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Abstract
Synthetic methods were developed for the preparation of several structurally diverse
aromatic peptide nucleic acid (APNA) monomers containing all four natural DNA bases.
This set of building blocks was useful for the preparation of oligomers designed to
evaluate the hybridization properties of novel peptide nucleic acid (PNA) analogues,
which incorporate aromatic rings into their backbone. Protocols for the solid-phase

synthesis of APNA-PNA chimeras and APNA homopolymers were also developed.

Thermal denaturation experiments involving APNA-PNA chimeras demonstrated that
APNA backbones comprised of N-(2-aminomethylphenyl) glycine and N-(2-
aminobenzyl) glycine as the backbone moiety exhibited good binding affinity for DNA
and RNA. Further studies with PNA oligomers composed partly of repeating N-(2-
aminobenzyl) glycine APNAs showed that these analogues displayed good sequence
recognition for DNA and RNA. Furthermore, continuous tracts of APNA units were well
tolerated in both the triplex and duplex binding modes. The binding of APNA modified
oligomers was investigated using UV, circular dichroism spectropolarimetry (CD) and
complex formation with the cyanine dye 3-ethyl-2-[5-(3-ethyl-3H-benzothiazol-2-
ylidene)-penta-1,3-dienyl]-benzothiazol-3-ium iodide (DiSC,(5)). In the latter
experiments, binding of the dye to complexes formed between APNA modified
oligomers and DNA or RNA suggested that the minor grooves of these complexes were
not drastically different from those formed in the corresponding PNA:DNA or PNA:RNA

complexes.
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Fiﬁally, fully modified APNA homopolymers were prepared in order to investigate their
physicochemical properties. These oligomers were found to be essentially insoluble in
aqueous buffers, which prohibited study of their binding affinity to nucleic acids.
However, a short homothymine oligomer was synthesized which was modified at the C-
and N-terminals so that it can be dissolved in water in sufficient quantities to allow for
evaluation of its recognition and binding to DNA and RNA. Complex formation was
confirmed by CD and DiSC,(5) binding experiments. These studies indicated that the
APNA homopolymer bound to DNA and RNA, apparently through Watson-Crick base
pairing, and formed a complex that was more stable than those formed by the
corresponding homothymine DNA oligomer with complementary DNA under similar

conditions.



Résumé
Des méthodes synthétiques ont été développées pour la préparation de nombreux
monomeres d'acides peptido-nucléiques aromatiques (APNA) de structures différentes a
partir des quatre bases naturelles de 'ADN. Cette collection de monomeres a été utile
dans le but de préparer différents oligomeres en vue d'évaluer les propriétés
d'hybridations de nouveaux analogues d'acides peptido-nucléiques (APN) contenant des
cycles aromatiques dans leur chalne principale. Des protocoles pour la syntheése sur
phase solide de chimeres de APNA-APN et d'homopolymeres de APNA ont aussi été

développés.

La dénaturation thermique de molécules hybrides de APNA-APN a démontrée que les
chaines principales de ANPA constituées des monomeres glycine N-(2-
aminométhylphényl) et glycine N-(2-aminobenzyl) se sont avérées avoir une bonne
affinité d'attachement pour I'ADN et I'ARN. Des études subséquentes sur des oligomeres
d'APN composé d'unités répétitives de glycine N-(2-aminobenzyl), ont montré que ces
analogues faisaient preuve d'une bonne reconnaissance de séquence pour 1'ADN et
I'ARN. De plus, des étendues continues d'unité de APNA ont été bien toléré dans les
modes d'attachement de type duplex et triplex. L'attachement d'oligoméres modifiés
d'APNA a été €tudi€ par spectrophotométric UV, spectropolarimétrie de dichroisme
circulaire (DC) et par la formation d'un complexe avec le pigment iodure de 3-éthyl-2-[5-
(3-éthyl-3H-benzothiazol-2-ylidéne)-penta-1,3-dienyl]-benzothiazol-3-ium  (DiSC,(5)).
Dans ces dernicres expériences, l'attachement du pigment aux complexes formés entre

des oligomeéres modifiés de ANPA et d'ADN ou ARN ont suggéré que les petits sillons



de ces complexes n'étaient pas drastiquement différents de ceux formés dans les

complexes APN:ADN ou APN:ARN.

Finalement, des homopolymeres enti¢rement modifiés de APNA ont été préparés dans le
but d'étudier leurs propriétés physico-chimiques. Ces oligomeéres se sont trouvés étre
essentiellement insoluble dans les solutions tampons aqueuses ce qui empéchait I'étude de
leur affinité a I'attachement aux acides nucléiques. Cependant, un homooligomeére court
de thymine, modifié en position terminal C et N a été synthétisé afin de le rendre
suffisamment soluble dans l'eau pour pouvoir évaluer sa reconnaissance et son
attachement a I'ADN et I'ARN. La formation de complexe a été confirmé par DC et par
complexation a DiSC,(5). Ces études ont indiquées que l'homopolymére d'ANPA
s'attache a I'ADN et a2 I'ARN, apparemment par pairage de base de type Watson-Crick, et
forment un complexes plus stables que ceux formés par les oligomeres d'ADN de

homotymine avec 'ADN complémentaire dans des conditions similaires.
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Chapter 1

CHAPTER 1:

INTRODUCTION

1.1 - The Central Dogma of Molecular Biology."”

From the days of the earliest developments in molecular and cellular biology
more than 130 years ago, science has steadily revealed the secrets behind the complex
cellular machinery involved in all living organisms. As the importance of nucleic acids
in molecular biology became evident, elucidation of the structure and function of these
fascinating biopolymers attracted immense interest over the decades following their
- discovery. Indeed, as more is learned about the function of DNA and RNA, more
questions are raised concerning the relationship between the information stored in
genomic DNA and RNA and the protein molecules whose synthesis is encoded within
that information. With the recent mapping of the entire human genome” and the advent
of proteomics,5 this trend will undoubtedly continue at an unprecedented pace. Science is
at the dawn of a new era in understanding cell function and human diseases related to our

genetic material.
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Figure 1.1: Basic Structure of Double Stranded DNA.

In the 1950’s, the landmark elucidation of the three dimensional structure of the

double helix DNA by Watson and Crick shed light on several unique features of this

. biopolymer whose importance will become clear throughout this chapter.’® DNA
molecules, which are the primary carriers of the genetic information, are made up of
repeating 2-deoxyribose residues that are linked together by phosphodiester moieties
(Figure 1.1). At CI’, each pentose ring carries one of the four heterocyclic bases and it is
the sequential arrangement of these bases along the polymer that nature uses to store the
genetic information for every cell function. DNA molecules exist primarily as double
stranded complexes between two complementary DNA sequences. The sequence
recognition inherent to the complex comes from “base pairing” between the heterocyclic

. bases through an array of hydrogen bonds. In this way, adenine (A) pairs with thymine
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(T) through a set of two hydrogen bonds and guanine (G) pairs with cytosine (C) through
three hydrogen bonds. In each base pair, the purine and pyrimidine bases are co-planar
and stacked on top of each other creating the hydrophobic core of the helix (Figure 1.2).
The helix itself is right-handed and the two strands are oriented in an antiparallel sense,
- with the 5’-end of one strand pairing up with the 3’-end of its complement. The two
strands wind around the core of the helix, creating two grooves of differing dimensions,
known as the major groove and minor groove, and a hydrophilic outer surface by virtue
~ of the negatively charged phosphodiester linkages. The rise of the helix is approximately
34 A (about 10-11 bases per turn) and in nature, there are two predominate types of
helices known, the A-form and B-form helices.” The differences between the A-form and
B-form helixes are in the dimensions of the minor and major groove, the helical rise and
the conformation of the ribose units. Double helices of DNA are typically B-form, while

~ those involving one or more RNA strands tend to be A-form.?
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34A

minor groove

5 3

Figure 1.2: The DNA B-Form Double Helix.”

From the surface, the central dogma of molecular biology is deceptively simple
(Figure 1.3). In eukaryotes, during the process of transcription, the base sequence of
double stranded DNA of a particular gene is “read” and a complementary RNA molecule
is synthesized. Subsequently, in the process of translation, the RNA molecule is moved
from the nucleus to the cytosol where it is then “read” in steps of 3 nucleotides (codons)
to direct the biosynthesis of a specific protein molecule. However, the underlying
complexity of these processes is bustling with interactions between DNA, RNA and
protein molecules. This interplay is mediated by specific recognition events, which serve

to initiate, regulate and terminate different biochemical pathways. Apart from the
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fundamental goal of understanding how these pathways operate and interact with one
another, probing these recognition events could potentially lead to novel therapeutic

intervention in biological systems that have been compromised by disease or infection.

/ cytosol
nucleus

nuclear membrane N cellular membrane

Figure 1.3 The Central Dogma of Molecular Biology: A) Transcription; B) RNA
processing and transport to cytosol; C) Translation

1.2 - Nucleic Acids as Drug Targets.*’

As drug targets, DNA and RNA display many potential sites for drug interaction.
In the ideal case, a drug would interact with DNA in a sequence selective way and allow
for regulation of the transcription of a specific gene associated with the biological system
of interest. While most of an organism’s DNA is widely diffuse throughout the nucleus

during the interphase portion of the cells life cycle, some parts of the double helical
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molecules are associated with protein molecules and so may not be readily accessed.
Furthermore, since the DNA of eukaryotic cells is localized within the cell nucleus, it is
important that the drug is able to traverse both the cellular and nuclear membranes.
There are currently numerous drugs either in clinical use or in clinical trials whose
therapeutic effect rely upon their interaction with double stranded DNA. Generally, these
can be grouped into two classes: the minor groove binders, examples of which include
actinomycin D (1),10 ecteinascidin 743 (2)!! and distamycin (3);'? and neocarzinostatin
chromaphore (4), 13 and the major groove binders such as adriamycin (5), '* mitoxantrone
(6)"° and nogalamycin (7.1

Once a DNA molecule is transcribed to its complementary RNA, enzymatic
processing or modification of the RNA is required to form the functional messenger RNA
(mRNA), ribosomal RNA (rRNA) and transfer RNA (tRNA) molecules. These
biopolymers become associated with a plethora of different proteins en route to their
intended function. In contrast to DNA, the function of RNA is far more than just to
encode information for protein biosynthesis. Some types of RNA molecules exist which
become part of enzymes or other cellular machinery, without ever serving as a template
for protein biosynthesis. Examples include the 5S, 5.8S and 28S rRNAs of the 60S
ribosomal subunit and the 18S RNA of the 40S ribosomal subunit. Other examples
include tRNA molecules, which are critical to translation, and also the RNA portion of
the telomerase holoenzyme complex, which is involved in telomere synthesis in certain
cell types.'” Typically, RNA molecules have a unique three-dimensional topology,
involving many double stranded and hairpin loops, which are created by complementary

base pairing at different regions of the RNA strand. Thus, drugs targeted to RNA could
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disrupt translation by interacting with mRNA, or could interfere with protein-RNA

recognition events leading to a disruption of other important biological pathways."®
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1.3 - Nucleic Acids as Therapeutic Tools.

The potential use of nucleic acids in drug development is immense, due to the
important roles they play in cell biology. However, unmodified nucleic acids are not
appropriate for most clinical applications since they are readily degraded in biological
fluids and due to their negatively charged phosphodiester backbone, they do not readily
penetrate cell membranes. Mimicking DNA or RNA structure is a proven strategy for
interfering with biological pathways in vitro and could potentially be extended to
pharmacological intervention. There are four ways in which DNA/RNA or their
analogues have been implemented for clinical use: 1) nucleoside analogues as enzyme
inhibitors;'® 2) modified oligonucleotides as antisense/antigene agents (Section 1.4);'° 3)
modified oligonucleotides as enzyme inhibitors;*® and 4) oligonucleotides as diagnostic
tools.”)  While this thesis will focus primarily on development of an antisense
oligonucleotide analogue, it is important to point out that the molecules that are described

could potentially be used in the other applications mentioned.
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1.4 - The Antisense and Antigene Strategies for Inhibition of Gene Expression

In 1978, Zamecnik and Stephenson® first demonstrated the therapeutic use of
synthetic oligonucleotides in what became known as the antisense strategy. While many
drugs target particular proteins in order to exert their therapeutic effect, antisense
intervention occurs upstream in the flow of genetic information at the stage of protein
biosynthesis (Figure 1.4). After processing of the pre-mRNA transcript and transport of
the mature mRNA into the cytosol, a synthetic oligonucleotide binds in a sequence
selective manner to the target mRNA and physically blocks the ribosomal machinery,
inhibiting the biosynthesis of protein. Alternatively, it has been suggested that the ideal
antisense molecule would also elicit RNase H, an endonuclease responsible for the
degradation of the RNA strand of a RNA:DNA duplex."”” This would essentially reduce
the amount of the antisense drug required since the target is degraded, resulting in a
mechanism of irreversible inhibition, and the drug is made available for further action.

In addition to interaction with mRNA, leading to antisense down regulation of a
gene, synthetic oligonucleotides could also potentially interact with microbial nucleic
acid-processing enzymes (such as helicase or DNA/RNA-dependent polymerase), thus
blocking essential steps in the microbial life cycle. Synthetic oligonucleotides that are
complementary to the template RNA in human telomerase have also been used to inhibit

telomere elongation in cell extracts of the melanoma cell line SK-Mel-28.%
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nucleus

\

nuclear membrane

/ cellular membrane

Figure 1.4: The Antisense and Antigene Strategies: A) Transcription; B) RNA
processing followed by transport to cytosol; C) Translation; D) Hybridization of
Synthetic Antigene Oligonucleotide; E) Inhibition of Transcription; F) Hybridization of
Synthetic Antisense Oligonucleotide; G) Inhibition of Translation.

An alternate mode of inhibition of gene expression was proposed more recently
which became known as the antigene strategy.”* In this approach, a synthetic
oligonucleotide binds to the major groove of double stranded DNA in a sequence
selective manner. By blocking the major groove, this event then prohibits binding of
proteins and/or enzymes involved in transcription, effectively shutting down production
of the primary RNA transcript. However, in this approach a different type of “base
pairing”, known as Hoogsteen (or reverse Hoogsteen) base pairing, mediates the
sequence recognition (Figure 1.5). Currently, recognition of the central base of the

triplex is limited to recognition of adenine and guanine and so the sequences that can be

10
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targeted can only be polypurine tracts. Furthermore, recognition of guanine requires N3
of cytosine in the third strand to be protonated, necessitating a pH < 6. Although some
progress has been made in recognition of thymine25 and guanine26 by modified

nucleobases, the antigene approach has not yet reached general applicability.
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Figure 1.5: Hydrogen Bonding in Triplex Formation; Héogsteen (---), Watson-Crick (---)

hydrogen bonding.

1.5 - Oligonucleotide Modification.

An enormous amount of effort has been made to develop structurally modified
nucleosides that retain the recognition properties of DNA or RNA while overcoming
problems associated with natural nucleic acids. There are essentially three ways in which
the general structure of DNA can be modified (Figure 1.6): 1) modification of the
nucleobase, 2) modification of the phosphodiester linkage, or 3) modification of the sugar

moiety.

11
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O
——— extended n-systems
neutral or positively additional H-bond donors
charged groups or acceptors

NH,

)

structurally diverse
furanoses, pyranoses,
carbocyclic, acyclic,
bicyclic, etc

,_H O,"U

Figure 1.6: Strategies for Structural Modification of DNA.

While most modified nucleosides serve as building blocks for preparation of the
corresponding modified oligonucleotides, a large range of applications center on
modified nucleosides on their own as antiviral (or anticancer) agents. For the latter
application, sugar modifications are used almost exclusively (Figure 1.7). Modification
of the sugar moiety has come in many forms ranging from simple inversion of
stereocenters on the ribose ring to complete replacement of the furanose skeleton with
other structures (Figure 1.8).> When modified nucleosides are used as building blocks
for oligonucleotide synthesis, the goals can vary from development of an antisense
candidate to other interesting studies, such as, investigation of the recognition elements
between enzyme and nucleic acids,”® to the chemical etiology of RNA and DNA as

nature’s bearer of genetic information.”

12
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Figure 1.7: Antiviral and Anticancer Nucleoside Analogues.'®
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Figure 1.8: Other Sugar Modified Nucleoside Analogues.”**
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Modification of the purine or pyrimidine base usually involves extending the 7-
system or the hydrophobic surface of a base in order to increase the stacking potential
between base pairs, leading to an increase in the thermodynamic stability of the duplex
(Figure 1.9). The bases have also been modified to include additional hydrogen bond

donors/acceptors, which also aids complex stability and sequence recognition.*
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CH,OH
CN
alkyl
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CF,

Figure 1.9: Selected Base Modifications.™

To date, most of the research that has been reported deals with modification of the
phosphodiester linkage (Figure 1.10).>' These types of modifications can potentially
solve both the problems of in vivo stability and cell membrane permeability, since both of
these properties are linked to the phosphodiester backbone. Many alternative linkages
have been reported;* the phosphorothioate linkage (20), where one of the non-bridging

oxygen atoms has been replaced with a sulfur atom, is the most successful analogue

14
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reported in terms of its application in antisense technology. This oligonucleotide
analogue exhibits good DNA and RNA recognition properties*> and also enhanced in vivo
stability.”® A hallmark of the phosphorothioate linked DNA is that it forms duplex
structures with RNA that are recognized by RNase H leading to degradation of the target
RNA by the enzyme.”* However, one drawback of this modification is that the oligomers

5

exhibit non-specific interactions with proteins.’ Nonetheless, phosphorothioate

oligonucleotides were the first antisense oligomers to receive FDA approval for the
treatment of retinitis caused by the human cytomegalovirus and are currently in various

phases of clinical trials for the treatment of a number of other diseases.*
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Figure 1.10: Examples of Linker Modifications.”'
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1.6 - Peptide Nucleic Acids (PNAs).

First introduced by Nielsen and coworkers in 1991,% peptide nucleic acids
(PNAs) are DNA analogues having the phosphodiester/deoxyribose backbone completely
replaced by N-(2-aminoethyl)-glycine units to which the nucleobases are attached via
acetate linkers (Figure 1.11). The design of PNAs (as DNA mimics) was based on
molecular modeling calculations where a conformationally rigidified single strand of a
DNA duplex was structurally modified from the native DNA skeleton to a polyamide
backbone. In this way, the distance between adjacent nucleobases was kept constant at 6
o-bonds and the distance from the base to the backbone remained as 3 o-bonds. The
original hypothesis was that the bases would remain optimally spaced for Watson-Crick

base pairing and the polyamide structures would retain the recognition properties of

DNA.
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Figure 1.11 Comparison of the Structures of DNA and PNA.
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Since the repeating units of PNA monomers are acyclic and achiral, the synthesis
of these molecules is relatively straightforward compared to other modified
oligonucleotide analogues (Scheme 1.1). In most approaches, the PNA backbone (30) is
assembled first and then the nucleobase acetic acid derivative (29) is attached to complete
the monomer framework (31).38 In essence, the fully assembled monomer is an unnatural
amino acid. This property allows for the PNA oligomers to be synthesized using the
robust methods of modern peptide chemistry, rather than the more sensitive methods

employed in the synthesis of oligonucleotides.

Scheme 1.1 Basic Representation of PNA Monomer Construction.
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Peptide nucleic acid oligomers are usually assembled using modern solid-phase

h, 940 although more recently innovative

peptide chemistry based on Merrifield’s approac
sub-monomer*' and solution phase strategies*? have been successfully employed. The
Merrifield approach involves growing the peptide chain on an insoluble polymer, usually
made of polystyrene crosslinked with divinylbenzene (Scheme 1.2). The peptide is
attached to the polymer by a linker group that will allow for cleavage of the final product
from the resin under conditions orthogonal to those used during the chain elongation.
The peptide is assembled one monomer at a time usually by coupling carboxyl-activated,
N-protected amino acids to resin-bound free amino groups. Since the product of the
coupling reaction is bound on the solid support, large excess of the starting materials can
be used to drive the reaction to completion. When the reaction is complete, excess
reagents are removed by filtration and washing of the resin. Unreacted amino groups are
usually “capped” in the next step of the coupling cycle in order to prevent accumulation
of failure sequences on the solid support. The final step of the coupling cycle is the
deprotection of the (n+1)-elongated peptide to liberate a free amino group for the next

round of coupling. After the desired sequence has been synthesized, a cleavage step

releases the peptide from the solid support where it is further purified to homogeneity.

18
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Scheme 1.2: Solid-Phase Peptide Synthesis.
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Since the first reports on the synthesis of PNAs in the early 1990’s, considerable
effort has been made to refine the solid-phase methodology used for making these
oligomers. Although some potentially useful advances have been made, the conditions
described originally by Nielsen and coworkers are suitable for the synthesis of most PNA
analogues.”” After synthesis and cleavage from the solid support, the oligomers are
generally purified by preparative reverse-phase HPLC using slow gradients from water to
acetonitrile. The HPLC column is usually heated to 50°C, in order to separate failure

sequences from the desired compounds.*’
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1.7 - Structure and Physicochemical Properties of PNA Hybrids with DNA, RNA

and PNA

Although PNA was originally designed as a DNA mimic, this molecule exhibits
several unique and unexpected molecular recognition properties.”* 1In the earliest
hybridization studies of PNAs with natural oligonucleotides, it was discovered that PNAs
bind to DNA and RNA with remarkably higher thermal stability relative to all other
synthetic or natural oligonucleotides. This discovery was accompanied by the
observation that homopyrimidine PNA oligomers bind to their target homopurine strands
to form exclusively triplex structures (Figure 1.12a). During the hybridization
experiments, no intermediate duplex could be observed, suggesting that PNA,:DNA and
PNA,:RNA triplexes are far more stable than the corresponding PNA:DNA and
PNA:RNA duplexes. Another very unique binding characteristic of PNAs is the strand
invasion mechanism by which PNAs hybridize to double stranded DNA (Figure 1.12b).
In this scenario, a short antisense PNA molecule displaces the “antisense” strand of a
longer DNA duplex to form a loop of the displaced DNA oligomer and a PNA:DNA
duplex with the “sense” strand. Furthermore, when the PNA strand is rich in
pyrimidines, the analogous invasion triplex is formed. Another remarkable feature of
PNAs is that they are capable of forming complexes with complementary PNA strands in
both the duplex and triplex binding modes. While this discovery has little therapeutic
value, it is intriguing that oligomers composed of flexible, acyclic monomers are capable

of forming complexes with such remarkable properties. PNAs also exhibit remarkable
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sequence selectivity and the order of increasing complex stability has been shown to be:

PNA:PNA > PNA:RNA > PNA:DNA.®

DNA 2PNA ot
observed
b)

LIPS PUDNIPUDLIPL. s

dsDNA * PNA

invasion duplex

Figure 1.12 a) Representation of the Binding of Homopyrimidine PNA to DNA; b)

Strand Invasion Mechanism of PNA.

The discovery of the unusual properties of PNAs initiated a number of studies

aimed at understanding why PNAs are capable of forming such stable complexes with

DNA and RNA. A number of NMR and molecular modeling studies have been used to

explore the three dimensional structure of PNA hybrids.***"***° Consequently, it is now

known that duplexes involving PNAs are neither B-form nor A-form. Both NMR and

circular dichroism studies have revealed that the bases of PNA hybrids can stack as either

in the A-form helices preferred by RNA or as in B-form helices preferred by DNA.
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However, PNAs are unique in that they prefer to form double helices with wider and
larger helical rise than native duplexes (about 18 base pairs per turn). This finding
suggests that PNAs are not perfect DNA mimics and that there is room for improvement
in designing peptidic DNA analogues.

While PNA:DNA and PNA:RNA complexes are all right-handed helices
(presumably due to the stereochemistry of the natural strand), complexes composed only
of PNAs exist as mixtures of right- and left-handed helices.® Nielsen’s group has shown
that the sense of a PNA:PNA:PNA triplex could be controlled by incorporation of a
single insert of a chiral PNA monomer in the middle of the homopurine strand.”® To
date, it is still not fully understood why PNA forms such stable complexes with DNA,
RNA and itself. However, due to the potential applications of PNAs in antisense
chemotherapy and/or in diagnostics tools, studies which address this question will

continue to be of importance.

1.8 - Biological Properties and Applications of PNA.

A key feature of PNAs that makes them attractive candidates for drug
development is that they are stable toward degradation by protease and nuclease
enzymes, a critical requirement for oligomers used in antisense/antigene drug
developrnent.5 ! Although the microinjection of PNA oligomers into cells has been
shown to induce transcription and translation arrest,’ their low water solubility and poor

cell membrane permeability seriously compromise their therapeutic utility. In an effort to
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overcome poor membrane permeability, PNA conjugates of nuclear internalizing peptides
were recently explored. For example, biotinylated PNA conjugates linked to the
monoclonal antibody OX26 were shown to undergo in vivo receptor-mediated
transcytosis through the blood-brain barrier, thus effectively transporting the PNA
oligomers into brain cells. PNAs have also been transported into cells as unmodified
PNA-DNA duplexes encapsulated into cationic lipid micelles. This latter approach has
been used to effectively inhibit telomerase activity in DU145 prostate-derived tumor
cells.”* More recently, PNA has been found to permeate certain types of cell membranes

¢ and the cell

including the cell membranes of nerve cells in culture® and in vivo
membranes of various strains of E. coli.>’ Although in both of these instances, down
regulation of certain genes was reported, the latter findings have great implications for
the use of PNA as a general antisense antibiotic. It is noteworthy that although
PNA:RNA duplexes do not recruit RNase H, the potential applications of PNAs in
antisense chemotherapy is still of significant interest.”® In addition to antisense
applications, PNAs are also valuable tools in clinical research. Examples include in situ

)

hybridization techniques,59 PCR modulation,* array hybridization61 and hybridization

detection by mass spectroscopy.62

1.9 - Structural Analogues of PNA.

A great deal of effort has been devoted to the design of PNA analogues that retain

the unique properties of PNA while at the same time attempting to address the problems
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associated with these molecules. Much of the effort has centered on improving the water
solubility of PNA oligomers. However, a considerable amount of work has also focused
on understanding the importance of certain structural elements of PNAs in modulating its
hybridization affinity towards DNA and RNA.

Since PNAs are acyclic and therefore conformationally quite flexible, it has been
speculated that structural changes that would rigidify the PNA backbone may help to
preorganize the oligomers in favor of duplex or triplex formation.”® The tertiary amide
moiety of the PNA monomer that tethers the nucleic acid base to the backbone has
received much attention as a target for modification. NMR and X-ray crystallographic
studies have independently shown that this amide bond is oriented with the carbonyl
oxygen toward the C-terminal of the peptide [Z(0)-32] in PNA:DNA,* PNA:RNA* and
PNA:PNA® complexes. However, the two amide rotamers are in rapid equilibrium in
the single stranded PNA oligomers. Early molecular modeling studies suggested that the
carbonyl oxygen atom of the tertiary amide might participate in an intramolecular
hydrogen bond, helping to preorganize PNA oligomers for duplex formation.* Although
these studies are not conclusive, Nielsen® and Leumann® have independently confirmed
the importance of this carbonyl moiety. For example, Nielsen and coworkers first
demonstrated that the Eth-PNA analogues (33, Figure 1.13),% although being highly
water-soluble and polycationic, displayed no hybridization affinity for complementary
DNA or RNA. Leumann later provided evidence that the conformation and structural
rigidity of the backbone amide are not the sole contributing factor for hybridization
stability through experiments involving E- and Z-Olefinic Peptide Nucleic Acids (OPAs,

37, 38).65 While the E-OPA modification (37), which is analogous to the Z(O)
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conformation of PNA, was found to have better hybridization properties than the Z-OPA
modification (38), consistent with NMR and X-ray data, both analogues gave less stable
complexes with DNA and RNA than the corresponding complexes with unmodified
PNAs. Neilsen subsequently showed that entropic factors remain critical for good
binding properties since the conformationally rigid pyrollidinone- (39) and pyrollidine-
PNAs (40) form complexes with complementary DNA, RNA, and also PNA of similar
stability to that of unmodified PNAs.% Although more experiments are still required to
fully elucidate the role of the branching amide moiety, it is generally believed that it is
both the amide geometry, as well as intramolecular electrostatic interaction with adjacent
residues that contribute to the molecular recognition of PNAs for natural

oligonucleotides.
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Figure 1.13: Selected Examples of Modified PNA.

1.10 - Aromatic Peptide Nucleic Acids (APNA).

To this date, no general solution to the cell membrane permeability problem of
PNAs has been reported. Although it is known that PNAs are capable of exerting an
antigene or antisense effect in cell culture and in vivo in special cases, these molecules
are unable to permeate the membrane of most eukaryotic cells. Thus, at the time that the

work described herein was initiated, it was speculated that if PNA analogues were
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designed to be more hydrophobic, their cell membrane penetrating properties might be
improved. A class of PNA analogues, which incorporated an aromatic ring as an integral
part of the backbone, was developed (41, Figure 1.14).° In addition to being more
lipophilic, these aromatic peptide nucleic acids (APNAs) were also designed in order to
investigate possible 7-stacking or dipole-quadrupole interactions along the backbone of
the APNA oligomers and the possible stabilizing effects on a duplex or triplex structure.
Although it is widely believed that the major stabilizing forces of double and triple
helices are the m-stacking interactions between adjacent base pairs, the study of such
interactions within the backbone of oligonucleotide analogues is completely
unprecedented and, therefore, may be of considerable interest. More recently, another
analogue of APNAs was designed with the following requirements in mind: a) the basic
scaffold would be modular so that simple and readily available components could be
brought together in a convergent manner, making the process amenable to combinatorial
chemistry and b) the synthetic scheme should be general enough to permit the
incorporation of all five natural nucleic acid bases into the oligomers. The general
structure 42 seemed attractive as an initial target since it fulfilled these requirements. It
was thought that the C-terminal fragment could be derived from any of the 21 naturally
occurring amino acids, as well as any amino acid moiety available through the plethora of
synthetic protocols developed for the synthesis of non-natural amino acids.”' It was
reasoned that this approach allows for the incorporation of a wide range of functionality
and chirality into the backbone of the APNA oligomers. In addition, the N-terminal
fragment was designed'to allow for the incorporation of substituted or unsubstituted

aromatic and heteroaromatic ring systems. Substituents (Y) at the A, B, C or D positions
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of the ring could be polar or charged groups to aid water solubility and induce a dipole

within the ring system, enhancing 7-stacking interactions. Substituents could also
used to induce an extended n-system for better face-to-face overlap (m-stacking)

adjacent rings. Finally, the attachment of the nucleobase via the acetate linker can

be

of

be

carried out in the same way as with PNA. This also allows the incorporation of non-

natural bases such as those described in Section 1.5, as well as new bases designed to

expand the genomic alphabet.”
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Figure 1.14: Design of Aromatic Peptide Nucleic Acids.
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1.11 - Study of Modified Oligonucleotides.

