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Abstract

Herein, we report studies leading to the discovery of the neoseptins and a comprehensive
examination of the structure—activity relationships of this new class of small molecule mouse Toll-
like receptor 4 (mTLR4) agonists. The compound class, which emerged from screening a a-helix
mimetic library, stimulate the immune response, act by a well-defined mechanism (mouse TLR4
agonist), are easy to produce and structurally manipulate, exhibit exquisite structure—activity
relationships, are non-toxic, and elicit improved and qualitatively different responses than
lipopolysaccharide (LPS) even though they share the same receptor.
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Introduction

The human immune system is divided into innate and adaptive components. The innate
immune system represents the first line of defense in mammals, responding to pathogens and
abnormal cells through activation of multiple cell types including dendritic cells,
macrophages, neutrophils, and natural killer cells. The adaptive immune system entails
antigen-specific T cell and B cell responses mediated by antigen-presenting dendritic cells,
and serves to protect the host in the longer term by neutralizing the pathogens and abnormal
cells through the action of T cell receptors and antibodies.? The Toll-like receptors
(TLRs),3-5 the most widely recognized subset of the pathogen-associated or damage-
associated molecular pattern (PAMPs and DAMPS) receptors, act as part of the initial innate
immune response system, recognizing molecular signatures of infectious pathogens or
abnormal cells.35 Their activation not only initiates an intracellular signaling cascade that
leads to the activation of transcription factors that trigger the production of cytokines and
chemokines,3 but it also induces the adaptive immune response.b In fact, the action of
vaccines is due in part to the activation of the TLR system.” TLR agonists are immune
system enhancers and could be useful in the treatment of not only infectious diseases but
also cancer, representing a complementary small molecule approach in the emerging area of
immunotherapy.8-11 They would also be attractive as new vaccine adjuvants for both
infectious diseases and oncology that act by well-defined mechanisms.8-11 However, a
relatively small number of small molecule classes have been found to behave as TLR
agonists.8-11 Notable examples include the TLR7 agonists imiquimod,!2 isotoribine,!3 and
8-0x0-9-benzyladeninel* as well as the TLR7/8 agonist resiquimod1® that today still serve as
the inspiration for nearly all such work on small molecule TLR agonists.16:17 Recent
additional work has described TLR2/TLR1 agonists.1819 Relevant to the studies detailed
herein and among the TLRs, TLR4 selectively responds to LPS (lipopolysaccharide or
endotoxin, Figure 1)° extracted from aggregated LPS by LPS binding protein (LBP),2°
delivered by cluster of differentiation 14 (CD14)2 to the deep hydrophobic pocket of
myeloid differentiation protein 2 (MD-2)?2 in complex with TLR4 that leads to receptor
dimerization and adoption of the conformation that characterizes the activated complex
(LPS-MD2/TLR4),.23

Complementary to a genetic approach in whole organisms that induce random nucleic acid
mutations in search of phenotypic changes derived from altered genes impacting the immune
system, which was used to discover that LPS acts through activation of a Toll-like receptor
(TLR4),5 we explored the use of an alternative chemical genetics approach.2* The approach
entailed screening libraries of compounds in cell-based functional assays that serve as a read
out of stimulated signaling of an immune response. In a screening campaign conducted with
nearly 100,000 compounds2° using a functional assay that measures the stimulated release
of TNF-a from treated mouse macrophages, we identified a new class of activators of the
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immune response.28 The libraries screened in our efforts represent a unique compound
collection populated by nontraditional compounds?® designed to target protein—protein?7:28
or protein—-DNA interactions?® as well as the major enzyme classes.3? The library screening
for mouse macrophage TNF-a production resulted in the discovery of a single class of active
compounds found in an 8,000-membered a-helix mimetic library, prepared as 400 mixtures
of 20 compounds.2 It is worth noting that the functional activity measured in the screening
assay is both a rare activation event (activator/agonist vs inhibitor/antagonist) and was
conducted with an assay that is extraordinarily sensitive, such that even weak and rare
activation for TNF-a release proved detectable and clear (Figure 2). The two active pools
from the a-helix mimetic library observed in the screen (56G4 and 58G4) were retested as
their individual compounds providing three closely related active compounds 1-3 (Figure 2).
From the initial screening results, it was also determined that even small deviations from
their structure resulted in no detection of activity, providing a first level structure—activity
relationship (SAR) directly from screen. Representative of this SAR data available from the
initial screen, activity was observed only with a central tyrosine side chain substituent and
all other closely related substituents in the library,2” including phenyl, 4-chlorophenyl,
naphthyl, 4-methoxyphenyl, and indolyl, were inactive. Similarly, the two active mixtures
contained either a homophenylalanine (HoPhe) or methionine (Met) side chain at the
carboxylic acid terminus and all other 18 residues in the library2” were inactive, including
phenylalanine, 4-chlorophenylalanine, 4-methoxyphenylalanine, naphthylalanine, tyrosine,
tryptophan, leucine, valine, isoleucine, alanine, glycine, asparagine, lysine, serine, threonine,
aspartate, histidine, and aminobutyric acid (Abu). Equipped with this information,
approximately 220 compounds in a library exploring the C-terminus of 1 and 225
compounds varying the N-terminus of 1 were prepared. These libraries provided analogues
that approached the activity of 1, and others that exhibited an altered profile of TLR4
dependence. However, the removal of the entire N-terminus subunit along with capping the
C-terminus carboxylic acid as its #butyl ester, providing 6, resulted in both a significant
structure simplification as well as a further enhancement in efficacy. As these studies
progressed, it was also established that most initial changes to the central residue of 1
resulted in a loss in activity except the removal of the linking oxygen atom in 1 to give 4,
which provided an enhancement in mouse TLR4 (mTLR4) agonist activity. These initial
optimizations not only led to simplifying structural modifications, but they also provided
two efficacious mTLR4 agonists 5 and 6 (neoseptin-326 and neoseptin-425), nearly matching
the maximal agonist efficacy of LPS (Figure 1).26

Compounds 5 and 6 exhibited well-defined dose-dependent activation and stimulated release
of TNF-a (IC5q = 18.5 and 20.7 puM, respectively) in the functional assay and both were
selective for mTLR4 activation among all mTLRs and other pattern recognition receptors.
Although the target identification for leads that emerge from an undirected functional assay
such as the one used in this work is usually challenging, especially if the lead compounds
bear no structural resemblance to known effector molecules, it proved straightforward for 5
and 6. By design, it was recognized that the follow up assay of lead compounds against
macrophages available from mice bearing germline genetic defects or knockouts of the
genes encoding each of the TLRs, other pattern recognition receptors, or downstream
signaling molecules could be used to establish whether the activity was derived from known
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or presently unrecognized targets.3! By employing this approach, the TNF-a production
induced by 5 was established to be solely dependent on both mTLR4 and mMD-2, and
independent of other mTLRs (Figure 3) and other pattern recognition receptors (not shown).
Moreover, 5 proved nearly identical to LPS in its dependency on not only mTLR4 and
mMD-2, but also the downstream signaling molecules MyD88, TRIF, IRAK4, and IKBKG
(Figure 3). Unlike LPS,32 the activity of 5 was independent of CD14, which serves to deliver
LPS to mMD-2 bound to mTLR4. Like LPS, 5 has been additionally shown to activate the
NF-xB, P38 MAPK, JNK, and ERK signaling pathways (not shown).28 Compound 5 more
effectively stimulates a type | interferon response than LPS or MPLA, resulting in release of
IFN-B but not IFN-a (5 > 6), activates IL-6 production, but fails to induce pro-IL-1
expression and subsequent capase-1 mediated IL-1f release thought to contribute to the
higher toxicity of LPS relative to MPLA.34 This IFN-B production was also shown to be
dependent on mTLR4, mMD-2 and TRIF, whereas LPS but not 5 additionally required
CD14.26 These features represent potential advantages to the use of 5 as a stimulator of the
immune system or as a vaccine adjuvant. Like LPS and monophosphoryl Lipid A (MPLA),
the binding of 5 with mMD-2 was first inferred by inhibition of its mTLR4 agonist activity
(stimulated TNF-a release) by eritoran, a competitive antagonist of the binding of LPS/
MPLA with mMD-2,33 supported by a NMR detected interaction, and unambiguously
established in a X-ray co-crystal structure of 5 bound to mMD-2 in complex with the
mTLR4 ectodomain.2® Like 5 and 6,26 the analogues disclosed herein are inactive against
human TLR4, but the results of their examination define structural regions, structural
insights, and approaches (e.g., dimerization) available for modifications to address this
species dependent activity.

When examined in vivo in mice as detailed herein, 5 was found to be an effective adjuvant
and, unlike LPS, is nontoxic.26 Unlike LPS or its active core Lipid A on which substantial
work has been conducted,3° 5 and 6 are easy to prepare and structurally manipulate, are
intrinsically much more stable, and exhibit exquisite structure—activity relationships as
detailed herein. Compound 5 also was found to elicit an improved and qualitatively different
response than LPS even though they share the same receptor, including an altered profile of
downstream cytokine release. With a few notable exceptions, some of which were disclosed
as our own studies were underway, 5 and 6 are among only a handful of small molecule
agonists capable of TLR4 activation beyond those related to LPS and Lipid A.36-38 Herein
we report the synthesis and the results of a systematic study of the structure—activity
relationships of 5 and 6, and the ability of 5 to stimulate the immune response in vivo in
mice as established by its ability to serve as an efficacious adjuvant.

