ABSTRACT

Synthesis of Modulators of TLR2, TLR4, and TLR7 Functionalized for Conjugation to
Biomolecules

Babatope Akinbobuyi, Ph.D.

Mentor: Robert R. Kane, Ph.D.

A wide range of pathogen-associated molecules including acylated lipopeptides,
lipopolysaccharides (LPS), and single-stranded viral RNAs initiate innate immune
responses via binding to members of a protein family called Toll-like receptors (TLRs).
Toll-like receptors recognize general molecular patterns associated with various pathogens.
Recognition of pathogen-associated molecular patterns (PAMPs) by TLRs results in
specific signaling pathways which initiate an immune defense against the pathogen. Herein
is described the synthesis of small-molecule modulators that can activate or inhibit Toll-
like receptors in order to modulate immune responses. In order to avoid systemic effects,
our compounds are designed to allow their conjugation to biomolecules thus allowing
targeted delivery.

A variety of compounds have been designed and characterized as agonists of TLR7,
an endosomal receptor recognizing viral ligands. Among these compounds are
imidazoquinolines and adenine derivatives. A significant part of the synthetic work

presented herein is focused on the synthesis of adenine derivatives which can be developed



as vaccine adjuvants. In the first part of the work, a concise and efficient synthesis of
adenine derivatives, several of which were functionalized for antibody conjugation, is
presented. The second part of this project was directed towards the chemical modification
of a previously studied TLR4 antagonist - TAK-242. The anti-inflammatory potential of
this compound inspired us to explore its potential for the control of the blood-mediated
inflammatory response which occurs subsequent to islet transplantation. We describe our
efforts to synthesize TAK-242 and attach it to a B-eliminative bifunctional linker, which is
expected to facilitate a slow release of active drug after transplantation. Finally, an analog

of the TLR2 agonistic lipopeptide Pam3CSK4 was also synthesized for bioconjugation.
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CHAPTER ONE

Introduction

This dissertation reports studies on the synthesis of bioactive small molecules
(specifically, Toll-like receptor modulators) that are functionalized for conjugation to
biomolecules. The compounds are designed to be useful in vaccine development and in the

transplant of islet cells.

Bioconjugation

Bioconjugation is the chemical strategy of linking a biomolecule with other
molecules to form a complex or a conjugate.! Often, bioconjugates are constructed from
monoclonal antibodies (mAb) which are proteins that can exhibit high specificity and
avidity for binding to a wide range of targets.? Bioconjugation is usually carried out using
a synthetic linker which can possess different or the same functional groups at two ends.’
Crosslinkers with two different reactive functional groups are known as hereobifunctional
linkers, while those in which the reactive functional groups are the same are
homobifunctional. Heterobifunctional crosslinkers possess the advantage that they can be
used to couple two different functional targets (examples are shown in Figure 1). To
produce a bioconjugate, one end of the linker is reacted with the biomolecule and the other
end 1s reacted with a second molecule. Conjugation strategies are often described in terms
of the nature of bonding with the biomolecule (more commonly), with the second molecule,

or the nature of both.



o}

o
0 i N — - )_ _”_ _
y o N3——CH,CH,~O—{- CH,CH,0}=-CH,—C—0—N
N (0]
0

succinimidyl 4-(N-maleimidomethyl)cyclohexane-
1-carboxylate (SMCC)
Thiol and amine reactive

NHS-PEG-azide
Amine and nitrile or alkyne reactive

N

I\

Dibenzocyclooctyne-amine (DBCO-amine)
Carbonyl or carboxylic acid and azide reactive

Figure 1. Heterobifunctional Linkers

NHS Ester and Maleimide Conjugations

Two of the classic bioconjugation methods that were used to make the first
generation of antibody-drug conjugates involve acylation of lysine residues on an antibody
with activated esters (e.g. N-hydroxysuccininimide (NHS) esters) and alkylation of
cysteine thiols on an antibody with maleimides.* Figure 2 shows how lysine residues on an
antibody would react with an NHS functionalized drug. A human IgG antibody typically
contains about 100 lysine residues whose side chains terminate with primary amines. Mass
spectrometry analysis has shown that potentially 40 of these residues can be modified
(acylated).? Typically, conjugation reactions result in zero to eight drug molecules
conjugated to an antibody. This implies that both unconjugated and overloaded antibodies
can be produced in a heterogeneous fashion - over a million different antibody-drug
conjugate species can be produced by this approach. This is referred to as a nonspecific

conjugation. Problems associated with this nonspecific conjugation include



the competition of unconjugated antibodies with drug loaded ones for antigen binding,
conjugation at the antigen binding region (Fab) of the antibody (reducing activity),
conjugation at the Fc domain (which may affect antibody effector functions), antibody

aggregation and increased toxicity and decreased stability (half-life) of conjugates.>®

Drug 0o
_-NH2 © l,\l o N)\ /s

H N

H,N 1 <
NH NH
2
T~NH, ——— o7 TLDmug
mAb Conjugate

Figure 2. Schematic representation of an NHS ester bioconjugation strategy

Cysteine conjugation relies on the reduction of the four interchain disulfide bonds
on the antibody, which leads to eight thiol groups that can be available for conjugation
(Figure 3). The free thiols are reacted with maleimides or other electrophiles on other
molecules.? The formation of regioisomeric mixtures of conjugates still result in over a
hundred different drug-loaded species. The cysteine-maleimide conjugation strategy
therefore results in a smaller number of heterogeneous species than the lysine-NHS
strategy. The two FDA approved antibody-drug conjugates Adcetris (lysine-NHS) and
Kadcyla (cysteine-maleimide) were produced using the conjugation strategies described

above.*°



Site-Specific Conjugations
A number of site-specific reactions have been developed to achieve homogeneity
and to limit drug-to-antibody ratio. The earlier mentioned cysteine-maleimide strategy can
be used to produce a homogeneous antibody-drug conjugate in a site-specific reaction if
all the interchain disulfide bonds are reduced and coupled with the drug molecules (Figure
3).27 This approach was used by Doronina et al. to produce a conjugate of anti-CD30

antibody with monomethyl auristatin E.®°

Thiol-specific
Mild reduction drug conjugation
s _—
Antibody Antibody-drug conjugate

Figure 3. Site-specific conjugation using sulthydryls after reduction of the antibody
disulfide chains’

Other site specific conjugations that have been reported include selenocysteine-

maleimide reaction, '° oxime ligation and glycoconjugation, '3

microbial transglutaminase
conjugation,'* hydrazino-iso-Pictet-Spengler reaction,’®> and trapped-Knoevenagel
ligation.!® Another recently discovered but less utilized technique involves conjugating
indole-based molecules to the conserved nucleotide binding site (NBS) at the Y/F42
residue (tyrosine or phenylalanine) of the variable light chain of an antibody, activated by

UV energy (Figure 4).>'8 A number of the site-specific conjugation techniques mentioned

above require an initial chemical or enzymatic modification of the biomolecule.
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Figure 4. Photochemical conjugation of an indole-based Compound to an antibody at the
conserved nucleotide binding site’

Click Chemistry Conjugation
A reaction qualifies to be described by the term “click chemistry” if it is high

yielding, wide in scope, stereospecific, biorthogonal (functional groups of the reagents

(@]
o
HN
_Ph

R P

| (0]

Ph 0

/Y

Y
Pyl

N3 /P\ Ph

Staudinger Ligation Ph

— N
= R Z N\
. - o
CuAAC )§/
R

N

| ] \ [
ot -
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Figure 5. Examples of click chemistry reactions. R = Bioactive small molecule or drug.



are inert to those of biomolecules), involves non-toxic byproducts that can be removed
without column chromatography, and can be carried out in benign solvents such as
water.!*?° The term click chemistry was introduced in 2001 by Sharpless et al. to describe
reactions that satisfy these conditions.!® By implication, these reactions can be used for
bioconjugations and the products are stable under physiological conditions. Examples of
click chemistry reactions that can be used to conjugate proteins (antibodies) and drugs are
copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC), strain-promoted azide-alkyne

cycloaddition, and azide-phosphine (Staudinger) ligations (Figure 5).2°

Cleavable Linkers
The connector between the components of a bioconjugate is often called a linker.
For example, an antibody drug conjugate may be considered to consist of an antibody, a
drug and a synthetic linker (Figure 6). Often, the drug is attached to a suitably
functionalized linker before it is conjugated to the antibody under mild (aqueous)
conditions.* Accordingly, it becomes important for the linker to exhibit orthogonal
reactivity, the ability to solubilize the drug (which is often hydrophobic), and some degree

of stability during circulation (so the drug is not prematurely released in vivo).

Attachment Linker
[Tk

Antibody

Figure 6. Components of a Conjugate



In certain cases, the need to minimize off-target effects of the conjugate, or other
considerations including targeted drug release, has led to the use of conjugates which have
cleavable linkers.?! Cleavable linkers are often required to allow the release of a drug
intracellularly. Conditions to be satisfied by cleavable linkers include cleavage under mild
(physiological) conditions, and the ease of elimination of any by-products. One of the
applications of cleavable linkers is in the development of pro-drugs. Prodrugs are designed
to have little or no pharmacological activity while undergoing biotransformation (that is,
until cleavage) to a therapeutically active metabolite. In other words, they are only active
after a process such as enzymatic hydrolysis, specific to the diseased site in vivo, which
facilitates the release of the drug. A number of cleavable linkers are known and have been
used to make conjugates and several examples are shown in Figure 7. A disulfide group in

a conjugate can be reduced by glutathione or by enzymes. Esters are cleaved hydrolytically

s R _
R g7 Reduction R—SH
¥
Conjugate with a linker R'— SH
containing a disulfide bond
7 Hydrolysi 9
R ydrolysis
R
\/( . + w0 Dr
O/\R' OH
Conjugate with a linker
containing an ester group
0 Hydrolysis R 2 R
N e
[
n—R OH

H

Conjugate with a linker
containing an amide group

Figure 7. Different functionalities present in cleavable linkers and the cleaving reagents. R
and R’ groups represent the molecules conjugated by the linker.



by esterases. Amide bonds can also be cleaved by proteases. In addition, some linkers can
be cleaved under acidic pH. Examples of these include linkers with the tert-

butyloxycarbonyl (Boc), hydrazone, and imine functionalities (Figure 8).%!

| N
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tert-butyloxycarbonyl imine
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hydrazone

Figure 8. Acid Labile Linkers; (Dashed line = Sites of cleavage).

pB-Eliminative Cleavable Sulfone Linker

To improve pharmacokinetics, cleavable linkers which allow a controlled release
of active drugs from the linker have been employed.?! With the cleavable linker
conjugation strategies so far described, the rate of drug release may not be well-defined.
For example, variability in serum esterases often leads to unpredictable cleavage rates and,
therefore, variable drug exposure.”> A B-eliminative bifunctional linker that allows a
tunable rate of the cleavage was described by Santi et al. (Figure 9).>*% In contrast to the
previously described cleavable linkers, which are cleaved under acidic conditions or by
enzymatic (or chemical) hydrolysis, this linker is cleaved under mildly basic and non-

enzymatic conditions. The rate of release of drug is dependent on the acidity of the



indicated hydrogen in Figure 9. Basic hydrolysis is triggered by the removal this hydrogen,

leading to B-elimination and release of the drug.
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Figure 9. B-Eliminative linker with the phenyl sulfone modulator
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(pH 7.4 — 9.5, calculated to pH 7.4, 37°C)?*?

Several other linkers have been synthesized with the phenyl sulfone group replaced

with other groups (modulators).?? This allows a variation of the rate of drug release in

conjugates synthesized using different linkers (Figure 10). Physiological conditions have



been explored and in vitro cleavage rates correlated well with in vivo cleavage rates both

in rats and mice.

Vaccine Development

Vaccines are substances that can mimic a disease-causing agent, introduced into
the host to stimulate protective immunity against the disease.’* Vaccination have
successfully helped in the eradication of smallpox and the reduction of polio and measles.
Traditionally, vaccines were produced from either live attenuated or heat-inactivated
organisms. With the evolvement of pathogenic viral strains (that is, influenza, HIV, human
papillomavirus etc.), efforts have been directed towards the development of vaccines that
are based on recombinant proteins or subunit vaccines that can be prepared to stimulate an
immune response against specific microbial antigens.*** However, these proteins can be
less immunogenic than traditional vaccines that are based on the whole organism.
Therefore, co-administration with an adjuvant such as Toll-like receptor agonists is often

required.?

Toll-Like Receptors as Part the Immune System

Immunity refers to the mechanisms used by the body as a protection against
environmental agents that are foreign to the body. The English word arose from the Latin
term immunis, meaning “exempt.”?® Immunity may be either innate or acquired. Innate
immunity is conferred by a diverse array of cellular and subcellular components with which
an individual is born. These components are always present and available at a short notice
to protect the individual from challenges by foreign invaders. Elements of the innate
immune system include pattern recognition molecules (innate receptors), such as Toll-like

receptors, which can bind to various microorganisms.?” Acquired immunity is present only
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in vertebrates. Following contact with an antigen, antigen-presenting cells and lymphocytes
(B and T cells) bearing antigen-specific receptors are activated, leading to their
proliferation.?”?® The program of events that follows leads to humoral or cell-mediated
responses. These events take days to weeks to unfold. In this manner, the individual
acquires a durable immunity to withstand and resist a subsequent attack by the same foreign
agent.?’ Some properties highlighting key differences between innate and adaptive immune

system are presented in Table 1.

Table 1. Features of the Innate and Adaptive Immune System?’

Property Innate Adaptive

Characteristics Antigen nonspecific Antigen specific
Rapid response Slow response (days)
No memory Memory

Immune components Natural barriers (e.g. skin, Lymphocytes, antigen
mucous membranes), recognition molecules (B-
phagocytes and Natural and T-cell receptors),
Killer cells, soluble secreted molecules (e.g.
mediators (e.g. antibody)

complement), pattern
recognition molecules

Toll-Like Receptors
Microbes display highly conserved molecular patterns which are recognized by
pattern recognition receptors such as Toll-like receptors (TLR) in the host; this recognition
in turn helps the host in distinguishing self from non-self (foreign) molecules.?” The Toll
gene was originally identified for its role in dorsoventral patterning in the fruit fly
Drosophila melanogaster embryos.® Later studies showed that Toll genes encode proteins

that play a critical role in the fly’s innate immune response to fungal infection. The human
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Table 2. Known Toll-like Receptors, their Ligands and Locations

34-36

Receptor Ligands Microorganisms Cell carrying  Cellular Synthetic
recognized receptor location Ligands
of receptor
TLRI1:TLR2 Triacyl lipopeptides,  Bacteria DCs, Plasma Lipopeptides e.g.
lipoarabinomannan monocytes, membrane Pam,CSK,

GPI Parasites e.g. cosinophils, (triacylated),
trypanosomes (7. basophils, mast zwitterionic
cruzi) cells polysaccharides

(TLR2)
TLR2:TLR6 Lipoteichoic acid, Gram-positive DCs, Plasma Lipopeptides e.g.
peptidoglycan, diacyl  bacteria monocytes, membrane MALP-2
lipopeptides eosinophils, (diacylated)
Zymosan Yeasts (fungi) basophils, mast
cells
TLR3 Double-stranded viral ~ Viruses e.g. West NK cells Endosomes Poly (I:C)
RNA Nile virus
TLR4:TLR4 Lipopolysaccharide, = Gram-negative DCs, Plasma E6020, ES531,
human RSV fusion bacteria macrophages, = membrane E5564

protein, pertussis toxin, eosinophils,

Taxol (from Taxus mast cells

brevifolia)

TLRS Flagellin Motile bacteria Intestinal Plasma
having a flagellum  epithelium membrane
TLR7 Single-stranded viral ~ Viruses e.g. HIV pDCs, Endosomes Purines;
RNA eosinophils, NK nucleosides e.g.
cells, B cells loxoribine (a
guanosine
analog);
bropirimine
(pyrimidinone);
imidazoquinolin-
es e.g.
imiquimod,
R848, CL097,
gardiquimod
TLR8 Single-stranded viral ~ Viruses e.g. influenza NK cells Endosomes Imidazoquinolin-
RNA es
TLR9 Unmethylated CpG-  Bacteria, pDCs, Endosomes

rich DNA viruses e.g. herpes eosinophils,
virus basophils, B

Hemozoin Malaria parasite cells

TLRI10, pDCs,

TLR 10:1 & eosinophils,

TLR10:2 basophils, B
cells

TLRI11 T. gondii profilin, Uropathogenic

apicomplexan profilins

bacteria

12



homolog of the Drosophila Toll protein, now known as TLR4, was cloned in 1997. TLR4
was later shown to be involved in the recognition of lipopolysaccharide (LPS), a major cell
wall component of Gram-negative bacteria.>'*> LPS is only one example of the many
pathogen-associated molecular patterns (PAMPS) recognized by Toll-like receptors.
Thirteen Toll-like receptors have been identified so far: TLR1 to 9 are conserved in both
humans and mice, while TLR10 is only functional in humans, and TLR11 to 13 are found
in mice, having been lost from the human genome.** Table 2 shows some of the TLRs,
their natural ligands, location and agonists.>*3

TLR3, 7, 8, 9 are localized in intracellular organelles such as the endosomes,

lysosomes, and the endoplasmic reticulum, while TLR1, 2, 4, 5, 6, 10 and 11 are localized

on the plasma membrane (Figure 11). As such, the endosomal TLRs generally recognize

LRR ectodomain extracellular

Plasma membrane

intracellular
TIR domain with adaptor proteins

TLR1,2,4,5,6,10, 11

Figure 11. Plasma-membrane TLRs*’

nucleic acid (viral mostly) components, while the plasma membrane TLRs recognize
microbial (bacterial, fungal) components such as lipids and lipoproteins.>**’ For example,
TLR7 (an endosomal TLR) is expressed in plasmacytoid dendritic cells where it can

stimulate response to RNA viruses.**> Plasma membrane TLRs consist of extracellular and

13



intracellular domains. The extracellular (horse-shoe shaped) domain interacts with PAMPS
while the intracellular (toll-interleukin-1 receptor, TIR) tail is the signaling region.’” The
extracellular domain (ectodomain) is characterized by the presence of a leucine-rich repeat

(LRR) motif which is primarily used for mediating ligand recognition.

TLR7 Signaling and IFN Inducers

Activation of TLRs leads to activation and maturation of dendritic cells (DCs).
TLR-mediated DC activation results in enhanced phagocytosis, upregulation of the major
histocompatibility complex (MHC) and costimulatory molecules, secretion of cytokines
(e.g. type I IFNs) and antigen presentation to lymphocytes.?*-**3-43 TLR7 signaling follows
a MyD88-dependent pathway. The TIR domain of TLR7 interacts with MyD88, a signal
adaptor protein, which also has a TIR domain. Inflammatory responses are regulated by
the activation of NF-kB (a nuclear transcription factor) and AP-1 (activator protein-1).3%4
Cellular responses resulting from this TLR7 signaling include the production of type I [FNs
(IFN-0) and proinflammatory cytokines (IL-6 IL-12, TNF-a).284%42% Tt has been
established that TLR7 recognizes single stranded viral RNA (derived from the human
immunodeficiency type I virus (HIV-1), vesicular stomatitis virus (VSV), and influenza
virus), certain siRNAs (small interfering RNA), and low molecular weight synthetic
compounds.*>*

Imiquimod and Resiquimod (imidazoquinolines, Figure 12) are examples of small
molecule TLR7 and TLRS agonists that have been developed for treating skin and allergic
disorders.***¢ The clinical use of these compounds also results in some adverse effects
including vomiting and fever.*’*® Structures of other TLR7 and TLRS agonists are

presented in Figure 12.414°
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Figure 12. Structures of Known TLR7 and TLR8 Agonists

Previous SAR Studies on Adenine-Based TLR7 Agonists
Several adenine derivatives with structural modifications at the 8-, 9-, and 2-
positions were screened by Hirota et al. for their IFN-inducing activities.*’*’ In vitro and
in vivo studies in mice spleen cells and mice plasma samples resulted in the selection of 8-
hydroxyl-9-benzyl derivatives (the 8-mercapto also showed moderate activity) when

compared to the lead compound (R = H, Figure 13).

NH, R=H
R= SC%H7 N AN N\
N R = NHC4H | »—OH
N AN 4719
\>_OH R = 0C4Hg N )\ =

= N COM

P N R = NH(CH,),0Me o N 2Me
R* N R = NHBn
\\© R = NHBU

R = O(CH,),0Me

Ester derivative of 2-butoxy compound

Figure 13. 2-Substituted, 6-Amino, 8-Hydroxyadenine Derivatives

For the 2-position, the authors found that the 2-propylthio, 2-butylamino, and 2-

butoxyl derivatives (R = SC3H7, NHC4Hy, OC4Ho respectively, Figure 13) had excellent
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IFN-inducing activities. These compounds showed greater than 100-fold improvement of
in vivo activity over the lead compound.

With the establishment of the importance of the amino group at the 6-position,*’
the 2-methoxyethylamino adenine derivative (R = NH(CH2).OMe, Figure 13) was found
to possess good IFN-inducing activity (30-fold greater potency in vivo than Imiquimod)
and good oral bioavailability when compared with the equally potent 2-benzylamino (R =
NHBn) and 2-butylamino (R = NHBu) derivatives.’® For the 2-alkoxy and 2-mercapto
analogs, the 2-propylthio-, 2-butoxy- and 2-methoxyethyloxy derivatives (R = SC3H7,
OC4Ho, O(CH2)OMe respectively) were satisfactory, showing about 100-fold greater
potency in vivo than Imiquimod.®! In addition, the 2-methoxyethyloxy compound (R =
O(CH2)OMe) showed preferable oral bioavailabilty.

A search for an IFN inducer with reduced cytokine induction and its associated side
effects led to the synthesis of the ester derivative of the 2-butoxy compound as the best

candidate (Figure 13).%

The metabolism of this ester to the much less active carboxylic
acid was expected to minimize side effects such as flu-like symptoms which results from
systemic cytokine induction.

In their study of 9-substituted 2-butylaminoadenine derivatives, Isobe et al. found
that the para-substituted 9-benzyl compounds were 10-fold more potent than the

unsubstituted 9-benzyl and were preferable in activity to the ortho- and meta-substituted

compounds.>?
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Figure 14. 9-Benzyl and 9-(3-Pyridylmethyl) Adenine Derivatives

Notably, the 6-methyl-3-pyridylmethyl compound (para-substituted: R' = Me,
Figure 14) had a clear dose-dependent strong IFN induction when orally administered into
a monkey model and did not cause emetic activity in ferrets (whereas emesis was observed
with the reference compound Resiquimod, Figure 12). Equally strong IFN-inducing were
analogs with R' = CI, R' = OMe, and R' = H (Figure 14). In 2013, the same authors
demonstrated that the mechanism of action of these compounds is TLR7 agonism.’® A
reporter gene assay based on HEK293 cells which were transfected with human TLR7
along with the NF-kB SEAP reporter was used to evaluate the in vitro activities of the
compounds. The ECso of the 6-methyl-3-pyridylmethyl compound (R' = Me, Figure 14)
was determined to be 32 nM. The 6-methoxy analog (R' = OMe, Figure 14) had a better
ECso of 28.1 nM. The authors modified their compounds further and identified a
dimethylaminoethoxy compound (R' = O(CH2),NMe;) with an ECso of 7.2 nM. Analogs
with R' = O(CH2):NHMe and O(CHz)>—morpholino (Figure 14) had poorer profiles in
terms of potency and solubility. Given this observed trend in their studies, the authors
concluded that the extra basicity of the NMe> (compared to the morpholino) as well as the
tertiary amine functionality of NMe;, as opposed the secondary NHMe, were essential. The
dimethylaminoethoxy compound (DSR-6434) has been used in combination with ionizing

radiation in the treatment of solid tumor in mice.>*
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8-Aminoadenine compounds have also been studied for their [FN-inducing activity.
2-alkoxy-8-aminoadenines (Figure 15) were evaluated by Jin et al. for IFN-a induction in
PBMC from healthy human donors. Notably, the 8-morpholinoethylamino derivative
(Figure 15) was the most active (compared to the lead compound with R = O(CHz).OMe,

Figure 13) with an ECso value in the submicromolar range.>

NH, (J

NT X N N
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Figure 15. 8-Aminoadenine Compounds

In order to be able to add additional functionality (for conjugation chemistry) to
TLR7 agonists, Filippov and his workers synthesized 9-benzyl-8-oxoadenines with an
azide group introduced at the 2-position.’® The azidoethyl- and azidopropyl-substituted

compounds retained moderate TLR7 activity (Figure 16).

NH,
N R
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' )l\ /EO N
RS0 SN R

Figure 16. Azide-Bearing 2-Substituted Adenine Compounds

(CH2)2N3
(CH2)3N3
(CH2)20(CH3),0(CHy)oN3

In order to enhance innate immune activation and improve the in vivo
pharmacodynamics of their compounds, Carson and his co-workers synthesized

phospholipid and phospholipid-polyethylene glycol (PEG) conjugates (A and B,
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respectively, Figure 17).>” Both were synthesized from a benzoic acid starting material.
The phospholipid-TLR7 agonist conjugate (A) was estimated to be about 1000-fold more
potent than Imiquimod as a cytokine inducer. The hybrid conjugate containing both

phospholipids and PEG (B) was less potent, but possessed greater water solubility which
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Figure 17. TLR7 Agonist Conjugates with Phospholipids

makes it useful for systemic administration. Recently, the phospholipid-TLR7 agonist
conjugate (A) was used as an adjuvant in combination with a substituted pyrimido[5,4-
bJindole TLR4 ligand to induce a balanced Th1- and Th2-type response protective against
homologous and heterologous influenza viruses.>®

Further supporting the general structural motif for [IFN-induction by TLR7 agonists
was the modeling study carried out by Musmuca et al. on a set of published IFN inducing
compounds.®® Using 3-dimensional quantitative structure-activity relationship (3-D

QSAR) models, they identified important features including a steric filling region (near
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adenine C-2), hydrophobic area (near N-9), an acceptor hydrogen bonding region (near C-
6), and a polarized area - possibly with donor hydrogen bonding characteristics (near C-8)

(Figure 18).

Figure 18. QSAR modeling depicting IFN induction regions on adenine TLR7
compounds>’

TLR7-Antibody Conjugation

The clinical utilization of TLR7 agonists has been limited by side-effects resulting
from the systemic induction and release of cytokines such as IL-6, IL-12, and type I IFN.*®
Conjugation of TLR7 agonists to an antibody that targets dendritic cells could potentially
reduce side effects associated with systemic cytokine release.®® It has also been shown that
the covalent attachment of TLR ligands to antigenic proteins can result in vaccines with
improved immunogenic activity.®!"®> Vaccines consisting of recombinant antibodies
assembled with antigenic proteins that target dendritic cells have been produced.®*%

A DC-targeting conjugate was developed by Tacken et al. by encapsulating TLR3
and TLR7/8 agonists (poly I:C and R848) within nanoparticles coated with DC-targeting
anti-DC-SIGN and anti-DEC-205 antibodies.®®¢” Their studies showed that the conjugation
led to enhanced DC maturation and allowed the induction of cellular immune responses at

lower adjuvant doses, thereby reducing toxicity.
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The TLR7 agonist UC-1V150 (as an NHS ester; see Figure 12) has been recently
conjugated with the antitumor antibody anti-hCD20 rituximab.®® According to studies
carried out on this conjugate, the antigen-binding activity and specificity of the conjugate
was retained and the in vitro proinflammatory activity was increased over that of
unconjugated UC-1V150.