A number of different experimental techniques have been used to explore the
biological/biophysical properties of oligonucleotides. Usually, when a novel antisense
agent is in development, it is important to determine if oligomers comprised of the new
synthetic monomers can form stable complexes with RNA and to evaluate if they do so
with high sequence discrimination. By far, the most exploited method for addressing
these questions is the thermal melt (T,,) technique. In this method, some observable
property of the complex is measured as a function of temperature (Figure 1.15).
Commonly, UV absorbance is used since a hypochromic effect causes the molar
extinction coefficient of a duplex or triplex to be less than the sum of the extinction
coefficients of the constituent oligomers. Therefore, as the temperature rises and the
complex dissociates the absorbance of the solution increases. The inflection point of the
resulting sigmoidal curve is known as the “T,, value” and corresponds to the temperature
at which half of the complexes in solution are dissociated. Comparison of T,, values
between modified and unmodified complexes of the same sequence provides a means to

assess the relative stability of a modified oligonucleotide.
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Figurel.15: Example of the thermal denaturation (T,,) curve of a triplex structure.

The chiral nature of duplexes and triplexes and the way in which the
chromophoric bases are stacked on top of each other allows for circular dichroism (CD)
to also be used as a tool for studying structural aspects of oligonucleotide complexes. For
example, A-form and B-form helices give rise to diagnostic CD profiles allowing for

differentiation of one type of helix from the other.®®

However, the CD signature of
duplexes and triplexes is sequence dependent and so valuable comparisons can only be
made between complexes with the same base sequence.”” CD signatures can also be
monitored as a function of temperature to create T,, curves since the CD profile of double
or triple stranded complexes is typically very different from the sum of the CD signatures
of the single strands.

Nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallography are

powerful techniques used to acquire high-resolution structural data of duplexes and

triplexes involving natural and modified oligonucleotides. In particular, the information
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gained through NMR experiments has become the modern standard for studying
oligonucleotides that show great potential for clinical applications. These studies are
particularly insightful because the three-dimensional structures that are solved are

considered to be the most accurate picture of how the molecules behave in solution.”*
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CHAPTER 2

RESULTS AND DISCUSSION: DEVELOPMENT OF A NOVEL CLASS OF
OLIGONUCLEOTIDE ANALOGUES; AROMATIC PEPTIDE NUCLEIC ACIDS

(APNAs).

2.1 - Objectives.

Studies on APNA-type oligomers were initiated with analogues represented by
the general structure 42 (A=B=C=D=CH). The effects of benzene ring moieties along
the backbone of a PNA-like oligomer were evaluated by measuring the thermal stability
of complexes formed between PNA-APNA hybrids and DNA or RNA. For these studies,
an efficient synthetic route to APNA monomers that allowed for some structural diversity
was developed. Monomers 43-46 were designed to modulate the relative position of the
backbone aromatic ring, as well as the nucleobase, in order to identify a promising lead
structure for further optimization. Substituted analogues of 43 were also synthesized in
order to examine the effect of chirality within the backbone and to introduce functionality

to the basic APNA scaffold (47-50).
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O N
X 0
Jn
)
Y NHR"

m n r X Y R’
43 1 1 0 H H H
44 2 1 0 H H H
45 1 0o 1 H H H
46 2 0 0 H H H
47 1 1 0 H H Me
48 1 1 0 CH,OH H H
49 1 1 0 CH:NMe, H H
50 1 1 0 H CO,CH; H

2.2 - Synthesis of Thymine, Cytosine, Adenine and Guanine Acetic Acid Derivatives.
As alluded to in Chapter 1 (Fig. 1.14), the design of the APNA monomers

allowed for the nucleobases to be attached to the APNA backbone using the known acetic

acid derivatives 51-54.>7%"7 Compounds 51-54 were prepared following slightly
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modified literature procedures; a number of previously undocumented observations were

made which will be discussed below.

o)
0 HN o/\©
T »
N0 N0
HOZC/I Hozc/‘
51 52
0

Preparation of derivative 53 began with Cbz-protection of the exocyclic amino
group of adenine (55) to give carbamate 56 in high yields (Scheme 2.1).78 Although
alkylation at the N-9 position of adenine with tert-butyl bromoacetate under basic
conditions was usually a reliable method for obtaining ester 57, the dialkylated derivative
58 was often isolated as a minor product. After removal of this side product by column
chromatography, TFA mediated conversion of ester 57 to adenine derivative 53

proceeded in high yield with no detectable loss of the Cbz protecting group.”
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Scheme 2.1: Synthesis of Adenine Derivative 53.

JOL 0
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Conditions: a) NaH, Cbz-Cl, THF; b) BrCH,CO,/Bu, K,CO;, Cs,COs, DMF; ¢c) TFA/DCM (2:1 v/v).

N

(0]
X
l\/

Two previously reported methods for the preparation of the cytosine derivative 52
were explored and compared (Scheme 2.2)."%% In the first route, the exocyclic amino
group of cytosine (§9) was Cbz-protected under standard conditions giving carbamate 60
in modest yields. While alkylation at the N-1 position of cytosine derivative 60 has been
reported to proceed in modest yield, this reaction was somewhat unreliable with
dialkylated derivative 62 being isolated in as much as a 70% yield. In an alternative
approach, the sequence was reversed with the N-1 position being selectively alkylated
first to give ester 63 in high yield and excellent purity.®’ Ester 63 was then protected at
the exocyclic amino position to give fully protected cytosine derivative 61 in high yield

and purity. Overall, it was observed that the sequence of 59 -> 63 -> 61 leads to superior
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yield and purity of the ethyl ester 61. Finally, the ethyl ester was saponified to provide

the free acid 51 in nearly quantitative yield.

Scheme 2.2: Synthesis of Cytosine Derivative 52.

N
NS0
59 N“70 60 H(o\/ Kfo
o o 62
; [
ld
NH,

Conditions: a) Cbz-Cl, pyr; b) BrCH,CO,Et, K,CO,, DMF,; ¢) BrCH,CO,Et, KOtBu, DMF; d) LiOH/H,0
then HCI.

The thymine and guanine acetic acid derivatives 51 (Schemes 2.3)"® and 54
(Schemes 2.4)* were prepared following literature procedures without modification.
Among the four bases, preparation of the thymine acetic acid derivative was the simplest,
involving only alkylation at N1 with ethylbromoacetate, followed by saponification of the

ethyl ester (Scheme 2.3).
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Scheme 2.3: Synthesis of Thymine Derivative 51.

\EOL ; i
NH NH
| L
o - L4
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64 OR

Conditions: a) BrCH,CO,Et, K,CO3;, DMF; b) NaOH, then HCI.

In contrast to the thymine derivative 51, the guanine acetic acid analogue is
usually the most difficult to prepare. Several synthetic routes have already been
published, each providing some advantages and some disadvantages.”*®* In our hands,
the method developed by Coull and Hodge which involves alkylation of 6-chloro-2-
aminopurine (66) at N9 with tert-butyl bromoacetate followed by introduction of the Cbz
group on the exocyclic amine, presumably through isocyanate 68 (Scheme 2.4) proved to
be the most efficient in providing the key intermediate compound 69.** The tert-butyl
group of 69 can be easily removed and simultaneously the heterocycle converted to the

guanine nucleus of compound 54 (Scheme 2.4).
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Scheme 2.4: Synthesis of Guanine Derivative 54.
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Conditions: a) BrCH,CO,Bu, K,CO;, DMF; b) (CCl;0),CO, DIPEA, THF, c) BnOH/THF; d)

NCCH,CH,0H, NaH, THF, then HCI/H,0.

2.3 - Synthesis of APNA Monomers 43, 44, (S)-47 and (R)-47.

The synthesis of APNA monomers 43, 44, (S)-47 and (R)-47 is outlined in

Scheme 2.5. Reductive alkylation of each corresponding amino ester with commercially

available aldehyde 70 in the presence of sodium triacetoxyborohydride gave the required

secondary amine 71a-d (Scheme 2.5).*> Following work-up, each of the amines 71a-d

was precipitated from the organic solution (Et;O/EtOAc) of the crude material as the

corresponding HCI salt in good yield and high purity; purity of sample confirmed by 'H

NMR to be >97% of the desired product.

Amines 71a-d were then coupled to the

thymine derivative 51, using O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
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hexafluoro-phosphate (HATU)* as the coupling reagent, to give the desired tertiary
amides 72a-d in good to excellent yields. Following workup, the pure thymine
derivatives 72a-d were isolated after trituration with ethyl acetate/hexane. The
subsequent catalytic hydrogenation of the nitro moiety was carried out using palladium
on charcoal, either under a hydrogen atmosphere (1-5 atm) or with triethylammonium
formate as the hydrogen source, leading to the isolation of the aniline intermediates 43,

44 and 47% in nearly quantitative yields and excellent purity.

Scheme 2.5: Synthesis of APNA Monomers 43, 44 (S)-47 and (R)-47.

Rl
ROZC+< ] i

~0 NH

a
r———
" L
NO

70 7ian=1,R'=H
7ibn=2,R'=H
71icn=1,R'= (8)-Me
71dn=1, R = (R)-Me

R! /4%;0 ' /4%40
RO,C ]n N NH RO,C ]n N?]/NH
N ) N
o) c O

.. T O
NH NO,

2

n R R’ R” 72a n=1,R'=H
43a 1 Me H H 72b n=2,R =H
44a 2 Et H H 72¢ n=1,R =(R)-Me
(R-47a 1 Me (R)-Me H 72d n=1,R =(85)-Me
(S)-47a 1 Me (S)-Me H

Conditions: a) HCL.H-X-Ome, X = Glycine, (R)- or (S)-Alanine or S-Alanine, NaBH(OAc)3;, E;N, AcOH,
DCM, 65-80%; b) Th-CH;-CO,H (51), HATU, DIPEA, DMF, 80-85%; ¢) HCO,H, Et;N, Pd-C, DMF,
>95%.
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2.4 - Synthesis of N-Fmoc Protected APNA Derivatives of All Four DNA Bases.

Preparation of mixed base sequences of APNA oligomers often required the use
of Fmoc-protected ferz-butyl esters of the APNA monomers containing each of the four
DNA bases. Thus the approach of Scheme 2.5 was modified in order to accommodate
Cbz-protected bases and fert-butyl esters. In one approach, aminobenzyl alcohol 73 was
first converted to the allyl carbamate derivative 74,% and the hydroxy moiety was
subsequently converted to the bromide to obtain compound 75 (Scheme 2.6, Path A).
Bromide 75 was converted to secondary amine 76a in the presence of excess fert-butyl
ester of glycine hydrochloride in order to avoid dialkylation of the amine. Although this
synthetic route is very efficient, it requires the use of the relatively expensive glycine
hydrochloride tert-butyl ester (5g, 178.90 CDN, Aldrich Chemical Company, 2000-
2001). Therefore, an alternative synthetic route was optimized utilizing only commodity
chemicals (Scheme 2.6, Path B). Commercially available 2-aminobenzylamine 77 was
selectively protected by sequential treatment with Boc,O giving aniline 78, Alloc-Cl
giving dicarbamate 79 and finally HCI (~4M dioxane) to provide derivative 80. The free
benzylamine hydrochloride salt 80 was alkylated with fert-butyl 2-bromoacetate in the
presence of DIPEA to reproducibly give the fully protected backbone 76a in ~70% yield
with less than 5% of the dialkylated side product. Using this protocol, the cost of
producing 76a was calculated to be roughly $6.00 CDN/g, compared to $64.00 CDN/g

using Path A.
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Scheme 2.6: Synthesis of Secondary Amine 82.
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Path B

@(\NHz

NH,

dae l
CCNH-R
NH-R'
78 R=Boc R'=H

79 R=Boc R'=Alloc
80 R =H.HCI R'= Alloc

NHR

76a R = Alloc
76b R = Fmoc

Conditions: a) AllocCl, pyridine, DCM; b) CBr,4, PPh;, THF; ¢) HCI'H,NCH,CO;R, DIPEA, DMF,; d) Boc,0,
THF; ¢) HCI, 4M in 1,4-dioxane, 88%, three steps; f) BrCH,CO,R, DIPEA, DMF, 70%.

Subsequently, the thymine, and Cbz-protected adenine, cytosine and guanine

acetic acid derivatives were attached to the backbone in the presence of HATU/DIPEA to

give the fully protected monomers 81a-d in excellent yields (Scheme 2.7). The Alloc

protecting groups were removed by treatment with Pd(Phs;P)s in DCM/MeOH using

benzenesulfinic acid as the allyl scavenger to give anilines 82a-d.*’ Although the use of

stoichiometric amounts of tributyl tin hydride as the allyl scavenger has been widely

reported in the literature,®® it was discovered that this method leads to side products

resulting from N-allylation of the nucleobases (i.e. compound 84), which were formed in

as much as a 40% yield. This side reaction could only be suppressed if excess BusSnH

was employed, however, due to the highly toxic nature of this reagent, benzene sulfinic
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acid is a better alternative. Anilines 82a-d were reprotected with Fmoc-Cl in the
presence of aqueous NayCOs; giving derivatives 83a-d, which were treated with
TFA/DCM to give the free acids 43a-d (Scheme 2.7). It should be noted that the
deprotection, reprotection strategy used to install the Fmoc group of compound 83a-d
was necessary because backbone 76b was unstable in solution as its free amine due to

rapid loss of the Fmoc group.

Scheme 2.7: Synthesis of Fmoc Protected Free Acid APNA Monomers 43a-d.

)AOLNH a %03\\\[\]‘(5 ° %O(i\\\Ns(B
©\/NHAIIOC CKNHAII:DC @{NHz O

76 81aB=Th 82aB=Th
81b B = CyCbz 82b B = CyCbz
81c B = AdCbz 82c¢c B = AdCbz
81d B = GuCbz 82d B = GuCbz

0 ‘
Rozc\N\(B ; %o»\\N {B ]
- 0

o
NHR" NHFmoc

B R R 83aB=Th
43a Th H  Fmoc 83b B = Cy***
43b Cy™ H  Fmoc 83c B = Ad®™
43¢ A H  Fmoc 83d B = Gu™*
43d Gu®™ H  Fmoc

Conditions: a) B-CH,CO,H, HATU, DIPEA, DMF: B = Th, 82%, B = Cy***, 97%, B = Ad®™, 92%, B =
Gu*™, 76%; b) Pd[PPhs]s, DCM, C¢HeSO,H, MeOH: B = Th, 85%, B = Cy*?, 85%, B = Ad™, 84%, B =
Gu™™, 86%; c) Fmoc-Cl, Na,COs, 1,4-dioxane, H,O: B = Th, 89%, B = Cy™™, 83%, B = Ad™", 87%, B =
Gu®?, 81%; d) 1:1 TFA/DCM, B = Th, Cy*™*, Ad**, Gu™?, >97%.
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2.5 - Synthesis of APNA Monomers 45 and 46.

The synthesis of the APNA monomers 45 was first attempted following the route
outlined in Scheme 2.8. Alkylation of the known mono-Boc protected aromatic diamine
78 with ethyl bromoacetate under basic conditions gave the secondary aniline 85 in good
yield (Scheme 2.8). However, all subsequent attempts to acylate aniline 85§ with thymine
derivative 51 failed under a wide variety of peptide coupling conditions. Peptide
coupling reactions involving secondary anilines are notoriously sluggish and in the case
of compound 85 did not proceed at all under standard conditions. This result could
possibly be due to an inductive effect of the adjoined ester, which would render the
aniline far less nucleophilic. In an alternative approach, compound 78 was allylated with
allyl bromide giving the masked glycine derivative 86 in good to excellent yield (Scheme
2.9). In contrast to the case of aniline 85, the nucleic acid base derivatives 51 and 53
were easily attached to the backbone via EDC mediated amide formation to give amides
87a and 87b. Finally, the terminal olefins of 87a,b were dihydroxylated to give diols

88a,b, which were then oxidatively cleaved to the corresponding aldehydes 89a,b.
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Aldehydes 89a,b were in turn oxidized to their corresponding carboxylic acids 45a,b

(Scheme 2.9).

Scheme 2.8: Proposed Synthesis of Monomer 45a.

EtO, c RO,C
TomE . WAL T O
NHBoc ~ DIPEA NHBoc NHR"
78 85 45a B =Th, R = Et, R" = Boc

Scheme 2.9: Synthesis of APNA Monomers 45a,b.

: L e
NH, a N~ b
—_—* N
O
NHBoc NHBoc
NHBoc
78 86 87aB=Th
87b B = Adcbz

O -— O -

Q OH
HO,C~ —(B \\ ‘(B . S\ 5
N e N HO N_(
o

NHBoc NHBoc NHBoc
45aB=Th R=H, R"=Boc 89aB =Th 88a B = Th
45b B = Ad°™ R = H, R" = Boc 89b B = Adobz 88b B = Adcbz

Conditions: a) BrCH,CHCH,, DIPEA, DMF 59%; b) Compound 51 or 53, EDC, DMF 89%; c) OsO,, NMO,
THF/tBuOH/H,0, 86%; d) NalO,, THF/H,0O, 98%; ¢) NaClO,, 2-methyl-2-butene, NaH,PO,, 75-90%.
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The synthesis of the monomers represented by structure 46 was carried out
starting with diamine 90, which was selectively mono-Boc protected to give aniline 91 in
excellent yield (Scheme 2.10). Aniline 91 was alkylated with methyl 3-
bromoproprionate under neutral conditions at high temperature giving secondary aniline
92, in low yields. Compound 51 was then coupled to aniline 92 to give fully protected
monomer 93 in modest overall yields. Interestingly, in the case of aniline 93 (the one
carbon extended homologue of aniline 85) the coupling reaction proceeded reasonably
well, which is consistent with the apparent inductive effect observed with aniline 85.
Finally, the methyl ester of monomer 93 was saponified to yield the free acid monomer

46 in quantitative yield.

Scheme 2.10: Synthesis of APNA Monomer 46a.

MeO,C
NH, a NH, b NH
L, — Qo
NH, NHBoc NHBoc
90 91 92
c
RO,C MeO,C

\ Th Th
" O
NHR" NHBoc

46aB=Th,R=H, R" = Boc 93

Conditions: a) Boc,0, THF 65%; b) BrCH,CH,CO,Me, DIPEA, DMF 36%; c) Compound 51, EDC, DMF 49%;
d) LiOH, THF/H,0, 95%.
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2.6 - Synthesis of APNA Monomers 48, 49 and 50.

The synthesis of monomer 48 began with a Fischer esterification of 2-methyl-3-
nitrobenzoic acid (94) followed by free radical bromination of ester 95 to give bromide
96 (Scheme 2.11). Subsequent displacement of the bromide with sodium acetate,
followed by LiBH4 reduction of the diester 97 gave the diol 98 in good overall yield.
Selective mono silylation of the diol was achieved using the procedure of Yu et al in
moderate yield.*” A series of nuclear Overhauser enhancement (nOe) NMR experiments
unambiguously confirmed that the less hindered alcohol was protected during the
silylation reaction (Scheme 2.11). In a somewhat unusual way, the benzyl alcohol 99
was then converted to the benzyl chloride 100 by allowing the alcohol 99 to react with
mesyl chloride (MsCl) under basic conditions. It should be noted that the intermediate
mesylate was observed and could be isolated if the reaction was stopped early, indicating
that the overall process involves an in situ Finklestein reaction; this type of reaction is
commonly observation with allylic and benzylic alcohols.”® The chloride moiety of
compound 100 was then displaced with glycine ethyl ester, under basic conditions, to
give the backbone fragment 101. Compound 101 was then coupled with the thymine
derivative 51 to give the tertiary amide 102 in excellent yield. Finally, the nitro group
was reduced to give the APNA monomer 48a in an appropriately protected form for

oligomer synthesis.

54



Chapter 2

o Scheme 2.11: Synthesis of APNA Monomers 48a.

CO,R CO,Me OR
—_—
NO, NO, NO,

94 R=H 96 X =Br 98 R=H
a( C< e
W 95 R=Me 97 X =OAc 99 R=TDS

~ N\=0
EtO.C— N//% FOL~ oTDS
o O h g cl
NO, NO,

NX,
_ 102 X=0
| ( 48a X=H
Conditions: a) MeOH, H,SO,, A, 89-100%; b) NBS, Bz,0,, CCly, A, 74-80%; ¢) NaOAc, DMF, >99%; d)

LiBH,, THF, 89-95%%; ¢) TDS-Cl, DIPEA/DMF 50-59%; f) MsCl, DIPEA, DCM; g) CIH;NCH,CO,Et,
DIPEA, DMF, 69-81% over two steps; h) Compound 51, EDC, DMF, 94-99%; i) H,, Pd-C, DMF, 63%.

101 100

Intermediate 101 was also used in the synthesis of monomer 49 (Scheme 2.12).
Its secondary amine was Boc-protected giving carbamate 103 in excellent yield.
Removal of the tert-butyldiphenylsilyl (TDS) group followed by treatment of the
resulting alcohol 104 with MsCl and DIPEA gave chloride 105 in good yield.
Displacement of the chloride with dimethylamine under basic conditions gave benzyl
amine 106 in quantitative yield. The Boc protecting group was removed and the thymine
derivative 51 was coupled to the resulting secondary amine to give intermediate 107 in

excellent yield. The nitro group was then reduced to provide APNA monomer 49.
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However, during the reduction step, extreme care had to be taken in order to avoid
hydrogenation of the benzylamine to the side product 108. For example, the use of
formic acid/triethyl amine as a hydrogen donor gave only toluene derivative 108,
whereas, using a low catalyst loading, under latm Hj, resulted in selective reduction of

the nitro group.

Scheme 2.12: Synthesis of APNA Monomer 49.

CO,Et CO,Et CO,Et
TDSO RO
NH a,b N-R’ c.d X NBoc
—— —————
NO, NO, NO,
101 103 R = TDS, R' = Boc 105 X = Cl
104 R = H, R' = Boc 106 X = NMe,
e,f
EtO, c B EtO, C Th
M62 M62
)\j &NHR" 5
108 49aB=Th,R=Et R"'=H 107

Conditions: a) Boc,O, THF, 94%; b) TBAF, THF, 93%; c¢) MsCl, DIPEA, DCM, 88%; d) Me,NH.HCI,
K,CO,;, DMF, 100%; e) HCI, dioxane; f) Compound 51, EDC, DMF, 71% over two steps; g) H,, Pd-C,
DMF, 81%.

The synthesis of monomer 50 was achieved following a scheme similar to that
described for compound 43 (Scheme 2.13). 3-Methyl-2-nitrobenzoic acid was converted

to ester 110 under acidic conditions in methanol. The ester was then brominated to give
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compound 111 in good yield. Bromide derivative 111 was used to alkylate amine 112
under basic conditions to give the backbone fragment 113 in quantitative yield. The
thymine dervative 51 was then coupled to the backbone moiety and the nitro group of the
resulting tertiary amide 114 was reduced to give the protected monomer 50a in excellent

overall yield.

Scheme 2.13: Synthesis of APNA Monomer 50.

5
Br )Y O \H
b Cc
e e
@N% NO, NO,

CO,R CO,Me CO,Me
( 109 R =H 111 113
a

110 R = Me d

ROLC- ‘(Th

; NHR" \
CGo, Me
CO,Me
50aB=Th,R=1Bu, R"=H 114

Conditions: ) MeOH, H,SOy, A, 89-100%; b) NBS, Bz,0,, CCly, A, 74-80%; ¢) H,NCH,CO,z-Bu (112),
DIPEA, DMF, >98%; d) Compound 51, EDC, DMF, 93%; ¢) HCO,H, DIPEA, Pd-C, DMF, 89%.
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2.7 - NMR Characterization of APNA Monomers.

Amide nitrogen atoms typically favor the sp> geometry and are coplanar with the
carbonyl moiety so that the lone pair on the nitrogen atom is conjugated with C=0 7z~
system. Furthermore, since the two substituents on the nitrogen atom of the tertiary
amide intermediates in Schemes 2.5, 2.7 and 2.11-2.13 are sterically and electronically
sirhilar, the two amide rotamers [i.e. E(O)-72a and Z(O)-72a] are of similar energy. The
free energy barriers for interconversion between amide rotamers of this type are typically
in the range of 18-21 kcal/mol, which renders the rate of interconversion slow enough for
individual rotamers to be observed on the NMR time scale. Thus, the 'H and ’C NMR
spectra of intermediates such as 72a displayed separate resonances for the E(O) and Z(O)
isomers (Figure 2.1).

Variable temperature 'H NMR was used to confirm that the two sets of signals
arising from the tertiary amides in Schemes 2.5, 2.7 and 2.11-2.13 corresponded to the
expected amide rotamers and not to two separate compounds. Upon heating a pure
sample of compound 72a, the pairs of 'H NMR resonances observed at room temperature
began to coalesce at temperatures over 90-100°C, giving rise to a single set of signals at
approximately 140°C. Theoretically, the temperature at which two sets of resonances
will coalesce is dependent on the difference in the proton chemical shifts of the rotamers
and it is also related to the free energy barrier of rotation about the C-N bond; this energy
can be calculated by equation 2.1:

AG" = (1.987)(Teour)(23.76 + In[ Teoat/keoal]), 2.1)
keoat = (0.5)(V2)mA

A= 6rotamer a— 8rotamer b
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Figure 2.1: Temperature Dependence of the 'H Methylene Resonances of Compound

T2a.

For example, based on the 'H NMR data of compound 72a, the barrier to
interconversion between E(O)-72a and Z(0)-72a was calculated to be 18.9 kcal/mol,
which is consistent with literature data.”’ Although it was also possible to record the *C
spectra at 140°C for most compounds, the spectra were usually recorded at ambient
temperature.”> Similar results were obtained with all N,N-dialkyl tertiary amide

intermediates presented in Schemes 2.5, 2.7 and 2.11-2.13.
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2.8 - Conformational Analysis of the N-phenyl APNA Monomers

Monomers 45 and 46 are particularly interesting as PNA analogues since it is well
known that N-phenyl-N-alkyl tertiary amides adopt the E(O) geometry exclusively, with
the plane of the phenyl moiety oriented perpendicularly to the plane of the amide bond
(Figure 2.2a).” Thus, if the R group of such an amide was to extend in the C-terminal
direction of an APNA monomer and the R’ group to a nucleobase [i.e. E(O)-45], then this
amide conformation would be analogous to the more favourable Z(O) rotamer of the
PNA monomers for binding to natural oligonucleotides (see Section 1.8, page 24).
Unlike the previously discussed molecules (e.g. compound 72a, Fig. 2.1), for compounds
45a,b and 46a the rotamer equilibrium is heavily shifted towards one isomer, since only
one set of signals were observed for these compounds in both their 'H and °C NMR
spectra. Therefore, nOe experiments were conducted to confirm that these monomers
exist predominately in the expected E(O) conformation. An unambiguous assignment of
the preferred rotamer was obtained by studying the adenine derivative 87b.* The key
nOe correlations are shown in Figure 2.3. Compound 87b, as well as all of the N-phenyl
derivatives described in this chapter, are found in solution as a 1:1 mixture of
atropisomers, thus H_and H, are diastereotopic and appear at very different chemical
shifts in the '"H NMR spectrum. Chemical shift assignments for both H, and H, were
confirmed by the nOe correlations observed, including a strong nOe between both H, H,
and H, of the adenine base. Strong nOe was also observed between H, and aromatic H,

proton but not between H, and H , consistent with the desired E(O) rotamer conformation.
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Figure 2.2: Amide Rotamers of Conformationally Preorganized APNA Monomers.
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Figure 2.3: Key nOe Correlations for Compound 87b.
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2.9 - Estimation of the Barrier of Rotation for Atropisomers of APNA Monomers.

The acylation reaction of aniline 86, to give the masked monomer precursors
87a,b (Scheme 2.9), was done without control of the stereochemistry. Consequently, an
obvious concern that needs to be addressed is what effect the incorporation of a racemic
mixture of monomers 45 (a or b) into PNA oligomers would have on the hybridization
properties of these oligomers with DNA and RNA. Furthermore, it is likely that one
enantiomer may possess better DNA or RNA recognition properties than the other. In
such a case, it is questionable whether the unfavored enantiomer would interconvert into
the favoured enantiomer, at ambient temperatures, during hybridization by bond rotation
about the C,-N bond. In order to obtain some insight into these questions, molecular
mechanics calculations and NMR experiments were used to estimate the barrier of
rotation for interconversion of the two atropisomers.

To simplify the molecular modeling calculations, the compound 116 was chosen
as a model structure; the groups omitted from compound 87b were expected to have little
impact on the overall outcome of the calculations. In this experiment, the C,-N bond
was rotated as shown in Figure 2.4 in increments of 10", while holding the dihedral angle
of interest constant. The structure was minimized using the MM+ force field provided in
the HyperChem Molecular Modelling software (v5.1). Finally, the structure was then
further refined by a semi-empirical calculation at the PM3 level. The bond was rotated so
that the -CH,NHCHO moiety passed in proximity to the allyl fragment of the molecule,
which is the path calculated to be subject of the least steric interaction. The energies
obtained by this method were then plotted as a function of torsion angle to generate the

free energy diagram shown in Figure 2.4. Based on these calculations, the barrier to
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interconversion was estimated at approximately 23.5 kcal/mol, which should allow for

resolution of the enantiomers at room temperature.
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Figure 2.4: Free Energy Diagram for Interconversion of Atropisomers of Compound

116.

A more direct method for determining the barrier to rotation is by variable
temperature NMR spectroscopy; provided that the rate of interconversion of rotational
isomers is slow enough at room temperature to be observed on the NMR timescale. The
temperature dependence of all the methylene 'H chemical shift of compound 87a is
shown in Figure 2.5. It was expected that at the point of free rotation about the C, -N
bond, each signal for the diasteriotopic geminal protons of compound 87a would coalesce
into a single resonance. However, this phenomenon was not observed for resonances that
were completely resolved and so an accurate determination of the barrier of rotation
could not be made in this way. Due to the temperature limitation imposed by the
instruments available, the only signals that were appropriately spaced for these

experiments were those of geminal protons H, and H,, However, these signals were

63



Chapter 2

obscured by the resonance for proton H, as this signal coalesced with H,. Furthermore,
while it is not clear exactly when the resonances for H, and H, coalesce, it seems as
though the coalescence may occur at approximately 140-150°C. This range would
correspond to a barrier to rotation of approximately 22 kcal/mol, within reasonable

agreement with that calculated by molecular modelling above.

