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ABSTRACT: Most known synthetic toll-like receptor 4 (TLR4) agonists are carbohydrate-
based lipid-A mimetics containing several fatty acyl chains, including a labile 3-O-acyl chain
linked to the C-3 position of the non-reducing sugar known to undergo cleavage impacting
stability and resulting in loss of activity. To overcome this inherent instability, we rationally
designed a new class of chemically more stable synthetic TLR4 ligands that elicit robust innate
and adaptive immune responses. This new class utilized a diamino allose phosphate (DAP)
scaffold containing a nonhydrolyzable 3-amide bond instead of the classical 3-ester.
Accordingly, the DAPs have significantly improved thermostability in aqueous formulations
and potency relative to other known natural and synthetic TLR4 ligands. Furthermore, the
DAP analogues function as potent vaccine adjuvants to enhance influenza-specific antibodies
in mice and provide protection against lethal influenza virus challenges. This novel set of
TLR4 ligands show promise as next-generation vaccine adjuvants and stand-alone
immunomodulators.

■ INTRODUCTION
The rise of newly emerging and re-emerging infectious diseases
in the last couple of decades has prompted an upsurge in the
development of vaccines to prevent, combat, and provide global
health protection against infectious pathogens.1−3 In addition to
preventing infections, vaccines are also being developed to treat
cancer, addiction, asthma, and autoimmune diseases.4−6 The
effectiveness of vaccines can be further enhanced using
adjuvants, which contribute to directing the type and magnitude
of immune responses. Upon infection, adjuvants trigger an initial
innate immune response, limiting the early spread of infection by
reducing the pathogen burden to tolerable levels and
subsequently mediating events promoting the development of
acquired immune responses to eliminate all residual traces of
infection. Accordingly, adjuvants are critical components of both
subunit vaccines and certain inactivated vaccines, improving
both adaptive immune breadth and durability.7−10 The clinical
and commercial success of adjuvants also lies in their distinctive
physicochemical properties, which can be optimized to enable
long-term thermostable storage with minimum to no degrada-
tion and ease of formulation leading to vaccines being readily
available for distribution and administration when new threats
occur.

Notwithstanding the large number of adjuvants developed
thus far, only a few are in licensed vaccines, including aluminum
salts, emulsions, and toll-like receptor (TLR) agonists.7,9,11,12

While these approved adjuvants have acceptable safety profiles
and are considered effective in inducing humoral and cell-
mediated immunity, there remains a continued unmet need to

expand the repertoire of adjuvants available to combat new
pathogen threats and improve the safety and efficacy conferred
by existing vaccines. Additional challenges remain around
vaccine manufacturing, storage, and stability; thus, improve-
ments are required to increase their thermal stability in
pharmaceutical formulations.

Innate immunity has evolved as the front-line defense against
invading pathogens and acts through highly conserved pattern-
recognition receptors (PRRs) to coordinate the innate
inflammatory response to both endogenous and exogenous
stimuli and further shape adaptive immunity.13 Among the five
major families of PRRs, TLRs are best characterized and broadly
expressed on innate immune cells that recognize pathogen-
specific components of microbial invaders. Within minutes of
recognizing pathogen-associated molecular patterns (PAMPs),
TLR activation triggers the induction of cytokines and
costimulatory molecules, leading to the recruitment of cellular
mediators critical for initiating innate immunity and the
establishment of adaptive immunity. The high specificity and
downstream effects of TLR activation make these receptors an
attractive therapeutic target for vaccine adjuvants and
immunotherapy.14,15
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Among the ten different known human TLRs,16 TLR4 is the
specific sensor of lipopolysaccharide (LPS, endotoxin), one of
the molecular components of the Gram-negative bacteria outer
membrane. TLR4, expressed on the plasma membrane and
within the endosome of most innate immune cells, forms a stable
complex with its accessory molecule myeloid differentiation
factor 2 (MD-2) and recognizes LPS, resulting in an initial
innate immune response.17 Although LPS is a potent stimulator
of host defense systems, the acute inflammatory response
induced by LPS and its active principle component, lipid A,
preclude their use as adjuvants in human vaccines.18 Thus,
considerable effort has been directed toward the development of
both natural and synthetic lipid A mimetics, with simplified
structures and improved safety profiles for use as vaccine
adjuvants and stand-alone immunotherapeutic agents.19−22

In the course of our own structure−activity studies on a
detoxified but complex form of lipid A known as 3-O-desacyl
monophosphoryl lipid A (MPLA), a disaccharide TLR4 agonist,
we developed a new class of synthetic monosaccharide TLR4-
active glycolipids known as aminoalkyl glucosaminide 4-
phosphates (AGPs), capable of eliciting robust innate and
adaptive immune responses.23−26 These monosaccharide
compounds consist of three fatty acyl chains that are N- and
O-linked to an O-glucosaminyl ethylamine or serine backbone
(e.g., 1a−c, Figure 1). We demonstrated that minor structural
modifications to synthetic TLR4 agonists could alter signaling
selectivity27,28 (MyD88 vs TRIF bias in TLR4 agonists) and
convert agonist to antagonist responses.25 Engineered to
specifically trigger an innate immune response with varying
degrees of specificity, potency, and safety attributes, some of
these agonists, in addition to showing promise as vaccine
adjuvants,29−33 were also capable of eliciting nonspecific
protection against a wide range of infectious pathogens.34−37

As evidence of the validity of this approach, the TLR4 agonist
RC-52924 was approved for human use in a recombinant HBV
vaccine38 and another highly active TLR4 agonist,
GSK179509139 (agonist 1c25), completed a phase I clinical
trial for safety evaluation.40

Replacing the labile ester-linked secondary fatty acids of the
synthetic AGP 1b, known to be degraded in vivo by acyloxyacyl
hydrolase (AOAH),41 with alkyl chains in the TLR4 agonist 1c
improved the stability of this compound.25 However, 1c and
other approved or clinically tested TLR4 agonists, such as
MPLA adjuvant or glucopyranosyl lipid A (GLA), still contain
labile groups such as the primary ester at the 3-position and the
phosphate at the 4-position of the conserved glucosamine. Both
groups are susceptible to cleavage/migration during synthesis

and formulation; in particular, the deacylation of the 3-position,
the migration of the 4-phosphate group to the 6-position of the
glucosamine, or the byproduct formation of the 4,6-cyclic
phosphate,42 leading to decreased stability of these products
(unpublished results). Presumably, the lability of these groups
and of the acyloxyacyl chains led to GLA degradation in an
emulsion formulation after exposure to elevated temperatures.43

These deficiencies along with the natural heterogeneity of a few
TLR4 agonists (e.g., MPLA), stimulated our interest in
developing more stable and potent fully synthetic TLR4 ligands
(8a−c and 17a−c, Figure 1).

Our rational design toward developing a more stable synthetic
TLR4 agonist started with maintaining the phosphate
functionality and converting the equatorial 3-ester moiety of
the conserved glucosamine scaffold to the chemically more
stable 3-amide group, prompting the design of the D-(2,3)-
diamino allose phosphate (DAP) monosaccharides. The
carbohydrate entity in the DAP series is highly unique as the
3-position of D-allosamine (2-amino-2-deoxy-D-allose) is
deoxygenated and replaced with an amino group. D-Allosamine
is a “rare” sugar itself, found in natural products of bacteria,
exemplified in the formation of the core component of the
chitinase inhibitor allosamidin.44 Hence, D-2,3-diamino allose
(or 3-amino-3-deoxy D-allosamine) would be considered a
remarkable scaffold that has hardly been reported; therefore, it is
a viable addition to the “chemical space” used in medicinal
chemistry, in particular the space of TLR4 agonism. Since the
1920s, a large number of diverse LPS structures have been
reported, and many synthetic glycolipid TLR4 agonists have
been prepared; however, none of these include D-2,3-diamino
allose as the non-reducing carbohydrate component.14,44,45

The second modification included substituting the phosphate
group with chemically more stable bioisosteres. These
modifications culminated in the synthesis of a novel series of
synthetic lipid A mimetics 8a−c and 17a−c. The novel mimetics
exhibit TLR4 ligand specificity and high potency in peripheral
blood mononuclear cells (PBMCs), and more importantly,
these compounds have greatly improved aqueous thermo-
stability and a prolonged shelf life. These are crucial advantages
that can support a sustainable global supply of a temperature-
stable aqueous or lyophilized vaccine adjuvant and reflect
potential economic benefits through substantial cost savings in
appropriate storage and handling. Furthermore, we disclose
preliminary studies demonstrating these novel TLR4 ligands
function as adjuvants, enhancing influenza-specific antibody
responses in vivo. The DAP analogue 17a has also been shown
to provide nonspecific resistance to influenza challenges in mice

Figure 1. Structures of known synthetic TLR4 agonists GLA and 1a−c and new DAP monosaccharide TLR4 agonists 8a−c and 17a−c.
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following intranasal administration and mediate protection
against a lethal influenza challenge in a dose-dependent manner.

■ RESULTS AND DISCUSSION
Chemistry. Ester hydrolysis has been a major issue in the

synthesis of TLR4 agonists, leading to lower yields, difficult
preparations, in-process impurities, and reduced stability/shelf

life as seen with synthetic TLR4 agonist AGPs 1a−c; especially
the hydrolysis of the 3-O secondary ester (data not shown),
which is likely facilitated by its proximity to the phosphate on the
C-4 position. On the other hand, the amide moiety is a common
functional group present in many biologically active molecules,
including peptides and proteins and clinically approved,
synthetic, experimental, and naturally derived drug molecules.

Scheme 1. Synthesis of Intermediates 2a and 3aa

aReagents and conditions: (a) Ac2O, DMAP, TEA, CH2Cl2; 26%; (b) DPPA, DIAD, Ph3P, TEA, THF; 79%; and (c) (i) Me3P, 0.1 N NaOH, THF
and (ii) Ac2O, DMAP, TEA, CH2Cl2, 76% (2 steps).

Scheme 2. Synthesis of DAP TLR4 Agonists 8a−ca

aReagents and conditions: (a) (i) Me3P, 0.1 N NaOH, THF, and (ii) EDC.MeI, 4, CH2Cl2; 76% (2 steps); (b) (i) Pd/C, pyr, H2(g), THF:MeOH
(4:1) and (ii) EDC.MeI, 4, CH2Cl2; 66% (2 steps); (c) TFA, NaCNBH3, CH2Cl2; 93%; (d) (i) (BnO)2PNi-Pr2, DCI, CH2Cl2 then H2O2, (ii) Pd/
C, H2(g), THF, and (iii) TEA; 62% (3 steps); (e) (i) SO3.TEA, DMF, (ii) Pd(OH)2/C, H2(g), THF:MeOH (4:1), and (iii) TEA, 55% (3 steps);
and (f) (i) TfOCH2PO(OBn)2, LiHMDS, THF, (ii) Pd/C, H2(g), THF, and (iii) TEA, 27% (3 steps).
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Correspondingly, the amide bond has a prominent role in drug
design and development to allow an increase in potency,
enhanced selectivity, improvements of pharmacokinetic proper-
ties, and the acquisition of novel chemical space to secure
intellectual property. In this respect, an equatorial amide bond
on the 3-position of the aforementioned TLR4 agonists is a
rational modification to the labile equatorial 3-ester, ergo more
resistant to hydrolytic cleavage. However, such a carbohydrate
entity with a 3-equatorial amide is already present in nature, as
exemplified in Leptospira interrogans lipid A.46 Additionally,
converting the 3-equatorial hydroxyl group to the corresponding
3-equatorial amino group would require 4 sequential functional
transformations, which is not necessarily efficient.47−49 The
natural availability of LPS disaccharides containing 3-equatorial
amide groups and the synthetic complexity of incorporating
either a 3-equatorial amide or a hydrolytically susceptible 3-axial
ester50 led us to explore the incorporation of the more stable and
synthetically more accessible 3-axial amide.

The synthesis of compounds 8a−c and 17a−c bearing the
nonhydrolyzable 3-amide bond is outlined in Schemes 2 and 3.
Our synthetic strategy exploited an orthogonally protected
glucosamine by blocking the 4- and 6-positions as a 4,6-di-O-
benzylidene group (2 and 11, Schemes 2 and 3, respectively), a
well-established strategy in the synthesis of lipid A mimetics.51,52

The orthogonal protected glucosamine created a structural
motif amenable to further modifications, specifically the
incorporation of the 3-axial azido group early on and late-stage
derivatization at the fourth position. Prior to inverting the chiral
center at the C-3 position, we determined the chemical shift of
H-3 glucosamine for both 2 and its corresponding acetylated 2a
compound (Scheme 1) through a series of 1H and 1H−1H
COSY NMR experiments. The signal corresponding to H-3 in 2
appeared as a broad singlet at 3.68 ppm (Figures S1 and S2).

The chemical shift of the H-3 signal in 2 was further supported
by the strong down-shield shift of this signal in 2a appearing as a
triplet (J2,3 ≅ J3,4 = 10 Hz) at 5.21 ppm, as well as the clear
correlation of H-3 with H-2 and H-4 in the 1H−1H COSY
spectrum (Figures S4 and S5). The signal and chemical shift of
glucosamine H-3 in 2 are comparable with those reported by
Emmadi and Kulkarni for their 4,6-O-benzylidene-2-deoxy-2-
(2,2,2-trichloroethoxycarbonylamino)-1-thio-β-D-glucos-
amine.47 Once the H-3 signal in 2 was determined, we
proceeded with the chiral center inversion.