Filippov and his co-workers conjugated an azide-bearing 2-alkoxy-8-
hydroxyadenine (R' = (CH2)>O(CH2).O(CH2)2N3, Figure 16) TLR7 ligand with peptides
from ovalbumin.®® Using the Huisgen cycloaddition, they synthesized three conjugates
with different peptides and discovered that the conjugates enhanced antigen presentation
in vitro.

Wu et al. also conjugated UC-1V150 with mouse serum albumin (MSA) bearing

UC-1v150

NH
)IH N
N
o} 7 H
/O\/\O)l\ N/ N>= N — \
\\©\//N -”
Figure 19. TLR7 agonist conjugates with mouse serum albumin (MSA)

a hydrazone linker (succinimidyl 4-hydrazinonicotinate acetone hydrazone) — Figure 19.*!
A standard UV absorption curve was used to determine the ratio of UC-1V150 to MSA in

the conjugate to be approximately 5:1. In vitro studies in a murine model showed that the
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conjugate produced higher levels of cytokines than the free drug. After intravenous
injection, the conjugate improved the production of cytokines 10- to 100-fold over the free

drug.

TLR?2 Agonists

TLR2 belongs to the class of cell surface TLRs. Among TLRs, TLR2 recognizes
the broadest range of microbial derived components.’® Studies of mice deficient in TLR2
have helped to demonstrate that this TLR has a distinct function in terms of PAMP
recognition and immune responses.’! TLR2-agonizing components include lipopeptides
from bacteria, peptidoglycan and lipoteichoic acid from Gram-positive bacteria,
lipoarabinomannan from mycobacteria, zymosan from fungi, tGPI-mucin from
Trypanosoma cruzi, soluble factor from Neisseria meningitides, phenol-soluble modulin
from Staphylococcus epidermis, and the hemagglutinin protein from measles virus.?*-*#
TLR2 interacts with other host cell receptors such as TLR1, TLR6, CD14, CD36 and
Dectin-1.”? With TLR1 and TLR6, TLR2 forms heterodimers TLR1/2 and TLR2/6. With
CD14 (a high affinity LPS binding receptor), TLR2 forms an LPS receptor complex.”
CD36 acts together with TLR2/6 to mediate the sensing of some TLR2 agonists.”* These
interactions provide a way by which TLR2 can distinguish different ligands. For examples,
triacyl lipopeptides (Pam3CSK4) and lipoarabinomannan can be recognized by TLR1/2,
while diacyl lipopeptides (Pam2CSK4, MALP-2), zymosan and lipoteichoic acid are
recognized by TLR2/6.7%7* Interaction of TLR2 with Dectin-1, a lectin family receptor for
the fungal cell wall component B-glucan, also demonstrates the ability of TLR2 to
recognize fungal-derived components.”>’¢ Additionally, TLR2 reportedly recognizes LPS

preparations from non-enterobacteria such as Leptospira interrogans,”’ Porphyromonas
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gingivalis and Helicobacter pylori.”® These LPS structurally differ from the typical LPS of
Gram-negative bacteria recognized by TLR4. It has also been reported that TLR2 signaling
is stimulated in response to a number of viruses including Epstein-Barr virus,”” measles

82,83

virus,®°  Varicella-Zoster  virus,®!  hepatitis C  virus, human and murine

84,85 86-89 90,91

cytomegalovirus, herpes simplex virus, vaccinia virus, lymphocytic

choriomeningitis virus®? and respiratory syncytial virus.”

As with most TLRs, TLR2 signaling involves the MyD88-dependent pathway,
resulting in cellular responses such as activation of NF-kB and MAPKSs and the production
of proinflammatory cytokines.”* TLR2 activation by viral ligands, such as vaccinia,
triggers the production of type I IFNs by inflammatory monocytes.”

TLR2-ligand complexes are among the five TLR-ligand complexes to have been
characterized structurally to date.>> Figure 20 shows the structures of the TLR2/1 and
TLR2/6 ectodomains binding lipopeptides Pam3CSK4 and Pam2CSK4 respectively.”®"’
The structures of the lipopeptides Pam3CSK4 and Pam2CSK4 are shown in Figure 21.%%7
In both the TLR2/6-ligand and TLR1/2-ligand complexes, the dimeric arrangement
consists of an ‘m’ shaped heterodimer, with the two N-termini extending in opposite
directions and the C-termini converging in the middle region (Figure 20A, 20C). In the
TLR2/1-ligand complex, two of the three lipid chains (the ester-bound ones) of Pam3CSK4

insert into the hydrophobic pocket of TLR2, while the third chain (the amide-bound) inserts

into the narrow hydrophobic channel of TLR1 (Figure 20B).”® The amide- bound lipid
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Figure 20. Crystal structures of TLR2:1 and TLR2:6 heterodimers showing their binding
to lipopeptides™®
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Figure 21. Structures of Pam3CSK4 and Pam2CSK4

chain plays an important role in bridging the two TLRs in the TLR2/1-triacylated
lipopeptide. On the other hand, the hydrophobic channel is absent from TLR6, as the side

chains of two phenylalanine residues (F343 and F365) block the lipid binding pocket,
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leading to a pocket that is less than half the length of TLR1.”” Therefore, the TLR2/6
heterodimer selectively binds to the diacylated lipopeptide using just the ester-bound lipid
chains inserted into TLR2’s hydrophobic pocket (Figure 20D). Dimerization in the
TLR2/6-diacylated lipopeptide is strengthened by protein- protein interactions between the
two TLRs (which is greater in the TLR2/6-ligand than in the TLR2/1-ligand) and also by
hydrogen bonding. A hydrophobic interaction between the sulfur atom (on the cysteine) of
the ligand and the TLRs also contributes to dimerization in the complexes.’’

SAR studies using HEK293 cells transfected with human TLR2 have revealed the
essential contribution of the ester-bound fatty acids for TLR2 signaling induction.’® The
importance of the fatty acid chain length was also demonstrated. While the incorporation
of short chain fatty acids (such as acetic acid and hexanoic acid) resulted in little or no
TLR2-dependent response, longer chains (octanoyl to palmitoyl) led to an increased
response. The length and nature of the peptide are also important for recognition.
Lipopeptide analogs Pam3CSSNA, Pam3CSK4, Pam3CAG, and Pam3CS were
investigated by Reitermann et al.”” Out of these, PAm3CSK4 was found to be a potent
immune adjuvant in combination with dinitrophenylated bovine serum albumin,

presumably due to its hydrophilic lysine residues.

TLR4 Modulators
TLR4 is the first discovered member of the TLR family. It is also a cell surface
receptor, similar to TLR2. Lipopolysaccharide (LPS) is an integral component of the outer
membrane of Gram-negative bacteria and is also a natural ligand and agonist for TLR4.
Apart from LPS, other exogeneous ligands recognized by TLR4 include heat shock protein

(HSP60) from Chlamydia pneumoniae, fusion protein from respiratory syncytial virus,
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envelope proteins from respiratory syncytial virus and murine mammary tumor virus, GPI
from Trypanosoma cruzi, and Taxol (a diterpene also known as paclitaxel).>>*} Curcumin,
cinnamaldehyde, caffeic acid phenethyl ester, isoliquiritigenin, L-sulforaphane, and
morphine have also been identified as TLR4 ligands from natural sources.'°® Endogenous
ligands known as danger associated molecular patterns (DAMPs) have also been shown to
activate TLR4. Endogenous DAMP ligands for TLR4 include heat shock proteins (HSP60
and HSP70), B-defensin 2, the extra domain A of fibronectin, hyaluronic acid, heparan
sulfate and fibrinogen.***> These endogenous factors, usually released in the host as a
consequence of injury or inflammation, typically require very high concentrations to
activate TLR4.>* LPS (or endotoxin), on the other hand, is a very potent activator of TLR4.
Activation of TLR4 by small amounts of LPS often complicated studies of endogenous
ligand preparations. LPS is composed of a hydrophilic polysaccharide portion and a
hydrophobic lipid A portion. The biologically active (toxic) part of LPS is the membrane-
anchoring moiety, lipid A.'% Lipid A is composed of a glucosamine disaccharide core with
phosphate esters and fatty acid chains. Activation of TLR4 by LPS is a complex process
initiated by LPS binding protein (LPB), a soluble plasma protein. LPB catalyzes the
extraction and transfer of individual LPS molecules from aggregated LPS to CD14 (a GPI-
linked, LRR-containing protein that binds LPB), and from CD14 to myeloid differentiation
protein 2 (MD-2).** Engagement of TLR4 and dimerization leads to the formation of the
(LPS.MD-2.TLR4), complex. The intracellular signal that results from this dimerization
follows either the MyD88-dependent pathway or the MyD88-independent (TRIF- or
TRAM-dependent) pathway.>*!® TLR4 activation and signaling that results from LPS

engagement can lead to a fatal septic syndrome if the inflammatory response is amplified
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or uncontrolled.!” The resulting inflammatory response includes the production of
mediators such as cytokines or nitric oxides. Therefore, the release of these mediators can
be used as a basis for evaluating antisepsis agents.'?? Sepsis (a systemic inflammatory
response syndrome induced by bacterial infection) is one of the chief causes of death in the
intensive care units today.'” Therefore, the inhibition of TLR4 stimulation with TLR4
antagonists is an area of active research.

A synthetic small molecule with a structure totally different from that of Lipid A,
known as TAK-242 (or resatorvid), has been developed as a TLR4 antagonist and a
potential antisepsis agent.!”> TAK-242 is the (R)-enantiomer of ethyl 6-(N-(2-chloro-4-
fluorophenyl)sulfamoyl)cyclohex-1-ene-1-carboxylate (Figure 22). According to
Takashima et al., TAK-242 inhibits TLR4 by binding directly (presumably as a Michael
acceptor) to Cys747 in the intracellular domain of TLR4. It exhibited potent therapeutic

104 Recent work by Hua et al. has also

effects in an E. coli-induced mouse sepsis model.
shown that TAK-242 is able to cross blood-brain barrier, blocking TLR4 signaling,

mediating the expression of inflammatory cytokines, and protecting the brain from acute

damage induced by cerebral ischemia/reperfusion.!®

Figure 22. Structure of TAK-242
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Islet Transplants

Islet cell transplantation is a viable option for treating people with type I diabetes.
Islets constitute only about 2% of the pancreatic volume and help to produce insulin.'% In
people with type I diabetes, their islet cells have been destroyed. One approach to treating
type I diabetes is to transfer islet from a healthy donor to the patient. A significant
advantage of this procedure is that it involves simple IV transfer of islets into the portal
vein, and is thus much less invasive than a whole organ transplant.'%” Challenges associated
with this procedure, however, include the difficulty of obtaining sufficient islets from a
single donor and the death of islets, especially after transplantation, by a variety of
mechanisms including especially the instant blood mediated inflammatory response
(IBMIR). IBMIR occurs instantaneously when allogenic or xenogenic islets come into
contact with blood and results in a significant loss of transplanted islets.!%

Apart from IBMIR, poor islet engraftment or graft loss has also been attributed to
poor quality islets and hypoxia. IBMIR is characterized by features such as blood

coagulation and complement activation,!%1%

In concert with these, a variety of
approaches have been used to prevent graft loss or reduce IBMIR, including administration
of low molecular weight immunosuppresants, anticoagulants, thrombin-inhibitors or anti-
inflammatory drugs, as well as islet surface modifications with PEG and protein

conjugates. 109110
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CHAPTER TWO

Materials and Method

General Section

Solvents (ethyl acetate, ethyl ether, hexane and methanol) were obtained from the
Baylor Sciences Building stockroom and distilled before use. All other reagents and
solvents were purchased from Acros Organics, Alfa Aesar, Sigma-Aldrich, VWR, Pierce,
Bio-synthesis, Bachem, and Click Chemisty Tools. LC/MS grade methanol from Fisher
Scientific was used for running mass spectrometry experiments. Reactions were monitored
by thin layer chromatography (TLC) using silica XG TLC plates w/UV254 from Sorbent
Technologies and the final products purified by flash chromatography using silica gel 60
(230-400 mesh). A Varian 500 MHz NMR and an AVANCE III HD Bruker 600 MHz
NMR spectrometer were used for obtaining 'H and '*C NMR. Chemical shifts () are
reported in ppm and coupling constants (J) are expressed in Hz. High resolution mass
spectra (HRMS) were obtained using the electrospray ionization (ESI) technique on a
Thermo Scientific LTQ Orbitrap Discovery mass spectrometer in the Baylor University
Mass Spectrometry Core Facility. GC-MS was carried out using Thermo Scientific DSQ
II GC/MS with FOCUS GC. Microwave-assisted synthesis was performed using the CEM

Discover microwave system in sealed reaction vessels.
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Experimental

Cl
cl K,COs, N Cl
benzyl bromide, NI A \> +
)\ =
c” N N
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1a 1b
2:1

Scheme 1. Synthesis of 1

9- and 7- Benzyl-2,6-dichloropurine (1a, 1b). To a mixture of 0.7 g (3.7 mmol) of
2,6-dichloropurine and 1.5 g (10.9 mmol) of potassium carbonate was added 13.5 ml (174
mmol) of DMF. After stirring for 8 minutes, 0.62 ml (3.7 mmol) of benzyl bromide was
added and stirring was continued for 8 hours at ambient temperature. The mixture was
partitioned between DCM (30 ml) and water (100 ml). The aqueous phase was further
extracted with DCM (2 x 20 ml). The combined organic phase was dried with magnesium
sulfate and dried by rotary evaporation and high vacuum, leaving a yellow liquid. The
isomers were separated using silica gel column chromatography (50% ethyl
acetate/hexanes), giving 36 % of the less polar N-9 and 20% of the more polar N-7 product
(which showed more downfield proton NMR chemical shifts). N-7 Product: 'H NMR (600
MHz, DMSO-ds) 6 9.05 (s, 1H), 7.38 - 7.28 (m, 3H), 7.21 (d, /= 7.0 Hz, 2H), 5.74 (s, 2H).
N-9 Product: 'H NMR (600 MHz, DMSO-ds) & 8.85 (s, 1H), 7.39 - 7.27 (m, 5H), 5.50 (s,

2H).
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Scheme 2. Synthesis of 2

9-Benzyl-2-chloroadenine (2). To 2-chloroadenine (1.3 g, 7.7 mmol) and
potassium carbonate (3 g, 21.7 mmol) was added DMSO (26 ml). After stirring for 2
minutes, benzyl bromide (1.25 ml, 10.5 mmol) was added. Stirring was continued for 30
hours at room temperature. The reaction mixture was poured into 140 ml of cold water and
kept cold (4°C) overnight. The precipitate was filtered giving the product in 94% yield. 'H

NMR (500 MHz, DMSO-ds) 8 8.25 (s, 1H), 7.77 (s, 2H), 7.38 - 7.26 (m, SH), 5.33 (s, 2H).

NH,
NH, K,CO;,
4-cyanobenzyl bromide, N7 XX N
NT N\ DMSO, rt, 22 h, 96% )L)I \>
> c” N N

BP Iy
Cl N H
CN

3

Scheme 3. Synthesis of 3

2-Chloro-9-(4-cyanobenzyl)adenine (3). To 2-chloroadenine (2.00 g, 11.8 mmol) and
potassium carbonate (5.07 g, 36.7 mmol) in a reaction flask was added DMSO (44 ml).
After stirring the mixture for 5 minutes, 4-cyanobenzyl bromide (3.20 g, 16.3 mmol) was
added and stirring was continued for 22 hours at room temperature. After allowing the
reaction mixture to settle in the reaction flask, the mixture was poured into ethyl acetate

(250 ml) and water (180 ml) in a glass-capped round-bottom flask. The contents of the
31



round-bottom flask were mixed thoroughly (sealed). The mixture was concentrated in
vacuo. The concentrated mixture was placed in ice to cool and the precipitate obtained was
filtered and rinsed with cold water. Drying under vacuum was continued overnight to give
the product in 96% yield. '"H NMR (500 MHz, DMSO-ds) & 8.27 (s, 1H), 7.85-7.79 (m,
4H), 7.42 (d,J = 8.4 Hz, 2H), 5.45 (s, 2H); '*C NMR (126 MHz, DMSO-ds) § 156.8, 153.2,
150.5, 142.2, 141.5, 132.7, 128.1, 118.6, 117.8, 110.6, 45.9; HRMS (+ESI) calcd for
C13H10CINg (MH") 285.0650, found 285.0640 (A 3.5 ppm); (-ESI) caled for C13HsCINg

(M-H") 283.0504, found 283.0503 (A 0.3 ppm).

NH
2 (a) n-BuOH, n-BuONa, reflux, 26 h NT X N
N (b) H,0, reflux, 20 h, 65% N
N \> )l\ pZ >
Py - o W
o] N N

\\©\COZH
CN

3

Scheme 4. Synthesis of 4

4-((6-Amino-2-butoxy-9H-purin-9-yl)methyl)benzoic acid (4). Sodium metal (0.16
g, 7.0 mmol) was allowed to react completely with dry n-butanol (18.5 ml) to give
sodium butoxide. Dry n-Butanol (54.0 ml) was added to the nitrile 3 (0.71 g, 2.5 mmol) in
a round- bottom flask and the mixture was stirred for a minute. The sodium butoxide
solution was added to 3 and n-butanol in the flask and the resulting mixture was refluxed
with stirring for 26 hours. The reflux was paused to cool the mixture. Deionized water
(6.0 ml, 333.1 mmol) was added, and the reflux was continued for additional 20
hours. The reaction mixture was extracted with 110 ml of water. The organic layer was

further extracted with 80 ml of water, allowing 12 hours for the layers to separate (the
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middle emulsion was separated, allowed to settle and extracted with additional
water). The combined aqueous layers were acidified to pH 3 using 4M hydrochloric acid
and cooled overnight. The precipitate obtained was filtered and dried to give the carboxylic
acid in 65% yield. '"H NMR (500 MHz, DMSO-dp) & 8.16 (s, 1H), 7.91 (d, J = 8.2 Hz, 2H),
7.40 (d, J = 8.2 Hz, 2H), 5.37 (s, 2H), 4.23 (t, J = 6.7 Hz, 2H), 1.67-1.60 (m, 2H), 1.42-
1.34 (m, 2H), 0.90 (t, J = 7.4 Hz, 3H); '3C NMR (126 MHz, DMSO-ds) § 167.0, 159.2,
154.6, 150.5, 141.4, 140.4, 130.3, 129.7, 127.8, 113.9, 67.0, 46.2, 30.4, 18.7, 13.7; HRMS
(+ESI) calcd for C17H20NsO3 (MH™) 342.1561, found 342.1568 (A 2.0 ppm); (-ESI) caled

for C17H18N503 (M-H+) 340.1415, found 340.1412 (A 0.9 ppm).

NH,
NH,
NN N N\>
N| \> n-BuOH, n-BuONa, )I\ P
reflux, 48 h, 52% 0] N N

~
cl N N —_
COZNa
CN

3 4 (sodium salt)

Scheme 5. Synthesis of sodium salt of 4

Sodium 4-((6-amino-2-butoxy-9H-purin-9-yl)methyl)benzoate (4). 0.3 g (13 mmol)
of sodium metal was allowed to react completely with 45 ml of n-butanol. 130 ml of n-
butanol was added to 1.7 g (6 mmol) of 3 in a round bottom flask and the mixture was
stirred for a minute. The prepared sodium butoxide solution was added to 3 in butanol in
the flask. The mixture was refluxed with stirring for 48 hours. The reaction mixture was
cooled to room temperature and kept overnight at 5°C. Vacuum filtration of the precipitate

was carried out using minimal cold ethyl acetate to rinse the solid. The product was used

without further purification (52%). 'H NMR (500MHz, DMSO-dc) & 8.02 (s, 1H), 7.81 (d,
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J = 8.0 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 7.17 (s, 2H), 5.24 (s, 2H), 4.21 (1, J = 6.6 Hz,
2H), 1.68-1.62 (m, 2H), 1.44-1.36 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H); '"H NMR (500 MHz,
D:0) 5 7.94 (s, 1H), 7.81 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H), 5.28 (s, 2H), 4.21
(t,J= 6.6 Hz, 2H), 1.64 — 1.57 (m, 2H), 1.37 — 1.29 (m, 2H), 0.86 (t, J= 7.4 Hz, 3H); 1*C
NMR (125 MHz, DMSO-de) 5 169.4, 161.5, 156.7, 151.2, 140.1, 139.3, 137.2, 129.2,

126.4, 115.0, 65.8, 45.9, 30.6, 18.8, 13.7.

NH»

NH, NN

N (a) n-BuOH, n-BuONa, reflux, 16 h )|\ >
N7 \> (b) H,0, reflux, 27 h o N/ N
)l\ ~ ——
o N N
R

\\©\CN

R = CONH, (9)
3 R =CO,H (4)

Scheme 6. Synthesis of amide product and 4

4-((6-Amino-2-butoxy-9H-purin-9-yl)methyl)benzamide and 4-((6-amino-2-butoxy-
9H-purin-9-yl)methyl)benzoic acid (mixture of amide and acid: 9, 4). Sodium metal (0.76
g, 33 mmol) was allowed to react completely with dry n-butanol (88 ml). n-Butanol (256
ml) was added to the nitrile 3 (3.38 g, 11.9 mmol) in a 1000 ml round bottom flask and the
mixture was stirred for a minute. The sodium butoxide solution was added to the 3/butanol
mixture and the resultant mixture was refluxed with stirring for 16 hours. The reflux was
paused to cool the mixture, 29 ml of deionized water was added, and the reflux was
continued for 27 hours. The reflux apparatus was replaced with a short-path distillation
apparatus. 516 ml of deionized water was added to the reaction mixture. Distillation was

carried out to remove 560 ml of the azeotrope. The reaction mixture was cooled and
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acidified to pH 3 using 4M HCI. The mixture was kept at 4°C overnight, filtered using cold
water to rinse, and dried to give a mixture of the amide and carboxylic acid 4 in 57% and
43% yields respectively.

Proton NMR of the amide: 'H NMR (500 MHz, DMSO-ds) & 8.05 (s, 1H), 7.93 (s, 1H),
7.83 (d, J=8.4 Hz, 2H), 7.35 (d, J = 8.4 Hz, 3H), 7.20 (s, 2H), 5.31 (s, 2H), 4.19 (t, J =
6.6 Hz, 2H), 1.66 — 1.59 (m, 2H), 1.42 — 1.36 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H). HRMS

(+ESI) caled for Ci17H21N6O2 (MH™) 341.1721, found 341.1716 (A 1.5 ppm).

NH, NH,
WY mER Y.
0~ °N N — 0~ °N N
/H \\Q\COZH /H \\©\c02H
4 5

Scheme 7. Synthesis of 5

4-((6-Amino-8-bromo-2-butoxy-9H-purin-9-yl)methyl)benzoic acid (5). 4 (1.3 g,
3.8 mmol) was dissolved in acetic acid (50 ml). Bromine (0.97 ml, 18.9 mmol) and
sodium acetate (1.54 g, 18.8 mmol) were added and the resulting mixture was stirred for
1 hour at room temperature (the product formed as a precipitate). The reaction mixture
was filtered and washed with cold water and 10% sodium thiosulfate solution (removing
the red-brown color) to give the desired product. More product was recovered from
the filtrate by allowing the filtrate to settle overnight. The precipitate formed in the
filtrate was then filtered washing with cold water. The dried combined yellow powder
was obtained in 100% yield. '"H NMR (500 MHz, DMSO-ds) & 7.90 (d, J = 8.2 Hz, 2H),
7.44 (brs, 2H), 7.29 (d, J = 8.2 Hz, 2H), 5.32 (s, 2H), 4.19 (t, /= 6.6 Hz, 2H), 1.67 — 1.59
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(m, 2H), 1.41 — 1.33 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H); *C NMR (126 MHz, DMSO-ds) &
167.1, 161.6, 155.8, 152.5, 140.5, 129.7, 127.1, 123.7, 115.3, 66.1, 46.2, 30.6, 18.8, 13.7;
HRMS (+ESI) calcd for C17H19BrNsOs (MH") 420.0666, found 420.0652 (A 3.3 ppm); (-

ESI) calced for Ci7HisNsO3 (M-H"') 418.0520, found 418.0526 (A 1.4 ppm).

NH, NH,
N Br,, DCM, N
N7 \> tt, 20 h, 83% N| \>_|3r
)l\ ~ - )\ = N
\\©\002Na /H \\Q\COQH
5

4 sodium salt

Scheme 8. Synthesis of 5 from the sodium salt of 4

4-((6-Amino-8-bromo-2-butoxy-9H-purin-9-yl)methyl)benzoic acid (5). To 1.3 g (4
mmol) of powdered 4 (sodium salt) was added 80 ml (1248 mmol) of dichloromethane
with stirring and 10 ml of bromine (195 mmol). The mixture was stirred at room
temperature for 20 hours. The mixture was poured into a 1000 ml Erlenmeyer flask along
with 115 ml of dichloromethane and 175 ml of 10% sodium thiosulfate solution (poured in
slowly) using the sodium thiosulfate and spatula to remove and transfer all the solid that
remained in the bottom of the round bottom flask into the Erlenmeyer flask. The flask was
covered with aluminum foil and the mixture was stirred vigorously for 3 hours. The slurry
obtained was filtered slowly and washed with 45 ml of saturated sodium bicarbonate and
with cold water. The fully dried product was obtained with a yield of 83%. 'H NMR
(500MHz, DMSO-ds) 6 7.92 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 5.34 (s, 2H),

423 (t,J= 6.6 Hz, 2H), 1.67-1.61 (m, 2H), 1.42-1.34 (m, 2H), 0.90 (t, J = 7.4 Hz, 3H); 3C
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NMR (126 MHz, DMSO-ds) & 166.9, 158.2, 152.9, 151.7, 140.3, 130.4, 129.8, 127.4,

125.4,114.9, 67.6, 46.6, 30.2, 18.6, 13.7.