Hc Hd
H H
0 b 2
\/\N - Th
He Hd | Ha “Hb
BocHN
87a
25°C
70 °C
90 °C
110 °C
130 °

ppm

Figure 2.5: Temperature Dependence of Chemical Shift of the Resonances for the

Methylene Region of Compound 87a.
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Atropisomerism has been arbitrarily defined by Oki as being present when one
atropisomer can be isolated from the other and have a half life of greater than 1000
seconds.”” This definition does not specify a barrier of rotation, but at 300K the critical
barrier is 22.3 kcal/mol. Since each atropisomer of the APNA monomers described above
may have different DNA or RNA recognition properties, a method for separation of each
enantiomer would be of significant value. The dihydroxylation reaction of intermediates
87a,b gave a 1:1 mixture of diasteromers of diols 88a,b (Scheme 2.9).”° Although these
diasteromers could not be separated by silica gel chromatography, partial separation of
the diasteriomers was achieved by chiral HPLC. However, since the barrier of
interconversion is very similar to the minimum free energy barrier that would allow for
separation of the diastereomers at room temperature, a pure enantiomer of 45a,b once
incorporated into an oligomer would lose all or most of its optical purity under the
conditions used for annealing the complementary strands in hybridization experiments
described in Chapter 4. Therefore, no further attempt was made to resolve the

enantiomers of monomer 45a,b.

2.10 - Synthesis of PNA Monomers.

The oligomers prepared as part of this thesis required the use of Boc/Cbz- and
Fmoc/Cbz-protected PNA monomers, which were prepared following literature
procedures. The Boc-protected thymine PNA monomers were prepared using one of two

methods (Scheme 2.14). In the first approach, 3-amino-1,2-propanediol (117) was N-Boc
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protected by reaction with Boc,O under basic conditions giving diol 118. Oxidative
cleavage of the diol, followed by reductive amination of the corresponding aldehyde 119
with glycine methyl ester gave the desired secondary amine 120 in low to modest yield
(Scheme 2.14). Alternatively, the PNA backbone 120 could be prepared by mono-Boc
protected of ethylenediamine by reaction with 0.13 equivalents of Boc,O to give pure
compound 122 in >98% yield. Compound 122 was further reacted with 0.13 equivalents
of ethyl bromoacetate in the presence of K,COs, giving compound 120 in 96% yield. In
previously reported procedures, the preparation of compound 120 was carried out using a
1:1 molar ratio of Boc-protected ethylenediamine to ethyl bromoacetate.”’ In our hands,
this method led to uncontrollable dialkylation as a major side reaction. Excess amine 122
was required in this reaction in order to avoid dialkylation, however, the unreacted
starting material was usually recovered quantitatively. Each of these methods of PNA
backbone construction has advantages and disadvantages. Although the first route
involves more steps and the yield of the reductive amination is relatively low, with poor
mass recovery, this method was practical for production PNA monomer in a larger than
10g scale. In contrast, the second route was far more efficient and allowed for near
quantitative mass recovery of the amine 122. However, the large excess of amine 122
required and the high dilution conditions made large-scale preparation impractical. In
order to complete the synthesis of the thymine monomer 124, thymine derivative 51 was
coupled with secondary amine 120 giving fully protected thymine monomer 123, which

was then hydrolyzed to the free carboxylic acid 124 (Scheme 2.14).
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Scheme 2.14: Synthesis of Boc-Protected, Thymine PNA Monomer.

OH a OH b
HN A _OH —=  BocHN._X_OH —s BocHN._~
117 118 119
C
BocHN
\/\NACOZH BOCHN\/\ P f
g N CozR BocHN\/\ N
0 - (g S N™ "COR
g0 {0
120
NH Y
124 123 | A .
o)
o)

d
— » BocHN
HZN \/\ NH2 \/\ N H2
121 122
Conditions: a) Boc,0, NaOH, H,0, >99%; b) NalO,, THF/H,0, >98%; c) HC1. H,NCH,CO,R,NaBH;CN,

EtOH, 25-45%; d) 0.13 equivalent Boc,O, THF, >99%; ¢) 0.13 equivalent BrCH,CO;R, K,COs;,
CHCL/CH,CN, 90-95%; f) 51, EDC, DMF, 75-90%; g) LiOH, THF/H,0, then HCl, >90%.

Fmoc-protected PNA monomers were also prepared following a literature method
without modification (Scheme 2.15). Ethylenediamine was mono-alkylated with 0.1
equivalents of fert-butyl bromoacetate giving diamine 125. The primary amino group of
compound 125 was selectively protected with N-(9-Fluorenylmethoxycarbonyloxy)
succinimide (Fmoc-ONSu) to give the PNA backbone fragment 126. The nucleobase
derivatives were coupled to secondary amine 126 under standard conditions and the tert-

butyl esters converted to the free acids 128a-d after treatment with TFA in DCM.
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Scheme 2.15: Synthesis of Fmoc/Cbz-Protected PNA Monomers.

NH, NH, NHFmoc
a b c NHFmoc
——- —_— _—
NH, NH NH
£ L (ye
o "0
RO™ "0 ©
121 125 126 127a R =tBu, B=Th
127b R = tBu, B = Cy©=

127¢ R = tBu, B = AdCrz
127d R = tBu, B = Gucb?

128aR=H,B=Th

128b R = H, B = CyCrz
128c R=H, B = AdCtz
128d R = H, B = Gufbz

Conditions: a) BrCH,CO,¢Bu; b)Fmoc-OSucc, DIPEA; ¢) B-CH,CO,H, EDC, DMF; d) TFA/DCM.

2.11 - Conclusions.

Synthetic methods were developed for the preparation of several structurally
diverse APNA monomers. These analogues vary in the position of the aromatic ring and
nucleobase. Furthermore, APNA monomers containing a variety of substituents and
functional groups on the backbone and aromatic ring were prepared. Monomers
containing N-phenyl-N-alkyl amide moieties are acyclic PNA analogues whose tertiary
amide rotamer equilibrium heavily favours the conformation preferred by unmodified
PNAs when hybridized to DNA and RNA. This set of monomer building blocks is useful
for the preparation of oligomers designed to evaluate the hybridization properties of

novel PNA analogues, the APNAG, that incorporate aromatic rings into their backbone.
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CHAPTER 3

RESULTS AND DISCUSSION: SOLID-PHASE SYNTHESIS OF APNA

HOMOPOLYMERS AND APNA-PNA CHIMERAS.

3.1 - Objectives.

In order to evaluate the biophysical properties of the novel APNA monomers
described in Chapter 2, and to identify a lead structure for further optimization, the
monomer units 43-47 were incorporated into the middle of all thymine PNA hexamers,
which were used for hybridization studies with DNA and RNA. Subsequently, the most
promising lead structure was used to prepare APNA homopolymers and APNA-PNA
chimeras for further evaluation of the biophysical properties associated with APNA

containing oligomers.

O N
] 0]
n
r
NHR"

m n r R’
43 1 1 0 H
4 2 1 0 H
45 1 0 1 H
46 2 0 O H
47 1 1 0 Me
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3.2 - Synthesis of PNA Containing Oligomers.

The PNA segments of all the oligomers used in the hybridization experiments
described herein were prepared by solid-phase peptide synthesis. Oligomerization was
carried out on a methylbenzhydrylamine (MBHA) resin following previously established
procedures 40 2-(1H-benzotriazol-1 -yD-1,1,3,3-tetramethyluronium hexafltuorophosphate
(HBTU) was used as the coupling reagent in the presence of diethylcyclohexylamine
(DECA) and in a solvent mixture of 1:1 pyridine/DMF. After each step, unreacted free
amino residues were capped by treatment of the resin with Ac,O in the presence of
pyridine. Capping of the N-terminus of the PNA oligomers was done in order to avoid
intramolecular N-acyl transfer of the last acetylnucleobase moiety (Scheme 3.1). The N-
Boc protecting groups were removed by treating the peptide with 25% TFA in
dichloromethane and the progress of both the coupling and deprotection steps was
monitored using the Kaiser test.”® In cases where the N-Fmoc protecting group was used,
the protected amines were liberated from the resin with 20% piperidine in DMF. It
should be noted that a lysine residue was included at the C-terminus of each peptide in
order to prevent aggregation of the polymer-bound oligomer during its synthesis on the
solid support.” However, based on the literature,” the presence of this amino acid at the
C-terminal of an oligomer does not have any significant impact on the hybridization
properties of these molecules. Cleavage from the resin was achieved by treatment of the
polymer-bound peptide with trifluromethanesulfonic acid (TFMSA) in TFA. The crude
peptides were first precipitated from the TFA solution, by diluting the mixture with

anhydrous diethyl ether (20-fold dilution) and then purified by preparative C18 reversed-
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phase HPLC. Following this methodology, the PNA oligomers 129-131 listed in Table

3.1 were prepared.

Scheme 3.1: Acyl Transfer Reaction of Resin Bound PNA Oligomers.

C’O§ri‘\\ 0 o)

H

. N -

resin bound \/\NHz resin bound N\/\NJ\/B
PNA PNA H

Table 3.1: PNA Control Sequences Used in Hybridization Studies.

PNA Sequence
129 N Ac-TTTTTT-Lys-NH, C
130 N Ac-ATCATTCTCT-Lys-NH, C
131 N H-GTAGATCAACT-Lys-NH, C

3.3 - Synthesis of APNA-PNA Homo-Thymine Hexamers.

The ortho-substituted aniline moieties of monomers 43, 44, 46 and 47 were found
to react sluggishly during peptide synthesis, even when an excess of the free acids and

coupling reagents were used. Furthermore, the free aniline moieties cannot be detected
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using the Kaiser test and so a different method for monitoring the coupling cycles of each
APNA unit would have to be explored. Therefore, all of the APNA monomers were
incorporated into the oligomers using the APNA-PNA dimers 138-143. These were
easily synthesized in solution by the coupling of compounds 43, 44, 46 and 47 with the
PNA monomer 124 using HATU/DIPEA (Scheme 3.2).100 The ester moieties of
intermediates 132-137 were hydrolyzed to give the free acids 138-143 which were used
directly for the solid-phase synthesis of the Lys-PNA,-APNA-PNA;3-Ac hexamers (144-
150) following the same protocol as for the synthesis of the PNA control (Scheme 3.3).
After cleavage of these oligomers from the solid support, HPLC analysis of the crude
material indicated the presence of the desired PNA-APNA chimeras in >65% of the total
sample. However, oligomers 144-150 were isolated in approximately 30-50% yield after

HPLC purification.

Scheme 3.2: Synthesis of APNA-PNA Dimers 138-143.
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Scheme 3.3: Synthesis of APNA-PNA Chimeras 144-150.
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144 1 1 0] Th H H
145 1 0 1 Th H H
146 2 1 0 Th H H
147 2 0 0 Th H H
148 1 1 0 Th Me H
149 1 1 0 Th H Me
150 1 1 0 Cy H H

An appealing structural feature of monomer 45 is that the N- terminal of this
analogue is a benzyl amine, in contrast to the aniline-based APNA monomers 43, 44, 46
and 47. The superior nucleophilic character of this amine led to more efficient solid
phase coupling reactions during chain elongation. In all cases, coupling reactions with
monomers 45a,b were done under the conditions developed for PNA chemistry which
were discussed in Section 3.2. Generally, these monomers were completed within 30 to
40 minutes and the progress of the reaction could be easily monitored using the Kaiser

test.'?! Following these procedures, oligomer 145 was prepared using APNA monomer
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45a and the APNA homopolymer 151 was prepared from monomer 45b in excellent
yield and purity (Figure 3.1). In all cases, the purity of each oligomer was confirmed to
be greater than 90% by analytical C18 HPLC (run at 60 °C with a slow solvent gradient

from H,0 to CH3CN) and characterized by electrospray mass spectroscopy.

O H o
A
H,N N\/(o
q Ad
NH, O
i 3sX
N 151

L 1 1 L ]

0 10 20 30 40
Time (min)

Figure 3.1 HPLC Analysis of Crude Hexamer 151.

3.4 - Optimization of Solid-Phase Peptide Chemistry for Aniline-Based APNA

Modifications.

The Fmoc-based coupling strategy is an approach which is often used in solid-
phase synthesis so that the coupling yields at each cycle can be quantified by
spectroscopic analysis of the dibenzofullvene adduct 152.'* This approach was chosen
for the solid-phase synthesis of oligomers containing more than one APNA insert. PNA-
APNA chimeras were synthesized using Fmoc-protected PNA monomers 128a-d,

following the coupling protocol described in Section 3.2.
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()
OO w

A number of reagents were explored in order to find the most efficient protocol
for the coupling of anilines. Preliminary solution phase studies indicated that the
coupling reactions involving APNA free aniline monomers were most efficient when the
uronium based reagent HATU was used to activate the carboxylic acid. In general, other
reagents based on the formation of HOBLt esters, such as HBTU and TBTU, as well as the
phosphonium reagent BOP-CI, gave lower coupling yields, whereas, the carbodiimide
reagents DCC and EDC were ineffective in providing the desired amides in any
acceptable quantities. Therefore, these reagents were not tested during optimization of
the solid-phase synthesis protocol. Instead, HOAt derived active esters, as well as 2-
chloro-1-methylpyridinium iodide (MCPI, Mukayama’s Reagent) were explored.'” In
order to optimize the coupling conditions for APNA anilines, compound 154 was
synthesized on MBHA resin using monomer 43a (B = Th, R = H, R” = Fmoc). The
yields of the coupling reaction under different conditions are summarized in Table 3.2.
Using HATU as the coupling reagent, DIPEA as the base and 1:1 DMF/pyr as the solvent
(optimal for PNA synthesis), a coupling yield of 33% was obtained (entry 1). In contrast,
when MCPI was used with the same solvent the coupling yield increased to 70% (entry
2). Changing the solvent to DMF when HATU was used (entry 3) improved the coupling
yield slightly to 55%. Coupling reactions in DCM, even with MCPI as the coupling

reagent (entry 4), gave poor yield (29%); however, in this solvent the APNA monomers
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were poorly soluble. When HATU was used in DMF as the coupling reagent and the
base was changed to 2,4,6-collidine the coupling yield also improved very slightly to
57% (compare entries 3 and 5). Finally, if 1 equivalent of HOAt and 3 equivalents of
collidine were used, the coupling yield improved to 61.9% (entry 6). On the basis of
these experiments, MCPI with DIPEA in DMF/pyr or HATU/HOAt with collidine in
DMEF appeared to be the best combination of reagents and solvent for coupling APNA

monomers to resin bound free anilines.

?/N/EH i/j'““ ?/JZN
~" gj”
0 HFmoc

T

conditions 0]
see
Table 3.2

153 154

O”Wé;im%g OH{E}”
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Table 3.2: Optimization of Coupling Yield for Solid-Phase Synthesis of APNA

Oligomers and APNA-PNA Chimeras.”

entry Coupling Reagent Used Solvent Yield of Coupling’

1 HATU / DIPEA 1:1 DMF/pyr 33.4%
(lequ/2 equ)b

2 MCPI/ DIPEA 1:1 DMF/pyr 70.4%
(4equ/6equ)

3 HATU / DIPEA DMF 54.8%
(1equ/2equ)

4 MCPI/ DIPEA DCM 29.1%
(4 equ/ 6 equ)

5 HATU / collidine DMF 57.3%
(lequ/2equ)

6 HATU / HOAt/ collidine DMF 61.9%

(lequ/1equ/3equ)

“_3 equivalents of monomer 43a relative to the loading of the resin were used in all cases. ’- relative to
free acid 43a; ‘- reaction time was 4.5h in all cases.

Finally, for the synthesis of oligomers, the conditions given in entry (6) (Table
3.2), were altered slightly by a) increasing the number of equivalents of free acid, HATU,
HOALt and collidine to a ratio of 5:5:5:15 relative to the initial loading of the resin bound
aniline, and b) by increasing the reaction time to 10 h. These changes resulted in average
coupling efficiency of approximately 95%, based on quantification of the Fmoc
chromophore. However, for oligonucleotide synthesis an average coupling yield of 95%
is not efficient enough for long oligomers. For example, with a 95% yield at each
coupling step, the overall yield for the synthesis of an 18-mer would be a maximum of
39% (assuming all other steps, such as deprotections and capping, are quantitative). To
compensate for the less than ideal coupling efficiency of the aniline APNA monomers,
and also aid oligomer purification, Fmoc protected APNA dimers were employed as

building blocks for oligomer synthesis. The required dimers were synthesized in solution
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by coupling the appropriate aniline 82a-d with the appropriate free acid 43a-d, followed

by a deprotection step to give the free acid dimers indicated in Scheme 3.4.

Scheme 3.4: Synthesis of APNA Dimers Used in Solid-Phase Synthesis.
0O

/Fo/l\

N

Cr,

A
2 HO,C
82a B, = Th OJ\ {51 A ‘(31
N N
TFA >

82b B, = Cyc* HATU/HOAt

{51
o)

82¢ B, = AdCbz 2,4,6-collidine © DCM
82d B, = Gut»z —— -
DME NH >98% NH
see Table 3.3 J\
for yields O%\ B, © B

+
HO,C
2 \ B, 0 O
N\(
(j\/ (0] NHFmoc NHFmoc
NHFmoc 155-159 160-164

43aB,=Th
43b B, = Cycbz
43¢ B, = AdCv
43d B, = Guo®2

Table 3.3: Summary of Yields for APNA Dimer Synthesis.

Compound B, B, % yield of Corresponding
dimer Free Acid
155 T T 58 160
156 A C 70 161
157 T A 74 162
158 G AP 40 163
159 T G 49 164
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The Fmoc protecting group on the last residue was retained on the oligomer in
order to render the final product more lypophilic than the n-2 failure sequences and
consequently was easier to purify by reversed-phase HPLC. Once oligomers had been
synthesized on the solid support, they were cleaved from the resin in one step by
treatment with TEMSA in TFA with thioanisole as the scavenger. The reaction mixture
was then diluted with ether (20-fold dilution) and the fluffy, white precipitate was
centrifuged to a pellet. Upon analysis of the crude mixture by HPLC, often numerous
peaks were detected whose mass spectra corresponded to full-length decamers containing
from one to five Cbz protecting groups. In those cases, the isolated solid was re-treated
with the cleavage cocktail in order to remove the remaining protecting groups (Figure
3.2). Generally, the purity of the final product was superior if the crude solid obtained
after cleavage of the peptide from the resin and ether precipitation was re-subjected to the
cleavage conditions rather than prolonging the original cleavage reaction. Using this
protocol, compounds 165-173 were prepared (Table 3.4); the reasons for this are not

obvious.
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a) b)
3
2
2
0 10 20 30 40 0 10 20 30 20
Time (min) Time (min)

Figure 3.2: HPLC Analysis of: a) Crude Sample of Decamer Fmoc-168 (Table 3.4); and

b) the Same Sample after Subsequent Treatment with TFMSA/TFA/thioanisole.

Table 3.4: APNA Containing Sequences Used in Binding Experiments.”

Compound Sequence
165 Ac-ATCAT-T,.CTCT-Lys-NH,
166 Ac-ATCA-ToT,-CTCT-Lys-NH,
167 H- AjT¢CoA-TTCTCT-Lys-NH,
168 H- A¢ToCoAoTaToCoaToCoTy -Lys-NH,
169 H-GTAGA-T,-CACT-Lys-NH,
170 H-GTAG-A;T«-CACT-Lys-NH,
171 H-G,TA«Go-ATCACT-Lys-NH,
172 Ac-ToToTaToToTq -Lys-NH,
173 H-Asp-ToToToTToTy -Lys-NH,

Notes: * APNA Residues with subscript “c”and bold text, PNA residues in normal text.
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CHAPTER 4

RESULTS AND DISCUSSION: PHYSICOCHEMICAL PROPERTIES OF APNA-
PNA CHIMERAS CONTAINING THYMINE, CYTOSINE, ADENINE AND

GUANINE.

4.1 - Objectives.

It was assumed that once an APNA monomer was identified that exhibited good
conformational rigidity and reasonable molecular recognition for natural nucleic acids, its
backbone moiety could be further modified in order to optimize the biophysical
properties of oligomers composed of such monomers. Thermal denaturation experiments
involving hexamers 129, 144-150 were first used to identify APNA monomers with
promising biophysical properties. Oligomers containing multiple inserts of the APNA
monomers (PNA-APNA chimeras) were examined by thermal denaturation and cyanine

dye binding experiments.

4.2 - Physicochemical Properties of APNA-PNA Hexamers.

In order to gain some insight into the physicochemical properties of each APNA

monomer, the hybridization properties of hexamers 144-150 with polyriboadenylate (poly
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rA) and polydeoxyriboadenylate (poly dA) were compared to those of the control PNA-
Te (129, Table 4.1). In all cases, the stability of triplex formation was evaluated by UV-
thermal melting (T,,) experiments at nearly physiological conditions (pH = 7.1, 150 mM
NaCl, 10 mM NaH,PO4, 1 mM EDTA). Hexamers were mixed in a 2:1 ratio (T,:A)
based on the expectation that each PNA strand (or APNA-PNA chimera) would bind to
the DNA or RNA strand to form PNA,DNA or PNA,:RNA triplexes.'” Complex

formation in a 2:1 ratio was also confirmed by Job plot titration. 105

RO R] HN R
Y, [( m/—B NH JE B
O N{ 2 0O m N‘(

o)

m n r R’ m n r B R

43 1 1 0 H 144 1 1 0 Th H
4 2 1 0 H 145 1 0 1 Th H
45 1 0 1 H 146 2 1 0 Th H
46 2 0 0 H 147 2 0 0 Th H
47 1 1 0 Me 148 1 1 0] Th H
149 1 1 0 Th Me

150 1 1 0 Cy H

The circular dichroism (CD) spectrum of the complex formed between the Lys-

PNA,-APNA-PNA;3-Ac chimera 144 and poly rA was very similar to that observed for
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the triplex of the control PNA-Ts (129) with poly rA (Figure 4.1). Similar CD spectra
were also observed for the complexes formed between the PNA-Ts and poly dA, as well
as chimeras 144 and poly dA, strongly suggesting that the incorporation of a single
monomer of structure 43 into the PNA homopolymer did not alter the known

hybridization characteristics of these oligomers.

CD

-15 1 . 1 . 1 ) 1
240 260 280 300

Wavelength (nm)

Figure 4.1: CD Spectra of the Complexes 129:prA and 144:prA.

The melting temperatures (T,,) of the complexes between oligomers 129, 144-150
and poly rA and poly dA are summarized in Table 4.1. The PNA-T¢ control strand (129)
gave T,, values of 65°C and 56°C when hybridized to poly rA and poly dA, respectively
(Table 4.1), consistent with those reported previously for triplexes of PNAs with natural
oligonucleotides.'®® However, destabilization was observed upon insertion of one APNA
monomer of analogue 43 into the middle of the hexamer (chimera 144), resulting in a

significant decrease in the T, values observed for the complexes formed between the
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Lys-PNA,-APNA-PNA;-Ac chimeras (144) and poly rA or poly dA as compared to those
of the control. Incorporation of monomer 45 into a hexamer (i.e. chimera 145) resulted in
only a slight further decrease of the T, value for the triplex with RNA (AT,, = -3°C) as
compared to hexamer 144, whereas a more significant difference was observed with
DNA (AT,, = -6°C). Increasing the backbone distance between adjacent nucleobases, as

in the case of the APNA [-alanine analogue (monomer 44, chimera 146), also had a
detrimental effect on the stability of the complex formed with poly rA, whereas there was
no hybridization observed between 146 and poly dA. Finally, when monomer 46 was
incorporated into the PNA hexamer (chimera 147), there was no hybridization with either
poly rA or poly dA. It should be noted that in both monomers 44 and 46 the space
between adjacent nucleic acid bases is significantly altered, in particular at the junction
points between the APNA and PNA units, which most likely results in a dramatic
destabilization of any complex that may form with DNA or RNA. Thus, it is conceivable
that homopolymers of monomers 44 or 46 could potentially exhibit much better
hybridization properties than those observed with the PNA-APNA chimeras 146 and 147,
respectively.

Substitution at C, of the amino acid moiety in the APNA backbone also had a
negative effect on the binding properties of the APNA-PNA chimeras, although methyl
substitution of the R configuration (chimera 148) was slightly better than the § (chimera
149). The destabilizing effects observed due to backbone substitution of the APNA
analogues are far more significant than those previously reported for the C,-substituted

analogues of PNAs.'”

88



Chapter 4

Table 4.1: Results of Thermal Denaturation Experiments® for Complexes of Hexamers

126, 141-147 with poly rA and poly dA.

compound complex with poly rA complex with poly dA
(T, °C) (T, °C)
129 65 56
144 50 45
145 47 39
146 26 <5
147 <5 <5
148 39 30
149 30 26
150 17 <5

“ Melting temperatures of duplexes were determined on a Cary 3 UV-vis spectrophotometer. All T,
solutions were 150mM in NaCl, 10mM in NaH,PO,, 1mM in EDTA, the pH was adjusted to 7.1. The
solutions were heated to 90°C for 10 min then cooled slowly to 4°C and stored at that temperature for at
least 1h. The melting curves were recorded by heating the solutions from 5°C to 90°C in steps of
0.5°C/min.

In all cases, the known selectivity of PNAs for recognition of RNA over DNA
was maintained in the hybridization properties of the PNA-APNA chimeras (Table 4.1).
This discrimination between RNA and DNA is particularly important for DNA-PNA
chimeras and their applications in antisense technology, since a key approach to halting
the flow of genetic information is through activation of RNase H and degradation of the
target RNA molecules.'®

Once the APNA monomer derived from glycine (43) was identified as the most
promising lead structure in this series, it was important to confirm that the decrease in the
melting temperatures observed with chimera 144 (AT, = -15°C and -11°C for

hybridization with poly rA and poly dA, respectively), as compared to the PNA control,
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was not due to lack of base pairing between the APNA thymine residue and its
complementary adenosine residue.'” Examination of the stability of the triplexes formed
between a hexamer containing an APNA monomer with the wrong base for Watson-
Crick hydrogen bonding (e.g. hexamer 150) with poly rA and poly dA revealed a much
lower hybridization affinity than that observed with the fully complementary chimera
144. Therefore, the effects of a cytosine-adenosine mismatch, resulting from the
incorporation of a non-complemetary APNA unit (Table 4.1), strongly suggests that the
APNA monomer of hexamer 144 is indeed participating in Watson-Crick and Hoogsteen

base pairing with the complementary nucleobase of poly rA and poly dA.

4.3 - Hybridization of (APNA-PNA),:DNA or (APNA-PNA),:RNA Triplexes.

The hybridization affinity for the formation of triplex structures between a control
PNA decamer (130) and complementary DNA or RNA was examined by T,
measurements and compared to those of APNA-PNA chimeras containing 1, 2 or 4
APNA modifications (Table 4.2, decamers 165-167). The hybridization affinities of the
PNA control, as well as the APNA-PNA chimeras with the complementary antiparallel
RNA strand, were always greater than those observed with the complementary
antiparallel DNA strands, consistent with the known properties of PNAs (Table 4.3). It
should be noted that although the APNA-PNA chimeras 165-167 gave complexes with
both DNA and RNA that were thermally less stable than those of the control PNA

decamer 130, they were significantly more stable than the corresponding DNA:DNA (T,

90



Chapter 4

= <5°C) and DNA:RNA (T,, = 11°C) complexes under the same conditions. The
destabilization observed with complexes involving chimera 165 was well within
agreement with previous studies described in Section 4.2 on the binding of this class of
APNA analogues in a triplex binding mode. Moreover, since APNA-PNA decamer 167
was found to hybridize equally or more favorably than the APNA-PNA decamers 165
and 166, it seemed that multiple insertions of APNA monomers into PNA oligomers may
be well tolerated. Job plots confirmed that the stoichiometry of binding of the PNA
strands and APNA-PNA chimeras with DNA or RNA was 2:1 (Figure 4.2) and the T,
values showed a dependence on the pH of the buffer solution (Figure 4.3), indicating that
the complexes formed were most likely triplexes involving Watson-Crick and Hoogsteen

base pairing.
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Compound Sequence
130 Ac-ATCATTCTCT-Lys-NH,
165 Ac-ATCAT-T,.CTCT-Lys-NH,
166 Ac-ATCA-T,Ty-CTCT-Lys-NH,
167 H- AyToCoAo-TTCTCT-Lys-NH,
174 5’-dAGAGAATGAT-3’
175 5’-rAGAGAAUGAU-3’

Notes: “ APNA Residues with Subscript “o”’and bold text, PNA residues in normal text.

Table 4.3: T,, Data for Mixed Sequence Triplexes.

Tn' (AT
Antiparallel Antiparallel
PNA:DNA 174 PNA:RNA 175
130 34 51
165 27 -7 40 (-11)
166 26 (-8) 35 (-16)
167 29 (-5) 38 (-13)

Notes: “ PNA:DNA or PNA:RNA molar ratio was 1:1. Solutions were 4-54M in both PNA and DNA or
RNA. Samples were heated from 5 to 95 °C and/or cooled from 90 to 5 °C at a rate of 0.5°C/min and the
absorbance at 260nm was monitored as a function of temperature. T,, values are the maxima of the first

derivative plots of the absorbance versus temperature data.

10mMNaH,PO,, 0.1mM EDTA, pH =7.0.

Buffer conditions; 150mM NaCl,
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4.4 - Hybridization of APNA-PNA:DNA or APNA-PNA:RNA Duplexes.

