its fatty acyl pattern is quite different from that

of E. colilipid A. The Rh. sphaeroides /Rh. capsulaligd A
consists of two 3-oxomyristic acid, tw#hydroxydecanoic acid,
and one dodecenoic acid residues. The latter fatty acid is the
only acyloxyacyl substituent and is located on thef3
hydroxydecanoic acid residue. TRh. sphaeroides /Rh. cap-
sulatuslipid A lacks toxic effects, does not induce cytokine
synthesis by human monocytes, and is an antagonist of enteric
endotoxin.

Recent data from our laboratory indicate that LPS from a
nitrogen-fixing symbiontRhizobium sirl, does not stimulate
human monocyte®¥ More importantly,R. sinl LPS signifi-
cantly inhibitE. coli LPS-dependent synthesis of TNBy these
cells. The lipid A ofR. sinl is perhaps the most structurally
unusual lipid A reported to date, and its structure (Figure 1)
differs in almost every aspect from those known to contribute
to the toxicity of enteric LPS? In particular, the disaccharide
moiety is devoid of phosphate and the glucosamine phosphate
is replaced by 2-aminogluconolactone. It is possible that the
latter residue can also exist as a 2-aminogluconate, which would
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Dubuc, G. R.; Gavin, W. E.; Hawkins, L. D.; McGuinness, P. D.; Mullarkey,
M. A.; Lewis, M. D.; Kishi, Y.; Kawata, T.; Bristol, J. R.; Rose, J. R.;
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M. H.; Norton, N.; Murray, T. F.; Moore, J. Nl. Biol. Chem2002 277,
41811-41816.
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then TFA, HO; (c) AgOTf; KzCO3, MS 3A, DCM.

contribute to the molecular heterogeneityRf sirtl lipid A.

lacton. Furthermore, the phthalimido and azido function$ of
offer an attractive set of orthogonal protecting groups that allow
selective derivatization of either of the two amino groups.
Removal of the phthalimido group also results in cleavage of
the O-acetyl esters. It was anticipated, however, that the resulting
amine could be selectively derivatized by exploiting the fact
that primary amines are more nucleophilic than hydroxyls.
Compounds was prepared by a chemoselective coupling of
seleno glycosid® with thio glycoside4.2° Glycosyl donor2
was easily obtained by acetylation of known using acetic
anhydride in pyridine. Treatment of knowswith Znl, and
TMSSPh3followed by short treatment with aqueous TFA, gave
4 in a good yield as a separable mixture of anomer$ &
6/1). The coupling of glycosyl acceptdrwith glycosyl donor
3 in the presence of the promoter system AgOTIK;33
produced the desired disaccharilen an 83% yield (Scheme
2). In this coupling, only thg-anomer was formed, because of
neighboring group participation of the phthalimido group.

Having synthesized the requisite key disacchabidetention

The fatty acylation pattern is heterogeneous and consistswas focused on selective introduction d%){3-hydroxy and

exclusively of 5-hydroxy fatty acids. TheN-acyl groups can
consist of 8-hydroxymyristate 5-hydroxypalmitate, or3-hy-
droxystearate. Thé-acyl groups are primarily3-hydroxy-
myristate but occasionally can also inclyéiydroxypentade-
canoate. This lipid A also contains a very long chain fatty acid
(27-hydroxyoctacosanoic acid), which, in turn, can be esterified
by g-hydroxybutyrate.

Because of its inherent variations in fatty acid acylation
patterns, purifiedR. sinl lipid A cannot be developed as a

alkanoyoxy fatty acid components (Scheme 2). Thus, removal
of the phthalimido group and acetyl estersdfy treatment with
ethylenediamine in refluxing-butanol34 followed by selective
N-acylation with R)-3-octacosanoyloxy-hexadecanoic adjl (
in the presence of 1,3-dicyclohexylcarbodiimide (DCC), gave
phenyl 2-azido-49-benzyl-60-{4,6-O-benzylidene-2-deoxy-
2-[(R)-3-octacosanoyloxy-hexadecan]ami@m-glucopyrano-
syl}-1-thio-a-b-glucopyranoside?) in a yield of 93%. Com-
pound6 was easily obtained by acylation pbromophenylacyl

therapeutic agent for Gram-negative septicemia. Furthermore,(R)-3-hydroxyhexadecanoate with octacosanoic acid in the

the microheterogeneity of rhizobial lipid A limits the identifica-
tion of specific structural features that make it an antagonist

presence of 4-(dimethylamino)pyridine (DMAP) in pyridine,
followed by removal of thep-bromophenyl acyl ester group,

rather than an agonist. To address this problem, we haveUsing zinc in acetic acié?

developed a flexible approach for the facile synthesis of a wide
range of well-defined lipid A derivatives, based on the struc-
ture of R. sinl LPS. This approach was employed for the
preparation of 2-deoxy-&-{ 2-deoxy-30-[(R)-3-hydroxy-hexa-
decanoyl]-2-[R)-3-octacosanoyloxy-hexadecan]amjgio-glu-
copyranosyl-2-[(R)-3-hydroxy-hexadecan]amido-G-[(R)-3-
hydroxy-hexadecanoyl}b-glucopyranosel(l) and 2-deoxy-
6-O-{ 2-deoxy-30O-[(R)-3-hydroxy-hexadecanoyl]-24R)-3-
octacosanoyloxy-hexadecan]ami@la-glucopyranosyl-2-[(R)-
3-hydroxy-hexadecan]amido@G{(R)-3-hydroxy-hexadecanoyl]-
D-glucono-1,5-lactonel@), and the biological effects of these
derivatives have been determined.

Results and Discussion

Synthesis.Our synthetic approach uses an advanced inter-
mediate (39-acetyl-60-(3-O-acetyl-4,60-benzylidene-2-deoxy-
2-phthalimidog-p-glucopyrano-syl)-2-azido-®-benzyl-2-deoxy-
1-thio-a-p-glucopyranoside 5); see Scheme 1), which is

Reduction of the azido moiety gfwas easily accomplished
by reaction with propane-1,3-dithilin a mixture of pyridine,
triethylamine, and water, and the amine and hydroxyls of the
resulting compound were acylated witR){3-octacosanoyloxy-
hexadecanoic acid), using DCC and DMAP as the activation
reagents to afford phenyl @-benzyl-60-{4,6-O-benzylidene-
3-0O-[(R)-3-benzyloxy-hexadecanoyl]-2-deoxy-R)¢3-octa-
cosanoyloxy-hexadecan]amigie-glucopyranosy-2-[(R)-3-
benzyloxy-hexadecan]amido€3{(R)-3-benzyloxy-hexadecanoyl]-
2-deoxy-1-thioe-D-glucopyranosid€9) in an overall yield of
60%. It is important to note that selectiikeacylation could be
accomplished by performing the reaction in the absence of
DMAP, thereby making it possible to synthesize derivatives with
different substituents at C-2 amine and C-3 and @y8iroxyls.

Hydrolysis of the thiophenyl moiety &to give 40-benzyl-
6-O-{4,6-0-benzylidene-39-[(R)-3-benzyloxy-hexadecanoyl]-
2-deoxy-2-[R)-3-octacosanoyloxy-hexadecan]amiél®-glu-
copyranosyi-2-[(R)-3-benzyloxy-hexadecan]amido€3{(R)-3-

protected in such a way that the anomeric center, the C-2 andpenzyloxy-hexadecanoyl]-2-deoryp-glucopyranosel() proved

C-2 amino groups, and the C-3 and C{3/droxyls can be
selectively functionalized. A key feature 6fis protection of
the anomeric center as a thioglycosfé! This functionality

is stable under a wide range of chemical conditions but can be 3

readily hydrolyzed under appropriate reaction conditions to give
a lactol, which can either be phosphorylated or oxidized to a

(30) Boons, G. JTetrahedron1996 52, 1095-1121.
(31) Garegg, P. JAdv. Carbohydr. Chem. Biochert997 52, 179-205.

to be more difficult than anticipated. Conventional procedures,

(32) Sakairi, N.; Hayashida, M.; Amano, A.; Kuzuhara,JHChem. Soc., Perkin
Trans. 1199Q 1301-1313.

3) Mehta, S.; Pinto, B. MJ. Org. Chem1993 58, 3269-3276.