NH, NH;
N 10 M NaOH, MeOH —N
NT X 5 5 N
)l\)j: \}Br reflux, 24 h, 74% )I\)j: \>*OH
— —
o} N N — o} N N
\\QCOZH )) \\©\002H
7

Scheme 9. Synthesis of 7

4-((6-Amino-2-butoxy-8-hydroxy-9H-purin-9-yl) methyl benzoic acid (7). To
compound 5 (1.50 g, 3.6 mmol) was added methanol (27 ml) in a round-bottom flask and
the mixture was stirred for a minute. Sodium hydroxide (28 ml, 10 M, 280 mmol)
was added to the mixture. The mixture was then refluxed for 24 hours while stirring.
After the reflux, the solution was cooled to room temperature and poured to a 250 ml
round bottom flask. 80 ml of methanol was added and the mixture was acidified using 60
ml of 6 M hydrochloric acid. The mixture was concentrated under reduced pressure. After
cooling the concentrated mixture in ice, the white precipitate obtained was filtered,
washing with cold water and dried to give 7 in 74% yield. 'H NMR (500MHz, DMSO-ds)
o 10.13 (s, 1H), 7.89 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), 4.93 (s, 2H), 4.14 (t, J
= 6.6 Hz, 2H), 1.64-1.57 (m, 2H), 1.39-1.31 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H); '*C NMR
(126 MHz, DMSO-ds) 6 167.0, 159.5, 152.1, 149.0, 147.2, 142.0, 129.9, 129.6, 127.4,
98.3, 66.2,42.2, 30.5, 18.7, 13.7, HRMS (+ESI) caled for C,,H,,N;O, (M+H") 358.1510,
found 358.1513 (A 0.8 ppm); (-ESI) caled for C,;H;{Ns;O, (M-H") 356.1364, found
356.1365 (A 0.3 ppm).
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Scheme 10. Synthesis of N-Boc-ethylenediamine

N-Boc-ethylenediamine (6). A solution of di-tert-butyl dicarbonate (8.2 g, 38 mmol)
in dichloromethane (200 ml) was added dropwise (using a 250 ml drip funnel) to a
vigorously stirred solution of ethylenediamine (13.49 g, 15 ml, 224 mmol) in
dichloromethane (200 ml) over a period of 8 hours at room temperature. The reaction
mixture was stirred for a further 24 hours before the mixture was evaporated in vacuo
to leave a crude oily residue. The residue was diluted with 120 ml dichloromethane and
washed with 100 ml of 2 M sodium carbonate. The aqueous layer was extracted with 3 x
100 ml of dichloromethane. The combined organic layer was dried with magnesium sulfate
and evaporated to give the product as a yellow oil in 100% yield (without further
purification). 'H NMR (500 MHz, CDCls) § 5.13 (s, 1H), 3.13 (g, J= 5.9 Hz, 2H), 2.76 (t,
J=5.9Hz, 2H), 1.99 (s, 2H), 1.39 (s, 9H); MS (EI) m/z (relative intensity) 103 [M - tBu]"

(2), 57 (100), 43 (79), 30 (82).
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Scheme 11. Synthesis of 10

Tert-Butyl-(2-(4-((6-amino-2-butoxy-8-hydroxy-9H-purin-9- yl)methyl)benzamido)-
ethyl)carbamate (10). Compound 7 (0.50 g, 1.4 mmol) was dissolved in DMSO (20.0 ml).
N-Boc-ethylenediamine (0.70 g, 4.4 mmol) and N,N-diisopropylethylamine (1.2 ml, 6.9
mmol) were mixed and dissolved with dichloromethane (0.7 ml) in a vial and added with
a syringe to the stirring solution of 7 in DMSO. After placing the reaction flask in ice,
COMU (1.55 g, 3.6 mmol) was added. The flask was allowed to warm to room temperature
and stirring was continued for 2 hours. The reaction mixture was poured into ethyl acetate
(130 ml) and cooled (4°C) for an hour. The mixture was then poured into a 500 ml glass-
capped round-bottom flask. 1N sodium bicarbonate (90 ml) was added and the contents were
mixed and allowed to settle. After concentrating the mixture in vacuo, the flask was cooled at
0°C for one hour. The solid obtained was filtered under vacuum, washing with ice-cold water
and dried to give the product in 80% yield. "H NMR (500 MHz, DMSO-d;) & 10.07 (s, 1H),
8.47 — 8.38 (m, 1H), 7.77 (d, J = 7.9 Hz, 2H), 7.34 (d, J = 7.9 Hz, 2H), 6.94 — 6.85 (m,
1H), 6.50 (s, 2H), 4.90 (s, 2H), 4.12 (t, J = 6.5 Hz, 2H), 3.26 (d, /= 5.9 Hz, 2H), 3.08 (d,
J=5.9 Hz, 2H), 1.65 — 1.57 (m, 2H), 1.41 — 1.32 (m, 11H), 0.89 (t, J = 7.4 Hz, 3H); °C

NMR (126 MHz, DMSO-ds) 6 166.1, 160.1, 155.7, 152.3, 149.1, 147.8, 140.2, 133.7,
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127.4,127.2,98.3,77.7, 65.9, 42.1, 39.5, 39.5, 30.6, 28.2, 18.8, 13.7; HRMS (-ESI) calcd

for C24H32N705 (M-H") 498.2470, found 498.2470 (A 0.0 ppm).

NH, NH;
NN TFA, DCM, 1 h, 98% N)jN\
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Scheme 12. Synthesis of 8

10

4-((6-Amino-2-butoxy-8-hydroxy-9H-purin-9-yl)methyl)-N-(2-aminoethyl)-benza-
mide (8). To 10 (0.3 g, 0.6 mmol) was added trifluoroacetic acid (0.92 ml, 12.0 mmol) and
dichloromethane (5 ml) in a round-bottom flask. After stirring at room temperature for 1
hour the reaction mixture was evaporated until a viscous oil was left. Methanol was added
to dissolve the oil and the mixture was re-evaporated. Diethyl ether was added to precipitate
the product (by mixing the contents of the round-bottom flask thoroughly with ether and
cooling for an hour at 4°C). The product was filtered, washing with cold ether and oven-
dried to obtain the TFA salt in 98% yield. 'H NMR (500MHz, DMSO-ds) § 10.01 (s, 1H),
8.55 (t,J=5.4 Hz, 1H), 7.81 (d, J = 8.1 Hz, 2H), 7.74 (s, 3H), 7.37 (d, J = 8.1 Hz, 2H),
6.47 (s, 2H), 4.91 (s, 2H), 4.13 (t, J = 6.6 Hz, 2H), 3.51-3.45 (m, 2H), 3.01-2.94 (m, 2H),
1.65-1.58 (m, 2H), 1.40-1.32 (m, 2H), 0.90 (t, J = 7.4 Hz, 3H); *C NMR (126 MHz,
DMSO-ds) 6 166.6, 160.0, 152.2, 149.1, 147.8, 140.5, 133.1, 127.5, 127.2, 98.3, 65.8,
42.1, 38.7, 37.1, 30.6, 18.7, 13.7, HRMS (+ESI) calcd for C;oH,sN,;0; (MH") 400.2092,

found 400.2098 (A 1.5 ppm).
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Scheme 13. Synthesis of N-Boc- 2,2'-(ethylenedioxy)diethylamine

N-Boc-2,2"-(ethylenedioxy)diethylamine (11). A solution of di-tert-butyl
dicarbonate (1.198 g, 5.5 mmol) in dichloromethane (80 ml) was added dropwise (using a
250 ml drip funnel) to a vigorously stirred solution of 2,2'-(Ethylenedioxy)bis(ethylamine)
(8.120 g, 8 ml, 54.8 mmol) in dichloromethane (81 ml) at 0°C. The reaction mixture was
then stirred for 4 hours at room temperature before the mixture was evaporated in vacuo to
leave a crude oily mixture. The mixture was transferred to a separatory funnel with the
addition of water (80 ml) and extracted with dichloromethane (3 x 80 ml). After
evaporation of the combined organic phase, the residue was diluted with 50 ml of DCM
and further washed with water (50 ml). The organic phase was dried with magnesium
sulfate and evaporated to give the product in 90% yield. '"H NMR (500 MHz, CDCls) &
5.18 (s, 1H), 3.60 (s, 4H), 3.52 (dt,J=10.1, 5.1 Hz, 4H), 3.30 (d, /=4.7 Hz, 2H), 2.87 (t,

J=5.0 Hz, 2H), 1.42 (s, 9H).

NH,
NH,
N
n-BuOH, n-BuONa, N™ \>
N7 N\ reflux, 24 h, 77% )l\ _—
)I\ P > - > o~ "N N
c”” >N~ N \\©
12
2 \\©

Scheme 14. Synthesis of 12
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9-Benzyl-2-butoxyadenine (12). Sodium metal (0.41 g, 17.8 mmol) was allowed to
react completely with dry n-butanol (62 ml) to give sodium butoxide. Dry n-butanol (178
ml) was added to 2 (2.10 g, 8.2 mmol) in a round bottom flask and the mixture was stirred
to dissolve the solid. The sodium butoxide solution was added to the n-butanol solution of
2 and the combined solution refluxed with stirring for 24 hours. The mixture was
concentrated under reduced pressure and cooled (4°C) overnight. The precipitate obtained
was filtered and washed with water to give the product in 77% yield. 'H NMR (500 MHz,
DMSO-ds) 6 8.03 (s, 1H), 7.36 — 7.25 (m, SH), 7.20 (s, 2H), 5.25 (s, 2H), 4.20 (t, J = 6.6

Hz, 2H), 1.68 — 1.61 (m, 2H), 1.44 — 1.35 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H).

NH, NH;
x—N Br,, AcOH, AcONa, NTX N
NHI > rt, 30 min, 100% P )\
j om0 e
o” °Nn" N 0~ °N

FO T G

Scheme 15. Synthesis of 13

9-Benzyl-8-bromo-2-butoxyadenine (13). 12 (1.99 g, 6.7 mmol) was dissolved in
acetic acid (88 ml). Bromine (1.67 ml, 32.6 mmol) and sodium acetate (2.66 g, 32.4
mmol) were added and the resulting mixture was stirred for 30 minutes at room
temperature. The reaction mixture was poured into 90 ml of 10% sodium thiosulfate in a
round bottom flask (500 ml flask) and placed on ice for 10 minutes. The flask was fitted with
a septum cap and vented and 100 ml of saturated sodium bicarbonate was added dropwise,
swirling the flask on ice. The precipitate obtained was filtered, washed with cold water, and

dried to give the bromide product (crude). "H NMR (500 MHz, DMSO-ds) § 7.44 (brs, 2H),
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7.36 —7.28 (m, 3H), 7.25 — 7.23 (m, 2H), 5.25 (s, 2H), 4.20 (t, J = 6.6 Hz, 2H), 1.66 — 1.62

(m, 2H), 1.42 — 1.35 (m, 2H), 0.90 (t, J = 7.4 Hz, 3H).

K,CO3;, 4-iodobenzyl bromide,

N
DMSO, 1t, 19 h, 95% NT S \>
)l\ =
)\ o N N
|
14 \\Q
Scheme 16. Synthesis of 14

2-Chloro-9-(4-iodobenzyl)adenine (14). To 2-chloroadenine (0.80 g, 4.7 mmol)
and potassium carbonate (2.10 g, 15.2 mmol) was added DMSO (18 ml). After stirring for
2 minutes, 4-iodobenzyl bromide (1.9 g, 6.4 mmol) was added. Stirring was continued for
19 hours at room temperature. The reaction mixture was poured into 80 ml of methanol
and 13 ml of water and cooled (4°C) overnight. The precipitate was filtered to give the
product in 95% yield. 'TH NMR (500 MHz, DMSO-d;) & 8.25 (s, 1H), 7.81 (s, 2H), 7.72 (d,

J=8.0 Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H), 5.29 (s, 2H).

NH,
N n-BuOH, n-BuONa,
reflux, 23 h, 76%
)\ = - /H N :
Scheme 17. Synthesis of 15

2-Butoxy-9-(4-iodobenzyl)adenine (15). Sodium metal (0.41 g, 17.8 mmol) was
allowed to react completely with dry n-butanol (62 ml) under anhydrous conditions to give
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sodium butoxide. Dry n-butanol (178 ml) was added to 14 (2.10 g, 8.2 mmol) in an oven-
dried round bottom flask. The sodium butoxide solution was added to 14 and »n-butanol in
the flask and the mixture was refluxed with stirring for 23 hours. The mixture was
concentrated in vacuo and cooled (4°C) overnight. The solid obtained was filtered and
washed with hexanes and cold water to give the product in 76% yield. '"H NMR (500 MHz,
DMSO-ds) 8 8.02 (s, 1H), 7.70 (d, J = 8.3 Hz, 2H), 7.19 (s, 2H), 7.11 (d, J = 8.3 Hz, 2H),

5.21 (s, 2H), 4.19 (t, J = 6.6 Hz, 2H), 1.67 — 1.59 (m, 2H), 1.43 — 1.34 (m, 2H), 0.91 (t, J

NH,
Br,, AcOH, AcONa, N7 N
)\ rt, 10 min, 92% )l\)j: \>—Br
~
0 N N

16

= 7.4 Hz, 3H).

Scheme 18. Synthesis of 16

8-Bromo-2-butoxy-9-(4-iodobenzyl)adenine (16). 15 (2.10 g, 5.0 mmol) was
dissolved in acetic acid (66 ml). Bromine (1.24 ml, 24.2 mmol) and sodium acetate
(1.97 g, 24.0 mmol) were added and the resulting mixture was stirred for 10 minutes at
room temperature (upon which the product formed as a precipitate). The reaction mixture
was filtered and washed with 10% sodium thiosulfate solution (removing the red-brown
color) and cold water and dried to give the desired product in 92% yield. "H NMR (600
MHz, DMSO-dys) 6 7.72 (d, J= 8.1 Hz, 2H), 7.04 (d, /= 8.1 Hz, 2H), 5.22 (s, 2H), 4.21 (t,

J=6.6 Hz, 2H), 1.67 — 1.61 (m, 2H), 1.41 — 1.35 (m, 2H), 0.90 (t, J = 7.4 Hz, 3H).
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10 M NaOH, MeOH,
)\)I S tr 100°C, 19 h, 97% )\)I S on

Scheme 19. Synthesis of 17

9-Benzyl-2-butoxy-8-hydroxyadenine (17). To the bromide 13 (2.44 g, 6.5 mmol)
in a round-bottom flask was added sodium hydroxide (49 ml, 10 M, 490 mmol) and
methanol (130 ml). The mixture was refluxed with stirring for 19 hours. After the reflux,
the solution was cooled to room temperature and poured to a 1000 ml round bottom flask.
160 ml of methanol was added and the mixture was acidified using 85 ml of 6 M
hydrochloric acid. The mixture was concentrated under reduced pressure. After cooling
the concentrated mixture in ice, the precipitate obtained was filtered, washing with cold
water and dried to give 17 in 97% yield. '"H NMR (500 MHz, DMSO-dy) § 9.94 (s, 1H),
7.34 — 7.24 (m, SH), 6.43 (s, 2H), 4.85 (s, 2H), 4.14 (t, J = 6.6 Hz, 2H), 1.65 — 1.58 (m,

2H), 1.41 — 1.32 (m, 2H), 0.90 (t, J = 7.4 Hz, 3H).

10 M NaOH, MeOH,
)\ \>—Br 105°C, 1.5 h, MW 80% )\ \>—0H

Scheme 20. Microwave Synthesis of 17
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9-Benzyl-2-butoxy-8-hydroxyadenine (17). To 13 (0.32 g, 0.85 mmol) in a CEM
Discover Microwave reaction vessel was added sodium hydroxide (6.4 ml, 10 M, 64 mmol)
and methanol (17.0 ml). The mixture was heated with stirring at 105°C (42 psi) for 1.5
hours. The solution was cooled to room temperature and poured to a 250 ml round bottom
flask. 20 ml of methanol was added and the mixture was acidified using 11 ml of 6 M
hydrochloric acid. The mixture was concentrated under reduced pressure. After cooling
the concentrated mixture in ice, the precipitate obtained was filtered, washing with cold
water and dried to give 17 in 80% yield. "H NMR (500 MHz, DMSO-ds) & 9.94 (s, 1H),
7.34 — 7.24 (m, 5H), 6.43 (s, 2H), 4.85 (s, 2H), 4.14 (t, J = 6.6 Hz, 2H), 1.65 — 1.58 (m,

2H), 1.41 — 1.32 (m, 2H), 0.90 (t, J = 7.4 Hz, 3H).

NH, NH;
N 10 M NaOH, MeOH N
N N > 5 N N
)|\ _ \>—Br 105°C, 2.5 h, uW, 83% )l\)j: \>—OH
0 N N —_ = o) N N
70 ~C-
16 18

Scheme 21. Synthesis of 18

2-Butoxy-8-hydroxy-9-(4-iodobenzyl)adenine (18). To 16 (0.33 g, 0.66 mmol) in a
CEM Discover Microwave reaction vessel was added sodium hydroxide (5.8 ml, 10 M, 58
mmol) and methanol (5.6 ml). The mixture was heated with stirring at 105°C (42 psi) for
2.5 hours. The solution was cooled to room temperature and poured to a 250 ml round
bottom flask. 20 ml of methanol was added and the mixture was acidified using 11 ml of 6
M hydrochloric acid. The mixture was concentrated under reduced pressure. After cooling

the concentrated mixture in ice, the precipitate obtained was filtered, washing with cold
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water and dried to give 18 in 83% yield. 'TH NMR (500 MHz, DMSO-ds) § 9.95 (s, 1H),
7.68 (d, J = 8.3 Hz, 2H), 7.09 (d, J = 8.3 Hz, 2H), 6.44 (s, 2H), 4.80 (s, 2H), 4.12 (t, J =

6.6 Hz, 2H), 1.64 — 1.57 (m, 2H), 1.41 — 1.32 (m, 2H), 0.90 (t, /= 7.4 Hz, 3H).

2 N-Boc-ethylenediamine,
triethylamine, CDI, THF, H jj\
rt, 20 h, 96% N ~"N o
- ’ H
N\ HN 0

Iz

19

Scheme 22. Synthesis of 19

Tert-Butyl (2-(4-(1H-indol-3-yl)butanamido)ethyl)carbamate (19).  Indole-3-
butyric acid (0.3 g, 1.48 mmol) and 1,1'-carbonyldiimidazole (0.26 g, 1.6 mmol) were
dissolved in THF (5 ml) and stirred under nitrogen for 20 minutes. Triethylamine (0.5 ml,
3.6 mmol) and N-Boc-ethylenediamine (0.24 g, 1.48 mmol) were added and the mixture
was stirred at room temperature for 20 hours. The mixture was evaporated, leaving a yellow
liquid in the bottom of flask. 40 ml of water was added and the mixture was extracted with
dichloromethane (3 x 50 ml). After washing the combined organic phase with 1 M sodium
hydroxide (3 x 30 ml) and drying with magnesium sulfate the solvent was removed under
reduced pressure to give the product in 96% yield. 'H NMR (500 MHz, CDCls) & 7.99 (s,
1H), 7.59 (dd, J =7.8, 1.0 Hz, 1H), 7.35 (d, J = 8.1 Hz, 1H), 7.18 (t, ] = 7.0 Hz, 1H), 7.10
(t, J=7.0 Hz, 1H), 7.00 — 6.99 (m, 1H), 6.01 (s, 1H), 4.87 (s, 1H), 3.33 — 3.31 (m, 2H),
3.24-3.23 (m, 2H), 2.81 (td, J = 7.4, 0.9 Hz, 2H), 2.24 (t, ] = 7.5 Hz, 2H), 2.06 (q, J = 7.5

Hz, 2H), 1.42 (s, 9H); 13C NMR (126 MHz, CDCls) § 174.0, 157.0, 136.5, 127.6, 122.0,

47



121.7, 119.3, 119.0, 115.6, 111.3, 79.8, 40.6, 40.5, 36.2, 28.5, 26.1, 24.6; HRMS (+ESI)

calcd for Ci19H2sN303 (MH') 346.2125, found 346.2119 (A 1.7 ppm).

(0]
N Yo rt, 4 h, 100% ] S~ SNH
’ H > HN (0] Cr

HN 0

19 20

Scheme 23. Synthesis of 20

N-(2-Aminoethyl)-4-(1H-indol-3-yl)butanamide. (20). Acetyl chloride (0.23 ml,
3.2 mmol) was added to methanol (0.73 ml, 18.0 mmol) at 0°C. The solution was stirred
for 15 minutes at 0°C. A solution of 19 (0.08 g, 0.2 mmol) in methanol (4 ml) was then
added to the prepared hydrochloric acid solution (from acetyl chloride and methanol) at
0°C. The resulting mixture was stirred for an additional 4 hours at room temperature.
Methanol was then slowly evaporated under vacuum, without heating. Compound 20 was
obtained as its hydrochloride salt in a yield of 100%. '"H NMR (600 MHz, DMSO-ds) &
10.90-10.71 (m, 1H), 8.11 (t, J=5.6 Hz, 1H), 8.00 (s, 3H), 7.49 (d, /= 7.9 Hz, 1H), 7.32
(d,J=8.1 Hz, 1H), 7.11 - 7.10 (m, 1H), 7.05 (ddd, /= 8.1, 6.9, 1.2 Hz, 1H), 6.96 (td, J =
7.4,6.9,1.0Hz, 1H),3.28 (q, /= 6.2 Hz, 2H), 2.83 (q, /= 6.1 Hz, 2H), 2.66 (t, J= 7.5 Hz,
2H), 2.16 (t, J= 7.6 Hz, 2H), 1.87 (p, J = 7.6 Hz, 2H); 3*C NMR (126 MHz, DMSO-ds) §
172.9,136.3,127.2, 122.3, 120.8, 118.3, 118.1, 114.1, 111.4, 38.6, 36.4, 35.2, 25.9, 24 4;

HRMS (+ESI) caled for C14Ha0N30 (MH") 246.1601, found 246.1609 (A 3.2 ppm).
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Scheme 24. Synthesis of 21

4-((6-Amino-2-butoxy-8-hydroxy-9H-purin-9-yl)methyl)-N-(2-(4-((2,5-dioxo-2, 5-
dihydro-1H-pyrrol-1-yl)methyl)cyclohexanecarboxamido)ethyl)benzamide(21).
Compound 8 (23 mg, 0.045 mmol) and SMCC (15 mg, 0.045 mmol) were dissolved in
dichloromethane (1 ml) and methanol (4 ml). N,N-diisopropylethylamine (10 pL, 0.057
mmol) was added and the mixture was stirred at room temperature for 3 hours. After
evaporating the sample, the residue obtained was purified by flash chromatography (5 to
20% methanol/CH,CL) to give 21 in 94% yield. "H NMR (500 MHz, DMSO-ds) § 10.03 (s,
1H), 8.41 (t, J=5.7 Hz, 1H), 7.79 (t, J= 5.8 Hz, 1H), 7.76 (d, J= 8.3 Hz, 2H), 7.34 (d, J =
8.3 Hz, 2H), 7.00 (s, 2H), 6.48 (s, 2H), 4.90 (s, 2H), 4.13 (t, /= 6.6 Hz, 2H), 3.28-3.15 (m,
6H), 2.03-1.95 (m, 1H), 1.73-1.67 (m, 2H), 1.65-1.57 (m, 4H), 1.54-1.48 (m, 1H), 1.41-
1.25 (m, 4H), 0.92-0.84 (m, 5H); '3*C NMR (126 MHz, DMSO-ds) & 175.2, 171.2, 166.0,
160.1, 152.2, 149.1, 147.9, 140.2, 134.3, 133.6, 127.4, 127.1, 98.3, 65.8, 43.8, 43.0,
42.1, 38.1, 36.1, 30.6, 29.4, 28.5, 25.2, 18.7, 13.7, HRMS (-ESI) calcd for C3;H37;N30¢

(M-H") 617.2842, found 617.2849 (A 1.1 ppm).
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Scheme 25. Synthesis of 22

Peptide Coupling between H>NSK,CK-biotin resin and PAM3Cys-OH.
PAM3Cys-OH (60 mg, 0.07 mmol) was dissolved with 0.6 ml dichloromethane (by
sonication) in a clean reaction vial. N,N-diisopropylethylamine (0.02 ml, 0.11 mmol),
COMU (28 mg, 0.07 mmol) and DMF (0.2 ml) were added. After further sonication of
the reaction mixture, the reaction vial was allowed to stand for 20 minutes. HNSK4CK-

biotin resin (14.1 mg) was added and reaction was allowed for 20 hours with occasional
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swirling. The resin was filtered (using DMF to rinse on a fritted glass funnel) and
transferred to another vial. The cleaving cocktail (561 pL TFA, 31 pL water, 18 pL
triisopropylsilane) was added to the resin in this vial. After swirling the vial occasionally
for 3 hours, the resin was filtered using a glass-wool-fitted Pasteur pipette and the filtrate
was evaporated to give 7.3 mg of product (Pam3CSK4CK-biotin). HRMS (+ESI) calcd

for Ci00H190N15017S3 (M+3H/3) 656.45, found 656.79; LC-MS RT: 6.22 min, 99.9%.

Synthesis of Pam3-biotin-DBCO (23). DBCO-PEG4-maleimide (2 mg, 3 umol)
was dissolved in 0.4 ml DMSO. Synthesized Pam3CSK4CK-biotin (7.3 mg, 3 pmol) and
triethylamine (7.3 pL, 52 umol) were added. The mixture was stirred for 40 hours at room
temperature and the resulting solution was analyzed by LC-MS. HRMS (+ESI) caled for

C136H232N19026S3 (M+3H"/3) 881.22, found 881.22; LC-MS RT: 15.30 min, 86.9%.

4-((6-Amino-2-butoxy-8-hydroxy-9H-purin-9-yl) methyl benzoic acid (7) with
Dibenzocyclooctyne-amine linker (product 24). DBCO-amine (50 mg, 0.18 mmol) and
N, N-diisopropylethylamine (42 pL, 0.24 mmol) were added to a solution of 7 (43 mg, 0.12
mmol) in DMSO (1.4 ml). After placing the reaction flask in ice, COMU (77 mg, 0.18 mmol)
was added. The flask was allowed to warm to room temperature while stirring and the
reaction was continued for 2 hours. The reaction mixture was poured into ethyl acetate (12
ml) and refrigerated (4°C) for an hour. The mixture was then poured into a 100 ml glass-

capped round-bottom flask. 1N sodium bicarbonate (7.8 ml) was added and the
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Scheme 26. Synthesis of 23
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Scheme 27. Synthesis of 24
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contents were mixed and allowed to settle. After concentrating the mixture in vacuo, the flask
was cooled at 0°C for one hour. The solid obtained was filtered under vacuum and purified
by flash chromatography (7% methanol/CH,Cl,) to give compound 24 in 70% yield. '"H NMR
(600 MHz, DMSO-ds) 6 9.98 (s, 1H), 8.20 (t,J = 5.6 Hz, 1H), 7.68 — 7.52 (m, 4H), 7.50 —
7.46 (m, 1H), 7.46 — 7.36 (m, 3H), 7.34 - 7.25 (m, 3H), 7.20 (dd, J=7.5, 1.1 Hz, 1H), 6.47
(s, 2H), 5.05 (d, J = 14.1 Hz, 1H), 4.87 (s, 2H), 4.11 (t, J = 6.6 Hz, 2H), 3.62 (d, J = 14.0
Hz, 1H), 3.33 — 3.29 (m, 1H), 3.10 (dt, /= 13.7, 6.0 Hz, 1H), 2.56 — 2.52 (m, 1H), 2.00 —
1.94 (m, 1H), 1.64 — 1.56 (m, 2H), 1.35 (dq, J= 14.8, 7.4 Hz, 2H), 0.88 (t, /= 7.4 Hz, 3H);
3C NMR (126 MHz, DMSO-ds) 6 170.2, 165.7, 160.1, 152.2, 151.4, 149.2, 148.3, 147.8,
140.1, 133.5, 132.4, 129.5, 128.9, 128.2, 128.0, 127.7, 127.3, 127.1, 126.8, 125.2, 122.5,
121.4, 114.33, 108.1, 98.3, 65.9, 54.8, 48.0, 42.1, 35.8, 34.2, 30.6, 18.8, 13.7; HRMS
(+ESTI) calcd for C3sH3aN704 (MH") 616.2667, found 616.2676 (A 1.5 ppm); (-ESI) caled

for CasH3aN704 (M-H") 614.2521, found 614.2534 (A 2.1 ppm).