Thermal denaturation experiments were conducted with APNA-PNA chimeras
designed to form duplex structures with DNA and RNA. As indicated previously
(Chapter 1), pyrimidine rich PNA sequences form triplex structures with complementary
DNA and RNA and the intermediate duplex is not observable. Therefore, a previously
described base sequence composed of 1:1 pyrimidine:purine content was chosen in order
to favor duplex formation and obtain some hybridization data that could be compared to
published results (i.e. oligomer 131, Table 4.4).*°*''° The PNA control decamer 131
gave T,, values of 54 °C (antiparallel, 131:177) and 39 °C (parallel, 131:178) with DNA
(Table 4.5)."'" As expected, the corresponding RNA complexes gave higher T,, values of
58 °C (antiparallel, 131:179) and 42 °C (parallel, 131:180). Surprisingly, the degree of
destabilization observed upon introduction of a single APNA unit in the middle of an
antiparallel PNA:DNA duplex (Table 4.5, 169:177) was far greater than that previously
observed for a PNA;:DNA triplex of the same length (Table 4.3, 165,:174).
Subsequently, the effects of longer APNA inserts into the APNA-PNA chimeras were
examined.  Incorporation of two APNA units (decamer 170) lead to further
destabilization of the complexes formed with DNA (170:177 and 170:178). A similar
effect on the stability of the duplexes formed was also observed with RNA (170:179 and
170:180). However, chimera 171, composed of four APNA units at the N-terminal,
respectively, did not exhibit the same degree of destabilization as chimera 170 relative to
the control PNA decamer 131 (Table 4.5). These results suggest (albeit do not prove)

that the destabilization observed upon insertion of a APNA monomer into PNA

94



Chapter 4

oligomers may be due to an incompatibility between the two types of backbones that are
being linked together. Furthermore, oligomers composed of multiple consecutive APNA
units may benefit from some cooperative intramolecular interactions between the APNA
monomers, which may favor hybridization. It should be noted that well-defined melting
curves were obtained for all decamer duplexes reported in Table 4.5. These melting
curves were distinctly different from those observed by measuring the UV of each
corresponding single strand as a function of temperature. In cases where the T, of the
transition that was assigned to the melting of the PNA:DNA or PNA:RNA duplex was
very similar to an apparent transition of the single strand alone, the genuine transitions
corresponding to melting of the duplexes was confirmed by recording the T,, experiments
as a function of both increasing and decreasing temperature (Figure 4.4). The single
strands characteristically show pronounced hysteresis, whereas the duplexes did not,
suggesting that the sigmoidal curves obtained with the PNA:DNA or PNA:RNA mixtures
are due to the melting of the expected duplexes. In addition, the melting curves observed
for duplexes of a PNA strand corresponding to the PNA portion of the APNA-PNA
chimera 171 (i.e. hexamer 176) with the same complementary DNA or RNA decamers

were all clearly different and gave significantly lower T, values than decamer 171.
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Table 4.4: Sequences Used in Duplex Binding Experiments.”

Compound Sequence
131 H-GTAGATCACT-Lys-NH,
169 H-GTAGA-T,-CACT-Lys-NH,
170 H-GTAG-A,Ty-CACT-Lys-NH,
171 H-G¢ToA«Go-ATCACT-Lys-NH,
176 H-ATCACT-Lys-NH,
177 5’-dAGTGATCTAC-3’
178 5’-dCATCTAGTGA-3
179 5’-rAGUGAUCUAC-3
180 5’ -rCAUCUAGUGA-3’
181 5’-dAGTGA-A-CTAC-3’
182 5’-dAGTG-T-TCTAC-3’
183 5’-dAGTGATC-A-AC-3’

“ APNA Residues with Subscript “o”and bold text, PNA residues in normal text. DNA mismatched

residue in bold text.
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Table 4.5: T,, Data for Mixed Sequence Duplexes.

Tn' (ATy)
PNA:DNA PNA:RNA
Antiparallel Parallel Antiparallel Parallel
177 178 179 180
131 54 39 58 42
169 40  (-14) 34 (-5) 48  (-10) 31 (-11)
170 30 (-24) 26 (-13) 38 (-20) 27 (-15)
171 43 (-11) 28 -7) 45  (-13) 28 (-14)
176 24 <10 26 20

Notes: “ PNA:DNA or PNA:RNA molar ratio was 1:1. Solutions were 4-5uM in both PNA and DNA or
RNA. Samples were heated from 5 to 95 °C and/or cooled from 90 to 5 °C at a rate of 0.5°C/min and the
absorbance at 260nm was monitored as a function of temperature. T, values are the maxima of the first
derivative plots of the absorbance versus temperature data. Buffer conditions: 100mM NaCl, 10mM
NaH,PO,, 0.1mM EDTA, pH =7.0.

o415} @ b)
0.410F T,=-33%

0.405 -

/]
a . 2 5
< 0400} T T,=-~427C K 0 T, =~43°C
0.395 - 0.88 .
heating from § ot 60 °C heating from 5 ot 60 °C
0.390 | =—cooling from 60 to § °C 088 ——cooling from 60 to 5 °C
) . . ) . . ; A ose
10 20 30 40 50 60 70 80 ) 10 20 30 40 50 60 70 80
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Figure 4.4: T,, Curves as a Function of Increasing and Decreasing Temperature for a)

APNA-PNA Chimera 171 Alone, and; b) Duplex 171:177.
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The destabilization observed upon incorporation of APNA units into the PNA
decamers is unlikely due to the inability of the APNA monomers to recognize their
complementary bases and more likely due to the yet unoptimized conformation and/or
distances between units at the PNA---APNA---PNA junctions. In support of this
assumption, the introduction of single point mismatches in the complementary DNA
strands led to a far greater decrease in the T,, values of the corresponding duplexes than
those observed upon insertion of an APNA unit at the same location as the mismatch
(Table 4.6). The difference in thermal stability observed for duplex 131:177 compared to
duplex 131:181, 131:182 or 131:183 (AT,, = -10 to -20°C) is consistent with the drop in
T,, reported previously for a single mismatch in a PNA:DNA duplex. Furthermore,
duplexes involving oligomers 169-171 that contained mismatches opposite an APNA
residue were of lower thermal stability relative to their fully complementary complexes.
These results strongly support the conclusion that APNA monomers participate in
Watson-Crick interactions and contribute to the overall sequence specific recognition and
binding of the APNA-PNA decamers 169-171 with complementary natural

oligonucleotides.
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Table 4.6: T,, Data for Mixed Sequence Duplexes Containing Single Mismatches.

T (AT,)
181 182 183
131 34 (-20) 36 (-18) 44 (-10)
169 27 (-13) n.d n.d
170 n.d 17 (-13) n.d
171 n.d n.d 38 (-5)

Notes: “ PNA:DNA or PNA:RNA molar ratio was [:1. Solutions were 4-5uM in both PNA and DNA or
RNA. Samples were heated from 5 to 95 °C and/or cooled from 90 to 5 °C at a rate of 0.5°C/min and the
absorbance at 260nm was monitored as a function of temperature. T,, values are the maxima of the first
derivative plots of the absorbance versus temperature data. Buffer conditions: 100mM NaCl, 10mM
NaH,PQy4, 0.1mM EDTA, pH = 7.0. b AT,, is relative to the corresponding fully matched duplex. € n.d.-
not determined.

Complex formation between compounds 131, 169-171 and oligonucleotides 177
and 179 to form duplex structures was also confirmed using the molecular recognition
methodology developed by Armitage and coworkers.''> Upon addition of the cyanine
dye 3-ethyl-2-[5-(3-ethyl-3H-benzothiazol-2-ylidene)-penta-1,3-dienyl]-benzothiazol-3-
ium iodide (DiSC,(5), 184) to a duplex or triplex composed in whole or in part of PNA
oligomers, the dye binds in a spontaneous and cooperative fashion to the minor groove of
the complex as a highly ordered aggregate. The binding is accompanied by a
hypsochromic shift of the main visible absorption band of the dye allowing for
convenient detection of PNA containing duplexes or triplexes. The absorption spectra of
antiparallel'® duplexes 131:177 and 131:179 are given in Figures 4.5a and 4.5b,
respectively. In the case of the PNA:DNA complex 131:177, the expected blue shift of
~115 nm was observed upon cooling a solution containing 131:179 and DiSC,(5) from

40°C to 7°C.''* Furthermore, similar spectral changes were observed with the PNA:RNA

99



Chapter 4

complex 131:179. This is the first documented example of complex formation between
DiSC;(5) and a PNA:RNA duplex, which expands the scope of this methodology. The
absorption spectra of antiparallel duplexes 170:177 and 170:177 are given in Figures 4.5¢
and 4.5d, respectively. The data shown in Figures 4.5¢ and 4.5d support the conclusion
that introduction of two APNA units into the middle of a PNA decamer does not
seriously perturb the three dimensional topography of the complex, since the binding of
DiSC,(5) to PNA:DNA duplexes has been shown to be sensitive to conformational
distortions of the duplex.112 Similar results were obtained with all the complexes formed

between compounds 131, 169-171 and oligonucleotides 177 and 179.'"
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Figure 4.5: a) UV-vis Spectra of DiSC,(5) Added to Duplex 131:177; b) UV-vis Spectra

of DiSC»(5) Added to Duplex 131:179; c¢) UV-vis Spectra of DiSC,(5) Added to Duplex

170:177; d) UV-vis Spectra of DiSC,(5) Added to Duplex 170:179.
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4.5 — Conclusions.

Thermal denaturation experiments involving hexamers 129, 144-150 revealed that
APNA monomers represented by structure 43 and 45 exhibited good binding properties
with DNA and RNA. Further studies with the most promising monomer 43 showed that
this APNA analogue displayed good sequence recognition for DNA and RNA, most
likely through Watson-Crick and Hoogsteen base pairing. In general, it appears that
continuous stretches of APNA monomers are well tolerated in both duplex and triplex
binding modes. The binding of APNA modified oligomers was verified using the
cyanine dye 184. The fact that the dye binds to the APNA-PNA:DNA and APNA-
PNA:RNA complexes suggests that the minor groove of duplexes involving APNA is of
similar topology to the unmodified PNA complexes. The current results are very
promising and have provided a new lead structure of peptide nucleic acid analogues

haVing unique physicochemical properties.
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"4 The dye aggregates bound to PNA:DNA duplexes give T,, values of ~29 °C. See ref.

112 for complete experimental details.

15 1n a series of control experiments, the UV-vis spectra of compounds 131, 169-171 in
the presence of DIiSC2(5) were recorded at 40°C and then 7°C, in the absence of
complimentary oligonucleotide 177 or 179. No significant change in the spectra was
observed, indicating that a (DiSCy(5)).:ssSAPNA-PNA aggregate was not responsible for

the observed spectral changes.
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CHAPTER 5

RESULTS AND DISCUSSION: PHYSICOCHEMICAL PROPERTIES OF APNA

HOMOPOLYMERS.

5.1 - Objectives.

Preliminary binding results showed that oligomers containing APNA monomer 43
were capable of recognizing complementary DNA and RNA residues. Therefore, it was
of significant interest to evaluate the binding properties of APNA homopolymers.
Decamer 168 and hexamer 172 (Table 5.1) were synthesized in order to compare the
binding properties of APNA homopolymers to those of PNA oligomers and APNA-PNA
chimeras, such as oligomers 129 and 130 and 144, 165-167, respectively (Tables 3.1 and
3.4). The modified hexamer 173 was also synthesized and used in these studies; the N-
terminal aspartic acid residue was added to this oligomer in order to improve aqueous

solubility.
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Table 5.1: APNA Homopolymers Prepared for Binding Experiments.*

Compound Sequence
168 H' AaTvaAaTaTaCaTaCaTa ‘LYS‘NH2
172 AC—TqT(quT(xTaTa "LyS‘NHz
173 H'Asp'TaTqTaTaTaTq 'LyS‘NH2

“ APNA Residues are indicated in bold with the subscript “0’”; PNA residues in normal text.

5.2 - Aqueous Solubility of APNA homopolymers.

In order to evaluate the binding properties of fully modified APNA oligomers,
compounds 168 and 172 were prepared as described in Chapter 3. Unfortunately,
saturated solutions of these oligomers in various aqueous buffers gave near zero
absorbance at 260 nm, indicating they were essentially insoluble under the conditions
used for the hybridization studies. PNA oligomers having an aspartate residue at N-
terminal were previously synthesized in order to enhance aqueous solubility without
altering the hybridization properties of these compounds.*®  Similarly, the APNA
hexamer 173 was found to be much more soluble in water than the equivalent hexamer
172 (Table 5.1), allowing us to evaluate the hybridization properties of APNA

homopolymers with DNA and RNA.
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5.3 — Hybridization of Hexamer 173 to poly dA and poly rA.

Thermal denaturation experiments were conducted following the usual protocol
of first mixing the APNA oligomer 173 with poly dA or poly rA at high temperatures and
then allowing the sample to cool so that the complex could form between the synthetic
oligomer and the complementary DNA or RNA strand. Surprisingly, the UV absorbance
vs temperature plots did not exhibit clear sigmoidal melting profiles. This result was
somewhat unexpected given that APNA monomer 43 was previously shown to recognize
DNA and RNA in a sequence selective way in both the triplex and duplex binding modes
(Chapter 4). Ambiguous T, curves are not uncommon with complexes involving
PNAs.* In those cases, circular dichroism spectropolarimetry (CD) has proven to be a
valuable tool in assessing the stability of PNA:DNA hybrids.*®

Complex formation between oligomer 173 and poly dA or poly rA was
investigated by CD. Upon addition of hexamer 173 to a solution of poly dA, significant
changes in the CD spectra were observed (Figure 5.1). Maxima at 266 nm and 230 nm
and minima at 248 nm and 205 nm were consistent with previously reported triplexes
involving PNAs.”® The CD spectrum of each complex was clearly different from that
obtained from the addition of the CD spectrum of oligomer 173 alone and poly dA alone.
Saturation of the maxima at 266 nm and minima at 300 nm occurred at approximately a
2:1 ratio, indicating that a triplex was formed between hexamer 173 and poly dA. The
temperature dependence of the CD spectrum was also examined in order to evaluate the
stability of the complex formed between hexamer 173 and poly dA (Figure 5.2). As the

temperature of the solution was increased, clear changes were observed in the CD
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spectrum of 173:poly dA (Figure 5.2a) and a T, value of 23°C could be assigned to the
complex (Figure 5.2b). This value is much lower than that of the corresponding
PNA,:DNA triplex (129,:poly dA, T,, = 56°C, Table 4.1). However, it should be noted
that a T,, value could not be determined for the corresponding DNA Ts hexamer under
the same buffer conditions and only at high salt concentrations (1M NaCl) a T, value of
17°C could be measured.

Unfortunately, only a minor change of the CD spectrum was observed upon
addition of hexamer 173 to a solution of poly rA. While the reasons for this result remain
unclear, a plausible explanation is that the backbone of poly rA is much more rigid than
that of DNA, thus more resistant to the conformational changes required to allow triplex
formation with the APNA homopolymer at 7°C. Therefore, higher temperatures may be
required in order for the proper conformational alignment to occur for annealing of the

two oligomers.
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T 28 mol% 173
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Figure 5.1: CD Spectra of the complex between APNA Homopolymer 173 and poly dA.

Buffer conditions: 10 mM NaHPOy4, 1 mM EDTA, pH =17.

108



Chapter 5

5r a) b)
-
0.8 [ ]
| |
a
£
£ 0.6+
0
[-2]
N
® 04
[a) | |
o
0.2-
L]
1 1. 1 L 1 0'0 T T T T T T
220 240 260 280 300 0 o 20 30 40 50 60
Wavelength (nm) Temperature ("C)

Figure 5.2: a) Temperature Dependance of the CD Spectra of 173:poly dA. b) CD at 295

nm vs Temperature Plot. The same buffer conditions were used as in Figure 5.1.

The binding of the APNA hexamer 173 was also investigated using binding
experiments with the dye DiSC,(5), similar to those described in Chapter 4. When the
dye was added to the pre-cooled solutions containing hexamer 173 and poly dA or poly
rA, a blue shift of the main visible absorption band for the dye was observed in the UV-
visible spectrum with a new maximum centered at 550 nm (Figure 5.3). Surprisingly,
control experiments revealed that the dye also bound to the poly dA and poly rA, giving
blue shifts of the Ay from 625 nm to 525 nm (Figure 5.3). These results are in contrast
to previously reported observations with short oligomers composed of less than twenty
bases and polymeric systems similar to those used in the present study.112 To the best of
our knowledge, this is the first time that binding of the dye has been observed with a
single-stranded DNA or RNA (also refer to Chapter 4). It is noteworthy that the Apy,x of
this complex occurs at 525 nm, a blue shift of 120 nm from the unbound dye. This

suggests that the aggregate formed by the dye on the single-stranded template is a higher
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order aggregate similar to those characteristic of PNA:DNA duplexes (Amgx = 539 nm),''?

rather than that of the dimeric species that assembles on a DNA:DNA template (Apax =

116
590 nm).
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Figure 5.3: UV-vis Spectra of a) DiSC,(5) alone, DiSC,(5) poly rA and DiSC,(5) + 173

+ poly rA; and b) DiSC,(5) alone, DiSC,(5) poly dA and DiSC,(5) + 173 + poly dA.

The effect of temperature on the UV-visible spectrum for the DISC,(S):poly dA
and the DISC,(5):poly rA was examined in order to further characterize these unusual
complexes. As the temperature of the solution of each complex was increased, the band
at 525 nm gradually decreased in magnitude, while that of the monomeric form of the
unbound dye at 645 nm increased in magnitude (Figures 5.4a and 5.4b). In each case, the
plot of UV absorbance vs temperature gave a clear sigmoidal curve with T,, values of
~52°C and ~53°C for the DNA and RNA complexes respectively (Figure 5.5b and 5.5b).
These T,, values are for the dissociation of DiSC,(5) from the single-stranded poly dA

and poly rA, respectively. Interestingly, these values are 20-25°C higher than those
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reported for the complexes of the dye with PNA:DNA and DNA:DNA

complexes.“z’l 16,117
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Figure 5.4: a) Temperature dependence of the UV-vis Spectra of poly rA + DIiSC,(5);

Temperature dependence of the UV-vis Spectra of poly dA + DiSCy(5).
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Figure 5.5: Absorbance vs Temperature Plots at 645, 550 and 525 nm for a) poly rA +

DiSC,(5); and b) poly dA and DiSC,(5).
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The effect of temperature on the UV-visible spectrum of the
DiSC,(5):APNA:DNA and DiSC,(5):APNA:RNA complexes was also examined (Figure
5.6 and 5.7). As the temperature of the solution containing the APNA:DNA complex
was increased, the absorption maximum at 550 nm gradually decreased in magnitude,
while the band for the DiSC,(5) complex with DNA or RNA alone at 525 nm first
gradually increased and then decreased at higher temperatures near the T,, values (Figure
5.6 and 5.7, curved arrow indicates this observation). As the band at 525 nm began to
decrease, an increase in the monomeric band at 645 nm was also observed. These
observations indicate that there may be an equilibrium between three different states of
the dye in solution: the unbound monomeric form of the dye (Amax = 645 nm), the dye
bound to the APNA:DNA or APNA:RNA complex as a higher order aggregate (Amax =

550 nm), or the dye bound to the single-stranded poly dA or poly rA as a higher order

aggregate (Amax = 525 nm).

|

"450 500 550 600 650 700 "450 500 5§50 600 650 700
Wavelength (nm) Wavelength (nm)

Absorbance
(=]
w
Absorbance

Figure 5.6: a) Temperature dependence of the UV-vis Spectra of Compound 173 + poly
rA + DiSC,(5); b) Temperature dependence of the UV-vis Spectra of Compound 173 +

poly dA + DiSC,(5).
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Figure 5.7: Absorbance vs Temperature Plots at 645, 550 and 525nm for a) Compound

173 + poly rA + DiSC»(5); and b) Compound 173 + poly dA and DiSC,(5).

In an attempt to determine if the recognition event between hexamer 173 and poly
dA or poly rA was mediated by Watson-Crick and/or Hoogsteen base pairing, similar
experiments were conducted with the fully mismatched RNA molecule poly rtU. When
DiSC,(5) was added to a solution containing compound 173 and poly rU, a blue shift was
observed that was identical to that observed when the dye was added to poly rU alone.
Furthermore, the absorbance vs temperature plots for this mixture indicated the presence
of only the DiSC,(5):poly rU and monomeric DiSC,(5). These observations strongly
suggest that hexamer 173 binds to poly rA (and most likely poly dA) in a sequence
selective manner, most likely through Watson-Crick and Héogsteen base pairing.

A number of reports have already described the use of CD spectropolarimetry to
study the complexes formed between DiSC,(5) and DNA:DNA"'%"'7 or PNA:DNA'"
duplexes. In the case of PNA:DNA duplexes, assembly of the dye in the minor groove of

the complex results in a bisignant CD signature with a positive Cotton effect at 558 nm, a

113



Chapter 5

negative Cotton effect at 529 nm and isoelliptic point at 544 nm.''? Addition of DiSC(5)
to a solution containing either 173:poly dA or 173:poly rA had a similar effect on the CD
spectrum in the region of 450-700 nm (Figure 5.8). However, when the dye was added to
a solution of poly dA or poly rA alone, the results obtained were distinctly different. For
example, addition of the dye to poly dA gave positive Cotton effects at 513 nm and 544
nm, while the DiSC5(5):173:poly dA complex gave a weak positive Cotton effect at
around 616 nm, a strong Cotton effect around 547 nm with an isoelliptic point at 575 nm.
These results indicate that, in each case, there are discretely different complexes present
and that the dye molecules of the DiISC,(5):173:poly dA complex are likely assembled in

a right-handed helical manner similar to that of the dye bound to PNA:DNA duplexes.

= DiSC,(5) + 173 + poly dA
——— DiSC,(5) + poly dA

[ R R O I =)
rrrryrrrrryrrryrrrrrrrriu1

1 1 L 1 1 1
450 500 550 600 650 700
Wavelength (nm)

Figure 5.8: CD Spectra of DiSC,(5):173:poly dA and DiSC,(5):poly dA.
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5.4 — Conclusions.

Complex formation between fully modified APNA homopolymer 173 was
confirmed by CD and DiSC,(5) binding experiments. These studies strongly suggest that
the APNA homopolymer binds to DNA and RNA, apparently through Watson-Crick
and/or Hoogsteen base pairing, and form a complex with DNA that is more stable than
that formed with the corresponding homothymine DNA hexamer with complementary

DNA under similar conditions.
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CHAPTER 6

CONTRIBUTIONS TO KNOWLEDGE

6.1 — Summary of Thesis.

Synthetic methods were developed for the preparation of several structurally
diverse APNA monomers. These analogues vary in the position of the aromatic ring and
nucleobase and in the substitution pattern along the backbone. Monomers containing N-
phenyl-N-alkyl amide moieties are acyclic PNA analogues whose tertiary amide rotamer
equilibrium heavily favours the conformation preferred by unmodified PNAs when
hybridized to DNA and RNA. This set of monomer building blocks is useful for the
preparation of oligomers designed to evaluate the hybridization properties of a novel
class of peptide based DNA mimics.

Thermal denaturation experiments involving hexamers 129, 144-150 revealed that
APNA monomers represented by structure 43 and 45 exhibited good binding properties
with DNA and RNA. Further studies with the most promising monomer 43 showed that
this APNA analogue displayed good sequence recognition for DNA and RNA, most
likely through Watson-Crick and Hoogsteen base pairing. The binding of APNA
modified oligomers was verified using the cyanine dye 184. These studies suggested that
the local environment of the minor groove of duplexes involving APNA is similar to the

unmodified PNA complexes. The current results are very promising and have provided a
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new lead structure of peptide nucleic acid analogues having unique physicochemical
properties.

Finally, fully modified APNA homopolymers were prepared in order to
investigate their physicochemical properties. The short homothymine hexamer 173 was
synthesized which was modified at the C- and N-terminals so that it can be dissolved in
water in sufficient quantities to allow for evaluation of its recognition and binding to
DNA and RNA. Complex formation was confirmed by CD and DiSC,(5) binding
experiments. These studies indicated that the APNA homopolymer bound to DNA and
RNA, apparently through Watson-Crick base pairing, and formed a complexe that was
more stable than those formed by the corresponding homothymine DNA oligomer with

complementary DNA under similar conditions.

6.2 - Publications Resulting from Thesis Work.

As a direct result of the work described in this thesis, the following publications

have appeared:
1. L. D. Fader and Y. S. Tsantrizos. Hybridization Properties of Aromatic Peptide

Nucleic Acids: A Novel Class of Oligonucleotide Analogues. Organic Letters 2002, 4,

63-66.
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2. L. D. Fader, M. Boyd, Y. S. Tsantrizos. Backbone Modifications of Aromatic Peptide

Nucleic Acid (APNA) Monomers and their Hybridization Properties with DNA and
RNA. Journal of Organic Chemistry 2001, 66, 3372-3379.

Note: M. Boyd’s contribution to this work was the preparation of monomer 47, synthesis
of dimers 140 an 141 and their incorporation into hexamers for binding studies, as

indicated in references 83 and 94.

6.3 — Conference Proceedings Resulting from Thesis Work.

The work described in this thesis has been presented in the following conference

proceedings:

1. L.D. Fader and Y. S. Tsantrizos (June 2001). Synthesis of Novel Peptidic DNA

Mimics. Bioorganic Gordon Research Conference, Andover, New Hampshire.

2. L.D. Fader, Y. S. Tsantrizos, (2001). Synthesis of Novel Peptidic DNA Mimics. 4™

Canadian Society for Chemistry Conference and Exhibition, Montreal, QC.
3. Y. S. Tsantrizos, M. Boyd, L.D. Fader, J. Mancuso, E. Myers, J.F. Lunetta (2001).

Aromatic Peptide Nucleic Acids: A Paradigm of Nucleic Acids. 84" Canadian Society

for Chemistry Conference and Exhibition, Montreal, QC.
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4. Y.S. Tsantrizos, L.D. Fader (2000). Synthesis and Physicochemical Properties of a

Novel Class of Peptide Nucleic Acids. Pacifichem 2000 Meeting, Honolulu, Hawaii.

5. LD. Fader, Y. S. Tsantrizos, M. Boyd (2000). Peptide Modulators of Gene
Expression. 3" Annual Chemistry Biochemistry Graduate Research Conference,

Concordia University, Montreal, QC.

6. LD. Fader, Y. S. Tsantrizos, M. Boyd (1999). Peptide Modulators of Gene
Expression. 10™ Annual Quebec-Ontario Minisymposium in Synthetic and Bioorganic

Chemistry, Saint Saveur, QC.

7. LD. Fader, Y. S. Tsantrizos, M. Boyd (1999). Peptide Modulators of Gene
Expression. 82" Canadian Society for Chemistry Conference and Exhibition, Toronto,

Ont.
8. Y.S. Tsantrizos, J.F. Lunetta, L.D. Fader, M. Boyd and J. Mancuso (1998) Aromatic

Peptide Nucleic Acids: Novel Oligonucleotide Analogs. 81" Canadian Society for

Chemistry Conference and Exhibition, Wistler, B.C.
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CHAPTER 7

EXPERIMENTAL SECTION.

7.1-General Methods.

Solvents were purchased from Fischer Scientific and purified as follows: THF
was distilled from sodium/benzophenone ketyl; CH,Cl, distilled from P,Os5 or CaHj;
DMF treated with KOH overnight at RT, then vacuum distilled from CaO or BaO and
stored over activated 4A molecular sieves; MeCN distilled from CaH,; pyridine distilled
from CaH,. HPLC solvents were HPLC grade and were filtered through 0.45um filters
(Supelco, Bellefonte, PA) prior to use. HATU was purchased from PerSeptive
Biosystems Ltd. MBHA resin was purchased from Nova Biochem Ltd. All other starting
materials and reagents were purchased from Sigma/Aldrich Canada and were used
without further purification, except for DIPEA and Et3N, which were refluxed over CaH;
and then distilled and stored over activated 4A molecular sieves.  Thin-layer
chromatography was carried out on aluminum-backed silica gel 60 F,s4 plates (EM
Science, Germany) using the solvent systems indicated. Reversed-phase thin layer
chromatography was carried out on glass-backed RP-18 F,s4s plates (EM Science,
Germany) using the solvent systems indicated. Oligonucleotides 139, 146, 147 and 150-
152 were purchased from UCDNA Lab (University of Calgary, Calgary, AB) and were

used as received. Oligonucleotides 140, 148 and 149 were purchased from Dharmacon
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Research, Inc. (Lafayette, CO), deprotected following the procedure recommended by the
manufacturer and used without further purification. Polydeoxyriboadenylate and

polyriboadenylate were purchased from Sigma.

7.2-NMR Spectroscopy.

Deuterated NMR solvents were purchased from Isotec Inc. (Miamisburg, OH).
NMR spectra were obtained at ambient temperature unless otherwise indicated. 'H and
3C NMR chemical shifts are quoted in ppm and are referenced to the internal deuterated
solvent. A mixture of rotamers was often observed by NMR; in those cases the ratio is
indicated and the signals are denoted as major (ma) and minor (mi). Some NMR spectra
were also recorded at the elevated temperature indicated in parenthesis, in order to
confirm the presence of rotamers. Variable temperature experiments were performed
using the VT accessory on a JEOL 270 MHz spectrometer by heating the sample slowly
over ca. 5 min to the desired temperature followed by a minimum equilibration time of 5
min. All '"H NMR spectra were recorded on a Varian Mercury (300 or 400 MHz), a Unity
Inova (300 or 500 MHz) or a JEOL spectrometer (270 MHz) Spectrometer. Bc NMR
spectra were recorded on a JEOL spectrometer (67.5 MHz) or Varian Mercury

spectrometers (75 or 100 MHz).

122



Chapter 7

7.3-UV Spectroscopy and Thermal Denaturation Experiments.

Melting temperatures of duplexes were determined on a Cary 3 UV-vis
spectrophotometer. Solutions were 4-5uM in (PNA),:DNA or (PNA),:RNA. All T,
solutions were 10 mM in NaH;PO4, 1 mM in EDTA and the pH was adjusted to 7.1 or
5.0 as indicated. In some cases, as indicated in the Results and Discussion, T,, buffers
containing 150 or 100 mM NaCl were used. The solutions were heated to 90°C for 10
min then cooled slowly to 4°C and stored at that temperature for at least 1 h but usually
overnight. Samples were heated from 5 to 95°C and/or cooled from 90 to 5°C at a rate of
0.5°C/min and the absorbance at 260 nm was monitored as a function of temperature. In
all cases, T,, experiments and UV spectra were recorded in quartz cuvettes purchased
from HELMA Canada (matching 281, 282, or 284). T,, values are the maxima of the first

derivative plots of the absorbance versus temperature data.

7.4-Circular Dichroism Spectropolarimetry.

Circular dichroism spectra were recorded on a Jasco J-710 spectropolarimeter
equiped with a NESLAB RTE-111 cooling unit and jacketed cell holder. Duplex or
triplex solutions were preannealed as described in Section 7.3 prior to measurements.
For T,, determination by CD, the sample was heated in steps of 5°C and equilibrated at
the desired temperature for at least 5 min. Spectra are the average of at least 3

acquisitions that were recorded at a scan rate of 50 nm/min and a step resolution of 0.2
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nm for the range of 200-320 nm and 100 nm/min at 0.5 nm resolution for the range of

450-700 nm.

7.5-Synthesis of PNA Monomers.