In contrast to double inversion, e.g., the Lattrell-Dax approach
(four synthetic steps),53 we exploited the Mitsunobu reaction, a
well-known single-step approach that proceeds under mild and
neutral conditions compatible with a wide range of functional
groups to convert the 3-hydroxyl group to 3-azide with inversion
of configuration.54,55

We first synthesized compound 8a, starting from the
orthogonally protected advanced intermediate 254 (prepared
in 7 steps and 28% overall yield), as shown in Scheme 2. A first
attempt to convert the equatorial 3-hydroxyl in 3 to a mesylate
before performing a SN2 displacement of the resulting mesylate
with sodium azide NaN3

49 failed to provide the desired
mesylate. Hence, we opted for the single-step approach using
the Mitsunobu reaction.

The Mitsunobu reaction on 2 was carried out with diphenyl
phosphoryl azide (DPPA), diisopropyl azodicarboxylate
(DIAD), and triphenylphosphine delivering the inverted axial
3-azido intermediate 3. The inclusion of the azide provided the
protected 2,3-deoxy-3-azido-2-amino allose scaffold set to
incorporate the acyl chains.

In an effort to determine the configuration of C-3 following
the Mitsunobu reaction, we attempted to produce compound 3
as a crystalline solid; however, these attempts only resulted in

Scheme 3. Synthesis of DAPs 17a−ca

aReagents and conditions: (a) BF3·Et2O, CH2Cl2, quantitative; (b) Mg(OCH3)2, CH3OH, 44%; (c) PhCHOMe2, CSA, CH3CN, 75%; (d) DPPA,
DIAD, PPh3, TEA, THF, 78%; (e) (i) Pd/C, H2(g), THF and (ii) 13, EDC.MeI, CH2Cl2, 63% (2 steps); (f) TFA, NaCNBH3, CH2Cl2, 84%; (g)
(BnO)2PNiPr2, DCI, CH2Cl2 then H2O2, 93%; (h) Pd/C, H2(g), THF; (i) LiOH, THF-H2O, 41% (17a), 63% (17b), 11% (17c); (j) TEA salting;
(k) SO3.TEA, DMF, 98%; (l) Pd(OH)2/C, TEA, H2(g), THF-CH3OH (4:1), 60%; and (m) (BnO)2POCH2OTf, LHMDS, THF, 36%.
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producing powder not amenable to X-crystallography. We then
reverted to a combination of NMR experiments and molecular
modeling. The 1H NMR spectrum of 3 revealed the H-3 signal
strongly deshielded at 4.31 ppm, overlapping with H-6a (Figure
S6). This signal is characteristic of the allo configuration, again
similar to what Kulkarni reported with 4,6-O-benzylidene-2-
deoxy-2-(2,2,2-trichloroethoxycarbonylamino)-1-thio-β-D-al-
losamine.47 To better determine the J coupling value of the
inverted C-3, Staudinger reduction of azide 3 to 3-amine and
acetylation (Scheme 1) effectively shifted the H-3 signal in 3a to
4.71 ppm as a narrow singlet, indicating a very small J2,3 ≅ J3,4
coupling corresponding to an equatorial H-3, thus confirming
the allo configuration (Figures S8 and S9). These characteristics
are in line with reported chemical shifts for allosamine
derivatives.47,50,56

While we established the allo configuration of 3, the SN2
displacement of equatorial 3-OH to its axial 3-N3 can potentially
result in two chair confirmations 3C.1 or 3C.2, as shown in
Scheme 1. The alternate conformation 3C.1, in which the C-3
azide is in pseudoequatorial orientation and both C-2 NHCbz
and C-4 O−CH of benzylidene are in pseudoaxial orientation,
would be unfavorable as 1,3-diaxial repulsion (dipole−dipole
repulsion) between C-2 and C-4 could occur. This was further
supported by energy minimization calculation performed on
both 3C.1 and 3C.2 using Chem3D modeling with 3C.2 having
the lowest energy value (Table S1 and Figure S49).

Having confirmed the chirality of C-3 following the
Mitsunobu reaction, we then proceeded with the synthesis by
initially performing a one-pot selective azido reduction and Cbz
group deprotection in the presence of the benzylidene acetal via
hydrogenation with Pd/C and a trace of pyridine, followed by
carbodiimide-mediated acylation with (R)-decanoyloxytetrade-
canoic acid 4,24 to obtain the triacyl intermediate 6. The
addition of a trace amount of pyridine poisoned the Pd catalyst,
preventing the reductive cleavage of the benzylidene ring.
Because of inconsistent yields, we then investigated a two-step
transformation involving a Staudinger reaction57,58 on 3,
followed by a carbodiimide-mediated monoacylation using 1-
(3-(dimethylamino)propyl)-3-ethylcarbodiimide methiodide
(EDC.Mel) with acid 4 to afford the monoacyl intermediate 5.
The Cbz groups were then selectively removed in the presence
of the benzylidene acetal using catalytic hydrogenolysis with Pd/
C and trace amounts of pyridine. Subsequent N,N-diacylation
with 4 furnished the desired triacyl intermediate 6. Regiose-
lective reductive ring opening of the benzylidene group in 6 led
to the common advanced intermediate (CAI) 6-O-benzyl 7.
Subsequent phosphorylation/oxidation at the 4-positon,
followed by benzyl deprotection and triethylamine (TEA)
salting afforded the first desired DAP compound 8a.

To date, many naturally occurring lipid A cores, detoxified
(e.g., MPLA) and synthetic lipid A mimetics (e.g., GLA and
AGPs), encompass the 2-amino-2-deoxy-glucose (glucosamine)
scaffold in the carbohydrate backbone and contain the classical
and yet labile ester bond at the 3-position. Replacing the ester
with an amide in compound 8a represents a unique, first-in-class
synthetic lipid A mimetic with a diamino allose core making way
for the development of a novel series of TLR4 ligands and
expanding the landscape for existing synthetic TLR4 agonists.

In addition to the labile 3-ester group, classical lipid A-based
natural and synthetic TLR4 agonists possess a labile phosphate
group at the 4-position. The 4-phosphate group is essential for
TLR4 activity because of its interaction with positively charged
residues in TLR4 and MD2 in the TLR4−MD2 complex.59

Phosphate esters are chemically stable in aqueous solutions at
physiological pH but are easily hydrolyzed by phosphatases in
vivo.60 They can also undergo cleavage and/or migration to the
6-position during synthesis, leading to less active compounds
(unpublished results). In an effort to further improve the
stability of these synthetic TLR4 ligands, we investigated the
effect of more stable phosphate bioisosteres on TLR4 activity by
synthesizing compounds 8b and 8c bearing sulfate or
methylphosphonate groups at the 4-position, respectively.
Sulfate groups are approximately tetrahedral, hence similar in
shape to phosphate groups, highly acidic,61 and fully ionized at
physiological pH. Methylphosphonates are also geometrically
and electronically similar to phosphates.62 Both of these
functional modifications onto sugars have been reported:
sulfation is commonly involved as a post-glycosylation
modification of carbohydrates or glycans,63 and methylphosph-
onates have been incorporated in oligonucleotides, metabol-
ically stable analogues of conventional DNA.64 However, the
inclusion of a methylphosphonate on the C-4 position of lipid A
mimetics has not been reported. Accordingly, the two phosphate
bioisosteres were introduced at the 4-position of CAI 7;
compound 8b was obtained in three steps by sulfation,65

subsequent benzyl deprotection, and TEA salting, and
compound 8c was prepared by alkylation with (bis(benzyloxy)-
phosphoryl)methyl trifluoromethanesulfonate,66 followed by
benzyl deprotection and TEA salting.

To further extend the potency range of our DAPs family, we
next sought to introduce the 3-amide bond to the synthetic
TLR4 agonist 1c containing a carboxyl group (bioisosteric with
the 1-phosphate moiety of lipid A).23,26 We previously reported
that replacing the secondary acyl chain 1b with a secondary alkyl
chain 1c does not affect TLR4 potency.25 The synthesis of 17a
was accomplished by stereoselective β-glycosylation of the
glycosyl donor 9 and N-Cbz L-serine methyl 10 using the
directing N-2-benzylformate (Cbz) group, followed by a series
of standard protecting group manipulations to produce
intermediate 11 (Scheme 3).

Treatment of 11 with the aforementioned Mitsunobu
conditions incorporated the inverted azido group on the 3-
position in 12. Although the L-seryl aglycon added complexity to
the 1H NMR spectra, the signal corresponding to H-3 in 11 at
3.75 ppm (partially obscured by the CH3 ester protons) was
deshielded to 4.33 ppm in 12 overlapping with the H-6a signal,
again characteristic to the allo configuration (Figures S22 and
S24). Initial attempts to convert the azide to the amine using the
Staudinger reaction failed. Alternatively, catalytic hydrogenol-
ysis of 12 followed by EDC-mediated N,N,N-triacylation with
the requisite (R)-3-decyloxytetradecanoic acid 1324 afforded the
triacyl intermediate 14 with no loss of the benzylidene acetal
group. Regioselective opening of the benzylidene acetal and
subsequent phosphorylation produced compound 16. The
remaining transformations included sequential hydrogenolysis,
hydrolysis with LiOH, and TEA salting to obtain the desired
DAP monosaccharide 17a.

The 6-benzyl intermediate 15 served as a common advanced
intermediate to replace the labile phosphate group with the
more stable sulfate and methylphosphonate bioisosteres. The
sulfate bioisostere 17b was obtained from 15 via a four-step
sequence involving sulfation, hydrogenolysis, hydrolysis, and
TEA salting. Removal of the benzyl group from the 6-position by
hydrogenolysis required more basic conditions, e.g., Pd(OH)2/
C and TEA.
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We followed a similar synthetic sequence to incorporate the
methylphosphonate to prepare 17c; however, the yields and
purification in each step (alkylation of 15 with (bis(benzyloxy)-
phosphoryl)methyl trifluoromethanesulfonate, followed by
hydrogenolysis and hydrolysis) were low and challenging,
resulting in limited production of 17c. Consequently, the
stability of 17c was not investigated. In addition, the limited
amount of 17c prevented the acquisition of highly resolved 1H
and 13C NMR spectra (Figures S36 and S37).

All new compounds in the DAP series were converted to the
TEA salt and were isolated in >95% purity (determined by RP-
HPLC, Figures S38−S43).
Stability. Since our primary objective was to improve the

thermostability of AGPs, we evaluated compounds 8a−c and
17a−b against known benchmarks 1a−c for stability when
formulated in isotonic nonbuffered 2% glycerol-based for-
mulations stored at 2−8 and 40 °C for 12 months. Because of
limited availability, the stability study on 17c was not conducted.

To evaluate the stability of the new compounds, the percent
relative purity in the formulations at different time points was
determined by RP-HPLC and the main degradants identified by
LCMS. In general, compounds 8a−c and 17a−b were found to
maintain high purity (>95%) at 2−8 °C relative to the
corresponding benchmarks 1a and 1c over 12 months,
demonstrating the introduction of the axial 3-amide on the 3-
position improved stability (Figure 2A). At 40 °C, all
compounds tested showed different rates of degradation;
however, series 8 and 17 had the lowest rate of degradation
relative to their benchmarks; in particular, the sulfate analogue
8b underwent less than 10% degradation after 1 year at 40 °C.
Not surprisingly, the loss of the 3-acyl was detected in 1a and 1c
as early as 3 months and 1 month at 2−8 and 40 °C, respectively,
as revealed by LCMS analysis (data not shown). While no loss of
the 3-acyl was noted in 8a−c and 17a−c, LCMS analysis
indicated loss of the divalent phosphate group on the 4-position
in 8a and partial hydrolysis among the secondary acyl chains in
8a and 8c. Interestingly, the introduction of the monovalent
sulfate group altered the physicochemical properties of 8b;
neither hydrolysis of the sulfate group nor the secondary acyl
chains were observed at 2−8 °C, and only partial (8%)
hydrolysis of the secondary acyl chains was observed at 40 °C
after 12 months. Similarly, the sulfate analogue 17b was more
stable than the corresponding phosphate analogue 17a. The
major degradant in 17a−b resulted from the cleavage of the
glycosidic bond detected in the accelerated studies (data not
shown).

Biological Activity. Because of the reported species-specific
recognition of some lipid A analogues,67 the six new compounds
were evaluated for murine (m) and human (h) TLR4 activity
and relative potency in cell lines and primary human cells, and
compared to the known TLR4 agonist benchmarks MPLA,
GLA, 1a, and 1c (Table 1 and Figure S44).34,42,68,69 Human and

murine TLR4 potency and specificity were first evaluated using
HEK293 cells stably transfected with either hTLR4 or mTLR4
and the NF-kB SEAP (secreted embryonic alkaline phospha-
tase) reporter from InvivoGen (San Diego, CA). These assays
measure NF-kB-mediated SEAP production following TLR4-
specific activation. Human embryonic kidney (HEK) null cells
(HEK cells containing the NF-kB reporter without the TLR4
receptor) were used as negative controls to confirm the receptor
specificity of the compounds. The species specificity and relative

Figure 2. Stability of aqueous formulations of aminoethyl glycosides 8a−c and seryl glycosides 17a−b against corresponding benchmarks 1a and 1c at
(A) 2−8 °C and (B) 40 °C.