NH»
NH, N
SN 4-methoxybenzylamine, COMU, )NI\ S \>—OH
)NI\ T S—on DIPEA, DMSO, 3 h, 84% N N
N N

PAR v 7Oy

7 25 j(

O—

Scheme 28. Synthesis of 25

4-((6-Amino-2-butoxy-8-hydroxy-9H-purin-9-yl)methyl)-N-(4-methoxybenzyl)-

benzamide (25). 4-Methoxybenzylamine (16.5 uL, 0.13 mmol) and N, N-diisopropyl-
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ethylamine (29.2 uL, 0.17 mmol) were added to a solution of 7 (30 mg, 0.08 mmol) in DMSO
(1.0 ml). After placing the reaction flask in ice, COMU (54 mg, 0.13 mmol) was added. The
flask was allowed to warm to room temperature while stirring and the reaction was
continued for 3 hours. The reaction mixture was poured into ethyl acetate (8 ml) and
refrigerated (4°C) for an hour. The mixture was then poured into a 100 ml glass-capped
round-bottom flask. 1N sodium bicarbonate (5.5 ml) was added and the contents were mixed and
allowed to settle. After concentrating the mixture in vacuo and cooling, the solid obtained was
filtered under vacuum, washing with ice-cold water, to give the product in 84% yield. 'H
NMR (600 MHz, DMSO-dps) 6 8.93 (t,J= 5.9 Hz, 1H), 7.81 (d, /= 8.2 Hz, 2H), 7.33 (d, J
=8.2 Hz, 2H), 7.21 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 4.90 (s, 2H), 4.38 (d, J =
5.9 Hz, 2H), 4.10 (t, J = 6.6 Hz, 2H), 3.71 (s, 3H), 1.63 — 1.57 (m, 2H), 1.39 — 1.33 (m,
2H), 0.89 (t,J= 7.4 Hz, 3H); '*C NMR (126 MHz, DMSO-ds) 5 165.8, 158.1, 149.4, 149.4,
148.4,140.9, 133.4,131.6, 128.5, 127.4,127.1, 126.9, 113.7, 109.6, 65.6, 55.0, 42.0, 39.5,

30.7, 18.8, 13.8; HRMS (+ESI) caled for CasHagNsO4 (MH™) 477.2245, found 477.2245 (A

0.0 ppm).
NH»
N-Boc-2,2'-(ethylenedioxy)diethylamine, NI
NHa DIPEA, COMU, oA N*OH

)N‘\)\/[N\%OH DMSO, DCM, 2 h, 90% /H @O
O N/ N -

5 G M
7 26 O,
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Scheme 29. Synthesis of 26
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Tert-butyl (2-(2-(2-(4-((6-amino-2-butoxy-8-hydroxy- 9H-purin-9-yl) methyl)
benzamido) ethoxy)ethoxy)ethyl)carbamate (26). Compound 7 (0.23 g, 0.6 mmol) was
dissolved in DMSO (9.2 ml). N-Boc-2,2'-(ethylenedioxy)diethylamine (0.49 g, 2.0 mmol)
and N,N-diisopropylethylamine (0.56 ml, 3.2 mmol) were mixed and dissolved with
dichloromethane (0.3 ml) in a vial and added with a syringe to the stirring solution of 7 in
DMSO. After placing the reaction flask in ice, COMU (0.7 g, 1.6 mmol) was added. The flask
was allowed to warm to room temperature and stirring was continued for 2 hours. The
reaction mixture was poured into ethyl acetate (60 ml) and cooled (4°C) for an hour. The
mixture was then poured into a 250 ml glass-capped round-bottom flask. IN sodium
bicarbonate (40 ml) was added and the contents were mixed and allowed to settle. After
concentrating the mixture in vacuo, the flask was cooled at 0°C for one hour. The solid obtained
was filtered under vacuum, washing with ice-cold water and oven-dried to give the product
in 90% yield. '"H NMR (600 MHz, DMSO-ds) 6 9.99 (s, 1H), 8.49 (t,J= 5.6 Hz, 1H), 7.78
(d,J=8.4 Hz, 2H), 7.34 (d, J= 8.4 Hz, 2H), 6.77 (t,J = 5.5 Hz, 1H), 6.48 (s, 2H), 4.90 (s,
2H), 4.12 (t, J = 6.6 Hz, 2H), 3.52 — 3.47 (m, 6H), 3.41 — 3.35 (m, 4H), 3.04 (dd, J=11.9,
6.0 Hz, 2H), 1.63 — 1.58 (m, 2H), 1.39 — 1.33 (m, 11H), 0.89 (t, J= 7.4 Hz, 3H); *C NMR
(126 MHz, DMSO-ds) 6 166.0, 160.1, 155.6, 152.2, 149.1, 147.8, 140.2, 133.6, 127.4,
127.2,98.3, 77.6, 69.6, 69.5, 69.2, 68.9, 65.9, 42.1, 39.5, 30.6, 28.2, 18.8, 13.7; HRMS (-

ESI) caled for C2sHaoN707 (M-H') 586.2995, found 586.2983 (A 2.0 ppm).

55



N N N Y—on
0N o TFA, DCM, 1 h, 90% 0N
Je O~ — O
HN HN
L, 10\
26 \\\O (0]
A 27 L,

NH
%O)Qo

Scheme 30. Synthesis of 27

4-((6-Amino-2-butoxy-8-hydroxy-9H-purin-9-yl)methyl)-N-(2-(2-(2-aminoethoxy)-
ethoxy)ethyl)benzamide (27). To 26 (0.179 g, 0.3 mmol) were added trifluoroacetic acid
(0.47 ml, 6.1 mmol) and dichloromethane (2.50 ml). After stirring at room temperature for 1
hour, the reaction mixture was evaporated until a viscous oil was left. Methanol was added
to dissolve the oil and the mixture was re-evaporated. After cooling the residue, the product
was precipitated by mixing the residue thoroughly with diethyl ether with sonication
(dissolving residual dark brown oil with drops of methanol). After cooling for an hour at
4°C, the product was filtered and oven-dried to obtain the TFA salt in 90% yield. '"H NMR
(600 MHz, DMSO-ds) 6 10.04 (s, 1H), 8.50 (t, J = 5.6 Hz, 1H), 7.78 (d, J = 8.2 Hz, 2H),
7.74 (s, 2H), 7.34 (d, J = 8.2 Hz, 2H), 6.50 (s, 2H), 4.90 (s, 2H), 4.12 (t, ] = 6.6 Hz, 2H),
3.56 (s, 6H), 3.52 (t, ] = 6.1 Hz, 2H), 3.41 (dd, J = 11.8, 5.9 Hz, 2H), 2.95 (d, ] = 4.7 Hz,
2H), 1.63 — 1.58 (m, 2H), 1.39 — 1.33 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H); '*C NMR (126
MHz, DMSO-d¢) & 166.0, 160.1, 152.3, 149.2, 147.8, 140.3, 133.5, 127.4, 127.2, 98.3,
69.7, 69.5, 68.9, 66.7, 65.9, 42.1, 39.5, 38.6, 30.6, 18.8, 13.7; HRMS (+ESI) calcd for
C23H34N705 (MH") 488.2616, found 488.2616 (A 0.0 ppm); (-ESI) caled for C23H32N705

(M-H") 486.2470, found 486.2466 (A 0.8 ppm).
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Scheme 31. Synthesis of 28

4-((6-Amino-2-butoxy-8-hydroxy-9H-purin-9-yl)methyl)-N-(2-(5-((3aS,4S,6aR)-2-
oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamido)ethyl)benzamide (28). Biotin
(49.8 mg, 0.20 mmol) and N,N-diisopropylethylamine (48 pL, 0.28 mmol) were added to a
solution of 8 (70.0 mg, 0.14 mmol) in DMSO (2.8 ml). After placing the reaction flask in ice,
COMU (87.4 mg, 0.20 mmol) was added. The flask was allowed to warm to room
temperature while stirring and the reaction was continued for 1 hour. The reaction mixture
was poured into ethyl acetate (15 ml) and refrigerated (4°C) for an hour. The mixture was
then poured into a 100 ml glass-capped round-bottom flask. 1N sodium bicarbonate (8.7 ml)
was added and the contents were mixed and allowed to settle. Partial evaporation was carried out
to remove ethyl acetate. The flask was cooled at 0°C for one hour. The solid obtained was
filtered under vacuum, washing with ice-cold water and dried to give the product in 81%
yield. '"H NMR (500 MHz, DMSO-ds) & 8.44 (s, 1H), 7.90 (s, 1H), 7.77 (d, J= 8.0 Hz, 2H),
7.34 (d, J= 8.1 Hz, 2H), 6.57 (s, 2H), 6.42 (s, 1H), 6.35 (s, 1H), 4.90 (s, 2H), 4.31 — 4.26
(m, 1H), 4.15 — 4.07 (m, 3H), 3.28 (d, J = 5.8 Hz, 2H), 3.19 (d, J = 5.7 Hz, 2H), 3.07 —

3.01 (m, 1H), 2.89 — 2.76 (m, 2H), 2.05 (t, J= 7.4 Hz, 2H), 1.60 (dd, J= 14.2, 7.0 Hz, 3H),
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1.53 — 1.45 (m, 2H), 1.36 (dd, J = 14.8, 7.4 Hz, 2H), 1.31 — 1.22 (m, 2H), 0.89 (t, J = 7.3
Hz, 3H); '*C NMR (126 MHz, DMSO-ds) 8 172.4, 166.0, 162.7, 160.0, 152.7, 149.2, 148.0,
140.3, 133.6, 127.4, 127.2, 65.8, 61.0, 59.2, 55.4, 42.1, 40.4, 38.2, 35.3, 30.6, 28.2, 28.0,

25.2, 18.8, 13.8; HRMS (+ESI) caled for Ca9H39NgNaOsS (M+Na") 648.2687, found

K,COj, benzyl bromide, K@
N

N NH,
N 0
N o DMSO, 48 h, 70% NN
i~ N - | _ > o)

/HON\\Q ))ONN@

7

648.2684 (A 0.5 ppm).

NH,

Scheme 32. Synthesis of 29

6-Amino-7,9-dibenzyl-2-butoxy-7,9-dihydro-8H-purin-8-one (29). To 17 (0.12 g,
0.38 mmol), dissolved in DMSO (7 ml), was added potassium carbonate (0.20 g, 1.45
mmol) and benzyl bromide (0.1 ml, 0.84 mmol). The mixture was stirred for 48 hours at
room temperature, poured into 22 ml of water and cooled (4°C) for 4 hours. The precipitate
obtained was filtered and boiled in diethyl ether (mixing thoroughly). After cooling, the
product was filtered (70% yield). '"H NMR (600 MHz, DMSO-ds) & 7.35 — 7.16 (m, 10H),
6.55 (s, 2H), 5.21 (s, 2H), 4.95 (s, 2H), 4.13 (t, J= 6.6 Hz, 2H), 1.64 — 1.58 (m, 2H), 1.39
—1.32 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H); '*C NMR (126 MHz, DMSO-ds) & 160.0, 153.0,
149.4, 148.3, 137.9, 137.0, 128.6, 128.5, 127.5, 127.4, 126.7, 99.3, 65.9, 44.2, 42.9, 30.6,

18.7, 13.7; HRMS (+ESI) calcd for C23H26Ns02 (MH") 404.2081, found 404.2080 (A 0.2

ppm).
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Scheme 33. Synthesis of 30

Benzyl 4-((6-amino-7-benzyl-2-butoxy-8-oxo-7,8-dihydro-9H-purin-9-yl) methyl)
benzoate (30). To7(0.40 g, 1.1 mmol), dissolved in DMSO (23 ml), was added potassium
carbonate (0.93 g, 6.7 mmol) and benzyl bromide (0.25 ml, 2.1 mmol). The mixture was
stirred for 4 hours at room temperature, diluted with water (102 ml), acidified with 4M HCl
(19 ml) and filtered, rinsing with cold water. The solid obtained was boiled in diethyl ether
(mixing thoroughly). After cooling, the product was filtered (51% yield). 'H NMR (600
MHz, DMSO-ds) 6 7.96 (d, J = 8.0 Hz, 2H), 7.47 — 7.16 (m, 12H), 6.57 (s, 2H), 5.34 (s,
2H), 5.21 (s, 2H), 5.03 (s, 2H), 4.11 (t, J = 6.5 Hz, 2H), 1.61 — 1.54 (m, 2H), 1.36 — 1.30
(m, 2H), 0.86 (t, J = 7.3 Hz, 3H); 1*C NMR (126 MHz, DMSO-ds) § 165.3, 160.0, 152.9,
149.3, 148.4, 142.5, 137.8, 136.1, 129.6, 128.7, 128.6, 128.5, 128.1, 127.9, 127.6, 127.4,
126.7, 99.3, 66.1, 65.9, 44.3, 42.7, 30.5, 18.7, 13.7; HRMS (+ESI) calcd for C31H32N504

(MH") 538.2449, found 538.2449 (A 0.0 ppm).
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Scheme 34. Synthesis of 31

4-((6-Amino-2-butoxy-8-hydroxy-9H-purin-9-yl)methyl)-N-(2-(2-(2-(5-((3aS,4S,

6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamido)ethoxy)-ethoxy)

ethyl)benzamide (31). Biotin (53.6 mg, 0.22 mmol) and N, N-diisopropylethylamine (50 pL,
0.29 mmol) were added to a solution of 27 (67.0 mg, 0.11 mmol) in DMSO (2.3 ml). After
placing the reaction flask in ice, COMU (80.0 mg, 0.19 mmol) was added. The flask was
allowed to warm to room temperature while stirring and the reaction was continued for 2
hours. The reaction mixture was poured into ethyl acetate (10 ml) and refrigerated (4°C)
for an hour. The mixture was then poured into a 100 ml glass-capped round-bottom flask. 1N
sodium bicarbonate (7 ml) was added and the contents were mixed and allowed to settle. Partial
evaporation was carried out to remove ethyl acetate. The flask was cooled at 0°C for one hour.
The solid obtained was filtered under vacuum, washing with ice-cold water and dried to give
the product in 61% yield. "TH NMR (600 MHz, DMSO-ds) & 10.14 (s, 1H), 8.51 (t, J=5.5
Hz, 1H), 7.85 (t, /= 5.5 Hz, 1H), 7.79 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H), 6.56

(s, 2H), 6.44 (s, 1H), 6.38 (s, 1H), 4.90 (s, 2H), 4.31 — 4.27 (m, 1H), 4.12 (t, J= 6.5 Hz,
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3H), 3.53 — 3.48 (m, 6H), 3.40 — 3.37 (m, 4H), 3.19 — 3.14 (m, 2H), 3.10 — 3.05 (m, 1H),
2.80 (dd, J = 12.4, 5.0 Hz, 1H), 2.56 (d, J = 12.4 Hz, 1H), 2.05 (t, J = 7.4 Hz, 2H), 1.64 —
1.56 (m, 3H), 1.52 — 1.43 (m, 3H), 1.35 (dd, J = 14.9, 7.4 Hz, 2H), 1.31 — 1.23 (m, 2H),
0.89 (t, J = 7.4 Hz, 3H); '3C NMR (126 MHz, DMSO-ds) & 172.1, 166.0, 162.7, 159.7,
149.3, 148.2, 133.4, 127.4, 127.1, 69.6, 69.2, 68.9, 65.7, 61.0, 59.2, 55.4, 42.1, 40.4, 38.4,
35.1, 30.7, 28.2, 28.0, 25.3, 18.8, 13.8; HRMS (+ESI) caled for Ca3HasNoO7S (MH")

714.3392, found 714.3401 (A 1.3 ppm).
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Scheme 35. Synthesis of 32

N-(2-(4-(1H-indol-3-yl)butanamido)ethyl)-4-((6-amino-2-butoxy-8-hydroxy-9H-
purin-9-yl)methyl)benzamide (32). Indole-3-butyric acid (0.12 g, 0.59 mmol) and N,N-
diisopropylethylamine (0.16 ml, 0.92 mmol) were added to a solution of 8 (0.20 g, 0.39
mmol) in DMSO (8 ml). After placing the reaction flask in ice, COMU (0.25 g, 0.58 mmol)
was added. The flask was allowed to warm to room temperature while stirring and the
reaction was continued for 2 hours. The reaction mixture was poured into ethyl acetate (36
ml) and refrigerated (4°C) for an hour. The mixture was then poured into a 100 ml glass-

capped round-bottom flask. 1N sodium bicarbonate (25 ml) was added and the contents were
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mixed and allowed to settle. Partial evaporation was carried out to remove ethyl acetate. The
flask was cooled at 0°C for one hour. The solid obtained was filtered under vacuum, washing
with ice-cold water and dried to give the product in 100% yield. 'H NMR (600 MHz,
DMSO-ds) 6 10.75 (s, 1H), 10.02 (s, 1H), 8.46 (t,J=5.5 Hz, 1H), 7.93 (t, /= 5.7 Hz, 1H),
7.76 (d, J=8.2 Hz, 2H), 7.47 (d, J= 7.8 Hz, 1H), 7.32 (dd, J = 11.8, 8.2 Hz, 3H), 7.07 (s,
1H), 7.03 (t, /= 7.4 Hz, 1H), 6.93 (t, /= 7.4 Hz, 1H), 6.49 (s, 2H), 4.89 (s, 2H), 4.12 (t, J
= 6.6 Hz, 2H), 3.28 (dd, J = 12.2, 6.2 Hz, 2H), 3.23 — 3.16 (m, 2H), 2.64 (t, J = 7.4 Hz,
2H), 2.12 (t,J=17.5 Hz, 2H), 1.85 (dt, J=14.7, 7.4 Hz, 2H), 1.63 — 1.57 (m, 2H), 1.35 (td,
J=14.9, 7.5 Hz, 2H), 0.89 (t, J = 7.4 Hz, 3H); '*C NMR (126 MHz, DMSO-ds) § 172.5,
166.0, 160.1, 152.3, 149.1, 147.8, 140.2, 136.3, 133.6, 127.4, 127.2, 122.2, 120.8, 118.3,
118.1,114.1,111.3,98.3,65.9,42.1, 38.2,35.3, 30.6, 26.1, 24.3, 18.8, 13.7, HRMS (+ESI)
calcd for C31H37NsO4 (MH™) 585.2932, found 585.2932 (A 0.0 ppm); (-ESI) calced for

C31H3sNsO4 (M-H") 583.2787, found 583.2783 (A 0.7 ppm).

NH,

NN
e Indole-3-butyric acid, COMU, o )‘\N/ N\%OH

N
)N\)\//EN\*OH DIPEA, DMSO, 3 h, 46% )) k@\/(o
O N
r @\/f’

27 33

Iz

Scheme 36. Synthesis of 33

N-(2-(2-(2-(4-(1 H-indol-3-yl)butanamido)ethoxy)ethoxy)ethyl)-4-((6-amino-2-

butoxy-8-hydroxy-9H-purin-9-yl)methyl)benzamide (33). Indole-3-butyric acid (33.0 mg,
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0.16 mmol) and N,N-diisopropylethylamine (44.3 pL, 0.25 mmol) were added to a solution
of 27 (64.9 mg, 0.11 mmol) in DMSO (2.2 ml). After placing the reaction flask in ice, COMU
(69 mg, 0.16 mmol) was added. The flask was allowed to warm to room temperature while
stirring and the reaction was continued for 3 hours. The reaction mixture was poured into
ethyl acetate (10 ml) and refrigerated (4°C) for an hour. The mixture was then poured into
a 100 ml glass-capped round-bottom flask. 1N sodium bicarbonate (7 ml) was added and the
contents were mixed and allowed to settle. Partial evaporation was carried out to remove ethyl
acetate. The flask was cooled at 0°C for one hour. The solid obtained was filtered under
vacuum, washing with ice-cold water and dried to give the product in 46% yield. 'H NMR
(600 MHz, DMSO-ds) 6 10.75 (s, 1H), 10.03 (s, 1H), 8.49 (t, /= 5.3 Hz, 1H), 7.87 — 7.84
(m, 1H), 7.78 (d, J= 8.0 Hz, 2H), 7.48 (d, /= 7.8 Hz, 1H), 7.32 (dd, J = 14.8, 8.0 Hz, 3H),
7.08 (s, 1H), 7.04 (t, 1H), 6.94 (t, J = 7.4 Hz, 1H), 6.49 (s, 2H), 4.89 (s, 2H), 4.12 (t, J =
6.5 Hz, 2H), 3.53 — 3.46 (m, 5H), 3.39 — 3.36 (m, 3H), 3.34 — 3.31 (m, 2H), 3.17 (dd, J =
11.6, 5.7 Hz, 2H), 2.64 (t, J = 7.5 Hz, 2H), 2.12 (t, J = 7.4 Hz, 2H), 1.83 (dt, J=15.1, 7.4
Hz, 2H), 1.63 — 1.57 (m, 2H), 1.35 (dt, J= 14.8, 7.3 Hz, 2H), 0.89 (t, J = 7.4 Hz, 3H); *C
NMR (126 MHz, DMSO-ds) & 172.2, 166.0, 160.1, 152.2, 149.1, 147.8, 140.2, 136.3,
133.5,127.4,127.2, 122.2, 120.8, 118.3, 118.1, 114.1, 111.3, 98.3, 69.6, 69.5, 69.2, 68.9,
65.9,42.1, 38.5, 35.2, 30.6, 26.1, 24.3, 18.8, 13.7; HRMS (+ESI) calcd for C35H44NsgNaOg

(M+Na") 695.3276, found 695.3275 (A 0.1 ppm).
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Scheme 37. Synthesis of 34

Tert-Butyl (4-(4-((6-amino-2-butoxy-8-hydroxy-9H-purin-9-yl)methyl) benzamido)
butyl)carbamate (34). Compound 7 (0.113 g, 0.3 mmol) was dissolved in DMSO (4.60 ml).
N-Boc-1,4-butanediamine (0.189 g, 1.0 mmol) and N, N-diisopropylethylamine (0.27 ml, 1.6
mmol) were mixed and dissolved with dichloromethane (0.6 ml) in a vial and added with a
syringe to the stirring solution of 7 in DMSO. After placing the reaction flask in ice, COMU
(0.353 g, 0.8 mmol) was added. The flask was allowed to warm to room temperature and
stirring was continued for 2 hours. The reaction mixture was poured into ethyl acetate (30 ml)
and refrigerated (4°C) for an hour. The mixture was then poured into a 100 ml glass-capped
round-bottom flask. 1N sodium bicarbonate (20 ml) was added and the contents were mixed
and allowed to settle. After concentrating the mixture in vacuo and cooling, the solid obtained
was filtered under vacuum, washing with ice-cold water, to give the product in 90% yield.
'H NMR (600 MHz, DMSO-ds) § 9.99 (s, 1H), 8.43 — 8.37 (m, 1H), 7.76 (d, J = 7.9 Hz,
2H), 7.33 (d, J=7.9 Hz, 2H), 6.82 — 6.77 (m, 1H), 6.48 (s, 2H), 4.89 (s, 2H), 4.12 (t, J =
6.4 Hz, 2H), 3.24 — 3.18 (m, 2H), 2.93 — 2.88 (m, 2H), 1.63 — 1.58 (m, 2H), 1.48 — 1.43
(m, 2H), 1.38 — 1.33 (m, 13H), 0.89 (t, J = 7.2 Hz, 3H); '*C NMR (126 MHz, DMSO-ds)

5 165.8, 160.1, 155.6, 152.2, 149.1, 147.8, 140.1, 133.8, 127.4, 127.2, 98.3, 77.3, 65.9,
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42.1, 39.5, 39.5, 30.6, 28.3, 27.1, 26.6, 18.8, 13.7; HRMS (+ESI) calcd for C26H3sN7Os
(MH") 528.2929, found 528.2928 (A 0.2 ppm).
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Scheme 38. Synthesis of 35

4-((6-Amino-2-butoxy-8-hydroxy-9H-purin-9-yl)methyl)-N-(4-aminobutyl)benza-
mide (35). To 34 (0.088 g, 0.17 mmol) was added dichloromethane (1.40 ml) and
trifluroacetic acid (0.25 ml, 3.26 mmol) in a round-bottom flask. After stirring at room
temperature for 1 hour the reaction mixture was evaporated until a viscous oil was left.
Methanol was added to dissolve the oil and the mixture was re-evaporated. After cooling the
residue, the product was precipitated by mixing the residue thoroughly with diethyl ether
with sonication. After cooling further, the product was filtered and dried to obtain the TFA
salt in 90% yield. "H NMR (600 MHz, DMSO-ds) § 10.12 (s, 1H), 8.49 (t,J= 5.2 Hz, 1H),
7.78 (d, J = 8.0 Hz, 2H), 7.68 (s, 3H), 7.34 (d, J = 8.0 Hz, 2H), 6.54 (s, 2H), 4.90 (s, 2H),
4.12 (t, J = 6.5 Hz, 2H), 3.29 — 3.23 (m, 2H), 2.85 — 2.75 (m, 2H), 1.64 — 1.58 (m, 2H),
1.54 (s, 4H), 1.36 (dq, J = 14.6, 7.3 Hz, 2H), 0.89 (t,J= 7.3 Hz, 3H); *C NMR (126 MHz,
DMSO-ds) 6 165.9, 159.8,152.3, 149.1, 147.6, 140.2, 133.7, 127.4,127.2,98.3, 66.0, 42.2,
38.7, 30.6, 26.2, 24.6, 24.1, 18.8, 13.7, HRMS (+ESI) calcd for C21H30N703 (MH")

428.2405, found 428.2408 (A 0.7 ppm).
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Scheme 39. Synthesis of 36

4-((6-Amino-2-butoxy-8-hydroxy-9H-purin-9-yl)methyl)-N-(2-(2-(2-aminoethoxy)-
ethoxy)ethyl)benzamide with Dibenzocyclooctyne-acid linker. DBCO-acid (33 mg, 0.108
mmol) and N, N-diisopropylethylamine (29.4 pL, 0.169 mmol) were added to a solution of 9
(45.0 mg, 0.075 mmol) in DMSO (1.6 ml). After placing the reaction flask in ice, COMU
(46.3 mg, 0.108 mmol) was added. The flask was allowed to warm to room temperature
while stirring and the reaction was continued for 3 hours. The reaction mixture was poured
into ethyl acetate (7 ml) and cooled (4°C) for an hour. The mixture was then poured into a
100 ml glass-capped round-bottom flask. 1N sodium bicarbonate (5 ml) was added and the
contents were mixed and allowed to settle. After concentrating the mixture in vacuo, the flask
was cooled at 0°C for one hour. The solid obtained was filtered under vacuum, washing with
ice-cold water and dried to give the product in 57% yield. '"H NMR (600 MHz, DMSO-ds)
0 10.00 (s, 1H), 8.48 (t,J=5.7 Hz, 1H), 7.78 (d, J= 7.9 Hz, 3H), 7.70 — 7.31 (m, 9H), 7.28
(d, J=5.9 Hz, 1H), 6.48 (s, 2H), 5.01 (d, J = 14.1 Hz, 1H), 4.89 (s, 2H), 4.11 (t, J= 6.6
Hz, 2H), 3.60 (d, J = 14.0 Hz, 1H), 3.50 — 3.36 (m, 8H), 3.30 — 3.26 (m, 2H), 3.12 — 3.02