All PNA monomers used in this thesis were synthesized using literature

procedures. In cases of exceptions to this, alternate procedures are given below.

Synthesis of Thymin-1-yl acetic acid (51):

0

Oy

N° O

N

CO,H
51
Thymine (18.9g, 150mmol) and K,COj3 (20.7g, 150mmol) were suspended in anhydrous
DMF (300mL) under N, with vigorous stirring. To the mixture was added ethyl
bromoacetate (25.0g, 150mmol) and the reaction was allowed to stir overnight. The
reaction mixture was then filtered, evaporated to dryness and taken up in H;O (200mL)
and acidified by addition of 4M HCl (60mL). After stirring for 30 min, the solid was
filtered off and washed with water (2 x 200mL). The filter cake was then suspended in
H,O (200mL) and 2M NaOH (200mL) was added. The solution was boiled for 20
minutes and then allowed to cool to approximately 45°C. The pH was then adjusted to 2
and cooling was continued slowly to 0°C. The resulting white crystals were collected by

filtration and dried overnight, in vacuo, over P,Os giving 14.3g (52%) of pure product.
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Synthesis of N*-benzyloxycarbonylcytisin-1-yl acetic acid (53):

52

A ‘suspension of cytosin-1-yl acetic acid ethyl ester 63 (5.14g, 26.1mmol) and DMAP
(1.87g, 15.3) in dry pyridine (90mL) was placed under N, with stirring and cooled to 0°C.
Benzylchloroformate (12.0g, 100.0mL, 69.9mmol) was added dropwise to the mixture
over 15 h and the reaction was allowed to warm to RT and stir overnight. The solvent
was removed under reduced pressure and 1M HCI (aqu.) (80mL) was added. After
stirring for 10 min, the white solid was collected by filtration, washed with cool 1M HCl
(2 x 20mL) and the wet filtercake used directly in the next step without further

purification.

N*-benzyloxycarbonylcytosine acetic acid ethyl ester 61 from the above step was
suépended in H,O (50mL). LiOH.H,0 (3.6g, 78mmol) in H,O (30mL) was then added to
the suspension and the reaction was allowed to stir for 1 h (Note the pH of the reaction
should be checked at the beginning to ensure the hydrolysis will proceed). The pH was
adjusted to 2 and the resultant precipitate collected by filtration and dried over P,Os, in
vacuo, to give 4.40g (57% over 2 steps) of the desired product. 'H NMR (DMSO-dp) &:

4.49 (s, 2H), 5.15 (s, 2H), 6.98 (d, 1H), 7.25-7.46 (m, 5H), 7.99 (d, 1H), 10.79 (br s, 1H).
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Synthesis of Ethyl N-[2-(tert-butoxycarbonyl amino)ethyl]glycinate (120):
Q H
)(O,U\N/\/choza
H
120
To a solution of compound 122 (18.5g, 115mmol) in 1:1 CHCl3/CH3CN (500mL)
was added K,COj3 (2.18g, 15.8mmol). This mixture was placed under N, with stirring and
ethyl bromoacetate (2.401g, 14.4mmol) dissolved in CHCl3 (100mL) was added
dropwise over 7 h. The reaction was allowed to proceed for an additional 2 h and then
filtered and concentrated to dryness. The residue was taken up in ~100mL EtOAc and
filtered through silica gel (4cm x 6cm diameter). The silica gel was washed twice with
EtOAc (2 x 200mL) and the combined fractions evaporated to dryness to give a crude
mixture that was primarily the desired amine 120. The silica gel was then washed with
1:1 MeOH/CHCI; (1.5L) to recover the amine starting material 122, which was pure by
'H NMR (16.4g, 102mmol). The product was purified by flash column chromatography
(100% EtOAc, 4 x 21cm silica) to give 2.47g (96%) of the desired secondary amine as a
yellowish oil. "H NMR (CDCl3) &: 1.26 (t, 3H, °J = 7.2 Hz), 1.42 (s, 9H), 2.42 (br, 2H),
2.76 (t, 2H, °J = 5.7 Hz), 3.22 (q, 2H, *J = 5.7), 3.41, (s, 2H), 4.16 (q, 2H, *J = 7), 4.07

(br, 1H).
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7.6 - Synthesis of APNA Monomers.

Synthesis of N-(2-aminobenzyl)-N-(thymin-1-ylacetyl)glycine methyl ester (43a, R =

Me, R” = H, B = Th):

RO,C~— ‘(B
| N
0

: NHR"

43a-d
Compound 72a (434mg, 1.1mmol) was dissolved in anhydrous DMF (3mL) and Pd-C
(65mg) was added. Triethylamine (0.6mL, 4.3mmol) and formic acid (0.13mL,
3.3mmol) were added and the reaction mixture was stirred at RT for 4 h. EtOH (10mL)
was added and the mixture filtered through celite and concentrated to dryness. The
resulting white solid was dried in vacuo, giving 388mg (97% yield) of compound 43a
which was determined to be pure by 'H NMR.
TLC Ry (EtOAc) = 0.213.
'"H NMR (400MHz, DMSO-ds, mixture of rotamers in 1:1.5 ratio) &: 1.75 (mi) & 1.76
(ma) (d, 3H, J = 1.2 Hz), 3.59 (mi) & 3.62 (ma) (s, 3H), 3.97 (mi) & 4.20 (ma) (s, 2H),
4.37 (ma) & 4.50 (mi) (s, 2H), 4.56 (ma) & 4.61 (mi) (s, 2H), 5.01 (mi) & 5.06 (ma) (bs,
2H), 6.47 (dt, 0.6H, J = 6.3 & 1.2 Hz), 6.60 (m, 0.9H, J=7.0 & 1.2 Hz), 6.69 (dd, 0.5H, J
=7.6 & 1.2 Hz), 6.96-7.01 (m, 2H), 7.35 (ma) & 7.40 (mi) (d, 1H, J = 1.2 Hz), 11.29 (mi)
& 11.32 (ma) (bs, 1H).
C NMR (67.5MHz, DMSO-ds, 130°C) &: 12.0, 48.0, 48.6, 52.2, 109.0, 116.3, 117.2,

119.5, 129.0, 130.0, 142.3, 147.1, 151.5, 164.6, 168.7, 169.6.
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FAB* HRMS (glycerol) m/z found 361.1512 (M+H)"; calculated for (C;7Hz1N,Os)* =

361.1511.

Synthesis of N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-(thymin-1-
ylacetyl)glycine (43a, R = H, R” = Fmoc, B = Th):

Compounds 43a-d were synthesized using the following procedure outlined for
carbamate 43a: -Butyl ester 83a (2.24g, 3.59mmol) was dissolved in 2:1 TFA/CH,Cl,
(35mL) and stirred at RT for 2 h. The solution was then rotovapped to dryness, diluted
with PhMe (50mL) and again concentrated to dryness. This was repeated two more times
giving pure product as a white powder (>98% yield). 'H NMR (400MHz, DMSO-ds) 6:
1.68 (ma.) and 1.72 (mi.) (s, 3H), 3.87 (mi.) and 4.16 (ma.) (s, 2H), 4.25 (ma.) and 4.26
(mi.) (t, 1H, J = 7.2Hz), 4.34 (ma.) and 4.44 (mi.) (d, 2H, ] = 7.2Hz), 4.52, (s, 2H), 4.59
(ma.) and 4.61 (mi.) (s, 2H), 6.83-7.90 (m, 14H), 9.17 (mi.) and 9.27 (ma.) (br 1H), 11.28
(mi.) and 11.30 (ma.) (br, 1H), 12.70 (mi.) and 13.09 (ma.) (br, 1H). *C NMR (75MHz,
DMSO-ds) &: 12.54, 47.25, 47.37, 47.76, 48.35, 48.64, 48.90, 66.51, 66.69, 108.68,
108.91, 120.76, 120.82, 125.19, 125.82, 126.00, 126.59, 127.24, 127.77, 128.34, 128.60,
129.43, 131.36, 136.12, 136.89, 141.40, 141.46, 142.74, 142.93, 144.38, 151.65, 151.71,
154.73, 155.13, 165.05, 165.12, 168.43, 169.39, 170.76, 170.95. FAB+ HRMS (glycerol)
m/z calculated for Cs3;HsN4O7 + H': 569.2036, found: 569.2035.

Analytical Data for Free Acid 43b (R = H, R” = Fmoc, B = Cy*™): Yield: >98% 'H
NMR (400MHz, DMSO-dg) &: 3.88 (mi.) and 4.22 (ma.) (s, 2H), 4.18-4.37 (m, 1H), 4.33
(ma.) and 4.44 (mi.) (d, 2H, J = 6.4Hz), 4.54 (ma.) and 4.65 (mi.) (s, 2H), 4.70 (mi.) and

4.75 (ma.) (s, 2H), 5.15 (ma.) and 5.18 (mi.) (s, 2H), 6.98-7.43 (m, 17H), 7.49 (mi.) and
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7.70 (ma.) (br, 1H), 7.87 (ma.) and 7.90 (mi.) (d, 1H, J = 7.6Hz), 7.96 (mi.) and 8.00
(ma.) (d, 1H, J = 7.6Hz), 9.25 (br, 1H).

Analytical Data for Free Acid 43¢ (R = H, R” = Fmoc, B = Ad™™):: Yield: >98%. 'H
NMR (400MHz, DMSO-ds) &: 3.91 (mi.) and 4.32 (ma.) (s, 2H), 4.16-4.22 (m, 1H), 4.31
(ma.) and 4.46 (mi.) (d, 2H, ] = 6.4Hz), 4.55 (ma.) and 4.77 (mi.) (s, 2H), 5.19 (ma.) and
5.22 (mi.) (s, 2H), 5.21 (ma.) and 5.31 (mi.) (s, 2H), 7.12-7.70 (m, 17H), 7.86 (ma.) and
7.89 (mi.) (d, 1H, J = 8.0Hz), 8.38-8.43 (m, 1H), 8.57-8.61 (m, 1H), 9.22 (br, 1H), 10.71
(br, 1H).

Analytical Data for Free Acid 43d (R = H, R” = Fmoc, B = Gu®):: Yield: 100%. 'H
NMR (400MHz, DMSO-dg) &: 3.89-4.71 (m, 7H), 5.01-5.29 (m, 4H), 7.10-7.94 (m,

18H), 9.23 (br, 1H), 11.30-11.60 (m, 2H).

Synthesis of N-(2-aminobenzyl)-N-(thymin-1-ylacetyl)-f-alanine methyl ester (44a,
R=Et,R’=H,B =Th):

RO,C
{ o
e

[ :[ 44a
NHR"

Compound 44a was synthesized using the same procedure as that described for 43a (R =
Me, R” = H):

Yield: 80 %. TLC Ry (EtOAc) = 0.130.

'H NMR (300MHz, DMSO-ds, mixture of rotamers in 1:2.3 ratio) & 1.14 (mi) & 1.18

(ma) (t, 3H, J=7.1 Hz), 1.74 (mi) & 1.75 (ma) (bs, 3H), 2.49 (mi) & 2.69 (ma) (t, 2H, J
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= 7.5 Hz), 3.42 (mi) & 3.48 (ma) (t,2H, J =7.5 Hz), 4.00 (mi) & 4.07 (ma) (q, 2H, J =
7.1 Hz), 4.37 (ma) & 4.42 (mi) (s, 2H), 4.49 (mi) & 4.67 (ma) (s, 2H), 4.99 (mi) & 5.05
(ma) (s, 2H), 6.49 (t, 0.6H, J = 6.9 Hz), 6.57-6.61 (m, 1H), 6.67 (d, 0.4 H, J = 7.8 Hz),
6.90-7.03 (m, 2H), 7.39 (mi) & 7.41 (ma) (bs, 1H), 11.28 (bs, 1H).

B¢ NMR (100MHz, DMSO-ds) 6: 11.9, 14.0, 32.1, 32.20, 4091, 42.3, 44.7, 46.5, 48.1,
48.2, 60.0, 60.2, 107.9, 108.0, 114.7, 115.3, 115.7, 116.6, 119.0, 119.3, 126.2, 127.9,
128.4, 129.8, 142.3, 142.4, 146.0, 146.6, 151.1, 164.5, 167.3, 171.0, 171.1.

FAB* HRMS (glycerol) m/z found 389.1825 (M+H)"; calculated for (CjoHzsN4Os)" =

389.1826.

Synthesis of N-(2-N’-tert-Butoxycarbonylaminomethylphenyl)-N-(thymin-1-
ylacetyl)glycine (45a, R = H, R” = Boc, B = Th) and N-(2-N’-tert-
Butoxycarbonylaminomethylphenyl)-N-(N"’-benzyloxycarbonyl)adenin-1-

ylacetyl)glycine (45b, R = H, R” = Boc, B = Ad“"%):
RO,C— B
e
ot

45a,b  NHR'

Compounds 45a,b were prepared using the following general procedure: A solution of
NziClOz (8 equivalents) and NaHPO, (5 equivalents) in HO (3.5M in NaClO,) was
added to a solution of aldehyde 88a,b dissolved in a 1:8:4 mixture of 2-methyl-2-
butene/tBuOH/THF (0.08M). After complete consumption of the aldehyde as determined
by TLC, the reaction was partitioned between aqueous NaOH (0.5M) and EtOAc. The

aqueous phase was then acidified to pH = 3 by addition of HCI (3M) and then extracted
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with EtOAc. The organic layer was then dried over anhydrous MgSO, and concentrated
to a white foam. Residual H,O and acetic acid were removed by suspending the product
in toluene and concentrating to dryness.

Analytical Data for Acid 45a: '"H NMR (300MHz, DMSO-d) &: 1.37 (s, 9H), 1.71 (m,
3H), 3.81-4.63 (m, 6H), 7.13-7.55 (m, 5H), 11.30 (br, 1H). °C NMR (75MHz, DMSO-
ds) 6: 11.90, 28.16, 48.28, 50.41, 78.06, 107.78, 125.09, 127.98, 128.67, 128.79, 129.08,
129.16, 137.82, 138.02, 141.70, 150.60, 155.69, 164.07, 166.59.

ES* MS m/z: 469.2 M+H)*; ES MS m/z: 445.2 (M-H)".

Analytical Data for Acid 45b: 'H NMR (300MHz, DMSO-ds) &: 1.38 (s, 9H), 3.90 (d,
1H, J = 17.1Hz), 4.19 (d, 1H, J = 159Hz), 435 (d, 1H, J = 15.9), 4.62 (d, IH, ] =
16.8Hz), 4.69 (d, 1H, J = 17.4Hz), 4.90 (d, 1H, 17.1Hz), 5.20 (s, 2H), 7.32-7.62 (m, 9H),
8.30 (s, 1H), 8.57 (s, 1H), 10.65 (s, 1H). ’C NMR (75MHz, CDCl;) &: 28.26, 39.43,
44.81, 51.11, 67.37, 79.71, 120.20, 128.12, 128.38, 129.10, 130.22, 130.64, 135.45,

137.37, 138.10, 144.52, 149.36, 150.91, 151.31, 152.52, 156.47, 166.21, 171.29.

ES* MS m/z: 590.3 (M+H)"; ES” MS m/z: 588.3 (M-H)".

Synthesis of N-(2-N’-tert-Butoxycarbonylaminophenyl)-N-(thymin-1-ylacetyl)- -

alanine methyl ester (46a, R = Me, R” = Boc, B = Th):

RO,C B
N
N
o

G
46a

Secondary aniline 92 (40mg, 0.136mmol) and thymine derivative 51 (50mg, 0.27mmol)

were dissolved in anhydrous DMF (500uL). To the solution was added EDC (52mg,
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0.27mmol) and the reaction was allowed to stir overnight under N,. The reaction mixture
was diluted with EtOAc (SmL) and extracted with saturated NaHCO; (2 x SmL) and H,O
(1 x 5mL). The organic layer was dried over MgSO, and then concentrated to dryness.
The product was isolated as a white foam after purification by silica gel chromatography
(EtOAc as eluant) in 49% yield. 'H NMR (300MHz, DMSO-dg) 8: 1.53 (s, 9H), 1.91 (m,
3H), 2.48-2.56 (m, 1H), 2.60-2.67 (m, 1H), 3.66 (sw, 3H), 3.83-3.90 (m, 1H), 4.06-4.14
(m, 3H), 6.94 (m, 1H), 7.15-7.22 (m, 2H), 7.41-7.45 (m, 1H), 8.00 (br, 1H), 8.05 (d, 1H, J
= 7.2Hz). *C NMR (67.7MHz, DMSO-ds) &: 12.22, 28.23, 32.09, 44.56, 49.46, 51.98,
81.18, 110.40, 123.41, 124.69, 129.38, 130.00, 130.05, 135.65, 141.32, 151.32, 153.31,

164.76, 167.41, 172.01.

Synthesis of  {[2-Amino-6-(tert-butyl-diphenyl-silanyloxymethyl)-benzyl]-[2-(5-
methyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl)-acetyl]-amino}-acetic acid ethyl

ester (48a, R = Et, R” = H, B = Th).

TDSO N

o)

NHR"

48a

To solution of nitro derivative 102 (25mg, 0.04mmol) in 1:1 DMF/EtOH (1mL) was
added Smg of Pd-C (10% w/w). The flask was then flushed with N, followed by H,. The
reaction was allowed to stir under a H, atmosphere for 2.5 h and then diluted with EtOH
(SmL) and filtered through celite. The celite was washed with EtOH (1mL) and the

combined filtrates evaporated to dryness. The crude residue was then dissolved in EtOAc
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(5mL) and washed with saturated NaHCOj3 (aqueuos, 3 x SmL). The organic layer was
then dried with Na;SO4 and concentrated to dryness. The product was obtained as a
glassy solid after flash column chromatography (1-2% MeOH/DCM) in 63% yield. 'H
NMR (400MHz, (CD3),SO) &: 0.98-1.05 (m, 12H), 1.74 (s, 3H), 3.60 (mi.) and 3.96
(ma.) (s, 2H), 3.81 (mi.) and 3.89 (ma.) (q, 2H, J = 7.2Hz), 4.50 (ma.) and 4.56 (mi.) (s,
2H), 4.52 (ma.) and 4.74 (mi.) (s, 2H), 4.65 (ma.) and 4.74 (mi.) (s, 2H), 5.05 (br, 2H),
6.60-7.62 (m, 14H), 11.31 (ma.) and 11.32 (mi.) (br, 1H). *C NMR (75MHz, (CD;),SO)
0: 12.56, 14.36, 19.44, 27.18, 46.54, 48.57, 61.47, 64.35, 108.61, 115.00, 115.15, 115.82,
128.26, 129.07, 130.27, 133.19, 133.30, 135.32, 135.38, 140.87, 140.96, 142.29, 148.20,

151.28, 151.84, 164.73, 168.32, 168.41, 169.04.

ES* MS m/z: 665.3 (M+Na)*; ES™ MS m/z: 641.2 (M-H) .

Synthesis of {(2-Amino-6-dimethylaminomethyl-benzyl)-[2-(thymin-1-yl)-acetyl]-

amino}-acetic acid ethyl ester (49a, R = Et, R” = H, B = Th):

Me NRozc\ ‘(B
2 N
o)

NHR"
49a
To a solution of compound 107 (363mg, 0.79mmol) dissolved in DMF (4mL) was added
Pd-C (40mg). The flask was then sealed and flushed with H;. The reaction was allowed
to stir under a H, atmosphere until the precise moment the starting material had been
completely consumed (~3 h). The reaction was then diluted with EtOH and filtered

through celite. The residue was then purified by flash column chromatography (5-15%
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MeOH/CHCIs) to give aniline 49a in 81% yield. "H NMR (300MHz, (CD3),S0) é: 1.09
(mi) and 1.19 (ma.) (t, 3H, J = 6.9Hz), 1.77 (s, 3H), 2.06 (br, 6H), 3.17 (ma.) and 3.26
(mi.) (s, 2H), 3.69 (mi.) and 4.12 (ma.) (s, 2H), 3.95 (mi.) and 4.09 (ma.) (q, 2H, J =
6.6Hz), 4.50 (ma.) and 4.68 (mi.) (s, 2H), 4.57 (ma.) and 4.82 (mi.) (s, 2H), 4.95 (br, 2H),
6.36 (ma.) and 6.46 (mi.) (d, 1H, J = 6.9Hz), 6.56 (ma.) and 6.68 (mi.) (d, 1H, J = 8.1Hz),
6.89-6.99 (m, 1H), 7.30 (mma.) and 7.42 (mi.) (s, 1H), 11.29 (ma.) and 11.32 (mi.) (br, 1H).
13C NMR (75MHz, DMSO-ds) 8: 12.54, 14.57, 42.01, 45.17, 45.46, 46.36, 48.58, 61.43,
62.64, 108.41, 108.65, 114.97, 117.04, 119.32, 120.28, 128.44, 139.13, 139.38, 142.33,

142.70, 148.38, 148.83, 151.29, 164.74, 168.94, 169.12, 169.26.

ES* MS m/z: 453.4 (M+Na)*; ES” MS m/z: 430.3 (M-H)".

Synthesis of  2-Amino-3-({tert-butoxycarbonylmethyl-[2-(thymin-1-yl)-acetyl]-

amino }-methyl)-benzoic acid methyl ester (50a, R = tBu, R” = H, B = Th):

Ay _(B
0

NHR"
CO,Me
50a

RO,C

To a solution of compound 114 (578mg, 1.16mmol) dissolved in DMF (5mL) was added
Pd-C (75mg) followed by DIPEA (670uL., 3.85mmol) and HCO,H (120uL, 3.50mmol).
After stirring for 2.5 h, the reaction was diluted with EtOH (10x) and filtered through
celite. The filtrate was then evaporated to dryness and the residue purified by flash
column chromatography (2-5%MeOH/DCM) to give 480mg of aniline 50a (89%). 'H

NMR (400MHz, (CD3),SO) &: 1.25 (ma.) and 1.37 (mi.) (s, 9H), 1.74 (mi.) and (1.76
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(ma.) (s, 3H), 3.77 (ma.) and 3.80 (mi.) (s, 3H), 3.88 (mi.) and 4.19 (ma.) (s, 2H), 4.44
(ma.) and 4.51 (mi.) (s, 2H), 4.56 (br, 2H), 6.50-6.70 (m, 3H), 7.22-7.40 (m, 2H), 7.69-
7.74 (m, 1H), 11.28 (mi.) and 11.31 (ma.) (br, 1H). *C NMR (67.7MHz, (CD3),CO) &
12.40, 27.75, 28.14, 47.78, 48.01, 48.50, 48.85, 49.29, 52.05, 81.44, 82.20, 108.47,
108.74, 109.74, 114.83, 115.59, 121.43, 130.59, 131.32, 132.52, 136.20, 142.53, 142.75,

149.22, 150.03, 151.47, 164.88, 167.94, 168.52, 169.21.

ES* MS m/z: 483.1 M+Na)*; ES™MS m/z: 459.0 (M-H)".

Synthesis of N-(2-nitrobenzyl)glycine methyl ester (71a):

HiC0,C~—
NH

L

71a

2

2-Nitrobenzaldehyde (5.70g, 38mmol), methyl glycinate hydrochloride (4.30g, 34mmol)
and triethylamine (5.0mL, 38mmol) were dissolved in dry CH)Cl, (160mL). This
mixture was stirred under N, for 30 min and then NaBH(OAc); was added. The reaction
was stirred for 5 h, then quenched by the addition of H,O (30mL) and the aqueous layer
was discarded. The crude product was extracted into 0.1M HCI (100mL) and the water
layer was back-extracted with CH,Cl, (2 x 300mL). The pH was adjusted to 4 by drop-
wise addition of NaOH (1M) and the product extracted into CH,Cl, (4 x 500mL). The
combined organic layers were dried over anhydrous MgSO,4 and concentrated to dryness
giving the title compound as an orange oil in 68% yield and in high purity. For more

convenient storage and handling of the material, compound 71a was converted
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quantitatively to its hydrochloride salt by dissolution of the oil in 1:1 Et,O/EtOAc
(60mL) followed by addition of HCI (1.5 eq., 2M HCI in Et;0). The white precipitate
was collected by filtration and dried in vacuo.

TLC Ry (60% hex in EtOAc) = 0.246.

'H NMR (300 MHz, CDCl3) &: 2.41 (bs, 1H), 3.43 (s, 2H), 3.69 (s, 3H), 4.07 (s, 2H),
7.40 (dt, 1H, J=8.0 & 1.4 Hz), 7.53-7.62 (m, 2H), 7.93 (d, 1H, J = 8.0Hz).

3C NMR (75MHz, CDCl) &: 50.27, 50.36, 51.94, 124.91, 128.23, 131.06, 133.31,
135.12, 149.17, 172.70.

HCI salt of 71a: '"H NMR (300MHz , CD;0D) &: 3.86 (s, 3H), 4.14 (s, 2H), 4.58 (s, 2H),
7.74-7.89 (m, 3H), 8.29 (dd, 1H, J=8.4 & 1.0 Hz).

FAB* HRMS (glycerol/KCl) m/z found 225.0875 (M+H)"; calculated for (CjoH3N,04)"

= 225.0876.

Synthesis of N-(2-nitrobenzyl)B-alanine ethyl ester (71b):
Et0,C

NH

NO,

71b

Amine 4b was synthesized using the same procedure as that described for 71b:
Yield: 70%. TLC Ry (free amine, 1:1 hex / EtOAc) = 0.182.
'H NMR (300MHz, CDCl3) &: 1.25, (t, 3H, J = 6.9 Hz), 3.02 (t, 2H, J = 5.9 Hz), 3.36, (t,

2H, J= 6.4 Hz), 4.17, (q, 2H, J = 7.0 Hz), 4.37, (s, 1H), 7.63, (dt, 1H, J = 7.6 & 1.2 Hz),
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7.76 (dt, 1H, J = 7.6 & 1.8 Hz), 8.01 (dd, 1H, J= 6.4 & 1.2 Hz), 8.16 (dd, 1H, J=7.0 &
1.2 Hz).

“C NMR (100MHz, DMSO-dg) §: 14.7, 30.8, 433, 47.6, 61.2, 125.9, 1279, 1313,
134.0, 134.9, 149.0, 170.6.

FAB* HRMS (glycerol): m/z found 253.1188 (M+H)"; calculated of (CjyH;7N,04)* =

253.1188.

Synthesis of N-(2-nitrobenzyl)-N-(thymin-1-ylacetyl)glycine methyl ester (72a):

= 0

HCOLC— N
NH
N—( r
5 O

CL,

Thymidyl acetic acid 51 (1.50g, 8.1mmol) and HATU (3.09g, 8.1mmol) were dissolved

2
72a

in anhydrous DMF (20mL) under N, and cooled to 0°C. To this solution, DIPEA
(1.5mL, 8.6mmol) was added and the reaction mixture was stirred for 10 min at 0°C.
Compound 71a (1.69g, 7.5mmol) was than added as a solution in anhydrous DMF
(10mL) and the reaction was allowed to warm-up to RT and stir overnight. The reaction
mixture was then concentrated to ~SmL and EtOAc (50mL) was added. This solution
was washed with water (3 x 15mL) and the organic layer concentrated to about 10mL and
cooled to 0°C. The precipitate formed was collected by filtration and washed once with
10% hexanes in EtOAc giving 2.50g of compound 72a (85% yield) in high purity. For

large-scale synthesis of 72a (i.e. >20g), it was far more cost effective to use a

137



Chapter 7

DCC/pentafluorophenol pre-activation protocol, however, this procedure gave a lower
yield of 72a (~70%).

Compound 72a: TLC R¢ (EtOAc) = 0.288.

'H NMR (300MHz, DMSO-ds, mixture of rotamers in 1:1 ratio) &: 1.74 & 1.75 (s, 3H),
3.62 & 3.69 (s, 3H), 4.05 & 4.36 (s, 2H), 4.58 & 4.83 (s, 2H), 4.64 & 5.06 (s, 2H), 7.39-
7.44 (m, 1.5H), 7.53 (dt, 0.5H, J = 7.0 & 1.2 Hz), 7.58-7.62 (m, 1H), 7.70 & 7.80 (dt, 1H,
J =70 & 1.2 Hz), 8.05 & 8.16 (dd, 1H, J = 7.0 & 1.2 Hz), 11.28 & 11.31 (s, 1H).
Coalescence of each pair of rotamer resonances was achieved at ~90°C.

3C NMR (67.5MHz, DMSO-ds, 120°C) &: 12.0, 48.6, 49.4, 52.4, 109.0, 125.2, 129.1,
129.6, 132.3, 134.2, 142.2, 149.1, 151.5, 164.6, 169.0, 169.6.

FAB* MS (glycerol): m/z 391 (M+H)".

Synthesis of N-(2-nitrobenzyl)-N-(thymin-1-ylacetyl)-3-alanine methyl ester (72b):

Et0,C
= N\=0

{l_{Ng]/NH

: :NOZ 72b

Compound 72b was synthesized using the same procedure as that described for 72a:
Yield: 93%. TLC Ry (EtOAc) = 0.226.

'"H NMR (400MHz, DMSO-ds, mixture of rotomers in 1:1.7 ratio) & 1.14 (mi) & 1.15
(ma) (t, 3H, J = 7.0 Hz), 1.73 (bs, 3H), 2.55 (mi) & 2.71 (ma) (t, 2H, J = 8.1 Hz), 3.45
(mi) & 3.62 (ma) (t, 2H, J = 8.1 Hz), 3.99 (mi) & 4.01 (ma) (q, 2H, J = 7.‘8 Hz), 4.45 (mi)

& 4.75 (ma) (s, 2H), 4.81 (ma) & 5.01 (mi) (s, 2H), 7.31-7.37 (m, 1.6H), 7.44 (d, 0.4H, J

138



Chapter 7

= 7.6 Hz), 7.53 (ma) & 7.60 (mi) (t, 1H, J = 7.2 Hz), 7.69 (ma) & 7.81 (mi) (t, 1H, J=7.6
Hz), 8.06 (ma) & 8.17 (mi) (d, 1H, J = 8.0 Hz), 11.25 (bs, 1H).

3C NMR (75MHz, DMSO-dq) &: 12.4, 12.5, 14.5, 32.5, 33.2, 34.2, 35.4, 43.2, 43 4, 46.7,
48.6, 48.7, 49.0, 49.7, 60.6, 60.7, 108.5, 108.6, 125.4, 125.9, 128.0, 128.3, 128.7, 129.1,
133.2, 133.3, 134.3, 135.0, 142.7, 148.2, 148.6, 151.7, 151.9, 165.3, 168.4, 171.6, 171.8.

FAB* MS (glycerol): m/z 419 (M+H)".