(34) Kanie, O.; Crawley, S. C.; Palcic, M. M.; Hindsgaul, Carbohydr. Res.
1993 243 139-164.

(35) Keegan, D. S.; Hagen, S. R.; Johnson, D.Tatrahedron: Asymmetry
1996 7, 3559-3564.

(36) Bayley, H.; Standring, D. N.; Knowles, J. Retrahedron Lett1978 3633—
3634.
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(e) NIS, TfOH, DCM, HO; (f) Pd/C, B, THF, EtOH; (g) PCC, MS 3A,;
DCM.

such as treatment wittN-bromosuccinimide (NBS) or Hg-
(OCOCR),, resulted in mixtures of compounds. Conversion of
9 to the corresponding bromide, followed by hydrolysis, also

g ¢ ¢
ol

TNF-o (pg/mL)
W
g

log [Stimulus] (ng/mL)

Figure 2. Concentrationresponse curves @&. coli LPS,R. sinl LPS,
and synthetic compounds. Mono Mac 6 cells were incubate@ foat 37
°C with increasing concentrations o®) E. coli LPS, ) R. sinl LPS,
(v) 11, or (O) 13, as indicated. TNé& protein in cell supernatants was
measured using ELISA. (Please note tRatsinl LPS,11, and13 show
background values and therefore overlap in the figure.) TreatmentBvith
coli LPS,R. sinl LPS,11, and13 did not affect cell viability, as judged
by cellular exclusion of trypan blue.

(DMSO)/Ac,0) or Swern (DMSO/oxallyl chloride) oxidation
led mainly to the formation of a 1,2-oxazoline derivative. Most
likely, these reactions proceed through an intermediate com-
pound that has a good anomeric-leaving group, which can be
displaced by the acylamido group to give the oxazoline.
Oxidation with a catalytic amount of tetrapropylammonium
perruthenate (TPAP) in the presence of the co-oxidant 4-me-
thylmorpholineN-oxide (NMO) yielded both the expectdd®

and an elimination product. An attempt to separate the mixture
of compounds by silica gel column chromatography resulted
only in recovery of the elimination product. We suspect that
the mild acidic conditions of the silica gel promoted the
elimination of 12 into a 1,2-dehydro derivative. Fortunately,
PCC-mediated oxidation dfO gave only the formation of2,

and, in this case, pure product could be obtained by purification
over a Sephadex model LH-20 size exclusion column, using
methanol/DCM as the eluent. Finally, the benzyl ethers and
benzylidene acetal df2 were removed by catalytic hydrogena-
tion over Pd/C to give the target compound 2-deox®-62-
deoxy-30-[(R)-3-hydroxy-hexadecanoyl]-2j-3-octacosanoyl-
oxy-hexadecan]amid@-p-glucopyranosyl-2-[(R)-3-hydroxy-
hexadecan]amido-@-[(R)-3-hydroxy-hexadecanoyi-glucono-
1,5-lactone(13).

Biological Evaluation. Compoundsl1 and 13 were tested
over a wide concentration range for agonistic activity in a human
monocytic (Mono Mac 6) cell line, with TN& protein
concentration in the supernatant used as a readout; values were
compared with those obtained fér coli LPS andR. sinl LPS

produced side products, as well as the expected compound(Figure 2). Incubation witle. coli LPS for 6 h yielded a clear

Fortunately, treatment & with N-iodosuccinimate (NIS) and

a catalytic amount of trifluoromethanesulfonic acid (TfOH) in
wet dichloromethane (DCM) gavk0 in an excellent yield of
84%. The benzyl ethers and benzylidene acetal@fwere
removed by catalytic hydrogenation of Pd/C to give the first
target compound 2-deoxy-®-{ 2-deoxy-30-[(R)-3-hydroxy-
hexadecanoyl]-2-R)-3-octacosanoyloxy-hexadecan]amiglo-
D-glucopyranosyl-2-[(R)-3-hydroxy-hexadecan]amido-G-
[(R)-3-hydroxy-hexadecanoyt}-p-glucopyranosel(l).

dose response effect on TMFproduction, with maximal
supernatant concentrations of TiMbeing caused by 10 ng/
mL of E. coli LPS. The results of these experiments yielded an
LPS EGpvalue of 3.4 ng/mL (where E{zis the concentration
producing 50% activity) and a Hill slope of 2.8. In subsequent
experimentsk. coli LPS concentrations of 2, 6, and 10 ng/mL
were used, which approximated concentrations that yielded 33%,
66%, and 100% of maximal supernatant concentration ofdtNF
NeitherR. sinl LPS norll and 13 at concentrations up to 1

Next, we turned our attention to the oxidation of the anomeric ug/mL induced significant production of TNE To exclude the

center of1l to give lactonel2. Moffatt (dimethylsulfoxide
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Figure 3. Induction of TNFe MRNA by Mono Mac 6 cells incubated with

E. coli LPS,R. sinl LPS, and synthetic compounds. Mono Mac 6 cells
were incubated with (A) medium alone and medium containinggBjoli

LPS (2 ng/mL), (C)E. coli LPS (6 ng/mL), (D)R. sinl LPS (1ug/mL),

(E) 11 (1 ug/mL), (F) 13 (1 ug/mL), or (G) 13 (10 ug/mL) for 90 min
before RNA was isolated for RTPCR analysis of TN& mRNA (40 PCR
cycles); mRNA of the 18 S ribosomal gene amplified under the same
conditions was used as the internal control for each experiment.

D

of tetrahydrofuran (THF), the cells were incubated with THF
concentrations up to 0.5%. These THF concentrations alone did
not cause TN& production by the cells, nor did they alter the
response of cells co-incubated wikh coli LPS (10 ng/mL)
(data not shown).

Synthesis of the TNé protein depends on up-regulation of
the genes responsible for production of this cytokine, transcrip-
tion of the message, and then translation of the mRKA?
Several posttranscriptional factors contribute to the regulation
of TNFa. mRNA, thereby providing control over the stability
of the mRNA and its translation. As a result, it is possible for
compounds to induce expression of TONFMRNA without
causing production of TNk protein. We have identified this
effect recently with muramyl dipeptide, another structural
component of bacterial cell walf8. Therefore, TNt MRNA
expression induced b¥. coli LPS (2 and 6 ng/mL) was
compared to the response R sinl LPS and the synthetic
compounds (Figure 3). As expected, incubation of the cells for
90 min with 2 and 6 ng/mlLE. coli LPS resulted in 14.6- and
16.1-fold increases in TNE gene expression, compared to
control cells. In contrast, expression of TWMFMRNA after
incubation of cells wittR. sinl LPS (1ug/mL) or compounds
11 (1 ug/mL) and13 (1 and 10ug/mL) was indistinguishable
from that of nonstimulated (control) cells.

On the basis of their lack of proinflammatory effects,
compoundsl1 and 13 (100 pg/mL to 30ug/mL) were tested
for their ability to antagonize the responses of monocytic cells
incubated withE. coli LPS (6 ng/mL), and the results were
compared with the antagonistic effectRf sinl LPS (Figure
4a). Compound.1did not significantly alter the responseHo
coli LPS.R. sinl LPS at lug/mL completely inhibitedE. coli
LPS-induced TNE production, with an 1 value of 130 ng/
mL (where IGyis the concentration producing 50% inhibition).
At the highest concentration tested, compodBdantagonized
the effect ofE. coli LPS by 75%, with an Ig value of 7.1

(37) Jongeneel, C. Mmmunobiologyl995 193 210-216.

(38) Mijatovic, T.; Houzet, L.; Defrance, P.; Droogmans, L.; Huez, G.; Kruys,
V. Eur. J. Biochem200Q 267, 6004-6012.

(39) Crawford, E. K.; Ensor, J. E.; Kalvakolanu, |.; Hasday, JJBiol. Chem.
1997, 272, 21120-21127.