Table 1. NF-κB Response of HEK293-mTLR4 and hTLR4
Cells and MIP-1β Induction from RAW264.7 and MM6 Cells
Stimulated for 24 h with Compounds 8a−c and 17a−c and
Corresponding Benchmarks MPLA, GLA, 1a, and 1ca

HEK293 cells RAW cells MM6 cells

compounds

mTLR4
EC50, nM
(95% CI)

hTLR4
EC50, nM
(95% CI)

MIP-1β
EC50, nM
(95% CI)

MIP-1β
EC50, nM
(95% CI)

MPLA 6.54 (4.30−
10.03)

246.0 (146.1
−553.6)

3.73 (2.86−
5.0)

6.37 (na)

GLA 1.4 (0.92−
2.15)

6.23 (5.61−
6.94)

0.49 (0.35−
0.67)

0.99 (0.51−
2.12)

1a 0.43 (0.25−
0.75)

172.7 (139.8
−217.0)

0.48 (0.35−
0.64)

6.75 (4.03−
12.06)

1c 0.005 (0.002
−0.02)

0.93 (0.68−
1.26)

0.015 (0.010
−0.023)

0.06 (0.02−
0.14)

8a 0.37 (0.25−
0.53)

91.9 (75.7−
111.5)

0.26
(na−0.38)

1.65 (0.71−
3.92)

8b 2.64 (0.82−
7.6)

449.0 (378.8
−541.0)

0.31 (0.24−
0.40)

39.5 (24.01−
71.59)

8c 0.50 (0.30−
0.82)

68.2 (55.2−
84.6)

0.09 (0.07−
0.12)

1.49 (1.12−
1.99)

17a 0.15 (0.03−
0.59)

7.86 (5.46−
11.04)

0.02 (0.01−
0.06)

0.38 (0.25−
0.56)

17b 0.68 (0.25−
1.59)

26.3 (16.7−
40.5)

0.04 (0.03−
0.05)

0.65 (0.45−
0.94)

17c 0.19 (0.06−
0.51)

7.71 (5.19−
11.33)

0.03 (0.02−
0.05)

0.26 (0.19−
0.34)

aEC50 and 95% CI values were calculated by analyzing data using
nonlinear regression (curve fit) and fitting data to a four-parameter
(variable response), agonist concentration−response model in Prism.
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potency of the compounds were also assessed through cytokine
induction (MIP-1β) in murine RAW264.7 and human
monocytic Mono-Mac-6 (MM6) cell lines (Figure S45). To
further explore the potential of these compounds for human use,
freshly isolated PBMCs were used to confirm the activity in
primary cells and assess the cytokine induction (MIP-1β, TNFα,
IL-1β, and RANTES) of targeted compounds 8a−c and 17a−c
and benchmarks (Table 2 and Figure S46). Compounds 1a−c
and 17a−c and benchmarks were formulated at 2 mg/mL in 2%
aqueous glycerol, as previously described.27

Compounds 8a−c were initially evaluated against the
benchmarks MPLA, GLA, 1a, and 1c for human and murine
TLR4 specificity, relative potency, and cytokine induction
(Table 1) to investigate the effects of converting the 3-equatorial
ester to the 3-axial amide and replacing the phosphate on the 4-
position with bioisosteres. Compounds 8a−c retained TLR4
activity in both human and murine HEK293 reporter assays,
with improved potency relative to MPLA (2.7 to 3.6 and 2.7 to
15-fold in the human and murine systems, respectively) and
comparable potency to 1a (Table 1 and Figure S44). Upon
closer examination, the monovalent sulfated compound 8b
exhibited lower relative potency in the HEK293 reporter assay
than the two divalent phosphate-containing compounds 8a and
8c (Table 1). The crystal structure of LPS in the TLR4-MD2
complex shows the 1- and 4- phosphate groups of LPS interact
with a cluster of positively charged residues in the complex.59

Hence, it is possible that the loss of a valence charge in 8b on the
4-position contributes to a slightly weaker ionic/hydrogen bond
interaction with the lysine or seryl residues in the TLR4/MD-2
complex.

Analogues 17a−c also demonstrated potent TLR4 agonist
activity with equivalent or improved activity in comparison to
MPLA or GLA but were less active than the corresponding AGP
1c (Table 1 and Figure S44). Similar to previously reported in
the AGP series of synthetic TLR4 ligands,23,26 17a−c with L-
seryl aglycon were more potent than their ethylamine counter-
parts 8a−c. None of the compounds elicited signaling via NF-kB
when tested in the HEK null cell line, further confirming their
TLR4 specificity (data not shown).

The new compounds were also evaluated for cytokine
induction in both murine RAW264.7 and human monocytic
MM6 cell lines. The new compounds showed similar trends to
what was observed in the HEK293 reporter assay. The
incorporation of the 3-axial amide in the aminoethyl glycosides
8a−c and the seryl glycosides 17a−c and substitution of the
phosphate with the sulfate and methylphosphonate groups in
8b−c and 17b−c, respectively, did not reduce TLR4 activity in
these cell lines (Table 1 and Figure S45). Series 8a−c and 17a−c
exhibited increased potency relative to MPLA and were
equivalent to GLA. In contrast to what was observed in the
HEK reporter assays, the sulfate group in 8b and 17b did not
exhibit reduced TLR4 potency in RAW264.7 and MM6 cell lines
but rather were found to be equivalent to 8a−c and 17a−c
(Table 1 and Figure S45).

To further explore the potential of these compounds for
human use and the effect of the structural changes on biological
activity, cytokine induction from freshly isolated PBMC was
assessed with compounds 8a−c and 17a−c and compared with
the benchmark TLR4 ligands MPLA, GLA, 1a, and 1c (Table 2
and Figure S46). Each of the new TLR4 ligands induced
cytokines (MIP-1β, IL-1β, TNFα, and RANTES) with
equivalent or increased potency in relation to MPLA and
GLA. As expected, the seryl series was more potent than the
ethylamine 8a−c series. The monovalent sulfate group in 8b and
17b had minimal impact on potency in relation to 8a−c and
17a−c, respectively. Compound 17a was about 10-fold less
potent than 1c in inducing MIP-1β, IL-1β, TNFα, and RANTES
in PBMCs, most likely a result of the conversion of the equatorial
ester to the axial amide. These trends were shared among the
three donors tested, although donor-to-donor differences in
terms of peak level and minimum effective concentration were
observed. Table 2 is representative data from one out of three
independent donors (Figure S46). PrestoBlue assays were
performed to assess cytotoxicity in PBMCs. Both representative
DAP compound 17a and known synthetic TLR 4 agonist 1b did
not affect cell viability even at higher concentrations (up to 10
μg/mL) (Figure S47).

In summary, the in vitro results indicated that (i) replacing the
labile 3-ester group with a stable 3-amide group, (ii) switching
the configuration at the 3-position from an equatorial
substituent to an axial substituent, and (iii) replacing the 4-
phosphate with bioisosteres did not negatively impact TLR4
activity or cytokine induction while having a profound positive
impact on compound thermostability.

Due to their ability to stimulate innate immunity and enhance
downstream adaptive immune responses, TLR4 agonists have
emerged as an attractive target for the development of vaccine
adjuvants. A number of studies have described the ability of
TLR4 agonists to mediate distinct responses in mouse and
human cells and to support the differentiation of T helper Th1 or
Th2 immune responses.70,71 Unlike alum, which tends to
generate Th2 responses, TLR4 agonists including MPLA and
AGPs facilitate Th1 polarization, characterized by a qualitative
shift in the immune response, significantly boosting IgG2a
antibody titers when coadministered with a vaccine anti-
gen(s).29,72

In this respect, our novel series of TLR4 agonists were
evaluated for their ability to enhance humoral immunity to a
monovalent detergent-split influenza vaccine following intra-
muscular vaccination in mice. Compounds 8b and 17a−c were
compared to the TLR4 agonist 1c in a murine model of influenza
vaccination. BALB/c mice (10 mice/group, 7−9 weeks old)

Table 2. MIP-1β, IL-1 β, TNFα, and RANTES Induction in
PBMC Stimulated for 20 h with 8a−c and 17a−c and
Benchmarksa

PBMC EC50 (nM)

compounds MIP-1β TNFα IL-1β RANTES

MPLA 23.68 199.62 42.41 31.49
GLA 0.76 10.41 2.11 1.92
1a 1.94 53.75 2.62 1.26
1c 0.010 0.26 0.028 0.014
8a 1.61 28.00 8.77 3.68
8b 2.87 116.27 20.36 7.01
8c 1.23 34.58 2.69 1.78
17a 0.13 2.60 0.28 0.14
17b 0.24 6.88 0.97 0.46
17c 0.11 1.33 0.20 0.13

aEC50 values are calculated by analyzing data into nonlinear
regression (curve fit) and fitting data to a four-parameter (variable
response), agonist concentration−response model in Prism, one
representation of three independent donors. Error bars included in
Figure S46.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.3c00724
J. Med. Chem. 2023, 66, 13900−13917

13906

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c00724/suppl_file/jm3c00724_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c00724/suppl_file/jm3c00724_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c00724/suppl_file/jm3c00724_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c00724/suppl_file/jm3c00724_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c00724/suppl_file/jm3c00724_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c00724/suppl_file/jm3c00724_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c00724/suppl_file/jm3c00724_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c00724/suppl_file/jm3c00724_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c00724/suppl_file/jm3c00724_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c00724/suppl_file/jm3c00724_si_001.pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c00724?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were vaccinated twice intramuscularly on days 0 and 14 with 0.3
μg HA equivalent monovalent detergent-split A/Victoria/210/
2009 (H3N2) and 0.001, 0.01, or 0.1 μg of each TLR4 agonist.
Serum was harvested on days 14 [14 days post-primary
vaccination (14dp)] and 28 [14 days post booster (14dp2)],
(Figure S48), for assessment of influenza-specific humoral

immunity. Influenza-specific serum IgG and IgG1 antibody
titers were significantly (P < 0.05) increased by 8b and 17a−c in
a dose-dependent manner 14 days post-primary vaccination and
were similar to 1c, compounds 8b, 17a, and 17c significantly
increased IgG2a titers in a dose-dependent manner 14 days post-
primary vaccination (Figure 3). Following the booster

Figure 3. A/Victoria antigen-specific IgG, IgG1, and IgG2a antibodies induced 14 days post-primary vaccination. Statistical significance determined by
a one-way ANOVA (GraphPad Prism 7): asterisk indicates significance compared to the A/Vic alone group (gray “□”) where *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001.
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vaccination (14 days postsecondary vaccination), all adjuvanted
groups exhibited increased average IgG, IgG1, and IgG2a titers
compared to the nonadjuvanted A/Vic control (14dp2; Figure
S48). This study confirms that the structurally unique series 8a−
c and 17a−c function as adjuvants and enhance humoral
immunity to a coadministered antigen. Additionally, no signs of
overt toxicity or local reactogenicity were noted at any point
during the study. These data provide strong evidence that the
DAP TLR4 agonists are safe and effective vaccine adjuvants.

Previously, we (and others) reported that synthetic TLR4
ligands function as both vaccine adjuvants and stand-alone
immunomodulators capable of inducing a window of non-
specific resistance against subsequent influenza virus infec-
tion.29,31,34,35 Above, we demonstrated the ability of the novel
TLR4 agonists 8b and 17a−c to act as adjuvants when
coadministered with an antigen. We also evaluated the induction
of innate immunity (cytokines) by these compounds in vitro.
Next, we explored the ability of the DAP TLR4 agonists to
induce nonspecific resistance (innate immune-mediated clear-
ance) to infectious challenges, thereby acting as stand-alone
prophylactic immunotherapeutics. Mice (8 mice/group) were
treated intranasally with the indicated dose of 17a or 1c and then
challenged 48 h later with a 1LD50 dose of mouse-adapted A/
Hong Kong/1/68 (H3N2; A/HK/68), as previously de-
scribed.35 As expected, most of the naiv̈e (vehicle-treated)
mice succumbed to the 1LD50 influenza virus challenge with
80% mortality by day 10 following the challenge (Figure 4).

Notably, 17a provided protection in a dose-dependent manner,
with 100% and 60% survival at the 10 and 1 μg doses,
respectively, while 1c afforded 80 and 40% survival at the same
doses (Figure 4). No toxicity was observed upon administration
of 17a or 1c. These preliminary data demonstrate that the new
DAP TLR4 agonist 17a can induce nonspecific resistance and
confer protection against the influenza virus. This influenza
model also highlights the capacity of the DAP TLR4 agonists for
stimulating early innate immune responses limiting the initial
spread of a respiratory infection.

As observed from the immunological profile of 17a, the
change in the stereochemistry at the C-3 position appears to
cause some reduction in potency in the HEK, RAW, MM6, and
PBMC in vitro systems when compared to the benchmark TLR4
agonist 1c. However, 17a has a notably improved activity as
compared to 1c in the influenza challenge study. We sought to
perform molecular docking on the DAP series and representa-
tive benchmark 1c to shed light on the activity.
Molecular Docking Analysis. In the present work, we have

replaced the classical equatorial 3-ester group with a more stable
3-amide group in axial orientation, resulting in a novel series of
TLR4 agonists known as DAPs. To better understand the effect
of the difference in axial/equatorial conformation, we used
Chem3D to perform a preliminary computational analysis of the
representative compound 17a and its equatorial version
(17aEQ), in which the amide functionality is in an equatorial
orientation. Energy minimization of 17a and 17aEQ revealed
both monosaccharides are in a chair conformation (Figure S50);
however, the energy values slightly vary between the two
conformations culminating in the total energy of 17aEQ
(87.0923 kcal/mol) to be slightly less than 17a (90.1260 kcal/
mol) (Table S2).

Previously, we demonstrated that the C2 symmetry of AGPs,
synthetic TLR 4 agonists, allowed them to possibly enter the
MD-2 pocket in a LPS-like (agonist) or in an Eritoran-like
(antagonist, 180° rotation) orientation modulating the immune
response.28 Given the pseudo-C2 symmetry of the DAP series, it
is likely that the DAP ligands could be inserted into the
pseudosymmetry of MD2 in both orientations as well.

