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Abstract

Synthesis of novel N6-substituted analogues of S-adenosyl-L-methionine
Natalie Kim Bremner
Dissertation under the direction of Lindsay R. Comstock, Ph.D.,
Associate Professor of Chemistry
Current understanding of biological methylation is hindered by the lack of a
generalized technique that will clarify the reason and location of the modification. The
development of S-adenosyl-L-methionine (SAM)-based analogues functionalized with a
bioorthogonal tag may allow for the identification and isolation of methyltransferase
substrates. A small library of analogues exist, and this project focuses on the expansion of
available analogues. The novel compounds have small structural improvements upon the
previous generation and are anticipated to improve the binding capability of the
analogues.
The goal of this project is to synthesize a small panel of N6-substituted N-mustard
analogues of SAM as biochemical probes to understand biological methylation. The
synthetic methods developed here will be expanded to develop N-mustard-containing
activity-based probes of protein methyltransferases.
In addition to the SAM-based analogues, two activity-based probes were
proposed as synthetic targets. These compounds have synthetic similarities to the SAManalogues and will be used to determine the activity of two well-known
methyltransferases.

xvii

This project demonstrated that five distinct N6-alkyl analogues, three N6-amide
analogues, and one of the activity-based probes could be synthesized. The N6-alkyl
analogues were successfully synthesized and have been tested in DNA and protein
systems. My involvement in the project was that of the compound characterization data
collection and analysis after the synthetic work had been completed.
The synthesis of the N6-amide functionalized analogues was significantly
hindered by an assortment of synthetic setbacks. Ultimately, it was shown that the
synthesis could indeed be completed. However, the synthetic issues made obtaining any
significant amount of product virtually impossible. The amount of product of one
analogue that was obtained was enough to finish the overall synthesis, but not enough to
complete the structural characterization. While the potential viability of the synthesis was
demonstrated, the synthetic setbacks did not allow for the completion of all target
analogues. Farther optimization is required to obtain the analogues.
The activity-based probes were also impeded by synthetic problems. However,
the synthetic pathway for one of the two proposed molecules was optimized and shown to
be successful.

xviii

Chapter I.

Introduction

1.1 Background

1.1.1 Biological Methylation
Epigenetics, the study of genome modifications which alter and affect the
transcriptional activity of the genome, hinges on key chemical modifications on
deoxyribonucleic acid (DNA), ribonucleic acid (RNA), proteins, and small molecules.1–3
These modifications predominantly include acetylation, phosphorylation, and
methylation. Methylation, the most prevalent modification, is known to occur on
proteins, nucleic acids, lipids, and small molecules and has been shown to play a
significant role in cellular function ranging from replication to metabolism. S-AdenosylL-methionine (SAM, Figure 1.1), the primary biological methyl donor, is the cofactor for
various methyltransferases (MTases), a large class of enzymes characterized by their
function of methylating their substrates. Methylation occurs when the methyl group of
SAM is enzymatically transferred by an MTase to the target substrate.
H3N

CO2

NH2
N

H3C

S

N

H
O

N

N

OH OH
SAM

FIGURE 1.1 – S-Adenosyl-L-methionine, SAM.
1

These enzymes can be further classified into four groups based upon the substrate
they modify. This list includes DNA, ribonucleic acid (RNA), protein, small molecule,
and non-SAM dependent MTases, Figure 1.2. While methylation of these various
substrates is a necessary process for biological function, aberrant methylation can cause a
disruption in the normal function of the methylated species.1–3

Figure 1.2 – Types of Biological Methylation.1
1.1.2 DNA Methylation
DNA methylation plays a crucial role in controlling gene expression and a certain
level of methylation is essential for the normal development of cells.7 Methylation has
been found on either cytosine or adenine residues across all species at specific sites on
DNA and is catalyzed by a group of sequence-specific enzymes called DNA MTases
(DNMTs). DNMTs are categorized into two classes based upon the atom, either C or N,
that is modified, as shown in Figure 1.3. In nature, N-DNA MTases catalyze the
methylation of the amino group on either N6 of adenine to form N6-methyladenine
2

(N6mA) or N4 of cytosine to give N4-methylcytosine (N4mC). Alternatively, C-DNA
MTases catalyze the methylation of C5 of cytosine to afford C5-methylcytosine (5mC).
It is important to note that 5mC is solely found in eukaryotes, whereas all three types of
methylation occur in prokaryotes. Prokaryotic methylation of DNA is used as a protective
mechanism against other bacteria. Unlike prokaryotes, eukaryotic methylation is involved
in regulating the interactions between DNA-binding proteins and their target DNA
sequences, as well as control chromosome replication.8,9 Certain bacterial strains have
also demonstrated the use of methylation as a way of inhibiting the propagation of
viruses.10
CH3
NH2
CH3
N

O

5-methylcytosine
(5mC)

HN
N

N

N

CH3

HN

O

N

N4-methylcytosine
(N4mC)

N

N

N

N6-methyladenine
(N6mA)

FIGURE 1.3 – Sites of DNA methylation include 5mC, N4mC, and N6mA.

In eukaryotes, DNA methylation usually occurs within CpG islands, CG
dinucleotide-rich regions of a DNA sequence, which are found upstream of the promoter
region of genes. When DNA hypermethylation (high levels of methylated cytosine) is
observed in these regions, transcriptional repression occurs, and gene expression is
silenced through a cascade event. Specifically, methyl-CpG binding proteins, have been
shown to selectively bind stretches of methylated DNA and limit the accessibility of the
3

transcriptional machinery required to transcribe DNA to mRNA. The methyl-CpG
binding proteins also recruit transcriptional repressors, ultimately leading to a condensed
chromatin structure which makes DNA less accessible for transcription factors. When
these CpG islands are hypomethylated (reduced levels of methylated cytosine), a direct
correlation with DNA transcriptional activation has been indicated.11 It is hypothesized
that a net loss of 5mC content may result in an increase in transcription and an
overexpression of associated genes, resulting in an increase in genomic instability.12
Both hyper- and hypomethylation may lead to biologically negative effects, such
as the onset of certain diseases, including cancer and neurodegenerative disorders. Cells
can become tumorous when hypermethylation develops at the CpG islands, rendering
certain tumor suppressor genes inactive.13 Hypomethylation has also been correlated to a
35-60% decrease in 5mC in many tumors, including colorectal cancer cells.14 Studies
have shown that hypomethylation can also be connected to disease progression. For
example, 5mC levels were observed to be normal at the benign stage of human prostate
cancer but was significantly lower once it had reached the metastatic state.15 Currently
the causes of DNA hyper- and hypomethylation and the mechanisms of how they occur
are being explored.

1.1.3 Protein Methylation
Protein methylation is carried out by several classes of highly substrate-specific
protein methyltransferases (PMTs). While O- and N-methylation have been exclusively
found in proteins, the predominant targets are lysine and arginine residues and minor
targets are histidine, proline, and carboxyl groups.16 Alternatively, recent research has

4

explored the human N-terminal methyltransferase 1 (NTMT1) which catalyzes the
methylation of the α-N-terminus of various eukaryotic proteins.17–21 Studies have shown
that the modifications to these amino acids can directly affect the regulation of
transcription. In particular, histone methylation on lysine and arginine appear to play an
important role in controlling chromatin structure and gene expression.2
Protein arginine methyltransferases (PRMTs) are responsible for methylating
arginine and result in either mono- or di-methylation. While both type I and type II
PRMTs produce a monomethylated species, type I is responsible for the formation of an
asymmetrically di-methylated arginine and type II forms a symmetrically di-methylated
arginine, as shown in Figure 1.4.16,22 Each methylation eliminates a hydrogen bond
donor and ultimately requires adjustment of binding interactions and functions with other
proteins.23 The terminal amine of lysine residues can be mono-, di-, or tri-methylated by
lysine methyltransferases (KMTs).24,25 Methylation of lysine does not alter the charge of
the side chain, therefore like arginine, any downstream effects are caused by nonelectrostatic recruiting such as hydrophobic interactions.24

5

FIGURE 1.4 – Arginine methylation by PRMTs.

H

H
H

N

N

H

KMTs

(CH 2) 4

lysine

N

KMTs

H 3N

CH 3
N

H

KMTs

(CH 2) 3

CH
COO

CH3
CH 3

H

(CH 2) 3

CH
H 3N

CH3
CH 3

(CH 2) 3

CH
COO

H 3N

monomethyl-lysine

CH
COO

dimethyl-lysine

H 3N

COO

trimethyl-lysine

FIGURE 1.5 – KMTs yield a mono-, di-, or tri-methylated species.
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CH 3

It is important to note while protein methylation does not affect the charge of the
side chain, it alters the functional response of the protein by adding steric bulk,
hydrophobicity, and by disrupting hydrogen bonding interactions.3,16 For example,
arginine is capable of participating in up to five hydrogen bonds, which can be easily
disrupted with the incorporation of a methyl group. Ultimately, the variability in the
number and location of modification events gives protein methylation additional
dimension and increases the chance of error. The varied methylation states are
responsible for cell fate and can lead to either normal cellular function or impaired
cellular physiology.2,16,26

1.2 Detection of Biological Methylation

1.2.1 Current Methylation Detection Techniques
The effect of methylation on biological systems is well understood. However, it is
not yet fully understood why these modifications so extensively control cellular function.
This area of knowledge has been limited by the lack of analytical techniques that detect
biological methylation events. As a methyl group is small and nearly devoid of
functionality, identifying methyl groups in complex biological systems can be a
challenge. Techniques which have been developed are typically only useful for specific
classes of methylated biomolecules, such as DNA or proteins.
The ability to detect and identify sites of DNA methylation has traditionally relied
on chemical conversion of DNA using bisulfate or hydrazine. Specifically, the detection

7

of 5mC can be observed by blocking its conversion to uracil (Figure 1.6A).27–29 A more
current approach involves the use of methylation-sensitive restriction enzymes, in
combination with PCR, to identify methylated bases at specific sites within the DNA
(Figure 1.6B).27,29,30 This technique relies on the use of highly-selective restriction
enzymes which are blocked at methylated CpG sites and solely cut at unmethylated sites.

FIGURE 1.6 – Types of DNA methylation detection techniques.

Detecting protein methylation has been traditionally more difficult, as traditional
techniques have included Edman sequencing and radioactive [3H]-methyl labeling
reactions followed by enzymatic digestion with proteases.31 Improvements in mass
spectrometry have allowed for the development of stable isotope labeling by amino acids
(SILAC) to detect methylation sites.32–34 Alternatively, antibodies can also be utilized to
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detect protein methylation at specific residues, as antibodies tailored for individual
proteins have become commercially available. However, not every protein has an
available antibody, and generating new antibodies for unidentified proteins are expensive
and time-consuming.34 Fragmentation of modified proteins can provide both the identity
of the modified substrate, as well as the location of the modification itself. This approach
eliminates the need for prior substrate knowledge. However, highly purified samples are
needed due to the high sensitivity of modern mass spectrometers, making analysis of
more complex systems difficult. While these techniques are useful, they are often
molecule- or substrate-specific and lack generality.

1.2.2 Chemical Biology Approach to Probe Methylation
Methods to detect and study biological methylation would benefit from the
availability of a more general approach which does not require technique-specific
methods. One such method would be the development of an analogue of SAM, as shown
in Scheme 1.1, which can be transferred to target substrates known to be methylated.
Instead of catalyzing the formation of a methylated substrate in an MTase-dependent
fashion (Scheme 1.1A), it is envisioned that a small molecule which mimics SAM can be
transferred to the substrate instead. Specifically, a SAM analogue can function as a
cofactor for the native MTase, and instead of transferring a methyl group, is able to
transfer the SAM analogue to generate a uniquely functionalized substrate, as shown in
Scheme 1.1B. Key to this approach is the incorporation of the entire analogue to the
substrate, which is functionalized with a reactive species, such as an azide or alkyne.
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SCHEME 1.1 – SAM analogues to label target biomolecule. (A) MTase-dependent SAM
methylation. (B) SAM analogues containing an alkyne or azide (R) covalently label the
target biomolecule and undergo bioorthogonal ligation chemistries.
Once the SAM analogue has been transferred to substrate, chemoselective
ligations, including the Staudinger ligation (Figure 1.7A) and Hüisgen [2+3]
cycloaddition, more commonly known as Click chemistry (Figure 1.7B), will allow for
the attachment of a fluorophore or an affinity tag.35,36 Appending a fluorophore or affinity
tag will enable the visualization, separation, and/or isolation of the modified substrate to
facilitate further product analysis.
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FIGURE 1.7 – Bioorthogonal labeling reactions. (A) The Staudinger ligation and (B) the
Hüisgen [2+3] cycloaddition, or “Click Chemistry”.

1.3 Development of SAM Analogues

1.3.1 First Generation Aziridine Analogues
The development of SAM-based analogues has evolved significantly over the last
20 years. In 1998, Weinhold et al. demonstrated that aziridine 1.4, as shown in Figure
1.8, functioned as a mimic of SAM and could serve as a cofactor for M.TaqI to modify
DNA in an enzyme dependent fashion (Figure 1.9). Instead of generating N6-methylated
adenine, the aziridine ring is ring-opened and the entire SAM analogue is transferred.
However, analogue 1.4 had limited success due to the lack of additional functionality that
would allow for further utility.37
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Based on the success of 1.4, a new set of aziridine-based SAM analogues were
developed by the Rajski laboratory. Specifically, 1.5 and 1.6 (Figure 1.8) not only
contained the aziridine but were functionalized with azides at the C8-position of the
adenine base. These functional groups were demonstrated to undergo bioorthogonal
labeling via the Staudinger ligation38,39.

FIGURE 1.8 – Structure of the first generation of aziridine-based SAM analogues.

FIGURE 1.9 – Transfer of SAM or 1.4 to DNA using M.TaqI. 1.4 is covalently bound
to DNA through the opening of the aziridine ring.
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While it was demonstrated that these analogues could be transferred to the DNA
using a variety of prokaryotic DNA MTases and undergo a chemoselective ligation, the
concentration of analogue needed was very high (100 times the DNA concentration) for
efficient transfer. It was hypothesized that the need for such a high concentration of the
aziridine analogues was due to their lowered binding affinity in the methyltransferase
active site, as they lacked the critical amino acid side chain found in native SAM39,40.

1.3.2 Second Generation N-Mustard SAM Analogues
In order to exploit additional hydrogen-bonding interactions in the enzyme active
site with the amino acid side chain, an alternative analogue, 1.7, was developed by the
Rajski laboratory, as shown in Figure 1.1040,41.

FIGURE 1.10 – Second generation SAM analogue containing an amino acid.
Although 1.7 incorporated the requisite amino acid moiety to better mimic native
SAM, the incorporation of an N-mustard functionality was critical to generate a reactive
species. Under physiological pH, the quaternary amine is deprotonated to afford 1.8,
which undergoes rapid iodine displacement to form aziridinium 1.9. The highly
electrophilic ring can undergo subsequent nucleophilic ring opening to form a covalent
substrate-analogue product, 1.10, as shown in Scheme 1.2.
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SCHEME 1.2 – Aziridinium formation and covalent labeling with a nucleophilic
substrate.
Upon evaluating 1.7 with a variety of DNA MTases, it proved to be more efficient
in modifying DNA by showing a 50-fold decrease in the effective concentration
compared to analogues 1.4-1.6.41 Furthermore, the utility of 1.7 has been demonstrated
beyond prokaryotic DNA MTases, as it has been enzymatically transferred to substrates
of protein arginine methyltransferase-1 (PRMT1)42–44, Rebeccamycin
methyltransferase45, NTMT144, and eukaryotic DNA MTase DNMT1.46 These results
indicate that the analogue containing the amino acid moiety functions as an effective
cofactor mimic of SAM and provides a foundation to expand its utility in understanding
biological methylation.

1.3.3 C8-substituted Analogues
While the function of 1.7 has been demonstrated in a variety of systems40–46, there
is no further utility of the enzyme-generated product as no additional functionality is
present to facilitate detection. Thus, the development of an analogue that contains a
reactive functionality capable of undergoing further ligation chemistry was envisioned to
provide a useful and general biochemical tool for studying methylation. In light of this, a
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second set of N-mustard analogues bearing reactive functionalities have been synthesized
in Dr. Comstock’s laboratory, 1.11a-c (Figure 1.11).47,48

FIGURE 1.11 – Second generation analogues with modifications on the C8-position of
the adenosine base.
Specifically, azides and alkynes have been introduced at the C8-position of the
adenine base and have been demonstrated to be incorporated onto plasmid DNA in an
MTase-dependent fashion4. Further functionalization through Click chemistry showed
that the analogue was incorporated in an enzyme-dependent manner47. This indicates that
the addition of the compound was enzyme directed, and not idiopathic in nature.
While the second generation compounds shown in Figure 1.11 are efficiently
transferred to plasmid DNA by a variety of MTases, their utility was envisioned to reach
beyond DNA modification. Due to the wide variety of known MTases, each containing
unique SAM binding sites, the need for additional analogues to target different MTases is
needed. Thus, the need to develop a more general set of biochemical tools led to
expansion of the library of analogues to encompass substitutions at a different position on
the adenine base.
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1.3.4 Alternative SAM Analogues
Recent advances in methylation detection using small molecules has focused on
the development of SAM analogues functionalized in a variety of ways. Methods which
incorporate an alkyne- or azide-functionalized sulfur or selenium have been developed
and shown to label substrates in an enzyme-dependent fashion.49–54 Specifically, the
alkyne moieties of 1.12 and 1.13a-d (Figure 1.8) can be transferred to protein substrates
by PMTs using a similar mechanism used in the methyl transfer from SAM. The
analogues have shown successful transfer, but typically require an engineered SAM
binding pocket for the PMT to accommodate the additional functionality.50,51,54 Bothwell
et al. demonstrated that the half-life of 1.12 was 60-fold greater than that of 1.13a and
concluding that the selenium analogues are attractive targets due to their improved
stability.49
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FIGURE 1.12 – Sulfur and Selenium-based methylation probes.
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1.4 Expanding the Library of N6-Analogues

1.4.1 N6-Alkyl Analogues
Structural analysis of a variety of methyltransferase active sites indicates that the
C8, N7, and N6 positions on the adenine base as the best locations to functionalize SAM
analogues, as additional space in the binding pockets were identified.55 With several C8
analogues already synthesized in the laboratory47,48, focus shifted to substitutions at the
N6 or N7 positions. While space at the N7 position is evident, the N7 position on the
adenine base is a highly reactive site and the stability of analogues functionalized at this
position would be questionable. However, the N6 position has no such stability concerns,
as others have synthetically modified this position.56–60 Early efforts to incorporate azides
and alkynes at this position resulted in the development of small library containing alkyl
analogues 1.14a-e, as shown in Figure 1.13. The work conducted to synthesize and
evaluate the utility of these alkyl analogues will be discussed in Chapter 2.

FIGURE 1.13 – Expanded library of second-generation analogues with N6-alkylation.
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1.4.2 N6-Amide Analogues
In order to further optimize binding affinity and target additional
methyltransferases that may not be able to bind or accommodate analogs 1.11a-c, or
1.14a-e, a new set of analogs functionalized at the N6-position were pursued.
Specifically, a small panel of N6-amide-containing SAM analogues containing alkynes
(1.15a-c) and azides (1.15d-e) were proposed to expand the current library, as shown in
Figure 1.14. It was hypothesized that the amide will place an additional hydrogen bond
acceptor at the N6 position of the base and provide additional interactions which could
improve binding in the MTase active sites. The work conducted to synthesize these amide
analogues will be discussed in Chapter 3.

FIGURE 1.14 – Proposed N6-amide analogues containing azide or alkyne
functionalities.
1.4.3 N6-Functionalized Activity-based Probes
In addition to the N6-amide analogues, the synthesis of a pair of activity-based
probes were proposed as part of a collaboration with Dr. Brian Smith at the Medical
College of Wisconsin. Probes 1.16 and 1.17, as shown in Figure 1.15, were designed to
target specific arginine and lysine MTases. 1.16 is modeled after a reported inhibitor of
Dot1-like histone H3K79 methyltransferase (DOT1L), a MTase implicated as being
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necessary for the proliferation of mixed lineage leukemia. The incorporation of the Nmustard moiety was envisioned to covalently label the DOT1L target lysine and the N6
alkyne would allow for Click chemistry to detect the DOT1L substrate. Conversely, 1.17
was designed to target an arginine MTase, PRMT1. Structural analysis of PRMT1 has
shown that the SAM binding pocket contains a cysteine residue within proximity to the
N6 position and the addition of a fluorine at this position is hypothesized to allow for
covalent cysteine addition.61 This covalent addition would prevent the analogue from
being removed from the binding site and thereby inhibit any further activity enzyme. The
work conducted to synthesize these activity-based probes will be discussed in Chapter 4.