Results and Discussion

Compound Assessment

Mouse macrophages (1 x 10° cells) were stimulated with 5, 6 or the candidate analogues
(dissolved in DMSO at the concentrations indicated, <0.5% DMSO in assay) and ultra-pure
LPS (dissolved in H,O, Enzo Life Sciences) for 4 h. Mouse TNF-a in the supernatants was
measured by ELISA Kits according to the manufacturer’s instructions (eBioscience and PBL
Assay Science). All data reported in Figure 4—Figure 12 is the mean of triplicates and SD is

J Med Chem. Author manuscript; available in PMC 2017 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Morin et al.

Page 5

within +10% of mean and all samples were assessed alongside LPS, 5, and DMSO controls.
Mouse cells were from wild type C57BL/6J mice.

Compound Synthesis and Results of Their Assessment

Synthesis of 5 and 6—Fischer esterification of commercially available 3-hydroxy-4-
nitrobenzoic acid provided methyl 3-hydroxy-4-nitrobenzoate (cat. HySOg4, MeOH, reflux,
18 h, 99%,; also commercially available) and was followed by formation of the aryl triflate 7
(T,0, Et3N, CH,Cl,, 0 °C, 18 h, 79%) (Scheme 1). Sonogashira cross-coupling of 7 with
[(4-triisopropylsilyloxy)phenyl]acetylene, silyl ether deprotection and concurrent hydrolysis
of the methyl ester 8 (LiOH, THF/MeOH/H,0 4:1:1, 25 °C, 16 h, 81% for 2 steps), and
coupling of the resulting carboxylic acid 9 with L-HoPhe-OBu (EDCI, HOAt, 2,6-lutidine,
DMF, 25 °C, 18 h, 98%) provided 10. Alkyne hydrogenation and concurrent nitro group
reduction with Pearlman’s catalyst (H,, Pd(OH),/C, EtOAc, 25 °C, 16 h, 98%) afforded 5.

Subsequent to the completion of much of the work detailed herein, an alternative synthesis
of 5 was developed (Scheme 2). Wittig reaction of (4-
benzyoxyphenylmethylene)triphenylphosphorane with methyl 3-formyl-4-nitrobenzoate
(NaN(SiMej3),, THF, 25 °C, 16 h, 55%) provided 13. Methyl ester hydrolysis (LiOH, THF/
MeOH/H,0 3:1:1, 25 °C, 3 h, 91%), coupling of the resulting carboxylic acid with L-
HoPhe-OBu (EDCI, HOA, 2,6-lutidine, DMF, 25 °C, 18 h, 70%), and single-step nitro
group reduction, alkene hydrogenation, and benzyl ether hydrogenolysis (Ho, Pd(OH)s,
EtOAc, 25 °C, 12 h, 93%) provided 5.

As detailed in our work that provided the a-helix mimetic library,2” aromatic nucleophilic
substitution of commercially available 3-fluoro-4-nitrobenzoic acid with the sodium
alkoxide derived from 2-[4-(triisopropylsilyloxy)phenyl]ethanol (NaH, THF, 25 °C, 2 h,
85%) provided 14 in a reaction conducted at room temperature and on the free carboxylic
acid (Scheme 3). Coupling of carboxylic acid 14 with L-HoPhe-OBu (EDCI, HOA, 2,6-
lutidine, DMF, 25 °C, 12 h, 90%) afforded 15. Silyl ether deprotection (BusNF, THF, 25 °C,
1 h, 91%) and subsequent nitro group reduction of 16 (Zn nanopowder, saturated aqueous
NH,4Cl/acetone, 25 °C, 1 h, 99%) provided 6.

Both 5 and 6, but not their corresponding carboxylic acids 11 and 12, exhibited well-defined,
dose-dependent stimulated TNF-a release from treated mouse macrophages (Figure 4). As
summarized above,3! the TNF-a production induced by 5 and 6 was established to be nearly
identical to LPS in its dependency in mice cell lines on TLR4, MD-2, MyD88, TRIF,
TRAM, MAL, IRAK4, and IKBKG (Figure 3), and in their independency of all other TLRs.
Not surprisingly and unlike LPS, their activity proved independent of CD14, which serves to
deliver LPS to the cell surface receptor complex. Finally, as detailed herein, 5 proved to be a
robust, in vivo active adjuvant in a mouse model of vaccination.

Scan of the C-terminus residue—Although not the first of the modifications to be
conducted on 5 or 6, we reestablished the unique activity of the L-HoPhe-OBu C-terminus
residue when coupled to the core amine terminus found in 5, examining all C-terminus
residues that were present in the original a-helix mimetic library?” (Figure 5). Thus,
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coupling of 9 with the L-a-amino acid #butyl esters (HoN-Xxx-OtBu, EDCI, HOA, 2,6-
lutidine, DMF, 25 °C, 12-24 h), bearing hydrogenolysis labile side chain protecting groups
as needed (H-Lys(Z)-OMBu and H-Asp(OBn)-OMBu), followed by concurrent alkyne and
nitro group reduction (H,, Pd(OH),/C, EtOAc, 25 °C, 16 h) provided 17-35. Included in this
group was L-HoPhe-OBu, reconfirming its activity when tested alongside the companion
analogues. Most notable in the set of analogues was the inactivity of the compounds
containing other aryl residues (e.g., L-Phe-OBu, 23), highlighting that the activity of 5 is
not observed if the linker to the aryl ring is shortened by even a single carbon regardless of
the extended size of such aryl residues (e.g., NapAla-OBu, 25). Interestingly, 19-21, which
progressively contain more elements of this linking chain but lack the attached phenyl group,
exhibited weak and progressively stronger agonist activity, whereas Met-OBu (26) was
inactive.

Analogues defining the importance of the C-terminus t-butyl ester—Within the
structure of 6, five systematic variations on the £butyl ester were examined including the
free carboxylic acid 12. These were prepared by a synthetic route analogous to that used for
the preparation of 6 itself, coupling intermediate 14 with the corresponding /-Pr, Et, or Me
ester of L-HoPhe or 3-phenyl-1-propylamine followed by subsequent tri-isopropylsilyl
(TIPS) ether deprotection and nitro group reduction with these latter two reactions carried
out in an exchangeable order for the ethyl ester 41 (Scheme 4). Like the observations made
with 5 below, replacement of the #butyl ester with smaller ester groups led to progressive
losses in activity with only the /~Pr ester 40 exhibiting weak agonist activity (Figure 6). Both
the removal of the ~butyl ester altogether with 43 or its cleavage to provide the carboxylic
acid 12 led to a complete loss in activity.

A more extensive series of C-terminus analogues of 5 was prepared and was conducted by
coupling intermediate 9 with a series of alternative ester or amide derivatives of L-HoPhe-
XR (X = O or NH) followed by concurrent alkyne and nitro group reduction by the protocol
developed for 5 itself (Figure 6). Like the observations made with 6, replacement of the #
butyl ester with smaller esters led to progressive and complete loss in agonist activity with
only the ~Pr ester 44 maintaining weak activity (Figure 6). Similarly, its hydrolysis to the
carboxylic acid 11 also resulted in a complete loss in activity. Only the closely related ester
47 approached the activity of 5, whereas the related but slightly larger ester 48 bearing an
alkyne was inactive. Even extending the #butyl group by a single carbon with ester 49
resulted in a complete loss in agonist activity as did its replacement with the larger
adamantyl ester 50. Replacement of the #butyl ester with an amide was not productive. Only
a trace of activity was observed with the corresponding £butyl amide 51, representing a
single heavy atom change in 5 (amide NH for ester O), and perhaps a trace of activity was
observed with the primary carboxamide 59. Without knowledge at the time of the nature of
the binding of 5 to MD-2 and inspired by the lipid chains found in LPS, we also examined a
series of long chain alkyl amides 54-58. Although a hint of activity was seen with a selected
member in the group (54), the very modest level of activity observed and the lack of a SAR
trend of increasing activity with the longer alkyl amides 55-58 did not inspire continued
work on this series.

J Med Chem. Author manuscript; available in PMC 2017 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Morin et al.

Page 7

Synthesis of analogues probing the HoPhe absolute stereochemistry and
linker length—Replacement of the C-terminus L-HoPhe-OBu with its enantiomer D-
HoPhe-OmBu as well as the extension of the linker chain by one or two additional carbons
was conducted by coupling 9 with the corresponding amines following the protocols
developed for 5 (Figure 7). The D-enantiomer 60 proved inactive confirming that the
interaction of 5 with the mTLR4/mMD-2 complex is diastereospecific (Figure 7).
Remarkably and like the reduction in the length of the linker chain to the phenyl group by
one carbon with 23 that was inactive, its extension by either one or two carbons with 61 and
62 also led to essentially complete loss in agonist activity.