To rationalize the experimental results observed with our new
TLR4 agonists and to gain an understanding of their binding
modes, molecular docking of compounds 8a−c and 17a−c was
performed using the AutoDock Vina73,74 algorithm utilizing the
AMDock GUI.75 The molecules were docked in the pseudosym-
metrical huTLR4-MD-2 complex (PDB: 3FXI) using ligand
protonation at 7.4 pH from low energy conformations calculated
using the steepest descent method with AMBER/GAFF force

Figure 4. Survival curve of Balb/c mice (8 mice/group) received an
indicated dose of 1c and 17a in 2% glycerol in water by intranasal
administration 2 days prior to influenza challenge (1LD50, A/HK/68).
Survival was recorded for 18 days post-viral challenge following
IACUC-approved humane euthanasia end points.

Figure 5. Predicted favorable binding modes of 8b (A) in Eritoran-like and 17a (B) in LPS-like orientations and interacting at the dimerization
interface with TLR4* ectodomain and its TLR4-MD-2 complex, i.e., TLR4-MD2-TLR4* (PDB: 3FXI). TLR4* ectodomain, MD-2, and TLR4 are
shown in blue, gray, and purple, respectively. The DAP molecule bound to the hydrophobic cavity of MD-2 is shown as a ball and stick with C, N, O, P,
and S atoms shown as cyan, blue, red, purple, and yellow, respectively, and side chains of certain amino acid residues participating in interactions (<4 Å)
between TLR4*, MD-2, TLR4, and DAP, are shown in yellow.
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fields. PyMOL 2.5.2 was used to visualize docked molecules, as
illustrated in Figure 5, and to measure ligand−protein
interaction distances.

The docking calculations show that all 6 DAP ligands are
theoretically able to interact within the hydrophobic pocket of
MD-2 as well as with various charged residues on either the
TLR4/TLR4* ectodomain. Further, relevant poses of all 6 DAP
ligands exhibit binding affinities within the binding complex
(PDB:3FXI) ranging from −7.0 to −7.6 kcal/mol. The
possibility of a DAP inserted into the MD-2 pocket in either
orientation is further supported by molecular modeling studies,
as represented in Figure 5. Interestingly, the most favorable
docked poses of 8b and 8c in the MD-2 pocket reflect an
Eritoran-like orientation, with the 4-sulfate of 8b and 4-
methylphosphonate of 8c engaging in ionic interactions (≤4
Å) with R264 in TLR4 (Figures 5 and S51). In contrast, docking
modeling of 17a−c inserted into the MD-2 pocket in a LPS-like
orientation reveals the carboxyl moiety of the L-seryl aglycon
interacting primarily with R264 of TLR4 and the C4-anionic
moiety (phosphate, sulfate, and methylphosphonate) interact-
ing possibly through H-bonding with E439* on the TLR4*
ectodomain. Compound 8a is also docked into the MD-2 pocket
in a LPS-like orientation, but its C-4 phosphate appears to be
exposed to the solvent at the interface of the TLR4*
ectodomain. Regardless of orientation in the MD-2 pocket,
the terminus lipid chain of the secondary acyl at the 3-position
on the sugar or the aglycon is oriented at the interface of the
TLR4* ectodomain and is sufficiently proximal to form
hydrophobic interactions with residues, namely, F440*,
L444*, and F463* (Figures 5 and S51).

Using the same parameters, we also docked the benchmark
synthetic TLR4 agonist 1c in the pseudosymmetrical huTLR4-
MD-2 complex (PDB: 3FXI) (Figure S52), revealing a
preferential binding mode of the Eritoran-like orientation in
contrast to its 3-axial amide analogue 17a. The binding of 1c in
the huTLR4-MD-2 complex revealed similar interactions with
key residues: F440*, S441*, and L444* in the TLR4*
ectodomain and R264 in the TLR4 receptor. Although
hydrophobic interactions in the MD-2 pocket were similar, 1c
exhibited strong interactions (≤3 Å) with polar residues R90
and V93 in the MD-2 that were not observed with 17a. The
conformation of 1c with an equatorial C3-ester presumably
drove the binding orientation of 1c to be opposite of 17a,
anchoring the C4-phosphate functionality to interact with the
R264 residue on the TLR4 and prompting the C10 chain of the
L-seryl aglycon to be at the interface of the TLR4* ectodomain.
The root-mean-square deviation (rmsd) of an overlay of 1c and
17a docking poses was 5.547 Å. This rmsd value, together with
the different binding orientations and variable key residues
plausibly involved could explain the difference in potency
between 1c and 17a.

These docking results suggest preferential selection of ionic
interactions with either TLR4* or TLR4 and the DAP’s terminal
lipid chain engagement of the TLR4* ectodomain provides
valuable insight into agonist interactions with the human
TLR4−MD-2 receptor complex and may account for the
immunity profile of the DAP series.

■ CONCLUSIONS
We have reported the successful synthesis and evaluation of a
new series of chemically stable and highly active TLR4 agonists,
D-(2,3-) DAPs, in which the labile 3-ester bond on the C-3
position of the non-reducing sugar has been replaced with an

axial amide and phosphate bioisosteres explored on the 4-
position. The DAPs were prepared in 7 to 10 linear steps using
Mitsunobu reaction conditions, granting the inversion of the 3-
equatorial hydroxyl of the glucosamine to the 3-axial azide, a key
functionality needed to form the essential amide bond. The
DAPs displayed significantly improved chemical stability over
existing synthetic lipid A mimetics. Interestingly, the subtle
structural substitution of the phosphate with a sulfate group in
8b resulted in further improvements to the chemical stability,
with 8b demonstrating remarkable aqueous thermostability at
40 °C for 12 months. To account for the high thermostability,
we hypothesize that the monovalent sulfate group in 8b reduces
the rate of hydrolysis of the secondary acyl chains in the
nonbuffered basic medium (2% glycerol) versus the divalent
phosphate and methylene phosphonate groups. The mono-
valent sulfate moiety does not enhance stability in the seryl series
(17a−c) as the secondary acyl chains are alkyl chains. The new
DAPs are found to be TLR4 agonists with TLR4-specific activity
toward both mouse and human TLR4. When combined with an
influenza antigen, the new compounds significantly improved
humoral immunity to the influenza virus. Furthermore, 17a
induced high levels of nonspecific resistance (innate immune-
mediated) following intranasal administration in an influenza
virus challenge. The pharmacological and toxicological proper-
ties of 17a are currently being assessed. The preclinical profile of
17a and further evaluation of the adjuvant activity and
nonspecific resistance of the DAP series in other vaccine and
infectious challenge models will be shared in further
publications.

■ EXPERIMENTAL SECTION
Chemistry. General Experimental Section. Solvents and

reagents were purchased and used without further purification.
Moisture- or air-sensitive reactions were conducted under a nitrogen
or argon atmosphere in oven-dried (120 °C) glassware. Solvents were
removed under reduced pressure using rotary evaporators. Thin-layer
chromatography (TLC) was performed on precoated EMD Millipore
TLC silica gel 60 F254 glass plates with visualization by UV light (254
nm) and by staining with an ethanolic acidic vanillin solution (vanillin/
water/ethanol/sulfuric acid, 0.2 g:5 mL:5 mL:1 mL). Flash
chromatography purification was performed using Standard Silica
Flash Cartridges on a Büchi Reveleris X2 flash chromatography system.
Optical rotation values were measured using a JASCODIP-360
polarimeter at a specified temperature in the specified solvent. NMR
(1H, 1H−1H COSY, and 13C) spectra were recorded on a Varian 400 or
500-MR DD2 magnetic resonance system in the noted solvent using
tetramethylsilane as an internal standard. Purity for all final compounds
was confirmed to be greater than 95% by RP-HPLC with UV detection
using a ThermoVanquish Core HPLC with Avantor ACE 3 C8 column
(50 × 3 mm, with a flow rate of 0.8 mL/min, a temperature of 60 °C,
and detection at 210 nm) with a 50−100% gradient of 5 mM
tetrabutylammonium hydroxide (TBAOH) water/acetonitrile to 5 mM
TBAOH/acetonitrile. High-resolution mass spectra were obtained on
the LC-QTOF using an ACE 3 C8 column (50 × 3.0 mm2, with a flow
rate of 0.5 mL/min, a temperature of 40 °C, and a detection at 210 nm)
with a 0−100% gradient of 0.5 M ammonium carbonate/water to 0.5 M
ammonium carbonate/2-propanol in an Agilent 6546 accurate-mass
TOF. Compounds were formulated at 2 mg/mL in 2% glycerol.
2-(Benzyloxycarbonylamino)ethyl 4,6-O-benzylidene-2-deoxy-2-

benzyloxycarbonylamino-β-D-glucopyranoside (2).54 [α]D
20 = +17.7°

(CDCl3, c 0.33); 1H NMR (400 MHz, CDCl3): δ (ppm) 7.49−7.47
(m, 2H, H-aromatic), 7.40−7.28 (m, 13H, H-aromatic), 5.52 (s, 1H, H-
benzylidene), 5.22 (br s, 2H, NH), 5.12−4.99 (m, 4H, 2 × H of CH2
(Cbz)), 4.58 (d, J1,2 = 8 Hz, 1H, H-1), 4.31 (dd, J5,6a = 5 and J6b,6a = 10.5
Hz, 1H, H-6a), 3.95 (br s, 1H, H of N−CH2 (CH2−CH2)), 3.86−3.81
(m, 1H, H-6b), 3.75 (t, J2,3 ≅ J3,4 = 10 Hz, 1H, H-4), 3.67 (br s, 1H, H-
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3), 3.54 (t, J1,2 ≅ J2,3 = 9 Hz, 1H, H-2), 3.48−3.39 (m, 3H, H of N−CH2
(CH2−CH2), H of O−CH2 (CH2−CH2) and H-5), 3.31−3.23 (m, 2H;
H of O−CH2 (CH2−CH2) and 3-OH (exchangeable with D2O)); 13C
NMR (100 MHz, CDCl3 + 1 drop CD3OD): δ (ppm) 157.2, 156.8,
136.9, 136.4, 136.2, 129.2, 128.4, 128.4, 128.2, 128.0, 128.0, 127.9,
127.9, 126.2, 101.8, 81.3, 70.9, 69.0, 68.5, 66.9, 66.6, 66.2, 58.3, 40.6;
HRMS (ESI+, m/z) calcd for C31H34N2O9 [M + H]+, 579.2343; found,
579.2329.
2-(Benzyloxycarbonylamino)ethyl 4,6-O-benzylidene-3-O-ace-

tate-2-deoxy-2-benzyloxycarbonylamino-β-D-glucopyranoside
(2a). To a stirred solution of 2 (0.050 g, 0.086 mmol) in anhydrous
CH2Cl2 (1.0 mL) was added TEA (0.036 mL, 0.17 mmol), acetic
anhydride (0.016 mL, 0.17 mmol), and a catalytic amount of DMAP.
The reaction mixture was stirred at room temperature for 1 h and
sequentially washed with a saturated solution of NaHCO3, NH4Cl, and
H2O. The organic layer was dried over anhydrous Na2SO4 and
concentrated under vacuum. The resulting residue was purified with a
Reveleris X2 system (Büchi) using a gradient of 10−90% ethyl acetate/
heptane to provide the acetate 2a as a white solid (13 mg, 26% yield).
1H NMR (500 MHz, CDCl3): δ (ppm) 7.44−7.42 (m, 2H, H-
aromatic), 7.37−7.25 (m, 13H, H-aromatic), 5.49 (s, 1H, H-
benzylidene), 5.27 (br s, 1H, NH), 5.21 (t, J2,3 ≅ J3,4 = 10 Hz, 1H,
H-3), 5.15−5.03 (m, 4H, 2 x H of CH2 (Cbz)), 4.97 (br s, 1H, NH),
4.41 (d, J1,2 = 7 Hz, 1H, H-1), 4.31 (dd, J5,6a = 5 and J6a,6b = 10.5 Hz, 1H,
H-6a), 3.82 (br s, 1H, H of N−CH2 (CH2−CH2)), 3.78−3.72 (m, 2H,
H-4, and H-6b), 3.65 (t, J1,2 ≅ J2,3 = 9.5 Hz, 1H, H-2), 3.57−3.55 (m,
1H, H of N−CH2 (CH2−CH2)), 3.50−3.45 (m, 1H, H-5), 3.39 (br s,
1H, H of O−CH2 (CH2−CH2)), 3.28 (br s, 1H, H of O−CH2 (CH2−
CH2)), 2.00 (s, 3H, CH3 of 3-OAc).
2-(Benzyloxycarbonylamino)ethyl 3-azido-4,6-O-benzylidene-2-

benzyloxycarbonylamino-2,3-dideoxy-β-D-allopyranoside (3). To a
stirred solution of 2 (4.0 g, 6.91 mmol) in anhydrous tetrahydrofuran
(THF, 100 mL) was added TEA (1.45 mL, 10.36 mmol) and
triphenylphosphine (2.90 g, 11.06 mmol). The reaction mixture was
cooled to 0 °C, and DIAD (2.18 mL, 10.36 mmol) and DPPA (2.38 mL,
10.36 mmol) were added. The resulting reaction mixture was gradually
warmed up to room temperature and stirred for 18 h. THF was
removed by evaporation, and the resulting residue was purified with a
Reveleris X2 system (Büchi) using a gradient of 20−70% ethyl acetate/
heptane to provide the azide 3 as a white solid (3.25 g, 79% yield). [α]D