(40) Wolfert, M. A.; Murray, T. F.; Boons, G. J.; Moore, J. Bl. Biol. Chem.
2002 277, 39179-39186.
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(a)

TNF-a (pg/mL)

(b)

Figure 4. Antagonism ofE. coli LPS byR. sinl LPS and the synthetic
compounds. (a) TNé& concentrations after preincubation of Mono Mac 6
cells with increasing concentrations @f)(R. sinl LPS, () 11, or (O) 13

as indicated fol h at 37°C, followed ty 6 h of incubation with 6 ng/mL

E. coliLPS. (b) Cells were preincubated with (A) medium alone and medium
containingR. sinl LPS (B) 100 ng/mL and (C) kg/mL, or 13 (D) 1
ug/mL, (E) 10ug/mL, or (F) 30ug/mL for 1 h at 37°C; next,E. coli LPS

(10 ng/mL) was added, and the cells were further incubated for 6 h, after
which point TNFew protein concentrations were determined.

ug/mL. Similar results were obtained whé&n sinl LPS and
13 were used to antagonize the effects of 2 ngMlcoli LPS;
ICsp values forR. sinl LPS andl3 were 27 ng/mL and 3.8
ug/mL, respectively (data not shown). These results, derived
from a four-parameter logistic fit of the data, demonstrate that
13is ~50-fold less potent thaR. sinl LPS in antagonizing.
coli LPS. In addition to the previously described experiments,
in which Mono Mac 6 cells were incubated with the potential
antagonists before the addition®fcoli LPS, experiments were
also performed in which the potential antagonists were added
simultaneously withe. coli LPS (data not shown). Simultaneous
treatment did not alter the previously described results, sug-
gesting that pretreatment was not necessary for the antagonistic
effects ofR. sinl LPS andl3.

In additional experiments, we examined the effectR ofin1
LPS and13 against the lowest concentration Ef coli LPS
causing maximal TNé& protein production (i.e., 10 ng/mL). At
concentrations of 1, 10, and 2@/mL, compound.3 decreased
E. coliLPS-induced TNE production by 10%, 46%, and 66%,
respectively. These findings suggest th&tacts through the
same receptors utilized [y. coli LPS (Figure 4b). The finding
that 13 did not inhibit the effects of phorbol 12-myristate 13-
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20 was increased 16.1-fold when cells were incubated ®itboli
LPS alone but was reduced to 12.4- and 11.1-fold when cells
were preincubated with 1 and 1@/mL of 13, respectively.
These effects of the two concentrationsl@fcorrespond with
i inhibition of E. coli LPS-induced TNEL mRNA expression of
104------cf-ee- £ ‘; 23% and 31%, respectively. Preincubation of the cells with 1
Ha ug/mL R. sinl LPS resulted in mRNA levels that were
increased only 3.5-fold over those of control cells. Similar
findings were obtained when the stimulatory concentration of
E. coliLPS was reduced to 2 ng/mL. Preincubation of the cells
4 B with R. sinl LPS at 1ug/mL decreased the. coli LPS-induced
A B C D E F TNFo. mRNA expression by 91%, whereas preincubation with
Figure 5. Induction of TNFx mRNA by Mono Mac 6 cells incubated with 13 at 1 and 10ug/mL reduced TNEL mRNA expression by
different combinations of stimuli. Mono Mac 6 cells were preincubated 299% and 46%, respectively (data not shown).
with (B) medium alone and medium containing (R) sinl LPS (1ug/
mL), (D) 11 (1 ug/mL), or13(E) 1 ug/mL and (F) 1Qug/mL for 1 h at 37 Conclusions

°C; next, E. coli LPS (6 ng/mL) was added and the cells were further ) ]
incubated for 90 min. Total RNA was isolated for RPCR analysis of We have developed a highly convergent strategy for the facile

TNF?_Lf_ nglRNAd (4(:] PCR cyclesd)_;_mRNA of thg‘ 18 hS r_ibosonrllal gen?_ synthesis of several derivatives Rhizobial sirl lipopolysac-
ampified under the same condions wasused 8 th el onrl 1 s (), and the bioogical properes of hese compounds
stimulated control cells. have been determined. A key aspect of the synthetic strategy
was a chemoselective glycosylation of a selenoglycosyl donor
acetate (PMA), a compound that stimulates BiN#foduction  with a thioglycosyl acceptor to give selectively protected
by directly activating protein kinase C, provides evidence that gisaccharid®. The anomeric center, the two amino groups, and
13 exerts its effect by interacting with more-proximal compo-  the C-3 and C-zhydroxyls of5 could individually be modified,
nents of the signal transduction pathway leading to &NF thereby providing a flexible route to produce a wide range of
production (data not shown). On the basis of its structural R sjp1 lipid A analogues. The synthetic strategy was employed
similarities withR. sin1 LPS, 13 most likely competes with  for the preparation of derivativekl and 13, which differ in
cell receptor-mediated mechanisms utilized by LPS. regard to the oxidation state of the anomeric center. The
The results of previous studies indicate that antagonism of synthetic compounds lack the proinflammatory effects of
cell surface receptors that recognize enteric LPS can preventgzscherichia collLPS as indicated by the absence of expression
the production of cytokine’¥ Hence, such compounds have the  of tumor necrosis factor (TNB)mMRNA or production of TNE
potential to be used as therapeutic interventions for patients with protein. CompoundL3 was able to antagonizE. coli LPS,
Gram-negative septicemia. Success in this area has been limitedynereas compountil was devoid of this activity. On the basis
and most efforts have been directed toward the synthesis of 4 the known structure of the lipid A dR. sinl, these results
analogues of lipid A oRh. sphearoid€82"and derivatives of  gyggest that the gluconolactone moiety Rf sinl LPS is
lipid X.2°-22 These compounds, which are either mono- or bis- important for this property. This finding is significant, because
phosphorylated, may possess metabolic instabilities complicating13 is the first example of a synthetic lipid A derivative that
drug discovery. A unique aspect of the current study is that we goes |ack phosphate and inhibits cytokine production initiated
have identified a lipid A derivative that lacks phosphate and by E. coli LPS. In this respect, compounds containing phos-
that antagonizes the biological effect of enteric LPS. Thus, our phates are less attractive candidates for drug development,
studies refute the consensus that LPS derivatives require apgcause of their instabilities. Although antagonisnEofcoli
phosphate species to interact with its cell surface receptors. By| ps-induced cytokine production was greatest with the natural
comparing the biological responses initiated by the synthetic g, heterogeneolR. sinl LPS, it is to be expected that, by
lipid A derivatives andR. sinl LPS, the gluconolactone moiety modifying the lipid pattern or addition of a KDO moiety,

of R. sinl LPS appears to be important for antagonizing enteric ¢compounds can be obtained that are equally or more potent than
LPS-induced cytokine production. The fatty acylation pattern the R. sin1 LPS.

of naturalR. sinl LPS is heterogeneod3and the fact that the _ _

synthetic compound is a less potent antagonist may be due toExperimental Section

a fatty acid substitution that is not optimal for this property. General Synthetic Methods.Column chromatography was per-
Also, the absence of a KDO moiety may reduce the biological formed on silica gel 60 (EM Science, 7230 mesh), size exclusion

TNF-00 mRNA

Relative Quantity of

0-

activity of the synthetic compound. column chromatography was performed on Sephadex model LH-20
At the TNFoo mRNA level, the antagonistic effect 4B was (i-PrOH-DCM or MeOH-CH,Cly, 1/1, viv elution) or G-25 (water
further examined and compared to the antagdRistin1 LPS elution) columns. HPLC chromatography was performed on a Prodigy

5u Silica 100 A column (250 mnmx 10 mm, CHCl,—ethyl acetate
elution). Reactions were monitored by thin-layer chromatography (TLC)

on Kieselgel 60 k4 (EM Science), and the compounds were detected
ug/mL), 11(1ug/mt), or13(1 or 10ug/mL), and then exposed by examination under UV light and by charring with 10% sulfuric acid

to 6 ng/mLE. coli LPS (Figure 5). Preincubation of cells with in MeOH. Solvents were removed under reduced pressuret@rC.

compound11 resulted in TN mRNA levels that were  cp,cl,, (CICH,),, and MeCN were distilled from CaHtwice) and
indistinguishable from those of cells incubated viithcoli LPS stored over molecular sieves (3 A). Tetrahydrofuran (THF) was distilled

alone. In contrast, compountB produced a dose-dependent from sodium directly prior to the application. MeOH was dried by
inhibition of MRNA gene expression. TFgene expression  refluxing with magnesium methoxide and then was distilled and stored

and the inactive compouridl. In these experiments, Mono Mac
6 cells were preincubatedrfd h with eitherR. sinl LPS (1
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under argon. Pyridine was dried by refluxing with Gadhd then was
distilled and stored over molecular sieves (3 A). Molecular sieves (3