Synthesis of analogues containing L-HoPhe aryl substituents and aryl ring
replacements—A small series of p-substituted L-HoPhe-OBu derivatives were examined
as well as a single analogue in which the phenyl ring was replaced by a saturated cyclohexyl
ring. These analogues were prepared by coupling 9 with the corresponding amines followed
by alkyne and nitro group reduction (Figure 8). Although the number of compounds in the
series was not large, the results of their examination were especially revealing. Incorporation
of polar p-substituents (R) were not tolerated, resulting in a complete loss in agonist activity
with 66 and 67 (R = OH or NH,). Even benign but electron dense halide substituents led to a
substantial reduction (65, R = F) or loss (64, R = ClI) in activity. However, nonpolar
substituents represented by the analogue 63 (R = Me) exhibited the robust activity of 5,
surpassing its efficacy and indicating that there are likely substantial nonpolar modifications
to this region of the molecules that are possible. Consistent with such expectations, the
methyl ether derivative 68 (R = OMe) proved equally active with 5, recovering the full
agonist activity lost with the corresponding phenol 66 (R = OH). These latter results indicate
that it is the nature of the substituent (hydrophobic vs hydrophilic) and not its presence
(steric) that influences activity, likely the result of binding deep in the hydrophobic pocket of
mMD-2. Especially revealing was the potent agonist activity of 70, surpassing the activity of
5. Not only does this indicate that even the unsaturation of the phenyl ring is not necessary
and that hydrophobic saturated replacements are well tolerated, but also that this is a region
of the molecule that can be substantially modified in continued optimization efforts. Dose-
response studies established that 63, 68, and 70 exhibit ICsq’s (21.6, 22.2, and 29.5 uM
respectively) comparable to those found for 5 and 6.

Synthesis of analogues probing the amide—The importance of the linking amide
was established with a small set of key analogues. The N-methyl amide 71 of 5 was prepared
by coupling L-NMe-HoPhe-OBu with 9 followed by nitro group and alkyne reduction
(Figure 9). In addition, the corresponding thioamide 72 was prepared from 5 itself by TIPS
ether protection of the phenol, Lawesson’s reagent conversion to the thioamide (toluene,

60 °C, 12 h) and subsequent silyl ether deprotection (BusNF, THF, 25 °C, 6 h, 76% for 3
steps). Reductive removal of the thiocarbonyl (H,, Raney Ni, MeOH, 18 h) provided the
amine 72, lacking the amide carbonyl. Each modification of the linking amide resulted in a
complete loss in activity (Figure 9). Not only does this highlight the essential contribution of
the secondary amide to the expression of the properties of 5, but it also underscores how
remarkable the behavior of 5 is where even the conservative single atom replacement
(thioamide S for amide O) in the amide completely disrupted the observed activity.
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Synthesis of analogues probing the importance of the presence, position, and
substitution of the aniline amine—A similarly key series of analogues of 5 and 6 were
prepared to establish the importance of the presence and position of the aniline amine and
the impact of its substitution. Those prepared that are analogues of 5 include the aniline
positional isomers 74 and 75, requiring their synthesis from the commercially available 5-
nitro- or 6-nitro-3-hydroxybenzoic acids by a synthetic route modeled on that used for 5
itself (Scheme 5). Similarly, the analogue 76 of 5 lacking the aniline amine was prepared
from commercially available 3-hydroxybenzoic acid. Finally, the monomethyl and dimethyl
anilines 77 and 78 were prepared by nonselective methylation of 80, available in 2 steps
from 10, followed by silyl ether deprotection. The acetamide 79 was prepared from the same
intermediate by acylation with acetyl chloride followed by silyl ether deprotection.

The nitro precursor 16 (Scheme 3) to compound 6 was examined as an additional probe of
the importance of the presence of the aniline and the analogue 81 of 6 lacking the aniline
amine was prepared by phenol alkylation with 2-(4-triisopropylsilyloxyphenyl)ethyl
bromide (K,COg3, refluxing acetone) followed by silyl ether deprotection (BugNF, THF
25 °C) (Scheme 6).

Removal of the aniline amine (76 and 81), its mono- or di-methylation (77 and 78), its
simple acetylation (79), its replacement with a nitro group (16), and its movement to the 6-
position on the central ring (75) resulted in a complete loss in agonist activity (Figure 10).
However and interestingly, relocating the aniline amine in 5 to the adjacent 5-position on the
central aromatic ring provided an analogue 74 that retained much of the activity of 5.
Finally, the corresponding carboxylic acids derived from both series (74-79 or 16 and 81)
were also prepared by acid-catalyzed #butyl ester deprotection (4 N HCI, dioxane, 25 °C)
and all were found to be inactive (not shown).

Synthesis of analogues probing the importance of the presence and position
of the phenol hydroxyl group—~Positional isomers of the phenol substitution and the
removal of the phenol hydroxyl group altogether were examined with the analogues 82-84
of 5 prepared as detailed in Scheme 7. Sonogashira cross-coupling of the appropriately
substituted alkynes with triflate 7, LiOH promoted hydrolysis of the methyl ester and
simultaneous phenol silyl ether deprotection, and coupling of the resulting carboxylic acids
with L-HoPhe-OBu (EDCI, HOAt, 2,6-lutidine, DMF, 25 °C, 12-24 h) followed by alkyne
and nitro group reduction (H,, Pd(OH),/C, EtOAc, 25 °C, 3 h) provided 82-84. The
corresponding methyl ether 85 of the phenol found in 5 was prepared by O-methylation of
intermediate 10 (Mel, K,CO3, DMF, 25 °C, 12 h) followed by alkyne and nitro group
reduction.

Analogues of 6 were prepared in which the phenol was moved from the p-position to the m-
position and in which it was removed altogether. Additionally, two analogues that contain a
benign substituent (Cl and F) adjacent to the p-phenol hydroxyl group were also prepared.
Thus, aromatic nucleophilic substitution of 3-fluoro-4-nitrobenzoic acid conducted at room
temperature and on the free carboxylic acid with a series of four sodium alkoxides provided
the product carboxylic acids (Scheme 8). Their subsequent coupling with L-HoPhe-OBu
(EDCI, HOAt, 2,6-lutidine, DMF, 25 °C, 12 h), silyl ether deprotection (BugNF, THF, 25 °C,
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2 h if needed) and subsequent nitro group reduction (Zn nanopowder, saturated aqueous
NH,4Cl/acetone, 25 °C, 30 min) provided 86-89.

Removal of the phenol hydroxyl group (84 and 89), its conversion to a methyl ether (85),
and its movement to the o-position (83) led to complete loss (84, 85, and 89) or near
complete loss (83) in agonist activity, indicating its importance to the expression of the
properties of 5 and 6 (Figure 11). Even the addition of rather benign substituents adjacent to
the p-phenol (87 and 88, F and ClI) led to the sharp reduction in the agonist activity of 6,
suggesting that there may be constraints on further substituting the aryl ring. Only the
corresponding /m-phenol positional isomers 82 and 86 retained the activity of 5 and 6,
exhibiting slightly reduced agonist activity and suggesting that the connecting flexible
linking chain allows adjustments in the aryl positioning to accommodate the relocated 77+
phenol. The carboxylic acids derived from both series (82—-85 and 86-89) were also prepared
by acid-catalyzed #butyl ester deprotection (4 N HCI, dioxane, 25 °C) and all were found to
be inactive (not shown).

Synthesis of analogues probing the central residue linker to the phenol—
Among the most carefully explored regions of 5 and 6 was the linker extending off the
central residue to the phenol. This is the site that distinguishes 5 and 6, differing by the
insertion of an oxygen atom in the linker for 6. Thus, both a two-atom and three-atom linker
proved effective in early studies. A series of additional linkers containing an oxygen atom
were prepared as shown in Scheme 9. Two extend the linker found in 6 by one or two
additional carbons (90 and 91) and were prepared by O-alkylation of a common intermediate
with the respective iodides followed by nitro group reduction (Zn nanopowder, saturated aq
NH,4Cl/acetone, 25 °C, 20 min) and subsequent phenol silyl ether deprotection (BusNF,

25 °C, 20 min). A third analogue 92 shortened the linker of 6 by one carbon, matching the
linker length of 5 but now containing an oxygen atom. Compound 92 was prepared by
alkylation of the benzylic bromide, methyl 3-bromomethyl-4-nitrobenzoate, with 4-
triisopropyloxyphenol (68%). Subsequent LiOH mediated hydrolysis of the methyl ester and
concurrent silyl ether deprotection followed by coupling of the resulting carboxylic acid
with L-HoPhe-OBu (EDCI, HOAt, 2,6-lutidine, DMF, 25 °C, 12 h) and a final nitro group
reduction (Zn nanopowder, saturated aq NH,4Cl/acetone, 25 °C, 20 min, 91% for 3 steps)
provided 92.