20

= −51.5° (CDCl3, c 0.33); 1H NMR (400 MHz, CDCl3): δ (ppm)
7.49−7.48 (m, 2H, H-aromatic), 7.41−7.31 (m, 13H, H-aromatic),
5.56 (s, 1H, H-benzylidene), 5.35 (d, J = 8 Hz, 1H, NH), 5.25 (br s, 1H,
NH), 5.14−4.97 (m, 4H, 2 × H of CH2 (Cbz)), 4.51 (d, J = 12 Hz, 1H,
H-1), 4.36−4.30 (m, 2H, H-6a and H-3), 3.96−3.93 (m, 1H, H-6b),
3.86−3.74 (m, 4H, H-2, H-4 and 2H of N−CH2 (CH2−CH2)), 3.65−
3.60 (m, 1H, H-5), 3.48−3.45 (m, 1H, H of O−CH2 (CH2−CH2)),
3.31−3.25 (m, 1H, H of O−CH2 (CH2−CH2)); 13C NMR (100 MHz,
CDCl3): δ (ppm) 156.6, 155.8, 136.7, 136.5, 136.0, 129.5, 129.2, 128.6,
128.5, 128.4, 128.2, 128.1, 128.0, 126.2, 125.9, 102.0, 100.2, 78.8, 78.6,
69.0, 68.8, 67.6, 67.3, 67.1, 66.8, 66.5, 64.3, 64.1, 61.4, 52.8, 52.6, 40.6;
HRMS (ESI+, m/z) calcd for C31H33N5O8 [M + H]+, 604.2407; found,
604.2385.
2-(Benzyloxycarbonylamino)ethyl 4,6-O-benzylidene-2-benzy-

loxycarbonylamino-3-acetamide-2,3-dideoxy-β-D-allopyranoside
(3a). To a solution of 3 (2.95 g, 4.89 mmol) in anhydrous THF (100
mL) was added a solution of 0.1 N sodium hydroxide (9.8 mL, 0.98
mmol) and a solution of 1.0 M trimethylphosphine (7.8 mL, 7.82
mmol). The reaction mixture was stirred at room temperature for 18 h.
THF was removed by evaporation, and the resulting residue was
purified by a Reveleris X2 system (Büchi) using a gradient of 30−100%
ethyl acetate/heptane then 0−10% methanol/chloroform affording the
corresponding 3-amine as a white solid (2.37 g). 1H NMR (400 MHz,
CDCl3): δ (ppm) 7.48−7.46 (m, 2H, H-aromatic), 7.40−7.30 (13H,
H-aromatic), 5.58−5.50 (m, 2H, H-benzylidene and NH), 5.34 (br s,
1H, NH), 5.14−4.97 (m, 5H, 2x CH2 of Cbz and 1H of 3-NH2), 4.35
(d, J1,2 = 8 Hz, 1H, H-1), 4.03 (dd, J5,6a = 4.7 and J6a,6b = 10.1 Hz, 1H, H-
6a), 3.63−3.31 (m, 7H, 1H of 3-NH2, H-2, H-3, H-4, 2H of N−CH2
(CH2−CH2), H-6b), 3.14 (br s, 1H, H of O−CH2 (CH2−CH2)), 3.00
(br s, 1H, H of O−CH2 (CH2−CH2)). To a stirred solution of the 3-

amine (0.030 g, 0.052 mmol) in anhydrous methylene chloride (1.0
mL) was added TEA (0.016 mL), acetic anhydride (0.010 mL, 0.10
mmol), and a catalytic amount of DMAP. The reaction mixture was
stirred at room temperature for 1 h and then sequentially washed with a
saturated solution of NaHCO3, NH4Cl, and H2O. The organic layer
was dried over anhydrous Na2SO4 and concentrated under vacuum.
The resulting residue was purified by a Reveleris X2 system (Büchi)
using a gradient of 30−70% ethyl acetate/heptane to provide the
acetamide 3a as a light-yellow solid (30 mg, 94% yield). 1H NMR (500
MHz, CDCl3): δ (ppm) 7.42−7.26 (m, 15H, H-aromatic), 6.14 (t, J =
8.2 Hz, 1H, NH), 5.95 (br s, 1H, NH), 5.53 (s, 1H, H-benzylidene),
5.40 (br s, 1H, NH), 5.10−5.01 (m, 4H, 2 × H of CH2(Cbz)), 4.71 (br
s, 1H, H-3) 4.61 (d, J1,2 = 9.5 Hz, 1H, H-1), 4.33 (dd, J5,6a = 4.8 and J6a,6b
= 10.6 Hz, 1H, H-6a), 3.09−3.80 (m, 2H, H of N−CH2 (CH2−CH2)
and H-2), 3.77−3.73 (m, 2H, H-4, and H-6b), 3.68 (m,1H, H-5),
3.59−3.55 (m, 1H, H of N−CH2 (CH2−CH2)), 3.39 (br s, 1H, H of
O−CH2 (CH2−CH2)), 3.27 (br s, 1H, H of O−CH2 (CH2−CH2)),
1.99 (s, 3H, CH3 of 3-NHAc).
2-(Benzyloxycarbonylamino)ethyl 4,6-O-benzylidene-2-benzy-

loxycarbonylamino-3-[(R)-3-decanoyloxytetradecanoylamino]-
2,3-dideoxy-β-D-allopyranoside (5). To a stirred solution of the 3-
amine (0.48 g, 0.83 mmol), prepared following Staudinger conditions
reported under 3a, in anhydrous methylene chloride (20 mL) was
added (R)-3-decanoyloxytetradecanoic acid 4 (398 mg, 1.0 mmol) and
1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide methiodide (297
mg, 1.0 mmol). The reaction mixture was stirred at room temperature
for 2 h and then quenched with a saturated NaHCO3 solution (5 mL).
The organic layer was separated, the aqueous layer was extracted with
chloroform (2 × 5 mL), and the combined organic layers were washed
with water (5 mL), dried over anhydrous Na2SO4, and concentrated in
vacuo. The resulting residue was purified by a Reveleris X2 system
(Büchi) using a gradient of 10−60% ethyl acetate/heptane to afford 5 as
a colorless oil (720 mg, 76% yield over two steps). [α]D

20 = −34.3°
(CDCl3, c 0.33); 1H NMR (400 MHz, CDCl3 + 2drops CD3OD): δ
(ppm) 7.40−7.25 (m, 15H), 6.66 (br s, 1H, H of NH exchangeable with
CD3OD), 5.95 (br s, 1H, H of NH exchangeable with CD3OD), 5.56 (s,
1H, H of NH exchangeable with CD3OD), 5.54 (s, 1H), 5.08−4.97 (m,
5H), 4.82 (br s, 1H), 4.56 (d, J = 8 Hz, 1H), 4.33−4.29 (m, 1H), 3.86−
3.71 (m, 4H), 3.66−3.59 (m, 2H), 3.38−3.28 (m, 2H), 2.55−2.43 (m,
2H), 2.16 (t, J = 8 Hz, 2H), 1.56−1.49 (m, 4H), 1.27−1.16 (m, 30H),
0.85 (t, J = 8 Hz, 6H); 13C NMR (100 MHz, CDCl3 + 2 drops
CD3OD): δ (ppm) 174.1, 171.9, 156.7, 156.5, 136.8, 136.5, 136.4,
129.0, 128.4, 128.4, 128.1, 128.0, 128.0, 125.9, 110.0, 101.2, 100.4, 71.6,
69.0, 68.8, 67.0, 66.7, 64.7, 53.7, 42.1, 40.4, 34.5, 34.1, 31.9, 31.8, 29.6,
29.5, 29.4, 29.3, 29.2, 29.0, 25.2, 24.9, 22.6, 22.6, 14.1; HRMS (ESI+,
m/z) calcd for C55H79N3O11 [M + H]+, 958.5793; found, 958.5761.
2-[(R)-3-Decanoyloxytetradecanoylamino]ethyl 4,6-O-benzyli-

dene-2,3-di-[(R)-3-decanoyloxytetradecanoylamino]-2,3-dideoxy-
β-D-allopyranoside (6). A solution of 5 (720 mg, 0.75 mmol) in
anhydrous THF (20 mL) was treated with 10% palladium on carbon
(240 mg) and a trace amount of pyridine (a couple of drops) using a
Parr hydrogenator at room temperature and 50 psig of hydrogen gas
H2(g) for 24 h. The reaction mixture was filtered through Celite, the
residue was washed with 50% methanol in chloroform, and the filtrate
was concentrated in vacuo. The resulting oil was azeotropically dried
with toluene and then dried overnight under high vacuum. A solution of
the resulting oil in methylene chloride (10 mL) was added dropwise to a
solution of (R)-3-decanoyloxytetradecanoic acid 4 (660 mg, 1.65
mmol) and 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide me-
thiodide (490 mg, 1.65 mmol) dissolved in methylene chloride (20
mL). The reaction mixture was stirred at room temperature for 3 h and
then quenched with a saturated aqueous solution of NaHCO3 (10 mL).
The organic layer was separated, and the aqueous layer was extracted
with methylene chloride (2 × 10 mL). The combined organic layers
were washed with water (10 mL), dried over anhydrous Na2SO4, and
concentrated in vacuo. The resulting residue was purified by a Reveleris
X2 system (Büchi) using a gradient elution of 20−80% ethyl acetate/
heptane to afford 6 as a colorless oil (715 mg, 66% yield over two steps).
[α]D

20 = −21.1° (CDCl3, c 0.33); 1H NMR (400 MHz, CDCl3): δ
(ppm) 7.44−7.41 (m, 2H), 7.35−7.34 (m, 3H), 7.19 (d, J = 8.4 Hz,
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1H), 6.47 (br s, 1H), 6.17 (d, J = 8 Hz, 1H), 5.58 (s, 1H), 5.21−5.14
(m, 3H), 4.66 (br s, 1H), 4.55 (d, J = 8 Hz, 1H), 4.38−4.34 (m, 1H),
4.20−4.15 (m, 1H), 3.85−3.76 (m, 3H), 3.69−3.66 (m, 1H), 3.60−
3.55 (m, 1H), 3.40 (br s, 2H), 2.58−2.40 (m, 6H), 2.29−2.19 (m, 6H),
1.64−1.54 (m, 12H), 1.31−1.25 (br s, 90H), 0.88 (t, J = 6 Hz, 18H);
13C NMR (100 MHz, CDCl3): δ (ppm) 173.9, 173.4, 173.2, 172.5,
170.4, 169.8, 136.7, 129.1, 128.2, 125.9, 101.3, 100.4, 71.7, 71.4, 71.3,
69.1, 68.1, 65.0, 52.2, 51.2, 42.8, 41.9, 41.4, 39.1, 34.6, 34.4, 34.2, 31.9,
31.9, 29.7, 29.7, 29.6, 29.6, 29.5, 29.5, 29.4, 29.3, 29.3, 29.2, 29.2, 29.1,
25.4, 25.3, 25.1, 25.0, 22.7, 14.1; HRMS (ESI+, m/z) calcd for
C87H155N3O13 [M + H]+, 1451.1638; found, 1451.1588.
2-[(R)-3-Decanoyloxytetradecanoylamino]ethyl 6-O-benzyl-2,3-

di-[(R)-3-decanoyloxytetradecanoylamino]-2,3-dideoxy-β-D-allo-
pyranoside (7). To a solution of 6 (400 mg, 0.282 mmol) in anhydrous
methylene chloride (20 mL) cooled to 0 °C was added sodium
cyanoborohydride (42 mg, 0.655 mmol), followed by trifluoroacetic
acid (0.06 mL, 0.786 mmol). The reaction mixture was gradually
warmed up to room temperature and stirred for 3 h. The reaction
mixture was quenched with methanol (2 mL), concentrated in vacuo,
reconstituted in methylene chloride, and washed with a saturated
aqueous solution of NaHCO3. The organic layer was separated, and the
aqueous layer was extracted with methylene chloride (2 × 10 mL). The
combined organic layers were dried over anhydrous Na2SO4 and
concentrated in vacuo. The resulting residue was purified by a Reveleris
X2 system (Büchi) using a gradient of 10−95% ethyl acetate/heptane
to afford 7 as a colorless oil (380 mg, 93% yield). [α]D

20 = −30.7°
(CDCl3, c 0.33); 1H NMR (400 MHz, CDCl3 + 1 drop CD3OD): δ
(ppm) 7.32−7.24 (m, 5H), 5.26−5.13 (m, 3H), 4.58 (br s, 1H), 4.50
(d, J = 4 Hz, 2H), 4.33 (br s, 1H), 4.09 (t, J = 8 Hz, 1H), 3.96 (br d, J =
12 Hz, 2H), 3.75−3.62 (m, 3H), 3.49−3.44 (m, 1H), 3.35−3.24 (m,
2H), 2.76 (dd, J = 2, and 13.2 Hz, 1H), 2.47−2.20 (m, 12H), 1.54 (br s,
12H), 1.27−1.21 (m, 90H), 0.84 (t, J = 8 Hz, 18H); 13C NMR (100
MHz, CDCl3 + 1 drop CD3OD): δ (ppm) 174.9, 174.4, 173.5, 170.9,
170.5, 170.3, 137.5, 128.4, 127.8, 127.8, 100.1, 73.3, 71.9, 71.6, 71.2,
70.8, 68.0, 66.6, 43.1, 42.9, 42.2, 40.9, 39.2, 34.7, 34.5, 34.4, 34.2, 31.8,
31.8, 29.6, 29.6, 29.5, 29.5, 29.4, 29.4, 29.4, 29.3, 29.2, 29.2, 29.1, 25.4,
25.2, 25.1, 25.0, 24.9, 22.6, 14.0; HRMS (ESI+, m/z) calcd for
C87H157N3O13 [M + H]+, 1453.1795; found, 1453.1748.
2-[(R)-3-Decanoyloxytetradecanoylamino]ethyl 2,3-di-[(R)-3-

decanoyloxytetradecanoylamino]-2,3-dideoxy-4-O-phosphono-β-
D-allopyranoside Triethylammonium Salt (8a). To a solution of 7
(160 mg, 0.11 mmol) in anhydrous methylene chloride (5 mL) was
added dibenzyl diisopropylphosphoramidite (0.052 mL, 0.15 mmol)
and 4,5-dicyanoimidazole (18 mg, 0.15 mmol). The reaction mixture
was stirred at room temperature for 2 h, cooled to 0 °C, and treated with
30% hydrogen peroxide in water (2 mL) for 30 min. The reaction
mixture was quenched by addition of a saturated aqueous solution of
NaHCO3 (5 mL) and stirred at room temperature for another 15 min.
The organic layer was separated, and the aqueous layer was extracted
with methylene chloride (3 × 5 mL). The combined organic layers were
washed with water (5 mL), dried over anhydrous Na2SO4, and
concentrated in vacuo. A solution of the intermediate (168 mg, 0.098
mmol) in anhydrous THF/methanol (4:1) solvent mixture (3 mL) was
treated with 10% palladium on carbon (34 mg) using a Parr
hydrogenator at room temperature and 50 psig of hydrogen gas
H2(g) for 24 h. The reaction mixture was filtered through Celite, and
the filtrate was concentrated under vacuum. The resulting residue was
purified by a Reveleris X2 System (Büchi) using a gradient of
90:10:0.5:0.5−70:30:2:0.5 of chloroform−methanol−water−TEA,
then salted with TEA to afford 8a as a white foamy triethylammonium
salt (98 mg, 62% yield over three steps). [α]D