Synthesis of Phenyl 30-Acetyl-6-O-(3-O-acetyl-4,60-benzylidene-
2-deoxy-2-phthalimidoff-p-glucopyranosyl)-2-azido-40-benzyl-2-

and 4 A), used for reactions, were crushed and activated in vacuo atdeoxy-1-thio-a-p-glucopyranoside (5)A mixture of donor2 (92 mg,

390 °C during 8 h in thefirst instance and then for-23 h at 390°C
directly prior to application. Optical rotations were measured with a
Jasco model P-1020 polarimet#i NMR and3C NMR spectra were

0.16 mmol), accepto4 (59 mg, 0.14 mmol) and activated molecular
sieves (4 A, 200 mg) in DCM (1.5 mL) was stirredrfd h under an
atmosphere of argon at room temperature. Silver trifluoromethane-

recorded with Varian spectrometers (models Inova500 and Inova600) sulfonate (216 mg, 0.84 mmol) and potassium carbonate (580 mg, 0.84

equipped with Sun workstationd NMR spectra were recorded in
CDCl; and referenced to residual CHGIt 7.24 ppm, and’C NMR
spectra were referenced to the central peak of GREI77.0 ppm.

Assignments were made by standard gCOSY and gHSQC. High-

mmol) then were added, and the reaction mixture was stirred for 2 h
until TLC analysis indicated that reaction had gone to completion. The
reaction mixture was diluted with DCM (10 mL), the solids were filtered

off, and the residue was washed with DCM (3 times, 10 mL). The

resolution mass spectra were obtained on a Bruker model Ultraflex combined filtrate (40 mL) was washed with aqueous saturated NgHCO
MALDI —TOF mass spectrometer. Signals marked with a subscript L (15 mL) and HO (3 times, 20 mL). The organic phase was dried

symbol belong to the biantennary lipid at G-®hereas signals marked
with a subscript L symbol belong to the C-28 side chain. Signals

(MgSQy) and filtered, and the filtrate was concentrated in vacuo. The
residue was purified by silica gel column chromatography (4% gradient

marked with a subscript S symbol belong to the monoantennary lipids ethyl acetate in toluene), followed by crystallization from diethyl ether

at C-2, C-3, and C-3 Signals marked with an asterisk may be
interchangeable.

Synthesis of Phenyl 39-Acetyl-4,6-O-benzylidene-2-deoxy-2-
phthalimido-1-selenof-p-glucopyranoside (2).Acetic anhydride (10
mL) was added dropwise to a solution of selenoglycodiqé.48 g,
8.36 mmol) in pyridine (20 mL). After 16 h, the reaction mixture was

hexane to afford as white crystals (98.5 mg, 83%R: = 0.67 (ethyl
acetate/toluene, 3/7, viv)p]?%, —48.8 (c, 0.70, CHC)). H NMR
(300 MHz, CDC¥): 6 =6.87—7.56 (m, 19H, aromatic), 5.90 (dd, 1H,
Jz4 = 9.0 Hz, H-3), 5.54 (d, 1H,J;, = 5.5 Hz, H-1), 5.53 (d, 1H,
Jrz = 85 Hz, H-1), 5.52 (s, 1H,>CHPh), 5.27 (dd, 1HJs4 = 9.2
Hz, H-3), 4.42 (dd, 1HJ> 3 = 10.0 Hz, H-2), 4.27-4.43 (m, 2H,

quenched with MeOH (15 mL), concentrated, coevaporated with toluene H-5.5), 4.08 (dd, 2HJ, = 11.0 Hz, G12Ph), 4.03 (dd, 1HJs6a= 1.7

(3 times, 15 mL), and dried in vacuo. The residue was purified by
silica gel column chromatography (10% gradient ethyl acetate in
hexane) to affor@ as a colorless syrup (4.42 g, 92%), which was then
crystallized from a diethyl ethethexane mixtureRs = 0.51 (ethyl
acetate/hexane, 2/3, viviiJ?% +2.6° (c 0.48, CHCJ). *H NMR (300
MHz, CDCLk): ¢ = 7.18-7.90 (m, 14H, aromatic), 6.00 (d, 1Bk, =

8.7 Hz, H-1), 5.87 (dd, 1H); 4= 9.2 Hz, H-3), 5.52 (s, 1H; CHPh),
4.35-4.50 (m, 2HJ, 3= 9.2 Hz, H-2,6a), 3.6%3.86 (m, 3H, H-4,5,6b),
1.85 (s, 3H, COCH). *3C NMR (75 MHz, CDC}): 6 = 169.8 (G=0),
123.6-136.9 (aromatic), 101.8ZHPh), 101.5 (C-1), 79.4 (C-4), 71.6
(C-3), 70.5 (C-6), 68.6 (H-5), 55.6 (C-2), 20.6 (CHz). HR MS
(m/2) for C9H2sNO;SeNa: caled, 602.0696; found, 602.0697. (NMR
data given graphically in the Supporting Information.)

Synthesis of Phenyl 39-Acetyl-2-azido-4O-benzyl-2-deoxy-1-
thio-a-p-glucopyranoside (4). Phenylthiotrimethylsilane (2.2 mL,
11.67 mmol) and Znl(3.72 g, 11.67 mmol) were added to the stirred
solution of 1,6-anhydro glucopyrano8¢1.24 g, 3.89 mmol) in 1,2-
dichloroethane (35 mL). The reaction mixture was stirred for 16 h and
then diluted with DCM (35 mL); the solids then were filtered-off

Hz, Jsaeo= 11.0 Hz, H-6a), 3.693.89 (m, 5H, H-2,46b,8a,8b), 3.47
(dd, 1H,Js5 = 9.6 Hz, H-4), 1.89, 1.91 (2s, 6H, 2 COCH;). 1*C
NMR (75 MHz, CDCE): 6 = 123.85-135.43 (aromatic), 101.82
(CHPh), 98.98 (C-), 87.34 (C-1), 78.67 (C-}% 76.44 (C-4), 75.00
(CH,Ph), 73.51 (C-3), 70.88 (C-5), 70.02 (©;368.73 (H-5), 68.28
(C-6), 67.17 (C-, 62.12 (C-2), 55.49 (C‘p 21.23 (2x COCHj).
HR MS (m/2) for C44H42N4O12SNa: calcd, 873.2418; found, 873.2286.
(NMR data given graphically in the Supporting Information.)

Synthesis of R)-3-Octacosanoyloxy-hexadecanoic Acid (6)A
mixture of 2-(4-bromophenyl)-2-oxoethyR)-3-hydroxyhexadecanoate
(1.23 g, 2.62 mmol) and octacosanoyl chloride, freshly prepared from
commercial octacosanoic acid (2 g, 4.72 mmol) and thionyl chloride
(10 mL) refluxed for 2 h, in pyridine (15 mL) and (dimethylamino)-
pyridine (DMAP) (cat.), was stirred for 16 h. The reaction then was
quenched with MeOH (5 mL) and concentrated under reduced pressure;
the residue was dissolved in DCM (50 mL) and washed with 1 M
aqueous HCI (2 times, 20 mL) and brine (2 times, 20 mL). The organic
phase was dried (MgSPand filtered, and the filtrate was concentrated
in vacuo.The residue was purified by silica gel column chromatography

through a pad of Celite and the residue was washed with DCM (3 times, (10% gradient ethyl acetate in DCM) to afford 2-(4-bromophenyl)-2-
10 mL). The combined filtrate was washed with saturated aqueous 0Xoethyl R)-3-octacosanoyloxyhexadecanoate as a colorless syrup (2.22