(m, 2H), 2.60 — 2.54 (m, 1H), 2.22 (dt, J= 15.4, 7.7 Hz, 1H), 2.03 — 1.94 (m, 1H), 1.80 —
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1.70 (m, 1H), 1.60 (p, J = 6.8 Hz, 2H), 1.35 (q, J = 7.4 Hz, 2H), 0.88 (t, J = 7.4 Hz, 3H);
3C NMR (126 MHz, DMSO-ds) § 171.1, 171.0, 166.0, 160.1, 152.2, 151.6, 149.1, 148.4,
147.8, 140.2, 133.5, 132.4, 129.6, 128.9, 128.1, 128.0, 127.7, 127.4, 127.2, 126.8, 125.1,
122.5, 121.4, 114.2, 108.2, 98.3, 69.5, 69.5, 69.0, 68.9, 65.9, 54.9, 42.1, 38.5, 30.6, 30.3,
29.7,18.8, 13.7; HRMS (+ESI) calcd for C42HasNsNaO7 (MH") 797.3382, found 797.3379

(A 0.4 ppm).
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Scheme 40. Synthesis of 37

N-(2-(4-(1H-indol-3-yl)butanamido)ethyl)-5-((3aR,4R, 6aS)-2-oxohexahydro-1 H-
thieno[3,4-d]imidazol-4-yl)pentanamide (37). To a mixture of biotin (0.057 g, 0.23
mmol), DIPEA (0.16 ml, 0.92 mmol) and DMF (1.5 ml) in a reaction flask was added 20
(0.06 g, 0.21 mmol) with DMF (1 ml). The reaction flask was placed on ice and stirred for
5 minutes. COMU (0.1 g, 0.23 mmol) and DMF (0.4 ml) were added and the reaction flask
was allowed to warm to room temperature and stirred for 26 hours. The DMF was removed
in vacuo by a Centrivap concentrator. The dark pink solid obtained was mixed with ethyl
acetate and filtered and then purified by flash column chromatography (10% MeOH/DCM
and 30% MeOH/DCM; TLC: 10% MeOH/DCM). 'H NMR (600 MHz, DMSO-ds) & 10.78

(d, J=2.4Hz, 1H), 7.86 — 7.85 (m, 2H), 7.49 (d, J = 7.8 Hz, 1H), 7.32 (d, /= 8.1 Hz, 1H),
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7.10 (d, J = 2.2 Hz, 1H), 7.06 - 7.03 (m, 1H), 6.97 — 6.94 (m, 1H), 6.45 (s, 1H), 6.38 (s,
1H), 4.27 (dd, J= 7.7, 5.0 Hz, 1H), 4.11 — 4.07 (m, 1H), 3.08 - 3.04 (m, 5H), 2.79 (dd, J =
12.4, 5.1 Hz, 1H), 2.65 (t, J = 7.5 Hz, 2H), 2.58 — 2.53 (m, 1H), 2.12 (t, J = 7.5 Hz, 2H),
2.04 (t,J = 7.8 Hz, 2H), 1.85 (p, J="7.5 Hz, 2H), 1.63 — 1.55 (m, 1H), 1.54 — 1.40 (m, 3H),
1.35 — 1.20 (m, 2H); '3C NMR (151 MHz, DMSO) 5 172.3, 172.2, 162.8, 136.3, 127.2,
122.3,120.8, 118.4, 118.1, 114.1, 111.4, 61.0, 59.2, 55.4, 39.9, 38.4, 35.3, 35.3,28.2, 28.1,

26.1, 25.3, 24.4; HRMS (+ESI) caled for C24H33NsNaOsS (M+Na') 494.2196, found

494.2197 (A 0.2 ppm).
NH, NH,
N )
)j: D—Br BnONa, DMF, 60°C, )'\)I S—0
)) \\© pa ))O " N\\Q
13 38

Scheme 41. Synthesis of 38

9-Benzyl-8-(benzyloxy)-2-butoxy-9H-purin-6-amine (38). Sodium hydride (0.019
g, 0.79 mmol) was allowed to react completely with anhydrous benzyl alcohol (1.7 ml,
16.43 mmol) in a septum-fitted vial. The benzyloxy solution was transferred to compound
13 (0.0798 g, 0.21 mmol) in DMF (0.8 ml) in a round bottom flask under nitrogen and the
mixture was heated with stirring at 55-60°C for 3 hours. The reaction was then quenched
with acetic acid (25 pL) and evaporated by a Centrivap concentrator. The residue was
combined with ethyl acetate (30 ml) and washed with water (3 x 30 ml) and brine (20 ml).
The organic phase was dried with magnesium sulfate, concentrated and purified by flash

chromatography (3% methanol/CH>Cl, and 60% EtOAc/hexanes) to give the product in
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3% yield. 'H NMR (600 MHz, DMSO-ds)  7.41 — 7.20 (m, 10H), 6.83 (s, 2H), 5.48 (s,
2H), 5.06 (s, 2H), 4.18 (t, J = 6.6 Hz, 2H), 1.67 — 1.61 (m, 2H), 1.42 — 1.37 (m, J=7.5 Hz,
2H), 0.91 (t, J = 7.4 Hz, 3H); 3C NMR (126 MHz, DMSO-ds)  160.3, 154.6, 152.7, 150.9,
136.7, 135.8, 128.6, 128.4, 128.3, 127.8, 127.6, 127.4, 110.0, 70.6, 65.7, 43.9, 30.7, 18.8,
13.8; HRMS (+ESI) calcd for Ca3HaeNsO2 (MH*) 404.2081, found 404.2082 (A 0.2 ppm).

Data for 46: 'H NMR (600 MHz, DMSO-ds) 5 12.18 (s, 1H), 7.38 (d, /= 7.2 Hz,
2H), 7.31 (t, J= 7.5 Hz, 2H), 7.26 (1, J = 7.3 Hz, 1H), 6.86 (s, 3H), 5.26 (s, 2H), 4.18 (t, J
= 6.6 Hz, 2H), 1.66 — 1.59 (m, 2H), 1.40 — 1.34 (m, 2H), 0.90 (t, /= 7.4 Hz, 3H); 3C NMR
(126 MHz, DMSO-de) § 166.0, 161.3, 150.9, 148.7, 136.3, 128.4, 127.9, 127.5, 102.7, 66.2,

45.1, 30.5, 18.7, 13.7; HRMS (+ESI) found 330.1386.

NaN3, Hzo,
reflux, 20 h, 99%

OH A~ ~_-OH
Br/\/\/\/ N3

Scheme 42. Synthesis of 6-Azidohexan-1-ol

6-Azidohexan-1-ol. A mixture of 6-bromohexanol (1.20 g, 6.63 mmol) and sodium
azide (0.86 g, 13.26 mmol) in 9 ml water was refluxed for 20 h and cooled to room
temperature. The mixture was diluted with water (50 ml), extracted with DCM (3 x 50 ml).
The organic layer was dried with magnesium sulfate and concentrated to give the product
as colorless oil in 99% yield. 'H NMR (600 MHz, DMSO-dc) & 4.34 (t, J = 5.1 Hz, 1H),
3.41-3.36 (m, 2H), 3.31 (t, /= 6.9 Hz, 2H), 1.53 (p, J = 6.9 Hz, 2H), 1.41 (p, /= 6.6 Hz,

2H), 1.32 — 1.30 (m, 4H).
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Scheme 43. Synthesis of Ethyl 2-(((trifluoromethyl)sulfonyl)oxy)cyclohex-1-ene-1-
carboxylate

Ethyl 2-(((trifluoromethyl)sulfonyl)oxy)cyclohex-1-ene-1-carboxylate. To ethyl 2-
oxocyclohexane-1-carboxylate (2 g, 11.8 mmol), dissolved in DCM (66 ml), was added N, N-
diisopropylethylamine (2.2 ml, 12.6 mmol). After cooling the mixture to 0°C, trifluoroacetic
anhydride (3.5 ml, 20.8 mmol) was added and stirring was continued at room temperature
for 6 hours. The reaction mixture was diluted with additional 55 ml of DCM and poured into
175 ml of saturated sodium bicarbonate in a separatory funnel. Extraction was carried out.
The organic layer was washed with 130 ml of water, dried with magnesium sulfate and
concentrated under reduced pressure to give the product in 98% yield. This was used without

further purification.

0
O// o 0 S 0

CH;COSK, DMF
rt, 73 h

O/\ —_— O/\

Scheme 44. Synthesis of Ethyl 2-(acetylthio)cyclohex-1-ene-1-carboxylate

Ethyl 2-(acetylthio)cyclohex-1-ene-1-carboxylate. ~ Ethyl 2-(((trifluoromethyl)
sulfonyl)oxy)cyclohex-1-ene-1-carboxylate (2.3 g, 7.6 mmol) was dissolved in anhydrous
DMF (28 ml). Potassium thioacetate (1.3 g, 11.4 mmol) was added and the mixture was
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stirred at room temperature for 73 hours. The reaction mixture was poured into 100 ml of
cold water and extracted with 3 x 90 ml of ethyl acetate. The combined organic phase was
washed with 4 x 100 ml of water, dried with magnesium sulfate and concentrated in vacuo

to give the product as a brown oil (1.8 g), which was used without further purification.

S (@] .
4N HCl/dioxane, EtOH, /\
rt, 18 h, 92% o

o7 >

-

SH

Scheme 45. Synthesis of Ethyl 2-mercaptocyclohex-1-ene-1-carboxylate

Ethyl 2-mercaptocyclohex-1-ene-1-carboxylate.  Ethyl 2-(acetylthio)cyclohex-1-
ene-1-carboxylate (2.6 g, 11.4 mmol) was dissolved in anhydrous ethanol (80 ml). 4N
HCl/dioxane solution (27 ml, 108 mmol) was added via a septum and the mixture was stirred
at room temperature for 18 hours. The reaction mixture was concentrated under reduced
pressure and the residue was eluted through a plug of silica gel (14 x 3 cm?) using 1:1 ethyl
acetate/hexanes (800 ml). The eluate was concentrated under reduced pressure to give the

thiol product as a brown oil (92% yield), which was used without further purification.

0] O
NaBO;.4H,0, AcOH,
o” N 3hat55°C, o~
9 h at 85°C, 35% 0
o S//
SH >
/" OH
o

Scheme 46. Synthesis of 2-(Ethoxycarbonyl)cyclohex-1-ene-1-sulfonic acid
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2-(Ethoxycarbonyl)cyclohex-1-ene- 1-sulfonic acid. To ethyl 2-mercaptocyclohex-
1-ene-1-carboxylate (0.49 g, 2.6 mmol) was added sodium perborate tetrahydrate (1.3 g, 8.4
mmol) and acetic acid (10 ml). The mixture was stirred for 3 hours at 55°C and for 9 hours
at 85°C. After cooling the mixture, the suspension obtained was evaporated completely
under reduced pressure to a light yellow gel. Acetonitrile (15 ml) was added and the mixture
was stirred for 2 hours and filtered. The filtrate was evaporated completely to a yellow oil.
Acetonitrile (10 ml) was added and the mixture was stirred for 2 hours (or until well mixed)
and filtered. The filtrate was evaporated completely. The solid obtained was subjected to
column chromatography using a gradient of 5%, 10% and 20% methanol in DCM. UV-
active fractions giving an Rf of 0.2 with 10% MeOH/DCM were selected and concentrated
to give the product in 35% yield. '"H NMR (600 MHz, DMSO-ds) & 3.98 (q, J = 7.1 Hz,
2H), 2.24 — 2.20 (m, 2H), 2.09 — 2.08 (m, 2H), 1.55 — 1.49 (m, 4H), 1.16 (t, J = 7.1 Hz,

3H).

Ethyl 6-(N-(2-chloro-4-fluorophenyl)sulfamoyl)cyclohex-1-ene-1-carboxylate. 2-
(Ethoxycarbonyl)cyclohex-1-ene-1-sulfonic acid (0.26 g, 1.1 mmol), dissolved in thionyl
chloride (2.2 ml, 30.2 mmol), was heated under reflux for 8 hours and concentrated in vacuo.
The evaporated residue was mixed with DCM (20 ml) and washed with water (25 ml)
saturated sodium bicarbonate (25 ml) and brine (20 ml). The DCM solution was dried with
magnesium sulfate and concentrated under reduced pressure to give the sulfonyl chloride
intermediate in 80% yield. '"H NMR (500 MHz, CDCls) § 4.30 (q, J = 7.2 Hz, 2H), 2.59

(m, 4H), 1.79 (m, 4H), 1.34 (t, J= 7.2 Hz, 3H).
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Scheme 47. Synthesis of Ethyl 6-(N-(2-chloro-4-fluorophenyl)sulfamoyl)cyclohex-1-ene-
1-carboxylate

A solution of ethyl 2-(chlorosulfonyl)cyclohex-1-ene-1-carboxylate (0.209 g, 0.83
mmol), obtained above, in ethyl acetate (1.1 ml) was added dropwise to an ice-cooled
solution of 2-chloro-4-fluoroaniline (0.130 g, 0.89 mmol), triethylamine (0.23 ml, 1.65
mmol) and ethyl acetate (1.1 ml) under nitrogen. After having been stirred for 9 hours under
nitrogen, the reaction mixture was diluted with 5 ml of ethyl acetate and washed
successively with water, 0.5 M HCI, water, and brine (12 ml of each) and the ethyl acetate
solution was dried with magnesium sulfate and concentrated by rotary evaporation. The
residue was purified by flash column chromatography (15% - 20% EtOAc/hexanes) to yield
the product in 39% yield as a white solid. 'TH NMR (600 MHz, DMSO-ds) § 9.74 (s, 1H),

7.61 — 7.47 (m, 2H), 7.30 — 7.23 (m, 1H), 7.09 (t, J = 3.9 Hz, 1H), 4.31 — 4.28 (m, 1H),
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4.04 - 3.89 (m, 2H), 2.47 — 2.06 (m, 4H), 1.78 — 1.59 (m, 2H), 1.04 (t, J= 7.1 Hz, 3H); 'H
NMR (600 MHz, CDCLs) § 7.70 (dd, J = 9.1, 5.3 Hz, 1H), 7.31 (t, J= 3.9 Hz, 1H), 7.16
(dd, J=17.9, 2.9 Hz, 1H), 7.04 — 6.97 (m, 2H), 4.50 — 4.46 (m, 1H), 4.22 — 4.10 (m, 2H),
2.53 — 2.44 (m, 2H), 2.30 — 2.22 (m, 1H), 2.20 — 2.12 (m, 1H), 1.79 — 1.71 (m, 2H), 1.25

(t,J=17.1 Hz, 3H).

Cl
H O

\ Triphosgene, TEA, THF §<
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N N
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39

Scheme 48. Synthesis of 39

(Methylsulfonyl)(phenyl)carbamic chloride (39). To a solution of N-
phenylmethanesulfonamide (0.2 g, 1.17 mmol) and triethylamine (0.23 ml, 1.65 mmol) in
tetrahydrofuran (2 ml) was added, portion-wise and under ice-cooling, triphosgene (0.485
g, 1.63 mmol). The mixture was stirred for 30 minutes under ice-cooling and for 1 hour at
room temperature. The reaction mixture was diluted with ethyl acetate and washed with
water and brine. The organic phase was dried over magnesium sulfate, concentrated in
vacuo and then taken up in hexanes. The precipitated product was filtered to give the
carbamic chloride as an off-white solid in a yield of 90%. '"H NMR (600 MHz, CDCls) &
7.55 — 7.48 (m, 3H), 7.34 — 7.31 (m, 2H), 3.50 (s, 3H); *C NMR (126 MHz, CDCl;3) §
149.2, 135.4, 130.8, 130.0, 129.9, 41.6; HRMS (+ESI) calcd for CsHsCINNaO3S (M+Na")

255.9806, found 255.9807 (A 0.4 ppm).
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Scheme 49. Synthesis of 40

Butyl (methylsulfonyl)(phenyl)carbamate (40). To a stirred solution of n-Butanol
(0.6 ml, 6.56 mmol) and (methylsulfonyl)(phenyl)carbamic chloride (0.33 g, 1.41 mmol)
in anhydrous tetrahydrofuran (12 ml) was added pyridine (0.46 ml, 5.69 mmol) slowly.
The mixture was stirred at room temperature for 20 hours (TLC eluent: 1:2 EtOAc:
hexanes). The mixture was partitioned between ethyl acetate (40 ml) and water (40 ml).
The phases were separated and the aqueous phase was extracted with ethyl acetate (30 ml
x 2). The combined organic phase extracts were washed with water (30 ml), 1 M HCI (30
ml) and brine (30 ml) and dried over magnesium sulfate. The solvent was removed to give
the product in 88% yield. '"H NMR (600 MHz, CDCl3) § 7.43 — 7.41 (m, 3H), 7.26 — 7.23
(m, 2H), 4.19 (t, J = 6.6 Hz, 2H), 3.45 (s, 3H), 1.58 — 1.52 (m, 2H), 1.27 — 1.21 (m, 2H),
0.84 (t,J=7.4 Hz, 3H); *C NMR (151 MHz, CDCls) § 153.0, 135.2, 129.4, 129.4, 129.3,
67.7, 41.6, 30.4, 18.8, 13.5; HRMS (+ESI) calcd for Ci12H;7NNaO4S (M+Na") 294.0770,

found 294.0771 (A 0.3 ppm).
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Scheme 50. Synthesis of 41
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(R)-sec-Butyl (methylsulfonyl)(phenyl)carbamate (41). To a stirred solution of (R)-
2-Butanol (50 pL, 0.54 mmol) and (methylsulfonyl)(phenyl)carbamic chloride (27.5 mg,
0.12 mmol) in anhydrous tetrahydrofuran (1 ml) was added pyridine (38 pl, 0.47 mmol)
slowly. The mixture was stirred at room temperature for 20 hours (TLC eluent: 1:2 EtOAc:
hexanes). The mixture was partitioned between ethyl acetate (10 ml) and water (10 ml).
The phases were separated and the aqueous phase was extracted with ethyl acetate (10 ml
x 2). The combined organic phase extracts were washed with water (10 ml), 1 M HCI (10
ml) and brine (10 ml) and dried over magnesium sulfate. The solvent was removed and the
crude product purified by flash column chromatography (15% - 25% EtOAc/hexanes;
removing the starting material sulfonamide) to give the product in 49% yield. '"H NMR
(600 MHz, CDCl3) & 7.45 — 7.40 (m, 3H), 7.26 — 7.23 (m, 2H), 4.88 (h, /= 6.2 Hz, 1H),
3.46 (s, 3H), 1.52 (p, J = 7.3 Hz, 2H), 1.22 (d, J = 6.2 Hz, 3H), 0.80 (t, /= 7.4 Hz, 3H);
3C NMR (151 MHz, CDCls) § 152.8, 135.4, 129.5, 129.4, 129.4, 77.2, 41.8, 28.7, 19.3,
9.4; 1*C NMR (126 MHz, DMSO-ds) § 151.9, 135.6, 129.7, 129.0, 129.0, 75.9, 41.5, 28.0,
19.0, 9.1; HRMS (+ESI) caled for C12Hi7NNaO4S (M+Na") 294.0770, found 294.0771 (A

0.3 ppm).
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Scheme 51. Synthesis of 42

Methyl (methylsulfonyl)(phenyl)carbamate (42). To a stirred solution of methanol
(50 uL, 1.23 mmol) and (methylsulfonyl)(phenyl)carbamic chloride (62.4 mg, 0.27 mmol)
in anhydrous tetrahydrofuran (2.1 ml) was added pyridine (87 pl, 1.1 mmol) slowly. The
mixture was stirred at room temperature for 15 hours (TLC eluent: 1:2 EtOAc: hexanes).
The mixture was partitioned between ethyl acetate and water. The phases were separated
and the aqueous phase was extracted with ethyl acetate (x2). The combined organic phase
extracts were washed with water, 1 M HCI and brine and dried over magnesium sulfate.
The solvent was removed to give the product in 93% yield. "TH NMR (600 MHz, CDCl3) §
7.46 — 7.43 (m, 3H), 7.27 — 7.25 (m, 2H), 3.79 (s, 3H), 3.47 (s, 3H); 'H NMR (600 MHz,
DMSO-ds) & 7.47 — 7.42 (m, 3H), 7.38 — 7.36 (m, 2H), 3.71 (s, 3H), 3.57 (s, 3H); *C NMR
(126 MHz, CDCI3) § 153.6, 135.1, 129.7, 129.5, 129.5, 54.6, 41.7; 3*C NMR (126 MHz,
DMSO-ds) 6 152.7,135.4,129.7,129.2, 54.2, 41.3; HRMS (+ESI) calcd for CoH11NNaO4S

(M+Na") 252.0301, found 252.0301 (A 0.0 ppm).
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Scheme 52. Synthesis of 43

7-Azido- I-(phenylsulfonyl)heptan-2-yl (methylsulfonyl) (phenyl)carbamate (43).
Pyridine (90 pL, 1.11 mmol) was added dropwise to a stirred solution of 7-azido-1-
(phenylsulfonyl)heptan-2-ol (165 mg, 0.55 mmol) and triphosgene (277 mg, 0.93 mmol)
in 9 ml of anhydrous tetrahydrofuran. The resulting suspension was stirred for 20 minutes
and filtered and concentrated to give the crude chloroformate as an oil. To the solution of
the crude chloroformate in dichloromethane (1 ml) was added N-
phenylmethanesulfonamide (86 mg, 0.5 mmol) and pyridine (85 puL, 1.05 mmol). The
solution was stirred for 4 hours at room temperature and then partitioned between
dichloromethane (10 ml) and water (25 ml). The aqueous phase was extracted with
dichloromethane (35 ml). The combined organic phases were washed with water (35 ml),
dried over magnesium sulfate, concentrated and purified by flash chromatography using
first 20 — 30% ethyl acetate/hexanes, then 100% dichloromethane to give the product in
20% yield. "H NMR (600 MHz, CDCl3) § 7.96 — 7.94 (m, 2H), 7.72 (t, J = 7.5 Hz, 1H),
7.65 —7.60 (m, 2H), 7.48 — 7.41 (m, 3H), 7.32 — 7.28 (m, 2H), 5.34 — 5.30 (m, 1H), 3.50
(s, 3H), 3.32 - 3.28 (m, 1H), 3.23 —3.15 (m, 3H), 1.66 — 1.58 (m, 1H), 1.50 (p, J= 7.0 Hz,

3H), 1.32— 1.18 (m, 4H); '3C NMR (126 MHz, CDCls) § 152.2, 138.9, 135.3, 134.4, 129.7,
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129.7, 129.6, 129.5, 128.4, 71.0, 59.1, 51.2, 41.5, 34.1, 28.6, 26.1, 24.1; HRMS (+ESI)

calcd for C21H26N4NaOsS2 (M+Na™) 517.1186, found 517.1190 (A 0.8 ppm).
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Scheme 53. Synthesis of 44

Ethyl 6-(N-(((6-azidohexyl)oxy)carbonyl)-N-(2-chloro-4-fluorophenyl)sulfamoyl)
cyclohex-1-ene-1-carboxylate (44). Pyridine (62 uL, 0.77 mmol) was added dropwise to
a stirred solution of 6-azido-1-hexanol (0.056 g, 0.39 mmol) and triphosgene (0.19 g, 0.64
mmol) in 1 ml of anhydrous tetrahydrofuran. The resulting suspension was stirred for 20
minutes and filtered and concentrated to give the crude chloroformate as an oil. To the
solution of the crude chloroformate in dichloromethane (3 ml) was added ethyl 6-(N-(2-
chloro-4-fluorophenyl)sulfamoyl)cyclohex-1-ene-1-carboxylate (0.128 g, 0.35 mmol) and
pyridine (55 pL, 0.68 mmol). The solution was stirred for 7 hours at room temperature and
then partitioned between dichloromethane (5 ml) and water (15 ml). The aqueous phase

was extracted with dichloromethane (20 ml). The combined organic phases were washed
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with water (20 ml), dried over magnesium sulfate, concentrated and subjected to by flash
chromatography using ethyl acetate/hexanes (20% - 25%) to a provide 44.

Major isomer (separated peaks): 'H NMR (600 MHz, CDCl3) & 7.38 (1H), 7.23
(1H), 7.19 (1H), 6.96 (1H), 5.41 (1H), 4.32 — 4.09 (4H), 3.21 (t,J= 6.9 Hz, 2H), 2.82 (1H),
2.47 (1H), 2.28 (1H), 2.04 (1H), 1.81 — 1.73 (2H), 1.62 (2H), 1.53 (2H), 1.31 (7H); *C
NMR (126 MHz, CDCl3) 6 166.1, 162.3 (d, J=253.1 Hz), 152.1, 148.6, 136.2 (d, J=11.0
Hz), 132.4 (d, J=9.4 Hz), 129.8 (d, J = 3.8 Hz), 124.0, 117.5 (d, J=25.8 Hz), 114.7 (d, J
=223 Hz), 67.7,61.3, 58.9, 51.2, 28.7, 28.3, 26.1, 25.2, 23.9, 16.8, 14.3.

Minor isomer (separated peaks): '"H NMR (600 MHz, CDCls) & 7.60 (1H), 7.38
(1H), 7.23 (1H), 7.04 (1H), 5.03 (1H), 4.32 - 4.08 (4H), 3.21 (t,J = 6.9 Hz, 2H), 2.68 (1H),
2.47 (1H), 2.28 (1H), 2.19 (1H), 1.81 — 1.73 (2H), 1.62 (1H), 1.53 (2H), 1.31 (7H); 1*C
NMR (126 MHz, CDCl3) 6 166.0, 162.4 (d, J=253.2 Hz), 152.0, 147.5, 136.3 (d, J=10.9
Hz), 132.1 (d, J=9.6 Hz), 130.5 (d, /= 3.9 Hz), 123.8, 117.6 (d, J=25.9 Hz), 114.9 (d, J
=223 Hz), 67.7,61.1, 59.5, 51.2, 28.7, 28.2, 26.1, 25.0, 23.7, 16.3, 14.2.