A series of saturated all carbon linkers were explored that cover the range of (CH,), where n
= 0-3, including 5 (n = 2). Extension of the linker found in 5 by one carbon, providing an all
carbon analogue 93 of 6, was prepared as shown in Scheme 10. Wittig reaction of methyl 3-
formyl-4-nitrobenzoate with 2-((4-
triisopropylsilyloxyphenyl)ethylene)triphenylphosphorane provided the substituted styrene
(THF, 25 °C, 1 h, 66%, 3:1 Z:E). Methyl ester hydrolysis and concurrent silyl ether
deprotection (LiOH, 25 °C, 1 h, 99%), coupling of the resulting carboxylic acid with L-
HoPhe-OBu (EDCI, HOA, 2,6-lutidine, DMF, 25 °C, 12 h, 86%), and final nitro group and
alkene reduction (Hy, Pd(OH),, EtOAc, 25 °C, 81%) provided 93. The analogue 94 of 5
containing one less carbon in the linking chain was prepared by Suzuki coupling of 4-
(triisopropylsilyloxy)phenyl boronic acid with methyl 3-bromomethyl-4-nitrobenzoate (cat.
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PdCl,, K,COs3, acetone/H,0, 25 °C, 1 h, 58%). LiOH mediated methyl ester hydrolysis and
silyl ether deprotection, coupling of the resulting carboxylic acid with L-HoPhe-OBu
(EDCI, HOAL, 2,6-lutidine, DMF, 25 °C, 12 h, 51%), and subsequent nitro group reduction
(Zn nanopowder, saturated aqueous NH,4Cl/acetone, 25 °C, 1 h, 80%) provided 94. The
analogue 95 of 5, containing no linking chain and attached directly to the central residue
(two carbons shorter), was prepared by Suzuki coupling of triflate 7 with 4-
(triisopropylsilyloxy)phenyl boronic acid (cat. Pd(PPhs),4, K3sPO4, DME/H,0,85 °C, 1.5 h,
98%). Methy! ester hydrolysis of the coupled product conducted with LiOH under
conditions that did not induce phenol silyl ether deprotection (1.1 equiv LiOH, 1:1 £
BuOH/H,0, 25 °C, 2 h, 84%), coupling of the carboxylic acid with L-HoPhe-OBu (EDCI,
HOAL, 2,6-lutidine, DMF, 25 °C, 12 h, 93%), nitro group reduction by hydrogenation (Ho,
Pd/C, EtOAc, 25 °C, 3 h, 98%), and a final silyl ether deprotection (BusNF, THF, 25 °C, 2 h,
63%) provided 95. In addition, the analogue 96 with a rigid alkyne two carbon linker was
prepared by selective nitro group reduction of intermediate 10 employed for the synthesis of
5 (Zn nanopowder, saturated aqueous NH4Cl/acetone, 25 °C, 15 min, 62%).

Two additional analogues were prepared that contain a single atom heteroatom linker
(Scheme 11). The first of these was the analogue 97 that contains a sulfur atom linker. This
analogue is one that we expected to be an exceptional candidate since a sulfur atom is often
regarded as an excellent isosteric replacement for the two carbons of a double bond. Room
temperature aromatic nucleophilic substitution of 3-fluoro-4-nitrobenzoic acid with 4-
(triisopropylsilyloxy)thiophenol (KoCOs3, DMF, 25 °C, 12 h, 72%), followed by coupling of
the carboxylic acid with L-HoPhe-OBu (EDCI, HOA, 2,6-lutidine, DMF, 25 °C, 12 h,
76%), and final nitro group reduction (Zn nanopowder, saturated aqueous NH4Cl/acetone,
25 °C, 1 h, 97%) provided 97. An analogous approach was enlisted for the synthesis of 98
that contains a single nitrogen atom linker. Nucleophilic substitution of methyl 3-fluoro-4-
nitrobenzoate with 4-benzyloxyaniline (DMSO, 110 °C, 6 h, 91%), methyl ester hydrolysis
(LiOH, 93%), coupling of the carboxylic acid with L-HoPhe-OBu (EDCI, HOA, 2,6-
lutidine, DMF, 25 °C, 12 h, 65%), and nitro group reduction and concurrent benzyl ether
hydrogenolysis provided 98.

All analogues that contained saturated linkers composed of two or three carbons or oxygen
were highly effective agonists and the results with analogues in this series exhibited well
defined trends (Figure 12). The effective agonists included not only 5 and 6, but also 92 that
incorporates an oxygen atom into the two atom linker of 5 and 93 that replaces the oxygen
atom in the three atom linker of 6 with a carbon methylene. Extending the linker of 6 by
even one or two more carbon atoms resulted in a near complete loss in agonist activity
(analogues 90 and 91). Similarly shortening the two carbon atom linker of 5 by one carbon
with 94 led to a substantial loss in activity, and removing the linker altogether with 95 led to
essentially complete loss in activity. Additionally, replacement of the flexible two carbon
saturated linker of 5 with the rigid two carbon alkyne linker in 96 resulted in a complete loss
in activity. Similarly, replacement of the linker with a single nitrogen atom as found in 98
resulted in an inactive compound. Surprisingly, replacement of the linker with a sulfur atom
as in 97 resulted in a complete loss in activity despite the fact that it is isosteric with two
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carbon atoms. The carboxylic acids derived from these series were also prepared by acid-
catalyzed #butyl ester deprotection and all were found to be inactive (not shown).

Adjuvant Activity of 5

Extensive in vitro characterization of 5 as a mTLR4 agonist and its downstream signaling
was disclosed elsewhere?® as summarized in the introduction, indicating it effectively elicits
the innate immune response. Since TLR4 signaling plays an essential role in the generation
of both innate and adaptive immune responses, we investigated whether 5 can also serve as
an adjuvant in vivo in mice, indicating stimulation of the adaptive immune response. We
analyzed IgG production against a protein antigen ovalbumin (OVA) in the absence or
presence of escalating doses of 5. The data showed that 5 elicited a robust antibody response
in a dose-dependent manner measured 21 days after immunization (Figure 13a). In mice,
immunoglobulin G1 (IgG1) is associated with a Th2-like response, while a Th1 response is
associated with the induction of 1gG2a, 1gG2b, and 1gG3 antibodies. We further assessed the
effect of 5 on OVA-specific 1gG subclasses and found that 5 induced significant increases in
OVA-specific 1gG1, 1gG2a, 1gG2b and 1gG3 (Fig.13b), suggesting it activated both Thl and
Th2-mediated immune responses. Taken together, these data indicate that 5 is an adjuvant in
mouse and serves to stimulate the adaptive immune response. Just as significantly, the study
indicates that compounds in this new class are of a caliber that exhibit in vivo activity, being
active not only on its target proteins and in functional cellular assays, but in vivo in mice as
well.

Retrospective Interpretation of the Structure—Activity Relationships Based on an X-ray Co-
crystal Structure of Mouse TLR4/MD-2 with 5

The crystal structure of mMTLR4/mMD-2/5 recently reported by us revealed that 5 binds as
an asymmetrical dimer within the hydrophobic pocket of mMMD-2 (Figure 14).26 There it
induces and stabilizes a dimerization interface between two mTLR4/mMD-2 complexes,
similar to the active complex induced by Lipid A. However, 5 and Lipid A form overlapping
but distinct molecular contacts with the receptor to achieve receptor dimerization and
activation. Two molecules of 5 bind tightly to each other, being stabilized by n-stacking of
the central aniline rings (m-stacking) and by two hydrogen bonds between the NH group of
the amide bond of each molecule of 5 and the #butyl ester carbonyl group of the other (2.2
A each, Figure 14, panel B). Thus, it is not surprising that all modifications to the amide
(71-73) resulted in complete loss in activity. Similarly, removal of hydrogen bond acceptor,
the carbonyl of the #butyl ester (43), results in complete loss of activity. What is unique is
that these two hydrogen bonds represent key interactions, stabilizing the ligand dimer
formation and not the interaction of 5 with the protein target. Additionally, a hydrogen bond
between the side chain of mMMD-2 residue Arg90 and one of the amide carbonyl groups
stabilizes binding to the target.

One tbutyl group of the esters is bound deep in the hydrophobic pocket of mMD-2,
mimicking one of the lipid chains of Lipid A (R2”; Figure 14, panel C), extending to the
bottom of the pocket and contacting mMD-2 Phe126 stabilizing the Phe126 loop movement
now characteristic of agonists. The second #butyl group is found near the lip of the mMD-2
hydrophobic pocket interacting with both Phe121 and Phe119 and poised to extend into
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solvent. Thus, one £butyl group contributes critical hydrophobic contacts deep in the
hydrophobic pocket of mMD-2, whereas the other may provide stabilizing contacts at the lip
of the hydrophobic pocket. Consistent with these roles, only the ~butyl ester provides potent
agonist activity, the corresponding amides are inactive, and either smaller or more extended
bulky esters lose activity (40-59). It is likely that the first of the #butyl esters is essential
(5g), whereas the second (55) could tolerate significant changes.

The HoPhe side chains extend into the mMD-2 hydrophobic pocket, each mimicking a lipid
chain of Lipid A, and they pack against one another similar to the Lipid A lipid chains
(Figure 14, panels D and E). This is consistent with the requirement for an extended
hydrophobic side chain (17-35), the accommodation of only hydrophobic phenyl
substituents (63-69), and the remarkable accommodation of a cyclic saturated (70) versus
aryl side chain. The two atom linker to the phenyl group for both molecules of 5 adopt
gauche versus extended conformations, albeit different from one another. This permits the
tip of the aryl rings to interact with either mMD-2 Phel51 or 1le153. A shorter linker to the
aryl ring does not support receptor activation (23) because both aryl rings would fail to make
these stabilizing contacts with mMD-2 and each other, whereas the more extended linkers
(61 and 62) may not be effective because they would extend past and sterically clash with
the side of the pocket. Likely this region will tolerate more extended hydrophobic
substituents on the aryl ring, may tolerate a wide range of extended or branched hydrophobic
groups in place of the aryl ring, and the linkers to each of the two phenyl groups may not
need to be the same for each molecule in the dimer.