NaHCGQ; (3 times, 50 mL) and brine (40 mL). The organic phase was
dried (MgSQ) and filtered, and the filtrate was concentrated in vacuo.
The residue was treated with a mixture of TFA (5 mL), DCM (25 mL),
and water (400 mL) for 10 min at room temperature; the mixture then
was diluted with DCM (75 mL) and washed with water (50 mL),
saturated aqueous NaHEQ times, 30 mL), and water (3 times, 40
mL). The organic phase was dried (Mgg@nd filtered, and the filtrate
was concentrateth vacuo. The residue was purified by silica gel

g, 97%): R = 0.70 (DCM).*H NMR (300 MHz, CDC}): 6 = 7.70
(dd, 4H, aromatic), 5.225.35 (m, 3H, H-3, CH), 2.64-2.81 (m, 2H,
H-2a,2b), 2.30 (pt, 2H, H‘&,2b), 1.56-1.71 (m, 4H, H-3a,3b,4a,4b),
1.20-1.38 [bs, 70H, H-(515),(4—27], 0.88 (pt, 6H, H-16,29. Zinc
dust (300 mg, 4.20 mmol) was added portion wise during 30 min to
2-(4-bromophenyl)-2-oxoethyR}-3-octacosanoyloxyhexadecanoate (147
mg, 0.168 mmol) in acetic acid (2.5 mL) and heated at’60 The
reaction mixture was stirred f®2 h at 60°C and then diluted with

column chromatography (3% gradient ethyl acetate in hexane) to afford DCM (10 mL); the solids were filtered off through a pad of Celite,

4 as a white foam (1.15 g, 69%J: = 0.25 (ethyl acetate/hexane, 3/7,
vIV); [a]?% +99.4 (c, 1.16, CHCJ). *H NMR (300 MHz, CDC}): 6

= 7.26-7.51 (m, 10H, aromatic), 5.59 (d, 1K;, = 5.5 Hz, H-1),
5.43 (dd, 1HJ34 = 10.0 Hz, H-3), 4.64 (dd, 2H], = 12.0 Hz, GH.-
Ph), 4.26-4.34 (m, 1H, H-5), 3.91 (dd, 1H, 3= 10.5 Hz, H-2), 3.75
3.82 (m, 2H, H-6a,6b), 3.71 (dd, 1H;5 = 9.5 Hz, H-4).13C NMR
(75 MHz, CDCE): 6 = 169.8 (G=0), 127.7137.5 (aromatic), 86.9
(C-1), 75.8 (C-4), 74.7GH,Ph), 73.3 (C-3), 72.2 (C-5), 61.2 (C-6),
62.3 (C-2), 20.8 (CQH3). HR MS (W/2) for C21H23N30sSNa: calcd,
452.1256; found 452.0983. Tlfkanomer of4 was also identified and
isolated as a white foam (197 mg, 12%% = 0.33 (ethyl acetate/
hexane, 3/7, v/v). Selectéti NMR data: 4.55 (d, 1HJ;,= 10.0 Hz,
H-1). (NMR data given graphically in the Supporting Information.)

and the residue was washed with DCM (3 times, 5 mL). The combined
filtrate (~25 mL) was concentrated in vacuo. The residue was purified
by silica gel column chromatography (5% gradient ethyl acetate in
toluene) to affords as a white solid (110 mg, 97%)R = 0.40 (ethyl
acetate/toluene, 1/4, vivia]*s —8.C° (c, 0.64, CHCJ). 'H NMR (300
MHz, CDCk): 6 =5.21 (m, 1H, H-3), 2.532.70 (m, 2H, H-2a,2b),
2.28 (pt, 2H, H-23,2b) 1.42-1.71 (m, 4H, H-3,3b,4a,4b), 1.27 [bs,
70H, H-(5-15), (4—27)], 0.88 (pt, 6H, H-16,28). HR MSn{/z) for
CuHgeOs:  calcd, 678.6526; found, 678.6489. (NMR data given
graphically in the Supporting Information.)

Synthesis of Phenyl 2-Azido-49-benzyl-6-O-{4,6-O-benzylidene-
2-deoxy-2-[R)-3-octacosanoyloxy-hexadecan]amidf-p-glucopy-
ranosyl}-2-deoxy-1-thio-a-p-glucopyranoside (7).To a solution of
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5 (100 mg, 0.117 mmol) im-butanol (10 mL), ethylenediamine (2  solution of7 (755 mg, 0.583 mmol) and 1,3-propanedithiol (1.2 mL,
mL, 30 mmol) was added and stirred for 20 h at°@ The reaction 11.65 mmol) in pyridine (41 mL) and 4 (5.8 mL). The reaction
mixture was concentrated in vacuo to dryness and coevaporated withmixture was stirred for 16 h at room temperature and then evaporated
toluene (2 times, 10 mL). The residue was purified by silica gel column in vacuo to dryness and coevaporated with toluene (2 times, 10 mL)
chromatography (2% gradient methanol in DCM) to afford phen@-6- and ethanol (2 times, 10 mL). The residue was purified by silica gel
(2-amino-4,60-benzylidene-2-deoxy-p-glucopyranosyl)-2-azido-4- column chromatography (2% gradient methanol in DCM) to afford
O-benzyl-2-deoxy-1-thiax-b-glucopyranoside as a colorless syrup (67.4 phenyl 2-amino-49-benzyl-60-{4,6-O-benzylidene-2-deoxy-2R)-

mg, 91%): R = 0.55 (methanol/DCM, 1/9, v/v). Dicyclohexylcarbo-
diimide (DCC) (87 mg, 0.42 mmol) was added to a solutios ¢£90.5
mg, 0.281 mmol) in DCM (5 mL) and stirred for 10 min, followed by

3-octacosanoyloxy-hexadecan]amjél@-glucopyranosyl-2-deoxy-1-
thio-a-p-glucopyranoside as a colorless syrup (693 mg, 94%)=
0.45 (methanol/DCM, 1/9, v/v}H NMR (300 MHz, CDC}): ¢ =

the addition of the previously mentioned amino derivative (178.7 mg, 7.22-7.58 (m, 15H, aromatic), 5.80 (d, 1Byn2 = 5.8 Hz, NH), 5.52
0.281 mmol) in DCM (3 mL). The reaction mixture was stirred for 16 (s, 1H,>CHPh), 5.47 (d, 1HJ; , = 5.4 Hz, H-1), 5.02 (m, 1H, H+3,
h at room temperature, the solids were filtered off, and the residue 4.82 (dd, 2HJ, = 11.2 Hz, GH,Ph), 4.73 (d, 1HJ: > = 8.3 Hz, H-1),
was washed with DCM (2 times, 10 mL). The combined filtrate was 4.34-4.40 (m, 1H, H-5), 4.32 (dd, 1Hls g2 = 4.9 Hz,Jgaer = 10.2
concentrated in vacuo. The residue was purified by silica gel column Hz, H-6a), 4.15 (dd, 1HJs6a= 2.0 Hz,Jsaep= 11.2 Hz, H-6a), 4.11

chromatography (4% gradient diethyl ether in DCM) to aff@rds a
white solid (340 mg, 93%)R; = 0.35 (diethyl ether/DCM, 3/17, v/v).
H NMR (300 MHz, CDC}): ¢ = 7.26-7.52 (m, 15H, aromatic), 5.75
(d, 1H,Inw2 = 6.3 Hz, NH), 5.55 (d, 1HJ, > = 5.3 Hz, H-1), 5.50 (s,
1H, >CHPh), 4.96 (m, 1H, H-3, 4.76 (dd, 2H,J, = 11.2 Hz, G-
Ph), 4.66 (d, 1HJy > = 8.3 Hz, H-1), 4.34-4.38 (m, 1H, H-5), 4.28
(dd, 1H,Js 62 = 4.9 Hz, Jga e, = 10.3 Hz, H-6a), 3.92-4.11 (m, 3H,
H-3,3,6a), 3.76-3.82 (m, 3H, H-2,6b,6h, 3.39-3.53 (m, 4H,
H-2',4,4,5), 2.26 (dd, 2HJ 3 = 7.3 Hz, H-2/), 2.23 (dd, 1HJ1a3.
= 3.3 HZ,\]2|_'51'2|_b =145 HZ, H-Za), 2.13 (dd, 1H,Jng,3L =49 HZ,
H-2.v), 1.10-1.60 [m, 74H, H-(4—15), (30—27.)], 0.83 (m, 6H,
H-16,,28 ). *C NMR (75 MHz, CDC}): 6 = 127.0-133.0 (aromatic),
102.6 ¢CHPh), 101.5 (C-9, 87.8 (C-1), 82.0 (C-3,79.1 (C-4), 75.4