HRMS (+ESI) caled for C22HasCIFN4NaOsS (M+Na®) 553.1294, found 553.1295

(A 0.2 ppm).
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Scheme 54. Synthesis of 45
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Ethyl 6-(N-(((7-azido-1-(phenylsulfonyl)heptan-2-yl)oxy)carbonyl)-N-(2-chloro-4-
Sfluorophenyl)sulfamoyl)cyclohex-1-ene-1-carboxylate (45). Pyridine (27.3 uL, 0.34
mmol) was added dropwise to a stirred solution of 7-azido-1-(phenylsulfonyl)heptan-2-ol
(45.5 mg, 0.15 mmol) and triphosgene (79 mg, 0.27 mmol) in 2.1 ml of anhydrous
tetrahydrofuran. The resulting suspension was stirred for 20 minutes and filtered and
concentrated to give the crude chloroformate as an oil. To the solution of the crude
chloroformate in tetrahydrofuran (2.5 ml) was added ethyl 6-(N-(2-chloro-4-
fluorophenyl)sulfamoyl)cyclohex-1-ene-1-carboxylate (55 mg, 0.15 mmol) and
triethylamine (38.4 pL, 0.28 mmol). The solution was stirred for 2 hours at room
temperature and diluted with ethyl acetate and washed with 1 M HCI, water, saturated
sodium bicarbonate and brine (5 ml each). The organic phase was dried over magnesium
sulfate, concentrated and subjected to flash chromatography using ethyl acetate/hexanes
(25% - 30%) to provide 45. *C NMR (126 MHz, CDCl3) § 166.3, 166.1, 163.5, 163.5,
161.5, 161.5, 151.4, 151.3, 148.1, 146.8, 139.1, 139.0, 137.0, 136.9, 135.8, 135.7, 134.2,
134.2, 133.8, 133.0, 133.0, 132.2, 132.1, 130.6, 130.6, 129.5, 129.5, 129.5, 129.4, 128.4,
128.3, 127.5, 124.0, 123.6, 118.1, 117.9, 117.6, 117.4, 115.3, 115.1, 114.9, 114.8, 71.8,
71.8,61.3,61.2,59.4, 58.7, 58.6, 58.5, 51.2, 44.6, 33.9, 33.6, 28.6, 26.2, 26.1, 25.2, 24.8,
24.0,23.9,23.8,23.4,16.8, 16.1, 14.4, 14.3; HRMS (+ESI) calcd for C29H34CIFN4NaOsS»

(M+Na") 707.1383, found 707.1383 (A 0.0 ppm).
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CHAPTER THREE

Results and Discussion

Synthesis of Adenine Derivatives
The goal of the work presented herein is to synthesize TLR agonists which bear
functional groups that can serve to conjugate the compounds with biomolecules. With the
established SAR of several adenine-based compounds, we designed and synthesized new
adenine analogs in order to investigate their TLR agonistic activity and sought to achieve
a desirable method for their bioconjugation. Our synthesis of TLR7 agonists and conjugates
with substituents X, R, and OR' (Figure 23) began with the utilization of commercially

available 2-chloroadenine (also called 6-amino-2-chloropurine).

NH, NH,
NH2 g\/EN )\/EN
N™ 8 N \
SN " all X i | )—OH
)N'\):E,\? — RN, B
Cl N
H

7

2-Chloroadenine TLR7 Agonists and conjugates

Figure 23. Synthesis of adenine analogs as TLR7 agonists and conjugates from 2-
chloroadenine

The synthesis typically involved a benzylation at N-9, an alkoxy substitution at C-
2, an electrophilic aromatic bromination at C-8, a nucleophilic aromatic hydroxyl
substitution at C-8 and, finally, modifications of the para-substituted R group. A key
intermediate in this series of transformations was the carboxylic acid 7, which served as a

useful synthon for the synthesis of a variety of amide derivatives. This compound allowed
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modifications at the para-position that were used to introduce linkers bearing amine, free

thiol, alkyne and indole functionalities for antibody bioconjugation.

Alkylation at N-9
Benzylation of 2,6-dichloropurine afforded two constitutional isomers, the N-7
alkylated and the N-9 alkylated products, with the ratio of the less polar N-9 product
(compound 1a) to the N-7 product (compound 1b) being ~2:1 (Scheme 55). As previously
reported, amination of these constitutional isomers (or amination of 2,6-dichloropurine

itself) provided the 6-amino compounds.*!**

)\)t[\> gzl\%Foit b:ﬂzyl bromide, )\)t[ )\)I />

1a (36%) b (20%)

Scheme 55. Benzylation of 2,6-dichloropurine to give two different constitutional
isomers

Alkylation of 2-chloroadenine (the 6-amino analog of 2,6-dichloropurine),
however, produced only the N-9 alkylated product (Scheme 56).*¢>° Presumably, the
regioselectivity observed in this alkylation is a result of steric or electronic (hydrogen
bonding) effects from the 6-amino group. Benzyl bromide and para-substituted benzyl
bromides (4-10odo- and 4-cyanobenzyl) were reacted with 2-chloroadenine in a nucleophilic
substitution in DMSO as solvent (Scheme 56). Simple precipitation of the products from
aqueous solutions gave the desired compounds 2 (unsubstituted), 3 (4-cyano substituted),

14 (4-i0do substituted) in high yields (94-96%).
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Br

NH,
R KzCO3 \>
N| AN N\> ) \@\/ DMSO, rt, 19-30 h )\
Cl)\N/ N

para-Substituted
benzyl bromide

) 2R =H94%

R 14R = 1 96%
= 0,

A 3R = CN 95%

Scheme 56. Alkylation of 2-Chloroadenine

Nucleophilic Aromatic Substitution at C-2

The next step in our synthesis was to introduce the butoxy group at carbon-2. In
agreement with previous literature procedure, the method of refluxing a solution of sodium
butoxide in butanol with the benzyl adenines provided the desired products.*® The reactions
were complete in 24 to 48 hours in yields from 65-77%. We found we could isolate some
of the desired products by simple precipitation after concentrating the reaction mixture.
This 1solation worked well with the unsubstituted benzyl and 4-iodobenzyl compounds (12
and 15, Scheme 57). However, with the 4-cyanobenzyl compound, undesired reactions at
the nitrile (alcoholysis and hydrolysis) led to the production of the sodium carboxylate (R’
= CO2Na, Scheme 57) as well as the intermediate amide (R' = CONH>, 9). We therefore
modified the procedure to directly afford the carboxylic acid (R' = CO2H) by first installing
the butoxy group with refluxing butoxide solution, and then completely hydrolyzing the
nitrile by introducing an excess water to the butoxide solution and continuing reflux.
Protonation of the carboxylate gave a fair yield (65%) of the carboxylic acid 4 as a white

powder.
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NH,
NH>
A N
N n-BuOH, n-BuONa, N| \>
NT X reflux, 24 - 48 h n-Bu )\ —
| \> — o7 N N
N\ For 4 (modified):
Cl N 1. n-BuOH, n-BuONa, reflux
\\Q\ 2. H,0, reflux, 48 h R

R

12R'=H 77%, from 2

2R=H 15R'=176%, from 14
14R =1 4 R' = CO,H 65% (modified), from 3
3R=CN R'= CO,Na 52%, from 3

9 R' = CONH, trace, from 3

Scheme 57. Nucleophilic aromatic substitution of butoxy group for chlorine at C-2

Electrophilic Aromatic Substitution at C-8

Our initial work on bromination at the 8-position involved the use of
dichloromethane as solvent and about 300 equivalents of bromine, which effected the
complete bromination after approximately 20 h in yields between 75% to 85% yields.*!:!!!
The starting materials (compounds 12, 15, and the sodium salt of 4, Scheme 58) were not
well dissolved in dichloromethane. In our effort to optimize the reaction conditions, we
tested several solvents for this transformation including 2,2,2-trifluoroethanol, 2-propanol,
benzene, chloroform, ethanol, tetrahydrofuran, and acetic acid. Out of these solvents, acetic
acid proved to be most desirable, in terms of solubility of reactants. It is noteworthy that
with only acetic acid and bromine (3 to 11 equivalents), the reaction did not go to
completion (as monitored by TLC: 7% MeOH/DCM) when allowed to continue for up to
3 days. We reasoned that the progress of the reaction was halted by the protonation of the
substrate by hydrogen bromide produced as the reaction progressed, which, in turn,
deactivated the ring towards further reaction. Therefore, we introduced sodium acetate (5

equivalents), which would serve to capture HBr. With acetic acid and sodium acetate, only
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5 equivalents of bromine were sufficient to complete the bromination, the reaction times

were reduced, and the yields were also improved (as shown in Scheme 58).!1%!13

NH,
NH, Method 1: Bry, DCM, rt, NN N
20 h | H—sr
AN N n-Bu\ = N
N| \> ¢) N
n-Bu__ )\ Y Method 2: Bry, AcOH,
o N AcONa, rt, R
ﬂR

10 minto1h
Method 1
5R' = CO,H 83%, from 4 with R = CO,Na
12R=H Method 2
15R=1 13 R' = H 100%, from 12
4R =CO.H 16 R' = 1 92%, from 15
R =CO,Na 5R' = CO,H 100%, from 4 with R = CO,H

Scheme 58. Bromination at C-8

Nucleophilic Aromatic Substitution at C-8
The C-8 hydroxyl derivative is commonly prepared from the C-8 bromo compound
by a 2-step procedure which involves, first, the substitution of the bromine by a methoxy
group and then a hydrolytic cleavage of the methoxy to give the 8-hydroxyl compound.!-*®
We employed a more efficient way of carrying out this transformation by directly installing
the OH on the C-8. Literature examples of this direct hydroxylating procedure involve the

3033 or strongly basic solutions.**>” Our procedure involved a

use of either strongly acidic
nucleophilic aromatic substitution using a strongly basic solution (10 M) of sodium
hydroxide under refluxing conditions for 24 hours (Scheme 59). For compounds 17 and
18, a significant reduction of reaction time was achieved via microwave heating. The 8-

hydroxyadenine carboxylic acid product (7) is desirable in that it bears the carboxyl group

which serves to conjugate biomolecules, with the 8-OH intact for I[FN induction.
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10 M NaOH, MeOH,

NH,
NH, N
NN \>7
N OH
N X \ reflux, 24 h n-Bu._ )|\ _
. )l\ Br or 10 M NaOH, MeOH, 0 N N
NN TN W @ 105°C, 1.5-2.5 h \\Q\

R
R

13R=H 17 R'=H 97%, 80% (uW), from 13

16R=1 18 R'= 183% (uW), from 16

5R=CO,H 7 R'= COyH 74%, from 5

Scheme 59. Nucleophilic aromatic substitution of the OH at C-8

Synthesis of Amides

The next series of reactions involved the transformation of carboxylic acid 7 to Boc-
protected amines. We proceeded to mono-protect ethylenediamine with the ters-
butyloxycarbonyl (Boc) group using literature procedures!'*!!> before reacting its
remaining amino group with the carboxylic acid 7 using COMU!'® as the coupling agent
(Scheme 60). The reaction proceeded smoothly, giving compound 10. Using COMU, a
uronium-based reagent, coupling reactions were carried out in DMSO with reaction times
of 1 to 3 hours, and amide products were isolated by precipitation. In a similar manner,
amides 26 and 34 were also prepared from compound 7 by using other diamines. Mono-
Boc-protected  2,2'-(Ethylenedioxy)bis(ethylamine) and 1,4-butanediamine were
synthesized using known literature procedure!!” and reacted with 7 to give compounds 26

and 34 respectively. The amides were obtained in 80-90% yields.
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NH,
Mono-Boc-diamine, N XN
DIPEA, COMU, DMSO, )‘\ h>7OH
- n-Bu
rt, 1-2h ~o N/
@%O

R

NH,
NS N
ﬁiw
-B
n U\o N/

Mono-Boc-diamine =

NH,CH,CH,NHBoc
NH,(CH,CH,0),CH,CH,NHBoc 10 R = NHCH,CH>NHBoc 80%
OH NH(CH,)4NHBoc 26 R = NH(CH,CH,0),CH,CH,NHBoc 90%

34 R = NH(CH;)4NHBoc 90%

o)
/\O)kC/CN
!

- PF,

O
\
N C\N
)

COoMU

Scheme 60. Synthesis of Boc-protected Amines

The Boc protecting group was readily removed on amides 10, 26, and 34 by
treatment with trifluoroacetic acid (TFA) in DCM, giving amines 8, 27 and 35, respectively,

as trifluoroacetic acid salts (Scheme 61).

NH,
NH,
AN N
N TFA, DCM, N| N—on
B )l\ \>_OH 1 n_Bu\o)\N/ N
n-Bu P
o7 N N

—_—

O
o]
R
R
10 R = NHCH,CH,NHBoc 8 R'= NHCH,CH,NH, TFA 98%, from 10
26 R = NH(CH,CH,0),CH,CH,NHBoc 27 R' = NH(CH,CH,0),CH,CH,NH, TFA 90%, from 26
34 R = NH(CH,)4NHBoc 35 R' = NH(CHy)4NH, TFA, 90%, from 34

Scheme 61. Removal of the Boc group to give free amine compounds

With the carboxyl and amine groups present on the TLR7 agonists, we were able to
add functional groups that we planned to use for mechanistic studies and bioconjugations.

The COMU coupling procedure was again employed to attach dibenzocyclooctyne (for
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click chemistry with azido groups), indole-3-butyric acid and biotin, as shown in Scheme
62. The dibenzocyclooctyne derivatives were compound 24 (from the carboxylic acid 7)
and 36 (from amine 27). The indole-3-butyric acid derivatives were compound 32 (from
amine 8) and compound 33 (from amine 27). The biotinylated derivatives were compound
28 (from amine 8) and compound 31 (from amine 27). For conjugations with free thiols,
maleimide 21 was also prepared from amine 8 using the NHS-maleimide crosslinker

SMCC in 94% yield (Scheme 63).

NH,
NH
z DBCO-amine (24), DBCO-acid (36), N7 N\%OH
N N\ indole-3-butyric acid (32,33), n-Bu_ /L _
PR »—oH o >N N
n-Bu_ Z~N
O N

or D-Biotin (28,31);
DIPEA; COMU; DMSO, rt, 1-3 h \\Q\
COR'
\\Q\COR

24 R'=R4 70%, from 7
7R=0H 36 R' = NH(CH,CH,0),CH,CH,NHR, 57%, from 27
8 R = NHCH,CH,NH, TFA 32 R' = NHCH,CH,NHR3 100%, from 8

B _ 33 R' = NH(CH,CH5,0),CH,CH,NHR3 46%, from 27
27 R = NH(CH2CH;0),CH,CHaNH, TFA 28 R' = NHCH,CH,NHR,, 81%, from 8
31 R' = NH(CH,CH,0),CH,CH,NHR, 61%, from 27

ey ¥
o
me e Re= N R Re= O
D ¢ .
— = N HN._NH
N

Scheme 62. Synthesis of compounds for antibody conjugation and bioassay

o=~

Additionally, 37, a compound needed for mechanistic studies, was prepared with a
slight modification in the coupling procedures. This compound contains indole-3-butyric
acid and D-biotin connected through an ethylenediamine linker (Scheme 64). 1,1'-
carbonyldiimidazole (CDI) was used to couple indole-3-butyric acid with N-Boc-
ethylenediamine.!!'®!!” The cleavage of the Boc group was carried out efficiently by in-situ

generated hydrogen chloride from methanol and acetyl chloride at 0°C.'?° The coupling of
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the hydrochloride indole derivative (20) to biotin was then carried out using COMU as

coupling agent.

SMCC, DIPEA, O

NN N
A >—OH MeOH, DCM, 3 h, 94% o
0" NN
S D

8 N
21 o=<_I

Scheme 63. Synthesis of maleimide compound 21

o]
N-Boc-ethylenediamine, H J\ J<
o]
triethylamine, CDI, 20 h, 96% QE/\/\,( \/\ﬂ o
| OH - = HN 0
N
H

CH3COCI, MeOH, 4 h, 100%

) o ! HN\\//O DIPEA, COMU, DMF ]
. 26 h, 60%
QE/\/\H/N\/\HJJ\/\/ l”'@NH o QE/\/\H/N\/\NH3+
HN (o] S H HN (o] Cr

ON-NH 1 o 20
37 E}é"\\\MOH

biotin

Scheme 64. Synthesis of Indole-3-butyric acid — Biotin

90



Other Adenine Derivatives for SAR Studies
Other 8-hydroxy adenine derivatives shown in Figure 24 were also synthesized for

SAR studies.

29 30 S:/

Figure 24. Other Adenine Derivatives

Compound 25 was synthesized using the COMU coupling procedure involving
carboxylic acid 7 and 4-methoxybenzylamine. Compounds 29 and 30 were prepared by
alkylating the 8-hydroxy compounds 17 and 7, respectively, with benzyl bromide (Scheme

65).

NH, NH; K@ S
. A °
N\ K,COj3, benzyl bromide N/t 0" NN
)\)I )—OH DMSO, rt, 4-48 h o r \\©\(o
Eals " o

s 5

7R =CO,H 29 70%, from 17 30 51%, from 7

Scheme 65. Synthesis of Alkylated Compounds 29 and 30

As shown by the assigned structures of compounds 29 and 30, the reaction

proceeded by N-alkylation (rather than O-alkylation). In order to verify this, NAS of the
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bromide 13 was carried out to give the O-benzyl product 38, isomeric to compound 29

(Scheme 66).

NH,

NH» a
BnONa, DMF, N )
N™ N o NJ?E N\

S— 60°C, 3 h | >—0

n-Bu. )l\):E Br o ”'BU\O)\N/ N Compounds
o” "N N +

\\@ \\Q 46 and 17

b

13 38

Scheme 66. Synthesis of O-benzyl compound 38 by nucleophilic substitution

'H and '*C NMR data were used to confirm the assigned structures of 29 and 38.
The proton and carbon NMR chemical shifts for the two compounds were different; also
the difference in the chemical shifts for the benzylic CH» protons (a and b) is smaller for
compound 29 (0.26 ppm) than for compound 38 (0.42 ppm), as expected. Unfortunately, a
low yield (3%) was recorded in the synthesis of 38, which involved two column
chromatographic runs to separate the product from starting material, the 8-hydroxy
compound 17, and an unexpected compound 46 whose NMR spectrum is presented in
Figure 25. We also carried out other analyses in order to determine the structure of
compound 46. Identifiable features from the NMR (Figure 25) include the adenine 2-butoxy
peaks (0.9 to 1.6 ppm and 4.18 ppm), the 9-benzyl (5.26 ppm and 7.24 to 7.39 ppm), and
possibly the 6-amino (6.86 ppm). An additional singlet at 12 ppm was also present. After
shaking the NMR sample with D>O and obtaining the NMR again, the peaks at 6.86 ppm
and 12 ppm disappeared — suggesting that these signals are from exchangeable protons (OH,
NH). On analysis of the sample by +ESI-MS, a singly charged species at m/z 330.1386 was
observed. Table 3 presents a comparison of the chemical shifts for the butoxy OCHz triplet

and the benzylic CH: singlet and the observed masses (M+1) for this compound 46, 17, the
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starting material 13, and compounds 38 and 29. The mass of 46 suggests that the product is
monobenzylated rather than dibenzylated. From TLC information, the polarity order for the

compounds (Rf values with 3% methanol/ DCM in parentheses) is 29 (0.61), 13 (0.51), 38

BERNASRARAARE TED = FRUTUUSEIRRRN ZRE
P P P P P T P P o - v " 1] S e gt S -t SSo

e | i - bl et

5%

Solvent peaks ——— ( 7

NS, =
New peak ‘;é_/[ij /_I " o%
=5 \ ‘
\
Ll

130 125 120 115 110 105 100 95 90 B85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

Figure 25. Proton NMR for compound 46

Table 3. Butoxy OCH: and Benzylic CH> NMR peaks and HRMS data for compound 46
and compounds 13, 17, 38, and 29

Proton NMR/  Compound Compound Compound Compound Compound

MS 46 13 17 38 29
Butoxy
OCH: (ppm) 4.18 4.23 4.14 4.18 4.13
Benzylic CH» 5.26 5.25 4.85 5.06, 5.48 4.95,5.21
(ppm)
+ESI MS 330.1386 376.0768 314.1613 404.2082 404.2080
(m/z)
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(0.41), 46 (0.25) and 17 (0.12). We can infer from the information acquired that both
benzylic and butoxy groups are present in this compound 46, protic functional groups such

as OH are present, and the polarity of the compound is close to that of alcohol 17.

Structure of Compound 46
In agreement with the analytical data given above, we concluded that compound

46 is the thiol compound (Figure 26).%%!?!
NH,
NN
| | D—sH
S0
Figure 26. Compound 46

The next challenge was to explain how compound 46 formed in the synthesis of
compound 38 from the bromide 13 (Scheme 66). An accidental use of NaSH instead of
NaH could explain this. The level of purity of the starting bromide could also yield an
explanation. The isolation of the bromide involves the addition of sodium thiosulfate
solution to an acidic (acetic acid) solution. It is known that thiosulfate ions can
disproportionate to sulfur in acidic solutions: SOs* + H* — HSOs™ + S.'?? Therefore, this
could imply that the isolated crude product 13 contained an amount of sulfur, which could
generate a reagent that can produce thiol 46 under the conditions used in the synthesis of
38.12 We purified the bromide starting material 13 by column chromatography using 2%
MeOH/DCM. The isolated materials were a yellow powder - which had no signal in 'H
NMR - and the bromide 13 (purified). The Rf values (in 2% MeOH/DCM) of the yellow

powder and 13 were 0.86 and 0.32 respectively.
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Figure 27. Crude NMR analysis of the benzyloxy nucleophilic substitution reaction on
crude bromide 13. Signal for the benzylic CH> of 46 was present at 5.26 ppm.
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Figure 28. Crude NMR analysis of the benzyloxy nucleophilic substitution reaction on
purified bromide 13. (Signal for the benzylic CH> of 46 is expected at 5.26 ppm.)
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A comparison of the crude NMR of the oily material (after extraction work up)
obtained when crude 13 and purified 13 were subjected to the benzyloxy substitution
reaction that gives 38 is given in Figures 27 and 28. It is noticeable that the contaminant
product 46 appears to be absent when purified 13 was used (Figure 28). In addition, crude
TLC and ESI-MS analyses of the reaction involving purified 13 did not indicate the
presence of compound 46. Lastly, GC-MS analysis of the yellow powder that was separated
from the crude compound 13 is in good agreement with that of elemental sulfur (see Spectra
105). We can therefore conclude that the use of purified bromide starting material is

preferable in the synthesis of the O-benzylated compound 38 from the bromide.

Reporter Cell Assay Analysis of TLR7 Conjugates

To confirm the TLR activity of new compounds a bioassay was performed using
the HEK-Blue Reporter Cell assay. This assay utilizes cells with the TLR receptor of
interest (TLR7, in our case) linked to a NF-kB reporter gene. Stimulation by the TLR
compounds induces the production of an alkaline phosphatase enzyme which reacts with a
precipitating substrate to produce a blue/purple colored product that can be measured by
spectrophotometry. Compounds and conjugates were analyzed at the Baylor Institute of
Immunology Research, Dallas, Texas. The graph in Figure 29 shows the signal intensity
versus concentration for different compounds. R848 is Resiquimod, a standard reference
TLR7 agonist. For each material being analyzed, TLR signaling was measured at a number
of selected concentrations (5, 50, 500 and 1000 ng/ml).

Compounds 7, 8, 21, 24, 25, 26, 27, 29, 30, 32, 33, 35, 36 were analyzed. The
results were in agreement with predictions of TLR7 agonistic activity by structure-activity

relationship.!?! The parent carboxylic acid 7 and the amine linkers 8, 27 and 35 all showed

96



good TLR7 activity. The indole-based compounds 32 and 33 also showed good activity.
Both DBCO compounds 24 and 36 were also active - with a higher activity recorded by
the PEG-2 compound 36. This is in agreement with the significant activity of its PEG-2
amine precursor 27. The maleimide compound 21 showed a reduced activity, while
compounds 29 and 30, lacking the C-8 OH group, were inactive. Notably, TLR7 active
compounds that were inactive at or below 50 ng/ml are compounds 21, 24, 25 and 26. A

more extensive activity data for these compounds has recently been published.!?!
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Figure 29. TLR7 Activation (AU) measured by HEK Blue Cell Reporter Assays

Solid Phase Synthesis and Peptide Conjugation
Studies have shown the importance of the fatty acid chain length, the ester-bound
fatty acid linkage, and the length and nature of the peptide in TLR2 ligands such as
Pam3CSK4 for TLR2 signaling induction.”®®® We proceeded to synthesize a novel

lipopeptide 22, based on the Pam3CSK4 structure as a potential TLR1:TLR2 agonist
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(Scheme 67). The presence of the additional cysteine moiety bearing the free sulfhydryl
group enables us to explore bioconjugation using the thiol-maleimide chemistry.
Additionally, the biotin molecule allows us to monitor antibody conjugation.

Peptide HoNSK4CK-biotin was purchased and used in its Boc protected form on
solid support. The Boc protection ensures that only the desired amino group reacts with
cysteine carboxylic acid on the reagent PAM3Cys-OH. This coupling reaction was carried
out using COMU and DIPEA in DMF. The PAM3Cys-OH reagent was dissolved in DCM
to initiate reaction.'?*!?> After reaction, the product was cleaved and deprotected using a
cleaving cocktail (30:2:1 TFA/water/triisopropylsilane by volume) to remove the Boc, t-

Bu, trityl, and 2-chlorotrityl groups along with the polymer support. The mixture

H O
CqsH N
NHBoc NHBoc HN O N ]AOH
\4/ Os
CisHz1 O
o o o g
H,N N N N
CysHs™ ~O
o) H o H o H o
S Ph Cl O
o )<Ph PAM3Cys-OH
NHBoc NHBoc
(i) COMU, DIPEA, DMF, H
o : ) . rt, 20h N_O
Biotinylated and Boc-protected peptide on solid support: 2
HANSK, CK.biotin' (i) TFA, TIS, H20,t,3h ¢ he

Scheme 67. Synthesis of Functionalized Pam3CSK4 Analog 22
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was filtered to remove insoluble material and evaporated. In order to analyze the reactions
by LC-MS, the peptide starting material H-NSK4CK-biotin was initially deprotected by the
deprotecting protocol above and analyzed by LC-MS. For the deprotected HoNSK4CK-
biotin with a product theoretical mass of m/z 1075.61, the triply charged and doubly
charged species were observed at m/z 359.21 and m/z 538.31 respectively. In addition, the
model TLR2 ligand Pam3CSK4 was also analyzed. With a product theoretical mass of m/z
1510.16, the triply charged and doubly charged species were also observed (m/z 504.06
and m/z 755.59 respectively).

The lipopeptide product (22) with a product theoretical mass of m/z 1967.35
showed the triply and doubly charged species at m/z 656.79 and m/z 984.68 respectively

(Figure 30).

[1on Area [% Area | | \
Starting material | 9847249.471 0.08 | \
Product |12634311462.645 | 09.92 , \

9865 5225071
=2

& E 212‘213 369 _'JJ‘«‘ 165
203 i l "‘" "z
‘j_u|m Jl\‘ll LLIIMJJ‘I Lok
L] 200 300 0

Figure 30. LC-MS spectra for Pam3CSK4CK-biotin peptide

We then carried out a thiol-maleimide reaction between compound 22 and DBCO-
PEG4-maleimide using triethylamine in DMSO (Scheme 68). After 40 hours, the solution

was analyzed directly by LC-MS without purification. The product (23) was observed at
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m/z 881.55 (for the triply charged). The unreacted peptide was observed at m/z 656.45 (for

the triply charged) and the unreacted crosslinker was observed at m/z 675.30 (for the singly

charged).
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Scheme 68. Thiol-maleimide addition reaction between functionalized peptide 22 and
DBCO-PEG4-maleimide linker
Bifunctional Releasable Linker Synthesis
To be able to achieve the slow release of conjugated drugs in vivo, we synthesized
a P-eliminative linker according to the protocol used by Santi et al.?> 7-azido-1-

(phenylsulfonyl)heptan-2-ol was synthesized in 3 steps from 6-bromohexanol (Scheme
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69). These steps involve azide substitution for the bromine, primary alcohol oxidation (to

aldehyde), and nucleophilic addition at the carbonyl by the carbanion of the sulfone.