FIGURE 1.15 – Proposed N6-functionalized activity-based probes.
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Chapter II.

Synthesis and evaluation of N6-substituted azide- and alkyne bearing N-mustard
analogues of S-adenosyl-L-methionine
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The work contained in this chapter was initially published in Tetrahedron in 2014. The
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been made to maintain a consistent format throughout this work. The synthetic approach
and experiments described were performed by M. Ramadan, the biochemical analysis
was performed by S. Carlson, and the advanced 2-D NMR structural analysis of the
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2.1 Abstract
The synthesis of a family of N-mustard analogs of S-adenosyl-L-methionine
(SAM) containing azides and alkynes at the N6-position of the adenosine base (2.1a-c
and 2.2a-b, Figure 2.1) has been accomplished from commercially available inosine.
Further biochemical analysis of these analogs indicates successful modification of pUC19
plasmid DNA in an enzyme-dependent fashion with DNA methyltransferases M.TaqI and
M.HhaI.

Figure 2.1 – N6-alkyl substituted analogues synthesized from commercially available
insosine.

2.2 Introduction
Methylation of proteins, nucleic acids, polysaccharides, small molecules, and
lipids plays a dynamic role in cellular processes.1,2 More importantly, DNA and protein
methylation have been shown to play a critical role in the epigenetic control of gene
activity.3 To advance our understanding of how methylation events contribute to and alter
cellular function, small molecules which mimic the native methyl donor, SAM, will hold
tremendous promise by which to dissect and understand biological methylation. Our
interests in developing these tools are reflected in the synthesis and biochemical study of
26

SAM-based analogues containing reactive functionalities capable of undergoing
chemoselective ligations.4,5
The design of SAM analogues containing these functionalities has evolved from
work carried out by Weinhold et al. to generate simple analogues containing aziridines6–8
to work by S. Rajski to incorporate azides capable of undergoing copper-catalyzed azidealkyne cycloaddition (CuAAC or Click) chemistry or the Staudinger ligation.9,10 Pivotal
to the advancement of such analogues as useful biochemical tools was the incorporation
of the amino acid recognition moiety found in SAM (2.3a, Figure 2.2). Incorporating the
amino acid has proven to be a more effective SAM mimic compared to the aziridinefunctionalized SAM analogues, as demonstrated by its efficient enzymatic incorporation
onto DNA, small molecule, and peptide substrates.11–13 More recently, work carried out
in our laboratory has brought together the requisite amino acid moiety for improved
enzyme-cofactor interactions, along with the reactive azides and alkynes at the C8position, to generate N-mustard SAM analogues 2.3-2.5 (Figure 2.2).14,15 The utility of
2.3-2.5 has been demonstrated with a small panel of DNA methyltransferases to undergo
subsequent ligation chemistries to generate fluorescently-tagged DNA products.
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FIGURE 2.2 – C8-Substituted N-mustard Analogues of SAM.

While the C8-substituted analogues 2.3-2.5 have proven useful with a small panel
of DNA methyltransferases, the accessibility of this position may be limited in a number
of other methyltransferases, including protein methyltransferases.16,17 Analysis of known
crystal structures indicates the 6-position of the adenosine base to be accessible and
supports expansion of our small library of SAM analogues (Figure 2.3) to contain alkyne
(2.1a-c) and azide (2.2a-b) handles at the N6 position of the adenine base. We anticipate
that this family of SAM analogues may be accommodated by classes of
methyltransferases that do not tolerate C8-substitution and will be important biochemical
tools for future studies in identifying both sites and substrates of biological methylation.
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FIGURE. 2.3 – N6-Substituted Azide- and Alkyne N-mustard Analogues of SAM.

2.3 Results and Discussion
In the early stages of developing a synthetic pathway to obtain 2.1a-c and 2.2a-b,
we sought to simplify and shorten the synthetic pathway to generate N-mustard analogues
of SAM from previously reported methods. Although incorporation of the amino acid
functionality would again be incorporated via reductive amination using previously
described procedures14,15, it was anticipated that production of the requisite ethanolamine
intermediate on the ribose sugar could be easily improved upon. Ultimately, a procedure
to aminate the 6-position of the adenine base to incorporate the desired alkyne and azide
linkers was pivotal to the completion of analogues 2.1a-c and 2.2a-b.
Investigation of previously reported transformations that generate similar alkyl
linkages at the 6-position of the adenine base indicated two potential starting points. The
first strategy either began with or carried out a multi-step synthesis to generate 6chloropurine riboside derivatives, followed by displacement of the chloride with primary
amines, to yield the desired amination product.18,19 Alternatively, direct incorporation of
primary amines to the 6-position through a one-step coupling with inosine using
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Benzotriazol-1-yloxytris(dimethylamino)phosphonium Hexafluorophosphate (BOP)
derivatives has been shown to occur in high yields.20,21 Ultimately, we chose to proceed
with a Benzotriazol-1-yl-oxytripyrrolidinophosphonium Hexafluorophosphate (PyBOP)
coupling to inosine, as a significant reduction in the number of transformations to
incorporate the alkyne and azide functionalities was required. While it was envisioned
that this coupling to the inosine base could occur at multiple stages in the synthetic
pathway, it was carried out early on to generate intermediates that were more non-polar
and easier to manipulate synthetically.
Beginning with isopropylidene inosine22, a small panel of alkyne- and azidefunctionalized amines were coupled to the 6-position with PyBOP in the presence of
DIPEA to generate N6-substituted adenosines 2.7a-e in high yields (Scheme 2.1).
Incorporation of the desired ethanolamine functionality was carried out in a two-step
process via activation of the 5′ ribose alcohol with methanesulfonyl chloride to obtain
mesylates 2.8a-e, which were immediately displaced with ethanolamine to afford
alcohols 2.9a-e in moderate yields.23 Subsequent incorporation of the amino acid
functionality followed previously reported procedures via reductive amination with tertbutyl (S)-2-[N-(tert-butoxycarbonyl)amino]-4-oxobutanoate24 in the presence of
NaBH3CN and acetic acid to provide the fully protected amino alcohols 2.10a-e. To
complete the synthesis, incorporation of the requisite iodine was directly followed by
global deprotection with 4N HCl in dioxane14,15 to provide the desired alkyne- and azide substituted N-mustard SAM analogues, 2.1a-c and 2.2a-b. It is important to note that
iodination of the alcohol requires the reagents to be added in the proper order to prevent
reduction of azides 2.10d and 2.10e to a primary amine by the triphenylphosphine.
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SCHEME 2.1 – Synthesis of N6-substituted SAM analogues 2.1a-c and 2.2a-b.

In characterizing the synthesized intermediates and final SAM analogues by NMR
spectroscopy, it was evident early on that not all of the aromatic carbons within the
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adenine ring were visible following traditional 13C NMR analysis. Specifically, the
signals for the C4, C5, and C6 carbons of the adenine base (Figure 2.4) were often
missing and can be rationalized due the electronic nature of the functionalized adenine
ring. Thus, more advanced 2D-NMR experiments were performed to fully characterize
the intermediates and final analogues described here. In order to identify the chemical
shift at which these carbons reside, heteronuclear multiple bond correlation (HMBC) was
conducted. Specifically, HMBC, which observes correlations between carbons and
protons that are separated by two, three, and occasionally four bonds (if in a conjugated
system), was carried out on 2.7d, 2.9b-e, and e, 2.10b-e, 2.1a-c, and 2.2a-b. Using the
known chemical shifts of the C2, C8 and C1′ protons, HMBC was used to observe cross
coupling between those signals and the otherwise unobserved C4, C5, and C6 carbons.
While conducting these experiments on the final analogues, 2.1b-c and 2.2a-b, spectra
analysis showed several carbon signals that appeared as a doubled peak and required
further variable temperature (VT) experiments to heat the sample to 40 °C to promote
peak coalescence. A representative spectrum obtained in these experiments is shown in
Figure 2.4 and demonstrates the ability to extract the chemical shifts of the missing
carbons through the observed cross peaks.
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FIGURE 2.4 – HMBC of 2.10a. H2 couples to the C4 (148.52 ppm) and C6 (154.03
ppm) positions. H8 couples to C4 (148.52 ppm) and C5 (120.75 ppm). Additionally,
coupling was seen between the anomeric proton, H1’, and C8 (140.30 ppm) and C4
(148.45 ppm).

Having synthesized the small panel of N6-functionalized N-mustard analogues of
SAM, we next set out to investigate their ability to be enzymatically transferred to DNA
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in a site-specific manner. These experiments employed pUC19 plasmid DNA as the
substrate, as it is considered a good model for a DNA MTase due to its large size and its
closer resemblance to genomic DNA. The generality of the SAM analogues amongst
various DNA MTases was assessed using a small panel of prokaryotic enzymes,
including M.TaqI25 and M.HhaI26, which methylate adenine N6 and cytosine C5,
respectively.
Enzymatic transfer of 2.1a-c and 2.2a-b to R.EcoRI-linearized plasmid DNA was
carried out using the well-established restriction/ protection assay10, which exploits the
resistance of DNA modified at the site corresponding to the MTase of interest to strand
cleavage by its’ restriction endonuclease. Experiments employing M.TaqI are shown in
Figure 2.5A and 5B and indicate successful transfer of 2.1a-c and 2.2a-b to pUC19.
Examination of Figure 2.5A for the alkyne analogues 2.1a-c demonstrate an increase in
the amount of DNA alkylation with a gradient ranging from 0.1 to 10 M (lanes 3–5, 7–9
and 11–13) for the three analogues, relative to the DNA controls in lanes 1 and 14, as
reﬂected by the increased protection from R.TaqI digestion. At the highest concentration
of analogue in lanes 5, 9, and 13, a significant portion of the plasmid DNA is full length
and smaller restriction fragments almost completely disappear, indicating nearly
quantitative transfer. In the absence of M.TaqI, protection of the DNA was not observed
(lanes 2, 6 and 10) and indicates that non- speciﬁc DNA alkylation by any of the
analogues is not sufﬁcient to protect TaqI-mediated plasmid scission. Similar trends were
observed for the azide analogues, as shown in Figure 2.5B. Nearly quantitative transfer
was observed, as an increase in DNA alkylation (lanes 3–5 and 7–9) with a gradient of
2.2a and 2.2b, relative to the controls in lanes 1 and 10. Again, no protection of the DNA
34

was detected (lanes 2 and 6) in the absence of M.TaqI. The results demonstrated here
agrees with the previous report of M.TaqI successfully transferring a Sulfo-Cyanine3
Azide (Cy3) functionalized aziridine SAM analogue linked to the 6-position of the
adenine base with plasmid DNA27.

FIGURE 2.5 – DNA alkylation reactions with M.TaqI. Restriction/protection assay was
carried out with R.EcoRI-linearized pUC19 for analogues 2.1a-c and 2.2a-b. The extent
of DNA modification was analyzed on a 2 % agarose gel containing ethidium bromide.
A. Lane components: 1) DNA, R.TaqI; 2) DNA, 2.1a (10 M), R.TaqI; 3) DNA, 2.1a
(100 nM), M.TaqI, R.TaqI; 4) DNA, 2.1a (1 M), M.TaqI, R.TaqI; 5) DNA, 2.1a (10
M), M.TaqI, R.TaqI; 6-9) same as 2-5, but with 2.1b; 10-13) same as 2-5, but with 2.1c;
14) DNA. B. Lane components: 1) DNA, R.TaqI; 2) DNA, 2.2a (10 M), R.TaqI; 3)
DNA, 2.2a (100 nM), M.TaqI, R.TaqI; 4) DNA, 2.2a (1 M), M.TaqI, R.TaqI; 5) DNA,
2.2a (10 M), M.TaqI, R.TaqI; 6-9) same as 2-5, but with 2.2b; 10) DNA.
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Having demonstrated successful transfer of the SAM analogues to plasmid DNA
with M.TaqI, the generality of 2.1a-c and 2.2a-b to serve as cofactors for another DNA
MTase was explored. Specifically, M.HhaI-mediated transfer of 2.1a-c and 2.2a-b to
pUC19 was carried out. Reaction analysis using the restriction/protection assay
demonstrated successful incorporation of 2.1a-c and 2.2a-b to plasmid DNA, Figure 2.6,
and supports the ability of M.HhaI to accommodate substitution at the N6 position. It is
interesting to note that reaction analysis at lower concentrations of 2.1c and 2.2b does not
generate clearly defined bands since pUC19 contains 17 recognition sites (compared to 4
for M.TaqI). Consequently, the unprotected DNA is digested into a complex mixture of
products and appears as a “streak” following electrophoresis. These results reveal for the
first time the ability of M.HhaI to bind and catalyze the transfer of SAM analogues
substituted at the 6-position, indicating its flexibility in accommodating substitution at
multiple positions on the adenine base.
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FIGURE 2.6 – DNA alkylation reactions with M.Hhal. Restriction/protection assay was
carried out with R.EcoRI-linearized pUC19 for analogues 2.1a-c and 2.2a-b. The extent
of DNA modification was analyzed on a 2 % agarose gel containing ethidium bromide.
Lane components: 1) DNA, R.HhaI; 2) DNA, 2.1a (10 M), M.HhaI, R.HhaI; 3) DNA,
2.1a (50 M), M.HhaI, R.HhaI; 4-5) same as 2-3, but with 2.1b; 6-7) same as 2-3, but
with 2.1c; 8-9) same as 2-3, but with 2.2a; 10-11) same as 2-3, but with 2.2b; 12) DNA.

2.4 Conclusion
In conclusion, we have successfully synthesized a small library of N6
functionalized alkyne and azide N-mustard analogues (2.1a-c and 2.2a-b) of SAM to
expand our chemical toolbox to study biological methylation using native
methyltransferases. The synthetic route taken here significantly improved on those
previously reported for 2.3-2.5, as the number of required transformations is reduced to 7
steps beginning from inosine (compared to 12 and 11 steps for 2.4 and 2.5, respectively).
Due to the efficiency and simplicity of the synthetic transformations described here, it is
feasible that such steps may be used in future efforts to not only shorten and improve the
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syntheses of 2.3-2.3, but to also generate additional SAM analogues bearing reactive
functionalities.
The biological utility of 2.1a-c and 2.2a-b was further demonstrated by their near
quantitative MTase-dependent modification of plasmid DNA. Plasmid DNA experiments
indicated that both M.TaqI and M.HhaI were able to tolerate substitution at the N6
position of the adenine base. Based on these findings, future experiments to investigate
additional MTases, including the mammalian DNA MTase DNMT1 and protein MTase
PRMT1, to accommodate and catalyze the transfer of functionalized N-mustard
analogues must be carried out. Such experiments will be essential to validate the SAM
analogues described here as biochemical probes of DNA and protein methylation for
future cell-based studies.

2.5 Methods

2.5.1 General Methods
All reagents and solvents were purchased from commercial sources and used
without additional purification. Anhydrous solvents were obtained from a Meyer solvent
system. Reactions were performed at room temperature under argon, unless otherwise
indicated. 1H NMR spectra were recorded at either 300 or 500 MHz; 13C NMR spectra
were recorded at either 75 or 125 MHz, with the solvent peak used as the internal
standard. 2D NMR spectra were recorded at 500 MHz. Chemical shifts are reported in δ
(ppm).
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Analytical and semi-preparative HPLC was performed with the UltravioletVisible (UV/Vis) detector set at 254 nm. An AlltimaTM C18 analytical column (100 Å, 5
m, 250 x 4.6 mm) and AlltimaTM C18 semi-preparative column (100 Å, 5 m, 250 x
10.0 mm) were used for HPLC analysis and isolation of 2.1a-c and 2.2a-b. All mobile
phases were filtered through a 0.22 m membrane filter prior to use. Compound
separation utilized a gradient system comprising of 0.1 % TFA in H2O (solvent A) and
HPLC grade ACN (solvent B) using a flow rate of 1 mL/min (analytical scale) or 4
mL/min (semi-preparative scale). The analytical gradient was run isocratically with 10 %
B for 1 min followed by a linear gradient of 10 - 80 % B over a 9 min period. The
gradient was then increased to 100 % B over the next 2 min and run isocratically for an
additional 3 min. The preparative gradient was run isocratically with 10 % B for 1 min
followed by a linear gradient of 10 - 60 % B over a 19 min period. The gradient was then
increased to 100 % B over the next 2 min and run isocratically for an additional 2 min.
For the purposes of biological experiments, solutions of 2.1a-c and 2.2a-b were
made up using H2SO4 (2.5 mM), and the concentrations of these samples were
determined by UV/VIS spectroscopy. By using the absorption values obtained at 260 nm
and a molar extinction constant of 9710 M-1cm-1 (for 2.1a), 10970 M-1cm-1 (for 2.1b),
11270 M-1cm-1 (for 2.1c), 12370 M-1cm-1 (for 2.2a), and 11530 M-1cm-1 (for 2.2b), stock
solution concentrations were calculated using Beer’s law. Stock solutions were stored at 80 °C and used within 2 weeks.
pUC19, all enzymes, and their corresponding buffers were obtained from New
England Biolabs. All agarose gels were prepared with a high-melt agarose in 1X TAE
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(Tris-acetate-EDTA Buffer). Ethidium bromide images were obtained with a ChemiDoc
MP system (Bio-Rad).

2.5.2 General Procedure for PyBOP Coupling
N,N-Diisopropylethylamine (1.04 mL, 6.0 mmol) was added to a solution of 2′,3′O-isopropylidene inosine (7)22 (0.925 g, 3.0 mmol) and PyBOP (2.341 g, 4.5 mmol) in
6.0 mL HPLC grade acetonitrile and stirred until the solution turned clear (15 min). The
required alkyne or azide amine (6.0 mmol) was added drop wise and the reaction was
stirred overnight. The reaction was diluted with Et2O and washed twice each with 1M
acetic acid, saturated NaHCO3, and brine. The organic layer was dried over Na2SO4 and
concentrated. The crude residue was purified by column chromatography (silica gel, 4:1
to 1:2 Hexane:EtOAc).

N6-(Prop-2''-ynyl)-2',3'-bis-(O-isopropylidene) adenosine (2.7a). The reaction was
carried out with propargylamine to obtain 2.7a (0.90 g, 87%) as a white foam. MP 134137 °C. 1H NMR (CD3OD)  8.30 (s, 2H), 6.17 (d, J = 3.5 Hz, 1H), 5.29 (dd, J = 6.1, 3.5
Hz, 1H), 5.05 (dd, J = 6.1, 2.4 Hz, 1H), 4.43-4.37 (m, 3H), 3.81 (dd, J = 12.1, 3.5 Hz,
1H), 3.73 (dd, J = 12.1, 3.9 Hz, 1H), 2.62 (t, J = 2.5 Hz, 1H), 1.63 (s, 3H), 1.39 (s, 3H);
13

C NMR (CD3OD)  155.6, 153.7, 149.6, 141.6, 121.3, 115.3, 92.9, 88.1, 85.3, 83.0,

81.1, 72.2, 63.6, 30.9, 27.6, 25.5. HRMS-ESI: calcd for C16H19N5O4 (M + Na+) 368.1329,
obsd 368.1330.
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N6-(But-3''-ynyl)-2',3'-bis-(O-isopropylidene) adenosine (2.7b). The reaction was carried
out with 3-butyn-1-amine to obtain 2.7b (0.90 g, 84%) as a white foam. MP 50-52 °C.
1

H NMR (CD3OD)  8.27 (s, 1H), 8.25 (s, 1H), 6.14 (d, J = 3.6, 1H), 5.27 (dd, J = 6.1,

3.6 Hz, 1H), 5.04 (dd, J = 6.1, 2.3 Hz, 1H), 4.40-4.36 (m, 1H), 3.82-3.68 (m, 4H), 2.57
(td, J = 7.0, 2.7 Hz, 2H), 2.32 (t, J = 2.6 Hz, 1H), 1.62 (s, 3H), 1.38 (s, 3H); 13C NMR
(CD3OD)  156.0, 153.7, 149.3, 141.3, 121.1, 115.2, 92.9, 88.0, 85.2, 82.9, 82.3, 71.0,
63.6, 40.7, 27.6, 25.5, 20.0. HRMS-ESI: calcd for C17H21N5O4 (M + Na+) 382.1486, obsd
382.1487.