Synthesis of N-(allyloxycarbonyl)-2-aminobenzylalcohol (74):

(I\OH

NHAIlloc

74

2-Aminobenzyl alcohol (73, 1.04g, 8.5mmol) was dissolved in 1:1 DCM/pyridine
(20mL) and Alloc-ClI (1.12g, 9.3mmol) was added drop-wise via syringe over a period of
15 min. After 1.5 h the reaction mixture was diluted with DCM (200mL) and extracted
with H;O (100mL). The organic layer was then dried over anhydrous MgSO, and
concentrated to dryness. Flash column chromatography, using 12% EtOAc in hexanes as
the eluent, provided 1.36g pure carbamate 74 (77% yield ) as a colorless oil.

'H NMR (300MHz, CDCl3) §: 2.34 (bd, 1H, J = 11.7 Hz), 4.65 (ddd, 2H, J = 5.1 & 1.8
Hz), 4.67 (s, 2H), 5.26 (dm, 1H, J =10.5 Hz), 5.36 (dm, {H, J = 17.1 Hz), 5.91-6.04 (m,
1H), 7.03 (ddd, 1H, J = 7.0 & 1.2 Hz), 7.15 (dd, 1H, J = 7.0 & 1.2 Hz), 7.31 (ddd, 1H, J

=8.2 & 1.8 Hz), 7.90 (bd, 1H, J = 8.1 Hz), 7.97 (bs, 1H).
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Synthesis of N-(allyloxycarbonyl)-2-aminobenzyl bromide 75:

o
NHAlloc

75

Carbamate 74 (1.35g, 3.7mmol) was dissolved in anhydrous THF (50mL). CBry (2.2g,
6.5mmol) followed by PPh; (1.70g, 6.5mmol) were added and the reaction mixture was
stirred at RT for 2 h. Upon completion of the reaction, the solvent was evaporated to
dryness and crude product was re-dissolved in EtOAc (20mL). The precipitate (OPPh3)
was removed by filtration and the filtrate was concentrated to dryness. The residue was
then purified by flash column chromatography, using 5% EtOAc in hexanes as the eluent,
to give bromide 75 as a fluffy white solid (920mg, 58% yield).

'H NMR (400MHz, CDCls) &: 4.50 (s, 2H), 4.68 (dt, 2H, J = 5.6 & 1.6Hz), 5.27 (dm, 1H,
J =10.8 Hz), 5.39 (dm, 1H, J = 17.2 Hz), 5.95-6.05 (m, 1H), 6.88 (bs, 1H), 7.11 (ddd,
1H,J=7.1 & 1.2 Hz), 7.28 (dd, 1H, J = 8.0 & 1.6 Hz), 7.34 (ddd, 1H, J = 7.8 & 1.6 Hz),

7.83 (bd, 1H, J=7.2 Hz).

Synthesis of N-[N-(allyloxycarbonyl)-2-aminobenzyl]glycine fert-butyl ester 76a:
3,
% © NH

NHAlloc
76a

Route A: To a solution of bromide 75 (268mg, Immol) in anhydrous DMF (3mL),

HCI'GlyOtBu (500mg, 3mmol) and DIPEA (1.0mL, 6.0mmol) were added. The reaction
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mixture was stirred overnight at RT under N,. The crude product was then partitioned
between H,O (12mL) and EtOAc (25mL). The organic layer was washed once with H,O
(12mL) dried over anhydrous MgSO, and evaporated to dryness. The residue was
purified by flash column chromatography, using 10% EtOAc in hexanes as the eluent, to
give 293mg of pure amine 76a (92% yield) as a colorless oil.

Route B: To a solution of ammonium salt 80 (31.3g, 129mmol) and DIPEA (44.9mlL,
258mmol) in DMF (900mL) was added #-butyl bromoactetate (25.2g, 129mmol)
dropwise over 2 h. The reaction was stirred overnight at RT under N,. The product
mixture was then concentrated to 1/3 of the original volume and partitioned between H,O
(900mL) and EtOAc (1000mL). The organic layer was then washed twice with H,O
(900mL) dried over anhydrous Na,SO4 and evaporated to dryness. The residue was then
purified by flash column chromatography (10% EtOAc/hex, 2 batches) to give pure
amine 76a (64%) as a colorless oil. '"H NMR (400MHz, CDCl3) &: 1.48 (s, 9H), 3.43 (s,
2H), 3.92 (s, 2H), 4.67 (dt, 2H, J = 5.6Hz, 1.6Hz), 5.24 (dq, 1H, J = 1.2Hz, 10.4Hz), 5.38
(dq, 1H, J = 1.2Hz, 17.2Hz), 5.94-6.04 (ddt, 1H, J = 5.6, 17.2Hz, 10.4Hz), 7.03 (dt, 1H, J
=7.6Hz, 1.2Hz), 7.18 (dd, 1H, J = 13.6Hz, 1.2Hz), 7.31 (dt, 1H, J = 15.6Hz, 1.6Hz), 7.83
(bd, 1H), 7.90 (bs, 1H), 9.31 (bs, 1H). C NMR (67.5MHz, CDCl;) &: 28.2, 50.1, 52.2,
65.5, 81.5, 117.6, 120.2, 122.6, 126.3, 128.6, 129.7, 133.0, 138.9, 153.8, 171.1. FAB+

HRMS (glycerol/KCl1) m/z calc for Cj;H24N,04 + H': 321.1814, found: 321.1813.
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Synthesis of Alkyl Ammonium Chloride Salt 80:

NH,CI

NHAlloc
80

2-Aminobenzyl amine (20.6g, 171mmol) was dissolved in dry THF (425mL). To the
solution was added Boc,O (40.9g, 188mmol) as a solid in four equal portions at 10 min
intervals. After 35 min the reaction was complete by TLC. The reaction was then
concentrated to an orange oil and redissolved in dry pyridine (200mL) and dry CH,Cl,
(200mL). The solution was then cooled to 0°C under N and AllocCl (36mL, 340mmol)
was added dropwise. After 3 h, the reaction was shown to be complete by TLC. The
reaction was diluted with CH,Cl, (1L) and extracted with 1M HCI (3 x 500mL). The
organic layer was then dried over anhydrous MgSO4 and concentrated providing 49.4g
(95%) of the dicarbamate precursor 79. 'H NMR (300MHz, CDCl3) &: 1.42 (s, 9H), 4.25
(d, 2H J = 6.8Hz), 4.65 (dt, 2H, J = 5.6, 1.6Hz), 4.96 (br, 1H), 5.22 (m, 1H, J =104, 1.6
Hz), 5.37 (m, 1H, J = 17.2, 1.6Hz), 5.97 (m, 1H), 7.04 (dt, 1H, J = 7.6, 1.2Hz), 7.12 (dd,
1H, J = 7.2, 1.6Hz), 7.28 (dt, 1H, J = 7.6, 1.6Hz), 7.99 (br d, 1H), 8.59 (br, 1H). "*C
NMR (75MHz, CDCl3) &: 28.50, 41.92, 65.51, 80.69, 117.79, 121.57, 123.67, 129.08,
130.27, 130.40, 132.91, 137.05, 154.35, 157.01. Hydrogen chloride gas was bubbled
through a solution of the dicarbamate (49.4g, 161mmol) dissolved in 1,4-dioxane
(750mL) until CO, evolution began. After 20 min the reaction was shown to be complete
by TLC. The reaction was then concentrated to dryness and the resulting solid triturated
with EtOAc to give 36.0g (3 crops, 93%) of pure salt 80 as a pale orange solid. '"H NMR

(300MHz, CDsOD) &: 4.09 (s, 2H), 4.67 (dt, 2H, J = 6.0, 1.4Hz), 5.25 (m, 1H, ] = 10.5,
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1.2Hz), 5.39 (m, 1H, J = 16.8, 1.2Hz), 5.95-6.08 (m, 1H), 7.30-7.51 (m, 4H). *C NMR
(75MHz, CD;0D) &: 40.50, 67.26, 118.23, 127.24, 127.84, 129.33, 131.14, 131.82,

133.99, 137.75, 157.79.

Synthesis of N-(N’-(allyloxycarbonyl)-2-aminobenzyl)-N-

(N*-benzyloxycarbonyleytisin-1-ylacetyl) glycine tert-Butyl Ester (81b):

A
o)\ Cy(Cbz)
~«

N

Cr °
NHAlloc

81b
Compounds 8la-d were synthesized using the following procedure outlined for
carbamate 81b: Amine 76 (170mg, 0.531mmol), Cy“*CH,CO,H 53 (241mg,
0.797mmol) and HATU (333mg, 0.877mmol) were suspended in DMF (SmL) under N,
at 0°C. To the stirred suspension was added DIPEA (0.3mL, 1.6mmol). After 10 min,
the reaction was allowed to come to RT and was then stirred for 8 h. The product
mixture was diluted with EtOAc (100mL) and washed with HO (1 x 75mL), 5%
NaHCO; (1 x 75mL) and H,O (1 x 75mL). The organic layer was then dried over
anhydrous MgSO, and concentrated to dryness. Pure monomer 81b was obtained after
flash column chromatography as a white foam. Yield: 97%. Rotational isomerism was
present in the NMR spectra of this compound. Rotational isomers were present in
approximately a 1:1 ratio. '"H NMR (400MHz, CDCl3) 8: 1.25 (s, 9H), 3.74 and 3.76 (s,

2H), 4.05 (bs, 2H), 4.50, 4.59, 4.61, 4.65 (s, 4H), 5.15 (overlapping m, 3H), 5.25 and
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5.33 (bs, 1H), 5.85-5.96 (m, 1H), 6.90-6.98 (overlapping m, 1H), 7.05-7.10 (m, 1H),
7.13-7.38 (m, 6H), 7.71-7.77 (br, 1H), 7.95-8.05 (br, 1H). *C NMR (67.5MHz, DMSO-
de) 8: 28.0,28.2,47.3,47.7,49.0, 49.8, 50.2, 50.4, 94.4, 94.5, 117.7, 128.5, 128.5, 128.7,
129.0, 133.8, 133.8, 136.1, 136.5, 137.0, 154.4, 154.8, 163.7, 168.2, 168.2, 168.3, 168.3,

169.1. FAB+ HRMS (glycerol/KCl) m/z calculated for C3H3sNsOg + K*: 644.2123,

found: 644.2125.

N

o)\N {Th

Cr
NHAlloc

81a

Analytical Data for Carbamate 81a: Yield: 82%. 'H NMR (300MHz, DMSO-dg) &: 1.32
(ma.) and 1.37 (mi.) (s, 9H), 1.74 (mi.) and 1.75 (ma.) (s, 3H), 3.83 (mi.) and 4.17 (ma.)
(s, 2H), 4.50-4.62 (m, 6H), 5.15-5.37 (m, 2H), 5.86-6.01 (m, 1H), 7.05-7.41 (m, 5H),
7.58 (br, 1H), 9.17 (br, 1H), 11.31 (br, 1H). °C NMR (67.5MHz, CDCl;) & 12.46,
14.30, 21.15, 2791, 47.83, 48.39, 48.95, 60.50, 65.58, 77.43, 83.63, 110.92, 117.32,

121.15, 123.15, 123.72, 129.85, 131.28, 132.80, 137.78, 141.05, 151.34, 154.01, 164.53,

167.49, 168.75.
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A

o)\ Ad(Cbz)
N{

o)

NHAlloc
1c

8

Analytical Data for Carbamate 81¢: Yield: 92%. 'H NMR (300MHz, DMSO-dg) 6: 1.36
(ma.) and 1.37 (mi.) (s, 9H), 3.71 (mi.) and 3.87 (ma.) (s, 2H), 4.31 (mi.) and 4.52 (ma.)
(s, 2H), 4.50 (ma.) and 4.60 (mi.) (br d, 2H). >C NMR (75MHz, CDCls) &: 27.82, 43.74,
48.91, 49.50, 65.48, 67.66, 83.81, 117.48, 121.08, 121.20, 123.12, 123.44, 128.45,
128.61, 128.65, 129.86, 131.20, 132.45, 135.55, 137.64, 144.24, 149.60, 151.39, 151.59,
153.84, 167.01, 167.68. FAB+ HRMS (glycerol) m/z calc. for C3HisN;O; + H™:

630.2676, found: 630.2676.

A\

o)‘\ Gu(Cbz)
N\(

L
NHAlloc

81d

Analytical Data for Carbamate 81d: Yield: 76%. 'H NMR (400MHz, DMSO-dg) 6: 1.35

(s, 9H), 3.85 (mi.) and 4.28 (ma.) (s, 2H), 4.49 (ma.) and 4.70 (ma.) (s, 2H), 4.52 (ma.)
and 4.57 (mi.) (m, 2H), 5.00 (ma.) and 5.04 (mi.) (s, 2H), 5.12-5.35 (m, 4H), 5.84-6.00
(m, 1H), 7.06-7.56 (m, 9H), 7.86 (mi) and 7.87 (ma.) (s, 1H), 9.07 (ma.) and 9.19 (mi.)

(br, 1H). PC NMR (75MHz, CDCl3) &: 27.95, 28.06, 44.20, 44.35, 48.85, 49.34, 49.57,
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65.70, 66.33, 68.42, 68.59, 82.36, 83.44, 117.75, 118.43, 119.35, 119.67, 121.32, 123.31,
124.17, 126.49, 128.56, 128.77, 128.86, 129.00, 129.76, 129.98, 131.44, 132.48, 134.74,
134.87, 137.64, 140.14, 140.31, 147.19, 149.21, 149.47, 154.11, 155.24, 155.80, 155.88,

167.41, 167.61, 168.12.

Synthesis of N-(2-aminobenzyl)-N-(N*-benzyloxycarbonylcytisin-1-ylacetyl) glycine

tert-Butyl Ester 82b:

S
o)\ {Cy(Cbz)

N

o
NH,

82b

Anilines 82a-d were prepared using one of the two deprotection procedures described for
aniline 82b.

Procedure A: To a solution of allyl carbamate 81b (1.65g, 2.73mmol) dissolved in DCM
(20mL) was added BuizSnH (793mg, 2.73mmol), followed by Pd(PPh3)s (157mg,
0.14mmol) and then H,O (150uL). After 30 min the reaction was shown to be complete
by TLC. The reaction mixture was filtered through silica gel and the silica gel was
washed with EtOAc (100mL). The combined filtrates were concentrated to dryness and
the resulting solid triturated with 1:1 EtOAc/hexanes. Pure aniline 82b was isolated as a
white solid (1.19g, 84%).

Procedure B: To a solution of allyl carbamate 81b (1.65g, 2.73mmol) dissolved in DCM

(20mL) and MeOH (10mL) was added benzenesulfinic acid (793mg, 2.73mmol)
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followed by Pd(PPhs)4 (157mg, 0.14mmol). After 20-40 min, the reaction was shown to
be complete by TLC. The reaction mixture was then concentrated to dryness and the
residue purified by flash column chromatography (0-8% MeOH/DCM) giving aniline
81b as a glassy solid (86%). "H NMR (DMSO-ds, 300MHz) &: 1.30 (ma.) and 1.35 (mi.)
(s, 9H), 1.75 (bs, 3H), 3.81 (mi.) and 4.10 (ma.) (s, 2H), 4.35 (ma.) and 4.44 (mi.) (s, 2H),
4.54 (ma.) and 4.61 (mi.) (s, 2H), 4.99 (mi.) and 5.06 (ma.) (s, 2H), 6.46 (t, 0.8H), 6.58-
6.71 + 6.90-7.3 (m, 3.2H), 7.33 (ma.) and 7.39 (mi.) (d, 1H *J = 1.3Hz), 11.29 (br,
1H). >C NMR (75MHz, DMSO-d3) &: 27.95, 28.16, 47.66, 48.08, 48.15, 49.14, 50.33,
50.41, 67.01, 81.41, 82.20, 94.36, 94.48, 115.17, 115.84, 116.13, 117.05, 118.90, 119.06,
128.34, 128.42, 128.46, 128.66, 128.78, 128.99, 129.20, 130.96, 136.48, 146.94, 147.51,
151.41, 151.51, 153.72, 155.56, 163.70, 164.06, 168.12, 168.23, 168.26, 168.50, 168.64.
FAB+ HRMS (glycerol/KCl) m/z calculated for CooHysN4Os + H": 403.1981, found:

403.1981.

s
O)\ ‘(Th

N

o
NH,

82a
Analytical Data for Aniline 82a: Aniline 82a precipitated from the reaction mixture

(procedure A) and was collected by filtration and washed with hexanes. Yield: 85%.'H
NMR (300MHz, DMSO-d3) 8: 1.30 (mma.) and 1.35 (mi.) (s, 9H), 1.75 (br, 3H), 3.81 (mi.)
and 4.11 (ma.) (s, 2H), 4.36 (ma.) and 4.45 (mi.) (s, 2H), 4.54 (ma.) and 4.61 (mi.) (s,

2H), 5.00 (mi.) and 5.07 (ma.) (s, 2H), 6.47 (ma.) and 6.57 (mi.) (t, 1H, J = 7.2Hz), 6.58
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(ma.) and 6.68 (mi.) (d, 1H, J = 8.4Hz), 6.95-7.05 (m, 2H), 7.34 (ma.) and 7.39 (mi.) (s,
1H), 11.29-11.30 (br, 1H). *C NMR (75MHz, DMSO-d3) §: 12.44, 12.48, 27.90, 28.16,
47.66, 47.96, 48.12, 48.54, 48.99, 81.41, 82.22, 108.51, 108.73, 115.13, 115.83, 116.11,
117.06, 118.86, 119.05, 128.18, 128.80. 129.24, 131.06, 142.58, 143.81, 146.89, 147.53,

151.61, 165.09, 168.14, 168.27, 168.35, 168.73.

A
o)\ {Ad(obz)

N

CC,”
NH,

82¢
Analytical Data for Aniline 82¢: Aniline 82c¢ was prepared using procedure B and
purified by flash column chromatography (using EtOAc as eluant). Yield: 85%. 'H NMR
(300MHz, CDCl3) &: 1.36, (s, 9H), 3.96 (mi.) and 4.12 (ma.) (s, 2H), 4.57-4.77 (m, 4H),
4.99-5.31 (m, 6H), 5.83-5.94 (m, 1H), 6.99-7.46 (m, 7H), 8.08-8.78 (m, 3H). "*C NMR
(75MHz, DMSO-ds) &: 27.94, 28.10, 44.66, 47.76, 48.16, 48.29, 49.09, 55.37, 66.72,
81.40, 83.32, 115.15, 116.12, 118.69, 119.00, 123.42, 128.30, 128.42, 128.85, 129.11,
129.24, 129.28, 131.07, 131.87, 132.02, 132.45, 132.49, 133.96, 136.84, 145.73, 145.77,

146.94, 147.47, 149.82, 149.87, 151.96, 152.64, 152.89, 167.67, 168.04, 168.12, 168.15.
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0)\ {Gu(Cbz)

CC,°
NH

2

82d
Analytical Data for Aniline 82d: Aniline 82d was prepared using procedure B and was
purified by triturated with 1:5 EtOAc/hexanes and isolated as a pale yellow solid in 86%
yield. 'H NMR (300MHz, DMSO-de) §: 1.33 (s, 9H), 3.84 (mi.) and 4.23 (ma.) (s, 2H),
4.36 (ma.) and 4.54 (mi.) (s, 2H), 4.99 (ma.) and 5.10 (mi.) (s, 2H), 5.04 (br, 2H), 5.24 (s,
2H), 6.47 —6.72 (m, 2H), 6.95-7.06 (m, 2H), 7.33-7.45 (m, 5H), 7.84 (s, 1H), 11.40-11.48
(br, 1H). >C NMR (75MHz, DMSO-d3) &: 28.04, 28.15, 44.57, 44.71, 47.74, 48.06,
49.12, 67.65, 81.47, 82.33, 115.17, 115.97, 116.16, 117.29, 118.67, 119.00, 119.71,
119.78, 128.59, 128.81, 129.30, 131.13, 136.04, 140.94, 141.09, 146.98, 147.47, 147.75,

147.82, 150.02, 150.13, 155.21, 155.72, 167.66, 168.19, 168.27, 168.37.

Synthesis of N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-(thymin-1-

ylacetyl) glycine tert-Butyl Ester 83a:
A\
O)\ {Th

N

Cr ¢
NHFmoc

83a
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Compounds 83a-d were synthesized using the following procedure outlined for
carbamate 83a: To a vigorously stirred suspension of aniline 82a (2.30g, 5.74mmol)
suspended in 1,4-dioxane (SmL) was added an aqueous solution of Na,CO; (620mg in
5mL H,0) followed by solid Fmoc-Cl (1.48g, 5.74mmol). After 45 min, the reaction was
diluted with H,O (30mL) and extracted once with EtOAc (75mL). The organic layer was
dried over anhydrous MgSO4 and concentrated to dryness. The white solid was purified
by dissolution in a minimal amount of MeOH and precipitation with Et,O giving 3.25g
(89%) of pure product. '"H NMR (300MHz, CDCl3) &: 1.37 (s, 9H), 1.71 (s, 3H), 4.07 (s,
2H), 4.25 (t, 1H), 4.39 (d, 2H), 4.49 (s, 2H), 4.64 (s, 2H), 7.02-7.42 (m, 10H), 7.76 (m,
4H), 8.11-8.69 (m, 2H). ’C NMR (67.5MHz, CDCly) &: 12.35, 27.97, 47.19, 48.00,
48.93, 49.27, 60.56, 77.43, 83.67, 111.06, 119.96, 120.84, 123.10, 123.51, 125.63,
127.17, 127.81, 129.97, 131.44, 137.86, 140.73, 141.31, 144.05, 151.31, 154.10, 164.42,

167.59, 168.88.

S
o)\ \(Cy(Cbz)

N
O

NHFmoc

83b
Analytical Data for Fmoc Derivative 83b: Product was purified by flash column
chromatography (EtOAc as eluant). Yield: 83%. 'H NMR (400MHz, CDCl5) &: 1.35 (s,
9H), 4.16-4.25 (overlapping s and m, 3.7H), 4.35-4.37 (bs, 2.3H), 4.62-4.65 (m, 5.6H),
5.08 (br, 2.4H), 5.85-5.96 (m, 1H), 6.90-6.98 (overlapping m, 1H), 7.05-7.10 (m, 1H),

7.24-7.35 (m, 21.8H) 7.67-7.79 (m, 7.2H), 8.10-8.20 (br, 1H), 8.71-8.73 (br, 1H). **C
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NMR (75MHz, CDCl3) &: 27.77, 27.89, 47.08, 48.91, 49.51, 49.76, 66.95, 67.62, 77.43,
82.02, 83.37, 95.22, 119.70, 119.94, 120.89, 123.00, 123.72, 125.12, 125.60, 127.13,
127.55, 128.25, 128.53, 128.58, 129.71, 131.24, 131.99, 132.12, 135.08, 137.72, 141.12,

143.70, 143.99, 149.63, 152.04, 154.05, 155.73, 162.86, 167.65, 168.02, 168.92.

G
o)\ \(Ad(Cbz)

N
0

NHFmoc

83c
Analytical Data for Fmoc Derivative 83c: Product was purified by flash column
chromatography (EtOAc as eluant). 'H NMR (400MHz, CDCl3) &: 1.35 (s, 9H), 4.16-
4.25 (overlapping s and m, 3.7H), 4.35-4.37 (bs, 2.3H), 4.62-4.65 (m, 5.6H), 5.08 (br,

2.4H), 5.85-5.96 (m, 1H), 6.90-6.98 (overlapping m, 1H), 7.05-7.10 (m, 1H), 7.24-7.35

(m, 21.8H) 7.67-7.79 (m, 7.2H), 8.10-8.20 (br, 1H), 8.71-8.73 (br, 1H).

©< b

HFmoc

83d
Analytical Data for Fmoc Derivative 83d: Product was purified by flash column
chromatography (10%MeOH/EtOAc as eluant). Yield: 81%. '"H NMR (400MHz, CDCl,)

&: 1.33 (s, 9H), 3.84 (mi.) and 4.28 (ma.) (s, 2H), 4.19-4.68 (m, 5H), 5.00 (mi.) and 5.03
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(ma.) (s, 2H), 5.18 (ma.) and 5.23 (mi.) (s, 2H), 7.07-7.90 ( m, 18H), 9.20 (br, 1H), 11.28
(ma.) and 11.34 (mi.) (br, 1H), 11.38 (mi.) and 11.52 (ma.) (br, 1H). *C NMR (75MHz,
DMSO-ds) 8: 20.04, 28.15, 44.42, 47.02, 47.17, 47.60, 47.73, 48.80, 49.83, 66.42, 66.59,
67.66, 67.71, 81.59, 82.51, 119.70, 119.87, 120.60, 120.67, 123.62, 124.81, 125.60,
126.77, 127.52, 128.13, 128.19, 128.45, 128.61, 128.67, 128.72, 128.83, 129.00, 130.01,
131.15, 135.95, 136.05, 136.91, 140.89, 141.08, 141.20, 141.29, 144.12, 144.78, 147.60,
147.68, 149.91, 150.05, 154.41, 154.97, 155.02, 155.61, 155.67, 167.55, 168.17, 168.54,

168.82.

Synthesis of N-(2-N’-tert-Butoxycarbonylaminomethylphenyl) allylamine (86):
N
NHBoc
86
To a solution of aniline 85 (9.6g, 43mmol) in anhydrous DMF (420mL) was added
DIPEA (3.7mL, 21mmol) and allyl bromide (25.8g, 21mmol). The reaction was allowed
to stir overnight under Nj and then concentrated to an oil. The residue was then taken up
in EtOAc (400mL) and washed with H,O (3 x 300mL). The organic layer was dried over
Na,SO, (anhydrous) and the solvent removed under reduced pressure. The product was
obtained as an off-white solid after silica gel chromatography (10% EtOAc/hexanes) in
59>% yield.
'H NMR (300MHz, CDCl3). &: 1.44 (s, 9H), 3.83 (m, 2H), 4.27 (d, 2H, J = 6.6Hz), 4.82

(br, 1H), 5.18 (m, 1H), 5.29 (m, 1H), 5.90-6.03 (m, 1H), 6.67-6.72 (m, 2H), 7.06 (d, 1H, J
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= 6.3), 7.21 (t, 1H, J = 7.7Hz). °C NMR (67.7MHz, DMSO-ds) &: 14.39, 22.52, 28.65,
31.42,45.77,78.48, 110.41, 115.69, 115.90, 123.85, 128.37, 136.41, 146.16, 156.67.

ES* MS m/z: 263.1 (M+H)".

N-(2-N’-tert-Butoxycarbonylaminomethylphenyl)-N-(thymin-1-ylacetyl) allylamine
(87a) and N-(2-N’-tert-Butoxycarbonylaminomethylphenyl)-N-(N"-
benzyloxycarbonyl)adenin-1-ylacetyl) allylamine (87b):

Compounds 87a,b were prepared using the following general procedure: Secondary
aniline 87a (1 equivalent) was dissolved in anhydrous DMF (IM). To the solution was
added carboxylic acid 51 or 53 (2 equivalents) followed by EDC (2 equivalents). The
reaction was allowed to stir for 5-7 h under N, and then concentrated to a yellow oil. The
residue was partitioned between EtOAc and saturated NaHCOs. The organic layer was
further extracted with saturated NaHCO; (1x) and H,O (1x). The organic layer was

concentrated to give a yellowish solid and the products purified as indicated.

L e
\\N{NINH

87a NHBoc

Analytical Data for Thymine Derivative 87a: Product was purified by dissolution in a
Tninimal amount of EtOAc, followed by precipitation by slow addition of hexanes. Yield:
899, (white solid). '"H NMR (400MHz, DMSO-ds) 8: 1.38 (s, 9H), 1.72 (s, 3H), 3.72 (dd,
1}:-I, J=144,7.2),391 (d, 1H, J = 16.8Hz), 4.07 (dd, 1H, J = 16.0, 6.0Hz), 4.14-4.22 (m,

2-I-I), 4.60 (dd, 1H, J = 14.4, 5.6), 5.06-5.11 (m, 4H), 5.74-5.85 (m, 1H), 7.20-7.59 (m,
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5H), 11.29 (br, 1H).">C NMR (67.7MHz, DMSO-dq) &: 12.34, 28.67, 49.20, 51.67, 78.69,
108.39, 118.95, 128.55, 129.25, 129.66, 130.01, 133.15, 137.93, 138.65, 142.50, 151.42,
156.50, 164.84, 166.63.

ES* MS m/z: 429.3 M+H)*; ES™MS m/z: 427.2 (M-H)".
0+_0
\\\ =N Y
‘(N%/NH
N |
O NWN

87b NHBoc

Analytical Data for Adenine Derivative 87b: Product was purified by silica gel
chromatography using EtOAc as eluant. Yield: 85% (white foam). 'H NMR (400MHz,
CDCl3) &: 1.44 (s, 9H), 3.92 (dd, 1H, J = 14.4, 7.2Hz), 4.25-4.62 (m, 4H), 491 (d, 1H,
16.8Hz), 5.12 (m, 1H), 5.18 (m, 1H), 5.30 (s, 2H), 5.77-5.93 (m, 1H), 6.64 (br, 1H), 7.22-
7.53 (m, 4H), 7.71 (d, 1H, J = 7.2Hz), 8.29 (br, 1H), 8.79 (s, 1H). 3C NMR (75MHz,
DMSO-dg) &: 12.45, 14.59, 21.26, 28.59, 49.13, 50.65, 60.28, 80.10, 108.41, 118.65,
125.78, 126.21, 129.64, 130.81, 133.15, 133.24, 135.87, 142.49, 151.59, 153.96, 164.87,

167.21, 170.83.

ES* MS m/z: 572.3 M+H)"; ES” MS m/z: 570.3 (M-H)".

N-(2-N’-tert-Butoxycarbonylaminomethylphenyl)-N-(thymin-1-ylacetyl)-3-amino-
1,2-propanediol (88a) and N-(2-N’-tert-Butoxycarbonylaminomethylphenyl)-N-(N"’-
benzyloxycarbonyl)adenin-1-ylacetyl)-3-amino-1,2-propanediol (88b):

Compounds 88a,b were prepared using the following general procedure: Compound 87a

or 87b was dissolved in 1:1:1 H,O/THF/tBuOH (0.34M in 87a,b). To the solution was
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added OsO;4 (0.05 eq., 0.052M in benzene) followed by NMO (1.1 eq.) and the reaction
was allowed to stir for 5-10 h. The reaction was then quenched by addition of a 1:1
mixture of saturated Na,SOs/saturated NaHCO; (2mL for every ImL of reaction
mixture). This mixture was stirred for 30-60 min and then extracted with EtOAc (1x).
The products were then purified by silica gel chromatography using a gradient from O-

10% MeOH/DCM.