20 = −13.1° (CDCl3, c
0.33); 1H NMR (500 MHz, CDCl3/CD3OD): δ (ppm) 5.22−5.17 (m,
3H), 4.55−4.50 (m, 2H), 4.38 (br s, 1H), 4.07−4.03 (m, 2H), 3.77−
3.74 (m, 3H), 3.45−3.28 (m, 3H), 3.07 (br s, 8H), CH2 of Et3N (∼1.33
equiv), 2.54−2.38 (m, 6H), 2.26−2.22 (m, 6H), 1.56 (br s, 12H),
1.31−1.22 (m, 102H, including 12H, CH3 of Et3N), 0.84 (t, J = 7.5 Hz,
18H); 13C NMR (125.7 MHz, CDCl3/CD3OD): δ (ppm) 173.9, 173.7,
173.5, 171.4, 170.8, 170.6, 100.0, 71.5, 71.2, 67.6, 62.1, 45.8, 41.4, 40.9,
39.1, 34.5, 34.5, 34.4, 34.2, 31.9, 31.8, 29.6, 29.6, 29.6, 29.6, 29.5, 29.5,
29.4, 29.3, 29.3, 29.3, 29.2, 29.2, 29.1, 29.1, 25.2, 25.2, 25.2, 25.0, 25.0,

22.6, 22.6, 14.0, 8.4; RP-HPLC purity: 98.9%; HRMS (ESI-, m/z) calcd
for C80H152N3O16P [M − H]−, 1441.0832; found, 1441.0776.
2-[(R)-3-Decanoyloxytetradecanoylamino]ethyl 2,3-di-[(R)-3-

decanoyloxytetradecanoylamino]-2,3-dideoxy-4-O-sulfoxy-β-D-al-
lopyranoside Triethylammonium Salt (8b). To a solution of
compound 7 (280 mg, 0.19 mmol) in anhydrous DMF (8 mL) was
added sulfur trioxide TEA complex (210 mg, 1.16 mmol). The reaction
mixture was heated to 50 °C for 5 h. An additional amount of sulfur
trioxide TEA complex (210 mg, 1.16 mmol) was added, and the
reaction mixture was stirred at 50 °C for another 18 h. The DMF was
removed by evaporation, and the resulting residue (263 mg) was
dissolved in a solution of anhydrous THF/methanol (4:1) solvent
mixture (8 mL) and treated with 20% palladium hydroxide on carbon
(100 mg) and 120 μL of TEA using a Parr hydrogenator at room
temperature and 50 psig of hydrogen gas H2(g) for 24 h. The reaction
mixture was filtered through Celite, and the filtrate was concentrated
under vacuum. The resulting residue was purified by a Reveleris X2
system (Büchi) using a gradient of 100:0:0:0−90:10:0.3:0.3 of
chloroform−methanol−water−TEA, then salted with TEA to afford
8b as a white foamy triethylammonium salt (150 mg, 55% yield over
three steps). [α]D

20 = −20.1° (CDCl3, c 0.33); 1H NMR (500 MHz,
CDCl3/CD3OD): δ (ppm) 9.21 (br s, 1H), 7.03 (br s, 1H), 6.92 (d, J =
5 Hz, 1H), 6.64 (br s, 1H), 5.25−5.15 (m, 3H), 4.67−4.61 (m, 3H),
4.20 (m, 2H), 3.83−3.81 (m, 3H), 3.58 (br s, 1H), 3.44−3.40 (m, 2H),
3.18 (q, J = 8 Hz, 6H, CH2 of Et3N (1 equiv)), 2.58−2.42 (m, 6H),
2.30−2.26 (m, 6H), 1.59 (br s, 12H), 1.38−1.24 (m, 99H, including
9H, CH3 of Et3N), 0.88 (t, J = 7.5 Hz, 18H); 13C NMR (100 MHz,
CDCl3/CD3OD): δ (ppm) 174.3, 174.1, 174.0, 171.7, 171.5, 171.1,
100.1, 72.8, 71.5, 71.4, 71.0, 67.6, 62.3, 46.7, 41.9, 41.1, 40.8, 39.2, 34.8,
34.6, 34.5, 34.4, 32.0, 29.8, 29.7, 29.6, 29.6, 29.4, 29.4, 29.3, 29.2, 25.3,
25.2, 22.8, 14.1, 8.7; RP-HPLC purity: 99.6%; HRMS (ESI-, m/z) calcd
for C80H151N3O16S [M − H]−, 1441.0737; found, 1441.0714.
2-[(R)-3-Decanoyloxytetradecanoylamino]ethyl 2,3-di-[(R)-3-

decanoyloxytetradecanoylamino]-2,3-dideoxy-4-O-methylphos-
phono-β-D-allopyranoside Triethylammonium Salt (8c). A solution
of compound 7 (100 mg, 0.065 mmol) in anhydrous THF (2 mL) was
cooled to 0 °C under an inert atmosphere and treated with a solution of
1 M lithium bis(trimethylsilyl)amide in THF (0.089 mL, 0.085 mmol).
The reaction mixture was stirred at 0 °C for 10 min prior to dropwise
addition of a THF solution (0.5 mL) of (bis(benzyloxy)phosphoryl)-
methyl trifluoromethanesulfonate (50 mg, 0.24 mmol) and continued
to stir at 0 °C for 2 h. The reaction mixture was quenched with 0.1 N
hydrochloride (5 drops), diluted with chloroform (5 mL), and
separated, and the organic layer was washed with a saturated aqueous
solution of NaHCO3 (2 mL). The aqueous layer was extracted with
chloroform (2 × 5 mL), and the combined organic layers were dried
over anhydrous Na2SO4 and concentrated in vacuo. The resulting
residue (43 mg, 0.025 mmol) dissolved in anhydrous THF (20 mL) was
hydrogenated using an H-Cube with 10% palladium on carbon [30 mm
CatCart, full H2(g) mode at 60 °C for 1 mL/min, atmospheric pressure,
and 30 mL/min H2(g)]. The reaction mixture was concentrated in
vacuo, and the resulting residue was purified by a Reveleris X2 system
(Büchi) using a gradient of 90:10:0.5:0.5−70:30:2:0.5 of chloroform−
methanol−water−TEA. The fractions containing purified product were
combined, concentrated in vacuo, redissolved in cold 2:1 chloroform−
methanol (8.6 mL), and washed with cold 0.1 N aqueous hydrochloride
(3.4 mL). The lower organic layer was separated and dried over
anhydrous Na2SO4, concentrated in vacuo, and then salted with TEA to
afford 8c as a glassy triethylammonium salt (27 mg, 27% yield over
three steps). [α]D

20 = −23.1 (CDCl3, c 0.33); 1H NMR (500 MHz,
CDCl3/CD3OD): δ (ppm) 5.20−5.16 (m, 3H), 4.57−4.52 (m, 2H),
3.98 (br s, 2H), 3.87−3.63 (m, 6H), 3.45−3.37 (m, 2H), 3.31−3.29 (m,
1H), 2.54−2.37 (m, 6H, partially under CD3OD peak), 2.28−2.22 (m,
6H), 1.56 (br s, 12H), 1.22 (br s, 90H), 0.85 (t, J = 7.2 Hz, 18H); 13C
NMR (125.7 MHz, CDCl3/CD3OD): δ (ppm) 174.6, 174.3, 173.8,
171.6, 171.0, 170.8, 100.1, 75.1, 72.1, 71.5, 71.4, 67.7, 62.0, 42.1, 41.2,
39.2, 34.7, 34.7, 34.6, 34.4, 32.0, 32.0, 29.8, 29.8, 29.8, 29.7, 29.7, 29.6,
29.6, 29.5, 29.4, 29.4, 29.4, 29.3, 29.3, 29.3, 25.4, 25.4, 25.3, 25.2, 22.8,
22.8, 14.2; RP-HPLC purity: 96.2%; HRMS (ESI-, m/z) calcd for
C81H154N3O16P [M + H]+, 1457.1145; found, 1457.1185.
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N-Benzyloxycarbonyl-O-[4,6-O-benzylidene-2-benzyloxycarbo-
nylamino-2-deoxy-β-D-glucopyranosyl]-L-serine Methyl Ester (11).
To a solution of compounds 9 (16.8 g, 66.3 mmol) and 10 (38 g, 73.0
mmol) in anhydrous dichloromethane (250 mL) was added boron
trifluoride etherate (11.3 mL, 79.6 mmol). The reaction mixture was
stirred at room temperature for 16 h and then quenched with a
saturated aqueous solution of NaHCO3. The organic layer was
separated, washed with brine, dried over anhydrous Na2SO4, and
concentrated by evaporation to afford the corresponding triacetate
glucosamine L-serine methyl ester as a viscous oil, which was used
without further purification (45.5 g, quantitative). A solution of the
crude triacetate (6.44 g, 9.54 mmol) in methanol (50 mL) was treated
with a 6−10% solution of magnesium methoxide in MeOH (3 mL, 4.77
mmol). The reaction mixture was stirred for 16 h at room temperature,
quenched with an ice-cold solution of 1 N H2SO4 (10 mL),
concentrated in vacuo to the aqueous layer, which was extracted with
CHCl3 (3 × 30 mL). The combined organic layers were washed with
brine, dried over anhydrous Na2SO4, and concentrated in vacuo
affording the corresponding crude triol as a colorless oil (2.29 g, 44%
yield). A solution of the triol (4.7 g, 8.57 mmol) in acetonitrile (20 mL)
was treated with benzaldehyde dimethyl acetal (2.6 mL, 17.14 mmol)
and camphorsulfonic acid (1.0 g, 4.28 mmol). The reaction mixture was
stirred for 16 h at room temperature and quenched with a saturated
aqueous NaHCO3 solution. The reaction mixture was stirred for 30 min
resulting in partial precipitation of product, which was collected by
filtration. The biphasic filtrate was separated and extracted twice with
ethyl acetate (3 × 10 mL). The combined organic layers were dried over
anhydrous Na2SO4 and concentrated in vacuo to provide crude
product. Combined lots were purified by a Reveleris X2 system (Büchi)
using a gradient of 20−50% of ethyl acetate/dichloromethane to afford
11 as a white solid (4.08 g, 75% yield). [α]D

20 = −30.8° (CDCl3, c 0.37);
1H NMR (400 MHz, CDCl3): δ (ppm) 7.49−7.47 (m, 2H, H-
aromatic), 7.38−7.26 (m, 13H, H-aromatic), 5.75 (d, J = 7,6 Hz, 1H,
NH), 5.53 (s, 1H, H-benzylidene), 5.20 (br s, 1H, NH), 5.12−5.01 (m,
4H, 2 × H of CH2 (Cbz)), 4.62 (d, J1,2 = 8 Hz, 1H, H-1), 4.55−4.51 (m,
1H, N−CH), 4.32 (dd, J5,6a = 5 and J6a,6b = 10.6 Hz, 1H, H-6a), 4.16
(dd, J5,6b = 4.3 and J6a,6b = 10.6 Hz, 1H, H-6b)), 3.96−3.91 (m, 2H, H-2
and H-5), 3.78−3.73 (m, 4H, H-3 and CH3 of CO2CH3), 3.53 (t, J = 9
Hz, 1H, H-4), 3.45−3.37 (m, 2H, 2 x H of OCH2), 3.26 (br s, 1H, 3-
OH); 13C NMR (100 MHz, CDCl3): δ (ppm) 170.2, 156.8, 156.2,
136.9, 136.1, 136.0, 129.3, 128.5, 128.5, 128.4, 128.3, 128.2, 128.1,
126.3, 101.9, 101.12, 81.3, 71.4, 69.2, 68.5, 67.3, 67.2, 66.2, 58.4, 53.9,
52.8; HRMS (ESI+, m/z) calcd for C33H36N2O11 [M + H]+, 637.2397;
found, 637.2365.
N-Benzyloxycarbonyl-O-[3-azido-4,6-O-benzylidene-2-benzylox-

ycarbonylamino-2,3-dideoxy-β-D-allopyranosyl]-L-serine Methyl
Ester (12). To a solution of 11 (808 mg, 1.27 mmol) in anhydrous
THF (35 mL) was added TEA (0.27 mL, 1.90 mmol) and
triphenylphosphine (531 mg, 2.03 mmol). The reaction mixture was
cooled to 0 °C, and DIAD (0.40 mL, 2.03 mmol) and DPPA (0.44 mL,
2.03 mmol) were added. The reaction mixture was gradually warmed up
to room temperature and stirred for 18 h. The solvent was removed by
evaporation, and the resulting residue was purified by a Reveleris X2
system (Büchi) using a gradient of 20−70% of ethyl acetate/heptane to
afford azide 12 as a white foamy solid (656 mg, 78% yield). [α]D