N6-(Hex-5''-ynyl)-2',3'-bis-(O-isopropylidene) adenosine (2.7c). The reaction was carried
out with 5-hexyn-1-amine to obtain 2.7c (1.05 g, 90%) as a white foam. MP 78-80 °C.
1

H NMR (CD3OD)  8.26 (s, 1H), 8.22 (s, 1H), 6.14 (d, J = 3.6 Hz, 1H), 5.27 (dd, J =

6.1, 3.6 Hz, 1H), 5.04 (dd, J = 6.1, 2.3 Hz, 1H), 4.39-4.36 (m, 1H), 3.80 (dd, J = 12.2, 3.4
Hz, 1H), 3.71 (dd, J = 12.2, 3.9 Hz, 1H), 3.62 (bs, 2H), 2.27-2.19 (m, 3H), 1.83-1.76 (m,
2H), 1.68-1.63 (m, 2H), 1.61 (s, 3H), 1.38 (s, 3H); 13C NMR (CD3OD)  156.3, 153.8,
149.1, 141.1, 121.0, 115.2, 92.9, 88.0, 85.2, 84.7, 83.0, 69.8, 63.6, 41.1, 29.7, 27.6, 27.0,
25.6, 18.8. HRMS-ESI: calcd for C19H25N5O4 (M + Na+) 410.1799, obsd 410.1800.

N6-(3''-azidopropyl)-2',3'-bis-(O-isopropylidene) adenosine (2.7d). The reaction was
carried out with 3-azidopropan-1-amine16 to obtain 2.7d (1.02 g, 87%) as a light-yellow
oil. 1H NMR (CD3OD)  8.26 (s, 1H), 8.24 (s, 1H), 6.13 (d, J = 3.6 Hz, 1H), 5.26 (dd, J =
6.1, 3.6 Hz, 1H), 5.03 (dd, J = 6.1, 2.3 Hz, 1H), 4.39-4.35 (m, 1H), 3.80 (dd, J = 12.2, 3.4
Hz, 1H), 3.74-3.68 (m, 3H), 3.44 (t, J = 6.7 Hz, 2H), 1.94 (p, J = 6.7 Hz, 2H), 1.61 (s,
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3H), 1.37 (s, 3H); 13C NMR (CD3OD)  156.4, 153.8, 141.2, 121.1, 115.3, 92.9, 88.0,
85.3, 83.0, 63.6, 50.1, 29.9, 27.6, 25.6; additional carbons identified by HMBC, (CDCl3)
 147.2, 37.9. HRMS-ESI: calcd for C16H22N8O4 (M + Na+) 413.1656, obsd 413.1657.

N6-(4''-azidobutyl)-2',3'-bis-(O-isopropylidene) adenosine (2.7e). The reaction was
carried out with 4-azidobutan-1-amine16 to obtain 2.7e (1.10 g, 91%) as a yellow oil. 1H
NMR (CDCl3)  8.32 (s, 1H), 7.79 (s, 1H), 6.77 (bs, 1H), 6.15 (bt, J = 5.5 Hz, 1H), 5.85
(d, J = 4.9 Hz, 1H), 5.23-5.19 (m, 1H), 5.12 (dd, J = 6.0, 1.2 Hz, 1H), 4.55-4.53 (m, 1H),
3.98 (dd, J = 12.8, 1.6 Hz, 1H), 3.81-3.76 (m, 1H), 3.69 (bs, 2H), 3.34 (t, J = 6.3 Hz, 2H),
1.80-1.68 (m, 4H), 1.64 (s, 3H), 1.38 (s, 3H); 13C NMR (CDCl3)  155.4, 152.8, 147.5,
139.6, 121.3, 114.1, 94.5, 86.2, 83.1, 81.8, 63.5, 51.2, 40.1, 27.8, 27.1, 26.4, 25.4.
HRMS-ESI: calcd for C17H24N8O4 (M + Na+) 427.1813, obsd 427.1814.

2.5.3 General Procedure for Mesylation
To a solution of the N6 substituted adenosine (1.5 mmol) in 7.5 mL CH2Cl2 was
added triethylamine (0.50 mL, 3.6 mmol) and methanesulfonyl chloride (140 μL, 1.8
mmol). The reaction was stirred for 1 h and then quenched with saturated NH4Cl. The
layers were separated, and the organic layer was washed twice with brine. The combined
aqueous layers were extracted twice with CH2Cl2, dried over Na2SO4 and concentrated.
Due to the inherent reactivity of the mesylate, melting point and HRMS was not
performed (LRMS is provided). The crude residue was purified by column
chromatography (silica gel, 50:1 CH2Cl2:MeOH).
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N6-(Prop-2''-ynyl)-5'-methanesulfonate-2',3'-bis-(O-isopropylidene) adenosine (2.8a).
The reaction was carried out with 2.7a to give mesylate 2.8a (0.552 g, 87 %) as a white
foam. 1H NMR (CDCl3)  8.42 (s, 1H), 7.89 (s, 1H), 6.31 (t, J = 5.6 Hz, 1H), 6.12 (d, J =
2.0 Hz, 1H), 5.47 (dd, J = 6.4, 2.1 Hz, 1H), 5.16 (dd, J = 6.3, 3.0 Hz, 1H), 4.54-4.38 (m,
5H), 2.89 (s, 3H), 2.27 (t, J = 2.6 Hz, 1H), 1.61 (s, 3H), 1.39 (s, 3H); 13C NMR (CDCl3) 
154.3, 153.3, 148.7, 139.9, 120.7, 114.9, 91.0, 84.9, 84.1, 81.5, 80.2, 71.7, 68.6, 37.6,
30.5, 27.2, 25.4. LRMS-ESI: calcd for C17H21N5O6S (M + H+) 424.1, obsd 424.2.

N6-(But-3''-ynyl)-5'-methanesulfonate-2',3'-bis-(O-isopropylidene) adenosine (2.8b). The
reaction was carried out with 2.7b to give mesylate 2.8b (0.551 g, 84 %) as a white foam.
1

H NMR (CDCl3)  8.37 (s, 1H), 7.86 (s, 1H), 6.20-6.16 (m, 1H), 6.11 (d, J = 2.1 Hz,

1H), 5.48 (dd, J = 6.3, 2.1 Hz, 1H), 5.17 (dd, J = 6.4, 3.0 Hz, 1H), 4.53-4.41 (m, 3H),
3.85 (bs, 2H), 2.91 (s, 3H), 2.60 (td, J = 6.5, 2.6 Hz, 2H), 2.04 (t, J = 2.6 Hz, 1H), 1.62 (s,
3H), 1.40 (s, 3H); 13C NMR (CDCl3)  154.8, 153.3, 148.3, 139.5, 120.6, 114.7, 90.9,
84.8, 84.1, 81.6, 81.5, 70.4, 68.6, 39.3, 37.5, 27.1, 25.3, 19.6. LRMS-ESI: calcd for
C18H23N5O6S (M + H+) 438.1, obsd 438.2.

N6-(Hex-5''-ynyl)-5'-methanesulfonate-2',3'-bis-(O-isopropylidene) adenosine (2.8c). The
reaction was carried out with 2.7c to give mesylate 2.8c (0.621 g, 89 %) as a light-yellow
foam. 1H NMR (CDCl3)  8.36 (s, 1H), 7.83 (s, 1H), 6.11 (d, J = 2.0 Hz, 1H), 5.82 (bt, J
= 6.0 Hz, 1H), 5.48 (dd, J = 6.3, 2.0 Hz, 1H), 5.18-5.15 (m, 1H), 4.55-4.39 (m, 3H), 3.69
(bs, 2H), 2.90 (s, 3H), 2.27 (td, J = 7.0, 2.7 Hz, 2H), 1.97 (t, J = 2.7 Hz, 1H), 1.87-1.78
(m, 2H), 1.71-1.63 (m, 2H), 1.62 (s, 3H), 1.40 (s, 3H); 13C NMR (CDCl3) 154.9, 153.1,
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147.9, 139.1, 120.1, 114.5, 90.6, 84.6, 84.0, 83.9, 81.2, 68.7, 68.6, 39.9, 37.2, 28.6, 26.9,
25.5, 25.1, 17.9. LRMS-ESI: calcd for C20H27N5O6S (M + H+) 466.2, obsd 466.2.

N6-(3''-azidopropyl)-5'-methanesulfonate-2',3'-bis-(O-isopropylidene) adenosine (2.8d).
The reaction was carried out with 2.7d to give mesylate 2.8d (0.667 g, 95 %) as a lightyellow foam. 1H NMR (CDCl3)  8.37 (s, 1H), 7.86 (s, 1H), 6.12-6.09 (m, 2H), 5.48 (dd,
J = 6.3, 2.1 Hz, 1H), 5.17 (dd, J = 6.2, 2.9 Hz, 1H), 4.55-4.40 (m, 3H), 3.78 (bs, 2H),
3.45 (t, J = 6.6 Hz, 2H), 2.91 (s, 3H), 1.98 (p, J = 6.6 Hz, 2H), 1.62 (s, 3H), 1.40 (s, 3H);
13

C NMR (CDCl3)  155.1, 153.4, 148.3, 139.4, 120.5, 114.8, 91.0, 84.9, 84.1, 81.5, 68.7,

49.2, 38.1, 37.6, 29.1, 27.2, 25.4. LRMS-ESI: calcd for C17H24N8O6S (M + H+) 469.2,
obsd 469.2.

N6-(4''-azidobutyl)-5'-methanesulfonate-2',3'-bis-(O-isopropylidene) adenosine (2.8e).
The reaction was carried out with 2.7e to give mesylate 2.8e (0.607 g, 84 %) as a lightyellow foam. 1H NMR (CDCl3)  8.29 (s, 1H), 7.77 (s, 1H), 6.04 (d, J = 2.0 Hz, 1H),
5.80 (bt, J = 6.0 Hz, 1H), 5.41 (dd, J = 6.4, 2.1 Hz, 1H), 5.10 (dd, J = 6.5, 2.9 Hz, 1H),
4.48-4.32 (m, 3H), 3.64 (bs, 2H), 3.28 (t, J = 6.4 Hz, 2H), 2.84 (s, 3H), 1.77-1.59 (m,
4H), 1.55 (s, 3H), 1.33 (s, 3H); 13C NMR (CDCl3)  155.1, 153.4, 148.1, 139.3, 120.5,
114.8, 91.0, 84.9, 84.1, 81.5, 68.7, 51.2, 40.1, 37.6, 27.2, 27.1, 26.3, 25.4. LRMS-ESI:
calcd for C18H26N8O6S (M + H+) 483.2, obsd 483.2.
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2.5.4 General Procedure for Ethanolamine Displacement
The N6 substituted mesylate (1.0 mmol) was brought up in 3 mL of 2-aminoethanol (50
mmol) and stirred for 3 days. The volatiles were evaporated off under high vacuum with
gentle heating using a distillation apparatus. Upon addition of brine to the resulting
material, the product was extracted with EtOAc, washed with brine, dried over Na2SO4
and concentrated. The crude residue was purified by column chromatography (silica gel,
9:1 to 7:3 CH2Cl2:MeOH).

N6-(Prop-2''-ynyl)-5'-N-hydroxyethyl-5'-deoxy-2',3'-bis-(O-isopropylidene) adenosine
(2.9a). The reaction was carried out with 2.8a to obtain 2.9a as a white foam (0.271 g,
70 %). MP 74-76°C. 1H NMR (CDCl3)  8.40 (s, 1H), 7.89 (s, 1H), 6.57 (bs, 1H), 5.99
(d, J = 3.1 Hz, 1H), 5.47 (dd, J = 6.4, 3.0 Hz, 1H), 5.03 (dd, J = 6.4, 3.3 Hz, 1H), 4.45
(bs, 2H), 4.38-4.33 (m, 1H), 3.63 (t, J = 5.1 Hz, 2H), 2.95 (dd, J = 12.6, 4.6 Hz, 1H), 2.90
(dd, J = 12.6, 6.2 Hz, 1H), 2.83-2.68 (m, 2H), 2.50 (bs, 2H), 2.26 (t, J = 2.5 Hz, 1H), 1.61
(s, 3H), 1.38 (s, 3H); 13C NMR (CDCl3)  154.2, 153.3, 148.9, 139.9, 120.8, 114.7, 91.1,
85.8, 83.6, 82.4, 80.2, 71.6, 61.0, 51.3, 51.1, 30.6, 27.4, 25.5. HRMS-ESI: calcd for
C18H24N6O4 (M + Na+) 411.1751, obsd 411.1753.

N6-(But-3''-ynyl)-5'-N-hydroxyethyl-5'-deoxy-2',3'-bis-(O-isopropylidene) adenosine
(2.9b). The reaction was carried out with 2.8b to obtain 2.9b as a white gum (0.273 g,
68 %). 1H NMR (CDCl3)  8.35 (s, 1H), 7.87 (s, 1H), 6.38 (bt, J = 6.6 Hz, 1H), 6.00 (d, J
= 3.0 Hz, 1H), 5.44 (dd, J = 6.5, 3.0 Hz, 1H), 5.04 (dd, J = 6.4, 3.4 Hz, 1H), 4.42-4.37
(m, 1H), 3.81 (bs, 2H), 3.65 (t, J = 5.1 Hz, 2H), 3.47 (bs, 2H), 3.09-2.98 (m, 2H), 2.9045

2.75 (m, 2H), 2.58 (td, J = 6.6, 2.7 Hz, 2H), 2.05 (t, J = 2.6 Hz, 1H), 1.61 (s, 3H), 1.38 (s,
3H); 13C NMR (CDCl3)  154.8, 153.3, 139.6, 120.5, 114.9, 91.0, 85.0, 83.6, 82.3, 81.7,
70.4, 60.3, 51.0, 50.7, 27.4, 25.5, 19.7; additional carbons identified by HMBC, (CDCl3)
 148.5, 39.3. HRMS-ESI: calcd for C19H26N6O4 (M + Na+) 425.1908, obsd 425.1911.

N6-(Hex-5''-ynyl)-5'-N-hydroxyethyl-5'-deoxy-2',3'-bis-(O-isopropylidene) adenosine
(2.9c). The reaction was carried out with 2.8c to obtain 2.9c as a white gum (0.245 g,
57%). 1H NMR (CDCl3)  8.35 (s, 1H), 7.82 (s, 1H), 5.98 (d, J = 3.1 Hz, 1H), 5.85 (bs,
1H), 5.49 (dd, J = 6.5, 3.1 Hz, 1H), 5.06 (dd, J = 6.5, 3.2 Hz, 1H), 4.39-4.34 (m, 1H),
3.74-3.66 (m, 2H), 3.63 (t, J = 5.2 Hz, 2H), 2.97 (dd, J = 12.7, 4.6 Hz, 1H), 2.92 (dd, J =
12.6, 5.9 Hz, 1H), 2.86-2.70 (m, 2H), 2.42 (bs, 2H), 2.26 (td, J = 7.0, 2.6 Hz, 2H), 1.96 (t,
J = 2.6 Hz, 1H), 1.87-1.77 (m, 2H), 1.71-1.63 (m, 2H), 1.61 (s, 3H), 1.38 (s, 3H); 13C
NMR (CDCl3)  155.2, 153.4, 139.4, 120.7, 114.7, 91.2, 85.6, 84.1, 83.5, 82.4, 68.9,
60.9, 51.3, 51.0, 28.9, 27.5, 25.8, 25.6, 18.3; additional carbons identified by HMBC,
(CDCl3)  148.2, 40.0. HRMS-ESI: calcd for C21H30N6O4 (M + Na+) 453.2221, obsd
453.2223.

N6-(3''-azidopropyl)-5'-N-hydroxyethyl-5'-deoxy-2',3'-bis-(O-isopropylidene) adenosine
(2.9d). The reaction was carried out with 2.8d to obtain 2.9d as a yellow oil (0.260 g,
60 %). 1H NMR (CDCl3)  8.36 (s, 1H), 7.85 (s, 1H), 6.13 (bt, J = 5.9 Hz, 1H), 5.99 (d, J
= 3.1 Hz, 1H), 5.49 (dd, J = 6.4, 3.1 Hz, 1H), 5.05 (dd, J = 6.4, 3.2 Hz, 1H), 4.40-4.36
(m, 1H), 3.79-3.72 (m, 2H), 3.64 (t, J = 5.1 Hz, 2H), 3.45 (t, J = 6.6 Hz, 2H), 3.00-2.88
(m, 2H), 2.86-2.70 (m, 2H), 2.52 (bs, 2H), 1.97 (p, J = 6.7 Hz, 2H), 1.62 (s, 3H), 1.39 (s,
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3H); 13C NMR (CDCl3)  155.1, 153.4, 139.6, 120.7, 114.7, 91.2, 85.6, 83.5, 82.4, 61.0,
51.3, 51.0, 49.2, 29.1, 27.4, 25.5; additional carbons identified by HMBC, (CDCl3) 
148.3, 38.0. HRMS-ESI: calcd for C18H27N9O4 (M + Na+) 456.2078, obsd 456.2080.

N6-(4''-azidobutyl)-5'-N-hydroxyethyl-5'-deoxy-2',3'-bis-(O-isopropylidene) adenosine
(2.9e). The reaction was carried out with 2.8e to obtain 2.9e as a yellow oil (0.290 g,
65 %). 1H NMR (CDCl3)  8.36 (s, 1H), 7.84 (s, 1H), 5.98 (d, J = 3.2 Hz, 1H), 5.92 (bs,
1H), 5.49 (dd, J = 6.5, 3.2 Hz, 1H), 5.06 (dd, J = 6.5, 3.3 Hz, 1H), 4.40-4.35 (m, 1H),
3.70 (bs, 2H), 3.63 (t, J = 5.2 Hz, 2H), 3.35 (t, J = 6.3 Hz, 2H), 2.99-2.90 (m, 2H), 2.882.70 (m, 2H), 2.36 (bs, 2H), 1.82-1.65 (m, 4H), 1.62 (s, 3H), 1.39 (s, 3H); 13C NMR
(CDCl3)  155.2, 153.4, 139.5, 120.7, 114.7, 91.2, 85.7, 83.5, 82.4, 61.0, 51.3, 51.3, 51.1,
27.5, 27.2, 26.4, 25.6; additional carbons identified by HMBC, (CDCl3)  148.3, 39.9.
HRMS-ESI: calcd for C19H29N9O4 (M + Na+) 470.2235, obsd 470.2236.

2.5.5 General Procedure for Reductive Amination
NaBH3CN (0.048 g, 0.771 mmol) and glacial acetic acid (29.4 μL, 0.514 mmol)
were added to a solution of the N6-substituted N-hydroxyethyl adenosine (0.566 mmol)
and tert-butyl (S)-2-[N-(tert-butoxycarbonyl)amino]-4-oxobutanoate24 (0.1405 g, 0.514
mmol) in 2 mL dry MeOH. The reaction mixture was stirred overnight. After diluting the
reaction with EtOAc and saturated NaHCO3, the organic layer was washed with saturated
NaHCO3, dried over Na2SO4 and concentrated. The crude residue was purified by column
chromatography (silica gel, 8:4:2:1 Pet Ether/EtOAc/CH2Cl2/MeOH).
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N6-(Prop-2''-ynyl)-5'-(Nα-Boc-diaminobutyric acid O-tert-butyl ester)-5'-Nhydroxyethyl-5'-deoxy-2',3'-bis-(O-isopropylidene) adenosine (2.10a). The reaction was
carried out with 2.9a to yield 2.10a (0.250 g, 68 %) as a white foam. MP 64-68 °C. 1H
NMR (CDCl3)  8.42 (s, 1H), 7.88 (s, 1H), 6.04 (d, J = 2.1 Hz, 1H), 6.01 (bs, 1H), 5.45
(dd, J = 6.5, 2.0 Hz, 1H), 5.39 (d, J = 8.2 Hz 1H), 5.06 (dd, J = 6.5, 4.0 Hz, 1H), 4.514.45 (bm, 2H), 4.31 (td, J = 6.8, 4.0 Hz, 1H), 4.24-4.18 (bm, 1H), 3.58-3.51 (m, 1H),
3.46-3.39 (m, 1H), 2.84 (dd, J = 13.5, 6.8 Hz, 1H), 2.71-2.47 (m, 5H), 2.27 (t, J = 2.5 Hz,
1H), 1.99-1.91 (m, 1H), 1.74-1.64 (m, 2H), 1.61 (s, 3H), 1.45 (s, 18H), 1.39 (s, 3H); 13C
NMR (CDCl3)  171.9, 155.6, 154.3, 153.2, 148.9, 140.1, 120.8, 114.8, 90.6, 85.5, 84.1,
83.5, 82.0, 80.2, 79.9, 71.6, 59.5, 57.4, 56.5, 52.8, 51.3, 30.6, 30.0, 28.5, 28.1, 27.3, 25.6.
HRMS-ESI: calcd for C31H47N7O8 (M + Na+) 668.3378, obsd 668.3376.