OH
= 0

S\ N NH
HE:QI { gf
88a NHBoc
Analytical Data for Diol 88a: Yield: 86%. 'H NMR (400MHz, DMSO-ds) 6: 1.39 (s, 9H),
1.72 (s, 3H), 3.27-4.76 (m, 6H), 7.16-7.58 (m, 5H), 11.26 (s, 1H). *C NMR (67.6MHz,
CDCls) &: 11.93, 28.45, (40.17, 40.48), 50.41, (52.69, 53.57), (64.92, 65.06), (70.43,

70.45), 80.00, (110.34, 110.38), 129.17, (129.68, 129.81), (130.21, 130.32), 130.40,

(138.65, 138.74), 139.68, (143.29, 143.34), 152.61, 157.97, 166.41, (169.04, 169.39).

ES* MS m/z: 463.3 (M+H)+; ES” MS m/z: 461.2 M-H) .
OH 0-_.0
e
o NPT
N N N
@; O x

88h NHBoc

Analytical Data for Diol 88b:Yield: 89%. 'H NMR (400MHz, DMSO-ds) 8: 1.39 (s,9H),
3.24-4.84 (m, 6H), 5.21 (s, 2H), 7.22-7.71 (m, 9H), 8.31 and 8.32 (s, 1H), 8.58 and 8.59

(s, 1H), 10.69 (br, 1H).
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N-(2-N’-tert-Butoxycarbonylaminomethylphenyl)-N-(thymin-1-ylacetyl)glycinal
(89a) and N-(2-N’-tert-Butoxycarbonylaminomethylphenyl)-N-(N”-
benzyloxycarbonyl)adenin-1-ylacetyl)glycinal (89b):

Compounds 8%a,b were prepared using the following general procedure: An aqueous
solution of NalO4 (1.05 eq., 0.25M) was added to a solution of diol 88a or 88b dissolved
in THF (0.5M) and the reaction was carefully monitored by TLC. Upon complete
consumption of the starting material, the reaction was filtered and the product was
extracted from the reaction mixture with EtOAc (3x). The combined organic layers were
dried over anhydrous MgSQ,, concentrated to dryness and the resulting white foam was

used immediately in the next step.

0] = 0
\\ NS NH
v T
o) 0]
89a NHBoc
Analytical Data for Aldehyde 89a: Yield (crude): >98%. TLC (EtOAc): 'H NMR
(400MHz, DMSO-ds) 6: 1.38 (s, 9H), 1.72 (s, 3H), 4.04-4.34 (m, 4H), 4.68 (d, 1H, J =
18.0Hz), 5.16 (d, 1H, J = 6.8Hz), 7.34-7.56 (m, 5H), 9.51 (s, 1H).
ES* MS m/z: 431.2 M+H)*; ES”MS m/z: 429.2 (M-H)".
0.0
1 . TH
\\ _(NW)\K
N I
o) Nx N
89b NHBoc
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Analytical Data for Aldehyde 89b: Yield (crude): >98%. TLC (EtOAc): 'H NMR
(300MHz, DMSO-dg) &: 1.39 (s, 9H), 4.04 (d, 1H, J = 18.0Hz), 4.40 (d, 2H, J = 6.0Hz),
4.98 (d, 1H, J = 18.0Hz), 5.31 (s, 2H), 7.29-7.67 (m, 5H), 8.48 (br, 1H), 8.79 (s, 1H),
9.64 (s, 1H). C NMR (75MHz, CDCl3) &: 14.24, 21.11, 28.48, 39.66, 44.70, 59.47,
60.46, 67.64, 79.81, 121.25, 128.45, 128.59, 128.66, 129.20, 129.32, 130.49, 131.16,
135.47, 137.69, 138.12, 144.53, 149.67, 151.19, 151.28, 152.68, 156.55, 166.30, 171.27,

195.04.

Synthesis of N-(2-N’-tert-Butoxycarbonylaminophenyl)-3-alanine methyl ester (92):

MeO,C MeO,C
L, L,
NHBoc NH,
92 188

A flask containing mono-Boc protected diamine 91 (711mg, 3.4mmol) was charged with
anhydrous DMF (750ul.) and methyl 3-bromoproprionate (230mg, 1.4mmol). The
mixture was rapidly (over ~5 min) heated to ~110-130°C and then allowed to cool to RT
with stirring over 1 h. The reaction was then evaporated to dryness and the mixture
purified by silica gel chromotography (gradient of 25-50% EtOAc/hexanes as eluant) to
give 36% of secondary aniline 92, 34% of deprotected backbone 188 and 23% of starting
aniline 91. "H NMR (300MHz, CDCls) &: 1.52 (s, 9H), 2.66 (t, 2H, J = 6.6Hz), 3.4 (t,
2H, J = 6.3Hz), 3.72 (s, 3H), 6.76-6.83 (m, 2H), 7.08 (dt, 1H, J = 7.5, 1.8Hz), 7.37 (d,
1H, I = 7.8Hz). °C NMR (75MHz, DMSO-ds) &: 28.34, 33.83, 39.90, 51.76, 80.36,

113.10, 118.65, 124.89, 125.19, 126.23, 141.22, 154.13, 172.76.
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ES* MS m/z: 295.2 (M+H)".

Synthesis of 2-Methyl-3-nitrobenzoic acid methyl ester (95).

CO,Me

NO,

95
2-Methyl-3-nitrobenzoic acid (52.0g, 287mmol) was dissolved in 500mL reagent grade
MeOH and concentrated H,SO4 (3mL) was added to the solution. This mixture was
heated to reflux for 24 h, cooled to RT and concentrated to 1/10 of the original volume on
a rotary evaporator. The mixture was diluted with EtOAc (500mL) and washed with
saturated NaHCOj; (2 x 500mL) and H,O (1 x 500mL). The organic layer was dried over
Na,SO4 and concentrated to dryness to give the title compound in 89% yield as a pale
orange solid. 'H NMR (270MHz, (CDCl3) &: 2.61 (s, 3H), 3.92 (s, 3H), 7.37 (t, IH, ] =
8.4Hz), 7.83 (d, 1H, J = 9.2Hz), 7.98 (d, 1H, ] = 6.7Hz). "“C NMR (67.7MHz,

(CD3),CO) &: 15.99, 52.88, 127.35, 127.83, 132.74, 134.19, 134.46, 153.06, 167.35.

Synthesis of 2-Bromomethyl-3-nitro-benzoic acid methyl ester (96).

CO,Me
Br
NO,

96
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2-Methyl-3-nitrobenzoic acid methyl ester (5.78g, 29.6mmol) and N-bromosuccinimde
(5.8g, 33mmol) were suspended in anhydrous CCls (50mL) and the mixture heated to
reflux. The reflux condenser was then removed, benzoyl peroxide (1.8g, 7.4mmol)
quickly added and the condenser reattached. The reaction was maintained at reflux until
decomposition of the product became competitive with product formation, at which time
the reaction was cooled to RT. The solution was concentrated to near dryness and the
resulting residue taken up in EtOAc (300mL) and washed with a 1:1 mixture of saturated
NaHCO; and saturated Na;S,03; (300mL) followed by H,O (300mL). The organic layer
was dried over Na,SO4 and concentrated to an orange oil. The residue was purified by
silica gel chromatography (elution with 10% EtOAc/hexanes until the starting material
had been collected, and then elution with 20% EtOAc/hexanes) to give 6.0g of the title
compound (74%) and 1.4g of starting material (25%).

Compound 96: "H NMR (400MHz, CDCls) &: 3.99 (s, 3H), 5.14 (s, 2H), 7.52 (¢, 1H, J =
8.0Hz); 7.94 (d, 1H, J = 8.4Hz), 8.09 (d, 1H, J = 8.0Hz). 'C NMR (67.7MHz,

(CD;3),CO) &: 23.99, 53.37, 128.71, 130.72, 132.64, 133.44, 135.44, 151.62, 166.65.

Synthesis of 2-Acetoxymethyl-3-nitro-benzoic acid methyl ester (97).

Co,Me O

oI

NO,

97

2-Bromomethyl-3-nitro-benzoic acid methyl ester (5.36g, 19.6mmol) and NaOAc (16.1g,

196mmol) were dissolved in anhydrous DMF (125mL). After stirring for 15 h, the
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reaction mixture was diluted with EtOAc (400mL) and H,O (400mL). The organic layer
was washed with H,O (2 x 400mL), dried over Na,SO4 and concentrated onto 5g of silica
gel. The silica gel mixture was added to a one inch plug of silica gel and the product
was eluted from the column with 20% EtOAc/hexanes. The fractions containing the title
compound were concentrated to dryness giving 2-acetoxymethyl-3-nitro-benzoic acid
methyl ester as a colorless oil (99%). "H NMR (400MHz, (CD3),S0O) o: 2.03 (s, 3H), 3.83
(s, 3H), 5.12 (s, 2H), 7.75 (¢, 1H), 7.88 (d, 1H), 7.95 d, 1H). ">C NMR (67.7MHz,
(CD;),CO) o: 20.18, 53.26, 59.89, 127.83, 130.54, 130.93, 134.43, 134.65, 152.13,

167.13, 170.36.

Synthesis of 2-Hydroxymethyl-6-nitro-phenyl)-methanol (98).
OH

OH
NO,
98

2-Acetoxymethyl-3-nitro-benzoic acid methyl ester (4.4g, 19mmol) was dissolved in dry
THF (165mL). To the solution was added LiBH4 (2.5g, 110mmol) in six equal portions
at 5 minute intervals. The reaction was allowed to stir overnight and then quenched by
the addition of HO. After stirring for 30 min, the solution was acidified to pH = 1 and
then extracted with EtOAc (2 x 300mL). The combined organic layers were then washed
with saturated NaHCO; (1 x 300mL) and H,O (1 x 300ml.), dried over Na,SO4 and
concentrated to give the title compound in 89% yield as an orange oil which solidified on

standing. '"H NMR (400MHz, (CD;),CO) &: 4.34 (t, 1H, J = 5.6Hz), 4.56 (t, 1H, J = 5.6),
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4.83 (d, 2H, J = 6.0Hz), 4.88 (d, 2H, J = 5.6Hz), 7.51 (t, 1H, J = 8.0Hz), 7.69 (d, 1H, J =
8Hz), 7.79 (d, 1H, J = 7.6Hz). *C NMR (67.7MHz, (CD;),CO) &: 57.13, 123.35, 129.22,

132.53, 133.32, 144.31, 151.84.

Synthesis of [2-(tert-Butyl-diphenyl-silanyloxymethyl)-6-nitro-phenyl]-methanol
99).
OTDS

OH
NO,

99
To a solution of diol 98 (3.0g, 16.5mmol) in anhydrous DMF (50mL) and distilled
DIPEA (30mL), was added dropwise TDS-CI (9.1g, 33mmol) under an N, atmosphere.
After stirring overnight, the reaction was quenched with H,0O (300mL) and extracted with
EtOAc (300mL). The organic layer was then washed with dilute HCl (2 x 300mL),
saturated NaHCO; (2 x 300mL) and H,O (300mL). The organic layer was then dried
over Na,SO, and concentrated to dryness. The residue was then purified by silica gel
chromatography (gradient from 5% to 20% EtOAc/hexanes) to give the title compound as
the only silylated product in 50% yield. 'H NMR (400MHz, (CDs),S0) o: 1.04 (s, 9H),
4.52 (d, 2H, J = 5.2Hz), 4.95 (s, 2H), 5.19 (t, IH, J = 5.4Hz), 7.35-7.48 (m, 6H), 7.53 (t,
1H, J = 7.6Hz), 7.61 (d, 4H, J = 6.8Hz), 7.69 (d, 1H, J = 8Hz), 7.78 (d, 1H, J = 7.2Hz).
*C NMR (67.7MHz, (CD3),CO) 6:19.84, 27.23, 57.07, 63.95, 123.36, 128.78, 129.25,

130.86, 131.61, 132.92, 133.86, 136.27, 143.02, 151.80.
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Synthesis of tert-Butyl-(2-chloromethyl-3-nitro-benzyloxy)-diphenyl-silane (100).
OTDS

Cl

NO,
100

To a solution of alcohol 99 (3.2g, 7.6mmol) in dry DCM (20mL) was added distilled
DIPEA (1.6mL, 9.2mmol) followed by dropwise addition of MsCl (660uL, 8.4mmol).
After ca. 5 h of stirring, the reaction mixture was evaporated to dryness and used directly
in the next step. A small portion of the reaction mixture was further purified by silica gel
chromatography (20%EtOAc/hexanes) in order to confirm the identity of the product. 'H
NMR (270MHz, (CD3),CO) &: 1.12 (s, 9H), 4.93 (s, 2H), 5.13 (s, 2H), 7.42-7.53 (m, 6H),
7.66-7.78 (m, SH), 7.90-7.96 (m, 2H). '*C NMR (67.7MHz, (CD;),CO) &: 19.80, 27.20,
37.71, 63.58, 124.48, 128.79, 129.34, 130.70, 130.92, 132.78, 133.58, 136.27, 143.02,

151.00.

Synthesis of [2-(tert-Butyl-diphenyl-silanyloxymethyl)-6-nitro-benzylamino]-acetic
acid ethyl ester (101).
E10,C~

TDSO NH

NO,

101

The crude mixture from the previous reaction was dissolved in anhydrous DMF (15mL)
and added via syringe to a solution of glycine ethyl ester hydrochloride (10.6g, 76mmol)

and DIPEA (13.2mL, 76mmol) in DMF (200mL). After stirring for 15 h, the reaction
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was diluted with H,O (600mL) and extracted with EtOAc (600mL). The organic layer
was further extracted with saturated NaHCO; (2 x 600mL) and dried over Na,SQ4. The
product was isolated after silica gel chromatography (10%EtOAc/hexanes) as a pale
yellow gum in 69% yield over the two steps. 'H NMR (400MHz, (CD5),CO) &: 1.12 (s,
9H), 1.20 (t, 3H, J = 7.2Hz), 2.84 (br, 1H), 3.24 (s, 2H), 3.85 (s, 2H), 4.08 (q, 2H, 7.2Hz),
5.11 (s, 2H), 7.41-7.50 (m, 6H), 7.55 (t, 1H, J = 7.6Hz), 7.69 (d, 1H, J = 8Hz), 7.73 (d,
4H, 7.6Hz), 7.90 (d, 1H, J = 8.0Hz). "’C NMR (67.7MHz, (CD3),CO) &: 14.54, 19.85,
27.26, 45.28, 51.15, 60.85, 63.84, 123.27, 128.74, 129.00, 130.82, 131.48, 131.55,
133.95, 136.31, 143.49, 152.44, 172.38.

ES*™ MS m/z: 507.1 (M+H)".

Synthesis of {[2-(tert-Butyl-diphenyl-silanyloxymethyl)-6-nitro-benzyl]-[2-(5-

methyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl)-acetyl]-amino}-acetic acid ethyl

o
TDSO N O»/H

O

ester (102).

NO,
102
Sevcondary amine 101 (201mg, 0.397mmol) and thymine derivative 51 (146mg,
0.794mmol) were dissolved in anhydrous DMF (1200uL). To the solution was added
EDC (150mg, 0.785mmol) and the reaction was allowed to stir overnight under N,. The

reaction mixture was diluted with EtOAc (SmL) and extracted with saturated NaHCO; (2
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x 5mL) and H,O (1 x 5mL). The organic layer was dried over MgSO, and then
concentrated to dryness. The product was isolated as a white powder after purification by
silica gel chromatography (1% MeOH/DCM) in 96% yield. 'H NMR (400MHz,
(CD3),S0) &: 1.03 (s, 9H), 1.13-1.17 (m, 3H), 1.70 (ma.) and 1.73 (mi.) (br, 3H), 3.52
(mi.) and 4.00 (ma.) (s, 2H), 3.88 (mi.) and 4.06 (ma.) (q, 2H, J = 6.8), 4.39 (ma.) and
4.63 (mi.) (s, 2H), 4.55 (ma.) and 4.81 (mi.) (s, 2H), 4.85 (ma.) and 4.95 (mi.) (s, 2H),
6.98 (ma.) and 7.05 (mi.) (s, 1H), 7.36-7.44 (m, 6H), 7.55-7.61 (m, SH), 7.75 (d, 1H, J =
8.4Hz), 7.84 (d, 1H, J = 7.2Hz), 11.29 (br, 1H). °C NMR (67.7MHz, (CD5),SO) &:
12.55, 14.40, 14.48, 27.24, 42.45, 48.19, 48.27, 61.05, 61.68, 62.98, 108.62, 108.70,
123.12, 126.02, 128.33, 128.39, 129.58, 130.37, 130.53, 132.66, 132.96, 135.32, 135.42,

141.96, 142.59, 143.09, 150.95, 151.11, 151.60, 164.64, 168.41, 168.52, 168.95.

ES* MS m/z: 695.3 (M+Na)*; ES™ MS m/z: 671.2 (M-H)".

Synthesis of {tert-Butoxycarbonyl-[2-(tert-butyl-diphenyl-silanyloxymethyl)-6-
nitro-benzyl]-amino}-acetic acid ethyl ester (103).

CO,Et

TDSO
N-Boc

NO,
103

Di-tert-butyl dicarbonate (496mg, 2.28mmol) was added in one portion to a solution of
secondary amine 101 dissolved in dry THF (50mL). The reaction was heated to 50°C and
stirred until all of the starting material had been consumed (TLC monitoring). The

reaction was then concentrated and purified by flash column chromatography (15%
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EtOAc/hexanes) to give carbamate 103 in 94% yield. '"H NMR (400MHz, CDCl5) &: 1.08
(mi.) and 1.11 (ma.) (s, 9H), 1.13 (mi.) and 1.27 (ma.) (s, 9H), 1.19-1.27 (m, 3H), 3.58
(ma.) and 3.68 (mi.) (s, 2H), 4.09-4.15 (m, 2H), 4.50 (mi.) and 4.55 (ma.) (s, 2H), 4.83
(mi.) and 4.92 (ma.) (s, 2H), 7.33-7.63 (m, 12H), 7.84 (mi) and 7.90 (ma.) (d, 1H, J =
8.0Hz). “C NMR (67.7MHz, CDCl;) &: 14.42, 19.55, 27.02, 27.15, 28.05, 28.19, 43.01,
44.23, 47.89, 48.28, 61.18, 62.65, 62.84, 80.89, 81.28, 122.48, 122.69, 126.78, 127.99,
128.09, 128.52, 128.81, 130.05, 130.19, 130.53, 132.87, 133.22, 135.66, 143.96, 143.98,
151.24, 151.76, 155.17, 155.46, 169.88.

ES™ MS m/z: 629.1 (M+Na)".

Synthesis of [tert-Butoxycarbonyl-(2-hydroxymethyl-6-nitro-benzyl)-amino]-acetic
acid ethyl ester (104).

CO,Et

HO
N-Boc

NO,

104
To a solution of carbamate 103 (1.64g, 2.72mmol) dissolved in dry THF (10mL) was
added TBAF (3.1mL, 4M in THF). After 1h of stirring at RT, the reaction was
concentrated onto 4g of silica gel and then applied to a column of silica gel. The product
was eluted the column with 1:1 EtOAc/hexanes to give pure alcohol 104 in 93% yield. 'H
NMR (300MHz, (CD3),SO) &: 1.15-1.21 (m, 3H), 1.22 and 1.33 (s, 9H), 3.65 and 3.72 (s,
2H), 4.02-4.12 (m, 2H), 4.57-4.61 (m, 4H), 5.40-5.50 (m, 1H), 7.45-7.55 (m, 1H), 7.65-

7.78 (m, 2H). '*C NMR (67.7MHz, (CD3),CO) &: 14.34, 14.27, 28.16, 44.03, 44.82,
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48.98, 60.43, 61.30, 61.60, 62.04, 80.75, 80.89, 122.91, 123.05, 128.11, 128.99, 129.26,
129.49, 129.85, 135.35, 144.31, 145.14, 151.87, 152.35, 170.17.

ES* MS m/z: 390.9 (M+Na)™.

Synthesis of [tert-Butoxycarbonyl-(2-chloromethyl-6-nitro-benzyl)-amino]-acetic

acid ethyl ester (105).

CO,Et

Cl
N-Boc

NO,

105
To a solution of alcohol 104 (1.38g, 3.80mmol) and DIPEA (1.4mlL, 8.0mmol) in dry
DCM (15mL) was added dropwise MsCl (330uL, 4.2mmol). The reaction was allowed
to stir for 20 h at RT and then concentrated and applied directly to a column of silica gel.
Elution with 20% EtOAc/hexanes afforded the chloride 105 in 88% yield as a pale yellow
oil. '"H NMR (400MHz, (CDCl3) 8:1.21-1.29 (m, 3H), 1.43 (s, 9H), 3.78 (ma.) and 3.84
(mi.) (s, 2H), 4.13-4.22 (m, 2H), 4.74-4.78 (m, 4H), 7.42-7.46 (m, 1H), 7.60-7.64 (m,
2H). C NMR (67.7MHz, (CDCl3) &: 14.48, 28.42, 42.96, 43.55, 44.12, 61.36, 81.49,
81.9, 124.23, 124.37, 129.38, 129.52, 129.81, 134.44, 134.74, 140.00, 140.68, 152.14,

155.46, 155.65, 170.03.
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Synthesis of [tert-Butoxycarbonyl-(2-dimethylaminomethyl-6-nitro-benzyl)-amino]-
acetic acid ethyl ester (106).
| CO,Et

< N-Boc

NO,
106
To a solution of chloride 105 (1.20g, 3.16mmol) in dry DMF (75mL) was added K,COs3
(4.7g, 34mmol) followed by (CH3),NH,Cl (2.6g, 31mmol) and the reaction was stirred
overnight at RT. The reaction was then diluted with H,O (250mL) and EtOAc (250mL).
The organic layer was washed with saturated NaHCO; (3 x 250mL), dried over Na;SO,4
and concentrated to give the desired tertiary amine in >98% yield in analytically pure
form as determined by 'H NMR. 'H NMR (400MHz, (CDCl3) 6: 1.23-1.27 (m, 3H), 1.40
(mi.) and 1.43 (ma.) (s, 9H), 2.19 (s, 6H), 3.46 (mi.) and 3.49 (ma.) (s, 2H), 3.69 (ma.)
and 3.75 (mi.) (s, 2H), 4.13-4.18 (m, 2H), 4.77 (mi.) and 4.80 (ma.) (s, 2H), 7.33-3.37 (m,

1H), 7.49-7.56 (m, 2H).

Synthesis of {(2-Dimethylaminomethyl-6-nitro-benzyl)-[2-(thymin-1-yl)-acetyl]-

amino}-acetic acid ethyl ester (107).

EtOzC\ Th EtOZC\\ 2HCl
Me,N N‘( Me,N NH
o}
NO, NO,
107 189
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Carbamate 106 (605mg, 1.56mmol) was treated with HCI (7.8mL., 4M/dioxane) for 2 h at
RT. At this time, the reaction was shown to be complete by HPLC. The solution was
then concentrated to dryness to give the dihydrochloride salt 1892HCI as a white
powder, which was used directly in the next step without further characterization. The
free amine was then isolated by addition of EtOAc (25mL) and 5% K,CO; (25mL),
drying the organic layer over Na,SO,4 and concentrating to dryness. To a solution of
compound 189, carboxylic acid 51 (574mg, 3.12mmol) and HATU (596mg, 3.12mmol)
in dry DMF (9.3mL) was added collidine dropwise via syringe. After stirring overnight,
the reaction was judged to be complete by TLC analysis. The reaction was diluted with
H,0 (50mL) and EtOAc (50mL) and the organic layer washed with saturated NaHCOs (3
x 50mL). The organic layer was then dried over Na,SO4 and concentrated to dryness.
The residue was then triturated with EtOAc/hexanes (3:1) and the product was isolated
by filtration. Analytically pure product was obtained after silica gel chromatography (0-
5% MeOH/DCM) in 71% yield over two steps. 'H NMR (300MHz, (CD3),SO) & 1.10
(mi.) and 1.18 (ma.) (t, 3H, J = 6.9Hz), 1.75 (br, 3H), 2.09 (ma.) and 2.13 (mi.) (s, 6H),
3.38 (ma.) and 3.52 (mi.) (s, 2H), 3.62 (mi.) and 4.00 (ma.) (s, 2H), 3.98 (mi.) and 4.10
(ma.) (q, 2H, J = 7.1Hz), 4.46 (ma.) and 4.76 (mi.) (s, 2H), 4.79 (ma.) and 4.60 (mi.) (s,
2H), 7.21 (ma.) and 7.26 (mi.) (br, 1H), 7.48-7.85 (m, 3H), 11.29 (br, 1H). >C NMR
(67.7MHz, DMSO-ds) 6: 12.38, 14.42, 31.15, 42.12, 43.61, 45.37, 46.43, 47.48, 48.33,
60.79, 60.99, 61.28, 61.53, 61.62, 108.77, 123.37, 127.65, 128.15, 129.38, 129.95,

134.70, 141.40, 141.82, 142.28, 151.37, 151.40, 152.12, 164.84, 168.81, 168.93, 169.23.

ES* MS m/z: 483.2 (M+Na)*; ES” MS m/z: 459.0 (M-H)".

168



Chapter 7

Synthesis of 3-Methyl-2-nitro-benzoic acid methyl ester (110).

NO,
CO,Me

110
3-Methyl-2-nitrobenzoic acid (52.0g, 287mmol) was dissolved in 500mL reagent grade
methanol and concentrated H,SO4 (3mL) was added to the solution. This mixture was
heated to reflux for 24h, cooled to RT and concentrated to 1/10 the original volume on a
rotary evaporator. The mixture was diluted with EtOAc (500mL) and washed with
saturated NaHCOj3 (2 x 500mL) and H,O (1 x 500mL). The organic layer was dried over
Na,SO,4 and concentrated to dryness to give the title compound in 89% yield as a pale
orange solid. 'H NMR (270MHz, (CDCl3) &: 2.34 (s, 3H), 3.89 (s, 3H), 7.42-7.49 (m,
2H), 7.84 (d, 1H, J = 6.0Hz), 7.98. '*C NMR (67.7MHz, CDCl3) & 17.25, 53.14, 123.26,

128.90, 130.13, 130.66, 135.83, 150.84, 164.14.

Synthesis of 3-Bromomethyl-2-nitro-benzoic acid methyl ester (96).

Br

NO,
CO,Me

96

3-Methyl-2-nitrobenzoic acid methyl ester (1.00g, 5.13mmol) and N-bromosuccinimde
(1.00g, 5.64mmol) were suspended in anhydrous CCl, (50mL) and the mixture heated to
reflux. The reflux condenser was then removed, benzoyl peroxide (319mg, 1.28mmol)

quickly added and the condenser reattached. The reaction was maintained at reflux until
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decomposition of the product became competitive with product formation, at which time
the reaction was cooled to RT. The solution was concentrated to near dryness and the
resulting residue taken up in EtOAc (50mL) and washed with a 1:1 mixture of saturated
NaHCOj; and saturated Na,S;0; (50mL) followed by H,O (50mL). The organic layer
was dried over Na,;SO4 and concentrated to an orange oil. The residue was purified by
silica gel chromatography (elution with 5% EtOAc/hexanes until the starting material had
been collected, and then elution with 20% EtOAc/hexanes) to give 689mg of the title
compound (49%). '"H NMR (400MHz, (CD;),CO) &: 3.89 (s, 3H), 4.43 (s, 2H), 7.56 (t,
1H, ] = 6.7Hz), 7.72 (d, 1H, J = 7.1Hz), 7.94 (d, 1H, J = 7.9Hz). *C NMR (67.7MHz,

CDCl3) &: 25.82, 53.52, 124.48, 130.54, 130.95, 131.38, 135.49, 149.89, 163.62.

Synthesis of 3-[(tert-Butoxycarbonylmethyl-amino)-methyl]-2-nitro-benzoic acid

methyl ester (113):

)Y ch\\NH

NO,
CO,Me
113

To a solution of glycine, fert-butyl ester (1.02g, 7.54mmol) and DIPEA (0.44mL,
2.5mmol) in anhydrous DMF (20mL) was added bromide 111 (689mg, 2.51mmol). The
reaction was allowed to stir for 3 h, after which the reaction had gone to completion. The
soiution was diluted with EtOAc (100mL) and extracted with H;O (60ml) and saturated

NaHCO; (aqueous, 3 x 60mL). The organic layer was dried over NaySO, and
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concentrated to a pale yellow oil, which was pure by 'H NMR. Yield >98%. 'H NMR
(300MHz, (CD;3),CO) &: 1.45 (s, 9H), 3.25 (s, 2H), 3.86 (s, 2H), 3.87 (s, 3H), 7.71 (t,
1H, J = 7.6Hz), 7.93 (dd, 1H J = 8.0, 1.6Hz), 7.97 (dd, 1H, J = 7.6, 1.6Hz). *C NMR
(67.7MHz, (CDs),CO) &: 28.00, 48.35, 51.36, 53.20, 81.11, 124.38, 130.30, 131.36,
134.23, 135.36, 150.64, 164.86, 171.88.

ES* MS m/z: 324.9 M+H)"; ES" MS m/z: 305.0 (M-CH3)".

Synthesis of 3-({tert-Butoxycarbonylmethyl-[2-(thymin-1-yl)-acetyl]-amino}-

methyl)-2-nitro-benzoic acid methyl ester (114):

)Yo)\\N {Th

NO,
CO,Me

114
Amine 113 (501mg, 1.54mmol), thymine derivative 51 (311mg, 1.69mmol) and EDC
(311mg, 1.63mmol) were dissolved in anhydrous DMF (3mL) and the reaction was
stirred overnight. The mixture was then diluted with EtOAc (15mL) and extracted with
H,0 (15mL) and saturated NaHCO; (3 x 15SmL). The organic layer was then dried over
Na,SO4 and concentrated to dryness to give 705mg (93%) of the desired amide in an
analytically pure form. 'H NMR (400MHz, (CD3),SO) &: 1.37 (mi.) and 1.40 (ma.) (s,
9H), 1.74 (s, 3H), 3.83 (ma.) and 3.84 (mi.) (s, 3H), 3.87 (mi.) and 4.23 (ma.) (s, 2H),
4.50 (ma.) and 4.61 (mi.) (s, 2H), 4.57 (ma.) and 4.71 (mi.) (s, 2H), 7.34 (ma.) and 7.40

(mi.) (s, 1H), 7.70-7.96 (m, 3H), 11.30 (br, 1H). *C NMR (67.7MHz, (CD3),CO) §&:
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12.25, 28.05, 28.13, 46.77, 47.38, 48.84, 48.92, 49.22, 50.40, 53.33, 53.43, 82.10, 83.10,
109.81, 109.89, 124.55, 125.13, 130.37, 130.83, 131.02, 131.19, 131.82, 132.41, 133.74,
134.61, 142.46, 142.64, 150.18, 151.95, 164.51, 164.59, 164.86, 168.39, 168.72, 168.81,
169.47.