20 =
−64.0° (CDCl3, c 0.4); 1H NMR (400 MHz, CDCl3): δ (ppm) 7.52−
7.49 (m, 2H, H-aromatic), 7.41−7.33 (m, 13H, H-aromatic), 5.76 (d, J
= 7.5 Hz, 1H, NH), 5.57 (s, 1H, H of benzylidene), 5.39 (d, J = 7.5 Hz,
1H, NH), 5.20−4.99 (m, 4H, 2 × H of CH2 (Cbz)), 4.57−4.52 (m, 2H,
H-1, and N−CH), 4.39−4.33 (m, 2H, H-6a, and H-3), 4.17 (dd, J5,6b =
4.2 Hz, and J6a, 6b = 10.6 Hz, 1H, H-6b), 3.99−3.70 (m, 8H, H-2, H-4,
H-5, CH3 of CO2CH3, 2 × H of O−CH2); 13C NMR (100 MHz,
CDCl3): δ (ppm) 170.1, 156.2, 155.7, 136.7, 136.0, 129.3, 128.5, 128.5,
128.4, 128.2, 128.2, 128.1, 126.1, 102.0, 100.1, 78.6, 69.1, 68.8, 67.3,
67.2, 64.2, 61.4, 53.8, 52.7, 52.6; HRMS (ESI+, m/z) calcd for
C33H35N5O10 [M + H]+, 662.2462; found, 662.2503.
N-[(R)-3-Decyloxytetradecanoyl]-O-[4,6-O-benzylidene-2,3-di-

[(R)-3-decyloxytetradecanoylamino]-2,3-dideoxy-β-D-allopyrano-
syl]-L-serine Methyl Ester (14). A solution of azide 12 (3.90 g, 5.89
mmol) in a solvent mixture of THF and MeOH (4:1, 32, and 8 mL,

respectively) was treated with 10% palladium on carbon (780 mg) and
hydrogen H2(g) at atmospheric pressure (balloon) for 18 h. The
reaction mixture was passed through a pad of Celite, concentrated in
vacuo to provide the corresponding triamine as a foamy solid, and then
kept under vacuum for 18 h. A solution of (R)-3-decanoyloxyte-
tradecanoic acid 13 (7.17 g, 19.44 mmol) and 1-(3-(dimethylamino)-
propyl)-3-ethylcarbodiimide methiodide (5.78 g, 19.44 mmol) in
anhydrous methylene chloride (20 mL) was slowly added to a solution
of triamine in anhydrous methylene chloride (10 mL) and cooled to 0
°C. After stirring at room temperature for 2 h, the reaction mixture was
quenched with a saturated aqueous NaHCO3 solution (10 mL). The
organic layer was separated, and the aqueous layer was extracted with
chloroform (2 × 30 mL). The combined organic layers were washed
with water (10 mL), dried over anhydrous Na2SO4, and concentrated in
vacuo. The resulting residue was purified by a Reveleris X2 (Büchi)
using a gradient of 20−60% ethyl acetate/heptane to afford the triacyl
product 14 as a colorless oil (5.46 g, 63% yield over two steps). [α]D

20 =
−27.8° (CDCl3, c 0.36); 1H NMR (400 MHz, CDCl3): δ (ppm) 7.44−
7.31 (m, 5H), 7.22−7.16 (m, 3H), 5.55 (s, 1H), 4.77 (br s, 2H), 4.59
(d, J = 8 Hz, 1H), 4.34−4.32 (m, 1H), 4.11−4.09 (m, 2H), 3.84−3.44
(m, 15H), 2.62 (d, J = 16 Hz, 1H), 2.46−2.33 (m, 5H), 1.55−1.54 (m,
12H), 1.40−1.01 (m, 96H), 0.89−0.87 (m, 18H); 13C NMR (100
MHz, CDCl3): δ (ppm) 173.1, 171.8, 171.8, 170.2, 136.9, 128.9, 128.0,
126.1, 101.5, 99.9, 69.3, 69.3, 69.1, 69.0, 68.3, 65.1, 52.5, 52.0, 51.7,
49.9, 41.5, 41.2, 40.3, 34.1, 32.7, 31.9, 30.3, 30.2, 29.8, 29.7, 29.7, 29.6,
29.5, 29.3, 26.3, 26.2, 25.7, 25.4, 25.3, 22.7, 14.1; HRMS (ESI+, m/z)
calcd for C89H163N3O12 [M + H]+, 1467.2315; found, 1467.2314.
N-[(R)-3-Decyloxytetradecanoyl]-O-[6-O-benzyl-2,3-di-[(R)-3-de-

cyloxytetradecanoylamino]-2,3-dideoxy-β-D-allopyranosyl]-L-ser-
ine Methyl Ester (15). A solution of 14 (480 mg, 0.23 mmol) in
anhydrous methylene chloride (10 mL) cooled to 0 °C was treated with
sodium cyanoborohydride (72 mg, 1.14 mmol) and trifluoroacetic acid
(0.11 mL, 1.37 mmol). The reaction mixture was gradually warmed up
to room temperature and stirred for 3 h. The reaction was quenched
with methanol (2 mL), concentrated in vacuo, reconstituted in
methylene chloride, and then washed with a saturated aqueous
NaHCO3 solution. The organic layer was separated, and the aqueous
layer was extracted with methylene chloride (2 × 10 mL). The
combined organic layers were dried over anhydrous Na2SO4 and
concentrated in vacuo. The resulting residue was purified by a Reveleris
X2 (Büchi) using a gradient of 10−95% of ethyl acetate/heptane to
afford 15 as a colorless oil (410 mg, 84% yield). [α]D

20 = −17.0° (CDCl3,
c 0.27); 1H NMR (400 MHz, CDCl3): δ (ppm) 7.34−7.24 (m, 5H),
6.92 (d, J = 8 Hz, 1H), 4.79−4.76 (m, 2H), 4.56−4.54 (m, 3H), 4.14−
3.93 (m, 4H), 3.79−3.58 (m, 9H), 3.52−3.73 (m, 6H), 3.06 (br s, 1H),
2.51−2.33 (m, 6H), 1.57−1.49 (m, 12H), 1.26 (br s, 96H), 0.88 (t, J = 8
Hz, 18H); 13C NMR (100 MHz, CDCl3): δ (ppm) 172.4, 172.2, 171.7,
170.2, 137.9, 128.7, 128.4, 128.1, 127.8, 127.6, 100.1, 70.6, 69.6, 69.3,
69.2, 69.1, 68.4, 52.6, 52.2, 50.5, 41.9, 41.1, 40.9, 34.3, 34.1, 33.7, 31.9,
30.2, 30.1, 29.7, 29.7, 29.6, 29.4, 26.2, 26.2, 25.5, 25.3, 25.3, 22.7, 14.1;
HRMS (ESI+, m/z) calcd for C89H165N3O12 [M + H]+, 1469.2472;
found, 1469.2448.
N-[(R)-3-Decyloxytetradecanoyl]-O-[6-O-benzyl-4-O-dibenzyl-

phosphino-2,3-di-[(R)-3-decyloxytetradecanoylamino]-2,3-di-
deoxy-β-D-allopyranosyl]-L-serine Methyl Ester (16). To a solution of
15 (2.16 g, 1.47 mmol) in anhydrous methylene chloride (80 mL) was
added dibenzyl diisopropylphosphoramidite (0.69 mL, 2.06 mmol) and
4,5-dicyanoimidazole (243 mg, 2.06 mmol), and the reaction mixture
was stirred at room temperature for 2 h. The reaction mixture was
cooled to 0 °C and treated with 30% hydrogen peroxide in water (10
mL) for 30 min. The reaction mixture was quenched by addition of a
saturated aqueous NaHCO3 solution (30 mL) and stirred at room
temperature for 15 min. The aqueous layer was extracted with
methylene chloride (3 × 20 mL), and the combined organic layers were
washed with water (5 mL), dried over anhydrous Na2SO4, and
concentrated in vacuo. The resulting residue was purified by a Reveleris
X2 (Büchi) using a gradient elution of 10−70% ethyl acetate/heptane
to afford the corresponding benzyl-protected phosphate intermediate
16 as a colorless oil (2.35 g, 93% yield). 1H NMR (400 MHz, CDCl3): δ
(ppm) 7.32−7.24 (m, 15 H), 7.22 (d, J = 8 Hz, 1H), 6.87 (d, J = 8 Hz,
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1H), 6.77 (d, J = 12.0 Hz, 1H), 5.01−4.95 (m, 4H), 4.78−4.73 (m,
2H), 4.66−4.62 (m, 2H), 4.52 (s, 2H), 4.32−4.16 (m, 3H), 3.72−3.57
(m, 9H), 3.52−3.34 (m, 6H), 2.51−2.38 (m, 2H), 2.26−2.17 (m, 4H),
1.52−1.23 (m, 108H), 0.88 (t, J = 6.4 Hz, 18H); 13C NMR (100 MHz,
CDCl3): δ (ppm) 171.6, 171.4, 170.2, 137.8, 135.4, 135.3, 128.7, 128.6,
128.4, 128.0, 127.7, 127.6, 114.2, 73.1, 69.8, 69.7, 69.3, 69.2, 60.8, 52.6,
52.3, 34.3, 34.2, 34.1, 31.9, 30.2, 30.1, 30.0, 29.8, 29.7, 29.7, 29.6, 29.5,
29.4, 29.4, 26.2, 26.2, 25.3, 25.2, 22.7, 14.1; HRMS (ESI+, m/z) calcd
for C103H178N3O15P [M + H]+, 1730.3107; found, 1730.3076.
N-[(R)-3-Decyloxytetradecanoyl]-O-[2,3-di-[(R)-3-decyloxytetra-

decanoylamino]-2,3-dideoxy-4-O-phosphono-]-β-D-allopyranosyl]-
L-serine Triethylammonium Salt (17a). A solution of 16 (2.35 g, 1.36
mmol) in anhydrous THF (30 mL) was treated with 10% palladium on
carbon (470 mg) under atmospheric H2(g) at room temperature for 18
h. The reaction mixture was filtered through Celite, and the filtrate was
concentrated under vacuum. The resulting residue (1.83 g, 1.26 mmol)
dissolved in THF (28 mL) and cooled to 0 °C was treated with a
solution of lithium hydroxide (133 mg, 1.38 mmol) in water (1.13 mL)
for 1 h. The reaction mixture was neutralized with ice-cold 1 N
hydrochloride bringing the pH to 3. The organic layer was separated,
and the aqueous layer was saturated with sodium chloride and extracted
with chloroform (3 × 5 mL). The combined organic layers were dried
over anhydrous Na2SO4, and the solvent was concentrated in vacuo.
The resulting residue was purified by a Reveleris X2 (Büchi) using a
gradient of 90:10:0.5:0.5−70:30:2:0.5 of chloroform−methanol−
water−TEA. The fractions containing purified product were combined,
concentrated in vacuo, redissolved in chloroform (14 mL), treated with
TEA (2.2 equiv), and concentrated in vacuo to afford 17a as a white
foamy solid (750 mg, 41% over two steps). [α]D

20 = +0.2° (CDCl3, c
0.33); 1H NMR (500 MHz, CDCl3/CD3OD): δ (ppm) 4.60−4.57 (m,
3H), 4.32−4.28 (m, 1H), 4.10−4.04 (m, 1H), 3.72−3.62 (m, 6H),
3.46−3.31 (m, 8H),3.01 (q, J = 7.5 Hz, 8H, CH2 of Et3N (∼1.33 equiv),
2.48−2.20 (m, 6H), 1.51−1.45 (m, 12H), 1.33−1.20 (m, 96) 0.82 (t, J
= 5 Hz, 18H); 13C NMR (100 MHz, CDCl3/CD3OD): δ (ppm) 172.7,
172.2, 172.1, 99.8, 76.6, 76.5, 76.3, 69.8, 69.3, 61.6, 52.4, 45.6, 41.8,
41.2, 41.0, 34.7, 34.3, 34.2, 31.8, 30.0, 29.9, 29.6, 29.6, 29.5, 29.4, 29.4,
29.2, 26.0, 25.4, 25.2, 25.2, 22.5, 13.9, 8.23; RP-HPLC purity: 99.6%;
HRMS (ESI-, m/z) calcd for C81H158N3O15P [M − H]−, 1443.1352;
found, 1443.1295.
N-[(R)-3-Decyloxytetradecanoyl]-O-[2,3-di-[(R)-3-decyloxytetra-

decanoylamino]-2,3-dideoxy-4-O-sulfoxy-β-D-allopyranosyl]-L-ser-
ine Triethylammonium Salt (17b). To a solution of compound 15
(200 mg, 0.14 mmol) in anhydrous DMF (5 mL) was added sulfur
trioxide TEA complex (148 mg, 0.82 mmol). The reaction was heated
to 50 °C for 5 h. An additional amount of sulfur trioxide TEA complex
(148 mg, 0.82 mmol) was added, and the reaction mixture was stirred at
50 °C for another 18 h. The DMF was removed by evaporation, and the
resulting residue was dissolved in a solution of anhydrous THF/MeOH
(4:1) solvent mixture (8 mL) and was treated with 20% palladium
hydroxide on carbon (100 mg) and 100 μL of TEA using a Parr
hydrogenator at room temperature and 50 psig of hydrogen gas H2(g)
for 24 h. The reaction mixture was filtered through Celite, and the
filtrate was concentrated under vacuum. The resulting residue dissolved
in THF (2 mL) and cooled to 0 °C was treated with a 4 M solution of
lithium hydroxide (8 mg, 0.34 mmol) in water (0.011 mL) for 1 h. The
reaction mixture was neutralized with ice-cold 1 N hydrochloride
bringing the pH to 3. The organic layer was separated, and the aqueous
layer was saturated with sodium chloride and extracted with chloroform
(3 × 5 mL). The combined organic layers were dried over anhydrous
Na2SO4, and the solvent was concentrated in vacuo. The resulting
residue was purified by a Reveleris X2 system (Büchi) using a gradient
of 90:10:0.3:0.3−70:30:2:0.5 of chloroform−methanol−water−TEA,
then salted with TEA to afford 17b as a white foamy triethylammonium
salt (66 mg, 39% yield over three steps). [α]D