N6-(But-3''-ynyl)-5'-(Nα-Boc-diaminobutyric acid O-tert-butyl ester)-5'-N-hydroxyethyl5'-deoxy-2',3'-bis-(O-isopropylidene) adenosine (2.10b). The reaction was carried out
with 2.9b to yield 2.10b (0.283 g, 76 %) as a white foam. MP 60-62 °C. 1H NMR
(CDCl3)  8.35 (s, 1H), 7.85 (s, 1H), 6.15 (bs, 1H), 6.02 (d, J = 2.1 Hz, 1H), 5.44-5.41 (m
2H), 5.05 (dd, J = 6.5, 4.0 Hz, 1H), 4.29 (td, J = 6.8, 4.0 Hz, 1H), 4.24-4.20 (bm, 1H),
3.82 (bs, 2H), 3.55-3.52 (m, 1H), 3.44-3.41 (m, 1H), 2.85 (dd, J = 13.4, 6.8 Hz, 1H),
2.69-2.49 (m, 8H), 2.03 (t, J = 2.6 Hz, 1H), 1.99-1.94 (m, 1H), 1.71-1.66 (m, 1H), 1.60
(s, 3H), 1.44 (s, 9H), 1.43 (s, 9H), 1.37 (s, 3H); 13C NMR (CDCl3)  172.0, 155.7, 154.9,
153.3, 139.8, 114.8, 90.5, 85.5, 84.1, 83.5, 82.1, 81.6, 79.9, 70.4, 59.4, 57.4, 56.3, 52.7,
51.0, 30.0, 28.5, 28.1, 27.3, 25.6, 19.8; additional carbons identified by HMBC, (CDCl3)
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 148.2, 120.5, 39.2. HRMS-ESI: calcd for C32H49N7O8 (M + Na+) 682.3535, obsd
682.3535.

N6-(Hex-5''-ynyl)-5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-N-hydroxyethyl5'-deoxy-2',3'-bis-(O-isopropylidene) adenosine (2.10c). The reaction was carried out
with 2.9c to yield 2.10c (0.263 g, 68 %) as a white foam. 1H NMR (CDCl3)  8.34 (s,
1H), 7.82 (s, 1H), 6.02 (d, J = 2.0 Hz, 1H), 5.84 (bs, 1H), 5.44-5.41 (m, 2H), 5.05 (dd, J
= 6.5, 4.0 Hz, 1H), 4.29 (td, J = 6.8, 4.0 Hz, 1H), 4.24-4.20 (bm, 1H), 3.67 (bs, 2H),
3.56-3.52 (m, 1H), 3.43-3.40 (m, 1H), 2.87-2.83 (m, 1H), 2.69-2.49 (m, 5H), 2.25 (td, J =
7.0, 2.7 Hz, 2H), 2.00-1.94 (m, 2H), 1.84-1.78 (m, 2H), 1.71-1.62 (m, 3H), 1.60 (s, 3H),
1.44 (s, 9H), 1.43 (s, 9H), 1.39 (s, 3H); 13C NMR (CDCl3)  172.0, 155.7, 155.1, 153.4,
139.5, 120.6, 114.7, 90.5, 85.4, 83.5, 82.1, 79.9, 68.9, 59.4, 57.4, 56.3, 52.7, 51.0, 29.9,
28.9, 28.5, 28.1, 27.3, 25.8, 25.6, 18.3; additional carbons identified by HMBC, (CDCl3)
 148.0, 83.90, 83.87, 40.0. HRMS-ESI: calcd for C34H53N7O8 (M + Na+) 710.3848, obsd
710.3855.

N6-(3''-azidopropyl)-5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-Nhydroxyethyl-5'-deoxy-2',3'-bis-(O-isopropylidene) adenosine (2.10d). The reaction was
carried out with 2.9d to yield 2.10d (0.278 g, 71 %) as a white foam. MP 52-54 °C. 1H
NMR (CDCl3)  8.37 (s, 1H), 7.85 (s, 1H), 6.03 (d, J = 2.1 Hz, 1H), 5.95 (bs, 1H), 5.465.41 (m, 2H), 5.05 (dd, J = 6.6, 4.0 Hz, 1H), 4.33-4.28 (m, 1H), 4.25-4.20 (bm, 1H),
3.81-3.73 (bm, 2H), 3.59-3.52 (m, 1H), 3.48-3.41 (m, 3H), 3.01 (bs, 1H), 2.89-2.82 (m,
1H), 2.71-2.47 (m, 5H), 2.02-1.92 (m, 3H), 1.76-1.66 (m, 1H), 1.61 (s, 3H), 1.45 (s,
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18H), 1.39 (s, 3H); 13C NMR (CDCl3)  172.0, 155.7, 155.1, 153.3, 139.7, 120.7, 114.8,
90.6, 85.7, 84.1, 83.5, 82.1, 79.9, 59.4, 57.4, 56.3, 52.7, 51.1, 49.3, 30.0, 29.2, 28.5, 28.1,
27.3, 25.6; additional carbons identified by HMBC, (CDCl3)  148.2, 38.0. HRMS-ESI:
calcd for C31H50N10O8 (M + Na+) 713.3705, obsd 713.3709.

N6-(4''-azidobutyl)-5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-Nhydroxyethyl-5'-deoxy-2',3'-bis-(O-isopropylidene) adenosine (2.10e). The reaction was
carried out with 2.9e to yield 2.10e (0.259 g, 65 %) as a white foam. MP 50-52 °C. 1H
NMR (CDCl3)  8.34 (s, 1H), 7.83 (s, 1H), 6.02 (bd, J = 2.0 Hz, 1H), 5.91 (bs, 1H), 5.445.41 (bm, 2H), 5.05 (dd, J = 6.5, 4.0 Hz, 1H), 4.29 (td, J = 6.8, 4.0 Hz, 1H), 4.24-4.20
(bm, 1H), 3.68 (bs, 2H), 3.55-3.51 (m, 1H), 3.43-3.40 (m, 1H), 3.34 (t, J = 6.7 Hz, 2H),
2.84 (dd, J = 13.6, 7.0 Hz, 1H), 2.69-2.48 (m, 6H), 1.99-1.93 (m, 1H), 1.80-1.67 (m, 5H),
1.60 (s, 3H), 1.44 (s, 9H), 1.43 (s, 9H), 1.37 (s, 3H); 13C NMR (CDCl3)  172.0, 155.7,
155.1, 153.3, 139.6, 120.6, 114.7, 90.5, 85.5, 84.1, 83.5, 82.1, 79.9, 59.5, 57.4, 56.3, 52.7,
51.3, 51.1, 29.9, 28.5, 28.1, 27.3, 27.2, 26.4, 25.6; additional carbons identified by
HMBC, (CDCl3)  148.1, 39.9. HRMS-ESI: calcd for C32H52N10O8 (M + Na+) 727.3862,
obsd 727.3867.

2.5.6 General Procedure for Iodination and Global Deprotection
Iodination of the alcohol requires the reagents to be added in the proper order to
prevent reduction of azides 2.10d and 2.10e by triphenylphosphine. Thus, the following
order of addition was followed for incorporating the iodine for all analogues described. I2
(0.0247 g, 0.097 mmol) was added to triphenylphosphine (0.0247 g, 0.094 mmol) and
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imidazole (0.0064 g, 0.094 mmol) in 250 μL CH2Cl2 at 0 °C. Once triphenylphosphine
was completely consumed (monitored by TLC), the amino acid functionalized Nhydroxyethyl adenosine (0.0619 mmol) in CH2Cl2 (150 μL) was then added and stirred
for 1 h. The reaction was diluted with ice-chilled CH2Cl2 and H2O and the organic layer
was washed with three times with H2O. After evaporating in vacuo, 4N HCl-dioxane
(370 μL) was added to the iodinated adenosine in CH2Cl2 (1.8 mL) and the mixture was
heated to 40°C and stirred for 2 h. Ice-chilled H2O was added, and the aqueous layer was
extracted with CH2Cl2 several times prior to lyophilization to afford a crude light-yellow
solid. Compound purification was carried out using HPLC (see General Methods). NMR
analysis of the resulting analogues required the addition of TFA to the deuterated solvent
for product stability. Residual signals in the 13C spectrum resulted and appeared in the
range of 162.0-161.0 and 121.0-113.0 ppm. Several carbon signals were broadened and
indistinguishable from noise by 13C and required characterization by HMBC. Additional
carbon signals from the alkyl linkers were doubled and listed as the major and minor
signals where observed.

N6-(Prop-2''-ynyl)-5'-(diaminobutyric acid)-5'-N-iodoethyl-5'-deoxyadenosine
ammonium hydrochloride (2.1a). The reaction was carried out with 2.10a and the crude
product was purified by HPLC to afford 2.1a as a white solid (0.0098 g, 28 %). MP
131 °C (dec). 1H NMR (1 % TFA in CD3OD)  8.47 (s, 1H), 8.41 (bs, 1H), 6.12 (d, J =
4.2 Hz, 1H), 4.77 (t, J = 4.3 Hz, 1H), 4.50-4.42 (m, 4H), 4.10 (dd, J = 7.6, 5.6 Hz, 1H),
3.81-3.75 (m, 1H), 3.68-3.61 (m, 3H), 3.58-3.41 (m, 4H), 2.78 (t, J = 2.5 Hz, 1H), 2.452.37 (m, 1H), 2.31-2.25 (m, 1H); 13C NMR (1 % TFA in CD3OD)  170.8, 143.5, 121.5,
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92.1, 80.2, 79.2, 74.4, 73.9, 73.5, 57.4, 56.1, 51.8, 51.4, 31.6, 26.1, -8.0; additional
carbons identified by HMBC, (1 % TFA in CD3OD)  152.6, 149.8, 148.9. HRMS-ESI:
calcd for C19H27IN7O5 (M+) 560.1113, obsd 560.1114.

N6-(But-3''-ynyl)-5'-(diaminobutyric acid)-5'-N-iodoethyl-5'-deoxyadenosine ammonium
hydrochloride (2.1b). The reaction was carried out with 2.10b and the crude product was
purified by HPLC to afford 2.1b as a white solid (0.010 g, 28 %). MP 136 °C (dec). 1H
NMR (1 % TFA in CD3OD, 40ºC)  8.46 (s, 2H), 6.14 (d, J = 4.0 Hz, 1H), 4.77 (t, J =
4.5 Hz, 1H), 4.50-4.45 (m, 2H), 4.12 (dd, J = 7.5, 5.5 Hz, 1H), 3.82-3.74 (m, 2H), 3.683.63 (m, 3H), 3.58-3.43 (m, 5H), 2.70-2.67 (m, 2H), 2.43-2.40 (m, 1H), 2.35 (t, J = 2.6
Hz, 1H), 2.33-2.27 (m, 1H); 13C NMR (1 % TFA in CD3OD)  170.9, 143.5, 121.3, 92.0,
81.3, 80.3, 74.4, 73.5, 71.8, 57.4, 56.1, 51.9, 51.6, 41.7, 26.1, 19.6, -7.8; carbons
identified to be doubled, (1 % TFA in CD3OD)  41.7, 19.6 (major) and 44.0, 20.4
(minor); additional carbons identified by HMBC, (1 % TFA in CD3OD)  151.4, 148.4,
147.5. HRMS-ESI: calcd for C20H29IN7O5 (M+) 574.1269, obsd 574.1271.

N6-(Hex-5''-ynyl)-5'-(diaminobutyric acid)-5'-N-iodoethyl-5'-deoxyadenosine ammonium
hydrochloride (2.1c). The reaction was carried out with 2.10c and the crude product was
purified by HPLC to afford 2.1c as a white solid (0.013 g, 35 %). MP 142 °C (dec). 1H
NMR (1 % TFA in CD3OD)  8.44 (s, 2H), 6.12 (d, J = 4.1 Hz, 1H), 4.74 (t, J = 4.5 Hz,
1H), 4.48-4.43 (m, 2H), 4.11 (dd, J = 7.4, 5.8 Hz, 1H), 3.76-3.60 (m, 6H), 3.53-3.42 (m,
4H), 2.49-2.38 (m, 1H), 2.32-2.23 (m, 3H), 2.19 (bs, 1H), 1.93-1.87 (m, 2H). 1.70-1.64
(m, 2H); 13C NMR (1 % TFA in CD3OD)  170.9, 143.8, 92.1, 84.3, 80.2, 74.5, 73.5,
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70.1, 57.4, 56.1, 51.8, 51.5, 26.7, 26.1, 18.7, -8.0; carbons identified to be doubled, (1 %
TFA in CD3OD)  42.8, 28.6 (major) and 45.0, 29.8 (minor); due to peak doubling in the
range of 151.0-146.0 and 121.5-120.0, the following carbons were identified by HMBC,
(1 % TFA in CD3OD)  151.5, 147.5, 146.5, 121.3. HRMS-ESI: calcd for C22H33IN7O5
(M+) 602.1582, obsd 602.1584.

N6-(3''-azidopropyl)-5'-(diaminobutyric acid)-5'-N-iodoethyl-5'-deoxyadenosine
ammonium hydrochloride (2.2a). The reaction was carried out with 2.10d and the crude
product was purified by HPLC to afford 2.2a as a white solid (0.0094 g, 25 %). MP
125 °C (dec). 1H NMR (1 % TFA in CD3OD, 40ºC)  8.42 (bs, 2H), 6.11 (bd, J = 4.1 Hz,
1H), 4.75 (t, J = 4.5, 1H), 4.47-4.42 (m, 2H), 4.09 (dd, J = 7.4, 5.5 Hz, 1H), 3.83-3.64 (m,
3H), 3.62-3.55 (m, 3H), 3.53-3.40 (m, 6H), 2.44-2.35 (m, 1H), 2.29-2.22 (m, 1H), 2.02
(p, J = 6.8 Hz, 2H); 13C NMR (1 % TFA in CD3OD)  171.0, 143.7, 121.4, 92.0, 80.3,
74.5, 73.5, 57.4, 56.1, 52.0, 51.7, 40.4, 26.2, -7.7; carbons identified to be doubled, (1 %
TFA in CD3OD)  42.6, 29.0 (major) and 43.0, 30.0 (minor); additional carbons
identified by HMBC, (1 % TFA in CD3OD)  151.5, 147.9, 147.3. HRMS-ESI: calcd for
C19H30IN10O5 (M+) 605.1440, obsd 605.1441.

N6-(4''-azidobutyl)-5'-(diaminobutyric acid)-5'-N-iodoethyl-5'-deoxyadenosine
ammonium hydrochloride (2.2b). The reaction was carried out with 2.10e and the crude
product was purified by HPLC to afford 2.2b as a white solid (0.0096 g, 25 %). MP
120 °C (dec). 1H NMR (1 % TFA in CD3OD)  8.44 (s, 1H), 8.41 (s, 1H), 6.11 (bs, 1H),
4.76-4.74 (m, 1H), 4.47-4.42 (m, 2H), 4.09 (dd, J = 7.5, 5.5 Hz, 1H), 3.78-3.58 (m, 6H),
53

3.52-3.38 (m, 6H), 2.43-2.36 (m, 1H), 2.28-2.21 (m, 1H), 1.87-1.81 (m, 2H), 1.76-1.70
(m, 2H) ; 13C NMR (1 % TFA in CD3OD)  171.0, 143.9, 92.1, 80.2, 74.5, 73.5, 57.4,
56.0, 52.0, 51.6, 44.9, 42.7, 26.9, 26.1, -7.9; carbon identified to be doubled, (1 % TFA in
CD3OD)  27.1 (major) and 28.0 (minor); due to peak doubling in the range of 151.5146.0 and 121.5-120.0, the following carbons were identified by HMBC, (1 % TFA in
CD3OD)  151.2, 148.2, 147.1, 121.2. HRMS-ESI: calcd for C20H32IN10O5 (M+)
619.1596, obsd 619.1597.

2.5.7 Linearization of pUC19
Plasmid DNA was linearized prior to conducting MTase-dependent labelling. The
following procedure was carried out as described by the manufacturer: pUC19 was
linearized with R.EcoRI (2 U per g DNA) in R.EcoRI buffer (final DNA concentration
of 0.1 g/L) at 37 °C for 1 h and followed heat inactivation at 65 °C for 20 min. The
linearized pUC19 was used without subsequent purification.

2.5.8 Restriction/protection assay with M.TaqI
DNA reaction mixtures for each SAM analogue were prepared as previously
described10,15. Briefly, DNA reaction mixtures were prepared by the addition of
appropriate analogue stock solutions in NEBuffer 4 (final reaction volume was 20L).
The final DNA concentration was 0.025 g/L and M.TaqI was 54 U per g DNA; the
final concentrations of the SAM analogues ranged from 100 nM to 10 M for the specific
reaction sequence. All reactions were incubated at 65 °C for 4 h. The extent of DNA
modification by the SAM analogues was analyzed by the addition of R.TaqI (4 U per g
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DNA in 10 L NEBuffer 4), followed by incubation at 65 °C for 1 h. Proteinase K (0.02
U in 5 L H2O) was added to each reaction, which were then incubated for 1 h at 37 °C.
Agarose gel loading dye was added to each reaction and the extent of DNA modification
was visualized by electrophoresis on a 2 % agarose gel containing ethidium bromide.

2.5.9 Restriction/protection assay with M.HhaI
DNA reaction mixtures for each SAM analog were prepared by the addition of
appropriate stock solutions in M.HhaI buffer (total volume of 10 L). R.EcoRI-linearized
pUC19 (final concentration of 0.025 g/L) was treated with M.HhaI (50 U) and SAM
analogs (final concentration at 10 M and 50 M for the specific reaction sequence). All
reactions were incubated at 37 °C for 4 h, followed by 65 °C for 15 min. The extent of
DNA modification was analyzed by the addition of R.HhaI (3 U in an additional 10 L
NEBuffer 4), followed by incubation at 37 °C for 1 h. Proteinase K (0.02 U in 5 L H2O)
was added to each reaction and incubated an additional hour at 37 °C. Agarose gel
loading dye was added to each reaction and the extent of alkylation was visualized by
electrophoresis on a 1 % agarose gel containing ethidium bromide.
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Chapter III.

Design and Synthesis of novel N6-amide substituted N-mustard S-Adenosyl-LMethionine analogues

3.1 Introduction
A small panel of N6-amide-containing SAM analogues containing alkynes (3.1ac) and azides (3.1d-e) were investigated to expand the current library, as shown in Figure
3.1. Previous synthetic work developed analogues 3.2a-e using synthetic transformations
to incorporate alkyl chains well-established in literature beginning with inosine.1,2
Subsequent biochemical analysis of 3.2a-e has shown that all analogues were
successfully transferred to plasmid DNA by M.TaqI and M.HhaI.3 Additionally,
experiments have been conducted to demonstrate that alkynes 3.2a-c and azide 3.2d are
successfully transferred to a model histone H4 peptide and full histone H4 protein by
PRMT1 and can undergo further Click chemistry.4,5 Such evidence indicates that N6
substitution is a viable direction in which to continue synthesizing new N-mustard SAM
analogues. In order to further optimize binding affinity and target additional
methyltransferases that may not be able to bind or accommodate analogs 3.2a-c, or 3.2ae, a new set of analogs functionalized with an amide at the N6-position were pursued.
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FIGURE 3.1 – Proposed N6-amide analogues, 3.1a-e, containing azide or alkyne
functionalities. These analogues are an expansion from the previously synthesized 3.2a-e.