(dd, 1H,J3 4 = 9.3 Hz, H-3), 3.84 (dd, 1H,Js6, = 5.0 Hz, H-6Db),
3.75 (dd, 1H,Js 6 = 10.2 Hz, H-8b), 3.40-3.62 (m, 5H, H-23,4,4,5),
3.04 (dd, 1HJ, 3= 10.3 Hz, H-2), 2.27 (dd, 1H]. 53 = 7.8 H, H-2)),
2.22 (dd, lH,]gLa,gL =7.8 HZ,JzLa,ZLb =14.7 HZ, H-Za), 2.11 (dd, 1H,
Jaba = 4.4 Hz, H-2v), 1.00-1.75 [m, 74H, H-(4—15)), (3.—27.)],
0.83 (m, 6H, Hz-16,28 /). *3C NMR (75 MHz, CDC}): 6 = 125.00~
132.00 (aromatic), 101.7CHPh), 100.96 (C-1, 91.88 (C-1), 80.96
(C-4)*, 77.50 (C-4)*, 74.31 (C-3), 73.810H,Ph), 71.03 (C-5,3, 70.49
(C-3), 68.28 (C-6), 69.19 (C*p 66.11 (C-5), 56.56 (C-2), 49.02 (C-
2),42.11 (C-2), 34.20 (C-2), 25.12-26.00, 29.64 [C-(4¢—15)), (3.—
27.)], 23.16 (G-16,,28 ). DCC (43 mg, 0.21 mmol) and DMAP (4.3
mg, 0.035 mmol) were added to a stirred solutiorBq61 mg, 0.14
mmol) in DCM (3 mL) and stirred for 10 min, followed by addition of

(CH,Ph), 74.9 (C-3), 72.0 (C¢3, 71.1 (C-5,3), 69.2 (C-6a), 68.8 (C-
6'), 67.1 (C-5), 64.7 (C-2), 59.3 (C-2, 42.8 (C-2), 35.0 (C-2), 31.0
[C-(5.—15), (40—270)], 25.2 (C-4,3), 25.9 (C-16, 28 ). HR MS
(m/2) for CzeH120N4O1:SNa: caled, 1319.8572; found, 1319.8512. (NMR
data given graphically in the Supporting Information.)

the previously mentioned amino derivative (45 mg, 0.035 mmol) in
DCM (1.5 mL). The reaction mixture was stirred for 16 h at room
temperature, the solids were filtered off, and the residue was washed
with DCM (2 times, 10 mL). The combined filtrate was concentrated
in vacuo. The residue was purified by silica gel column chromatography

Synthesis of R)-3-Octacosanoyloxy-hexadecanoic Acid 8Tri-
fluoromethanesulfonic acid (TfOH) (8,4, 0.10 mmol) was added to
a stirred solution of 2-(4-bromophenyl)-2-oxoethi®)<3-hydroxyhexa-

(3% gradient ethyl acetate in DCM) to affofdas a white solid (51.2
mg, 63%): R = 0.40 (ethyl acetate/DCM, 1/9, viv)a]?*%s +14.9 (c
1.4, CHC}). *H NMR (300 MHz, CDC}): 6 = 7.00-7.41 (m, 30H,

decanoate (300 mg, 0.64 mmol) and benzyl trichloroacetimidate (178 aromatic), 6.46 (d, 1HJnn2 = 8.3 Hz, 2-NH), 5.70 (d, 1HJ).>= 5.3

uL, 0.96 mmol) in DCM (3.5 mL) at OC. The reaction mixture was

stirred for 22 h and then diluted with DCM (35 mL) and washed with

saturated aqueous NaHEQ times, 20 mL) and water (2 times, 20
mL). The organic phase was dried (Mgg@nd filtered, and the filtrate

was concentrated in vacuo. The residue was purified by silica gel
column chromatography (2% gradient ethyl acetate in toluene), followed

by crystallization from diethyl ether to afford 2-(4-bromophenyl)-2-

oxoethyl R)-3-benzyloxyhexadecanoate as white crystals (315 mg,

88%): R = 0.65 (ethyl acetate/toluene, 1/9, v/#i NMR (300 MHz,
CDCls): ¢ = 7.20-7.80 (m, 9H, aromatic), 5.26 (ps, 2H, @H4.56
(dd, 2H,J, = 11.4 Hz, GH,Ph), 3.94 (m, 1H, H-3), 2.79 (dd, 1Hza3
=71 HzlJZa,Zb: 15.3 Hz, H-2a), 2.65 (dd, 1H]vag: 5.5 Hz, H-Zb),
1.55-1.72 (m, 1H, H-4), 1.351.45 (m, 2H, H-5,15), 1.30 [bs, 18H,

Hz, H-1), 5.59 (d, 1HJn 2 = 8.3 Hz, 2-NH), 5.37 (s, 1H,> CHPh),
5.37 (dd, 1HJz 4 = 9.3 Hz, H-3), 5.24 (dd, 1HJs4 = 8.8 Hz, H-3),
4.95 (m, 1H, H-3), 4.80 (d, 1H,Jy » = 8.3 Hz, H-1), 4.37-4.61 (m,
9H, H-2, 4 x CH,Ph), 4.33 (m, 1H, H-5), 4.29 (dd, 1H56a = 5.5
Hz, Jsasp = 11.0 Hz, H-6a), 3.64-4.00 (m, 8H, H-24,6a,6b,&, 3
x H-3g), 3.60 (dd, 1H)s 5 = 9.3 Hz, H-4), 3.48 (m, 1H, H-5, 1.90-
2.64[m, 10H, H-24,2,5,2 12,25, 3 x H-2542st], 1.05—1.63 (M, 146H,
H-(4.—15), (30—27.), 3 x H-(4s—15¢)], 0.85 (m, 15H, H-16,28,
3 x H-165). 13C NMR (75 MHz, CDC}): 6 = 125.0-131.5 (aromatic),
101.2 ¢ CHPh), 100.9 (C-1, 87.0 (C-1), 78.0 (C-3, 75.9 (C-4, 2x
C-3y), 75.2 (G-3), 74.5 CH,Ph), 73.0 (C-3), 71.2 (C-5), 70.9 (C)3
70.4-70.6 (3 x CH2Ph), 70.3 (C-B), 68.2 (C-6), 67.4 (C-6), 66.0
(C-B), 55.5 (C-2), 52.6 (C-2), 32.642.2 (C-2,2., 3 x C-2), 29.9

H-(6—14)], 0.88 (pt, 3H, H-16). The previously described synthesized [C-(4.—15), (3.—27.), 3 x H-(4s—15g)], 14.3 (C-16,28 , 3 x C-16).

benzyloxy-hexadecanoate (295 mg, 0.523 mmol) was subjected toHR MS (mz) for CissHo3dN2017SNa:

treatment with Zn/AcOH, as described for the synthesis,0find

purification by silica gel column chromatography (5% gradient ethyl

acetate in toluene) to affoi@as a colorless syrup (165 mg, 87%%

= 0.40 (ethyl acetate/toluene, 1/3, v/ivi]f% —8.2° (c 1.0, CHCY}).
IH NMR (300 MHz, CDC}): ¢ = 7.30-7.40 (m, 5H, aromatic), 4.58
(ps, 2H, CHPh), 3.95 (m, 1H, H-3), 2.58 (m, 2H, H-2a, 2b), 1-30
1.71 (m, 3H, H-4,5,15), 1.28 [bs, 18H, H-(@4)] 0.85 (pt, 3H, H-16).
HR MS (m/2) for Cx3H3e0s: caled, 362.2821; found, 362.2842. (NMR
data given graphically in the Supporting Information.)

Synthesis of Phenyl 49-Benzyl-6-O-{ 4,6-O-benzylidene-30-[(R)-
3-benzyloxy-hexadecanoyl]-2-deoxy-24R)-3-octacosanoyloxy-hexa-
decan]amidof-p-glucopyranosyl -2-[(R)-3-benzyloxy-hexadecan]-
amido-3-O-[(R)-3-benzyloxy-hexadecanoyl]-2-deoxy-1-thio-D-
glucopyranoside (9).Triethylamine ¢-1.25 mL) was added to a stirred

6110 J. AM. CHEM. SOC. = VOL. 125, NO. 20, 2003

calcd, 2326.6847; found,
2326.7550. (NMR data given graphically in the Supporting Informa-
tion.)