20 = −2.6° (CDCl3, c 0.33);
1H NMR (500 MHz, CDCl3/CD3OD): δ (ppm) 7.62 (d, J = 5 Hz, 1H,
NH partially exchanged with CD3OD), 7.04 (d, J = 5 Hz, 1H, NH
partially exchanged with CD3OD), 4.68−4.60 (m, 3H), 4.21−4.08 (m,
3H), 3.76−3.66 (m, 6H), 3.45−3.40 (m, 6H), 3.15 (q, J = 7.5 Hz, 5H,
CH2 of Et3N (0.83 equiv)), 2.48−2.28 (m, 6H), 1.50 (br s, 12H),
1.35−1.24 (m, 107 H, including 8H, CH3 of Et3N), 0.87 (t, J = 7.5 Hz,

18H); 13C NMR (100 MHz, CDCl3/CD3OD): δ (ppm) 173.3, 172.3,
172.2, 172.0, 69.7, 69.3, 69.1, 62.1, 53.1, 46.1, 41.8, 41.2, 34.4, 31.9,
30.1, 30.0, 30.0, 29.7, 29.7, 29.7, 29.6,29.5, 29.5, 29.3, 26.2, 26.1, 25.5,
25.3, 22.6, 14.5, 8.5; RP-HPLC purity: 100%; HRMS (ESI-, m/z) calcd
for C81H157N3O15S [M − H]−, 1443.1257; found, 1443.1251.
N-[(R)-3-Decyloxytetradecanoyl]-O-[2,3-di-[(R)-3-decyloxytetra-

decanoylamino]-2,3-dideoxy-4-O-methylphosphono-β-D-allopyra-
nosyl]-L-serine Triethylammonium Salt (17c). A solution of
compound 15 (150 mg, 0.102 mmol) in anhydrous THF (2 mL) was
cooled to 0 °C under an inert atmosphere and treated with a solution of
1 M lithium bis(trimethylsilyl)amide in THF (0.135 mL, 0.133 mmol).
The reaction mixture was stirred at 0 °C for 10 min, before dropwise
addition of a THF solution (0.5 mL) of (bis(benzyloxy)phosphoryl)-
methyl trifluoromethanesulfonate (90 mg, 0.173 mmol) and continued
to stir for 2 h. The reaction mixture was quenched with 0.1 N
hydrochloride (5 drops), diluted with chloroform (5 mL), separated,
and the organic layer was washed with a saturated aqueous NaHCO3 (2
mL). The aqueous layer was extracted with chloroform (2 × 5 mL), and
the combined organic layer was dried over anhydrous Na2SO4 and
concentrated in vacuo. The resulting residue (160 mg, 0.092 mmol)
dissolved in anhydrous THF (20 mL) was treated with 10% palladium
on carbon (48 mg) using the Parr hydrogenator at room temperature
and 50 psig of hydrogen gas H2(g) pressure for 18 h. The reaction
mixture was filtered through a pad of Celite, and the filtrate was
concentrated in vacuo. The resulting residue (91 mg, 0.062 mmol) was
dissolved in THF (2 mL), cooled to 0 °C, and hydrolyzed with 1 N
lithium hydroxide (0.26 mL, 0.26 mmol) for 1 h. The reaction mixture
was neutralized with ice-cold 1 N hydrochloride bringing the pH to 5.
The layers were separated, and the aqueous layer was saturated with
sodium chloride and extracted with chloroform (3 × 5 mL). The
combined organic layers were dried over anhydrous Na2SO4 and
concentrated in vacuo. The resulting residue was purified by a Reveleris
X2 system (Büchi) using a gradient of 0−30% of [90:10 MeOH/H2O]/
chloroform. The fractions containing purified product were combined,
concentrated in vacuo, then redissolved in cold 2:1 chloroform−
methanol (14 mL) and washed with cold 0.1 N aqueous hydrochloride
(5.5 mL). The lower organic layer was separated, dried over anhydrous
Na2SO4, concentrated in vacuo, and then salted with TEA to afford 17c
as a glassy solid (56 mg, 11% over three steps): 1H NMR (500 MHz,
CDCl3/CD3OD): δ (ppm) 4.56−4.51 (m, 2H); 4.11 (br s, 1H); 3.95
(br s, 1H); 3.81−3.53 (m, 7H); 3.35−3.29 (m, 7H partially covered by
HDO); 3.02 (q, J = 7.6 Hz, 2H, CH2 of Et3N (∼1/3 equiv)); 2.46−2.10
(m, 5H); 1.51−1.45 (m, 12H); 1.26−1.14 (m, 99H, including the 3H
of CH3); 0.88 (t, J = 7.0 Hz, 18H); 13C NMR (100 MHz, CDCl3/
CD3OD): δ (ppm) 173.0, 172.4, 172.2, 107.9, 106.3, 77.5, 76.7, 70.0,
69.6, 67.7, 46.0, 41.5, 41.3, 34.7, 34.4, 32.1, 30.3, 30.2, 29.9, 29.9, 29.8,
29.7, 29.7, 29.7, 29.5, 29.4, 26.3, 25.6, 25.5, 24.0, 22.8, 14.2, 8.5; RP-
HPLC purity: 96.2%; HRMS (ESI-, m/z) calcd for C82H160N3O15P [M
− H]−, 1459.1665; found, 1459.1632.
Solution Stability. A RP-HPLC method was adapted as follows for

the determination of percent relative purity. Compounds and controls
were formulated in 2% glycerol in water targeting a 1−2 mg/mL
concentration, and the resulting formulations were sonicated until
particle size (measured by dynamic light scattering) was less than 200
nm and sterile filtered through a 0.22 μm PVDF filter. Pre- and post-
filtration samples were quantitated by RP-HPLC. Solutions were stored
at 2−8 °C and at 40 °C. At defined times aliquots were analyzed using
an Avantor Ace 3 C8 column (3 mm × 50 mm) at 60 °C with a flow rate
of 0.8 mL/min. The method included gradient separation with mobile
phases consisting of 5 mM TBAOH in 8% acetonitrile/water (aqueous
phase) and 5 mM TBAOH in acetonitrile (organic phase). Analytes
were detected at 210 nm.
Biology Transgenic HEK Cell SEAP Assays. Human (h) and

mouse (m) TLR4 expressing HEK-Blue 293 cells and an NF-κB-
responsive SEAP reporter gene were obtained from InvivoGen (San
Diego, CA). These cells were maintained in culture media of
Dulbecco’s modified Eagle’s medium (Cytiva, Marlborough, MA),
10% heat-inactivated FBS (Hyclone, Logan, UT), 50 U/mL penicillin,
50 μg/mL streptomycin, 100 μg/mL Normocin, 2 mM L-glutamine,
and 1× HEK-Blue selection. For the assay, indicated compounds were
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serially diluted in the diluent (20 mM phosphate buffer, 1.6% glycerol),
and 20 μL of a 10× final concentration was applied to the bottom of a
96-well tissue culture plate. HEK cells were applied to the plates at a
density of 1 × 105 cells/well and incubated for 48 h at 37 °C. Culture
supernatants were analyzed for NF-κB activation using the colorimetric
SEAP detection kit Quanti-Blue (InvivoGen). Values were expressed as
the fold change of OD650 over the average vehicle-only treated samples,
and EC50s were calculated by a nonlinear curve fitting (four parameters)
after generating dose−response curves in GraphPad Prism.
Isolation of PBMC. Peripheral blood samples were collected from

healthy adult donors with approval from the Missoula Community
Medical Center Institutional Review Board and informed consent from
each donor. PBMCs were isolated using a Ficoll histopaque 1.077
gradient separation and cultured at 5 × 105 cells/well in 96-well tissue
culture plates with RPMI-1640 media (Cytiva, Marlborough, MA),
Pen/Strep/Glutamine (Hyclone, Logan, UT), and 5% heat-inactivated
human serum (Rocky Mountain Biologicals, Missoula, MT).
Cell Lines. Monomac-6 cells (MM6), human macrophage cell lines,

were obtained from DSMZ (Germany). RAW264.7 cells are a murine
macrophage cell line obtained from ATCC (Gaithersburg, Maryland).
Cells were maintained in culture media consisting of RPMI-1640
(Cytiva, Marlborough, MA), Pen/Strep/Glutamine (Hyclone, Logan,
UT), 10% heat-inactivated FBS (Hyclone, Logan, UT), and antibiotics
(InvivoGen, San Diego, CA).
Cytokine Analysis. Cells were stimulated for 24 h with increasing

concentrations of the indicated compounds. Culture supernatants were
analyzed for MIP-1β, TNFα, RANTES, and IL-1β levels using human
DuoSet (R) ELISA kits (R&D Systems, Minneapolis, MN). Values
were expressed as OD450, and EC50s were calculated by nonlinear curve
fitting (four parameters) after generating dose−response curves in
GraphPad Prism.
In Vivo Experiments.Animal studies were carried out in an OLAW

and AAALAC-accredited facility in accordance with the University of
Montana guidelines for the care and use of laboratory animals.
Influenza Vaccination Experiments. Groups of 10 female

BALB/c mice (7−9 weeks of age) were vaccinated intramuscularly
with 0.3 μg HA equivalent monovalent detergent-split A/Victoria/210/
2009 (H3N2; monovalent detergent-split influenza vaccine) influenza
vaccine with or without the indicated concentrations of TLR4 agonists
in 50 μL total volume per injection (compounds and antigen were
diluted as needed in 2% glycerol in water). After 14 days, blood samples
were collected via submandibular bleeds for antibody analysis, and a
secondary vaccination was administered. The remaining 6 mice/group
were euthanized 14dp2 (14 days postsecondary injection) by terminal
cardiac puncture, and the blood was used for antibody analysis.
ELISA for Anti-Influenza Antibody Quantification. Blood was

collected from mice 14 days postvaccination, and serum was isolated
and diluted according to the expected antibody response (between 1:10
and 1:5000). Plates were coated with 100 μL of detergent-split A/
Victoria/210/2009 influenza vaccine at 1 μg/mL. Following washing
(PBS plus tween 20) and blocking (SuperBlock, Scytek Laboratories),
plates were incubated with diluted serum for 1 h, followed by anti-
mouse IgG, IgG1, or IgG2a-HRP secondary antibody (Bethyl
Laboratories) and TMB substrate (BD). Plates were read at 450 nm.
Antibody titers were determined by calculating the titer of each sample
at OD 0.3.
NSR Experiments. Groups (8 mice/group) of 12−14 week-old

female Balb/c mice were treated with the indicated compound and
doses intranasally (10 μL/nare) under anesthesia (ketamine/xylazine)
for 48 h prior to intranasal (10 μL/nare, 1LD50) infection with A/HK/
68 (H3N2) mouse-adapted influenza virus. Mice were observed two
times daily. Weights, disease index, and body temperatures for
individual mice were recorded daily. Temperatures were measured
via an infrared gun on the ventral surface of the parenteral cavity.
Humane euthanasia end point criteria include weight loss of greater
than 30%, a temperature of less than 77 °F or two consecutive
temperatures, and a temperature of <75 °F or a grading of 4 on the
behavioral ethogram score.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00724.

1H, 1H−1H COSY, and 13C NMR spectra, HPLC
chromatograms, conformation analysis, and biological
evaluation of all new compounds (PDF)
Molecular formula strings of final DAP compounds
(CSV)
Molecular Docking of 1c in huTLR4-MD-2 complex
(PDB: 3FXI) (PDB)
Molecular Docking of 8a in huTLR4-MD-2 complex
(PDB)
Molecular Docking of 8b in huTLR4-MD-2 complex
(PDB)
Molecular Docking of 8c in huTLR4-MD-2 complex
(PDB)
Molecular Docking of 17a in huTLR4-MD-2 complex
(PDB)
Molecular Docking of 17b in huTLR4-MD-2 complex
(PDB)
Molecular Docking of 17c in huTLR4-MD-2 complex
(PDB)

■ AUTHOR INFORMATION
Corresponding Author

Juhienah K. Khalaf − Inimmune Corporation, Missoula,
Montana 59802, United States; orcid.org/0000-0001-
7810-5740; Phone: 406-541-5913;
Email: Juhienah.k.khalaf@inimmune.com

Authors
Laura S. Bess − Inimmune Corporation, Missoula, Montana

59802, United States
Lois M. Walsh − Inimmune Corporation, Missoula, Montana

59802, United States
Janine M. Ward − Inimmune Corporation, Missoula, Montana

59802, United States
Craig L. Johnson − Inimmune Corporation, Missoula, Montana

59802, United States
Mark T. Livesay − Inimmune Corporation, Missoula, Montana

59802, United States
Konner J. Jackson − Inimmune Corporation, Missoula,

Montana 59802, United States
Jay T. Evans − Inimmune Corporation, Missoula, Montana

59802, United States
Kendal T. Ryter − Inimmune Corporation, Missoula, Montana

59802, United States
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