The central core aniline of 5 stabilizes ligand dimerization by w stacking interactions
between the two aniline aromatic rings, which are separated by 3.5 A (Figure 14, panel C).
One of the amino groups of the aniline participates in a significant hydrogen bond with the
recruited mTLR4* main chain Ser413* carbonyl, stabilizing active mTLR4 dimer formation.
The other lies at the center of the entry to the mMD-2 binding pocket extending into solvent,
making no contacts other than with solvent. Each amino group sterically orients the adjacent
alkyl substituent extending to the aryl phenol, facilitating the participation of each phenol in
two different and essential hydrogen bonds with the recruited mTLR4* and aromatic ring ©
stacking interactions at the dimer interface. Consistent with a significant role, removal of the
aniline amino group (76 and 81), its replacement with a nitro group (16), its alkylation (77
and 78) or acylation (79), and its movement to the 6 position (75) results in loss in activity.
Only its movement to the adjacent 5 position (74) maintains roughly half the agonist activity,
presumably reducing but not necessarily completely losing the hydrogen bond to a mTLR4*
backbone carbonyl. It is likely that only the first of the aniline amino groups is essential,
whereas the second found at the entrance of the mMD-2 binding pocket could tolerate its
removal or significant changes.

One of the most important features of 5 is the pendant phenol, the presence and position of
its hydroxyl group, and the length and nature of the chain linking the phenol to the core
central ring. The two phenol rings of each molecule of 5 do not bind in the hydrophobic
pocket of mMD-2 but are buried at the dimerization interface with mTLR4*, providing the
key interactions between mMD-2 and mTLR4*. The phenol hydroxyl group of 55 forms a
specific hydrogen bond with the side chain of residue Ser439* of mTLR4* and is
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sufficiently strong and specific to anchor one ligand near the entrance of the hydrophobic
pocket of mMD-2 for dimerization with mTLR4*. This phenol ring and its linker region
overlap with the Lipid A lipid chain (R2; Figure 14, panel C) that has been suggested to be
necessary for its agonist activity. The second phenol ring shows no overlap with bound Lipid
A. This phenol is found sandwiched between the guanidinium groups of Arg434* of
mTLR4* and Arg90 of mMD-2 and its hydroxyl group is hydrogen bonded to the side chain
carbonyl of Glu437* of mTLR4*. Along with a hydrogen bond from the Arg90 side chain
guanidine of mMD-2 with the amide carbonyl of the same molecule of 5, these interactions
appear key to binding, dimerization, and adoption of the activated mTLR4/mMD-2 complex,
creating a binding pocket that is not found in the activated Lipid A complex with mTLR4/
mMD-2. Since both phenols are essential, it is not surprising that the removal of the phenol
hydroxyl group (84 and 89), phenol O-methylation (85), hydroxyl movement to the 2-
position on the aromatic ring (83), or benign substitution adjacent to the hydroxyl group (87
and 88) result in a loss in agonist activity. Only a shift of the hydroxyl group to the adjacent
3 versus 4 position (82 and 86) is tolerated. The chain linking the phenol to the central
aromatic ring is flexible with each adopting different conformations (one extended, one
gauche), and is optimal with a chain length of two or three atoms (5, 6, 92 and 93),
permitting the placement of each phenol aromatic ring and hydroxyl group for key
dimerization interactions with the mTLR4*. Shortening the linker (94, 95, 97 and 98),
extending the linker beyond three atoms (90 and 91), or its rigidification (96) result in a loss
of agonist activity.

It is worth highlighting that even bound as a dimer, 5 occupies less than 50% of the mMD-2
hydrophobic pocket, overlays with only three of six lipid chains of Lipid A (R2, R2”, and
R3), and serves to promote mTLR4 dimerization and activation by enlisting many different
stabilizing contacts than Lipid A at the dimerization interface.26 Finally, no amount of
prospective modeling of the binding of 5 with mTLR4/mMD-2 could have predicted the
requirement for dimer ligand binding.

Conclusions

Although LPS and its biosynthetic precursor Lipid A have a well-defined target, the toxicity
of these TLR4 ligands is considerable as is their instability in vivo and they are not easily
modified. In work that defines a powerful paradigm for the discovery of new small molecule
stimulators of the immune response, we report a remarkable class of small molecule mTLR4
agonists. The compound class referred to as the neoseptins emerged from a a-helix mimetic
library, stimulate the immune response, act by a well-defined mechanism (mTLR4 agonist),
are easy to produce and structurally manipulate, exhibit exquisite structure-activity
relationships (Figure 15), are non-toxic, and elicit improved and qualitatively different
responses than LPS even though they share the same receptor.26

Structural studies of compound 5 binding and mTLR4 activation disclosed elsewhere26
illustrated that it binds as a dimer within the mMD-2 hydrophobic pocket and promotes
mouse TLR4/MD-2 dimerization with adoption of the same activated conformation induced
by Lipid A, but that it does so by a different series of intra- and inter-receptor contacts than
Lipid A. The requirement for agonist dimerization while also engaging this series of
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intricate intra- and inter-receptor contacts needed for receptor dimerization and activation
accounts for the exquisitely sensitive SAR surrounding this class of agonists. It also defines
a rational approach to further improvements in their potency and efficacy and for their
modification to achieve human TLR4 activation that are underway. Finally, we are not aware
of any prior reported example of ligand noncovalent dimerization at a target protein site,
resulting in activation of receptor signaling (agonist vs antagonist/inhibitor) by ligand-
induced receptor dimerization and adoption of an activated conformation. As such, the class
of compounds represent the first ligands discovered and reported with structural features that
simultaneously promote intermolecular ligand dimerization, target protein binding affinity,
and induce receptor dimerization with adoption of an activated signaling conformation.

Experimental

General

Reagents and solvents were purchased reagent-grade and used without further purification.
THF was freshly distilled from sodium benzophenone ketyl. All reactions were performed in
oven-dried glassware under an Ar atmosphere. Evaporation and concentration in vacuo was
performed at 20 °C. TLC was conducted using precoated SiO, 60 F254 glass plates from
EMD with visualization by UV light (254 or 366 nm). Optical rotations were determined on
a Rudolf Research Analytical Autopol 111 Automatic Polarimeter (A = 589 nm, 25 °C). NMR
(1 H or 13C) were recorded on Bruker DRX-500 and DRX-600 NMP spectrophotometers at
298K. Residual solvent peaks were used as an internal reference. Coupling constants (J)
(H,H) are given in Hz. Coupling patterns are designated as singlet (s), doublet (d), triplet (t),
quadruplet (q), multiplet (m), or broad singlet (br). IR spectra were recorded on a Thermo
Scientific Nicolet 380 FT-IR spectrophotometer and measured neat. High resolution mass
spectral data were acquired on an Agilent Technologies high resolution LC/MSD-TOF, and
the detected masses are given as /m/zwith m representing the molecular ion. The purity of
each tested and active compound (>95%) was determined on an Agilent 1100 LC/MS
instrument using a ZORBAX SB-C18 column (3.5 mm, 4.6 mm x 50 mm, with a flow rate
of 0.75 mL/min and detection at 220 and 254 nm) with a 10-98% acetonitrile/water/0.1%
formic acid gradient (Supporting Information Figure S1).

Compound 5

Methyl 4-Nitro-3-(((trifluoromethyl)sulfonyl)oxy)benzoate (7). Methyl 3-hydroxy-4-
nitrobenzoate (1.50 g, 7.61 mmol) was dissolved in anhydrous CH,Cl, (40 mL) and cooled
to 0 °C under a N atmosphere. EtgN (2.21 mL, 15.2 mmol, 2.00 equiv) was added slowly.
After 15 min, trifluoromethanesulfonic anhydride (1.45 mL, 8.37 mmol, 1.10 equiv) was
added dropwise. After 16 h at 25 °C, the reaction mixture was washed with saturated
aqueous NH4CI (30 mL) and H»0 (40 mL). The aqueous phase was extracted with CH,Cl,
(2 x 20 mL), and the combined organic extracts were dried over Na,SO,4 and concentrated in
vacuo. Flash column chromatography (SiO,, 10-20% EtOAc/hexanes gradient) gave 1.98 g
(79%) of 7 as a fluffy, off-white solid. IR (neat) vinay 1727, 1536, 1430, 1209, 975 cm™1; 1H
NMR (300 MHz, CDCls) § 8.23 (t, /= 1.2 Hz, 1H), 8.12-8.07 (m, 2H), 4.02 (s, 3H); 13C
NMR (125 MHz, CDCl3) 6 163.4, 141.3, 136.4, 130.0, 126.8, 125.3, 119.8, 117.3, 53.4.
HRMS (ESI-TOF) m/z calcd for CgHgF3NO7SNa [M+Na]* 351.9709, found 351.9707.
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3-((4-Hydroxyphenyl)ethynyl)-4-nitrobenzoic Acid (9). A 100 mL two-neck round-bottom
flask was charged with 7 (2.40 g, 7.29 mmol), PdCI,(PPhs), (510 mg, 0.73 mmol, 10 mol
%), Cul (415 mg, 2.18 mmol, 30 mol%), and BusNI (8.06 g, 21.8 mmol, 3.0 equiv). The
reagents were suspended in 5:1 DMF/EtzN (30 mL/6 mL), and the reaction mixture flask
was submerged in a preheated oil bath at 70 °C. 4-(Triisopropylsiloxy)phenylacetylene (4.00
g, 14.6 mmol, 2.00 equiv) was added dropwise to the vigorously stirred reaction mixture.
After 3 h, the mixture was cooled to room temperature, diluted with 1:1 EtOAc/hexanes (60
mL each) and washed with saturated aqueous NH4CI (2 x 25 mL). The aqueous phase was
extracted with 1:1 EtOAc/hexanes (3 x 30 mL), and combined organic phases were dried
over Nay,SOy4 and concentrated to afford 8. The resultant dark oil was dissolved in 4:1:1
THF/MeOH/H,0 (20 mL/5 mL/5 mL, respectively). LiOH*H,0 (1.30 g, 31.0 mmol, 4.25
equiv) was added, and the suspension was stirred at room temperature overnight at 25 °C.
After 16 h, the reaction mixture was cooled to 0 °C and aqueous 2 N HCI (approx. 8-10 mL)
was added until a precipitate was observed. The mixture was diluted with EtOAc (100 mL)
and washed with aqueous 2 N HCI until the aqueous phase remained pH ~2. The aqueous
phase was extracted with EtOAc (2 x 30 mL), and the combined organic phases were dried
over Na,SOy4 and concentrated in vacuo. Flash chromatography (SiO,, 50:50:0.5 EtOAc/
hexanes/HOAC) gave 1.69 g (81%) of 9 as a red solid. IR (neat) Vnax 2207, 1683, 1597,
1241, 1170 cm™1; IH NMR (500 MHz, CDCls) § 8.35 (d, /= 1.8 Hz, 1H), 8.10 (d, J= 8.5
Hz, 1H), 8.05 (dd, J= 8.6, 1.8 Hz, 1H), 7.50 (d, /= 8.6 Hz, 2H), 6.89 (d, /= 8.6 Hz, 2H),
4.19 (s, 1H). HRMS (ESI-TOF) m/z calcd for C15H1gNOs [M+H]* 284.0553, found
284.0554.