Synthesis of 40-Benzyl-6-0O-{4,6-O-benzylidene-30-[(R)-3-ben-
zyloxy-hexadecanoyl]-2-deoxy-2-R)-3-octacosanoyloxy-hexadecan]-
amido-f-p-glucopyranosyl -2-[(R)-3-benzyloxy-hexadecan]amido-
3-O-[(R)-3-benzyloxy-hexadecanoyl]-2-deoxg-b-glucopyranose (10).
N-lodosuccinimide (95 mg, 0.42 mmol) and TfOH (.5, 0.04 mmol)
were added to a stirred solution f(312 mg, 0.135 mmol) in DCM/
H-O (10 mL, 100:1) at OC. The reaction mixture was vigorously stirred
for 30 min at 0°C until TLC analysis indicated that the reaction had
gone to completion. The reaction mixture was diluted with DCM (20
mL) and washed with aqueous 05 (20%, 20 mL) and water (3
times, 20 mL). The organic phase was dried (Mgsand filtered, and
the filtrate was concentrated in vacuo. The residue was purified by
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silica gel column chromatography (1% gradient methanol in DCM) to
afford 10 as a white solid (250 mg, 84% = 0.45 (methanol/DCM,
1/19, v/v).*H NMR (300 MHz, CDC}): 6 = 7.00-7.38 (m, 30H,
aromatic), 6.26 (d, 1HJyu2 = 9.8 Hz, 2-NH), 5.90 (d, 1HJ\n2 =

8.3 Hz, 2-NH), 5.41 (s, 1H,>CHPh), 5.406-5.36 (m, 2H, H-3, H-3,
5.18 (d, 1H,Jy > = 8.3 Hz, H-1), 4.95 (m, 1H, H-3), 4.37-4.59 (m,
9H, H-2, 4x CH,Ph), 4.48 (d, 1HJ,» = 3.4 Hz, H-1), 4.36 (m, 1H,
H-6'a), 4.17 (m, 1H,J,3= 10.3 Hz, H-2), 4.03 (M, 1HJ5 6a= 6.8 Hz,
H-5), 3.92 (m, 1H, H-6a), 3.463.83 (m, 5H, H-6b,®,4,2',5), 3.35

(t, 1H, Js5 = 9.8 Hz, H-4), 1.96-2.64 [m, 10H, H-24,2,5,2,-5,2 ',

3 x H-2s4 3 x 2g), 1.05-1.63 (m, 146H, H-(4—15)), (3.—27),

3 x H-(4s—159)], 0.85 (m, 15H, H-16,28 , 3 x H-165). 3C NMR

(75 MHz, CDC}): 6 = 125.0-131.5 (aromatic), 105.5 (C-1), 101.4
(>CHPh), 100.9 (C-1, 78.1 (C-4), 75.7 (C-4), 74.48@H,Ph), 73.8
(C-3), 72.2 (C-5), 71.2 (C*B 70.4-70.7 (3x CH,Ph), 70.31 (C-3),
68.2 (C-6), 67.2 (C-6), 66.1 (C-, 57.0 (C-2), 53.5 (C-2), 32.06
42.20 (C-2,2,, 3 x C-2), 29.88 [C-(4—15.), (B —277), 3 x H-(4s—
155)], 14.33 (C-l@,za_v, 3x C-l%). HR MS (m/z) for Ci30H22dN201 6

Na: calcd, 2234.6728; found, 2234.6657. (NMR data given graphically
in the Supporting Information.)

Synthesis of 2-Deoxy-83-{ 2-deoxy-30-[(R)-3-hydroxy-hexade-
canoyl]-2-[(R)-3-octacosanoyloxy-hexadecan]amidg-p-glucopyra-
nosyl -2-[(R)-3-hydroxy-hexadecan]amido-39-[(R)-3-hydroxy-hexa-
decanoyl]-o-p-glucopyranose (11)The lactol10 (30 mg, 0.135 mmol)
was dissolved in THFEtOH (2 mL, 1/1, v/v) and Pd/C (30 mg) and
2 M aqueous HCI (5@L) were added. The reaction mixture was stirred
under H for 40 h at room temperature. The catalyst then was filtered
off and washed subsequently with THF (2 times, 10 mL), EtOH (2
times, 5 mL), and DCM (2 times, 10 mL), and the filtrate was
concentrated. The residue was purified by silica gel column chroma-
tography (2% gradient methanol in DCM) and size exclusion column
chromatography on a Sephadex model LH-20 coluiriArQH/DCM,
1:1, v/v) to afford11 as a white solid (15.9 mg, 67%)0]?% —20.7
(c, 0.56, CHCJ). 'H NMR (500 MHz, CDC}): 6 = 4.93 (dd, 1HJ34
= 8.8 Hz, H-3), 4.814.90 (m, 2H, H-3, H-1), 4.71 (d, 1HJy» =
8.0 Hz, H-1), 3.70-3.85 (m, 5H, H-2,5,6a, % H-3g), 3.57-3.65 (m,
3H, H-2,6a,%), 3.45-3.52 (m, 2H, H-6b,6%, 3.60 (dd, 1HJs5 =
9.3 Hz, H-4), 3.49 (dd, 1HJ,5 = 9.3 Hz, H-4), 3.12-3.19 (m, 1H,
H-5'), 1.95-2.33 (m, 10H, H-23,25,252 b, 3 x H-2g5525p), 1.02—
1.73 [m, 146H, H-(4—15)), (30—27.), 3 x H-(4s—159)], 0.63 (m,
15H, H-16,28 , 3 x H-16g). *C NMR (75 MHz, CDC}): 6 = 105.61
(C-1), 95.55 (C-1), 80.01 (C-F), 78.36 (C-3), 75.44 (C+3, 74.61
(C-5), 73.08 (C-6), 72.88 (C-4), 71.502.86 (C-4, 3 x C-3), 66.04
(C-6), 57.70 (C-2), 56.39 (C-2), 44.7646.20 (C-2,2-, 3 x C-2),
28.00-37.00 [C-(4—15), (30—27.), 3 x C-(4s—15¢)], 18.07 (C-
16,28, 3 x C-165). HR MS (W2 for CjoiH10dN018Na: calcd,
1786.4537; found, 1786.4683. (NMR data given graphically in the
Supporting Information.)

Synthesis of 40-Benzyl-6-O-{4,6-O-benzylidene-30-[(R)-3-
benzyloxy-hexadecanoyl]-2-deoxy-24R)-3-octacosanoyloxy-hexa-
decan]amidof-b-glucopyranosyl -2-[(R)-3-benzyloxy-hexadecan]-
amido-3-O-[(R)-3-benzyloxy-hexadecanoyl]-2-deoxp-glucono-1,5-
lactone (12). A mixture of 10 (14.0 mg, 6.3umol) and activated
molecular sieves (3 A, 20 mg) in DCM (1.0 mL) was stirred 2ch at

room temperature under an atmosphere of argon. Pyridinium chloro-

Hsi-3, H-4,6b,6b,2), 3.69 (t, 1H,Jsn5 = 9.77 Hz, H-6b), 3.50-3.57
(m, 4H, H-8,2,4',6b), 1.93-2.30 (m, 10H, H-24,252 4,25, 3 x
H-2542sp), 1.00-1.75 [m, 146H, H-(4—15)), (3.—27."), 3 x H-(4s—
159)], 0.62 (m, 15H, H-16,28 ', 3 x H-16s). 1°C NMR (75 MHz,
CDCl): 6 = 125.0-128.2 (aromatic), 101.2 (C91 100.8 ¢ CHPh),
78.3 (C-4,5), 74.9 (3x C-3), 73.5 CH,Ph, C-4), 71.3 (C-3), 70.6
(C-3, CHyPh), 70.4 (2x CH,Ph), 70.0 (C-3), 67.9 (C-6), 67.9 (C-
6'), 65.4 (C-5), 54.1 (C-2), 52.4 (C-2), 37.6-40.3[C-2,2, 3 x C-24,
20.3-33.8 (C-(4—15.), (3.—27.), 3 x C-(4s—159)], 13.9 [C-16,28.,

3 x C-165]. HR MS (m/2) for CiadH224N-01gNa: calcd, 2232.6572;
found, 2232.6703. (NMR data given graphically in the Supporting
Information.)