ES* MS m/z: 513.0 M+Na)*; ES” MS m/z: 489.1 (M-H)".

Synthesis of methyl ester backbone 185:
0

© NH

NHAlloc
185

Using the conditions outlined for amine 76a, compound 185 was also prepared.

'H NMR (400MHz, CDCls) 8: 3.46 (s, 2H), 3.75 (s, 3H), 3.90 (s, 2H), 4.67 (ddd, 2H, J =
6.0 & 0.8 Hz), 5.24 (dm, 1H, J = 10.4 Hz), 5.38 (dm, 1H, J = 17.2 Hz), 5.94-6.04 (m,
1H), 7.03 (ddd, 1H,J=7.2 & 0.8 Hz), 7.18 (d, 1H, J=7.2 Hz), 7.31 (ddd, 1H, /=78 &
1.6 Hz), 7.94 (bd, 1H, J = 8.0 Hz), 9.31 (bs, 1H).

BC NMR (67.5MHz, CDCl3) &: 28.2, 50.1, 52.2, 65.5, 81.5, 117.6, 120.2, 122.6, 126.3,

128.6, 129.7, 133.0, 138.9, 153.8, 171.1.

Synthesis of protected N-[N’-(allyloxycarbonyl)-2-aminobenzyl]-N-[N”-
benzyloxycarbonylcytisin-1-ylacetyl] glycine methyl ester (186):
Cytosine monomer 186 was also prepared using the procedure described for compounds

8la-d:
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NII

Hscozc\ Nﬂ/NHCbz
<
o)

NHAlloc 136
N’

Amine 185 (328mg, 1.2mmol), Cy“™CH,CO,H 52 (466mg, 1.5mmol) and HATU
(583mg, 1.5mmol) were suspended in anhydrous DMF (7mL) under N; at 0°C. To the
stirred suspension, DIPEA (0.54mL, 3.1mmol) was added and, after stirring at 0°C for 10
min, the reaction mixture was allowed to warm-up to RT and stir for an additional 8 h.
The crude product was diluted with EtOAc (100mL) and washed with H,O (1 x 75mL),
5% NaHCO; (1 x 75mL) and H,O (1 x 75mL). The organic layer was then dried over
anhydrous MgSO, and concentrated to dryness. Pure monomer 186 was obtained after
flash column chromatography, using pure EtOAc as the eluent, as a white foam (642mg,
72% yield).

"H NMR (300MHz, CDCls, mixture of rotamers in 1:3.5 ratio) &: 3.69 (bs, 3H), 4.00 (mi)
& 4.26 (ma) (bs, 2H), 4.59-4.85 (m, 6H), 5.19-5.37 (m, 4H), 5.85-6.02 (m, 1H), 6.98-
7.03 (m, 1H), 7.10-7.12 (m, 1H), 7.22-7.39 (m, 7H), 7.53 (bs, 1H), 7.70 (bd, 1H, J = 6.9
Hz), 8.04 (bd, 1H, J= 6.9 Hz), 8.34 (bs, 1H).

ES* MS: m/z 564 M+H)"; ES” MS: m/z 562 (M-H)".
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Synthesis of N-(2-aminobenzyl)-N-(N*-benzyloxycarbonylcytisin-1-ylacetyl) glycine

methyl ester 187:

Hscozc\ NWNHCbZ
-
o

NH, 187

Aniline 187 was prepared using procedure A used for anilines 83a-d: Allyl carbamate
186 (164mg, 0.3mmol) was dissolved in DCM (6mL) and H,O (100uL), and then
BusSnH (81uL, 0.3mmol) followed by Pd(PPhs)4 (16mg, Smol%) were added. After 15
min, the reaction mixture was concentrated to an oil, which was then purified by flash
column chromatography, using a solvent gradient of 0-5% MeOH in CHCl; as the eluant.
Pure aniline 187 was isolated as a glassy solid (140mg, 91%).

'H NMR (300MHz, CDCl;, mixture of rotamers in 1:1.3 ratio) &: 3.58 (mi) & 3.62 (ma)
(s, 3H), 3.96 (mi) & 4.23 (ma) (s, 2H), 4.37 (ma) & 4.51 (mi) (s, 2H), 4.70 (ma) & 4.77
(mi) (s, 2H), 5.01 (mi) & 5.02 (ma) (s, 2H), 5.17 (mi) & 5.18 (ma) (s, 2H), 6.47 (ddd,
0.6H, J =72 & 1.2 Hz), 6.56-6.60 (m, 0.9H), 6.69 (d, 0.5H, J = 7.6 Hz), 6.95-7.03 (m,
3H), 7.33-7.40 (m, 5H), 7.94-7.99 (m, 1H), 10.74 (bs, 1H).

ES* MS: m/z 480 (M+H)"; ES" MS: m/z 478 (M-H)".
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7.7-Synthesis of APNA-PNA Dimers.

Synthesis of {N-[2-(tert-butoxycarbonyl amino)ethyl]-N-[thymin-1-ylactetyl] glycyl}-
{N-(2-aminobenzyl)-N-(thymin-1-ylacetyl)glycine} methyl ester (132):
CO,Me

< Th
e
Cr

NH
O)\N‘(Th

132 ©

NHBoc

Free acid 124 (830mg, 2.2mmol), aniline 43a (773mg, 2.2mmol) and HATU (828mg,
2.2mmol) were placed in a flask under N, and anhydrous DMF (SmL) was added. The
mixture was cooled to 0°C and a solution of DIPEA (0.11mL, 10% solution in anhydrous
DMF, 4.3mmol) was added drop-wise. The reaction mixture was allowed to warm-up to
RT and stir for 6 h before quenching with HyO (15mL). A mixture of 10% MeOH in
CHCl3 (50mL) was added and the organic layer was washed with 5% NaHCO; (2 x
15mL) and brine (1 x 15mL), dried over anhydrous MgSO, and concentrated to dryness.
The crude product was purified by flash column chromatography, using a solvent
gradient from 0-8% MeOH in CHCI; as the eluent to give 1.56g (79% yield) of pure
dimer 132.

TLC R¢(8% MeOH in CHCl3) = 0.211.

'H NMR (300MHz, DMSO-dg) 8: 1.36-1.38 (bs, 9H), 1.74 (bs, 6H), 3.06-3.44 (m, 4H),
3.59-3.62 (bs, 3H), 3.97-4.68 (m, 8H), 6.74-7.68 (m, 6H), 9.55-9.86 (m, 1H), 11.29-11.33

(m, 2H).
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(C33H42N3011K)* = 765.261013.

Synthesis of Dimers 133 and 137:

EtO,C

133
NHBoc

found 765260910 (M+K);

Chapter 7

calculated for

Dimers 133 and 137 were synthesized using the same procedure as for dimer 132:

Dimer 133: Yield: 71%. TLC Ry(12% MeOH in EtOAc) =0.121.

'H NMR (300MHz, DMSO-dg) &: 1.09-1.19 (m, 3H), 1.35-1.37 (m, 9H), 1.74 (bs, 6H),

2.41-2.71 (m, 2H), 3.00-3.52 (m, 6H), 3.93-4.73 (m, 10H), 6.74-7.66 (m, 7TH), 9.57-9.90

(m, 1H), 11.27-11.30, (m, 2H).

ES*MS: m/z 755 (M+H)"; ES"MS: m/z 753 (M-H) .

H,CO,C

Cy(Cbz)
j e
o]

NH

O}\N {Th

137 S S
NHBoc

Dimer 137:
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Yield: 69%. TLC Ry (5%MeOH in CHCls) = 0.19.

'H NMR (300MHz, CDCl;) &: 1.35-1.42 (m, 9H), 1.83-1.88 (mm, 3H), 3.26-3.75 (m, 7H),
4.02-4.79 (m, 10H), 5.19-5.43 (m, 2H), 6.97-8.47 (m, 13H), 8.81-9.03 (m, 1H), 9.50-9.85
(m, 1H), 10.68 (bs, 1H).

ES* MS: m/z 832 (M+H)"; ES” MS: m/z 830 (M-H)".

Synthesis of {N-[2-(tert-butoxycarbonyl amino)ethyl]-N-[thymin-1-ylactetyl] glycyl}-

{N-(2-aminobenzyl)-N-(thymin-1-ylacetyl)glycine} (138):

<2Th
e
X,
oq{

O
138

NHBoc

To a solution of ester 132 (1.97g, 2.7mmol) in THF (20mL), aqueous LiOH (10mL,
0.8M, 8.0mmol) was added and the reaction was stirred at RT for 45 min. The mixture
was then diluted with HO (30mL), cooled to 0°C and acidified to pH 3 by the drop-wise
addition of aqueous HCI (0.1M). The solution was then extracted with 10% MeOH in
CHCI; (3 x 100mL). The combined organic layers were dried over anhydrous MgSQO4 and
concentrated to give dimer 138 as a white foam in 88% yield (1.70g) in high purity.
RP-TLC Ry (80% MeOH in H,0) = 0.1.

"H NMR (300MHz, DMSO-ds, mixture of four rotamers) &: 1.34-1.36 (m, 9H), 1.71-1.75
(m, 6H), 3.02-3.48 (m, 4H), 3.82-4.69 (m, 10H), 5.19 (s, 2H), 5.31 (ma) & 5.35 (mi) (s,

2H), 6.70-7.70 (m, 6H), 9.57-9.68 (m, 1H), 10.66 (bs, 1H), 11.26-11.31 (m, 2H).
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- FAB® HRMS (glycerol/NaCl) m/z found 7352714 (M+Na)*; calculated for

(C‘32H40N301 1+Na)+ =735.2712.

Synthesis of dimers 139 and 143:

The free acids of dimers 139 and 143 were synthesized using the same procedure as for
138:

HO,C

NHBoc
Free acid 139: Yield: 90%.
'H NMR (400MHz, DMSO-dg) 0: 1.35 and 1.37 (m, 9H), 1.73 and 1.75 (m, 6H), 2.36-

2.65 (m, 2H), 3.03-3.61 (m, 6H), 4.04-4.73 (m, 10H), 6.74-7.71 (m, 6H), 9.64-9.97 (m,
1H), 11.29-11.32, (m, 2H), 12.26 (br, 1H).

ES* MS: m/z 727 (M+H)"; ES" MS: m/z 725 (M-H)".
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HO,C

Cy(Cbz)
j%e

o)

NH
0)\ ‘(Th
N
143 & o)
NHBoc

Free acid 143: Yield: 88%.
'H NMR (300 MHz, DMSO-dg) &: 1.34-1.36 (m, 9H), 1.71-1.75 (m, 3H), 3.02-3.48 (m,
4H), 3.86-4.83 (m, 10H), 5.18 (s, 2H), 6.70-7.92 (m, 13H), 9.54-9.85 (m, 1H), 10.79 (bs,
1H), 11.30 (m, 1H).

ES* MS: m/z 846 (M+H)"; ES" MS: m/z 844 (M-H)".

Synthesis of {N-[2-(tert-butoxycarbonyl amino)ethyl]-N-[thymin-1-ylactetyl] glycyl}-
{N-(2-N’-tert-Butoxycarbonylaminophenyl)-N-(thymin-1-ylacetyl)-3-alanine} methyl
ester (134):

 GO,CH,
Th
v—
Cr e
NH
e

O
134
NHBoc

Thymine derivative 93 (302mg, 0.66mmol) was treated with HCI in dioxane (20 eq.) at
RT. After complete consumption of the starting material, the solution was evaporated to

dryness to give an off-white powder. To the flask was added PNA thymine monomer
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124 (300mg, 0.79mmol), HATU (298mg, 0.79mmol) and HOAt (106mg, 0.79mmol).
The flask was cooled to 0°C and charged with a solution of collidine (490uL, 3.7mmol)
in anhydrous DMF (4mL). The reaction was allowed to warm to RT and stir overnight
under N,. The reaction was diluted with EtOAc (12mL) and extracted with saturated
NaHCO; (2 x 12mL) and H,O (1 x 12mL). The organic layer was dried over MgSO,4 and
concentrated to an orange residue. The product was purified by silica gel
chromatography giving dimer 134 in 47% yield. '"H NMR (400MHz, CDCl3) 8: 1.42-1.44
(m, 9H), 1.85-1.91 (m, 6H), 2.41-2.69 (m, 2H), 3.27-4.85 (m, 12H), 5.86 (br, 1H), 6.89-
7.52 (m, 6H), 8.22-8.24 (ma.) and 8.37-8.39 (mi.) (m, 1H), 9.27 (ma.) and 9.57 (mi.) (s,

1H), 9.39 (ma.) and 9.86 (mi.) (br, 2H).

Synthesis of {N-[2-(tert-butoxycarbonyl amino)ethyl]-N-[thymin-1-ylactetyl] glycyl}-
{N-(2-N’-tert-Butoxycarbonylaminophenyl)-N-(thymin-1-ylacetyl)-3-alanine} (140):

CO,H

l\N {Th

©iNH °

o ' -(Th
% o)

NHBoc

140

A solution of aqueous LiOH (4 eq., 0.75M) was added to a solution of dimer 134
(142mg, 0.19mmol), which was dissolved in THF (1mL). After 20 min of stirring, the
reaction was diluted with H,O (5mL) and acidified to pH = 3 by dropwise addition of
HC1 (3M). The product was then extracted into 5% MeOH/DCM (5 x 10mL). The

organic layer was dried over MgSO, and concentrated to give dimer 140 as a glassy
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white solid (97%). '"H NMR (400Hz, DMSO-d) &: 1.34 (mi.) and 1.37 (ma.) (s, 9H),
1.67-1.69 (m, 6H), 2.36-2.53 (m, 2H), 3.02-3.48 (m, 6H), 3.85-4.74 (m, 6H), 6.76 (mi.)
and 6.98 (ma.) (m, 1H), 7.17-7.49 (m, 6H) 7.83-7.85 (m, 1H), 9.45 (ma.) and 9.88 (mi.)

(s, 1H), 11.28-11.31 (m, 2H). ES™ MS m/z: 713.3 (M+H)", 735.3 (M+Na)"; ES’ MS

m/z: 711.3 (M-H)".

7.8-Synthesis of APNA Dimers.

Dimers 155-159 were synthesized using one of the two following procedures:

Procedure A: Free acid 43a-d (1.2 eq.), aniline 82a-d (1.0 eq.) and HATU (1.2 eq.) were
dissolved in anhydrous DMF (0.5M solution) and cooled to 0°C under N,. The reaction
was initiated by the dropwise addition of 2,4,6-collidine (2.2 eq.) and the reaction was
allowed to come to RT and monitored by TLC. When TLC detected no further progress,
the reaction was diluted with EtOAc (3 volumes) and washed with H,O (1 x 3 volumes),
saturated NaHCO; (2 x 3 volumes), dilute HCI (1 x 3 volumes) and H,O (1 x 3 volumes).
The organic layer was then dried over anhydrous Na,SO4 and concentrated to dryness.
The products were then purified by flash column chromatography using the conditions
indicated.

Procedure B: Free acid 43a-d (1.2 eq.), aniline 82a-d (1.0 eq.), HOAt (1.2eq.) and HATU
(1.2 eq.) were dissolved in anhydrous DMF (0.5M solution) and cooled to 0°C under N,.
The reaction was initiated by the dropwise addition of 2,4,6-collidine (3.4 eq.). The

reaction was allowed to come to RT and monitored by TLC. When TLC detected no
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further progress, the reactions were worked up and the products purified as described in

procedure A.

{N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-(thymin-1-ylacetyl)glycyl}-
{N-(2-aminobenzyl)-N-(thymin-1-ylacetyl) glycine} fert-Butyl Ester (Dimer 155):

Th

p
A
AR

Synthesized using procedure A. Column conditions: 0-8% MeOH/CH,Cl,. Yield: 549mg

FmocHN

pure (58%). 'H NMR (400MHz, DMSO-ds) &: 1.23-1.35 (9H), 1.66 (6H), 3.80-5.08

(15H), 6.47-7.89 (19H), 9.30-9.76 (1H), 11.30-11.35 (2H).

{N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-[(N’’-
benzyloxycarbonyl)cytosin-1-ylacetyllglycyl}-{N-(2-aminobenzyl)-N-(N”-
benzyloxycarbonyl)adenin-1-ylacetyl) glycine} fert-Butyl Ester (Dimer 156):

py(eba Ad(Cbz)

o
e
A

FmocHN
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Synthesized using procedure A. Column conditions: 0-10% MeOH/EtOAc. Yield: 736mg
(70%). '"H NMR (400MHz, DMSO-ds) &: 1.29-1.37 (9H), 3.85-5.28 (19H), 6.42-8.03

(29H), 8.31-8.38 (1H), 8.52-8.60 (1H), 9.16-9.85 (2H), 10.67-10.78 (1H).

{N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-(N"’-
benzyloxycarbonyl)adenin-1-ylacetyl)glycyl}-{N-(2-aminobenzyl)-N-(thymin-1-
ylacetyl) glycine} fert-Butyl Ester (Dimer 157):

Ad(Cbz)
Th

A
P e
SAks s

Synthesized using procedure B. Column conditions: 3-5% MeOH/CH,Cl,. Yield: 321mg

FmocHN

1

(74%). 'H NMR (400MHz, DMSO-ds) &: 1.18-1.35 (9H), 1.63-1.76 (3H), 3.79-5.37

(17H), 6.45-7.97 (22H), 8.28-8.62 (2H), 9.23 (1H), 9.50-9.82 (1H), 10.65-10.66 (1H),

11.25-11.50 (1H).
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{N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-(N"’-
benzyloxycarbonyl)adenin-1-ylacetyl)glycyl}-{N-(2-aminobenzyl)-N-(N"’-

benzyloxycarbonyl)guanin-1-ylacetyl) glycine} fert-Butyl Ester (Dimer 158):

Ad(Cbz)
o Gu(Cbz)
oﬁ/
N
FmocHN »_H N
N
o) ¥0
0]
158 j

Synthesized using procedure B. Column conditions: 3-5% MeOH/CH,Cl,. Yield: 140mg
(40%). 'H NMR (400MHz, CDCI;/CD;0D, 20/1) &: 1.21-1.36 (9H), 3.82-5.26 (19H),

6.96-7.88 (29H), 8.19 (m, 1H), 8.45 (m, 1H), 9.59 (m, 1H).

{N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-(N"’-
benzyloxycarbonyl)guanin-1-ylacetyl)glycyl}-{N-(2-aminobenzyl)-N-(thymin-1-
ylacetyl) glycine} zert-Butyl Ester (Dimer 159):

Gu(Cbz) h

o o
pa. Wan™
kg e

Synthesized using procedure B. Column conditions: 3-5% MeOH/CH;Cl,. Yield: 437mg

FmocHN

(49%). '"H NMR (400MHz, DMSO-ds) §: 1.21-1.34 (9H), 1.65-1.72 (3H), 3.77-5.22

(17H), 7.08-7.98 (24H), 9.24 (1H), 9.47-9.85 (1H), 11.22-11.60 (2H).
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Synthesis of Free Acid Fmoc Protected Dimers 160-164:
Dimers 160-164 were synthesized using the procedure described for free acids 43a-d.

{N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-(thymin-1-ylacetyl)glycyl}-
{N-(2-aminobenzyl)-N-(thymin-1-ylacetyl) glycine} (Dimer 160):

Th

o ﬁ/ Os‘/Th

N H
»—N N~
0 CO,H

160

FmocHN

Yield: 100%. 'H NMR (400MHz, DMSO-ds) &: 1.23-1.35 (9H), 1.66 (6H), 3.80-5.08

(15H), 6.47-7.89 (19H), 9.30-9.76 (1H), 11.30-11.35 (2H).

{N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-[(N”’-
benzyloxycarbonyl)cytosin-1-ylacetyl]glycyl}-{N-(2-aminobenzyl)-N-(N"’-
benzyloxycarbonyl)adenin-1-ylacetyl) glycine} (Dimer 161):

Cy(Cbz)

o Ad(Cbz)

0
FmocHN N H
0 CO,H

161

Yield: 99%. '"H NMR (400MHz, DMSO-de) &: 3.91-5.30 (m, 19H), 6.96-8.01 (m, 29H),

8.37-8.60 (m, 2H), 9.12-9.84 (m, 2H), 10.79 (br, 1H).
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{N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-(N"’-
benzyloxycarbonyl)adenin-1-ylacetyl)glycyl}-{N-(2-aminobenzyl)-N-(thymin-1-
ylacetyl) glycine} (Dimer 162):

Ad(Cbz)

Th
0

o
FmocHN N H
»-N N~

0 CO,H

162

Yield: 100%. "H NMR (400MHz, DMSO-dg) &: 1.64-1.74 (m, 3H), 3.86-5.40 (m, 17H),

7.15-7.90 (24H), 8.40-8.63 (1H), 9.23-9.84 (m, 2H), 11.23-11.41 (m, 1H).

{N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-(N"’-
benzyloxycarbonyl)adenin-1-ylacetyl)glycyl}-{N-(2-aminobenzyl)-N-(N"’-
benzyloxycarbonyl)guanin-1-ylacetyl) glycine} (Dimer 163):

Ad(Cbz)

o Gu(Cbz)

O
FmocHN N H
»—N N~
o) CO,H

163

Yield: 97%. 'H NMR (400MHz, DMSO-ds) 8: 3.86-5.37 (m, 19H), 7.10-7.86 (m, 30H),
8.30-8.57 (m, 1H), 9.20 (br, 1H), 9.52-9.87 (m, 1H), 10.61 (br m, 1H), 11.26-11.51 (m,

2H).
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{N-(N’-(9-fluorenylmethoxycarbonyl)-2-aminobenzyl)-N-(N"’-
benzyloxycarbonyl)guanin-1-ylacetyl)glycyl}-{N-(2-aminobenzyl)-N-(thymin-1-

ylacetyl) glycine} (Dimer 164):

Gu(Cbz)
o Th
0]
FmocHN N H
)’N "~
o) COH
164

Yield: >98%. '"H NMR (400MHz, DMSO-ds 40°C) &: 1.66-1.71 (3H), 3.84-5.22 (17H),

7.10-7.93 (24H), 9.23 (1H), 9.49-9.82 (1H), 11.23-11.59 (2H).

7.9-Solid Phase Synthesis of APNA-PNA Chimeras and APNA Homopolymers.

Oligomers 126-128, 144-150, 165-173 (0.02- 0.03mmol) were synthesized on MBHA

resin with a loading capacity of 0.19-0.40mmol/g, using the following protocol:

1) Derivatization of MBHA Resin (per 100mg of dry resin): The dry MBHA.HCI resin
was suspended in DCM (5mL) for 24 h. The resin was washed with 5% DIPEA in DMF
(2 x 3mL) for 10 min each time. Boc-Lys(2-Cl-Cbz)-OH (5 eq.) was cross-linked to the
resin using HATU (4.8 eq.) as the coupling agent in the presence of DIPEA (10 eq.) until
a ﬁegative Kaiser test was observed (~3 h). The resin was treated with a mixture of
Ac,0/pyridine/DCM (1:25:25 ratio, 3mL) for 10 min and then washed with DCM (2 x 30

sec, 3mL), DMF (2 x 30 sec, 3mL) and DCM (2 x 30 sec, 3mL).
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2) Coupling of Monomer or Dimer Fragments to Fmoc- protected Amino Groups:
Deprotection: The resin was treated with 5% piperidine/DMF (1 x 5 min) and then
washed with DMF (2 x 30 sec) and the washings collected. This process was repeated
once. The resin was washed with DCM (3 x 30 sec) and DMF (3 x 30 sec). Deprotection
was monitored by the Kaiser test. Coupling: The resin was treated with a solution of free
acid/HATU/2,4,6-collidine (3eq/2.85eq/6eq) in 1:1 DMF/pyridine (total free acid
concentration 0.07M) which had been pre mixed for 1 min. The coupling was allowed to
proceed until a negative Kaiser test was observed (~30-240 min). The resin was washed
with DMF (3 x 30 sec), DCM (3 x 30 sec), DMF (3 x 30 sec) and DCM (3 x 30 sec).
Capping: The resin was the treated with Ac,O/pyridine/DCM (1:25:25) for 5 min and
washed with DCM (4 x 30 sec), DMF (2 x 30 sec) and DCM (2 x 30 sec). A small
portion of the resin was removed and the coupling sequence quantitated as described in
reference 9.

3) Coupling of Monomer or Dimer Fragments to Fmoc- protected Anilines: Deprotection:
The resin was treated with 5% piperidine/DMF (1 x 5 min) and then washed with DMF
(2 x 30 sec) and the washings collected. This process was repeated once. The resin was
washed with DCM (3 x 30 sec) and DMF (3 x 30 sec). Coupling: The resin was treated
with a solution of free acid/HATU/2,4,6-collidine (5eq./5eq./10eq.) in DMF (total free
acid concentration 0.07M) which had been pre mixed for 1 min. The coupling was
allowed to proceed for 6-12 h. The resin was washed with DMF (3 x 30 sec), DCM (3 x
30 sec), DMF (3 x 30 sec) and DCM (3 x 30 sec). Capping: The resin was treated with

AcyO/pyridine/DCM (1:25:25) for 5 min and washed with DCM (4 x 30 sec), DMF (2 x
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30 sec) and DCM (2 x 30 sec). A small portion of the resin was removed and the
coupling sequence quantitated as described in reference 9.

4) Cleavage of Oligomers from the Resin: The resin was dried in vacuo for at least 12h.
The dry resin was then washed with TFA (2 x 1 min) and then subjected to a precooled
(0°C) solution of TEMSA/thioanisole/TFA (1/1/8) and mixed for 1 h while coming to RT.
The resin was then removed by filtration and the filtrate diluted with anhydrous Et,O
(20x). The resulting mixture was then centrifuged to give a white pellet. The ethereal
supernatant was decanted off, fresh Et;O was added and the pellet was broken up and
resuspended. After centrifugation the supernatant was decanted off and the pellet dried in
vacuo. The oligomers were then purified by reversed-phase HPLC and analyzed by mass

spectrometry.

HPLC conditions A: Cig Vydac reversed phase column (4.6 x 125 mm, Sum), flow rate
1.5mL/min, linear gradient from 5% aqueous CH3CN to 100% CH3;CN (all solvents
contained 0.06% TFA) in 35 min, UV monitored at A=260 nm, RT.

HPLC conditions B: HP Zorbax RX-C,g reversed phase column (9.4 x 250 mm, Spum),
flow rate 4.2mL/min, linear gradient from 100% H,O to 30% aqueous CH;CN (all
solvents contained 0.06% TFA) in 55 min, UV monitored at A=260 nm, at 55°C.
Hexamer 129: HPLC conditions A: retention time = 8.1 min (peak area 100%).

ES* MS: m/z 1807 (M+H)*, 1830 (M+Na)"; ES” MS: m/z 1805 (M-H)", 1828 (M+Na-H)".
Decamer 130: HPLC conditions B: retention time = 19.8 min (peak area 93%).

EST* MS: m/z 1412.1 (M+2H)*, 941.9 (M+3H)™, 706.9 (M+4H)*".

Decamer 131: HPLC conditions A: retention time = 16.9min (peak area 100%).
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MALDI ToF MS: m/z 2862.

Hexamer 144: HPLC conditions A: retention time = 9.6 min (peak area 100%).
ES* MS: m/z 1846.6 (M+H)"; ES” MS: m/z 1844.6 (M-H)".

Hexamer 146: HPLC conditions B: retention time = 24.8 min (peak area 100%).
ES* MS: m/z 1861 (M+H)"; ES” MS: m/z 1859 (M-H)".

Hexamer 150: HPLC conditions B: retention time: 24.3 min (peak area 100%).
ES* MS: m/z 1856 (M+Na)"; ES” MS: m/z 1854 (M+Na-H)".

Hexamer 145: HPLC conditions B: retention time: 22.1 min (peak area 99%).
FAB* MS: m/z 1848 (M+H)".

Hexamer 147: HPLC conditions B: retention time: 24.5 min (peak area 92%).
FAB" MS: m/z 1848 (M+H)".

Hexamer 151: HPLC conditions B: retention time: 49.7 min (peak area 99%).
ES*MS: m/z 1106.7 (M+2H)™.

Decamer 165: HPLC conditions A: retention time = 32.1 min (peak area 100%).
EST" MS: m/z 1443.1 (M+2H)™, 962.6 (M+3H)™, 722.3 (M+4H)*".

Decamer 166: HPLC conditions A: retention time = 36.9 min (peak area 97%).
EST" MS: m/z 1474.1 (M+2H)**, 983.3 (M+3H)™*, 737.9 (M+4H)*".

Decamer 167: HPLC conditions A: retention time = 44.3 min (peak area 94%).
EST" MS: m/z 1515.5 (M+2H)*, 1010.9 (M+3H)™, 758.5 (M+4H)*".
Decamer 168: HPLC conditions B: retention time = 19.6 min (peak area 99%).
MALDI ToF MS: m/z 3402.

Decamer 169: HPLC conditions A: retention time: 28.7 min (peak area 98%).

MALDI ToF MS: m/z 2921.
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Decamer 170: HPLC conditions A: retention time = 34.0 min (peak area 89%).
EST" MS: m/z 1490.1 (M+2H)*, 994.1 (M+3H)™, 745.9 (M+4H)*™.

Decamer 171: HPLC conditions B: retention time = 23.9 min (peak area 92%).
ESI* MS: m/z 1552.1 M+2H)*, 1035.2 (M+3H)**, 776.8 (M+4H)*".
Hexamer 172: HPLC conditions A: retention time: 52.1 min (peak area 98%).
MALDI ToF MS: m/z 2184.2.

Hexamer 173: HPLC conditions A: retention time: 46.6 min (peak area 99%).
EST" MS: m/z 1116.1 (M+2H)™".

Hexamer 176: HPLC conditions B: retention time: 12.8 min (peak area 100%).

EST* MS: m/z 1752.7 (M+H)", 888.2 (M+2H)*".
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APPENDIX A

'H NMR SPECTRA OF APNA MONOMERS 43a-d.
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7-10, 9,8’
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Compound 43¢
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