(5)-tertButyl 2-(3-((4-Hydroxyphenyl)ethynyl)-4-nitrobenzamido)-4-phenylbutanoate (10).
Compound 9 (320 mg, 1.13 mmol, 1.00 equiv), HoPhe-OtBu (266 mg, 1.13 mmol), and
HOAL (170 mg, 1.24 mmol, 1.10 equiv) were combined in a 20 mL flask equipped with a
stir bar. Anhydrous DMF (5 mL) and 2,6-lutidine (0.66 mL, 5.65 mmol, 5.00 equiv) were
added, and the mixture stirred until complete dissolution of the reagents. EDCI*HCI (230
mg, 1.18 mmol, 1.05 equiv) was added, and the mixture was stirred at 25 °C for 18 h. The
reaction mixture was diluted with EtOAc (30 mL), and washed with aqueous 0.1 N HCI (2 x
25 mL) and saturated aqueous NaCl (25 mL). The aqueous phase was extracted with EtOAc
(2 x 10 mL), and combined organic phases were dried over Na,SO,4 and concentrated. Flash
column chromatography (SiO,, 0—-30% EtOAc/hexanes gradient) afforded 555 mg (98%) of
10 as a red solid. TH NMR (400 MHz, CDCl3) § 8.07 (d, J= 8.5 Hz, 1H), 7.85 (d, /= 1.9
Hz, 1H), 7.64 (dd, J= 8.6, 2.0 Hz, 1H), 7.49 (d, J= 8.6 Hz, 2H), 7.35-7.28 (m, 2H), 7.25-
7.17 (m, 3H), 6.86 (d, /= 8.6 Hz, 2H), 6.74 (d, J= 7.6 Hz, 1H), 4.80 (td, /= 7.0, 4.8 Hz,
1H), 2.76 (t, J= 7.7 Hz, 2H), 2.37 (dtd, /= 13.1, 8.1, 4.8 Hz, 1H), 2.26-2.15 (m, 1H), 1.56
(s, 9H). HRMS (ESI-TOF) my/z calcd for CogHogNoOg [M+H]* 501.2020, found 501.2018.

Compound 5. From 10: Compound 10 (530 mg, 1.06 mmol) was dissolved in EtOAc (10
mL) in a two-neck round-bottom flask equipped with a stir bar and three-way vacuum
adapter. Pearlman’s catalyst (5 mol%, 20% Pd w/w on carbon) was suspended in the
reaction solvent, and the solvent was sparged with N, for 10 min. The reaction headspace
was evacuated briefly until the solvent began to boil, and then back-filled with Hy. This
process was repeated 15-20 times to ensure maximum H, atmosphere above the reaction
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mixture. After stirring for 16 h at 25 °C, the mixture was filtered through a plug of sand/
Celite with a 2 mm top layer of SiO», washing thoroughly with EtOAc. The solvent was
removed in vacuo. Flash chromatography (SiO5, 30-50% EtOAc/hexanes gradient) gave 495
mg (98%) of 5 as a pale yellow solid. [a]+44 (¢0.10, CHCI3). Water solubility = 0.2 mg/mL
or 700 M. IR (neat) vinay 1714, 1621, 1494, 1365, 1229 cm™1. 1H NMR (500 MHz, CDCl3)
87.44 (dd, J=8.3,2.2 Hz, 1H), 7.34 (d, /= 2.2 Hz, 1H), 7.32-7.28 (m, 2H), 7.25-7.16 (m,
3H), 6.99 (d, J=8.4 Hz, 2H), 6.78 (d, /= 8.4 Hz, 2H), 6.63 (d, /= 8.3 Hz, 1H), 6.49 (d, J=
7.8 Hz, 1H), 4.82-4.76 (m, 1H), 2.90-2.61 (m, 6H), 2.28 (dddd, /= 13.7, 10.2, 6.3, 5.1 Hz,
1H), 2.10 (m, 1H), 1.53 (s, 9H). 13C NMR (125 MHz, CDCl3) § 172.1, 167.2, 154.5, 147.8,
141.2,133.0, 129.5, 129.1, 128.49, 128.48, 128.37, 126.3, 126.1, 125.2, 123.4, 115.6, 114.7,
82.5,53.0,34.5, 34.2, 33.4, 31.6, 28.1. HRMS (ESI-TOF) m/z calcd for CogH35N204 [M
+H]* 475.2591, found 475.2592.

Alternative Synthesis of Compound 5

Methyl 3-(4-(Benzyloxy)styryl)-4-nitrobenzoate (13). (4-(Benzyloxy)benzyl)triphenyl-
phosphonium bromide3? (1.98 g, 3.67 mmol, 1.10 equiv) was suspended in anhydrous THF
(60 mL) and cooled to 0 °C. Sodium bis(trimethylsilyl)amide (5.50 mL, 1.5 equiv, 1.0 M
solution in THF) was added slowly, forming an orange solution. The ice bath was removed
and the mixture was stirred for 20 min at room temperature. The reaction mixture was
cooled to 0 °C, and methyl 3-formyl-4-nitrobenzoate (0.700 g, 3.33 mmol, 1.00 equiv,
solution in 15 mL anhydrous THF) was transferred via cannula to the reaction mixture. After
stirring for 16 h at room temperature, saturated aqueous NH,4CI (50 mL) was added. The
aqueous phase was extracted with EtOAc (2 x 50 mL). The organic phase was dried over
Na,SO,4 and concentrated. Flash column chromatography (SiO,, 15% EtOAc/hexanes)
afforded 0.80 g (55%) of 13 as an inseparable 2:1 mixture of £/Zisomers. 1H NMR for the
major isomer (500 MHz, CDCl3) 6 8.06 (s, 1H), 8.04 (d, /= 1.8 Hz, 1H), 8.00 (d, /= 1.9 Hz,
2H), 7.48-7.30 (m, 5H), 7.01 (d, /= 8.7 Hz, 1H), 6.98 (d, /= 8.7 Hz, 2H), 6.78 (d, /= 8.8
Hz, 2H), 6.74 (d, J= 4.8 Hz, 1H), 5.02 (s, 2H), 3.88 (s, 3H). HRMS (ESI-TOF) m/z calcd
for Co3HoNOs [M+H]* 390.1336, found 390.1348.

Compound 5. From 13: Compound 13 (288 mg, 0.740 mmol) was dissolved in THF/
MeOH/H,0 (2.0 mL, 0.5 mL, 0.5 mL, respectively) at room temperature. LiOHsH,0 (156
mg, 3.70 mmol, 5 equiv) was added in one portion, and the mixture was stirred for 3 h at
room temperature. Aqueous 1 N HCI was added (30 mL) and the aqueous phase was
extracted with EtOAc (3 x 25 mL). The organic phase was dried over Na;SO,4 and
concentrated to give 254 mg (91%) of the benzoic acid, which was used without further
purification. The benzoic acid (150 mg, 0.400 mmol), HoPhe-OBu (94 mg, 0.40 mmol) and
HOA (60 mg, 0.44 mmol) were dissolved in anhydrous DMF (2 mL). 2,6-Lutidine (0.230
mL) was added, followed by EDCI*HCI (45 mg, 0.42 mmol). After 18 h at 25 °C, the
mixture was diluted with EtOAc (50 mL) and washed with aqueous 1 N HCI (2 x 25 mL)
and saturated aqueous NaCl (25 mL). The organic phase was dried over Na,SO4 and
concentrated. Flash column chromatography (SiO,, 25% EtOAc/hexanes) gave 166 mg
(70%) of the amide product. The amide product (146 mg, 0.246 mmol) was dissolved in
EtOAc (1.5 mL) and Pearlman’s catalyst (50 mg) was added. The resulting suspension was
stirred vigorously under Hy atmosphere for 12 h at 25 °C. The mixture was filtered through a
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4 cm plug of Celite and sand with a 2 mm top layer of SiO, to remove the catalyst. Removal
of the solvent in vacuo provided 109 mg (93%) of 5, whose 1H NMR and HRMS data were
identical with that reported from the samples obtained using the route in Scheme 1.