3.2 Synthesis of N6-Amide Analogues
The proposed amides are similar in structure to previously generated N6-alkyl
analogues 3.2a-e from Chapter 2, which have been successfully transferred to DNA and
protein.3 However, 3.1a-e were designed to contain an amide functional group that will
place an additional hydrogen bond acceptor at the N6 position of the base. The hypothesis
is that these additional interactions could improve binding in certain MTase active sites.
Upon evaluating a variety of MTase crystal structures, the binding pockets show that
active sites have available space to accommodate additional functionality at the N6, C7,
and C8 positions.6,7 Based upon the success of 3.2a-e in biological testing.3–5, 3.1a-e were
proposed to have improved binding ability across the classes of MTases.
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3.2.1 Retrosynthetic Modifications to a Previous Synthetic Approach
The synthesis of alkyne- and azide-functionalized analogs 3.1a-e was proposed.
These compounds are similar to the alkyl-functionalized analogues 3.2a-e3 synthesized
previously in our laboratory (Figure 3.1), with the addition of an amide group that
incorporates an additional hydrogen bond acceptor. Due to the structural similarities
between these compounds, it was hypothesized that similar synthetic steps could be
pursued.
Previously designed routes to generate the N6 alkyl-substituted analogs were
based on modifying the N6 position during the first step and subsequently building the
remainder of the molecule, requiring each analogue to be synthesized in parallel3. It was
envisioned that assembly of 3.1a-e may be attainable beginning with commercially
available 2′,3′-O-isopropylidene adenosine and building a common intermediate through
functionalizing the 5′ position with the required ethanolamine and amino acid
functionalities.
Ultimately, it was hypothesized that common intermediate 3.4, as shown in
Scheme 3.1, could be acylated to incorporate the amide functionality and reduce the
number of synthetic steps needed to obtain amide-containing intermediates 3.3a-e.
Critical to this acylation step would be the preparation of the requisite acid chloride
functionalized with the desired azides and alkynes from its corresponding carboxylic
acid, as such reagents are not commercially available.
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SCHEME 3.1 – Retrosynthetic approach via a common intermediate that would allow
for facile substitution to expedite the expansion of the analogue library.

3.2.2 Synthetic Approach Using a Common Intermediate
Using the template of the synthetic pathway developed for 3.2a-e3, a modified
route was proposed that included the common intermediate. The proposed synthesis can
be seen in Scheme 3.2. Prior work indicated that 3.6 could be easily synthesized and
when followed by a reductive amination, the common intermediate would be obtained.3
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SCHEME 3.2 – Initial proposed synthetic plan for compounds 3.1a-e based upon
previous work in the Comstock lab.3
Preliminary attempts to generate 3.6 resulted in very low yields, as the compound
itself is highly water soluble and difficult to isolate.8 Although mesylation and
ethanolamine displacement was utilized for the synthesis of the alkyl analogues, their
isolation was not problematic as the N6 position was already alkylated and provided
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additional hydrophobic character. However, analysis of 3.6 indicated possible cyclization
between the N3 and the 5′ position of the ribose sugar9, as formation of a cyclized
product, 3.8, may be attributed to the high reactivity of mesylate 3.5 under the reaction
conditions (neat ethanolamine for 3 days).

SCHEME 3.3 – Cyclization observed between the N3 and the 5′ position of the sugar.
The cyclized product is easily identifiable by the changes to the anomeric proton
in a 1H NMR spectra. The anomeric proton typically appears as a doublet but becomes a
singlet when cyclized due to the locked conformation of the ribose sugar upon
cyclization. It is interesting to note that cyclization was not observed during the synthesis
of 3.2a-e. It was hypothesized that the lack of modification at the N6 position alters the
electronics of the adenosine base. This could contribute to the propensity for the molecule
to cyclize during the reaction with ethanolamine.
The complications, the cyclization and solubility, surrounding the 5'
functionalization led to exploring a number of alternative approaches that could
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potentially give a desired product that could be successfully synthesized and isolated. A
previously reported synthesis to functionalize this position incorporated a methyl ester as
the first step.10 Thus, an alternate pathway was developed, which incorporated this
chemistry to generate 3.9, as shown in Scheme 3.4. The methyl ester would then be
reduced to give 3.10 with the desired ethanolamine. The presence of the silyl protecting
groups on the ribose sugar would introduce hydrophobic character and facilitate its
isolation. The remainder of the synthetic pathway has been shown in Scheme 3.2 and the
chemistry would have been viable for the target molecules. While this approach was
feasible, it was not attractive due to the additional number of steps that would be required
to reach the common intermediate. Therefore, alternative approaches were attempted
before potentially attempting this particular route.
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SCHEME 3.4 – Proposed synthetic plan for 3.1a-e based upon previous SAM analogue
syntheses.
3.2.3 Retrosynthesis for a Modified Pathway
The aforementioned challenges necessitated a number of changes in the proposed
synthesis for analogues 3.1a-e, shown in Scheme 3.5. The key difference is the
incorporation of a TBS-protected ethanolamine to yield 3.14. The original synthetic plan
required that the hydroxyethyl would require temporary protection during the acylation
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step to give 3.3a-e, as seen in Scheme 3.2. Thus, incorporation of the TBS group earlier
in the pathway would not only eliminate this step, but would also increase the
hydrophobicity of the compound. The introduction of the amide functionality at the N6
position using an acid chloride remained the same.

SCHEME 3.5 – Retrosynthesis of the protected common intermediate, 3.13 beginning
with a 5'-amine, 3.15.
3.2.4 Alternative 5′-Modifications
Previous research reports indicate that both Mitsunobu and reductive amination
chemistry have been used to modify the 5' position of the adenosine sugar3,10–12. Thus,
such an approach to incorporate these two alternative reactions to functionalize the ribose
sugar were envisioned to obtain the desired compound. With the knowledge that the
amino acid side chain could be coupled to the adenosine via a reductive amination, it was
hypothesized that back-to-back reductive aminations could be implemented to
functionalize at the 5′ position. Literature has reported procedures for the oxidation of the
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5′-alcohol to an aldehyde, 3.16 in Scheme 3.6.13–15 These reports indicated that the
transformation could be carried out using Dess-Martin (DMP), Swern, or Moffat
oxidations.13–15 It was envisioned that if aldehyde 3.16 could be obtained, a subsequent
reductive amination using 3.17 could be carried out to afford 3.14.
With the functionalization of the 5′ position complete, further incorporation of the
amino acid side chain was anticipated with a second reductive amination. Unfortunately,
the preparation of aldehyde 3.16 was unsuccessful using both 2-iodoxybenzoic acid
(IBX) and DMP oxidations. In a handful of attempts to perform this oxidation, minimal
amounts of product, no more than 10%, were observed by TLC and NMR. However,
most attempts yielded only starting material which was confirmed by TLC and NMR.

SCHEME 3.6 – Formation of 3.10 through the oxidation of the 5'-alcohol to an
aldehyde, 3.16, for subsequent reductive amination.
An alternative approach to incorporate the TBS protected ethanolamine was
necessary. Thus, a pathway to generate 3.14 was developed which required the
incorporation of a nosyl-protected derivative using Mitsunobu chemistry, 3.19, as shown
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in Scheme 3.7. Literature precedence has demonstrated the incorporation of a nosylprotected primary amine that would otherwise not participate in a traditional Mitsunobu
reaction.16–20
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SCHEME 3.7 – Nosyl activation of the protected ethanolamine may enable the
Mitsunobu reaction to modify the 5' position.
The nosylated amine 3.18 was easily prepared using literature procedures in high
yield.20 While it was anticipated that 3.18 would be suitable to react with the activated
adenosine, attempts to obtain 3.19 were not successful.8 TLC analysis revealed a complex
mixture of compounds which were difficult to separate using column chromatography.
The proposed product, 3.19, was isolated in very low yield and it appeared to potentially
also contain a cyclized product as determined by 1H NMR. As with the 5'-aldehyde
synthesis, this approach was halted while other possibilities were explored.
Although the synthetic pathway to obtain the 5′-ribose aldehyde had not yielded
positive results, it led to the hypothesis that the identity of the amine and aldehyde for a
successful reductive amination could be switched. Thus, a revised synthesis, Scheme 3.8,
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was developed and began with the preparation of 5'-amine 3.15, which was easily
generated using established Mitsunobu chemistry.21 Commercially available 3.20 and the
previously synthesized 3.7 could be used in back-to-back reductive aminations to
generate common intermediate 3.13. Early attempts to carry out this two-step reductive
amination sequence were successful, albeit low yielding due to a di-addition of aldehyde,
3.20, and it quickly became apparent that this approach could easily afford the desired
intermediate, 3.13.22
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SCHEME 3.8 – Revised synthesis of 3.1a-e beginning with a 5'-amine that would
undergo sequential reductive aminations.
While commercially available 3.20 was originally used in the reductive
amination, it was known that this compound could be generated via the ozonolysis of
3.22, Scheme 3.9. This reaction was quantitative and can be taken directly forward
without purification for a reductive amination.
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SCHEME 3.9 – Ozonolysis of (Z)-1,4-di-O-(TBS)-2-butene, 3.22, to give the desired
TBS protected aldehyde, 3.20.
3.2.5 Finalized Synthetic Pathway
In early attempts to synthesize 3.14, an additional byproduct which resulted from
the incorporation of aldehyde 3.20 was a di-addition. Attributed to the small nature of the
TBS-protected ethanolamine, a slight revision of the synthetic pathway was necessary as
there was no way to control the di-addition. As shown in Scheme 3.10, reversing the
order of the reductive aminations and incorporating the larger aldehyde, 3.7, first gave
more control and mono-addition was the only product obtained. Subsequent addition of
3.20 via a second reductive amination step successfully yielded the desired common
intermediate, 3.13. The reductive amination reaction yield was typically 70% or below.
Therefore, for this two-step sequence, the overall yield would be5 0%. By doing the
reductive aminations back to back with no workup, the observed yields were as high as
60%.
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SCHEME 3.10 – Finalized synthetic pathway for the synthesis of 3.1a-e. The order of
the reductive amination additions was reversed to avoid the di-addition of 3.20.
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3.2.6 N6-Acylation Chemistry
Having successfully synthesized common intermediate 3.13, the next challenge
was the acylation at the N6 position of the adenosine base. This synthetic step was
deemed challenging, as the electron withdrawing nature of the adenosine base decreases
the nucleophilicity of the N6-amine. The reduced reactivity of N6 suggested that the
reaction would require identifying the optimal acylation reagent and reaction conditions
for a successful reaction to occur.
A number of amide formation reactions exist and they typically rely on the use of
a carboxylic acid, an anhydride, or an acid chloride.23 It had been hypothesized that
activation of a carboxylic acid would not be electrophilic enough to react with an electron
deficient amine. Additionally, the synthesis of anhydride reagents typically involved the
use of its corresponding acid chloride. Therefore, it was deduced that the acylation would
be most feasible using the acid chloride versions of the desired substituents.
To test whether the proposed acylation reaction was a viable synthetic step, model
adenosine 3.24, as shown in Scheme 3.11, was used as a model compound for all
acylation testing. Proof of concept testing was done using commercially available
isobutyryl chloride was reacted with 3.24 in the presence of DMAP and resulted in
formation of the desired amide, 3.25, in approximately 80% yield.8
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SCHEME 3.11 – Amide functionalization of the N6 tested on a phthalimide protected
model adenosine, 3.24.
The preliminary data for acylating the adenosine base indicated that the
incorporation of the desired amide functionality was the most successful using a
commercially available acid chloride. As none of the acid chloride reagents containing
the desired azides or alkynes were commercially available, it was necessary to synthesize
them prior to their use. The use of oxalyl chloride (COCl)2 and thionyl chloride (SOCl2)
are the most prolific methods of synthesizing acid chlorides24,25, Scheme 3.12
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SCHEME 3.12 – A: Two possible pathways to an acid chloride.
B: Proposed synthesis of the acid chlorides, 2.35a-e, using either oxalyl or thionyl
chloride.
It was apparent early on that the preparation of the desired acid chlorides would
be a synthetic challenge. Initial attempts to generate 3.27e indicated that both methods
gave the desired acid chlorides, but the milder oxalyl chloride reaction was a more
attractive route since it produced fewer byproducts. However, literature procedures for
the conversion of the desired acid chlorides employ the more acidic and potent SOCl2 in
near quantitative yields.25 Due to the reactive nature of the acid chloride, the synthetic
plan was to immediately acylate the adenosine following its preparation.
Thus, after forming the desired acid chloride with SOCl2, the reaction solvent was
removed under reduced pressure and briefly dried under high vacuum to remove residual
byproducts that may interfere with the acylation reaction. The acylation of the model
adenosine 3.24 was tested extensively with 3.27e, as this acid chloride was easily
prepared, as shown in Scheme 3.13.
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The conversion to acid chloride was confirmed by 13C NMR spectroscopy. A very
definite shift of the carbonyl carbon in 13C NMR from approximately 180 ppm to 173
ppm was the best indication that conversion had taken place. However, yields from this
reaction continued to vary depending on the specific acid chloride being produced.
Eventually, it was discovered that the acid chlorides have low boiling points (70 °C for 46 carbon acid chlorides and below 45 °C for the shorter chains).26 This led to the
conclusion that product was most likely being lost while drying under high vacuum.
Thereafter a very gentle and controlled evaporation on a rotary evaporator was used to
remove the solvent. This modification eliminated the fluctuations that had been observed
when acylating 3.24 with the synthesized acid chlorides and paved the way to further test
this reaction with the common intermediate.
A number of solvent and base conditions for the acylation reaction were tested.
The acylation in CH2Cl2 with DMAP as the base was not very successful due to poor
solubility. Pyridine proved to be the best solvent tested, as it solubilized the reagents and
has a high boiling point. It had also been determined that the reaction necessitated reflux
at 60-70 °C in order to successfully occur.
While pyridine was deemed the most successful base and the yields had
improved, they were still low. Further experimentation led to conditions which refluxed
the reaction at 70 °C and afforded the desired product along with the complete
disappearance of starting material. These reaction conditions were optimized extensively
on the model system to test the reliability before an acylation reaction was carried out on
the common intermediate. At this stage, the reactions were done with approximately 10
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equivalents of acid chloride in refluxing pyridine overnight. Yields fluctuated between
10-30% of a mixture of products.

SCHEME 3.13 – N6-acylation of the model compound.

After successfully optimizing the acylation reaction on the adenosine model,
experiments transitioned to acylating the common intermediate, Scheme 3.14. It became
apparent that, while the reaction conditions worked well on the model, they were not
successful with the common intermediate as the reactant. While several hypotheses were
formulated, the most likely cause was that not all of the by-products generated from the
SOCl2 reaction were being removed and possibly interfered with the added functionality
present on the common intermediate. Thus, the pathway to carry out the adenosine
acylation required revision.
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SCHEME 3.14 – N6-acylation of 3.13.

3.2.7 Revised N6-Acylation with Acid Chlorides
With SOCl2 being an unsuitable reagent to generate the requisite acid chlorides,
oxalyl chloride was re-evaluated. In order to conserve the common intermediate, all test
reactions were performed on the model phthalimide adenosine. Test reactions revealed
that the formation of the 4-6 carbon chain acid chlorides, 3.27b-c, and e, were successful
and complete conversion to the acid chloride was confirmed by NMR.
Upon determining that oxalyl chloride was the optimal method for generating the
required acid chlorides, further experiments were conducted to prepare the remaining
acid chlorides, as shown in Scheme 3.15. The conversion of carboxylic acids 3.26b-e to
their corresponding acid chlorides were carried out and could easily be confirmed by
observing the carbonyl shift in the 13C NMR spectra. However, the formation of propiolic
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acid chloride (3.27a) was never confirmed by NMR, as the data often showed complete
disintegration and no starting material was visible.

SCHEME 3.15 – Proposed synthesis for all five target acid chlorides, 3.35a-e, using
oxalyl chloride.
Although the synthesis of 3-azidopropanoyl chloride (3.27d) was successful, as
confirmed by NMR, its use in all attempts to acylate the adenosine model failed.
Following aqueous workup, TLC analysis only showed starting material. Additionally,
MS analysis of the material resulting from both the crude and aqueous extraction
products showed no evidence of the desired acylation. Both 3.27a and 3.27d are short
chain acid chlorides and further testing was needed to understand why they failed.
Acylation of the model with synthesized 3.27 d or commercially available short
chain acid chlorides, 2.39a-b and 3.30, was explored (Scheme 3.16). These acid
chlorides contained either an azide (3.27d), an alkyne (3.27a), an alkene (3.30), or
chlorine functionalization (3.29a-b) and had no more than three carbons in the chain.
Evidence of any acylated product by MS varied. A proposed hypothesis that the
proximity of electron withdrawing functionalities to the carbonyl carbon effected the
reactivity of the acid chloride was formulated. As discussed in 3.3.2, the acylation at the
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N6 position was not a favorable reaction and requires a highly electrophilic carbonyl
carbon. In addition, the short chain acid chlorides, 3.27a and d, have boiling points of
70 °C and 50 °C respectively. These boiling points are low enough that they could
evaporate under vacuum, and are also at the temperature required for reflux to acylate the
N6 position. 3.29a-b, and 3.30 have boiling points of 105 °C, 107 °C, and 72 °C
respectively27–29. Thus, experiments to generate short chain analogues 3.1a and 3.1d were
deemed not viable and future work focused on the use of the three long chain acid
chlorides, 3.27b-c and e.

SCHEME 3.16 – Short chain acid chlorides with a variety of functional groups
employed for acylation testing.
Subsequent acylation of the model adenosine in pyridine at reflux yielded the
desired amide product, along with complete disappearance of starting material. Although
both 3.27b and 3.27e were tested, it was determined that the 3.27b, as shown in Scheme
3.17, afforded more consistent and reliable results in forming the desired amide, 3.31.
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SCHEME 3.17 – Amide functionalization of the phthalimide model system with 3.27b,
which was synthesized using oxalyl chloride.
With the acylation reaction optimized on the model adenosine, experiments using
the common intermediate were conducted to determine if the conditions would be viable,
as shown in Scheme 3.18. Detection of product for these reactions was performed using
MS analysis. Although the reaction proved to be moderately successful, the conversion to
desired product was inconsistent from one reaction to the next. Additionally, the reaction
would turn black and produce a tar-like substance upon acid chloride addition. It was
hypothesized that these physical changes occurring were likely attributing to the
inconsistency in product formation. Although the reaction conditions and purification
methods needed to be addressed, the reaction was deemed feasible and allowed for
further work to improve reaction consistency and thereby increase product yield.
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SCHEME 3.18 – Amide functionalization of the N6 on the common intermediate.
3.2.8 Alternative N6-Acylation Approach
Acid chloride testing revealed that 4-pentynoyl chloride (3.17b), 5-hexynoyl
chloride (3.27c), and 4-azidobutanoyl chloride (3.27e) could be used in the N6-acylation
of the model system, as depicted in Figure 3.19. 3.27b proved to the most consistent of
these three acid chlorides in yielding the acylated product, 3.31, and was predominantly
used in subsequent reactions to fine tune the reaction conditions and product purification.
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SCHEME 3.19 – Acylation of the N6-position on the model system with the long chain
substituents.
As indicated previously, these acylation reactions yielded an insoluble tar-like
substance that greatly impacted the success of the aqueous workup and subsequent
purification. It was hypothesized that formation of this undesired substance was either
stemming directly from the decomposition of the starting material or effecting the
solubility of the adenosine and possibly reducing yields. After extensive experimentation
with reaction conditions, it was discovered that cooling the reaction to 0 °C prior to the
addition of the acid chloride was necessary to minimize the formation of the tar-like
substance. At this time, it also became apparent that the reflux time could be significantly
reduced to 2-3 hr, as opposed to overnight. Both adjustments appeared to have a positive
impact on the disappearance of starting material and formation of product by MS
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analysis, as well as the physical appearance of the reaction. The propensity for the
reaction to become a black sludge was reduced and the aqueous workup was easier to
perform.
While 3.28, 3.31, and 3.32 seemed to be attainable, conversion to product, as
observed by MS, was inconsistent from one reaction to the next. Even identical,
concurrent reactions would give differing results. No explanation for this behavior has
been determined. Additionally, the purification of the product that did result was difficult
to perform and required optimization. Although silica column chromatography worked to
some extent, most of the reaction impurities would co-elute with the desired amide
product. Attempts to recrystallize the adenosine product failed under numerous solvent
combinations. However, during experiments to explore possible recrystallization
conditions, it became apparent that the impurities were not soluble in diethyl ether.
Therefore, the product was extracted into diethyl ether during the aqueous workup and
removed large amounts of reaction impurities. Following evaporation to a viscous oil, the
material was then re-dissolved in diethyl ether and passed over a bed of silica to remove
the remaining unwanted impurities. Both of these steps significantly improved the
appearance and manipulation of the extracted material.
With these new optimized reaction and workup conditions in hand, the focus was
returned to acylation of the common intermediate with 3.27b-c and e, as shown in
Scheme 3.20. MS analysis was used to confirm amide formation and disappearance of
the starting material.
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SCHEME 3.20 – Amide functionalization of the N6 on the common intermediate using
the longer chain substituents to generate the analogues 3.21b-c and e.
Although it had been shown that acylations to form 3.21b, 3.21c, and 3.21c can
indeed occur, their success and yields varied immensely. Each attempt to perform an
acylation reaction, regardless of the identity of the acid chloride, was difficult to
replicate. For example, two acylation reactions ran in parallel using the same batch of
acid chloride and heated on a single heating mantle would generate product in one, but
none in the other. No apparent reason for this behavior was determined.
Due to this variation, all reactions were tested by TLC and MS following aqueous
workup to confirm whether the starting material or product was the major species present.
Following purification by column chromatography, combined product yields (starting
material and products) were consistently lower than 10 %. Reactions often contained a di-
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acylated product that could be seen by both TLC and MS, as well as confirmation by 1H
NMR, 3.33, Figure 3.2.
Additional experiments to examine how the number of acid chloride equivalents
influenced the formation of mono- or di-acyl product were conducted. While the original
procedure used 10 equivalents of the acid chloride, a reduction to 2, 3, 5, and 7
equivalents showed no appreciable improvement or changes in acylation. Additionally,
reducing the equivalents of acid chloride did not prevent di-acylation from occurring.
Time after time, inconsistent conversion results were obtained and yields never exceeded
10 % (for the combined mixture of starting material, mono-acylated product, and the diacylated product) following purification.
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FIGURE 3.2 – Diacylated product confirmed by TLC, NMR, and MS.