Synthesis of 2-Deoxy-89-{ 2-deoxy-3O-[(R)-3-hydroxy-hexade-
canoyl]-2-[(R)-3-octacosanoyloxy-hexadecan]amidf-p-glucopy-
ranosyl} -2-[(R)-3-hydroxy-hexadecan]amido-30-[(R)-3-hydroxy-
hexadecanoyl]p-glucono-1,5-lactone (13)The lactonel2 (8.0 mg,
0.0036 mmol) was dissolved in TH#-PrOH (1 mL, 1:3) and Pd/C
(10 mg) was added. The reaction mixture was shaken ungét
psi) for 36 h at room temperature. The catalyst then was filtered off
and washed successively with THF (2 times, 10 mL), EtOH (2 times,
5 mL), and DCM (2 times, 10 mL), and the combined filtrate was
concentrated. The residue was purified by Florisil column chromatog-
raphy (2% gradienti-PrOH in DCM) and size exclusion column
chromatography on a Sephadex model LH-20 coluirrQH/DCM,

1:1, v/v) to afford13 as a colorless film (2.1 mg, 33%R = 0.35
(MeOH/DCM, 1/9, viv); p]?%p —26.52 (c 0.22, CHCY). 'H NMR
(600 MHz, CDCHCD50D, 1/1, v/v): 6 = 5.39 (t, 1H,J34 = 9.8 Hz,
H-3), 5.09 (m, 1H, H-3), 4.97 (t, 1H,J3.» = 9.3 Hz, H-3), 4.55 (1H,
H-17), 4.32 (m, 1H, H-5), 4.17 (m, 1HL 3 = 10.3 Hz, H-2), 4.13 (m,
1H, H-6a), 3.95 (m, 1H, H-4), 3.813.85 (m, 2H, H-2 H-6l7), 3.70-
3.76 (m, 1H, H-64 H-6b), 3.54 [t, 1HJs 5 = 9.3 Hz, H-4], 3.33 (m,
1H, H-5), 2.13-2.55 (m, 10H, H-23,2,6,2, /3,2 b, 3 x H-2552sp), 1.02-
1.73 [m, 146H, H-(4—15), (3.—27), 3 x H-(4s—155)], 0.63 (m,
15H, H-16,28 ', 3 x H-165). HR MS (12) for CyoH10dN015Na: calcd,
1784.4381; found, 1784.4586. (NMR data given graphically in the
Supporting Information.)

Reagents for Biological Experiments.E. coli 055:B5 LPS was
obtained from List Biologicals, and PMA was obtained from Sigma.
R. sinl LPS was kindly provided by Dr. R. Carlson (Complex
Carbohydrate Research Center, Athens, GA). All data presented in this
study were generated using the same batchds. abli 055:B5 LPS
andR. sinl LPS. Synthetic compounds were stored lyophilize¢t 20
°C and reconstituted in dry THF on the day of the experiment; final
THF concentrations in the biological experiments never exceeded 0.5%,
to avoid toxic effects.

Cell Maintenance. Mono Mac 6 cells, provided by Dr. H. W. L.
Ziegler-Heitbrock (Institute for Inhalationbiology, Munich, Germany),
were cultured in RPMI 1640 medium withglutamine (BioWhittaker)
supplemented with 10@g/mL penicillin, 100ug/mL streptomycin, 1%
OPI supplement (containing oxaloacetate, pyruvate, and bovine insulin;
supplied by Sigma), and 10% fetal calf serum (FCS; supplied by
HyClone). The cells were maintained in a humid 5% &@mosphere
at 37°C. New batches of frozen cell stock were grown every 2 months
and the growth morphology was evaluated. Before each experiment,
the Mono Mac 6 cells were incubated with 10 ng/mL calcitriol (Sigma)

chromate (7 mg, 0.03 mmol) then was added and the reaction mixture for 2 days, to increase expression of CD14.

was stirred fo 1 h until TLC analysis indicated that the reaction had
gone to completion. The reaction mixture was placed directly onto a
Florisil column, where it was purified by elution withPrOH/DCM
(1:1) to afford12 as a colorless film (12.3 mg, 88%WR: = 0.55 (diethyl
ether/DCM, 1/4, viv)H NMR (500 MHz, CDC}): 6 = 7.13-7.31

(m, 25H, aromatic), 5.60 (t, 1Hlz » = 9.8 Hz, H-3), 5.39 (s, 1H,
>CHPh), 5.31 (dd, 1HJs4 = 9.8 Hz, H-3), 5.04 (m, 1H, H+3, 4.93

(d, 1H,Jy > = 8.3 Hz, H-1), 4.78 (t, 1H,J,3 = 10.3 Hz, H-2), 4.36

4.59 (m, 9H, H-5, 4x CH,Ph), 4.27 (dd, 1HJ)5 6a = 5.5 HZ,Jsa6n =

10.3 Hz, H-6a), 4.01-4.04 (m, 2H, H-4,6a), 3.553.87 (m, 7H, 3x

ELISA TNF a.. Cells were harvested by centrifugation and gently
suspended (F&ells/mL) in a prewarmed (37C) medium. Cells were
then incubated with different combinations of stimuli for 6 h, as
described below. Cell supernatants were then collected and stored frozen
(—80 °C) until assayed for TNé& protein. Concentrations of TNF
protein in culture supernatants were determined in duplicate by a solid
phase sandwich ELISA. Briefly, 96-well plates (Nalge Nunc Interna-
tional) were coated with purified mouse antihuman DN&ntibody
(Pharmingen). TN& in standards and samples was allowed to bind to
the immobilized antibody fo2 h atroom temperature. Biotinylated
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mouse antihuman TNFE antibodies (Pharmingen) were then added, ng/50 L) using random hexamers from the TagMan RT reagents

producing an antibodyantigen-antibody “sandwich”. After the ad- (Applied Biosystems). In the PCR step, products were synthesized from

dition of avidin—horseradish peroxidase conjugate (Pharmingen) and cDNA (22.5 ng/20uL), using the Tagman universal PCR master mix

ABTS peroxidase substrate (Kirkegaard & Perry Laboratories), a green and TagMan predeveloped assay reagents for humamTHpplied

color was produced, the intensity of which was in direct proportion to Biosystems). Measurements were performed using the ABI Prism 7900

the amount of TNE. present in the sample. The reaction was stopped HT sequence detection system (Applied Biosystems), according to the

by adding peroxidase stop solution (Kirkegaard & Perry Laboratories), manufacturer’s protocols. As an endogenous control for these PCR

and the absorbance was measured at 405 nm using a microplate readejuantification studies, 18S ribosomal RNA gene expression was

(Dynatech Laboratories). All TNk data are presented as the mean measured using the TagMan ribosomal RNA control reagents (Applied

values, with the standard deviatioft$D), of duplicate cultures, with Biosystems). Results represent mean valugS) of triplicate

each experiment being repeated three times. measurements, with each experiment being repeated three times.
Preparation of RNA and Quantification of TNF o mRNA by

Real-Time Poly_mera_se Chain Reaction AnalysisCells were har- Acknowledgment. This work was supported by the National

yested by centrifugation an_d gently suspended (?xZEO6 celIs/n_1L) Institutes of Health (NIH GM 61761).

in a prewarmed (37C) medium. Cells were then incubated with the

indicated concentrations of the stimuli for 1.5 h, after which time cells ) ) ) .

were harvested and the total RNA was isolated with the Absolutely ~ Supporting Information Available: Various NMR spectra

RNA RT—PCR Miniprep Kit (Stratagene), according to the manufac- Of 2, 4—13 (PDF). This material is available free of charge via

turer's protocol. TN gene expression was quantified in a two-step the Internet at http://pubs.acs.org.

reverse transcriptionpolymerase chain reaction (RPCR). In the RT

step, cDNA was reverse-transcribed from each total RNA sample (625 JA029316S
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