1. NaN3, H,0, reflux, 20 h, 99% Na

2. TEMPO, Trichloroisocyanuric HO

B SO0 acid, NaHCO;, H,0, 30 min, 81% @_9
S

—_— 1l

6-bromohexan-1-ol 3. Phenyl methyl sulfone, n-Buli,

THF, -78°C- 0°C, 39% 7-azido-1-(phenylsulfonyl)heptan-2-ol

Scheme 69. 7-Azido-1-(phenylsulfonyl)heptan-2-ol synthesis by a 3-step literature
protocol

The linker was then synthesized from the linker alcohol (7-azido-1-

(phenylsulfonyl)heptan-2-ol) via the chloroformate, according to Scheme 70.%

X N
N3 1. Triphosgene, pyridine, >:o
THF, 20 min o

HO - . o
O I
g 2. NHS, pyridine, @ﬁ
(5 THF, 15 min, 87% e}

Bifunctional Releasable Linker
Linker alcohol

Step 1 only
X = CI (Linker Chloroformate)

Steps 1 and 2
X = NHS (Linker)

Scheme 70. Synthesis of the bifunctional releasable linker or its chloroformate

Sulfonamides Synthesis

TAK-242 Synthesis

The literature approach to the synthesis of TAK-242 begins with the direct
synthesis of the intermediate thiol from the starting ethyl 2-oxocyclohexane-1-carboxylate

by using nucleophilic hydrogen sulfide gas under acidic conditions (Scheme 71).'%2
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H,S, HCI, EtOH

-50°C to -20°C, 20 h, 73%

ethyl 2-oxocyclohexane-1-carboxylate ethyl 2-mercaptocyclohex-1-ene-1-carboxylate

Scheme 71. Direct synthesis of ethyl 2-mercaptocyclohex-1-ene-1-carboxylate from
starting keto ester

In order to avoid the use of H>S, we initially explored the use of Lawesson’s reagent
to synthesize the thiol using different solvents (toluene, benzene or hexane) at an elevated
temperature. Evaporation of solvent gave mixtures that contained <10% product to starting
material. Accordingly, we adopted an alternative approach which involves the sulfonation

of the starting ethyl 2-oxocyclohexane-1-carboxylate with triflic anhydride,

o)
\ _CF3 Q
0 o N\
Tf,0, Hunig's base, (@] CH3COSK, DMF, S
COEt 6h,98% COEt  73h CO.Et
> [ 2

4N HCl/dioxane,
EtOH, 18 h,
95% (2 steps)

SH
CO,Et

Scheme 72. Successful approach to the synthesis of ethyl 2-mercaptocyclohex-1-ene-1-
carboxylate

followed by a nucleophilic substitution of the triflate with thioacetate to give the thioester
(Scheme 72).'?° Hydrolysis of the thioester by 4N HCI under anhydrous conditions
provided the desired thiol. To complete the synthesis of TAK-242, the thiol was oxidized
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using sodium perborate in acetic acid and the sulfonic acid intermediate obtained was
treated with thionyl chloride to give the sulfonyl chloride (Scheme 73). A difference
between our procedure and the literature procedure'%? for the synthesis of the sulfonic acid
was that we carried out column chromatography to remove inorganic impurities that could
be present after product isolation. The final step of the synthesis involves nucleophilic
substitution with 2-chloro-4-flouroaniline using triethylamine. This reaction proceeds with
isomerization involving the alkene bond of the cyclohexene carboxylate. Results from the
literature (Yamada et al.)!®? suggest that the base is a necessary part of the isomerization
mechanism, as isomerization did not occur when DMF was used in the place of

triethylamine/ethyl acetate in this reaction.

(¢]] F
SH 1. NaBO3.4H,0, AcOH, SO,CI
3 h at 55°C 2-Chloro-4-fluoroaniline,
CO,Et ’ COzEt Et3N, EtOAc, 9 h, 39% HN

9 h at 85°C, 35%

— > O0=8=0 O
2. SOCly, reflux,
8 h, 80% o
TAK-242

phenylmethan
esulfonamide

Scheme 73. Final stages in the synthesis of TAK-242

As amodel compound in the place of TAK-242, N-phenylmethanesulfonamide was

synthesized from aniline and mesyl chloride in the presence of triethylamine.
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Carbamates Synthesis

The primary goal of our synthesis of carbamates is to attach the sulfonamide drug
TAK-242 to the linker alcohol (7-azido-1-(phenylsulfonyl)heptan-2-ol) via the carbamate
moiety, generating a molecule which slowly releases the active drug in vivo. Studies by
Yamada et al. showed that alkylation at the sulfonamide nitrogen resulted in a significant
loss of activity.!?? Therefore the synthesis of the carbamate 45 which bears a cleavable
group attached to TAK-242 (in red, Scheme 74) will allow us to use the drug as a prodrug
(See also Figures 9 & 10). The azide functionality on 45 allows the conjugation to islets

via click chemistry.

Y T A N3
O o 7
o 5
N
o}

Islets

Scheme 74. Conjugation of anti-inflammatory drug TAK-242 to islets via a releasable
linker
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General Route: Substitution of X on Bifunctional Releasable Linker Using Sulfonamide
Our initial attempt was to directly react the linker (X = NHS, Scheme 75) with
TAK-242 or N-phenylmethanesulfonamide. This approach failed, mainly due to the
generation of the elimination product. For this reaction, we used pyridine (with TAK-242)
or diisopropylethylamine (with N-phenylmethanesulfonamide) as the base. No reaction
occurred when pyridine was used, while the elimination product resulted from the use of
diiisopropylethylamine. The chloroformate (X = CI, Scheme 75) is expected to be more
reactive than the NHS.!?”-1?8 (The chloroformate was obtained by reacting the alcohol with

triphosgene in the presence of pyridine, Scheme 70.) Indeed, the substitution reaction

ﬁ’ Ar
X N3 R—ﬁﬂ\{ N3 N3
o}
Jo>i/_/_/ Sulfonamide Oj>io/_/—/ f/‘/—/
-, g
(@] 0 o
O o ()] -
0 4 1
Linker X =NHS Comp Ar = Phenyl
= Eliminati
Linker Chloroformate X = ClI Zg_nd R =Me imination product
Sulfona F
mide Q
i Q VAR
S NH il
Eto,c ©
N- TAK-242
phenylmethanesulfonamide
Base: N,N-
diisopropylethylamine,
Pyridine

Scheme 75. Substitution of X at Bifunctional Releasable Linker

was successful - albeit with a poor yield - when the linker chloroformate was reacted with
N-phenylmethanesulfonamide using pyridine as the base. This gave compound 43.
However, an attempt to reproduce this result in the reaction of TAK-242 (in the place of

the N-phenylmethanesulfonamide) with the linker chloroformate failed.

105



Use of Carbamoyl Chlorides; Substitution by Alcohols

We proceeded to use a different approach which is a reverse of the first approach
in terms of the substrate that is first reacted triphosgene. In this case the sulfonamide is
reacted with triphosgene to generate the carbamoyl chloride before treating the carbamoyl
chloride with the alcohol as nucleophile (Scheme 76).'? This approach first led to the
synthesis of the surprisingly stable carbamoyl chloride 39 (from N-
phenylmethanesulfonamide and triphosgene in the presence of triethylamine) as a white

solid. The reaction of 39 with the linker alcohol was unsuccessful (no reaction).

l Triphosgene, TEA, THF

1 h, 0°C to rt, 90% Q
0
i

Linker alcohol o o)

° o
Ox N o)
/S\\o Pyridine, 2 days @_ #
o}

Carbamoyl Chloride
39 43

Scheme 76. Reaction of Compound 39 with Linker Alcohol

The synthesis of TAK-242 carbamoyl chloride itself (Scheme 77) was low yielding.
Further reaction with the linker alcohol also failed to give the target carbamate at an

appreciable yield.
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O ClI F
O
Xy o
Cl N

|
o=4=0 0 Llnker Alcohol

Pyridine, 22 h

II
TAK-242

carbamoyl chloride

Scheme 77. Reaction of TAK-242 Carbamoyl Chloride with Linker Alcohol

The reactions of the model carbamoyl chloride 39 with n-butanol, 2-butanol, and
methanol as the alcohol were successful, giving 40, 41, and 42 (Scheme 78).!3° Before
purification, analysis of the crude product by NMR indicated the presence of the
sulfonamide A alongside the 3 products as shown in Table 4. The relative amounts of A
present (%A) for the three different alcohols suggests that this reaction is particularly
sensitive to sterics as the secondary alcohol 2-butanol is more hindered than the two
primary alcohol. The reaction of the carbamoyl chloride with 2-butanol led to more of the

hydrolysis side product (sulfonamide) than the desired product.

Product
40 R = Bu, 88%

o)
:< OH \s// 41 R = (R)-sec-Bu, 49%
/ N 42 R = Me, 93%
Pyridine, THF, © /K

\ 15-20 h
. HN
Carbamoyl Chloride R
O\S/ A
39 / X
O

N-phenylmethanesulfonamide

Scheme 78. Reactions of 39 with n-Butanol, Methanol and Secondary Butanol
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Table 4. Relative Reactivity of 39 with n-Butanol, Methanol and Sec-Butanol

ROH R =n-Bu R = Sec-Bu R=Me

% of A present™® 12% 52% 3%

Determined by NMR spectrum*

Synthesis of Target Product
Reaction of 6-azidohexanol via its chloroformate with TAK-242 was successful to
give a carbamate that lacks [-eliminative functionalities (acidic C-H, sulfone, or
modulator), compound 44 (Scheme 79). To react the linker alcohol (7-azido-1-
(phenylsulfonyl)heptan-2-ol) with TAK-242 successfully, a stronger and more hindered

base triethylamine was needed, giving compound 45.

Cl
(@]
N M
S\\ o)
o O\/\/\/\
o) F / N3

W OH

o]
>\\CI TAK-242 44 With R = /\/\/\/
R—g

N3
F

SR

O/

44: Pyridine, DCM, 7 h, 40%
44: TEA, DCM, 3 h, 69%

45: TEA, THF, 2 h, 26%

(0]
N3

45: With R = JJJ—/
O]

I
(0]

Scheme 79. Synthetic Scheme for the Synthesis of Carbamates from TAK-242 and
Chloroformates
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An improvement in the reaction yield was also recorded when triethylamine was
used in the synthesis of 44. It is worthwhile to investigate the effect of the hindered base
in this reaction by using other more hindered bases (Hunig’s base or 2,6-lutidine). The use
of a hindered base would imply a less tendency to produce B-elimination side products,

thus resulting in a greater yield of desired product.

Identity and Characterization of the Carbamates

By examining the proton NMR of compound 44, we noticed that this compound
was formed as a mixture of compounds that were structurally similar. We carried out a
series of characterization experiments including COSY (correlation spectroscopy) NMR,
carbon-13 NMR, DEPT-135, multiplicity-edited HSQC to determine the nature of this
compound. The results of these experiments are consistent with the existence of two
isomers with one being the major and the other being the minor one. The possibility of
rotational isomers is depicted in Figure 31. Compound 45, on the other hand, is expected
to exist as diastereomers arising from the two asymmetric centers present and some

conformational isomerism is also possible.

F
o)
7 ?{u\ /\/\/\/N3
S o Cl
4 N QA N. O
- W
O O Vi
o} //s
ﬁ d
F (0]
44 45

Figure 31. Possible isomerism in compounds 44 and 45
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A necessary experiment to determine if compound 44 is a mixture of rotational
isomers was a variable temperature NMR. Proton NMR of 44 was obtained at temperatures

25°C, 35°C, 50°C, 75°C, and 90°C. Our tentative assignment for the signal of the proton

NEm
‘ |
‘u.|| h |
/ Wﬂ’f I
/ ‘\ h J |
erw ke e . / W‘W— - » J,U ! M)’d

Vi (PMM

70C

531
515

T T T T T T T T T T T T T T T T T T T T T T
5 54 53 52 51 50 49 48 47 46 45 44 43 o ?.2 - 41 40 39 38 37 36 35 3.4 3.3 3.2 31 3.0

/ml A . \. “U drﬁ'
Wl "wwl‘ IL-# " ‘l'v"; m/ MW

T T T T T T T T T T T T T T T T T T T T
5 54 5.3 5.2 51 50 49 48 4.7 46 45 44 4.3 £ ?.2 ) 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0
1 (ppm,

Figure 32. Variable Temperature NMR experiment for compound 44 (Temperatures:
25°C, 70°C, 90°C, NMR solvent: DMSO-ds)

on the asymmetric carbon was at ~5 ppm. Beginning from 70°C to 90°C, two separate
signals in this region began to coalesce and eventually became one - expected as a result
of fast rotation and equilibration at higher temperatures (Figure 32).

The observed ratio of the major isomer to the minor isomer of compound 44,
according the proton NMR, is 1: ~0.37 (Figure 33) in CDCl3 and 1: 0.65 in DMSO-ds. The

proton NMR assignments shown in Figure 33 were determined using 'H NMR, COSY, 1*C

NMR, and edited HSQC ('H-'3C) spectra.

110



542
541
503
5.03

<
<5

72832

26bs

2805

19b,18s

18s o 28 4s{H1)
3Mbats 255 e

e

Zos| '/\g ap(H1) 2bH2) 4sH2)
\:Bb b ?/\I £3(H1) ag(H1) 3s(H2) gﬁﬁ)
! sy | B j
| 120 . s y M r‘l'] 4bI[H1| ||l |
PN - A doNRTA Y \
LA v PAL SR W LWR VAW, (O S R
O s B i T i f N AT e
8 YR88E 8 & ) 2 g5 e3en o og B
S Z-ca- = S w S 5 P = N N
T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 65 6.0 5.5 5.0 40 35 3.0 2.5 2.0 15 1.0 0.5 0.0

i ppm
Figure 33. '"H NMR Chemical Shift Assignments for Compound 44. Key: b-bigger

percent (major) isomer; s-smaller percent (minor) isomer; H1,H2- methylene protons on
same carbon.

Figure 34 shows the general numbering of the protons and carbons of compound
44 for spectral assignment purposes. The assignment of peaks in the aromatic region of the
proton NMR spectrum of 44 is presented in Table 5. This assignment was carried out
according to measurements of coupling constants. The coupling constant values are

consistent with standard values for H-H and H-F couplings.

Figure 34. General structural numbering of 44 for spectral assignments
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Table 5. '"H NMR Coupling Constants (H-H and H-F couplings) and Assignments for the
Aromatic Region for Compound 44

Proton index number Type of Coupling J value (Hz)

19 HC-C(H)-CF 5.5
HC-CH 8.8
16 HC-CF 8.0
HC-C(F)-CH 2.8
18 HC-CH 8.6
HC-C(F)-CH 2.7

HC-CF Not observed!?!

Table 6. 3C NMR Chemical Shift Assignments for Compound 44

Carbon index number S (ppm) Line(s) for major Line(s) for minor
isomer (ppm) isomer (ppm)
32 14.18, 14.30 14.30 14.18
4 16.28, 16.80 16.80 16.28
5 23.70, 23.87 23.87 23.70
3 25.03 -25.23 25.20 25.03
27,28 26.13
26 28.22,28.29 28.29 28.22
29 28.68
30 51.24
6 58.92,59.49 58.92 59.49
31 61.10, 61.29 61.29 61.10
25 67.67,67.73 67.73 67.67
18 114.64 — 114.96 114.64, 114.82 114.78, 114.96
16 117.35-117.74 117.35,117.56 117.53,117.74
1 123.77,123.97 123.97 123.77
14 129.75 -130.49 129.75,129.78 130.46, 130.49
19 132.04 — 132.45 132.38, 132.45 132.04, 132.12
15 136.14 - 136.35 136.14, 136.23 136.27, 136.35
2 147.49, 148.61 148.61 147.49
22 152.00, 152.11 152.11 152.00
17 161.28 — 163.38 161.28, 163.29 161.37, 163.38
7 166.02, 166.08 166.08 166.02

The assignment of carbon-13 NMR peaks for compound 44, determined using 'H
NMR, *C NMR, and edited HSQC ('H-'3C) spectra, is shown in Table 6. Additionally,

Table 7, shows the assignment of peaks in the aromatic region of the carbon NMR spectrum
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according to measurements of coupling constants. The coupling constant values are

consistent with standard values for C-F couplings.

Table 7. '*C NMR Coupling Constants (C-F couplings) and Assignments for the
Aromatic Region for Compound 44

Carbon index number Type of Coupling J value (Hz)
17 1-bond coupling 253
14 4-bond coupling 3.8
15 3-bond coupling 11
19 3-bond coupling 94
18 2-bond coupling 223
16 2-bond coupling 25.8

For compound 45, while the ratio of isomers present, according to proton NMR, is

approximately 1:1 in DMSO-dg, this ratio is close to 1: 0.7 in CDCls.

Concluding Remarks
In conclusion, several new adenine derivatives and linkers were synthesized with a
handful of them showing good activity as TLR7 agonists (compounds 7, 8, 21, 24-28, 31-
33, 35, 36).!2! We have begun the preparation of protein conjugates from a number of these
compounds. Interesting results were obtained in the benzyloxy substitution reaction on
bromide 13 to give 38. This reaction was of value in that it helped to elucidate the structures
of dibenzyl products (29, 38). Compound 29 was determined to be N-benzylated while 38

was the O-benzylated product.
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We also synthesized the TLR4 inhibitor TAK-242 and attached this compound to
6-azidohexanol and the B-eliminative sulfone linker?? via the chloroformate to give
carbamates 44 and 45, respectively. The compounds are expected to allow the mechanistic
study of slow release of TAK-242 when used to modify pancreatic islets. The release of
the active drug prevents the immediate blood-mediated inflammatory response (IBMIR)
which is a leading cause of graft loss in islet transplantation.

Finally, new lipopeptides 22 and 23 were synthesized as potential TLR2 agonists

that are functionalized for bioconjugation.
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Spectra 107. HRMS of HoNSK4CK-biotin peptide (after cleavage and deprotection)
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Spectra 109. LC-MS for Pam3CSK4CK-biotin peptide (22)
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Spectra 110. LC-MS for Pam3-biotin-DBCO - 23 (total ion chromatogram)

175



RT. 0.00-19.00 SM: 7B

1557 NL:
100 8815533 ;f;:ES
90 6752780~
Product 675.3163+
80 T 8815061
8815075 M:
g 70 Unreacted Crosslinker W_Crossfink:
< / 03
2 Contaminate
2 50 470 7.49
£ o 6753015 675.3016,
L 739 16.23
© 30 6753028 i 8815535
20 6753033 16.65
431 584
ol 12 180 6753131 [ \ 6753022 ohoay 9B 1054 q101 1489 3815521
881.5454 0.0000 6758015 6753027 6753015 8815542
1521 NL
105 657.1230 r111 iZEs
4 15.08 1535 657 0799.
6571208 BET 1497 M:
80 657.1220 i~ gg_Cms-sllnkl
1501
70 1552
8571215 | 'l ga7 1218
o 0108:10 2 -
! 0.0000 o'
50 0.0000 il 0.0000 Unreacted peptide
40
15.81
i 657 1205
20 16.02
0.0000 1675
10 790 937 4901 1158 1366 1470 76 1305
0.0000 0.0000 0.0000 0.0000 0.0000  0.0000 6571235 _0.0000 0000

0 1 2 3 4 5] ] ¥ 8 9 10 1 12 13 14 15 16 17 18

Spectra 111. LC-MS for Pam3-biotin-DBCO - 23 (extracted chromatogram)

176



10.

1.

12.

13.

REFERENCES

Farkas, P.; Bystricky, S. Chem. Pap. 2010, 64, 683-695.
Sochaj, A. M.; Swiderska, K. W.; Otlewski, J. Biotechnol. Adv. 2015, 33, 775-784.

Hermanson, G. T. Bioconjugate Techniques, 2" ed.; Academic Press: San Diego,
CA, 2008.

Agarwal, P.; Bertozzi, C. R. Bioconjugate Chem. 2015, 26, 176-192.

Alves, N. J.; Champion, M. M.; Stefanick, J. F.; Handlogten, M. W.; Moustakas, D.
T.; Shi, Y.; Shaw, B. F.; Navari, R. M.; Kiziltepe, T.; Bilgicer, B. Biomaterials 2013,
34,5700-5710.

Senter, P. D.; Sievers, E. L. Nat. Biotechnol. 2012, 30, 631-637.
Damle, N. K. Nat. Biotechnol. 2008, 26, 884-885.

Doronina, S. O.; Toki, B. E.; Torgov, M. Y.; Mendelsohn, B. A.; Cerveny, C. G.;
Chace, D. F.; DeBlanc, R. L.; Gearing, R. P.; Bovee, T. D.; Siegall, C. B
Francisco, J. A.; Wahl, A. F.; Meyer, D. L.; Senter, P. D. Nat. Biotechnol. 2003,
21,778-784.

Junutula, J. R.; Raab, H.; Clark, S.; Bhakta, S.; Leipold, D. D.; Weir, S.; Chen, Y.,
Simpson, M.; Tsai, S. P.; Dennis, M. S.; Lu, Y.; Meng, Y. G.; Ng, C.; Yang, J.;
Lee, C. C.; Duenas, E.; Gorrell, J.; Katta, V.; Kim, A.; McDorman, K.; Flagella,
K.; Venook, R.; Ross, S.; Spencer, S. D., Lee Wong, W.; Lowman, H. B.; Vandlen,
R.; Sliwkowski, M. X.; Scheller, R. H.; Polakis, P.; Mallet, W. Nat. Biotechnol.
2008, 26, 925-932.

Hofer, T.; Skeffington, L. R.; Chapman, C. M.; Rader, C. Biochemistry, 2009, 48,
12047-12057.

Zhou, Q.; Stefano, J. E.; Manning, C.; Kyazike, J.; Chen, B.; Gianolio, D. A.; Park,
A.; Busch, M.; Bird, J.; Zheng, X.; Simonds-Mannes, H.; Kim, J.; Gregory, R. C.;
Miller, R. J.; Brondyk, W. H.; Dhal, P. K.; Pan, C. Q. Bioconjugate Chem. 2014,
25, 510-520.

van Geel, R.; Wijdeven, M. A.; Heesbeen, R.; Verkade, J. M. M.; Wasiel, A. A.;
van Berkel, S. S.; van Delft, F. L. Bioconjugate Chem. 2015, 26, 2233-2242.

Li, Xiuru; Fang, T.; Boons, G.-J. Angew. Chem. Int. Ed. 2014, 53, 7179-7182.

177


http://link.springer.com/article/10.2478/s11696-010-0057-z
http://www.sciencedirect.com/science/article/pii/S073497501530001X
http://pubs.acs.org/doi/abs/10.1021/bc5004982
http://www.sciencedirect.com/science/article/pii/S0142961213004158
http://www.nature.com/nbt/journal/v30/n7/full/nbt.2289.html
http://www.nature.com/nbt/journal/v26/n8/full/nbt0808-884.html
http://www.nature.com/nbt/journal/v21/n7/full/nbt832.html
http://www.nature.com/nbt/journal/v26/n8/full/nbt.1480.html
http://pubs.acs.org/doi/abs/10.1021/bi901744t
http://pubs.acs.org/doi/abs/10.1021/bc400505q
http://pubs.acs.org/doi/10.1021/acs.bioconjchem.5b00224
http://onlinelibrary.wiley.com/doi/10.1002/anie.201402606/abstract

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Dennler, P.; Chiotellis, A.; Fischer, E.; Brégeon, D.; Belmant, C.; Gauthier, L.;
Lhospice, F.; Romagne, F.; Schibli, R. Bioconjugate Chem. 2014, 25, 569—578.

Drake, P. M.; Albers, A. E.; Baker, J.; Banas, S.; Barfield, R. M.; Bhat, A. S.; de
Hart, G. W.; Garofalo, A. W.; Holder, P.; Jones, L. C.; Kudirka, R.; McFarland, J.;
Zmolek, W.; Rabuka, D. Bioconjugate Chem. 2014, 25, 1331-1341.

Kudirka, R.; Barfield, R. M.; McFarland, J.; Albers, A. E.; de Hart, G. W.; Drake,
P. M.; Holder, P. G.; Banas, S.; Jones, L. C.; Garofalo, A. W.; Rabuka, D. Chem.
Biol. 2015, 22, 293-298.

MacDonald, J. I.; Munch, H. K.; Moore, T.; Francis, M. B. Nat. Chem. Biol. 20135,
11, 326-331.

Alves, N. J.; Stimple, S. D.; Handlogten, M. W.; Ashley, J. D.; Kiziltepe, T.;
Bilgicer, B. Anal. Chem. 2012, 84, 7721-7728.

Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem. Int. Ed. 2001, 40, 2004-
2021.

McKay, C. S.; Finn, M. G. Chem. Biol. 2014, 21, 1075-1101.
Leriche, G.; Chisholm, L.; Wagner, A. Bioorg. Med. Chem. 2012, 20, 571-582.

Santi, D. V.; Schneider, E. L.; Reid, R.; Robinson, L.; Ashley, G. W. Proc. Natl. Acad.
Sci. U.S.A. 2012, 109, 6211-6216.

Ashley, G. W.; Henise, J.; Reid, R.; Santi, D. V. Proc. Natl. Acad. Sci. U.S.A. 2013,
110, 2318-2323.

Hansson, M.; Nygren, P. A.; Stahl, S. Biotechnol. Appl. Biochem. 2000, 32, 95-107.
Dowling, J. K.; Mansell, A. Clin. Transl. Immunol. 2016, 5, e85.
Mills, C. D.; Ley, K.; Buchmann, K.; Canton, J. J. Innate Immun. 2015, 7, 443-449.

Coico, R.; Sunshine, G. Immunology: A Short Course, 6™ ed.; Wiley-Blackwell:
Hoboken, NJ, 2009; pp 1-27.

Netea, M. G.; Latz, E.; Mills, K. H. G.; O’Neil, L. A. J. Nat. Immunol. 2015, 16,
675-679.

Pasare, C.; Medzhitov, R. Science 2003, 299 (5609), 1033-1036.

Lemaitre, B.; Nicolas, E.; Michaut, L.; Reichhart, J. M.; Hoffmann, J. A. Cell 1996,
86, 973-983.

Medzhitov, R.; Preston-Hurlburt, P.; Janeway, C. J. Nature 1997, 388, 394-397.