The exact cause for the low recovery and yields of starting material and product
has not been determined. It was confirmed that both the starting material and product are
too non-polar to reside in the aqueous layer following extraction as confirmed by MS
analysis of several aqueous layers. Additionally, MS analysis of the crude reaction prior
to aqueous workup was conducted and no identifiable product were detected. The most
likely hypothesis for the low yield is the disintegration of the starting material due to
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some incompatibility to the reaction conditions or reagents. Such a phenomenon must be
attributed to the extent of functionalization of the 5′ position, as the nitrogen contains
both a protected hydroxethyl and amino acid side chain. This added functionality is
extensive compared to that present in the 5′-phthalimide model which reliably afforded
acylated product in moderate yields.
Ultimately, 3.21b, as shown in Scheme 3.21, was the intermediate which was
extensively generated and purified. The combined products gave enough material to
obtain 1H NMR, 13C NMR, and LRMS data. Additionally, ample product was obtained to
perform the final steps to test the feasibility in synthesizing its’ final N-mustard analog,
3.1b.
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SCHEME 3.21 – Analogue 3.21b was synthesized and isolated to perform subsequent
reactions to obtain the final analogue 3.1b
3.2.9 Deprotection, Iodination, and Global Deprotection
The yields obtained during acylation of the common intermediate compromised
the success of the project. A small amount of acylated 3.21b was obtained, but not
enough for repeatable data collection. The limited product allowed for conducting the
two subsequent reactions twice to demonstrate that these transformations could occur.
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Upon obtaining a purified N6-acylated product, 3.21b, the final steps involved
protecting group removal and the iodination. The first step was the TBS-deprotection of
the ethanolamine, Scheme 3.23. This reaction proceeded with expected results, yielding
between 40-70% of product. Column chromatography was needed for full purification
before the final step was done.

SCHEME 3.22 – TBS-Deprotection to yield the penultimate compound in the synthesis,
3.3b.
With the penultimate compound in hand, the remaining steps to iodinate and
perform a global deprotection to give the final analogue 3.1b was carried out, as shown in
Scheme 3.23. Using the previously reported two-step procedure from the laboratory in
preparing other N-mustard based analogues, the iodination of 3.3b was successful as
determined by MS. Following treatment with HCl in dioxane, the desired product was
isolated in the aqueous layer following an acidic workup and confirmed using MS. The
resulting aqueous layer was lyophilized to give the product as a fluffy white powder.
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Upon analyzing the remaining product by analytical HPLC, two distinct species were
present. One corresponded to the desired analogue (as confirmed by MS analysis), while
the second species eluted at the retention time equivalent to that of the unsubstituted
analogue which lacks the amide functionality. This result led to the realization that the
product was undergoing de-acylation either during lyophilization or HPLC analysis.
To test which of these two processes caused de-acylation, the mixture was
purified using semi-preparative HPLC to isolate the two peaks. Following MS analysis to
verify that sample purity, each sample was lyophilized and subsequently re-analyzed by
analytical HPLC. The results confirmed that the de-acylation side reaction was not a
result of sample lyophilization. Thus, it was concluded that the de-acylation likely
resulted from the acidic nature of the aqueous workup.
The final workup had previously been done by making the aqueous acidic with
HCl to a pH of approximately 2. It was hypothesized that the high concentration of acid
could be de-acylating the product, as it was concentrated further during lyopholization.
To address this issue, an alternative workup was conducted using 0.1% TFA (pH was
approximately 4) and ultimately decreased the amount of acid during lyophilization.
Results from this reaction were analyzed by HPLC, but no product was observed.
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SCHEME 3.24 – Iodination and global deprotection to give the final analogue 3.1b.
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3.3 Conclusion
In conclusion, this project has shown that acylation of the N6 position of the
adenine base is feasible and that amide-containing N-mustard analogues can be
generated. However, it was discovered that not all of the proposed N6-amide containing
analogues could be synthesized, as there were a number of reagents and conditions that
make them prohibitive. Specifically, the short chain analogues, 3.1a and d, were not
viable since the requisite acid chlorides could not acylate the adenine base at all. The
three analogues containing the longer chain amides, 3.1b-c and e, were feasible targets
since acylation was more successful.
Literature reports of an amide substituent on the N6 are rare often use benzoyl
chloride, and none contain the substituents that were attempted in this project.30–32 The
overall success of the proposed synthesis was impacted by what appears to be the
disintegration of the starting material during the acylation reaction. TLC and MS data
indicates that a mixture of starting material, acylated, and diacylated products are formed
in the reaction. However, the total amount of material recovered containing this mixture
of compounds occurred in an overall combined yield of 5-10 %. It is hypothesized that
the conditions under which the acylation is being performed may compromise the
integrity of the starting material or product and promote decomposition.
This decomposition was not seen when the phthalimide model system was
employed and lead to the conclusion that the functionalization at the 5′-amine likely
influences the reactivity of the adenosine intermediate and ultimately, the success of the
acylation reaction.
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In summary, this work demonstrated that the chemistry to prepare 3.21b and
complete the synthesis to form the final desired analogue 3.1b is feasable. Nevertheless,
it did prove that 3.1b could be made but significant reaction conditions to optimize these
steps will be required.

3.4 Synthetic Procedures and Compound Characterization

3.4.1 General Methods:
All reagents and solvents were purchased from commercial sources and used
without additional purification. Anhydrous solvents were obtained from a Meyer solvent
system. Reactions were performed at room temperature under argon, unless otherwise
indicated. All adenosine intermediates were purified using silica gel column
chromatography. 1H and 13C NMR spectra were recorded at either 300, 400, 500, or 600
MHz; with the solvent peak used as the internal standard. Chemical shifts are reported in
δ (ppm).
The final N-mustard analogue, 3.1b, was purified by High Performance Liquid
Chromatography using established methods developed in the Comstock laboratory to
purify previous analogues including 3.2a-e.12,10,3

3.4.2 Compound Procedures and Characterizations
N-(2-((tert-butyldimethylsilyl)oxy)ethyl)-2-nitrobenzenesulfonamide (3.18). 3.17 (1.1 eq)
and TEA (1.2 eq) were brought up in 1.0 mL of CH2Cl2 and stirred in an ice bath. The 4-
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nitrobenzenesulfonyl chloride was brought up in 1.0 mL CH2Cl2 and added to the
reaction. After 1 hr the reaction was quenched with 1.0 M HCl and washed with H2O (x5)
and brine, then extracted into CH2Cl2. (0.166 g, 93 %) 1H NMR (300 MHz, CDCl3) δ
8.17 – 8.05 (m, 1H), 7.90 – 7.79 (m, 1H), 7.79 – 7.67 (m, 2H), 5.74 (s, 1H), 3.68 (t, J =
5.2 Hz, 2H), 3.19 (q, J = 5.4 Hz, 2H), 0.82 (s, 9H), -0.01 (s, 6H).

5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-deoxy-2',3'-bis-(O-isopropylidine)
adenosine (3.23). 3.15 (1.5 eq) in 2.0mL MeOH was added 3.7 (1.0 eq). Glacial AcOH
(0.005 mL) was added and the reaction stirred at rt. To this was added 1.0 M NaCNBH3
in THF (3.0 eq) dropwise. The reaction was stirred at rt overnight. An aqueous workup
was performed (Sat. NaHCO3, EtOAc, brine), dried over Na2SO4, and evaporated in
vacuo. Column chromatography (EtOAc) yielded product (0.362 g, 64 %). 1H NMR (600
MHz, CDCl3): δ 8.31 (s, 1H), 7.91 (s, 1H), 6.02 (bs, 2H), 5.96 (d, J = 3.7 Hz, 1H), 5.48
(dd, J = 6.6, 3.7 Hz, 1H), 5.07 (dd, J = 6.5, 3.2 Hz, 1H), 4.36 (q, J = 4.1 Hz, 1H, 4.27 (td,
J = 7.9, 4.5 Hz, 1H), 2.94 (dd, J = 12.6, 3.8 Hz, 1H), 2.79 (dd, J = 12.6, 5.4 Hz, 1H), 2.77
– 2.72 (m, 1H), 1.96 – 1.89 (m, 1H), 1.81 (dq, J = 13.0, 5.9 Hz, 1H), 1.60 (s, 3H), 1.44 (s,
9H), 1.38 (s, 3H), 1.37 (s, 6H); 13C NMR (CDCl3): δ 171.93, 155.79, 155.72, 153.17,
149.56, 140.08, 120.48, 114.74, 91.20, 85.16, 83.18, 82.29, 81.77, 79.52, 53.06, 51.48z,
45.37, 36.90, 32.44, 28.45, 28.15, 27.47, 25.57. LRMS-ESI: calcd for C28H41N7O7 (M +
H+) 564.3, obsd 564.3.
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5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-N-(2-O-tert-butyldimethylsilylhydroxyethyl)-5'-deoxy-2',3'-bis-(O-isopropylidine) adenosine (3.13). 3.23 (1.0 eq) in 2.0
mL methanol was added 3.20 (1.1 eq). Glacial AcOH (0.005 mL) was added and the
reaction stirred at rt. To this was added 1M NaCNBH3 in THF (2.2 eq) dropwise. The
reaction was stirred at rt overnight. An aqueous workup was performed (Sat. NaHCO3,
EtOAc, brine), dried over Na2SO4, and evaporated in vacuo. Column chromatography
(EtOAc) yielded product as a sticky off-white foam (0.163 g, 76 % yield). 1H NMR (600
MHz, CDCl3): δ 8.28 (s, 1H), 7.91 (s, 1H), 6.24 (bs, 2H), 6.03 (d, J = 2.0 Hz, 1H), 5.59
(d, J = 7.9 Hz, 1H), 5.42 (d, J = 4.4 Hz, 1H), 4.95 (m, 1H), 4.30 (m, 1H), 4.11 (m, 1H),
3.61 (tq, J = 8.4, 4.1 Hz, 1H), 2.80 (dd, J = 6.7 Hz, 1H), 2.63 (hep, J = 6.7 Hz, 2H), 2.53
(m, 2H), 1.89 (m, 1H), 1.70 (m, 1H), 1.58 (s, 3H), 1.40 (s, 9H), 1.39 (s, 9H), 1.35 (s, 3H),
0.82 (s, 9H), -0.02 (s, 6H); 13C NMR (CDCl3): δ 175.71, 171.86, 155.80, 155.55, 152.99,
149.21, 140.05, 132.08, 128.50, 120.21, 114.40, 90.88, 85.77, 83.98, 83.27, 81.55, 79.39,
61.19, 56.82, 56.43, 52.86, 51.51, 29.49, 28.40, 28.02, 27.19, 25.95, 25.51, 18.27, -5.34.
LRMS-ESI: calcd for C34H59N7O8Si (M + H+) 722.4, obsd 722.4.

3.4.3 General Procedures for Acid Chloride Synthesis
The carboxylic acid (1.0 eq) was brought up in 1.0 M Oxalyl Chloride in CH2Cl2 (2.0 eq)
and stirred under inert gas. 0.005 mL of anhydrous DMF was added and the reaction
stirred for 30 min at rt. Reactions were evaporated in vacuo and product confirmed by 13C
NMR. Product was used crude in the NMR solvent for the following step.
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4-Pentynoyl Chloride (3.27b). The reaction was carried out with 3.26b to give 3.27b.1H
NMR (400 MHz, CDCl3): δ 3.07 (t, J = 7.1 Hz, 2H), 2.49 (td, J = 7.1, 2.7 Hz, 2H), 2.00
(t, J = 2.7 Hz, 1H); 13C NMR (CDCl3): δ 172.16, 80.49, 70.18, 45.56, 14.60.

5-Hexynoyl Chloride (3.27c). The reaction was carried out with 3.26c to give 3.27c.1H
NMR (400 MHz, CDCl3): δ 3.01 (t, J = 7.2 Hz, 1H), 2.23 (td, J = 6.8, 2.6 Hz, 1H), 1.97
(t, J = 2.6 Hz, 0H), 1.85 (p, J = 7.0 Hz, 1H); 13C NMR (CDCl3): δ 173.37, 82.17, 69.93,
45.54, 23.59, 17.13.

3-Azidopropanoyl Chloride (3.27d). The reaction was carried out with 3.26d to give
3.27d.1H NMR (400 MHz, CDCl3): δ 3.61 (t, J = 6.2 Hz, 2H), 3.12 (t, J = 6.2 Hz, 2H),13C
NMR (CDCl3) δ 171.77, 46.30, 46.19.

4-Azidobutynoyl Chloride (3.27e). The reaction was carried out with 3.26e to give 3.27e.
1

H NMR (400 MHz, CDCl3): δ 3.29 (t, J = 6.5 Hz, 2H), 2.92 (t, J = 7.1 Hz, 2H), 1.91 –

1.81 (m, 2H); 13C NMR (CDCl3): δ 173.16, 49.54, 43.80, 24.23.

3.4.4 General Procedures for N6-Acylation of the Model System
The 5′-Phthalimide-2′,3′-bis-(O-isopropylidine) adenosine (1.0 eq) was brought up in
anhydrous pyridine and stirred at 0 °C under inert gas. The respective acid chloride (3.010.0 eq) in its NMR solvent was added dropwise to the reaction. It was warmed to rt
before being refluxed for 2-3 hr at 65-70 °C. Aqueous workup was done (1.0 M HCl, Sat.
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NaHCO3, H2O, brine) and product extracted into EtOAc. The organic was evaporated in
vacuo. Purification by column chromatography (pure EtOAc) yielded product.

N6-(4-Pentynamide)-5'-phthalimide-5'-deoxy-2',3'-bis-(O-isopropylidine) adenosine
(3.31). The reaction was carried out with 3.24 to yield 3.31. Purification was not
successful and NMR data was not obtained. Product confirmed by LRMS. LRMS-ESI:
calcd for C26H24N6O6 (M + H+) 516.2, obsd 518.2.

N6-(5-Hexynamide)-5'-phthalimide-5'-deoxy-2',3'-bis-(O-isopropylidine) adenosine
(3.32). The reaction was carried out with 3.24 to give 3.32. The material was not purified,
and no NMR data was obtainable. Product confirmed by LRMS. LRMS-ESI: calcd for
C27H26N6O6 (M + H+) 531.2, obsd 531.2.

N6-(4-Azidobutanamide)-5'-phthalimide-5'-deoxy-2',3'-bis-(O-isopropylidine) adenosine
(3.28). The reaction was carried out with 3.24 to yield 3.28 (0.017 g. 67 %). 1H NMR
(500 MHz, CDCl3) δ 8.68 (s, 1H), 8.49 (s, 1H), 8.05 (s, 1H), 7.81-7.67 (m, 4H), 6.09 (d, J
= 1.9 Hz, 1H), 5.57 (dd, J = 6.2, 2.0 Hz, 1H), 5.24 (dd, J = 6.3, 3.3 Hz, 1H), 4.59 (td, J =
6.4, 3.3 Hz, 1H), 4.03 – 3.92 (m, 2H), 3.47 (t, J = 6.6 Hz, 2H), 3.06 (t, J = 7.1 Hz, 2H),
2.08 (p, J = 6.9 Hz, 2H), 1.59 (s, 3H), 1.39 (s, 3H); 13C NMR (CDCl3) δ 172.11, 168.17,
152.49, 152.47, 150.67, 149.29, 142.78, 134.24, 131.99, 123.53, 122.51, 114.82, 91.12,
85.20, 84.19, 82.65, 50.89, 39.67, 34.80, 27.23, 25.55, 24.09. LRMS-ESI: calcd for
C25H25N9O6 (M + H+) 548.2, obsd 548.2.
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3.3.5 General Procedures for N6-Acylation of the Common Intermediate, 3.15
The 5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-N-(2-O-tertbutyldimethylsilyl-hydroxyethyl)-5'-deoxy-2',3'-bis-(O-isopropylidine) adenosine, 3.15,
(1.0 eq) was brought up in anhydrous pyridine and stirred at 0 °C under inert gas. The
respective acid chloride (3.0-10.0 eq) in its NMR solvent was added dropwise to the
reaction. It was allowed to warm to rt before being refluxed for 2-3 hr at 65-70 °C. An
aqueous workup was done (1.0 M HCl, Sat. NaHCO3, H2O, brine) and the product
extracted into Et2O. The organic was evaporated in vacuo. The residue was brought up in
EtO2 and purified by column chromatography to give a light yellow foam.

N6-(4-Pentynamide)-5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-N-(2-O-tertbutyldimethylsilyl-hydroxyethyl)-5'-deoxy-2',3'-bis-(O-isopropylidine) adenosine
(3.21b). The reaction was carried out with 3.13 to give 3.21b. 1H NMR (400 MHz,
CHCl3) δ 9.46 (s, 1H), 8.66 (s, 1H), 8.19 (s, 1H), 6.07 (d, J = 2.1 Hz, 1H), 5.51 (d, J = 8.3
Hz, 1H), 5.43 – 5.38 (m, 1H), 4.95 (q, J = 3.3 Hz, 1H), 4.35 – 4.28 (m, 1H), 4.16 – 4.08
(m, 1H), 3.61 (d, J = 5.7 Hz, 1H), 3.18 (t, J = 7.5 Hz, 2H), 2.86 (dd, J = 8.3, 6.5 Hz, 0H),
2.79 (dd, J = 13.5, 6.7 Hz, 1H), 2.65 – 2.57 (m, 4H), 2.55 – 2.44 (m, 4H), 1.98 – 1.93 (m,
2H), 1.90 (t, J = 2.6 Hz, 0H), 1.88 – 1.62 (m, 1H), 1.57 (s, 3H), 1.38 (s, 18H), 1.35 (s,
3H), 0.81 (s, 9H), -0.03 (s, 6H); 13C NMR (CDCl3) δ 172.76, 171.74, 171.47, 155.50,
152.42, 150.67, 149.36, 142.73, 122.40, 114.55, 91.05, 85.81, 83.93, 83.16, 83.05, 81.54,
79.39, 69.14, 61.15, 56.80, 56.35, 52.79, 51.41, 37.31, 36.93, 29.69, 29.48, 28.40, 28.02,
27.20, 25.94, 25.48, 18.24, 14.08, -5.33. LRMS-ESI: calcd for C39H63N7O9Si (M+ H+)
802.4, obsd 802.4.
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N6-(5-Hexynamide)-5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-N-(2-O-tertbutyldimethylsilyl-hydroxyethyl)-5'-deoxy-2',3'-bis-(O-isopropylidine) adenosine
(3.21c). The reaction was carried out with 3.13 to give 3.21c. Reaction had a mixture of
products and a yield as well as NMRs were not obtainable. Product was confirmed by
LRMS. LRMS-ESI: calcd for C38H64N10O9Si (M+ H+) 816.5, obsd.816.5.