Compound 6

4-Nitro-3-(4-((triisopropylsilyl)oxy)phenethoxy)benzoic Acid (14). Sodium hydride (60%,
0.50 g, 12.4 mmol) was suspended in THF (10 mL) and 2-[4-
(triisopropylsilyloxy)phenyl]ethanol (0.67 mL, 6.48 mmol) was added dropwise at 0 °C. The
mixture was stirred at 0 °C for 15 min under an atmosphere of Ar before 3-fluoro-4-
nitrobenzoic acid (1.0 g, 5.4 mmol) was added. The mixture was stirred at 0 °C for 5 min
and room temperature for 2 h. The reaction mixture was quenched with the addition of
saturated aqueous NH,4CI, diluted with EtOAc (50 mL), and washed with aqueous 0.1 N HCI
(2 x 20 mL). The organic layer was collected, concentrated, and the product purified by
flash chromatography (SiO», 3:2:0.1 hexanes/Et,O/HOAC) to give 14 as a white solid (1.26
g, 85%). IH NMR (600 MHz, DMSO-d) § 11.78 (s, 1H), 7.90 (d, J= 8.3 Hz, 1H), 7.83 (d, J
=6.1 Hz, 1H), 7.73 (dd, /= 8.3, 1.6 Hz, 1H), 7.24 (d, /= 8.5 Hz, 2H), 6.86 (d, /= 8.5 Hz,
2H), 4.45 (t, J= 6.7 Hz, 2H), 3.08 (t, J= 6.7 Hz, 2H), 1.34-1.22 (m, 3H), 1.11 (d, J= 7.2
Hz, 18H). HRMS (ESI-TOF) m/z calcd for Co4H33NOgSiNa [M+Na]* 482.1969, found
482.1964.

(S)-tertButyl 2-(4-Nitro-3-(4-((triisopropylsilyl)oxy)phenethoxy)benzamido)-4-
phenylbutanoate (15). Compound 14 (95 mg, 0.20 mmaol) was combined with HoPhe-OBu
(88 mg, 0.35 mmol) in DMF (0.75 mL). HOAt (61 mg, 0.45 mmol), EDCI*HCI (69 mg, 0.36
mmol), and 2,6-lutidine (0.17 mL, 1.5 mmol) were added. After stirring at room temperature
for 12 h, the reaction mixture was poured into aqueous 1 N HCI (20 mL). The aqueous layer
was extracted with EtOAc (2 x 20 mL). The combined organic extracts were washed with
aqueous 1 N HCI, saturated aqueous NaHCO3 and saturated aqueous NaCl, dried over
Na,SO, and evaporated in vacuo. Flash chromatography (SiO,, 20% EtOAc/hexanes)
yielded 15 (126 mg, 90%) as a white solid. 1H NMR (600 MHz, DMSO-a) § 7.80 (d, J=
8.3 Hz, 1H), 7.50 (s, 1H), 7.30-7.21 (m, 6H), 7.12 (d, /= 8.1 Hz, 2H), 6.85 (d, /= 7.3 Hz,
2H), 4.74-4.50 (m, 1H), 4.30 (t, J= 6.9 Hz, 2H), 3.10 (t, /= 6.7 Hz, 2H), 2.80-2.72 (m,
2H), 2.40-2.26 (m, 1H), 2.20-2.11 (m, 1H), 1.50 (s, 9H), 1.30-1.24 (m, 3H), 1.09 (d, J=7.0
Hz, 18H). HRMS (ESI-TOF) m/z calcd for C3gHs53N,07Si [M+H]* 677.3616, found
677.3617.

(9)-tertButyl 2-(3-(4-Hydroxyphenethoxy)-4-nitrobenzamido)-4-phenylbutanoate (16).
Compound 15 (250 mg, 350 mmol) was dissolved in anhydrous THF (8 mL) and treated
with BugNF (0.43 mL, 1 M solution in THF, 1.20 equiv). The reaction mixture was stirred at
room temperature for 1 h, before the solvent was removed in vacuo. Flash chromatography
of the residue (SiO,, 25% EtOAc/hexanes) afforded 166 mg (91%) of 16 as a white solid. 1H
NMR (600 MHz, DMSO-ag) 6 7.82 (d, J=7.9 Hz, 1H), 7.50 (s, 1H), 7.40-7.11 (m, 8H),
6.85 (d, /=7.3 Hz, 2H), 5.40 (brs, 1H), 4.80-4.65 (m, 1H), 4.38 (t, /=7.0 Hz, 2H), 3.10 (t,
J=6.7 Hz, 2H), 2.80-2.72 (m, 2H), 2.50-2.30 (m, 1H), 2.25-2.10 (m, 1H), 1.50 (s, 9H).
HRMS (ESI-TOF) m/z calcd for CogH33N,O7 [M+H]* 521.2282, found 521.2283.

J Med Chem. Author manuscript; available in PMC 2017 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Morin et al.

Page 18

Compound 6. Compound 16 (120 mg, 0.23 mmol) was dissolved in acetone/saturated
aqueous NH4CI (1:1, 5 mL each). Zn nanopowder (151 mg, 2.30 mmol, 10 equiv) was added
portionwise to the reaction mixture, which was stirred vigorously at room temperature for 1
h. The heterogeneous mixture was filtered through Celite to remove the Zn salts, and the
filtrate was diluted with EtOAc (50 mL) and washed with H,O (50 mL). The organic phase
was dried over Na,SO4 and concentrated to give 113 mg (99%) of 6 as a white solid. [a]+42
(c0.10, CHCl5). IR (neat) Vinay 1714, 1612, 1503, 1365, 1221 cm™L. 1H NMR (600 MHz,
DMSO-gg) 89.30 (s, 1H), 8.20 (d, J= 8.2 Hz, 1H), 7.50-7.30 (m, 7H), 7.20 (d, J= 7.1 Hz,
2H), 6.65 (d, J= 7.3 Hz, 2H), 5.25 (s, 2H), 4.80 (q, /= 6.0 Hz, 1H), 4.18 (t, /= 7.0 Hz, 2H),
3.00 (t, /= 6.7 Hz, 2H), 2.70-2.65 (m, 1H), 2.55-2.50 (m, 1H), 2.10-2.00 (m, 2H), 1.49 (s,
9H). 13C NMR (125 MHz, CDCls) § 172.0, 167.2, 155.0, 145.8, 141.1, 140.2, 129.9, 129.4,
128.5,128.4,126.1, 123.1, 120.0, 115.5, 113.3, 111.0, 82.5, 69.2, 53.0, 34.8, 34.5, 31.6,
28.0. HRMS (ESI-TOF) my/z caled for CogHasNoO5 [M+H]* 491.2540, found 491.2542.

(S)-2-(4-Amino-3-(4-hydroxyphenethyl)benzamido)-4-phenylbutanoic Acid (11)
—Compound 5 (4.0 mg, 0.015 mmol, 1.0 equiv) was dissolved in 4 N HCl/dioxane (200 uL,
0.80 mmol, approx. 54 equiv) and allowed to stir for 8 h at 25 °C, after which the #butyl
ester was observed by LCMS to have been completely consumed. Concentration of the
solvent provided 3.5 mg (99%) of 11 as a yellow solid. 1H NMR (500 MHz, methanol-aj) &
8.06 (d, /=2.1 Hz, 1H), 8.00 (dd, J= 8.3, 2.1 Hz, 1H), 7.62 (d, /= 8.3 Hz, 1H), 7.49-7.33
(m, 5H), 7.29 (d, /= 8.4 Hz, 2H), 6.92 (d, J= 8.4 Hz, 2H), 4.76 (dd, J= 9.6, 4.7 Hz, 1H),
3.25-3.17 (m, 2H), 3.16-3.09 (m, 2H), 2.96 (m, 2H), 2.48 (m, 1H), 2.37 (m, 1H). HRMS
(ESI-TOF) m/z calcd for CosHp7N204 [M+H]* 419.1965, found 419.1968.

(S)-2-(4-Amino-3-(4-hydroxyphenethoxy)benzamido)-4-phenylbutanoic Acid
(12)—Compound 6 (20 mg, 0.041 mmol) was dissolved in 4 N HCl/dioxane (1 mL), and the
reaction mixture was stirred at 25 °C for 8 h. The solvent and excess HCI were evaporated
under a stream of N to provide 17 mg (99%) of 12, which was not further purified. 1H
NMR (500 MHz, methanol-dj) § 7.63 (d, J= 1.7 Hz, 1H), 7.53 (dd, J= 8.1, 1.8 Hz, 1H),
7.41 (dd, J=8.1 Hz, 1H), 7.28-7.12 (m, 5H), 7.21 (d, /= 8.5 Hz, 2H), 6.76 (d, /= 8.5 Hz,
2H), 4.57 (dd, /=9.6, 4.7 Hz, 1H), 4.37 (t, /J=7.2 Hz, 2H), 3.11 (t, /= 7.2 Hz, 2H), 2.85-
2.69 (m, 2H), 2.28 (m, 1H), 2.16 (m, 1H). HRMS (ESI-TOF) m/z calcd for Co5H»7N205 [M
+H]* 435.1914, found 435.1914.