178


http://pubs.acs.org/doi/abs/10.1021/bc400574z
http://pubs.acs.org/doi/full/10.1021/bc500189z
http://www.cell.com/cell-chemical-biology/fulltext/S1074-5521(14)00455-4
http://www.nature.com/nchembio/journal/v11/n5/full/nchembio.1792.html?WT.ec_id=NCHEMBIO-201505&spMailingID=48468570&spUserID=ODkwMTM2NjMzNQS2&spJobID=662054103&spReportId=NjYyMDU0MTAzS0
http://pubs.acs.org/doi/abs/10.1021/ac300952r
http://onlinelibrary.wiley.com/doi/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5/full
http://onlinelibrary.wiley.com/doi/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5/full
http://www.sciencedirect.com/science/article/pii/S1074552114002920
http://www.sciencedirect.com/science/article/pii/S0968089611005979
http://www.pnas.org/content/109/16/6211.long
http://www.pnas.org/content/110/6/2318
http://onlinelibrary.wiley.com/doi/10.1042/BA20000034/abstract;jsessionid=102A4CECE104253E07B422F9795B0E24.f04t01?systemMessage=Wiley+Online+Library+will+be+unavailable+on+Saturday+30th+July+2016+from+08%3A00-11%3A00+BST+%2F+03%3A00-06%3A00+EST+%2F+15%3A00
http://www.nature.com/cti/journal/v5/n5/full/cti201622a.html
https://www.karger.com/Article/FullText/380910
http://www.nature.com/ni/journal/v16/n7/full/ni.3178.html
http://science.sciencemag.org/content/299/5609/1033.full
http://www.cell.com/cell/fulltext/S0092-8674(00)80172-5
http://www.nature.com/nature/journal/v388/n6640/full/388394a0.html

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Hoshino, K.; Takeuchi, O.; Kawai, T.; Sanjo, H.; Ogawa, T.; Takeda, Y.; Takeda,
K.; Akira, S. J. Immunol. 1999, 162, 3749-3752.

Kawai, T.; Akira, S. Nat. Immunol. 2010, 11, 373-384.
Takeda, K.; Akira, S. Int. Immunol. 2005, 17, 1-14.
Manavalan, B.; Basith, S.; Choi, S. Front. Physiol. 2011, 2, No. 41.

Parham, P. The Immune System, 3™ ed.; Garland Science: New York, 2009; pp 45-
49.

Monie, T. P.; Bryant, C. E.; Gay, N. J. Trends Biochem. Sci. 2009, 34, 553-561.
Stanley, M. A. Clin. Exp. Dermatol. 2002, 27, 571-577.
Kawai, T.; Akira, S. Cell Death Differ. 2006, 13, 816-825.

Di Domizio, J.; Blum, A.; Gallagher-Gambarelli, M.; Mollens, J-.P.; Chaperot, L.;
Plumas, J. Blood 2009, 114, 1794-1802.

Wu, C. C.; Hayashi, T.; Takabayashi, K.; Sabet, M.; Smee, D. F.; Guiney, D. D.;
Cottam, H. B.; Carson, D. A. Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 3990-3995.

Jensen, S.; Thornsen, A. R. J. Virol. 2012, 86, 2900-2910.
Akira, S.; Hemmi, H. Immunol. Lett. 2003, 85, 85-95.
Kawai, T.; Akira, S. Semin. Immunol. 2007, 19, 24-32.
Schon, M. P.; Schon, M. Oncogene 2008, 27, 190-199.

Kurimoto, A.; Hashimoto, K.; Nakamura, T.; Norimura, K.; Ogita, H.; Takaku, H.;
Bonnert, R.; MclInally, T.; Wada, H.; Isobe, Y. J. Med. Chem. 2010, 53, 2964-2972.

Hirota, K.; Kazaoka, K.; Niimoto, I.; Kumihara, H.; Sajiki, H.; Isobe, Y.; Takaku,
H.; Tobe, M.; Ogita, H.; Ogino, T.; Ichii, S.; Kurimoto, A.; Kawakami, H. J. Med.
Chem. 2002, 45, 5419-5422.

Pockros, P. J.; Guyader, D.; Patton, H.; Tong, M. J.; Wright, T.; McHutchison, J.
G.; Meng, T-.C. J. Hepatol. 2007, 47, 174-182.

Hirota, K.; Kazaoka, K.; Sajiki, H. Bioorg. Med. Chem. 2003, 11, 2715-2722.

Kurimoto, A.; Ogino, T.; Ichii, S.; Isobe, Y.; Tobe, M; Ogita, H.; Takaku, H.;
Sajiki, H.; Hirota, K.; Kawakami, H. Bioorg. Med. Chem. 2003, 11, 5501-5508.

Kurimoto, A.; Ogino, T.; Ichii, S.; Isobe, Y.; Tobe, M.; Ogita, H.; Takaku, H.;
Sajiki, H,; Hirota, K.; Kawakami, H. Bioorg. Med. Chem. 2004, 12, 1091-1099.
179


http://www.jimmunol.org/content/162/7/3749.full
http://www.nature.com/ni/journal/v11/n5/full/ni.1863.html
http://intimm.oxfordjournals.org/content/17/1/1.full
http://journal.frontiersin.org/article/10.3389/fphys.2011.00041/full
http://www.sciencedirect.com/science/article/pii/S0968000409001613
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-2230.2002.01151.x/full
http://www.nature.com/cdd/journal/v13/n5/full/4401850a.html
http://www.bloodjournal.org/content/114/9/1794
http://www.pnas.org/content/104/10/3990.full
http://jvi.asm.org/content/86/6/2900.full
http://www.sciencedirect.com/science/article/pii/S0165247802002286
http://www.sciencedirect.com/science/article/pii/S1044532306001242
http://www.nature.com/onc/journal/v27/n2/full/1210913a.html
http://pubs.acs.org/doi/full/10.1021/jm100070n
http://pubs.acs.org/doi/full/10.1021/jm0203581
http://www.sciencedirect.com/science/article/pii/S0168827807002565
http://www.sciencedirect.com/science/article/pii/S0968089603002347
http://www.sciencedirect.com/science/article/pii/S0968089603006588
http://www.sciencedirect.com/science/article/pii/S0968089603008599

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Isobe, Y.; Kurimoto, A.; Tobe, M.; Hashimoto, K.; Nakamura, T.; Norimura, K.;
Ogita, H.; Takaku, H. J. Med. Chem. 2006, 49, 2088-2095.

Nakamura, T.; Wada, H.; Kurebayashi, H.; MclInally, T.; Bonnert, R.; Isobe, Y.
Bioorg. Med. Chem. Lett. 2013, 23, 669-672.

Adlard, A. L.; Dovedi, S. J.; Telfer, B. A.; Koga-Yamakawa, E.; Pollard, C.;
Honeychurch, J.; Illidge, T. M.; Murata, M.; Robinson, D. T.; Jewsbury, P. J,;
Wilkinson, R. W.; Stratford, 1. J. Int. J. Cancer 2014, 135, 820-829.

Jin, G.; Wu, C. C. N.; Tawatao, R. I.; Chan, M.; Carson, D. A.; Cottam, H. B.
Bioorg. Med. Chem. Lett. 2006, 16, 4559-4563.

Weterings, J. J.; Khan, S.; van der Heden van Noort, G. J.; Melief, C. J. M,;
Overkleeft, H. S.; van der Burg, S. H.; Ossendorp, F.; van der Marel, G. A.;
Filippov, D. V. Bioorg. Med. Chem. Lett. 2009, 19, 2249-2251.

Chan, M.; Hayashi, T.; Kuy, C. S.; Gray, C. S.; Wu, C. C. N.; Corr, M.; Wrasidlo,
W.; Cottam, H. B.; Carson, D. A. Bioconjugate Chem. 2009, 20, 1194-1200.

Goff, P. H.; Hayashi, T.; Martinez-Gil, L.; Corr, M.; Crain, B.; Yao, S.; Cottam, H.
B.; Chan, M.; Ramos, I.; Eggink, D.; Heshmati, M.; Krammer, F.; Messer, K.; Pu,
M.; Fernandez-Sesma, A.; Palese, P.; Carson, D. A. J. Virol. 2015, 89, 3221-3235.

Musmuca, I.; Simeoni, S.; Caroli, A.; Ragno, R. J. Chem. Inf. Model. 2009, 49,
1777-1786.

Tacken, P. J.; Zeelenberg, 1. S.; Cruz, L. J.; van Hout-Kuijer, M. A.; van de Glind,
G.; Fokkink, R. G.; Lambeck, A. J. A.; Figdor, C. G. Blood 2011, 118, 6836-6844.

Takakura, Y.; Mahato, R. I.; Nishikawa, M.; Hashida, M. Adv. Drug Delivery Rev.
1996, 19, 377-399.

Tighe, H.; Takabayashi, K.; Schwartz, D.; Marsden, R.; Beck, L.; Corbeil, J.;
Richman, D. D.; Eiden, J. J., Jr.; Spiegelberg, H. L.; Raz, E. Eur. J. Immunol. 2000,
30, 1939-1947.

Wille-Reece, U.; Flynn, B. J.; Lore, K.; Koup, R. A.; Kedl, R. M.; Mattapallil, J.
J.; Weiss, W. R.; Roederer, M.; Seder, R. A. Proc. Natl. Acad. Sci. U. S. A. 2005,
102, 15190-15194.

Flamar, A-. L.; Zurawski, S.; Scholz, F.; Gayet, I.; Ni, L.; Li, X-. H.; Klechevsky,
E.; Quinn, J.; Oh, S.; Kaplan, D. H.; Banchereau, J.; Zurawski, G. J. Immunol. 2012,
189, 2645-2655.

Flamar, A-. L.; Xue, Y.; Zurawski, S. M.; Montes, M.; King, B.; Sloan, L.; Oh, S.;
Banchereau, J.; Levy, Y.; Zurawski, G. Aids, 2013, 27, 2041-2051.

180


http://pubs.acs.org/doi/full/10.1021/jm051089s
http://www.sciencedirect.com/science/article/pii/S0960894X12015661
http://onlinelibrary.wiley.com/doi/10.1002/ijc.28711/abstract
http://www.sciencedirect.com/science/article/pii/S0960894X06006755
http://www.sciencedirect.com/science/article/pii/S0960894X09002509
http://pubs.acs.org/doi/full/10.1021/bc900054q
http://jvi.asm.org/content/89/6/3221.full
http://pubs.acs.org/doi/full/10.1021/ci900065a
http://www.bloodjournal.org/content/118/26/6836
http://www.sciencedirect.com/science/article/pii/0169409X96000105
http://onlinelibrary.wiley.com/doi/10.1002/1521-4141(200007)30:7%3C1939::AID-IMMU1939%3E3.0.CO;2-%23/abstract
http://www.pnas.org/content/102/42/15190.full
http://www.jimmunol.org/content/189/5/2645.full
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3859846/

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Li, D.; Romain, G.; Flamar, A-. L.; Duluc, D.; Dullaers, M.; Li, X-. H.; Zurawski,
S.; Bosquet, N.; Palucka, A. K.; Le Grand, R.; O’Garra, A.; Zurawski, G.;
Banchereau, J.; Oh, S. J. Exp. Med. 2012, 209, 109-121.

Zitvogel, L.; Palucka, K. Blood 2011, 118, 6726-6727.

Gadd, A. J. R.; Greco, F.; Cobb, A. J. A.; Edwards, A. D. Bioconjugate Chem.
2015, 26, 1743-1752.

Weterings, J.; Khan, S.; van der Heden, G.; Drijfhout, J.; Melief, C.; Overkleef, H.;
van der Burg, S.; Ossendorp, F.; van del Marel, G.; Filippov, D. Bioorganic &
Medicinal Chemistry Letters 2006, 16, 3258-3261.

Liang, S-.M.; Chang, Y-.C. TLR-2 Agonists and Methods of Use Thereof. US
8,795,678, 2014.

Akira, S.; Uematsu, S.; Takeuchi, O. Cell 2006, 124, 783—801.

Shah, P.; Fatehchand, K.; Patel, H.; Fang, H.; Justiano, S. E.; Mo, X.; Jarjoura, D.;
Tridandapani, S.; Butchar, J. P. J. Biol. Chem. 2013, 288, 12345-12352.

Yang, R. B.; Mark, M. R.; Gurney, A. L.; Godowski, P. J.; J. Immunol. 1999, 163,
639-643.

Hoebe, K.; Georgel, P.; Rutschmann, S.; Du, X.; Mudd, S.; Crozat, K.; Sovath, S.;
Shamel, L.; Hartung, T.; Zahringer, U.; Beutler, B. Nature 2005, 433, 523-527.

Goodridge, H.S.; Underhill, D.M. Handb. Exp. Pharmacol. 2008, 183, 87-109.

Gantner, B. N.; Simmons, R. M.; Canavera, S. J.; Akira, S.; Underhill, D. M. J.
Exp. Med. 2003, 197, 1107-1117.

Werts, C.; Tapping, R. I.; Mathison, J. C.; Chuang, T-H.; Kravchenko, V.; Girons,
I. S.; Haake, D. A.; Godowski, P. J.; Hayashi, F.; Ozinsky, A.; Underhill, D. M.;
Kirschning, C. J.; Wagner, H.; Aderem, A.; Tobias, P. S.; Ulevich, R. J. Nat.
Immunol. 2001, 2, 346-352.

Smith, M. F. Jr.; Mitchell, A.; Li, G.; Ding, S.; Fitzmaurice, A. M.; Ryan, K;
Crowe, S.; Goldberg, J. B. J. Biol. Chem. 2003, 278, 32552- 32560.

Ariza, M. E.; Glaser, R.; Kaumaya, P. T.; Jones, C.; Williams, M.V. J. Immunol.
2009, /82, 851-859.

Bieback, K.; Lien, E.; Klagge, .M.; Avota, E.; Schneider-Schaulies, J.; Duprex, W.

P. Wagner, H.; Kirschning, C. J.; ter Meulen, V. Schneider-Schaulies, S. J. Virol.
2002, 76, 8729-8736.

181


http://jem.rupress.org/content/209/1/109.long
http://www.bloodjournal.org/content/118/26/6726
http://pubs.acs.org/doi/full/10.1021/acs.bioconjchem.5b00302
http://www.sciencedirect.com/science/article/pii/S0960894X06003234
https://www.google.com/patents/US8795678
https://www.google.com/patents/US8795678
http://www.cell.com/cell/fulltext/S0092-8674(06)00190-5
http://www.jbc.org/content/288/17/12345.full
http://www.jimmunol.org/content/163/2/639.full
http://www.nature.com/nature/journal/v433/n7025/full/nature03253.html
http://link.springer.com/chapter/10.1007%2F978-3-540-72167-3_5
http://jem.rupress.org/content/197/9/1107.full
http://www.nature.com/ni/journal/v2/n4/full/ni0401_346.html
http://www.jbc.org/content/278/35/32552.full
http://www.jimmunol.org/content/182/2/851.full
http://jvi.asm.org/content/76/17/8729.full

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Wang, J. P.; Kurt-Jones, E. A.; Shin, O. S.; Manchak, M. D.; Levin, M. J.; Finberg,
R. W. J. Virol. 2005, 79, 12658-12666.

Chang, S.; Dolganiuc, A.; Szabo, G. J. Leukoc.Biol. 2007, 82, 479-487.
Yakushijin, T.; Kanto, T.; Inoue, M.; Oze, T.; Miyazaki, M.; Itose, I.; Miyatake,
H.; Sakakibara, M.; Kuzushita, N.; Hiramatsu, N.; Takehara, T.; Kasahara, A.;
Hayashi, N. Hepatol. Res. 2006, 34, 156-162.

Compton, T.; Kurt-Jones, E. A.; Boehme, K. W.; Belko, J.; Latz, E.; Golenbock,
D. T.; Finberg, RW. J. Virol. 2003, 77, 4588-4596.

Szomolanyi-Tsuda, E.; Liang, X.; Welsh, R. M.; Kurt-Jones, E. A.; Finberg, R. W.
J. Virol. 2006, 80, 4286-4291.

Aravalli, R. N.; Hu, S.; Lokensgard, J. R. J. Neuroinflamm. 2007, 4, 11.

Kurt-Jones, E.A.; Chan, M.; Zhou, S.; Wang, J.; Reed, G.; Bronson, R.; Arnold, M.
M.; Knipe, D. M.; Finberg, R. W. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 1315-
1320.

Ahmad, R.; El, B.S.; Cordeiro, P.; Menezes, J. Blood 2008, 112, 2360-2368.

Sorensen, L.N.; Reinert, L. S.; Malmgaard, L.; Bartholdy, C.; Thomsen, A. R.;
Paludan, S. R. J. Immunol. 2008, 181, 8604-8612.

Zhu, J.; Martinez, J.; Huang, X.; Yang, Y. Blood 2007, 109, 619-625.
Martinez, J.; Huang, X.; Yang, Y. PLoS Pathog. 2010, 6, e1000811.

Zhou, S.; Halle, A.; Kurt-Jones, E. A.; Cerny, A. M.; Porpiglia, E.; Rogers, M.;
Golenbock, D. T.; Finberg, R. W. J. Neuroimmunol. 2008, 194, 70-82.

Klouwenberg, K. P.; Tan, L.; Werkman, W.; van Bleek, G. M.; Coen-jaerts, F. Crit.
Rev. Immunol. 2009, 29, 531-550.

Mistry, P.; Laird, M. H. W.; Schwarz, R. S.; Greene, S.; Dyson, T.; Snyder, G. A.;
Xiao, T. S.; Chauhan, J.; Fletcher, S.; Toshchakov, V. Y.; MacKerell, A. D. Jr.;
Vogel, S. N. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 5455-5460.

Barbalat, R.; Lau, L.; Locksley, R. M.; Barton, G. M. Nat. Immunol. 2009, 10,
1200-1207.

Jin, M. S.; Kim, S. E.; Heo, J. Y.; Lee, M. E.; Kim, H. M.; Paik, S. G.; Lee, H.;
Lee, J. O. Cell 2007, 130, 1071-1082.

Kang, J. Y.; Nan, X.; Jin, M. S.; Youn, S.-J.; Ryu, Y. H.; Mah, S.; Han, S. H.; Lee,
H.; Paik, S. G.; Lee, J. O. Immunity 2009, 31, 873-884.

182


http://jvi.asm.org/content/79/20/12658.full
http://www.jleukbio.org/content/82/3/479.full
http://www.sciencedirect.com/science/article/pii/S1386634605004778
http://jvi.asm.org/content/77/8/4588.full
http://jvi.asm.org/content/80/9/4286.full
https://jneuroinflammation.biomedcentral.com/articles/10.1186/1742-2094-4-11
http://www.pnas.org/content/101/5/1315.full
http://www.pnas.org/content/101/5/1315.full
http://www.bloodjournal.org/content/112/6/2360
http://jimmunol.org/content/181/12/8604.full
http://www.bloodjournal.org/content/109/2/619
http://journals.plos.org/plospathogens/article?id=10.1371%2Fjournal.ppat.1000811
http://www.sciencedirect.com/science/article/pii/S0165572807004304
http://www.dl.begellhouse.com/journals/2ff21abf44b19838,0e9e83c77713325b,05f92e12234bf3ee.html
http://www.pnas.org/content/112/17/5455.full
http://www.nature.com/ni/journal/v10/n11/full/ni.1792.html
http://www.cell.com/cell/fulltext/S0092-8674(07)01152-X
http://www.cell.com/immunity/fulltext/S1074-7613(09)00492-0

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Buwitt-Beckmann, U.; Heine, H.; Wiesmuller, K. H.; Jung, G.; Brock, R.; Ulmer,
A.J. Febs J. 2005, 272, 6354-6364.

Reitermann, A.; Metzger, J.; Wiesmuller, K. H.; Jung, G.; Bessler, W. G. Biol.
Chem. Hoppe Seyler 1989, 370, 343-352.

Peri, F.; Calabrese, V. J. Med. Chem. 2014, 57, 3612-3622.

Kim, H. M.; Park, B. S.; Kim, J. I.; Kim, S. E.; Lee, J.; Oh, S. C.; Enkhbayar, P.;
Matsushima, N.; Lee, H.; Yoo, O. J.; Lee, J. O. Cell 2007, 130, 906-917.

Yamada, M.; Ichikawa, T.; Ii, M.; Sunamoto, M.; Itoh, K.; Tamura, N.; Kitazaki,
T.J. Med. Chem. 2005, 48, 7457-7467.

Martin, G. S.; Mannino, D. M.; Eaton, S.; Moss, M. N. Engl. J. Med. 2003, 348,
1546-1554.

Takashima, K.; Matsunaga, N.; Yoshimatsu, M.; Hazeki, K.; Kaisho, T.; Uekata,
M.; Hazeki, O.; Akira, S.; lizawa, Y.; Ii, M. Br. J. Pharmacol. 2009, 157, 1250-
1262.

Hua, F.; Tang, H.; Wang, J.; Prunty, M. C.; Hua, X.; Sayeed, I.; Stein, D. G. J.
Cerebr. Blood F. Met. 2015, 35, 536-542.

Ionescu-Tirgoviste, C.; Gagniuc, P. A.; Gubceac, E.; Mardare, L.; Popescu, L;
Dima, S.; Militaru, M. Sci. Rep. 2015, 5, No. 14634.

Ikemoto, T.; Noguchi, H.; Shimoda, M.; Naziruddin, B.; Jackson, A.; Tamura, Y.;
Fujita, Y.; Onaca, N.; Levy, M. F.; Matsumoto, S. J. Hepatobiliary Pancreat. Surg.
2009, /6, 118-123.

Naziruddin, B.; Iwahashi, S.; Kanak, M. A.; Takita, M.; Itoh, T.; Levy, M. F. Am.
J. Transplant. 2014, 14,428-437.

Im, B-. H.; Jeong, J-. H; Haque, M. R.; Lee, D. Y.; Ahn, C-. H.; Kim, J. E.; Byun,
Y. Biomaterials 2013, 34, 2098-2106.

Wilson, J. T.; Haller, C. A.; Qu, Z.; Cui, W.; Urlam, M. K.; Chaikof, E. L. Acta
Biomater. 2010, 6, 1895-1903.

Boquin, J. R. Ph.D. Dissertation, Baylor University, Waco, TX, May 2010.

Akinbobuyi, B.; Byrd, M. R.; Chang, C. A.; Nguyen, M.; Seifert, Z. J.; Flamar, A-
. L.; Zurawski, G.; Upchurch, K. C.; Oh, S.; Dempsey, S.H.; Enke, T. J.; Le, J.;
Winstead, H. J.; Boquin, J. R.; Kane, R. R. Tetrahedron Lett. 2015, 56, 458-460.

Isobe, Y.; Tobe, M.; Ogita, H.; Kurimoto, A.; Ogino, T.; Kawakami, H.; Takaku,
H.; Sajiki, H.; Hirota, K.; Hayashi, H. Bioorg. Med. Chem. 2003, 11, 3641-3647.

183


http://onlinelibrary.wiley.com/doi/10.1111/j.1742-4658.2005.05029.x/full
http://www.ncbi.nlm.nih.gov/pubmed/2757794
http://pubs.acs.org/doi/full/10.1021/jm401006s
http://www.cell.com/cell/fulltext/S0092-8674(07)01021-5
http://pubs.acs.org/doi/full/10.1021/jm050623t
http://www.nejm.org/doi/full/10.1056/NEJMoa022139#t=articleDiscussion
http://onlinelibrary.wiley.com/doi/10.1111/j.1476-5381.2009.00297.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1476-5381.2009.00297.x/full
http://jcb.sagepub.com/content/35/4/536.full
http://www.nature.com/articles/srep14634
http://link.springer.com/article/10.1007/s00534-008-0019-9/fulltext.html
http://onlinelibrary.wiley.com/doi/10.1111/ajt.12558/full
http://www.sciencedirect.com/science/article/pii/S0142961212012872
http://www.sciencedirect.com/science/article/pii/S1742706110000383
http://www.sciencedirect.com/science/article/pii/S0040403914020401
http://www.sciencedirect.com/science/article/pii/S0968089603003699

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

New, O. M.; Dolphin, D. Eur. J. Org. Chem. 2009, 2675-2686.

Landi, F.; Johansson, C. M.; Campopiano, D. J.; Hulme, A. N. Org. Biomol. Chem.
2010, 8, 56-59.

El-Faham, A.; Albericio, F. J. Pept. Sci. 2010, 16, 6-9.

Marom, H.; Miller, K.; Bechor-Bar, Y.; Tsarfaty, G.; Satchi-Fainaro, R.; Gozin, M. J.
Med. Chem. 2010, 53, 6316-6325.

Bukelman, O.; Amare, N.; Mashiach, R.; Krief, P. Meijler, M. M.; Alfonta, L. Chem.
Comm. 2009, 2836-2838.

Martinez, G. A.; Dorronsoro, D. I.; Rubio, A. L.; Alonso, G. D.; Fuertes, H. A.;
Morales-Alcelay, S.; Del, M. M. M.; Garcia, P. E.; Usan, E. P. De, A. C.; Medina,

P. M.; Munoz, R. P. Tacrine Derivatives as Inhibitors of Acetylcholinesterase. WO
2005/005413, 2005.

Guinchard, X.; Vallee, Y.; Denis, J-.N. J. Org. Chem. 2007, 72, 3972-3975.
Akinbobuyi, B.; Wang, L.; Upchurch, K. C.; Byrd, M. R.; Chang, C. A.; Quintana, J.
M.; Petersen, R. E.; Seifert, Z. J.; Boquin, J. R.; Oh, S.; Kane, R. R. Bioorg. Med. Chem.
Lett. 2016, 26, 4246-4249.

Harris, D. C. Qunatitative Chemical Analysis, 6™ ed.; W. H. Freeman & Company:
New York, 2003; p 364.

Wang, J-. X.; Gao, L.; Huang, D. Synth. Commun. 2002, 32, 963-962.
Zeng, W.; Jackson, D. C.; Rose, K. J. Pept. Sci. 1996, 2, 66-72.

Zeng, W.; Ghosh, S.; Lau, Y. F.; Brown, L. E. Jackson, D. C. J. Immunol. 2002,
169, 4905-4912.

Tomio, K.; Nobuyuki, O.; Takami, N.; Kazuhiro, S.; Osamu, A. Pharmaceutical
Compositions Containing Substituted Cycloalkene Derivatives. JP 2008/260760,
2008.

Hupperts, A. Procedure for the Production of N-substituted 2,4-Diamino-5-
fluorobenzonitriles and New Intermediates. DE 1996/2932, 2001.

Ashley, G. W.; Santi, D. V.; Henise, J. C. Hydrogels with Biodegradable
Crosslinking. WO 2013/036847, 2013.

Ichikawa, T.; Kitazaki, T.; Tamura, N. Cycloalkene Derivatives, Process For
Production of the Derivatives, And Use of the Same. WO 2008/004673, 2008.

184


http://onlinelibrary.wiley.com/doi/10.1002/ejoc.200900118/full
http://pubs.rsc.org/en/content/articlehtml/2010/ob/b916693a
http://onlinelibrary.wiley.com/doi/10.1002/psc.1204/full
http://pubs.acs.org/doi/full/10.1021/jm100289b
http://pubs.rsc.org/en/content/articlehtml/2009/cc/b901125k
http://pubs.acs.org/doi/abs/10.1021/jo070286r
http://www.sciencedirect.com/science/article/pii/S0960894X16307752
http://www.tandfonline.com/doi/abs/10.1081/SCC-120003143
http://onlinelibrary.wiley.com/doi/10.1002/psc.51/full
http://www.jimmunol.org/content/169/9/4905.full

130. Schneider, E. L.; Robinson, L.; Reid, R.; Ashley, G. W.; Santi, D. V. Biocongate
Chem. 2013, 24, 1990-1997.

131. Hoye, T. R.; Hanson, P. R.; Vyvyan, J. R. J. Org. Chem. 1994, 59, 4906-4103.

185


http://pubs.acs.org/doi/full/10.1021/bc4002882
http://pubs.acs.org/doi/abs/10.1021/jo00094a018