N6-(4-Azidobutanamide)-5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-N-(2-Otertbutyldimethylsilyl-hydroxyethyl)-5'-deoxy-2',3'-bis-(O-isopropylidine) adenosine
(3.21e). The reaction was carried out with 3.13 to give 3.21e. Reaction had a mixture of
products and neither yields nor NMR data were obtainable. Product was confirmed by
LRMS. LRMS-ESI: calcd for C38H64N10O9Si (M+ H+) 833.5, obsd 833.5.

3.4.6 General Procedures for hydroxyethyl-desilylation of N6-Acylated Analogues
The N6-(4-Pentynamide) analogue (1.0 eq) was brought up in THF and stirred at 0 °C
under inert gas. The 1.0 M TBAF in THF (2.0 eq) was added dropwise and the solution
allowed to warm to rt and stirred for 4 hr.

N6-(4-Pentynamide)-5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-Nhydroxyethyl-5'-deoxy-2',3'-bis-(O-isopropylidine) adenosine (3.3b). The reaction was
carried with 3.21b to obtain 3.3b (0.083 g, 79 %). 1H NMR (400 MHz, CDCl3) δ 9.37 (s,
1H), 8.68 (s, 1H), 8.18 (bs, 1H), 6.09 (d, J = 2.1 Hz, 1H), 5.47 – 5.36 (m, 2H), 5.02 (dd, J
= 6.5, 4.0 Hz, 1H), 4.32 (td, J = 6.7, 4.0 Hz, 1H), 4.28 – 4.16 (m, 1H), 3.58 – 3.34 (m,
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2H), 3.20 (t, J = 7.4 Hz, 2H), 2.86 – 2.74 (m, 1H), 2.70 – 2.43 (m, 8H), 1.98 – 1.62 (m,
2H), 1.59 (s, 3H), 1.41 (s, 18H), 1.36 (s, 3H). Product also confirmed by LRMS. LRMSESI: calcd for C33H49N7O9 (M+ H+) 688.4 obsd 688.4.

N6-(5-Hexynamide)-5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-Nhydroxyethyl-5'-deoxy-2',3'-bis-(O-isopropylidine) adenosine (3.3c). The reaction was
carried with 3.21c to obtain 3.3c. Reaction was not pure, and no yield obtained. Product
confirmed by LRMS. LRMS-ESI: calcd for C34H51N7O9 (M+ H+) 702.4 obsd 702.4.

N6-(4-Azidobutanamide)-5'-(Nα-Boc diaminobutyric acid O-tert-butyl ester)-5'-Nhydroxyethyl-5'-deoxy-2',3'-bis-(O-isopropylidine) adenosine (3.3e). The reaction was
carried with 3.21e to obtain 3.3e. Reaction was not pure, and no yield obtained. Product
confirmed by LRMS. LRMS-ESI: calcd for C34H51N7O9 (M+ H+) 719.4, obsd 719.4.

3.4.7 Procedure for Iodination and Global Deprotection of N6-Acylated Analogue
N6-(4-Pentynamide)-5'-(diaminobutyric acid)-5'-N-iodoethyl-5'-deoxyadenosine
ammonium hydrochloride (3.1b). The reaction was carried out with 3.3b to give 3.1b. I2
(1.3 eq) was added to PPh3 (1.8 eq) and imidazole (1.8 eq) in 0.19 mL of CH2Cl2 at 0 °C.
Once triphenylphosphine was completely consumed (monitored by TLC), 3.3b (1.0 eq) in
CH2Cl2 (0.1 mL) was then added and stirred for 1 h. The reaction was diluted with icechilled CH2Cl2 and H2O and the organic layer was washed with three times with H2O.
After evaporating in vacuo, 4N HCl-dioxane (0.145 mL) was added to the iodinated
adenosine in CH2Cl2 (4.0 mL) and the mixture was stirred for 18 h. Ice-chilled H2O was
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added, and the aqueous layer was extracted with CH2Cl2 several times prior to
lyophilization to afford a crude light-yellow solid. Compound purification was carried out
using HPLC (see General Methods). LRMS-ESI: calcd for C21H29IN7O6+ (M+ H+) 603.1,
obsd 603.1
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Chapter IV.

Design and Synthesis of N-mustard Activity-based Probes of Protein Methyltransferases

The synthesis of the DOT1L activity-based probe was done, in part, by Eleni Kisty as part
of her Chemistry Honors Thesis in 2016. Portions of this thesis have been used for this
chapter.

4.1 Introduction
Recent advances in genomics has catalyzed efforts to develop novel technologies
for proteomics. Methods to examine protein activity typically rely on profiling and gene
expression manipulation. While very helpful, these approaches often do not capture the
multitude of posttranslational events involved in regulating protein activity.1 In light of
this, the field of proteomics has developed a number of techniques able to aid in building
an all-encompassing understanding of protein expression and function. Activity-based
protein profiling has emerged as a vital technique for a global analysis of protein
function. Enzyme activity state is regulated by a variety of posttranslational mechanisms,
therefore chemical probes that report on the structure and reactivity of the enzyme active
sites provide more in-depth proteomic information than the standard expression profiling
techniques.2 The growing field of activity-based protein profiling led to the rationale
behind the probes for DOT1L and PRMT1 discussed in this chapter. The activity-based
probes described in this chapter were part of a synthetic project in collaboration with Dr.
Brian Smith at the Medical College of Wisconsin.
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To better understand DOT1L and its biological function, this project focused on
the synthesis of a novel substrate profiling probe, 4.1, which is modeled after a known
inhibitor of DOT1L.3–5 Critical to the development of this probe was the incorporation of
a tert-butyl phenyl urea to stabilize binding through an adjacent pocket in the active site.
Additionally, the probe contains an N-mustard moiety to allow for covalent labeling and
alkyne functionalization at the N6 position of the adenine base to facilitate the detection
of the labeled DOT1L substrate following Click chemistry.
A second probe, 4.2, was also proposed with PRMT1 as its target. This specific
probe was designed with the purpose of being a bisubstrate inhibitor via covalent
attachment to both enzyme and substrate. A covalently bound enzyme-substrate complex
would be a powerful tool in gaining further understanding of the activity of this MTase.

FIGURE 4.1 – Target N-mustard activity-based probes of DOT1L and PRMT1.

4.2 Development of N-Mustard Activity-based Substrate-profiling Probe of DOT1L

4.2.1 DOT1L
DOT1Lis a well-studied KMT which methylates histones in a SAM-dependent
fashion, to add methyl groups to the lys residue 79 of histone H3. The enzyme prefers to
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methylate substrate nucleosomes rather than the core histone, as Lys79 lies within loop 1
of H3, which is accessible to solvent. The specificity of the substrate is linked to transhistone cross talk between H3 and adjacent H4 tetramer and 2A dimer of the gene
tofurther regulate transcription. Methylation allows for the DNA to be available to bind
RNA polymerase and transcription factors. DOT1L is a known regulator of the cell cycle,
transcription, DNA damage response and cellular division of normal cells. Abnormal
activity, in regards to over methylation, has been shown to result in the over proliferation
of cells and consequently various leukemias including mixed lineage rearrangedleukemia(MLL).3,6–8 Research has shown that without the involvement of DOT1L, MLL
is unable to proliferate and this has attracted many to develop DOT1L inhibitors as anticancer therapies.3,4,9

4.2.2 Design of an Activity-based Probe of DOT1L
4.1, is modeled after an inhibitor that was been previously reported by Epizyme
(EPZ004777) (Figure 4.4).3–5 This inhibitor was functionalized with a tert-butyl phenyl
urea to stabilize binding by sitting in an adjacent pocket. Crystal structure analysis of the
DOT1L-EPZ004777 (Figure 4.2) complex showed that a previously unrecognized
binding pocket immediately adjacent to the amino acid binding subsite opens up to
accommodate the urea. The interactions of this side chain and the binding pocket are
hypothesized to improve the binding stability. Additionally, this conformational change
appears to be unique to DOT1L and is therefore an attractive target due to the high
selectivity of EPZ004777 compared to other PMTs.3,4,10
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Figure 4.2 – X-ray structure of EPZ004777 bound to DOT1L. Superimposition of both
EPZ004777 and EPZ003696, compounds with tert-butyl phenyl urea side chains, shows
the previously unrecognized binding pocket10.
What makes 4.1 unique from EPZ004777 is that it combines functionalization
from both the reported inhibitor and analogue 4.3 (Figure 4.3). developed in the
Comstock lab.11 This analogue contains an N6-alkyne modification that allows for
bioorthogonal tagging.
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FIGURE 4.3 – 2nd generation N6-alkyl analogue.

While 4.1 and 4.3 have a number of structural similarities, they are each designed
to target specific MTases. Amalgamating features of the previously synthesized
analogues and known inhibitors will yield novel probes. 4.1 specifically contains the N107

mustard moiety and functionalization at the N6 position with an alkyne to allow for
covalent labeling, detection, and profiling of DOT1L activity and substrates. This
activity-based probe was proposed to aid in better understanding of the consequences of
drugs designed to target MTases and demethylases. In order to do so, it is essential to
determine all the substrates of DOT1L and the mechanisms behind substrate selection.

FIGURE 4.4 – EPZ004777 provided the molecular framework for the proposed DOT1L
activity-based probe 4.1.

4.3 Synthesis of the DOT1L Activity-based Probe

4.3.1 Synthetic Approach
The proposed retrosynthesis for 4.1 is shown in Scheme 4.1. This analysis
incorporated key transformations identified from the synthesis of the N6-alkyl analogue,
4.3 (Figure 4.3).11 Intermediate 4.4 has been shown to be prepared in good yield
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beginning from commercially available inosine and was hypothesized to be a suitable
intermediate for incorporation of the tert-butyl phenyl urea side chain on the 5ꞌ position
of the probe.
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SCHEME 4.1 – Retrosynthetic analysis for the preparation of 4.1.
Based on the feasibility of the retrosynthetic analysis, the proposed synthesis for
the DOT1L probe is shown in Scheme 4.2. While synthetic transformations to prepare
4.4 would be done as previously reported11, the key steps in the synthesis required
functionalization of 4.4. Where previous work incorporated a Boc-protected amino acid
to the secondary nitrogen, it was anticipated that the desired tert butyl urea side chain
could be incorporated via a simple nucleophilic displacement. Once intermediate 4.9 is
obtained, the final steps to iodinate and deprotect the analogue were anticipated to be
straight forward, as similar transformations have been previously reported and highly
successful.11–13
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SCHEME 4.2 – Proposed synthesis of the DOT1L substrate-profiling probe, 4.1.

4.3.2 Modification of the 5' Position
Initial experiments towards preparing 4.1 followed synthetic protocols previously
conducted in the laboratory to generate ethanolamine 4.4. Although the alkyne
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intermediate 4.7 was prepared as expected, it quickly became apparent that the step to
incorporate the ethanolamine side chain through displacement of a mesylate was resulting
in unwanted side products in a similar fashion to what was described in Chapter 3. While
complete mesylation of the 5ꞌ alcohol was observed by TLC, the displacement of the
mesylate with ethanolamine was low yielding and the majority of the material remained
in the aqueous layer following workup.
The material that remained in the organic layer was though to possibly be the
cyclized product 4.11, as shown in Scheme 4.3, which can result from to the nucleophilic
nature of the N3 position of the adenine base. Although this intramolecular cyclization is
not typically observed in synthetic transformations conducted in the Comstock lab, such
occurrences have been observed during select reactions and easily diagnosed from the
anomeric proton appearing as a singlet by NMR instead of the typical doublet. Literature
reports also indicate that intramolecular cyclization can be observed between the 5ꞌ
carbon and N3 position.14–16
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SCHEME 4.3 –Attempts at 5'-mesylation resulted in low yields and a cyclized product,
4.11.
Despite the low yields attained in synthesizing 4.4, its’ ability to be further
functionalized with the tert-butyl phenyl urea, was pursued. Several methods were
explored to incorporate the phenyl urea. All used the same initial synthesis to condense 4tert-butylphenyl isocyanate with 3-propanolamine quickly, as shown in Scheme 4.4, to
yield 1-(4-(tert-butyl)phenyl)-3-(3-hydroxypropyl) urea, 4.12, in good yield. This
intermediate was then used for exploring various routes to activate 4.12 as either the
mesylate or halide to condense with 4.4. It was anticipated that once activated, the
secondary amine could undergo a simple nucleophilic displacement to give the desired
penultimate product, 4.9 in Scheme 4.2.
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SCHEME 4.4 – Phenyl urea synthesis and activation.
Attempts to mesylate alcohol 4.12 to generate 4.8 led to multiple side products
and starting material by TLC. Although column chromatography was used to isolate the
resulting products, starting material was the predominant species isolated and the very
small amount of side products isolated made their analysis unfeasible. With the
unsuccessful mesylation of 4.12, an alternative route to iodinate the alcohol to obtain 4.13
was performed. The iodination varied greatly in the reaction components attained by
TLC. The generation of PPh3-oxide was seen by TLC in most reaction attempts. 13C-,
1

H-, and 31P-NMR analysis for each isolated product visible by TLC was used to attempt

to determine the identity of the products in these reactions but yielded inconclusive
results. The fractions analyzed all exhibited 31P peaks, two fractions also had 1H-NMR
evidence, associated with PPh3-oxide. The iodination was attempted multiple times using
imidazole and PPh3 with no definitive success, suggesting that this method would also
not viable for the desired condensation reaction.
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With the inability to carry out the original proposed synthesis (Scheme 4.2), other
methods to modify the 5' position were explored. The utility of Mitsunobu chemistry has
been very successful in functionalizing this position on adenosine previously. Therefore,
two different approaches were proposed. The first, as shown in Scheme 4.5, was to
introduce the necessary nitrogen at the 5ꞌ position through a phthalimide. Attempts to
complete this reaction resulted in no change in the TLC, as starting material remained
and PPh3-oxide formation was not observed.

SCHEME 4.5 – Incorporation of a 5'-phthalimide via Mitsunobu chemistry.
Alternatively, literature indicated that a nosyl-protected amine could be
incorporated to the 5' position using Mitsunobu conditions as well17–20, as seen in
Scheme 4.6. To enhance the solubility of the resulting product, a TBS protecting group
was incorporated on the nosyl-protected ethanolamine. Once again, the chemistry was not
successful, as no reaction could not be detected by TLC. The literature indicated that this
chemistry was successful on an isopropylidine protected adenosine with no N6
modification.19 Thus, it was hypothesized that incorporation of the N6-alkyne on the
adenine base altered its’ electronic nature, rendering Mitsunobu chemistry not viable.
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SCHEME 4.6 – Incorporation of a nosyl-protected ethanolamine via Mitsunobu
chemistry.
To avoid introducing a good leaving group at the 5' position and generating an
intermediate that was highly reactive, an alternative pathway was explored. The synthesis
reported for the inhibitor EPZ004777, after which the urea side chain is modeled,
reported the condensation of γ-bromo-propyl phthalimide via a simple nucleophilic
displacement reaction.5,10
As seen in Scheme 4.7, this approach was proposed as an alternative pathway to
modify ethanolamine 4.4 with γ-bromo-propyl phthalimide. This approach was a viable
alternative to not only incorporate a 3-carbon chain on the 5'-amine necessary for the tertbutyl phenyl side chain, but also in decreasing the aqueous solubility of 4.16 and
allowing for facile isolation and purification. If successful, unmasking the phthalimide
would yield a primary amine that could easily undergo a condensation with 4-tert-butyl
phenyl isocyanate to yield 4.9, the penultimate intermediate in the synthesis.
Literature procedures were followed to synthesize γ-bromo-propyl
phthalimide.5,10 The condensation to 4.4 was attempted with a small amount of sample
that had been prepared previously. Although the starting material was not observed by
TLC, the resulting products were not easily separated using column chromatography.

115

Analysis of the impure material by NMR indicated that the target product, 4.16, was not
obtained

SCHEME 4.7 – Alternate synthesis incorporating γ-bromo-propyl phthalimide.
4.3.3 Alternative Synthetic Pathway
After the failed attempts at modifying the 5' position of intermediates 4.4 and 4.7,
an alternative synthetic approach was needed. Inspiration for a new approach stemmed
from synthetic pathways developed for the N6-amide analogues described in Chapter 3.
Specifically, it was hypothesized that a similar reductive amination sequence to
functionalize the 5ꞌ position could be employed. As a result, the retrosynthetic analysis
depicted in Scheme 4.8, was formulated and required the preparation and
functionalization of 5'-amine intermediate 4.18.
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SCHEME 4.8 – Retrosynthetic analysis incorporating reductive amination chemistry
with 5'-amine 4.18.
Since the new approach now required the preparation of a 5'-amine, synthetic
transformations which would accomplish this were needed. With Mitsunobu chemistry
not being a viable approach, several literature reports pointed towards the direct
conversion of the 5'-hydroxyl to azide 4.19. Specifically, this conversion employed a
two-step reaction involving DPPA activation followed by azide displacement in the
presence of 15-crown-5.21,22 As shown in Scheme 4.9, the resulting azide was anticipated
to be converted to primary amine 4.18 via Staudinger reduction with PPh3. Upon
obtaining the amine, sequential reductive aminations would be carried out with the
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requisite aldehydes to provide intermediate 4.22 fully modified at the 5' position. All that
would remain to complete the synthesis of 4.1 would be a TBS deprotection of the
ethanolamine, followed by iodination and global deprotection. The success of similar
steps with previously described SAM analogues provided confidence in this synthetic
pathway.
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SCHEME 4.9 – Revised synthetic pathway employing 5'-amine 4.18.
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4.2.4 5'-Amine Synthesis
Following literature procedures, the synthesis of compound 4.19, as shown in
Scheme 4.10, was successful.22 Although the yield varied from 40-75%, the
incorporation of the desired azide was confirmed by both NMR and MS. Experiments to
further reduce the azide to amine 4.18 were further conducted. Initial work concentrated
on a standard Staudinger reduction using PPh3 in aqueous THF. Although the conversion
of the azide to the amine was near quantitative by TLC, PPh3-oxide remained in the
sample and purification of 4.18 was not feasible using silica column chromatography due
to the extremely polar nature of the amine.

SCHEME 4.10 – Conversion of the 5' alcohol to an azide, 4.19, and subsequent
reduction to the amine, 4.18.
Although amine 4.18 was attained, the focus shifted towards identifying a method
to eliminate the phosphine byproduct and provide pure amine amenable for subsequent
reductive amination. Further research in the literature yielded an alternative approach
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using PPh2-bound polymeric beads in lieu of soluble PPh3. It was hypothesized that the
adenosine-phosphine bead complex could be reduced using base to afford an amine
which is easily separated by filtration from the phosphine oxide beads.23–25 Although this
reduction was proven to be successful on several occasions, the reaction could often
require up to two weeks before the amine was observed in solution. Optimization of the
reaction procedure was conducted and included the addition of 2% KOH in MeOH earlier
in the procedure and varying the anhydrous nature of the reaction by using dry and wet
THF, using either a flame dried or regular flask, or stirring under argon. These alternative
conditions did nothing to improve the results when using the beads. When amine 4.18
was generated successfully, its identity was verified by NMR and MS and consistently
lacked any phosphine byproducts. Ultimately, the reaction time and unpredictability of
the reaction made this transformation not synthetically viable.
With the poor reproducibility using the polymeric bead, focus was returned to the
purification of 4.18 derived from the solution-based Staudinger reduction. It was
hypothesized that excess PPh3 and its oxide could be removed using their differences in
solubility. Following several test experiments exploring different organic solvents, it was
found that the desired amine remained soluble in 1% THF in water and the phosphine
contaminants were insoluble. Following centrifugation to pellet and facilitate removal of
the insoluble material, the supernatant was subjected to lyophilization to recover the
desired amine in high yield and purity.
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4.3.5 Aldehyde Synthesis
Having transitioned to an approach which conducts a sequential reductive
amination with the 5'-amine, the next step required the production of the phenyl-urea
aldehyde, 4.20. Several textbook methods to oxidize an alcohol to an aldehyde were
attempted, as depicted in Scheme 4.11. Reactions to explore the Pfitzner-Moffat, Swern,
2-iodoxybenzoic acid (IBX), and Dess-Martin Periodinane (DMP) oxidations20–23 were
conducted. Interestingly, the IBX reaction was encumbered by solubility issues that could
not be resolved and it was hypothesized that this directly influenced reaction success.
Reactions which employed Pfitnzer-Moffat and Swern conditions failed to show any
aldehyde product following TLC analysis. Fortunately, reactions to attain aldehyde 4.20
using DMP were successful and deemed the best route for its synthesis.