Measurement of TNFa Release from Mouse Macrophages—Thioglycolate-elicited
macrophages were recovered 4 d after i.p. injection of 2 mL BBL thioglycolate medium,
brewer modified (4%; BD Biosciences) by peritoneal lavage with 5 mL phosphate buffered
saline (PBS). The peritoneal macrophages were cultured in DMEM cell culture medium
[DMEM containing 10% FBS (Gemini Bio Products), 1% penicillin and streptomycin (Life
Technologies)] at 37 °C and 95% air/5% CO,. Cells were seeded onto 96-well plates at 1 x
10° cells per well and treated with 5, 6, or the candidate analogues (dissolved in DMSO, and
final assay DMSO concentrations (<0.5%) were kept constant in all experiments) and ultra-
pure LPS (dissolved in H,O, Enzo Life Sciences) for 4 h and assessed alongside DMSO
treated controls.*? Mouse TNF-a in the supernatants was measured by ELISA kits according
to the manufacturer’s instructions (eBioscience and PBL Assay Science). All data is mean of
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triplicates and SD is within +10% of mean. Mouse cells were from wild type C57BL/6J
mice.

Adjuvant Activity—C57BL/6 mice were purchased from The Jackson Laboratory.
EndoFit™ ovalbumin (OVA) was purchased from Invivogen with 98% purity minimum
(SDS-PAGE) and has endotoxin levels <1 EU/mg. Mice (4 per group) were immunized i.m.
by 100 pg OVA with vehicle (propylene glycol) or 5 in vehicle (propylene glycol) at the
indicated doses. After 21 days, serum titers of OVA-specific 1gG or 1gG subclasses were
measured by ELISA. All experimental procedures using mice were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of Texas
Southwestern Medical Center, and were conducted in accordance with institutionally
approved protocols and guidelines for animal care and use. All the mice were maintained at
the University of Texas Southwestern Medical Center in accordance with institutionally
approved protocols.
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Abbreviations Used

Abu aminobutyric acid

CD14 cluster of differentiation 14

DAMP damage-associated molecular pattern

DME dimethoxyethane

DMF dimethylformamide

DMSO dimethylsulfoxide

DMAP 4-(dimethylamino)pyridine

EDCI 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
ERK extracellular signal-regulated kinase

HOAt 1-hydroxy-7-azabenzotriazole

HoPhe homophenyl-alanine

IKBKG inhibitor of nuclear factor kappa-B kinase subunit gamma protein
IFN interferon

IL interleukin

IRAK interleukin-1 receptor-associated kinase
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JINK c-Jun N-terminal kinase
LPS lipopolysaccharide
LBP LPS binding protein
MAPK mitogen-activated protein kinase
MD-2 myeloid differentiation protein 2
Met methionine
MPLA monophosphoryl Lipid A
MyD88 myeloid differentiation primary response gene 88 protein
NF-xB nuclear factor kappa-light-chain-enhancer of activated B cells
OVA ovalbumin
PAMP pathogen-associated molecular pattern
Ra-Ni Raney-nickel
Tf trifluoromethylsulfonyl
TLR Toll-like receptor
TIPS tri-isopropylsilyl
TRIF TIR-domain-containing adapter-inducing interferon-f3
TNF-a tumor necrosis factor alpha
SAR structure—activity relationship
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Figure 1.

Top: Structure of Lipid A, a component of lipopolysaccharide (LPS, endotoxin), which is
responsible for the toxicity of Gram-negative bacteria. It is the innermost of three regions of
LPS. While its toxic effects are damaging, the sensing of Lipid A by the human immune
system (TLR4/MD-2) is critical for the onset of immune responses to Gram-negative
bacteria, and the fight against the infection. Bottom: Key steps in the initial elaboration of a
screening lead, compound 1, to the compounds 5 and 6 examined herein.
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Figure 2.
Top: mTLR4 agonists emerged from screening an 8000-membered a-helix mimetic library

designed to represent the /, 7+ 4, and 7+ 7 residues of all a-helices. The library, consisting
of 400 wells of 20 compounds each and prepared as a 20 x 20 x 20-mix, was tested at 50 pM
for stimulated release of TNF-a against mouse macrophages. Bottom: mTLR4 agonists
identified in the library. The individual compounds found in the two active wells (56G4 and
58G4) were prepared and tested (50 uM) for stimulated release of TNF-a against mouse
macrophages providing the lead compounds 1-3.
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Figure 3.
Assay for TNF-a release upon treatment with 5 (50 pM) using macrophages from mice

containing disabling germline mutations or knockouts of genes encoding mTLRs and
downstream signaling proteins. All results are representative of two independent
experiments. Error bars represent SEM. * = P < 0.05; ** = P < 0.01; *** = P £ 0.001; ****
=P <0.0001.
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Figure 4.
Activity (TNF-a release) of 5 and 6 versus the corresponding carboxylic acids 11 and 12,

assayed at 50 UM against mouse macrophages alongside LPS (5 ng/mL in red, and 1 ng/mL
in blue). All data is the mean of triplicate assay versus vehicle control, error bars represent
SEM. * =P <0.05; ** =P <0.01; *** = P <0.001.
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Figure 5.

C-terminus scan, compounds prepared from 9 (overall % yields) and assayed (50 uM)
against mouse macrophages alongside LPS (5 ng/mL) for stimulated release of TNF-a. All
data is the mean of triplicate assay versus vehicle control, error bars represent SEM. * =P <
0.05; ** = P <0.01; *** = P < 0.001.
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Figure 6.
Preparation of #butyl ester analogues of 5 and the assessment of the ester analogues of 5

(above) and 6 (Scheme 4) assayed (50 uM) against mouse macrophages alongside LPS (1
ng/mL) for stimulated release of TNF-a. All data is the mean of triplicate assay versus
vehicle control, error bars represent SEM. * = P < 0.05; ** = P <0.01; *** = P < 0.001.
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Figure 7.

Preparation of the enantiomer (60) of 5 and analogues altering the HoPhe chain length and
their assessment assayed (50 uM) against mouse macrophages alongside LPS (1 ng/mL) for
stimulated release of TNF-a. All data is the mean of triplicate assay versus vehicle control,
error bars represent SEM. * = P < 0.05; ** = P < 0.01; *** =P < 0.001.
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Figure 8.
Preparation of analogues of 5 bearing HoPhe phenyl substituents or replacements and their

assessment assayed (50 pM) against mouse macrophages alongside LPS (5 ng/mL) for
stimulated release of TNF-a. All data is the mean of triplicate assay versus vehicle control,
error bars represent SEM. * = P <£0.05; ** = P < 0.01; *** = P < 0.001.
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Figure 9.

Preparation of analogues of 5 bearing changes to the amide and their assessment assayed (50
UM) against mouse macrophages alongside LPS (1 ng/mL) for stimulated release of TNF-a.

All data is the mean of triplicate assay versus vehicle control, error bars represent SEM. * =

P <0.05; ** =P <0.01; *** = P < 0.001.
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Figure 10.
Evaluation of analogues of 5 (Scheme 5) and 6 (Scheme 6) used to probe the importance of

the presence, position, and substitution of the aniline amine assayed (50 pM) against mouse
macrophages alongside LPS (1 ng/mL) for stimulated release of TNF-a. All data is the mean
of triplicate assay versus vehicle control, error bars represent SEM. * = P <0.05; ** =P <
0.01; *** = P < 0.001.
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Figure 11.
Evaluation of analogues of 5 (Scheme 7) and 6 (Scheme 8) used to probe the importance of

the presence, position, and substitution of the phenol hydroxyl group assayed (50 uM)
against mouse macrophages alongside LPS (1 ng/mL) for stimulated release of TNF-a. All
data is the mean of triplicate assay versus vehicle control, error bars represent SEM. * = P <
0.05; ** =P <0.01; *** = P < 0.001.
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Figure 12.
Evaluation of analogues of 5 and 6 (Schemes 9-11) used to probe the linker between the

central aromatic ring and the phenol assayed (50 uM) against mouse macrophages alongside
LPS (1 ng/mL) for stimulated release of TNF-a. All data is the mean of triplicate assay
versus vehicle control, error bars represent SEM. * =P <0.05; ** =P <0.01; ***=P <
0.001.
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Adjuvant activity of 5. (a) Dose-dependent adjuvant activity of 5. C57BL/6 mice (4 per
group) were immunized i.m. by 100 pg OVA with vehicle (propylene glycol) or 5 in vehicle
(propylene glycol) at indicated doses. After 21 days, serum titers of OVA-specific 1gG were
measured by ELISA. (b) Assessment of OVA-specific 1gG subclasses. Mice (4 per group)
were immunized with 100 pg of OVA mixed with 5 or vehicle alone. After 21 days, serum
titers of OVA-specific 1gG subclasses indicated were measured by ELISA. Error bars
represent SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001.
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Figure 14.
Panel A, Co-crystal structure of 5 with mTLR4/mMD-2 (pdb 5HG4).26 Panel B,

Asymmetrical dimer of 5 bound at the mMD-2/mTLR4 interface. Panel C, Overlay of Lipid
A (pdb 5HG6)26 and 5 as bound to mTLR4/mMD-2, highlighting their distinct activation
interactions and differences in contact size. Boxed phenol of 5 has no overlay with Lipid A
and represents a distinct site of inter-receptor interactions for 5. Panels D and E,
Dimerization interface of the co-crystal structure of 5 with mTLR4/mMD-2, highlighting its
binding at the entrance of the hydrophobic pocket of mMD-2 and key intra- and inter-
receptor interactions.
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