SCHEME 3.14 – Preparation of aldehyde 4.20 using the Pfitzner-Moffat, Swern, IBX,
and DMP oxidations.
4.3.6 Reductive Aminations, Iodination, and Deprotection
Having optimized both of the synthetic steps to successfully attain the amine and
aldehyde, the next step in the synthetic pathway was to functionalize the 5′ amine.
Experiments conducted in synthesizing the N6-amide analogues described in Chapter 3
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indicated that the order in which the reductive aminations were conducted was key.
Specifically, a di-addition was obtained when the smaller aldehyde was incorporated
first, but not so when the bulkier aldehyde was added first. This same approach was used
for preparing 4.22 and required the incorporation of the urea aldehyde first. As shown in
Scheme 4.12, aldehyde 4.20 was coupled to amine 4.18 in the presence of NaCNBH3 in
acidic methanol. A quick aqueous workup removed excess 4.18 and the intermediate was
taken on crude for the second reductive amination with 4.21 to give 4.22. The
incorporation of the desired functionalities on the ribose sugar was confirmed by NMR
and LRMS.

SCHEME 4.12 – Sequential reductive aminations were used to obtain 4.22.

The reaction to obtain compound 4.22 was completed twice. However, the
product was not successfully isolated due to reaction yield. Although product was
observed by LRMS, the small amount of impure product was not sufficient to complete
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the synthesis. The remaining steps to complete the synthesis of 4.1 would have included a
TBS deprotection followed by the iodination and deprotection the give the final analogue,
as shown in Scheme 4.13. This chemistry has been extensively reported and its
completion on this analogue is not expected to cause significant issues.

SCHEME 4.13 – Iodination and deprotection to yield the target DOT1L probe
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4.4 Synthesis of a PRMT1 Bisubstrate Activity Probe

4.4.1 PRMT1 Background
PRMT1 is a well-known arginine MTase involved in biological function such as
DNA transcription, DNA repair, and RNA processing.29–31 Its most well-known substrate
is histones and aberrant methylation of this substrate is implicated in a number of
diseases including inflammation and cancer.32 As such, it is an attractive drug target.
However, not all PRMT1 substrates are known and they must be identified in order to
fully understand the consequences of drugs targeting MTases.
Probe 4.2 (Figure 4.5) is designed to specifically target PRMT1. The probe is
intended to be used to elucidate additional substrates of PRMT1 other than just its histone
targets. The design of the probe is thought to provide a novel approach that would
crosslink PRMT1 to its substrates. Unique to 4.2, compared to other SAM analogues
described in this dissertation, is the incorporation of a fluorine at the N6 position.
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FIGURE 4.5 – Proposed PRMT1 activity-based probe.
Structural studies of PRMT1 have shown that the SAM binding pocket contains a
cysteine residue within proximity to the N6 position and is hypothesized to allow for
covalent cysteine addition33, (see Figure 4.6). This would prevent the analogue from
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being removed from the PRMT1 active site and function as a bisubstrate probe which can
form a covalent linkage between PRMT1 and its substrate. Thus, the development of 4.2
is envisioned to serve as a new methodology that would enable the identification of
possible new PRMT1 substrates.

Figure 4.6 - PRMT1 contains an endogenous hyperreactive cysteine (C101) near the
adenine-binding pocket33.
4.4.2 Synthetic Approach for PRMT1 Probe
Synthetic work described in Chapter 3 directly impacted the proposed approach
taken to prepare 4.2. Specifically, it was anticipated that the common intermediate 4.23
could be utilized and undergo a direct acylation at the N6 position using either prepared34
or commercially available 2-fluoroacetyl chloride to afford intermediate 4.24, as shown
in Scheme 4.14 Following TBS deprotection using TBAF to yield alcohol 4.25, it was
anticipated that iodination and global deprotection would be done as previously described
to generate 4.2.11–13,35

126

SCHEME 4.14 – Proposed synthesis of PRMT1 probe, 4.2, beginning with 4.23.
4.4.3 Acylation Feasibility with Model System
Using the 5′-phthalimide model system described in Chapter 3, test reactions to
incorporate halogen-based acid chlorides were conducted. Every attempt at acylating the
model system yielded no product and often disintegrated starting material. It was
hypothesized in Chapter 3 that the short chain substituents influenced the reactivity of the
acid chloride due to its proximity to the carbonyl. Another factor could possibly the
boiling point of these acid chlorides (commercially reported between 50-70 °C) and the
temperature at which the reflux is done.34 This rationale appears to have some validity
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due to the failure of all short chain analogues in acylating the N6-position of the adenine
base using a number of halide substituted acid chlorides (4.27-4.29) shown in Figure 4.6.
Due to the results obtained in the testing of these short chain acid chlorides, the synthesis
of 4.2 was never completed.

Scheme 4.15 – Short chain acid chlorides that were tested to acylate the model
phthalimide.

4.5 Conclusions
In conclusion, this project has shown that the synthesis of the DOT1L activitybased probe is achievable. Additional optimization of the methods and procedures is
required to obtain enough material to complete the synthesis.
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Efforts to obtain the PRMT1 substrate-profiling probe were not successful during
this project. The plethora of impediments encountered in the synthesis of the Chapter III
analogues also affect the viability of this target.

4.6 Synthetic Procedures and Compound Characterization

4.6.1 General Experimental Methods
General:
All reagents and solvents were purchased from commercial sources and used
without additional purification. Anhydrous solvents were either purchased or obtained
from a Meyer solvent system. Reactions were performed at room temperature under
argon, unless otherwise indicated. All adenosine intermediates were purified using silica
gel column chromatography. 1H NMR and 13C NMR spectra were recorded on a Bruker
300 MHz spectrometer. MS data were collected on an Agilent 8800 ESI-MS

4.6.2 Synthetic Procedures and Characterizations

3-(3-(4-tert-Butylphenyl)urea)propyl methanesulfonate (4.8). 0.006 g (1 eq) of 4.12 in 2
mL CH2Cl2 was cooled to 0 ºC and treated drop wise with 0.006 mL (1.6 eq) TEA. 0.003
mL (1.5 eq) MsCl was added, and the reaction stirred for 30 min. TLC indicated
approximately 50% conversion to product after 1 h. An additional equivalent of TEA and
MsCl were added and the reaction stirred for an additional hour without change in TLC.
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The mixture was concentrated under reduced pressure and purified by silica
chromatography in 4:4:2:0 to 4:4:2:1 EtOAc:Hexane:CH2Cl2:MeOH. 1H NMR was taken
of fractions collected by column and identification of resulting products was
inconclusive.

N6-(Prop-2''-ynyl)-5'-((3-(4-(tert-butyl)phenyl)urea)1-propylamine)-5'-hydroxyethyl2',3'-bis-(O-isopropylidene) adenosine (4.9). To 0.140 g (1 eq) of crude 4.13 was added
0.15 g (1 eq) of 4.4, 0.068 mL (1 eq) of DIPEA, and 0.14 g (1 eq) of TBAI. The reaction
stirred in ACN for 3 d. TLC analysis in 4:2:1 EtOAc:CH2Cl2:MeOH yielded 5 spots. The
fractions were separated by a silica column run with a gradient elution of 4:2 to 4:2:0.5 to
4:2:1 EtOAc:CH2Cl2:MeOH. 1H NMR was taken for each fraction collected and product
was not obtained.

1-(4-(tert-Butylphenyl)-3-(3-hydroxypropyl) urea (4.12). To 0.044 mL (1 eq) of 4-tertButylphenyl isocyanate in 1 mL CH2Cl2 was added 0.019 mL (1 eq) of propanolamine
drop wise. After the reaction stirred for 2 h, the solution was reduced under pressure and
dried under vacuum to afford 4.12 (0.0463 g, 92% yield). 1H NMR (CDCl3) δ 7.61 (s,
1H), 7.20 (q, 4H), 5.87 (t, 1H), 4.14 (s, 1H), 3.61 (t, 2H), 3.28 (q, 2H), 1.60 (p, 2H), 1.25
(s, 9H). LRMS-ESI: calcd for C14H22N2O2 (M+ H+) 251.2, obsd 251.2.
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1-(4-(tert-Butylphenyl)-3-(3-iodopropyl) urea (4.13). 0.093 g (1.5 eq) I2 was added to
0.096 g (1.5 eq) PPh3 and 0.025 g (1.5 eq) imidazole in 1 mL anhydrous CH2Cl2. 0.061g
(1 eq) of 4.12 in 1 mL CH2Cl2 was added and the reaction stirred for 1 h. TLC in 4:4:2:1
EtOAc:Hexane:CH2Cl2:MeOH revealed 3 spots with RFs of 0.125, 0.5, and 0.75. The
reaction was diluted with NH4Cl and washed with brine. The material was purified by
column chromatography (4:4:2:0 to 4:4:2:1 EtOAc:Hexane:CH2Cl2:MeOH) to isolate the
fractions. 13C NMR, 1H NMR, and 31P NMR were performed to identify the components
showing no product achieved.

N6-(Prop-2''-ynyl)-5'-amine-2',3'-bis-(O-isopropylidene) adenosine (PPh3 polymeric
beads) (4.18). 5 mL THF was added to 0.372 g (1.5 eq) polymer supported PPh3. The
mixture was left to stand for 5 minutes. A solution of 4.19, (0.248 g, 1.0 eq) in 5 mL
THF was added and the reaction stirred for 4 h testing fluorescent activity to analyze for
attachment to the polymer. 4.7 mL 2% KOH was added in methanol and the reaction
stirred for 4 d. TLC in 4:4:2:1 EtOAc:Hexane:CH2Cl2:MeOH revealed azide (Rf = 0.7)
and the desired amine (Rf = 0.0) by ninhydrin stain. MS was performed to identify the
components. LRMS-ESI: calcd for C16H20N6O3 (M + H+) 345.8, obsd 345.8.

N6-(Prop-2''-ynyl)-5'-amine-2',3'-bis-(O-isopropylidene) adenosine via the Staudinger
reduction (4.18). 0.330 g (1 eq) of 4.19 was brought up in 6 mL THF and 0.21 mL H2O.
0.35 g (1.5 eq) PPh3 was added and the reaction refluxed at 65 C for 2 h. TLC in 4:4:2:1
EtOAc: Hexane:CH2Cl2:MeOH revealed azide (Rf = 0.7) and the desired amine (Rf =
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0.0) by ninhydrin stain. Recrystallization was performed in 1% THF in H2O and the
product was lyophilized to collect solid product. 1H NMR, 31P NMR, and MS were
performed to identify the components. 1H NMR (CDCl3) δ 8.42 (s, 1H), 7.90 (s, 1H),
6.01 (d, 1H), 5.46 (dd, 1H), 5.2 (m, 1H), 4.47 (s, 2H), 4.25 (m, 1H), 3.0 (dd, 2H), 2.27 (t,
1H), 1.62 (s, 3H), 1.39 (s, 3H); 31P NMR (CDCl3) δ 28.97, -50.04. LRMS-ESI: calcd for
C16H20N6O3 (M+ H+) 345.8, obsd 345.8.

N6-(Prop-2''-ynyl)-5'-azido-2',3'-bis-(O-isopropylidene) adenosine (4.19). 0.250 g (1.0
eq) of 4.7 was brought up in 2 mL p-dioxane. 0.31 mL (2.0 eq) DPPA and 0.22 mL (2.0
eq) DBU was added and the reaction stirred for 1.5 h. 0.057 mL (0.4 eq) 15-crown-5 was
added with 0.469 g (10.0 eq) NaN3 and the reaction refluxed overnight at 95 ºC. TLC in
4:4:2:1 EtOAc: Hexane: CH2Cl2: MeOH revealed azide (Rf = 0.7) and the starting
material (Rf = 0.5). Silica gel chromatography using 4:4:2 EtOAc: Hexane:CH2Cl2
isolated azide 3.15. 1H NMR and MS were performed to verify the azido product. 1H
NMR (CDCl3) δ 8.44 (s, 1H), 7.90 (s, 1H), 6.23 (s, 1H), 6.11 (d, 1H), 5.46 (dd, 1H), 5.07
(q, 1H), 4.47 (d, 2H), 4.38 (m, 2H), 3.57 (m, 3H), 2.27 (t, 1H), 1.62 (s, 3H), 1.39 (s, 3H).
LRMS-ESI: calcd for C16H18N8O3 (M+ H+) 371.2, obsd 371.2.

1-(4-(tert-Butylphenyl)-3-(3-oxopropyl) urea (4.20). 0.040 g (1 eq) of 4.12 was brought
up in 3 mL dry DMSO with 0.090 g (2 eq) IBX. The reaction was refluxed for 2 h at 81
ºC. A small aliquot was removed for TLC analysis (4:4:2:1
EtOAc:Hexane:CH2Cl2:MeOH) and required a small water work up with EtOAC to
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remove DMSO. When complete, the reaction was quenched with NaHCO3 and washed
with H2O, extracted into EtOAc and dried over Na2SO4. 1H NMR was taken to confirm
whether the reaction occurred, and the desired aldehyde peak was missing.

1-(4-(tert-Butylphenyl)-3-(3-oxopropyl)urea (4.20). 0.1199 g (1.1 eq) DMP was added to
a round bottom flask containing 10 mL anhydrous CH2Cl2. 0.064 g (1.0 eq) of 4.12 was
dissolved in 5 mL anhydrous CH2Cl2 in a vial and added to the DMP via syringe; the vial
and syringe were rinsed with an additional 5 mL anhydrous CH2Cl2 and added to the
flask. The reaction stirred for 1 h and was used crude for the reductive amination.
LRMS-ESI: calcd for C14H20N2O2 (M+ H+) 249.1, obsd 249.1.

N6-(Prop-2''-ynyl)-5'-((3-(4-(tert-butyl)phenyl)urea)1-propylamine)-5'-(2-O-TBShydroxyethyl)-2',3'-bis-(O-isopropylidene) adenosine (4.21). 0.0929 g (1.05 eq) of 4.18
and 0.0638 g (1.0 eq) of 4.20 were brought up in 1.0 mL dry MeOH. 0.015 mL AcOH
was added followed by 0.0232 g (1.5eq) NaCNBH4 and the reaction stirred overnight.
TLC in 4:4:2:1 EtOAc:HexaneCH2Cl2:MeOH confirmed formation of a new product.
Then, 0.054 g (1.2 eq) of 4.21 was added with an additional 0.0232 g (1.5 eq) NaCNBH3
and the reaction stirred for 3 d. TLC in 4:4:2:1 EtOAc:Hexane:CH2Cl2:MeOH, along
with MS analysis, confirmed the formation of a new product. The reaction was diluted
with EtOAc and washed with NaHCO3 and brine. The aqueous layer was combined and
extracted further with EtOAc. The organic layers were combined, dried over Na2SO4,
and solvent evaporated in vacuo. The crude material was purified by silia gel
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chromatography using a 4:4:2:0 to 4:4:2:1 EtOAc:Hexane:CH2Cl2:MeOH gradient. MS
data collected on crude product. LRMS-ESI: calcd for C38H58N8O5Si (M+ H+) 735.6,
obsd 735.6.
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Chapter V.

Conclusions and Future Directions

5.1 Conclusions and Future Work
The research presented in this dissertation has described synthetic efforts towards
expanding the library of N-mustard SAM analogues bearing azide and alkyne
functionalities at the N6-position.
The N6-alkyl analogues, Chapter II, were successfully synthesized using parallel
synthetic pathways and characterized using NMR spectroscopy. Interestingly, some
intermediates and final products required additional 2D NMR analysis to identify signals
not observed using standard analysis methods. Upon completion of their synthesis, their
biological viability to modify a model plasmid DNA was demonstrated with prokaryotic
DNA methyltransferases M.TaqI and M.HhaI. In the time since these analogues were
first synthesized and evaluated, additional work in the Comstock lab has demonstrated
their utility with PRMT1 to modify histone H41–3. These analogues continue to be tested
in a variety of biological systems.
The synthesis of the N6-amide analogues, Chapter III, proved to be more
challenging. While literature reports of amide substituents on the adenine N6 are rare,
they are often a benzoyl functionality and do not contain the azide or alkyne substituents
that were desired in this project. Extensive work towards identifying optimal reaction
conditions to acylate the N6 position of a model adenosine was carried out and
successfully translated to acylate a key intermediate for the N-mustard analogues. It was
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discovered that not all the proposed N6-amide containing analogues could be synthesized,
as the requisite acid chlorides for acylation were not compatible with the reaction
conditions needed for a successful acylation. Specifically, the short chain azide and
alkyne analogues were not obtainable during preliminary tests. Although the best
acylation results were seen with the longer chain derivatives, the yields of these reactions
were inconsistent and low, 5-10%. With the small amount of material that was obtained,
it was also shown that the final iodination and global deprotection to obtain the desired
N-mustard analogues could be accomplished.
The overall success of the proposed synthesis was impacted by what appears to be
the disintegration of the starting material during the acylation reaction. It was
hypothesized that the conditions under which the acylation is being performed may
compromise the integrity of the starting material. The exceptionally low yield of
recovered product and starting material following the aqueous workup indicated that
decomposition was likely occurring. Interestingly, this decomposition was not detected
using the model system and lead to the conclusion that the extensive functionalization at
the 5′-nitrogen could be influencing the reactivity of the adenosine intermediate under the
conditions for a successful acylation reaction.
For future work, the conditions carry out the desired acylation will require
modification. Since it appears that the highly functionalized adenosine intermediate is
disintegrating during the acylation step, Scheme 5.1 proposes an alternative synthetic
approach to acylate the N6-position which eliminates the need of an acid chloride.
Instead, the acylation could be attempted using an acid anhydride instead. This approach
was not attempted previously, as acid anhydrides are not as electrophilic as an acid
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chloride and the synthesis of an anhydride requires the condensation of an acid chloride
with its carboxylic acid. After formation of the anhydride, a workup could remove all
impurities resulting from the acid chloride formation4, and the acylation could then be
attempted under milder conditions.

SCHEME 5.1 – Alternative acylation of the N6-position using the acid anhydride of the
desired substituent.
A second alternative approach address the potential issues related to the 5′-amine
functionalization and eliminates the use of the common intermediate, instead the N6functionalization is completed using the phthalimide model system. As shown in Scheme
5.2, acylation can be carried out to afford 5.5 and further subjected to ethylenediamine to
remove the phthalimide protecting group to afford 5.6. It should be noted that the
phthalimide deprotection typically relies on basic and nucleophilic reagents and such a
transformation may pose a risk of amide loss during this reaction. Further testing would
need to be done to determine if the desired amide at the N6-position is more reactive and
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if such reagents would generate undesired side reactions. Once 5.6 is obtained, sequential
reductive aminations can be done to afford the penultimate intermediate, 5.9. The use of
the milder sodium cyanoborohydride for the reductive amination will not pose a risk for
reduction of the amide, as this reagent has a high selectivity for the iminium ion.5 The
synthesis can be concluded using the typical iodination and deprotections chemistry.

SCHEME 5.2 – Alternative synthetic approach that acylates a phthalimide protected
adenosine, 5.4. Subsequent deprotection and reductive aminations will afford the
penultimate intermediate, 5.9.
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This project has also demonstrated in Chapter IV that the synthesis of a DOT1L
activity-based probe is achievable. Although additional method and procedural
optimizations will be required to obtain enough material to complete the final steps of its’
synthesis. Additional synthetic efforts to obtain the PRMT1 substrate-profiling probe
were not successful. This probe was designed to contain a short chain amide bearing a
halide at the N6-position and synthetic challenges encountered with the short chain amide
analogues described in Chapter III contributed to their failure.
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